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PIEZOELECTRIC TRANSFORMER

[0001] This application is a divisional application of appli-
cation Ser. No. 10/253,757, filed Sep. 23, 2002.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to a piezoelectric
transformer which transforms the amplitude of an alternat-
ing voltage by the piezoelectric effect of a piezoelectric
material such as a piezoelectric ceramic.

[0004] 2. Description of the Related Art

[0005] A piezoelectric transformer which was designed
for a step-up transformer of a high voltage power supply has
not been commercialized because of limited properties of a
piezoelectric ceramic material such as breaking strength.
However, with the advance of high strength piezoelectric
ceramics, attention has been recently paid again to the
piezoelectric transformer as the step-up transformer for an
inverter of a backlight source of the liquid crystal display
(LCD) panel installed on a portable information equipment,
in the face of the increasing demand for the thin and compact
equipment such as a notebook personal computer and a
portable terminal.

[0006] In that information equipment, the inverter for the
LCD is used, for example, as a power supply for lighting a
cold cathode fluorescent lamp (CCFL) which is employed as
a backlight source. This inverter must be a kind capable of
converting a direct current voltage of about 3V to 12V from
a battery or the like to a high frequency high voltage of 1
kVrms when starting lighting of the backlighting elements
and about 500 Vrms when constantly lighting the backlight-
ing elements and a frequency of about 60 to 80 kHz. An
electromagnetic transformer which is used at present for the
inverter for the backlight source satisfies the demand for
making the equipment thin as a horizontal type transformer
using a core of special shape. However, there is a limit to
making the electromagnetic transformer small in size and
thin because it needs to have a withstand voltage against the
voltage as high as several kVrms. Further, winding loss
disadvantageously increases and transform efficiency disad-
vantageously decreases because a thin copper wire is
employed to increase the number of turns for stepping up
voltage. Besides, the loss disadvantageously occurs which is
caused by the material of the core.

[0007] The piezoelectric transformer is produced by form-
ing primary (input) electrodes and secondary (output) elec-
trodes on a piezoelectric ceramic material such as lead
zirconate titanate (PZT) or piezoelectric crystal material
such as lithium niobate. If an alternating voltage having a
frequency near the resonance frequency of the piezoelectric
transformer is applied to the primary electrodes to mechani-
cally vibrate the piezoelectric transformer, the mechanical
vibrations are transformed to a voltage by the piezoelectric
effect, which makes it possible to obtain a high voltage from
the secondary electrodes in accordance with the impedance
ratio between the primary and secondary electrodes. Thus,
the piezoelectric transformer can be made smaller in size
and thinner than the electromagnetic transformer and can
achieve high transform efficiency.

[0008] A conventional piezoelectric transformer will next
be described with reference to the drawings.
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[0009] FIG. 31 is a perspective view of a conventional
piezoelectric transformer 100. The piezoelectric transformer
100 includes an electrode 104 and an electrode 106 serving
as primary (input) electrodes which are formed opposed to
each other on almost the left halves of main surfaces of a
rectangular plate 102 made of a piezoelectric material per-
pendicular to the thickness direction thereof, and an elec-
trode 108 serving as a secondary (output) electrode which is
formed on one end face of the rectangular plate 102 in the
longitudinal direction thereof. If the rectangular plate 102 is
made of a piezoelectric ceramic such as lead zirconate
titanate (PZT), as indicated by arrows in FIG. 31, the
rectangular plate 102 is polarized in advance in the thickness
direction thereof on the left half thereof by using the
electrodes 104 and 106 and is polarized in advance in the
longitudinal direction thereof on the right half thereof by
using the electrodes 104, 106 and 108. If an alternating
voltage having a frequency near the resonance frequency of
the piezoelectric transformer 100 for exciting mechanical
vibrations to expand and contract the rectangular plate 102
in the longitudinal direction thereof is applied between the
electrodes 104 and 106 (the electrode 106 is a common
electrode), the longitudinal extensional vibrations are
excited in the piezoelectric transformer 100. These mechani-
cal vibrations are transformed to a voltage by the piezoelec-
tric effect. As a result, it is possible to fetch a high voltage
between the electrodes 108 and 106 which serve as the
secondary electrodes in accordance with the impedance ratio
between the electrodes 104 and 106 serving as the primary
electrodes, and the electrodes 108 and 106 serving as the
secondary electrodes.

[0010] FIG. 32 (1) is a side view of the piezoelectric
transformer 100 shown in FIG. 31. In FIG. 32 (1), arrows
indicate the directions in which the rectangular plate 102 is
polarized in advance. FIG. 32 (2) shows the displacement
distribution of the piezoelectric transformer 100 in the
longitudinal direction thereof at a certain point of time while
extensional vibrations of a half wavelength are generated in
the piezoelectric transformer 100 in the longitudinal direc-
tion thereof. In FIG. 32 (2), the horizontal axis indicates the
position in the piezoelectric transformer 100 in the longitu-
dinal direction thereof. The vertical axis indicates the dis-
placement of the piezoelectric transformer 100 in the lon-
gitudinal direction thereof caused by the mechanical
vibration at a certain instance. On the vertical axis, +
direction indicates the right displacement of the piezoelec-
tric transformer 100 in the longitudinal direction thereof and
- direction indicates the left displacement thereof in the
longitudinal direction thereof. Further, FIG. 32 (3) shows
the internal stress distribution in the rectangular plate 102
when the piezoelectric transformer 100 has the displacement
distribution shown in FIG. 32 (2). FIG. 32 (4) shows the
vibration-induced electric charge distribution when the
piezoelectric transformer 100 has the displacement distribu-
tion shown in FIG. 32 (2). In FIG. 32 (3), the horizontal axis
indicates the position in the piezoelectric transformer 100 in
the longitudinal direction thereof and the vertical axis indi-
cates the magnitude of the internal stress in compression/
expansion direction along the longitudinal direction thereof.
In FIG. 32 (4), the horizontal axis indicates the position in
the piezoelectric transformer 100 in the longitudinal direc-
tion thereof and the vertical axis indicates the positive/
negative polarity and quantity of the electric charges
induced by the vibrations. As is obvious from FIGS. 32 (3)
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and 32 (4), in the central portion of the rectangular plate 102,
that is, in the portion in which the rectangular plate 102 has
a vibration displacement of 0, the rectangular plate 102 has
the maximum internal stress and the largest quantity of the
induced electric charges. Such a piezoelectric transformer in
which the mechanical vibrations of a half wavelength are
excited, for example, having the displacement distribution
shown in FIG. 32 (2) is normally referred to as a “piezo-
electric transformer having a A/2 longitudinal extensional
vibration mode (where A indicates one wavelength)”.

[0011] Generally, when extremely large strains are caused
by the mechanical vibrations in a piezoelectric transformer,
the possibility that a piezoelectric transformer will break is
high, which leads to a deterioration in reliability. It is,
therefore, necessary to hold down the amplitudes of the
mechanical vibrations of the piezoelectric transformer as
much as possible. Even if the piezoelectric transformer
handles high electric power, it is possible to decrease the
amplitudes of the mechanical vibrations of the piezoelectric
transformer by making the piezoelectric transformer thicker
and wider. However, if a space in which the piezoelectric
transformer can be arranged is restricted in a system or an
equipment into which the piezoelectric transformer is intro-
duced, there is a limit to holding down elastic strains only by
its shape.

[0012] Furthermore, even if the power which the piezo-
electric transformer handles is as low as several watts, the
power handled by the piezoelectric transformer per unit
volume is large when it is required to further make the
piezoelectric transformer small in size, thin and small in
height, introducing the piezoelectric transformer into a sys-
tem such as a portable equipment. As a result, also in this
case, as in the case where the piezoelectric transformer
handles high power, the piezoelectric transformer which is
high in reliability as well as small in size and thin cannot be
realized in terms of the mechanical strength thereof.

[0013] Moreover, if the rectangular plate of the piezoelec-
tric transformer is made of a piezoelectric ceramic, a part of
the piezoelectric transformer in which polarization direc-
tions are discontinuous is lower in mechanical strength than
a part thereof in which polarization directions are continuous
due to the influence of a strain generated while polarizing.
In the case of the conventional piezoelectric transformer 100
having a /2 longitudinal extensional vibration mode shown
in FIG. 31 and FIG. 32 (1), a part of the rectangular plate
102 in which a high stress is generated during normal
operation (a point P in FIG. 32 (3)) almost coincides with a
part in which polarization directions are discontinuous (a
part near an electrode 108—side end portion of a region of
the rectangular plate 102 interposed between the electrodes
104 and 106). Thus, if the power handled by the piezoelec-
tric transformer 100 increases and the amplitudes of the
mechanical vibrations increase, then the high stress is gen-
erated in the part in which the polarization directions are
discontinuous and cracks disadvantageously tend to occur.

[0014] Furthermore, even if the rectangular plate 102 is
made of piezoelectric monocrystals which does not need the
polarizing processing (in this case, arrows in FIGS. 31 and
32 (1) indicate the directions of ¢ axis orientations), it is
required to change the directions of ¢ axis orientations by
laminating elements which are different in the direction of
the ¢ axis and conducting a method corresponding to polar-

Dec. 23, 2004

ization treatment in the case of a piezoelectric ceramic,
realizing the piezoelectric transformer having the structure
as shown in FIGS. 31 and 32 (1). Thus, also in the case of
rectangular plate 102 made of piezoelectric monocrystals, as
in the case of the rectangular plate 102 made of a piezo-
electric ceramic, a part of the rectangular plate 102 in which
the directions of the ¢ axis orientations are discontinuous is
lower in mechanical strength than a part thereof in which the
directions of the ¢ axis orientations are continuous. As a
result, if the power handled by the piezoelectric transformer
100 increases and the amplitudes of the mechanical vibra-
tions increases, then the high stress is generated in the part
in which the directions of the c axis orientations are discon-
tinuous and cracks disadvantageously tend to occur.

[0015] Next, another conventional piezoelectric trans-
former disclosed in JP Laid-open Patent Publication No.
9-74236 etc. will be described. The piezoelectric trans-
former, different from the piezoelectric transformer 100
shown in FIG. 31, has a structure in which a part having the
highest stress caused by the mechanical vibrations does not
coincide with a part in which polarization directions are
discontinuous.

[0016] FIG. 33 is a perspective view of the piezoelectric
transformer 120 having a A/2 longitudinal extensional vibra-
tion mode wherein a part having the maximum stress caused
by the mechanical vibrations does not coincide with any part
in which the polarization directions are discontinuous. Elec-
trodes 124 and 126 which serve as primary (input) elec-
trodes are formed opposed each other in the thickness
direction of the rectangular plate 122 made of a piezoelectric
ceramic material at the central portions of two main surfaces
thereof perpendicular to the thickness direction thereof.
Electrodes 128 and 130 which serve as secondary (output)
electrodes are formed opposed each other on two end faces
of the rectangular plate 122 in the longitudinal direction
thereof. As indicated by arrows in FIG. 33, the rectangular
plate 122 is polarized in the thickness direction thereof
between the electrodes 124 and 126 serving as the primary
electrodes and also is polarized in the longitudinal direction
thereof between the primary and secondary electrodes.

[0017] FIG. 34 (1) is a side view of the piezoelectric
transformer 120 shown in FIG. 33. FIG. 34 (2) shows the
displacement distribution of the piezoelectric transformer
120 in the longitudinal direction thereof at a certain point of
time while extensional vibrations of a half wavelength are
generated in the piezoelectric transformer 120 in the longi-
tudinal direction. FIG. 34 (3) shows the internal stress
distribution of the rectangular plate 122 when the piezoelec-
tric transformer 120 has the displacement distribution shown
in FIG. 34 (2). FIG. 34 (4) shows the electric charge
distribution induced to the rectangular plate 122 by the
vibrations when the piezoelectric transformer 120 has the
displacement distribution shown in FIG. 34 (2). Arrows
shown in FIG. 34 (1) indicate polarization directions as
those shown in FIG. 33. In FIG. 34 (2), the horizontal axis
indicates the position in the piezoelectric transformer 120 in
the longitudinal direction thereof and the vertical axis indi-
cates the displacement of the piezoelectric transformer 120
in the longitudinal direction thereof caused by a mechanical
vibration of the piezoelectric transformer 120 at a certain
instance. On the vertical axis, + direction indicates the right
displacement of the piezoelectric transformer 120 in the
longitudinal direction thereof and — direction indicates the
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left displacement thereof in the longitudinal direction
thereof. In FIG. 34 (3), the horizontal axis indicates the
position in the piezoelectric transformer 120 in the longitu-
dinal direction thereof and the vertical axis indicates the
magnitude of the internal stress in compression/expansion
direction along the longitudinal direction thereof. In FIG. 34
(4), the horizontal axis indicates the position in the piezo-
electric transformer 120 in the longitudinal direction thereof
and the vertical axis indicates the positive/negative polarity
and quantity of the electric charges induced by the vibra-
tions.

[0018] As in the piezoelectric transformer 100 shown in
FIG. 31, the A/2 longitudinal extensional vibration mode is
excited in the piezoelectric transformer 120. If an alternating
voltage having a frequency near the resonance frequency of
the piezoelectric transformer 120 for exciting the mechani-
cal vibrations to expand and contract the rectangular plate
122 in the longitudinal direction thereof is applied between
the electrodes 124 and 126 serving as the primary electrodes,
with the electrode 126 used as a common electrode, then the
mechanical vibrations to expand and contract the rectangular
plate 122 in the longitudinal direction thereof which has the
displacement distribution shown in FIG. 34 (2) was excited
on the piezoelectric transformer 120. These mechanical
vibrations are transformed to a voltage by the piezoelectric
effect. The voltage can be fetched as a high voltage between
the electrodes 126 and 128 and between the electrodes 126
and 130 in accordance with the impedance ratio between the
primary and secondary electrodes.

[0019] As shown in FIGS. 34 (1) to 34 (4), a part having
the highest stress caused by the mechanical vibration (a
point P in FIG. 34 (3)) does not coincide with any part in
which polarization directions are discontinuous (a part near
an electrode 128—side end portion of a region of the
rectangular plate 122 interposed between the electrodes 124
and 126, and a part near an electrode 130—side end portion
of a region of the rectangular plate 122 interposed between
the electrodes 124 and 126). Therefore, the piezoelectric
transformer 120 has an excellent structure for handling a
high power.

[0020] However, as the power handled by the piezoelectric
transformer 120 per unit volume increases, the amplitudes of
the mechanical vibrations increase and the elastic strains
increase because the piezoelectric transformer 120 shown in
FIG. 34 uses the A/2 longitudinal extensional vibration
mode as in the case of the piezoelectric transformer 100
shown in FIG. 31. In addition, if a space in which the
piezoelectric transformer can be arranged is restricted in a
system or an equipment into which the piezoelectric trans-
former 120 is introduced, there is a limit to holding down the
elastic strains by its shape.

[0021] Furthermore, a method for using the 3A/2 longitu-
dinal extensional vibration mode is proposed in Japanese
Patent No. 2850216 etc. By using this method, the ampli-
tudes of the mechanical vibrations can be decreased, which
holds down elastic strains, and the driving frequency can be
increased. Thus, the power handled by a piezoelectric trans-
former for one vibration is reduced and the number of
vibrations is increased, which enables the piezoelectric
transformer to handle the high power.

[0022] The piezoelectric transformer shown in the Japa-
nese Patent No. 2850216 etc. will now be described. FIG. 35
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is a perspective view of the piezoelectric transformer 140
having the 3A/2 longitudinal extensional vibration mode. On
a rectangular plate 142 made of piezoelectric ceramic or the
like, electrodes 143, 144, 145, 146, 147 and 148 serving as
primary (input) electrodes are formed on the two main
surfaces of the rectangular plate 142 perpendicular to the
thickness direction thereof on a rectangular plate 142 made
of piezoelectric ceramic or the like, and an electrode 154
serving as a secondary (output) electrode is formed on one
end face of the rectangular plate 142 in the longitudinal
direction thereof. Two electrodes of the electrodes 143 and
144, those of the electrodes 145 and 146, and those of the
electrodes 147 and 148 are respectively formed to be
opposed each other in the thickness direction of the rectan-
gular plate 142. As indicated by arrows shown in FIG. 35,
the rectangular plate 142 is polarized in advance in the
thickness direction thereof between the primary electrodes
using the primary electrodes and is also polarized in advance
in the longitudinal direction thereof between the electrodes
147 and 148 serving as the primary electrodes and the
electrode 154 serving as the secondary electrode using the
electrode 154.

[0023] FIG. 36 (1) is a side view of the piezoelectric
transformer 140 shown in FIG. 35. Arrows shown in FIG.
36 (1) indicate polarization directions as those shown in
FIG. 35. FIG. 36 (2) shows the displacement distribution of
the piezoelectric transformer 140 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of a %3 wavelength are generated in the piezo-
electric transformer 140 in the longitudinal direction thereof.
FIG. 36 (3) shows the internal stress distribution of the
rectangular plate 142 when the piezoelectric transformer 140
has the displacement distribution shown in FIG. 36 (2).
FIG. 36 (4) shows the electric charge distribution induced to
the rectangular plate 142 by the vibrations when the piezo-
electric transformer 140 has the displacement distribution
shown in FIG. 36 (2). In FIG. 36 (2), the horizontal axis
indicates the position in the piezoelectric transformer 140 in
the longitudinal direction thereof and the vertical axis indi-
cates the displacement of the piezoelectric transformer 140
in the longitudinal direction thereof caused by a mechanical
vibration thereof at a certain instance. On the vertical axis,
+ direction indicates the right displacement of the piezo-
electric transformer 140 in the longitudinal direction thereof
and - direction indicates the left displacement of the piezo-
electric transformer 140 in the longitudinal direction thereof.
In FIG. 36 (3), the horizontal axis indicates the position in
the piezoelectric transformer 140 in the longitudinal direc-
tion thereof and the vertical axis indicates the magnitude of
internal stress in compression/expansion direction along the
longitudinal direction thereof. In FIG. 36 (4), the horizontal
axis indicates the position in the piezoelectric transformer
140 in the longitudinal direction thereof and the vertical axis
indicates the positive/negative polarity and quantity of the
electric charges induced by the vibrations.

[0024] In the piezoelectric transformer 140, the electrodes
144, 145 and 148 are electrically connected to one another
and serve as primary electrodes, and the electrodes 143, 146
and 147 are electrically connected to one another and serve
as common electrodes. If an alternating voltage having a
frequency near resonance frequency for exciting the
mechanical vibrations to expand and contract the rectangular
plate 142 in the longitudinal direction thereof is applied
between the primary electrodes and the common electrodes



US 2004/0256960 A1l

of the piezoelectric transformer 140, then the piezoelectric
transformer 140 excites the mechanical vibrations to expand
and contract the rectangular plate 142 in the longitudinal
direction thereof having the displacement distribution
shown in FIG. 36 (2). The excited mechanical vibrations are
transformed to a voltage by the piezoelectric effect. The
voltage can be fetched between the electrode 154 serving as
the secondary electrode and the common electrodes as a
high voltage in accordance with the impedance ratio
between the primary and secondary electrodes.

[0025] This piezoelectric transformer 140 has the 3A/2
longitudinal extensional vibration mode. Thus, the ampli-
tudes of the mechanical vibrations can be decreased, which
holds down elastic strains, and the driving frequency can be
increased. Therefore, the power handled by a piezoelectric
transformer for one vibration is reduced and the number of
vibrations is increased, which enables the piezoelectric
transformer to handle the high power.

[0026] However, as in the case of the piezoelectric trans-
former 100 having the A/2 longitudinal extensional vibration
mode, in the piezoelectric transformer 140 having the 3A/2
longitudinal extensional vibration mode, a part having the
highest stress caused by the mechanical vibrations (point P
in FIG. 36 (3)) almost coincides with a part in which
polarization directions are discontinuous (a part near the
electrode 154—side end portion of a region the rectangular
plate 142 interposed between the electrodes 147 and 148).
Thus, the high stress is generated in the part of the rectan-
gular plate 142 in which the mechanical strength is low and
the polarization directions are discontinuous, with the result
that cracks disadvantageously tend to occur.

