ISSN: 2220-8506 (Print)
ISSN: 24 14-0473 (Online])




http://pimi.bntu.by ISSN (print): 2220-9506

NMPUBOPbLI U METODbI
U3MEPEHUIA

Hay4yHO-TeXHUYeCcKkn XypHan

OcHoBaH B 2010 T.

Yuypeautenb
Benopycckun HauMoHanbHbIN TEXHUYECKU YHUBEPCUTET

BbixoguT 4 pasa B rog

XKypHan skntodeH B 6a3y gaHHbix Web of Science Core Collection (ESCI)

Tom 8 Ne 2 2017

IVIABHBIM PEJJAKTOP
I'yceB O.K., 0.m.n., npogheccop, npopexmop Benopycckoeo nayuonanbio2o mexuuuecko2o ynusepcumema (2. Munck, berapycn)

3AMECTHUTEJIb I'TABHOI'O PEJAKTOPA
MauasipeBud A.M., 0.¢h.-m.H., npogheccop, npopexmop benopyccrkoeo HayuoHaIbHO20 MeXHUUecko2o yHusepcumema (2. MuHck,
benapycy)

CEKPETAPbH
Bopodeii P.U., x.m.n., doyenm, szasedyrowuii xagedpoi «Hnpopmayuonno-usmepumenvnas mexuuxka u mexHOI0SUUY
KBenopyccroeo nayuonanvnoco mexnuyeckozo ynusepcumema (e. Munck, berapyce)

PEJAKIIMOHHASI KOJIJIET USI
AnexceeB B.A., 0.m.n., npogheccop, yuenviii cexpemapv Hoice6ckozo 20Cy0apcmeennoco mexHuuecko2o YHugepcumema
(2. Uncesck, Poccus)
Anunmmmk B.M., 0.¢h.-m.1., npogheccop, oexan pusuueckozo gpakyromema benopycckoeo cocyoapcmeento2o ynusepcumema
(2. Munck, benapycow)
Benoyc A.U., uren-koppecnonoenm HAH benapycu, 0.m.u., npogeccop, samecmumens oupexmopa HTL] « benmuxpocucmemoly
OAO «MHTEI'PAJl» — ynpasnsiowas komnanus xonounea « MHTEI'PAJI» (2. Munck, benapyce)
Bybyauc A., o.m.n., npogpeccop, enasmeiii nayunviii compyonux Hayunoeo yenwmpa mexamponuxu Kaynacckoeo
mexHonozuueckoeo ynugepcumema (e. Kaynac, Jlumesa)
Baiin A.A., 0.m.u., npogeccop Tapmyccrozo ynusepcumema (2. Tapmy, Dcmonus)
Buba 1., 0.m.n., npogpeccop, oupexmop HUncmumyma mexanuxu Pudicckoeo mexnuueckoeo ynusepcumema (2. Puea, Jlameus)
Lyrren M., 0.m.n., 3asedyiowuti Kagheopoii mMemponocuu u NpuriaoHoi dAeKkmpomexuuky JKununcko2o ynusepcumema
(2. Kununa, Cnosaxusi)
Mxunasnapu U.3., 0.m.n., npogeccop, npogeccop xagheopwvr « Unpopmayuonno-usmepumenvuas mexuuka u mexHoi02uLy
Benopycckoeo nayuonanvnozo mexuuueckozo ynugepcumema (2. Munck, Berapyco)
JvmutpueB C.M., o.m.n., npogeccop, pexmop Hudwcecopoockoeo 2ocy0apcmeenno2o mexHuueckoeo YHugepcumema
um. PE. Anexceesa (e. Huocnuii Hoseopoo, Poccus)
Hocranko A.Il., akaoemux HAH Benapycu, 0.m.n., npogheccop, npogheccop kagheopvt s31eKmpoHHOU MEXHUKU U TEXHOLO2UU
Benopycckozeo eocyoapcmeennozo ynugepcumema un@opmamuru u paouodnekmponuxu (e. Munck, Benapycs)
Iunnaxk C., npogheccop I[poussoocmesenno-ucciedosamenvckoo yenmpa Texrnonoeuueckoeo uncmumyma wmama J{icoposicust
(2. Amnanma, CILLA)
Karopa H.A., 0.m.n., doyenm, enasnvlii cneyuaiucm no memponozuu u cmanoapmuszayuu bBeropyccrkozo cocydapcmesenioco
uncmumyma memponoauu (2. Munck, bBerapycv)
Kapun AJL, o0.m.n., npogeccop, npogheccop ragheopvl «Hngopmayuonno-uzmepumenvras mexnuka u mexHOIOSUUY
Benopycckoeo nayuonanvrnozo mexuuueckozo ynugepcumema (2. Munck, Berapyco)
Kykosekmii Il., 0.m.n., npogeccop, 3asedyiowuii kagheopoil dIneKmpuiecKux yempoucmes u mexHukl 6blCOKUX HANPANCCHULL
Jliobnuncko2o mexnonozuiecko2o ynusepcumema (2. Jlooaun, Honvwa)
3aramBuian FO.B., 0.m.1., npogpeccop, uwien Habmiooamenosnozo u Cepmughuxayuonnozo cogema Accoyuayuu no cepmughuxayuu
«Pycckuii pecucmpy (2. Cankm-Ilemepoype, Poccus)
Kuceaes ML.I., o0.m.n., npogheccop, 3asedyiowuii kaghedpou «Koncmpyuposanue u npouzso0cmeo npubopoey»
Benopycckoeo nayuonanvinozo mexuuueckozo ynugepcumema (2. Munck, Berapyco)




Ipubopul u memoowvl usmepeHuil Devices and Methods of Measurements
2017.—T. 8, Ne 2 2017, vol. 8, no. 2

KoarynoBuu T.H., x.m.H., ooyenm, doyenm Jlrobaunckoeo mexnonocuuecko2o ynusepcumema (2. Jloonun, Honvwa)
KomapoB ®.D., wien-xoppecnonoenm HAH benapycu, 0.¢h.-m.H., npogheccop, 3asedyrouuii Kagheopou uzuyeckol 31eKmpoHUKY
u Hanomexnonoauil benopycckozo zocyoapcmeennoeo ynusepcumema (2. Munck, benapycy)

Kynewos H.B., 0.¢.-m.x., npogheccop, 3asedyrouuil kagedpotl «Jlazepras mexnuxa u mexnonozusny benopycckozo nayuonanbHo2o
mexHuueckoeo ynusepcumema (2. Munck, benapycs)

Kyuunckmii ILB., 0.¢p.-m.n., doyenm, oupexmop Hucmumyma npukiaouvix gusuveckux npoorem um. A.H. Cesuenro
benopyccroeo 2ocyoapcmeennoeo ynusepcumema (2. Munck, berapycy)

Kamn A., npogeccop Uncmumyma ¢pomonuxu Cmpacknatiockoeo ynusepcumema (2. Inaseo, Benukobpumarus)

Mareoc X., k.¢h.-m.H., doyenm, yrugepcumem Posupa u Bupxunuii (2. Tappaeona, Hcnanus)

Mamko B.B., 0.¢p.-m.n., 3amecmumens oupexmopa HUncmumyma ¢gusuxu um. 5.1M. Cmenanosa HAH Benapycu (e. Munck,
benapycv)

MypasbéB B.B., wien-xoppecnonoenm HAH Benapycu, 0.m.H., npogheccop, npogheccop kaghedpsi cucmem menreKoMMYHUKAYULL
benopyccroeo 2ocyoapcmeennoeo ynusepcumema ungopmamuxu u paouosnekmpouuxu (2. Munck, berapycy)

uaunenko B.A., wien-xoppecnonoenm HAH Benapycu, 0.m.H., npogeccop, samecmumens oupexmopa I L] « benmukpoananusz»
HTIL] «beamurpocucmemvry OAO « UHTEI'PAJI» — ynpasasiiowjas xomnanus xonounea « AHTETPAJDy (e. Munck, Benapycy)
MneckaueBckuii FO.M., uzen-xoppecnonoenm HAH benapycu, 0.m.H., npogheccop, cosemnux HayuonanwvHot akademuu HayKk
bBenapycu (e. Munck, Benapycs)

Horpedusik A.JL., 0.¢.-m.H., npogheccop, 3aeedyrouuii kagedpoii Hanoanekmporuku CyMcKo2o 20Cy0apCmeeHHo20 YHUBepcUumena
(2. Cymet, Yxpauna)

Cepenkos I1.C., 0.m.1., npogheccop, 3asedyrouuii kagheopoil « Cmandapmusayus, MEempono2us u UHHOPMAYUOHHBLE CUCTIEMBL»
benopyccroeo nayuonanvnoeo mexuuieckoeo ynusepcumema (2. Munck, benapycy)

Conomaxo B.JL., 0.m.n., npogheccop, oupexmop Pecnybauxkancko2o uncmumyma uHHOBAYUOHHbIX mexronoeul beropycckozo
HAayuoOHaIbHO20 MexHuyecko2o ynugepcumema (2. Munck, benapycs)

TypueBuu A.C., 0.m.H., HauanvHuk ynpasienus Munucmepcemea npomviunennocmu Pecnyonuxu Benapycs (2. Munck, berapycy)
Xarsbko B.B., 0.¢h.-m.n., npogpeccop, npogpeccop rxagpeopur « Murpo- u nanomexnuxay» benopycckoeo HayuoHanbHO20 MEXHUYECKO20
yHusepcumema (2. Mumnck, benapycv)

He JIu, samecmumens oupexmopa Cesepo-Bocmounoeo HUW mexuuku oamyukos (e. Xapoun, KHP)

YepusaBekuii A.D., axaoemux HAH PBenapycu, 0.m.H., npogheccop, npogheccop ragedpvl ummeniekmyanvbHulx cucmem
benopyccroeo 2ocyoapcmeennoeo ynusepcumema (2. Munck, benapycy)

Yuxuk C.A., akademux HAH Benapycu, 0.m.H., npogheccop, Ilepsviii samecmumens [Ipedcedamens [Ipesuouyma HAH Benapycu
(2. Munck, Benapycy)

Mkanapesuyu A.IL., axademux HAH benapycu, 0.¢h.-m.H., npogeccop, oupexmop HTL] «JIDMT» benopycckoeo onmuko-
Mexanuuecko2o obveounenus (2. Mumnck, benapycv)

OmameB K.B., 0.¢p.-m.n., npogheccop, 3asedyrowuii raghedpoii «Dxcnepumenmanvras u meopemuieckas QOU3UKa»
benopyccroeo nayuonanvnoeo mexnuieckoeo ynusepcumema (2. Munck, benapycy)

H30anue 3apezucmpuposano 6 Munucmepcmee ungpopmayuu Pecnyonuxu Benapyce 25 urons 2010 2.
Pezucmpavyuonnoiii homep 1372
B coorBercTBHM ¢ pemiennem BAK ot 8 nrosst 2011 1. Ne13/1 :xypHain BkiitoueH B IlepeyeHb Hay4YHBIX U3aHMI 1151
Ony0IMKOBAHHUSI Pe3y/IbTATOB THCCEPTALOHHBIX HCCIEI0BAHUI; HayYHOe HanmpaBJeHue: «CpeacTBa 1 MeTObI H3MePeHHUI,
KOHTPOJIsl, IMATHOCTHKH H OLEHKH KaYeHCTBa 00beKTOB U NPOLECCOoB» (TeXHHYecKHe U (pu3nKo-MaTeMaTHYeCKHe HAYKH)
ISSN 2220-9506

Kypnay BriioueH B 6a3nl 1annbix: Web of Science Core Collection (ESCI), EBSCO, DOAJ, WorldCat, OpenAIRE,
Google Scholar, PUHLI, 9BC «J/lanb», HIb «KubepJ/lenunkay», Couuoner

Tloonucka ocywecmensemces yepes noumosvie omoenenus césasu no «Kamanoay easem u srcypnanog Pecnyonuku Benapycoy.
Tloonucnwie unoexcor — 74835, 748352.
OtBeTcTBeHHBIH cexpeTaphb pegakiuu: [laxmesnya JI.H.
Maker u Bepctka: Kocruna I A., penakrop: MBanosa T.A.
IMognucano B nevats 30.05.2017. dopmar Oymaru 60x84 1/8. Bymara menoBaHHast.
I'apuautypa Times New Roman. ITeqats nudposas. Yeu. mew. 1. 11,86 Yu.-u3n. 1. 4,64 Tupax 300 ok3.
Jlara Beixoma B cBeT 13.06.2017. 3aka3 Ne 485
Ortneuarano B benopycckom HanmonansHoM TexHrueckoMm yHusepeurere. JIM Ne 02330/74 ot 03.03.2014. Ip. HesaBucumoctn, 65, 220013, . Munck
AJIPEC PEJAKILIUU:
benopyccknii HaLMOHAIBHBIA TEXHUUYECKUH YHUBEPCUTET
np. HesaBucumoctn, 65, 220013, r. Munck, Pecniy6nuka benapycs,
ten.: +375 (17) 293 96 67, dakc: +375 (17) 292 67 94
e-mail: pimi@bntu.by
http://pimi.bntu.by

© «IIpubops! 1 MeToabI H3MepeHuii», 2017




http://pimi.bntu.by ISSN (print): 2220-9506

DEVICES AND METHODS
OF MEASUREMENTS

Scientific and Engineering Journal
Founded in 2010

Founder
Belarusian National Technical University

Issued four times a year

The Journal is included in Web of Science Core Collection (ESCI)

Volume 8 Ne 2 2017

Editor-in-chief
Oleg K. Gusev, Doctor of Science (Engineering), Professor, Vice-Rector of Belarusian National Technical University (Minsk,
Belarus)

Deputy editor-in-chief
Aliaksandr M. Malyarevich, Doctor of Science (Physics and Mathematics), Professor, Vice-Rector of Belarusian National
Technical University (Minsk, Belarus)

Secretary
Roman 1. Varabei, PhD (Engineering), Associate Professor, Head of Information and Measuring Technologies Department,
Belarusian National Technical University (Minsk, Belarus)

Editorial board
Vladimir A. Alekseev, Doctor of Science (Engineering), Professor, Scientific Secretary of Kalashnikov Izhevsk State Technical
University (Izhevsk, Russia)
Victor M. Anishchik, Doctor of Science (Physics and Mathematics), Professor, Dean of the Physics Faculty, Belarusian State
University (Minsk, Belarus)
Anatoly 1. Belous, Correspondent Member of National Academy of Sciences of Belarus, Doctor of Science (Engineering),
Professor, Deputy Director of Branch of the Scientific-Technical Center «Belmicrosystems» of JSC «INTEGRAL» —
«INTEGRAL» Holding Managing Company (Minsk, Belarus)
Algimantas Bubulis, Doctor of Science (Engineering), Professor, Kaunas University of Technology (Kaunas, Lithuania)
Arvid A. Vain, Doctor of Science (Engineering), Professor, University of Tartu (Tartu, Estonia)
Janis Viba, Doctor of Science (Engineering), Professor, Director of Institute of Mechanics, Riga Technical University (Riga,
Latvia)
Miroslav Gutten, Doctor of Science (Engineering), Head of Department of Metrology and Applied Electrical Engineering,
University of Zilina (Zilina, Slovakia)
Igor Z. Gilavdary, Doctor of Science (Engineering), Professor, Information and Measuring Technologies Department,
Belarusian National Technical University (Minsk, Belarus)
Sergei M. Dmiitriev, Doctor of Science (Engineering), Professor, Rector of R.E. Alekseev Nizhny Novgorod State Technical
University (Nizhny Novgorod, Russia)
Anatoly P. Dostanko, Academician of National Academy of Sciences of Belarus, Doctor of Science (Engineering), Professor, Electronic
Technology and Engineering Department, Belarusian State University of Informatics and Radioelectronics (Minsk, Belarus)
Steven Danyluk, PhD, Professor, Production and Research Center, Georgia Institute of Technology (Atlanta, USA)
Nikalai A. Zhagora, Doctor of Science (Engineering), Professor, Head Specialist of Metrology and Standardization,
Belarusian State Institute of Metrology (Minsk, Belarus)
Anatoly L. Zharin, Doctor of Science (Engineering), Professor, Information and Measuring Technologies Department,
Belarusian National Technical University (Minsk, Belarus)
Pawel Zhukowski, Doctor of Science (Engineering), Professor, Head of Department of Electrical Apparatus and High Voltages
Technology, Lublin University of Technology (Lublin, Poland)
Yuri V. Zagashvili, Doctor of Science (Engineering), Professor, the Member of the Supervisory and Certification Board
of Association for the Certification «Russian Register» (St. Petersburg, Russia)




Ipubopul u memoowvl usmepeHuil Devices and Methods of Measurements
2017.—T. 8, Ne 2 2017, vol. 8, no. 2

Mikhail G. Kiselev, Doctor of Science (Engineering), Professor, Head of Design and Manufacture of Devices Department,
Belarusian National Technical University (Minsk, Belarus)

Tomasz N. Koltunowicz, PhD, Associate Professor, Lublin University of Technology (Lublin, Poland)

Fadey F. Komarov, Correspondent Member of National Academy of Sciences of Belarus, Professor, Doctor of Science
(Physics and Mathematics), Head of Physical Electronics and Nanotechnologies Department, Belarusian State University
(Minsk, Belarus)

Nikolay V. Kuleshov, Doctor of Science (Physics and Mathematics), Professor, Head of Laser Equipment and Technology
Department, Belarusian National Technical University (Minsk, Belarus)

Petr V. Kuchynski, Doctor of Science (Physics and Mathematics), Director of A.N. Sevchenko Institute of Applied Physical
Problems, Belarusian State University (Minsk, Belarus)

Alan Kemp, PhD, Professor, Institute of Photonics, University of Strathclyde (Glasgow, United Kingdom)

Xavier Mateos, PhD, Associate Professor, Universitat Rovira i Virgili (Tarragona, Spain)

Vasili V. Mashko, Doctor of Science (Engineering), Deputy Director of B.I. Stepanov Institute of Physics, National Academy
of Sciences of Belarus (Minsk, Belarus)

Valentin V. Murav’iov, Correspondent Member of National Academy of Sciences of Belarus, Doctor of Science (Engineering),
Professor, Telecommunication Systems Department, Belarusian State University of Informatics and Radioelectronics (Minsk,
Belarus)

Vladimir A. Pilipenko, Correspondent Member of National Academy of Sciences of Belarus, Doctor of Science (Engineering),
Professor, Deputy Director of the State Center «Belmicroanalysisy, Branch of the Scientific-Technical Center «Belmicrosystems»
of JSC «INTEGRAL» — «INTEGRAL» Holding Managing Company (Minsk, Belarus)

Yuriy M. Pleskachevsky, Correspondent Member of National Academy of Sciences of Belarus, Doctor of Science (Engineering),
Professor, the Adviser of National Academy of Sciences of Belarus, (Minsk, Belarus)

Alexander D. Pogrebnjak, Doctor of Science (Physics and Mathematics), Professor, Head of Department of Nanoelectronic,
Sumy State University (Sumy, Ukraine)

Pavel S. Serenkov, Doctor of Science (Engineering), Professor, Head of Standardization, Metrology and Information Systems
Department, Belarusian National Technical University (Minsk, Belarus)

Vladimir L. Solomakho, Doctor of Science (Engineering), Professor, Director of the Republican Institute of Innovative
Technologies, Belarusian National Technical University (Minsk, Belarus)

Arkady S. Turtsevich, Doctor of Science (Engineering), Chief of Department, the Ministry of Industry of the Republic
of Belarus (Minsk, Belarus)

Viacheslav V. Khatko, Doctor of Science (Physics and Mathematics), Professor, Micro- and Nanotechnics Department,
Belarusian National Technical University (Minsk, Belarus)

Tse Li, Deputy Director of Northeast Scientific Research Institute of Sensor Technology (Harbin, China)

Alexander F. Cherniavsky, Academician of National Academy of Sciences of Belarus, Doctor of Science (Engineering),
Professor, Intelligent Systems Department, Belarusian State University (Minsk, Belarus)

Sergei A. Chizhik, Academician of National Academy of Sciences of Belarus, Professor, Doctor of Science (Engineering),
the First Vice Chairman of the Presidium of National Academy of Sciences of Belarus (Minsk, Belarus)

Alexey P. Shkadarevich, Academician of National Academy of Sciences of Belarus, Doctor of Science (Physics and Mathematics),
Professor, Director of the Scientific and Technical Center «LEMT» of the BelOMO (Minsk, Belarus)

Konstantin V. Yumashev, Doctor of Science (Physics and Mathematics), Professor, Head of Experimental and Theoretical
Physics Department, Belarusian National Technical University (Minsk, Belarus)

The Journal is included in the following databases: Web of Science Core Collection (ESCI), EBSCO, DOAJ,
WorldCat, OpenAIRE, Google Scholar, RISC, Lan, CyberLeninka, Socionet

ADDRESS:
Belarusian National Technical University
Nezavisimosty Ave, 65, 220013, Minsk, Belarus
Tel.: +375 (17) 293 96 67, fax: +375 (17) 292 67 94
e-mail: pimi@bntu.by
http://pimi.bntu.by
© «Devices and Methods of Measurementsy, 2017




Ipubopsl u memoowvl usmepeHuil Devices and Methods of Measurements
2017.—T. 8 Ne 2 2017, vol. 8, no. 2

COJIEP)KAHUE

CpencrBa usmepeHuii

Kysomun JI.C., Queunes A.B.
JIByX4acTOTHAsI MepeKPeCcTHO-IIeJIeBasi AHTEHHA ¢ Pe30HAHCHBIMH $0JIOMEeTPAMH HA XOJI0THBIX
3JIeKTPOHAX /LISl IPUMEHEHMSI B KOCMUYeCKOH MUCCUU COYE. ......... ... 101

Gilavdary I., Mekid S., Riznookaya N.
Parametric amplification of the signals in the electrostatic graviinertial sensor......................... 108

3aiiyes E.A., Jlesuyxuii A.C., Cuoopuyx B.E.
CucreMa KOHTPOJIS BO3YIIHOTO 3230PA THAPOTEHEPATOPOB. ... .ouuuitineentatintaneatieeneanenaenenn. 122

Tlonsaxoe A.B., IIpoxonenxoea T.]].
KBa3upacnpeneneHHasi BOJIOKOHHO-ONITHYECKAS CHCTEMA U3MePEHHsI TeEMIIEPATyPhI
PENUPKYJISHHOHHOTO THIIA HA OCHOBE TEXHOJOTHH CEKTPAIbHOTO MYJIbTHILUIEKCHPOBAHUSI. . .. . ... 131

Kabanos /.M., Jlebedok E.B., Inax I1.B., ’Kyx C.M., Cmawxesuu C.I1.
IIpubop Ha ocHoBe GalnAsSb cBeT0AHOI0B A/ U3MePeHHs COIEP:KAHMUS BOAbI B HEPTH............. 142

byoau A.I', I'punuyk A.I1., I pomvixo A.B.
Pa3pa6oTka KOHUENIMH NOCTPOEHNUS ANNAPATHO-NPOrPAMMHOI0 KOMILJIEKCA MOYJIbHOI
KOHCTPYKIHH JJIsl ONIpe/ieJIeHNs] XaPAKTEPHCTHK AHTEHHBIX CHCTEM 10 H3MepeHUsIM

. 151
eI 0109 1 () e Y1) (=T

MeToabl M3MepPeHUil, KOHTPOJISl, JUATHOCTUKH

Peymckas O.I, [Ineckauesckuii FO.M.
Hsmepennus konnentpanuu razop CO u NO, My IbTHCEHCOPHOIi MHKPOCHCTEMON B PesKAMe
HMITYJIBCHOTO HATPEBA . ... .uttnetinttnte et etenieeitienteesteesteeaseenseessseesseessseessseesseesaeanseensessssessseessseesseesssesne 160

lepena A.B., Jletiko A.I", Ilo3ouskosa O.H.
Du3zuyecKkne MoJsi KPYroBoro NMJINHAPHYECKOT0 Mbe30KePAMHYeCcKOro NpUueMHUKA
B MPHUCYTCTBHH IVIOCKOT0 AKYCTHYECKH MATKOTO IKPAHA . . ... eeutntniiieiitieieeieeieeece e eiceneee e e e e eeea 168

Abpamosuy H /., Jux C.K.
3aBHCHMOCTH Pa3MepoOB CHEKJI-TSITEH U X KOHTPACTA 0T OHO(U3NIECKHX M CTPYKTYPHBIX
TAPAMETPOB OMOTIRAHM . ... ..o\t ttntenet et aiteiteereeateesteessteeseessseeseessseanseensseenseessseenseessseeseessseenseenseesnses 177

Kiselev M.G., Labun E.I., Liutsko P.S.
Influence of additional vibration impact on the effectiveness of electrical stimulation
PIOCEAUIE. ..ottt ettt ettt et e bt et et ea et em e e bt em et e e e e bt esee bt emeesbeemeeabeemtesbeenseeneenseeneenseenee 188




Ipubopul u memoowvl usmepeHuil Devices and Methods of Measurements
2017.—T. 8, Ne 2 2017, vol. 8, no. 2

CONTENTS

Measuring instruments

Kuzmin L.S., Chiginev A.V.
Two-frequency cross-slot antenna with resonant cold electron bolometers for application
IN COYE SPACE MUSSTOMN . . .....uiiiiiiiiiiiieeiieiie ettt ettt et e e sebeeaeesabeeseessseeseessseenseesnseenseens 101

Gilavdary I., Mekid S., Riznookaya N.
Parametric amplification of the signals in the electrostatic graviinertial sensor............................ 108

Zaitsev 1.O., Levytskyi A.S., Sydorchuk VE.
Air gap control system for hydrogenerators...............c.ccccocoiiiiiniiiiiiiccee e

122
Polyakov A.V., Prokopenkova T.D.
Quasi-distributed fiber-optic recirculating system for temperature measurement based on
wavelength-division multiplexing technologies................... .. 131
Kabanau D.M., Lebiadok Y.V., Shpak P.V., Zhuk S.M., Stashkevich S.P.
Device based on GalnAsSb LEDs for measurement of water concentrationinoil........................ 142

Buday A., Grinchuk A., Gromyko A.
Development of concept of hardware-software complex of modular design for determination of 151
antenna systems’ characteristics based on measurements in the near field ............................ .

Methods of measurements, monitoring, diagnostics

Reutskaya O.G., Pleskachevsky Y.M.
Measurement of CO and NO, gas concentration’s by multisensor microsystem in the mode
Of PUISEEating. ... e 160

Derepa A.V., Leiko A.G., Pozdniakova O.N.
Physical fields of circular cylindrical piezoceramic receiver in presence of a flat acoustic
SOTE SCI@EII. . .....ouiiiiiiiiitieie ettt ettt ettt b bt bttt et e st e bt e bt eae et besaesaeebenbenaens 168

Abramovich N.D., Dick S.K.
Dependence of the speckle-patterns size and their contrast on the biophysical and structural
parameters of biological tISSUES. ..............o.iiiiiiiii e e 177

Kiselev M.G., Labun E.I., Liutsko P.S.
Influence of additional vibration impact on the effectiveness of electrical stimulation

PUOCCAUTE. . ..ottt ettt e ettt et e et e ettt e e ettt e ettt e s bt e e eateeesabaeesabteeenbbeesnann e e e e s 188




IIpubopsl u memoosvr usmepeHuil Devices and Methods of Measurements
2017.—-T. 8 Ne 2. — C. 101-107 2017, vol. 8, no. 2, pp. 101-107
Kyszomun JI.C., Yueunes A.B. Kuzmin L.S., Chiginev A.V.

VK 53.087.2, 520.8.056, 520.272.2

JIByX4acTOTHasA NMepeKpeCcTHO-1IeIeBaAsi AHTEHHA

C Pe30HAHCHBIMH 00JIOMETPAMHU HA XO0JIOJHBIX JIEKTPOHAX
JJIsl IPUMEHEeHUs B KocMudeckod muccun COrE

Ky3bmun JI.C."?, Yurunes A.B."?

'Huorcecopoockuil cocydapcmeennvlii mexnuueckuil ynueepcumem um. P.E. Anexceesa,
vi. Mununa, 24, e. Huscnuti Hoszopoo 603950, Poccusa
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M3mepeHue xapakTepUCTUK PEIUKTOBOIO M3JIyYEHUs SIBJISIETCS aKTyalbHOM 3a7adell COBPEMEHHOM pajuo-
actpoHoMud. Llespro HacTosiIel padoThl SBJSICTCS PacueT IIAHAPHOW JIByXYACTOTHOW IEPEKPECTHO-IICIICBOM
aHTCHHBI, ITPEIHA3HAYCHHOMN JJ1sl padOThI B COCTABE MPUEMHON CUCTEMbI OpOUTATIBLHOTO pasuoTeseckona Cosmic
Origins Explorer (COrE), pazpabarsiBaeMoro EBpomneicKkiM KOCMUUECKIM ar€HTCTBOM TSI I3MEPEHHS PETUKTO-
BOT'O U3JTyYCHHSI.

[Ipemnaraemast ulaHapHast aHTEHHA MPEACTABISET COOON METAJUTMUYECKHUI CIION, HAHECEHHBIN Ha JTUAJICKTPH-
YECKYIO TOUIOKKY M CONIEPIKAILINI CUCTEMY M3 YEThIPEX ILeJIeH, EPECEKAOIIMX JAPYT JPYTa MO IPSIMBIM YIJIOM.
B cocraB anTeHHBI BXOOUT TaKXKE€ CUCTEMa MUKPOITIOJIOCKOBBIX J'II/IHI/II71, Mpe€aHa3HAYCHHbIX IJId IICpeaadu CUrHajia
OT IIeNIel K Pe30HAHCHBIM OOJIOMETpPaM Ha XOJOAHBIX JIEKTPOHAX, U JIMH32 JUIsl (JOPMHUPOBAHUS OCHOBHOTO JIy4a
JyarpaMMbl HaAIlpaBJICHHOCTU aHTCHHbBI. Pacuer anTeHHON CHCTEMBI TMPOBOAWJICA ITYTEM SJICKTPOAMHAMUYCCKOTO
MojieTTpoBaHus B miporpamMmmuoM Takete CST Microwave Studio. B pe3ynbrare pacuera MmolydeHbl UarpaMmbl
HarpaBJICHHOCTU aHTCHHBI B IBYX YaCTOTHBIX KaHaJIaX, a TAK)KE €€ YaCTOTHBIC XapaKTCPUCTUKMU.

B pesynbrare pacuera MoydeHbl CICAYIONINE XapaKTEPUCTHKU ITPUEMHON CHCTEMbl Ha OCHOBE TEPEKPECT-
HO-IIIEJIEBOM aHTEHHBI: IIMPHUHA OCHOBHOTO JIyda JUArpaMMbl HampaBiaeHHOCTH — 24,3° u 19,5°, smmmnTuaHOCTh
nyda — 4,2 % u 0,3 %, mmpuna monocst gactot — 14,9 [T u 19,0 I'T'n, pasperenue no monspuzamuu — 23,4 nb u
29,6 nb, rie BCroy nepBoe 3HaUYeHre OTHOCUTCS K KaHairy 75 I'T'm, Bropoe — k kanaimy 105 I'T.

[IpemoxkeHo UCTIOb30BaHKUE MEPEKPECTHO-IIICIICBOM aHTEHHBI B JIByXYaCTOTHOM PEKUME COBMECTHO C pe-
30HAHCHBIMU 0OJIOMETPaMH Ha XOJIOIHBIX IECKTPOHAX JJIs PA0OThI B COCTABE MPUEMHON CHCTEMbI OPOUTATIBHOTO
pamauoteneckona COrE. CpaBHEHHE PaCCUMTAHHBIX XapAKTEPHCTUK aHTEHHBI C TPEOOBaHUSIMU, 3a1aHHBIMU EBpO-
MEUCKUM KOCMHYECKUM areHTCTBOM, ITOKA3aJI0 BO3MOKHOCTh MCIIOJIb30BaHKSI aHTECHHBI JJAHHOTO THIIA B COCTABE
muccuu COrE.
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Abstract

Measurements of the CMB properties is an actual problem of modern astronomy. The aim of the present
paper is the numerical modeling of the two-frequency planar cross-slot antenna designed for operation in the
receiving system of the orbital telescope Cosmic Origins Explorer (COrE), developed by the European Space
Agency to measure the CMB.

The proposed antenna is a planar metal layer on the dielectric substrate, and comprising a set of four slots
intersecting each other at right angles. The composition also includes a set of microstrip lines for transmit-
ting a signal from the resonant slots to cold-electron bolometers, and a lens for forming the main beam of the
radiation diagram. Calculation of the antenna system is made by electrodynamic modeling software package
CST Microwave Studio. As a result of the modeling, the radiation diagram of the antenna in two frequency
channels as well as its frequency characteristics are obtained.

The calculation gives the following characteristics of the receiving system on the basis of cross-slot an-
tenna: width of the main beam of the radiation diagram — 24.3° and 19.5°, the ellipticity of the beam — 4.2 %
and 0.3 %, the bandwidth — 14.9 GHz and 19.0 GHz, polarization resolution — 23.4 dB and 29.6 dB, where
the former value refers to the 75 GHz channel, and the latter refers to 105 GHz channel.

It is proposed to use a cross-slot antenna in dual-frequency mode together with resonant cold-electron
bolometers to work in the receiving system of the orbital telescope COrE. Comparison of the calculated an-
tenna characteristics with the requirements set by the European Space Agency, have shown the possibility of
using this type of antenna as part COrE mission.

Keywords: planar antenna, cosmic microwave background, cold-electron bolometer.
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BBenenue

I'paBuTaniMoHHbIE BOJHBI, TpeICKa3aHHBIE B
paborax [1, 2], — 310 mocnenHuit pparMeHT 0OMICH
TEOpUU OTHOCUTEIILHOCTH DUHINTEHA, SIBIICHUE, KO-
TOopoe OBUIO MpeCcKa3aHo, HO elle He HabIIoaanoch
Jlo HeaBHero BpeMmeHu. [lo pesynbraram ameprkaH-
ckoro 3kcnepumenta BICEP2 (Background Imaging
of Cosmic Extragalactic Polarization), 06110 00bSIB-
JIEHO O JAETEKTUPOBAHWHU TPAaBUTAIIMOHHBIX BOJIH Me-
TOJIOM U3MEPEHUs MOJSIPU3ALNUNA BUXPEBOU B-mMozbl
penmukToBOro M3mydeHus [3]. OmHako st JAOCTO-
BEPHOCTH PE3YyJIbTaTOB, YTOOBI HCKIIIOUUTH BIIUSHHE
KOCMHUYECKOH MBIIH, HEOOXOJUMO TOBTOPEHHUE IKC-
MEPUMEHTOB Ha Pa3HbIX yacToTax. M XoTs BCKope
TPaBUTALMOHHBIC BOJHBI OBLIN OOHAPYKCHBI IPYTUM
METOJIOM, B paMmkax mpoekrta LIGO [4], 3amaua Ha-
OJIrONIeHNs TPAaBUTAIIMOHHBIX BOJIH KOCMOJIOTHYECKH-
MH METOJIAMH OCTAETCs MO-TIPEKHEMY aKTyaJbHOM.

EBpomneiickoe kocmuueckoe areHTcTBO (EKA)
MIPUHSIO aMOWIIMO3HYI0 KOCMHYECKYIO MpOrpammy
JUTSL ICCIIEIOBaHNSA TIOJISIPU3AIIMH PETUKTOBOTO U3ITY-
genust. Ogaoi u3 neneit EKA sBisieTcst opranm3arus
kocmuyeckoit muccun COrE. EKA cdopmynupoaio
psn TpeOOBaHWI K aHTEHHBIM CHCTEMaM JUIsl JlaH-
HOW MHCcCHH. B wacTHOCTH, HEOOXOIMMO YMEHBIIATh
pasmep yacTu (POKaIbHOM TIOCKOCTH, 3aHSITOM TPH-
E€MHBIMH 3JIeMEHTaMH, IyTeM pa3MEeUIeHHs MHOTO-
YaCTOTHOTO MAacCHBa JIETEKTOPOB. DTO JIOMKHO I10-
3BOJIUTH PEUINTH MPOOJIEMBI, CBI3aHHBIE C TE€M, UTO
(hopMa OCHOBHOTO JIETIECTKA IMarpaMMbl HarpapJieH-
HOCTH TIPUEMHOTO 3JIEMEHTa 3aBUCHUT OT TOTO, B Ka-
KOM MecTe (OKAITBHON TIOCKOCTH PACIIONOXKEH 3TOT
3NIeMEHT. DTa 3aBUCUMOCTh ITPUBOJIUT K MCKAKEHUAM
(OpMBbI OCHOBHOTO JIETIECTKAa JHarpaMMbl Harpas-
JICHHOCTHU MPUEMHOM cucTeMBbI. Pa3Mellienne npuem-
HBIX 3JIEMEHTOB, HACTPOCHHBIX HA Pa3HbIe YaCTOTHI,
B OJTHOM ITHKCEJIE MO3BOJISIET OCYIIECTBUTH OTHOBpE-
MEHHOE M3MEepeHHe CHUTHAJIOB Ha Pa3HbIX YacTOTaX,
YTO UCKIIOYUTEIHHO BaKHO JJISI PAIHOACTPOHOMHU
[5]. K HauOosee BaXHBIM TPEOOBAHUSIM OTHOCSITCS
CIIEyIONIHe: IIUPUHA TJIAaBHOTO JIETIECTKa Juarpam-
MBI HampaBieHHOCTH — 20°, 3JITUNTUYHOCTh OCHOB-
HOTO JICTIECTKA JAMArpaMMbl HampaBiIeHHOCTH <5 %,
mupuHa YactoTHOW monocel — 20 % ot paboueit
94acTOThl KaHaia, KOA((UIMEHT MOAABICHHUS KpPOC-
CHOJISIPU3AIMOHHON KOMITIOHEHTHI TOJISl MPUHUMAe-
Moii BosHBI — He Xyxe —30 nb. Kpome Toro, anteHna
JIOJDKHA MMETh XOpOoIllee COIaCOBaHHUE 10 UMITE/IaH-
cy ¢ booMeTpaMy Ha XOJIOJHBIX dnekTpoHax (bXDJ)
[6], KOTOpBIE MpenIaraeTcs KCIOJIb30BaTh B KAUECTBE
CBEPXUYBCTBUTEIHHBIX JETEKTOPOB U3ITYUECHUSI.

PazButnem xkoHmenmuu bXD saBisercs pe-
30HAHCHBII OOJOMETp Ha XOJOTHBIX JIIEKTPOHAX
(PBXD) [7]. B xorcTpykmun PBXD ecth moiocka
W3 CBEpXIPOBOJAHHUKA, HMEMOIAas KWHETHYECKYIO
WHIYKTHBHOCTh W 0Opasyromasi IMocCieI0BaTellb-
HBIH KOJIeOaTeTbHBI KOHTYP COBMECTHO C €MKOCTSI-
Mu SIN-tiepexonoB. Mcrnonp30BaHue KHHETHIECKOM
WHIYKTHBHOCTH TIO3BOJISIET YMEHBIINUTH pa3Mep
WHIYKTUBHOTO 31eMeHTa npumepHo B 300 pa3 mo
CPaBHEHUIO C DJIEMEHTOM, HCIIOJIB3YIOIIUM TeoMe-
TPUUECKYIO HHTyKTUBHOCTB. DTO IMO3BOJISET COXpa-
HUTh OJIHO M3 BaXKHEHIIHUX mpeumyiiectB bXD —
€ro KOMITaKTHOCTb.

OJHUM M3 BO3MOXHBIX BapHAaHTOB IUIAHAPHOM
AQHTEHHBI SIBIISIETCSI TIEPEKPECTHO-IIeIeBas aHTeHHA
[8, 9]. B omn4me oT MIMPOKOIIONIOCHBIX aHTEHH JIPY-
TUX TUIIOB, HAIIPUMEP OT CUHYCOUIALHON aHTCHHBI
[10], mepekpecTHO-IeNIeBasi aHTEHHA OTINYACTCS
Oosee pocToit KOHCTpYKIKeH. McxoqHo qaHHas aH-
TEHHa TMpeHa3Havajach Ui IpueMa CUTHalIa B Of-
HOM YaCTOTHOM KaHalle, IIEHTpaJbHasi 9acTOTa KOTO-
poro onpenensieTcs AuHou menu. Llenb HacTosmen
paboThI — pacyeT YacTOTHBIX XapaKTEePUCTHK U TIapa-
METPOB JHarpaMMBbl HAITPaBICHHOCTH MEPEKPECTHO-
IIEJIEBOM aHTEHHBI, paOOTaIONIEH B ABYXYaCTOTHOM
pexume copMmectHOo ¢ PBXD. B koHIile crarbu mpo-
BEJICHO CpaBHEHHE DPACCUMTAHHBIX XapaKTEPHCTHK
anTeHHBI ¢ TpeboBanmsIMu EKA u cieman BBIBOI 0 €€
MIPUMEHNMOCTH B COCTaBE MPUEMHOM CHCTEMBI KOC-
muaeckoit muccun COrE.

OcHoBHAf YacTh

Buemnuii BU1 aHTEHHBI TOKa3aH HA PUCYHKE 1.
AHTEHHA COCTOUT U3 METAJINYECKOIO CJIO0s, HaHe-
CEHHOTO Ha JUAJIEKTPUYECKYI0 KPEMHHUEBYIO MO[-
JIOXKKY, ¥ (DaKTUYECKH IPEJCTABIIECT COOOH YeThIpe
B3aUMHO MEPHEHANKYISIPHbIC I, TIePeCeKaOLIH-
€csl Ha PacCTOSIHUU OT Kpasi, pABHOM YETBEPTU AJIU-
HBI Beel menu (pucyHok la). C moMoupi0 MUKpPO-
MOJIOCKOBBIX JIMHUM CHUTHAJ C MPOTHUBOMOIOMKHBIX
uiesield anTeHHsl nogaercs Ha nsa PBXD3, nactpo-
EHHBIX KaXJblil Ha CBOIO 4acToTy, pu 3toM PBEXD
BKJIIOUAETCS B Pa3pblB MUKPOIOJIOCKOBOWU JIMHUU.
Takoe BkItOUeHHE 00ecIeunBaeT CUH(a3Hy pado-
Ty TMPOTHBOIIOIOKHBIX IIENIeH B MPaBUIBHON (a3u-
POBKE U, CIIE[OBaTeNbHO, (JOPMHUPOBAHUE HYKHOU
JuarpaMMbl HalpaBiICHHOCTU. B kauecTBe AUAIIECK-
TPHUKa, OTAEISAIONIETO MUKPOIIOJIOCOK OT METaJLIINye-
CKOTO CJIOsl, BBICTYMAeT okcua KpemHusi. Ha xoHmax
MUKPOITIOJIOCKOBBIX JINHUH, OOpallleHHbIX K MIEeNsIM
AHTEHHBI, PACIOIOKEHbl 3aKOPaYMBAIOIINE E€MKOC-
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TH, BEpXHHE OOKJIAIKU KOTOPBIX IPEACTAaBISAIOT CO-
00# MeTauTYecKre IPAMOYTOIEHUKH. C TIOMOIIHIO
MOICTPOMKHU 3THX E€MKOCTEH ynaercs MpOU3BOIUTH
IIPEABAPUTEIIbHYIO HACTPONWKY YaCTOTHBIX XapakTe-

puctuk anTteHHBL. C 0OpaTHOM CTOPOHBI MOUIOKKH
pacnoyioKeHa JIMH3a C HMPOCBETIISAIONINM MOKPHITH-
€M, OTBETCTBEHHAs 3a (hOPMUPOBAHHE IUATPAMMBI
HaIpaBICHHOCTH aHTEHHBI (PUCYHOK 1b).

a

b
Pucynok 1 — BHemHui B NepeKkpecTHO-IIENCBON aHTECHHBI: @ — EHTPAIbHAs 4acTh aHTEHHBI; | W 2 — MOPTHI A
kaHanoB 75 [T u 105 I'Tx cooTBeTCTBEHHO; b — MONEPEUHBIN pa3pe3 aHTEHHBI Ha TIOAJIOKKE C TMH30U

Figure 1 — A sketch of the cross-slot antenna: a — the central part of the antenna; 1 and 2 — denote ports for 75 GHz and
105 GHz channels respectively; b — a cross cut of the antenna on the substrate with the lens

Janee Oyjer mpuBeleH TpPUMEp pacyera jJua-
rpaMMBl HaNpaBJI€HHOCTH M YAaCTOTHBIX XapakKTe-
PUCTHK TakOH aHTEHHbI. {151 YHCIEHHOTO MOJEIU-
pOBaHHS WCIONB30BAaH TPOTrpaMMHEIN makeT CST
Microwave Studio. BeraucieHus TPOBOIWINCH BO
BpeMeHHOH 00macTu. 11 BO3OyKIeHUST CHCTEMBI Ha
Ka)X/IOM M3 YacCTOTHBIX KaHAJOB OBUIM HCIOIH30Ba-
HBI JIBa MOPTa, BKIIIOYCHHBIC Tak ke, Kak u PBXD, B
Ppa3pBIBEI MEKPOTIOIOCKOB (prcyHOK 1a). [Tapamerpsr
AHTEHHBI MMOJ00paHbl TaKUM 00pa3oM, 4YTOOBI 00e-
CTIeYMBaTh MPUEMIIEMBIE XapPaKTEPUCTHKH AHTEHHBI
Ha JIBYX pabo4Mx 4acToTax, TpeOyeMbIX Ui MpPOCK-
ta COrE — 75 n 105 I'Tu. Iopr 1 Bo30y»x)maeT 4a-
cToTHBIN KaHanm 75 [T, mopT 2 BO30OyXmaeT KaHaj
105 I'T. st mpoCTOTHI M HATTISITHOCTH PacyeT BCeX
XapaKTepPUCTHK aHTEHHBI OBbLT MPOBEICH JUIS OJHOW
U3 NoJsipU3aIui.

UmncneHHOE MONENMpPOBaHKE TMPOBOIMIOCH IS
CTPYKTYpPBl CO CIEAYIOIMIMMH T'€OMETPUYECKIMU
pasmepamu. TonmuyHa METaJUIMYECKOTO CJIOSl BHIOU-
pamack paBHoi 0,15 MKM, AWHA TIETH aHTCHHBI —
1050 mxMm, mmpuHa mmenu — 60 mxm. [lapameTpsr
MMKPOIIOJIOCKOBOM JiMHUM  cienytomue. [upuna
MHKPOTIOJIOCKA — 2 MKM, muHa — 290 MKM, TOJ-
mHa — 0,4 MKM, TONIUHA AUAJIEKTPHUECKOTO CIOS
SiO, — 0,3 Mkm. Pasmepb! IpAMOYTOIBHUKOB, 00pasy-
OIIMX 3aKOPauHBArOIIe eMKOCTH, — 31 X 20 MKM? U
16 x 10 MKM?, BEIMYMHBI EMKOCTEH COOTBETCTBEHHO
paBubl 71,3 oD u 18,4 ¢d. Tonumuaa KpeMHHEBOM

IUdJIEKTprYecKor momokku — 1100 Mxwm, ee pa3me-
pBI B IIaie — 2 X 2 Mm2. JlnaMeTp KpeMHHUEBOH (OKY-
CUPYIOIIEH JTMH3BI — 9 MM, TOJIIIMHA MTPOCBETIIAIONIE-
TO TIOKPBITHS U3 KBapia — 430 MKM.

PaccunTannbple a@arpaMMbl  HarpaBJICHHOCTH
aHTEHHBI IPUBE/ICHBI Ha pucyHKe 2. Ha 3ToM prucyHke
MIPUBEICHBI CEYEHHUS IHarpaMMbl HAIpPaBICHHOCTU
TpeMst pa3HBIMHU TUIOCKOCTSIMH, ITPOXOASIIUMH Yepe3
MPSIMYI0, TIEPIICHIUKYISPHYIO TJIOCKOCTH aHTEHHBI.
3neck E-plane — miockocTh, B KOTOPOH PacIioioxKeH
Bektop E anexrpomaruutHoi BosHbI, H-plane — muto-
CKOCTb, B KOTOpO# pacnojoxeH Bektop H anexrpo-
MarHuTHOH BOJIHBI, D-plane — MmI0CKOCTh, pacoio-
*KeHHas 1oj yriioMm 45° k E-plane u H-plane.

W3 pucyHnka 2 BUIHO, 4TO TIEPEKPECTHO-IIIENIEBAs
aHTEeHHa OO0JIa/IaeT YIOBIETBOPUTEIHHBIMH XapaKTe-
pUCTHKaMH JHarpaMMBbl HalpaBlIeHHOCTH. B wacrt-
HOCTH, CIIelyeT OTMETUTh XOpOIllee pa3pelieHre mo
MOJISIPU3AIMY B TIpEZeiaX yIJIOBOW IIMPUHBI OCHOB-
HOTO JICTIECTKA, OTPaHMYEHHON MOITHOCTHIO — 3 b
0T MakCUMyMa (ITOJIOBHHHASI MOIIIHOCTH). 3/1eCh IO
pasperieHieM 1o TONAPH3AlUU TTOHUMAETCsS COOT-
HOIIIEHHE OCHOBHOW U KPOCC-TOJISIPU3AIMIOHHON KOM-
MOHEHT 3JIE€KTPOMATHUTHOW BOJIHBI, TAE MOCIEIHSS
paccmarpuBaercss B Oasuce Ludwig 3 [11]. Taxoke
ClIeZlyeT OTMETHTh, YTO JJUIUNTHYHOCTH OCHOBHOTO
JIeTIecTKa JuarpaMMbl HalpaBJICeHHOCTH aHTEHHBI,
onpeniensiemas kak (W, W (W +W ), tne W

min

" Wmin — COOTBCTCTBCHHO MaKCHUMaJIbHass W MHWHHU-
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MaJIbHas IMHUPHUHBI AUarpaMMbl HAIIPaBJICHHOCTU I10

ypoBHI0 —3 n1b, ymoBierBopsieT TpeboBanusM EKA
75GHz

AO(-3 dB)=24.3°

g 3
F= e I B S R 6
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Pucynok 2 — JlnarpaMMbl HalrpaBICHHOCTH MEepeKpecTHO-1eneBoi anTeHHbl a1 75 I'Th (a) u qa 105 IT'T (b). Tlo-
Ka3aHbl JHArpaMMBbl U1 OCHOBHOM (CIUIOIIHBIC JIMHUN) U KPOCCIOJIAPU3ALUOHHOHN (IyHKTUPHBIEC JIMHUH) KOMIOHEHT
nosnieif. Victonb3oBan 6a3zuc Ludwig 3 [11]. Pa3usiMu 1iBeTaMu 1 1iudpaMu 0003HAUEHBI JHAarpaMMBbl HalpaBICHHOCTH
JUIsl pa3HbIX ceueHUil. TOHKUMU TOPU30HTAIBHBIME JIMHUSMU 0003HAYEH YPOBEHb JUarpaMMbl HAIIPaBIeHHOCTH —3 1b
OT MaKCUMyMa, TOHKUMU BCPTUKAJIbHBIMU JIMHUAMU — O6J'IaCTI: YTIII0B, B IIpeaciaax KOTOpOIZ OTOT YPOBCHb IMPEBBILICH

Figure 2 — Radiation diagrams of the cross-slot antenna at 75 GHz («) and 105 GHz (). Diagrams for main (solid) and
crosspolar (dashed) components of the fields are shown. A Ludwig 3 basis [11] is used. Different colours mark different
cross-sections of the radiation diagrams. Thin horizontal lines denote radiation diagram level -3 dB of maximum, thin

vertical lines denote the angular domain where this level is exceeded

Ha pucynke 3 mpuBeIeHbl YacTOTHBIE Xapak-
TEPUCTHKM paccMarpuBaeMoil aHTeHHbl. OHH pac-
CUMTAHBI IyTeM MOAKJIIOUYEHHS TOPTOB C UMIICAAH-
coM 20 OM B pa3pbIBbI TOJOCKOBBIX JIMHUM, COEIH-
HSIIOIIMX TPOTUBOIOJIOKHBIC LIeTH (PUCYHOK la).
XapakTepUCTUKA HMMEIOT PE30HAHCHBIM Xapakrep,
M 4acTOThI COOTBETCTBYIOIINX PE30HAHCOB SIBIISIOT-
cs1 OJIM3KMMH K 4acToTaM, KOTOpbIe TPeOyroTCs ISt
npoekra COrE —75u 105 I'T1 (pucynok 3a). Peans-
HbIC YAaCTH UMIIEJAaHCA AHTEHHBI COCTABIAIOT 3,5 OM
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(pucynok 3b). Tem He MeHee, KaKk Mbl YBHJIUM Ja-
Jee, AJaHHAs aHTE€HHa Xopolo comtacyercs ¢ PBXD
u obecrieynBaeT HEOOXOAMMBIC PE30HAHCHBIC Xa-
PaKTepUCTHKHU MPUEMHON cucTembl. 13 pucyHka 3b
BUJIHO, YTO IIUPUHBI PE30HAHCHBIX KPUBBIX IPEBBI-
HIAIOT 3HA4YeHUs, 3agaBaeMble TpeboBanusimMu EKA.
[losToMy Ui TMOMYYEeHUS PE30HAHCHBIX KPUBBIX
HYXKHOM IIMPHUHBI HAMH MPEIJIOKEHO UCIIOIb30BaTh
pe3oHaHcHbIe cBoiicTBa PEX0O.
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Figure 3 — Frequency characteristics of the cross-slot antenna: a — S-parameters of the antenna; b — real and imaginary

parts of the antenna impedances
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Jna mMomenmupoBanuss PBXD wmcmons3oBamach
SKBUBAJICHTHAs CX€Ma B BHJIE IMOCJIEI0BATEIHLHOTO
KoyebaTenbHOr0 KOHTypa (puCyHOK 4a). [IBa Ta-
KUX KOHTypa, HaCTpPOEHHBIE HA YaCTOTHI, ONM3KHE
cootBeTcTBeHHO 75 m 105 I'T'm, momkimodannch K
nopraMm. B pesynprare pacdera mosy4eHBl 4acTOT-
HBIE XapaKTePUCTHKU aHTeHHBI ¢ PBXD (pucy-
HOK 4b). B pacdeTax UCITOTB30BAINCH CIACAYIOTHE
rmapamMeTpsl JTUCKPETHBIX DJIEMEHTOB: HWHIYKTHB-
Hoctu L, = 130 nl'w, L, = 120 nl'n, emxoctn
C, =41 ¢, C,, = 18,5 ¢®. AKTHBHBIE COMPO-
THBJICHUSI 000MX KOHTYPOB paBHIOCH 15 OM, 9TO
COOTBETCTBYET CONPOTUBIICHHIO abcopOepa PBEX0.
Pe3onancHBIE 4acTOTHI KOHTYPOB PaBHBI COOTBET-
ctBerHo 68,9 I'Tm u 106,8 I'T't. CaBur pe3oHanc-
HBIX YacTOT KOHTYpPOB CBSI3aH C T€M, 4TO IS TIO-
Jy9eHHsI HYKHBIX UTOTOBBIX PE30HAHCHBIX YaCTOT
MTOJTHOH CHUCTEMBI TIPUXOAWUTCS KOMIIEHCHPOBATH
MHHMBIE YaCTH COOTBETCTBYIOIINX KOMITOHEHT Ma-
TPUIBI IMTIETAHCOB CHCTEMBl Ha PE30HAHCHBIX Ya-
cToTax (pUCYHOK 3b).

W3 pucynka 4b BUAHO, UTO YaCTOTHBIC XapaKTe-
PHUCTHKH MPHUEMHOIN CHCTEMBI Ha OCHOBE TIEPEKPECT-
HO-IIIEJIEBOM aHTEHHBI WMEIOT BHWJ PE30HAHCHBIX
KpPUBBIX C YaCTOTaMH, COOTBETCTBYIOIINMHU Tpedye-
meiM EKA — 75 105 I'T'1. Takxe BUIHO, 9TO B3a-
MMHOE€ BIMSHUE JIByX YacTOTHBIX KaHAJOB OTpaHMU-
yeHo ypoBHem —10 nb.

