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Abstract—Because the amount of power that a piezoelectric
transformer (PT) can handle is limited, multiple connections
of PTs are necessary for the power-capacity improvement of
PT-applications. In the connection, thermal imbalance between
the PTs should be prevented to avoid the thermal runaway of
each PT. The thermal balance of the multiple-connected PTs
is dominantly affected by the electrothermal characteristics of
individual PTs. In this paper, the thermal balance of both
parallel-parallel and parallel-series connections are analyzed
by electrical model parameters. For quantitative analysis, the
thermal-balance effects are estimated by the simulation of the
mechanical loss ratio between the PTs. The analysis results
show that with PTs of similar characteristics, the parallel-series
connection has better thermal balance characteristics due to
the reduced mechanical loss of the higher temperature PT. For
experimental verification of the analysis, a hardware-prototype
test of a (-L, type 40 W adapter system with radial-vibration
mode PTs has been performed.

I. INTRODUCTION

"]:WODAY7 the piezoelectric transformer (PT) is widely
used in power applications such as isolated power
converters and CCFL driving inverters [1], [2]. The PT
may become a good alternative solution to the magnetic
transformer due to a low profile, no EMI, and no wind-
ing area. However, the amount of power that a PT can
handle is limited, and if the PT is highly multi-layered for
the handling of greater power capacities, then the manu-
facturing cost increases. To avoid the cost increase and
process the power exceeding the single-PT power-handling
limit, the use of multiple-connected PTs is indispensable
[3]-[6]. For the configuration of multiple PTs, thermal bal-
ance is an important issue in avoiding the overheating of
the PTs [3]. In previous research, the thermal imbalance
problem of the parallel-parallel connection was reported
due to the positive temperature coefficient effect of the ra-
dial mode disk-type PT [7]. However, further development
of the research is required because there also exist some
other cases in which the parallel-series connection shows
a tendency toward thermal imbalance between other PT
samples. To approach the issue, this paper focuses on the
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loss-determining factors such as the electrical resistance
and the resonant impedance (admittance) in the equivalent
circuit model. These parameters are supposed to dominate
the electrothermal characteristics by affecting either the
power-transfer current or the resistance itself [8]. The pur-
pose of this paper is to analyze the relationship between
the equivalent circuit parameters and the thermal charac-
teristics, especially regarding the thermal balance issues.
The analysis is verified through the hardware experiments
using 40 W prototype AC/DC converters.

II. THERMAL CHARACTERISTICS OF A SINGLE PT
A. Equivalent Circuit Model of PT

Recently, an application of a radial-mode PT for the
powering of a conventional 32 W fluorescent lamp from
line power has been reported [9], [10]. These radial mode
disk-type piezoelectric transformers were used as the main
step-down transformer of the power application in this
research; see Fig. 1(a). The primary electrode is located
in the center, and the secondary electrodes are concentri-
cally arranged on the outer part of the disk and spaced
from the primary electrode. The PT is made of DIT D140
(Dong-I1 Technology, Hwasung-Si, Kyonggi-Do, South
Korea), a hard ceramic material (PZT-4 series) with the
characteristics shown in Table I [11]. The disk is polarized
in the axial direction and thus is perpendicular to the
plane of the electrodes. This device can be operated in the
fundamental radial or the first overtone resonance. The
fundamental resonant frequency is around 60 kHz, and
the secondary resonant frequency is about 150 kHz [8].
Fig. 1(b) shows the equivalent circuit model of the PT,
and a detailed analysis is performed using these model
parameters. In the model, R,, represents the mechanical
loss factors such as friction, and i, is the current flowing
through it. Because R, is the single source of the power
loss (P,, = i,2R,;) in the model, R,, is supposed to drive
the PT temperature by dissipating heat. Therefore, P,,
is the most critical factor when determining the thermal
characteristics and can be used as a determinant param-
eter for the thermal balance analysis of multiple PTs.

B. Equivalent Inductance to Resonant Tank of PT

In the equivalent circuit model, there are 3 parameters
(R, Ly, C,) that determine the resonant impedance

0885-3010/$25.00 © 2009 IEEE
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TABLE I. PARAMETER VALUES OF LOW-TEMPERATURE-FIRING MATERIAL, DIT D140 [8].

