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Abstract

Transducers with piezoelements in electric filters are developed and investigated. Inclusion of piezoelements in to circuits of filters
has allowed to obtain amplitude-frequency responses (AFR), corresponding to these filters, and thus to expand their frequency range.
However, the drawback of the mentioned transducers is necessity of use for some schemes of two piezoelements or a piezoelement and
the condenser. For elimination of this shortcoming it is proposed to use in circuits of piezotransformers also. Besides, for one or for two
systems it is offered to put electrodes so that the electric field vector between these electrodes would be at the angle a to a polarisation
vector. It allows to get electric voltage which exceeds the voltage for a conventional case when a =0 on these electrodes. Eight schemes
of such transducers are developed. Computer models with which help it is possible to predict AFR of the transducers with piezoelements

and piezotransformers in schemes of electric filters are developed.
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Introduction

Piezoceramic transducers are widely used in
hydroacoustics, electro-acoustics, in ultrasonic, medical
and measuring  technics, in  scanning  probe
nanomicroscopes, piezoengines and in other areas of a
science and technics.

Piezoelectric transducers occupy a special place in
hydroacoustics, being in essence, with ears and eyes of the
underwater and surface ships.

Widely enough in transducers of different functions
are applied bimorph piezoelements which usually consist
of a disk piezoelement and the metal plate, joined among
themselves by means of glue or fusible solder [1-3].

The bimorph piezoelements possess 10 times higher
sensitivity, than monomorph, however have a narrow
working frequency range.

Resonant frequency of a bimorph element can be
defined approximately under the formula [4]:

0,45Ch

where C=,/Ep, h is the thickness of a piezoelement, r is

(M

the piezoelement radius, £ — Young’s module, p is the
density of a material of a piezoelement, u is the Puasson’s
coefficient.

In practice the resonant frequency of used bimorph
elements usually is of the order of some kilohertz [3].

Problem and approach

Some methods of expansion of a working frequency
range are known. Most obvious of them consists in
deccrease transducer overall dimensions, however
sensitivity thus decreases. Besides, this method is not
suitable for low-frequency radiators [3]. One more method
consists in use of a spatial energy force structure of a
piezoelement [4]. The method which consists in

25

introduction of a spatial electromechanical feedback is
interesting also, however it leads to more complicated
transducer design.

Let's consider in this work possibility of expansion of
a working range of frequencies of transducers by inclusion
of piezoelement in to circuits of electric filters.

The idea is based on a creation of such transducers that
the piezoelement (piezoelements) included in to the
scheme of the electric filter would possess the amplitude-
frequency responses (AFR), which corresponds to the AFR
of the filter.

Electric filters are well enough studied and described
in [6, 7]. As the electric filter is called the device serving
for allocation (or suppression) electric voltage or currents
of the selected frequency.

Depending on characteristics some types of filters
from which the greatest interest for the given case is
represented by filters of the low-pass and high-pass are
known.

Low-pass filters (LPF) pass oscillations of all
frequencies from a direct current and to some top cut-off
frequency ;.

High-pass filters (HPF) pass oscilations from some
cut-off frequency w, to infinitely high frequencies.

In order the transducer would have AFR of the filter,
the piezoelement or piezoelements are included in to the
circuit of the filter instead of condensers.

Results

Two cases of the transducer with piezoelements in
low-pass filter are shown in Fig. 1 [8-10].

In this case force F is applied to on one of the
piezoelements (PE1). The second piezoelement is used as a
condenser.

For investigation the transducer on a basis of a
bimorph element which consists of a metal plate from
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brass @36 with the thickness of 0,3 mm and a
piezoelement from piezoceramic element [{TC-19 with the
diameter 30 mm and thickness 0,8 mm was used. The basic
resonant frequency of the transducer oscillations - 3,5 kHz.

e

Results of the computer modelling of the transducer
presented in Fig. la, by means of the package MicroCap
9.6.1, are shown in Fig. 2.
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Fig. 2. The equivalent circuit and amplitude-frequency response(AFR) of the transducer (Fig. 1a): a - the equivalent circuit, b - the amplitude-
frequency responses at different R1 when R3=1kQ, C1=5nF, C2=5nF, C2-5=5nF L1=0.5H

Apparently from Fig. 2, AFR of the transducer depends
on a resistance of the resistor R1. On AFR there is a
blockage on frequency 3,5 kHz, corresponding to the
resonant frequency of the bimorph element.

