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PabGora BeimonHeHa B (eaepalibHOM TOCYAApPCTBEHHOM OFOKETHOM 00pa3oBaTeIbHOM
YUpEeXKIEHUU BBICIIETO 00Opa3zoBaHusi «MOCKOBCKHI aBHAlIMOHHBIA HMHCTUTYT (HAMOHAIBHBIN
HCCIIEA0BATEIIbCKUN YHUBEPCUTET )

Hay4HbIii pyKOBOAUTEJIB: ®enorenkoB I'puropuii BajepbeBu4, g0KkTOp (U3HKO-
MaTeMaTUYeCKNX HayK, JOLEHT, mnpodeccop  Kademps
«ComnpoTuBIIeHHE MaTepUANIOB, IMHAMUKA U TIPOYHOCTH MALITHH
MOCKOBCKOTO aBUALIUOHHOTO UHCTUTYTA.

Odunuanbupie onnonenThl: IlaBiaoB Urops CepreeBud, J0KTOp PHU3UKO-MATEMaTHIECKUX
HayK, JIOLIEHT, 3aMECTHUTENb AMPEKTOpa MO HaydyHOH padore
Wncturyra mnpobnem wmammHocTpoenus PAH -  ¢uimana
denepanbHOTO  TOCYJApCTBEHHOTO  OIOKETHOTO  HAYYHOT'O
yupexaeHuss  «DenepanbHblii  MCCIENOBATEIbCKUA  LIEHTP
Wucturyra npuxnagHoi ¢pusuku Poccuiickolt akageMun HayK»,
r. Huwxuuit Hosropog.

Xpomarto Bacunuii EpuMoBuY, KaHIuIaT TEXHUYECKUX HAYK,

npodeccop, npodeccop Kadeapbl POOOTOTEXHUKH,
MEXATPOHMUKH, TUHAMHUKU M NpouHocTH MamuH (PMulIM) —
benepanbHOTO rOCYIapCTBEHHOTO OO KETHOTO

00pa3oBaTeNbHOTO  YUPEXKACHHUS  BBICHIETO  0Opa3oBaHUs
"HauuonanbeHbIi HcciienoBaTenbckuil yuusepcurer "MOUN", r.

Mockaa.
Benymasi opranm3anusi: denepanbHOe rocyqapcTBEHHOE OIOPKETHOE 00pa3zoBaTelIbHOE
YUpEXKICHUE BBICILIETO oOpa3zoBaHHs «Tynbckuii

rOCYJapCTBEHHBIN YHUBEPCUTET», I. Tyia.

3amurta guccepramuu cocroutcs 31 mas 2023 r. B 15 wacoB 00 MuHyT Ha 3aceqaHud
auccepraimonHoro cosera 24.2.327.07 mnpu ¢denepasbHOM TOCYJapCTBEHHOM OOJKETHOM
00pa30BaTeNbHOM YUYPEIKACHHH BBICIIETO OOpa3oBaHus «MOCKOBCKUW aBUAIMOHHBIA WHCTUTYT
(HaIMOHANIBHBI  HCCIIENOBAaTENbCKUIM  yHHMBEpCUTET)» 1Mo azapecy: 125993, 1. Mocksa,
Bomokonamckoe mocce, 1. 4.

C nuccepramueil MOKHO O3HAKOMHUTHCS B HAay4YHO-TEXHUYECKOW OMOMMOTEKe (QenepalbHOro
rOCYJapCTBEHHOTO  OIO/DKETHOTO  00pa30BaTEeNIbHOTO  YYPEKICHHS BBICIIETO  00pa3oBaHUs
«MOCKOBCKHM aBHAIIMOHHBIA MHCTUTYT (HALIMOHAJIBHBIA HMCCIIEOBATEIbCKUI YHUBEPCUTET)» IO
anpecy: 125993, r. Mocksa, BonokonaMckoe mocce, 1. 4. 1 Ha caiTe:

https://mai.ru/events/defence/?ELEMENT 1D=171666
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OBIIASA XAPAKTEPUCTUKA PABOTbI

AKTYaJIbHOCTH TeMbI HCCJICIOBAHUS.

Hecranmonapusle oOpaTHbIe 3a7aui YpEe3BbIYAtHO aKTyaJbHbl U B HACTOSAILEE
BpeMs SBISIIOTCS HaWMeEHee MCCIEAOBAaHHBIMHA. Bce mnpemnmaraemble 3axadu
U CCEPTALIMOHHOTO UCCIIEIOBAHUS SIBJIIFOTCS HOBBIMU, METObI TIOCTPOECHUS PELIEHU I
— OpPUTMHAJIbHBL.

[IpennaraeMpie MOCTAHOBKH M METOJbI PEIICHUN HECTAIMOHAPHBIX OOPAaTHBIX
3a/1a4 MOTYT MOCITYKUTh OCHOBOM CO3JaHUsI KOMIIJIEKCOB MOHUTOPUHIa KOHCTPYKIUI
B peaJlbHOM BpeMeHU. OHM MO3BOJISAT HEMOCPEACTBEHHO BO BPEMS JKCILUTyaTallHH
CIEAUTh M BOBPEMS NPEAOTBPAIIATh BO3HUKHOBEHHME W DPa3BUTHE NOBPEXKICHUM,
OTCIIC)KMBATh  PAa3JIMYHbIE  CTPYKTYpHbIE  IIPEBpALCHHUS,  BOCCTAHABIMBATh
IIPOCTPAHCTBEHHO—BPEMEHHBIE 3aKOHBI BO3JAECHCTBYIOIMX HA KOHCTPYKLMIO BHEITHUX
Harpy3ok. B cBs3u ¢ OypHbIM pa3Butuem OBM, aBTomartuzanuu U poOOTOTEXHUKH,
3aJla4y ATOTO KJIACCA BBIXOIAT HA MEPENOBOM Kpall COBPEMEHHOW HAYKHU.

Henbro auccepranMoHHON PadOThI SBISETCA IMOJIYYEHUE PEUIEHUN HOBBIX
HECTAlMOHAPHBIX KOA(PUIIMEHTHBIX 00pATHBIX 3a/lay JJIsl YIPYroro CTEpXKHs, B TOM
qyclie 3aJad M0 OMNPEACNCHUI0 HaJUuuusid ¢ PACIOJNIOKEHHUS JAePEeKTOB, H
UACHTU(GUKAIIMM HMX THUIIOB, Pa3MepoOB M CTENEHU IOBPEKIECHHOCTH, a TaKXKe,
MOJIyYeHHE PEIICHU HOBBIX HECTAIIMOHAPHBIX PETPOCHEKTUBHBIX OOPATHBIX 3a/1a4 110
BOCCTaHOBJICHUIO HArpy3KH, ICHCTBYIOIIEH HA CTEPKHU (€€ 3aBUCUMOCTb OT BPEMEHH,
XapakTep pacrpeesieHus M0 CTEPKHIO).

Metoabl HMcciIe0BaHUA Ul pELICHUs IPSAMBIX 3a7a4 MCIIOIB3YIOTCSA J1Ba
nonaxoja. [lepBoiil moaX0/ 3aKiItoyaeTCsl B IPUMEHEHUE MeToja (GYHKUUN BIUSHUS,
KOTOpasi HCHOJIB3YeTCS B KAXKIOW CBEJECHHOW MOJ33Ja4€ B BBIYHCICHUHU
MHTETPAJIBbHOIO YPABHEHMS TUIIA CBEPTKH, SIAPAMHU KOTOPBIX BBICTYHAIOT YIIOMSHYTHIE
nanee (pyHKUMM BIUSHHUSA. BTOpoH MOAX0J OCHOBaH Ha allpOKCUMAIlUM MCKOMOM
GyHKUIME-TIapaMeTpa KyCOYHO—TIOCTOSIHHOM 3aBUCHUMOCTBIO IO MPOCTPAHCTBEHHOU
KOOpAUHATE, IPU KOTOPOM pELICHUE IIPSAMOU 3a1a4y ISl CTEPKHSA C OJJHUM KyCOYHO—

IMOCTOSAHHBIM IMTAPpaMCTPOM MMOAAACTCA aHATUTHICCKOMY PCHICHUIO.



