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NCCIEJOBAHUE UMIIEJAHCA HIMPOKOITIOJOCHOI'O
AKYCTHYECKOI'O IIBE3OITPEOBPA3OBATEJIA, COCTABJIEHHOI'O

13 PASHOYACTOTHBIX HU3JIYYATEJEN
(KPATKOE COOBIIEHHME)

ITocTpoeHne ruapoaKyCTHUECKHX CHCTEM ITOABOAHOIO HAOIIOAEHHS CBS3aHO C COOJIOIEHHEM HEKOTOPBIX HE00XOo-
JIMMBIX TpeOOBaHMN MX XapakTepucTuk. ONHON U3 HUX SBISETCS BBICOKAsI pa3peIaroIas CllocOOHOCTb M0 TUCTaH-
mun. Paszpemaromast ciocOOHOCTh MO AUCTAHIIMHU ONPEAEIACTCS IMPUHON TOJIOCH M3ITy4aeMbIX M IPUHUMAEMBIX
CHTHAJIOB, a CJIEI0BATEIHHO, M ITMPOKOMOIOCHOCTBIO TPE00pa3oBaTeieil, UCIONb3YEMBIX B @aHTEHHON CHCTEME.

[InpokononocHOCTh MpeoOpa3oBaTesieil JOCTUTAeTCsl PA3IMYHBIMUA CIOCO0AMHU: HCIIOIB30BAHUEM TPAANUIMOHHBIX
METOJI0B PACUIMPEHHsI TOJIOCHl YacTOT aKTHBHOW WIIM NMACCHBHOM HAarpy3KoW, NPUMEHEHHEM CIICIMAIbHBIX MaTe-
pHanoB s npeoOpa3oBaTenel, IPUMEHCHHEM MapaMETPUUECKUX PEKUMOB HM3ITy4E€HHS aKyCTHUYECKHX CHUTHAJIOB.
OpHUM 13 BapUaHTOB IIOCTPOCHHUS TAKHX MPeoOpa3oBaTenel MOXKET ObITh HCIOIB30BAHUE PA3HOUACTOTHBIX COCTAB-
JISFOIMX MBE303JIEMEHTOB B OJHOM IpeoOpa3oBaTene, MEXaHHUECKH CBA3aHHBIX IT0 moiro. IIpu 3ToM HeoOxoxnmo
YUUTBHIBATh JTOOPOTHOCTh Ka)JIOW M3 HAarpyXEHHBIX KOJIEOATENbHBIX CHCTEM, IPUYEM JOJIDKHBI YUUTHIBATHCS HE
TOJIBKO AKTHBHAsl Harpy3ka Ha M3JIydeHue, HO M JeMI(upoBaHue yacTeil npeodpa3oBaTessi KOHCTPYKTHBHBIMU dJie-

MCHTaMHU.

K. cn.: TUAPOAKYCTHKA, ITUPOKOIIOJIOCHBIE aHTEHHBIE CUCTEMBI, aKTUBHA COCTABJIAIONIASA IIOJITHOT'O

CONPOTHBIICHHUS, TIbE30IPe0dpa3oBaTeNb

B mactosmieilt pabore paccMOTpeHBI XapaKTepH-
CTHKHM COCTaBHOIO IIpeoOpa3oBaTelsi U €ro COCTaB-
JSIIOINMX, CBS3aHHBIX IO MOJI0, 0e3 ydyera KOHCTPYK-
THBHBIX 0cOOeHHOCTeH. B mccrnenoBannn yuanTeIiBaeT-
Csl TOJIBKO IOOPOTHOCTH COCTaBJISIOLIMX 3JIEMEHTOB
mpeoOpazoBaTens W BIUSHHE Harpy3kd Ha IpeoOpa-
30BaTeNb IPH U3ITyUSHUH aKyCTHYecKon dHepruw [1].

