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Abstract

It has been more than 50 years since the initial concept of a piezoelectric transformer
(PT) was proposed by C.A. Rosen, K. Fish, and H.C. Rothenberg and was described
in the U.S. Patent 2,830,274, applied in 1954. Nowadays, this technology has become
one of the most promising alternatives for replacing magnetic transformers in a wide
range of applications. Piezoelectric transformers convert electrical energy into electrical
energy by using acoustic energy. These devices are typically manufactured using piezo-
electric ceramic materials that vibrate in resonance. The requirements of minimizing
the size and weight of electronic devices have awoken the high potential of piezoelectric

transformer in small power range applications.

The contents of this work investigates the capability of integrating the PT in ap-
plications by invoking the ratio of the throughput power to volume represented by the
term: power density. The fundamentals of the PT are introduced in chapter two. In
chapter three, the fundamental limitations of the PT’s capability of transferring power
to the load are studied. There are three major limitations: temperature rise due to losses
during operation, electromechanical limits of material, and interactions with output rec-
tifier. The analysis and estimation are then verified by experiments and calculations
implemented on three different PT samples fabricated from three different manufactur-
ers. The subject of chapter four is the behavior of the PT’s power amplifier. This
chapter concentrates on two main amplifier topologies, optimized based on the simplic-
ity of structure and minimization of components (passive and active): class D and class
E amplifiers. The operational characteristics of these amplifiers with the PT are then
comparison. Methods to track the optimum frequency and discontinuous working mode
of the PT are proposed as the approaches to improve the energy transfer of the PT.
In chapter five, prototypes of four devices using a PT are developed and introduced as
illustrations of the integration of PTs into practical applications: an igniter for high
intensity discharge (HID) lamps, high DC voltage power supplies, electronic ballasts for
LEDs, and stand-alone ionizers for food sterilizers. Some concluding statements and

ideas for future works are located in the last chapter - chapter six.
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Cijkl,Cpq  Elasticity Module %
C Capacitor F
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Chapter 1

Introduction

1.1 Overview

The piezoelectric effect was discovered by brothers Curie when they researched the be-
havior of some crystal materials. In the family of these materials, piezoelectric ceramics
are the most important group and they have already been widely used in the area of
actuators and transducers during the first and second World War. Until 1956, the new
piezoelectric effect based component, which is regarded as a power transferring device,
was first introduced by C.A.Rosen [I4] I5] and it was named the Piezoelectric Trans-
former (PT). PT’s operational principle is the combination of a piezoelectric actuator
and a piezoelectric transducer and energy is transferred from electrical form to elec-
trical form via electro-mechanical coupling. In comparison to a conventional magnetic

transformer, on one hand, PTs have many advantages, such as:
e High power density
e High efficiency
e High galvanic isolation
e Without winding part so have no EMI
e Low size and weight, and not flammable
on the other hand, PTs still have some disadvantages listed as following:
e Resonant device
e Low applicable power range

e High cost



2 Chapter 1. Introduction

1.2 Motivation

After the first introduction, due to the difficulties in material quality, design and manu-
facturing, control and driving technique, PTs had not been utilized in practical applica-
tions, further more, its operational characteristics could not compare with the advantages
of magnetic transformers at that time. But in the last 20 years, with so many achieve-
ments in materials field [, 05, [106] and demands for minimizing the size and weight of
electrical devices, there has been a strong interest in PT as the most promising alter-
natives for replacing the bulky and heavy magnetic transformers within a small power
range (up to hundreds of watts) devices|23].

Simultaneously with successes in the materials area, many applications using PTs have
been proposed by researchers and developers over the world. Some remarkable ap-
plications which have been developed and commercialized are: electronics ballasts for
CCFLs [17, I8 120, 121, 122], DC/DC converters [40, [70, [82], battery chargers [58],
power supplies for various loads [8, 36], 48] ... The prospective applications of piezoelec-
tric transformers are listed in table [LT] below.

However, in most of the literature mentioned above, the operation of a PT is only con-
sidered as results of linear interactions between electrical and mechanical parts and some
nonlinear causes such as temperature rise, depolarization, aging, and structure that af-
fect the stability, capability of transferring power of PT are not mentioned or only briefly
discussed [16]. In order to guarantee the applicability and integration of PTs in power
electronics devices, these nonlinear effects must be fully studied and then the solutions
that diminish or eliminate these problems will be proposed.

Power density is an important parameter to confirm the integration possibility of a PT

in practical applications. This parameter is expressed in the equation [[LT] as below:

. Pout
- Vol

Pp [W/em?] (1.1)

The equation [L.I] shows that in practical applications with a specific requested power
level, the higher the power density it gets, the smaller the profile (size and weight) and

hence cheaper it is.

1.3 Research Goals and Organization

Within the content of this research work, following issues will be taken into consideration:

e The fundamentals of Piezoelectric Transformer are located in chapter 2. In this
chapter, the material properties and the electrical operational characteristics of a

PT based on its equivalent circuit are introduced.
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e Chapter 3 studies the most important effects that influence the PTs capability of
transferring power:
— Temperature rise due to losses during operation
— Electro-mechanical limitations
— Effect of operating conditions such as: load, matching network, output recti-

fier, excitation method (continuous and discontinuous)[75], [76]

e The consideration for circuit, driver topologies and control methods for Piezoelec-
tric Transformer are represented in Chapter 4. In this chapter, two common power
amplifier topologies (class D and class E) for PT will be compared. Further, the
control methods for PT are also discussed.

e In Chapter 5, four typical applications:

— Igniters for HID lamps based on discontinuous working mode of PT

High output voltage DC/DC converters

Stand alone ignition device using for ionizer machine in fertilizer

PT based electronic ballasts for Light Emitting Diodes (LEDs)

will be introduced as the demonstrations of PT’s integration possibility in power

electronics devices.

e Some concluding statements and ideas for future works are located in the last

chapter - chapter six.
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Application Power range | PT design | Market needs
(mil.pes)

Lighting system

e Ignition < 10W multi/mono

e HID ballast < 50W multi

e Fluorescent ballast 5-50W multi/mono

e LED lamp ballast < 50W multi/mono

e Special lamp < 50W multi/mono

Power supply

e Copy machine < 10W multi/mono

e Electrostatic filter < 20W multi/mono

e Power laser < 30W multi/mono

e X-ray tube < 500W multi/mono

Ionizers

e O3 machine < 20W multi/mono

e for medical purposes < 20W multi/mono

e for household devices < 20W multi/mono

Other Applications

e Semiconductor gate driver < 10W multi/mono

Table 1.1: Prospective applications of Piezoelectric Transformer



Chapter 2

Fundamentals of Piezoelectric
Transformer

2.1 Introduction

In 1880’s Jacques and Pierre Curie discovered two interesting effects that happened in

some certain crystal materials:

e Direct piezoelectric effect: With these crystal materials, when a mechanical
strain is applied, they will be electrically polarized and the level of polarization is
proportional to the applied strain but not exceeding their withstanding limitation.
This phenomena is so called the piezoelectric effect and the devices operating based

on this effect are known as piezoelectric actuators.

e Inverse piezoelectric effect: The Curies also discovered that these same mate-
rials deformed when they were exposed to an electric field. This has been known as
the inverse piezoelectric effect and the devices derived from this effect are named

as piezoelectric transducers.

From the time of its discovery, a few practical uses had been developed during World
War I and II based on either direct or inverse piezoelectric effect [59]. These applications
were found in laboratory devices for measuring pressure or electric charge.

In 1956, a new device derived from piezoelectric material regarded as a power trans-
forming equipment was firstly introduced by C.A.Rosen [14] and the device was named
Piezoelectric Transformer(PT). A piezoelectric transformer is composed by the com-
bination of a piezoelectric actuator as an input (or primary side) and one or several
piezoelectric transducers [23], 26], 88] as outputs (or secondary side). But after the first
introduction, this device did not receive much interest due to difficulties in material

quality, controlling and driving technics. Until the years of 70s of last century, thanks
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to the incessant exertions of Japanese researchers in concentration on developing new
processes, applications, and opening new commercial markets for piezoelectric devices
including Piezoelectric Transformer, this device has been regarded as the new and most
potential component in power electronics area. In the last decade of the 20" century,
with the combination of advanced technics and the demands for minimizing the size
and weight and hence the price of electrical devices, PT has been paid attention to by
researchers and developers all over the world especially from USA and Japan in purpose
to replace the traditional, heavy and bulky magnetic transformer in small power range
applications (up to hundreds of watts).

The next parts of this chapter are introductions to the fundamentals of PT including

the physical and electrical properties.

2.2 Physical Basics

2.2.1 Piezoelectric Materials

In a piezoelectric transformer, both sides are made of piezoelectric ceramics such as
barium titanate (BaTiO3), lead zirconate titanate (PZT) because of handling the high-
est piezoelectric constant (100 — 149).10"m/V, and (250 — 365).10"2m/V respectively.
These are poly-crystalline ferroelectric materials with the perovskite crystal structure -
a tetragonal /rhombahedral structure very close to cubic. They have the general formula
A? 4+ B' + O3, in which A presents a large bivalent metal ion such as barium or lead,
and B expresses a tetravalent metal ion such as titanium or zirconium.

With these piezoelectric ceramics, temperature is one of very important parameters that
effect their performance. The structure and properties of the materials will be partially
or completely changed when their temperature are under or above a special point, the

so called Curie point , this phenomenon is depicted in the figure 2.1k

e Above Curie point: these crystallites exhibit simple cubic symmetry, the ele-
mentary cell of which is shown in figure 2.1al This structure is centrosymmetric
with positive and negative charge sites coinciding, so there are no dipoles present

in the material (which is said to exhibit para-electric behavior).

e Below Curie point: the crystallites take on tetragonal symmetry in which the
positive and negative charge sites no longer coincide ask shown in figure SO
each elementary cell then has a built-in electric dipole which may be reversed,

and also switched to certain allowed directions by the application of an electric
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field. The dipoles are not randomly oriented throughout the material. Neighboring
dipoles align with each other to form regions of local alignment known as Weiss
domains. Within a Weiss domain, therefore, all the dipoles are aligned, giving a

net dipole moment to the domain, and hence a net polarization (dipole moment

per unit volume).

’ A (Pb,Ba)

@ s+ (Ti.zn)

(a) Cubic lattice (above Curie (b) Tetragonal lattice (below Curie temper-

temperature point) ature point)

Figure 2.1: Piezoelectric elementary cell

In general, all the piezoelectric based devices including piezoelectric transformers
can not work until they are polarized because the piezoelectric effect is only exhibited
after the polarizing process has been carried out. The distribution of electric dipole
moments in piezoelectric materials before polarization is expressed in the Fig[22al The
polarization can be made in any given direction by poling treatment by means of ex-
posing piezoelectric material to a strong electric field at a temperature slightly below
the Curie point as presented in the figure 220l The electric field will be removed after
a specific time which guarantees that the dipoles remain locked in approximately align-
ment as seen in figure 2.2d after removal of this field. Thanks to the poling treatment,
a remanent polarization and permanent deformation are set up in the materials. The
poling treatment is the final process in manufacturing piezoelectric based components

and devices.
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| +
ARSI
SNV I
Mgyl

(a) Before polarization (b) During polarization

(c) After polarization

Figure 2.2: Electric dipole moments in Weiss domains

2.2.2 Depolarization

As mentioned above, after poling treatment phase a piezoelectric ceramic will be perma-
nently polarized and there fore maintenance must be taken in all subsequent handling
to guarantee that the ceramic will never be depolarized, because this will lead to partial
or even total loss of its piezoelectric properties. The ceramic can be depolarized by some

of the following causes:

e Mechanical depolarization:
Mechanical depolarization occurs when the mechanical stress on a piezoelectric
element becomes high enough to disturb the orientation of the domains and hence
destroy the alignment of the dipoles. The safety limits for mechanical stress vary

considerably with material grade.

e Electrical depolarization:
Exposure to a strong electric field of opposite polarity to the poling field will
depolarize a piezoelectric element. The field strength required for marked depolar-

ization depends, among other things, on the material grade, the time the material
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is subjected to the depolarizing field and the temperature. For static fields, it’s
typically between 200 and 500 V/mm.

e Thermal depolarization:
If a piezoelectric element is heated to its Curie point, the domains become disor-
dered and the element becomes completely depolarized. A piezoelectric element
can therefore function for long period without marked depolarization only at tem-
peratures well below the Curie point. A safe operating temperature would normally

be about half way between 0°C and the Curie point.

2.2.3 Piezoelectric Constants

Since piezoelectric ceramics are anisotropic, their physical constants (elasticity, permit-
tivity etc.) are tensor quantities and relate to both the direction of the applied stress,
electric field etc., and to the directions perpendicular to these. For this reason the con-
stants are generally given two subscript indices which refer to the direction of the two
related quantities (e.g. stress and strain for elasticity, displacement and electric field for
permittivity).

The direction of positive polarization is usually chosen to coincide with the Z-axis of
a rectangular system of crystallographic axes X, Y, Z. If the directions of X, Y and Z
are represented by 1, 2 and 3 respectively, and the shear about these axes by 4, 5 and
6 respectively, the various constants may be written with subscripts referring to these
(figure 23]). The physical behaviors of piezoelectric elements are described by linear
relationships shown in equations 211 and 2.2k

—

sE.T +d-
d-T +€T.

(2.1)
(2.2)

Sl »l
=l =)

where E), ?, E), 1_5 are strain, stress, electrical strength and charge density vectors,
respectively. s¥. d, €T are matrices of piezoelectric material properties. Equation 1]
means that the mechanical strain, ?, derived from the applied mechanical stress, ?,
and /or the electrical field, E), on piezoelectric element. In other words, only an applied
electrical field on piezoelectric element leads to the mechanical strain, ?, in the piezo-
electric element.

Equation 22l informs that the electric displacement, D, results from the applied mechan-
ical stress and/or applied electric field in a piezoelectric element. Without applying the
electric field, E, an applied mechanical stress, T, on a piezoelectric element results in an

electric displacement induced on the electric plates of the piezoelectric element, which
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functions as a transducer.

Some important piezoelectric constants will be listed as follows:

Permittivity E:

The (absolute) permittivity (or dielectric constant) is defined as the dielectric displace-
ment per unit electric field. The first subscript gives the direction of the dielectric
displacement, the second gives the direction of the electric field. For example:

el : is the permittivity for the dielectric displacement and electric field in direction 1
under conditions of constant stress.

3, is the permittivity for the dielectric displacement and electric field in direction 3

under condition of constant strain.

Compliance s:

The compliance s of a material is defined as the strain produced per unit stress. It’s
the reciprocal of the modulus of elasticity. The first subscript refers to the direction of
strain, the second to direction of stress. For example: s¥ : is the compliance for stress
and accompanying strain in direction 1 under condition of a constant electric field.

sk +is the compliance for a shear stress about axis 3 and accompanying strain in direction

3 under condition of constant electric displacement.

Piezoelectric charge constants d:

The piezoelectric charge constant is defined as the electric polarization generated in a
material per unit mechanical stress applied to it. Alternatively, it is the mechanical strain
experienced by the material per unit electric field applied to it. The first subscript refers
to the direction of polarization generated in the material (at E = 0) or to the applied
field strength, the second refers respectively to the direction of the applied stress or to
the direction of the induced strain. For example:

dss : is induced polarization per unit applied stress in direction 3. Alternatively, it is
the induced strain per unit electric field in direction 3.

dz; : is the induced polarization in direction 3 per unit stress applied in direction 1.
Alternatively, it is the mechanical strain induced in the material in direction 1 per unit

electric field applied in direction 3.
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Piezoelectric voltage constant g:

The piezoelectric voltage constant is defined as the electric field generated in a material
per unit mechanical stress applied to it. Alternatively, it is the mechanical strain expe-
rienced by the material per unit electric displacement applied to it. The first subscript
refers to the direction of the electric field generated in the material or to the applied
electric displacement, the second refers respectively to the direction of the applied stress
or to the direction of the induced strain. For example:

g5, : is the induced electric field in direction 3 per unit stress applied direction 1. Al-
ternatively, it is the mechanical strain induced in the material in direction 1 per unit
electric displacement applied in direction 3.

g5 : is the induced electric field in direction 1 per unit shear stress applied about axis
direction 2. Alternatively, it is the shear strain induced in the material about axis 2 per
unit electric displacement applied in direction 1.

