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Abstract

In this dissertation, the piezoelectric materials were adopted to make the key
components in the power device, and were further developed to piezoelectric
technology based power converters. The main purpose of this dissertation is that using
the piezoelectric transformers as the key component to replace the electromagnetic
transformers in some power converters. The piezoelectric transformers based converter
can reduce the electromagnetic intafqmce_(EMl), thickness of the converters and
increase the power density (of:the ch\{erter. ‘Cold -cathode fluorescent lamp based
inverters, DC/DC converters and the op?i murrzatl on of thg piezoelectric layer fed rectifiers
are the three main parts in this d|SSertat| ons Previous researches used the concept of the
optimal loading condition as the major design criterion. However, the practical power
converter requires the current or voltage regulation. Considering the power converters
with the current or voltage regulation, the concept of the optimal loading condition is
not suitable to be the major design criterion. In this dissertation, the vibration velocity
was adopted as the major design parameter, which makes the design of the piezoelectric
transformer becomes easier and clearer compared to the typical design rule. The

proposed design procedure can predict the temperature rise as well as the losses of the

piezoelectric transformers clearly. Both cold cathode fluorescent lamp based inverters



and DC/DC converters can be designed to fit the requirements and the specifications
well by the proposed design rule. The 32 inches LCDTV inverter and 10Watt DC/DC
converter were fully developed successfully based on the proposed design procedure. In
addition, although the piezoelectric transformer itself does not have to radiated EMI
problem, it owns the conducted EMI problem. According to effect of the parasitic
capacitor and the connected rectifier of the piezoelectric transformers, the EMI
behaviour of the piezoelectric transformers based converter is quite different from the
typical converters. The model and analysis of__ .f[he EMI were detail in this dissertation.
On the other hand, the piezoglectricfayer fed rectifieris a non-linear device, which is
not easy to analyze in general. The concepfi)f the WOFK cycle was proposed to simplify
the analysis and the design. Based on the. W_ork cycle, the velocity controlled
piezoelectric layer fed rectifier was prop;)sed to optimize the energy flow of the

piezoelectric layer. This technique was also applied to the structural damping, which can

suppress the structure vibration effectively.

Keywords: piezoelectric transformer, switching power supply, resonant power supply,

switching damping, smart structure
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Chapter 1.  Introduction
1.1 Backgrounds and Motivations

In our daily life, most of electronic devices need to be connected with power
supplies or with batteries. However, electronics require different voltage. A converter
can change the voltage and the waveform of an electrical power source, so it becomes
an indispensable device. One of the key components in a converter is the transformer
which can change the AC voltage from input primary (input) side to secondary (output)
side while insulating the device. Thg clas_sical electromagnetic transformer was
developed based in Faraday's law.in _1831. The electromagnetic transformer transfers
electrical energy into magnetic energy, thérn back to qu:trical energy with voltage and
current conversion. However, the magnetlc filed can be partially radiated because it is
not fully enclosed in the magnetic material. Another kind of the transformer called
piezoel ectric transformer was thus proposed in 1958. [1] Piezoelectric transformers are
based on the piezoelectric effect which was discovered by French people Pierre and
Jacques Curie in 1880. Different from the electromagnetic transformer, piezoelectric
transformer achieves the voltage conversion by structural vibration. The vibration
energy can be transmitted in an enclosed structure which can be viewed as a waveguide.

Therefore, piezoelectric transformers have higher power density and higher efficiency

than the electromagnetic transformers in general. Moreover, compared to



electromagnetic transformers, piezoelectric transformers have severa inherent
advantages such as no electromagnetic interference (EMI) radiation, a thin housing
profile, nonflammable, higher power density, and ssmpler automated manufacturing
processes. Therefore, piezoelectric transformers are potential components which can
replace the electromagnetic transformer in some applications.

On the other hand, energy is a very important issue according to the global warming.
A part of generated energy may be lost during the transmission and the voltage
conversion. To save energy, an efficimt.ener__gy conversion is a topic of interest. The
switching mode power supplies; (SM P_S_)xwer_e,proposed to improve the efficiency of
typical linear power converters. Differ.elnt: ;Ecr)m linear power converters operating at the
frequency of power line (60Hz"i'h_.'.l'biwan ana '5__0H.z in Europe), SMPS operates in
ultrasonic frequency range leading to decrease drastically the size of transformers.
Piezoelectric transformers are also operating in ultrasonic frequency range, so
piezoel ectric transformers can be integrated with the SMPS.

Therefore, the magjor trust of this dissertation is to develop the design rules for
piezoelectric transformers in SMPS and to find the optimal interface circuit topology
between the SMPS and the piezoelectric transformers. The typical design rule is based

on the optima loading condition. The optima loading condition means the most

efficient condition. The typical optimal loading condition [2, 3] is derived from the



open-loop characteristics without dealing with any voltage or current regulations.
However, in practice, the load voltage or load current is required to be regulated with a
constant value. To discover the newly most efficient operating condition of piezoelectric
transformers with the close-loop control, the vibration velocity of piezoelectric
transformers is examined in detail and is adopted as the main design parameter is this
dissertation. The vibration velocity is the physical limitation of piezoelectric
transformers. [4, 5] However, the vibration velocity was not adopted as the design
parameters of piezoelectric transformers. In fact the vibration velocity is related to the
losses in piezoelectric transformers sig_nifj cantly.“Examining the vibration velocity of
the piezoelectric transformer can underst(;ndthe Iossqs clearly in different operating
conditions. Therefore, the vibration vel 6city is.stitabl e to be the design parameter of the
piezoel ectric transformers with the close-loop regulation. Two kinds of the piezoelectric
transformers based converters, CCFL (cold cathode fluorescent lamps) inverter and the
DC/DC converter, which are describe as following paragraphs.

Liquid crystal displays (LCDs) are the most popular flat display panels. The thinner
flat display panels were pursued to save the living space and to increase the portability.
The thickness of the flat display panels can be limited by the electromagnetic

transformer of the inverter circuit. Since piezoelectric transformers have the thinner

profile compared to electromagnetic transformers, it can replace electromagnetic



transformers potentialy. In addition, some characteristics of piezoelectric transformers
fit the requirements of the CCFL, such as pure sinusoidal output voltage and the high
output voltage/low output current. Many researchers worked on the different parts of the
piezoelectric CCFL inverter, such as the structure of the piezoelectric transformers [6],
the electrode of the piezoelectric transformers [7, 8, 9] and control strategy. [10] In this
dissertation, we do not focus on the specific part in the inverter, but on a general design
procedure of the piezoelectric transformers and corresponding circuit topology under
the constant load current condition (cp.nstar_yt_ brightness condition). Examining the
CCFL load characteristics and vibration _\/er ocity of piezoelectric transformers leads to a
new loading condition. The loading condnT‘;Tons are different from the typical optimal
loading condition, which giv&s"dqﬁgher a straightf.orward and simple criterion for
designing the piezoelectric transformer based CCFL inverter.

Asto the DC/DC converter, piezoelectric transformer fit the tide of miniaturization
and the system integration due to the profile and the electromagnetic compatibility
(EMC). In such a case, a rectifier has to be connected to the output section of the
piezoelectric transformer to obtain the DC voltage. The design of the piezoelectric
transformer becomes more complex due to the nonlinearity of the rectifier. In addition,

the practical use of the DC/DC converter is to supply a low voltage but high current

load, which is opposite the characteristic of piezoelectric transformers. Lin and Lee first



proposed a design flow of a piezoel ectric transformer in the use of the DC/DC converter.
[11, 12] In his paper, Lin states that the rectifier is equivalent to a pure resistor because
the characteristics of the piezoelectric transformer are well-known in this case. This
method developed by Lin has been widely used to simplify design procedures of the
piezoelectric transformers, especially for resonant converters. However, this method is
only correct when the input voltage and the input current of the rectifier are in phase at
the operating frequency. If a phase difference exists between the voltage and the current,
the equivalent impedance requires invqlving_g reactive component. In most cases, it
usually exists a phase difference betweep the input-voltage and input current of the
piezoel ectric transformers fed rectifier.. [13“:14] The underlyi ng reason lies in the output
capacitor of the piezoelectric traﬁsforrhér, which needs to be charged and discharged at
each period. Moreover, the phase difference varies with the operating frequency and the
load values. In other words, the phase difference cannot be neglected. Therefore, it is
important to examine the output voltage/current waveforms of the piezoelectric
transformer directly and then incorporate it into the design procedure of the
piezoelectric transformer. In this dissertation, the relationship between the vibration
velocity and the waveforms of the piezoelectric transformer fed rectifier is analyzed in

detail to develop the genera design procedure of the piezoelectric transformers under

the constant load voltage condition. Then, the conducted electromagnetic interference



(EMI) was then modeled and measured to prove the proposed converter have lower
EMI than the electromagnetic converter.

After proposing the full design procedure of the piezoelectric transformers based
converter. The best circuit topology for the piezoelectric layers fed rectifier is the next
topic of interest. The concepts of the work cycle or said the energy cycle [15] are
adopted to observe the energy flow of the piezoel ectric transformers since the rectifier is
not easily to analyze due to the non-linearity. Guyomar and Magnet, et al. first used an
active switch to increase the power den;i ty o__f._ the piezoelectric transformers was first
developed by [16] However, it;is‘not _the best"topetogy. The active rectifier called
“velocity controlled piezoelectric Iay.erl.. f;ﬁr rectifier” (VPR) is thus proposed in this
dissertation based on the best shab'e_ .qf' fhe Work.c'y__cl e This technique is then applied to
the damping, called “velocity controlled [;iezoelectric switching damping” (VSPD),

which will be proved owning the good damping performance in this dissertation.

1.2 Major Results

This dissertation includes seven chapters. A magjor results of each chapter is offered
asfollows:
Chapter 1 makes the introduction of this dissertation.

Chapter 2 presents the theory of the piezoelectric structure, and derives the genera



equivalent circuit of piezoelectric structure.

Chapter 3 presents the model and the physical limitation of piezoelectric transformers.
The input section and output section of the piezoel ectric transformers are analyzed. For
the output section, the characteristics of the piezoelectric transformer with the resistive
load are detail. For the input section, the zero voltage switching (ZVS) mode input
driving circuit of piezoelectric transformer is presented.

Chapter 4 develops a complete design rule for the piezoelectric transformers based
CCFL inverter with constant load currmt. The._CCFL load characteristics are presented
first to understand the practical requi re_mepts The vibration velocity, load power, power
tendency and ZV'S conditions are conSIder:adfo devel op the full design procedure. The
Rosen-type piezod ectric transfofmer. dw gned. by the proposed procedure was applied
to a commercial 32 inches LCD television. ;Fhe experiment result shows the efficiency
of the total CCFL converter can achieve 90% and the temperature rise can be within
10°C.

Chapter 5 develops a complete design rule for the piezoelectric transformers DC/DC
converter with constant load voltage. The models of two PT fed rectifier, half-wave
rectifier and the full-wave rectifier are developed first. The full-wave rectifier is then

selected due to the higher power density. The vibration velocity, dimensional constraints,

energy balance, quality factor correction and ZVS conditions are all considered to



develop the complete design procedure. The 10Wait/15V DC/DC converter was
designed based on the proposed procedure. The proposed converter can keep at least
82% efficiency and within 10°C temperature rise with 1-10 Watt load variations. The
model of the conducted EMI is then developed by the converter.

Chapter 6 develops the optimal rectifier topology with the piezoelectric source. The
work cycle is used to compare the different interface circuit topologies of the
piezoelectric layer. The proposed rectifier is called “velocity control piezoelectric layer
fed rectifier” (VPR) which can make th_e piez_oelectric layer owns the highest power
density. The VPR is applied to the dampi ng_to suppress the vibration of the host
structure. The results shows the displ acem“éntof the ho;t structure at the resonance can
be suppress 23dB, which is closed to .th.e vibration without resonance.

Chapter 7 concludes the result of this dissertation, and give some suggestions for future

research.



Chapter 2. Basic Theory of Piezoelectricity

Since piezoelectric materials can couple mechanical and €electrical fields, the
vibration and the generated electrical energy of a piezoelectric structure is a topic of
interest. There are severa uses of the piezoelectric layers, such as sensors, resonators,
actuators, dampers, harvester, and transformers. No matter which kind of the application,
the design of each piezoelectric component is based on their electro-mechanical
properties. Therefore, the purpose of this paper is to develop theoretical model to
connect the mechanical vibration and the electrical properties. Several typical types of
vibration are analyzed theoretically _fir§t. The analytical solution can be further
represented by an equivalent dectri;zlaul (;rcwt This.equivalent circuit is useful in
practice since the piezoelectric I'ayqé ére usually.connected with other external shunt
circuits. The purposes of the shunt circuit could be got the signal or power from
piezoelectric layer, such as sensors, dampers and harvester. Therefore, a piezoelectric
layer connected to an external shunt circuit will be also analyzed due to the general use.
The analysis shows that the shunt circuit can modify the piezoelectric structure
dynamics since this circuit can be viewed as a feedback controller of the piezoelectric
structure. The analysis developed in this chapter describes both basic mechanical and

electrical behaviors of the piezoelectric structure, which is the basis of the following

chapters.



2.1 Piezoelectric Sructures

The basic configuration of the piezoelectric structure is shown in Figure 2-1. The

piezoelectric structure includes two electrodes. Between the two electrodes is the main

body of the piezoelectric material. There are several kinds of the piezoel ectric materials.

Three widely-used piezoelectric materials are arranged in Table 2-1:

Table 2-1. Three kinds of piezoelectric materias

Piezoelectric M aterials Typical Martial Advantages or Drawbacks

<1> Higher electromechanical coupling
Single crystal Quartz <2> Difficult to enlarge the size
~ | <3>High manufacturing cost

<1> Medium electromechanical coupling

PZT. . ,
Ceramics L "\ /_[<2>Easy to mass manufacture
(Lead Zirconate Titanate)
| 02 |||<3> Easy crack
PVDF iR <1> | ower electromechanical coupling
Polymer

(Polyvinylidene fluoride) | <2>Thinnest profile (piezoelectric)

In this paper, PZT materia is adopted in the power device due to the good
electromechanically coupling and easier automatic manufacturing process. To have
good piezoelectric effect, the main body has to pass through the poling (polarizing)
treatment. The arrow in Figure 2-1 shows the poling direction. The piezoelectric
structure with two electrodes and a main body is called single layer piezoelectric
structure. To increase the electromechanical coupling effect, the piezoelectric structure
can be made as multilayer structure by combining severa single layers, such as Figure

2-2. Although the single layer structure and the multilayer are quite similar, but their
10



manufacturing processes are different. The detail manufacturing process is arranged in

Table 2-2.

upper electrode ﬂj

poling direction

bottom electrode :‘—> main body (ceramic)

Figure 2-1. The basic configuration of the piezoelectric structure

:. * = .
'Iaﬁpl ezoelectric structure

A e A . .
“the piezoelectric ceramics

Table 2-2. The manufactut
B

AT 122

Single i‘.éy}_arasn_:wdre.

Preparations:

1
2.
3.

The raw materials are mixed and milled.
The mixture is heated to accel erate reaction of the components

Add binder in order to increase the reactivity and to improve pressing properties.

Mainly sintering process:

4.

5
6.
7

Shape the structure and press the powder compactly.
Burn out the binder.
Sintering process.

Cut, grind and polish to the desired dimension.

Post poling process:

8.
9.

10.

Apply electrodes by screen printing or sputtering.
Poling in the heated oil with strongly electrical fields up to several kV/mm to align the domainsin
the material.

Inspection

Multi-layer structure

11




Preparations:
1. Theraw materia is mixing and milling.

2. The mixtureis heated to accelerate reaction of the components.
3. Add binder in order to increase the reactivity.

Main sintering process.

A foil casting process which can make the thickness of the layer down to 20 um.

Screen print the electrode and laminate the sheets.

4
5
6. Presstoincrease density and to remove air trapped between the layers.
7. The binder burnout.

8

Sintering (co-firing) process.

Post poling process:

9. Poling process.

10. Inspection

The most different difference between the'éingle layer and the multilayer is the

electrode applying. In the process of the-‘mu!:(i'-layer structure, the electrode is applied

7,

before sintering. The ceramic and t_h(% Ielectrodes are_cb‘-fired. Therefore, the sintering
temperature in the multi-layer proceﬁs carinot as hi;jh as the sintering temperature in the
single layer process, or the electrode may be destroyed. In addition, the electrodes of the
multi-layer structure are thus made of the Ag-Pd alloy and the cost price of the
multilayer structure is much higher than the single layer structure. Another
manufacturing process of the multilayer structure is to glue several single layers
together. The gluing process can reduce the cost price of the multilayer structure, but
sacrifice the performance due to the glue material decrease the vibration quality.
Adopting the single layer or multi-layer structures is based on the applications of the

piezoel ectric structure, which will be demonstrated in this dissertation.
12




2.2 TheVibration of the Piezoelectric Sructures

To understand the characteristics of the piezoelectric materia, the deformation
behavior and the electrical behavior of the structure should be detailed. In generd, to
analyze an elastic body, there are three relationships of interest:

1. equations of motion,

2. the relationship between strains and displacements, and

3. constitutive law.

The equations of motion describe thg rel ati__qnshi p. between the displacement (or said
the acceleration) and the stress. As to'the rer ationsnip between the displacements and the
strains, they are related to the geometr.i(,:.alz %ormaﬁu on Qf the structure. Constitutive law
is the relationship between the sti‘és_é. and the Stréih,_ which is determined by the material

characteristics. Therefore, constitutive law s of interest for approaching a new material.

Equation (2-1) shows constitutive equations of piezoelectric materias:

e 2 =
where Tp: stress S strain
Dy: electric displacement Ei: electric field
Cpq- €lastic stiffness matrix

&q. dielectric or permittivity constant matrix

€. piezoelectric stress/charge constant
13



where the subscript i, k =1~3 > p, g = 1~6 which represents the coordinates index of each

parameters. This expression is based on the IEEE standard. The vibration of the

piezoelectric structure is complex because the vibration is three dimensional. However,
we can approximate the vibration as one dimension or two dimensions in most
applications.

Table 2-3 shows several basic types of vibration for the piezoelectric structures and
their corresponding dimensional conditi qns.

1. The first type of the vibration iscall ed 31-type. 31-type vibration means that the
electrical field (voltage) is applied. alor:;;r the poling .direction (3-direction) to induce
the vibration along the corr&s’pﬁhdiﬁg perpendi c__ulér direction (1-direction).

2. The second type of the vibration is called 33-mode. 33-type vibration means that the
electrical field (voltage) is applied along the poling direction (3-direction) to induce
the vibration along the corresponding parallel direction (3-direction).

3. The third type of the vibration is radial mode, which is similar to the 31-type
vibration. The applied voltage is perpendicular to the direction of the vibration, but
the radiad mode is a two dimensiona vibration based on the symmetric

characteristic.

4. In addition, the piezoelectric material can also adhere to a host structure to be a

14



transducer. The most often used host structure is the beam structure. This
configuration was called piezoelectric/lbeam system. In the piezoelectric/beam
system, it usually operated near the resonant frequency of the host structure and the

strain of the piezoelectric layer is following the strain of the beam.

Table 2-3. The self-vibration modes of the piezoelectric structures

Deformation Configurations Coefficients
/Vibration Figures conditions | electrical | mechanical
31-mode - ﬂ'W< L3 | ey sh
33-mode LW<T/3| &5.€, sy,

radial mode D >5T e5.e, | s5@-v?),

ﬂ isthe direction of the poling direction, and €= s the direction of the vibration.
5333 isthe permittivity at constant strain condition, i.e. constant S (F/m)

lel , 33[’3 are the compliance constants along 11/33 direction under the constant electric field E /electric
displacement D=2R

15



v isthe Poisson’sratio

2.3 TheTheory of Deformation/Vibration
31-mode deformation/vibration is the most often used vibration type in practice.

The relationship between the strain and the displacement along 1-directionis:

ou, (x,t)

S(xt)=—_

(2-2)
where x and t represent the spatial domain and temporal domain respectively. In the case
of the 31-type deformation/vibration, the spatial domain X in equation (2-2) just
represents 1-direction (or said x-di're(_;tio'ﬁ di réétly). In addition, u, is the displacement
along the 1-direction and the comma mdrcngzres the parti.al differentiation. The strain and
the displacement are functions of .b_otjh_l théf'spa@al domain and the tempora domains.
Based on the genera congtitutive eduati on (2-1), tr..l.e relationship between the strain and

the displacement in equation (2-2) and the definition of the 31-type vibration, the

constitutive equation of 31-type vibration can be written as:

ou

T1 :| |:C1E:L - %1:| -
= d (2-3)

[ D, € € 383 E)s(

According to the configuration of the piezoelectric layer, the electric field can be

expressed as.

e 000 =2 REo (2-4)

where T is the thickness of the piezoelectric layer, v, is the voltage on the piezoelectric

16



layer and R is the function of the electrode shape. In most applications, the electrode is
full covered on the piezoelectric structure, i.e. R(X) =H(x-L)-H(x), where H(X) represents
Heaviside function. On the other hand, the voltage on the piezoelectric layer can be DC
or AC voltage. The DC voltage makes the piezoelectric layer have static deformation
and AC voltage makes the piezoel ectric layer vibrate.

In the following, the case of vibration is only of interest since the piezoelectric layer
isusually operating near its resonant frequency in the use of power devices. The 31-type
vibration of the piezoelectric layer is ong_di mg_wsi ona in-plane motion. The equation of

motion can be written as:;

oT,_ |aatx)
s 2-5
oxW || ot (2-9)

Substituting equations (2-4) and '(275): intorthe.equation (2-3), the constitutive equation

can be re-written as:

o%u o’u ORV
E 1_ 1 _ ) 2-6
e TP M T (2:6)
Lou
q=eyf - X+ Cov, (2-7)

where C, =g IOL RVT—de is the piezoelectric capacitor and q= IOL DWdx is the
charge generated from the piezoelectric layer. Equations (2-6) and (2-7) mainly describe
the structure dynamics and electric characteristic respectively. It should be noted that
equation (2-6) is a partial differential equation. The solution of the partial differential

equation is based on the boundary conditions and the initial conditions. The typical

17



boundary conditions are free at both ends, i.e.

T,(0,t)=T,(L,t)=0 (2-8)
Based on the partial equations (2-6), boundary conditions (2-8) and initial conditions,
the solution set of the partia differentia equation can be solved. There are severd
eigen-solutions in a partial differential equation, which represents the vibration modes
of the structure. However, when the piezoelectric layers are used to transfer energy, the
piezoelectric structures are usualy operating near the resonant frequency due to the
need of efficiency. Accordingly, the gpecif_i_q resonant modes of the piezoelectric
structure are of interest. Equations (2-6). a}nd (2-7) are the general equations to describe
all the vibration modes of the piezoel ectrlc;;ructure Which can describe the all possible
31-type vibration modes theoreti'éal_iy.: ;I'o simpl.ify__th.e gquations (2-6) and (2-7) to the
specific resonant mode, the case of the fr;:e vibration is discussed first. In this case,

there is no external force or applied voltage on the piezoelectric layer. In addition, the

boundary is set traction free, i.e. there is no stress on the boundary. Therefore,

oy, p U
5X2 ClE1 atz - (2'9)
ou,(0,t)  ou,(L,t
OX OX
Assume the vibration of the piezoelectric structure is harmonic, let
u(xt)=>U, (x)e’”" (2-11)
j=1

where U; represents the j-th mode shape of the displacement and o, isthe j-th natura

18



frequency of the piezoelectric structure. Substituting equation (2-11) into equation (2-9),
the partial differential equation can be reduced to the ordinary differential equation,

such as:

av,69 +k2U (x) =0 (2-12)

de(O) _ de(L) _
dx dx

(2-13)
The mode shape of the vibration can be obtained by solving equations (2-12) and
(2-13):
U;(x).= AC_O.S(kj X) (2-14)
where k is wave number and;has 'the_ xreIaJtiQnship with the natural frequency, i.e.
ki>=po’lci=27/L andAisthe w?gr%rng function of the mode shape. It should be
noted that this physical mode sha'r'):é_hggs:the (.)rthc:)go__nal. relationship, i.e.
[LuU,dx =~5ij (2-15)
Consider the case of the forcing vibration, |et:
u(x.t) = guj(x)nj v (2-16)
where #;(t) is the modal coordinate. Substituting equation (2-16) into equations (2-6),

(2-7) and making the integration in the both sides, we can obtain that:

[ 30, (0410 ‘j) ;’§X)uj(x)m(t)]dx=—%jo P, oax (217
Ch [j

Apply the orthogonal relationship shown in equation (2-15), the actuator equation (2-17)

X) R (t) + C v, (2-18)
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and the sensor equation (2-18) can be arranged as the ordinary differential equations:

d277j (t)

M

.
+Kn,t)=-n,'v, (2-19)

q=nmn;t)+C,v, (2-20)
where M j , Kj and n; is the j-th modal mass, the j-th modal stiffness and the j-th modal

coupling factor of the piezoelectric structure. Specifically,

M, = pWT jOLui (U, () (2-21)
K, =M0, (2-22)
ny = e W’ L d!')fx) R(Xyelx (2-23)

Equations (2-19) and (2-20) are the_gqverning eguation of the piezoelectric layer.
Different from equations (2-6) and (27)M}equat|ons .(2-19) and (2-20) describe the
behavior of the piezoelectric Iay'e.r. :dperating h_ear.the resonant frequencies. More
specifically, equations (2-6) and (2-7) are the governing equations of the distributed
system, and equations (2-19) and (2-20) are the governing equations of the lumped
system.