Pemenne oOpaTHBIX 3a/1a4 CTPOUTCS C MPUMEHEHUEM CIEIYIOIIUX MOIXO0/0B.
[lepBsiii, Kak U B cilydae NpsAMOi 3aaun, 0a3upyercs Ha METoA€ (PYHKIIUI BIUSHHUSL.
Ero cyth cOCTOMT B UCHOJIB30BaHUN UHTETPAIBHON CBA3U MEXKIY HECTAMOHAPHBIMU
NEepPEeMELIEHUSIMU HCCIeAYeMOro 1eOpMUPYyEeMOro Tejla U BO3ACUCTBYIOUIMMH Ha
HEro Harpy3Kamu, KOTOpasi IPUBOJUT K pa3pellatolliM UHTErPAIIbHBIM YPABHEHHUSIM.
[Ipu 3TOM siIpamMu COOTBETCTBYIOIIMX UHTETPAIbHBIX OTIEPATOPOB SBISIOTCS (DYHKIUU
BIUSHUS JUIA HCCIEAyeMBbIX 00BbeKTOB. Paspemiaroiiyue HHTErpajbHbIe YpaBHEHHS
KpPOME BHEIIHUX HAarpy30K COAEPKAT TAKKE W BCE MAPAMETPbl MOJEIIHN: IIOTHOCTh
Marepuana, YOpyrue KOHCTaHThl, I€OMETPHUYECKHE MapaMmeTpbl. B  pa3audHbIX
[IOCTAHOBKAax 4YacThb IIapaMETPOB MOJEIM WM BHEIIHWE HArpy3KH SBISIOTCS
MCKOMBIMU HEU3BECTHBIMH, KOTOpbIE TpeOyeTCsl ONPENeIUTh U3 PEIIeHUs] 00paTHOM
3a/1a4y, CBOJAIIEHCS K YKa3aHHBIM pa3pellaroluM ypaBHeHHUIM. [Ipu ncnoiap30BaHuu
ATOTO TOAXOJA OCHOBOMOJIATAIOIIMMH SIBISIOTCA PEIICHUS NPSAMBIX 3374a4 O
MOCTPOEHUU (PYHKIUN BIUSHUS A 1ePOPMUPYEMBIX T, B JaHHON padoTe — Jis
YOPYTUX CTEpKHEW. DTH (PyHKUIMU MO CYTH MPEACTABIAIOT cO0O0M mepeMelieHus B
OTBET Ha BO3JECUCTBUS COCPEAOTOYEHHBIX HArpy30K. [Ipy 3TOM OHHU pa3nensroTcs Ha
rpaHuYHble (QYHKIMM BIUSHUS (B Cily4ae, KOIJa COCPEIOTOYEHHAs Harpys3ka
MPWIOKEHA K OJJTHOMY M3 KOHIIOB CTEpP>KHS) U MOTOHHbIE (DYHKIMM BIUSHUA (KOTAa
COCpPEIOTOYEHHAsI Harpy3Ka COOTBETCTBYET BO3JIEUCTBUIO PACTIPEAECICHHOIO YCUIIHS).
JUiss  MaTeMaTU4eCKOro ONHMCAHMS TaKWX HArpy3oK HCIOJb3YyEeTCS — amnmapar
0000mEHHBIX (GYHKIUN. OTH 3aJauyd  pelieHbl aHAJUTUYECKUMU METOJIaMH C
MOJTyYEeHHUEM COOTBETCTBYIOIINX PEIICHU B SBHOU (popMe. DYHKITUN BIUSHUS TAKKE
SIBJISIFOTCSI 00OOIIEHHBIMY M, B OTJIMYUE OT OOBIYHBIX (YHKIIUN MTepEMEEHUN, MOTYT
MMETh Pa3pbiBbl U Jake 0oJiee CUIIbHbIE 0OCOOEHHOCTH. JIJisi MOCTpPOEHHUs peIIeHH
3aja4 0 GYHKIUSAX BIUSHUS UCTIOJIb30BaHbl MHTErpalibHbIE MpeoOpa3zoBanus Jlamaca
1o BpeMeHu U Dypbe 1Mo NPOCTPaHCTBEHHBIM NIEPEMEHHBIM, B CIIy4ae MPOTIKEHHBIX
CTEpP)KHEM, KOrJa BIIMSHUE TPAHUL] MOXXET HE YUYUTBIBAThbCA. B ciydae crepxkHen
KOHEYHBIX pa3MEPOB JOMNOJHUTENBHO UCIIOJIB30BAH AIMApaT Pas3jIoKEHUN B PSAIBI 110

cOOCTBEHHBIM (DYHKIIMSIM COOTBETCTBYIOIIUX 3ajad. /[ pemeHust oOpaTHBIX 3ajad,



ONMCAaHHBIM BBIIIE METOAOM, HCIOJIB3YETCS METOJ MEXaHWYECKUX KBaJpaTyp B
coueTaHuH ¢ OBICTPBIM Npeodpa3zoBanueM Dyproe.

Bropoit noaxoa, 0OCHOBaH Ha anIpOKCHMAallMd UCKOMOW (hyHKUMU—TIapaMeTpa
KYCOYHO—TIOCTOSIHHOM 33aBUCHUMOCTBIO IO IPOCTPAHCTBEHHOW KOOpIHMHATE. IJTOT
HOJXOJ] NMPUMEHSETCSI K PEUIEHHIO OOpaTHBIX TEOMETPUYECKUX 33Jad O IOUCKE
JOKaJIBHOTO AedekTa B yIpyroMm crepkHe. Ilpu sTom pemienne npsmMoi 3agadu Juist
CTEpXKHS C OJHUM JIe(hEKTOM MMOAJAETCS aHAIUTUYECKOMY pelleHuto. B pesynbrare
IIOJIY4EHO aHAJIUTUYECKOE PELICHUE NPSMOM 3a1a4H, B KOTOPOM MCKOMBIE ITapaMeTphI
nedexTa (KOOpIMHATHI €ro PACIIONIOKEHUS, TPOTKEHHOCTD U IUIOLIAAb IONEPEYHOTO
ceueHHus B 30HE AedeKTa) coluepKarcs sIBHO B BUJE MapameTpoB. JlaHHBIN MOAXO.
IO3BOJIIET CBECTU OOpPAaTHYI0 TI'€OMETPHUECKYIO 3aJauy I CTEPXKHS K CHCTEME
HEJIMHEWHBIX (PYHKIMOHANBHBIX YpPaBHEHHI OTHOCHUTENBHO HCKOMBIX HapaMeTpoOB
nedekra, KoTopasi KOppeKTHaA U pelaeTcst YUCIeHHO. B pe3yibTare onpenenstorcs Bce
napameTpsbl aedeKra.

JlocTOBEpHOCT M O00OCHOBAHHOCTH  Pe3yJbTaTOB  00eCleYrBaeTCs
MaTEMaTUYeCKl CTPOrol u  (U3MYECKH KOPPEKTHOM IOCTAaHOBKOM  3ajad,
IPUMEHEHUEM anpoOUpPOBaHHBIX MaTEMAaTUYECKUX METOJ0B peleHns
HECTALIMOHAPHBIX 33/a4 MEXaHWKU AePOpMUPYEMOro TBEPIOrO TeENa, AHAIM30M
CXOJIMMOCTH MPEIJIOKEHHBIX AJITOPUTMOB pemieHus. lloydeHnHbie pe3ynbTaThl B
YaCTHBIX CJIy4asX IOJHOCTBIO COBIIAJAIOT C WM3BECTHBIMHU pE3yJbTaTaMU IPYTUX
aBTOPOB U HE MPOTUBOpPEYAT UMEIOLTUMCS (DU3UUECKUM MPEACTABICHUSIM.

HayyHyo HOBHM3HY IHMCCEPTALMOHHON PadOThI COCTaBIAIOT CIEIYIOLIUE
pEe3yJIbTaThI:

— IlocTaHOBKM HOBBIX HECTAlMOHAPHBIX OOpaTHBIX TE€OMETPUYECKUX U
PETPOCHEKTUBHBIX 3a7a4 AJis1 0alku TUMOILIEHKO U YIIPYTOro CTEPKHS.

— Hecraunonapuble (yHKUWM BIUSHUS IJI YIOPYroro CTEp>KHA M Oaiku
TUMOIIEHKO, B TOM YHCIIE ¢ KyCOYHO—TIOCTOSIHHBIMU I10 JJINHE XapaKTEPUCTUKAMM.

— Pemenne npsMbIX HecTalMOHApHBIX 3adad g Oanku TUMOIIEHKO U

YIPYTOTO CTEPKHSA C IEPEMEHHBIMU FEOMETPUUECKUMH XAPAKTEPUCTUKAMMU.



— Pemenus HecTaliMOHAPHBIX OOPATHBIX TEOMETPUUYECKUX 3314 I YIIPYTOTo
CTEpPXHS U PETPOCHEKTUBHBIX 3a]1a4 /Ul YIPYTOro cTepxHs 1 0anku TUMOIIeHKO.

