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Abstract. In this paper, we propose a new design of a piezoelectric transformer (PT) for low-profile DC/DC converter appli-
cations, which increases the output power by using heat transfer equipment. We examined several parameters, which allow us
to produce a piezoelectric transformer with optimal efficiency. Instead of looking at the typically optimal loading condition of
the PT, we consider the influence of the temperature rise on losses. When the vibration velocity is too large, the piezoelectric
transformer generates heat unstably until it cracks. By maintaining the vibration mode and limiting the heat produced by the
PT, this design can enhance the power capacities of the PT and thus increase the output power of the DC/DC converter. A finite
element analysis (FEA) approach with COMSOL Multiphysics was made to predict PT’s working temperature. A theoretical-
phenomenological model was also developed to explain the relationship between the equivalent losses resistances and the input
voltage at different temperatures. It will be shown that the vibration velocity as well as the heat generation increases the losses.
A large vibration velocity and generated heat may cause the temperature feedback loop to enter into an unstable state. We
began by modeling a piezoelectric transformer in a DC/DC converter configuration in order to determine the design constraints
and variables such as the maximum mechanical current, the temperature distribution, the PT geometrical configuration and the
energy balance. In our design, the PT power capacity increases 3 times (i.e. from 4.54 W to 13.29 W) at specific temperature
and the effects of the different cooling methods of the system were verified. The study comprises of a theoretical part and
experimental proof-of-concept demonstration of the proposed design method.

Keywords: Piezoelectric transformer, power capacity, power density

1. Introduction

Nowadays, DC/DC converter trends are increasing demands on high power density, high efficiency,
and miniaturization. Piezoelectric transformer (PT) based DC/DC converter was an attractive candidate
due to several advantages such as high efficiency, low profile, no EMI radiation, high power density and
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easier for mass production. However, the PT is better operated in narrow bandwidth, fixed loading condi-
tion and low current applications. In past 3 years, the solution of first two problems was proposed [1-7]
and it improves the feasibility of the PT based converters. It should be noted that the vibration velocity
rating is a physical limitation of the PTs. Once the PT exceeds the allowable vibration velocity, the PT
would start self-heating, increase the internal losses and cause instability. Typically, the large output cur-
rent is directly linked with high vibration velocity [8,9], so the PT is difficult to apply in the high current
applications.

To understand the relationship between the temperature rise and the internal loss of the PT, Uchino et
al. divided the internal loss into three parts in the equivalent circuit of the piezoelectric transducers [10].
Wakatsuki et al., Joo et al., and Liu et al. calculated the internal losses by strain, stress, electrical dis-
placement, and electric field distribution by the finite element modeling [11-13]. Tanaka et al. presented
the linearity between amplitude of output voltage and maximum vibration velocity of a flexible piezo-
electric device [14]. Thomas et al. presented different method to determine the resulting temperature
distribution which caused by internal losses in piezoelectric slabs [15]. Moreover, Albareda et al. veri-
fied the increment of the dissipation resistance and the temperature rise are both directly proportional to
the square of the vibration velocity near the mechanical resonance frequency of the PT [16]. This result
can be used to establish a prediction phenomenological theoretical model. According to the previous
results, we know that the maximum power of the PT is possible to be increased by means of prevent-
ing the overheating problem. There were several options to dissipate the heat efficiently. Insung et al.
proposed a ring-dot-shape piezoelectric transformer with'a central hole to obtain a better thermal radia-
tion [17]. This design could achieve more uniform temperature distribution and decrease the maximum
temperature on the PT structure; therefore the output power can be increased. Shao et al. adopted the
contact heat transfer to dissipate the heat on the PT in order to improve the power density of PTs [18].
In our previous research, a novel cooling method, which combined the heat transfer equipment and ther-
moelectric cooling module to dissipate the heat, can effectively enhance the output power of PT [19].
However, the cooling device cannot satisfy the low-profile requirements and the power consumption of
the thermoelectric cooling module was too high to get high efficiency of the entire PT system.