On the other hand, the governing equations above do not introduce losses in the
piezoelectric layer. In practice, there are three kinds of losses in the piezoelectric
structures, which are the mechanical loss, the dielectric loss and the piezoelectric loss.

The mechanical losses are caused by the friction of the vibration, so the larger vibration

velocity leads to the larger mechanical losses. It is the damping effect of the

20



piezoelectric layer. Moreover, the dielectric losses are mainly related to the temperature.
The piezoelectric losses are caused by the energy transfer between the electrical energy
and the mechanical energy. The piezoelectric losses are relatively very small, so they
can be neglected in practice. To introduce the mechanical losses and the dielectric losses,
the mechanical damping D and the electrical series resistor (ESR) R, are introduced in
the governing equations to correct the model, such as:

M7j+Drj+Kn=-n"v, (2-24)

. ; e
4, = nj”.;’ +CV, +'R_p (2-25)

p

The subscript j is neglected here for simﬁgljciiy. Actualy, no matter which type of the

vibration is adopted, the governing eqUéti o'rié of || ump_ed gystem are still guaranteed, but

the modal parameters are different ih different type .of vibration.

2.4 The Equivalent Circuit of the Piezoelectric Sructure

In many cases, we prefer using an equivalent circuit to describe the piezoelectric
layers since piezoelectric layers are usually connected to a circuit or even used as an
electric component in a power device. The equivalent circuit of the piezoelectric layer
can help eectrical engineers to anayze the piezoelectric component in the circuit
intuitively.

According to the governing equations (2-24) and (2-25), the equivalent circuit of the
21



piezoelectric layer can be represented in Figure 2-3. The series
inductor-capacitor-resistor resonant branch is used to emulate the mechanical resonance
of the vibration, where L,=M, C=UK, R,=D are caled mechanica inductor,
mechanical capacitor and the mechanical resistor respectively. Other resonant branches
in the equivalent circuit means the parasitic resonant modes since there are infinite
vibration mode in the piezoelectric structure. The mechanical current i, can be analoged
to the mechanical velocity, and the mechanical voltage vy, can be anaog to the force. In
addition, the ideal transformer represents _t_he energy transformation between the
mechanical energy and the €lectrical energy.. This-equivalent circuit describes the

electro-mechanical behavior of the piezdéljééfric structure at the resonance, no matter

which type of vibration.

Lm2 Cm2 Rmz

[ ]

Figure 2-3. The equivalent circuit of the piezoelectric structure

However, this equivalent circuit can be smplified. Firstly, the parasitic resonant

modes can be neglected since the piezoel ectric structure operates at a specific frequency

in most cases. In addition, if the operating frequency is set near the resonant frequency

and temperature rise of the piezoelectric layer is small, the effect of the dielectric losses
22



is small. In such conditions, resistor R, can be neglected. Therefore, the equivalent
circuit of Figure 2-3 can be simplified to Figure 2-4. It should be noted that the
relationship between the dimensional parameters and the equivalent circuit components
are different in the different vibration modes. For example, the first vibration mode and
the second vibration mode have different relationship between the electric circuit

components and the dimensional parameters. Table 2-4 arranges the equivaent circuit

components of the first mode since the first mode is the most often used vibration mode.

1. n 1 Lm_I i Cm Rm
1 5 e~ i
Vp Cp i ~ iy "

-%

: i1 4l - :
Figure 2-4. The singl e mode equivalent circui t of"piezoelectric layer

Table 2-4. The first mode equivél ént cirelit of differentvibration type piezoelectric layer

types Wo Lm Cn R G n
a1 47N, Pl WT 1 : 1L, os WL wWd,,
E

L 8 meo Qm C:m % T S_I.l

a3 47N, P LWT 1 1L, | W Wd,,
> WLEs

L 8 Low,” | QuC 2T S
radial ﬂNp pmnRzT 1 5 i i ﬂRzg?,Sa EZ7TRd312

T 14 L@, Q. \C., T st (1-v?)

The equivalent circuit of the piezoelectric layer can be further ssmplified. When the
piezoelectric structure operates near a specific resonant frequency in steady state, the

mechanical current is sinusoidal. At this time, mechanical current can be viewed as a
23



sinusoidal current source or sink at stead state, which is shown in Figure 2-5.

—e

Nim -G,

Lo

Figure 2-5. The equivalent circuit of the piezoelectric layer with mechanical current source

2.5 Piezoelectric Materialswith External Shunt Circuits

Figure 2-4 shows a piezoelectric structure connected to an external electrical shunt
circuit. The connected shunt circuit changes the electrical boundary conditions of the
piezoelectric structure. Therefore; thé. cor;ﬁected shunt circuit can modify the
mechanical characteristics of the bi ezoeleqt_ilr é:'ﬁructure, since the piezoel ectric material
couples the mechanical field and Phe electrlcal filed. Aécordi ng to Figure 2-4, equation
(2-20) and Kirchhoff's Law, the piézoe!ectricvol.t.ége, Vp, and the current flow out of
piezoelectric layer, -ip, the piezoelectric voltage can be expressed in the steady state,
such as[17]:

V,=~Zgi, =-8Zg [N +C v, ] (2-26)

where sisthe Laplace parameter. Arranging equation (2-26) leads to:

-sZgn

V()= emll
P 1+sC,Zg,

n(s) (2-27)
Equation (2-27) describes the transfer function between the displacement and the

piezoelectric voltage. Substituting equation (2-27) into equation (2-19), and add the

external forcing term fe, we can obtain that:
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[MSZ +[D +1+”:C%]s+ K]n(s) e (2-28)

According to equation (2-28), it can been known that the impedance of the shunt circuit

can modify the dynamic characteristics of the structure. More specificaly, the shunt

circuit can change easily the modal damping and the modal stiffness in equation (2-28).

This is the reason why the piezoelectric layer with a shunt circuit can be applied as a

damper. For the damper, it is expected that the vibration energy can be dissipated in the

shunt circuit. The performance of the damping is based on the dissipated energy.

However, in application as sensor_, 'it'.. car-ir_l._ot._ i:hfluence the structure dynamics.

Specifically, agood sensor needstwo S[I}fﬁgqﬁcond|t|on3 _

1. A good sensor must not ianUe:lj(;e lﬂhe \/lbratlon o_f__tﬁe structure. However, the shunt
circuit may change the mechahiégl béhavibf of the structure.

2. The piezoelectric layer may only generate small signal. The sensor interface circuit
should have pre-amplified function.

Therefore, a piezoelectric sensor needs an interface circuit. The sensor interface circuit

should have the zero input impedance or infinite impedance characteristics to avoid

influencing the structure dynamics.

A
‘ Shunt Circuit
Vp Zs
[
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Figure 2-6. Piezoel ectric layer with a shunt circuit

To understand the contribution of the shunt circuit, equation (2-28) is arranged as:

M 2 D 2 i: ZS—I f ST
— S +—s+kP—L T — = 2-29
K> K™ 1+sC 2y, K (2-29)

p

where k is electromechanical coupling factor, defined as:

n
k? = -
C.K (2-30)
Equation (2-29) can be further derivedto the transfer function:
n 1
st ~ 5 SC AN ]
o Mgy skl kP T (2-31)
K | ":p-r-_1+ SCpZSH

Equation (2-31) can be pIothd ééa t;‘ibck: diagrafn in Figure 2-7. Obviously, the
piezoelectric layer with a shunt cirbUit can~be'vie:/ved as a feedback controller for the
structure. This virtual feedback controller is related to the three parameters, which are
electromechanical coupling factor k, piezoelectric inherent capacitor C, and the shunt
impedance Zg;.

To understand the contribution of the internally virtual controller, Figure 2-7 can be
further decomposed to Figure 2-8. In Figure 2-8, the feedback loop pass through the
electromechanical coupling factor k first. The electromechanical coupling factor k give a
direct control gain of the feedback controller, which implies that the larger k value leads

to better performance of the shunt circuit. In addition, the piezoelectric inherent
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capacitor C, and the shunt impedance Zg; have another feedback loop. It represents the
charge/discharge behavior of the piezoelectric capacitor, which implies that the charging
period of the piezoelectric capacitor aso influences the structure dynamics. Since the
shunt circuit would influence the structure dynamics, the connected circuit has to be
analyzed first before to design the piezoelectric layer, especidly in the case that the

mechanical/electrical is highly coupling (high k value).

W,

T

: i1 4l - :
Figure 2-7. Theinternal feedback system of the shunt circuit

Figure 2-8. The internal feedback system of the shunt circuit with capacitor charging

2.6 Summary

In this chapter, the basic vibration types of the piezoelectric layer were introduced.

The most-often used 31-type vibration was analyzed theoretically. Although the

piezoelectric structure has the infinite vibration modes, but only the specific resonant
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mode will be adopted or considered in genera use. All types of the vibration can be
concluded to the equivalent circuit to aid the design in the following chapter. Therefore,
the equivalent circuit was derived based on the el ectro-mechanical coupled equations. A
piezoelectric layer with a shunt circuit, and the virtual feedback controller was
introduced to express the contribution of the shunt circuit. The equivalent circuit and the
electro-mechanical coupled equations are two useful concepts for the designer of the
piezoelectric device. These two concepts will be repeated to use in our design in the

following chapters.

g .!l-.l
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Chapter 3.  Piezoelectric Transformers

Piezoelectric transformers are devices that transfer electrical energy from one circuit
to another one through the mechanical vibration of its structure. The voltage amplitude
is varied throughout the energy transformations. Compared with the typical
electromagnetic transformer, there are severad advantages of the piezoelectric
transformers, such as no EMI radiation, thin profile, high power density and easier
manufacturing process. Therefore, it is possible to replace the electromagnetic
transformer in some applications. In thi;.chap_tm_ar, the basic configurations and physical
limitation of the piezoelectric .transf_ormer _are“introduced first. Then, the output
characteristics and input driving ci rcui.t agdlxussed fqr the design of the piezoelectric

transformer based converters.

3.1 The configurations of the piezoelectric transformers

Piezoelectric transformers (PT) are devices that transfer electrical energy from one
circuit to another through the vibration its structure. Generally speaking, a PT can at
least be divided into two sections which are the input section and the output section or
said the primary side and the secondary side. Figure 3-1 shows the input section and the
output section of the PT. A voltage source is connected to the input section to excite the

mechanical vibration of the whole PT structure. The output section of the PT receives
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the mechanica energy of the vibration and transforms into electric energy again. An
output interfacing circuit is then connected to the output section of the PT to collect the
electrical energy and to deliverer it to the load. In other words, the input section of the
PT works like a piezoelectric actuator which transforms the electrical energy to the
mechanica energy. The output section of the PT works like a piezoelectric harvester
which converts the electrical energy transformed from the mechanical one. In an ideal
PT, there is no energy loss. The voltages vary through the PT since the input impedance
and the output impedance of the PT may bg._different. Specifically, according to the

energy balance, the relationship. between the voltages and the impedances of the PT is:
v,

Z |

=

where v; and v, represent the input. voltage-and thé output voltage respectively, and Z;

and Z, represent the input impedance and the output impedance of the PT respectively.

The values of v, and v, are considered as sinusoidal at specific frequency. The basic

types of vibration of the piezoelectric structure are listed in Table 2-1. They can be all

either used for the input section or for the output section. By combining and arranging

these different vibration modes, several configurations of the PT are discussed

hereunder. Table 3-1 shows common used PT configurations, including the Rosen-type

PT, the uni-poled longitudinal PT, the uni-poled disk-type PT and the stacked disk-type

PT.
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a

Interface
Circuit

(b)

Load

Figure 3-1. (a) input section of the PT (piezoelectric actuator) (b) output section of the PT (piezoelectric

harvester)

Table 3-1. Different types of PTs

Types The configuration of the PT Input/Output | Typical modes
) ._‘.: :;:I'_ _-ZE_.-..?'::( {
1. Rosen-type[1] 31/33 A mode
2. Uni-poled
Longitudinal-type 3131 A mode
(3]
Al2 Al2
2R,
2R,
3. Concentric ’—
v, é i v
Disk-type radial/radial Al2 mode
2R,
[18] /\
Al2
4. Stacked radial/radid A2 mode
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Disk-type Vi

:I: T1
' ——
[19, 20] "

In this dissertation, a simple equivaent circuit is used to analyze the PT working. This
equivaent circuit is well matched to analyze the working of PT based power converter.
Figure 3-2 shows the equivalent circuit of the PT by connecting two piezoelectric layers,
i.e. its input section and its output siection.l -_The equivalent circuit can be mainly

identified into three parts: the input s'tqti_gk capgc,i_tor Cq, the mechanical resonant branch

] S |

o . | =5 || ' .
(series inductor-capacitor-resistor resqnant_é ranch),sand the output capacitor C,. Two
: \ | PR I, { 3

ideal transformers link these thréé parts, Whi_c_hl' Fépréents the electrical-to-mechanical
energy transformation. The mechanical b‘ranch is used to represent the mechanical
resonance. The mechanical current iy, is the current through the mechanical resonant
branch; it represents the mechanical velocity of the PT vibration. It should be noted that
this equivalent circuit is only valid when the PT is operating near its specific resonance
frequency. No matter which configuration of the PT is adopted, the equivalent circuit is
conserved. The various kinds of PT have different relationship between their dimension
factors and their eectric equivalent components. These relationships are listed in Table

3-2[3, 12, 19, 20, 21, 22].
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1 Lu Cm R Le Cie R N1 .
V1 C— |m.’L Vm ‘ ‘ Vm2 —_ G V2
@
Lm Cm Rm
1:n ne:1
R 1 WYYY‘\_{ I wh 2 .
Vi \ CL— m Cz_: ‘ )
(b)

Table 3-2. The relationship between tHe dimensional factorsand the electrical equivalent components

wo Lo C, C, N Ny
LY P LWT ANTeS, 2WTeS, wd, 2WTd,,
L 8 L L Sy Lss,
2 4nN, Pl WT WLes, WLe, W, W,
L 8 2T 21 s Sh
3 | ™Mo P aRT RS T(R7-R)eS, E”Rld% 2E71R1d31(21
T 1.4 T T s, (1-v9) S.(1-v?)
A | N | RSB | MaReg maR’es, | 2J2Rd,m | 2v/27Rd,m,
T 2 t, t, si(1-v?) si(1-v?)
1 1 (L
C = - = |=m
" meoz RTI QI‘l‘l Cm

w, isthe natural frequency of the PT (rad/s)

N;, N, are the frequency constantsin the longitudinal vibration and the plane vibration

respectively(kHze mm)
pmisthe density (kg/m’®)
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v isthe Poisson’sratio

Qnmisthe mechanical quality

g;isthe permittivity at constant strain condition, i.e. constant S (F/m)

ds1, das are the piezoelectric constants (m/V)

ex; (C/ )

lel , 33E3 are the compliance constants under the constant electric field

L, Wand T are the dimensional factors of the rectangular PT, which represent length, width and
thickness respectively

R, R, R, and R; are the dimensional factors of the circular PT. The definitions are shown in the

Figure 1

a=1- M where J; isthe Bessel function
RyJi(kR;)

my; and m, are the numbers of layers of the input section and the output section respectively

ﬂ =mt, +mt,

The first step to design a piezoelecfﬁc transformer Is to understand its working

vk -

limitations. There are three klndsof _!Iossés in the PT: the mechanical losses, the
dielectric losses and the piezoel ectri.c'lossesswhen“.the lossesin the PT are too large, the
PT generates heat gradually. If temperature is too high, the PT can even crack. The
major losses in the PT are the mechanical losses which are due to the friction of the
crystalline structure when it vibrates. The larger vibration velocity (i.e. mechanical
current) leads to the larger mechanical losses. In the equivaent circuit, the mechanical
losses Poss are equal to iRy This fact shows that the mechanical current is one of the
key factors in the PT design. When the mechanical current rises, the mechanical 1osses
and the temperature increase as well. Furthermore, the higher temperature of the PT

leads to increase the mechanical resistance. Therefore, we can have a brief summary:
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the mechanical current causes the mechanical resistance to increase. Thisis a significant
result since the mechanical losses are related to both mechanical current and to the
mechanical resistance. To clearly describe the relationships between the main physical
parameters, the tendency between them has been plotted in Figure 3-3. However, it
should be noted that there are two different results when the mechanical resistance
increases.

Firstly, when the mechanical losses increase, temperature and mechanical
resistance are both increasing. Specifi.cally,__ .;his is a positive feedback loop if in

magnitude remains constant. If the PT works in thistendency, the heat generation of the

o

PT would become unstable until crack? | T .

On the other hand, when 'tﬁ(_a..r:n.echanical 'r__&iétance increases, the mechanical
current and the mechanical losses also decrease since the input voltage and the output
voltage of the PT are fixed in most applications. Therefore, this is a negative feedback
loop, which can make the heat generation of the PT kept stable. Figure 3-3 demonstrates
the complete internal loop of the PT mentioned above. In practice, the magnitude of the
mechanica current and the law of variation of R, with temperature (i.e. a physica
parameter of the material) determine if the PT is stable or not. In other words, for a

given material, it a maximum mechanica current value exists. This value is usually

within 0.3~1A (i.e. 0.3m/s~1m/s). The mechanical current can be calculated by applying
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the equivalent circuit model to the output short-circuit current, such as shown in Figure

3-4.
im f = Pioc=im R f mm)  temperature f = Rn f
I Positive Feedback I
Negative Feedback _
i\
Figure 3-3. Theinternal loop of the PT
L Cn R measured point
1Im | ny:1 (E
‘ NYY\_{ )
i i i - o . -
Vi Ci— v : C2:: 12=N2lm
Y@L AN )
Figure 3-4. The measurement oT*lthe mechanlcal current
| ct-'-:"" | |

(5|
H
3.2 Characteristics of the PT connected thh a Ilnear load
The PT equivaent circuit connected to a load is shown in Figure 3-5, which is
adopted to analyze the characteristics of the PT. The PT equivalent circuit can be
divided into three parts as mentioned in the last section. Here, we use Zye to represent
the impedance of the mechanical branch, Zypr to represent the high-pass filter formed
by the output static capacitor C, and resistive load, R.. The voltage gain of the
piezoel ectric transformer can then be obtained as:
Vo Ny L

2= 3-2
Vl n2 ZME + ZHPF ( )

where
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1
Zye=SL,+—+ .
ve =Sy +——+R, (3-3)

N, Zypr “1rsCR (3-4)
2

e 1 > ——
i G lm — Va2
G| R

[ ]
<

Figure 3-5. The single mode equivalent circuit of the PT with the load
Once the input voltage, the model of the piezoelectric transformer and the load
impedance are decided, the output voltage can then be determined by (3-2) . With
Ohm’s law, the output current i and the load pdwer P can berelated as:
: V. . A :
Iout — Ez ] PL I:Ffr-’; Vledt (3'5)

One of the PT studied is chosen‘as an eiample inthis c_;Hapter; the values of its

equivaent circuit are shown in

Table 3-3. According to equation (3-2~5), the gain and the load power characteristics of
this PT are plotted in Figure 3-6 with different load values. According to Figure 3-6, we
can observe that the resonant frequencies of the piezoelectric transformer are depending

significantly on load values.
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Table 3-3. The tested PT model

C

Ny

Lm

Cm

Rm

7]

C

4nF

0.03H

100pF

10Q

30nF

‘

. . . . .

9 91 9.2 93 9.4 9.5 9.6 9
4

x10

(@

e

F % 7N

(b)

,
95 96
x10°

Figure 3-6. (&) The voltage gain and (b) the_:g_ev;v'é'r“pharacteri stics of the PT with restive load

| ==
|| m ||

| I
11

In fact, the load-dependent resonant.fféguencies are due to the contribution of the

PT output capacitor C,. To describe this phenomenon in more detail, the relationships Z,

=R and s= jo are substituted into equation (3-2). The PT output capacitor and the

resistive load are equivalent to a series equivalent capacitance Cy and a series

equivalent resistor Ry in Figure 3-7.

1

nZZZHPF = qu + joC

eq

where

_ R
R 1+ (wC,R)?

_c LH@CRY?

"7 (0GR
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c. -c_(@CR)"

Ly Ci“ Rn | 1n _NLVmﬂ_ﬁm NI
R ' E
C,, == Mmechanical current : — R g> Cpo= | _ R /n?
' Ca a L+ (@CR )

Figure 3-7. The equivalent circuit of PT with aresistive load

According to Figure 3-7, the resonance frequency of the PT is:
1
Wy = —F————
L CiCq (3-9)
"C,+Cq

Obviously, the resonance frequency-is chénged by. the equivalent series capacitor

Ceq- Moreover, the equivalent caﬁacitof Ceg:\r/an&s with the load value, i.e. dC/dR._ #O0.
This fact leads to the conclusiqh_tﬁe_;t a?:izoad variation will change the resonance
frequency of the PT significantly. Thi's characterist.i..c IS interesting for some applications
such as the lamp ballast. In most cases, however, the maximum power point with fixed
frequency is better.

One possible way to solve the problem of maximum power point shifting is to
paralel or series an inductor to compensate the contribution of the PT output capacitor.
Similarly to the resistive load case, Zpr can be equivalent to a series equivalent reactive
component and a series equivalent resistor. If the equivalent reactive component is

independent of the load, the resonant frequencies and the maximum power points would

not change with the load significantly but remain fixed at a specific vaue.
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The results are summarized in Table 3-4. The equivalent reactive component in the
cases of the parallel inductor and series inductor is independent of the load value, i.e.
dLey/dR #0 if, and only if the added inductor matches the PT output capacitor at the
operating frequency. The frequency responses of cases 2 & 3 with the load variation are
shown in Figure 3-8 and Figure 3-9. Obvioudly, the maximum power point is fixed at
the specific frequency in both of these two cases. The added inductors can indeed fix the
problem of the maximum power point shifting.

Another issue of the PT isthe powgr.factor_ preblem. The power factor is caused by
the phase shift between the voltage'and the currenty, The power factor is defined as the
cosine value of the phase difference. F.ol.r zuéro phase difference between the voltage and
the current, the power factor is defihéd todbe 1, whichis the best situation we want to
achieve. Specifically, if voltage and the current are not in phase, power would not flow
in single direction. The power will not only flow from the source to the load but aso
flow back from the load to the source. Three cases in last sections are also discussed
here.

There are two cases able to track the maximum power points but it does not
guarantee good power factor at the same time. If we would like to obtain a good power

factor with no phase difference between the voltage and the current, the source should

see a pure resistive load. To have a purely resistive load, the equivaent reactive
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component in table 3-4 should be zero. Examining the case of paralleling the inductor,
the equivalent inductor can be zero, L,=0 , when the added inductance matches the PT
output capacitance with the operating frequency, Le;= 1/wCe. However, the case of
seria inductor is different. The equivalent inductance can be a constant when the added
inductance matches the PT output capacitance with the operating frequency, Leq=
VwCq , Which is not zero. Thus there is aways a phase difference between the voltage
and the current. The power factor would not be 1. According to the viewpoint of the
power factor correction, the case of parallel | r_1ductor is better than the case of series
inductors.

It should be noted that the maxi muméf)wer poi nts.tracking (MPPT) can only track
the maximum power points, but cannot .guarantee't_(_) tréck the maximum power factor or
said make the power factor correction (PFC) simultaneoudly. In fact, the condition of
the PFC is stricter. The PFC condition means there is no equivalent reactive component,
but the MPPT alows the equivalent reactive component to be independent of the load
value. More specifically, PFC condition aso includes the MPPT condition. This
discussion implies that voltage and current waveforms at the PT output termina
influence the characteristics of the PT significantly. Therefore, the first step to design

procedure a PT in different applications is to understand the output waveforms and the

load characteristics at the PT output terminal.
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Table 3-4. The equivalent circuit of the PT output capacitor with different loads

without inductor seriesinductor parallel inductor
(casel) (case2) (case3)
original ' L
circuits
equivalent
- _c_(@CR)? _ 1 o’GLE-0"CL)-(eCR)? _ (1-0"C,L,)
clrcuits CEq _C1+(0)C2RL)2 LBu_aCz (1—602CQL5)2+(&)QR)2 Leq - (1—(02C2Lp)2 +((0Lp/RL)2
. R _ R _ (0L, /R)?
Re "1+ (0C,R)? Ra (1-®*C,L.)* +(wC,R)* R = (1-0%C,L,)? + (0L, /R )?
MPPT 1 1
- No Ls _TH Lp =
condition 0°C, 0°C,
e | @ 4l B _. L .
No - No KR =
condition ”{::‘., ™™ N " e’C,
. _ R & | == |k R
efficiency | 7 wCR) TR R | | " RCRTRIR; ""RAR
optimal 1] \ 1 S 4
| oad R = Ny
oading oC, Ri— R —>w
condition

1. Maximum power point tracking (MPPT) condition: dCq/dR = dL/dR =0
2. Power factor correction (PFC) condition: Ceq = Leq= 0, which include the MPPT condition.
3. Optima loading condition: dn /dR =0

0.45 200 T T T
[ e ]
04 100 ohm 100 ohm
035+ 160 - B
03r
025+ 100 - B
015+ 50 // _
=
01 20 okn
0.06 . . . ol . . . . .
9 91 92 93 94 95 96 97 9.9 9 91 92 93 94 95 96 97 98 99
4 4
x10 x10

@

(b)

Figure 3-8. (a) The voltage gain and (b) the power characteristics of the PT with series inductor and

resistive load
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Figure 3-9. (a) The voltage gain and (b) the power characteristics of the PT with parallel inductor and

resistive load

3.3 Theinput driving circuits of PTs

There are two popular types of driving aircuit for the PT: the half-bridge driving

alt

_—

circuit and the half push-pull driving'- .c'r.i:?cyitx-:','l_'able 3—5 makes a simple comparison

T

between these two topologies. The haI:f_! pugﬁpulli driy_i h‘g circuit has fewer components
and generates easily a sinusoidal-iike voltagé to....supply the PT. Therefore, the half
push-pull driving circuit was widely used before. However, the operation of the half
push-pull circuit is similar to a quasi-resonant circuit, which implies that the variation of
the duty cycle may cause the half push-pull circuit to operate incorrectly. Moreover, the
operation of half push-pull driving circuit is aso sensitive to the loading condition.
According to these two limitations, the haf push-pull circuit is only suitable in the
application with constant load, such as lamp inverter and ballast.