Similar results are obtained for the transducers shown
in Fig. 1b.
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Two schemes of the transducer with piezoelements in
the HPF are shown in Fig. 3 [11-14].

In the transducer (Fig. 3a) the force F acts only on one
piezoelement (PE1). In the second case (Fig. 3b) the force
is applied to both piezoelements.

Results of computer modelling of the transducer
presented in Fig. 3 shown in Fig. 4.
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Fig. 3. Transducers of mechanical quantities with piezoelements in the HPF
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Fig. 4. The equivalent circuit and AFR of the transducer (Fig. 3a): a - the equivalent circuit, b - the amplitude-frequency responses at different
values of resistance R1 at R2=1kQ, C2-5=500pF, C4-5=5nF, L1=0.5H

Apparently from the results of modelling AFR of the
sensor depends on a value of the resistance R3.

Similar results are received for the transducer (Fig. 3b).

Disadvantage of the mentioned transducers is necessity
of use of two piezoelements or a piezoelement and the
condenser.

For elimination of this disadvantage it is offered to use
piezotransformers, that is, the piezoelements with two
systems of electrodes.
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Besides, for one or for two systems it is proposed to
put electrodes so that the electric field vector between these
electrodes would be at the angle o to the polarisation vector
(0<0<90°). It allows to get on these electrodes electric
voltage, which exceeds the voltage for a traditional case
when a=0 [3, 5].

Some circuit diagrams of the transducers implementing
these ideas, are shown in Fig. 5 [14-17].

ST
|

/i/l

3 5 7
O
. 1
R1 R2
e L L
2¢|: 4 6
| ]
3 5 7
O
d

Fig. 5. Piezotransducers with piezotransformers in low-pass filters

The transducer of mechanical quantities (Fig. S5a)
contains a piezoelement 1 with two systems of electrodes 2,
3 and 4, 5 and resistors R1 and R2. The resistors are
connected to the electrodes of the piezoelement and the
transducer’s output. The electrode 5 is connected to the
common ground. The electrodes 2, 3, 4 and 5 have the
identical area, therefore at identical mechanical influence
on them the identical electric charge is formed.

Meanwhile, capacity C2-5 between the electrodes 2
and 5 much less capacities C4-5 between electrodes 4 and
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5. It is related, obviously, to the bigger distance between
electrodes and, probably, change of the dielectric
permeability in a piezoelectric material as capacity
measurements are made at the angle o (0<a<90°) to the
polarisation vector P [3]. Therefore, the electric voltage on
the electrode 2 is higher, than on the electrode 4 what
creates favorable conditions for the transducer and filter
operation.

For experiments the piezoelement made of the
piezoceramic element IITC-19 with the diameter 30 mm
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and thickness of 0,8 mm and a metal plate made of brass
JI163 with the diameter 36 mm and the thickness of 0,3 mm
was used.

Computer modelling of piezoceramics transducers was
carried out by means of the program MicroCAP which
allows to predict the amplitude-frequency responses of the
transducer.

The equivalent circuit and the amplitude-frequency
responses of the transducer constructed under the scheme
given in Fig. 5a, are shown in Fig. 6.

