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Three types of electrical excitation were considered: frequency-independent, frequency-dependent, and
mixed forms of electrical voltage. It was shown that the physical causes of such dependence are the conditions
of coupling between the fields and processes accompanying sound radiation by location devices, as well as the
presence of mechanical and electrical strengths of physical fields in transducer systems. Based on systems of
differential equations, for systems with transducers having circular polarization, analytical expressions were
obtained for the differential equations describing the sound fields of location systems under coupling conditions
for each type of electrical excitation. Numerical experiment results are presented and analyzed. It was
established that among the given coupling conditions, only those related to the formation of acoustic fields are
dependent on the character of the electrical excitation of the location devices. The advantages and
disadvantages of each type of electrical excitation were identified, based on their relationship to the mechanical
and electrical strengths of the transducer systems.
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1. INTRODUCTION

Acoustic location devices composed of piezoceramic
electroacoustic transducer systems are characterized by a
number of specific features. These features are related to
the performance of two functions by the location devices —
the function of energy conversion and the function of its
shaping in the surrounding spaces [1].

The distinctive feature of the energy conversion
process in  plezoceramic transducers is  the
interconnection of three physical fields involved in this
process: electrical, mechanical, and acoustic [2]. The
process of spatial energy shaping also has its own
peculiarities, physically determined by the presence of
multiple radiation and reflection of sound waves in space
[3]. This multiplicity determines the acoustic coupling of
fields formed by individual transducers of the system or
their structural elements. Finally, the presence of an
acoustic field in the processes of both energy conversion
and its spatial shaping is the physical cause of the third
feature — the interconnection of the processes of energy
conversion and shaping.

These features determine the conditions for the
coupling of physical fields and processes during the
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operation of acoustic location devices [4-9]. Their
influence on the physical electronics of piezoceramic
transducer systems is also natural. Let us pay attention
to one more physical feature of piezoceramic transducer
systems. As already noted, their functioning is associated
with the interaction of three fields of different physical
nature — electrical, mechanical, and acoustic. Of course,
the designs of location devices must have a certain
resistance to the action of each of these fields [7]. In turn,
these resistances depend on the nature of the electrical
excitation of the piezoceramic transducer systems of
these location devices.

Thus, the physical electronics of piezoceramic
electroacoustic transducer systems depends on the
conditions of field and process coupling, the levels of
electrical and mechanical strength of system structures,
and the nature of their electrical excitation.

The purpose of this work is to study the dependence of
the physical electronics of piezoceramic transducer
systems on the nature of their electrical excitation un-der
conditions of field and process coupling, taking into
account the strength characteristics of system structures.
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2. PROBLEM STATEMENT

In mathematical terms, taking into account the
conditions of field and process coupling in piezoceramic
transducer systems during sound radiation and reception
by acoustic location devices consists in the joint solution of
systems of differential equations describing the
propagation of sound waves in the elastic media
surrounding the location device, the electrostatic
vibrations of the transducers, and the state of the
piezoceramics from which the transducers are made [6, 7].

For piezoceramic electroacoustic transducer systems
designed as cylinders with circular polarization, these
equations take the following form [8]:

. Helmholtz wave equation

ADS + kA0S =0,s=1,..,N 1)

where @s — potential velocity of the s-th radiator, ks = 24 4is
— wave number of the s-th radiator (i =1, 2 — external and
internal environment, respectively), A — Laplace operator.

equation of electromechanical oscillations of the s-
th cylinder in a vacuum in cylindrical coordinates
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where u®, w® — circumferential and radial components of
the displacement vector of the mid-surface points of the s-

th radiator; BS = h2/12r (1 + 93532/C3E3(5)e§§5)),
a’ = rOZS/C3E3(S) — for circular polarization; qﬁs) — external
load of the s-th radiator; Cfl(s), sggs), e3; — elastic modulus at
zero electric field, dielectric permittivity at zero strain, and
the piezoelectric constant of the material of the s-th
radiator, respectively; y — material density; EJ® — electric
field strength in the material of the s-th radiator for

circular polarization.
forced electrostatic equations

E® = —grad ¥®;div D® = 0,s = 1,...,N (3)

where E® and D — vectors of electric field intensity and
induction of the s-th radiator; ¥ — excitation voltage.