This paper presents the new design of the PT based DC/DC converter with a planar heat transfer
equipment (PHTE) on the PT. We started from observing the relationships between the equivalent heat
resistances and the input voltages at different temperatures to establish a phenomenological theoretical
model. The proposed model can explain the relationship between vibration velocity and temperature
rise of the piezoelectric transformer [16]. According to the majority of heat generation is generated
from vibration energy losses due to internal damping of the system [20,21]. We added commercial
thermal pads on the piezoelectric transformer with the auxiliary piezoelectric fan to dissipate the heat.
The experimental result confirmed that it is feasible to use PHTE, which could satisfy the low profile
requirement (device height less than 14 mm), while improve the PT output power capacity at the same
time. The maximum output power capacity could increase 3 times from 4.53 W to 13.29 W at the
constant temperature. The theoretical model will be detailed in the Section 2 and the circuit topology
of the PT based DC/DC converter will be analyzed in the Section 3. Finally, the effects of the different
cooling methods of the system will be verified by the simulation and the experiment.

2. Thermal analysis of multi-layer piezoelectric transformer
2.1. Analysis of heat generation and temperature rise for multi-layer PT

Piezoelectric transformers may become unstable with temperature rises because of the excessive in-
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ternal losses under high-power conditions [22]. The excessive internal losses are typically occurred
when carrying high output current especially in the case of the current larger than 1 A. To increase
the output current and out power of the PT by using the contacted heat transfer equipment, we analyze
the heat generation from internal losses and vibration of PT. Furthermore, a theoretical thermal model
was established to determine the temperature-dependent nonlinear resistance in the equivalent circuit of
piezoelectric transformers. Equation (1) shows constitutive equations of piezoelectric materials:

o =& ][ "

where T', S, D, and E are the matrices of stress, strain, electric displacement, and electric field respec-
tively; cP, e, & and e are the matrices of elastic stiffness, piezoelectric stress/charge constant, piezoelec-
tric stress/charge constant conjugation, and dielectric or permittivity constant respectively. Generally,
there are three types of losses in PT: dielectric, piezoelectric, and mechanical losses [8,10]. Dielectric
loss is caused by the hysteresis between the electric filed E and electric displacement D; piezoelectric
loss is the electromechanical hysteresis between the strain S and electric field F; mechanical loss in-
cludes the internal elastic loss in piezoelectric material hysteresis between the stress 7" and strain S and
mechanical vibrations from PT body to the ambient environment. The dielectric losses density Pp._j s
(W/m?) can be determined by Eq. (2), where 7. is the dielectric loss factor:

PD-Loxs = 0.5WE2€776 (2)

In the other hand, the mechanical losses density Py.1,s (W/m?) is given by Eq. (3), where 1, is the
mechanical loss factor:

Pyt10ss = 0.5wn,,Re {S[Conj(DS)]} 3)

In previous research [11-13], it is feasible to-use a FEA approach to estimate temperature rise expe-
rienced in a typical ultrasonic transducer due to dielectric loss and vibration. Applying the COMSOL
model, heat generation in an ultrasonic transducer due to electric potential and vibration can be deter-
mined and evaluated clearly [23]. For COMSOL analysis steps, an eigen value analysis for the PT was
used to predict the exact frequency at which longitudinal mode is occurring firstly. Then, a frequency
response analysis is performed by exciting the transducer in the axial direction by applying the voltage
V' to the PT. From this analysis, the strain energy density is extracted and it can be used to calculate
the dielectric losses and mechanical losses by using Eqgs (2) and (3). Finally, the dielectric losses den-
sity Pp.r.ss and the mechanical losses density Py, are defined as heat flux inputs to the heat transfer
module which is defined as an inbuilt equation, i.e. “Qdamp_smsld” in COMSOL. After those heat flux
inputs are applied to the PT, a thermal analysis can be performed to find the temperature distribution of
the PT with different electric potential. By using the COMSOL thermal model, we could compare the
PT temperature distribution with-or without heat transfer equipment easily.

2.2. Analysis of temperature-dependent nonlinear resistance in PT equivalent circuit

To analyze the characteristics of the PT with high vibration level easily, a single-mode non-linear
equivalent circuit was proposed in Fig. 1 [14]. There are some assumptions of this equivalent circuit:

1. The operating frequency is set at the resonant frequency. It should be noted that the resonance
frequency is shifted with temperature rise [20].
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1 fm —I_ C2 Vout
Fig. 1. Nonlinear equivalent circuit of piezoelectric transformer.

2. The piezoelectric losses and the dielectric losses were both neglected. In other words, we assume
that the heat is only generated from the mechanical loss Py, jogs-

The typical equivalent circuit of the piezoelectric transformer is'composed of mechanical resonant
branch L,,-Cy,- R, , two clamped capacitors Cy, C5 and transformation ratio NV [17]. These parameters
are fixed at constant temperature. To take into accounts the temperature effect, a non-linear thermal
resistance Ry, is introduced in the equivalent circuit of Fig. 1.

