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ABSTRACT 

(Academic) 

 

This thesis introduces the ‘tunable’ piezoelectric transformers (TPT) which provide 

an extra control terminal, used in this case, to regulate the output voltage. A detailed 

mathematical analysis is done on the electrical equivalent circuit of the TPT to 

understand the effect of control terminal loading on the circuit performance. Based on 

this analysis, a variable capacitor connected across the control terminal is proposed to 

regulate the output voltage for line and load variations is suggested. The concept of 

‘tunability’ in a TPT is introduced and mathematical conditions are derived to achieve the 

required ‘tunability’. This analysis can help a TPT designer to design the TPT for a 

specific application and predict the load and line regulations limits for a given design. 

A circuit implementation of the variable capacitor, intended for control, is presented. 

With the proposed control circuit design, the effective value of a fixe capacitor can be 

controlled by controlling the duty cycle of a switch. Hence, this enables pulse width 

modulated (PWM) control for the TPT based converter operating at a constant frequency. 

Fixed frequency operation enables a high efficiency operation of TPT near its resonant 

frequency and the complete secondary control requires no isolation in the voltage 

feedback and control circuit. This prevents any ‘cross-talk’ between primary and 

secondary terminals and reduces the component count. The design of series input 

inductor for achieving zero voltage switching (ZVS) in the inverter switches for the new 

control is also discussed. 

Experimental results for two different TPT designs are presented. Their differences 

in structure and its effect on the circuit performance has been discussed to support the 

mathematical analysis. 
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Tunable Piezoelectric Transformers 
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ABSTRACT 

(General audience) 

 

Piezoelectric transformers (PTs) are electromechanical devices which can transfer 

electrical energy by using acoustic coupling. Piezoelectricity is a phenomenon where 

certain crystalline materials develop electric potential across their surface when subjected 

to a mechanical stress (transducer). This can also occur in inverse i.e. an electric field 

inside such a material can produce a mechanical strain inside them (actuator). These 

direct and indirect piezoelectric effects are used to make a PT which has a transducer and 

an actuator coupled together to transfer electrical energy. 

Power electronics is a rapidly growing field which relies heavily on conventional 

electromagnetics to store energy (inductors), step-down and step-up voltage (magnetic 

transformers) and to act as band pass circuits (resonant converter topologies) etc. to 

enable power conversion. Piezoelectric transformers behave as band pass circuits as such 

they resonate at a certain frequency and hence allow only a narrow range of frequencies 

to pass through them. Owing to their light weight, high power density and automated 

manufacturing capability, they are seen as a potential replacement for electromagnetic 

transformers in power converters. 

This thesis introduces a new structure of PTs, namely the tunable piezoelectric 

transformers, which allow for better control techniques as compared to standard PTs. 

Using the extra ‘control’ terminal provided in such a structure the design of a DC-DC 

converter using TPT is discussed in detail. Mathematical analysis to support the design is 

presented and the two hardware prototypes, with distinctive designs, are developed to 

verify the results. 

 



iv 

 

Acknowledgement 

 

 

This thesis was done as a part of a research work supported by Defense Advanced 

Research Projects Agency (DARPA) under the grant number 11874492. I would like to 

thank DARPA and all the supporting organizations part of this project for the opportunity 

provided to me to conduct research for this thesis. 

I would like to take this opportunity to thank everyone who has helped during my 

time at Virginia Tech.  

I would like to start by thanking my advisors Dr. Rolando Burgos, Dr. Khai D.T. 

Ngo and Dr. Shashank Priya for their advice and support during this work. Working 

under their guidance, I could pursue my work in right direction and improve my technical 

skills. I would also like to thank professors Dr. Qiang Li and Dr. Fred C. Lee from whom 

I have learnt a lot through their courses.  

It has been an immense pleasure to work with all the CPES staff and without whose 

support it would have been very difficult to complete this work. I thank everyone for all 

his/her help and support. I would also like to thank all my friends and colleagues in CPES 

and Virginia Tech. I have received utmost help and support from them in my thick and 

thin. Along with deep knowledge in power electronics, I will be taking back a lot of fond 

memories of this place. 

Special thanks to Mr. Alfredo Vazquez Carazo from Micromechatronics, Inc. for his 

endless help and guidance. The hour-long calls and valuable discussions we had on 

piezoelectric transformers have helped me immensely in my research. 

Finally, I would like to thank my parents, my family and my friends in India for their 

constant encouragement and belief in me. This would not have been possible without 

their love and support.  

 

 

 

 



v 

 

Table of Contents 

 

Chapter 1: Introduction _______________________________________________________ 1 

1.1 Background ________________________________________________________ 1 

1.2 Motivation _________________________________________________________ 2 

1.3 Scope and Objective _________________________________________________ 3 

1.4 Dissertation Outline and Major Results __________________________________ 3 

Chapter 2 : An Overview of Piezoelectric Transformers _____________________________ 5 

2.1 Introduction ________________________________________________________ 5 

2.2 Piezoelectricity _____________________________________________________ 6 

2.3 Types of Piezoelectric Transformers ____________________________________ 7 

2.4 Modeling of Piezoelectric Transformers ________________________________ 11 

2.5 Electrical Equivalent Circuit Analysis __________________________________ 15 

2.6 Control Schemes ___________________________________________________ 19 

Chapter 3 : Tunable Piezoelectric Transformers __________________________________ 22s 

3.1 Introduction _______________________________________________________ 22 

3.2 Electrical Equivalent Circuit Analysis __________________________________ 22 

3.3 Optimum load _____________________________________________________ 29 

3.4 Voltage Gain Characteristics _________________________________________ 30 

3.5 Tunability ________________________________________________________ 35 

3.6 Input Voltage Regulation ____________________________________________ 41 

Chapter 4 : Design of DC-DC Converters Using Tunable PTs _______________________ 44 

4.1 Introduction _______________________________________________________ 44 

4.2 Design of Input Inductor _____________________________________________ 45 

4.3 ZVS in the inverter switches __________________________________________ 47 

4.4 Driving Topology __________________________________________________ 48 

4.5 Comparison of Rectifier Topologies ____________________________________ 50 

4.6 Implementation of a variable capacitor: Switched Capacitor PWM Control _____ 51 

4.7 Closed Loop Design: Voltage mode control ______________________________ 54 



vi 

 

4.8 Design of Compensator______________________________________________ 55 

Chapter 5 : Hardware Design and Results _______________________________________ 58 

5.1 Introduction _______________________________________________________ 58 

5.2 Electrical Equivalent Circuit and Structure ______________________________ 58 

5.3 Tunability ________________________________________________________ 61 

5.4 Voltage Gain Characteristics _________________________________________ 65 

5.5 Design of DC- DC Converter _________________________________________ 66 

5.6 PCB Layout and design _____________________________________________ 68 

5.7 Experimental results ________________________________________________ 70 

Chapter 6 : Conclusion and Future Work ________________________________________ 74 

6.1 Conclusion _______________________________________________________ 74 

6.2 Recommended Future Work __________________________________________ 76 

References __________________________________________________________________ 78 

Appendix A _________________________________________________________________ 83 

Appendix B _________________________________________________________________ 84 

 

 



vii 

 

List of Figures 

 

Fig. 2.1.  The alignment of domains inside a piezoelectric material before poling, during poling and after 

poling. The domains retain their alignment after the poling process is over. ................................................. 7 

Fig. 2.2.  A Rosen-Type PT structure showing the vibration modes in the input and output sections [6]. ..... 8 

Fig. 2.3.  A Radial mode piezoelectric transformer [14]. ............................................................................... 9 

Fig.  2.4.  Thickness extension mode piezoelectric transformer [6]. ............................................................ 10 

Fig. 2.5.  A thickness-shear vibration mode PT [6]. ..................................................................................... 11 

Fig.  2.6.  Structure of a radial mode PT with directions of polarizations on the input side actuator (left) and 

output side transducer (right) [7]. ................................................................................................................. 12 

Fig. 2.7.  Electrical equivalent circuit of a radial mode piezoelectric transformer. ...................................... 14 

Fig.  2.8.  Simplified electrical equivalent circuit of a radial mode PT. The output capacitor is reflected on 

to the primary side to analyze the circuit as LCC tank circuit. ..................................................................... 15 

Fig.  2.9.  Input impedance characteristics of a standard PT obtained using MATLAB mathematical model 

of a PT. ......................................................................................................................................................... 16 

Fig.  2.10.  Simplified electrical equivalent circuit of a PT with load resistance. (a) the load resistance and 

the output capacitance are reflected to the primary side. (b) the parallel network of output capacitor and 

load resistor are converted into equivalent series combination to simplify analysis. ................................... 16 

Fig.  2.11. Plot of normalized output power (left) and the efficiency of the PT vs load at resonance [14]. . 18 

Fig. 2.12.  Voltage gain characteristics of a standard PT at various load conditions obtained using SIMPLIS 

simulations. The voltage gain of a PT is dependent on load and frequency. ................................................ 19 

Fig. 2.13.  Frequency control scheme for PT based converters [21]. ........................................................... 20 

Fig. 2.14.  PLL based control scheme to control the phase between input voltage and PT input current [21].

 ...................................................................................................................................................................... 20 

Fig. 3.1.  (a) Structure of layers in a standard PT and it’s Electrical equivalent circuit (b). (c) and (d) show 

the structure of a tunable PT with control layer sandwiched in between input and output layers and the 

corresponding electrical equivalent circuit. .................................................................................................. 23 

Fig. 3.2.  Electrical equivalent circuit of a tunable piezoelectric transformer without the dielectric losses. 24 

Fig. 3.3.  Electrical equivalent circuit of the tunable piezoelectric transformer after reflecting the control 

and output components to the primary. ........................................................................................................ 24 

Fig. 3.4.  Simplified electrical equivalent circuit of the tunable PT after simplification. The circuit 

resembles to that of a standard PT. ............................................................................................................... 25 

Fig. 3.5.  Voltage gain characteristics of a tunable PT sample at fixed load and varying values of external 

control capacitor obtained from a network analyzer. The resonant frequency of the tunable PT doesn’t 

decrease further after a certain value of external control capacitor (2.2 µF) depicting series connection of 

reflected control capacitance (Cp2) and series capacitance (C). .................................................................... 26 



viii 

 

Fig. 3.6.  Voltage gain characteristics of a tunable PT at a fixed load and different external capacitor values 

obtained using SIMPLIS simulations. .......................................................................................................... 28 

Fig. 3.7.  Efficiency of a tunable PT and output power vs. load resistance at the resonant frequency 

obtained using mathematical circuit analysis in MATLAB. ........................................................................ 30 

Fig. 3.8.  Voltage gain characteristics of a tunable PT at optimum load and no external control capacitor 

obtained using SIMPLIS. ............................................................................................................................. 31 

Fig. 3.9.  The electrical equivalent circuit for a tunable PT at optimum load. The input capacitor can be 

neglected in calculation of voltage gain near resonant frequency. ............................................................... 31 

Fig. 3.10.  Voltage gain characteristics of the tunable PT at nominal and light load conditions with no 

extenal capacitor at the control terminal obtained using SIMPLIS. ............................................................. 33 

Fig. 3.11.  Voltage gain characteristics of the tunable PT at nominal load and no external capacitor obtained 

using SIMPLIS. The voltage  gain at light load and the corresponding value of external control capacitor at 

which gain of the tunable PT is 1 at ωp. ....................................................................................................... 34 

Fig. 3.12.  The voltage gain characteristics of the tunable PT at various load conditions and the 

corresponding value of Cext_new obtained using SIMPLIS. All the load curves have a constant gain at ωp. .. 35 

Fig. 3.13.  Shift in the resonant frequency of tunable PT by changing the capacitance at the control terminal 

for two different design examples obtained using SIMPLIS. ....................................................................... 37 

Fig. 3.14.  Resonant frequency of a tunable PT vs. series capacitance for a fixed value of Cp1 obtained using 

mathematical analysis of electrical equivalent circucit in MATLAB. The plot shows that the rate of change 

of resonant frequency is faster for a smaller Cseq/Cp1 ratio. .......................................................................... 38 

Fig. 3.15.  Shift in resonant frequency from nominal load to 10% load condition for the given tunable PT 

design with Cseq/Cp1 ratio equal to 0.155. This was obtained using SIMPLIS.............................................. 39 

Fig. 3.16.  Shift in resonant frequency from nominal load to 10% load condition for the given tunable PT 

design with Cseq/Cp1 ratio equal to 0.0797. This was obtained using SIMPLIS............................................ 39 

Fig. 3.17.  Voltage gain characteristics of a tunable PT at minimum and maximum values of external 

capacitor for nominal load obtained using SIMPLIS. The change in voltage gain at operating frequency 

gives the input voltage regulation range. ...................................................................................................... 42 

Fig. 3.18.  Voltage gain characteristics of a tunable PT at minimum and maximum values of external 

capacitor for 50% load obtained using SIMPLIS. The change in voltage gain at operating frequency gives 

the input voltage regulation range. ............................................................................................................... 43 

Fig. 4.1.  Electrical equivalent circuit of a tunable PT with input inductor. ................................................. 45 

Fig. 4.2.  Voltage gain characteristics of the tunable PT with input inductor obtained using SIMPLIS 

simulations. A second resonance is caused by Ls-Cd1. ................................................................................. 46 

