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1 AHAJIM3 METOA0B OHEHKU TEXHUYECKOI'O COCTOsSAHMUS,
NPUMEHSEMBIX VIS HEOTETI'ASOIIEPEKAYNBAIOIEI'O
OBOPYJIOBAHMUS BO BPEMS EI'O PABOTBI

DddexTrBHAs KCIUTyaTalldsi OCHOBHOI'O TEpeKaunBalollero o0opyJoBaHUs Ha
HeTenepekaunBarOIUX U KOMIIPECCOPHBIX CTAHIUSIX SBJISIETCS OJHUM U3 BaXKHEUIIHUX
BOIIPOCOB  TPYOONpPOBOJHOrO  TpaHCHopTa.  MarucrtpajabHble  HAacOCHbIE |
ra3zornepeKkavyrBarollfe arperatbl — MOIIHbIE JHEProeMkKue MalluHbl, 3¢ deKTUBHAS
AKCIUTyaTausi KOTOPBIX HANPSAMYIO BIHSIET Ha HAJIeXKHOCTh W HSKOHOMHYHOCTH
oTpacin. Hapsay ¢ mpobiiemMaMu TEXHUYECKOTO COCTOSIHUS U PabOTOCIIOCOOHOCTH
arperatoB Tak)Xe HEOOXOJMMO BBIJIENIUTH BOIMPOC OO0 3KOHOMHUU JJIEKTPOIHEPTrUU Ha
nepekadky. OTka3 OTBETCTBEHHOTO 00OpYA0BaHUS BeleT K JOMOJTHUTEIBLHBIM 3aTpaTaM
U u3gepxkkam ot mpoctos [133].

B Bompocax oOecrnedueHuss HaAe)XHOCTH U SHDPEKTUBHOCTH ODKCIUTyaTallud
000pyTIOBaHUS OJHUM M3 TJIABHBIX aCIEKTOB SBJISIETCS TUArHOCTHKA €r0 TeXHHUYECKOIo
COCTOSIHMSI, OCHOBaHHasT Ha TOM, 4YTO KOJHMYECTBEHHblE M KadeCTBEHHbLIE
XapaKTepUCTUKNA JUArHOCTUYECKMX I1apaMeTpPOB SBJISIOTCS TMpPU3HAKAMU TOTO WIIH
uHoro nedekra. B pesynbrare HapaOOTKM CTAaTUCTHUYECKOro MaTepuana IO CBS3U
MEX]ly XapaKTEepUCTUKAMU AUArHOCTUYECKUX MapaMeTpoB U COCTOSIHMEM OObEKTa Mo
KOKJIOMY BUIY OOOpYIOBaHHMS pa3padaThIBAIOTCS JAUArHOCTHYECKHE aJrOPUTMBI,
BKJIOUAlONIe B ce0s Tak)Ke STallOHHbIE YPOBHHM M IIpaBWUJIa INPUHITHS PEIICHUS O
MPUHAUIEKHOCTH 00bEKTA K TOMY HJIM HHOMY By TEXHUYECKOTO COCTOSIHUSA [ 75].

Mzydenuto Bompoca pa3pabOTKM METOJIOB  OMpeesieHUus TeXHUYECKOro
COCTOSTHHSI HACOCHOTO M KOMITPECCOPHOT0 000pYyI0BaHUS MOCBSIIEHBI paboThl ApaioBa
O.B., baxaiikuna C.I'., banuukoro @.41., bapkosa I'.A., bapkosa H.A., bepnuna M.A.,
buprepa N.A., T'euxkuna M./, T'onpauna A.C., T'aneeBa A.C., I'ymepoBa A.l.,
3apuukoro C.I1., Mmemryxuna E.N., KoctiokoBa B.H., Jlomatuna A.C., KamuHckoro
CI., Jlucuna HO.B., MactobaeBa b.H., Haymenxo A.Il., Ilucapeckoro B.M.,
Pozen6epra I'.I11., PycoBa B.A., ConoBrseBa A.b., CokonoBoit A.I'., Cyneiimanosa P.H.,



IIpaxosa N.B., Tynyryposa B.B., XBoctuuenko C.b., ®unumonosa O.B., [[lammazosa
AM., lllupmana A.P., SAxo6cona ILIL u ap. [10, 11, 12, 15, 17, 24, 51, 54, 57, 58, 59,
71, 118, 122, 134, 135, 157, 161, 174, 184, 191, 201, 203, 204]. 13 uHOCTpaHHBIX
YUEeHBIX BOIPOCAMH TEXHUYECKOU auarHocTuky 3anumarotcs Randall R.B., Barszcz T.,

Jablonski A., Shin K., Braun S. u np.[215, 216, 217, 259, 263].

1.1 TIIpumeHsieMble MeTOAbI 1Jisl JHATHOCTHPOBAHHUSA 1e(eKTOB

HedTerazonepekaunBaKINX arperaTon

Omnpenenenre BUaa TEXHUUYECKOTO COCTOSIHUSI HACOCHOTO O0OPYIOBaHUS MOXKET
MIPOU3BOJINTHCS KaK B COOPAHHOM COCTOSIHWH, TaK M TIOCJI€ €ro IOJHOW pPa30opKH.
MeToapl TEXHHYECKOW TUArHOCTHKH, TPeOYIoIHe pa300pKH, OOBIYHO TMTPUMEHSIOT TPH
KalmTaIbHOM PEeMOHTe — TIpu JedeKTalli ero 3JIeMeHTOB. B mepuon skcrryaTanun
HACOCHBIX arperaToB MPUMEHSIOTCS METO bl 0e3pa300pHOM TMarHOCTUKY KaK Hanboliee
SKOHOMHUYHBbIE W TIO3BOJISIONIME TIOJydaTh OMNEPaTHBHYIO HHPopMmaluio o0 ux
cocTtossHMHM. M3 NaHHBIX METOJOB MOJKHO BBIICIUTh IapaMeTPHUECKYl0 |
BUOPAIIMOHHYIO JUArHOCTUKY. IIpu oTOM Kaxziblii W3 METOAOB JUATHOCTUKH
OTIIMYACTCSl Pa3JIMYHOM CTEMEHBIO JIOCTOBEPHOCTH M CTENEHBIO ONEePaTUBHOCTU
ucnoib3oBanus (PucyHok 1).

Cnenyer OTMeTUTb, YTO Ha JaHHbBIH MOMEHT He CYIIEeCTBYeT MeToja,
MO3BOJISIONIETO JOCTATOYHO JTIOCTOBEPHO W OOBEKTHUBHO WICHTU(MUIIUPOBATH Ne(DEKTHI
HedTeraszonepekaduBaroniero ooopymoanus. CyIIecTBYIOIIHE METOIbI HCIOJIB3YIOT
KOCBEHHOE oIpejeiieHrue JeeKTOB UCXOJsd M3 ONbITa 3KCIUTyaTalldd 00OpYIOBaHMUS.
Taxxe oHH MmIoxo mommaroTcss aBroMatmsauuu [39, 276]. Kpome Toro cremyer
OTMETHTbh, YTO Ha JJAHHBIH MOMEHT OTCYTCTBYIOT METOJbI, IIO3BOJISIOIINE OIPEICIIUTh
noJiokeHrne Jedekra B MPOCTPaHCTBE, UACHTH(PUIIUPOBATH JePEeKT W y3HATh CTEIeHb
€ro OMacHOCTH He Ha OCHOBE OMbBITHBIX WM SMIMPUYECKUX JaHHBIX, & HA OCHOBE

TOYHOIO U (hyHJaMEHTAIbHOIO aHAIK3a.
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Pucynoxk 1 - Kimaccudukanusi BU0B TEXHUYECKOW TUarHOCTUKHU

1.1.1 MapameTpuyeckas TMarHocTUKa HedTerazonepekayuBarOIMNX

arperaToB

[TapameTpudeckass JAMarHocTika  HedTenepeKaurBarolero  00OpYIOBaHHMSI
MpeacTaBisieT Cco0OM  KOHTPOJb HOPMHUPYEMBIX TapamMeTpoB  O0OpYyAOBaHMS,
oOHapyXeHHe ¥ WACHTU(UKAWIO WX ONacHbIX u3MeHeHWi. [lpm amarHoctuke
ra3ornepeKayrBaloONIuX arperaToB WCIONIb3yeTcsi WHPOpMaIlds O MOIIHOCTH, pacXoje
raza, KI1JI, remnepatype u 1.1. [128, 160, 171].

[Ipy 3TOM TIPOBOIUTCS KaK aHAIW3 TEKYIIUX IapaMeTpoB, TaK M OTCIIC)KUBAHUE
napaMeTpoB BO BpeMeHH, HWHade TOBOps, aHalu3 TpeHIoB. [lapaMerpuueckas
JTUAarHOCTHKa TIO3BOJIIET ONEpPAaTUBHO OOHApYXXWBaTh OTKIOHEHUS B paboTe
obopynoBanusa. Ho mpu mapameTpuyeckoll IUArHOCTHKE HEBO3MOXKHO OTMPENEsaTh
KOHKPETHYIO NPUYNHY HapylleHui paboThl — ee paboTa HampapiieHa Ha OOHapyKXeHUe
MOCJICJICTBAN TeX WJIM MHBIX W3MEHEHUH B paboTe MepeKadynBaroIero o00py10BaHHUS.
Takum oOpa3oM, JaHHBIN BUJ TUATHOCTHKH OTIMYAETCS MPOCTOTOW B peanu3alviv U B
WHTEpIpeTallid JTaHHBIX, HO HEe T[I03BOJISIET IMPOBOJIUTH JIETAJbHBIA aHAJIH3

HEUCHPAaBHOCTHU.



