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BOJTOKOHHO-OIITUYECKOI'O UBMEPUTEJIBHOI'O TPAKTA
JJIA MOHUTOPHUHI'A TEMIIEPATYPBI U BJIAI'OCOAEPKAHUSA
TPAHC®OPMATOPHOI'O MACJIA

M.P. Mapxos, O.1: Mopo3oe

Ka3zaHckuil HaMOHAJIBHBIN UCCIIEN0BATENbCKUA TEXHUYECKUA YHUBEPCUTET
uM. A.H. Tynonesa-KAU
Poccuiickas ®enepanus, 420111, r. Kazans, yin. K. Mapkcea, 10

AHHOTanusi. B craree TpencTaBieH KOMIUIEKCHBIM — CONOCTABUTENBHBIA aHanMW3  (u3nko-
TEXHOJIOTHYECKUX KOH(HUTYPaLi ONTOAIEKTPOHHOTO TPAKTa Ul 3aJad HENPEPHIBHOTO M3MEPEHUS
TEeMIIEpaTyphsl U BIArocoiepkaHus TpaHchopMaropHoro macna. C UCTIOIb30BaHUEM Pa3padOTaHHOTO
mudpoBoro nardmka Ha Oase MeToga MaTpHI] Iepenad HCCIEJOBaHBl OTPAaHWYCHUS] CTaHIAPTHBIX
BOJIOKOHHBIX OPATTOBCKUX PEIIETOK. MaTeMaTHyecKH JoKa3aHa npodiieMa MaTpHYHOM CHHTYJISIPHOCTH
B CHCTEMax C IePEKPECTHON YYBCTBUTEIBHOCTBIO IIPH UCTIOJIb30BAaHUY WICHTUYHBIX THI'POCKOITIMYHBIX
nonumepoB. O6ocHOBaHa 3((GEKTUBHOCTD BHEIPEHUs panno(OTOHHBIX CEHCOPHBIX CHCTEM Ha 0ase
aJIPECHBIX BOJIOKOHHBIX OparroBckux cTpykryp (ABBC) ¢ ¢a3oBbIM 7-COBHIOM, MO3BOJISIONINX
MepeBECTH aHAIIU3 B PaJIMOYaCTOTHBIIM TUana30H U MOBBICUTH Pa3pellaronlyto criocoOHOCTh. BoisBieH
addekT nerpaganuu CrieKTpa n3-3a MHOroiyueBoi uHTepdepenin ®adpu — [lepo B rereporeHHbIX
ONTHYECKHX JINHUSAX, YTO 0OOOCHOBBIBAET HEOOXOANMOCTH IIPUMEHEHHUsI TOMOT€HHBIX TPAaKTOB Ha 0aze
(hotouyBcTBHUTENBHOTO BOJIOKHA PS-1500.

KaioueBble cioBa: TpaHcOpMaTOpHOE Macilo, TEMIIEpaTypa, BIAroCoAEp)KaHUe, BOJIOKOHHAS
OparroBekas pemeTka, apecHasi BOJIOKOHHAst OpATTOBCKasi CTPYKTypa, (ha30BbIH CIIBUT, METOJ] MAaTPHIL
nepenad.

BBenenune

Hanexnoe ¢yHKIIMOHUPOBAaHHE DJHEPTETUYECKUX CHUCTEM KPUTHYECKH 3aBUCHUT OT
TEXHMYECKOTO COCTOSHUSI CHIIOBBIX TpaHchopmatopoB [1,2]. OCHOBHOI NpUYHHON BBIXOAA
JAHHOTO OOOPYIOBAaHUS W3 CTPOsl SIBISIETCA Jerpajanus OyMaKHO-MACISIHOW M30JISIUOHHOMN
CUCTeMBbI,  OOYCJIIOBJICHHAasl ~ COBOKYIHBIM  BO3JCHCTBHEM  TEPMUYECKHUX  TEPErPy30K
Y TIOBBIIICHHOTO BIaroconaepxanus [3,4].

JlnHamuka BIIarocoiepKaHusl B M3OJSALIMOHHOM CUCTEME HOCHUT CIIOXKHBIN HEJTWHEHWHBIN
xapakTep. PacTBOpuMOCTh BO/IBI B MUHEPAJIHHOM TPaHC(HOPMATOPHOM Macje SKCTIOHEHIIMAIBHO
3aBUCHT OT Temmeparypbl. Eciu B coctosHum xomnomnoro pesepsa (mpu 20 °C) BIaroeMkocTtb
Maclia MUHHMajbHa, TO npu pabounx Ttemmeparypax (70-90 °C) mpoucxoauT HHTEHCHUBHas
TEPMOJUHAMUYECKAs] MUTpALMs BJard M3 LEUIIOJIIO3bl B MAacjlo, YTO YBEJIWYUBAET Mpeael
HacblmeHus: B 10—15 pa3. Dra aumHaMuyeckass B3aWMOCBSA3b JI€JIA€T KPUTHYECKH Ba’KHBIM
CUHXPOHHBIN ¥ BBICOKOTOUHBII MOHUTOPUHT 000MX MapaMeTPOB B PEXKUME PEATLHOTO BPEMEHHU.

TpagumonHsie MeTONIbI MUAarHOCTUKH (TuTpoBanwe 1o Kapmy ®umiepy, eMKOCTHBIC
30HJBI, DIEKTPUYECKUE TEpPMOIaphl) UMEIOT CYHIECTBEHHBbIC OTpaHUYEHHUs TMPH OHJIANH-
MOHUTOPHUHIE W3-32 BBICOKOM HAMPsDKEHHOCTH JJIEKTPOMAarHUTHOTO TIONs BHYTpH Oaka
TpaHcdopMaropa M HEBO3SMOXXKHOCTH Pa3MEIICHUS JaTYMKOB HEMOCPEICTBEHHO B «TOYKAaX
neperpeBa» [3]. B cBsi3u ¢ 3TuM HamboJiee MEPCIEKTUBHBIM PEIICHUEM SIBIIICTCS MPUMEHEHNE

MOJIHOCTBIO AUBJICKTPUUYCCKUX BOJIOKOHHO-ONITHYCCKUX JATYMKOB Ha OCHOBC 6p3ITOBCKI/IX
pemerok (BBP) [5].
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Onnako mnpaxktuueckoe BHeapeHue BBP-ceHcopoB 11  MHoOromapameTpuyeckoro
MOHUTOPHUHIA COIPSDKEHO ¢ (PyHIaMEHTaJIbHOM METPOJOTHYECKON MpoOIeMOM IMepeKpecTHON
YYBCTBUTEIBHOCTU: CIIBUI PE30HAHCHOM JJIMHBI BOJHBI ONTHYECKOIO CHEKTpa OJHOBPEMEHHO
3aBUCUT KaK OT TEPMOONTHYECKOro 3¢ (ekra CTeKNa, TaK U OT TEH30METPUYECKOIO OTKJIMKA
TUTPOCKOITMYHOTO TIOIMMEPHOTO TOKPBITHS TIpy abcopOIuu Biaru. Pa3ienenne sTux napamMeTpoB
TPaJULIMOHHO OCYIIECTBIIACTCA IIyTEM PEIICHUS CHCTEMbl JUHEHHBIX YpPaBHEHHH Ha OCHOBE
IIOKa3aHUM IBYX PELIETOK.