— PeanusoBanHbie Ha DBM anroputmsel pelieHNs] HECTAMOHAPHBIX MPSIMBIX U
OoOpaTHBIX 3aJay AJisl yNpyroro CTepxHsS U Oanku TUMOIIEHKO C MepeMEHHBIMU
r€OMETPUYECKUMH  XapakTtepucTtukamu. [lpoBepka pabOThl aNropuTMOB MpH
PA3JIMYHBIX TEOMETPUYECKHUX IMMAPAMETPAX M PA3TUYHBIX BHENIHUX Harpy3Kax.
[IpoBepka ycTOHYMBOCTH pabOThI AITOPUTMOB JJIs IPSIMBIX U OOpaTHBIX 3a/1a4.

— AHanu3 TOJIyYeHHBIX pe3ylbTaTOB, BbIPAOOTKA pEKOMEHAAIMN U
HaIIpaBJICHUH JAJbHENIINX UCCIIEA0BAHUN.

IIpakTH4yeckass 3HAYMMOCTH AUCCEPTAMOHHONH padoThl. [lomydyeHHble B
paboTe pe3ynbTaThl U pa3paOOTaHHBIC AJTOPUTMBI MOTYT OBITh HCIIOJB30BaHbI B
Pa3IMYHBIX OTPACIIAX MMPOMBIIIJIEHHOCTH C LEJIbI0 NPEIOTBPAIICHUS pa3pyLICHUsS U
OCYILECTBJICHUSI HEPA3PYILIAIOMIETO KOHTPOJS DJIEMEHTOB KOHCTPYKUUWA IOJ
BO3JECHCTBUEM HECTALlMOHAPHBIX BO3MYILCHUH.

Anpo0anusi OCHOBHBIX Pe3yJIbTATOB PA0OTHI.

OcHOBHBIE pe3yabTaThl padO0THI TOKJIAIBIBAIUCH HA:

- XXI-XXVIII €KETr0JTHBIX MexayHapoaHbIX CUMIIO3UYMax
«/lnHaMHueckre W TEXHOJIOTMYECKUE TMpOOJEeMbl MEXaHUKH KOHCTPYKIUH U
crutoHbIX cpen umenn A.I. T'opmkosa» (r. Mocksa, 2017-2022 rr.);

- ExxeronHbIXx HayuyHbIX KOH(pepeHIMsX «JlomMoHOCOBckue uTeHus» (T.
Mockga, 20162022 rr.);

- XLI-XLVII MexayHapoaHbIX MOJOAEKHBIX HAYYHBIX KOH(PEPEHITHSIX
«"arapunckue urenus» (r. Mocksa, 2016-2022 rr.);

- II-VII MexayHapoaHbIX HaydHbIX CceMHHapax «JluHamuueckoe
ne(popMUPOBaHNE U KOHTAKTHOE B3aUMOJICHCTBUE TOHKOCTEHHBIX KOHCTPYKLUN MpU
BO3JIEUCTBUHM MOJEH pa3nuuHoi ¢pusznueckoit npupoas» (r. Mocksa, 2015-2018 rr.);

- Hayunbix koH(pepenuusx «IIpobiaembl pOYHOCTH, TUHAMUKH U PECYPCay
(r. Huxnauit HoBropon, 2018-2019 rr.);

- Bceepoccuiickue kKoHPEpeHIIMN «MOJIOABIX—YUEHbIX MEeXaHUKOB» MI'Y,

(r. Coumn 2017-2021 rr.);



- XII HAay4YHO—-TIPAKTUYECKOU MexaynaponHou KOH(EpeHIINH,
nocesieHHoi 160—neruto benopycckoii xkene3Hoit noporu (I'omens, 2022 r.)

- Kondepenuun mno cTpouTenbHOM MeXaHHKE KOopalsi, MOCBSIIECHHON
namatu B.A. IloctHoBa u 90-neturo co qus ero poxnaenusa (r. Cankr-IlerepOypr,
2017 r.);

— XII Bceepoccuiickom c¢be3fe 1o GyHIaMEHTAIBHBIM IpobiieMam
TEOPETUUECKON U MpUKIaaHON Mexanuk (T. Yda 2019 1.).

[yoaukanuu. [lo Teme nuccepranuu onyOigukoBaHo 39 mnyOnukanuii B
KypHanax, wuHaekcupyembix B PHHI[ 32, nHayuyHbIX crareidi B W3JaHUSX,
pexomennoBanHbIXx BAK MunucrepcTBa Hayku U Bbiciiero oopazoBanust Poccuiickoit
®deneparuu 2, Scopus u Web of Science 5, a Takke noisydeHo 1 CBUAECTENBCTBO O
rocyapCTBEHHOM pErnucTpalyy nporpammel s 9BM.

O0bém u cTpykTypa auccepraumu. J[uccepramus COCTOUT U3 BBEACHHUS, TPEX
IJ1aB, 3aKJIFOYEHUS U CIIMCKA JTUTepaTyphl, BKItovaromero 141 naumenoBanue. Q0

o0beM auccepranuu coctapiseT 130 ctpanuil, BKirodas 84 prucyHKa v 2 TaOJIUIIBI.



OCHOBHOE COAEPXKXAHUE PABOTHBI

Bo BBeeHNM ONKCHIBAIOTCS LEJIH U 3aJ1a4d UCCIICIOBAHUsI, HAYYHAs] HOBU3HA,
aKTyaJIbHOCTbh, TEOPETUUECKASI M IPAKTUYECKAS LIEHHOCTh MOJIYYEHHBIX PE3YIBTATOB U
WX JIOCTOBEPHOCTH, MMPUBOSTCS TaHHBIE O CTPYKTYpe U O0BEME IHUCCEePTAIMOHHOM
paboTHI.

B nepgBoii riiaBe npuBeAEH aHATUTUYECKUN 0030p HAYYHBIX padOT, CBI3aHHBIX
C TEMOW JIHUCCEPTALMOHHOTO MCCIIENOBAaHUs, IPUBEICHBl YPABHECHUS ABHXKCHUS IS
CTEp)KHEMU, a TAKKE MaTeMaTUYECKHe TOCTAHOBKM HECTALIMOHAPHBIX OOpAaTHBIX 3a]a4
JUISL CTEPKHEM, BKIIOYAIOIIME YPABHECHUS ABW)KCHUS, HAYAIBHBIE W TPAHUYHBIC
ycioBUsl. YKa3aH CHocO0 CBEJCHUS MAaTeMAaTHYECKHX IMOCTAHOBOK HECTAIMOHAPHBIX
oOpaTHBIX 33J1a4 K CUCTEMaM pa3peliaroninxX ypaBHEHUH.

Jlnst  omucaHus  JIBIDKCHHMSI HM30TPONHBIX — YOPYTHX  CTEepKHEH — Oynem
HCIIOJIb30BaTh YPABHEHUS B NIEPEMEIIEHUAX, B IPSIMOYTOJIBHOM IEKapTOBOM CHCTEME

koopauHat OXy. Ock OX HampaBiieHa BAOJb CPEAHEH JMHHUH YIPYTOTro CTEPXKHS, a
Oy mnepnenmauxynsipao ocu Ox Ilomaraem, 4To WCKOMBIE W 3alaHHBIC (DyHKIUU

3aBUCSAT TOJIBKO OT KOOPAUHATBHI X Y BPEMEHH t.

Jliia peteHust mpsIMBIX 3a/1a4 M0 OMPEEIICHUI0 IepEeMEIICHHU Wi Tporuda st
CTEpXHEH, a Takke OOpaTHBIX HECTAMOHAPHBIX PETPOCHEKTUBHBIX 3ajad Jyis
CTEpKHEH, 3alMIleM MaTEMaTHYEeCKyl0 IIOCTAHOBKY B KOTOPOHW COAEPKATCS
YPaBHEHHUS TPOAOJIbHBIX KOJEOaHWH MM CHCTEMA YPaBHEHUM MONEpPEYHbIX
KOJIEOAHUI JIUIs1 CTEPIKHSI, @ TAKXKE TPAHUYHBIE U HAUYAJIbHBIE YCIOBUS.

Brenem 6e3paszmepHbie mapaMeTpbl i 0anku TumoiieHKo (OHM 0003HAYCHBI

IITPHUXOM):
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C yuéroMm cuctemsbl Oe3pa3MEpPHBIX BEIMUUH BCE YPAaBHEHHUS OyIeM 3alUChIBATh

B Oe3paszmepHoM Buje. Ltpuxu npu 3anucu 6e3pa3MepHbIX BEJIMYMH B JabHEHIIEM

OITyCKAIOTCSI.

