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Multilayer Modal Actuator-Based Piezoelectric
Transformers

Yao-Tien Huang, Wen-Jong Wu, Yen-Chieh Wang, and Chih-Kung Lee

Abstract—An innovative, multilayer piezoelectric trans-
former equipped with a full modal filtering input electrode
is reported herein. This modal-shaped electrode, based on
the orthogonal property of structural vibration modes, is
characterized by full modal filtering to ensure that only the
desired vibration mode is excited during operation. The
newly developed piezoelectric transformer is comprised of
three layers: a multilayered input layer, an insulation layer,
and a single output layer. The electrode shape of the input
layer is derived from its structural vibration modal shape,
which takes advantage of the orthogonal property of the vi-
bration modes to achieve a full modal filtering effect. The
insulation layer possesses two functions: first, to couple the
mechanical vibration energy between the input and output,
and second, to provide electrical insulation between the two
layers. To meet the two functions, a low temperature, co-
fired ceramic (LTCC) was used to provide the high mechan-
ical rigidity and high electrical insulation. It can be shown
that this newly developed piezoelectric transformer has the
advantage of possessing a more efficient energy transfer and
a wider optimal working frequency range when compared to
traditional piezoelectric transformers. A multilayer piezo-
electric, transformer-based inverter applicable for use in
LCD monitors or portable displays is presented as well.

I. Introduction

The advantages of using piezoelectric transformers to
light LCD monitor backlights include its thin thick-

ness, a small temperature rise, and a low electromag-
netic interference (EMI) noise. In addition, a piezoelec-
tric transformer is more suitable for mass production than
traditional, coil-based transformers. If piezoelectric trans-
formers are used to light cold cathode fluorescent lamps
(CCFLs) in today’s large-size LCD monitors, an extra high
stepup ratio capability is required. To achieve such a high
stepup ratio, a multilayer, piezoelectric transformer [1]–[3]
is typically adopted.

Adopting a modal actuator and a modal sensor de-
sign, the input electrode of a piezoelectric transformer
was first reported by Lee in 1987 [4]–[6]. In these works,
a quasimodal-shaped input electrode was incorporated in
a Rosen-type piezoelectric transformer. Although the in-
put distributed electrode did not represent the full modal
strain due to the fact that the input electrode covered only
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half of the full piezoelectric transformer, the effect of the
modal filtering with its roots based on the orthogonality
condition of different modes was significant. The previ-
ously reported experimental results indicated that quasi-
modal, Rosen-type piezoelectric transformers can possess
an output waveform of a lower, high-order harmonics when
compared to traditional Rosen-type piezoelectric trans-
formers, and that translate into a possible higher total
energy transfer efficiency [7], [8]. Although modal sen-
sor and actuator concepts can be adopted, some defi-
ciencies still remain as the geometry constraint of a half-
length actuator (input side of the transformer) prevents a
modal actuator from completely eliminating the influences
of the unwanted modes. In order to remove the above-
mentioned deficiencies and to further reduce the influence
of the load impedance connected to the sensor part (out-
put side) of piezoelectric transformers, a newly developed,
full-modal piezoelectric transformer that incorporates an
insulation layer to separate the sensor and the actuator
layer is presented herein. The main idea behind develop-
ing such a modal electrode was to design the shape of a
distributed electrode to match the surface stress distri-
bution of the piezoelectric transformer. Our full-modal,
piezoelectric transformer is different from the previously
developed quasimodal piezoelectric transformer as, theo-
retically, our new, full-modal type can provide full modal
filtering so as to prevent high-frequency noise from feed-
ing into the piezoelectric transformer. It can be shown that
our new, full-modal, piezoelectric transformer possesses a
higher energy transfer efficiency and a larger optimal work-
ing frequency range when compared to previous piezoelec-
tric transformers.

In order to provide the extra high stepup ratio for
large-size LCD monitors, our newly developed piezoelec-
tric transformer consists of a multilayer structure at the in-
put layer [9], [10]. An innovative piezoelectric transformer-
based inverter—which switches from a frequency-swept to
a constant, current feedback control when the CCFL is
turned on—was developed to further expand the advan-
tages of this line of piezoelectric technology. In fact, a full-
modal, piezoelectric transformer that possesses higher en-
ergy transfer efficiency makes it not only easier for control,
but it also ensures the presence of a higher stepup ratio
and a lower temperature rise.