[0027] With a view of solving the above-described disad-
vantages, a piezoelectric transformer will be considered in
which the vibrations of the 3A/2 longitudinal extensional
vibration mode are excited and which has the same structure
as the piezoelectric transformer 120 (see FIG. 33) having
the A/2 longitudinal extensional vibration mode wherein the
part having the highest stress caused by the mechanical
vibrations does not coincide with the part in which the
polarization directions are discontinuous. FIG. 37 (1) is a
side view of the piezoelectric transformer 120 shown in
FIG. 33. FIG. 37 (2) shows the electric charge distribution
induced to the rectangular plate 122 at a certain point of time
when the vibrations of the 3A/2 longitudinal extensional
vibration mode are excited. FIG. 37 (3) shows the displace-
ment distribution of the piezoelectric transformer 120
caused by the mechanical vibration in the longitudinal
direction thereof when the electric charge distribution shown
in FIG. 37 (2) is induced to the rectangular plate 122. In
FIG. 37 (2), the horizontal axis indicates the position in the
piezoelectric transformer 120 in the longitudinal direction
thereof and the vertical axis indicates the positive/negative
polarity and quantity of the electric charges induced by the
vibration. In FIG. 37 (3), the horizontal axis indicates the
position in the piezoelectric transformer 120 in the longitu-
dinal direction thereof and the vertical axis indicates the
displacement of the piezoelectric transformer 120 caused by
the mechanical vibrations thereof in the longitudinal direc-
tion thereof. On the vertical axis, + direction indicates the
right displacement of the piezoelectric transformer 120 in
the longitudinal direction thereof and — direction indicates
the left displacement of the piezoelectric transformer 120 in
the longitudinal direction thereof.
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[0028] In this case, it is possible to decrease the ampli-
tudes of the mechanical vibrations of the piezoelectric
transformer 120 and to hold down elastic strains because the
piezoelectric transformer 120 has the 3A/2 longitudinal
extensional vibration mode. Besides, for this piezoelectric
transformer 120, the problem that cracks tend to occur can
be solved because any part having the highest stress caused
by the mechanical vibrations does not coincide with any part
in which polarization directions are discontinuous.

[0029] However, this piezoelectric transformer also has
the following disadvantages. Generally, a piezoelectric
transformer transforms electrical energy input into primary
electrodes to mechanical energy. The mechanical energy is
fetched from a secondary electrode of the piezoelectric
transformer as electrical energy. If an effective electrome-
chanical coupling factor k_; which shows the rate at which
the piezoelectric member can transform electrical energy
applied to the primary electrodes to mechanical energy is
high, then the electrical energy can be transformed to the
mechanical energy at high rate and the piezoelectric trans-
forms can handle high power per volume. In a A/2 longitu-
dinal extensional vibration mode, if the thickness and the
width of the rectangular plate of the piezoelectric trans-
former are the same, the larger the sum of the lengths of the
primary electrodes of the piezoelectric transformer on the
main surface is, the higher the effective electromechanical
coupling factor k g is.

[0030] However, in the piezoelectric transformer 120 hav-
ing the 3A/2 longitudinal extensional vibration mode as
shown in FIG. 37 (1), as shown in FIG. 37 (3), the
maximum amplitude of the mechanical vibrations in the
piezoelectric transformer 120 when each length of the
electrodes 124 and 126 serving as the primary electrodes is
set large enough to exceed the point at which the polarity of
the induced electric charges changes as shown by solid line
is lowered than that when each length of primary electrodes
does not exceed the point at which the polarity of the
induced electric charges changes (indicated by one-dot chain
lines in FIG. 37 (3)), by as much as electric charge cancel-
lation quantities (indicated shaded portions shown in FIG.
37 (2)). This means that the effective electromechanical
coupling factor k& which shows the rate of transforming the
electrical energy to the mechanical energy at the primary
electrodes decreases. As a result, there is the problem that
the power handled by the piezoelectric transformer
decreases.

[0031] Meanwhile, if each length of the electrodes 124
and 126 serving as the primary electrodes of the piezoelec-
tric transformer 120 is set not to exceed the point at which
the polarity of the electric charges induced by the vibrations
changes as shown in FIG. 38 (1) so that electric charges
induced by the vibrations do not cancel one another, no
electric charge cancellation occurs as shown in FIG. 38 (2)
and the maximum amplitude of the mechanical vibrations in
the piezoelectric transformer 120 is higher than that indi-
cated by a solid line in FIG. 37 (3) as shown in FIG. 38 (3).
However, the lengths of the electrodes 124 and 126 serving
as the primary electrodes are limited to the lengths of a half
wavelength with respect to that of an elastic wave of 3
wavelength excited to the rectangular plate 122, which
means that it is impossible to set the effective electrome-
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chanical coupling factor k g high. As a result, the power
handled by the piezoelectric transformer 120 is disadvanta-
geously limited.

[0032] Moreover, a piezoelectric transformer having a low
output impedance is desired. For such a piezoelectric trans-
former, the current supply ability is high for supplying
current to a load such as a cold cathode fluorescent lamp
connected to the piezoelectric transformer. A piezoelectric
transformer capable of setting a step-up ratio high is also
desired. Further, it is desired to realize a piezoelectric
transformer having a high driving efficiency. A piezoelectric
transformer capable of handling the large power with small
strains is also desired. It is further desired to be able to
decrease the number of manufacturing steps of manufactur-
ing a piezoelectric transformer and time required to manu-
facture the piezoelectric transformer. It is also desired to be
able to provide a supporter capable of supporting and fixing
a piezoelectric transformer without obstructing the vibra-
tions of the piezoelectric transformer and capable of ensur-
ing to connect electrically the input and output electrodes of
the piezoelectric transformer to exterior through one’s ter-
minals or the like.

SUMMARY OF THE INVENTION

[0033] TItis a first object of the present invention to provide
a reliable piezoelectric transformer capable of handling high
power.

[0034] Tt is a second object of the present invention to
provide a piezoelectric transformer having the high electro-
mechanical coupling factor k g

[0035] 1t is a third object of the present invention to
provide a piezoelectric transformer capable of setting a
step-up ratio high.

[0036] 1t is a fourth object of the present invention to
provide a piezoelectric transformer capable of decreasing
the number of manufacturing steps of manufacturing the
piezoelectric transformer and reducing time required for the
manufacturing.

[0037] To attain the above-stated objects, a first piezoelec-
tric transformer according to the present invention compris-
ing: a rectangular plate made of a piezoelectric material; and

[0038] primary electrodes and secondary electrodes
formed on said rectangular plate,

[0039] wherein a voltage is output from said second-
ary electrodes by applying an alternating voltage to
said primary electrodes to excite mechanical vibra-
tions of a ¥2 wavelength to expand and contract said
rectangular plate in a longitudinal direction thereof
in said rectangular plate, and

[0040] wherein said primary electrodes comprise a
plurality of electrode pairs, two electrodes of said
one of electrode pairs are formed opposed each other
on two main surfaces of said rectangular plate per-
pendicular to a thickness direction of said rectangu-
lar plate to interpose said rectangular plate therebe-
tween; and said secondary electrodes comprises a
plurality of electrodes.

Dec. 23, 2004

[0041] Ttis preferable that in the piezoelectric transformer,
said primary electrodes comprise:

[0042] a first electrode pair formed on a central
portion in the longitudinal direction of said rectan-
gular plate; and

[0043] a second electrode pair and a third electrode
pair respectively formed adjacent to said first elec-
trode pair and on one side and on the other side of
said first electrode pair in the longitudinal direction
of said rectangular plate.

[0044] Tt is preferable that in the piezoelectric transformer,
said rectangular plate is made of a piezoelectric ceramic or
piezoelectric monocrystals, and polarization directions of
the piezoelectric ceramic or c-axis directions of the piezo-
electric monocrystals are different between in regions of said
rectangular plate interposed between electrodes of said
second electrode pair and between those of said third
electrode pair and in a region of said rectangular plate
interposed between those of said first electrode pair.

[0045] T1tis preferable that in the piezoelectric transformer,
said rectangular plate is made of a piezoelectric ceramic or
piezoelectric monocrystals, and

[0046] polarization directions of the piezoelectric
ceramic or c-axis directions of the piezoelectric
monocrystals are the same among in regions of said
rectangular plate interposed between electrodes of
said first electrode pair, between those of said second
electrode pair, and between those of said third elec-
trode pair.

[0047] T1tis preferable that in the piezoelectric transformer,
said secondary electrodes are formed near two end portions
in the longitudinal direction of said rectangular plate.

[0048] A second piezoelectric transformer according to
the present invention comprising:

[0049] a rectangular plate made of a piezoelectric
material; and

[0050] primary electrodes and secondary electrodes
formed on said rectangular plate,

[0051] wherein a voltage is output from said second-
ary electrodes by applying an alternating voltage to
said primary electrodes to excite mechanical vibra-
tions of a ¥2 wavelength to expand and contract said
rectangular plate in a longitudinal direction thereof
in said rectangular plate, and

[0052] wherein said rectangular plate comprises a
plurality of piezoelectric layers layered successively
in a thickness direction of said rectangular;

[0053] said primary electrodes are provided by lay-
ering said plurality of piezoelectric layers and a
plurality of electrode layers in the thickness direction
of said rectangular plate, said plurality of electrode
layers comprising electrodes to provide a plurality of
electrode groups in the longitudinal direction of said
rectangular plate; and

[0054] said secondary electrodes are formed near two
end portions in the longitudinal direction of said
rectangular plate.
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[0055] Ttis preferable that in the piezoelectric transformer,
said primary electrodes comprise:

[0056] a first electrode group formed in a central
portion in the longitudinal direction of said rectan-
gular plate; and

[0057] a second electrode group and a third electrode
group respectively formed adjacent to said first elec-
trode group and on one side and on the other side of
said first electrode group in the longitudinal direction
of said rectangular plate.

[0058] 1t is preferable that in the piezoelectric transformer,
end portions of the electrode layers in said rectangular plate
are exposed at end faces of said rectangular plate in a width
direction of said rectangular plate, and the electrode layers
are electrically connected to one another at said end faces.

[0059] T1tis preferable that in the piezoelectric transformer,
end portions of the electrode layers in said rectangular plate
are exposed at only one end face of said rectangular plate in
a width direction of said rectangular plate, and the electrode
layers are electrically connected to one another at only said
one end face.

[0060] Tt is preferable that in the piezoelectric transformer,
each electrode of said primary electrodes formed on a main
surface of said rectangular plate perpendicular to the thick-
ness direction of said rectangular plate extends from said
main surface to one end face of said rectangular plate in the
width direction of said rectangular plate.

[0061] Ttis preferable that in the piezoelectric transformer,
said secondary electrodes are formed near two end portions
in the longitudinal direction of said rectangular plate, and

[0062] a length of each electrode of said first elec-
trode pair or group is not less than a third of a length
of said rectangular plate in the longitudinal direction
of said rectangular plate.

[0063] Tt is preferable that in the piezoelectric transformer,
said first, second and third electrode pairs or groups are
formed symmetrically with respect to a center line perpen-
dicular to the longitudinal direction of said rectangular plate
and equally dividing said rectangular plate in the longitu-
dinal direction of said rectangular plate.

[0064] 1t is preferable that in the piezoelectric transformer,
an area of each electrode of said second and third electrode
pairs is smaller than an area of each electrode of said first
electrode pair. It is preferable that in the piezoelectric
transformer, an area of each electrode of said second and
third electrode groups is smaller than an area of each
electrode of said first electrode group.

[0065] 1t is preferable that in the piezoelectric transformer,
a length of each electrode of said second and third electrode
pairs is equal to a length of each electrode of said first
electrode pair in the width direction of said rectangular plate.
It is preferable that in the piezoelectric transformer, and a
length of each electrode of said second and third electrode
groups is equal to a length of each electrode of said first
electrode group in the width direction of said rectangular
plate. And it is preferable that in the piezoelectric trans-
former, the length of each electrode of said second and third
electrode pairs is longer than 10% and shorter than 100% of
the length of each electrode of said first electrode pair in the
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longitudinal direction of said rectangular plate. It is prefer-
able that in the piezoelectric transformer, the length of each
electrode of said second and third electrode groups is longer
than 10% and shorter than 100% of the length of each
electrode of said first electrode group in the longitudinal
direction of said rectangular plate.

[0066] Tt is preferable that in the piezoelectric transformer,
said secondary electrodes are formed near two end portions
in the longitudinal direction of said rectangular plate,

[0067] said rectangular plate is made of a piezoelec-
tric ceramic or piezoelectric monocrystals, and

[0068] polarization directions of the piezoelectric
ceramic or c-axis directions of the piezoelectric
monocrystals are the same as the longitudinal direc-
tion of said rectangular plate near said secondary
electrodes.

[0069] T1tis preferable that in the piezoelectric transformer,
said secondary electrodes are formed on a plane on which
said primary electrodes are formed.

[0070] T1tis preferable that in the piezoelectric transformer,
said secondary electrodes are formed near two end portions
in the longitudinal direction of said rectangular plate. It is
preferable that the piezoelectric transformer further com-
prising:

[0071] a supporter to fix said piezoelectric trans-
former at mechanical vibration nodes of said piezo-
electric transformer and be made of an electrically
conductive material contacting with the electrodes.

[0072] Astep-up circuit according to the present invention
comprising:

[0073]

[0074] an input circuit supplying the alternating volt-
age to said piezoelectric transformer; and

[0075] an output circuit providing the output voltage
of said piezoelectric transformer.

the above piezoelectric transformer,

[0076] A light emitting apparatus using a cold cathode
fluorescent lamp according to the present invention com-
prising:

[0077]

[0078] an input circuit supplying the alternating volt-
age to said piezoelectric transformer; and

[0079] an output circuit providing the output voltage
of said piezoelectric transformer,

the above piezoelectric transformer,

[0080] wherein said output circuit includes said cold
cathode fluorescent lamp.

[0081] 1t is preferable that in the step-up circuit and the
light emitting apparatus using the cold cathode fluorescent
lamp, phases of alternating voltages applied to said plurality
of primary electrode pairs, two electrodes of one of said
primary electrode pairs are formed opposed each other on
two main surfaces of said rectangular plate perpendicular to
the thickness direction thereof to interpose said rectangular
plate therebetween, differ among said primary electrode
pairs.
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[0082] 1t is preferable that in the step-up circuit and the
light emitting apparatus using the cold cathode fluorescent
lamp, said primary electrode pairs comprise:

[0083] a first electrode pair formed in a central por-
tion in the longitudinal direction of said rectangular
plate; and

[0084] a second electrode pair and a third electrode
pair respectively formed adjacent to said first elec-
trode pair and on one side and on the other side of
said first electrode pair in the longitudinal direction
of said rectangular plate,

[0085] the phase of the alternating voltage applied to
said first electrode pair differs by 180 degrees from
the phases of the alternating voltages applied to said
second and third electrode pairs.

[0086] A liquid crystal display panel according to the
present invention incorporates therein the light emitting
apparatus using a cold cathode fluorescent lamp.

[0087] An equipment according to the present invention
incorporates therein the liquid crystal display panel.

[0088] According to the piezoelectric transformer of the
present invention, any part in which high internal stresses or
strains are generated by the vibrations excited in the piezo-
electric transformer does not coincide with any part in which
polarization directions are discontinuous in the piezoelectric
transformer. Thus, in normal operation, the high stresses or
strains are not generated on any part of the piezoelectric
transformer in which mechanical strength is low, which
enables the piezoelectric transformer to handle a high power.
In addition, the piezoelectric transformer having the 3A/2
longitudinal extensional vibration mode, the amplitudes of
the mechanical vibrations can be decreased to hold down
elastic strains, and the driving frequency can be increased.
Thus, the power handled by the piezoelectric transformer for
one vibration can be decreased and the number of vibrations
can be increased, which enables the piezoelectric trans-
former to handle a high power. Besides, the piezoelectric
transformer of the present invention is low in secondary
impedance. Therefore, the structure of the piezoelectric
transformer enables more current to flow in the secondary
electrodes.

[0089] According to the piezoelectric transformer of the
present invention, there are few parts in which the polariza-
tion directions are discontinuous. Thus, it is possible to
realize a piezoelectric transformer having high mechanical
strength and having high reliability. As a result, the piezo-
electric transformer of the present invention can handle a
high power.

[0090] According to the piezoelectric transformer of the
present invention, the primary electrodes have multilayer
structures in which piezoelectric layers and electrode layers
are alternately layered. Thus, the capacity of the primary
electrodes can be set large, making it possible to obtain a
high step-up ratio.

[0091] According to the piezoelectric transformer of the
present invention, it can be facilitated to connect the elec-
trodes formed on two main surfaces of the rectangular plate
perpendicular to the thickness direction thereof to the elec-
trodes inside of the rectangular plate only on one surface by
exposing the electrodes inside of the rectangular plate con-

Dec. 23, 2004

sisting the primary electrodes to one end face of the rect-
angular plate in the width direction thereof.

[0092] According to the piezoelectric transformer of the
present invention, the primary electrodes of the piezoelectric
transformer can be electrically connected to exterior termi-
nals on only one end face of the rectangular plate in the
width direction thereof, making it possible to reduce the
number of the piezoelectric transformer manufacturing steps
and reduce manufacturing time.

[0093] According to the piezoelectric transformer of the
present invention, the electrodes, which sandwich the elec-
trodes formed in the central portions in the longitudinal
direction of the rectangular plate are set equal in length.
Thus, it is possible to set the impedances of the primary
electrodes symmetrically with respect to the center of the
rectangular plate and set each impedance of the secondary
electrodes equal. Therefore, the loads are provided on two
secondary electrodes at the same proportion, making it
possible to stably drive the piezoelectric transformer and to
suppress the deterioration of the driving efficiency of the
piezoelectric transformer.

[0094] According to the piezoelectric transformer of the
present invention, by forming the secondary electrodes and
the primary electrode on the main surface of the rectangular
plate perpendicular to the thickness direction thereof, it is
possible to decrease the number of manufacturing steps and
to reduce manufacturing time.

[0095] According to the piezoelectric transformer of the
present invention, the piezoelectric transformer is supported
and fixed on the nodes of the 3A/2 longitudinal extensional
vibration mode excited in it. At the same time, the electrical
connection with the primary electrodes and exterior termi-
nals are also recognized. Thus, the piezoelectric transformer
of the present invention is supported and fixed without
obstructing the vibrations. In addition, the primary elec-
trodes of the piezoelectric transformer can be ensured to be
electrically connected to the exterior terminals.

[0096] According to the piezoelectric transformer of the
present invention, voltages equal in amplitude and different
by 180 degrees in phase can be output from the two
secondary electrodes by setting the polarization directions
near the secondary electrodes equal in the longitudinal
direction of the rectangular plate.

[0097] According to the present invention, a flat and
compact step-up circuit which is high in circuit efficiency
can be recognized compared with the conventional step-up
circuit using an conventional electromagnetic transformer.

[0098] According to the present invention, a liquid crystal
display panel in which other circuit systems are less
adversely influenced and which has fewer unnecessary fre-
quency components which do not contribute to the lighten-
ing of the cold cathode fluorescent lamp and an equipment
incorporating therein the liquid crystal display panel can be
recognized.

