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In this study, a modified disk-shaped multiple-output piezoelectric transformer operated at the
fundamental radial vibration mode has been presented. A derived equivalent circuit for the
multioutput piezoelectric transformer was used to analyze the performance. Two piezoelectric
transformers, a symmetrically electroded piezoelectric transformer with dual outputs and an
asymmetrically electroded piezoelectric transformer with triple outputs, were fabricated with lead
zirconate titanate piezoelectric ceramics. The characteristics of the two piezoelectric transformers
were investigated experimentally. The piezoelectric transformer with multiple outputs has potential
to be used in power supply units and other electronic circuits. © 2007 American Institute of
Physics. [DOL: 10.1063/1.2818809]

I. INTRODUCTION ode fluorescent lamps for liquid crystal displays;2 the second

class (step-down transformer), with a voltage gain lower than
1 and a low output voltage of several volts, may be used as
ac/dc and dc/dc adapters for power supplies.6 However, al-
most all these piezoelectric transformers are designed with a
single output. In many applications, for example, power sup-
plies for portable equipment, the transformers with multiple
outputs and small dimensions are needed to supply electric
power to different parts in a system. This leads to a demand
for piezoelectric transformers that can manage electric power
and have several different outputs.

Piezoelectric transducers have shown great promise as
actuators and sensors because they are inexpensive, space
efficient, lightweight, easily fabricated, and easily mounted
on a variety of surfaces. With the development of fine ce-
ramic technology, piezoelectric materials have been used for
power devices, such as piezoelectric transformers and ultra-
sonic motors. A piezoelectric transformer is a device that
transforms an ac voltage or current by the piezoelectric effect
at electromechanical resonance frequency. Compared with an
electromagnetic transformer, it has the following favorable

characteristics: ease to be miniaturized with a large power to
volume ratio; electromagnetic-noise-free; nonflammable be-
cause it has no windings; higher working frequency. Since
the invention of the Rosen-type piezoelectric transformer,’'
many other types of piezoelectric transformer have been pro-
posed and developed,z_16 and some of them have been used
in practice. In general, piezoelectric transformers are
grouped into two classes: the first class (step-up transformer)
has a voltage gain (=ratio of output voltage to input voltage)
higher than one with a high output voltage of more than
several hundred volts, mainly employed to power cold cath-
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In this study, to widen the application range of piezo-
electric transformers, modified disk-shaped piezoelectric ce-
ramic transformers with dual or triple outputs were pre-
sented. The disk-shaped piezoelectric transformers were
firstly proposed by Uchino’s and co-workers for ac/dc and
dc/dc adapter applications.ls_21 The design of the structure
of the transformer is simple and stable. It operates at the
fundamental radial vibration mode. The input and output
electrodes were isolated from each other by insulating gaps.
The input and output sections of the transformer were polar-
ized along a thickness direction. Since the input and
output sections have the same polarization direction, it is
not easy to cause internal cracks during the electric poling

17,22,23
process.”
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FIG. 1. Schematic diagram of piezoelectric transformers: (a) with dual out-
puts; (b) with triple outputs.

Il. EXPERIMENTAL PROCEDURES

Figure 1 shows the construction of the piezoelectric
transformers with dual outputs [Fig. 1(a)] and triple outputs
[Fig. 1(b)]. The input and output electrodes are placed on the
top surface of the ceramic. The inner disk electrode serves as
input terminal, while the outer electrodes are output termi-
nals. The bottom electrode (ground electrode), which is ex-
tended to the whole bottom surface of the disk, is common to
both the input and output sections.

The active ceramic phase was lead zircodnate titanate
(PZT) fabricated using PKI 802 PZT powder with a high
mechanical quality factor (Q,,>900). A PZT ceramic disk of
radius R;=19.4 mm and thickness r=1.9 mm was fabricated
by dry pressing and sintered at 1325 °C for 2 h. Silver slurry
was screen printed on the ceramic disk and fired to form the
patterned electrodes [Fig. 1(a)]. The sample with dual out-
puts (PT-A) was poled in silicone oil along the thickness
direction by applying a dc field of 6 kV/mm at 120 °C for
30 min. Table I shows the dimensional specifications of fab-
ricated piezoelectric transformers in this study. The measured
properties of the PZT ceramics are shown in Table II.

