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OOBEeKTOM HCCIEeOBaHUs SBISETCS MYJIbTHCEHCOPHAsl CHCTEMa KOHTPOJIS,
OCHOBaHHas Ha ABJIICHUU MEXaHOZJIEKTPUUECKUX MpeoOpa3oBaHUil.

Lenpro paboThI sIBNIsETCA pa3pabOTKa MYJIbTUCEHCOPHOM CHCTEMbl KOHTPOJIS
nedeKTHOCTH W HaANpPsHKEHHO-e(OPMHUPOBAHHOTO COCTOSIHUSL HA OCHOBE SIBJICHHS
MEXaHOXJIEKTPUYECKUX MPEeoOpa3oBaHUl U MPOBENICHUS UCCICIOBAHUM ISl OICHKU
€€ BO3MOYKHOCTEH.
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MEXaHORJIEKTPUIECKOM BO3JICHCTBHH.

B pesynbraTe uccnenoBanus ObUTM MPOAHATU3UPOBAHBI JIEKTPOMArHUTHBIC
CUTHAJIbI, TMOJIyYeHHbIE MPHU MEXAHODJEKTPHUUECKOM BO3JCWCTBUM HAa OOpa3Ilbl, a
TaKxe ObLT pa3paboTaH ACHCTBYIOMIMI MaKeT MYJIbTUCEHCOPHOM CUCTEMBI.

OcHOBHBIC KOHCTPYKTHBHBIE, TEXHOJIOTUYECKHE u TEXHUKO-
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OO6iacTh MPUMEHEHUS: JUATHOCTUKA MATEPHUATIOB O CTEMEHU Ne()EeKTHOCTH,
HaIMPSHKEHHO-Ie(OPMUPOBAHHOTO  COCTOSIHMSI ¥ BO3MOXHOCTH  JIOKQJTU3AIHH
HEOJTHOPOJHOCTEH B BHJIC BKIFOUSHHUH B TUANICKTPUICCKUX 0OBEKTaX KOHTPOJIS.

OxoHoMu4eckast 3(PHEKTUBHOCTH/3HAYMMOCTh  PabOTHI:  AKOHOMHYECKHUI
3¢ deKT BBIpaKAETCS B DKOHOMHUU TpH pa3pabOTKe MYJIbTUCEHCOPHOW CHCTEMBI
KOHTPOJISI, OCHOBAHHBIN Ha SIBIICHUHM MEXaHOAJICKTPUUECKUX MPeoOpa3oBaHMA.

B Oynymem tutaHupyeTcss TPOJOJDKUTH HCCIENOBAHWE TO TOUCKY
WHPOPMATUBHBIX MapaMeTpOB OTKIMKA HAa WMITYJIbCHOE BO30YXKICHHE TIpH
WCITOJIb30BAaHUU MYJIBTHCEHCOPHOM CHCTEMBI KOHTPOJIA 1e(DEKTHOCTH M HAMPSHKEHHO-

ne(opMUPOBAHHOTO COCTOSIHUS TUAJIEKTPUUECKUX MaTEpPUAJIOB.
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BBenenne

BnepBbie MeTon MexaHOaneKTpudeckux —mpeoOpazoBanuit  (MOII) s
KOHTPOJISI CTPYKTYPHBIX HApYIIEHUH B KOMIO3UTHBIX IUAJIEKTPUUYECKUX MATEPHUAJIOB
Hayasl pa3padaTsiBaTbcsl B TOMCKOM MOJUTEXHUYECKOM YHUBepcutTeTe B Havaie 70-
pix TOmOB [1]. CyTh MeTOAa 3aKirouaeTcss B IPOM3BOJCTBE HMITYJILCHOTO
MEXaHUYECKOTO  BO30OYXKJEHHSA  JTUAJIEKTpUUECKOoro  obpasna MW Mpuema
AIIEKTPOMArHUTHOTO curHaiua. [lapaMeTpel 31€KTPOMArHUTHOTO MOJIsL PETUCTPUPYIOT
B BHUJIE CUTH&JIA OTKJIMKA C TMOMOIIBK) €MKOCTHBIX JaTYMKOB, PACHOJIOKEHHBIX
BOJIM3U TTOBEPXHOCTH 00pasIia.

Metox MOII noxox nmo tunmy Ha Y3 meroasl. PasHuna 3akiroyaercss B TOM,
9yT0 B Y3 METOJE CHrHal PErucTPUpPYETCs KOHTAKTHBIMM —aKyCTUYECKHMHU
npeoOpazoBarensiMu, a B Mmeroae MOII cHayana mpoucXOAMT IpeoOpa3oBaHUE
aKyCTUYECKON 3HEpPIUU B 3JIEKTPOMArHUTHOE moje Ha uctouyHukax MOII (nBoiiHbie
UIEKTPUYECKUE CJIIOM HA TPaHUMLAX pasjfelia Pa3HOPOAHBIX  MaTepHUalloB,
bE303JICKTPUICCKUE BKIIOYCHHS), a 3aTeM B JJICKTPUYECKHUN CUTHAI C MOMOIIBIO
€MKOCTHBIX JardyukoB. OpHuM U3 mnpemmyuniectB wmeroga MOIL  saBisercs
OECKOHTAKTHBII MPUEM CUTHAJIOB, YTO CHUKAET MPOOJIEeMy HA/IEKHOCTH KOHTAKTA.

Hacrosimass paGota mnoOCBsII€Ha MOBBILICHUIO YYBCTBUTEIBHOCTH METO/A
MEXaHOAJIEKTPUUECKUX NpeoOpa3oBaHUil IMyTeM pa3pabOTKU MYJIbTUCEHCOPHON
CUCTEMBbl KOHTpPOJS, KOTOpas TMO3BOJMT HCCJIENOBAaTh Mayble HM3MEHEHUs
Ne(eKTHOCTH M HaIpsHKEHHO-1€(OPMUPOBAHHOTO COCTOSHUSI KOMITO3WLIMOHHBIX
JTUAJIEKTPUUECKUX MATEPUAJIOB MO/ IEUCTBUEM HArpy3Ku OJJHOOCHOTO CXKaTHSI.

[log pykoOBOACTBOM JIOKTOpa (PU3MKO-MATEeMaTHUYECKUX HAayK AHATOIUsA
[TerpoBuua CypxkukoBa koyiekThBamu [IpoOreMHON Hay4dHO-HCCIEI0BATEIbCKOM
7a00paTOpUM  BJIEKTPOHUKHU, JUAJNEKTPUKOB U  MOJIYNPOBOAHMKOB WHcTUTyTa
Hepaszpymatomero koutposis (ITHUJI 3Qull NHK) Tomckoro mojJuTeXHUYECKOTO
yHUBepcuTeTa, 1 CrnernuanibHoro KoHcTpykropckoro 0topo "Cmena" (CKb "Cmena")
ToMcKOro  rocylapCTBEHHOTO  YHUBEpCUTETa  CHCTEM  YIOpaBJICHHUS U
pPazvodIEKTPOHUKH BBITIOIHSIIOTCS UCCIIEJOBaHMsI, pa3paboTKa U CO3[jaHle METOOB

JAUarHOCTHUKHU )Ie(l)eKTHOCTI/I " IIPOYHOCTH MaTCpHaJIOB, PI3JI€HI/II>'I " IPpUPOAHLIX CPEH,



OCHOBAaHHBIX Ha aHAJINW3€ NapaMETPOB DJIEKTPOMATHUTHBIX OTKIMKOB MpPH
aKyCTUYECKOM  BO30YXKJIEHHUH  KOHTPOJHpPYEeMbIX  00bekToB. MccnemoBanus
MNPOBOJATCA C  HMCIOJIb30BAHUEM  METOJa, OCHOBAaHHOTO  HA  SIBJICHHUH
MEXaHO3JIEKTPUYECKOT0 TPe0Opa30BaHUs.

Heanio padoTsl sBisieTcss pazpaboTKa MYJIbTUCEHCOPHONW CUCTEMBI KOHTPOJIS
ne(eKTHOCTU U HANPSHKEHHO-1e(QOPMUPOBAHHOTO COCTOSIHUS HA OCHOBE SIBJICHUS
MEXaHO3JIEKTPUUYECKUX MPEe0Opa30BaHUl U MPOBEIECHUS UCCIEIOBAHUNA ISl OLEHKU
€€ BO3MOKHOCTEH.

JInunbiii BrJag aBropa. COBMECTHO C PYKOBOAMTENIEM aBTOpP MNPUHUMAI
ydyacThue B (OpMYJHMpPOBAHUU IE€JIEH M 3a/ad HCCIEHOBAaHUM, NPUHUMAN aKTHUBHOE
ydacTue B pa3padOTKe M M3TOTOBJICHUM MaKeTa MYJIbTUCEHCOPHOW CHUCTEMBI,
MPOBOJMI SKCIEPUMEHTHI U 00paOOTKY JAAHHBIX U3MEpPEHUN, 00001 MOITyYeHHbIE
pe3ynbTaThl. [IpuHMMan yyacTue B HallMCaHUM CTaTeH, U MPEACTABIST PE3yJIbTaThl
UCCJIEIOBAHUM Ha BCEPOCCUNCKUX U MEXKTYHAPOIHBIX KOHPEPECHIIUSIX.

HayuyHo-npakTuyeckass  3HAYMMOCTH COCTOMUT B  BO3MOXXHOCTHU
UCIIOJIb30BaHUsI MYJIbTUCEHCOPHOM CHUCTEMBI JJISI UCCIEHOBAHUS KOMIIO3ULIMOHHBIX
JUAJIEKTPUYECKMX MATEPUAJIOB B YCIOBHUSAX BHEIIHUX MTOMEX.

AnpobGauust padorbl. OCHOBHBIE pe3yibTaThl PabOTHI JTOKJIAJABIBAIIUCH,
oOCyXXJIanuch ¥ TOJydWsd ojoOpeHue Ha MexnayHapogHoil KoHpepeHuu
IIKOJIbHUKOB, CTYJIEHTOB, aCIHUPAHTOB, MOJIOABIX yueHbIX «PecypcoaddeKkTuBHbIE
CUCTEMBI B YINpaBIIEHUHW W KOHTpose: B3rsan B Oyaymiee» (Tomck, 2014), na XI
MexBy30BCKOI IIKOJIE-CEMUHAPE CTYIEHTOB, AaCIMUPAHTOB, MOJIOABIX YYEHBIX H
CIEHHAINCTOB  OTpacieBbIX mpeanpustuid «Hepaspymaromuii KOHTPOJIb H
texHudeckas auarHoctuka» (Tomck, 2014), wa II MexayHaponHoi HaydHOUN
KoH(pepeHuuu "VHOCTpaHHBI SI3bIK B KOHTEKCTE MpoOieM mnpodeccuoHanbHOU
kommynukaruu" (Tomck, 2015), Ha V Bcepoccuiickoii Hay4YHO-TPaKTHUECKOM
KOH(EepeHIIMU CTYy/IeHTOB, ACHUPAHTOB W MOJOABIX Y4eHbIX «Hepaspymaromimii
KOHTPOJIb: 3JIEKTPOHHOE MPUOOPOCTpOEHUEe, TeXHOJoruu, Oe3omacHOCTh» (ToMCK,
2015), va IV MexaynapoaHoi KOHGEPEHITNHN IIIKOJIBHUKOB, CTY/ICHTOB, aCITUPaHTOB,

MOJIOABIX Y4eHbIX «PecypcoaddexTuBHble CUCTEMBI B YNPABIEHWU M KOHTPOJIE:



B3y B Oymymee» (Tomck, 2015), na VI Beepoccuiickoit HayqyHO-TIPaKTHIECKOM
KOH(EepeHIIMU CTyIEeHTOB, ACHUPAHTOB W MOJOABIX Y4eHbIX «Hepaspymaromimii

KOHTpPOJIb: 3JIEKTPOHHOE MPUOOPOCTPOEHUE, TEXHOJOoruu, OezonmacHocTh» (ToMck,

2016).



1 Hepa3zpymamwouiue MeToIbl KOHTPOJISI CTPYKTYPHBIX HAPYIIEHHU I

1.1. Metoabl, 0CHOBAHHbIE HA SIBJEHNH aKyCTHYECKOH IMUCCHU

AKyCTHUYECKON AMHUCCHEN MPUHATO HA3bIBaTh U3IYyUEHHE AKYCTUUECKUX BOJIH,
COIIPOBOX/IAIOIIIEE HEKOTOPbIE BUbI HEOOPATUMBIX MPEBPALLECHUI B TBEPAOM TEIIE.
PaznuyaroT TpM OCHOBHBIX THIIA MEXaHHU3MOB JTOW HMHUCCHM: 1) MEXaHHU3MBI,
CBSI3aHHBIE C IUIACTHYECKOW JedopManueil (IBUKEHUE NUCIOKalMi, CKOJbXKEHHE
TpaHuI] JOMEHOB B ()eppOMarHeTUKaX M CETHETOAJIEKTPUKaX U T. 1.); 2) (a3oBbie
NEePexXo/Ibl, B YACTHOCTH MAapTCHCHUTHBIC MpEBpaIlleHUs B cTanu; 3) oOpa3oBaHHE U
paszButue TpenyH [3].

CxeMa sKcriepuMeHTa 1o HaOI0IEHUIO SMUCCHH CIIEAYIOIAsL.

Bonnbl, Bo30yk1aemMble pa3BUBAOIIMMCS A€PEKTOM (MCTOYHUKOM 3MHUCCHUN),
npeTepreBas pa3inyHble U3MEHEHUS Ha TPaHuLax o0paslia U Ha APYTUX CTaTUYECKUX
HEOJHOPOJIHOCTSIX,  JOCTUTalOT  NpPUEMHHKA  3ByKa  (4amie  BCEro  3To
IBE303JIEKTPUUECKHI TpeoOpa3oBaTesp), INMEKTPUUECKUN CUTHA C KOTOPOTO OOBIYHO
MOCTyNaeT Ha cxemy o0paboTku. CHUMaeMblii ¢ Mbe30mpeoOpa3oBaTesisi CUTHAI
UMEeT BUJ CIIy4allHON MOCEeI0BaTEIbHOCTH PATIUOUMITYJIBCOB, COOTBETCTBYIOIIMX
OTJEJIbHBIM COOBITHSIM — BCIIBIIIKaM aKyCTUYECKOM aMuccuu. LlenTpanbHas yactora
pPaAMOUMITYJIbCOB ~ ONpPENENsAeTCs B  OCHOBHOM  PE30HAHCHBIMH  CBOMCTBAMH
npeobpaszoBarensa. Ilpocteitmmit  npuHIM — 00paOOTKM  CHUTHAJIAa  SMHCCHH,
NPUMEHSEMbII B OOJIBITMHCTBE CYIIECTBYIOIIUX METOJWK, COCTOUT B CIEAYIOIIEM:
PaAMOUMITYJIBC MOCTE YCUIIEHUS TOMAalaeT Ha MOPOroBOE YCTPOUCTBO, BBIAEISIOIIEE
ero Ha (hoOHE MOCTOPOHHUX IIIYMOB.

DTO K€ TMOpOTroBO€  YCTPOHCTBO  (opMupyeT U3  paguoUMITyJIbCca
MOCJIEIOBATEIbHOCTh BUCOUMITYJIbCOB CYETa, KOTOpBhIE 3aTeéM IOCTYMalT Ha
cueTHbele ycTpoicTBa. HecMoTps Ha TO, uTO Takas cxema oOpaOOTKM HCIIOJIB3YyET
JUIIb HEOONBIIYIO YacTh MH(OpMAIUK, yAAeTCs CAECNATh PsJi BAXKHBIX (PU3NYECKUX

HaAOJIFOICHUIA.



IIpakTHyeckne TNPUMEHEHUs  AKYCTMYECKOM  OMHMCCHUH  4YpPE3BBIYANHO
pa3HooOpa3ubl. OgHAKO TIaBHOW 00JACThIO MPUMEHEHUS] aKyCTHUYE€CKOW SMHUCCUU B
HACTOSIIIEE BpeMs SIBISETCS HEpa3pylIAOIMM W ONEpPaTUBHBIA  KOHTPOJIb
VWHXEHEPHBIX KOHCTPYKLUHMI H coOpyXeHHil. OCHOBHBIM JOCTOMHCTBOM METOJ/IOB
HEepa3pyILIAIIEro KOHTPOJISA ¢ UCIIOJIb30BAHUEM aKyCTHUYECKOM IMUCCUH, JENAOIINX
UX 0COOEHHO IIEHHBIMHU, SIBJISIETCS TOT (PAKT, 4YTO 3Ta IMUCCHUS COIIPOBOXKIAET TOJIBKO
pasBuBaroIyecs, T. €. HauOosiee omacHble AedexTbl. Jlpyras npuBiekaTeabHas
CTOpOHA IPUMEHEHHs AaKyCTUYECKOM 3MMCCHM CBsI3aHA C TEM, YTO HMCTOYHUKOM
3ByKa, U MPHUTOM JIOBOJHHO MOIIHOTO, B 3TOM CJlydYae SIBISIOTCA caMH JC(EKTHI,
Omaromaps d4eMmy 3ajada OOHapyKEHUs M JIOKanu3aluuu Jedekra (MCTOYHMKA
aKyCTUYECKOM SMHUCCHUHM) 3HAa4yuTeNbHO oOjeruyaercss. bonbiias mnpakruueckas
LIEHHOCTh AKYyCTHYECKOM OMMCCHUM BBI3BaJIA POCT MCCIEHOBAHUM B 3TOM
HaIpaBJIEHUH, TJIABHBIM 00pa3oM SKCIEpPUMEHTaJIbHBIX [4], B pe3yapTaTe 4ero 3a
OTHOCUTEIBHO KOPOTKHMH II€PUOJ] BPEMEHU METOAbI KOHTpPOJS, OCHOBAaHHBIE Ha
aKyCTHYECKON SMHUCCHH, IOJyYUIIN HIMPOKOE PACIIPOCTPAHEHHUE B TEX O0JIACTAX, I1Ie
BBIXO/1 U3/I€Hs U3 CTPOSI BIIEYET 3a COOOM KaTacTpopUUIECKOe pa3pyLICHHE.

K nHambonee BaxkHbIM 0O0JIACTSAM HCMOJIb30BAHUS AKyCTHYECKOW 3IMUCCUU

OTHOCSTCS siIEPHAst SHEepreTuka [6].

1.2. YabTpa3ByKoBble MeTOAbI KOHTPOJIS

VapTpasBykoBble  MeTOABI  KOHTposis  (Y3) ToJyduwiau  IMIUPOKOE
pacrnpocTpaHeHue JIsl OOHApyKEeHUS NePEKTOB ¥ X BU3yalu3amuu [ 7].

Metoapsl Y3 KOHTPOJSE OTHOCHTCS K AKTUBHBIM aKyCTHYECKHM METOJaM U
JEJISATCA Ha OATPYIIIBI: METOIbI, KCTIOJIB3YIOLIME MPOXO0XKICHUE, OTPAYXKEHUE BOJIH, U
KOMOWHUPOBaHHBIE METO/BI, B KOTOPBIX NPHUMEHSIOT KaK OTpaXeHHe, TaK U
npoxoxaeHue. MeToapl  NPOXOXKACHUS  MPEANOoiaratoT  Haluyue  JBYX
npeoOpa3oBaresieil — HU3Iy4aroulero U MPUEMHOT0, — PACIIOJIOKEHHBIX MO Pa3HbIe
CTOPOHBI O0BEKTA KOHTPOJISI MJIM KOHTPOJIUPYEMOro ero ydactka. K 3Toii moarpymnme

OTHOCST CJIEAYIOIINE METOAbI 1e(PEKTOCKOIHH.



