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PE3YJIBTATBI DKCIIEPUMEHTAJIBHOI'O NCCJIEJOBAHUA
IJIEKTPOAKYCTUYECKHUX XAPAKTEPUCTHUK COCTABHBIX
MNbE30OKEPAMUYECKHUX MPEOBPA3OBATEJIEM C HAKJIAIKAMUA
IS 3AJAY MOHUTOPUHI'A MOPCKOM 3KOJIOIMH

Hpe}:[CTaBJ'[CHBI PEIYIBTATHI OKCIICPUMEHTAILHOT'O UCCICA0OBAHUSA BJIUAHUA KOJIUMYCCTBA AaKTUBHBIX IMBE30KEPAMUYC-
CKHX 2JIEMEHTOB (2, 6, 8) Ha AIEKTPOaKyCTHIECKHE XapaKTEPUCTHKU IIMPOKOIIOIOCHBIX CTEP)KHEBBIX ITpeoOpazoBa-
Tenel ¢ HaKJIaJAKaMU B 4aCTOTHOM Auamna3zoHe 12-35 xI'ii. MeToaoM SKCIepuMEHTaNbHOTO MAaKeTHPOBAHUS HCCIIe-
JIOBaHBI YaCTOTHBIE 3aBUCHMOCTH aKTHBHOM COCTaBIISIONIEH MOJTHOTO conpoTuBieHus (R,,) U TMHaAMUYECKOH eMKO-
ctu (Cy) Tpex KoH(Hrypauui npeoOpasoBarenieldl ¢ Nbe30KepaMHUeCKUMH 3ieMeHTamu n3 Matepuana L[TBC-3
Y HaKJIaJIKaMUu U3 HEpKaBeIolel cTalr. Y CTaHOBIEHO, YTO B HU3KOYACTOTHOM Toaauana3one (12-21 kI'i) Bce uc-
ClIeZIOBaHHBIC KOH(UTYpAIMK AEMOHCTPHPYIOT COTOCTaBUMEIe 3HadYeHUs Ry, (~3000 Om), Torga Kak B BRICOKOYAC-
TOTHOM ToaauanazoHe (22—35 xI'11) HaOIFOJAIOTCS CYIIECTBEHHBIE PA3IMYHS: JBYXIJIEMEHTHBIH MaKeT MMOKa3bIBaeT
MakcumansHoe Ry, = 8000 Om mpm 29 k['11, a MHOTO3JIEeMEHTHBIE KOHPHUTYpauu (6 M § 3JIeMEHTOB) XapaKTepu3y-
IOTCS 3HAYUTEBHO MEHbIMMHU 3HaueHUsAMU (42—190 Om) BeaenctBue (a3oBbIX SPGEKTOB B3aUMOJICUCTBUS dJie-
MEHTOB. J{[nHaAMHIYecKast eMKOCTh u3MeHseTcs oT +87 1o —78 H® B 3aBUCHMOCTH OT KOHPHUTYypalluu U 9acToThel. Ha-
y4YHas HOBH3HA 3aKIII0YAETCS B MPOBEACHUH CHCTEMAaTHIECKOTO CPABHUTEIBHOTO MCCICOBAHMUS 3aBUCHMOCTH KITIO-
YEBLIX DJICKTPOAKYCTHYCCKUX MAPAMETPOB OT KOJIMYCCTBA AKTUBHBIX DJIEMCHTOB B COCTABHLIX CTCPIKHEBLIX HpCO6-
pa3oBaTessIX ¢ HaKIagKaMH U YaCTOTHOTO JMAIa30Ha, aKTYaJbHOTO IS THAPOAKYCTHIECKOTO MOHUTOPHHTA MOP-
ckoil sxosnoruu. IlomyueHHbIe pe3ynbTaThl JEMOHCTPUPYIOT MEPCHEKTUBHOCTh MPUMEHEHHS ABYXIJIEMEHTHBIX KOH-
(urypanuii s BBICOKOYaCTOTHBIX HMPUIIOKEHHH M MHOTORJIEMEHTHBIX — JUISI IMIMPOKOIOJIOCHBIX 33/1a4 MOHHUTO-

pyUHTa MOPCKHX 3KOCUCTEM.

Kniouesvie cnosa: mpe3okepaMuyeckue mpeoOpa3oBaTed, FTUAPOAKyCTHKA, MOPCKask 3KOJIOTHS, aKTUBHOE
COMPOTHUBJICHUE, JMHAMUYECKAs EeMKOCTb, IIIMPOKOIOJIOCHBIE peodpasosarenu, [[THC-3

BBEJEHHUE

AKTyaJIbHOCTh HCCJIEZIOBAHUS IIHPOKOIIOJIOCHBIX
CTEP)KHEBBIX INpeoOpasoBaTeniel ¢ HakIagkaMu 00y-
CJIOBJIEHAa BO3pACTAIONIUMHU TOTPEOHOCTAMHU THAPO-
aKyCTHYECKOTO0 MOHHUTOPHHIA MOPCKUX 3KOCHCTEM
U HEOOXOJWMOCTBbIO TOBBIIICHUS 3()(HEKTUBHOCTH
aKyCTHUYECKUX CHUCTEM JUII U3YUCHUS BIUSHUS aHTPO-
MOTeHHBIX (haKTOPOB Ha MOpcKyto cpeny [1]. YacToT-
HBI nuamna3zoH 12-35 x['m npencraBnseT ocoObIi HH-
Tepec, MOCKOJBKY OXBaTBIBAET CIEKTPAJBHBIE Xapak-
TEPUCTHUKU aKyCTHYECKOW aKTHBHOCTH MHOTHX BUIOB
MOPCKHX OpPTaHW3MOB, BKJIIOYas MOPCKUX MIIEKOIIH-
TaIOIIUX, U MO3BOJSIET PETUCTPUPOBATH CHI'HAJIBI aH-
TPOIIOTEHHOTO MPOUCXOXKaeHH [2, 3].