BRIEF DESCRIPTION OF THE DRAWINGS

[0099] Various objects, features and advantages of the
present invention will become apparent from preferred
embodiments to be described hereinafter with reference to
the accompanying drawings, wherein
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[0100] FIG. 1 is a perspective view of a piezoelectric
transform of the first embodiment according to the present
invention;

[0101] FIG. 2 (1) is a side view of the piezoelectric
transformer of FIG. 1, and FIGS. 2 (2), 2 (3) and 2 (4) show
a displacement distribution, a stress distribution and an
electric charge distribution of the piezoelectric transformer
of FIG. 1, respectively;

[0102] FIG. 3 (1) is a perspective view of a conventional
piezoelectric transformer, and FIG. 3 (2) is a graph showing
a change in an effective electromechanical coupling factor of
the piezoelectric transformer of FIG. 3 (1) relative to length
of one of the primary electrodes thereof;

[0103] FIG.4(1)is a perspective view of the piezoelectric
transformer of the first embodiment according to the present
invention, and FIG. 4 (2) is a graph showing a change in an
effective electromechanical coupling factor of the piezoelec-
tric transformer of FIG. 4 (1) relative to lengths of elec-
trodes out of the primary electrodes thereof;

[0104] FIG. 5 (1) is a side view of the piezoelectric
transformer of the first embodiment according to the present
invention, and FIG. 5 (2) is a side view of the conventional
piezoelectric transformer, which depict the comparison in
impedance between the two piezoelectric transformer;

[0105] FIG. 6 is a perspective view of a piezoelectric
transformer of the second embodiment according to the
present invention;

[0106] FIG. 7 (1) is a side view of the piezoelectric
transformer of FIG. 6, FIGS. 7 (2), 7 (3) and 7 (4) show a
displacement distribution, a stress distribution and an elec-
tric charge distribution of the piezoelectric transformer of
FIG. 6, respectively;

[0107] FIG. 8 is a perspective view of a piezoelectric
transformer of the third embodiment according to the
present invention;

[0108] FIG. 9 (1) is a side view of the piezoelectric
transformer of FIG. 8, and FIGS. 9 (2), 9 (3) and 9 (4) show
a displacement distribution, a stress distribution and an
electric charge distribution of the piezoelectric transformer
of FIG. 8, respectively;

[0109] FIG. 10 is a perspective view of a piezoelectric
transformer of the fourth embodiment according to the
present invention;

[0110] FIG. 11 (1) is a side view of the piezoelectric
transformer of FIG. 10, and FIGS. 11 (2), 11 (3) and 11 (4)
show a displacement distribution, a stress distribution and an
electric charge distribution of the piezoelectric transformer
of FIG. 10, respectively;

[0111] FIG. 12 (1) is a perspective view of the piezoelec-
tric transformer of the fifth embodiment according to the
present invention, and FIG. 12 (2) is a cross-sectional view
thereof in the width direction thereof, and FIG. 12 (3) is a
cross-sectional view of a modified piezoelectric transformer
of the fifth embodiment according to the present invention;

[0112] FIG. 13 is a side view of the piezoelectric trans-
former of FIG. 12 (1),

[0113] FIG. 14 is a side view of another example of the
piezoelectric transformer of FIG. 12 (1);
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[0114] FIG. 15 is a perspective view of a piezoelectric
transformer of the sixth embodiment according to the
present invention;

[0115] FIG. 16 is a perspective view of another example
of the piezoelectric transformer of the sixth embodiment
according to the present invention;

[0116] FIG. 17 is a perspective view of the piezoelectric
transformer of FIG. 16, showing the connection between the
electrodes of the piezoelectric transformer;

[0117] FIG. 18 (1) is a side view of a piezoelectric
transformer of the seventh embodiment according to the
present invention, and FIGS. 18 (2) and 18 (3) show a
displacement distribution and an electric charge distribution
of a piezoelectric transformer of the seventh embodiment
according to the present invention, respectively;

[0118] FIG. 19 (1)is aside view of another example of the
piezoelectric transformer of the seventh embodiment
according to the present invention, and FIGS. 19 (2) and 19
(3) show an electric charge distribution and a displacement
distribution of another example of the piezoelectric trans-
former in the seventh embodiment according to the present
invention, respectively;

[0119] FIG. 20 is a perspective view of a piezoelectric
transformer of the eighth embodiment according to the
present invention;

[0120] FIG. 21 is a perspective view of a piezoelectric
transformer of the ninth embodiment according to the
present invention;

[0121] FIG. 22 (1) is a side view of the piezoelectric
transformer of FIG. 21, and FIGS. 22 (2) and 22 (3) show
a displacement distribution and an electric charge distribu-
tion of the piezoelectric transformer of FIG. 21, respec-
tively;

[0122] FIG. 23 is a perspective view of a piezoelectric
transformer of the tenth embodiment according to the
present invention;

[0123] FIG. 24 is a side view of the piezoelectric trans-
former of FIG. 23;

[0124] FIG. 25 is a side view of the piezoelectric trans-
former of the tenth embodiment according to the present
invention, which is connected to a cold cathode fluorescent
lamp;

[0125] FIG. 26 is a perspective view of another example
of the piezoelectric transformer of the tenth embodiment
according to the present invention;

[0126] FIG. 27 is a side view of the piezoelectric trans-
former of FIG. 26;

[0127] FIG. 28 is a block diagram showing the configu-
ration of a step-up circuit which employs the piezoelectric
transformer according to the present invention;

[0128] FIG. 29 is a block diagram showing the configu-
ration of a light emitting apparatus using a cold cathode
fluorescent lamp which employs the piezoelectric trans-
former according to the present invention;

[0129] FIG. 30 is a view of a liquid crystal display panel
which employs the light emitting apparatus using the cold
cathode fluorescent lamp of FIG. 29;
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[0130] FIG. 31 is a perspective view of a conventional
piezoelectric transformer having a A/2 longitudinal exten-
sional vibration mode with one output electrode;

[0131] FIG. 32 (1) is a side view of the piezoelectric
transformer of FIG. 31, and FIGS. 32 (2), 32 (3) and 32 (4)
show a displacement distribution, a stress distribution and an
electric charge distribution of the piezoelectric transformer
of FIG. 31, respectively;

[0132] FIG. 33 is a perspective view of a conventional
piezoelectric transformer having a A/2 longitudinal exten-
sional vibration mode with two outputs;

[0133] FIG. 34 (1) is a side view of the piezoelectric
transformer of FIG. 33, and FIGS. 34 (2), 34 (3) and 34 (4)
show a displacement distribution, a stress distribution, and
an electric charge distribution of the piezoelectric trans-
former of FIG. 33, respectively;

[0134] FIG. 35 is a perspective view of a conventional
piezoelectric transformer having the 3A/2 longitudinal
extensional vibration mode with one output;

[0135] FIG. 36 (1) is a side view of the piezoelectric
transformer of FIG. 35, and FIGS. 36 (2), 36 (3) and 36 (4)
show a displacement distribution, a stress distribution, and
an electric charge distribution of the piezoelectric trans-
former of FIG. 35, respectively;

[0136] FIG. 37 (1) is a side view of the piezoelectric
transformer of FIG. 33, and FIGS. 37 (2) and 37 (3) show
an electric charge distribution and a displacement distribu-
tion of the piezoelectric transformer of FIG. 33 if the
transformer has the 3A/2 longitudinal extensional vibration
mode, respectively; and

[0137] FIG. 38 (1) is a side view of the piezoelectric
transformer of FIG. 37 if the central electrode of the
piezoelectric transformer is shorter, and FIGS. 38 (2) and 38
(3) show an electric charge distribution and a displacement
distribution of the piezoelectric transformer of FIG. 37 if the
central electrode of the piezoelectric transformer is shorter,
respectively.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0138] Preferred embodiments according to the present
invention will be described hereinafter with reference to the
drawings. It is noted that the same reference symbols denote
the same elements throughout the drawings.

[0139] First Embodiment

[0140] FIG. 1 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the first embodiment of the present
invention. FIG. 2 (1) is a side view of the piezoelectric
transformer shown in FIG. 1. In FIGS. 1 and 2 (1), the
piezoelectric transformer 200 includes a rectangular plate
202 made of a piezoelectric material. First, the directions of
the rectangular plate 202 will be defined using an orthogonal
coordinate system shown in FIG. 1. It is defined that the
longitudinal direction, width direction and thickness direc-
tion of the rectangular plate 202 indicate respectively an X
axis direction, a y axis direction and a z axis direction in the
orthogonal coordinate system shown in FIG. 1. This defi-
nition applies to all piezoelectric transformers to be
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described later. Further, in the following description, a
length simply means the length of a rectangular plate in the
longitudinal direction thereof. A length in the width direc-
tion of a rectangular plate and that in the thickness direction
thereof mean the width and thickness of the rectangular
plate, respectively. In FIGS. 1 and 2 (1), primary (input)
electrodes are formed on two main surfaces of the rectan-
gular plate 202 perpendicular to the thickness direction
thereof. Primary electrodes consisting of electrodes 203, 205
and 207 is formed on one of the two main surfaces and the
other primary electrodes consisting of electrodes 204, 206
and 208 are formed on the other main surface. The distances
between the electrodes which constitute the primary elec-
trodes formed on the same main surface are preferably in a
range of, for example, 1.0 to 1.5 times as large as thickness
of the rectangular plate. In addition, the center line of each
of the electrodes 203 and 204 substantially coincides with
the center line 219 of the rectangular plate 202. Two
electrodes of the electrodes 203 and 204, those of the
electrodes 205 and 206 and those of the electrodes 207 and
208 are formed to be opposed each other in the thickness
direction of the rectangular plate 202, respectively. Each of
electrodes 216 and 217 is respectively formed on each of
two end faces of the rectangular plate 202 in the longitudinal
direction thereof as secondary (output) electrodes. The elec-
trodes 203, 204, 205, 206, 207, 208, 216 and 217 are made
of metal such as silver, nickel or gold and formed by a
method such as evaporation, sputtering, printing or plating.

[0141] In FIGS. 1 and 2 (1), arrows indicated on the
rectangular plate 202 show polarization directions if the
rectangular plate 202 is made of a piezoelectric ceramic such
as lead zirconate titanate (PZT), and show the directions of
¢ axis orientations if the rectangular plate 202 is made of
piezoelectric crystal materials. If the rectangular plate 202 is
made of a piezoelectric ceramic, appropriate high direct
current voltages are applied between the electrodes 203 and
204, between the electrodes 205 and 206 and between the
electrodes 207 and 208 to perform polarization treatment,
respectively. Further, appropriate high direct current volt-
ages are applied between the electrodes 205, 206 and
electrode 216 and between the electrodes 207, 208 and
electrode 217 to perform polarization treatment, respec-
tively.

[0142] The operation of the piezoelectric transformer 200
will next be described. In FIG. 2 (1), the electrodes 203, 205
and 207 serving as the primary electrodes are electrically
connected to one another and connected to a terminal A. The
electrodes 204, 206 and 208 serving as the other primary
electrodes and common electrodes are electrically connected
to one another and connected to terminal B and D. Further,
the electrodes 216 and 217 serving as the secondary elec-
trodes are electrically connected to each other and connected
to a terminal C. If an alternating voltage (input voltage)
having a frequency near a resonance frequency for gener-
ating mechanical vibrations to expand and contract the
rectangular plate 202 in the longitudinal direction thereof is
applied between the terminals A and B, the mechanical
vibrations to expand and contract the rectangular plate 202
in the longitudinal direction thereof are excited on the
piezoelectric transformer 200. The excited mechanical
vibrations are converted to a voltage by the piezoelectric
effect. Thus a high voltage can be fetched as an output
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voltage between the terminals C and D in accordance with
the impedance ratio between the primary electrodes and the
secondary electrodes.

[0143] FIG. 2 (2) shows the displacement distribution of
the piezoelectric transformer 200 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of the 32 wavelength are generated in the piezo-
electric transformer 200 in the longitudinal direction thereof.
In FIG. 2 (2), the horizontal axis indicates the position in the
piezoelectric transformer 200 in the longitudinal direction
thereof and the vertical axis indicates the displacement of
the piezoelectric transformer 200 in the longitudinal direc-
tion thereof caused by the mechanical vibration of the
piezoelectric transformer 200 at a certain instance. On the
vertical axis, + direction indicates the right displacement of
the piezoelectric transformer 200 in the longitudinal direc-
tion thereof and - direction indicates the left displacement of
the piezoelectric transformer 200 in the longitudinal direc-
tion thereof. FIGS. 2 (3) and 2 (4) show the internal stress
distribution of the rectangular plate 202 and the electric
charge distribution induced by the vibration when the piezo-
electric transformer 200 has the displacement distribution
shown in FIG. 2 (2), respectively. In FIG. 2 (3), the
horizontal axis indicates the position in the piezoelectric
transformer 200 in the longitudinal direction thereof and the
vertical axis indicates the magnitude of the internal stress
generated in the piezoelectric transformer 200 in the expan-
sion/contraction direction along the longitudinal direction
thereof. In FIG. 2 (4), the horizontal axis indicates the
position in the piezoelectric transformer 200 in the longitu-
dinal direction thereof and the vertical axis indicates the
positive/negative polarity and quantity of the electric
charges induced by the vibration.

[0144] Because the piezoelectric transformer 200 accord-
ing to this embodiment has the 3A/2 longitudinal extensional
vibration mode, the amplitudes of the mechanical vibrations
can be decreased to hold down elastic strains, and the
driving frequency can be increased. Thus, the power handled
by the piezoelectric transformer 200 for one vibration can be
decreased and the number of vibrations can be increased,
which enables the piezoelectric transformer 200 to handle a
high power.

[0145] In addition, in the piezoelectric transformer 200
according to this embodiment, which has the 3A/2 longitu-
dinal extensional vibration mode as shown in FIG. 2 (2),
parts of the piezoelectric transformer 200 in which high
stresses are generated (points P1, P2 and P3) do not coincide
with parts in which polarization directions are discontinuous
(a part of the rectangular plate 202 between a region thereof
interposed between the electrodes 203 and 204 and a region
thereof interposed between the electrode 205 and 206; a part
of the rectangular plate 202 between a region thereof inter-
posed between the electrodes 203 and 204 and a region
thereof interposed the electrodes 207 and 208; a part of the
rectangular plate 202 near an electrode 216—side end of the
region thereof interposed between the electrodes 205 and
206; and a part of the rectangular plate 202 near an electrode
217—side end of the region thereof interposed between the
electrodes 207 and 208). That is, in normal operation, high
stresses or strains are not generated on the parts in which the
polarization directions are discontinuous and mechanical
strengths are low. Consequently, the piezoelectric trans-

Dec. 23, 2004

former 200 in this embodiment can handle a high power and
can realize a piezoelectric transformer having high reliabil-
ity.

[0146] Moreover, as shown in FIGS. 1 and 2 (1), in the
piezoelectric transformer 200 in this embodiment, the polar-
ization direction between the electrodes 203 and 204 in the
thickness direction of the rectangular plate 202 is different
from that between the electrodes 205 and 206 in the thick-
ness direction thereof and that between the electrodes 207
and 208 in the thickness direction thereof. Thus, even if
alternating voltages equal in phases are applied between the
electrodes 203 and 204, between the electrodes 205 and 206
and between the electrodes 207 and 208, the electric charges
induced by the vibrations are equal in polarity and do not
cancel one another. Besides, the length of the primary
electrodes can be regarded as almost a sum of lengths of the
three electrodes on each main surface of the rectangular
plate 202. Therefore, in this embodiment, it is possible to set
the length of the primary electrodes longer than that of the
primary electrodes of the conventional piezoelectric trans-
former without causing the electric charges to cancel one
another. Accordingly, it is possible to set the effective
electromechanical coupling factor k.4 of the piezoelectric
transformer 200 higher than that of the conventional piezo-
electric transformer when an electrical energy is applied to
the primary electrodes and to increase the power which can
be handled by the piezoelectric transformer per unit volume.
Preferably, the length of each of the electrodes 205, 206, 207
and 208 is not less than %10 of the length of the electrode 203
or 204 so as to obtain an desired effective electromechanical
coupling factor k_q. Generally, the length of the electrode
203 and the length of the electrode 204 are equal, that of the
electrode 205 and that of electrode 206 are equal, and that
of the electrode 207 and that of electrode 208 are equal,
respectively. If the length of the electrode 203 and that of the
electrode 204 are respectively L,, the length of the electrode
205 and that of the electrode 206 are respectively L,, and the
length of the electrode 207 and that of the electrode 208 are
respectively L, (see FIG. 2 (1)), the relationships of L,<L,/
10 and L;<I,/10 are satisfied. If so, it is necessary to set the
lengths (arrangement) of the electrodes 205, 206, 207 and
208 so that the parts in which the polarization directions are
discontinuous (a part of the rectangular plate 202 near the
electrode 216—side end of the region thereof interposed
between the electrodes 205 and 206 and a part of the
rectangular plate 202 near the electrode 217—side end of the
region thereof interposed between the electrodes 207 and
208) do not coincide with the parts in which high stresses are
generated (e.g. the points P1 and P3 in FIG. 2 (3)).

[0147] Now, the effective electromechanical coupling fac-
tor kg of the piezoelectric transformer 200 in this embodi-
ment and that of the conventional piezoelectric transformer
120 shown in FIG. 33 will be compared. Generally, the
piezoelectric transformer having the A/2 longitudinal exten-
sional vibration mode is higher than that having the 3A/2
longitudinal extensional vibration mode in the effective
electromechanical coupling factor k_ g thereof. However, in
spite of the piezoelectric transformer 200 in this embodi-
ment having the 3A/2 longitudinal extensional vibration
mode, the effective electromechanical coupling factor k_ &
can be set high almost as equal as that of the piezoelectric
transformer having the A/2 longitudinal extensional vibra-
tion mode. This will be described concretely with reference
to FIGS. 3 and 4.
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[0148] FIG.3(1)is a perspective view of the piezoelectric
transformer 120 shown in FIG. 33. As already described
with reference to FIG. 33, the piezoelectric transformer 120
includes the rectangular plate 122 made of a piezoelectric
material, the electrodes 124 and 126 serving as primary
(input) electrodes and the electrodes 128 and 130 serving as
secondary (output) electrodes. It is supposed herein that the
length of the rectangular plate 122 is L, and each length of
the electrodes 124 and 126 serving as the primary electrodes
is L, respectively. The each thickness of the electrodes 124,
126, 128, and 130 is sufficiently smaller than the thickness
of the rectangular plate 120. Arrows shown in FIG. 3 (1)
indicate the polarization directions of the rectangular plate
122 (if the rectangular plate 122 is made of a piezoelectric
ceramic).

[0149] FIG. 3 (2) shows the effective electromechanical
coupling factors k. of the piezoelectric transformer 120
relative to the length L, of each of the electrodes 124 and
126 serving as the primary electrodes if the width and
thickness of the rectangular plate 122 are respectively 0.15L
and 0.02L with standardized by the length L of the rectan-
gular plate 122 and if the electromechanical coupling factor
k5, of the piezoelectric ceramic is 0.36 in which extensional
vibrations in the longitudinal direction of the rectangular
plate 122 are generated. In FIG. 3 (2), the horizontal axis
indicates the length L, of each of the electrodes 124 and 126
serving as the primary electrodes with standardized by the
length L of the rectangular plate 122, and the vertical axis
indicates effective electromechanical coupling factor K g.
Further, in FIG. 3 (2), a solid line indicates the effective
electromechanical coupling factor k g if the piezoelectric
transformer 120 vibrates in the A/2 longitudinal extensional
vibration mode, a broken line indicates the effective elec-
tromechanical coupling factor k4 if the piezoelectric trans-
former 120 vibrates in the 3A/2 longitudinal extensional
vibration mode. For the solid line in FIG. 3 (2), the effective
electromechanical coupling factor k.. is asymptotic to 0.36
as the length L, of each of the electrodes 124 and 126
serving as the primary electrodes approaches to 1.0. This
corresponds to the electromechanical coupling factor k5, if
electrodes are formed on the entire two main surfaces of the
rectangular plate 122 perpendicular to the thickness direc-
tion thereof and the vibrations in the longitudinal direction
of the rectangular plate 122 are excited. Further, points A and
B in FIG. 3 (2) respectively indicate the effective electro-
mechanical coupling factors k g if the length L; of each of
the electrodes 124 and 126 serving as the primary electrodes
is 0.32L. The effective electromechanical coupling factor
k  is 0.29 in the /2 longitudinal extensional vibration mode
(point A), and k_g is 0.17 in the 3A/2 longitudinal extensional
vibration mode (point B).

[0150] Meanwhile, FIG. 4 (1) is a perspective view of the
piezoelectric transformer 200 in this embodiment. It is
supposed herein that the length of the rectangular plate 202
is L, that of each of the electrodes 203 and 204 serving as
the primary electrodes is L,,, respectively, and that of each
of the electrodes 205, 206, 207 and 208 is L, ,, respectively.
Distances sufficiently smaller than the length L, are kept
between the electrodes 203 and 205, between the electrodes
203 and 207, between the electrodes 204 and 206, and
between the electrodes 204 and 208, respectively. The each
thickness of the electrodes 203, 204, 205, 206, 207,208, 216
and 217 is sufficiently smaller than the thickness of the
rectangular plate 202. Arrows shown in FIG. 4 (1) indicate
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polarization directions of the rectangular plate 202 (if the
rectangular plate 202 is made of a piezoelectric ceramic),
respectively.

[0151] FIG. 4 (2) shows the effective electromechanical
coupling factor k s of the piezoelectric transformer 200
relative to the length L, , of each of the electrodes 205, 206,
207 and 208 serving as the primary electrodes if the width
and thickness of the rectangular plate 202 are respectively
0.15L and 0.02L with standardized by the length L of the
rectangular plate 202 and if the electromechanical coupling
factor k5, of the piezoelectric ceramic in which extensional
vibrations in the longitudinal direction of the rectangular
plate 202 are generated is 0.36. In FIG. 4 (2), the horizontal
axis indicates the length L,, of each of the electrodes 205,
206, 207 and 208 serving as the primary electrodes with
standardized by the length L of the rectangular plate 202,
and the vertical axis indicates the effective electromechani-
cal coupling factor kg It is supposed herein that the length
L,, of each of the electrodes 203 and 204 serving as the
primary electrodes is 0.24L.

[0152] As is obvious from FIG. 4 (2), if the length L,, of
each of the electrodes 205, 206, 207 and 208 serving as the
primary electrodes is 0.3L, the effective electromechanical
coupling factor kg is approximately 0.3. This almost equals
to the effective electromechanical coupling factor k 4 at the
point A shown in FIG. 3 (2). Accordingly, this follows that
the effective electromechanical coupling factor k g of the
piezoelectric transformer 200 having the 3A/2 longitudinal
extensional vibration mode according to the first embodi-
ment of the present invention can be the same as that of the
piezoelectric transformer 120 having the A/2 longitudinal
extensional vibration mode.

[0153] Moreover, according to the piezoelectric trans-
former in this embodiment, it is possible to realize a piezo-
electric transformer which is large in the capacity of the
secondary electrodes, low in output impedance and capable
of fetching more current from the secondary electrodes than
the conventional piezoelectric transformer. The piezoelectric
transformer 200 in this embodiment will be described below
compared with the conventional piezoelectric transformer
140 having the 3A/2 longitudinal extensional vibration mode
(see FIGS. 35 and 36).

