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Analytical relations describing the electric fields of a radio-electronic element made in the form of a
piezoceramic cylindrical shell with an internal acoustic screen and an elastic medium in the cavity between
them are obtained by the method of coupled fields in multiply connected regions. A comparative analysis of
the results of a numerical experiment carried out according to the frequency characteristics of the electric
current of the element excitation, depending on the parameters of the design of constituents of the element,
made it possible to establish a number of subtle effects in the formation of fields that are important for
matching the element with the electronic generator that excites it. Possible ways to control the dynamic
properties of the electric field of the transducer are determined for different compositions of the piezoceramic
material of its shell and different distances between the screen and the shell. The ways of controlling the
properties of the electric field of the transducer are determined, which include changes in the composition of
the piezoceramic material of its shell, the dimensions of the inner screen and the distance between the screen
and the shell. The results obtained make it possible to support the requirements for generator devices to
ensure the energy efficiency of the corresponding radiating paths.

Keywords: Dynamic properties, Electric field, Cylindrical piezoceramic signal transducer, Internal acoustic

screen.
DOI: 10.21272/jnep.15(4).04036 PACS number: 77.65.Dq
1. INTRODUCTION including those placed inside the matching layers. At the

same time, in all the above works, radioelectronic
elements in the form of single bodies were studied. In
systems of such bodies, it is also necessary to take into
account the interaction between bodies in the acoustic
field, due to the multiple scattering of radiated and
reflected sound waves. An example of such an account is
given in [8]. The studies presented in the works [1-8] are
performed for the cases of representation of radio-

Piezoceramic electrical signal transducers are
complex elements of electronic engineering and are
characterized by two related functions — energy
conversion and its formation in the surrounding spaces.
In this case, the process of energy conversion is
determined by the connectivity of the electric,
mechanical, and acoustic fields involved in it. The

process of energy formation is characterized by the electronic elements in the form of distributed
interaction of the elements of a radio-electronic device mechanical oscillatory systems. For comparison, in

along the acoustic field, due to the repeated reflection of [9-12] the results of studies performed by the method of
the emitted and scattered sound waves on the elements equivalent electromechanical circuits, which was

of the (%evice.. Any chgnges i.n the design Of. a radio developed for radio-electronic elements in their model
elegtromc device assoc1gted with thg construction of its representation in the form of oscillatory systems with
oscillatory system, both in the electrical and mechanical lumped parameters, are analyzed. An analysis of known
part;, fundamentally affect the properties Of the works [1-12] shows that a number of them [1-8] are made
ph'ys1p al fields 9f the device. A clear demonstratlon ,Of taking into account the interconnection of electric,
this influence 1s'the results Of_ studies presented mn mechanical and acoustic fields during energy conversion
(1-14]. In [1],’ the 1nﬂue1}ce of a piezoceramic tr:ansduger in radio-electronic devices of the type under
on the el,ECth field and its dynamlc properties 18 stqd{ed consideration. At the same time, the interaction of the
by plagmg a ﬂ?t acoustlcal.ly soft screen of finite device elements in the acoustic field was taken into
dlmens.lons near 1t along the. diametral plape. The Stuﬁly account only in [1, 2, 8], and the analytical relationships
of the 1ntera9t10n of acoustclc and mechanical f}elds: m for the electric fields and calculations for them are given
radioelectronic elements in the form of cylindrical only in studies [1, 8]. Thus, today there are no data on
piezoceramic transducers with internal acoustic screens the analytical ra,tios and ’ quantitative values of the
and its influence on dynamic properties 1s the subject of parameters of electric fields and the dynamic properties
[2]. The same studies were cgrrled out in [3-7] for the  ,f electronic devices with internal acoustic screens.

cases of resonant-type piezoceramic transducers, Modern echolocation devices are characterized by a
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drift to the low-frequency region, which, in the absence
of the possibility of increasing the dimensions of their
antenna systems, is associated with the need to search
for new approaches to their technical implementation.
One of such approaches, relevant for solving the problem
of constructing low-frequency devices, is the transfer of
external screens into the internal cavity of cylindrical
piezoceramic transducers [2]. It is the possibility of
reducing the dimensions of radio electronic devices with
this approach that determines the relevance of research
on this important topic for practice [12].