XapakTepUCTUKHU JIByXKaHAJIbHOW MPUEMHON
CUCTEMBI Ha OCHOBE TEPEKPECTHO-IIEIEBON aHTEH-
Bl 1 PBXD nipuBenens B TabuIIE.

a
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Pucynoxk 4 — DxBuBajJeHTHas cXxeMmMa IMEPEKPECTHO-
IIeJICBO aHTECHHBI C PE30HAHCHBIM OOJOMETPOM Ha
XOJIOJHBIX JJIEKTPOHAX (@) M YacTOTHBIC XapaKTepH-
CTUKHM IEPEKPECTHO-LIEIEBON aHTEHHBI C IOCIEI0-
BaTCJIbHBIMU KOJEOATEIbHBIMH KOHTYpaMHu, MOJIe-
JUPYIOOIUMHA PE30HAHCHBIH OOJIOMETP Ha XOJOIHBIX
anexkTpoHax (b)

120

Figure 4 — Equivalent circuit of the cross-slot antenna
with resonant cold-electron bolometers (RCEB) (a) and
frequency characteristics of the cross-slot antenna with
serial oscillatory circuits which model RCEBs (b)

Tabnuyal/Table

XapakTepucTHKH NPUEMHON CUCTEMbI HA OCHOBE NePeKPeCTHO-1Ie1eBOil AHTEHHBI
The characteristics of the receiving system based on the cross-slot antenna

Tpebosanus EKA Kanan 75 I'T'n Kanan 105 I'Tg
ESA requirements 75 GHz channel 105 GHz channel
Pesonancuas gacrora, [T
Resonance frequency, GHz 75,105 75 105
[upuna nonock 4aCTOT IpU — 20 % oT pe3oHaHCHOH
3 b, [T YaCTOTHI 14,9 19,0
Bandwidth at -3 dB, GHz 20 % of resonance frequency
[IuprHa OCHOBHOTO JIy4a JHarpam-
MBI HallpaBJIEHHOCTH, TPa/I. 20 24,3 19,5
Beam width, °
3J'IJ'II/II'ITI/I‘{HOCT]> OCHOBHOI'O
JienecTka, % <5 42 0,3
Beam ellipticity, %
Paspemenne no nonsipuzanuu, 1b 30 234 20.6

Polarization resolution, dB

N3 Tabmumel BUAHO, YTO JABYXYACTOTHAS IIPH-
€MHasi CHCTEMa Ha OCHOBE IEepPEKPECTHO-IIEIEBOU
AHTCHHBI 00J1a/JIaeT XOPOIIMMH TapaMeTpaMu ua-
rpaMMbl HanmpaBJI€HHOCTH M YaCTOTHBIMU XapakTe-

pPHCTHUKaMH, B IICTIOM Y/IOBICTBOPSIONIMMHU TPeOO-
BaHUSIM EKA, Hpe]l’I)SIBHSIeMBIM K MHOI'O4aCTOTHBIM
HpI/IeMHLIM CHCTEMaM, Hpel[Ha3Ha‘IeHHLIM JUJIA HpO-
exta COrE.
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3akJarouenue

B pesynabrate mnpoBeNEHHOTO HCCIEIOBaHUS
YCTaHOBJIEHO, YTO IIJIaHApHAasl MepeKpecTHO-IIeNe-
Bas aHTEHHA CITOCOOHA ()YHKIIMOHUPOBATH B IBYXYa-
CTOTHOM PEXUME 1 00eCIIeunBATh YACTOTHBIC XapakK-
TEPUCTHUKU U ITapaMETPbl AUarpaMMbl HaIIPABICHHO-
CTH, YKJIAIBIBAIOIIHECS B paMKu TpeboBaumii EKA,
HPEABSABIAEMbIE K IPUEMHBIM CUCTEMaM JIs1 KOCMU-
yeckoit Muccun COrE. B oTinune oT mMHUpPOKOIIOIoc-
HBIX aHTEHH JAPYIHX THUIIOB IEPEKPECTHO-ILEIIeBast
AQHTEHHA OTIINYaeTCsl Oosee MPOCTON KOHCTPYKIHEH.
KonmuecTBeHHBIE XapaKTEpPUCTUKU MPUEMHOM CH-
CTEMBl Ha OCHOBE MEPEKPECTHO-IIEIEBONH AHTEHHBI
C PE30HAHCHBIM 0OJIOMETPOM Ha XOJIOTHBIX JIEKTPO-
Hax TPUBEJCHBI B TAOIHLIE (CM. BBIIIE).

B nanHolf paboTe MBI OTpaHUYMIIMCH OJHOW
nojisipu3ainueii; Oosiee MOAPOOHOE HCCICIOBAHKE
XapaKTepUCTUK JTaHHOW aHTEHHBI B PEXHME JABYX
NoJIsipu3auid OyJIeT IPeIMEeTOM TOCIEAYIOIUX TTy-
OJMKaLIUHA.

Pabota BEITIONTHEHA ITPH TTOAIEPKKe Poccuiicko-
ro HaygHOro (hoHma (rpanT Ne 16-19-10468).

The work has been supported by the Russian
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Abstract

The challenges of designing simple, reliable, and high sensitivity graviinertial sensors are investigated. The
sensor comprises a proof mass (PM) and is fixed with the housing by the elastic torsion suspension. PM makes small
rotations under the action of gravitational forces or inertial forces.

The distinctive features of the sensor are that the differential electrostatic system provides simultaneous reading
of the desired signal and a control the torsional rigidity of suspension. In addition, the PM's rotational angular
velocity transforms in the alternating current flowing through the capacitors. The presence of alternating current
(AC) voltage sources allows to get the parametric amplification of AC and significantly to improve the sensitivity of
the sensor. In the simplest case, the sensor does not contain any feedback circuits.

As an example, calculations of the micromechanical linear accelerations confirm that the periodic modulation
of the coefficient of elastic stiffness of the suspension can significantly increase the sensitivity in the low frequency
range, even in the absence of parametric resonance.

Conditions for suppressions of background current participating in the output signal from a parametric pumping
due to the asymmetry of the differential circuits are set. The frequency characteristics calculations of the sensor were
carried out. It is expected, that the proposed sensor design ensures minimum noise level, which can be achievable
in the graviinertial sensors. This design and the constructed theory can serve as a basis for creating a wide range of
graviinertial devices operating on a movable base, for example, linear and angular accelerometer, gravity gradiometer,
gravimeters, and inclinometers, which can be realized in the hybrid and in the micromechanical versions.

Keywords: differential capacitive sensor, modulated stiffness, parametric amplification, gravity gradiometer,
linear accelerometer.
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ITapameTpHr4yeckoe ycujieHHe CUTHAJIOB B
JIEKTPOCTATHYECKOM I'PABMMHEPUUOHHOM JAaTYHUKE

HMxuaapaapu U.3.', Mexkua C.H.2, Puznookass H.H.!

!Benopycckuil HAYUOHAIbHbII MEeXHUYCCKULL YHUBEPCUMeN,
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?Vuusepcumem nepmu u nonesnvix uckonaemvix kopois Paoxa,
Ixaxpan 31261, Cayodosckas Apasus

Hocmynuna 21.02.2017
Ipunama k nevamu 12.04.2017

PaccmarpuBaeTcs 3ajaua co3aHusl MPOCTOrO, HAJEKHOTO M BBHICOKOYYBCTBUTEIBHOTO MasTHHKOBOTO
IPaBUMHEPLMOHHOIO JaTuuKka. J[aT4uK CONEp)KUT MOABIKHYIO Maccy, YAEpKHUBAEMYIO OTHOCUTEIBHO
KOpIyca C MOMOIIBIO YNPYTroro TOPCHOHHOTO TozaBeca. ITofBmkHas Macca cOBepIIaeT Majble MOBOPOTHI
MOJ ICHCTBHEM MOMEHTa CHIIBI, 0OYCIOBJICHHOTO JEHCTBHEM TPaBHUTAMOHHBIX CHJI MJIM CHJIBI WHEPLHH.
OTnuuuTenbHas OCOOCHHOCTh JAaT4YWKa COCTOUT B TOM, 4YTO TU(QepeHlnanbHas >JIeKTpocTaTndecKas
cuctemMa obecreynBaeT OIHOBPEMEHHOE CUHMTHIBAHUE IOJIE3HOTO CHUTHAla W YMEHBLICHHWE KPYTHUIIBHOU
JKECTKOCTH TofiBeca. Takke 0COOEHHOCTh AaTYNKa COCTOUT B TOM, YTO €r0 UyBCTBUTEIBHOCTH ONPECIseTCs
YIJIOBOW CKOpPOCTBIO MOBOPOTA MOJABM)KHOM Macchl U MPOMOPIHMOHANIBHON € aMIUIMTYAO0H NepeMEeHHOro
TOKa, MPOTEKAOIIEro yepe3 KoHAeHcaTtopsl. Hamnune B JaTynke MCTOYHUKOB MEPEMEHHOTO HAIPSIKEHUS
MO3BOJISIET OCYIIECTBIATH TApAMETPHUUECKOE YCUIIEHHE TIEPEMEHHOI0 TOKa U CYIIECTBEHHO YBEIMUUBATh €T0
YyBCTBHTEJILHOCTh. B mpocTeiilieM BapruaHTe B JaTYMKE OTCYTCTBYIOT LIENH OOPATHBIX CBSI3CH.

Ha npumepe MukpoMexaHH4ecKOTO JIHMHEWHOro akcelepoMeTpa IyTeM pacdyeToB JOKa3bIBaeTc,
YTO MEpUoAMYEecKass MOAYISIH KOd((PHUIMEHTa KECTKOCTH YHPYToro IMOoABEca MO3BOJISIET CYIIECTBEHHO
YBEJIUYUTh YYBCTBUTEILHOCTh MPHOOpPa B 00JAaCTH HHU3KUX YACTOT, JaXKE B YCIOBUSX OTCYTCTBHS
NMapaMeTPHUYECKOTO PE30HaHCA. AHAIM3UPYIOTCS YCIOBHS TOAABICHUS (DOHOBBIX COCTaBISIOLIMX
TOKa, TPOHUKAIOIIMX B BBIXOJHOW CHUTHAJT OT MCTOYHMKOB IEPEMEHHOIO HAaNpsKEHUs BCIIEICTBUE
HECUMMETPUYHOCTU AU PepeHIINATBHON YIEKTPUUECKON LIEIH.

[TonoOHast KOHCTPYKIMSA ¥ MOCTPOCHHAS! TEOPHS MOTYT CIIy)KHTh OCHOBOW TPH CO3JaHHUU LIMPOKOTO
Kpyra pasfiuuHBbIX TPaBUUHEPIHMOHHBIX NMPHOOPOB, PadOTAIOMIMX Ha MOJABMKHOM OCHOBAaHHMHM, TaKMX Kak
JMHEHHBIE W YIJIOBBIE aKCEICPOMETPHI, IPAaBUTAIIMOHHBIC TPAJUCHTOMETPBI, TPAaBUMETPHI, HAKIIOHOMEPHI,
BUOPOMETPBI, B TOM YHUCIIE B THOPUIHOM MIJIM MUKPO UCIIOHEHUH.

KiroueBblie ciioBa: nuddepeHnnanbHbli eMKOCTHOMN 1aTUUK, MOLYTHPOBaHHAS )KECTKOCTh, TAPAMETPUIECKOE
YCUJIEHUE, [PABUTALIMOHHBIN I'PaUCHTOMETD, TUHEHHBINA aKCEIEPOMETP.
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Introduction

Due to the rapid development of micro- and
nano satellites weighing not more than 100 kg and
10 kg, respectively, [3], which are used for the
study of celestial bodies and asteroids from outer
near space, as well as for studies surface of these
objects, there is an urgent need for the development
of simple, low-cost and small-size graviinertial
devices for placement in these satellites. The results
of these studies can are used to examine the internal
structure of the heavy bodies, as well as to detect
heterogeneities located close to the surface, for
example, that may be required during construction
anything objects on them [4-7].

Graviinertial devices include, for example,
gravity gradiometers, gravimeters, accelerometers,
inclinometers, vibration meters and others. Gravity
Gradiometers (GG) used for measurements on
moving objects have particular importance among
these devices. The development of GG — this
is one of the most difficult problems of modern
instrumentation design [1, 8]. Currently used
GG could be divided into two types [1]: the first
type is «warm» devices that operate at room
temperature, constructed on the basis of rotating
linear accelerometers e.g. devices FTG (Full Tensor
Gradiometer) or Air-FTG and the AGG (Airborne
Gravity Gradiometer), developed by Lockheed
Martin Corporation. GG with nonrotating linear
accelerometers can be attributed here also, which
were designed by ESA (European Space Agency)
and existed for 4 years; 2009 to 2013 within the
framework of the program GOCE (Gravity field
and steady-state Ocean Circulation Explorer) on
board Low Earth Orbit satellite [36—38].

The second type of GG is «cold» devices
operating at the boiling temperature of liquid helium,
constructed on the basis of angular accelerometers
e.g. the devices HD-AGG (High Definition Airborne
Gravity Gradiometry) and VKI, developed by
GEDEX (Gedex Systems Inc.), University of Western
Australia (UWA) and the University of Maryland
(UM). The record of low error in «cold» GG which
is under development is focused on the achievement
of error 1 Eo (Eo — E6tvos, 1Eo = 107 s?) at the time
interval of measurement of one second and noise
level of 1 Eo / Hz" in the frequency band of 0.001
tol Hz [ 1,2, 8].

Itis recognized that «warm» and «cold» GG have
common disadvantages: they are expensive, heavy
and bulky, making them difficult to be used in the

near space, because they can not be hosted in micro-
and nano satellites. Therefore, the creation of simple
and small-sized GG and other graviinertial devices
is an actual problem of modern instrumentation. It
seems obvious that these devices should be carried in
a «warm version» to eliminate the need to create the
reserves of liquid helium in satellites.

The development of compact GG is primarily
linked with the advent of MEMS (micro-
electromechanical systems) technology [9, 15, 19].
However, specific problems exist when fabricating
graviinertial devices using MEMS method. First
problem is that elastic hangers for the proof mass
(PM) must satisfy two conflicting requirements: on
the one hand, they must have a high flexibility in the
direction associated with the axis of sensitivity of the
instrument and, on the other hand, they must have
a high strength to resist gravitational action and to
withstand shocks and vibrations occurring during
start and progress in the space orbit [18].

The second problem is the creation of highly
sensitive readout signals generated by the movements
of elastically suspended PM having small size and
low power consumption. Capacitive displacement
sensors can respond these requirements [16].
However, the standard capacitive sensors can only be
used with additional radio frequency (RF) generators
with a frequency of about (10°-10°) Hz to trigger
them. The main drawback of these sensors is the
presence of parasitic capacitances, and, RF signals
that can penetrate in the output circuits of the sensors
and generate additional noise limiting the sensitivity
of the devices [10, 17, 23, 35].

Third problem is the noise generated inside the
instrument [20]. It is known, that with decreasing
device size, there is an increase in the zero drift and
in the ratio noise/signal [10—13]. In particular, the
growth of the 1/f noise with a decrease in the size of
the conductive elements is known [14]. Presumably,
for these reasons in the open press there is no
information on the use of GG constructed based on
integrated technologies.

One of the possible ways to reduce the noise in
the small size GG is to develop a hybrid design in
which the PM has size as large as it possible [18]
with a possible weight of from 100 to 200 g. For
measurements in the near-Earth space, the «hybrid»
would have a mass of 1 kg, the volume of 1 dm?* and
0,001 sensitivity Eo / Hz"2. For this design to provide
a measurement time of 1 s, the operating frequency
should be below 0.04 Hz and the resonance frequency
of 1 Hz [8, 18]. At the same time, for the purpose of
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«planetologistik» it is sufficient to have a sensitivity
of GG 1 Eo/Hz"*[15, 19].

The purpose of this paper is to offer a new
concept of building a simple and reliable «warm»
electrostatic pendulum sensor, which has high
sensitivity and low noise. This concept can be used
in the development of graviinertial devices capable
of operating both on Earth and in space, and facilitate
the solution of the above three problems arising in
the development of GG.

Features of the proposed graviinertial sensor

Schematic description of the graviinertial sensor
(GIS) is illustrated in Figure 1. The sensor comprises
a pendulum elastically suspended in electrical field
that is generated by the differential capacitive system
and the sources of direct and alternating voltage. It is
assumed, that the frequency ofthe AC voltage is higher
than the frequency of the signals being measured,
but is low enough to electromechanical sensor
circuit considered as a circuit with lumped elements.
The electric field sensor performs two functions; it
reduces the rigidity of the torsional suspension and
provides a readout of the desired signal. The first
of these features facilitates the solution to the first
problem mentioned previously, since the electric
field decreases the known resonant frequency of the
sensor. The less the resonant frequency of the sensor,
the more sensitivity is allowable [15].

The readout of the useful signal using the
inner electrostatic system eliminates the need to
use radio frequency generators to simplify circuitry
and reduces, in GIS, various internal noise that
are generated in the sensor [20], hence facilitating
a solution to the second problem mentioned
previously.

A distinctive feature of the sensor is that the
differential electrostatic system performs direct
conversion of PM's angular velocity in current
flowing in the electrical circuit. The output current of
this device is considered as the desired signal.

Dependency of the PM suspension rigidity on
the electrostatic field and the presence of alternating
electrostatic fields in the sensor allow periodic
modulation of the stiffness of the suspension,
and as consequence, allow significant parametric
amplification of the output current in this sensor.
The current's carrier frequency can be set arbitrarily,
that allows shifting it to the frequency range with
low noise. This feature can solve the third problem
described previously.

Parametric transformation and amplification
of signals commonly used in designing tiny sensors
NEMS and MEMS, started approximately in 1991
[21]. Practically unlimited number of publications are
devoted to the study of the properties of systems with
parametric excitation. It has been found that such
systems have unique features as compared with the
systems of external excitation [24, 25]. In particular,
in such systems, parametric resonance may occur in
several frequency bands (resonance regions), and in
the case of linear systems, the maximum value of the
oscillation amplitude is not limited in these bands, even
if there is energy dissipation. Only the nonlinearity of
the parametric system limits the maximum amplitude
of the parametric resonance [26]. The dissipation of
energy determines the threshold pump amplitude
(amplitude modulation), which is a characteristic for
each of the resonance zones.

It was proved that the sensors with parametric
excitation might have high sensitivity as in a vacuum
and in the air [27-30], and sensors with parametric
amplification of signals can be more sustainable,
cheap and portable [31] compared to sensors with
conventional external excitation.

A simple system was first described in [22], in
which the parametric amplification of the signal by
modulating the torsion rigidity of the mechanical
oscillator, in an electric field was observed. The
amplifier of this type is of particular interest because
it has been proven that the noise in parametric
amplifiers can be reduced to a quantum-mechanical
level [21]. These results, in principle, can be produced
in any structures size [22].

The above-described properties of the
parametrically excited systems are promising for
use in GIS to achieve high gain and low noise
level. However, the results presented in [21] were
obtained near the resonance frequency of the
parametric pump that is twice the frequency of the
resonator. The GG on a movable base have to have
a flat frequency response in the range of operating
frequency of the order of 1 Hz or less. Therefore,
resonance measurement modes should be avoided in
the GIS.

On the other side, parametric amplification of the
signals in the non-resonant modes at low-frequency
range does not usually investigated. However, as far
as it is known, Den Hartog was the first who point
out that the work of the parametric pump source can
be positive, even in the case of a constant external
signal, acting on a parametric system [32]. Hence,
it issues from this, that the low frequency signals
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might be amplified in parametric sensor. We use this
feature of parametric system in the sensor is being
designed now.

Physical and mathematical models of

graviinertial sensor

Figure 1 shows the design scheme of the
universal sensor, in which the PM has the form of
elastically suspended conductive plate 1. Elastic
connection sensor's housing with the PM is presented
in the form of a torsion 2, whose axis is perpendicular
to the plane of the figure. Two conductive electrodes
4 which are attached with fixed non-conductive
plate 3. The electrodes 4 form together with PM two
capacitors whose capacitance changes when PM tilts.
Capacitors, conductive elements and the PM form an
electrical circuit, which includes the sources of direct
and alternating voltage. Moreover, for completeness,
to be able to investigate in the sensor the influence
of penetrating noises, noise sources in the form of
discrete noise generators are incorporated in the
sensor circuit.

hY
Vivo(t) l\m ]

e

Figure 1 — Universal model of a graviinertial sensor.
1 — conductive proof mass; 2 — elastic torsion; 3 —
nonconductive plate; 4 — conductive electrodes; £, £,
E, — direct current power supply sources; Vpo(t), Vpl(t),
sz(t) — deterministic variable voltage sources; V, (%),
V. (®, V,(t) — random noise sources; m — a point mass,
showing the position of the PM center mass if the sensor
is a linear accelerometer

References [33, 34] examined the conditions
of static and dynamic stability and modes of free
and forced PM vibrations of a similar sensor in the
absence of AC sources. It has been shown that the
sensor's stability greatly depends on the symmetry of
the electrostatic system (ES).

In particular, it was found that significant
reduction of stiffness torsion suspension under the
action of electrostatic forces, in order to increase
the sensitivity of the sensor, it is only possible if the
symmetry satisfies stringent requirements of ES. For
example, the resonant frequency of the sensor can be
reduced tenfold asymmetry if ES does not exceed a
few tenths of a percent.

Capacitors, shown in Figure 1, depend on
the angle of inclination ¢ PM. In [33] proposed a
method to calculate the capacitors with inclined
planes obtained with simple formulas which are
convenient for calculating the moments of the forces
of the electric field acting on the PM that does not
require expansions in powers of the small argument.
Using this formula, and assuming that the EC is
not symmetrical, introducing electrical asymmetry
coefficient y of this sensor, we have:

=T CZ(’“):%ZTLC;’ (1)
where

=5 @
y,=1+y, S=1° x=9¢lp,,

e NI 3)

If g, and g, are charges, respectively, in the
capacitors C, and C,, the moments of the forces acting
on the PM from these charges are given by:

%

l 2
M = 4 ) zl )
2 YIC\'(Pm

| ; “4)
2 Cr (pm

Given the moment of the elastic forces of
the suspension and the directions moments of the
mechanical and electrical forces, the resulting
moment acting on the PM is:

1 g, —v4;
M =ko——22 11 5
? (P 2 YICY(pm ( )
Let, on the PM acts external moment

M(t) = M cos(n€2t), where Q is the natural frequency
of the sensor in the presence only of a source of
constant electric field, » is an arbitrary fixed number;
M_is the amplitude of this moment. Voltages sources
of alternating electric field, represented in Figure 1,
can be written in the form (i = 0; 1; 2):
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distributed between zero and one, n, — arbitrary
fo(f)ZV,-COS(lepHng; Vi (1)=N,(t)cos[ £;(1)], (6) number.
Let us introduce further notation:

where V, — amplitude, Q - the resonant frequency 5, (R, (E, — E, Y+C. (Vy (1)-V, (O)+C, (Vo () =V, (D),
of the sensor in the presence of sources of direct and
alternating field; n, — arbitrary constant number;
v — arbitrary number that allows to set the phase
of the parametric pumping relative to the phase of Applying the laws of Kirchhoff to the circuit in
the moment of external force; N(7) n f(#) — asked  Figure 1 and using the formula (1)<(5), we obtain a
random functions to simulate noise on the sensor  system of equations describing the dynamics of the GIS:
input. In the calculations we can assume that

. 2 2
V. (#)=N, -rnd(l)~cos{n2§2t+2nsm[rnd(1)]} ;. where i+ Di+hc— 9~ =%cos(th), 9)
rnd(1) — the random number generator, uniformly 2y,C.o

bz (Z):Cv (En _Ez )+Cv (VP() (t)_VPZ (t))+Cs (VN() ([)_VNZ (t)) (8)

2
stm m

u %R(l_x)Jrql(R+R2)(1+x)+Rb2(t)—(R+R2)bl(f)
1 =—1:— 1 ’ (10)
Yot Cs (RRI + RRz +R1 Rz )

g, RA+x)+ LR+ R )(1-x)+(R+R,) b,(t) - Rb,(7)
d‘]z Y

=22 = 1 :
Podt C.(RR +RR,+R R, ) (b

where I — the moment of inertia of the PM with Below, it is shown that in the case when in
respect to the torsion axis; /, and I, — currents, parameters b (¢) and b.(7) are taken into account only
as shown in Figure 1. The mathematical model the deterministic voltages sources, in the sensor has to
of the sensor, the system described by (9)—(11) be realized conditions under which the next equality
is a parametric nonlinear system of differential is fulfilled:

equations. Exact analytical solutions of the model in

general are hardly possible. Therefore, to avoid the 4 () _h®)

«fight against Mathieu equation or Floquet theory» Y1 (13)
[25], this system will be linearized in order to hold

a preliminary analysis and get some interesting . 4 ; .
relationships between the sensor parameters, and b,(t) sometimes will be omit. Farthe]r, d[fron} %3 ), in
after that the original nonlinear system will be  particular, it follows the equalities --—!=--—* and
solved numerically. Given that the charges ¢, and g, 1’4 _1db, given that one can getl for chzarges g,

contain constants (¢ ) and variable (¢ ) components, bode by d” ) . ) ) )
these charges may be written in the form of: and ¢, corresponding linear differential equations.
Briefly, we write these equations in matrix form:

G =%t 9 4=t G, (12) d* d’ d’ d 9,

For simplicity, the symbol «» in b (f) and

2v

If the notations 1, =C, (R+R,), t,=C, (R+R,), 5 .

t=C, R areintroduced and then one can be assumed = —{ : HMZCOS(nQZ) +b2%_2b]} (14)
that all the resistors have fairly small values, so that bl on 2C,0,
the parameters 7,, T, and 1 considered as small. Also
it can be assumed that g, << ¢,.Additionally, one can
neglect terms containing ¢ with degrees higher than P> =D =2 ;7,1 are used:
the first, as well as members with the time derivative 1
of b (f) and b.(f), containing as a multiplier settings B, =a,y,[; Bi(t)=al, +ay,D,; B,(t)=1.+aD,; (15)
T, T, and 1. Also, a neglect of terms containing the X
parameters T, 7, and T to a degree higher than the B(t)=D, +a, {k—D Ldb _,1d b1:|; (16)
first, and their products may be done.

where, if the notations a, = t+1,y, 0o, = 1,1,-T,

"bodt b dr’
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b + by,
C.0,

Ldh

[o2
1

1d%,
b, di’

Bo(t):k_ b dt + (17)

Parameters b (7) and b,(7) are defined by formulas
(7) and (8). They are independent from moment M..
Therefore, the second term in square brackets in the
right-hand side of equation (14) can be regarded as
equivalent to external disturbances acting on the PM.
These disturbances are due to the presence of direct
current (DC) and AC voltage sources in the sensor's
electrical system, as well as the presence of noise in
the system. Assuming that the amplitude of the direct
and alternating voltage sources can be adjusted,
easy to see that the effect of the deterministic part of
these external forces can be eliminated by ensuring
the condition (13). However, in the case of random
uncorrelated signals such regulation is hardly possible,

d'q,
B, i

Factors B, and B, are small. If to neglect the
corresponding term in the equation (20), this equation
can be simplified and written as:

B0, + B,(1)d, + By(1)q, =—2b,\J1, = o
. . 7_da_dq,
Given that the current is /= o a from ex-

pressions (19) for the total current one have:

L, (=10 =7,I, + L. (22)

Formulas for calculating the currents /, and /, are
given by (10) and (11). If one have an expression for
the total current, it can be seen that the total current
contains factors b (¢) and b,(7). As already mentioned,
the relevant terms are background signals, because
they do not contain measured signal amplitude M.
These background signals can significantly exceed
the useful signals. It can be found, that the conditions
of suppression of background signals is given by the
condition (13).

- q,, t qlv\/y_l _x(qZV - qlv\/y_l) _ (\/Y_l _1)

Ny =N, =N,

and the random component of the disturbances on the
sensor input remains.

One equation can be obtained from two
equations in (14) for the sum charges ¢, and ¢,
The coefficients (15)—(17) in the equations (14)
have identical form for both charges ¢, and g,
However, the right-hand sides of equations in (14)
differs in view of the factors that are in braces.
Taking into account the relation (13), under the
total charge will be understood charge ¢ , defined
by the equation:

4 =10 + @ (19)

Then, when the conditions (13) and (19) have
been satisfied, the desired equation for the total charge
q, takes the form:

(20)

Let assume, as above, that the voltage sources
are deterministic (and can be adjusted). Also, for
simplicity, it is assumed that the phases of all sources
of noise are correlated with each other, but the
values of their amplitudes cannot be adjusted. Then
from (10)—(11) it can be found that the deterministic
component of the background signal in the total
output current (22) will be absent if the following
conditions are fulfilled:

EO_EI :\/Z(Eo_Ez)

(23)
AN A (24)
yl(R+R2):(R+R1). (25)

When the conditions (23)—(25) for suppression
of the background signal entering the output
signal are satisfied, the issues from the formulas
(10) and (11) that the output current / (z) will
have the form:

L, ()= CS(R+R1—R\/Y_1)

Dependency of [ (f) can be calculated
numerically, if to solve a system of (9)—(11) and
to find the charges ¢, and ¢, as functions of time.

From the form of the second term in formula
(26) that when the sensor ES asymmetry is

(R+R —R1,)

. \/Y_l -rnd(1)- cos{ant + 2nsin[rnd(1)}}. (26)

small, i.e. y,=1, the influence of noise generated
in the central part of the circuit (Figure 1) that
is the proportional amplitude N is significantly
attenuated. It also shows that in this case, noises
N, and N, that were generated in the side chain
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branches also cancel each other if they are in
identical phase.

The elastic coefficient B (#) in equation (20),
contains a constant and a variable parts (Eq. (17)).
Permanent part determines the resonant frequency of
the sensor. For simplicity, we assume that additional
voltage source are absent, i.e. E, =0 Vand V, =0 V.
Then, if there are conditions (23)—(24), the resonant
frequency of the sensor will look like Eq. (27):

C, 1 C,
R N e

where o, =2nf, = \/IE — is the resonant frequency of

the sensor in the absence of an electric field; and

C
By (28)

Q= 033—2[(p

— the square of the resonant frequency of the sensor
in the presence of the constant electric field and in the
absence of the alternating electric field.

From formulas (27) and (28) it follows that the
resonant frequency of the sensor depends on the stiffness
k and on the voltages E and V. Such presence of electric
fields reduces the torsional rigidity of the PM suspension
that allows an increase of the sensitivity of the sensor
without reducing the hardness of the suspension.

If AC voltage sources are absent and frequency
Q have been set, from (28) it may be found the value
of the voltage E, a constant electric field, in which this
frequency is achieved:

oo [Elem) o
0 (pm 2 CS (pm 2 CS :

The value of the amplitude of the alternating
field voltage V at which the frequency setpoint Q, it
follows from formula (27):

Q@HQQ_MJ

(29)

Vo=, =0

s s

1 C

E[k—2(P—§EOZ —IZQf,J. (30)
From (30) is seen that for a setpoint Q, the

maximum value ¥, = V,  of an alternating field

amplitude at which Q, = 0 is:

I/I)max = (pm\/CL(k_z((pj; E(?J

As mentioned above, the sensor circuit shown
in Figure 1, can be used to measure the various

€2))

physical quantities. For this purpose, in each case
it is necessary to determine the bond M_ acting on
the PM with the measured signal. In particular, if the
gradient of the gravitational field, denoted as I is a
measured value, this bond is M_= I. It should be
noted that this formula is too simplified. In reality,
the bond of M_ and gradient I' is more complicated
[2, 39, 40]; if the measured value is the angular
acceleration «e», of a sensor revolving around the
torsion axis, the bond is M_= I_e; if the measured
value is a component of the linear acceleration of
a sensor revolving perpendicular to the axis of the
torsion «a», the bond is:

M = mra=mrg (alg), (32)

where » — a distance from the center of mass of the
PM to the torsion axis; g — is a free fall acceleration.

The new principle in designing the GIS that was
stated above including parametric transformation
and amplification of the input signal is considered
as an example of the micromechanical linear
accelerometer. To simplify the numerical analysis,
it will be assumed that the sources of constant
voltage E, E, and E, are absent. In addition, it will
be assumed that an additional source of AC voltage
¥V, (¢) and all sources of noise V', (¢), V,,(¢) and V, (7)
are also absent. It is assumed Also that the phase
setting v = 0 (see Eq. (6)). Under these conditions,
a generalized scheme (Figure 1) transforms in the
equivalent scheme is shown in Figure 2.

Subject to the above formulas (23)-(25) for
compensation of the background current /,, some
other formulas are simplified, and they take the next
form of: frequency Q = , the value of the resonant
frequency of the sensor €, is calculated by formula
(33).

C
Q,=2nf, = [wg_lqu %

the maximum allowable amplitude of the alternating
field is defined as:

/k f[
I/()max = (Pm E = (pm(DO Cj ‘

If to assume that the amplitude ¥ has been set,
the condition for suppression of the background
current /, (it is the AC voltage source with an
amplitude V, that is used for this aim) takes the form:

=V,\[y.

(33)

(34)

Vy=Vov = (35)
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Layout Options of the micromechanical
accelerometer and results of calculations

We assume that the PM is made of technical
silicon with the density p = 2.4 g/ cm’, and it has a
square shape with a side length of L = 12 mm and a
thickness of d = 0.36 mm. The horizontal distance
from the axis of the torsion to the middle of the
electrode » = 6.5 mm; the gap between the electrodes
and the PM 4 = 0.015 mm (see Figure 2).

; —
IMMM™MY | ¢
4 T G |
S| —
¢l !
_____ | Bl
Ved t)
R
b 14
Figure 2 — Scheme of a linear micromechanical

accelerometer with parametric conversion and amplification
of the signal, similar to the scheme in Figure 1: 1 — moving
mass; 2 —elastic torsion; 3 — insulating substrate;
4 — electrode

Conductive electrodes have also a square shape
with a side length of more than 12 mm. Also, it is
assumed that the natural frequency of the PM in the
absence of an electric field was set to f; = 30 Hz and
the resistance values R =R, = 5 Ohm. The value of the
resistor R, is determined by the formula (25), if the
value of the coefficient of asymmetry of electrostatic
system vy is known.

Calculation of the formulas (3) gives the value
of C = 84.96 pF, the value of angle ¢ = 4.024:107,
the mass of PM is given the obvious estimate
m = pL*d = 1.244:10*Kg. PM inertia moment about
the axis of rotation (torsion axis) is calculated by the
well-known formula:

I, :imLz—i-mrz, (36)
12

that gives /. = 6.75-10° Kg'm®.
The calculation of the remaining sensor

parameters begin with the calculation of the allowable
maximum value of the AC voltage amplitude by
formula (34): ¥, =6.76 V. The value of the viscous
damping coefficient D, included in the formulas (9)

and (15)—(17), will be calculated from the known
relationship D and quality factor O, as D = Lo /Q.
In the calculations, two values of the quality factor
were used: O = 1000 and O = 2.

The above formulas (23)—(25) for compensation
of the background current /,, were obtained from an
analysis of the linearized mathematical model of the
sensor. Numerical calculations showed that these
conditions are well satisfied in the original non-linear
model providing suppression of signals from these
sources. However, if at least one of these conditions
is fulfilled with an error, the background current (i.e.
the component of the current /, in the output of the
sensor) will penetrate into the output signal from the
AC voltage sources. The said compensation error can
be accounted for in the calculations, if for example,
formula (35) is rewritten as:

V, =V,(+e)y. (37)
According to the calculations, to suppress
current /,, the more the parameter of asymmetry v,
the more requirement for permissible error €. The
asymmetry coefficient values that will be used in the
calculations is y = 0.01 and the requirement for error
performing conditions compensation is € = 0.001.

Below are the results of the accelerometer
calculations for two values of voltage ¥ satisfying to
condition ¥ <V, .Thesevaluesare: V=V, =0.1V
and V, =V ,= 6.7 V. In these cases, as follows from
formula (33), the accelerometer design will have the
following resonance frequencies j{p = 29997 Hz = f,
and j? , = 3.988 Hz, respectively. The calculation of the
compensating voltage V is held by the formula (37).

Let define the sensitivity parameter of the sensor
as a ratio of output amplitude to the amplitude of
the measured acceleration: S = [ /a. In Figure 3,
the amplitude-frequency characteristics of the
accelerometer sensitivity are shown.

The left axis in Figure 3 represents the sensitivity
of the sensor as a coefficient that links the output
signal as amplitude of the current (22) and output
signal as amplitude linear acceleration of a housing:
1, =S(nfy)a(nf,). (38)

AC power source frequency was chosen from
the next conditions: at ¥/ = 0.1 V the dimensionless
parameter n, = 60, so that the pump frequency
nl']; , = 1800 Hz (see formula (6)). In another
embodiment: at V= 6.7 V the parameter n, =451, so
that the pump frequency was the same 1800 Hz, i.e.
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nl'fp , = 1800 Hz. Another embodiment of the sensor:
at the same value V= 6.7 V the parameter n, = 60,
so that the pump frequency was nl'fp , = 239.3 Hz.
In Figure 3, three solid curves relate to the sensors
for which Q = 1000 and the three dotted curves relate
to sensors for which Q = 2.

3

1410 . . . 1410
+ 75=0.1 Volt; =60
o 100F wem /=67 Volt: m=451  1.10° =
g ik V6.7 Volt; m=60 &
E 1ot 110* &
5 meeeean E REEPET --nm i
o a
2 | 3 E
E L P ke nenmen A - hek ! 5,=358 pA 1x10 2
c .--------_------;.*\,.\r: .............. %
§ o1 ! B=43pA {100 3
=}
Y heecsssccsscscsessses boeah it Recsancsncane =1
3 = <
S oot | . 10 5
= - - ; 8
i -3{reztatids R PARGGGuon i >
£ 110 1og
5 ’ g
2 11077 1,=0.048 pA10.1
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The frequency of input signal (linier acceleration) #fo, Hz

Figure 3 — The amplitude-frequency characteristics of the
sensitivity of sensors with different resonance frequencies
and the levels of background signals that generated at the
output of these sensors by parametric pumping sources,
if y =0.001 and & = 0.001. /, — background on the current
output of the sensor at M_= 0

The right axis in Figure 3 refers to the values of
the amplitudes of the components of the background
current /, in the sensor with O = 1000 are got at values
v=0.001 and £=0.001. These currents are represented
by horizontal dashed lines. The lower line relates to
the sensor with resonant frequency j; , atn = 60; the
average line refers to sensor with resonant frequency
Jp, at n, = 60; the upper line relates to the sensor with
resonant frequency fp ,atn =451. By reducing the O
value of the sensor to Q =2, the values of the currents
I,, provided by the upper and middle straight lines are
halved, and the value of the current is represented by
a straight bottom line does not change.

In these sensors at M_ = 0 and y = 0, or £ = 0,
the background current /, = 0. This proves that in the
symmetric sensor, or, in the sensor, which accurately
satisfies the conditions of compensation (23)—(25),
it is indeed the background signal that does not
penetrate into the output signal. The current value /,
generated when € # 0, restricts the minimum value of
acceleration that can be measured by the sensor. This
value may be determined by solving the non-linear
system (9)—(11) and (22) when adjusting the value of
the acceleration a, which define the equality I = 1,.
In these circumstances, the value of / , = 0.048 pA

in the sensor with voltage ¥, = 0.1 V and with the
pump frequency of 60'fp 5 1800 Hz meets the
acceleration with the value a o = 11,5107 g
In sensors with a voltage V, = 6.7 V and with the
pump frequency of 451'fp , = 1800 Hz, and with the
pump frequency of 60'fp | =39.3 Hz, the current values
1, respectively, equal to 358 pA and 43 pA were
obtained approximately at the same values minimum
accelerationa=a,  ~3107 g.

The maximum accelerations amax, measured by
the sensor, determines the value of the acceleration
a, for which the system of equations (9)—(11) did
not have a solution. It was found that in the sensor
with a pump frequency of 60'fp , = 1800 Hz the
acceleration @ = a = 0.58 g. In the sensor with a
pump frequency 451'f ~ 1800 Hz the acceleration
a=a, .= 5410% g and in the sensor with a
pump frequency 451 f ~ 239 Hz the acceleration
a=a .=63510"g. Tt may to be noted that in the
sensors, the nonlinear distortion of the dependence
I onaappears whena=0.la,

Figure 4 shows the dependence of the
accelerometer output signal at O = 1000 on the
input signal in all ranges of wvalid input signal
values (symbols in this graph correspond to those in
Figure 3). From this, it can be clearly seen that the
sensor with the maximum resonant frequency has a
maximum dynamic range where the sensitivity of the
sensor has linear dependence on the input signal, up

toa/g=0.1.

~
~

0.01

110" 1107
ag
Figure 4 — Dependence of the accelerometer output signal
on the input signal. Symbols in the three upper graphs
agree to those in Figure 3. The lowest graph corresponds
to the process on Figure 6

1x10

0.1

Theavailable current/, in the sensor output indicates
the presence of asymmetry of electrical circuit. This
current can be used to reduce the error € compensation
of asymmetry by manual or automatic control voltage
V, and the resistance R, to eliminate this current (see
formulas (25) and (37)). In this case, the dynamic range
of the accelerometer measurements can be extended
towards small values of the measured signals.
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Figures Sa—e shows the dependence of the output
signal, expressed in pico Ampere, on time, expressed in
seconds, forasensor havingapump voltage ¥/, =0.1 Volt,
the quality factor O = 1000 and the pumping frequency
of 1800 Hz, during measurement of linear acceleration
with the amplitude @ =5-10-g that harmonically varying
with different frequencies: (@) is the DC signal; (b, d)

are the signals with the frequency of 1 Hz and (¢) is the
signal with the resonance frequency fp , = 29.9967 Hz.
Figure 5e shows the dependence on the action of a
constant acceleration having the maximum amplitude
a . =058 g Comparing this figure with Figure Sa
allows to see the effect of non-linear distortion in the
output signal of the accelerometer.

4 1 1 | 1

-2:10 5
0 004 008 012 016 02
o Bys c f,s
2:10° 4.2410°
0 0
” 103 L L L } L & y
0 ol 2 03 04 AR TS o1 o015 02
d t,s € t,s

Figure 5 — The dependence on times of the accelerometer output signal with the parameters of f, = 30 Hz, ;= 0.1 Volt,
];25 29.997 Hz and n, = 60 for different values of the input signal frequency n f;: a—n=0;b,d—nf,=1Hz;c—nf, :fp2

(resonance);e—n=0,a=a  =0.58¢g

The forms dependencies in Figures 5 are
determined by the period of the beat 7, =1/|f,, - |
resulting by adding the signal with a frequency
equal to the frequency n'f, of the measured signal
and the signal with the frequency, fp , is equal to
the natural frequency of the sensor.

In the sensor with parametric pumping, it
is possible to extend the dynamic range of the
sensor to higher values of the measured signal.

2.10%
>
o
=0
3
~
- 24108 : '
0 5070 001 0015
fs
a

This possibility is illustrated in Figure 6, where a
presents the output signal of the accelerometer in
the case when the sensor has voltage ¥V, = 0.1 V
and O = 1 000 leading to a constant acceleration
a = 0.60 g, which is greater than the maximum
allowable acceleration a, = 0.58 g. It can be
seen, that the sensor is in an unstable mode, since
the output current increases unlimitedly with

time.

3<10S T T =1
« =
= 0 0=
g :
B =
_3<105 1 1 1 1 i 5 |
0 2<107°4x1076<10778<10" 0.01
f s
b

Figure 6 — The method for measuring by the sensor that is in unstable mode. a — proof mass oscillations in unstable
mode ata = 0.6 g>a, .b—proof mass oscillation in unstable mode when a = 0.9 g, but the voltage V', (¢) (dotted curve)

is switched on for a short time

Figure 6, b shows that, if the sensor with former
V, and Q is activated only for a certain period of
time (in this case, by 0.002 seconds), unlimited

current growth is absent, even when the measured
accelerationa =0.9 g>a_ . The dependence of the
output current over the entire range of changes of
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accelerationa  =1.5-107g<a<a,  =0.9 gfor this
case is represented by the dashed line in Figure 4. It
is seen, that Iout has linear relationship that is wider
than in previous occasions. It is obvious that such
pulsed switching voltage V,(¢) (see formula (6))
can be repeated any number of times during the one
cycle measurements.

The parameters of the micromechanical
accelerometer that have been used in the calculations
are only to illustrate new possibilities. They are not
optimized for a particular measurement task, and
can be varied considerably.

Conclusion

In the non-linear sensor with parametric
transformation of the measured signal where there
are many unique features, the design study requires
special consideration. The above calculations in
its simplest form have shown that some of these
features allow implementing fundamentally new
graviinertial sensor scheme and new measurement
modes, securing great sensitivity.

This sensor has the new features as follows. The
alternating electric field allows fulfilling the direct
conversion of the angular speed of the proof mass
in the alternating current in the sensor. In addition,
the electric field allows to reduce and modulate the
elasticity of the hanger and to carry out parametric
amplification of the output electric current, even if
the constant input signal is measured.

Notable features of parametric amplification
of signals found in the literature, gave reasons
to assume that the developed design GIS has the
lowest achievable level of thermal and excess noise
generated in the sensor.

Asymmetry of the electrostatic system in the
sensor limits its sensitivity and causes the appearance
in the output signal with alternating current
generated by an alternating voltage source. The use
of an additional source of alternating electric field
allows to compensate this asymmetry and to reduce
the background current. More compensation can
be done by balancing resistance electrical circuits
in the sensor. The relations between amplitudes of
voltage sources and the values of resistors from one
side with values of the asymmetry factor y and with
permissible error of compensation and of balancing
g, from other side, when the background current
is absent, have been given. The requirement for
error € compensation and balancing increases with
increasing coefficient of asymmetry .

As an example, numerical calculations of the
micromechanical linear accelerometer were carried
out. In particular, it has shown that if the parameters
v and € do not exceed 0.1 %, a sensor with a resonant
frequency of about 30 Hz, using an alternating
voltage with an amplitude of 0.1 Volts and pumping
frequency at 1800 Hz has a sensitivity that depends
almost linearly on the acceleration amplitude in
the range of 1.5:107 g < a < 0.1 g. The calculated
frequency response of the sensor is a horizontal in
frequency range below 10 Hz, where the output
signal amplitude is equal to approximately 7.3 nano
Ampere. With increasing the voltage of the pump
generator, sensor's sensitivity is increased, however,
dynamic range and linearity range are reduced.

It should be noted that the calculations of the
dynamics of a micromechanical sensor were carried
out in the transition mode, moving mass oscillation
that does not really matter for a relative small time of
measurement. Besides, it was shown the possibility
of the existence of the acceleration measurement
method in an unstable oscillation mode proof mass,
with the proviso that the envelope of the pumping
voltage is a pulse with a duration greater than the
duration of several periods of the pumping.

Graviinertial sensor design theory is universal;
it is applicable to any pendulum sensor with a
differential capacitive system. The next challenge
will be to build the sensor and test its sensitivity
despite possible manufacturing issues.
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[NoBbllIeHrEe HaEKHOCTH PaOOTHI THIPOreHEPATOPOB HEPa3phIBHO CBA3aHO CO CBOEBPEMEHHBIM BbISBICHHEM
neeKToB BO BpeMst uX paboThl. Jist pereHnst 3Toii 3a1a4u epCrieKTUBHBIM SIBISIETCS] aHaIN3 KOHTPOJIBHO-HA-
THOCTHYECKUX NapameTpoB. Llenbio paboThl siBisuiack paspadoTKa KOMITBIOTEPU3HUPOBAHHON MH(OPMALIOHHO-
M3MEPUTETBHON CUCTEMBI AJIsI M3MEPEHHS BO3IYIIIHOTO 3a30pa B TMIPOTE€HEpaTope, B KOTOPOM MPUMEHEHBI J1Ba
EMKOCTHBIX CEHCOpa C MapajuIe/IbHbIMHA KOMILIaHapHBIMH JIEKTpoaaMu. PaccMoTpeH criocod onpezeneHys napa-
MeTpoB (OpMBI OrularoIIeH MOIIOCOB POTOPA THAPOreHEPATOPA OTHOCUTEIILHO LIEHTPA OCH BPALICHUSI C UCTIONb-
30BaHHMEM PE3YIBTATOB U3MEPEHNUS BO3AYIITHOIO 3a30pa CUCTEMOM.

Ha ocHOBe npakTH4ecKnx MUCCle0BaHN CUCTEMBI TIOKAa3aHO, YTO €€ IMIPUMEHEHHE MTO3BOJISIET 110 BEMUYHUHE
UH()OPMATUBHON €MKOCTH MOJIyYUTh BHICOKYIO TOYHOCTD U Pa3peIlaioLIyto CIOCOOHOCTh M3MEPEHHH 3a30pa C BO3-
MOKHOCTBIO JIMHEapu3auy (DYHKLMHU [IpeoOpa3oBaHus CEHCOpa IIPOrPaMMHBIM ITyTeM. Jlist orpeeseHus OTKIIo-
HeHus: popMbl OruOaroIIel MOII0COB POTOPA OT HACATBLHOTO IIMIIMHAPA MPEIUIOKEHO (POpMy Orudaromieil onmchl-
Bath ¢ oMouIpio psia Oypee, a BeruMcieHue KodOGHUIMEHTOB psifia TPOU3BOANUTD Kak KO3 (HUIIMEHTOB perpeccun
C MOMOIIBIO METO/Ia HAUMEHBILINX KBa/[PaToB.

[IpuMeHeHne TaHHOTO METoAa MPU 00pPabOTKE M3MEPUTEIbHON MH(POPMALIMK KOMITBIOTEPU3UPOBAHHON HH-
(hOpMaIMOHHO-N3MEPUTENHHOM CUCTEMOI B COBOKYITHOCTH C pa3padOTaHHbIM IIEPBUYHBIM IIPeoOpa3oBareieM ¢
KOMITITaHAPHBIMH NApaJUICIIbHBIMHU 3JIEKTPOIaMU TIO3BOJISIET JOCTUYD BBICOKOW TOUHOCTH M pa3pelleHus n3Mepe-
HUH 10 BeTMYMHE HH(OOPMATUBHON EMKOCTH.
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Abstract

In this paper, we report of the solving the actual problem of control the air gap in the hydrogenerators.
The aim of the study was development of a computerized information-measuring system for measuring the
air gap in the hydrogenator, which used two capacitive sensors with parallel coplanar electrodes, and the
method of determining the shape of the envelope parameters hydrogenerator rotor poles relative to the center
axis of rotation, using the measurement results of the air gap.

In practical studies of the sensor circuit it has been shown that its use allows for the informative value of
the sensor capacitance conversion function to obtain a high accuracy and resolution measurement with digital
linearization of converting function of the sensor with use program utility. To determine the form deviations
of the envelope line of the rotor pole from the ideal cylinder, which is one of the main structural defects of
the technological errors as results the distortion of the shape of the air gap in the hydrogenator, when the
machine was manufacture and assembly. It is proposed to describe the shape of the envelope to use a Fourier
transform. Calculation of the coefficients of the Fourier series is performed using the method of least squares
as the regression coefficients.

Application of this method in processing the measuring data in a computerized information-measuring
system the developed with the primary converter with coplanar parallel electrodes allowed attaining the
high measurement accuracy and resolution informative in magnitude of the capacity.

Keywords: hydro generators, air gap, capacitive sensor, transfer function, regression analysis.
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BBenenue

OIHMM U3 CaMBIX SKOJIOTHYECKH YUCTBIX UCTOY-
HHUKOB 3JIEKTPUYECKON 3HEPIUU COBPEMEHHOIO JJIEK-
TPOIHEPreTHUECKOTO KOMIUIEKCA SIBJISIIOTCSL THApOTre-
uepatopsl (I'T). ObOecneyenre MOBBIMICHUS HAIEK-
HoctH padoTsl I'T" Hepa3phIBHO CBSI3aHO € pEIICHUEM
3aj1a4 CBOEBPEMEHHOTO BBISBICHUSI 1e()eKTOB BO Bpe-
Ms1 UX paboThl. [IJ1s1 perieHus STUX U OJOOHBIX 3a1a4
MEPCIEKTUBHBIM SIBIISIETCSl aHAJIN3 KOHTPOJILHO-Ha-
THOCTUYECKUX IIapaMETPOB, OTKJIOHEHHE KOTOPBIX OT
HOPMBI COINPOBOXKIAETCSI U3MEHEHHEM (U3HMUECKHX
npoueccoB B y3nax I'T, xapakrepusyer ero Texuuue-
ckoe coctosinue [1, 2] u okaspiBaeT BIUSHHUE HA OC-
HOBHBIE sHEepreTuyeckue nokazarenu [3]. Ilpu stom
HYXHO YYHUTBIBaTb, YTO 33j1a4a BEIOOpa ONTHMAJIbHO-
ro KOMIUIEKCa apaMeTpoB Ul TUarHOCTUKU COCTO-
SIHUSI MAILIMHBI BO BpeMs paboThl JOCTATOYHO CIIOXK-
Hast. C OmHOHM CTOPOHBI, HEOOXOAMMO BBISIBUTH Kak
MOYKHO OOJIBIIIEE KOJIMYECTBO BOBMOXKHBIX Je(DEKTOB,
a ¢ Jpyrodl cTOpoHBI — BEIOpaTh HambOosee dddek-
THUBHbIE METObI KOHTPOJIS U3 YMCIA UCTIONIB3YEMBbIX,
PYKOBOZACTBYSICh HKOHOMHYECKH 1I€JI€CO00pa3HbIMU
3arparamu. OIHAKO METOIbI M CpelcTBa OOHapyxe-
HUs 1e(DEeKTOB, MPUMEHSIEMbIE B HACTOALIEE BpPEMs,
ocoberHo B mpouecce padotsl I'T, eme manexku ot
COBEPIICHCTBA, B HUX HEIOCTATOYHO HCIOJIB3YIOTCS
COBpPEMEHHBIE TEXHHYECKHE BO3MOXHOCTH. bmaro-
Japsi 5TOMy B IOCJEIHUE TOfbl aKTHBU3UPOBAINCH
HCCIIEOBaHUS U Pa3pabOTKH IO COBEPLICHCTBOBA-
HUIO CYLIECTBYIOIINX U CO3IaHHUIO HOBBIX METOJIOB U
cpencTB OOHapyXeHUsl 1e(EKTOB THAPOIeHEPATOPOB
JUISl IOCTPOCHHUS HA UX OCHOBE KOMIIIEKCHBIX CUCTEM
KOHTPOJISI M TEXHUYECKON TNarHOCTHKH.

Kak u3BectHo [4-6], mapamerpsl BHOpamnoH-
HBIX MPOLIECCOB, Mpoucxoasmux B y3iax I'T, xapak-
TEpU3YIOT OOJBIIMHCTBO MEXaHHUECKUX AE(EKTOB.
[TosTOoMy m3MepeHue U aHajau3 BUOPOCHTHAJIOB y3-
noB mowHex I'T 3aHuMaer ocoboe mecTo B coBpe-
MEHHBIX CHCTEMax KOHTpPOJS M JMAarHOCTHKH. B
pabotax [4, 7] mpUBOAUTCS OMpEIEIIEHUEe CTEIeHH
JOCTOBEPHOCTH OOHApy>KeHHsI MEXaHHYECKUX Je-
¢exToB Takux [T npu momomm u3MepeHust U aHa-
JM3a MapaMeTpoB BUOPALIMH, BEPOSITHOCTh UX JIOKa-
JM3aLUHU U IPOTHO3UPOBAHUSI PA3BUTHS BO BPEMEHH.
JloCcTOBEpHOCTh TEXHUYECKOW AMArHOCTUKU, OCHO-
BAaHHOH TOJBKO Ha KOHTpOJIE IapaMeTpoB BUOpPO-
curHaios y3ioB I'T, mpakTuyecKy HUKOTIA HE paBHA
100 % u xonebnercs B mpezenax (B 3aBUCUMOCTH OT
tuna aedexra) ot 20 1o 80 %. Takas J0CTOBEpHOCTH
HE TI03BOJISIET BBISBIISITH BCE BO3MOMKHBIE 1E(EKTHI,
BO3HMKAIOLIME B y3s1ax MamuHbl. CTeneHb JOCTO-

BEPHOCTH TMATHOCTHKH B OOJBIIMHCTBE CIy4acB 3a-
BHCHUT OT TIOTPENIHOCTEH, BOSHUKAIOIINX B IIpoOIIecce
M3MepeHnsT U 00pa0OTKH BHOPAITMOHHBIX CUTHAJIOB,
a TaKKe HeMpaBWIBHON WHTEPIIPEeTalnu pe3yabra-
TOB aHaMM3a nmapaMeTpoB BuOpamnuu. [lorpemuoctn
B OOJIBIIMHCTBE CITy4aeB BBI3BAHBI: HEJIOCTATOUYHON
TeMITIepaTypHOH CTaOMILHOCTBIO BHOpOIpeoOpa-
30Baresieil; BHICOKMMH YpPOBHSMH IIyMa; TOTpeIl-
HOCTSIMH TIPE00pPa30BaTEeIbHBIX 3BEHBEB, HCIIONb-
3yeMbIX B AHAJIOTOBBIX HM3MEPUTENBHBIX KaHaJax;
MTOTPENTHOCTSAMH  aHAJIOTO-IIUPPOBOTO TIPeoOpaszo-
BaHUS; MMOTPEITHOCTSAMH, CBSA3aHHBIMH C OTIpeJere-
HUEM COCTAaBJISIONINX BUOPAIMH ITPH CIIEKTPAITEHOM
aHanmze. Pe3ynpraTel MHTEpIpETAIl PEe3yIbTaToOB
00pabOTKN BHOPOCHUTHAIOB HAIPSAMYIO 3aBHCIT OT
CYOBEKTHBHBIX 3HAHUH OKCIIEPTOB 00 OOBEKTHB-
HBIX (PM3UYECKUX TPOIIeCcCax, COMPOBOKIAIONIUX U
MOPOXKAAOIINX BUOPAIIMOHHBIE MPOIECCH B y3Jax
I'T 6e3 yuera ocobeHHOCTEH BHOpAIMM MaIIuHBI B
BBICOKOYACTOTHOM M HH3KOYACTOTHOM 00JIacTsIX, a
TaKke TPHU HEAOCTATOYHOM ydYeTe B CHCTEMax TeX-
HUYECKON JMAarHOCTUKH CIEeNU(UKH CTOXacTHde-
CKUX COCTAaBIISIONIMX BHOPOCHUTHAJIOB, TIOJYYEHHBIX
OT Y3JIOB JIIEKTPOMEXaHH4IeCcKoro ooopynoBarus [ T.
[ToaToMy ISt TOBBITIIEHUST CTETIEHU JJOCTOBEPHOCTH
B COBPEMEHHBIE CHCTEMbI BHOPAIIMOHHOTO KOHTPO-
T BKITIOYAIOT CHEIMaTU3UPOBAaHHBIE CEHCOPBI, C
MTOMOIIBI0 KOTOPBIX MOJYYaroT JOTOJHHUTEIHHYIO
nH(pOpPMAIMIO O TMapaMeTpax pPa3INYHBIX MeXaHH-
gecknx AedekToB. Tak, OMHOH W3 MEPBBIX CHUCTEM
BHOpPAITMOHHOTO KOHTpOsI cocTostHus [T ¢ momon-
HUTEJIBHBIMA JaTYUKAMU ABJseTcs cucrema V1MOS
(Vibration Monitoring System), pazpaboraHHas B
1990-x romax B HIBEACKOM OTACJIICHUU KOMIIAHUH
ABB (ASEA-Brown Boveri Ltd.) nnsa I'DC 1lIBerumn.
Cucrema Hapsay ¢ qaTduKaMyu BUOPAIM COMEPIKUAT
OECKOHTAKTHBIE CEHCOpHI TEPEeMEIICHUS Hampas-
JISIOIIMX TOJIIMITHUKOB 10 ocsiM X U Y, ceHCcophl
MepeMeneHNs OIS THIKOB, a TAK)KE CEHCOPHI KOH-
TpoJIsl BO3AYIIHOTO 3a30pa (B3) mexay cratopom u
potopoMm [4, 6, 8]. BOTBITUHCTBO MOHUTOPHHTOBBIX
CHUCTEM OCYIIECTBIISIIOT U3MEPEHNE BO3AYIITHOTO 3a-
30pa TOJBKO Ha OIPEEIEHHBIX THIIaX THAPOTEHE-
paTropoB, YTO B CBOIO OYEPEh CBA3aHO C KOHCTPYK-
TUBHBIMH OCOOCHHOCTSMH KakK THIPOTCHEPaTOpOB,
TaK ¥ CIEeUUATN3UPOBAHBIX TATYUKOB. TaK, NaTduK
L8120 xommnanmu MIKROTREND D.O.O. npenHa-
3HAYEH U M3MEPEHHs BO3IYIIIHOTO 3a30pa B JIHa-
nmazoHe ot 2 J10 33 MMm; komnanus Iris Power npenia-
raeT JaT4YruKH IS TPeX Pas3iIMYHBIX TUAITa30HOB: OT
5 1o 12 mm (CGP-02), ot 12 no 22 mm (CGP-03)
ot 22 o 47 mm (CGP-04). Komnanus Bently Nevada
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npenjaraer usmepurenapHyto cucreMy 4000 Series
Air Gap Sensor System ¢ IaTUUKOM H3MEPSIOIINM
BO3YIIHBIN 3a30p 1o 20 mm. Hexgocrarkom ykazaH-
HBIX BBIIIE CUCTEM U CIIEIIHATU3NPOBAHBIX TaTYMKOB
SIBIISIETCS] X UCTIONB30BaHUE TOJBKO HA OMpeIeieH-
HBIX THTIAX THIPOTEHEPATOB, a HACTPOHKA CHCTEMBI
KOHTPOJIS M peasin3anus JaTYMKOB TIO/ OTpe/IeTIeH-
HBI THII THApPOTEHeparopa TpedyeT 3HaYUTEThHBIX
(hPMHAHCOBBIX 3aTpaT (CTOMMOCTH YIIOMSHYTBIX CH-
CTEM TPH WCIIOJB30BaHUM HA HECTAaHAAPTHOM TH-
nporeHeparope coctarisieT oT 200 ThIC. T0ITapOB).