[0154] FIGS. 5 (1) and 5 (2) are a side view of the
piezoelectric transformer 200 in this embodiment and that of
the conventional piezoelectric transformer 140, respectively.
In the piezoelectric transformer 200 shown in FIG. 5 (1) and
the piezoelectric transformer 140 shown in FIG. 5 (2), the
primary electrodes are electrically connected to the second-
ary electrodes to constitute an input and an output, respec-
tively, similarly to the piezoelectric transformers shown in
FIG. 2 (1) and that shown in FIG. 36 (1). Further, for
brevity, the gaps between the electrodes constituting the
primary electrodes of the piezoelectric transformer 200 in
the longitudinal directions thereof and those between the
electrodes constituting the primary electrodes of the piezo-
electric transformer 140 in the longitudinal directions
thereof are not shown.

[0155] If the rectangular plate 202 which is a component
of the piezoelectric transformer 200 and the rectangular
plate 142 which is a component the piezoelectric trans-
former 140 are equal in material, volume, width and thick-
ness, then the difference in the capacity C,,; of the primary
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electrodes between the piezoelectric transtformers 200 and
140 is determined by the length of the primary electrodes
and the difference in the capacity C,, of the secondary
electrodes between the piezoelectric transtformers 200 and
140 is determined by the lengths from the primary electrodes
to the secondary electrodes. In the piezoelectric transformer
200, if the lengths of the rectangular plates 202 and 142 are
both L, the length of each of the electrodes 203 and 204 is
L/3 and that of each of the electrodes 205, 206, 207 and 208
is L/4 so as to coincide the capacity C,; of the primary
electrodes of the piezoelectric transformer 200 with that of
the primary electrodes of the piezoelectric transformer 140.
In addition, in the piezoelectric transformer 140, the length
of each of the electrodes 143, 144, 145 and 146 is L/3 and
that of each of the electrodes 147 and 148 is L/6. In this case,
the piezoelectric transformers 200 and 140 coincide with
each other in the length of the primary electrodes of 5L/6.
That is, the capacity C,, of the piezoelectric transformer 200
is equal to that of the piezoelectric transformer 140.

[0156] Next, the capacity C,, of the secondary electrodes
in the above case will be described. In the piezoelectric
transformer 140, the length from the electrode 154 serving
as the secondary electrode to the electrodes 147 and 148 is
L/6. The length from the electrode 216 serving as the
secondary electrode to the electrodes 205 and 206 and that
from the electrode 217 serving as the secondary electrode to
the electrodes 207 and 208 are both L/12. Therefore, the
capacity C,, of each of the two secondary electrodes of the
piezoelectric transformer 200 is twice as large as that of the
secondary electrode of the piezoelectric transformer 140.
Further, the total capacitance C, of the secondary electrodes
of the piezoelectric transformer 200 is four times as large as
that of the piezoelectric transformer 140 because the two
capacities of the secondary electrodes are connected in
parallel.

[0157] As can be understood from the above, the piezo-
electric transformer 200 in this embodiment can be higher in
the capacity of the secondary electrodes and lower in
secondary impedance (output impedance) than the conven-
tional piezoelectric transformer 140 if rectangular plates of
two piezoelectric transformers are equal in material and
shape and the primary electrodes of them are equal in
capacity. Therefore, the structure of the piezoelectric trans-
former 200 in this embodiment enables more current to flow
in the secondary electrodes.

[0158] 1t is noted that the polarization directions of the
rectangular plate 202 shown in FIGS. 1 and 2 (1) are not
limited to those shown therein. It suffices if the polarization
direction between the electrodes 205 and 206 and that
between the electrodes 207 and 208 are equal in the thick-
ness direction of the rectangular plate 202, and those polar-
ization directions are different from the polarization direc-
tion between the electrodes 203 and 204. Also, the
polarization directions near the electrodes 216 and 217
serving as the secondary electrodes suffices if they differ in
the longitudinal direction of the rectangular plate 202. Even
in those cases, the same advantages as those described above
can be attained.

[0159] Furthermore, in FIG. 2 (1), a case where the
electrodes 204, 206 and 208 serving as the primary elec-
trodes are common electrodes has been described. However,
even if the electrodes 203, 205 and 207 serving as the
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primary electrodes are common electrodes, the same advan-
tages as those described above can be attained.

[0160] Furthermore, in the piezoelectric transformer 200
shown in FIGS. 1 and 2 (1), the electrodes 203, 205 and 207
are electrically connected to one another by added means, as
well as the electrodes 204, 206 and 208. However, even if
the electrodes 203, 205 and 207 and the electrodes 204, 206
and 208 are constituted as one electrode, respectively, the
same advantages as those described above can be attained as
long as the polarization directions of the rectangular plate
202 satisfy the relationships described in this embodiment.

[0161] Besides, in this embodiment, a case where the
rectangular plate 202 is made of a piezoelectric ceramic has
been described. However, even if the rectangular plate 202
is made of piezoelectric crystals such as lithium niobate, the
same advantages as those described above can be attained by
setting the polarization directions as ¢ axis directions.

[0162] Second Embodiment

[0163] FIG. 6 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the second embodiment of the
present invention. FIG. 7 (1) is a side view of the piezo-
electric transformer shown in FIG. 6. In FIGS. 6 and 7 (1),
the piezoelectric transformer 220 includes a rectangular
plate 222 made of a piezoelectric material. Primary (input)
electrodes are formed on two main surfaces of the rectan-
gular plate 222 perpendicular to the thickness direction
thereof. The primary electrodes consisting of electrodes 223,
225 and 227 are formed on one of the two main surfaces and
the other primary electrodes consisting of electrodes 224,
226 and 228 are formed on the other main surface. In
addition, the center line of each of the electrodes 223 and
224 substantially coincides with the center line 239 of the
rectangular plate 222. The electrodes 223 and 224, the
electrodes 225 and 226 and the electrodes 227 and 228 are
formed to be opposed each other in the thickness direction
of the rectangular plate 222, respectively. Each of electrodes
236 and 237 is formed on each of two end faces of the
rectangular plate 222 in the longitudinal direction thereof as
secondary (output) electrodes. The electrodes 223, 224, 225,
226,227,228, 236 and 237 are made of metal such as silver,
nickel or gold and formed by a method such as evaporation,
sputtering, printing or plating.

[0164] In FIGS. 6 and 7 (1), arrows indicated on the
rectangular plate 222 show polarization directions, respec-
tively if the rectangular plate 222 is made of a piezoelectric
ceramic such as lead zirconate titanate (PZT), and show the
directions of ¢ axis orientations, respectively if the rectan-
gular plate 222 is made of piezoelectric crystals. If the
rectangular plate 222 is made of a piezoelectric ceramic,
appropriate high direct current voltages are applied in the
thickness direction of the rectangular plate 222 between the
electrodes 223 and 224, between the electrodes 225 and 226
and between the electrodes 227 and 228 to perform polar-
ization treatment, respectively. Further, appropriate high
direct current voltages are applied in the longitudinal direc-
tion of the rectangular plate 222 between the electrodes 225
and 226 and the electrode 236 and between the electrodes
227 and 228 and the electrode 237 to perform polarization
treatment, respectively.

[0165] The operation of the piezoelectric transformer 220
will next be described. In FIG. 7 (1), the electrodes 223, 226
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and 228 serving as the primary electrodes are electrically
connected to one another and connected to a terminal A. The
electrodes 224, 225 and 227 serving as the other primary
electrodes are electrically connected to one another and
connected to terminal B and D as common electrodes.
Further, the electrodes 236 and 237 serving as the secondary
electrodes are electrically connected to each other and
connected to a terminal C. If an alternating voltage (input
voltage) having a frequency near a resonance frequency for
generating mechanical vibrations to expand and contract the
rectangular plate 222 in the longitudinal direction thereof is
applied between the terminals A and B, the mechanical
vibrations to expand and contract the rectangular plate 222
in the longitudinal direction thereof are excited on the
piezoelectric transformer 220. The excited mechanical
vibrations are converted to a voltage by the piezoelectric
effect. Thus, a high voltage can be fetched as an output
voltage between the terminals C and D in accordance with
the impedance ratio between the primary and secondary
electrodes.

[0166] FIG. 7 (2) shows the displacement distribution of
the piezoelectric transformer 220 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of the 32 wavelength are generated in the piezo-
electric transformer 220 in the longitudinal direction of
thereof. In FIG. 7 (2), the horizontal axis indicates the
position in the piezoelectric transformer 220 in the longitu-
dinal direction thereof and the vertical axis indicates the
displacement of the piezoelectric transformer 220 in the
longitudinal direction thereof caused by the mechanical
vibration thereof at a certain instance. On the vertical axis,
+ direction indicates the right displacement of the piezo-
electric transformer 220 in the longitudinal direction thereof
and - direction indicates the left displacement thereof in the
longitudinal direction thereof. FIGS. 7 (3) and 7 (4) show the
internal stress distribution of the rectangular plate 222 and
the electric charge distribution induced by the vibration
when the piezoelectric transformer 220 has the displacement
distribution shown in FIG. 7 (2), respectively. In FIG. 7 (3),
the horizontal axis indicates the position in the piezoelectric
transformer 220 in the longitudinal direction thereof and the
vertical axis indicates the magnitude of the internal stress
generated in the piezoelectric transformer 220 in compres-
sion/expansion direction along the length direction thereof.
In FIG. 7 (4), the horizontal axis indicates the position in the
piezoelectric transformer 220 in the longitudinal direction
thereof and the vertical axis indicates the positive/negative
polarity and quantity of the electric charges induced by the
vibration.

[0167] In the piezoelectric transformer 220 in this second
embodiment, the polarization directions in the regions of the
rectangular plate 222 interposed between electrodes of the
primary electrodes are equal in the thickness direction of the
rectangular plate 222. Thus, clacks can be prevented from
generating in the rectangular plate 222. The clacks are
caused by internal strains which are generated at the gaps
between the electrodes of the primary electrodes in the
longitudinal direction of the rectangular plate 222 by apply-
ing opposite high electric fields in the thickness direction of
the rectangular plate 222 to adjacent regions of the rectan-
gular plate 222 interposed between the electrodes of the
primary electrodes during the polarization treatment, as in
the case of the piezoelectric transformer 200 in the first
embodiment. The gaps are a part of rectangular plate 222
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between a region thereof interposed between the electrodes
223 and 224 and a region thereof interposed between the
electrodes 225 and 226, and a part thereof between a region
thereof interposed between the electrodes 223 and 224 and
a region thereof interposed between the electrodes 227 and
228. Besides, in the piezoelectric transformer 220, residual
strains after the polarization treatment are smaller in the
gaps above described and there are fewer parts in which the
polarization directions are discontinuous than the piezoelec-
tric transformer 220 in the first embodiment. Thus, it is
possible to realize a piezoelectric transformer having high
mechanical strength.

[0168] Moreover, the matter has no effect on the piezo-
electric transformer in this embodiment that the effective
electromechanical coupling factor k. may possibly be
lower if the polarization treatments are performed by apply-
ing opposite electric fields to the adjacent regions interposed
between electrodes and therefore the polarization is some-
times insufficient near the boundary of the electrodes.

[0169] In addition, in the piezoelectric transformer 220 in
this second embodiment, which has the 3A/2 longitudinal
extensional vibration mode shown in FIG. 7 (2), parts of the
piezoelectric transformer 220 in which high stresses are
generated (points P1, P2 and P3) do not coincide with parts
in which polarization directions are discontinuous (a part of
the rectangular plate 222 near an electrode 236—side end of
the region thereon interposed between the electrodes 225
and 226, and a part of the rectangular plate 222 near an
electrode 237—side end of the region thereof interposed
between the electrodes 225 and 226). That is, in the piezo-
electric transformer in this embodiment, as in that in the first
embodiment of the present invention, in normal operation,
high stresses or strains are not generated on the parts in
which the polarization directions are discontinuous and the
mechanical strengths are low. Consequently, the piezoelec-
tric transformer in this embodiment can handle a high power
and can realize a piezoelectric transformer having high
reliability.

[0170] Moreover, as shown in FIGS. 6 and 7 (1), for the
piezoelectric transformer 220 in this embodiment, the polar-
ization directions between the electrodes 223 and 224, those
between the electrodes 225 and 226 and those between the
electrodes 227 and 228 in the thickness direction of the
rectangular plate 222 are equal to one another. However, a
part of the primary electrodes is constituted of the electrodes
223, 226 and 228, the other is constituted of the electrodes
224, 225 and 227, and the phase of the alternating voltage
applied between the electrodes 223 and 224 differs by 180
degrees from the phases of the alternating voltages applied
between the electrodes 225 and 226, and between the
electrodes 227 and 228. Thus, as shown in FIG. 7 (4), the
electric charges induced by the vibrations are equal in
polarity and do not cancel one another. Besides, the length
of the primary electrodes can be regarded as almost a sum
of lengths of the three electrodes on each main surface of the
rectangular plate 222. Therefore, in this embodiment, it is
possible to set the length of the primary electrodes relatively
longer than that of the primary electrodes of the conven-
tional piezoelectric transformer. Accordingly, it is possible
to set the effective electromechanical coupling factor k g of
the piezoelectric transformer in this embodiment higher than
that of the conventional piezoelectric transformer and to
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increase the power which can be handled by the piezoelec-
tric transformer per unit volume.

[0171] Further, because the piezoelectric transformer 220
having the 3A/2 longitudinal extensional vibration mode, the
amplitudes of the mechanical vibrations can be decreased to
hold down elastic strains, and driving frequency can be
increased. Thus, the power handled by the piezoelectric
transformer 220 for one vibration can be decreased and the
number of times of vibrations can be increased, which
enables the piezoelectric transformer 220 to handle high
power.

[0172] Moreover, the primary electrodes and the second-
ary electrodes of the piezoelectric transformer 220 in the
second embodiment are formed in the same manner as those
of the piezoelectric transformer 200 in the first embodiment.
Thus, according to the structure of the piezoelectric trans-
former 220, secondary impedance (output impedance) is low
and more current can flow in the secondary electrodes.

[0173] Tt is noted that the polarization directions of the
piezoelectric transformer 220 shown in FIGS. 6 and 7 (1)
are not limited to those shown therein. If the polarization
directions between the electrodes 223 and 224, between the
electrodes 225 and 226 and between the electrodes 227 and
228 are equal to one another in the thickness direction of the
rectangular plate 222, the same advantages as those
described above can be attained. And the polarization direc-
tions near the electrodes 236 and 237 serving as the sec-
ondary electrodes shown in FIGS. 6 and 7 (1) are also not
limited to those shown therein. If the polarization directions
near the electrodes 236 and 237 differ from each other in the
longitudinal direction of the rectangular plate 222, the same
advantages as those described above can be attained.

[0174] In addition, in FIG. 7 (1), a case where the elec-
trodes 224, 225 and 227 serving as the primary electrodes
are common electrodes has been described. However, even
if the electrodes 223, 226 and 228 serving as the other
primary electrodes are common electrodes, the same advan-
tages as those described above can be attained.

[0175] Besides, in this embodiment, a case where the
rectangular plate 222 is made of a piezoelectric ceramic has
been described. However, even if the rectangular plate 222
is made of piezoelectric crystals such as lithium niobate, the
same advantages as those described above can be attained by
setting the polarization directions as ¢ axis directions.

[0176] Third Embodiment

[0177] FIG. 8 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the third embodiment of the present
invention. FIG. 9 (1) is a side view of the piezoelectric
transformer shown in FIG. 8. In FIGS. 8 and 9 (1), the
piezoelectric transformer 240 includes a rectangular plate
242 made of a piezoelectric material. Primary (input) elec-
trodes consisting of a plurality of electrodes in the length and
thickness directions of the rectangular plate 242 are formed
near the central portion of the rectangular plate 242 in the
longitudinal direction thereof. Primary electrodes have mul-
tilayer structures in which piezoelectric layers made of
piezoelectric material such as piezoelectric ceramic and
internal electrode layers made of metal material are alter-
nately layered.
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[0178] In FIG. 9 (1), five piezoelectric layers and four
electrode layers are present between two electrodes, which
are components of the primary electrodes, opposed each
other on two main surfaces of the rectangular plate 242
perpendicular to the thickness direction thereof. Electrodes
300, 310 and 320 are formed on one of the main surfaces of
the rectangular plate 242 perpendicular to the thickness
direction thereof. Electrodes 301, 311 and 321 are formed on
the other main surface of the rectangular plate 242 perpen-
dicular to the thickness direction thereof. Further, electrodes
302, 303, 304, 305, 312, 313, 314, 315, 322, 323, 324 and
325 are formed in the rectangular plate 242. The electrodes
300, 301, 302, 303, 304 and 305 are opposed one another in
the thickness direction of the rectangular plate 242. The
electrodes 310, 311, 312, 313, 314 and 315 are opposed one
another in the thickness direction of the rectangular plate
242. The electrodes 320, 321, 322, 323, 324 and 325 are
opposed one another in the thickness direction of the rect-
angular plate 242. The electrodes 300, 302 and 304 are
electrically connected to one another to constitute an elec-
trode 243, and the electrodes 301, 303 and 305 are electri-
cally connected to one another to constitute an electrode
244. Likewise, the electrodes 310, 312 and 314 are electri-
cally connected to one another to constitute an electrode
245, and the electrodes 311, 313 and 315 are electrically
connected to one another to constitute an electrode 246. The
electrodes 320, 322 and 324 are electrically connected to one
another to constitute an electrode 247, and the electrodes
321, 323 and 325 are electrically connected to one another
to constitute an electrode 248. Each center line of the
respective electrodes constituting the electrodes 243 and 244
substantially coincides with the center line 259 of the
rectangular plate 242. Each of electrodes 256 and 257
serving as secondary (output) electrodes are formed on each
of two end faces of the rectangular plate 242 in the longi-
tudinal direction thereof. The electrodes 300, 301, 310, 311,
320, 321, 256 and 257 are made of metal such as silver,
nickel or gold and formed by a method such as evaporation,
sputtering, printing or plating.

[0179] In FIG. 9 (1), arrows indicated on the rectangular
plate 242 show the polarization directions of the piezoelec-
tric material, respectively. The polarization directions are in
the thickness direction of the rectangular plate 242 in the
portions of the piezoelectric layers interposed between the
electrode 300 and the electrode 301, the portions of the
piezoelectric layers interposed between the electrode 310
and the electrode 311, and the portions of the piezoelectric
layers interposed between the electrode 320 and the elec-
trode 321. Two portions of the piezoelectric layers, each of
which is interposed between two electrodes, adjacent in the
thickness direction of the rectangular plate 242 are opposite
in the polarization direction. And two portions of any
piezoelectric layer, each of which is interposed between two
electrodes, adjacent in the longitudinal direction of the
rectangular plate 242 are opposite in the polarization direc-
tion in the thickness direction of the rectangular plate 242.
The region of the rectangular plate 242 between the elec-
trodes 245 and 246 and the electrode 256, and that between
the electrodes 247 and 248 and the electrode 257 are
respectively polarized in the longitudinal direction of the
rectangular plate 242. And the polarization directions of the
regions are opposite each other. Polarization treatments are
performed by applying appropriate high direct current volt-
ages to the respective regions.
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[0180] The operation of the piezoelectric transformer 240
will next be described. In FIG. 9 (1), the electrodes 243,245
and 247 serving as the primary electrodes are electrically
connected to one another and connected to a terminal A. The
electrodes 244, 246 and 248 serving as the other primary
electrodes are electrically connected to one another and
connected, as common electrodes, to terminals B and D.
Further, the electrodes 256 and 257 serving as the secondary
electrodes are electrically connected to each other and
connected to a terminal C. If an alternating voltage having
a frequency near a resonance frequency for generating
mechanical vibrations to expand and contract the rectangular
plate 242 in the longitudinal direction thereof is applied
between the terminals A and B as an input voltage, the
mechanical vibrations to expand and contract the rectangular
plate 242 in the longitudinal direction thereof are excited on
the piezoelectric transformer 240. The excited mechanical
vibrations are converted to a voltage by the piezoelectric
effect, and a high voltage can be thereby fetched between the
terminals C and D as an output voltage in accordance with
the impedance ratio between the primary and secondary
electrodes.

[0181] FIG. 9 (2) shows the displacement distribution of
the piezoelectric transformer 240 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of the 3 wavelength are generated on the piezo-
electric transformer 240 in the longitudinal direction thereof.
In FIG. 9 (2), the horizontal axis indicates the position in the
piezoelectric transformer 240 in the longitudinal direction
thereof, and the vertical axis indicates the displacement of
the piezoelectric transformer 240 in the longitudinal direc-
tion thereof caused by mechanical vibration thereof at a
certain instance. On the vertical axis, + direction indicates
the right displacement of the piezoelectric transformer 240
in the longitudinal direction thereof and — direction indicates
the left displacement of the piezoelectric transformer 240 in
the longitudinal direction thereof. Further, FIGS. 9 (3) and
9 (4) show the internal stress distribution of the rectangular
plate 242 and the electric charge distribution induced by the
vibration when the piezoelectric transformer 240 has the
displacement distribution shown in FIG. 9 (2), respectively.
In FIG. 9 (3), the horizontal axis indicates the position in the
piezoelectric transformer 240 in the longitudinal direction
thereof, and the vertical axis indicates the magnitude of the
internal stress generated in the piezoelectric transformer 240
in compression/expansion direction along the length direc-
tion thereof. In FIG. 9 (4), the horizontal axis indicates the
position in the piezoelectric transformer 240 in the longitu-
dinal direction thereof and the vertical axis indicates the
positive/negative polarity and quantity of the electric
charges induced by the vibration.