The half-bridge circuit does not have these limitations, although it has two switching

components. Therefore, in this dissertation, the half-bridge circuit was only discussed in
43



detail due to its wide range of applications.

Table 3-5. The comparison of the practical input driving circuits

Half-bridge

Half Push-pull

PT
| Myim
topologies Voe = Voe =
I
switching signal v
a ~
waveforms / \\ /o
component Two switches and'one.inductor One switch and one inductor
control 1. PWM control with duty Cy‘q}_gGSO%
' i 1 PFM control
e i iRL
methods 2.PFM (_:ontr(pl_| .
ZVS condition | easy to achieve in the wide [oad Variation sensitive to the load

The basic topology and the operation of the half-bridge circuit are presented in

Figure 3-10 and

Table 3-6 respectively. The high-side switch Q; and low-side switch Q; are turned

ON and turned OFF alternatively to generate a square voltage. In practice, it exists a

delay time at the switching instant. This delay time may conduct the two switches to be

turned “ON” in a short period, leading voltage Vpc to be shorted to the ground.

Therefore, the two switches have to be turned OFF in a short period to ensure the

circuit to operate correctly. This short period is caled “dead time” because there is no
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energy flow from the DC source to the PT. The function of the input inductor L; is to

achieve a resonance with the PT input capacitor C;. This resonant tank can filter out

high harmonic currents and increase the range of the ZVS (zero voltage switching)

condition [19, 24]. The more detail operation will be shown in the following paragraphs.

—
QLLE%%M iy - PT

Vpe — YN

— L,

I
QL‘IEE Vi viliTTg, nlim%

Figure 3-10. The half-bridge dfi\_/_i ng circuitSwith a _pi ezoel ectric transformer

g

Table 3-6. The Basic bperation of the half-bridge circuit
- - e

Sates Switch Q; | Switch Q;: i . d _Thle'k_e_y to achieve ZV S conditions
High ON OFF To generate the positive voltage
Dead time OFF OFF To ensure input DC voltage do not in short circuit
Low OFF ON To generate the zero voltage

In practice, one important requirement of the switching driving circuit is the ZVS

condition. In switching power circuits, MOSFETs are usualy used as switching

components. MOSFETs have a drain to source parasitic capacitance Cg. When the

switch is at the “OFF’ state, the parasitic capacitor is charged. At the instant of

switching from “OFF’ state to “ON” state, the voltage on the parasitic capacitor vgs
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varies rapidly and thus a spike current igike iS generated, i.e. isike=Cuas(dVas/dt). The spike
current induces switching losses and becomes a source of EMI (ElectroMagnetic
Interferences).

To solve these problems, the ZV S technique was proposed. The ZVS means the
switch turns “ON” after the parasitic capacitor of the switch has been aready
discharged to zero voltage. Since voltage on the parasitic capacitor is fully discharged to
zero, there is no voltage variation (dvgs/dt =0) during the switching instant and thus the
spike current cannot be generated. The bgsi C opgration of the half-bridge circuit in

Table 3-6 does not consider;the ZV_S condition.carefully. The detailed operation of
the ZVS-mode half-bridge circuit lsdeprétred in Figu.re 3-11, and the corresponding
waveforms are shown in Figuré'?g-.;'Z.. Furthermo_re,.the operation of the ZVS-mode
half-bridge circuit with aPT is detailed as follows:

Sep 1. [to-tq]

In this period, switch Q1 is“ON” and switch Q. is“OFF” , thus v4e IS equal to Vpc.

This state is over until switch Q; isturned OFF.
Sep 2. [t1-t7]
In this period, the switches Q; and Q. are both “OFF’, so this period corresponds

to “dead time’. To achieve the ZV'S condition, the input current i; should flow in the

positive direction (from the half-bridge circuit to the PT). According to the current
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flowing direction, the capacitor Cyg is charged and the capacitor Cyg is discharged.
Therefore, the voltage of the high-side MOSFET vyg increases until reaching Vpc, and
the voltage of the low-side MOSFET vye decreases until reaching zero voltage. This
period is the key of the ZV S condition. If the dead time is not large enough, voltage vys
cannot be fully discharged to zero and the low-side switch cannot be turned “ON” at
zero voltage in the following stage. Therefore, increasing the dead time or the input
current can help capacitor Cys to fully discharge.

Step 3 [t-tg]

In this period, switches Q1:and'Q> are bo_th,still “OFF". Since voltage vys has been
discharged to zero, the body diodein the} Ioné/rs deM OSFET isforward bias. This period
is over when switch Q; is turned ON !

Step 4 [tsty]

In this period, switch Q, is“OFF" and switch Q. is“ON”. Since the voltage of the
low-side switch has reached zero in the last period, switch Q, is turned ON at the zero
voltage condition, at instant t3. In addition, the input inductor L; and the PT input
capacitor C, achieve the resonance in this period. To ensure switch Q; can switch at
zero voltage condition in the following period, this resonance has to make the flowing
direction of input current i; reverse at instant t,.

Sep 5 [ts-ts) :
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In this period, switches Q; and Q, are both “OFF”. The input current i, should flow
in the negative direction (from PT to the half-bridge circuit) and capacitor Cyq IS
discharged and capacitor Cye is charged. Therefore, the voltage of the high-side
MOSFET vyg decreases until reaching zero, and the voltage of the low-side MOSFET
Vge iNcreases until reaching Vpe. Actualy, this period is similar to Sep 2, but the input
current i isin adifferent direction.

Sep 6 [te-to] :

In this period, switches Q; and QZ_ gre bqt_h still “OFF’. Since the voltage vyq has

been discharged to zero, the body d; od__e |n thg_hi_glﬂ--si de MOSFET is forward bias. This

period is over when switch Q; is turned O NJ: .

VDC T B —_ T
E Nyim 3
1

Sep 1 [to-t4]: voltage vy at high state

VDC T T — T[T

_______________________________________

Sep 2 [t-ty]: Cyp isdischarged at dead time Sep 5 [ts-t5]: Cyqr isdischarge at dead time
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Figure 3-11. The operation of the ZV S-mode half-bridge circuit with a PT
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Figure 3-12. The waveforms of the ZV S-mode half-bridge circuit with a piezoelectric transformer




Table 3-7. The operation of the ZVS-mode half-bridge circuit with a PT

Seps Switch Q; | Switch Q, Thekey to achieve ZV S conditions
The LC resonance (input inductor L; and PT input capacitor
Step 1
ON OFF C,) must make the input current i, flow in the positive
[to-ta]
direction
1. Input current i; must flow in the positive direction.
Step 2 2. Thedead time and the input current i, have to large
OFF OFF
[t1-t7] enough te.make the capacitor Cy discharged to zero
ryc.yl_Elage. ~
Bl
Step 3 | #;’”
OFF OFRL © Hig:h_lside' :s'\’/vitcH;Qz can beturned ON at zero voltage here.
[to-tg] e :
Step 4 The LC resonance (input inductor L, and PT input capacitor
OFF ON
[ta-t4] C,) must make the input current flow in the negative direction.
1. Input current i;must flow in the negative direction.
Step 5 2. Thedead time and the input current i; have to large
OFF OFF
[ta-ts) enough to make the capacitor Cy discharged to zero
voltage.
Step 6
OFF OFF Low-side switch Q; can be turned ON at zero voltage here
[ts-te]
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Table 3-7 arranges the operations of the half-bridge circuit with a PT and the ZVS
condition. It should be noted that the ZV'S condition of the high-side switch Q; and the
low-side switch Q; are similar but independent. Based on the discussion above, it can be
noticed that the input current i; is obviously the key of the ZV'S condition. Specifically,
there are two main points of ZVS conditions. 1) the relationship between the voltage
Vi @nd the input current i; and 2) the magnitude of the input current during the dead
time should be large enough.

The anticipated Waveforms.betw_eenx the voltage Vae and the input current i, are
shown in Figure 3-13. The sign of thg mpﬁtr Currentdi .and the sign of dvye/dt must be
opposite to achieve the ZVS conditi_bﬁ. .Specificr.:llly, tﬁe input current i; must be negative
a the rising time of the voltage vye tO m;ﬂke the high-side switch Q; achieves ZVS
condition. However, this condition does not guarantee the low-side switch Q. can
achieve ZV'S condition. The input current i; must be also positive at the faling time of
the voltage vys to make the switch Q. achieve ZV S condition.

To describe this fact clearly, assume the high-side switch Q; is a ZVS condition
and thus the input current i, is negative at the rising time of the voltage vge. Table 3-8

lists three possible conditions under this assumption.

Case 1. The frequency of the input current is set near the switching frequency:
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According to Table 3-8, it can be seen that both two switches can achieve ZVS
condition when the frequency of the input current is set near the switching frequency.
However, it should be noted that the ZV'S condition may change when the duty cycle
varies. The range of the duty cycle variation is marked in the figure of case 1 in Table
3-8.

Case 2. The frequency of the input current is the higher than the switching frequency:

In this case, the low-side switch Q. may achieve or not the ZV S condition. In fact,
when the frequency of the input current .il IS set near. the odd harmonics of voltage vye,
the low-side switch Q. can achieveZV'S f;ond_iti onas:well. Specifically, when the duty
cycle is near 50%, it mainly includes t_h.e onti;a "ﬁarmonic.components. If the frequency of
the input current is set near an heirfhériié component, the low-side switch Q2 can achieve
ZV S condition as well. It should be noted that the ZV'S condition is changed when the
duty cycle is varied since the harmonic frequencies are changed as well. This fact
implies that there is only asmall range of duty cycle variation in this case.

Case 3. The frequency of the input current is the smaller than the switching frequency:

In this case, two switches cannot both achieve the ZV S condition at the steady state.
In the last row of Table 3-8, even if the two switches achieve the ZV'S condition in

certain period; they cannot keep the ZV S condition in the following period.

According to these three cases studied above, we can summary that the frequency
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of the input current has to be set higher than the switching frequency. However, a too
high frequency makes difficult to achieve the ZVS condition and leads to a smaller
range of the duty cycle variation. Therefore, the frequency of the input current is better
set alittle bit higher than the switching frequency.

The input current includes two components: L;C; input resonant current and the
mechanica current. The frequency of the mechanical current or said the operating
frequency of the PT should be set near the switching frequency to transfer the power
efficiently. However, the L,C; resonant frequgjcy does not necessary fit the switching
frequency, but the L;C; resonant f'requxency should:be higher than the switching

w 1

frequency ws to ensure the possibility (_)f thE_iZ:\'/S conditions, i.e. o, < 1
(N :

S

Vis2

—

Figure 3-13. The anticipated relationship between the voltage vy and the input current iy
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Table 3-8. The relationship between the voltage vy and the input current iy in different frequencies

Waveforms

Near the switching frequency <Q, can achieve ZVS condition>

Vis2

Case l.

iy

.E<—>E i
/g therangeof the | !
! duty cyclevariation! !

Higher than the switching frequency < Q, may achieve ZV S condition>

Case 2.

+ + therange of the
duty cycle variation

Case3 Smaller than the switching frequency< Q, cannot achieve ZV S condition>

Vis2
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Vis2

On the other hand, at the rising time of voltage vy, the negative current means the
input current i1 has to lag the voltage vye. To get a lag current, the voltage vy has to
enter into an inductive input network. The input network includes the L;C; resonant tank
and the mechanical current sink. The L1C1 resonant;tank here is a LC series resonance.
In the LC series resonance, the impédange ig capacitive below the resonant frequency
and is inductive above the resonant fregu;t:;::y which is shown in Figure 3-14 (a). The
impedance characteristics of thé":mérfﬁanical c_:tljfr.ent.sink is based on the impedance
characteristics of PT.

The equivalent circuit of PT is a LCC series-parallel resonant circuit. The LCC
series-parallel resonance is only inductive in the resonant range (resonant range is the
frequency range between the series resonant frequency and the parale resonant
frequency) and is capacitive in the other frequency ranges. It should be noted that the
impendence characteristic of the PT is load-dependent in the resonant range. Figure

3-14 (b) shows the PT impedance with the load variation. It can be seen that the PT

impedance may be capacitive or inductive in the resonant range. The input impedance

55



of the power stage is the superposition of the L;C; series resonant tank and the PT with
aload, as shown in Figure 3-15.

There are two possible inductive regions, which are the resonant range of the PT
and the frequency range above the L;C; resonant frequency. Since the mechanical
current may be inductive, it implies the ZVS condition can be achieved without the
input inductor L;. In such a case, however, the ZVS condition is highly load-dependent.
In addition, if there is no inductive network, the PT is supplied by the square wave
directly. Accordingly, the higher harmohi.c cqmponents of the input voltage excite the

residual vibration modes more easaly and thus decrease the efficiency of the PT. The

T r ™y

detail behavior of the residual vibration will.bé analyzed in the following section.
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Figure 3-14. The impedance and phase of the (a) LC resonance (b) PT with the load variation
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301 PT resonance L,C, resonance

inductive

capacitive

impedance (log scale)
phase (degree)
o

L,C, resonance

frequency frequency

@ (b)

Figure 3-15. (a) The impedance magnitude and (b) impedance phase of piezoelectric transformers with a
series inductor

Besides the relationship between voltage Vi and input current i,, the magnitude of

the input current must be large enough to d| scharge the parasitic capacitor of the

MOSFETSs. The capacitor discharge‘foll ows the refationship i=C (dv/dt). Since the dead

time tq is short, the discharge current shoula;be

im'+'i_L'C. '>'Cds\%. A (3-10)

wherei_c isthe current from L1Cy reﬁonance;. The discharge current is the current during

the dead time, which includes the mechanical current i, and L;C; resonant current. It

should be noted that when the PT can be inductive originally, current i, lags voltage Vge.

The mechanical current can help achieving the ZV S condition. However, when the PT is

capacitive and the mechanical current i, leads voltage vy during the dead time, the

mechanical current cancels the L;C; resonant current. The ZV'S condition is thus more
difficult to achieve. Table 3-9 resumes constraints for ZV S conditions.

Table 3-9. The constraints for ZV'S conditions

57



Thedischarge current source

Constraints of the ZV'S condition

Without

inductive networ k

Mechanical current iy,

Sensitive to the load variations

lower efficiency

With

inductive network

Input L;C, resonant current

and inductive mechanical current

L,C; resonant frequency has to be

larger than the switching frequency

ZV S condition is related the duty cycle

variation

ZV S conditions:

1. The current during the dead time-must.lgg,the valtage s 1o discharge the parasitic capacitor of

MOSFETSs.

2. Thedischarge current must large ehf)ljgh fo fully disc

&

e NI

hérg(_e t

he parasitic capacitor of MOSFETS.

3.4 Summary

This chapter demonstrated the basic properties of the piezoelectric transformers.

The output characteristics of the piezoelectric transformer were detailed. The

piezoelectric transformers are the highly load-dependent components since the resonant

frequencies of the piezoelectric transformers are dependent to the load impedance. The

|load-dependent characteristic is due to the phase difference of the mechanical current

and the piezoel ectric output voltage. The inductive compensation was also demonstrated
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to fix the resonant frequencies. As to the input section of the piezoelectric transformer,

the ZV S-mode half-bride input driving circuit was introduced. The detail operations and

the ZV S conditions of the half-bride input driving circuit were demonstrated. The ZVS

condition is the basic requirement of the piezoelectric transformers based converters in

the following chapters to achieve the highly efficient converter.

g .!l-.l
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Chapter 4. Rosen-type Piezodlectric Transformersbased CCFL

Inverters

A simple Rosen-type piezoelectric transformer based backlight inverter and its
design rules are fully developed in this chapter. Even though piezoelectric inverters are
more efficient than the electro-magnetic inverters in this type of application that
converts low voltage to high voltage, variable control methods were usually adopted
typically to fully redlize this advantage. The complexity of the control method makes
piezoelectric transformer (PT) difficult tg use_in large systems such as LCD-TV. In this
section, we start from the CCFL (co_Idxcathode fluerescent lamp) characteristics to
understand the requirements and theij Weﬂexamme the mechanical current, the power

curve and the loading condition-of the- Rosen-type piezoel ectric transformer. The result

implemented in acommercial 32 LCDTV proves the efficiency of our design.

4.1 The characteristics of the CCFL (cold cathode fluorescent lamp)
There are several characteristics of the fluorescent lamp have to be mentioned first
before designing the CCFL inverter:
1. Seady state impedance: [25, 26]
Even though CCFL is a very complex load, the CCFLs (Cold Cathode Fluorescent

Lamps) can be emulated as aresistor in the steady state since the voltage and the current
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on the CCFL arein phase. The CCFL impedance is the ratio of the lamp voltage and the
lamp current in the root mean sgquare values. Furthermore, the steady-state resistance of

the CCFL is current-dependent, which can be shown to be:

VS

R = =T,

, (1)

Lamp

where R.amp and iLamp are the resistance and the current of the CCFL respectively, Vsand
r are constants derived from the characteristics of CCFL. In this dissertation, CCFLs of
effective length 656mm currently used commercially is used as the experimenta load,
and linear curve-fit the testing datais sfpwn in_ FI gure 4-1 leads to:

V, =1426, r = 49545 (4-2)

According to equation (4-2) and chm'’s ial\'/i'f,:{'ﬁ"e relationships between the power and the
11 1Y :

load impedance of the CCFL caﬁ'be; obtained,' they .are shown in equation (4-3) and

Figure 4-1(b).

P _V2R+amp

lamp — ( 4 r) 2 (4-3)
R amp
1300 T T 8
® original data
——fitting curve
1250 q
.
= 7L
g 1200- ~~ \'\
=1 T~ 2
% ~_ g \
g 1150 [ s
. ~ - § 6
& 1100 - \
1050 s | ~—,
100% I L ! L L I ! . . . .
.5 4 45 5 55 6 6.5 7 75 140 170 200 230 260 290 320
Lamp Current (mA) equivalent resistance (kQ)
€Y (b)

Figure 4-1 (@) The voltage-current curve and (b) The power-resistance curve of the lighting CCFL
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2. Negative incremental impedance [25, 26, 27, 28]:

Incremental impedance is the ratio of the small-signal perturbation in lamp voltage
over the lamp current. The perturbation with different frequencies causes different
impedance. For example, when the lamp current is varied fast, the lamp current follows
line A in Figure 4-2. In the case of a slow-varying lamp current, the lamp current
follows line B in Figure 4-2. Therefore, the lamp incremental impedance is negative
when frequency in slow varying but positive for high frequency varying. According to

this phenomenon, the increment impedance Z, Canbe represented as:

2

Zinc =1 ‘-é—: E (4-4)
=
il

where z and p represent the zerd'a_r.ld fhe pole o'f___thé incremental impedance. At zero
frequency, the value of the incremental impedance is equal to the slope of the steady
state impedance r. Therefore, the order of the numerator and the denominator are equal
and there is a RHP (right half plane) zero in the incremental impedance. If the CCFL is
driven by the voltage source directly, the generated current owns a RHP pole, i.e. ijamp =
Viamp/Zine. The RHP pole causes the system to become unstable. Therefore, a network
with high incremental impedance is required to connect between the switching power
stage and the lamp to stabilize the lamp current. The circuit of the power switching

stage and the connected network is also called electrical ballast.
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A: fast variation

B: dow variation
A: fast variation

lamp voltage

R,

lamp current
Figure 4-2. The small-signal perturbation of the fluorescent |lamp operating at high frequency
3. Lamp current crest factor: [27]

The current crest factor is defined as the peak current of the waveform divided by
the RM S value of the current. The life of the C__:(_:FL is sensitive to the lamp current crest
factor. Specifically, smaller crest factor Ie@s to atenger life of the CCFL. The perfect
sguare, triangle and sinusoidal Waveformsﬁéve crest faptors 2, 1.7 and 1.4 respectively.
Thét is, pure sinusoidal Wa\/efofrﬁ_ig:mosx suitt;:\bl_e to drive the CCFL. Therefore, the
resonant network is usualy set between the switching stage and the CCFL to transfer
the switching waveform to the sinusoidal waveform on the CCFL. There are three
commonly-used resonant networks, which are LC series resonant, LC parallel resonant
and LCC series-parallel resonant networks. The LC parallel and the LCC series-paradlel
resonant networks can have high impedance at their paralel resonant frequencies.

However, even if the impedance of the resonant network is not high enough, we also

can use the feedback loop to stabilize the lamp.
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4. High strike voltage:

Before the CCFL is lighted, the CCFL is amost an open circuit. The CCFL needs a
high strike voltage to start up. After it has started up, the impedance of the CCFL
decreases, the required lamp voltage and the lamp impedance at steady state are aso
decreased. The strike voltage is roughly 1.5 times of the steady state lamp voltage in
most cases. The voltage conversion gain of the LCC resonant converters is highly
dependent on the load impedance. LCC resonant converter can easily produce very high
voltage gain a high load impedance cpnditi_o_n and have a lower gain a small load
impedance condition, which just fit"'the Igmp_ characteristics. Therefore, LCC resonant
converter iswell suited to drive CCFLdueu'Eo all|the chqracteristics mentioned above.

The impedance of piezoelectric _traiﬁsformers fncludes the mechanical resonance and
a paralel capacitor which forms the LCC resonance. Piezoelectric transformer can
provide a perfect sinusoidal voltage to the CCFL and obtain good crest factor. However,
it should be noted that connecting the LCC resonance network/piezoel ectric transformer
between the voltage source and the lamp do not guarantee the stability of the lamp. It is
difficult to achieve stability at series resonance/structural resonance. However, stability
can be achieved by using the external feedback loop. In addition, the Rosen-type

piezoelectric transformer can easily have the high voltage conversion gain in the open

circuit state since the input impedance and the output impedance of the Rosen-type PT
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is much different due to the different poling directions of input section and the output
section. Consequently, the Rosen-type PT can easily start up the lamp and both have the

good crest factor.

4.2 Physical limitations of the PT and the CCFL
As the CCFL can be emulated as a resistor in steady state, the equivalent circuit of
the Rosen-type PT based CCFL inverter can be represented in Figure 4-3. There are two
assumptionsin this equivalent circuit.
1. Themechanical current ispurely sinuspi dal in'steadly state,
2. The lamp current i, is controlled as aéénstant RM S value at specific frequency to
maintain the constant brightnéss .c.>f' the lamp,

Based on these two assumptions, the mechanical current can be viewed as a current

source. The equivalent circuit in Figure 4-3 can be further reduced as Figure 4-4.

| J CL— Im ] =

Figure 4-3. Equivalent circuit of half-bridge PT based CCFL inverter
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Moim —_ G R

Figure 4-4. PT fed by resistive load

According to Kirchhoff's current law, the load current can be derived as:

Moy

i = m (4-5)

The required mechanical current in the converter is determined by the load current.

i = in—L\/1+ (@C,R)? <l ma (4-6)

2

The mechanical current of the PT has the- maximum value since the larger mechanical

current leads to larger mechanical Iosseé’i__{.é;'imsz. To have the smaller mechanical

B

.

current, the transformation ration, sho:ul_fd beas large as'possi ble. However, we can only
design the dimensiona parametersof the PT in'practi cal applications. To understand the
relationship between the mechanical current and the dimensional parameters clearly,

substitute the equivalent circuit components in Table 3-2 into equation (4-6) Leads to

i iy MRy @7

According to equation (4-7), it is obvious that the width W and the thickness T of the PT
should be large to decrease the mechanical current under the constant lamp current
condition, but the tendency of the length L is not clear. In this dissertation, we have

adopted the PZT material provided from ELECERAM TECHNOLOGY Co. LTD, and
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the materia properties are listed in Table 4-2. First, substituting the material properties
into equation (4-7) and setting W=10mm, T=2mm to observe the practical tendency
between the PT length and the mechanical current. Then, we have fixed the lamp
current a 5mA making varying the product W*T for different kind of PT . Figure 4-5
shows the resulting mechanical currents versus different lengths with different lamp
currents. There are 5 curves in Figure 4-5(a), which represent the different lamp currents
from 4 to 9mA with 1mA step variation. It seems that there is a minimum mechanical
current in each curve. The smaller Iamp_currel_qt (or_said higher lamp impedance), the
minimum points occur at larger, PT I_engths._ This. fact implies that the higher lamp
impedance require larger length of th«% R(;sentype PT Once the length of the CCFL
increase, the larger length of the'Rogén;type PT'is required to have smaller mechanical
current and better efficiency. However, the length of the PT is limited by the operating
frequency in practice. In general, the CCFL have an optimal operating frequency range.
In such a range, the brightness efficiency and the life of the lamp are optimal. The
CCFL adopted in this dissertation should be set in the frequency range 40-70kHz, which
corresponds to the PT length from 45.7mm to 80mm. It can be seen that the PT length
cannot be too large, or the mechanica current will be too high. In this design example,

the operating frequency of the CCFL is set near 60kHz and the corresponding

Rosen-type PT length is 53mm. Furthermore, the mechanical current is set below 0.45A
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and the load current is set at 7mA, the product of the PT width and the PT thickness

should be set below 18mm? based on equation (4-7).

mechanical currrent (A)

N o o o o
> 14 ) ~ ®

o
w

12

The product
1+ of the width and the thickness
increases

10mm2

mechical current (A)

%49
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@

Figure 4-5. The mechanical currents versus lengths of the Rosen-type PT with (&) different lamp currents

(b) different produts of the PTwidth and the PT thickness
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Table 4-1. The equivalent circuit _L)f the Rosep—type piezoelectric transformer
Wo Lm Cn : Rm = Cy C, Ny N
47N, | pLWT 1 1 L, | WLel, | 2WTsl | Wd3, | 2WTd,,
s | — |0
L 8 Lo® | Qu\Cp | 2T L S Lss

Table 4-2. The Materia properties of the Rosen-type PT

Material properties (PZT-QA, ELECERAM TECHNOLOGY Co., LTD.):

N, = 1600 is the frequency constants of the longitudinal vibration (kHze mm)
pm= 7950 isthe density (kg/m®)

v = 0.16 isthe Poisson’s ratio
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Qm = 1800 is the mechanical quality factor

g5, =1450* 8.854 * 10 ?is the permittivity at constant strain condition, i.e. constant S (F/m)

ds3 = 340 *10™*2 are the piezoel ectric constants (m/V)

st, =1.47* 107" is the compliance constant under the constant electric field, i.e. constant E

4.3 Design of the Rosen-type PT based CCFL inverter

Both the PT mechanica current and the operating frequency of the CCFL are the
physica limitations. In addition, it.is important_ to design a piezoelectric transformer to
fit lamp voltage and lamp current at fh_e_ same timefor supplying the CCFL efficiently.
So the step-up ratio and the output currer:%of the piezpelectric transformer should be
examined. As CCFL can be emulated as a: 're_sisﬁve load in steady state, these

relationships are mentioned in equations (3-2~5). Applying equations (3-2~5), the

output power of the piezoelectric transformer can be obtained:

_ R (nv,,)?
Fou (@R = [(1+n%wC,X)? +(nN*wC,R )ZR*+(2n°R )R +n*(R. >+ X?)’ (4-8)
where;
1-0®C L,
X =—Im[ZME]=T- (4'9)

m

The output power of the piezoelectric transformer shown in equation (4-8) and the

required power of the CCFL shown in equation (4-3) have similar expressions and

similar exponent orders with load impedance R.. When piezoelectric transformer is
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connected to CCFL, i.e. R. = Rianp, it seems that the conditions of tracking the power of
the CCFL could be obtained by identifying the coefficients of equation (4-3) and
equation (4-8). However, these conditions are not useful in practice. The underlying
reason is that the power variations of the piezoel ectric transformer and the CCFL are not
identical and there are too many conditions to match simultaneously. In addition,
although the external load impedance may vary with the environment, such as the
temperature, its change can generaly be controlled within a pre-specified range per
specifications. Therefore, the power ggrve gf the piezoelectric transformer and the

CCFL only need to be idmtified_withi'n___s_pecifig_l oad range.

