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Design Consideration of Parallel-Parallel Connected Piezoelectric Transformer
for Thermal Balance
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(Received May 14, 2007; accepted July 2, 2007; published online October 22, 2007)

Recently, the multiple-connected piezoelectric transformer (PT) is considered as significant research topic especially for
power processing applications. However, there is a power balance issues closely related to thermal failure of PT. To avoid the
thermal imbalance between PTs, a design specification of thermal characteristic parameters of piezoelectric transformer in
input-parallel and output-parallel connection has been presented. In first, the individual thermal characteristics of radial-
vibration mode PTs are investigated and the results are also the required design area of thermal parameters in parallel-parallel
connection by three steps. As an objective function, relative power-loss rate was defined and used for deriving the thermal
balance design criteria. The design specification of major design parameters such as thermal parameter variation (ALeg, ARp),
initial deviation of the variation (8Lcqr, Ryt), and initial deviation of thermal parameters (8Lcq0, 6Rmo) have been proposed as
(—0.002, —0.006), (£0.0001,+0.0003), and (£0.0002,£0.0004) respectively, and the analysis has been verified by the

simulation results. [DOI: 10.1143/JJAP.46.7067]
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1. Introduction

Recently, some power device industries have been
interested in piezoelectric transformer (PT) as a potential
alternative for power processing applications such as power
converter, lamp ballast, and so on.'~® However, single layer
PT has a limitation of power capacity to handle with good
efficiency and stable thermal-characteristics. For solving the
problem, multiple-connected and multi-layer piezoelectric
transformer structure is introduced for power processing
applications. However, there is still a problem such that the
thermal imbalance between the employed PTs can occur due
to the deviation of electrically equivalent parameter values
of PTs which have variation according to the thermal
excitation. If the patterns of parameter variation or param-
eter deviation (device tolerance) are examined and con-
trolled, the thermal imbalance problem can be relieved.
Therefore, it is significant to suggest PT specification of the
temperature variation parameter for thermally stable design
of the multiple-connected PT applications. This paper
presents the PT’s thermal variation specifications of electri-
cally equivalent parameters in input-parallel and output-
parallel (parallel-parallel) connected PT structure, one of
mostly-used conventional approaches.

Figure 1 shows the structure of multi-layered disk-type
PT sample used in this research. The primary electrodes are
located in the center part and the secondary one with
multiple layers are concentrically arranged in the outer part
of the disk and spaced from the primary electrodes.” The
disk is polarized perpendicular to the plane of the electrodes,
axial direction.” The PT is made of DIT D140, a hard
ceramic material (PZT-4 series) with the characteristics
shown in Table 1. Advantages of the PTs are low profile and
high isolation voltage rating, which is very suitable for the
AC-DC/DC-DC switching power converter applications.”
However, the PT can be significantly over-excited due to the
thermal imbalance when multiple PT structures are em-
ployed. This over-excitement causes abnormal operations in
the PT. Figure 2 shows the thermal distribution of the
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Fig. 1. Radial vibration mode PT structure.”)
Table I. Parameter values of low-temperature-firing material, DIT
D140.Y
Coupling coefficient, k, 0.60
Dielectric loss, tan § 0.003
Relative dielectric constant, 8;1-3 /€0 1500
Piezoelectric constant, d33 (C/N) 380 x 10712
Quality factor, Qp, 800
Temperature coefficient of cap. at 25—-100°C
o 3000
(ppm/°C)

piezoelectric transformer measured by the universal thermal
imager the part number IRI1001E (manufactured by IRI-
SYS). The primary electrodes are the hottest point where the
soldered joints can be over-heated and the connection wires
can be detached by mechanical vibration when thermal
imbalance becomes severe.

Figure 3 shows the thermal-imbalance temperature tra-
jectory of 20 W radial vibration mode PTs (samples #2 and
#5, arbitrary samples in a vibration-mode PT group of the
same design) in parallel-parallel connection (measured by
Mobile Corder MV200, Yokogawa). The parameter devia-
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Fig. 2. Thermal distribution image of the excited PT.
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Fig. 3. Temperature trajectories of two PTs (samples #2 and #5, arbitrary
samples in the same vibration-mode PT group) in parallel-parallel
connection.”

tions to each other are shown in Figs. 5 and 6. The output
load was set to Req = 25 2 for the optimal load condition of
the PTs. PT #5 rises up to 112 °C even before it reaches the
steady-state, while the other PT #2 is still staying under
80°C. The thermal imbalance effect among PTs should be
removed when a power converter is designed with multiple-
connected PTs. From the following section, thermal char-
acteristics of disk-type PT will be investigated and the
design guideline of the PT will also be included.

