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Abstract. Piezoelectric fransformers are electronic devices made from piezoelectric materials. The
prezoelectric transformers as the name implied are used for changing voltage signals from one level
to another. Electrical energy carried with signals is transferred by means of mechanical vibration.
Characterizing in both electrical and mechanical properties leads to extensively use and efficiency
enhancement of piezoelectric transformers m various applications. In flus paper. studyv and analvsis
of electrical and mechanical properties in forms of potential and displacement distribution
throughout the volume, respectively. are discussed and especiallv focused on around its natural
frequency. This paper proposes a set of quasi-static mathematical model of electro-mechanical
coupling for piezoelectric transformer by using a set of partial differential equations. Computer-
based sinmilation ufilizing the three-dimensional finite element method (3-D FEM) is exploited as a
tool for calculation in two purposes. The first use is developed the 3-D FEM for identifving ifs
natural frequencies while the second vse is for visnalizing potentials and displacements distribution
within the piezoelectric transformer. The computer simmlation based on the use of the FEM his
been developed in MATLAB programming environment. In addition. which satisfactory results of
natural frequencies are compared with those obtained from the experiment and the accuracy of 3-D
FEM model is confirmed.

Introduction

Piezoelectric transformers are electronic devices made from piezoelectric material such as BaTiO:,
PZT. PoN206, PT, PLZT and PMN. In this paper, radial mode vibration [1] of a circular ring or
shortly called the ring-dat type where its applications in ballast electronic has been mereasingly
found is selected for study. Finite Element Method (FEM) is one among popular mumerical methods
that is able to handle problem complexity in various forms. At present. the FEM has been widely
applied in most engineering fields. Even for problems of potentials and displacements distribution,
the FEM is able to estimate solutions of partial differential equations governing the piezoelectric
transformer. Study and analvsis of electrical and mechanical properties in forms of potential and
displacement distribution throughout the volume, respectively, are discussed and especially focused
on around its natural frequency in this paper. Computer-based simmlation utilizing the three-
dimensional finite element method (3-D FEM) in a set of quasi-static mathematical model of
electro-mechanical coupling for piezoelectric transformer, instructed in MATLAB programnung
environment with graphical representation for potentials and displacements distribution have been
evaluated.
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Modeling of Electro-Mechanical Coupling for a Piezoelectric Transformer

This paper uses PZT-840 powder to form circular ring piezoelectric transformers for fest as
described in Fig. 1. A schematic diagram of the experiment circuit in Fig. 2 consists of 1) bridge
rectifier 11) boost regulator and 111} half-bridge inverter to drive a 36-W fluorescent lamp.

output electrode

@)

mput electrode

1
101 = 10 mam |
g el

D2 =12 mm

T3 = 30 mms

K

ground electrode
Fig. 1 Detail of the piezoelectric transformer with dimension

220 Vae l I

®— bridge ] boost jali-beid g =
: PET-541 load
T | rectifier J=——1 regulator v ter

20 Ha
| |

Fig. 2 Schematic diagram of the experiment circuit

Piezoelectric transformer can be described by using mathematical models to exhibit electro-
mechanical coupling among stress tensor (T). strain tensor (8). electric field (E). and electric
displacement (I asin Eq. 1 and Eq. 2 [2.3].

T=c"S-¢'E ()
D=65+¢E @

6

where ¢ s the elastic stiffness tensor at constant electric field. £° is the dielectric permittivity
fensor at constant strain. and ¢ is piezoelectric stress fensor.

V-T=pii with S=235u (3)
V-D=0 with E=-Vd @
And Eq. 3 and Eq. 4 are momenfum balance and electric balance equations. respectivelv, in
which o. 5. u, and @ are mass density. first spatial derivatives of the interpolation, mechanical

displacement. and electric potential. respectively. This paper has considered the time-harmonic

systen, therefore i = —o*n . where @ is the angular frequency.

As described, a set of quasi-static mathematical model of electro-mechanical coupling for
piezoelectric transformer by vsing a set of partial differential equations is collected as in Eq. 5 and
Eq. 6

c5(V-Bu)+ potu+e" (V-Vd) =0 D

/) DBqPaay Biee =
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o(V-Bu)—e*(V-Vid) =0 ©

As can be seen. to obtain an exact solution is difficult. In this paper. the 3-D FEM has been
emploved to find an approximate solufion.

3-D FEM for the Piezoelectric Transformer

The FEM 1s able to estimate solufions of partial differential equations governing the piezoelectric
transformer. The domain of study with the 3-D FEM can be discretized by using linear tetrahedron
elements. This can be accomplished by using Solidworks for 3-D grid generation. Fig 3 displays
zrid representation of the piezoelectric transformer. The region domain consists of 11607 nodes and
35406 elements. An equation governing each element is derived from the electro-mechanical
coupling eguations directly by using Galerkin approach. which is the particular weighted residual
method for which the weighting functions are the same as the shape. Finally., a set of linear
equations in the compact matrix form is obtained:

[Kul-@'[M] [Kel[u]_[0 D
KT [Keell®] [0
where the matrices [M]. [K_]. [K,,] and [K,.] are the mass. stiffness. piezoelectric coupling.
and dielectric matrices, respectively.