OyHIaMeHTAIbHBIE TPUHIMIIBI [TPOCKTHPOBAHUS
THIIPOAKYCTHUYECKHX TpeoOpa3oBareliell  M3II0KEHBI
B Kjaccumueckux paborax [.M. Ceepamuna [1]
u B.B. boropoackoro [2]. Pa3BuTHie TeXHOIOTHN TIhe-
30KEPaMHUYECKUX MaTepUajioB, PaCCMOTPEHHOE B CIIpa-
BouHuKe 1o penaknueit C.W. [Tyrauesa [3], oTKpBUIO

HOBBIE BO3MOKHOCTH IJisi co3faHusi 3()()EKTUBHBIX
IIPOKOTIONIOCHBIX CUCTEM.

CoBpeMeHHbIE UCCIIEAOBaHUS B OOJIACTH II0BO/I-
HBIX MMbE303JICKTPHUECKUX TpeodpazoBareneii 1eMoH-
CTPUPYIOT 3HaUMTENbHBIN nporpecc. S. Park et al. [4]
MPOBEIM KOMIUIEKCHBIM aHalIu3 pa3INYHBIX KOHCT-
PYKTHUBHBIX PEIICHUH IJIsl MMOJBOIHBIX MPUMEHEHUH,
BBIJICJIMB KJIFOUEBBIE (JaKTOPHI, BIUSIOIINE HA TPOU3-
BOJUTEILHOCTH IIpeoOpasoBareneii. Y. Birjis et al. [5]
HCCIIEZIOBATIM HOBBIE KOMITO3UTHBIE IMbe30KepaMuye-
CKH€ MaTepHalTbl C yIyYIIeHHBIMHA XapaKTePUCTHKAMHU
JII1 MOPCKUX MPUMEHEHUH.

OcoObIii HHTEpPEC MPEICTABISIFOT PabOTHI MO MPH-
MEHEHHIO IThe30KEepaMHUYECKuX IpeodpazoBaTeneit
Ul dKoslorndeckoro MoHutopunra. M. Godlewska
n S.Ye [6] 0000mmIm COBpEMEHHBIE JOCTHKEHUS
B 00JIaCTH PUMEHEHUS THAPOAKYCTUIECKUX METO/I0B
JUTSL KCCIIETOBAaHUST MOPCKHX, IEPEXOIHBIX U MPECHO-
BOIHBIX dKocucTeM. L. Shams et al. [7] npencraBuimu
HOBBIE alNrOPUTMBI OOPaOOTKH THAPOAKYCTUUECKUX
JTAHHBIX TSI MOHUTOPWHTA MOPCKHUX OPTaHHU3MOB.
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Pa3BuTHe TEXHONOTHII W3TOTOBJIEHUS ITOPHUCTHIX
MBE30KEPAMUK OTKPBUIO HOBBIE BO3MOKHOCTH JUIS
CO3/IaHUsl  IIUPOKOTIONOCHBIX  TMpeoOpazoBaTeneit
C YJIy4YIICHHBIM aKyCTHYECKHUM COTJIACOBAHUEM C BOJ-
Ho#t cpemoit [8]. UccnemoBanmst H. Wang et al. [9]
nokazanu 3¢ (HeKTUBHOCTh MIPUMEHEHHUS! HOBBIX TbE30-
JNEKTPUYECKUX MAaTepHUaNOB Ui BBICOKOUYBCTBH-
TEJILHBIX MTOJBOTHBIX CHCTEM JICTEKTUPOBAHUSI.

B.I'. Crenanos [10, 11] moka3an nepcneKTUBHOCTb
UCTIOJIb30BaHUsl (ha3UPOBAHHOTO BO30YKICHUS CEK-
Ui B HIMPOKOIIOJIOCHBIX CTEPIKHEBBIX NpeoOpa3oBa-
temsix, a [1.b. JluanoB ¢ coaBropamu [12] pa3paboTa-
U METOAbl ONTHMHU3ALUU CIOUCTHIX COTJIACYIOIIUX
ctpykryp. CoBpeMeHHbBIE IMOJIXOABI K ONTHMHU3AINN
KOHCTPYKITUH TpeoOpa3oBareieil pacCMOTPEHBI B pa-
oorax S. Hao etal. [13] u [14].

OpnHako B COBpEMEHHOHW JUTEparype HeloCcTaTou-
HO OCBEILICH BOIPOC BIMSHHS KOJMYECTBA aKTUBHBIX
MTbE30KEPAMUIECKUX AJIEMEHTOB Ha KITFOUEBBIE DIIEKTPO-
AKyCTHUYECKHE XapaKTEPUCTUKU COCTABHBIX CTEPKHEBBIX
nmpeoOpazoBaTelneil ¢ HaK/IaJKaMd B YAaCTOTHOM JHa-
Ma3oHe, aKTyaJbHOM JIS 3KOJOTHYECKHX MPUII0KE-
Huii. HecMOTpst Ha 3HAUNTENbHBIC TOCTHXKEHUS B pa3-
paboTke HOBBIX MarepuanoB [15, 16] u meTonoB om-
Tumu3anuu [17, 18], oTCyTCTBYIOT CHCTEMaTHYECKHe
JAHHBIE O YacCTOTHBIX 3aBUCHUMOCTSIX aKTHBHOW CO-
craBisomeil nojgHoro comnporusienus (R,) u auHa-
Mudeckoit eMkocTH (Cy) sl pa3MuIHBIX KOH(HUTYpa-
i mpeobpas3oBaTeniell B KOHTEKCTE MX NPUMEHEHHS
JUTSI MOHUTOPHWHTA MOPCKHX dKOCUCTEM [19].

3AJAYN NCCIIEJOBAHUS

ey paboThl — 3KCIEPUMEHTAIHHOE HCCIICIOBa-
HUE BIIMSHUS KOJIMYECTBA aKTUBHBIX IbhE30KepaMuye-
CKHX 3JIEMEHTOB (2, 6, 8) Ha IJIEKTPOAKyCTHICCKUE
XapaKTEPUCTUKU (AKTUBHYIO COCTaBISIOLIYIO TIOJI-
HOTO CONPOTHBIEHUS R, W JTUHAMHYECKYIO €MKOCTh
C4) MakeToB IIMPOKOMOJOCHBIX CTEPIKHEBBIX MPe00-
pasoBareneil ¢ HakimankamMu B amama3zoHe 12-35 k'
Y OILIEHKAa MX MPUMEHUMOCTHU AJI THAPOAKYCTHUECKO-
IO MOHUTOPHHTA MOPCKHX SKOCHCTEM.

