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Le Wang

Abstract

Dielectrics are materials that can be polarized by an applied electric field. As the
essential property for dielectrics, the relationship between electric field and dielectric
polarization, has been widely studied and used in the area of electrical engineering.
Representative applications are insulators and electrical energy storage capacitors.
For some types of dielectrics, the dielectric polarization is not only decided by the
applied electric field, but also is affected by mechanical and thermal properties. This
work studies the electro-mechanical and electro-thermal energy inter-conversions

and proposes the design of power converters for these materials.

Piezoelectric effect is a cross-coupling between mechanical property and electri-
cal property of dielectrics. It is a reversible process where external electric potential
can generate internal mechanical force and vice versa. This effect is utilized to
build a piezoelectric transformer (PT) by combining two sets of piezoelectric mate-
rial together. One set is used as the input, to cause a geometric strain by applied
electric field, while the other set is used as the output, to generate an electric charge
by the coupled mechanical stress. Compared to traditional magnetic transformers,
PTs store energy in mechanical inertia and compliance and therefore they do not
generate electromagnetic noise. They are suitable for batch mass manufacturing
since there is no winding requirement. Among many types of PTs, radial PT and

Rosen-type PT are most widely used.

To provide a guide for the design of PT-based converters, the electrical charac-
teristics of PTs are first analyzed. The accuracy and applicability of different levels
of models of PTs are compared and discussed. The detailed universal attributes of
PTs, which include the gain characteristic, the input impedance characteristic and
the efficiency characteristic, are also derived. In addition, with the assistance of
additional compensation component(s), PTs can provide better performance. The

impacts of the input and output inductors and capacitors on gain and efficiency



characteristics of a PT are analyzed.

Tunable PT is a recently developed raidal PT with three ports: input, output,
and control ports. When connected with different impedance at the control port,
tunable PT has different voltage gain characteristics. It is proposed to use this
property for output voltage regulation while keeping constant switching frequency
to ensure high efficiency operation of the PT in PT-based power converters. A
closed-loop control scheme is proposed, where the regulation is done by a duty cycle
controlled switched capacitor at the tunable PT control port. Two types of output
filter are also analyzed and compared. Dc-dc converters with power rating ranging

from 30 W to 100 W are built to verify the proposed design.

Rosen-type PT features natural mechanisms for high transform ratio in a com-
pact planar form, which provide an alternative solution for dc bus-fed high step-
down voltage-ratio auxiliary power supplies in medium-/high-voltage systems with-
out using bulky magnetic transformer with high turns numbers. The design pro-
cedure of the Rosen-type PT-based high step-down voltage-ratio dc-dc converter is
presented. The proposed design is validated by a prototype with height of 1cm,
whose nominal output power is 5 W, input voltage ranges from 200V to 1.5kV,

regulated output voltage is 5 V.

Pyroelectric effect is a reversible cross-coupling between thermal property and
electrical property in some dielectrics. The pyroelectric effect refers to the polar-
ization change caused by temperature change, while the reversed pyroelectric effect
refers to a temperature change generated by a electric field change. The reversed
pyroelectric effect can be used for building a environmentally friendly thermody-
namic system. Electrical characterization of the pyroelectric material is executed to
facilitate the design of the power converter needed in the corresponding thermody-
namic system. Specifically, this work proposes an energy recovery circuit to increase
the coefficient of performance of the system since during the thermodynamic cycle,
part of the electrical driving work does not pump heat and may therefore be recov-
ered. A prototype featuring 1kV terminal voltages and providing 1.3kW average

recovering power is built and tested.
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General Audience Abstract

When a dielectric material is placed in an electric field, electric charges slightly shift
from their average equilibrium positions, causing dielectric polarization. In the area
of electromagnetism, dielectric material is widely used as an electrical insulator and
to build capacitors. For some types of dielectrics, dielectric polarization is not only
affected by electric field. Strong couplings between electrical and mechanical char-
acteristics, and between electrical and thermal characteristic also exist and can be
utilized in practical applications. Piezoelectric effect is a coupling between electri-
cal and mechanical characteristics. It is a reversible process where external electric
potential can generate internal mechanical force and vice versa. It can be utilized
to build transformers, which do not require coil winding nor generate electromag-
netic interference compared to their magnetic counterparts. This work analyzed
the electrical characteristics of piezoelectric transformers and proposed the design
of de-dc converters based on different types of piezoelectric transformers for differ-
ent applications, which include tunable radial piezoelectric transformer-based power
converters and Rosen-type piezoelectric transformer-based step-down converter with
high voltage conversion ratio. (Reversed) pyroelectric effect is a coupling between
electrical and thermal characteristics in some dielectrics. An adiabatically applied
or removal electric field results in an increase or decrease in the temperature of the
corresponding material. This effect can be used to build a environmentally friendly
thermodynamic system instead of the most prevalent vapor compression method
which involves the use of hydro-fluorocarbon gases leading to global warming and
ozone depletion. Electrical characterization is executed first to facilitate the design
of the power converter needed by the thermodynamic system. In addition, during
the thermal cycle, part of the work done to drive representative cycles does not
pump heat and may therefore be recovered. This work proposed circuit featuring
energy recovery to provide the desired electric field for driving the thermodynamic

system and charge recycling to improve the system efficiency.
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CHAPTER 1

Introduction

1.1 Electrical, Mechanical, and Thermal Energy

Inter-Conversions in Dielectrics

A dielectric, or dielectric material is an electrical insulator that can be polarized by
an applied electric field. When a dielectric material is placed in an electric field,
electric charges do not flow through the material as they do in an electrical conductor
but only slightly shift from their average equilibrium positions causing dielectric
polarization. Because of dielectric polarization, positive charges are displaced in
the direction of the field and negative charges shift in the direction opposite to the
field. This creates an internal electric field that reduces the overall field within the
dielectric itself, as depicted in Fig. 1.1. As the essential property for dielectrics,
this relationship between electric field and dielectric polarization, has been widely
studied and used in electronic and electrical engineering, such as insulators and
electrical energy storage capacitors. For example, for the application of capacitors,
between two metal plates, if dielectric is inserted, because of dielectric polarization,
for a given external electric field, more charges will accumulate on the metal plates,

which means larger charge storage is achieved.

From crystallographic point of view, dielectrics can be crystalline or amorphous.
For some types of crystalline dielectric material, the dielectric polarization is not
only decided by the applied electric field, but can also be affected by mechanical and
thermal properties. Piezoelectricity linearly relates an induced polarization to an

applied stress, which means that piezoelectric material can generate electric charge

1
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——Metal
W8S W &S Dielectric
Electric| & /—Polarization
Field | |

Figure 1.1: Electric field and polarization of a dielectric.

(b) Non-Centrosymmetric.

Figure 1.2: Centrosymmetric and non-centrosymmetric crystal structures with applied defor-
mation.

proportional to the applied mechanical stress, or vice versa, which are referred as
piezoelectric effect and inverse piezoelectric effect respectively. The pyroelectric
effect is the change in polarization due to the change in temperature. The physical
inverse of the pyroelectric effect describes a temperature or entropy change under

externally applied electric field.

A non-centrosymmetric crystal structure (including those whose inversion sym-
metry is broke by an applied direct electric field or applied asymmetric electrodes [1])
is necessary for the existence of piezoelectric effect, as well as the pyroelectric ef-
fect and the reversed pyroelectric effect. Because for centrosymmetric structures,
the positive charges and negative charges always cancel each other and the resultant

charge is null no matter what the deformation is, as shown in Fig. 1.2a. While when
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Inter-Conversions in Dielectrics

non-centrosymmetric crystals, for example, are compressed, the negative charge cen-
ter moves up and the positive charge center moves down, as shown in Fig. 1.2b. This
creates an accumulation of positive charges on one face and an accumulation of neg-
ative charges on the other face, which gives rise to a dipole moment. Therefore, the
polarization, which is defined as the dipole moment per unit volume, is coupled with

the stress.

Generally, there are 230 space groups among which 32 crystalline classes can
be found in crystals. As summarized in [2, 3], also shown in Fig. 1.3, of the 32
crystallographic point groups, only 21 are non-centrosymmetric. Odd-rank tensor
properties are symmetry forbidden in centrosymmetric structures, making piezoelec-
tricity a null property for such materials. In the same way, in point group 432, the
combination of symmetry elements eliminates piezoelectricity. The remaining 20
point groups are potentially piezoelectric. Of these 20 point groups, ten are polar,
that is, they have a vector direction in the material that is not symmetry-related
to other directions. Such materials can have a spontaneous polarization, which is
typically a function of temperature. Thus, these materials are pyroelectric. Ferro-
electric materials are a subset of pyroelectric materials in which the spontaneous
polarization can be reoriented between crystallographically-defined directions by a

realizable electric field.

/

32 Crystallographic point groups

Figure 1.3: Relation between piezo-, pyro- and ferroelectric point groups.



Chapter 1. Introduction

Fig. 1.4 displays the cross-couplings between electrical, mechanical and thermal
properties of non-centrosymmetric crystals. Piezoeletric effect and converse piezo-
electric effect can be used to build sensors, generators, actuators, and transducers
and are widely used in applications such as mechanical energy harvesting, crystal
oscillators, ultrasonic devices, high voltage gas igniters, and so on. Pyroelectric
effect is used for heat sensing, thermal energy harvesting, and nuclear fusion. The
reversed pyroelectric effect can provide environmentally friendly thermodynamic
system solutions without the use of greenhouse gas. Detailed description of these

cross-couplings as well as their applications are presented in the following sections.

Electric
Field
E

Temperature

Thermoclastic Effect T

Figure 1.4: Cross-couplings between electrical, mechanical and thermal properties of non-
centrosymmetric crystals.



1.2. Overview of the Piezoelectric Effect

In summary, cross-couplings between the electrical, mechanical, and thermal
parameters in dielectrics create novel phenomena and bring benefits in many prac-
tical applications. Therefore, interdisciplinary studies and researches are necessary
to take advantages of these phenomena, which are the motivation of this work.
Especially, this work focuses on the electrical applications of piezoelectric and the

reversed pyroelectric effects.

1.2 Overview of the Piezoelectric Effect

Piezoelectricity is the ability of certain crystalline materials to develop an electric
charge proportional to a mechanical stress [4]. It also shows the converse, a ge-
ometric strain proportional to an applied voltage. By attaching electrodes to the
appropriate surfaces of the piezoelectric material, piezoelectric elements can be re-

trieved.

As stated in Section 1.1, a non-centrosymmetric crystal structure is necessary
for the existence of piezoelectric effect. In this way, when the pressure is applied, a
charge will be generated along the principal direction. This characteristic is inherent
for piezoelectric monocrystal. However, for polycrystal, because of the random
orentation of crystallites, the net charge is zero. To offer piezoelectric properties
more or less permanently, a process called poling is needed, in which a strong
electric field is temporarily applied on the isotropic polycrystal. Fig. 1.5 presents
the poling process. Prior to poling, the polar domains are randomly oriented. By
being exposed to a strong, direct current electric field, usually, but not exclusively, at
a temperature slightly below the Curie point, according to [5], domains most nearly
align with the applied electric field if it is a ferroelectric polycrystal. As stated in
Section 1.1, in ferroelectric materials, spontaneous polarization can be reversed by
the application of an external electric field. After the electric field is removed, most
of the dipoles are locked into this configuration of near alignment. This gives the
material a permanent polarization, which is called the remnant polarization, and a

permanent deformation that make it now anisotropic.
For ordinary solids, a stress o merely causes a proportional strain e, related
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Figure 1.5: Poling process.

by the modulus of elasticity, that is €,, = so, where s is the inverse of the elastic
modulus T, also called as elastic compliance. Similarly, for ordinary dielectrics, an
applied electric field F merely causes a proportional electric displacement D, if it is
linear, homogeneous, isotropic dielectric with instantaneous response to changes in
the electric field, which is the simplest example, related by the permittivity, that is

D = ¢ F, where g, is the absolute permittivity.

For the direct piezoelectric effect, piezoelectricity contributes additional elec-
tric charge by the applied stress, with polarity depends on whether it is compression
or tension, that is D = do, where D, the electric displacement, is defined as charge
per unit area, and the proportionality constant d is expressed in coulombs/newton.
Similarly, an applied electric field produces a proportional strain, expansion or con-
traction depending on polarity, that is ,, = dE, where d is expressed in meters/volt.
For both effects, the proportionality constant d, which is also called as piezoelec-
tric constant, is numerically identical for both direct and converse effects, that is
d= D/o =ey/E. To be more rigorous, it is defined as partial derivative evaluated

at constant stress (subscript o) or constant electric field (subscript E), which is

a=%m, =92, (1)

The equations of state relating the electric and elastic variables can be written in a
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1.2. Overview of the Piezoelectric Effect

general form as

D =do+¢€lF,
fm = "0 +dE, (1.2)

where €7 is the permittivity at constant stress and s™ is the elastic compliance in

constant electric field.

The single measurement of the coupling strength of a piezoelectric effect is
the electromechanical coupling coefficient, which measures the fraction of the me-
chanical energy converted to the electrical energy or vice versa. The relationship is

usually expressed in terms of k%

12 mechanical energy converted to electrical energy

input mechanical energy

or

_electrical energy converted to mechanical energy

k? (1.3)

input electrical energy
For example, a latest work [6] shows a 0.73 electromechanical coupling coefficient

in the lead zirconate titanate type material.

In addition, the elastic, dielectric, and piezoelectric constants may differ along
different axes in ceramics and crystals. Characteristics of the piezoelectric elements
depend on the direction of the applied electric field, displacement, stress, and strain.
The direction of positive polarization usually is made to coincide with the Z-axis
of a rectangular system of X, Y, and 7 axis. Direction X, Y, or Z is represented
by the subscript 1, 2, or 3, respectively, and shear about one of these axes is repre-
sented by the subscript 4, 5, or 6, respectively, as displayed in Fig. 1.6. Subscripts
of the constants are used to indicate direction. For example, k33 is the electrome-
chanical coupling factor for both electric field and vibrations in direction 3. k3, is
the electromechanical coupling factor for vibrations in direction 1 (electric field is
always marked as 3). In addition, k; is used to represent the factor for both electric
field and vibrations in direction 3 but whose surface dimensions are large relative to
thickness, which is smaller as ks3. And k,, is used to represent the factor for radial

vibrations in direction 1 and 2.
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pola.rization[

1 * Will be referred by Fig. 1.7.

Figure 1.6: Representation of directions of mechanical and electric forces.

The rigorous derivation of the model of the piezoelectric elements can be found
in many references [7-10]. In general, any piezoelectric element can be modeled as
electrical port(s) coupled with mechanical port(s). Fig. 1.7 shows the models of two
basic piezoelectric element as the example. In Fig. 1.7, V' is applied voltage, I is
the current, F' represents force, v represents velocity, [, w, and h are dimensions
of length, width, and height respectively, ZLC is electrical clamped impedance,
Zy is mechanical characteristic impedance, 8 is wavenumber and ¢ represents the
electromechanical coupling. Fig. 1.7a is the model for the piezoelectric element

whose strain (or stress) is in direction 2 (or direction 1). In Fig. 1.7a,

ZLC _ i . h
B jw  wledy(1—k3,)’
k32,1 — d%lrlli)
€d33
—w [
ﬁ =w T]Ija
Z() = wh IOT]E7

Fig. 1.7b is the model for the piezoelectric element whose pstrain (or stress) is in

direction 3. In Fig. 1.7b,

ZLC — i . !
" jw  whegs(1 — k?2,3)7
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1.2. Overview of the Piezoelectric Effect

k'?Q,s = d%{f?}
€e33
8= f¥p
Zy = why/pT%,
¢ = wﬁdgg’rg. (1.5)

l

Ideally a piezoelectric system can be constructed for any application for which
any other type of electromechanical transducer can be used. For any particular
application, however, limiting factors include the size, weight, and cost of the piezo-

electric system.

The direct piezoelectric effect can be utilized to construct piezo-generators,
piezo-sensors. Piezo-generators can generate voltages sufficient to spark across an
electrode gap when mechanically activated with pressure or vibration, and thus
can be used as ignitors in fuel lighters, gas stoves, welding equipment, and other
such apparatuses [11,12]. In addition, piezoelectric genertors are widely used in
mechanical energy harvesting applications [13]. A piezoelectric sensor converts a
physical parameter, such as acceleration or pressure, into an electrical signal, and
thus can be used for Flow sensors and flow meters, thickness gages, accelerometers,

hydrophones, microphones, and so on [14].

The converse piezoelectric effect can be used to construct piezo-actuators and
piezo-transducers. A piezo-actuator converts an electrical signal into a precisely
controlled physical displacement, to finely adjust precision machining tools, lenses,
or mirrors. Due to the advantages of small size, simple design, high reliability
and independence of lubrication, various piezo-actuators are implemented, for ex-
ample, loudspeakers, hydraulic valves controllers, and special-purpose motors [15].
Piezo-transducers convert electrical energy into vibrational mechanical energy, of-
ten sound or ultrasound, that is used for cleaning, atomizing liquids, drilling or
milling ceramics or other difficult materials, welding plastics, medical diagnostics,

or for other purposes [16].