Kak mnoka3blBalOT  IpeaBapuTENIbHbIE  HMCCIEIOBAaHUSA, MCIOJIb30BaHUME  0a30BOM
KOH(UTrypauu Jaryuka co crasgaptHeivu BBP He cmocobHo obecneuuts Tpedyemyro
HOPMAaTUBHYK0 TOYHOCTb. AMMNaparHas HOrPEHIHOCTh AJTOPUTMOB IM(POBOHN JOKaIU3aLUU
CHEKTPAIbHOTO TMHKAa WHTEppOTraTropa IpH MaTeMaTHYeCKOM Iiepecuere B aOCOIIOTHOE
BJIarocojiepkanue (ppm) MHOTOKPaTHO MacIITaOMpyeTcs B BBICOKOTEMIEPATypHBIX peKUMax
pabotel Tpanchopmaropa. [TombITKH pemuTh 3Ty MpOOIEeMy ITyTeM HAHECEHUs HICHTHYHBIX
YyBCTBUTEJIbHBIX K BJIare IOKPBITUH Ha 00a pe3oHaropa MPHUBOAAT K MaTeMaTHYECKOMY
BBIPOXKJCHUIO  KaJMOpOBOYHOM  MaTpullbl  (CTPEMJIEHMIO  ONPEAENUTENIs K  HYIIO)
Y QJITOPUTMHUYECKOU CUHTYIIPHOCTH U3MEPHUTEIIBHON CUCTEMBI.

JUis KapAMHAJIBHOTO IMOBBILIEHUS pa3pellalolled CIOCOOHOCTH ONTHYECKOTO TpakKTa
U TIpeoioIeHus Mpo0JIeMbl IEPEKPECTHOTO BIMSHUSA LIeIeco00pa3eH nepexos K paanopOTOHHBIM
CEHCOPHBIM CHCTEeMaM Ha 0a3e aJpPECHBIX BOJIOKOHHBIX OPATTOBCKUX CTPYKTYp C (a3oBBIM
m-caBuroMm [6]. @opMuUpOBaHHE JBYX CBEPXY3KOIMOJOCHBIX YACTOTHBIX COCTaBIIAIOIINX,
Pa3HECEHHBIX HA YHUKAJIbHYIO aJpPECHYIO YacTOTY, MO3BOJSET OCYLIECTBISATh M3MEPEHUs IO
pesynprataM o00paboTKM curHaga OueHui Ha (QOTONpPUEMHHMKE, 4YTO IEPEHOCHT aHallu3
B PaJIMOYaCTOTHBIN AUANa30H U PaJUKaIbHO CHIKAET HHCTPYMEHTAIbHYIO OIIMOKY.

Lenbto HacTosmed paboOTHl SIBIASETCS TNPOBEICHHE KOMIUIEKCHOTO CPaBHUTEIBHOIO
aHalM3a aJbTEPHATUBHBIX (DU3HKO-TEXHOJOTUYECKUX KOHPUIypaluil BOJIOKOHHO-ONTHUYECKOTO
U3MepuUTeNbHOro Tpakra (0T 6a30BbIx BBP 1m0 rereporeHHBIX M rOMOTeHHBIX JMHUI Ha Oaze
ABBC) nns ycraHOBNIEHUS IPaHUL UX TPUMEHUMOCTH U TEXHUKO-IKOHOMUYECKOTO 000CHOBAHUS
BbIOOpa ONTHUMAJIBHOW apXUTEKTyphl CEHCOpa BIAKHOCTH U TEMIEeparypbl CHIIOBOIO
aNIeKTpoobopynoBanus [7].

MaremaTnyeckoe MOIeJTMPOBAHHE ONTONIEKTPOHHOIO TPAKTA

B ocHOBy pa3paOoTaHHOrO JaTyuMka U3MEPUTEIBHOW CHCTEMBI MOJIOKEH METOJ MaTpHIl
nepenad (TMM), Mo3BOJAIONIMIA JIeTaIbHO MOJIEIUPOBATh CIIEKTPAIbHBIA OTKIMK BOJOKOHHBIX
oporroeekux pemietok (BBP). CyTh 3akimtogaeTcsi B OMMCAHUU PEIIETKH yTeM pa30ueHus e€ Ha
MHOKECTBO OJIMHAKOBBIX MaJ€HBKHUX OTPE3KOB UIMHON Az. Meron marpull nepenadyd MOKET
YYUTBIBaTh OONbIIE JeTaleil CTPYKTYpbl, BKIIIOYas CIIOKHbIE MHOTOCIOWHBIE CHCTEMBI
U TUCTIEPCUI0 MaTepHaIoB.

Cama Marpulla mnepenaud BOJOKOHHOW OparroBckoil pemeTku F; s ogHOTO
AIIEMEHTApPHOIO YYacTKa peleTKH Oa3upyercs Ha peUIeHUH YpaBHEHHM CBS3aHHBIX BOJIH
u onucana B ¢popmyie (1):

o k
cosh(vAz) — i —sinh(vAz) —i—sinh(vAz)
Fi = k v v o ’ (1)
i;sinh(vAZ) cosh(vAz) + i;sinh(vAz)

rme k — ko3 PUIMEeHT CBSA3M, 3aBUCAIINN OT TIIYOMHBI MOIYJISIIIUU TOKA3aTels MPeIOMIICHHUSI,
0 — KOX(Q(UIMEHT paccOIacoBaHUs, IOKA3bIBAIOIIUNA OTKJIOHEHHE JJIMHBI BOJHBI OT
LEHTPAJIbHOW OPITrTOBCKON; ¥ — KOMILJICKCHBIHM MapaMeTp CBSI3U.
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ITapametpsl B (1) onpeneneHsl Kak:

An
k(D) =n - 2)
) = 2rmm  w 3)
=TT TN
v(d) = Vk(D)?2 —a(1)?, (4)
rne A — nepuon BBP, n — mokazarenb mpenoMIIeHHS CEpJLIEBUHBI ONTHYECKOIO BOJIOKHA,

An — HaBeJICHHBIN TTOKA3aTeh MPEJIOMIICHHS], A — JIJTHHA BOJIHEI.
Pesynsrupytomas marpuna:

F, F
F=F,-Fy_q*..'F = (Fi FZ) (5)

B pesynbprare Takoro yMHOXCHHs TONy4aeTcs oaHa oOmas marpuna. Kosddumment
OTpaKEHUS PEIIETKU, IO KOTOPOMY CTPOUTCSI UTOTOBBIN IpaUK CIIEKTPa, BHIYUCISAETCS KaK:

Fn

R =
Fll

: (6)

['maBHOM 3amaveit pa3pabaThbIBA€MOT0 BOJOKOHHO-ONTHUYECKOTO JlaTYMKa SBIISETCS
OJTHOBPEMEHHOE H3MEpeHHEe JABYX pa3jIMYHbIX (PU3NUECKUX MapamMeTpoB TpaHchopmaTopa:
TEeMITepaTyphl U BIAKHOCTH Macia. OCHOBHAs CIIOKHOCTh TIPH CO3/IaHUU TAKUX CHCTEM SIBIISIETCS
npobieMa BIMSIHHE OIHOTO MapameTpa Ha Apyroil. UToObl pemuTh 3Ty IpodaeMy U pa3iaenuTh
busnueckue 3¢ exTrl, B Halel paboTe MOJAETUPYETCS U3MEPUTEIBHBIN KOMIUIEKC, COCTOSIIINI
U3 JIBYX (PU3WYECKU DPA3[EICHHBIX, HO ONTHYECKH CBA3aHHBIX OPAITTOBCKHUX pemieTok. Jlarymk
BJIQKHOCTH W TEMIIEpaTyphbl TMOJYy4YaeTCcsi IMyTeM Ie4aTd JBYX pa3iudHbIX CTpyKTyp BBP ¢
PEIIeTKOM, PACIIONIOKEHHBIX Ha HEOOJBIIOM PACCTOSHUM JIPYT OT ApYyra, Ha OJHOM U TOM K€
BOJIOKHE, 00pa3yst TakuM oOpa3zom nosocts (puc. 1) [8].