When the constitutive equations of the piezoelectric material are derived, nonlinear terms are typically
neglected with the assumption of the small vibration level. However, the nonlinear terms may decrease
the quality factor of the piezoelectric material significantly in the large vibration amplitude [22]. In such
a case, we should take into account the nonlinear terms. Thus, the mechanical resistance R,,, should
include two terms: a low excitation resistance Iy and a non-linear resistance Ry .

Rm = Ro+ Rt “4)

The mechanical current i, which is equivalent to the vibration velocity passes through the mechanical
resistance R,,,. According to Albareda’s non-linear model of piezoelectric transducers [14], Ry is a
function of mechanical current square, such as:

Ry = ai?, (5)

In Eq. (5), the coefficient « characterizes the temperature-dependence of the resistance, i.e. « (T°C).

In experiment, the coefficient « is increased with temperature rise [19].

The diagram of Fig. 2 shows the thermal positive feedback model. The losses of the piezoelectric
transformer are mostly transferred into thermal energy, which leads to the PT temperature rise. Then this
temperature rise leads to increase of the mechanical resistance R,,, and also caused increasing losses,
which leads to a thermal positive feedback. In the same time, there is a negative feedback loop when
the PT input voltage is a constant. In this case when mechanical resistance R,, increases, the mechan-
ical current will decrease. To explain the effect of the proposed cooling system on the PT losses we
use the bottom diagram of Fig. 2. After applying the cooling system called planar heat transfer equip-
ment (PHTE), another physical loop in the piezoelectric transformer is established. The function of the
PHTE is to reduce the coefficient . Therefore, according to Egs (4) and (5), the mechanical resistance
and the mechanical losses are both decreased by the PHTE. In such a condition, the output power will
increase immediately. Based on the control loop of the piezoelectric transformer, the relationships be-
tween R,,, Rnr, im, temperature rise, losses and output power can be described clearly. Considering the
voltage across the PT is a constant, it can be viewed that the passing current capacity of the piezoelectric
transformers is increased owing to the decrement of the mechanical resistance.
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Fig. 2. Energy loss control loops of the piezoelectric transformers.

3. Enhancing output power design of PT-based DC/DC converter with planar heat transfer
equipment and its operation

3.1. Increasing output power design to PT by using PHTE

The previous discussions show that to increase the output power of the PT, the coefficient @ must
be reduced. In this work a cooling system that includes thermal pad, radiator, piezoelectric fan and
thermoelectric cooling module are used to decrease the temperature and thus the coefficient o. Once
« is reduced by the cooling system, both temperature-dependent resistance Ry; and mechanical losses
resistance R, 155 can be reduced in the same mechanical current condition. Specifically, a smaller coef-
ficient «v leads to a smaller mechanical loss at a constant stable operating temperature of the PT. Figure 3
shows three different cooling structures, which includes: (a) Air cooling without any cooling device, (b)
Contacted planar heat transfer equipment (PHTE), (¢c) PHTE with piezoelectric fan and (d) HTE with
thermoelectric cooling module.

The PHTE is an aluminum box was mounted onto a radiator, which served as a heat sink and provided
an additional surface area of 16 cm? for cooling. To dissipate the heat of PT more efficiently and reach
the miniaturization purpose, an auxiliary piezoelectric fan was applied as shown in Fig. 3(c). In this
paper, we also compare the performance between ther PHTE and the previous type of cooling structure,
i.e. a pair of thermoelectric cooling modules mounted onto the thermal pad and radiator as shown in
Fig. 3(d). Table 1 shows the detail comparison between the piezoelectric fan and the thermoelectric
cooling module, and it can be used to demonstrate the practicability of each device.