9



Chapter 1. Introduction

electrode plate

/ piezoelectric material
W 3
yp— L. 2
V -« I A ! 2
T:n—/ 1

Zy
1:¢ Jsin(B))

=k

(a) Transverse piezoelectric element.

v
F1<- Ib F2
| B
i

Zy
L, -Z'C 1 jsin(ﬁl)_

+
VvV ZC

(b) Longitudinal piezoelectric element.

Figure 1.7: Model of transverse and longitudinal piezoelectric elements. (At equilibrium, F;
=F,.)
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1.3. Overview of the Pyroelectric Effect

The direct and converse piezoelectric effects can be utilized simultaneously, for
example, to build piezoelectric transformers (PTs). PTs are composed of two sets of
piezoelectric elements. One set is used as the input, to build geometric stress by the
applied voltage, while the other set is used as the output, to generate electric charge
by the coupled mechanical stress. Different types of PTs can be manufactured by
utilizing electro-mechanical coupling in different directions, which provide different
advantages, which provide alternative or better solution for magnetic transformers
in power converters. PTs have been widely used in different applications, such as
ballast for fluorescent lamp [17], driver for light-emitting diodes or cold-cathode
fluorescent lamps [18,19], and adapter [20]. However, PTs have not been fully
studied nor utilized yet, for example, lacking of the research on PTs with power
higher than 20 W and in step-down voltage conversion applications. One of the
objectives of this work is to explore and implement PT based applications which

have not been fully studied.

1.3 Overview of the Pyroelectric Effect

Considering the crystal classes mentioned in Section 1.1, 20 classes can show piezo-
electricity, among which 10 classes contain spontaneous polarization. In addition
to piezoelectric charges resulting from stress, crystals from such classes can develop
and electric charge when uniformly heated owing to change in magnitude of the
spontaneous polarization with temperature. It should be noted that any piezoelec-
tric crystal can develop an electric charge when non-uniformly heated solely as a
result of the piezoelectric stresses created by thermal expansion if unconstrained.
But for non-pyroelectric piezoelectric crystal, uniform heating is similar as uniform
hydro-static stress, which will affect each direction equally, and the net charge will

be zero.

Pyroelectric effect is the physically reversible. Pyroelectric effect is described as
the ability of certain dielectric materials to generate a temporary voltage when they
are heated or cooled while the reversed pyroelectric effect is a phenomenon in which

a certain dielectric material shows a reversible temperature change under an applied

11
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electric field. These two effects should not be confused with the thermoelectric effect,
in which the electromotive force is developed across two points of an electrically
conducting material when there is a temperature difference between them, and a
temperature difference occurs when a current is driven through an electric junction
with two dissimilar conductors. The term ”thermoelectric effect” encompasses three
separately identified effects: the Seebeck effect, Peltier effect, and Thomson effect.
The Seebeck and Peltier effects are different manifestations of the same physical

process and the Thomson effect is an extension of the Peltier—Seebeck model.

On the macroscopic scale, the phenomenological description of the reversed
pyroelectric effect revolves around the entropy exchange between the two energy
or entropy reservoirs, that is, dipolar and thermal entropy subsystems, enforced
by the changes in the external electric field performed under adiabatic conditions.
Specifically, variations in the electric field cause change of the dipolar state in a
dielectric material, from the less ordered to a more ordered one, and vice versa, when
an electric field is removed [21,22]. Typical reversed pyroelectric cycle is displayed
in Fig. 1.8, which is called as the Brayton cycle. From status 1 to status 2, a
electrical field is applied to the material. If this change is performed on a time scale
in which the heat flow from the material to the surrounding bath can be neglected,
the change can be considered as adiabatic. Under this circumstance, the total
entropy of the whole system remains constant as an adiabatic process. Therefore,
this adiabatically applied electric field results in an increase in the temperature of
the material due to the lattice vibration entropy compensation of the reduction of
the dipolar subsystem entropy. From status 2 to status 3, heat is released due to the
temperature difference. Correspondingly, the temperature of the material decreases,
which leads to increased electric displacement. The reason for this increase is that
lower temperature slows the motion of molecules and atoms and dipoles trend to
align in the direction of the applied electric field, which therefore leads to higher
polarization. In reverse, from status 3 to status 4, the adiabatic removal of the field
causes cooling of the material; that is, the temperature of the material decreases as
a result of the decrease of the lattice vibration entropy, which compensates for the

increase of the dipolar subsystem entropy. Subsequently, the material will absorb

12



1.3. Overview of the Pyroelectric Effect

heat from the surrounding bath to be back to the origin state during the process
from status 4 back to status 1. The suitability of the material for the thermodynamic
system application is typically measured by the product of temperature change and

entropy change [21].

2 4
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h 4+ : ¥
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Figure 1.8: Representation of the reversed pyroelectric cycle.

Such reversed pyroelectric cycle is comparable to a corresponding thermody-
namic cycle taking place in a classical compressor with a difference in coolant ma-
terial and the field applied, which is depicted in Fig. 1.9. In traditional vapor-
compression heating/cooling system, the heat transfer is realized based on the com-
pression and expansion of the vapor. The vapor is compressed to a higher pressure,
resulting a higher temperature. The heat is released due to the temperature differ-
ence. Similarly, the vapor is expended to a lower pressure and so a lower temperature
and will absorb heat to go back to the origin state. This vapor compression method
has been the most prevalent technology used in heating/cooling systems. However,
the hydro-fluorocarbon gases used in this method come with the severe drawbacks

of leading to global warming and ozone depletion [21,23,24]. Several non-vapor-
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Figure 1.9: Comparison of different types of thermodynamic systems.

compression-based cooling technologies have been developed. External stimuli are
utilized to heat or cool the materials, generating limited hysteresis energy loss and
providing efficient and environmentally friendly solution. Among these techniques,
the reversed pyroelectric technology has the advantages of high efficiency, direct
electricity-utilization, low cost, and mature processes for mass production, bene-
fited from its nature as an electricity-driven capacitor. Specifically, instead of gas,
the pyroelectric polar material serves as the working coolant medium and instead
of pressure, the electric field is used to change the state of the coolant material. For
instance, the gas temperature change is achieved by changing the gas pressure in
vapor-compression heating/cooling system. In contrast, the pyroelectric material
temperature change is achieved by a change of the electric field. By doing so, an

environmentally friendly thermodynamic system can be achieved.

During the reversed pyroelectric thermal cycle, according to [25], part of the
work done to drive representative cycles does not pump heat, and may therefore be
recovered to increase the coefficient of performance. This can also be found from

Fig. 1.8. The electric energy absorbed by the material is proportional to the the

14
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line integral of E with respect to D, which is
status 3

Wg = /Status 3 V(t)I(t)dt = volume - / E(t)dD(t) . (1.6)

tatus 1 status 1

Similarly, the electric energy released by the material is

status 1
Wg = volume - / E(t)dD(t) . (1.7)

status 3

This portion of energy can be re-used to drive the next Brayton cycle with additional
supplement energy. The other objective of this work is to design the power converter
to drive the reversed pyroelectric thermodynamic cycle as well as recycle the electric

energy for the corresponding thermodynamic system.

1.4 Dissertation Outline

In Chapter I, the research motivations and background are introduced. Dielectrics
are materials that can be polarized by an applied electric field. As the essential
property for dielectrics, the relationship between electric field and dielectric polar-
ization, has been widely studied and used in electronic engineering and electrical
engineering, such as insulators and electrical energy storage capacitors. For some
types of dielectrics, the dielectric polarization is not only affected by he applied
electric field, but also is influenced by mechanical and thermal properties. This
work studies the electromechanical and electrothermal energy inter-conversions and

proposes the design of power converters for these materials.

In Chapter 11, the electrical characteristics of PTs are analyzed. The accuracy
and applicability of different levels of models of PTs are compared and discussed.
The detailed universal attributes of PTs, which include gain, input impedance,
and efficiency characteristics, are also derived. In addition, with the assistance of
additional compensation component(s), PTs can provide better performance. The
impacts of the input and output inductors and capacitors on gain and efficiency

characteristics of a PT are analyzed.
In Chapter III, the design of tunable PT-based power converter is presented.

15
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Tunable PT is a recently developed raidal PT with three ports: input, output
and control ports. When connected with different impedance at the control port,
it has different voltage gain characteristics. It is proposed to use this property
for output voltage regulation while keeping constant switching frequency to ensure
high efficiency operation of the PT in PT-based power converters. A closed-loop
control scheme is proposed, where the regulation is done by a duty cycle controlled
switched capacitor at the tunable PT control port. Two types of output filter are
also analyzed and compared. Dc-dc converters with power rating ranging from 30 W

to 100 W are built to verify the proposed design.

In Chapter IV, Rosen PT-based high step-down voltage-ratio de-dc converter
is designed. Rosen PT features natural mechanisms for high transform ratio in
a compact planar form, which provide an alternative solution for dc bus-fed high
step-down voltage-ratio auxiliary power supplies in medium-/high-voltage systems,
i.e., power electronics building blocks and renewable energy applications, without
using bulky magnetic transformer with high turns numbers. The design procedure
of the Rosen PT-based high step-down voltage-ratio dc-dc converter is presented.
To verify the design, a planar prototype with 10 mm height, 5 W full output power,
200V to 1.5kV input voltage, and 5V regulated output voltage is built and tested.

In Chapter V, the power converter, providing desired driving electric field and
charge recycling, for reversed pyroelectric effect based thermodynamic system is
proposed. Electrical characterization of the corresponding dielectric material is
firstly executed to facilitate the design. A bi-directional buck-boost stage is used to
complete the charge recycling, with two capacitor banks, the pyroelectric material
connected to the two ports of the buck-boost stage. A front-end boost converter
with precharge function is connected across the stacked capacitor banks to provide
the initial charge as well as the supplementary charge. The controls for these two
stages are independent of each other so that out of phase voltages of these two
capacitor banks can be achieved with neglectable distortions. A prototype featuring
1kV terminal voltages and providing 1.3 kW average recovering power is built and

tested.
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In Chapter VI, the dissertation is summarized and concluded, and some re-

search topics are provided as the future work.
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CHAPTER 2

Working Principle and Electrical
Characteristics of Piezoelectric

Transformers (PTs)

2.1 Introduction

As stated in Chapter 1, piezoelectric material is a type of dielectrics that exhibits
electro-mechanical coupling. It can generate electric charge proportional to the
applied mechanical stress, or vice versa, which are referred as piezoelectric effect
and converse piezoelectric effect respectively. If two sets of piezoelectric material
are built such that one set is used as the input, to build geometric stress by the
applied voltage, and the other set is used as the output, to generate electric charge by
the coupled mechanical stress, a PT can be built. The concept of the PT was firstly
proposed by Alexander McLean Nicolson in 1931 even with limited applicability due
to the piezoelectric material with limited performance [26]. And the first invention
on PTs has been traditionally associated withe the patent of Charles A. Rosen in
1958 [27]. Since then, many PTs with different structures haven been proposed.
Fig. 2.1 lists several main types of PTs, which are categorized by the vibration

mode.

« Longitudinal mode PT (see Fig. 2.1a to Fig. 2.1c¢)

Longitudinal mode PTs vibrate along the length direction. They are usually
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in a shape of rectangular cuboids, whose length are considerably larger than

the width and thickness.

— Rosen-type PT [9,27-43] (see Fig. 2.1a)

Rosen-type PTs have one section where the directions of electrical field
and stress are the same (k33 coupling) and the other one section where the
direction of the electrical field is perpendicular to the direction of stress
(k31 coupling). These two sections are mechanically coupled by the cross
section, as shown in Fig. 2.1a so that a voltage ratio proportional to [/h
can be achieved. Usually, the section where the direction of the electri-
cal field is perpendicular to the direction of stress is manufactured in a
multi-layer structure. Therefore, the voltage conversion ratio is increased
by n times, where n is the number of layers. However, the small side
electrodes leads to the low power level of Rosen-type PT. In addition, the
electromechanical coupling factor of the section where the direction of the
electrical field is perpendicular to the direction of stress, which is k3, is
the lowest of the main coupling factors in most piezoelectric materials.
This also the reason that Rosen-type PTs tend to be applicable for low
power applications.

— Longitudinal mode with k33 coupling [44,45] (see Fig. 2.1b)
Longitudinal mode PT with both input and output sections utilizing k33
coupling (Fig. 2.1b) is attractive since ks3 is usually the strongest elec-
tromechanical coupling factor of a piezoelectric material. However, this
design still suffers from small electrode size which limits the power level.

— Longitudinal mode with k3; coupling [46] (see Fig. 2.1¢)

Longitudinal mode PT with both input and output sections utilizing k3,
coupling provides large electrode size as shown in Fig. 2.1c, which is desir-

able for high power design. However, k3; coupling still limits the power.

« Thickness mode PT [7,47-68] (see Fig. 2.1d and Fig. 2.1e)

In both sections of the thickness mode PTs, the direction of the electrical field

is in parallel with the direction of stress, both in thickness direction, as shown
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in Fig. 2.1d. The thickness dimension of thickness mode PTs is much less than
the other dimensions, therefore they are with k; coupling which is smaller
than ks3 coupling. Thickness mode PTs can operate at high frequency (e.g.,
several megahertz), which is inversely proportional to the thickness, and high
power level, which contributes by the relatively large electrodes. However, the
main issue with thickness mode PTs is that, high order length and width or
radius extensional resonances occur in the vicinity of the thickness resonances
because the direction of wave propagation is not the largest dimension [69].
These spurious modes increase the loss of the PTs and attenuate the main
vibration mode, which is not desired in practical applications. To avoid this,
without changing the geometry and vibration mode, a piezoelectric material
with relatively small coupling factors of other modes can be used. In addition,
since the largest dimension of the PT will define the lowest resonant frequency,
modifying the dimensions will also help to suppress spurious modes. For ex-
ample, if each layer of the PT in Fig. 2.1d is modified to a ring-shaped one, as
shown in Fig. 2.1e and the ratio of the inner radius to outer radius is set to be
sufficiently small, then the frequency of the radial mode will tend to infinity
so that spurious mode will not affect the main vibration mode. Nevertheless,

the cost is the decreased power level due to reduced electrodes size.

Radial mode PT [70-85] (see Fig. 2.1f to Fig. 2.1h)

Radial mode PTs are polarized along the thickness direction and vibrate along
the radial direction, as shown in Fig. 2.1f. And the coupling factor that corre-
sponds to this geometry and vibration mode is k,, which is one of the largest
coupling factors. In addition, the geometry of the radial mode PT contributes
to electrodes with large area. These factors help radial mode PTs achieve
high power level. Also, since the radius is much larger than the thickness of
each layer, the first radial resonance does not incur interference from other
vibration modes. Therefore,a radial mode PT can provide clean frequency re-
sponse. Besides the radial mode PT shown in Fig. 2.1f, which is disc-shaped,
it can also be a ring-dot-shaped or ring-shape one, as shown in Fig. 2.1g and

Fig. 2.1h respectively. However, the disc-shaped one is the most promising
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design because it has an overall shape and electrode profile that is simple to
manufacture, especially for multi-layer design [69]. Since a PT transfers en-
ergy electromechanically, it is important that the method by which the device
is mounted to the PCB does not damp its motion. Disc-shaped radial mode
PTs in have a nodal point (a point where the amplitude of the displacement
is zero) at the centre of the disc. Thus, a simple adhesive pad can be placed
in the center of one of the PTs major surfaces to securely mount the device

without noticeably affecting its electromechanical behaviour.

« Contour mode PT [86,87] (see Fig. 2.1i)

Contour mode PT consists of a square piece of piezoelectric material with
circular electrodes stacked in the thickness direction, as shown in Fig. 2.1i.
They are polarized in the thickness direction and vibrate in contour-extensional
direction. Compared to the disc-shaped radial mode PTs, the corners of the
contour mode PTs only lead to extra mechanical losses without aiding power

handling [69].

o Thickness-shear mode PT [88-94] (see Fig. 2.1j)

The thickness-shear mode PT differs from the designs previously described,
where the electric fields are applied and generated orthogonally to, rather
than parallel to, the direction of poling in the input and output sections of
the PT, as shown in Fig. 2.1j. Excitation of the input section causes a shear
strain to develop throughout the PT body, which in turn generates a voltage
in the output section. Most piezoelectric materials suitable for use in PTs
have a large shear mode electromechanical coupling factor k5, allowing high
power densities to be achieved with this type of PT. However, like thickness
mode devices, it can be difficult to obtain a clean frequency response from a
thickness-shear mode device due to interference from high order length and

width modes.

Among aforementioned PTs, the Rosen-type PT and the disc-shaped radial P'T
are the most widely used. Rosen-type PTs have been extensively used in applica-

tions that do not require high power but require high voltage conversion ratio. For
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Figure 2.1: Different types of PTs.

example, it has been used in applications, such as ballast for fluorescent lamp [17],
driver for light-emitting diodes or cold-cathode fluorescent lamps [18,19], and plasma
generator [95], providing high output voltage ranging from several kilovolts to tens
of kilovolts, given a low input voltage ranging from several volts to tens of volts.
Radial PTs are usually used in power applications because they have geometry that
naturally results in a clean frequency response around the first radial resonance,
relatively large coupling factor, layout that allows for large electrode radius and

force factors, an overall shape and electrode profile that is simple to manufacture,
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and a conveniently located nodal point, which are all beneficial for power trans-
mission and mass production. Radial PTs have been employed in applications such
as electronics lamp ballasts and ac-dc adapter [17,45,67,70,96-98]. It can provide
advantages such as no electromagnetic interference source and no requirement for

winding compared to its magnetic counterparts.