AZ A 3

J6

—sixe Buljod—»

Y )-b

< ¥
—

Figure 2.3: Designation of the axes and direction of deformation

2.2.4 Piezoelectric Transformer: Structure and Classifi-

cation

A piezoelectric element can operate in either longitudinal mode or transverse mode
(figure [Z4]). When a piezoelectric element operates in longitudinal mode, as depicted in
figure 2.4al, at one of its corresponding operating frequencies related to the wavelength
in the direction of operating stress (T), the direction of T is parallel to the polarization
direction (P).
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Figure describes the operation of piezoelectric element in transverse mode with
one of corresponding operating frequency related to the wavelength in the direction of
the operating stress, T, the direction of the operating stress, T, is perpendicular to the

polarization direction, P. The most simple Piezoelectric Transformer is composed by

> >

N———»
N———»

i P T i P T
1 1
(P: Polarization, T: Stress) (P: Polarization, T: Stress)
(a) Longitudinal vibration mode of (b) Transverse vibration mode of
piezoelectric element piezoelectric element

Figure 2.4: Vibration mode of piezoelectric element

combination of a piezoelectric element as an input (primary side) and another one as an
output (secondary side), corresponding with 2 typical vibration modes of piezoelectric
element mentioned above. There are 3 types of Piezoelectric Transformer: Rosen-type
PT, thickness vibration mode PT and radial vibration mode PT, are shown in the figure

2.5

e Rosen type Piezoelectric Transformer:
Rosen type piezoelectric transformer , introduced in figure 2Z5al is composed by
combination of two piezoelectric elements: a transverse mode piezoelectric element
(actuator) as an input (primary side) and a longitudinal mode piezoelectric ele-
ment (transducer) as an output (secondary side). When an input voltage, Vj,, is
applied to the primary side, i.e., the transverse mode piezoelectric actuator, the
material becomes polarized in the direction parallel to that of the material thick-
ness. The greatest vibration strain occurs in the planar direction perpendicular to
the polarization direction. The planar vibration of the transverse mode piezoelec-
tric actuator transmits to the longitudinal mode piezoelectric transducer. With the
transmitting vibration from the primary side, the longitudinal mode piezoelectric
transducer induces an electric charge on the electrode plates of the piezoelectric
transducer to generate the output voltage, V,,;. The vibration direction of the sec-
ondary side is parallel to the direction of the induced polarization, P. Rosen type
PT is also regarded as HVPT because of its inherent high voltage gain [16, [75].

'HVPT: High Voltage Piezoelectric Transformer
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Figure 2.5: Three common types of piezoelectric transformer

This type of PT is compatible with high input impedance load and currently its
applications are electronics ballast for CCFL [ [16] [I7], 33 39] and high voltage

source [75].

e Thickness Vibration Mode Piezoelectric Transformer:
Thickness vibration mode PT, shown in figure 2.5 is the combination of two
piezoelectric elements and both of them are longitudinal mode piezoelectric ele-
ments. With the applied voltage, V;,, on the primary side, i.e., the piezoelectric
actuator, the material becomes polarized in the direction parallel to that of the
material thickness. The greatest vibration strain occurs in the thickness direction
parallel to the polarization direction. The thickness vibration of the primary side,
the piezoelectric actuator, transmits to the secondary side, the piezoelectric trans-
ducer. With the transmitting vibration from the primary side, the piezoelectric
transducer induces an electric charge on the electrode plates of the piezoelectric
transducer in order to generate the output voltage, V,,;. The vibration direction of
the secondary side, the transverse mode piezoelectric transducer, is also parallel to
the direction of the induced polarization. This type of PT is also known as LVPT

2CCFL: Cold Cathode Fluorescent Lamp
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H because of its inherent low voltage gain [16]. Its present applications include use

in converters and adapters.

e Radial Vibration Mode Piezoelectric Transformer:

Radial vibration mode PT, as depicted in figure 2.5d, is composed by the combi-
nation of two piezoelectric elements and both of them operate in transverse mode.
With the applied voltage, V;,, on the primary side, i.e., the piezoelectric actuator,
the material becomes polarized in the direction parallel to that of the material
thickness. In this case, the greatest vibration strain occurs in the planar direction
perpendicular to the polarization direction. The planar vibration of the piezoelec-
tric actuator transmits to the piezoelectric transducer. The vibration transmits
from the primary side, inducing an electric charge on the electrode plates of the
piezoelectric transducer in order to generate the output voltage, V.. The vibra-
tion direction of the transverse mode piezoelectric transducer is perpendicular to
the direction of the induced polarization. At first, this type of PT has square shape
but due to the distances from the center to the every point in edges of electrode
are unequal leading to its wavelengths of planar vibration are note the same, which
causes the undesired additional vibration frequencies. The round shape radial vi-
bration mode PT (figure 25d) was invented in order to eliminate these undesired
frequencies. Currently radial vibration mode PT is used in electronic ballast for
LEDH [88], power converters and adapters [58]

2.3 Piezoelectric Transformer Generic Operational Char-

acteristics

2.3.1 Physics Based Equivalent Circuit

In practice, a Piezoelectric Transformer is able to operate at 3 frequency ranges close to

three resonant frequencies that are referred to as three vibration modes: Half lambda

(3), lambda()) and three second lambda (2X) respectively. The equivalent circuit of

Piezoelectric Transformer, corresponding to three resonant frequencies, is expressed in
the figure as below. In the study work, in order to simplify the model of a PT and

guarantee its generic properties still remain, its model is considered for one resonant

3LVPT: Low Voltage Piezoelectric Transformer
4LED: Light Emitting Diode
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Figure 2.6: Typical equivalent circuit of a PT in multi-resonant mode

mode which is close to a specific resonant frequency. Two common equivalent circuit
of a PT at one of its resonant frequencies are described in the figure 7t In the two
common equivalent circuits, the second one (figure R.7h]) is preferred in simulation [7], in
this model the ideal transformer of the first model (figure [2.7a]) is replaced by dependent
voltage and current source. From the electronics point of view, these are the same. In
simulation, however, it will get into trouble if the first model is applied. The reason is, in
the simulation, the ideal transformer will be expressed by putting two large inductances
and the output inductance is a short circuit if it is connected to a DC source, voltage

doubler for example. From now on in this research work, the second equivalent circuit

(figure R.7D) of PT is officially used.

2.3.2 Voltage Transfer Function of Piezoelectric Trans-

former

One of the most important parameters of a transformer is the voltage transfer coefficient.
Generally speaking, with a specific conventional magnetic transformer, its voltage ratio
between output and input is determined by ratio of turns of secondary and primary

and this ratio is an independent parameter with load. In contrast, because of being a
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Figure 2.7: Physical based equivalent circuit of PT

resonant device this parameter of PT is strongly dependent on load [7, [73]. In order
to study the generic electrical characteristics of PT, an equivalent circuit of PT with
resistive load is set up as introduced in the figure 2.8 Base on the view about power
transfer, the loaded equivalent circuit (figure 2.8al) can be simplified by reflecting the
output capacitance (Cy,;) and load (R,) from secondary side to primary side as shown in
the figure 2.8Din which the input capacitance (Cy,) is ignored since it does not effect the
capability of transferring power to the load of PT. The value of primary side - reflected

parameters are calculated:

. R,
Ro - ﬁ (23)
C =n>C, (2.4)
Vo = 22 (25

With the simplifications mentioned above, the equivalent of PT is regarded as a series-
parallel resonant tank [73]. The further simplification can be carried out by converting
the parallel network R,||C. to series network. Following [51] [73], the series resistance
R, and series capacitance C., are defined:

!

, R
R =———2 2.6
= 1+ (WO.R,)? (2:6)

! ! 2
o =1 WO, (2.7)

° (WOR,)?
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Figure 2.8: Models of equivalent PT with load

For easier analysis and calculation, some following parameters of PTs equivalent circuit
are normalized:

e The ratio of capacitances:

e The corner frequency (output open circuit):

o C,+C,
“=\Lcc

e Series resonant frequency (output short circuit):

e Equivalent capacitance of series value of C, and C._:

e Resonant frequency of PT:

eq —

C,C..
C,+C,

C.+C,
\ L.C.C,

(2.9)

(2.10)

(2.11)

(2.12)
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e Electrical quality factor:

Q = UJTSCORO (213)
e Mechanical quality factor:
Q= —— (2.14)
" wrsCrRm .

With normalized parameters declared above, the output to input voltage ratio of a PT
can be calculated:

N9 = : = —F= (215)

where:

A ] (R R B et G et R

o

The equation 2.16] informs that, with a specific PT, its output to input voltage boost

ratio depends on two parameters: operating frequency w and volume of load R,. With a
PT, for any given load R,, its output voltage is dependent upon operating frequency and
gets maximum value ngy, at resonant frequency w, introduced in the equation 2.12] in
other words, the output voltage of PT can be control by shifting the operating frequency
around resonant frequency w, in the range of: w,; < w < w,g where w,y and w,, are
expressed in the equation and respectively. The dependence of PTs output to
input voltage boost ratio is depicted in the figure 2.9

Currently, following the estimation [I14] the achievable voltage boost ratio of PT is
introduced in the Table 2]

2.3.3 Output Power of Piezoelectric Transformer

Derivation from the figure and normalized parameters that are calculated in previ-
ous parts, the output power of a PT can be defined in equation 21T

Vl )2 _ (n21-vm)2

out
/ /
R R,

o

p, -

(2.17)

With a PT, for any given load, the output power at the resonant frequency will depend
on the fraction of R, and R,,. Equation 26 addressed that R, is convex, it means that
there are two values of R, (therefore two R,) satisfy that the maximum output power
condition [51]. The equation 217 also informs that PT’s output power is dependent on
load and operating frequency. This relationship is depicted in the figure
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Figure 2.9: Output to input voltage boost ratio of PT

2.3.4 Efficiency of Piezoelectric Transformer

From the figure 2.8 the primary-side reflected equivalent circuit of PT is considered as
a two port model. After taking the conversion to series from parallel network (equation
2.6 2.7)), calculations and analysis in [51l, 93] the efficiency 7 of a PT can be found in
the equation

/

R
. _“ltos 2.18
R, .+ R, ( )

The equation 2.18 denotes that, the efficiency of PT is getting more and more significant

n

when R, > R,, and it reaches to maximum value when R, _ increases to its peak point.
Considering equation 228} it expresses the dependence of R, on R, When R, is increasing

from 0 to oo, R,, is changing from 0 back to 0 with maximum value R, at:

o (2.19)

o= O

Applying the equations and 2.4 to 2219, we obtain the relationship between optimal
load R, and output capacitance of a PT as shown in equation .20

1
Ry = —— 2.20
pt wr-Co ( )
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Voltage boost ratio of: | Value

Single-layer PT

With load n91=0.02 ...50
Without load n91=0.1 ...2500

Multi-layer PT

With load n91=0.001 ...1000
Without load n91=0.05 ... 50000

Table 2.1: Achievable Voltage Boost Ratio of Piezoelectric Transformer

The dependence of PT’s efficiency on load is represented in the figure 2111

Equation also shows that, with a specific application, if PT operates at highest
efficiency (R, = R,p) then R, achieves its maximum value leading to a local minimum
output power P, with a given input excitation. On a supposition that, a PT is always
operated in one of its resonant frequency, the generic operational characteristics including
output power P,, output to input voltage boost ratio no; and efficiency 7 are functions of
load R,. These relationships are illustrated in the figure 212t The relationships shown in
figure really match with applications which have negative impedance performance
such as fluorescent lamps, gas discharge lamps, etc. First of all, at the moment of switch
on, these lamps are considered as an opened circuit since their impedance is very high (at
level of M) and of course they need very high ignition voltage (from several hundreds
of volts [I8, [66] to more than 10 kV [I0]). After ignition phase, these lamps go to steady
state via short time so-called warm up phase. In steady state operation, their impedance
is low (some hundreds 2) and the optimum operating point of PT will be matched with
the impedance, in case the optimum point of PT does not match with this impedance,
there are some approaches of impedance matching to overcome this issue. The other
PTs parameters used in practice are listed in the Table [114]:

2.4 Summary

This chapter introduces the fundamentals of piezoelectric transformers in both physical-
material view and electrical view. Piezoelectric transformer is created by the combi-
nation of two or more piezoelectric elements made from piezoceramic materials which

have high power density. Derivation from this combination, there are three main type
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Figure 2.10: Dependence of PT’s output power on load and operating frequency

of piezoelectric transformer:
e Longitudinal vibration mode (Rosen-type) PT,
e Radial vibration mode PT and
e Thickness vibration mode PT

The operation of PT is based on direct and inverse piezoelectric effect via electro-
mechanic coupling. In order to guarantee the safety operation of PT, there are some
strict requirements to prevent depolarization from taking place. If depolarization ap-
pears then PT’s functionalities are no longer valid. There are three main causes of
depolarization: Mechanical stress; electrical strength and temperature. A PT is con-
sidered to be in correct operation condition if and only if excited by a signal having
frequency close to its individual mechanical vibration frequency. In practise, each PT
has three different applicable frequencies and they are referred to as three vibration
modes expressed by the wavelength: first order or half wavelength (A/2 mode); second
order or full wavelength (A mode) and third order or one and a half wavelength (X
mode).

From electrical point of view, the operation of PT is represented by the electrical equiv-
alent circuit where all the physical and mechanical quantities are replaced by electrical
counterparts as following:

e The mass m is replaced by inductor L
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Variation of efficiency n with different load
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Figure 2.11: Efficiency of PT versus load

Compliance ¢ is replaced by capacitor C'

Mechanical losses are replaced by resistor R

Mechanical transmissions are represented as transformers

Velocities v are marked as currents i, forces F as voltages v, and sources of forces

as generators

Then the generic operational characteristics of PT are studied and analyzed based on
its modified model where the conventional transformer is replaced by two dependent
sources. The equivalent circuit of PT is considered a series - parallel resonant tank with
input and output capacitors to describe the high galvanic isolability. Because of being
a resonant device, the behavior of PT is strongly dependent on two variables: operating
frequency and load. The effect of frequency and load on the performance of PT are

studied from the view of:
e Output to input voltage boost ratio,
e The overall power transmission and

e The effeciency
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Figure 2.12: Generic operational characteristics of PT

In order to operate PT effectively, PT should be driven in a frequency range around
one of its resonant frequencies corresponding with a specific vibration mode. Within the
operation frequency range, the load variation will influence to the performance of PT
as depicted in the figure 2.12] Derivation from figure .12, the operation of PT can be

divided into three operating regimes:

e Low voltage boost ratio area is defined when the load resistance Rp < n’R,, is

applied.

e High efficiency priority area is specified when the load resistance n’R,, < Ro <

m is connected at the PT’s output.

e High voltage boost ration area is taken if the load resistance Rp > m

Based on the generic operational characteristics and requirements of application (range

of load, power, output voltage...), the PT is then designed to overcome these demands.
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Parameters of PT Value

Output Power P, =10puW ...80W
Power Density Pp =10...100W/cm?
Efficiency

PT: n=280%...99%
System: n < 95%

Operating Frequency | fr =50Hz2...3MHz

Table 2.2: Practical parameters of PT



Chapter 3

Limitations to Throughput Power of
Piezoelectric Transformer

3.1 Introduction

In this Chapter, some facts that effect the capability of transferring power to the load,
referred to by power density Pp, of a PT will be taken into consideration. The most
important causes must be mentioned and dealt with in the area of the research work

are:
e Effect of temperature rise during operation.
e Effect of electromechanical limitations on transferred energy of a PT.
e Effect of working conditions.

In the content of the research work, several types of PT from different manufacturers
were used to study the major causes that effect to the inherent high power density Pp
of a PT.

3.2 Effect of Temperature on Power Density

As mentioned in previous section (2.2.2), temperature rising inside the body of piezo-
electric transformer is one of main reasons that leads to the destruction of the device.
When a piezoelectric transformer is applied in power applications as a power transfer-
ring device, it will generate heat because of energy losses including the mechanical and
electrical loss. These losses will be converted into heat by physical processes and it will

raise the temperature of the PT’s body. The excessive temperature influences the PT’s
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operation due to the changes of piezoelectric material properties. From electrical engi-
neering point of view, the consequences are low efficiency, poor reliability, and short life
time. The operation temperature of PT depends on internal losses, ambient tempera-
ture, structure, and heat conductivity coefficient [44], [I0T]. In the research project, some
PT samples were used for studying their operational temperature characteristics. The
information about structure, material properties, and electrical operating conditions of
the PT samples are shown in the Table Bl and all of them are Rosen-type MLPT .

The detailed information of PT samples can be found in the Appendix A.