Cucrema ypaBHEHHMHI ITONEPEUYHBIX KOJICOAHUI OaJIKu TUMOILIIEHKO, TPAaHUYHEIC
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YpaBHEHUE MOPOJI0JLHBIX KoJIeOaHUH KOHCOJIBLHO 3aKPEIJIEHHOTO YIIPYIOro

CTCPXXKHA, a TAKKC I'PaHUYHBIC 1 HAYAJIBHBIC YCIIOBUA UMCIOT BHU /.
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[TpumenuTenpbHO K 3amauyaM HACHTH(PUKAIUKA AePEKTOB B yIPYrOM CTEpP)KHE,

paccMaTpuBaCTCsa CTCPIKCHL CTYIICHYATOI'O ITOIICPCUHOI0 CCUCHMA. B stom ciydae

KPOME VYPABHEHWU MOPOMOJBbHBIX KOJEOAHWHN, I'PAHWYHBIX M HAYAIBHBIX VCIOBHU

JOJDDKHBI BBITIOJTHATHECA YCJIOBHA COIIPAKCHHUA B TOYKAX Xn HU3MCHCHU IIJI0IIaaun

HOIEePEeyHoro ceueHus (N — HOMEp ydacTKa CTEPKHS C MOCTOSHHBIM MOTIEPEYHBIM

ceyeHreM, N — 4HCIIO 3TUX y4aCTKOB):
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Pare—— ou ou — )
ul  =u. ,n=LN-1 F=0 =F_ ="  n=1N-1
Xfxn X*Xn ax X:Xn ax X:Xn

B (3) u (4) u(x,t) m w(x,t) — mepemeleHne CTEPXKHA W MPOrnd Galiku B
mrockoctr OXy; B (5) u,(X,t) — mepeMemenne CTepXKHsS B NpeIenax ydacTka C

HOMEpOM I, F - mIomanab IOIICPCHHOI0 CCHUCHMA, Iz — MOMCHT HWHCPIUU

IMONnepeYHOro CCYCHMUA OTHOCHUTCIIbBHO OCHU OZ, iz — paanyC UHCPpLUH, P — INIOTHOCTb
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Mmatepuana; A u p —ko3pdunuentsl Jlame; E — Monynes ynpyroctu nepsoro poza; C,
— CKOpPOCTH pacIpOCTPaHEHU s BOJIH PaCTSKEHUSI—CKaTusl; C, — CKOPOCTh BOJIH C/IBUTa;

C, — CKOPOCTb M3rMOHBIX BOJIH; C — CKOPOCTh PACIPOCTPAHCHHUS POJIOJIBHBIX BOJIH B

CTEPIKHE; §, — YroJl HOBOPOTa MOMEPEYHOT0 CEYEHHUS 3a CUET CIBUTOBBIX JAe(OpMalInii;
K =/5/6 — koo dunuent capura; t —Bpems, P (t) — BHEILIHSIS [TIOTOHHAs MoNepeyHas

cuina; Q, — nepepesbiBaromas cuina; M, — msrubarommii MoMeHT; L — HekoTopbIit
XapakTepHbIH pa3Mep; T — 0Oe3pa3MepHOE Bpems, P(X,t) — TpOJOJIbHAS

pacnpezeneHHas Harpy3ka. B kauectBe mapamerpa L Oyaem ucronb3oBath JJIUHY
ctepkHs. Torna B 6e3pa3MepHOM BU/JIE AJIMHA CTEPKHsI OyAeT paBHa 1.

IIocTaHOBKA HECTAIIMOHAPHBIX TEOMETPUUCCKUX OGD&THBIX 3aJ1a4 JIJIs CTEPKHEH

EF (x) OedekT Oatumnk

A \/
72 P(t)
W .

A
A 4

Puc. 1. IlocranoBka 3amgaun.

PaccmarpuBaerca ynpyruil OJHOPOAHBIA M30TPONHBIA CTEPKEHb KOHEYHOU
JUIMHBI, JIEBBI KOHEL KOTOPOTO JKECTKO 3aKpEIUICH, MPaBblii KOHEL CTEPXKHS
cBOOOIHBIN OT 3aKperieHus. B HauanbHbIii MOMEHT BPEMEHU Ha CTEP)KEHb HAUMHAET
BO3JICMCTBOBATh  3aJaHHAasl  COCPENOTOYEHHAs  HECTAaUMOHApHAs  Harpyska,
MPUJIOKEHHAs K MPaBOMY KOHIY cTepxHd. lIpeamnonaraercs, 4Tto Ha MpaBOM KOHILIE
CTEpXHS JIOMOJHUTENFHO H3BECTHO IIepeMelleHre Kak (QYHKIHsS BpeMeHu. Ha
paKkTUKe 3Ta MH(OpMaIUsi MOXKET MOCTyNaTh C JaT4YUKa U3MEPEHUS MPOJOJIbHBIX
MepeMENIeHNi, CKOPOCTEH WM YCKOPEHH, YCTAHOBJICHHOTO HAa CBOOOJHOM KOHIIC
crepxHs. [Ipu 3TOM nepemenieHrs MpaBoro KOHIA CTEPKHS JOJKHBI C ONPENEIEHHON
TOYHOCTBIO COBIAIATh C MEPEMEIICHUSIMU, PETUCTPUPYESMBIMH TATYNKOM (PUCYHOK 1).
B caywsae Hammuus nedekra cTepkeHb OyneT UMETh MEPEMEHHYI0 M0 JJIUHE

TF€OMETPUYECKYIO XapaKTEPUCTUKY — IUIOMIA[b IMOIepedyHoro ceueHus. [Ipu stom
10



napaMmerpamu JedeKTa SBISIOTCS IUIOIMIAIb MOMEPEYHOT0 CEYCHHs CTEP)KHS B MECTE
€ro pAaCIOJIOKEHUs, a TAKXKE KOOPAMHATHl Havyajla M KOHIA M3MEHEHUsS IUIOLIaJH
[IONIEPEYHOI0 CEYEHMsl. Y Ka3aHHBIE BBILIE N€OMETPUUECKUE XaPAKTEPUCTUKU OyneM
Ha3bIBaTh NapaMmerpamu aedexra crepxHsi. OTMETUM, YTO J1aXKe B TAKOH MOCTaHOBKE
[OJIYYUTh TOYHOE AHAJIMTUYECKOE PEUICHUE IIOCTABICHHOM MNpsAMOW 3a1ayd HE
IIPEACTABIISIETCS BO3MOKHBIM.

JUis TOCTpOEHHS AHAIUTUYECKOTO PEIICHUs 3aJauyd, HCTHUHHBIN Je(deKT
NpUOIMKEHHO 3aMEHSIETCSI MOJAEIBHBIM aHAJIOIOM, KOTOPBIM MPEACTABISAET COOOU
CKa4yK000pa3HOe M3MEHEHUE ILJIOMIAAH MONEPEYHOT0 CEUEHHUsI Ha HEKOTOPOM 3apaHee

HEHM3BECTHOM YYACTKE CTEPKHS (PUCYHOK 2).

E Oedekt Aartunk
[ f \/
17w 2 g P(t)
W Y X
-l “'X-:n
< ' g
/

Puc. 2. IlpecraBnenue nedexra B BUJE CTyNEHEH.
B srom ciyuae, 3aada CBOAMTCS K NPEACTABICHHUIO CTEP)KHS C pPealbHBIM
Ae(EKTOM B BUJI€ CTYIIEHYATOI'O CTEPIKHSI.
[TocranoBka 0OpaTHOM 3a7jauu BKJIIOUAET B ce0s  ypaBHEHUS M COOTHOILIEHUS
(5), B KOTOPBIX HEU3BECTHBIMU SIBIISTFOTCSI KaK nepeMeIeHUs

u,(X,t), Tak W cHcTeMa mapameTpoB Xy, X,,.. X, F, Fy..

h» OIHCBIBAIOIIAsL

MCKOMBII aedekt. OJHAKO, JONOIHUTENLHO UMEETC MHPOPMALKS O IepeMEICHUIX
Ha cBobomHOM KoHue crepxkHs U(L1)=U,(t), mnocrymaomas ¢ jgarduka
nepemertennii. U, (1) — nepeMenienne KOHIa CTepyHs, PErHCTPUPYEMOE TaTIHKOM.