3a7a4uu UCCIEeIOBAHUS:

1. Pa3paboTaTth ¥ M3rOTOBUTH TPH MaKeTa CTEPK-
HEBBIX TIPe0Opa3oBaTeNeil ¢ pa3IMyHbBIM KOJIMYECTBOM
MTbe30KEPAMHUIECKHX DIIEMEHTOB (2, 6, 8).

2. DKCIIepUMEHTAIBHO ONMPEJCIUTh YaCTOTHEIE 3a-
BHCUMOCTH aKTHBHOW COCTaBJISIONIEH MOJHOTO CO-
npotusiieHus Ry, B mogauamazonax 12-21 k' u 22—
35 x['m.

3. UccnenoBaTh YaCTOTHBIE 3aBUCUMOCTH IUHAMU-
yeckoir emkocTH Cy UIA BCeX KOHUTyparuii mpeod-
paszoBarenei.

4. TlpoBecTu CpaBHUTEIBHBIM aHAIN3 BIUSHUSA KO-
JUYECTBA AKTUBHBIX 3JIEMEHTOB Ha JJIEKTPOAKYCTHUE-
CKHE XapaKTEPUCTHKH.

B. 1. KAJIYOTA u np.

5. OueHUTh NEPCHEKTUBBI NPUMEHEHHS pPa3iny-
HBIX KOH(puUTypanuii mnpeoOpazoBaTeneld s 3amad
9KOJIOTHYECKOT'0 MOHUTOPUHTA MOPCKOH Cpempl.

Hayunas HOBW3HA 3akito4yaeTcs B NPOBEACHUU
MEPBOTO CUCTEMATUYECKOT0 CPaBHHUTEIHLHOI'O JKCIIe-
PUMEHTAIBHOTO HMCCIIEOBAHUS 3aBUCUMOCTEH aKTHB-
HOM COCTABJISIFOIIEHN IIOJHOIO COIPOTHBIIEHUS U JIH-
HAMHUYECKOH €MKOCTH OT KOJIMYECTBA aKTUBHBIX dJe-
MeHTOB (2, 6, 8) B COCTaBHBIX CTEP)KHEBBIX Ipeodpa-
30BaTeNAX C HAKIAJAKAMU JIJIs 9aCTOTHOTO JHara30Ha
12-35 x['m, akTyasibHOTO AJI 3a7ad THAPOAKYCTHUE-
CKOT'O MOHHUTOPHHTa MOPCKOH SKOJIOTHH.

MATEPHAJIbI U METO/IbI

KOHcmpyKI/ﬂ/l}Z IKCNEPUMEHRNMAIIbBHBIX MAKENO6

Jna uccrenoBanusi ObUIA W3TOTOBJIEHBI TPH MaKe-
Ta IIUPOKOIIOJNOCHBIX CTEPXKHEBBIX MpeoOpa3oBate-
J€H, pa3IMyaroIIuXCcsl KOJIMYECTBOM aKTUBHBIX MbE30-
KepaMUYECKUX 3JIEMEHTOB: MakeT Ne 2 (2 ayneMeHTa),
makeT Ne 6 (6 amemenToB) U MakeT Ne 8 (8 aeMeHTOB).
OOmmii Bua maketoB daH B Ilpunoxkennn Ha puc. II,
3CKU3bl MAKETOB MPEICTABIIEHBI HA puC. 1.

Mamepuansl KoncmpyKuuu

AKTHUBHBIE 37eMeHTHL: mbe3okepamuka LTBC-3
(uMpKkOHaT—TUTAaHAT OapUS—CTPOHLIMSA), XapaKTepH-
3YIOINAsICSl BBICOKOW IbE303JIEKTPUUYECKON aKTHBHO-
ctbio (d;; ~ 350-400 nKn/H) u Mmexanudeckoit npou-
HOCTBIO.

Haxnanxu: Hep)kaBerolas  craib MapKu
12X18HI0T (obecnieumBaeT KOPPO3WOHHYIO CTOM-
KOCTb B MOPCKOH cpejie) ¥ altfoMMHUN Mapku AMroé
(1 CHIKEHUST MacChl KOHCTPYKIIMN).

Kpenexnsie anemenTs: 6onTel M8 Kkiacca mpod-
HOCTH 8.8.

TI'eomempuueckue napamempoi

Bce makeThl nMenu cTaHIAapTHU3UPOBAHHYIO I'€O-
MeTpuro ¢ obmel JmHoi L u nuamerpom D, oGecme-
YUBAIOIIMMU PE30HAHC B HCCIEAYEMOM YacTOTHOM
nuanaszone. Haknmagku (QUKCHpOBaNHMCh OOITOBBIM
COEMHEHNEM C KOHTPOJIHMPYEMBIM YCHIIMEM 3aTSKKU
111 00eCTICUeHNS AKyCTUUECKOTO KOHTAKTA.

DKcnepumenmanbHas yCMano8Ka u Memoouxa
usmepeHutl

N3mepeHus 371eKTpoaKyCTUYECKUX XapaKTepPHUCTHK
MIPOBOJVIINCH C HWCIOJH30BAaHHEM aBTOMATH3HPOBAH-
HOM yCTaHOBKH Ha 0aze m3Mmeputens nmmuTanca E7-30
(mpomsBoactBa OAO "MHMUIIN", Pecny6mika bema-
pych) C paboYMM YaCTOTHBIM Juana3oHoM oT 25 g
Jo 1 MI' 1 OCHOBHOH MOTrPELIHOCTBI0 H3MEPEHUS
MOAyJs mosHOro compoTuBieHust +£(0.7-1.5)% B 3a-
BHCHMOCTH OT 4aCTOTEHI.

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 4
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Puc. 1. DCKU3BI MAKETOB.

a — maketT Ne 2 (¢ 2 mpe3oasieMenTamu); 6 — makeT Ne 6 (¢ 6 mbe3odnemMenTamMu); B — MakeT Ne 8 (¢ 8 mbpe3osnemen-

TamH); 0003HaYEHHE: 113 — MHE30JIEMEHT

Ycnoeua usmepenuii

Cpena: Bo3ayx mpu HOpMalbHBIX ycioBusix (T =
=20 £ 2 °C, oTHOCHUTENBHAS BIAXHOCTh 45-65%).

Awmmumntyna m3mepurenbHoro curHana: 1 B (cpen-
HEKBaJ[paTUYHOE 3HAUCHHE).