However, there is still much to be studied in this field. For example, for Rosen-
type PTs, they are usually considered to be less suitable for use in step-down ap-
plications [7,69,70]. However, the high voltage conversion ratio and high voltage
insulation naturally provided by the Rosen-type PT is a significant advantage in
some specific applications, e.g., high step-down auxiliary power supplies in medium-
/high-voltage systems such as solar power equipment and electric charging station.
In addition, the driving and control for radial mode PTs-based power converters
have been extensively discussed [7,69,70] and there is always more to explore.
These are all research objectives of this work. To better utilized the advantages
provided PTs, the analysis of the characteristics of PTs, which is presented in this

chapter, is necessary.

2.2 Equivalent Circuit Models of PTs

As far as electrical applications are concerned, an equivalent circuit model is needed
for the PT to be better understood and utilized. The interaction between the
electrical energy and mechanical energy needs to be illustrated in a more circuit-
oriented manner. No matter which type the PT is, the inter-conversion between the

electrical energy and mechanical energy in the PT can be represented by Fig. 2.2.

I 1: 11 I
el SN d’l V_l) (ﬂ ¢2 (_2
+ + + +
Electrical Mechanical Electrical
" Network £ Network # Network V2
- = = -

Figure 2.2: General block-diagram of the behavior model of PTs.
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Figure 2.3: Derivation of the equivalent circuit model of a single-layer Rosen-type PT.
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The general derivation of the equivalent behavior model of a single-layer Rosen-
type PT is presented as follows as an example. Detailed and rigorous derivation has
been completed by [4,7-9]. A single-layer Rosen-type PT, as presented in Fig. 2.3a
is composed by one section with k3; coupling, which is also called as a side-plated
bar, and the other one section with k33 coupling, which is also called as a end-plated
bar. The models of electromechiancal couplings of the side-plated bar and the end-
plated bar have been shown in Fig. 1.7 and are re-drawn in Fig. 2.3b, where force

is analogous to the voltage and velocity is analogous to the current.

For Rosen-type PT shown in Fig. 2.3a, the two sides of the PT are free to move,
therefore,

Fzs - FQe - O (21)

In addition, the transverse side-plated bar and the longitudinal end-plated bar are
bonded together, therefore,
Fls - Fle' (22)

Based on (2.1), the Fys and Fy, terminals can be treated as short-circuit connection.
And base on (2.2), the Fi; and Fj, terminals can be treated as parallel-circuit

connection. Therefore, Fig. 2.3b can be redrawn as Fig. 2.3c.

By designing the parameters of the side-plated bar and the end-plated bar so
that
Bsls = Pele = Bl =nm(n =1,2,3,...), (2.3)

and

ZOs = ZOe = Z07 (24)
Fig. 2.3c can be redrawn as Fig. 2.3d by using A-Y (II-Y) conversion.

Since fl = nm(n = 1,2, 3, ...) according to (2.3), the value of the middle parallel
mechanical impedance is infinity, Fig. 2.3d can be further simplified to Fig. 2.3e.
Keeping the fundamental components while neglecting high order components of the
Taylor expansion of the series mechanical branch and with the electrical impedance
calculated, Fig. 2.3e can be redrawn in an electrical form, which is Fig. 2.3f, where

Ly, Cp, and Ry, are analogies for mass, compliance, and mechanical damping re-
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spectively.

The equivalent circuit model of the disc-shaped radial mode PT can be derived
in a similar manor, which is depicted in Fig. 2.4. Detailed and rigorous derivation

can be found in [69,99].
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+ +
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Figure 2.4: Equivalent circuit model of a radial mode PT.
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Figure 2.5: Equivalent circuit model of a radial mode PT.

No matter the PT is Rosen-type or radial mode, its equivalent circuit model

(Fig. 2.3f or Fig. 2.4) can be re-drawn as Fig. 2.5. A PT can be constructed into a
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common-ground type or a isolated type if insulation layer is used. The circuit model
in Fig. 2.5a is an ideal behavior model without considering any loss while the circuit
model in Fig. 2.5b includes the mechanical damping transformed into electrical
magnitude by the piezoelectric effect, which is the most significant loss in PTs
operated near the fundamental resonance. However, according to the experimental
results shown in [42] and [100], the efficiency characteristic analysis based on the
model in Fig. 2.5b is not accurate. Except the mechanical loss, dielectric loss in PTs
also needs to be considered. Dielectric loss was first proposed to be represented by
the parallel resistances Rqpin and Rapo, shown in Fig. 2.5¢. To be more accurate, [42]
proposed to add the series resistances Rgsqn and Rgs,. This gives the complete
accurate model near fundamental frequency, the circuit model in Fig. 2.5c¢. In
piezoelectric material, the dielectric loss is strongly frequency dependent and can
be modeled as

1 Osx

R X — T~ & R sX — T A4
WX GO0 T Wl

(x =1in,0), (2.5)

where 0, and Jg are dielectric loss angle constants of the piezoelectric material, and

w is the operation angular frequency.

Besides the three models near the fundamental resonance stated above, [70]
proposed a model over a wider frequency range, where odd harmonic branches are
added, shown in Fig. 2.6. However, this model is not widely used in practice because
PTs are preferred to be operated near the fundamental resonance in real applications

to avoid large mechanical damping so that high efficiency can be maintained.

2.3 Electrical Characteristics of PTs

This section analyzes the gain, input impedance, and efficiency characteristics of the
PT respectively. However, the four non-constant dielectric loss resistances in the
accurate model in Fig. 2.5¢ increase the complexity when analyzing the electrical
characteristics of the PT. Simplification is needed to provide an intuitive under-
standing of the electrical characteristics of the PT. Taking the Rosen-type P'T used

in this work (LNA3207A, Micromechatronics Inc.) for example, whose parameters
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Figure 2.6: Model of PTs with harmonic components considered.

are listed in Table. 2.1 corresponding to Fig. 2.5, Fig. 2.7 compares the calculated
normalized gain, input impedance, and efficiency surfaces versus the operation fre-
quency f and the load resistance R, under three conditions: the behavior model
circuit without any loss resistance in Fig. 2.5a; circuit model with only mechanical
loss resistance as shown in Fig. 2.5b; and complete circuit model including both me-
chanical loss resistance and dielectric loss resistance as shown in Fig. 2.5¢. It can be
found that all the three circuit models provide similar results except for efficiency
surfaces. Therefore, the behavior model without any loss resistance in Fig. 2.5a
can be used for the analysis of gain and input impedance characteristics. A circuit
model with only mechanical loss resistance in Fig. 2.5b can be used for efficiency
approximation when the PT is operated very near the maximum efficiency point.
A complete circuit model in Fig. 2.5¢ is needed to locate the maximum efficiency

point.

Table 2.1: Parameters of the sample PT used in this work.

L C R Co Ci N 6pin,0 6sin,0
[mH] | [nF] | [Q] | [¢F] | [PF]
1.2 8.7 1085 | 0.19 16 | 50 | 0.001 | 0.01
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Figure 2.7: Voltage gain, input impedance and efficiency characteristics of sample Rosen-type
PT in step-down configuration: blue - behavior model circuit without any loss resistance; red
- circuit model with only mechanical loss resistance; green - complete circuit model with both
mechanical and dielectric loss resistances.

2.3.1 Input-to-Output Voltage Gain

Loaded with resistor R,, by neglecting both electrical and mechanical loss resis-

tances, the normalized input-to-output voltage gain can be calculated as

R
= HiwloCo . (2.6)

: 1 R
JwlL + joC T THjwRoCy

NVq
Vin
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In general, there are two types of characteristic gain points as a resonant tank: the
unity gain point(s) and the maximum gain point. By setting (2.6) equal to 1, which

can be rewritten as

1 1 1
2 2 2 _

(CU L— 5)[(00 + w2Rg)(w L— 5) - 200] = O7 (27)
the two unity gain points can be solved as
1

1L = \/T_C = Wsr, (2.8)

! C Co+ ! (2.9)

WiR = os1kR = Co + ————5. .
1R 1 ’ AR W%RCOR?)

It can be found that the frequency of the left unity gain point wq, locates at the
series resonant frequency wsg., which depends only on values of L and C'. While the
frequency of the right unity gain point wig depends not only on PT’s parameters

but also on load resistance R,.

In addition, the mechanical resonant frequency is defined as

1
Wiy = ——. (2.10)
LIIICIII

It should be noticed that the definition of mechanical resonant frequency wy,, is
different from that of series resonant frequency w.. For radial mode PTs, wy, =
wsr. For Rosen-type PTs, they are two different points even their locations may be

close to each other.

By setting the derivation of (2.6) with respect to frequency equal to zero, the

frequency of the maximum gain point can be solved as

1 1
Wmg ~ >Cos,mg = Co + —w2 CRZ
I (+ mg~'0*lo

(2.11)

Table. 2.2 compares the calculation results of (2.8), (2.9), and (2.11) with

the corresponding simulation results based on the complete circuit model with one

31



Chapter 2. Working Principle and Electrical Characteristics of Piezoelectric
Transformers (PTs)

example R, equal to 302, which verifies the correctness of the equations. Based
on gain curves under different loads, which are displayed in Fig. 2.8, with increased
load resistance, wiy, maintains unchanged, while w;g and wp, increase. When R,
approaches infinity, Cos mg in (2.11) approaches C,, consequently the maximum gain

frequency approaches parallel resonant frequency, which is

—_

I Wiy = Wpr = — . (2.12)

Ro—00
1
CcTCo

N-V/Via [VIV]

Sf1kHz]

Figure 2.8: Gain curves of the sample PT under different load conditions.

Table 2.2: Simulation vs. calculation results of characteristic gain points of the sample PT
with R, = 30Q.

fiu [kHz] | fme [kHz] | fir [kHz]
Simulation 49.27 50.05 50.82
Calculation 49.19 50.04 50.89

2.3.2 Input Impedance

The calculation and analysis of the input impedance characteristic is also be based
on the model without any loss resistance in Fig. 2.5a. Fig. 2.7b and Fig. 2.7¢ are the
typical input impedance Z;, curve and the phase angle curve of Z;,. There are three
special points: maximum Z;, phase point, minimum |Z,| point ( “resonant point”
) and maximum |Zi,| point ( “anti-resonant point” ). Inductive input impedance is

necessary for zero-voltage turn-on. When neglecting both electrical and mechanical
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loss resistances, in order to achieve inductive input impedance, the load resistance

and the operation frequency need to meet
(W LC — 1)(Ciy + C — W’ LCCy) + w*R*(Cy + C — w?LOC,)

(W2LCCiyCy — CChy — CoCly — CCL) > 0 (2.13)

2.3.3 Efficiency

For the operation frequency near the frequency that renders the maximum PT’s
efficiency, the efficiency of the PT can be approximated by neglecting the dielectric

loss while only considering the mechanical loss as

1 R,

n= —R7Ros

- 2.14
14+ 35 1+ (wCoR,)? (2.14)

where R is the equivalent series resistance of the output impedance, which phys-
ically is the output capacitor C, in parallel with output resistor R,. Equation
(2.13) indicates that the larger R, leads to higher efficiency. For a given operating

frequency, the maximum efficiency lies at the maximized R, when

Ry= —. (2.15)

2.3.4 Experimental Measurement

Fig. 2.9a and Fig. 2.9b are the test boards and corresponding schematics for the
sample Rosen PT in step-up and step-down configurations respectively. The size of
the sample Rosen PT is 32mm x 6.75mm x 2.5mm. Fig. 2.10 is the plot of input
resistance R;, versus reactance X;,. If we mark out the aforementioned unity-
gain, peak-gain, series and parallel resonant, maximum input impedance phase,
resonant, anti-resonant, and the maximum efficiency points, it can be found that
all the special points are different from each other, even they may be close to each
other. Therefore, none of these special points can be simply referred as “resonant

point” .
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Figure 2.9: Test boards of PT in (a) step-up and (b) step-down configurations.
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Figure 2.10: Impedance curves of PT in (a) step-up and (b) step-down configurations.



Chapter 2. Working Principle and Electrical Characteristics of Piezoelectric
Transformers (PTs)

2.4 Impacts of Compensation Networks on Characteris-

tics of PTs

To provide a better performance, i.e., higher efficiency, inductive input impedance,
desired voltage gain, etc., compensation component(s) may be required. A series
or parallel output inductor can be used to compensate the reactive power of the
output capacitor of the PT so that the efficiency of the PT can be improved. A
series or parallel input inductor can be used to achieve inductive input impedance if
the input impedance of the PT itself is capacitive in desired operation range, which
is necessary for zero-voltage turn-on for pre-stage’s switches. Fig. 2.11 presents the
aforementioned compensation components, which includes the series output induc-
tor Lo, the parallel output inductor Ly, the extra output capacitor Coeyt, the series
input inductor Ly, the parallel input inductor Li,p, and the extra input capacitor
Cinext- Impacts of each compensation component are analyzed separately in the
following parts. In addition, an application example that utilizes the combination
of different compensation components is presented at the end of this section. The
analysis uses the parameters of the aforementioned sample Rosen-type PT in step-
down configuration as an example, but the derivation is generally applicable for all

types of PTs.

° fWY\ =N\t N:1 I—N—
* Lins Rgsin L C R
Vi Linp qnext = dein =an - Co

Figure 2.11: PT with possible compensation networks.

2.4.1 Impacts of the Series Output Compensation Inductor L

In this subsection, only the series output inductor L. is considered, which means
Lins = Cinext = Coext = 0 and Lip, = Lo, = 0o. From physical point of view, L
with a value in resonance with the output capacitor C, can compensate the reactive

power of C, so that the overall efficiency can be improved. To mathematically verify
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this statement, the equivalent circuit with only mechanical loss, while all dielectric
loss resistors are neglected for simplicity, is used to calculate the efficiency. With
Los added, the efficiency of the PT can still be calculated in the form same as (2.14),
but with R, in (2.14) changed to Ros 10, which is

Ros 0s — . 2.16
. (1 - wzc’oLos)Q + (WC’oRo)2 ( )

For each pair of w and R,, the best efficiency can be achieved at the maximized

Ros 1.0 Wwhen

1
w2C,’

R 1
os,Los,max — .
w?C?R,

Lo, = (2.17)

(2.18)

Fig. 2.12 compares the gain, input impedance, and efficiency surfaces with
Ly = 0 and Los = 1/(w?C,). In the case that the compensation inductor is in
series with the load resistor, L.s has weak impact on the electrical characteristics
when the impedance of the L, is much smaller than the load resistance R,. Lgs
mainly affects the electrical characteristics for heavy load cases, which reduces the
voltage gain, reduce the amplitude and phase of the input impedance, and increases
efficiency. It can be verified that, the efficiency is improved when R, is small by
comparing (2.18) and (2.14). When R, is sufficiently large, the Ros Losmax it (2.18)
will be close to Ry in (2.14). That means Lo = 1/(w?C,) will not help improving

efficiency a lot any more, which can also been verified in Fig. 2.12.

2.4.2 Impacts of the Parallel Output Compensation Inductor L,

Besides the series output inductor L., a parallel output inductor L, can also
compensate the reactive power of the output capacitor C, so that the efficiency can
be improved. In this subsection, only the parallel output inductor L, is considered,
which means Lips = Los = Cinext = Coext = 0 and Li,, = oo. For this case, similar

to subsection 2.4.1, with L, added, the efficiency of the PT can still be calculated
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N-V/Via [VIV]
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Figure 2.12: Normalized gain, input impedance and efficiency surfaces under different series
output inductor L.

by (2.14), but with R, changed to R 1.0p, Which is

1
n=-—"—"—"F >
1 + Ros,Lop
= 2.1
ROS,Lop - 1 N Ro(l—wzcoLop)2 . ( . 9)
R, wil2,
For each pair of w and R,, the best efficiency can be achieved when
1

Lop = 020, (2.20)
Ros,Lop,max = Ro- (221)

Fig. 2.13 compares the gain, input impedance, and efficiency surfaces with
Lop = 00 and Ly, = 1/(w?C,). In the case that the compensation inductor is in
parallel with the load resistor, Lo, has weak impact on the electrical characteristics
when the impedance of the L, is much larger than the load resistance R,. L,

mainly affects the electrical characteristics for light load cases, which reduces the
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voltage gain, reduce the amplitude and phase of the input impedance, and increases

efficiency.

Both Lo and Ly, can improve the efficiency. By comparing Fig. 2.12 and
Fig. 2.13, two differences between L,s and L, can be found. One is that the best
efficiency is achieved at smaller R, when L is applied compared to the L, case.
With L, applied, wider high efficiency operation range can be achieved compared to
the L,s compensation case. By calculating with (2.18) and (2.21), L, compensation
can provide higher efficiency for R, > 1/(wC,), while L,s compensation can provide

higher efficiency for 0 < R, < 1/(wC,).