ITosToMy Ha CeromHAIIHUN JEHb AKTyaJbHOMN
3amaveit sBisieTcs pa3BuTHe Y (HEKTHBHBIX METOIOB
M3MEpeHHs TapaMeTPOB MEXaHUIeCKHNX /1e(heKTOB B
I'T: Bo3mymHOTO 3a30pa (B3), oceBoro m pannanb-
HOro OWMEHWH Baya, CMEIICHUS CMEXHBIX CEKTOPOB
COCTaBHOro craropa W Ap. Takoil ke akTyalbHON
3ajadeil ABISETCS CO3/7aHME psla HOBBIX ammapar-
HO-TIPOTPAaMMHBIX pEIIeHUH JUIA 00eCIIeYeHus Io-
MEXOyCTOWMYMBOCTH TEPBUYHBIX MpeoOpa3zoBarenen
(ceHCcopoB), BTOPUYHBIX ITPeoOpa3oBaTescH, JTHHMIA
nepenady WHGOOPMAIMKM W JIMHUN THTAaHUS CHUCTEM
M3MEpEeHHs KOHTPOIBHO-TNATHOCTHYECKHX TTapame-
TpoB MOIIHBbIX [T

B nannHoii pabote paccMaTpHBacTCS H3MEpH-
tenbHas cuctema B3 B I'T, B KoTOpol mpUMEHEHbI
JIBA EMKOCTHBIX CEHCOpa OPUTHHAIBHON KOHCTPYK-
UM (C MapauIeTbHBIMU KOMIUTAHAPHBIME 3JIEKTPO-
IIaMH), a TaKKe CI0CO0 OIpeaesieHUs MapaMeTpoB
dbopMbl orubaromieit momrocoB potopa I'T oTHOCH-
TEJIHHO IIEHTPA OCH BpAIEHUS C HCIIOIb30BaHUEM
PE3yIBTATOB U3MEPEHUS 3a30Da.

IpyHUMIIBI MOCTPOEHUSI U PA0OTHI CHUCTEMbI
KOHTPOJIS

Bozayunslii 3a30p MEXy pOTOPOM M CTaTOPOM
SIBIIICTCS] OTHUM M3 BaKHEHIINX MapaMeTpoB MOII-
Horo I'T, B kKOTOpOoM MexaHWYecKas SHEprusi Bpa-
HICHUS] TPpeoOpaszyeTcsl B 3JICKTPHUECKYIO IHEPTHIO
[9]. Pasmep B3 B 3HaunTenbHON Mepe ompeaemnsieT
XapaKTEPUCTUKN MAIIMHBI M €€ MOBEAECHHE B IpO-
1ecce 3KcIuTyaranuu. B peasbHOM cilydae BEIMYMHA
B3 He sBnsieTcs paBHOMEpPHOW MO Py TEXHOJIOTH-
YEeCKUX M 3KCIUTyaTallMOHHBIX mpuuuH [7, 10]. He-
paBHOMEPHOCTH B3, BbI3BaHHAsI OTKIIOHEHHEM (op-
MBI PaCTOUKH CEepJAeYHHKa cTaropa u (Gopmbl oruda-
IOIIEH IOJIFOCOB POTOpPA, MOKET OBITh CIICACTBHEM
HapyLICHUS! TEXHOJIOTUH COOPKH M HM3TOTOBJICHUS
y3n0B I'T. Takxxe HepaBHOMepHOCTH B3 BBI3BIBaIOT
3JIEKTPOMArHUTHBIE CUJIBI B3aUMHOTO MPHUTSKEHUS
cTaropa M poTopa, epepacnpezesieHie BHyTPEHHUX

HaIpsDKEHUM, HEPaBHOMEPHBIM HarpeB MakeToB CTa-
TOpa W TIOJIOCOB POTOPA, HEJOCTATKUA KOHCTPYKITHH
2JIEMEHTOB KPETIEHHS.

Juisg pemeHus 3afadu KOHTPOJS BO3MYIIHOTO
3a3opa B I'T, ero HepaBHOMEpPHOCTH, aHallM3a IMpH-
YWH, BBI3BABIIMX IIOSBICHUS HEPABHOMEPHOCTH,
MIEPCIIEKTUBHBIM SIBIISIETCS TPUMEHEHHE COBPEMEH-
HBIX CHCTEM TEXHUYECKOW TUArHOCTHKH Ha OCHOBE
KOMITBIOTEPU3UPOBAHHBIX ~ MH(OPMAIMOHHO-H3ME-
putenbHBIM cucteM (MHC) co cnemuanm3upoBaH-
HBIM TPOrpaMMHO-MaTeMaTHYecKuM O0eCTIedeH -
eM. [Ipumenenne MUC npu KOHTpoJie MO3BOJISIET
CO3/1aBaTh M HCIIOJIB30BaTh JTUATHOCTHUYECKYIO 0a3y
JTAHHBIX Ha OCHOBE MCTOPUHU U3MEPEHUH BO3ITYIIHO-
ro 3azopa I'T, 4To 1o3BoJIsIeT OAHOBPEMEHHO OIIEHH-
BaTh W MPOTHO3MPOBATH N3MEHEHNE BEJIMYMHBI BO3-
nyuHoro 3azopa ['T' B TMHaMUYeCKOM pexXUME.

[ns momydyeHusT NEPBUYHON H3MEPUTEIBHOMN
WHGOPMAIINN TIEPCTIEKTUBHBIM SIBIIIETCS MCTIOIH30-
BaHHUE CIEIMAIN3UPOBAHHBIX JATYUKOB, aJIalITHPO-
BaHHBIX K YCIIOBHUSAM JIKCIUTyaTallid U KOHCTPYKTHB-
HBIM OCOOEHHOCTSIM 30HBI KOHTPOJSI BO3IYIITHOTO
3a3opa B rujaporeneparopax [11, 12]. B Hacrosiee
BpeMs OTHUM U3 HanOoJiee paclpoCTPaHEHHBIX Me-
TOJIOB U3MEPEHUS BO3AYITHOTO 3a30pa MOIIHBIX T'H-
JIPOTEHEePaTOPOB SIBJISIETCA eMKOCTHOM [7, 9, 13, 14].
Ha pucynke | npuBeneHa cxema yCTaHOBKU JaTyuKa
Ha cTaTope THApOoreHeparopa.

2

Pucynok 1 — Cxema yCTaHOBKHM JaTYMKa Ha CTATOpPE TH-
Jporereparopa: 1 — crarop; 2 — poTop; 3 — JaT4YUK BO3-
JIYIIHOTO 3a30pa

Figure 1 — The installation sensor in the hydrogenerator:
1 — stator core; 2 — rotor; 3 — air gap sensor

B sToM ciyuae paccrosHue d MeXIy HMOBEpX-
HOCTBIO 3JICKTPOIOB CEHCOpa 3 W MOBEPXHOCTHIO
Ka)KJI0T0 U3 MOJIIOCOB POTOPA 2 3aBUCHT OT JICKTPU-
geckol emxoctu C_ JIaTYMKOB, yCTAHOBIEHHBIX Ha
pacTouke cepyieuHuKa craropa 1, T.e.:

d = f(C). 6]

[Ipu stom Bennumua B3 d,,,, T.e. paccrosuue
MeX]ly YCIIOBHOM OTMOAaroIeii BEpIINH MOJIF0OCOB PO-
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TOpa ¥ TIOBEPXHOCTHIO PACTOYKH CEPJICUYHHUKA CTATO-
pa ruIporeHeparopa, OnpeAeIuTCs Kak:

d,, =d, +A,

rae A — TonmMHA AUDIEKTPUUYECKON TUTACTUHBI, Ha
KOTOPO# C(OPMHUPOBAHBI AIIEKTPOABI E€MKOCTHOTO
JaT4mKa.

[Ipu ucnonabp30BaHUN TAaKOTO METOJa EMKOCTHBIE
JMaT4uKA (PUCYHOK 2), KaK TPABHIIO, PACTIONOKEHBI
Ha pacToYKe CEepJeYHMKA 10 TPYIIaM B IUIOCKOCTSX,
TIePIICHIUKYISIPHBIX [15] K ocu BpamieHust poTopa.
Kak MuHMMyM ycTaHaBIMBaeTCs J1Ba CEHCOpa B OfI-
HOM MIIOCKOCTH, PACOJIOKEHHBIX oA yritoM 90° npyr
K JIPYTY, TIPA 3TOM CpPe/ICTBA 00paOOTKH OTHECEHBI Ha
0e30MacHOe pacCTOsIHME, KOTOPOe 00ecIieYrBaeT HU3-
KU YpOBEHb BHEUIHHUX BO3NIEHCTBHIl (deKTpomar-
HUTHBIC TIOJISA, TEMIIepaTypa U Jp.) Ha HUX (PUCYHOK
2). Ha pucynke 2 npuBeieH MpuMep YCTAaHOBKH JaT-
ynkoB B3 Ha kancynsHOM [T,

bnok-cxema cuctembl kouTposs B3 nokazana Ha
pucynke 3. KoHcTpykTHBHO cucTema KoHTpoius B3
I'T cocTout U3 AByX OCHOBHBIX YaCTE — EMKOCTHBIX
JIATYUKOB C II(PPOBBIM BBIXOJIOM (I[I_[BI,Z), UCIOJb3Y-
eMbIX B KauecTBe MEPBHYHBIX NpeoOpaszoBaTeieH, u
CHCTEMBI BTOPUYHOTO IIPE0Opa30BaHusl MOITYyYSHHBIX
ot JI1IB nanneix. s npeoOpazoBanus BenmuanHb B3
B LM(pPOBO Koz ObUT pa3padOTaH M M3TOTOBJIEH HKC-
nepuMeHTanbHbIN oOpasen LB, KoTopblil KOHCTPYK-
THUBHO COCTOMT U3 EMKOCTHOIO CEHCOpa C AByMs pa-
00oUMMH KOMIUTAHAPHBIME MapaJIeIbHBIME JJIEKTPO-
nmamu [12] u I[IEK Ha ocHOBe MHKpOcxeMbl 24-pa3-
psinHOrO curMa-gensTa npeoOpasosarens AD7745 ¢
BCTPOEHHBIM CEHCOPOM TeMIlepaTypsl. lcnonb3oBa-
HHUE 24-pa3psaHOro CUrma-zielisra mpeoopasoBaress
MO3BOJIAET JOCTUYb pa3pelIeHus M0 AUANa30Hy H3-
MepeHust ”HpopMaTHUBHON eMKocTu 4 GD.

Pesynbratel MPOBENEHHBIX paHEE HCCIIENO0Ba-
Huit [1, 16] mokazanu, 4To NPUMEHEHHUE MPEATIOKEH-
HOW CXEMBI MTO3BOJISIET IOCTUYb TOYHOCTH 7 D mim

0,12 MM ¢ BOBMOKHOCTBIO JIMHEAPU3ALIUU ITPOTrpaMM-
HeIM myTeM [ 1] 3aBucumocti (1). IIpu aTom Ha mep-
BUYHBIN 070K 00pabOTKH MH(OPMAITUH BO3JIOKCHBI
(GyHKIIME TpeoOpa3oBaHMs 3HAYEHHS €MKOCTH Kak
(byHKIMH OT 3Ha4YeHUs B3 Mex 1y 001118 III0CKOCThIO
EKTPOMIOB JlIaTYMKa M MOBEpPXHOCTHIO potopa [T B
U POBO KOJI C TIOCIEAYIOIIeH nepenadeii udpoBo-
r0 KOZia B MOIYJIb KOH(UTyparmu, cbopa, 00paboTku
Y aHAJIN3a JTaHHBIX.

Pucynok 2 — Ilpumep yCTaHOBKH CHCTEMBI KOHTPOJISA
BO3/YIIHOTO 3a30pa C ABYMSI €MKOCTHBIMH CEHCOpPaMH:
1 — cepaevyHHK CcTaTOpa THAPOTEHEPATOPA; 2 — EMKOCTHBIN
CEHCOp 3a30pa; 3 — COeAMHUTENBHBIN Kabelnb MeXTy CeH-
COpPOM M BTOPUYHBIM TpeodpazoBarenieM; 4 — BTOPUIHBIHA
M3MEPUTENBFHBIN Tpeo0pa3oBaTeib; 5 — COeTMHUTEIHHBIH
Kabemp MEXIy BTOPHYHBIM IIpeoOpa3oBaTelieM W KOM-
MBIOTEPOM  MH(POPMAIMOHHO-U3MEPUTEIBHON CHCTEMBI
(ma(pOpMAIOHHBII Kabenp); 6 — KoMIbIoTep HHpOpMa-
LIUOHHO-U3MEPHUTENBHOMN CHCTEMBbI

Figure 2 — Example of installation control system with
two capacitive sensors: 1 — stator of the hydrogenerator;
2 — capacitive air gap sensor; 3 — connecting cable be-
tween the sensor and the secondary converter; 4 — second-
ary converter; 5 — connecting cable between the secondary
converter and the computer information-measuring sys-
tem (information cable); 6 — PC of information-measuring
system.

Crarop

IIporpammmuoe odecneuenne cucremsr MK n 9BM
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KOH(pHUrypanum,

Monyap ynpaBiaeHnst

nc
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cGopa, 06padorka 1
AHATH3A TAHHBIX

Monyas oomena
JAHHBIMH

H nepeladH JAHHbIX

'180°

|
Mony:as obmena
JAHHBIMH

Monyap ynpasiaeHnst
H Iepeavn TaHHbIX

Pucynok 3 — CtpykTypHas cxema cUCTeMbl KOHTpois B3:
MmepuTenbHbli cencop; JLB , JILB, — eMkocTHBIN aTank
xoHTpoep; I1K — nepcoHanbHbINi KOMIBIOTED

IEK,, TIEK, — npeo6pa3osarenu emkocTh-koa1; MUC — u3-
BO3JIYIIIHOTO 3a30pa ¢ U(poBbIM BbIxonoM; MK — mMukpo-
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Figure 3 — The block-scheme of control system the air gap in the hydrogenerators: CCC,, CCC, — capacitive - digital
code convertors; SDO,, SDO, — capacitive air gap sensor with digital code

Onpegenenne napamMerpos (GopmMbl 0rudaro-
el MOJTIOCOB POTOpa I'MApOoreHeparopa Io
pe3yJIbTaTaM U3MepeHusi BO3AyIIHOI0 3a30pa

OJHUM U3 OCHOBHBIX KOHCTPYKTHUBHBIX JIe()eK-
TOB, KOTOPBIH MPUBOIUT K HCKKEHUIO GopMmbl B3 B
I'T, ectb oTkiOHEHUS (HOPMBI OrHOAOIIEH TIOIIOCOB
poTopa OT WAEATBPHOTO LWJIMHIpPA 4Yepe3 TEXHOJO-
THYECKUE TOTPEIIHOCTH HM3TOTOBJICHUS U COOpKH,
MPHUBOAAIINE K HEOAMHAKOBOCTH B3 moj pasHeiMu
nomocamMu. Bo Bpemst paGoThl MamIuHBI U3-3a IKC-
HEHTPUCUTETA ITH 3a30Pbl MOTYT JOMOJHUTEIHHO
M3MEHSATHCS, U IIEHTP 00072 POTOpa CMEIIAETCs OT-
HOCHUTEBHO OCH BpameHus [6, 7, 17-20].

Bo Bpems nposenenust KoHTpoist B3 nepBuyHas
u3MepHTenbHas HHOOPMAIHS C JATIUKOB (CM. pHCYH-
KA 2, 3) TOCTyIaeT JTUCKPETHO C JeTePMUHHPOBAH-
HBIM IlepuozioM onpoca 7T, = f (mp,lp ), (o, — cKo-
POCTB BPAILICHAS POTOPA; /[ — PACCTOSHNE MEKILY LCH-
TpaMH TIOJFOCOB POTOPa) BO BPEMEHH M3MEPEHHS f.
[Tpu 5TOM MH(DOPMATHBHBIE OTCYETHI UMEIOT TPHUBS3-
Ky K HOMEpY IOJIfoca 7 poTopa, a TakkKe K KOOP.IH-
Haram (X, y, ) TOYKU KPEIICHUsI CEHCOPa Ha CTAToOpE.

[Tomy4yennsie nepBUYHBIC JAHHBIE O HEPABHO-
MEpPHOCTH BO3JYILIHOIO 3a30pa U OOBEKT UCCIIEeN0-
Banua (B3 mexmy poTopoM M CTaTopoM) HMEIOT
MPUBA3KY K MPOCTPAHCTBEHHBIM M BPEMEHHBIM KO-
OpIMHATaM W B O0OOOIIEHHOM BHIIC OTHUCHIBAIOTCS
BBIPAKEHUEM:

dVZ(I):f(xrt’yrt’t’d)’ (2)

1€ X, V. — BEKTOPbI 3HAYEHUH KOOPHMHAT TIOJIIOCOB
poTOpa, I KOTOPBIX IPOUCXOAUT ONPENIEIEHNE KOH-
TpOJIMPYEMOro napamerpa; d — BeKTop 3HaueHui B3,
OIPEJIETICHHBIX B MOMEHT BPEMEHH € ¢ B TOYKE CO
3HAYEHUEM KOOPJIMHATBI POTOPA X , V.

B monsipHO#l cucTeMe KOOPIMHAT BBIPAKEHHE
(1) mpumer Bu:

de(t):f((mead)a (3)

TJI€ (0, — BEKTOP 3HAYEHUH YIIOBBIX KOOP/IMHAT B3a-
UMOCBS3aHHBINA CO 3HAUCHUAMH d.

[lony4yeHHble naHHBIE TaKUM OOPa3oM MOTYT
OBITH MCIIOJIB30BAHBI IPU ONPEAEICHUN HCKAXKECHUS
(hopMmbl orubaromeil monrOCcoB poropa. B obmem
cirydae GopMa poTopa MOXKET ObITh OIMCaHa C IO-
Mouibio psina Dypee:

©

=d, +Z(ek cosip, +r, sinig,),

i=1

dV Z

g “4)
e d,, — u3MepenHoe 3Hadenune B3 B Touke ¢ ymio-
BOW KOOPIMHATOHM @ ; d, — CPEIHss BEIMYMHA BO3-
JQYLIHOTO 3a30pa B TOYKE KPEIUICHUs AaTuuKa orpe-
JIETIEHHast 38 OIMH 000POT POTOPA,; €,, 1, — Kod(puiu-
€HTBI, ONIPECISIOIINE HCKAKEHH (POPMBI pOTOPA.

Jnisi OLEHKH MapaMeTpoB, XapaKTEePHU3YIOILUX
(hopMy poTOpa, MOKHO MPEIIONIOKUTh, YTO BBIPa-
JKeHHe (4) oTpakaeT KOPPETSAILMOHHYIO CBA3b MEKIY
d,,,cos i, sinip . C 1pyroi CTOPOHBI, aHATOTHY-
HbIE 3aBUCHMOCTH COICPXKUT BbIpaxkeHue (3), omu-
ChIBalOIIEEe MOJTYYEHHBIH MacCHB HM3MEPHTEIBbHBIX
nmanHbIX. C yderoM Beipaxkenuii (3) u (4) BXomsiiue
B HUX IapaMmeTpbl, MOKHO paccMaTpuBarh Kak KO-
3¢ PULMEHTHl PErpeccud W HCIOIb30BaTh IS MX
BBIYHMCIICHNS] TPUMEHUTHh METOJ HAaUMEHBIINX KBa-
naparoB [21]. Ilpu cMMMETPUYHOM pacMOIOKEHUH
TOYEK, B KOTOPBHIX M3Mepsitorcss B3, u oTcyTcTBUM
NPOMYILEHHBIX, HYJIEBBIX HIIM 3aBEAOMO JIOKHBIX
nanHbIX B (3). s BeuucieHus no gopmyne (4) ¢
yueToMm (3) Oyaem uMeTh:

l N N

dy = N;dvzw € :% dy,, coske,,

n=1
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2 N
r=—>d,, sinkg,,
k N; VZi

rie N — KOJIMYeCTBO TOYEK C YITIOBOM KOOPJIMHATOMN
®,, ISl KOTOPBIX H3MEPEHO 3HAYECHUE d,, .

B atom crmydae orkiioHeHMEeM (QOpPMBI poTOpa
SIBIISIETCSL DKCIIGHTPHCHUTETOM pOTOpa (CMelleHue
00oma poTopa OTHOCHTEILHO OCH BpAIICHUS) U 3JI-
JUNTAYHOCTHIO 000112 poTopa. B cBsi3u ¢ 3THM MOXK-
HO OTPaHWYHUTHCS BBIYMCIEHUEM TIEPBBIX JIByX KOA(]-
(uuuenros e, e, r, u r,. llpu sT0M B hopmyne (4)
COXPAHSIOTCS TOIBKO MEPBBIE TP YJICHA:

d,, =d,+ €, cos((pn +a, ) +1, cos(2(pn + az),

2 2
IIe €, =4/€ +1 —9KCIEHTpUCHTET 000/1a POTOpa;

_1]"1

o, =tan — YTOJI, XapaKTepU3yIOIIHil HallpaB-

1
JICHHE DKCLEHTPHCHTETA; €,, = /€, + 75 — JUIAITHY-

-17
HOCTB 000/1a pOTOpPA; O, = tan ™' % — YroJ, XapakTe-
2

PU3YyIOLLUI HallpaBJIeHUe Ocel AILIMIICA.

JakaoueHne

Paspaborana cucTema, Aarolias BO3MOXHOCTD
C BBICOKOH TOUHOCTBIO M pa3peliarolned crocod-
HOCTBIO HM3MEPSATH BO3AYIIHBIA 3a30p MEXIy CTa-
TOPOM U POTOPOM B THIpOTEHEparopax, a TaKKe
OILICHUTh MCKAKEHHUE OTMOArOIeH TOIFCOB POTOPA.
Jlns u3MepeHusl BO3MYIIHOTO 3a30pa MpEeaIoKe-
HO HCIOJIb30BAHUE MApbl EMKOCTHBIX CEHCOPOB C
KOMIUTAaHAPHBIMK ~ MAPAJICIBHBIME  DJICKTPOAMH,
pa3paboTaHHBIX ABTOPAMH C YYETOM KOHCTPYKTHB-
HBIX OCOOCHHOCTEH KarCyJabHOTO THAPOreHeparopa
CI'K538/160-70M. B pe3ynbrare moBblmaeTcs J0-
CTOBEPHOCTH KOHTPOJISI COCTOSIHUSI MAIITUHbI, Ha ICK-
HOCTbh U 0€30I1aCHOCTB €€ paboThI.

Ipennoxken crnocob pacuera mapameTpor Gop-
MBI OrH0AIOIIEH TTOFOCOB POTOPA THAPOTEHEPATOpa C
HCTIONIb30BAHUEM JIAHHBIX O BEIUYMHAX BO3IYIIHBIX
3a30pOB MEKYy POTOPOM H CTATOPOM, MOTYUCHHBIX
MpY TPUMEHEHUH CHCTEMbI €MKOCTHBIX CEHCOPOB,
Pa3MEIEHHBIX HA PACTOYKE CEPICUHUKA CTATOPA.
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KBasupacnpenejieHHAasi BOJIOKOHHO-ONITHYECKAS CHCTEMA
U3MepPeHNsl TEMIIEPATYPbI PEHUPKYJISIHUOHHOIO THUIIA HA
OCHOBE€ TEXHOJIOTHHU CHEKTPAJIBLHOI0 MYJIbTHILJIEKCUPOBAHUSA

oasikos A.B., IIpoxkonenkosa T./l.

benopycckuii 2cocyoapcmeennuiii ynusepcumen,
np. Hesasucumocmu, 4, e. Munck 220030, berapyco

Hocmynuna 18.12.2016
IHpunama k newamu 20.03.2017

Obecrieuenne Ka4eCTBEHHON M HA/IEKHON paboThl, a TAKKe TeMIIEPaTypHbII MOHUTOPHHI COBPEMEHHBIX
CHCTEM HampsIMyIO CBSI3aHBI C UCTIOIb30BaHUEM MHHOBAIIMOHHBIX ONTOBOJIOKOHHBIX TEXHOJIOTHI HA OCHOBE KOH-
LETIMY TaK Ha3bIBAEMBIX pacIpeeTIeHHbIX U KBa3UPACTIPEIEICHHBIX JaTYNKOB, UMEIOIINX OOJBIIHE JTUHEHHbIE
pa3Mepsl, B KOTOPBIX ONTHYECKHE BOJIOKHA SIBIISFOTCS] OTHOBPEMEHHO M YyBCTBUTEIILHBIM 3JIEMEHTOM, 1 KaHAJIOM
niepeiau JaHHbIX. CyIIECTBYIOIIME BOJOKOHHO-ONITHYECKHE JIATYMKKA Ha OCHOBE BBIHY)KICHHOTO KOMOWHAIIU-
OHHOTO PAcCesiHUS U BBIHYKACHHOTO paccesHus Mannenbirama—bpriumiosHa HMEIOT OTHOCHTENBHO BBICOKYIO
MOTPELUTHOCTh U3MEPEHUH, TUTEIbHYIO U CIIOKHYIO METOJIMKY U3MEPEHH, BHICOKYIO CTOMMOCTb. Llenb gaHHoi
paboThI cocTosIa B pa3padoTKe CTPYKTYphl aBTOMATH3NPOBAHHON KBAa3HPACIPEEIEHHON BOIOKOHHO-OITHYECKOI
CHCTEMBI M3MEPEHHsI TEMIEPATyphl PEIUPKYISAIIMOHHOTO THIIA C MCTOIB30BAHIEM TEXHOJIOTHH CIIEKTPAJIBHOTO
MYJIBTHILUIEKCHPOBAHUSL.

Merton M3MepeHnii OCHOBaH Ha PErMCTPAIlii BO3HUKAIOUIUX IO BO3/ICHCTBHEM TeMIepaTypbl H3MEHEHNI
YaCTOTHI PEIMPKYIISAIMN OJMHOYHBIX ONTHYECKUX UMITYJIbCOB Ha COCETHUX JUTMHAX BoyH. [Ipu aToM mpoucxomaut
MIEPUOITYECKOE BOCCTAHOBJICHHE CUTHANA 10 (popMe, aMIUTUTY/Ie U JUTUTeIbHOCTH. UyBCTBUTEILHBIMU 3IEMEH-
TaMH{ SBIISFOTCSL OTPE3KH MHOTOMOJIOBOTO KBapIIEBOTO BOJIOKOHHOTO CBETOBOZA C METATMYECKHM IOKPBITHEM,
pa3ZeneHHbIe CIEeKTPaTbHO-CEIEKTUBHBIMI IEMEHTaMH, B Ka9€CTBE KOTOPBIX MpeIylaraeTcsi NCIIONb30BaTh JANX-
poruHbie 3epkana. C MoMOIIbI0 pa3paboTaHHON MaTeMaTHueCcKOi MOJICIH, YUUTHIBAIOIIEH TeMIIepaTypHYIO 3aBH-
CHUMOCTh KO3 (PHIIEHTA TMHEHHOTO paciupeHus 1 Moaysisi FOHra BOJIOKHa, CIICKTPaIbHYHO U TEMITEPaTyPHYIO 3a-
BHCHMOCTB ITOKA3aTeIs PETOMIICHHS, XAMUYECKHUI COCTAB BOJIOKHA, TUI METAJUTMUECKOTO TIOKPBITHS PacCUUTaHa
(YHKIMST OTKITMKA CHCTEMBI, TIO3BOJISTIOIAS OIICHUTh YyBCTBUTEIIBHOCTh U TIOTPEITHOCTh N3MEPEHHH.

B pesynbrare mpoBEeNCHHBIX UCCICIOBAHNI OPEICIICHBI: KOIMIECTBO M3MEPUTEIBHBIX CEKITHH (§), MakcH-
MaJsibHas u3mepsiemas remrieparypa (500 °C), uysctutenbHOCTh MeToza (3,28 ['1/°C), OrperHocTs 3MEpeHuin
(#0,2 °C), a Taxke oNTEMaIbHOE BpeMsl Hayajla M3MepEeHHH Tocie 3aImycKa UPKYIAuH (15 MuH) 1 BpeMeHH cueta
gactotomepa (1 c). IIpoBeneHHbIe OIIEHKH MMOKA3aJIH, YTO MO COBOKYITHOCTH TEXHHYECKHUX XapaKTEPUCTHK Tpel-
JlaraemMasi i3MepuTeNbHas CHCTEMa MOXKET TIPEB3OUTH CYIIIECTBYIOIINE AaHAJIOTH.

KiroueBble cji0Ba: BOJIOKOHHBIN CBCTOBO/J, TCPMHUYCCKUC MCTO/BI, KBaBI/IpaCHpe,E[GJ'ICHHBIf/i JAaTYuK TeMIiepa-
TYPbI, 4aCTOTAa PCUUPKYIANNU, TCXHUYCCKUC XaPAKTCPUCTUKU.
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Abstract

Providing quality and reliable operation as well as temperature monitoring of modern systems are di-
rectly related on the use of innovative fiber optic technology based on the concept of so-called distributed
and quasi-distributed sensors having large linear dimensions, in which the optical fiber is both sensor and
data channel. Existing fiber optic sensors based on stimulated Raman scattering and stimulated Brillouin
scattering have relatively high measurement error, long and complicated measurement method, high cost.
The purpose of this paper was to develop an automated quasi-distributed fiber optic recirculating temperature
measurement system using wavelength division multiplexing technology. Measurement method based on
the registration arising due to temperature changes of the frequency of single optical pulses recirculating at
adjacent wavelengths. Thus there is a periodic signal restoration on waveform, amplitude and duration. The
sensing element is a segment of a multimode silica fiber coated with metal, separated spectrally selective
elements, which are mainly offered to use dichroic mirrors. With the help of the developed mathematical
model that takes into account the temperature dependence of the coefficient of linear expansion and Young’s
modulus of the fiber, the spectral and temperature dependence of the refractive index, the chemical composi-
tion of the fibers, the type of metal coating system response function was calculated, which allows to evaluate
the sensitivity and measurement accuracy. These studies determined: number of measuring sections (8), the
maximal measured temperature (500 °C), the sensitivity (3,28 Hz/°C), the measurement error (+0,2 °C), and
the optimum beginning time measurement after starting circulation (15 min), and counting time of the fre-
quency meter (1 s). Carried out estimations have shown that the proposed measuring system can outperform
existing analogues on set specifications.

Keywords: optical fiber, thermal methods, quasi-distributed temperature sensor, recirculating frequency,
technical characteristics.
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BBenenue

ONTOBOJIOKOHHBIE TEXHOJOIMH HCIOJNb3YIOTCS
B Pa3lMYHBIX OOJIACTAX TEXHUKH, COCTABIISAS OCHO-
By HE TOJIBKO CPEICTB Nepenayd WHPOpMaLuH, HO
1 Pa3HOOOPa3HBIX YCTPOWCTB U3MEPEHHS U KOHTPO-
ns. Ha ocHOBe HaHHBIX TEXHOJOIMH pa3paboTaHbI
pasinuHble HM3MEPHUTENIbHBIE CHCTEMBI, KOTOPBIE,
00s1afasi BBICOKOH TOYHOCTBIO, MPEBOCXOAAT AIICK-
TPOHHBIE YCTPOWCTBA TOTO K€ Ha3HAYCHUS B YacTU
CcTaOWJIBHOCTH U TEPMOCTOHKOCTH. V3MepuTenbHble
3NIEMEHTHI (CEHCOPBI) TAKUX CHUCTEM HE IOJBEpIKe-
HBI BIMSTHUIO MAaTHUTHBIX U SJICKTPUUECKUX MOJIEH U
CTOMKH 110 OTHOILEHMIO K BUOpALMHY, yiapam, a Tak-
K€ K BO3JIEHCTBUIO arpecCUBHBIX CPEI.

[Ipu co3manuy COBPEMEHHBIX CHCTEM MOTpPeOo-
BasIach pa3paboTKa MPUHIMITNAILHO HOBBIX METO/IOB
1 YCTPOMCTB /715l ©U3MEPEHUS pa3sHOOOpa3HbIX MPOU3-
BOJICTBCHHBIX MTapaMETPOB 10 BCEW JIMHE UCCICIY-
emoro oobekra. [lonoOHbIe U3MepeHust CTanu MpHUH-
LUIHAAIBHO BO3MOKHBIMH JIMILB C IIOSIBICHHEM KOH-
LENLUUN TaK Ha3bIBAEMBIX PACHPEICIICHHBIX M KBa-
3UpacHpeIeNICHHBIX JIaTYMKOB, UMEIOINX OOJIbIINe
JIMHEHHbIE pa3Mepbl, HA OCHOBE ONTHYECKUX BOJIO-
KOH, KOTOpBIE SIBJISIIOTCS OAHOBPEMEHHO M UyBCTBU-
TEJIHBIM 3JIEMEHTOM, M KaHAJIOM IepeJayl JaHHbIX.
Cpean HUX CYIIECTBEHHOE MECTO 3aHUMAIOT pacIpe-
JIeJICHHBIC IATYMKH AJIS1 TEMIIEPAaTypHOTO MpOQHIn-
poBanus [1]. K HegocTaTkaM pacnpeeneHHbIX BOJIO-
KOHHO-ONTHYECKUX AATYUKOB HA OCHOBE BBIHYKICH-
HOTO KOMOMHAIIMOHHOTO PACCEsIHUS MOXKHO OTHECTH
cienyrome 0coOeHHOCTH: 1) Hapsiay ¢ KOMOMHAIH-
OHHBIM B ONTHYECKOM BOJIOKHE BO30Y>KIaeTcs pacce-
sHue MaHzenbpiraMa—bpriniiosHa, HakIaapIBatoLIe-
ecsi CBOMMU 0oJiee BBICOKUMHU IOPSAAKAMH Ha U3MeEpsi-
eMbI€ CIICKTPaJIbHBIC COCTABIISIOLINE; 2) Maiask BEJu-
yrHa K03 PHIIMeHTa KOMOMHAIIMOHHOTO PACCEesHHUS,
910 TpeOyeT NPUMEHEHHS [UIMTEIBHOIO HAKOILICHHS
CUrHajla ¥ HMCIIOJIb30BaHUSI ONTHYECKUX HMITYIbCOB
OOJBILION MOIIHOCTH, HMOCKOJIBKY HOPOT BO3HHUKHO-
BEHMS BBIHY)KJCHHOIO KOMOMHALIMOHHOTO paccesi-
Hus cocrasisier 500 MBt — 1 Br; 3) morpemHocts
M3MEpEeHul TemMIneparypsl cocTaBiseT He MeHee 1 °C.
Henocrarkamu  BOJIOKOHHO-ONTHYECKOIO — JaTdydKa
temneparypel (BOLAT) Ha ocHOBE BBIHYXIICHHOTO
paccessHuss Manzaenbitama—bpriiiosHa SIBISIOTCS:
1) oTHOCHTENBHO BBICOKAas IOTPELIHOCTH H3Me-
penuii, He meHee 1 °C; 2) mmTenbHOe BpeMs U3Me-
peHusi, KOTOpOE MOMKET HCUHUCISATBCS MUHYTaMH,
3) OCTaTOYHO CIOXKHBIE METOAMKA IPOBEACHUS
W3MEpPeHUH W  ajNroput™M O0O0pabOTKHU  JIaHHBIX;
4) BBICOKasi CTOMMOCTb YCTaHOBKH.

JI71s1 OBBIIIEHUSI TOUHOCTU U3MEPEHUM TTOCPE-
CTBOM BOJIOKOHHO-oNTHYeckoro pgarumka (BO/)
MpeJuIaraeTcs OTKa3aThCs OT aHAJIOTOBOH MOIYIIS-
UM KaKoro-HUOyIb W3 MapaMeTpoB IOTOKA H3IY-
YeHUS W TePEHTH K HEaHaJOTOBOW (IUCKPETHOM)
€ro MOIYJISIIIAA, BBOAS TEM CaMbIM B TIOTOK H3IY-
YeHHsI HOBBIC, HEONTHYECKHE, mapaMeTpbl. OqHIM
W3 TIEPCIEKTUBHBIX MyTEH pemIeHus MOoJ00HBIX 3a-
Jlad SBISIETCS MEPEX0]l K YaCTOTHOMY (BPEMEHHOMY )
MIPEJCTABICHUIO W3MEPSIeMON BEIWYUHBI, HCIIONb-
3YIOIIMIA 3aBHCHMOCTH BPEMEHH 3a/IEPKKH ONTHYE-
CKOTO M3ITy9€HHUS B CBETOBOJIE OT BO3/ICHCTBYIOIINX
M3MepsieMbIX (PM3UYECKUX BEIMYWH. Bhicokas dyB-
CTBUTEIIFHOCTh YaCTOTHl PEHUPKYISINN B 3aMKHY-
TOH ONTORNEKTPOHHOM CUCTEME K MaJIbIM BHEIIHUM
BO3IEHCTBUSAM Ha BOJIOKOHHBIH cBeToBOn (BC) mo-
3BOJIMJIA PEATM30BaTh HOBBIA MPHUHIIAIT YACTOTHOTO
MpeCcTaBIeHUS HH()OPMAITHH.

CTpykTypa KBa3upacnpeejaeHHon
PEeUPKYJISAUMOHHON ONITOBOJIOKOHHOM
CHCTEeMbI H3MepeHHs] TeMIepPaTypbl

J1s oTHOBPEMEHHOTO M3MEpEeHHs TeMIlepary-
pBl Ha HECKOJBKUX TpeOyeMBbIX y4dacTKax KOHTPO-
JUpyeMoro o0beKTa HaMU pa3paboTaHa CTPYKTypa
kBasupacmpeaenennoro BOT co cnekrpambHbIM
pazneneHneM HMHGOPMAIMOHHBIX KaHanoB. [IpuH-
mun GyHknuoHuposanust nanHoro BOAT ocHoBan
Ha 3aBHCHMOCTH BpEMEHH 3aJIep’KKH pacpoCTpaHe-
HUS onTHYecKkoro ummnynbca B BC ot temmneparypsl.
Poct Temmneparypsl cBEeTOBOJA MPUBOIAUT K YBEIH-
YEHUIO €T0 TeOMETPHUCCKON JUTHHBI L (IPOI0IbHON
nedopManum), M3MEHEHHUIO II0Ka3aTelsl MpesioM-
JIEHUS] 7 1, COOTBETCTBEHHO, U3MEHEHHUIO YaCTOTHI
permpkyisinun. OTHOBPEMEHHO C MPOMOJIBHON Jie-
dopmarueit BC npoucxoauT Uu3MEHEHHE ero AruaMe-
Tpa (YMEHBIIEHHE MPHU PACTSHKEHUU U yBEJINYEeHHE
NIPU CKATHM), T.€. BO3HHUKAET MorepeyHast aedopma-
mus. DTUM 00bsicHIeTCS 3PPEKT POTOyNnpyrocT,
KOTOPBIM Tak)Ke MPUBOAMUT K U3MEHEHUIO TIoKa3are-
JIS1 TIPETIOMJIICHHUSL.

CymHocth dynknuonupoBanus BOJl, cxema
KOTOpOTO TpeJCTaBiIeHa Ha puUCyHKe |, 3aKiroda-
eTCi B OpraHU3alUU PEUUPKYISIUU OJUHOYHBIX
ONTHYECKUX HMITYJIbCOB C IEPUOJUYECKON pere-
Hepalrueil oJHOBPEMEHHO Ha HECKOJIbKUX JTMHaX
BOJIH 0 OJJTHOMY CBETOBOAY. YCTPOWCTBO paboTaeT
caenyroum odpasom. [lo curnany ¢ 6yoka ynpas-
neHust, o0paboTKu U oToOpaskeHus AaHHBIX BYO
ook perenepanuu BPI' renepupyer cranmapTHbie
Mo aMIUIATY/e, IJIUTENbHOCTH M (opMe Havalb-
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HbIe UMITYJIbCHI U 3aITyCKaeT MPOIIECC IUPKYIAIHA. MPOCTO OTPAXKAETCH OT 3ePKAIBHOTO OTPasKaTels
JlanHBIe IMITYIIBCHI TOKA Haka4yky rocie ycmieHns  O. OTpakeHHOe M3IIy4YeHHE MOCie HEKOTOPOH 3a-
Moxynsitopom Toka MT mocTynatoT Ha BXOABI JIM-  IE€PKKH T, ONPEIEIIEMON ONTHYECKON JUTHHOM
HEWKM W3Iydareseil, MpencTaBIsionie MOJIyNpo-  ONTOBOJOKOHHOW CEKIHWH, C TIOMOINBIO HaIpaB-
BOJIHMKOBbIE MH)KEKIIMOHHBIE Nazepsl MJI, reHepr-  IEHHOTO OTBETBUTEINS HAMPABISETCS HA JIEMYIIBTH-
pylolye U3JIy4eHUE HA Pa3juyHbIX JJIMHAX BOJIH.  Iuiekcop DEMUX, KOTOpbIA NPOCTPAHCTBEHHO pa3-
Jnst yMeHbIIEHUs 3aJepKKH MEXIy HUMITYJbCOM  JIEJSeT CIIeKTPaJbHbIE KaHaJbl, a 3aTeM PEeTUCTpH-
TOKa HAKaYK{ W W3JIYYCHHEM HH)KEKIIMOHHOTO Ja- pyercs nuHelkoil ¢oronpuemankoB PII. Curnan
3epa MOCIIeTHUE CMETIAIOTCS B IPEIMTOPOTOBYIO 00- ¢ (OTONPHEMHHKOB TOCTYyHAeT Ha JJIEKTPOHHBIE
JIACTh TEHEpAINH MOCTOSTHHON COCTABIISIONICH TOKA  YCHIIUTENH, KOTOPble 00ECIIeYNBAIOT YPOBEHb CHT-
HaKa4yKd. VIMITyIIbChl ONTHYECKOTO HM3IY4YEHHUS Ha  Halla Ha BXOJIE MIOPOTOBBIX YCTPOUCTB (KOMITaparo-
PasHBIX JJIMHAX BOJH OT MHKEKIMOHHBIX jazepoB  pos) [IV U ne menee 4 MB, mockonbKy npu mopore
0OBEIMHSIOTCS B OJIMH CBETOBOJ] MYJIBTHIUIEKCOPOM  cpabarbiBanus kommaparopa U, = 0,5U, < 2 mMB
MUX u yepe3 HanpaBIeHHBIH 0TBETBUTENb HO BBO-  BO3MOXKHO JIOKHOE cpadaThIBaHUE IO YPOBHIO IITY-
IATCS B BOJIOKOHHBIN cBetoBoA BC, pasmenmennbiii  moB. Ha Beixome I1Y B MOMEHT mepecedeHus CHT-
Ha CEeKIMH CIIEKTPaIbHO-CEJIEKTHBHBIMHA DJIEMEH-  HaJIOM IIOPOTOBOTO YPOBHS (POPMHUPYIOTCS UMITYITh-
tamMn. CeJeKTUBHBIE DJIEMEHTHI HACTPOEHBI TaKUM  CBbI, YIPABIAIOIMNE OJIOKOM pereHepariu, KOTOpbIil
00pa3oMm, 4TO OTpAXKAIOT M3ITyUeHHE Ha OTIPEIeNIeH- CHOBa (OPMHUPYET CTaHAAapTHBIE IO aMILTUTYIE,
HOU JJIMHE BOJIHBI M TIPOITyCKAIOT BCE OCTaJbHBIC, UTUTENBHOCTH M (PopMme HMITylbchl. Takum oOpa-
IIPU 3TOM H3JTy4YeHHUE Ha MOCIETHEH JTMHE BOJHBI  30M, IIUKI PEIHUPKYISAINAN 3aMbIKA€TCS.

o M Ay OR
EPT/ o : HO/DC pcl JI31 BC2 132 /3n BCn
>l ke L ) MR ) D D)) E
A - OFT DMI OFZ DM2 DMn OFn
gy‘[)j DEMUX
Y I N
/I\ /]\ |¢-me | | -I-mm|
UMM/FM
000 L va [y ]
/ Vi
@ H myic | | Iy/C
Ul L’_l U/
Lithl [Ahm

Pucynok 1 — Cxema KBa3upaclpeIeIeHHOTO BOJIOKOHHO-ONTHYECKOrO JaTYHKa TEMIIEPaTyphbl PeHUPKYISLIHOHHOIO
tuna: bYO — 6ok ympasnenus, o6padotku u orodpaxenus uapopmarmm; BPT” — 6mox pereneparm, MT — mMomy-
nsTop Toka; MJI — nuHelika WHKEKIHOHHBIX ja3epoB; MUX — myneruimiekcop; HO — HampaBlIeHHBI OTBETBUTEID;
BC — BomokouHSI cBeTOBOT; [I3 — muxpondHoe 3epkano; O — 3epKanbHbIN oTpaxarens; DEMUX — neMylnbTHILIEKCOp;
OI1 — nuHelika GoTONprUeMHHKOB; Y — ycunutens; ITY — moporoBoe ycrpoiictBo; K — kommyTarop; UM — aByXKaHaIb-
HBIIl YaCTOTOMED
Figure 1 — Scheme of the quasidistributed recirculating fiber-optical temperature sensor: CPU — central processing unit;
RB - regeneration block; CM — current modulator; IL — range injection lasers; MUX — multiplexer; DC — directional
coupler; OF — optical fiber; DM — dichroic mirror; R — reflector; DEMUX — demultiplexer; PD — photodetectors; A —
amplifier; C — comparator; S — switch; FM — frequency

Perupkynupyromniuii IMITYJIbC OT TpeOyeMOl BO-  PEIUPKYISAIUN ¢ 4acTOTOMepa TepenaeTcss B OJOK
JIOKOHHO-ONITHYECKOW CEKIIUM IO CUTHAIY C OJOKa  yIpaBleHHS, OOpa0OTKH M OTOOpa)KeHUs JaHHBIX,
yrnpaBieHus, 00pabOTKM W OTOOpaKEHWs NaHHBIX  IJIE [0 33JAaHHOMY aJITOPUTMY ITPOU3BOIUTCS MPEO0-
BbIOHMpaeTcss KomMMmyTaropom K w peructpupyercs pa3oBaHHE YaCTOThI PEHUPKYISIUN B H3MEPSEMYIO
gactotomepom UYM. Ilonyuennas mnocne ¢ukcu- Ttemneparypy. UyscrButensHbd smement BOAT
POBaHHOTO BPEMEHH CYETa YCPEIHECHHAs 4acToTa MPEACTaBISET COOOH OTPEe3KH KBApIEBBIX MHOTOMO-
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JTIOBBIX BOJIOKOHHBIX CBETOBOJIOB C METAJTMYECKHM
MOKpBITHEM. Ha KaxaoMm IuKie pPenupKyIsIun
OCYIIECTBIICTCS TaK Ha3blBaeMasi 2R-pereHeparus
(re-amplification + re-shaping), T.e. TpoucxomuT
BOCCTaHOBJICHHE HWH()OPMAIIMIOHHOTO HMITYJIbCa IO
(dbopme, aMITIUTYEe U UTUTEIHHOCTH, YTO TTO3BOJIS-
€T TMOJIePKUBATh MPOIECC PEHUPKYIAINN HEeorpa-
HUYEHHO J10Jr0. MHpOpMannoHHBIM MapamMeTpoM
SIBIISIETCS] BPEMEHHOE TTOJIOKEHHUE IIUPKYITHPYIOIIETO
ummynbea. biok ympasnenus uepes 670K perenepa-
[IUU MOXET YIPABJIATh YACIOM PEUUPKYIAIINOHHBIX
MH(POPMAIIMOHHBIX KaHAJIOB, 3aIlycKas MO0 BCe U3
HUX, JTU0O0 TOJNBKO T€, KOTOPhIE COOTBETCTBYIOT He-
00XOIMMBIM BOJIOKOHHBIM CEKIUSAM. PazimdaHbie
JUTMHBI BOJH U CHEKTPaJIbHO-CEIIEKTUBHBIEC dJIEMEH-
ThI UCTIONB3YIOTCS ISl TOTO, YTOOBI HE TOINBKO H3-
MEpSITh TeMIIEpaTypy, HO 1 JIOKAJIH30BaTh IPOCTPaH-
CTBEHHBIH OTPE30K, HA KOTOPOM dTa TeMIeparypa
nerctByeT. 3MepeHus 0CyIeCTBISIIOTCS HA OCHOBE
MOCIIEZI0BATEIILHOTO OTCIIEKUBAHIS M3MEHEHUS pa3-
HOCTH YaCTOT PEIUPKYIISINH HA COCETHNX ydacTKax
Ha COCEHUX JITMHAX BOJH:
A O) = f ()= F (). (D)

OTnuunTenbHas O0COOEHHOCTh JTAHHOM CTPYK-
TYpHI 3aKITIOYAETCS B TOM, YTO B HEW HCITOIB3YIOTCS
CTaH/apTHbIE, KOMMEPUYECKH JIOCTYITHBIE, OTHOCH-
TEJIHHO HEIOPOTHUE DITEMEHTHI.

B xauecTtBe [ByXKaHaJIbHOTO YacTOTOMEpa
MpeJIaraeTcsi MCIIOJIb30BaTh AIEKTPOHHO-CUETHBIC
gactoTtoMepsl Agilent Technologies 53132 A ¢ BwICO-
KAMH TEXHHYECKUMH XapaKTePUCTUKAMHU U MPOU3-
BOJHMTEIIBLHOCTHIO, KOTOPHIE 00 CIIEINBAIOT OBICTPHIC
Y TOYHBIE M3MEPEHUs 4acTOThl. M3Mepenus mpomns-
BOJISITCS TIPU pa3pereHuu 12 pa3psjioB Ipu Bpeme-
HH cdeTa 1 ¢ B amara3oHe 9actotT a0 225 MI'n. Jlms
MPUMEHEHHS B CHCTEMaX, yIPaBISEMbIX KOMITHIOTE-
pOM, 4aCTOTOMEpP MMEET CTaHIAPTHBIA WHTepdeiic
GPIB w mporpammHoe obOecmieueHue Intuilink c
BO3MOXHOCTBIO TIPOrpaMMHUPOBaHUS Ha s13bIke SCP/
MpU CKOPOCTU Tepejauu JaHHbiX g0 200 mojHo-
CTBIO C(hOPMATHUPOBAHHBIX PE3YAbTATOB M3MEPEHUS
B cexyHay. CranmaptHbeiii mHTEpdeiic RS-232 wuc-
MOJIB3YETCSl TOJIBKO B PEKHMME BBIBOJIA JIAHHBIX U
obecrieunBaeT MOAJIEPKKY MIPUHTEPA WK TIepeaady
JTAHHBIX B KOMIIBIOTEP C TIOMOIIBIO TIPOTPAMMBI MY -
AUy TepMuHaia. lIporpammubiil maker Agilent
IntuiLink obecriednBaeT JIETKUH JOCTYI K JaHHBIM
4acTOTOMEpa CO CTOPOHBI KOoMIbioTepa. Yactoro-
Mep HAKaIUTUBAeT TOYHBIE PEe3yJbTaThl M3MEPEHUs
YaCTOTHBIX M BPEMEHHBIX ITapaMeTPOB CHUTHAJIOB.

[Ipu aTOM TIOTTB30BaTENH pa0OTAET B XOPOIIO 3HAKO-
MO cpefie, UCTIONB3Ys MPUKIIAHBIE KOMITBIOTEPHBIS
MporpaMMebl, Takue kKak Microsoft Excel wma Word
JUTSL aHAIIN3a, HHTEPIPETAINH, OTOOpaKeHMsI, TTeda-
TH U JIOKyMEHTUPOBAHUA JTaHHBIX, ITOJy9eHHBIX OT
4acTOTOMEpA.

brox ynpaBnenns u 00padOTKH JaHHBIX BBITION-
HSCT HECKOJNbKO (DyHKINH. BO-TIepBBIX, ¢ MCIOMB-
30BaHUEM CHENHaIbHO HAMMCAHHOW IMPOrPaMMBI
pPa3HOCTh YaCTOT, MOCTYHAIOMIUX C JIBYX BBIXOJOB
gacToTomepa, mpeodpa3yercsi B U3MEpIeMYI0 TeMIIe-
parypy, KoTopas 3areM, Hapsay ¢ BHIOpAaHHOW CEK-
el I3MEepeHni, oToOpaskaercs Ha auciuiee. Kpome
TOTO, Ha JTUCIUIEE B PealbHOM MaciiTabe BpeMeHH
MIPOPHUCOBBIBAETCS Tpauk M3MEHEHHS TEeMIIepary-
pBI B 3aBUCHMOCTH OT BpeMeHH. Bo-BTOpBIX, ¢ m10-
MOIIBI0 YIPABISIFOIINAX CUTHAJIOB, TIOCTYITAIONINX C
BYO na xomMMyTarop, MpOMCXOAWT BHIOOp ydacTKa
OTITOBOJIOKOHHOTO YYBCTBUTEIHHOTO JJIEMEHTA, C
KOTOPOTO CHUMAIOTCS JTAHHBIE TI0 M3MEPEHHIO TEM-
neparypsl. B-TpeTpux, UIsi KaXKIOTO ITOPOTOBOTO
YCTPOWCTBA YCTAHABIMBACTCA CBOM HWHIMBUIYAJIb-
HBIH TTOpOT cpadaThIiBaHUSA. DTO CBA3aHO C TEM, YTO
aMIUTATY/Ia UMITYJIECHBIX CHTHAJIOB, MTPUXOASIIUX OT
KaKJIOM BOJOKOHHO-ONTHYECKOH H3MEPUTEIHHOU
CeKIInH, OyleT pa3InyHOH, a ISl YCTOWYMBOH pado-
THI CHCTEMBI HEOOXOIMMO, YTOOBI ITOPOTOBBIN ypO-
BEHb COOTBETCTBOBAJ JIMHEHHOMY y4acTKy (ppoHTa
umnyieca, T.e. U, =(0,3-0,8)U .

Hcnonp3oBaHne B KadecTBE CHEKTpPajbHO-Ce-
JIEKTUBHBIX 3JIEMEHTOB BOJIOKOHHBIX pemeTok bpar-
ra sIBJSeTCS 3aTPyAHHUTEIBHBIM H3-32 TOTO, YTO WX
CIEKTP OTPaXXCHHS CMEMIAeTCS B 3aBUCHMOCTH OT
TEMIEPaTyphl U MPUIOKEHHOTO MEXaHUYECKOTO Ha-
MIPSDKEHUS COTITACHO BBIPAYKCHHIO:

1.dn

Jaol.
do

at+——
n

2
Ahp =2nA {1_[;;][1312 - V(R +Plz)]}5+[

rme A — mepuoxn pemretku; A0 — N3MEHEHHE TeMITe-
paryphl; € — MPIIIOKEHHOE MEXaHMIECKOE HalpsIKe-
uue; P, P, — koapduuuentsr [Tokkensca ynpyro-
OTITUYECKOTO TeH30pa; v — Koaddurment [lyaccona;
0 — K03 PHUITUEHT TEIIOBOTO PaCIIUPEHUS KBapIle-
BOTO CTEKIIa; 1 — Y PEKTUBHBIHN ITOKA3aTeh ITPEIOM-
JIEHUSI OCHOBHOU MOJIBI.