Analysis of the system of differential equations (1 — 3)
shows that the electronic physics of the acoustic location
device is determined by equations (1 — 3) of this system
under conditions of coupling and the presence of
restrictions on electrical and mechanical strength.

When analyzing these equations, it becomes evident
that the unknowns may include the radial w® and circular
u©® mechanical displacements (vibrational velocities w’ and
u’), the electric field intensity E, (excitation voltages y), or
both w and E, simultaneously. It all depends on how the
strength levels of the location device transducer structures
are defined and controlled.
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Let us consider three practically interesting options
related to the nature of electrical excitation of location
device transducers.

The first one is related to the excitation of transducers
by frequency-independent voltage. In this case, the
electrical strength of the transducers of the location device
is controlled by setting the excitation voltage values, and
the system of differential equations has the form (1 — 3).
Thus, the desired values are mechanical displacements
(vibrational velocities).

The second option is related to the fact that expressions
(2) specify the displacements w and u (vibrational
velocities w ~ and u ), while the desired values are the
voltages Eg (voltages ys) of the electrical excitation of the
transducers of the location device. In this option, it is
desirable to make all transducers oscillate with the same
radial oscillation velocity w . This velocity can be selected
at the maximum permissible level w * in terms of the
permissible values of mechanical stresses in the
piezoceramics of the transducers. Then the differential
equations take the form:

ADS + kA DS =0,5=1,..,N (4)

edsrs ES +‘1_qu — (1 _ asyst)Ws s=1 N (5)
cff) @ T psir ,

ES = —grad y%;divD® =0,s =1,..,N (6)

In this case, the mechanical strength of the transducers
of the location device is controlled by setting identical and
known values of mechanical displacements (vibrational
velocities), and the system of differential equations has the
form (4 — 6). Thus, the desired values are the electrical
excitation voltages.

In order to reduce the dependence of sound radiation
on the mechanical and electrical strength levels of
transducer structures, it is possible to introduce mixed
electrical excitation of transducer systems. It consists of
the following. On a part of the transducers of the system,
s=1, ..., N1, we set a certain frequency-independent
excitation voltage. We also set the condition that the
vibration speeds of all converters in the system are equal
to each other. Then, in differential equations (1 — 3), the
excitation voltages of all other converters in the system,
$=DNi, ..., N, and the vibration speeds of the converters
themselves become unknown.

Then the differential equations are given as follows:

ADS + kA0S =0,s=1,..,N 7
1 - a’ySw>)ws z—:qﬁ =— 2353(:;’ Eg,s=1,..,N;
33
S S S (8)
—(1-a*ySwd)w + 23,:.3(:? ES+ %qﬁ =0,s =Ny, ..., N
33
ES = —grad y%;divD® =0,s =1,..,N )

In this case, the mechanical strength of the location
device transducers is controlled by applying identical
mechanical displacements (vibration speeds) and setting
known and frequency-independent excitation voltages on
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part of the system transducers, s=1, ..., Ni. Under the
formulated conditions w=uws, s=1, ..., N and Ej = const,
s=1, ..., N1, the system of differential equations takes the
form (7 — 9). Thus, the desired values are the mechanical
displacements w on all transducers of the system and the
excitation voltages on their part, s = Vi, ..., N.

This procedure is repeated until the electrical strength
of the system reaches the required values.

3. NUMERICAL EXPERIMENT RESULTS

Here we present the results of numerical experiments
demonstrating the changes occurring in the mechanical
and electrical fields of a system of piezoceramic
transducers, considering the conditions of coupling and
applying the three considered options for their electrical
excitation.

Fig.1 shows the frequency dependencies of
amplitudes (a) and phases (b) of vibration velocities on
the surface of transducers when they are excited by a
frequency-independent electric voltage, as presented in
[10]. The flat transducer system under consideration
consists of three identical circular cylindrical
piezoceramic shells with an average radius ro = 0,068 m
and a thickness A =0,008 m. The distance between the
axes of adjacent shells was 0.147 m. The shells were
made of piezoceramic composition CTBS-3 with
parameters y= 7210 (kg/m?), d3s = 286 KI/N, C§; = 13,6 %,