N-V/Vin [VIV]
S =N WA

VL Zn [

2 &
S idHz] R, 9] S [kHz] R, Q]

Figure 2.13: Normalized gain, input impedance and efficiency surfaces under different parallel
output inductor L.

The other difference is that the parallel compensation significantly modifies
the gain surface compared to the series compensation case for the sample PT used
in this work. The reason is that, for parameters of the sample P'T, the impedance
magnitude of the output capacitor, which equals to that of the resonant compen-
sation inductor, ranges from 20 () to 13 €2 for the operation frequency ranging from
40kHz to 60 kHz. For load resistance much larger than this value, magnitude of the

output impedance is dominated by the the load resistor and the output capacitor.
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Therefore, series compensation inductor L. has little impact on the voltage gain,
especially when load resistance is larger than 20 ). However, the parallel compen-
sation inductor L, cancels the output capacitor of the PT C,. This leads to an
output impedance only determined by the load resistance, which causes the signifi-
cant change in the voltage gain characteristic of the PT. Especially, when resonant
Ly, is applied, when operating at series resonant frequency, with L, also in reso-
nance with C,, the PT can provide constant voltage gain when R, is much lager

than the loss resistance, as indicated in Fig. 2.14.

—

&

200 400 600 800 1000
R. 1]

N-Vy/Viu [VIV]
=
wn

=]

>

Figure 2.14: Normalized gain curve for w? = L,,C, = LC.

2.4.3 Impacts of the Extra Output Capacitor Cg.y

For some types of PTs, the internal output capacitor C, might be very small, which
leads to a large compensation inductor. Under these circumstances, an extra output

capacitor Cye: can help to reduce the size of the compensation inductor.

When the series compensation L., and the extra output capacitor Cyey are
applied, C, in (2.16), (2.17), and (2.18) needs to be replaced by C, + Cyext, which
leads to smaller Rog1osmax- 1his means that an extra output capacitor leads to a

lower efficiency.

When the parallel compensation L, and the extra output capacitor Coex, are
applied, C, in (2.19) and (2.20) needs to be replaced by Cy + Coexi. But Ros 1.op,max
is independent on the output capacitance as shown in (2.21). This means that an

extra output capacitor Cyey Will not change the efficiency.
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Figure 2.15: Normalized gain and input impedance phase surfaces under different series input
inductor Li,.

2.4.4 Impacts of Input Inductors L;,; and L;,, and the Extra Capacitor
C’inext

In this subsection, only input compensation components are considered, which
means Los = Coext = 0 and L,, = oo. Theoretically, ideal input compensation
components do not change the efficiency characteristic since they do not have im-
pacts on the calculation of R.. Both Li,s and Lj,, modify the input impedance
characteristic, shown in Fig. 2.15 and Fig. 2.16. Li,, does not affect the gain char-

acteristic while L;,s does.

Similar to the extra output capacitor Cyey, an external input capacitor Ci,ex
can be used to reduce the size of the resonant input inductor. When the resonant
Liy, is applied, Cinexy does not change the voltage gain. While when the resonant

Ly is applied, the voltage gain increases with increased Cl,ex as shown in Fig. 2.17.

41



Chapter 2. Working Principle and Electrical Characteristics of Piezoelectric
Transformers (PTs)
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Figure 2.16: Normalized gain and input impedance phase surfaces under different parallel
input inductor Lipp.
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Figure 2.17: Normalized gain surfaces under different Cipex: (a) Linp = 00, Cinext = 0, Ling =
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2.4.5 Application Example: LCCL Compensation

As stated in subsection 2.4.2, when resonant L, is applied and the PT is operated
at series resonant frequency, with L,, also in resonance with C,, that is, when
w? = LopC, = LC, the PT can provide constant voltage gain when R, is much lager

than the loss resistance. This is not the only way to achieve constant voltage gain.

An LC tank, as depicted in Fig. 2.18a, provides constant-voltage-in-constant-
current-out characteristic if the operation frequency equals to the LC resonant fre-

quency [101] since

4 Vin ,if WLCO = 1. (2.22)

I, = -
Z(1—w?LC)+ jwl  jwL

Similarly, a CL tank shown in Fig. 2.18 provides constant-current-in-constant-

voltage-out characteristic if operated at the resonant frequency since

Zli [in .
,if WLC = 1. (2.23)

Vo = (1—w2LC) + jwCZ  juC

If an LC tank is cascaded by a CL tank, then a load-independent voltage gain can

be achieved.

+ L L +
Vi C=F Z C = ZI| Vs

(a) (b)

Figure 2.18: (a) LC tank and (b) CL tank.

That is to say, for the application of the PT, as shown in Fig. 2.11, if only series
resonant compensation inductors and extra compensation capacitors, i.e., Lins, Los,
Chnext, and Coyext, are used, then a input LC tank is in series with the output CL

tank. Therefore, if the parameters of the compensation network are selected as

Lins(Cinext + C’in) = Los(Coext + Co) = w27 (224)
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Figure 2.19: Normalized gain and input impedance phase surfaces under different parallel
input inductor Ljyp.

then a constant-voltage-gain of

NV, N2L,

> T (2.25)

can be achieved theoretically.

Fig. 2.19 shows the gain and efficiency surfaces with different compensation
network parameters. By comparing Fig. 2.19a and Fig. 2.19b, it can be verified
that the normalized voltage gain equals to %’ﬁ The gain surface is not flat as
calculated by (2.25). Tt drops when R, approaches zero, which is caused by the

dielectric loss.

By comparing Fig. 2.19b and Fig. 2.19¢, it can be found that, with larger C\ oy
(as well as Cipext), the gain surface becomes flatter, but the efficiency drops. The

reason for the efficiency drop has been explained in subsection 2.4.3.
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Fig. 2.20 and Fig. 2.21 show the effects of nonidealities on the characteristics of
LC and CL tanks under resonance, where R represents the loss resistor. For parallel

loss resistance in the LC tank,

I, = V—Z when w’LC = 1. (2.26)
JwL(1+ %)

For series loss resistance in the LC tank,

Vi
I, = : , when w?LC = 1. 2.27
jwL + R(1+ jwCz) e (2.27)
For parallel loss resistance in the CL tank,
I henw?LO =1 (2.28)
0= - Zor When w =1. .
Jwl+ =Z5
For series loss resistance in the CL tank,
V. I hen w?LC =1 (2.29)
= ———— whenw =1. :
JwC (1 + %)

Based on the equations (2.26) and (2.27), it can be found that, for LC tank,
both parallel and series loss resistors affect the output-current-to-input-voltage gain.
But only the series loss resistance in the LC tank, shown in Fig. 2.20b, makes the
nonideality of the gain also affected by the value of C'. Similarly, based on the
equations (2.28) and (2.29), for CL tank, both parallel and series loss resistors
affect the output-current-to-input-voltage gain. But only the parallel loss resistance
in the CL tank, shown in Fig. 2.21b, makes the nonideality of the gain also affected
by the value of C.

™M L, R L,
+ L + L
Vaa CTRZ z Vin C=F z
(a) Parallel R in LC tank. (b) Series R in LC tank.

Figure 2.20: Effects of nonidealities on the characteristics of LC tank under resonance.
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LN I R
L + L +
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(a) Parallel R in CL tank. (b) Series R in CL tank.

Figure 2.21: Effects of nonidealities on the characteristics of CL tank under resonance.

Based on the above the analysis, the gain should become even more non-flat
with larger Coey (as well as Clieyy). But in this subsection, external output and
input capacitors Cpey and Cipexe are assumed to be lossless to simplify the analysis.
Larger ideal Cyey and Cine weak the effect from the dielectric loss resistors, thus
make the LCCL structure more ideal. In real applications, whether the gain surface
will become flatter depends on whether the nonideality of external Coeyq (as well as

Cinext) 1s smaller than that of internal C, (as well as Cyy).

2.5 Summary and Conclusion

This chapter reviewed and compared different models of PT. The behavior model
without any loss resistance can be used for the analysis of gain and input impedance
characteristics. A circuit model with only mechanical loss resistance can be used for
efficiency approximation when the PT is operated very near the maximum efficiency
point. A complete circuit model with both mechanical and dielectric losses modeled

is needed to locate the maximum efficiency point.

The electrical characteristics of, by not limited to, the sample Rosen-type PT
are analyzed. Closed-form expressions of characteristic points are given, which in-
clude mechanical resonant, series resonant, parallel resonant, unity-gain, peak-gain,
maximum input impedance, minimum input impedance, maximum input impedance
phase, and maximum efficiency points. They have different expressions even their

locations may be close to each other and may merge together in some special cases.
Impacts of the compensation components are also derived to improve the per-
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formance of a standalone PT. The impacts of aforementioned compensation com-

ponents are summarized as follows:

e Output compensation inductor Les or L, is utilized mainly to improve the
efficiency of the PT. L, provides higher efficiency for 0 < R, < 1/(wC,)
while L,, provides higher efficiency for R, > 1/(wC,). Especially, with L,
compensation, if w? = L,,C, = LC, approximately constant voltage gain can

be achieved.

e The utilization of Coex helps reducing the size of required L,s or Lo, at the
trade-oft of higher current of L, or L,,. In addition, for L.s compensation

case, Cyext leads to lower PT’s efficiency.

» Input compensation inductor Li,s or Linp, is utilized mainly to modify the input
impedance of the PT so that inductive input impedance can be achieved in

desired operation range.

e Clinext helps reducing the size of required Lins or Liy, at the trade-off of higher

current of Lins or Linp.

In addition, when both input and output series resonant inductors are used, an
approximate constant voltage gain characteristic can be achieved. The non-idealities

have also been analyzed.

Based on studies of this work, the selection of compensation network can be
decided according to the design specifications, such as output voltage requirement,

load resistance range, etc., in real applications.
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CHAPTER 3

Tunable Radial PT-Based Power

Converter

3.1 Introduction

As stated in section 2.1, for power applications, radial mode PTs are considered as
the most promising PTs to be alternatives for traditional magenetic transformers
in some power converters. Because as a PT, it can provide advantages such as no
electromagnetic interference source and no requirement for winding compared to its
magnetic counterparts. Among many different types of PTs, radial mode PTs have
geometry that naturally results in a clean frequency response around the first radial
resonance, relatively large coupling factor, layout that allows for large electrode
radius and force factors, an overall shape and electrode profile that is simple to
manufacture, and a conveniently located nodal point. They have been employed in

applications such as electronics lamp ballasts and ac-dc adapter [17,45,67,70,96-98].

For the control of PT-based converters, since the equivalent circuit of the PT
can be treated as resonant tank, frequency control, where the operation frequency is
adjusted so that the gain of the resonant tank is adjusted based on different input
and/or load conditions to achieve regulation, as shown in Fig. 3.1a, is the most
widely used in many applications. Besides aforementioned [17,45, 67,70, 96-98|,
[102-105] are also PT-based converters which employ frequency control. However,

due to the frequency-dependent dielectric loss in P'Ts, they would suffer from low

49



Chapter 3. Tunable Radial PT-Based Power Converter
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(a) PT-based converter with frequency control.
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Source
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Source

(¢) Control scheme of tunable PT-based converter.

Figure 3.1: Different control schemes of PT-based converter.
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efficiency when operated far away from the frequency rending peak efficiency, which
has been presented in section 2.3. That happens when large load variations and/or
wide input range present. For example, the experimental results in [102—105] shown
narrow efficient control ranges. Therefore, for PT-based converters, narrow opera-
tion frequency range becomes a conflict against wide variations from load and/or
input. To solve this issue, [106,107] proposed a quantum mode control scheme, as
presented in Fig. 3.1b. Under this control scheme, the PT will be operated under
fixed frequency first to charge the load. Once the output voltage reaches the upper
bound, then the power stage will stop working until the output voltage drops to the
lower bound of the design. However, by doing so, the drawback is the presence of

the low frequency ripple in the output voltage which requires a large filter capacitor.

To solve the issue, a radial mode PT with new structure, namely tunable PT
has been proposed. Different from the conventional PT, which only has input and
output ports, the tunable PT has an auxiliary control port, and the mechanical
characteristic can be modified by connecting different impedance to this control
port [108,109]. Therefore, desirable voltage gain can be achieved by connecting
proper impedance to the control port without changing switching frequency as
shown in Fig. 3.1c. This chapter introduces the working principle and the elec-
tric characteristics of a tunable radial PT and presents the design and control of

tunable PT-based converters, as continuation and extension of the work in [108,109].

3.2 Working Principle and Electrical Characteristics of
Tunable Radial PT

3.2.1 Structure and Equivalent Circuit

Fig. 3.2a shows the structure of a typical radial mode PT. The piezoelectric material
and copper electrodes in the input and output section are of the same radius. Whilst
in reality the isolation layer is made slightly larger than the ceramic and electrode
layers in order to improve the breakdown voltage, the amount of material in the

section that extends past the radius of the ceramic and electrode layers is very
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small and can be neglected. Hence, all layers in the PT can be assumed to be
of equal radius. Since the layers of the device are stacked and bonded together
in the thickness direction, whereas the motion being considered is radial, the PT
can be modelled as a single piece of composite material whose structural properties
are defined by its constituents. Therefore radial strain is assumed constant with
thickness and a single equation of radial motion can be used for the whole device.
And the corresponding only force is the one acting on the outer circumference of
the PT, which is represented by F, in Fig. 3.2b. The input and output voltages
are linked with F, by the electrical and mechanical impedances shown in Fig. 3.2b.
Detailed expressions and derivations of these impedances have been presented in [69,
99]. Applying standard network theorems, the circuit of Fig. 3.2b can be simplified
to that shown in Fig. 3.2c, where Cy; and Cy4y are input and output dielectric
capacitance, ¢; and ¢, represent the electro-mechanical couplings, and L., Cy,,

and R, are analogies for mass, compliance, and mechanical damping respectively.

Tunable PT has a similar structure as Fig. 3.2a, but with an additional piezo-
electric section (control layer) sandwiched between the input and the output section,
which is depicted in Fig. 3.3a. The layers of the tunable PT are still stacked and
bonded together in the thickness direction, whereas the motion being considered is
radial, which is same as the ordinary radial mode PT. Therefore, the tunable PT
still can be modelled as a single piece same as the ordinary radial mode PT but with
one more electrical port, as shown in Fig. 3.3b. Fig. 3.3b can be further simplified
to the circuit of Fig. 3.3c. From the circuit’ point of view, as shown in Fig. 3.3c,
the control port is analogy for the second output winding in a magnetic transformer

with multi-winding configuration.

3.2.2 Electrical Characteristics

The circuit in Fig. 3.3c can be redrawn as Fig. 3.4a. With the control port referred to
the input side, Fig. 3.4a can be further redrawn as Fig. 3.4b. From circuit’s point of
view, external impedance connected at the control port modifies the resonant tank

between input and output, which provides opportunity to achieve different voltage
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(b) Equivalent circuit representation of electro-mechanical coupling.
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(c) Simplified equivalent circuit model.

Figure 3.2: Structure and equivalent circuit model of the radial mode PT.
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(c) Simplified equivalent circuit model.

Figure 3.3: Structure and equivalent circuit model of the tunable radial mode PT.
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Figure 3.4: Equivalent circuits of the tunable radial mode PT.

gain for different input and/or load conditions while maintain constant operation
frequency. A capacitor is selected as the tuning impedance at the control port since
if the control port is connected with other passive elements, such as resistor or in-
ductor, it will cause extra loss or lead to a higher order system. The existence of the
capacitance connected at the control port C.; modifies the resonance capacitance
of the series LC tank from a fixed one for ordinary two-port PT to a variable one,

which is

O — CN3(Cas + Cetn)

_ 3.1
C 4+ N2(Cyz + Cen)’ (3-1)

if Cup is variable.

The only difference between the three-port tunable PT and the ordinary two-
port PT is that tunable PT has a third port designed to be connected in series with
the output port so that the resonance capacitance of the series LC tank is variable
if a variable capacitor is connected to the control port. Therefore, for a specific
control capacitance, the electrical characteristics of the tunable PT, which include

the input-to-output voltage gain, the input impedance and the efficiency, are similar
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to those of an ordinary two-port PT, which have been stated in section 2.3. For a
specific control capacitance, the curves(surfaces) of the input-to-output voltage gain,
the input impedance and the efficiency of a radial PT resemble the curves(surfaces)

in Fig. 2.7.

The impacts of the control port connected with an extra capacitor on the

input-to-output voltage gain can be reflected by

Ro
(1+jwRoCaz) N2

R+ jwl +

(3.2)

Ry ’

‘ Vo
' 1
NyViy jwCs (1+jwRoCq2) N2

where Cj is expressed in (3.1), if a resistive load R, is connected at the output port.

Taking one of the tunable PTs used in this work as an example, based on the
parameters listed in Table. 3.1, the normalized input-to-output voltage gain curve is
plotted in Fig. 3.5. For example, for R, = 102, if the operation frequency is 59 kHz,
then the corresponding normalized voltage gain is 1.1. Now if R, is increased to
50 €2, the gain curve shifts, and the gain increases to around 4 at the same operation
frequency. But now if the control capacitance Ci, is increased from 0 to 70 nF, the
gain curve shifts back and the gain is pulled back to 1.1, which means constant gain
at constant operation frequency for different load and/or input conditions can be

achieved with the help of a variable control capacitor.