1.1.2 BuGpanuoHHasi THATHOCTHKA ra3onepeKayHBaOIINX arperaTton

ITpu skcrtyatanuu 000pyI0BaHUS BCe 3JIEMEHTHI MPETePIeBaroOT onpe/ieieHHbIe
KoJie0aHus, onpeieNsieMble BO30YKIAIOIUMHU CHIIaMU M JKECTKOCTHBIMU TIapaMeTpaMu
B JIOKaJdbHOW 30He. Ha mocieaHWe BIMSIOT KOHCTPYKTHUBHBIE —TapaMeTpbl
obopynoBanus. Bo30Oyxnaromue cuibl (GOPMUPYIOTCS HUCXOIs U3 KHUHEMAaTHKH
IBUKSHHSI PA3JTUYHBIX Y3JIOB.

AOGCOIFOTHO WCTIpaBHAas MallliHA He BUOPHWpPYET, HO HEMpPeMEHHOE HaJUJHe
nucbananca U JAedeKTOB NMPUBOIAT K TOMY, YTO Jaxe HOBOe O0OpYJIOBaHHE TIOCIe
peMoHTa BUOpHpPYIOT. [laHHBIE YPOBHH BHOpAIM COOTHOCST K MCIPAaBHOW MallluHE, U
JTF00BIe OTKJIIOHEHHUS XapaKTepU3yIOT O HATMYWH Je()EeKTOB WIIA HEONITUMAITLHON paboTe
nepekaydnBaroiero obopymosanus. [18, 60, 204].

CTOUT OTMETHTh, YTO BHUOPOIUATHOCTHKA TIPOBOIUTCS B HECKOIBKO YpOBHEH
[128, 191].

[TepBbIM, HU3MIMM ypOBHEM BHUOPOJAMATHOCTUKH SIBISETCS KOHTPOJbL OOIIEro
ypoBHS BHOpamuu. B 3TOM cllydae TpOBOIUTCS W3MEPEeHHE YpPOBHsS BHUOpalliu B
OTIpe/IeNIECHHOM CIIeKTpe, W OIpeAelsieTcsl CpelHeKBaJpaTHYHOe 3Ha4YeHHe, KOTOpoe
CpaBHUBaeTCcs C OTalOHHBIM. B Poccum mpuHSATBI clemyiomuye  COCTOSHHSI
0o00OpyI0BaHUs, YCTAaHOBJICHHBbIE HOPMATUBHBIMU JIOKYMEHTaM: «HEJOIYCTUMOE),
«IIOTTYCTUMOE», «YAOBIICTBOPUTEIIBHOS» M «XOopollee». B cooTBeTCTBHHM C 3TUM
U3MepsieMoe  CpeHEKBAJpaTUYHOE 3HAaYeHHEe BHUOPOCKOPOCTH CpaBHUBAETCS C
MTOPOTOBBIMU 3HAYEHHUSAMU JJISI KOHKPETHOT'O 00OPY/IOBaHMS B OIPEACIICHHOM pPEXUME
paboThI U ONpeeNAeTCs ero TeEXHUIecKoe cocTosiHue [62)].

HopmartvBHBIE YpOBHM WHTEHCHBHOCTH BHOpAlMM HEPTIHBIX MaruCTpallbHBIX
HAacOCOB TIpe/cTaBlieHbl B HopMmaTuBHON pokymeHTaruu [170]. Touku wu3mepeHws
SIBIISIIOTCS CTPOTO 3aJaHHBIMK (TIOIIMITHUKOBBIE Y3JIbI, KOPITyC, Ormopbl). Hopmbr miis
AJIEKTPOBHUraTelell npeacrabieHsl B [166]. pyrue HOpMBI MOXXHO BHIETh B [65]. [ls
ra3ornepeKayrBaloONIdX arperartoB HCIOJIL3YIOTCS HOPMATHBBI IOJIOCOBBIX YCTaHOBOK

I[TAO «Tlazmpom» [53]. OpgHako B JaHHOM JOKYMEHTE €CTh OIMCAaHHE TOJIBKO



JOMYCTUMBIX ~ 3HaUYeHM TIpaHUll oOJacTed  CpeJHEeKBaAPaTUYHOTO  3HAYEHUS
BUOPOCKOPOCTH, a Takke 00Imeld BUOPOCKOPOCTH MpH HalW4uu Ae(eKTOB B paHHEU
CTaJNM Pa3BUTHsI, BOZMOXHOCTH MOSIBJICHUSI BTOPUUHBIX J1e(DEKTOB, HAJTUUUS Pa3BUTHIX
nedeKToB.

O4eBUHO, JaHHBIA YPOBEHb BUOPOJUATrHOCTUKHU MMPUMEHUM TOJBKO JJIsl OLIEHKU
oO1iero ypoBHs BUOpalMd U HalIW4uWsg KPUTHUECKUX AeeKToB. PazBuTHEM NaHHOTO
MeToJla SIBISETCSl KOHTPOJb WM3MEHEHHs YPOBHS BHOpalMM BO BpeMeHU (aHamu3
TPEHJIOB).

Bropoii ypoBeHb BHOpPOIMArHOCTUKM BKJIOYAeT CHEKTPaJbHBIA  aHAIW3
BUOpalLlMK, pa3lIoKeHHON MO pa3nuyHbIM dYacToTaM. JlaHHBIH monxon Oornee
WH(POPMATUBEH, MOCKOJBKY IO3BOJSET OMpeAeNuTh YacTOThl KoseOaHus nedeKxra H,
COOTBETCTBEHHO, OIIEHUBATh KaKO#l U3 3JIeMeHTOB 000py1oBaHus BuOpupyert [145].

JIns  BbIsIBIEHUWS] TPUYMH BHUOpalM OOOpPYJIOBaHHS M OLEHKA COCTOSHUS
OTJENbHBIX €ro Y3JIOB B OCHOBHOM IIPUMEHSIETCSl CIEeKTPabHBIA METOJ| aHalu3a
BUOPOCUTHAJIOB,  OCHOBaHHBIH  Ha  MepBUYHOM  mpeoOpasoBanun  Dypee.
[IpeumyiiecTBOM aHajau3a B MOJIOCAX YAaCTOT C OTHOCUTENBHO MOCTOSIHHOW IIMPUHOMN
SIBJISIETCS. BO3MOXXHOCTb MpPEJICTaBICHUS HAa OJHOM rpaduke IMIMPOKOr0 4acTOTHOIO
JMana3oHa ¢ JIOCTaTOYHO Y3KHM pa3pelleHHeM Ha HU3KUX YacToTax. Pa3pelneHue B
00J1aCTH BBICOKHMX YacTOT (XapaKTepHBIX KaK AJisi T'MApora3oguHaMU4ecKoil BUOpaluu
pa3aM4HONl MOpUpOAbl, TaK M JJid T[a30TYpOMHHBIX [PUBOAOB) YXYyJLIaeTcs C
MOBBILICHHEM YaCTOTHI.

[Ipu oToM chekTpajibHas BUOpPOJUMArHOCTHKAa HKMeEeT U  OmpeJeeHHbIe
HeJI0CTaTKU. Bo-nepBbIX, NaHHBIA METOJ] YyBCTBUTEJEH K CTaOMIBHOCTH MCTOYHHUKA
BuOpauuu. Ilpm  HecTaOUJIBHOM  HCTOYHMKE IMPOUCXOAUT HCKaKEHHe IpU
npeobpazoBaHuud Pypbe, U BMECTO MHKA Ha CIEKTpe, MoJiydyaeTcsl IHUPOKas pa3MbiTas
1oJjioca, He MO3BOJISAIOLIAsl MPOBOAUTH TUArHOCTUKY. B uyacTHocTH, Takoi mpoOiemoi
XapaKTepU3yIOTCsl MCTOYHUKU BUOpALMM THUAPOra3oMHAMUYEeCKOro Xxapakrepa — B
3TOM ciy4yae HabJroaeTcs BBICOKUN YPOBEHb LIYMOB BO BCEM Juana3oHe. Bo-BTOpbIX,

3a CUET PC30HAHCOB UJIN 3aTyXaHUsS CUTHAJIa MOXKCT Ha6J'IIO,I[aTBCﬂ €ro MOIYJIALUA KaK



YaCTOTHAsl, TaK U aMIUTUTyAHas. Takum o0pa3om, ucxoHas nHbOpMaIus I aHaIn3a
UCKaKaeTCs W 3aTPyJHSETCS TMpOBeJeHHe IMArHOCTHUKUA. B-TpeThux, creKTpaibHas
BUOPOJIMArHOCTHKA OTJIMYAETCS BBICOKUM YPOBHEM IIYMOB, CPEIW KOTOPBIX MOTYT
OBITh TOTEPSIHBI IOJIE3HBIE CHUTHAJBI, W JedeKT OyneT oOHapykeH, KOrja COCTOSHHE
CTaHEeT KPUTHYECKUM. B-ueTBepThIX, ClieKTpajabHas BUOPOAUArHOCTHKA TPeOyeT 3HAHMUSI
0 HOPMAaJBHBIX U MOPOTOBBIX YPOBHSAX BHOpAIlMU 000pYIOBaHUS ISl MICHTU(PUKAIIAN
nedekTa Ha KaXIOW 4YacTOTe, MHA4Ye TOBOPS, Ne(eKTHYH KapTy. ITO 3HAYUT, YTO
CIieKTpajbHas BHOPOJMATHOCTHKA BO3MOXKHA TOJNBKO TIPW HAIWYUW JJIATEIEHON
OMBITHON HAapabOTKH 000pyA0BaHMs U HHGOPMAIIMOHHOMN 0aze o Aedekrax [26].

[Ipn TpeTheM ypoBHE BUOPOAMATHOCTUKHM TPOBOAWTCS aHAIW3 W3MCEHEHWSI
CIeKTpa BUOpalMM BO BPEMEHH, COBMECTHO C IPOTHO3MPOBAHWEM TEXHHYECKOTO
COCTOSTHUSI OOOpYIIOBaHMS, a TaKXe OIIeHKa OCTAaTOYHOro pecypca. IDTO TO3BOJHT
pOBOJUTE Oonee 3¢ (deKTUBHOE IIaHUpOBaHWe OOCTyXWBaHUs arperata. OgHAKO
JaHHBIA ypoBeHb TpelyeT ele Oosblne umHpopManuu o HapaboTke 00OpYyHOBaHUS,

3a4acTyro0 5Ta HHGOpMAIUs SABISETCS WHIMBHUIYaIbHOM IS Kaxkaoro arperara [16,

21].