&en = 1280. The excitation voltage was =220 V.
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Fig. 1 — Frequency dependencies of amplitude (a) and phase (b)
of cylindrical transducers in a transducer system and without it
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Fig. 2 — Frequency dependence of the modulus (kr.1-3) and
phase (1'-3") of the electrical voltage on the electrodes of the first,
second and third shells of the transducer system
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Fig. 3 — Frequency dependencies of linear system parameters at:
a) equal amplitudes w of oscillation velocities of all shells of the
transducer system; b) amplitudes of frequency-independent
excitation of the second shell; ¢) phases of frequency-independent
excitation of the second shell

Fig. 2 of [8] shows the frequency dependences of the
modulus (curves 1 — 3) and phases (curves 1' — 3') of the
excitation voltages of the first, second, and third shells of
the transducer system. We consider a linear transducer
system formed from five identical shells made of the
CTBS-3 piezoelectric material.

The height of the system H is related to its average
radius Ro as H/Ro = 1,67. The radial components w " of the
vibrational velocities of the shells are the same and equal
to w=04-10"3m/s. The same calculations can be
performed according to expressions (4 — 6) for such a
system of five cylindrical transducers.

Fig. 3 [6] presents the frequency characteristics of the
transducer system under the following conditions. All
transducers in the system have the same vibrational
velocity. In the numerical experiment, it was assumed that
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identical frequency-independent electric voltage is applied
to the second and fourth transducer shells. Fig. 3a shows
the vibration amplitudes, which are the same for all shells.
Fig. 3b and 3c illustrate the amplitudes (b) and phases (c)
of the electric voltages required to excite the transducer
system. It should be noted that in the case of implementing
the transducer system as shells with circular polarization,
it is necessary to solve the system of equations (6).

When solving the system of differential equations given
in expressions (1) — (3), the number of complex unknowns
that were kept when solving the system of algebraic
equations varied from 44 to 56. Checking the quality of
both boundary conditions and conjugation conditions at the
boundaries of the domains showed that the inconsistency
of the field components does not exceed 1-5 %.

4. ANALYSIS OF THE RESULTS

Physically, the electronic dependence of piezoceramic
transducer systems on the nature of their electrical
excitation is caused by the following reasons. As shown
above, the conditions of coupling are caused by the

peculiarities of two operating processes — energy
conversion and its formation in the surrounding
environment.

The process of energy conversion depends mainly on
the characteristics of the piezoceramic materials from
which the transducers of the system are made. Therefore,
it is not very productive to affect it using the nature of
electrical excitation. The process of energy formation is
caused by the reflection and re-reflection of the radiated
sound waves. Their acoustic impact de-pends on many
factors related to the construction of transducer systems.
At the same time, one of the main ones is the nature of
electrical excitation. And using this factor, it is possible
to partially control the coupling conditions that
determine the radiation and reception of sound by
piezoceramic transducer systems.

Excitation of the systems by frequency-independent
electric voltage creates conditions for maximum influence of
the radiated and re-reflected acoustic waves on the formation
of acoustic fields of the system under consideration.

This explains (Fig.1) the appearance of new
mechanical resonances of systems in the low-frequency
region, an increase in the amplitude of vibrations in a
small frequency band, and the need to reduce the
radiating power, based on the need to preserve
mechanical strength.

The transition to frequency-dependent voltages in the
electrical excitation of the systems (Fig.2) allows
creating conditions under which sound waves do not
affect the acoustic interaction of transducers in the
system. The transducers behave as in systems where
their acoustic interaction is absent. At the same time,
their vibrational velocities become the same for all
elements of the system, and the risk of losing their
mechanical strength becomes controlled. This makes it
possible to increase the acoustic power emitted by the
system. However, the opposite side of such excitation is,
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first, the need to create certain frequency dependence.
Second, the electrical strength of the transducers
becomes uncontrollable, especially in frequency regions
that are lower and higher than the transducers' natural
resonant frequency.

