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Summary

This thesisproposes new techniques to improve the performancehef
piezoelectric transforme(PT)based resonampower suppliesThe work is
motivated by the increasing demands sofaller and higher energy density
electronic circuits. The emergenceHdfs providea great opportunity to replace

reactive components completeRhis thesis provideimprovementsn this area.

The statef theart of PT-based techniques are reviewed, in terms of piezoelectric
material, modellingindanalysis In addition novel techniques for design, control
and voltage regulation of Pdased convertslare demonstrated. New analytical
modelling methods for predicting the circuit behaviour of ab@$ed converter

are also describe@he design challenges and research gapsttugrbasis of this
thesis. The resonant current estimation tecjues are provided initiallyto
reconstruct resonant and detect zero crossiftygedifferent implementations

are propose@nd validated by both simulation and experimental results. These
current estimation techniques are applied throughout the thesis to prevale
voltage switching (ZVSinformationfor the control circuitFollowing the current
estimation techniquesiine novel controllers based on the phdseked loop
(PLL) are demonstrated, to lock onto thiease and frequency of thhesonant
current and generate adequate deadtime thexebyringZVS. A comparative
analysis ofnine variants of PLL controllers are praad in terms of noise
immunity and lockon period. These control techniques are further extended to
achieve an output voltage regulation. A 30V input 5V outpubB3ed converter

is implemented. Finally, a novel converter modellieghniquewith a new
corntrol approach are proposedith simultaneous ZVS and output regulation
Detailed models are provided for the proposed technique which accurately predict
circuit behaviour.An implementationwhich providesa regulated5V output

voltage with 10V¥60V input,by varying the deadtime intervas$ reported.
i
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Nomenclature

Symbol Meaning

Vin PT input voltage

Vout PT output voltage

Im mechanical equivalent

Rm Mechanical lossesistance

Cnm Series resonant capacitor

Lm Series resonant inductor

Ny electricalto-mechanical transformation ratio
Ny mechanicato-electrical transformation ratio
Ly Equivalent series inductor

Ru Equivalent loss resistance

C1 Equivalent series capacitor

L1 resonant current

Q current flow at the PT output section

N Equivalent number of turns ratio fapiezoelectrig

ideal transformer




Cin PT input capacitor

Cout PT outputcapacitor

Vin PT input capacitance voltage

Veout PT output capacitance voltage

Q Quiality factor

R Load resistor

Vi Actual load voltage

WL Ideal load voltage

VL RMS Root mean square value of the load voltage

Vgs Gatesource voltage

Vg Gate signal generated by the controller bef
applied to the gate driver

1 Series resonant frequency

X(t) State vectoat timet

X 0 Discontinuity in the statgariables at=t;.,




W Vector to represent discontinuity inc, due to
MOSFETSs switching

K Vector to correct the values of the state variable
the switching instant

A Dynamical matrixfor i mode of operation

Bi Input vectorfor i'" mode of operation

d Duty cycle

m operating modes

i Augmented matrix foi'" mode of operation

Argument inpuimatrix for i'" mode of operation

. Resonant current phase angle

tq Half-bridge PFbased converter deadtime in time

1 Half-bridge PTbased converter deadtimeradians

Vec Estimated current using voltage differentiator

Vze Modified estimated current

Xi



Vd Estimated current using argarallel diodes
Viock VCO output signal

Viockee VCO output signal after frequency division
Ci Timing capacitor of CD4046

| piezo PT equivalent current source

Vburst Burstmode control signal

Kzvs Zero voltage switching factor

Yo Deadtime period of mode

fs Switching frequency

fn Normalised switching frequency

Vgain Normalised voltage gain
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Chapter |

Introduction

This chapter gives an outline of teork which contributes to this thesis. It
includes the motivation for this research, issues of converter topology, control
and modelling, and design challenges of modern power electronics. Finally, the

thesis structure and main contribution of each chapterpresented.

1.1Background

Power electronics is experiencing significant changes in the way energy is
generated. The development of semiconductor technologies and advanced
software making power electronic critical to the success of electricity networks
in a foreseeable future. It is the centre of energy conversion, power devices and

power system control.

The dtimate potential of power electronics is growingly recognised by industrial
and academic experts. It is a critical enabling technology and theofieadical
innovation in aircraft 1.1], renewable energyl[2], automotive 1.3], robotics

[1.4] and aerospacé p]. The development of power electronics provides a great
opportunity to replace existing technologies due to the improvements in
reliability, size, efficiency, cost and functionality, and allows the integration of

various energy resources within an industrial facility.

Power electronics safunctional impact on industries ands buoyed by
developnentin multiple technology areas, includingew devices 1.6], new
materials 1.7], new topologies.8], and new modelling techniquekg]. Over

the past few yeargiezoelectrictransformers (PTs) have raised great research



interest for power electronic applications, owing to the emergencevaheed
materials and novel applications. This field aims to enhance the design and
modelling of PTs as well as improving the modelling, design and control-of PT
based switch mode power supplies (SMPS). This thesis proposes a further study
in this field.

1.2Motivation

1.2.1 Trends in PT design and relevant techniques

ad power l%ﬁ E

integrations™
: ; ™ ROR-839 REV B
, N@ TinySwitch-4 o5, sy mumm

.
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Fig. 11: (&) AC/DC SMPS for power factor correctiph 10], (b)isolated flyback
AC/AC inverter[1.11] and (c)PT-basedDC/AC inverter[1.12].



PTs are a good alternativesdonventional magnetic transformers owing to the
advantages wluding low electromagnetic interferencéEMI), high power
density (>40W/cr¥), high efficiency(comparedo magnetic transformeysip to

98% [1.13]), reduced weight and simpler manufacturing procéski]i [1.17].

They transfer energy between input and output sections using mechanical
vibrations. PTs are generally constructed from hard piezoelectric materials such
as leaezirconate titanate (PZT) andakit high quality (Q) factor and low loss.

Fig. 11 (a) shows a typical LCC resonant converter for power factor correction
from Texas Instrument€£ven though the cireuis not optimised for energy
density, t can be seen clearlythat convent i on aiksigoifcany er t e
with large of the capacitors, inductors and transforntégs.1.1(b) and (c) show

a conventional SMPS and afased SMPS, respectivelyis clear that limited
space available and Btiave higher densityAs the trend in electronic equipment

IS moving towards lighter, smaller astleaperthe emergeceof PTs makeit

possiblethat thereactive components of SMB&an be completely replaced.

Many piezoelectric devices are constructed from PZT since it allows the material
properties to beasilycontrolled and designed for a specific applicatibig].

The PZT composition that lies eavhat materials scientists call th@rphotropic
phase boundar§MPB) is normallyusedas it maximises the coupling coefficients
and piezoelectric. However, t#ite MPB there are 14 possible poling directions
due to coexistence of the rhombohedral and tetralgpolymorphs 1.19], and

this draws a new challenge for the piezoelectric matefiflsse issues are the
subject of research by prominent materials scien{isi®0]-[1.22]. For our
purposes, it is enough to know that PZT is diverse in its poling andbe

challenging in its manufacture.

PTs have been extensively commercialised in-gfe@mpplications such as

cellular mobilephone battery charger&.23], LED lighting [1.24] and plasma

3



generators 1.25], since simple converter topologies and controthuoes are
required. However, for stefoown applications, the control circuit is more
complex as load and line regulation are often required in addition to high
efficiency operation. Additionally, voltage gain variation and resonant frequency
drift should 2 considered since they are temperature and load dependent. This
poses a new design challenge and research into voltage regulatienoltzge
switching (ZVS) and control circuit are ongoirfig6]i [1.28]

Due tocomplexpiezoelectric materialsariationof PTvoltage gain and resonant
frequencydrift, there is a vital area of research and a strong impetus to develop
modelling, design and control of FBased SMPS, which will be addressed in this

thesis

1.2.2 EPSRC project FPeT

An EPSRCsponsored research proje FPeT, was proposedcand fundedto
undertake research on PT based resonant power supplies. The overall objective is
to produce a framework for designing piezoelectric transformers, using a mixture
of analytical tools, lumpeg@garameter models and finite element analysis. The
researchencanpasses all aspects of piezoelectric transformer design and
application. By combining normally separate disciplines, it is possible to
simultaneously develop new electrical applications and new matéinesyvork
presented in this thesis complements (had been partially supported by) this

project.

1.3Novelty

The novelty ofthe work described in thithesiscentres orthe design a phase
locked loop (PLL) control system for Fdased inductorless hdifidge resonant
converter. Nine variants of a PLL contesl are accomplished by different

resonant current estimation technique and gate signal generators. This technique
4



Is further extended to achieve output voltage regulation. To regulate the output
voltage under ZVS operatioan analytical models proposedfor a PTbased
inductorless FHoridge converter, to predict the circuit behaviour, and to analysis
ZVS profile and output voltage regulation characteristics. A new control

approach for this Hbridge converter is also designed and implemented.

The main contbutions presented in this thesis cover the following areas:

1. Resonant current estimation and PLL feedback design for P-based

half-bridge converter

The resonant current is internal to the PT and cannot be measured directly.
This is a common scenario farPT-based converter. New techniques for
estimating the resonant current to identify effective signs for ZVS are
presented ihapter Il while approaches to allow the look to effective

signs by PLL controller and generation ofghase gate signals Bteering

logics are presented @hapter IV. For a typical PIbased converter, the
proposed approach shows a fast system initialisation time, high tolerance
to system noisaeducedock-on period and low power loss compared with

a traditional PTbased coimol method.

2. Output voltage requlation of halfbridge inductorless PT-based

inductorless converter

Based on the proposed PLL controller and gate signal generators,-the PT
based converter is further extended to achieve output voltage regulation.
The burstmode hysteresis control is applied and improved due te non

instant stop behaviour of the WBsed circuit and presentedGhapter V.

3. Output voltage requlation of H-bridge inductorless PT-based

converter with simultaneous parameter control
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To allow a wde input voltage or large load variati@amH-bridge PFbased
inductorless converter is proposed. The new idea is to control the output
voltage by varying the deadtime period and MOSFETs conduction time.
Based on a PLL, the control system is further dgyedl and accomplished

by a mixed analogudigital circuit, to generate t{phase gate signals. This
new control method enables simultaneous parameter control for the

proposed Fbridge configuration to achieve output regulation.

4. Development ofcyclic-mode analysis for PTbased inductorless H

bridge converter

The new technique of cyclic modelling is appliecitdH-bridge PFbased
inductorless converter to generate ZVS loci and voltage regulation
characteristics. By using cyclimode analysis,a model is derived to
predict the stat@ariable values of the circuit for a given operating
condition. Subsequently, the proposed model is used to demonstrate the
operation in ZVS region and it provides estimates for the required deadtime
period, load andmerating frequency along the ZVS boundary. The output
voltageregulation profile is then indicated by the model and regions where
voltage regulation can be continuously achieved while still obtaining ZVS

are demonstrated.

1.4Thesis structure

The thesis is @anised intoseven chapters with interconnections. The
publications correspond to each chapter is given in sectnAlfull list of
referenced papers and chapter summary can be found at the last section of each

chapter. A brief introduction of eacihapter is given below.



Chapter Idemonstrates the general background and motivation of the thesis and
the importance of modern power electronics. The thesis structure is provided with

brief description of each chapter.

Chapter Il reviews the statef-the-art work reported in the literature. The first
part is the previous research on PTs regarding types of PTs, materials of PTs,
emerging technologies, PTs modelling techniques and different applications.
Then, different topologies driving PTs are reviewedld#ionally, potential
control techniques, current estimation approaches and output voltage regulation
methods for PIbased converter are discussed. Finally, the design challenges and
research gaps posed by PTs are identified, which will be addresseirin la

chapters.

Chapter Il introduces the novel methods for estimating resonant current for PT
based converter. Two types of current estimators with two different locations for
current estimation are proposed. Additionally, the chapter establitie
expeimental setup used in this thesis to estimate the resonant current, indicate

zeravoltage switching (ZVS) and provide feedback signal for the control circuit.

Chapter IV presents a novel control technique associated with gheked

loops (PLL) for fastresonance trackin@®y using the synchronisatidanctionof

a PLL, different types of pulseidth modulation (PWM) signals can be
generated, and three different approaches to provighase gate drive signals

with required deadtime aproposedAdditionally, comparison between different
combinations of current estimators and gate signal generators are demonstrated

in terms of lockon period, factracking ability and noise immunity.

Chapter Vdemonstrates an output voltage regulation method based sk bur
mode control for PIbased inductorless converter using the current estimation

method indicated itChapter Ill and ZVS PLL controller presented @hapter
7



IV. By setting up a hysteresis window with voltage regulation limit, the circuit
operates in burshode and the burst signal is used to control the MOSFETSs on/off

periods thereby meet the regulation requirement.

Chapter Vlintroduces a novel method to simultaneously achieve output voltage
regulation and ZVS, and a new analytical approach to modelgbeast circuit.

A cyclic-mode analysis iperformedto estimatethe statevariable values of the
circuit for a given operating condition. The ZVS region is then generated and
ZVS loci areprovidedfor variabledeadtime period, operating frequency and load.
Subsequently, the outpubltageregulation profile is indicated by the model and
the regions where voltage regulation is continuously achievable while
maintaining ZVS are presentelth addition, Chapter VI further improves the
ZVS PLL control technique rpsented inChapter IV. It modifies the control
technique with a mixed analogdgital circuit, which is modified to suianH-
bridge PTFbased inductorless convertérhe deadtime period and MOSFET
conduction time can be controll@adependently with theircuit still achieving
ZVS. The techniquesnables simultaneous parameter control forHabridge

configuration and is used to validate the analytical model presertted ahapter.

ChapterVIl summarises the work and highlight the improvement to the die
power electronics. It recommends the future work which could be undertaken

following the work from this thesis.
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Chapterll

Literature review

This Chapter presents a review of the statghe-art techniques in PT design,
PT-based power converter design, voltaggulation, control, modelling and
their applications. This Chaptesrovidesthe reader with the basic knowledge
requiredto understand the improvemeimtsthe current research field, some of
which is proposed in following chapters covering-ifased conveer design,

control, output regulation and circuit modelling.

2.1Introduction

In Chapter I, it was shown that the trend in electronic equipment is for lighter,
smaller and cheaper products and the emergence of PTs makes it possible that the
reactive components of SMPSs can be completely replaced only if proper
modelling and control stratess are employed for ZVS operation and voltage
regulation. Following the background, motivation, novelty and thesis structure
described in Chapter |, a literatureview for current research field will be

presented in this chapter.

Piezoelectric devices are normally constructed from high quality factor
piezoelectric materials, and transfer energy using elecéchanical properties

of the materialat its mechanical (lration) resonanceDifferent types of
piezoelectric devices have emerged, with different modelling techniques for
accurately predicting piezoelectric device behaviour. A discussion of
piezoelectric effect, devices, material and modelling is thereforerided in

section 2.2.
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Since PThased SMPSs exhibit great advantages over conventional magnetic
ones, different driving techniques are employed to reduce switching loss, ensure
soft switching, maximum PT output power and achieve output voltage regulation.
A discussion of PIbased converter topologies is therefore presented in section
2.3.

To track resonant frequency and maintain a desirable voltage gain of a PT, great
effort should bejiven tothe control circuity sincePT parameterare temperature

and lad dependent. As voltage regulation is normally required for consierter
different techniques have been employed to form a second feedback control to
achieve high efficiency operationas well asoutput voltage regulationA
discussion oftateof-the-art control techniques is therefore described in section
2.4.

Unlike conventional resonant convertersIBased converters find it difficult to
achieve ZVS due to the limited resonant curvemich much charge a large input
capacitance, givingse tothe necessary deadtime peridtius it is important to
understand and be ablepoedict the circuit behaviour and ZVS characteristics
of a given PT for practical applications. A discussion ofld@$ed converter
modelling techniques reported itekature is therefore demonstrated in section
2.5.

Finally, the design challenges and research opportunities are identified and

highlighted in section 2.6, which will be addressed in subsequent chapters.

2.2Piezoelectric devices
2.2.1 Piezoelectric effect

The pezoelectric effect is the ability of piezoelectric materials to provide an

electric charge when mechanical stress is applied. This effect is reversible since

14



it generally exhibits a direct piezoelectric effect (a charge is produced when
mechanical stress igpplied) and a converse piezoelectric effect (a strain is

developed when applying an electric field), as showrign2.1.

Applied Applied

Force Force
F!'.:.IZZZ‘J: Developed ;‘q Developed
 — @:’ Charge fomeeer st { Charge
— 3 g E i A e

Polarisation ] - S i (2
Polarisation tl ]
(@)
Developed Developed
strain strain

e S

- Applied

Polarisation L{u Charge
(b)

Fig. 21: (a) Direct and (b) converse piezoelectric effect.

As can be seen frofig. 21(a), when a mechanical strain is applied, positive and
negative charge centres of thezmelectric material shifts, resulting in an outer
electrical field and current flow through the ammeter (A). The dashed line shows
the original thickness of the device which is reduced (red lines) under strain.
Conversely, inFig. 21(b), the external electrical field leads to a contraction or
expansion of the piezoelectric material (once again demonstrated by the dashed
and red lines), depending on the charge dwectPTs use both direct and
converse piezoelectric effect to transfer energy electromechanically from input to

output terminals.
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2.2.2 Piezoelectric material

Piezoelectric materials are generally classified as ceramic, crystalline and
polymeric[2.1]. Althoughthelarge electromechanical coupling factors of crystal
materials makethem attractive for the construdobn of PTs, polycrystalline
ceramics are generalbihhe material of choicefor most PTs. Commonly used
piezoelectric ceramginclude barium titanate, lead zirconate titanate (PZT) and
lead titanate, among which PZT ceramics are most popular since they extibit lo
curie temperature, high sensitivity and high coupling coefficie@t$].[ In
addition, by incorporating modifiers and dopants, the material properties can be

tailored througlcustomsation of PZT chemical compositiga.1].