[0182] Inthe piezoelectric transformer 240 in this embodi-
ment, the polarization directions in the portions of the
piezoelectric layers, each of which is interposed between
two electrodes of the primary electrodes, are in the thickness
direction of the rectangular plate 242. The portions of the
piezoelectric layers adjacent in the thickness direction of the
rectangular plate 242 are opposite in the polarization direc-
tion. The portions of the piezoelectric layer adjacent in the
longitudinal direction of the rectangular plate 242 are oppo-
site in the polarization direction. Thus, compared with the
piezoelectric transformers in the first and second embodi-
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ment, it is possible to increase the capacity of the primary
electrodes in the piezoelectric transformer in this embodi-
ment.

[0183] If it is supposed that the capacity of the primary
electrodes is C;, that of the secondary electrodes is Cg,, a
voltage applied to the primary electrodes is V, and that
output from the secondary electrodes is V_,, then the
primary power W, is given by expression (1) and the
secondary power W, is given by expression (2). For
brevity, it is supposed herein that no power loss occurs. If so,
a step-up ratio y which is a ratio of the output voltage V_,,
to the input voltage V,, is proportional to the square root of
Cy1/Cy, as shown in expression (3). Accordingly, the capac-
ity C,; of the primary electrodes of the piezoelectric trans-
former 240 in this embodiment can be set larger than that of
the primary electrodes of the piezoelectric transformers in
the first and second embodiments of the present invention,
making it possible to obtain a high step-up ratio v.

Win=Cor (Vin)2/2 @,
Wou=Con(Vou) /2 (2), and
Y=VYoul Vin=(Co1/Co2) "> 3).

[0184] Further, because the piezoelectric transformer 240
according to this embodiment has the 3A/2 longitudinal
extensional vibration mode, the amplitudes of the mechani-
cal vibrations can be decreased to hold down elastic strains,
and the driving frequency can be increased. Thus, the power
handled by the piezoelectric transformer 240 for one vibra-
tion can be decreased and the number of times of vibrations
can be increased, which enables the piezoelectric trans-
former 240 to handle a high power.

[0185] Furthermore, in the piezoelectric transformer 240
in this embodiment, which has the 3A/2 longitudinal exten-
sional vibration mode shown in FIG. 9 (2), parts in which
high stresses are generated (points P1, P2 and P3) do not
coincide with parts in which polarization directions are
discontinuous (a part of the rectangular plate 242 between a
region thereof interposed between the electrodes 243 and
244 and a region thereof interposed between the electrodes
245 and 246, a part of the rectangular plate 242 between a
region thereof interposed between the electrodes 243 and
244 and a region thereof interposed between the electrodes
247 and 248, a part of the rectangular plate 242 near an
electrode 256—side end of the region thereof interposed
between the electrodes 245 and 246, and a part of the
rectangular plate 242 near an electrode 257—side end of the
region thereof interposed between the electrodes 247 and
248). That is, as in the case of the first and second embodi-
ments according to the present invention, in normal opera-
tion, high stresses or strains are not generated on the parts in
which the polarization directions are discontinuous and
mechanical strengths are low. Therefore, the piezoelectric
transformer in this embodiment can handle a high power and
can realize a piezoelectric transformer having high reliabil-
ity.

[0186] Moreover, as shown in FIG. 9 (1), in the piezo-
electric transformer 240 in this embodiment, the two por-
tions of any piezoelectric layer, each of which is interposed
between two electrodes of the primary electrodes, which
include the electrodes constituting the electrode 243, the
electrodes constituting the electrode 244, the electrodes
constituting the electrode 245, the electrodes constituting the
electrode 246, the electrodes constituting the electrodes 247
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and the electrodes constituting the electrode 248, adjacent in
the longitudinal direction of the rectangular plate 242 are
opposite in the polarization direction in the thickness direc-
tion thereof. Thus, as shown in FIG. 9 (4), even if alternating
voltages equal in phase are applied between the electrodes
constituting the electrode 243 and the electrodes constituting
the electrode 244, between the electrodes constituting the
electrode 245 and the electrodes constituting the electrode
246, and between the electrodes constituting the electrode
247 and the electrodes constituting the electrode 248, the
electric charges induced by the vibrations are equal in
polarity and do not cancel one another. Besides, the length
of the primary electrode can be regarded as a sum of lengths
of the electrodes aligned in the longitudinal direction of the
rectangular plate 242. Therefore, it is possible to set the
length of the primary electrode relatively large in this
embodiment. Accordingly, it is possible to set the effective
electromechanical coupling factor k 4 of the piezoelectric
transformer 240 higher than that of the conventional piezo-
electric transformer and to increase the power which the
piezoelectric transformer can handle per unit volume.

[0187] 1t is noted that the polarization directions of the
piezoelectric transformer 240 shown in FIG. 9 (1) are not
limited to those shown therein. It suffices that the two
portions of the piezoelectric layers, each of which is inter-
posed between two electrodes of the electrodes constituting
the electrodes 243, 244, 245, 246, 247 and 248, adjacent in
the thickness direction of the rectangular plate 242 are
opposite in the polarization directions in the thickness
direction of the rectangular plate 242 and that the two
portions of any piezoelectric layer, each of which is inter-
posed between two electrodes of the electrodes constituting
the electrodes 243, 244, 245, 246, 247 and 248, adjacent in
the longitudinal direction of the rectangular plate 242 are
opposite in the polarization directions in the thickness
direction of the rectangular plate 242. It also suffices that the
polarization directions near the electrodes 256 and 257
serving as the secondary electrodes differ in the longitudinal
direction of the rectangular plate 242. If so, the same
advantages as those described above can be attained.

[0188] Further, in FIG. 9 (1), a case where the electrodes
244, 246 and 248 serving as the primary electrodes are
common electrodes has been described. However, even if
the electrodes 243, 245 and 247 serving as the primary
electrodes are common electrodes, the same advantages as
those described above can be attained.

[0189] Moreover, in FIG. 9 (1), the number of piezoelec-
tric layers is five. However, they are not limited thereto.
Even if the number of piezoelectric layers changes, only the
capacity of the primary electrodes changes and the advan-
tages attained are the same as those described in this
embodiment.

[0190] Besides, in this embodiment, a case where the
rectangular plate is made of a piezoelectric ceramic has been
described. However, even if the rectangular plate is made of
piezoelectric crystals such as lithium niobate, the same
advantages as those if the rectangular plate is made of a
piezoelectric ceramic can be attained by setting the polar-
ization directions as c axis directions.

[0191] Fourth Embodiment

[0192] FIG. 10 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
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tion mode according to the fourth embodiment of the present
invention. FIG. 11 (1) is a side view of the piezoelectric
transformer shown in FIG. 10. In FIGS. 10 and 11 (1), the
piezoelectric transformer 260 includes a rectangular plate
262 made of a piezoelectric material. Primary (input) elec-
trodes consisting of a plurality of electrodes in the length and
thickness directions of the rectangular plate 262 are formed
near the central portion of the rectangular plate 262 in the
longitudinal direction thereof. Primary electrodes have mul-
tilayer structures in which piezoelectric layers made of
piezoelectric material such as piezoelectric ceramic and
internal electrode layers made of metal material are alter-
nately layered.

[0193] In FIG. 11 (1), five piezoelectric layers and four
electrodes layers are present between two electrodes, which
are components of the primary electrodes, opposed each
other on two main surfaces of the rectangular plate 262
perpendicular to the thickness direction thereof. Electrodes
330, 340 and 350 are formed on one of the main surfaces of
the rectangular plate 262 perpendicular to the thickness
direction thereof. Electrodes 331, 341 and 351 are formed on
the other main surface of the rectangular plate 262 perpen-
dicular to the thickness direction thereof. Further, electrodes
332, 333, 334, 335, 342, 343, 344, 345, 352, 353, 354 and
355 are formed in the rectangular plate 262. The electrodes
330, 331, 332, 333, 334 and 335 are opposed one another in
the thickness direction of the rectangular plate 262. The
electrodes 340, 341, 342, 343, 344 and 345 are opposed one
another in the thickness direction of the rectangular plate
262. The electrodes 350, 351, 352, 353, 354 and 355 are
opposed one another in the thickness direction of the rect-
angular plate 262. The electrodes 330, 332 and 334 are
electrically connected to one another to constitute an elec-
trode 263, and the electrodes 331, 333 and 335 are electri-
cally connected to one another to constitute an electrode
264. Likewise, the electrodes 340, 342 and 344 are electri-
cally connected to one another to constitute an electrode
265, and the electrodes 341, 343 and 345 are electrically
connected to one another to constitute an electrode 266. The
electrodes 350, 352 and 354 are electrically connected to one
another to constitute an electrode 267, and the electrodes
351, 353 and 355 are electrically connected to one another
to constitute an electrode 268. The each center line of the
respective electrodes constituting the electrodes 263 and 264
substantially coincides with the center line 279 of the
rectangular plate 262. Electrodes 276 and 277 serving as
secondary (output) electrodes are formed on two end faces
of the rectangular plate 262 in the longitudinal direction
thereof, respectively. The electrodes 330, 331, 340, 341,
350, 351, 276 and 277 are made of metal such as silver,
nickel or gold and formed by a method such as evaporation,
sputtering, printing or plating.

[0194] 1In FIG. 11 (1), arrows indicated on the rectangular
plate 262 show the polarization direction of the piezoelectric
material, respectively. The polarization directions are in the
thickness direction of the rectangular plate 262 in the
portions of the piezoelectric layers interposed between the
electrode 330 and the electrode 331, the portions of the
piezoelectric layers interposed between the electrode 340
and the electrode 341, and the portions of the piezoelectric
layers interposed between the electrode 350 and the elec-
trode 351. Any two portions of the piezoelectric layers, each
of which is interposed between two electrodes, adjacent in
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the thickness direction of the rectangular plate 262 are
opposite in the polarization direction.

[0195] The fourth embodiment further differs from the
third embodiment in that any two portions of the piezoelec-
tric layer, each of which is interposed between two elec-
trodes, adjacent in the longitudinal direction of the rectan-
gular plates 262 are the same in the polarization direction in
the thickness direction of the rectangular plate 262. The
region between the electrodes 265 and 266 and the electrode
276 and that between the electrodes 267 and 268 and the
electrode 277 are respectively polarized in the longitudinal
direction of the rectangular plate 262 and the polarization
directions of the region are opposite each other. Polarization
treatments are performed by applying appropriate high
direct current voltages to the respective regions.

[0196] The operation of the piezoelectric transformer 260
will next be described. In FIG. 11 (1), the electrodes 263,
266 and 268 serving as the primary electrodes are electri-
cally connected to one another and connected to a terminal
A. The electrodes 264, 265 and 267 serving as the other
primary electrodes are electrically connected to one another
and connected, as common electrodes, to terminals B and D.
Further, the electrodes 276 and 277 serving as the secondary
electrodes are electrically to each other and connected to a
terminal C. If an alternating voltage having a frequency near
a resonance frequency for generating mechanical vibrations
to expand and contract the rectangular plate 262 in the
longitudinal direction thereof is applied between the termi-
nals A and B as an input voltage, the mechanical vibrations
to expand and contract the rectangular plate 262 in the
longitudinal direction thereof are excited on the piezoelec-
tric transformer 260. The excited mechanical vibrations are
converted to a voltage by the piezoelectric effect, and a high
voltage can be thereby fetched between the terminals C and
D as an output voltage in accordance with the impedance
ratio between the primary and secondary electrodes.

[0197] FIG. 11(2) shows the displacement distribution of
the piezoelectric transformer 260 in the longitudinal direc-
tion at a certain point of time while extensional vibrations of
the 32 wavelength are generated on the piezoelectric trans-
former 260 in the longitudinal direction thereof. In FIG.
11(2), the horizontal axis indicates the position in the
piezoelectric transformer 260 in the longitudinal direction,
and the vertical axis indicates the displacement of the
piezoelectric transformer 260 in the longitudinal direction
thereof caused by the mechanical vibration thereof at a
certain instance. On the vertical axis, + direction indicates
the right displacement of the piezoelectric transformer 260
in the longitudinal direction thereof and — direction indicates
the left displacement of the piezoelectric transformer 260 in
the longitudinal direction thereof. Further, FIGS. 11(3) and
11(4) show the internal stress distribution of the rectangular
plate 262 and the electric charge distribution induced by the
vibration when the piezoelectric transformer 260 has the
displacement distribution shown in FIG. 11(2), respectively.
In FIG. 11(3), the horizontal axis indicates the position in
the piezoelectric transformer 260 in the longitudinal direc-
tion thereof, and the vertical axis indicates the magnitude of
the internal stress generated in the piezoelectric transformer
260 in compression/expansion direction along the length
direction thereof. In FIG. 11(4), the horizontal axis indicates
the position in the piezoelectric transformer 260 in the
longitudinal direction thereof and the vertical axis indicates
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the positive/negative polarity and quantity of the electric
charges induced by the vibration.

[0198] Inthe piezoelectric transformer 260 in this embodi-
ment, the portions of any piezoelectric layer, each of which
is interposed between two electrodes of the primary elec-
trodes, adjacent in the longitudinal direction of the rectan-
gular plate 262 are same in the polarization direction in the
thickness direction thereof. Thus, clacks can be prevented
from generating in the rectangular plate 262. The clacks are
caused by the internal strains which are generated at the gaps
between the electrodes of the primary electrodes in the
longitudinal direction of the rectangular plate 262 by apply-
ing opposite high electric fields in the thickness direction of
the rectangular plate 262 to adjacent regions of the rectan-
gular plate 262 interposed between the electrodes of the
primary electrodes during the polarization treatment (The
gaps are a part of rectangular plate 262 between a region
thereof interposed between the electrodes 263 and 264 and
a region thereof interposed between the electrodes 265 and
266, and a part thereof between a region thereof interposed
between the electrodes 263 and 264 and a region thereof
interposed between the electrodes 267 and 268). Besides, the
residual strains after the polarization treatment are smaller in
the gaps above described and there are fewer parts in which
the polarization directions are discontinuous than in the
piezoelectric transformer 240 in the third embodiment.
Thus, it is possible to realize a piezoelectric transformer
having high mechanical strength.

[0199] Moreover, as shown in FIG. 11 (1), in the piezo-
electric transformer 260 in this embodiment, the two por-
tions of the piezoelectric layer, each of which is interposed
between two electrodes of primary electrodes, adjacent in
the longitudinal direction of the rectangular plate 262 are the
same in the polarization directions in the thickness direction
thereof. However, the primary electrodes is constituted of
the electrodes 264, 265 and 267, the other primary elec-
trodes are constituted of the electrodes 263, 266 and 268,
and the phase of the alternating voltage applied between the
electrodes 263 and 264 differs by 180 degrees from the
phases of the alternating voltages applied between the
electrodes 265 and 266, and between the electrodes 267 and
268. Thus, as shown in FIG. 11(4), the electric charges
induced by the vibrations are equal in polarity and do not
cancel one another. Besides, the length of the primary
electrode can be regarded as almost a sum of lengths of the
electrodes aligned in the longitudinal direction of the rect-
angular plate 262. Therefore, in this embodiment, it is
possible to set the length of the primary electrode relatively
longer. Accordingly, it is possible to set the effective elec-
tromechanical coupling factor kg of the piezoelectric trans-
former in this embodiment higher than that of the conven-
tional piezoelectric transformer and to increase the power
which can be handled by the piezoelectric transformer per
unit volume.

[0200] Further, because of the piezoelectric transformer
260 having the 3A/2 longitudinal extensional vibration
mode, the amplitudes of the mechanical vibrations can be
decreased to hold down elastic strains, and driving fre-
quency can be increased. Thus, the power handled by the
piezoelectric transformer 260 for one vibration can be
decreased and the number of times of vibrations can be
increased, which enables the piezoelectric transformer 260
to handle high power.
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[0201] Furthermore, in the piezoelectric transformer 260
in this embodiment, in the 3A/2 longitudinal extensional
vibration mode shown in FIG. 11(2), parts in which high
stresses are generated (points P1, P2 and P3) do not coincide
with parts in which polarization directions are discontinuous
(a part of the rectangular plate 262 between a region thereof
interposed between the electrodes 263 and 264 and a region
thereof interposed between the electrodes 265 and 266, a
part of the rectangular plate 262 between a region thereof
interposed between the electrodes 263 and 264 and a region
thereof interposed between the electrodes 267 and 268, a
part of the rectangular plate 262 near an electrode 276—side
end of the region thereof interposed between the electrodes
265 and 266, and a part of the rectangular plate 262 near an
electrode 277—side end of the region thereof interposed
between the electrodes 267 and 268). That is, as in the case
of the first, second and third embodiments according to the
present invention, in normal operation, high stresses or
strains are not generated on the parts in which the polariza-
tion directions are discontinuous and mechanical strengths
are low. Therefore, the piezoelectric transformer in this
embodiment can handle a high power and can realize a
piezoelectric transformer having high reliability.

[0202] Inthe piezoelectric transformer 260 in this embodi-
ment, primary electrodes have the multilayer structures as
described above. Thus, the capacitance of the primary elec-
trodes of the piezoelectric transformer 260 can be set larger
than that of the primary electrodes of the piezoelectric
transformers according to the first and second embodiments
of the present invention. Therefore, in the piezoelectric
transformer 260 in this embodiment as well as the piezo-
electric transformer 240 in the third embodiment, the capac-
ity Cy, of the primary electrodes can be set larger, than in
piezoelectric transformers in the first and second embodi-
ments of the present invention, making it possible to obtain
a high step-up ratio y.

[0203] Tt is noted that the polarization directions of the
piezoelectric transformer 260 shown in FIG. 11 (1) are not
limited to those shown therein. It suffices that the two
portions of the piezoelectric layers, each of which is inter-
posed between two electrodes of primary electrodes, adja-
cent in the thickness direction of the rectangular plate 262
are opposite in the polarization directions in the thickness
direction of the rectangular plate 262 and that the two
portions of any piezoelectric layer, each of which is inter-
posed between two electrodes of primary electrodes, adja-
cent in the longitudinal direction of the rectangular plate 262
are the same in the polarization directions in the thickness
direction of the rectangular plate 262. It also suffices that the
polarization directions near the electrodes 276 and 277
serving as the secondary electrodes differ in the longitudinal
direction of the rectangular plate 262. If so, the same
advantages as those described above can be attained.

[0204] Further, in FIG. 11 (1), a case where the electrodes
264, 265 and 267 serving as the primary electrodes are
common electrodes has been described. However, even if
the electrodes 263, 265 and 268 serving as the primary
electrodes are common electrodes, the same advantages as
those described above can be attained.

[0205] Moreover, in FIG. 11 (1), the number of piezo-
electric layers is five. However, they are not limited thereto.
Even if the number of piezoelectric layers changes, only the
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capacity of the primary electrodes change and the advan-
tages attained are the same as those described in this
embodiment.

[0206] Besides, in this embodiment, a case where the
rectangular plate is made of a piezoelectric ceramic has been
described. However, even if the rectangular plate is made of
piezoelectric crystals such as lithium niobate, the same
advantages as those if the rectangular plate is made of a
piezoelectric ceramic can be attained by setting the polar-
ization directions as c axis directions.

[0207] Fifth Embodiment

[0208] FIG. 12 (1) is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the fifth embodiment of the present
invention. FIG. 12 (2) is a cross-sectional view of the
piezoelectric transformer 280 shown in FIG. 12 (1) taken
along a center line 299. FIGS. 13 and 14 are side views of
the piezoelectric transformer 280, respectively. FIG. 12 (3)
shows a modification of the piezoelectric transformer 280,
which is a cross-sectional view of the piezoelectric trans-
former 280 taken along the center line 299 as in the case of
FIG. 12 (2).

[0209] In FIGS. 12 (1), 13 and 14, the piezoelectric
transformer 280 includes a rectangular plate 282 made of a
piezoelectric material. Primary (input) electrodes consisting
of a plurality of electrodes in the length and thickness
directions of the rectangular plate 282 are formed near the
central portion of the rectangular plate 282 in the longitu-
dinal direction thereof. Primary electrodes have multilayer
structures in which piezoelectric layers made of piezoelec-
tric material such as piezoelectric ceramic and internal
electrode layers made of metal material are alternately
layered. In FIGS. 12 (2), 13 and 14, five piezoelectric layers
and four electrode layers are present between the electrodes
of the primary electrodes opposed each other on two main
surfaces of the rectangular plates 282 perpendicular to the
thickness direction thereof.