Fig. 4.3.  Imaginary part of the input impedance for the tunable PT obtained using mathematical analysis of 

electrical circuit of the TPT in MATLAB. The imaginary part of the input impedance is positive for all load 

conditions at the frequency of operation. ..................................................................................................... 48 



ix 

 

Fig. 4.4.  Schematic diagram of a half bridge inverter with a series input inductor. The voltage waveforms 

at the switch node and across the capacitor Cd1 are shown as well............................................................... 49 

Fig. 4.5.  A comparison of output rectifier topologies. The effective load resistance seen by PT for each 

rectifier topology has been shown and an example for a given power has been presented. ......................... 51 

Fig. 4.6.  Electrical schematic for implementation of a variable capacitor. A fixed capacitor (Cext) is 

connected in series with a switch which can be used to control the effective value of the fixed external 

capacitor. ...................................................................................................................................................... 52 

Fig. 4.7.  Waveforms of the various electrical parameters of the control circuit. ......................................... 53 

Fig. 4.8.  Complete electrical schematic of a tunable PT based DC-DC converter. ..................................... 55 

Fig. 4.9.  Open loop control to output small signal characteristics of a tunable PT with switched capacitor 

PWM control as obtained from simulations using SIMPLIS. ...................................................................... 56 

Fig. 4.10.  Implementation of a type II compensator using operational trans-conductance amplifier. ......... 57 

Fig. 4.11.  Closed loop gain of  tunable PT with voltage mode control using switched capacitor PWM 

control obtained using SIMPLIS simulations. Good bandwidth and phase margins can be achieved using 

the proposed design. ..................................................................................................................................... 57 

Fig. 5.1.   (a) Physical structure of the Gen 2 TPT and (b) physical structure of the Gen 3 TPT. ................ 59 

Fig. 5.2. (a) Electrical equivalent circuit of the Gen 2 TPT and (b) electrical equivalent circuit of Gen 3 

TPT. .............................................................................................................................................................. 60 

Fig. 5.3.  The simplified electrical equivalent circuits of a tunable PT. The corresponding electrical circuit 

parameter values for Gen 2 and Gen 3 TPT are given for comparison......................................................... 61 

Fig. 5.4.  Shift in resonant frequency of the Gen 2 and Gen 3 TPT designs for minimum and maximum 

value of Cext at optimum load obtained using SIMPLIS. This is dependent on the ratio C/Cp2. ................... 62 

Fig. 5.5.  Shift in the resonant frequency for (a) Gen 2 TPT and (b) Gen 3 TPT from nominal load to 10% 

load obtained using SIMPLIS. This is dependent on the ration Cseq/Cp1. ..................................................... 63 

Fig. 5.6.  Voltage gain characteristics for (a) Gen 2 TPT and (b) Gen 3 TPT at various load conditions and 

the corresponding value of Cext_new obtained using SIMPLIS. ...................................................................... 66 

Fig. 5.7.  Complete electrical schematic for Gen 2 TPT based DC-DC converter. ...................................... 67 

Fig. 5.8.  Complete electrical schematic for Gen 3 TPT based DC-DC converter. ...................................... 67 

Fig. 5.9.  PCB layout for DC-DC converters using Gen 2 and Gen 3 TPT. A common layout for both TPT 

based converters was used. ........................................................................................................................... 69 

Fig. 5.10.  Picture of the Gen 3 TPT based DC-DC converter. .................................................................... 70 

Fig. 5.11.  Experimental results obtained from the Gen 2 TPT based DC-DC converter. The fixed frequency 

operation and the variation of control duty cycle with load can be seen from the figure. ............................ 71 

Fig. 5.12.  Variation of output voltage and efficiency vs load for Gen 2 TPT as obtained from the 

experiments. ................................................................................................................................................. 71 

Fig. 5.13.  Experimental results obtained from the Gen 3 TPT based DC-DC converter. The fixed frequency 

operation and the variation of control duty cycle with load can be seen from the figure. ............................ 72 



x 

 

Fig.  5.14.  Variation of output voltage and efficiency vs load for Gen 3 TPT as obtained from the 

experiments. ................................................................................................................................................. 73 

 

Fig. B.1. Page 1 of the schematic diagram of the DC-DC converter using tunable PT for PCB design 

developed using Altium. ............................................................................................................................... 84 

Fig. B.2.  Page 2 of schematic diagram of the DC-DC converter using tunable PT for PCB design 

developed using Altium. ............................................................................................................................... 85 

 



xi 

 

List of Tables 

 

TABLE 2.1.  MATERIAL SYMBOLS AND DEFINITION ...................................................................................... 13 

TABLE 5.1  COMPARISON OF OPTIMUM LOADS OF GEN 2 AND GEN 3 TPT ..................................................... 60 

TABLE 5.2 COMPARISON OF TUNABILITY RATIOS OF GEN 2 AND GEN 3 TPT ................................................ 61 

TABLE 5.3  COMPARISON OF TUNABILITY CONDITION FOR GEN 2 AND GEN 3 TPT ....................................... 63 

TABLE 5.4  COMPARISON OF CALCULATED TUNABILITY OF GEN 2 AND GEN 3 TPT. ..................................... 65 

TABLE 5.5  COMPARISON OF CALCULATED OPERATING FREQUENCY AND GAIN FOR GEN 2 AND GEN 3 TPT . 65 

TABLE 5.6  SPECIFICATIONS OF THE DC-DC CONVERTER WITH GEN 2 TPT. ................................................. 68 

TABLE 5.7  SPECIFICATIONS OF THE DC-DC CONVERTER USING GEN 3 TPT. ............................................... 68 

 

TABLE A.1.  LIST OF SOFTWARES USED IN THIS THESIS FOR ANALYSIS AND DESIGN. ..................................... 83 

TABLE B.1.  BILL OF MATERIALS FOR THE GEN 3 TPT BASED TPT CONVERTER PCB. ................................. 85 

 



 

1 

 

Chapter 1 

Introduction 

 

 

1.1  Background 

Power electronics has seen rapid developments in the past two decades. The need for 

more efficient and compact technologies has grown with the increase in energy demand. 

Magnetics is an essential cog in the wheel of power electronics and still, are one of the 

bulkiest components in most of the power electronic devices. Therefore, extensive 

research is ongoing to miniaturize magnetics and reduces losses in order to increase the 

efficiency of the system. 

In the early 1950s, Charles A Rosen came up with a Piezoelectric Transformer (PT) 

design [1]. Named after him, ‘Rosen-Type’ PT was used for their capability to produce 

DC-DC converters with high output voltage. In the past 50 years, PT technology has 

grown and various other types of PT structures have been developed for different 

applications. Piezoelectric transformers are now seen as a potential replacement for 

traditional magnetic transformers. In comparison with magnetic transformers, PTs have 

the potential to be lighter, have higher power density, have proven to be suitable for 

automated manufacturing, as well as work in the presence of the high magnetic fields 

[2],[3]. This makes them very useful for environments with high ambient magnetic fields 

such as MRI machines where the magnetic field presence can affect the working of a 

normal magnetic transformer [4]. 

Even with promising characteristics, piezoelectric transformers have not been able to 

enjoy commercial success. High voltage, low power PTs for use in electronic lamp 

ballasts have been the only noticeable success story for PT based converters [5]. Some of 

the issues with the technology including power limitation, efficiency, and efficient 

driving technologies have impeded its growth [6]. With respect to the driving technology, 

limited range of frequency operation in PTs for enabling ZVS in the inverter circuit and 

achieving optimum operation of PT have been an issue. Recently, inductor-less driving 
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scheme with ZVS in the inverter switches have been extensively researched 

[7],[9],[8],[10],[11]. 

Radial Mode PTs were developed and patented by Face Electronics in 1996 [12],[13]. 

This technology promised high power density, and high efficiency compared to its 

counterparts. This structure is also suitable for low voltage high current step – down 

applications.  Thus, it has found applications in electronics lamp ballasts and AC/DC 

adapter [14],[15],[16],[17].  

Based on the radial mode design, a new structure has been proposed recently, namely 

the tunable piezoelectric transformers (TPTs). In the proposed TPT structure, a new 

‘control’ section is added to a radial mode piezoelectric transformer, which makes the 

tunable PT a three-terminal device with input, output and control. Prior to this, a similar 

structure has been proposed but the ‘control’ terminal in that PT was used for sensing and 

control [18]. 

 

1.2  Motivation 

The motivation behind this work is to explore the capabilities of a tunable 

piezoelectric transformer. With an additional control section available, a whole set of new 

possibilities open up in terms of design and its application. This thesis explores the use of 

tunable piezoelectric transformers in DC-DC converter applications.  

Due to the band pass nature of the PTs with high quality factor, PTs have been used in 

resonant converter topologies to enable power conversion. The electrical equivalent 

circuit of a PT resembles a LCC tank circuit with an extra input capacitor. Hence, the 

gain characteristics of the PT are highly dependent on load and frequency. To regulate 

the output voltage a traditional pulse frequency control has been adopted in most control 

schemes [19]. However, PTs have been found to be most efficient when operated near its 

fundamental mode of resonance [20]. Hence, it is desirable to run the PT in a narrow 

band of frequencies. This has led to some challenges in the design of load and line 

regulated converters [6],[21]. The proposed control scheme with TPTs can alleviate some 

of these issues and gives a PT based DC-DC converter some exciting characteristics 

which have been explored in this work. 
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1.3  Scope and Objective 

This research focuses mostly on the implementation of a tunable piezoelectric 

transformer in a DC-DC converter based application. With the addition of a control 

section, the resonant frequency of the TPT can be altered by changing the loading 

conditions at the control terminal. None of the work done in the past has used this 

concept to control DC-DC converter and that is one of the objectives of this thesis.  More 

focus has been given to a practical implementation of such a device and to demonstrate a 

working prototype based on this concept. Device modeling and ‘lumped’ electrical 

equivalent circuit derivation is not considered within the scope of this work. However, to 

verify the efficacy of the given electrical model, certain tests have been conducted and 

are presented in the body of work. Beyond any such verification, the authors have 

considered the provided electrical equivalent circuit for each device to be accurate and 

has used the circuit analysis as a tool to analyze the properties of a TPT.  

The following bullet points list out some of the main objectives of this research. 

 To understand the operation of the new tunable piezoelectric transformers. 

 To review the existing literature on PTs, understand their drawbacks, and propose 

improvements with the new structure. 

 To propose methods which use the control section of the TPT as a means to regulate 

the output voltage. 

 To propose a control scheme, which enable line and load regulation of a DC-DC 

converter based on tunable piezoelectric transformer. 

 To implement a closed loop controlled TPT based DC-DC converter on hardware 

and build a working prototype. 

 

1.4  Dissertation Outline and Major Results 

This thesis is composed of six chapters and references. Summary of each chapter and 

the major results obtained from this work are briefly discussed below. 
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 Chapter 2 reviews the concept of piezoelectric transformers. Basic principle of 

operation and some of the important characteristics of a standard PT are discussed. The 

chapter also reviews some of the significant work done in this field to provide a 

foundation for the operation of tunable piezoelectric transformers. 

 Chapter 3 introduces the concept of tunable piezoelectric transformers. The 

difference in the physical structure of a TPT from a PT is discussed briefly without going 

into the details of a TPT design. An exhaustive analysis of the electrical equivalent circuit 

of a TPT has been done to understand its behavior in the circuit. The chapter also 

proposes a way to regulate the TPT based DC-DC converter using the control terminal. 

This led to the introduction of the concept of ‘Tunability’ and is discussed in detail. 

 Chapter 4 addresses the design of DC-DC converters using the analysis done on 

TPTs. Achieving ZVS in the inverter switches is an essential feature of resonant 

converters which gives them high efficiency. The design concept behind achieving ZVS 

for tunable piezoelectric transformers based converters has been discussed. Circuit 

implementation of a variable capacitor at the control terminals to regulate the output 

voltage has been presented. Using this concept, a simple voltage mode PWM control of 

output voltage has been implemented on the converter. 

 Chapter 5 discusses two design examples of TPT based DC-DC converters. Design 

with two different structures of TPT has been discussed and the effect of the physical 

structure on the converter performance has been outlined. Major experimental results 

from the two designs have been presented. 

 Chapter 6 summarizes the major results of this work and proposes future work which 

can be done in this field. 
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Chapter 2 

An Overview of 

Piezoelectric Transformers 

 

 

2.1  Introduction 

Piezoelectric transformers transfer electrical energy via acoustic coupling whereas 

magnetic transformers use magnetic coupling to transfer the electrical energy. The 

mechanical vibrations inside a PT are of the largest magnitude at the resonance point. 

Since, PTs are widely used for electrical energy transfer, an electrical circuit 

representation of their characteristics becomes very important. 

The electromechanical nature of piezoelectric transformers has caused the 

development of both electrical and mechanical models for PTs. Derivation of electrical 

equivalent circuit model makes the design of circuits using PTs much simpler. The 

electrical equivalent circuit of a piezoelectric transformer represents a band pass tank 

circuit with a high-quality factor. An accurate model enables a circuit designer to predict 

the behavior of PTs and use precise design techniques to develop a product. Hence, a lot 

of work has been done to derive a good electrical model for PTs [7],[9],[22].  