PZT generally exhibits diffent types of polymorphs. To improve dielectric and
piezoelectric properties, a certain range of composition have been investigated
and the PZT ceramics composition lying on the morphotropic phase boundary
(MPB) region or near this region is usually conssde Since rhombohedral and
tetragonal structures coexistence at MPB, a number of PZT material variants
occurs with different poling directions, and make it possible to achieve a specific
crystal structure and a desired piezoelectric response. PZT cesaiB8 with
modified composition have been employed in various applications, such as
piezoelectric transduc¢R.2] and sensof2.3]. In [2.4], for example, a specific
composition for PZT ceramic at MPB was presented with sintering temperature
at 12%°C. The Nb dopant improved the dielectric constant (1500 at 1kHz), loss
factor (0.02) and electromechanical coupling coefficient (0.591) of the PZT

material, and a piezoelectric sensor was fabricated with enhanced device property.

2.2.3 Piezoelectric transformer

Different types of PT have beenmmercialise@urrently and they are classified
based on their vibration modéickness mode, radial mode, thicknsggar

mode, and longitudinal mode. The mode is defined as the natural frequency at
16



which a PT resonateb generalthe piezoelectric transformer conveggaergy
stored inelectrical charge into mechanical ener@yored in stressand the
reconverts this energy back to an electrical charge simplest concept of a PT

can be thought of as a piezoelectrictumtor mechanically attached to a
piezoelectric transducer. A desired voltage conversion can be achieved for a

specific application if a PT is properly designed.

2.2.3.1Thickness mode PTs

Vin

l

/(,oppcr

electrode
/_ Piezoelectric
Input primary section layer ==—" i / ceramic
[solation layer /j_

. + ./
Output secondary section layer =—_ B \ b— Poling
v direction
e OUut
- Around
Imm

Fig. 22: Thickness mode P[R.5][2.6].

Thickness mode PTs generally exhibit the lowest thickness dimension compared
with other types of PTs in terms of length, width and radius. For a thickness mode
PT, the poling direction is in parallel with the applied electric filed, and input and
output sections are constructed one after the other making a stack. A typical
thickness mod PT design is shown irig. 22 as proposed if2.5][2.6], which
includes two layers for each input and output section, with an insulation layer in
between thereby providing an isolated output voltdge dimensions of width

and length of this type of PT is normally much largantthe thickness, resulting

in a large output capacitance and high resonant freqyérijyand therefore a

low output impedance, which is suitable for low voltage applicafiang. The
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thickness of each layer is usually around 1mm [2l&].voltage transfer ratio of

a thickness mode PT is proportional to the ratio of a single input layer thickness
to a single output layer thicknelss8]. The electromechanical coupling factor of
thickness mode PTs are higher than other types of 23} which is desirable

for high power density operatig2.9].

However, thickness mode PTs exhibit fundamental problems. Since the thickness
Is much smaller than the width and length, the resonant frequency of thickness
vibration mode is high compargéalthewidth and length vibration mode resonant
frequencies, due to the high transverse mode coupling factor of the PZT material
[2.5]. In other words, unwanted spurious (not designed for) vibratmaes could

occur near the thickness vibration mode, causing undesfiableations in the
iImpedance frequency respongg5]. Furthermore, spurious vibration modes
reduce PT efficiency, maximum power ndgy and attenuate the desired
thickness vibration mode.10].

To redue disturbance from spurious vibration mode, it is possible to change the
PT geometry such that length and width is smaller than thickness, as proposed in
[2.5][2.6], since the lowest resonance is determined by the largest dimension of
the PT[2.8]. However, this would in turn shift the resonant frequency into a lower
region, result in low power density and smaller output capacitanc¢2.5j,
suppressing the high order modes was presented by using the barium to ensure
the electromechanical coupling factors of spurious vibnathodes are small. In
[2.10], a ring shape thickness mode PT was progpdeesnsure the high order
modes away from the thickness mode, by modifying the ratio of inner and outer
radius. The PT achieved an overall efficiency of 98% at 330kHz with a power
density of 50 W/crh Although the frequency response of the ring shapkrnbis
vibration mode PT was significantly improvedmpared with[2.6], the ring

shapecreated difficulties for mounting.
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2.2.3.2Radial mode PTs
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o Vouto——\ Poling
— direction

Fig. 23: Radial mode PT2.7].

A typical radial mode PT consists of several individual piezoelectric discs, with
an isolation layer in between, as shownFigy. 23. To achieve a desired
transformer characteristic, the number of layers for primary and secondary
section can be adjusted. By exciting the primary section of the PT, the radial
strains are generatedm the device thereby producing an output voltage at its
secondary section. The power rating for the radial mode PTsea®aphto
40W/cn? [2.11], with a typical power of 100¥200W [2.12], at 56300kHz
resonant frequency rang2.13], while the traditional transformgare usedt
powerlevels of 50W1000W[2.14.

To maximise the PT performance that only radial vibratiwde occurs, it is
desirable to used disc shape for each layer, since the distances from centre to edge
of each layer are treame. 1 2.14], the performancef square and disc shaped

layer were compared, and it was shown that square shape exhibited a decreased
electromechanical coupling fact@tence a reduced energy conversion between
electrical and mechanical enejgyrhis is mainly because the distances from
centre to edge of a square shaped layer are not equal, and additional vibration

modes are introducd@.15].
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2.2.3.3Thicknessshear mode PTs

%} outl 1VinvoutZ

1]

Fig. 24: Thicknessshear vibration mode FR.8].

Compared with other types of PTs, the poling direction of thicksleear
vibration mode PT is orthogonal to the applied and generated electric field. By
exciting at the PT input section, a shear strain of the device is generated thereby
prodwing avoltage at the PT output section. The power density of the thickness
shear vibration mode PT is normally high since most PZT material exhibits a

large shear mode electromechanical coupling f42t@t.

To oltain a multioutput PT, multiple transducer regions can be applied to a single
device when the PT is constructgll6]. In [2.16], a thicknesshear vibation

mode PT with multiple outputs was presented. A total output power of 170W was
achieved with 17.7W/cfpower density at 90% efficiency. However, research
on this type of PT is less developed since the lumped equivalent circuit which
models the multiplayer input and output sections, and corresponding electrical
voltage and current refers to vibration vetgciare still being studied.
Furthermore, this type of PT exhibits the same problem as the thickness vibration
mode PT, that higher order spurious mode occurs in the vicinity of the desired
vibration mod€g2.16].
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2.2.3.4Longitudinal mode PTs (Rosen type transformer)

Fig. 25: Single layer longitudinal mode H2.7].

The Rosertype PT shown irFig. 25 consists of a single layer rectangular
piezoelectric material. As can be seen, theuingection of the piezoelectric
ceramic is poled in thickness direction while the output section is poled in length
direction. For this PT the input and output section possess a common electrode
across the bottom of the device. When applying an AC vottagee thickness
poled input section, a corresponding longitudinal vibration at the same frequency
occurs (i.e. converse piezoelectric effect). The vibration is mechanically coupled
throughout the entire piezoelectric ceramic and a potential differenttee at
longitudinal poled output section is generated (direct piezoelectric effect).
Therefore, the input section exhibits a piezoelectric actuator behaviour and output
section experiences a piezoelectric transducer behaviour. For a given input
voltage, if his type of PT operates at resonance, the vibration amplitude and

corresponding strains can be maximig24.

Rosentype PTs are commonly used in stgpapplication due to its high output
impedance and high quit gain natur@2.17]i [2.19]. For the singldayer Rosen

type PT, as shown iRig. 25, the transformation ratio is proportional to the ratio

of length to thickness of the P[R.15]. Higher transformation ratios can be
achieved if the muliiayer piezoelectric camic is used. Roseype PTs have
been extensively used in low current and high voltage applications, such as field
emission displayg2.20] and LCD backlighting2.21]. In[2.12], an output power

of 5-8W was achieved for a Ros¢ype PT with 510W/an® power density. The
21



Rosentype PTs generally exhibit low power density since the coupling factors
corresponds to the input region is transverse coupling factor, which is the lowest

coupling factor in most PZT materid2.8].

2.2.4 Simulation, modelling and analysis of PTs

Equivalent circuit models are extensively used to describe the electrical
characteristics of a PT. Several modelling and simulation techniques have been
performed to optimise the PT design, such as lumped equivalent circuit model

[2.22], analytical continuum mod¢P.23] and finite element analysis (FEA).

2.2.4.11deal equivalent circuit

Mason equivalent circuit is the most commonly used equivalent circuit model. It
is an ideal model that describes a PT operating aneaexe, with no other

vibration mode introduced and with the material dielectric losses neglected.

. ];nl i:m Rm Cm L’” H221 ‘iLl R] Cl Ll 1:N
C.
Vin == " Vout viy == C, F% =V
in %% Cuut out Vip in C.., out
(a) (b)

Fig. 26: (a) Full lumped an¢b) simplified equivalent circuit model.

A typical full lumped equivalent circuit model is shownFkig. 26 (a) and a
simplified model is given iifrig. 26 (b). The equivalent model shown in Fig. 2.6
can beused to model all types of PTs.Fig. 26(a), the input and output electrode
capacitances are modelled®y andC,,;, they range up to a femancfarads due
to PT geometry limit Ry, corresponds to the mechanical Idss(around 100mH)
Cm (around 100pFYepresent the resonant characteristigsand n, represent
electricalto-mechanical and mechanidatelectrical transformation ratio of a

PT.inis the excited mechanical current and it is equivalent to the device vibration
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velocity [2.8]. Referring the mechanical equivalent components across the ideal
transformenn; allows the mechanical branch showrkig. 26(a) to be simplified

to the equivalent circuit given fig. 26 (b), whee

Y

vy Y (2.1)
€
;

5 O (2.2)
€

5 6 & (2.3)
3

5 & (2.4)
€

With the equivalent circuit models, the electrical characteristics of a PT can be
represented as a function of temperature, material parameters, load condition and
device dimensions. Furthermore, this is also the initial state from which to design

a good PIbased converter.

2.2.4.21L.umped parameter model

Since PTs can operate in different vilowa modes at different frequencies,
undesired spurious modes could interfere with the optimum vibration mode
thereby reducing the PT efficien{®.8]. Therefore, it is important to accurately

model thespurious Ybrationmodes.

In [2.24], an extended lumped parameter model was presented. Multiple RLC
branches were introduced to model main resonant vibration mode and other
spurious vibration modes. Each vibration mode was modelled by the
corresponding RLC network while only the main vibration mode turns ratio was

used. This approach was further developg@.15], as shown ifrig. 28, where
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different turns ratio values were used to model the spurious vibration modes and

modelling accuracy was improved.

Fig. 2.7: Extended equivalent circuit modab].

In [2.25], the lumped parameter model was developed fyalvanically isolated

ring-dot PT. A ring-dot PT is typically poled inn thickness direction, and

exhibits a hole at the centre to improve the heat radiation since the highest
temperature occurs in this area durin
occurs between the input dot and output ring electrodas modelled.
Subsequently, the model was het developedforanend e al c agseep @ h a't
regionis made from a polled materidlhe results showed good agreement with

simulation and experimental measurements.

2.2.4.3Simulation

Compared with analytical solutions for piezoelectric device modellingefini
element analysis (FEA) using numerical methods provides an effective way of
evaluating and validating PT designs. Several software packages existing
including Ansys, PZFlex and COMSOL. FEA with COMSOL offers several
advantages for PT design, such dse tability to achieve accurate
electromechanical coupling assessm@®6], structure and circuit simulation
[2.26], complex topological structuf@.27] and piezoelectric structure vibration
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simulation[2.28]. It brings the opprtunity to validate the analytical model and

optimise device geometry and material properties.

2.3PT-based converter

PTs exhibit a narrow bandwidtlvithin 50kHz) by virtue of their highQ-factor
and, therefore, it is necessary for a convertepgrate close to the PTs resonant
frequency to ensure high efficiency operat[@8]. In general, a PT normally
operates slightly above its resonanebere it experiences inductive behaviour,
since the efficiency of a PT can be maximised when it is drbyea frequency
higher than the resonant frequer2yB][2.9]. Therefore, the converter topology

should be carefully selected to ensure an optimal operating frequency.

2.3.1 Inductor driven topologies

Generally, a PT can be driven by a square wave or a sine. Wakias been
reported that a sine wave input would reduce the energy circulating through the
PT input capacitance thereby reducing switching loss due to capacitiventurn

of PT input capacitance, and achieving zeotiage switching (ZVS)2.12].
However, additional reactive components are required in order to provide a

sinusoidal drive waveform (typically an inductor).

Fig. 28: PT driving circuit topologies: (a) clags (b) haltbridge and (c) push
pull.

25



The most commonly used topologies rgpd in the literature to drive PTs
include clas<t, haltbridge and pusipull, as shown irFig. 28(a), (b) and (c),

respectively

For stepdown applications, halbridge and clas& are extensively used and are
desirable for high and low power levels, respectiy2I29]. Both configurations

are compared i12.29], and it is shown that haliridge configuration performs
better in higrefficiency. Due to bangbassfilter nature andhigh-quality factor of

a PT, an excitation of a square waveform at PT input results in a sinusoidal
waveform output at its fundamental component. Therefore, additional losses in
the PT occurs due to the harmonics of the square waveform, timedelyng the

maximum power densitj2.9].

For stepup applications, puspull configuration are widely used due to the
simple control circuit requirement and high stgpratio[2.9] [2.12]. In [2.30],

an energy conversion with 70% efficiency was achieved by using an amplitude
modaulation via pustpull topology. Compared with the hdlfidge square wave
excitation the loss within the PT is reduced since reduced harmonics from the

input voltage are introduced.

2.3.2 Inductorless driven topology

To ensure ZVS operation, it has been reported that additional components can be
used. This is often done by placing a series inductor at the PT input section using
a halfbridge configuration, in ordeto provide extra resonant current to
sufficiently charge the PT input capacitor during the deadtime. The presence of
the input inductor means the PT input capacitor is not instantaneously discharge
by the switching of the haliridge MOSFETs. However, samentioned
previously, this requires an additional component and so would remove one of

the possible advantages for using a PT in the first place.
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Fig. 29: The haltbridge inductorless driven Pdased converter.

A typical haltbridge inductorless driven P@ased converter is shownFkig. 29.

Here, a significant deadtime exists between the between theftush S, and
turn-on of S to allowCj, to be naturally charged by the resonant curiieritom

0 V to Vy to achiee zero voltage switchin@ZVs). In[2.31], both DC and AC
analysis for achieving ZVS has been reported for an inductorless configuration
using numerical optimisatiotechniques. Five rectifier configurations were
performed and it was shown that ZVS ability was largely dependent on the load,
PT capacitor ratio and deadtime conditions. A comparison between inductor and
inductorless operation has been present¢d.32]. Compared with inductorless
configuration, the inductor topology refers to a-lBased SMPS with an
additional series induct@lacedoetween th&T input section and the hdifidge.

It was indicated that applying a series/parallel inductor would significantly
enhance the ZVS performance, and relaxing the requirements of load, PT design,
range of input voltage and deadtime. The inductorless caafign can be used

only if the PT is designed with a carefully chogput-to-outputcapacitor ratio
[233] (i.e.6 7O O ) and a precise control is employed to track resonant
frequency, since resonant frequency is both load and temperature dep2gilent

A comparison of the Pbased SMPS configurations reported in literature are

shown in Table 21,

Table 21: Comparisorof different topologies of P-based converter
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Topology Pushpull ClassE | Half-bridge Half-bridge
indudorless

Reference | [2.34]|[2.30]| [229] |[235]|[2.36] [237] | [238]

Efficiency[%]| 86 | 70 | 705 | 82.4 | 835 86 90

Power[W] / 2 36 | 36 | |/ 6.5 32

2.4Control strategy

To ensure high efficiency operation of B&sed converter, a PT should be driven
slightly above the resonance where it exhibits an inductive beha¥ourever,

the operation band is reduced to a narrow range due haghsjuality factor.
Furthermore, with inductorless configuration, the sefttching ability is further
reduced due the necessity of chargifig between the supply rails during the
deadtime. Any resonant frequency drift would significantly reduce the PT
efficiency. Thus, the control circuit should provide both an adequate oheadti
and precise tracking of resonant frequency to account temperature and load

variations[2.39].

2.4.1 Purpose of control

The control techniques of Pdased SMPS reported in literature mainly focus on
two purposes: maximum efficiend2.40][2.41] and maximum output power
[2.18][2.42].

To achieve maximum efficiency operation of a-Bdsed convertethe energy
transferred fronaPT should be maximised, and this can be obtained by operating
the circuitatthe matched loadThe matched load corttbn is the worst case for

achieving ZVS sinceit provides the lowest resonant current (i.e. highest
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efficiency point) to charge PT input capacitaritlee match loadan bedefined
as[2.8]:

P (2.5)

wherg is the series resonant frequency &Jglis the PT output capacitance.