PT sample PT#1 PT#2 PT#3
Dimension: 36 x82x30|30x74x25] 34x10x4
I, X Ly X lp[mm?3]

Density p [x10%kg/m?] 8 7.9 7.85
Curie point Tg [°C] 320 290 325
Electromechanical Coupling Coefficient [%)]

K, 60 62 56

K33 68 70 67

K3, 35 37 31
Piezoelectric Constant (x107'%[m/V])

dss3 280 290 265

dsy 2122 -140 -120
Vibration mode /2 A/2 A

£, (kHz) A7 £ 2 55 + 2 100 + 2
C,(pF) 20 + 2 22 + 2 15+ 1
Structure of PT Rosen MLPT | Rosen MLPT | Rosen MLPT
Output Power [W] 8.5 6.5 10
Origin of Product: KONGHONG | ELECERAM EPCOS

Table 3.1: Characteristics of piezoelectric transformer samples

'MLPT: Multi-layer Piezoelectric Transformer
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In this section, all the PT samples are operated in the highest efficiency regime [44],
that means the load resistance will be chosen according to the equation With the
optimum load R, the output power per square of input voltage unit (P,/V?2) will be
minimum as depicted in figure but the output power can be increased by increasing
the input voltage. The output power of PT#1 was simulated (based on the equivalent
circuit) and measured with different input voltages under optimum load conditions. The

simulation and measurement results are shown in the figure Bt

Output Power PO[W] with Different Input Voltage Measurement output power of PT#1 in A/2 mode
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Figure 3.1: Output Power of PT#1 - Simulation and measurement results

The experiment for determining the output power and surface temperature of PT is
set up as shown in figure In the measurements, PT is fed by a function generator
through a power amplifier and the surface temperature of PT is supervised continuously
by IR 4 thermometer. The excitation signal to PT can be controlled in fields of ampli-
tude, frequency and wave-form. During the experiment, to guarantee the safety for PT,
its temperature is kept below the half of Curie point. For all PT samples listed in the
Table B.1] above, the temperature limit is 120°¢. The simulation results in figure B.1al
are carried out with PT#1 based on its parameters of equivalent circuit then they were
verified by experiment as illustrated in figure 310l In the experiment, PT was excited
by a regulated frequency square wave signal and the maximum input voltage was 8 volts,
in this case, the output power was around 6 watts and the saturation temperature on
the surface of PT was about 100°¢. As discussed in the [80], with a given geometry,

the power density Pp of PT is proportional to resonant frequency f,, permittivity ¢, the

2IR: Infra-red
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square of electromechanical coupling coefficient K2, the square of electrical field strength

E and mechanical quality factor @,, as expressed in the equation Bl following:

_ Output Power

Py =21 feng- K2 - E%-Qp, (3.1)

Volume

From theory point of view, the relationship above informs that, the power density Pp of
a P'T can be improved by means of optimizing the electromechanical coupling coefficient
K, [58] because others quantities are regarded as constants. In fact, however, most of
the quantities in the equation Bl except electrical field strength E, are dependent on
PT’s operational temperature, furthermore, the mechanical quality factor @),, strongly
depends on number of layers, vibration velocity and temperature [I01]. The temperature
characteristics of these quantities of PT#1 are shown in the figure B:ﬂ In order to

Infrared
Thermalmeter

- >
n §
U f"‘
FUNCTION POWER A
GENERATOR - AMP <v> ‘ —— Rﬂ CV\
PT -~

Figure 3.2: Scheme for determining the output power and surface temperature of PT

increase the power density Pp of a given PT operating in a specific condition (load,
ambient temperature, operation mode ... ), the common way is by increasing the input
voltage V;,, but it will reach Vj,;u4. Which is limited by boundary conditions to ensure
the safety for the device and one of them is limitation of temperature. The operating

temperature of a PT in the given condition is described in the equation below:

’l9pT:190—I—[(\/S'E"twt'i (32)

Qefr

where:
- Upr: Current temperature on the surface of PT

- Yy: Temperature of PT at beginning time of operation (Surrounding environment

temperature)

- Kyg: Overall heat transfer coefficient (including volume and surface properties)

3These data are supplied by XI’AN KONGHONG Ltd - PT#1 Manufacturer
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- E: Electrical field strength [V/mm]

- tsqr: Saturation time [s] (after this point of time, PT’s temperature stops rising)
- fr: Resonant frequency [Hz|

- Qeyyp: Effective quality factor (concerned to load, impedance matching)

First of all, the effect of temperature on resonant frequency of given PT operating with
specific load must be fully studied because this is one of the most important parameters
for PT’s operation as analyzed in the second chapter. Combining the analysis in [42]
58| [101] and measurement results, the resonant frequency of a given PT will be reduced
as its operation temperature rises. The reduction of PT’s resonant frequency versus
its surface temperature is illustrated in the figure 33al and table The reduction of

PT Sample PT#1 PT#2 PT#3
PT Temperature
60°C Af,=120Hz | Af, =80Hz | Af, =100Hz
70°C Af,=200Hz | Af. =170Hz | Af. =180Hz2
80°C Af,=400 Hz | Af, =390Hz | Af, =390Hz
90°C Af,=620 Hz | Af, =600Hz | Af, =610Hz
100°C Af,=870 Hz | Af, =830Hz | Af, =860Hz
110°C Af,=1110 Hz | Af, = 1070Hz | Af, = 1100H z
120°C Af,=1400 Hz | Af, = 1340Hz | Af, = 1370H =

Table 3.2: Resonant frequency shift versus temperature rise

resonant frequency of a given PT when its temperature is rising because of following

main reasons:

e The extension of its dimensions while temperature rising, this is the common

phenomenon of solid materials

e Reduction of vibration velocity of piezoelectric materials when operation temper-

ature rises

e Others physical effects
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The measurement results shown in table inform that the reduction of resonant
frequency is significant when the surface temperature exceeds 60°C and will be more
and more serious when PT’s temperature is rising higher and higher. The temperature
characteristics of PT#1 with different input voltage is shown in figure B.4] in this case
the PT is excited with frequency regulated square wave signal. From electrical point
of view, PT behaves as a bandpass filter so its capability to transfer power to load
will be improved if the excitation signal is of a sinusoidal form instead of a square one.
This issue will be discussed and analyzed in detail in the next chapter. In addition,
there was an interesting phenomenon appearing during the experiments, as mentioned
earlier, the thermal meter (figure 3.2]) was being moved along PT compatible with the
main vibration direction and PT’s temperature field was unequal for every part of PT.
The distribution of the temperature field of PT#1 and PT#2 in two cases high and low
output power are introduced in the figure B.5lwhere the position 0 indicates the beginning
point of the input (primary) side corresponding with main vibration direction. The
measurement results shown in figure can be expressed by a concept called thermal
stress distribution. For the PT, the thermal stress at the primary part is bigger than
that one at the secondary part and it is highest at the center area of the primary part.
Thanks to this discovery, from now on the thermal meter to collect PT’s temperature
should be located in the center section of primary part. How ever, because of inherent
poor heat conductivity of piezoelectric materials, the comparison of heat conductivity
of piezoelectric material with others is shown in table B3] over-heating may take place
in the core of PT.

Morgan Electro | Philips | Copper | Silver Lead
Ceramics: PZT | PXE

Heat Conductivity 1.25 1.2 402 430 34.8
(Wom™t K1
Source [22] [93] | Internet | Internet | Internet

Table 3.3: Comparison of heat conductivity of piezoelectric material with others

In order to improve the capability of transferring heat from core to surface of PT, the
MLPTH with number of inner metal electrodes was introduced to replace the bulk SLPT
H and in comparison with bulk SLPT, the surface temperature of MLPT can be reduced

AMLPT: Multi-layers Piezoelectric Transformer
SSLPT: Single-layer Piezoelectric Transformer
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Temperature Characteristice of Resonant Frequency
of Piezoelectric Transformer
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Figure 3.3: Dependencies of piezoelectric material constants on temperature
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Temperaure of PT during Operation
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Figure 3.4: Temperature of PT during operation with different input voltage

significantly if the number of layers are more than ten [44]. However, the mechanical
quality factor (), will be reduced as the number of piezoelectric layers is increased which
raises the equivalent resistance [I01]. Hence this is an issue which should be taken into
consideration while designing PT for every application. The temperature rise of PT
affects not only resonant frequency but also two other parameters: permittivity ¢ and
electromechanical coupling coefficient K. The effects of temperature rise on permittivity
¢ and electromechanical coupling coefficient K of PT#1 are shown in the figure 330 and
B.3d respectively. As illustrated in the figure B.3D the permittivity ¢ of piezoelectric
material € will increase whilst temperature rising. In this case, the permittivity ¢ of
PT+#1 will increase 10% as the temperature changes from 20°¢ to 80°C. In contrast, the
rising temperature is the cause of decreasing the electromechanical coupling coefficient
K. The relationship between K and temperature ¢¥pr of PT#1 is introduced in the
figure B3d In this example, the electromechanical coupling coefficient K of PT#1 will
decrease 3.5% when its temperature reaches 80°C.

In combination the analysis in previous parts and the equation B.I, with a given PT
and input excitation, the power density of PT is the first order equation of resonant
frequency f, and permittivity €, and the second-order one of electromechanical coupling
K?. As temperature rises, the permittivity e will increase but the resonant frequency
fr and electromechanical coupling K will decrease. In fact, the decreases of these two

parameters are larger than the increase of permittivity ¢, and hence the power density
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Temperature Distribution along Main Wave Direction
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Figure 3.5: Distribution of surface temperature of PT
Point of position 0 indicates the beginning of primary side of PT along the vibration

direction

Pp will be reduced. To illustrate this intuitive analysis, the PT#1 will be taken into

consideration. The power density of this PT sample will be compared in two cases:

e Temperature at beginning phase: In this case, PT#1 operates with the room
temperature (Vpr = 20°C). Apply the equation Bl with the materials parameters
at 20°C as defined in the figure 3.3], the power density of the PT will be calculated:
Ph=2m- fi-ly K22 Q,

m

e Temperature at saturation phase: After being excited with specific vibration
mode (A mode for instance) and given input voltage, temperature of PT reaches
saturation point (for this measurement 9pr,,, = 80°C'). The corresponding power
density for this case will be defined: P = 2 - f* - el K*2 . B2 . Qx

m

The absolute difference of power density because of temperature rise during operation
demonstrated above can be calculated as follows:

P** _ P*
APp=-L_—-PL =_28% (3.3)
Pp
The example above proves the effect of temperature not only on power density but
also on operating characteristics of PT. The combination of this effect with other changes
of operating conditions such as the variation of load will be a more complicated process

being handled in order to keep output power of PT constant.
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3.3 Electromechanical Limitations

the limitations of PT’s
material such as maximum electric field

In this part,

strength F,,.., maximum electric displace-
ment) D,,q., maximum stress 7T),,, and
maximum strain S,,,, which effect directly
its capability of transferring power to the
load will be concentrated. The effect of
these limitations on power density of PT
can be fully studied through its operating
cycle [77]. If a given PT is excited by a sig-

nal having frequency equal or close to one

——DISPLACEMENT

-~~STRESS E

Figure 3.6: Distribution displacement and

stress of PT in A mode

of its resonant frequencies, in steady state, it will create a standing wave distributions of

large amplitude of stress and displacement along main vibration direction as illustrated
in figure B.6l All the PT samples in the research work are Rosen-type or HVPT [16],
following the analysis in [106], O8], the operation of the PT can be described:

e At primary side: At this part, PT operates as a actuator in the transverse mode

where an applied electrical field will be converted into strain in the body of PT. For

the Rosen-type PT, this transformation is expressed by a one dimension relation

following the axes convention in part 2.2 (figure 2.3]):

E _E _E
S S11 S12 S13
_ E JE _E

0 = | S12 S11 Si3
E _E _E

0 S13 S13 S33

T1 0 0 dgl 0
0 0 0 ds3 Es

e At secondary side: In contrast, this part operates as a transducer in the lon-

gitudinal mode. The vibration is transmitted from primary side resulting in a

potential between electrodes of PT’s output part, in other words, the energy is

converted from mechanical form to electrical form via reverse mechanic-electrical

coupling. This process is described by the one dimension equation below:

0 0 0 0 0 L0 0 0
0o l=l0 0 o o l+]0 <& o]0 (3.5)
Ds ds; ds; dsg T3 0 0 &k Es

6Electric displacement: In some other literatures is named as surface charge density or electric

induction
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Finally, the operations of these PT samples are represented by minimizing the equations

B4 and B3, and the results are:

Sy = sty - T1 + dsy - Es (3.6)
D3 = d33 . T3 + Egg : E3 (37)

The maximum transferred power of a given PT will be investigated via an operating
cycle defined as the period that a standing wave transmitted from the beginning point
of the primary side to the end of the secondary side along the main vibration direction.

For example, in the A mode, one cycle of standing wave PT is expressed in the figure

3.0l

D3

Dmax

S
%5

1 Smax

-Ei Ei
ma. ‘max T Tmax

N

4 -Smax 3

-Dmax
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(¢) Electrical strength versus time (d) Mechanical strain versus time

Figure 3.7: Operating cycle of a PT

On the supposition that PT is a lossless device (that means the effect of temperature
rise, which is mentioned in the previous part, will be ignored), in one operation cycle,

when input of PT is connected to an electrical source has operating frequency close
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to one of the resonant frequencies of PT, it will convert the electrical energy of the
source into mechanical energy (mechanical vibration). This amount of energy (expressed
by mechanical vibration) transmits to the secondary side. In contrast, the vibration
creates a polarization at the output part of PT, in another word, the mechanical energy
mentioned above is converted back into electrical energy. It informs that during every

operating cycle of PT, the energy is transformed by the following means:
Electrical form (source) = Mechanical form = Electrical form (load)

So the transferred energy of a given PT is limited by some important parameters
such as maximum electrical strength E,,.,, maximum electric displacement D, 4., max-
imum stress 7},,, and maximum strain S,,,, which are determined by quality and the
characteristics of piezoelectric ceramics and geometric dimensions of PT [38]. Therefor,
the throughput power in each operating cycle must be investigated in both electrical
and mechanical domains. The operating cycle of a given PT in the electrical domain

and mechanical domain are demonstrated in the figure B.7]

Symbol | Meaning Unit PT#1 | PT#2
KT Relative dielectric constant 1300 1200
el Dielectric at constant stress 1078F/m | 1.15 1.06
ds3 Piezoelectric strain coefficient 1072m/V | 280 290
& Elastic modulus at constant E 10'N/m?* | 7.73 7.0
sk Elastic compliance at constant E | 1072m? /N | 12.9 14.3
p Density 103kg/m3 | 8.0 7.9
FE oz Maximum electric strength kV /mm 5.8 2.5
Sinaz Maximum strain 1073 1.8 1.5
Do Maximum electric displacement C/ m? 0.5 0.4
Traz Maximum stress 10°"N/m? | 1.7 1.6

Table 3.4: Material constants of PT samples

In most designs of PT, they have symmetric geometrical form (dimensions of input
and output are similar) so the limitation of throughput power in each part is the same.