Yacroruemi mar: 100 I'm B numamasone 12-21 kI,
200 I'r B tmanaszone 22-35 kI 1.

Pexxum m3mepeHus: mocinenoBareibHas CXeMa 3a-
merierns (Ri—Lg, R—Cy).

BpeMms ycranoBneHus curHana: 3 mepuoia H3Me-
PHTENBHON YaCTOTHI.

Ilpomoxon usmepenuii

1. KamubpoBka wusmepurens wummurtanca E7-30
C MWCHOJIb30BAaHMEM BCTPOEHHBIX J3TAJIOHHBIX LEHeH
(pa3oMKHYTas 11eTb, KOPOTKOE 3aMBbIKaHUE, ITATOHHAS
Harpyska 50 Om).

2. YcraHOBKa MakeTa npeoOpa3oBaTess B clenua-
JM3UPOBAaHHOM HM3MEPHUTEIFHOM CTEHJAE C SKpaHHpPO-
BaHUEM OT BHEIIHHX JJIEKTPOMArHUTHBIX TIOMeEX.

HAVYYHOE ITPUBOPOCTPOEHME, 2025, Tom 35, Ne 4

3. TloaxmioueHne MakeTa K M3MEPHUTEIbHBIM BbI-
BOJAaM MpHUOOpa depe3 KoakcHambHBINA Kabenb RG-58
JIUTHHOU 1 M.

4. ABTOoMaTHM4eckas pa3BepTKa I0 4acToTe C Ima-
TOM, YKa3aHHBIM BBIIIE, M PETHCTPAUsl MapaMeTpoB
R, (aktuBHOE compoTuBiieHUE) u X; (PEaKTHBHOE CO-
MIPOTHUBIICHNUE).

5. Beramcnenne aumHaMudeckolr emkoctH Cy IO
dopmyne: Cy = -1/ (2aF X;) u1st eMKOCTHOTO Xapak-
Tepa Harpy3KH.

PE3VJIbTATBI U OBCYXJEHUE

Yacmomnas 3a6ucumocms aKkmusHo
COCMCIGJZ)Z]OW@IZ NOJIHO2O CONpOmMuUeBJ1EeHUA

OKCHepUMEHTaIbHbIE JaHHBIE YACTOTHON 3aBHCHU-
MOCTH aKTUBHOM COCTaBJISAIONIEN MOJTHOTO CONMPOTHB-
neHust Ry, A5d vccnegoBaHHBIX MAKETOB MPEJCTaBIIe-
HbBI B Ta0. 1.



116

B. 1. KAJIYOTA u np.

Ta6J. 1. AKTUBHAS COCTABIISIONIAS IOJHOTO COTIPOTUBIICHUS MPeoOpa3oBarTeieit

JHunanazoH (xI'1r) Ne makera Komuuectso a11e- Ry, (Om) Yactora F (kI'x)
MEHTOB
2 2 3506 20.1
12-21 6 6 3068 15.0
8 8 2915 14.5
2 2 8000 29.0
22-35 6 6 190 30.6
8 8 42 254
7000 9000
e 8000 ) gl
6 7000
5000 6000
= 8 2 g 5000 8 8
O 4000 & 4000 Maxker No2 (2 5m)

3000 —— Maxket Ne 2 (2 am)

2000 Maxet Ne 6 (6 >m)

1000 Maxet Ne 8 (8 a1)

19 20 21

F. I

Puc. 2. YacTtoTHas 3aBHCUMOCTh aKTHBHOM COCTaBJISIO-
IIeH TOJHOTO COMPOTHUBIICHUS MpeoOpa3oBarTeneii, cpas-
HEHHUE BCeX M3MepeHuit Ha yacrorax 12-21 kl'm.

Ananu3s pezyromamoe 6 nooouanazone 12-21 kl'y

B HH3KOYaCTOTHOM TMOJMANIa30HE BCE HUCCIEIO-
BaHHBIE KOH(PHUTyparui JEMOHCTPHUPYIOT COIIOCTaBU-
Mble 3HaueHHs R,, B auamazone 2915-3506 Om (cM.
puc. 2), 9TO CBUAETEIBCTBYET O BBICOKOH d(PPEKTHB-
HOCTH TpeoOpa3oBaHUs JIICKTPUYSCKON 3HEPTHUU
B aKyCTHYECKYIO IJIs BCeX THIIOB MakeToB. OTHOCH-
TenbHO Hebompmme pazmuuus (£10%) MoryT OBITH
OOBSICHEHBI BapHaIUsIMH PE30HAHCHBIX YacTOT, 00y-
CJIOBJICHHBIMH TEXHOJIOTHYECKMMHU JIONYCKaMH TIPH
M3TOTOBJICHUH.

Ananu3s pezyromamoe 6 nooouanazone 22-35 kl'y

B BBICOKOYACTOTHOM MOAIMATa30He HAOIFOMaeTCS
KapIWHaJbHOE pa3inyie B MOBEICHHUHU IpeoOpa3oBa-
TeJeu:

1. ByxanemeHTHbI MakeT (Ne 2) mokasbIBaeT
MakcuMmanpbHoe 3HadueHue R, = 8000 Om ma gacroTe
29 kI’ (cm. puc. 3), uto B 2.3 pa3a HpeBbIIIaeT 3Ha-
YeHHUs B HU3KOYACTOTHOM JIMarna3oHe. JTO yKa3bIBaeT

MaxeT Ne 6 (6 o1)

w Maxet Ne8(8 a1)

30 31 32 33 34

3000
2000
1000 8

0
22 23 24 25 26 27 28 29

F.xI'x

35

Puc. 3. YacTtoTHast 3aBHCHMOCTL AKTHBHOM COCTaBIISIIO-
el MOJIHOTO CONPOTHBIICHUS IMpeoOpa3oBaTeliei, cpas-
HEHHE BceX M3MepeHuit Ha qacTorax 22-35 k[ .

Ha HAJIMIUE BBICOKOJAOOPOTHOTO pe30HAHCa, 00YCIIOB-
JICHHOT'O COTJIACOBaHHBIM KOJIEOAHHEM JABYX 3JIeMEH-
TOB B (haze.