Based on the direction of vibration and electric field inside a PT actuator and 

transducer, PTs can be classified into various types such as longitudinal mode, thickness 

mode, Radial mode etc. [2]. A physics based equivalent circuit was developed using the 

wave equations for longitudinal mode PT [23],[24], radial mode PT [7],[25] and 

thickness mode PT [22]. These are 1-d models of the corresponding PT structure. Physics 

based models give a good understanding of the PT operation and help relate the physical 

parameters of a PT to the electrical circuit parameters. To improve the accuracy of these 

models, experimental measurement and parameter extraction techniques using impedance 

analyzers have been proposed [26]. Finite element analysis techniques have also been 

suggested which help in parameter extraction of PTs [27].  
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To capture the operation of PT at frequencies far away from the fundamental resonant 

frequency, researchers have proposed techniques which add LC branches to the existing 

model to include other points of resonance [7]. However, this is a complicated model and 

unless there is a need to operate a PT far away from its resonant frequency, such models 

provide little advantage over simpler 1-D models. 

This chapter briefly reviews the basics of piezoelectricity, types of piezoelectric 

transformers and the basic equations governing the operation of PTs. Radial mode PTs, 

which are used to develop tunable piezoelectric transformers, are then discussed more 

elaborately. This chapter reviews some of the modeling work for radial mode PTs to help 

understand tunable piezoelectric transformers. The chapter also discusses the basic 

electrical properties of the PTs using electrical equivalent circuit analyses. 

 

2.2  Piezoelectricity 

 Piezoelectricity is the ability of certain crystalline materials to generate an electrical 

charge when a mechanical stress is applied on them. This could also occur in reverse 

where a mechanical stress is created in a material when an electrical charge is applied on 

it. Thus, a mechanical vibration at a certain frequency can generate alternating voltage in 

the piezoelectric material. Both of the above mentioned, direct and inverse, piezoelectric 

effects are used to develop piezoelectric transformers [28]. 

 Materials commonly used for PTs are  PZT, combinations of lead zirconate/lead 

titanate etc. [28]. Due to non-uniformity in the crystal structure, such materials consists of 

domains which have a dipole moment in a specific direction. For an un-polarized 

piezoelectric material, the dipoles inside a material are random and hence the net dipole 

of the material is zero. These materials have to undergo a process called poling to impart 

piezoelectric characteristics to it. In poling, the material is subjected to a high electric 

filed, which aligns its internal electrical dipoles in the direction of the electric field. Most 

dipoles retain their alignment after the electric field is removed and the material has a 

unique direction of poling. This direction can, however, be disturbed if a field in the 

opposite direction is applied or the material is exposed to curie temperatures [28]. Error! 
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Reference source not found. shows the effect of poling on the internal electric dipoles 

of a piezoelectric material. 

 

 

Fig. 2.1.  The alignment of domains inside a piezoelectric material before poling, during poling and after poling. The 

domains retain their alignment after the poling process is over. 

 

For a piezoelectric transformer, two such poled piezoelectric devices, which exhibit 

direct and inverse piezoelectric effect, are coupled mechanically together. In magnetic 

technologies, the electrical energy is transferred from the output to the input by inductive 

coupling. The input electrical energy is converted into magnetic field which gets coupled 

to the secondary side and gets transformed back to electrical energy. For Piezoelectric 

Transformers (PTs), the basic principle remains the same. However, the transfer of 

electrical energy occurs with the help of acoustic coupling. The piezoelectric actuator 

converts an input electrical wave into mechanical standing waves inside the piezoelectric 

material (inverse piezoelectric effect). These waves are coupled to a piezoelectric 

transducer, which converts the mechanical energy back to electric energy (direct 

piezoelectric effect).  

 

2.3  Types of Piezoelectric Transformers  

A piezoelectric transformer is a combination of a piezoelectric transducer and a 

piezoelectric actuator.  Based on the direction of vibration and poling, four major 

structures of piezoelectric transformers have been developed. 
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 Rosen Type PT: A Rosen type PT, shown in Fig. 2.2, has a longitudinal type 

piezoelectric element and a transverse vibration type PT mechanically coupled 

together. An electrical AC signal input to the transverse piezoelectric element 

produces a mechanical vibration along the length of the ceramic element. This 

mechanical stress is coupled to the longitudinal mode type piezoelectric element, 

which in turn produces an output electrical signal. When the crystal vibrates near 

its mechanical resonance, vibrations of largest magnitude are produced [29]. The 

original structure proposed by Charles A. Rosen consisted of a single ceramic 

layer for the input and output sections [1]. This structure can produce high 

voltage gains. With further research on materials and manufacturing 

technologies, input and output sections made up of multiple layers co-fired 

together were developed to match the output impedance characteristics of the 

load [30].  

 

 

Fig. 2.2.  A Rosen-Type PT structure showing the vibration modes in the input and output sections [6]. 

 

Due to high voltage gains and larger output impedance, this transformer 

structure was suitable for high output voltage, step-up applications [30],[31]. 

Owing to their light weight, high voltage gains compared to magnetic 

transformers and with the development in materials/driving technology, Rosen 

type PTs were employed in the cold cathode fluorescent lamps (CCFLs) for LCD 

backlighting applications [32],[33].  

Owing to the structural design, Rosen type PTs were, however, unsuitable for 

higher power, step down applications. The power densities for a typical Rosen 

type PT is around 5-10 W/cm3 with power levels ranging from 5 - 8 W [2]. 
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 Radial PT: Radial Type PTs, Trasoner® PTs, were first developed by Face 

electronics in 1996 [12],[13]. Shown in Fig. 2.3, a radial mode PT is made up of 

radial discs which are poled in thickness direction and the mechanical stress 

occurs in the radial direction. An input AC electrical signal creates vibration in 

the radial direction of the PT which is coupled to the output sections and 

produces a transformed AC voltage at the output. Multiple layer designs for the 

input and output section are used to create the desired step down/step up voltage 

levels for the PT [34]. Since lower output impedances can be achieved by careful 

design of the output section, these transformers are suitable for step down 

applications [35],[36]. The circular design of the ceramic plates help in avoiding 

vibrations in the spurious modes increasing the efficiency of the PT [13]. Due to 

higher electromechanical coupling factors, higher power densities in the order of 

30-40W/cm3 can be achieved using this structure [3]. Researches have been done 

which have proposed designs above 100 W power levels with the ability to go 

beyond [6]. 

 

 

Fig. 2.3.  A Radial mode piezoelectric transformer [14]. 

 

Radial mode PTs have been deployed in various applications such as 

electronic lamp ballasts [15], AC-DC adapter applications [3] etc. showing high 

levels of efficiency. This research uses the radial structure extensively to explore 
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a new class of transformers called the ‘Tunable Piezoelectric Transformers’. 

This will be further discussed in Chapter 3 of this thesis. 

 

 Thickness vibration mode PT: Developed by Zaitsu et al [37], the mechanical 

vibrations in the thickness mode PTs occur in the direction of poling i.e. in the 

thickness direction. This is possible when the electrical signal applied to the input 

of the transformer resonates the thickness mode mechanical resonance of the PT 

instead of the longitudinal mode. Fig.  2.4 shows the direction of poling and the 

input and output connections for a conventional thickness mode vibration PT.  

 

 

Fig.  2.4.  Thickness extension mode piezoelectric transformer [6]. 

 

The voltage gain is a function of the ratio of input layer thickness to the 

output layer thickness [22]. Due to lower output impedance, this structure can be 

used for lower output voltage step-down applications. Higher power densities 

are possible due to good electromechanical coupling in the thickness direction. 

Vibrations in the thickness direction (which is generally small in dimension) 

gives a high resonant frequency to the structure. PTs with resonant frequency of 

up to 2 MHz have been proposed [38], [37]. Recently, Noliac came up with a 

ring type structure which shows higher power densities of 50W/cm3 and high 

efficiencies of up to 98% [17], [39]. 
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 Thickness – Shear vibration mode PT: The mechanical stress developed in this 

type of PT is perpendicular to the poling direction for both input and output 

sections of the PT. Fig. 2.5 shows one of the structures proposed by Du et al [40]. 

 

 

Fig. 2.5.  A thickness-shear vibration mode PT [6]. 

 

An input electrical signal produces a mechanical shear strain in the input 

sections of the PT which is coupled to the output section with the shear 

electromechanical coupling factor. The transformed output voltage appears 

across the output electrodes of the PT. The use of such structures has been fairly 

limited compared to the Rosen type PT and the radial mode PTs. The design 

proposed in [40] has been able to demonstrate the structure for use in step down 

applications with a total power of 169.9 W and efficiency of 90%. 

 

2.4  Modeling of Piezoelectric Transformers  

Fig.  2.6 shows the structure of a Radial mode PT with circular discs. Using the 

fundamental equations of piezoelectric operation, a physics based model for the radial 

mode piezoelectric transformer can be derived.  
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Fig.  2.6.  Structure of a radial mode PT with directions of polarizations on the input side actuator (left) and output side 

transducer (right) [7]. 

 

 An electrical voltage is applied across the electrodes, which produces an electric 

field in the direction of polarization. The strongest mechanical waves are produced in the 

radial direction. The mechanical stress is then coupled to the secondary side which 

produces an electric potential across the secondary electrodes. The equations (1) and (2) 

describe the operation inside the PT [28]. 

 

 dETsS E   (1) 

 EdTD T  (2) 

 

 where  S = Mechanical strain inside the PT 

   T = Mechanical stress inside the PT 

   D = Electric field density 

   E = Electric field 

   sE = elastic compliance at constant electric field 

   ɛT = permittivity at constant mechanical stress 

   d = piezoelectric constant 

 The constants, s, ɛ and d, are tensors and hence would be dependent on the mode of 

operation of PTs [28]. For a radial mode PT, the vibrations inside the piezoelectric 

actuator and transducer occurs in the radial direction. A detailed derivation of the 

equations and the physics based model for a radial mode PT is discussed in [7]. The 

results obtained from the derivation are summarize in the equations (3)-(8) and Table 2.1 

for a multi-layer structure. 
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TABLE 2.1.  MATERIAL SYMBOLS AND DEFINITION 

ρ Density 

ε33
T Permittivity 

tan δ Dissipation Factor 

Qm Mechanical Quality Factor 

d31 Piezoelectric Co-efficient 

SE
11 Elastic Compliance 

NR Radial Mode Frequency Constant 

t1 Primary Layer Thickness 

t2 Secondary Layer Thickness 
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ni Number of input layers 

no Number of output layers 

r Radius of the layers 

 

 

Fig. 2.7.  Electrical equivalent circuit of a radial mode piezoelectric transformer. 

 

 Fig. 2.7 shows the corresponding electrical equivalent circuit. The equations (3) – (8) 

depict the dependence of electrical parameters of the ‘lumped’ electrical equivalent 

circuit on the physical parameters for PT design. This helps a PT designer manufacture 

the PT for a specific application. It is important to note that this equivalent circuit is a 1D 

PT model and neglects any spurious mode of vibration inside the PT. A more accurate 

modelling procedure for PTs which can capture higher order resonant modes of the PT 

has also been suggested [7],[22]. Extra L-C resonant branches in electrical equivalent 

circuit are used to depict the operation of the PT for a large frequency range.  

 Although the physical design equations (3)-(8) are based on some assumptions and 

might not be very accurate, a qualitative assessment of the effect of the physical structure 

on the electrical circuit can be made. For example, increasing the number of layers in the 

primary side would increase the turns ratio N and hence higher can give higher step-up 

gain. The primary and secondary capacitance, Cd1 and Cd2, would also increase by 

increasing the number of layers or by reducing the thickness of each layer [15]. Such 

insights would be helpful when the electrical equivalent circuit is analyzed and an 

electrical circuit designer can then work within the physical design limitations of a PT.   
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2.5  Electrical Equivalent Circuit Analysis 

The electrical equivalent circuit of a piezoelectric transformer represents a LCC tank 

circuit with an input capacitor, Cd1. The simplified electrical equivalent circuit is shown 

in Fig.  2.8. 

 

Fig.  2.8.  Simplified electrical equivalent circuit of a radial mode PT. The output capacitor is reflected on to the 

primary side to analyze the circuit as LCC tank circuit. 

  

The simplified circuit shown in Fig.  2.8 ignores the dielectric losses in the 

piezoelectric transformers. However, it can be shown that when operated near the 

fundamental resonant frequency of the transformer, these losses have negligible effect on 

the electrical equivalent circuit [41]. 

 The typical input impedance characteristics of a piezoelectric transformer is shown 

in Fig.  2.9. The characteristics show two peaks, resonant and anti-resonant points. The 

piezoelectric transformer has capacitive impedance characteristics for most of the 

frequency range, however, it shows an inductive behavior between the resonant and anti-

resonant frequency. When operated in this region, a PT can be used as resonant tank 

circuit in resonant power converters [42].  
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Fig.  2.9.  Input impedance characteristics of a standard PT obtained using MATLAB mathematical model of a PT. 

 

For a load resistance, Rac, connected across the output terminals of the PT, equivalent 

circuit can be analyzed by neglecting the input capacitance, Cd1, as it does not interfere 

with the resonant frequency of the tank. Fig.  2.10 (a), shows the load resistance and 

output capacitance reflected to the primary side and Fig.  2.10 (b) shows the circuit after 

transforming the parallel load resistor and capacitor into equivalent series resistance and 

capacitance. 

 

Fig.  2.10.  Simplified electrical equivalent circuit of a PT with load resistance. (a) the load resistance and the output 

capacitance are reflected to the primary side. (b) the parallel network of output capacitor and load resistor are converted 

into equivalent series combination to simplify analysis. 
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Equations (9) – (11) describe Racs and Cd2s. 
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 From Fig.  2.10 and equations (9)-(11), some intuitive understanding of the tank 

circuit can be developed. 