Merton pemieHust 00paTHOM 3a7a4 COCTOUT B cieaytomeM. Jlomyctum, ynaércs

HaWTH aHAJIMTUYECKOE pElICHUE u(x,r) OpsIMOM 3aJ1ayul JIJIsl CTYNIEHYaTOro CTEPKHS

11



IIPY IPOU3BOJIBHBIX 3HAUECHUSX MAPaMeTpoB X, X,,..., X, F, F,,...,F, . Toraa yka3annoe

BBIIIIE JIOTIOJIHUTENIFHOE YCIOBHE MPUBOJIUT K YPABHEHUIO:
U(L1)=u(LtX, Xy X, By By By ) =U g (), (6)
VpaBHenue (6) B 3amaHHBIA MOMEHT BpPEMEHH T, NPEACTAaBISET COOOM
HeJIMHEIHoe anredpanyeckoe ypaBHEHHE ¢ 2N HEU3BECTHBIMH B Kaue€CTBE KOTOPBIX,
BBICTYMalOT mnapaMmeTpbl aedekra. Takum oOpa3om, A7 NOJYYEHUS 3aMKHYTOU
CUCTEMbI 2N ypaBHEHUI OTHOCUTEIHLHO 2N HEU3BECTHBIX JOCTATOYHO 3a(pUKCUPOBATH

2N MOMEHTOB BpeMeHH T,, K=1,2,..,2N ¥ TOIy4UTh COOTBETCTBEHHO 2N
YpaBHEHUH, U3 KOTOPBIX MOTYT OBITh OMPEIEIICHBI NCKOMBIE HEU3BECTHBIC TTaPaAMETPHI:

U (% %000 X, e By ) =0, k=1,2,...,20, 0
Uy (X0 X Xgs By By ) = U (L T3, X0 X X By By ) = U gy U =Ug (1)

I[locTaHOBKA HECTALIMOHAPHBIX PETPOCIHEKTUBHBIX O6DaTHBIX 3ajgad  JaJit

CTEpKHEU
Jart4uk
nepemMeLeHnin
E.F f
P(D) g
Zi > e
Es i
[
« >

Puc. 3. Cxema HarpyxeHus ISl yIIPyTroro CTEP KHS.
PaccmarpuBaercsa ynpyruil OJHOPOAHBIA M30TPONHBIA CTEPKEHb KOHEYHOU
JUIMHBI, JIEBBI KOHEL[ KOTOPOIO JKECTKO 3aKpEIUICH, IPAaBBbI KOHEL CTEPKHS
cB0OOAHBIN. B HayaIbHBII MOMEHT BpEMEHU Ha CTEPKEHb B 33/1aHHOM TOYKE HAYMHAET
BO3JICHCTBOBATh COCPENOTOYCHHAsI HAIPY3Ka, 3aBUCUMOCTb HArpy3ku OT BpPEMEHH
MOJITICKUT OTIPEACIICHUIO B IPOLIECCE PEIIeHUs 00paTHON 3aauH.

B oOpaTHoii 3a1aue mmonaraeTcs, 4To rnepeMerieHus U (X, r) B HEKOTOPOM TOYKE

b crepxus m3BecTHBl. Ha mpakTuke 3Ta nHGOpMAIHMS MOXKET MOCTYNATh C JaT4yuKa

nepeMenIeH i, CKOpOCTEeH UM YCKOPEHUM, KOTOPBIN YCTAaHOBJIEH B CEUEHUU CTEPKHS

12



X=b (pucynok 3). TpeOyercs, Mo JaHHBIM, TIOJTYYCHHBIM C JaTYUKA ITEPEMEIICHUH,

YCTaHOBJICHHOM B TOUYKE D, BOCCTAHOBUTH OCEBYIO Harpy3Ky p(r).

O6DaTHa$I 3ajada 110 I/II[CHTI/Id)I/II(aHI/II/I pacOopeAeIEHHON CUIIbI JUISL YOPYTOT'O CTEPIKHSI

HaTtumku
nepemeLleHni
/M e A Y b p(x))
l L1 1 1 1 1 | 1 | 1 | 1
V nE— % « < < < |
<% L >

Puc. 4. Cxema Harpy»eHusl 1Jis yIPyroro CTep>kKHs.

PaccmarpuBaeTca ynpyruil OJHOPOAHBIA M30TPONHBIA CTEPKEHb KOHEYHOU
JUIMHBI, JIEBBIA KOHEI] KOTOPOrO »KE€CTKO 3aKPEIUICH, IPaBblii KOHELl CTEPHKHSA
cBO0O/IHBIN. B HauanbHBIE MOMEHT BPEMEHM Ha CTEPKEHb HAUMHAET BO3JICHCTBOBATH
pacnpeneeHHas HECTAallMOHApHAs Harpys3ka, 3aBUCUMOCTb KOTOPOW OT BPEMEHU M
3aKOH PAcCIpeIeSICHUs] M0 KOOPAWHATE HEWU3BECTHHI W IMOJJICKAT OMPEACICHUIO B
MpoIiecce penieHus: 00paTHOM 3a1a4H.

B obGpatHoii 3amaue monaraercsi, YTo MepeMeIIeHus], CKOPOCTH WM YCKOPEHUS

B HEKOTOpoi okpectroctr X €[by,by ] cBoGommoro xomnua crepxns mssectnel. Ha

ITPAKTHUKE OJTa I/IH(I)OpMaHI/I}I MOXKCT IIOCTyIIaTb C JaT4YUKOB, YCTAHOBJICHHBLIX B

CEeYEeHUSIX CTepkHA X =h,,b,,...,b, (pucyHok 4). Tpebyercs, o JaHHBIM, HOTY4YSHHBIM
C JIaTYMKOB, YCTAHOBJCHHBIX B TOUYKax M,...,D,, BOCCTAaHOBHTH OCEBYIO HArpy3Ky
p(x,1).

Takum 0Opazom, MaTeMaTHYeCKas MOCTAHOBKA OOpaTHOW 3a/ladyd COCTOUT W3

ypaBHeHHS (4) ¢ HEM3BECTHOW IPABOW YaCThIO p(x,r), TPAHUYHBIX M HAYaJbHBIX

YCJIOBHH, a TaK K€ JIOIOJIHUTEIBHBIX YCIOBUN

U(bn,’E)ZUn(’C), n=1N, (8)
roe U, (r) — u3BecTHbIE (PyHKIMU BpeMeHH. Ha mpakTuke oHM IpeaCcTaBiIsioT co00it

3HA4YCHMUA HCpCMCIHCHHﬁ, IMOCTyMNaromuc ¢ JaT4YNKOB.

13



Bropasi riiaBa TOCBsIIEHA HECTAIMOHAPHBIM (DYHKIMSIM BIMSHHUS IS
ctepxHeil. [IprBeneHbl MOCTAHOBKH HECTAIIMOHAPHBIX 3a/1a4 O (DYHKUMAX BIHUSHUSA
IUIg ynpyroro crepkHs M Oanku TumomeHko. JlaHO MX pelleHHe U IMPOBEIEHO
uccleoBaHNe (PYHKUMNA BIUsAHUA. PerieHsl nmpsMble HECTAllMOHAPHBIE 3aJaud AJis
crepkHed. [Ipenioxken u peann3oBaH aHATUTUYECKUI aITOPUTM PELICHUS.

@DYHKIMU BIWSHHAS IOCTPOCHBI AHAIUTUYECKH C IIOMOIIBIO HHTETPAIbHOIO
npeoOpa3oBanus Jlamiaca mo BpeMeHU U paszioxeHui B psubl Dypbe mo cuctemam
COOCTBEHHBIX (PYHKIIMI COOTBETCTBYIOIIMX MPSIMBIX 3a/1a4.

JIJi1 OMHOCTYTIEHYATOr0 CTePXKHS MOTOHHAs (PYHKIHUS BIUSHUS UMEET BU/I:

_ ZZsm A.EsINA TsIN knx’ - 2n —1n. 9)
n=1 K " 2

n

G(x

JIJis 0OTHOCTYNEHYAaTOr0 ¥ MHOTOCTYTIEHYATOT0 CTEPXKHS TPaHUYHbIE (PYHKIIHH
BJIUSIHUS TIOCTPOEHBI B M300pakeHusx mno Jlammacy. Opurunanel 3TuX (GyHKIHANA
HaxoOJIUThb HET HEOOXOJUMOCTH, IOCKOJIbKY IpEIJIOKEHHbIE B padOTe METOJBbI
perieHus: oOpaTHBIX 3aJlad, B KOTOPBIX ATH (YHKUHMHU HCIOIB3YIOTCS, IMO3BOJIST
UCIOJIb30BATh PEIICHUS B U300pAKEHUSX.

Opurunan GyHKIUU BIUSHUS 11 0ainku TUMOIIIEHKO UMEeT BU:

W (X,,7) =iew (&,7)sinA,X, G, (&,7)=8,(&)G,(7),

Gun ()= (Ajn sina, T+ B, sin Bnr), A, =mn, A, =const,B; =const.

(10)

C noMouIbIo HaIeHHbIX (PYHKIUHN BIMSHUS [TOJIy4YEHbI PELIEHUS psiJa MPSMbIX
HECTAIlMOHAPHBIX 3aj1ad Juisi OaloK W CTEp)KHEW, B TOM UHCJE CTYIEHYaTOro
[IEPEMEHHOTO CECUCHHSI.