The objectives of this work are: 1 — obtaining analytical
relationships and 2 — numerical study on their basis of the
frequency and dynamic properties of electric fields of
cylindrical piezoceramic radioelectronic elements with
internal screens. This will make it possible to reasonably
form the requirements for generator devices to ensure the
energy efficiency of the radiating paths of the
corresponding echolocation devices.

2. RESEARCH METHOD

Let us define the electric field of the radio-electronic
element in the form shown in Ommo6xa! Ucrouuuk
CCBLIIKHM HE HaHJEeH..

Fig. 1 — Normal section of a cylindrical transducer with an
internal screen and the introduced coordinate systems

The element is made up of a piezoceramic shell 1, an
acoustic screen 2 and an elastic medium 3. A cylindrical

piezoceramic shell 1 with an average radius 7,

thickness A has circular polarization and consists of N
piezoceramic prisms 4 rigidly glued together, electrically
connected in parallel. An electric voltage g =y e
with a frequency @ is applied to the prism electrodes.
The selected method of electrical excitation of an
element allows “pumping” electrical energy into it only
at the zero mode of its mechanical vibrations [1, 2, 12].
The acoustically soft screen 2 is made in the form of

a circular cylinder with a radius a, . Its longitudinal axis

is parallel to the longitudinal axis of the shell 1 and is
offset relative to it by a distance [,,. The elastic

medium 3, which fills the space between the shell 1 and
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the screen 2, has a density p, and the speed of sound ¢,

. The radio-electronic element itself, which plays the role
of a sound radiator, is located in an elastic medium with
parameters p and c. The general and local systems of
Cartesian and circular cylindrical coordinates required
for solving the problem are shown in Fig. 1.

From physical considerations [1, 2, 12], it is clear that
the process of operation of the considered radio-electronic
element is characterized by three types of connections:

e the connection of electrical, mechanical, and
acoustic fields in the process of energy conversion
by a piezoceramic shell;

e the coupling of the piezoceramic shell and the
screen along the acoustic field during the formation
of this field inside the element due to the multiple
exchange of radiated and reflected sound waves
between the shell and the screen;

e the connection between the processes of
transformation and formation of energy in the
internal volume of the element.

It is these physical concepts that underlie the
hypothesis that is the basis of this work.

Mathematically, these connections are taken into
account when determining electric fields by jointly
solving a system of differential equations, including:
equations of forced electrostatics for piezoceramics:

E= —grady; divD = 0; (1)

equations of motion for a thin piezoceramic shell with
circular polarization in displacements:

U oW W U
(e B) g+ B =
op”  Op op ot
ouU ’U o'W
——+f |- 2)
op op”  0Op
2
e [04
W+ rE +—-q, =ay—5;
cE e T I T

the Helmholtz equation describing the motion of media
inside and outside the radioelectronic element:

2P . =
AD; +E/®; =0. )

Here E and D - the vectors of the intensity and
induction of the element’s electric field; A — the Laplace
operator; ®@; — potential of the velocity of the acoustic

field of the element inside ® = ®,; and outside ® ;=@ it;

kj — wave numbers of media inside &=k, and outside

k;=k; U and W — the circumferential and radial

components of the vector of displacements of the points of
the middle surface of the element shell;

B= h? 1+ ef?fi/ Ca= y i q external
- ) - E > r
%2’" 02 C:f% ‘9:;53 Cys

radiation load of the element; Cfs , 8??3 , €33, ¥ — the

modulus of elasticity at zero electrical intensity, dielectric
constant at zero deformation, piezo constant and density
of the material of the piezoceramic shell, respectively.
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Acoustic boundary conditions include Sommerfeld
conditions and screen surface conditions in the inner
region of the element as:

q)l(a?g) :09
a=a,0<0<2r;

4

where @, — the acoustic field in the inner area of the

element, represented in local cylindrical coordinates
associated with the screen.

Electric boundary conditions consist in setting of the
electric field intensity in the piezoceramic shell of the
following element in the form:

g, =Y ()
2z,

In the calculation model of a radio-electronic device
(Omuobxa! UcToyHMK CCHUIKM He HaWaeH.), it is
assumed that the lengths of the shell and shield are
infinite. This assumption is valid provided that the
indicated lengths exceed 5-7 diameters of the considered
cylinders [2, 8].