For short circuit conditions, Racs = 0 and Cd2s = ∞. Hence, the resonant frequency at 

this condition would be given by the series resonant frequency of L and C. 
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For open load conditions, Racs = 0 and Cd2s = Cd2*N2. The resonant frequency in this 

condition is given by the series combination of L and C and Cd2s. 
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Hence, the resonant frequency point of the tank circuit moves from ωs to ωp as the 

load decreases. For a nominal load, the resonant frequency would be located in between 

ωs and ωp. 

 

 The optimum load for a standard Piezoelectric Transformer has been derived in [43] 

which gives the maximum efficiency of the PT. Although, the analysis relies on 

simplified 1-D models of PT, it gives us an idea about the maximum efficiency operating 

point of the PTs. The maximum efficiency of the PT will occur when Racs is the 

maximum and is given by equation (14). 
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 The maximum power transferred to the load will occur when the value of Racs is 

equal to R. Since Racs has a convex shape, there are two points at which Racs will be equal 

to R and hence two peaks in the graph of power transferred [44]. However, the efficiency 

in this condition would be 50 % and hence the PT is generally operated at the point of 

maximum efficiency i.e. at optimum load.  

 Fig.  2.11 shows the variation of power transferred and the efficiency of the PT as 

the quality factor of the circuit is changed. 

 

Fig.  2.11. Plot of normalized output power (left) and the efficiency of the PT vs load at resonance [14]. 

  

 With the given termination, high efficiency operation of PT will be achieved. Other 

combinations of reactive and passive elements can be used to increase the efficiency of 

the PT, however, to keep the output matching networks simple, a simple resistive load 

given by equation (14) is chosen for design [22]. 

The voltage gain characteristics of a PT at different loads is shown in Fig. 2.12. As 

the load decreases, the gain of the tank circuit and the resonant frequency increases. As 

discussed previously, the resonant frequency moves towards the parallel resonant point, 

ωp, from its nominal value.  



 

19 

 

 To regulate the output voltage, the frequency of operation can be increased and this 

is the popular method to control the PT based resonant converters [19]. 

 

 

Fig. 2.12.  Voltage gain characteristics of a standard PT at various load conditions obtained using SIMPLIS 

simulations. The voltage gain of a PT is dependent on load and frequency. 

 

2.6  Control Schemes 

The voltage gain characteristics of the piezoelectric transformers, discussed 

previously, show the load and frequency dependent characteristics of the piezoelectric 

transformers. Just like LCC resonant tank circuits, the resonant frequency and the gain of 

piezoelectric transformers increases as the load decreases. A common way to control the 

output voltage in such a situation is to use frequency control methods, namely pulse 

frequency modulation (PFM) [19]. In this scheme, the output voltage is regulated by 

changing the frequency of inverter switches and the block diagram for one of such 

schemes is shown in Fig. 2.13. However, the PT efficiency is maximum when it is 

operated around its fundamental mode of resonance [45]. Hence, a large variation in the 

frequency required for large load variations might lead to lower converter and PT 

efficiencies. Further, the range of frequency in which it is possible to obtain ZVS in the 

inverter switches is also limited for a piezoelectric transformer. The input impedance 

characteristics, discussed previously (Fig.  2.9), can be used to obtain the range of 
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frequencies for ZVS operation for a given PT. This window can be increased by adding 

inductive components at the input of the PT [46],[47]. However, for inductor-less 

designs, this window is narrow and hence PFM gives limited control to the PT. 

 

 

Fig. 2.13.  Frequency control scheme for PT based converters [21]. 

  

For inductor-less designs, phase locked loop based control schemes have also been 

proposed [48]. In such schemes, the switching frequency is controlled by sensing the 

phase between the input and output voltage [49], or the phase between input voltage and 

current [50]. Fig. 2.14 shows the control block diagram for one of such schemes. 

 

 

Fig. 2.14.  PLL based control scheme to control the phase between input voltage and PT input current [21]. 
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PFM techniques are not suitable for handling input voltage changes. To overcome 

this issue, PWM control techniques have been proposed [45]. A combination of PWM 

and PFM techniques have also been proposed to enable both input voltage regulation and 

load regulation [51]. Since the PTs are most efficient near their fundamental resonant 

frequency point, it is desirable to operate them at a constant frequency. Based on this 

idea, quantum-mode control technique has been proposed [52],[53]. In such a control, the 

inverter switches are turned ON and OFF at a much lower frequency when the voltage 

crosses a certain band of tolerance. The drawback of such a control is the presence of low 

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

 With the help of tunable piezoelectric transformers, most of these issues can be 

tackled in a very simple PWM control. This is discussed further in Chapter 4. 
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Chapter 3 

Tunable Piezoelectric Transformers 

 

 

3.1  Introduction 

The design of a Tunable Piezoelectric Transformer (TPT) is based on a multilayer 

Transoner® PT developed by Face electronics in 1996. The input and the output section 

is made of radial ceramic discs as in a Transoner® PT. In addition, some extra layers 

(number based on a specific design), of a specific thickness, are added to the structure 

which forms the control section of the transformer. This makes the tunable PT a three-

terminal device. Input and output sections are electrically isolated from each other using 

an isolation layer. The position of these layers, number of layers, the thickness and the 

material, all effect the impact this section has on the gain characteristics of the PT.  

 The control layers provide an extra terminal to the transformer which can be used to 

control the voltage gain characteristics of the PT. The concept of tunable PTs and their 

application in DC-DC converters was introduced in [54]. To help understand the concept 

of tunable PTs and ‘Tunability’, an in-depth analysis of the electrical equivalent circuit of 

the tunable PT will be presented in this chapter. The analysis assumes that the electrical 

equivalent circuit presented here is an accurate depiction of the tunable PT operation. 

Since the scope of this thesis is not to derive electrical model of tunable PT and design it 

for a specific application, those details would not be presented. However, with the 

electrical equivalent circuit analysis presented, some basic idea on the operation and 

design of TPT can be developed. 

 

3.2  Electrical Equivalent Circuit Analysis 

 Fig. 3.1(c) and Fig. 3.1(d) shows the structure and electrical equivalent circuit of a 

Tunable PT and compares it to the structure and electrical equivalent circuit of a standard 
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PT in Fig. 3.1(a) and Fig. 3.1(b) respectively. The addition of a control section and the 

change corresponding to it is evident from the equivalent circuit diagram of the TPT. In 

this design, the control section is in between the output layers and the input layers are two 

outermost layers. Other positions of the control layers, output layers and input layers are 

also possible based on the design specification. It is important to note that the additional 

control section is represented as a separate ideal transformer with a turns ratio of 1:N2 

between input and control. The coupling between the input and output sections is 

represented by an ideal transformer with a turns-ratio of 1:N1. These two transformers are 

connected in series such that the capacitor at the output (Cd2) and control terminal (Cd3) 

are also connected in series.  

 

Fig. 3.1.  (a) Structure of layers in a standard PT and it’s Electrical equivalent circuit (b). (c) and (d) show the structure 

of a tunable PT with control layer sandwiched in between input and output layers and the corresponding electrical 

equivalent circuit. 

 

 The equations, which relate the physical properties of a PT to the parameters of the 

electrical equivalent circuit, were presented in Chapter 2. Additional control section 

embodies an equivalent capacitance, Cd2, at its terminals, like the output and input 

sections. This capacitance is dependent on the thickness of the layers, number of layers 
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and the type of material used [15]. The transformation ratio between the input/control is 

dependent on the number of input and control layers, the relative position of each layer 

etc. 

 

 

Fig. 3.2.  Electrical equivalent circuit of a tunable piezoelectric transformer without the dielectric losses. 

 

 

Fig. 3.3.  Electrical equivalent circuit of the tunable piezoelectric transformer after reflecting the control and output 

components to the primary. 
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Fig. 3.4.  Simplified electrical equivalent circuit of the tunable PT after simplification. The circuit resembles to that of a 

standard PT. 

 

 Fig. 3.2 shows a simplified equivalent circuit of the TPT without the dielectric loss 

resistors Rcd1, Rcd2 and Rcd3 to simplify the analysis. The capacitors and the resistors at 

the control and output terminals can now be reflected to the primary side as shown in Fig. 

3.3. It must be noted that the reflected control capacitance, Cp2 and a parallel combination 

of Racp and Cp1 are in series and not in parallel. This makes the series capacitance of the 

LCC tank circuit (Cseq) in Fig. 3.4 a series combination of Cp2 and C. To verify the series 

connection of Cp2 and C experimentally, the resonant frequency of the transformer was 

measured under increasing values of Cext (1 nF to 2.2 µF), and the resonant frequency for 

each case was recorded. The resonant frequency did not decrease continuously which 

would have been the case if the capacitors were in parallel. Fig. 3.5 shows the 

experimental results of this test performed on one of the TPTs.  
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Fig. 3.5.  Voltage gain characteristics of a tunable PT sample at fixed load and varying values of external control 

capacitor obtained from a network analyzer. The resonant frequency of the tunable PT doesn’t decrease further after a 

certain value of external control capacitor (2.2 µF) depicting series connection of reflected control capacitance (Cp2) 

and series capacitance (C). 

 

 To understand this better, the design equations of the PT, which relate the physical 

parameters to the electrical circuit values, can be studied. The control layers in the TPT 

structure can be considered as extra output layers intended for control. The capacitance 

embodied by the control layer is dependent on the number of control layers and their 

thickness as shown in equation (15) below (apart from being dependent on other 

parameters). The transformation ratio from input to control is a ratio of number of input 

layers to the number of control layers, shown in equation (16).  
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where   Cd3 = Control terminal internal capacitance 

  Nc = number of control layers 

  Np = number of primary layers 

  1: N2 = transformation ratio between input and control 

  tc = thickness of each control layer 

  Cd3p = control capacitance reflected on the input side 

 

 Let number of primary layers (Np) and their thickness be constant. If the number of 

control layers increase by a ratio β, the control capacitance (Cd3) would increase by β 

(assuming other physical conditions to be constant). However, N2 decreases by the same 

ratio which in turn causes Cd3p to decrease by β. Hence, the addition of layers in the 

control section decreases the equivalent primary side reflected capacitance of the control 

(Cp2). The same analysis would also be true for the output section. If the capacitance of 

these layers were in parallel, an increase in the number of layers in the control section 

would increase equivalent capacitance of these two sections. This shows that the output 

and control layer capacitors, when reflected to the input side appear to be in series. 

 From the above circuit analysis, it is seen that the series capacitance of the LCC tank 

circuit (Cseq), in case of the tunable PT, is dependent on the control capacitance. Thus, a 

change in the capacitance at the control terminal would change the resonant frequency of 

the tank circuit. Fig. 3.6 shows the voltage gain curves of a tunable PT at a given load 

and two different values of an external fixed capacitor connected across the control 

terminal. 
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Fig. 3.6.  Voltage gain characteristics of a tunable PT at a fixed load and different external capacitor values obtained 

using SIMPLIS simulations. 

 

 An increase in the external capacitor across the control terminal (Cext) increases the 

series capacitance, Cseq, of the LCC tank circuit and hence the resonant frequency of the 

tunable PT decreases. Since the equivalent series capacitance (Cseq) is a series 

combination of Cp2 and C, the maximum value of Cseq is limited to the value of C. This 

happens when the external capacitance, Cp2, becomes much larger than C and hence has 

no effect on the resonant frequency of the tunable PT. This is when the transformer 

‘saturates’ and no it is no longer controllable by varying the control capacitance. The 

ability of the tunable PT to change its resonant frequency by changing the loading 

conditions at the control terminal, is hereby referred to as the ‘Tunability’ of the TPT. A 

quantitative definition of Tunability will be presented later in section 3.5. 

 It is also interesting to note that the control terminal can also be loaded by other 

passive elements such as resistors and inductors. Addition of any resistor would also 

bring a change to the resonant characteristics of the tunable PT, however, extra losses 

incurred in the resistor would deteriorate the system efficiency. Addition of an inductor 

would increase the order of the system and can make the analysis more complicated. An 

extra capacitor, on the other hand, helps the tunable PT retain characteristics similar to a 
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LCC tank circuit which makes it easier to design. The voltage gain characteristics of the 

tunable PT also take on a familiar shape for various load conditions and this will be 

discussed in the further sections. Having said that, it would be interesting to explore a 

combination of other active/passive elements at the control terminal in the future.  

This thesis explores the effect of capacitor loading at the control terminal and the ways 

to use it for the design of a DC-DC converter. If the capacitance at the control terminal 

can be varied under different operating conditions, then the voltage gain characteristics of 

the tunable PT can be adjusted such that the output voltage is regulated.  