In the equivalent circuit (Fig. 6a) parametres of the L1,
C2, R3 correspond to the dynamic parametres of the
bimorph piezoelement, capacity ClI interelectrode
capacity C4-5. The electric voltage on the electrode 2 is
presented by the generator V1.
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Fig. 6. The equivalent circuit and AFR of the transducer (Fig. 5a): a - the equivalent circuit, b - the amplitude-frequency responses at different
values of the resistance R1 at R3=1kQ, C1=5nF, C2=5nF, C2-5=5nF L1=0.5H, c - the amplitude-frequency responses at different values of
the resistance R1 at R2=10kQ, C1=5nF, C2=5nF, C2-5=5nF L1=0.5H, d - the amplitude-frequency responses at different values of the
resistance R1 at R3=1kQ, C1=10nF, C2=5nF, C2-5=5nF L1=0.5H

From Fig. 2, follows that on the AFR there is "failure"
at the frequency ~ 3,5 kHz, corresponding resonant
frequency of bimorph a piezoelement. Depth of this
"failure" depends on a quality of the bimorph element, that
is, on the value of the resistance R3.

The linearity AFR and the bandwidth depends on the
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resistance R1.

The transducer (Fig. 5b) differs from the transducer in
Fig. 5a by the additional circuit R2 - C4; which enables
one more integration of the input signal formed on the
electrode 2.
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The equivalent circuit and amplitude-frequency
response of the transducer constructed under the scheme
Fig. 5b are shown in Fig. 7.

From Fig. 7, follows that in this case the transducer has
more linear frequency characteristic.

The transducer’s scheme (Fig. 5c) differs from the
scheme in Fig. 5a that in this case the systems of
electrodes 2-3, 4-5, 6-7 is used.

The electrode 5 is connected to the commin ground of
the circuit. The area S, of the electrode 2 is less than area
S5 of the electrode 5, and the area S6 of the electrode 6 is
equal to the area Ss, that is S, <Ss and Ss=Sg.

Therefore, the interelectrode capacities C,.5<Cs., and
consequently, electric voltage on the electrode 2 turns out
more than on the electrode 6. It is experimentally
established also, that the resonant frequency of the bimorph
transducer increases.

The equivalent circuit and amplitude-frequency
responses of the transducer constructed under the scheme
Fig. 5c are shown in Fig. 8.

The equivalent circuit and amplitude-frequency
responses of the transducer constructed under the scheme

Fig. 5d are shown in Fig. 9.
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Fig. 7. Equivalent circuit and AFR of the transducer (Fig. 5b): a - the equivalent circuit, b - the amplitude-frequency responses at various values
the of resistance R2 at R1=100Q, C1=5nF, C2=5nF, C2-5=5nF, C6-7=5nF, L1=0.5H
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Fig. 8. Equivalent circuit and AFR of the transducer (Fig. 5c): a - the equivalent circuit, b - the amplitude-frequency responses at various values

of the resistance R1 at C2-3=500pF, C6-7=2nF
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Fig. 9. Equivalent circuit and AFR of the transducer (Kig. 5d): a - the equivalent circuit, b - the amplitude-trequency responses at various values
of the resistance R2 at R1=100Q, C2-3=500pF, C4-5=5nF, C6-7=500pF
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Some transducers with piezotransformers in high-pass
in filters are shown in Fig. 10 [18-21].

The transducer (Fig. 10a) contains a piezoelement 1
with two systems of electrodes 2, 3 and 4, 5 and resistor
R1. The electrode 4 is connected to the transducer’s input.
The electrode 5 is connected through resistor R1 to the
electrode 2 and the common ground of the circuit.
Electrodes 2, 3, 4 and 5 have the identical areas, therefore
at identical mechanical influence on them the identical
electric charge is formed. Meanwhile, capacity C,;
between the electrodes 2 and 5 is much less than the
capacity C4s between the electrodes 4 and 5. It is related,
obviously, to the bigger distance between electrodes and,

probably, change of dielectric permeability in a
piezoelectric material, as capacity measurements are made
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to the angle a (0 <a < 90 °) to a vector of polarisation P
[3].

For experiments the piezoelement made from
piezoceramic I[TC-19 with the diameter 30 mm and
thickness of 0,8 mm and a metal plate made from brass
JI63 with the diameter 36 and the thickness of 0,3 mm was
used.

Computer modelling of piezoceramics transducers was
carried out by means of the program MicroCAP, which
allows to predict the amplitude-frequency response of the
transducer.