TeHeBol (MM aMIUIMTYJHO-TEHEBOM) METOJ, OCHOBaHHBIA Ha pErucTparuu
YMEHBUIEHUSI aMIUIUTYJbl MpOLIeAeld BOJHBI (TaK HAa3bIBAEMOI0 CKBO3HOIO
CUTHaja) mnoj BiausHUEM naedekTa. [IpUMeHAIOT Kak MMIYJIbCHOE, Tak MU (pexe)
HEIPEPBIBHOE U3IIyYECHUE.

BpeMeHHOII TEHEBOM METOJ, OCHOBAaHHBIM Ha M3MEPEHUM 3ala3bIBaHUs
UMITYJIbCOB, BBI3BAHHOI'O OTMOaHUEM Je(eKTa.

B Meromax oTpakeHHs HCIIONB3YIOT Kak OJMH, TaK W JBa MpeoOpazoBaTels;
IIPUMEHSIOT, KaK IPAaBWIO, UMITYJIbCHOE u3iydeHHe. K 3Toil moarpymnmne OTHOCAT
CJIEYIOIINE METOIBI 1e()EKTOCKOIHH.

DXOMETO]T OCHOBAH Ha PErUCTPALIMH 3XOCUTHAIIOB OT AedekToB. [1o Bpemenu
IpUX0Jla UMITYJIbCOB CYIAT O TIIyOMHE 3ajeraHusi Jeekra U TOJIIHMHE OOBbEeKTa
KOHTPOJISL.

DX03€pKaJbHbIiI METOJ, B KOTOPOM AaHAJIU3HPYIOT CHUTHAJbI, HCIIBITABIINE
3epKaJbHOE OTPAKEHHUE OT JOHHON MOBEPXHOCTH 0OBEKTAa KOHTPOJIS U Je(eKTa.

PeBepOepalinoHHbiii  METOJ OCHOBAaH Ha aHAJIU3€ BPEMEHU OOBEMHOMU
peBepOepalu — npoliecca NOCTENEHHOTo 3aTyXaHUsl 3ByKa B HEKOTOPOM 00beMe —
KOHTpoJiupyeMoM o0bekTe. Hampumep, npu KOHTpoJie ABYXCIONHOW KOHCTPYKUUU
BpeMsi peBepOepaliii B CJIoe, ¢ KOTOPhIM KOHTAaKTHUpPYeT npeobpaszoBareib, Oyaer
MEHBIIIE B cllyyae JOOPOKAaYEeCTBEHHOI'O COEIMHEHUS CJIOEB, TaK KaK 4acTh HEPIUU
OyJieT MepexoaAUTh B IPYroi CIOM.

B KOMOMHMpOBaHHBIX METOAAX MCHOJB3YIOT MPUHLIUI PErucTpaliu
AXOCUTHANOB OT edexToB. Ha skpane nHAMKaTOpa OOBIYHO HAOMIOAAIOT MOCTaHHBIN
(30HAMPYIOUIMI) HMITYJbC, HMIIYJbC, OTPAXKEHHBIA OT MPOTHUBOIOJIONKHOU
MOBEPXHOCTH (JIHa) 00BEKTAa KOHTPOJIA (JOHHBIN CUTHAIT), M 9XOCHUTHAJ OT JeeKTa.

[lepeuriciienHbie Y3 METObI KOHTPOJIS NPEIHAa3HAUYEHBI 1711 OOHAPYKEHUS U
ornpenaeneHus Mmectonojoxenus aedexton B OK.

Jlnia uccienoBaHusl HEOJHOPOJIHOCTEH U A€(PEKTOB CTPYKTYphl MaTEpUaIoB
NPUMEHSIOTCS  METOABl  yJIbTPa3BYKOBOW CHEKTPOCKONUU U Je(EeKTOCKOIHH,
OCHOBaHHbIE Ha aHAIM3€ YAaCTOTHBIX 3aBUCUMOCTEH Kod(p(dulMeHTa 3aTyXaHus W

(ha30BOit CKOPOCTH aKyCTHYSCKUX BOJIH B MCClIeAyeMoM Matepuaie [8 - 11].



[lo wu3mepeHusM (a30BBIX CKOpPOCTEH aKyCTHMUECKUX BOJH B ILIUPOKOM
YaCTOTHOM [JMalla3oHE MPOU3BOAUTCS pacyeT YHNPYrux MOJYJEW TBEPABIX TeEI, B
YaCTHOCTH, aHU30TPOIHBIX KOMIIO3MIIMOHHBIX MaTepraiion [12, 13].

XapakTepHble pa3Mepbl HEOJHOPOAHOCTEH CTPYKTYpbl KOHCTPYKLIHOHHBIX
MaTEepHAJIOB JISKAT B TMANA30HE OT SAUHUIL 0 COTEH MUKpOMETpoB [ 15].

[ToaTOoMy nist M3MepeHust 3aTyXaHus U Pa30BOMl CKOPOCTH YJIBTPA3BYKOBBIX
BOJIH B TAKUX MaTepHaiax HEOOXOAUMO MPUMEHATH IIMPOKOIOJIOCHBIE aKyCTUUECKUE
MMITYJIbChI, UMEIOIINE CIEKTPAJIbHBIN JUAIa30H OT JOJIEW IO JECATKOB merarepu. B
TOM JHama3oHe BeJIMYMHAa KOd(pUIMEeHTa 3aTyXaHHs YJIbTPa3ByKa MOXKET
JNOCTUraTh JIECATKOB OOpaTHbIX CaHTHUMETpoB [14], mosTomMy amiuMtyaa
30HAMPYIOIIUX UMIYJIbCOB JOJKHA OBITH JOCTATOYHO OOJIBIION JIsi oOecredeHus
JUArHOCTUKH U3JEIHIA TONIIUHON 10 HECKOJIbKUX CAHTUMETPOB.

ObecrieueHne MNpPUEMIIEMBIX apaMeTpoB  BO30YKIAIOLIETO  HMMITYJIbCA
BO3MOKHO TPU UCIOJIb30BAHUU JIA3EPHOTO TEPMOONTHUECKOTO BO30YKICHUE 3BYKA.

beum  paspaboran [15] nasepHbI yIbTPa3BYKOBOM METOJ Ha OCHOBE
UMIYJBCHOTO ONTHUKO-aKyCTHYECKOTO 3((eKTa, KOTOPbII MO3BOJIET OCYLIECTBIATD
HEepa3pyLIAOIIYIO JOKAIbHYIO THATHOCTUKY MEXAHUYECKUX U aKyCTUYECKUX CBOWCTB
KOMIO3UIIMOHHBIX MAaTE€pHAJIOB MO (PaKTUYECKOMY COCTOSHHUIO. Takas TuarHocTHKa
SBJIIETCS. HEOOXOAMMOM Ha 3Tame OTpabOTKM U COBEPUICHCTBOBAHHS TEXHOJIOTMU
W3rOTOBJICHUSI MaTepuala, a TakKe JUIsl BBISBICHHUS «CJIA0bIX» MECT C MEHbIIEH

IPOYHOCTHIO B MAaTE€pUAJIE MIEPE U3TOTOBICHUEM JECTANIEH U U3ACITIUN.

1.3. MeToa KOHTPOJISI HA OCHOBE 3JIeKTPOMATHUTHOMH SMUCCHU

bruto  ycTaHOBIIEHO, 4YTO TMPU XPYNKOM Pa3pylICHUH JUIJIEKTPUKOB
BO3HHMKACT 3JIEKTPOMArHuTHOE u3nydenue [16 - 19].

Pa3paboTkoii ~ METONOB  KOHTPOJIE C  HUCIOJIb30BAaHUEM  SIBJICHUS
ANIEKTpOMArHuTHoM smuccuu (OMD) ObUI0 HauaTo B TOMCKOM MOJUTEXHUYECKOM

WHCTUTYTE TPYIIION COTPYAHUKOB 10 pykoBoaACcTBOM A.A. BopoOnera [20 - 22].



brina BbiCKazaHa THIOTE3a, COIMVIACHO KOTOPOM BO3HUKHOBEHHUE M POCT
TPEIIMH JIOJDKHBI COMPOBOXKIATHCA H3JIYYCHHEM HMITYJIbCOB JJIEKTPOMArHUTHOM
npUpOAbl. DTH pabOThl AaJIM TOTYOK K MCCIETOBaHUSAM (PU3MKH Mpoiecca OMD. B
HACTOSIEEe BpEMsl CYIIECTBYET OKOJO TPUHAALATH THMIOTE3 BO3HUKHOBEHUs DOMD.
CorylacHo OCHOBHBIM W3 HHUX, HUMIYJIbChl DM MOryT BO3HHMKATh BCIEICTBUE
AMHUCCHHM DJIGKTPOHOB ¢ OeperoB pacrymied Tpemuubel [17 - 19], OGmaromaps
HEPaBHOMEPHOMY (YCKOPEHHOMY) IBIDKCHHIO 3apsOBOM MO3aMKHA IO Oeperam
pactymiedt TpenwHbl [19, 23], npu HapylIeHUU CBS3€H JBOMHBIX 3JICKTPUYECKUX
CJIOEB BOJIM3M TOBEPXHOCTH pa3pbiBa [24, 25]. [Ipu sTomM Hambosee CymecTBeHHBIN
BKIag B OMD BHOCHUT WU3JIydeHHE 3apsioB, JBWXKYIIMXCS C BEPIIMHOU
npopacTaroiei Tpemunsl [26, 27]. M3BecTHO, 4TO CyIIECTBEHHBIM BKJIag B DOMO
OKa3bIBAIOT JBIKYIIUECS TUCIOKAMU MPpU AeHOPMUPOBAHUU, HATIPUMED, IIETOUYHO-
rajJouHbIX Kpuctamuios [28 - 30].

Ha ocHoBanmm wmonenbHbIX mnpeactaBiaeHuid [31 - 34] Owbwio caemaHo
MPENOJIOKEHNUE, YTO BO3HUKAIONIEE MPHU 3apOKICHUM W TMPOPACTAaHUU TPEIIUH
AJIIEKTPOMATrHUTHOE HM3JyYE€HUE T€HEPUPYETCS MCTOYHMKAMHU, KOTOpPHIE MOTYT OBITH
o0pa3oBaHbl 00JACTSAMH C TMOBBIIICHHOW W MOHUXEHHOW TJIOTHOCTBIO 3apsKEHHBIX
nucnokamuii [19], a Takke ABMKCHHEM 3apsA0BOM MO3auKH IO Oeperam pacryiiei
tpemmubl [23]. KonebarenbHoe MEpeMENICHHE JICKTPUUECKUX 3apsS0B B ITHUX
00J1acTsaX, KaK MoKa3aHo B [24], MPUBOAUT K BOSHUKHOBEHUIO JJICKTPUIECKOTO TOKA,
CONPOBOXK/JIAIOIIETO  MPOPACTAOIIYI0 TPEIIMHY, HW3MEHEHUE TIE€OMETPUUYECKUX
pa3MEpPOB KOTOPOM CBS3BIBAIOT C U3JIy4aeMOW B IMIMPOKOM JHUANa30HE 4YacTOT
AIIEKTPOMArHUTHOM 3Hepruei. B o0iieM ciydae npyu U3MEHSIOMMXCS BO BpEMEHHU Ha
Oeperax TmpopacTallield TPeIUHbI 3apsfgaX W TOKaX B OKPYXKAWOIIEM HX
MPOCTPAHCTBE HAOIIOJAETCS MEPEMEHHOE AJIEKTPOMATHUTHOE TOJIe, a MCTOYHUKU
AJIEKTPOMArHUTHOW MPUPOJBI MOTYT OBITH TPOMOJEIUPOBAHBI AJIEMEHTAPHBIM
AIEKTPUYECKUM (3apsiIOBBIM  MCTOYHWK) U MArHUTHBIM (TOKOBBIA HMCTOYHHK)
nurossimMu [ 35].

Teopernyeckne 000CHOBaHUSI BO3HUKHOBEHHUSI SIBIICHUS AJIEKTPOMATrHUTHOTO

U3JTy4YeHUs OBLTH PacCMOTPEHBI B paboTtax [36 - 38].



bbu10 ycTaHOBIIEHO, YTO MPU BO3HUKHOBEHHH TPEIIUHBI BpEMsI €€ Pa3BUTHS
pPaBHO JJIMTEIBHOCTH CHUTHAJIA 3JIEKTPOMArHUTHOTO u3nydeHus [36]. Beiio Takxke
CHAECNAHO TMPEIIOJOKEHHE, YTO MMEETCS 3aBUCUMOCTh MEXIAYy pa3MepaMu
00pa3yIomuXxcs IMOJ] Harpy3KOW TPEIIMH W BO3HUKAIONIUMHU MPU 3TOM CHUTHAJIAMH
OIpeIeICHHON JINTENbHOCTH [37].

B cBsI31 € 3TUM NIPUHATO CUUTATh, YTO BOZHUKHOBEHHE €UHUYHON TPELIUHBI
CONPOBOXKJAETCSI MOSIBICHUEM JIMOO OJAMHOYHOTO MMIIyJbCa, JHOO MaKera
UMITYJIbCOB DOMD.

OMD wu3 TropHBIX MOpPOJ JIETJIO B OCHOBY psiia METOJIOB IpPOTHO3a
reOJIMHAMUYECKUX  SIBJICHUN  (3€MJICTPSICEHUN, TOPHBIX YIAapOB, OIOJI3HEH),
JUHAMHYECKHX IPOSBICHHI TOPHOIro AaBieHus B Maccuse. [31, 33, 39, 40, 41].

[TpoBogunuce nabopaTopHbie PabOTHI MO HUCCIAEAOBAHUIO JACHEKTHOCTH U
HaMpsHKEHHO-e(OPMUPOBAHHOTO COCTOSIHMSI Ha o0Opaslax U3 JUJICKTPUUYECKHX
MaTEepHAJIOB ¢ UCMOJIb30BaHuEeM MeToia OMD [29, 42 - 46]

MeToauyeckuM HEJIOCTaTKOM YKa3aHHBIX MCCJIEIOBaHUM SABISETCA TO, YTO B
KadyecTBe MmapameTpa OMD HCNONb3yeTCsl MHTEHCUBHOCTh HMMITYJIBCHOTO TOTOKA
(unciio uMIyaLcoB MO, MPEeBBIIAIOITUX 3aJJaHHbIN TTOPOT, B €IUHUIY BPEMEHHU ).

Bonbmoi ki padot 1o uccneaoBanuio cBsaze mexay HJIC u ammiutynHo-
BPEMEHHBIMU MapaMeTpaMu CUTHaAIOB OMD ObuT BhIMOIHEH B MHCTUTYTE TOpPHOTO
nena CO PAH [47]. Jlns ostoro Obuia pa3paO0OTaHa METOJMKA U CTEHA s
CUHXPOHHOTO u3MepeHuss OMD u Harpy3ku MOpU OJHOOCHOM CXKaTUU OOpaslioB
ropueix mopoxn. Ha creHzme wuccnepgoBanace CTpyKTypa CUTHAIOB OMO mpu
Harpy>keHuu oOpa3loB C 3aJlaHHOM CKOpPOCThIO. B mporecce HSKCIEpUMEHTOB
CUHXPOHHO IO JIByM KaHajaM PETHCTPUPOBAINCH CHUTHAIBI OMDO H Harpyska,
napaMeTpbl KOTOPBIX Ha dkpaHe MOHUTOpa IBM oToOpakanuch B BUJIE OTIAEIBHBIX
KagapoB. Kaxnpld kaap comepkail 2 orcuero 3mauenmit IMD u Harpy3KH,
omudpoBanHbIX 12-pazpsiaabpiM ALIL, B3sSTHIX ¢ HHTEPBATIOM 2 MKC.

N3 xanpoB QopmupoBasiach BpeMEHHash peaiau3anus, 10 KOTOpOu

IIPONU3BOAMIICA aHAJIN3.



bbuto mokaszaHo, 4TO MMEET MECTO KOppeNAlrs MEXIy BO3HHUKHOBEHHEM
OMD n1npu Harpy)KeHUM M JIOKaJIbHBIM [AJEHUEM HArpy3kd 3a CUer
MUKpOpa3pylIeHUH.

[To pe3ynbraTam uccieqoBaHUN OBLIH CIIENIAaHbI, B YACTHOCTH, BHIBOBIL:

e  YCTaHOBIIEHO, YTO TEPeXoJ OT CTallMOHAPHOW CTaJUM HAKOIUJICHUS
TPEIIMH K HECTAllMOHAPHON CTaUU Pa3pylLIECHUs MPU HATPYKEHUU 00pa3lloB TOPHBIX
MOpOJT CBSI3aH C M3MEHEHHEM CTPYKTYpHl B cuUrHaizax OMD — BO3HHUKHOBEHHEM B
HUX TEPUOJANYECKUX HU3KOYACTOTHBIX KOJEOAHHI C MEepeMEHHBIMU aMIUTUTYJ0N U
JUTUTEIHHOCTHIO — aBTOKOJICOATENbHBIM KBA3UPE30HAHCHBIM MPOIIECCOM.

e  DKCHEpUMEHTAJTbHO JOKa3aHO, YTO TPU OJHOOCHOM HarpyXeHHUU
00pa3I0B FOPHBIX MOPOJ MPOSIBISIETCA TPEXCTAAUNHOCTD MPOLIECCa UX pa3pylleHus,
HAXOJsIIas CBOE OTPaXEHHE B S-00pa3HOM XapakTepe H3MEHEHUS CTPYKTYPHI
CHEKTPAJbHO-BPEMEHHBIX  MapaMeTpoB  curHamoB OMD: mepBas  craaus
oTOOpakaeTcs Kak BBICOKOYACTOTHBIM IMPOLIECC C MOCIEI0BATENIbHBIM CMEIICHUEM
criekTpa OMD no Mepe HarpyeHusi 00pas3lioB B 00Jjiee HU3KOYACTOTHYIO OO0JIaCTh;
BTOpass — Hao0OpPOT, KaK IMPOLECC CO CMEIIEHHUEM CIEKTpa B BBICOKOYACTOTHYIO
4acTh JMAIa30Ha; TPEThs CTa/Iusl — HAPYIICHUS CIUIOIIHOCTU XapaKTePU3YETCs TEM,
YTO CHEKTpaJIbHbIE NMapaMeTpbl BHOBb PETHUCTPUPYIOTCS B HU3KOYACTOTHOM o0iacTu

H4aCTOTHOI'O JHalla30Ha.

1.4. Meton KOHTPOJIsA Ha  OCHOBeE MEXaHOJIEKTPUYECKHUX

npeoodpa3oBaHui

BnepBrie MeTon MexaHORJIEKTpUueckux mpeodpazoBanuii (MOII) nmms
KOHTPOJISI CTPYKTYPHBIX HAPYIMIEHUH B KOMIO3UTHBIX TUAJICKTPUUYCCKUX MaTEPHAIOB
Hayas pa3pabaThiBaThCsl B TOMCKOM MOJMTEXHUYECKOM YHUBEpCHUTETE B Hadane 70-X
rogoB. Cytp meroma MDOII 3akmouaercs B cuenytomem [48]. I[IpousBoautcs
UMITYJIbCHOE€ MEXaHUYECKOE BO30YKACHHE TUAIIEKTPUUECKOT0 00pasiia, B pe3yJibTare
YEero B HEM BO3HUKAET aKyCTHUYECKasi BOJIHA, KOTOPasi pacpOCTpaHIETCs 1o 00pasity,

OTpaxasich OT ero rpaHuil. B mpouecce ABMXKEHUS (PPOHT BOJHBI MEpPECEKaeT



UCTOYHUKN MEXaHORJIEKTPUUECKUX MPeoOpa3oBaHUM, KOTOPbIE MpeoOpa3yroT 4acTh
DHEPrUM  BOJHBI B  [EPEMEHHOE  JJIEKTpoMarHuTHoe moJie.  [lapamerpsl
3JIEKTPOMArHUTHOTO MOJS PETUCTPUPYIOT B BUJE CUTHAJA OTKJIMKA C IMOMOLIBIO
€MKOCTHBIX WJIM WHIYKTUBHBIX MPUEMHUKOB, PACIOJIO0KEHHBIX BOJIN3HU MOBEPXHOCTU
obpasra.