BonokHo

Puc. 1. CxeMa BOITOKOHHO-OIITHYECKOIO JaTYMKa

Kaxnas crpykrypa umeer pukcupoBaHHyto (usznueckyro jinHy L. KpacHbIM KOHTypom
BBIJICJIEHO 0a30BO€ aKpHUIIOBOE MOKpbITHE omopHoM pemetku (BBP 1), a ¢uoneroBbiM —
MOJIMUMUIHOE TIOKPBITHE 3MepuTeNbHOoM pemerku (BBP 2).

entpanpHas qyHa BoaHbl BBP Beruncnsercs kak:

Ap = 2nA. (7)

[lepBas pemieTka TpeAcTaBIsIeT COOOW OMOPHBINM KaHAN TeMIleparyphl. Perierka
BBITIONHSET POJIb HMICATHHOTO ITANOHHOTO TepMoMeTpa. OHa HEMpephlBHO COOOIIAeT crcTeMe
TOYHYIO TEMIIEpaTypy MacJia.
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Bropas pemerka sBIsfeTCd OCHOBHBIM HM3MEPUTEIIBHBIM KAaHAJIIOM M IIOKPBITA CIOEM
noauuMua. IlomuMmepHoe NOKpBITHE BOMTHIBAET BJary M3 Macia, HOJIMUMUZ pa3Oyxaer
U PacTATMBACT OINTUYECKOE BOJIOKHO, ciapuras crekrp pewmetku [5]. Ilockonbky Ha BBP
OJHOBPEMEHHO BIMSIOT M BIAKHOCTb, W TEMIIEpaTypa, JaHHBIE OT IIEPBOM PEUICTKH
UCTIOJIB3YIOTCS YTOOBI MAaTEMAaTHYECKHU BBIUECTh TEMIIEPATYPHBII AP (PEKT U MOIyIUTh KPHUCTATHHO
YUCTOE 3HAYECHUE BIAKHOCTH.

MaremaTru4ecku mapaMeTpbl Ui IEPBOM PEIIETKH OMUCHIBAIOTCS CIEAYIOUIMM 00pa3oM:

ny = n(1 + éAT), (8)
Ay = A(1 + aAT),

rae AT — u3MeHeHue TeMIepaTypbl, ¢ — TePMOONTHUECKUN KO3 (UIIMEHT KBapLIEBOIO CTEKIIA,
a — KO3 PUIUEHT TEIJIOBOTO PaCIIUPEHUSI.

[IpuHuMn paboThel BTOPOM PELIETKH 3aKJI0YaeTcsl B HAOyXaHUHM MOJIMMEPHOTO CJIOs MpU
NONJIOIEHNUN BJIATM M MEXaHWYECKOTO PACTATMBAHUSA ONTHYECKOTO BOJIOKHA. OJTO CO34AET
JIOTIOJIHUTENBHYIO JeOopMaIiIo, KOTOpas TaKKe MEHSeT IEepUoJ PEeUIeTKH M I10Ka3aTellb
npeiaomiieHus. Takum oOpa3oMm, mapaMeTpbl A BTOPOM pELIETKH 3aBHCAT YK€ OT JABYX
BO3JICHCTBUM OJTHOBPEMEHHO — TEMIIEPATYPhl U BIIAKHOCTH:

n, = n(1 + éAT — P,BARH), (9)
A, = A(1 + aAT + BARH),

rie ARH — W3MEHEHHE BIAXHOCTH, f — KOIPPHUIMEHT TUTPOCKONMUYECKOTO PACHIHMPEHHS
noauuMuza, P, — s¢dextuBHbIi GoToynpyruit ko3hHUIUEHT ONTOBOIIOKHA.

V3MepuB BeMWUYMHY CIBUTA LEHTPAJIbHON UTMHBI BOJNHBI 00emXx pemerok AA; u A,
MOYKHO COCTaBUTh CHUCTEMY JIMHENHBIX YPaBHEHUMN:

AN _ (K 0 ) AT
(Alz)_<KT2 Kryo (ARH)' (10)

rne Ky u Ky, — KO3(pQUIMEHTH 4yBCTBUTEIBHOCTH PELIETOK K TEMIEpaType M BIIAXHOCTU
COOTBETCTBEHHO.

Pemienne cucrembl ypaBHeHuit (11) mo3Bonser ammapaTHO pa3feaUTh BIMSHHE
TEMIEPATYPhl U BIAKHOCTH JIPYT OT JIpyra.

Cornacao mpasuny Kpamepa, emuHCTBeHHOe M ycToifumBoe pemieHue cuctemsl (10)
CYLIECTBYET TOIJa M TOJIbKO TOTJa, KOTJAa MaTpulla SIBISETCS HEBBIPOXKICHHOM, TO €CTh €€
OIPEAEIUTEND OTIMYEH OT HYJIA:

D = K71Kpz — KKy - (11)

IIpu D = 0 k03¢ puLmeHTs YyBCTBUTEIBHOCTH CTPOK MPOMOPLHUOHAIBHBI, YPAaBHEHUS
CTAHOBATCA JIMHEWHO 3aBUCUMBIMU. CHCTEMa HE MMEET PEUICHUM, U pa3lebHOE W3MEpPEHUE
¢U3NUEeCKUX BEITUYMH CTAHOBHUTCS HEBO3MOXHBIM. [Ipu 3Hauenun D > 0 cuctema HMeeT
€IMHCTBEHHOE pelieHue. YeM Bbllle abCONMIOTHOE 3HaUYeHHe D, TeM BbIIIe TOMEX0YCTONYUBOCTh
anroputMa K anmnaparibiM mymam AT

HccnenoBanne 6a30B0i H3MepHUTEIbHON KOH(PUTypannu

Ha mnepBoM »sTame wuccrnenoBaHuii Obiia OIeHEHA A(PQPEKTUBHOCTh NPUMEHEHUS
KJIACCHYECKUX OHOPOIHBIX BOJIOKOHHBIX OpP3ITOBCKMX PEHIETOK C HIMPOKAM TayCCOBBIM
CHEKTPAIbHBIM  OTKJIMKOM. TpaJullMOHHAs  KOH(Urypamuss  JaTyvka  I0Ipa3yMeBaeT
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UCTIOJIb30BaHKE JBYX CEHCOPOB: MEPBBIN MOKPHIBACTCA THAPOPOOHBIM aKPUIIATOM U BBITOJIHSET
(YHKIUIO 3TajJOHHOIO TEPMOMETpPA, BTOPOM IOKPBIBAETCS TI'MIPOCKONUYHBIM MOJIMHUMUIOM
Y BBICTYIIAET B POJIM JATYUKA BIAXKHOCTH [5].

