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In this study, a disk-shaped piezoelectric transformer was fabricated using lead-free
�K,Na�NbO3-based ceramics with high mechanical quality factor. The transformer can operate in
the fundamental or the third radial vibration mode. The transformer is poled along the thickness
direction. The top surface is covered by ring/dot silver electrodes separated by an annular gap which
serve as the input and output parts of the transformer, respectively. The bottom surface, fully
covered with a silver electrode, is grounded as a common electrode. The dimensions of the top
ring/dot electrodes are designed such that the third radial vibration mode can be strongly excited.
The electrical properties of the transformer with diameter of 34.2 mm and thickness of 1.9 mm were
measured. For a temperature rise of 35 °C, the transformer has a maximum output power of 12 W.
With the matching load, its maximum efficiency is �95%, and maximum voltage gains are 6.5 and
3.9 for the fundamental and the third radial vibration modes, respectively. It has potential to be used
in power supply units and other electronic circuits. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2712795�

I. INTRODUCTION

A piezoelectric transformer is a device that transforms an
ac voltage or current by piezoelectric vibration. Compared
with an electromagnetic transformer, it has the following fa-
vorable characteristics: �a� since it has a large power to vol-
ume ratio, it is easy to be miniaturized; �b� since piezoelec-
tric vibration is involved instead of an electromagnetic field,
it is electromagnetic-noise-free; �c� it is nonflammable be-
cause it has no windings; and �d� it can work at a higher
frequency. Since the invention of Rosen-type transformer,1

many piezoelectric transformers have been proposed and
developed,2–9 and some of them have been used in practice.
In general, piezoelectric transformers can be classified into
two types. One type has a voltage gain �=ratio of output
voltage to input voltage� of �1 �step-up transformers� with a
high output voltage of more than several hundred volts. The
other type has a voltage gain of �1 �step-down transformers�
with a low output voltage of several volts. The former can be
used in cold cathode fluorescent lamp �CCFL� inverters for
liquid crystal displays �LCD�,2 and the latter can be used in
the adapters for power supply units.4

Initially, the piezoelectric transformer technology suf-
fered from serious instabilities and device failures related to
immature material fabrication technology and mechanical re-

liability problems in the nodal point, as well as driving cir-
cuits. These drawbacks have subsequently been fully ad-
dressed through improvements in materials, new designs of
structure, and self-tracking feedback circuits and resonant
converters.10,11 In spite of the introduced modifications, pi-
ezoelectric transformers still suffer from a few drawbacks.
First, the difference in polarization directions of input and
output sections of a piezoelectric transformer may cause in-
ternal cracks during the electric poling process. The samples

a�Author to whom correspondence should be addressed; electronic mail:
gmsone�cn@hotmail.com FIG. 1. Schematic diagram of piezoelectric transformer.
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would break down easily because of the premature mechani-
cal fatigue during operation. The second issue is the en-
hancement of the power capabilities of piezoelectric trans-
formers.

Recently, a piezoelectric transformer with a very simple
structure was introduced to solve these problems.12–15 In this
design, the input and output electrodes were on the same side
of the piezoelectric ceramic disk and were isolated form each
other by a fixed gap. The electrode pattern was a ring/dot
structure, and the input and output sections were polarized
along the thickness direction, such that the piezoelectric
transformer used radial mode for input and output parts.
Higher energy conversion efficiency and output power can
be obtained from this structure because the electromechani-
cal coupling factor kp in planar mode is higher than the factor
k31 in length extensional mode. This piezoelectric trans-
former can operate in radial vibration modes. In this article, a
lead-free piezoelectric transformer which can operate in the
fundamental and the third radial vibration modes was pre-
sented.

As known, Pb�Zr,Ti�O3 �PZT� ceramics play a domi-
nant role in current piezoelectric applications because of
their superior piezoelectric properties. However, the high
volatilization of PbO, a main component of PZT ceramics,

means that the substantial environmental pollution occurs
during disposal of PbO-contaminated materials. As important
ecomaterials, lead-free piezoelectric ceramics, especially
�K,Na�NbO3-based ceramics, are attracting considerable
attention.16 Therefore, the lead-free �K,Na�NbO3-based ce-
ramics was developed for the application of the piezoelectric
transformer.