The equivalent circuit and amplitude-frequency
responses of the transducer constructed under the scheme
Fig.10a, are shown in Fig.11.
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Fig. 10. Transducers with piezotransformers in schemes of HPF
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Fig.11. Equivalent circuit and AFR of the transducer (Fig. 10a): a - the equivalent circuit, b - the amplitude-frequency responses at various
values of the resistance R1 at R2=1kQ, C2-5=500pF, C4-5=5nF, L1=0.5H
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From Fig. 11 follows that the transducer has a linear  R1, the electrode 2 - with the general wire, the electrode 6 -
AFR and the bandwidth of a working frequencies depends  with a transducer’s output.
on resistance R1. The equivalent circuit and amplitude-frequency
The transducer (Fig. 10b) differs from the transducer responses of the transducer constructed under the scheme
(Fig. 10a). The transducer has three systems of electrodes  Fig.10b, are shown in Fig.12.
2-3, 4-5, 6-7. The electrode 5 is connected to the resistor
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Fig. 12. Equivalent circuit diagram and AFR of the transducer (Fig. 10b):a - the equivalent circuit, b - the amplitude-frequency responses at
different values of resistance, R1 at C2-3=500pF, C4-3=500pF, L1=0.5H

Apparently from Fig. 12, in this case the transducer has  transducer’s output is connected to the general wire, and.
a more linear frequency characteristic at smaller values R1.  The electrode 5 is connected to the resistors R1 and R3.

The transducer scheme (Fig. 10c) differs from the The resistor R1 is also connected to the common ground
scheme in Fig. 10a that two pairs systems of electrodes 2-3  and the resistor R3 - to a transducer’s output. The
and 4-6, and four resistors in this case are used. The equivalent circuit and amplitude-frequency responses of the
electrodes 2 and 4 are connected to the common ground. transducer constructed under the scheme presented in
The electrode 3 is connected to the resistors R2 and R4, Fig. 10c are shown in Fig. 13.
and R2 the second conclusion of resistor R4 - with a
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Fig. 13. Equivalent circuit diagram and AFR of the transducer (Fig. 10c): a - the equivalent circuit, b - the amplitude-frequency responses at
different values of resistance R1 at C2-3=5nF, C4-5=5nF, R2=15 MQ, R3= R4=1k(), L1=L2=0.5H
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Fig. 14. Equivalent circuit diagram and AFR of the transducer (Fig. 10d):a - the equivalent circuit, b - the amplitude-frequency responses at
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Apparently from Fig. 13, a working frequency range of
this transducer is essentially wider.

quantities The equivalent circuit diagram and
amplitude-frequency responses of the transducer’s
constructed according to Fig. 10d, are shown in Fig. 14.

Apparently from Fig. 11-14, by selecting
corresponding resistance and piezoelement capacitance it
is possible of increase a working frequency band 10-15
times and more.

Conclusions

1. Transducers with piezotransformers in electric filters
were developed and investigated.

2. Application in the piezotransformer of integrating
and differentiating circuits has allowed to expand a
working range of frequencies of the transducer, thus AFR
remains linear in a wide range of frequencies.

3. Computer models were developed, with which help
it is possible to predict AFR of the transducers with
piezotransformers in high-pass electric filters.
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Pjezokeitikliai elektriniy filtry schemose
Reziumé

Sukurti ir tyrinéjami pjezokeitikliai elektriniy filtry schemose.
Pjezoelementy taikymas filtry schemose jgalina gauti amplitudines -
daznines charakteristikas, tokios kaip elektriniuose filtruose ir praplésti ju
darbiniy dazniy sriti. Darbe sitilomos schemos su pjezotransformatoriais,
kai elektrodai iSdéstomi taip, kad elektrinio lauko vektorius bty kampu o
i poliarizacijos vektoriy. Tai leidzia gauti jtampa, kuri virija tampa
gaunamg tradiciniu atveju, kai kampas ant §iy elektrody o = 0. Pasitilytos
tokiy filtry astuonios schemos.
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