Kpome Toro, pemerku bparra, chopmupoBan-
HBIE B CTaHJApPTHOM TEJIEKOMMYHUKAIIMOHHOM BO-
JIOKHE, HAYMHAIOT Pa3pyIIaThCs MPH TeMIleparypax,
6omnee 200 °C. [loaToMy B KadecTBE CIEKTPaIbHO-
CEJIEKTHBHBIX OTPAKAIOUINX DJEMEHTOB IIpejia-
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raeTcsl WCIONIb30BaTh MUXpOWUYHBIE 3epkana (/13),
CIOCOOHBIE OTpaXkaTh OMHY M MPOIMYCKATh IPYTYIO
4acTh CHEKTpa TaJalolero M3Iy4deHHs Onmaromaps
SIBIICHUIO MHOTOJTY4YeBON MHTEP(EpPEHITNH B TOHKUX
TUDTIEKTPUYIECKUX TUIeHKaX. JlaHHBIE CTPYKTypBI
AMEIOT CIIEAYIONINe IpenMyIecTsa [2]:

— TIOCKOJIBKY M3Iy4deHHE B JUXPOMYHBIX 3epKa-
JIaX TMPaKTUYECKH He TIOTTIoNaeTcs, OHM MOTYT pabo-
TaTh MPH OOJBIINX TJIOTHOCTSAX CBETOBOW YHEPTHUU;

— BO3MOXKHOCTH paboTare MPH JOCTATOYHO
BBICOKHX TeMIleparypax OKpy)Karomei cpembl (10
500 °C) 6e3 pacmiaBiaeHuUs U neGopMariiy;

— Omaromapst CBOeH KOHCTPYKIIMHA OHU 00JTaaroT
3HAYUTETHHBIM BPEMEHEM JKCIUTyaTaru 0e3 yxya-
IIeHHS CTIEKTPATFHO-CENIEKTUBHBIX CBOWCTB;

— W3-32 TOTO, YTO TUXPOWYHBIE 3epKajia HMEIOT
IIUPOKYIO CIIEKTPAIBHYIO TIOJOCY OTPaKeHHWsS, HET
HEOOXOAMMOCTH HCIIONBb30BaTh CIEIHATBHBIE MEPHI
M0 CTaOWJIM3aIK CIIEKTPATBHBIX XapaKTePHCTHK
MTOJTYTIPOBOTHUKOBBIX JIA3€POB.

Juxpownansie 3epkana 1 BC MOTYT cOeTUHATRCS
IByMsI criocobaMu: 1) ¢ TIOMOIIBIO pa3hbeMHBIX CO-
eIWHEeHNH (MCTIONMh30BaHNE HMMMEPCHOHHBIX IKHJI-
KOCTelt W MUKponuH3 Ha Toprax BC maer morepu
MorHocTH m3nydeHus 1,5-2 nb wa omgHo [13); 2) ¢
MTOMOIIBIO HEPA3heMHBIX COCTMHEHHUH C HCIOIB30-
BaHHEM CIEIHAaJIbHBIX KJIEEBBIX CMOI (B 3TOM CITy-
gae notepu coctasisttor 0,5 nb wa ommo /13). AHa-
JIU3 COBPEMEHHOTO COCTOSHUS TEXHOJIOTHH ITOKa3al,
YTO KOMMEpYECKH MoCTymHbIe JI3 mpu HOpMaIbHOM
MaJIeHAN M3ITy9eHUs] B HHTEPECYIONIe Hac o0macTu
kpacHoro u OmmxHero MK-gmamazoma oOmamaror
MIUPUHON cTIeKTpa oTpaxkeHws = 20—40 aM, kodddu-
[MEHT OTPaKEHHs MPH 3TOM cocTaBisieT 93-99 %,
ko3 Punment mpormryckarus — 85-90 % [2]. Ecim
B3ATh IIMPHUHY crekTpa oTpakenus 13 40 um, To
JUTSL CTIEKTPAIBHOTO JThana3oHa paboThl MOITyIPOBO-
JIHUKOBBIX JiazepoB B uHTepBasie 700—740 HM MOXK-
HO mcnonb3oBarh 1 /13, B uaTepsanze 800900 um —
2 J13, B obmactu 1080 um — 1 /I3, B obmactu 1200 HM
— 1 13, B obmactm 1300 uam — 1 /I3, B mHTEepBaIe
1530-1610 sm — 2 J13. CaepoBarelnbHO, oOIee
KoM4ecTBO /I3 MoOXKEeT JTOXOIWUTH A0 8, U COOTBET-
CTBEHHO CYIIECTBYIOT 8 MPOCTPAaHCTBEHHBIX OTPE3-
KOB KOHTPOJISI TEMITEPATYPHI.

OneHka MeTpPOJIOTHYECKHX XapPaKTEePHCTUK
U3MEPHUTEILHON CHCTEMbI

Hdns BOJ| penupkyasiquoHHOrO THIa Cylle-
CTBCHHBIM SIBJIICTCSI BPEMsI YCTAHOBIICHHS £, , TIOCTIE
KOTOPOIO 4acTOTa PELUPKYISLMU WU3MEHSETCS He-

3HaunTeNnbHO. Ha pucynke 2 mpu mmuae BC 500 m
MOKa3aHa 3aBUCHMOCTh U3MEHEHHUS CPEIHEH 9acTo-
Thl PEUMPKYJIALNH |, o B OTHOCHUTEIHHOHN JONTOBpE-
MEHHOW HeCTaOWIBFHOCTH ) OT BpEMEHHW HadHWHas C
MOMEHTA 3amycka penupKysinud. OTIeHKY OTHOCH-
TEeTHLHON JOJATOBPEMEHHOW HECTAOMIIBHOCTH YacTO-
THI perupkyisimur BOJl mpoBoauau coriacHo cire-
JTYTOIIIEMY BBIPKSHHIO:

m
Zl ‘fl -/ avg ‘

X = Z—T / favg ,

rae f/  — cpenHss 4acToTa PELUPKYIISILUHU 33 BpeMs

avg

HAOMIONEHN [ ; f, — PE3YTIBTAThI OTJEIBHBIX H3MEPE-
HUH; m — 9UCII0 U3MEPEHUI B TeUueHNe BpeMeHH Ha-
OmroneHusI.

W3 mpoBeIeHHBIX SKCIIEPUMEHTOB CIIEAYET, YTO
gepe3 15 muH mocie Hadanga paboTsr mst L = 500 m
B TeueHue nocneayronux 30 MuH cpeiHee 3HaueHUe
9acTOTHl PEIUPKYISAIUN KoJieballoch B TIpeaenax
397 095-397 096 I'n, B TO BpeMsi Kak MAaKCUMaJIbHOE
3Ha4YeHNE OTHOCUTEIFHONW HECTAOMIIEHOCTH YaCTOTHI
PEIMPKYISAIIH IS K&KA0TO MOMEHTa HAOIIOIEHHIH
MpUHUMAJ0 3HaueHne He Oomee 1,5°10° mpu Bpe-
Menu cdeta UM 10 ¢ (ToTpenrHoCcTh H3MEPECHHA Ja-
CTOTHI cocTaBisuia 6 = £4,6°107. B skcnepuMeHTax
Takke KOHTPOIMPOBAJICS TOK, MPOTEKAIOIINIA depes
JIABUHHBIN (oTomuon (pUCyHOK 2). YMEHbBIIICHHE
TOKa 4Yepe3 (POTOMPHEMHHUK CBS3aHO C TaJeHHEM
MolrHocTH u3nyuenus MJI n3-3a Bo3pactanusi mopo-
TOBOTO TOKa, OOYCJIIOBJIEHHOTO HarpeBaHUEM Ja3ep-
HOTO KpHUCTAaJIA.

OnHUM W3 TPaJWIMOHHBIX CITOCOOOB TTOBBIIIE-
HUS METPOJIOTHICCKUX XapakTepucTtuk BOJ] sBis-
€TCsSl yBeNWYeHWE BPEMEHH HW3MEpPeHWH. DKCIepu-
MEHTaJIbHBIE HW3MEpPEHHs] YacTOTHl PEIUPKYIISAIAN
MOKa3alli, YTO €€ OTHOCHTENbHAS JOJNTOBPEMEHHAsS
HECTaOWIBLHOCTh NPH BpeMeHu cueta ¢ = 107 ¢ s
L =50 m cocrasisiia 9,410, B Teopun BEpOSITHOCTH
MTOKa3aHo [3], 9TO MOTPENTHOCTD N3MEPEHUS CITydaii-
HOM BEJIMYMHBI JIMHEWHO YMEHbIIIAETCS TIPU YBEIHU-
YEHHH BPEMEHH CUeTa TIPONOPIHOHANEHO /N , TIe
N =1/t . D10 NIPONLTIOCTPUPOBAHO 3aBUCUMOCTBIO
1 na pucynke 3 ipu ¢, = 10~ c. Kpusas 2 na pucyn-
Ke 3 mpencTaBiseT co00i IKCIEPUMEHTATBHYIO 3a-
BHCHMOCTb OTHOCHUTEJIBHOU JOJITOBPEMEHHOM HecTa-
OMJIBHOCTH ), OT BDEMEHH CU€Ta /. AHAIU3 rpauKoB
MOKa3aJl, 9TO HapacTaroliee OTKIOHEHNE BEIHMINHBI
¥ OT JIMHEHHOTO 3aKOHA TPW yBEIWYCHUU BPEMEHH
cdeTa CBHUACTENBLCTBYEeT o0 ToM, uto BOJI pemupky-
JSIUOHHOTO THTA OONIaJaf0T CBOMCTBOM HaKarlTu-
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BaTh QIyKTyaluu B nporecce nupkyssinuu. Crieso-
BaTeJIbHO, HET CMBICIIA YCTAHABIMBATh BPEMs cUeTa
gacToToMepa B ogooHbx BOJ] 6omee uem 1 c.

Jave H2 LishA X
397160 56 - 1,810
1 -5
397 140 - L
55 [ g
=1,2-10"
397120 | 1l
L 9.107°
54
397100 | -
k61078
397080 i
53 1L 307"
397060 ——
0 4 8 12 16 20 I, min

Pucynok 2 — 3aBHCHMOCTD U3MEHEHHUS CPEIHETO 3Haue-
HHS 4aCTOTHI PELUPKYJSILUH (0), OTHOCHUTEIIBHOW JI0JITO-
BpPEMEHHOW HEeCTaOMIBHOCTH (X) M BEIMYMHBI TOKA 4epe3
JABUHHEIA (oToanon (A) B BOJIOKOHHO-ONITHYECKUX HAT-
YHKax OT BPEMEHH, Ha4MHas ¢ MOMEHTa 3aIlyCKa LIUPKY-
JSIUH

Figure 2 — Time dependence of average frequency
recirculation (o), relative long-term instability of
recirculation frequency (x) and the current through
avalanche photodiode (A) in fiber optical temperate sensor
since the start time of circulation

X
10.4_' .\\
1 :?Q:‘xm
105 e
: o,
] R N
" ] \\'\-\
o* | 1
[ [ [ I | !4:9 g
104 102 1ot 1 10

Pucynox 3 — 3aBHCHUMOCTb BETMYHMHBI OTHOCHUTEIBHOM
JIOJITOBPEMEHHON HeCTaOWIILHOCTH YacTOThI PELMPKYJIsi-
MM OT BPEMEHHM HM3MepeHHs: | — pacueTHbIC 3HAUCHMS;
2 — BKCIIEpUMEHTAJIbHBIC IaHHbIE

Figure 3 — Time dependence of relative long-term
instability of recirculation frequency: 1 — calculated value;
2 — experimental data

M aHanm3a QYHKITMH OTKJIMKA TIPEICTaBIICH-
Hoit cxempr BO/IT paspaborana mareMaTmueckas
MOJIIeTh, YUWTHIBAIOMIAs XUMUYeckuid coctaB BC,
OTHOCHUTEIHHYIO JOITOBPEMECHHYIO HECTaOUITLHOCTh

YaCTOTHl PEIUPKYISAINHN, TEMIEPaTypHYIO 3aBUCH-
MOCTb KO3 dHUITMEHTA TUHEHHOTO pacIIUpEHHUs, 110~
Kazaress mpeJoMiIeHns U Moayist FOHTa BomokHa.

Just mmaaer BC L > 100 M 3agepKKoi B dJIEK-
TPOHHOW YaCTH CXeMbI MOXKHO TpeHeOpeyb, 1 IepH-
O]l PEUMPKYIIALNN IPAKTUIESCKU OTIPENEISIeTCS JITH-
HOH cBeToBOAA. B 3TOM Ccityyae yactoTra penupKyJis-
1y OyZleT MPUHUMATh CIIEAYIONIHA BU:

C
"~ 2(L;(8,,)1(8 ) + L (O)1,(8))”

Ji 2

e L1 u n — nnuaa BC 6e3 MeTaim4ecKoro moKphl-
THS ¥ TTOKa3aTellb TPEIOMIICHUS, HE 3aJIeiICTBOBaH-
HBbIE B TPOIECCE M3MEPEHHS M HaXOMISIIUECS ITOJ
BO3/ICHCTBUEM TEMIIEPATYPhl OKPYKAIOMIEH Cpeibl
GM; L’. U n, — JIMHA u3mepurenbHoit cexuuu BC ¢
METAJTMYECKUM ITOKPBITUEM U TI0Ka3aTelNb IIPEIOM-
JICHHsI, HAXOJSIIeecs IMOoJ| BO3JEHCTBHEM H3Mepsie-
MO TeMIepaTypbl; I — HOMEp U3MEPUTEILHON CeK-
IIUU; ¢ — CKOPOCTh CBETA B BaKyyMe.

Temneparypras 3aBucumoctsb 7(0), L(0) ormcer-
BaeTcs clenyromumM odpasom [4]:

n,(0) = n, [1+a(e—eo)+b(e—eo)2}; 3)

Li =L0 [1+OL(6-60)], (4)
e L v n, — JUIMHA U TI0Ka3arelb npesomienus BC
Ipy Temmneparype kanuOposke 0, a u b — temnepa-
TypHbIe KO3(D(DUIIMEHTHI, XapaKTePU3YIOIIUE H3ME-
HEHHE IOKa3aTelsl MPEJIOMIICHUS TPU MOBBIIICHUN
temneparypbl Ha 1°C, o — KOA(QQUIHMEHT JINHEH-
HOTO TEIUIOBOTO pacuiupeHus. Hampumep, juist um-
CTOTO KBaplla 3HAYCHHS JIJIS JAHHBIX (DOPMYIT MMe-
10T crenyrommid Bua: ny = 1,444; a = 6,2:10°C" n
b=5,1-10°C2

[Tokazarens npenomienus BC 3aBUCUT HE TOJb-
KO OT TeMIIepaTypHOTO BO3/ICHCTBUS, HO U OT JTUHBI
BOJIHBI U3iyueHus. CreKTpaibHasi 3aBUCMOCTb T10-
Ka3aTeJis MPEJIOMIICHUS CTeKJIa HanbOoJIee 4acTo OITH-
chIBaeTcs TpexwieHHoH Gpopmynoit Cenmeiiepa [5]:

©)

JanHas dopmyna comepKuT mectb kodhduim-
entoB (4,, 4,, A,, [, [, [,), XapaKkTepu3yIOmux CTeK-
710. OHU OnpeeNsAoTCs KCepuMenTanbHo. C nomo-
IIBIO 3TOH (HOPMYITBI MOYKHO BBIYMCIIUTD MOKa3aTeIN
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TIPEIOMIICHUSI JIJIsI JTIOOO0H JUTMHBI BOJHBI B HHTEPBAJIC
oT 365 110 2325 HM C TOYHOCTBIO OKOJIO +5-10°.

Kosdpdunment numneHOTO TeMIepaTypHOTO
pacCIIMpEHHs] CTEKJIa PACCYMTBIBAICS MO METOIMKE,
OTIFICAaHHOM B [6]:

o,
0107 = T yj0, = 210 2in® (6)
100 2 Vim

TJie Y, — COJIepKaHHue OKCHJIA B MaTepHale, MOJL. JTOJIH;
y% — conepkaHue OKCHAA B Marepuane, Moi. %o,
Y,, — CONEPIKAHUE OKCHJIOB B Marepualie, MoJb; 0. —
MapIasbHbIe THHEHHBIC KOY(DPUITUEHTH! pacimpe-
HUSI KOMITOHEHTOB (OKCHJIOB ¥ COJICH) B MaTepHaiax.

JIyist GONBIIMHCTBA CHIIMKATHBIX CTEKOJ MOJIYJIb
IOnra ¢ mocTarouHO# TOUHOCTHIO MOXKET OBITH pac-
CUYHMTaH M0 aJTUTUBHOM Popmyre: £y = Zai i ,THe
Y, — COIEPKAHUE OKMCIIA, MOII % O — TIOCTOSHHBIN
TUTST K&KII0To OKcHuaa koddduruent. TemmeparypHas
3aBUCUMOCTh Monyist FOHra Juist cepliiieBHHBI BO-
JIOKHA MEET BH/I:

Ecore:E0+A(9_90)_B(9_60)2’ (7)
rne A, B —13BeCTHBIC KOHCTAHTHI, OTIPEIEIISIEMBIE DKC-
TIePUMEHTAIBHO JIJIST K&KJI0TO THIIA JISTHPOBaHUSA [7].

B nmatumkax Temmeparyphl, Kak MpaBUIIO, HUC-
nonp3yorest BC ¢ MeTalIUYecKUM TIOKPBITHEM.
DTO MOBBIIIACT TOYHOCTH JaTYMKa U 00ECIICUnBACT
MPAKTUYCCKU TOHYI0 HEUYBCTBUTECIBHOCTD aTUU-
Ka K jaBieHuto. [ToCKoNnbKy JMHHEHHBIH KO PUI-
€HT TEeIJIOBOTO PACIIUPCHUS IS METAJUTMYECKOTO
TIOKPBITHS OOJBINE, YeM JJIs KBAapIIEBOTO MaTepua-
na cepaueBrHbl U 00onouku BC, To TemmneparypHoe

L(0)n(0) ¢

pacuiMpeHre TOKPBITHS BBI3bIBACT JIOMOIHUTEb-
Hyto aedopmaruio BC. Koapdunment nuaeliHOTO
pacuIMpeHnss MeTamia U3MEHSeTCs ¢ M3MEHEHHEM
TEMIIEPATYpPHOTO MHTEPBaja Harpesa Kak [4], rae a,
1 b, — k09 PUIMEHTBI VISl OTIPENENCHHOTO METALIA:

o, = ay +by (0-6,).

B ciryyae oTCyTCTBHUS IPOCKATB3bIBAHUS MEXKTY
KOHCTPYKTUBHBIME d5ieMeHTamu BC pesynbTupyto-
muil K03 (PHUIHEHT TUHEHHOTO TEIJIOBOTO PACIIH-
peHUs paccuuThIBacTCS B BUE [8]:

ZSiEiai

:l—a i:L 2) 37
2SE,

(03

(®)

rae S, — IWIoWaab CEYeHHs BOJIOKHA; F — Momynb
IOHra; i = 1 — cepaiieBiHa BOJIOKHA; § = 2 — 0007104~
Ka; i = 3 — nokpeitue BC.

Wcnonw3ys npeanoxennyto crpykrypy BOAT u
pa3paboTaHHYI0 MaTeMaTHYeCKyl0 MOJENb, MOXKHO,
HanpuMep, paccuuTaTh (PYyHKLIHIO MpeoOpa3zoBaHUsI
1 OLEHUTH MOTPEIIHOCTh U3MEPEHNUs AaTdnka. Pac-
YeThl MPOU3BOIMINCH JIJIsI MHOTOMOZIOBOTO BOJIOKHA
nuamerpoM 50/125 MKM, cepaleBUHA KOTOPOTo CO-
CTOUT M3 KBaplia, JETUPOBAHHOTO OKCHIOM repMa-
HUS, 000JI0YKa — YUCTHIA KBapll. 3allUTHOE TOKPbI-
THE TOMIUHON 50 MKM BBIOMpaeTcsl U3 TpeX MeTal-
JIOB: QJIIOMUHHI, HUKEJIb U ME/Ib.

[Moacrasnsist popmyiny (2) B (1), momyuaem Bbipa-
JKEHME JUISl Pa3HOCTH 4aCTOT PELUPKYIALUH (JacTo-
Thl, KOTOPBIE PETUCTPUPYIOTCS OT COCETHUX YUACTKOB
i— 1 n i Ha JyIMHAX BOJH A_, ¥ A, COOTBETCTBEHHO):

Af:fi_fi—lz_z

B cBow ouepesb, JaHHYIO Pa3HOCTh YacToT,
(Guxcupyemyro npu Temneparype KamuOpoBku 6,
MOYKHO PaCcCUMTATh COTIACHO BHIPAKEHHUIO:

_ L(©,)-c
2 [Ll 0,)+(G— l)L(BO)] . [Ll (0,)+i- L(GO)] n(0,)

A, = (10)

Takum o0paszoMm, perucrpupyemasi (QyHKUUSI OT-
KJIMKa [TPY U3MEPEHUH TEMIIEpaTypbl OyieT UMETh BUIL:

of (0) = Af — Ay (11)

st u3mepeHus teMnepaTypHbIX MOJNel B HIax-
Te mnyonnoir 800 M BbIOMpaeM 8 M3MEPHUTEIBHBIX

(L1 (0,41 )n(0 )+ — l)L(e)n(G)) . (L1 (CIICIESE L(G)n(@)) .

©)

cekuilt mo 100 m. Ilycte muuHa noasoasuero BC
cocraBiser 50 M. PaccMoTpum citydaid, koraa pe-
3yABTUPYIONIAsl JITUHA BOJIOKHA, KOTOPYIO TTPOXOIHT
ONTHYECKUH MMITYJIBC, PACTIPOCTPAHSSACH B TIPSMOM
1 00paTHOM HampaBlIeHUAX, cocTaBisieT 500 M.

B stom ciydae OyaeT KOHTPOJIUPOBATHCS TEM-
reparypa BAOJb BTOPOM HM3MEPUTENBHOM CEKLUU.
Ha pucynke 4 mpezncraBieHbl 3aBUCUMOCTH Of OT
temrieparypsl ais i = 2 st BC ¢ pa3nudHbIME TH-
MaMu METaJUIMYEeCKOTO MOKPHITHA. BumHo, 9TO ca-
MBI OombIoi HakiioH y BC, 3ammTHOE MOKpHITHE
KOTOPOI'O COCTOMUT W3 ajltoMuHus. JlJist JaHHOU Kpu-
BoH 3 ObLTa TPOBEICHA ANIIPOKCUMAITHS TTePEaaTou-
HOM (pyHKIIMM BRIpaXeHHeM Buja of = —28+3,280.
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W3 maHHO# (opMysBl ClemyeT, 9TO UyBCTBUTENb-
HOCTh MeTona coctasiser 3,28 I'n/°C. CpaBHHUBas
MOJTyYEHHBIE Pe3yJIbTaThl C JAaHHBIMU, ITPE/ICTABICH-
HBIMH Ha PUCYHKE 2, MO>KHO OIEHUTH ITOTPEITHOCTh
n3MepeHui, He npesbimatonyro +0,2 °C. Cuctemsl
KOHTPOJIS TeMIIepaTyphl, pa3paboTaHHBIE Sensa

2000 —

1500

(mogpasnenenne KomnaHuu Schlumberger) u ocHO-
BaHHBIE Ha ONTHYECKOH peIeKTOMETpHH OTPaKEH-
HOTO CHTHAJIA, TO3BOJISTFOT TTOTYYUTh COMTOCTABUMOE
paspelieHue Mo Temmeparype npu BpeMeHu cOopa
JTAHHBIX IO CTIEKTPY B T€UEHHNE TPUOIM3UTEIHHO O
Horo 4aca [1].

——Al
o Ni

-+-Cu
J

-500 :

1 1
0 100 200

1 1 1
300 400 500

Temmepatypa, °C
Temperature, °C

Pucynok 4 — [lepenaTounasi XapakTepuCTUKA W3MEPUTEIBEHON CUCTEMBI JUIsl BOJIOKHA, CEPILIEBHHA KOTOPOI'O COCTOUT
u3 yuctoro kBapia SiO,, 060104Ka — KBapIl, JIETHPOBaHHBIH OkcuaoM 6opa B,O, 1 3aIMTHOE TIOKPBITHE COCTOUT W3

amomunaus Al (1), mequ Cu (2), aukens Ni (3)

Figure 4 — Transfer function of measurement system for fiber, which comprises of core from pure quartz SiO,, covering
is quartz doped boron oxide B,0, and protective coating comprises of Al (1), Cu (2), Ni (3)

ITockonbky K03(D(UIUEHT TEeMIIEpaTypHOIO JIH-
HEHHOTO PACIIUPEHHs] METaJUIMYECKOTO TOKPBITHS
3HAYUTENLHO OOJbIIe, YeM 3TOT Kod(pQUIMEeHT s
KBapIIEBOTO BOJIOKHA, OBLIO MPOBEACHO MOJICITUPOBa-
HUE 3aBUCHMOCTH OTHOCUTENHHOTO yuyinHeHus: BC B
IIMPOKOM TEMIIEPaTypPHOM JAMana3oHe (PUCYHOK 5).
[To pazmuunbiM uctounukam [9—-11] momyckaercs ot-

15+

HOCHUTEJIbHOE Y/UIMHEHUE BOJIOKHA Ha BEJIMYHHY OT
0,2 1o 0,36 % mpu cpoke Ciryx0bl Kabesst B 25 JeT u
1o 1 % npu cpoke B nipezenax 10 ser, 0e3 yxysiie-
HUSI €T0 CBOWCTB B TEUEHHE BCETO BPEMEHHU JKCILIY-
arain. M3 rpagpkoB Ha pUCYHKE 5 BUAHO, YTO IS
Toro yto0sl AL/L He npeBbimiano 1 %, nzmepsiemast
Temneparypa He gospkHa npesbimars 500 °C.

Al
-=Ni

e |

1 1
0 100 200

1 1 1
300 400 500

Temmeparypa, °C
Temperature, °C

Pl/ICyHOK 5 — OTHOCHUTEIBEHOE YAJTMHCHUC BOJIOKHA M3 KBapua, 0007104Ka JISTUpOBaHHasA B203, a 3allIUTHOC IMMOKPBITUEC

cocrout u3 amomunus Al (1), menu Cu (2) u Hukens Ni (3)

Figure 5 — Relative extension of quartz fiber with cover doped with boron oxide B,0, and protective coating comprises

of Al (1), Cu (2), Ni (3)
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3akaroueHune

Pa3paborana cTpykTypa KBa3upacupeeieHHOM
BOJIOKOHHO-ONITUYECKON CHUCTEMBI MOHUTOPHHTA
TEMITepaTypPHBIX MOJICH TP JOOBIYEe BHICOKOBSI3KOM
He(PTH TePMUIECKUMHU criocobamMu. B manHO# cxeme
peaan30BaH HOBBIN MIPUHIIKIT YACTOTHOTO IIPEICTaB-
neHust HHQOPMAIIUY C IEPUOIUIECKON pereHepalu-
el mo opme, aMIUIUTY/IC U JUIUTEIBHOCTU IUPKY-
JUPYIOMNUX HA Pa3HBIX JIMHAX BOJH OMTHYECKHUX
AMITYyJ6COB. UyBCTBUTENBHBIM JJIEMEHTOM BBICTY-
Taji OTPE3KH MHOTOMOJIOBOTO BOJIOKOHHOTO CBETO-
BOJIa C METaJUIMYECKUM TIOKPBITHEM, CIIEKTPAIbHO-
CEJICKTUBHBIMU JJICMEHTAMU SIBIISLITUCH JUXPOUYHBIC
3epkania. PUKCHpPOBaAIACh PA3HOCTh YacTOT PeLUp-
KYJSIUU ONTHYECKUX MMITYJbCOB Ha Pa3iMuHbIX
JUTMHAX BOJIH Ha coceqHux ydacTkax BC, m mo ee
W3MEHEHUIO OTIpeIeNisiiach n3MepsieMasi TeMIlepary-
pa. Ilo Takum xapakTepucTUKaM, KaK IOTPEITHOCTh
M3MEpEHU, BpeMsl U3MEPCHHUI, TUana3oH U3Mepsi-
EMBIX TEeMIIepaTyp, HaJleKHOCTh, CTOUMOCTb, TAKOE
YCTPOMCTBO CITOCOOHO TPEB30OHTH CYIIECTBYIONINE
aHAJIOTH.

Pa3paboranHas kBasupacrpepeineHHas BOJIO-
KOHHO-OINTUYECKAasl CUCTEMa H3MEpPEHHUs TeMIlepa-
TYypbl UMEET CICAYIOIINE TEXHUUYCCKUE XapaKTepu-
CTHUKHU:

— YYBCTBUTCIIBHBIN DIIEMEHT — MHOTOMOJOBOE
BOJIOKHO ¢ amameTpoM 50/125 MKM; cepirieBuHa —
IJIaBIEHBIA KBapIl, JIETUPOBAHHBIN OKCHIOM repMa-
HUs1; 000JI04Ka — YUCTBIA KBapII; 3alIUTHOE MTOKPHI-
THe — amoMuHui (TommuHa 50-200 MxM);

— nuana3oH usMepsieMbix Temieparyp 0-500 °C;

— CHEKTp pabouuX JUIMH BOJIH MCTOYHUKOB H3-
ayuenus 700-1630 awm;

— 8 MpOCTpPaHCTBEHHBIX OTPE3KOB KOHTPOJIS
TEeMIEepaTyphl;

— morpenrHocTh He 6onee + 0,2 °C npu u3MeHe-
Huu temreparypsl ot 0 °C o +500 °C;

— 4yBCTBUTEIBHOCTH MeTona 3,28 I'/°C;

— Bpems cueta 1 c;

— BpeMs Hauyajla U3MEepeHHUH IMociie BKIIOUEHUS
PeLUPKYIAUK 15 MUH.
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VIIK 543.421/.422
IIpudGop Ha ocHoBe GalnAsSb cBeTOIM010B /11 U3MEpPEHUS
coaepxkaHus BoAbl B HePTH

Kaoanos [I.M.!, Jleoenox E.B.!, llInak I1.B.2, ’Kyk C.M.}, CtamkeBuy C.I1.}

'THIIO «Onmuxa, onmosnekmpoHuKa u 1a3epHas mexHuKay,
np. Hezasucumocmu, 68, Munck 220072, berapyco
Unemumym ¢usuxu um. b.1U. Cmenanoea HAH benapycu,
np. Hezasucumocmu, 68, Munck 220072, berapyco

3YIT «/lesenon epynny,

Jlozotickuit mpakm, 22/1, k. 218, Munck 220090, Benapyco

Hocmynuna 22.03.2017
Hpunama k newamu 17.05.2017

Uzroroenenne npuOOpPOB Ha OCHOBE MOIYIPOBOJHUKOBBIX H3IIydaTelied SBISICTCS Ba)KHBIM HaITpaBlie-
HUEM IPUMEHEHHS ONTHYECKOTO a0COPOIIMOHHOTO METO/IA JUIS JIETeKTUPOBaHUs KHUIKUX cpe. Llenbro nan-
HO¥ paboTHI ABISIIOCHh CO3/IaHKE TIPUOOpa ISl U3MEPEHHSI CoJlepKaHus Bobl B HeTH Ha ocHOBe GalnAsSb
CBETOJIMOIOB.

JlaTuuk M3MepeHus KOHIIGHTPAIUY BOJIbI B HEPTH BKIFOUACT 3 CBETOAMO/IA HA PA3IIMYHbIC JTTUHBI BOJIH
Y OJIMH IIMPOKOIIOJIOCHBIN (poTorprueMHHuK. Mcnonbp3oBanue cBeToquonoB Ha ocHoBe GalnAsSb kpucTanios
TO3BOJIUIIO TIOYYHTh BEICOKOA((EKTUBHBINM U TOYHBIN MIPUOOP I M3MEPEHUsT KOHIIEHTPAIlUU BOBI B Hed-
tu. [IpemioxkeH crnocod u3MepeHus aHaIU3UPyEeMOU CPEIIbl C TIOMOIIBIO POTOYHOHN KIOBETHI, YU THIBAIOIITHI
HEOJTHOPOJHOCTH pacrpeie’eHus BOJOHeDTIHOM IMyIbCHy. [10THBIN UK H3MEPEHHS KOHIIEHTPAITUU BOJIBI
B HE()TH COCTOSIJI B U3MEPEHHH TTOTIIONICHHUS U3ITyUeHHs OT KXKIOT0 U3 TPeX CBETOAMOA0B B TeueHue 10 c,
YCPEAHEHUU PEe3yabTaTOB U CPAaBHEHUH C KaJTHOPOBOYHOW KPUBOW.

Pa3paboTan npubop Ha OCHOBE CEIIEKTUBHOTO ONTHYECKOTO a0COPOIMOHHOTO METO/Ia IETEKTUPOBAHHMS
JUTSL I3MEPEHUS CoiepKaHus BOAbI B HepTH. B KauecTBe MCTOYHUKOB M3IIY4YCHHUS HCIIOIB30BAHBI CBETOIHO-
IIbl, U3Tyyarolye B nuanazone ot 1,6 1o 2,4 mxMm. Pe3ynbraThl SKCIEPUMEHTOB MOKa3ajil, YTO HCIOIb3ye-
MBI METOJI II03BOJISIET IPOU3BOUTH H3MEPEHHS KOHIICHTpAIMK BO/ibl B HepTH B quanazone ot 0,2 mo 40 %
C MOTPEUIHOCTHI0 He Oosee 2 %.

YcTaHOBIIEHBI TEXHUYECKUE TPEOOBaHUS U apaMeTPhl paOOThlI UCTIONB3YEMbBIX CBETO- U (POTOIHOIIOB,
a TaKXe HEOOXOJAMMOCTh HMCIIOJIb30BaHMsI MPOTOYHON KIOBETHI JUIsl aHAIM3UpyeMoil cpenbl. [loka3zaHa BO3-
MOYKHOCTP HCIIOJIb30BaHUS OJJHOTO MPHOOpa I pa3IMYHBIX COPTOB He(PTH, a TakKe HEPTEIPOTYKTOB IIPH
MIPOBEICHUY TIPEBAPUTEIILHON KaTMOPOBKHU.
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Abstract

The main object of the work was developed the device based on GalnAsSb diodes for measurement
water content in oil. Optical absorption method was used in this device. Three LEDs emitting in the range
from 1.6 to 2.4 um, and one wide-band GaSb/GalnAsSb/GaAlAsSb photodiode were used as sources of
radiation and detectors.

The device was developed on the basis of selective optical absorption method of detection for measuring
water content in oil. As sources of radiation, LEDs emitting in the range from 1.6 to 2.4 pm were used. The
results of the experiments showed that the method used makes it possible to measure the water concentration
in oil in the range from 0.2 to 40% with an relative error of not more than 2 %.

The technical requirements and operating parameters of the used light and photodiodes were estab-
lished. Investigations of the dependence of the luminescence spectra of LEDs on temperature have shown
the importance of using thermal control on the sources and detectors of radiation. The possibility of using
one device for different types of oil, as well as oil products during preliminary calibration were shown in
the paper. The importance of using a rotary pump for mixing and pumping the analyzed medium and a
flow cell was established.

Keywords: GalnAsSb diodes, optical absorption method, water-oil emulsion.
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BBenenue

Bomnpoc ompenenenuss KOHIEHTPALMU BOABI B
He(pTH U HEPTENPOAYKTaX aKTyaJeH B CHIY HE0O-
XOOUMOCTH MUHUMH3UPOBATh U3/ICPKKHU B IIPOLIECCE
JIOOBIYYU, TPAHCIIOPTUPOBKU M HedrenepepadOTKH.
[Ipu Oonpix TIyOMHAX 3alieraHvs HepTH B He-
KOTOPBIX CIIydasiX €CTECTBEHHOIO JABJICHUS HE J0-
CTaTOYHO AJISl €€ MOoAbeMa Ha MOBEPXHOCTb. OnuH
13 METOJOB A0OBIYM B JAaHHOM Cllydae Hpeaycma-
TPUBACT TOJBOJ] BHEILIHEH SHEPIUU B IIACT 3aJiera-
HUSI, KOTOPBIH 3aK/IIOYAeTCs] B 3aKa4MBaHUM BOJIBL.
JlaHHBIN METOJ CONPSIKEH CO 3HAYUTEIbHBIM ITOBBI-
meHneM 0O0BOJIHEHHOCTH He(pTH (comeprkaHue BOJIbI
1m0 90 %), momHuMaeMol u3 ckBakuHBL [Ipu 3TOM
BO3HHUKaeT npoodiieMa 3()()EeKTUBHOCTH XpaHEHUS H
TPAHCHOPTUPOBKH HE(PTH, HOCKOIBKY HAJTMUNE BOABI
B HE()TU MPHUBOAUT K YBEIHMUCHHIO U3ACpKeK. JaH-
HYI0 NpOOJEeMy MOMOTraeT pelarb CBOCBPEMEHHOE
OIpe/iesICHUE CoAep KaHus BOAbI B HEYTH U UX pas-
JeJICHHE.

B nacrositiee BpeMmsi pacnpocTpaHEeHHbBIMH (H-
3MKO-XMMHYECKUMH METOaMH ONpEeJICHHs Kade-
cTBa He(TH SIBISIIOTCS Xpomarorpadus, rpaBUMe-
TPUYECKHUI U THTPUMETPHUUCCKUE METOBI (3aKIII04ua-
IOLIHMECs B U3MEPEHUH MAaCCOBBIX M OOBEMHBIX J0JICH
3a CYET TUTPOBAHUS, OCAXKICHHSA), KOJIOPHUMETPUS,
nonometpus [ 1-3]. OcHoBHBIE TPOOIEMBI IPUMEHSI-
€MBIX METOJIOB: OoJbIINe rabapuThl J1AOOPAaTOPHBIX
YCTaHOBOK M OTHOCHTEJIEHO OOJIBLIOE BpeMs H3Me-
peHMH, Manas CEJIeKTHBHOCTb HM3MEPSIEMBIX BEJIH-
4YuH, TpeOOBaHKE 3a00pa OTJEIBHBIX TPOO.

K meromam, no3BossioiuM pa3padoTarh BbICO-
KOCKOPOCTHBIC U3MEPHUTENIN C MAJIBIMU TabapuTamu,
OTHOCHUTCSI ONTHYECKHH aOCOPOLMOHHBIA METOM.
[Ipu sTOM A71s1 0OEcTIeueH st KOMIIAKTHOCTH M SHEp-
ro3G(EeKTUBHOCTH C Y4YETOM CIEKTPAJIbHBIX JTHHUN
MOTVIOIICHUSI BOABI M HEPTHU LIes1eco00pa3Ho UCTIOIb-
30BaTh CBETOIMO/BI, U3yYalole B HH(PpaKpacHoi
obmactu cnekrpa (1,6-2,4 mxm). llensto nmaHHOU
paboTel ObLTa pa3paboTKa MpUOOpa IS U3MEPEHHS
KOHLEHTPALUH BOJbI B HE(YTH U HEPTEIPOAYKTAX Ha
OCHOBE ONTHYECKOr0 a0COPOILIMOHHOTO METOA.

Metoa n3mepeHus KOHUEHTPALMU BOAbI
B HeTH

[Ipeanaraemblil MeTO ONIpENENIeHHs COAEpKa-
HUSI BOJIBI B HE()TH peaym3yeTcsi cIeaylonmM 00-
paszoM. Tpu ucTouHMKa UHPPAKPACHOTO U3TYUCHUS
(c MakcuMyMaMH HCITyCKaHHUS Ha JUIMHAX BOJH 1,7,
1,9 u 2,2 MKM) pacrionararoTcst HApOTUB (OTONPHU-

emMHoro moxyis. [locrme BKIFOYEHHS] MCTOYHHUKOB U
(hoTopueMHIKA OTIPEAETIATCS BETMIMHA MOIITHOCTH
M3ITydeHUs JOXOJSIIEro OT MCTOYHHKOB 110 (hOTO-
MpHEeMHUKa (M0 KaXKJIOMY W3 TpeX HCTOYHHKOB OT-
NIENbHO), JaHHBIE COTOCTABIISIOTCS C KaTHOpPOBOU-
HOH KpuBOi# [4, 5].

s nerexTupoBaHus copepykaHus BOJBI B Hed-
TH ¥ He(PTEeNMPOIyKTaX B KAYECTBE ONTHYECKON Taphl
MpejyIaraeTcs UCIoIb30BaTh MAaTPHUILY U3 TPEX CBe-
tonuonoB LED 17, LED 19, LED 22 na 0CHOBE TBep-
Ie1x pacTBopoB GalnAsSb ¢ MONBHOM HOTBI0 WHIUS
0,05, 0,09, 0,19 (MakCUMYMBI CIIEKTPOB UCITYyCKaHUS
1,7, 1,9, 2,2 MKM COOTBETCTBEHHO) [6] U doTomu-
oIl Ha OCHOBE reTepocTpykrypsl GaSb/GalnAsSb/
GaAlAsSb ¢ paBHOMEpHOH CIEKTPaTbHONW YyBCTBH-
TEeTHLHOCTRIO B Auara3one ot 1,4 mo 2,4 mxm [7, §].
MakcUMyMBI CHEKTPOB H3JIyYEHHUS HCIIONB3yEeMbIX
ceroauonoB LED 17 u LED 19 coBnanaror ¢ nuxa-
MH TIOTJIOMEeHUs HeTH U Boabl — 1,7 u 1,9 mxm. CBe-
toauoa LED 22 ucnoiib3yeTcsi B Ka4eCTBE UCTOYHHU-
Ka OMOPHOTr0 M3JIyYeHHs, KOTOPBIM B paBHOM cTere-
HU c1abo MOTIIOMAETCs BOIOW U HE(PTHIO U CIYKHUT
JUIS ydeTa TIOTepb Ha paccesHie M TeMIIepaTypHOTro
C/BUTA YYBCTBHUTEIHHOCTH MPHUEMHOTO (hOTOIMO/A.
CBeToanonpl, UCTIONb3yeMble B HACTOSMIEH pabdoTe,
paspabotanbl u co3faHbl B PU3NKO-TEXHUIECKOM
nHctutyTe M. A.®. Hodde PAH (Poccus). B axe-
MEPUMEHTAIBHBIX HCCIIEOBAHUAX HCIIOIBb30BaHBI
o0Opa3npl AByX TuroB HedTH: HEPTH Mapku Urals
(obpazer npenoctaier Mo3sipckum HII3)  Hep1h
¢ mectopoxsieHus B I. byrynema, Poccus. O6e map-
K HE(TH MMCIOT MICHTUYIHBIC MO (POpME MOIOCHI
MTOTJIONIEHUS, OTIIMYUE MEXKAY HAMH COCTOHUT TOJNb-
KO B OOIIEeH MHTCHCHUBHOCTH TOTIIOMCHHS [5]. D10
O3HaYaeT, YTO IS U3MEPEHHUsI COJECPKAHHS BOJBI B
He()TH MOXKHO HCIIONB30BaTh OJJHH U T€ YK€ CBETOIH-
OJIbI ¥ POTOTIPHEMHHUKH (C OTMHAKOBBIMH CIIEKTPaMU
M3ITydeHUs ¥ JOTOUYBCTBUTEILHOCTH). YUET MapKu
He()TH OCYIIECTBISAETCS KaTUOPOBKOM MHTEHCHBHO-
CTH CHUTHAJA.

CHexTpsl TOIJIONICHUST 00pa3noB HEPTH pe-
TUCTPHPOBAIHCH Ha crekTpodoTomerpe Cary 500
Scan ¢ pazpemaromeii CltocoOHOCTHIO HE XyKe 2 HM;
M3MEpEeHHE CIIEKTPOB 00Pa3IoB B KIOBETE 3alaHHON
TOJIIIMHBI OCYIIECTBISIIOCH OTHOCHUTEIIEHO 0a30BOTO
M3ITydeHus (CTEeKTp MOTIIOMIEHUS KIOBETHI H3MEPsiI-
Csl OTIIENBHO M YYUTHIBAJICSA B jJanbHedmeM). Crek-
TPBI M3IYYCHUSI CBETOINOJOB PETUCTPUPOBAIHCH C
ITOMOIIBIO0 CIIEKTpOMeTpa MoHOXpoMatopa MS2004i
(npomsBoactBo SOL Instruments) ¢ paspemniaromnicit
CIIOCOOHOCTBIO HE XyKe 3 HM B JJAaHHOM CIIEKTPaJIb-
HOM amamnazoHe. [ NeTeKTHpOBaHUSA W3ITyUCHHS
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ceeropnonoB npumensuicas HgCdTe ¢oTonpuemuunk
C aBTOMAaTUYECKON KOppeKLIUEeH YyBCTBUTEIBHOCTH B
nuanasoHe ot 1 10 5 MKkM.

CrieKTpsl M3IIy4eHUs] MPUMEHSIEMBIX JHOMIOB U
CIIEKTPHI TOTJIONIEHHS aHAM3UPYEMBIX KHUIKOCTEH
MIPEJCTaBIEHBI HA pUCYHKE 1.
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Pucynox 1 — CnexTpsl H3Iy4EeHHS CBETOIMOAOB M CHEKTPHl IMOMIOLICHUS aHAIM3UPYeMbIX >XHAKocTel: | —

9KCTIEPUMEHTAJILHBIA CIEKTP MOMIONIeHUsT He(TH; 2 — CIEKTp MONIOLICHHs BOJABI, 3, 4, 5 — CIEKTPBl U3IIyYCHUS
ceeroauonoB LED 17, LED 19, LED 22 coOTBETCTBEHHO

Figure 1 — Emission spectra of light-emitting diodes and absorption spectra of analyzed liquids: 1 — experimental oil
absorption spectrum; 2 — water absorption spectrum; 3, 4, 5 — emission spectra of LED 17, LED 19, LED 22 respectively

Hcnonp30BaHue OMOPHOTO CHUTHAJA BaXKHO, T.K.
MIPOBE/ICHHBIE IKCIIEPUMEHTHI 110 U3MEPEHUIO KOH-
LEHTPALUH BOJIBI B HETH HA OCHOBE MCIIOJIb30BAHUS
CUTHAJIOB TOJIBKO JIByX ONTHYECKUX KaHanoB LED 17
u LED 19 naBanu 3aMeTHYIO NOTrpemHocTb. OCHOB-
Hasl MPUYMHA JJAHHOM MOTPEIIHOCTH 3aKII0YaeTcs B
TOM, YTO BOJIa HE pacTBOpsieTcsl B HE(PTH U B pe3yib-
Tare UX CMEIICHHUs 00pasyeTcs BOAOHEPTIHAS AIMYITb-
CHsl ¢ Iy3bIpbKaMu Boabl B HedTu. [Ipu mpoxoxie-
HUM ONTHUYECKOTO M3IY4YEHHs 4epe3 JaHHYI0 CMECh
MIPOUCXOIUT KaK IMONIOIIEHHE JaHHOTO H3Iy4YeHHUs
aHaJIM3UPYEeMbIMU cpenamu (HeThI0 M BOJOH), TaKk
M €ro MHOTOKpAaTHOE paccesHUE Ha TpaHuLax pas-
Jiena BOJHOM M HedTAHOU moBepxHOCTH. s ydera
BIIMSIHUS IAaHHOTO PAacCesHUs UCIIONb3yeTCs OMOPHOE
n3ny4deHue cseroauona LED 22, koTopoe B paBHOU
CTereHu cabo mommomaercss HeTbIO U BOIOH.

Kak cnenyer n3 pucyHka 1, mmpuHa CieKTpoB
M3ITy4EHUs] Ha TOJYBBICOTE JUUIsl MCIIOJIb3YEMBIX CBE-
tonuonoB cocrapisier 150-300 um. upuna xa-
PaKTEepHBIX JIMHUH CIEKTPOB MOMIOIIEHUS HEDTH U
HEPTENPONYKTOB M OONBUIMHCTBA YIJIEBOJOPOIOB
BOJIM3M IIMHBI BOJMHBI 1,7 MKM cocrtasister 100 HM
[9]. Takum 0Opa3oM, UCTIONB30BAHUE Y3KOTIOJIOCHBIX

(bMIBTPOB HA YCTAHOBJICHHBIC TMATIA30HbI TIO3BOJISIET
YIYYIIUTh COOTHOIICHUE CUTHAJ-IIYM U HOBBICUTH
TOYHOCTh M3MEpPEeHUM. [[JI1 3TOTO ClemyeT UCIOIb-
30BaTh CBETO(HIBTPHI, TMPOMYCKAIOIINE HU3ITydeHHE
B auanaszoHax 1,65—1,75 MkM (JUHUS TIOTJIOLICHUS
HedTH), 1,85—1,95 MKkM (JIMHUS TIOTTIOMICHUS BOJIBI),
2,15-2,25 mxMm (onopnHoe uznyuyenue). [Ipu sTom B
cy4yae UCIOJB30BAaHUS OJHOIO HIMPOKOIMOIOCHOTO
(horommona pacronaraTh CBETOMUIBTPBI HEOOXOIH-
MO HEMOCPEACTBEHHO HA CBETOJUOAX.

Crnemyer OTMETHTB, YTO TaKUE HEPTETIPOAYKTHI,
Kak OCH3WH, KEPOCHUH, JU3CIIEHOE TOILIMBO, B CIICK-
TpasibHOUM 00macth 1,65—1,80 MKM HMEIOT CXOXKHE
XapaKTEPHBIC MOJIOCHI MOINIOIICHUS, YTO ¥ HE(Th.
IIo oTHOMIEHUIO K HIMPOKOMY CIEKTPY HU3IYUYCHUS
WCTIOJIB3YEMBIX CBETOIMOJOB (IIMPUHA CIIEKTpa Ha
noJyBbICOTE OKoJI0 200 HM) OTIHYUS MEXKIY CIICK-
TpamM# Pa3JIMYHBIX COPTOB HepTH M HEPTEHPOIYK-
TOB HE CYIIECTBEHHBI ISl U3MEPCHUSI KOHIICHTpA-
LMK HA OCHOBE MPEJIOKEHHOTO METOAA C YUETOM
npeaBapuTesbHON KanmuOpoBku [5]. Takum oOpazom,
JaHHBIA HAaOOp cBeTO- M (HOTOAMOIOB MOKHO HC-
MOJIb30BATh ISl U3MEPEHUSI KOHIICHTPALIUU BOIBI B
TIEPEYHCIICHHBIX BHIIIE HEPTEIPOAYKTaX.
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Texnnueckas peaausanus MeToaa

OnHOM U3 CIIOKHOCTEH OmpezieNieH s coaepxKa-
HUS BOIBI B HE(THU MPU OMMHMCAHHOM BBIIIE CIIOCOOE
W3MEpEeHH SIBIIIETCS 00pa30BaHMWE BOJHBIX ITy3bI-
pelt B He(pTH TpU TOCTATOYHO BHICOKUX BEITMYMHAX
cojepkanus Boabpl. lcmonmb3oBaHWE TPOTOYHOM
KIOBETBI, B OTJIMYUE OT CTAHIAPTHOW KIOBETHI JJIS
CTallMOHAPHBIX M3MEPEHHH, ITO3BOJSIET TOBBICUTH
TOYHOCTh U3MEPEHNH 3a CUET MOCTOSTHHOTO TIepeMe-
IIMBaHHUS BOAOHE(MTIHOW CMECH, YTO ITO3BOJISAET H3-
Oerarb omnO0K n3Mepenuii [10].

B xo1e sKcepuMEHTOB MO KaJHOPOBKE W H3-
MEpEHHsIM HCIOJIb30BaJlach ONTHYECKash CXeMa,
MIpe/ICTaBIeHHas Ha pUCYHKe 2. B pacumpuTenbHbIi
0a4oK 3amMBaeTCs aHAJIM3UpyeMas CMECh, KOTOpas
MIPOKAYMNBAETCS YePEe3 ONTHUECKYIO KIOBETY C TTIOMO-
b0 moMnbl. [IpoTouHsbIil criocod m3MepeHuid mo-
3BOJISIET TIPOBOJUTH aHAIN3 BOAOHE(TSHON cMecH B
pPEKUME peabHOTO BPEMEHH HE TOJIBKO B MTPOOHOM
obpasiie, HO U B HedTenpoBogax. [Ipn ucmonp30Ba-
HUU TIprOOpa JUId U3MEpPEHUs COAEepPKaHUSA BOJABI B
He(pTH B peXHUME peabHOTO BpeMEHH B HE(TETpo-
BOJI€ IIJIAHT'H TIOICOEMHSIOTCS K HepTenpoBoy de-
pe3 cucTeMy MOHMKEHUS JTaBIICHHS.

1

[

\J 1 v
]

Pucynok 2 — OnTuyeckas mapa CBETOAHOA-()OTOTUO:
1 — Tpu aHAMM3UPYIONIMX CBETOAMONA; 2 — KIOBETa C Te-
CTHPYEMOU KHUIKOCTBIO; 3 — IMUPOKOIOIOCHBIN (POTOIHO

Figure 2 — Optical pair LED-photodiode: 1 — three ana-
lyzing light-emitting diodes; 2 — cell with a tested liquid;
3 — broadband photodiode

[Iporouynas onrtuyeckass KioBeTa A1 HU3MEPHU-
TEJIS COACPIKAaHUS BOIbI B HE(PTU ClieaHa U3 JBYX
CTEKOJ, 3aKPEIUICHHBIX B €MHOM KOpIIyce, oOecre-
YUBAIOIIEM PABHOMEPHYIO ITOady BOIOHE(TSIHON
CMECH B TIOJIOCTh MeX1ly HUMH. CTEKIIO UMEET paB-
HOMEPHOE MPOITYCKAHUE B CIIEKTPAIHLHOM JHANa30He
1,5-2,5 mxMm. PaccrosiHre Mex Ty OKHAaMU KIOBETHI HE
JIOJDKHO TIpEeBBIMAaTh 1| MM. Mcmons30BaHUE KIOBET C
OOJIBIINM PACCTOSTHUEM YeM | MM IPHUBEIET K CHITh-
HOMY TIOTJIOIICHHIO ONTHYECKOTO HM3ITyYeHHs U II0-
BBIIIICHUIO ITOTPEITHOCTH U3MEPEHUS, B TO BPeMs KaK

KIOBETBI C MEHBIIIUM PACCTOSTHUEM MEXy OKHAMHU He
11eJIeco00pa3Hbl, MOCKOIBKY 3aTpyaHseTcs Mpolecc
paBHOMEPHO MPOKAYKH BSI3KOH KUIKOCTH. ['abapuT-
HBIH 4epTex pa3paboTaHHON MPOTOIHON ONITHIECKOM
KIOBETHI ITPEJCTABIEH HA PUCYHKE 3.
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Pucynox 3 — ['aGapuTHBIH 4epTex NPOTOUHON KIOBETHI
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Figure 3 — Outline drawing of flow cell

B mpouecce uccnenoBaHus pe:KUMOB pabOTHI
ONTHUYECKOW TMapbl CBETOAMON-(DOTONMOA TpU pa3-
JUYHBIX TMapaMeTpax (TakuX, Kak TeMIeparypa, TOK
MMATaHUs, PSKUMOB MOIYJISIMHA W TIp.) ISl TeJiei
M3MEpEHUS cofepKaHwsl BoAbl B HepTH 1 HedTEmpo-
JyKTax OIpesesieHbl OCHOBHBIE TTapaMeTphl paboThI
npudopa. Vcrnonb30BaHue CBETOMUOAOB B UMITYJIbC-
HOM PEXKHUME TO3BOJISICT TOBBIIIATH TOK HHXKEKIIUH 10
1 A (4T0 Ba)KHO JUISI TOBBIIIEHUS YyBCTBUTEILHOCTH
nmpubopa) Oe3 pricka meperpeBa akTUBHOW 0OIacTH.
YCTaHOBIIEHO, YTO ONTHMAIBHBIM PEXUMOM pabo-
Tl GalnAsSb cBeTONMONOB SBISIETCS MMITYIHCHBIH
C YaCTOTOU CIICOBAHUS UMITYJIbCOB TOKA MHKCKIIUU
1 x['u, purensHOCTRIO uMIyinbca 10 mic. s nme-
TEKTUPOBAHUS W3ITyUEHUS NAHHBIX CBETOMUOMIOB HC-
none3yetcst poroaron Ha ocHoBe GaSb/GalnAsSb/
GaAIlAsSb, paboraromuii Ipu HaNpsDKEHUH o0Opar-
Horo cmerenus 0,5 B, HOMUHANbHOM HanpsKEHUU
nuTaHusa 5 B, pu 5TOM BXOJHOM TOK (Ha ypOBHE IIIy-
MoB) coctapisieT 100 mA [11].

st onpeneneHus penenbHbIX 3HAYCHUN N3Me-
pEeHHs KOHIIEHTPALIMU BOJIBI B BOJOHE( TSIHOW DMYJIh-
CHH C TIOMOIIIBI0 TIPHOOPA, TTOCTPOSHHOTO Ha OCHOBE
CXEMBI, IPUBEJCHHON Ha pUCYHKE 4, OBbLIM IIPOBEJIe-
HBI SKCIIEPUMEHTBHI N0 U3MEPEHUIO KOHLIEHTPAIUU
BOJIbI B 3apaHee IOJTrOTOBJICHHBIX BOJOHE(TIHBIX
cMecsiX ¢ KoHmeHtparued Bomsl oT 0 1o 95 %. B
pe3yibTaTe 3KCIEePUMEHTOB YCTAaHOBJIEHO, YTO TeX-
HUYECKHE BO3MOKHOCTH TPUOOpa TIO3BOJISIFOT TIPO-
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BOJIUTh M3MEPEHHS KOHIICHTPAIUM BOJBI B HedTH
B nuanazoHe ot 0,2 1o 40 %. Ilpu koHLIEHTpauusax
BogibI BhImIe 40 % oOpasyercst oueHb HEOJHOPOIHAS
BOJOHE(TAHAS dMYIbCHS (Iy3bIPH BOABI B HEPTH U
My3bIpU HEQTU B BOJE), KOTOpasi CYyIIECTBEHHO HC-
Ka)KaeT pe3yNbTaThl U3MEPEHUN.