1.1.3 /lnarHocTuka razonepeKaunBaloIUX arperaToB Ha OCHOBE aHAJIHN3a

COCTOAHUA MacJja

M3BecTeH MeTOJ IUArHOCTHKHM Ha OCHOBE aHalW3a Macjia, HO OH IIOKa He
MOJIYYHJT IIUPOKOTO pacrpocTpaHeHust B Poccuu. AHaiau3 Macia Mo3BOJISET MONYyYHTh
JIOCTOBEPHYIO MH(POPMAIIMIO O TEXHUYECKOM COCTOSHUU TOJIIUITHUKOB, YIIOTHEHHH,
COCTOSIHUS CMa3Ku, A(PQPeKTUBHOCTH pabOThl MPHUCANOK, HAIWYUU (PeppOMarHUTHBIX
(MeTaymyecknx) W HePEeppOMarHUTHBIX BKIIOUYCHHWH, OOBOJIHEHHUs, I1apaMeTpOB
BA3KOCTH M KauecTBa cMa3ku. OHAKO HEMOJIHBIN CTIEKTP JUATHOCTUPYEMbIX Ne(eKTOB
HE MO3BOJISIET MCIIONIB30BaTh JaHHBIA METOJ B BHE OCHOBHOrO [128, 212].

JlaHHBIA METONl HCIIONB3yeT TO OOCTOSTENHCTBO, HYTO BO BpeMsl paOOTHI

KOHTaKTHBIX IIap, B ICPBYHO OYECPECAb IIOAIIUITHUKOB, TOPUEBbLIX yl'IJ'IOTHeHI/Iﬁ



MPOUCXOJUT HU3HOC IMOBEPXHOCTEH, abpa3suB MHUKPOCKOMUYECKUX 4YaCTUIl MeTallfa,
KOTOpble BBIMBIBAIOTCSI BMeECTe€ C MacjioM. AHalu3 cocTaBa W HHTECUBHOCTHU
00pa3oBaHUs JAAaHHBIX YACTHI[ TO3BOJISIET OMpeneluTh BUJ JedeKTa W CTeleHb ero
OTIACHOCTH.

B menoM, J0CTOMHCTBOM MeToAa SIBISIETCSI BO3MOXHOCTh OOHApyKeHUS
3apoxaeHust nedexrta eme Ha paHHed craauu. OnHaKO B KOHTEKCTe
HedTerazonepeKkaynBaroIero 000pyA0BaHUs JaHHBIM METO/] TO3BOJISET aHATM3UPOBATh
OYeHb MBI MepeueHb y3J0B U Ae(heKTOB, YTO HEe MO3BOJISET MCMOJb30BaTh €ro B

Ka4yCCTBC OCHOBHOTIO.

1.1.4 ImarHocTuka razonepekauynBaloIUX arperaToB Mo 3JeKTPHYeCKHM

nmapaMeTpam 3JICKTPOABUTATEJIA

MeToapl NWArHOCTHKH OJIEKTPOJABHUTATENS IO DSJIEKTPUYSCKUM TapaMmeTpam
AJIEKTPOMArHUTHBIX TIOJIEH TIO3BOJISIOT JIOCTATOYHO IIOJHO AaHAJM3WPOBAaTh €ro
COCTOSIHME U HEKOTOpble 00lMe mapaMeTpbl Bcero arperara (Hampumep aucOanasc).
Opnnako st HeTenepekaunBalolIMX arperaroB BHUMaHWe, Kak MpaBUIIO, CMeEIlaeTcs
Oosblle Ha cocTosHMe Hacoca. [, oO4YeBMAHO, JaHHbIE METOAbl HE MO3BOJISIOT

JMarHOCTHPOBATh BeCch arperat [154].

1.2 OnbIT AMArHOCTHKH He(pTeNnepeKauYnBaKIIEro 000py10BaAHUS BO

Bpems ero 3kcniayataunu B ITAQ «TpancHedpTb»

Paccmotpum TEXHUYECKYIO JIAAarHOCTUKY HedTenepeKkaunBaroIero
ob6opynoBanusi B Poccun Ha npumepe [TAO «TpancHedTr», B KOTOPOI cOCpenoTOUEHO
60JIb1I0€ KOJIMYECTBO HACOCHOTO 000PY10BaHUS.

Texnudeckass aAuarHocTuka HedrenepekaunBaroniero obdopynoBanHusi B [IAO
«TpancHedTh» BO Bpemsi SKCIUTyaTalldd paccMaTpUBAETCs B pa3pe3e MPOBEACHUS

JUAarHoCTHYCCKUX KOHTpOJ'IGﬁ C HUCITOJIBb30BaHUEM napamMeTpuiIcCKux u



BuOpoakyctuueckux kputepueB. B [TAO «TpancuedTs» nuarHocTuka pasaensercs Ha
oIrepaTUBHYIO, IJIAHOBYIO U BHeIUTaHOBYIO [ 163].

[TepeyeHr BHUAOB KOHTPOJS, KOTOpble JOJKHBI BbIMONHATECS B [IAO
«TpancHedTh» B pexmme s3kciuryatainuu, npuBenaeHbl B PJ1-19.100.00-KTH-084-12
[164]. Paznuunbie nomosHUTeNbHBbIe yKazaHus npuBeneHsl B PJ1-23.080.00-KTH-063-
11 [165].

OCHOBHBIM METOAOM OOCJEeIOBaHMSI TPH OKCIUTyaTalli Hacoca SBISETCS
BUOpooOcienoBanre. CorjacHO BBIIIEyKa3aHHOM HOPMAaTHBHOM  JOKYMEHTALMH
aHaJIN3UPYyEeMbIM napamMeTpoM SIBIISICTCSI CpelHeKBaApaTUIHOE 3HaYeHUe
BUOpockopocTu B nHTepBasie yactoT 10-1000 I

[Tpuanner Bubparmm HacocHsix arperatoB B [TAO «TpancHe@Ts» mnpeacTaBiIeHbI
PJI 153-39TH-008-96 "PykoBoACTBO MO OpraHM3allUMi SKCIUTyaTallMd M TEXHOJOTUU
TEXHUYECKOTO OOCTYXXHWBaHHWS ¥ pPEeMOHTa OOOpYJOBaHWS ¥  COOPYKEHUH

HedTenepekaunBaronux craniui”" [163].

1.3 TexHnueckasi AHArHOCTHKA ra3oneperavdyuBalOumiux arperaTtoBs B ITAO

«I"azmpom»

B HacTosmmee Bpemsi ISl TMarHOCTHKH Ta30TepeKavYMBAIONIUX arperaTtoB
NPAaKTUKYIOTCSI B OCHOBHOM CIIEAYIOIIME METOJbl Hepa3pylIaroIero KOHTPOIS
TEKYIIEr0 TEXHUYECKOro cocTostHus (PucyHok 2). [86, 128]:

- BUOpaIlMOHHAs JUarHOCTUKA;

- MapaMeTpuvecKas JUarHoCTHKa,

- aHaJIM3 COCTOSIHHS MacJa;

HaunGonpmmii 00beM JuarHOCTUpYIOINeW HMHPOpPMAIMA TPUXOAMTCS Ha
BUOPAIIMOHHYIO TUarHOCcTUKY. C ee OMOIILI0 MOXKET OBITh 0OHapykeHo mopsiaka 60%
BceX JeeKTOB, ¥ OHa TPUTOJHA MPAKTHYECKW JJIsI BCeX  OJIEMEHTOB

razonepekaunBatomiero arperara. OcrtaBiinecs: AeQeKTbl OObBIYHO JUATHOCTUPYIOT C



ITIOMOIIBIO HapaMeTqueCKOﬁ JUAarHoCTUKM H a”HaJlu3a COCTOAHUA Macja —

COOTBETCTBEHHO 10 Mopsiaky 20% oT o01ero KoyimdecTBa HercripaBHocTei [192].
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Pucynok 2 — CucteMatu3anusi METOI0B KOHTPOJIS TeXHUu4UecKoro coctosiaus [ TIA

14 HepCHeKTHBHbIe METOAbI TEXHHYECKOMN THATHOCTHKH

nepeKavyuBaloero 060pyA0BaHus BO BpeMsl ero SKCIJIyaTauuu

1.4.1 Texnuuyeckasi JHATHOCTHKA 000PYI0BAHHUSA MO (PAKTHIECKOMY

COCTOAAHHIO

B nporpammax wuHHOBauuoHHoro paszButusi u IIAO «Tpancuedts», u ITAO
«["a3mpom» W psga Apyrux KOMIIAHUH yjaemnsercss 0oJibllloe BHUMaHHE IMEepexony OT
oOciTyKMBaHUsl 00OpPYIOBaHUs MO IUIAHOBO-NPEAYNPEIUTEIBHOMY PEMOHTY COINIACHO

many-rpaduky, Ha o0ciy)kKuBaHHe 10 GaKTHIECKOMY TEXHUYECKOMY COCTOSTHUIO.



Oo6cnyxuBanre 1Mo (aKTHUIeCKOMY TEXHHYECKOMY COCTOSHHUIO ITO3BOJIUT Ooliee
palMoHAIBHO TIPOBOJUTH OOCTYy)XKMBaHWE ¥ pPEMOHTHBIE pabOTBl, B YAaCTHOCTH
OTKa3aThCsl B psjie CIydaeB OT HEHY)KHOT'O BbIBOJAa 000OPYIOBaHUS Ha PEMOHT, a TaKke
IepeBeCTH PEMOHT OOOpPYIOBaHUM IIPH IOSBIICHHH OBICTpOpa3BUBAOIIEroCs AedeKTa.
COOTBETCTBEHHO OYIyT HCIIONIB30BaHbl ONTHMAaJIbHBIE CPOKHM M JaThl IPOBEICHHS
pPEMOHTa, YTO TIO3BOJIUT CHHU3UTHh SKOHOMHYECKHE 3aTpaThl Ha JKCILTyaTaluio
000pyI0BaHuUs U TIOBBICUTH €ro JOJAroBe4HOCTH [204].