Impedance properties of the piezoelectric transformer
were measured as a function of frequency using an imped-
ance analyzer (Agilent 4294A). The characteristics of the
piezoelectric transformer under the variable load resistance
were investigated using the experimental setup, as shown in
Fig. 2. The piezoelectric transformer was driven by an ac
signal generated by a function generator (AFG310, SONY
Tektronix) and a high speed power amplifier (NF 4025, NF
Corp.). In high-power experiments, a high-frequency electro-
magnetic transformer was used to amplify the voltage from
the power amplifier. In Fig. 2, Ry, R;,, and R;; are pure
resistors. The voltage, current, and power of the input and
output parts were measured by using digital oscilloscopes.
The temperature rise of the transformer was measured by an
infrared thermometer (KEYENCE IT2-50) about 10 min af-
ter applying the input voltage. After the characterization of
the piezoelectric transformer with dual outputs (PT-A), a pi-

TABLE I. Dimensional specifications of the piezoelectric transformers.

R, R, R, R, R t 0
(mm) (mm) (mm) (mm) (mm) (mm) (deg)
19.4 15.3 143 10.2 9.2 1.9 120

Rev. Sci. Instrum. 78, 125103 (2007)

TABLE II. Measured properties of the PZT ceramics.

Density p (X10% kg/m?) 7.6
O 1500
ehy/e0 at 1 kHz 1000
dy; (X102 m/V) 150
dy (X107 m/V) -65
Poisson’s ratio o” 0.31
5 (X10712 m?/N) 10.4

ezoelectric transformer (PT-B) with triple outputs was fabri-
cated by dividing the electrode of the first output of PT-A
into two parts (#=120°) as shown in Fig. 1(b). The perfor-
mance of PT-B was also evaluated with similar way as men-
tioned above.

lll. RESULTS AND DISCUSSION
A. Equivalent circuit and its parameters

A multiterminal piezoelectric plate can be analyzed by
tensor Green’s function operations, Fourier-eigenmode ex-
pansions, and circuit-theory manipulations. Based on those
analyses, the electrical equivalent circuit of the multioutput
piezoelectric transformer can be derived in the vicinity of the
resonance point.24_26 The equivalent circuit of the dual-
output piezoelectric transformer is shown in Fig. 3(a), it can
be further simplified as shown in Fig. 3(b), in which
Ly=Lyo/Aqpus Ci=CruoAimpue and R,=R,,o/A}, are the
equivalent inductance, capacitance, and resistance, respec-
tively; Cginpus Caoutt» and Cyoyp are the clamped capaci-
tances of the input, output 1, and output 2, respectively. The
turn ratio of the ideal transformer N, and N, can be calcu-
lated by

m ut m outl (1
a)

outl m mput

mEu m 0ut2 ( 1 b)

0ut2 m 1nput

where Ajypue Aguil> and Ay are the foree factors of the input,
output 1, and output 2, respectively.

The plate is driven into radial vibration by the applica-
tion of an ac voltage. The differential equation for radial
motion of the disk is*’

» ((9214, 1 du, u,) Fu, 2)
c +-— == ,
No2 "ror P or
where u, is the radial component of displacement and
E
St
= (3)
(511131)2 - (51152)2
The pertinent constitutive equations are
au, u,
T,.= cll)l + c,172_ - eg1E3’ (4)
ar r
p 19 P
Ds= 631;E(ru,) + elsE;, (5)

where
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FIG. 2. Experimental setup for measuring the characteristics of the piezo-
electric transformers.
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Assuming the voltage applied to the input terminals of the
disk-shaped piezoelectric transformer PT-A is Ve'®. The
steady-state forced vibrational solution of Eq. (2) may be
written in the form

u,=AJ,(wrivP)e', (7)

where J; is the Bessel function of the first kind and first
order, and

v =Nk /p. (8)