Table 3.1: Parameters of the sample tunable PT used in this work.

L c R | C4q1 | Cq2 | Cys | N2 | N3
[mH] | [nF] | [Q] | [nF] | [nF] | [nF]
5.9 1.5 4.3 | 23.2 | 352.8 1 20.2 | 0.2 | 0.9

In addition, it should be noticed that the effect of increased C,, will saturate
due to the series connection of C' and the capacitors at the control port. The
maximum value of Cy is limited by the value of C'. This can also been verified
by Fig. 3.6, the curve of the normalized voltage gain versus C, at fixed operation
frequency and load resistance. It can be found that, with increased Cy,, the voltage
gain decreases. However, the voltage gain is almost unchanged when C. further

mncreases.
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Figure 3.5: Voltage gain of the sample tunable PT with different load resistance and control
capacitance.
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Figure 3.6: Voltage gain versus C., at fixed operation frequency and load resistance.
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3.3 Design and Control of Tunable Radial PT-Based Power

Converter

Taking advantage of the characteristic of the tunable PT stated above, a dc-dc
converter is proposed as shown in Fig. 3.7. An inverter is used after the dc input
to generate an AC voltage with desirable frequency. A rectifier is used at the
output port of the PT to provide dc output voltage. Following the rectifier, a filter
is needed to reduce the ripple of output voltage. A variable capacitor is used to
realize voltage regulation for different load and/or input conditions at the constant
operation frequency so that the high efficiency of PT is ensured. The detailed design

procedure is given as follows.

L C R 1N,
| J Rectifier
g = Caz + Rload
g 1 Filter
DC =
Source — T Ca . =
— J_ N
Jt} —| —|-Cd3 ;éqtrle [ Controller l
~——
1ZN3
R Tunable PT -e=eeeeeeee !

Figure 3.7: Overall block-diagram of the proposed tunable PT-based dc-dc converter.

3.3.1 Input Side Design

The input side is built with a half bridge and a series inductor. The half bridge
is driven at constant frequency with complementary gate signals for the top and
bottom switches. It provides AC input voltage for the PT with a simple and low-
cost structure. The series input inductor blocks the high order input harmonics
and can achieve inductive loading for the half bridge so that zero voltage switching

(ZVS) of the switches of the half bridge can be realized.
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3.3.2 Output Side Design

For the output side, a rectifier and a filter are needed. A synchronous rectifier can
be used here instead of a diode rectifier to improve the system efficiency. For the
filter design, there are several options, which are presented in Fig. 3.8. The first
one, shown in Fig. 3.8a, is to use a full bridge rectifier with a capacitor as the filter,
which can be seen in a few works, for example, [105]. However, this design suffers
from the low efficiency because only when the voltage across the output capacitor
of the PT (s is higher than the load voltage Viyaq, the energy can be transferred
from the source to the load. In other words, Cys requires current sink load to avoid

freewheeling current.

To meet this requirement, one method is to add an output inductor after the
full bridge rectifier, which forms a second-order low-pass LC filter along with the
output capacitor, as shown in Fig. 3.8b. The average current of such inductor is
non-zero, which is a dc current, therefore this output inductor is marked as dc

output inductor.

The other method is to add the output inductor before the full bridge rectifier,
as shown in Fig. 3.8c. For this case, the average current of the inductor zero, which

is an AC current, so this inductor is denoted as AC output inductor.

Both circuits in Fig. 3.8b and Fig. 3.8c can provide better efficiency than the
one in Fig. 3.8a. The design of both cases and the comparison of the difference

between these two are presented as follows.

3.3.2.a Dc Output Inductor

With dec output inductor, the block diagram of the converter can be drawn as
Fig. 3.9a. If only fundamental frequency component is considered and the induc-
tance of L, is infinity, the input voltage of the rectifier Vo can be considered as
a sinusoidal wave and the input current of the rectifier I, can be considered as a

square wave and they are in phase [110]. This means the equivalent load resistance

=
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Figure 3.8: Output side design with (a) Capacitvie filter, (b) DC output inductor, and (c)

AC output inductor.
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seen by the tunable PT, R, can be calculated as

71_2

Ry ~ %+ Rioaa. (3.3)

Then the power stage of tunable PT based converter with dc output inductor can

be simplified as Fig. 3.9b.
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Figure 3.9: Tunable PT-based dc-dc converter with dc output inductor.

The criteria of selecting the input inductance is to achieve inductive load
impedance for the half bridge with minimal inductance. For the sample tunbale
PT with prameters listed in Table. 3.1, the inductance of L;, is selected to be
150 pH.

Then, based the normalized open-loop input-to-output (Vi-to-V,) gain of the

power stage versus C. curves under different load conditions with fixed selected
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operation frequency can be drawn, as shown in Fig. 3.10. The solid line is the open-
loop gain for full load condition while the dotted line is the gain curve for no load
condition. In the final closed-loop system, under nominal input line voltage, the
value of Cyy for full load will be zero to achieve maximum input and/or load range.
It can be read out that, the gain at full load is 1.4 when Cy, is zero. Therefore,
under nominal input line voltage, the gain should be regulated at 1.4 when load
changes. It can be also read out that, to regulate the output voltage, that is to say,
to keep the gain as 1.4, a 37nF C, is needed for no load condition. In other words,
ideally, the sample tunable PT-based dc-dc converter can regulate the output from

full load to no load based on the calculation results shown in Fig. 3.10.

w
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P e Rsint
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Figure 3.10: Normalized open-loop input-to-output voltage gain of power stage of design with
dc output inductor.

However, in reality, the inductance of L, cannot be infinity. Smaller L, means
more distortion of the current of I..; from ideal square wave. In addition, larger
the distortion is, less accurate the approximation in (3.3) will be. In fact, limited
L, decreases the regulation ability. Table. 3.2 shows the measured lightest load of
the converter under different values of dc¢ L,.

Table 3.2: Lightest Load vs.Dc Output Inductance.

Dc output inductor [uF] | 330 | 220 | 100 | 39
Lightest load 2.8% | 3% | 6% | 10%

The value of L, in the final design is selected based on the trade-off between

the size of L, and the regulation ability of the converter. For the sample tunable
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PT listed in this section, L, is selected as 220 pH.

3.3.2.b AC Output Inductor

With AC output inductor, the block diagram of the converter can be drawn as
Fig. 3.11a. Similar as the one with dc output inductor, if only fundamental frequency
component is considered and the inductance of L, is infinity, the input voltage of
the rectifier Vi can be considered as a square wave and the input current of the
rectifier I can be considered as a sinusoidal wave and they are in phase [110].
Then the equivalent load resistance seen by the tunable PT, R, can be calculated
as

8
Ro ~ F . Rload‘ (34)

Then the power stage of tunable PT based converter with AC output inductor can

be simplified as Fig. 3.11b.

By comparing Fig. 3.9b and Fig. 3.11b, it can be found that with AC output
inductor, the simplified power stage has an extra output inductor compared to the
one with dc output inductor. This output brings two benefits. One benefit is that
the AC L, compensates the reactive power of Cys, therefore the efficiency of the PT
can be improved, which has been mathematically analyzed in section 2.4.1. The
other one is that, with AC output inductor, a CL tank is formed at the output,
which is connected in series with the input LC tank. Based on the analysis in
section 2.4.5, load-independent voltage gain characteristic can be achieved if the
following equation is met:

1
LinCdl - LOCdQ - E (35)

For the sample tunable PT with parameters listed in Table. 3.1, L;, is 330 pH and
L, is 22 nH.

It should be noted that, the value of series resonant capacitor Cy is dependent
on the variable Cy,;, which means the resonant frequency of L and C§ are not fixed
at the operation frequency. However, as long as the LC tank and the CL tank are

in series, it will not affect the load-independent voltage gain characteristic.
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Figure 3.11: Tunable PT-based dc-dc converter with ac output inductor.
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In addition, even though ideally the AC L, case has the load-independent
voltage gain characteristic, a closed-loop control is still needed to achieve exact
regulated output in real applications due to the nonidealities caused by the damping
of the system. However, this characteristic contributes to smaller control capacitor

at the control port. It also helps the system to have wider load regulation range.

3.3.2.c Comparison of Dc vs. Ac Output Inductors

Fig. 3.12 compares the simulation results of power stages with dc and ac output
inductors, based on parameters derived above, which are also listed in Table. 3.3.
It can be verified by Fig. 3.12a, with AC output inductor, PT stage has higher
efficiency since the output inductor L, compensates the reactive power of the Cys.
In addition, AC output inductor provides constant gain along with the input LC
tank and output capacitor, which means smaller range of the control capacitance
will be required. As it can be seen from Fig. 3.12b, for the load resistor ranges from
102 to 100 €2, for the dc L, case, the normalized open-loop gain of the power stage
ranges from 1.44 to 2.55 while that of the AC L, case ranges from 1.52 to 1.53,
which means larger range of the control capacitance will be required for the dc L,
case. The comparison in Table. 3.3 shows that the design with AC output inductor

requires larger Li, than the one with dc output inductor but smaller L.

0 20 40 60 80 100

Figure 3.12: Comparison of designs with dc and ac output inductors.
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Table 3.3: Comparison of designs with dc and ac output inductors.

Lin [pH] | Lo [pH]
Design with dc output inductor 150 220
Design with ac output inductor 330 22

3.3.3 Control Side Design

To take advantage of the tunability of the tunable PT, a variable external capac-
itor is needed such that for each load or input condition it may afford a proper
capacitance to regulate the output voltage. This idea can be realized by a switched
capacitor [111], shown in Fig. 3.13a. Fig. 3.13b illustrates the operation principle of
the switched capacitor. The turn on time of the switch S is synchronized to ti,
the zero crossing time of the current Icey. Coy is then charged until S is turned
off at t1. After t;, Cyy is float but Cy3 continues to follow the input voltage. Once
the voltage across Cq3 drops below the voltage across Coy at t3, the body diode
of Sen conducts and Cyy starts to discharge. Once Icey reaches zero, the next
switching period starts and the whole process will repeat again. By controlling the
duty cycle of the corresponding control switch, the effective capacitance connected
into the control port can be controlled. The equivalent control capacitance can be

approximated as
1 —cos(27D)

C1ctrl = C(ext . 9

(3.6)

Ideally, For the duty cycle of S D varying from 0 to 0.5, a full range of
equivalent external capacitance Cy from 0 to Ceyy can be achieved. In addition,
the body diode of S¢;1 always conducts before the turn on of S, in this operation.

Therefore, ZVS is ensured for Sg,.

Based on this control method, the open-loop control-to-output gain can be
ploted in Fig. 3.14a, where one pole and one double pole can be observed. Based
on the open-loop gain, a type II compensator using operational transconductance
amplifier (OTA) can be utilized to complete the closed-loop PWM control, shown

in Fig. 3.15. The output voltage is sensed and then compared with a reference
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Figure 3.13: Implementation and instruction waveforms of duty cycle controlled switched
capacitor.

voltage using an OTA. The output of OTA is connected to the PWM comparator
in Fig. 3.15. A compensation RC network is employed at the output of the OTA
to improve the stability of the closed loop system. This RC network combines a
pole/zero pair plus an origin pole for a high dc gain. Fig. 3.14b shows the loop gain.

Phase marge of and gain margin of can be achieved based on simulated closed-loop

gain.
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Figure 3.14: Bode plots of (a) Open-loop and (b) closed-loop control-to-output gain.
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Figure 3.15: Implementation of the control feedback loop.

3.4 Experimental Results

A hardware (8.5cm x 6.2cm x 1.7cm) is built to verify the analysis stated above,
shown in Fig. 3.16. Fig. 3.17 displays the waveforms for control switch at different
input and output conditions. Fig. 3.17a shows the gate signal of the control switch
Visctrl, the drain to source voltage Vigcir, and the voltage across the load resistor Vigaq
under 230V input voltage and 100 W output power. For this case, the duty cycle
for the control switch is 0.025. Fig. 3.17b shows the waveforms under 230V input
voltage and 50 W output power. For this case, the duty cycle for the control switch
is adjusted by the control loop to 0.28 so that the load voltage is still regulated at
28 V. Fig. 3.17c shows the waveforms under 150V input voltage and 50 W output
power. For this case, the duty cycle for the control switch is adjusted by the control

loop to 0.05. Both line regulation and load regulation are verified.

Table. 3.4 compares values of the components and the converter specifications
of designs with dc output inductor and AC output inductor. For both design, the
optimal switching frequency is decided by doing frequency sweep. Fig. 3.18 shows
the comparison of the measured efficiency. It can be verified that, the AC L, case
has better regulation ability and requires less control capacitance. The AC L, case

has better efficiency than the dc L, case in the full load range, which fully shows

68



3.5. Conclusion

Figure 3.16: Test board.

the advantages of the AC L,. Moreover, the output inductance value of the AC L,
case is smaller than that in dc L, case, while the trade-off is that the value of the

Li, of AC L, case is larger than that in dc L, case.

Table 3.4: Comparison of converter specifications.

Coxt | Vi V, | Frequency | Regulation | Full Load | 10% Load

[nF] | [V] | [V] [kHz] EfT. Eff.
Dc L, | 1000 | 230 | 28 58 100% - 3% 93.20% 71.10%
AC L, 10 180 | 28 59 100% - 0.15% 93.40% 90.00%

3.5 Conclusion

This chapter illustrates the working principle of the tunable PT and provides the
design method of tunable PT-based dc-dc converters. The gain characteristic of
tunable P'T changes with the impedance connected at the auxiliary control port. A
PWM controlled switched capacitor is connected at the control port. For different
load or input conditions, this switched capacitor presents proper capacitance at the
control port to regulate the output without the need for changing the operation
frequency. The fixed frequency operation allows the tunable PT to be operated
near its optimum switching frequency, and renders the highest efficiency. A closed-
loop control scheme for output voltage regulation is presented. Four tunable PTs

with power rating ranging from 30 W to 100 W are tested with the proposed de-dc
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Figure 3.17: Experimental Waveforms.
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Figure 3.18: Measured efficiency comparison.

converter prototype to validate the design.

In addition, the design with dc output inductor and AC output inductor are
compared. The AC output inductor works together with the input LC tank and
output capacitor to form a LC-Series-CL topology to provide better regulation abil-
ity for the converter. Meanwhile, smaller external control capacitor is required.
The AC output inductor also works as the output impedance matching network to
compensate the circulating current of the output capacitor of the PT, which im-
proves the efficiency of the converter. The trade off is that the design with AC
output inductor requires larger input inductor based on the parameters of the given
tunable PT sample if no extra input capacitor is used. The analysis is verified by

the experiment.
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CHAPTER 4

Rosen-type PT-Based High
Step-Down Voltage-Ratio Dc-dc

Converter

4.1 Introduction

In medium-/high-voltage power electronics systems, auxiliary power supplies are
required to provide stable voltage and power for functional parts such as gate drivers,
signal processors, and sensors. The required supply voltages range from several
volts to tens of volts, which can be generated from either the internal dc bus of the
converter, or an external low-voltage power supply. For the auxiliary power supply
fed from the dc bus, although no external low-voltage bus is required, the high input
voltage and high step-down ratio will bring challenges. In addition, a wide input

range design is also preferable in order to achieve a lower wake-up voltage.

To achieve the high step-down voltage ratio, the most straightforward option
is to use cascaded buck converters [112], as displayed in Fig. 4.1a. By rearranging
the positions and connections of the switches in cascaded buck converter, quadratic
buck converter can be derived [112,113] as shown in Fig. 4.1b. With a cascaded
or quadratic structure, the voltage conversion ratio equals D?, where D is the duty
ratio of the main switch. But the extreme low duty cycle is still unavoidable in order
to achieve a step-down ratio higher than 100. To further increase the step-down

ratio, switched capacitor and switched inductor cells are proposed to be inserted
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into the buck or the quadratic buck converter [114-123]. The step-down ratio of
the classical buck converter is doubled when combined with one switched capacitor
or inductor cell. Fig. 4.1c is the example with one switched inductor cell. However,

the step-down ratios of these methods are limited to 200.

By using coupled inductors (including flyback transformer which works as a
coupled inductor), the voltage conversion ratio is modified to D/n, where n is the
turns ratio. Fig. 4.1d displays the step-down converter with a coupled-inductor.
In [122-125], coupled-inductors are used in the classical buck converter or the buck
converter with switched capacitor cell. However, there are two issues with these
types of converters. The first one is that wider voltage conversion ratio means a
higher turns ratio, which leads to a larger size, higher conduction loss, and more
complex inductor structure. In addition, in some leakage-inductance-sensitive ty-
pologies, such as the flyback converter, high leakage inductance brought by high
turns winding requires careful design to avoid high voltage ringing. For exam-
ple, [126] employs the two-switch flyback topology, as shown in Fig. 4.1e, to reduce
the voltage stress of the switch and to eliminate the need for snubber circuits. The
second issue is that, for these types of typologies, low voltage side output voltage
or current needs to be sensed and compared to a reference value to control the
main switch(es) at the high voltage side. This requires electromagnetic interference
immunity for the control loop so that the control signals will not be interfered by

the noise generated from the high voltage, high dv/d¢ environment.