3. DERIVATION OF CALCULATED RATIOS

To solve the problem, we divide the entire multiply
connected region of existence of the physical fields of the
element under consideration into a number of partial
regions. On the common boundaries of these areas, the
natural conditions for conjugation of acoustic and
mechanical fields must be fulfil:

_o®, =%,OS‘¢‘S7Z,7‘=I‘2=7‘O—E;
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where o, — the normal component of the mechanical

stress tensor in the piezoceramic element.

As far as the element under consideration is a
mechanical oscillatory system distributed in space, the
dimensions of which are comparable to the length of the
working wave, we represent its mechanical and acoustic
fields by expansions in series in angular and wave
functions of a circular cylinder:

U=YU,e™ W=YWe";

(r,p) = X AH, (kr)e™; M

®,(a,0) = X[ C,J,, (kya) + D, N(ka) .

Equations (6) and (7) for ® and ®, are presented

in different coordinate systems. The transfer of
coordinate systems is carried out on the basis of addition
theorems for cylindrical wave functions [2]:

J, (k)™ =3 J,  (klyo)e" ™ M0 d (kir)e™,

N, (ka)e™ =3d,  (kly)e " %N, (kr)e™; ®
where [, and ¢, —the polar coordinates of the origin
O of the coordinate system in the coordinates of the
system with the origin O'.

Algebraization of systems of functional equations
(1)-(4) and (6), taking into account relations (5), (7), (8),

and the properties of completeness and orthogonality of
systems of angular functions, makes it possible to obtain

o ot 2 an infinite system of linear functions for determining
_ 0P _ ow 0< ‘(p‘ <mr=r=r+ h : ©) unknown expansion coefficients (7) algebraic equations
or ot 2 of the form:
o.=q.=— pag—p & 0S‘$‘Sﬂ'
o ot ot ) ’
i W, = 5ol (o)A ()0
H,(ll),(krl) ™
RW, + Lio] pAH (k1) p5.C,il, (i)™ 5, ()| = £ L8 ©
h m CSS 4
n = -0, 07®; v= _00’0700;
where (J)
N oDV
Ay = () —| TnFa) | g, I=8,%—"
N, (ka,) ot

2z . .
Q _ J‘e—ww _ | 2xif v=0;
v T 1 0if v0;
0

the prime means the derivative of the function; relations
for R, are given in [1, 12].

The results of solving this system are used to obtain
quantitative data on the electric fields of radioelectronic
elements of the type under consideration.

In this case, the expressions for the total electric
current [ in the external excitation circuit of the element
per unit of its length takes the form:

where S, — the area of the electrode applied to the
lateral surface of the prism of the piezoceramic shell;
Dfpj ) _ the electric induction of the Jj-th prism.

Taking into account the well-known [1, 2, 12]
expressions for the radial, axial and circumferential
components of the electric induction at circular
polarization of the piezoceramic shell, the total current
in the circuit of its excitation is determined by the
expression:
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Analysis of this expression shows that the total
current has two components — capacitive and dynamic.
The capacitive component is described by the first term
of expression (10) and corresponds to the excitation
current of a kind of piezoceramic capacitor. The
appearance of the dynamic component described by the
second term is due to the effect of electrostriction of the
piezoceramic shell of the element. Presence of this effect
that is the reason for the complex relationship between
the electronic and mechanical processes that occur in the
shell during the operation of the element. In this case,
the decisive influence on the mechanical processes in the
shell is exerted by the acoustic field formed in the inner
cavity of the piezoceramic shell [2].

4. RESEARCH RESULTS

From the analysis of the physical model of the
considered radioelectronic element, it follows that the
properties of its electric field depend on:

e the size and composition of the material of its
piezoceramic shell;

e the dimensions of the acoustic screen and the
extent of its distance from the center of the shell;

e physical properties of the medium that fills the
inner cavity of the shell;

e operating frequency range of the element.

In this case, the operational control of the parameters
of the electric field of such a radioelectronic element can be
carried out by changing either the dimensions of the
acoustic screen, or the degree of its removal from the center
of the shell. Technical ways to implement such control of
the dynamic properties of the considered radio-electronic
element are presented in [14].