II. Structure of Full-Modal Piezoelectric

Transformer

Our 26 mm × 5 mm × 5 mm piezoelectric trans-
former was manufactured by Eleceram Technology Co.
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(a)
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(c)

Fig. 1. (a) Schematic of a multilayer, full-modal, actuator-based
piezoelectric transformer. (b) Input electrode of a full-modal, piezo-
electric transformer. (c) Input electrode of an uniform electrode
piezoelectric transformer. (Note: shaded area represents the surface
electrode.)

Ltd., Taoyuan, Taiwan. We glued the middle insulation
layer to the input and output terminals (Fig. 1). The mul-
tilayered input section with each layer poled and electri-
cally connected in a parallel configuration created a surface
electrode that was proportional to the modal strain of the
desired operating mode. In Figs. 1(b) and (c), we can see
the shape of the input electrode at which the odd-layer,
piezoelectric lamina was connected to the left side of the
piezoelectric transformer, and the even-layer connected to
the right side of the piezoelectric transformer.

We knew that, in choosing a suitable insulation layer,
we needed to consider the requirement for a high dielectric
constant to insulate the output high voltage, and that it
must be of high rigidity in order to transfer the vibration
energy between the input and output. Thus, we chose a
low-temperature, co-fired ceramic (LTCC) as the middle
insulation layer. The single layer output section was poled
opposite along the horizontal direction (the 1-direction),
the central electrode was used as the output ground ter-

minal, and the terminals at the two ends were connected
together to drive the loads. Following traditional piezoelec-
tric sign convention, the poling direction of each lamina
within a piezoelectric laminate was denoted as a 3′ axis.
That is, the electric output of the piezoelectric transformer
was extracted from this axis, e.g., using Dout

3′ as the output
electric displacement.

The modal actuator layer had its poling direction in
the 3-direction, and the externally applied electric field
along the 3-direction drove the entire piezoelectric trans-
former. The governing equation of a full-modal, piezoelec-
tric transformer derived from the dynamics equation along
the x-direction, thus can be represented by (1) [7], [8]:

c
∂2u(x, t)

∂x2 − e31mEin
3

∂S(x)
∂x

= ρ
∂2u(x, t)

∂t2
. (1)

The second term represents the external forcing term,
which is the coupling between the input electrical field
along the 3-direction Ein

3 and the piezoelectricity of the
input section. In addition, e31 is the piezoelectric constant;
S(x) represents the shape function of the input electrode
along the 1-direction, m is the number of the piezoelectric
layers in the input section, c is the effective elastic stiffness
of the full-modal, piezoelectric transformer along the 1-
direction, and u(x, t) represents the displacement along
the 1-direction. In (1), the boundary conditions of this full-
modal, piezoelectric transformer can be represented by (2)
and (3):
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] ∣∣∣∣∣

x=0
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h3′3′Dout

3′ (0, t)
c

,
(2)

and

0 = HW
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c
∂u
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− h3′3′Dout

3′ (x, t)
] ∣∣∣∣∣

x=l

⇒ ∂u
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=
h3′3′Dout

3′ (l, t)
c

,
(3)

where l is the length of the piezoelectric transformer, Dout
3′

represents the output electric displacement at the two dif-
ferent ends (x = 0 and x = l) of the piezoelectric trans-
former. In (2) and (3), h3′3′ represents the stress/electric
displacement constant of the output section, and H and
W represent the thickness and width of the full-modal,
piezoelectric transformer, respectively. The displacement
field u(x, t) along the 1-direction can be assumed to be:

u(x, t) =
∞∑

i=1

Ai(t)ϕi(x), (4)

where ϕi(x) represents the modal coordinates, and Ai(t)
represents the magnitude along the modal coordinate. The
modal coordinates can be shown as:

ϕi =

√
2
l

cos
√

λix λi =
(

iπ

l

)2

, (5)
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where i represents the i-th resonance mode. Substituting
the displacement field into the governing equation, then
performing an eigen-function expansion to the governing
equation reduces the partial differential equation (Fig. 1)
into an infinite set of ordinary differential equations:

d2Ai(t)
dt2

+
cλi

ρ
Ai(t) =

qi(t) +

√
2
l

[
(−1)i+1 h3′3′Dout

3′ (l, t)
c

+
h3′3′Dout

3′ (0, t)
c

]
,

qi(t) = −e31mEin
3

ρ

∫ l

0

(
∂S(x)

∂x

)
φi(x)dx. (6)

The right side of (6) represents the external forcing term
of the governing equation and the input electric field can
be shown as Ein

3 . In this paper, the electrode shape of the
input section S(x) possesses two forms: one takes a con-
stant form of traditional piezoelectric transformers, and
the other is proportional to ∂ϕi(x)/∂x, i.e., the modal
strain that corresponds to the mode of interest, to arrive
at a full-modal actuator design. In (6), the last two forc-
ing terms are contributed by the boundary conditions and
represent electric displacement at the structural ends of
the piezoelectric transformer. In our paper, we use a full-
modal, piezoelectric transformer to light a single CCFL,
which was driven by connecting the two output electrodes
together. With the symmetry of the two terminal ends and
the opposite poling, the two terminals will have the same
load impedance. Furthermore, if the piezoelectric trans-
former works in an open condition or is connected to a
load of equal impedance at the two ends, the influences of
the boundary conditions will cancel each other out for the
case in which there is an odd mode resonance. Thus, the
input electric field can be shown to be periodic, i.e.:

Ein
3 (t) =

∣∣∣Ein
3

∣∣∣ cosωt. (7)

By combining the above, the governing equation can be
rewritten as:

d2Ai(t)
dt2

+
cλi

ρ
Ai(t) = ri cosωt,

ri = −
e31

∣∣∣Ein
3

∣∣∣
ρ

√
2
l

[∫ l

0

∂S(x)
∂x

cos
(

iπx

l

)
dx

]
, (8)

where ri is defined as the driving factor and is independent
of time. The solution of (8) thus becomes:

Ai(t) =
ri cosωt

(ω2
i − ω2)

, ωi =

√
cλi

ρ
. (9)

From (4) and (9), the displacement of the full-modal,
piezoelectric transformer along the 1-direction can be rep-
resented as:

u(x, t) =
∞∑

i=1

ri cosωt

(ω2
i − ω2)

ϕi(x)

=
r1 cosωt

(ω2
1 − ω2)

ϕ1(x) +
r2 cosωt

(ω2
2 − ω2)

ϕ2(x)

+
r3 cosωt

(ω2
3 − ω2)

ϕ3(x) + · · · + rn cosωt

(ω2
n − ω2)

ϕn(x),

n = ∞.

(10)

The symbol ω represents the angular frequency of the
input electric field, and ωi is the resonant frequency of the
i-th piezoelectric transformer vibration mode. From (10)
we know that, when an input electric field possessing a
single frequency is near the first resonant frequency, some
energy will leak to other resonant modes if the driving
factor ri is not equal to zero at other resonant frequencies.
From this theoretical standpoint, we can see that the shape
of the input electrode S(x) may influence the distribution
of the input energy, even if the input voltage is a single
frequency. In order to verify the effect of the full modal
electrode, a normalized driving factor rib can be defined as:

rib = − 1
i2

ri

e31|Ein
3 |

ρ

√
2
l

, (11)

In (11), the normalized driving factor was divided by i2

and was used to represent displacement that is inversely
proportional to ω2 in (10). The normalized driving factor
in the paper then can be used to display the distribution
of input energy when the shape of the input electrode is
changed. In our paper, the multilayer piezoelectric trans-
former consists of two different kinds of input electrodes,
one of which is a full-modal electrode, and the other is
a traditional distributed type [see (12) and (13)]. More
specifically,

Sm(x) = sin
(πx

l

)
, (12)

Sd(x) = H

[
x − (1 − a)

l

2

]
− H

[
x − (1 + a)

l

2

]
,

(13)

where Sm(x) represents a full-modal electrode and Sd(x)
represents a traditional, uniform electrode. Substituting
(12) and (13) into (11) yields the relationship between the
resonant mode and the normalized driving factor (Fig. 2).
In Fig. 2, rib(modal) and rib(uniform) represent the nor-
malized driving factors for a piezoelectric transformer of
a full-modal electrode and a piezoelectric transformer of a
distributed electrode, respectively.