To avoid issues and drawbacks coming with high turns ratio coupled inductor
and /or transformer, many researches have been done utilizing multilevel converter,
modular input-series structure, and switched capacitor structure etc. The multilevel
converter concept is used in [127-130] to provide a high step-down voltage ratio.
One typical topology with flying capacitors is presented in Fig. 4.1f. Modular input-
series structure, shown in Fig. 4.1g in [131-139], can be used to reduce the turns
ratio of the transformer. Resonant voltage balancing circuit is another method to
achieve a high conversion ratio featuring high power density [140-144] as shown
in Fig. 4.1h. Reference [145] uses a stacked voltage balancing circuit to achieve

open-loop auto voltage balancing. However, in this structure, the switches of the

74



4.1. Introduction

-1 3
Vi = 3V
(a) Cascaded buck. (b) Quadratic buck.
| 1 > | =
v T T 3% VmT NICE SNICY S R 14
vy
(¢) Buck with switched inductor cell. (d) Step-down with coupled inductors.

L

:

~
B
i
AAA

g + 3v, Vi

i-—Eul—}
~

-

_

(e) Two-switch flyback. (f) Multilevel converter.
.J L
L [PCA/TL > T J
T sW
2 - 2
DCAT L LT
=+ HZbalT Vir J VirF ;
Ry g mal I -
>
D T ] S: .[/0= J V(’):: T %-
(g) Modular input-series (h) Switched capacitor (i) Improved switched
structure. converter. capacitor converter.

Figure 4.1: High step-down voltage-ratio solution examples in previous literature.
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balancing circuit have to be controlled synchronously for the proper operation of the
system. To eliminate this requirement, [146,147] propose a new interleaved structure
to further simplify the control. The proposed structure of [147] is displayed in

Fig. 4.1i. However, to achieve a step-down ratio of N, 2(N — 1) switches are needed.

An alternative solution is to use a Rosen-type piezoelectric transformer (PT)
to facilitate the voltage conversion with a high voltage conversion ratio. Among
many types of PTs, Rosen-type PT features natural mechanisms for a high voltage
conversion ratio in a compact planar form. It has been widely used in step-up config-
uration to provide high output voltage given low input voltage for applications such
as plasma generator [148] and cold cathode fluorescent lamp driver [149]. Contrary
to traditional applications, this work uses the Rosen-type PT reversely to provide
a high step-down voltage ratio so that high turns-ratio transformers or complex
cascaded converter structures can be eliminated. A 1:1 magnetic transformer can
be used to provide isolation since the high and low voltage ports of commercially
available Rosen-type PTs share a common ground. A low voltage buck-boost stage
is used afterwards to regulate the output voltage. The control of the buck-boost

stage locates at the low voltage side without crossing the insulation barrier.

The remaining sections of this article are organized as follows: section 4.2
illustrates the detailed design procedure of the proposed converter. The proposed
design is validated by a prototype with experimental results in section 4.3. Finally,

the conclusions of this article are drawn in section 4.4.

4.2 Design Procedure

Fig. 4.2 displays the overall block diagram of the proposed high voltage, high step-
down voltage-ratio converter, taking the advantage of the low-profile Rosen-type
PT. First, a dc-ac stage is needed after the DC bus to generate the AC input for
the PT. The dc-ac stage is operated under constant switching frequency. By doing
so, two advantages can be achieved. One is that it does not require control on
high voltage side. The other is that high efficiency of the PT stage can be ensured

since PT’s efficiency would drop significantly if operating away from its fundamental
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frequency of the intrinsic mechanical resonance based on the analysis in previous
chapters. After the PT steps down the voltage, a planar magnetic transformer
can be used to provide the isolation since the current commercial Rosen-type PT
is non-isolated. Since the low profile PT has already stepped down the high bus
voltage, instead of using a bulky high turns ratio magnetic transformer, a planar
PCB transformer with 1:1 transfer ratio is implemented. After the isolation stage,
a regulated AC/DC stage is used before the load. The control can be realized at
the low voltage side without crossing the insulation barrier. The following parts of

this section illustrates the detailed design procedure.

I/})us Vm : Vload

Rosen-type PT Regulated
& ¥ Ac/pe H ona
Compensation

Ro Control Rioad

Figure 4.2: Block diagram of proposed Rosen-type PT-based high input voltage, high step-
down voltage-ratio dc-dc converter.

4.2.1 Selection of Compensation Network and Operation Frequency

As stated in the previous section, PT can provide better performance if additional

compensation component(s) is(are) used.

For the application of the bus-fed auxiliary power supply in medium-/high-
voltage power electronics systems, no input compensation components will be used.
The reasons are stated as follows. First of all, the resonance of series input inductor
and input capacitor of the PT will cause P'T’s input voltage higher than the dc bus,
which requires PT with a higher voltage rating. Therefore, a series input inductor is
not desired. Secondly, even though parallel input inductor doesn’t increase the PT’s
voltage rating and can enlarge operation range with inductive impedance, the small
Ciy of the sample Rosen-type PT requires an input inductor with several henries.
Additional external input capacitor could help to reduce the required parallel input

compensation inductance but would lead to high current in the parallel inductor,
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which would cause undesired extra loss. In addition, for this application, zero
voltage turn-on is not an essential requirement since the input current is in the

milli-amperes range, which leads to small switching loss.

Therefore, only output compensation will be used. For the compensation in-
ductor, there are two options, series or parallel. Both of them can improve PT’s
efficiency. As stated in section 2.4.2, the difference lies in that the series inductor
provides better efficiency at heavier load with a narrower high-efficiency load range
while the parallel one provides better efficiency at lighter load with a wider high-
efficiency load range. For the proposed converter, a 1:1 magnetic transformer will
be applied after the PT stage, which contributes to a magnetizing inductor physi-
cally connected in parallel to the output of the PT. This magnetizing inductor can
be used as the output parallel compensation inductor of the PT, so that no extra

physical component is needed. Therefore, parallel compensation is selected.

In addition, when operating at the series resonant frequency, with the parallel
output inductor also in resonance with the output capacitor, the PT can provide
constant voltage gain when the effect of the loss resistances in the system is ne-
glected, which makes the control of the subsequent circuit easier. For the sample
PT, the series resonant frequency equals to #ﬁ = 49kHz. Even if this point is
not the maximum efficiency point, it still can ensure high-efficiency operation of
the PT, which can be predicted by Fig. 2.12d. Therefore, the switching frequency,
as well as the resonance frequency of L, and C,, is selected as the series resonant

frequency, which is w? = L,,C, = LC'.

Additional external output capacitor Cyey is not selected. In order to achieve
w? = LopyCy = LC, the required L, is 54 uH, which is a reasonable value. Extra
Coext contributes to smaller L, but smaller L., means higher current of L., which

will cause extra loss.

In summary, only the parallel output inductor L, is employed for this applica-
tion because it can be physically realized by the magnetizing inductance of the next
stage 1:1 transformer. In addition, it can provide wide high efficiency range and

approximately constant voltage gain when its value and the value of the operation
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frequency meets w? = L,C, = LC.

4.2.2 Selection of Input Dc-ac Stage

Once the compensation network is fixed, the input dc-ac stage can be decided. Two
common choices are full bridge and half bridge. From the voltage gain point of
view, the difference between full bridge and half bridge is that, if only fundamental

component is considered,

%Vbus sinwt, if full bridge,
Vin = (4.1)
2Vous sinwt,  if half bridge.

With parallel output inductor L, selected as the compensation component and w? =
L,,Co = LC, output power of the PT P, versus the equivalent output resistance
of the PT R, under different bus voltages with full bridge and half bridge can be
plotted as Fig. 4.3a and Fig. 4.3b respectively. Usually there are four operation
corners need to be considered, that are high line with full load, light line with full
load, high line with light load, and low line with light load. These four operation
corners are marked in Fig. 4.3, with 10% of the load taken as the lightest load in

this work.

According to Fig. 4.3, with full bridge, the lowest input voltage is 335V and
the range of R, is [22, 1430€)] with respect to the bus voltage range of [335V,
1500 V].  While with half bridge, the lowest input voltage is 670 V and the range
of R, is [292, 355 Q)] with respect to the bus voltage range of [670V, 1500 V]. Full
bridge is selected as the input dc-ac stage since it has wider input range, which is
important for a auxiliary power supply in mediun-/high-voltage systems, though it

requires a larger range of R, and two more MOSFETSs than half bridge.
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Figure 4.3: PT output power vs. equivalent load resistance.

4.2.3 Selection of Output Ac-dc Stage

Assuming an ideal ac-dc stage, which means the loss is zero and the power factor

equals one, the following equations can be derived,

Vioad R()
= =4/ 4.2
VE),rms Rload ’ ( )

where ¢ is the voltage gain of the ac-dc stage, Vigaq is the output voltage of the ac-

dc stage, V; rms is RMS value of the output voltage of the PT, R, is the equivalent
output resistance of the PT, and Rj.q is the load resistance of the ac-dc stage, as

marked in Fig. 4.2.

Two extreme operation corners are low line with full load and high line with

light load, marked as red dots in Fig. 4.3a. For low line full load,

V12

R — )
For high line 10% light load,
V2
Rigaa,nr, = et (4.4)

0. 1Pload,nominal
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4.2. Design Procedure

The nominal output power for the sample PT is 5 W. If the desired load output
voltage is 5V, then according to (4.3) and (4.4), RipaaLr = 5 Q and Rigaq = 50 2.
Based on the simulation result shown in Fig. 4.3a, the corresponding equivalent load
resistance of the PT R, r = 2Q and R, y;, = 1430 Q2. The corresponding required
voltage gain range can be calculated using (4.2), which is g € [0.6,5.3]. This means

a buck-boost type ac-dc stage is needed.

Continuous conduction mode (CCM) is selected since the voltage gain is only
dependent on the duty cycle of the main control switch which reduces control com-
plexity, while for discontinuous conduction mode (DCM) the voltage gain also de-
pends on the circuit parameters. One-stage, a.k.a. bridge-less ac-dc topology, is not
selected because extra current control loop is required for bridge-less ac-dc running
in CCM in conventional control scheme [150, 151]. Therefore, two-stage solution,
which is composed of a diode bridge cascaded with a buck-boost type circuit, is
selected. For the buck-boost type circuit, the four switch buck-boost circuit is se-
lected. The control of the system can be realized at the low voltage side, which is

isolated from the noise at the high voltage side ground.

4.2.4 Design Criteria of 1:1 Transformer

For the design of 1:1 planar transformer, these aspects need to be considered: a)

insulation voltage, b) magnetizing inductance, and c) leakage inductance.
e Insulation voltage

Considering the highest bus voltage, which is 1.5kV with additional voltage

ringing, a 4.5kV voltage rating is selected to provide safe insulation.
o Magnetizing inductance

According to the analysis in section4.2.1, the desired magnetizing inductance
equals to 54 nH. Based on the simulation result in Fig. 4.3a, for 1kV nominal bus
voltage and the load ranging from full to 10% load, the range of R, is [60 2, 640 Q.

Fig. 4.4a shows the voltage gain and efficiency curves with magnetizing inductance

81



Chapter 4. Rosen-type PT-Based High Step-Down Voltage-Ratio Dc-de Converter

L, has a plus/minus 20% deviation for R, ranging from 60 to 640 . It can be
seen that the deviation of L,, has more significant effect on efficiency than gain.
And negative deviation causes larger drops of gain and efficiency. For the operation
under nominal bus voltage 1kV and full output power 5 W, which correspond to
60Q R,, the efficiency of the PT is 92.5% if with exactly matching magnetizing
inductance. When operating at nominal bus voltage and nominal output power,
to achieve PT’s efficiency which is higher than 90%, the allowable range of the
magnetizing inductance is from 43 pH to 75 pH.

e Leakage inductance

The effects on gain and efficiency caused by the leakage inductance are plotted
in Fig. 4.4b and Fig. 4.4c. Different from magnetizing inductance, leakage induc-
tance has more significant effect on gain than efficiency. In addition, primary side
leakage is more critical. To maintain gain error within 1%, the primary leakage

inductance should be smaller than 500 nH.

In summary, the design criteria for the planar 1:1 transformer is to achieve
a) insulation voltage larger than 4.5kV, b) magnetizing inductance in the range of
[43nH, 75 pH|, with the target equals to 54 nH, and c¢) leakage inductance as small

as possible, with primary leakage inductance no larger than 500 nH.

4.3 Experimental Results

Based on the analysis in 4.2, the overall converter schematic is drawn in Fig. 4.5,
with components marked on the photo of the hardware. After the dc bus, a full
bridge is operating with complementary gate signals at a constant frequency of
49kHz to generate the AC input voltage for the Rosen-type PT. A 1:1 PCB wind-
ing planar magnetic transformer is used afterward to provide isolation. The mag-
netizing inductance is built to meet w? = Lo, Co = LC so that two benefits can be
achieved. One is to improve the efficiency of the P'T and the other one is to provide
approximately constant voltage gain, as analyzed in 4.2. Diode bridge cascaded

with a four switch buck-boost is used as the output regulation stage. The four
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Figure 4.4: Impacts of parameters of 1:1 planar transformer.
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switch buck-boost is composed of the LTC3115 controller with integrated switches
and an external inductor, working at 750 kHz in CCM with voltage-mode control.

The control loop is completely isolated from the high voltage side.

N\ ( N
N:1 Fwh 1:1
Il
L C R L -
- = =0,
Vbus
]
AN J U
3 Planar Rosen-Type Planar Diode , Four Switch
Full Bridge Piezoelectric Tx Magnetic Tx Bridge  Buck-Boost
— ._

W ’ m.

Figure 4.5: Schematic and prototype photo of proposed Rosen-type PT-based high step-down
voltage-ratio dc-dc converter.

Fig. 4.6 shows the winding structure of the planar transformer. Width and
thickness of the trace are selected as 2mm and 0.035 mm to meet the power rating
requirement. Interleaved primary and secondary windings are utilized to ensure
small leakage inductance. Using Isola 370HR (54 kV /mm dielectric strength) as the
PCB dielectric material, the insulation voltage larger than 4.5kV with aging of the
material considered can be achieved with the thickness of 0.15 mm, which helps to

ensure the small leakage inductance.

The core material is HITACHI ML29D. To achieve the desired magnetizing
inductance, each side has 12 turns of the winding and the air gap is controlled to
be 0.24 mm with the core size shown in Fig. 4.6. The measured magnetizing induc-

tance is 56 pH and the primary side leakage inductance is 90 nH, which meet the
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Figure 4.6: Customized 1:1 planar PCB winding transformer.

requirements listed in 4.2.4. Fig. 4.6 also shows the simulated flux density distri-
bution when the converter is operated under the case with maximum magnetizing
current. From this result, no saturation will happen in the core, whose saturation

flux density is 430 mT at the temperature of 100 °C.

Fig. 4.7 displays the operational waveforms of the proposed converter working
under different operating conditions as illustrated in the picture. In all four sets
of waveforms, the first column shows the input voltage of the PT, whose higher
platform value indicates the bus voltage; the second column shows the left switching
node voltage Vswi of the buck-boost stage, whose higher platform value indicates
the output voltage of the diode bridge Ve ; and the final column shows the right
switching node voltage Vsws of the buck-boost stage, whose higher platform value
indicates the output voltage of the converter Vj,.q. Fig. 4.8 presents the output

voltage regulation with less than 5% error for the bus voltages from 350V to 1kV.

For different load conditions, the achievable lowest and highest bus voltages
are different, which are shown in Fig. 4.9. For load ranging from 0.5 W 10% load
to 5 W full load, the achievable lowest bus voltage ranges from 200V to 350 V and
the achievable highest bus voltage ranges from 1kV to 1.5kV.

Fig. 4.10 shows the overall efficiency curve of the proposed converter working

at nominal 1kV input. Fig. 4.11 is the thermal figure for the proposed converter
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Figure 4.7: Operational waveforms of proposed converter.
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Figure 4.8: Output voltage regulation under 350V and 1kV bus voltages.

Highest bus
1500 -
Z 1000}
@
o0
S
S
S .
2 500
=)
: : Lowest bus
0 1 1 1 1 1
0 1 2 3 4 5

Output power [W]

Figure 4.9: Dc bus voltage range with regulated output for different load conditions.

working continuously at nominal 1kV input, 5 W output at room temperature. The
highest temperature spot exits on the MOSFETs, whose temperature is 51.4°C,

which indicates no heat dissipation issue in the proposed converter.
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Figure 4.10: Overall efficiency under 1kV bus voltage.

4.4 Conclusion

To the best of author’s knowledge, Rosen-type PT is first proposed and verified
to be applied in the step-down configuration in this work. Thanks to the physical
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51.4°C/

Figure 4.11: Working continuously at nominal 1kV input, 5 W output at room temperature.

working mechanisms, Rosen-type PT provides high voltage conversion ratio in a
compact planar form. This advantage can be taken into the design of converters
that needs high step-down voltage ratio, i.e., dc bus-fed auxiliary power supplies
in medium-/high-voltage systems. By eliminating bulky high turns ratio magnetic

transformers, planar design can be achieved.