The matched load condition is considered the worst case for achieving ZVS
because, for a fixed deadtime, it takes the longest period to chergeput
capacitance. Thusf ZVS canbe obtained at matched load condition, it is
achievable for all load conditiori2.33]. In addition, sufficient deadtime should

be provided by the control circuit in order to ensure that PT input capacitance can
be fully charged to the DC rail thereby achieving ZVS. In genegtimum
operating pointfor ZVS operationcan be detected by measuring the phase
difference between the PT input voltage and resonant cyigdaf[2.43] or PT

input and output Vtage [2.12], thereby adjusting the operating frequency
through a control circuit with time delay compensation, to ensure ZVS at matched

load condition with an adequate deadtime.

The maximum output power trackimgrmally aims for load and line regulation,
the frequency at which maximum voltage gain foaximum output voltage)
occurs should be locked by the control circuit. Tayerating pointwhere
maximum voltage gain occurs can be indicated by measuring the ¢iffasence
between the PT input and output voltd@el8] or output voltage and output
current[2.12]. Subsequstly, the operating frequency of the B&ased converter

Is controlled such that it varies accordingly with respect to input voltage or load
variation. In[2.18], a deviation of the optimum frequency was proposed and it

was highlighted that maximum voltage gain can be achieved when the PT was
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operated close to its primary resonant frequency and phase different between PT

input voltage and resonant caint was zero.

2.4.2 Control techniques

Piezoelectric transformers should be carefully controlled in order to achieve a
desired output power and efficiency, since 1) resonant frequency shifts due to
load and temperature variatipp.44], 2) voltage gain changes with respect to
temperaturg¢2.39], operating frequendy2.7] and load2.18]. Several techniques

have been employed to control the-Bdsed converter to address these issues.

2.4.2.1Phaselocked loop control

The phasdocked loop (PLL) is a control system that compares an input signal
with an internally generated oscillator signal and it provides this semain
output which is related in some manner to the phase frequencyf the input
signal, as shown ikig. 210. It typically consists of a phase comparator, a-low

pass filter and a voltageontrolled oscillator.

Half-bridge
—|MOSFETs and| | PT | [Load
¢ gate drivers

1
[
1
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1
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1
1
|
1
[

1
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(veol{Lpri Fhase |
: [comparator|

Fig. 210: A PLL controller for PTbased converter
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By measuring the phase difference, such as the phase lag between PT input and
output voltagd2.9] or the PT input voltage and resonant curf@rit3], the PLL

Is able to synchronise both phase and frequency of the input signals, thereby
locking on to the resonant frequency atidis able to adjust the operating
frequency according to load and temperature varialibaability of the PLLto

lock on to phase and frequency, irrespectiveiauit conditiong2.45] and fast
tracking responsf2.13] makesthe PLL control highly desirabléor a PTFbased

converter.

In [2.46], ZVS was satisfied over 120930V input voltage and a 92% total
efficiency with 5.7W output power was achieved by using a PLL.21h3],
different variants of PLL implementation were proposed. ZVS was achieved at
matched load conddn and all the implementations indicate fast tracking
performance (% resonant periods) for PT stah. By using the fast tracking
behaviour of a PLL, this technique is further improved to form a fmoste
operation [247]. Since the MOSFETs operates dh/during burstmode
operation, a short stanp time would ensure ZVS is achieved more quickly

during voltage regulation process thereby reducing the switching loss.

A detailed description of a novel PLL ZVS controller is provided in Chapter IV.
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2.4.2.2Self-osclilating control

Half-bridge
— |MOSFETs and| | PT | |Load
c gate drivers

'|Oscillator and|_| | pys Phase
'|__comparator Compensator

F

Fig. 211: Block diagram of selbscillating control.

Since a phase shift is introduced by the PT owing to its-pasd filter behaviour,
the selfoscillating control method isypically implemented by adjusting total
phase shift to follow the resonant frequency, as shovi#ign211. The idea of
this phase shift compensatianto track the resonant frequency change in a PT
with cycle-by-cycle adjustments. An integer multiple @f is required for the
entire control loopaccording to Barkhausen criterioforming a seHinduced

oscillation,to ensure resonant current and PT input voltage grhase.

In [2.9], two self-oscillating controllers were presented with phase reference
signal taken from resonant current and load voltage, respectively. The time delay
introduced by each individual component within the feedback loop were
considered. Subsequently, togethehwvitie phase delay introduced by the PT, a
low-pass filter (LPF) was implemented in the feedback loop with a certain phase
lag such that the total phase shiffs This approach is further improved in
[2.43], that a digital delay circuit was implemented such that its output is
proportional to the phase delay of PT input voltage and resonant current.

Therefore, the control cirduis able to seHadjust the entire phase shift of the
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feedback loop, thereby ensuring the operating frequency follows the resonant

frequency.

However,to control a PTbased converter, the s@l§cillating control technique
exhibits several drawbacks.N&h the resonant frequency changes, rpatiod
lock-in delays can be introduced, which is not desirable for fast tracking
addition, this approach requires a setfuced oscillation to excite the PT
vibration near the resonant frequency during systemmnlisation. Since the
controllermust operates an oscillatorand,during starup, operating away from
thePTO6s r es on avould significeangiyureduce the efficiency of the PT
[2.8].

2.4.3 Output voltage regulation

In addition to high efficiency operation, a &sed convertas often require to
provide output voltage regulation under large load and input voltage variations,
and this is normally accomplished by a second feedback loop. Careful design
consideration should be taken since voltage gain are load, temperature and

frequency dependefi2.7].

2.4.3.1Pulsewidth and pulse-frequency modulation

Pulsewidth modulation (PWM) and pulsieequency modulation (PFM) are
commonly used control methods for B&sed converter. For PWM, the gate
drive signals are adjustéy the controller with asymmetric duty cycle according

to the regulation requirement. In terms of PFM, by comparing the phase error
signal (proportional to phase difference between input and output voltage) and
output voltage, a reference signal is geteztdo control the voltageontrolled
oscillator, thereby regulating the output voltage through operating frequency
change.
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For stepup applications, PFM is often used it simply tracks the desired
frequency to maximise the output voltaged power trasferred to the load is
maximised when PT voltage gain reaches its maxirfid8]. For stepdown
converterssincethe line and load regulation anermally required withhigh
efficiency operation both PFM and PWM have been used extensi{/248]i

[2.50]. In[2.48], a PWM controller was employed and the output regulation was
achieve by fixing the switching frequency with a asymmetric duty cycle. An 80%
efficiency was achieved with 20V outputey 100\+250V input. In[2.49], to
regulate the output at 20V, the operating frequency was shifted away from the
resonant frequency to cover 36@20V input voltage variation, and 81%

efficiency was achieved.

However, to control a Rbasd converter, both PWM and PFM exhibit
fundamental issues. For PWM, since resonant frequency drifts due to load and
temperature variation, a fixed operating frequency during output regulation
would significantly reduce the PT efficiency as it operates dwoay the primary
resonant frequency. In terms of PFM, to maintain a constant output voltage, the
operating frequency is significantly shifted away from the resonant frequency in
order to compensate load and input voltage variation, resulting in a rediiced

efficiency.

2.4.3.2Burst-mode control

To regulate the output voltage of a-Bdsed converter, a buisiode control
technique has been reported [R47][251]. The energy is transfed in
modulated bursts according to the regulation requirement. A burst signal is
generated by comparing the output voltage to voltage regulation limit, thereby
controlling the on/off periods of the MOSFET switches. A typical bonstle

operation is showm Fig. 212.
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Fig. 212: Burst mode operation.

As an alternative to regulate output voltage, the busde control modulation

has been shown to provide superior performance when compared with PFM and
PWM since it provides a higher efficiency and lower harmofi¢®2][2.53]. In

[252], the burstmode controller was implement separatelynfraghe ZVS
controller. A LPF was used before and after the hysteresis comparator to smooth
the input reference signal and to delay the burst signal before it being applied to
the gate driver (to prevent driver turning on and off at the same switching.cycle)
The output voltage was regulated at 45V with a load variation ofrf390QKkm

In [2.3], a 15V output regulation was achieved for load range frar@\WW with

80% efficiency. Tie dynamic response of the filter capacitor was analysed, and
it was indicated that the hysteresis window (i.e. burst signal frequency) should be
adjusted to compensate resonant frequency variation and components tolerances

within a low system noise level.

However, unlike traditional converters, a-Bdsed converter under burabdel
operation exhibits several problems: 1) since the resonant frequency changes due
to load and temperature variation during regulation process, the hysteresis
window should be gdsted accordingly to obtain a desired burst signal frequency
[2.3], thereby satisfying regulation requiremerggssince PTresonanceannot

start and stop instantly due te mechanical vibration nature, switching transition
times are introduced at the PT staptand stop, resulting in time delay arah
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linearvoltage regulatiof2.54]. Therefore, it is necessary to reduce the start

and stogdransition time in order to improve the regulation accuracy.

2.4.4 Resonant current estimation

A practical issueencountered iPT-based convertsiis that the resonant current

Is internal to a PT and cannot be measured directly. Figure 2.8 shows an
inductorlessalf-bridge driving the Mason equivalent circuit of a PT. The current
iL1 IS equivalent to thevibration velocity and circulagewithin the PT and,
therefore, it is not easily measurableis important to estimate the resonant
current since effectiveigns (e.g. zerecrossings¥rom resonant current can be
used to indicate ZVS thereby providing a reference signal for the control circuit.

Several techniques have been presented in the literature.

2.4.4.1Estimation through voltage differentiation

This current edmation technique was first proposed[#9] and has been used

in [241][2.43][2.13][2.47]. The idea of this type of current estimator is to
reconstruct resonant current using the PT input capacitor cugseantd PT input
currentij,, as shown ifrig. 213. The PT input current is sensed by measuring the
voltage acrosRs and a scaled version of PT input capacitor current is sensed by
measuring the voltage acro$&. Therefore, the resonant cemt can be
regenerated through the combined current signals with proper selection of sensing

resistors.
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Fig. 213 Resonant current estimation with voltage differentiator.

However, to ensure a high efficiency operation, a PUall\s operates at a

matched load condition which gives the lowest resonant current (around 100mA

200mA), the sensed signals are therefore sensitive to system noise and may cause

inaccurate current estimati¢®.43]. Furthermore, since this estimation technique

Is implemented at the input section of the PT, the sensed current signals is also

affected by the MOSFETSs switching evantich again leads to inaccuracy of

current estimatiofi2.13].

2.4.4.2 Anti -parallel diode

Compared \th voltage differentiator current estimator, a simpler estimation

technique was proposed [8.18][2.42], which consists of anparallel diodes.

Therefore, instead of reconstrungf resonant current, the effective signs of

resonant current, such as zerossings and phase, are used as ZVS indicators.

Piezoelectric transformer
equivalent circuit

[ I‘LI RI Cl L] 1:N :

I I e



Fig. 214: Resonant current estimation with aparallel diodes fronfl8].

In [2.18], the antiparallel diodes were implemented at both input and output
section of a PT, as shown kilg. 214. At PT output section, since the dioDe
switches off vinen resonant current; changes the polarity, the instant of
direction reversal can be used to indicate the phase of resonant current. At PT
input section, the anparallel diodes are implemented to detect the phase of PT
input voltagevcin. Subsequentlythe phase difference betwees andi_; can be

measured and ZVS is achieved when they are in phase.

However, the cross talk between primary and secondary side significantly reduces
the system robustness to noise and causes inaccurate phase detection from the
phase comparator. Moreovem extra compensation circuit (e.g. LPF and bias
network) should be raployed due to the phase shift caused by the parasitic

capacitances of the diodes.

2.5Converter modelling

Before experimental implementation of the circuit, it is important to predict the
circuit behaviour using analytical expressions and compared with siomula
results. Several converter techniqgues have been proposed in the literature to

iImprove the accuracy of the circuit prediction and provide fast circuit analysis.

2.5.1 Cyclic modelling

The cyclic modelling isa timedomain modelling technique which aescriled
as an extended Flogueased methof2.55], by determining steadstate values
of the statevariables. It is an alternatite integrationbased2.33] methods and
the shatespace averaging techniq(256] often wed to model the periodical
switching networksFor a typical periodically switched system, the statetor

at the start and the end of the switching period should be equal, thus
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X(D)=x(t+gT) (2.6)

whereT is the switching period of a single cycle ayid an integer corresponding

to a whole number of cycles.

In general, a periodical switching network can be considered aslmaanstate
variable model that is derived from the circuit parameters. Subsequently,
depending on the conduction status of the MOSFET switches, the circuit is
divided intom operatingmodes. Hence, the ndimear statevariable model can

be decomposed into a piecewise linear model according to the mode of operating.

The statevariablesx of each operating mode is found by
o =0 | (2.7)

wherex(t) is the sate vector] is the mode indexA; andB; are the dynamical

matrix and the input vector, respectively.

Therefore, foti; t t; the state vectax(t) att=t; can be solved from the state

vector value at.; by evaluating the evolution of the state vector

wo (03 WO (05 ” Q + (2.8)
T wo = a 0
where'Qs the identity matrix, i= (tit)=Q , = == Q = ” 0=

(ti, - t.1)/T is the duty cycle for th&" mode and the pericB=14.

Subsequently, for a periodic system witloperating modes, the statector of
mode 1, 2 andhis given by
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Therefore, by using the periodical nature of the syst€tn)=-x(to), the initial

condition of the system can be found by

(2.12)
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Finally, with the circuit operating modes and time duration of each mode, the
statevariables at a given time of operation can be evaluated using eqZafipn
(2.11) and(2.12).

This technique was used jA.57] to estimate the ZVS ability of a hdifidge
driven inductorless PT inverter and in Chapter VI of this this thesis it is applied
to analyse a novel simultaneous Zd&put votage regulatiorcontrol method

in anH-bridgedriveninductorlessonverter

2.5.2 Describing function

Unlike cyclic modelling whichestimateghe switching behaviour of the circuit
based on the circuit operating mode and time duration, the describing fusction
a frequencydomain modelling technique that describes the switching
characteristics with analytical expressions. It has been extensively used in PT

based convertef2.33] as well as other types of resonfb8]i [2.60]
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In [2.33], a describing function was used to indicate ZVS characteristics of a PT
based converter. The resonant current and BPUtiwvoltage were provided
initially as a function of key circuit parameters (e.g. switching frequency, PT
input capacitance, phase angle) and converted into ZVS metric thsifwler
equation. Subsequently, with fundamental component extraction and energy
balance approach, the ZVS metric was further update with desired circuit
parameters (e.g. inpt-output capacitance ratio, load, operating frequency and
deadtime). Finally, the ZVS characteristics and optimum operating regions were
indicated regarding vatching frequency and load. A critical criterion was
established to provide a guideline for PT and converter design in order to achieve
ZVS.

Compared with cyclic modelling approach that progidenumerical solution to
analysis circuit under ZVS, the describing function technique ofigusatitative
measurement of the FTIased converteros ability

understanding of fundamental mechanisms involved.

2.6New challenges and autribution

PTs transfer energy using electromechanical coupling from input to output
section. It brings a great advantage to achieve high electrical efficiency
(compared with conventional LCL@&mily) and high temperature operation
(compared with traditios transformers) As such it is a multidisciplinary
research field which involving specialisms in electronics, mechanics and

materials.

2.6.1 Challenges for PT design

To maximise the PT performance in terms of coupling and piezoelectric
coefficients, a PZT matl with different poling directions at MPB should be

optimised. In addition, the impact of spurious vibration should be reduced, such
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as changing the dimensions and geometry of the piezoelectric {2@tgand
ensuring spurious modes have negligible effect on the main vibration[ 28k

However, this is an area which should be addressed by materials scientists.

2.6.2 Challenges for PTbased converter control

To maximise the efficiency and output power of allaBed converter, optimum
frequency should be continuoushatked since resonant frequency drifts due to
load temperature variation. Moreover, ZVS region is further reduced when an
inductorless configuration is applied. All of these impose strict requirements on
the control circuit design. In terms of output vgkaregulation, conventional
PWM and PFM control cannot be applied for alf@ked converter and burst
mode control still needs to be improved to compensatelgtaahd stop transition

due to the notinstant stop behaviour of a PT caused by the devicetvhrdn
addition, to provide feedback reference for achieving ZVS, resonant current
should be estimated since it is internal to a PT and cannot be measured directly.
Additional efforts should be applied to improve system robustness to noise

thereby prevetng inaccurate current estimation.

2.6.3 Challenges for PTbased converter modelling

To ensure ZVS operation for a hased resonant converter, the circuit operating
conditions should be carefully examined by analytical models, especially for an
inductorless configuration, since deadtime period and resonant current are limited
and inputto-output capacitance ratio is critid@.33]. In addition, to guarantee

ZVS is continuously achievable when regulating the output voltage,
mathematical models are necessary to evaluate the operating region over which
the frequency, load and deadtime are considered. This in tura goballenge

for the control circuit design for achieving simultaneous ZVS and voltage

regulation.
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2.6.4 Opportunities and contribution

This thesis addresses some of these aforementioned challenges in the following

way:

9 The research provides a resonfiaguency tracking zerwoltage
switching controller for inductorless hdifidgedriven PT power supplies
by using a PLL ZVS controller (Chapt®r) to synchronise to estimated
resonant currents (Chaptdr)

91 Output voltage regulation is provided by incorporating the PLL ZVS
contrdler within a burst mode hysteresis control loop (Chayer

i Simultaneous ZVS and output regulation is achieved through a novel
inductorless Horidge drive (Chapterl) which provides a-Bevel (Vyc, 0V,
T V4o input voltage to the PT where the OV level pdes the output
voltage regulation and a PLL is employed for resonant frequency tracking
and ZVS control.