Although both of the cooling method can provide the abilities to improve the output power and current
of the PT-based DC/DC converter, the cooling method by using piezoelectric fan provides a more reliable
heat sink and needs lower power consumption. Furthermore, it is more appropriately for low-profile
application.
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Table 1
Merit and demerit of the piezoelectric fan and the thermoelectric cooling module
Type of cooling device Piezoelectric fan Thermoelectric cooling module [19]
Volume and weight +Smaller ( no redundancy necessary) —Larger (need additional radiators)
Heat sink reliability +Stable —Unstable (heat saturated problem)
Power consumption +Lower (100 mW) —Higher (1.75 W)
Total thickness +Smaller (14 mm collocate with PHTE) —Larger (100 mm collocate with radiator)
Output power capability +Higher (13.29 W with 47 € load ) —Lower (11.45 W with 47 €2 load )
Table 2

Characteristics of the PT fed rectifier [1]
PT fed full-wave rectifier

Load voltage Vi = 2Ry (;V_i’;w_ Cii‘iizvjj) Rectifier losses Pp =2Vp g—];
Phase angle 0= wt Diode block angle 6, = cos™* (%)
Optimal load condition Rp* = T PT losses Prrioss = I% R,
2wC
Load power Pr, = V—L2 Efficiency of the converter - R
P L_RL y n_PPTlox5+PD+PL

PT Fan [

A
I
=2 E
E5E
5

-—23mm—e

© (d)

Fig. 3. (a) Air cooling without any cooling device. (b) Heat transfer equipment (HTE). (c) HTE and planar piezoelectric fan.
(d) HTE and thermoelectric cooling module.

3.2. PT-based converter circuit diagram and its operation

As shown in Fig. 4, a half-bridge circuit and an inductor were adopted as the input driving circuit to
excite PT vibration. To get the DC output voltage, a full-wave rectifier was connected to the PT output
terminal. The filtering capacitance C'r should be sufficiently larger than the PT output capacitor Cs to
guarantee the load voltage V7, can be viewed as a perfect DC voltage sink.

The current and voltage waveforms of the PT fed full-wave rectifier are shown in Fig. 5(a). A half-
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Table 3

Picture, size and properties of the PT
Input section Output section Isolation
No. of layers 4 No. of layers 4 No. of layers 1
Thickness 0.5 mm Thickness 0.5 mm Thickness 0.5 mm
(0.5%4 =2 mm) (0.5%4 =2 mm) (0.5%1 = 0.5 mm)
Input inductance Operating frequency Unstable temperature of PT
51 uH 94.3 kHz 55°C

Material properties (PZT-QA, ELECERAM TECHNOLOGY Co., Ltd., Taiwan):
K, = 0.58 is the electromechanical coupling coefficient Q. = 1800 is the mechanical quality factor

dsz =320 x 10712 ds1 = —140 x 1072 are the piezoelectric constants (m Vfl)
Y33 =320 x 1072 Y31 = —140 x 107 "2 are the elastic constants (N m™2)

pm = 1.9 is the density (g cm™?) v = 0.16 is Poisson’s ratio

N, = 2200 is the frequency constants of the plane vi- €33 = 1420 x 8.854 x 1072 is the permittivity at con-
bration (kHz mm) stant strain condition, i.e. constant S (F m’l)

ef) = 1.14 x 107" is the compliance constant under ~ PT size: 22 mm*22 mm*4.5 mm
the constant electric field, i.e. constant £/
The experimental result obtained by impedance analyzer:

fr fa Ro Lm Cm C1 Co N T
(KHz) (kHz) () (mH) (nF) (nF) (nF) ) °C
93.78 98.285 1.37 0.837 3.799 36.28 37.05 1 25

Fig. 4. The schematic diagram of piezoelectric transformer based DC/DC converter.
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Fig. 5. (a) Theoretical voltage and current waveforms of the PT fed full-wave rectifier. (b) experimental waveforms of input
voltage Vin (red, 20 V/div), input current i, (blue,ec, 1 A/div), voltage at output terminal V;ec (purple, 5 V/div) and current at
output terminal i,ec (green, 0.5 A/div).
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Fig. 6. Experimental setup of PT based DC/DC converter.

bridge circuit was adopted as the input driving circuit to excite PT vibration. In addition, an input induc-
tor Li, was used to ensure the zero-voltage-switching (ZVS) condition. Considering the high conversion
output power and efficiency of the overall PT-based DC/DC converter, the ZVS condition should be en-
sured simultaneously by using the input inductance Lj, and the PT input capacitance C [11]. It should
be noted that because of the large value of the filtering capacitor C'r, the PT output voltage v, is not a
sine wave. These waveforms can be divided into four periods. In the first and third period, the diode is
blocked, and thus the PT output capacitor is charging or discharging. In the second and fourth period,
diode is conducted, and thus the rectifier voltage is roughly equal to the load voltage. The theoretical ex-
pressions of the load voltage V7, the losses Pp and Ppt1,0ss and the load power P, are given in Table 2,
where w is the phase angle; 6 represents the diode block angle and Vp the diode voltage drop. Fig-
ure 5(b) shows our experimental waveform, which fits the characteristics of the theoretical waveforms.