It is clear from Fig. 2 that the normalized driving factor
for a full-modal piezoelectric transformer is zero, except at
the first resonant frequency. More specifically, a full-modal
electrode can provide the absolute band-pass filtering for
the piezoelectric transformer. From Fig. 2, we see that,
even if a single-frequency input voltage has its driving fre-
quency located very close to the first resonant frequency,
there still will be some energy that will be discharged to
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Fig. 2. Normalized driving factors for piezoelectric transformers with
full-modal electrodes and with distributed/uniform electrodes.

affect other resonant frequencies for a piezoelectric trans-
former possessing a uniform electrode. This discharged en-
ergy affects the piezoelectric transformer by lowering its
energy transfer efficiency. However, a piezoelectric trans-
former with a full-modal electrode will possess full-modal
filtering ability such that the input energy will not leak
to other resonant modes. Thus, with no energy leakage,
higher energy transfer efficiency can be obtained.

With an attempt to understand the input energy dis-
tribution more clearly, an impedance analyzer (4294, Ag-
ilent Technologies, Santa Clara, CA) was used to mea-
sure the input impedance of two piezoelectric transform-
ers, one with full-modal electrodes and one with uniform
distributed electrodes, when the output electrodes were
shorted to the ground. Fig. 3 shows the input impedance
of a piezoelectric transformer of a traditional uniform elec-
trode. It is clear that, if the piezoelectric transformer is
not operated near a structural resonant frequency, it pos-
sesses characteristics of a static capacitance such as that
of a typical piezoelectric actuator. If the driving frequency
is placed near a structural resonant frequency, the input
impedance of a piezoelectric transformer has both an an-
tiresonant peak and a resonant peak.

It can be seen from the experimental results that the
first resonant frequency was about 68.8 kHz, which was
set as the designed working frequency for the full-modal,
piezoelectric transformer. At this first resonant frequency,
the input impedance of the full-modal, piezoelectric trans-
former showed an antiresonant peak and a resonant peak
similar to that of the uniform electrode piezoelectric trans-
former. The electric energy was delivered in full by the
piezoelectric transformer at near the resonant peak. How-
ever, the input impedance of a full-modal, piezoelectric
transformer is vastly different from that of a uniform dis-
tributed type. The input impedance of the full-modal,
piezoelectric transformer at the third and the fifth res-
onant frequencies are similar to a static capacitance. In
addition, the phase difference of the input impedance at
those conditions is near minus 90 degrees, which means
that the full-modal, piezoelectric transformer does not de-
liver any electric energy through the third and the fifth res-
onant modes. This experimental result matches well with
the theoretical prediction.

(a)

(b)

Fig. 3. Comparison of modal and uniform piezoelectric transformers.
(a) Input impedance. (b) Phase.

In addition to the input impedance, the stepup ratios
of the two different kinds of piezoelectric transformers also
were measured using a network analyzer (4395A, Agilent
Technologies) when the output electrode was connected
to a 1 MΩ probe impedance. The measured stepup ratio
and the phase angle are shown in Fig. 4. It can be seen
from Fig. 4(a) that the gain of the full-modal, piezoelectric
transformer at the first resonant frequency was 63.4, and
65.6 for a traditional uniform, electrode-based type. At
the third resonant frequency, the stepup ratio of the tradi-
tional and the modal-based, piezoelectric transformer was
21.2 and 1.78, respectively. In other words, the gain was
minimal at the third resonant frequency for the modal-
based, piezoelectric transformer. The experimental result
verifies the modal filtering effect and matches the theo-
retical prediction. In summary, the experimental results
shown in Figs. 3 and 4 demonstrate the excellent modal
filtering effect on the input voltage when a modal-based
input electrode is adopted.