Ttem Characteristics
Coupling Coefficient, k, 0.60

Dielectric Loss, tan § 0.003

Relative Dielectric Constant, 53T3/50 1500

Piezoelectric Constant, ds3 380 x 10712 C/N
Quality Factor, @, 800

Temperature Coefficients of Capacitance, 25-100°C

3000 ppm/°C

Secondary
Electrode
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Fig. 1. Physical configuration (a) and equivalent circuit model (b) for the
piezoelectric transformer [8].

in the mechanical resonance branch. Thus, when an n
amount of multiple PTs are analyzed, the total number of
the variables increases to 3n, which complicates the analy-
sis procedures and makes analysis very difficult. There-
fore, it is necessary to represent the resonant branch with
equivalent single impedance simplified for design-oriented
analysis.

The simplifying procedure is as follows. First, we as-
sume that the operating range is very close to the reso-
nant frequency. In the range, because the series resonant
Q-factor (= Z, /R,,, where Z, is characteristic impedance)
is very high (>200) due to the negligible R,,, the resonant
parameters L,, and C,, are replaced with both Z, and the
resonant frequency (w,) for representing more simplified
equations. In this paper, the operating frequency is set to
150 kHz not only for the PT’s resonant frequency but also
for the maximum efficiency operation with the heaviest
load—the condition that is most critical to the thermal
balance problem. Because the operating frequency range
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Fig. 2. Resonant frequency and characteristic impedance parameter vari-
ation of 2 PTs (index #2, #5, #7) according to temperature rise.

is located slightly higher than the resonant frequency by
several kilohertz, the resonant branch impedance has ap-
proximately a 90° phase shift, which has an effect similar
to an inductor. Therefore, the resonant branch can be
represented as an equivalent inductance:

Ly = Zc[l— “’g} 1)

Wy W

where wy is the input voltage frequency.

The simplification is reasonable because the resonant
impedance keeps almost the same 90° phase shift (induc-
tive) just with the inductance change in the maximum-
gain frequency range. Therefore, determining the intuitive
derivation without significant errors is possible due to the
simplified parameter.

C. Thermal Variation of PT Parameters

The equivalent parameters in previous sections vary ac-
cording to the temperature change of the single piezoelec-
tric transformer. For example, as the temperature rises,
the characteristic impedance of a group of radial mode
PTs proportionally decreases at the above-resonant oper-
ating frequency. Because L, is proportional to the imped-
ance, L., decreases with the temperature rise as well (see
Fig. 2).

The analyzing parameters describing thermal behavior
are defined as the electrothermal parameters. The param-
eters are the relative values normalized by the parameters
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Fig. 3. Multiple connections of PTs (parallel-parallel (P-P) connection and parallel-series (P-S) connection) [5].

at room temperature. The change rates of the PTs accord-
ing to temperature, such as the input and the output ca-
pacitances, L, and mechanical resistance are denoted as
AC;, AC,, ALy, and AR, respectively (see Fig. 2). Fig.
2 shows some measured data examples of the electrother-
mal parameters such as normalized C, (C orm) and nor-
malized Loy (Leqnorm) according to thermal change from
30 to 80°C. Slope of each measured curves means AC,
and ALg,. The transformer turn ratio, N, is out of consid-
eration because of its thermally invariant characteristics.
Due to the fact that both w, and w, are almost constant
against thermal variations, the resonant impedance AZ,
can be replaced into ALy, in Fig. 2; see (1). Using the
thermal-variant parameter of ALy, multiple-PT thermal
balance problems are approached.