2.7Chapter conclusions

In this Chapter, a literature review is presented in fundamental topics regarding
the proposed research. The latest PT matanddgvice modelling methods are
described in detail, and available techniques forbBSed converter design,

control and modelling are evaluated.

Although the inductorless haliridge topology is the best candidate for step
down and higkpower applicatios, the ZVS control techniques together with
resonant current estimation methods, however, still need great efforts to be
developed in order to achieve ZVS (demonstrated in Chapter Il and Chapter IV).
Methods of output regulation are reported, and prdcigsues due to PT

vibration should be compensated to obtain an accurate voltage regulation
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(proposed in Chapter V). Techniques to modelb@$ed converters, which are

required for predicting ZVS and voltage regulation region, are reported. It is
highlighted that simultaneous ZVS and output regulation should be achieved
continuously over the applicable of operating conditions, and complex control
circuitry is required since circuit parameters should be controlled simultaneously

(e.g. deadtime, load and fieency) (proposed in Chapter VI).
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Chapter Il

Resonant current estimation

In this chapterthreetechniques are proposed for estimating the resonant current
of a piezoelectric transformer. These approaches are described in detail so they
may be used in the later chapters without full explanation. Initially, the basic
operating principle of a P-basednductorless hatbridge converter is presented.
The typical mode of operation is indicated with ZVS andZ¥8 condition being
demonstrated. Subsequently, input section current estimation is described with
two types of estimating approaches. By recartsing the resonant current and
detecting zero crossings of the resonant current, synchronisation necessary for
achieving ZVS are indicated and thus the feedback signal with ZVS information
is provided for the control circuit. Analytical expressions areivee for
estimated signals for each mode of operation. Output section current estimation
Is then described using concepts similar to the estimation techniques presented
for input section. Finally, simulated results show good indicafborestimating

theresonant current and detecting the zero crossings.

3.1Introduction

Since the resonant current is internal to a PT and cannot be measured directly,
several techniques have been reported in literature to reconstruct the resonant
current and detect the zeroossing points. In3.2], an antiparallel diode
approach is presented at the secondaig © indicate zero crossings of the
resonant current, as shown king. 31(a). A parallel inductor is employed to
compensate the reactive current of the PT output capeeitahile two switches

are used to synchronising resonant current and secondary vbltagever, these

mitigating steps increase the circuit sizgreasecost and diminish the benefits
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of using a PTHence, approaches which take feedback from the pyiside have
emergeds presented if8.3]. Current and voltages from the Mason equivalent
circuit model are estimated by sensing PT input current PT inpatitapcurrent,

as shown irFFig. 31(b), and the converter is switched when estimated reference
signal passes through its zemwssings or peaks. However, the resocantent

of a PTFbased converter is relatively small (less than B@(), the estimated
current is highly sensitive to the system noise and MOSFET switching events
[3.1].

Piezoelectric transformer
equivalent circuit

PT

Fig. 31: Resonant current methods reported if3&8)] and (b)[3.3].

Therefore, in this chapter, techniques which provide good current estimation,
improved robustness to noise and easy implementation are presented. Two
different approaches are proposed to estimate the resonant current foasgdT
inductorless hatbridge converter. These approaches are initially employed at
primary-side and further improved by implementing at the secorsidey to

avoid MOSFET switching events thereby improving overall noise performance.

3.20peration of PT-based inductorless haHbridge
resonant converter

PTs generally have high-factor banepass filterlike characteristics when they

operate close to their primary resonéngiquency There are typically several

other modes but, for a wallesigned PT operated close to its primaryation
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mode, these can be neglected. Their mechanical resonance and piezoelectric
effect can be wdelled by the simplified Maseequivalent circuit as shown in

Fig. 32. The gate drive signals are representedasandic 6 Q is the current

flow at the PT output section and is related to the resonant ci@rentough the
ideal transformer which has a ratidN1An adequate deadtime is required to
provide sufficient input capacitor charging tifigel]. Insufficient deadtime
results in the input capacitance voltagg failing to reach the DC input voltage

Vq4c before™Y is turned on thereby generating switching lo$S8el.

Piezoelectric transformer

equivalent circuit
S‘l»'f‘% ___cquivalent circuit —
dl g . !

— vgs |

E I : ,

Vie 57 | :Cl; :_”_"“\_% ' L

i
Vgs}q : TT C C{mti R; 4c

— 1:N \

Fig. 32: PT-based inductorless hdbfridge resonant converter with Mason

equivalent circuit.

The typical operation for inductorless ®&sed resonant convegexhibits one

of following three modes during a halfcle period.

M1: S and$S are off. PT input capacitance voltagg is charged (or discharged)
towardsthe DC input voltageVy: (or 0) by inductor current ;. This is the

deadtime period.

M2: vcin has exceededy. (or fallen below 0) and the body diode&f(or $) is
conductimg, causing/cin to beViaboveVg.(or Vibelow 0), wher&/; is the forward
voltage drop of the MOSFET body diode.
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M3: S (or ) is on andvg, is maintained ag. (or 0).

=0 =t =172 =1=21/w
(0=0) (6=¢) (6=m) (0=2m)

0 ¢
vgsZ [
0 t
(@)
=0 =t, =12 =1=21/w

(6=0) (6=¢) (6=m) (6=2m)

(b)
Fig. 33: Switching waveforms of theductorless hatbridge PTbased converter
at (a) ZVS achieved and (b) ZVS not achieved
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The switching waveforms of a Fdased converter are shownhkig. 33 under

two different scenarios: ZVS achieved and ZVS not achieved. The high quality
of the resonant tank allovemeto assume ; is sinusoidalPeriodd4(or] radians)
andt; (or %oradians) refer to the deadtime and phase delay between PT input
capacitance voltage and resonant current, respectiVelyagesvys: and vgs2

correspond to halbridge MOSFET gate drive signals.

In Fig. 33(a), ZVS is achieved following the mode sequence’ M,Y Ms.
During the deadtime 0tQiy, the PT input voltag&ci» exceeds/y., inducing the
conduction of the body diode 8funtil S is turned on at=tywhich is thepositive
going zerecrossing point ofQ . Since the MOSFETsupportbidirectional
current flow the reverse resonant current flows throughduring tsQi<t;. In
contrast, the neZVS condition is shown irFig. 33(b) with corresponding
switching waveforms. Hereicn does not reaclWy. during the deadtime and
power dissipation occurs due to the n@astantaneous discharge @f, as S

turns on.

A low inputto-output capacitance ratio ensures that the resonant current is able
to charge or discharge the input capacitor quickly between the DC rails. This
reduces the deadtime requirement. To guarantee ZVS foiba$¥d inductorless
topology, the design iterion developed ifi3.4] is used in this work. The input
to-output capacitace ratio is set m& j 0O 0O ¢j “ with “ ¥¢ deadtime at
matched load conditioriThe input capacitance voltage, is hence maximised

at the end of the deadtime interval. In order for the ZVS criterion to be satisfied
at the limit of the capacitor ratithe resonant current must be in phase with the
MOSFET gate drive signal thereby ensuring that deadtime starts aégative
peak of the resonant currey starting the charge at the peak of the current
waveform, the charge transfer is at its maximQ@perating with a matched load

results in the lowest resonant current value because it corresponds to the highest
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efficiency point as described [8.5]. An unfortunate consequence of operating
with a matched load is that it takes longer to charge the input capacitor during the
deadtime period3.4]. Therefore, fiZVS can be achieved #te matched load,
thenZVS is achievable for all load conditiofi34]. The matched load is given

as

p (3.13)

Wherg is theseriesresonant frequency

3.3Input side resonant current estimation

In this section, two current estimation techniques are described for connection at
the primary side of the PT. Current estimator 1 has been previously described in
[3.6], but it needs careful differential amplification and requiegklitional
resistance. Subsequently, a new technique current estimator 2 is proposed, based
on similar concepts but eliminates the need resistors and does not need a

differential amplifier.

3.3.1 Current estimator 1: Voltage differentiator (CE1)

Piezoelectric Transformer

by

3
o e
jmh ‘..
|= ~

B

AT

YY"y
—]

- —
R, R;
i} -
Ay +
V3 / Ve | 1) Ve
R -
©oLRs L]

Fig. 34: Current estimator 1.
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Current estimator,Ishown inFig. 34, differentiates the PT inpwbltaged to
estimate the capacitor currendi, during deadtime C, and Ry form an
approximate differentiator RaC,L T, where"Yis the switching periadrhe mid
point voltagev; provides a derivative signal of the PT input voltage During
the deadtime, the capacitor currents 6 and C, can be found (assuming
RaCoL TandRsCinL T) from

., AD (3.14)
O_.AO

. . AD (3.15)
¢ 0 Ry

b QY (3.16)

Solvingequation(3.14) to (3.16) results in

Y O
o ~2%q (317
0
which shows that; is a scaled version of the Biput capacitor curreng;pn.
The PT input currenit, is detected by the sensing resigtgr Since

N Q0 (3.19)

b Q QY (3.19)

Substitutingequation(3.16) into (3.18) and rearrangig provides theequation
(3.19) for the resonant current

L 0O (3.20)
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The resonant currernit,, can be estimated using a differential amplifies.Rs,

R, andRs set the gain as

Y'Y Y

; (3.21)
Yi Y Y

oy
V'Y

Comparing equatio(B.20) and(3.21), it can be seen that with careful selection

of component values, ° Q.

It should benotedthat the total effective capacitance at the PT input is increased
sinceC; is introducedthereby ZVS is harder to achievinereforeC, should be
much smaller thai, in order to minimise its effect on PT performance and the

ZV'S capability[3.7] (e.g.a factor often times smallgr

0.0 -~
F\ [
0.1 -\.‘ ' V/ :
a 0.2 - ‘/': :
02 + | |
) \ p !
< T
= 9 | 1
o
> ;

-
[ | ————— .
~
L -~
-~

(V) yuam)

1 . |

10 12 14

8
Time (us)
Fig. 35: Switching waveforms of current estimator 1.

The operating waveforms of current estimator 1 under ZVS are shdwign B5.

During My, the PT input current, and its scaled representataremainalmost
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zero since the PT input capaciy is being charged towards.. The current
through Ci, and its scaled versiow increase accordingly. Once the PT input
capacitor has been fully charged,is dominatedoy resonant current; which

flows in the reverse direction and the body diode of the MOSFET conducts during
M. During Ms, Vain IS maintainecconstantat Vg, therefore its derivative signal

vy is zero. Voltages; andv, are combined to monstructhe estimated resonant
current vec as shown inFig. 35. A signdetecting comparatotJ; provides

feedbacky,. for the controller.

3.3.2 Current estimator 2: Anti -parallel diode sign detector (CE2)

Piezoelectric Transformer

™

“out

Fig. 36: Current estimator.2

Current estimator 2, shown iRig. 36, consists of two an{parallel diodes
coupled to the input section of the PT. These diodes are used to detect the zero
crossing of the resonant current. Each diode current is described$iyatidey
equation

(3.22)

o~ no
Q OA@EE)TY 0
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where vy is the voltage across the diod€, is absolute temperaturd is
Bol t z mann @aistheemisssomn cefficient,is the electronic charge and

Isis thereverse saturation current. Employ equatiorn(3.22) to the antiparallel

diodes configuratioror agsuln)s in (negl e
. .~ N
0 c"OOEIé!EQ, (3.23

A silicon fast switching diode 1N4B is employed in this design for easy sign
detection of the input currenthe reverserecovery time of 1N4148 is 4nghich

Is negligiblein comparison to th&ps switching period.There is negligible
change in the <c¢onductwhangthecaurrentis dbsve f or w
10mA. Since this is much less than the typical current (aboweA), we can

safely assume the forward voltage is constant and merely changes sign with
current. Similar to current estimator l¢apacitorC, is connected in parallel to

PT input to as shown ilkig. 36 and itis chosen to be much smaller tian(e.g.

ten times smaller) in order minimise its effect on ZVS capabilify]. Note that

no series resistor required.

The antiparallel diode current and PT input capacitor current are given as

MM 1 KO (3.24)
‘0 Q Q[l - P (3.25)
T - ¢+ o
therefore
Q. Q Q (3.26)
- -
Qo0 0 o]

Solving(3.24)-(3.26),
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6 (327)
o ) - P
ph - ¢+ o

Thereforejq andi ; share the same polarity unddrmodes.

9 i P

M, M, , M1 i
01l D L Cin
I I _
: : lco
0.0
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1 1
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Fig. 3.7: Switchingwaveforms of current estimator 2.

Circuit operating waveforms of current estimator 2 are showangin37. During
M;, current is flowing out of the resonant circuit andlsih C, and Ci, are
chargedoositivelytowardsVy. andthe capacitor curremg; is proportional tacin.
Bothic, andici, remain zerance theotal PT output capacitance is fully charged
to Vye. INFig. 37, iqis contributed byc, andici, during My and for the component
values inFig. 36,it is 1.1 times larger than resonant currgatas given in
equation(3.27) (sinceC; is set b be 10 timesmallerthanC;,). During M, and
M3, iqis dominated by, sinceC, andCi, are fully charged. As shown kig. 37,

Ig andi_; share the same zeonossing points under all modé&ince the effective
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signs ofig can be indicated by arpiarallel diode voltage,, vq represergthe sign
(iL1) and so can besed by theontroller A comparatoitJ; is used tamodify vy
andprovide theresonant current zemmrossingfeedback signal,. for the ZVS

PLL controller.

3.40utput side resonant current estimation
3.4.1 Current estimator 3: Voltage differentiator (CE3)

Piezoelectric transformer
equivalent circuit

i R C L Ty g
ECi N : _ECout: Cf4 ltr?;
! EI:TVCin § éco];_ : R. []RL
- LN R v
R | & |
A, Va
A% |

Fig. 38: Currentestimator3.

The current estimator 3 is developed at the secondary side to reconstruct resonant
current, using a similar approach from current estimator 2, as shdwg. i88.

SinceQ is a scaled version of the resonant curf@ntthey exhibit the same
polarity and, thereforéQ can be estimated by combining measurements of

andu . The tworeferencesignalsare combined using a differential amplifis,

to provide the current estimate sigaal Comparatot); detects the zerorossing

of current estimate which is then provided to the control circuit as voliiafye

65



simultaneous phase and frequency logkiAs can be seen frofig. 38, Rc
senses the PT output capacitor current wRidesenses the PT output current.
Therefore, a scaled version® and’Q can be generated [RcCs<<T and
ReCou<<T, whereT is the switching period) to reconstruct the resonant current
Q.

(o T o T o o) (3.28)

AD Q0 (3.29)

5 . (3.30)

o . (3.31)

Substituting equatio(B8.31) into equatiorn(3.28) and solving foic4

0 0 (3.32)
0 0

0
The voltageacrossRe andR: can be found by
0 Q Qv (3.33)

0 QY (3.34)

Substituting equatio(8.32) into equatio(3.30) and(3.31)

5Q W Y (3.35)
5 &
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0 Q'Y (3.36)
0 0

Adding voltaged andu together from equatio8.33) and(3.34)
0 v v Y Y 'Q YNQ (3.37)
If Re/Reis made the same &5.,/C,, then equatiof3.37) is rearrangeds

Q N6 Q6 Y (3.39)

Substituting equatio(B8.28) and(3.30) into (3.38) and rearranging fOrayq

0 Y Q Q 1Q (3.39
=Y 'Q
From equation(3.39), it is indicated thad © "Q .Therefore, theresonant

current can be estimateging a differential amplifieandd © Q.

Fig. 39 shows the SPICE simulation waveforms of current estimator under ZVS.
va andvg are combined to reconstruct the estimated cungnand are usd to
generate the feedback signat for the control circuitAs can be seem, is

proportional toQ , and they sharthe same zerorossings.

Although the finding presented in this chapter have only been validated by

simulation resultsChapter IV will present a phasecked loop controller using

the current estimators presented in this chapter which will be validated by the

experimental results. These results will also validate the operation of these current

estimators.
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Fig. 39: Switching waveforms afurrent estimator 3.