ITo cBoeii cytn Mmetoa MOII o Tunmy Y3 METO0B KOHTPOJISI MOXO0K Ha METO/T
peBepOepanuu [49]. Pa3Huna 3akimioyaercss B TOM, 4TO B Y3 METOJIE CUTHAl
PETUCTPUPYETCS KOHTAKTHBIMHM aKyCTORJIEKTPUUECKUMHU MpeoOpa3zoBaTesIMU (Yale
BCEr0 Ha OCHOBe mbe3od(ddekra), a B wmerome MOIl cHavana MTPOUCXOAUT
npeoOpa3oBaHUE AKyCTHYECKOM JHEPruu B JJIEKTPOMAarHUTHOE IOJIe, a 3aTeM B
JIEKTPUYECKUI CUTHAJI C IIOMOLIBIO E€MKOCTHBIX WJIA WHIYKTUBHBIX JIaTYUKOB
(0ObiuHO  eMKOCTHBIX). OpgHuM u3 mnpeumyniecTB Mertoga MDOIl  saBusercs
BO3MOXXKHOCTh OECKOHTAKTHOTO IIpUE€Ma CUTHAJIOB, YTO CHUMAaeT MpoljemMy
HaJIe)KHOCTU KOHTAKTa, a TaKXKe 00eCHeurBaeT OTCYTCTBUE BIMSHHE MPUEMHUKA Ha
napameTpbl CUTHAJIa OTKJIMKA.

[Ipu pacnpocTpaHeHHMM  aKyCTHYECKOM BOJHBI 10  oOpas3lly IpH
MHOTOKPAaTHBIX ~ OTPAKEHHMSIX OT TpPaHUIl MPOUCXOAUT MX pacCessHUEe Ha
HEOJHOPOJHOCTSX CTPYKTYpbl, IIO3TOMY Ha IIPUEMHHUK CHTHajga [PUXOJIUT
CYIIEpPIIO3ULIASI PACCESHHBIX BOJH, KOTOpas B Y3 METOAE KOHTPOJIS 3allyMIIsieT
MOJIE3HBIA CUTHAJ, CBSI3aHHBIA C Jedekramu. Cyneprno3ului0 PaccesHHbIX BOJIH
Ha3bIBAIOT CTPYKTYPHBIM HIYMOM. OCOOEHHOCTSMM CTPYKTYpHOTO IIyMa SIBJISETCS
TO, YTO OOYCJIOBJIEHHBIM UM OTKJIMK CTAOWJIEH MPHU HEOAHOKPATHOM BO30YKIECHHUH
oOpa3lia OJHOM W TOM XKe cucTeMON BO30YXKAEHHS B Cllydyae HEU3MEHHOCTHU
CTPYKTYphl 00pa3lia U T€OMETPUU CUCTEMbl MCTOUYHUK BO30YXAEeHHUS — oOpaseln —
PUEMHHUK curHana [49].

bl mpoOBeNEHBl  AKCIEPUMEHTAJIbHBIE  HCCIEJOBAaHUS IO  OLICHKE
BO3MOXKHOCTH HCHONb30BaHus siBiaeHuss MOIl i nedekrockonuu, KOHTPOIIIO
HaMpsHKEHHO-Ie(DOPMUPOBAHHOTO  COCTOSIHUSI M HPOYHOCTH  KOMIIO3UTHBIX

MaTepuaoB.



Tax B pabote [48] mpoBeneH aHaiM3 4YyBCTBUTENHLHOCTH MeToma MOII x
pasMmepy 3epHa B OetoHax. Psm paboT mocBsmieH paccMoTpennio Mmexann3mMoB MOII
[50 - 52]. B pabGore [53] ycraHOBiIE€HAa 3aBHCHMOCTh AaMILIUTYIHO-YaCTOTHBIX
XapaKTEPUCTHK Ha yAapHOE BO30YXKICHHE OCTOHOB OT Pa3MEpOB U TECOMETPHH
pacrnoyiokeHus: B HUX BKItoueHuid. [lpemnoxkeHa ¢usznueckas MoJielb HUCTOYHUKA
CUTHAJIa U TMOJYYEHbl pacyETHbIC 3HAYCHUS YACTOTHOM XapaKTEPUCTUKHU OTKIIMKA 110
ANeKTpUYEcKor 1enu 3amenieHud. [lokazaHo xopoiliee COBHaJEHUE PACUETHBIX U
AKCIIEPUMEHTAILHBIX pE3yNbTaTOB, 9TO MOJITBEPKIACT MPaBUILHOCTD
MPEIOKEHHOTO MEXaHU3Ma MEXaHOAJIEKTPUUECKUX MPeoOpa30OBaHUIA.

B pabote [54] mokazaHo, 4TO MPHU yJapHOM BO30YXKIEHUM BBICOKOOMHBIX
KOMITO3UIIMOHHBIX ~MAaTEpPUAJIOB MOXKET HMMETh Mapa3uTHbIE COCTABJISIONINE,
CBSI3aHHBIC C TEPEMEIICHUEM METALIMYECKOro OolKa yJapHOro YCTPOWCTBA U C
AIIEKTpU3alMEl MaTepraia B TOUKE yiapa.

B paGote [55] mpoBoauiuch HCCIEAOBaHUS HW3MEHEHUHN CIEKTPaJIbHBIX
XapaKTepUCTUK OTKIHMKA MPU OJHOOCHOM CXATUU KOHTAKTUPYIOIIMX OOpa3iioB
TOPHBIX TOPOJ pa3HoOro cocrtaBa. [loka3aHo CyleCTBEHHOE BIMSHHUE Ha OTKIUKU
KOHTAKThI TOPHBIX MOPOJI, PA3JIMUHBIX IO MUHEPATIOTHUYECKOMY COCTAaBY.

[Ipennoxxen u ¢usndecku OOOCHOBAaH METOJ OIpPEACICHUS JTUHAMUKH
W3MEHEHHUS] KauecTBa KOHTAKTa W aJre3MOHHOW MPOYHOCTH JTUAJICKTPUUECKON
MaTpullbl U1 METaJla B apMHUPOBAHHBIX KOMIIO3UIIMOHHBIX MaTepuagax Ha OCHOBE
seiaeaus MOIT [56].

B pabGore [57] ycraHOBiIeHa CBSI3b  YACTOTHBIX  XapaKTEPUCTHUK
AJIEKTPOMArHUTHBIX ~ CUTHAJOB  C  XapaKTePUCTUKAMU  BO3JICHCTBYIOIIETO
aKyCTHYECKOTO CHTHaJIa Ha 00pasIlbl U3 UCKYCCTBEHHOTO KPHUCTAIIMYECKOTO KBapIia
U peajbHBIX TOPHBIX MOPOJI, MPEACTABICHHBIX KBapIIUTaMU, a TaKXe HCCIEIOBAHO
W3MEHEHHE CHEKTPATBHBIX XapAaKTEPUCTHK OTKIMKA OT PACCTOSIHHUS MEXIY
€MKOCTHBIM JIATYUKOM U TTIOBEPXHOCTHIO 00pasIia.

B  pabGore [58] moka3zaHO, UYTO C  HCIOJB30BAaHMEM  METOJa
MEXaHOYJIEKTPUYECKUX MPEoOpa30BaHUi MOXHO OILIEHMBATh CTENEHb HAIPSKEHHO-

)Ie(l)OpMI/IpOBaHHOFO COCTOSHUA, CO3JaBACMOro TCMIICPATYPHBIMHU ITOJISAMMU.



[Tokazana a¢pdexruBHOCTh MeTOoHa MOII [59 - 61] mpu onenke nedexTHOCTH
OeTOHa NPH [UKINYECKOM 3aMOPAKUBAHUU-OTTAUBAHUH.

[IpoBeneHbl  WCClENOBaHUS  BAMSHUS —~ BJIQXHOCTA  HA  MapaMETphl
AJIEKTPOMArHUTHOTO OTKJIWMKA TPH HMMITYJILCHOM MEXaHWYECKOM BO30YKICHHUH
oOpasioB u3 OeroHa [62]. Pa3paboraHa cxema 3aMEIIEHUs] JICKTPUUYECKHUX
MIPOLIECCOB, BIUAKOIIMX HA TapaMETPhl OTKJIMKA [PU PA3JINYHON CTEIIEHU BIAKHOCTH.

B paGore [63] Obuta naHa OIEHKAa BIUSHHUS CTPYKTYpPHBIX (Da3oBbIX
NepexoJ0B MpU TEPMUUYECKON 00pabOTKe TrUurca Ha mapaMeTphl SJIEKTPOMArHUTHOTO
OTKJIMKA Ha €ro yJ1apHOE BO30YKIECHUE.

beutn  mpoBeneHbl  MCCIEAOBAaHUS BJIMSHUE CJIOUCTOCTH KOMITO3UTHBIX
MaTepUaioB Ha IMapaMeTpPbl SJIEKTPOMATHUTHOTO OTKIWKA MpPU HCHOJIb30BAHUU
Meroga MDOII. Tak, B pabore [64] mOka3aHO, YTO YBEJIMYECHHE YHCIA CJIOEB
CYILIECTBEHHO BIIUSIET HA CIIEKTP OTKJIMKA.

Psa paboT mocBsieH MaTeMaTHUYECKUM MozelsM Meroma MOII [65 - 67].
[Ipu 3TOM peann30BaHO JBa MOJXO0Ja. B OCHOBE OJHOTO M3 HHUX HCIOJIb3YETCS
Jy4eBOoe TPHUOIMKEHUE I PacueToB JABUKEHUS (POHTOB aKyCTUUYECKHX BOJIH B
obpasiie [65,66].

B ocHOBe Apyroro J€XHUT YUCICHHBIA METOJ pacyeTa BOJHOBBIX IOJIEH B
COOTBETCTBHM C YPaBHEHHUSIMH, BXOISIIMMH B MaTEMaTHYECKYI0 IOCTAHOBKY
MJIOCKOM 3ajiaun Teopuu ynpyroctd. OHa BKIIIOYaeT B ceOs ypaBHEHUS JBUKCHUS,
reOMETPUYECKUE COOTHOIICHHs (cooTHomeHus: Komm), ¢huzndeckue COOTHOIICHUS,
HaYaJIbHBIC U TPAHUYHBIC YCIIOBHS [67].

JlyueBas MaremaTrnueckass MOJENb [66] qaeT BO3MOKHOCTB 33/1aBaTh Pa3MeEpPbI
oOpaslia B BHJE TNapaUielenuneaa, KOOPAUHATHI HCTOYHUKA MEXaHUYECKOTO
BO30Y>K/IEHHsI M TPUEMHUKA CUTHAJIa, TPUBs3aHHbIE K 00pa3ily. B ocHOBe ykazaHHOMU
MOJICNIN JIKUT METOJ] MEXaHOAIJICKTPUUECKUX MpeoOdpa3zoBaHuii. bl rcmons30BaH
METOJI pacuera, OCHOBAaHHBIM HA TEOMETPUYECKOM aKycTuke. st cokpalieHus
TPYAOEMKOCTH pacyeTa, OOYCJIOBJICHHONW HEOOXOJUMOCTbIO YUMTBIBATH  YTJIbI
OTpaXEHUH JIydel OT TpaHWI] 00pasia, MPOCTPAHCTBO oOOpas3iia OBLJIO 3aMEHEHO

9KBUBAJICHTHLIM €MY HOHY6CCKOHCQHBIM MMPOCTPAHCTBOM, B KOTOPOM JIYUH OT TOYKH



BO30YXJIEHHsI PacCIpOCTPAHAIOTCS MPSIMOJIMHEWHO. DTO MPOCTPAHCTBO MMEET BH]L
IIEPUOANYECKON CTPYKTYpPBl M COCTOMT M3 SYEEK, KaXKAas U3 KOTOPBIX COACPIKUT
JIBOMHOW 3JIEKTPUYECKUN CJION (MCTOYHUK MEXaHOAICKTPUUYECKUX MpeoOpa3oBaHUi)
U IIPUEMHHK, PACHOJIOKEHHBIE B HEM 3€PKaJIbHO OTHOCHTEIIBHO CMEXXHBIX SUYEEK.
Kaxxnas napa siueexk UMEET TPaHCISUUOHHYI0 CHMMETPHIO.

OCOOEHHOCTBIO  SIBISIETCST  TO, 4YTO  PETUCTPUPYETCS  MHIYKIIMOHHAs
COCTaBIISIONIAsT AJIEKTPOMArHUTHOIO MOJS OT Pa3iIMYHbIX UCTOYHMKOB MDOII (Her
AJIIEKTPOMAarHUTHOTO 3ama3fbpiBaHusi). B To ke Bpems @a3bl BpEMEHHBIX
3aBHCHMOCTEH COCTABIISIOMINX CUTHAIA ONPEASISIIOTCS (pa3aMu aKyCTHYECKOM BOJHBI
B IIPOCTPAHCTBEHHO Pa3HECEHHBIX UCTOUHMKAX MOII.

Ha ocHoBaHuU TMOJY4EHHBIX JAaHHBIX OBUT COCTABJEH AJITOPUTM IMPOTPAMMBI
pacyera, KOTOpbIi BKJIFOYAET B ceOs:

e 3ajgaHue pasMEpoOB M KOOPAMHAT JABOMHOIO SJIEKTPUYECKOTO CJOSI H
NOBEPXHOCTU MMPUEMHHMKA OTHOCUTENILHO 00pa3ia MpsMoyroiabHoi Gpopmbl (pazMepbl
KOTOPOI'O TAK)KE€ MOTYT 33]1aBaThCsl).

e 3ananue ¢GopMbl yaapa BO BpPEMEHHM M BBIYMCIEHHUS BBIOOPOK €ro
IIPOU3BOIHOM 10 BPEMEHHU Y€pe3 3aJaHHbI UHTEPBAJ BPEMEHH.

e BpluucineHne 3HAYEHUs  BEPTUKAJIBHOW  COCTABIISIIOIIEH  CKOPOCTH
nedopmalii B KaXJOM TOYKE CUTHAJIBHOIO MPOCTPAHCTBA COOTBETCTBYIOIIEH
AYEUKM C YYETOM HHJIEKCOB BEKTOpa TPAHCIALMU U 3E€pKAIBHOW CHUMMETPUH
CME)KHBIX STYEEK.

e BrpiuncneHue BpeMEHHOW 3aBHCHMOCTH CKOPOCTH 3TOM Jedopmanuu,
3aTeM (hOPMHUPOBAHUE MTOJHON BPEMEHHOM peaiu3aiiys s SYSHKH.

[lonmyyeHHble  BpEeMEHHBIE  peaju3alMi  COOTBETCTBYIOIIMM  00Opa3om
CKJIA[IPIBAIOTCA IO BPEMEHHBIM HMHAEKCAaM U1  ONPEACIICHUS  3HAYCHUU
BEPTUKAIBHBIX COCTABISAIOIIAX BEKTOPOB MHAYKIMM M pacdyeTta IO HUM TOKa
CMELLEHUS.

Taxum 06pa3zom, IpUMEHEHNE YKAa3aHHON MOJIETN MOKET OBITh MOJE3HBIM JIJIs

BBIOOpA ONTUMAJIBHBIX MTAPAMETPOB pa3padaTHIBAEMOTO METO/1a KOHTPOJIA.



Pacdersl o yka3aHHOM MOJENIN MOKAa3aJIH, YTO T€OMETPHUS CUCTEMBI HCTOYHUK
aKyCTHUYECKOTO CHUrHajia — oOpasell — €MKOCTHBIH MPUEMHHUK 3JIEKTPOMAarHUTHOTO
OTKJIMKA OKa3bIBa€T CYIIECTBEHHOE BIMSHUE Ha €ro (GopMy H CIEKTpalbHbIE
XapaKTEPUCTUKH.

Kpome TOro, pacuersl INokasaiad, 4YTO MPU OAHOPOJHOM pPaCHpEIeICHUU
uctoyHnkoB MOII mo o0pasily OCHOBHOHM BKJIaJ B CHUTHAJ OTKJIMKA OKa3bIBAIOT

HNCTOYHHUKH, HAXOAAIIIUCCA B HeHOCpeHCTBeHHOﬁ OJIN30CTH OT IIPUCMHHKA CUT'HaJIA.

1.5. Cocrosinue BOIIpoca U 3a/iav4u UCCJICT0OBaAHUSA

Kak mnoka3plBaeT aHalW3 JMUTEPATypbl, COBPEMEHHBIE IIPEACTABICHUS O
MEXaHUKE pa3pylICHHs] CBSI3aHbl C KOHLEHTpanued Ne(eKTOB U C XapaKTepoM HX
HAaKOIUIEHUM (XaOTWYHBIM WM KoppenupoBaHHbIM). [lo nmaHHeIM  MeTona
AKyCTUYECKOM OMHUCCHUM M JAPYIMM METOJAaMH II0OKAa3aHO, 4YTO PpAaCIPEIEIICHUE
ne(eKTOB MO pa3MepaM HOCUT CTENEHHOW XapakTep, 4YTO SBJISETCS IMPU3HAKOM
HacTynaromero paspymenus. [lo 3Toil mpuunHe B METOA KOHTPOJS Ne(EKTHOCTH U
HaIpsHKEHHO-Ae()OPMUPOBAHHOTO  COCTOSIHUA ~ JOJDKHA  OBITh  IIPEIyCMOTpPEHA
BO3MOXKHOCTh KakK ONPEJENICHUs] MPOCTPAHCTBEHHOTO pacipeneieHust 1e(eKToB B
OOBEKTE HCCIENOBAaHUS, TaK M OLCHKE pacrlpesesieHuss e(eKToB Mo pa3mepam.
Kpome Toro, MeTo OJKEH AaBaTh UHTETPAIbHYIO OLEHKY J1€(EKTHOCTH U CTEIEHH
HaNPsHKEHHO-1e(OPMUPOBAHHOTO COCTOSIHUSL.

K PacCMOTPEHHBIX METOJI0B HEepa3pyILIaoLIEro KOHTPOJIA
NPEANOYTUTENBHBIM  SIBJSIETCS METOJ] MEXaHOXJIEKTPUYECKHX IpeoOpa3oBaHUid,
KOTOPBIM MMEET CYLIECTBEHHOE IPEUMYIIECTBO NEPE] aKyCTUYECKHMMH METONAMM,
KaK OECKOHTAaKTHBIM MPHU PErHCTpallMU CHrHaja OTKIuKa. Kpome TOro, eMKOCTHBIN
OPUEMHUK METOJa MEXaHOAJIEKTPUUYECKUX MpeoOpa3oBaHUIl MOKET BOCIPHUHUMATH

CHUI'HAJIbI BHGKTpOMaFHHTHOﬁ O9MHUCCHH, YTO PACHINPACT BO3MOKXKHOCTH MCTOJA.