2. MuoroanemenTnele MakeThl (Ne 6 u Ne 8) xa-
PaKTEPU3YIOTCS PE3KUM CHIKEHHEM R, 10 3HaueHui
190 Om u 42 Om cootBeTcTBEeHHO. JlaHHBIN 3P deKT
00BSCHAETCS NECTPYKTHBHOM WHTEPQEPECHITHECH aKy-
CTHYECKHX BOJIH OT Pa3HYHBIX 3JIEMEHTOB, MPHUBO-
el K (pa3oBBIM paccOTJIACOBAHUSAM W CHIDKEHHUIO
o0m1eit 3()(heKTUBHOCTH U3TYUCHHUS.

Ou3nyecknii MEXaHU3M HaOIOAACMBIX Pa3THIHA
CBSI3aH C TEM, YTO IPH YBEIWYCHUH YacTOTHI IJTMHA
aKyCTHYECKOW BOJHBI B MbE30KEPAMHKE CTAHOBUTCS
COTIOCTaBMMOI € pa3MepaMu OTIENIbHBIX 3JIEMEHTOB,
YTO TMPUBOJIUT K BOSHUKHOBEHHUIO CIOXXHOW KapTHUHBI
CTOSYMX BOJIH M ()a30BBIX CIBUTOB MEXKIY DIIEMEHTa-
Mu. AHanorndsele 3¢ (deKThl Ha0Iroaamich B paboTtax
[15] mast KOMITO3UTHBIX CTEPIKHEBBIX MpeoOpa3oBaTe-
neit u [13] 4J1s1 MHOTORJIEMEHTHBIX CUCTEM.

HAVYYHOE ITPUBOPOCTPOEHUE, 2025, Tom 35, Ne 4
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Ne makera KonuuectBo 35eMeHToB Cq (HD) Yacrora F (k['m)
2 2 oT5 100 20.5
ot 10 mo —-10 30.5
8 8 ot 87 mo —78 25.5

Yacmomuas 3a6ucumocms OUHAMUYECKOU
emKkocmu

PesynpTaThl U3MEpPEHUN AMHAMMYECKOM E€MKOCTH
C4 mpeacTaBieHsl B Ta0I. 2.

Ananu3 ounamuueckoit emkocmu

1. YBenndyenue abcomoTHBIX 3HadeHud Cy4 ¢ poc-
TOM KOJIMYECTBA dJIEeMEHTOB (2—6—8) 00ycioBIeHO
BO3pacTaHueM OOIIeil aKTUBHOM IUIOIIA U ThE30Ke-
PaMHKH U COOTBETCTBYIONTUM YBEITUICHUEM DJICKTPH-
YECKOW EMKOCTH CUCTEMBI.

2. H3menenne 3HaKa IUHAMHUYECKOH €EMKOCTH
B BBICOKOYACTOTHOM JHMAalla30He yKa3blBaeT Ha Iepe-
XO0JI Yepe3 PE30HaHC, MPU KOTOPOM PEAKTHBHOE CO-
MIPOTHUBJICHUE CHCTEMBI MEHSET XapaKTep ¢ €eMKOCTHO-
ro Ha MHyKTHBHBIH.

3. HauGonpmmii nuana3oH wusMeHenus Cg s
BOCBMHDJIEMEHTHOTO MakeTa (ot +87 mo —78 HD)
CBHIIETENLCTBYET O OoJiee CI0XKHOW pPE30HAHCHOU
CTPYKTYpPE MHOTOJJIEMEHTHON CHCTEMBI.

OHQHKCI npumerumocmu 07151 DKONO2UHECKO20
MOHUMOpUHA

/Ina nuzkouacmomuuvix npunoxcenuii (12-21 xl'y)

Perucrpanus KpynHbIX MOPCKUX MJIEKOIMTAOLINX
(xuThl, nenb(UHBI) — Bce KOH(GUTYpAIMK TOKa3bIBa-
I0T conoctaBuMyio 3¢ dektuBHOCTh. Pexomenayercs
WCTIOJIb30BaHNE JBYXAJIEMEHTHBIX MAaKeTOB KaK HaW-
0oJtee MPOCTHIX B U3TOTOBJICHHUH.

/Ina evicokouacmomuuix npunosxycenuit (22-35 xl'y)

JleTekTHpOBaHUE MEJKHX MOPCKUX OpPTaHU3MOB,
OXOJIOKAIMOHHBIX CUTHAJIOB JBYXJJICMCHTHBLIC MakKe-
ThI 00ECIIEYMBAIOT MAKCUMAIILHYIO YYBCTBUTEILHOCTh
3a cueT BBICOKOTO R,,. MHOro31memMeHTHbie KOHpHUTY-
palyy NPEANOYTUTENBHBI IS MUPOKOMOJIOCHBIX H3-
MEpEHUI.

Hpaxmuuecxaﬂ SHAYUMOCMb pe3ylbmamoes

[Tony4eHHbIC JaHHBIC TO3BOJISIIOT OCYIIECTBISTH
00ocHOBaHHBII BbIOOp KOH(MUTYpanuu npeoOpazoBa-
TEJsl B 3aBUCHMOCTH OT CHIEHU(UKH pelraeMbIx 3a1a4
MOHHTOPHHTA MOPCKOW 3KOJIOTHH, YTO CIIOCOOCTBYET
HOBBILICHHIO 3()(HEKTUBHOCTH THUIPOAKYCTHUECKUX
CHCTEM M KauecTBa HKOJOTHYECKHX HCCIICIOBAHHH.
Pe3ynbTaThl COrNIacyrTCs ¢ COBPEMEHHBIMH TEHIICH-
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OUsIMA B 00J1aCTH pa3pabOTKH CIIEHHATH3UPOBAHHBIX
npeoOpa3oBaTenei I dKOJIOTHIECKUX MPUMEHEHUH
[19] 1 MOTyT OBITH UCTIOJIB30BaHbl PU MPOEKTHPOBA-
HHUM CUCTEM MOHHMTOPHHIA MOPCKHX KOCHUCTEM HOBO-
ro nokonenwus [7, 9].