Let’s restrict ourselves to considering the frequency
dependences of the amplitudes of the electric current of
the excitation of the element depending on the size of the
screen, the distance between the shell and the screen,
and the composition of the piezoceramic of the shell. The
calculations were carried out for an element with the
following parameters: piezoceramic of compositions

PZT-19 (y=7740kg / m?®;
e, =28,272 C/m?; &5 =82,67-10"° F/m;
Crf;, =9,3-10'° N/m?) and TBK-3 (titanate-barium) (
y=5400kg/m?®;

(zirconate-titanate-lead)

ey =18,51 C/m?*;
g5, =91,07-107° F/m ; CE =10,8-10" N/m?);
7, =0,068 m ; h=0,008m ; N =48;
pc=pec =1,5-10° kg/m®; a,=0,27; 0,571,; 0,97;
loo =0;2ay; 1,—a,—0,003m; y, =200V.

In calculations, the infinite system of algebraic
equations (9) was solved by the reduction method [1,2,8].
The number of terms taken into account in expressions
(7), (8), and (10) was taken equal to N =150 to ensure

the convergence of the boundary conditions with an
error of no more than 5%.

Calculation results of capacitive I¢, dynamic I¢ and

JJ. NANO- ELECTRON. PHYS. 15, 04036 (2023)

n

inzij inzij
YinUe N +YWe N} . (10)

total I' electric currents of an element depending on the
size of the screen for a,=0,2r; 0,57r; 0,97 and

compositions of piezoelectric ceramics PZT-19 and TBK-
3 are shown in Fig. 2 and Fig. 3 for the case when

loo =73 —@;,—0,003m. The same calculations of the

frequency dependences of the electric currents of the
element with a change in distance [, =2a,; l,, =0 for

values a,=0,27, and piezoceramics of compositions

PZT-19 and TBK-3 are shown in Fig. 4.

Analysis of the curves in Fig. 2 and Fig. 3 allows us
to set the following. As expected, the frequency
dependences of the amplitudes of the capacitive current
vary linearly with frequency, do not depend on the
presence of an acoustic screen in the composition of the
radio-electronic element and its dimensions, and are
close in values to each other for the considered
compositions of piezoceramics. The latter is explained by

the fact that these compositions differ little from each

other in the values of the dielectric constant g:fg of

piezoceramic materials.

The frequency dependences of the amplitudes of the
dynamic current are distinguished by a completely
different character of behavior. These dependences are
multi-resonance curves. The number of resonant current
surges, their amplitudes, frequency extent, and
distribution over frequency ranges are determined by
the size of the screens and the compositions of the
applied piezoceramic materials. With large screens
(Fig. 2 c, Fig. 3 c), the multi-resonant dynamic current
curve of the element is converted into a single-resonance

one with a frequency f, equal to the frequency of the

mechanical resonance of the piezoceramic shell of the
element in vacuum. With small screen sizes (Fig. 2 a,
Fig. 3 a), the entire frequency range under consideration
can be conditionally divided into three regions — pre-

resonant (f<0,8f,), resonant (0,8<f<1,4f,) and
post-resonant (f >1,4 f;).

A feature of the frequency characteristics of dynamic
currents at small screen sizes (Fig. 2 a, Fig. 3 a) is the
appearance of a significant number of narrow-band
resonant current surges in the pre-resonance region. In
this case, their amplitudes are either comparable or
significantly exceed the amplitudes of the current in the
resonant region of the element, and the choice of the
composition of the piezoceramics has a great influence
(Fig. 2 a, Fig. 3 a) both on the amplitudes of the
resonance surges and on their number. In particular, the
piezoelectric ceramics of the TBK-3 composition are
significantly inferior in terms of energy conversion
efficiency to the composition of PZT-19. At the same
time, in the post-resonant region, an element with a
piezoceramic shell made from the composition TBK-3
(Fig. 3 a) is characterized by a significantly larger
number of resonance peaks than that with the
composition of PZT-19 (Fig. 2 a).