2 Pa3paboTka 1a00paTOPHOr0 MaKeTa MYJbTHCEHCOPHOH CHCTEMbI

KOHTPOJISI
2.1 TlpeANOCHUIKH K CO3JAHUIO aNNIAPATYyPbl

MosxHO Tpenmnonarat, 4to MeTposiorudeckuit sgdexkr meroma MOIII no
KOHTPOJIIO CTPYKTYPHBIX U3MEHEHUH (I€(PEKTHOCTU U HEOAHOPOIHOCTEN CTPYKTYPHI)
00BEKTa UCCIIeIOBAHUS MO JEHCTBUEM MEXaHUYECKUX HArpy30K COCTOSIT B TOM, YTO
IPOUCXOANT HaKOIUICHHE aedopMaliuii IpsMON M OTPaKEHHBIX aKyCTHYECKHX BOJIH
BO30YKJICHHS, UTO OTPAKAETCS B OTKIIUKE.

[Ipu  wucnonb3oBaHMM  OOBIYHOM  METOJUKH  MEXAHOAIEKTPUUYECKUX
npeoOpa3zoBaHuii ObUIO 3aMEUYEHO, YTO MPU OJMHAKOBON F€OMETPUU IKCIIEPUMEHTA U
Opu CTa0WJIBHOM YJApHOM BO30YXACHUM IIAPUKOM WM 3JIEKTPOMEXaHUUYECKUM
npeoOpazoBareeM € TOYHOCTBIO JO IOMEX BOCIPOU3BOJMMOCTb OTKJIMKAa Oblia
JIOCTAaTOYHO BBICOKOW. TakuM 00pa3oM, MOXXHO MPUUTH K 3aKIIOYEHHUIO, YTO
pacnpocTpaHEHUE  aKyCTHUYECKOW BOJHBI ~ BO30YXAEHUS 1o  oOpasuy, a,
CJIEIOBATEIbHO, IMPOLECC MEXAHOAJIEKTPUUECKUX MpeoOpa3oBaHUN  SIBISETCA
JETEPMHUHUPOBAHHBIM C MaJIbIM YPOBHEM CTOXAaCTHUYECKON COCTABIISAIOLICH.

Hakoruienne mosie3Hoil cocTaBiONIeH CUTHala Ha (POHE MOMeX MIMPOKO
UCIIOJIb3y€eTCsl (HapuMep, B JIOKALIMK, aCTPOHOMHH ).

CyThb €ro COCTOUT B TOM, YTO €CJIIM OOBEKT HCCIICIOBAaHMS, OO0JIaIarOIIHiA
JNETEPMUHUPOBAHHON HMITYJIbCHOM XapaKTepUCTUKOM, BO30yxnath cepueid u3 N
MMITYJIbCOB 33JJaHHOM (POPMBI, TO Ha BBIXOJIE OYyJIET MOJy4eHa MOCIEq0BATENbHOCTh
OTKJIMKOB, IPEICTABISIOIIAX CMECh IOJE3HBIX COCTAaBIIOMUX W IIymMoB. lIpu
KOTE€PEHTHOM CJIO’KEHHMH MOJIE3HBIX COCTaBIIAIOMIMX UX ypOoBeHb Bo3pacTeT B N pas.

Croxactuueckue (ciydyailHble) COCTaBISIONIME IIyMa OyIyT CKJIAAbIBAThCA
HEKOPPEITMPOBAHHO, M HX ypoBeHb BospacteT B VN pas. B pesymbrare CoeHHs

OTKJIMKOB OTHOIIEHHUE CUTHAJI/IIYM IO YPOBHIO CUTHAJIOB BO3PACTET B VN pas.
Ha BoCipoM3BOAMMOCTD OTKJIMKA MPSIMOE BIUSIHUE OKA3bIBAET CTAOMIIBHOCTh

B0o30yxkaeHus. [Ipm 0OBIYHO HCIIONB3yeMOM BO30YXKIACHUH HUMEET MECTO pa3dpoc



apamMeTpOB B3aWMOJEHCTBUS YAAPHOIO YCTPOWCTBA C OOBEKTOM HCCIEAOBAHUS W3-
3a HEOJHOPOJHOCTH €ro InoBepxXxHoCcTH. IIpum dTOM MeHseTcs OT yaapa K yaapy
JUINTEIBHOCTh CONMPUKOCHOBEHMSI YJAPHOTO YCTPOMCTBA C MOBEPXHOCTHIO OOBEKTa
UCCIICIOBaHMSI, YTO BJIHSET Ha (OpMYy TEHEPHUPYEMbIX aKyCTHYECKHUX BOJIH.
[IpyHuManuce Mepsl JUIsl YMEHBIICHHS BIHSHMS Ha YIAap HEOJHOPOAHOCTU
IOBEPXHOCTU OOBEKTa BO30YXKIEHUS IIyTEM HCIHOJIb30BaHUSA METAINIMYECKUX
TUTACTUHOK, KOTOPBIe 3 (EKTUBHO YCPEIHSITH HEOJHOPOIHOCTH MMOBEPXHOCTH [68].

W3 maTtemaTnueckoit Mojienu [66] cnexyet, yTo hopMa OTKIMKA U3MEHSIETCS
B 3aBHCHMOCTM OT MECTONOJIOKEHHsI TpUEeMHHMKA curHaina. lIlpy Ttoyeynom
BO30YXJIEHHMH 00pa3lia B HEM HAYMHAET PacHpOCTPaHAThCA (POHT aKyCTHYECKOU
BOJIHBI, OTpa)kasich OT TpaHull. [Ipu 3TOM OTKIMK QOpMHUpPYETCS KaK CyNEepro3ULus
CUTHAJIOB 32 CUET MEXaHOAJIEKTPHUUECKUX NpeoOpa3zoBaHuMi HAa ucTtouHukax MOII,
4yepe3 KOTOpbIE MPOXOJAT JIy4dM aKyCTMYECKOM BOJIHBI. BennunHa 3JIEKTPUYECKOro
CUTHaja MpPUEMHHUKa YOBIBa€T C paccTosiHueM OT ucrouHuka MOII, mostomy npu
IIPOYMX PABHBIX YCIOBUSAX IPU PABHOMEPHOM pacnpenesieHnu nctoyHukoB MOII o
MaTepuaay oOpas3lla OCHOBHOH BKJIaJ B OTKJIMK OyaeT OoT UCTOYHMKOB MOIIL,
pPacnoJIOKEHHBIX BOJIM3U €r0 MOBEPXHOCTH CO CTOPOHBI €MKOCTHBIX IPUEMHHUKOB.

Kpome TOro, wurpaer OIpeAeNieHHYI0 pojib pasMmep npuemHuka. C
YBEIIMYEHHUEM €TI0 pasMepa Il BBICOKOYACTOTHBIX COCTABIIIOIIMX CUTHAJIA OTKIIMKA
NPUEMHUK MOXET UIrpaTh pPOJb JUPPAKIUOHHOW pemeTku. JIMHBI BOJIH
CHEKTPAIBbHBIX COCTABIIAIOIIMX, KPATHO YKJIAJBIBAIOIIMECS HA JIMHEWHBIX pa3sMepax
IJIACTUHKA €MKOCTHOTO NMPUEMHHMKA OYyAyT KOT€PEHTHO CKJIaAbIBAThCS, TOTJa Kak
JUISL IPYTUX YCJIOBUHM CIOXEHUs OyayT MeHee OJaronpusiTHbl, B TOM YHCIE OHH
MOT'YT ITIOJIHOCTBIO KOMIIEHCUPOBATh APYr Apyra.

Jia GoJsiee IMMPOKONOJIOCHOTO IPHUEMa CUTHAJIOB OTKIIMKOB JKEJIATEJIbHO
UMETh IPUEMHUKH MeEHbIIEro pasmepa. C Jpyroil CTOPOHBI, MaJblii pa3Mep
IPUEMHUKA YMEHBIIIAET OTHOIICHUE CUTHAJ/IIIYM YCUJIUTEIBHOTO TPAKTa.

[IpoOnema cHHUMaeTcs MpPU HMCMIOJIB30BAHUM MYJIbTUCEHCOPHOM CHUCTEMBI C
HEOOJBIIMMU JIMHEHHBIMU pa3MepamMH IUIACTUH EMKOCTHOTO NpPHUEMHHUKA Tpu

YCJIOBUM MHOTOKPATHOT'O UMIYJbCHOTO BO30YXKAEHUS 00BEKTAa UCCIIEAOBAHUS.



[Ipu ucnoab30BaHUM MHOTOKPATHOTO BO30YXIEHUS O0BEKTAa HCCIEHOBAHUS
BBICOKOCTAOWJIbHBIMM HMMITYJIbCAMUA U BBIJICJICHUE CPEIHETO 3HAYECHHUS BPEMEHHOM
peanu3anuy OTKPBIBAET BO3MOKHOCTh IPOU3BOUTH CPABHUTEIBbHBIN AHAIN3 TEX WU
WHBIX TIAPaMETPOB OTKJIMKOB 3a CYET WM3MEHEHUs JACHEKTHOCTH M HANPsHKEHHO-
ne(hOpMUPOBAHHOTO COCTOSIHHUSI.

I[Ipy >TOM BO3HHMKAaeT BO3MOYKHOCTh HCIOJIb30BAHHSI CTAaTHCTHYECKUX
METOJIOB JUUI1 OLUEHKH HAJIC)KHOCTU MOJYUYECHHBIX Pa3Inyuid MapaMmeTpoB OTKIHUKOB
IpU  CTPYKTYPHBIX H3MEHEHHUSAX HcCcieayeMoro ooObekra. s HOpMallbHBIX
pacnpeneneHui TEeKYIUX 3HAYCHUN OTKIMKOB B KaXKIOW TOYKE BBIOOPKH OOBITHO

ucnonb3yetcs kpurepuit CThiofeHTa (KpUTEpHii t).

2.2 Onucanue MaKera

Ha ocHoBe BbILIEN3I0)KEHHOTO ObLT pa3paboTaH J1aOOpPaTOPHBIA MaKeT
MYJIBTUCEHCOPHOW  CHUCTEMBI  KOHTPOJNS  JNe(DEKTHOCTH U HaMpsDKEHHO-
Ne(OPMUPOBAHHOTO COCTOSIHMSI HAa OCHOBE SIBJIGHUS MEXAHOAJIEKTPUYECKHUX
npeoOpa3zoBaHU.

brok-cxeMa MyJIbTUCEHCOPHON CUCTEMbI KOHTPOJISl TOKa3zaHa Ha puc. 2.1.

OOpazer; BO30yXHaeTcsi 3aJaHHBIM YHUCIIOM KOPOTKUX aKyCTHYECKUX
UMITYJIbCOB  (YAQpoOB) ONpENEIeHHOWM (OpMbI W  aMIUIUTYJbl C TOMOIIBIO
MbE302JICKTPUYECKOro Mmpeodpa3zoBarenss Ha ocHoBe I[ITC-19, Bo30yxmaemoro

ANEKTPUUYECKUM BBICOKOTOYHBIM T€HEPATOPOM C PErYIMpyeMoi (opMOii CUTHAIA.
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Pucynox 2.1. brnok-cxema usmepeHui.

OTKIIMK ~ BOCTIPUHUMAETCS CHCTEMOW ©MKOCTHBIX Ju(depeHITHaATbHBIX
natunkoB. Kaxnpii muddepeHnnanbHblii €MKOCTHBIM JaTYMK COCTOUT M3 2-X
MPUEMHBIX TUIACTHH, W3MEPUTEIBHOTO TpaKTa, COCTOSIIETO W3 OSMHUTTEPHBIX
MOBTOPHUTENEH C BBICOKOOMHBIM BXOJOM WU MAJIONIYMSIIETO YCHIWTENS, CHUTHAT C
KoToporo  uepe3 Onok  kommyrtamuu BNC - 2120 nmoctymaer  Ha
MHOTO(YHKIIMOHATBHYIO Tu1aTy coopa naHubix PCl — 6251 kommberlorepa, B KOTOPOM
dbopmupyetrcss 0a3za JaHHBIX JJIs JandbHedmend oOpabdotku. I[Ipu sToM cucrema
npeIycMaTpuBaeT TMPOM3BOAWTH OIMU(PPOBKY CHUTHala C 3aJaHHBIM IIaroMm
JTUCKPETU3AINH, ONITUMAIIBHBIM IS PEIICHUS Pa3INIHBIX 3a/1a4 TIPU CPABHUTEIIHHOM
aHanuse. M3mepuTtenbHas cucteMa MpenosiaracT UCIoIb30BaHUE CMEHHOW CHCTEMBI
MPUEMHUKOB, BBITIOJIHCHHBIX Ha IIACTHHE W3 (DOJIBTHPOBAHHOTO TEKCTOJIMTA
MeToJ0M TpaBiieHus. PopMa M KOJMYECTBO MPUEMHHUKOB OMpPENENseTCs 3ajadaMu
HKCIIEPUMEHTA.

3aperucTpupoBaHHbIC B ITU(POBOM BHUAC OTKIMKH C Ka)JIOro MPUEMHHKA
MPOXOMSAT MPEABAPUTEIbHYI0O 00pabOTKY: HAXOMUTCS CpPEJHEE 3HAUCHHE B KaXKIOU
TOYKE BBIOOPKHM BPEMEHHBIX peau3alliii OTKJIUKOB IPH TMOBTOPHBIX BO30YXICHUSIX
oOpa3iia, MPHUBEACHHBIX K HAYATHbHOMY MOMEHTY BO30Y)KIAIOIIUX WMITYJIBCOB, a

TaKKe CPETHEKBAAPATHYHOE OTKIIOHCHHE I KaKJIOW TOYKH BPEMEHHON BBHIOOPKH



oTknuka. [locnennee HEOOXOAMMO MJIsl CTATUCTUYECKON OLIEHKH Pa3IMYUil CpeIHHUX
3HAUYCHUN BPEMEHHBIX BBIOOPOK OTKIWKOB TMPU HW3MEHEHUU  XapaKTEPHUCTHUKAX
oOpa3Iia ¢ UCIOJIb30BaHUEM CPABHHUTEIIHLHOTO aHAJIU3A.

CrnenyeT OTMETUTh, YTO PACCMOTPEHHAs MaTeMaTU4YeCKasi MOJIeNIb MPUrOgHA
JIUIIB JIJISL CITydasl Y3KOIOJIOCHOTO UMITYJILCHOT'O BO30YKICHUS, TaK KaK B MOJICIIA HE
MPElyCMOTPEHA CYIIECTBYIOIAs B PEAIbHOCTH YaCTOTHAs! 3aBUCUMOCTh 3aTyXaHMUS.

PacueTrsl 1o wmaremMaTHUeCKOM MOJENM KAYECTBEHHO COTJIACYHOTCA C
pe3yJbTaTaMu JOKCIEPUMEHTa M TNPHUBOAAT K OINpaBAaHHOM HEOOXOIUMOCTH
MPUMEHEHUSI ~ MYJbTHUCEHCOPHOTO  METOJa  HCCIEIOBAHUS  OTKJIMKOB  MPH

MEXaHO3JIEKTPUYECKUX MPE0OPa30OBaAHUIX.



3 I/ICC.]'ICI[OBaHI/Ie BO3MOKHOCTH MCIOJb30BaHUA MyﬂbTIflceHCOpHOﬁ

CUCTEMBI 1JId KOHTPOJIA HaHpH)KEHHO-I[e(l)OpMI/IpOBaHHOFO COCTOAHMSA

3.1 Onenka CIeKTPAIbHOT YyBCTBHTEJIbHOCTH MeTo/1a
MEXaHOYJIEKTPUYECKOT0 Mpeodpa3oBaHusl TMPH KOHTPOJIE HANMPSKEHHO-

ne(poOpMHUPOBAHHOIO COCTOSIHUSA MO MATEMATHYECKON MOJEJIH

BaxuplM B pelieHMHM BONpOca TOYHOCTH M HAJNEKHOCTH KOHTPOJIS
HaIPsHKEHHO-IE(OPMUPOBAHHOTO  COCTOSIHUSI ~ SIBIIIETCSI TIOMCK  ONTHMAJIBHOTO
CIIEKTpa UMITyJIbca BO30YKACHUSI.

[Tpo6nemy xonTposs HJIC MoxHO pa3aenuTs Ha 2 sTana. Ha mepBom aTamne
HEO0OXOJIMMO BBIOpaTh TAKOW CHEKTP BO3OYXKIEHUSI, PU KOTOPOM PEIIACTCS BOMPOC
peructpanuu ¢akra uzmenenus HIIC. Ha BTopom starne HE00X0uMO pemuTh Ooee
CIOXXHYIO 3aJady: IO IapamMeTpaM OTKJIHWKAa BBIABUTh YaCTOTHBIE 30HBI, TJI€
oOecrieunBaeTCsl BO3MOXKHOCTH TMOJYYEHHS OJHO3HAYHBIX BBIBOJIOB O CTEIECHU
u3meHenus: HJIC unu nake 0 BO3MOMKHOCTH OTpesiesieHus] aOCONMIOTHRIX 3HAYEHUN
H/IC npu ucnosib30BaHUM allPUOPHBIX JAHHBIX MPU KAITHOPOBOYHBIX U3MEPEHUSIX.

AKTyaJIbHBIMU SIBJISIIOTCSI BbIsIBIICHHE cTeneHu jnedektHoctr 1 HIC Ha kak
MOXHO Oojiee paHHEW cTaauuM pa3pylieHuss warepuana. Jljisi TOBBIMICHUS
JIOCTUTHYTOM  YYBCTBUTEIBHOCTH YMOMSHYTOTO METOAa C  MKCIOJIb30BAaHHEM
MYJIBTUCEHCOPHOUM CUCTEMBI KOHTPOJISI HEOOXOAMMO JIaTh OIEHKY HH(POPMATUBHOCTHU
OTKJIMKA B 3aBUCHMOCTHU OT CIIEKTpa UMITYJIbCHOTO BO30YKICHUS.

Jlns pemieHuss TMOCTAaBJICHHOM 3alaud ObUIM TPOBEACHBI HEOOXOIUMBbIC
HKCHEPUMEHTAJIbHBIE UCCIEIOBAHUS.

N3mepenust mpoBoIUIMCh HAa 00pa3lax 3MOKCUIHONW CMOJIbI IPSIMOYTOJIBHOMN
dopmer  pasmepom 100x80x60 mm® ¢ mecuansiM HamomHHTeneM. OGpaser
pacronarajicsi Ha HEMOJABUKHOM HM>KHEM ITyaHCOHE Ipecca. BepXHuUM MOJBUKHBIM
MyaHCOHOM CO3/1aBaJIOCh HEOOXOIMMOE CTaTUYECKOE OJHOOCHOE CXKATHE.

DJIEKTPOMArHUTHBIM OTKJIUMK WHUIHUHUPOBAJICA CO CTOPOHBI Y3KOM TpaHH

06pa3ua HMITYJIbCOM AKYCTHYCCKOTI'O H3JTyUCHUA IMbE303JICKTPUICCKOT'O



npeobpaszoBarens. YacTora ciaeioBaHUS W JUIMTENBHOCTh HMITYJIbCOB 33JaBaJIUCh
BBICOKOTOYHBIM TeHepaTopoM. llapameTpbl reHepaTtopa M MbE303JIEKTPUUYECKOIO
npeoOpazoBaress NoAOUPAIUCh TAKUMHU, YTOOBI 00ECIEYUTh CIEKTPATbHYIO MOJIOCY
UMITyJIbCca, OXBaTbiBarolmyto auana3oH or 30 kl'm nmo 115 kI'm. I'eneparop
BbIpabateiBan 80 UMIyIbCOB BO30YKIEHUS C BHICOKON TOYHOCTHIO MO aMIUIUTYIE U
dbopme uepe3 MHTEpBaT B 2 MC, 32 KOTOPBIM MPOUCXOJIUIO TOJIHOE 3aTyXaHUE
CUTHaja Tekymiero otkiauka [70].