B ocHoBe oOcnyxuwBaHusS TIO (HAKTHUECKOMY TEXHHUYECKOMY COCTOSHUIO
HaXOAWTCS KOHTPOIb IMapaMeTpoB OOOPYIOBaHUS B peXUMe PeallbHOTO BPEeMEHH WIIN
OJIN3KOM K 3TOMY. ITO TpeOyeT aBTOMaTU3UPOBAHHBIX MOAXO0B K TUATHOCTUPOBAHUIO
arperaToB, a, CIIeJJOBaTeIbHO, WMETh HaJIeKHbIE aJTOPUTMBI JIHMATHOCTHUPOBAHWS,
unaeHTUGUKaIK JTeheKTOB M ompeleHus ux omnacHocTH. CoBpeMeHHOe pa3BUTHE
AJIEKTPOHWKH, JaTYNKOB, KOHTPOJUIEPOB, KOMITBIOTEPOB W MIPOTPAMMHOT0 00ecTieueHu s
MO3BOJISIET JIeJIaTh B JAaHHOM HaIpaBlIeHUH Bce OOJIbIINE U OOJIBIIIHE MIaTH.

B kavectBe wuH(pOpMammoHHONW 0a3bl IUIS peau3alii aBTOMATH3UPOBAHHBIX
CpencTB OOCITY)XMBaHUS MO0 (DAKTUYECKOMY TEXHHUYECKOMY COCTOSHHUIO HCIIOJIb3YIOTCS
IUArHOCTHPYIOIINE KapThl, MPEeJOCTaBIeHHBIE 3aBOJIOM H3TOTOBUTENIEM W ONBITHBIC
JaHHbBIE, MMOTYYeHHbBIE TI0 BpeMs HapaboTku obopyaoBanus [204].

B Oosnbieli crenmeHn cOBpeMeHHBIE W TEPCIIEKTUBHBIE CUCTEMBI OOCITYKUBaHHUS
TEXHUYECKOTO COCTOSHUSI HAMpaBJICHbl Ha IMarHOCTUPOBAHUE MOAIIUITHUKOBBIX Y3JIOB,
MIOCKOJIbKY HMMEHHO TOJIIUITHAKY 3HAYMTENLHO BIHUSAIOT Ha JKCIUTyaTallMOHHYIO
HaJIe)KHOCTh U 0€30TKa3HOCTh Pa0OTHI MepeKavyrBaroIIero ooopyaosanus [57].

OgauM  ©3  Hambojee  YacTO  BBIXOMAIIMX M3 CTPOSI  DJIEMEHTOM
He(TenepeKauynBalOMUX W Ta30lepPeKauYnBaIOIIAX arperaToB SBISETCS IOJIIMITHUK.
MNMeHHO Ha TONIIUIHUKK Ha JaHHBIM MOMEHT 4dallle BCEro HarpaBlIeHbI
pa3pabarbiBaeMble CHUCTEMBI OOCIYXKHBaHUS 10 (HAKTHYECKOMY TEXHUYECKOMY
cocrossHUIO.  [lommmmHMKK  dame  BCero  OmpeAeNsioT  paboToCIoCOOHOCTh

o0opyI0BaHus U BpeMs Mexay peMoHTamu [57, 122, 153].



Nzydenuto pa3paboTKu METOJ0B JUArHOCTUKH MOIIUITHUKOB MepeKaynBaroOIIEro
o0opynoBaHus nocesieHsl padotsl K.A. AkcenoBa, B.B. Atctynenaca, A.B. bapkoga,
I''A. bapkxoBa, A.C. I'aieeBa, M.JI. I'enkuna, A.C. I'onpauna, B.®. Kamuna, A.O.
Hadukora, K.M. Parynsckuca, B.A. PycoBa, A.I'. CokonoBa, A.P. Illupmana, B.H.
CunantbeBa, A.b. ConoBreBa, A.1O. FOpkayckaca, J.S. Mitchell [5, 16, 19, 57, 59, 140,
162, 174, 204, 213, 214].

Kaxnaplii BUJ HEWCNPABHOCTH TOJIIMITHAKA HMEET CBOU OTJIMYHTENbHBIC
NpU3HAKU U XapaKTepHble OCOOEHHOCTH, MO3BOJISIONINE JUArHOCTUPOBATh WX Ha
PaHHHUX CTAAUSAX Pa3BUTHS, MPOU3BOAUTEL OIEHKY TEKYIIEro TEXHWYECKOTO COCTOSHUS
MOAIIMITHAKA U €r0o OCTAaTOYHBIA pecypc ¢ HeoOXOIUMOH CTENeHBIO TOCTOBEPHOCTHU
[204].

JIns OLIEHKM TEXHUYECKOTO COCTOSHUS TMOAIIMITHUKA Ha JaHHBIA MOMEHT
HCITOJIB3YETCSI MHOKECTBO METOJI0B, TaKMe KaK: MOHHUTOPUHT OOIIEero YpoBHS BUOpaIlun
(maTuviku BUOpanMu OOBIYHO YCTAHABJIMBAIOTCS B HEMOCPEACTBEHHOW OJIM30CTH OT
MOAIIMITHUKOB), aHAJIU3 CIIEKTpa BUOpAIMK, IPUMEHEHHE MeToa yAapHBIX UMITYJIHCOB
[51, 145, 228], npuMeHeHHEe pa3IMYHbIX OKOHHBIX QYHKIIUH aHanu3a CUTHaJla, BEHBIIET-

aHanu3 u psaa apyrux [174].

1.4.2 TlpumeHeHHUe BeliBJIeT-MpeoOpa3oBaHusl MPHU aHAJIN3e CHTHAJIA

B kawectBe HepocTaTKa TPaJWLMOHHOM CHEKTPAJIbHOM [IHArHOCTUKU CTOMUT
OTMETUTh CTaTUYHOCTh MOJIy4aeMOTO CIIeKTpa, MHaye TOBOpsi, HE MPOBOJUTCS aHAJIU3
W3MEHEHUsI CIIeKTpa BO BpeMeHU. B KoHTekcTe mosiydeHUs U oOpabOTKH CHUTHAJIOB
MEePCTIEKTUBHBIM SIBIISIETCS] aHAJIA3 JIAHHBIX C TTIOMOIIBIO BEHBIIET-TIPe00pa3oBaHusl.

JlaHHBIN MeTOo/1 TT03BOJISIET aHAIM3UPOBATh BUOPAIIMIO HE TOJIBKO B YacTOTe, HO U
BO BpEMEHH, Moyy4as TPeXMEpPHYI KapTHHY C KOOpAWHATaMHU YPOBeHb BHOpaluu —

yactota — Bpems [84] (Pucynok 3).
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Pucynok 3 - UccnenyeMplii BHOpocUTrHai U ero npeodpazoBanue Oypne

B pamkax aHanmMza C TOpuUMeHeHHEM BeWBIET-TIpeoOpa3oBaHUNl  CHUTHAI
Mpe/cTaBlseTcsl B BHUJE Yepelbl BCIUIECKOB, OIKCHIBAIOIINME OMNpeNeseHHOW 3apaHee

3a1aHHOM (YHKIIMH, ¥ OIMMCHIBAETCS IByMEepHOU (DYHKITHEH

- _ 1 ¢ | (b-x),
W, flab)=— [ — | |_H.1‘h.".\' ] (2)
,..'{ o Sallal k&
rae Y —¢hyHkuus BeiiBieTa,
a —MaclTad Uiy 1Kana.
31ech Ucnonb3yeTcs: KO3 OULIHEHT

c, =27 [ 4o <ec 2

o

rae y (o) — @ypbe—obpa3 Beiipnera V.

Oynkius VY 3amaet popMy BeliBleTa U €€ MOXKHO HCIIONB30BaTh PA3IMYHON /s
KOHKPETHOM 3a]a4yH.

Takum oOpa3oM, ToOJydaeTcs, 4YTO WCXOAHbIC JMJaHHbIE MJIs JAHUATHOCTUKU
neheKTOB MPeACTaBISIOTCS B BHUIE 4Yepelbl KOPOTKHX BCIUIECKOB 3apaHee 3a/laHHOMN
noctaTouHo mpoctoil ¢hopmbl (Pucynok 4). Mudbopmanust He TONBKO O 4acTOTe, HO U
BpPEMEHH, J1aeT JOTMOJHUTENbHbIE CBeICHUsI [JIsl aHalli3a, YTO MOBBIIIAET BO3MOKHOCTH

BUOPAIMOHHOMW TMAarHOCTUKH B IiesioM [84, 121,129].
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Pucynok 4 — TpexmepHoe oToOpakeHue BeBieT-Ipeo0pa3oBaHus

1.4.3 MeToa yaapHbIX HMIYJIbCOB

JlpyruM MeToA0M, KOTOpBIM MO3BOJISET OLIEHMBAaThb BUOPALIMOHHBIN CUTHAl He
TOJIBKO T10 YaCTOTe, HO U BO BPEMEHH — 3TO METOJ YAAPHbIX UMIYJbCOB. CoriiacHo eMy
IIPOBOUTCS BbICOKOYACTOTHOE U3MEpEHUe YPOBHs BUOpalLH, [T03BOJISIIOLIEE AETaIbHO
aHAJIM3UPOBATh CUTHAJ C OINpefelieHueM IHKOB, Orubarolleid W 3aTULIbsS MEXIy
umnyiascamu. Onpeenus orubarolyo KaX/a0ro UMIyJbca IPOUCXOAUT OTOpachIBaHNUe
uHpOpMaAIUU MEXIy HMIYJbCaMH, TaKUM 00pa3oM, (QopMUpYs uepeay «yIdapHbIX
UMITYJIbCOBY. Jlaee MpOUCXOAUT aHAIU3 BPEMEHHU MEXIY UMITYJIbCaMH, X aMIUIUTYAbI
U ¢popMbl orudarolel curHana.

dopmupyemble yaapHble MMIIYJbChl HMMEIOT, KaK IpaBUiIO, JIB€ 4YacTOTHbIE
XapaKTepUCTUKU: YacTOTa COOCTBEHHOIO KojieOaHMs M 4acTOTa MOBTOPEHUS JaHHBIX

KojiebaHuii. COOTBETCTBEHHO JaHHBIM MeETOJ| MO3BOJISIET OMNpeaeNsaTh Malelline



nedeKTh ele Ha dTarne uX 3apoxaeHus. OTMedaeM, YTO WCIIONB30BaHWE W3MEpPEHUN C
BBICOKOUW dacToToi (00brdHO 32 kI'11), mMo3BoJisseT aBTOMAaTWYecKd (GUIBTpAIlU BCe
myMbl U JeeKThl HU3KOW YacTOThI, UYTO 3HAYUTEIHHO TOBBIIIAET JIOCTOBEPHOCTH

npoBoaAMMOro aHanmsa [132, 231].