3.5Chapter conclusions

In this chapter, techniques used to estimate resonant current and indicate zero
crossings for ZVS has been presented. Initially, the operating principle-of PT

basednductorless halbridge resonant converter is described with ZVS and non
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ZV'S condition. Subsequently, primary side current estimation is demonstrated.
By regenerating PT input current and PT input capacitor current, the resonant
current is reconstructetthrough a voltage differentiator. Additionally, an anti
parallel diode current estimator with zero crossings detection is described. The
resulting estimations are modified before applied to the control circuit. To
improve system noise performance and avimitbrference from MOSFET
switching events, the voltage differentiator approach is further developed at the
secondary side to rebuild resonant current, by reproducing PT output capacitor
current and PT output current. All these estimation techniques, sinets good
correlations that indicate zero crossings compared to the actual resonant current,
can be used for the control circuit to leck to the resonant current and provide

in-phase gate signals with adequate deadtime.
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Chapter V

Phaselocked loop control desig

In this Chapter, a new technique, which locks onto the switching wavefeimgs

an analogue phasklcked loop (PLL) to ensure ZVS operation, is described in
detail and compared witprior art. The proposed PLL control technique enables
fast tracking ofresonant frequency, compensation of resonant frequency drift,
improved robustness to noise and ZVS for inductorless configuration at the
matched load condition. By taking the reference signals generated from current
estimators presented in Chapter Ill, thL synchronises both phase and
frequency of the resonant current, and generate thghase gate drive signals
with adequate deadtime. Three PLL controllers are develo@edhase locked
PWM which employs the timing capacitor of PLL, a time delay ciradiich
shapes the PLL output through a RC network, and a frequency divider which
halves the PLL output frequency. To validate the proposed ZVS PLL controller,
a prototype converter is implemented with a ro@f radial mode PT.
Experimental validation showuccessful ZVS operation of all PLL controllers
together with the current estimators presented in Chapter Ill. The comparison of
lock-on time and startip period are also reported, anmine permutations of

current estimation and feedback are cowledfor applicationspecific usage

4.1 Introduction

Following the development of resonant current estimation techniques in Chapter
[ll, Chapter IV presents a PLL control system which employs the current

estimator for achieving ZVS of a Hiased converter.
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Several circuit topologies have been investigatedrive PTs, as described in
Chapter I, including pusbull [4.1], classE [4.2] and halfbridge[4.3]. For step

down applications,lthough the inductorless hdifridge configuration shows the

best performance in terms of size and cost, as it eliminates the need for any
magnetic components at the expense of increased deadtime and difficulty of
control [4.4][4.5], the operating frequency is reducedatoarrow band slightly
above resonance, where the PT exhibits inductive behaviour. Therefore, a control

circuit which enables precise tracking of resonant frequency is required.

The control strategies for Pdased converters reported in the literaturéuihe
pulsewidth modulation (PWMJ4.6], pulsefrequency modulation (PFM*.7],
pulsedensity modulatiorj4.8] and phasdocked loop (PLL)[4.9]. In [4.10], a
combination of PWM ad PFM is used for line and load regulation of an AC/DC
converter. The circuit if4.10] employed PWM at a fixed switching frequency
for low output voltages and employed PFM at a fixed duty ratio for high output
voltage. For PIbased inductorless configurations, an input matching network
has been introduced if#.8][4.11] while a selfoscillating control system is
implemented in[4.12] to achieve ZVS. InM4.8], pulsedensity modulation is
employed to regulate the output voltage, with an input matching network
implemented to reducswitching harmonics. A muHibop control strategy is
used to modify the number of on/off cycles, switching frequency, ‘puoste
period and deadtime which can be dynamically adjusted. However, each of these
control methods reported in the literature eigreces one or more of the

following drawbacks

1) Resonant frequency drift of the PT is uncompensated. The resonant
frequency varies with load and temperatdr&3][4.14]. As the efficiency
of a PT is maximised when it is operated close to its resonant frequency,

any uncompensated change in resonant frequenayecaiease efficiency.
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Therefore, a highly sensitive adjustable control strategy is required to
maintain highkefficiency operation, such as phdeeked loop control

[4.15], adaptive phase contridl.9] or seltoscillating contro[4.16].

2) High efficiencyof both PT andresonantonverteris hard to achieve for
the inductoless topology. This is because reduced resonant current flows
during the deadtimpt.17]. In[4.8] and[4.11], an input matching network
Is introduced for ZVS optimization. Howeveéotal efficiency is decreased
since part of the energy is consumed by the matching network. Moreover,
the PTOs driving waveform generated
and hence other higherder harmonics are introduced and cannot be

ignored in pactice.

To address these problems, a-®sifillating phasehift compensation approach

was introduced if4.16][4.18]. Currert peaks[4.18] and zerecrossing points
[4.16] of the resonant current are sensed and used for switch timing. The principle
of phase compensation is to track the resonant frequency change in a PT with
cycle-by-cycle adjustments where the phase around the loop is adjusted to be an
integer multiple of¢“ to meet the Barkhausen criteri¢#.19] for sustained
oscillation. A selfinduced osdiation is used to excite the PT vibration near the
resonant frequency during system stgit However, this approach suffers from

two problems:

1) Since the controller must operate as an oscillator and, duringuptart
operates with a frequency lowertha t he PTO0s resonant

efficiency of the PT is reduced due to below resonance operation.

2) When the resonant frequency changes, npdtiod lockin delays can be

introduced, which is not desirable for fast tracking. Additionally, soft
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switching is not preserved during logk delay as the driver has not

reached steady state.

In this Chapter, a comparative analysisofe variants of a phaskecked loop

(PLL) controller is presented which overcomes these problems. Together with the
current estimators presented in Chapter lll, three-gjgteal generators are
proposed and evaluated to mitigate issues of resonant frequeftcy\dS for

the inductorless halbridge configuration, extra circuity and time required for
self-excitation of the resonant current, and to expedite circuit-gparflThe

designs lock on to the resonant frequency, ensurifig radians deadtime
necessarfor meeting the critical criterion ij#.17] and therefore achieving ZVS

for all resistive |l oads. The control |l
irrespective of operating conditions and temperature, makes PLL control highly

desirable irthis application.

4.20peration of the ZVS PLL control system

The proposed ZVS control system consists of a resonant current estimation circuit
(described in Chapter Ill) and PLL controller, as showRim 41. A resonant
current estimator is employed to reconstruct the Masprivalent circuit
resonant current by its zero crossings using sigaalhich is applied as an input
signal to the PLL controller. Although tvgignals are shown fag, only one of

those signals will be used depending on whether prirsiaigy or secondargide
resonant current estimation is being used. The PLL controller is implemented by
a CMOS CD4046 (using the type Il phase detector) to docto the phase and
frequency of the resonant current and provide correctly synchronised gate signals

via steering logic to achieve ZVS.

The CD4046 consists of the phase comparator and a waltengeolled oscillator

(VCO) which are connected to each atbg an external lowpass filter (LPF).
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The phase comparator output of the CD4046 (the phase error) is integrated by the
low-pass filter and therefore ensures, once the PLL has locked on, that the phase
error is zero. The LPF operating within a feedbadlperforms this integration

and also reduces phase noise to produc
output frequency is therefore adjusted until the output is locked in phase and
frequency to the resonant current, and ZVS will therefore be achiévube

critical design criterion is md#.17]. Signalvieek is the VCO output an@iockee
corresponds to the phase comparator Il impdk,equals tosecaaf no frequency

division is employed in the feedback loop (as will be discussed lateandvc,

are type Il phase comparator output and VCO input, respectively. The circuit

operating waveforms have been described in Fig. 3.2 in Chapter III.

v Input Output
de| | Half- Current Piezoelectric Current
T [bridge Estimator Transformer Estimator [Load
i
Vzc Vzc

: Phas‘e ‘ pe I pilter | s, VCO Viock i Stee? ing logic and gate [ Vg
Comparatol signal generator > Vo2
1w " Frequency I
: CD4046 I divider | Vet
H L

- - H
.........................................

Fig. 41: Block diagram of the ZVS PLL control system

4.30peration of CD4046 PLL

4.3.1 General description

The ZVS PLL controller is based on the CMOS CD4046 IC and utilises phase
comparator Il as a phase frequency detector (PFD) tovachisignaliscx which
is locked in both frequency and phase to the input sigal circuit block

diagram adapted from the datashé&et9] is shown irFig. 42 with annotations
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shown in blue to allow them to be easily identified. As mentioned, this work will
focus on the zerphasedifference phase comparator (phase comparator Il) and
the Zener diodgresented on pin 15 for supply voltage regulation. External
resistorR; and capacitoC; determine the frequency range of VCO wiie
enables the frequency offset of VCO. Voltages and v, correspond to the

voltage on each side Gf.

Vzc

Signal In @ VpD

V i CD4046B
Phase
Comparator |
Phase Comparator | Qut
Comparator In @
Viockr —— — 3 1 O‘\}}
| Phase Comparator Il Out p
Phase +@ |74 c OA
+N Y Comparator Il : P
| v, VCO Out Phase Pulses § R3
| _Cﬁ _+
(6)
1 Ve V¥ veoin V.,
T Ct ) vCo [« ++{—9) ® LPF
Vett =0 c2
Vss < ’:RN\' ) Demodulator Out T~
t1 Source
VSS & @ Follower @ : | v
Rtz 0 A A Vss
Inhibit ? I F % RS
|

Vss @ Zener Vgs

Fig. 42: The circuit block diagram of CD4048.20].

The phase comparator Il synchronises the frequency and phase of the input signal
presented at pin 14,., by generating a phase error at pin\i3,Whenthe phase
error is zero when PLL is locked on. The external LPF reduces phase noise,

76



integrates the phase error, attenuates the-fnegfuency AC components and

generates a stable voltage for VE20], weo.

Previous literature on Rlbased controller design introduces setfuced
oscillation to initialise the P-based converter, which results in additional circuity
and time required for sedxcitation of the resonant currgdt16]4.21]. This can

be eliminated if the VCO range covers only the possible operigggencies.

At the system staiip, when no input signal has been applied to the PLL, the
error voltage at the output of the phase comparator is zero. The VCO therefore
initially operates at its minimum frequency, which is set close to expected
resonanfrequency thereby reducing the time required for-egdiitation of the

resonant currenf4.16][4.21] and ensure a fast system sigpt

4.3.2 Phase synchronisation

The phase comparator Il of CD4046 used in this work is a positive- edge
controlled phase frequency detector. The PFD is triggered only by the positive
signal transitions and therefore the duty cycles of signal impu{pin 14) and

the VCO inputyieck, (pin 3) are not important. As shownHig. 43(a), the phase
comparator Il comprises a phase detector which consists dloitip, gates and

a low-pass filter charg@ump which behaves like an4glown counter. The phase
detector generates gating signals to trigger chpugpep switches. The charge
pump is implementéusing a pMOS and a fMOS, and they are controlled such
that the current flow into and out of LPF is dynamically adjusted according to the

phase and frequendyfference.
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Fig. 43: (a) Block diagram and (b) switching waveforms of the PLL using phase
comparator 1[4.20].

The typical switching waveforms of the phase comparator Il is shovingin
4.3(b). Itis classified into three sections (I, Il and IIl), which corresponds to when
VCO input lags the signal input, higimpedance state and signal input lags the
VCO. Phase comparator Il typically exhibit one or mdrimtbowing operations:
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1) The signal input,c and comparator inpwWock are not frequency matched:
if the frequency ofv is higher than the VCO, theMOS is off and p
MOS is on and this charges the capacitor of the LPF such that the VCO
Input Ve iNncreases thereby increasing the VCO operating frequency.
Conversely, if the frequency @i is lower than the VCO, the-NIOS is
off and rMOS is on so as to discharge the capacitor of the LPF and
reducing the VCO input voltage, thereby decreasing the VCCatipgr

frequency.

2) The signal input and VCO are frequernoyatched but not phaseatched:
if the VCO lagsv,. in phase then the-WOS is off and pMOS is pulsed
on. A positive pulse is generated which width is proportional to the phase
difference and the @se error is reduced. Conversely, if the VCO output
exhibits a phase lead, then th&/®S is off and AMOS is pulsed on for

the time corresponding to the phase difference.

3) Both signals are phase and frequency matched: the output of the phase
comparator is in a highmpedance state since botiMDS and pMOS

devices are off and so the LPF maintains a constant voltage.

4.3.3 Voltage-controlled oscillator (VCO)

Within the operating frequency range, the VCO is a linear -thwaiant system.

The contol voltagewc, (VCO input) at pin 9 determinethe charge/discharge
currents that flow through the external timing capadipshown inFig. 42,
thereby control the time required to charge/discharge the capacitor te a pre
determined threshold value internal to the IC. Therefore, VCO output frequency

is determined by the control voltag,c, and exhibits 50% duty ratio.

79



Vae .f;tllax

Vet2 /J‘ ]5 .
Voo Vpp
- 2
H . B
Hlock VCO input voltage

@) (b)

Fig. 44. VCO characteristics: (a) timing capacitor voltage in locked condition

and (b) relationshipetween VCO input voltage and operating frequency range.

The switching waveforms of VCO correspond to timing capacitor in the locked
condition and VCO operating range with respect to VCO input voltage are shown
in Fig. 44(a) andFig. 44(b), respectivelyThe voltage on each side®@fis shown

as Ve and Ve While frax fmin, @and §, correspond to maximum, minimum and
centre operating frequency of VCDhe VCO input voltage controls a current
mirror that supplie€; and this in turn controls the time fagi, to charge from

0V to the threshold voltage thus producing the sathttype waveforms for. .

that are phase and frequency locked/to The VCO characteristics are user
adjustable by external componeR{g R,andC,;. The component selection for a
typical operating condition can be found in the dataspe20]. To ensure a
proper VCO operation, the component values may still need to be tuned by

experimen{4.22].

80



4.4Gate signal generator

4.4.1 Phase locked PWM

CD404

l_ ___________________ -1

1 Phase !
Filter|—, 1 Viock

Voo 1t Cnmparatur_' »VCORH lock []_

I l 1 |

_A_1!Ctllb—| I—pvﬂ //I_/l
ADS564 Ci

IRS2108 Uy
_C 0 vzc - va
_n_-l"gsl <+— Gaite

_‘ I_vgsi -+ Dl"i"'f'.'l'_C Vie +
Uy

Fig. 45: Block diagram of PLL controller with phasecked PWM

1

ref

The PLL controller with phaslecked PWM (shown iffrig. 45) is implemented

by employing the CD40460s timing cape
waveforms with 180°phase shift) as a reference signal to produce gate drive
signals. The VCO has a 50@ituty cycle and operates by charging the external
timing capacitorC;, via a current source controlled by the VCO input signal. One
side ofC; is held at ground while the other side is charged by the current source,
producing a ramp (sawtooth) waveforimage locked to the PLL input signal.
OnceC; charges to half of the internal logic voltage, the charged side is pulled to
ground, and the other side is discharged through an internal resistor. A new half
cycle beginsv.; andvg, act as the carrierignals for the phase offset comparator

Us andU, [4.15], which compare the capacitor voltages to reference voliage,

Viet IS carefully specified to ensure the correct deae is achieved.
Subsequently, through the combinational logic, the phase and fregoekeyd
MOSFET gate drive signals synchronisediitp are generated, featuring the

requisite” 7¢ deadtime interval.
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4.4.2 RC time delay

CD4046
e 1 I |
\ Phase Filter .
"zc—.—pCOmparator_’ vco I
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3
+
IRS2108 " 700pF
3 |y
TL_vea <] Gate e
[1Ves2 «—Driver < N4I |
700pF
U, N 3kQ
AD8564~] Vrer

Fig. 46: Block diagram of PLL controller with RC timé delay

Fig. 46 shows an alternative implementation where the controller essentially
forms an RC delay circuit by taking the VCO outpik as a reference. Once the
PLL locks onto the resonant current, the VCO outpuieck follows the phase
and frequency ai ;. In Fig. 46, vieck @and its inverted version are shaped through
identical RC delay circuits to trigger tigates following the correct delay. The
circuit and reference voltageer, are arranged to providelc deadtime, ensuring

the highside switch turns on at zero phase and maintaiadians delay between

the two switches.

4.4.3 Frequency divider
CD404

——————————————————— -

T Yook Frequency J1 Y10ck
divided by 2

IRS2108

-
V s1
B Gate g JL
Driver
DL
O

Fig. 47: Block diagram of PLL controller with frequency divider
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Fig. 47 shows an alternative approach where the PLL controller is implemented
by employing a frequency divider to the feedback path between the VCO output
and the phase comparator input A D-typeflip flop is used for the frequency
divider. The incoming signaM,cx) acts as a clock for the-ype flip flop and the

D input is then clocked through the outplihe VCO operates at twice the
switching frequency, and its output frequency is halvediaed to drive the half
bridge. With frequency divider inpwock (or A) and its outputi.cagor B), the
corresponding ikphase gate drive signals wittf¢ phase shift are generated

through combinational logic, according to these Boolean equations

VI Xe (4.1)

VI ¥ (4.2)

4.5Experimental validation

To provide validation of the proposed control methods and the current estimators
presented in Chapter lll, a prototype converter is implemented, as shéwg in
4.8(a). A radial mode PT presented[th23][4.24], as shown itrig. 48(b), with

the following extracted equivalent circuit component values at the matched load
condition is usedCir=0.43nF, Coy=1.14nF, L;=17.2mH,C,=77.8pF, Ri=124m),
N=0.94,0=1190.
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Fig. 48: (a) Prototype halbridge inductorless Rlbased converter and (b) the

ring-dot radial mode piezoelectric transformer under test.

A DC supply voltage of @V is used for the power stage. Since the ideal operating
frequency of the PT is temperatuesd loaddependent, as well as being subject

to manufacturing tolerances, suitable limits to the operating frequency range
(typically N5% onty)nrustbesapplied ssingile P[1.16] r e g u e
The experimental measurements stnewn inFig. 49, with all combination of

gate signal generators associated with current estimatorsQEBIpresented in
Chapter lll. The experimental waveforms are showkign 49 split across three
pages with the phase locked PWM on the first page [par&){a)lhe RCtime

delay approach shown on the second page [Ehf(§){ and the frequency divider
approach on the third page [party-(i))]. Each page containtree plots i
working left to right and top to bottom each plot is current estimator 1 (CE1),
CE2 and CE3. Each plot showsci,, the estimated current. and vy, and
associated waveforms (i.e. V2, Va, Vg ), current zero crossing signat, VCO
outputvieck and the gate signalgsi 2 Vecandvy are the reconstructed current using
voltage differentiator approach and voltage across the diode usingaaaitel
diodes approach described in Chapter lll, they are all considered as the zero
crossing references to the comparator and modifieg. tuefore applied to PLL

controller.
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Fig. 49: Experimental results of the proposed control methods. Hbelsed
PWM controller with (a) CE1, (b) CEa@nd(c) CE3. RC time delay controller
with (d) CE1, €) CE2,and(f) CE3. Frequency divider controller with)(CEL1,
(h) CE2and(i) CES3.

