KOMIMTIOTEPHI MEPEXI | KOMIMOHEHTW, NMPUITAOOBYOYBAHHA
UDC 681.586

EQUIVALENT CIRCUIT OF PIEZOELECTRIC TRANSDUCER
WITH HELMHOLTZ RESONATOR

Sharapov V. M.}, D.Sc., professor,
Petrishchev O. N.2, D.Sc., professor,
Prohorenkov A. M .2, Ph.D., professor,
BaziloK.V.%, Ph.D.,

Sotulazh. V.%, Ph.D.

'Cherkasy State Technological University,
Shevchenko blvd, 460, Cherkasy, 18006, Ukraine,
v_sharapov@rambler.ru
*National Technical University of Ukraine "Kyiv Polytechnic Institute",
Prospect Peremogy, 37, Kiev, 03056, Ukraine,
*Murmansk State Technical University,
Sportivnaya Str, 13, Murmansk, 183010, Russia

Abstract. The work is devoted to actual problems of the improvement of piezoelectric elec-
troacoustic transducers. The change of piezoelectric transducers characteristics is possible due to
external circuits for piezoelectric element — electric, mechanical or acoustic ones. This article de-
scribes a piezoelectric transducer with Helmholtz resonator. The equivalent circuit of electroacoustic
transducer with Helmholtz resonator is built. The use of the proposed equivalent circuit allows by
means of application programs to assess characteristics, to predict the parameters and operation
mode of piezoelectric € ectroacoustic transducers.
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Annomavusa. Paboma nocesawena akxmyanbHbIM 60NPOCAM COBEPUIEHCBOBAHUS Nbe303JIeK-
MPUYECKUX INeKMpoaKycmuieckux npeobpasosameneil. M3menenue xapaxmepucmux npeoopasosa-
mejist 603MOJCHO 3a CUEM GHEWHUX 01 Nbe30NeMenma yeneu — NeKMpUiecKux, MexaHudeckux umu
akycmuueckux. B cmamve paccmompen nve3031eKmpuyecKuil npeobpaszosament ¢ pe3oHamopom
Tenvmeonvya. Ilocmpoena sKeuBanIeHmMuas cxema d1eKmpoaKyCcCmuieckozo npeobpazosames ¢ pe3o-
Hamopom I'envmeonvya. Hcnonvzosanue npeonroiceHHol IKEUBANEHMHOU CXeMbl NO3BOJISem Npu Nno-
MOWU NPUKIAOHBIX HPOZPAMM NPOU3EOOUMb OYEHKY XAPAKMEPUCIUK, NPOSHO3UPOGAMb NAPAMEmpbl
U pedcuM nbe3021eKmpudeckux npeobpazosameneil.

Knrwouesvie cnosa:. nvesodnekmpuueckull npeobpasosamens, pesonamop I enbmeonvya, amniu-
MYOHO-4ACMOMHAS XAPAKMEPUCTMUKA, IKGUBATICHIMHAS CXeMA.
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As is known, devices which convert an
eectric signal into an acoustic one are called as
dectroacoustic  transducers (EAT). EAT are
widely used for the work in air environment (se-
curity systems, measuring equipment), in water
(radars, sonar, underwater communication), to
create sound waves in solids (nondestructive con-
tral), etc. [1-8].

Piezoelectric transducers are widdy used
in electroacoustics.

In [9, 10] the synthesis technologies of
piezoelectric transducers are described. These
technologies allow you to create transducers with
necessary characteristics.

Among the described technologies of spe-
cia interest is the technology of additional ele-
ments, since in this case the change in character-
istics of the transducer is due to external circuits
of piezoelectric element. The essence of this
technology is that additional oscillatory systems
(electric, mechanical, €ectromechanical or
acoustic systems) are attached to piezoelectric
eement [10]. Helmholtz resonator is an example
of simple acoustic oscillating system.

Analytical expressions for amplitude-
frequency characterigtics (AFC) of such oscilla
tory systems are not available, so the definition of
AFC is often carried out experimentaly; it is not
aways convenient and increases the time of pie-
zoelectric transducers designing.