[0210] In FIG. 12 (1), electrodes 360, 370 and 380 are
formed on one of the main surfaces of the rectangular plates
282 perpendicular to the thickness direction thereof, and
electrodes 361, 371 and 381 are formed on the other main
surface of the rectangular plates 282 perpendicular to the
thickness direction thereof. Electrodes 362, 363, 364, 365,
372,373,374, 375, 382, 383, 384 and 385 are formed in the
rectangular plate 282. The electrodes 360, 361, 362, 363,
364 and 365 are opposed to one another in the thickness
direction of the rectangular plate 282. The electrodes 370,
371,372, 373,374 and 375 are opposed to one another in the
thickness direction of the rectangular plate 282. The elec-
trodes 380, 381, 382, 383, 384 and 385 are opposed to one
another in the thickness direction of the rectangular plate
282. As shown in FIG. 12 (2), the electrodes 360, 362 and
364 are electrically connected to one another to constitute an
electrode 283, and the electrodes 361, 363 and 365 are
electrically connected to one another to constitute an elec-
trode 284. Likewise, the electrodes 370, 372 and 374 are
electrically connected to one another to constitute an elec-
trode 285, and the electrodes 371, 373 and 375 are electri-
cally connected to one another to constitute an electrode
286. The electrodes 380, 382 and 384 are electrically con-
nected to one another to constitute an electrode 287, and the
electrodes 381, 383 and 385 are electrically connected to one
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another to constitute an electrode 288. Each center line of
the respective electrodes constituting the electrodes 283 and
284 substantially coincides with the center line 299 of the
rectangular plate 282. Electrodes 296 and 297 serving as
secondary (output) electrodes are formed on two end faces
of the rectangular plate 282 in the longitudinal direction
thereof, respectively. The electrodes 360, 361, 370, 371,
380, 381, 296 and 297 are made of metal such as silver,
nickel or gold and formed by a method such as evaporation,
sputtering, printing or plating.

[0211] FIG. 12 (2) shows the multilayer structure
between, for example, the electrodes 360 and 361 of the
piezoelectric transformer 280 in the thickness direction of
the rectangular plate 282. The electrodes 362 and 364 which
are internal electrodes in the rectangular plate 282 are
exposed to one end face of the rectangular plate 282 in the
width direction thereof, the electrodes 363 and 365 which
are internal electrodes in the rectangular plate 282 are
exposed to the other end face of the rectangular plate 282 in
the width direction thereof. As shown in FIG. 12 (2), the
electrodes 360, 362 and 364 are connected to one another by
forming the electrode 360 into L shape, and the electrodes
361, 363 and 365 are connected to one another by forming
the electrode 361 into L shape.

[0212] InFIGS. 12 (2), 13 and 14, arrows indicated on the
rectangular plate 282 show the polarization directions of the
piezoelectric material, respectively. The polarization direc-
tions are in the thickness direction of the rectangular plate
282 in the portions of the piezoelectric layers interposed
between the electrode 360 and the electrode 361, the por-
tions of the piezoelectric layers interposed between the
electrode 370 and the electrode 371, and the portions of the
piezoelectric layers interposed between the electrode 380
and the electrode 381. Any two portions of the piezoelectric
layers, each of which is interposed between two electrodes,
adjacent in the thickness direction of the rectangular plate
282 are opposite in the polarization direction. In FIG. 13,
two portions of any piezoelectric layer, each of which is
interposed between two electrodes, adjacent in the longitu-
dinal direction of the rectangular plate 282 are opposite in
the polarization direction in the thickness direction of the
rectangular plate 242. In FIG. 14, two portions of any
piezoelectric layer, each of which is interposed between two
electrodes, adjacent in the longitudinal direction of the
rectangular plate 282 are opposite in the polarization direc-
tion in the thickness direction of the rectangular plate 242.
The region of the rectangular plate 242 between the elec-
trodes 285 and 286 and the electrode 296, and that between
the electrodes 287 and 288 and the electrode 297 are
respectively polarized in the longitudinal direction of the
rectangular plate 282 and the polarization directions of the
regions are opposite each other. Polarization treatments are
performed by applying appropriate high direct current volt-
ages to the respective regions.

[0213] The operation of the piezoelectric transformer 280
will next be described. In FIG. 13, the electrodes 283, 285
and 287 serving as the primary electrodes are electrically
connected to one another and connected to a terminal A. The
electrodes 284, 286 and 288 serving as the other primary
electrodes are electrically connected to one another and
connected, as common electrodes, to terminals B and D. In
FIG. 14, the electrodes 283, 286 and 288 serving as the
primary electrodes are electrically connected to one another
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and connected to a terminal A. The electrodes 284, 285 and
287 serving as the other primary electrodes are electrically
connected one another and connected, as common elec-
trodes, to terminals B and D. Further, in FIGS. 13 and 14,
the electrodes 296 and 297 serving as the secondary elec-
trodes are electrically connected to each other and connected
to a terminal C.

[0214] In FIGS. 13 and 14, if an alternating voltage
having a frequency near a resonance frequency for gener-
ating mechanical vibrations to expand and contract the
rectangular plate 282 in the longitudinal direction thereof is
applied between the terminals A and B as an input voltage,
the mechanical vibrations to expand and contract the rect-
angular plate 282 in the longitudinal direction thereof are
exited on the piezoelectric transformer 280. The excited
mechanical vibrations are converted to a voltage by the
piezoelectric effect, and a high voltage can be thereby
fetched between the terminals C and D as an output voltage
in accordance with the impedance ratio between the primary
and secondary electrodes. Although the piezoelectric trans-
former shown in FIG. 13 and that shown in FIG. 14 are
differ in the combinations of the connection of the electrodes
283, 284, 285, 286, 287 and 288, they are the same in the
behaviors when the alternating voltages are applied.

[0215] Inthe piezoelectric transformer 280 in this embodi-
ment, the electrodes formed in the rectangular plate 282 are
exposed to the end faces of the rectangular plate 282 in the
width direction thereof. This can facilitate the electrically
connection between the internal electrodes in the rectangular
plate 282 and the electrodes formed on the main surfaces of
the rectangular plate 282 perpendicular to the thickness
direction thereof.

[0216] FIG. 12 (3) is a cross-sectional view of the piezo-
electric transformer 280 taken along the center line 299 if no
electrode is formed on the main surfaces of the rectangular
plate 282. In the piezoelectric transformer 280, the odd-
numbered internal electrodes in the rectangular plate 282
(e.g., the electrodes 365 and 363) are exposed to one end
face of the rectangular plate 282 in the width direction
thereof and the even-numbered internal electrodes in the
rectangular plate 282 (e.g., the electrodes 362 and 364) are
exposed to the other end face of the rectangular plate 282 in
the width direction thereof. Thus, it is possible to connect
only the internal electrodes in the rectangular plate 282 with
one another without forming electrodes on the main surfaces
of the rectangular plate 282. In FIG. 12 (3), the electrodes
360 and 361 are formed not into L shape but into flat plate
shape, and provided only on the end faces of the piezoelec-
tric transformer 280 in the width direction thereof. Further,
no polarization exists on the outermost and lowermost
piezoelectric layers of the multilayer structure. The same is
true of the electrodes 370 and 371, and electrodes 380 and
381. As described above, by arranging the rectangular plate
282 on the main surfaces of which no electrode is provided,
the main surfaces of the piezoelectric transformer can be
electrically isolated. In this embodiment, primary electrodes
have multilayer structures in each of which the piezoelectric
layers and the electrode layers are alternately layered. As
shown in FIGS. 12 (2) and 12 (3), the two adjacent piezo-
electric layers are not completely separated by the electrode
layer but connected to each other on the end portions
thereof. That is, any two adjacent piezoelectric layers form
a U-shaped structure. This is because the adjacent piezo-
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electric layers fuse together when piezoelectric layers and
the electrode layers are layered and attached by pressure in
piezoelectric transformer manufacturing steps.

[0217] In piezoelectric transformer 280 in this embodi-
ment, primary electrodes have the layered structures as
described above. Thus, as in the case of the piezoelectric
transformers in the third and fourth embodiments, the capac-
ity of the primary electrodes of the piezoelectric transformer
280 can be set larger than that of the primary electrodes of
the piezoelectric transformers in the first and second
embodiments. Accordingly, the capacity Cy; of the primary
electrodes of the piezoelectric transformer 280 in this
embodiment can be set larger than that of the primary
electrodes of the piezoelectric transformers in the first and
second embodiments of the present invention, making it
possible to obtain a high step-up ratio y. Further, because the
piezoelectric transformer 280 according to this embodiment
has the 3A/2 longitudinal extensional vibration mode, the
amplitudes of the mechanical vibrations can be decreased to
hold down elastic strains, and the driving frequency can be
increased. Thus, the power handled by the piezoelectric
transformer 280 for one vibration cab be decreased and the
number of times of vibrations can be increased, which
enables the piezoelectric transformer 280 to handle a high
power. In addition, parts in which high stresses are generated
do not coincide with parts in which polarization directions
are discontinuous as in the case of the piezoelectric trans-
formers in the third and fourth embodiments. That is, in
normal operation, high stresses or strains are not generated
on the parts in which the polarization directions are discon-
tinuous and mechanical strengths are low. Therefore, the
piezoelectric transformer in this embodiment can handle a
high power and can realize a piezoelectric transformer
having high reliability.

[0218] Besides, in the piezoelectric transformer 280 in this
embodiment, as in the case of those in the first, second, third
and fourth embodiments, the length of the primary electrode
can be set relatively large. And the electric charges induced
by the vibrations are equal in polarity and do not cancel one
another Therefore, it is possible to set the effective electro-
mechanical coupling factor k.4 of the piezoelectric trans-
former 280 higher than that of the conventional piezoelectric
transformer and to increase the power which the piezoelec-
tric transformer can handle per unit volume.

[0219] Tt is noted that the polarization directions of the
piezoelectric transformer 280 shown in FIGS. 13 and 14 are
not limited to those shown therein. It suffices that the two
portions of the piezoelectric layers, each of which is inter-
posed between two electrodes of the primary electrodes,
adjacent in the thickness direction of the rectangular plate
282 are opposite in the polarization directions in the thick-
ness direction of the rectangular plate 282 and that the two
portions of any piezoelectric layer, each of which is inter-
posed between two electrodes of primary electrodes, adja-
cent in the longitudinal direction of the rectangular plate 282
are opposite in the polarization directions in the thickness
direction of the rectangular plate 282 in the piezoelectric
transformer in FIG. 13. It suffices that the two portions of
the piezoelectric layers, each of which is interposed between
two electrodes of the primary electrodes, adjacent in the
thickness direction of the rectangular plate 282 are opposite
in the polarization directions in the thickness direction of the
rectangular plate 282 and that the two portions of the
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piezoelectric layer, each of which is interposed between two
electrodes of primary electrodes, adjacent in the longitudinal
direction of the rectangular plate 282 are the same in the
polarization directions in the thickness direction of the
rectangular plate 282 in the piezoelectric transformer in
FIG. 14. It also suffices that the polarization directions near
the electrodes 296 and 297 serving as the secondary elec-
trodes differ in the longitudinal direction of the rectangular
plate 282. If so, the same advantages as those described
above can be attained.

[0220] Further, in FIG. 13, a case where the electrodes
284, 286 and 288 serving as the primary electrodes are
common electrodes has been described. However, even if
the electrodes 283, 285 and 287 serving as the primary
electrodes are common electrodes, the same advantages as
those described above can be attained.

[0221] Moreover, in FIGS. 13 and 14, the number of
piezoelectric layers is five. However, they are not limited
thereto. Even if the number of piezoelectric layers changes,
only the capacity of the primary electrodes change and the
advantages attained are the same as those described in this
embodiment.

[0222] Besides, in this embodiment, a case where the
rectangular plate is made of a piezoelectric ceramic has been
described. However, even if the rectangular plate is made of
piezoelectric crystals such as lithium niobate, the same
advantages as those if the rectangular plate 282 is made of
a piezoelectric ceramic can be attained by setting the polar-
ization directions as c axis directions.

[0223] Sixth Embodiment

[0224] FIGS. 15 and 16 are perspective view of a piezo-
electric transformer having the 3/2 longitudinal extensional
vibration mode according to the sixth embodiment of the
present invention. FIG. 17 is an exploded view of the
piezoelectric transformer 400 shown in FIG. 16. FIG. 17
also shows the cross-sectional structure of the piezoelectric
transformer 400 along a line 420 shown in FIG. 16.

[0225] In FIG. 15, the piezoelectric transformer 388
includes a rectangular plate 389 made of a piezoelectric
material. Primary (input) electrodes are formed on two main
surfaces of the rectangular plate 389 perpendicular to the
thickness direction thereof. The primary electrode consisting
of electrodes 390, 392 and 394 is formed on one of the main
surfaces of the rectangular plate 389, and the primary
electrode consisting of electrodes 391, 393 and 395 is
formed on the other main surface thereof. Each center line
of the electrodes 390 and 391 substantially coincides with
the center line 398 of the rectangular plate 389. The elec-
trodes 390 and 391, the electrodes 392 and 393, and the
electrodes 394 and 395 are formed to be opposed each other
in the thickness direction of the rectangular plate 389,
respectively. On the two end faces of the rectangular plate
389 in the longitudinal direction thereof, electrodes 396 and
397 are formed as secondary (output) electrodes, respec-
tively. The electrodes 390, 391, 392, 393, 394, 395, 396 and
397 are made of metal such as silver, nickel or gold and
formed by a method such as evaporation, sputtering, printing
or plating.

[0226] In FIGS. 16 and 17, the piezoelectric transformer
400 includes a rectangular plate 402 made of a piezoelectric
material. Primary (input) electrodes consisting of a plurality
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of electrodes in the length and thickness directions of the
rectangular plate 402 are formed near the central portion of
the rectangular plate 402 in the longitudinal direction
thereof. Primary electrodes have multilayer structures in
which piezoelectric layers made of piezoelectric material
such as piezoelectric ceramic and internal electrode layers
made of metal material are alternately layered. In FIG. 16,
electrodes 500, 510 and 520 are formed on one of the main
surfaces of the rectangular plate 402 perpendicular to the
thickness direction thereof, and electrodes 501, 511 and 521
are formed on the other main surface of the rectangular plate
402 perpendicular to the thickness direction thereof. As
shown in FIG. 17, five piezoelectric layers and four elec-
trode layers are present between the electrodes of the pri-
mary electrodes opposed each other on the two main sur-
faces of the rectangular plate 402 perpendicular to the
thickness direction thereof. Further, electrodes 502, 503,
504, 505, 512, 513, 514, 515, 522, 523, 524 and 525 are
formed in the rectangular plate 402. The electrodes 500, 501,
502, 503, 504 and 505 are opposed to one another in the
thickness direction of the rectangular plate 402. The elec-
trodes 510, 511, 512, 513, 514 and 515 are opposed to one
another in the thickness direction of the rectangular plate
402. The electrodes 520, 521, 522, 523, 524 and 525 are
opposed to one another in the thickness direction of the
rectangular plate 402. Each center line of the electrodes 500
and 501 substantially coincides with the center line 419 of
the rectangular plate 402. Electrodes 416 and 417 serving as
secondary (output) electrodes are formed on the two end
faces of the rectangular plate 402 in the longitudinal direc-
tion thereof, respectively. The electrodes 500, 501, 510, 511,
520, 521, 416 and 417 are made of metal such as silver,
nickel or gold and formed by a method such as evaporation,
sputtering, printing or plating.

[0227] As shown in FIG. 17, a part of each of the internal
electrodes in the rectangular plate 402 are exposed to one of
the end faces of the rectangular plate 402 in the width
direction thereof in the piezoelectric transformer 400
according to this embodiment. In addition, the part of the
electrode 502 and that of the electrode 504, the part of the
electrode 503 and that of the electrode 505, the part of the
electrode 512 and that of the electrode 514, the part of the
electrode 513 and that of the electrode 5185, the part of the
electrode 522 and that of the electrode 524, and the part of
the electrode 523 and that of the electrode 525 are respec-
tively exposed to different regions in the longitudinal direc-
tion of the rectangular plate 402 on the end face thereof in
the width direction thereof. Accordingly, even if the elec-
trodes 500, 501, 502, 503, 504 and 505 are formed to be
opposed in the thickness direction of the rectangular plate
402, it is possible to connect electrically the electrode 500
formed on the surface of the rectangular plate 402 with the
electrodes 502 and 504 which are the internal electrodes by
forming the electrode 500 to extend to the end face of the
rectangular plate 402 in the width direction thereof, and to
connect electrically the electrode 501 formed on the surface
of the rectangular plate 402 with the electrodes 503 and 504
which are the internal electrodes on the same end face,
independently of the electrical connection between the elec-
trodes 500, 502 and 504, by forming the electrode 501 to
extend to the end face of the rectangular plate 402 in the
width direction thereof as shown in FIG. 17. Likewise, the
electrodes 510, 512, and 514 are electrically connected to
one another and the electrodes 511, 513 and 515 are elec-
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trically connected to one another on the same end face. In
addition, the electrodes 520, 522, and 524 are electrically
connected to one another and the electrodes 521, 523 and
525 are electrically connected to one another on the same
end face.

[0228] 1In the piezoelectric transformers 388 this embodi-
ment, the positive and negative electrodes of the primary
electrodes are formed only on one end face of the rectan-
gular plate 389 in the width direction thereof. And in the
piezoelectric transformer 400 in this embodiment, the posi-
tive and negative electrodes of the primary electrodes are
formed only on one end face of the rectangular plates 402 in
the width direction thereof. Thus, it is possible to facilitate
the electrical connection of the primary electrodes of the
piezoelectric transformer to exterior. If the electrodes as
primary electrodes are taken out using leads in piezoelectric
transformer manufacturing steps, for example, a step of
rotating the piezoelectric transformer to do the connections
on the two surfaces of the piezoelectric transformer becomes
unnecessary, making it possible to reduce manufacturing
time.

[0229] Inthe piezoelectric transformer 400 in this embodi-
ment, the electrodes formed on the surface of the rectangular
plate 402 can be electrically connected to the corresponding
internal electrodes in the rectangular plate 402 only on one
end face of the rectangular plate 402 in the width direction
thereof. As shown in FIG. 17, if the primary electrodes have
multilayer structures consisting of a plurality of piezoelec-
tric layers and a plurality of electrode layers, it is possible to
connect the electrode formed on the surface of the rectan-
gular plate 402 to the electrodes inside of the rectangular
plate 402 only on one surface by exposing the parts of the
electrodes inside of the rectangular plate 402 to one end face
of the rectangular plate 402 in the width direction thereof.

[0230] As already described in the fifth embodiment, in
the piezoelectric transformer 388 in this embodiment, if the
internal electrodes in the rectangular plate 389 are exposed
to the end face of the rectangular plate 388 in the width
direction thereof, it is possible to connect only the internal
electrodes in the rectangular plates 389 to one another
without forming electrodes on the main surfaces of the
rectangular plate 388. In that case, it is possible to advan-
tageously facilitate the electrical connection between exte-
rior and the primary electrodes of the piezoelectric trans-
former.

[0231] Moreover, the shapes of the electrodes 390, 391,
392, 393, 394 and 395 formed on the surfaces of the
piezoelectric transformer 388 in this embodiment may be
applied to those of the primary electrodes of the piezoelec-
tric transformers in the first and second embodiments
according to the present invention. In that case, as in the case
of this embodiment, the positive and negative electrodes of
the primary electrodes are formed on one end face of the
rectangular plate in the width direction thereof, making it
possible to facilitate the electrical connection between exte-
rior and the primary electrodes of the piezoelectric trans-
former. In that case, it is possible to attain the same advan-
tages as those described in this embodiment while holding
the advantages of the piezoelectric transformers in the
respective embodiments.

[0232] The connection between the electrodes formed on
the surfaces of the rectangular plate 402 and the internal
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electrodes in it as described in this embodiment can be
applied to the piezoelectric transformers in the third and
fourth embodiments, respectively, by changing the shapes of
the electrodes formed on the surfaces of the rectangular plate
and exposing the internal electrodes in the rectangular plate
to one end face of the rectangular plate. In that case, it is
possible to attain the same advantages as those described in
this embodiment while holding the advantages of the piezo-
electric transformers in the respective embodiments.

[0233] Seventh Embodiment

[0234] FIG. 18 (1) is a side view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the seventh embodiment of the
present invention. The piezoelectric transformer 440
includes a rectangular plate 442 made of a piezoelectric
material. Primary (input) electrodes are formed on two main
surfaces of the rectangular plate 442 perpendicular to the
thickness direction thereof. The primary electrode consisting
of electrodes 443, 445 and 447 is formed on one of the main
surfaces and the primary electrode consisting of electrodes
444, 446 and 448 is formed on the other main surface. Each
center line of the electrodes 443 and 444 substantially
coincides with the center line of the rectangular plate 442.
The electrodes 443 and 444, the electrodes 445 and 446, and
the electrodes 447 and 448 are formed to be opposed each
other in the thickness direction of the rectangular plate 442,
respectively. On the two end faces of the rectangular plate
442 in the longitudinal direction thereof, electrodes 456 and
457 are formed as secondary (output) electrodes, respec-
tively. The electrodes 443, 444, 445, 446, 447, 448, 456 and
457 are made of metal such as silver, nickel or gold and
formed by a method such as evaporation, sputtering, printing
or plating.