3AKJIFOYEHUE

1. DKcriepruMeHTAIbHO YCTaHOBJIEHO, YTO B dac-
ToTHOM sauamnasoHe 12-21 kl'r Bce umcciemoBaHHBIE
KoH(Urypauun npeodpazosareineid (2, 6, 8 smemen-
TOB) JEMOHCTPHUPYIOT COIOCTaBUMbIC 3HAYCHHUS aK-
TUBHOW COCTaBJISIOIICH IOJIHOTO CONPOTUBIICHUS
(2915-3506 OM), utro obOecreymBaeT WX BBICOKYIO
3¢ (HEeKTUBHOCTD JJII HU3KOYACTOTHBIX MPUIIOKCHUN
MOHHUTOPHHTA MOPCKOH SKOJIOTHH.

2. B BricOkOuacTOTHOM auana3oHe 22—35 kI’ BeI-
SIBIIEHBI CYIIECTBEHHBIE Pa3INYHA JJIEKTPOAKyCTHIEe-
CKHX XapaKTEPHCTHUK: JBYX3JEMCHTHBIH MaKeT MOoKa-
3pIBaeT MakcumaiabHoe Ry, =8000 Om, Torga kak MHO-
TO3JIEMEHTHBIE  KOH(QUTYpallMd  XapaKTepU3YITCS
3HAYNTEIHPHO MEHBIMUMHU 3HadeHUsIMH (42—190 Owm)
BeneacTtBue  (azoBeIX 3G (PEKTOB B3aUMOACHCTBHS
3JIEMEHTOB.

3. JunaMudeckas eMKOCTh MpeoOpa3zoBaTeneil us-
MeHseTcd B IMPOoKoM auana3one (ot +87 go —78 Hd)
B 3aBHCUMOCTH OT KOJIMYECTBA DJIEMEHTOB M YaCTOTEHI,
MpH ATOM HAONIOaeTCsl M3MEHEHHE 3HaKa eMKOCTH
B 00JIacTH pE30HaHCa, YTO YKAa3bIBaE€T Ha CIIOKHYIO
PE30HAHCHYIO CTPYKTYPY MHOTOARJIEMEHTHBIX CUCTEM.

4. YCTaHOBIJIEHO, YTO JBYXJJIEMCHTHBIE KOH(HTY-
parwn HanOosee 3 PEeKTHBHBI 1 BRICOKOYACTOTHBIX
MPUIOKCHUHA JIETCKTUPOBAHUS MEJIKUX MOPCKUX Op-
TaHU3MOB, a MHOTO3JIEMEHTHBIE IPeoOpa3oBaTeNn
MPENOYTUTEIBHBI JIJIsI NTUPOKOTIOIOCHBIX 33]a4 MO-
HUTOPHHTA MOPCKUX SKOCHCTEM.

5. Hayunas 3HaunMocTh pabOTBI 3aKIIOYacTCS
B TIOJyYEHHH HOBBIX OSKCIIEPHUMEHTAIIBHBIX JTaHHBIX
0 3aBUCHMOCTH KIJIFOYEBBIX JIEKTPOAKYCTUYECKUX Ta-
pamMeTpoB OT KOH(PUTYPALIUN COCTABHBIX CTEPIKHEBBIX
nmpeoOpazoBaTeneil, YTO pacIIupsieT TEOPETHUECKYIO
0a3y MPOEKTHPOBAHUS THUAPOAKYCTUYECKUX CHCTEM
JUTSL 9KOJIOTHYECKUX MCCIIETOBAHUI.

6. IIpakTrueckas IEHHOCTh PE3YJIbTATOB COCTOUT
B BO3MOXXHOCTH OOOCHOBAHHOTO BEIOOpa ONTHMAIh-
HOW KOH(UTypanuu npeobpa3oBareieil 1t KOHKPET-
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HBIX 33Ja4 THAPOAKyCTHYECKOTO MOHHTOPHHIA MOP-
CKOH cpelibl, YTO CHOCOOCTBYET MOBBIIICHUIO 3 (eK-
THUBHOCTH DKOJIOTMUECKHUX WCCIEIOBAHUA M CHCTEM
KOHTPOJISL aHTPOIIOT€HHOTO BO3/ICHCTBUS HA OKCAHBI.
[TepcnekTrBBl HaMpHEHIINX HCCIEIOBAHUNA BKIIIO-
YalOT ONTHUMHU3AIMIO TECOMETPUUYECKUX MapaMmeTpoB

B. 1. KAJIYOTA u np.

HaKJIaJI0K, TPOBEICHNE HATYPHBIX HCIBITAHUHA B MOp-
CKUX YCJIOBUSIX, MCCIICOBAHHE BIMSHUS TEMIIEpary-
PBI M JIaBIICHUS HA JJIEKTPOAKYCTHIECKUE XapaKTepH-
CTHKH, a TaKXKe pa3paboTKy aJalTHBHBIX aITOPUTMOB
00pabOTKN CHTHAIIOB /ISl Pa3UYHBIX KOH(QUTYpaIuit
npeoOpa3oBaTesei.

MMPUJIIOXEHHUE

Puc. I1. Bux makeroB: makeT Ne 2 (a), maket Ne 6 (6), makeT Ne 8 (B) .
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RESULTS OF EXPERIMENTAL RESEARCH
INTO THE ELECTROACOUSTIC CHARACTERISTICS OF COMPOSITE
PIEZOCERAMIC TRANSDUCERS WITH OVERLAYS FOR MARINE
ECOLOGY MONITORING TASKS

V. L. Kaliuta, V. V. Demenchuk, P. P. Pivnev, S. P. Tarasov

Southern Federal University, Taganrog, Russia

The results of an experimental study of the effect of the number of active piezoceramic elements (2, 6, 8) on
the electroacoustic characteristics of broadband rod transducers with overlays in the frequency range of 12—
35 kHz are presented. The frequency dependences of the active component of impedance (R,,) and dynamic ca-
pacitance (Cy) of three configurations of converters with piezoceramic elements made of CTBS-3 material have
been studied by experimental prototyping and stainless-steel overlays. It was found that in the low-frequency
subband (12-21 kHz), all the studied configurations demonstrate comparable values of R, (~3000 Q), whereas
in the high-frequency subband (22-35 kHz), significant differences are observed: the two-element layout shows
a maximum R,, = 8000 Q at 29 kHz, and the multi-element configurations (6 and 8 elements) are characterized
by significantly lower values (42—190 Q) due to the phase effects of the interaction of the elements. The dynam-
ic capacitance varies from +87 to —78 nF depending on the configuration and frequency. The scientific novelty
consists in conducting a systematic comparative study of the dependence of key electroacoustic parameters on
the number of active elements in composite rod transducers with overlays for the frequency range relevant for
hydroacoustic marine ecology monitoring. The results obtained demonstrate the prospects of using two—element
configurations for high-frequency applications and multi-element configurations for broadband monitoring of
marine ecosystems.