56~

———T

L

Pucynoxk 4 — Cxema W3MepeHHs KOHIEHTPALUH BOJBI
B Hepti: 1 — pesepByap ¢ aHAM3UPYEMOI JKHIIKOCTBHIO;
2 — poTOpHas MOMIIA ISl NEPEMEIINBAHN U MPOKAYKH;
3 — mpoToYHas KroBeTa; 4 — CBETOAUOAHBIN OJI0K; 5 — oTo-
MPUEMHHUK; 6 — OJIOK NIEKTPOHUKH; 7 — ANCILICH; 8 — OPTHI
JUISL TUTaHKS 1 oOMeHa MH(pOopMaLiu

Figure 4 — Scheme of measuring the concentration of wa-
ter in oil: 1 — reservoir with the analyzed liquid; 2 — ro-
tary pump for mixing and pumping; 3 — flow cell; 4 — LED
block; 5 — photodiode; 6 — the electronics unit; 7 — display;
8 — ports for power supply and information exchange

Jns  ycTaHOBIEHMSI MHTEpBaja TEMIIEpaTyp
OKpY>Karolen cpejibl, B KOTOPOM MOTYT ITPOBOJIUTHCS
M3MEpEeHNs, OBLTN BHITIOTHEHBI TEMIIEPaTypPHBIC HC-
CIIEZIOBaHUS CIIEKTPAIbHBIX MU MOIIIHOCTHBIX XapaKTe-
PUCTHK HCIIONB3YEMBIX CBETOAMOAOB. 3aBUCUMOCTh
TTOJIOXKEHUSI TUKOB U3ITyYeHHUs CBEToAuon0B LED 17,
LED 19, LED 22 ot Temrneparypsl IpeJicTaBlIeHa Ha
pHUCYHKE 5.

N

MHTeHcuBHOCTL, OTH. ea. / Intensity, a.u.

1.8 2.0
[nuHa BonHbl, Mkm / Wavelength, um

Pucynok 5 — CrexTpsl W3Iy4eHHs cBeTonnomoB LED
17 (1), LED 19 (2), LED 22 (3) npu temmeparype 0 °C
(myaxtupHas muaAsA) 1 npH 50 °C (CruronrHas JTHHUS)
Figure 5 — Emission spectra of LED 17 (1), LED 19 (2)
and LED 22 (3) at temperature of 0°C (dashed line) and
50 °C (solid line)

22

Koa¢purment TemreparypHOH 3aBUCUMOCTH
MOJIOKCHUS TIHKA U3ITyUCHUS [T UCCIICAYEMbIX CBE-
ToanonoB He npesbimaet 0,5 HM/K s Bcex Tpex
UCHOJIb3YEMBIX CBETOAMOAOB [6]. OnHako mpu u3Me-
HEHUH TeMIIepaTypbl CBETOAUOAO0B B nuamna3one ot ()
10 50 °C UHTEHCUBHOCTD U3JIYUYCHUS U3MEHSIETCS 10
1,5 pa3. Takum oOpa3zom, st mpoBeaeHust 3P exTrB-
HBIX U3MEPEHHH COJICPKAaHUS BOJIBI B HE(DTH U IOCTO-
BEPHOCTH HCIOJIb30BaHUS KaJHMOPOBOYHBIX KPHUBBIX
HEOOXOIMa TePMOCTAOMITU3AIIHS CBETOMO/IOB KaK B
nporecce KaIMOPOBKH, TaK U B TPOIECCE MPOBOIH-
MbIX u3MepeHuit. CleayeT OTMETUTh, YTO MOBBICUTH
MPEC/IbHBIC BBIXOAHBIC MOIIHOCTU CBETOIUOIOB U
TEM CaMbIM YMEHBIIUTh HHKHUM Npeaen u3MepeHui
KOHLICHTPALUU BOJBI MOXKHO ITyTEM HUX OXJIAXKICHUS
(manpumep, ¢ moMoIibko 3nemeHTa [lenbrbe).

s u3MepeHuss KOHLEHTpPAlUu BOABI B BOJAO-
HETSIHOUM SMYIbCUHM TpeOyeTcs NperBapuTeIbHAS
KaTMOpOBKA B PEXHUME YCTAHOBHUBIIICWCS TeMIIepa-
TYpbl BCEX 3JIEMEHTOB. B 1abopaTopHBIX yCIOBHUSX
MIPOU3BOIUTCS] U3MEPEHUE YPOBHS CUTHAJIOB UCIIONb-
3yeMbIX CBETOAUOAOB [UIsl PAa3HbIX KOHILICHTPALUN
BOJIOHE(TSAHOW SMynbcuH. [l KaauOpOBKH paspa-
00TaHHOTO TPUOOpa MCIIOIH30BANACh HEPTH MapKu
Urals (mpenocrasiena Mo3sipckum HIT3), 6e3 more-
pu OOILITHOCTH TS APYTUX MapoK HedTu. 3apaHee ro-
TOBHWJIUCH CMECH ¢ coaep:kanueM Bojsl oT 0 10 40 %.
3aBUCHMOCTH CUTHAJAa KaKIOr0 CBETOJUOAA OT KOH-
LEHTPAIINU BOJBI B BOIOHE(DTSIHON CMeCH 3aIliChIBa-
JIMCh B KaJTMOPOBOUHYIO TaOmuIty. B nanpHeliem stu
JAaHHBIC HUCMOJNB30BAIUCH JUIS MOCTPOCHUS €IUHOU
KaJIMOPOBOYHOI KPUBOH.

711 HOpMHUPOBKHM MOUIHOCTH aHAIU3UPYIOLIETO
U3ITYYCHHs] TOK MUTaHUS CBETOAMONOB AJISL TPEX OIl-
TUYECKUX KaHAJIOB HACTPAUBACTCS B 3aBUCUMOCTHU OT
OTKJIMKAa (DOTOIPUEMHOW YacTH Ha M3ITydeHHE, TPO-
Hiejiiee yepe3 KIoBeTy 0e3 aHaIM3UpyeMoro oopas-
ra. TakuM 00Opa3oM, HYJIEBOH CHUTHAI TIO BCEM TPEeM
KaHajaM HOPMHPYETCSl Ha OIUH U TOT K€ YPOBEHb U
B JIaJIbHEHIIIEM TP KaTHOPOBKE U U3MEPECHUSIX PETH-
CTPUPYETCS] OTHOCUTEIILHOE U3MEHECHUE CUTHAJIOB.

71 TOBBIIEHUSI TOYHOCTU HU3MEPEHUS CIICAY-
€T WCIIOJIB30BaTh EINHYI0 KaTMOPOBOYHYHO KPUBYIO,
KOTOpasi ONpeAesieTCs] KaK 3aBUCUMOCTb U3MEHCHUS
pa3HUIBI HOPMUPOBAHHBIX CUTHAJIOB, MOIYYaeMbIX
ot cBeroguonoB LED 17 u LED 19, oTHOCUTEIHLHO
HOPMHUPOBAHHOT'O CUTHAJA, TIOJIy4aeMOT0 OT CBETOIU-
ona LED 22, u MoxeT ObITh IPEICTaBICHA CIIEYIO-
e popmyoii [4]:
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e [ .(O), [,,(C), 1,,(C) — HOpMUPOBAHHBIE [0 YPOB-
HIO CHUTHajibl OT cBetoguonoB LED 17, LED 19,

LED 22 cootBercTBeHHO; C — KOHIICHTPALIUS BOJIBI B
BonHO-He(TsiHOM cMecH. Ha pucyHnke 6 nipejcrasie-
Ha KaJIMOPOBOYHAsSI KpUBas IIpUMEHsieMast B pa3pado-
TaHHOM npubope st Hedtu mapku Urals.

2.0

o = g
o0 o =N

K(C), oTH. ex. / a.u.

N
~

1 1 1 1 1
0 10 20 30 40
Konnentpanust Boast C, % / Concentration of water C, %

Pucynok 6 — KainOpoBouHasi KpuBasi, pacCuuTaHHasl 110
TPEM ONTHYECKUM KaHaJIaM

Figure 6 — Calibration curve calculated on the basis of
three optical channels

Onpenenenye KOHIEHTPAKMU BO/bI B HE(TH Ta-
KHM CIIO0COOOM IO3BOJISIET IPOU3BOAUTE H3MEPEHUSI C
3HAYEHHEM MOTPEIIHOCTH U3MepeHuil He Gosee 2 %.

H3roroBiaenne npudopa

JI71s MOBBILIEHUSI TOYHOCTH M3MEPEHUMN TeMmIle-
parypa cBEeTOAMOAOB U (OTONPUEMHUKA KOHTPOJIH-
pyeTcs U peryaupyercs 1no xony usmepenuii. Cuno-
Bas YaCTh HCTOYHMKOB U3ITYUYEHUS MPOEKTHUPOBAIIACH
1 cobupanack 1Mo cxeMe TOKOBOTO 3epKalia C IIeIbI0
YMEHBIIICHHS 3aBUCUMOCTH (DITyKTyalluyd TOKa MHTa-
HUS CBETOJINOMIOB OT HATIPSDKCHUS MMUTAHUS.

Amnanu3 cursana ¢ (oToano/a OCyIIECTBIISETCS
MOCPENICTBOM TOCIICIOBATEIBHO COCAMHEHHBIX (O-
TOZMO/Ia C MPEIyCUIIUTEIeM, YCTPONHCTBA BHIOOPKH-
xpanenus (YBX), ycunurens curnana YBX, anano-
ro-tmudposoro npeodpazosarens (ALIT). Dopmupo-
BaHHE HMMITYJIbCOB ISl TIEpelaTuUKOB, YIPABICHUE
YBX, custue curnana ¢ AL, Bcs oOpaboTka WH-
(hopManuu ¥ BRIBOA HA MHAUKATOP MPOU3BOIUTCS C
nomotibo CPU dupmer SiLabs C8051F500.

Pesynsrarel usmepenus curnania ¢ AL mo Bcem
KaHalaM ycpenHstorcs B TeueHuu 30 ¢. AITOpUTM
OJTHOTO HM3MEpPEeHHs] MOXXHO TMPEICTaBUThH CIEIYIO-
M o0pazoM: (OpMHpPOBAHUE UMITYSIbCA HA CHIIO-
BOM KacKaJie MepenaTdnka, uepes 2 MKC (BpeMs He-
obxonumoe it (pOopMUPOBaHMS HMITYIIbCA TOKA Ye-
pe3 cBeroamon) 3amyckaercst YBX Ha 10 mKc, uepes

10 mxc 3amyckaercs AL u mpousBoauTCst U3Mepe-
HUe, mpoucxoauT cOpoc YBX mis mocnemyrommx
usmepenuil. Ilocie Bcero nukiia U3MEPEHUsS MPOU3-
BOJIUTCSI YCPEAHEHUE PEe3ysIbTaToB, 3aTeM UX HOPMHU-
poBanue (YMHOKEHHE HA HOPMUPOBOUHBIN KOApPH-
LUCHT, PACCUNTAHHBIA U3 KAIHOPOBOYHON KPHBOIL),
MIPOU3BOJUTCS BBIYUCIIEHIE KOHIEHTPAIHH.

VYepeanenue B Teuenue 10 ¢ mo kaxjoMy KaHa-
JIy TIPOUCXOJUT B LIEJSAX MOBBIINIEHUS TOYHOCTH H3-
MepeHuil. BpeMsl ycpeaHeHus 3aBUCUT OT CKOPOCTH
npokadku HeTH uepe3 KioBeTy. B paspaboraHHOM
npubope M3MepeHHs KOHIEHTPALUU BOAbI B HE(TH
3a JJaHHBII MPOMEXKYTOK BPEMEHH MPOUCXOJUIIO HE
MeHee 6 LUKJIOB NepeMEeIINBaHNs U MPOKAUYKU T0J-
HOro o0beMa MpoObl AHATU3UPYEMON KHUJIKOCTH Ue-
pe3 ONTHUYECKYIO KIOBETY IIPU UCIOIb30BAHUU TIepe-
MelMBaroneit poropHoi momisl [10].

g yBenu4yeHHs COOTHOLIEHMsI CHUTHAJ-IIYyM
B3alIMHOE pAaCIOJOKEHHE TEepeaTunKOB M IpH-
eMHUKa (PUKCUPOBAINCH, YTOOBI WX JAHArpaMMbI
HaIIPAaBJIICHHOCTEH MAaKCUMaJlbHO coBnajnamu. IIpu
IOCTUPOBKE IMOJIOKEHHUS H3MEPHUTEIHHOIO KaHaja
CBETOIUOA-(POTONNOA OTHOCHUTEIBHO ONTHYECKOM
KIOBEThI C AaHAIM3UPYEMON CPEeNod Ml yIaydlIeHUs
COOTHOIICHHUSI CUT'HAJI-LIIYM HEOOXOIMMO HCIONb30-
BaTh JMOBI C MapabOJIMYECKUM OTpa)karesieM, Ko-
TOPBIN CyXaeT HalpaBIEHHOCTb U3JTyUeHHs B 2 pasa
¢ 60 no 30°.

[MuTanue u ympasieHue CBETOAMOAOB U (oTo-
JIMoJIa, a TaKkKe 00padOoTKa TaHHBIX U3MEPEHUH BbI-
MOJTHSACTCS Ha 0a3e eIMMHOMN MeyaTHOW 3IEeKTPOHHOM
TiaTel. Pe3ynbrarel M3MepeHui oToOpa)karoTcs Ha
CTaH/IaPTHOM KUJKOKPHUCTAJIINYECKOM dKpaHe.

PazpaboTtannblii mpubop MokeT paboTarh B H-
ana3oHe HanpshKeHui snekTponuranusg 9-24 B. [1u-
TaHUE MOXET OCYILECTBIATCS KaK OT MOPTaTUBHBIX,
TaKk ¥ OT CTallMOHAPHBIX UCTOYHUKOB. [Ipu BBIOOpE
WCTOYHHMKA MUTaHHUS HEOOXOIMMO YYHUTHIBATh, UTO
MPOMOPIIMOHATBHO HAMPSHKEHUIO MHUTAHUS pacTeT
MOIIIHOCTh paccestHUsI Ha CHUJIOBBIX KacKajax Iepe-
JATYMKOB, & 3TO MOXKET BIHUATH Ha PabOTy CBETO- U
(doroanonos. DHeprod3hHEeKTUBHOCTH MPUOOPA MOK-
HO TIOBBICHUTH 32 CUET MUTAHUS CUIOBBIX KackaJl0B OT
OTAETBHOTO MOHMKAIOIIETO UMITYTbCHOTO CTaOMIIn-
3aTopa. B aTOM ciydae MOIIHOCTH MOTpeOIeHHs He
OyZeT 3aBHCETh OT HANPSDKCHUS TUTAHUSL.

Kopmyc npubopa usrorosien uz ABC mractu-
Ka ¢ moMolIplo 3D-meyatu, KoTopas TakkKe MO3BO-
JIIeT PACIIONIOKUTh BHYTPEHHHE KOMIIOHEHTHI MpH-
0opa 0e3 M3rOTOBJICHUS JIOTIOJIHUTEIILHBIX JeTalleh
MU KperjieHud. [epMeTHYHble SIEeMEHTH KIOBETHI
M3TOTOBJIEHBI U3 amtoMuHuA J[16 ¢ Hucronb30BaHU-
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€M YCTOMUYMBBIX K HEPTEIPOLyKTaM MPOKIAJIO0K M3
¢Toppe3unbl. ['abapuTHBIE pa3Mepbl H3TOTOBIEHHO-
ro npubopa He MPEBBILAIOT MO BbicoTe 60 MM, 10
mvpuHe — 70 MM 1 o anmuHe — 90 MM.

Kak ormeuanoce BbllIe, TpUOOP MOXKET OBITH
0e3 CyIIeCTBEHHbIX M3MCHEHHMH aJanTUpOBaH s
W3MepeHHs COACpP KaHMsI BOJIbI B OCH3MHE, KEPOCHHE
1 IU3€JIbHOM TOIUIHBE.

3akiaroueHmne

Pazpaboran mpubop TSI W3MEPEHHs] KOHIICH-
Tpaluy BO/Ibl B HE()TH HA OCHOBE METOJIA CEIICKTHB-
HOTO ONTHUYECKOTO MOTIIOIIEHHUS C UCIOIb30BAHUEM
CBETOJIMO/IOB CPEIHEr0 MH(PaKpacHOTO AHMana3oHa
CIEKTpa. YCTAaHOBJIEHBI TEXHUYECKHE TPeOOBaHUS U
napaMeTpsl pabOThl NCIIOIB3YEMBIX CBETO- U (hOTO-
nuonoB. [lokazaHa BO3MOXHOCTH HCITOJB30BAHUS
OJIHOTO TIpuOOpa ISl Pa3UYHBIX COpPTOB HedTH, a
TaKke HePTENPOMYKTOB TPH MPOBEJCHUH IpeiBa-
PUTENBHON KaTHOPOBKH.

Ha ocHOBe moy4eHHBIX pPe3ylIbTaToB M3TOTOB-
JIeH IpuOop 1T ONpeeNieH!s] KOHIIEHTPALUH BOJIBI
B He()TH, MO3BOJSIONINNA MPOBOJAUTH U3MEPEHHS B
nuamnazoHe KoHmeHTpamuii Bomsl ot 0,2 mo 40 % ¢
MOTPENTHOCTHI0 He 6onee 2 %.
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Pa3pa0doTka KOHIENIMH MOCTPOCHHUS aANNAPATHO-
MPOrpaMMHOI0 KOMILIEKCA MOAY/IbHO! KOHCTPYKIMHU
NJIS1 oMpeae/IeHHsl XapaKTePUCTHK AHTEHHBIX CHCTEM
10 U3MepeHusIM B OJIMKHEN 30He

Bynaii A.I., I'punuyk A.IL., I'pombiko A.B.

Hucmumym npuxnaonvix ¢uzuveckux npoonem um. A.H. Ceguenxo
LBenopycckozo eocyoapcmeennozo ynusepcumema,
yn. Kypuamosa, 7, 2. Munck 220045, Benapyco

Hocmynuna 28.12.2016
Ilpunama x nevamu 28.04.2017

N3mepenust aMIUIMTyAHO-(a30BOr0 paclpeAeICHuUs MOl W3Iy4eHHs CIIOKHBIX aHTCHHBIX CHCTEM Ha
HEKOTOPOH MOBEPXHOCTH BOJIN3M U3JTyUarole anepTyphl MO3BOJSIOT PELIUTh 337a4i BOCCTAHOBICHHUS MPO-
CTPAHCTBEHHOW JMarpaMMbl HAIlpaBICHHOCTH aHTEHHBIX CHCTEM B JajibHEH 30HE M OIPEACIUTb BIUSHHE
Pas3INUHBIX KOHCTPYKTHBHBIX AJIEMEHTOB U JIe()EKTOB M3ITyUaroIUX IMOBEPXHOCTEH Ha (OPMUPOBAHUE ANA-
rpaMMbl HampapiieHHOCTH. Llenbio nanHON paboThI sSBUIAch pa3paboTKa YHHBEPCAJIBHOIO ANNapaTHO-IPO-
IrpaMMHOTO KOMIUIEKCA MOIYJIbHON KOHCTPYKINH JJIsl OIPEeNICHNs] XapaKTePUCTUK IINPOKOTO Kpyra aHTeH-
HBIX CHCTEM O U3MEPEHMSIM aMIUTUTYIHO-()a30BOTO pacnpeaesieHns Mol H3Iy4eHHs B OJIMDKHEH 30He.

[Tpoanann3upoBaHbl ONMUCAHHBIC B JIUTEPAType YPAaBHEHUS, CBI3bIBAIOIIUE CTPYKTYPY IOJICH H3Ty4eHHs
AQHTEHHOM CHUCTEMBI Ha Pa3JINUHBIX PACCTOSIHUAX OT Hee B IUTAHAPHOM, HMIIMHIPUYECKON U chepuieckoii cu-
cTeMax KOOPJHMHAT, a TAK)KE CTPYKTYPHBIE CXEMBbI aliapaTHON YacTH U3MEPUTEIbHBIX KOMIUICKCOB,

B pesynbrare paspaboraHa KOHLENLIHUS MOCTPOCHUS YHHBEPCAJIBLHOIO allapaTHO-MPOrPaMMHOIO KOM-
IUIEKCa JJIs1 U3MEPEHHUS TOJISl U3TYUEHHsI PAa3IMYHbIX TUIIOB AaHTEHHBIX CHCTEM C JFOOBIM TUIIOM TOBEPXHOCTH
M3MEpEeHus [UIsl peIICHUs IIMPOKOTO Kpyra MpUKIaIHbIX 3a1a4. [Ipennoxkena MogynbHast CTpyKTypa amnmapar-
HOW 4acTH KOMIUIEKCAa U IPOrPaMMHOIO 00ECIHEUYEHHs], YTO IO3BOJISIET ONEPaTUBHO NEPEKOH(UTYpPHPOBATh
KOMITJIEKC JUIS M3MEPEHUs XapaKTePUCTUK JIF000M KOHKPETHOW aHTEHHOW CHCTEMBI Ha BCEX CTAIHAX pa3pa-
OOTKM M MCHBITAHUI U3MEJNS, a TAKKE AENaeT KOMIUIEKC SKOHOMUYECKH TOCTYIHBIM AaXKe Ul HEOOJBIINX
MPEANPUITHA U OpraHu3aIHil.

KuroueBble cii0oBa: anTeHHas cucTeMa, [uarpaMMma HarpaBiIeHHOCTH, OMVKHAS 30Ha, H3MEPHUTEIHHBIN KOM-
TieKc, ObICTpoe peodpazoBanue Dypobe.
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Development of concept of hardware-software complex
of modular design for determination of antenna systems’
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Abstract

Measuring the amplitude-phase distribution of the radiation field of complex antenna systems on a cer-
tain surface close to the radiating aperture allows solving the problem of reconstructing the free-space dia-
gram in the far field and also helps in determining the influence of various structural elements and defects of
radiating surfaces on formation of directional diagram. The purpose of this work was to develop a universal
hardware-software complex of a modular design aimed for determining the characteristics of wide range of
antenna systems in respect of measurements of the amplitude-phase distribution of the radiation field in the
near zone.

The equations that connect the structure of radiation fields of the antenna system at various distances
from it in planar, cylindrical and spherical coordinate systems as well as structural diagrams of the hardware
part of measuring complexes have been analyzed.

As aresult, the concept of constructing a universal hardware-software complex for measuring the radia-
tion field of various types of antenna systems with any type of measurement surface for solving a wide range
of applied problems has been developed. A modular structure of hardware and software has been proposed;
it allows reconfiguring the complex rapidly in order to measure the characteristics of any particular antenna
system at all stages of product development and testing, and also makes the complex economically accessible
even for small enterprises and organizations.

Keywords: antenna system, direction pattern, near zone, measuring complex, fast Fourier transform.
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BBenenue

Huarpammbr HanpaBnenHoctd ([IH) aHTeHHBIX
CUCTEM, BXOSAIINX B COCTaB Pa3lMYHBIX KOMIUIEK-
COB (JIOKaIMM, HABEJCHUS, CBSI3U U JIP.), BO MHOTOM
OTIPEETSIOT TEXHUUECKHE MapaMeTphbl KOMITJIEKCOB
B 1enoM. i CIOKHBIX aHTEHHBIX CHCTEM, B Iep-
Byl0 oyepens (asMpOBaHHBIX AHTEHHBIX PELIETOK
C JJIEKTPOHHBIM CKaHUPOBAaHHMEM JTyda, CUCTEM aH-
TEHHa-00TeKaTeJIb TOJOBHBIX YacTed JeTaTenb-
HBIX allaparoB, CUCTEM aHTEHHA-yKpPbITHE U JIp., B
¢dopmupoBanue J|H BHOCAT BKIaj pa3nuvHble KOH-
CTPYKTUBHBIE 3JIEMEHTBI CUCTEMBI, B OOJBIIMHCTBE
ciaydaeB yxyawas ee mapamerpsl. ITockonsxy JH
SIBIIICTCS. MHTETPAJbHON XapaKTEPUCTHKOM, TO MO
M3MEpEHHAM B JaJIbHEH 30HE AaTh OJTHO3HAYHOE 3a-
KJIFOUEHHUE O CTENEHH BIUSHUSI TOTO UM HHOTO KOH-
CTPYKTHUBHOTO 3JIEMEHTA 4YacTO HE IMpPE/CTaBIsIeTCs
BO3MOXHBIM. HecMOTpsi Ha MMeroluecss B HAcTOSI-
iee BpeMsl MOIIHbBIE MPOTrpaMMHBIE TPOTYKTHI IS
MaTeMaTHYeCKHUX PacyeToB, MOJHOCTHIO TEOpPETHYE-
CKH pEIINTh 3a/1auy BIHSHUS OTJENBbHBIX KOHCTPYK-
TUBHBIX JIeMEHTOB Ha ¢opmupoBanue JH anten-
HOM CHCTEMBI B psijie CIydaeB HEBO3MOYKHO B CHITY
CJI0)KHOCTH KOPPEKTHOTO 3a/IaHUs TPAHUYHBIX yCIIO-
BUH. B MogoOHBIX CilydasiX eAMHCTBEHHOU ajbTep-
HaTUBOM SIBIISIOTCS MPSIMBIE U3MEPEHUST aMIUIUTY-
Ho-(bazoBoro pacnpeneneHust (ADP) mons anreHHON
CUCTEMBI Ha HEKOTOPOH MOBEPXHOCTH B HEMOCPE-
CTBEHHOW OJIN30CTH OT H3IIyvarollel ameprypsl.
Tak Kak MHTEHCUBHOCTB IMOJISl U3IYyUYEHHsI aHTEHHON
CUCTEMBI U €r0 CTPYKTypa Ha Pa3INYHBIX PaccTos-
HUSAX OT M3JIydarollel anepTypsl OTHO3HAYHO MaTe-
MaTHYECKH CBSI3aHBI, TO TI0 U3MEPEHHOMY IOJII0 Ha
HEKOTOPOM PAacCCTOSITHUM BO3MO)KHO PacUeTHBIM ITy-
TEM BOCCTaHOBUTH CTPYKTYpY HOJIS Ha JIIOOOM pac-
CTOSIHUM OT aHTeHHBIL. [Ipu 3TOM cTpyKTypa moss Ha
3HAUUTEIBHOM PACCTOSIHUM OT aHTECHHBI (B JalbHEH
30HE) OMNpeaeNsAeT AuarpaMMy HalpaBIeHHOCTH, a
Ha MaJbIX PAaCCTOSHUAX MO3BOJIAET MPOAHAIU3HPO-
BaTh BIMSHUE OTJENIBHBIX KOHCTPYKTUBHBIX U JHa-
rpaMMO00Pa3yIOLINX IEMEHTOB.

TeopeTnueckne OCHOBBI TaKOIO METOAOJIOTH-
YECKOTO TOAXOAA 3aJI0KEHBl B KJIACCHYECKUX pa-
00Tax MO ZJEKTPOJUHAMUKE W TEOPHUHM aHTEHH, a
UX TPaKTUYECKOE MPUIIOKEHHE HEMOCPEICTBEHHO
K aHTEHHBIM HM3MEpPEHUSM Ha4aJloCh B KOHILE INPO-
nutoro Beka [1, 2]. Teopernyecku ObLIO TIOKAa3aHO,
YTO M3MEPEHUS MOJISl U3TyUCHHsI aHTEHH B OJIMDKHEH
30HE BO3MOXHO Ha HECKOJIBKUX THIAX MOBEPXHO-
CTeH: TUIOCKOH, UIMHIPUYECKON U cepruecKon.
Ji KaX0r0 THIA TIOBEPXHOCTH OBUIM MPEAIoKe-

HBl YpaBHEHU:, CBS3BIBAIOIINE CTPYKTYpPYy TOJEeH B
ommKkHel u ganbHEi 30Hax. [Ipu 3ToM BBEIOOp TO¥
WJIH MHOW TTOBEPXHOCTH OTIPEAEIISIICS KOHCTPYKIIH-
€ll aHTEHHBl U CTPYKTYypOW mousist uziaydeHus. [[ns
aHTEHH C IUIOCKUM H3JIYYalolluM pPAacKpBIBOM U
(hOpMUPYIOIIHX ITOJIe U3ITyYEHHUs CO 3HAUNTEIBHBIM
ocia0lieHneM aMIUTATYIHBIX 3HAYEHUH OIS W3ITy-
YeHUS Ha Kparo packpbiBa (KOX(hGUIIMEHT YCHUICHHS
aHTeHHbl He MeHee 15 nb), mpemmymiecTBa mme-
IOT U3MEPEHHUs Ha TUIOCKOH moBepxHOCTH [3]. s
CIIOKHBIX aHTEHHBIX CHUCTEM, TaKUX, KaK CHCTeMa
aHTeHHa-00TeKaTeNb, Y KOTOPBIX MPOIOJIBHBIE pa3-
Mepbl 3HAYUTENHFHO TPEBHIIIAIOT pa3Mephl H3ITyda-
IOIIETO PacKpbhIBa, MPUMEHEHHE TUTAHAPHBIX H3MeE-
peHU CTAHOBUTCS IIPOOIEMaTHIHEIM. 15T ITOJTHOTO
BOCCTAaHOBJICHHs TpocTpaHcTBeHHONW JIH Heobxo-
nuMo usMepenue AP noss Ha 3aMKHYTOM OBEPX-
HOCTH, OXBAaTHIBAIOIIEH N3MEPsSEMYIO aHTEHHYTO CH-
CTEMY, YTO BO3MOXKHO TOJIBKO NP U3MEPEHUH TTOJIS
Ha ceprueckoit moBepxHOCTH [4].

MeTtonsl ONMMKHE30HHBIX M3MEPEHHH XapakTe-
PUCTHK aHTEHH C()OPMHUPOBAINCH B OTJEIBbHOE Ha-
npasneHre. Ha HagampHOM JTame uX pa3padOTKu
MHOTO BHHUMAaHHS YIIEISIIOCh METOIOJIOTHH IIPOBE-
JIEHUsI U3MEPEHUH, aHAIU3Y [TOIPELIHOCTEH U3Mepe-
HUS ¥ METOJIOB TIOBBIIIIEHUSI TOYHOCTH U JIOCTOBEP-
HOCTH W3MEPEHHH, OBICTPONEHCTBHIO TIPOTPaMMHO-
ro obecreuenus. Hambomee pacmnpocTpaHEHHBIMU
OBUIM M3MEPEHHS IO IJIOCKOCTH. DTO 00yCIOBIEHO
JIOCTaTOYHO IPOCTON KOHCTPYKLUEH CKaHUPYIO-
IIMX YCTPOWCTB M BO3MOKHOCTBHIO WCIOIH30BAHUS
B IIPOIIECCE PACUeTOB MPOILEAYPHI OBICTPOTO MPE0d-
pazoBaHuss Pypbe B CHIIY MajbIX MOILIHOCTEH BBbI-
YUCIUTENBHBIX CPEJCTB TOro BpeMeHH. HammeHee
METOIUYCCKH pPa3paboTaHHBIMH OBLTH H3MEPCHHS
0 MUIUHAPUIECKON U 0COOCHHO ChEepPHIECKOH IO~
BEPXHOCTH, TaK KaK OHU MPEAIOIaraif BEIYUCICHUS
CHENUATBHBIX (YHKIAN, 9TO TPeOOBAIO 3HAYUTEh-
HOTO BpeMeHH 00pabOTKH Pe3yIbTaToB.

B nacrosmee Bpems Bemymue (UPMBI, TaKue
Kak Agilent Technologies, Keysight Technologies,
NSI-MI, Franconia, ORBIT/FR, pa3pabaTbIBaoT
M3MEPHUTEIbHBIE KOMITJIEKCHl M UX KOMITOHEHTHI IS
M3MEPEHUs M TECTHPOBAHUS aHTEHHBIX CHCTEM, Me-
TOJVKH WX MPUMEHEHHUs, a TaKXkKe PETYISIpHO Tpo-
BOJISIT CEMHHAPHI 10 aHTEHHBIM U3MEpeHUsIM. AHa-
JoruyHasi curyaunusi cioxunack 1 B Poccuu. He-
ckoipko gupm (B gactHoctH, OO0 «Haywno-mipo-
u3BojicTBeHHOE Tpeanpusitue TPUMy, kommnanus
«PAIIUOJIAMH») mpemnaraior MeTPOIOTHYECKH
aTTeCTOBAHHBIE M3MEPHUTEIbHBIE KOMIUIEKCHI C TIIO-
CKAMH CKaHHPYIOIUMH ycTpoicTBamu. OO0 m3Me-
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peHHSX MO IPYTWM THUIAM IOBEPXHOCTEH TOJBKO
yKkazbiBaeTcsa. O4eBHIHO, YTO IMOJOOHBIC armapart-
HBIE CPEJCTBA BECbMa JIOPOTH, & 3HAYHT, JOCTYITHBI
TOJIBKO KPYITHBIM TIpennpustusM. K coxkanenuto, B
PecrrybOnuke bemapyce npu HammIul HEKOTOPOTO KO-
JINYECTBA MPEANPUATAN M OpraHu3alui, 3aHUMAaro-
IIUXCS Pa3pabO0TKOM, M3TOTOBICHNEM U TIOCTaBKaMH
PaJAMOIIOKAIIIOHHBIX CHCTEM OTCYTCTBYET €IWHBIN
MTOJIXO/] K PENICHUIO 33aJaddl aHTEHHBIX HM3MEpEeHHH
Ha BCEX CTaaWsAX pa3pabOTKH, W3TOTOBJICHHSA, Ha-
CTPOUKH W aTTECTAIINH (MCTIBITAHUN U TIPUEMKH) KO-
HEYHOTO U3/IEeIHSI.

Lensto maHHOW pabOTH sSBWJIACH pa3pabOTKa
YHHBEPCAITBHOTO  aIapaTHO-IIPOTPAMMHOTO KOM-
IJIeKCa MOJYJIBHOM KOHCTPYKIUH JUTSL OTIPEICTICHUS
XapaKTEPUCTHK IAPOKOTO KPyTra aHTEHHBIX CHCTEM
o m3mepeHusM ADP mons n3mydeHus B ONMKHEH
30HE.

MaremaTnuyeckue 3aBUCHMOCTH

B oexapmosoti cucmeme koopouram

Beenem nexaproBy cucremy koopauHar Oxyz
(pucynok 1). Mccnenmyemass anteHHa 1 HaxomuTcs
B IUIOCKOCTHU z = (), a IJIOCKOCTh U3MepeHus 2 pac-
MOJIOKEHA MapajjiesIbHO MCCIEAYeMO aHTEHHE Ha
HEKOTOPOM paccTosHuu z . M3mepenus u pacyeTsl
OIIPEEIISIOT [0JIe B BepxHel nomycdepe z > 0.

Pucynox 1 — CucremMa KOOpAMHAT NMPU M3MEPEHUAX Xa-
PaKTEepUCTHK aHTEHH B ONmkHEH 30He: | — uccienyemas
AHTEHHA; 2 — MIIOCKOCTh U3MEPEHHS

Figure 1 — Coordinate system for antenna characteristics
measurements in the near zone: 1 — examined antenna;
2 — measurement plane

OnpenennuM BOTHOBOM BEKTOD k:
k=i k +ik+ik,
X x y oy Z z

e i, iy, i_— OPTBI ICKApPTOBOM CHCTEMBI KOOP/MHAT.

Taxoke onpenenum cheprUuecKyr0 CUCTEMY KO-
OpAMHAT, B KOTOPOH yroi ¢ (a3uMyTaldbHBIN yroi) —
YTOJ MEXIY OCBIO X M MPOEKIMEH BOJIHOBOTO BEK-

Topa k Ha M3MepsAEeMyI0 MMOBEPXHOCTh, yroi O (yron
MecTa) — YToJl MeX]Ty OChI0 z BekTtopoM k. Torma:

k_ = k sinf coso; ky = k sin sing; k_= k cosb.

Komrmionents! BexTopa E B AajbHEH 30HE MOTYT
OBITh TIPEICTABICHEI B BUIC [2]:

Ey(k ko) =AJk* =k = kS, (k ko),
E, (k. ko) = AJk—k} —kZ Sk ko),

A =je™R/\R.

Oyuxumn S, | (k, ky) OIIPENIEISAIOTCS BBIPAKEHUEM:

S, dkok) = [ [ Eo(x.0-e " " aac,

—00 —00

e £, (x, y) — TaHTCHIHMANbHBIC COCTABISIONINE BEK-
TOpa AIEKTPUUECKOTO IOJIsl, U3MEPEHHOTO Ha IUIO-
ckocTH. B ciyuae, ecim u3MmepsieMoe nose u3iyde-
HUS JTMHEHHO TMOJSIPU30BaHO, OPUEHTALMEH cucTe-
MBI KOOPAMHAT BO3MOXXKHO OJHY M3 COCTaBIISIOLIMX
E_wnn Ey clIeNaTh paBHOM HYIIIO.

W3 npuBeACHHBIX BBIPAXKEHUH CIIEIYET, 4TO CO-
CTaBJISIOIINE BEKTOPOB JIEKTPUUYECKOTO OIS pe-
CTaBISIIOT COOOH CIIEKTPHI IUIOCKMX BOJH B BHJE
JTUHEHHON KOMOMHANNU peodpa3oBaHuil Dypre oT
(GyHKIMIA pacripenesieHns KOMIOHEHT TaHTeHLUAIIb-
HBIX COCTaBJISIOLIMX BEKTOpA AJIEKTPUIECKOTO OIS,
M3MEPEHHOTO Ha MJIOCKOW MOBEPXHOCTH [5, 6].

B yununopuueckou cucmeme xoopounam

BBenem Ha OUIMHIPUYECKON MTOBEPXHOCTU H3-
MEPEHHS Pajuyca r,, MONHOCTHIO OXBATHIBAKOLIEH
AQHTEHHYIO CUCTEMY, KOOPIUHATHI Z, |, & XapaKTepu-
CTHKH OyZieM OIpeAessiTh Kak (GyHKIHH B chepuye-
CKOH crcTeMe KOOpAUHAT @, O, OTIpeeIeHHOM BBILLIE.
[Ipy >TOM KOOpAMHATHI z AJSl UAIMHAPUYECKOH M
JIEKapTOBOM CHCTEMbI KOOPIMHAT COBIAJAIOT, TAKKE
COBIAAAIOT U KOOPAWUHATHL U .

Torga cocTaBisIOMIKME IEKTPUIECKOTO IOJS B
JaJbHER 30He MOXKHO MPEACTaBUTD [2]:

oS Bt
Ee(e,(l)) = 47‘EASln en:_w] me./ ‘P’

A a,(h .,
E¢(9,cp) = —4TEA51119":2700] I%e/ 0
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rne Hn® (Ar)) — dynkuuu XaHKess BTOPOro poja
nopsika 1, A = k sin 0; 4 = k cos 0; BennuuHbl k 1 A
OTIPEJICIICHBI BBIIIIC;

a,(h)= I dwj E, (z,p)e ™e " dz,

b= [dy [ E.(zy)e e " dz.

-7 —©

Takum 00pa3oMm, aarOpUTM OIPENEICHHUS CO-
CTaBJISIONIMX BEKTOPA SIEKTPHUECKOTO OIS BKIIO-
YaeT OmNepamuyd BbIYHCICHUS (QYHKIMH XaHKens
BTOPOTO PO/ Il BCEX 3HAUYCHUHU 71, IByMEpHbBIC
npeobpazoBanuss Oypbe oT QyHKIMNA pacrpenene-
HHUSI KOMIIOHEHT EW, E TaHreHIManbHON COCTaBIIs-
IOIIEH BEKTOpa AIEKTPUIECKOTO OIS U KOIPPHIIH-
entoB a (h) u b (h).

B cghepuueckoii cucmeme xoopounam

Pemenne ypaBHeHuss MakcBemia B cdepuue-
CKOM CUCTEeME KOOPIMHAT JIJIsl KOMIUIEKCHBIX aMITLIH-
Ty/ TAHTEHIIUAJIBHBIX COCTABIISIFOIINAX BEKTOPa K-
TPUYECKOTO TIOJSI TTO3BOJISET MPEIACTABHUT 3JIEKTPO-
maruutHoe none E (0, ¢, 7) Ha OBEpXHOCTH ChephI
paanyca 7, OXBaTBIBAIOIICH W3IYYArOIIYI CHCTEMY
B BHJIE PA3JIOKECHHS 10 BEKTOPHBIM C(EepHUSCKUM
¢yHKIusIM (rapMoHuKam) [7]:

N

ZZA M, +B, N,

n=l m=-n

E, (0,9.7)

Bekropubie cdepuueckne pynkumu M, , N
¥ KOMIUICKCHbIC Koo(duuuentst 4 B, . onpene-
JSFOUIMECS] U3 YCIIOBUH OPTOTOHAILHOCTH BEKTOP-
HbIX Chepuueckux rapmonuk M . N Ha MOBEpX-
HOCTH U3MEPEHHUS PAJMyCa 7\, BBIPAXKAIOTCS YePe3

m
nonuHoMel Jlexanapa P (0), chepuueckue hyHK-
nuu Xankens Z,(kz) u TaHTeHUMANbHBIE COCTAB-
nsironte Bekropa E Ha ceprudeckoil TOBEpXHOCTH
pamuyca r,;

M, =2, ()" e 1 7, (k) T2 B e,
sin

JZ, (k) —=—

2nm

Buday A. et al.
10 oP™ () 1
== 20 (kr ™0, + j——(rZ, (k
mn krar( o (kr) —"—— 50 ]kr (l’ , (kr)) x
me,n (6) e_/'mﬁpq)o’
sin O
2n+1 (n—-m)! 1

mn

janZ, (ro) (n +m)! n(n+l) *

2nm m
<[ [| £, mP! e /™ dede,
00 "
_ 2n+1 (n—m)t 1 y
" 1 a(an(kr)) (n+m)n(n+1)
kr or _

2n ) aPm o
x‘([! E% sin 8(3 -e " d0do,

e 6, ¢, — OpThI CHEPUIECKOH CUCTEMBI KOOPIMHAT.
Cocrasnstromme nons £, E@ B 1anbHEN 30HE U3~
Jy4aromie CUCTEMBbI TIPEICTABISIOTCS B BHIE!

e oP™\ |
E Z Z J .] mn 9 })nm + an —= e./rmp’
n=l m=—n
e—_/'kr N  +n , aPm .
E = " A +B, —Pm e,
"k ;m;] Hom a0 T g

W3 npuBeieHHBIX BBIPAKEHUH CIETYET, UTO IS
BBIUMCIIEHUH 110 KOOPJMHATE () MOXHO NMPUMEHHUTH
anroput™ ObicTporo mpeobpazoBanus Dypwe, mo-
CKOJIBKY B SIBHOM BHJIE IPEJICTABICHO NpeoOpa3oBa-
Hue Oypse.

B To 3xe Bpems nonmHoMsI Jlexkanapa P,,m (COS 9)
MOXKHO TIPEJICTaBUTH B BUJIE KOHEUHOTO psija Pypre [8]:

(2n)!

*J Sm 2k)0
P"(cosf)= ————e¢ 2 ZC’”" i-208
2"nl(n—m)! —~
rae C;" — uncioBble KOd(pUIMEHTHI, TOMydeHHbIE

Ha OCHOBaHMU (OPMYN HPEACTaBICHHUS HPUCOCAU-
HEeHHBIX QyHKIMH Jlexxanapa mepBoro poga B BHIC
KOHEYHOTO psijia 110 UHAEKCaM 71, 1, k.

OTO MO3BOJSIET MPEACTaBUTH KOI(PHUIIMEHTHI

A an B BUJIE:

mn’

2nm

4, =K, Zcm" m j j E, " e ™ dod® —(n—2k) j j E,sin, " e dpdo | |,

k=0

2AA

2AA

B =1L ZC’”" n—2k) j j E,sin0e’" P e dyd — m j jE (=260 -im @ | |,

k=0
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me K u L —— HOpMHpYOLLLHe K09(PULHEHTEI,
olpenesieMble U3 YCIOBUI HOPMUPOBKH BEKTOPHBIX
cepruiecKuX rapMOHHK.

Takum 00pa3oM, HHTErpUPOBaHHUE MO KOOPIH-
Hare 0 Takxe CBOAMTCS K peoOpazoBaHmio Pypbe.

AnnaparHasi peaju3anus

JIyis1 BBITIOJTHEHUS] M3MEPEHUH B ONMMKHEH 30HE
HEOOXOJMMbI MEXaHUYeCKHE CKaHUPYIOLIHE YCTPOK-
cTBa, OOeCmeuMBaloIie MNepeMEelICHUEe 30HI0BOM
AQHTEHHBI 110 BEIOPAHHOW MOBEPXHOCTH, U3MEPUTEIIb-
HBIA IPUEMHHUK JUISI U3MEPEHUS aMILTUTYAbI U (a3bl
CBY nons B 3aJjaHHBIX TOYKaX yKa3aHHON MOBEpX-
HOCTH, 00€CTIeUNBAIOIINI HEOOXOAMMBIN TUHAMUYE-
CKUI Auana3oH U TpeOyemble TOYHOCTH M3MEPEHUH
B 33/1aHHOM YaCTOTHOM JMaria3oHe, KOHTPOJUIEP BBO-
na IU(POBBIX AaHHBIX B KOMIIBIOTEP U MPOTPaMM-
HOe o0ecrieueHue sl IPOBEJCHUSI MaTeMaTHIECKUX
pacueToB, BU3yaJIM3allud U XPAHEHUS Pe3yNIbTaToB.
TpebGoBanusl K mapaMeTpaM MOBEPXHOCTH H3Mepe-
HUS, BEIMYMHAM pPACCTOSHUN MEXAy OTCUeTaMH
(muckperam) u Ap. TEOPETHUECKU OTPENENIeHBI (CM.
Hanpumep [2]). Kpome Toro, m3mepeHus HEoOXo-
JUMO TIPOBOAMTH B CIELUANBHBIX IOMEIIEHUSX,
00ecCreunBaroInX BBICOKHH YPOBEHb OE€33XOBOCTH
(9KpaHHPOBaHHBIX 0E39X0BBIX Kamepax).

W3 mpuBeaeHHOro oONuCaHUs CJIEIyeT, 4YTo ¢
TOYKH 3PEHUS allllapaTHOW peann3aluy OJMKHEe30H-
HbI€ U3MEPEHUS 3HAUUTENBHO CI0KHEE, YEM MPSIMBbIE
M3MEpeHHs B JlaibHEW 30HE [1], TpeOyroT CIIOKHOM
1 J0POroCTOsIIIEeld M3MEPUTENIbHOM ammapaTypsl U
obopynosanus. [loaToMy npenoxkeHns o ONTHMU-
3allUU CTPYKTYPHl U3MEPUTENBHBIX KOMIIEKCOB SB-
JSIIOTCA aKTyallbHBIMH. PaccMoTpuM 00001IeHHBIC
CTPYKTYPHBIE CXEMBl M3MEPHUTEIBHBIX KOMILIEKCOB
JUIsS. U3MEPEHUH 10 TIOCKOCTHU, MIMHAPY U cdepe
(pucyHok 2). CnenyeT OTMETHTB, YTO BO BCEX KOM-
IJIeKcax HUcclleyeMasl aHTEHHa M M3MEpPUTENIbHBIN
30H]I MOTYT padOoTaTh KaK B PEKUME U3ITYUCHUsI, TaK
1 B pexuMe nprema (TIonapHo).

IIpy BBINOAHEHMM U3MEPEHUH 0 IUIOCKOH MO-
BEPXHOCTH HCCIEAyeMasi aHTEHHAa HEMOABMKHA H
yCTaHABIUBACTCS TaKUM 00pa3oM, 4ToOBI ameprypa
AHTEHHBI pacroarajachk B HeMOCPEACTBEHHOH 01130~
CTH OT IJIOCKOCTH CKaHMPOBAHUSA U MapaljIeIbHO €il.
Kak npaBuiio, Ha mpakTHKe MIOCKOCTh CKAHUPOBAHUS
OPHEHTHUPYETCSI TAKUM 00pa3oM, 4TO OCh X pacrojara-
€TCcs TOPU30HTANIBHO, OCh V — BEPTUKAIBbHO. Pazmepsl
00J1acTH CKAaHUPOBAHHS BEIOMPAIOTCS TAKUM 00pa3oM,
YTOOBI 3HAYECHHS aMIUTUTY/BI [OJIS1 HA KPato 00IacTu
CKaHUpOBaHMUS OBUTH MakCUMalIbHO Maibl. [IpakTuka

MOKa3bIBACT, YTO ATA BEJIMUMHA JIOJDKHA OBITH HE Me-
Hee —40 1b. 3on nepeMeraeTcs BOIb ABYX HalpaB-
JSFOLMX TI0 X M Y KOOPJAMHATaM BO3BPATHO-TIOCTYIA-
TENBHO, CKaHUPYS BCIo 00macTb. OTCUETHl 3HAUCHUS
ADP nonsi, ©3MEpeHHbIE TIPHEMHHUKOM, BBITTOTHSIOTCS
B IUCKPETHBIX TOUKAX, TMHEWHBIE PACCTOSHUS MEKIY
KOTOPBIMH B CTPOKE (IT0 OCH X) U IO cTojOnaM (1o
OCH ¥) COCTABJIAIOT BEJIMYMHY HOJIOBUHY JUTMHBI BOJI-
HBI A, Ha KOTOPO# mpon3BoAuTCs n3Mepenue. Kak mpa-
BUJIO, ITPOLIECC U3MEPEHHMS TOCTPOCH TaKUM 00pa3oM,
YTO 30H] MPOOETraeT BCIO CTPOKY IO OTHOM KOOpAu-
Hare, 3aTeM CJIelyeT MepeMEeLIeHHE 110 IPYroi Koop-
JIMHATe HA BEJIMYMHY A/2, 3aT€M OISITh 10 MEPBOH KO-
opauHare B 00paTHOM HamnpasiieHUH. C TOUKH 3pEHUsI
MPOCTOTHI peajM3alMi JTUCKPETHOCTH OTCUYETOB, Ha
MpaKTUKEe BO3MOXKHO HCIOJIB30BaTh mepdopupoBaH-
HBbIE KOOPJIMHATHBIC JTUHEHKH, KOTOPbIE COBMECTHO C
SNIEKTPOHHBIMH OJIOKaMH (DOPMHUPYIOT 3aITyCKaloIIne
WMITYJIBCBI ISl ©3MEPUTEBHOTO TPUEMHUKA.

[Ipu BBINONHEHUH M3MEPEHUH MO LMIMHIpUYE-
CKOHM TIOBEPXHOCTH, KaK IMpPaBHJIO, UCCIIeAyeMas aH-
TEHHA YCTaHaBJIMBAETCsI HA TOBOPOTHOE YCTPOMCTBO,
a 30HJ IepeMelaercsi mo oOpasyoouell HUIHHIpa
(xoopnunare z). Pazmep oOnmacTi CKaHMpPOBAHUS TIO
o0pa3yromei TUIHHAPHYECKOH TTOBEPXHOCTH, BEJH-
YMHa JUCKpeTa M crnocod (opmupoBaHHs 3amycKa-
IOIINX MMITYJIbCOB B TOM CJIydac aHAJIOTHYEH pac-
CMOTPEHHBIM BBIIIE M OTIMYACTCS JIUIIBL TEM, YTO T10
YIJIOBOM KOOpIMHATE HCIOJB3YETCsl MeppopupoBaH-
HBII KOOPAAMHATHBIN IUCK. YIJIOBBIC BEJIMYMHBI 00Ia-
CTH CKaHUPOBAHMS, & TAKKE PAANYC HUIMHAPHIECKOM
MOBEPXHOCTH ONPECIISIIOTCS TCOMETPUUECKUMH Pa3-
MepaMHu HcClenyeMoil anTeHHoi cuctemsbl. [IpakTu-
YeCKH YroJl MOBOPOTa JOJDKeH ObITh He MeHee 180°.
[pouiecc n3mepeHus aHaIOrMYEH ONMCAHHOMY BBILIIE,
1€ BMECTO JIMHEHHOTO TIEpEMEILCHUsI TT0 TOPU30HTa-
JIM IPOMCXOAUT YIVIOBOE BpaIIEHHE 110 KOOPAUHATE (.

[Ipn BeIMONHEHMHM W3MEpEeHHH MO cdepuue-
CKOH TMOBEPXHOCTH TpeOyeTcsl IBYXKOOPIMHATHOE
MOBOPOTHOE yCTpOicTBO (110 yriam ¢ u 0). Crenys
W/IC0JIOTUU MOIYTbHON KOHCTPYKLHMH, aBTOPHI TIpeI-
JlararoT YCTaHABIUBATh MCCICAYeMYyI0 aHTCHHY Ha
MOBOPOTHOE YCTPOUCTBO IO KOOPAUHATE (), & 30H] C
MOMOIIBIO JPYTOro MOBOPOTHOTO yCTPOMCTBa mepe-
Meraercs no koopauHare 6. Takoe mocrTpoeHue cka-
HUPYIOIIETO yCTPOMCTBA MO3BOJSIET CYLIECTBEHHO
YOPOCTUTh KOHCTPYKLHMIO MOBOPOTHBIX YCTPOMCTB,
czenaTh ux 6osiee yHUBEPCAIbHBIMH, YIIPOCTUTH IPO-
Heypy COBMEIICHHUS EHTPOB BpaIICHUs C (a30BbI-
MU LEHTPAMH UCCIIETYEMbIX aHTCHH Pa3IUYHON KOH-
¢urypauuu ¥ CHU3UTH CTOMMOCTb U3MEPHTEILHOTO
komruiekca. [Ipn MakcuManbHbBIX 3HAYEHUS YITIOBBIX
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CEKTOPOB 110 ¢ 1 O, B KOTOPBIX MPOU3BOTUTCS U3Me-
penue ADP nons uccieayeMoil aHTEHHOM CUCTEMBI,
Omm3kux k 360°, CKaHUPOBAHHE IO CHEePHIECKOH IT0-
BEPXHOCTH MO3BOJISIET MPON3BOUTH H3MEPEHHUS TTOJIS
KaK B TIepelHEM, TaK U B 3a/IHEM TIOIYIPOCTPAHCTBE
M3ydaromeil aneprypel. B aToM cMbicie croco0

CKaHMPOBAHUS 10 cepe ABISACTCS YHUBEPCATBHBIM,
HE HaKJIa/IbIBa€T HUKAKWX OTPAaHUYCHUH Ha BH/I ITOJIS
Y pa3Mepbl aHTEHHON CHCTEMBI U MOXKET HCITOIB30-
BaThCs I I3MEPEHHUS XapaKTePUCTHK cllaboHaIpaB-
JICHHBIX aHTEHH, CUCTEM aHTEHHa—00TeKaTellb, nMe-
IOIINX 3HAYUTEIBHOE YUTMHEHHE U JIP.
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Pucynok 2 — CTpyKTypHBIE CXEMBI H3MEPUTEIBHBIX KOMIUIEKCOB: @ — MPU CKAHHUPOBAHUH IO TIOCKOH MOBEPXHOCTH:
1 — yCTpOHCTBO CKAHNPOBAHMS TI0 KOOPIUHATE V; 2 — YCTPOMCTBO CKAHMPOBAHUS 110 KOOPAMHATE X; b — MPH CKaHUPOBa-
HUH T10 IIIHHAPHYECKON MTOBEPXHOCTH: | — yCTPONWCTBO CKAHWPOBAHUS MO0 KOOPAHWHATE z; 2 — TIOBOPOTHOE YCTPOICTBO
CKaHHPOBAHUS 10 KOOPAWHATE (; ¢ — IIPH CKAHMPOBAHUH 10 ChepHUIeCKON MOBEPXHOCTH: | — MOBOPOTHOE YCTPOIICTBO
CKaHHPOBAHUS MO KoopauHate 0; 2 — MOBOPOTHOE YCTPOWCTBO CKAHMPOBAHHUS 110 KOOpAWHATE ¢; 3 — 30HI; 4 — Hccie-
nyemas anteHHa; 5 — CBU-reneparop; 6 — M3MEpHUTENBHBIA MPHEMHUK; 7 — KOHTPOJUIEDP YIPABICHUS CKAaHUPYIOIINMHI
yCTpoiicTBaMH; § — KOHTPOJUIEP BBOJA JAHHBIX; 9 — KOMIIBIOTEP

Figure 2 — Block diagrams of measuring systems: ¢ — when scanning along the flat surface: 1 — scanning device for y co-
ordinate; 2 — scanning device for x coordinate; b — when scanning along the cylindrical surface: 1 — scanning device for z
coordinate; 2 — rotary scanning device for ¢ coordinate; ¢ — when scanning along the spherical surface: 1 — rotary scanning
device for 0 coordinate; 2 — rotary scanning device for ¢ coordinate; 3 — probe; 4 — antenna under research; 5 — microwave
generator; 6 — microwave amplitude-phase meter; 7 — control unit of scanning devices; 8 — data input unit; 9 — computer

AHanu3upys CTPYKTYpHBIE CXEMBI H3MEPUTEIb-
HBIX KOMIIJIEKCOB, MO>KHO BBIJIEJIUTh HECKOJIBKO YHU-
BEPCAJIbHBIX YCTPOMICTB:

— CBY usMepuTeabHbIN TPUEMHHUK C KOHTPOJI-
JIEPOM BBOJIA JJAHHBIX;

— KOHTpOJUIEp YNPABICHUS CKAaHUPYIOLIUMU
YCTPOHCTBaMH, 00eCIEYNBAIOLINN DIICKTPOIIUTAHNE

JBUTaTeIel TepeMelIeHus 30H1a U GOpPMUPOBaHNE
3aITyCKaIOIUX UMITYJIbCOB;

— TIOBOPOTHOE YCTPOMCTBO CKaHUPOBAHHS I10
KOOpJIMHATE (;

— YCTPOMCTBO CKaHUPOBAHMSI [10 KOOPJIMHATE ).

3anaBmIUCh MAaKCUMaJIbHO BO3MOYKHBIMHM Mac-
corabapuTHBIMU pa3MepaMH HCCIEAyeMbIX aHTCH-
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HBIX CUCTEM, a TaK)K€ YaCTOTHBIMU JINAITa30HAMH, B
KOTOPBIX TIPEIOIaraeTcsi MPOBOJUTh W3MEPEHHUS,
BO3MO)XHO CO3/1aTh YHUBEPCAJIbHBIA MN3MEPUTENh-
HBI KOMIUJIEKC MOJYJbHOW KOHCTPYKIIMH, peajiu-
3YIOIIUI BCE BBHINIEPACCMOTPEHHBIE CITOCOOBI CKa-
HUpoBaHMs. B wacTHOCTH, IS peanu3anuu CKaHH-
pOBaHUS MO TUIOCKOCTH HEOOXOTUMBI YCTPOWCTBA
JINHEMHBIX MEpPEMEIICHUI IO KOOpAMHATAM X,
CKAaHUPOBAHUS 110 LMJIUHAPY — YCTPOUCTBO JIMHEH-
HOTO TEepeMEeNIeHHs M0 KOOPAWHATE } M MOBOPOT-
HOE YCTPOMCTBO IO KOOPAHWHATE (; CKAHUPOBAHUSA
1o cepe — MOBOPOTHBIE YCTPONHCTBA TIO KOOPAMHA-
Tam @ u 0.