 

3.3  Optimum load 

The optimum load for a standard Piezoelectric Transformer was discussed in Chapter 

1. For a tunable PT, the determination of optimum load is very similar. From the 

equivalent circuit analysis, we can reduce a tunable PT to an electrical equivalent circuit 

similar to a standard PT. This enables us to apply same analytical techniques developed 

for a standard PT. Since the series capacitance of a tunable PT changes with load, the 

optimum load would also change. Hence, when determining the optimum load for a TPT, 

the value of Cext corresponding to the nominal load must be considered. To achieve 

maximum tunability, this is the lowest value of Cext possible. Fig. 3.7 shows the optimum 

load of a TPT for a minimum Cext value, derived using circuit analysis, and it can be seen 

that the nominal load can still be represented by the equation (18) as that for a standard 

PT. 
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Fig. 3.7.  Efficiency of a tunable PT and output power vs. load resistance at the resonant frequency obtained using 

mathematical circuit analysis in MATLAB. 
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3.4  Voltage Gain Characteristics   

The voltage gain characteristics of a tunable PT at a given load and with the control 

circuit open is shown in Fig. 3.8. The electrical equivalent circuit of the tunable PT being 

similar to a LCC tank circuit, the gain of the TPT is dependent on the load conditions.  
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Fig. 3.8.  Voltage gain characteristics of a tunable PT at optimum load and no external control capacitor obtained using 

SIMPLIS. 
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Fig. 3.9.  The electrical equivalent circuit for a tunable PT at optimum load. The input capacitor can be neglected in 

calculation of voltage gain near resonant frequency.  

 

A simplified LCC tank circuit is shown in Fig. 3.9. The input capacitor does not 

affect the voltage gain of the voltage gain of the tunable PT near its resonance frequency 

and can be ignored in the analysis. It is also assumed that the tunable PT is lossless and 

hence R = 0. 

Under these assumptions, there are two frequencies at which the gain of the tunable 

PT is equal to one. One of the frequencies is the series resonant frequency of the circuit 

i.e. the resonant frequency of Cseq – L given by equation (19) and can be seen intuitively 

from the circuit. 
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The other frequency point is rather intriguing and can be found out by solving the 

electrical equations for the tank circuit. The voltage gain of the LCC tank circuit is given 

by equation (20) [55]. Solving this equation for a frequency with a unity gain, we get one 

of the solutions as (19) and another equation, shown in (22). This shows that other 

frequency would be a function of the load at the tunable PT output terminals, along with 

other circuit parameters. 
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If Rac = XCp1, which would be the optimum load of the tunable PT, the other 

frequency can be calculated by substituting this value in equation (22) and is calculated to 

be the parallel resonant frequency of the LCC tank circuit given by equation (23). It is 

important to note that the Cseq in equation (23) corresponds to the value of series 

capacitance of the equivalent LCC tank circuit at optimum load conditions for a given 

TPT. 
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Now, if the load across the tunable PT decreases, the resonant frequency and the gain 

of the tunable PT increases as shown in Fig. 3.10. The load dependent frequency for 
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which gain is unity also changes and is no more the parallel resonant frequency of the 

tank. Equations (24)-(25) shows the new frequency at which the gain of the tank circuit 

will be unity at a given light load condition. 

For a given light load condition, if  

 

 
1* Cpac XR   (24) 

 

 Substituting equation (24) in equation (22), and solving for frequency, we get 
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Fig. 3.10.  Voltage gain characteristics of the tunable PT at nominal and light load conditions with no extenal capacitor 

at the control terminal obtained using SIMPLIS. 

 To regulate the output voltage, the control capacitance can be increased (by 

increasing the external capacitor (Cext), which decreases the resonant frequency of the 

tank circuit. At a certain value of the external capacitance (Cext_new), the voltage gain of 

the tank circuit will be equal to one at the parallel resonant frequency of the tank, ωp, as 
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shown in Fig. 3.11. The frequency obtained in equation (25) is the frequency at which the 

gain of the tank is unity at light load. The external capacitor is now increased to Cext_new, 

such that for the corresponding value of series capacitance, Cseq_new, ω’ becomes equal to 

parallel resonant frequency, ωp. This unique value, Cseq_new, can be calculated by solving 

equation (26) and is shown in equation (27). 

 

 

Fig. 3.11.  Voltage gain characteristics of the tunable PT at nominal load and no external capacitor obtained using 

SIMPLIS. The voltage  gain at light load and the corresponding value of external control capacitor at which gain of the 

tunable PT is 1 at ωp. 
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Hence, if it is physically possible for a given TPT design to achieve this new value of 

Cseq, it would be able to regulate the output voltage by changing the external capacitor at 

the control terminal, for any given light load condition. The voltage gain characteristics 

of a given tunable PT for various load conditions and the corresponding Cext value are 

shown in Fig. 3.12. 



 

35 

 

 

Fig. 3.12.  The voltage gain characteristics of the tunable PT at various load conditions and the corresponding value of 

Cext_new obtained using SIMPLIS. All the load curves have a constant gain at ωp. 

 

The voltage characteristics in Fig. 3.12 give a unique characteristic to a tunable PT, as 

such, it resembles closely to that of a LLC converter. With such characteristics, it 

becomes possible to operate the converter at a fixed frequency and regulate the output 

voltage for load variations. A way to implement a variable capacitor and the 

corresponding control scheme to achieve such a regulation is proposed in Chapter 4.  

 

3.5  Tunability 

The ability of the tunable PT to regulate the output voltage under varying load 

conditions by only changing the control terminal capacitance/other loading conditions at 

a fixed frequency and nominal input voltage is referred to as the ‘Tunability’ here. 

Equation (28) and (29) quantifies Tunability as used in this document.  
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(at a constant output and input voltage) 

 

It is important to note that Tunability is 100% if β = ∞, which means that the tunable 

PT is able to regulate the output voltage even at open load conditions. A TPT can also 

have more than 100% Tunability. In this scenario, the TPT would have more shift in the 

resonant frequency than required for 100% load regulation. This would be discussed in 

detail later in this section.  

The two main design parameters, from the electrical equivalent circuit, which affect 

tunability are: 

 Ratio of C to Cp2 (C/Cp2) 

 Ratio of Cseq to Cp1 (Cseq/Cp1) 

Ratio of C to Cp2 

The total change in the equivalent series capacitance of the LCC tank circuit that can 

be achieved by changing the control capacitance (Cext) depends on the ratio C/Cp2. The 

ratio is calculated without any external capacitor across the control terminal. Hence, the 

ratio is purely a function of the tunable PT design. Since C and Cp2 are in series, the 

closer the ratio C/Cp2 to 1, the more is the tunability. Fig. 3.13 shows the total shift in the 

resonant frequency for two different C/Cp2 ratios in a hypothetical TPT design. In both 

the cases Cext is varied from a very low value (such as 1 pF) to a relatively high value 

such that the maximum shift in each case is recorded. 
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Fig. 3.13.  Shift in the resonant frequency of tunable PT by changing the capacitance at the control terminal for two 

different design examples obtained using SIMPLIS. 

  

 

Ratio of Cseq to Cp1 

The effect of the ratio Cp2/C on tunability is more intuitive and easier to understand. 

However, the ratio of Cseq/Cp1 is also an important design criteria to consider while 

designing tunable PT. The impact of this design parameter can be understood by 

analyzing the electrical equivalent circuit of the TPT shown in Fig. 3.9. Just like a LCC 

tank circuit, the series and parallel resonance of the TPT is given by equations (30) and 

(31) respectively. 
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For a short circuit across the tunable PT terminals, the resonant frequency of the 

tunable PT would be at the series resonant point and for an open circuit, it would be at the 

parallel resonant point. Hence, when the load across the TPT is reduced, the resonant 

frequency shifts from nominal resonant frequency (in between series and parallel 

resonant point) to parallel resonant frequency. At the same time, the gain of the TPT also 

increases.  Hence, the tunable PT must be able to change its resonant frequency to make 

up for this change. Larger the difference between the series resonant point and the 

parallel resonant point, more change in series capacitance of the LCC tank would be 

required. 

Fig. 3.14 shows the variation of the resonant frequency of a LCC tank circuit vs Cseq 

for a fixed value of Cp1. The change in the resonant frequency per unit change in Cseq is 

much larger for small values of Cseq. This means that for small Cseq/Cp1 ratios, less change 

in Cseq is required for a same amount of change in the resonant frequency as compared to 

a larger Cseq/Cp1 ratio. Hence, ‘Tunability’ is higher for small Cseq/Cp1 ratios. 

 

 

Fig. 3.14.  Resonant frequency of a tunable PT vs. series capacitance for a fixed value of Cp1 obtained using 

mathematical analysis of electrical equivalent circucit in MATLAB. The plot shows that the rate of change of resonant 

frequency is faster for a smaller Cseq/Cp1 ratio. 
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This can also be understood by calculating the series and parallel resonant 

frequencies for the two cases with different Cseq/Cp1 ratios, shown in Fig. 3.15 and Fig. 

3.16. For a higher Cseq/Cp1 ratio, the series and parallel resonant frequencies are farther 

apart and hence more change in series resonant capacitance (Cseq) is needed for the same 

amount of load variation as compared to a smaller Cseq/Cp1 ratio design. The design in 

Fig. 3.15 has a higher Cseq/Cp1 ratio and hence the difference between the full load to light 

load resonant frequency is 2.04 kHz. Fig. 3.16, on the other hand, shows another design 

with a smaller Cseq/Cp1 ratio and the difference between the full load and the light load 

resonant frequency is 1.58 kHz. 

 

 

Fig. 3.15.  Shift in resonant frequency from nominal load to 10% load condition for the given tunable PT design 

with Cseq/Cp1 ratio equal to 0.155. This was obtained using SIMPLIS. 

 

 

Fig. 3.16.  Shift in resonant frequency from nominal load to 10% load condition for the given tunable PT design with 

Cseq/Cp1 ratio equal to 0.0797. This was obtained using SIMPLIS. 
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Condition for 100 % Tunability 

Based on the discussions above, electrical equivalent circuit of the tunable PT can be 

analyzed to come up with a design criteria for 100% tunability in a TPT design. Equation 

(27) was derived in the previous sections to calculate the new value of series capacitance 

(Cseq_new) required for regulating the output voltage at a given light load condition. With 

this result, the corresponding value of external control capacitor (Cext) can be derived. For 

100 % Tunability (β = ∞) a similar condition can be derived as well. Before proceeding 

with these calculations, the following assumptions are made: 

 
optac

ac

R

R

_

max_

max   ; where Rac_max is the load resistance across the PT corresponding to 

minimum load. 

 The design is done such that PT sees optimum load resistance at full load. 

 It is feasible to have large capacitor value range in external control capacitor. This 

means Cext_min << Cd3 and Cseq_max = C. 

 For any given βmax, the maximum value of Cseq would be required at light load and 

minimum value of Cseq at full load. If Cseq_max = C, then the corresponding minimum 

value of Cseq (Cseq_min) can be calculated by rearranging the terms of the equation (27) and 

is shown in equation (32). 
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 For 100 % Tunability, β = ∞. Substituting this value of β in equation (32) 
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The value of Cseq_min obtained from equation (33) is the minimum value of Cseq required 

to achieve 100 % Tunability. We also know from the equivalent circuit that Cseq is a 

parallel combination of C and Cp2, given by equation (34). Hence, using equations (34) 
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and (35) the limiting value of reflected control capacitance required for 100% tunability 

can be derived. This is shown in equation (35). 
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Range of external capacitor values 

The total change in the series capacitance of the LCC tank circuit that can be 

achieved in a specific design is dependent on the ratio of the series capacitance (C) and 

the reflected control capacitance (Cp2). For a given TPT design, series capacitance (C), is 

generally fixed and defined by other design parameters. Hence, we can only change the 

control capacitance by varying the external control capacitance. Since Cp2 and C are in 

series, the value of Cext is chosen such that increasing Cext beyond that value would not 

change the effective series capacitance (Cseq) any further. This sets the upper limit of the 

effective control capacitance. The lower limit is generally set by the inherent control 

terminal capacitance of the PT (Cd3). This value is determined by the design of the 

control layers in TPT and must be designed keeping in mind the tunability needed. As 

discussed, if the reflected value of Cd3 is closer to the value of C, Cext will have more 

effect on the equivalent series capacitance (Cseq).  Hence, the lower limit of Cext, for a 

specific design, should be reasonably smaller than Cd3 so that, at its minimum value, it 

does not change the effective control capacitance and maximum tunability can be 

achieved from the TPT design. 

 

3.6  Input Voltage Regulation 

 Regulating the output voltage for a range of input values is a requirement for most of 

the converters. PWM techniques using active clamp have been proposed for PT based 

converters to achieve load and line regulation [45]. In case of tunable PTs, line regulation 

can also be achieved by changing the capacitance at the control terminal. 

 Fig. 3.17 shows the voltage gain characteristics of a TPT at nominal load but 

minimum and maximum external control capacitor conditions. At the frequency of 
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operation, the total reduction in the gain which this tunable PT can achieve is 2.37 times 

of the nominal gain. Hence, a maximum of 2.37x increment from the nominal input 

voltage range can be regulated by the tunable PT. However, if the load changes along 

with the input voltage, the range of line regulation reduces as part of the external 

capacitor range is used for regulating the load changes. This can be seen from Fig. 3.18 

where at 50 % load the line input voltage regulation range reduced to 1.54 times the 

nominal input voltage. 

 It is of course possible to regulate for both an increase and decrease in the input 

voltage by choosing a nominal gain in between the extreme values. Based on this 

analysis, if both line and load regulation is desired, the TPT must be designed for more 

than 100 % tunability. 