Traditionally, piezoelectric, transformer-based inverters
use a MOSFET (metal-oxide semiconductor field effect
transistors) to switch on an LC (inductor-capacitor) res-
onant tank. If the switching frequency coincides with the
resonant frequency of the LC resonant tank, the driving
voltage delivered to the piezoelectric transformer will be
close to sinusoidal with the same frequency as the switch-
ing frequency. When an inductor is absent, and thus the
resonant condition cannot be met, the switch of the MOS-
FET on the piezoelectric transformer delivers a square
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(a)

(b)

Fig. 4. Comparison of modal and uniform piezoelectric transformers.
(a) Gain/stepup ratio. (b) Phase.

waveform to the piezoelectric transformer. The higher har-
monics of the square waveform then will excite unwanted
vibration modes such that the energy transfer efficiency
will be degraded. Even though an inductor eliminates some
of the higher harmonics of the driving waveform, the re-
maining higher harmonic noise cannot be further reduced
to a lower desired level. A full modal piezoelectric trans-
former as presented above can provide the modal filter-
ing effect by taking advantage of the orthogonality of the
piezoelectric transformer structural mode. In other words,
the newly developed, full-modal, piezoelectric transformer
can prevent the input voltage noise from inducing undesir-
able, high-order vibration. In other words, an input elec-

trode based on a modal actuator concept can be regarded
as a band-pass filter that can clean up the noise embedded
within an input voltage waveform.

III. Operating a Full-Modal, Piezoelectric

Transformer Under a High-Power Condition

To determine an optimal working condition, factors
such as driving frequency, stepup ratio, and efficiency must
be examined. As the stepup ratio and driving frequency al-
ready have been evaluated above, we need to next consider
efficiency, especially when operating under a high-power
condition. A function generator (3314, Hewlett Packard,
Palo Alto, CA) and a power amplifier (4052, NF Instru-
ments, Yokohama, Japan) were used to provide the dif-
ferent frequency input voltages. 10X and 100X voltage
probes (P6139A and P5100, Tektronix Inc., Beaverton,
OR) were used to measure the input and output volt-
age waveforms. A current probe and a current amplifier
(A6302 and AM503B, Tektronix Inc.) were used to mea-
sure the input current. The output current was obtained
by measuring the voltage across a 100 Ω resistor that was
connected between the load and ground. The input volt-
age was found to be 6 Vrms, and the driving frequency
was found to vary from 63 kHz to 70 kHz [11].

From Fig. 5(a), we can see that the stepup ratio for
different load impedances lies between the ranges of 30
to 80. The energy transfer efficiency was found to be
higher than 90% when the load impedance was between
the ranges of 80 kΩ to 200 kΩ. In addition, the optimal
working frequency range was determined to be between
66 kHz and 67.5 kHz. To simulate the load impedance ef-
fect of a 300-mm CCFL, a 100 kΩ load was used and con-
nected to the output electrode. A sinusoidal input voltage
then was used to drive the full-modal, piezoelectric trans-
former, and the driving frequency was found to vary from
66 kHz to 68.5 kHz. The input power was set at about
3.5 W, and the energy transfer efficiencies of the two differ-
ent types of piezoelectric transformers were measured (see
Fig. 6). The experimental results clearly indicate that a
piezoelectric transformer with a full-modal input electrode
possesses higher total energy efficiency. The efficiency of
the full-modal, piezoelectric transformer at 68.5 kHz was
13.5% higher than that obtained from a traditional, uni-
form, input electrode piezoelectric transformer. Also, we
can see that the optimal working frequency range of a
full-modal, piezoelectric transformer, which possesses high
energy transfer efficiency, is wider in range than that of a
piezoelectric transformer with a uniform input electrode.

From previous experimental results, we know that the
optimal operating region of a piezoelectric transformer
is located somewhere between the resonant frequency
and antiresonant frequency [12], [13]. In order to fur-
ther verify the optimal working frequency range, the in-
put impedances of the two piezoelectric transformers were
measured. The load impedances at 100 kΩ and 200 kΩ
were connected to the output section of the piezoelectric
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(a)

(b)

(c)

Fig. 5. Modal piezoelectric transfer under a high-power operating
condition at different load impedances. (a) Stepup ratio. (b) Effi-
ciency. (c) Maximum efficiency.