IIporpammHoe obecnieueHune

[IporpamMMHOe oOecredeHrne U3MEPHUTEIHLHOTO
KOMILIEKCA JOKHO O0eCIeunBaTh BBOJI M3MEPCH-
HBIX JAHHBIX, PEUICHUE MPUBEACHHBIX BHIIIEC ypaB-
HEHUU B BEIOPAHHOM CHCTeME KOOPAHHAT, BU3YaJH-
3aIlMi0 B BHJIE OJIHOMEPHBIX U JIByMEPHBIX I'padu-
YeCKHUX M300paKeHHI, XpaHEHUE H3MEPECHHBIX JaH-
HBIX U MOJIYYEHHBIX pe3ynbTaToB. Ciemys omucaH-
HOH BBIIIE MOAYJIBHOM KOHCTPYKIMM amnmnapaTHOH
COCTAaBIISIIOLICH YHUBEPCAIBHOIO M3MEPUTEIHHOTO
KOMILIIEKCA 11eJIeco00pa3Ho CO3/1aTh U YHUBEPCAIb-
HOE TIPOrpaMMHOE 00€CIIeYCHHE, TAKKE PeaTH3yI0-
mee MOAYNbHBIN NpuHIUI nocTpoeHus. [lockomb-
Ky U3MEpEeHHbIC JaHHbIE B JIFDOOH CUCTEME KOOPIH-
HAT NPEACTABIAIOTCS B BUIAE JBYMEPHBIX MaCCUBOB
pasmepHocThio N X M (rne N u M — KOIU4ecTBO
OTCUYETOB MO KaXKIOW M3 KOOPIWHAT), IMOJIOKEHUE
KaXXJIOTO 3JIEMEHTAa KOTOPBIX OMPEAENSICTCS TOIbKO
HOMEpaMH OTCUETOB (MHIEKCAMH), a PE3yJIbTaThI
pac4eToB MPEACTABISIOT COOOH MacCHUBBI TOTO K€
MOPSJKA, YTO U MACCUBBI U3MEPEHHBIX JTAHHBIX, TO
OJIOKHM BBOJIA, BBIBO/IA U BU3YaJIU3AIH PE3YIbTATOB
pacdeTroB OyayT €IWHBI JJisl JTHOOBIX W3MEpEHU.
[Ipu 3TOoM paznuumsi OyIyT TOIBKO B (hPU3HUSCKUX
3HAYEHUSX JUCKPETOB MEXAY OTCUETaMH (JTHHEH-
HbIC UJIU YTIOBbIE).

Torma cTpyKTypy NMpOrpaMMHOTO 00ECIIEUCHUS
HU3MEPUTEIBHOTO KOMIUIEKCa MOXKHO MPEICTABUTH
B BHJIE CIJIeIyFolIel Omok-cxeMbl (pucyHok 3). Mc-
MOJIb30BAHKE MPOIEIYPhl CTaHAAPTHOTO OBICTPO-
ro npeoOpazopanust Dypbe TpeOyeT pa3MepHOCTH
MacCHBa MO KXKA0N U3 KOOPAUHAT, KpaTHOH 27, rae
N — pa3mMepHOCTh MaccuBa (KOJIIMYECTBO OTCUETOR)
0 KakaAoW koopauHare. st U3MEpeHui mo mio-
CKOCTH YKa3aHHOE TpeOOBaHUE B COUETAHUU C OTIpe-
JIEJICHHON BEIMYUHOU TUCKPETa MEXKy OTCUeTaMu
Hapsly ¢ pasMepaMy aHTEHHOH CHCTEMBI Ompese-

JIIeT pa3Mepsl TOJs CKaHUpoBaHUA. s yrimoBbIX
KOOp/JIMHAT yKa3aHHOE YCIOBHE 3aJaeT 3HAUCHUs
JIMCKPETOB YTIIOB MOBOPOTAa B Tpajycax, paBHOE
360°/2V.

il

Pucynok 3 — Crpykrypa nporpaMMHOro oOecrieueHusI:
1 — 0J0K BBOJIa M3MEPEHHBIX JAaHHBIX; 2 — OJIOK BhIOOpA
CHCTEMbI KOOpJIMHAT: IUIOCKOCTh, LWIMHID, chepa; 3 —
IUIOCKOCTh; 4 — mmiuHAp (pacueT QyHKuuii XaHkems);
5 — cepa (pacuer koddpduuuentos A , B ); 6 — Onok
JTOTIOJTHUTEIBHON 00paboTKH; 7 — IAByMEpHOE OBICTpOE
npeobpaszoBanne Dypbe (mpsimoe u oOpatHoE); 8 — OJI0K

XpaHCHNs, BbIBOJAA U BU3yalIU3alluu PE3YyJIbTaTOB

Figure 3 — Software structure: 1 — measured data input
unit; 2 — coordinate system selection unit: flat surface,
cylinder, sphere; 3 — flat surface; 4 — cylinder (Hankel
functions calculation); 5 — sphere (4, and B, coefficient
calculation); 6 — supplementary processing block; 7 —
two-dimensional fast Fourier transformation (forward
and reverse); 8 — unit for storage, output and visualization
of the results

brox momomHuTEeNTEHON 00pa0OTKH BKITIOUACT B
ce0st Habop CTeMATBHBIX MTPOTPAMM, TTO3BOJIIIOIIHX

— Y4ecTh BIHUSHIE HENICaTbHON XapaKTepPUCTH-
KU 30HI0BOM aHTCHHEI,

— BBISIBUTH M KOMIIEHCHPOBATh HEIKBHUIUCTAHT-
HOCTH OTCUETOB;

— BOCCTAaHOBHTH AMAarpaMMy HaIpaBICHHOCTH
WCCIIEyeMOl aHTEHHBI C MOBBIIICHHBIM YTJIOBBIM
paspemnieHueM;

— BBITIOJTHUTH TIOAJIEMEHTHOE BBIYMTAHHUE WU
JIeJIeHHe KOMIUIEKCHBIX 3HaU€HU I u3mepeHHbix ADQP
MOJIEH CIIOYKHBIX CHCTEM (HarmpuMep, CUCTEM aHTEeH-
Ha-00TeKaTeNb) IS OIpPEHCICHUS BIUSHUAS KOH-
CTPYKTHUBHBIX 2JIEMEHTOB U JIp.

— paccynTarh CTaHIAPTHBIE TapaMeTpbl aHTeHH
(k03 uIeHT yeHiIeHus, KOAPQUINEHT HaIpaBIcH-
HOTO JCHUCTBHS, YPOBEHH OOKOBBIX JICTICCTKOB), a TAKKE
OTIPEIEIUTD YITIOBOE MOJIOKEHHE MAKCUMyMa VT MH-
HumymoB JIH, mmpuny masHoro jenectka JIH u ap.

158



TIpubopwr u memoosv usmepeHuil
2017.—-T. 8 Ne 2. — C. 151-159
byoaii A.I" u op.

Devices and Methods of Measurements
2017, vol. 8, no. 2, pp. 151-159
Buday A. et al.

3akjaoueHmne

Pa3zpaborana KOHIIENIIUS MTOCTPOCHUS YHHUBEP-
CaJbHOTO aNmapaTHO-MPOrPaMMHOTO KOMILIEKCa JJIst
M3MEPEHHUS TOJISl U3TYUYCHHS Pa3IMYHBIX THUIIOB aH-
TEHHBIX CHCTEM C JIFOOBIM THUTIOM MOBEPXHOCTH W3-
MEpeHUs ISl PEelIeHHs 3HAYUTEILHOTO Kpyra IpH-
KJIaHbIX 3a/1a4.

[IpennoxkeHa MofynbHas CTPYKTypa armapar-
HOW YacTH KOMIUIEKCAa M MPOTPAMMHOTO obecriede-
HUS, 9TO TO3BOJIAECT OTEPATHBHO TEPEKOH(UTYPH-
pOBaTh KOMIUIEKC JUIS HM3MEPEHHS XapaKTEPUCTUK
000 KOHKPETHOW aHTEHHOW CHCTEMBI Ha BCEX CTa-
IUSIX Pa3pa0OTKU M WCIBITAHUHN W3IENUs, a TaKKe
JleTaeT KOMIUIEKC SKOHOMHYECKU JOCTYITHBIM JIaXKe
JUTSE HEOOJIBIIUX MPENPUATHH 1 OpTaHH3aIHA.

B Hacrosiee Bpems aBTOpBI pabOTaIOT HAJI TIpaK-
TUYECKOW peasn3ariell mpeIoKeHHOTO KOMITIEKCa.

PaGora Beimonnena B pamkax 3ajganus [ TIHU
«OnekTpoHuka u Gporonuka 2.2.02» «Pa3paborka u
CO3JlaHKE KOMITAKTHOTO TOJIMTOHA ISl U3MEpEHHUsI
aMIIUTYHO-(DAa30BBIX pPACIpeNeNieHUii U aHaIu3a
XapaKTePUCTUK H3IIyYCHUs] TPUEMO-TICPEIAI0IINX
MOJIyJIel B CAHTUMETPOBOM JIaIla30HE BOIHY.
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N3mepenust konuentpamuu razop CO u NO,
MYJbTHCEHCOPHOII MUKPOCHUCTEMOI B pesKUMe
UMITYJILCHOTO HATPeBAa

Peyrckas O.I, [lneckaueBckuii F0.M.?

'"Muncxuiit HUH paouomamepuanos,

yn. Kuoicesamosa, 86, 2. Munck 220024, benapyco

2Hnemumym mexanuku MemainononumepHoix cucmem um. B.A. benoeo HAH benapycu,
ya. Kupoea, 324, 2. I'omenv 246050, benapycw

Ilocmynuna 23.02.2017
IIpunama x nevamu 03.05.2017

HauOosnee nepcrnieKTUBHBIMU A7l MACCOBOTO IIPUMEHEHUS B I'a30aHAIMTUYECKON alnaparype siBIIsoT-
Cs1 TIOJTYTIPOBOTHUKOBBIE Ta30BBIE CEHCOPHI, OTIMYAIONINECS BEICOKOW HAJEKHOCTHIO, TPOCTOTON B IKCILTY-
aTaly ¥ OTHOCUTEIBHO HU3KOH CTOMMOCTBIO. [loTpebiisieMass MOIIHOCTh OMMHOYHBIX CEHCOPOB B PEXKHUME
MIOCTOSTHHOTO Harpesa cocTasiseT oT 250 1o 600 BT B cpeaneM, a B pexuMe UMITYIILCHOTO HarpeBa He Ipe-
Boimaer 20 Br. Llenpto naHHON paboOTHI ABIAIOCH HccienoBaHue 3PPEKTUBHOCTH PEXUMa UMITYJIbCHOTO
Harpesa JAjsl MyJIbTHCEHCOPHOW MUKPOCHCTEMBI, COCTOSIIEH U3 ABYX CEHCOPOB HA MOAJIOKKE U3 HAHOCTPYK-
TYPUPOBAHHOTO OKCUJA AJIFOMUHMUS, 110 CPABHEHUIO C PEKUMOM II0CTOSIHHOTO Harpesa.

B kauecTBe 4yBCTBUTEIBHBIX CJIOEB MUKPOCHCTEMBI ObLt BhIOpanbl SnO,+Pt+Pd n In,O,+Al O +Pt.
WzmepeHnst CEHCOPHOTO OTKIIMKA B PEXHME MMITYJbCHOTO HarpeBa MPOBOAMIMCH CIECTYIOUIMM O0pa3oM:
yCTaHaBIMBaJIaCh MOIIHOCTh Ha Ka)KJJOM CEHCOpe MHUKpocucTeMsl 1,3 MBT, 3atem mpoBoauiics KpaTkoBpe-
MEHHBIA OTXKHUT ({, = 5 ¢) mpu MomHocTH 61 MBT, 4epes 15 MuH OCylIECTBIANACH TT0/Ia4a JIETEKTUPYEMBIX
razop CO wm NO, ¢ xonuenrpanuer 200 ppm u 4 ppm, COOTBETCTBEHHO, U (PMKCUPOBAITMCH 3HAYEHHS
conportuBieHuil. [1o momyueHHbIM pe3ynpraTaM ONPENeININ CEHCOPHBIH OTKIMK, MAKCUMAJIbHOE 3HAYCHHE
KOTOpOro 4epe3 60 ¢ uis cencopa ¢ 4yBCTBUTENLHBIM crioeM SnO,+Pt+Pd npu Bosnericteuu CO cocraBusio
670 %, a ¢ uyBcTBUTENLHBIM crioeM In,0,+AL O, +Pt — 380 %.

YcTaHOBIEHBI TPEUMYIIECTBA UCIIOIB30BAHMSI PEKUMa UMITYJIbCHOTO HarpeBa ¢ TOUYKH 3peHHs MOoTpeo-
JISIeMOM MOIIHOCTH MYJBTHCCHCOPHOH MHUKPOCHCTEMBI B MUJUIMBAaTTHOM AMANa30HEe YHEPronoTpedaeHus u
[I0Ka3aHa BBICOKast pab0TOCIIOCOOHOCTH CEHCOPOB Ha MOJIOKKAX U3 HAHOCTPYKTYPHUPOBAHHOTO OKCH/IA aJIF0-
MUHHS.

KuaroueBble cjioBa: MyJIBTHCEHCOPHAS Ta30Basi MUKPOCKCTEMA, PEKUM UMITYJIbCHOTO HarpeBa, KOHICHTpa-
nus rasos CO u NO,.

DOI: 10.21122/2220-9506-2017-8-2-160-167

Adpec Ona nepenucku: Address for correspondence:

Peymckasa O.1I" Reutskaya O.G.

Munckutt HUH paouomamepuanos, Minsk Research Institute of Radiomaterials,
ya. Kuswcesamosa, 86, 2. Munck 220024, benapycw Kizhevatov str., 86, Minsk 220024, Belarus
e-mail: oreutskaya@gmail.com e-mail: oreutskaya@gmail.com

Jnsa yumuposanusn: For citation:

Peymcxaa O.I, ITneckauescxuii 1O.M. Reutskaya O.G., Pleskachevsky Y.M.
Wsmepenus konuenrpanuu razos CO u NO, MyIbTHCEHCOPHON MUKpPO- [Measurement of CO and NO, gas concentration's by multisensor
CHCTEMOH B peXKHMMe UMITYIbCHOTO Harpena. microsystem in the mode of pulse heating].
ITpuGops! 1 METOIBI N3MEPESHUH. Devices and Methods of Measurements.
2017.—-T. 8, Ne2. - C. 160-167. 2017, vol. 8, no. 2, pp. 160-167 (in Russian).
DOI: 10.21122/2220-9506-2017-8-2-160-167 DOI: 10.21122/2220-9506-2017-8-2-160-167

160



IIpubopsr u memoosvl usmepeHul Devices and Methods of Measurements
2017.-T. 8 Ne 2. — C. 160-167 2017, vol. 8, no. 2, pp. 160-167
Peymcrkas O.I, ITneckauesckuii FO.M. Reutskaya O.G., Pleskachevsky Y.M.

Measurement of CO and NO, gas concentration's
by multisensor microsystem in the mode of pulse heating

Reutskaya O.G.!, Pleskachevsky Y.M.?

!Minsk Research Institute of Radiomaterials,

Kizhevatov str., 86, Minsk 220024, Belarus

2V.A. Belyi Metal Polymer Research Institute of National Academy of Science of Belarus,
Kirov str., 324, Gomel 246050, Belarus

Received 23.02.2017
Accepted for publication 03.05.2017

Abstract

The most promising for mass use in gas analysis equipment are semiconductor gas sensors due to their
high reliability, easy operation and relatively low cost. Power consumption in the single-sensor mode, con-
stant heating is from 250 to 600 W average and in pulsed mode heating — <20 W. The aim of this work was
to study the effectiveness of the pulsed heating for multisensor microsystems consisting of two sensors on the
substrate of the nanostructured aluminum oxide, compared with the mode of constant heating.

For sensitive layers were chosen compositions: SnO,+Pt+Pd at the first sensor of the microsystem and
In,O,+ALO,+Pt on the second. Measuring the sensor response in the pulse heating mode was carried out as
follows. Power on each sensor microsystem was installed 1.3 mW. Then the short-term heating (7, . =35 s)
was performed at the power 61 mW. The detected gases CO and NO, with the concentration 200 ppm and
4 ppm, correspondingly, were submitted to the microsystem after 15 minutes. The resistance values for each
of the sensor were fixed. According to the results determine the sensitivity (sensor response) the maximum
value is after 60 s for the sensor with a sensing layer SnO,+Pt+Pd when exposed to CO was 670 %, and for
the sensor with In,O,+Al O +Pt — 380 %.

Advantages of using pulsed heating from the point of view of a power consumption multisensor micro-
system mW-range and high performance sensors on substrates of nanostructured alumina were established.
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BBenenue

OcHOBHasE 1051 MUPOBOTO DPBIHKA Ta30BBIX
CEHCOPOB MPUXOJIUTCS Ha SIMOHCKHE KOMITAHHH.
Odupma Figaro sBIsieTCs JHJIEPOM B 3TOH 00-
JIACTH, TOJ0BOW 00BEM MPOU3BOACTBA CEHCOPOB
COCTaBJISIET OKOJO 5 MIH IIT. B OCHOBHON HO-
MEHKJIaType TOJYMPOBOJHUKOBBIX CEHCOPOB BHI-
JEJSIIOT CEHCOPBI, KOTOPBIE padOTaIOT B peKUMax
IMOCTOSIHHOTO W UMITYJIbCHOTO HarpeBOB UYBCTBH-
TeapHOTO 35eMeHTa. [loTpebnsiemas MOIIHOCTD B
pe)XHMe MOCTOSTHHOTO Harpesa cocranisier oT 250
no 600 BT B cpenHeM, a B peXxMMeE HUMITYJIbCHO-
ro Harpesa — He 6onee 20 Br [1]. [Ipuanun nei-
CTBHUSI MOJYNPOBOJIHUKOBBIX CEHCOPOB PE3UCTHB-
HOT'O TUIIa OCHOBaH Ha U3MEHEHHUH MTPOBOAUMOCTH
ra3o4yBCTBUTENIBHOIO CJIOS TMPU XEMOCOPOINH
Ha €ro MOBEPXHOCTH aHAIU3UPYEMBIX ra3oB [2].
B xadecTBe 4YyBCTBHUTENBHBIX MOIYMPOBOIHHUKO-
BBIX CJIOEB HCHOJB3YIOT MEJIKOAHUCIIEPCHbIC Ha-
HOKPHMCTAJJIMYECKHE OKCHIbI MeTamioB (SnO,,
ZnO, In,0, u 1p.) ¢ NerUpyOmMUMU 100aBKaMu
Pt, Pd [3-5]. bmaromapst cTpyKTypHOH TOPHCTO-
cTH (GOPMHUPYEMBIX MAaTEepPUAIOB, JOCTUTAEMOM
C TIOMOUIBI0O HEKOTOPBIX TEXHOJIOTHYECKUX MpPHU-
€MOB, WX yJlelIbHasl MOBEPXHOCTh BBICOKAS M CO-
craBisieT okono 30 m*/r. HarpeBarenem CIlyXuT
PE3UCTUBHBINA CIIOU, BHIMTOTHEHHBIN U3 UHEPTHBIX
marepuanos (Pt, RuO,, Au u 1p.) u snexrpude-
CKM HW30JIMPOBAHHBIM OT TOIYIIPOBOJHUKOBOTO
crost [4, 5]. nst Toro 9TO0B (PUBUKO-XUMHUIECKUE
MPOLIECCHl MPOTEKATU Ha MOBEPXHOCTH UYBCTBH-
TEITBHOTO CJIOS IOCTATOYHO OBICTPO, 0OecreunBas
OBICTpOJIEHICTBHE HA YPOBHE HECKOJIBKUX CEKYH]I,
CEHCOpP MEPUOAMYECKU Pa3orpeBaeTcsi 10 TemIle-
parypel 450-500 °C [1, 4]. B pe3synbrare 3TOrO
YyBCTBUTEIBHOCTh CEHCOpPa BOCCTaHABIMBACTCS
JI0 UCXOAHOTO cOCTOsIHUS. Bo Bpems oT:kura mpo-
HCXOIUT AKTHMBHOE OCBOOOXKJEHHE IOBEPXHOCT-
HBIX CJIO€B IMOJYIPOBOJHUKA OT COPOMPOBAHHBIX
«OTPABISIIONINX» Ta30BBIX KOMIIOHEHT [6, 7].

AHanu3 pa3BUTHUS PBIHKA ra30BbIX CEHCOPOB
[0Ka3aja, YTO IEPCIEKTUBHBIMHU JJII MacCOBOTO
MPUMEHEHUS B Ta30aHAJIMTHYECKOW araparype
SBIIAIOTCS TIOJYIPOBOJHUKOBBIE Ta30BbIEe CEH-
COpPBI, OTJIMYAIONIUECS BBICOKOM HAJEKHOCTHIO,
MPOCTOTON B AKCILTyaTallUd U OTHOCHUTEIHHO HU3-
KO ctouMocThi0. OmHa U3 0co00 Ba)KHBIX 3a7a4
B MOBBIIICHUHU MOTPEOUTENHCKUX XapaKTEPUCTHUK
MOJIYTIPOBOAHUKOBBIX T'a30BBIX CEHCOPOB — CHU-
JKEHUE WX DHEPronoTpeONIeHHs, YTO CBSI3aHO B

MEPBYIO OYepeslb C YCIOBUSIMH PabOThI razoaHa-
JIUTHYECKUX MPUOOPOB HOBOTO MOKOJIEHUS B aB-
TOHOMHOM DPEXHUME, T.C. IIPU ICKTPONUTAHUHU OT
MOPTATUBHBIX AKKyMYJIsTOpoB. [loTpebnsemast
MOIIIHOCTh JTHUX MPUOOPOB JOHKHA COCTABJISTH
HECKOJBKO JIECATKOB MUJUTUBATT [8, 9].

Ilenpro maHHOW PabOTHI SIBISIOCH HCCIEHO-
BaHUE 3(PPEKTUBHOCTH PEKUMa UMITYJILCHOTO Ha-
rpeBa JUisi MyJbTUCEHCOPHOW MHUKPOCUCTEMBI MO
CpPaBHEHUIO C PEKUMOM TOCTOSTHHOTO HarpeBa C
TOYKUA 3PEHUS TIOBBINICHHONW YyBCTBUTEIHLHOCTH
K HU3KHM KOHIIEHTpamusM ornacHbiX razoB CO u
NO, u obecnevenune ero 3a1anHON paboToCIoCcO0-
HOCTH, HE NIPEBBINIAs IPYU STOM 3HAYCHUH MOIIIHO-
CTH OJJMHOYHBIX CEHCOPHBIX aHAJIOTOB.

IKCIePpUMEHT

W3roTtoBneHHass MyJIbTHCEHCOPHAS MHUKPOCH-
crema Juis onpenenenuns CO u NO, npencrasiser
co00l MeTaIMYeCKUi BOCHMHUBBIBOJHON KOPITYC
C Ta30MPOHUIAEMBIM KOJMauyKOM, B KOTOPOM 3a-
KperyieHa 30J10TOM MPOBOJIOKOH MOAJIOKKA pa3Me-
pom 1,25 x 1,25 MKM U3 HAaHOCTPYKTYpPHPOBAHHO-
TO MMOPUCTOTO OKCHJA aTIOMUHUS (GUPMBI Sincera
¢ mopuctoctbeio 25-30 % u TOMIIMHOW 55 MKM.
Ha opHo#l cTOpoHE MOMJIOKKH pa3MELIEHBI JBE
napbsl UHGOPMAIIMOHHBIX AJIEKTPOJOB C PaccTos-
HHeM Mexay HuMHu 10 MKM, a Ha BTOpOil — JBa
HarpeBaTeNbHBIX dJIEMEHTa B (opMe MeaHIpoB
mupunoi 30 MM u TommwuuHou 0,5 mkm. B 006-
JIACTH PACTIONIOKEHHUsI HarpeBaTeNIbHBIX 3JIEMEH-
TOB BbINoNHEeHa niepdopanus. Madopmarronabie
UIEKTPOABl U HArpeBaTeJIbHbIE 3JIEMEHTBl H3T0-
TOBJICHBI M3 TUIATHHBI. POPMUPOBAHUE Ta304uyB-
cTBUTENBHBIX C10eB (SnO,+Pt+Pd Ha oxHoM cen-
cope u In O, +Al O, +Pt Ha BTopom), IOy IE€HHBIX
30J1b-T€JIb METOAOM Ha MOBEPXHOCTH HHQOpMa-
HHUOHHBIX AJIEKTPOAOB MUKPOCUCTEMBI, OCYIIECT-
BJSUIOCH IOCJIOMHBIM HaHECEHHEM KaleJIbHbIM
MyTeM C TOJIIMHOMN OJTHOTO cios mopsiaka 10 M
Ha MOBEPXHOCTh MHPOPMALMOHHBIX 3JIEKTPOJOB.
BuemHunii BUJ cXeM MHKPOCHCTEMBI B KOpIyce
MpEeJCTaBIEeH Ha pUCYHKeE 1.

[IpumeHeHne B TOMOJOTUU MHKPOCHCTEMBI
CKBO3HBIX OTBEPCTUH M CaMOI MTOPUCTOM MOJIOXK-
KH TO3BOJISIET CHU3UTH MOTPEOIIEMYIO MOIIHOCTD
3a cueT yMEHBIIEHUs 00beMa KOHTAKTHPYIOIIETO
C HarpemarejieM MaTepHuayia MOJIJIOKKH U CHIKe-
HUS Kod(dunrenTa TErIonpoBOJHOCTH ATOMO-
OKCHJTHOU MOTOKKH [9].
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[ B

Pucynok 1 — Cxema MyITBTHCEHCOPHOM MUKPOCHCTEMBI B KOpITyce: | — KopIryc; 2 — KpHCTaT MUKPOCHUCTEMBI; 3 — qyB-
CTBUTENBHBIN ciioi SnO,+Pt+Pd; 4 — wyBcTBHTENBHBIN crio# In,O,+Al O, +Pt

Figure 1 — Multisensor microsystem in the housing: 1 —housing; 2 — substrate of multisensor microsystem; 3 — sensitive

layer SnO,+Pt+Pd; 4 — sensitive layer In,O,+Al,O,+Pt

Bpemst nmpenBapHUTENbHOTO OTXKHUIa MUKDPOCHU-
cTeM st GOPMHPOBAHHS YYBCTBHUTEILHBIX CIIOCB
npu MomiHoctd 60 MBT Ha KaxJoM M3 CEHCOPOB
coctaBmiio 360 4. 3aBUCUMOCTb CONPOTUBJIEHUS OT
MIPUIIOKEHHON MOITHOCTH Ha KaXKJIOM M3 CEHCOPOB
MHUKPOCHUCTEMBI IIOCJC IMPEABAPUTCIIBHOIO OTXKUI'a
MIpe/ICTaBlIeHA HA PUCYHKE 2.

R, kOm

1400

1200
1000
300
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400

200

PucyHnok 2 — 3aBUCUMOCTb CONPOTHUBIICHUSI MUKPOCHCTE-
MBI OT MOIITHOCTH HarpeBartelis ocje OTKUTa B TEUCHHE
360 u mpu mourHOcTH: 60 MBT: 1 — U1 cencopa ¢ uyB-
CTBUTENBHBIM ciioeM SnO,+Pt+Pd; 2 — 1 cencopa ¢ uys-
CTBUTENBHBIM coeM In O +Al O +Pt

Figure 2 — Dependence of the resistance of the micro-
system on the power of the heater after annealing for
360 hours: 1 — for the sensor with the sensitive layer of
SnO,+Pt+Pd; 2 — for the sensor with the sensitive layer

In,0,+ALO+Pt

IlepBelil U BTOPOH CEHCOPBI MUKPOCHCTEMBI
mocjie U3MEPEHUS 3aBUCUMOCTH COMPOTUBICHUS
OT MOIIHOCTA OBUIM TEPEKIIOYCHBI B PEKHMbI
I=11MA, U=0,118 B,N=13MBrul=11 MA,
U=0,102 B, N=1,1 MBT, COOTBETCTBEHHO, U BhI-
JIep>)KMBAJINCh /10 Hadajla U3MEpPEHHUH CEHCOPHOTo
orkyimka 15 muH. [Toce crabuinnszanuu HayaabHO-
r0 3HaYEHHs CONpoTHBIeHus (R ) Ha 00a ceHcopa
obu1 monan ra3 CO ¢ koHueHtpauueii 200 ppm, u
B PEKHME MMOCTOSHHOTO HArpeBa MpOBEIcHA CepUst
U3MEPEHUNM COMPOTUBICHUS MUKPOCUCTEMBI (pH-
CYHOK 3a).

JlaHHBIE M3MEpPEHUW MOKa3aJh, YTO YYyBCTBHU-
TEeIBHOCTh JJI TEPBOTO CEHCOpa C YYBCTBUTEIb-
HpM cioem SnO,+Pt+Pd cocTaBuna npubnusuren-
HO 400 % wu npubnusutensHo 37 % A BTOPOTO C
In,0,+Al O, +Pt (pucynok 4a).

UyBCTBUTEIBHOCTD S, % omnpenemnsiia no ¢Gop-
MyJI€:

S=(R,~R)/R x100 % (1)

IIpY BO3ACHCTBUU Ia30BO3AYIIHON CMECH, COAEpKa-
meit CO, u no opmyse:

2

IPY BO3ACHCTBUY T'a30BO3YIIHON CMECH COAEpIKa-
wei NO,.

B o6eux popmynax R u R, — snexrpuyeckoe
COIIPOTHBIICHHUE T'a304yBCTBUTEIBHOTO CJIOSI HAa BO3-
JIyXe | TIPU BO3/ICHCTBUH Ta30BO3YIITHON CMECH CO-
orBeTcTBeHHO [10, 11].

S=(R,~R)/ R, *100 %

163



Tpubopul u memoowvt uzsmepenuil
2017.—=T. 8, Ne 2. — C. 160-167
Peymckaa O.I, [Ineckavesckuii FO.M.

Devices and Methods of Measurements
2017, vol. 8, no. 2, pp. 160-167
Reutskaya O.G., Pleskachevsky Y.M.

R, kOm R kOm
300 - 300 -
1

230 1 250 - 1
200 200 - A/
130 150 4
100 100 o

) 2

30 A / 30 2

i.s — l/
0 T T T T T T T T T T T T T T 1 : 0 T T T T T T T T T T T T T T |r: 5
0 40 B0 120 160 200 240 280 0 40 80 120 160 200 240 280
a b

Pucynok 3 — 3aBUCHUMOCTb COPOTUBIIEHUSI MUKPOCUCTEMBI OT BPEMEHH B PEXKHMME MOCTOSIHHOTO HarpeBsa: g — Ipu
Bosneficteun CO ¢ konuenTpanmeit 200 ppm; b — npu Bosaericteun NO, ¢ KoHIeHTpanuel 4 ppm; 1 — 9yBCTBUTEND-
HbIA cnoit SnO,+Pt+Pd; 2 — wyscTBHTENBHBIH ci10H In,0,+AL O, +Pt

Figure 3 — Dependence of the resistance of the microsystem on the time in the mode of continuous heating: @ — when
exposed to a CO concentration of 200 ppm; b — when exposed to NO, with a concentration of 4 ppm; 1 — sensitive layer

SnO,+Pt+Pd; 2 — sensitive layer In,0,+Al O, +Pt
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Pucynok 4 — UyBCTBUTEIBHOCTH MUKPOCUCTEMBI B PEKHME MOCTOSIHHOIO Harpesa: a — nmpu Bo3aeiictBuu CO ¢ KoH-
uentpanueii 200 ppm; b — npu Boszeiicteun NO, ¢ koHueHTpanueit 4 ppm; 1 — yyscTBUTENbHBIH coi SnO,+Pt+Pd;
2 — uyBCTBUTENBHBIH crioii In,O,+Al O +Pt

Figure 4 — Sensitivity of the microsystem in continuous heating mode: @ — when exposed to a CO concentration of
200 ppm; b — when exposed to NO, with a concentration of 4 ppm; 1 — sensitive layer SnO,+Pt+Pd; 2 — sensitive layer

In,0,+ALO+Pt

W3mepenus: poBOAMIINCH Ha CIICLAAIN3UPOBAH-
HOM CTeHJIe, KOTOpbIi ormcaH B padore [11]. beuto
YCTaHOBJICHO, YTO P MaJIbIX MOIIHOCTSX HOCJIE BO3-
JEHCTBUSL ICTEKTUPYEMOTO ra3a CONPOTHBICHHUE CEeH-
copa He JIOCTHMraeT 3HaueHus R , n Habmomaerces mo-
CTENEHHOE YMEHBIICHHE CUTHAIA.

Cepust U3MEpEeHUI IS ONPEIENICHUs CEHCOPHOTO
OTKJIMKA TP MTOCTOSHHOM HarpeBe AJIs BBILLE OIMCaH-

HBIX PEXUMOB Oblia poBeena u 1yt NO, ¢ KOHIEH-
Tpauueil 4 ppm. Pe3ynbrarsl peacTaBieHbl HA pUCYH-
kax 36 n4b. YysctBUTENBHOCTH CeHeopa ¢ SnO, +Pt+Pd
cocrasuna 110 %, ¢ In,O,+ALO,+Pt — 120 %.
W3mepenns CeHCOpHOrO OTKJIMKAa B PEKUME MM-
MyJBbCHOTO HAarpeBa MPOBOJWINCH CISAYIOLIMM 00pa-
30M: YCTaHABIMBAJIACh MOLIHOCTH 1,3 MBT Ha Kaxaom
CEHCOpEe MMKPOCHCTEMBI, 3aTeM IIPOBOAMJICS KpaTKo-
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BPEMEHHBINA OTKUT (£ = 5 ¢) npu MorHocTH 61 MBT,
yepe3 15 MUH OCylIEeCTBISIIACh MOJa4a JETEKTUpYye-
Mbix ras3oB CO wm NO, ¢ kounentparmeit 200 ppm u
4 ppm COOTBETCTBEHHO 1 (PUKCHPOBAIMCH 3HAYEHHS CO-
TIPOTHBIIEHHH TSl K&YK/IOTO U3 CEHCOPOB (PUCYHOK ).
BriOpanubie ra3049yBCTBHUTEILHBIE cion
(SnO,+Pt+Pd n In,0,+ALO,+Pt) nokazanu BbicoKne
3HAYEHMsI CEHCOPHOTO OTKJIMKA K BozaercTBrio CO u
NO, npu coBMECTHOHN paboTe IBYX CEHCOPOB MHUKPO-
cucteMbl. UyBCTBUTEIBHOCTH MUKPOCHUCTEMBI B PEIKH-

R, kOm
330

300
250
200
150
100

30

ME UMITYJILCHOTO HarpeBa MpejICTaBIcHa Ha PUCYHKE
6. UysctBurenbHocTh cencopa ¢ SnO,+Pt+Pd mpu
usmepennn CO cocrasuna 630 %, mpu NO, — 150 %.
Jst cnost In,O,+Al O, +Pt ipu Bo3nericteun CO uys-
CTBUTENBHOCTH cocTaBuina 68 %, npu NO, — 370 %.
IMo dopMe ¥ MHTEHCHBHOCTH CHUTHAlla MOXHO pPa3-
JMYaTh BUJI JICTEKTHpyeMoro Tasa. [Ipu mpoBeireHrn
U3MEPEHHUH CEHCOPHOTO OTKJIMKA OBUIO YCTAHOBJICHO
B3aMMHOE BIIMSIHHE MOIIHOCTEH CEHCOPOB MHUKPOCH-
CTEMBI JIPYT Ha JpyTa.

R, kOm
300 4

400 - 1
300
200

100 - 2

Pucynok 5 — 3aBHCHMOCTb CONPOTUBIEHUSI MUKPOCUCTEMBI OT BPEMEHHU B PEKUME UMITYJIbCHOTO HarpeBa: a — P BO3-
neticrBun CO ¢ konuentpanueit 200 ppm; b — npu Bosaeiicteun NO, ¢ KoHIeHTpauuek 4 ppm; 1 — 4yBCTBUTENbHBIH
cioit SnO,+Pt+Pd; 2 — wyBcTBuTENBHBIH criol In,O,+Al O +Pt

Figure 5 — Dependence of the resistance of the microsystem on the time in the pulse heating mode: a — when ex-
posed to a CO concentration of 200 ppm; » — when exposed to NO, with a concentration of 4 ppm; 1 — sensitive layer
SnO,+Pt+Pd; 2 — sensitive layer In O, +Al1 O, +Pt

5% 55
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T00 5 400
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Pucynok 6 — UyBCTBUTEIILHOCTh MUKPOCHCTEMBI B PEXKUME MMITYJILCHOTO Harpesa: @ — npu Bozneictun CO ¢ KOH-
uentpanueit 200 ppm; b — npu Boszeiicteuu NO, ¢ konuentpauueit 4 ppm; 1 — yyscTBUTENbHBIH c10it SnO,+Pt+Pd;
2 — uyBCTBUTENbHBIH crioit In,0,+Al O +Pt

Figure 6 — Sensitivity of the microsystem in the mode of pulse heating: a — when exposed to a CO concentration of

200 ppm; b — when exposed to NO, with a concentration of 4 ppm; 1 — sensitive layer SnO,+Pt+Pd; 2 — sensitive layer
In,0,+Al O +Pt
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Bpewms penakcanuu MUKPOCHCTEMBI B PEKHUME
ITOCTOSHHOTO HarpeBa COCTAaBHIIO MeHee 5 MUH (pH-
CYHOK 3), B pe’)KMMe UMITYJIbCHOTO HarpeBa — MeHee
45 ¢ (pucyHoK 5).

MeTtoanka W3MEPEHHs] CEHCOPHOTO OTKIIMKA
MHKpPOCHCTEMBI B PEXUME HMITYJCHOTO Harpena
3aKJII0YaeTcs B TOM, YTO Tepes HadajaoM H3Mepe-
HUI KOHLIEHTpALM ra30B MPU MaJIbIX MOIIHOCTSX
HarpeBa 3((HEKTUBHO TPOBOIUTH KPaTKOBPEMEH-
HBI OTXKHUT ceHcopa. Takol cmocod u3MepeHHs
TTO3BOJIICT TOJNYIUTH 0o0Jiee BBICOKHN CEHCOPHBIH
OTKJINK W CHU3WUTH TOTPEOIAEMYI0 MOITHOCTH CH-
CTEMBI B IIEJIOM IO CPABHEHHUIO C PEKUMOM IMOCTO-
SHHOTO HarpeBa. llpW ATUTENHHBIX HCIBITAHUIX
KpaTKOBPEMEHHBIE OT)KUTH HE TMOKa3alld Hapylle-
HUS JIOJITOBPEMEHHOCTH WCITOJIb30BAHMS CEHCO-
POB, YTO CBUAETENHCTBYET 00 MX ONTHMAIHHOCTH
mpu paboTe C Ta30BBIMH MOIYIPOBOTHUKOBBIMH
ce”Hcopamu u cucremamu. [lpu ganpHeiem mnoj-
0ope pekrMa UMITYyITLCHOTO HarpeBa MOKHO TTONY-
YUTh TOTPEONIIEMYI0O MOITHOCTh MHUKPOCHCTEMBI,
He mpeBsImarIyo 10 MBT, coxpanss mpu 3ToMm ee
ra30uyBCTBUTEIbHBIC XapaKTEPUCTUKH.

3akjaoueHne

YCTaHOBIEHO, YTO OTHOLICHHE 3HAYEHUM CeH-
COpHOTO OTKJIMKA B PEKMMaX UMITYJIbCHOTO U MOCTO-
STHHOTO HAarpeBOB MMKPOCHCTEMbI YBEIHYUBAETCA
JUTSA CEHCOPa € 1yBCTBUTENBHBIM ci1oeM SnO,+Pt+Pd
B 1,7 u 1,5 pa3a, a c 4YyBCTBUTEIBHBIM CIIOEM
In,0,+Al,O,+Pt -8 1,5 u 3,8 pa3a npu Bo3ielcTBUM
CO u NO,, coorBerctBenHo. IIpuyuem 3a 60 ¢ mpu
UMITyIIbCHOM Harpese cencop SnO,+Pt+Pd nokasan
CCHCOPHBIN OTKJIMK npuOin3uTensHo 670 % x onpe-
nenenuto CO ¢ koHuentpauueit 200 ppm, a ceHcop
In,0,+Al,0,+Pt — npubnusurensuo 380 % npu Bo3-
neiicteun NO, ¢ xonuenrpauueit 4 ppm. Cpennss
norpedisiemMas MOIHOCTE MUKPOCHCTEMBI COCTABU-
na <25 MBT.

Bpewms penakcanuu B peskume MOCTOSHHOTO Ha-
rpeBa He MPEBHIIAET 5 MHUH, B PEKUME UMITYIIbCHO-
ro Harpesa — meHee 45 c. [Ipu npuMeHeHuu pexxuma
HUMITYJIbCHOTO HarpeBa BpeMsl pejlakcallii COKpalia-
eTcs B 5 pa3 10 CPaBHEHUIO C PEKUMOM IOCTOSHHO-
TO Harpeea.

[lomydeHHble pe3yabTaThl MOATBEPAWIH BbI-
COKyI0 pabOTOCIIOCOOHOCTH M BO3MOXKHOCTH CHU-
KEHHUSI DHEPronoTpeONeHHsT TMOTYPOBOAHUKOBBIX
CEHCOPOB M CEHCOPHBIX MHUKPOCHCTEM JI0 JIeCATKa
MUJIIMBATT.
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duzudecKue moJsi KPYrosoro tMjanHAPN4€CKOro
INbE30KEPAMHUYCCKOIO IPUEMHUKA B IPUCYTCTBUU IIJIOCKOI'0
AKYCTHYCCKU MATKOI'0 JKpaHa

Hepena A.B.!, Jleiiko A.I'2, ITo3ausikoBa O.H.!

'[{enmpanvhwlil HayUHO-UCCIEO08AMENCKULL UHCIIUMYIM 600DYICEHUS. U 60€HHOU MEXHUKU
Boopyorcennvix Cun Yepaunuwi,

np. Bosoyxognomckui, 28/69, 2. Kues 03049, Yxpauna

’HayuoHanvHulil mexHuyeckutl yHusepcumem Yxkpaunvl

«Kueeckuii nonumexnuuecxuil uncmumym umenu Heopsa Cukopckoeoy,

np. Ilobeowt, 37, 2. Kues 03056, Yxpauna

Hocmynuna 05.02.2017
Hpunama k nevamu 18.05.2017

Paccmotpena cucrema B BU/I€ KPYTOBOTO IMIHHAPHIECKOTO The30KepaMHYeCKOTO peodpa3oBarestst BOJIHU-
31 IJIOCKOTO aKyCTHYeCKOro 3KpaHa. Llenbro paboThl ABIATIOCH pellIeHHE 3a/lauil MprUeMa INIOCKUX 3BYKOBBIX
BOJIH CHCTEMOW «IMJIMHAPHYECKUI MbE30KepaMUIECKHIH MpeoOpa3oBaTeslb — IIOCKHHA aKyCTHYECKH MATKHUI
9KpaH» C y4eTOM B3aUMOJEHCTBUS (PM3NUECKUX TI0JIel TpeoOpa3oBaTessi MexXay co00l 1 mpeobpa3oBaTers C
OKpYXAIOLUMHU €€ YIPYTUMHU CpEelaMH.

VYKkazaHHas cCHCTeMa XapaKTepu3yeTcsl HapyIIeHHEM pPaJHaIbHOW CHMMETPHH paJuallMOHHON Harpy3Kd
rpeoOpaszoBaress MpHU COXPAaHEHUH PaJINaIbHON CHMMETPHHU dJIEKTpUYecKkor Harpy3ku. [Ipu stom sHeprus,
BOCIIPUHUMAaeMasi pacCMaTpUBAEMOI CUCTEMOM, pacripeaeseTcs MeKLy BCeMU MoJlaMu KoiiebaHuii mpeodpa-
30BaresIs, B TO BpeMs Kak IpeoOpa3oBaHie MEXaHNYECKON SHEPTUH B 3JIEKTPHUYECKYIO OCYIIECTBISIETCS TOIBKO
Ha HYJIEBOI MoJie KoJieOaHHH.

HccnenoBanue 0CyIIECTBISIOCHh METOOM CBSI3aHHBIX 110JIeH B MHOTOCBSI3HBIX 00JIaCTSIX ¢ IPHUBIICUYCHUEM
Metona m3o0paxennit. ChopMmynupoBana pacueTHass MOAETh CHCTEMBI «IIPe0Opa30oBaTEIb-IKPaH», TTO3BOJISI-
IomIast y9ecTh B3aUMOJIEHCTBHE aKyCTHYECKOTO, MEXaHHYECKOTO W AIIEKTPUIECKOro ToNeH B mporecce mpe-
00pa30BaHus SHEPIUH, B3aUMOICHCTBHE LIMIMHAPUIECKOTO IIPeoOpa3oBarelis C IIIOCKUM SKPAaHOM U B3aHMO-
neiicTBUe mpeobpa3oBaTesst ¢ YIPYTrUMH CPEeAaMu BHE M BHYTpPH ero. du3ndeckue Mojs paccMaTpuBaeMoil
CHCTEMBI OTPe/IeIeHBI ITyTeM COBMECTHOTO PEIeHHs: BOJHOBOTO YPaBHEHNS; YPaBHEHUN BHKEHUS TOHKHX
[IbE30KEPAMUYECKUX LIMIMHAPUUECKUX 000JI0UEK B MEPEMELICHUSX; YPABHEHUI BBIHYKIEHHON 3IEKTpocTa-
THKH IS TIb€30KePaMMKH TIPH 3aJJaHHBIX TPAaHUYHBIX YCJIOBHSIX, YCIOBHUSX COMPSKEHUS MOJel Ha rpaHUIax
paszena obnacTeit v SIEeKTPUIECKUX YCIIOBUSAX.

PemteHne 3aa4un CBEACHO K PEIICHUIO OECKOHEUHOH CHCTEMBI JTMHEHHBIX aareOpandecKux ypaBHEHUH OT-
HOCHUTEJIBHO HEU3BECTHBIX KO((DHUIIMEHTOB pa3IoKeHUs Moneil. B kauecTBe npuMepa nprMeHeHHs MOTy4YeHHBIX
COOTHOIIICHNH TPOM3BE/ICH pacueT W aHAJIN3 3aBICUMOCTEH 2IEKTPUYECKUX MOJNIeH paccMaTpuBaeMoi CHCTEMBI
IIPU pa3INYHbIX MapaMeTpax ee MOCTPOEHHs OT HAIIPaBJIEHHs IPUXO0Ja Ha CUCTEMY IJIOCKUX BOJH.

KiroueBsble ciioBa: npueM 3ByKa, (GU3nUecKue MoJist, HMIMHAPHICCKUN MMbe30KepaMUIeCcKHid mpeodpa3oBa-
T€Jb; aKyCTUUECKUI 3KPaH.
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Abstract

System in the form of a circular cylindrical piezoceramic transducer near a flat acoustic screen was ana-
lyzed. The aim of the work was to solve the problem of receiving plane sound waves by «cylindrical piezoc-
eramic transducer — flat acoustically soft screen» system.

Considered system was characterized by a violation of the radial symmetry of the radiation load of the
transducer while maintaining the radial symmetry of the electric load. At the same time, the energy perceived
by the system under consideration is distributed between all modes of oscillation of the transducer, while the
conversion of mechanical energy into electric is realized only at zero mole of oscillations.

Special attention was paid to the method of coupled fields in multiply connected domains using the im-
aging method. The design model of the «transducer—creen» system was formulated taking into account the
interaction of acoustic, mechanical and electric fields in the process of energy conversion, the interaction of
a cylindrical transducer with a flat screen and the interaction of a converter with elastic media outside and
inside it. The physical fields of the system under consideration were determined by following solutions: the
wave equation; equations of motion of thin piezoceramic cylindrical shells in displacements; equations of
stimulated electrostatics for piezoceramics for given boundary conditions, conditions for coupling fields at
interfaces and electrical conditions.

A general conclusion was made concerning solving of an infinite system of linear algebraic equations
with respect to the unknown coefficients of the expansion of the fields. As an example of the application of
the obtained relations, a calculation was made and an analysis of the dependences of the electric fields of the
system under consideration for various parameters of its construction on the direction of arrival on the plane
wave system was conducted.

Keywords: reception of sound, physical fields, cylindrical piezoelectric transducer, coustic screen.
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BBenenue

Kax wm3Bectno [1, 2], cranmapTHbIM NpUEMOM
(hopMHpOBaHMS HANPABJICHHBIX CBOMCTB I'MIPOaKy-
CTHYECKHUX IpeoOpa3oBaresell sBIIETCS pa3Mele-
HUE X BOJIN3M aKyCTHYECKHUX SKpaHoB. OIHAKO, KaK
MokKaszayiu uccienoBanus [3, 4], Ipu BBIIOJHEHUU
THIPOAaKyCTHYECKOrO Ipeodpas3oBaresis B BUIE KPy-
TOBOM IWJIMHIPUYECKON MbE30KEPAMUUECKONM KOH-
CTPYKLMHU pa3MELIeHUE ero BOJIM3M aKyCTHYECKOTO
9KpaHa 0OycClIaBIMBaeT U3MEHEHHE HE TOJIBKO aKy-
CTHYECKOI0, HO MEXaHMYECKOIO M BJICKTPUYECKOTO
nojeil mpeoOpasoBaresisi. B mpouecce paboTsl Tu-
JPOaKyCTUYECKUI MpeoOpazoBareib BHIOIHSET [5]
HECKOJIBKO (DYHKIMH, a MMEHHO: IpeoOpa3oBaHuE
9HEPTUU aKyCTHYECKOTO IOJISI B MEXaHUYECKYI0 U
Janee B 3JIEKTPUIECKYIO B PEXKHUME IIpUeMa; B3auMo-
JIEHCTBHE C OKPYKAIOIIEH YIIpyroit cpenoii; hopmu-
pOBaHHE aKyCTHUECKOTO IOJIsl B OKpY’Karolei cpe-
ne. BausiHue akycTHdeckoro sKpaHa Ha yKa3aHHBIC
1oJst  0OyCJIOBJICHBI CIEAYIOIUMH  (PU3NUYECKUMHU
npuarHaMu. OOBIYHO B KPYTOBOM LMIMHAPUYECKOM
MbE30KEPAMUYECKOM —IpeoOpazoBaresie  3JIEKTPo-
Ibl Ha BHEIIHUE MOBEPXHOCTU IbE30KEPAMHUUECKON
0001104KH (TIPU PaTUABHON MOJIIPU3AINK) WIH Ha
IUIOCKME TIOBEPXHOCTH 0Opa3ylolInX €€ CerMEHTOB
(mpu OKPY)KHOW MOJSIPU3ALMK) HAHOCATCS TaKUM
00pa3zoM, 4TO 3JIEKTPUUECKOE IoJie mpeodpasoBare-
JIs1 UMeeT paguaibHylo cuMMeTputo. Eciin mpu sTom
KPYTOBOHM LWJIMHAPUYECKHUI peoOpazoBaTesb pado-
TaeT BHE KaKOW-TMOO CHUCTEMBI, TO €ro pagualnoH-
Hasl Harpy3Ka sIBJISIETCS] U30TPOITHON M MEXaHHUYECKOE
U aKyCTHUYECKOE MOJIsI TAKKe MMEIOT PagHajbHYIO
cuMMeTpuio. B 3ToM ciydae akycTtuueckas sHep-
ISl «3aKa4yuBaeTCs» B MPeoOpa3oBarelib TOJBKO Ha
HYJIEBOH MOJEe MEXaHHYECKUX KojieOaHWi ero 00o-
JIOYKH U TIpeodpa3yeTcsl B IEKTPUIECKYIO SHEPTHIO
TOXE TOJIKO Ha HYJEBOW Moze. B Takux ycioBuax
peoOpa3oBaresib UMEET OMH OCHOBHOW MeXaHU4e-
CKHUIl PE30HAHC, ONPEACISIeMbli COBIAaACHUEM JJINH
CpeiHell OKPYXHOCTH MbE30KepaMHUECKOi 0005104~
KM U JUIMHBI BOJIHBI B MaTrepuase 3ToH 000JI0YKM Ha
9TOM pe3oHaHcHOM yactore. Pasmelienue paccma-
TPHUBAEMOTro peodpazoBaressi BOIU3U aKyCTHUECKO-
ro 3KpaHa HapylaeT pajgualbHyI0 CUMMETPHIO €ro
panuanMoHHON Harpy3ku. CIeICcTBHEM 3TOrO SIBIIS-
€Tcsl TO, YTO B CUCTEME C HAPYLICHHOH paauaibHOU
CUMMETpHUEH, KpOMe OJHON COOCTBEHHOU (HOopMbI
KoJIe0aHMH, MOSIBISIIOTCS MOCeRyonme Moasl. [lpu
9TOM HX aMIUIUTYAbl KoJeOaHU MOTYT OBITh CpaB-
HUMBIMHU C aMIUIATYIOH KoJeOaHUI HYIeBOH MOJIBL.
OTO O3HAYaeT, YTO SHEPrusi aKyCTUYECKOro IO,

BOCIIPUHUMAaeMasi paccMaTprUBaeMbIM MTpeodpa3zoBa-
TeJEeM B CHCTEME «IpeodpazoBareinb-dKpan», mepe-
pacmpenenseTcst MeX Iy BceMu (hopMaMu KoeOaHmi
ITbE30KepaMHIECKON 000IOUKH TpeoOpa3oBaTels.
B 10 ke Bpemsi, TOCKOIBKY CTIOCO0 IIEKTPHUIECKOTO
Harpy>XeHus peodpa3oBarelns B CHCTEME C SKPaHOM
OCTaJICS HEM3MEHHBIM, T.€. PAAHalIbHO CUMMETPHY-
HBIM, TIpeoOpa3oBaHWE MEXaHWYECKOH HSHEpruH B
AIIEKTPUYECKYIO TaKKe He M3MEHWIIOCh M OCYIIEeCT-
BIISIETCSI TOJIBKO Ha HYJIEBOM MOJE €ro MeXaHude-
CKUX KoneOaHwid. /[pyrne BHOBb BOZHUKIIHE MOIBI
HE TMPUHUMAIOT y4acTHsi B ATOM IPeoOpa3OBaHHUH
sHepruid. ECTeCTBEHHO, YTO ¢ YYETOM HU3JI0KEHHOIO
B CHCTEME «IpeoOpa3oBaTelb—IKpaH» IapamMeTphI
BCeX (PU3MYSCKUX TIOJCH, B3aMMOICHCTBYIOIINX
MeXy co0oi B mporecce (pyHKIIMOHUPOBAHUS CH-
CTeMBI, Oy[IyT IpeTepIrieBaTh CyIIECTBEHHBIE KOJH-
YeCTBEHHbIE M3MEHEHUs. B mpukiragHoM miiaHe 3To
MIPUBEIET K TOMY, YTO MPAKTHIECKHUE PE3ybTaThI I0-
JOOHOTO THMA YCTPOUCTB OyAyT OTIIMYATHCS OT pac-
YEeTHBIX TI0 TaKUM TIapamMeTpaM, KaK JyBCTBHTEIb-
HOCTbH B PEKHME IPUeMa 1 HallpaBJICHHBIE CBOHCTBA.
[ToaToMy mpu TPOEKTUPOBAHUH YCTPOUCTB HEOOXO-
MO YYUTHIBATh BIIMSTHUE YKa3aHHBIX A (EKTOB.

Lensio maHHON pabOTHI SIBISIOCH PEIICHUE 3a-
Jla4l TpHeMa TUIOCKAX 3BYKOBBIX BOJIH CHCTEMOM
CIWIMHIPAYCCKUH TThe30KepaMUIeCKUi Tpeodpa-
30BaTeNlb — IUIOCKUI aKyCTUYECKH MSTKUM 3KpaH»
C y4ETOM B3anMOJICHCTBHSI (PM3NIECKUX ITOJIEH Tpe-
oOpa3oBarens Mexy coboii m mpeodpazoBarens ¢
YIPYTUMHU CpeaMH, OKPYKAIOIIHMH €TO0.