Ha pucynke 2 mnpoaeMOHCTPHUPOBAHO  KOMILJIEKCHOE  BIUSHME  TEMIIEpaTypbl
U BJIAr0COJICPKaHUS Ha CIIEKTPAIbHBINA OTKIMK BOJIOKOHHO-ONTHYECKOTO JaTYUKa, COCTOSILETO U3
nByx BBP.

A) . b)

", II_...II .| il b ||| A
_.:..____._..er |l.'g-_| !I:".-_\_.,,._ e ; : --—---"-"|" L.|_.~____.~.\-I| .F.'-"'-:m.--.

e

Puc. 2. Pe3ynbrarel MonenupoBaHus 6a30BOM KOH(PHUTYpaIUH:
A) pu 0 °C u 0 ppm; b) mpu 100 °C u 500 ppm

B peanbHbIX YCIOBHSX ammaparHO-IPOrpaMMHOrO ompoca 0a30Bas MHCTPYMEHTaJIbHAS
HOrPEIIHOCTh JIOKAJIM3AMKU LEHTpa IIMPOKOTro CHEKTPAIbHOIO IMUKA aJropuTMaMu LU(PpOBOM
00pabOTKM CUTHAJIOB COCTABISAET NOpsiAKa 5 M. IMUTalMOHHOE MOJIEIMPOBAaHHE MTOKA3aJI0, YTO
C YYeTOM IMAacHOPTHOM YyBCTBUTEIBHOCTH KBaplIEBOTO BOJOKHA pa3pellaroias CrocoOHOCTh
TEMIIepaTypHOro KaHaja SBJseTcs yI0BIEeTBOPUTEIbHON U cocTaBisier Ry = +0,5°C.

[Ipn mepecuyere OTHOCUTEIBHOW BIAXXHOCTU B aOCOJIOTHOE BIiIarocojiep:kaHue (ppm)
C HCIOJb30BAHMEM HENMHEHHOM (YHKIMM TIpesiena HachILEHUS MHHEpaJbHOro Macia
BBISIBIISIETCS KPUTHYECKOE OTPaHUYECHHE JaHHOM apXxuTekTyphl [9]. [Ipu Temmeparype X010aHOTo
pesepna 20 °C aGcomoTHas TOTPEITHOCTh BIAXKHOCTHOTO KaHAJIa COCTaBIIsICT MpUeMiieMble Ry ~
15,0 ppm . Ho npu BeIxone TpaHchopMaTopa Ha BBICOKOTEMIIEpATypHBIHA peskuM padotst 90 °C,
U3-32 HKCIOHEHIMAJIbHOTO pOCTa BIArO€MKOCTH Macia, 0a3oBas ONTHYECKass OLIMOKa
MHOTOKPAaTHO MaclITabupyeTcs, W MOTPEIIHOCTh BO3pPACTaeT /0 HEAONMYCTUMBIX 3HAuEHUU
nopsiaka +27,69 ppm.

B kauecTBe ajnbTepHaTUBHOIO pelIeHUs Oblia HcciaeloBaHa KOHPUIypalus ONTHUYECKOrO
TpaKTa, B KOTOPOIl Ha 006e OPIrTOBCKHE PEIIETKH HAHOCUTCS UACHTUYHOE BIIarOYyBCTBUTEIBHOE
NONUMUMHUIHOE TMOKpbITHE. [lpeamornarasoch, 4YTO CHUMMETPUPOBaHUE (DU3UMKO-XUMHUYECKHX
CBOMCTB IIO3BOJIMT KOMIIEHCHMPOBaTb HEJIMHEHHOE TEIUIOBOE paCIIMpEHUE IOIMMepa
u crabunusuposats anroputMsl LIOC.

OnHako mpu pacyeTe METPOJIOTMYECKHX XapaKTePUCTHUK NaHHON apXHUTEKTYpbl ObLIO
BBISIBJICHO, 4TO 0a3oBasi ammaparHas MOTPeIIHOCTh aJIrOPUTMOB HHTEPPOTalMM OCTalach
HEM3MEHHOM, UTOroBas pa3pelarolias CoCOOHOCTh JaTyMKa MpeTepriena KaracTpopuiecKyro
nerpaganuo. Ilpyu HCronb30BaHUM WIEHTHYHBIX MOKPBITUN KOAPQHUIMEHTH TeMIepaTypHOU
U BIQXHOCTHOMH UYBCTBUTEIBHOCTH OOEUX PELIETOK CTAHOBATCS INPAKTHYECKH pPaBHBIMU.
B pesynbrare, onpenenuTtens D MaTpullbl YyBCTBUTEIBHOCTH CTPEMHUTCS K HYIIO, U Marpula
CTAaHOBUTCS IUIOXO OOYCJIOBJIEHHOW. B COCTOSHMU alropuTMHYECKOTO BBIPOXKIEHUS CHUCTEMBI
JUHEHHBIX YpaBHEHUU 1100asi, Jake MUHUMAaJbHAs, ONTHYECKas IIyMoBass (QIyKTyalus MNpu
00paTHOM ITpeoOpa3z0BaHUU MHOTOKPATHO yCUIIMBaeTCs. MonenupoBaHue oKa3alo, UTo JeJIeHne
Ha CTPEMSILUICS K HYJII JETEPMUHAHT NPUBOAUT K HEKOHTPOJIMPYEMOMY PpOCTY OILIMOKH,
YCTpEMJIsIi WMTOTOBYIO IIOTPELIHOCTH pa3leieHHs] IapaMeTpOB TEMIIEpAaTypbl U BIAXHOCTU
K OECKOHEYHOCTH.
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Pe3ynprartel CKBO3HOIO KOMIIBIOTEPHOIO aHalW3a JIOKa3bIBAOT METPOJIOTHMUYECKYIO
U BBIYUCIUTEIbHYIO MaTyto 3((HEeKTUBHOCTh MPUMEHEHHUS KJIACCHUECKUX MHUPOKONoaocHbIX BBP
JUIsL 3a7ad MHOTOIIapaMEeTPUYECKOI0 MOHMTOPHMHIA B arpeCCUBHBIX CpeAax € IMEepPEKpPEeCTHON
YyBCTBUTEIHHOCTHIO. [locTpoeHue u3MepuTenbHOro TpakTa Ha 0aze MACHTUYHBIX MOKPBITUN
JIelaeT  HEBO3MOXKHBIM ~ MaréMaTHYeCKOE€ pa3[elIeHHe IapaMeTpoB, a HCIOJIb30BaHUE
ACUMMETPUYHBIX TOJMMEPOB MPUBOAUT K KPUTUYECKOMY MACIITAOUPOBAHMIO AalIapaTHON
IOTPEIIHOCTH IIPU HArpeBe.