B mepByto ouepens 0603HAUNM KpUTEpUU BBIOOpa
MbE30KEpaMUKHU. {151 penieHusl NOCTaBJICHHOM BhILIE
3agaun OyJeM HCIONIb30BaTh IbE30KEPAMHUKY € Maslol
nobpotrHocThiO [2, ¢. 25-33]. Ilycts paccmaTpuBae-
MBI ITUPOKOITONIOCHBI TIpeoOpa3oBaTeidh COCTOUT
U3 N-TO KOJIMYECTBA PA3HOYACTOTHBIX CTEPKHEBBIX
npeoOpaszoBaTesell ¢ pasmepamMu w X i X ¢t MM (puc. 1),
COEIMHEHHBIX MapauIeNIbHO 110 3JIEKTPUUECKON U Me-
XaHUYecKol cTtopoHaM. byzaem wcnonb3oBaTh more-
peUHyI0 MOAY KoJiebaHUid, 9T0 yI0OHO TEXHOIOTHYe-
CKM TIPH W3TOTOBIIEHWH TpeoOpa3osatens. Ha puc. 1
MIOKAa3aHO HaIlpaBJIeHUE MEXAaHHUYECKHX KoJaeOaHMil
CTPENIKOM, a Ha 3aIITPUXOBAHHBIX MIOBEPXHOCTSX pac-
MOJIOKEHBI 3JIEKTPOABI AJISI MOJSIPU3ALUH U IPUIIOXKe-
HUS BO30Y)KIAIOIINX AJIEKTPUUECKUX HANPSHKEHHUH.

JUid ompeneneHus 4acTOTHOM 3aBHCHMOCTH aK-
THBHOH COCTABJIAIOIIEH MOJHOIO CONPOTUBIEHHS O-
HOW - COCTaBIIAOMIEH Mhe30mpeodpa3oBaTens, BoC-
none3yemcs popmymoit (1) [3, c. 62-75]:
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Puc. 1. Buemnuii Bug u o003HaYeHHE
pasMepoB U MOJbI KoIeOaHWH COCTaB-
JIAIOIIUX ITBE303JIEMEHTA

2
Rw(f)i:Zai‘NK'aMTi‘ 1+Qi2 . i_ﬁ N (1)
fi  f
rae Z, — aKyCTUYecKas Harpy3ka COCTaBJISIOLICH
€IMHUYHOTO Mbe303JIEMEHTa, Ny — Kodhumment
JIEKTPOMEXaHUUIECKOW TpaHCPOPMAUN E€IUHUIHOTO
mbe30dJieMenTa, (J; — JOOpOTHOCTh Ka)KIOH COCTaB-
TSAIOMIEH, fi; — pE30HAaHCHas YacToTa EIWHWYHOTO

MIbE303JIEMEHTA, f — TeKyIas YacToTa.



NCCIIEAOBAHHE MMIIENAHCA 57

AKycTHdeckasi Harpyska COCTaBIISIOMICH Ihe30-
npeoOpazoBaTenst paccyuThiBaerca 1o dopmyne (2)
[4, c. 64-78]:

Zai=p-c-Si, 2)
r1e p — IUIOTHOCTH CPEIbL, ¢ — CKOPOCTh 3ByKa
B cpesie, S; — IUIOmAab M3JIy4Yaromeil MOBEPXHOCTH

i-i COCTaBIIAIONIEN TbE302JIEMEHTA.

Koaddurment anexrpomexanmdeckord TpaHchop-
MalMu — 3TO (U3MYEcKasi BEIWYMHA, OTBEYAIOLIAS
3a mpeoOpa3oBaHUsl MEXAaHUYECKUX BEIMYUH B 3JICK-
tpudeckue. OH ompenensiercs mo (opmyne (3) [,
c. 98-117]:

Nowri = w, (3)
S35y - hi
rie di;; — Nbe30MOIYNb, §;, — KoddduuueHt ynpy-

roii MoJaT/IMBOCTH, /; — BBICOTA i-H COCTaBJISIOLIEH
IMbE302JIEMEHTA.

i onpeneneHns akTUBHOM YacTy MOJIHOTO COIpPO-
TUBJICHUS] IIIUPOKOIIOIOCHOTO THE30Mpeodpa3oBaTels,

R, Om

COCTOSIILIET0 M3 PAa3HOYACTOTHBIX IIE303JIEMEHTOB,
ucrosb3yeM (popMyiy U3 3JIEKTPOCTATUKHU JUIS pacue-

Ta MapalI€JIbHO COCONMHCHHBIX COHpOTI/IBJ'ICHI/Iﬁ
(bopmyaa (4) [6]):
Roee1 )
i 1
o\ Ru(f)i

JIIst KOHKPETHOCTH pacCMOTPUM IpeoOpa3oBa-
TeNb, COCTOAIINHI U3 5 3JIEMEHTOB C YaCTOTaMH fi, fo,
i3> fus fis. Ilpenmionoxxum, 9TO JaHHBINA MpeoOpa3oBa-
TEeIb HE HArpy’KeH, TOrJa 3aBHCHMOCTH COIPOTHBIIE-
HUS OT YacTOTHI, paccunTaHHas 1o dopmyie (2), 0y-
JET BBITIIAJETh Kak Ha pHC. 2.