For all cases, -pabsdiltePvhictohas aicaorneredreqguendy ofl o w
400kHz, is used to compensate the l@mg to minimise phase error. For the
phaselocked PWM Fig. 49(a)(c)) and the RC time delayFig. 49(d)-(f))

steering logic implementations, the VCO is restricted to operate between 135kHz
and 145kHz by &C=410pF timing capacitoRi=50k Y ti mi ng r esi
R:=200kY frequency offset rleckandcapure. | t
range while still accommodating component tolerances. For the frequency divider
implementation £ig. 49 (g)-(i)), the VCO is set up to cover a lock angbtceie

range of 27290kHz (i.e. covering twice the resonant frequency) 6y=220pF

timing capacitor,Ri= 9 0k Y t i mi n gRx=r5e0s0iksYt ofrr eagnude n c y
resistor. Ashown inFig. 49, for all cases, the two inputs of the phase comparator

I, v;c andvieek (OF Viockdg have identical phase and frequency, indicating the- PLL
locked condition. The zerorossing points of the resonant current are clearly
shown by theising and falling edge of,c. Subsequently, gate signaig: and

Vgs2are generated through the appropriate steering logic and driver circuits.

All results show ZVS is achieved (indicated by ¥Bgrise completing during the
deadtime). As these experiments were performed for the matched load, which is
the worstcase condition, they demonstrate the Z8&pability of the
implementations for all loads. This is to be expected as the radial mode PT was
designed to meet the critical criterion (sde0]). In each caser,, the detected
current phase, has clean edges which align to the detected current and the gate
signals. Although the noise is not negligible, the results show good agreement

with the sinulation resultsghown in Fig. 4.1)) confirming the accuracy of the
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simulation and therefore provide experimental validation for the current

estimators described previously.
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Fig. 410: Switchingwaveforms from SPICE simulation. (a) Current estimator 1,

(b) current estimator 2 and (c) current estimator 3

4.6 Recommendations

The performance, complexity and versatility of the controller depends on the

particular implementations of the steering logic ighhproduces the gate signals

and phase feedback) and the resonant current estimator. In this section, a number

of options are provided farine implementations. Each is present and analysed

individually, and the final complete implementations are compaBxth

simulation and experimental results are provided to demonstrate the versatility of
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the proposed control systems. A matched load is applied in this work since it
indicates the most challenging operating condition for achieving [A\14]. If

ZVS is achieved at the matched load, ZVS openas possible at any load.

4.6.1 Noise immunity

—— CE1-Phase-locked PWN
—— CE2-Phase-locked PWN
—— CE3-Phase-locked PWN
CE1-RC time delay
CE2-RC time delay
CE3-RC time delay
—— CE1-Frequency divider
1 CE2-Frequency divider
0.4+ CE3-Frequency divider

Lock-on time (ms)

0.0- T T T T T T T T T T T 1
00 01 02 03 04 05 06
Noise power (W)
Fig. 411 Lock-on time comparison of the proposed PLL controllers associated

with CE1 to CE4 under noise condition.

To indicate the resonaftequency tracking performance of aline methods,

white noise of varying power is applied to the comparator input of the PLL in
simulation and the time taken for the ZVS to achieve-lmtks measured. The
simulation conditionsra the same as experimental test, while the noise power is
measured with r es pig4l2 The cesults¥are gieers Figs h o wn
4.11. The right hand side of each plot indicates wherealfilgy to achieve lock

on was lost due to the adverse effects of noise. As can be seen, Cip2i(a@idi

diode current estimator) sis the best noise tolerance among all current
estimators regardless of PLL controller type. The frequency divider controller

with CE2 gives the best result overall and is able to handle up to 0.5W noise
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power.In terms of the loclon time, at a given noigeower level, CEZhows the
shortest lockon time among all the current estimators for all three-gigteal

generators.

1 Viock

4 4
CD4046

Vze

Noise [ .

e

Fig. 412 The block diagram of the system noise test.

The controller noise immunity is significantly imwed by the frequency divider
approach. This can be explained that as the noise power level increases, the VCO
will be affected and this appears as phase noise on the output of the VCO. In
general, phase noise can be generated by PLL itself (e.g. phaterdieninates

the noise source within the loop bandwidth while VCO is the dominant noise
source outside the loop bandwidth), frequency divider and the resonant circuit
[4.25]. Phase noise from frequency division is negligible when division ratio is
small(i.e. 2 or 3) and it is insignificant when PLL operates at low frequencies.
Therefore, the overall PLL noise performance is mainly determined by the
resonant circui{4.26]. The noise reduction for a given frequency division is
20logon , where n is the divisiontia [4.25]. Hence, a frequency dividay-two
results in an improvement of 6dB (or 20i¢®9) for phase noise correlated to the
carrier frequency (VCO centre frequencaid 3dB (or 10log2) improvement

for the uncorrelated phase no[ge26], making a practical andfective way to

reduce phase noise of the PLL.

4.6.2 Start-up period
The starup period of the proposed control methods associated with different

current estimation methods are compared with previous art and shdvig. in
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4.13. In this simulation test, each methodimsplementedin SPICE without
adding noise. To ensure a fair comparison, the time scale is presented in terms of

switching period, andin is normalised to unity

Fig. 413, the top plot shows the starp period of a fixed deadtime control
presented inf4.2]. Seven cycles are required for the switching voltage to reach
the positive rail during a single deadtime whereafter the system reaches steady
state The second plot from top shows a dynamicalijusted control design

presented if4.27] with seven cycles required to rea¢h in a single deadtime.

All the proposed control approaches showrrig. 413 demonstrate improved
performance in terms of reaching the steady state with a reduce@topkriod.

The best approach, @BEwith phaselocked PWM requires onlyfive cycles to
enable the PT input voltage to meet the positive DC rail[42}and[4.27], the
optimum deadtime is detected in each resonant cycle and a total feedback loop
phase angle of integer multiple of is satisfied, therefore dynamic phase
compensation is necesgavery time the resonant frequency changes which is

not desirable for fadracking.
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CEZ2-Frequency divider

CE3-Phase-locked PWN
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Fig. 413. Comparison of staitip period. (a) top to bottom: previous art frgh®]

and [4.27], CE1 associated with phakeked PWM, RC time delay and
frequency divider, respectively. CE2 with phdseked PWM and RC time delay.

Normalisedv,

(b) top to bottom: CE2 employed with Frequency divider. CE3 implemented with
phaselocked PWM, RC time delaynd frequency divider, respectively.

The methods proposed in this thesis show the best performance since, during the
system startip, the VCO initially works at its minimum frequency, which is set

to be near the resonant frequency. Thus, the PT shouldcliedeand operated

in the resonant modes more quickly. For a practical implementation of the PT
based converter control, when changes in optimum operating frequency caused
by load and temperature variation are considered, the proposed methods are more
advantageous since the PLL controller is able to lock on to the optimum

frequency irrespective of operating conditions and temperature effects. Fewer
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lock-on periods enable fast tracking of the optimum frequency thereby improving

the overall system efficiency.

In terms of flexible control of deadtime, the phdseked PWM and RC time
delay approaches also perform better than the frequency divider approach. This
Is highly desirable when output voltage regulation is required for a practical
implementation of a P-based power supply. Approaches for regulating output
voltage reported in the literature include: employing a hysteresis conjol8f;
operating frequencgnodulation (thereby changing the reactance of the resonant
tank)[4.29], and adjusng the deadtim4.3][4.27] (hence the dutyycle).

Referencd4.30] indicates that it is difficult to regulate the output voltage while
achieving ZVS with deadtime canot and frequency control simultaneously. The
proposed phaslecked PWM and RC time delay approaches show potential
advantages for a simple and flexible deadtime control to regulate the output since
the deadtime interval can be controlled both symmetyi@ild asymmetrically

by adjusting the reference voltages.

4.6.3 Overall performance
The overall performance of all contnoine approachess summarised imable
4.1. The chace of control approach must be taken holistically, bearing in mind

need for flexibility, noise immunity, system complexity and tracking speed.

Although the control circuit presented in this thesis was designed fbasdd

inductorless resonant convertdtse findings are likely to be generally applicable
to other resonant convertgrs 15] 4.31][4.32] because this approach provides
precise phase detection, wide frequelumking range, adjustable deadtime,

small time delay and ease of implementation.
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Table 41. Summary of different control approaches
Phasdocked PWM RC time delay Frequency divider

CEl CE2 CE3 | CE1 CE2 CES CEl | CE2 CE3

A" | Symmetrical and adjustab Symmetrical, Fixeddeadtime
deadtime asymmetrical adjustable
deadtime
B 6 5 5 6 7 6 6 5 5
cC 10 10 40

D" | 0.09 0.15 0.11 | 0.11 0.17 0.15 | 0.36 0.5 0.41

E"| 140 125 132 111 94 100 225 191 212

A’": Flexibility, B": Startup period (cycles), TVCO range kHz)
D": Maximum circuit noise tolerance (W),":ENumber oflock-on cycles at
maximum noise level

4.7Chapter conclusions

A PLL-based control system for achieving ZVS operation in-®&3ed resonant
power supply is presented in this chapter. The cooperation between current
estimation circuits described ®hapter Illland PLL controller feedback design
were described in detaBy measuring the zerorossing points of the estimated
current, the switching waveforms are locked on to the resonant current while
simultaneously ensurifdgfc radians dead time and hence achieving-xeiftage
switching for all loads. The control sgst is implemented using different current
estimation circuits with steering logic and gate signal generators based on
CD4046 PLL. A ringdot radial mode PT with a matched resistive load is used
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and both simulation and experimental results demonstrate ssfigceZVS
operationNine implementations are presented and evaluated, each with its own
advantages in terms of flexibility, circuit noise condition, power consumption and
lock-on time. Thephaselocked PWMwith CE2 approach shows excellent start

up perfomance with onlyfive cycles required to achieve steady state. This
ensures a fagtacking of resonant frequency change. Frequency divider control
performs better at circuit noise immunity and has potential advantages for high
frequency operation. In addih, CE2 experiences shorter logk time under

noise conditions and has higher circuit noise tolerance.
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ChapterV

Hysteresis control for output voltage regulation

This Chapter presents a techniqoaegulate the output voltage of a alidge
inductorless PIbased resonant converter. The current estimation and PLL
control techniques, demonstrated in Chapter Il and Chapter IV, are used to
achieve ZVS and form part of the feedback loop for voltegelation. A burst

mode hysteresis control, which modifies the on/off periods of the MOSFETS, is
employed @ provide output voltage regulation of the D@UDOconverter. The
mechanical vibration initialisation and neinstant stop behaviour of a PT, which
causes inaccuracy of voltage regulation, has been analysed. The prototype
converter implemented in Chapter IV is further extended with a second feedback
loop to achieve voltage regulatioBoth experimental and simulation results
demonstrate the operatiorf the syste, and an output voltage at the matched
load condition has been achieved. The fast system-igtalty using a PLL
controller which demonstrated in Chapter IV is als@lidated by the
experimental results. The output characteristics of reguldiiomn, load and line

regulation are described in detail.

5.1Introduction

Following the resonant current estimation techniques described in Chapter lll,
and ZVSachieving PLL control techniques demonstrated in Chapter IV, this
chapter employs these techméguand extends the operation of the converter
based on the circuit presented Chapter IV, to provide output voltage regulation

using a burstnode hysteresis controller.
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To regulate the output voltage, bunsbde modulation has been shown to provide
superior performance when compared with pdileguency modulation (PFM)

and pulse width modulation (PWM) since it provides a higher efficiency and
lower harmonicg5.1][5.2]. However, traditional burshode modulation uses a
fixed switching frequency, and this is not desirdblePT-based converter since:

1) load variation is limited due to the narrow control bandwidth; 2) the resonant
frequency of the PT will shift due to variations in temperature and load; and 3) a
time delay is introduced during the stag and stop periadas a result of the
mechanical vibration of the PT, leading to inaccuracy of voltage regulation.
Therefore, additional compensation is required regulate output voltage and

maximise overall efficiency of a Plased converter.

In this chapter, a phagecked loop (PLL) controller and burst mode controller
with a secondargide resonant current estimator (CE3) is presented, to regulate
the output voltage while maintaining ZVS operation. By estimating the resonant
using only secamiary side measurements interference from the MOSFET
switching events are avoided improving robustness to noise. The PLL locks onto
the estimated resonant current providing a synchronised square wave from which
the MOSFET gate signals are derived. Adheretwethe critical criterion
described in5.3] ensures that a particular dasigan achieve ZV$5.3]. The

output voltage is regulated through a burst mode controller by adjusting the on/off
periods of the switches. The proposed control system is implemented and

experimentally validated using a ring dot radial mode PT.

5.20peration of the proposed control system

The proposed control system includes a resonant current estimator -abdest
output voltage controller and a PLL ZVS controller, as showhig 51. Since
the resonant current is internal to the PT and cannot be measured directly, a

resonant currdrestimator is employed after the PT output section, using CE3 to
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reconstruct, for the PLL controller. Therefore, the resonant current is locked on
to by the PLL controller and iphase gate drive signals are generated through
steering logic. Subsequity, the secondargide voltage is rectified to form a DC
output voltage which is regulated through burgtde modulation. Finally, the
on/off periods of the MOSFETs are dynamically adjusted from the-mode

signal generated by a hysteresis window wihage regulation limit.

Piezoelectric transformer
equivalent circuit

Rl C] LI I[

1! piezo i! :

C out _E Current
: Estimator C,“ [] ‘VL

Gate signal

generators . PLL controller
v v ----------------------
gl v g?. ' _V+ |
:gSl — Gate dri ' Viurst (L U B 4 :
252 « ate driver "—°< |— bl — V.
: Ry, .

Burst-mode controller

Fig. 51: Circuit block diagram of the proposed bunmsbde hysteresis control.

The basic circuit operation and switching waveforms of an inductorless half
bridge PTbased converter has been descriliedChapter Ill. The current
estimator and PLL controller have been demonstrated in Chapter Il and Chapter
IV respectively, and therefore the detailed analysis of both is not included in this

Chapter.
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5.3Burst-model control
5.3.1 Resonant behaviour of a PT

To reguate the output voltage, the power supply operates in burst mode by
controlling the on/off periods of MOSFETSs according to regulation requirement.
A typical PT response in burstode modulation is shown Fig. 52. As can be
seen, there are two transition periods when PT operates imbodst The start

up transition time is introduced since the PT should be excited to initiate
mechanical vibration uittit operates in resonant mode. This stgstperiod is
largely dependent on the control circuit as explained in Chapter IV. For the PT
stop period, however, the mechanical vibration cannot stop instantly due to its
high quality factor (i.e. energy storasechanically must first be released). The
startup and stop transitions are highlighted in blue and red, respectively. Only a

single gate signal is shown for the sake of clarity.

PT response

i Time
1

Gate signal h”ﬂﬂﬂ” k

Time

Fig. 52: PTresponse and gate signals durdngstmode operation

5.3.2 Hysteresis controller and temporal behaviour

The output voltagey,, and the bursinode (hysteresis controller) voltaggurss
are shown irFig. 53. Signalvyustmodulates the gate signals at a fvequency
controlling the flow of energy to the load, by enabling the gate driver when it is

low and disable the gate driver when it is high. As can be getayels between
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a lower valuey min), and an upper valug, max, in response to the application of

the burstmode control pulseyus: The burstimode control pulse is obtained from

a Schmitt trigger that compares the output voltage to an upper threshold value
and a lower threshold valudet different between the threshold values being
designated a®v,. As can be seen the actual output voltage extends beyond the
upper threshold limit due to finite time taken for energy stored within the PT to
be delivered to the load, leading to a maximum value for the output voltage.

The output voltage also #ends below the lower threshold level due to the finite
time taken for the PT to stamp, leading to the minimum output voltag€min).

The difference between the upper and lower output voltage values is the output
ripple voltage due to the busstode ontroller, YVi= Vi( ma x Wipin)- The
switching transitions described kig. 52 are also highlighted in red and blue.
Since the direction of travel for, does not cAnge the instant it crosses the
upper/lower threshold levels the delays can result in inaccurate voltage regulation

unless they are accounted for.

V

burst

time

time
T TDcn T off TDU fr

* L

T

T off,real

on,real

Fig. 53: Time delay due to PT response under borstle operation.
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For theideal case where the delay is zeh® ontime (T,,) and off time(Tos) of

burstmodeoperations given by

., b (5.1)
0 0
8 (5.2)
y .
o

wherel, is theload current C is the filter capacitorlpiezo IS the PT equivalent
current source andv,' is the voltage ripple without time delay for an ideal case.
If the PT operates continuously without burst mode modulation | thgrequals

IL.. When switching transition occymas shown iffrig. 53, the actual (measurable)

voltage rippleYv, can be given as

. Yoy (53)
WL W P o

where Tpon and Tpet CcOrrespond to the time delay for the output voltage

reaching the maximum and minimum output voltage levels, respectively.