OJIEKTPUYECKUI  OTKIMK PETUCTPUPOBAICA C IMIECTbIO €MKOCTHBIMU
MATYAKAME pasMepoM | cM® Kakmblif, pa3MEIIeHHBIX Ha IUIOMAIN pa3MepoM 95x80
MM,  KOTOpbIE  H3TOTABIMBATMCH  TPaBICHHEM  H3  (DOIBIHPOBAHHOTO
CTEKJIOTEKCTOJIUTa TONIMHON 1 MM. Bo m30exaHne moMex OT COCETHUX AATYUKOB
KOKIbIM M3 HHUX OBUI OKPYKEH 3a3€MJICHHBIM OXpPaHHbIM KOJbIOM. Bces
NOCJIEI0BATEIBHOCTh OTKIMKOB C KaKJOT0 JaT4MKa yCUJIMBAJIach, OLU(pPOBbIBAIACH
U moctynaia B 6a3y JaHHBIX.

[Ipu pacuere OBUIM BHECEHBl YNPOUICHUS, HE BIMUSIOIIME HA BBIBOADL,
MOJYYEHHbIE W3 AaHalu3a pPACUYETHBIX [JIAHHBIX. B  YacTHOCTH, WCTOYHHK
MEXaHUYECKOTO BO3JICUCTBUS, a Takke ucTouHuku MOII Oblu 3a/1aHbl TOUEUHBIMU,
pacuer Beycs s Oe3aedeKTHOro o0pas3ia IpH PacloIOKEHUU TPUEMHUKOB B
TOYKAaX, COOTBETCTBYIOIIHUX IOJOKEHHUIO MPUEMHUKOB B PEAILHOM 3KCIEPHMEHTE.
MarteMaTtuyeckoe MOJEIMPOBAHUE TOKA3aJl0, YTO CpPEIHUM YpOBEHb CHUTHAJIa
OTKJIMKa ©€3 ydera TMOTepb DJHEPrMM HE MEHSAETCs, HECMOTps Ha TO, 4YTO
WHTEHCUBHOCTh  C(EPUYECKOM  aKyCTUYECKOM  BOJIHBI  yObIBaeT  0OpaTHO
MPOMOPIMOHAIBHO MPONHAECHHOMY PACCTOSHUIO M MMEET MECTO pacCesHHUE BOJH Ha
HEOJTHOPOJHOCTSX U JedeKkTax. ITO 00yCIOBICHO TEM, YTO OTPAKEHHAsI OT TPAHMULL
oOpasiia BoJIHa BHOBb y4acTBYeT B ()OPMUPOBAHUM OTKJIWKA. B JEHCTBUTENBHOCTH,
KaK M3BECTHO, B MaTepuaje NPOUCXOAUT IMOIJIOIIEHHE SHEPIUU aKyCTHYECKUX BOJIH
3a CYET BHYTPEHHEIO TPEHUs, a TaK)Ke PACCEeUBAHMs SHEPTrUU Ha JAedeKTax, MpuieM
0osiee BBICOKOYACTOTHAs COCTABIISIONIAs JHEPTrUM BOJIHBI TOTrJolaercs Ooliee

s dextuBHO. KpoMe TOro, 4acTh SHEPTUU BOJIHBI YHOCHUTCS Yepe3 TpaHUIlbl o0pasia

[70].



B peanbHbIX YCIOBHUSX 3KCIIEPUMEHTa CUTHAJI OTKJIMKA 3aTyXaeT ISl pa3HbIX
CHEKTPAJIbHBIX COCTABJSIOIIMX IO PAa3HOMY, HO B CPEIHEM I CHEKTPaJIbHOU
noiockl  (50...100) kI'm mocTosiHHAsT BpPEMEHH SKCIOHEHIIMAIBHOTO 3aTyXaHUS
cocrasisieT npuMepHo 400 mkc. Ha 3ToM ocHOBaHMM Ji71s1 NPUOIMKEHHUST paCUETHBIX
JAHHBIX K pEaJbHbIM YCIOBHSAM B MOJEIU IPEIYCMOTPEHO HKCIIOHEHLIHAIBHOE
3aryxanue curnaia [70].

PaccMOTpUM HMMIYJIBCHYIO XapaKTEPUCTUKY OTKJIMKA B 3aJaHHOM TOYKE
pacniosioxkeHuss ucrouHuka MOIL. [Insg nosrydeHus MMITYJIbCHOM XapaKTEPUCTUKH
HEOOXOJMMO TIOJaTh Ha BXOJ HCCIEIyeMOW CHCTEMbl UMIYJIbC OECKOHEYHO Majon
JUIATEIIBHOCTU. B yCHOBHSIX MAaTe€MaTH4eCKOM MOJIENIM MPU pPacyeTe OTKIIHKA C
3aJIaHHBIM HMHTEPBAJIOM KBAaHTOBAaHUS CUTHAJIA JUIMTEIBHOCTH BXOJHOI'O MMITYJIbCA
Obl1a BbIOpaHA paBHOW UHTEpBaly BbIOOpKkU. Ilpm pacuere U B peallbHOM
DKCIIEPUMEHTE HHTEpPBAJl KBAaHTOBaHUA BO BpemeHu coctaBimsur 0,8  MKc.
AMIUITYAHO-4acTOTHAs XapakTepuctuka (AYX) eJMHUYHOTO UMITyJIbca IUPUHON B
MHTEpBaJl BPEMEHH OLMU(POBKU SIBIAECTCA PAaBHOMEPHOW BO BCEH 00JACTH 4acTOT
OTKJIMKA. bBUIM paccunTaHbl IBE€ UMITYJIbCHBIE XapakTepUCTUKU. OHa NOJIydeHa pu
HEKOTOPOM HA4aJIbHOM MOJIOKEHUH MTPUEMHUKA CUTHANa, & BTOpas - MPU CMEIICHUH
npuemHunka Ha 1 mm [70].

Ha puc. 3.1 nokaszana pacueTHas UMIYyJbCHAsI XapaKTEPUCTUKA OTKIUKA ()
OIHOTO W3 2-X NMPUEMHHKOB curHaia. Ha 3ToM ke puUCyHKe MOKa3aH Pa3HOCTHBIN
CUTHAJ MEX]ly YKa3aHHBIMHM UMIIYJIbCHBIMU XapakTepuctukamu (0). Ha ummnynbcHol
XapaKTEPUCTUKE BHJIHBI BPEMEHHBbIE CYINEPHNO3ULMU MEpeceyeHus ¢ JaHHBIM
uctouHUKoM MOII GpoHTOB MPsAMOI M OTPaKEHHBIX OT TPAHULl BOJIH BO30YKICHUS

enMHUYHOM JutnTenbHocTH [70].
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Pucynox 3.1. PacueTHbIe: a) MITYyJIbCHASI XapaKTEPUCTUKA OTKINKA

1 0) pa3HOCTHBIN CUTHAI.

JUIst OLleHKM BKJIaZa B Pa3sHOCTHBIA CHTHAJ CIEKTPAJbHBIX COCTaBIISIOIIMX
UMITyJIbCA BO3JEUCTBUS HEOOXOAMMO pPacCMOTPETh OTAENIbHbIE T'apMOHHYECKUE
COCTABJISIIOLIME BO3JIECUCTBUS. BblpakeHue Uisi TapMOHUYECKOM COCTaBISIOIIEH

CIICKTpa OTKJIMKAa UMCCT BU/
: r,
9(t) = X4, -sin(o- (t- 1)

rae g(t) - BpemeHHas (QyHKIUS CyMMbI TApPMOHHKH KPYTOBOH YacTOTBHI ,
aAMILTUTYABI &; C (ha3aMu, ONpeaeIsIEeMbIMH PACCTOSHUSAMH i, KOTOPBIC aKyCTUYCCKHE
BOJIHBI (IIpSIMasi ¥ OTPAKCHHAs OT TpaHMIl 00pasia), MPOXOIAT OT TOYKH yaapa 0
ucrounuka MOII; v - npogosibHasi CKOPOCTh 3ByKa 00paslia.

Paccmorpum rapmonuky ¢(t), y KOTOpoii Ha HeOOJBIIYIO BEIHMYUHY
MCHSIOTCS aMIUIMTyJa a W paccrosHue I. JIas OleHKH HEeOONBIINX OTKIOHCHHM
apryMEHTOB B Pa3HOCTHOM aHaJIM3¢ MOYKHO BOCIIOJIb30BAThCS YPaBHEHUEM TOJHBIX

muddepennnanon

_ a9, 69(t)
Ag(t) = Aa p + Ar o

rie 9O =asin(@-(t-r/v)  Ag() Aa Ar- ppupamenume g(t), a, T,
COOTBETCTBEHHO.

PesynbraTom nuddepenmnupoanus Oyaet

AG(t) = Aa-sin(@- (t— 1)+ Ar -2 . cos(w- (t— 1)
1% r v



Kak BuUgHO #3 3TOro BBIpaKEHHS, W3MEHECHHUE aMILUIUTYIbl CHTHAaja OT
MPUPAIICHUS PACCTOSHUS MPOMOPIIMOHATIBHO YaCTOTE CIIEKTPATbHON COCTABISIONIEH.

Otcrola MOXHO cenaTh BBIBOJ, YTO NPH MPOYUX PABHBIX YCIOBUSIX
s (deKTUBHEE HCTOIB30BaTh UMITYJIbCHOE BO3JACHCTBHUS CO CIIEKTPOM, JICKAIINM B
001acT BO3MOXKHO OoJiee BhICOKHX yacToT [70].

Kax BunHO 13 puc 3.2, UMITyJIbC C PABHOMEPHBIM CIIEKTPOM Mpeodpazyercs B
oOpasiie B CIEKTp, UMEIOIMUA MUHUMYMBI I MAaKCUMYMBI, T. €. 0Opa3ell /Il BOJTHBI
SBJISIETCS] YaCTOTHBIM (PHIIBTPOM.

Cnenyer oTMeTHTh, 49TO pasHocTHas AUX i moboi W3 TapMOHHK
HAXOJIUTCS KaK aMIIUTY/Ia PA3HOCTH PaInyC-BEKTOPOB COOTBETCTBYIOIINX TAPMOHUK
Ha (ha3oBoii mwockocTH. [loaromy B pazHocTHOM AUX yunTHIBAIOTCS KaK aMILUIUTYbI

COOTBETCTBYIOIIUX TAPMOHUK, Tak u ux (assl [70].
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Pucynox 3.2. AMIITUTYTHO-4aCTOTHBIE XapaKTEPUCTUKHU &) UMITYJIbCHON

XapaKTEPUCTUKU OTKJIMKA U 0) pa3HOCTHOIO CUTHAJa

Kpome TOro, mmeer MecTto TEHACHUHUS CMELICHHS BEIWYMHBI Pa3HOCTHOM
AUX pacueTHbIX OTKIMKOB B 00iactb Oosiee BbICOKMX uyacToT. Tak, AUYX
MMITYJIbCHOW XapaKTePUCTUKU JOCTUTAaeT ypoBHA 0,5 OT MaKCUMalbHOW aMILIATYbI
Ha yactore 75 k1, Torna kak AUX pasHoctu - Ha yactote 135 kI .

[Monyyenne otkiauka S(f) mpu 3amaHHON BpeMEHHON (DYHKIIUM BO3CHCTBHUS
f(t) paccunThIBaETCS MyTEM CBEPTKH UMITYJIbCHOM XapaKTepucTHKO# oTkiauka h(t) c

yKa3aHHOU (PyHKIIMEH, Tu0OO0 B JUCKPETHOM ciiydae (C TOYHOCTHIO IO MHOXKUTEJIS)

[70] mo hopmyie



r7ie | - HoMep BEIOOPKH.

JInsi 4KCIIEHHOM OIEHKHM OTHOCUTEIBHOTO YPOBHS OTKJIMKA MPU PA3TUYHBIX
MOJIOCAX CIEKTPa BO3ACHCTBUS OBbLIN MPOBEICHBI PACUETHI MPU BO3JEHCTBUHU HA BXOJ]
MaTEMATUYECKOW MOJEIN MPSIMOYTOJBHBIX PAAUOUMITYJBCOB JIUTEIbHOCTRIO 100
MKC C 3aIl0JIJHCHHEM TapMOHHUYECKHMMHU KOJICOaHMSIMHU pa3HbIX 4yacToT oT 5 g0 100
kl'm. IIpy Takux yCnoBHUSX IMIMPUHA CHEKTPAIBHOTO CKOJIB3AIIETO OKHA COCTABIIET
npumepHo 9 kI’ [70].

Ha puc. 3.3 mokaszaHsl MaKCHUMaJIbHBIE 3HAYCHHS PA3HOCTH OTKIUKOB OT
4acTOT 3alOJIHEHUS TpU cMemeHud ucrouynnka MOII ma 1 mMm. Buano, uto, B
cpeaHeM, HaOJIOAAeTCsl JTMHEHHBIH POCT YPOBHSI Pa3HOCTHOTO CHUTHAJIA OTKJIHKA OT
YacTOThl  3alOJIHEHUS  PAJUOUMITYJIbCA €  HEKOTOPBIMHM  OTKJIIOHCHUSIMH,

06YCJIOBJIGHHI>IMI/I CIICKTPAJIbHBIMHU CBOMCTBaMU HMHYHBCHOﬁ XapaKTCPHUCTHUKHU.

YpoBeHE, OTH.
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Pucynoxk 3.3. MakcumalibHbI€ 3HaUY€HUS PA3HOCTH PACUETHBIX OTKIUKOB

Ipun BOSHCﬁCTBHH Ha BXOJ PaArOUMITYJIbCOB C rapMOHHNYCCKHUM 3aI10JITHCHUCM

Ha ocHoBaHMM mpoBeIeHHBIX pacueToB ObLIa MoaoOpaHa (Gopma UMITyIbca
BO30YXKJIEHUSI ¥ TIOJIYY€HBI OTKJIMKHU MPU OJHOOCHOM CKaTHH oOpasiia aaBiaeHuem 0.5
u 5 Mma [70].

Ha puc. 3.4 mokaszaHsl IpUBEACHHBIE K MAKCUMYMY OTKJIUKH C TIPHEMHHUKA
IIPY OJTHOOCHOM C)KaTHH JIABJICHHEM B 5 aT™M. (a), ¥ Pa3HOCTHBIM CHUTHAJI OTKIIUKOB

P U3MEHEHNH AaBiieHus (0).
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Pucynox 3.4. Otknuk ¢ 1-To mpueMHHKA CUTHAJIA OT 00pasiia,
MOJIBEPTHYTOIO JJABJICHUIO B 5 aTM., U Pa3HOCTHBIN CUTHAJ OTKJIMKOB

npu nasiennu 0.5 u 5 Mlla.

Kak BHOHO W3 pHCYHKAa, MAakCUMyM pa3HOCTHOTO CHUTHAJIA JIEKHUT BO
BPEMEHHON 00J1acTH, B KOTOPOM OTKIMK (OPMHUPYETCS OTpPaKEHHBIMH BOJHAMM.
Ecnu BepHyThCS K pacueTHBIM JaHHBIM (puc. 3.1), TO MBI MOXEM BUJIETh, UTO U 3/1€ChH
UMEET MECTO BPEMEHHOE CMEILIEHNE PA3HOCTHOT'O CUTHAJA.

DTO MOXET OBITh CBS3aHO C TEM, YTO MU3MEHEHUs B OTKIMKE HApacTaroT IO
Mepe MHOTOKpPAaTHOTO MPOXOXKIEHUS BOJHBI BO30YKIEHUS 4Yepe3 HEOJHOPOIHOCTU

IIPH OTPAXKCHHIX OT rpanull oopasia [70].

A WIUETYAA, OTH.
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Pucynok 3.5. AUX otkiuka npu cxxatuu odpasna gasiaenuem 0.5 Mlla

(o003HaueHa TPEYrOILHUKAMH) U PA3HOCTHOTO OTKJIMKA (0003HAYEHA KPECTUKAMH).

Ha puc. 3.5 mokazanbl AUX OTKIMKa MPU OJTHOOCHOM CXKaTUU JABICHHUEM 5

aTM. HW PAa3HOCTHOI0O CHI'HAJIA. O‘-ICBI/II[HO, 4TO BBICOKOYACTOTHAsA TI'paHHIIA



pPa3HOCTHOTO CUTHAJIa CMEIIAETCs B 001acTh 00Jiee HU3KUX YaCTOT 10 CPABHEHHIO CO
CHEKTPOM CaMOTO OTKJIMKA. DTO MOXXHO OOBSICHUTH TE€M, YTO BBICOKOYACTOTHAS
COCTaBIISIIONIAs OTKIMKAa 3aTyxaeT ObICTpee, YeM HH3KOYacTOTHas. A Tak Kak
Pa3HOCTHBIM CUTHAJI OTKJIMKA TPOSBISETCS BO BPEMEHHU TO3KE, YeM CaM OTKIIUK,
MO3TOMY B Pa3HOCTHOM CHTHAajJ€ JIOJII BBICOKOYACTOTHBIX COCTaBIISIOLINX
ymenbmaetcs [70].

W3 momydeHHBIX Pe3yJbTaTOB CIEAYeT, YTO YYBCTBUTEIBHOCTh PA3HOCTHOTO
METO/Ia Hepa3pylIaloIero KOHTPOJIA ¢ UCMOab30BaHueM siBiieHuss MOII 3aBucut ot
CIEKTpa aKyCTHYECKOTO BO3JEHCTBHS Ha oOpazer. [Ipm ATOM C OHOW CTOPOHHI,
3 PEeKTUBHOCTH PA3HOCTHOI'O METOJIa PACTET C YBEJIMUYECHHEM YaCTOTHI, a C APYrou -
Oonee OBICTpOE 3aTyXaHHE BBICOKOYACTOTHBIX COCTABJISIONIUX BOJHBI BHOCHUT
OTpaHWYCHHE B WX HCIIOJB30BAHUU ISl CPABHUTEIBHOTO aHANIW3a CTEICHU
HaMPsHKCHHO-e(OPMHUPOBAHHOTO cOCTOsIHHS oOpasia [70].

[Ipu BO3OyxkaeHMM oOpasila UMIYJIbCOM €IUHUYHON JUIMTEIbHOCTH
IEKTPUUECKUI OTKJIMK MPEACTABIAET COO0H NMITYThCHYIO XapaKTEPUCTHKY oOpasiia
JUISL 33JIaHHOM T€OMETPUYECKON KOH(PUTYypalli CHUCTEMbl TOYKAa BO30YXKIEHUS —
ucrouyHuk MOII oTHOCUTENBHO 00pa3iia.

Ha puc. 3.6 (BepxHuii rpaduk) OTOOpa)K€HbI BpPEMEHHBIE peaTu3aluu
UMITYJIbCHOW ~ XapaKTepUCTUKH OTKIMKA BCEH COBOKYMHOCTH OTKJIHUKOB (20
OTpaXeHUH) OT KaKJIOM TpaHu, a Ha HUKHEM TparKe — OTKIIMKH CJIeBa HAIPaBoO MpHU

BbITIOJIHEHUS yeinoBus (1) as 3Hadennii m = 3, 5, 10, 15 cooTBeTCTBEHHO.

YpoEens cirnana, otH.
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Pucynok 3.6. PacueTHble BpeMeHHBIE peau3alny OTKIMKa. BBepxy -

CyMMapHbI{ OTKJIMK. BHM3Y - oTkmku pu m = 3, 5, 10, 15.



Kak Buano u3 puc. 3.6, mo Mepe yBeIMYEHHS M BPEMEHHbIE TPAHHIIBI
OTKJIMKOB PACTSTUBAIOTCA.