II. CONSTRUCTION AND PRINCIPLE

Figure 1 illustrates the prototype of the disk-shaped pi-
ezoelectric transformer. Arrows indicate the direction of the
polarization of the samples. The input and output electrodes
are concentrically placed on the top surface of the ceramic.
The outer ring is the input electrode while the inner dot is the
output electrode. The bottom electrode, ground electrode, is
common to both the input and output sections that is ex-
tended to the whole bottom area of the disk. This transformer
operates in the fundamental radial vibration mode or the
third radial vibration mode. The radial displacement and ra-
dial stress as a function of position along the radial direction
of the disk are schematically shown in Fig. 2. For operating
in the third radial vibration mode, the annular gap should be
located at the position where the stress is the
minimum.7,12,17,18 It is desirable to have the distance from the
center of the disk to the annular gap equal to about 0.4 times
of the radius of the disk. The lead wires of the input and
output parts are soldered at the center of the internal elec-
trode dot and the middle of the external electrode ring.

When an ac voltage with a frequency close to the fun-
damental or the third radial vibration resonance is applied to
the input part of the transformer, the corresponding vibration
mode is excited by the converse piezoelectric effect. With
respect to the output part, an ac voltage is generated by the
direct piezoelectric effect.

III. EXPERIMENTAL PROCEDURES

The piezoelectric transformer was fabricated using lead-
free �K,Na�NbO3-based �abbreviated as KNN� ceramics
which were made by the traditional ceramic processing. The
key properties of the KNN ceramics are shown in Table I.
Fired-on silver slurry was used for the electrode. The sample
was poled across the thickness under a dc electric field of
4 kV/mm for 30 min in silicone oil at 150 °C. Table II

TABLE I. Properties of the KNN ceramics.

Density � ��103 kg/m3� 4.65
Qm 1500
�33

T /�0 at 1 kHz 300
tg� at 1 kHz 0.003
kp 0.40
k31 0.24
d33 ��10−12 m/V� 90
d31 ��10−12 m/V� −33
Poisson’s ratio � 0.27
s11

E ��10−12 m2/N� 6.91

TABLE II. Dimensional specifications of the KNN piezoelectric trans-
former.

2a �mm� 2b �mm� 2c �mm� t �mm�

34.2 13.5 11 1.9

FIG. 2. The radial displacement and stress profiles of the piezoelectric trans-
former operating in �a� the fundamental radial vibration mode and �b� the
third radial vibration mode.

FIG. 3. Experimental setup for measuring the characteristics of the piezo-
electric transformer.
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shows the dimensional specifications of fabricated piezoelec-
tric transformer in this study.

Impedance properties of the KNN piezoelectric trans-
former were measured as a function of frequency using a
precision impedance analyzer �Agilent 4294A�. The charac-
teristics of the transformer under the variable load resistance
were investigated using the experimental setup as shown in
Fig. 3. The transformer was driven by an ac signal generated
by a function generator and amplified by a high speed power

amplifier. A pure resistive load RL was used. The voltage,
current, and power of the input and output parts were mea-
sured by using two digital oscilloscopes. The temperature
rise of the transformer was measured by an infrared ther-
mometer about one minute after applying the input voltage.
The temperature rise of the transformer can be controlled
properly by tuning the input voltage.

IV. RESULTS AND DISCUSSIONS

The measured impedance spectra of the KNN piezoelec-
tric transformer are shown in Fig. 4. The resonance and an-
tiresonance responses of the fundamental radial vibration
mode �Fig. 4�b�� and the third radial vibration mode �Fig.
4�c�� are clear without any spurious mode.

The electrical equivalent circuit of piezoelectric trans-
formers operating near the resonance frequencies can be sim-
plified as shown in Fig. 5.19 The turn ratio of the transformer
N can be calculated by20

N =�Lm,output

Lm,input
. �1�

The equivalent circuit parameters of the transformer under
different vibration modes were measured using an imped-
ance analyzer. Each part was measured under the condition
that the other part was short circuited. The results are shown
in Table III. Using Eq. �1�, the N of the fundamental and the
third vibration modes are 3.896 and 2.654, respectively.