!
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Figure 4-6. Output power of the piezoelectric transformer (a) versus frequencies (b) versus loads
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To observe the output power of the piezoelectric transformer, a Rosen-type PT
model in Table 4-3 is adopted as an example. In this case, the load varies from 50kQ2 to
1000k<2 (Figure 4-6). Figure 4-6(a) can be roughly divided into three regions. In region
|, the power decreases when the load impedance increases. This is similar to the
relationship between the power and the load impedance of CCFL shown in Figure 4-1.
In region 11, the power and the load impedance do not have clear trend. In region 111, the
power increases when the load impedance decreases. Thisis in conflict with the power
characteristics of CCFL. Figure 4-6(b) shows__t_he curve of regions I, Il and 111 in more
detail. This ssmple observation impli&_thgt it may bepossible to track the power of the
CCFL inregion I, but difficult in regiqnl IiE}%Himpossiblein region Il1. Region | isthus
called the region of negativeslor')é' |n 'this disser.tétt_i_on.. In the negative-slope region, the

power changed with the load negatively, 1.e.

dP,, (@,R ) <0

) (4-10)

When the piezodectric transformer and the input voltage of the piezoelectric
transformer are chosen, the output power of the piezoelectric transformer can be viewed
as the function of the operating frequency and the load impedance. Apply equations
(4-8-10), the discriminant of the region of the negative impedance can be obtained:

n*(R.2+ X?)-[@+n*wC, X)?+(n*oCR, )R> <0 (4-11)
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On the other hand, it is known that piezoelectric transformer is efficient in the resonant

region, i.e., the region between the resonant frequency and the anti-resonant frequency.

More specifically, the piezoelectric transformer should be both set in the resonant region

and the negative-slope region at the same time to track the power of negative impedance

with good efficiency.

According to the equivalent circuit in Figure 3, the resonant frequency of the

piezoelectric transformer is:

-
i (4-12)
[ Cn+Cq

T r ™y

0> 0=

where o, istheresonant frequeney of fhéff)'i;éZOél ectfic transformer and where:
v ¥ _E | =4
1\l . 1HICRY
C.,=— —- ——=nC,~—-"2¢Lt" -
* o Im[Z, 5] _ . % (wCZRL)Z (13)
According to equations (4-10~13), the condition on the load range for driving a CCFL is

obtained as follows:

Rinf < RL < RSJp’ (4'14)
where:
—n?X
Ru = \/ »?°C,’(1+ n*wC,X) ' (4-19)
R, - n*(R2+ X?) (4.16)
"\ @+ n*eC,X)? +(n*oC,R )* "
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and Ryp and Ry are the upper bound and lower bound of the range of the load
impedance. It should be noted that equations (4-14~16) are only valid in the specific
frequency range. More specifically, each piezoelectric transformer can only drive the
CCFL in specific frequency and load range. On the other hand, equation (4-14~16) does
not consider the efficiency completely. Tracking the negative-slope power curve, it can
only ensure that the CCFL can be regulated by the piezoelectric transformer itself and
thus the efficiency of the piezoelectric transformer would not change significantly.
Operating in resonant range can only.ensur__e% piezoelectric transformer obtain good

efficiency. Both conditions do not‘guarantee piezoelectric transformer operate in the

Wi
==

highest efficiency condition. [}

In fact, the efficiency of the plezoel ectric trahs_for.mer relates only to the rea part of
the impedance as only the real part of the impedance dissipates the power. Therefore,
according the equivalent circuit shown in Figure 3-7, the efficiency of the piezoelectric

transformer becomes:

_ Re[Z, 0 ]
7= Re[Z\e] + RE[Z, ]

(4-17)

Once the piezoelectric transformer is chosen, equation (4-17) determines the load

impedance. It can easily be found that maximum efficiency is achieved when:

1
oC,

R = (4-18)
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where the superscript ()” represents the condition of the highest efficiency.

However, it should be noted that when condition shown in equation (4-18) is
achieved, the rea part of Zypr is maximum and the piezoelectric transformer output
power is minimum at the optima loading condition. Using the optimal loading
condition shown in equation (4-18) and the equality condition in equation (4-12), the
resonant frequency in the optimal loading condition becomes:

o = /w (4-19)
L,C..(2n,"C,)

Considering the relationship between the .opti maI |load and the region of power tracking
is a case of interest. By wbstitﬁting equgt;lrons (4-18) and (4-19) into the upper and

lower bounds of the load impedanp.e_sl‘:l(_)lwn?ih equati oné (4-15) and (4-16) yields that:
Ry= RI=R (4-20)
In addition, we can see that if the operating frequency is higher than the resonant
frequency under the optimal loading condition, i.e.o > o, , equation (4-14) will never
be satisfied. In other words, the operating frequency must be smaller than the resonant

frequency under the optimal loading condition in order to drive a negative-slope power,

0 <o, (4-21)
Equations (4-20) and (4-21) show that optimal loading condition is just the boundary of

the negative-slope region. However, if the operating frequency is set at resonant
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frequency with optimal load or if the connecting load matches the optimal loading
condition, the load remains constant such that the piezoelectric transformer fails to track
the power of negative-impedance load. In fact, if the operating frequency is close to the
resonant frequency with optimal load, the piezoelectric transformer has the best
efficiency but less ability to deal with load variation. In comparison, if the operating
frequency is smaler than the resonant frequency for optimal load, the piezoelectric
transformer is less efficient but has better ability to deal with load variations. In other
words, there is a trade-off between load yari ati_qns and efficiency.

This understanding also implies;that the xpiez_oellectric transformer cannot handle wide
load variations automatically. For dlfferentﬂlamps or.even same lamp with different load
ranges, the piezoelectric transfor'm_er. :slﬂould be re-designed accordingly. According to

equations (4-18) and (4-21) and the discussion above, the loading condition for negative

impedance becomes:

1
oC,

R < (4-22)
which implies that the output static capacitor should not match the load perfectly, but
must be set to a value higher than the one of the load.

Table 4-4 shows the design constraints of the PT based CCFL inverter. For asingle

layer Rosen-type piezoelectric transformer, there are at least four parameters to fit the

design constraints: i.e., the operating frequency, the length, the width, and the thickness.
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Furthermore, the input and output electrodes can also be design parameters even though
they are not significant parameters to shape the power curve of the load.

On the other hand, athough input voltage of the piezoelectric transformer is a
significant and easily implemented design parameter for the output power. The input
voltage is typically set by the system requirement. For example, the notebook computer
is typically powered by battery, which sets the voltage range available. In LCDTV
system, however, more choices are available for the supply voltage. As the piezoelectric
loss depends on the mechanical curreljt. flow_ through the piezoelectric transformer,

higher input voltage should be set to dp_tai n higher efficiency.

e

In this section, the input voltage was chbsé'ﬁ& be 120 \Volt and 400 Volt.
- I 3 |l e

Table 4-4. The'"(.:i'e;e_i gn constraints c')f___thé Rosen-type PT

Corresponding PT Valuesin the design
Constraints Purposes
dimensional factors example
Matching the lamp L=53mm (operated near
Operating frequency Length
characteristics 60kHz)
Larger width/thickness,
Small M echanical
Higher efficiency smaller mechanical WT>18mm?
current
current
S
Negative sope of L oad variation/stability wr > fab R WT >13.2mm?
(0]
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power curve

Sufficient Matching the lamp Pramg=7. TWatt/ijgmp
All

power /current voltage/current =7mA

Set proper series
ZV S Conditions Reducing switching loss Non

inductor

It is not easy to find the analytica solution of the output power with the
dimensional parameters, i.e. length;iwidth, and thickness. Three cases shown in Table

4-5 are used in the numerical si-mulétt_ior]s to. see the relationship between the power

|

o

curve and the dimensional parameters_ ;I nF:rgure 4-1, it..is shown that length variations
change the resonant frequency andthe width and thé thickness influences the output
power value significantly. Each CCFL has its suitable operating frequency to obtain the
largest lamp life.

As operating frequency is mainly decided by the length of the PT, it is better to
chose the length first in order to ensure the operating frequency of the piezoelectric
transformer stays in the suitable frequency range of CCFL. Width and thickness can be
used to shape the power curve to make sure the output power provided by the
piezoelectric transformer is enough to light the lamp while being able to handle the load

variations.
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In brief conclusion, three design parameters, i.e. length, width, and thickness, are
used to match the three frequency operating requirements, i.e., the frequency of the

lamp, sufficient power, and the various trend of the power curve.

Table 4-5. The testing size of the Rosen-type PT

Length L Wdth W Thickness T
casel 48~53mm fixed at 7.5mm fixed at 2mm
case? Fixed at 5_3mrh 3 7.5-15mm fixed at 2mm
case3 fixed at; 5_3m.n.:|,.. .f". f| xed g_r'_?_.Smm 1.3~3mm

conditions .l i ;:g,éll??vm aqd_ _;ZOOkQ

Output Power

I Il
57 59 61 63 65 67

Frequency (kHz)

@
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(b) (0)
Figure 4-7. The dimensional variation of the Rosen-type piezoelectric transformers: (a) length (a) width (c)
thickness
Before choosing the optimal width and thickness of the piezoel ectric transformer, it
should be noted that it was known.tha; the-' .'Iarger width or larger thickness of the

Rosen-type PT can endure higher transﬁef o;",power. .Hov_vever, in Figure 4-7(c), the

_—

ar

T

smaller thickness admits higher p?\./v_er: t_'rangfbrmétiorj._ This is because smaller thickness
leads to larger electro-mechanical tféhsformaﬁ on réﬁo n; and thus leads to smaller input
impedance. More specifically, the smaller thickness allows higher power transfer, but it
does not guarantee the piezoel ectric transformer can endure higher power transfer.

The simplest way to solve this problem is to set a lower bound on the thickness.
This thickness lower bound ensures the piezoelectric transformer itself can endure
enough power while setting the preferred thickness. Although it was known that the
width and the thickness can shape the power curve, the relationships between the width
and thickness are not clear now. In fact, the loading condition in equation (4-22) can

provide this relationship. Substituting the equivalent circuit model shown in Table 4-1
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into the equation (4-22) yields that:

S
wr > &=k (4-23)

(0]
Equation (4-23) can ensure the piezoel ectric transformer to operate in the negative-slope
region. It is mentioned that the most efficient loading condition is the boundary
condition of equation (4-22). To obtain higher efficiency and enough load variations,
one can use equation (4-23) and start from smaller value of the width-thickness product
to fit the power curve, i.e. Poy = Plamp Up to the thickness lower bound. The full
proposed optimization method is shewn ln Fi gure 4-8.

The targeted specification;;of LC_:D:TV_ IS shown in Table 4-6. The length of
piezoel ectric transformers was chasen at 5§mm to operqte in suitable frequency range of
CCFL. In addition, there are two'co_nqiti ons that'should be satisfied at the same time, i.e.
the load power and the load variation, which are shown in equations (4-8) and (4-10)
respectively. It should be noted that the analytic model in this paper do not consider the
other resonant mode of piezoelectric transformer. However, load current also includes
harmonic components, especially the third harmonic of the fundamental frequency. The
third harmonic current is roughly the 0.095 of the total current by experiment. On the
other hand, load voltage waveform is sinusoidal as the piezoelectric transformer is a

good band-pass filter. This fact implies the third harmonic load current may influence

the value of load impedance, but load power would not be significantly influenced.
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Owing to harmonic current also contributes to the brightness of CCFL, the load power

should be corrected with the factor 0.095. It is important to make the model correction

here because piezoel ectric transformers are sensitive to the load characteristics.

Start

Choose the length
by thelamp frequency
v
Choose the product of width and thickness
(start from smaller product)

S
|

by wt > Z2 R
0

.

Change the width and the thickness
to match the output power between
the lamp and the piezoel ectric transformer

!

no

yes

Choose the oper ating frequency

Load variation
isenough ?

yes

End

Figure 4-8. the fully optimal procedure of the single-layer Rosen-type piezoel ectric transformer

Table 4-6. the specification of CCFL in LCDTV

input voltage (DC) 400Volt
driving circuit half-bridge
operating frequency (kHz) 40k~70kHz

82



lamp current (V) 7 mMA s

3.2r
°
3r °
€ o o
€ 2.8 e o o
“; e o 0 0 o
» 2.6F e o 0 0 o
Q e o 0 0 o
S 2.4 e o 0o o
c e o o
T 2.2¢ .
2L
1'84 6 8 10 12 14
width (mm)

Figure 4-9. optimal width and thickness of piezoel ectric transformers with length 53mm

According to the optimized procedurg;gFl '(jure 4-8) and the specification of CCFL
(Table 4-6), the optimal piezoel ectnc tiréns%rmer isobtained in Figure 4-9. It should be
noted that the optimal sizeis not an IeXact value, |e itisactually located within arange.
The larger size causes large losses due to the larger mechanical resistance.

To examine the correction of the optimal size, therefore, width 7.5mm with four
different thicknesses. 2mm, 2.4mm, 2.6 mm were manufactured (see Figure 4-10), the
corresponding temperature rise are shown in Table 4-7. Consider both the size and the
temperature rise; the size 53*7.5* 2.4 mm would be better one, which agrees well with
the result shown in Figure 4-9 and mechanical current. The half-bridge circuit is used to

drive two piezoelectric transformers at the same time with a 3mH series inductor

(Figure 4-11). This series inductor is used to achieve the zero voltage switching
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condition and does not change the curve of output power significantly. The load voltage
and the load current are shown in Table 4-8. This piezoelectric transformer based
inverter works with only 3°C temperature rise. It can also see that load impedances of
both two testing CCFLs are located in the theoretical load range well. Figure 4-12
shows the test results of a commercially available LCDTV backlight lighted by using
piezoelectric transformer based inverter with only 5°C temperature rise under room

temperature at 25 °C.

Figure 4-10. The specimens of the Rosen-type piezoel ectric transformers

(from left to right are 2.6mm, 2.4mm and 2mm respectively)
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Table 4-7. Specimens of Rosen-type piezoel ectric transformers

Size of the piezoelectric transfor mer

Temperaturerises

53*7.5*2mm Unstable
53*7.5*2.4mm Within 10°C
53*7.5*2.6mm Within 7°C
400V
l_>
p} :
4 3mH
Driving T T
Circuit L—_D ‘ Piezo-Transformer ‘F
SRS . ~ .
(AL

»-{ Piezo-Transformer ‘

I. I.t

1 Fy I
il =

I

Figure 4-11. The piezoelectric trénsformer based inverter for two CCFLs

Table 4-8. The testing of optimal piezoelectric transformer based inverter

size of the piezoelectric transformer 53*7.5*2.4mm

operating frequency 60.3kHz

input power 18.8W

load voltage 1.23kV s and 1.20kV s
load current 6.98MA s and 7.16mA s
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output power 17.04W

efficiency 90.6%
load impedance 176.22kQ and 167.6kQ
possible load variation by calculation 81.37kQ~ 196.09kQ

- m | ¥ oo B
Figure 4-12. The piezoel ectric-transtorm+ _Las‘éd"l'nvﬁer for commercial 32" LCDTV backlight
e | & | Pl

4.4 Summary

Piezoelectric transformer can efficiently drive CCFL at fixed frequency condition

as long as the power curve between piezoelectric transformer and CCFL were

considered carefully. The trend of these two power curves should be the same, and the

concept of negative-slope range is thus derived in this chapter. In negative-slope region,

the piezoelectric transformer has little ability to regulate the power. Consequently, the

traditional impedance matching condition should be changed, which implies

piezoelectric transformer should sacrifice its efficiency dlightly to achieve
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fixed-frequency operation. Combining two conditions of load power and load power

variation leads to the design of a piezoelectric transformer of optimal size at specific

frequency. In summary, the results shown in this chapter verify that the proposed design

rule is suitable to design a piezoelectric transformer based inverter with fixed-frequency

operation.

g .!l-.l
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Chapter 5.  Piezoelectric Transformer based DC/DC

Converter

The design of the piezoelectric transformer is more complex than the CCFL
inverter due to the nonlinearity of the rectifier. In addition, the practical use of the
DC/DC converter isto supply alow voltage but high current load, which is opposite the
characteristic of piezoelectric transformers. Lin and Lee first proposed a design flow of
a PT in the use of the DC/DC converter [11, 12]. In his paper, Lin states that the
rectifier is equivalent to a pure resistgr be_cause the characteristics of the PT are
well-known in this case. This.methpdxdev_eloped by Lin has been widely used to
simplify PT design procedures, 6peC|a1“IryTor r&eonant converters. However, this
method is only correct when the i'hpu'F Vbltage andthe input current of the rectifier arein
phase at the operating frequency. If a phase difference exists between the voltage and
the current, the equivalent impedance requires involving a reactive component. In most
cases, it usually exists a phase difference between the input voltage and input current of
the PT fed rectifier [13, 14]. The underlying reason lies in the output capacitor of the PT,
which needs to be charged and discharged at each period. Moreover, the phase
difference varies with the operating frequency and the load values. In other words, the

phase difference cannot be neglected. Therefore, it is important to examine the output

voltage/current waveforms of the PT directly and then incorporate it into the PT design

89



procedure. In this dissertation, the relationship between the vibration velocity and the
waveforms of the PT fed rectifier is analyzed in detail to develop the genera design
procedure of the piezoelectric transformers under the constant load voltage condition.
Then, the conducted electromagnetic interference (EMI) was then modeled and
measured to prove the proposed converter have lower EMI than the electromagnetic

converter.

5.1 Analysisof Piezoelectric Transfor mer fe(__i_VoItageM ode Rectifiers
5.1.1 Topologies of the PT fed rectifiers_ ‘

Based on the previous discussi on., .it :\;%s"known that the PT needs an input driving
circuit to excite PT vibrations andalso an,.output .interfacing circuit or network is
required to condition the output signal indesired form. As the loads of PTs, there are
basically two kinds of loads, they are AC loads and DC loads. AC loads and DC loads
have AC voltage/current and the DC voltage/current across it respectively. The output
signals from the PT are always AC signals due to PT transfer the energy efficiently by
the vibration but not the deformation. Specificaly, the PT is only transfer power
efficiently near the resonance, so its operating frequency is near the resonant frequency

of the PT. In the application of DC/DC or AC/DC converters, which is also the major

interest of this dissertation, a DC load is connected to the PT [29, 30]. Therefore, a
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rectifier has to be inserted in between the PT output terminal and the DC load. The
complete block diagram of the PT based converter is shown in Figure 5-1. There are
several different kinds of the rectifiers. It should be noted that there is no “best” choice
of the rectifiers for PT basicaly, but only the “proper” choices. The selection is mainly
based on the application and the targeted specification, but there are some basic
criterions to choose a proper rectifier.

1. fewer components:

In practice, all components have in.ternal __l.pss. Fewer components normally induce
less loss. Therefore, the simpler;topol (_)gigs of the rectifiers are preferred. At the same
time, the simpler topologiesaso mean._ |Iow§?‘ Eba.

2. higher power density of the PT _. . |

It prefers designing a PT which can transfer power as high as possible in the same
volume, or say as high as the power density. Besides the improvement of the material,
the interfacing circuit of the piezoelectric layer also influences the power density. For

example, if there is a phase difference between the voltage and the current, the power at

the PT output terminal flows in both directions of the piezoelectric layers.

Input | Piezoelectric | |
Voe— | npd Output Rectifier %TVL

Driving Circuit | | Transformer

Figure 5-1. The block diagram of the PT based DC/DC converter
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The high-bridge PT based DC/DC converter with voltage mode rectifier is shown in
Figure 5-2. It should be noted that the PT transfers the energy at the switching frequency,
but the load receives the energy in DC form. For simplicity of analysis, the converter
can be divided into the fast system (AC switching frequency) and the slow system (DC
load) based on two different operating frequencies. In our theoretical analysis, there are
two basic assumptions:

1. Themechanical current i, is pure sinusoidal wave in the steady state.

2. Thefiltering capacitance Cs is Iarger. enough than the output capacitor C, of the PT,

i.e.C,/Cs =0, so theload voltage VL_can be viewed.as aperfect DC voltage sink.

o

3. Thediodevoltage dropsisset0. || =
kl LR
According the principle of fewer compoﬁénts, .two simple diode rectifiers are
discussed which are voltage-mode full-waverectifier and the half-wave rectifier. Based

on the first assumption, the mechanical current can be equivalent to a sinusoidal source

of the PT output capacitor and the rectifier (Figure 5-3).

_____________________

Figure 5-2. High-bridge PT based DC/DC converter with voltage mode rectifier
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Figure 5-4. The voltage and current waveform in the input side of (a) the half wave and (b) the full-wave

voltage-mode rectifier
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5.1.2 State equation of the slow system

According to the equivalent circuits in Figure 5-3, the current i, and voltage Viec
waveforms at the input of the rectifiers are shown in Figure 5-4. The waveform can be
divided into four periods. In the first and third period, the diode is blocked, and the PT
output capacitor is charging or discharging. When the voltage of the output capacitor is
fully charged to the load voltage or discharge to zero voltage, the diodes start to conduct

and the current flowing to the load, This fact implies:

(5-1)

where 0 is the phase angle, i.e. 6 =wtand 6, represents the phase angle when
diode is blocked or called diode block angle. m is the parameter related to the charging
voltage level. m=1 in the haf-wave rectifier but m=2 in the full-wave rectifier.
Charging voltage level is the fundamental difference between half-wave rectifier and the
full-wave rectifier, hence the parameter m is adopted to distinguish the haf-wave
rectifier and the full-wave rectifier. Equation (5-1) can be derived to find the diode

block angle:
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0, = cos(1- MoCV, (5-2)

2'm
On the other hand, according to the equivalent circuits in Figure 5-3, the waveforms in

Figure 5-4 and Kirchhoff's law, the state equations of the slow system can be obtained:

1% and 3" period:

dv, V,
gt —E (5-3)
2" period and 4™ period of the full-wave rectifier:
v, v, .
(C2+Cf)T=—E+n2Imsmwt (5-4)
4™ period of the half-wave rectifier;
v’ v
1t~ R (5-5)

Since the frequency at the load'is mucf?%maller thqn the switching frequency, the
average method can be adopted to 'f_i.l’.ld fhe Iine& 'st__até eguations. Equations (5-3~5) can
be combined by multiplying their period répectively. It should be noted that the 4™
period of the full-wave rectifier and the half wave rectifier are not the same due to the
waveform of the half-wave rectifier is not symmetric as the full-wave rectifier. After the
average the waveform by each period, the average state equation of the slow system can

be obtained as follows:

2
L=—2ﬂ+me2RLVL+ 2 -
27(C_ +C,)R. n(C . +C,)

(5-6)
When the system reaches the steady state, the derivative of load voltage is equal to zero,
i.e. V, =0.Therefore, the load voltage can be expressed as:
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VL = 25' nzlm
27 + moC,R.