 

 

Fig. 3.17.  Voltage gain characteristics of a tunable PT at minimum and maximum values of external capacitor for 

nominal load obtained using SIMPLIS. The change in voltage gain at operating frequency gives the input voltage 

regulation range. 
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Fig. 3.18.  Voltage gain characteristics of a tunable PT at minimum and maximum values of external capacitor for 

50% load obtained using SIMPLIS. The change in voltage gain at operating frequency gives the input voltage 

regulation range. 
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Chapter 4 

Design of DC-DC Converters using 

Tunable PTs 

 

 

4.1  Introduction  

 Due to the band pass nature of the PTs and a high Q, they have been widely used in 

resonant converter topologies. Resonant power converters offer the potential to be high 

efficiency, high power density converter as it becomes possible to achieve ZVS in the 

switches and eliminate significant losses. Hence, achieving ZVS with the PT based 

resonant converters also becomes a major design criteria. A lot of research has been done 

with a focus on enabling ZVS in the inverter switches of a PT based resonant converter. 

Adding extra passive elements, such as inductors [56],[57] and inductor-less solutions 

reducing the footprint of the converter [58],[10],[11] have been proposed. 

 For a tunable PT, the design concept is the same. The input side consists of an 

inverter which converts the DC input voltage into a fixed frequency AC signal. This is 

fed to the Tunable which, being a band pass filter, passes only the frequencies near its 

resonance with a certain gain. This AC signal is then rectified by an output rectifier and 

then given to a load. However, due to different control scheme, design for ZVS 

conditions for tunable PT differs slightly. Since the operating frequency of the inverter is 

fixed, verifying the design for ZVS becomes easier. An input series inductor is used to 

help achieve ZVS and is discussed in detail in section 4.2 [59], [60].  

 The input driving topology is chosen to be a simple half-bridge and a full bridge 

rectifier with current load is chosen to rectify the AC output voltage from tunable PT. A 

design methodology for each these is discussed in this chapter. Since, the focus of this 

research is to demonstrate the use of tunable PTs in DC-DC converters, detailed analysis 

and comparison of topologies is not in the scope of work. Previous researches done on 
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topology analysis and comparison provide a good background to select the topologies for 

tunable PT. 

 

4.2  Design of Input Inductor 

 The input impedance characteristics of a PT consists of both capacitive and inductive 

regions. The inductive property of the PTs is used when they are employed in DC-DC 

converters. Addition of an additional input inductor in series with the PT helps achieve 

several purposes [47]. 

 It prevents the higher order harmonics generated by the inverter from entering 

the PT. This puts less stress on the PT and avoids the excitation of any spurious 

modes of vibration that might exist in the PT design. Hence, the PT efficiency is 

improved.  

 It helps in achieving ZVS in the inverter switches. The input capacitor, Cd1, in 

the PT makes input impedance of PT capacitive in nature over a certain range. 

Addition of input inductor of appropriate value can offset this nature in the 

frequency range of interest. 

 It also helps in suppressing any high frequency common mode noise that might 

exist in the PT due to its low pass nature [61]. 

 

   

Fig. 4.1.  Electrical equivalent circuit of a tunable PT with input inductor. 
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 Fig. 4.1 shows the electrical equivalent circuit of a tunable PT along with the series 

input inductor Ls. The design of Ls must be done keeping in mind the ZVS condition, 

suppression of higher order harmonics, maximum input voltage rating of the tunable PT 

and the voltage gain required [47]. 

 Fig. 4.2 shows the voltage gain characteristics of a tunable PT with different values 

of Ls. The input series inductor, Ls and Cd1 form a second order low pass filter which 

suppresses the higher order harmonics from entering the PT. Hence, a larger Ls value 

would favor the suppression of higher order harmonics. This can be seen from Fig. 4.2. 

However, a large input inductor would also interfere with the gain of the tunable PT at 

the frequency of interest (close to the resonant frequency of the PT). If the frequency of 

operation is moved far away from the optimum frequency of the tunable PT to get the 

required gain, then it may affect the efficiency of the tunable PT. 

 It is also important to note that the Ls-Cd1 resonant frequency must not be close to the 

3rd harmonic frequency of the operation. This may cause short-circuit like conditions for 

the 3rd harmonic component and would cause large currents to flow through the switches 

and might cause them to fail. The other important criteria to select the series inductor is 

ZVS in the inverter switched and will be discussed in the next section.  

 

 

Fig. 4.2.  Voltage gain characteristics of the tunable PT with input inductor obtained using SIMPLIS simulations. A 

second resonance is caused by Ls-Cd1. 
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4.3  ZVS in the inverter switches 

 For achieving ZVS in the inverter switches, it is important to have the input current 

to the PT lagging the input voltage. Hence, it is important that the phase of the input 

impedance is positive in the region of operation. Although, a positive phase of input 

impedance does not always ensure ZVS in the inverter switches, it is a safe 

approximation. For certain PT designs, the input capacitance can be high enough such 

that this region is very limited and does not cover the entire range of frequencies for 

regulation. An input inductor helps increase the inductive region and makes ZVS easier 

to achieve in the inverter switches. Although, with an optimized PT design, it is possible 

to achieve ZVS without having any inductor in the input [62].  

For tunable PTs, a similar criterion is required. However, with the proposed method 

of control (by changing the effective capacitance at control terminal), the frequency of 

operation remains fixed various loads. Hence, the phase of the input impedance needs to 

be positive only for that frequency. Even though the frequency of operation is fixed, the 

input impedance changes with a change in load conditions as the value of effective 

control capacitance is also changed. Fig. 4.3 shows the imaginary part of the input 

impedance at various load conditions and Ls = 100 µH for a given TPT design. It can be 

seen that at the frequency of operation and with Ls = 100 µH, the imaginary part of the 

input impedance is positive for all the load conditions. This ensures that ZVS is achieved 

in the inverter switches for all the load conditions. 

Note that if the input voltage is also regulated by changing the control capacitance, 

then input impedance plots must be constructed for all the extreme cases to ensure ZVS 

operation throughout the input voltage and load range. 

Thus, a large inductor also favors the ZVS conditions for the inverter. However, with 

a large inductor, the converter gets bulkier, the gain of the PT is altered and the input 

voltage across the PT would increase. Hence, a careful consideration of all the design 

criteria must be made for selecting an inductor. 
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Fig. 4.3.  Imaginary part of the input impedance for the tunable PT obtained using mathematical analysis of 

electrical circuit of the TPT in MATLAB. The imaginary part of the input impedance is positive for all load 

conditions at the frequency of operation. 

 

4.4  Driving Topology 

 The function of the inverter topology is to convert the input DC voltage into AC 

waveform of the required frequency to drive the tunable PT. The efficiency of the PT is 

improved with a pure sinusoidal input driving the PT [2]. However, producing a pure sine 

wave requires more components and can increase the size of the converter. Various 

inverter topologies such as half bridge, single-ended multi-resonant (SE-MR), single-

ended quasi-resonant (SE-QR), push-pull inverter and class E inverters can be used to 

drive the PT. For step down applications, half bridge, SE-MR, class E and push pull 

topologies are suitable. Half-bridge topology, in comparison with the SE-MR topology 

gives a higher efficiency and generates less noise compared to the SE-MR and class E 

topologies. Thus, it is preferred for higher power applications [22],[63].  

 Considering these arguments, a half bridge inverter is the desired topology for the 

design of DC-DC converter using tunable PTs. A series inductor is connected between 

the half bridge and the tunable PT terminals to achieve ZVS in the inverter switches. Fig. 

4.4 shows the schematic diagram using a half bridge inverter to drive the TPT. The 
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switching frequency of the inverter is selected to be the parallel resonant frequency of the 

LCC tank circuit as given by equation (23). 

 

 

Fig. 4.4.  Schematic diagram of a half bridge inverter with a series input inductor. The voltage waveforms at the 

switch node and across the capacitor Cd1 are shown as well. 

 

 The fundamental frequency component of output voltage from the half-bridge 

inverter is given by equation (36) 

 

 
)sin(*

2
*)1( tVV insw 


  (36) 

 

 Based on the design of Ls and the input impedance characteristics of the tunable PT, 

certain level of high frequency might enter which would cause the input voltage at the PT 

to be not a pure sinusoid, as shown in Fig. 4.4. A fixed amount of dead time is added to 

the circuit which helps prevent any short circuit across the input power supply and 

ensures there is enough time for the output capacitors of the MOSFET to be discharged 

by the input inductor current. The half-bridge circuit is driven with a fixed frequency and 

a fixed duty cycle. 
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4.5  Comparison of Rectifier Topologies 

 The voltage seen at the output terminals of the tunable PT is sinusoidal due to its 

high Q band pass characteristic. This voltage can be rectified using various rectifier 

topologies. The selection of a rectifier topology would depend on the application and the 

gain required. Each rectifier topology along with a filter, loads the output terminals of the 

tunable PT with an equivalent AC resistance. This AC resistance can be used as the load 

resistance across the tunable PT to derive the gain equations. Fig. 4.5 shows some of the 

rectifier circuits with the output filters and their equivalent AC resistance [22]. These are 

derived under the assumptions that the input voltage to the rectifier is purely sinusoidal 

and the output current is a constant DC value.  

 Rectifier circuits also affect the efficiency of the overall converter. The diodes in the 

rectifier circuits are a major source of losses in the converter and can deteriorate the 

efficiency of the converter significantly. Full-bridge rectifiers, consisting of twice the 

number of diodes compared to the current doubler and half way rectifier, can cause more 

losses compared to the other rectifiers. The equivalent AC load seen by the tunable PT is 

also different for each topology of the rectifier. Current-doubler rectifier requires a 

smaller load resistance across the rectifier compared to the full bridge rectifiers for the 

same AC load resistance seen by the tunable PT. This means that higher power can be 

achieved in current-doubler at lower output voltages. Hence, this circuit is suitable for 

low voltage, high current applications [64]. However, the design of current doubler must 

be done considering both the overlapping modes and non-overlapping modes [65]. A 

current-doubler rectifier also requires two output filter inductors. Depending on the 

converter, these can be big and hence would increase the weight and size of the 

converter. 

 Full bridge rectifier with current load also amplifies the load resistance across its 

terminals whereas a tunable PT with full bridge rectifier with voltage load sees a smaller 

equivalent AC resistance for the same load resistance. Hence, for the same output power, 

full bridge rectifier with current load will have lower output voltage. For higher powers, a 

more efficient rectifier design with MOSFETs and a center-tapped output must be 

considered in the future. 
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Fig. 4.5.  A comparison of output rectifier topologies. The effective load resistance seen by PT for each rectifier 

topology has been shown and an example for a given power has been presented. 

 

4.6  Implementation of a variable capacitor: Switched 

Capacitor PWM Control 

To enable smooth regulation of output voltage over a range of load, it is envisioned to 

have a ‘variable’ capacitor at the control terminal. With a fine control over this external 

capacitor, smooth regulation of output voltage can be achieved. To implement such a 

capacitor, a switched capacitor circuit with a duty cycle control is used at the control 

terminal [66]. Similar ideas have been used in the past to implement a fixed frequency 

control of LLC converter by varying the capacitor of the tank circuit [67],[68]. 
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Fig. 4.6.  Electrical schematic for implementation of a variable capacitor. A fixed capacitor (Cext) is connected in 

series with a switch which can be used to control the effective value of the fixed external capacitor. 

 

The schematics of the control terminal along with the proposed scheme is shown in 

Fig. 4.6. The control terminal consists of a fixed capacitor in series with a switch. The 

value of the capacitor can now be controlled by controlling the switching instant and the 

duty cycle of this control switch. Due to the band-pass filter characteristic of the TPT, the 

voltage waveform seen at the control terminal is sinusoidal in nature. The turn-on of the 

MOSFET (Mc) is synchronized to the zero crossing of the current in the control terminal. 

The waveforms shown in Fig. 4.7 are after steady state has been reached. The detailed 

operation of the control circuit with the waveforms is explained below [66]. 

 Mode t0 – t1: At t0, the control MOSFET (Mc) is switched ON and the current at the 

control terminal starts charging the external capacitor. During this time 

interval, the external capacitor is connected to the control terminal and 

contributes to the effective value of the control capacitance. 

 Mode t1-t2: At t1, the switch is turned OFF. At this instant, the external capacitor is 

disconnected from the control terminal and its voltage is maintained constant at 

Vcext. On the other hand, the voltage across the internal control capacitor (Cd3) 

follows the input voltage and continues to rise.  

 Mode t2 – t3: At t2, the control voltage (Vcntrl) falls below Vc_ext and the external cap 

can now discharge with the anti-parallel diode of the MOSFET. The negative 
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current flowing through the diode of the control MOSFET enables zero voltage 

switching (ZVS) at the control switch. At t3, the next switching cycle begins. 

 

 

Fig. 4.7.  Waveforms of the various electrical parameters of the control circuit. 

 

Based on the charging and discharging time of the external capacitor, the 

effective value of the capacitor can be determined. The effective value of the 

capacitance can be derived by assuming the sinusoidal nature of the current. The 

equation (37) shows the value of effective external capacitance. 

 
ext

Mc
ext

tot

on
eff C

D
C

Q

Q
C 







2

)2cos(1 

 
(37) 

   

Based on the equation (37), we can vary the duty cycle of the control MOSFET, 

DMc=Ton/T, from 0–0.5 to achieve full range of capacitor values. It is important to 

note that the sinusoidal current assumption does not hold true for very small duty 

cycles as the current through the external capacitor becomes triangular and so, the 

effective capacitance is no longer a cosine function. 
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4.7  Closed Loop Design: Voltage mode control 

 Traditionally, the regulation of output voltage in the resonant topologies has been 

done using frequency control. Since PTs have been widely used in resonant topologies, 

such control methods have been proposed for PT too. For achieving both load and line 

regulation, PWM control and a combination of PWM and PFM control has also been 

suggested [51]. For the inductor-less PT designs, dead time becomes an important design 

parameter to achieve ZVS. It is also important that the phase of the current is always 

lagging the voltage throughout the load conditions. Control schemes have also been 

proposed which monitor the phase angle of the input current to ensure ZVS [53] and 

which optimize the dead time between the inverter switches to ensure ZVS and high 

efficiency [69]. 