Ha puc. 3.7 nokazanel AUX cymMMmapHOW HMIYJbCHOM XapaKTEPUCTHUKU
oTkiauka (BepxHuil Tpaduk) u AUX nmpu m = 3, 5, 10, 15 cHuzy BBepx

COOTBCTCTBCHHO.

LJMWLL‘MM
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Pucynok 3.7. AUX cymmapHoro oTkinka (BBepxy) 1 AUX OTKIUKOB CHU3Y

BBepx mpu m = 3, 5, 10, 15 cOOTBETCTBEHHO

Kak Buano wu3 puc. 3.7, mo Mepe BO3pacTaHUs M yBEIUYMBACTCS
«U3PE3aHHOCTH» CIIEKTpPa, a 3TO 3HAYUT, YTO NPH YCIOBUM MHOTOKPATHOIO
OTpaXEHUsl CIEKTp Bce Oosee mpubimxkaeTcs K JmHenuatomy. Kak u3BecTtHO, B
JMHEWHOM CHCTEME 4YacTOTHAs XapaKTepUCTHKA OTKJIMKA paBHA IPOU3BEICHUIO
YaCTOTHOM XapakTEPUCTHKWA CHUTHajda BO3OYXKICHHS Ha CIEKTP UMITYJIbCHOU
XapakTepucTuku obpasia. [1oaToMy U3pe3aHHOCTh CIieKTpa OYyJeT MPOSBISITHCA U B
YaCTOTHOM XapaKTEPUCTUKE OTKJIMKA TPH PEaTbHOM BO30YXKICHUU U ITO MOXKET
cTaTh WH()OPMATUBHBIM IMapaMETPOM B YCIIOBUSIX, KOTJa BCIEACTBUE WU3MEHEHUS
neexTHocTh O0OBEKTa WCCIACAOBAaHUA W MO JAPYrdM (U3WYECKUM MpUUYUHAM

IMPOUCXOIUT Ooiee 6BICTpO€ 34TyXaHUC CUI'HaJIA.



3.2 I/ICCJICI[OBaHI/Ie BO3MOKHOCTH HCIIOJIb30BaHUA (l)a?.OBLIX
XAPaKTCPUCTHK AHAIUTHYICCKOI0 CUTHAJIA OTKIIHNKA IIPU MEXAHOIJICKTPUICCKHUX

npeodpa3oBaHMUAX JJIsl KOHTPOJIS HANIPS:KEHHO-1e(OPMUPOBAHHOIO COCTOSIHUS

Tak Kkak OTKIMK ONpeNeseTcss CyNneprno3ulied OTKIUKOB  BOJIH,
npoOeratonmx HeogHoKpaTHO yepe3 30HbI OU, B ycnoBusx HIAC u ¢ onpenenenHoi
KOHIIGHTpauu Je()EeKTHOCTH B BHUIAE MHKPOTPEIINH, CJICAYeT OXHUAaTh, YTO
MH()OPMATUBHOCTh OTKJIMKA OMPENESETCS HE TOJIBKO YacCTOTHBIM CIIEKTPOM, HO
TaK)k€ 1 BPEMEHHBIMHU XapaKTEPUCTUKAMU OTKIJIHKA.

Cy1iecTByeT HECKOJIbKO METOJ0B M3YYE€HHUs MPOCTPAHCTBEHHO-BPEMEHHBIX
XapaKTEepUCTUK CHUTHajla. OTO U UCCIEJAOBAHMUS CIEKTpa C HCIOJIb30BAHUEM
CKOJB3AIIEr0 OKHAa, U mpeoOpazoBanue [mnbbepra st  (PopMHUpPOBaHUSA
aHAJIMTUYECKOTO CUTHaja. AHAIMUTUYECKUN CUTHAJ JaeT BO3MOXKHOCTb HCIIOIb30BATh
aMIUTUTYHBIE U (Pa30BbIe BPEMEHHBIE XapaKTEPUCTUKHU.

[enbto HacTOsIIIEH PabOTHI SBIAETCS OLIEHKA BO3MOXXHOCTU HCITOJIb30BaHUS
JUISL KOHTPOJISI TaKMX TMapaMeTpoB aHAIUTUYECKOro CHUTHaia, (GOpMHPYEMOTo C
MOMOIIBI0 TIpeoOpazoBaHus [ 'uinbOepra, Kak MrHoBeHHas (aza U MIHOBEHHas
4acTOTa B YCJIOBUSIX OJJHOOCHOTO C3KaThs 00pasIia.

OOpa3zer; moMemasics B MPECC W TMOABEPrajcs CTYNEHYATOMY OJHOOCHOMY
okaruio. Ha xaxmoil cTymeHbke naBlieHHs oOpasen BO30yxkaajics cepued m3 128
UMITYJIbCOB 3aJ1aHHON (opMmbl. Paspymienne oOpasiia mpou3oNuIo Mpu Harpyske 62
MIla.

JIns KaxaouW cepuu OTKIMKOB MpPU 33aJaHHOW HAarpy3Ke pacCUMTHIBAIOCH
CpellHee 3HA4YCeHHE BPEMEHHOW peajn3allii, KOTOPOe 3aTeM MpeoOpa3oBBIBAIIOCH B
aHAJTMTUYECKUI CUTHAJ C UCII0JIb30BaHUEM IIpeoOpa3oBanus [ unnoepTa.

[Tpeobpaszosanue ['miapbepra h(t) mpeacraBiser coO0it UCXOIHBIN BPEMEHHOM
CUTHAJI, BCe (ha3bl KOTOPOTO B CIIEKTPAIILHON 00JIACTH MOBEPHYTHI HA YOI —71/2.

Ananutnyeckuii curnai f(t) umeer Bu:

f(t) =s()+i-h(t)

I'me s(t) — uCXOMHBIN CUTHAN OTKJIMKA, | — MHMMasl eIUHUIA



B kauecTtBe MmapamMceTpoOB AHAJIMTUYCCKOI0 CHUI'HAJIa I aHaJIn3a MOKHO

UCIIOJIb30BaTh MTHOBEHHYIO amruutyry (MA) a(t):
a(t) = +/s(t)® + h(t)?

MrHOBeHHYIO a3y (MD) ¢(t):

o(t) =arctg (h(t)/s(t) ’

a TaKKe MPOU3BOJHYIO OT (a3bl Bo BpeMeHH £(t), KOTOpas HOCHT Ha3BaHUE
MTHOBEHHOM yacTtoThl (MY):

e(t)=dep(t)/dt

BaxxHbIM siBIIIeTCS BOIPOC BBIOOpA yYacTKOB BPEMEHHOM peav3alliu, Ha
KoTopbix n3MeHenne M® c uzmenennem aepexrnoctu 1 HJ{C oOpasua nposiBisercs
HaWJydimuMm obpa3zoM. PaccMoTpum, kKak u3MeHsIOTCA ¢ Harpyskoid M® u MU B
Pa3IMYHBIX BPEMEHHBIX 00JIaCTAX OTKIIMKA.

Ha puc. 3.8 otoOpakensl cemeiicTBa MA aHaIWTHYECKOTO CUTHAJIA TIPU
pa3HbIX Harpy3kax Ha ooOpasen. HmwkHuii rpaguk  COOTBETCTBYET HauyaJbHOM
Harpy3Ke; paccTosHUEe MEXAy TIpadukaMu  MPOMOPIMOHAIBHO  3HAYEHUIO

COOTBETCTBYIOIIEH CTYIIEHbKU HArpy3KH.
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Pucynox 3.8. AMIIIUTY THO-BpEMEHHBIE XapaKTEPUCTUKU aHATTUTHIECKUX

CUTHAJIOB OT Harpy30K Ha oOpasell.

N3 pucynka 3.8 BHIHO, YTO €CTh BPEMEHHBIE 30HBI, MPH KOTOPHIX MA
WU3MEHSAIOTCA Ha YAQJCHUU OT HYJIEBOHM OCH, a €CTh 30HBI, B KOTOPBHIX MEPEruObl

KpUBBIX MA MPOUCXOAAT B HEMOCPEACTBEHHOW OJIM30CTH OT HYJEBOTO ypoBHs. Jliis



OLIEHKH UH(OPMATUBHOCTH TAKUX 30H MOCTPOUM (Pa30BbIE MOPTPETHI AHATUTHUECKUX
CUTHAJIOB B COOTBETCTBYIOIIMX BPEMEHHBIX HHTEpPBAJIaX.

Ha puc.3.9 mnokaszanbl (a3oBble NOPTPEThl AHATUTHUYECKUX CUTHAJIOB
OTKJIMKOB IpU HadaiabHOM Harpyske 1.2 Mlla u cnenyromeit Harpyske 4.3 Mlla.
OTKIMKM TIpU CMEXHBIX Harpy3kax BbIOpaHbl JJisi TOTrO, YTOOBI ONPEIEIINUTH

BPEMCHHLBIC 30HBI, ITPU KOTOPLIX IIPOABJIAIOTCA JAXKC MAJIbIC U3MCHCHUA M® u MA.

Mumman ochk
Mummas ock

TeficTEMTeNEHAT OCB JleficTENTENBHAY OCE

Pucynok 3.9. ®a30Bble MIOCKOCTH aHATUTUYECKUX CUTHAJIOB MPU Harpy3Kax
1.2 MIla (momeuensl X) u 4.3 Mlla (momeueHns! ¢) BO BpeMEHHBIX UHTEpBaIax

(104 — 124) mxc (cneBa) u (198 - 218) mkc (cripaBa)

Ha neBom pucynke ¢a3oBbie OPTPETHI MPU JBYX HArpy30K MOCTPOEHBI IS
uHTepBaia Bpemenu (104 — 124) Mkc 1 peICTaBISAIOT COO0M KPUBBIE TUIIA CIIUPAJIH,
MaJio OTauYasch Apyr ot Apyra. @a3zoBbie MOPTPETHI MPABOTO PUCYHKA Ka4YE€CTBEHHO
pa3JIMuHbI, YTO TOBOPUT B TIOJB3Yy HCHOJb30BaHUS Ui aHaiu3a (Pa3oBBIX
XapaKTEPUCTUK B TEX BPEMEHHBIX OOJACTAX AHAIMTUUYECKOTO CHUTHAJa, B KOTOPBIX
MIPOUCXOUT TIeperu® (PYHKIMI MpH MaJIbIX YPOBHSIX MTHOBEHHOW aMILUTMTYABI. DTO
HAKJIQJbIBAET HEOOXOJUMOCTh B KaXIOM CIIy4ae TMPOBEPSATh CTATUCTUYECKYIO
HAJISKHOCTh PA3JIMYUN COOTBETCTBYIOIIMX XapaKTEPUCTUK TPU CPABHUTEIHHOM
aHanuse.

OcobOeHHOCTBIO  (pa30BBIX  XapaKTEPUCTUK  AHATUTUYECKOTO  CHUTHAJIA
3aKJII0YAETCS B TOM, YTO BO BPEMEHHU MPOUCXOAUT POCT (Pa3bl MO 3aKOHY, OJU3KOMY K
muHeitHOMY. [Ipu Takux yCIOBUAX TPYJTHO aHAIM3UPOBATH MaJIble U3MEHEHMs (a3bl B

3aJaHHBIX obnacTax BpeMeHHOﬁ pcain3alu. IIJ'IH BBIACIICHHUA MaJIbIX OTKJIOHCHUH



M® Obui cPOPMHPOBAHBI HOBBIE 3aBUCHMOCTH (), ISl Yero u3 HCCIeTyeMOro
Y4aCTKa BPEMEHHBIX XapaKTepUCTUK M@ mpu pas3iIvuHbIX HAarpy3kax BbIYUTAIUCH

JIMHENHBIE HAKJIOHKI MO cleayromen Gopmyie:

Wy _ _ Pr1,p ~ Pno.p .

ni,p q)i,p nl—no (I _wno,p)_(ono,p

,
rae ¢jp — Tekymee (i-roe) 3Hauenne M® mpu uHAEKce P Harpy3ku Ha
obpaszerr; NO,Nl —COOTBETCTBEHHO HAYaJbHBIM W KOHCUHBIM WHIEKCHI 3aJIaHHOTO
HWHTEpBaJIa BEIOOPKH.
Ha puc. 3.10 noka3aHbl BpeMEHHBIE 3aBUCUMOCTH Vi, (ci1eBa) 1 MY (crpaBa)

OT Harpy3o0kK Ha oOpasell.
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200 220 240 260 280 300
Bpema, mec

200 220 240 260 280
Bpemsa, mrc

Pucynox 3.10. BpemeHHbI€ 3aBUCHMOCTH MTHOBEHHOM (ha3bl (CieBa) U

MTHOBEHHOM 4acTOTHI (CIIpaBa) aHATMTUYECKUX CUTHAJIOB OTKJIMKOB OT HAarpy3Ku

Ha oOpazel. ['paduku pacnonokeHbl C pOCTOM Harpy3ku CHU3Y BBEDX.

Kak BunHO u3 rpagpukoB M® ¢ pocTOM Harpy3ku UMEKT MECTO JOKAJIbHbIE
3aKOHOMEPHOCTH TIO XapakTepy HapacTaHusi MO0 yObiBaHUs 3HaYeHUM (as3bl B
OTIPEJICIICHHBIX BPEMEHHBIX HWHTEepBaiax. bojee OT4ETNIMBO 5TO HaOMIOAAeTCS Ha
rpadukax MY.

[Ippunnamu  u3meHeHnss MO wu MU, no-BuauMoOMy,  SBIISIIOTCS
nepepacrnpezenenus 1eeKToB B oOpaslie MoJl Harpy3KoH, a Takke HEOJHOPOAHOCTH
HAC mno o0veMy oOpasma. Bo BcakoMm ciiydae, HMEET MECTO BBICOKas

yyBcTBUTENHbHOCTE M® 1 MY k nsmenenuto HJIC obpasiua.



Ananu3 (a3oBbIX XapaKTEPUCTHK AHAIUTUYECKUX CHUTHAJIOB OTKJIHMKOB,
MOJyYEHHBIX C UCIOJb30BaHUEM npeoOpazoBanus [unpbepra, mokasan uxX BBICOKYIO
yyBcTBUTENBHOCTh K cTeneHn HJIC oOpasua u, cienoBaTelbHO, BO3MOYKHOCTh HX
UCTIONB30BaHUSl JJI1 KOHTPOJST J1e(EKTHOCTH M HaIpsHKEHHO-Ae(OpMHpPOBAHHOTO

COCTOAHMA MaTcpualia.

3.3 I/ICC.]'[eI[OBaHI/Ie YYBCTBHTECJIbHOCTH MyJIbTI/ICBHCOPHOﬁ CUCTEMbI
KOHTPOJIsA K CTeIIcHHn Hal'[pﬂ)l(eHHO-)Ie(l)OpMI/IpOBaHHOI‘O COCTOAHMUSA

AMIJICEKTPUHYECCKUX MATCPHUAIOB

B Hacroseit pabote npuBOASTCS HEKOTOPHIC Pe3yJIbTaThl IO UCCISTOBAHUIO
HJIC 00pa3noB ¢ UCMoab30BaHUEM pa3padOTAHHON anmnapaTypbl KOHTPOJIS.

[TpousBoamniach OLIEHKAa U3MEHEHUM BO BPEMEHHBIX peaTu3alusax OTKJIMKax
IIPU pa3IMYHBIX HArpy3kax Ha oOpasell OTHOCHUTEJIBHO OTKJIMKA IPH HavYaIbHOM
Harpy3Kke pasHOCTHBIM METOJOM.

Ha puc. 3.11 noka3aHbl CHU3Y BBEPX Pa3HOCTH OTKJIHUKOB BO BPEMEHHU OHOTO
W3 AaT4yukoB mpu nasieHusx 4, 13, 34, 60 MIla coOTBETCTBEHHO M Ha4YaJIbHOM

nasnenuu 1,3 MlIla.

FPDEEHB CHTHAaNa, OTH.

Bpema, Mcek
Pucynok 3.11. Pa3HocTH OTKJIMKOB IpHU JaBlIeHUs X Ha oOpasen 4, 13, 34, 60

MIla n HavyansHOM naBiienud 1,3 MIla



Kak BugHO u3 pucynka 3.11, mo mepe HapacTaHusi Harpy3ku Ha oOpaseln
Pa3HOCTHBII CUTHAJ BO3PACTAET HE TOJIBKO HA y4acTKe OOJBIIOro ypoBHS OTKIIMKA (B
uHTepBaie Bpemeru oT 50 10 500 MKC), HO TakKe U B 00JIACTH MaJIbIX €ro 3HAYCHUI.

V3MeHeHus B OTKIIMKAX MPH Pa3IMIHBIX HArpy3Kax MOTYT OBITh CBSI3aHbI KaK
C HEOJHOPOJAHOCThIO, oOycioBienHod HJIC oOpasma, Tak W ¢ HU3MEHEHUEM
KOHIIEHTpaluu Je(deKTOB, YTO B IIEJIOM OKAa3bIBaCT BIUSHHWE HA PACIPOCTPAHECHUE
aKyCTUYECKOM BOJIHBI BO30YKIEHUS.

JIJIsl OLIEHKM JTOCTOBEPHOCTH TMOJYYEHHBIX PE3yJIbTaTOB OBbLI HCIOJIb30BaH
METOJI CTaTUCTUYECKOM IPOBEPKU THUIIOTE3, OCHOBAaHHBI Ha pACIpPEICICHUH
CreronenTal69].

belmn paccunMTaHbl AIMOUPUYECKUE KPUTUUYECKUE CTATUCTUKHU t U1 KaKaou
TOYKM BPEMEHHOW pealu3alld [0 JaHHBIM CpPEAHUX 3HAYEHUN CpPaBHUBAEMBIX
OTKJIMKOB, UX JUCIEPCUH, YUCIE CTENeHel cBOOObI (B HAllleM CiIy4ae OHa paBHA
158).

N3 Ttabmuupl 3HayeHuidl kputepus CrbrofeHTa ObUT BbIOpAHO 3HAYEHUE
KPUTUYECKON CTAaTUCTUKU T mipu ypoBHe 3HaunMoctH o = 0,001.

CornacHo kputeputo CTbIOJEHTa THIIOTE3a O PABEHCTBE CPEAHHMX 3HAYEHUU
oTtBepraercs, eciu [t[>T.

Ha puc. 3.12 npuBeneH rpaduk 3MIUPUUECKUX KPUTHUYECKUX 3Ha4YeHHH t BO
BPEMEHHON 00JIaCTU JaHHBIX. 3/€Ch K€ MPHUBEJECH B BHUJAE TPSIMON Oeod JIMHUU

TaOJUYHBIN YPOBEHb | KPUTUUECKOU CTATUCTUKH.

I CTATHUCTHEA

“ ul lulhhm._h.h ]H..II; T

0 0.5 1 1.5 2
Bpema, Mcer
Pucynok 3.12. nrocTparusi CTaTUCTUYECKOM MTPOBEPKHU TUTIOTE3HI O
JIOCTOBEPHOCTH Pa3NUYMiA CPETHUX 3HAYCHUN OTKIMKOB IPU AABICHUSIX

1,3 Mlla u 4 MIla na obpaszerr



IIpeBblllIeHNE 3HAYEHUM TOYEK AMIIMPUYECKUX KPUTUYECKUX 3HAYCHUM HaAL
TaOJIMYHBIMU YPOBHSIMU KPUTHYECKOW CTATUCTUKU O3HA4YaeT, YTO Pa3jIndus HUX
CPEIHUX 3HaYEHUN TOYKH BBIOOPKH HE CIIy4ailHbl C BEPOATHOCTHIO 99,9%.

Kak BugHO M3 rpaduka, naxe mpu camMOM MajlOM Pas3jIMuUM B JIaBJICHUM Ha
obpaszer 2,7 MIIA uMeroTcsl CTaTUCTUYECKH 3HAUUMBbIE Pa3JIM4Msl B CUTHAJIaX BO BCEH
BPEMEHHOM 00JIaCTH OTKJIMKA.