[0235] In this embodiment, as shown in FIG. 18 (1), the
length (L,) of each of the electrodes 443 and 444 is a third
of the length (L) of the rectangular plate 442 (L,;=L/3) in the
longitudinal direction of the rectangular plate 442. In addi-
tion, the electrodes 445 and 446 and the electrodes 447 and
448 are formed symmetrically with respect to the center of
the rectangular plate 442 in the longitudinal direction
thereof, respectively. If the length of each of the electrodes
445 and 446 is L, and that of each of the electrodes 447 and
448 is L, the relationship of L,=L; is satisfied.

[0236] Further, in FIG. 18 (1), arrows indicated on the
rectangular plate 442 show polarization directions, respec-
tively if the rectangular plate 442 is made of a piezoelectric
ceramic such as lead zirconate titanate (PZT), and show the
directions of ¢ axis orientations, respectively if the rectan-
gular plate 442 is made of piezoelectric crystals. If the
rectangular plate 442 is made of a piezoelectric ceramic, the
region of the rectangular plate 442 between the electrodes
443 and 444, that between the electrodes 445 and 446 and
that between the electrodes 447 and 448 are polarized in the
thickness direction of the rectangular plate 442. The polar-
ization directions are different between the region of the
rectangular plate 442 between the electrodes 443 and 444,
and the regions thereof between the electrodes 445 and 446
and between the electrodes 447 and 448 in the thickness
direction thereof. Further, the region of the rectangular plate
442 between the electrodes 445 and 446 and the electrode
456, and that between the electrodes 447 and 448 and the
electrode 457 are respectively polarized in the longitudinal
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direction of the rectangular plate 442, and the polarization
directions of the regions differ in the length direction of the
rectangular plate 442. Polarization treatments are performed
by applying appropriate high direct current voltages to the
respective regions.

[0237] The operation of the piezoelectric transformer 440
will next be described. In FIG. 18 (1), the electrodes 443,
445 and 447 serving as the primary electrodes are electri-
cally connected to one another and connected to a terminal
A. The electrodes 444, 446 and 448 serving as the other
primary electrodes are electrically connected to one another
and connected, as common electrodes, to terminals B and D.
Further, the electrodes 456 and 457 serving as the secondary
electrodes are electrically to each other and connected to a
terminal C. If an alternating voltage (input voltage) having
a frequency near a resonance frequency for generating
mechanical vibrations to expand and contract the rectangular
plate 442 in the longitudinal direction thereof is applied
between the terminals A and B, the mechanical vibrations to
expand and contract the rectangular plate 442 in the longi-
tudinal direction thereof are excited on the piezoelectric
transformer 440. The excited mechanical vibrations are
converted to a voltage by the piezoelectric effect, and a high
voltage can be thereby fetched between the terminals C and
D as an output voltage in accordance with the impedance
ratio between the primary and secondary electrodes.

[0238] FIG. 18 (2) shows the displacement distribution of
the piezoelectric transformer 440 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of the 34 wavelength are generated on the piezo-
electric transformer 440 in the longitudinal direction thereof.
In FIG. 18 (2), the horizontal axis indicates the position in
the piezoelectric transformer 440 in the longitudinal direc-
tion thereof, and the vertical axis indicates the displacement
of the piezoelectric transformer 440 caused by the mechani-
cal vibration thereof at a certain instance. On the vertical
axis, +direction indicates the right displacement of the
piezoelectric transformer 440 in the longitudinal direction
thereof and - direction indicates the left displacement of the
piezoelectric transformer 440 in the longitudinal direction
thereof. Further, FIG. 18 (3) shows the electric charge
distribution induced by vibration when the piezoelectric
transformer 440 has the displacement distribution shown in
FIG. 18 (2). In FIG. 18 (3), the horizontal axis indicates the
position in the piezoelectric transformer 440 in the longitu-
dinal direction thereof, and the vertical axis indicates the
positive/negative polarity and quantity of the electric
charges induced by the vibration.

[0239] In the piezoelectric transformer 440, the vibrations
of the 32 wavelength are excited in the longitudinal direction
of the rectangular plate 442. Thus, if each length of the
electrodes 443 and 444 serving as components of the pri-
mary electrodes in the central portion of the rectangular
plate 442 is set too large, driving efficiency deteriorates.
FIG. 19 (1) is a side view of the piezoelectric transformer
440 if each length of the electrodes 443 and 444 is larger
than a third of the length of the rectangular plate 442. FIG.
19 (2) shows the electric charge distribution induced by the
vibration. In FIG. 19 (2), the horizontal axis indicates the
position in the piezoelectric transformer 440 in the longitu-
dinal direction thereof and the vertical axis indicates the
positive/negative polarity and quantity of the electric
charges induced by the vibration. FIG. 19 (3) shows the
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displacement distribution of the piezoelectric transformer
440 in the longitudinal direction thereof caused by the
mechanical vibration excited in the piezoelectric trans-
former 440 when the electric charge distribution shown in
FIG. 19 (2) is induced. In FIG. 19 (3), the horizontal axis
indicates the position in the piezoelectric transformer 440 in
the longitudinal direction thereof, and the vertical axis
indicates the displacement of the piezoelectric transformer
440 in the longitudinal direction thereof caused by the
mechanical vibration. On the vertical axis, + direction
indicates the right displacement of the piezoelectric trans-
former 440 in the longitudinal direction thereof and -
direction indicates the left displacement of the piezoelectric
transformer 440 in the longitudinal direction thereof. In this
case, each length of the electrodes 443 and 444 exceed the
point at which the polarity of induced electric charges
change. Thus, as shown in FIG. 19 (2), the electric charges
occurred in the secondary electrode-side portions of region
of the rectangular plate 442 interposed between the elec-
trodes 443 and 444 are opposite in polarity to those occurred
in the central portion of region of the rectangular plate 442,
whereby the electric charges cancel one another. As shown
in FIG. 19 (3), the displacement of the piezoelectric trans-
former 440 caused by the vibration is decreased relative to
the cancellation quantities of the electric charges induced by
exciting the vibration.

[0240] On the other hand, as shown in FIG. 18 (1), if each
length of the electrodes 443 and 444 is set not more than a
third of the length of the rectangular plate 442, only the
electric charges equal in polarity are generated between the
electrodes 443 and 444 as shown in FIG. 18 (3). That is, the
displacement of the piezoelectric transformer 440 with the
primary electrodes as shown in FIG. 18 (1) is not smaller
than that of the piezoelectric transformer 440 with the
primary electrodes as shown in FIG. 19 (1) if the same
power is input to the primary electrodes in two cases. As a
result, the piezoelectric transformer 440 shown in FIG. 18
(1) is higher in driving efficiency than that shown in FIG. 19

M.

[0241] Further, the electrodes 443 and 444 in the central
portion of the primary electrodes are positioned so that the
polarity of the electric charges induced in the region of the
rectangular plate 442 between those electrodes is opposite to
them of the electric charges induced in the regions between
the electrodes 445 and 446 and between the electrodes 447
and 448 when the %2 wavelength extensional vibration mode
is excited in the longitudinal direction of the rectangular
plate 442. In addition, the polarization direction of the
rectangular plate 442 between the electrodes 443 and 444
differs from those between the electrodes 445 and 446 and
between the electrodes 447 and 448 in the thickness direc-
tion of the rectangular plate 442. Therefore, the area of the
primary electrodes can be equivalently set large. Conse-
quently, it is possible to make the effective electromechani-
cal coupling factor kg of the piezoelectric transformer when
an input voltage is applied to the primary electrodes higher
that of the conventional piezoelectric transformer and to
make the power which the piezoelectric transformer can
handle per unit volume higher than the conventional piezo-
electric transformer.

[0242] Furthermore, in the piezoelectric transformer 440
in this embodiment, by setting each length of electrodes 445,
446, 447 and 448 equal, it is possible to set the impedances
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of the primary electrodes symmetrically with respect to the
center of the rectangular plate 442. Thus, it is possible to
make the capacitances and impedances of the electrodes 456
and 457 serving as the secondary electrodes equal to each
other. In this case, if loads such as cold cathode fluorescent
lamps are connected to the terminals C and D, the loads are
provided on the electrodes 456 and 457 serving as the two
secondary electrodes at the same proportion, making it
possible to stably drive the piezoelectric transformer and to
suppress the deterioration of the driving efficiency of the
piezoelectric transformer.

[0243] In FIG. 18, the case has been described where the
polarization direction between the electrodes 443 and 444
serving as the components of the primary electrodes of the
rectangular plate 442 differs from those between the elec-
trodes 445 and 446 serving as the components of the primary
electrodes and between the electrodes 447 and 448 serving
as the components of the primary electrodes in the thickness
direction of the rectangular plate 442. However, even if the
polarization directions between the electrodes 443 and 444,
between the electrodes 445 and 446 and between the elec-
trodes 447 and 448 are equal, the same advantages as those
described in this embodiment can be attained by electrically
connecting the electrodes 443, 446 and 448 to one another
and electrically connecting the electrodes 444, 445 and 447
to one another to thereby constitute the primary electrodes.
In addition, the polarization directions near the secondary
electrodes are not limited to those shown in FIG. 18. As long
as those polarization directions differ in the longitudinal
direction of the rectangular plate 440, the same advantages
as those described above can be attained.

[0244] Moreover, in FIG. 18 (1), a case where the elec-
trodes 444, 446 and 448 serving as the primary electrodes
are common electrodes has been described. However, even
if the electrodes 443, 445 and 447 serving as the other
primary electrodes are common electrodes, the same advan-
tages as those described above can be attained.

[0245] The structure of the piezoelectric transformer in
this embodiment can be applied to the piezoelectric trans-
former wherein primary electrodes have the multilayer
structures consisting of piezoelectric layers and electrode
layers by setting the lengths of the electrodes formed in the
central portions of the two main surfaces of the rectangular
plate perpendicular to the thickness direction thereof for the
primary electrodes and the internal electrodes interposed
between the two electrodes of the electrodes in the thickness
direction of the rectangular plate not more than a third of the
length of the rectangular plate, and setting the electrodes
adjacent to the electrodes formed in the central portions in
the longitudinal direction of the rectangular plate symmetri-
cally with respect to the center of the rectangular plate in the
longitudinal direction thereof. Consequently, even if the
structure of the piezoelectric transformer in this embodiment
is applied to the piezoelectric transformers in the third and
fourth embodiments according to the present invention, it is
possible to attain the same advantages as those in this
embodiment while holding the advantages of the piezoelec-
tric transformers in the respective embodiments.

[0246] Additionally, the electrodes of the primary elec-
trodes on and in the rectangular plate suffers if each length
of the electrodes in the central portion of the rectangular
plate is not more than a third of length of the rectangular
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plate and if the electrodes adjacent the electrodes in the
central portions in the longitudinal direction of the rectan-
gular plate are symmetric with respect to the center of the
rectangular plate in the longitudinal direction thereof. Thus,
the shapes of the primary electrodes are not limited to
specific ones. Consequently, even if the structure of the
piezoelectric transformer in this embodiment is applied to
the piezoelectric transformers in the fifth and sixth embodi-
ments according to the present invention, it is possible to
attain the same advantages as those in this embodiment
while holding the advantages of the piezoelectric transform-
ers in the respective embodiments.

[0247] Eighth Embodiment

[0248] FIG. 20 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the eighth embodiment of the present
invention. In FIG. 20, the piezoelectric transformer 460
includes a rectangular plate 462 made of a piezoelectric
material. Primary (input) electrodes are formed on two main
surfaces of the rectangular plate 462 perpendicular to the
thickness direction thereof. The primary electrodes consist-
ing of electrodes 463, 465 and 467 are formed on one of the
main surfaces, and the primary electrodes consisting of
electrodes 464, 466 and 468 are formed on the other main
surface. Each center line of the electrodes 463 and 464
substantially coincides with the center line 479 of the
rectangular plate 462. The electrodes 463 and 464, the
electrodes 465 and 466, and the electrodes 467 and 468 are
formed to be opposed to each other in the thickness direction
of the rectangular plate 462, respectively.

[0249] In this embodiment, secondary (output) electrodes
are formed, as electrodes 476 and 477, on one of the two
main surfaces of the rectangular plate 462 perpendicular to
the thickness direction thereof near the two end faces of the
rectangular plate 462 in the longitudinal direction thereof.
The electrodes 463, 464, 465, 466, 467, 468,476 and 477 arc
made of metal such as silver, nickel or gold and formed by
amethod such as evaporation, sputtering, printing or plating.

[0250] Inthe piezoelectric transformer 480 in this embodi-
ment, the secondary electrodes are formed on the same plane
as one of planes where the primary electrodes are formed.
Thus, it is possible to form the primary electrodes and the
secondary electrodes in two steps when manufacturing the
piezoelectric transformer. That is, by forming the secondary
electrodes and the primary electrode on the same plane, it is
possible to decrease the number of manufacturing steps and
to reduce manufacturing time.

[0251] In FIG. 20, the secondary electrodes are formed on
the same surface as that on which the primary electrodes
including the electrode 463 are formed. However, even if the
secondary electrodes are formed on the same surface as that
on which the primary electrodes including the electrode 464
are formed, the same advantages as those described above
can be attained.

[0252] The structure of the secondary electrodes in this
embodiment can be applied to the piezoelectric transformers
in the preceding embodiments by forming the secondary
electrodes on the same plane as one of planes where the
primary electrodes are formed. In that case, it is possible to
attain the same advantages as those in this embodiment
while holding the advantages of the piezoelectric transform-
ers in the respective embodiments.
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[0253] Ninth Embodiment

[0254] FIG. 21 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the ninth embodiment of the present
invention. In FIG. 21, the piezoelectric transformer 480
includes a rectangular plate 482 made of a piezoelectric
material. Primary (input) electrodes are formed on two main
surfaces of the rectangular plate 482 perpendicular to the
thickness direction thereof. The primary electrodes consist-
ing of electrodes 483, 485 and 487 are formed on one of the
main surfaces, and the primary electrodes consisting of
electrodes 484, 486 and 488 are formed on the other main
surface. Each center line of the electrodes 483 and 484
substantially coincides with the center line 499 of the
rectangular plate 482. The electrodes 483 and 484, the
electrodes 485 and 486, and the clectrodes 487 and 488 are
formed to be opposed each other in the thickness direction
of the rectangular plate 482, respectively. Electrodes 496
and 497 are formed, as secondary (output) electrodes, on the
two end faces of the rectangular plate 482 in the longitudinal
direction thereof. The electrodes 483, 484, 485, 486, 487,
488, 496 and 497 arc made of metal such as silver, nickel or
gold and formed by a method such as evaporation, sputter-
ing, printing or plating.

[0255] Further, in this embodiment, a supporter 600 which
supports the piezoelectric transformer 480 is provided. This
supporter 600 has support sections 602, 604 and 606 on one
main surface thereof.

[0256] FIG. 22 (1) is a side view of the piezoelectric
transformer 480 and the support 600 in this embodiment. In
FIG. 22 (1), for example, the rectangular plate 482 is
polarized in directions indicated by arrows, the electrodes
483, 485 and 487 serving as the primary electrodes are
electrically connected to one another and connected to a
terminal A, and the electrodes 484, 486 and 488 serving as
the other primary electrodes are electrically connected to
one another and connected, as common electrodes, to ter-
minals B and D. Further, the electrodes 496 and 497 serving
as the secondary electrodes are electrically connected to
each other and connected to a terminal C. If an alternating
voltage (input voltage) having a frequency near a resonance
frequency for generating mechanical vibrations to expand
and contract the rectangular plate 482 in the longitudinal
direction thereof is applied between the terminals A and B,
the mechanical vibrations to expand and contract the rect-
angular plate 482 in the longitudinal direction thereof are
excited on the piezoelectric transformer 480.

[0257] FIG. 22 (2) shows the displacement distribution of
the piezoelectric transformer 480 in the longitudinal direc-
tion thereof at a certain point of time while extensional
vibrations of the %> wavelength are generated in the piezo-
electric transformer 480 in the longitudinal direction thereof.
In FIG. 22 (2), the horizontal axis indicates the position in
the piezoelectric transformer 480 in the longitudinal direc-
tion thereof, and the vertical axis indicates the displacement
of the piezoelectric transformer 480 in the longitudinal
direction thereof caused by the mechanical vibration thereof
at a certain instance. On the vertical axis, + direction
indicates the right displacement of the piezoelectric trans-
former 480 in the longitudinal direction thereof and -
direction indicates the left displacement of the piezoelectric
transformer 480 in the longitudinal direction thereof.
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[0258] In this embodiment, the three support sections
established on the supporter 600 support the piezoelectric
transformer 480 on the nodes of the 3A/2 longitudinal
extensional vibration mode excited in the rectangular plate
480, respectively, as shown in FIG. 22 (1). Thus, the
supporter 600 can support and fix the piezoelectric trans-
former without obstructing the vibrations. In addition, if the
three support sections are set to be electrically conductive to
one another, it is possible to connect the support sections to
the primary electrodes of the piezoelectric transformer and
to supply power to the primary electrodes.

[0259] The advantages of this embodiment cannot be
necessarily attained only when the polarization directions
are as shown in FIG. 22 (1). The polarization directions of
the rectangular plate 482 in the thickness direction may be
equal. In that case, if the electrodes 483, 486 and 488 are
electrically connected to one another to constitute the pri-
mary electrodes, the electrodes 484, 485 and 487 are elec-
trically connected to one another to constitute the other
primary electrodes, the same advantages as those in this
embodiment can be attained.

[0260] The structure as described in this embodiment can
be applied to the piezoelectric transformers in all the pre-
ceding embodiments as long as the piezoelectric transformer
can be supported on the vibration nodes and the support
sections can be contacted with the primary electrodes. In that
case, it is possible to attain the same advantages as those in
this embodiment while holding the advantages of the piezo-
electric transformers in the respective embodiments.

[0261] Tenth Embodiment

[0262] FIG. 23 is a perspective view of a piezoelectric
transformer having the 3)/2 longitudinal extensional vibra-
tion mode according to the tenth embodiment of the present
invention. FIG. 24 is a side view of the piezoelectric
transformer shown in FIG. 23. FIG. 25 shows the piezo-
electric transformer shown in FIG. 23 if cold cathode
fluorescent lamps are connected to the secondary electrodes
of the piezoelectric transformer. FIG. 26 is a perspective
view of another example of the piezoelectric transformer
according to the tenth embodiment of the present invention.
FIG. 27 is a side view of the piezoelectric transformer
shown in FIG. 26.

[0263] In FIGS. 23 to 27, the piezoelectric transformer
700 includes a rectangular plate 702 made of a piezoelectric
material. Primary (input) electrodes are formed on two main
surfaces of the rectangular plate 702 perpendicular to the
thickness direction thereof. The primary electrodes consist-
ing of electrodes 703, 705 and 707 is formed on one of the
main surfaces, and the primary electrodes consisting of
electrodes 704, 706 and 708 is formed on the other main
surface. Each center line of the electrodes 703 and 704
substantially coincides with the center line 719 of the
rectangular plate 702. The electrodes 703 and 704, the
electrodes 705 and 706, and the electrodes 707 and 708 are
formed to be opposed each other in the thickness direction
of the rectangular plate 702, respectively. Electrodes 716
and 717 are formed, as secondary (output) electrodes, on the
two end faces of the rectangular plate 702 in the longitudinal
direction thereof. The electrodes 703, 704, 705, 706, 707,
708, 716 and 717 are made of metal such as silver, nickel or
gold and formed by a method such as evaporation, sputter-
ing, printing or plating.
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[0264] Further, in FIGS. 23 to 27, arrows indicated on the
rectangular plate 702 show the directions polarized in
advance, respectively if the rectangular plate 702 is made of
a piezoelectric ceramic such as lead zirconate titanate (PZT),
and show the directions of ¢ axis orientations, respectively
if the rectangular plate 702 is made of piezoelectric crystals.
In FIGS. 23 to 27, if the rectangular plate 702 is made of a
piezoelectric ceramic, the region of rectangular plate 702
between the electrodes 703 and 704, that between the
electrodes 705 and 706 and that between the electrodes 707
and 708 are polarized in the thickness direction of the
rectangular plate 702. In FIGS. 23 to 25, as for the electrodes
constituting primary electrodes, the polarization direction
between the electrodes 703 and 704 differs from those
between the electrodes 705 and 706 and between the elec-
trodes 707 and 708 in the thickness direction of the rectan-
gular plate 702. By contrast, in FIGS. 26 and 27, the
polarization directions between the electrodes 703 and 704,
between the electrodes 705 and 706 and between the elec-
trodes 707 and 708 are equal in the thickness direction of the
rectangular plate 702.