From Eq. (5), the input current is

J Rs (2w
1= 2 [ [ prarao= - enkis + 2k )
0 0

ot
=iwC,Ve' + 2iome’, RsAJ (wRs/vP)e™”, 9)
where
I R Rm Lo Cre Aaul
———Awwinwn—]
1 é %cm,
- g
Coouz
(@) | A1
I I Ra Lm Co 1IN
——F—wwwwiv—]
| G
" Cuainput
T o
(b) 1:Na

FIG. 3. Equivalent circuit of a dual-output piezoelectric transformer: (a)
general form; (b) simplified form.
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C,= mR2ehs/t = 5,811 (10)
From Eq. (9), the motional current ,, shown in Fig. 3(b) is

I,,=2iwme} RsAJ (wRs/vF)e'™,

J](C()Rs/vp)
A = =2mel\Rs— . 11
put ’ 3 SJI(O)R]/UP) ( )
ur(Rl)
The total kinetic energy of the disk is
Eyx= %pwzf f f ude
Ry .
= sztpf AT, (wr/vP)e' Pdr. (12)
0

The resonance frequencies are given by the roots of the tran-
scendental equation
R1/vP)Jo(wR;/VP
(wlv)o(wﬂi):l_o_p, (13)
J1 ((DRI/UP)

where J, is the Bessel function of the first kind and zero
order, and

is planar Poisson’s ratio.

At resonance frequency of the fundamental radial vibra-
tion mode w,, the energy L,,,Ifn/ 2 stored in the equivalent
inductance is equal to the total kinetic energy (output parts
are short circuited). So we get

Ry
th J,(w,r/vP) dr

— ﬁ( — 0 (15)
e I%n - 277[613)1R5J1(ers/Up)]2.
By the same method, we have
Ry
th J,(w,r/0P) Pdr
0
Lm,outl = ) D \2 P PV12°
m(eh)) [R3J  (0,R3/07) = RyJ | (w,R4/0")]
(16a)
Ry
tpf [ J,(w,rvP) dr
0
Lm U = N
2 2R [R T (w,R /07) = RoJ (w,Ry/0") P
(16b)
The turn ratios are
RsJ(w,R5/vP
N, = sJ1(w,Rs/v") , (172)
R3J (w,R3/v") = RyJ (w,R4/07)
RsJ,(w,Rs/v?
N, = sJ1(w,Rs/v") ‘ (17b)
RJ (0,R/V") = RoJ (@,R,/v7)
The equivalent capacitance is
C : (18)
" wELﬂI '

The equivalent resistance can be calculated by

Downloaded 10 Oct 2008 to 158.132.12.80. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp



125103-4 Guo et al.

Rev. Sci. Instrum. 78, 125103 (2007)

TABLE III. Calculated equivalent circuit parameters of the piezoelectric transformer, PT-A and PT-B.

Lm,inpul Cmi,inpu[ Rm,input Cd.inpul Cd,oull Cd.outZ Cd.oul3
(mH) (pF) () (pF) Ny N, N3 (pF) (pF) (pF)
PT-A 86.1 73.9 22.7 1074 1.21 1.67 e 1274 1805 e
PT-B 86.1 739 22.7 1074 1.82 3.64 1.67 849 425 1805
oL, B. PT-A with dual outputs
R,=—. (19)
" O The symmetrically electroded piezoelectric transformer,

The calculated equivalent circuit parameters of PT-A are
shown in Table III. The dimensions in Table I, and the ma-
terial properties in Table II, are taken for calculation.