OcHoBHAs YacTh

Ilycte mmeeTcst mpueMHas CHCTEMA, COCTOS-
masi U3 aKyCTHUECKH MSTKOTO IJIOCKOTO dKpaHa U
PacrogoKeHHOro BOJM3H HEro KPyroBOTO IMJIMH-
JIPUYECKOr0 IMbE30KepaMHYEeCKOro mnpeodpa3oBaTe-
I ¢ paavanbHOW mosgpusanueil. [IpononsHast och
npeoOpasoBarelisi mapajielibHa IIOCKOCTH SKpaHa
U OTHEcCeHa OT Hee Ha paccTosinue d. Cucrema pac-
MIOJIOXKEHA B YIIPYTOM CPesie CO CKOPOCTHIO 3BYKA ¢ U
mwioTHOCTEIO p. [IpeoOpazoBatens npeacTasisieT co-
0011 CIUTOITHOM KPYTOBOW IIMIMHAP CPEIHUM PaIiy-
COM 7, i TOJIIIMHOM /1, HA BHEIIHIOK M BHYTPEHHIOKO
LWIMHIPUYECKHE TOBEPXHOCTH KOTOPOTO HaHece-
HBI 2JIEKTPOJIBI U C HUX CHUMAETCS AEKTPUUECKUN
curnai HanpspkenueM G|. KOHCTpYKTUBHOE UCIION-
HEHHE NPeo0pazoBaTesisi MOKET ObITh CHIIOBBIM HITH
KOMITEHCHpOBaHHbIM [6]. Ha cucremy mnpuxoaur
TUIOCKasl 3ByKOBasl BOJIHA, (PPOHT KOTOPOH mapajuie-
JIeH OCH IipeoOpazoBarels.
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M3noxxenHol (hU3uyYecKkol MMOCTAHOBKE 3aJadu
MOCTaBUM B COOTBETCTBHE CIIECAYIONIYIO PACUETHYIO
MozieTb. byzmem momararh, 9TO SKpaHHUPYIOIIAs I10-
BEPXHOCTh (/| M TOHKas LMJIMHIPHYECKAs 000JI0uKa
G, ABNIAIOTCS OECKOHEYHO IMHHBIME [6]. BHyTpen-
HSIS1 TIOJIOCTH OOOJIOYKH 3aIl0JTHEHa YIPYTOi cpemoii ¢
TIIOTHOCTBIO P, ¥ CKOPOCTHIO 3ByKa 7 . HopmaibHoe

|

et

CEYCHHE PAcCMaTPUBAEMOI CHCTEMbl M BBEICHHbIC
JUISL PELICHMs 3a7aud NPSIMOYTOJIbHbIE U KPYTOBBIE
LWJIMHAPUYECKUE CUCTEMBbl KOOPIMHAT H300Pa’KeHBI
Ha pucyHke 1. Ha 3Ty cucreMy Ten U3 okpyskaromeit
Cpelbl B HAIPaBJICHUU €AMHUYHOIO BEKTOpa 1, 00pa-
3yromero yroi 0 ¢ oceto OX, MPUXOINT TUIOCKAS 3BY-
KOBasi BOJIHA CD(O]) €IMHUYHON aMIUTUTY/IbI.

F 1

R AN N MY B N N L

Pucynok 1 — HopmanbHOE ceueHHe paccMaTpHUBaeMON CUCTEMBI TEJI U CHCTEMbI KOOPAWHAT
Figure 1 — Normal section of the examined system of bodies and coordinate systems

s mpuHsATO#N pacdeTHON Moaeny (hHU3NYecKue
nons, (opMupyeMble LHMIMHAPUIECKUM IbE30KEpa-
MHUUYECKUM NpeoOpa3oBaresieM B HPUCYTCTBUM ILJIO-
CKOTO 3KpaHa, MOTYT OBITh OIPEAEICHBI ITyTEM CO-
BMECTHOI'O peIleHMs cleayrommx auddepeHunais-
HBIX YpaBHEHUI:

BOJTHOBOI'O YPAaBHEHHSI, ONUCHIBAIOLIETO JIBHKE-
HHUE YIPYTHX cpel BHYTPU U BHE NpeoOpazoBaTes
CHCTEMBI [Tl BDEMEHHOMN 3aBUCHMOCTH €7 ;

(1

YpaBHEHUM JBUKEHUSI TOHKOM Ibe30KepamMuye-
CKOM 000JIOUKH C paTuabHOH MOJIIPU3AIINeH B TIepe-
MEIIEeHUX:

AD + k2D =0,

n e o’u  ow
1+ I+ —= S+ —=
12r, Ciey )]00" 00
(e |Ow _ry&u
12220 Cctel o' CcEor
Ty 11 €33 ) 0@ 1 ?)
_6_u+ I 1+ % 8_3u_w_h_2 1+ %
op 1277 CE€s oy’ 1252 CE ¢l
() Ty 1 €33 )00 0 1 %33
Xﬂ Gy o iq _@az_w:
oo Ct T hchTT oclhor U

YPaBHEHHUM BBIHYXICHHOM AJIEKTPOCTATUKH IS
[IbE30KEPaMUKU:

E =—grady; div D =0, 3)

rne A — oneparop Jlamiaca; @ — noTeHMal CKOPO-
CTH aKyCTHYECKOTO MOJISi; ® — KPYroBasl 4acToTa;
k,— BonHOBOE umCI0 BHEmHER (k, = k) m BHYTpeH-
Hei (k, = k) cpen; u m w — Kpyrosast ¥ HOpMajbHast
COCTABJISIONINE BEKTOPA CMEIIEHNH MeXaHIMIeCKOTO
1107151 000JIOUKH; Y — IJIOTHOCTH ITbe30KepaMuku; C):,
e, €y — COOTBETCTBEHHO MOMYNb YIPYTOCTH IIPH
HYJIEBOH DJIEKTPUYECKON HAMpPSHKEHHOCTH, IThE30-
MOCTOSIHHASA W JUDJIEKTPUYEcKas MPOHHUIAeMOCTh
npu HyneBod nepopmanum; E u D — BEeKTOpHI Ha-
MPSHKEHHOCTH W MHIYKINUW SIEKTPHIECKOTO OIS,
\ — DJIEKTPOCTATHYECKUH MOTEHIMAN; ¢, — BHEII-
HSg Harpy3ka IIb€30KepaMHUYeCKOW OOOIOYKH:

q, = —(]9 - PV) o Tae p U p — TUAPOJUHAMU-
=t
2

YecKHe Harpy3KH BO BHEIIHEH M BHYTPEHHEH cpenax
npeoOpa3oBares.

[IpuBeneHHBIC YpaBHEHHs JIOTOJHSIOTCS TIpa-
HUYHBIMH YCJIOBUSIMH, KOTOpBIE JUIsI yCJIOBHIl pac-
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CMaTpUBaeMOl 3a/ladd BKIIIOYAIOT B ce0sl JBE CO-
craBisronue. [lepBas U3 HUX CBs3aHa C HATUYHUEM
IJIOCKOW Tpanuubl G, BTOpas — ¢ KPUBOJMHEHHOM
rpanuiei G, npeobpasosarens. [ paHuIHOE yCIOBHE
Ha TUTOCKON MSTKOW IpaHUIle UMEeT BHUI:

“4)

rae (I)Z — TIOTEHIIMAJ CKOPOCTH MOJTHOTO rparupo-
BAHHOTI'O TOJISI.

Ha moBepXHOCTH IMIIMHIPUYECKONH OOO0IIOUKH
npeoOpazoBareisl JAOJDKHBI BBITOTHATHCS KHHEMa-
TUYECKHE YCIIOBHUS, COCTOSIIIIME B PABEHCTBE CKOPO-
CTE!l HOPMAaJIbHBIX CMEILEHUN TOYEK MOBEPXHOCTEH
000JIOYKHM U CKOPOCTEH KOIeOaHUH MPUIIETAroINX K
HUM YaCTHI] BHYTPEHHEH U BHENTHEH cpen mpeobpa-
30BaTeNs:

CDZ=Oan/Ix=0,

oD ow h
N arlz v~ g T 0t 0@ <2m, (5)
oD, ow h
o e o T 0T 0= =2m ©
1

rae @ — MOTEeHIHaN CKOPOCTH 3BYKOBOTO MOJISI BHY-
Tpu npeoOpa3oBaress.

DneKTpu4ecKre YCIOBUs pacCMaTpUBaeMOi 3a-
Jla4yy TpueMa 3ByKa BBHIOpAHBI JJIsl BapHaHTa 0ecKo-
HEYHOH 3JIEKTPUUECKON Harpy3Ku IpeoOpa3oBaTels.
B aToM ciydae, Korza TOK CMEIIeHUs B Tbe30KepaMu-
K€ PaBEH HYJIIO, YPABHEHHUSI BBIHYKJIEHHOM 3JIEKTPO-
CTaTUKU JIA MMIbE30KCPAMUKU MOTYT 6I)ITI> nmpeacraBs-
JICHHBIC B BUJIC:

9
o

2n 1

I IDfo)rod@le =0. (7)
00

Bripaskenne (7) 3ammcaHo st 000JI0YKH, BBICO-
Ta KOTOPOM paBHA €JIMHULIE.

Pemenwne chopmymnpoBaHHO 3a1a91 OCYIIECT-
BIISUTH C UCTIONIB30BAaHUEM METO/Ia H300paskeHui [8].
CyTb €ro cOCTOMT B TOM, YTO PEIIEHHE CTPOUTCS C
YYeTOM BBE/ICHHUS B PAacCMOTPEHHE BOOOpakaeMoi
oboroukn (pucyHOK 1) TakuMm 0Opaszom, 4TOOBI, Oy-
Jy4H HAJIO)KEHHBIM Ha OCHOBHOE PEIIeHre, OHO I10-
3BOJISAIIO YAOBIETBOPATH ONPEAETICHHBIM TPaHUIHBIM
YCIIOBHSM.

BBenem B paccMOTpeHHE BCIIOMOTATEIbHYIO CH-
creMy KoopauHar (X, Y,), CBA3aHHYIO ¢ BOOOpaKae-
MO¥t 000JI0UKO#, M pa3MECTHM €€ TaK, YTOOBI TIOJT0Ca
O, u O, (pucyHOK 1) ObLIM CHMMETPUYHBIMH OTHOCH-
tenpHO Ttockoctr X = 0. [Tomroe nudparupoBannoe
TI0JI€ TIPEJICTABUM B BUJIE:

—HD (¢)] 2 (2)
q)z_(Do +q)s +(D0 +q)s ’

®)

e (Dg) — MIPUXOAIIAs Ha CUCTEMY TUTOCKAs BOJTHA;

@ — muockas BONHA, KOTOpas OTPasHiach Obl OT
IJIOCKOM rpanuiibl G, pu OTCYTCTBUM 0007104KH G ,;
O — BonHa, paccesHHas 060104Koi G, Y Majie-
HUU HA HEE MPUXOJSILIEH IITOCKON BOJHBI; (I)(Sz)— BOJI-
Ha, paccesiHHas 0007104Koi G, U OTpKEHHASI OT IO~
CKO#i rpanuipl G

Beipazum Bce mosst B IMJIMHAPHUECKUX CHCTE-
Max koopauHar. ITone @Y, npencrasnsommee co6oii
CyMePIO3UIMIO Tpuxosieii ®) u orpaxeHnoit d\’
OT TUIOCKOH rpaHMibl G, IUIOCKUX BOJH, MOXHO
MPE/ICTABHUTH B BUJIC:

OY=0Y+®Y =>"a J, (ky)e"™ + b,J, (k)" )

TTone @Y sBustroreecst Cynepro3nImeii paccest-
HOH @ 0T rpanuiibl G, TWIOCKOH BOJIHBI M OTPaKEHHOH
®.? or mmockoii rpanupl G, 9TOH paccesHHOM BOIHBI,
BBIPA3UM B BHUJC PA3NIOKCHHH MO IMIHHIPHICCKAM
BOJIHOBBIM (DYHKIMSIM, YIOBJICTBOPSIIOIIAM YCIIOBHIO
M3ITy9eHHS Ha OCCKOHCUHOCTH:

OP=0P+0P =>4 H" (k)" + > B,H" (kr,)e™.(10)

ITone @ BHyTpH NpeoOpa3oBaTeNs BBIPA3HM Pas3-
JOKEHUEM B PsJ MO [WIMHIPUYESCKAM BOJIHOBBIM
(GYHKIMSM, HE UMEIOIIMM 0COOCHHOCTEH BHYTpPH TIpe-
o0pazoBaress:
®,=>CJ,(k, r)e"™. (11)

P

B Beipaxenusx (9)(11):a, =i"e™; 4, B, C —
HEU3BECTHBIE KO3 duumentsr; J , H — 0603HaueHus
¢ynxmii beccens.

[TonHoe mudparupoBaHHOE MONE ;. n0MmKHO
YIOBJIETBOPATh TPAHUYHOMY YCIIOBHIO (4) Ha IUIO-
ckoit rpanuue G . Torna mo aHajgoOruu ¢ BHIBOJAMH
paboTsl [8] B ciayuae uaeanbHO MOAATINBOIM MOBEPX-
HOCTH G| CBA3b MEKIY KOOPPUIMEHTAMHU B BBIPAKE-
Husix (9) u (10) cnenyer BEIOpATh B BUIE:
b =(1y"a ;B =(-1)"4 . (12)

[IpeacraBuM TaHTeHIUAIBHBIC ¢ 1 HOPMAJIbHBIC
W COCTaBJISIIOLME NepeMeIeHHH 000JI0UYKH B BHJE
PSAIOB MO COOCTBEHHBIM (opMaM KoleOaHui 0060-
JIOUYKH B BaKyyMe:

— inQy , _ ing,
u—Zune ' W—ane Y
n n

TI€ U, ¥ W — HEU3BECTHBIE KOX(PPUIHMEHTHI pasio-
JKSHHI.

(13)
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Jnist onpenenenus ko>pGUIMEHTOB u, U W, BOC-
nonp3yeMcst ypaBHeHussMu (2). U3 mepBoro ypaBHe-
HUS CUCTEMBI (2) Ha OCHOBE CBOMCTB ITOJTHOTBI U Op-
TOrOHANBLHOCTH CHCTeM (GYHKIUM ¢”? Ha UHTepBaJie
[0, 2m] cnemyer, 4ToO:

Z/ln :F;lwn’ n:—oo,O,oo, (14)
3 2 2
+ 2
e F, =i g 2[3” s BEoo| ?ls ;aziﬁ'
(I+B)n” —w ay 1275 Clies G

PaccmoTrpum BXOJSIIUIT BO BTOPOE YpPaBHEHUE
cUCTeMHI (2) ureH Er(o). W3zBectHo 7], uTO 115 HOP-
MaJIbHBIX KOMIIOHEHT UHIYKIUK D, ¥ HAPSIKEHHO-
cu E, =E'? +nE" B uununapuueckoil npe3oke-
pamMHUECKO 000JI0UKE C paralibHON MOJIIPU3AIUCH
CIIPaBEUINBbI MPUOIMKEHHBIE COOTHOIIECHUS:

D, :D:O) =65 (15)

ek r(o),Er(l)— COCTABIISFOIIME HAIIPSHKEHHOCTH HJICK-
TPUYECKOTO TOJIS, T| — HEepPEMEHHasi 10 TOJIIUHE /
obomnouku, —h/2 < < h/2.

IToncraBuB coortHomenue (13) B ycmoBue (7)
Y BBITIONTHUB PsiJ| IpeoOpa3oBanuii ¢ yuetom (15) u
UHTETPUPOBAHMS 110 TOJIINHE OOOIOYKH, MOIYyYHM
BBIpa)KECHHE!

—€3

g
No€33

EO _ W, (16)

Y4uuThIBasi, YTO MEKAY HOCTOSTHHOM COCTaBIIs-
IOLLEH 2JIEKTPUUECKON HAMPSKEHHOCTH Er(o) U pas-

icw, — A, H" (k)= > (1" 4., HY, (2kd)J, (k)" " =

m

a,J, (k) + 2 (1) a

m

iew, —C, J', (k) =0,

J

—m- m—-n

{a]e} ioop

w,R, + 100 0 === G, (k) +
11
D S 1) A L (2haV, (ke =
_ _I(D}(Z)Lp aan (k}/i')— lO)}(l)Lp (_1)m+1 aimein

m

(2kd)J, (k)" L

AHY (k) +

(de ) J, (krl') /e ,

HUIICH SIIEKTPUYECKHUX TTOTCHIIMANIOB Y Ha 3JIEKTPO-
Jlax TpeoOpa3oBaresisl CyIecTBYET CBI3b [5] B BHIE

E© = —E, MOIYYHUM:
h
ey h
=W, (17)
No€33

[Ipumenum Tenepp AMHAMHYECKHE W KHHe-
MaTHYECKHE YCJIOBUS COIpPSIKEHMs MOJIel Ha KpH-
BONMHENHON rpanuie G, 1 onpeneneHus Kodg-
¢unuentoB paznoxenuid (10)—(11) akyctuyecknx
nosei. /s 5Toro HeoOXOANMO BCE aKyCTHYECKHE
0JIs1 IPEJICTABUTH B JIOKAJIBHBIX KOOPAMHATAX Tpe-
oOpazoBarens cucTeMsl. IlepeHoc cucreM KooOpau-
HaT OCYILECTBIAECTCS C IIOMOIIBIO TEOPEM CIIOXKeE-
HUS TSl BOJIHOBBIX LMJIMHAPUYECKUX QyHKImiA [9].
B Hamem ciyyae oHM PHOOPETAIOT BH/I:

g, (kn)e™ =37, (2kd)J, (kr,) " e,
. (18)
HY (kry)e™ = H. (2kd)J, (ki) " "*e™,

n

TJIe ¢, — NOJIAPHBIE KOOPAMHATHI Havana O, B CHCTe-
Me ¢ Hayanom O,.

AnreOpaun3zaiusi QYHKIIMOHAIBHBIX YpaBHEHHM
(5) u (6) ¢ yuerom Beipaxenunii (9)—(14), (16) u (18)
Ha OCHOBE CBOMCTB HOJIHOTBI M OPTOrOHAILHOCTH
cuctem Qyukumii ¢”” na unrepsane [0, 2] no3po-
JSIET TIOJIYYUTh CIESAYIONIYI0 OECKOHEUHYIO CHCTEMY
JIMHEMHBIX ajreOpanvyecKuX ypaBHEHUH IS Opeie-
JICHUSI HEM3BECTHBIX KOX(P(UIIMEHTOB pa3ioKeHUI
MEXaHUYECKHUX M aKyCTHUECKUX TIOJICH:

N\

(19)
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peoOpazoBareis U aKyCTHYECKH MATKOTO TIII0CKOTO

(n + 113[3)2 —(1 +Bi - co%w)[(l +B)n’ - a)zocy] '

rneR, = —= . DKpaHa, pacrolokKeHHOro BOMm3u Hero. M3yuanack

(1+B)n* — ooy 3aBUCHMOCTH 3JICKTPUYCCKOTO HANPSKEHUS \J, CO3-

P — IUIOTHOCTb BHYTPEHHEIT CPE/IbL. JIaBaeMOTO Ha JIEKTPUUCCKOM BBIXOJIe Tpeodpa3oBa-
v

3amena koo(duimentos 4 u C HOBbiMU He-  TEJIS, OT HATPABICHNS IPUXO/A HA CHCTEMY TUIOCKHX
msBecTHHIMH T0 (opmynam A = A H'(kr) m  3BYKOBBIX BOIH. PacdeTs! BBIMOTHSIINCH TSI CIIETY-
C, = CJM(kr") nossomser npeoGpasopars 5Ty — FOUIMX N1APAMETPOB H XapaKTEPHCTHK CHCTEMBI: Tpe-
OECKOHEYHYIO CHCTEMY YPaBHEHHH K BHUIY KBa3H- obpasoBarens guamerpom 7, = 0,018 M ¢ TonmuHOM
PETYISIPHOI M IIPUMEHHTD JUISl €e pelueHus meron —CTCHKH h = 0,002 M BBITTOJTHEH U3 TTHE30KEPAMUKH CO-
yCeUCHHL. crapa LITBC-3 (C, “=10,9-10"H/™’, e, =—5,2 K/n?,
TlonyueHHbIe B pe3ylbTare pelueHms OeckoHed- &y = 7002,8-107% @/m, v = 7210 kr/m’) u Bakyymu-
HBIX CHCTEM ypaBHEHUH KO PUIMEHTHI pasioxkeHuss ~ POBaH (p,c, = 0); paccrosiume d MexIy npeobpaso-
AKYCTHUYECKMX U MEXaHWYECKMX IOJeil [o3Boistor — BATEIEM H SKPAHOM NPUHUMAOCh paBHbIM 0,015 M,
paccunTath BCe (DU3HUCCKUE TONS, PHHIMAOLIAC 0,03 M, 0,06 M; cucTemMa Ten pacroliarajiach B cpejie
yuacTHe B MPHEME TUIOCKHMX 3BYKOBBIX BOJH IWauH-  © HapaMeTpaMu p = 1000 xr/m?, ¢ = 1500 m/c; va-
JPUYECKHM ITbe30KepAMUMECKUM IpeobpasoBaresiem  CTOTHI f mpuHMManuch pasubivu 1000 I', 5000 '
B IIPUCYTCTBHUH TUIOCKOTO aKyCTHYECKOTO PKPaHa. 1 10000 I'x; HanpasieHue mpuxozna BOIH O n3MeHs -
B kauecTBe IpUMepa [PUMEHEHHs NOJIydeHHpIx JOCh B JHanasone yrios ot 0 go 360° ¢ marom 5°.
COOTHOIICHNH ObUIM MPOU3BELCHBI PAcueThl ayieKk- L E3Y/IBTaThl PaCYeTOB HOPMUPOBAHHEIX YIIOBBIX 3a-
TPHYECKOTO T10JIS IPUEMHOMN CHCTEMbI ¢ YaCTOTHpIM ~ BHCHMOCTEH aMILTUTYJ 3NEKTPHYECKOro Harpsike-
muarnazonoM ot 1000 no 10000 I', oOpa3oBaHHON U3 gusa R 9) - ﬂ HpeICTaBJIeHbl HA PHCYHKAX
KpYTOBOTO IWIMHJIPUYECKOIO MbE30KEPAMUUECKOTO 2 1 3. maxw(e)

R(0)
1,0
0,8

0,6

El

0.4

E

0,2

El

0
0 50 100 150 200 250 300 350 8, rpan.fdeg

PucyHok 2 — YIioBble 3aBUCUMOCTH 3JIEKTPUIECKOTO HAMPSDKEHHUS HA BBIXOJIE IMbE30KEPAMHUYECKOTO MPe0dpa3oBaTelist
B MPUCYTCTBUU IJIOCKOTO aKyCTHYCCKU MATKOTO 3KkpaHa: 1 — mist d/A=0,05; 2 — qa d/A=0,1; 3 — qa d/h = 0,2; 4 — nst
d/h=0,02

Figure 2 — The angular dependence of the voltage at the output of the piezoceramic transducer in the presence of an
acoustically soft flat screen: 1 — for d/A = 0,05; 2 — for d/A = 0,1; 3 — for d/AL = 0,2; 4 — for d/L = 0,02

Kak cnemyer W3 aHaiu3a TMPHUBEICHHBIX I'pa- KAk U CJICIOBAJIO OKHJIATh, COOTBETCTBYET TaKOBOM
(1)I/IKOB, IIpU MaJibIX BOJIHOBBIX PACCTOAHUAX MCKIY JId KIIACCUYCCKOTO «T'pPaJUCHTHOIO» IIPUCMHHKA
npeobOpaszoBaresieM U 3kpaHoM (d/A < 0,25) yrosast  [10]. [To Mepe yBeinH4YeHHUsI BOJIHOBOTO pazmepa d/A
3aBHCHMOCTB JJIEKTPHYECKOTO IOJIsi MpeoOpa3oBa-  3Ta 3aBHCHMOCTbH IPETEPIIEBACT CEPbE3HbIC N3MEHE-
TCJIA B MPUCYTCTBUN aKyCTHYCCKH MATKOI'O 3KpaHa, HUA, PE3YJIBTATOM KOTOPBIX ABIACTCA HpI/IO6peTeHI/Ie
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TIpH OTIpEeIeNIeHHBIX d/A (pucyHOK 3, KpuBas 4) pac-
CMAaTpUBAEMOM CHCTEMOM CBOMCTBA OJTHOHAIIPABJIEH-

HOCTH, K Y€MY, COOCTBEHHO, U CTPEMSITCSI, pa3meniast
mpeoOpa3oBarelb BOJM3H aKyCTHIECKOTO dKpaHa.
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PucyHnok 3 — YriioBbIie 3aBUCHMOCTH AJIEKTPHYESCKOTO HAMPSDKEHHUS Ha BHIXOJIE TIbE30KEPAMUUECKOT0 IIpeodpa3oBares
B IIPUCYTCTBHUH IUIOCKOTO aKyCTHYECKH MATKOTO dKpaHa: | — msa d/h = 0,1; 2 — s d/h = 0,2; 3 — mna d/h = 0,4

Figure 3 — The angular dependence of the voltage at the output of the piezoceramic transducer in the presence of an
acoustically soft flat screen: 1 — for d/A=0,1; 2 — for d/A = 0,2; 3 — for d/A=0,4

AHanu3 TpPUBEIEHHBIX 3aBUCHUMOCTEH CBHIE-
TEJILCTBYET O CIOKHOM XapakTepe mpolecca npeod-
pa30BaHUs PHEPIUU aKyCTUYECKOTO IOJISL B DJIEKTPH-
YeCKYIO M 3aBUCHMOCTH €TI0 OT YaCTOTEI f, pACCTOSHUSI
d v yrna 0 mpuxo/ia BOJIH Ha CHCTEMY. JTa CIIOKHOCTh
00ycroBieHa clieyOIUMHU (PU3NIECKUMH PHYHHA-
Mu. Pa3meleHue ImiocKoro aKkyCTHUYECKOro JKpaHa
BOJIM3M KPYTOBOTO LMJIMHIPUYECKOTO The30KepaMu-
Yeckoro mnpeoOpaszoBarelnsi HapyllaeT paguaibHYIO
CUMMETPHIO PACCMATPUBAEMOM ITPUEMHON CUCTEMBL.
CrnencTBUEM 3TOTO SIBIISIETCSl HapyIIEHHE pajnailb-
HOM CUMMETPUH paAuallMOHHON HAarpy3KU KpyTrOBOTO
MUITHHIPUYECKOTO Tpeodpa3oBarelisi aKyCTHIECKUM
TIOJIEM CHUCTEMBI «IIPe00pa3oBaTeb—IKpaH».

B KO/IM4eCTBEHHOM OTHOILIEHUM CTENEHb CO3/1a-
Ba€MOM HECUMMETPUYHOCTHU AKYCTHUECKOU HATPy3KU
npeoOpaszoBatesst 3aBUCHT OT yriia 6, pacctosiHus d 1
YacTOTHI f TIPH TIPOYMX PaBHBIX yCoBHsX. Co3naHHast
HECUMMETPUYHOCTb aKyCTHUECKON Harpy3Ku IUJIHNH-
JIpUYecKoro IpeoOpa3oBareliss CyLIECTBEHHO H3Me-
HSET ero MexaHuueckoe nosie. Kpome HyneBoit Mo/b
KoJeOaHui, KOTOpasi SIBISIETCS OCHOBHOM W €HH-
CTBEHHOM MOJION KoJe0aHWi KPYroBOTO IMIMHIPU-
YeCKOIo MbEe30KepaMHUYEeCcKOro mpeodpaszoBareis IpH
paauanbHONM CUMMETPUM €r0 aKyCTUYECKOM Harpys-

KH, BO3HHUKAIOT JIONOJHUTENbHBIE MOJBI KOJIECOAHHH.
EcrecTBeHHO, YTO B 3TOM Cily4yae SHEprus, «3aKadu-
BacMasi» aKyCTHYECKUM I10JIeM B MEXaHHUYECKOE T0JIe
npeoOpaszoBaTessi, pPaclpencisieTcs MEKAYy BCEMH
UMEIOIIMMH MECTO MOJIAMH €0 MEXaHMYEeCKHUX KO-
neGanuii. [TockonbKy BenMunHa akyCTHYECKOH DHEp-
MU, BO30Y>KAAI0IIAs MEXaHHUYECKYIO KoJleOaTelIbHy 0
cucTeMy IMpeoOpazoBarelisi, 3aBUCHT OT yria 0, pac-
CTOSIHUS d Y YaCTOTEHI f, TO ¥ aMIUTUTYABI U (ha3bl MOA
€ro MEXaHM4YECKOTo TOJIs TaKXKe OYyIIyT ONpeaeIsIThCs
9THMH BelIWYMHaMU. B To ke BpeMs mpu BEIOpaHHOM
Croco0e ANEeKTPUIECKOro Harpy>KeHusl npeodpas3osa-
TeNsl COXpaHseTcs paguaibHasi CHMMETPHSI €ro dJIeK-
TPUYECKOTo HarpyxeHus. [1oaTomy B sneKTpuieckoe
nosie ipeoOpazoBareNsi U3 ero MEXaHMYECKOTO TOJIs
«TIEPEeKaYnBACTCS» Ta YaCTh SHEPTUH, KOTOPYIO HECeT
TOJNILKO HyJIeBask MOAA. A TOCKOJIBKY DHEpPrusi 3TOH
MOJIBI 3aBUCHUT OT BeJIMYHH 6, d U f, TO UMEHHO 3TUM U
OOBSICHSICTCSI BUJ] IPUBEICHHBIX IPAPHKOB.

3aKiIroueHue

MeTomoM CBSI3aHHBIX IIOJIEM B MHOTOCBSI3HBIX
007acTsIX pelIeHa «CKBO3HAsH 3a/iada Mpuema Iuio-
CKHMX 3BYKOBBIX BOJIH IHJIMHJIPUYECKUM IbE30Kepa-
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MHUYECKUM NpeoOpa3oBaTeieM B MPUCYTCTBUH ILJIO-
CKOTO aKyCTHUECKH MATKOTO KpaHa.

[Ipu pemeHnn 3a1a4u onpeaesieHHus dJICKTpHYe-
CKOTO HaNpsDKEHHS B 3aBUCHMOCTH OT yIvla MIPUX0Ja
IUTIOCKUX BOJIH YYTEHO B3aUMOJIEHCTBHE aKycTH4e-
CKOTO, MEXaHHYECKOTO U 3JEKTPHUYECKOTO TONEH B
mporecce MpeoOpa3oBaHusl SHEPTUU TPUXOASLINX
3BYKOBBIX BOJH B DJICKTPHUECKYIO DHEPTHUIO, B3au-
MozeiicTBIe npeoOpa3zoBaTelis U dKpaHa MEXIy COo-
00l MO aKyCTHYECKOMY MOJI0 W B3aMMOJICHCTBHE
npeoOpaszoBarelisi C OKPYKalOIUMH €ro yIpyruMu
cperamu.

CoBMecTHOE pELICHHE CHCTEMBI COOTBETCTBY-
oumx audQepeHInanbHbIX ypaBHEHUH CBEIEHO K
pelIeHHI0O OSCKOHEYHBIX CHCTEM JIMHEHHBIX anre-
OpanyecKuX ypaBHEHUH OTHOCHUTEIBHO KOA(PQHIIHU-
CHTOB PAa3NIOKEHUsI TOJNEH IO COOTBETCTBYIOIINM
BOJTHOBBIM (pyHKIHMSAM. Ha 0CHOBE MoTy4eHHBIX aHa-
JUTUYECKUX COOTHOUICHWH BBIMIOJIHEHBI PacyeThl U
MPOM3BENICH aHallN3 3aBUCUMOCTEH HalpsHKeHUH Ha
BBIXOJIe MTpeoOpa3oBares OT yIJIOB MPUXOAa 3BYKO-
BBIX BOJIH.

[ony4eHHble pe3ynbTaThl MOTYT OBITH HCIIOJb-
30BaHbl MPU BBINOJHEHUH MPOEKTHHIX paboT TpHu
pa3pabOoTKe CUCTEM pacCMaTPUBAEMBbIX TEIL.
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3aBHCHUMOCTb Pa3MepPoOB CHEKJI-NIATEH U UX KOHTPACTA OT
Onopu3nYeCKNX U CTPYKTYPHBIX NIAPAMETPOB OMOTKAHMU
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CHeks-1osst LIMPOKO UCTIONB3YIOTCS ISl ONTHYECKON TMAarHOCTHKY OMOTKAHEeH 1 OLeHKH (DyHKIHMOHAIBHOTO
cocTosiHUsL OM000beKTOB. CrieKI-110J1e, 00Pa30BaHHOE PACCESHHBIM OT HCCIIEAYEeMOTr0 OObEKTa JIa3ePHBIM U3ITyde-
HHEM, HeceT MH(POPMALIMIO O CPEAHHX pa3Mepax paccemBaresiei, CTENCHH LIEPOXOBATOCTH MTOBEPXHOCTH, CTPYK-
TYPHBIX ¥ OMO(HU3UUECKUX TapaMeTpax OTACIbHBIX KICTOK (YaCTHIL) TKAHH, C OIHOW CTOPOHBI, ¥ 00 MHTETPaJIbHBIX
OIITUYECKUX XapaKTePUCTUKAX BCEH TOJIIM OMOTKaHH, C IPyroii cTopoHsl. Llesb qaHHOI paboThl — yCTaHOBIICHHE
CBs3eH MEeXIy OMO(GHU3HUECKUMH U CTPYKTYPHBIMH XapaKTEPUCTUKAMK OMOTKAHN M CBETOBBIMH TIOJISIMHM BHYTPH
OMOTKaHEH.

PaspaboranHas HaMl MOJENb Cpe/Ibl AACT MPSMYIO CBSA3b MEXKIY ONTHUECKUMU U OMO(H3NUECKUMU ITapame-
Tpamu OMOTKaHH. PacueTsl IPOBOAMIIMCEH C UCHIONIb30BAaHUEM M3BECTHBIX PEILICHHUH ypaBHEHUS IIEpeHOCa U3ITyde-
HYSI, YYUTBIBAIOIINX MHOTOCIIOMHYIO CTPYKTYpY OMOTKAaHM, MHOTOKPaTHOE PAacCEsHUE B Cpelie U MHOTOKPAaTHOE
MEPEOTPAKEHUE U3ITyUECHHS MEXKLY CIIOSIMHU.

C pocTOM JIMHBI BOJIHBI pa3Mep CIIEKIIOB, 00pa30BaHHBIX HEPACCESIHHOW KOMIIOHEHTOH (IpsIMOI CBET) Ja-
3€pPHOTO M3Ty4eHUs], yBenruuBaeTcs B 2 paza — ot 400 1o 800 MKM B poroBoM ciioe, B 5 pa3 — ot 0,6 1o 3 Mxm Jyist
smmaepmuca u ot 0,27 no 1,4 MM it iepmbl. TundHbIe 3HAYEHHS pa3MepOB CIEKIIOB, 00Pa30BaHHBIX IH(pak-
LIMOHHOW COCTABJISIOLIEH J1a3epHOTO M3ITy4YEHHMS, /Il POTOBOTO CJIOSI M SMUJEPMHICA HAXOAATCS B IMANa30He OT
0,02 1o 0,15 mxMm. [[y1s1 iepMbl THIMYHBIMU SIBJSIFOTCS CEKI-TI1THA pasMepamu 1o 0,03 mxm. Pazmep cneki-risiteH
1 dy3MOHHON COCTABIISIIOIIEH B AepMe Bapbupyercs B npeaenax oT =10 % npu 400 am u 10 +23 % st 800 HM
NPH U3MEHEHUH BEJIMYMHBI 00BEMHON KOHLIEHTPALMH KallMULIPOB KpoBU. [lomydeHbl XapakTepHble 3aBUCUMOCTH
1 00cy>xIeHbl Onodusmaeckre (haKTopbl, CBA3aHHBIE ¢ OMOPU3NUECKIME XapaKTePUCTHKAMHA OMOTKaHU, KOTOPHIE
BIIUSIIOT HA KOHTPACT CIIEKII-CTPYKTYPbI B IEpME.

3HaueHUsI pa3MePOB CIICKIIOB B CJI0SIX OMOTKAHH BapbUPYIOTCS OT JOJIEH MUKPOMETpa 0 MIJIIMMETpa. YcTa-
HOBJICHHASI 3aBHCHMOCTb IO3BOJISICT OIPEICINTh DIyOMHY NMPOHMKHOBEHHUSI M3TydeHHs! B OMOTKaHb, UCXOIS U3
Pa3MepoB CIIeKIIOB. PacyeT KoHTpacTa CeKI-CTPYKTYpbl PACCESIHHOTO M3ITydeHHS B BUIIMMOM JMalia3oHe Ha pas-
JMYHOHM NTyOuHE B OMOTKaHM MO3BOJIMJI YCTAHOBHTH 3aBHCHMOCTb BEJIMUMHBI KOHTPACTa MHTEP(EPEHIIMOHHON
KapTUHBI OT CTENIEHN OKCUTCHALIMK KPOBU 1 OOBEMHON KOHLIEHTPALMH KalMJIAPOB B ICPME.
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Abstract

Speckle fields are widely used in optical diagnostics of biotissues and evaluation of the functional state
of bioobjects. The speckle field is formed by laser radiation scattered from the object under study. It bears
information about the average dimensions of the scatterers, the degree of surface roughness makes it possible
to judge the structural and biophysical characteristics of individual tissue cells (particles), on the one hand,
and the integral optical characteristics of the entire biological tissue. The aim of the study was — the deter-
mination of connections between the biophysical and structural characteristics of the biotissue and the light
fields inside the biotissues.

The model developed of the medium gives a direct relationship between the optical and biophysical
parameters of the biotissue. Calculations were carried out using known solutions of the radiation transfer
equation, taking into account the multilayer structure of the tissue, multiple scattering in the medium, and
multiple reflection of irradiation between the layers.

With the increase wavelength, the size of speckles formed by the non-scattered component (direct light)
of laser radiation increases by a factor of 2 from 400 to 800 um in the stratum corneum and 5 times from 0.6
to 3 um for the epidermis and from 0.27 to 1.4 um to the dermis. Typical values of sizes of speckles formed
by the diffraction component of laser radiation for the stratum corneum and epidermis range from 0.02 to
0.15 um. For the dermis typical spot sizes are up to 0.03 um. The speckle-spot size of the diffusion component
in the dermis can vary from +10 % at 400 nm and up to +23 % for 800 nm when the volume concentration of
blood capillaries changes. Characteristic dependencies are obtained and biophysical factors associated with
the volume concentration of blood and the degree of it’s oxygenation that affect the contrast of the speckle
structure in the dermis are discussed.

The of speckles’ size in the layers of tissue varies from a share of micrometer to millimeter. The established
dependence makes it possible to determine the depth of penetration of light into the biotissue based on
the dimensions of speckles. Calculation of the contrast of the speckle structure of scattered light in visible
spectral range at different depths in the biotissue made it possible to establish the dependence of the contrast
value of the interference pattern on the degree of oxygenation of the blood and the volume concentration of
capillaries in the dermis.

Keywords: contrast, volumetric concentration, biological tissue, blood, speckle-patterns.
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BBenenue

CHexi-monsi MHUPOKO HMCIOIb3YIOTCS B OITH-
YECKOM MUArHOCTHKE OMOTKaHEH M OleHKEe (PYyHK-
[MOHATBHOTO COCTOSIHUSL OnooObekToB [1-7].
Creki-mione, 00pa3oBaHHOE pPAaCCESIHHBIM OT HC-
CIeIyeMOro OO0BbeKTa Ja3epHBIM H3JIIyYCHUEM, He-
ceT nH(MOpPMAIMIO O CPEAHUX pa3Mepax pacceuBa-
TeleH, CTENEHU IEPOXOBATOCTH MTOBEPXHOCTH, I10-
3BOJISIET CYJUTh O CTPYKTYPHBIX U OMOPU3NIECKUX
rnapamMeTpax OTIENbHBIX KJIETOK (4acTHUIl) TKaHH, C
OJIHOU CTOPOHBI, M 00 MHTETPaIbHBIX ONTUYECKUX
XapaKTepUCTUKAX BCEH TONIIM OMOTKAHU, C IPYTOn
CTOpPOHBI.

Ha ceromusimmamii eHh JOCTHTHYTHI OIpe/e-
JICHHBIE PE3YJbTaThl B IOCTPOCHUH MOJIEJIeH TKaHEH
CO CTPYKTYpPHBIMH U ONITHYECKUMH CBOMCTBAMH TIPH
nepeHoce uznyuyenus B Omorkansx [1-8]. Cueny-
€T OTMETUTh, YTO OMOTKAaHU IMPAKTUYECKH BCETIa
MHOTOCJIONHBI. B HacTosiee BpeMsi HCIIOIB3YIOTCS
pa3IUYHBIE MMOAXO/bI K aHAJIM3y MHOTOKPAaTHO pac-
CESHHOTO CBETOBOTO H3Iy4YeHUs, (HOpMUPYEeMOTO
MPH B3aUMOACHCTBHH KOTEPEHTHOTO WJIM YaCTUYHO
KOTE€PEHTHOTO 30HAMPYOIIET0 H3IYYSHHS C 00bEK-
TaMu cO ci1abo YImopsIoueHHOU CTpyKTypoit. Dop-
MHUpyEMbI€ MPU MHOTOKPATHOM PACCESHUU Ja3ep-
HOTO M3JIYYCHHS CIICKII-TIOJS O0O0JIaJJaloT BBICOKOW
YyBCTBUTEIHHOCTHIO K M3MEHEHHSIM KOH(PUTYPALIUU
aHcaMOJIsl pacCcerBaIONUX IEHTPOB B 30HIUPYEMOM
o0beme, 00yCIIOBICHHBIM HECTAIIMOHAPHBIM XapaK-
TEPOM UCCIIETyEMOU CpeJIbl.

Ilepenoc cBera B OHOTKaHU OOYCJIOBIUBAECT
pasznuuHble OMO(U3MUYECKHE TPOIECChl HE TOIBKO
BOJIM3M TIOBEPXHOCTH, HO TaKKe U B Oosiee mry0o-
KHX y4YacTKax JepMbl. [J1yOMHa NPOHUKHOBEHHUS
JIa3epHOT0 M3ITyYeHUsl B OMOTKAaHb OIMpEesieT pac-
MpelielieHne CBeTa 10 IIIyOMHEe B TKAaHW, 3HAYHUT,
OHA OmpeJeNsieT CHEKTP NEHCTBUS (MPOU3BEICHUE
K03 QUIMEHTa TMOIIONICHUS TKAaHH Ha WHTCHCUB-
HOCTh CBETa) Ha TKaHb, HarpeB TKaHU. [loaTomy
M3y4eHHE TIIyOUHBI POHUKHOBEHUS JIA3EPHOTO W3-
Jy4eHUs B ONITUKE KOXKU UMEET MPSIMOE OTHOIICHHE
K Pa3BUTHIO M ONTHUMH3AIUU METOJOB CBETOTEpa-
[UU U JUATHOCTUKU OMOTKaHEeH, K oleHke A dhek-
TUBHOCTH Pa3JIMYHBIX MEXaHU3MOB BO3IACHCTBHS
Ha HHUX HM3JIyYCHHEM, BKJIIOUask (OTOTUCCOLUAIUIO
OKCUTEMOTIIOOMHA, CBETOKHCIIOPOIHBIM U (POTOAM-
HaMUYeCKUH dPPEKTHI U T.J., & TAKIKE SBISCTCS HE-
00XOUMBIM TIPU MTOCTPOSHUHU TEOPETHUICCKOH 0a3bl
(hopMupOBaHUs MapaMeTPOB HHTEPPEPESHIIMOHHOTO
T0JIsS HA OCHOBE TEOPUU TIEPEHOCA U3ITYUCHUS, YIH-
THIBAIOIINE MHOTOCIIOMHYIO CTPYKTYpY OHMOTKaHH,

MHOTOKPaTHOE paccesHue B Cpeie 1 MHOTOKpPaTHOE
MepPeoTpaKEHUE H3ITYICHUS MEXKITY CIOSMHU.

Ilens manHOW pabOTHI — Ha OCHOBE pa3pabo-
TaHHOW HaMW METOIWKH MOJEIUPOBAHUSA CIEKJI-
CTPYKTYpbl MHOTOKpPaTHO pAacCesSHHOTO CBeTa B
MHOTOCTIOMHBIX OmoTkaHsx [10] paccunrare u
NPOAHANN3UPOBATE XapAaKTEPHBIC pasMepsl L, crie-
KJIOB, (hOPMHUPYEMBIX COCTABISIOIINMHU JIA3€PHO-
TO M3JIyYEHHUS: TPSIMOTO CBETa, NU(PPAKIMOHHONW H
i Hy3nOHHON KOMIIOHEHTAMH — B POTOBOM CIIOE,
SMUJIEPMUCE U JIEPME Ha Pa3JIMYHOM OINTHUYECKOM
TIyOWHE T, ONEHUTh BO3MOXKHOCTH OIPEJICICHUS
TTyOWHBI Z IPOHUKHOBEHUS JTa3€PHOTO M3ITYUCHHS B
OMOTKaHb IO pa3Mepam L, criexio, 00pa30BaHHBIX
Ha Pa3NIUYHBIX JUIMHAX BOJIH JIA3EPHOTO M3ITyYEHUS
BHJIUMOTO JHAaIla30Ha, MMPOBECTH pacueT KOHTpacTa
K waTep(hepeHIMOHHBIX TISTEH BHYTPH CPEIbl MPH
IIMPOKON BapWaluu CTPYKTYPHBIX W Ouodu3mde-
CKHX XapaKTepUCTUKax OMOTKaHM.

Kparkoe onucanue MeToaMKu

OcHOBY 117151 MOACTUPOBAHUSI COCTABUIIO YPaB-
HEHHE MEePeHOca U3IyUYeHHs. DTO ypaBHEHHUE Olle-
pupyeT ¢ GOTOMETPUYECKUMHU BeIMUYMHAMH U (e-
HOMEHOJIOTHYECKHUMH XapaKTCPUCTHKAMH CPEIbI,
TaKMMH KakK I10Ka3aTeNId PACCEsHUs, MOIIOIICHUS
U WHAMKATpHCa PAacCesHUS IEMEHTapHOro 00b-
ema. B Teopun nepenoca MHOTOKpaTHOE paccesiHue
YUHUTHIBaeTCsl (PEHOMECHOJIOTHYECKH HA OCHOBE 3a-
KOHAa COXPAaHCHHsI SHEPTUH U MOHSATH Ty4yeBOU HH-
TEHCUBHOCTH.

dusnyeckas KapTHHA, JeKallasi B OCHOBE ypaB-
HEHHS MEepeHoca M3JIydeHHs, Oa3upyeTcsl Ha Mpen-
CTaBJICHUU O B3aMMHOM MHOTOKPaTHOM HEKOT'€pPEeHT-
HOM OOJIy4eHHH U3JIyuYeHHEM HeogHopoaHocTel. [1o
CYTH, IPEAMETOM TEOPHH MEepeHOCca U3IIyUCHHs SIB-
nsieTcs Kuaetnka 1udQy3uu GOTOHOB B HEOTHOPOJI-
HOU cpezxe. DIeMEHTapHbIH 00beM pacceBarolIeH
Cpebl UIpaeT poJib MPUEMHHUKA, & CaM akKT pacces-
HUSI TPAKTYETCsI BCEIZla B SHEPreTHUECKOM CMBICIIE,
C YCpEIHEHHEM 110 BpEMEHHU B 00bEMY.

PazpaOoranHass HaMu aHANIUTHYECKasi METOIU-
Ka pacdera XapaKTEpUCTHK HHTEP(EpEeHIMOHHOM
KapTHHBI, (GOPMHUPYEMOH MHOTOKPATHO PacCesHHbIM
CBETOM BHYTPH MHOTOCJIOWHOW OMOIOTUYECKOHN TKa-
HU THIIA KOYKH YE€JIOBEKa Ha JAJIMHAX BOJIH BUIAUMOTO U
ommwkHero MK nuana3oHoB criekTpa npu 00Ty4eHUH
na3epom, onrcana B padote [10]. [Ipu pacuerax mo-
Jlaraji, 9To PacCeMBAIOLINE YACTUIBI HETIOABHKHBI
[9]. Ilpn MmogenupoBaHUH OBLITH BEIOpAHBI HHXKEHEP-
HBIE TTOJXO/bI, TO3BOJISIOIIME Uil OOJBIIOTO YHCia
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3a/lad aTh TpeOyeMble XapaKTePUCTHKH CBETOBOTO
IoJisi B AQHAIWTHYECKOM BHIE 0€3 3HAYMTEIHHBIX
KOMITBIOTEPHBIX 3aTpaT: HCIIONB30BAIA W3BECTHBIC
AHAIMTUYECKHE PEIISHIs TEOPUH TTePEHOCa H3ITyde-
HUS TIPU TIPEACTaBICHUHA WHAWKATPHUCHI PACCESTHHUS
B BUJE CyMMBI (PYHKIWH, UMEIOIINX CYIIECTBEHHO
pasnuYHBIe YIIIOBbIe MacTalb! [9], 1 pa3neneHus
CyMMAapHOTO M3Jy4€HHUs Ha KOTEPEHTHOE £ 1 HEKO-
TEPEHTHBIN PoH £ .

Hawmwu paccumTanbl Ha 0CHOBaHUH paOoOTHI [11]
TOKA3aTeIH TOITIOMCHHS |1 H ocia0neHus M
a TaKke WHAMKATPUCHI pAacCesHUS WIN WX HWHTE-
rpaibHBIC TapaMeTpsl [9]. BrlmorHeHHBIE B JaHHOH
pabore nccnenoBaHus 0a3UPYIOTCS HAa ONTHYECKOM
Mozenu TKaHu koxu [2—4, 8, 11-13]. PaccmoTpena
OMOTKaHb, COCTOAIIAS M3 TPEX MAaKpOCKOTHUYECKH
OJTHOPOJIHBIX CJIOEB: POTOBOTO CIIOS, AIIUAEPMHUCA U
JIEPMBI.

BxogubiMu mapameTrpamMu i BBIYUCICHUUN
SIBIISIIOTCS JUIMHA BOJIHBI M3JyYEHHS A Jaszepa, a
TaK)ke CTPYKTypHBbIE M OMO(HU3NYEeCKHe XapakTe-
PHCTHKH CII0EB KOKH — T€OMETPUIECKHUE TOIITUHBI
d, m d, oObeMHas KOHLEHTpaUUs KPOBEHOCHBIX
Kanuuspos B gepme C, M MENaHUHA B OIHAEPMHU-
ce C , CTENEHb OKCUTEHALMU KPOBH S (OTHOILECHHUE
KOHIIEHTPAI[U! OKCHUTEeMOTIIOOMHAa K CyMMe KOH-
IICHTPAIUi OKCH- U Ie30KCHTeMorIoonHa). Jlepmy
TToJIaragd MoJyOeCKOHCYHBIM (B ONTHYCCKOM ITJIa-
He) caoem. [lokasarenn W, MOXHO BapbHPOBAaTh
ITyTeM U3MEHEHHsI KaK JUTHHBI BOJIHBI OCBEIIAIOIIe-
ro MydYKa, Tak 1 0OBEMHBIX KOHIIEHTPAINi MOTII0-
TUTEJIEH — COOTBETCTBEHHO MEJaHWHA U JIEPUBATOB
remMoriioOnHa KpoBU. CyuTaeM, YTO ONTHYECKHE
CBOWCTBAa M CTPYKTypa OWOTKaHW HE MEHSIOTCS
Ipu OOIyYEeHUH Ja3epOM BCIEICTBUE €T0 HU3KOU
WHTEHCUBHOCTH.

[Ipu pacuerax yCTaHOBWIHM 3HAYEHUS TOJ-
IMHBI POroBOro cinost d;, = 20 MKM u 3nuaepMuca
d, =100 mxwm [10].

Takum oOpa3zom, pa3paboTaHHAs HAMH MOJCHb
Cpenbl JaeT TPSAMYIO CBSI3b MEXIY OINTHYECKHMHU
(ompenensommuMI XapaKTePUCTHKHA CBETOBOTO TOJIS B
cpene) u OnoU3NIeCKIMH TTapaMeTpaMHi OMOTKaHH.

Pe3yabTarbl M uX 00CyxKIeHHE

PaccmoTpuM Temepbp HEKOTOphIE OCOOCHHOCTH
CHEKJI-CTPYKTYpBl TPUMEHUTENFHO K TaKOW CBETO-
pacceuBaroLIeil cpee Kak Koxxa dyenoseka. Ha pucyn-
kax 1-3 mpencTaBieHb! pe3yabTaThl MOAESITNPOBAHHS
3aBHCHMOCTEH Pa3MepOB TpEX XapaKTepHBIX CIIEK-
TPOB TISATEH, KOTOpble 00pa30BaHbI TPEMsI KOMIIOHEH-

TaMu u3nydeHus (mHaexcel i = 0, 1, 2 00603Ha4yaroT
COOTBETCTBEHHO MPSIMOM CBET, MUPPAKIHOHHYIO H
g y3nOHHYI0 KOMITIOHEHTBI) B CpeJie TIPU pa3iind-
HBIX BeJTMUYHMHAX ONO(DU3NYECKUX H CTPYKTYPHBIX Ia-
paMeTpoB OMoTKaHu. Bce TpU KOMIIOHEHTHI UMEIOT
rayCCoBOE YIIIOBOE PaCHpe/elicHNe JTy4eBOH MHTCH-
CHUBHOCTH, OJIHAKO CYIIECTBEHHO Pa3IHYarON[MHUCS
MOJTYITUPUHAMH.
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Pucynok 1 — CrnexrpanpHasi 3aBHCUMOCTb CPEIHETO pa-
auyca L CHEKIIOB, (POPMHUPYEMBIX IPSIMBIM CBETOM, B PO-
TOBOM cnoe (kpuBas 1), snmuaepmuce (2) u aepme (3)
Figure 1 — Spectral dependence of the speckles mean

radius L, formed by direct light, in the stratum corneum
(curve 1) the epidermis (2) and the dermis (3)

Ha pucynke 1 m3oOpaxeHsl rpaduKkd CIIeK-
TpaJbHOM 3aBUCUMOCTH CPEIIHETO pajuyca L,-o cre-
KJIOB, (DOPMHPYEMBIX TIPSIMBIM CBETOM, B OMOTKaHH
THIa KoXa 4enoBeka (nHaekcol j = 0, 1, 2 00603Ha-
YalOT COOTBETCTBEHHO POTOBOM CIIOW, MHUAEPMHUC
u nepmy). [anee mom pasMepoMm cCHekI-TsATeH Oy-
JIeM TOHUMAaTh 3HAYCHUE CPEJHEro pajunyca IaTHA.
C pocTOM IITUHBI BOJHBI pa3Mep CIEKIOB, 00pa3o-
BaHHBIX TIPSIMBIM CBETOM JIa3€PHOTO H3ITYUYEHUS,
yBenuuuBaercs B 2 pasza (¢ 400 no 800 Mxm) B po-
roBom cioe u B 5 pa3 (c 0,6 mo 3 MKM) ais 3mu-
nepmuca u ¢ 0,27 no 1,4 mxm s nepmbl. Bunso,
YTO B POrOBOM CJI0€ OPMUPYETCS KPYITHBIE 3epHa
CIIEKJIOB.

Ha pucynke 2 moka3aHbl 3aBUCHMOCTH pa3Mepa
Lj1 CIIEKJIOB TU(PPAKIIMOHHOW COCTABIISIONICH J1a3ep-
HOTO CBETa Ha Pa3JINYHOU TTyOMHE MPOHUKHOBEHUS
ONTHYECKOTO M3IYYCHHsI B POTOBOM CJIO€ (CIUIOMNI-
HbIE KPUBBIE), STIUjIepMuUce (IITPUXOBBIE KPUBKIE) U
JiepMe (TOYeUHbIe KPUBBIC) B BUIUMOM JIHANIa30HE
JUTHH BOJTH IIPH BEJTUYMHE 00bEMHOM KOHIIGHTPAIHH
MEJIAaHMHA B JUAEPMUCE Cm =0,04.
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pasMep CHEKN-TATeH Ljj, MKM /
saze of the speckle-patterns L;;, pm

0 1 2 3
onTryeckas rirybuna t / optical depth t

Pucynok 2 — Pa3mep L, crexmos I paKIUnOHHON CO-
CTaBISFOLICH JIa3epHOr0 H3JIyYCHHS B POTOBOM CIIOE
(cTmomIHBIE KPUBBIE), MHAEPMHUCE (IITPUXOBBIC) U JIEP-
Me (TodueuHbIe) Ha MuHaX BONH A= 400 HM (kpuBbIe 1),
600 ™ (2) 1 800 HM(3)

Figure 2 — L, speckle size of laser diffraction compo-
nent in the stratum corneum (solid curves), the epidermis
(dashed) and dermis (dotted) at wavelengths A = 400 nm
(curve 1), 600 nm (2) and 800 nm (3)

Pa3mep crieki-misiTeH, 06pa3oBaHHBIN AU paKITH-
OHHOW COCTABIISIIOIICH JIA3€pPHOTO CBETA, OXKUIAEMO
YBEITUYMBACTCS C IIEPEMEIIICHHEM B KPACHYIO 00JI1acTh
BUJIMMOTO JTMarna3oHa (tabmuua 1) u yMmeHbIaercs ¢
POCTOM OINTHYECKON ITyOWHBI (PUCYHOK 2). 3Hade-
HUsI Pa3MEPOB CIEKIOB L\ 1 L, s 1ymH BosH 400
800 uMm Haxomsgrcesa B auamna3one ot 0,02 mo 0,15 mxm
(pUCYHOK 2, CIIIONIHBIC ¥ TyHKTUPHBIE KPUBBIE).

Oco0bIii MHTEpEC MPEACTABISIET pa3Mep CIEKII-
MsITeH Ha AnuHe BoHbl 600 HM B JepMe (PUCYHOK 2,
To4YeyHas KpuBas 3). 3HaYeHHs pa3MEPOB CIEKIIOB B
2 pasa BbIIIIC HA 3TOH JUIMHE BOJHBL. DTO CBS3aHO C
3 PEKTUBHBIM TOTJIOMIEHHEM H3JIYYEeHUSI KPOBBIO.
W3 Tabmuiet 1 BUAHO, 9TO pa3Mep CHEKI-CTPYKTYPBI,
CO3JIaHHOH JAU(PAKIIMOHHON COCTaBJISIFOIIEH B AIIH-
JISPMUCE, HE 3aBUCUT OT BEJIMYMHBI KOHIICHTPAIUH
menannna C .

Ha pucyHke 3 mpeacTaBiieHbl 3aBUCUMOCTH pa3-
MEpOB sz criekioB T (Qy3nOHHON COCTaBIISMIONICH
JIA3epHOTO M3IyYeHHs Ha pa3IMdHON TITyOWHE TIpo-
HUKHOBEHUSI ONTHYECKOTO M3IYYCHHUS T B CIOSX HC-
clielyeMOr Mojienu OMOTKaHW MPU OOBEMHON KOH-
[EHTPAINA MEJIaHWHA B JMHUACPMHICE Cm =004 u
xanuiusapos B gepme C, = 0,04.