The transition to radio electronic elements with
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medium-sized screens significantly changes the considered compositions of piezoelectric ceramics, and
frequency properties of their excitation current (Fig. 2 b, their number in the resonant and post-resonant regions
Fig. 3b). In the pre-resonant region, the surges of  increases.

current amplitudes completely disappear for all the
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Fig. 2 — Frequency dependences of the amplitudes of the capacitive I°, dynamic I? components and total I’ current
of the element with the screen size a,=0,27, (a); 0,57, (b); 0,97, (c) the composition of piezoelectric ceramics

PZT-19; asterisk — experimental data
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Let us consider how the frequency characteristics of
the excitation current of the element under
consideration change when the distance /,, between
the shell and the screen changes and the screen
dimensions remain unchanged. Analysis of the curves in
Fig. 4 and comparing them with the curves in Fig. 2 a,
Fig. 3 a shows that a decrease in the value [,, is
accompanied not only by a decrease in the amplitudes of
resonant surges of the dynamic current, but also by the
appearance of new surges with the coaxial placement of
the piezoceramic shell and screen (Fig. 4 b, Fig. 4 d).

In general, the above results indicate that in the
investigated frequency range of the electronic element,
the total excitation current, with the exception of
individual frequency sections, is controlled by the
capacitive component of the current.

In order to confirm the conformity of the assumptions
made in solving the problem under consideration and
performing numerical calculations with real elements,
experimental studies of the magnitude of the electric
current in the external circuit of a cylindrical
piezoceramic transducer with an internal screen were
carried out.
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The experimental transducer (Fig. 5) is a cylinder with
an outer diameter of 148 mm and a height of 550 mm,
made of piezoelectric ceramics of composition PZT-19. In
its inner cavity, filled with an electrically insulating
liquid, there is a cylindrical screen with an external
diameter of 115 mm made of acoustically soft rubber class
10087. The piezoceramic shell with an average radius of
68 mm and a thickness of 8 mm is formed of 48 prisms
and is excited by an electric voltage of 200 V. The
measurements were carried out under the conditions set
forth in work [12]. The number of independent
realizations was 7, which ensured the root-mean-square
error in measuring the frequency dependences of the
current amplitudes not worse than 0.27 at a confidence
level of 0.95. The results of measurements at frequencies
of 6000 Hz, 8000 Hz and 10000 Hz are shown by asterisks
in Fig. 2 ¢ and indicate the agreement between the
calculated and experimental data.

Fig. 5 — An experimental sample of the transducer

The physical explanation of the results obtained is of
natural interest. As already noted, with radially
symmetric electrical excitation of the piezoceramic shell,
energy is “pumped” into the element only at one — zero
mode of its mechanical vibrations.

In the presence of radial symmetry in the
construction of the element, there is only one natural
resonance in it, which is equal to the intrinsic resonance
fy of its piezoceramic shell in vacuum. This situation

occurs with a large internal screen (Fig. 2 c, Fig. 3 c).
The misalignment of the shell and the screen violates
the radial symmetry of the element construction, which
results in a loss of symmetry of a acoustic loading of the
piezoceramic shell. The latter is due to the difference in
wave paths traversed by repeatedly radiated and
reflected sound waves between different parts of the
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surface of the shell and the screen and the occurrence of
several resonant phenomena in this case [2]. In a
cylindrical piezoceramic shell with a broken symmetry
of acoustic loading, both the subsequent zero modes of
its mechanical vibrations and resonant vibrations of the
zero mode appear, associated with the appearance of
standing waves between individual sections of the
surfaces of the shell and the screen. And since the energy
of the electric field in the element is converted into the
energy of the mechanical field only at the zero mode of
its mechanical vibrations and in this field 1is
redistributed between all modes of vibration of the shell,
any changes in the energy of the zero mode are reflected
in the electric field of the element under consideration.
This is exactly what the presented results demonstrate.

CONCLUSION

The method of coupled fields in multiply connected
regions is used to obtain analytical relations for a
quantitative assessment of the parameters of the electric
fields of a radioelectronic element made in the form of an
electric signal transducer formed from a piezoceramic
shell, an internal acoustic screen, and an elastic medium
in the cavity between the shell and the screen.