TpeTbsi r1aBa MOCBSAIICHA PEUICHUIO HECTAIIMOHAPHBIX OOpPATHBIX 3a/1ad s
cTepxkHeil. Pemena oOpaTHasi reoMeTpuyeckas M PETPOCHEKTUBHAs 3ajaya AJis
yIpyroro crepxkHs. PemeHue reomeTpuyeckol oOpaTHOM 3ajaud OCHOBAaHO Ha
annpoKCcUManuu MCKOMOM byHKIIMU-TIapaMeTpa KYCOYHO—TIOCTOSIHHOM
3aBUCUMOCTBIO, 10 MPOCTPAHCTBEHHOM KOOPIMHATE KOTOPOE CBOJUTCS K CHCTEME

HEJIMHEHHBIX (PYHKIMOHAIbHBIX YPAaBHEHUH OTHOCHUTEIBHO HMCKOMBIX IapaMeTpoOB
14



nedekra. Pemena obpaTHast peTpOoCIEeKTUBHAS 3a/1a4a JUIsl yIIPYTroro CTEPKHS U OaJIKu
Tumomenko. Pemenne o6paTHOI peTpOCEKTUBHOM 3a7aun, Oa3UpyeTcsl Ha METO/E
¢yskuuil BausHUsA. C ero mpUMEHEHHEM oOpaTHas 3ajada CBOJUTCSA K PEIICHUIO
CUCTEMBl MHTETPaJbHBIX ypaBHeHMM Tuna Bossreppa II-ro poma mo BpemeHu
OTHOCHUTEJILHO UCKOMOMW Harpy3ku i Oajku/ ynpyroro crepxkss. s ero pemieHus
UCIIOJIb3YETCSI METOJ MOCJIEIOBATENbHbBIX NMPUOIMKEHUM B COYETaHUU C OBICTPBHIM
npeobpazoBanueM Dypoe.

O6DaTHa}I IreoMETPUYICCKada 3aga4a 111 CTCPIKHA

OOparHast HecTalmoHapHasi TEOMETPUUYECKas 3a/lada COCTOUT B OMPEICICHUU
OJIHOTO, HECKOJBKHX WJIM BCEX HEW3BECTHBIX MapaMeTpoB AedeKTa Mpu 3aJaHHBIX
OCTaJIbHBIX IMapaMeTpax C Y4YE€TOM HYJEBBIX HAYaJIbHBIX YCJIOBUH W TPaHUYHBIX
YCJIOBHM 3aKpeTUICHHsI Ha OJJTHOM KoHIle. [lomaraeTcs, 4To 3aBUCUMOCTh ITepEMEITICHUS
TOpIla CTEPXHsS, Ha KOTOPHIA BO3JCHCTBYET OCeBas CHJIa, U3BECTHBI W3 TOKa3aHUs
JaT4uKa MepeMeIIeHUH, 4TO U COCTaBJseT JOTOJHUTEIIBHOE YCIOBUE, HE0OOX0IUMOE

IS peleHnst 00paTHOM 3a7auu (PUCYHOK 5).

Hedext Nel
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- *
. .
. m
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Puc. 5.

3necy F — miomans nomnepeyHoro ceueHus CTep kHs Ha ydactke 0e3 nedekra, F, —
IUIOIIAAb CTEP)KHS Ha ydacTKe ¢ AedeKToM, X, U X, — KOOpAWHATHI JIOKATHU3AINN

nedekra. CpenqHuid ydacTok OyneT onuchiBaTh AeeKT npu ero Hamuuuu. [lpu sTom
MEPEMEIIICHUST KOHIIA TPEThEro y4yacTKa JOJDKHBI COBIANATh C MEPEMEIICHUSIMU

PETUCTPUPYCMBIMU  TATUYHUKOM. Hckombie mapaMCTphbl SABHBIM 06pa30M BXOJAT B
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HalJICHHOE pEelICHHE NPSAMOM 3aJadd Uil MHOTOCTYIIEHYAaTOro CTEpPXKHsA. Takum
o0pa3oMm, MPUXOJAUM K CIEAYIOUIEMY YPaBHEHHUIO:
u(l,t)=u(l, %%, %, F,)=U, (7). (11)
VYpaBuenue (11) B 3amaHHBIE MOMEHT BPEMEHH T, HPEICTABISAET COOOM
HEJIMHEHHOe anredpanvyeckoe ypaBHEHHUE C TpeMsl HEU3BECTHBIMHU B KauecTBe
KOTOPBIX, BBICTYMAIOT MapameTpbl aedexrta. Takum oOpa3zom, A MOITy4YECHUS
3aMKHYTOM CUCTEMBI TPEX YPaBHEHUN OTHOCUTENIBHO TPEX HEU3BECTHBIX JIOCTATOYHO

3a(MKCUPOBATh TPU MOMEHTA BpeMeHU T, , K =1,2,3 1 nosy4uTh COOTBETCTBEHHO TPH

ypaBHeHI/IH, n3 KOTOpBIX MOFYT 6BITB OHpeHeHeHBI HNCKOMBIC HCU3BCCTHEBIC HapaMeTpLI:
U, (Xl, X, Fz) =0,k=12,3,
Uk(xi'XZ’ Fz) :u(I’Tk’Xsz’ FZ)_Udk’ Uy =Uy4 (Tk)

Jns pemeHus CUCTEMBl HEIMHEWHBIX YPAaBHEHUM MCIIOJIB3YETCS METON

(12)

Hrrorona.
Jns pemieHust oOpaTHOW 3ajaud, 3a0aquM CIEAYIOIIME MapaMeTpbl st

TPEXCTYIEHYATOrO CTEP)KHS (PUCYHOK 5):

Homep X, X, = F, F, p(7)
nedexra
1 0.1 0.2 0.07 0.06 0.07 0.17°
2 0.49 0.51 0.07 0.01 0.07 10e "1
3 0.7 0.9 0.07 0.1 0.07 0,53in(51)12
Taomunal

N =10, u=0.01 — 3amanHas TOYHOCTH pEIICHUS, u3(1:) — MEPEMEILICHUS, U3BECTHBIE

N3 PCUICHUA HpﬂMOﬁ 3aJlavu AJis MHOTOCTYIICHYATOI'O CTCPIKHA.

Jlnist onpeneneHus AedexTa B ynmpyrom cTep>kHe Hy>KHO onpenenuts F,, X u X,
(Tabmuma 1), rme mpu mepexojae Ha HOBBIM HOoMep nedekTa OyAaeM CUHMTaTh ClieBa
Hamnpaso F, F,, F;.

IIpu 3agaHHBIX TPEX MOMEHTaxX BpeMeHH T, =1,1, =2 u 1, =3, omamu F u
F, nmonaratorcs n3BectHbIMU. Ha HCKOMBIE MapaMeTpsbl, HCXOs U3 TEOMETPUIECKOTO
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CMbICIIa 3a/laud, HAKJaJIbIBAIOTCS JONOJHUTENbHble orpanuuenus: 0<F, <0.25,
O0<x <X,<1. Ilpu stoMm X =X,=F,=0 - HauanbHble 3HaUEHHS MCKOMBIX

napamMeTpoB, COOTBETCTBYIOIIME HYJIEBOM UTepaunu Meroaa HeroToHa.

HOI[CTaBI/IM N3BCCTHBIC BCJIIMYMHBI B PCHICHUC Hp}IMOﬁ 3agaun  aJit

MHOTOCTYIIEHYaTOTO CTEPKHS M PElIMM CUCTEMY HEJIMHEWHBIX YPAaBHEHUU

otHocurensHo F,, X u X,. Iomyunm F,=0.0L,x =049 u x,=0.51, uro
COOTBETCTBYET 3aJJaHHBIM ITapaMeTpaM Il JAHHOI'O CTEPIKHS.