2. Thermal Characteristics of Piezoelectric
Transformer in Power Applications

In this section, thermal characteristics of radial-vibration
mode PTs will be considered by thermal variation of the
equivalent parameters of electrical circuit model according
to the temperature rise. It has been known that the rise
causes some variation of material constants consisting in the
PT body.>™"

This phenomenon makes effects on the parameters of
electrically-equivalent model, changing them from the initial
values at room temperature. Therefore, the observation of
the parameter variation is required to analyze the multiple-
PT thermal balance. Figure 4 shows the electrically-equiv-
alent circuit model of parallel-parallel PTs.®” In the figure,
Leq is equivalent inductance (impedance) to the impedance
of the resonant branch at switching frequency, which is

determined by:
1 Wy
e ' wr a)zs ’

+ Vit
m 1:Ny
1
i L Con Rt *
_—
+ —c m Cy== Vor +
| |
PT,
Vi Vour
+ Vinz
m 1:N,
1
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|
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Fig. 4. The equivalent circuit model of two piezoelectric transformer in
parallel—parallel connection.

L
Zr =4 A~
Cn
1
o = (1)

VLG
where, s is switching frequency. The parameters according
to the temperature-rise were observed with Network analyz-
er (HP4194) applying Admittance circle method. PTs were
heated and cooled down repeatedly during the measuring
process. The parameter variation curves are shown in Fig. 5.
Figure 5 means the normalized variation-rates of the
parameters at room temperature. All the parameters are
ralative values divided by that of the ambient temperature. In
Fig. 5, the curves look very similar each other in spite of the
existence of absolute value deviation, sample by sample. In
other words, it is shown that the input and output
capacitances as well as the series capacitance in mechanical
resonant branch increase, and the R and L of the branch
decrease. On the other hand, turn ratio N has no difference in
spite of the temperature rise.

Thermal parameters of the normalized variation rate
(slope of the curve, °C Y in Fig. 5 are defined as ACj, AC,,
ALey, AR, (input, output capacitance, L.y, damping
resistor). The turn-ratio N is not considered due to the
invariance.

Based on these parameters, curves of the resonant
frequency and the characteristic impedance are derived as
shown in Fig. 6. The figure shows that all the frequencies of
the PTs stays at an almost constant level and the character-
istic impedance are downward with the temperature-rise.

3. Thermal Balance Analysis of Multiple-Connected
PTs

Input-parallel and output-parallel connection is one of the
most widely-used structure for the easy extension of power-
capacity without redesign of PTs to satisfy the new optimal
condition.

From eq. (1), it is shown that mechanical branch
impedance Z,, is dependant on the characteristic impedance
Z; decreasing with temperature-rise. This temperature
characteristic of Leq is almost the same as the characteristic
impedance Z;,, since the resonant frequency moves negli-
gibly according to the data in Fig. 6 (w, is constant). The
relationship is described as: Z, ~ sLq.
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From the following section, analyze the thermal effect of
multiple PTs, using L.y characteristics.

3.1 PT Design specification of parameter variation rate
according to thermal effect

From the circuit model, it is known that the mechanical
loss by damping resistor R, is the most dominant factor
determining PT temperature. Therefore, it is feasible to
estimate the thermal behavior by considering the power loss
in each PT. Since the temperature of each PT is not the same
through all the operating conditions in practical, with an
assumption that a PT is hotter than the other, the relative
power loss of hotter PT is derived to the loss of the other PT
in order to expect the thermal balancing effect between the
PTs. In other words, if a PT with higher temperature has
smaller power loss than the lower temperature PT, then the
temperature difference would be reduced. On the other hand,
it is supposed that greater power loss in hotter PT would
diverge the temperature difference. The relative loss factor
of PT is defined as:

P m2 iﬁﬁ : Rm2

APy = 12— w2t M2 @
" P 121‘le

m
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Fig. 5. Circuit parameter variation of two PTs (#2 and #5) according to
temperature-rise: (a) parameter variation of normalized C; (CiNorm =
Citemp/Ciamb), (b) parameter variation of normalized Co, (CoNorm =
Co,temp/ Co.amb), (c) parameter variation of normalized Cn (CiNorm =
Cintemp/Cmamb)> (d) parameter variation of normalized Ly (LmNorm =
Ligemp/Lmamb), and (e) parameter variation of normalized Ry
(Rm.Norm = Rm,lemp/Rm,amb)~

where P, Py are the loss in PTy, PT,, respectively. This
parameter is used as the index variable to determine whether
thermal-balance is achieved or not.