The mixed form of electrical excitation of piezoceramic
transducer systems makes it possible to control both the
mechanical and electrical strength of the systems when
radiating acoustic power. It consists in the following. The
same vibrational speed is set for all transducers in the
system. This allows you to control the mechanical
strength of the transducers. Next, one or more
transducers in the system are set to a certain electrical
voltage. On the other converters of the system, the
excitation voltage must be determined. This approach
allows you to reduce the excitation voltages to a certain
extent and take some control over the electrical strength
of the transducers. It can be used until the voltages and
electrical strengths are obtained that are acceptable.
Fig. 3 [6] shows the results of a numerical experiment for
a five-element linear system of converters, which
demonstrate a certain effectiveness of this approach to
reduce the electrical excitation voltages of transducers.

Each of the proposed approaches to the electrical
excitation of piezoceramic transducer systems under
coupling conditions has its advantages and disadvantages.

The advantage of electric excitation of systems using
frequency-independent  voltage is the advanced
engineering ways of implementing electric excitation
generators [9]. The disadvantages of this approach are
the appearance of low-frequency resonances of
mechanical vibrations with very large displacement
amplitude, which can significantly exceed the mechanical
strength of the transducer structure.

The advantage of excitation of the system converters
by frequency-dependent electric voltage is that this
excitation option takes under control the mechanical
strength of the structures of the Ilocating device
transducers, since their vibrational speeds are set and
have the required level of mechanical strength. The
disadvantages are related to two reasons. First, the
excitatory electric generators must create frequency-
dependent electric  voltages, which significantly
complicate its technical implementation. Second, there is
a significant increase in all excitation voltages, especially
in the frequency ranges above and Dbelow the
fundamental resonance frequency of the transducers.

The mixed electrical excitation of the system's
transducers allows for full control of their mechanical
strength and partial control of their electrical strength.
This is its advantage. The disadvantage is the need to use
generators with frequency-dependent electrical voltage
for electrical excitation of some transducers.

5. CONCLUSION

The dependence of the physical electronics of
piezoceramic electroacoustic transducer systems on the
nature of their electrical excitation is studied. It is shown
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that the necessity of such studies is related to the
conditions of fields and processes coupling that occur in
the systems of piezoceramic electroacoustic transducers
in acoustic location devices, and the presence of
mechanical and electrical strengths of physical fields
acting in the studied systems. Three approaches to the
possible nature of electrical excitation of systems are
considered. They include frequency-independent,
frequency-dependent, and mixed electrical excitation.
The systems of differential equations describing the
physical fields created by the location devices
corresponding to each of the taken into account variants

REFERENCES

1. V.T. Hrynchenko, LV. Vovk, V.T. Matsypura, Fundamentals of
Acoustics: Monograph (Kyiv: Naukova Dumka: 2007).

2. V.T. Hrynchenko, A.F. Ulytko, M.A. Shulha, Mechanics of
Coupled Fields in Structural Elements. Vol. 5. Electroelasticity:
Monograph (Kyiv: Naukova Dumka: 1989).

3. O.H. Leiko, Yu.E. Shamarin, V.P. Tkachenko, Underwater
Acoustic Antennas: Monograph (Kyiv: Avanpostprym: 2000).

4. 0. Korzhyk, O. Leiko, V. Didkovskyi, Multimode Electroacoustic
Transducers for Acoustic Devices: Monograph (LAP LAMBERT
Academic Publishing: 2018).

5. 0.V. Korzhyk, Electronics and Communication 15 No 5, 61
(2010).

6. 0O.V. Korzhyk, Electronics and Communication 15 No 6, 43
(2010).

JJ. NANO- ELECTRON. PHYS. 17, 04008 (2025)

of electric excitation are presented. An analysis of the
coupling conditions is performed and it is shown that
only those conditions that correspond to sound waves
associated with the processes of sound field formation are
related to the nature of the electric excitation. On this
basis, the results of calculations corresponding only to
each of the proposed variants of electrical excitation of
systems are presented. All of them are tied to the levels
of mechanical or electrical strength of the transducers
used. The advantages and disadvantages of each of the
variants of electrical excitation of piezoceramic
transducer systems are analyzed.

7. V.S. Didkovskyi, S.M. Poroshyn et al., Design of Electroacoustic
Devices and Systems for Multimedia Acoustic Technologies:
Monograph (Kyiv: FOP Amelianchyk: 2013).

8. V.T. Hrynchenko, 1.V. Vovk, V.T. Matsypura, Wave Problems of
Acoustics: Monograph (Kyiv: Interservis: 2013).

9. V.T. Hrynchenko, I.V. Vovk, Wave Problems of Sound Scattering
on Elastic Shells: Monograph (Kyiv: Naukova Dumka: 1986).