4. Simulation, experimental results and discussions
4.1. Experimental setup

Experimental setup is shown in Fig. 6. We incorporated an IR2104, IRF7431, and MBR360 for the
gate driver, the MOSFET switches and the rectifier, respectively. The filtering capacitance was set to be
1000 pF to minimize the voltage ripple. A function generator controls the switching frequency of the
half-bridge. The input inductance was set at 51 pH with the switching frequency 94.3 kHz to achieve
soft switching conditions. The multi-layer piezoelectric transformer works in planar vibrating mode. The
testing specimen of the piezoelectric transformer was provided by the company Eleceram Technology
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Table 4
Properties of the piezoelectric fan and thermoelectric cooling module

Type of cooling device Piezoelectric fan Thermoelectric cooling module [19]

Appearance and size

57mm*20mm*0.76mm 40mm*40mm*3.8mm
Operating voltage 40 V (resonant frequency: 60 + 3 Hz) 25V
Operating current 2.5mA 0.7A
Max. power consumption 100 mW 1.75 W

Co., Ltd., Taiwan. It is a multi-layer rectangular transformer with internal circular electrodes. The prop-
erties of the PT specimen and the experimental results measured by the impedance analyzer are given in
Table 3.

Furthermore, a 1 W DC power source supplies to the thermoelectric cooling module in the cooling
system. Comparing to power consumption of the thermoelectric cooling module, the piezoelectric fan
can be driven with a very low power requirement less than 100 mW. The properties of the thermoelectric
cooling module and piezoelectric fan are given in Table 4. A temperature sensor was used to monitoring
the PT temperature in different driving conditions.

4.2. Experimental and simulation results of temperature effect on nonlinear resistance

On the other hand, we also observed experimentally that the temperature increases more quickly than
the losses increase. It implies that a positive feedback exists between the losses and the temperature rise.
This is the underlying reason that the losses may increase instability in the high vibration level. To have
a larger output power, the mechanical resistance should be insensitive to the temperature rise. The best
case is that the coefficient « is independent of temperature.

According to the equivalent circuit in Fig. 1, the output short-circuit current /¢ and input power Py
can be expressed as Eqs (6) and (7).

Iout = N'Lm (6)

Pin - (Zm)QRm (7)
Combining Eqs (4), (6) and (7), the Eq. (8) can be derived:

Ry = Pu/(Iout/N)? = Ro ®)

To obtain the nonlinear resistance Ry in Eq. (8), we must measure the temperature-independent re-
sistance I?g and parameter N by the impedance analyzer first. Then, obtain the temperature-dependent
resistance (Ry;) by measuring the output short current I,,; and input power P,. To observe the non-
linear resistance Ry, in different vibration level, the output short current /I,,,; and input power P;,, were
measured for various input voltage Vi,. From the experimental results of Ry, in next section, it is re-
vealed that Ry, is a function of mechanical current in square as shown in Fig. 7.

Obviously, the cooling method applied by PHTE and PT fan in Fig. 7 was regarded as the best way
to reduce the nonlinear resistance Ry, and to be adopted. Applying the COMSOL thermal analysis,
we can estimate the temperature rise due to internal losses under high-power conditions to predict PTs’
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working temperature. Furthermore, through the temperature distribution between PT and heat transfer
equipment based on the COMSOL simulation result provided us sufficient information to design the
heat transfer equipment type. Through the analysis step in Section 2.1, an Eigen value analysis for the
PT and heat transfer equipment was established to predict the exact frequency as shown in Fig. 8, i.e.
exact frequency = 89725 Hz, at which longitudinal mode is occurring.

From this analysis, the strain energy density is extracted and it can be used to calculate the dielectric
losses and mechanical losses by using Eqs (2) and (3). Finally, the dielectric losses Pp.,s and the
mechanical losses Py, are defined as heat flux inputs to the heat transfer module which is defined as
an inbuilt equation, i.e. “Qdamp_smsld”, in COMSOL. It is revealed that the maximum temperature of
PT equal to 30.5°C driven by a sinusoidal input voltage with a peak of 25 V after 300 seconds as shown
in Fig. 9. The COMSOL simulation results can be used to predict working temperature of the PT and
temperature distribution of the PHTE system.