[TpennonoxkumM, 9T0 OBUTA NPOBEICHA TepMeTH3a-
s npeodpaszosarens [7, ¢. 142—-149], mocrne gero ero
MMOMECTIIIH B cpeny (Boma). BeiemctBme srtoro Ha-
rpy3ka Ha mpeoOpa3oBaTelb yBETUYHTCS, a JOOPOT-
HOCTh YMEHBIIUTCS. Torja 3aBUCHMOCTB COIPOTHBIIE-
HHS OT YaCTOTHI OY/IET BRITJISA/IET Kak Ha pHC. 3.

AKTUBHASI COCTABJIAIONIAS OJIHOTO CONPOTHBIICHHS IThE30IPeoOdpa3oBaTens
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Puc. 2. 3aBUCHMMOCTh aKTHBHOH COCTaB-
JISIFOIIEW TIOTHOT'O COMPOTUBIICHHS OT Yac-
-| TOTBI 6€3 Harpy3KU

Yacrora

Puc. 3. 3aBucHMMOCTh aKTHBHOH COCTaB-
JISIFOIIEY TIOTHOT'O COMIPOTUBIICHHS OT Yac-
TOTBl HArPYXEHHOro Mpeobpa3oBaTess
B BOJIE

Yacrora f
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R, Om
AKTHBHAs COCTABJISIIOIIAS OJHOTO COMPOTHBIICHUS MTbE30MPe0o0pa3oBaTes
300 [
250 |-
200
Puc. 4. 3aBucHMMOCTh aKTHBHOH COCTaB-
150 - JISIFOIIEN TIOTHOT'O COMIPOTHUBIICHHS OT Yac-
TOTHl TpPU TMApaUIENbHOM COCIMHEHHUU
MbE303JIEMEHTOB B IIMPOKOIMOJIOCHOM
100 - npeobpa3oBarene
50 -~
0 1 | | Il J
0 Ji fo fa S fis Yacrora f

Kak MOXHO 3aMETHTBh, I10JIOCA YacTOT 3HAYUTEIb-
HO pacmmpsiercst npu Harpyske. s ompeneneHus
NOOPOTHOCTH BoOCIONb3yeMmcst  gopmynoid  (5) [2,
c. 87-97]:

o= dr_Jm 5)

Aﬁn Za
ra€e f;, — 4YacToTa pPEe30HaHCa i-TO IIhe303JIEMEHTA,
Afi, — €ro mMpHHa TOJOCHI YacTOT, M, — JKBHBA-

neHTHast Macca. Kak BuziHO 13 GpopmyIbl, yeM MEeHbIIEe
NOOpPOTHOCTh TPH IMOCTOSHHOM 4YacTOTe pPEe30HaHca,
TeM LIMpE [10JI0Ca YaCTOT.

B coorBercTBMM ¢ 3agadueil, COSCIWHHUB COCTaB-
JsoIMe IpeodpasoBartens IO MapajuieNbHON cxeme
COEIMHEHHUS, MOIY4YHUM CIEYIOIIYI0 3aBUCHMOCTh
COIMIPOTHUBJICHUS OT YacCTOTHI (pHC. 4).

AHanu3 TONYyYEeHHOM 3aBHUCHMOCTH I103BOJISET
clienaTh BBIBOJ, YTO I0JIOCA YACTOT Ipeodpa3oBateis
HaxOAWTCSA B Tpenenax oT f;, 10 fi; BKIIOYHTEIHHO,
a 3TO 3HAYMUT, YTO C IOMOIUBIO JAHHOW METOAUKU
BO3MOXXHO IPOM3BOAMTH PacueT IMIMPOKONOIOCHOI'O
npeoOpa3oBarens, COCTOSIIEr0 M3 Pa3HOYaCTOTHBIX
COCTaBJISIOIIHUX.
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RESEARCH OF THE IMPEDANCE OF A BROADBAND
ACOUSTIC PIEZOELECTRIC TRANSDUCER COMPOSED

OF DIFFERENT-FREQUENCY EMITTERS
(BRIEF MESSAGE)

D. A. Davydov, V. Yu. Neruk, P. P. Pivnhev

Southern Federal University, Taganrog, Russia

The construction of hydroacoustic underwater surveillance systems is associated with compliance with some
necessary requirements for their characteristics. One of them is high distance resolution. The distance resolution
is determined by the bandwidth of the emitted and received signals and, consequently, by the bandwidth of the
converters employed in the antenna system. The bandwidth of converters is achieved in various ways: by means
of traditional methods of expanding the frequency band with an active or passive load, the use of special mate-
rials for converters, and the use of parametric modes of emission of acoustic signals. One of the options for con-
structing such converters may be the use of different-frequency components of piezoelements in one converter,
mechanically coupled along the field. In this case, it is necessary to take into account the quality factor of each
of the loaded oscillatory systems, and not only the active load on radiation must be considered, but also the
damping of the parts of the converter by structural elements.