The voltage gain of the transformer can be derived by
transferring the output side of the equivalent circuit to the
input side and analyzing the circuit:

Voutl 1 RLI
= mt 5 2.2 2
Ni(1+ 0°Cy oy R71)

Vie N

Ri» T
+
N %(1 + wchj,outzRiz)
2
1 R 0Cou

ow N%(l + wzcé,outhlz‘l)

+ {wLm—

2 2] -12
R, 0Cyouc ]
T AR 22 2
No(1 + 0°C quaR1)

1 -1/2
X (—2 + w2cf,,oml) , (20a)
R,
Vout2 - i |: + RLI
Vie N[ N1+ 0’Cl iR
N Rpy } :
N%(l + wzcz,outZR%Z)
1 R} oC
+ |:a)Lm— -= L1 . (é,outl -
wC,  Ni(1+0°CyoyR1)
_ R%chd,outZ :|2 -l
N%(l + w2C§,0ut2Rz2)
1 -1/2
X <—2 + wZCfi’omz) ) (20b)
R},

For the triple-output piezoelectric transformer PT-B as
shown in Fig. 1(b), the equivalent inductances of outputs 1
and 2 are

27 \?

Lm,Boutl= 20 Lm,Aoutlv (21a)
27\?

Lm,Bout2= 7 Lm,Aoutl' (21b)

The calculated results are also shown in Table III. Based
on the results, the impedance characteristics, voltage gain,
and efficiency of the piezoelectric transformer can be
calculated.”

PT-A, is expected to have good resonance state free from any
spurious vibration mode. The measured impedance spectra of
the input part of PT-A are shown in Fig. 4. The equivalent
circuit parameters of the input impedance of PT-A were mea-
sured using an impedance analyzer, the results are shown in
Table IV. The impedance spectra of output parts (not shown
here) were also measured and the equivalent circuit param-
eters are listed in Table IV. During the measurement, each
part was tested under the condition that the other parts were
short circuited, so that an equivalent circuit of the dual-
output piezoelectric transformer connected with load resis-
tances can be obtained [Fig. 3(b)].>** The measured turn
ratios N; and N, of PT-A at the fundamental radial vibration
mode are 1.12 and 1.70, respectively. It shows that the the-
oretical results are in agreement with the experimental ones.

It is known that the efficiency of a piezoelectric trans-
former attains a maximum value when the load resistance is
equal to 1/wCygypue Where Cgoypy is the clamped capaci-
tance of the output paurt.9 This load is called the matching
load. For PT-A, matching loads are R;;=1.3kQ,
R;»=1.1 kQ. Figure 5 shows the frequency dependence of
the voltage gain and the efficiency of PT-A with the match-
ing loads. During the measurement, the input voltage was
50 V,,,, the temperature rise of the piezoelectric transformer
was below 5 °C. The voltage gains of the output 1 and the
output 2 simultaneously attain their maximum values of 1.17
and 0.69, respectively, at 62.7 kHz. A maximum efficiency
of 98% was obtained at 63.6 kHz. In the frequency range of
61.9-64.9 kHz, the efficiency was higher than 90%.

Figure 6 shows the load resistance dependence of the
maximum voltage gain of PT-A. Here, the maximum voltage
gain means the maximum value of an output with respect to
the driving frequency. During the measurements, the tested
output part was connected with a variable resistor, while the

S—L—Impedanc
105 e Phase 180
S 0tk 1408
g g
g 10°k 1°s
5 403
=Y F 1T "Ve
E 10°F PT-A | o
101 e A T B A
60 61 62 63 64 65

Frequency (kHz)

FIG. 4. The impedance spectra of the input part of PT-A near the resonance
frequency of the fundamental radial vibration mode.
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TABLE IV. Measured equivalent circuit parameters of input and output parts of the piezoelectric transformers,

PT-A and PT-B.
fr (kHZ) fn (kHZ) Rm (Q) Lm (mH) Cm (pF) Cd (pF) Qm
PT-A (dual outputs)