From equatior(5.1) to (5.3), the realworld ontime (Tonrea) and reaiworld off-

time (Tott rea)) iINCOrporating the effects of the time delays can be found

',Y 6 Qb (54)
h 0 0
. 0 @b (5.5)
Y ; O

Therefore, the burshode frequenchustwith transition time delay is given as

109



§O) 00 (5.6)

“Q _ . -
ow O

As can be seen from equati®@%), for a given PT and filter capacitor, the voltage
ripple Yv_ is inversely proportional thys: Therefore, the burst frequency should

be increased if a small¥w_ is required or a large value f6 must be used.

5.3.3 Burst-mode operation for a PTFbased converter

The burstmode control signavy,st is accomplished by comparing the output
voltage () with a reference voltag&/kes) via a hysteresis window, as shown in

Fig. 51. Thus, the PT drive stops whenmeets the upper limit and it starts to
operate again at the lower boundary. As can be seen, a Schmitt trigger comparator
Uy is used to implement the hysteresis window, and the window size is
determined byR,; and R, while the reference signaker sets he centre of the
window. The burst mode signal is inverted before applied to the gate driver since
IR2110 is enabled when,stis low and vice versa. The burst mode signak:
controls the gate signalg andvg, from PLL controller via the gate dev thereby
modifies the on/off periods of the MOSFETs. The upper and lower threshold

voltage of the hysteresis window{; andVr_) are found by

Y Y (5.7)
'Y LY (5.8)

WhereV. andV. are positive and negative output voltage of the comparator.

110



VCin

30}
S 6+ Vburst
g) r
g 3r
E L
0 | N | L N |
_ T — %q—Ton,reaI
6 + loffreal : VL
4
2L
0 L 1 L 1 L 1 L 1 L |
0.0 0.2 04 0.6 0.8 1.0
Timems

Fig. 54: Operating waveforms of the buirsiode catral.

Fig. 54 shows thaypicalwaveforms of the resonant converter under bonste
operation. During burst mode operation, the piezoelectric transformer is
considered to be a current soui©e that charges the filter capacitor until

v, reaches the upper regulation limit ahe foad discharges until v reaches

the lower boundary. As can be seen fréig. 54, the voltage ripplew is
controlled by the on/off periods of the switchaa the bursimode signaiyrs:

The stadup and stop transition of the PT switching waveform cause output

voltagev, to overshoot as describedfig. 53.

5.4Experimental results

To validate the proposed control method, the prototypelnalfe PFbased
resonant converter implemented in Chapter IV with frequency divider PLL
controller associated with current estimator 3 (CE3) is used. Adohgadiat

mode PT with anatural frequency of 145.2 kHz is used for the test, with the
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following extracted equivalent circuit component value€i,=0.43nk
Cou=1.14nF L1=17.2mH,C,=77.8pF, Ri=12m, N=0.94,Q0=1190 (the PT is same
as the one used in Chapter IV). The bumside control signal,stis connected
to the shutdown pin of the IR2110 gate driver IC to achieve-nuosie control.

5.4.1 ZVS performance

MIM2 M3
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e 11 |
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Fig. 55: Experimental redts of the proposed control method for ZVS operation
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The experimental waveforms of the proposed control circuit for ZVS operation
areshown inFig. 55. The key obsenteons from this experiment will be repeated

here to act a springboard for the subsequent discussions. To ensure adequate lock
range with acceptable component tolerance, the PLL is restricted to operate
between 27&Hz to 290kHz (i.e. in the range of twidle resonant frequency of

the PT). An 820 Y |l oad (corresponds tc
to validate the proposed controller, since this is the worst case operating condition

for achieving ZVS.

During M1 and M2, the bridge rectifier is adurcting and so the PT output is
clamped to the load voltage and, thereforéQ and its derivative signaia
are zero, while PT output curréf and its scaled version is dominated by
the resonant current. In M8, is being charged, and ¥ and its scaled
version vp increase accordinglywa and vg are combined to reconstruct the
estimated currente, and are used to generate the feedback siggdbr the

control circuit.

As can be seen froiifig. 55, the phase comparator input signalandvick are
frequency and phasenatched, demonstrating a PLL locked condition. The
resonant current is estimatedconstructed a%:and applied to a zercrossing
detector to generaig,, clearly indicating the zero crossings for ZVS operation.
The gate dve signals are generated through steering logic Withdeadtime
and align with the feedback signal. ZVS is clearly achievable sineg, reaches

Vuc during the deadtime period.

5.4.2 Voltage regulation performance

Fig. 56 shows the 5V output voltage regulation at Bngload under different
operating conditions. A RHz burst signal is set by the hysteresis window with

different duty cycles to achieve 5V output. Asde seen, the proposed converter
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successfully regulates the output voltage at 5V with a 33.3% variation of the input
voltage. It is shown that at a given burst frequency, the duty cycle is proportional
to the output voltage ripple. Similarly, for a giveuaty cycle, the burst frequency

Is inversely proportional to the output voltage ripple, as indicated in equation

(5.6). Voltage regulation specifications are summarisebainle 51.

VL = Vburst —_— VCin

AVL
B,
5V/div
20V/div
(@)
| V/div vL i vburst ——— VCin

|
|
|
|
|
|
|



VL - vburst — VCin

..............................

|
|
|

20V/div
(c)
Fig. 56: Voltage regulation performance of the prototygeldased convertev,
Is regulation at 5V with a 1kHz burst signal. (a) 20V input with 0.46 duty cycle,
(b) 25V input with 0.63 duty cycle and (c) 30V input with 0.71 duty cycle (PT
input capacitance voltage-i, 20V/div, burst signal,,s: 5V/div and ouput
voltagev, 1V/div, 500 s/div).

Table 51: Voltage regulation specifications

Output voltage Input  voltage| Burst frequency Duty cycle Voltage ripple
VL Ve fourst yVL

sV 20V 1kHz 0.66 500mV

5V 25V 1kHz 0.73 700mV

5V 30V 1kHz 0.77 750mV
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5.4.3 Start-up and stop transition

The starup and stop transitions due to mechanical vibration of the PT are shown
in Fig. 57(a) and (b)The starup transition is measured between the burst signal
switching instant andci, reaches steady state. The stop transition is measured
between the instant that the PT stqueviding energy to the load angys:
switching instant. The hysteresis window is implemented in such a way as to
provide a 3kHz burst signal with 0.5 duty cycle. As can be seen, the transition
time for PT requires 36us to start and 61us to stop, tlesespond to 5.1 and

8.7 PT (i.e. high frequency) resonant periods, respectively.

In Fig. 57(a), a time delay is introduced between beginning of-sfattansition

and PT initialisation (i.e. a complete switching periodvigy to reachVy. from

0V), this is because the burst enasilgnal ofv,,st0Cccurs during the deadtime,
andvgin is not fully charged t&/4. before MOSFET turned on due to insufficient
deadtime. Therefore, PT requires a further cycle to start chargirfgom OV at

the beginning of ¢ deadtime. The PT initiedation time shown ifrig. 57(a) is

five switching cycles, using CE3 with frequency divider. This indeed validates

the simulation results for the same approach showigird.12(b) of Chapter IV.

In Fig. 57(b), the PT output capacitance voltage,., is not clamped by the
rectifier after the stop transition, and secondanyage is not high enough to turn

on the rectifier and therefore it is no longer providing energy to the load.

116



6| Start-up

o |transition — Vpurst

3fb §
i |
O_ ) | s M . 1 . |

"PT I

|
1initialisation’

Vein

(o))
o
™

117



3t e !
i [ Stop transition'!

O e

Voltage (V)

o w o ©

5.1

5.0

4.9

Fig. 57: Experimental measurements of tliR¥ (a) starup and (b) stop
transitions fous=1kHz, 0.5 dty cycle).
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5.4.4 Voltage regulation characteristics
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Fig. 58. Output characteristics of (a) load regulation, (b) line regulation and (c)

regulation limit regarding duty cycle.

To further demonstrate tlmitput voltage regulation ability of the proposed PT
based converter, the hysteresis windo¥wvy() is dynamically adjusted with
variable resistors regarding load and input voltage variation, to maintain a
constant output voltage. The output characteristigarding load, line regulation

and regulation limit are shown kig. 58(a), (b) and (c), respectively.

Fig. 58(a) shows different input voltages for load regulation, it can be seen that
the output voltage remains at 5V from 1.7mA to 6.3mA load current for all cases.
The regulation range varies from 20V to 50V input since the 5pubeannot be
regulated at either light and heavy load conditions. The line regulation
characteristics is shown ifig. 58(b). As can be seen, Rt=1Em the output

120



voltage is able to maintain at 5V from 20V to 50V input. The input voltage
regulation range is reduced f8r=2.1EmandR_=3Em, indicating 20440V and
20V-30V, respetively. In Fig. 58(c), a burst frequency of 1kHz is used with
different duty cycles to regulate output at 5V. The output voltage is normalised
and given as voltage gamui—Vvi/NVgye. When input voltage increases, duty cycle
should be increasedccordingly to maintain a constant output voltage, since
MOSFETs conduction period needs be reduced in order to reduce the output

voltage to meet the required level.

Although the voltage regulation has been achieved for an inductorlelsaded
converter ad ZVS is satisfied wheng, reaches steadstate during bursbn
period, the regulation range of the proposed converter is limited and circuit
behaviour is not predictable in terms of circuit parameters (i.e. deadtime and load).
Therefore, a modelling ¢tdnique is proposed in next chapter to predict the circuit
behaviour, ensuring simultaneous ZVS and voltage regulation, and a new control

method by varying deadtime is described to obtain a large regulation range.

5.5Chapter conclusions

Output voltage regulain and ZVS operation of a Pdased inductorless half
bridge converter is presented in this Chapter. A ring dot radial mode PT is used
verify the proposed control circuit at matched load condition. A secoisitdey
resonant current estimation using voltagéerentiator has been demonstrated to
accurately reconstruct an unmeasurable signal and ZVS is achieved by using a
PLL to lock onto this signal. The fast lock behaviour of the PLL enables a
quick startup of the PT to reach ZVS. A 5V output regulatibas been
accomplished by burst mode control through a hysteresis window. The output
voltage is restricted by the window size and the gate signals are modulated by the
corresponding burst signal via PLL controller and logic circuit. Therefore, the

MOSFETsare periodically switched on/off to satisfy regulation requirements.
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Output regulation characteristics in terms of regulation limit, load and line

regulation are demonstrated.
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ChapterVI

Cyclic modelling of H-bridge PT-based converter

This Chapter describes anovel methodology for predicting the ability of an
inductorless piezoelectric transformer (Pdgsed Hbridge converter to
simultaneously achieve zevoltage switching and output regulatiof new idea

for output voltage regulation bgontrolling deadtime inteval is presentedA
nortlinear statevariable model is derived first and decomposed into a piecewise
linear model based on the circuit operating mode. Then, egulide analysis is
employed to model the periodically switching network to determine thdystea
state (cycliemode) values of the circuit for a given operation condition.
Subsequently, the proposed model is used to demonstrate the operaida in
region and it provides estimates for the required deadtime period, load and
operating frequency alonthe ZVS boundary. The output voltage regulation
profile is then indicated by the model and regions where voltage regulation can
be continuously achieved while still obtaining ZVS are demonstr&tetih
simulationand experimental resul@re presented toerify the modelFinally,

the output regulation ability is described with respect to deadtime and load
condition at different switching frequencies, and practical design consideration

regarding PT design, ZVS and voltage regulation are demonstrated.

6.1Intr oduction

Chapter V presented an approach to regulate the output voltage ebas&d
converter by burstnode control. Voltage regulation also can be achieved using
other approaches such as deadtime coribdl]. For traditional resonant
converters, the deadtime periogmall proportiorto the switching period due to

thelarge resonant current circulating and so the amplitude of the resonant curre
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can be assumed to be constant to simplify the circuit an&b/is However, for

a PT-based converter, this assumption is not valid due to limited availability of
resonant current and the large input capacitance of the PT. Therefore, the
deadtime period consumes a large proportion of the switching fjedfien the
switches are only on for half the resonant period. Thugghiemption of constant
resonant current during the deadtime interval cannot be applied tebased

converter.

Several authors have developed analytical models to indicate ZVS characteristics
in order to maximize the efficiency of a ®ased converter at different operating
conditions. IN6.3], the ZVS behaviour of an inductorless-Bdsed converter is
analysed. However, ZVS ability is conservatively estimated due assumptions
regarding the shape of the PT input capacitance voltage waveform and its phase
relationship tohie resonant current. In additidhe applicationof this analysiss

limited since it is not optimal to vary the deadtime pedtmhe becausa control

parameter since ZVS is aldependenvn switching frequency and load condition.

In [6.4], the ZVS ability is represented as a function of iApubutput
capacitance ratio by parametric sweep of the equivalent circuit parameters.
Although good correlation is indicated by thisproach, the ZVS predictions are
less accurate as the parameter sweep is dependent on &tabteaned from a
specific PT characterization. I[f6.5], a satevariable model is employed to
describe the circuit operating conditions of alb&Bed converter. A fundamental
modeapproximation (FMA) is used to describe the nonlinear behaviour of the
bridge rectifier and load. A numerical method is employed taatdithe ZVS
region as a function of duty cycle and switching frequency. Although these
methods are presented with improved accuracy, it is difficult to implethent
methodsn practice due to the lack of both nornsal parameter analysis aad

design eample.
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In [6.6], a piecewise linear statariable model is presented with improved
accuracy for predicting ZVS. The ZVS ability of an inductorlessb@sed
converter is asessed through the cycloode analysis. The ZVS profile is
generated as a function of deadtime, switching frequency and ToadZVS
boundary has been highlighted for different PTs and the appropriateness of PTs
for different applications are assessew.[6.7], an analytical model of the
inductorless halbridge driven PT is dered using a describing function
approach. The design criteria to guarantee ZVS is exploredhardifficulty

associated witimultiple parameter control for ZVS operation is highlighted.

However, all of the methods previously described exhibits one oe mab
following problems: 1) they do not adequately describe how to obtain
continuously achievable ZVS, especiallyZVS region isdiscontinuousat the
matched load condition. Zjmultaneous voltage regulation and ZVS is hard to

achieve and is still a pac of open research.

In this Chapter, a novel inductorlessbiidgedriven PFbased power supply is
proposed that can simultaneously achieve ZVS and output regulation through the
introduction of a zerwoltage level during the deadtime interval. A pigise

linear statevariable model is presented, whigtovides predictions of switching
waveforms from which cyclic mode analysis is used to provide predictions of
ZVS profile, ZVS boundary and output voltage characteristics. The output
regulation with contuously achievable ZVS is obtained by controlling the
duration of the zerwoltage level during the deadtime interval via etige
topology. Both simulation and experimental results are provided to validate the

proposed model.

125



6.20peration of inductorlessH-bridge PT-based
resonant converter

When a PT operates near resonance, it generally exhibits a high quality factor and
its electrical behaviour can be modelled by the Mason equivalent circuit, as
shown by the dashed box kig. 61. Sufficient deadime intervals are applied
between theising gate signals ctachMOSFET to prevent shodhrough and to
achieve ZVS by allowing sufficient time for the resonant curiignd chargeCi,

from 1 Vy to +Vyc (and vice versa). Output voltage regulation is afforded by

adjusting the duration of the zero voltage interval labellébain Fig. 62.

Piezoelectric transformer

S S equivalent circuit
iJ{: : Eﬁ R EEEEE TR -
VgSl ng2 l lL_l Rl Cl Ll |
+] Current :Ch'l'TV 1 . R;
VT Estimator . Cin C..o 1%
dc S S ' [
3|— 4;—’_ A% ' 1 N :
—|l(— —||(—} l 0 L e e e e e at B
v = V 7 PLL and
gs3 gs4 steering logic
= We1lVer V3 lVes
Gate driver
Vgs lvg52vg33vgs4

Fig. 61: Inductorless driven Rbased Horidge converter

Fig. 62 shows the steadstate switching waveforms for the converter shanvn

Fig. 61 when operatinginder the ZVS condition, whewg;, andi.1 are the input
capacitor voltage and resonant current, respectively. The resonant current is
assumed to be sinusoidal due to the I@gtactor of the PT and its magnitude is

shown ad, 1. Signalsvgi, Vg2, Vg3, Vga COrrespond to the reference gate signals and

126



are shown emerging from the PLL and steering logic block that will be described
in more detail Chapter VII, whibyss, Vgsa, Vgs3, Vgsaare the actugmeasuredgate
to-sourcesignals of Hbridge from the gate driveFor the purpose of simplifying

the analysis for ZVS operation it is assumed that the circuit exactly achieves ZVS
and so can be describedtirelyby t he mode sequence MI1YN
to the halfcycle symmetry exhibited by the circuit operation. The first mode (M1)
starts at timé=t, and the transition from modeto modei+1 occurs at timé,.

For example, consideringhodel (M1), it starts at=t, and ends at=t;. The
transition times are labelled above thg waveform in Fig. 6.2 The mode time
durations,Yt;, Yt,, Ytz andYt, (whereYd o 0 ) refer to the deadtime
during M1; the conduction time & & S, during M2 whenvqi,=0; the deadtime
during M3; and the conduction time 8f & S, during M4 to maintain/y: (or S

& S conduction period in M4 to maintainVy. for the second haifycle),

respectively As can be seen, ZVS is achievabledf(ts) Q..