This work provides an example design of Rosen-type PT-based high step-down
voltage-ratio dc-dc converter. The electrical characteristics of, by not limited to, the
sample Rosen-type PT are first analyzed. Closed-form expressions of characteristic
points are given. Impacts of the compensation components are also derived to
improve the performance of a standalone PT. The detailed design procedure is then
provided. Before the PT, a full bridge is used to provide lower star-up voltage of the
system. After the PT, a 1:1 PCB winding magnetic transformer is used to provide
the isolation, whose magnetizing inductance is utilized as the compensation inductor
for a higher efficiency and an approximately constant voltage gain. A low voltage
buck-boost stage is implemented afterwards to regulate the output voltage. This
design does not require any closed-loop control at high voltage side. The proposed

converter is verified by a 5 W prototype with the height of 10 mm.
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CHAPTER )

Power Converter for the
Reversed Pyroelectric

Thermodynamic Systems

5.1 Introduction

In recent years, several emerging technologies in the domain of solid-state physics
have been investigated as alternatives for future refrigeration, heat pumping, or
power generation applications. Solid-state heating/cooling technology is attractive
because it avoids the use of refrigerants with large global warming potential which
are widely used in traditional vapor compression systems and enables the develop-
ment of compact devices for efficient thermal managements of buildings, vehicles,
and optoelectronic devices. Of these technologies, the most developed technology
in the field of small-scale refrigerators is magnetic refrigeration [152-161]. How-
ever, the disadvantages of this technology are the high costs associated with the
magnetic field generation and the magnetic materials [162]. Reversed pyroelectric
technology, revived by the discovery of giant reversed pyroelectric effect in [163]
and [164] has quickly regained considerable attention from both academia and in-
dustry [23]. The major advantage of this technology over magnetic refrigeration is
the fact that the high electric fields required for the reversed pyroelectric effect are
much easier and less expensive to generate than magnetic fields. Furthermore, it

is possible to produce a high electric field in a large volume that can be a good
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advantage compared with permanent magnets. In the recent few years, significant
research efforts have been made in the field of the reversed pyroelectric effect based
thermodynamic systems [21, 23,24, 159,162, 165-223]. These research suggest the
possibility for improvements in energy efficiency, compactness, noise level, as well
as a reduction in environmental impacts, so it seems very probable that it may start
to fill particular market niches as a replacement for vapor-compression technology

in the future.

As stated in section 1.3, in the Brayton thermal cycle, an adiabatically applied
electric field results in an increase in the temperature of a pyroelectric material
because of the lattice vibration entropy compensation of the reduction of the dipolar
subsystem entropy. After that, heat is released due to the temperature difference.
In contrast, the adiabatic removal of the field causes cooling of the pyroelectric
material; that is, the temperature of the pyroelectric material decreases because of
the decrease of the lattice vibration entropy, which compensates for the increase of
the dipolar subsystem entropy. The material will absorb heat to be back to the
origin state. In practice, there are two different approaches that have been in use
to describe the theory and calculate the physical quantities in reversed pyroelectric
effect [21,224]: (a) the Maxwell approach and (b) the Landau phenomenological
approach. In principle, these two approaches are equivalent and which of them is

more suitable depends on the particular problem under investigation.

o Maxwell approach

A solid material that is subjected to a small change in strain dey, electric
displacement dD and entropy dJS, is described by the first and second law of

thermodynamics by a change in the integral energy dU as follows
dU = odey, + EdD 4 TdS, (5.1)

where o, E, and T are stress, electric field and temperature, respectively.
Since in most experimental situations temperature, electric field and stress

are independent variables, a Legendre transformation can be performed by
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defining Gibbs free energy, G, as follows [225,226]:
G=U-—-o0e,—ED-TS, (5.2)
whose differential form can be written as
dG = —epdo — DAE — SdT. (5.3)

Therefore, the reversed pyroelectric effect can be described by the adiabatic

temperature change as follows

T (0D
T=—— | — FE A4
d O(6T>U,Ed ’ (54)

where C' is the heat capacity per unit volume. By formally integrating (5.4),

one obtains the adiabatic temperature change as

B2 79D
AT = (= 1E. .
él C<8T)O’7E( (

Landau phenomenological approach

ot
ot
~——

A typical system investigated in the reversed pyroelectric experiments consists
of a set of dipolar degrees of freedom embedded in a weakly polarizable en-
vironment, such as a crystalline or ceramic insulating material. The entropy
of the system can be written as the sum of the entropy of the weakly polariz-
able lattice Si(7") and the entropy of the dipolar part Sgi,(E, 7). The total
change of entropy in an adiabatic reversed pyroelectric process must be zero,

which implies
AS(E,T) = ASiut(T) + ASaip(E,T) = 0. (5.6)

By assumption S (7") does not depend on the field; thus, its change on going
from T to T, can be evaluated as an integral over the lattice heat capacity

Clatt: that iS,

T2 Gl (T) T5

ASp (T :/ ————=dT ~ Clat(T7) 1o (—) 5.7
tatt (1) " T ate (1) log T, (5.7)
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Based on (5.6) and (5.7),

Sdip(Eb Tl) - Sdip(Ela TQ)
Cla,tt(Tl)

Ty =T exp (5.8)

The dipolar entropy Sai,(E,T) can be calculated by considering the Landau

free energy of the dipolar subsystem:
Lo L 1 e 1

and

OF
Saip = — <8—T> : (5.10)
E

where Fj is the field-independent configurational part and P = P(E,T) is a
scalar order parameter representing the dielectric polarization [?,7]. In general,
the parameter a = a(7T) is temperature dependent and its precise form is
related to the type of system under consideration. The remaining parameters
b, ¢, d, and so on are commonly assumed to be temperature independent [227].

Therefore, (5.8) can also be expressed as

Ty =T\ exp { [a1(T5) P* (B2, Tb) — ay(T1) P*(Eq, Th)] } , (5.11)

1
2C11att (Tl )

where a; = da/dT and P satisfies the equation of state, that is (0F /OP)r = 0.

(5.11) indicates that to realize large reversed pyroelectric effect, it is neces-
sary that there is a large entropy change associated with the polarization change
in the material. Moreover, the dielectric material should be able to support large
polarization change and these polarization changes can be induced effectively by
external field. Of 10 crystal classes which are pyroelectric, some types of materials
whose spontaneous polarization can be reversed by the application of an exter-
nal electric field are called as ferroelectric. Ferroelectric material provides good
reversed pyroelectric effect because of strong polarization as well as the strong
dependence of dielectric properties on temperature. In addition, in ferroelectric
materials, the change of polarization is large at the vicinity of the ferroelectric (po-

larization ordered)-paraelectric (polarization disordered) phase transition, which is
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a significant benefit for reversed pyroelectric applications. Furthermore, in first-
order phase transition ferroelectric materials, external electric filed can induce phase
transition, which will lead to a latent heat, which is desired for large reversed
pyroelectric temperature change. Therefore, it is advantageous to use these fer-
roelectric materials for the reversed pyroelectric applications and operate these
materials at temperatures just above the ferroelectric-paraelectric phase transi-
tion where the largest electric field induced polarization change in the material
can be achieved. Among many types of ferroelectric materials, relaxor ferroelectric
offer several advantages for reversed pyroelectric devices, e.g., infinite states with-
out applying electric field, field-induced large polarization, no-hysteresis of heat-
ing and cooling, small-hysteresis polarization loss, room temperature phase tran-
sition, and broad temperature range [228]. Specifically, high-energy electron ir-
radiated poly(vinylidene fluoride—trifluoroethylene-chlorofluoroethylene) (P(VDF-
TrFE-CFE)) or P(VDF-TrFE-CTFE)(chlorotrifluoroethylene) terpolymers or irra-
diated P(VDF-TrFE) relaxor copolymers ferroelectric thin films are promising for
realizing large reversed pyroelectric responses because of additional advantages such
as strong electric field achieved under voltages normally used in commercial heating

or cooling devices, light weight and fracture tolerance.

Heat can be transferred from/to the heat source and the heat sink or via ther-
mal switches or by a secondary regenerator. In the first case, there is not an external
regenerator because the regeneration process can be realized by direct heat transfer
between contacting pyroelectric elements moving in opposite directions with differ-
ent applied fields [172,229]. The system can be realized with a set of pyroelectric
materials and thermal switches. The latter absorbs/ rejects the heat to/from the
pyroelectric material. Despite the discontinuous operation of thermal switches, the
high frequency of the switching enables the continuous operation of the device,
without the need for an oscillatory fluid flow. Thermal switches may be divided
into two domains: solidstate and microfluidics. The second case is also called as
active regenerator. Active regeneration is common in heat pumps that are based on
materials with a low intrinsic temperature change because it permits the device to

display a temperature difference between the hot and cold side of the regenerator
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larger than the adiabatic reversed pyroelectric temperature change of the material.
In the active regenerator concept, the pyroelectric material acts as a refrigerant as
well as a regenerator. Many prototypes have been proposed following this same
principle of regeneration [159,162,174,178,179]. The active regenerator can be solid
or fluid.

Taken the fluid active regenerator as an example, as shown in Fig. 5.1 [178],
The secondary fluid is used to transfer heat from the cold to the hot end of the
regenerator. Substantially every section of the regenerator experiments its active
regenerator cycle, according to the proper working temperature. Through an active
regenerator one can appreciate a larger temperature span between the regenerator
material and the auxiliary fluid. During the entire cycle, the electric field varies
between a minimum value and a maximum one. The regenerator works between
a warm reservoir Ty and a cold one Tr. The active regenerator cycle consists of
four processes. During polarization (Fig. 5.1a), the electric field is increased with
no fluid flow, which causes the increase of the temperature of the electric material
due to reversed pyroelectric effect. In the cold-to-hot flow process (Fig. 5.1b) the
secondary fluid blows from the cold to the hot end of the regenerator when the
field has kept at a constant maximum value. The fluid absorbs heat from the bed,
reaching a temperature above Ty and rejects it through a warm heat transfer. The
next process is depolarization (Fig. 5.1¢) where, with no fluid flow, the electric field
is removed and the pyroelectric material temperature decreases as a consequence
of the reversed pyroelectric effect. Finally (Fig. 5.1d), the heat transfer fluid flows
through the bed from the hot to the cold end without an applied electric field. This
hotter fluid cools the bed and reaches a temperature lower than T. At this stage

the secondary fluid absorbs heat from a cold heat transfer, producing a cooling load.

During the reversed pyroelectric thermal cycle, as stated in section 1.3, part of
the work done to drive representative cycles does not pump heat and may there-
fore be recovered to increase the coefficient of performance. Therefore, a reversed
pyroelectric based thermodynamic system utilizing two sets of pyroelectric modules

can be built. Once the system has been initialized, when pyroelectric module 1 is
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Figure 5.1: Active regenerator cycle with fluid regenerator.

discharged, pyroelectric module 2 can be charged utilizing the charge in pyroelectric

module 1 and vice versa, as shown in Fig. 5.2.

Voltage T

— E— + Time

Figure 5.2: Voltage profile of dual module system.

To build a power converter for the dual module reversed pyroelectric effect
based thermodynamic system, a circuit model is needed to provide sufficient infor-
mation to devise a power conversion solution capable of driving the device. Most of
existing literature focus on the steady state modelling of the temperature-dependent
and voltage-dependent non-linearity of the ferroelectric capacitor [188-190,192,193,
197,199,230, 231], which only provides the information of the pyroelectric material
during polarization and de-polarization process while lacks the information during
heat exchange process. [232,233] provide the transient modelling of ferroelectric ca-
pacitors. However the link between the mathematical expression and the practical
phenomenon, which is the physical meaning of the model is absent. In addition,
despite many pyroelectric devices have been proposed, the driving electrical field
are provided by function generator cascaded by bulky power amplifier. This work
proposes a circuit model to characterize both the static and dynamic behavior of
the material based on the physical behavior. A power converter is then designed

and implemented to provide desired driving and energy recycling capabilities for
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the dual module reversed pyroelectric effect based thermodynamic system.

The remaining sections of this article are organized as follows: section 5.2
presents the electrical characterization of the material and proposed the behavior
circuit model for the material. Based on the circuit model, section 5.3 proposed a
circuit for the reversed pyroelectric effect based thermodynamic system, featuring
system initializing, energy recovering, and loss compensation functions. The pro-
posed design is validated by a prototype with experimental results in section 5.4.

Finally, the conclusions of this article are drawn in section 5.5.

5.2 Electrical Characterization of the Material in Reversed

Pyroelectric Effect

The voltage profile for the pyroelectric module is shown in Fig. 5.2. The voltage
across the pyroelectric module steps from zero to the maximum value in a short time
period, which is typically in the range of from several hundred milliseconds to several
seconds. After being hold for several tens of seconds, waiting for the completion
of the heat transfer, the voltage steps back to zero. The characterization of the
electrical behavior of the pyroelectric module is conducted at low power with a single
pyroelectric film sample. The thickness of the pyroelectric filim is approximately
equal to 10 pm. The length and width of the active region of the pyroelectric film

are 9cm and 7cm respectively.

The desired driving voltage of the pyroelectric film is provided by the circuit
in Fig. 5.3. A function generator is employed to control the drive voltage profile,
which includes the time lengths for both polarization/depolarization and the heat
transfer periods. High voltage amplifier is used afterwards to provide the desired
excitation pulse voltage for the pyroelectric film. For the sample used in this work,

the peak voltage value is limited to 400 V.

To measure the voltage-current characteristic of the pyroelectric film, the Sawyer-
Tower circuit can be used. It was first proposed in [234], and has been widely used

to measure ferroelectric hysteresis characteristic. The original circuit consists of
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Figure 5.3: Drive circuit of the sample pyroelectric film.

two capacitors connected in series, as depicted in Fig. 5.4. One is the sample under
test C'rc and the other one is a linear-known-valued sense capacitor Cyense. Csense 18
chosen much greater than Cgc so that voltage drop across Cyepse is much less than
that across Cgc. So the total drive voltage Vi, is almost equal to voltage across
Cge. Since Cgc and Cigepge are in series, the current flowing in Cgc equals that of

Ciense, that is
d‘/sense
dt

IEC = Isense = Csense : (512)

However, when a oscilloscope is used to measure the voltage across Cyepge, the
resistance of the probes and leads to a higher order system, which increases the
complexity of calculation. As depicted in Fig. 5.4, for example, Cic is around
200 nF, so a 11 pF Cyepnge is selected. The equivalent impedance of the probe can be
represented by a 10 M resistance in parallel with a 3.9 pF' capacitance. Compared

to 11 nF Ceense, 3.9DPF Chrone is neglectable. Nevertheless, the existence of Rpobe
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Figure 5.4: Origin Sawyer-Tower circuit.

leads to the inaccuracy if (5.12) is not modified to

dV Vs
I EC — I sense T [probe ~ C1sense ' (ietnse + Ri:;iee .

(5.13)

A modification on the original Sawyer-Tower circuit can reduce the calculation
complexity, that is a sense resistor Renee can be used to replace Cienge, as presented
in Fig. 5.5. The value of Ry is selected such that the voltage across Rgepnse is much
smaller than the voltage across Cgc. For example, for the 200 nF Cgc sample, 15 k2
Riense can be used so that with 400V total applied voltage Vigta1 and whose dv/dt
= 400 Vs~!, the peak value of the voltage across Reense Veense iS less than 10V.
Therefore, the current flowing in the 3.9 pF Cpope can be neglected. The current
flowing in Cgc can be simply calculated as

V;ense : (Rsense + Rprobe)
RsenseRprobe

(5.14)

Inc =

The Brayton reversed pyroelectric thermal cycle is depicted in Fig. 1.8 and
redrawn here in Fig. 5.6 for the reader’s convenience. It can be found from Fig. 5.6
that there are two sources for the charge movement during one thermal cycle: one
is the voltage change during the periods from status 1 to status 2 and from status
3 to status 4; the other one is the entropy change during the periods from status 2
to status 3 and from status 4 back to status 1 when the voltage are kept constant.

Therefore, without considering the resistive loss, the current flowing through the
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Figure 5.5: Measurement circuit of the sample pyroelectric film.

pyroelectric material can be modeled as

d(gec(Vec, Sec) _ 9gec dVic . dqrc dSc

= 5.15
dt 8VEC dt aSEC dt ( )

Inc =

Therefore, if considering the resistive loss, the behavior of the pyroelectric material
in the Brayton cycle can be modeled as Fig. 5.7. What is noteworthy is that the
pyroelectric material during periods from status 2 to status 3 and from status 4
back to status 1 behaves like a pyroelectric generator, that is a charge change can be
induced by the temperature change. In gernal, the pyroelectric generator is modeled
as current source in parallel with a capacitor [235-237]. Since the pyroelectric effect
is physically reversible. Therefore, it is reasonable to model the material used for
reversed pyroelectric effect as the equivalent circuit in Fig. 5.7, which can be verified

by the measured voltage and the current of the sample filin presented in Fig. 5.8.