Fig. 6. Efficiency comparison for full-modal and uniform piezoelectric
transformers.

transformer to simulate a CCFL load condition. The ex-
perimental results are shown in Fig. 7. Fig. 7(a) represents
the magnitude of the input impedance of the two piezoelec-
tric transformers, and Fig. 7(b) represents the phase angle
of the input impedance. With an attempt to compare the
optimal operating range between the resonant frequency
and the antiresonant frequency, Fig. 8 was redrawn by
normalizing Fig. 7. The minimum input impedances of the
two different piezoelectric transformers in Fig. 7(a) were
normalized to equal one, and the frequency at minimum
impedance also was assumed to be equal to one. The max-
imum phase angle of the two different piezoelectric trans-
formers shown in Fig. 7(b) were normalized to be equal
to one, and the frequency for possessing maximum phase
angle was normalized to be equal to one as well (Fig. 8).
From Fig. 8, we can observe the corresponding phase angle
change between the resonant and the antiresonant frequen-
cies within the optimal operating range. It is quite clear
from the data shown that a full-modal, piezoelectric trans-
former has more of a wider optimal frequency range when
compared to a piezoelectric transformer with uniform elec-
trodes. In summary, a full modal electrode possesses better
total energy transfer efficiency.

IV. Properties of a 300 mm CCFL and Driving

Circuit

A piezoelectric, transformer-based inverter was devel-
oped to demonstrate the merits of the newly developed
piezoelectric transformer. A 300-mm long, CCFL used in
today’s 14-inch notebook displays was used as the elec-
tric load. The properties of the 300-mm CCFL were mea-
sured (Fig. 9), and steps were taken to ensure that the load
impedance matched well with the optimal load impedance
for the piezoelectric transformer.

From Fig. 9, we can see that the CCFL impedance
changed from 80 kΩ to 200 kΩ when power changed from
2 W to 4 W. Comparing this result with the data shown
in Fig. 5(c), we can see that the maximum energy trans-
fer efficiency achieved was higher than 90%. The driving
circuit of the piezoelectric-based inverter can be seen in
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(a)

(b)

Fig. 7. Input impedance of modal and uniform piezoelectric trans-
formers at 100 kΩ and 200 kΩ load. (a) Magnitude. (b) Phase.

Fig. 10. An UCC3976 IC (Texas Instruments, Dallas, TX)
was used to sweep the frequency from high to low in order
to light the CCFL. In addition, a PMOS IRF9Z24NS and
NMOS IRF540S (International Rectifier Corporation, El
Segundo, CA) were used to form a half-bridge driver to
power the full-modal, piezoelectric transformer.

V. Experimental Results of a

Piezoelectric-Based Inverter

In order to verify the full-modal filtering effect, a driv-
ing circuit was used to drive the two different kinds of
the piezoelectric transformer. The first type was a full-
modal, piezoelectric transformer, and the second type was
a piezoelectric transformer with uniform electrodes. An in-
ductor was placed in front of the piezoelectric transformer
to produce the LC resonance in order to filter out the
high-frequency noise embedded within the input voltage
(Fig. 9). The static input capacitances of the two piezo-
electric transformers will be different due to the shape dif-
ferences of the input electrodes. In our experiments, the
input capacitance of the full-modal, piezoelectric trans-
former was measured to be 90 nF, and 170 nF was the
measured input capacitance for the piezoelectric trans-
former with uniform electrodes. As it was not possible
to locate a single inductor to perfectly match both piezo-

(a)

(b)

Fig. 8. Normalized driving frequency results of full-modal and uni-
form piezoelectric transformers. (a) Magnitude. (b) Phase.