During a halfcycle period, the Fbridge PTFbased resonant converter shdvy.
6.1 exhibits one of the following four modes of operation, depending on the

conduction stius of the switches.

M1-06N o hd : Prior to timety, MOSFETSS, & Ssare on sovcin(to)= Ve At
t=to, all MOSFETs are turned off and so the resonant currentcirculates
through Ci,, thusvci, is being charged fromVy. and heading in a positive

direction towards 0V.

M2 -0N Oh) : Att=t;, S & S are turned on to set;,=0 and soi; flows
throughS & S

M3-06N 0 :Att=t,all MOSFETSs are turned off amd once again circulates
throughCi, charging it n a positive direction towardsS/..

M4 - o8 O P @ At t=ts, Vein(ts)=Vee and soS & & are turned on thereby
achieving zero voltage switching (ZV.SYero derivative voltage siching
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(ZDVS) can be achieved i, hits Vg at the start of this ma&j thus

AD

Vein 0

L1 0

o jA09 Qo =0.

I N t
Mg, M4 . Tde
e

N P

L

SO v

' : \/ t

t

t

t

TI2=1/(X)=plw t

Fig. 62: Switching waveforms of the inductorlessbiidge PTFbased converter.

128



Since the resonant current is internal to the PT and cannot be measured directly,
a PLL controller with the current estimation technique presented in Chapter I
and IV are employed to achieve synchronisation of the gate signals to the resonant
current. The resonant current is estimated and the zero crossings are detected to
giving sigral v,c as shown irFig. 61. The deadtime intervals and thephase

gate drive signals are generated via a PLL and the steering logic.

To ensure ZVS operation for an inductorlessifa§ed configuration, the critical
criterion described if6.7] is adaptedFor a haHlbridge it was shown that\Zs

can be achieved for all load conditions if the inmbutput capacitance ratio
meetsCi/0 Cou 2/ with “ /2 deadtime. When ZVS criteria is met, the resonant
current’Q should be imphase with the gate signals, thereby guaranteeing the
deadtimgor M1) begins at the negative peak@kince this is where the quickest
charging ofCi, happens. This ensures the PT input voltagas maximsed by

the end of the deadtime period. In this Chapter, the output voltage is regulated by
controllingYo , andYo is controlled to ensure the total deadtin¥e ( Yo

Yo )ispl 1Q.

Since the operation of the circuit is divided into four modes {bBeeinput
capacitor voltageci, in Fig. 62), then four piecewise statariable models are
required to describe the evolution of the state trajectories during -ayicdf
period. Adopting the technique described[t6] allows the system initial
condition to be obtained by the cyehoode analysis, from which the state

variable valuest any time during a cyclmode can be determined.

6.3State-variable model analysis
6.3.1 Model derivation

In this section a nohinear statevariable model is derived fronhe differential
equations for the inductor current and capacitor voltages. This model is then
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decomposed into a piecewise linear model based on the operating modes

previously described.
The inductor current is found from

V) )] QY v ) (6.1)
| 0 00

@

The primary side capacitor voltage during M is given by

e Q
N (62)
(0]
b 228 e o (63)
I"P 0 1 1 1
N: m O 0 O
e Q| L
. w— O O O
vy 0O

w m 0 0 O

With the initial conditionsvcin(to)=-Vac, Vcin(t1)=0, Vcin(t2)=0, Vcin(ts)=Vgc and it is
assumed that the circuit is operated in an appropriate manner to guarantee these

conditions can be achieved.
The PT output capacitor voltage,: is given by

0
— . (6.4)
U0 YO

L‘)E

Combining equationg.1)-(6.4) provides the complete statariable model and

coupling equations
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6.3.2 Statevariable analysis of operating modes

For M1,the statevariable model is obtained from equati{@x) and(6.6).
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Equation (6.7) can be represented aé% =w || where

0 O UL U

In M2, vcin IS maintained at zero such thek 1. Hence, M2 can be described

as

Y p p .
N — — —— !
é 11 U U LU . 0 -
. 11 p [T
Vs e T Tt m Y T
UE 11 o U TT
l‘)E 11 Tt Tt Tt 1 l:) T
1P n P n
w o Yo U
Q Tt (6.8)
v Tt ‘
= . =
v Tt

Due to symmetric behaviour of the system, the model matrices for M3 are
equivalent to M1, i.eAz=A,, B3=B:.

For M4, vcinis maintained avqchenced T
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(o) . (6.9)

v
U
v

Finally, from the stateariable descriptions of each mode, and the time interval

of each mode, the converter operation in a cyclic mode can be determined.

6.4Modelling cyclic mode behaviour

The proposed cyclic modelling is described as an extended FHogsed method
[6.8], by determining steadstate values of stateariables. It is an alternae to
integrationbased[6.7] methods and the staspace averaging technig(6.9]

often used to model the periodically switching networks.

During a single switching cycle in steagstate, the circuit operation is
decomposed in to several adfoeto txtf),i n g n
depending on the switch state, as shown by the waveforms giveq.is2.

Therefore, the system in each mode can be described by the piecewise linear

equation

(6.10)

Wherex(t) is the state vector,is the mode indexf; andB; are the dynamical
matrix and the input vector, respectively. Thereforefifor t t; the evolution

of the state vector is given as

e - e , (6.1
®o T o T |at
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Assuming the input voltage is constant for the duration of a mode, the state vector

X(t) att=t; can be solved from the state vector valugatsing,

WO (03 0O (65 ” Q + (6.12)
T w6 =T O
wo
whereQs the identity matrix, i= (4 t)= , = = (6% O|| ~and

di is the duty cycle for thé" mode.

Therefore, the complete cyclmode of the system can be determined from
equation(2.8) once the initial circuit conditior(ty) has been found, which has

the form

o Mo v o6 U o U b (6.13)

0o 0o (6.14)

Similarly, at the en@f mode 2, the state is given by

0o W0 (6.15)

wherew 0 indicates the possible discontinuity in the stedeiables att=t,

caused byurningon of S & S to clampvgi, = 0V,
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o6 Qo v o mU o (6.16)

From equatior{6.15) and(6.16), a new matriX can be introduced to correct the
values of the state variablesla¢ switchng instantand with an additional vector
X2 to represent the discontinuity i, due to MOSFETSs switching. Therefore,

equation(6.15) can be modified as

0O Looo e (6.17)

P T TU T T (6.18)
where L T0 P TUTU n
T T T T T
mT T TP Tl

In a similar manner, the solution of the state vector for M3 and M4 can be given

by

w0 L L ®o L L L (6.19)
aYo) L L L oo L L L (6.20)
L L L °
L1 (6.21)
wheree I
W
Tt

By using the odeésymmetry behaviour of the converter during a d{ogile

X(ts) =1 X(to), the initial condition of the cyclic mode can be given by

135



0O E L L |t L L |t (6.22)

=
=
=
[

The value of PT input capacitor voltage, at t=tz in M3 can be found by

substituting equatio(6.22) into equation(6.19) to give

O 0o nnpn L L wo L L L (6.23)

The deadtimealueYd 6 0 can be foundrom M1 in equation(6.14) when

Vcin IS charged froni Vg to OV, which is given by

O O M TP WO (6.249)

The output voltageg, is equal to the PT output capacitance voltagg therefore

L O U 0 TP WO (6.25)

In general, the ZVS condition is satisfied if the input capacitor voltage can be
charged to (or above) the DC input voltage, thatii$ts) Ve

6.5Model verification
6.5.1 Charge equivalence for ZVS

For a given PT, ZVS performance can be evaluated by comparing the value of
Vain(ts) to Ve In general, ZVS can be achieveddt, is fully charged to (or above)

Vuc during M3, that isvcin(ts Ve Fig. 63 shows the different waveforms
shapes of PT input capacitance voltage under ZVS condition andKhgws
evaluated. The dashed line is the proposed cyclic mode while solid line
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corresponds tdhe practical condition when the body diode of the MOSFET
conducts whengi, exceedd/4.. The amount of charge feg, can be foundrom

the resonant current during this deadtime period, indicated by the blue shaded
area inFig. 63. Hence, the charge during MOSFET body diode condition period
d, and the charge transferred during M3 whkegr>0 can be found by

2
S

(6.26)

CA

(6.27)

cA
5 -

N N
(@)

whereQ o o Yo. Therefore, ZVS factdf,ys can be defined as

. Qg 0 — — (6.28)
v — — —S
0w ¢ w W
whered w is the charge stored om at w anduv — - is the

extrapolated final value fay if the body diode of the MOSFET was not
allowed to conduct for the condition wheg.>V4, Shown as a dotted line ffg.
6.3.
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I kzvs3 Vdc

C

Fig. 63: Cyclic model and practical casewf, under ZVS operation.

The circuit is simulated with the same PT parameters used in prehiapters
(C=77.8pF, L;=17.2mH, Ri= 1 2 . =190, C,,=1.14nF, C»=0.43nF and
N=0.94).For practical design considerations, the input capacitor value of the PT
iIs modified by the Foridge MOSFETSs parasitic output capacitance (around
100pF), therefore, a value of 0.53nF was usedCfptto compensate for this

additional capacitance.

In Fig. 64, the amount of charge durigis evaluated for both cyclic mode and
practical case and represente&ass using equatior(6.28). As can be seen, the
amount of charge for both cases are almost identical with nearly the same ZVS
factor, therebyproviding evidencehat the proposed cyclic e is able to
accurately predict ZVS ability of a Pdased converter compared with practical

case.
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Fig. 64: ZVS factor comparison of cyclic model and practwade duringl,.

6.5.2 Experimental results
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Fig. 65: (a) Prototype inductorless -btidge PTFbased converter and (b)

experimental measurements

To verify the proposed cyclic modelling and to predict the stesaly output
voltage of a converter, a prototype converter based on the critical cf@étja
with the same ringlot radiatmode PT(C,=77.8pF,L,=17.2mH,R=12 . 5q,
Q=1190, Coy=1.14nF, C;1=0.43nF andN=0.99 presented in Chapter IV is
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employed, as shown Fig. 65(a).Amatched oad of 1kqgq i s used

The antiparallel diode current estintat (CE2) with RC time delayPLL
controller developed in Chapter IV is fuethextended to control the-bfidge
converter since it offers asymmetrical deadtime control and daedtime

interval can be adjusted individually.

Fig. 65(b) shows the switching waveforms of thebHdge convertervy is the
estimated resonant current using CE2 ands the PLL inputreferencesignal.
The time duration o¥t; from1 Vg.to OV in M1 can be found from equati¢$124)
while the time period/t; for M3 for just achieving ZVS can be found from
equation(6.23) by settingvcin(0 )=Vg.. Subsequently, the time interval for M2
can be evaluated accordingly since the total deadtime pédiod Yo = Yo

pX 1°Q [6.7]. The load voltage/ is measured at a reateansquare (RMS)

value of 26.3V. The circuitpeerating conditions are summarizedliable 61.

Table 61: Circuit operating conditions

Ve | switching frequencyfs | Yo Yo Yo load | Vigrws

60V 145.3Hz @ @ A 0.46us | 095 | pbm | 26.3V

As can be seen froffhig. 65, the zerocrossings of resonant current are clearly
indicated by theeferencesignalvzc, andZVS is achievable ag:;, reaches/yc

during the deadtime, that M&in(ts) Vae. ZVDS is also btained since the

estimated curreriQ o ° = 0. This is to be expected since the radial

mode PT was design to meet the critical criterion describg.ij.

In Fig. 66, the ZVS and output performance are illustrated as a function of load
resistorR_ with the same circuit conditions and #8nmtervals as given ifiable

6.1. Equation(6.23) can be used to evaluate ZVS performance of a given PT, and
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this is demonstrated iRig. 66(a) where th&VS factorKzys is compared with
SPICE simulation and experimental measurements. As can be seefifrom
6.6(a), the input capacitor voltagei, is normalized and repsented a&zys =

vein(0 ) /(Vao). It is shown that the proposed cyclic model correlates well with the
SPICE and experimental results. For this particular circuit operating condition,
ZV'S is clearly achievable for all load resistor values, while thetwease occurs

at the matched | o &ds=L whickdorresponastqtiiek q) wh
shown inFig. 65(b). The experimental measurementskg{s are all slightly
above the ZVS threshold since the body diode of the MOSFETs conducts, and
this is equivalent to the proposed model, as explainegcins6.5.1 The RMS

value of output voltag® rus iS Normalised and given as the voltage ggin=

v rvs/NVae. As can be seen, the cyclic model matches weh te simulation

and experimental results.

Cyclic model
1.8+ A  SPICE
o EXxp

KZVS

o o

0.8

0 1000 2000 3000 4000
R(Qq)
(@)
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A  SPICE
1.5 o EXp
Vgain
1.04
0.54
0.0 - I . I : I . I
0 1000 2000 3000 4000
R(a)
(b)

Fig. 66: Model validation: (a) ZVS and (b) voltage gain of théktlge converter.

6.6ZVS and output voltage characteristics
6.6.1 Y « sensitivity analysis

The ZVS performance can be assessed quantitatively with eqéi3y by
comparingvein(0 ) to Ve, and this is done by controllingd . Since the range of
Yo variation is determined byo , the sensitivity o0 in terms of key circuit
parameters should be evaluated initially. In general, the vald®faturing M1

can be found from equatiq6.24).

In Fig. 67, the deadtim&0 is normalized to the switching peridi:1fs and
plotted against ZVS factdKzys and voltage gairvg.in with the same circuit

parameters as usedprevious section. As can be seen, BOt{s andvgain exhibit
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negligiblechange. Therefore, it can be assumed that sensitivkyefandvgain

to Yo is low for modest changes in timing.

1.2+ -1 0.6
“Kzvs
1.1 Vgain 105
7\
U‘>
0 =
(@)]
S 1ot------ R S R {04 >
0.9 10.3
0.8 : . - . - T - . : 0.2
0.00 0.02 0.04 0.06 0.08 0.10
Dt,/T

Fig. 67: Y0 sensitivityanalysis for ZVS factor and voltage gain.

6.6.2 ZVS and output profile

The 3D plot shown irFig. 68 illustrates theKzys dependence on both lo&y

and normabed operating frequency, fs /fo) with the same fixed deadtime
intervals employed to generate Fig. 6.3 (parameters are susadiaiT able 61).
TheKzys curve inFig. 66(a) is also indicated iRig. 68 for the same parameter
range. As can be seen, the rhgt PT exhibits two distinct regions where ZVS

is achievable for the inductorlesslitidge configuration as indicated lihe
shaded areas. These two regions are located at high and low loads respectively
and are barely connected at the matched load. Careful design of the PT could
ensure ZVS region can be maintained without disconnection for large load

variations, and it lings the opportunity for output regulation since it is possible
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to simultaneously control the deadtime, frequency and load to achieve ZVS

continuously.

Curve shown
4 in Fig 6.6(a)

Fig. 68: ZVS characteristics for the radialode PT (shaded region is where
Kzvs 1)

Expanding on the ZVS characteristics showrrig. 68, Fig. 69 demonstrates
the relationship between (a) the load and nosedlirequency and (b) the time
interval Yo and normalised frequency for differdfitys conditions. The contour
of Kzvs =1 is equinalent to walking along the boundary of the shaded arEayin
6.8. The circuit operating condition listed irable 61 is also indicated as a red
circle in bothFig. 69(a) and (b). IrFig. 69(a), ZVS is achievable at the matched
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load condition. To maintain ZVS, both swiing frequency andfd should be
varied simultaneously anch@aximum of0.39s variation forYo is required.e.
Kzvs=1), as shown irrig. 69 (b).
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Fig. 69: Contour plot of operating loci for the radimlodel PT. (a) normalized
frequency with load loci and (b) normalized frequency with time intéfgaloci.

Fig. 610shows the normalised output voltage gain characteristic with changes in
both the operating frequency and the load for the same parameter range and
circuit conditions with respect td-ig. 68. The voltage gain response
corresponding to the conditions used to generat€ithes 6(b) are indicated by

the blue curve. As can be seen, the region of maximum achievable voltage gain
IS not completely covered by the ZVS area. The voltage gain increases with
increasing load resistance, and for each load, the peak voltage gain @eciys n
around 1.043 (shown as a red curveFig. 610). This indeed indicates the
optimal frequency fo¥o variation in order to obtain the maximum voltage gain

for regulation.

2.5, Maximum gain

Curve shown
7 | 1in Fig 6.6(b)

~

2000

1.02
1 .06 1.04
Iy

Fig. 610: Voltage gain profile of the radiahode PT (shaded regions are where
KZVS 1)

1.08
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147



6.7 Simultaneous voltage regulation and ZVS

6.7.1 Output regulation ability

Although the highest efficiency can be achieved when the Plamgseat the
matched load condition, this could be difficult to achieve ZVS for inductorless
driven PT in practic6.10]. Moreover, it is difficult to regulate the output voltage
while still achieving ZVS, since simultaneous parametantrol should be
employed and the ZVS region of should be continuously connected during
voltage regulation, as highlighted [i6.6][6.7][6.11]. Therefore, an analysis for
achieving simultaneous ZVS and output voltage regulation is presented in this

section based on the previayclicmode analysis.
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