BHenpenue agpecHbIX BOJJOKOHHBIX CTPYKTYP € Ga30BbIM TT-CIBUIOM

Jis  mpeoposneHust  BbIABIEHHOrO 3¢¢deKkra aaropuTMUYECKOW  CHUHTYISIPHOCTH
U KPUTHYECKOTO MACIITa0UpOBaHUSI a0COTIOTHOW IMOTPEIIHOCTH BIArocoAepKaHus TpeOyeTcs
paJuKalbHOE CY)KEHUE CIIEKTPaJbHOIO OTKIMKa CeHcopa. B pamkax JaHHOTO HCCleAOBaHUs
000CHOBBIBAETCSl MEpPexo]] K paauoGOTOHHBIM U3MEPHUTEIBHBIM CHCTEMaM Ha 0a3e aJpecHBIX
BOJIOKOHHBIX OP3TTOBCKUX CTPYKTYP.

dusndeckoir ocHoBoii ABBC siBnsieTcsi BHEIPEHHE JIOKATHHOTO JTUCKPETHOTO (Pa3oBOro
T-CIIBUTa CTPOTO B IIEHTP MEPUOAMYECKON CTPYKTYphl OparroBckoil pemetku [6]. CormacHo
pe3yapTataM MOJCTHUPOBAHUS METOJOM MAaTpPHII Tiepeaad, BHECEHUE TAaHHOTO Je(eKTa MPUBOIUT
K JECTPYKTUBHOM HHTephepeHLIMH Ha IEHTpajlbHOW JUIMHE BOJHBL. B pesynbrate BHYTpH
IIMPOKOTO KOHTYpPA OTPAKEHUS KJIACCUYECKON PeIIeTKH (hOPMHUPYETCsl CBEPXY3KOIMOJIOCHOE OKHO
npo3pauHocTd. lllupruHa 1aHHOTO pe3oHaHca Ha MOIYBBICOTE COCTABISAET €AMHULIBI TUKOMETPOB,
YTO Ha J[Ba MOPsIIKa MEHBIIIE IIUPUHBI CIIEKTpa Kiaccuueckon onnopoaHoit BBP (puc. 3).
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Puc. 3. CnexTpanbHas XxapakKTepHCTHKA aAPECHOIN BOIOKOHHOW OPATTOBCKOM CTPYKTYPBI
¢ MHTErpUpOBaHHBIM (a30BeIM TT-casurom: A) npu 0 °C u 0 ppm; B) mpu 100 °C 1 500 ppm
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dopMupoBaHHE BBICOKOIOOPOTHOTO PE30HAHCA PaJUKaIbHO MEHSET (U3HKY Ompoca
u3MepuTesbHOro Tpakra. ConnacHo (GyHAaMeHTalbHBIM paboTaM B 001acTu paauopoTOHUKH [6],
xoHuenuuss ABBC mno3Bossier oTka3arbcs OT TPAAMLMOHHOIO ONTHYECKOIO CIEKTPAIbHOIO
aHanu3a. AJpecHas CTPYKTypa OTpa)kaeT JBE CBEPXY3KOIIOJOCHBIE ONTHYECKHE 4YaCTOTHBIE
COCTaBJISIIOIME, PA3HECEHHBIE HA CTPOI'0 33/IaHHYI0 YHUKAIbHYIO aJIpECHYI0 4acToTy (.

IIpy nopmaue Takoro JABYXHYAaCTOTHOIO ONTHYECKOIO CHMTHajda Ha KBaJpaTU4YHBIN
(GOTOIPUEMHUK MPOUCXOAUT IPOLIECC ONTHYECKOro reTepoAuHupoBaHus [6]. B pesymbrare Ha
BbIXOZIe (poTONpHEeMHHUKA (HOPMUPYETCS SINEKTPUUECKUN CHTHaJl OWEHMi, YacToTa KOTOpPOTO
B TOYHOCTH paBHa aJIpeCHOil yacToTe (), Jiexaliei B paAuo4yacTOTHOM Juana3oHe. Takum o0pazom,
kaxnod ABBC B u3MepuTenbHOW CETH NPUCBAUBAETCS CBOW YHMKAJIbHBIA paguo4acTOTHBIN
Mapkep, 4YTO MO3BOJISIET pealu30BaTh KBa3MpaclpeeIeHHblE MHOTOCEHCOPHBIE CHCTEMBI
MOHMTOPHUHIAa HA OJHOH ONTHYECKOM JMHUM O€3 CIOXKHBIX aJrOpPUTMOB CIEKTPAIbHOIO
YIJIOTHEHHUS.

Jns mpeoOpazoBaHus (HU3MYECKOTO CABHra IIEHTPAJbHOW JJIMHBI BOJHBI PEIICTKH
B U3MEPSAEMBIN EKTPUUYECKHUM MapaMeTp MPUMEHAETCsl METO aMIUIUTYIHO-(a30BOM KOHBEPCUU
Ha 0a3e onTHYecKoro (uiabTpa C JWHEHHBIM HAKIOHHBIM MpodwmieM mnponyckanus. Ilpu
U3MEHEHUHU TeMIlepaTypbl win BiaxHocTH crnektp ABBC cmemaercs no ckiioHy Quibsrpa, 4yTo
IPUBOAUT K MPONOPLMOHAIBHOMY HM3MEHEHUIO AaMIUIUTYJbl ONTHYECKUX COCTABIISIFOIINX
Y U3MEHEHUIO MOIIHOCTH F'€HEPUPYEMOI0 pain04acTOTHOTO CUTHaIa OUEHUH.

[71aBHBIM METPOJIOTMYECKUM IPEUMYILECTBOM TaKOTo IMOJIXOJa SIBIAETCS IEPEHOC
UH(POPMALIMOHHOW Harpy3kd M3 ONTHYECKOIO JOMEHa B paauouyacToTHbIM. Ilpumenenue
anroputMoB nudpoBoit 06padorku curnanos (LIOC), B wacTHOCTH, OBICTPOTrO MpPeoOpa3OBaHUS
®ypoe (BIID) ans aHanu3a MUKPOBOJIHOBOIO CHUIHAJIA, MO3BOJIAET JOCTUYb OecHpeleeHTHON
TOYHOCTH JIOKAJIM3aLUU EHTPaJIbHONW YacTOThl CEHCOpa.

KoMnbroTrepHOE MOAEIMPOBAaHHWE ONTOVIEKTPOHHOIO TpakTa IOKa3ajo, 4YTO 3a CYET
CBEPXY3KOIOJIOCHOTO CHEKTPaIbHOIO OTKJIMKA TT-CABMra M paguo(OTOHHOrO METoAa Onpoca
0a30Basi MHCTPYMEHTAJIbHAs OLIMOKa JIOKAJIM3alUN CHUYKAETCs Ha OopsiioK: ¢ 5 M 10 0,5 M.

JlaHHO€ TOBBIIIEHUE TOYHOCTH OKAa3bIBACT pEIIAIONIEEe BIMSHHUE HA Ppa3pelIarollyro
CHOCOOHOCTh JBYXNAapaMeTPUUECKOTro JaTuuka. Pazpemaromias cocOOHOCTb TEMIIEPATypHOTO
KaHana gocturaer 3HadyeHud Ry = 0,05 °C.

AOCOIOTHAsE TOTPEIIHOCTh ONPEAETICHUs BIAroco/epKaHus MpU BbIXOAE Ha padbouuit
BBICOKOTEMITIEPATYPHBIM pexkuM TpaHcdopmaropa 90 °C He mpeBbIlIaeT 2 ppm, YTO Ha MOPSAIAOK
JAydllle pe3ynbTaroB 0a30BOH KOHPUIypallMM U TOJHOCTBIO  YIOBJIETBOPSIET KECTKUM
TpeOOBaHUSAM HOPMATUBHOM TOKyMEHTAIlUU SHEPT€TUUECKON OTpaciu.