The maximum transferable energy (electrical energy) of the input part is defined by the
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hatch area illustrated in figure B.7al in this case, the correlative value of charge density
D with maximum electrical strength E,,,. is regarded as D,,,,. Hence, the maximum

electrical energy Wg,q can be transferred through the input part is:
1
WEma:c - 2Ema:c2Dma:c -2 (§2Emax2Emax5§3) - 4Ema:c (Dmax - Emaxggg) (38)

In a similar approach, the maximum transferred energy of the output part (mechanical
energy) is presented by the area in figure B.70), in this case, the correlative value of strain
S with maximum stress 7},,, is considered as maximum strain S,,,,. With the analysis,

the maximum mechanical energy Wy .. can be transferred through the output part is:

1
WMmax = QSmax2Tmax -2 <§25max25max/83€),> = 4Sma:c (Tmax - Smax/si)%) (39)

By substitution the material constants in table B.4linto the equation 3.8 and .9 confirms
that Wirmaer << Wgmae, therefore in order to prevent the PT from being broken by over
stress, during its operation the total amount of transferred energy should be smaller
than Wy pee. From the stress limit 7),,,, the area depicted in the figure correlative
with transferred power is a function of strain S and this function achieves maximum

with optimum value of strain Sp:

1
Sopt = 5 (55T naz) (3.10)

The value of S, is first calculated by applying the material constant in table [3.4] into
[B.I0, then compared to the S,,.., this value is usable if and only if not exceeding the
maximum strain. The optimum strain S,,; of PT#1 and PT#2 are 10.97 - 107> and
11.44-107° respectively. These value are much smaller than their maximum strain value
listed in the table [3.4] above. Substitution of into 3.9 the maximum energy density

of a given PT is:
Winae = 85312 . [J/m?] (3.11)

and hence, the maximum power density corresponds to maximum energy density per

unit time will be:

Wmax
Ppmar = —5— = f88 Tnae [W/m?] (3.12)
where f is operating frequency.
The maximum energy density W,,.. of piezoelectric material of sample PT#1 and PT#2
calculated according to equation B.IT] are 3728.1 [J/m?] and 3660.8 [J/m?| respectively.
According toB.12] the power density Pp also depends on the vibration mode of PT, if the
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operating frequency is 100kHz then the power density of sample PT#1 and PT#2 are
372.8 [W/em?] and 366 [W/cm?] respectively. The results here confirm the high potential
of PT in transferring power, of course under the lossless operation. In comparison, the
PT in this case can handle an amount of power density much higher than that one
the PT can transfer in practise where the thermal limitation is considered, which is
addressed in previous section. Last but not least, this approach is applicable not only
for the symmetric square-wave excitation generated by class D full-bridge converter but
also for asymmetric square-wave signal created;ﬁ class D amplifier and other types of

excitation like sinusoidal or triangular wave for

3.4 Effect of the Output Rectifier

The DC/DC converter is one of the remarkable potentials of PT in practice, it can be
found in various applications such as battery chargers [58], electronics ballast for LED
[97, 25], DC power supply [123] 88] and so on... In these applications, a rectifier is
interposed between the output of PT and the load, it accompanies with others passive
element (capacitor and/or inductor) to form the output matching network [16]. There
are several output rectifier topologies, which are shown in the figureB.8 below, interfacing
with the output of PT and their interactions with the PT’s throughput power will be
studied in this section. The object is to calculate the equivalent load Rg,, for the rectifier
stage and load R then the matching network can be built to match the equivalent load
Rpg, to the optimal load as defined by equation 22201 Among output rectifier topologies
represented in the figure B8 the voltage doubler [49] and current doubler [123] are
most preferred because of simplicity and ease of use. In this part, the operation of PT
with voltage doubler and current doubler will be analyzed and compared from a power

transferring point of view.

3.4.1 Operation of PT with voltage doubler

As mentioned in previous sections, PTs have some advantages over magnetic transform-
ers. One of the important characteristics is high voltage isolation of material used to
manufacture PT. This is especially useful when integrating into high voltage applica-
tions [75, [76]. In high voltage applications the output filter seems to be impossible if
it contains an inductive element because of the size and weight of the inductor when

operating under high voltage condition [49]. The use of a capacitive filter is regarded as

"Discussion via email with Prof. Seth Sanders - at EECS - University of California Berkeley
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Figure 3.8: Several output rectifier stage and their relations of load



40 Chapter 3. Limitations to Throughput Power of Piezoelectric Transformer

a practical alternative in high voltage - low current applications. The target of a high
voltage PT based converter is generating a high output voltage and the voltage doubler

is the best choice.

The simplest voltage doubler with output filter is created by the combination of two
diodes and one high voltage capacitor. The operational analysis and modeling of the
voltage doubler fed by a PT was introduced in the [49]. This part investigates only
the effect of this rectifier topology on PT’s capability of transferring power to the load.
With the purpose of creating a relatively high output voltage, the output of PT is always
connected with a high load. Normally the load should be: R > R,, with R,, defined
in equation leading to PT operating with a high electrical quality factor Q [51].
Because of this reason, the output current is a sinusoidal wave form. So every operation

cycle of a voltage doubler fed by PT can be separated into two periods:

iD2 iD1 D1

e Positive half cycle i, > 0 B i I

REq

e Negative half cycle 7, < 0 Qo r /\Dp2 ch R

~V_L»

and they are depicted in the figure In
the figure and 39d, two diodes D; and

D, in the figure [3.9a] are replaced by the large
current source

signal model represented by a battery in series |
iDt VA WV\IRF

(a) Circuit of voltage doubler fed by a

with a resistance. With the analysis before,

the input current of the voltage doubler can ~ @k Cr RL

~_\V_L

f.
[

be written as:

1o = Iymsinwt (3.13) (b) When i, > 0

where [,,, is the amplitude of 7,, then the cur-
rent through the diode D, is:

~ VL

. Iypsinwt, for 0<wt<m (3.14)
ip1 = ' |
ol 0, for m™<wt <2, (¢) When i, <0

so the DC current on load can be calculated  Figure 3.9: Voltage doubler fed by PT
as follows:

1 2 Iom T Iom
I ipd(wt) = 3 / d(wt) = (3.15)
0

2m Jo m m

Equation [3.15] shows that the DC current on load I is directly proportional to the

amplitude of PT’s output current I,,,, the relation between AC and DC current can be
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expressed by the current transfer factor K; which is introduced in the equation [3.10]

I 21 2
Lo V2L V2 ~ 0.45 (3.16)

[OTTI’LS ]om m

K =

Since the output current of PT is sinusoidal, so the input power of voltage doubler is
equal to the power of the fundamental component. Hence, on the one hand, the output
power of PT is:

IR wIRED

B,
2 2

(3.17)

where Ry is the equivalent load looked from the output of PT. On the other hand, the

DC power on the load can be expressed as:
P, =1;R; (3.18)

With the assumption that the rectifier is a loss-less system or in other words, the output

power of PT will be transferred and dissipated completely on the load, then:
P,= Py, (3.19)

substitution of equation B.I7 and B.18 into equation [3.19] the equivalent resistance will
be:

w2 I2RYD 2
> Bq _ I’R, = R]‘g(f? = FRL (3.20)

The equation [3.20] addresses that, the voltage doubler can be regarded as a load expan-

sion device with the step up ratio is 72/2.

3.4.2 Operation of PT with current doubler

In contrast with the rectifier introduced in the §3.4.1, a current doubler is a full wave
rectifier circuit created by the combination of two diodes and two inductors as shown
in figure 3.10al Because of the interaction of the inductors Ly, the input source of the

rectifier is regarded as a voltage source with sinusoidal wave form and defined as follows:
Uy = U, sinwt (3.21)

where U,,, is the amplitude of u,. The operation of current doubler is divided into two

periods:

e Positive half cycle u, > 0
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e Negative half cycle u, < 0

During the positive half cycle of u,, the output current ¢y of PT flows through Ly and
supplies power to the load as shown in the figure and the energy stored at Ly is
also released to the load simultaneously. In turn, in the negative half cycle, shown in
the figure 3.10d, the output current i, of PT supplies power to the load via L, at the
same time Ly releases its stored energy on load. As a result, the amplitude of output
current [, of the PT is I}, /2, where I, is the DC current on the load.

With the assumption that all elements are

- YL

ideal and current doubler is lossless system, the o Mot [ ]E \
. p1 CiRY |S
voltage at the output of rectifier vap can be ) F‘: B',.DQ—L 7
written as: p2Y Lo |
VAg = Uomsinwt, for 0 <wt<m (3.22) (a) Circuit of current doubler fed
0, for ™ < wt <27,
by a voltage source
Because the average voltage on the filter induc- 1 CTTE )
tor is zero, so the DC voltage on the load is e RF% TCfRJfH?
the same as the average value of v,p, which is F: e L
defined:
(b) When u, >0
1 2 lo }im L1 I
VL —_ UABd(wt) VF CiR g
27T 0 Ua@ r’ % /‘\ /
Req RF
! /Wv dwt) = Yo (3.23) |
= o om@\Wt) = .
2 Jo T

Equation B.23] shows that the DC voltage on (c) When u, <0

the load is directly proportional to the ampli-

tude of the output voltage of PT V,,,. Conse- Figure 3.10: Current doubler fed by PT
quently, the voltage on the load V}, can be reg-
ulated by controlling the input voltage of PT (PWM method [II8] 56]) or shifting the
operating frequency of the PT [53| [87].

The output current of PT fed to the rectifier is a square wave and given by:

I/2, for O0<wt<
=] /2 for U<wisn (3.24)
—1./2, for m<wt<2m,
The wave form of i, exhibits an odd function with respect to wt, so i,(—wt) = —i,(wt).

With this analysis, the amplitude of the fundamental of PT’s output current i, is cal-

culated as:

2 [T I, [T 21
Ioim = —/ iosinwtd(wt) = —L/ sinwtd(wt) = == (3.25)
0 o m

s ™
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Because the output voltage of PT is sinusoidal form, on one hand, the PT’s output

power contains only the power of the fundamental component:
2 nep _ I e cD
PO = IOIREq = %RE(} - ﬂ_—R (326)

where [,; is the average value of the fundamental of PT’s output current and Rgf is
the equivalent resistance viewed from output of PT. On the other hand, the power that
dissipated on the load R, is determined in equation [3.18 With the assumption before,
the losses on the elements of the rectifier are ignored, so the relation of output power of
PT P, and dissipated power on the load Pp, is introduced in equation B 19 Substituting
equations and into [3.19] the equivalent resistance can be found as follows:

217 CD 2 CcD i

Derivation from equation B.27, the current doubler operates like a load ”compressor”
with the ratio 2/72. For instance, if the PT is driven at the high efficiency area, and the
load is determined by equation 220, with the current doubler, in fact, the load should
be chosen: Ry = (2/7%)Rop:.

3.4.3 Voltage doubler and current doubler in comparison

In sections (3.4.1) and (3.4.2), two common rectifier topologies and their functionalities
for PT were studied. In this part, their effects on the PT’s capability of transferring
power while load is changing will be investigated and compared. The typical operational
wave forms of voltage doubler and current doubler are introduced in figures 3.1Tal and
[B.11Hl respectively where 6 is the conducting angle of the diode of the voltage doubler
and v is the conducting angle of the diode of the current doubler.

In order to simplify the calculation and analysis on the effect of these rectifiers on the
throughput power of PT, some following normalized parameters [48, 49, [51] will be

defined based on parameters of PT’s equivalent circuit:

e Normalized load factor Kpy:

KPT = RL/TL2Rm (328)

e Normalized PT factor Apr:

App = w,Cyn*R,, (3.29)

e Mechanical quality factor of PT @,,: which is defined in the equation 2.14]
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Through the equivalent circuit, from an electrical point of view, PT operates as a band-
pass filter and the output voltage contains high harmonic components. Thanks to the
high quality factor of the resonant circuit (L,-C,) the transferred power on the load is
only affected by the first harmonic component. Because of this reason, both rectifiers
will be examined under the first harmonic approximation.

In both cases, the output capacitor C, and filter capacitor C'y are combined and con-
sidered as output equivalent capacitor C'g,. The DC load Ry is also converted by the
rectifier conversion factor as specified in the equation and Consequently, PT

will transfer power to parallel network: Cr, — Rpg,.

o A : iy A
IUI” 3 /om
0 > >
ot 0 wt
ip A < 0
"""" Py v
i i p ATTT ST :
0 b1 bz > 0 Ip1 ~ Ip2 _
| wt
Uok wt Uoy
UL \ UL """""""" Lot .
0 - > 0 >
a1 az o3 o4 wt ai oz a3 04 01
(a) Operational wave form of voltage doubler (b) Operational wave form of current doubler

Figure 3.11: Operational wave form of voltage and current doubler

If all the losses of the rectifier’s elements are ignored, the power dissipated on the
DC load Ry will be directly specified:

A

== =1 3.30

"7 R, 2Rp, (3:30)

where V,,,, is the amplitude of the PT’S output voltage, and the equivalent capacitor
Cgq is:

tan|p|
Cgq = 3.31
Eq WREq ( )

where ¢ is the phase angle between the output voltage v,(t) and output current i,(t)
while PT is applied with the equivalent parallel network Cp, — Rp, [49. 50].
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After that, the parallel network Apr

Rpy||Cry is reflected to the pri- i |

mary side following the calculation

in previous part (part 2.3), the new 21/ ”””””””””
parallel network with Ry, [|Cp, and g |/ | N
Cpq = Cpqn?; Ry, = Rpg/n*. This

parallel network is then converted

|
Voltagé Doubler
|
|

11

. . 1
into a serial network Ry, - Cp, and

100 102 10 Kor

the parameters of serial network are

defined by: Figure 3.12: Comparison of power handling of PT
Rp, = REqCOS290 (3.32) with current and voltage doubler
C’;q = C'Eq/sz'n2¢

By applying the equations .15 to 2. I8 in the part 2.3.2 to determine the ratio of output
power P, to the dissipated power on the PT Ppp for both VD and CD:

Po Po npr

App = = = 3.33
" Ppp Pu—Py  1—npr (333)
Using equation for this case, the PT’s efficiency npr is:
RII K R
nper LI PIEgCO%Y (3.34)

B qu + Rm N KPTRchosgo + RL

substituting the equation [3.34] into equation [3.33] finally, the ratio of output power P,
and power dissipated on PT Ppp is:

Apr = %KpTcosw (3.35)
Ry

This ratio is depicted in the figure above. The Apr presents the PT’s capability
of transferring power to the load with two different output rectifiers. This result can be
applied in choosing the model of the output rectifier for specific DC/DC applications.
The voltage doubler offers the high output voltage (because of having large voltage step
up ratio) and it is suitable for applications needing high load. In contrast, the current
doubler is preferred in the applications demanding a high level of current (because of

having a large current step up ratio) and low load.

3.5 Summary and Discussion

The contents of this chapter concentrated on the fundamental causes that effect the

PT’s capability of transferring power to the load. This is expressed by the term: power
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density Pp which is defined by the ratio between the amount of transferred power per
volume unit. Obviously, with a specific PT, the higher the power density Pp it is, the
higher the output power it gets. From materials and electrical points of view, there
are three main causes affecting power density Pp of a PT: Effect of temperature rise,

electromechanical limits and the circuit topology especially in the output rectifier.

The equation Bl expresses that power density Pp is dependent on both material
properties ¢; K; Q,,, and electrical parameters (f,; £). During operation, the PT’S losses
will be converted into heat and make the temperature increase. If the losses are too
large this will lead to the PT overheating, and it’s body temperature will reach Curie
point, consequently the piezoelectric effect is no longer valid because of depolarization.
In other words, the PT is completely damaged. In fact, the depolarization appears when
the temperature of PT exceeds half the Curie point and more and more serious if tem-
perature does not stop increasing. In practice, the Curie point of PT varies from 280°¢
to 330°C so the safety temperature range for PT is from room temperature to 120°¢. The
experimental results implemented on some different PT samples in this chapter confirm
that, the increasing temperature of PT during the operation makes the PT’s material
quality and operation parameter f, decrease and the temperature of PT in operation
depends on input voltage, vibration mode, and environment temperature also. Hence,

the proposals to reduce the temperature rise of PT should be focused on.

Next, the second major limitation to the power density Pp of PT is taken into consid-
eration: electromechanical limitation. The operation of PT is studied based on the piezo-
electric linear equations and the transferred energy is supervised via electro-mechanical
conversion in one operating cycle. The critical transferred energy is determined by ei-
ther maximum mechanical energy (regarded as mechanical domain) or electrical energy
(regarded as electrical domain) expressed by the coupling parameters: Sy,ap — Tinae and
Eraz — Dinas respectively. The calculation results based on the material parameters of
the PT samples inform that the maximum transferred energy on the electrical domain
is much larger than that one on the mechanical domain. Hence, to guarantee the safety
conditions for PT’s operation, the transferred energy must be smaller than the maxi-
mum mechanical energy otherwise the PT will be broken down because of over stress.
After that, the maximum power density Pp will be investigated on the S —T" domain
under the lossless assumption. To optimize the transferred energy in the mechanical
domain, the second order function of the strain S with critical stress T},,, is assumed,
and maximum is achieved at optimum value of strain S,,. Derivation from the result

of maximum transferred energy, the maximum power density Pp.q. is calculated as a
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function of operation frequency and material parameters. The maximum power density
Ppimae from material constants of two PT samples provides the evidence to prove the
high power density of PT (more than 300W/cm?). However, when being applied into
a specific application, the temperature rise within PT must be taken into consideration
and the power density Pp is in the range 20WW/cm? more or less. The experiment results
showed the high potential to ameliorate the throughput power of PT significant if there
are some effective methods to cool down PT during operation.