PesynpraTel IIPOBEICHHBIX UCCJIEIOBAHNM NIOKa3aJIn BBICOKYIO
YyBCTBUTEJNBHOCTh  AIIapaTypbl MYJIBTHUCEHCOPHOIO KOHTPOJSA K HW3MEHEHHUIO
crennein HJIC m mepCrneKTMBHOCTH MNPEAJIOKEHHOIO MOAXO0AA ISl MCCIEHOBAHUS

CTPYKTYPHBIX U3MECHECHUH B KOHCTPYKIUAX, HAXOOAIUXCA 10T Harpy3K0ﬁ.



4 MHccaenoBanue BO3MOKHOCTH HCIOJB30BAHUSL MYJIbTHCEHCOPHOM

CUCTEeMbI KOHTPOJISA AJIA JIOKAJU3ALUU MAaKPoAe(eKTOB (pe:xumM Tomorpadga)

4.1 Onucanue IKCHEPUMEHTAJIBbHON YCTAHOBKH

Ha ocHoBaHMM aHanu3a, MOJIyYEHHBIX peE3yJIbTaTOB OBLIO pa3paboTaHo
TEXHMYECKOE 3a/laHhe Ha MAaKeT MYJIbTUCEHCOpPHOM cucteMbl. Ha ocHoBaHuH
TEXHUYECKOTO 3aJaHus B TOMCKOM TOCyIapCTBEHHOM YHUBEPCUTETE CHCTEM
yOpaBICHUS M  PAJUOdIEKTPOHUKH ObLT  pa3paboTaH JEHCTBYIOIIMHA MAakKeT

MYJIBTHCEHCOPHOH CHCTEMBI KOHTpOJIsI (puc. 4.1).

Pucynox 4.1. ®ororpadus sxcriepuMeHTaIbHOU YCTaHOBKU

DKCIepuMeHTaIbHasl YCTAHOBKA UMEET CJICIYIOIINE XapaKTEPUCTUKU:
— pabouee mosue KoHTpos - 600x900 mwm;
— MaKCcHUMaJlbHasi BbIcoTa obpasia - 200 mm;

— TOYHOCTb NO3ULMOHUPOBaHHUS - 20 MKM;



— aMIUIMTYZa HAIPSDKEHMSI Ha MTbE303JIEKTPUYECKOM u3itydarenie - 10 200 B;

— KOJINYECTBO KaHAJIOB PETUCTpalLUU - 6;

— 4yBCTBUTEJILHOCTDh KaHAJIA perucTpanuu - 4 MkB;

— JWara3oH 4acToT aHaiau3a curHajioB - oT 1 10 200 kI'm;

—yacroTta auckperusanuu AL u LAIT - 1 MI'm;

— IMHAMUYECKUH auana3oH He MeHee 96 nb.

Ha puc. 4.2 npencraBineHa CTPYKTypHas CXe€Ma 3KCHEPUMEHTAIbHOU
YCTaHOBKH, KOTOpasi BKJIIOYAET B C€0s1 CIIEAYIOIINE KOMIOHEHTHI:

— KoopauHaTorpad;

0510k Bo3neicTBus U chema (bBuC);
— BBICOKOBOJIbTHBIN YCUIIUTENh 30HaUpYIoIIero curnaina (BY);
— ycTporcTBO renepanuu u ourdpoku (YI'O);

— ynpasomui kommbroTep (YK).

Yinpasnswowuii | VIO AILT
KOMIBHOTEP

EBnC
3 LIATT = BY fj:

Y= HE gf

Cidpaser] KoHTpona

Koopaunatorpady

i

Pucynok 4.2. CTpykTypHas cxema yCTaHOBKH.

VYrhpaBiieHue anmapaTHBIMU CpPEICTBAMHU CHUCTEMbl U aHajlu3a JIaHHBIX
OCYILECTBIISIETCS € ToMollblo mporpammHoro obecneuenuss MECAnalyzer.
Koopaunarorpad mo3BosnsieT Nmpou3BoauTh mo3uimonupoBanue bBuC nHag o6ekToM
koHTpoJisi. BbBuC mnpousBoauT MexaHudeckoe BO30Yy»KJaeHue olpaslia U CheM
AJIEKTPOMATrHUTHBIX CUTHAJIOB, BO3HHUKAIOIIUX TPU TAaKOM BO30YKICHHH (BHEIIHUN
BUJ Oyioka mpuBeneH Ha puc. 4.3). YcTpoilcTBO reHepaluu W OlU(pPOBKH,

BBITIOJTHEHHOE Ha 0a3e MHOTOKaHaJILHOTO ycTpoiicTBa coopa manHbeix NI USB-6356,



OCYIIECTBIISIET ~ TEHEPALMI0 TECTOBOTO BO3JACHCTBUS M OIM(PPOBKY OTKIUKOB
oOvekta.  Kaxapli w3  M3MEpUTEIbHBIX  KAaHAJIOB  aHAJOro-uu@poBOro
npeoOpa3oBareisl OCHAIlEH JIONOJHUTENbHBIM YCHJIMTEIEM U aHAJOTOBBIMU
bumptpamun  (PHY wu  ®BY) barrepBopra. DOTO MO3BOJSET TOBBICHTH
YyBCTBUTEIBHOCTh MO0 BXOAY, YCTPAHUTh BIMSIHHE OMEXH M OOECIEUuTh Nepenady
CUTHAJIOB 1O Ju((epeHINATBHBIM JIMHUSAM C yIaJEHHBIX JaTYUKOB, Pa3MEILIEHHBIX B
OJIOKE aKyCTHUECKOTO BO3JICHCTBUS U ChEMa AJIEKTPOMATHUTHBIX OTKJIMKOB. BbIxon
UG po-aHaJIOroBoro npeodpaszosarens YI'O nogkiIt0YeH K BXOy BBICOKOBOJIBTHOTO

yeunutens Tabor Electronics 9200A.

Pucynok 4.3. biok akycTH4ecKOro BO3/A€UCTBUS U ChEMa IEKTPOMArHUTHBIX
CUTHAJIOB: | — MHOTOXUJIBHBIN Kabelb, 2 — AepKaTeib, BO BHYTPEHHIOIO YaCTh
KOTOPOT'O YCTAHOBJIEH MbE303JIEKTPUYECKUN YAAPHHUK, 3 — IPEABAPUTEIbHBIN

YCUIIMTEIb, 4 — IbE€303JIEKTPUUECKUI yIapHUK, 5 — Tpylia U3 LIECTH

muddepeHnnanTbHbIX eMKOCTHBIX TATYMKOB, PACTIONOKEHHBIX 10 OKPY)KHOCTH.
4.2 IkcnepuMeHTAJIbHbIE HCCJIeT0BAHUS
OKCNepUMEHTAIbHBIE ~ WCCJICAOBAHMS  3aKIIOYAUCh B BO30YXKIEHUU

LIEMEHTHO-TIECYaHOT0 00pa3lia MyTeM CKaHUPOBAHMS €ro MOBEpPXHOCTH. st 3TOro

OBLIIM M3rOTOBJICHBI o6pa3u1>1 C PA3JIMYHBIMH BKIIHOUYCHHAMMU: HeMeHTHO-HquaHBIﬁ u



3HOKCI/II[HO-HCC‘-IaHBII71 06pa3u51 C BKJIIOYCHHAMHU B BHUAC IICHOILJIACTA, 06pa3eu nus3

IIEMEHTHOTO KaMHSI ¢ BKJIFOUCHHEM B BHJIC KBapIieBOro necka (puc.4.4).

Pucynox 4.4. O6pasisl ¢ nedekramu: a) BUI CBEpXyY, 0) BU criepey;

O6paszer] 1 — ieMeHTHO-TIECUaHbIN, 2— AMOKCHUTHO-TIECYaHBIH,

3 - HeMeHTHLIﬁ KaMCHb

C noMmoIbl0 PEHTIEHOCKONMUHM OBbLIUM OMPEACNICHbl TOYHBIE KOOPAMHATHI
BKJIFOUECHMI. 3aTteM, Ha oOpasiie Oblia pacyepueHa KOOpAMHATHAs ceTka. B y3max
ATOW CETKH TMPOBOAWIOCH BO30ykneHue. Ha pwuc. 4.5 mpencraBieHbl CHHUMKH,

MMOJIYYCHHBIC PCHTI'CHOCKOIINHU.



Pucynox 4.5. Pentrenockomnus oopasiia: a) BUj CBEpXy, 0) BUJ criepeiu

bBuC mnepememancs xoopauHaTorpadoM Haa 00pa3oM MO TPOJOJILHOMN
KoopauHate ¢ marom 5 M. [lomoxenue nedextoB B oOpasiie, HadadbHOE U
KoHeuHoe mnosioxkeHne bBuC mnpu ckaHupoBaHuu oOpasiia MO MPOJOJIbHOU
KOOpJIMHAaTe moka3zaHo Ha puc. 4. Pasmepsl nedexrton: manenbkuii — 10x10x10 mm,
oonpmioin — 20x20x20 mMM. B kaxaol TOYKE H3MEPEHMs MbE303JICKTPUUYECKHUMA
U3JTy4daTesb MPUKUMAJCS K 00pa3ily ¢ ONpeleeHHbIM YCUIINEM, U OCYILECTBIISIOCH
aKyCTHYECKOE BO3JCHCTBUE C JUHEHHOW wyacToTHOW Momymsuedn (JIUM). [lns
HAaWJIY4ylIero aKyCTHYECKOTO KOHTaKTa Hu3Nydareiass ¢ o0pa3loM HCHOJb30Ballach
cmaska Jluron-24.

[TapameTpsl n3MepeHui:

—yacrtoTa 122 xI'1;

— pa3max HamnpsHKEHUS Ha MbE303JIEKTpuueckoM ynapuuke - 400 B;



— Bpems paseeptku JIUM curnana - 75 Mkc.

— ycpennenue - 128.
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Pucynox 4.6. ITonoxxenne bBuC npu ckanupoBanuu oopasia

ITpu KKJIOM aKyCTUYECKOM BO3JICIICTBUH PETUCTPUPOBATUCH
AJIEKTPOMArHUTHHIE OTKJIMKKA OOBEKTa. 3aperucTpupoOBaHHBIE B LUGPOBOM BHJC
OTKJIUKH TIPOXOJAT MpeIBapUTEIbHYI0 00paboTKy. HaxoauTcs cpenHee 3Ha4YCHUE B
KOKJIOM TOYKEe BBHIOOPKM BPEMEHHBIX peaju3aliii OTKIMKOB IPU TOBTOPHBIX
BO30YXJEeHUSIX o0pasiia, a Tak K€ MPOXOIAT uepe3 psii aHATOTOBBIX (DUIbTpALIUiA
barrepBopra.

Ha puc. 4.7 npuBenen untepdeiic mporpaMMHOro o0ecredeHusl.



@aiin  Wamepenne  Okna  [Jpyroe

Yepeanenne: 128

YacToTHER XBPAKTEPHCTHKE

DuneTp

)

Jarumicl

Bpeverias xapaiTepncTis

MEC

Pucynox 4.7. UaTepdeiic r1aBHOr0 OKHA MPOrpaMMHOT0 00€CIIeYEHUsI.

N3 puc. 4.7 MmoxHO HaOM0aaTh 3 OTKIMKA. OTKIHMK KPACHOTO LBETA - OTKIIUK

IIpu OJHOKPATHOM HMITYJIbCHOM BO36Y>KI[€HHH, B KOTOPOM IPUCYTCTBYCT IIOJIC3HAA

ycpeﬂHeHHBIﬁ CHI'HAaJI OTKJIMKa

CoCTaBJomasa u 1mmomcexa. OTKJIMK CHHETO OBCTa -

IIPY MHOTOKPATHOM BO30Y’KJI€HUU. Y CpeJHEHUE OcyllecTBisieTcss o 128 oTkimkam,

4TO IIO3BOJIACT CYHIICCTBCHHO ITOBBICHUTDH CI/IFHaJI/IHYM. OTKIUK 3€JIECHOTO oBCTa -

Y3KOTIOJIOCHAsI COCTABJISIIOIIAsl CUTHAJIa OTKJIMKA Ha YacToTe Bo30y»kaenust 122 kI ¢

20 x['m. [MapameTps! punbTpa 3a/1at0TCsI B MPOrPaMMHOM

4.3 AHAJIN3 IKCIIEPUMEHTAJBLHBIX TaHHBIX

(V)

IIUPUHOMN TOJIOCHI TTOPSIIKA
obecrieueHnr B OKHE HaCTPOUKH ITU(POBOTO PUIIHTpA.

Jlns oOpaboTku curHajsia ObLla pa3paboTaHa MNporpaMma, IO3BOJISIONIAS

HCKIIIOYAaTbh M3 OTKIIMKA KaK HHM3KOYaCTOTHYIO, TAK M BBICOKOYACTOTHYIO IIOMCXY, a

Takke (HOpMUpPOBATH MATPUILy JaHHBIX. MaTpuila COCTOMT U3 TPEX CTOJOIOB, B

MIEPBOM CTOJIOIIE 3amMcaHa OJIHAa U3 BPEMEHHBIX peajn3anuii OTKInka. Bo Bropom —

YCPEIHCHHbIE 3HAYECHHS TP MHOTOKPATHOM BO30YXJeHUsix. I B TpeThbem crosoiie

BbIJICJICHA TapMOHHUKA U3 CUT'HaJIA.



HeoOxogumo cuutaTh ¥ OOBEAWHUTH JaHHBIE C TIOMOIIBIO KOMAaHJIHOMN
byaknun «concaty. OObeaMHEHHBIE JaHHBIE MPOXOMIAT dTam KaapupoBaHus. Ha
JJAHHOM JTale BCE BXOJHBIC JaHHBIE o0Ope3aloTcs KoMaHaoh «submatrixy wu
bOpMHPYIOTCS MATPHUIIBI I KaXJIOTO 3HAYEHUS HOMEpa psna, KOTOphIE B BHJC
¢aiinoB 3anuceiBaloTcs B namsite DBM.

i=0.18

nami = "0

name,, = concat(naml, mum2ste(ii), ".csv")
: ndofiieadn 7|l

2, = E_E_%DF]]_E| name,., delimited __2,:|

j = 0. rows |..aD.:| -1

G o :
ac = submatmq..aﬁjjlil'ﬂ'_. ].I}I}I}D_.I}_.D.:I
i=0.rows{ac) — 1
namel = "sigl pm"

WRITEPRN(namel) = ac"

I[aHHaH (1)YHKHI/I$I IMMO3BOJICT HaM IIOJIYUUTb MAaTpHIly M3 MAaCCUBA AAHHBIX.
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Pa3paboTanHasi SKCiepUMEHTallbHAs YCTAHOBKA MO3BOJISIET PErUCTPUPOBATH
AJIEKTPOMArHUTHBIE OTKJIMKHM U3 JAUAJIEKTPUKOB, MOcie 00pabOTKH, KOTOPBIX MOXHO

CYJIUTh O HAJIMYKU B 00pa3iie BKIIOYCHUH.



3akioueHue

B xonme mponenanHoi paboThl OBUIO IPOBENECHO HCCIIEN0BAaHNE AEPEKTHOCTH
matepuanoB U ux HJIC ¢ ucnonb3zoBanueM merona MOII; Obut pazpaboTaH Maker
AKCIIEPUMEHTATILHON YCTAaHOBKU MYJIBTUCEHCOPHOU CHUCTEMBI KOHTPOJIS (OJI0K-cXema
YCTAaHOBKU TIPHUBEACHA BbIIIE); ObUIM MPOBEACHBI MUCCIIEIOBAHMUS MAaKeTa K CTEHEeHU
nedektHocty U HJIC o0pasnoB M3 3MOKCHIHON CMOJIBI C HAMOJIHEHUEM IIECKa;
MOJIYYCHHBIC PE3YJIbTaThl HWCCIIENOBAHUS IIOKa3alH, YTO pa3pabOTaHHAs CHUCTEMa
o0nazaeT BBICOKYIO UYBCTBUTEIBHOCTh 3a CUET YCPEIHEHUS OTKIMKOB MpHU
MHOTOKPAaTHOM  HMMIyJbCHOM  BO30YXIeHMH 00Opasma; ObulM  MPOBEICHBI
WCCJICIOBAHMS TIO TIOMCKY IapaMeTPOB OTKJIMKA, CBSI3aHHBIX C JIEe()EKTHOCTHIO U
HJC; npoBeneHHBbIE HCCIEAOBaHUS TOKa3ald, YTO HamOOJiee YyBCTBUTEIbHBIMU
napamMeTpaMHu SBJISIOTCS] TTapaMeTPhl, CBSI3aHHBIC C YACTOTHBIMHU XapaKTEPUCTHKAMU
U Cc r1peobpasoBaHueM [unpOepra:  aMIUTUTYyIHO-BpEMEHHbIE,  (Da3oBbIC
XapaKTEePUCTUKHU MT'HOBEHHOM Y4aCTOThI AHATTUTHYECKOTO CUTHaJIa,
chOPMHPOBAHHOTO U3 BPEMEHHOW peamu3anui OTKIWKa W IpeoOpa3oBaHUe
['unb0OepTa 5TOM BpeMEHHOW pealM3allii; Ha OCHOBAaHUHW aHAllU3a, IMOJTYYEHHBIX
pe3ynbTaToB OBLIO pa3pabOTaHO TEXHUYECKOE 3aJaHME Ha MAKeT MYJIbTHCEHCOPHOM
CUCTEMBI, Ha OCHOBAHMHM TEXHMUYECKOTO 3aJaHusi B TOMCKOM TOCYIapCTBEHHOM
YHUBEPCUTETE CUCTEMa YMPABICHUS U PAAUOCBSI3U OBLI pa3paboTaH JEUCTBYIOIIMIA
MaKeT MYJIbTUCEHCOPHONH CHCTEMBI KOHTPOJIS; HW3TOTOBIICHBI  00Opasmbl ¢
BKJIFOUCHUSIMU  (C  TIOMOIIBIO PEHTTEHOCKONUH OBLIM  OMNpeNeeHbl TOYHbBIC
KOOPJIMHATHI BKJIFOYCHUH); TOJYYCHHBIM CHUTHAJ, MOABEpTaics (GuiabTpamuu (s
ATOTO TOTPeOOBAIOCH pa3pabdoTaTh AJIrOpPUTM OO0pabOTKH); B pe3yibTaTe ObLIO
BBISIBJICHO, YTO MYJIbTUCEHCOpPHAs CHCTEMa KOHTPOJIS OINpEAesisieT BKIIOUEHUS U UX

MECCTOIIOJIOXKCHMU .
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Non-destructive testing of structural defects

1.1.Methods based on the phenomenon of acoustic emission

Acoustic emission is called radiation of acoustic waves accompanying some
types of irreversible transformations in the solid body. There are three main types of
mechanisms of this issue: 1) mechanisms related to plastic deformation (movement of
dislocations, sliding of domain boundaries in ferromagnetics and ferroelectrics, etc.);
2) phase transitions, in particular of the martensitic transformation in steel; 3) the
formation and development of cracks

Scheme of experiment for observation of this emission.

Waves excited by evolving defect (source of emission), undergoing various
changes at the boundaries of the sample and on the other the static heterogeneities
that reach the receiver of the sound (usually a piezoelectric transducer), an electrical
signal which is usually supplied to the processing circuit. Remove from the
piezoelectric transducer signal has the appearance of a random sequence of radio
pulses, corresponding to individual events — outbreaks of acoustic emission. The
Central frequency of the radio pulses is mainly determined by the resonance
properties of the transducer. The elementary principle of signal processing of
emission used in most existing methods, is the following: the radar pulse after
amplification falls to a threshold device, sets it apart from extraneous noise.