From these parameters, the resonant current (i) and
power loss on Ry, are derived as follows:

. Vin . Vin
il = —, Im=—
ml Zml m2 Zm2
1 1
Pt i Pmp = R " R

3

When the loss generation on hotter PT is smaller than the
other, the PT temperature can converge each other with
same radiation of heat. Using this principle, estimate the
thermal balance conditions when thermal variation of PT

parameter occurs. The methodology is as follows:
— Objective: Derive design parameter range that satisfies
the thermal balance condition of parallel-parallel
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Fig. 6. Resonant frequency and characteristic impedance parameter
variation of two PTs (#2 and #5) according to temperature-rise: (a)
parameter variation of normalized w; (@rNorm = ®@rtemp/@ramp) and (b)
parameter variation of normalized Z: (Z;Norm = Zr.temp/Zt,amb)-

connection such that the loss of PT, is smaller than that
of PT| (AP, < 1).

— Assumption: There is no difference in every initial
parameter values between PT; and PT, (6Xr =0,
86Xy = 0). PT, temperature is higher than that of PT;.

— Operating condition: AX (X: Leg, Ry) is parameter
variation rate on the temperature rise.

TPTZ = TPT] + 10 OC, TpTl =60°C.

Tott = Tpr1 — Troom(30°C), AT = Tpr2 — Tpr1-
PT] . X1 = X()(l + AX - Toff),

PT2 . X2 = X()(l + AX(Toff + AT))

Here, X is the initial parameter value at room temperature

(Troom)a (XO: CiOa C007 Lera RmO, N)

Generally, the mechanical loss of PT are determined by
Vm, Im (the voltage and the current through L), and
damping resistor Ry,. In parallel-parallel structure, since Vi,
is the same in both PTs when N is identical (practically it is
valid among PTs in the same group), the loss is determined
only by the variables of L, and Ry,. Because both L., and
R;, decreases according to temperature-rise, it iS more
desirable for thermal-balance to have greater effect of
reduced R, than that of the current increase from the
reduced Leg.

From eqgs. (1) and (3), the loss rate in parallel-parallel is
derived as eq. (4). By applying the assumption of initial
conditions and PT thermal parameters to eq. (4), the
objective function AP, is established as eq. (5).

1 1 ” 5
"R T 2 leLqu : Rm2Leq1

P —
" Leq 1 2 Leq2

: Py = Rmp

where

x 10’
8 T :
B . .Tnu:SD“C . I Wy _
AT:10°C | ! H ' N
ab | T1:Toff+30°C |1 | [Required region(AP,<1)
T2:T1 +AT : for ALeg s ARy,
AR o i Paz=Par - — AR
-2*--------if--------;f--------g-#5[’-0.0025_40023] RN
P 0 AN ¥ ; :
Afreceecteeccctes e $2(:0,003,0.0038) TRV
H H P . \ :
B/ “®(10.002,0.006) LU
gb— i AN\ NNNRNN NN AANRNANT NN NN
-8 6 -4 2 0 2 4 B 8

Fig. 7. Design criteria of AL,y and ARy, for thermal balance and position
of some PT examples.

R = le(l + ARmAT)7 Leq2 = Leql(1 + ALquT) (4)
1+ ARLAT

= ®)

(1+ ALy AT)

From eq. (5), the design criteria for the thermal balance are
derived with AL,y and ARy, as shown in Fig. 7.

From the results, it is shown that as ALy increases and
AR, decreases, PT operation approaches to the thermal
balance condition. The figure also shows some examples of
20W PZT material PT (#2 and #5) implemented by radial
vibration mode. Since all the PTs are out of the criteria, the
combination of #2 and #5 are thermally unbalance. This
design criteria can be verified by the simulation of AP,
curves.” Figure 8 shows the curves of #2 and #5 combina-
tion. The principles of the simulation is presented in
previous paper.® From the figure, it is shown that APy, is
increasing over unity as both the temperature and the
temperature gap are increasing. The arrow shows the thermal
behavior of the combination. From the analysis, it is
supposed that the connection of #2 and #5 are unsuitable
for thermal balance. This simulation result corresponds with
the hardware result shown in Fig. 3.