By means of a numerical analysis of the properties of
the electric field of the transducer, it was established
that the electric current of its excitation contains two
components — capacitive and dynamic. Capacitive
current describes the properties of the electric field of
the transducer as a piezoelectric lossy capacitor. The
dynamic current is the result of the electrostrictive
property of the piezoceramic transducer shell.

For different frequency ranges, the electrical
properties of the transducer and possible operational
ways to control the dynamic properties in these ranges
have been determined. The control elements for the
properties of the electric field of the transducer with the
selected composition of the piezoceramic material of its
shell include the dimensions of the inner screen and the
distance between the screen and the shell. The
frequency regions of the predominant influence of each
of these elements have been determined.

The results obtained make it possible to perform a
dynamical rational coordination of the electrical signal
transducer of the type under consideration with the
electronic generator that excites it.
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Juaamiuui B1acTUBOCTI pajiioeIeKTPOHHUX eJIeMeHTIB y popmi m'e3okepamMivyHux MUIiHIAPIB
i3 BHyTpimHiMUu ekpaHaMu

O.T". JIeiiro!, A.B. Jlepena2, O.B. Borganos!, B.B. Konrecuuxk 2

1 Hauionanvruili mexuiunuil ynisepcumem Yipainu «Kuiscokuii nonimexniunui incmumym imeni Ieops
Ciropcbroeon, npocn. Ilepemoeu, 37, 03056 Kuis, Yipaina
2 [lenmpanbHuill HAYK080-00CJIIOHULL THCMUmMYm 036poerHA ma 8liicbko80i mexuiku 36potinux Cun Yrpainu,
Ilosimpogriomcevkuii npocn., 28, 03049 Kuis, Yrkpaina

MeronoM 3B’si3aHMX IOJIB y 0araTos3B'A3KOBUX 00JIACTAX OTPUMAHI AHAJITUYHI CIIIBBIIHOLIEHHS, IO
ONHUCYIOTh eJIEKTPUYHI II0JIA PAJI0eJIEKTPOHHOIO €JIeMEHTa, BHKOHAHOTO y BHIVIAAl IT'€30KepaMIYHOI
IMTIHAPAYHOL 000JIOHKY 3 BHYTPIIIHIM aKyCTHYHIM €KPAHOM Ta IIPY’KHOTO CEPeJOBUINA B IIOPOKHUHI MIK
Humu. [lopiBHAIBHUI aHa i3 pe3ysIbTATIB YHCEJIBPHOIO EKCIIEPHMEHTY, BHKOHAHOIO 34 YaCTOTHUMU
XapaKTepUCTUKAMU eJIEKTPUYHOTO CTpyMy 30yIKeHHs eJleMeHTa B 3aJIe’KHOCTI Bl IapameTpis
KOHCTPYKTHBHOTO BUKOHAHHS CKJIQJOBUX €JIEMEHTA, O3BOJIUB BCTAHOBUTU pPsifi TOHKUX eQeKTIB y
opMyBaHHI [I0JIIB, BAMJINBUX JIJISI Y3TOKEHHS eJIEMEHTA 3 eJIEKTPOHHUM IeHEePATOPOM, SIKUI HOTo 30y KY€,
Busnaueno MoKIIMBI HISXU KepyBAHHS TUHAMIYHIME BJIACTUBOCTSMU €JIEKTPUYHOTO II0JIsS IIePEeTBOPIBaYa
IS PISHUX CKJIAOIB IT€30KePaMIYHOr0 MaTepialy Horo oOOJIOHKM Ta PI3HUX BIICTAHEH Mis €KpPaHOM Ta
obosorko. OTpuManHi pe3ysbTaTH J03BOJSIIOTH OOIPYHTOBAHO (POPMYBATH BHMOIH 10 Te€HEPATOPHUX
IPHUCTPOIB [IJIs 3a0e3IeUeHHs eHePreTUYHOI epeKTUBHOCTI BiAIIOBIJHAX BUIIPOMIHIOIOUNX TPAKTIB.

Knroyori caosa: J[lumamiumi BiactuBocti, Eiexrtpmune mose, Ilwmianpumysnit 1r'e30kepaMidHUIT
IepeTBOPIOBAY CUTHALY, BHYTPIITHIY aKyCTUYHII eKpaH.
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