[0265] Inthe piezoelectric transformer 700 in this embodi-
ment, the region of the rectangular plate 702 between the
electrodes 705 and 706 and the electrode 716, that between
the electrodes 707 and 708 and the electrode 717 are
polarized in the longitudinal direction thereof, and the
polarization directions of the regions are equal in the lon-
gitudinal direction of the rectangular plate 702.

[0266] The operation of the piezoelectric transformer 700
will next be described. FIG. 24 is a side view of the
piezoelectric transformer shown in FIG. 23. In FIG. 24, the
electrodes 703, 705 and 707 serving as the primary elec-
trodes are electrically connected to one another and con-
nected to a terminal A. The electrodes 704, 706 and 708
serving as the other primary electrodes are electrically
connected to one another and connected, as common elec-
trodes, to terminals B. Further, the electrode 716 serving as
the secondary electrode is electrically connected to a termi-
nal D. And the electrode 717 serving as the secondary
electrode is electrically connected to a terminal C. If an
alternating voltage (input voltage) having a frequency near
a resonance frequency for generating mechanical vibrations
to expand and contract the rectangular plate 702 in the
longitudinal direction thereof is applied between the termi-
nals A and B, the mechanical vibrations to expand and
contract the rectangular plate 702 in the longitudinal direc-
tion thereof are excited on the piezoelectric transformer 700.
Thus, the excited mechanical vibrations are converted to a
voltage by the piezoelectric effect, and a high voltage can be
thereby fetched between the terminals C and D as an output
voltage in accordance with the impedance ratio between the
primary and secondary electrodes.

[0267] Inthe piezoelectric transformer 700 in this embodi-
ment, the polarization directions near the secondary elec-
trodes are set equal in the longitudinal direction of the
rectangular plate 702. Therefore, if the polarization rates in
portions of the rectangular plate 702 near the secondary
electrodes are equal, and impedance of the one secondary
electrode is equal to that of the other, output voltages from
the electrodes 716 and 717 serving as the secondary elec-
trodes are equal in amplitude and different by 180 degrees in
phase.
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[0268] Accordingly, if a load is connected between the
terminals C and D, which are the output terminals of the
piezoelectric transformer 700, the mechanical burden
exerted on the piezoelectric transformer 700 is the same as
that on the piezoelectric transformer such as the piezoelec-
tric transformer 200 according to the first embodiment of the
present invention, in which the polarization directions of the
rectangular plate near the secondary electrodes are set
different in the longitudinal thereof and the secondary elec-
trodes are electrically connected to each other, while power
supplied to the connected load is equal in two embodiments.
The amplitude of the output voltage from each of the two
secondary electrodes of the piezoelectric transformer 700 is
reduced by half and that of the output current from each of
them is doubled, compared with the amplitude of output
voltage and output current from each of them of the piezo-
electric transformer 200

[0269] As shown in FIG. 25, for example, if two cold
cathode fluorescent lamps 800 are connected in series to the
secondary electrodes, the phases of the output voltages of
the electrodes 716 and 717 differ by 180 degrees and the
amplitudes of the output voltages are respectively V_ /2 if
the potential difference between the end of one cold cathode
fluorescent lamp and the end of the other cold cathode
fluorescent lamp, which are connected to the secondary
electrodes, is V. Thus, it is possible to set the withstand
voltage levels of, for example, wiring, terminals involved
the connection between the secondary electrodes of the
piezoelectric transformer 700 and the cold cathode fluores-
cent lamps to be low. It is also possible to arrange high
voltage wiring more proximate to the other parts relative to
the reduction of the amplitudes of the output voltages of the
secondary electrodes, because the dielectric breakdown is
prevented which occurs according to the distance between
the high voltage wiring and the other parts.

[0270] In FIGS. 23 to 25, a case where the polarization
direction in the region of the rectangular plate 702 inter-
posed between the electrodes 703 and 704, which are
components of the primary electrodes of the piezoelectric
transformer 700, differs from those in regions thereof inter-
posed between the electrodes which are the other compo-
nents of the primary electrodes in the thickness direction of
the rectangular plate 702, has been described. However,
even if the polarization directions between the electrodes
constituting the primary electrodes of the piezoelectric trans-
former 700 are all equal in the thickness direction of the
rectangular plate 702 as shown in FIGS. 26 and 27, the
same advantages as those described above can be attained by
electrically connecting the electrodes 703, 706 and 708 to
one another and electrically connecting the electrodes 704,
705 and 707 to one another. Further, the polarization direc-
tions near the secondary electrodes of the piezoelectric
transformer 700 are not limited to those shown in FIGS. 23
to 27. As long as the polarization directions near the sec-
ondary electrodes are equal in the longitudinal direction of
the rectangular plate, the same advantages as those in this
embodiment can be attained even if the polarization direc-
tions are opposite to those in the piezoelectric transformer
700.

[0271] By setting the polarization directions near the sec-
ondary electrodes equal in the longitudinal direction of the
rectangular plate, the piezoelectric transformer in this
embodiment can output voltages equal in amplitude and
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different by 180 degrees in phase from the two secondary
electrodes. In that case, it is possible to attain the same
advantages as those in this embodiment while holing the
advantages of the piezoelectric transformers in the respec-
tive embodiments.

[0272] Eleventh Embodiment

[0273] FIG. 28 is a block diagram showing one example
of the configuration of a step-up circuit which employs the
piezoelectric transformer according to the present invention.
The step-up circuit consists of a variable oscillating circuit
902, a driving circuit 904, a switching circuit 906, a piezo-
electric transformer 908, a load 910, a signal detecting
circuit 912, and a control circuit 914. The variable oscillat-
ing circuit 902 generates a frequency signal, and the driving
circuit 904 and the switching circuit 906 generate a driving
signal for driving the piezoelectric transformer 908. The
control circuit 914 controls the piezoelectric transformer 908
through the variable oscillating circuit 902 and the driving
circuit 904 in accordance with the signal detected by the
signal detecting circuit 912 so that the piezoelectric trans-
former 908 can be stably driven in accordance with the
change of voltages applied to load 910 connected to the
secondary (output) electrodes of the piezoelectric trans-
former 908.

[0274] If the piezoelectric transformer is used in a step-up
inverter circuit, it is possible to realize a step-up circuit
higher in circuit efficiency than the step-up circuit which
employs a conventional electromagnetic transformer. This is
because the piezoelectric transformer is higher in driving
efficiency than the conventional electromagnetic trans-
former. In addition, the volume of the piezoelectric trans-
former can be made smaller because the piezoelectric trans-
former can handle a larger amount of electrical energy per
unit volume than the conventional electromagnetic trans-
former. Further, the shape of the piezoelectric transformer is
advantageous to making the liquid crystal display panel thin
because the piezoelectric transformer uses vibrations in the
longitudinal direction of the rectangular plate. Besides, the
maximum value of the internal stresses or strains of the
piezoelectric transformer according to the present invention
is smaller than that of the conventional piezoelectric trans-
former of the same shape using the A/2 longitudinal exten-
sional vibration mode or A longitudinal extensional vibra-
tion mode, because the piezoelectric transformer according
to the present invention uses the 3A/2 longitudinal exten-
sional vibration mode. Thus, the piezoelectric transformer
according to the present invention can handle higher power.

[0275] Twelfth Embodiment

[0276] FIG. 29 is a block diagram showing one example
of the configuration of a light emitting apparatus using a cold
cathode fluorescent lamp which employs the piezoelectric
transformer according to the present invention. The light
emitting apparatus using the cold cathode fluorescent lamp
consists of a variable oscillating circuit 922, a driving circuit
924, a switching circuit 926, a piezoelectric transformer 928,
a cold cathode fluorescent lamp 930, a signal detecting
circuit 932, and a control circuit 934. The variable oscillat-
ing circuit 922 generates a frequency signal, and the driving
circuit 924 and the switching circuit 926 generate a driving
signal for driving the piezoelectric transformer 928. The
control circuit 934 controls the piezoelectric transformer 928
through the variable oscillating circuit 922 and the driving
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circuit 924 in accordance with the signal detected by the
signal detecting circuit 932 so that the piezoelectric trans-
former 928 can be stably driven in accordance with a change
in current flowing in the cold cathode fluorescent lamp 930
connected to the secondary (output) electrodes of the piezo-
electric transformer 928.

[0277] Thirteenth Embodiment

[0278] FIG. 30 is a typical view of a liquid crystal display
panel into which the light emitting apparatus using the cold
cathode fluorescent lamp shown in FIG. 29 is installed. The
liquid crystal display panel 940 can employ a light emitting
apparatus using the cold cathode fluorescent lamp, which is
consisted of an inverter circuit 942 using the piezoelectric
transformer and a cold cathode fluorescent lamp 944, as a
light emitting apparatus for a liquid crystal display panel.

[0279] The conventional electromagnetic transformer is
required to constantly output a high voltage at the start of
lightening the cold cathode fluorescent lamp. However, the
output voltages of the piezoelectric transformer according to
the present invention changes in accordance with the load
change at the time of start of lightening the cold cathode
fluorescent lamp and during lightening the lamp. Thus, by
using the piezoelectric transformer according to the present
invention, other circuit systems included in the liquid crystal
display or a liquid crystal monitor are less adversely influ-
enced. Further, the output voltage from the piezoelectric
transformer to the cold cathode fluorescent lamp has fewer
unnecessary frequency components which do not contribute
to the lightening of the cold cathode fluorescent lamp
because the output voltage is almost in the form of a sine
wave.

[0280] Furthermore, the volume of the piezoelectric trans-
former can be made smaller because the piezoelectric trans-
former can handle a larger amount of electrical energy per
unit volume than the electromagnetic transformer. In addi-
tion, the shape of the piezoelectric transformer is advanta-
geous to making the liquid crystal display panel thin because
the piezoelectric transformer uses vibrations in the longitu-
dinal direction of the rectangular plate. Therefore, the light
emitting apparatus using the cold cathode fluorescent lamp
light can be installed in a narrow location such as the edge
of the liquid crystal display or the liquid crystal monitor.
Besides, the maximum value of the internal stresses or
strains of the piezoelectric transformer according to the
present invention is smaller than that of the conventional
piezoelectric transformer of the same shape using the A/2
longitudinal extensional vibration mode or A longitudinal
extensional vibration mode, because the piezoelectric trans-
former according to the present invention uses the 3A/2
longitudinal extensional vibration mode. Thus, the piezo-
electric transformer according to the present invention can
handle higher power.

[0281] The present invention has been described in detail
so far while referring to the preferred embodiments. How-
ever, it will be obvious to those skilled in the art that the
present invention is not limited to the embodiments but
many preferred modifications and changes can be made
within the technical scope of the present invention defined
by the claims which follow.
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What is claimed is:
1. A piezoelectric transformer comprising:

a rectangular plate made of a piezoelectric material; and

primary electrodes and secondary electrodes each formed
on said rectangular plate;

wherein said primary electrodes comprise a plurality of
electrode pairs, two electrodes of one of said electrode
pairs are formed opposed each other on two main
surfaces of said rectangular plate perpendicular to a
thickness direction of said rectangular plate to interpose
said rectangular plate therebetween; and said secondary
electrodes comprise a plurality of electrodes;

whereby a voltage is output from said secondary elec-
trodes when an alternating voltage is applied to said
primary electrodes to excite mechanical vibrations of a
¥ wavelength to expand and contract said rectangular
plate in a longitudinal direction thereof in said rectan-
gular plate.

2. The piezoelectric transformer according to claim 1,

wherein said primary electrodes include:

a first electrode pair formed in a central portion in the
longitudinal direction of said rectangular plate; and

a second electrode pair and a third electrode pair formed
adjacent to said first electrode pair and on one side and
on the other side of said first electrode pair in the
longitudinal direction of said rectangular plate, respec-
tively.

3. The piezoelectric transformer according to claim 2,
wherein said rectangular plate is made of a piezoelectric
ceramic or piezoelectric monocrystals connected in series
along the longitudinal direction of said rectangular plate;
and

when said rectangular plate is made of the piezoelectric
ceramic, polarization directions of the piezoelectric
ceramic are different between regions of said rectan-
gular plate interposed between electrodes of said sec-
ond electrode pair and between those of said third
electrode pair and a region of said rectangular plate
interposed between those of said first electrode pair; or

when said rectangular plate is made of the piezoelectric
monocrystals, c-axis directions of the piezoelectric
monocrystals are different between two of the monoc-
rystals interposed between electrodes of said second
electrode pair and between those of said third electrode
pair and one of the monocrystals interposed between
those of said first electrode pair.

4. The piezoelectric transformer according to claim 2,
wherein said rectangular plate is made of a piezoelectric
ceramic or piezoelectric monocrystals connected in series in
the longitudinal direction of the rectangular plate; and

when said rectangular plate is made of the piezoelectric
ceramic, polarization directions of the piezoelectric
ceramic are the same among regions of said rectangular
plate interposed between electrodes of said first elec-
trode pair, between those of said second electrode pair,
and between those of said third electrode pair; or

when said rectangular plate is made of the piezoelectric
monocrystals, c-axis directions of the piezoelectric
monocrystals are the same among the monocrystals
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interposed between electrodes of said first electrode
pair, between those of said second electrode pair, and
between those of said third electrode pair.

5. The piezoelectric transformer according to claim 1,
wherein said secondary electrodes are formed near two ends
in the longitudinal direction of said rectangular plate.

6. The piezoelectric transformer according to claim 1,
wherein each electrode of said primary electrodes formed on
a main surface of said rectangular plate perpendicular to the
thickness direction of said rectangular plate extends from
said main surface to one end face of said rectangular plate
in the width direction of said rectangular plate.

7. The piezoelectric transformer according to claim 2,
wherein said secondary electrodes are formed near two ends
in the longitudinal direction of said rectangular plate; and

a length of each electrode of said first electrode pair is not
more than a third of a length of said rectangular plate
in the longitudinal direction of said rectangular plate.

8. The piezoelectric transformer according to claim 2,
wherein said first, second and third electrode pairs are
formed symmetrically with respect to a center line perpen-
dicular to the longitudinal direction of said rectangular plate
and dividing said rectangular plate in half in the longitudinal
direction of said rectangular plate.

9. The piezoelectric transformer according to claim 8,
wherein an area of each electrode of said second and third
electrode pairs is smaller than an area of each electrode of
said first electrode pair.

10. The piezoelectric transformer according to claim 9,
wherein a length of each electrode of said second and third
electrode pairs is equal to that of each electrode of said first
electrode pair in the width direction of said rectangular
plate; and

a length of each electrode of said second and third
electrode pairs is not less than 10% and shorter than
100% of the length of each electrode of said first
electrode pair in the longitudinal direction of said
rectangular plate.

11. The piezoelectric transformer according to claim 1,

wherein said secondary electrodes are formed near two ends
in the longitudinal direction of said rectangular plate;

said rectangular plate is made of a piezoelectric ceramic
or piezoelectric monocrystals connected in series along
the longitudinal direction of said rectangular plate; and

when said rectangular plate is made of the piezoelectric
ceramic, polarization directions of the piezoelectric
ceramic are the same as the longitudinal direction of
said rectangular plate near said secondary electrodes; or

when said rectangular plate is made of the piezoelectric
monocrystals, c-axis directions of the piezoelectric
monocrystals are the same as the longitudinal direction
of said rectangular plate near said secondary electrodes.

12. The piezoelectric transformer according to claim 1,
wherein said secondary electrodes are formed on a plane on
which said primary electrodes are formed.

13. The piezoelectric transformer according to claim 1,
further comprising a supporter to fix said piezoelectric
transformer at mechanical vibration nodes of said piezoelec-
tric transformer and to be made of an electrically conductive
material contacting with the electrodes; wherein said sec-
ondary electrodes are formed near two ends in the longitu-
dinal direction of said rectangular plate.
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14. A step-up circuit comprising:
a piezoelectric transformer; and

an input circuit supplying an alternating voltage to said
piezoelectric transformer;

wherein said piezoelectric transformer comprises:
a rectangular plate made of a piezoelectric material; and

primary electrodes to which said alternating voltage is
applied and secondary electrodes each formed on said
rectangular plate;

wherein said primary electrodes comprise a plurality of
electrode pairs, two electrodes of one of said electrode
pairs are formed opposed each other on two main
surfaces of said rectangular plate perpendicular to a
thickness direction of said rectangular plate to interpose
said rectangular plate therebetween; and said secondary
electrodes comprise a plurality of electrodes.

15. A light emitting apparatus including a cold cathode

fluorescent lamp comprising:

a piezoelectric transformer;

an input circuit supplying an alternating voltage to said
piezoelectric transformer; and

a cold cathode fluorescent lamp driven by an output
voltage of said piezoelectric transformer;

wherein said piezoelectric transformer comprises:
a rectangular plate made of a piezoelectric material; and

primary electrodes to which said alternating voltage is
applied and secondary electrodes each formed on said
rectangular plate;

wherein said primary electrodes comprise a plurality of
electrode pairs, two electrodes of one of said electrode
pairs are formed opposed each other on two main
surfaces of said rectangular plate perpendicular to a
thickness direction of said rectangular plate to interpose
said rectangular plate therebetween; and said secondary
electrodes comprise a plurality of electrodes;

whereby said output voltage is output from said secondary
electrodes when said alternating voltage is applied to
said primary electrodes to excite mechanical vibrations
of a 32 wavelength to expand and contract said rect-
angular plate in a longitudinal direction thereof in said
rectangular plate.

16. The step-up circuit according to claim 14, wherein
phases of alternating voltages applied to said plurality of
primary electrode pairs differ among said primary electrode
pairs.

17. The light emitting apparatus including the cold cath-
ode fluorescent lamp according to claim 15, wherein phases
of alternating voltages applied to said plurality of primary
electrode pairs differ among said primary electrode pairs.

18. The step-up circuit according to claim 16, wherein
said primary electrode pairs include:

a first electrode pair formed in a central portion in the
longitudinal direction of said rectangular plate; and

a second electrode pair and a third electrode pair formed
adjacent to said first electrode pair and on one side and
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on the other side of said first electrode pair in the
longitudinal direction of said rectangular plate, respec-
tively,

wherein the phase of the alternating voltage applied to
said first electrode pair differs by 180 degrees from
those of the alternating voltages applied to said second
and third electrode pairs.
19. The light emitting apparatus including a cold cathode
fluorescent lamp according to claim 17, wherein said pri-
mary electrode pairs include:

a first electrode pair formed in a central portion in the
longitudinal direction of said rectangular plate; and

a second electrode pair and a third electrode pair formed
adjacent to said first electrode pair and on one side and
on the other side of said first electrode pair in the
longitudinal direction of said rectangular plate, respec-
tively,

wherein the phase of the alternating voltage applied to
said first electrode pair differs by 180 degrees from
those of the alternating voltages applied to said second
and third electrode pairs.
20. A liquid crystal display panel incorporating therein a
light emitting apparatus including a cold cathode fluorescent
lamp, which cold cathode fluorescent lamp includes:

a piezoelectric transformer;

an input circuit supplying an alternating voltage to said
piezoelectric transformer; and

a cold cathode fluorescent lamp driven by an output
voltage of said piezoelectric transformer;

wherein said piezoelectric transformer comprises:
a rectangular plate made of a piezoelectric material; and

primary electrodes to which said alternating voltage is
applied and secondary electrodes each formed on said
rectangular plate;

wherein said primary electrodes comprise a plurality of
electrode pairs, two electrodes of one of said electrode
pairs are formed opposed each other on two main
surfaces of said rectangular plate perpendicular to a

Dec. 23, 2004

thickness direction of said rectangular plate to interpose
said rectangular plate therebetween; and said secondary
electrodes comprise a plurality of electrodes;

whereby said output voltage is output from said secondary
electrodes when said alternating voltage is applied to
said primary electrodes to excite mechanical vibrations
of a 32 wavelength to expand and contract said rect-
angular plate in a longitudinal direction thereof in said
rectangular plate.

21. An equipment incorporating therein a liquid crystal
display panel which incorporates therein a light emitting
apparatus including a cold cathode fluorescent lamp, which
cold cathode fluorescent lamp includes:

a piezoelectric transformer;

an input circuit supplying an alternating voltage to said
piezoelectric transformer; and

a cold cathode fluorescent lamp driven by an output
voltage of said piezoelectric transformer;

wherein said piezoelectric transformer comprises:
a rectangular plate made of a piezoelectric material; and

primary electrodes to which said alternating voltage is
applied and secondary electrodes each formed on said
rectangular plate;

wherein said primary electrodes comprise a plurality of
electrode pairs, two electrodes of one of said electrode
pairs are formed opposed each other on two main
surfaces of said rectangular plate perpendicular to a
thickness direction of said rectangular plate to interpose
said rectangular plate therebetween; and said secondary
electrodes comprise a plurality of electrodes;

whereby said output voltage is output from said secondary
electrodes when said alternating voltage is applied to
said primary electrodes to excite mechanical vibrations
of a 32 wavelength to expand and contract said rect-
angular plate in a longitudinal direction thereof in said
rectangular plate.