electric transformers, a 0.1 uF capacitance was connected
in parallel to the full-modal, piezoelectric transformer in
order to compensate for the capacitance difference. With
this compensating component in place, a 26 uH induc-
tor was then used to produce the desired LC resonance.
Taking the above-mentioned inductance and capacitance
into account, the LC resonant frequency of the modal
and uniform piezoelectric transformer was calculated to
be 75.6 kHz and 71.6 kHz, respectively. The two resonant
frequencies were found to be very close to each other, and
both are slightly higher than the resonant frequency of
the piezoelectric transformer. The experimental results are
shown in Fig. 11. The data were recorded by using an os-
cilloscope (LT364, LeCroy Corporation, Chestnut Ridge,
NY). The input and output voltage was measured by using
10x and 100x voltage probes (P6109A and P5100, Tek-
tronix Inc.) with an oscilloscope. The input current was
measured by using a current probe and a current amplifier
(A6302 and AM503B, Tektronix Inc.) together. The out-
put current was measured using a Tektronix AC current
probe (CT2, Tektronix Inc.). The input/output power of
the piezoelectric transformer then was calculated by mul-
tiplying these waveforms together. After the lamp was ig-
nited, the driving frequency was close-looped controlled
by using the tube current. The constant current feedback
control algorithm served two purposes: to keep the lamp
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Fig. 9. Properties of a 300-mm long CCFL.

Fig. 10. Driving circuit of a piezoelectric-based inverter.

brightness constant, and to make sure the piezoelectric
transformer worked within the optimal working frequency
range. It should be noted that this LC resonant tank could
filter out some high-order harmonics on the switched fre-
quency, which is typically used for traditional piezoelec-
tric transformers. Nevertheless, some spillover noise still
can escape the LC resonance filtering and be discharged.
However, this discharged noise can be effectively elimi-
nated by using our newly developed, full-modal electrode.
In Fig. 11(a), the working frequency was 65.6 kHz, and the
input power was 3.32 W and output power 2.96 W. The
energy transfer efficiency was determined to be 89.1%. In
Fig. 11(b), the working frequency was 65.8 kHz, the input
power 3.27 W and output power 3.05 W. The energy trans-
fer efficiency was determined to be 93.3%. In summary, a
full-modal, piezoelectric transformer possesses higher en-
ergy efficiency than that of a traditional type due to the
effective modal filtering provided by the input electrode.
Traditionally, the driving circuit of the piezoelectric trans-
former uses an inductance to adjust the shape of the input
voltage. Nevertheless, it is difficult to choose a perfectly
matched inductance for all the operating conditions that a
piezoelectric transformer may encounter. By using a full-
modal input electrode, our results show that the piezo-

(a)

(b)

Fig. 11. Experimental voltage and current waveforms for piezoelectric
transformers. (a) Uniform electrode. (b) Full-modal electrode when
connected to light a 30-cm CCFL.

electric transformer can achieve higher energy transfer ef-
ficiency. In addition, its wider optimal working frequency
range makes the driving circuit easier to control.

The full-modal, piezoelectric transformer was used to
raise the direct current (DC) voltage to the desired alter-
nating current (AC) voltage. The DC voltage was derived
from the DC power supply, and the voltage was lower than
13.5 V. A 300-mm CCFL was used, and the tube current
was sensed by using a control IC (UCC3976, Texas Instru-
ments). The frequency of the input voltage was varied to
keep the tube current constant, which in turn allowed the
piezoelectric transformer to remain operating in the opti-
mal working frequency range. The maximum energy trans-
fer efficiency of the piezoelectric transformer was found to
be about 94%, and the temperature rise was lower than 5
degrees; the CCFL tube current was about 5 mA.

VI. Conclusions

An innovative, multilayered, piezoelectric transformer,
which adopts a full-modal concept in the design of the in-
put electrode shape, was developed. The normalized driv-
ing factor rib was used to theoretically examine the full-
modal filtering effect. The characteristics of a voltage gain
transfer function and input impedance were experimen-
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tally measured to demonstrate the modal-filtering effect
of the full-modal electrode. The energy transfer efficiency
of the full-modal, piezoelectric transformer was found to
be higher than that of a distributed type. A wider opti-
mal working frequency range also was found to ease the
feedback control algorithm. An inverter, developed by in-
corporating the newly developed full-modal, piezoelectric
transformer, was designed and fabricated to light a 300-
mm CCFL. The piezoelectric transformer was found to
have more than 3.5 W in output power while possessing
94% power efficiency. The total temperature rise of the
inverter was less than 5 degrees. All these characteristics
clearly demonstrate the excellent features and advantages
of the newly developed, multilayer, modal actuator-based,
piezoelectric transformer that easily can be incorporated
into the design of a broad range of potential applications.
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