10. O.I. Nyzhnyk, O.H. Leiko, A.V. Derepa, S.A. Naida, Physical
Fields of Receiving-Emitting Systems of Piezoceramic
Electroacoustic Transducers. Vol. 2. Planar Systems with
Cylindrical Transducers: Monograph (Kyiv: D. Burago
Publishing House: 2020).

11. O. Leiko, A. Derepa, O. Pozdniakova, O. Maiboroda, 2020 IEEE
40th  International  Conference  on  Electronics  and
Nanotechnology (ELNANO), 842 (2020).

®DisnuHa eJEeKTPOHIKA CUCTEM II'€30KePpAMIYHUX MEPETBOPIOBAYIE i 11 3ajIeskHICTD Big xapakTepy

v HayioHanvruii mexuiunuil yuisepcumem Yrpainu “Kuiscorkuti nosimexniunuil incmumym imeni leops Cikopcvrozo”,

€JICKTPHUYIHOTIO 36y,umeHHa CHUCTEM

O.T. Jletiro!, O.M. Ilosgusakosa2, f.I. Craposoiir!, O.1. Huxuuk!

03056 Kuis, Yxpaina

2 [lenmpanbHuil HAYK080-00CIOHULL IHCMumym 036poeHHA ma 8iiicoik080i mexuiku 36potinux Cun Yrpainu,

03049 Kuis, Yxpaina

PosrssimyTi Tpm BapiaHTH €JIeKTPHYHOrO 30y[3KEHHS — YACTOTHO HE3AJIeKHOW, YACTOTHO 3aJIEXKHOI 1
amimanono ¢opmoio erekTpuaHol Haupyru. [lokasaHo, mo GIsUYHUMY IPUINHAME IIOSIBH TAKOI 3aJIEKHOCTI €
YMOBH 3B’S3aHOCTI ITOJIB 1 IPOIIECIB, CYIIPOBOJPKYIOUMX BUIIPOMIHIOBAHHS 3BYKY JIOKAIIMHWMU 3acobamu, 1
HAsIBHICTH B CHCTEMAax II€PETBOPIOBAYIB MEXaHIYHUX 1 eJIeKTPUYHUX MimHOocTeH (hbiswdyHUX I0JIiB. Buxomsunm i3
cucTeM IU(PEPEeHIHNHIX PIBHAHD, JIJIS CHUCTEM 13 MepPeTBOPIOBAYIB 3 OKPYIKHOIO IOJIIPHU3AINEN IS KOMKHOIO 13
BapiaHTIB €JIEKTPUYHOrO 30y/PKEeHHS OTPHMAHHI AHAJITWYHI BUPA3U I AUMEPEHINHHUX PIBHSIHD OIUCY
3BYKOBHX IIOJIB JIOKAI[IMHUX CHCTEM B YMOBAX 3B’s3aHOCTI. HaBemeHl pe3yIbTaTh YMCEJIBHUX €KCIIEPUMEHTIB 1
IpoBeneHO IX aHams. BceramoBieHo, 0 13 HaBeJeHMX YMOB 3B'SI3AHOCTI TIJIBKM YMOBH, IIOB'S3aHI 3
dopMyBaHHAM AKYCTUYHHUX IIOJIIB, IIPHUBA3aHI 0 XapaKTepy eJeKTPUYHOro 30yIsKeHHS JIOKAIIMHUX 3ac00iB.
Buszaueni mepeBarn i HETOIKH KOKHOIO 13 BApiaHTIB €JIEKTPUYHOIO 30yI:KEHHS, BUXONAYM 13 3B’SI3KYy IX 3
MeXaHIYHOIO 1 eJISKTPUYHOIO MIIIHOCTAME CHUCTEM II€PETBOPIOBAYIB.

Knrouori ciosa: Cucremu Ir'e30KepaMiuHUX IIEPETBOPIOBAYIB, XapaKTep eJeKTPUYHOrO 30y/:KeHHs, YMOBHU
3B’13aHOCTI, 3aJIeKHICTE 30Y/I3KeHHS 1 YMOB 3B’ I3aHOCTI.
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