Tem He meHee, peanmsanus 3anoxkeHHoro B ABBC noreHnumana npenpsBiaseT cTporue
TpeOoBaHUS K (PUIUKO-TEXHOJIOTMYECKOMY HCIOJHEHMIO CaMOro ONTHYECKOTO TpaKTa,
B YaCTHOCTH, K OJHOPOAHOCTH MCIIOIb3yEeMbIX BOJIOKOHHBIX MOAJIOXKEK, YTO TpeOyeT OTAETbHOrO
UCCIIEIOBaHMU.

Biausinue onTnveckoi IreTE€POr¢cHHOCTH UBMEPUTECIILHOI'0 TPAKTa

[IpakTuueckass peanu3amusi CHCTEM BHYTPUOAKOBOTO  MOHHUTOPHHTA  CHJIOBBIX
TpaHcPOpPMaTOPOB HAKIAIBIBAET KECTKHME OTPAaHUYCHUS HAa BBIOOp MaTEpHUaoB BOJIOKOHHO-
ONTHUYECKOW JUHUHU. [[Is T[pOKIagKW TPOTSHKEHHBIX TOABOAAIIMX — Marucrpaieil  oT
JTUCTIETUYEPCKOTO IMyHKTa JO OOOpYIOBaHHS TPAAMIMOHHO TPHUMEHSETCS CTaHAapTHOE
TEJIEKOMMYHHUKAITHOHHOE BOJIOKHO (Hampumep, ctangapra SMF-28), obnanatomnee MUHUMATBHBIM
3aryxanueMm [10]. OpnHako cepalleBMHA TaKOrO BOJIOKHA COJEPXKHUT Majoe KOJIMYECTBO
JETUPYIONIUX TPUMECEH, YTO AENAeT €€ ONTUYECKH >KECTKOM M MaJIONPUTOIHOW IJIA MPSIMOM
3aIMCH BEICOKOKOHTPACTHBIX OPITTOBCKUX CTPYKTYP.

Jjis Ka4ecTBEHHOTO (JOPMHUPOBAHUS CBEPXY3KOMOIOCHOTO 1T-(ha30BOTO CIBHTra Tpedyercs
UCIIOJIb30BaHKE CHENHUaIM3UPOBAHHOIO (POTOUYBCTBUTEIBHOTO BOJIOKHA (Hampumep, PS-1500),
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CepALEBUHA KOTOPOIO JIETMPOBAaHA JMOKCUAOM repmaHus. Takoe JerMpoBaHHE OOECIEYMBAET
BBICOKYIO (poTOpehpakTUBHOCTH MaTepHalia i TEPMUUECKYIO CTaOMIIBHOCTD 3alMCAHHBIX PEIIETOK
0e3 HEOOXOAMMOCTH TMPEABAPUTEIILHON BBIACPKKE B BOAOPOJAC, YTO KPUTUYECKU BAXKHO IS
9KCIUTyaTalluy B ropsiueM TpaHc(hopMaTopHOM Maciie.

CrnencrBreM TaHHOTO KOMIIPOMHECCA SBISETCS (HOPMUPOBAHKE ONITUICCKU HEOTHOPOTHOTO
M3MEPUTEILHOIO TPaKTa, B KOTOPOM Y4YacTOK CeHCcopHOro BojokHa PS-1500 nmpuBapuBaercs
K nonBosemMy kaoemto SMF-28. MoxenupoBanue pU3NIECKUX MPOIIECCOB HA TPAHMIIC pa3zieiia
Cpell BBISIBIIIO HETAaTUBHBIN 3PQEKT, CYIIECTBEHHO BIMSIONINIA Ha HTOTOBYIO TOUHOCTH CUCTEMBI.

PasHoponHble BOJOKHA 007aal0T SPKO BBIPAKEHHOW CyOCTpaTHOW acHMMMETpHUEH:
nurameTp moaoBoro nojist SMF-28 cocrasinser okosio 10,4 MM, B TO BpeMs kak y PS-1500 on cxxar
10 7,0 mxM. [ToMHMMO reoMeTpUYECKOr0 HECOOTBETCTBHS, HA MECTE€ CBAPHOIO IIBA BO3HUKACT
ckauoK 3(p(EeKTUBHOIO IMOKa3aTens MpenomiieHus. JlaHHBIA onTHYeckuil Oappep BBI3BIBAET
JIOKaJIbHBIC MEPEOTPAKEHUS 30HIUPYIONIETO M3IydeHus. Hanudne Takux CBapHBIX COECTUHEHUN
MPUBOAUT K (POPMHUPOBAHUIO TAPA3UTHOTO oNTHYECKoro pezonaropa ®adpu — [lepo.

B pesynprare MHOTONMY4YeBOI MHTEp(EpEeHIINHU, BO3HUKAIOUIEH MEXIY MHUKPO3EpKaIaMu
CBapHBIX IIIBOB, TEHEPUPYETCS BBICOKOYACTOTHBIA HMHTEPHEPEHIMOHHBIA IIIyM, KOTOPBIA
HAKJIa/IBIBACTCS HA TTOJIC3HBIN CIICKTP apeCHOI OPATTOBCKOM CTPYKTYPHI (PUCYHOK. 4).
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Puc. 4. KommekcHoe Bo3/eficTBHE TeMIIEpaTyphbl M BIaXXHOCTH Ha KOH(QUTypalyu:
A) BBP 1 - SMF28, BBP 2 — PS1500; b) BBP 1 — PS1500, BEP 2 — SMF28

Hanoxenune mapaszutHoil uHTepdepeHUnoOHHONW psiou (Puc. 4) KpuTHUEeCKH HCKa)kaeT
¢yukuuio annpoxkcumanuu aiaroputMo LlOC. BeicokoyacTOTHBIE TapMOHHUKH MAaCKHPYIOT
UCTMHHOE TIOJNOKEHHE (ha30BOr0 T-CABUTA, IPOBOLMPYS BBIUMCIUTENBHBIA cOOM mpu
OIIpECICHUH LIEHTPAIbHON YaCTOTHI.
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O¢ddexr MHOromyueBoit uHTepdEepeHIMH MNPUBOAUT K allapaTHOMY CMELICHUIO
JNETEKTUPYEMOTo LIeHTpa B cpenHeM Ha +4.0 nM. Takum oOpa3zom, cymMMapHast HHCTpyMEHTalIbHas
ommnOKa Jokaimu3amuu Bo3pactaer ¢ 0,5 mM g0 4,5 1M, NpPaKTUYECKH HHUBEIHPYS BCE
METPOJIOTHUECKHE MTPEUMYIIIECTBA BHEIPEHHUSI aI]PECHBIX CTPYKTYP.