4.3. Improvement in experimental results of PT-based converter by applying PHTE

To explain the relationship between vibration velocity and PT temperature, the coefficient « is de-
termined by measuring the mechanical current i,, and resistance Ry; and temperature for the four ex-
perimental setups. The variation of mechanical current ¢,,, and PT temperature is obtained by applying
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Fig. 13. Output power and efficiency as a function of load in different cooling structures.

different input voltages as shown in Fig. 10. In Fig. 10, it can be seen that mechanical current increases
with input voltage and temperature. Through applying the cooling system, for the same temperature of
55°C, the mechanical current can increase from 0.44 A to 0.97 A as shown in Fig. 11. At the 25-55°C
temperature range, mechanical currents which were measured with cooling system increased almost
3 times more than in the case of bared PT operation. It is clear that the resistance R,, is efficiently
decreased by applying the cooling system for the same mechanical current. In addition, as the mechan-
ical losses Py.1055 are a function of mechanical resistance R,,,, the mechanical losses Pp,.joss are also
decreased by applying the cooling system.

Moreover, the relationship between coefficient «, temperature and Rz, can be derived from curve
fitting in Fig. 12. It is shown that the coefficient « of the single PT structure is much larger than the other
cases in the same temperature condition. This result clearly indicates that large coefficient o leads to
high PT losses at the same mechanical current. In Fig. 13, the experimental results show that the output
power of the PT-based DC/DC converter with cooling system can move from 4.54 W to 13.29 W at the
same temperature (55°C) with 47 (2 load value. The output power was increased at least 3 times at good
efficiency (70%+) when the load was varied from 10 to 330 .
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5. Conclusion

In this paper, a cooling system with heat transfer equipment and piezoelectric fan was used to enhance
the output power of piezoelectric transformers. According to the experimental results, all specimens
remained a satisfactory efficiency even at temperature 55°C. By applying planar heat transfer equipment
(PHTE), the ability of heat dissipation becomes better. The PT passing current can increase from 0.44 A
to 0.97 A, and the maximum output power of the PT-based DC/DC converter can also increase from
4.54 W to 13.29 W at specific temperature. Furthermore, we proposed a model that can explain the
relationship between vibration velocities and temperature rises of the PT. The finite element analysis
(FEA) approach by COMSOL Multiphysics was also used to predict PTs’ working temperature. This
study clearly indicates that it is possible to enhance the performance of the piezoelectric transformer by
decreasing the loop gain a. Moreover, the output current of the piezoelectric transformer in our design
also increases, which implies that this technique allows the piezoelectric transformer to be used in low
voltage-high current applications.

Acknowledgments

The authors are grateful to: Eleceram Technology Co. Ltd. and Miézo Inc. for providing us with dif-
ferent types piezoelectric transformers used in the research work. The main funding of this project from
National Science Council, Taiwan under Project NSC-101-2917-1-002-014 is gratefully acknowledged.

References

[1] Y.P.Liu, D. Vasic, W.J. Wu, F. Costa and C.K Lee, Design of fixed-frequency controlled radial-mode stacked disk-type
piezoelectric transformers for DC/DC converter application, Smart Materials and Structures 18(8) (2009), 085025.

[2] N. Dai, A.W. Lofti, G. Skutt, W. Tabisz and F.C. Lee, A comparative study of high-frequency, low-profile planar trans-
former technologies, Proc of IEEE APEC’94 (1994), 226-232.

[3] Y.P.Liu, D. Vasic and F. Costa, Wideband ZV S half-bridge circuit for piezoelectric transformers with small inductance,
Electronics Letters 48 (2012), 523-525.

[4] D. Vasic, F. Costa and E. Sarraute, Piezoelectric transformer for integrated MOSFET & IGBT Gate Driver, /IEEE Trans-
actions on Power Electronics 21(1) (2006), 56-65.

[5S] D. Vasic, F. Costa and E. Sarraute, A new MOSEET & IGBT gate drive insulated by a piezoelectric transformer, Proc of
IEEE Power Electronics Specialists Conference PESC’2001, Vancouver Canada (2001).

[6] Y.P.Liu, D. Vasic, F. Costa and W.J. Wu, Electromagnetic interferences analysis of DC/DC converters based on piezo-
electric transformers, Japanese Journal of Applied Physic 49(6) (2010), 061501.