III. THERMAL-BALANCE ANALYSIS OF MULTIPLE PTs

Thermal variations of the single PT parameters affect
the thermal balance among multiple PTs. In the equiva-
lent circuit model, the mechanical loss on the damping
resistance R,, is the dominant factor determining the PT
temperature. Therefore, the thermal behavior of multi-
ple PTs can be estimated by examining the loss factor of
each PT. For example, when high-temperature PT has a
smaller power loss than the other low-temperature PT,
temperature imbalance can be relieved. This is a kind of
thermally negative feedback operation because when a
temperature-difference disturbance (AT) occurs between
a pair of PTs, the disturbance is automatically suppressed
by feedback action of the decreased loss-dissipation factor
(AP) caused by AT. On the contrary, if the high-temper-
ature PT moves into relatively higher power loss with the
temperature rise, then the positive feedback of the ther-
mal operation causes the imbalance between the PTs. To

develop the quantitative analysis of the feedback action,
a performance index parameter, called relative-loss AP,
(= P2/ Pp1), is introduced. P,,; is power loss of the refer-
ence PT, and P, is the loss of the other PT. When AP,,
is calculated at each bias condition such as temperature
(T) and AT, the thermal balance dynamics of the 2 PTs
can be predicted. From the analysis, the structure that is
more feasible for thermal balance in multi-connected PT's,
either parallel-parallel or parallel-series, can be found. In
Section ITI-A, the analysis will be performed with the elec-
trothermal parameters of the PT example presented in
Fig. 2, and in Section III-B, circuit parameter deviations
will be included in the analysis.

A. Derivation of the Loss Factors

Fig. 3 (solid line connection in the PT’s output port)
shows the parallel-parallel (P-P) connection of the 2 PTs
[7]. The voltage across the resonant branch is determined
by the same input and output voltages. Thus, the reso-
nant currents (i,,1, i,2) can differ from each other only due
to the variation of L., and R, [7]:

. ;2 .52
Pml . Pm2 Zmlle . Zm?RmZ

1 1
‘R m2

L eql 2 eq2
where R0 = Ryl + AR,AT),

Lo = Lol + AL,AT).

— 2. 2
R ml 9 — R mlL eq2 - R mZL eql

(2)

Thus, the relative power loss rate in P-P is described as

14+ AR,AT

Pra
(1+ AL AT)?

Apm: =
Pml

(3)
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Fig. 4. Relative loss curve of the radial-mode PTs in P-P structure.

Fig. 4 shows the relationship between the temperature
difference and the loss factor. As shown in the figure, AP,
is always greater than unity and the factor increases as
AT increases. Therefore, it is supposed that higher tem-
perature PT5 has higher loss, and the temperature differ-
ence will be greater as the operating time increases. The
analysis shows that even though there is no equivalent-
circuit and electrothermal parameter differences between
the PTs, the thermal balance in P-P structure would be
hard to maintain due to the thermally positive feedback
responses.

Fig. 3 (dotted-line connection in the PT’s output port)
shows the configuration of the parallel-series (P-S) con-
nection, as well. As in the analysis of the P-P case, the
electrothermal parameters are assumed identical. Howev-
er, the voltages across the resonant branches (Leqi, Leg2 in
Fig. 3) are different from each other due to the difference
of the output voltages, unlike the P-P case. In the P-S
configuration, AP,, is derived as (4) (see above).

R is the equivalent load resistance. Using these equa-
tions, the loss factor AP,, can be derived. The final equa-
tion is complicated and is simplified with 2 variables AR,,
and 7, which are the ALy, and AC, effects on the reso-
nant current. Based on these equations, the loss param-
eter AP,, can be derived.

Fig. 5 shows the relationship between the temperature
difference and the loss factor in the P-S configuration. As
shown in the figure, AP,, is always less than unity, and
the factor decreases as AT increases. Therefore, it is sup-
posed that higher temperature P75 has lower loss, and the
temperature difference will be smaller. The analysis shows
that if there is no parameter difference between the PTs,
the P-S structure will have thermal balance due to the
thermally negative feedback responses.

B. Consideration of the Circuit Parameter
Dewviation among PTs

Circuit parameter deviations among PTs as well as the
electrothermal parameters affect the thermal balance of
multiple PTs. In this section, the effects are analyzed both
in P-P and P-S configurations.