15 O cHukeHUuM YPOBHS BUOpaUMHU 000pyAOBaHUS

OmHuUM W3  HamNpaBJICHWH TOBBIIICHUS HAJEKHOCTH W JOJTOBEYHOCTH
nepeKavynBaroIiero o0oOpy 0BaHUs SBISETCS CHIKEHHWE HEraTHUBHOTO BHOPAIMOHHOTO
¢dona. M3BecTHO, YTO ONHON W3 MPUYUH TOBBIIIEHHOTO H3HOCA Y3JIOB M JeTalei
HACOCHO-PHEPTEeTUYECKOTO OO0OpYIOBaHUS SIBJISETCS JUTUTEIHHOEC U  TIOBBIIIICHHOE
BO3JICHICTBHE TUHAMUYECKUX HArpy30K, B OCOOEHHOCTH BUOpalMOHHBIX. [Ipm TakoMm
BO3JIEHCTBUM TIPOMCXOJIUT YCKOPEHHBIM W3HOC »JJEMEHTOB MAIllMH, pa3pyIleHne
byHIaMEHTAIBHBIX paM, a TaKKe pa3repMeTH3allisl BCACHIBAIOIINX W HarHeTaTebHBIX
natpyokoB [40]. Curyanuto B Poccum MOMOMHUTENBHO YCIOXKHSIET TOT (akT, 4TO
pecypc OOJIBIIMHCTBA MAIllMH 3HAYUTENIBHO MCUEpIaH, a TeMI (U3UYECKOTO CTapeHHS
TaKoro o0OpyJ0BaHUS MPEBbIIIAET TEMIT OOHOBJICHHS] HACOCHO-PHEPIreTUYECKOro mapka
MaruH [1].

Tak xe clefyeT OTMETUTh, YTO JUTUTEIIbHOE BUOPAIIMOHHOE BO3ICHCTBUE MOXKET
NPUBECTU K KPYIMHBIM aBapusiM, KaxKJas M3 KOTOPBIX HeceT 3a COoOOW OLIyTHMbIe
9KOJIOTUYECKHe W SKOHOMUYECKHE TOCIIEACTBUS, PUCK XU3HHU M 370POBBIO pabodero
MepCoHalla, a TakK)Ke OCTAaHOBKY IPOW3BOJICTBA HA JIJIUTENIBHBIA CPOK, YTO B HTOTE
MOXET MPUBECTU K CPBIBY Ipaduka IMOCTABOK M MOTepe 3HAYUTEIBHON YacTH MPHOBLIH
JUTSL TIPE ATIPUSATUNA.

Kpome TOro, BbICOKass BHUOparusi, B COBOKYIHOCTH C CO3/JaBacMbIM IIyMOM,
HEraTUBHO BIMSeT Ha oOcioyxuBaronui mepconan [29]. W3BectHo, 4TO TmpH
paboTaroiieM o00pyI0BaHUH B HACOCHOM I[eXe TsDKEJIO HaXOAUThCS JJIUTEIbHOE BpeMsl.
[IponmomkuTensHOe BO3/CHCTBIE BUOPAIIMK WU YApPOB OKa3bIBaeT MaryOHOe BIIHMSTHUE

Ha 370poBbe mmogei [239, 268, 269]. JlnutenbHoe Bo3zeiicTBHe 00Iell BHOpalMu



BEI3BIBAET Y YeJIOBEKa PACCTPOWCTBO HEPBHOW CHCTEMBI, HapyIlleHne (PYHKIIMOHAIBHBIX
CBOHCTB COCYJIOB U BecTHOyJsipHOTO ammapata. JlokanbHas BHOpamus Mmopaxaer
HEPBHYIO CHUCTEMY H OIIOPHO-IBUTATENIbHBIA amnmapar, MPUBOAUT K CIa3MaM
nepudeprudeckrux cocyaoB. B oTneapHOM citydae, JUIATENbHOE BO3JCHCTBHE BHOpAIIAN
MOXXeT OBITh MPUYMHOUN pa3BuUTHUs BuOpannoHHou Oonesnu [190]. B pabote CaduHoii
[.®. [176] noka3aHO, 4YTO KOjeOaHUsS B HACOCHOM IleXe HETaTHMBHO BJIUSIOT Ha
obopymoBaHHe ®  OOCIYXXMBAaIOIIWM TIEPCOHAN, COOTBETCTBEHHO HEOOXOJIUMO
MCTIONb30BaTh CPeCTBA MHANBUIYaTbHON 3alUTHI OT IIyMa.
HcTounnkn BUOpanmu Ha HedTenepeKaunBaIoIIUX arperarax MMEIOT pa3indHYo

IPUPO.TY, TOITOMY JUTSI aHATTN3a pa3/ie]IuM MX Ha CIeAYIOIIUe TPYIIIbL:

— BUOpAIAs MeXaHUIECKOTO TTPOUCXOXKICHNS;

— BUOpAaIUs TUAPOIUHAMUIECKOTO TIPOUCXOXKICHNS;

— BHOpamnusi B 3JIEKTPOABUTATEIE;

— BHEIITHWE BO3JAEHCTBUS.

CootBeTcTBeHHO, i oOecreyeHHus HaAeKHOM M 0e30MacHOil SKcIuTyaTaluu
HACOCHO-IHEPreTUIeCKOro 000pyI0BaHUsI PUMEHSIOT CUCTEMbl BHOPOMOHHUTOPHUHTA U
BUOPOAMATHOCTUKH JJIsl TIPEAYTIPEeKISHUS aBapuiHON CUTYyallH, a U TPOMUITaKTHKA

CJIeayeT UCIIOJIb30BATh CPEACTBA BI/I6paI_[I/IOHHOI71 3alllUThI.

1.6 Cnoco6bl cHH:KeHUs1 BUOpaunu HedTenepeKaYHBAIOIIUX arPeraToB

B HedTsaHON oTpacnu mpoOiieMaMHu 3alUThl OT JTUHAMUYECKMX BO3ACHCTBUIM
3aHUMaIuch MHorue ydenole: Anue V.M., baxalikun C.I'., bouapuukoB B.®., benon
AN., TabapaxumoB M.C., I'aneeB A.C., I'ymepos A.I'., I'ymepoB P.C., 3otoB A.H.,
Ucxako P.I'., Kepumos 3.1'., Koneiikuc M.I'., KytaycoB A.T., Mup3amxkan3ane A.X.,
Hosukosa JI.®., [Taxapykos }O.B., Ilerpyxun B.B., CynaranoB b.3., Ypa3zakos K.P.,
Xanruneaud B.I'., Xauruwnsaun T.B., Autypun A.C. u ap.

U3BecTHO, YTO HanMyuMe BUOpalUM YBeJIWYMBaeT JAMHAMHYECKYIO Harpy3Ky Ha

pasiiIndHbI€ JJIEMEHThLI He(bTeHepeKan/IBa}omero O60py,Z[OBaHI/IH, (bYHI[aMeHT u



OKpy>Xaromue o0beKThl. B kadecTBe mpuMepa MOXKHO MPUBECTH pacdeT (yHIaMEHTOB
Ha TPOYHOCTh, BO BpEeMs KOTOPBIX YUWUTHIBACTCS CTaTW4YecKas W JUHAMUYecKas
Harpy3ku, JIeHCTBYIOIIME CO CTOPOHBI OOOpPYAOBaHWS, TPH OSTOM JUHAMHUYECKas
Harpy3Ka IMpUBOJMUTCS C ABOMHBIM KO3 (DPHUIIHEHTOM.

[IpoGnemMa muHAMWYECKOHW HArpy3Kd, W BHUOpallMM B YaCTHOCTH, OCOOEHHO
CHWJIBHO TIpOsIBJIIETCS JJiE O0OpyJoBaHUS ¢ GyHIaMEHTaMH Majioil Macchl, Kak,
HanpuMep, B OJIOYHBIX HACOCHBIX CTAHIMAX. B 3TOM cliydae 4YacTo MPOUCXOIUT
HapyIIeHne paboThl HACOCHOTO arperaTa 3a cueT HepaBHOMEPHOW ocaaku (yHIaMeHTa,
YTO MOKET MIPUBECTH K aBAPHSIM.

B menom, misi cHW)KEHHsS YPOBHS BHOpallMd B TEXHHUKE MPUMEHSETCS YeThIpe
OCHOBHBIX Toaxoda. [lepBeIi momxom — 3TO ycTpaHeHHWe JedeKTa WIM HCTOYHUKA
KojeOanus. BTopoii — wW3MeHeHWe Tpollecca, TEXHOJIOTHH M KOHCTPYKTHBA
000pyIOBaHWs, B YAaCTHOCTH pa3HECeHWe B TPOCTPAHCTBE CHUIBHO BHOPHUPYIOIIMX
gacTeil o0oOpyanoBaHUS W 0CO00 YYyBCTBUTENBHBIX. TpeTHii MOAXOA — YBelWYeHUE
XKECTKOCTH 000pyIOBaHUS, OCHOBAaHHUS, B YACTHOCTH yBeJIMUEHUE MacChl (GyHIaMEHTA.
YeTBEpTHIH MOAXOJ — MPUMEHEHHWE CHCTEM BHOPOWM3OJISINM, KaK NMAacCUBHBIX, TaK U

aKTHUBHBIX, a TAK)Ke MPUMEHEHNE JMHAMUYECKUX racuTelieii konebanuii [167].