From status 1 to status 2, the zoomed-in waveforms are shown in the blue box

in Fig. 5.8. The voltage-dependent capacitance can be calculated using the equation

dgec Irc
Chroct(Viaer) = = ) 5.16
EQ( EL) ]‘/EC ]‘/EC/H ( )

The current waveform from status 2 to status 3 (in the red box in Fig. 5.8)
verifies the existence of the entropy change induced current source. From status
2 to status 3, decrease of the entropy causes larger polarization of the material.
Therefore, the charge increases. After the heat transfer is completed, the remaining

current, in the green box in Fig. 5.8 verifies the existence of the loss resistor. Ac-
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cording to the measured current in this period, which is approximately 0.6 pA, the

equivalent leakage resistance can be calculated as

VO a.
Ricakage = 220 — Riyense = 600 M. (5.17)

I leakage

From status 3 to status 4, the capacitance can be calculated using (5.16). The
calculation result is shown in the purple box in Fig. 5.8. It can be found that the
pyroelectric material under test shows asymmetric characteristic during polarization

and depolarization by comparing the capacitance in blue box and that in purple box.

After the heat transfer from status 4 back to status 1, whose zoomed-in wave-
forms are shown in the yellow box in Fig. 5.8, there is no leakage current as shown

in the green box since the applied voltage is zero.

5.3 Design of the Power Converter for the Thermody-

namic System

Based on the above electrical characterization of the pyroelectric material, the power
converter for the reversed pyroelectric effect based thermodynamic system needs to

be capable of performing the following functions:

« Initialization: providing the initial charge for one of the pyroelectric modules.
o Providing desired power to hold the maximum voltage during heat transfer.

o Charge recycling: transferring the charge of the discharging pyroelectric mod-

ule to the one needs to be charged.

o Compensating the loss during charge recycling.

5.3.1 Design and Operation of the Power Stage

The proposed power stage is presented in Fig. 5.9. MOSFETs M; and M, and
inductor L are connected as a bidirectional buck-boost converter. L, is employed as

the medium to transfer charge between pyroelectric module 1 Cic; and pyroelectric
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module 2 Cgco. MOSFETs M3 and M, and inductor Ly are connected as a boost
converter to provide the initial charge as well as to compensate the loss during
operation for the system. MOSFETs Mjs and resistor Rpyecharge are used to limit the
inrush current of the boost converter. A dc source is used in this work to represent
the filtered AC voltage, whose equivalent value is from 120 V to 373 V for universal
50kHz or 60 kHz ac voltage ranges from 85V to 264 V.

M5
|
+
.._'—‘3 e & M1
‘J'— M3 o= J'—
_ L
ym
Rprecharge +

T S

Figure 5.9: Power stage of proposed power converter for the thermodynamic system.

The operation of the converter can be divided into the following steps.

1. Initial charge

There are two periods in the initial charge step. In the first period, M, and Mj
are turned off while M3 is turned on. The power source charges the pyroelectric
module through Ryrecharge; L2 and Ms. Since the two pyroelectric modules are
operated out of phase, which means only one of them should be charged during
this step, M; and M, are switching so that the charge in Cgcq, for example,
is transferred to Cgco to make sure only Cgey is charged up while the voltage
across Cgcy is maintained near zero. To transfer charge from Cgc; to Cgeg,
M; is turned on when the voltage across Cgcy Vicr is larger than zero, so that
Ly is charged up as shown in Fig. 5.10a. Once the current of L, I1; reaches
the desired maximum value, 10 A for example, or Vg is less than zero, M; is
turned off and M, is turned on after a deadtime so that the energy stored in
Ly is transferred into Cgce. Once I1,; decreases to zero, one period of charge

transfer ends and the next period will start once Vg is larger than zero again.

Once the sum of the voltages of the pyroelectric modules Vizc; + Visea reaches

the voltage of the power source, the system enters the second period of the
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initial charge step. Ms is turned on and Ryrecharge s bypassed to reduce the
unnecessary conduction loss. During this period, the power source continues to
provide initial charge to the pyroelectric module through the boost converter
consisted by Mjs, My, and L,. For each period, My is turned on and Mj is
turned off first so that the current of Ly I} is charged up to a desired value.
After that, My is turned off and Mjs is turned on so that the energy stored in
L, is released to the pyroelectric module. Once I} decreases back to zero, Mj
is turned off and M, is turned on again to start the next period. During this
period, My, M, and L; are operated in the same way as that in the first period
to make sure only one of the pyroelectric modules is charged up. The operation

of the power stage during this period is shown in as shown in Fig. 5.10b.

This step ends when the voltage across one of the pyroelectric modules reaches
desired value, 1kV for example for this work. The simulated voltage waveforms
of Vi1 and Vrce and the current waveforms of I1; and Irs are shown in

Fig. 5.11.
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Figure 5.10: Operation of the power stage.
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2. Heat transfer

Once one of the pyroelectric modules is charged up (take Cgco as an example),
it enters the heat transfer step, which corresponds to the period from status
2 to status 3 for one of the pyroelectric modules (Cgcg) and from status 4 to
status 1 for the other one (Cgcy) in Fig. 5.6. According to section 5.2, during
this step, Cgce needs to be injected more charge to maintain the voltage at
the maximum value while Cgo; needs to release the entropy change induced
charge so that the voltage can be kept at the minimum value. This can be
achieved by the following operation: the front-end boost converter is operated
to provide the charge needed by Cgcs; same as what happens during the initial
charge step, once Vgc is larger than zero, charge in Cgc; will be transferred
to Cgce by switching M; and My. This is the same operation for the second

period in initial charge step, which is presented in Fig. 5.10b.

Fig. 5.12 shows the example waveforms during this step. Cgcs is compensated
to 1kV whenever it is below 950 V for example due to heat transfer. And Vi

is limited to several volts.

3. Charge transfer

When the heat transfer step is completed, one of the pyroelectric modules
needs to be discharged (take Crco as an example) while the other one (Cgcy)
needs to be charged. The charge stored in Cgcs can be transferred to Cgay to
increase the system efficiency. In addition, the loss consumed by the system
during charge transfer step needs to be compensate so that when this step is
finished, Cgcy can be charged up to the desired value. During this step, the
operation principle of the power stage is same as Fig. 5.10b. That is, the front-
end boost converter is operated to compensate the loss of this step; charge in
Cree is transferred to Cgey by switching My and M,. For a high efficiency
system, Lo can be charged and discharged at a rate much slower than that for
L. Or, for the same switching frequency, Lo can be charged to a peak valued

much less than that of L.
Fig. 5.13 shows the example waveforms during this step. Cgco is discharged
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Figure 5.13: Simulated waveforms during charge transfer step.

According to the operation principle stated above, M3 is always turned on at
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zero drain-source voltage and turned off at zero current, My is always turned on
at zero current. For charge transfer from Cgcy to Cgoo, My is always turned on at
zero drain-source voltage and turned off at zero current, M; is always turned on at
zero current. For charge transfer from Cgcs to Crer, My is always turned on at zero
drain-source voltage and turned off at zero current, M, is always turned on at zero

current. Therefore, a low switching loss can be expected.

5.3.2 Design of the Control

Based on the operation of the power stage stated above, a digital-and-analog hybrid
control is employed. MCU is employed to decide which step the system is in.
Hysteresis control is employed for switches in both front-end boost converter and the
charge recycle bidirectional buck-boost converter. In general, an analog hysteresis
control has shorter propagation delay (in nanosecond range) than a digital one
(in microsecond range) and the propagation delay decides the error between the

practical peak current value and the desired one Al, which can be calculated as

\%
Al =t (5.18)

where ?,4 is the propagation delay of the control path. Therefore, the analog hys-

teresis control is employed to achieve smaller inductance for same current error.

Fig. 5.14 shows the overall control scheme and Fig. 5.15 shows the detailed
circuit of the analog hysteresis control path. Vic; to Vice are sensed by resistive
voltage divider and the sensed voltage are used by MCU to determine the system
status, whether in initial charge, heat transfer, or charge transfer stage. I, and I
are sensed by hall effect based current sensors. After level-shifting and amplification,
the post-conditioned current signals are fed into the hysteresis comparator. The gate
signals are generated after a deadtime generation circuit to ensure safe operation
of the phase legs. A multiplexer (MUX) is employed to select the gate signals
generated by the analog hysteresis control path and those generated by the MCU,

which are used to start up the system.
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Figure 5.14: Control scheme of the proposed converter.
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5.4 Experimental Results

A prototype shown in Fig. 5.16 is built to verified the proposed converter and its
control. The power stage and the analog control path are loacted on the horizontal
board and the vertical board is the digital control board. Capacitor banks and
inductors are connected off-the-board. The size of the active region of the power

stage is 7.3cm X 16.5cm.

Fig. 5.17 shows the voltage waveforms of the pyroelectric modules and current
waveforms of the inductors. Vicp and Viges are voltages of pyroelectric modules Cgcyq
and Cgoo respectively. I1; and I15 are currents of inductors L; in charge-recycling
buck-boost converter and Ls in front-end boost converter respectively. Fig. 5.17a is
illustrative operational waveform. Fig. 5.17b and Fig. 5.17¢ are zoomed waveforms
during initial charge and charge transfer periods respectively. Fig. 5.17d shows
the desired waveforms for practical reversed pyroelectric effect based system. The

proposed operation can be verified:

1. The pyroelectric module Cgcs is precharged to the voltage of the power source
first and is then charged to 1kV. During this stage, M; and M, are switched to
transfer any charge in Cgcy to Cgeg so that only Cgcs is charged up during this
stage. This stage take several hundred of miliseconds, which can be treated
as a adiabatic process. This time length can be adjusted by tuning the peak
current value of I1,; and I15. Higher peak current value leads to shorter charge

time.

2. Vico is hold at 1kV for tens of seconds to wait for the heat transfer between
the pyroelectric module and the regenerator. Power source provides the power
needed in this stage to Cgcy through the front-end boost converter. M; and
M, are switched to transfer any charge in Cgc; to Cges to keep Viop at zero

volt. The time length is programmable via the MCU.

3. Vo is discharged from 1kV to 0 and the charge is transferred to Cyc;. The

front-end boost converter is operated at discontinuous conduction mode to
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compensate the loss during this stage so that at the end of this stage Vg is

charged from 0 to 1kV.

4. Vi is hold at 1kV for tens of seconds to wait for the heat transfer between
the pyroelectric module and the regenerator. Power source provides the power
needed in this stage to Cgc; through the front-end boost converter. M; and
M; are switched to transfer any charge in Cgoo to Cgcr to keep Vi at zero

volt. The time length is programmable via the MCU.

5. VEc is discharged from 1kV to 0 and the charge is transferred to Cgca. The
front-end boost converter is operated at discontinuous conduction mode to

compensate the loss during this stage so that at the end of this stage Vgcs is

charged from 0 to 1kV.

6. The converter will enter step 2 and repeat from step 2 to step 5 as needed.

Fig. 5.18 shows the thermal picture for the converter operated under steady
state without forced cooling. Since after each charge transfer period, the converter
enters idle mode for several tens of seconds, the heat dissipation is not an issue.

The maximum temperature spot is 40.5 °C, locating at the gate driving ICs.

The measured efficiency for the charge-recycling bidirectional buck-boost con-
verter charging/discharging 310 pF capacitor banks within 0.13s, whose equivalent
average power equals 1.2 kW, is 98%. The loss breakdown is presented in Fig. 5.19.

5.5 Conclusion

Reversed pyroelectric effect based thermodynamic system provides an environmen-
tally friendly solution compared to traditional vapor-compression technology since
it does not require the use of green-house gas. To build the power converter for
the thermodynamic system, a electrical behavior circuit model is firstly proposed
based on the electrical characterization of the material. Based the electrical char-

acteristic of the material, a power converter featuring system initializing, energy
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Figure 5.16: Prototype of the proposed power converter: (a) overall converter and (b) lateral
board (left: front side; right: back side).
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Figure 5.18: Thermal picture under steady state wich charge-recycling power at 1.2kW.
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Figure 5.19: Loss breakdown of charge-recycling buck-boost at 1.2 kW.
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recovering, and loss compensation functions is proposed, which is composed by a
front-end boost converter and a bidirectional buck-boost converter. Analog-digital
hybrid control is adopted to minimize the required inductance. The proposed con-
verter is verified by a prototype which can provide 1kV driving voltage and 1.2 kW

charge-recycling power for the pyroelectric modules.
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CHAPTER 6

Conclusions and Outlook

6.1 Conclusion

This work studied the electromechanical and electrothermal energy inter-conversions
and proposed the design of power converters for piezoelectric and reversed pyroelec-

tric materials.

To provide a guide for the design of PT-based converters, the electrical char-
acteristics of PTs are first analyzed. This work reviewed and compared different
models of PT. Closed-form expressions of characteristic points are given in this
paper, which include mechanical resonant, series resonant, parallel resonant, unity-
gain, peak-gain, maximum input impedance, minimum input impedance, maximum
input impedance phase, and maximum efficiency points. They have different ex-
pressions even their locations may be close to each other and may merge together

in some special cases.

Impedance matching is one of the methods that can be used to improve the
efficiency of the PT. The effectiveness of this method depends on the type of the
PT and/or the configuration of the PT. When designing a PT-based converter,
extra compensation components can be used to modify the characteristic and/or
improve the performance of the PT. The compensation network could be a series
input inductor, a parallel input inductor, a series output inductor, a parallel output
inductor or combination among these components. And for some types of PTs, extra
input or output capacitor may be needed. This work provides a comprehensive

analysis of the impacts of these compensation components on the characteristics
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of a PT. Ideal input inductors and capacitor do not affect the efficiency of a PT.
Input inductors modify the input impedance. The input parallel inductor does not
change the gain but the series one changes the peak gain frequency and magnitude.
When series input inductor is used, the input capacitor will affect the gain. Both
output series and parallel inductors can be used to improve the PT efficiency but
lead to different optimal load range. Output series inductor does not change the
voltage gain much but the parallel one does. When the output series resonant
inductor is applied, an external output capacitor can help reduce the size of the
output inductor but decreases the efficiency. This will not happen if an ideal output
parallel resonant inductor is applied. In addition, when both input and output series
resonant inductors are used, an approximate constant voltage gain characteristic can

be achieved. The non-idealities have also been analyzed.

This work also illustrates the working principle of the tunable PT and gives
a design method of tunable PT based dc-dc converters. The gain characteristic of
tunable PT changes with the impedance connected at the auxiliary control port of
the tunable PT. A PWM controlled switched capacitor is connected at the control
port. For different load or input conditions, this switched capacitor presents proper
capacitance at the control port to regulate the output without changing the opera-
tion frequency. The fixed frequency operation allows the tunable PT to be operated
near its optimum switching frequency, and renders the highest efficiency. A closed-
loop control scheme for output voltage regulation is presented. Tunable PT samples
whose power levels range from 30 W to 100 W are tested with the proposed dc-dc

converter prototype to validate the design.

In addition, the benefits of the input inductor and the ac output inductor in a
tunable PT based dc-dc converter are analyzed. The input inductor helps the input
half bridge to achieve ZVS and compensates that circulating current of the input
capacitor of the tunable PT. It also works together with the ac output inductor
to form a LC-Series-CL tank to provide better regulation ability for the converter.
Meanwhile, smaller external control capacitor is required. The ac output inductor
also works as the output impedance matching network to compensate the circulating

current, of the output capacitor of the tunable P'T, which improves the efficiency of
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the converter. The analysis is verified by the experiment.

Rosen-type PT features natural mechanisms for high transform ratio in a com-
pact planar form, which provide an alternative solution for dc bus-fed high step-
down voltage-ratio auxiliary power supplies in medium-/high-voltage systems, i.e.,
power electronics building blocks and renewable energy applications, without using
bulky magnetic transformer with high turns numbers. The design procedure of the
Rosen-type PT-based high step-down voltage-ratio de-dc converter is presented. To
verify the design, a 5 W, 1kV to 5V prototype is built and tested.

The cross-coupling between thermal property and electrical property is called
pyroelectric effect. The pyroelectric effect refers to the polarization change caused
by temperature change, while the reversed pyroelectric effect is the reversed process,
i.e., a temperature change will be generated when there is a electric field change.
The reversed pyroelectric effect can be used for solid-state heating/cooling in a en-
vironmentally friendly manner. Electrical characterization is executed to facilitate
the design of the reversed pyroelectric effect based thermodynamic system. In this
system, the power converter needs to provide the desired electric field for the py-
roelectric modules. In addition, charge recycling is needed to improve the system
efficiency. The proposed design is verified by a prototype which can provide 1kV

driving voltage and 1.2kW charge-recycling power for pyroelectric modules.

6.2 Potential Future Work

There is always more to explore. The following lists several potential future research

topics related to this dissertation:

e Design of magnetics-free PT-based converter.

For radial type tunable PT, parameters of the PT as well as the circuit can
be optimized so that the input inductor can be eliminated for ZVS purpose.
Trade-off between elimination of the output filter inductor and the performance

of the converter can be further discussed.
For rosen-type PT| isolation layer can be added to the P'T so that the magnetic
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transformer can be eliminated. Similarly, trade-off between elimination of the
output compensation inductor and the performance of the converter can be

further discussed.

e Modular design of rosen-type PT-based high step-down voltage-ratio converter

The proposed converter can be further explored and connected into input-
series-output-parallel /series structure so that input voltage and the power level

can be expanded.

o Quantitative equivalent circuit model of the material in reversed pyroelectric

process will be helpful for further system optimization.

e In the proposed power converter for the reversed pyroelectric effect based ther-
modynamic system, the currents of the inductors have high peak value while
low overall average value. Therefore, an optimized inductor design with high
saturating current and low rated dc current will improve the power density of

the system.
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