Input 61.82 63.89 18.75 74.93 88.47 1292 1550
Output 1 61.82 62.91 23.28 94.27 70.33 1962 1570
Output 2 61.83 62.24 53.40 217.8 30.42 2282 1580

PT-B (triple outputs)

Input 61.98 64.03 19.38 77.32 85.31 1261 1550
Output 1 61.99 62.67 54.01 221.5 29.77 1332 1600
Output 2 61.98 62.32 209.0 841.0 7.843 696.2 1570
Output 3 61.98 62.38 59.10 229.2 28.77 2202 1510

other output part was matching loaded. It is seen that the
maximum voltage gains of the two output parts increase with
the load resistance. When the load resistances are 0.1 and
100 k), the maximum voltage gains of the output 1 are 0.32
and 4.41, respectively, and for the output 2, the maximum
voltage gains are 0.13 and 1.29, respectively.

To investigate the effect of the load of one output on the
voltage gains of the other outputs, the relationship between
the voltage gain of the output 1 (or 2) and the operating
frequency was measured for PT-A when its output 2 (or 1)
was short circuited, open circuited, and matching loaded, re-
spectively. As shown in Fig. 7, the voltage gain of one output
is affected by the load of the other output. The maximum
voltage gain of one output and its corresponding frequency
change with the load of the other output. The equivalent
circuit shown in Fig. 3 can be used to explain these charac-
teristics (the simulated results are not shown here). Since
transformers with constant voltage gains are preferred in
practical applications, the interaction of loads between the
output parts should be considered.

The relationship among the maximum output power,
temperature rise, and input voltage of PT-A at the funda-
mental radial vibration mode with matching loads is shown
in Fig. 8. The maximum output power is defined as the
maximum value of the output power with respect to the
driving frequency for a given input voltage. The temperature
rise of the transformer was measured at the inner annular
gap where no electrode exists and the temperature is the
highest. It is seen that a maximum output power of 17.2 W
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FIG. 5. Frequency dependence of the voltage gains and efficiency of PT-A
with the matching loads.

(Pout1=12.1 W, P ,»=5.1 W) can be obtained with a tem-
perature rise of 12 °C at an input voltage of 300 V..

C. PT-B with triple outputs

The output 1 and the output 2 of PT-B with matching
loads are expected to have identical output voltages. The
ratio of the output power of output 1 to that of output 2 is
expected as

Pout/Poun=Q2m—6)/0=2. (22)

The measured impedance spectra of the input part of PT-B
are shown in Fig. 9. The resonance and antiresonance re-
sponses of the fundamental radial vibration mode are clear.
A spurious vibration mode at frequency about 63.3 kHz
may be due to the asymmetrical electrode patterns of outputs
1 and 2. The equivalent circuit parameters of the input and
output parts of PT-B are listed in Table IV. The measured
turn ratios Ny, N,, and N5 of PT-B at the fundamental radial
vibration mode are 1.69, 3.30, and 1.72, respectively. The
matching loads are R;;=1.9 kQ, R;,=3.7 kQ, R;3=1.1 k().
Figure 10 shows the frequency dependence of voltage gain
of PT-B with the matching loads. The voltage gains of
the outputs 1, 2, and 3 simultaneously attain their maximum
values of 1.14, 1.13, and 0.72, respectively at 62.8 kHz.
The relationship between the maximum output power, tem-
perature rise, and input voltage of PT-B at the fundamental
radial vibration mode with the matching loads is shown in
Fig. 11. A maximum output power of 16.7 W (P.,,=7.7 W,

5~
~ | Ve R,k
2:4 B —0—V2/V0, RL1 =1.3 kQ
>S
£ 5
(o]
o I
% 2
S 2r PT-A
> L
£
e'r
% | /

0.1 1 10 100
Load resistance (kQ)

FIG. 6. Load resistance dependence of the maximum voltage gain of PT-A.
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FIG. 7. Relationship between the voltage gain of (a) output 1, (b) output 2,
and the frequency of PT-A when the other output is short circuited, open
circuited, and matching loaded, respectively.