[7]1 D. Vasic, F. Costa and E. Sarraute, Comparing piezoelectric and coreless electromagnetic transformer approaches in
IGBT driver, The European Physical Journal Applied Physics 34(3) (2006), 237-242.

[8] J. Hu, Analyses of the temperature field in a bar-shaped piezoelectric transformer operating in longitudinal vibration
mode, IEEE Trans Ultrason Ferroelectr Freq Control 50 (2003), 594-600.

[9] D.D. Ebenezer, D. Thomas and S.M. Sivakumar, Non-uniform heat generation in rods with hysteretic damping, Journal
of Sound and Vibration 302 (2007), 892-902.

[10] K. Uchino and S. Hirose, Loss mechanisms in piezoelectrics: how to measure different losses separately, IEEE Trans
Ultrason Ferroelectr Freq Control 48 (2001), 307-321.

[11] N. Wakatsuki, Y. Kagawa, K. Suzuki and M. Haba, Temperature-frequency characteristics simulation of piezoelectric
resonators and their equivalent circuits based on three-dimensional finite element modeling, Int J Numerical Modeling:
Electron Networks, Devices Fields 16 (2003), 479-492.

[12] H.W. Joo, C.H. Lee, J.S. Rho and H.K. Jung, Analysis of temperature rise for piezoelectric transformer using finite-
element method, IEEE Trans Ultrason Ferroelectr Freq Control 53 (2006), 1449—-1457.

[13] N.Liu,J. Yang and F. Jin, Transient thickness-shear vibration of a piezoelectric plate of monoclinic crystals, International
Journal of Applied Electromagnetics and Mechanics 38(1) (2012), 27-37.



[14]
[15]
[16]

(17]

(18]
[19]
[20]
[21]
[22]

[23]

Y.H. Su et al. / Design of piezoelectric transformer-based DC/DC converter to improve power 857

Y. Tanaka, M. Keitaro and M. Hidemi, An experimental study of power generation and storage using a flexible piezo-
electric device, International Journal of Applied Electromagnetics and Mechanics 39(1) (2012), 603-608.

D. Thomas, D.D. Ebenezer and S.M. Srinivasan, Power dissipation and temperature distribution in piezoelectric ceramic
slabs, J Acoust Soc Am 128(7) (2010), 1700-1711.

A. Albareda, P. Gonnard, V. Perrin, R. Briot and D. Guyomar, Characterization of the mechanical nonlinear behavior of
piezoelectric ceramics, IEEE Trans Ultrason Ferroelectr Freq Control 47 (2000), 844-853.

K. Insung, K. Minsoo, J. Soonjong, S. Jaesung and T. Vo Viet, Piezotransformer with ring-dot-shape for easy heat
radiation and high efficiency power, Prof of Int Symp Applications of Ferroelectrics and Int Symp Piezoresponse Force
Microscopy and Nanoscale Phenomena in Polar Materials (2011), 1-6.

W.W. Shao, L.J. Chen, C.L. Pan, Y.B. Liu and Z.H. Feng, Power density of piezoelectric transformers improved using a
contact heat transfer structure, IEEE Trans Ultrason Ferroelectr Freq Control 59 (2012), 73-81.

Y.H. Su, Y.P. Liu, D. Vasic, W.J. Wu, F. Costa and C.K. Lee, Power enhancement of piezoelectric transformers by adding
heat transfer equipment, IEEE Trans Ultrason Ferroelectr Freq Control 59(10) (2012), 2129-2136.

D.J. Powell, J. Mould and G.L. Wojcik, Dielectric and mechanical absorption mechanisms for time and frequency domain
transducer modeling, Proc of IEEE Ultrasonics Symposium (1998), 1019-1024.

V. Loyau, Y.P. Liu and F. Costa, Analyses of the heat dissipated by losses.in a piezoelectric transformer, /EEE Trans
Ultrason Ferroelectr Freq Control 56 (2009), 1745-1752.

Y. Sasaki, M. Umeda, S. Takahashi, M. Yamamoto, A. Ochi and T. Inoue, High-power characteristics of multilayer
piezoelectric ceramic transducers, Japanese Journal of Applied Physics 40 (2001), 5743-5746.

T. Rajesh, V. Benjamin and V. Ramamoorthy, Heat generation from dielectric loss and vibration using COMSOL multi-
physics, Proc of COMSOL Bangalore Conference (2010).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