€Cos

PARK %’;IAEne@ﬂEBMerydhALANCE CHARACTERISTICS FOR MULTIPLE-CONNECTED PIEZOELECTRIC TRANSFORMERS

Circuit Laboratory
1

0.95

0.9

Magnitude

0.85

0.8

o8 | | | s i
o] 10 20 30 40 50 60
AT (°C)

Fig. 5. Relative loss curve of the radial-mode PTs in P-S structure.
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Fig. 6. The loss factor of P-P configuration according to L.

1) P-P Configuration: As shown in (2), L, affects the
thermal balances in P-P configurations. Therefore, it is
supposed that the parameter difference of L., would sig-
nificantly change the thermal balance with given AL
The analysis conditions are as follows:

Temperature difference: Tppy = Tppy + 15°C.
Then, Leqy = Leqi(1 + 6Lego)(1 + 15 - ALy,)  (5)

where the inductance difference rate is 0Leqy = Leqa/Leqi
— 1 (no unit) at the bias temperature 7.

Substituting (5) into (2), the relationship between AP,,
and 0Ly is derived as shown in Fig. 6. In the figure, it is
shown that the greater §Lq is, the more AP, decreases.
Therefore, it is more profitable to thermal balance in P-P
structure that a PT pair has a high inductance parameter
difference from each other.
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Fig. 7. The loss factor of P-S configuration according to L.
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2) P-S Configuration: Thermal balance characteristics
of radial-mode PTs in P-S structure are examined based
on the deviation rates of Lo, and C, (6Cy, no unit); see
(6). The analysis conditions are as follows:

Temperature difference: Tpry = Tpry + 15°C.
Then, Lqu = Leql(l + (SLeqo)(l + 15ALeq) (6)
and C, = Cyi(1 + 0C,0)(1 + 15AC,)

where the capacitance difference rate is §Cyy = Cpo/Cpy —
1 (no unit) at the bias temperature.

Substituting (6) into (4), the relationship between AP,,
and 0Ley is derived as shown in Fig. 7. From the figure,
the greater 0L is, the greater AP,, becomes. Therefore,
it is undesirable to the thermal balance that a PT pair has
a high inductance deviation.

In the same manner, the relationship between A P, and
0Cy is derived as shown in Fig. 8. From the figure, the
greater 0C,y is, the greater AP, becomes. In other words,
it is undesirable to thermal balance that a PT pair has a
high output capacitance difference between the PTs.

From the analysis, it can be seen that in P-P configura-
tion, circuit parameter deviations among PTs positively
contribute to the thermal balance. On the other hand,
P-S configuration requires high uniformity among the PT
parameters in multiple connection. Therefore, when we
design a high-power application with multiple-connected
PTs from any radial-mode PT set in excellent equivalent-
circuit and electrothermal parameter uniformity, P-S con-
nection is recommended for thermal balance.

IV. OPERATION EXAMPLE OF SMALL CIRCUIT-
PARAMETER DEVIATION

In this section, the proposed thermal balance analysis
is verified by hardware experiments of real PTs by esti-
mating the loss factor at every bias point.
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deviations similar to the case described in Section ITI-A.
On the other hand, samples #2 and #7 have significant
parameter deviations like the one described in Section ITI-
B. From the analysis results in Section III, the #2 and #5
pair should have thermal balance in P-S structure, and the
#2 and #7 pair in P-P structure. In this section, a small
deviation example will be presented and analyzed with
the real PT parameters, and a large deviation case will be
examined in Section V. The analysis will be verified from
the hardware experiment also.

A. Numerical Analysis with Various PT
Temperature Biases

In the previous section, the influences of electrother-
mal characteristics and circuit parameter deviations were
considered according to AT bias condition. In this sec-
tion, using Matlab (MathWorks, Natick, MA), thermal
behaviors on every operating temperature bias points are
predicted. With measured data given in Fig. 2 and Table
II, the loss factor can be calculated. Fig. 9 shows the loss-
factor simulation results of PT#2 and #5 combination
in both P-P and P-S connections. The x axis is the PT
bias temperature and the y axis is the loss factor, which
represents relative power dissipation on each PT. Each
line in the plot represents the operating points of the
same bias AT. The solid line at Magnitude = 1 is the PT

Temperature of #2

(b)
Fig. 9. Loss ratio curves of (a) parallel-parallel and (b) parallel-series of
PT #2 and #5.