1.6.1 IlpumeHeHHe cHcTeM BUOPOU30ISAIUH

Cucrema BUOpPOW3ONSIMM TpeJHA3HAYEHA ISl CHUIKEHUS YPOBHS BHOpaIuu
obopynoBaHus W OKpyXaromux 00bekToB. C TOYKM 3peHUs MEXaHUKH CHUCTEMBbI
BUOPOU3OJISILIMYA YIPABISIOT aMIUIUTYAOW JUHAMUYECKON CHIIbI, MepefaBaeMoi uepes
Hee. [IpaBrIIbHO CcIIpOeKTHpPOBaHHAS CUCTEMa BUOPOU3OISIIMY CHUKAET MEXaHUYECKHe
HarpsbKeHUs B 000pyI0BaHUU, CHUYKAET HArpy3Ky Ha pasJIMuHble AJIEMEHTHI U JIeTallu,
MTOJIOKUTEJIBHO BIIMSSL HA HAIE)KHOCTh U JIOJITOBEYHOCTh, KaK OTAENIbHBIX Y3J10B, TaK U
KOMILJIeKca O00OpyZOBaHMsS B IIeJIOM. Takke HMCIOJb30BaHHE CUCTEM BHOPOHU3OJISILIMU

IIO3BOJACT CHMXKATb Tpe60BaHI/I$I K q)YHI[aMeHTy, YMEHbIIATh €ro Maccy, U, B pAlec



Clly4aeB, cO3/1aBaTh BO3MOXXHOCTh HCIIOJB30BaHUS OechHyHIaMEHTHBIX METOJ0B
COOPY’KEHHUs HACOCHOIO 1IeXa.

XOTs CTOUT OTMETHTh, YTO HEMPaBUIBLHO MOJOOpaHHAs WJIM SKCIUTyaTHpyemas
cucTeMa BHOPOW3ONSAIIMM MOXXET HeCTH HeraTWBHOE BIUSHHE 3a CYeT pucka
BO3HUKHOBEHUSI pe30HaHCa.

B kaudectBe cucTeM BUOPOM3ONSIMUM B TEXHUKE 4Yallle BCEro HCMOJIB3YIOTCS
NPY>XWHHBIE WM Pe3nHOBbIe BUOpom3onaTopsl. HecMoTpss Ha TO, YTO OHM UMEIOT
OTHOCHUTEBHO BBICOKYIO KECTKOCTh, a, CIJIEIOBATEIIbHO, U OTHOCUTEIBHO BBICOKYIO
4acTOTy COOCTBEHHBIX KOJeOaHMii, 3a CHeT HU3KOW CTOMMOCTH OHM TMOJIYUYNIIU IIHPOKOE

pacrmpocTpaHeHue.

1.6.2 IllpumeHeHNe TMHAMHYECKHUX racuTesei

JlunaMudeckuii racutellb KojieOaHWN TMpeJcTaBisieT cOOOW TOMOJHUTEIBHYIO
Maccy, IPUKPETUIEHHYI0 K 3alllyIaeMoMy 00OpyJAOBaHHIO HA yIPYTroW CBSI3U, OOBIYHO
Ha MeTaJUIMYeCcKOU npykuHe. PacyeTHbBIM METO1I0M MOKHO MOA0OpaTh Maccy racurens
U JKECTKOCTh CBSI3M TaKUM 00pa3oM, 4TO OH OyJeT MMETh YacTOTy COOCTBEHHBIX
KoJiebaHuii, coBmajarolleil ¢ Bo3Oyxnaawoued uvactoroi. Torjma, ¢ TOUKM 3peHUs
MEXaHHUKHU, TacUTeNb MOMajaeT B pe30HAaHC M HAauyWHAaeT KojedaThbcs B MpoTUBOdaze ¢
3allMIaeMbIM oO0opynoBaHueM. Takoil peXuM MO3BOJSET MPUHUMATh BCIO JHEPTHUIO
KojeOanusi Ha cels, Tpu ITOM KoieOaHWs OOOpYIOBaHUS CTPEMSTCS K HYJIO.
COOTBETCTBEHHO BMECTO 3alllMIIaeMOro o0OOpy/lOBaHHsS HauyMHAeT BUOPHUPOBATH
JWHAMHUYEeCKUM racutesib KojieOaHu, Mpo/ijieBas ero Cpok CIy>KObI Bcero arperara.

CTOUT OTMETUTD, YTO TUHAMHUYECKUE TacUTeN KoJeOaHU UMEIOT HeJJOCTATOK -
TpeOYIOT TOUYHON HACTPOUKH IO YacToTe cCOOCTBEHHBIX KoJjiebanuii. J1jist o6opynoBaHus
CO 3HAYHUTENIbHO W3MEHsSIeMOM 4YacTOTOW BpalleHUsl pOTopa OTO MOXKET CTaTh
3HAUUTENBbHOUN MpobiemMoil. OqHako B OONBIIMHCTBE CilydaeB HeTernepekaurBarone
arperatbl MMEIOT POTOP C YacTOTOM BpalleHusi Heckoibko MeHee 3000 o06/muH,

COOTBCTCTBCHHO  JaHHAasA np06neMa OTIIaaacT. ].IJ'IH IMpo4ero O60py,Z[OBaHI/IH



HEOOXOJMMO HCIONB30BaTh AMHAMHUYECKYIO TOJCTPOMKY YacTOThl COOCTBEHHBIX
KoJie0aHui racuTels Yepes ynpaBlieHUe )KeCTKOCTBIO CBSI3H.
B kadectBe mpumepa MOXHO TPUBECTH  JAWUHAMHUYECKUH  racHUTelb,

npeaHa3HauYeHHbIN CreMalbHO U1 HacOCHBIX arperatoB (PucyHok 5).
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Pucynok 5 — /IluHamuueckuii racutesib BUOpaluu AJis HACOCHOTO arperara

1.6.3 YBennueHmue kecTKOCTH pyHAaMEeHTA

[[Iupoko W3BECTHBIM M TPOCTHIM METOJOM CHHWXXCHHsI BHOpaIyl SIBISETCS
yBEIMYEHHUE JKECTKOCTH (yHAaMeHTa. DTO MOYKHO MPOW3BOJUTH 3a CUET YBETWUYCHHUS
Maccel (yHmamMeHTa WM goOaBieHWeM cBail. [lpm mnpuMeHeHWHM cBail WX
YCTaHaBIMBAIOT IO MEPUMETPY KeIe300€TOHHOTO (yHIaMeHTa. Y BEeJIUYeHHEe MacChl
dbyHIaMeHTa OOBITHO MPOU3BOAAT 32 CUET NMPUCOSTUHEHHUS JKeJle300€ TOHHBIX TUIHUT.

OpHako yBenWueHHEe Macchl (QyHIaMeHTa TO3BOJSET CYHIECTBEHHO CHUXXATb
ypOBeHb BHOpAIMK TOJIBKO MPH 3HAYUTEILHOU JOMOJHUTENIBHON Macce, He MeHee 50%
OT Macchl OCHOBHOro ¢yHIaMeHTa. BakeH ¢akT, 4YTO Hpu 3TOM MEHSETCs 4YacToTa
COOCTBEHHBIX Koyie0aHWl B cucTeMe «(pyHIaMeHT-000pyIOBaHUE», CO3/AaBas PHUCK

BO3HUKHOBCHUA PE30OHAHCHBIX KoJIeOaHUH.



1.7 IlpumeHsieMble cpeacTBa BUOPO3alMTHI HA HedTenepeKaYuBAIOIIHNX

arperarax

1.7.1 Bu6powusojupyroniasi KoMIeHCHPYOIasi cHCTeMAa

Cuctema BUOPOU3OIISALINN HedTenepeKauynBaroIINX arperaroB
«Bubpouzonupyromias KOMIIEHCUpYIOIIas —cucTeMa» paspaborana MHcTtuTyTOoM
npoOJeM TpaHCHopTa 3HepropecypcoB u peanusyercs 3A0 «Potop» (PucyHnok 6) [68,

74, 69, 70, 73, 76, 77, 81, 193, 194, 195, 196, 197, 198, 199, 200]. Ona cocTouT U3

HECKOJIBKHUX JJICMCHTOB U YCTPOCHA CICAYIOIIUM 06pa30M.

Pucynok 6 — Bubpounzomnsuonnas pama UITTOP / 3A0 Potop

Bubponemnoupyromas pama arperara (PucyHok 6) mnpencrtaBiseT co0oi
CBapHYIO LIEJIbHOMETANIMYECKYI0 KOHCTPYKLMIO M3 JIMCTOBOro mpokata. Jlus
MOBBILICHUS JKECTKOCTH paMbl BHYTPHU MPOJOJIBHBIX U IOMEPEUHbIX OalOK UMEIOTCS
pebpa xecTkocTu. Pama arperata KpenuTcs K TOJAPaMHUKY Yepe3 aMOpPTU3aTOPHI.

Pama ¢yHnamentHas 3aknaaHas PM-1  mpexacraBnser coboli  Kapkac
MeTaJUTMYeCKU M3 yTroiKoB W JucToB. OHa MOHTHpYyeTCsS B QyHIaMEHT, 3aJIMBACTCS
OCTOHOM M TMpeaHa3HaueHa JMJis BBICTABIEHUS B MPOEKTHOE IOJIOKEHHWE Ha Hel
MOJIpaMHHMKA, 3aKpeTieHus ToJjpaMHuKa K pame PM-1 ¢pyHnaMmeHTHBIMU OOITaMH.