This is a threshold device generates a radar pulse from a sequence of pulses of
accounts which are then transferred to counting devices. Despite the fact that such a
processing scheme uses only a small part of the information, it is possible to make a
number of important physical observations.

Practical application of acoustic emission are extremely diverse. However, the
main area of application of acoustic emission is currently non-destructive and online
monitoring of engineering constructions and buildings. The main advantage of non-
destructive testing methods using acoustic emission, making them especially valuable

Is the fact that this emission is accompanied by only developing, i.e. the most



dangerous defects. Another attractive side of application of acoustic emission is that
the source of the sound, and while quite powerful, are themselves defects, making the
task of detection and localization of the defect (the source of acoustic emission) is
considerably easier. Much practical value of acoustic emission has caused the growth
of research in this direction, mainly experimental, resulting in a relatively short
period of time control methods based on acoustic emission, is widespread in those
areas where the yield of product failure entails a catastrophic failure.

The most important applications of acoustic emission include nuclear energy.

1.2. Ultrasonic inspection methods

Ultrasonic inspection methods is widespread for detection of defects and their
visualization

Methods of ULTRASONIC control relates to active acoustic methods and are
divided into sub-groups: methods that use the passage, reflection of waves, and
combined methods, which is used as a reflection and passage. Methods of passing
suggest the presence of two converters — emitting and receiving, is located on
opposite sides of the test object or the monitored area. To this sub-group include the
following methods of NDT.

Shadow (or amplitude-shadow) method is based on registration of reduction
of the amplitude of the transmitted wave (the so-called end-to-end signal) under the
influence of the defect. Used both flash and (at least) continuous radiation.

Temporary shadow method based on the measurement of delay of the pulses
caused by the diffraction of the defect.

In the methods of reflection using one or two transducers; used, generally a
pulsed radiation. To this sub-group include the following methods of NDT.

Echo method based on the detection of echo signals from defects. At the time
of arrival of the pulses is judged on the depth of occurrence of the defect and the

thickness of the test object.



Exothermally method in which you analyze the signals that experienced the
mirror reflection from the bottom surface of the test object and defect.

Reverberation method is based on the time analysis of volume reverberation
is the gradual decay of sound in a volume — controlled object. For example, when
controlling a double-walled construction reverberation time in the layer which
contacts the transducer will be less in the case of benign joint layers, as part of the
energy will move to a different layer.

In the combined methods use the principle of registration of the echo signals
from defects. On the screen of indicator usually see sent (probe) pulse, pulse,
reflected from the opposite surface (bottom) of the test object (bottom signal) and the
echo from the defect.

These ULTRASONIC inspection methods are designed for detection and
location of defects in OK.

For the study of inhomogeneities and defects structure of materials used
methods of ultrasonic spectroscopy and radiography, based on the analysis of
frequency dependences of attenuation coefficient and phase velocity of acoustic
waves in the material.

On measurements of phase velocities of acoustic waves in a wide frequency
range, the calculation of the elastic moduli of solids, in particular, anisotropic
composite materials.

The characteristic sizes of inhomogeneities in the structure of structural
materials lie in the range from units to hundreds of micrometers.

Therefore, to measure the attenuation and phase velocity of ultrasonic waves
in such materials it is necessary to apply broadband acoustic pulses with a spectral
range from fractions to tens of megahertz. In this range the value of ultrasound
attenuation coefficient can reach tens of inverse centimeters, so the amplitude of the
probing pulses should be large enough to ensure a diagnosis products with a thickness
up to several centimeters.

Ensure acceptable parameters of the excitation pulse is possible with the use

of laser thermo-optical excitation of sound.



Was developed laser ultrasonic technique based on the pulsed photoacoustic
effect, which enables local non-destructive diagnosis of mechanical and acoustic
properties of composite materials based on the actual condition. Such diagnostics is
necessary at the stage of development and improvement of technology of
manufacture of the material, as well as to identify "weak" places with less strength in

the material before the production of parts and products.

1.3. Control method based on electromagnetic emission

It was found that by brittle fracture of dielectrics electromagnetic radiation
occurs.

The development of control methods using the phenomenon of
electromagnetic emission (EME) was developed at Tomsk Polytechnic Institute team
under the leadership of A. A. Vorobyev.

Was expressed the hypothesis that the occurrence and development of cracks
should be accompanied by the emission of pulses of electromagnetic nature. These
works gave impetus to the studies of the physics of the process of EME. Currently,
there are about thirteen of the hypotheses of the occurrence of EME. According to the
basic of them, the pulses of EME may arise due to the emission of electrons from the
shores of the growing crack due to uneven (accelerated) motion of the charge mosaic
on the banks of a growing crack, in violation of the ties of the electric double layer
near the surface rupture. The most significant contribution to the EME makes the
radiation of charges moving with top of sprouting cracks. It is known that a
significant contribution to the EME have moving dislocations during deformation, for
example, alkali halide crystals.

On the basis of model concepts was assumed to occur at the birth and
germination of cracks electromagnetic radiation generated by the sources, which can
be formed by areas with high and low density of charged dislocations, as well as the
movement of the charge mosaic on the banks of a growing crack. The oscillatory

movement of electric charges in these areas leads to the emergence of electric current



accompanying the growing crack, the change of the geometrical sizes of which are
associated with emitted in a wide range of frequencies of electromagnetic energy. In
the General case when time-varying on the banks of the germinating crack charges
and currents in the surrounding space, there is a variable electromagnetic field
sources and the electromagnetic nature can be modeled by elementary electric
(charge) and magnetic (current source) dipoles.

It was found that when the emergence of crack time of development equal to
the duration of signal of electromagnetic radiation. It was also assumed that there is a
correlation between the sizes generated under load of cracks and the resulting signals
of certain duration.

In this regard, it is considered that the occurrence of a fracture is accompanied
by either a single pulse or packet of pulses of EME.

Of EME from rocks formed the basis of a number of methods for forecasting
of geodynamic phenomena (earthquakes, rock bursts, landslides), dynamic
manifestations of rock pressure in the array.

Conducted laboratory work for the study of defects and stress-strain state of
the samples of dielectric materials using the method of EME.

The methodological disadvantage of these studies is that as the parameter
EME is used, the intensity of the pulsed flow (the number of pulses of EME in excess
of the specified threshold, per unit time).

A large cycle of works on the study of the links between the VAT and the
amplitude-time parameters of signals, EME was performed in the Institute of mining
of SB RAS. This methodology was developed and stand for simultaneous
measurement of EME and loads under uniaxial compression of rock samples. The
stand has investigated the structure of EME signals at loading of samples at a given
rate. In the process of experiments simultaneously on the two channels recorded the
signals of EME and the load, whose parameters on the PC screen are displayed in a
separate frame. Each frame contained 214 samples the values of EME and load the
digitized 12-bit ADC, taken with an interval of 2 ps.



Of the frames formed a temporary implementation, which was used for
analysis.

It has been shown that there is a correlation between the occurrence of EME
for loading and a local drop of the load due to micrometrology (microfacture).

According to the results of the research have been made, in particular,
conclusions:

* It is established that the transition from stationary phase accumulation of
fractures to non-stationary stage of damage during the loading samples of rocks
associated with changes in the structure in signals, EME — the emergence of
periodic low-frequency oscillations with variable amplitude and duration — self-
oscillating quasi-resonant process.

» Experimentally proved that under uniaxial loading of rock samples is
manifested techstudent the process of their destruction, which is reflected in the S-
shaped character of change of spectral structure-time parameters of signals, EME: the
first stage appears as a high frequency process with sequential shift of the spectrum
of EME as loading samples in the lower frequency area; the second — on the
contrary, as the process offset of the spectrum in the high frequency part of the range;
third stage, discontinuity is characterized by the fact that the spectral parameters are

again recorded in the low frequency region of the frequency range.

1.4. Control method based on mechano electrical transformations

The first method mechano electrical transformations (MEP) for the control of
structural defects in composite dielectric materials started to be developed in Tomsk
Polytechnic University in the early 70-ies. The method of MEP is as follows. Is
pulsed mechanical excitation of the dielectric sample, with the result that there arises
an acoustic wave, which spreads through the sample, reflecting from its boundaries.
During the movement of the wave front crosses mechano electrical sources of
transformations that convert a portion of wave energy in the alternating

electromagnetic field. The parameters of the electromagnetic field recorded in the



form of a signal response with capacitive or inductive receivers located near the
surface of the sample.

In essence the method of MEP-type ULTRASONIC control methods similar
to the method of the reverb. The difference is that in the ULTRASONIC method, the
signal recorded contact acoustoelectric transducers (often on the basis of the
piezoelectric effect), and MEP in the method first converts the acoustic energy in the
electromagnetic field, and then into an electrical signal using capacitive or inductive
sensors (usually capacitive). One of the advantages of the method of MEP is the
possibility of contactless reception of signals that eliminates the problem of contact
stability and also ensures the absence of influence of receiver parameters on signal
response.

During the propagation of acoustic waves on the sample at multiple reflection
from the boundaries is their scattering by inhomogeneities of the structure, therefore,
the receiver signal comes, the superposition of the scattered waves, in which
ULTRASONIC method of control noisy the useful signal associated with the defects.
The superposition of scattered waves is called the structural noise. Specifics of
structural noise is that the resulting response is stable during repeated excitation of
the sample with the same excitation system in case of invariability of the structure of
the sample and the geometry of the system excitation source — sample — signal
receiver.

Pilot studies have been undertaken to assess the possibility of using the
phenomenon of MEP for inspection, verification of the stress-strain state and strength
of composite materials.

An analysis was conducted of the sensitivity of the method to map grain size
in the concrete. A number of works devoted to consideration of the mechanisms of
MEP. Was the dependence of amplitude-frequency characteristics for impact
excitation of concrete from the dimensions and geometry of the location of the
inclusions. A physical model of the source signal and the calculated values of the

frequency response characteristics of the electric circuit of substitution. The good



agreement between the calculated and experimental results, which confirms the
correctness of the proposed mechanism mechano electrical transformations.

It is shown that under shock excitation of high resistance composite materials
can have parasitic components associated with the movement of the metal firing pin
impact device and with the electrification of the material at the point of impact.

Was used to study the changes in the spectral characteristics of the response
under uniaxial compression, the contacting of samples of rocks of different
composition. A significant effect on the responses of the contacts of rocks of different
mineralogical composition.

Proposed and physically substantiated method determining the dynamics of
changes in the quality of contact and the adhesion strength of the dielectric matrix
and of the metal in the reinforced composite materials based on the phenomenon of
the MEP.

A connection is established the frequency characteristics of the
electromagnetic signals characteristics of the acoustic signal impinging on the
samples of artificial crystalline quartz and real rocks represented by quartzite, and
investigated the change of the spectral characteristics of the response of the distance
between the capacitive sensor and the sample surface.

It is shown that using the method mechanoelectrical transformations it is
possible to assess the degree of stress-strain state, temperature fields generated.

The efficiency of the method, the MEP in the assessment of defects of
concrete under cyclic freezing-thawing.

Investigated the effect of humidity on the parameters of the electromagnetic
response under pulsed mechanical excitation of samples of concrete. The developed
equivalent circuit of the electrical processes that affect the response parameters at
different degrees of humidity.

Was to estimate the impact of structural phase transitions during heat
treatment of gypsum on the parameters of electromagnetic response on its shock

excitation.



Studies were conducted of the influence of lamination of composite materials
on the parameters of the electromagnetic response by using the method of MEP. It is
shown that increasing the number of layers significantly affects the range of response.

A number of papers devoted to mathematical models of the method of the
MEP. At the same time realized the two approaches. One of them use the ray
approximation for calculations of the movement of fronts of acoustic waves in the
sample.

In another lies a numerical method for calculating wave fields in accordance
with the equations included in the mathematical formulation of the plane problem of
elasticity theory. It includes the equations of motion, geometric relations (Cauchy's
ratio), physical relations, initial and boundary conditions.

Radiation mathematical model gives the possibility to set the size of the
sample in the form of a parallelepiped, the coordinates of the source of mechanical
excitation and signal receiver, attached to the pattern. The basis of this model is the
method mechanoelectrical transformations. Was used a calculation method based on
geometric acoustics. To reduce the complexity of the calculation, due to the need to
consider the angles of reflection of rays from the boundaries of the sample, the
sample space was replaced by an equivalent semi-infinite space, in which rays from a
point of excitation propagate rectilinearly. This space has the appearance of a
periodic structure and consists of cells, each of which contains an electric double
layer (source mechanoelectrical transformations) and the receiver located in her
mirror relative to adjacent cells. Each pair of cells has translational symmetry.

The feature is that induction is recorded component of the electromagnetic
field from various sources MEP (no electromagnetic lag). At the same time, phase
time-dependencies of components of the signal are determined by the phases of the
acoustic waves in spatially separated sources to the MEP.

Based on these data was compiled the program algorithm of calculation which

includes:



» Specify the size and coordinates of the electrical double layer and the
surface of the receiver relative to the sample of rectangular shape (whose dimensions
may also be specified).

* The assignment form of shock in time and computing the samples of its
derivative in time using the given time interval.

* The calculation of the vertical component of the deformation rate at each
point in the signal space corresponding cell, given the indexes of the vector of
translation and the mirror symmetry of adjacent cells.

* Calculation of the time dependence of the velocity of this deformation, then
the formation of a full time implementation for the cell.

Obtained temporary implementation of appropriately formed according to the
provisional indexes for determining the values of vertical components of the
induction vectors and the calculation of the bias current.

Thus, application of this model may be useful for selecting optimal
parameters of the developed control method.

Calculations based on this model showed that the geometry of the system
source of the acoustic signal — sample — capacitive receiver of the electromagnetic
response has a significant impact on its shape and spectral characteristics.

In addition, the calculations showed that with a homogeneous distribution of
sources the MEP to sample the main contribution to the signal response provide

sources in the immediate vicinity of the signal receiver.

1.5. State of the problem and objectives of the study

As the analysis of literature, modern concepts of fracture mechanics are
associated with the concentration of defects and the nature of their savings (chaotic or
correlated). According to the method of acoustic emission and other methods shows
that the distribution of defects by size is a power character, which is a sign of the
coming destruction. For this reason, in the method of control of defects and stress-

strain state must be provided the opportunity of determining the spatial distribution of



defects in the object of study and the evaluation of the distribution of defects by size.
In addition, the method should give an integrated assessment of the defects and the
extent of stress-strain state.

Of the NDT methods is the preferred method mechanoelectrical
transformation, which has a significant advantage over acoustic methods, such as
contactless at check signal response. In addition, a capacitive receiver, the method
mechanoelectrical transformations can perceive the signals of electromagnetic

emission, which extends the possibilities of the method.



2. DEVELOPMENT OF A LABORATORY MODEL MULTI-TOUCH
CONTROL SYSTEM

2.1. The prerequisites for the development of the equipment

It can be assumed that the metrological effect of this method is the MEP for
the control of structural changes (defects and inhomogeneities of the structure) of the
research object under the action of mechanical stress are that there is an accumulation
of deformations of direct and reflected acoustic waves excitation, which is reflected
in the response.

When using conventional methods mechanoelectrical transformations, it was
observed that for the same geometry of the experiment and with a steady shock
excitation with a ball or Electromechanical transducer with an accuracy noise
repeatability of response was quite high. Thus, it is possible to conclude that the
propagation of acoustic waves excitation in the sample, and, therefore, the process
mechanoelectrical transformation is deterministic with low stochastic component.

The accumulation component of the useful signal on the background of
interference is widely used (e.g., in location, astronomy).

The gist of it is that if the object of study, with a deterministic impulse
response, to initiate a series of N pulses of a given shape, then the output will be a
sequence of responses, representing the mixture of useful components and noise. For
coherent addition of useful components, their level will increase by N times.
Stochastic (random) components of the noise will be folded correlian, and their level
will increase by VN times. As a result of addition of the feedback signal to the noise
level of the signals will increase by YN times.

On playback response direct impact of stability of excitation. At the
commonly used excitation is a variation of the interaction parameters of the impact
device with the object of study because of the heterogeneity of its surface. Thus
changing from impact to impact duration of impact device contact with the surface of

the object of study, which affects the form of the generated acoustic waves. Measures



were taken to reduce the impact on the impact of heterogeneity of the surface of the
object field by the use of metal plates, which effectively averaged the heterogeneity
of the surface.

From the mathematical model it follows that the form of the response varies
depending on the location of the signal receiver. For a point excitation of the sample
it begins to spread to the front of the acoustic waves reflected from the boundaries.
The response is formed as a superposition of signals due to mechanoelectrical
transformations on the sources of MEP, through which the rays of the acoustic wave.
The magnitude of the electrical signal of the receiver decreases with distance from
the source MEP, therefore, ceteris paribus, with a uniform distribution of the sources
of MEP material sample the main contribution to the response will be from sources
MEP, located near its surface by capacitive receivers.

In addition, plays a role the size of the receiver. With the increase in size for
high-frequency components of the signal response of the receiver can play the role of
a diffraction grating. The wavelengths of the spectral components, a multiple linear
fit to the dimensions of the capacitive plates of the receiver will coherently emerge,
whereas for the other terms of the summation will be less favorable, including they
can fully compensate for each other.

For more broadband reception of signals of response it is desirable to have the
smaller receivers. On the other hand, the small size of the receiver reduces the
signal/noise of the amplifier channel.

The problem is removed by using a multi-sensor system with small linear
dimensions of the capacitive plates of the receiver under the condition of multiple-
pulse excitation of the object of study.

When using multiple excitation of the object of study of highly stable pulses
and the allocation of the average value of the temporary implementation opens up the
possibility to make a comparative analysis of certain parameters of the response due
to changes of defects and the stress-strain state.

This raises the possibility of using statistical methods to assess the reliability

of the obtained differences in the parameters of responses in a structural change of



the object. For normal distributions the current values of the responses at each point

of sampling is usually used the criterion of student (t-test).

2.2. Description of the layout

On the basis of the foregoing was developed laboratory model of a multi-
touch system control of defects and stress-strain state on the basis of the phenomenon
mechanoelectrical transformations.

A block diagram of the multi-sensor control system shown in Fig. 2.1. The
sample is excited with a given number of short acoustic pulses (beats) of a certain
shape and amplitude piezoelectric transducer based on CTS-19, excited by an electric

high-precision generator with adjustable waveform.

piezo l(_ pulse
buzzer - generator
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Figure 2.1. The block diagram of measurements.

The response is perceived by the system of differential capacitive sensors.
Each of the differential capacitive sensor consists of 2 receiving plates, the measuring
path consisting of emitter followers with a high impedance input and a low noise
amplifier, the signal from which through the switching unit BNC - 2120 is supplied to
a multifunction acquisition Board PCl — 6251 computer, in which is formed a



database for further processing. The system envisages to digitize the signal with a
preset discretization step, optimal for solving various problems in comparative
analysis. The measuring system involves the use of interchangeable system receivers,
made on a plate of glass epoxy by etching. The shape and the number of receivers is
determined by the objectives of the experiment.

Registered in digital form, the responses from each receiver are pre-
processing: is the average value at each sample point of temporal realizations of the
response with repeated excitations of the sample, normalized to the initial moment of
excitatory impulses and the standard deviation for each point of time of the sample
response. The latter is necessary for statistical evaluation of differences of average
values of time samples of responses when changing the characteristics of the sample
using comparative analysis.

It should be noted that the considered mathematical model is suitable only for
the case of narrowband pulsed excitation, as in the model not provided in reality

existing frequency dependence of attenuation.