 For a PT, moving the frequency away from the optimum point can deteriorate the 

efficiency of the PT. Hence, it desirable to operate the PT at a fixed frequency. Some 

control strategies have been suggested which allow fixed frequency operation of the PT, 

however, the quantum resonant control suggested makes the output voltage a 

combination of low frequency and high frequency component. This makes filtering 

difficult [59].  

 The design of tunable PT based DC-DC converter along with the variable capacitor 

at the control terminal helps solve this problem. The output voltage regulation for a 

tunable PT can be done by changing the capacitance at the control terminal. Using the 

variable capacitor implementation discussed in section 4.6, a simple PWM control can be 

used to regulate the output voltage. Fig. 4.8 shows the complete electrical schematic of 

the tunable PT with voltage mode control. The voltage is sensed using a resistor divider 

sensing network and compared with a reference voltage using a compensator. The error 

from the compensator produces a duty cycle at PWM controller which regulates the 

output voltage. Hence, regulation of the output voltage can be achieved by traditional 

PWM control which is easy to implement. The control scheme also does not require any 

isolation in the feedback circuit as there is no control in the primary side. This reduces 

the number of components needed in the feedback circuit. 
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Fig. 4.8.  Complete electrical schematic of a tunable PT based DC-DC converter. 

 

4.8  Design of Compensator 

 The design of the compensator can be done by studying the open loop control to 

output transfer function of the plant. For the proposed control scheme, an AC signal is 

injected in the DC reference of the PWM circuit and the output voltage is recorded for a 

range of frequencies. This can be implemented in a software like SIMPLIS to derive the 

control to output plant characteristics. Fig. 4.9 shows the control to output characteristics 

of a tunable PT. The plant has a low frequency pole and a double pole due to which the 

phase drops sharply around that frequency. For such characteristics, a type II 

compensator can be used to close the loop and achieve the required close loop 

characteristics. 
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Fig. 4.9.  Open loop control to output small signal characteristics of a tunable PT with switched capacitor PWM 

control as obtained from simulations using SIMPLIS. 

  

 Fig. 4.10 shows an implementation of a type II compensator using operational trans-

conductance amplifier. A pole is placed at low frequency to achieve low steady state 

error and high DC gain. A zero is placed near the plant pole frequency to provide the 

necessary phase boost. A high frequency pole is placed at frequencies above the desired 

bandwidth to attenuate the high frequency noise. 
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Fig. 4.10.  Implementation of a type II compensator using operational trans-conductance amplifier. 

  

 The loop gain characteristics of the closed loop converter is shown in Fig. 4.11. For 

the given design, the following specifications were achieved: 

 

 

Fig. 4.11.  Closed loop gain of  tunable PT with voltage mode control using switched capacitor PWM control 

obtained using SIMPLIS simulations. Good bandwidth and phase margins can be achieved using the proposed 

design. 
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Chapter 5 

Hardware Design and Results 

 

 

5.1  Introduction 

With the analysis and design of the tunable PTs presented before, a hardware 

prototype was developed to verify the results. Two tunable PTs were tested, namely, Gen 

2 and Gen 3 TPT. The concept of tunability was introduced in chapter 3 and the two 

important ratios, namely C/Cp2 and Cseq/Cp1, were discussed which affect the tunability. 

Two different physical designs of the tunable PT with different tunability will be 

discussed here. Both the tunable PTs have the same power and hence use the same 

diameter discs. However, a difference in the number and thickness of the layers changes 

the equivalent circuit of the tunable PT. The differences between the electrical equivalent 

circuit, their effect on the performance of the tunable PT and the difference in the 

structure, which causes that, is discussed. The experimental results from the hardware 

prototype developed using the two tunable PTs are also presented. 

The complete physical design details of the tunable PT design are out of scope for 

this research. However, with the comparative analysis of two different TPT designs, a 

qualitative assessment of the physical TPT design on the performance can be done. This 

can help a designer to design tunable PT to meet a certain circuit performance criteria. 

 

5.2  Electrical Equivalent Circuit and Structure 

 The structural differences between a tunable PT and a standard PT were presented in 

Chapter 3. The addition of a control layer makes the tunable PT a three-terminal device 

with an additional control section which has been used, in this case, to control the 

resonant frequency of the PT and hence regulate the output voltage. The design goals of 

the control section were discussed in section 3.5 which would help achieve the desired 
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tunability in the tunable PT. Expanding on those designs and with the two ratios, C/Cp2 

and Cseq/Cp1, reference designs of two tunable PTs are discussed.  

 Error! Reference source not found. compares the physical structure of the Gen 2 

and Gen 3 tunable PT. The number of control layers, output layers and the thickness of 

each layer is shown in the figure as well. For the given design, the corresponding 

electrical equivalent circuits are shown in Fig. 5.2. 

 

 

Fig. 5.1.   (a) Physical structure of the Gen 2 TPT and (b) physical structure of the Gen 3 TPT. 

  

 Gen 2 tunable PT has output layers sandwiched between the two input layers. This 

design provides a symmetrical structure to the PT and helps in the suppression of 

spurious bending modes [3]. All the ceramic layers are made of thickness polarized hard 

Navy type III piezoelectric material with a diameter of 32mm and a thickness of 1.25mm. 

An insulation layer is added between the input, output and control sections to provide a 

galvanic isolation between all the terminals. The electrical connections are made on the 

surface of each layer using metallic electrodes. The given design has a power handling 

capacity of 30 W. 

 Gen 3 tunable PT structure uses the same material discs with the same diameter. 

Hence, the power level is also the same as Gen 2 tunable PT, i.e. 30 W. However, in this 

case, the number of output layers have increased. This structure uses 8 output layers of 

0.625mm thickness each. The output section is split into two halves of 4 layers each and 

it sandwiches the input and control sections in between. Even though the layout of the 
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layers is different, the symmetry of the structure has been retained. The control layers are 

thicker for this design. 

 The qualitative impact of the physical designs on the electrical equivalent circuit can 

now be discussed. Fig. 5.2 compares the electrical equivalent circuit of the Gen 2 and 

Gen 3 tunable PT. 

 

 

Fig. 5.2. (a) Electrical equivalent circuit of the Gen 2 TPT and (b) electrical equivalent circuit of Gen 3 TPT. 

  

 Thinner and larger number of output layers provide a higher output capacitance and 

smaller step down ratio (N1) to the Gen 3 tunable PT. The optimum load for each tunable 

PT can be calculated using (38). Due to this, the optimum load resistance for Gen 3 

tunable PT is lower than that of Gen 2 tunable PT. Table 5.1 compares the optimum load 

for Gen 2 and Gen 3 tunable PT. 

 

 

2*

1

d

Lopt
C

R


  (38) 

 

TABLE 5.1  COMPARISON OF OPTIMUM LOADS OF GEN 2 AND GEN 3 TPT 

Electrical Parameter Gen 2 TPT Gen 3 TPT 

Optimum Load 85 Ω 20 Ω 

 

 Because of the lower optimum load resistance, the Gen 3 tunable PT can operate at 

lower voltages for the same amount of power. Hence, Gen 3 physical design gives higher 

step down ratios compared to Gen 2. Thicker control layers reduce the control 

capacitance, and it can be seen from the electrical equivalent circuit.  
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5.3  Tunability 

 The simplified equivalent circuits of Gen 2 and Gen 3 tunable PTs are shown in Fig. 

5.3 

 

Fig. 5.3.  The simplified electrical equivalent circuits of a tunable PT. The corresponding electrical circuit 

parameter values for Gen 2 and Gen 3 TPT are given for comparison. 

  

 Tunability of a tunable PT design was discussed in section 3.5 and the effect of two 

ratios on tunability was elaborated. The ratios for the Gen 2 and Gen 3 tunable PT are 

compared in Table 5.2. 

  

TABLE 5.2 COMPARISON OF TUNABILITY RATIOS OF GEN 2 AND GEN 3 TPT 

Electrical Parameter Gen 2 TPT Gen 3 TPT 

C/Cp2 0.0887 0.1147 

Cseq/Cp1 0.1344 0.0797 

 

 A larger C/Cp2 ratio in Gen 3 tunable PT provides more shift in the resonant 

frequency when the external control capacitor is increased from a minimum to a 

maximum value. Fig. 5.4 compares the shift in the resonant frequency for Gen 2 and Gen 

3 tunable PTs for the same minimum and maximum values of Cext (10 pF and 100 nF) 

and at optimum load.  
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 In addition, a smaller Cseq/Cp1 for Gen 3 tunable PT corresponds to a smaller 

difference in the series resonant and parallel resonant frequency. Fig. 5.5 shows the shift 

the resonant frequency of the tunable PTs when the load is decreased from its nominal 

value to 10% of nominal load. Since the shift in Gen 3 tunable PT is smaller, it would 

require smaller change in the Cseq to regulate the output voltage through that range. It is 

important to note that the reduction in resonant frequency required to regulate through the 

load range is larger than the shift in resonant frequency from light load to full load.   

 

 

Fig. 5.4.  Shift in resonant frequency of the Gen 2 and Gen 3 TPT designs for minimum and maximum value of Cext 

at optimum load obtained using SIMPLIS. This is dependent on the ratio C/Cp2. 
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Fig. 5.5.  Shift in the resonant frequency for (a) Gen 2 TPT and (b) Gen 3 TPT from nominal load to 10% load 

obtained using SIMPLIS. This is dependent on the ration Cseq/Cp1. 

 

 The condition for tunability established earlier can be used to check for tunability in 

the given designs. The Table 5.3 below summarizes the results from the test. 

 

TABLE 5.3  COMPARISON OF TUNABILITY CONDITION FOR GEN 2 AND GEN 3 TPT 

TPT N1
2*Cd2 N2

2*Cd3 100% Tunable? 

Gen 2 3.51 nF 5.79 nF No 

Gen 3 10.291 nF 7.97 nF Yes 
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 The calculations in Table 5.3 show that Gen 3 TPT has 100 % tunability while Gen 2 

TPT doesn’t. In both scenarios, further design information is needed for design. In this 

analysis, one of the assumptions was that large range of Cext is possible. This may not be 

practically implementable. Hence, for Gen 3 TPT, since the tunability is 100%, the 

minimum value of Cext required to achieve tunability can be calculated using equations 

(39) - (41). This is found to be Cext_FT = 32.136 nF. Hence, the maximum shift possible 

with the chosen Cext values (10 pF and 100 nF) is more than what is required for 100 % 

tunability. The designer can choose to go with a smaller value of Cext, as that would give 

a finer control to the effective value of the capacitor. In this case, Cext = 100nF is chosen 

as the ‘extra’ control can help in input voltage regulation. 

 For Gen 2 TPT, the value of Cext is chosen such that the transformer control 

‘saturates’ beyond that value as discussed in the previous sections. 
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 A suitable value of the external control capacitor (Cext), for this design, was found to 

be 100 nF. With the proposed duty cycle control this can give a wide range of capacitor 

values. If the design is such that the optimum load is the maximum load for a converter, 

then the lowest value of β will be 1. At the same time, the maximum value of β would 

correspond to the light load condition beyond which converter is unable to regulate the 

output voltage by changing the control capacitance. Hence, the theoretical value of βmax 

and tunability and be calculated by the equations (42) and (43) respectively. It is 

important to note that equations (42) and (43) are only valid for designs with tunability ≤ 

100%. 
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 Table 5.4 compares the theoretical tunability of the PTs calculated using the 

equations.  

 

TABLE 5.4  COMPARISON OF CALCULATED TUNABILITY OF GEN 2 AND GEN 3 TPT. 

Electrical Parameter Gen 2 TPT Gen 3 TPT 

Tunability 45.72 % 100 % 

 

 

5.4  Voltage Gain Characteristics 

 The voltage gain characteristics for Gen 2 and Gen 3 tunable PT, obtained by 

simulating the lumped electrical equivalent circuit, are shown in Fig. 5.6. As expected 

from the calculations, the voltage gain can be maintained constant at a specific frequency 

for 45 % load variation in Gen 2 TPT and for 100 % load variation in Gen 3 TPT. The 

operating frequency, voltage gain of tunable PT, and the value of external control 

capacitance needed for a given load can be calculated using the mathematical equations 

presented in the previous chapters. Table 5.5 summarizes the results for Gen 2 and Gen 3 

tunable PT. 

 

TABLE 5.5  COMPARISON OF CALCULATED OPERATING FREQUENCY AND GAIN FOR GEN 2 AND GEN 3 TPT 

Electrical Parameter Gen 2 TPT Gen 3 TPT 

Operating Frequency 86.77 kHz 81.15 kHz 

Gain 0.4 0.3132 
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Fig. 5.6.  Voltage gain characteristics for (a) Gen 2 TPT and (b) Gen 3 TPT at various load conditions and the 

corresponding value of Cext_new obtained using SIMPLIS. 