[Togpamauk  mpexactaBiser  coOOM  CBapHYIO  LEIbHOMETANIMYECKYIO
KOHCTPYKIHMIO M3 COPTOBOTO METaJNIONPOKaTa CO CBA3YIOIIMMHU DSJIEeMEHTaMH U3

TOJCTOJIUCTOBOI'O METAaJljla.



Pama arperara ycraHaBnuBaeTcs Ha OIOpPBI, PACHOJIOKEHHBIE HA MPOAOJIBHBIX
OaikaXx TOJpaMHUKA, KOTOPBIA KPENMUTCS C TOMOIIBI0 aHKEPHBIX MIMUJIEK K
dbynnamenty. Kpome Toro, Ha TmoJpaMHUKE pacCIOOXKeHbl IUTMTBI, Ha KOTOpBIE
YCTaHaBIMBAIOTCS  BHUHTOBBbIE  OMOPBI  (JOMKpaThbl), MpeJHa3HAYEHHble  JJid
JIBYXILTOCKOCTHOW FOCTUPOBKM TOPU30HTAIBHOCTA OCHOBHOW Hecylllell pambl arperara
Mpy MepBOHAYAJIbHOM MOHTa)Xe€ arperata M peryJupoOBKH €ro MOJIOKEHHUs IO BBICOTE
MPY SKCIUTyaTalliy C YYETOM MPOCcaZoK pyHIaMeHTa.

B cocrtan 061116171 CUCTCMBI TAaKXXE BXOIAT ynpyro-):[eMH(bepHLIe OIIOPHBI arperarta

tuna A-2000, A-1000-1, A-500-1 (PucyHoxk 7).

Pucynok 7 — Amoptuzaropst A-2000

JlaHHBIE aMOPTHU3ATOPHI yCTAHABIMBAIOTCS MEXAY GYHIAMEHTOM W paMoi
arperata W cHwkawT 10 50 u Gosee pa3 mepenady Ha (PyHIAMEHT AMHAMHYECKUX
(BUOpaIlMOHHBIX ) HATPY30K, TeHepUpyeMbIX arperatoM. B coctaBe Bubpouzonupyroliei
KOMITIEHCUPYIOIIEH CHCTeMbI MOYKET HaCUUTBIBaThCA OT 4 10 16 u Gosiee aMOpPTH3aTOPOB
B 3aBUCHMOCTH OT MAacCChl arperara.

ITockoybKy HAcOCHBIN arperatr cBsi3aH C TpPyOHOH OOBS3KOW, a Ta, B CBOIO
ouepenb, ¢ (QYHIaMEHTOM, TO T[OMHUMO TPUMEHEHHUS CpPEeICTB BUOPOU3OIAIIUU
HEOOXOJIMMO TakKe MCKIIOYUTh JaHHYIO JKeCTKYIO CBsI3b arperara ¢ (yHIaMEHTOM.

JI71s1 3TOT0 MPUMEHSIOT yrpyrue kommeHncatopsl (PucyHok 8).



Pucynox 8 — Komniencaropsl TpyOHOM 00BSI3KH

['uGkue KoMIieHcaTOpHI IS OCHOBHOM OOBSI3KM HACOCHBIX arperaToB UCKIIIOYAIOT
BIUSIHAE TPYyOONPOBOJOB Ha paboTy HAcocoB. WX WCMOMB3YIOT NI CHUKEHUS
MOHTQXXHBIX, TEMIIEPaTypHbIX, BHUOPAIMOHHBIX HAMPSHKEHUH, OOYCIOBICHHBIX
BHYTPEHHUM JaBJICHUEM [E€PEKAYMBAEMOM cpenbl U APYrMX THUIOB HANPSHKEHUH,

BO3HUKAIOILIUX B AKECTKUX TPYyOONPOBOAX.

1.7.2 Ucnosb30BaHHe 3JIACTOMEPHBIX ONOP

B nocnennue roasl cTanu  [oJy4aTh  paclpOCTPAaHEHUE  3J1aCTOMEpPHbIE
MaTepuaibl B Ka4eCTBe CPe/ICTB BUOPOM3OJIAIMU. B BUOpo3amuTe HAaCOCHBIX arperaToB
MOJIYYHMJI ~ pacmpocTpaHeHue wmatepwan Sylomer, pa3paboOTaHHBI aBCTPUHCKON

xomnanuu Getzner Werkstoffe GmbH (Pucynox 9).



Pucynok 9 - AMoptuzarop u3 marepuaia Sylomer

Marepuan Sylomer BBITIONHEH W3 MUKPOIOPUCTOTO 3JIacToOMepa, MOIydaeMoro
myTeM IepepaboTKM TOoJuyperaHa. Ero CTPYKTypy COCTaBISIOT MHOXECTBO
MHUKpPOSTYEEK OTKPBITO-3aKPHITOTO (CMEIIAHHOT0) TUIIA, YTO W TPHAAeT MaTepHhalry
He0OXOIMMbIe CBOMCTBA YIIPYTrOCTH U BUOPO3AIIUTHI.

JIOCTOMHCTBO NaHHOTO YIPYTOro 3JIaCTOMEPHOTO MaTephalia — HeCyIleCTBEHHOE
MoTIepevHOoe paclIipeHue PpHU BO3ICHCTBUM HArpy30K. DJIacCTOMED JIETKO BBIJCP>KABAET
IUHAMHUYECKHe Harpy3Kd B IpejesiaX pabourx Harpy3oK W MpH Jerkod aedopmanuu
MPOYKTHUBHO 3aIIUIIAET OT BUOpAIUH.

B HekoTOpwIX ciydasix AJiss BHOPOHW3OJSIIMM HACOCHOW YCTAHOBKH MOYXKET OBIThH
CMOHTHPOBaH JOMOJHUTENbHBI BHOPOU3ONHUPYIOMUNA (YHIAMEHT — apMHpPOBaHHOE
OeTOHHOE WJIM IIeMEeHTHO-TlecyaHoe OCHOBaHWe (TuIMTa, OJIOK), YCTaHOBJICHHOE Ha
yOpyTUX omopax u3 martepuaina Sylomer. B dacTHocTH, kene300eTOHHOE OCHOBaHUE
pPEeKOMEHIIyeTcsl B TeX ClydasX, Korja >KeCTKOCTh IOJICOSAMHEHHBIX K Hacocy
TpyOOIIPOBOJIOB TakKasl K€ WJIM TMPEBBIMIAET OOMIYI0 XECTKOCTh BHOPOU3OJISATOPOB,

KOTOpbIC HCO6XOI[I/IMBI JJIA BI/I6pOI/130J'I5H_[I/II/I arperara 0e3 PTOH IUIUTEHL.



1.7.3 Ucnoan30BaHHe NPY:KHHHBIX H Pe3HHOMETANINYECKHX

BHOPOHM30JI9TOPOB

JI1s1 BUOPOU3OJIAIIMY MAaCCUBHBIX HACOCOB ¢ Masio yacToTol BpateHus (10 1500
00./MuH), a Takke OJIOYHBIX HACOCHBIX CTaHIMH, MPUMEHSIOT NPYKUHHbBIC
BuOpoonopel. OHU >GhPEeKTUBHO U3OJUPYIOT OT BUOpaAIlMMd B HHU3KOYACTOTHOM
Jdarna3oHe, OJHAKO HMKAaK He BIMSIOT Ha CpelHME M BBICOKHE YacTOThl, M3-3a 4HEro
TPeOYIOT JOTOIHUTEHHOTO UCTIOJIH30BaHUS YIIPYTUX MPOKIAIO0K MO/ OMOopY.

Hns  storo mnpumeHstoT Bubpousonstopel Tuna AKCC (amopTuzatopsl

KopabenbHbIe co cTpaxoBkoii) (Pucynox 10).

Pucynoxk 10 - Amoptuzatop AKCC-400

Awmoptuzatopsl pesuHoMetandeckue AKCC nmo I'OCT 17053.1-80, I'OCT B/
17053.1-80, TY 38 1051258-90 npennazHadeHbl 1Jis 3alIMTHI OT BUOpAIIUX ¢ YaCTOTOM
1o 50 I'u ¢ ammutynamu aedopmupoBaHus pesnHoBoro maccusa 1o 0,2 mm. [TogGop
BUOPOU3OJIATOPOB TPOU3BOJIUTCS TaKUM 0Opa3oM, 4YTOOBI Harpy3ka Ha KaKIbId

BUOpOU30JsTOp ObL1a 6J1M3Ka K HOMHUHAJIBHOM.



Takxe BO3MOXHO NpuMeHeHHe aMopTh3aTtopoB THUNOB A-600-11 - A-2000-I1 u

amoptuzaropoB tunoB AIIM-800HIT - ATIM -1700HIT cornacuo [168] — Pucynok 11 u

Pucynoxk 12.
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Pucynok 11 — Amoptuzaropsl A-600-I1  Pucynok 12 — Amoptuzaropsr AMII-
- A-2000-11 800HIT - AIIM-1700HIT

Bubpouzonsitoper  Tuma  JIO  SBASIOTCS  JOCTATOYHO  TPOCTHIMH U
pacrpoCTpaHeHHBIMHY MPYXKUHHBIMU BuOpowusossitopamu (PucyHok 13 u Pucynox 14).
JIns cHUXKEHUsI CTPYKTYpPHOIO Iyma, IepedaBaeMoro uepe3 BUOPOU3OISTOP,
KpeIlyleHHe ero K OIOPHOW KOHCTPYKIIMU PEKOMEHIYeTCS OCYIIeCTBIATh uepes

PE3UHOBYIO MPOKJIAAKY, a IO OOJITHI MOJKIIAbIBAaTh PE3UNHOBYIO 1I1aii0y.



Pucynok 13 — Bubpowusonsarop Tuma Pucynoxk 14 — YcranoBka
a0 BuOpousonsaropa tumna /IO Ha

o0opy10BaHUU

Ecnu nHarpyska Ha BHUOPOHM3OJIATOP TPEBBICUT MPEAeNbHYI0, MPYXKHHA MOXKET

(CXJIOIIHYTBLCA», U BI/I6pOI/IBOJ'I$ITOp MNEPECTAHET BBIMOJIHATE CBOIO OCHOBHYIO 3allIMUTHYIO

byHKLHIO.