Finally, the effect of the output rectifier to output power of PT was studied. The in-
teraction of output rectifier and PT in the load variation condition is investigated via two
typical rectifiers: Voltage doubler and current doubler. In the PT based DC/DC con-
verter, the combination of an output rectifier with passive elements forms the impedance
matching - a important part to guarantee high efficiency, hence the high output power.
The output rectifier itself can be regarded as a load conditioner expressed by a rectifier
factor. This factor is changing from such topology to such topology. When operating
with PT, voltage doubler behaves like a load extender and it should be used in appli-
cations requiring high load, high voltage and low current, the rectifier factor of voltage
doubler is 72/2. In contrast, the current doubler operates as a load compressor and it is
preferred in applications with light load, low voltage and high current. The comparison
of transferred power/dissipated power ratio of voltage doubler and current doubler was
also implemented and the results show that the transferred power /dissipated power ratio
of current doubler in the low load area is higher than that one of voltage doubler in the

high load area.

Derivation from the analysis and calculations in this chapter, some conclusions are
established:

e A frequency closed loop as a major controller should be used in the PT based
applications not only to saturate the variation of load but also to overcome or

diminish the shift of resonant frequency because of temperature rise.

e The power density Pp of PT will be much higher if PT’s heat is scattered as fast
as possible by new PT design (like increasing the number of layer) or obligatory

cooling methods.

e In DC/DC applications, the output rectifier should be chosen based on the re-

quirements of load dimension, voltage and current level...

e Consideration for the amplifier topology, control and operation mode to minimize

the losses and temperature rising



48

Chapter 3. Limitations to Throughput Power of Piezoelectric Transformer



Chapter 4

Converter Topologies and Control
Considerations

4.1 Introduction

From a power electronics point of view, a typical power converter functions as a part in
the system to increase the amplitude of a signal to a higher power level. In this chap-
ter, some typical converter topologies, which are very popular for applicability of PT
in power electronics area, will be taken into consideration. PT can be applied in either
DC/AC with sinusoidal waveform at output or DC/DC with power rectifier interposed
between PT’s output and load.

This chapter will concentrate on all the possible interactions between PT and con-
verter topologies then the comparisons will be performed. In this chapter, three PT
samples with their equivalent parameters as studied in the previous chapters will be
chosen for simulation then verified by experiments and measurement results. In the
simulation results, all PT samples are driven with fixed frequency signal close to one of
the resonant frequencies corresponding to a specific vibration mode. In the experimental
results, all PT samples will be excited with a variable frequency in order to eliminate or
minimize the effects that are mentioned in chapter three.

Because PTs are regarded as low power, low cost, and high efficiency devices, the tar-
gets of the converter circuit design for PT in applications are simple structure, minimum
number of passive elements, and switches. Two common converter topologies for PT

are:
e (Class D Converter

e (Class E Single Ended Converter
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In order to increase the efficiency of PT based applications, the converter will be designed
and driven to achieve either ZCS El or ZVS H operating-condition, but in fact ZVS is
preferred and widely used [12], 40, 56, 67, 122]. In the experiments, all the PT samples
are operated in a specific vibration mode (A/2 or A mode) with corresponding optimized
load determined in equation .20

4.2 Class D Resonant Converter using PT

4.2.1 Operational Principle of Class D Converter

The class D converter is regarded as square wave source and composed of two bidi-
rectional two quadrant switches driven in a way that they are switched ON and OFF
alternatively. The class D converter with equivalent circuite and primary side reflected
circuit of PT are represented in figure d.1a] and figure respectively.

PT Model

(a) PT based class D converter circuit diagram

Primary side-reflected PT Model

(b) PT based class D converter with primary side reflected equiv-

alent circuit

Figure 4.1: PT based class D converter

It is much easier for analysis and simulation with the PT’s model as illustrated in

17.CS: Zero Current Switching
27ZVS: Zero Voltage Switching
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figure In this case, the primary side reflected equivalent circuit of PT functions as
a series-parallel resonant tank and the whole system becomes a class D series-parallel

resonant converter [73] with its key waveforms are shown in figure below. In figure

n_ﬂ_ﬂ
\_/\_/\.

ﬂ—bw—?a—btr\?’ﬂ”t

Figure 4.2: The key waveforms of PT based class D converter

in

above, Vs, Vas2, Vin, tin and i(t) are the gate signal of the switches S; and S,
PT’s input voltage, input current and resonant current flowing through PT respectively.
The operating cycle of this topology for PT is divided into following periods:

e t,—t;: (Y, charging time

e {, — ty: dead time

e 1y —t3: .S; ON

o t3 —ty: (;, discharging time
e {3 — t5: dead time

With assumption that the parameters of PT’s equivalent circuit as depicted in figure
are suitable (this assumption will be verified in the experiment in the next parts)
to guarantee the high quality factor Q of the network leading to the sinusoidal wave
form of the current flowing through the resonant branch (L, — C, — R,,,. This current is

expressed in figure and written in equation F.I}

i(t) = Lysin(wt — 1) (4.1)
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where I,,, and 1 are amplitude and initial phase of the resonant current i(t) respectively.
After the S — 2 is switched OFF at t,, this current is reversed from S, to the input
capacitor C, and the input capacitor C;, is charged by with period ¢, — t1, hence the

charging current for C;, in this period is:
ic(t) = —i(t) = —I,sin(wt — ) (4.2)

and the input voltage v;, on the Cj, (across Sy also) is increasing until reaching DC
bus voltage at t;, immediately the anti-paralleled diode of Sy starts to conduct leading
to the voltage across S to go to zero. The anti-paralleled diode of S; conducts in the
interval t; — t5. At ty, the input voltage v;, is equal to Vpe and S; is switched ON
during period t5 — t3 then it is turned OFF at t3. Within interval ¢35 — ¢4, both switches
S and S5 still remain OFF, so the input capacitor is discharged by resonant current.
Consequently, the input voltage v;, or Vpgo decreases leading to Vpgy increases. When
the input voltage v;, reaches to zero at t; as soon as the anti-paralleled diode of S
starts to conduct causing the voltage across Sy to go to zero. The charge/discharge
processes of the input capacitor take place one after another and repeatedly to ensure
the converter operates under ZVS condition - an important operating mode to improve
the efficiency of the converter [12], 66].

4.2.2 Inductor-less Class D PT Converter

In this section the operation of PT with a class D amplifier without input impedance
matching is analyzed, and simulated based on parameters of the equivalent circuit. The
operation of the system is then calculated to satisfy the ZVS operation in order to
minimize the losses and EMIH suppression hence improve the capability of transferring
power of PT.

The simulation of PT based inductor-less class D converter with the equivalent circuit’s
parameters taken from the Appendix B are shown in the table [4.1] and all PT samples
in the research work are operated in full-wave vibration mode with resonant frequency
around 100kHz. As mentioned before, the equivalent circuit of PT is replaced by a
serial-parallel resonant network and within an overall load range (R, = 0 — oo: output
is short and open circuit, respectively) the network performs like an inductive load
which was improved in [73] and confirmed in Appendix B (admittance circle of PT).
In consequence, in order to operate PT based class D converter under ZVS mode, the

operating frequency must be slightly larger than the series resonant frequency of PT
13, 182].

3EMI: Electromagnetic interference
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PT Sample C; L, C, R,, N C,
PT#1 230nF | 0.41mH | 6.7nF | 0.22 Q | 107 | 20pF
PT#2 96nF | 0.6mH | 3.4nF | 0.55 Q | 37 | 22pF
PT#3 55.56nkF | 0.52mH | 3.0nF | 1 Q 70 | 14.8pF

Table 4.1: The parameters of PT’s equivalent circuit in A vibration mode
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Figure 4.3: Phase relation between resonant current ¢,;, and input voltage Viin

To guarantee the ZVS operation of PT based class D converter, following two con-
ditions must be satisfied |12 [66]:

e Threshold voltage of input capacitor Cj,: When the inductor L, charges the in-
put capacitor Cj,, as shown in Figure .3, the electric charge of input capac-
itor Cy,, charged/discharged by the resonant current i,;, can be expressed as:
dQ = C;,dV = i,dt where: dV is the voltage difference of the input capacitor Cj,
and dt is the charged/discharged time duration. In order to achieve the ZVS con-
dition, the pick value of the input capacitor voltage Vi, must be: Vi > Ve
[13] and for every operating cycle of the converter, the input capacitor C;, must

be charged/discharged completely.

e Critical dead time between S; and Sy: In order to provide the sufficient time for
inductor L, charge/discharge the input capacitor Cy,, the dead time t; between
S1 and S, should be equal or greater than the charge/discharge time, in this case,

the input capacitor C}, operates as a turn-off snubber for S; and S5. In order to
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operate the class D converter under the ZVS condition, the dead time t; must be:
tq > 5T [12,[66] where T is the operating cycle (T'=1/f)

1 1 [

Ipick input current|

Input Voltage v , Resonan Current i and Gate Signals —
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Input Voltage v, Resonant Current i . Gate Signal and Output Voltage VL -
~
—
—
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(a) PT based class D converter operating under f,. (b) PT based class D converter operating above f,

Figure 4.4: Simulation of class D converter with PT#1

Following the strategy analyzed above, the operation of a PT based inductor-less class
D converter was studied firstly with a simulation model by using Matlab-Simulink with
embedded PLECS. The simulation was implemented based on parameters of an equiv-
alent circuit of PT#1 operating in full wave vibration mode. During simulation, the
operating frequency was varied around the resonant frequency of PT and the duty cycle
D is kept below 40% as addressed in the second critical of dead-time above.

The simulation results are shown in figure [4.4] with two different operating frequencies.
In the first case, the class D amplifier was driven by signal smaller than the resonant
frequency of PT+#1, the operation of the converter is presented in figure d.4al the red
and blue line are PT’s input voltage and current, respectively, the violet line is the
output voltage, the black and pink lines are the gate signal of S; and S;. Figure [£.4al
shows that the input current contains a high peak element at the point when S; and S
switch ON. The high peak current will increase the losses in both: commutation loss of
switches and electromechanical loss of PT leading to higher temperature rise.

In the second case, the excitation frequency of the class D converter was increased
slightly above the resonant frequency, the simulation result is introduced in figure [£.45]
In this case, the peak element of input current is much smaller than that one of the first

case. This will minimize the commutation and electromechanical losses. Thanks to this,
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the throughput power of PT can be increased by raising the DC bus voltage.

The simulation model of PT based class D converter is then verified by experiments.
The measurements are carried out with PT#1, optimum load and frequency adjustable
gate signal for 57, S which are power MOSFET. The experimental result is depicted

in figure .5} In the measurement result above, the yellow line is input voltage of PT,

Tek_ Stappeid Single ey . 16 A3

LT O . 0 R O A4

Ch 10.0Y Il 4 Ops Z50MSE 4.0nzdot
Ch3 0.0y Chd S00mY & Chad o 450mY

Figure 4.5: Inductor-less PT based class D converter

the pink line is the gate signal of low side MOSFET and the green line is the voltage
on the load (PT’s output) measured via a high voltage probe with scale 1:1000. From
measurement result, it informs that the input voltage of PT still contains high harmonic
components which will increase the losses of the PT, hence increase the temperature.
The operating temperature of inductor-less PT based class D converter with different
input voltage is shown in figure LGl In the experiment depicted in figure [L3] the load
was chosen equal to the optimal load corresponded with the full wave vibration (A mode
Ry ~ T0k2). Because the pulse width of gate signals are kept constant (in this case
D = 40%), the transferred power to the load depends on the level of DC bus voltage
Vbebus and expressed as P /VAqy,s The maximum power in this case is the amount of
power dissipated on load corresponding with Vpep,s which ensures the PT’s temperature
does not exceed the critical value (normally, this value is 120°¢). From the temperature

measurement in figure .6 the maximum DC bus can be estimated as Vpcopus = 10V,
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Figure 4.6: Temperature of PT in inductor-less class D inverter

and the power on the load is about P ~ 3.5[W]. This result is relatively small when
compared to the rated power of PT#1 (6W H)

4.2.3 Class D PT Converter with Impedance Matching

As shown in figure L5l in (4.2.2) above, the
output signal of class D converter contains
high order harmonic components which are
the main cause to increase the losses in
the PT which limits its throughput power.
Furthermore, in the inductor-less PT based
class D converter, the frequency range for
ZVS operation of the switches will be nar-
rowed if we want to increase the efficiency
and vice versa [I2]. In order to overcome

these problems, a low-pass filter regarded

@ st | e PT

sﬂ B

Figure 4.7: Class D resonant converter using

PT with series inductor

as an input impedance matching circuit should be added at the input of PT [16]. For

this topology of PT based power converter, the input impedance matching circuit is

interposed between output of class D amplifier and PT’s input to satisfy:

4This value is official announced by the sample manufacture
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- Preventing the harmonic contents from entering into PT
- Extend the ZVS operation range of the converter against the variation of the load

There are many structures of input impedance matching for PT reported in 7, 32} 53], [84],
all of them are composed by either an inductive element or combination of inductive and
capacitive elements. The comparison among these filters were fully carried out in the
literature, so in the content of this research work, the choice of an impedance matching
network was based on its simplicity and feasibility in order to reduce the profile of the
whole system hence the price of the product. Finally, the impedance matching struc-
ture with a series inductor was chosen because of its simplicity in both simulation and
experiment. The class D resonant converter using PT with series connected inductor is
shown in figure L7

With the structure depicted above, PT will be driven sinusoidally leading to minimiza-
tion of the PT’s losses hence optimizing its efficiency [7, [84]. Thanks to these results,
the output power of PT is improved, in other words, the power density of PT is in-
creased. The combination of a series inductor Ly and the input capacitance C;, of PT’s

equivalent circuit constitutes a low pass filter with the aim of:
e Operating the PT under less stress.
e Eliminating the circulating current hence improve the efficiency of whole converter.
e Realizing the achievement of ZVS operation in the power MOSFETSs S1, S2.

e Reduce common mode noise, therefore reducing conducted EMI [37]. This is pos-
sible because the noise path impedance for high frequency components is much
lower than that of the fundamental frequency component. Operating the PT with

sinusoidal excitation will eliminate these high frequency components.

By adding a series inductor at the input of PT, the input impedance (Z;,), seen by the
class D converter, is modified and this is an important parameter to design the converter

properly. The input impedance is expressed by two key components:

e Input impedance phase 6;, - introduces an stronger inductive behavior than that

one of an inductor-less PT based class D converter.

e Input conductance G;, - the real part of input admittance, expresses the capability

of transferring power to load for a given input voltage [100].

With a series inductor Ly, the square-wave source shown across Ly can be approximated

by its first order harmonics and the input signal of PT will be:
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Figure 4.8: Class D converter for PT operating with input impedance matching

2
|Vin| = =Vpewusy/1 — cos(2mD) (4.3)
T

where D is the duty cycle of the class D converter and is less than 50%. In fact, in
order to give enough dead-time for two switches S7, So and enhance transient response
performance, the maximum duty cycle is chosen from 35% to 40%.
In practice, the series inductor Ly is calculated to assure that its peak stored energy
is always larger than the total energy needed to discharge the parasitic capacitor of S;
and Sy. With assumption is that the duty cycle D = 50%, the series inductor L; can be
chosen to satisfy the relation .4k

1, 1.,

§sz- > —CxVicpus (4.4)

mmaxr —

where Cf; is the total capacitance of a shorted and a fully charged parasitic capacitance
of 51, S2 and can be found in the data sheet of the switch. The peak current of Ly,

linmaz, 18 one half of the current charged by Vpepus/2 when S; is turned on:

. Vbcbus
inmaxr 4.5
! SL,f (4.5)



4.2 Class D Resonant Converter using PT 59

where f is the operating frequency of the class D converter. With substitution equation
into 4] the series inductor can be determined as:
1
Ly < —=+
1= 64Cy f2

The series inductor L; combines with input capacitor Cj, to form a low pass filter, so

(4.6)

the inductor must be calculated to allow the fundamental of the class D converter to
pass through. In addition, the series inductor should be chosen carefully to minimize
the circulating current because of interaction between the class D converter and PT.

The operation of PT based class D converter with series input inductor is modeled
and simulated by embedded PLECS in the environment of Matlab-Simulink with the
parameters of PT#1’s equivalent circuit. The series input inductor Ly is calculated
in the range from 20-30uH and the duty cycle D = 35%. The simulation results are
represented in figure [4.8 above, where the red and blue lines are the PT’s input voltage
and current, the violet line is the voltage on the load R, and the square-broken lines

are the gate signals of S; and Sy, respectively.
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Figure 4.9: Class D converter for PT operating with input filter Ly = 42 H

Derivation from the simulation results, with a small additional series inductor at the

input, the PT is operated with a sinusoidal wave form and the input current does not
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contains high order harmonic components (the blue line in figure [.§]). In this case, the
PT’s input signals will be improved significantly compared to that one of inductor-less
class D converter. Thanks to sinusoidal operation, the PT’s losses will be minimized
leading to reduction of temperature rise, hence the throughput power of PT can be im-
proved by increasing the DC bus voltage Vpepus of the converter.