(5-7)

The diode block angleis re-arranged by substituting equation (5-7) into equation (5-2):

27 —m*oC, RL)

0, = cos™(
27 + MwC,R.

(5-8)
Equation (5-8) shows clearly the diode block angle is decided by thewC,R, . In fact,

oC,R is a significant factor. This factor is related to the efficiency. It implies diode

block angleis also related to efficiency. The efficiency of the PT can be written as:

V.
ne———b (59)
LR
2" R,

The optimal loading condition;is<occurred at dn /@R =0. Therefore, the optima

w 1

loading condition of the PT with the volta'_c'jé?iﬁode rectifier can be derived as

2
m’oC, !

R = (5-10)
where the superscript ()” represents the optimal efficient value. It should be noted that
this optimal loading condition is larger than the well-known optimal loading condition.
The diode block angle becomes:

6, = (5-11)

T
2
No matter full-wave or half-wave rectifier, the block angles are half period under at
optimal loading condition. This is one of invariant characteristics under the optimal

loading condition. After obtaining the characteristics of the slow system in steady state,

another issue of interest isits small signal model. Adding the small perturbation into the
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each signal and linearizing the state equation of the slow system at specific operating

point. The small signal state equation of the slow system can be obtained:

. 2
V__27r+ma)C2RLV+ 2

= nl -12
Y 27(C_+C,)R " x(C_+C,) ° (5-12)

where the cap superscript “~” represent the small perturbation. The output of interest is

the load voltage, equation (5-12) yields the transfer function:

2n,
& _ 7(C . +C)
fm - N 27 + moC,R, (>-13)
2r(C . +C,)R.

Both the dominate pole and the gain of the small signal model of the slow system are

clear in equation (5-13). So far, the aria_!__yj[i cal modelof the slow system is fully obtained.

Y ' )

Some important characteristics ofithe sIov‘istubsystem in this section are arranged in

Table 5-1.
Table 5-1. The characteristics of PT fed voltage mode rectifier
Full-wave Rectifier Half-wave Rectifier
e vol 2R 2R
oad voltages = =
« Y 20C,R +7 " Y wC,R +27 "
2n 2, 2 2n 2, 2
load powers P =(——2)°I P =(==*—)°I
p =Gaores) "R | R=lgriz) "R
diodes block 26C 5 c
_ _ -
0, = cos (Z—22 ZRL) 0, = cos (P2t ZRL)
m+20C,R. 2r +wC,R.
angles
optimal loading 5
* T * JT
Ro= 20C, R= oC,
conditions
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conduction angle
* T * T
at optimal 6, =— 0, =~
p b 2 b 2
conditions
small signal L L
n(C +C)) 7(C +C,)
| , 2r+40CR , 21+0oCR
transfer functionss 27(C_+C,)R. 27(C_ +C,)R.

5.1.3. State equation of the PT output capacitor

The average state equation of the slow system describes the dynamic/static
characteristics of the filtering capac;itbr arJd the foad vaoltage, but it cannot describe the
behavior of the PT output capaciter. Tlhei;aderlyl ng reason is that the load voltage is
slow compared to the mechanicél': current sourg::eJ .but.the operating frequency of PT is
same as the switching frequency. In other words, the average state equation is only
suitable for the slow system. As to the fast system, we focus on the fundamental
harmonic component of each waveform because the energy is mainly transmitted by the
resonance near the switching frequency. Since the average state equation cannot be used,
the state equations of each period should be considered directly. Specificaly, the state
variable of interest is the PT output capacitor voltage, and the target is to know the

fundamental harmonic component of the PT capacitor voltage vie.. The PT capacitor

voltage in the second period and fourth period are trivia in Figure 5-4 and the first
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period and the third period have the symmetrical characteristic. Therefore, the state
eguation of thefirst period is only examined.
Sate equation of the 1% period:

oC, Wieo(0) =

|_sing (5-14)

with initial condition

v_(0)= 0 half wave rectifier 515
=TTV, full wave rectifier (519

with final condition
Vieo (B 2V, (5-16)

g1 R

Applying equations (5-14)~(5-16) .and'obser\'/i ng. the waveforms in Figure 5-4, the

analytical expression of the PT output capacitor voltage waveform can be obtained:

half wave rectifier:

Ve = (nz—cl:m (1-cosf))[H(@O -6,)-H@O)]+V. [HO-7)-H(O-6,)]
0L,

0 (5-17)
+(V, ~2 (1= CosO)[H (0~ (7 +6,)) ~H(0 - )]
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. full wave rectifier:

Vi = (L2 (1-0080) =V, )[H (0 ~6,) = H (0)]

LV [H@O-7)-H@O-6,)]
Cn (5-18)
+ (% (L+cos0) + V) [H(O - (7 +6,)) - H (@ - )]

-V[H@O@-27)-H(@O - (7 +6,))]

Next, apply the Fourier analysis to both waveforms in equations (5-17) and (5-18) to
find the first harmonic component:
vih = _x*sinet+1 _x°cosot (5-19)

where
4 2n,R(L+ cost)
(0GR + mm)
-+ WR || 5802, -2,
m(@C,Ry+mr)Tl 1 ¢oso, -

(5-20)

(5-21)
and where the superscript “fh” denot& the flrst hdmonic component. It should be
mentioned that the PT output capacitor voltage can be in terms of the mechanical
current or load voltage, but in terms of the mechanical current is easier to describe the to
fast system in the following analysis. This fact implies the PT output capacitor is the

key to connect the fast sub-system and the slow sub-system together.

5.1.4 State Equations of the Fast System
The equivalent circuit of the fast system is shown in the Figure 5-5 and the state

equations can be written as follows:
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T E (v, —V,) (5-22)

% _ Cil(i1 ~nji,) (5-23)

% _ (':_n; (5-24)

% = L—lm(nlv1 — NV — 1, R, =V ) (5-25)

1:n bw G Ro
oy M }_\/\/\/;.
I-1 . -
Vin Vi | T Im nzvrf:c
C

Figure 5-5; The:equivalent circuit of the fast system

The method of harmonic|balance—i& adopted. All the State variables are

approximated as the single harmonic V\:/e_ltve:"?'

Wl Enet® (5-26)

i, =17 cosot + 17 sinmt (5-27)

v, =V, cosmt +V,°sinot (5-28)

i, =1,sn(wt+6)=1;cosot+I>sinot (5-29)
Ve =V¢ cosot+Ve sinot (5-30)

vh =1 _x°cos(ot +0)+ 1 _x°sin(wt + ) (5-31)

It should be noted that the phase angle 6 of the mechanica current is introduced to

show the phase difference between the input signal of the converter and the mechanical

current. Thus, the first harmonic of the PT output capacitor voltage also has the phase
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angle. Compared with the equation (5-29) and equation (5-31), the first harmonic of the
PT output capacitor voltage can be written without the phase angled :
Vi = (15x° + 1 2x°) cosot + (=1 S + 1 5x°) sinot (5-32)

To find the dynamics, the state variables in equations (5-26)~(5-30) are differentiated:

di, ,dI] s di’ o
d—tlz( dtl +l;)cosot + ( dtl —olf)sinet (5-33)
dv, dVf s dv,° o
d—tlz( dtl +oV,*) cosmt + ( dtl —oV)sinot (5-34)
di di; di® :
—M = (=" + @l °)cosot + (—2 —wl ¢ ) sinwt 5-35
dt (dtmm) w+(dt Oln)Sne (5-39)
dv.  dV¢ . v ¢\
d(t:m = ( dtcm +wVCm)COS@t+(T?“—wVCm)Snwt (5-36)
For half bridge input circuit,
| 2=
Vo= T sin(zd) (5-37)
E o AR ;

According to the concept of"':t'he; harmonié'balénce, compared with equations

(5-22)~(5-25) and equations (5-32)~(5-37), the dynamic state equations can be

obtained:
%= Ax+BV,, (5-39)
where
e (A R I VS | (5-39)
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0 —o -2 0 0 0 0 0
L
o 0 o0 -% 0 0 0O 0
L
1 9 o -o N 0 0O 0
Cl C:l
o X & 0 0 N 0 0
a-| G “ (5-40)
o o M o -nx*-R,  nx* 1 0
0o 0o o M o,y -ne-Rg0 1
0O 0 0 O 1 0 0 -o
C.,
1
0O 0 0 O 0 = w 0
L Cm _
2 : T
B:{—Sin(ﬂd) ‘0 0000 00 o} (5-41)
ﬂ 4

Under the steady state, the state vériab) es~c§l_e I’;O,t change with time, i.e. x=0. The state

¥
| | AR

variable can be obtained by:

e ATy (5-42)
The mechanica current is:

=19 15 (5-43)
Once the mechanical current is acquired, the characteristics of the slow system in the
steady state condition can be known by Table 5-1. Add the small perturbation on
equations (5-33)~(5-38) and linearized the equations. The small signal state equation of
the fast system is derived:

%= AX+BV, +Ed (5-44)
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And the output equation from equation (5-43) becomes:

l,=C

>

(5-45)

where

ER)

Cc
m

C=/0 000

00 (5-46)

[N
So far, both steady state model and the small signal model were fully obtained. The

completed block diagrams of the models are shown in Figure 5-6.

fast system slow system
Im

2
Vos—={X=AX+BV, | =V __ZrmoCR,, 2

nil_+—»
LT ToR(C +C)R T a(C 4y 2 TV
fast system ' || = | sl_oWsystem
. . = 0 A ? A ~ .
Voo — X =AX+BV, +Ed[-"» VL=—2ﬂ+ma)C2RLVL+ 2 Nl =V
? 2r(C . +C,)R. n(C . +C,)
d

(b)
Figure 5-6. The block diagram of the converter (a) large signal dynamic model (b) small signal dynamic
model
The simulation software PSIM was used to verify the theoretical model. All
components are set as the example where [L1 C1 Ny Ly Cry Ry C2 Cr] = [600uH 4nF 1
30mH 100pF 10Q2 4 30nF 10uF]. In addition input voltage, duty ratio, operating

frequency and load resistor are set at 20Volt, 0.4, 50Q respectively. Both the steady state
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model and the small signa model of PT based DC/DC converter (with full bridge

rectifier) are shown in Figure 5-7.
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7. The block diagram of the converter

Figure 5-

(a) large signal dynamic model including theoretical prediction (left figure) and experimental prediction

(right figure) (b) small signal dynamic model including simulation (red line) and theoretical prediction

(blueline)
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5.1.5 Selection of the PT fed rectifiers

So far, two PT fed rectifier has aready analyzed. It is interesting to know which
rectifier better is better. First, consider the case that two equal PTs with equal
mechanical currents are connected to the full-wave and the haf-wave rectifiers
respectively. Equal mechanical currents and PTs implies the mechanical losses, i.e.
(U/2)17Rn,, in the PTs are equal. According to Table 5-1, the relationship between the

load voltage and the mechanical current are:

2n,R'
V! =——21t | (full-waverectifier 5-47
" 20C,R"+7 (T ) (5-47)
2n,R
Vh=—"2% | (haf-waverectifier -
T aCR +2n NN N (5-48)

where the superscripts “f”" and *h” _he'r'éi'r'r;épresent the full-wave rectifier and the
11 1Y :
half-wave rectifier respectively. T‘he réqui rethload resi étance can be derived as follows:

V[ |
2n,l —20CNV," "

27V, .
I, (haf-wave rectifier 5-50
2n,l, —oC\V," ( ) (5-50)

R -

(full-wave rectifier) (5-49)

R"=
When the load voltage and the mechanical current are equal, the load resistance of the
half-wave rectifier is smaller than the load value of the full-wave rectifier. Accordingly,
the received load power (V. ?/R.) of the full-wave rectifier is larger than the load power
of the half-wave rectifier in this case. Since the main losses are equal, the full-wave
rectifier can obtain better efficiency than the half-wave rectifier. In fact, the underlying

reason is that the full-wave rectifier transfers power to the load in both 2nd period and
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4th period, but the half-wave rectifier only transfers the power to the load in 2nd period.

Secondly, consider the case that the load voltage and the load current are both
equal. Specifically, we fixed the load specifications but connecting different rectifiers to
the PT. Since the rectified current of the half-wave rectifier only flow to the load in the
2nd period, the rectified current i in the half-wave rectifier should be larger than it in
the full-wave rectifier to get enough load current. To get larger load current, the
mechanica current should be larger or the mechanical-electrical ratio n, should be
larger. However, larger mechanical currgnt Iea_d_s the larger loss, and the larger n, value
leads larger size of the PT. In this/discussion, the'fullzwave rectifier is still the better
choice. It should be mentioned that |tse:q;ﬁs that the.full-wave rectifier have double
diode voltage drops, but there is'r'c')_ﬁghl.y half recﬁj_‘ied current in the full-wave rectifier
which cancels the effect of the voltage drops. Specifically, the losses in the two
rectifiers are similar.

In brief summary, the half-wave rectifier only has half amount of the diodes, but
the connected half-wave rectifier leads the larger size of the PT or smaller delivered
power. The discussion shows that the topology of the power stage can influence the size
of PT. More specifically, the full-wave rectifier decreases the size of PT but do not

sacrifice the efficiency of the converter. Therefore, we adopted the full-wave rectifier to

make a DC/DC converter in the following section.
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5.2 Design of Piezoelectric Transformer based DC/DC converter

5.2.1 The relationship between the PT fed rectifier and the mechanical current

In previous section, we neglected the effect of the diode drops. However, to

understand the losses in the PT fed rectifier more clearly, the voltage drop Vp is

considered in this section. Figure 5-8 redraw the waveforms of the PT fed full-wave

rectifier with the voltage drops.

Ndf 1% 0 20 0 3¢ | gn
o
Irec
0
BV

Figure 5-8. Voltage and current waveforms of the PT fed full-wave rectifier

The analysis of this waveform is similar as mentioned above. In the first period

0 €[0,6,]and third period 6 €[7,7 +6,], the diode was blocked and thus there was no

current flowing to the load. The PT output capacitor was being charged and

discharged in the first and third period respectively. Therefore,
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1 ) .
w_czjo Nyl SIN6AO = 2V, +2V,,) (5-51)
In the second period 6 e<[6,,7] and fourth period 6 <[x +6,,2r], diodes are
conducted and the rectifier voltage equals to the sum of the load voltage and the diode
voltage drops. In addition, the load current |, is the average current of the rectifier

current. Therefore, the load current can be derived:

R
E_|0_;j9bn2|msmeo|9 (5-52)

Combining Egs. (5-51) and (5-52), the relationship between load voltage and the

mechanical current can be seen as follows:

-
=——Lt&£— (n,l_-20€C)\V, -

Furthermore, the efficiency of the convertét:f S

CON| L | Vg 554
PR T (5-54)

where B, ad B, represent the loss in the piezoelectric transformer and in the

rectifier respectively, and P, represents the load power.

1
PP‘I'Ioss = E I mZRm (5'55)
V
Po = 2Vp =~ (5-56)
RL
V 2
P = (5-57)
R

In equations (5-54)~(5-57), the efficiency varied with the load impedance, which

implies that an optimally efficient loading condition exists. The optimal loading
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condition occurred a dn/dR =0, which was mentioned in equation (5-8). The optimal

loading condition is repeated as follows:

o
20C,

R’ (5-58)
In actuality, equation (5-58) is the condition when the load voltage varies with the load
impedance but does not get regulated since the voltage is not constant. However, in
practice, a DC/DC converter requires voltage regulation. In our paper, our objective
was to obtain the case where there is a constant load voltage. Assuming that the load
voltage is constant and applying the;condition. ._dn IdR, =0 to equations (5-54)~(5-57),
the optimal loading condition can.th be f:har_lg,ed as follows:

Equation (9) is a trivial equation as i:t.only occurs at the condition where there is no
current passing through the piezoelectric transformer or when the piezoelectric
transformer is a an ideal condition without any presence of resistive loss (damping).
In fact, the left hand side of equation (5-59) represents the loss in the piezoelectric
transformer. More specifically, since equation (5-59) shows no loss from the
piezoel ectric transformer, therefore we can assume maximum efficiency has taken place.
Since mechanical resistance is mainly afactor of the material properties, the magnitude

of the mechanical current is the key to efficiency but not to the optima loading

condition in equation (5-58). This result is ssmple but significant as most previous
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research has only mentioned that the optimal loading variable is the key design factor of
apiezoelectric transformer. The above analysis clearly states that thisis not correct in
cases when voltage regulation needs to be taken into account.

It was known the mechanical current of the piezoelectric transformer is an
important design factor. However, it does not correlate well with the optimal loading
condition in the previous section and with previous research works. Considering the
case where the load power is the same, a smaller mechanical current leads to better
efficiency. Furthermore, some previogs rese_aarch works have stated that vibration
velocity is the physical limitation of pi_ezgel ectric materias experimentally but they do
not mention it at all when looking atPTa;éagns If f[he PT vibration velocity is too
large, piezoelectric transformers'"\'/\_/.il.l: Qmerate heat .gradually which can lead to an
eventual piezoelectric transformer breakdown.  The piezoelectric transformer of equal

size can only dissipate limited, fixed power (i.e. P, =const.) and where the power

loss
loss in the piezoelectric transformer is strongly dependent on the vibration velocity and
the material property. In fact, the vibration velocity is analogous to the mechanical
current, and the power loss in the piezoelectric transformer follows the square of the

mechanical current in equation (5-55). More specifically, the vibration velocity is in

fact the most important physical quantity for the piezoelectric transformer in steady
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state applications. The analysis of the mechanical current also implies that vibration
velocity should be taken into consideration when looking at a PT design.

In general, the required mechanical current in the converter is determined by the
load characteristics. According to the relationship between mechanical current and load

voltage in equation (5-3), the mechanical current can be represented as:

7T+ 20C 20C
m= R Vi +
2n,R n,

In practice, the load impedance is always varied and undetermined. Therefore, it is not

2V < (5-60)

easy to analyze the mechanical current systematieally in equation (5-60). However,

the optimal loading condition in;equation (5-58) can provide a good reference for load

w 1

values. Considering the case where the t’z_E)r_ﬁ'fnal loading condition is set to match «
times of the minimum load "\'/'al.ue. Riin (h__%u/iest loading condition) of the

specification, we can obtain

aR in = - (5-61)
’ 20C,

Substituting equation (5-61) into equation (5-60) and applying Ohm’s Law yields:

Im= ~ (i+ 1 )VL+ i
2I'-]2 RL aRL,min nZOCRL,min

Equation (5-62) shows that the load voltage and diode voltage drop both contribute to

Vo (5-62)

the mechanical current. When we consider that the load voltage is fixed and the diode

voltage drop is zero, we have the following:

M (5-63)



Here, we fixed the coupling ratio n, to discussthe « values. Assuming n, =5 and
the load voltage and load vaue follow the targeted specifications of this paper
(i.,eV, =15V and R . =225Q), the mechanical current and efficiency can be plotted
as afunction of the load value in Figure 5-9 using equations (5-54) and (5-63). Figure
5-9 shows the case when at constant load voltage, three different lines which not only
indicate different o values but also implies three different impedance values of the
piezoelectric transformer output capacitors (i.e.,, 1/wC,). More specificaly, three
different lines represent three different pi_ezoe_! e_sctric transformers which meet the same

load specifications.  Clearly; atarger o valueleadsto better efficiency and a smaller

mechanical current at the same |oad vaI ueder Tt ishould be noted that the circular points
in Figure 5-9(b) represent the"'l'c_).c.aiti.on of thé,__tybical optima loading condition.
Results show that approaching the opti malx loading condition does not lead to better
efficiency, however, each typica optima loading condition represents the loca
maximum efficiency for each line with respect to the same piezoelectric transformer.
In fact, the most efficient condition is a «a — o« since it leads to a minimum

mechanica current in equation (5-63). This condition, i.e.,, @ — «, is far from the

typical optimal loading condition.
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Figure 5-9. (&) Mechanical current and (b) efficiency with load variations when the diode voltage drop is
neglected.

We next considered the case where the mechanical current is the result of the diode

voltage drops but which negl ects‘~the (':;)ntri BUtio_n from a load voltage. Therefore,

equation (5-62) can be rewrittelj.és:

kR W s, 569

Assuming V, = 0.3V and applyi g equiati ons (5-54) and (5-63) the mechanical current

and the efficiency can be plotted. (see Figure 5-10)
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Figure 5-10. (@) Mechanical current and (b) efficiency with load variations when the contribution of the

load voltage is neglected.
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It should be noted that Figure 5-9 and Figure 5-10 show the same trend, that is, a
larger o valueleadsto better efficiency and a smaller mechanical current. Compared
with a contribution from the load voltage and from the diode voltage dropsin Figure 5-9
and Figure 5-10 respectively, the mechanica current from the diode voltage drops can
be neglected but the efficiency cannot be neglected. This implies that the diode
voltage drops can be neglected in the analysis of the mechanical current but cannot be
neglected in the analysis of efficiency. On the other hand, efficiency of the rectifier
from the diode voltage drops in Fi gure.5-10 (b) is.amost a constant value. In other
words, the diode voltage drops ean bg viewedes-a contribution of the constant
efficiency and is not significantly rel ated tc}:fhe PT des gn.

In fact, increasing the n2""\_/éIUé is the 'mosf effective way to increase the
efficiency since the required mechanical current would decrease significantly (see
equation (5-62)). Furthermore, changing the « value changes the location of the local
maximum efficiency as it relates to the typical optimal loading condition. Different
from the « value, increasing n, value does not change the location of the local
maximum efficiency. Figure 5-11 shows the curve of efficiency with different n,

values. Although o vaueand n, value should both be optimally set to be as large

as possible, these two values cannot be infinite and the limitation is that it is difficult to
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have them both increase at the same time. This is due to the constraint of the PT

configuration, which is detailed in the following section.
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Figure 5-11. (a) Mechanical current and (b) efficiency with load variationswhen « valueisfixed
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5.2.2 Dimensional constraints of tb.e_P'jI'_!cor:ﬂ:"l}gur:ations_ i

Many different types of piezodebtric trans'forr“ﬁers were modeled by an equivaent
circuit method. However, the relationship between an equivalent circuit and the
dimensional parameters of a piezoelectric transformer is not a one to one mapping [30,
31, 32]. Different equivalent electrical components may be combined to share asingle
dimensional parameter, which prevent the electrical equivalent components from being
designed independently. For example, the capacitance of the piezoelectric transformer is
related to both the effective electrode area and the thickness. Considering the
uniformly-poled longitudinal PT in Figure 5-12(a), the input capacitance and output

capacitance are both determined by the thickness of the piezoelectric transformer.  On
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the other hand, the parameters of the PT configuration have their own manufacturing
constraints.  For example, the number of the layers should be an integer. In addition,
all physical quantities cannot be arbitrary large and in most cases need to be prescribed
at a specific value. In summary, the value of an equivalent electric component cannot
be designed without looking into the dimensional parameters. If we design the electric
components first, there may not be a corresponding piezoelectric transformer. In our
research, we propose that designing the dimensional parameters directly is the better
approach.

There are three basic piezoelectric _trapsfo_rmer configurations which can be used to
explain the dimensional constraints of F’%‘T—%%ﬁfiguratior.]s: uniformly-poled longitudinal
PT, uniformly-poled disk-type PT, and stacked' disk-type PT (see Figure 5-12). A
comparison of these different types PTs shoWs that an uniformly-poled longitudinal PT
is the worst possible choice. A uniformly-poled longitudinal PT works on a
longitudinal vibration mode. Since only one of the two possible vibrational directions
is used and the piezoelectric transformer structure is not as symmetric as that of the
disk-type PT, the uniformly-poled longitudinal PT has a poorer electromechanical
coupling and more spurious vibration modes than the disk-type piezoelectric

transformer.  In addition, the input portion and the output portion of an

uniformly-poled longitudinal PT shares the same thickness and even the same width.
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When the thickness of the piezoelectric transformer changes, the input portion and the
output portion also change together. For the uniformly-poled disk-type PT, the input
portion and the output portion also share the same thickness. In addition, in practice,
the number of input layers and the number of output layers are difficult to separate
although it is technically possible [33]. These problems do not occur in the stacked
disk-type PT as the input portion is separated from the output portion.  In addition, the
stacked disk-type PT possesses high electromechanical coupling and is symmetric
vibration with respect to the radial, d_i repiibn. '_..The s_tacked disk-type PT can thus be an

."'_

appropriate choice for avarlety of appll Q\g\thl’lS. For thls reason, we adopted a stacked

J}‘i

' I
disk-type PT configuration |n thls papqr[ |
<£> | ‘ Output

2 |2
S— |—*“* | o |
Input MOTU‘ | '“"‘ft -—

@ (b)

Input \ | |

©

Figure 5-12. (@) uniformly-poled longitudinal PT, (b) uniformly-poled disk-type PT, (c) stacked

disk-type PT
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Figure 5-13. side view of the stacked disk-type PT

The detail side view and dimensional parameters of the stacked disk-type PT are

shown in Figure 5-13, where r is the radius and ty, t,, tis, are the thickness of each input
e TSy,
layer, output layer and isolatiqn‘-iéw iV Y;*My M and mis; are the number of
A =

o

"

input layers, the number of lejt;-)ilj 'lay number of isolation layers respectively.