So the purpose of this work is to develop
an equivalent circuit of piezoelectric transducer
with Helmholtz resonator. The use of such cir-
cuits allows with application programs to assess
characterigtics and to predict the parameters and
modes of piezoel ectric transducers.

Helmholtz resonator is a sphericd cavity
with an open neck. The air in the neck is oscillat-
ing mass and the volume of air in the cavity is an
elastic element. Of course, such separation is only
approximately true, because some of air in the
cavity has an inertia resistance. However, for a
sufficiently large value of ratio of the orifice area
and the sectional area of the cavity accuracy of
this approximation is quite satisfactory. Most of
kinetic energy of oscillationsis concentrated in the
neck of resonator, where vibration particle veloc-
ity of air isthe greatest [11].

Helmholtz resonator with volume V and
neck length | and cross-section S=zr? is shown in
Fig. 1 and its modified version —in Fig. 2.
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Fig. 1. Helmholtz resonator

Strictly speaking, the resonator is a system
with distributed parameters. However, if the di-
mensions of the resonator are small compared
with the wavelength of oscillations acting on the
resonator, such system can practically be consid-
ered as a system with lumped parameters.
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Fig. 2. Modified Helmholtz r esonator

For using a well-designed apparatus of
electrical quadripolestheory in analysis processes
occurring in complex mechanical systems, the
method of electromechanical analogies is used. It
alows to transform mechanical systems to elec-
tric ones. By this method the pressure P is con-
sidered as an analog of the voltage, vibration ve-
locity v — as an analog of current density and vol-
ume vibration velocity V,=vS (where Sis acous-
tic line cross-section) — as an anaog of the cur-
rent [12].

In Fig. 1 the force F=PS where Sis orifice
area, and the P is sound pressure. The force F is
applied to the mass M,, corresponding to the mass
of air in the orifice. In the same orifice is aso the
resistance R, (orifice wall friction, the viscosity of
air, radiation, etc.) and therefore the force is ap-
plied aso to this resistance. The air mass in the
orifice is amost incompressible, so the force F
fully influences the volume behind it, that is, the
flexibility C, of air volume V. So we have a con-
tour consisting of M,, R, and C..

The equivalent circuit of Helmholtz reso-
nator isshownin Fig. 3[11].
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Fig. 3. Equivalent circuit
of Helmholtz resonator

In Fig. 3 acoustic mass M, is given by

[13]:
+

e LZDI) , (1)

pr
where | and r are the length and the radius of the
orifice; po is the environment density; Al — the
correction, that takes into account entrained air
near the neck of the resonator;

M

D =0,85r%1- 0,7-%+0,85r,  (2)
Rg
where Ristheradius of the cavity V.
C. isthe cavity acoustic compliance:
c,=—~_ &)

a 2
r OCO

where V =p R°L; L is the depth of the cavity; ¢,
isthe velocity of sound in environment.

Acoustic impedance of the cavity V is
therefore:

1 oGy
= = 4
jWCa a8/ ('j jW pR2 ) @
st/
oCo ﬂ
R, isthe neck resistance:

R :l_v\/Zmzow \/Zm W roczogl 2J,(2kr) (5)
r pr pr? pr 2% f
where u is dynamic viscosity of air; Ji(X) is Bes-
sel function of the first kind. The neck resistance
R, includes several contributions. The first term
represents viscous |oss in the neck wall boundary
layer, which is derived assuming the fluctuating
flow through the neck due to acoustic excitation
is hydro-dynamically incompressible viscous
flow. The second term represents viscous |0ss at
the neck ends (also refers to resistance end cor-
rection). The third term represents radiation loss
at outer neck end. At low frequencies

R, » oS (©)

The expression for acoustic impedance of
Helmholtz resonator isthus:
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RH = RRH + JX
r OCOk2 O(I + DI) OCO2 (7)
2p pr? jwv
where Rgy and Xgry are acoustic resistance and
reactance of the resonator, respectively.

Resonant frequency of the resonator is the
frequency at which Xry approaches zero:

f=% [P
° 2p\(I+D)V

At resonant frequency the pressure ampli-
fication, defined as the ratio of amplitude be-
tween the cavity pressure and harmonic incident
pressure, reaches a maximum.