(°C)

pair’s thermal dynamic criterion between the temperature
convergence (negative feedback) and divergence (positive
feedback) area. From this simulation curve, it can be es-
timated how the PT pair performs in thermal balance at
every operating bias point. The PT temperature region
is also divided into 2 parts, such as low-temperature and
high-temperature regions for convenient descriptions be-
low. The boundary is 50°C, because around the tempera-
ture, most of the loss curves change the thermal behav-
ior by crossing the criterion, then the analysis is possible
even with decoupling of bias AT effects. Generally, PT
temperature moves from a low-temperature region into a
high-temperature region by thermal excitement. With the
criterion and the boundary, there can be 4 cases: (1) low
temperature region—converge; (2) low temperature region—
diverge; (3) high-temperature region—converge; and (4)
low-temperature region—diverge.

From the P-P curves in Fig. 9(a), it can be seen that
the #2 and #b5 pair has excellent thermal balance char-
acteristics due to the converging performance in the low-
temperature region whatever the bias AT is. However, in
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Fig. 10. Cs-Lp type adapter using multiple connection of PT [5].

the high-temperature region, the overall thermal balance
characteristics become worse due to the change of the loss
factor into diverging criteria at every bias condition ex-
cept very small AT. From this analysis, it is supposed
that during the front period of excitement process, the
PT pair would have small temperature differences; how-
ever, the temperatures diverge as they are approaching
full excitement. In the same manner, the thermodynamic
simulation of the P-S configuration can be estimated. Fig.
9(b) shows that the pair has poor thermal balance char-
acteristics in the low-temperature region because most
of the operation curves are located in divergence region
whatever the bias AT is. However, as the PTs warm up
into the high-temperature region, the overall thermal bal-
ance characteristics are recovered due to the change of the
loss factor into diverging criteria at every bias condition
except low bias condition AT < 10°C. From this analysis,
it is supposed that the thermodynamic behavior would be
totally opposite from P-P case such that during the initial
period of the excitement process, the PT pair would have
high-temperature differences; however, the temperatures
converge as they are approaching full excitement. This
thermally negative-feedback operation contributes to the
temperature balance between the multiple PTs. However,
there will still exist a temperature gap at full excitement
around 10 to 20°C because some bias condition AT < 10°C
still maintains its AP over unity. In following section, this
analysis will be verified by the hardware experiment.

B. Hardware Verification

The multiple-connections of the 20 W power-capacity
PTs are used in a 40 W adapter prototype, which employs
a CgL, type resonant half-bridge topology as shown in
Fig. 10 [12]. A current doubler is employed as the output
rectifier, and the equivalent load, R, is 72R/2. To oper-
ate each PT at the optimal load R, the load resistances
of the adapter in the parallel-parallel connection and the
parallel-series connection are R,q/2 and 2R, respective-
ly. The circuit component and PT parameter values are
shown in Tables I and II.

The hardware prototype used for the multiple-connec-
tion PT test is as follows:

¢ Optimal load of the single PT (R,y): 50 €2

e Operating frequency (w,): 150 kHz (maximum gain
frequency)

e Cs/Lp: 30 nF/0.3 mH

e Vpe/Vy (power/Rj) in parallel-parallel connection:
210 V/14 V (39.2 W/5 Q)

e Vpe/Vp, (power/Ry) in parallel-series connection: 210
V/28 V (39.2 W/20 Q)

Fig. 11(a) and (b) shows the temperature trajectories
of the PTs in the P-P and P-S connections, respectively.
The temperature measurements of the PT were performed
by a thermo-coupler and were recorded by a Mobile Cord-
er MV200 (Yokogawa, Tokyo, Japan). The measurement
spot is the primary electrode, the hottest part [13]. The
figures show that in the low-temperature region, the P-P
connection has a superior balance performance compared
to the P-S connection. However, crossing into the high-
temperature region, the P-P connection has an unbalanced
dynamic and diverges up to about a 34.4°C temperature
difference. On the contrary, the P-S configuration main-
tains the thermal balance by just 17.7°C AT. This result
agrees well with the thermal balance prediction of the
analysis in the previous section.