The simulation above is then verified by the experiment where the DC bus is a volt-
age adjustable power supply and the class D is created by a couple of IRF740. The
experimental results are shown in figure with following parameters:

e DC bus voltage: Vpepus = 10V
e Input series inductor: Ly = 42uH
e Resistance load: R; = 65k

In the measurement results introduced in figure 4.9 the yellow line, blue line and pink
line are PT’s input voltage, voltage on load and Sy gate signal respectively. The volt-
age on the load was measured via a high voltage probe with step down scale: 1:1000.

The measurement results confirm the response of PT with sinusoidal excitation. The

Temperature measurement with different input voltage PT #1
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Figure 4.10: Temperature rising of PT based class D converter with series inductor

experiment was repeated with different DC bus and PT’s temperature was monitored
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uninterruptedly. The temperature rises of PT with different DC bus voltage are illus-
trated in figure above. These measurement results are compared with these ones
in figure in the previous part (4.2.2): in the former case PT’s temperature reached
more than 90°C after ~ 700 seconds and being constant when the DC bus was 9V. In the
latter case, PT’s temperature increased to 90°¢ and being constant in this level after ~
1000 seconds while the DC bus was 15V. This means that the PT’s throughput power
is improved significantly or in other words, the power density Pp of PT is increased by

adding a small inductor as an input filter.

4.3 Class E Resonant Converter using PT

In this section, the operation of PT based class EH will be studied. A class E converter
as defined in [16] is a circuit composed of a bidirectional switch and a load network and it
is capable of not only delivering a sinusoidal voltage to the output but also achieving the
ZVS operation for the main switch. The principle circuit of PT based class E converter
[69, 89l 97, 122] is introduced in figure L.I1] below: Derivation from the scheme of PT

1S _ L -_| 1:N N o
Lf o Lr Cr Rm
EIE— N Uin (TCin TCout Uout
PT Model

Figure 4.11: PT based class E resonant inverter

based class E converter in figure L.IT] the input inductor L is always large to suppress
the AC input current peak and the resonant flows through the resonant circuit(or PT) is
sinusoidal form. The critical issue of class E converter is the input voltage evolution, it
is also the voltage across the input capacitor C;,, after the switch S is turned OFF. The
evolution is a complicated process because the current flowing through input capacitor
C;, contains a constant component due to the current I and a sinusoidal component
as the resonant current iy,.

The key wave form of a class E converter are shown in figure Once the input
capacitor is completely discharged the current starts flowing through anti-parallel diode,

such that the voltage across the switch S drops to zero. To minimize the switching losses,

Sclass E is also referred to single ended power converter
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the switch must be turned ON within the conduction period of the diode, hence the ZVS

operation is warranted. From the equivalent circuit of PT based class E converter when

\J

Figure 4.12: Basic operation wave form of PT based class E converter

operating close to one of resonant frequencies of PT depicted in figure .11 theoretically,
the dissipative component is only the series resistor R,,. So, in order to minimize the
losses, the resonant current should be minimized. In fact, the dielectric loss due to
the circulating current flowing through input capacitor Cj, will be taken into account
[51]. In most applications using PT, the load has to be calculated within the maximum
efficiency operation condition, mentioned in the part 2.3.4 or the matching network
should be added to satisfy this condition. In [I6] the method to calculate the impedance
matching network was introduced in details.

However, an estimation of the maximum efficiency operating point for a resistive load
can be calculated using the simplified model as shown in figure 11l Based on this
model, the maximum efficiency can be warranted if the phase shift between the input
voltage of PT wv;, and the current flowing through the resonant branch i, is zero. In
other words, the operating point of class E is dependent upon the change of load.

According to the analysis in [16] [73], the input inductor can be calculated by equation
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4.7 in the case of a constant frequency controlled PT based class E converter:

1
Ly= . (4.7)
C. (“’_s + 1 )
m\f2 " 4RZ,CZ,
where:
_fs _ Ws.

- fn is the normalized operating frequency f, = F=9

- R;, is the real part of the impedance looking from the input of PT including volume
of load Ry,

Derivation from calculations above, the model and operation of PT based class E con-
verter was built and simulated in the environment of Matlab-Simulink with embedded
PLECS. The simulation results are shown in figure The model of PT based class
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Figure 4.13: Simulation results of PT based class E converter

E converter was built by using the equivalent circuit parameters of the PT+#1, the duty
cycle of the gate control signal is 50%, the DC bus voltage Vpcpus = 10V In figure T3]
the violet and blue line are input voltage and current of PT, the black and red line are
the gate control signal and voltage on the resistive load, respectively. The simulation
result in figure confirms that, when operation with the class E topology, not only
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the PT but also the switch will be suffered by a high voltage stress leading to low trans-
ferred energy, higher loss and hence, the ZVS operation range will be narrowed [7], [16].
In order to verify the simulation result and prove the estimation above, a PT based
class E inverter was built. The PT#1 was chosen for measurement. The experiment

was carried out with following parameters:

Input inductor Ly = 42uH

Operating frequency in range ~ 92kHz

Resistive load: Ry = 65k2

DC bus voltage Vpepus = 10V

The experimental results are represented in figure[Z.I4 below: In the experimental results
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Figure 4.14: Experimental results of PT based class E converter

above, the yellow line, green line and pink line are PT’s input voltage (20 volt/dev),
voltage on the load (500 volt/div), which is measured via a high voltage probe with
scale: 1:1000, and the drive signal at the gate of the switch, a power MOSFET IRF
740. During the measurement, the temperature is also monitored continuously. The
temperature evolution of PT#1 with different DC bus voltage is shown in figure .15
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Figure 4.15: Temperature rising of PT based class E converter

The temperature of PT reached it’s limit when the DC bus voltage was 11V. The result
is then compared to the PT’s temperature in the previous parts (4.2.2 and 4.2.3).

4.4 Resonant Frequency Tracking

4.4.1 Purpose of Frequency Tracking for PT

When working with resonant devices, including PT, it often requires resonant frequency
tracking. Resonant frequency tracking should be applied for PT because of the following

reasons:

e When the maximum output to input voltage boost ratio is needed. This occurs

only at one of the series resonant frequencies of PT

e When a load change leads to a change of operating frequency range of PT, in order
to be able to continue operating PT within its bandwidth, a frequency correction
must be uses.
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e As mentioned in the chapter three, the effect of operating environment conditions
like temperature, operating time ...on the material properties of PT leads to a
change of resonant frequency. These effects can be eliminated or diminished by

using a resonant frequency tracking method.

Most piezoelectric devices are operated based on resonant principle, that means, their
operation point is at a resonant frequency or in the vicinity of that one. It means
that frequency tracking is indispensable to some applications using piezoelectric devices
including PT. There are several methods to track the frequency, among them, self os-
cillators [4, [74] and phased-locked-loop (PLL) [28] [99] [119] are most popular. Both of
these methods use as a criterion of control the fact that when resonance exists, all the
reactive components of the input impedance are mutually compensated. Hence, under
the conditions of resonance, the phase-shift between the input current and the input
voltage is zero. The difference between the two mentioned methods above is that the
first one includes a resonant system as part of itself, whereas the latter is driven by
means of an external oscillator, controlled in a closed loop by a special device called
a phase detector. In practical applications using PT, the PLL is preferred to the self
oscillator method [8], (53] [58].

4.4.2 Series and Parallel Resonant Frequency of a PT

When studying the operation of piezoelectric transformer based on its equivalent circuit,
it can be seen clearly that in specific vibration mode (full wave or A mode for instance), a
PT has two kinds of resonance: parallel and series. At the series resonant frequency, PT
shows the lowest input impedance. In contrast, at the parallel resonant frequency, PT’s
input impedance is at its highest value. These concepts are derived from the analogy
between piezoelectric devices and a resonant circuit [73]. It is important to note that
series resonance occurs as a result of coincidence between the frequency of the input
signal and the mechanical self-resonant frequency of the PT’s body. Parallel resonance,
in turn, occurs not at the frequency of mechanical resonance, but is rather an imaginary
resonance whose frequency depends not only on the mass and elasticity of the material,
but also on the value of the input capacitor created by the input electrodes, which is an
unavoidable element of all piezoelectric devices.

Resonant frequency tracking may be needed for either parallel or series resonance,
depending on the requirements of the product. Parallel resonance is often used in oper-
ating piezocrystallic or piezoceramic one-port systems (resembling a PT without output

electrodes) in order to build self-oscillators. The criterion of resonance in this case is zero
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Figure 4.16: Series and parallel resonant frequency of PT#2 when output short circuit

phase-shift between the input voltage and input current. Parallel resonance frequency
tracking can be used also when working with PTs [90], but in this case there arise certain
complications. Figure demonstrates the input admittance and the phase shift of
PT#2 when its output was short circuited. While the excitation frequency varies from
90kHz to 105kHz leading to the phase shift of the input’s admittance is changing from
+90° to nearly —90° then back to 90° again and meets the zero line twice corresponding
to series and parallel frequency, but at the series resonant frequency, the admittance
reaches maximum value. From an energy transfer point of view, only at the series reso-
nant frequency a PT is able to transfer the maximum energy into a load with a specific
input voltage. For this reason, the frequency tracking is referred to as series resonant
frequency.

4.5 Discontinuous Working Mode of PT

In the previous parts of this chapter, the operation of PT with two typical amplifier
topologies was introduced and their valid work area, from a power transfer point of

view, is always limited by temperature rise. If their temperature can be released as fast
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as possible, the throughput power of PT will be improved significantly. The PT’s heat
will be transferred and radiated to the ambient environment during the operating period
and reduced faster when PT stops working. This becomes an innovation to increase the
power density Pp of PT by operating PT at a high power level in the discontinuous
mode where PT will be fed by high power level within period as long as its temperature
rise is still less than the critical point (smaller than half the Curie temperature!). The
theory of discontinuous working mode of PT [75] [76], 113] can be expressed by diagram
in figure 17

A

Pause geriod Excitation period

-

TL 2TL 3TL time (ms)

Figure 4.17: Excitation scheme for PT in discontinuous working mode

The operation of PT in both the time domain and the temperature domain can be
regarded as an overloaded - repeatedly mode. Within this working mode, there are
three important parameters that should be taken into consideration to guarantee the

safe operation of PT and higher transferred power to load:
1. Excitation period t,
2. Cycle time of excitation T},
3. Amplitude of excitation which is represented by DC bus voltage Vpcopus

The excitation period must be chosen to be large enough to guarantee the output voltage
reaches the desired value. Because of the combination between PT’s output capacitor
C, and the output load (with or without output rectifier), it can be considered as a first
order delay unit. In figure 41§, the behavior of the output voltage of PT#3 is expressed
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by the yellow line. As shown in figure [4.I8] during ¢,, in order to get the high output
voltage, PT must be excited with a frequency range close to the resonant frequency, so
the t, must be:

1
tw Z ttrcms > f_ (48)

RN i

404
T8

Figure 4.18: Dynamic response of PT’s output voltage

where t;4ns 1S the transient time - the minimum time for PT’s oscillation reaches to
steady state. Following [I13] [IT4], the transient time t;.q,5 is defined as:

tirans = Q;«:Cf (49)

where Q)¢ is the effective factor and depends on both PT’s parameters and load. Based
on the results in [I13], while operating at a frequency in the range of 100kHz (A mode),
the excitation time is around 2.5 ms.

The next parameter is cycle time of excitation expressed as T7,. With the excitation time
t, was chosen 2.5ms, the T, must be long enough to allow the heat within PT, which
arises during the excitation phase, to be transferred to ambient environment within the
period 177, — t,. The value of T}, depends on the material quality, structure of the PT
and in the measurement of the research work 77, = 10ms, that means the break time

for PT is triple the excitation time before it is excited again.
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The last parameter is the limit of the DC

bus voltage Vpepus. Based on the maximum

7VDC bus

stress Syqe and the information of the di-

mension, to operate PTs safely, the limit

of Vpcopus must be smaller than the maxi-

mum voltage. In the experiment, the limit

N CIF %RL
of LDCbus for PT#l, PT#2 and PT#3 are

60V, 70V and 110V respectively. Figure 4.19: Experiment setup for PT in

The experiment setup for discontinuous op- discontinuous working mode

eration of PT are depicted in figure

The FG1 and FG2 are two function generators, DRV is the half-bridge driver, the
PWR-AMP is a class D power amplifier. The FG1 generates the low frequency (in
this experiment frg; = 100H z, duty cycle = 25%) and its output signal is connected to
the gate input of FG2 which is operated in gating mode and creates the high frequency
closed to PT’s resonant frequency. Then the output of FG2 is connected to half-bridge
driver 1C.

The experiments were implemented on all the PT sample. In figure .20 introduces one
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Figure 4.20: Performance of discontinuous operation mode PT

of measurement results carried out with PT#3, DC bus Vpepus = 110V DC, excitation
period t, = 2.5ms, cycle period Ty, = 10ms, the load Ry = 7.8M€Q), Cy = 220pF.
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For other PT samples and operation with different DC bus voltage Vpopus, their output
voltage are demonstrated in diagram [£.2T] Derivation from the experimental results and
the model shown in figure the throughput power, and then the power density Pp
will be calculated. The dissipated energy on the load following the setup in figure

Output voltage of discontinuous operation mode of PT
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Figure 4.21: Output voltage of discontinuous operation mode PT with different Vpeopes

includes 2 part:

e Dissipated power on the output load:

V2
Prp = 24 4.10
= -2 (410
e Energy to load the filter capacitor C/:
CrVa,
Wer = % (4.11)

With the voltage doubler setup in this experiment, to load the capacitor C'y, PT has
to transfer an amount of energy twice of Wey, that is: W¢, = 2Wey. From a power
transfer point of view, this amount energy was delivered to Cy within the excitation

time, hence the power to load the capacitor C'y can be calculated as in equation 412k

Pey = (4.12)
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So the total transferred power of PT in each excitation is:
Ppr = Prr + Poy (4.13)

From the measurement results shown in figure [L.21] the maximum transferred power is
correlative with the critical DC bus voltage. The maximum output voltage for PT#1,
PT#2 and PT#3 are 15.37kV, 13.93kV and 15.3kV respectively. These results are
applied to equations from to to determine the maximum throughput power.
Finally, the maximum transferred power of PT#1, PT#2 and PT#3 are 51W, 42W and
49W. The results show that the throughput power of PT in the discontinuous working

mode were stepped up nearly ten times than the nominal power in continuous mode.

4.6 Summary and Discussion

The operation of PT with two common power amplifier topologies was investigated from
a power transfer point of view. With the first topology - a class D amplifier - the op-
eration of a PT based class D converter was studied in two cases: without and with an
input matching network. With the inductor-less class D amplifier, PT’s excitation con-
tains high order harmonic components. They are the causes to make PT’s temperature
increase, hence limits the throughput power of PT. The high order harmonic elements
of PT’s excitation can be removed by adding a low-pass filter which provides an input
impedance matching. Among the low-pass filter topologies for PT, an inductor in series

connected with PT’s input was chosen because of its simplicity.

The second topology that was investigated for PT was a class E amplifier. In com-
parison with a class D amplifier topology, a class E requires less active components than
those of a class D amplifier. However, the PT’s excitation from class E amplifier contains
very high peak voltage. This is the main reason that prevents the DC bus voltage from
being increased leading to limiting the throughput power of PT.

First of all, the operational characteristics of PT with amplifier models were sim-
ulated in the Matlab-Simulink environment with embedded PLECS. Finally, the sim-
ulation results were verified by experiments performed on three different types of PT
samples. The measurements were also matched with analysis and simulation. From a
power transfer point of view, among the mentioned power amplifiers, PT performs the
best with series inductor class D topology, then the class E and the worst case is the

inductor-less class D amplifier topology.
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The contents of this part focused not only on the amplifier topologies but also on the
control method to track the optimum operation point for PT while operating conditions
change. Following the analysis, at a specific vibration mode, a PT has two resonant
points: series resonant point and parallel resonant point. In order to achieve the maxi-
mum output power, the operation of PT must be tracked to its series resonant point, in

another word, PT is in series resonant oriented operation mode.