Tabnuya 1/ Table 1

3aBuCHMOCTL pasMepoB Judpakunonnoii L, u 1uppy3uonnoii L , coCTaBJIsAIOIHUX B IMUAEPMHUCE OT 00HeMHOM
KoHueHTpauuu Menanuna C, ua pmnax Bosin 400-800 um (onTuveckas riyouna t = 0,5)

Dependence of the size of the diffraction L, and diffusion L, components into the epidermis on the volume con-
centration of melanin C at wavelengths of 400-800 nm (optical depth T = 0,5)

Cm
A, HM / nm 0,02 0,08 0,02 0,08
L, Mxm / um L,,, Mxm / pm
400 0,128 0,128 0,017 0,017
500 0,153 0,153 0,017 0,017
600 0,322 0,322 0,020 0,020
700 0,187 0,187 0,023 0,023
800 0,193 0,193 0,025 0,025

IIpu yBenmnueHUU ONTUYECKON TTyOWHBI U3 T10-
JMyYEHHBIX pacyeToB BHUIHO, YTO pa3Mep CIeKiIa
i Py3nOHHON COCTABIAIONMEH OXKHUIAEMO CHIDKA-
ercs ¢ 0,028 70 0,012 MKM B pOTOBOM CJTO€ Ha JITTHHE
BotHBI 800 HM (PHCYHOK 3, CIUIONTHAS KPUBas 5) U C
0,012 mo 0,004 mxMm Ha ayuHe BoHEI 400 HM (pHCy-
HOK 3, cIiomrHast Kpusas 1).

B Tabnuue 2 npusenensl 3nadenus L, mud-
PaKIIMOHHOM COCTABIISIONIEH JTa3epHOTO M3TYUYCHHS
B JepMe OT OMO(MM3MUECKUX XapaKTePUCTHUK OMO-
Tkaau. C POCTOM CTEIECHU OKCHUTCHAIMH S KPOBU
BeJMYKMHA L, HE M3MEHsETCs. Takoe ke MOoBEICHHE
HaOIIIOIaeTCs U MPU YBETUICHUH 00HEMHOM KOHIICH-

Tpanuu MenanuHa C, B onmaepMuce. OTO CBA3aHO
C TEM, YTO JMUJAEPMHUC UTPAET POJb CHEKTPAIHLHOTO
(buneTpa, ocIabss CBET, MPOHUKAIOIINA B TITyOUHY
Cpelnbl, ¥ 9TO OcllablieHue TeM 3aMeTHee, YeM 0OJIhb-
me C , H0ITOMy INpPaKkTHYECKH HE BIMAET Ha Mapa-
METPBI CIIEKII-CTPYKTYPHI B JIEPME.

CrouT OTMETHUTH, YTO HAOIIOMAETCS CHUXKE-
HHUE pa3Mepa CIeKia TPU YBEIUYEHUH OOBEMHOM
KOHLEHTpalnu Kanuspos C, B 1epMme, BEIMIUHA
CIEKJI-TIATEH U3MeHsieTcs B npenenax ot £10 % npu
400 am u 1o £23 % mirst 800 M.

B Tabmuue 3 npusenensl sHavenus L, mudpdy-
3MOHHOW COCTAaBJISIIONICH JTa3epHOTO H3IY4CHHS B

181



Tpubopul u memoowvt uzsmepenuil
2017.—T.8, Ne 2. - C. 177-187
Abpamosuu HJ[., /lux C.K.

Devices and Methods of Measurements
2017, vol. 8, no. 2, pp. 177-187
Abramovich N.D., Dick S.K.

JepMe OT OMO(PU3MICCKIX XapaKTePUCTHK OMOTKAHH.
3aBUCUMOCTH 3TOM COCTABIIIONICH JTa3epHOTO CBETa
0T OMOPU3NIECKUX XaPaKTEPUCTUK OMOTKAHN UMCIOT
TAKOW K€ XapakTep, YTO U 3HaYCHUs L, C yTOYHEHH-
€M TOI0, 4TO OT 00bEMHOM KOHIEHTpamuu C, Karui-
JIIPOB B JIepMe MPAKTUIECKH HE 3aBUCST (M3MEHEHHE
He Oomee +3 %).

CBETOM, TIPUMEPHO Ha 4 mopsiaKa — 00yCIOBIEHHBIX
TUPPAKITUOHHON KOMITOHEHTOM.

[Ipu yBenrueHUH ONTHYECKOM TITyOUHBI T COOT-
HOILIEHUE BKJIAJIOB MPSIMOTO CBETA, TUPPAKIIMOHHON
U TUPPYy3UOHHONH KOMIIOHEHT B PE3YJILTUPYIOILYIO
OCBEIIEHHOCTh M3MEHSETCS, YTO IMPUBOIUT K II0-
CTETICHHOMY WU3MEHEHHIO CTPYKTYpHI IIATEH: T.K. Ha

0,03 MaJIbIX TITyOWHAX MPEBANHUPYET BKIIAI MPSIMOTO CBE-
= § 0.027 Ta, TO C MOTPYKEHUEM B OMOTKaHb IIEPBBIMHU HCYE3a-
RGN 10T CHEKJI-MIATHA C pa3MepoM MOopsiaKa MIJUTUMETpa.
< g ' [TocreneHHO M3MEHSIETCS XapaKTep BKJaja KOMIIO-
2 5 0021
5 = 12 HEHT JIa3ePHOTO M3TyUSHUS BHYTPpU OMOTKAHU: TU(-

o -
z 4 0018 pakiuonHas U U y3uoHHAsS KOMIIOHEHTHI CTaHO-
5
g8 0,015 7 BATCSI OCHOBHBIMHM COCTABJISIOLIUMHU PACCESIHHOIO
gé 0,012 — CBETa, COOTBETCTBEHHO pa3Mep IMSITEH CTaHOBUTCS
o 5 - o
2% 0009 nopsiika MUKpoMeTpa. B mpenene yrinoBoil criexTp
=8 0006 MHOTOKPATHO PACCEIHHOTO CBETA CTAHOBHUTCS IIpaK-

g 5

1 THYECKHU TUQPPY3HBIM, TPAKTHICCKHA 0CTACTCS TOJb-

0
onTHyeckas riryouna t / optical depth t

Pucynok 3 — Cpennuii pazmep sz creky-msiTeH audhysn-
OHHOHM COCTaBJISIFOLLIEH JTa3epPHOTO M3JTyUCHHUsS Ha pa3iny-
HOW ONTHYECKOH NIyOMHE T B POTOBOM CJIO€ (CIUIOLIHBIC
KpHBEIE), SIHIepMHuce (IITPUXOBBIE KPUBBIE) U JiepMe (To-
YeyHbIe KpUBbIE) Ha JuInHax BoiH A = 400 HM (KpuBsbIe 1),
600 uM (2) u 800 M (3)

Figure 3 — Average size of L, speckle spots of diffusion
component of the laser radiation on different optical depths
T in the stratum corneum (the solid curves), the epidermis
(dashed curves) and the dermis (dotted curves) at the wave-
lengths of 1 =400 nm (curve 1), 600 nm (2) and 800 nm (3)

[TpsimMoii cBET co3/1aeT KPYIHO3EPHUCTYIO CTIEKII-
CTPYKTYPY C HAaUMEHBLIUM CPEIHUM YHUCIIOM IISITEH
Ha eMHUITY Tuomaau. B cBoro ouepens, miist quddy-
3MOHHOU COCTAaBJISIIONIICH KOJMYECTBO IATEH HA €lU-
HUIIE IUIOIAAM HauOoblee U Ha 7 IOPSLIKOB IIpe-
BBIIIACT ITIJIOTHOCTH IIATCH, 06yCJ'IOBJIeHHbIX IIPpAMBIM

Ko MU Py3nOHHAS KOMIIOHEHTA M XapaKTepHBIN pa3-
Mep CIEKI-CTPYKTYPbl CTAHOBUTCS TOPSIKA JOJEH
JUTMHBI BOJHBI U3JTy4CHHUSI.

C poctoM [UIMHBI BOJHBI A BEJMUMHA pa3Mepa
CTEKJI-TSITEH YBEIMYMBACTCS, & KOHIICHTPAIHS TISITCH
yMeHbIIaeTcst. TUIYHbIe 3HaYeHUs pa3Mepa CIeKII-
IIATEH JIeKaT B mpenenax ot 8 10 24 mxm. [Ipu stom
CpenHsisl OCBEIICHHOCTh B IMSTHAX CHEKI-CTPYKTYPHI,
HE 3aBHUCHUT OT JIJIMHBI BOJIHBI H3ITy4YEHUSI.

IIpu yBenuueHnn TOMIMHBI raepMuca ot 150
1o 400 MKM pa3Mep CHEKII-TIATEH U3MEHSIETCS B TIpe-
nenax £(1-2) %. YBennueHue pa3MepoB LIEHTPOB pac-
CesiHUSL B Cpelie IPUBOIUT K YMEHBILCHUIO DIIyOHH-
HOro mokasarens ocnabnenus [, nM(pakuMOHHOM
KOMITOHEHTBI. DTO IPUBOIUT K OoJiee NTyOOKoMy Ipo-
HUKHOBEHHIO TU(PPAKIIMOHHON KOMIIOHEHTHI B CpPEIy
M, COOTBETCTBEHHO, K HEKOTOPOMY YBEIHMUYEHHIO Xa-
pakTepHoro pasmepa mnsren L, . Crenyer 3amMeTuTs,
YTO TIPU STOM TITYOWHHBIM TIOKa3aTellb OCITa0ICHUS

Tabnuya 2 / Table 2

3aBHCHMOCTL pasMepoB TU(GPaAKUHOHHOI cocTaBsomieii L, (MKM) 0T 00beMHOl KOHUeHTpauuu Mejanuna C
B JNHUJepMHUCe, 00beMHON KOHUEHTPAUMH KANWLISAPOB B AepMe C,, CTENeHH OKCHIeHAIIMM KPOBH S Ha IJIHHAX
BoJiH 400-800 M (onTH4Yeckas r1youna t = 0,5)

Dependence of the size diffraction component L,, (um) on the volume concentration of melanin C in the epider-
mis, volume concentration of the capillaries in the dermis C,, the degree of oxygenation of the blood S at wave-
lengths of 400—800 nm (optical depth T = 0,5)

C =002 C =0,08
% HM / nm §=05 §=097 5=05 §=097
=002 | =008 | c,=002| C=008 [ C=002 | =008 | C,=0,02 | C,=0,08
400 0,115 0,105 0,115 0,105 0,115 0,105 0,115 0,105
500 0,140 0,123 0,140 0,123 0,140 0,123 0,140 0,123
600 0,153 0,123 0,153 0,123 0,153 0,123 0,153 0,123
700 0,163 0,126 0,163 0,126 0,163 0,126 0,163 0,126
800 0,168 0,129 0,168 0,129 0,168 0,129 0,168 0,129
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Tabnuya 3 / Table 3
3aBucHMOCTL pa3vepoB auddysuonnoii cocrapasiiomei L,, (MKM) 0T 00beMHOI KOHUEHTPauuu Mesanuna C
B JNM/IepMHCe, 00beMHOIi KOHIEHTPALMH KaNWLIsIPoB B AepMe C,, CTeNleHH OKCUTeHAUMH KPOBH S Ha JUIHHAX
BoJiH 400-800 M (onTHueckasi rmyouna t = 0,5)
The dependence of the size diffusion component L,, (um) on the volume concentration of melanin C, in the
epidermis, volume concentration of the capillaries in the dermis C,, the degree of oxygenation of the blood S at

wavelengths of 400-800 nm (optical depth T = 0,5

C,=0,02 C,=0.,08
X, 1M / nm 5=05 §=0,97 5=0,5 5=0,97
c,=002 | =008 | c,=002| C=008 | ¢,=002 | =008 [ C,=002]| C,=008

400 0,0139 00136 [ 00139 0,0136 0,0139 0,136 | 00139 | 00136
500 0,0168 00163 | 00168 0,0163 0,0168 00163 | 00168 | 00163
600 0,0193 00187 [ 00193 0,0187 0,0193 00187 [ 00193 | 00187
700 0,0219 00212 [ 00219 0,0212 0,0219 00212 | 00219 | 00212
800 0,0242 00235 | 00242 0,0235 0,0242 00235 | 00242 | 00235

B,, mddy3HON KOMIIOHEHTH MHIUKATPUCHI pacces-
HUSI U3MEHSIETCSI CPAaBHUTEIBHO c1a0o.

Jo cux mop Mbl aHAJIM3UPOBAIU CIICKJI-
CTPYKTYpY B 3aBUCHMOCTU OT ONTHYECKOM, a HE OT
TeOMETPUYECKON ITyOHHBI, TOCKOJIBKY B paMKax Te-
OpHUH NIEepeHOCa M3IYyUYCHHUSI CBETOBBIE TIOJISL B Cpele
3aBUCSAT UMEHHO OT ONTHYecKol rmyOunsl. [ist pac-
CMOTPEHHBIX JUTMH BOJIH TIOKA3aTeNb OCTA0IEHUS I
Oouonornueckoi Tkanu npu A = 400 HM B 5,3 paza
Oomnbure, yem npu A = 800 um. [ToaTomy u reomeTpu-
Yyeckas [yOnHa MPOHUKHOBEHHSI CBETA NP MPOUHUX
PaBHBIX YCIIOBHAX JOJDKHA Obla Obl OBITH ISt BTO-
POH UTMHBI BOJHEI B 5,3 pa3a OoJblie, 4yeM AJIsl [ep-
BOM. B 1eiicTBUTEIBHOCTH K€ 3TO MPEBHIILICHHE €IIe
Oosblie, MOCKOJBbKY IMOIIOMIEHUE CBETA B KPACHOM
00JIaCTH CHEKTpa 3HAYUTENBbHO MEHbLIE, YeM B (u-

kouTpact K / contrast K

JUTHHA BOJIHBI A, HM /
wavelength A, nm

oneTtoBoil. Ha pucynke 4 npesicraBieHa CrieKTpab-
Hasl 3aBUCHMOCTb KOHTpacTa K CHEeKI-IIATEH OT TITy-
OMHBI MPOHUKHOBEHUS CBETA B KOXKY ISl ITIMH BOJIH
BUJMMOro auana3oHa. llpencraBneHHble 3HaYeHUs
Ha PHCYHKE 4 MpUBEACHBI MPH OOBEMHOH KOHIICH-
Tpauu Kanuuisipos B aepme C, = 0,04 n menanuna
B 3MUJIEPMHUCE Cm = 0,04 mpu cTeneHn OKCUTCHALINU
kpoBu S = 0,75. I'yOuHa z OTCUUTHIBAETCS OT HO-
BEPXHOCTH KOXKH.

U3 pucynka 4 BUIHO, YTO C POCTOM IIyOHHBI
IIPOHUKHOBEHHS CBETa B TKaHb KOHTPACT CIEKII-
nsTeH K ymenbuiaercst ObicTpee B (hruoJeToBOi 00-
JIACTH CIIEKTPa 110 CPABHEHHUIO C KPacHOW 00JacThIO.
OTO CBsI3aHO € BEJIMUYMHON MOKa3arens ociaalbieHus
1, OuoTkanu: yem Onvke K QUONETOBOM obractu,
TeM OOJIblIE [TOKa3aTelb.

rnyouHa z, MM /
depth z, mm

PHCyHOK 4 - CHGKTpaJ’ILHaﬂ 3aBUCUMOCTb KOHTpacTa Kot FHy6I/IHI>I IMPOHUKHOBCHUS CBCTA B KOXKY Z

Figure 4 — Spectral dependence of a contrast K on the depth of light penetration into the skin z
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Ha pucynke 5 mnpexncraBiieHa cCHEKTpasbHAs
3aBHCHMOCTh KOHTpAcTa CIHEKJI-TATEH OT CTENeHH
OKCHTeHaInu B Jiepme Ha mryoune z = 0,06 cm. Be-
JIUYAHBI OOBEMHOW KOHIICHTPAIIMH KPOBEHOCHBIX
KallWJUISIPOB B JIEPME U MEJIaHWHA B DITUAEPMIICE CO-
crapisior C, = 0,04 u C = 0,04 COOTBETCTBEHHO.

Kak BuIHO W3 pucyHka 5, BEIUUYMHA KOHTpa-
CTa CHEKJI-CTPYKTYphl K ¢ yBelIMYeHHEM CTETeHU

koHTpact K / contrast K

OKCHTeHanny S KPOBH Ha BCEX JJTMHAX BOJIH BaphH-
pyercst B ipenenax +(4-5) %. TunnaHble 3HAYSHUS
KOHTpAacTa JijIsl JAaHHOH TITyOHHEI Z JIeXKaT B TIpeeax
ot 0,2 10 0,6. OTMeTHM, 9TO B KpacHOH 00JacTH Ha
mmrHaX BoH 600—650 HM HaOmIOmaeTCsl CHIDKCHUE
koHTpacta K Ha BenmmuuHy 10 15 %. 910 cBA3aHo ¢
CHJIBHBIM TIOTJIONIEHUEM M3JTYyYeHUS KPOBBIO B OTOU
00J1aCTH CITeKTpaA.

600

500

400

JUTHHA BOJTHBI A, HM / wavelength A, nm

crernens okcureHanuu S / degree of oxygenation S

PucyHok S — 3aBucumocTs KOHTpacTa K CHEKJI-ISATEeH OT CTENEHU OKCUTEHAINK S B BUAMMOM JHAaNa30He

Figure 5 — Dependence of contrast K of the speckle-patterns on the degree of oxygenation S in the visible range

PucyHok 6 wnImOCTpUpyeT 3aBUCHMOCTb KOH-
Tpacta K OT 00beMHON KOHLIEHTPALMH KPOBEHOCHBIX
KanuispoB B Jiepme C, U MENaHWHa B JNHUIEPMHUCE
C. Br1Opanb! f1Be Ha JUTHHBI BOJIHBI A = 548 HM (pu-
CYHOK 6a, ¢) n 805 HM (prcyHOK 6b, d) Ha TITyOMHAX
z=0,01 cMm (pucyHok 6a, b) nz=0,1 cM (pucyHOK 6¢, d).
Benuuuna crenenn okcureHauy kposu pasHa S = 0,6.

Kak BuIHO U3 pHucyHKa 6, C pOCTOM INIyOHHBI Z
YMEHBLIACTCS HE TOJIBKO KOHTPACT K CIIEKJI-TISITEH, HO
1 3aBUCHMOCTb OT OOBEMHOI KOHLIEHTPALMH MEJIaHH-
Ha B sruzepmuce C (PUCYHOK 6¢, d).

KoHTpacT cHeki-msiTeH Ha HMCClenyeMbIX [UIU-
Hax BONH A = 548 HM (pHCyHOK 64, ¢) u 805 HM (pu-
CYHOK 6b, d) otnmmyaercst B 2,2 u 1,6 pasa, COOTBET-
CTBEHHO, IPH NIOTPY>KEHUH BIIIyOb cpesl. B rimyOnne
cpenbl (pUCYHOK 6c¢, d) IpeBaNupyeT AeHCTBHE OIMK-
Hero MK u3nmy4yeHust Ha OKCUTeMOITIOOMH U CBETa C
A = 600 aM Ha ne3okcuremorioOnH. CuHe-3eeHBII
CBET JOXOIMT /10 ITyOOKHX CJI0€B E€PMbI CHIIBHO OC-
7a0JCHHBIM M NPAKTHYECKH HE OKa3bIBaeT BO3ICH-
CTBUSI HU Ha KPOBb, HU Ha TKaHb-OCHOBY, IIOTOMY
KOHTpAacT K B 3TO# 0011acTy, Kak BHIHO U3 PUCYHKA 5,
HIDKE YeM B KPacHOH 00acTH.

B cBiA3u ¢ mociiemHed OTMEUYEHHOH 0COO€H-
HOCTBIO YKa)keM Ha poib d(¢exTa «cuta» B Gop-

MUPOBAaHHUU CHEKTPOB HEHCTBUS (IPOM3BEIACHHE
k03 PHUIMEHTA MOINOMIEHNS TKAHH HAa UHTCHCHUB-
HOCTB cBeTa). VI3BE€CTHO, YTO JIOKAJIM30BaHHOE T10-
ITOIIEHHE CBETa KPOBEHOCHBIMHU cocygamu [11,
14-16] u spurpouuramu [17, 18] MoxeT mpuBO-
IUTh K CYyIIECTBEHHOMY (B HECKOJIBKO Pa3) yMEHb-
IICHUIO MOKA3aTeNIs MONIOMEHNS OMOTKaHHU [ TI0
CpPaBHEHHUIO CO CIy4yaeM DPaBHOMEPHOIO pacrpe-
JIeJICHUsI TOTJIOTUTENS] — KPOBH M reMorioOnHa —
[0 COOTBETCTBYOLIEMY 00beMy cpeabl. JlaHHBII
a¢pdext Hanboiee 3aMETHO BBIpAXKEH B CHHE-3€-
JICHOW 00JacTH CIEKTpa, Ilie TeMOITIO0UH H, clle-
JIOBAaTEJIbHO, KPOBb CHJIBHO IONJIOIIAIOT CBET. B
pe3ynbrare OCBENEHHOCTh n3nyueHus £ (A, z) Ha
3TUX AJUHAX BOJH MOXKET CYIIECTBEHHO YBEIH-
YUTHCS 110 ABYM NpUYMHAM. Bo-mepBbIX, B 1e0M
YMEHbIIAETCA M0Ka3aTeIb MOMIOMEHUS! OMOTKaH!
U, W MUl CBET ocnabnseTcs Menbie. Bo-
BTOPBIX, YBEIMUNBACTCS KOIPDULNEHT OTPaKCHUS
W3ITy4eHUs JePMOil.

Ha ry6une z = 0,01 cm (pucyHok 6a, b) 3aBu-
CHUMOCTb KOHTpacTa K CIEKJI-CTPYKTYPbl IPUMEPHO
OJIMHAKOBA KaK OT 00BbEMHOM KOHLIEHTpALK MeJla-
nuHa C B OIKIEPMUCA, TAK ¥ OT 00bEMHON KOHLIEH-
Tpauu Kanuuisipos C, B IepMe.
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Pucynok 6 — 3aBucumocTh kKOHTpacTa K 0T 06beMHOM KOHIEHTPAIMK KPOBEHOCHBIX KaMILIAPoB B gepMe C, U Mena-
HuHa B snuaepmuce C, Ha 1yiMHax BOJH A = 548 um (a, ¢) n 805 um (b, d) na rybune z = 0,01 cM (a, b) n 0,1 c™m (¢, d)
Figure 6 —Dependence of contrast K on the volume concentration of capillaries in the dermis C, and melanin in the
epidermis C at wavelengths I = 548 nm (a, ¢) and 805 nm (b, d) at the depth of z= 0,01 cm (a, b) and 0,1 cm (c, d)

Crnenyer OTMETUTh, YTO C yBEITHYCHHEM JH000-
ro M3 mapamMeTpoB OMOTKAaHH BEJIMYMHA KOHTPACTa
CIEKJI-IIATEH YBEJINYUBACTCS, OAHAKO 3HAUUTEIHHOE
yBelMueHne KoHTpacta K 3aMETHO TpU OJHOBpe-
MEHHOM pOCTE BCEX ITHUX TapameTpoB. B paborax
[19, 20] noka3ana BO3MOXXHOCTh PEIICHUS 00paTHOMH
3aJ1a4M ONpeICIICHUs] CTeTIEHH OKCUTCHALIUN KPOBH S
1 00BEMHOW KOHIIGHTPAI[H KPOBEHOCHBIX KaITHJLIIsI-
poB C, 110 KOHTPAacTy MHTEP()EPEHITMOHHOMN KapTHHBI
B INTyOMHE JAEPMBI.

3akJarouenue

B pesynbrare TEOpeTHYECKOr0 MOAEITHPOBAHHUS
YCTAHOBJICHO, YTO 3HAYCHHs Pa3sMepoB L, CIEKIIOB,
(opMHPYEMBIX COCTABIAIOLUIMMY Ja3epPHOTO U3ITyye-
HUS, IPSMBIM CBETOM, TU(PPaKIHOHHOHN U 1nuddy3u-
OHHOI KOMIIOHEHTaMH, B POTOBOM CJIO€, SMUACPMU-
ce u nepMe Ha anuHax BosiH 400-800 HM, BapbUpy-
IOTCSI OT A0JIEH MUKPOMETpa 10 MHJUIUMETPA.

[lokazaHo, 4T0 B POroOBOM CJIO€ MPH OCBEIle-
HUH 00Pa3yIoTCs CIIEKIIbI, pa3Mep KOTOPBIX COCTaB-
JSIeT OT COTEH MHKPOMETPOB A0 MWIIMMeTpa. B
SMHUIEPMHCE YITIOBOE paclpelelicHne H3Iy4YeHus,
MHOTOKPaTHO PAacCesHHOIO B POTOBOM CIIOE€, IO

CPaBHEHUIO C YIJIOBOM PACXOAMMOCTBIO MAJAIOLIETO
Iy4yKa JOCTATOYHO IIMPOKOE, MOITOMY Xapakrep-
HbIE pa3Mepbl CIEKIOB Majbl — €IMHULBI MUKPO-
MeTpa. B nepme ymioBas pacxonIMMOCTb ITydKa Jia-
3€PHOI0 M3JIyYEHHs YBEJIWYUBACTCS, IPEBAIUPYET
BKJIQJl MHOIOKPAaTHOTO PacCesHUsl, U U3Jy4YE€HUE OT
WCTOYHHMKA MPAKTUYECKU IOJHOCTHIO OCIa0IeHO.
[Ipu sToM popmupyercs: MenkoMaciTaOHas CreKI-
CTPYKTYpa — Pa3sMeEpbl CIIEKJIOB COCTABIISIOT JOJIU
JUIMHBI BOJIHBI ITJJAOLIET0 U3JIyYEHUs. YCTaHOBIICH-
Hasi 3aBUCUMOCTh IO3BOJISIET ONPEACIUTh TIYyOHHY
NPOHUKHOBEHUS M3ITyYeHHUs Z B OMOTKaHb UCXO/IS U3
pa3mepoB Lle CIIEKJIOB.

Pacuer koHTpacTa K ClIEKII-CTPYKTYPbI pacCesiH-
HOTO M3JIy4E€HMsI B BUJUMOM JUana3oHe Ha pas3jidy-
HOW TyOWHEe z B OMOTKaHHW IMO3BOJIMJI yCTAaHOBUTH
3aBHCUMOCTh BEJIMUMHBI KOHTPACTa HHTEPPEepeHIIN-
OHHOI KapTHHBI OT CTETIEHN OKCUTEHAINH S KPOBH U
00bEMHOI KOHIIeHTparmu C , KallMJUSIPOB B JiepMe.

B nanbHeleM IUIaHUPYETCsl pa3BUTHE IOJIY-
YEHHBIX PE3yJbTATOB JUIsl Ciyyasl IOABMKHBIX pac-
ceuBaTeliedl M NOCTPOEHUE AHAIMTHUYECKUX CBS3EH
MEXy MapaMEeTpPaMU CIEKJI-KapTHHBI U Pa3/InYHbI-
MU XapaKTepUCTUKAMHU IBHKYIIMXCS YacTUIL (HaIIpH-
Mep, SPUTPOIIUTOB) U CPEJIbl, B KOTOPOIl OHU TepemMe-
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marotcst. OueBUIHO, UTO (PYHKITMOHAIBEHEIC BOZMOXK-
HOCTH CIEKJI-ONTHYCCKUX METOJOB JHArHOCTUKU
OMOTKaHEHW MPH ATOM CYIIECTBEHHO PACIIAPSTCSL.
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Abstract

An experimental instrument complex which includes hardware for performing complex procedures
using electrical shock massager frictional action was performed. The aim of the study was to influence the
additional vibration effect on the efficiency of the procedure of electrostimulation.

In order to increase the efficiency of the procedure electrostimulation authors proposed to carry it out
with using of massager shock-friction action. The changes of muscular indicator on different stimulation
treatments was shown after a series of seven treatments .

Results of the processing of the experimental data and its subsequent analysis found that the use of the
vibration exposure is accompanied by increase of load parameters in untrained volunteers. The increase in
contact area due to decrease in the distance between the nozzle and the axis of rotation of the tumbler body
surface, increases the electrical efficiency of the procedure.

On the basis of a generalized analysis of data reflecting the effect of inappropriate electrical stimulation,
it was established that, in order to achieve the best results, oscillatory systems providing shock-friction
mode of its interaction with the skin surface, in particular a shock-frictional massager, were used.
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Biansinue 10NMOJHUTEIBLHOT0 BUOPALIMOHHOIO
BO31eHCTBUA HA 3P PEKTUBHOCTD NPOBEICHUS MPOLEAYPHI
JIEKTPOCTUMYIALIUA

Kucenes M.I., Jlaoyns E.N., JIrouko I1.C.

Benopycckuil HayuonanbHwitli mexHuyeckuil ynugepcumen,
np. Hezasucumocmu, 65, e. Munck 220013, Fenapyco

Tocmynuna 20.02.2017
Ipunama x nevamu 17.05.2017

Lenbto paboThl SIBISUIOCH HM3YYCHUE BIUSHHS JIOMOJHUTEILHOIO BHOpanMOHHOTO J(QeKra Ha
3 PEKTUBHOCTH TPOLEAYPHI ANMEKTPOCTUMYISIIUK. OnHcaH 3KCIIEPUMEHTANIBHBIA MPUOOPHBIA KOMILIEKC,
KOTOPBIM BKJIIOYaeT B ceOsl ammapaTHBI KOMIUIEKC Ul BBIMOJIHEHUS MPOLEAYPHI IEKTPOCTHMYISLUU C
WCTIOJIb30BaHUEM Maccaxepa yaapHO-(QPUKIIMOHHOTO ACHCTBHSI.

C uenpl0 TMOBBIMEHHUS SPPEKTUBHOCTH BBIIOIHEHHUS TMPOLEAYPHl AIEKTPOCTUMYISIIMKA aBTOPAMH
NPEAJIOKEHO OCYHIECTBIATh €€ C HCIONb30BaHHEM Maccaxepa yAapHO-(GPUKIHMOHHOTO JCHCTBHIL
PaccmoTpeHsl uM3MEHEHMsI JMHAMOMETPUUYECKHX XapaKTePUCTHK Y BOJIOHTEPOB /0 Hayaua MpoLEeaAyp
CTUMYJIALINU U 110 OKOHYaHUU CEPUU U3 CEMU MPOLEAYD.

B pesynbrare 00pabOTKM MONYYEHHBIX OKCIIEPUMEHTAJbHBIX JAaHHBIX M HUX MOCICAYIOLIETO
aHamu3a yCTAaHOBJIECHO, YTO MNPHUMEHEHHE BUOPALMOHHOTO BO3/ACHCTBHS CONMPOBOXKAACTCS MPUPOCTOM
JIMHAMOMETPUYECKUX MapaMeTpOB y HETPEHUPOBAHHBIX BOJIOHTEPOB. Takke OTMEUYEHO, YTO YBEIUYEHHUE
YacTOTHI BpallleHHs HACaAKH MPU yaapHO-PpUKIHOHHOM Bo3neiicTBuu ¢ 20 10 30 11 moJI0KUTETbHO BIHUSET
Ha pe3yJbTaTUBHOCTD MPOLETYPHI.

Ha ocHoBanum 000OOLICHHOTO aHajiM3a MOJYYCHHBIX AaHHBIX, OTPAKAIOIIUX BIMSHUE COOOIIAEMBIX
SNEKTPOAY BBIHYKACHHBIX KOJeOaHMH Ha MPOTEKAHWE MPOLENYpPHl AIEKTPOCTUMYISIUH, yCTAaHOBICHO,
9TO Al JOCTIDKEHHSI ee HauOombIiueil 3QEeKTUBHOCTH CIIEAYET HCIONb30BaTh KoJeOaTelnbHbIE CUCTEMBI,
oOecrieunBaronye yaapHo-QpUKIHOHHBIA PEKUM €T0 B3aUMOJCHCTBUS C TIOBEPXHOCTHIO KOXKH, B YACTHOCTH
Maccaxep yaapHO-(QppPUKIIMOHHOTO ACHCTBHS.
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Introduction

Electromyostimulation it is a method of treatment
method, which based on electrical stimulation of
nerves and muscles, is carried out by through the
transfer of current to the adjusted characteristics
from myostimulator to the human body through
the electrodes. It is widely used for rehabilitation
patients after injury with diseases of the central and
peripheral nervous system, in professional sport and
cosmetology.

Also in common use physiotherapy vibrating
massage, which is akind of biomechanical effects, have
a pronounced effect on the muscles causing contraction
of muscle fibers and changes in muscle cells. In muscle

Pain

Sensory

Skln ﬂ

receive capillaries begin to function reserve that the
additional amount of blood, and therefore oxygen.
Increases elasticity and muscle performance, growing
blood and lymph circulation up, which helps reduce
swelling and disappearance of pain.

The research directed to study the effectiveness
of vibration as an analgesic during ophthalmic
surgery on the eyelid human [1] during injection in
cosmetology, dermatology and treatment [2, 3, 4],
pediatrics [5] suggest that that this type of analgesia
significantly reduces subjective patients pain. The
mechanism of analgesia is due to vibration according
to the «pain gate control» theory [6, 7]. Thus, there is
a monitoring mechanism of the level of pain that can
be control by means of vibration exposure.

Pain signal
to the thalamus

Skin _’.\_>

Synaps "gate” in the spinal cord

is working as valve and controlling
the level of pain signal transmitted
to brain

o

Attentuaded pain sigal
to the thalamus

Figure 1 — Simplified diagram that explaining the theory synapse «gate»: a — painful sensations; b — pain sensations +

sensory sensations

An interesting present study of the possibility
of combining the use of electrical stimulation and
vibration massage in order to increase the efficiency
of muscle contraction, reduce pain, if necessary,
the use of intense shock impact, improve patients
comfort on the procedure.

In the available literature failed to find infor-
mation about the devices, providing simultaneous
vibration and electro-stimulation effects.

Obviously, for the opening mechanism of the
combined effects of physical therapy and targeted
control them, it is necessary to have data that
reflect the impact on the biomechanical effects of
separate shock and friction phase rotating blades
interact with the human body. Based on the results
of the experiments showed the presence of three
characteristic steps of interaction with tumbler
rotating blade surface of the body, namely: shock,

friction and relaxation steps. Also timing of their
occurrence were determined based on the nozzle
speed and size of blades of interference relative to the
body surface. A fundamentally different conditions,
these phases contact interacting surfaces and, in
particular, their direction of relative movement. So
the shock phase can be characterized by periodically
relative motion which perpendicular to the interacting
surfaces, and the friction unseparated their movement
in the tangential direction. For ease of analysis, it
suggested to consider vibration exposure in the form
of two main types of influence: force and friction. The
combination of these two types enables us to provide
a special kind of mechanical effect — the frictional
shock. This division will evaluate the effect of the
direction and frequency of the reported oscillation
electrode on the process of vibro influence on the
patient's body. Exploration of these issues devoted
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to this work. The aim of the study was to influence
the additional vibration effect on the efficiency of the
procedure of electrostimulation.

The methodology of experimental research

Tumbler is connected to a personal computer
with software for generating and registering Spec-
traPro pulse currents and the power supply unit; to
strengthen the pulse currents applied amplifier. On
the rotating shaft on massager planted head fixedly,
wherein the cantilevered leather blade. At their free
ends provided steel electrodes 12X18H10T («surgi-
cal»), made in the form of light metal rivets which
power supplied by dint of the collector unit.

The second electrode fixedly secured to the pa-
tient's body. When the motor shaft rotated, the blade
intermittent impact mechanical on the patient's body
surface, providing, on the one hand, they massage
the effect, on the other — changing the electrical per-
colation process mode by periodically interrupting
the electrical circuit between the electrodes.

This creates an opportunity to improve the effec-
tiveness of this procedure due to the summation of the
effects of electro-stimulation influence and vibrating
massage. It also found that there is a nozzle speed
range N, in which the combined effect of vibration
massage and electrostimulation volunteers tolerated
the most comfortable, without pain. In particular, the
conditions for the experiments, the optimal value was
150-200 m N, which, with eight blades, each 80 mm
long, it corresponds to the frequency interrupt circuit
equal to 20-30 Hz. This is consistent with the litera-
ture [9] for optimum use of frequency bands for elec-
trical and vibratory stimulation. In addition, changes
in the departure of the blades with up to 80mm larger
or smaller values, the alternation of their number, the
size, the use of blade material with different elastic
properties allow purposefully change the conditions
of the process of biomechanical effects.

Using the massager shock-friction action with
the function of electrical stimulation can be promis-
ing in the treatment and rehabilitation of many dis-
eases such as: radiculopathy compression-ischemic,
post-traumatic, neuropathy, plexopathy in patients
with cerebrovascular disease traumatic brain injury
and post various types of neurosurgical operations
with the consequences of the disease in the form of
paresis limbs of varying severity skeletal muscle
wasting pain and musculo-tonic syndrome. A com-
bination of physiotherapy effects used at the same
time enables us to provide an analgesic, muscle

relaxant, stimulating effect, duration improve mi-
crocirculation in the affected limb, trophic function
of the neuromuscular system and cause a normal-
ization of the central and peripheral hemodynam-
ics. Within the individual rehabilitation programs
in conjunction with other techniques may enhance
the therapeutic effect especially in patients at early
stages of rehabilitation.

Furthermore, the combination of these types of
effects can be used in cosmetology as an auxiliary
means for removing the unwanted effects of liposuc-
tion, the appearance of cellulite.

Figure 2 shows the experimental set of applied
research. It consists of three main blocks: Block
electrostimulation massager shock-friction action
and power generation displaced electromagnet vi-
brations. On the frame 8 arranged adjustable stand
9, which puts the volunteer arm 1 on which the wir-
ing is fixed first electrode 10 of about 2 cm? in area
hypothenar. By the muscle group flexor in the upper
third of the forearm using a magnetic rack 3 elec-
tromagnet supplied with the second electrode 2. The
electromagnet oscillation frequency adjusted by gen-
erator 5. Generation of electro-stimulation pulse cur-
rent at the electrodes and their registration provided
with a PC 7, and specialized software. Also with
a sound card 4 and the booster 6. In this case it is
used a shock-friction massage action 10. Thanks to
design electromagnet, it allows messages electrode
vibrational displacements in vertical and horizon-
tal planes, which accordingly produces friction and
shock interactions with human skin. When using the
massager shock-friction action, instead of the elec-
tromagnet at the front, to the muscle summed blades
with electrodes. This electrode with 1-4 blades were
switch off in order to create a full period of muscle
relaxation.

Figure 2 — General view of applied research in experi-
mental complex: 1 — volunteer arm; 2 — electrode; 3 —
magnetic rack; 4 — sound card; 5 — generator; 6 — booster;
7—-PC; 8 — frame; 9 — adjustable stand; 10 — shock-friction
massage action

191



Ipubopul u memoovt uzsmepenuil Devices and Methods of Measurements
2017.—T. 8, Ne 2. — C. 188—194 2017, vol. 8, no. 2, pp. 188-194
Kucenee M.I' u op. Kiselev M.G. et al.

For convenience, the following description and  their contacting takes place under frictional en-
analysis of data, reflecting the effect of the direc- gagement unseparated. Scheme C is fundamentally
tion reported on the process of electrode oscillation  different from the previous presence of rotational
amplitude modulation of the electro-stimulation movement blade, on which the electrode, whereby
currents, take the following circuit (Figure 3), pro- there are successively proceeding stage shock Av
visionally designated by the letters A, B, C and D.  and Ar frictional interaction of the human body with
In implementing the scheme A electrode 1 reported  the electrode surface. Thus, depending on the value
heave directed perpendicular to the surface 2 of the of H (the distance from the rotational axis to the
body, to wit, implemented the conditions of their body surface), the contact area changes. The dia-
periodic shock interaction. Scheme B is character- gram D mode shows the impact of electric current
ized in that horizontal vibrations Ag are communi-  without any additional mechanical action on the ac-
cated in parallel electrode surface of the body, and tive electrode.

Scheme A Scheme B Scheme C Scheme D
Ay
™ L) ) ,
4 As . 1 J 1 2

Figure 3 — Schematic diagrams of messages forced oscillations of the active electrode in the process of performing
electrical procedures: A — perpendicular to the surface 2 of the body; B — horizontal vibrations are communicated in
parallel electrode surface of the body; C — presence of rotational movement blade, on which the electrode, whereby there
are successively proceeding stage shock Av and Ar frictional interaction of the human body with the electrode surface;
D — the impact of electric current without any additional mechanical action on the active electrode

The methodology of the experiments included mode and then to hammer respectively. When using
the consistent implementation of these actions. Vol-  the massager shock-friction action, the procedure
unteer’s hand was placed on adjustable stands in a  was perform under similar conditions. The experi-
certain position convenient for the procedure, and ment was conduct for 7 days, daily. Time exposure
the back of the hand facing up, brush relaxed. In the electro-stimulation current — 300 s. To evaluate the
hypothenar was recorded first electrode. A second effectiveness of the stimulus exposure, before and
electrode mounted on the electromagnet (operating  after the treatments using electronic wrist dynamom-
according to the schemes A and B) using a magnetic  eter torque parameters were measured, in particular
rack and routed to the area of the abdomen muscles  the brush compression force.
so as to provide electrical contact between the elec- To participate in the experiment, eleven volun-
trodes through the skin surface of volunteers in the teers of both sexes who met the following criteria
disengaged position of the electromagnet. Then the  were select: the lack of any kind was acute, ongoing
electrodes supplied pulse current sine wave with a  or chronic illness, lack of excess weight, age from 21
carrier frequency of 1 kHz. According to, the elec- to 30 years.
trodes moistened with 10 % sodium chloride solu-
tion to ensure the best mode of electric contact. Volt-

) ) The results of experiments
age was adjust to a level corresponding to the feel-

ing of vibrations from passing current through the Table summarizes data, showing torque change
body, arising from volunteers (5-30 V depending on  characteristics in volunteers prior to stimulation treat-
subjective parameters volunteers, carrier frequency —  ments and after a series of seven treatments. The level

1 kHz), at which the volunteer had a feeling of vibra-  of stimulus voltage corresponds to a threshold, to wit
tion. Thereafter generator vibration is switched elec-  was brought up to the level at which a forced muscle
tromagnet electrode active generating oscillations  contractions. Marked with an «*y» are physically de-
at a frequency of 22-30 Hz for the frictional effects  veloped by volunteers, are actively involved in sports.
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Table

Change characteristics in volunteers prior to stimulation treatments and after a series of seven treatments

Volunteer Type mechanical effect on the The value compression force of the wrist Increase torque settings
image 4 Prior to the course | After the completion of
of procedures, N the procedures, N

1 In scheme A 209 245 17 %

2" In scheme A 386 405 5%

3 In scheme B 278 317 14 %

4 In scheme B 221 263 19 %
In scheme C

5 H=6sm, 245 307 25 %
N =200 min’!
In scheme C

6 H=8sm, 291 310 5%
N =150 min"
In scheme C

7 H=6sm, 264 315 20 %
N =150 min’!
In scheme C

8 H =8 sm, 268 321 19 %
N =90 min’!

9 In scheme D 418 459 10 %

10 In scheme D 412 460 11 %

1" In scheme D 521 545 5%

Results of the processing of the experimental
data and its subsequent analysis found that the use
of the vibration exposure is accompanied by in-
crease of load parameters in untrained volunteers.
The increase in contact area due to decrease in the
distance between the nozzle and the axis of rotation
of the tumbler body surface, increases the electri-
cal efficiency of the procedure. It is also note that
the increase in speed at the nozzle shock frictional
effects from 20 to 30 Hz positively affects the per-
formance procedures. Comparison of the effective-
ness of different schemes of additional mechanical
action during the electrical stimulation treatments
suggests that the most effective schemes, involving
the use of an additional vibration. In addition, the
circuit «B» has the ability to control a wide range

0.5 0.5
UNLALAL AL AR L

0.0+ F=rmmemmiepmemsm s e 0.0 T T
B R R A

-0.5 -0.5

a

of parameters such as the nozzle speed, number
of blades, the number of electrodes on the blades;
that, except for changes in the mode of mechanical
action allows purposefully change the parameters
of mechanical electro-stimulation modulation cur-
rent. Guided Scheme B, from the point of view of
mechanics, only frictional oscillation frequency
can be controlled, thus it has a more limited capac-
ity massage. Figure 4 shows the pulses the forms
of which were obtain by the shock (Figure 4b).
Friction (Figure 4c) types of effects using the mas-
sager shock-friction action (Figure 4d) to the noz-
zle speed N = 150 min the distance from the body
surface to the axis of rotation of the nozzle was
65 mm. Figure 4a shows the shape of the original
signal pulses.

0.5 0.5
el Rl R R ™ ! -".“- 4
= 0.0 0.0 viSmdmiimmien i
______________ AR
-0.5 -0.5

Figure 4 — The pulse form of electro-stimulation current at different areas of the active electrode vibrations:
a — original signal; & — impact force, ¢ — frictional action; d — shock-friction action

The pulses form of electro-stimulation cur-
rent with shock-friction impact at the nozzle speed

150 min™!' with four series-electric active ski blades
is shown in Figure 5.
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Figure 5 — The pulse form electro-stimulation current
when exposed to shock-friction: ¢, = 0,4 s (2.5 Hz) — time
period corresponding to one nozzle turnover; £, = 0,2 s
(5 Hz) — the duration of feeding four consecutive series
of pulses; ¢, = 0,05 s (20 Hz) — the duration of a series of
pulses

Existence of relaxation phase of muscular ten-
sion with shock-friction impact is evidently. At the
period ¢ -z, there is no muscular tension, while lymph
drainage is active.

Conclusion

The method was developed and created experi-
mental facility that allows for electrical communica-
tion with the electrode process of forced oscillations
of different frequencies and amplitudes in three di-
rections relative to the surface of the skin, provid-
ing a variety of conditions of contact interaction. In
particular, the terms of the vibro-impact interaction,
when the vibrational displacement of the electrode
are directed perpendicular to the skin surface, the
friction — when oscillating displacement act paral-
lel to, and shock-friction, in which it holds periodic
oblique collision with the electrode surface.

Determined that of the results of previous re-
search on the combined use of vibration and electri-
cal stimulation, the possibility of strengthening the
impact of the stimulus both due to periodic mechani-
cal stimulation of the muscles, and by influencing
her pulse current frequency 20-30 Gts.

Determined that of experimental data obtained
on 11 volunteers established the following. Com-
pared with the performance of electrical stimulation
procedures without vibration of the active electrode,
the electrode connection of forced oscillations in all
cases increases the effectiveness of its implementa-
tion, as evidenced by higher than in the first case, the
percentage increase in torque indicator volunteers.

The highest average value of this index observed in
shock-friction impact, somewhat smaller on impact,
even less — when they exposed to friction, and its
minimum value correspond to the conditions of the
procedure without the use of the vibration of the ac-
tive electrode.

Determined that of the data, reflecting the im-
pact of the reported electrode forced oscillations on
the flow of electrical stimulation procedure is estab-
lished that in order to achieve its maximum efficien-
cy, use oscillatory system providing shock-friction
mode of its inter-action with the surface of the skin,
in particular shock Massager shock-friction action.
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MMPABUJIA O®OPMJIEHUS CTATEN

Crarpy, HampaBlCHHbIE B PENAKIHMIO KypHaja, JIOJDKHBI YIOBJIETBOPSITH TpeOOBaHMSAM «MHCTPYKIMHM O MOpsIKe
oopmieHus kKBaau(pUKaIMOHHON HAayuyHO!H paboThI (AuccepTanun)...», yreepxkaeHHol [locranosnennem BAK Pb
or 28.02.2014 . Ne 3

1. Marepunan cTaTbu JOIKEH COOTBETCTBOBATH IPOQH-
JIIO )KypHAJIa M M3J1araThCst IPEebHO SCHO.

2.Crarpsl IpENCTaBISICTCSl HA PYCCKOM WJIM AHIVIMK-
CKOM $I3bIKE 1 ITyOJIMKYETCs Ha SI3bIKE TIPEICTABIICHHSI.

3.TlocTynuBiire B pelaklUUIO CTaThbU MPOXOASAT IBOM-
HOe Toiyclnernoe perensupoBanne. OCHOBHbBIE KPHTEPHH
11e71eco00pa3HOCTH OMyOJIMKOBAaHUSI — aKTyaJIbHOCTh TeMa-
THKH, NTH()OPMATHBHOCTD, HayYHast HOBU3HA.

4.Cratbst IPEACTABISIETCS] B pacIiedaTaHHOM U B JIEK-
TPOHHOM BHJE B (hopmare TekcToBoro permaxkropa Word for
Windows. O0BEM cTaThl HE JOIDKEH MpeBHImaTh 14 cTpa-
Hutl, Btodas TekeT (mpudT Times New Roman, pazmep 12
1., uHTEepBaN 1,5), TabmHIEl, TpadUIecKuii MaTepral, BCO
HEeoOX0MMYI0 HH(OPMAIIHIO Ha aHIVINIICKOM SI3BIKE.

5.Ha miepBoii cTpaHUIle CTaThbH yKA3bIBAIOTCS: WHIIEKC
VK, HazBaHWe cTaThd, (aMIUTHH aBTOPOB ((haMIUTHS aB-
TOpa, C KOTOPBIM CIIEyeT BECTH TEPEHHCKy, OTMEUaeTCs
3BE3/JOYKON ¥ YKa3bIBAETCSl €r0 aapec 3JIEKTPOHHOW Mo-
YTHI), HA3BAaHUS M TTOYTOBBIEC aJpeca OpraHn3anuii (ymumna,
HOMeEp JI0Ma, HHJIEKC, TOPOJI, CTPaHa), B KOTOPBIX padoTaioT
aBTOPBI, HA PYCCKOM M aHIIMHACKOM si3bIKaxX. CTaThsi BKITIO-
gaeT: aHHOTaIuio (B mpenenax 200—250 cioB); KITFOYEBEIC
cioBa (He Ooree 5); BBEICHHE, B KOTOPOM JIeJIaeTcsl Kpar-
KWt 0030p CIIETaHHOTO B MUPE ¥ KOHKPETHO (hopMympyer-
csl 11eTTh pabOThI; OCHOBHYIO YaCTh; 3aKIIFOYEHHUE, B KOTOPOM
B CXXATOM BHJE CHOPMYTHPOBAHBI OCHOBHBIC TIOJTyYSHHBIC
pe3ynbTaThl ¢ yKa3aHHEM WX HOBH3HBI, MPEUMYIIECTB U
BO3MOYKHOCTEH TIPUMEHEHUsSI; CIHMCOK HCIIOIb30BAHHBIX
WCTOYHNKOB. AHHOTAIMs, KITIOYEBBIC CIIOBA, CITHCOK HC-
TIOJTb30BAHHBIX MCTOYHHUKOB MPEICTABISIIOTCS HA PYCCKOM
1 aHDJINICKOM SI3BIKax.

6. AHHOTaIWsI TOIDKHA OBITH MH(pOpMaTHBHOU (comep-
KaTh «BBDKMMKY» M3 BCEX PA3/IENOB CTATbU — BBEICHUS C
yKa3aHHEeM LIeNTH padoThl, METOMKN, OCHOBHOM YacTH U 3a-
KITIOUCHUS ).

7. I'padrraeckuii MaTepral TODKESH OBITh KOHTPACTHBIM
n uérkuM. DoTorpaduu MPEeICTABISIOTCS B JIEKTPOHHOM
Buae (popmar tif, paspemenne ne menee 300 dpi). Bee
PHUCYHKH HYMEPYIOTCSI H COIPOBOXKAAIOTCS TIOJJPHCYHOUHbI-
MU ToHcsIMU. DparMeHTsl prucyHKa 0003HAYal0TCs CTPOY-
HBIMH KYyPCHUBHBIMH JIATHHCKUMHU OYKBaMH — «a», «b» U T.1.
[Noxnwcy K puCyHKaM JaloTcs Ha OTIEIBLHOM JICTE Ha pyc-
CKOM M aHIJIMHMCKOM si3bIKax. Bee cokpamenns u o06o3Haqe-
HUSI HA PUCYHKAX JIOJDKHBI OBITH PacIIi(poBaHbI B TIOJPHCY-
HOYHOH nonmcy. Haamien Ha pucyHKe JaloTcest Ha PyCCKOM
1 aHIIIMHCKOM SI3bIKaX.

8. Tabnuiel He MOMKHBI AyOnmupoBarh rpaduku. Kax-
Jast TabIMIa UMEeT 3aroyioBoK. Ha Bce TabnuIpl 1 puCyHKH
CIIeTyeT JaBaTh CCHUIKM B TekcTe. Ha3Banue u conmeprkanue
TaOJIHII TPE/ICTABIISETCS HA PYCCKOM M AHIVINIICKOM SI3BIKAX.

9.0003Ha4YeHNsT W COKpAIICHUs, TIPUHSTBIC B CTaThE,
pacmmQpoBBIBAIOTCS HETIOCPEIACTBEHHO B TEKCTE.

10. Pa3zMepHOCTb BCEX BEJIMYMH, NPUHATBHIX B CTarThe,
JIOJDKHA COOTBETCTBOBAaTh MEKIYHAPOIHOU CHCTEME €ITH-
Hut u3meperuii (CH).

11. MHoOTOCTpOYHBIE (POPMYITBI JOIKHBEI OBITH HaOpa-
HBI B penakTope MathType, HoMepa (opmyn — o mpaBomy
kparo. HymepytoTcs aurmb popMyIsl, Ha KOTOPBIE €CTh CChII-
ku B TekcTe. OTAeNbHBIe CTPOYHBIe OYKBHI M CTICIIHATILHEIC
CHMBOITBI HAaOMpArOTCsS B TEKCTe TapHUTYpoi Symbol 6e3
HCTO0JIb30BaHus pexakTopa ¢popmy:a. [1pu Habope Gpopmyrn
1 OyKBEHHBIX 0003HAYCHUH HEOOXOIMMO YUUTHIBATH CIICIY-
IOIIHE TIPaBIIa; PyccKuil aipaBUT He HCMOIB3YeTCs; Tpe-
geckre OYKBBI, MATEMATHIECKUAE CHMBOITBI, CHMBOJIBI XHMH-
YEeCKHX DJICMEHTOB (B T.U. B MHJCKCE) HAOUPAIOTCS MPSMO;
JIATUHCKHE OYKBBI — TIEPEMEHHBIC U CHMBOJBI (PH3NIECKUX
BEJNMYYH (B T.U. B MHACKCE) HAOMUPAIOTCs KYPCHBOM; BEKTO-
PBI — JKUPHBIM MIPUPTOM (CTPEITKH BBEPXY HE CTaBSTCH).

12. COmucoK HCIOIh30BaHHBIX HCTOYHHKOB COCTAaBIIS-
eTcs B TIOpPSAKE YIIOMHHAHHS CCBUIOK IO TEKCTY, TOIDKECH
cofiepyKaTh TOHBIE OHOMMorpaduieckne JaHHBIC W PHBO-
JIATCS B KOHIIE CTaTbU. He peKkoMeHmyeTcs TaBaTh CCHUIKH
Ha  MaTepuanbl KoH(epeHIHi, CTaTbu U3 AIEKTPOHHBIX
XKypHAIOB 0e3 maeHTH(uKaropa DOI, ydeOHBIE mMOCcoOus,
HHTepHET-pecypchl. CChUIKM Ha HEOMyOIMKOBaHHBIE pado-
THI HE JIOITyCKaloTCs. JKemarenbHo, 9TOObI KOJTHYECTBO CCHI-
7ok 06110 He MeHee 10; camormTupoBanue — He 6onee 20 %.

13. ABTOpBI Ha OTAEIBHON CTPAHUILIE MPEJICTABISIOT O
cebe cremyronme CBeACHuU: (paMIUTHS, UMsI, OTIECTBO, yUe-
Hasl CTETeHb M 3BaHUE, MECTO PadOTHI M 3aHUMaeMast TOJK-
HOCTB, aJIpecC JIEKTPOHHOU CBS3H.

14. Crarbu, M3Nararolye pe3yabrarbl UCCIEIOBaHUH,
BBITTOJTHEHHBIX B YUPESKACHUSX, JIOTDKHBI IMETh COOTBETCTBY-
IolIee pa3pereHre Ha OITyOTMKOBAHUE B OTKPBITOH TIEYaTH.

15. Tlpr HEOOXOAUMOCTH B KOHIIE OCHOBHOTO TEKCTa
YKa3bIBaIOTCSl HAaMEHOBaHME (DOHIA, OKa3aBIIero (hHHAHCO-
BYIO TIOAJICPIKKY, WIIH YPOBCHb U HANMCHOBAHHE MPOTPaM-
MBI, B paMKaX KOTOPOW BEIITOJHEHa paboTa, Ha PyCCKOM H
AHIJIMICKOM SI3BIKAX.

16. ABTOpPEI HECYT OTBETCTBEHHOCTD 32 HAIIPABIICHHE B
pemaxImio cTaTel, paHee y)Ke OImyOMKOBaHHBIX HITH TIPHHS-
THIX K TICYaTH APYTUMH U3TaHUSIMH.

17. Crarbu, HE COOTBETCTBYIOUIME MEPEUUCIICH-
HBIM TPeOOBaHMSM, K PACCMOTPEHHUIO HE MPUHUMAIOTCS H
BO3BpAIAIOTCS aBTOpaM. JlaToil TMOCTYIUICHHS CUUTACTCS
JICHb TIONyYCHHUS peNakIedl IepBOHAYANFHOTO BapHaHTa
TEKCTa.

18. Penmakuusi mpegocTaBisieT BO3MOXKHOCTb IIEpPBOOUE-
PEIHOTO OITyOIMKOBAHMS CTATEH JIUIIAM, OCYIIIECTBIISFOIIIM
MTOCTIEBY30BCKOE OOy4eHHe (acmmpaHTypa, TOKTOpaHTYypa,
COWCKATEITLCTBO), B TOII 3aBEPILICHNST OOyUCHMS; HE B3UMAeT
IUTaTy C aBTOPOB 32 OITyOTMKOBaHUE HayJIHBIX CTATEil; OCTaB-
JISIeT 3a cO0OH TPaBoO MPOM3BOANUTH PENAKTOPCKHE MPABKH,
HE UCKaKAOIIFie OCHOBHOE CONepyKaHMe CTAaThH.
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