Figure 6 shows plots of the voltage gain of the KNN
piezoelectric transformer in the fundamental and the third
radial vibration modes as a function of frequency with dif-
ferent load resistances. It is seen that the maximum voltage
gain with respect to frequency increases with load resistance.
As load resistance increases, the frequency where voltage
gain attains maximum increases. In addition to the load re-
sistance and driving frequency, the voltage gain also depends
on the properties of the piezoelectric material.

In order to determine the matching load, where the effi-
ciency of a piezoelectric transformer attains its maximal
value, different load resistors were tested. Figure 7 shows the
effect of load resistance on the efficiency of the KNN piezo-

TABLE III. Parameters of the input and output parts of the KNN piezoelectric transformer.

fr

�kHz�
fa

�kHz�
Rm

���
Lm

�mH�
Cm

�pF�
Cd

�pF� Qm 	=Cd /Cm

The first mode Input 106.8 111.6 18.66 24.64 90.21 980.2 886 10.9
Output 106.7 108.7 192.8 374.2 5.946 159.2 1302 26.8

The third mode Input 283.6 290.0 16.72 7.279 43.28 937.9 776 21.7
Output 283.5 288.5 113.5 51.29 6.147 170.7 805 27.8

FIG. 4. The impedance spectra of the input and output parts of the KNN
piezoelectric transformer with the frequency range �a� of 1–500 kHz, �b�
near the resonance frequency of the fundamental, and �c� the third radial
vibration mode.

FIG. 5. Equivalent circuit of the piezoelectric transformer.
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electric transformer. In this measurement, the frequencies
were adjusted so that the efficiency attains maximum with
respect to the individual load resistance. It is found that a
maximum efficiency of �95% in the fundamental and the
third radial vibration modes is obtained when the load resis-
tance is 9.4 and 3.3 k�, respectively. According to the theo-
retical analysis, the matching load is equal to 1/ �
Cd2�
where Cd2 is the damped capacitance of the output part of the
transformer.7 The experimental results are close to the theo-
retical values.

The relationship among the maximum output power,
temperature rise, and input voltage of the transformer in the
fundamental and the third radial vibration modes with
matching load is shown in Fig. 8. Here, the maximum output
power means the maximum value of the output power with
respect to the driving frequency for a given input voltage.
The temperature rise was measured at the annular gap where
there is no electrode and the temperature is the highest. It is
seen that the fundamental and the third radial vibration
modes have almost the same power and temperature charac-
teristics; a maximum output power of 12 W �a power density
of 6.9 W/cm3� can be obtained with a temperature rise of
35 °C. Compared with the PZT piezoelectric transformer
with the similar structure,13,14 the KNN piezoelectric trans-
former has a comparable voltage gain and a lower power

density �a typical value of power density for PZT piezoelec-
tric transformer is 20 W/cm3 with a temperature rise of
20 °C�. The cause of low power density may be a fast de-
crease in Qm with increasing vibration velocity under high
power condition. In order to further increase the maximum
output power of the transformer, the planar electromechani-
cal coupling factor kp and the maximum vibration velocity
vmax of the piezoelectric ceramics need to be further
improved.14,21

V. SUMMARY

A lead-free KNN disk-shaped piezoelectric transformer
operating in the fundamental or the third radial vibration
modes has been fabricated and characterized. Near the reso-
nance frequencies, the conventional electrical equivalent cir-
cuit was utilized to analyze the characteristics of the trans-
former. Properties of the piezoelectric transformer operating
in the fundamental and the third radial vibration modes were
measured. The experimental results show that it has a maxi-
mum output power of 12 W with a temperature rise of
35 °C. With the matching load, the maximum efficiency is
�95%, and maximum voltage gains are 6.5 and 3.9 for the
fundamental and the third radial vibration modes, respec-
tively. It has potential to be used in power supply units and
other electronic circuits.
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