C MareMarW4yeckoil TOUKM 3peHHs KOHHUrypamus (QHU3UYECKOW  CTPYKTYPHI
n3MepurenbHbix kaHanmoB BBP 1 — PS1500, BBP 2 — SMF28 (Puc. 4, b) mo3Bomser
MaKCHMHU3HPOBaTh JICTEPMHUHAHT Marpuilbl 4yBcTBUTENbHOCTH (D = Kpq- Kyp) 3a cuer
COYETaHMs BBICOKMX TEPMOONTHUECKUX CBOMCTB BojtokHa SMF-28 ¢ nehopMainoHHBIM OTKIIMKOM
nonuumuaa. BusyanbHo 310 moaTBep:kaaeTcs TeM QakToM, uTo Ha cnekrporpamme (Puc. 4, A)
u3MmepurenbHbiil ik BBP 2 Ha nomioxke PS-1500 cMemniaercs MenieHHee, YeM aHaJIOTUYHBIMA
nuk Ha momnokke SMF-28 (Puc. 4, b), oGnagaromieii 6onee BBICOKMM TEPMOONTHYECKUM
ko3 unmenrom. OnHAKO, HECMOTPS Ha YIYYIICHHYH) MaTeMaTH4ecKylo OOYCIOBIEHHOCTH
YpaBHEHUU, TETEPOTeHHOCTh ONTHUYECKOW IJMHUU MPOJOHKAET OKa3blBaTh pPa3pyIIUTEIbHOE
BO3JICHICTBHE HA CUTHAJL.

JlanHast onTuyeckas Aerpajalus NpUBOIUT K MPOMOPLHOHATBHOMY YXYAIICHUIO HTOTOBOU
paspenaroneii crnocoOHOCTH Aaryuka. [lorpemHocTs TemnepaTypHOro KaHaja yBeJInYuBaeTCs J10
10,45 ppm. IIpu pacuere nepeKkpecTHONW YYBCTBUTEIHHOCTU B BHICOKOTEMIIEPATYPHOM PEXHME
90 °C abcointoTHas TMOTPEIIHOCTh BIKHOCTHOTO KaHalla YBEJIWYMBACTCS K HEJOMYCTHMbBIM
3Ha4eHusM, gocturas +19,1 ppm. [lonsiTkn mporpaMMHON (UIBTPAIIMK TaHHOTO TyMa TPEOYIOT
3HAYUTEJbHBIX BBIYMCIUTEIBHBIX MOIIHOCTEH MUKPOIPOLIECCOPA U YCIOXKHSIOT apXUTEKTYPY
pannohOTOHHOTO OIpoca.

HccnenoBanne u3mMepuTeTbHON KOHGUTYPAIMH HA OCHOBE OAHOPOIHOIO
()0oTOUYBCTBUTEILHOIO ONITHYECKOr0 BoJiokHa PS-1500

Cepnuesuna BosokHa PS-1500 skcTpeManbHO JerupoBaHa JUOKCHAOM T'epMaHust K OOpOM.
Bricokas koHILIEHTpals repMaHusi 00ecreurnBaeT BhICOKYIO (POTOUYBCTBUTEILHOCTh MaTepuaa.
OTO MO3BOJSET 3alUChIBaTh PEIIETKH C BBICOKUM KOAI(PPHUIIMEHTOM OTpaXXeHHs U OONbIION
aMIUIUTYAOM MOIYJISIMM TOKa3aTeiass MpejoMJieHHs 0e3 MPUMEHEHHS JIOMOJHUTEIbHBIX
TeXHOJOTHH. VIMEHHO BBICOKas TIIyOMHA MOAYISALUM SBISETCS HEOOXOAMMBIM YCIOBUEM IS
KaueCTBEHHOTO (DOPMHUPOBAHHUS CBEPXY3KONOJI0CHOTO T—(hazoBoro casura BHyrpu ABBC.
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Puc. 5. KommnekcHoe Bo3neiCTBHE TeMIepaTypsl U BIaXXHOCTH Ha KOH(QUTypaluu
Ha BOJIOKOHHO-ONTHYECKUH TaTYMK HAa OCHOBE BosiokHa PS1500

Kondurypamus nHa 06a3e crenuanu3upoBaHHoro BojiokHa PS-1500 nemoHcTpupyer
BBICOKMI ypPOBEHb OKCIUTyaTaAllUOHHOM HAJEXKHOCTH M METPOJIOTHYECKOH CTaOMIIBHOCTH.
Hcnonb3oBanue equHOM, (pU3HMUECKN HENPEPHIBHON ONTUYECKOM IMHIH 00€CIIEUnBAET BHICOKYIO
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TEPMOMEXAHUYECKYI0 IPOYHOCTh M3MEPUTEIBHOIO 30HAAa U HUCKIOYaeT o0pa3oBaHHME 30H
JIOKAJIbHBIX MEXaHMYECKHX HaNpsDKEHUH TMpH  TOCTOSIHHBIX TEMIIepaTypHbIX Harpy3Kax.
EcrecTBeHHas (hOTOUYBCTBUTENHLHOCTD JIETHPOBAHHOTO KBaplia TapaHTHPYET TOJITOBPEMEHHYIO
CTaOUIILHOCTH PE30HAHCHBIX XapaKTEPUCTHK ONTUYECKON CTPYKTYPHI, 3aLIUIIA U3MEPUTEIbHYIO
CHCTEMY OT HETpEeICKa3yeMOoro BPEMEHHOro jpeilda meHTpaidbHBIX JUIMH BoiH. Kpome Toro,
abcomoTHast (u3MUecKass MJICHTUYHOCTh TOMJIOKEK IMOJ OOEHMMH pelIeTKaMU MO3BOJISET
peanu30BaTh anmapaTHbIi MEXaHU3M CHH(pA3HOTO MO/IaBICHUS (POHOBBIX TEMIIEPATYPHBIX IITYMOB
IpU TeHepaluu paauodacToTsl OueHuil. C MareMaTHMuecKOM TOUKH 3pEHUS KOHCTPYKTHBHAs
ACHMMETpPHUS 3allUTHO-UyBCTBUTENILHBIX MOJMMEPHBIX MOKPHITUH HAAEKHO OOECIeYnBaeT
00yCJIOBJIEHHOCTh KaJIMOPOBOYHOM MAaTpPHIIbI, MO3BOJSIs aiaroputMaMm IudpoBoil 00paboTku
0e30mmO0YHO  pa3iensATh  MEepeKpecTHhle  mapaMeTpbl.  Paspemaromas  crocoOHOCTh
TeMIeparypHoro Kkanama coctaBmia Rp = £0.05 °C. Paspemaromas crnocoOHOCTb
BJIQXKHOCTHOTO KaHayia mpu Temreparype paBHoud 20 °C: Ry =~ +0.20 ppm, npu paboueit
temneparype paBHoil 90 °C: Ry = +2.12 ppm. Tem He MeHee, JaHHAs apXUTEKTypa oOiagaer
CcOOCTBEHHBIMU (PU3NYECKUMU OTpaHNUEHUAMU. JlernpoBaHue cepilieBUHBI BOIOKHA MOJIEKYJIaMH
0opa HECKOJIbKO CHMYKAET TEPMOOINTUYECKUN KOIPPHUIMEHT CTEKJIa, YTO MPUBOIUT K MaJIEHUIO
a0CONIOTHON YYyBCTBUTEJIBHOCTH JaTUMKa K M3MEHEHHSIM Temrmeparypbl. Takke coxpaHsercs
(dyHIaMeHTaTbHOE MaTepHAIOBETIECKOE OTPaHUICHHUE, BRIPAYKAIOIIEECs: B TOCTENICHHOH (pr3nKo-
XUMHUYECKON Jerpajalliyd BIArodyBCTBUTEIBHOTO TMOJMHUMHIHOTO CIIOSI TpPH MHOTOJETHEM
HAXOXJICHUH B arpPECCUBHOM BBICOKOTEMIIEpATypHOU cpesie TpaHC(hOPMAaTOPHOTO MacIa.
[IpoBeneHHoe wuccCleqOBaHUE JOKa3bIBa€T, YTO JUISI COXPAHEHHS MPEHU3UOHHOU
paszpemiaroiieii cnocooHocTH, 0becrneunBaeMoil T-CIBUTOM, HEOOXOAMMO UCKITIOYUTD ITapa3uTHbIC
NePEeOTPaKEHHsI Ha CThIKAaX. ITO 000CHOBBIBAECT TEXHUUECKYIO 11€71€CO00PA3HOCTh NCIIOIB30BAaHUS
TOMOTEHHOW apXUTEKTYpbl HM3MEpPUTENBHOIO 30HIa, MOrpykaeMoro B 0ak TpaHcgopmaropa,
LIEJINKOM BBIIIOJTHEHHOW Ha 0a3e (pOoTOUYBCTBUTEIBHOTO onTHYeckoro BojokHa PS-1500.