 

5.5  Design of DC- DC Converter 

 The design of the DC-DC converter for both Gen 2 and Gen 3 tunable PT was done 

as per the steps discussed in chapter 4. An input inductor of 100 µH was used for both 

Gen 2 and Gen 3 tunable PTs. The rectifier topology for Gen 2 was chosen to be a full 

bridge rectifier with voltage load due to higher output voltage and lower output currents. 
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The design of the voltage mode control was done using the type II compensator. The 

rectifier for Gen 3 was chosen to be a full bridge rectifier with current load. Fig. 5.7 and 

Fig. 5.8 shows the complete electrical schematic of the two DC-DC converters.  

 

 

Fig. 5.7.  Complete electrical schematic for Gen 2 TPT based DC-DC converter. 

 

 

Fig. 5.8.  Complete electrical schematic for Gen 3 TPT based DC-DC converter. 

                          

 To test the tunable PTs at full power and ensure the highest efficiencies at nominal 

operating conditions, the input voltage is determined by the total power delivered by the 

tunable PT at optimum load conditions. The Table 5.6 and Table 5.7 summarizes the final 

specifications of the converter developed using Gen 2 and Gen 3 tunable PTs 

respectively. 
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TABLE 5.6  SPECIFICATIONS OF THE DC-DC CONVERTER WITH GEN 2 TPT. 

Electrical Parameter Value 

V
in
 220 V 

V
o
 55 V 

Power 30 W – 16 W 

R
L
 85 Ω 

F
sw

 82.5 kHz 

               

TABLE 5.7  SPECIFICATIONS OF THE DC-DC CONVERTER USING GEN 3 TPT. 

Electrical Parameter Value 

V
in
 173 V 

V
o
 24 V 

Power 30 W – 1 W 

R
L
 20 Ω 

F
sw

 81.2 kHz 

 

 The switching frequency used in the experiments for Gen 2 tunable PT is different 

from that obtained using the calculations. This is due to an error in the electrical 

equivalent circuit. A more accurate method for extracting the electrical equivalent circuit 

was used in case of Gen 3 tunable PT.  

 

5.6  PCB Layout and design 

 A common board design for both tunable PTs was used. The Fig. 5.9 shows the 

layout of the power components and the placement of the radial mode tunable PT. The 

tunable PT was mounted on the main converter PCB board to minimize the footprint. 
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Fig. 5.9.  PCB layout for DC-DC converters using Gen 2 and Gen 3 TPT. A common layout for both TPT based 

converters was used. 

 

 A fixed frequency oscillator with a constant dead time is used to drive the H-bridge 

inverter switches. The control circuit consists of a MoSFET along with a fixed 100nF 

external capacitor. LM3524D PWM controller from Texas Instruments is used to 

implement the closed loop voltage mode control. Fig. 5.10 shows the board after 

assembling all the components and the tunable PT. 
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Fig. 5.10.  Picture of the Gen 3 TPT based DC-DC converter. 

 

5.7  Experimental results 

 Fig. 5.11 shows the experimental waveforms obtained from the Gen2 tunable PT 

based converter. The duty cycle of the control switch (DMc) is shown in green and it is 

evident that as the load decreases the duty cycle increases to regulate the output voltage. 

The maximum value of effective control capacitance will occur at 50% duty cycle and for 

Gen 2 TPT, this occurs at 47% of the nominal load condition. Thus, the tunability of the 

TPT is verified to be 53% which is close to the value calculated. 
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Fig. 5.11.  Experimental results obtained from the Gen 2 TPT based DC-DC converter. The fixed frequency 

operation and the variation of control duty cycle with load can be seen from the figure. 

 

 The complete variation of duty cycle with a change in load and the efficiency of the 

converter at each operating point, as obtained from the experimental results is plotted in 

Fig. 5.12. 

 

Fig. 5.12.  Variation of output voltage and efficiency vs load for Gen 2 TPT as obtained from the experiments.  
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 The experimental results obtained for Gen 3 TPT are shown in Fig. 5.13. The control 

switch duty cycle (DMc) is shown in dark blue and the voltage across the switch in light 

blue. The results are in good agreement with the predicted waveforms. For Gen 3 TPT, as 

predicted, the range of load regulation is much higher. Load regulation results for up to 

10 % load condition are shown in Fig. 5.13. The complete results of the duty cycle vs. 

load and the efficiency at the corresponding points are shown in Fig.  5.14. The poor 

efficiency for Gen 3 TPT is partly due to the large current flowing through the diode 

bridge. Efficiency can be improved with a MoSFET rectification at the output. 

 

 

Fig. 5.13.  Experimental results obtained from the Gen 3 TPT based DC-DC converter. The fixed frequency 

operation and the variation of control duty cycle with load can be seen from the figure. 
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Fig.  5.14.  Variation of output voltage and efficiency vs load for Gen 3 TPT as obtained from the experiments. 
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Chapter 6 

Conclusion and Future Work 

 

 

6.1  Conclusion 

 Piezoelectric transformers can be a potential replacement for magnetic transformers 

in certain applications. The use of PTs in resonant circuit topologies for DC-DC 

converters has been demonstrated extensively in the academic field. With challenges such 

as high power density and high efficiency and efficient driving circuits, more research is 

needed on the PTs to make a compelling case for commercial applications. 

 This thesis introduces a new structure of piezoelectric transformers, namely, tunable 

piezoelectric transformers. The proposed structure follows a radial mode PT design and 

has an additional section, called ‘control’, which makes the tunable piezoelectric 

transformers a three-terminal device. The thesis has successfully demonstrated the use of 

this control terminal to ‘tune’ the resonant frequency of the PT itself. 

 A change in the loading conditions at the control terminal causes a change in the 

resonant frequency of the tunable piezoelectric transformer. This thesis proposed to use a 

variable capacitor at the control terminal causing the series capacitance of the LCC tank 

circuit to change. By having a fine control over a large range of control capacitance the 

output voltage can be regulated for load and line variations. 

 The thesis gives a detailed circuit analysis of the proposed control method. The 

voltage gain characteristics of the TPT with a variable capacitor obtained were similar to 

a LLC tank circuit. This enabled a constant frequency of operation of the TPT based 

converter. Mathematical analysis on the electrical equivalent circuit of the TPT has been 

done to prove that such voltage characteristics can be achieved using appropriate design 

methods.  

 The concept of ‘Tunability’ for a tunable piezoelectric transformer has been 

quantitatively defined. The circuit design parameters which effect the tunability have 



 

75 

 

been discussed in detail and the condition for achieving a tunability target for a specific 

TPT design has been derived. This gives a TPT designer a clear design guideline to 

achieve the required performance specification from the TPT. 

 Based on the electrical circuit analysis of a TPT, a design methodology for a TPT 

based converter has been discussed. The effect of input inductor on TPT based converter 

design has and the criteria to enable ZVS on the inverter switches for the entire range of 

load variations has been discussed. This thesis also successfully implemented a variable 

capacitor which is based on a switched capacitor concept. With the proposed scheme the 

effective value of a fixed external control capacitor can be easily controlled by simple 

duty cycle control. This enables the designer to implement a closed loop control of the 

TPT by using PWM modulation technique. The key advantages of this scheme are listed 

below 

 Since the control is entirely on the secondary side, there is no cross-talk between 

the primary and secondary in the feedback loop. Hence, there is no requirement 

for any isolation in the feedback loop. 

 The TPT is operated a fixed switching frequency. This allows for the TPT be 

operated near its optimum switching frequency and high efficiency of TPTs can 

be achieved throughout the operating range of the converter. 

 The control scheme is simple and can be implemented by PWM control. This can 

potentially eliminate the need for expensive control ICs required for frequency 

control. 

 In the end, two different TPT designs and a comparison of their circuit performance 

have been presented. This gives the reader a good understanding of the physical design of 

the TPT and its impact on circuit performance. The experimental results and findings 

from each design have been presented to validate the claims.  
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6.2  Recommended Future Work 

 Based on the learnings from this thesis, the following are some of the 

recommendations for future work in tunable piezoelectric transformers.  

 

Inductor-less design for tunable piezoelectric transformers 

 The series input inductor in the proposed TPT based converter designs has been used 

to mainly to enable ZVS in the inverter switches. With a design optimization of TPT, the 

internal ZVS capabilities of the TPT can be utilized to eliminate the series input indictor. 

Such a design has not be proposed for TPTs yet and hence more work would need to be 

done enable ZVS for the entire range of load and line variation. 

 

Integration of AC/DC rectifier stage with PFC correction 

 Addition of AC/DC rectifier stage would enable a TPT based AC/DC converter 

which can be used for adapter applications. Radial mode PTs have been proposed in the 

past to be used in universal AC/DC adapter applications. With higher power (100W) 

capabilities, new TPT based AC/DC adapters can be a promising research topic. Power 

factor correction methods have been proposed for the electronic lamp ballast applications 

using radial mode PTs in the past. Research in this direction for tunable PTs can also be 

explored to enable an AC/DC adapter with PFC correction. 

 

Improvised control strategy 

 The control scheme proposed in this work is easy to implement for load regulation. 

Even though line regulation can also be tackled using the same scheme, it might not be 

the most optimal way. In addition, a design of TPT which can handle large input voltage 

range along with large load variation might not be practically feasible. Hence, further 

work on this direction is required to explore other control options or propose intelligent 

modifications to the existing control to handle a large range of input and output load 

variations.  

 

Modeling and design of TPT for a specific application 
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 The concept of tunability and the conditions required to achieve the desired 

tunability from a TPT were introduced in this thesis. The approach in this thesis was to 

derive these conditions using the electrical equivalent circuit of the TPT. Using this thesis 

as the groundwork, research can be done in the direction of modeling and design of 

tunable piezoelectric transformers for a specific application. Various modeling techniques 

have been proposed in the past to design standard PTs for a specific application such as 

physics based modeling, finite element analysis based approach, etc. With the help of 

such techniques and the results obtained from this research, application specific design of 

TPTs can be done.  
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Appendix A 

List of Softwares 

 

TABLE A.1.  LIST OF SOFTWARES USED IN THIS THESIS FOR ANALYSIS AND DESIGN. 

Software Analysis  Figure/Equation 

number 

Location of files 

SIMPLIS Electrical circuit 

simulation of the TPT 

Steady state transient 

analysis of the 

converter 

Small signal AC 

analysis of the DC-DC 

converter 

Fig. 2.12, Fig. 3.6, 

Fig. 3.8, Fig. 3.10, 

Fig. 3.11, Fig. 

3.12, Fig. 3.13, 

Fig. 3.15, Fig. 

3.16, Fig. 4.2, Fig. 

5.4, Fig. 5.5, Fig. 

5.6 

\\adfs\temporary 

storage\Mudit\DARPA\Simplis_files 

MATLAB Mathematical modeling 

of the electrical 

equivalent circuit of the 

TPT 

Tunability calculations 

Fig.  2.9, Fig. 3.7, 

Fig. 3.14, Fig. 4.3, 

Fig. 4.9, Fig. 4.11 

\\adfs\temporary 

storage\Mudit\DARPA\ 

MATLAB_files 

Altium PCB design and 

schematic development 

N/A \\adfs\temporary 

storage\Mudit\DARPA\Alitum_files 
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Appendix B 

Schematic and Bill of Materials 

 

 

Fig. B.1. Page 1 of the schematic diagram of the DC-DC converter using tunable PT for PCB design 

developed using Altium. 
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Fig. B.2.  Page 2 of schematic diagram of the DC-DC converter using tunable PT for PCB design 

developed using Altium. 

 

TABLE B.1.  BILL OF MATERIALS FOR THE GEN 3 TPT BASED TPT CONVERTER PCB. 

Part Number Description Designator Qty. 

Any CAP CER 0.1UF 50V X7R 0603 

C1, C2, C4, C5, 

C7, C10, C12, 

C13, C15 C27, 

C29, C28, C35 

13 

Any CAP CER 1UF 35V X7R 0603 
C3, C9, C11, 

C14, C16, C34 
7 

Any CAP CER 10UF 35V X7R 0603 C6, C8 2 

445-7749-1-ND CAP CER 0.1UF 250V X7T 0805 C25 1 

445-7108-1-ND 3.3µF 250V Ceramic Capacitor X7T C19, C20, C21, 5 
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Stacked SMD C22, C23 

STTH1R06A DIODE GEN PURP 600V 1A SMA D1 1 

B140-13-F 
Schottky diode, 40V, 1A, Surface 

Mount 
D2, D3 2 

Si8271AB-IS Gate Drivers 4A ISO DRIVER, 2.5kV  Dr1 1 

MSS1278T Input Inductor, 100 uH, 1 A L1 1 

MSS1583224KEB Output Inductor, 220 uH, 2 A L2 1 

IPBT-102 H1TSGP Header, 2-Pin P1, P2 2 

Si8274AB4DIS1 Isolated gate driver HS/LS U1 1 

RS-2415SZ/H3 Isolated Pwr Supply, Single OP, 2W U2 1 

RS2415SZ/H3 Isolated Pwr Supply, Single OP, 2W U3 1 

LM3524D PWM Controller U4 1 

R1S-2405/HP DC-DC Conv, Isolated, 24-5V, 1W U5, U14 2 

C3M0280090J SiC Power MOSFET, 900V, 7A U6, U9, U10 3 

Gen 3 TPT Tunable PT 30W U7 1 

CDBHM2100L Schottky Bridge Rectifier U8 1 

LTC6906 
Oscillator, 10kHz to 1Mhz Resistor 

set 
U11 1 

LTC6994-2 Delay Block U12 1 

Si8620BC-B-IS Isolation Buffer IC U13 1 

 

 