Acoustic compliance C, increases with the
volume V (3), meaning that the resonance fre-
guency f, falls with increasing of cavity volume
V. Acoustic mass M, (inertance) in the duct in-
creases with the length of the duct t and decreases
with increasing of duct area S=zr? (1). Expres-
sion (8) shows that the resonance freguency fo, is
proportional to square root of the duct area zr?
and inversely proportiona to square root of the
duct length |, so the resonance frequency f, fals
with increasing of duct length | and increases
with the duct area zr?.

Equivalent circuit of piezoelectric trans-
ducer isshownin Fig. 4 [1-4, 13].
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Fig. 4. Simplified equivalent circuit
of piezoelectric transducer

In Fig. 4 G, is piezoelectric transducer in-
put capacitance [13]; My is acoustic mass of pie-

zoel ectric bimorph diaphragm:
.2
0
M,=2p QReraaN—(r) + rdr +_8r20 , (9
U_=0 g PR,

where p, is the surface density of piezoelectric
bimorph plate;

Cq is piezoelectric bimorph plate acoustic
compliance:

R,
A W(r)|, _ 2prdr
c, =9 L;—O _ (10)
Ry is piezoelectric bimorph diaphragm re-
sistance:
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M.
=2z <, 11
R =2 | C. (11)
where ('is damping factor.
Piezoelectric transducer with Helmholtz
resonator is shownin Fig. 5.
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Fig. 5. Piezoelectric transducer
with Helmholtz resonator

Sound pressure which is created in the vo-
lume above the diaphragm in the form of bi-
morph piezoelectric element (BPE), which is the
circuit of My, Cq and Ry, must overcome theresis-
tance of air volume above the diaphragm C,. So
its elagticity s,=1/Cy is added to the elasticity of
the diaphragm s=1/Cy4. Sound pressure which is
created in this volume, acts the mass, located in
the orifice My,. Additiondly, this orifice repre-
sents the resistance R,,.

The synthesis of piezoelectric transducer
with Helmholtz resonator equivalent circuit can
be made by Belov’'s method [11]. According to
this method it is necessary to build contour for
each unit combining them by similar elements

(Fig. 6).
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Fig. 6. Equivalent circuit of piezoelectric
transducer with Helmholtz resonator

The investigation of equivalent circuit of
piezoelectric transducer with Helmholtz resona-
tor is conducted by application of Micro-Cap
software, as shown in Fig. 7.
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Fig. 7. Schematic model of piezoelectric transducer
with Helmholtz resonator (a) and simulation
resultsin Micro-Cap program (b)

Fig. 8 shows equivaent circuit AFC with
increasing of acoustic mass M,, acoustic compli-
ance C, and orificeresistance R..
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Fig. 8. AFC of piezoelectric transducer with
Helmholtz resonator with increasing of acoustic
mass M, (a) and acoustic compliance C, (b)
in Micro-Cap program

As can be seen from Fig. 7, 8, the reso-
nance frequency of piezoelectric transducer with
Helmholtz resonator falls with the increasing of
acoustic mass M, (inertance). It also falls with the
increasing of acoustic compliance C,. The orifice
resistance R, affects the transducer quality factor.

Fig. 9 shows the AFC of piezoelectric
transducer with Helmholtz resonator based on
bimorph element from ZP-19.
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Fig. 9. AFC of piezoelectric transducer:
1 — without Helmholtz resonator,

2 —with Helmholtz resonator (V = 8 cn®);

3 —with Helmholtz resonator (V = 16 cm®)

Fig. 9 shows that the resonance frequency
of piezoelectric transducer with Helmholtz reso-
nator falls with the increasing of the volume V,
and hence with the increasing of acoustic compli-
ance C..

As can be seen from Fig. 7, 9, the behavior
of amplitude-frequency characteristics of ex-
perimental sample and equivalent circuit is prac-
tically coinciding.

Conclusions:

1. Equivalent circuit of piezoelectric trans-
ducer with Helmholtz resonator is built.

2. Proposed equivalent circuit allows with
application programs to assess characteristics, to
predict the parameters and operation mode of
piezoelectric transducers.
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