APy

3.2 Design specification of initial deviation of thermal
parameter variation according to thermal effect
Given PTs are unsuitable for the above criteria. Instead of
the real devices, a new PT is designated as an acceptable
design example of PT, which is the position of (AL,
AR;,) = (—0.002, —0.006), in required region and close to
the real device positions. In this step, we consider the design
criteria of acceptable deviation Xt range of thermal
variation parameter.
— Assumptions: AX = step A, 6Xp =0
— Objective: design criteria of §Xp satisfying AP, =
sz / P ml < 1.
— Operating condition is all the same in previous step but
the thermal state definition expressed as:

X = Xo(1 + AX - Togp),
Xo = Xo(1 + (AX + 3X1)(Torr + AT)),
where X: Leg, Ri.

(©)
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Fig. 8. Thermal behavior simulation of given PT example of #2 and #5

combination in parallel-parallel connection.”
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Fig. 9. Design specification of 8L.qr and SRyt for thermal balance.

Using eq. (5) and the above operating condition (6), the
required region of 8Leqr and SRyt is derived shown in
Fig. 9.

From the figure, it is shown that the required region is
below the line and it is desirable to have greater 6L.qr and
smaller dR,r for thermal balance. In order to obtain the
deviation specification of PT, the design criteria is set as a
rectangular area (8Leqr, 0Rymr) = (£0.0001, £0.0003) as
shown in the figure. The worst case is (8Legr, SRmt) =
(—0.0001,0.0003) and select this point for the next design
step.

3.3 Design specification of initial deviation of thermal
parameter according to thermal effect
In this step, we consider the design criteria of acceptable
initial deviation 6X, of thermal parameters.
— Assumptions: AX = step A, §Xt = step B.
— Objective: design criteria of §X, satisfying AP, =
P /Pm < L.
— Operating condition is all the same in previous step but
the thermal state definition expressed as:

oms

Worst case
! (ALgg,AR,,) =(-0.002,-0.006)
0.01 ] L1 ( ALggr6Rugr)=(-0.0001,0.0003)
; Top=30°C , AT=10"C
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rf'.
ERwpg O -
7 i
bt e
. |
.01 : 0.002 :
N i
0015 I S i
0.5 0.01 0005 | 0.005 om oos

ELeqg

Fig. 10. Design specification of 8L.qo and Ry for thermal balance.

Table II. Worst case example of thermal-balance design criteria.
AL —0.002

AX
ARpn —0.006

sx 8Leqr —0.0001 to 0.0001 (£5% of ALq)

' SRt —0.0003 to 0.0003 (+£5% of ARy)

SLeqo —0.002 to 0.002

8Xo
8Rmo —0.004 to 0.004

X1 = Xo(1 + AXTfp),
Xy = Xo(1 + (AX + 6X1)(Tosr + AT) + 6Xp),

where X: Leg, Rp.

Using eq. (5) and the above operating condition, the
required region of 8L.qo and SRpyo is derived shown in
Fig. 10.

From the figure, it is shown that the required region is
below the line and it is desirable to have greater dL.q and
smaller 6R,,o for thermal balance. In order to obtain the
deviation specification of PT, the design criteria is set as a
rectangular area (8Leqo, SRmo) = (30.0002, £0.0004) as
shown in the figure. The worst case is (8Legr,Rmr) =
(—0.0002, 0.0004).

3.4 Verification of the PT combination design result

In this step, we verify the final design result by AP
simulation with the worst case. The case is presented in
Table II.

The simulation result is shown in Fig. 11. From the figure,
it is shown that APy, is decreasing under unity as the
temperature gap is increasing. The arrow shows the thermal
behavior of the combination. From the analysis, it is
supposed that even the combination of average and worst
PT in a PT group is suitable for thermal balance. If we
consider the thermal balance among the worst case combi-
nation, PT parameter design spec. (the required region)
should be a half.

4. Conclusions

In this paper, design specification of thermal characteristic
parameters of piezoelectric transformer in input-parallel and
output-parallel connection has been presented for thermal
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Fig. 11. Thermal behavior simulation of design example with combina-
tion of average and worst PT in a PT groups.

balance. In first, the individual thermal characteristics of PT
were investigated. It is shown that both the equivalent
inductance and resistance in radial vibration mode PTs are

reduced with temperature-rise. As an objective function,
relative power-loss rate was defined and used for deriving
the thermal balance design criteria. The design specification
of major design parameters such as thermal parameter
variation, deviation parameter of the thermal variation, and
initial deviation of thermal parameters are (ALeg, ARy) =
(—0.002, —0.006), (8Legr, 8Rpmt) = (£0.0001, £0.0003),
(8Leq0, 8Rmo) = (£0.0002, £0.0004), respectively. Finally,
the analysis has been verified by simulation result.
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