=l

o

e

In Figure 5-13, for example, 'r:’nl? i m&re 4~«3 and 1 respectively. Table
N A

Qo g F
5-2 shows the relationship betwe'eh;aféféckediﬂ_is_k-.t—ype PT and an equivalent circuit.

i S

s

Applying equation (5-61) and Table 5-2, the « valueand n, values can be obtained

by the following:

Lo b 1
rnzr ? 2cor‘(".’:,’SBRL,min (5_65)
2\/2md
1

Furthermore, substituting equations (5-65) and (5-66)into equation (5-63) and

neglecting the diode voltage drops, the mechanical current can be obtained as:
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| e (M) = %+% (5-67)
where
_ SlEl(l_ VZ)VL
Fn = 42d, 1R (5-68)
A = Si€md-v o rV, (5-69)

2\/2d,,
Equation (5-67) is the governing equation of the PT output section. It should be noted
that the radius usually determined by the operating frequency of the converter. The
thickness and the number of layersare .the pa_lr_ameters of interest. Equation (5-67) is
interesting as it implies that the numbgr of layers-and the thickness influence the
magnitude of the mechanical current .i nd;&dently .If the number of layers and the
thickness are larger, the mechani Cz'a'l_.c.ljr.rent wouldbe érnaller, and the PT becomes more
efficient. In such a case, however, the size of PT may be too large. Therefore, it is
interesting to find the PT of smaller size in the same mechanical current condition. It
should be noted that the dimensional parameters of equation (5-67) only describe the
output section. However, the real size of the PT includes not only the output section

but aso the input section. Therefore, the input section will be discussed in the

following section.
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Table 5-2. The relationship between the dimensional parameter and the equivalent circuit of the stacked

disk-type PT
W, I-m Cm Rm Cl Cz nl n2
Ny | par?B L | L[ | ma 265 | mar%ed | 2v2wd,m | 2V2rrd,m,
r 2 mer Qm Cm t1 t2 SlEl(l_Vz) %El(l_vz)
PT parameters:

w, isthe natural frequency of the PT (rad/s)
r istheradius of the PT

my, and m, are the number of input layers and the number. of ‘eutput |ayers respectively
isthe total thickness of the PT, wh =
B istheto Ickness of the PT, where B r’_ng{nll+r:£1.2,t_2.+rnimt,_SQ

= | V™

T |
e

. =T =% | | ;
Material properties (PZT-QA, ELECERAM TECHNOLOGY Cg., LTD.):

| TE1
. \

1

N, = 2200 is the frequency constants of theplane Vi bratiph (kH z mm)

pm= 7950 is the density (kg/m®)

v =0.16 isthe Poisson’'sratio

Qnm = 1313 isthe mechanical quality factor

g5, =1420* 8.854* 10~ is the permittivity at constant strain condition, i.e. constant S (F/m)
ds, = 232*10™ are the piezoelectric constants (m/V)

s, =1.14* 10 " isthe compliance constant under the constant electric field, i.e. constant E
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5.2.3 Energy Balance

It should be noted that the input section must transfer enough power to the output
section of the piezoelectric transformer. For simplicity, the concept of a harmonic
balance which has widely used in the modeling of the resonant power converter was
adopted here.  The fundamental harmonics of the input voltage and the rectifier voltage
are only of interest as the mechanical current can be viewed as a pure sinusoidal. To
examine the energy balance, therefore, the input voltage of the piezoel ectric transformer

has been assumed to be a sinusoidal-source, that is:

vy =V sinot 5 V,® cosot (5-70)

where :T <
i '=. \, cost, | Ay (5-71)
Ve =V, S nén (5-72)

and 6, is the phase angle between input voltage and the mechanica current.

Moreover, the input power should be larger than the sum of the power dissipation and

the load power, so:

2\/DVL

%nlvll _cosf, > % | R+ +P (5-73)
However, equation (5-73) cannot be solved as the coupling factor n, and the phase
angle 6, are both unknown variables here. More relationship is required to solve

equation (5-73). In addition to energy balance, the mechanical current is an important
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parameter to connect input terminal and output terminal. Moreover, the mechanical
current is determined from the input voltage and the output voltage of the piezoelectric
transformer. The input voltage of the PT is shown in equation (5-70) and output
voltage waveform of the PT is shown in Figure 5-8. Due to the fact that the
mechanical current isapure sinusoidal i, =1_sné, only the fundamental harmonic of

the waveform is of primary interest. The first harmonic component of the output

voltage of the piezoelectric transformer v,.. in Figure 5-8 can be identified by Fourier

anaysis.
Viee = Vch S n@ +Vrgc COSO (5'74)
where T =
Ve & 2(1+ cos6,) v/ (5.75)
5y u— 4
¢ _ Sin6,—26,

rec — m L (5-76)

where 6, is the diode blocked angle mentioned in equation (5-51). Combining
equations (5-51) & (5-53) and neglecting diode voltage drops, the closed form of the

diode blocked angle can be written as:

7-20CR

0, = cos™(
w+20C,R

(5-77)
Furthermore, the impedance phase 6., of the mechanical branch can introduce another

relationship between the input terminal and output terminal, such as:
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V _ VC 2
—gv ”Vrgc ~ tan =Q(%—1) (5-78)

To obtain the solution easily, the relationship which equates input real power to the real
output power is used, such as:
s 1 2 s
nlvllnglm I:'2m+nZV2|m (5'79)
Combining equations (5-71)~(5-79), the energy balance relationship can be rewritten as

follows:

()" 2 (5 1Ry 00, + V)" (1R, + s 2107 (5:80)
Equation (5-80) is the governing equatlon of the PT:input section. However, equation
(5-80) is too complex to be used to exarnc_uwnethe design constraints and the physical
meaning of the dimensiona parametér_'s ir%tijitively. _To simplify equation (5-80), the
piezoelectric transformer is aswméd to-bevery éffici ent such that all the loss can be

neglected. Moreover, applying the dimensional parameter in Table 5-2, equation (5-80)

can be rewritten as:

(S.I.l(l V) |_)

(MVy)* = (MV,e)* 2o,

(5-81)

There are several relationships which exist between the dimensiona parameters. First,
the minimum number of input layers increases with the number of output layers. This
implies that the input section and the output section cannot be designed separately if a

small size piezodectric transformer is preferred. Secondly, the thickness of the
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piezoelectric transformer input section as introduced in equation (5-81) means that it is

not a significant parameter for the specifications.

5.2.4 Experimental Model Correction
According to our analysis in the last section, we now have enough information to
design the piezoelectric transformer. However, the model should make the correction
experimentally. The reason is that the large number of layers may cause the quality
factor (Qm value) of the piezoelectric trahsformgr to decrease especially when the layers
are manufactured using a glue process. The alfowable passing current through the
mechanica Ry-L-Cr, branch thus becomg;wsmaller More specificaly, the maximum
mechanical current and the quality'fépiér of the F’T__aré afunction of the total number of

layers, where

Q= Qy(M) (5-82)
lmax = L o.max (M) (5-83)

where Q, and | represent the quality factor and the maximum mechanical current

0,max
in the single piezoelectric layer respectively, and mr is the total number of the layers.

The total number of the layers includes three parts. the input layers, the output layers

and theisolation layers, i.e.
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m=m+m+Mmg (5-84)
The relationship between the numbers of the layers should be obtained experimentally.
Severa piezoelectric layers (radius=12.5mm, thickness=0.69mm) were glued together
by high heat-resistant epoxy resin to serve as the specimen to obtain the experimental
model. First, the equivaent circuit and the quality factor of each piezoelectric
transformer were measured by an impedance anayzer (Agilent 4294A). The
maximum output short current, n,im, (See Figure 5-14) was measured by increasing the
input voltage of the piezoelectric transfqrmer.__ . The maximum output short current can
be defined by the operating point where _the piezoelectric transformer begins to generate
heat unstably. The starting point of theu?;jétable heat generation occurs approximately
when the temperature rises by"§5;4S°C (roorﬁ ___terﬁperature is 25°C). Findly, the
mechanical currents can be calculated k;y a;)plyi ng the equivalent circuit model to the

output short current.

L C R measured point
1:m A N ! /E
in

V1 JE— N nzi
C C, m

Figure 5-14. Measurement of the mechanical current

The measured quality factors and the mechanical currents are shown in Figure 5-15(a)

and Figure 5-15(b) respectively. Both the quality factors and the mechanical currents
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can be described as the exponential function of the number of layers by a curve fitting
method:
Q, = Qe ™Y (5-85)
e = loman® (5-86)
where a and b represent the exponential decay rate of the quality factor and the
maximum mechanical current respectively, which are decided by the manufacturing
process, the gluing material and gluing thickness.  In our specimens, a=0.141and b =
0.063. As mentioned before, since the ma_vgimum power loss in the piezoelectric
transformer of equal size is limited to xbe a_constant, the relationship between the
maximum mechanical current and the qualr':; factor can be obtained:
T gl ¢ (5:87)
Applying equations (5-85)~ (5-87) leadsto: ‘
a=2b (5-88)
The experimental result (a/b=2.2) follows equation (5-88) roughly, which verified the
concept of the constant power loss capability of the piezoelectric transformer. This
also implies that we can use the exponential decay rate of quality factor to estimate that
of the mechanical current. This is useful information since the quality factor is much

easier to measure than the maximum mechanica current. On the other hand, the

relationship between the mechanical current actually is related to the number of the
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gluing interfaces (i.e. m-1) but not the number of layers. Thus, the interface of the glue

isthe key factor towards decreasing the maximum mechanical current.
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Figure 5-15. (a) quality factor and (b) mechanical current versus numbers of layers

5.2.5 Design of the Multilayer Diék—tybé PI; \

So far, both the governing e;guatibnsi}éf the inp_uf section and the output section
have been disclosed. The objéctive was 1o .I.d&ign a small size piezoelectric
transformer with high efficiency and enough regulation ability. The volume of the
piezoel ectric transformer equals:

Vol = zr?(mt, + mt, + mt. ) (5-89)
However, the minimum value of equation (5-89) is difficult to solve with governing
equations equations (5-67) and(5-80). In equation (5-89), the radius and the isolation
layers are not the parameters of interest since radiusis related to the operating frequency

and the isolation layers do not influence the power transformation significantly. In

addition, the thickness of the input layers is aso not important for the power
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transformation as mentioned in equation (5-81). In other words, the importance to
design is the output section, the input section and the isolation layers in the sequence.
Therefore, to ssmplify the design procedure, the output section should be obtained first
and then followed by obtaining the output section and the isolation layers. On the
other hand, equation (5-81) provides the information that m has a positive
relationship with- m,, which means that the number of input layers and the number of
output layers should increase simultaneously for power conservation. This implies
that the number of output layers is mqr.e important than the thickness in the output
section.  To describe this, the obj ective function™T ean-be set to:

b mz{ér - . (5-90)
Equation (5-67) is the constral nt"c')f_.tl.né. output sébtj on.. To find the minimum value of
the objective function, a Lagrange multiplier 4 was introduced and the optimization

was solved by the regular Lagrange multiplier method as follows:

X = My, =AMty et Aw = MLA] (5-91)
X _OX _OX _ 597
om, o, oA (5-92)

Combining equations (5-86), (5-91) and (5-92), the optimized equation of the output
section can be obtained:

bl M €™ + 21 me ™ —3A =0 (5-93)
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Equation (5-93) appearsto be still coupled with the input section and the isolation layer.
Since the minimum number of layersis avalue of 1, we set the number of input layers
and the number of isolation layers to be both equal to a value of 1 initialy, i.e
m=m,+1. We then solved equation (5-93) to obtain the number of output layers.
The thickness of the output section was then solved using equation (5-67). Then, we
substituted the number of output layers into Eq. (30) to obtain the number of input

layers and recal culated equation (5-93) to determine the solution. (see Figure 5-16)

Start

| Choose radius by operating frequency |

| Choose the value of maximum mechanical current |
—>| Decide the number of output layers by Eq. (93) li
- T &S :

| Decide the thickness of output layers by Eq. (67) |

| Deicide the thickness of input layers by Eq. (80) |

Match the specification ?

| Choose the thickness of input layers |

| Put isolation layer according to the isolated voltage |

Match the specification ?

Figure 5-16. The design flow of the PT

A complete design example is demonstrated here. The given specification is that the

switching frequency be set at near 85 kHz, the DC input voltage at 30V, the load voltage
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a 15V, and the load power varying from 1Watt to 10Watt. For simplicity, we
neglected the voltage gain provided by input inductance and PT input capacitance since
the input inductor is mainly used to achieve zero voltage switching condition but not
provide avoltage gain. Therefore, the input voltage of the PT is v, =2V, /7 =191V .
First, according to the operating frequency, we set the radius 13.5mm by the
relationship of first column in Table 1. Then we determined the maximum allowable
mechanical current in the case of asingle layer. The experimental result was 0.3A, but
it is a physica boundary value. A Iower allgyvable mechanical current was preferred
so it could operate more efficiently: _T_hg physically-maximum mechanical current is
shown in Figure 5-15(b) and itS corres;;&dl ng avergge temperature rise was 40°C
roughly. Due to the temperatui‘é' rlse which is'p_osiﬁve relative to the square of the
mechanical current, we obtain that:
AT o Py oc 12 (5-94)

We set the temperature rise of the piezoelectric transformer at below 30°C, which means

that:

30°C

|....=03
’ 40°C

= 0.26A (5-95)

Substituting equation (5-95) into equation (5-93), we set the number of the isolation

layer and number of the input layer both to avalue of 1 to solve equations (5-93), (5-67)

and (5-80) in sequence. The result can be seen in the second column of Table 5-3.
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However, the number of the output layers does not consider the number of input layers,
so we set m =4 into equations (5-93), (5-67) and (5-80) again. It can be seen that
only a thickness change is considered, and other parameters were converge. It should
be noted that the different objective functions can still solve a minimum size by using
the following design procedure. However, larger times of design loops are required.
A proper objective function can save calculation time.

Table 5-3. the result of the design example

2 First.|oop Second loop
Number of output layers # A~ A m,=4
Thickness in the output section | . ::r =k~ 0:3mm t, = 0.61mm
Numberofinputlayeré':'_..;. _' f”l=.4 m =4

5.2.6 Experimental Setup

Two PTs were made to verify the modeling and the prediction. First, a PT with size

shown in Table 2 is made (PT-1). The thickness of the input layers are were to be the

same thickness as that of the output layers, and two isolation layers were included for

symmetric reasons. Moreover, another PT (PT-2) was made by adding 4 output layersto

compare with PT-1. The detail information of implemented PT-1 and PT-2 are shown in

Table 5-4 and Table 5-5 respectively.
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Table 5-4. The PT-1 specimen for the experiment

PT-1 input section output section isolation
number of number of number of
thickness thickness thickness
layers layers layers
4 0.61mm 4 0.61mm 2 0.41mm

radiusr = 13mm
input inductance L;, = 33uH
operating frequency o = 82.7kHz

DC input voltage VD'C__=.30V

fﬁ

i
L

'fc'.

I .-f.
=z |1 )
Table55 ThePﬂ- sp mer”l rtheexpenment
: |
S\]| _ \!

PT-2 input sectlon output section isolation
number of i number of number of
thickness thickness thickness
layers layers layers
4 0.61mm 4 0.61mm 2 0.41mm

radiusr = 13mm

input inductance L;, = 56uH

operating frequency w = 85.5kHz

DC input voltage Vpc = 50V
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Both the specimens PT-1 and PT-2 were measured with the testing circuit shownin
figure 2. The IR2104, IRF7431, MBR360 were adopted for the gate driver, the
MOSFET switches and the rectifier respectively. The filtering capacitance was set to
be 1000uF to minimize the ripple effect and the input inductances were set as 33¢H and
56uH with switching frequency 82.7kHz and 85.5kHz respectively to achieve soft
switching condition. In fact, we did not focus on the input inductances in this paper. We
examined the conditions of the energy conservation and the maximum allowable
vibration velocity to ensure that the PT has en_qugh power capacity. However, it should
be mentioned that two input inductances are different. Different PTs lead different
impedance characteristics. According.lyl/, t“rrlelnput indgctance should be set different
values to ensure the zero voltagé'si/_vi.tbhi ng eonditions can be both achieved. The input
inductances shifted the operating frequency. On the other hand, the input DC voltage of
the PT-1 and PT-2 were 30V and 50V respectively. PT-2 required larger input voltage
as the number of input layers did not increase with number of output layers, which was
mentioned in equation (5-81). The PT-1 experimental waveforms of the input voltage
Vin and the input current with are shown in Figure 5-17. The input current was lag to
the input voltage to achieve the zero voltage switching condition. In addition, the

PT-1 experimental waveforms of the rectifier voltage and rectifier current are shown in

Figure 5-18 which matches the theoretical waveform (Figure 5-8) well.
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To examine the efficiency with the load variations, the input voltage was
modulated by the square wave at 200Hz and changes its duty cycle to fit the load
specification under different load values. The waveform of input current is shown in
Figure 5-19. This control strategy was called burst mode control or ON-OFF control
which is widely used at fixed switching frequency controlled PT based converters.
Figure 5-20 shows the total efficiency of the converter with load variations. It should
be noted that equation (5-54) only introduced the losses in the rectifier and the PT itself.
However, other components such as svyi.tching stage and the input inductor introduce
losses as well.  We set diode woltage drop~was) 0.3V and assumed all other
undetermined losses cause the 96% of th;df|0| ency .totally. More specifically, the
efficiency calculated by equation' (554) was:multiplied the value of 0.96 to correct the
theoretical prediction. In Figure 5-20, the trend between the prediction and the
measurement were similar and both two specimens kept the good efficiency (80% up)
when the load is varied. It was mentioned that the larger size of PT has smaller
mechanica current and lead better efficiency at same load power condition, but the
larger number of gluing interfaces decreases its efficiency. Therefore, two specimens
have similar efficiency even if the PT-2 islarger.

Furthermore, the mechanical current can be obtained by equations (5-67)~(5-69)

and the temperature rise can thus be predicted by equation (5-94). A FiR InfraCAM
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Thermal Imager was used to measure the temperature rise of the piezoelectric
transformer.  Since the heat distribution was not uniform on the piezoelectric
transformer, three points on the lateral portion of the piezoelectric transformer were
measured to obtain the average temperature. The experimental result and the
prediction are shown in Figure 5-21. In Figure 5-20 and Figure 5-21, there are some
deviations between the theoretical prediction and the experimental result when the
temperature rise exceed around 20°C. These deviations are due to the quality factor of
the PT decreases with the temperature i se anq._thus the larger mechanical lossin the PT

than the prediction. In addition, th@_dielectric loss ‘may also increase with the

T r ™y

temperaturerisein PT.
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Figure 5-17. The waveform of the input voltage v, (dotted line) and the input current (solid line)
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Figure 5-18. The waveform of the rectifier voltage v, (dotted line) and the rectifier current i, (solid line)
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Figure 5-20. The total efficiency of the proposed converter: (a) PT-1 (b) PT-2 (solid line: prediction, dot:

measurement)
40 25
g 0L g 20r
815
2 20t g
® ® 10
%
g1 g 5
0 0

. . . . . . . . .
0 2 4 6 8 10 12 4 6 8 10 12

0 2
load power (Watt) load power (Watt)
@ (b)

Figure 5-21. The temperature rise of (a) PT-1 (b) PT-2 (solid line: prediction, dot: measurement)

5.3 EMI Analysisof aDC/DC Convert-ér; Us ng a Piezoelectric Transformer

i

5.3.1 Background

Switching power supplies are WI dely used in“.commercial products in recent year.
The EMI (Electromagnetic Interference) problem is a significant issue when designing
switching power supplies. Poor designs could generate serious interferences to other
electronic devices and cause safety issues. Nevertheless, commercial designs have to
conform to the local or regional EMI safety regulations. The switching components in
power converters are known to be the sources of EMI emissions during the switching
periods. There are two possible coupling paths which cause interference to other
electronic devices. capacitive coupling and magnetic coupling. Electromagnetic

transformers transfer the electrical power but aso undesired energy due to the leakage
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flux and to capacitive effects. So, they provide the two paths for interferences. The
electromagnetic transformer transfers energy through magnetic field, and thus noises
can be radiated by the magnetic coupling. Furthermore, the parasitic capacitance of the
transformer could also be a path for the propagation of common-mode noises. The EMI
problems of conventional electromagnetic transformersin DC/DC converters have been
aready vastly studied [34, 35]. However, new topologies of power converters based
on piezoelectric transformers (PT) are emerging, and the situation will be much
different from conventional eIectromagne_ti_c transformer designs. Piezoelectric
transformers have severd inherent” advantagesover, ‘conventiona  electromagnetic
transformers, such as low profile, no vyi ndlags high effilci ency, high power density, high
operating frequency and simplér'aL.rt'o.mated manufacturing processes. In addition,
there is no magnetic coupling in the PT since the PTs transfer energy through
mechanica vibrations. However, there are till parasitic capacitances in the PT to
conduct common-mode noises. Piezoelectric transformers are using a high rigidity
dielectric material to provide a high degree of insulation. The dielectric breakdown
strength can be greater than several kV/mm. However, the dielectric isolation layer also
enhances parasitic capacitive coupling between the input section and the output section.

Lower EMI noises emitted from the PT implies that the size and the cost of the EMI

filter in the power supplies can be reduced significantly. To design an appropriate EMI
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filter for PTs, the EMI characteristics of PT based converters should be studied first.
Although it isimportant to understand the common-mode noise characteristicsin the PT.
Few studies focus on the noises emission of PT based converters [36]. Accordingly,
the main scope of this section is to construct a model for the common-mode noises
emission of the PT, and using it to verify the EMI characteristics of the PT based power
converter. The specifications of the DC/DC converter studied in this paper are set as
follows. the switching frequency is set around 85 kHz, the input voltage is 30V, the

output voltage is 15V, and the output power can vary from 1 to 10W. The regulation is

I

made by burst-mode hysteretic feedbeck [37];

he efficiency is higher than 80%.
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5.3.2. EMI Emission in the DC/DC _C_Z__Oinverter_ LA

Figure 5-22 shows the block diagram of the tested PT based DC/DC converter.
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Figure 5-22 The block diagram of the piezoel ectric transformer based DC/DC converter
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The input driving circuit (DC/AC converter) is used to drive the PT near its
resonant frequency. The driving frequency is determined by the gain characteristic of
the PT. The PT transfers energy to its output termina and generates the required DC
voltage through the rectifier connected at the secondary of the PT. The regulation is
achieved by burst-mode hysteretic feedback control. The circuit topology of the power
stage is shown in Figure 5-23, where the equivalent circuit of the PT is clearly
illustrated. In order to optimize the energy transfer efficiency, the working condition is

alwaysin ZVS (zero voltage switching) condition and the driving frequency is fixed.

Piezoglectric Transfor

B AR TR Fi ‘
r T .-~ _'_> T R% "
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[YSpEpIppp, L., Dot W N (SRS Fa SRR B GF SIS

Figure 5-23. Circuit topology of ahalf—bridgé DE/DEC co'nver;er using a piezoelectric transformer with the
seriesinductor

There are two types of perturbations which generate noises and interferences in an
electrical system: the differentiadl mode noise and the common mode noise. The
differential-mode current flows into the DC bus, but it is easily filtered out by the bulk
input capacitor of the converter. The common mode current flows through the system
ground. Since the ground loops can be large an undefined, this current generates
radiated fields and voltage drops through the parasitic common impedances. In the

switching power system, the man sources of perturbations are the power
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semiconductors. The consequence is that the capacitance of the transformer provides a
natural path for the propagation on the common mode current.

Figure 5-24 shows the common mode path in the converter, where icy, is the
common mode current and C,is the leakage capacitance between the primary side and
the secondary side of the transformer. No matter electromagnetic transformers or
piezoelectric transformers, both always exhibit common mode capacitances. It should
be noted that the output negative pin of the converter is linked to ground in most
applications. In Figure 5-24, the convqta inp_ut is.supplied through a line impedance

stabilization network (LISN) to .mea'sp_l_r_e_ conducted EMI. In this setup, the capacitive

T r ™y

coupling of the PT isobviously a natur_él ﬁé{ﬁ;f'dr the.common mode current.
’ kl L ""f | 3

=Thesource

/\ _ “ofthe high frequency noise

Figure 5-24. Equivalent circuit of the DC-DC converter with LISN setup for common mode noises

measurement.
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A. Capacitive couplingsin the PT

The configuration of the PT specimen is shown in Figure 5-25. This is a stacked
disk-type PT, operating in radial mode. The multi-layer structure is composed of 4 input
layers and 8 output layers. Primary secondary and insulation layers are made of the

same PZT material. Table 5-6 details the layers thicknesses.