Finally, a new working mode of PT was introduced - discontinuous working mode in
which, PT is excited by a series of high amplitude voltage pulses. With this working
mode, a PT can transfer a much greater amount of power than the nominal power level
in continuous mode because it has a long pause period in each operation cycle. In
the pause period, the heat derived from the electrotechnical losses would be transferred
and radiated almost completely. Experiment and calculation have confirmed that, in
discontinuous mode, a PT is able to transfer an amount of power nearly ten time of
what is can transfer in continuous operation. The discontinuous working mode of PT
opened a new method to increase its power density approaching to ideal power density
of piezoelectric material mentioned in the previous chapter.

Some applications using PT are introduced in the next chapter as the illustrations for

integration possibility of PT in practice.
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Chapter 5

High Power Density Applications

5.1 Introduction

In this chapter, some prototypes of electronics devices using PT will be introduced to

illustrate the integration possibility of PT in practice. These applications are:

e [gniter for high intensity discharge lamps
e High output voltage DC/DC converters
e Electronic ballasts for light emitting diode lamps

e Stand alone ionizer for food sterilizers

5.2 Igniter for HID Lamp
5.2.1 Ignition Concepts for HID Lamp

Nowadays, in some specific applications concerning to lighting technology, the high inten-
sity discharge (HID)lamp is the best choice because of its advantages over incandescent
lamps such as higher brightness, higher efficiency, longer life time. They have been
widely used for various applications in outdoor and large scale indoor spaces. Some of
them, the small HID lamps with low power range have been developed for spotlighting,
liquid crystal projector, headlights in automobile, and so on... In the HID lamp family,
metal halide (MH) lamps return the best color rendering, they also offer much higher
efficiency than mercury vapor lamps, better light quality than either mercury or sodium
lamps [10, 43 110]. Metal halide lamps, however, have had some limitations and most

of them that must be mentioned are:

e High ignition voltage, in the range of several kilovolt in order to start the lamp,

even much higher in the case of hot - re-ignition, more than ten kilovolt.
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e MH lamp’s impedance changes over operation time.

e Difficult to operate the MH lamp with a high frequency after ignition phase. [10],

107]

Figure 5.l depicts the dependance of the MH lamp’s impedanc on the operating time.
These lamps, as all gas discharge lamps, are an open circuit load if not ignited yet. Due
to the strong heat development of the lamp during operation, the glass bulb becomes
a high electrical load. If the lamp has to be reignited after a short interruption of its
operation, this has to be considered when designing the igniter [76]. In [107], many
ignition concepts for HID lamp were discussed and compared and a series of high DC
pulses is an approach to apply to the igniter. Derivation from this feature, a high voltage
pulses generator based on discontinuous working mode of PT was developed to ignite
the HID lamps.
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Figure 5.1: Resistance of metal halide lamp with different operating period

5.2.2 PT based Igniter for HID Lamp

Because of operational characteristics of both the HID lamp and the PT, the igniter was

designed with following requirements:

!This diagram is supplied by Dr.Siesegger - OSRAM GmbH, Munich,Germany
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e Due to the variation of the HID lamp’s impedance requiring a frequency control
circuit, it is necessary to operate PT at its maximum output to input voltage boost

ratio No21max -
e The output rectifier should be chosen to match the high load and high voltage.
e The simplicity and minimized EMI are highly emphasized.

Based on these requirements, the HID lamp igniter using discontinuous working mode

of PT was designed and introduced in figure The igniter includes a class D power
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Figure 5.2: Design of HID lamp igniter using discontinuous working mode of PT

amplifier with a frequency control as the main control loop. The voltage on load was
twice multiplied by applying a voltage doubler rectifier at the output stage. The design
of the circuit, especially the signal conditioning for the feedback, had to be done very
carefully here. Due to the close arrangement of the high voltage PT and sensitive
circuit elements, unwanted noise in the feedback path prevented the PLL from working
correctly. The input voltage probing network was finally changed from a diode based
one [§ to a voltage divider/filter based (R + R,/C1). Also the output probing network
had to be changed to guarantee proper operation. So, the diode voltage is not compared
against ground but against an offset. A timer is added in the model in order to regulate

the period of excitation - Ty, and the excitation period - t,.

To verify the design for the igniter mentioned above, a prototype of the igniter was
fabricated as depicted in figure 5.3l where the PT#3 was applied and a HEF 4046 IC was
used as frequency controller. The igniter was tested with the HID lamp D1S and D2S

series of Osram, in the worse case operation the impedance of these lamps is around
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Figure 5.3: Prototype of HID lamp igniter using discontinuous working mode of PT

7.8MS2 and the voltage in hot re-ignition condition is in the range of 15kVH. These
requirements were verified by experiment in the previous section which is expressed in
figure L.20. In this section, the operation of the igniter for the HID lamp was tested in
cold ignition condition. The ignition process are depicted in figure 5.4l The overview
of the ignition process is shown in figure [[.4al where the red-line (charnel 3) and the
black-line (charnel 1) are PT’s excitation and it’s RMS respectively. The blue and green
lines are HID lamp’s voltage and current during ignition. The ignition’s voltage and
current are detailed in figure [5.40
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(a) Ignition process (b) Voltage and current of HID lamp at ignition point

Figure 5.4: Behavior of igniter for HID lam using discontinuous working mode PT

Zfollowing the discussion via email with Dr. Siessegger - HID lamp developer from Osram
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In comparison with other ignition concepts based on the magnetic transformer dis-
cussed in [I07], the igniter for HID lamp using PT can be operated separately from the
rest of electronic ballasts. It means that, after the ignition and running up phase, the
igniter can be switched off and does not give any side-effects to the performance of the
ballasts in the steady state. This has the following advantages:

e Reduction of the losses of the electronic ballasts in permanent operation.

e Opening a chance to drive the electronic ballasts in a higher level of operating

frequency (more than 1MHz).

5.3 High Output Voltage DC/DC Converter

In practice, some specific applications require a high output DC voltage, for example in
flash lamp, electric shocker or other hand-held devices. Usually, these device are powered
from low DC voltage source like battery, and then the voltage will be boosted to high
level by a high ratio magnetic transformer. To illustrate the feasibility of integrating
PT into the applications, in this section, a very simple high DC voltage power supply
using HVPT is introduced. The design of the power supply based on PT is illustrated
in figure In figure 0.5, the PT based power supply uses the class E topology with
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Figure 5.5: Design of high DC voltage power supply

a frequency closed loop using PLL to track the optimal frequency. The phase of PT’s
input voltage ¢(u;,) was measured via a voltage divider and the phase resonant current
(i) was indirectly sensed via the diode. At the steady state, the difference between
angle p(u;,) and ¢(i,1) should be so small, theoretically it is zero, to guarantee that the
PT is always driven at its optimum frequency.

The prototype of high output voltage power supply was built and shown in figure
where the PT and output rectifier stage were placed in the bottom layer. In the proto-

type, the PT#2 was chosen for measurement.
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Figure 5.6: Prototype of high DC voltage power supply

With the parameters of the equivalent circuit described in appendix B.2, the im-
portant element is the input inductor which will be calculated to guarantee the ZVS
operation of the switch. Following the suggestion in [I6, [73], L; should be:

1

w? 1
Oin (WS + 4R2 o2 )

opt

Ly =

(5.1)

where input capacitor C;, = 96nF’; series resonant frequency f,.s = 105kH z; optimum
load R,y - the load is chosen following equation .20, and the normalized frequency
w*=1/V2.

Equation 5.1] can be rewritten as the inequality

*
w Ropt

Ly < (5.2)

wrs

The operational characteristics of the high output DC converter are represented in figure
6.7 and 5.8 In figure 5.7 the red line is the gate signal of the MOSFET, the blue line
is the input wave form of the PT and the green line is the voltage on the load. Figure
expresses the control signal at the feedback path. The blue and red line introduce
the input voltage of PT and the offset compared value. The input voltage of PT was
captured directly via a voltage divider and then compared to an offset value instead of

the ground. This is a "tactic” to prevent the comparator from being compensated due
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to the variation of the DC bus. The green and yellow lines are the captured images
of the input voltage phase and current phase, respectively. The measurement results

inform that the converter was being operated in the ZVS condition.
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Figure 5.7: Measurement results of high output voltage power supply
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Figure 5.8: Feedback signals: voltage and current phase
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5.4 PT based Electronics Ballasts for LED

Nowadays, advanced lighting technology
like the LED is paid attention to from the
point of view in energy saving, improve-
ment in the lifetime and stability of the
product. In comparison with some other
lighting sources such as CCFL and HID,
etc an individual LED is a very small light-
ing source, but an LED system containing
arrays of LEDs will be re-markable light-
ing source with some advantages such as:
small power consumption, low heat gener-
ation, small current, color changeable, etc
and they have been used more and more in

various lighting systems illustrated in figure

- lighting system in tram and bus is an example. Similar to other types of lamps,
the illumination power of the LED is proportional to its forward current and a single
LED, shown in figure for example, requires from 2 to 4 VDC and current level is
in range up to 1A (normally, some hundreds of mA, typical: 350 - 750 mA). These

characteristics of LED match those of PT.
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Within the content of this work, a simple electronic ballasts for LED using PT is
introduced; the concept of the ballasts is expressed in figure 511l where PT is driven
with a quasi square wave pulse from a class D power amplifier. The output stage,
the combination of power rectifier and LC filter are used to ensure that LEDs will be
operated with a ”truly” DC source. At the control part, it contains two closed loops,
the inner is a frequency control loop to ensure that PT is always driven in its optimum
area, the outer is a current control loop operating as the over current protector and LED
dimmer.

To verify the approach mentioned above, a very simple prototype of electronic ballasts
for LED using PT was built (figure [5.12) to power up an array of 4 to 6 LEDs in series
with total power consumption around 12 to 15 watts. Because the conducting resistance
of each LED is unchangeable during operation, that means the PT is working at a fixed
operating point. To simplify the ballasts, the frequency control loop (inner loop in figure
B.I0) is ignored. The prototype of electronic ballasts for LEDs using PT is shown in

S
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Figure 5.11: Proposal design for LED ballasts using PT

Figure 5.12: Prototype of LED ballasts using PT

figure using a class D amplifier created by two power MOSFETs (IRF640) and



84 Chapter 5. High Power Density Applications

driven by a self oscillating half-bridge driver 1C which is fed by an external oscillator

R-C network. The operating frequency of the PT’s excitation is determined:

o 1
_QW@

where R and C are chosen following the operational characteristics of half-bridge driver

(5.3)

IC. In the prototype circuit, the resistor R was replaced by variable resistor so the
operation frequency of the ballasts can be changed manually. The prototype of LED
ballasts using PT was tested with 4 LEDs connected in series (figure [5.12]), the nominal
current is 350mA. The operational wave-form of the ballasts for LED is shown in figure
where the blue line is the input excitation of PT, the red line is the gate signal of
low-side power MOSFET and the yellow line is the LED’s current.
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Figure 5.13: Wave-form of ballasts for LEDs

5.5 Stand Alone lonizer for Food Sterilizer

The ozone food sterilizer is a fast and effective way to sterilize water, fruits and vegetables
as well as meat and seafood products and now the home use sterilizers are being marketed
to consumers as a safe and cheap method of sterilizing a product. The market volume for

food sterilizer is millions of units per yeaIH and it have been an indispensable household

3Source: Internet
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device.

Recently, the use of pulsed electric field (PEF) in food sterilization has attracted a lot
of attention [24], [4T], 96]. The main part of a sterilizer is an ionizer where a high voltage
pulsed power supply generates a high voltage pulsed field [27, [108]. The high voltage
pulses can be generated via a high voltage transformer, and the output pulse’s amplitude
is from a few to some tens of kilovolt depending on the specific application. With the
advantage of a high voltage step up ratio, a Rosen-type PT can replace the magnetic
transformer in a home-use sterilizer. Within this section, the proposal of a very simple
ionizer using PT in discontinuous working mode is introduced, the circuit of the ionizer
is shown in figure [5.14] where load (ozone membrane) is in series connected to a spark-gap
which guarantees the required high voltage pulses transferred to the load. For a home
use sterilizer, the required voltage is in the range from 6kV to 10kV.

As depicted in figure [(.14] in this case the PT will be operated in discontinuous open
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Figure 5.14: Principle circuit of stand alone ionizer for food sterilizer

circuit mode with a non series connected class D amplifier driven by a self oscillating
half-bridge driver IC. The operational duration of the ionizer is specified by an additional
timer. The prototype of the ionizer is represented in figure G158, where the PT#1 was
chosen to generate the high output voltage. With the proposal shown in figure B.14] PT
will operate in an output open circuit condition. From the parameters of the equivalent
circuit of PT#1 in table[B.1lin Appendix B, the operating parameters of the ionizer are

defined as follows:

e Operating frequency: Derivation from equation 2.9, the operating frequency of

class D amplifier should be:

C,+C 020, +C,
ro = o 7 = == 1 2kH 4
e \/LTCTCO \/chrnmo VRt (54)
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e The requirements for the ionized voltage is from 6kV to 10kV after being increased
via a voltage doubler. Derivation from the equations, the effective value of PT#1
output voltage should be from 3kV to 5kV (part 3.4.1).

e The output to input voltage boost ratio ng;: applying the equations 2.15] and [2.16]
when R; — o0, the voltage boost ratio ng; =~ 200. So the DC bus can be set in
the range Vs = 15V =20V

Figure .15 expresses the prototype of ionizer at its operation period.

Figure 5.15: Stand alone ionizer



Chapter 6

Conclusions and Future Work

The target of the research is to study the feasibility of piezoelectric transformers to
replace the traditional magnetic transformers, which is the most bulky and expensive
element, in power electronic devices. The study has mentioned and dealt with some of

the following issues:

The fundamentals of the piezoelectric transformer from material, structure and elec-
trical engineering point of views. The operational characteristics of a piezoelectric trans-
former depend on its material properties, and structure. To realize the capability of
integrating the piezoelectric transformer into power electronic systems, the transferred
power of this component must be larger than that of a traditional magnetic transformer
which has the same volume at the same operational conditions. This capability is ex-
pressed by the term: power density Pp, which is the ratio of output power to volume of

the component.

When applied to power electronic systems, a piezoelectric transformer is regarded as
a series parallel resonant element. The electrical characteristics of a piezoelectric trans-
former are based on its equivalent circuit having a set of parameters correlating with
specific vibration modes. These parameters can be defined by using the admittance
circle method. The main facts that limit the transferred energy through a piezoelectric
transformer are then mentioned. There are three main reasons: the effect of temperature
rising during operation, the limitations regarding the critical electro-mechanical limits
defined directly by material properties and other operational conditions like output rec-

tifier stages.

With in three main limitations mentioned above, the effect of temperature is the

most important issue to not only the stable operation but also the lifetime of the piezo-
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electric transformer. The critical point of temperature is half of the Curie point. The
temperature of piezoelectric transformer is rising up in during operation due to the losses
leading to the change of material properties and operational characteristics. The effect
of temperature is then confirmed by measurements and calculations on three different
piezoelectric transformer samples. The next issue is the limitations in the field of electro-
mechanic. The power is transferred from electrical form (at input) to electrical form (at
output) via electromechanical coupling described by linear relationships, so the limita-
tion can be seen either from an electrical or mechanical point of view. Not losing the
generality, the transferred energy of piezoelectric transformer is investigated within an
operating cycle. The calculations on PT samples shown that the maximum transferred
energy based on the mechanical boundary would be taken as the restriction. Following

the calculation results, the power density of piezoelectric transformer is very persuasive,
Pp = 350W/cm?!

Finally, the effect of the rectifier stage at the output was taken into consideration.
The comparison between two common rectifier topologies for piezoelectric transformers
were carried out: voltage doubler and current doubler. On one hand, a voltage doubler is
suitable for applications require high voltage and high resistive load, on the other hand,
the current doubler matches applications where high current and low resistive load is
required. But the power lost in the former case is higher than the one in the latter case.
The interaction between the power amplifier and piezoelectric transformer is the next
content of the study. Because it is used in low power range applications, the topology
of the amplifier is the important role in reduction of the profile of the whole system.
The amplifier topology was chosen based on its simplicity. Two common topologies were
taken into consideration: class D and class E. The operation of piezoelectric transformer
with these amplifiers is simulated by Matlab - Simulink with embedded PLECS, then

verified by experiment.