Takke CTOUT MPOBEPUTHh YCTOMYMBOCTDH PELICHUs] OOPATHOM T€OMETPHUUECKOMN
3amaun. JlJig 3TOTO K BEKTOPY MepeMenieHui J00aBUM BEKTOpP CIYYalHBIX BEIUYHMH

nopsaka €=0.01. [lomyuum ycroitunBoe pelieHHe 3agaud OOpaTHOM 3amadu

(Tabnuma 2):

Homep X, X, R F, F, p(t)
nedexra
1 0.0909 | 0.1999 0.07 0.06009 0.07 0.17°
2 0.4899 | 0.5099 0.07 0.01001 0.07 10e "7’
3 0.6998 | 0.8998 0.07 0.10001 0.07 0.5sin(51)t’
Tabmauma 2

Kak BUIHO 13 pUBEAEHHBIX PE3YNIBTATOB pacuéTa, HeCTallMOHapHAasi oOpaTHas
3a/laya 1o uAeHTUUKALKMKU JAePeKTa B YIPYrOM CTEPHKHE PelIaeTcss KOPPEeKTHO 0e3
HCIIOJIb30BAaHUSI METOJOB PEryJiApu3alii. JTO CBA3AHO C TEM, YTO pa3pellarolive
ypaBHEHUs OOpaTHOM 3a7aud HEMOCPEJACTBEHHO CIEAYIOT W3 pEIICHUS MPsIMOM
3a/1auyd, KOTOpOE SBHBIM OOpa3oM COAEPKUT HCKOMBIE BEIMYMHBI B Ka4eCTBE
napameTpoB. HecranmoHapHblid xapakTep 3agaddl TO3BOJMI 3aUKCUPOBATH TPH
MOMEHTAa BPEMEHHM U COCTABUTH CUCTEMY HEJIMHEWHBIX YPAaBHEHUN OTHOCUTEIIBHO
HMCKOMBIX MapameTpoB aedekra. MccrienoBaHo pemieHue oOpaTHOW 3adauu MpH
HaJIMYUU 3allyMJICHHOCTH M3MepeHUi. OHO NMOKa3bIBA€T HE3HAYUTEIBHOE BIIMSHUE
3alIyMJIEHHOCTH HW3MEPEHUN Ha pelIeHHue OOpaTHOM 3ajayd, 4YTO TOBOPUT OO0

YCTOMYMBOCTH MPENIOKEHHOTO METO/IA.
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OOparHasg 3agaya mo UWISHTHGOUKALUMA COCPEIOTOYEHHOM CHIIBI JUIS YIIPYIOTO

CTEPKHA U OAJIKM THUMOIIIEHKO

[Ipyn onucaHnuM METOAOB pelieHUs: OOpaTHBIX PETPOCHEKTHUBHBIX 3a7ad s
CTEp)KHEW MpUMEM CJEAYIONMYI0 TEepMUHOJNOTHIO. B cimydae pemeHuss oOpaTHOM
PETPOCIIEKTUBHOM 3a/lauyu JJjIsl yOpPYroro CTepkHs OyaeM oOo3HayaTh: U —

nepeMeleHus I ynpyroro crepxkHs, G, — (yHKUMsS BIMSHUSA U yIPYIrOro

crepxHs. [Ipu perennn oOpaTHON pEeTPOCIIEKTUBHOM 3a1auu Jisi Oaikyd TUMOIIIEHKO
BMECTO NepeMenieHuit U, OyaeM Ucnoiab30Bath W — nmporud ams 6anku TUMOIIEHKO,

a BMecto G, — ¢yHkuurto BausiHuA i 6anku Tumomenko G, . ITockoiabky MeTOAbI

pemeHus 3amad Juisi OaJIOK W CTEp)KHEW CXO0XH, OyaeM HCIONbh30BaTh IS
nepemenieHnii oooznauenue U, a s Gyakoun BiausHus — G, uMes B BUIY, YTO B

ciydae crepxkHsi G =G, a B ciyuae 6anku - G =G, u=w.
3Has QyHkumio BiusHUA G (x, E, r) M OCHOBBIBAsACh Ha IPHUHUHUIIE

CYNEPHO3UINH, U3 PEIICHUS NPSIMON 3ajaud Jid YOPYroro CTEPXKHS WU Oajku
TumomeHko nepeMerieHus B Touke X =D ycTaHOBKM AaTdnKa MOXHO MPEICTABUTH B

BHUAC

T

u(b,7)=[G(b,x,T—t)p(t)dt, (13)

0

rae u(b,t) — mepememenust ynpyroro crepxkust (i nporu6 u(b,t)=w(b,t) Gamku
TUMOIIEHKO) B TOYKE YCTAaHOBKM JaT4MKa, a X, — TOYKA TPHIIOKEHHS

COCPEIOTOUYCHHOU CHITBI.
VYpaeaenwne (13) siBisieTcss MHTETpabHBIM ypaBHeHHEeM BombTeppa I-ro poxa.
Jlns  Toro, 4YTOOBI TMOJIy4UTh KOppekTHyro 3amauy (13) mnepeiimem ot
WHTETPAIBHOTO ypaBHeHUs Bombreppa |-ro poma, K HMHTErpaibHOMY ypaBHEHHUIO
BonwsTeppa ll-ro poma. D10 HeoOXoaumoO mJii TOTO, YTOOBI OCIAOUTH YCIIOBUS

CymeCTBOBaHUA U €CAMHCTBECHHOCTHU PCIICHUSA YPABHCHUS:

p(r)+_£.K(r—t)p(t)dt:F(r),K(t):gfﬂ—ggg,F(t):L(r). (14)

T

18



VYpaaenrne (14) ymoBieTBOpSIET YCIOBUSM TEOPEMBI 2, CIIEJJOBATEILHO
SBISIETCS KOppekTHhIM 1o JK. Anmamapy, 4TO IO3BOJISIET IOJYYHUTh KOPPEKTHOE
pelrenre ooparHoi 3aaaun (13).

Jlnst  pemieHus WHTErpajbHOTO ypaBHeHus Bombreppa Il-ro poma (14)
UCTIOJIB3YETCS aJITOPUTM METO/1a TIOCIICIOBATEIBHBIX PUOIMKEHUH. [1J1s1 TOTrO 4TOOKI
YCKOPHUTH BBIMOJIHEHUE UTEPAIMOHHOTO MPOIECCa B YACTH BBHIUMCIICHUN MHTETPAJIOB
CBEPTKH, UCIIOJIb3yeTCs ObICTpoe peodpazoBanue Dypre.

OTHOCHTENbHA TOTPEHIHOCTh  BBIYUCICHUA HA  TEKyIIEH  HTepaIruu
ompenensiercs no Gopmyre:

) p(m)_p(m—l)
N

rae M — 3ajaHHas TOYHOCTh. HepaBeHnctBo (15) ompenenser HOMep WUTepaluu Ha

<n (15)

KOTOPOH MPOLIECC OCTAaHABIUBACTCH.

[IpuBenem mpumepbl peuieHus 0OpaTHONW PETPOCIIEKTUBHON 33a4ll METOAOM
MOCTIeIOBATEIbHBIX MPUOIMKEHHI COBMECTHO C OBICTPBIM mpeodpazoBanueM Dypre.
Jlnis perenust oOpaTHOM 3a1ayu OyJIeM HCIIOJIb30BATh MEPEMEIICHHS, TIOTyYCHHbIE B
XOZIe pelleHus NPsSMOM 3afauu, a TaK K€ HCIOJIb30BaHHBIC MPHU PEIIEHUH MPSIMOii
3a/1a4u COCpeOTOYEHHbIE cUiibl. 3aaanHas TouHocTh 1 = 0.001.

Ha pucynkax 6 — 9 npuBenens! rpaguk GpyHKINUN peanbHON COCPEAOTOUECHHOM
CHJIBI M BOCCTAaHOBJICHHOM CHJIBI, MOJIyY€HHOW IpH pelIeHnHu oOpaTHOM 3amaui.

Pucynkam 6 1 7/ COOTBETCTBYET pElICHHE AJIS YIPYTrOro CTEp>KHS BHEUIHSST OceBast

cuiia p(r) = O.58in(51)1:2, g 8 u 9 — Ganke TUMOIIIEHKO BHEIIHASA OCEBAs CUJIA —

1
p (T) = 1+ '[;3 + \/; . 3,Z[€CI> YCpHas  JHWHAA  3aJaHHas  Harpyska, cépad —

BOCCTAHOBJIEHHAsl, TOYKa NPUIIOKEHUS cocpeaoroueHHor cuibl &=0.5, Touka
ycranoBku natamka b=1, N =20. [Ipu u3mMeHeHHH Tapamerpa COCPEIOTOYCHHOM
CWJIBl PELIEHUE TAK € MOJydaeTcs KOppeKTHbIM. [Ipu n1ro0oM cnocobe yCcTaHOBKH
JaTuMKa pelIeHue TakkKe OyIeT KOPPEKTHO (pe3yJbTaT BOCCTAHOBJICHUS HArpy3KH

MPaKTUYECKA COBMAAACT C peaIbHO JeHCTBYIOIIEH cuiioi). Takxke CTOUT MPOBEPUTH
19



YCTOWYMBOCTD PEIICHUs 00paTHOW PETPOCTIIEKTUBHOU 3a1a4yu. s 3TOro K BEeKTOpy
nepeMeneHnii J00aBuM BEKTOp CilydaiHbIX BenuduH nopsaka € =0.01, u npoBepum
pelieHue, mokazaHHoe Ha pucyHkax 6 u 8 (pucynku 7 u 9). Kak BUIHO U3 pUCYHKOB /

1 9 penieHne ycToN4MBO.

404

30

201

10

[S]
n
[ 8]
[

Py P

T T

Puc. 8. Puc. 9.