3akiaoueHmne

IIpoBeneHHbit B paboTe KOMIUIEKCHBIM  CONOCTABUTENBHBIM  aHaINW3  (U3HKO-
TEXHOJIOTMYECKUX KOH(QUTYpaLUi ONTORIEKTPOHHOIO TPaKTa MOKa3aj, YTO CO3/1aHNEe HaJIeKHOU
CHCTEMBl HENPEPHIBHOIO MOHMTOPHHIA CHUJIOBBIX TpaHC(POPMATOPOB TpedyeT NIyOOKOro
MareMaTu4ecKoro U MaTepualoBe[4eCKOro 000CHOBaHMS.

HccnenoBanue 10Ka3ago, 4YTO HCIHOJIb30BAaHME KIACCHMYECKHX IIHMPOKOMOIOCHBIX
OpAITOBCKUX PELIETOK SBJISETCS METPOJIOIMUECKH HECOCTOSITENIbHBIM Ui 3a7ad KOHTPOJIS
BJIArOCOAECPKAHMUST ~ Macia B BBICOKOTEMIIEPAaTypHBIX  PEKHUMax.  OKCIOHEHIUAJIBHOE
MacITaOUpOBaHUE alMaparHOM OMMOKM MHTEpPpOTralid U HEU30eKHOE€ BO3HUKHOBEHHE
MaTpUYHON CHHTYJISIPHOCTH IPU CUMMETPUPOBAHUU MOKPBITUN MPUBOJAT K AJITOPUTMHUECKOMY
KOJUIAIICY ~ CHUCTEMBbl UM HEBO3MOXKHOCTH  KOPPEKTHOTO  paslelieHuss  IepeKpecTHOMN
qyBCTBUTEIBHOCTH.

VYcTaHOBIEHO, YTO [ KAapAMHAIBHOTO IMOBBIIMIEHUS paspellaroeid CcrnocoOHOCTH
CHCTEMBI SIBIISIETCSI BHEJIpEHUE PaTuO(OTOHHBIX HW3MEPUTENbHBIX TPAKTOB Ha 0aze aapecHBIX
BOJIOKOHHBIX OPATTOBCKUX CTPYKTYpP C HHTETPUPOBAHHBIM (ha30BBIM TT-cIBUTOM. Mcrionb3oBanue
CBEpPXY3KOIIOJIOCHOTO ~ OKHAa  MPO3payHOCTH M NEepeHoC WH(POPMAIMOHHOIO  CHTHaia
B MHUKPOBOJIHOBBIM JHana3oH (sl aHaidu3a 4acTOThl OMEHHI) IMO3BOJISIIOT CHU3UTH 0a30BYIO
OLIMOKY JIoOKaTu3auyu Ha nopsaok (¢ 5,0 mm go 0,5 M), obecrieunBasi NpeU3MOHHYIO TOYHOCTh
W3MEPEHUM, HEAOCTHKUMYIO I KJIIACCHUYECKUX ONTHYECKUX aHAIU3aTOpPOB.

BwMmecre ¢ TeMm, MOenupoBaHUE BBISIBUIO KPUTUYECKYIO YA3BUMOCTH BBICOKOJIOOPOTHBIX
PE30HAHCOB K ONTHUYECKOH IeTepOreHHOCTH JMHUU. DOpMUPOBaHHE Mapa3sUTHBIX PE30HATOPOB
®abpu-Ilepo Ha CThIKaX pa3HOPOJHBIX BOJOKOH T€HEPHPYET MHOTOJIYYEBYIO MHTEP(EpPEeHIHUIO,
HOJHOCTHIO HUBEIUPYIOUIYIO JOCTUTHYThIE METPOJIOTHYECKHE TPEUMYIIECTBA.
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Takum 00pazoM, HE CYyIIECTBYET €IMHOW YHHBEPCAIBHOW apXUTEKTYpPhl BOJOKOHHO-

ONTUYECKOro JaTdyMKa: KOH(UIypalus H3MEpUTEIbHOM CHCTEMBbl JOJKHA IMPOEKTUPOBATHCA
CTpPOTO MHIUBHIYaJIbHO, UCXO/IS U3 KOHCTPYKTUBHBIX 0COOEHHOCTEH KOHKPETHOTO SHEProoObeKTa
u TpeOyeMol IIIyOMHBI HOrpykeHus ceHcopa. OpHako A oOecreueHus: HOPMaTHUBHOM
a0COJIFOTHOM TOYHOCTU M3MEPEHUI B YCIOBUSAX HEJIMHEHHOW TEMIIEpaTypHOU Jerpajaluu Macia
IPUMEHEHHE aJPECHBIX pPaJuO(POTOHHBIX CTPYKTYP B COCTaBe€ IOJHOCTbIO TOMOTI€HHBIX
ONTHYECKUX 30HIOB (Ha 0aze (HOTOUYBCTBUTEILHOTO BOJIOKHA) SIBISIETCS OOBEKTHBHOU
u 0e3aJbTepHATUBHOM TEXHOJOTMUECKONH HEOOXOJUMOCTBIO.
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COMPARATIVE ANALYSIS OF THE FIBER-OPTIC MEASUREMENT
SENSING PATH ARCHITECTURES FOR MONITORING THE
TEMPERATURE AND MOISTURE CONTENT OF TRANSFORMER OIL

M. R. Markov, O. G. Morozov

Kazan National Research Technical University named after A.N. Tupolev-KAI
10, K. Marx str., Kazan, 420111, Russian Federation

Annotation. This article presents a comprehensive comparative analysis of the physical and
technological configurations of an optoelectronic path for the continuous measurement of temperature
and moisture content in transformer oil. Using a developed digital sensor based on the transfer matrix
method, the limitations of standard fiber Bragg gratings are investigated. The problem of matrix
singularity in systems with cross-sensitivity when using identical hygroscopic polymers is
mathematically proven. The efficiency of implementing microwave photonic sensor systems based on
addressed fiber Bragg structures (AFBS) with a phase n-shift is substantiated, enabling the transfer of
signal analysis to the radio-frequency range and significantly improving resolution. The effect of
spectral degradation due to multipath Fabry-Perot interference in heterogencous optical lines is
revealed, justifying the necessity of using homogeneous paths based on PS-1500 photosensitive fiber.

Keywords: transformer oil, temperature, moisture content, fiber Bragg grating, addressed fiber Bragg
structure, phase shift, transfer matrix method.

Crarbs nipeacraniieHa B peaakiuto 08.06.26r.

152