Keywords: piezoceramic transducers, hydroacoustics, marine ecology, active resistance, dynamic capacitance, broadband
transducers, CTBS-3
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INTRODUCTION

The relevance of research into broadband rod
transducers with overlays is driven by the growing
needs of hydroacoustic monitoring of marine ecosys-
tems and the need to improve the efficiency of acous-
tic systems for studying the impact of anthropogenic
factors on the marine environment [1]. The frequency
range of 12-35 kHz is of particular interest, as it cov-
ers the spectral characteristics of the acoustic activity
of many species of marine organisms, including ma-
rine mammals, and enables the recording of signals of
anthropogenic origin [2, 3].

The fundamental principles of hydroacoustic
transducer design are outlined in the classic works of
G.M. Sverdlin [1] and V.V. Bogorodsky [2]. The de-
velopment of piezoceramic material technologies, dis-
cussed in the handbook edited by S.I. Pugachev [3],
has opened up new possibilities for the creation of
effective broadband systems.

Modern research in the field of underwater piezoe-
lectric transducers has demonstrated significant
progress. S. Park et al. [4] conducted a comprehensive
analysis of various design solutions for underwater
applications, identifying key factors influencing trans-
ducer performance. Y. Birjis et al. [5] investigated
new composite piezoceramic materials with improved
characteristics for marine applications.

Of particular interest are studies on the use of pie-
zoceramic transducers for environmental monitoring.
M. Godlewska and S. Ye [6] summarized modern
achievements in the application of hydroacoustic me-
thods to the study of marine, transitional, and freshwa-
ter ecosystems. L. Shams et al. [7] presented new al-
gorithms for processing hydroacoustic data for moni-
toring marine organisms. Developments in porous
piezoceramic manufacturing technologies have
opened up new possibilities for creating broadband
transducers with improved acoustic matching to the
aquatic environment [8]. Research by H. Wang et al.
[9] demonstrated the effectiveness of using new pie-
zoelectric materials for highly sensitive underwater
detection systems.

B.G. Stepanov [10, 11] demonstrated the potential
of using phased excitation of sections in broadband
rod transducers, and D.B. Dianov et al. [12] developed
methods for optimizing layered matching structures.
Modern approaches to optimizing transducer design
are discussed in the works of S. Hao et al. [13] and
[14].

However, the influence of the number of active
piezoceramic elements on the key electroacoustic cha-
racteristics of composite rod transducers with overlays
in the frequency range relevant for environmental ap-
plications is insufficiently addressed in the modern
literature. Despite significant advances in the devel-
opment of new materials [15, 16] and optimization

methods [17, 18], there are no systematic data on the
frequency dependences of the active component of the
impedance (R,,) and dynamic capacitance (C,) for var-
ious transducer configurations in the context of their
application in monitoring marine ecosystems [19].

RESEARCH OBJECTIVES

The goal of this study is to experimentally investi-
gate the effect of the number of active piezoceramic
elements (2, 6, 8) on the electroacoustic characteris-
tics (the active component of the impedance R,, and
the dynamic capacitance C4) of broadband rod trans-
ducer prototypes with overlays in the 12-35 kHz
range and to evaluate their applicability for hydroac-
oustic monitoring of marine ecosystems.

Research objectives:

1. To design and manufacture three rod transducer
prototypes with different numbers of piezoceramic
elements (2, 6, 8).

2. To experimentally determine the frequency de-
pendences of the active component of the impedance
Rw in the 12-21 kHz and 22-35 kHz subranges.

3. To study the frequency dependences of the dy-
namic capacitance C4 for all transducer configura-
tions.

4. To conduct a comparative analysis of the effect
of the number of active elements on electroacoustic
characteristics.

5. To assess the potential for using various trans-
ducer configurations for marine environmental moni-
toring.

The scientific novelty lies in conducting the first
systematic comparative experimental study of the de-
pendence of the active component of the impedance
and dynamic capacitance on the number of active
elements (2, 6, 8) in composite rod transducers with
overlays for the frequency range of 12-35 kHz, which
is relevant for hydroacoustic monitoring of marine
ecology.

MATERIALS AND METHODS

Design of experimental prototypes

Three prototypes of broadband rod transducers dif-
fering in the number of active piezoceramic elements
were manufactured for the study: prototype Ne 2 (2
elements), prototype Ne 6 (6 elements), and prototype
Ne 8 (8 elements). The appearance of the layouts is
given in the Appendix in Fig. II, diagrams are pre-
sented in Fig. 1.

Structural materials
Active elements: CTBS-3 piezoceramic (barium
strontium zirconate titanate), characterized by high



Fig. 1. Layout diagrams.

a — Prototype No. 2 (with 2 piezoelectric elements);
06 — Prototype No. 6 (with 6 piezoelectric elements);
B — Prototype No. 8 (with 8 piezoelectric elements);
designation: m» — piezoelectric element

piezoelectric activity (ds; = 350400 pC/N) and me-
chanical strength.

Overlays: "12X18H10T" stainless steel (ensures
corrosion resistance in marine environments) and
"AMr6" aluminum (to reduce weight).

Fasteners: M8 bolts, strength class 8.8.

Geometric parameters

All prototypes had a standardized geometry with
an overall length L and diameter D, ensuring reson-
ance in the studied frequency range. The bolts with
controlled tightening torque to ensure acoustic contact
secured the overlays.

Experimental setup
and measurement methodology

Electroacoustic characteristics were measured us-
ing an automated setup based on an E7-30 immitance
meter (manufactured by JSC MNIPI, Republic of Be-
larus) with an operating frequency range from 25 Hz
to 1 MHz and an impedance modulus basic measure-
ment error of £(0.7-1.5)% depending on frequency.

Measurement conditions

Mediment: air under normal conditions (T =
=20 £ 2 °C, relative humidity 45-65%).

Measurement signal amplitude: 1 V (root mean
square).

Frequency step: 100 Hz in the range 12-21 kHz,
200 Hz in the range 22-35 kHz;

Measurement mode: series
(R-Ls, R—C).