O6DaTHaH 3ajada IIo I/IIICHTI/Id)I/IKaIII/II/I pacnpeeACeHHON CHUJIbl JUISL YOPYIOro

CTCPIXKHA U 0anku THMOIIEHKO

B sToMm citydae oOpatHas 3agaya CBOAUTCA K PEIIEHUIO CUCTEMBbI OIEPaTOPHBIX

YPAaBHCHUU:
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U(bk,r)ziln(r)sinknbk,k:1,_N, (16)

n=1

rae p,(t) — koaddurmenTs pasnoxenus B psix Dypbe Hckomoit Harpyskn, | (t) —

WHTerpanbHble  omepatopst  Buaa | (t1)= —knj d,(t—t)p,(t)dt+p,(t). Bun

0

byHKIMH gn(r) KOHKPETHU3UPYETCS B 3aBUCUMOCTH OT 3a7aud (JUIsl CTEPXKHS WIIU

Oankn).

OGpatHas 3a/1a4a COCTOMT B onpezeseHuu koddduuuentos p, (t). Homyctum,
Ha HEKOTOPOM OTPE3KE CTEPHKHs YCTAHOBIEHO N JaTYMKOB, KOTOPHIE M3MEPSIOT

3HAYCHHUS YCKOPECHUN CTEPIKHS U.l(‘t) = l'j(bl,t),U'2 (r) = U(bz,t),...,U'N (r) = U'(bN ,r) B

_b+b,  b-b COS(Zk—l

3aBUCUMOCTHU OT BpEMCHU T, I'/IC bk = 5 N N

n), b, - koopanHara

IEPBOIro JaTyrvKa Ha CTCPIKHE, bN - KOOpAuHaTa 1oCJICAHCTO JaT4YHKa.

OrpannuuBasce nepBbiMu N  uneHamu, mnomxydaeM N HHTErpaibHBIX

npencrasicHnid (16), KOTOpBIE COCTABISIFOT CHCTEMY ajireOpanuecKux YpaBHEHHM
OTHOCHUTEJIbHO HMHTErPaJbHBIX OIeparopoB BoisbTeppa In(r), n=1N. Pemas sty

cuctemy noiayyaeM N HecBsA3aHHBIX MHTErpaibHbIX ypaBHeHUW Bonbreppa Il pona,
JUISL pELIEHUsI KOTOPBIX NPHUMEHSEM TE€ K€ METOAbl, KOTOpPHIE HMCIOJIb30BaHbI B
pELIEHUAX OOpaTHBIX 3a7]a4 O BOCCTAHOBJIEHUU COCPENOTOUEHHBIX HATPY3O0K.

Ha pucynkax 10 - 13 mnpuBenensl rpadukud (QYHKIMH peabHOM
pacIpeneIeHHON Harpy3Ky U BOCCTAHOBJIEHHOM HArpy3KH, ITOJy4YE€HHOU IIPU PELICHUN

oOparHoi 3aiaun. Pucynkam 10 u 11 cOOTBETCTBYET peLICHHE JIJIsl yIIPYTOro CTEPIKHS
: 1 2
BHEIIIHSS pacipeie/ieHHas Harpy3ka | ( X, r) =e ‘sin 57IX|: H(x- g) -H(x- g)} , JUTSI

12 u 13 - Oanke TuUMOIIEHKO BHEIIHSS paclpejiesieHHass Harpyska —

p(x,t)=¢€" (x5 ~0.5x* - 0.4x° +0.9x* — x) . 311eCh YepHas IMHAA 3aJaHHas HATPY3Ka,

ccpasd — BOCCTAHOBJICHHAs, HaAYaJIbHAasA TOYKAa YCTAHOBKHM JaT4YHKa b= 05, KOHCYHAasA
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To4Ka ycTaHoBkM nartunka b =1, N =5. [Ipu nro0oM criocobe ycTaHOBKH JaTYMKa

pemeHre OyAeT KOPPEKTHO (pe3ylbTaT BOCCTAHOBJICHHUS HArpy3KH MPaKTHYCCKH
COBIAJAET C PEAIbHO JEUCTBYIOLIEH CHITOi). Takke CTOMT MPOBEPUTH YCTOMYHUBOCTD
pemieHus. s 3TOro Kk BEKTOPY YCKOpPEHHM J00aBUM BEKTOp CIy4YaWHBIX BEIWYHH
nopsanka € =0.01, u npoBepuM pernieHue, nokazanHoe Ha pucynkax 10 u 12 (pucynku

11 u 13). Kak Bumno u3 pucynkoB 11 u 13 pemenue ycTon4uuBo.

0 v 0
ok 6 08 i ok

-0.001 ‘ F’ [ -0.001 ‘

T T
0.6 0.8

— -.__._21
P

1 1
-0.002 1 1 -0.002 1 1
-0.003 [ -0.003
Pt ) [ Pt ) i

-0.004 | -0.004 |

-0.005

=0.006 ~ \

-0.005

=0.006 ~ \

ey
ey

Puc. 10. Puc.11.
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0,2 04 06 08 1 0.2 04 06 08
A\ |\
-0.024 -0.024
-0.04 1 -0.04 1
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-0.08 4 -0.08 4
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3akaroyenue.

B pamkax paOoTbl Haja nuccepranued pa3paOOTaHbl MOCTAHOBKH, METOJBI U
MNOJAXOJbl K PEIICHUI0 HOBBIX, AKTyaJbHbIX B IPUKIATHOM M TEOPETUYECKOM
OTHOIIICHUH, HECTALIMOHAPHBIX OOPATHBIX 3aJ]1a4 JIJIsl CTEPIKHEH.

OCHOBHBIE pe3yNbTaThl TUCCEPTAMOHHON pabOTHI.

1. [TocTpoenb! GyHKIMH BIAUSHUS U PEICHBI MTPSIMbIE HECTAIMOHAPHBIE 3a]]a4H
i crepkHed u Oanok TUMOIIEHKO, B TOM YHCJE JJS CTEP)KHS CTYNEHYaTOro
MONEPEYHOTO CEYECHHUSI.

2. IlomydeHsl penieH st HeCTallMOHAPHBIX T€OMETPUYECKUX OOpATHBIX 3a4a4 JJ1s
YOPYIOoro CTEpXkHs, B TOM YHCJIE 337a4 10 ONPEACIICHUIO HATMYHUS U PACIIOJIOKEHUS
nedeKkToB, a TakkKe WACHTU(PUKALIMM WX TUIOB, pa3MEpoOB M  CTEMECHH
MTOBPEXICHHOCTH.

3. TTocTpoeHs! pelieHus: HeCTallMOHAPHBIX PETPOCIIEKTUBHBIX OOPAaTHBIX 3a7a4
II0 BOCCTAaHOBJICHUIO Harpy3ku, JEHCTBYIOIIEH Ha cCTepxkKeHb. [ perenus
NOCTABJICHHBIX 3a/lad HCIIOJIb30BAaH €IHMHBIA IOXOJ, OCHOBAHHBIA Ha METOJE
¢yukuuid ['puna (Qynkumit BausiHus). Ilpu 3TOM HaWAeHBl aHATUTUYECKUE
BBIpQXKEHUS [ HEOOXOAUMBIX (YHKIMI BIHSHUSA, MOCTPOCHBI pa3peularoiiye
UHTErpajbHblE YPAaBHEHHMsI, pPEajJu30BaHbl YHUCIEHHbIE METOAbl HUX pemeHus. llo
pe3ynbTaTam JIUCCEepPTALMU OIYOJIMKOBAHO IOCTATOYHOE KOJMYECTBO HAYYHBIX PadoT,
OTPaXKarOLIMX OCHOBHOE COJIEPKaHUE MPOBEAEHHBIX NCCIIEA0BAHMIA.

[Ipensiaraempie TOCTAHOBKM M METOJbl PEIICHUI HECTAIMOHAPHBIX OOpaTHBIX
3a/1a4, OMHUCAHHBIX B IUCCEPTALIMU MOTYT MOCITYKUTh OCHOBOM CO3/1aHUsI KOMILIEKCOB
MOHUTOPUHIa KOHCTPYKLMH peaibHOro BpeMeHru. OHM 03BOJIAT HEMTOCPEICTBEHHO BO
BpEMsI SKCIUTyaTallly CJICUTh U BOBPEMS MPEAOTBPAILATH BOSHUKHOBEHHE U PA3BUTHE
NOBPEXICHUN, OTCIICKUBATh  PA3JIUYHBIE CTPYKTYpPHBIE  IIPEBpPALLECHHUS,
BOCCTaHABJIMBATh IPOCTPAHCTBEHHO-BPEMEHHBIE 3aKOHBI BO3JCHCTBYIOUIMX HA

KOHCTPYKIHIO BHCITHUX HAI'PY30K.
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