Class D amplifier is considered as a square wave voltage source. The power density of
a piezoelectric transformer driven by class D amplifier was studied with the variations:
without and with an input series connected inductor. In the first case, the input wave-
form fed to piezoelectric transformer contains high order harmonic components leading
to high temperature stress due to higher losses. In the second case, a small inductor is
connected in series with the piezoelectric transformer to remove the high order harmonic
components. The input waveform is sinusoidal and this helps to reduce the temperature
rise, resulting in a higher power density level compared to the first case.

The class E can feed piezoelectric transformers with a sinusoidal waveform but under
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high voltage stress. For this reason, the DC bus voltage was limited and usually much

smaller than the one of class D topology.

The control method to operate the piezoelectric transformer to achieve optimum out-
put power was also discussed. The phase locked loop (PLL) was used for tracking the
optimum operating frequency of the element. Then, the discontinuous working mode of
the piezoelectric transformer was proposed as a significant way to improve the power
density of the device to overcome the temperature and electromechanical limitations.
The proposal of the circuit to operate piezoelectric transformers in discontinuous mode
is introduced. In this working mode, the power density Pp of a given PT can be in-

creased around ten times in comparison to nominal working mode.

Last but not least, prototypes of four different applications:

e Igniter for HID lamps.

e High output DC voltage power supplies.

e Electronic ballasts for LED lamps.

e Stand alone ionizer for food sterilizer machine.
using piezoelectric transformer were developed in order to improve the integration of
this element into low profile power electronic devices.

With the subjects mentioned and dealt with are listed above, this research also opens
some issues relating to piezoelectric transformers and their applications:

e Effect of aging process to materials properties leading to the changes of operational

characteristics of piezoelectric transformers.

e Because the relationships between transferred power of a piezoelectric transformer
with its materials and structure are not linear, hence, approaches in design (ma-
terials improvement, new geometry) and driving technics in order to increase the
transferred power of piezoelectric transformers to satisfy the practical incessantly

requirements

e Operations of piezoelectric transformers either in parallel or in series connection
are the effective ways to increase the output power, but the methods to minimize
the influence of non-equality of parameters among them to remain their advantages

are still open.
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Chapter 6. Conclusions and Future Work
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Specifications of PT samples
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A.1 Sample PT#1: MPT3608A70L0

The fundamental materials characteristics of the Piezoelectric Transformer are issued in
the Table [A_1] below:

Item Mark Unit Values

Density P) g/cm? 8

Electromechanical coupling Kas 08

coefficient K 7 35

K, 60

Specific inductive capacity £33/ €0 - 1200
—12

Piezoelectric strain coefficient dss 107 m/V 280

d3y 122

. . SE 107 2m?/N 10.8

Elastic coefficient St 4437

Frequency Constant N, Hzm 2270

Tfr Ppm/OC 100

. Tep | (=40 ~20°C) 3000

Temperature characteristics T, Pon]°C 50

T}, (20 ~ 80°C") 2500

Poisson’s ratio o - 0.409

Mechanical quality factor Qm - 1700

Curie point Te °C 320

Dielectric loss factor tand % 0.65

Table A.1: Fundamental materials characteristics of sample PT#1

The outlook of PT#1 is shown in figure [A.Tk

Figure A.1: The outlook of PT sample #1
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A.2 Sample PT#2: ELM610

The fundamental materials characteristics of the Piezoelectric Transformer are issued in
the Table [A.2] below:

Item Mark Unit Values
Density P) g/cm? 7.9
Electromechanical coupling K 70
coefficient K 7 37
K, 62
Specific inductive capacity exs/ €0 - 1300
d33 10_12m/V 290
Piezoelectric strain coefficient Cgl; 03V m/N 21442
J31 -11.5
E —12,.2
Elastic coefficient g%j 107m®/N ffg
N, 2200
Frequency Constant Nss Hzm 1500
N3y 1700
Poisson’s ratio o - 0.27
Mechanical quality factor Qm - 2000
Curie point Te °C 290
Dielectric loss factor tand % 0.5

Table A.2: Fundamental materials characteristics of sample PT#2

The outlook of PT#2 is shown in figure [A.2

Figure A.2: The outlook of PT sample #2
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A.3 Sample PT#3

The fundamental materials characteristics of the Piezoelectric Transformer are issued in
the Table [A.3] below:

Item Mark Unit Values
Density P) g/cm? 7.9
Electromechanical coupling K 70
coefficient K 7 37
K, 62
Specific inductive capacity exs/ €0 - 1300
d33 10_12m/V 290
Piezoelectric strain coefficient Cglz 03V m/N 21442
J31 -11.5
E =12, 2
Elastic coefficient g‘z’E? 107m®/N ffg
N, 2200
Frequency Constant N33 Hzm 1500
N3 1700
Poisson’s ratio o - 0.27
Mechanical quality factor Qm - 2000
Curie point Tc °C 290
Dielectric loss factor tand % 0.5

Table A.3: Fundamental materials characteristics of sample PT+#3

The outlook of PT#3 is shown in figure [A.3k

Figure A.3: The outlook of PT sample #3



Appendix B

Determination of Parameters of
Equivalent Circuit

B.1 Introduction to Admittance Circle Method

The lumped parameters of PT’s equivalent circuit shown in figure [B.l when operating
in the frequency range close to one of its resonant circuits can be determined by a
method so-called admittance circle [I6]. If the secondary side of PT is short circuited,

the complex input admittance values can be express as the relation [B.1k

Yin(w) = tin(w) /1in(w) = G(w) + jB(w) (B.1)

Cr Lr

Rm 1:n
f YY) I
il —_—
iLr
Vin ——Cin Co == Vout

Figure B.1: Equivalent circuit of PT operating closed to resonant frequency

In case the output is short circuit and the op-

erating frequency varies in the range 0 < w < o0,

B )
the input admittance will be: B4 Y(on)
. Cr 1— 2L7”Cr 2Rmc2
Virlw) = juoCop + 22 L L C) £ lo
(]_ — W LTCT) + (meCr) 3 Y(O)r)
(B.2) Qf |
S |
h =w,, and w, = 1/+/(L,C,), th ti >
Wen'w wy, and w /\/(L,C,), the equation ~ . o
B2 will be: Y(om) 1/Rm
1 .
Yin(wr) = R, +jeorCin (B.3) Figure B.2: Admittance circle
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From the measured real and imaginary parts of admittance Y (w,) in fig [B.2] then the
value of R,, and C}, would be determined. Further more, from the frequencies which
are correlative to the maximum f,, and minimum f, imaginary point of the admittance

circle, the value of L, and C, can be defined:

1 (W —wn)
R, wpw,

C, = (B.4)

1
L, =R, — B.5
r= B S (B.5)
Repeat the same admittance measurement with the input short circuit, with the same
procedure mentioned above to calculate the value of output capacitance C, and the

output to input voltage step ratio:

where R, is the real part of the admittance circle from the output side when input
is short circuited. In another method, the value of input capacitor C}, and output
capacitor C, can be measured directly by multi-meter. The parameters of equivalent

circuit in A mode of PT samples are shown in table [B.1]

Parameters | C; L, C, R,, n C,
(@F) | (mH) | (@F) | (@) | - | (pF)

PT Sample

PT#1 230 | 0.41 6.7 |0.221 | 107 | 20

PT#2 105 | 0.66 | 3.925| 1.33 | 32 20

PT#3 40 0.72 4.2 0.9 30 12

Table B.1: Parameters of equivalent circuit of PT samples
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B.2 Parameters of Equivalent Circuit of PT
B.2.1 Admittance circle of PT#1

SamplePT#1 Admittance Circle: Input short circuit

6,50E-04

6,00E-04

—— Input short circuit

5506-04
5,00E-04
4,50E-04
4,00E-04
3,50E-04

3,00E-04

250E-04
2,00E-04
1,50-04
1,00E-04
5,00E-05

0,00E+00
5,00 000F %0 2,00E-04 4.00E-04 6.00E-04 8.00E-04 1,00E-03 12003

-1,00E-04
150604
-2,00E:04
250604
-3,00E-04
-3,50E-04
~4,00E-04
-4,50E-04
-5,00E-04
-5,50E-04.

-6,00E-04

Figure B.3: PT#1: Admittance Circle - Input short circuit

SamplePT#1 Admittance Circle: Output short circuit

—+—Output shot circuit

Figure B.4: PT#1: Admittance Circle - Output short circuit
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Admittance [S]

Admittance [S]

Chapter B. Determination of Parameters of Equivalent Circuit

PT#1: Admittance - Phase Characteristics - Output short circuit

100

80

—a— Admittance
——Phase

40
=
2
&
o
20
0
20
-40
80000 85000 90000 95000 100000
Frequency [Hz]
(a) Output short circuit
PT#1: Admittance - Phase Characteristics - Output open circuit
—— Admittance
—a— Phase
=
[
&
2
o

Frequency [Hz]

(b) Output open circuit

Figure B.5: PT#1: Admittance and phase characteristics
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B.2.2 Admittance circle of PT#2

PT#2: Admittance circle - input short circuit

4,00E-04

350804

3.00E04

250804

2,00E-04

150804

100604

5.00E05
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0,00}
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-5,00E-05

-1,00E-04

150804

-2,00E-04

250804

-3.00E-04

-350E-04

-4,00E-04

Figure B.6:

Figure B.7: PT#2: Admittance Circle - Output short circuit

PT#2: Admittance Circle - Input short circuit

PTi#2: Admittance circle - output short circuit
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PT#2: Admittance - Phase Characteristics - ouput short circuit

—e— Admitance
—#— Phase

Admittance [S]
Phase [

Frequency [Hz]

(a) Output short circuit

PT#2: Admittance Phase Characteristics - Output open circuit
0.6
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—#— Phase
0.4

0.3

Admittance [S]
-

Phase [

-0.4

-0.5

-0.6

Frequency [Hz]

(b) Output open circuit

Figure B.8: PT#2: Admittance and phase characteristics
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B.2.3 Admittance circle of PT#3

PT#3: Admittance Circle - Input short circuit

06

04

02

0

Susceptance [S]

02

04
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08

-

Conductance [S]

Figure B.9: PT#3: Admittance Circle: Input short circuit

PT#3: Admittance circle - Output short circuit
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Figure B.10: PT#3: Admittance Circle: Output short circuit
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PT#3: Admittance - Phase Characteristics - Output short cicuit
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(b) Output open circuit

Figure B.11: PT#3: Admittance and phase characteristics
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Program to Determine the Operational
Characteristics of PT

ik Input Voltage Related Output Power Calculation *####*

Vin=2; % Input Voltage of PT

R0=0.221; % Mechanical losses

%RLk=1000;

Lr=0.821e-3; % Series inductor

Cr=13.46e-9; % Series capacitance

n=107; % Ideal transformer ratio

Cin=230e-9; % Input Capacitance of PT

Cout=20e-12; % Output Capacitance of PT
f=[43000:100:53000]; % Operating frequency range
fr=1/(2*pi*sqrt(Lr*Cr)); % Mechanical resonant frequency
omega_rs=1/(sqrt(Lr*Cr)); % Angle resonant frequency of PT
Coeq=n*n*Cout; % Output to input converted of Output capacitance
c=Coeq/Cr; % Ratio of capacitances
Qm=sqrt(Lr*Cr)/Cr*R0; % Mechanical quality factor
RLk=175e3; % Load resistance

f1=f/fr; omega=2%pi.*f;

RLoptm=1./(omega*Cout);

RLk1=RLk/(n*n);

Q=(1/sqrt(Lr*Cr))*Cout.*RLk;
RC=(Coeq*omega.*RLk1).*(Coeq*omega.*RLk1); RLk2=RLk1./(1+RC);
Coeql=Coeq./((1+RC)./RC);

%theta=RLk2./(RLk2+R0);



104 Chapter C. Program to Determine the Operational Characteristics of PT

Y=((1-c*(f1.*f1-1)+R0./RLk).*(1-c¢*(f1.*f1-1)4+R0./RLk)+((c./Q).*

(fr. /) *(f1.51-1)+(f/fr).*(c/Qm) ). *((c./ Q). * (fr. /) *(f1.*f1-1)+(f/fr).*(c/Qm)) );
N21=n./sqrt(Y);

fori=1:9

Vin = Vin + 1;

Pout=(N21.*N21.*Vin.*Vin) /RLk;

plot(f,Pout);

hold on;

end

kR Generic operational characteristics of PT ###tk

Main function

function pt_exact
hold off;
clear all;
syms Q;
% Parameter PT
C0 = 23*10e(-12);
n = 30;
Rm = 0.52;
Lr = 1.118*10e(-3);
Cr = 7.4*10e(-9);
% Calculation of equivalent and nominal parameters
w.rs = 1/sqrt(Lr*Cr);
CO_rf = n*n*Co0;
¢ = C0xf/Cr;
Qm = 1/(wrs*Cr*Rm);
% Call sub function
io_e = io_exact(c,Q_m);
pow_e = pow_exact(io_e,c,(_m);
eff = efficiency(c,Q-m);
% Label and scale the axes
xmark = solve(eff-0.5,Q);
markl = xmark(1,1);
mark2 = xmark(2,1);
mark3 = subs(eff,Q,1/sqrt(1+1/(2%¢c)));
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xml = double(markl);

xm2 = double(mark?2);

if xm1;xm2

i=xml; j=xm2;

xml=j; xm2=i;

end

xm3 = double(mark3);

ymarkl = subs(eff,Q,xm1);

ymark2 = subs(eff,Q,xm3);

yml = double(ymark1);

ym2 = double(ymark2);

pow_max = subs(pow_e,Q,xml);

pmax = double(pow_max);

% Calculation the critical value for graphical visualizing
range = solve(eff-0.2,Q);

lo = range(1,1);

up = range(2,1);

lower = double(lo); upper = double(up);

% graphical output

Q_range = logspace(-4,4,1000);

io_ = subs(io_e,Q,Q_range); % io = abs(io_);

pow_ = subs(pow_e,Q,Q_range); % pow = abs(pow_);

e_ = subs(eff,Q,Q_range); % e = abs(e_);
semilogx(Q_range,io_,’b-"); hold on;
semilogx(Q_range,pow_,’'b-."); hold on;
semilogx(Q_range,50*e_,’b-"); hold on;

axis([10e(-4) 10e4 0 pmax+10]);

set(gea,’ X Tick’,[xm1 xm3 xm?2]);
set(gea, X TickLabel’,’c/Qm’, "1 /sqrt(141/2¢)’, ’Qm/c+1");
set(gea, Y Tick’,[ym1*50 ym2*50 pmax]);
set(gea, Y TickLabel’,’n = 0.5, 'n_max’, 'Pmax’);
title(Coutput power P_0, input to output voltage ratio k_21, efficency \eta \newline as a
function of the electrical quality factor Q’);
xlabel(’electrical quality factor Q (Q=omega_rsC_0R_0)");
ylabel("P_0, k_21, eta \rightarrow’);

Yolegend ('k_21exact(Q)’,’P_Oexact(Q)’,"\eta_exact(Q) *50’,’Location’,’NorthEast Outside’);

% Qup = Qm/(c+1);
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% Qdown = ¢/Q_m;
% Rup = Qup/(w_rs*C0);
% Rdown = Qdown/(w_rs*C0);

Sub function: Power calculation
function pow_e = pow_exact(i,j,k)
% 1 = io_app

% j=c=C0xf/Cr

% k = Q_m = w_rs*Cr*Rm

syms Q Q-m c x;

P0_e = ¢*(1)2/Q;

P0_ex = subs(P0_e,c.j);

P0_ex = subs(P0_ex,Q-mk);

pow_e = P0_ex;

Sub function: Voltage step up ratio

function io_e = io_exact(a,b)

% a=c

% b =Qm

syms Q Q_m ¢ x;

Y = (1-c*(x-1)4¢/(Q*Qm))2+(c/sqrt(x) /Q*(x-1)4sqrt(x) *c/Q-m)2;
dY = x3+(1/(2*Qm2)+1/(2*Q2)-1/c-1)*x2-1/(2*Q2);

y=solve(dY);

yle=y(L,1);

Vmax=subs(Y x,yl_e);

Vmax=subs(Vmax,c,a);

Vmax=subs(Vmax,Q_m,b);

i0_e=(sqrt((Vmax)))(-1);
Sub function: Efficeincy

function eff = efficency(a,b)

syms Q Q_m ¢ x; % approximate result y1_a = sqrt(0.5%(141/c-1/Q2)+sqrt (0.25%(1+1 /c-
1/Q2)2+1/Q2)); A

n = 1/(14+c¢/Qm*(1/Q+x2*Q)); nu = subs(n,x,yl_a);

num = subs(nu,c,a);

num = subs(num,Q_m,b);

eff = num;
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