Keywords: hydroacoustics, broadband, antenna systems, active component of impedance, piezoelectric transducer
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This paper examines the characteristics of a com-
posite transducer and its field-coupled components
without taking into account design features. The study
takes into account only the quality factor of the consti-
tuent elements of the converter and the influence of
the load on the converter when emitting acoustic
energy [1].

First of all, let us outline the criteria for choosing
piezoceramics. To solve the problem posed above, we
will use piezoelectric ceramics with a low quality fac-
tor [2, p. 25-33]. Let the broadband converter under
consideration consist of the nth number of different-
frequency rod converters with dimensions w X h X ¢
mm (Fig. 1), connected in parallel along the electrical
and mechanical sides. We will use the transverse vi-
bration mode; this is technologically convenient in the
manufacture of the converter. In Fig. 1 an arrow
shows the direction of mechanical vibrations, and
there are electrodes for polarization and application of
exciting electrical voltages on the shaded surfaces.

Fig. 1. Appearance and designation of the dimensions
and mode of vibration of the components of the pie-
zoelectric element

We use formula (1) [3, pp. 62—75] to determine the
frequency dependence of the active component of the
impedance of one i-th component of the piezoelectric
transducer:

fi

where Z,; is the acoustic load of the component of a
single piezoelement, Ny, is the electromechanical
transformation coefficient of a single piezoelement, Q;
is the quality factor of each component, f7; is the reso-
nant frequency of a single piezoelement, f is the cur-
rent frequency.

The acoustic load of the piezoelectric transducer
component is calculated using formula (2) [4, p. 64—
78]:

Rw(f)i :Zai‘NK'aMTi‘ {I‘FQiz [i_ﬁj ]: (1)

Zai=p-c-Si, (2)

where p is the density of the medium, c is the speed of
sound in the medium, S; is the area of the emitting
surface of the i-th component of the piezoelectric ele-
ment.

The electromechanical transformation coefficient
is a physical measure responsible for converting me-
chanical quantities into electrical ones. It is deter-
mined by formula (3) [5, pp. 98-117]:

Nowri = w, (3)
S35y - hi

where d3, is the piezoelectric modulus, s3, is the coef-

ficient of elastic compliance, #4; is the height of the i-th
component of the piezoelectric element.

To determine the active part of the impedance of
a broadband piezoelectric transducer, consisting of
different-frequency piezoelements, we use the formula
for calculation of parallel-connected resistances from
electrostatics (formula (4) [6]):

Rw = Y 1

oy @
;KRw(f ),-j

To be specific, consider a converter consisting of 5
elements with frequencies f;i, fa, fi, fu, fis.- Let us as-
sume that this converter is not loaded. The depen-
dence of resistance on frequency, calculated using
formula (2), looks like in Fig. 2.

Fig. 2. Dependence of the active component of the
impedance on the frequency without a load

Let's assume that the converter has been sealed [7,
pp- 142-149], then placed in a medium (water). As
a result, the load on the converter will increase and the
quality factor will decrease. Then the dependence of
resistance on frequency will look like in Fig. 3.

Fig. 3. Dependence of the active component of the
impedance on the frequency of the loaded converter
in water

As you can see, the frequency band expands signif-
icantly under load. To determine the quality factor, we
use formula (5) [2, pp. 87-97]:

ﬁn _ ﬁms
-7 - >

| = —

Aﬁn Za

where f;, is the resonance frequency of the i-th pie-
zoelement, Af;, is its frequency bandwidth, m, is the
equivalent mass. As can be seen from the formula, the
lower the quality factor at a constant resonance fre-
quency, the wider the frequency band.

In accordance with the task, we obtain the follow-
ing dependence of resistance on frequency (Fig. 4)
after connecting the components of the converter us-
ing a parallel connection circuit.

)
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Fig. 4. Dependence of the active component of the
impedance on frequency when connecting piezoele-
ments in parallel in a wideband converter
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Analysis of the obtained dependence allows us to
conclude that the frequency band of the converter is in
the range from f;, to fis inclusive, which means that
this technique allows us to calculate a broadband con-
verter consisting of different frequency components.