Figure 5-25. Pictures of the stacked disk—tygt\a piezoelectric-transformer operating in radial mode
ih A '~ A

M= 4'C)

Table 5-6. Géometricral! di‘lﬁgﬁgoh:s of the PT under test.
. - - o

Number.of layers | | 1 Thickness Radius

Input section 4 ._ : 0.61mm 13mm
Output section 8 0.61.mm 13mm
Insulation 2 0.41mm 13mm

We can see Figure 5-26 that the common mode capacitive coupling in the PT is
mainly located between the primary and secondary layers. Compared with
el ectromagnetic transformers where capacitive couplings are distributed in the windings,
the capacitive coupling in a PT is mainly located between the bottom electrode of the
primary layers and the top electrode of the secondary layers. The three capacitances
were measured with a network analyzer HP4194A.. The values of these capacitances are:
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input capacitance C,;=34nF, output capacitance C,=77nF and coupling capacitance
Cp=150pF (Figure 5-26). Considering that the relative permittivity of PZT materia is
about 1200, the theoretical values of the primary and secondary capacitances are 37nF
and 74nF, respectively.

v y 5 input capacitor: C, = 34nF
- ==
parasitic capacitor:

S 5 Toer

output capacitor: C, = 77nF
) . L I A ST . .
Figure 5-26 Equivalent circuit of trllg PT -'_gqasn_c;@aftagl tances coupling common mode noises

\; ) "-i;_ -
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B. Conducted EMI meawra‘neht

An experimental setup hgﬁﬁégl '

in ‘-_ia-g{:l?jie\.S-Z?, such a configuration is
5, 4

used in automotive or aeronautics. The bCDC ?E.()‘nverter is insulated from the ground
reference with atwo centimetres thick PV C plate. The power source is provided through
a line impedance stabilization network (LISN). Table 5-7 indicates the values of the

components of the LISN. Common mode noises were measured with a current probe

placed between the LISN and the converter.
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Figure 5-27. Experimental setup for the measurement on conducted noise in the PT based DC/DC
converter

Table 5-7. Component valuesinithe LISN setup
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The connection between the PT and the half-bridge circuit plays an important role
on the flowing of the common mode current. Two popular configurations of the
connection are shown in. In the case of Figure 5-28(a), the middle point of the
half-bridge is connected through the inductor L, at the top input electrode of the PT, the
stable potential (ground) is connected at the bottom electrode of the primary layer. In
the case of Figure 5-28 (b)), the middle point of the half-bridge is connected through the
inductor L;, to the bottom input electrode of the PT. In this configuration, the voltage of

this electrode swings significantly, creating a large common mode current through C.
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We will show later that the configuration in Figure 5-28(a) is better for the rejection on

the common mode current. Figure 5-29 shows the implemented PT DC-DC converter

on aprinted circuit board.

e el B
€) dF o B W
T

& y 'F: =
Figure 5-28. The PT and the hd'?{mldpi

Figure 5-29. Experimental circuit board for measurement on conducted noisesin a PT based DC-DC
converter
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5.3.3. Circuit Models for conducted EMI

In this section, we present an equivaent circuit model to describe how the common
mode currents are created and propagated throughout the converter. Figure 5-30 shows
an equivalent model of the converter where the inverter leg is represented by the voltage
source Vkz. Current source i is resulting from the electromechanical conversion of
mechanica energy inside the PT (mechanica current). Introducing the capacitors of
the PT presented in Figure 5-26, the inverter legs and the series inductor can be
connected to top electrodes directly .as Fi__g_ure 5-28(a) (i.e. A>Inl, B>In2) or

connected to electrodes inversely as'l_:__igure 5-28(b) (i.e. A>1n2, B->Inl). These two

T r ™y

configurations have to be both consi de_réd ﬁﬁfé they lead to. much different behaviors.
’ kl L ""f | 3

Figure 5-30. The equivalent circuit model for the common mode current analysis

Consider the configuration in Figure 5-28(a) where the inverter legs A and B are

directly connected to Inl and In2 respectively. Waveforms of the mechanical current iy,

common mode current icm PT output voltage Viec and parasitic capacitance voltage vcp

are shown in Figure 5-31.
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Figure 5-31. The wéi\./'e_ffor:ms inthe configuration of Figure 5-28a

During time from 0 to t;, all diodes in the rectifier are in “OFF” state, capacitor C, is
charged, and the output voltage Vi« is rising. The final voltage of Ve is determined by
capacitance C, and the charging current in,. In this period, the voltage vc, is equal to the
load voltage, vcp=+Vy, since the capacitor C, has been aready charged when diodes D,
& D3 were conducting in the previous period. At instant t;, output voltage Vre
approaches 0 and diode D, is switched “ON”.  Therefore, v, varies during period t; to
t, and icm is proportional to i, the relationship is expressed by equation (5-96).
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o =—1 (5-96)

At instant t, the diode D, is switched “ON” because viec reaches +V, and Vcp=0. At
instant t3, all diodes are switched “OFF" and the current iy is null during t3 to t;. At
instant ts, the diode D3 is switched “ON” because Vi reaches 0. From t4 tO ts, Viect
decreases to -V, while v¢, rises oppositely. Consequently, icm iS no longer null and can
be predicted by the same expression (5-96) as previously.

Consider now the configuration of Figure 5-28(b), that is, the inverter legs are linked
inversely to electrodes ( A>1n2& B%Irjl). Ir__1._this configuration, parasitic capacitance
Cp works similarly as in the first config_u_ra;ion. More specifically, the current still passes
through the period [t;, t;] and peried [.L:,, t;,i:waccordl ng t.o the switching condition of the
diodes. However, the common-rhbdg :6urrent is-not dnly determined by the connected
rectifier and the load but also depends on the input voltage vko. Accordingly,
capacitance C, and the diode bridge allow this current to flow in both directions.

Therefore, the common mode current results from the sum of these two effects. The

resulting common mode current icy, is represented in Figure 5-32.

149



1=

V

k
3
rec I
v, !\
|
!
|

time

L]

time

/

Figure 5-32. The waveforms of the common mode current i, and the PT output voltage in the
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configuration of Figure 5-28 (b)

Besides the parasitic capacitor in xthe_ PT, “other parasitic effects would also
contribute to EMI conduction. Wehz;ééajded the inductance of connections
Lc=1000nH, the capacitance of 'éé_rﬁibbnductoré'(diodes) Cp=50pF, impedance of the
LISN (see Table 5-7) and the input inductor xLin was modeled as a parallel RLC network.
The complete model is shown in Figure 5-33. This one can lead to more accurate
prediction of common mode current iqm, but it is too complex to analyze analytically.
The simulation results are shown in Figure 5-34. The circuit behavior depicted
previously can be verified, but the waveform is dightly different because of

contribution from other parasitic effects such as the diode capacitances or the

inductance of connections.
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Figure 5-34. The simulation results of the common mode current i¢..: (&) icm in configuration of Figure

5-28a (b) im in configuration of Figure 5-28b

5.3.4 Experimental Results and Discussions
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Figure 5-35 shows the waveforms measured at different points of the converter
using a Tektronix TDS3014B oscilloscope (100MHz bandwidth and 1.25GHz sampling
rate with four-input channels), under the following working conditions: Vpc=30V,
V. =15V, R =23.5Q, f=85kHz. The waveforms represented are (from upper to lower):
voltage vk a theMOSFET switch K, the PT output voltage vie., and the common mode
current iy of the two configurations. We can see that, as predicted, the connection of the
inverter leg maximizes the common mode current in the configuration of Figure 5-28b

and the configuration in Figure 5-28aminimizes it.

iem(Fig: 98)

1 Fien(Figi9b) -

Figure 5-35. Left plots: waveforms vk, in 10V/div and v, in 10V/div of configuration Figure 5-28a.

Right plots: ic,, in 5mA/div of configuration Figure 5-28aand i, in 5mA/div of configuration Figure

5-28b (horizontal scale: 2us/div)

Measurements shown in Figure 5-35 confirm the above analysis on the connection

between the inductor and PT electrodes is crucia in the conduction of the common

mode current. Specifically, in the configuration of Figure 5-28(a), the connection of the
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inverter to the primary electrodes can minimize the common mode current. However,
even in the opposite case (Figure 5-28(b)), the input inductor L;, and the PT input
capacitance C; constitute a low-pass filter to filter out the high-frequency components
of the square wave voltage vk, and generate a sinusoidal-like waveform at the PT input.
Therefore, the input signa of the PT only influences the first harmonic of the spectrum
of the common mode current. On the other hand, the output rectifier also makes a very
specific contribution to the common mode current. The sharp switching of the rectifier
(see Figure 5-31 and Figure 5-35) gengrates__ .high frequency ringing in the common
mode circuit because of the inductive c_onr]ecti_on; thisis proper to PT technology.

Figure 5-36 and Figure 5-37 show theérJectrum of common mode current icy, in the
two configurations. The frequency' range is set I;r'o__r_n iO kHz to 30MHz. The amplitude
of the first harmonic corresponding to the switching frequency (85 kHz) is 40udBA in
the configuration of Figure 5-28(a) and 62udBA in the configuration of Figure 5-28(b),
matched with our anaysis. As a final point, these spectrums show the specific
conducted perturbations emitted by a PT based DC/DC converter, mainly determined by
the circuit connected at the output terminal and the intrinsic nature of the piezoelectric
transformer.

This section studies the emission of conducted common mode current in a DC/DC

converter using a stacked disk-type piezoelectric transformer, operating in radial mode.
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The study focused on the specific capacitive coupling behaviors of the PT and also on

the analysis of the conduction of the common mode currents. We have shown that the

connection between the inverter and the input electrodes of PTs significantly influences

the intensity of the first harmonic of the common mode current. The parasitic switching

of the rectifier, due to the output of the PT contributes largely to the HF harmonics.

Finally, we have shown that our model can predict accurately the common mode current

in a PT based DC/DC converter. Future studies will focus on how to find out a solution

avoiding this phenomenon.
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Figure 5-36. The spectrum of the common mode current when middle point of the half-bridge is

connected at the top PT electrode (the configuration of Figure 5-28a)
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Figure 5-37 The spectrum of the common mode current when middle point of the half-bridge is

connected at the bottom PT electrode. (the configuration of Figure 5-28b)

54 Summary

In this chapter, we developéd a comp'lete.'design rule for the piezoelectric

transformers DC/DC converter with constant load voltage. The models of two PT fed

rectifier, half-wave rectifier and the full-wave rectifier were developed first. The

full-wave rectifier was then selected due to the higher power density. The vibration

quality factor correction and ZVS

velocity, dimensional constraints, energy balance,

conditions are all considered to develop the complete design procedure. The

10Watt/15V DC/DC converter was designed based on the proposed procedure. The

proposed converter can keep at least 82% efficiency and within 10°C temperature rise

with 1-10 Watt load variations. The model of the conducted EMI was then developed by
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the converter.
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Chapter 6.  Veocity controlled Piezoelectric Layer fed

Rectifiers

The major topic in this chapter is to define an optima piezoelectric layer fed
rectifier. In the previous section, the full-wave rectifier was adopted as the rectifier for
the piezoelectric transformer based converters. However, the full-wave rectifier is not
the best rectifier based on the viewpoint of the power density. To optimize the
piezoelectric layer fed rectifier, the piezpelectr_ic voltage has to follow the mechanical
current to correct the power factor of _thg piezoeleetric layer. To simplify the analysis,
the concept of the work cycle or said t_h|e e;Jergy cycle i; introduced in this chapter. The
optimal rectifier proposed herein 'i_s.éa.llled velocity controlled piezoelectric layer fed
rectifier (VPR). This rectifier can be applied’ in many converters and particularly to the
piezoelectric damper application to suppress the vibration of the structure. The results

presented hereafter show that the displacement of the vibration can be cancelled

effectively by using the VPR.

6.1 Work Cycle Observation for the Piezoelectric L ayer
In the previous chapter, we have developed a full design procedure of a PT in

different applications. In each design, to get the higher power density PT is a topic of
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interest. Besides to improve the material properties and adopted different vibration
modes of PT, the design of the circuit topologies is also an important part to optimum
the power density. To observe the power density of piezoelectric structure, the concept
of the “work cycle” [15] isintroduced in this chapter. The work cycle is the energy path
of the PT on the stress/strain plane or electric field/electric displacement. In practice, the
stress, strain, electric filed and the electric displacement can be observed based on the
voltage waveform and the current waveform of the PT. First of all, assume the
piezoelectric layer is working in_ t_hé _31-type_-Vi-bration (Figure 6-1). Applying the

electrostatic equations, € ectric fHed E3 a_rg\(\j the electrledlspl acement D3 leads to:
|l ~ |
| ia=d&

.-r,hl

.. Ds._' V;T P ,Hr),at 'I - o

{
e 14 (62)

Figure 6-1. Mechanical and electrical coupling of the piezoelectric 31-type vibration
Next, the normal stress T; and the normal strain S, of the PT can also be obtained from
the constitutive law:
T, =(D;—¢exEs)/dy (6-3)
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S= S.LE:LTl + d31E3 (6-4)
Before examine the real rectifier, two typical waveforms, the sinusoidal waveform and

the square waveform, are examined first. The work cycles corresponding to these two

typical waveforms are showed in Table 6-1.

Table 6-1. The work cycles with the basic waveforms

Oblique Ellipse Ellipse Parallelogram Rectangular
Shape of work S S
cycle
Y PT T
i T
Sinusoidal/ N0
& 1 .ﬂ'__:;ll-.;ﬁ | 3
Si nus‘o%‘dall Square/Sinusoidal
Sinusoidal |1 | | <3 || G Square/ Sinusoidal
" - Sinusdidal. |- with phase
Voltage/current e 3 -
with phase ; in phase
in phase difference
Waveform

difference

Energy (Joules)

2S
(area of work 7STcost nST 28(2T - g) 4ST
cycle)
Timax 1S the maximum stress
f isthe operating frequency (Hz)
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There are severa important factors that can be extracted by the work cycle method.
First of al, the area of the work cycle represents the energy density, and we can find the
maximum physical quantity on the work cycle. For example, the maximum stress is
indicated by the dotted line in Table 6-1. For the other import factor, we can aso
estimate the power factor from the work cycle. If there is no phase difference between
the voltage and the current, the work cycle should be symmetric to the axis without a
rotating angle. In other words, the symmetry of the work cycle implies the information
of the power factor. Furthermore, if We.would._like to obtain the optimal power factor,
we can put the voltage and the currentin phas_e at the fundamental frequency first. Then,
plotting these two new signals as thg W(;rkcycl e, thi.s new work cycle is related to
“apparent power”. The apparent po'wgf heans the maximum possible transferring power.
According to the definition of the power factor, the area ratio between the origina work
cycle and the apparent work cycle is the power factor. Table 6-1 demonstrates that the
rectangular work cycle has the highest power density, because it spans largest area on
the work cycle under the maximum stress condition. Moreover, the rectangular work
cycle adso has the best power factor (power factor = 1) due to the symmetry.
Undoubtedly, the rectangular work cycle is ideally the one. To obtain the best power

capacity of the piezoelectric layer, the voltage waveform and the current waveform

should not only be set in phase but also be set in squared and sinusoidal waveform
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respectively.

More specificaly, to have rectangular work cycle, there are two requirements on
the PT fed rectifier: The first one is to put the piezoelectric voltage and the mechanical
current in phase, and that is equivalent to the concept of power factor correction. Figure
6-2 shows the basic idea to implement the power factor correction. The mechanical
current is detected to control the phase of the rectifier voltage (piezoelectric voltage).
Since the rectifier is controlled by the mechanical current (velocity), this rectifier is
called “velocity controlled pi ezoelectric.layer fed rectifier (VPR)”. Besides tracking the
phase, the rectifier also has ta shape'the p[ezo_el ectric voltage in squared waveform. The
implemented circuit topology of the VPRlH;:Tshown in F? gure 6-3. To put the mechanical
current and the piezoelectric vol'fa_gg: i.n phase,” four Switches are used to control the
phase of the piezoelectric output voltage. The piezoelectric current sensor is used to
detect the mechanical current (velocity) of the piezoelectric layer. When the mechanical
current is positive, switches SL1 and SR2 are ON and switches SL2 and SR1 are OFF
(Figure 6-3(a)). The piezoelectric voltage is thus positive and equal to the load voltage
in this period. When the mechanical current is negative, switches SL1 and SR2 are ON
and switches SL2 and SR1 are OFF (Figure 6-3(b)). The piezoelectric voltage is thus

equal to negative load voltage in this period. Accordingly, the mechanical current and

the piezoelectric voltage are then in phase. The ideal waveforms are shown in Figure
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Figure 6-3. The velocity controlted.pi e&ﬁpl’ectri cllayer fed rectifier (VPR)
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Figure 6-4. The ideal waveform of the velocity controlled piezoelectric fed switching rectifier

On the other hand, there are several possible PT fed rectifiers. Some important

characteristics of the PT fed rectifiers, including MPPT (Maximum Power Point
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Tracking), PFC (Power Factor Correction) and work cycle are summarized in Table 6-2.
The basic rectifier is case 1, i.e. voltage-mode full-wave rectifier. This rectifier is the
simplest one but it does not have good characteristics due to the contribution of the
piezoelectric output capacitor C,.  Similarly to the case of the resistive load in Chapter
2, an inductor is added to compensate the contribution of the PT output capacitor. The
paralel inductor still has better characteristics than series inductor, especialy on the
power factor. In case 4, a series inductor is put after the rectifier. Different from the
cases of inductors added before the rectjfier, _this series inductor should approximately
match two times of the operating frequepcy becanse-of the fundamental frequency is
doubled after the rectifier. However, puttr“l%ga series i.nductor before the rectifier can
improve the frequency shift of the m.a:x.i mum,power, point, but putting a series inductor
after the rectifier can correct power factor in some loading ranges. Moreover, the
paralel inductor can both solve the MPPT and PFC problems. On the other hand, the
active rectifier is adopted in Case 5 and 6 are controlled by the mechanical current. The
main purpose of the velocity-controlled rectifier is to achieve MPPT and PFC at the
same time. The output voltage of the PT is forced to be in phase with the mechanical
current, and the mechanical current source always operates as an equivalent resistor.

However, there are active switching problems on active rectifier based circuits. The

series inductor is thus added to alleviate the switching problem but also keep MPPT and
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PFC functions. More detailed characteristic curves of these PT fed rectifiers are shown

in the Appendix A.

Table 6-2. Six PT fed rectifiers

1. voltage-mode 2. seriesinductor before 3.parallel inductor
rectifiers therectifier beforetherectifier
Topologies
Typical
work cycle
MPPT : & T 1
No + Ls.= o LP =
Condition : w°C, 0°C,
PFC NN L1
No (M==41 No =
Condition | 2= N * 0’C,
Other II | *E i
Simple, I & Not suitable in high load
advantages e | INo
Nno magnetic components | " voltage
/drawbacks " :
o 5. velocity controlled _
4. seriesinductor after o 6. velocity controlled
o rectifier o
therectifier ) . rectifier
with an inductor
Ly / /
Topologies cT R j [) aTw
typical
work cycle
MPPT
- No Always Always
Condition
PFC L = 1 L = 1 Al
. = = ways
Condition 40°C, 40°C,
Other _ 1. extradriver needed
Small load range need extradriver o
advantages 2. extraswitching losses
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/drawbacks

Note: blue/green work cycles are original/apparent work cycle respectively

6.2 Velocity-Controlled Switching Piezoelectric Damping

One of the applications of the piezoelectric layer fed rectifier is shunt damping for
structures [38, 39, 40]. In a piezoelectric damping system, the piezoelectric layer is
bonded to a host structure. Once the host structure vibrates, piezoelectric layers can
transfer the vibration energy to the electrica energy and dissipates the energy to a
connected shunt circuit. Piezoelectfic_paééive ;sflunt damping was widely adopted in the

vibration suppression. M= o'
[ 7=is

.

Compared to active vi braIion_ gontgcgl, pi;fssivgshunt'dampi ngis easier to accomplish
as it does not need heavy amplificéti'on.' Hov\)evér, the typical passive shunt damping
only has good performance in relative small bandwidth. On the other hand, the
semi-active shunt damping has larger control bandwidth and does not need heavy power
supply, thus the semi-active shunt damping is the most popular technique in recent
years. Several semi-active control methods were proposed, such as state-switched
absorber [41, 44] and synchronized switching damping (SSD) techniques [42, 43, 44,
45], which could improve the conventional method. However, there are two significant
problems of the semi-active damping to be addressed:

1) The first problem is that the semi-active damping has poorer performance than
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the typical passive damping although the semi-active damping is more adaptive.
2) The second problem is that the analysis of the semi-active damping is not easy to
do, due to the nonlinearity. The concept of the VPR can be used as the shunt circuit

since it owns the optimal square work cycle.

piezoelectric layer

Shunt
Co circuit

Figure 6-5. Equivalent circuit of_.t_he PT .with a shunt circuit
To understand the power dissipatib_n _ip thg piezoelectric shunt damping more clearly,
the power generated from the struct._u;reﬁ ?;;F}rbratlon is .examined first. The equivaent
circuit of the PT with a shunt ci'F'c_Qi.t; i.s shownl in.Fi Qure 6-5. Considering the simple
case when the shunt circuit is purely passive components, the mechanical current source
and the piezoelectric voltage are both sinusoidal, i.e. in=ImSinwt, V= Vesin(wr+6), at the
structure resonant frequency. In such a case, the vibration power is a function of
velocity im, piezoelectric voltage v, and their phase difference 8. More specifically, the
power generated from the piezoel ectric layer Py, can be expressed as:

nl.VvV
P = > P cosO (6-5)

m

where n is the electromechanical transformation ratio, which is marked in Figure 6-5.
Equation (6-5) expresses power at point “A” in Figure 6-5, which represents the power
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generated from the vibration. As the mechanical current source (mechanical velocity) is
assumed to be constant first, power is determined by the piezoelectric voltage v, and the
phase angle 6. In fact, the piezoelectric voltage v, and the phase angle 6 are mainly
decided by the piezoelectric shunt network. For example, when the shunt circuit is set as
a short-circuit, the piezoelectric voltage is zero. There is no power flowing out of the
piezoelectric layer. When the shunt circuit is set as an open circuit, the mechanical
current and the piezoelectric voltage have 90 degree phase difference due to the
piezoelectric inherent capacitor. There i§ also 10" power flowing out of the piezoelectric
layer. It should be noted that, these 'Ewo _critical~cases both cannot obtain any
power/energy from the piezoel ectrie quér' 6utthe fundamental reasons are not the same.

To obtain the largest power (')_uf[:(.)f the,piezoelectric layer, a large piezoelectric
voltage v, and zero phase difference (6=0) are both required. To have zero phase
difference between the velocity and the piezoelectric voltage, the topology VPR is
applied. The velocity is detected at point “A” to control the active rectifier to get power
factor correction as well as the rectangular work cycle. In addition, to enlarge power
dissipation in the shunt damping, the resistive load of the VPR is changed to a DC
voltage sink. This DC voltage sink can be adjusted to increase the piezoelectric voltage.

Accordingly, the piezoelectric layer is able to generate larger power to the shunt circuit

from the vibration. The damping factor can be thus increased. Similarly, as in the VPR
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case, the piezoelectric voltage follows the vibration velocity. Therefore, this innovative
damping technique is called velocity-controlled switching damping (VSPD). The
implemented circuit of the VSPD is shown in Figure 6-6, and the operation is the same
as for the VPR, it is presented in Table 6-3. It should be noted that this methodology is
adapted not only for the specific frequency but for a wide frequency range. The
bandwidth of the VSPD is mainly depending on the sensing observability of the sensor

itself. Actually, the wider bandwidth is the key advantage of the semi-active control

T

compared to the passive shunt ci rcwt oy ey
Table ﬁ—ﬁ erat(l'p_n e~\7’ SPD
A '-n. . -_..
-
Mecharncal d@eﬂ’ itiv echanlc:al current is negative
| 1 *L« iy
{’ l I /L Sy
L1and R2 o e, A OFF
o, ¥, l.- - ] 5

L2 and R1 OFF o ON
Power Sage

_>/|_1 /Rl

/le

—__—‘ \A
R2

Figure 6-6. The system block diagram and circuit topology of the VSPD system
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The semi-active control such as the VSPD is anonlinear control method essentially,
and it is not easy to analyze. To make the analysis more intuitive, the work cycle (or
energy cycle) mentioned in last section is used to analyze the shunt circuit. To draw the
work cycle, piezoelectric charge and piezoelectric voltage should be obtained from the
waveforms of the mechanical current and the piezoel ectric voltage. The observing point
of interest is point “A” because the power at this point represents the power generated
from the mechanical part. At point “A”, the average power out of the piezoelectric layer

in aperiod can be expressed as.

7
B 57h a0V, (0 (66)
Where T, represents the period of.the vi't')'rf_e:_it:ibn, i.el To=w. Accordingly, the energy
flowing out of the piezoelectric in one vibratien.cycle layer can be expressed as:

m(Tp)
E =RT,=[""V,(t)d,() (6-7)

0
where gn(t) represents the equivalent charge. The integration in equation (6-7) aso
stands for the area in the charge-voltage plane, representing the energy flowing out of
the piezoelectric layer. The real energy which flows out of the piezoelectric layer is the
key issue in damping design. The larger energy flows out of the piezoelectric layer, the
larger the vibrating energy loss in the piezoel ectric shunt circuit in each cycle. The work

cycleisthe trace on piezoelectric charge-voltage plane.

On the other hand, it is mentioned that the phase difference between the velocity

169



and the piezoelectric voltage is the key to design the shunt damping. Nevertheless, the
phase difference in the charge-voltage plane is a key parameter of interest. With phase
difference, a portion of the power generated from the piezoelectric layers and flowing
into the shunt circuit will flow back to the piezoelectric layer. This situation
corresponds to a power factor smaller than 1. However, equation (6-7) has only the
information on the real power but no information on the apparent power. To obtain the
apparent power P,, the velocity and the piezoel ectric voltage are put in phase:

P = T—lp jOT I, (ot 69)
where tp is the time delay between the xpiez_oellectric voltage and the velocity at the
fundamental frequency. The area of thel W(:J‘EI?cycl g, i.e.l the corresponding energy form,
can be written as:

E, = PT ="V, {t"t,)dq,® (6-9)

0

According to the definition of the power factor, PF,

P E
PF=—t=—" -
P E (6-10)

a

In summary, there are two work cycles in the charge-voltage plane. One cycle tracks for
the real power and the other cycle tracks for the apparent power. The areas of the work
cycles represent the corresponding energy flows in one vibration period and the area
ratio between the two work cycles represents the power factor.