V. OPERATION EXAMPLE OF LARGE CIRCUIT-
PARAMETER DEVIATION

In this section, another practical case with large circuit
parameter deviations as presented in Section III-B will be
investigated. With measured data of the PT #2 and #7,
the loss factor can be calculated in the same manner as
described in Section IV. Fig. 12 shows the simulation and
hardware test results of P-P connected PT #2 and #7
in large circuit parameter deviations. From these simula-
tion curves in Fig. 12(a), it can be estimated how the PT
pair performs in thermal balance at every bias operating
point. Because the PTs have almost the same electrother-
mal parameters shown in Fig. 2, the overall configuration
patterns of the curves are quite similar to those of the PT
#2 and #5 P-P connection—see Fig. 9(a)—except for a
shift toward the x axis by around 20°C positive caused by
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Fig. 11. Hardware test results of (a) parallel-parallel and (b) parallel-
series of PT#2 and #5.

the equivalent-circuit parameter deviations. Therefore, it
is shown that the parameter deviations contribute to the
thermal balance of radial mode PZT PTs in P-P as shown
in Section ITI-B. The hardware verification is shown in
Fig. 12(b). PT #2 and #7 temperatures are well balanced
both in low-temperature and high-temperature regions,
and final AT is just 6°C. Therefore, the prediction by the
numerical analysis agrees well with the hardware experi-
ment showing that the high-temperature characteristics
are improved by parameter deviation, compared with the
result of PT#2 and #5 in Fig. 11(a). From the result, it
is shown that P-P connection with given PT devices are
the optimal configurations for thermal balance. However,
there exists some possibility of the balance breakdown
according to Fig. 12(a) if the temperature equilibrium
(steady-state) occurs over 90°C due to external distur-
bances or other causes.
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Fig. 12. Simulation (a) and test results (b) of parallel-parallel connected
PT #2 and #7 in large equivalent circuit parameter deviations.

The parallel-series case is also considered in Fig. 13.
From this simulation curve in Fig. 13(a), it can be es-
timated how the PT pair performs in thermal balance
at every bias operating point. As with the P-P case, the
overall configuration patterns of the P-S curves are also
quite similar to the patterns of PT #2 and #5 P-S—see
Fig. 9(b)—except for a shift toward the x axis by around
20°C positive caused by the equivalent-circuit parameter
deviations. Therefore, unlike the P-P case, the parameter
deviations deteriorate the thermal balance of radial mode
PZT PTs in P-S exactly as shown in Section III-B. The
hardware verification is shown in Fig. 13(b). PT #2 and
#7 temperatures are rapidly unbalanced even in the low-
temperature region, and the temperature gap increases
in the high-temperature region also, with 24°C final AT.
Therefore, the prediction by the numerical analysis agrees
well with the hardware experiment showing that the high-
temperature characteristics are deteriorated by parameter
deviation, compared with the result of PT#2 and #b5 in
Fig. 11(b). From the result, it is shown that the P-P con-
nection is more suitable to radial-mode PTs with high pa-
rameter deviation for the thermal balance performance.
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Fig. 13. Simulation (a) and test results (b) of parallel-series connected
PT #2 and #7 in large equivalent circuit parameter deviations.

VI. CONCLUSIONS

The thermal balance issues for the multiple connection
of the radial-mode disk-type PT have been investigated.
The key parameters related to the electrothermal charac-
teristics are extracted from the electrical circuit model,
and the relationships among them are derived in the case
of both parallel-parallel and parallel-series connections.
The thermal balance analysis has been verified through
the experimental results using a 40 W resonant half-bridge
AC/DC converter. From the results, it is shown that par-
allel-series connection is more suitable to the multiple-
connected radial-mode PZT PTs for thermal balance.
However, if the PTs have high parameter deviations, then
parallel-parallel connection is more suitable. Future work
is to investigate thermal balance features of different type
PTs and to make the loss-factor analysis more refined by
including dielectric loss and other loss factors.
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