Pon=3.8 W, P ,3=5.2 W) can be obtained with a tempera-
ture rise of 13 °C at an input voltage of 300 V.

As shown in the experimental results, the voltage gains
of the piezoelectric transformer with multiple outputs depend
on the driving frequency, load resistances, piezoelectric ma-
terial properties, and dimensions of the electrodes. In addi-
tion, by making the input and/or output portions into
multilayer structures, the voltage gains of the piezoelectric
transformer can be easily tuned. The equivalent circuit (e.g.,
Fig. 3 for dual-output piezoelectric transformer) related to
material coefficients and dimension parameters of electrodes
can be used to simulate the performance of the piezoelectric
transformer in low power conditions. Numerical analysis
based on finite-element method is also useful for handling

=20 15
3 .

o 4100
a | @
-.5 ] —
=3 ] e
3 J 3
o 415 ‘§
£ oy
3 o
E £
S 0 1o =
= 9 100 200

Input voltage (Vpp)

FIG. 8. Relationship among the maximum output power, temperature rise,
and input voltage of PT-A with the matching loads.

Rev. Sci. Instrum. 78, 125103 (2007)

F —— Impedance
105 L—— Phase | 180
- 3 {140
ST o
3 g B
s 10°k | =
T Ol 1408
¢ |8
; - et \L_4-80
101 f 1 L 1 ' 1 s | L
60 61 62 63 64 65
Frequency (kHz)

FIG. 9. The impedance spectra of the input part of PT-B near the resonance
frequency of the fundamental radial vibration mode.

the complicated geometry of real device structures and elec-
trode patterns. The power-to-volume ratio is important for
reducing the size of power supply units. When driven under
high fields, heat generation in the piezoelectric transformer
may be the most important keypoint of structural degradation
or even failure. To increase the power-to-volume ratio, a
good design of structure and excellent piezoelectric ceramics
with high-power density is needed.®

IV. SUMMARY

The modified disk-shaped, multiple-output piezoelectric
transformer operated at the fundamental radial vibration
mode has been presented. A derived equivalent circuit for the
multioutput piezoelectric transformer was used to analyze
the performance. Two piezoelectric transformers, a sym-
metrically electroded piezoelectric transformer with dual
outputs (PT-A), and an asymmetrically electroded piezoelec-
tric transformer with triple outputs (PT-B) were fabricated
with PZT piezoelectric ceramics. The features of the two
piezoelectric transformers have been illustrated. For PT-A
with the matching loads, the voltage gains of outputs 1 and 2
are 1.17 and 0.69, respectively. A maximum output power of
17.2 W (12.1 W in output 1 and 5.1 W in output 2) can be
obtained with a temperature rise of 12 °C at an input voltage
of 300 Vpp. For PT-B, the voltage gains of the outputs 1, 2,
and 3 are 1.14, 1.13, and 0.72, respectively. A maximum
output power of 16.7 W (7.7 W in output 1, 3.8 W in output
2, and 5.2 W in output 3) can be obtained with a temperature

12k —4— Output 1
S AAM*\\ —*— Qutput 2
10 },* ,\ —a— Qutput 3
S s "
5 08 |- * e
>° s Iy *,
= i ’'s )-—"'. " .
{ = “u 'S
= 06} A E 'y
© A iy a,
g _‘A AA . ,/./" \“‘ tA*‘
g 04 -__,.-—' 1.._,__
o raag,
= 02f PT-B
0.0 1 | 1 | I | ' ]
61 62 63 64 65
Frequency (kHz)

FIG. 10. Frequency dependence of the voltage gains of PT-B with the
matching loads.
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FIG. 11. Relationship among the maximum output power, temperature rise,
and input voltage of PT-B with the matching loads.

rise of 13 °C at an input voltage of 300 V,,,. The piezoelec-
tric transformer with multiple outputs has potential to be
used in power supply units and other electronic circuits.
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