The typical resonant shunt damping circuit [39] shown in Figure 6-7 is examined
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by the work cycle first. It is known that the resonant shunt damping topology has good
performances only when the inductor-capacitor electrical resonant frequency matches
with the mechanical resonant frequency of the structure. When the mechanical and
electrical resonant frequencies are mismatch, the work cycles are shown in Figure 6-8(a).
We can see that the power factor in this case is poor. However, when the mechanical
frequency and the electrical resonant frequency are close to each others, the areas of the
apparent work cycle and the real work cycle are amost equal (Figure 6-8 (b)).
Specifically, good power factor |eads tq_gooq._ performances, this is due to the power
does not flow back to the piezoel ectfi_c_ I ayer. Typical resonant shunt damping circuit
uses the inductor to compensate '.[_h;ei :ééntrl bution. of the piezoelectric intrinsic
capacitance, but only at the r@oi‘i:é\r_l.t. fr.equency.' T___his.is the underlying reason why the
resonant shunt damping only has good performances with small bandwidth near the
resonant frequency. Most importantly, the work cycle observation is redly an effective

way to examine the damping performances.

piezoelectric layer

________________________________

Figure 6-7. The piezoelectric resonant shunt damping topology
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electrical displacemet
electrical displacemet

dectrical fidd electrical fied

€ (b)
Figure 6-8. The work cycle of the piezoel ectric resonant shunt damping topology (a) mismatches the
resonant frequency (b) matches the resonant frequency (solid line: the apparent work cycle; dotted line:
the real work cycle)
There are three conclusions we can get' I;rom-' fhe work.cycles analysis to evaluate the

performances of a damping circuit. f -‘_'-: /s
| e

.

1. The maximum power transfe.:r. oujt _!of fﬁe pi ezoel ectric layer can be described as
maximum area of the real Wdrk cycle, whi ch is actually squared shape in the
charge-voltage plane.

2. The optimum damping situation corresponding to the area ratio of two work cycles
isequal to one, and the corresponding power factor should also be one.

3. Inthe whole controllable bandwidth, the power factor should be always equal to 1in
all frequencies within the bandwidth.

Actualy, the VSPD technique can fit all these three requirements well. The work cycle

of the VSPD is rectangular because of the waveforms of the velocity and the voltage are

sinusoidal and squared respectively (Figure 6-4). The rectangular work cycle will have
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the maximum area under the same physical limitations. Furthermore, the power factor

of the VSPD is equa to one in all frequencies range due to the piezoelectric voltage

always follow the phase of the velocity. The ideal work cycle of the VSPD is shown in

Figure 6-9. The work cycles of the apparent power and the real power are both squared

and overlapping well even though the frequency may vary. In other words, the VSPD

system has the optimal energy cycle, and is the best semi-active damping method. From

the viewpoint of power electronics, VSPD is actually a power factor correction circuit to

force the power factor to be one.

electrical displacemet

electrical field

Figure 6-9. The work cycles (the apparent work cycle and the real work cycle overlapping) of VSPD

6.3 Analysis of Velocity-Controlled Switching Piezoelectric Damping
To connect the VSPD system to the structure, the single-mode governing equation
of the structure with piezoelectric layers is mentioned in chapter 2 re-written here:
Mi+Du+Ku=f -nv, (6-11)
i, =nu+CV, (6-12)
where u represent the displacement, which is only related to the temporal domain, i.e.
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u=u(t).
Three cases are discussed:
1. Short circuit state

In short circuit state, i.e. v,=0, the dynamic of the structure can easily be expressed

in frequency domain:
4= = (6-13)
flyon K -Mo®+ jDo

K
=.|— 6-14
o =1 (6-14)

F
W, =M 6-15
e (6-15)

where , is the resonant angular fréquéncy‘jn the short circuit state. Fy and Uy
| o2 )
] -.-_r._ | :
represent the amplitude of the external | force and the amplitude of the displacement at
resonant frequency respectively.
2. Short circuit state
Similarly, in open circuit state, the current out of the piezoelectric layer is equal to

zero, i.e. ip,=0. Substituting equations (6-11) into equation (6-12), the dynamics of the

structure can be written as:

1
2

wn K+ Mo+ jDo (6-16)
Cp

2
o - /K%’Cp (6-17)

174

u




(6-18)
3. VSPD technique

In the case of VSPD, the voltage on the piezoelectric layer is determined by the
switching circuit. More specifically, the piezoelectric voltage is closed to squared
waveform and the amplitude is based on the connected DC voltage. According to
Fourier theory, the first harmonic of the waveform in VSPD is:

v, = %VDC sin(zd)signe(x) (6-19)
where d is the duty cycle of the VSPD switche__; It should be noted that the piezoelectric
voltage follows the velocity, so. the Ferm_ sgne(x):is added in equation (6-19).
Substituting equation (6-19) into equal;i on Eéu) and writi ng it in the frequency domain
leads: |

(K = Mo?)u+ jDou : fac jn;VDC sin(xd) (6-20)

At resonant frequency, the displacement of VSPD is:

F, - n*V,, sn(zd)
T
Dw

(6-21)

VSPD
Uy, =

Compared with equation (6-22) and equation (6-15), the theoretical attenuation of the

displacement can be obtained:

Ao = 20|oglo[1— n;\;ﬂsin(nd)) (6-22)

M
According to equation (6-22), it can be noticed that the vibration is possibly cancelled
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out totally if the DC sink Vpc is set properly. However, when the Vpc is set too large,

eguation (6-22) is no longer correct. The limitation of the DC sink voltageis:

T F
V,.<-——M
°¢ ™ 4n sin(zd)

(6-23)
Under this maximum dc voltage limitation, the DC voltage works like a sink. However,
once the dc voltage is set above the maximum value, it works like a source. The voltage
source will excite the vibration of the structure. The piezoelectric layer becomes
actuator but no longer a damper. The theoretical analyses are summarized in Table 6-4.
Another semi-active damping techniqu?, SSDV (synchronous switching damping on a
voltage source), isaso listed in_'_[_ablé (_5’_—4_\'[0 compare wi:th the VSPD technique.

F

Table 6-4. Compairrfépn_t’)etwem _SSD\'/_':and V/SPD techniques.

SSDV [43, 44] VSPD
Lss } J
L1 R1
A ‘ —V
Topologies P N A ee
Vp| | Piezo-layer J_ R2
Vpe Piezo-layer Vp
| T T |
Dissipated L 4
+ n
el B LTI TV 4nV,.u,,
1-y| C,
energy
SP“ON": when minimum displacement
Operating occur - )
o _ L1&R2 “ON": positive mechanical current
SN “ON": when minimum displacement ) .
L1&R2 “OFF": negative mechanical current
rules occur
SP & SN are both “OFF’: else
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Work
parallelogram rectangular
cycles
Maximum
m ity 7 Fy
anl-y M 4n sin(rd)
voltage

6.4 Experiment Setup

The experimental structure under test is a cantilever steel beam. The beam was
excited by an electromagnetic shaker. a the fix.end of the beam. Two 31-type
piezoelectric ceramic layers Were.bonded 9n the beam: A displacement sensor was set to
measure the displacement at the free enld O?Etrhe beam. The signal from the displacement
sensor is used in the signal procr;fo synchrlo'ni_ze.the switching signal of the shunt
circuit. The detailed experimental setup is shown in Figure 6-10. Table 6-5 shows the
dimension of the beam and the piezoelectric layers and Table 6-6 arranges the model
parameters. It should be mentioned that, the parameters in first row of Table 6-6 were
measured, and the third row can be calculated by the first two rows. The detailed

relationships between the measured data (first row) and the corresponding model

parameter (third row) are arranged in the last row of Table 6-6.
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Function Generator Displacement
* Sensor ]
Power Amplifier

Y Piezodectric

layer
Shaker
\—‘_—177 Steel Beam
Switching | Signal -

Shunt Circuit Processing

Figure 6-10. Experimental setup of the piezoel ectric switching damping

Table 6-5. The piezoelectric layer and Steel Beam

Seel Beam Piezoelectric layer
length 242.3mm 70mm
width 35mm 30mm
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thickness

0.5mm

0.7mm

L ocation

none

2mm from fixed end

Table 6-6. The model parameters of the piezoel ectric/beam system

fshort fopen C Cp A
16.4Hz 16.5Hz 0.0154 81nF 2467Vm
'S n K M D
0.0122 0.0004212 NV 180Nm* 16.99 0.0538Nm’'s*
Definitions: ~ Y
| ==
1. measured data ' A |

1)

2)

3)

4)

5)

fsort: Short circuit resonant frequeniéy. (Hz) :

fopen: OPEN Circuit resonant frequency (Hz)

: short circuit resonant frequency

C,: piezoelectric inherent capacitor (nF)

J: The ratio between the free end displacement and open circuit voltage (Vm™)

2. calculated data

1)

2)

3)

2 g2
- M : the square of electromechnical coupling factor

fshort

k2
n=AC,: electromechnical ratio (NV™)

_n

K 2 : modal stiffness (Nm™)
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y M-— K (g

2¢2
4 short

5 D=4nsMfZ, (Nm's?

The experimenta results are shown in Figure 6-11. The DC voltages of the VSPD
testing system were set at 0V, 5V, 10V, 15V and 17V. In Figure 6-11, it can be seen that
when the voltage increases, the attenuation increases as well. The displacement can be
cancelled effectively in the case of 17V DC sink from 3.7mm to 1.2mm. The residual
displacement is closed to the vibration .in the non=resonant state. The last DC voltage
was set at 17V because the experimental xma>_<imum voltage is around 17.4V. Once the
DC voltage was set exceeding 17.4 V thé:(r/SPD system IS no longer a damper but an
actuator. The displacement amplltude r.ises again .aftér the maximum voltage reached.
The experimental waveform of the VSPD system with DC voltage is set to 17V at
resonance frequency and shown in Figure 6-12(a). In Figure 6-12(a), the displacement
signal and the piezoelectric voltage are sinusoidal and squared waveform respectively.

We can see that the piezoelectric voltage and the displacement have a 90 degree
phase difference. The underlying reason is that the piezoelectric voltage follows the
vibration velocity, and the displacement and the velocity are in 90 degree phase

difference generaly. Putting the displacement waveform and the piezoelectric voltage

together, the work cycle has been plotted in Figure 6-12(b). As our design predicted, the
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work cycle is rectangular. The VSPD system indeed owns the optimal work cycle.
Furthermore, according to equation (6-22) and model parameters in Table 6-6, the
attenuation of the vibration at open circuit resonant frequency, 16.5 Hz, was calculated
and plotted in Figure 6-13. In Figure 6-13, the experimental results match the theoretical
result quite well. The predicted curve in Figure 6-11can be completed to Figure 6-14.
Some more experimental points were plotted at different frequencies (16.3Hz, 16.4Hz,
16.5H2z), and the experimental maximum voltage 17.4 V has been plotted in Figure 6-14.
It should be noted that there is an ex;remg._point where is situated the theoretical

boundary value of the DC maxi_mum'\_(_oltage. Thetheoretical maximum DC voltage is

5 1

pa

17.9V, which is close to the predicted maxrr;;um DC.voltage, 17.4V.
- - . e

4 T T T

W

displacement (mm)
N

9[4 14.5 15 155 16 16.5 17 175 18
frequency (Hz)

Figure 6-11. The frequency response the VSPD system

(a) the displacement and the voltage waveforms (b) the work cycle
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voltage (volt)

-20 L

o
displacement (mm)
voltage (volt)
o

L L | | I R 2 . . . . .
-0.24 -0.22 -0.2 -0.18 -0.16 -0.14 -0. 13 3.5 -1 -05 0 05 1 15
time (sec) displacement (mm)
@ (b)

Figure 6-12. The experimental waveform of the VSPD system (a) the displacement and the voltage

waveforms (b) the work cycle

Gain (dB)
B
/

1 1 1 L L

0 2 4 6 8 10 12 14 16
DC voltage (Volt)

w
S

Figure 6-13. The experimental results (points) and the theoretical prediction (line) of the VSPD
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DC voltage (Volt)

Figure 6-14. The experimental results (points) and the theoretical prediction (ling) of the maximum dc

voltage (Red points: 16.6Hz,Blue points. 16.5Hz, Green points: 16.4Hz)

6.5 Summary o) g

.

According to the concept of _pé)\_llveri:f:act(:)r corréction and the rectangular work
cycle, the velocity controlled pieidelectrie Iéyer". fed rectifier was proposed in this
chapter. The concept of VPR can be applied to the semi-active damping, which is called
velocity controlled piezoelectric switching damping (V SPD). The theoretical prediction
and the experimental results of the VSPD were both demonstrated in this chapter and
were proved as an effective damping technique. The displacement at resonance was
suppressed 23dB at the resonance, and the final suppressed displacement was closed to

the displacement at non-resonance.
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Chapter 7. Summary and Discussion

The theoretica prediction and the design procedure of two piezoelectric
transformers (PT) based converters: the CCFL inverter and the DC/DC converter were
detail in chapter 4 and chapter 5 respectively. The selection of circuit topology of the PT
based DC/DC converter and the specific conducted EMI behavior of PT based DC/DC
converter also demonstrated in chapter 5. The work cycle of the piezoelectric layer were
detailed and thus derived the piezoelectric layer fed rectifier which applied to the
vibration control. In brief summary, there_are t_v.\_/o main points of this dissertation: 1) the
design rule and its specific behaviors ~0f the PT -based converter, 2) the energy
optimization of the piezoelectric Iayer.. Thgman poi nt; for the PT designer are detailed

in the following sections.

7-1. The Systematic Design Rulefor the PT Based Converter

In this dissertation, the complete design procedure of the piezoelectric transformer
based CCFL inverter, piezoelectric transformer based DC/DC converter and the
piezoelectric layer fed velocity controlled rectifier were full developed. One of the main
points in this dissertation is that the typical optimal loading condition should not be a
design criterion but the mechanical current is the key to the design the piezoelectric

transformer. The dimensional parameters of the piezoelectric transformers can change
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power curve significantly which are the maor deign factor to the piezoelectric
transformer. According to the previous chapters 3, 4 and 5, we can summarize a genera

design procedure as follows:

1. Examinetheload characteristics.

For example, in the case of CCFL, we understood its negative increment
impedance and crest factor to understand the suitable waveforms and the power
tendency. In the case of the DC/DC con.v_erter__,._the waveform at the PT output terminal
was discussed in detail first. More specifically, to understand the load characteristics of

the load is to understand the requi remen't""x_?_ﬂ_" ‘the converter. This is the most important

thing and should be checked in thé'f_irsit step.

2. Examine the relationship between the mechanical current and the load
characteristics.

As different PTs has some equivalent circuit, the relationship between the
mechanical current and the load variation can be found by the equivalent circuit first.
Since the load characteristics have been understood in the first step, in this step we can
know the required mechanical current of the PT. Furthermore, according to the load

characteristics, we can aso know which kind of the piezoelectric transformer should be
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adopted. For example, in the application of high voltage/low current application, we
may only need single-layer piezoelectric transformer. In the application of low
voltage/high current application, the multi-layer piezoelectric transformers are preferred.
This step is usually strait-forward as long as the load characteristics have aready

understood well.

3. Connect the equivalent circuit to the dimensional parameters

Although the equivalent circuit cornponeqts can help designer have an institutive
concept to understand the requirement ~0f the "PT. -However, the equivalent circuit
components are virtual components. Theu(r:hmens onal .parameters are practical design
parameters for the PT designer. Different PT..configurations have the different
relationship between the equivalent circuit and the dimensional parameters although

their equivalent circuit topologies are the same. This step can give the PT designer a

basic view to choose the proper size of the PT.

4. Adjust the proper dimension and efficiency
Designers can be found that the dimension and the efficiency of the piezoelectric
transformers are trade-off. More specifically, the larger PT leads to the higher efficiency

but the smaller PT leads to the smaller efficiency. We can adjust the dimension and the
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required efficiency according to the application. This point is similar to the
electromagnetic components, i.e. the inductor of the larger size can endure larger current

in general.

5. Check the ZVS condition can be achieved

The half-bridge driving with a series inductor can achieve the ZVS condition in
fixed load impedance. When the load varies, the ZVS condition may not be achieved
again according to the phase between the swi__tc_:h voltage and switch current are varied
with the load condition. Since the burst-mode control-was adopted in this dissertation,
the equivalent load value isa@most.a constgﬁtwhen thg PT passing through the energy.
The ZVS condition can be kept"\iv_é! § bhange i.n' I_he.steady state. Normally, the ZVS
condition is design at heavy load condit; on or typical operating points since the
efficiency of these two conditions are most important. The choice of the series inductor
was detail in chapter 3. The resonant frequency of the input LC resonant tank formed by

the series inductor and the PT input capacitor is better set between the PT resonant

frequency and PT following parasitic resonant frequency.

6. Make the feedback controller

The burst mode control is good control method for the PT, since it can keep the PT
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efficiency as well as the ZV'S condition. However, it may sacrifices the dynamics range
of the converter. The hysteretic burst-mode control method was thus adopted. If the PTs
were designed properly, the controller is quite easy to fit the requirement. It mentioned
that the typical PWM control is not good for the PT since the variation of the duty cycle
would excite the useless inefficient vibration mode of the PT. Another possible control
method is the variable frequency control such as PFM (pulse frequency modulation)
control. However, we did not detailed in this dissertation since this dissertation focus on
the fixed frequency control method.
7. Conclusion for the proposed desi gn rl;le

The steps mentioned above are g&ad for.each PT based converters. The analysis
and the experimental results shown in this dissertation indicated that the typical optimal
loading condition method is only suitable for the fixed load value. The design based on

the mechanical current can improve efficient under the case of the load variation.

7-2. Examine the power density of the piezoelectric layer
There were several interface circuit of the piezoelectric proposed, including the
application of the shunt dampers, harvesters and the piezoelectric transformers.

However, it is not easy to compare the performance of the al the interface circuit their

189



performance, especially in the case of non-linear interface circuits. Chapter 7 mentioned
the work cycle in this paper is the most efficient way to analyze the performance. The

steps to analyze the energy from piezoelectric layer are summarized as follows:

1. Find out the waveform of the displacement and the waveform of the piezoelectric

voltage

In the single frequency exciting system, the displacement is usually sinusoidal-like,
especialy in the low coupling system. The pigz_oelectric voltage is mainly based on the
interface circuit. In the case th& the xinte_rface circuit only includes the passive
components, the voltage is sinusoidal. .Ip tﬁécase of the rectifier or the switching circuit,
however, it could be any kind Wavel‘orm Since the waveforms of the i splacement and
the voltage are the easiest measured waveform, which is good to use to analyze the

work cycle although the energy can be in terms of other physical parameters. Once

these two waveforms are discovered, the “shape” of the waveform can be explored.

2. Examine the relationship between the displacement and the piezoel ectric voltage
Although the shape of the work cycle was checked in the first step, but most
important thing is to know is the area of the work cycle since it represents the real

energy from the piezoelectric layer. To make it intuitively, only one parameter, such as
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displacement was used. Once the relationship between the displacement and the
piezoelectric voltage was discovered, the area of the work cycle can be discovered as

mentioned in chapter 7.

7-3. The futureworks

Since the design procedure and the energy analysis in this dissertation of the
piezoelectric transformer were fully developed. Since the mechanical current is the
basic physical limitation of the PT, SO incr__e_asing the PT output current is a very

important topic in the future. There‘are several_possible Ways to increase the PT output

==

current: [}

1. Change the vibration type,""su.c.:h. as the s’f1_ear;mode vibration which has the
possibility to own the larger electromechanical coupling than in-plane vibration. [46,
47 , 48]

2. Improve the material properties has the potential to increase the output current. The
single crystal piezoelectric material has better characteristic than PZT material. [49]

3. Piezodlectric transformer parallel techniques. Parallel the PTs can increase the PT
output current. However, the paraleled PTs may have the interaction. It is an

important and interesting topic. [50]
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Appendix A. Work Cyclesin Different Circuit Topologies

Case l. pureresistiveload:

Characteristics:

35 T T T T

N r r
/ Input Power

| 160 ohm

30+

25

20

15

10

8.8 9 9.2 9.4 9.6 9.8 10

0.985 T T

1.4 T T T T T

T
Output Current

1.2

0.965| 20 ohm — |

8.8 9 9.2 9.4 9.6 9.8 10 8.8 9 9.2 9.4 9.6 9.8 10

work cycle & power factor:

X 10" powerfactor =0.75553 (by workcycle) & 0.75554 (by power)
25 T T T T T T

real energy = 3.5915e-005
2k B aparent energy = 4.7537e-005

0.5 B

-0.5- ~

electrical displacemet
o
T
L

25 L I L I L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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Case 2. paralle inductor with resistive load:

T T T T T T 35 T T T T T

Input Power

8.8 9 9.2 9.4 9.6 9.8 10 8.8 9 9.2 9.4 9.6 9.8 10

1 T T T T T T
160 ohm Efficiency
b 0.995 =
i 099 El
0.985 E|
0.98 A
0.975F B
) 0.97f 4
20 ohm
] 0.965 1
160 ohm
0 . L L L L L 0.96 L L L . . .
8.8 9 9.2 9.4 9.6 9.8 10 8.8 9 9.2 9.4 9.6 9.8 10
x 10° x 10°
X 10'5 powerfactor =1 (by workcycle) & 1 (by power)
2 T T T T T T T
real energy = 3.2828e-005
15 aparent energy = 3.2828e-005
1k i
g 0.5+ B
o
53
S
3
5 OF 1
E
g 0.5 q
]
b i
-1.5F B
2 L I L I L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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Case 3. seriesinductor with resistive load:

Characteristics:

0.7 T

35 T T T T
Input Power
30 a B

/ A\ 160 ohm

0.5+ 25 7N

0.4

0.2

S S
20 ohm

0 L L L L L L L L
8.8 9 9.2 9.4 9.6 9.8 10 8.8 9 9.2 9.4 9.6 9.8 10

1 T T T T
20 ohm
0.995 El
o99f— T
oe8s- E
0.98 b
0.975 \
0.97 T ——
m
. 0065 160 ohm — ]
= Output Current ha ]
0 . ! ! L . . 0.96 . . L L L L
8.8 9 9.2 9.4 9.6 9.8 10 8.8 9 9.2 9.4 9.6 9.8 10
X 10 x10°
X 10'5 powerfactor =0.75444 (by workcycle) & 0.75444 (by power)
1 T T T T T T T
real energy = 1.4906e-005
0.8 B aparent energy = 1.9758e-005
0.6 B
0.4 B
£
£ 02 4
53
S
3
5 Of q
E
5 0.2+
2
]
0.4
-0.6
0.8 i
1 L I L I L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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Case 4. voltage mode rectifier:

88 90 92 94 96 98 1005% o 88 90 92 94 96 98 100

ir‘_\'.l -::'x!
| Mie==l] |

X 10'5 powerfactor =0.67516 (by workcycle) & 0.67517 (by power)
4 T T T T T T

real energy = 5.1167e-005
aparent energy = 7.5785e-005

electrical displacemet
o
T
|

4 L I L I L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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Case 5. parallel inductor beforetherectifier:

Characteristics:

0.35 T T T T T

0.3r
160 ohm

0.8

0.7

T T
Output Current

160 ohm

88 920 92 94
i
o
)
work cycle & power factor:
-l
X 10'5 powerfactor =0.91387 (by workcycle) & 0.91387 (by power)
25 T T T T T T
2 -
15r B
1L i
©
£ o051 4
]
3
5 OF J
E
5 -0.5F B
2
]
b i
1.5+ B
2+ i
25 L L L L I I I
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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94 96 98

real energy = 4.6343e-005
aparent energy = 5.071e-005
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Case 6. seriesinductor beforetherectifier:

Characteristics:

160 ohm

X 10'5 powerfactor =0.7499 (by workcycle) & 0.74991 (by power)
8 T T T T T T T
real energy = 1.1889e-005
6 aparent energy = 1.5854e-005
4l i

electrical displacemet
o
T
|

8 L I L I L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

electrical field
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Case 7. seriesinductor after therectifier:

1 T T T T T T T

T
Output Current

L L L L L L L L 0 L L L L L L L .
089 90 91 92 93 94 95 96 97 98 89 90 91 92 93 94 95 96 97 98
bl . . of
| o
work cycle & power factor: = & B, Toh
HoW ,.r—\\l ll,- \
| |
=) ~ |
Ma=al] |
X 10'5 powerfactor =0.94172 (by workcycle) & 0.94174 (by power)
1.5 T T T T T T T T
real energy = 3.0693e-005
aparent energy = 3.2592e-005
1 -
0.5+ B
T
£
o
S
=
3
5 Of 1
g
© o5t 4
At i
15 | | | I | | | I
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

electrical field
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Case 8. velocity controlled rectifier:

electrical displacemet

X 10°

1.4

Output Current

powerfactor =0.99999 (by workcycle) & 0.99999 (by power)
T T

T T

L I L

-0.6

-0.4

-0.2 0 0.2
electrical field
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0.4

0.6

0.8

real energy = 6.0429e-005
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Case 9. velocity controlled rectifier with theinductor:

88 89 90 91 92 93 94 95 96 97 88 89 90 91 92 93 94 95 96 97

work cycle & power factor: =~ [ | FE_Ef_;“l 1

X 10'5 powerfactor =0.96747 (by workcycle) & 0.96748 (by power)
1 T T T T T T

real energy = 2.1525e-005
e aparent energy = 2.2249e-005

0.8

0.6~

0.4r

0.2

-0.21

electrical displacemet
o
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0.4
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