Signal settling time: 3 periods of the measurement
frequency.

equivalent circuit

Measurement protocol

1. Calibration of the E7-30 immittance meter using
the built-in reference circuits (open circuit, short cir-
cuit, 50 Q reference load).

2. Installation of the transducer prototype in a spe-
cialized measurement stand with shielding from ex-
ternal electromagnetic interference.

3. Connect the prototype to the instrument's mea-
suring terminals via a 1-meter RG-58 coaxial cable.

4. Automatic frequency sweep with the step speci-
fied above and recording the parameters R; (active
resistance) and X, (reactive resistance).

5. Calculate the dynamic capacitance C, using the
formula: C4 =-1/ (2xnF X) for a capacitive load.

RESULTS AND DISCUSSION

Frequency dependence
of the active component of the impedance

Experimental data on the frequency dependence of
the active component of the impedance R,, for the stu-
died prototypes are presented in Tab. 1.

Tab. 1. Active component of the transducer imped-
ance

Analysis of results in the 12-21 kHz subrange

In the low-frequency range, all studied configura-
tions demonstrate comparable R,, values in the 2915—
3506 Q range (see Fig. 2), indicating high efficiency
in converting electrical energy into acoustic energy
for all layout types. Relatively small differences
(+10%) can be explained by variations in resonant
frequencies due to manufacturing tolerances.

Fig. 2. Frequency dependence of the active compo-
nent of the impedance of the converters, comparison
of all measurements at frequencies of 12-21 kHz.

Analysis of results in the 22-35 kHz subrange

In the high-frequency subrange, a dramatic differ-
ence in the behavior of the transducers is observed:

1. The two-element prototype (No. 2) shows
a maximum R,, value of 8000 Q at a frequency of
29 kHz (see Fig. 3), which is 2.3 times higher than the
values in the low-frequency range. This indicates the
presence of high-Q resonance caused by the coordi-
nated oscillation of two elements in phase.

2. Multi-element prototypes (No. 6 and No. 8) are
characterized by a sharp decrease in R,, to values of
190 Q and 42 Q, respectively. This effect is explained
by destructive interference of acoustic waves from
different elements, leading to phase mismatches and
a decrease in overall radiation efficiency.

Fig. 3. Frequency dependence of the active compo-
nent of the impedance of the converters, comparison
of all measurements at frequencies of 22—-35 kHz.

The physical mechanism behind the observed dif-
ferences is that, as frequency increases, the acoustic
wavelength in piezoelectric ceramics becomes compa-
rable to the dimensions of individual elements, lead-
ing to the emergence of a complex pattern of standing
waves and phase shifts between elements. Similar ef-
fects were observed in the works [15] for composite
rod transducers and [13] for multi-element systems.



Frequency dependence of dynamic capacitance

The results of dynamic capacitance C4 measure-
ments are presented in Tab. 2.

Tab. 2. Dynamic capacitance of converters

Dynamic capacitance analysis

1. The increase in absolute C4 values with increas-
ing number of elements (2—6—8) is due to the in-
crease in the total active area of the piezoelectric ce-
ramics and the corresponding increase in the electrical
capacitance of the system.

2. The change in sign of the dynamic capacitance
in the high-frequency range indicates a transition
through resonance, at which the system's reactance
changes from capacitive to inductive.

3. The largest range of Cy4 variation for the eight-
element prototype (from +87 to —78 nF) indicates
a more complex resonant structure of the multi-
element system.

Evaluation of applicability
for environmental monitoring

For low-frequency applications (12-21 kH7)
Recording large marine mammals (whales, dol-
phins) — all configurations demonstrate comparable
performance. Dual-element configurations are rec-
ommended, as they are the easiest to manufacture.

For high-frequency applications (22-35 kH?)

Detecting small marine organisms and echoloca-
tion signals, dual-element configurations provide
maximum sensitivity due to their high R,. Multi-
element configurations are preferable for broadband
measurements.

Practical significance of the results

The data obtained enable an informed choice of
transducer configuration based on the specifics of ma-
rine environmental monitoring tasks, thereby improv-
ing the efficiency of hydroacoustic systems and the
quality of environmental research. The results are
consistent with current trends in the development of
specialized transducers for environmental applications
[19] and can be used in the design of next-generation
marine ecosystem monitoring systems [7, 9].

CONCLUSION

1. It was experimentally established that in the fre-
quency range of 12-21 kHz, all studied transducer

configurations (2, 6, 8 elements) demonstrate compa-
rable values of the active component of the impedance
(2915-3506 Q), which ensures their high efficiency
for low-frequency marine ecology monitoring applica-
tions.

2. In the high-frequency range of 22-35 kHz, sig-
nificant differences in electroacoustic characteristics
were revealed: the two-element layout has a maxi-
mum R, = 8000 Q, while multi-element configura-
tions are characterized by significantly lower values
(42-190 Q) due to phase effects of element interac-
tion.

3. The dynamic capacitance of the transducers va-
ries over a wide range (from +87 to —78 nF) depend-
ing on the number of elements and frequency, with
a change in the sign of the capacitance observed in the
resonance region, indicating the complex resonant
structure of multi-element systems.

4. It has been established that two-element confi-
gurations are most effective for high-frequency appli-
cations detecting small marine organisms, while mul-
ti-element transducers are preferable for broadband
monitoring of marine ecosystems.

5. The scientific significance of this work lies in
the acquisition of new experimental data

on the dependence of key electroacoustic parame-
ters on the configuration of composite rod transducers,
which expands the theoretical basis for designing hy-
droacoustic systems for environmental research.

6. The practical value of the results lies in the pos-
sibility of substantiating the selection of optimal
transducer configurations for specific tasks of hy-
droacoustic monitoring of the marine environment,
which contributes to the increased efficiency of envi-
ronmental research and systems for monitoring anth-
ropogenic impact on the oceans.

Prospects for further research include optimizing
the geometric parameters of the overlays, conducting
on-site tests in marine conditions, studying the influ-
ence of temperature and pressure on electroacoustic
characteristics, and developing adaptive signal
processing algorithms for various transducer configu-
rations.

APPENDIX

Fig. I1. Appearance of prototypes: prototype No. 2
(a), prototype No. 6 (0), prototype No. 8 (B).