Fig. 3 Discretization of the piezoelectric transformer

The boundary condifions applied here are that to set zero potential at the ground electrode and 50
V at the input electrode. This smmlation uses the system frequency of 50 Hz. The piezoelecinic
material properties shown by [4]:

i} 0 o (i} 127 0 13.05 i} 0
e=| 0 0 0 127 0 0/(C/mY) =l 0 1305 0 [x10%(F/m%)
-52 =52 151 i} a 0 i} Li] 11.51
130 778 743 0 0 0
0 130 743 0 0 0
1o o 1s 0 o 0 i o=7600kg/m’
£ _| 10 Fad
“<lo o o 25 o o | W0E
0 0 0 0 25 0
0 0 0 0 0 306

Eigenvalue Problem in Piezoelectric Finite Element Analysis

The sclution of the motion equation for natural frequencies requires a special reduced form. If there
15 no damping and no applied force. the equation in matnx form reduces to [3]

[M1E}+[Ku}=0 (8)

where [A{] is the mass matrix and [£7] is the stiffness matrix.

RN - WIS - J R
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This is the motion equation for undamped free vibration. To solve Eq. 8. assume a harmonic
solution of the form {u}={#}siner, where {#} is the eigenvector or mode shape and @ is the
angular natural frequency. If differentiation of the assumed harmomc solution 1s performed and
substifuted mto the motion equation. the following 1s obtained

(IK]- & [M]g}=0 ©)

By applying FEM. the matrices [X]and [4{]in Eq. © are the matrices [K ] and [M/] in Eq. 7.
respectivelv. An eigenvalue problem is a specific equation form that has many applications in linear

matrix algebra, which @ is the eigenvalies. The general mathematical eigenvalue problem of
solving the equation of the form

det([K, ]~ @*[M]) =0 (10)

Each eigenvalue defines a free vibration mode of the structure. The i-th eigenvalue is related to
the 7-th natural frequency as follows:

e (11)

where f| is the /~th natural frequency of a piezoelectric transformer.

Results and Discussion

The FEM-based simulation conducted in this paper is coded with MATLAB programming for
calculation of natural frequency including electric potentials and mechanical displacements of
piezoelectric transformer. Which satistactory results of natural frequencies are compared with those
obtained from the experiment. As described in Fig. 2. the operation frequency of the test circuit can
be varied from 0-100kHz in order to find the natural frequencies by considering the peak voltage
gain of the piezoelectric transformers. This can be reported as five natural frequencies are located as
marked in Fig. 4. By using the FEM. the calculared natural frequencies can be found and therefore
compared with those obtained by the experiment as shown in Table 1. The calculated natural
frequencies match very well with the experimental natural frequencies. The discrepancy of the
resulfs is less than 3%.
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Fig. 4 Experimental result of natural frequencies of the piezoelectric transformer
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Table 1 Comparison of natural frequencies of the piezoelectric transformer i FD"‘I
Vibration Natural frequencie (kHz) im
modes Experiment FEM Difference (%) 10
1 17.75 - - q c
2 29.13 30.54 484 7]
3 7108 70,48 0384 a)
3 L1 B4 136 ~
5 82.29 8557 109 ™

For which 3-D FEM result, it can be graphically presented in the filled polyzon of potentials and
displacements dispersed thoroughly the volume of piezoelectric fransformer. Fig. 5 illustrates the
result of potential distribution of 3-D FEM in between 82-86 kHz where the voltage gain of the
piezoelectric transformer 1s ugh. As seen in the figure, at 84 kHz the output voltage can reach as
high as 450 V. about @ times with respect to the nput voltage of 50 V. Also, at the resonant
frequency of 84 kHz the displacement distribution is patterned, vniformed and heavily vibrated as
shown in Fig. 6.

il
“Irlmlll”'“ i

1|.Flr”’ | i

(a) 82 kHz (b) 84 kHz ¢) 86 kHz

i
m

1!1IJI|.I il |I||:|
i "1’1'lE#EJIﬂIiu| I
| 5 i .I" |l|l|.'J B

il mq"[ll J mll i II1|m||1r |1|1||‘w|| i

Fig. 6 Displacements distribution (m) within a piezoelectric transformer

Summary

This paper presents FEM based simmlation for caleulation of natural frequencies and visualization
of potential and displacement distribution of the piezoelectric transformers. The test piezoelectric
transformer is a circular ring tvpe made form PZT-840. The computer simulation is performed by
wsing 3-D finite element method (3-D FEM) mnstructed in MATLAB programming codes. As a
result, the FEM accurately predicts the natural frequencies of the piezoelectric transformer. The
discrepancy of the natural frequencies from FEM and the experimental result is less than 3%. In
addition. at the resonant frequency. heavily mechanical vibration and highly voltage gain can be
experienced.
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