1.8 Cucrembl ¢ KBa3HHYJ1€BOH KECTKOCTHIO

ITon cucreMoll ¢ KBa3WHYJIEBOM JKECTKOCTbIO MPHUHITO MOHUMATh YIPYTYIO
cucTeMy, OOJIaJlalollyl0 HEIMHEHHOW CHUJIOBOM XapaKTepUCTUKOM, TaKoW, UTO B
HEKOTOPOM TOYKE MMeeT MPAaKTUYECKU HYJIEBYIO XKeCTKOCTb. PucyHok 15 npencrasisiet
YCIIOBHYIO CHJIOBYIO XapakTepucTuky. Ha pucyHke o6o3HaueHHast 00J1acTh MOKa3bIBaeT
KOOPJIMHATY C MaJIOM JK€CTKOCTBIO, UTO COOTBETCTBYET padoyeil 30He CUCTEMBI.

Ha cerogusimmauii neHbp Tom00HBIE CHUCTEMBI MMEIOT pa3jMdHble BapHaHTHI TI0
peanu3aluy, HO 4Yallle BCero MpeACTaBIeHbl MEXaHUYEeCKUMHU KOHCTPYKLMSIMU
[IACCMBHOIO THUIA, B KOTOPHIX 3a/JaHHbIE CBOMICTBAa OOECHEYMBAIOTCS OIpe/iesIeHHbIM

COUYCTAaHUEM YIIPYTUX 3JICMCHTOB.



YyacTok ¢
KBa3uHy/1eBOoW
YKECTKOCTbIO

F — cuna (Harpyska); X - mepemelieHme
Pucynok 15 — YcioBHas cuiioBasi XapakTepUCTHUKA CUCTEMBI C KBa3WHYJIEBOM

KECCTKOCTBIO

CucteMbl ¢ KBa3UHYJIEBON KECTKOCTHIO TIO3BOJISIFOT MOJIYYUTh OJTHOBPEMEHHO U
OOJIBIITYIO CTATUYECKYIO HAarpy3Ky M Majyl >XeCTKOCTb. Takoe KadecTBO JejaeT WX
OYeHb TEPCHEKTUBHBIMA B O0JAcTH 3allUTHl OT BUOpAIllMd W yIapoB, a TakKXe B
KauyecTBe KOMIICHCATOPOB IepeMelleHui. Mamas KeCTKOCTh CHUCTEMBI  TIPH
3HAYUTEJLHON Harpy3Ke IMO3BOJISIET YMEHBIINUTh YacTOTY COOCTBEHHBIX KOIeOaHMA 10
3HadeHmit | 'l 1 MeHee, YTO JaeT BO3MOXKHOCTh M30JIMPOBAThH IMUPOYAUIINN CTIEKTP
KoJieOaHU, BKJIFOYasl SKCTpeMalbHO HU3KHE 4acToThl. B 11eom, npobiema noimydeHus
HU3KOW NMHAMHUYECKOW KECTKOCTH MPY 3HAYUTEIHHOM CTAaTUYECKON Harpy3ke BCTaeT
nocraTtouHo yacto [233, 238, 272].

Co3naBasi MOCTOSIHHYHO BOCCTaHaBJIMBAIOILIYIO CHJIy Ha OOJIBIIOM JHara3oHe
NepeMeIleHnH, JaHHble CHUCTEeMBI ITO3BOJIIOT HE TOJBKO O0O0ECIeYruBaTh BBICOKYIO
CTeNleHb BHOpPOM3OJIAIMK, HO W KOMIICHCHPOBAaTh TPOCAJAKH KOHCTPYKIUHA U
celicMUYecKUe BO3IeCTBUA.

Marnas )XeCTKOCTh CHCTeMbI B pabouell TOYKe oOecredynBaeT HU3KHE 3HAYCHUS
4aCTOTHI COOCTBEHHBIX KOJIeOaHUH, a, CIIeIOBATEIbHO, U BICOKHE BUOPOU3OISIIMOHHBIC
KadyecTBa. B 1omosiHEHHWE CTOMT OTMETUTh, YTO TIOMHMO TpeOOBaHUU K OOIIeMy
CHUKEHUIO YPOBHS BHUOpAIMH, CYIIECTBYIOT MPOOJEMbl W30JSIIIUN BUOpAIIUM HU3KOM
gacToTbl [31]. BuOpamusi BBICOKOW HYacTOThI XOPOIIO CHHXKAETCS TPU TTOMOIIA

IMOJIMMEPHBIX W 3JIACTOMEPHLIX MATCPHUAJIOB, PE3HMH, U B LEJIOM PA3HbIX KaY4YYKOB. Ho



HU3KYIO YacTOTy M30JIMPOBATh CJIOXKHEe: OHa MeJUIeHHee 3aTyXaeT, paclpoCTpaHsIeTcs
Jlanblie, ee CI0XHee BBIICNUTh.

HuskowacrtoTHas BuHOpanusi BpeAHO BIHsSeT Ha dejoBeka [239, 249].
HuskowactoTHass BHOpanys MOPOXKIAaeT HU3KOYACTOTHBIA IIIyM, KOTOPBIA TaKxke
HeraTUBHO BJMSIET Ha 370poBbe ueioBeka [269]. UroObl 3¢ (heKTHBHO CHUXATH
BUOpALIMI0O HHU3KOH YacTOTBhI, COOTBETCTBYIOILIHE BHUOPOU3OISITOPHI OJKHBI HMETh
4acTOTy COOCTBEHHBIX KOJIeOaHuil He Oojiee YeTBEPTH OT JaHHOM 4acToThI [255].

BriepBreie ynpyrue cUCTeMBbl ¢ KBa3WHYJIEBOH JKECTKOCTHIO OBUIM TMPEAIOKEHBI
npodeccopom AnadyxeBbiM [1.M. B 1967 1. [207] Ha ocHOBe epm Museca (cHCTEMBI €
«TePecKOKOM»), OJIHAKO JI0 HACTOSIIEro BpeMEHU TaK W He pa3pabdoTaHbl JOCTATOYHO
IpOCThIe W B TOXe BpeMs 3>(PQEeKTUBHBIE CHUCTEMBI C KBa3MHYJEBOW IKECTKOCTHIO

(Pucynox 16).
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Pucynoxk 16 — OpurnnansHas cucteMa AnadyxeBa

AnalyXeBbIM paccMaTpPUBAJIUCh M aAHAJUTHYECKH U3Y4YaJuCh pa3IUYHbIC
CHUCTEMBI C KBAa3WHYJIEBOM JKECTKOCTBIO, MpoBeAeHa NoApoOHAas KiaccUupUKaIusa

no100HbIX cucteM [6] (Pucynoxk 17).



Pucynok 17 — Knaccudukanusi cucteM ¢ KBa3WHYIJIEBOU KECTKOCThIO AnadyskeBa

OILHO H3 Hal'[paBJ'IeHI/Iﬁ HCIIOJIB30BaHUA BH6pO3aU_[I/ITHBIX CHUCTEM C KBaBI/IHy.]'IeBOﬁ

KECTKOCTBIO — 3TO Py4YHbIe HHCTPYMEHTHI, B YaCTHOCTH MMTHEBMOMOJIOTKH [ 7] (PucyHOK

18).
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Pucynoxk 18 — Cxema BUOPO3AIIUTHON PYKOSATKH C KBa3UHYJIEBON KECTKOCTBIO,

HeCVIIaAg NPy AHHa
HITOK

maiioa

KOPPEKTOP AKECTKOCTH
cenaparop
BEHTHIb

NPOMEKY TOUHOS TBEHO

(pyropra

npemiokeHHast Ana0ysKeBbIM



Jllpyras ~ pykosiTkKa  ITHEBMOMOJIOTKa,  oOecleyuBaromas  BHOPO3AIIUTHI
MIOCPECTBOM KBa3MHYJIEBOM JKECTKOCTH, TMpejacTaBieHa B cTatbe [32]. B Heid
UCIIONB3YETCS  NPYXKHHA, TepeMEIlalolalascs MeXIy ABYyMsS  CIeNHaIbHO
paccYnTaHHBIMU HAPABISIOMMMHE 3aIaHHON (OPMBEL.

JlaHHYI0 KOHCTPYKLHMIO pa3BHBaeT W MPOJOJDKAET MOAPOOHO HCCea0BaTh
yueHblii u3 Benukoopuranuu A.Kappesmna (Carrella) [220, 222, 223, 225]. Ogaum u3
€ro MpeUIOKEHNI SBISETCS HCIOIb30BaHHE OHUCTAOMJIBHBIX MPYXKUH (T.€. IUIACTHH C
JIBYMsI CTAaOWJIBHBIMU TTOJIOXKEHHUSIMH, OOJIaJarolye «IPOIISIKHBAaHUEM») B KadyeCcTBe
aJIEMEHTA, YIIPaBJISIOIIEro KeCTKOCThIo cucTeMbl (Pucynok 19) [221]. Hecmotrps Ha
TaKkhe JIOCTOMHCTBA, KaK BBICOKHE BHOPOM3OJHUPYIOIIHE CBONCTBA M IMPOCTOTa, Ha
CETONHAIIHNAN IeHb UCIOIh30BAHNE CUCTEM JAaHHBIM aBTOPOM HE IMOIYYHIIO IITHPOKOTO

pacrpocTpaHeHusl.

1 - BuGpou3oIMpyeMblii 00BEKT; 2 - OMCTAOMIbHAS TUIACTHHA; 3- IIAPHUPHOE
coeiMHeHUe; 4 - BepTUKaJIbHAs MPYKUHA CXKATHUS; 5 - YIIOPHBIN CTakaH

Pucynox 19 — Cucrema Kappemibl ¢ OucTaOuiibHON NMPYKUHON

Taxke wu3BecTHble Tpyabl Carrella, mMocBsIeHHbIE pa3padOTKE CHCTEM C
KBa3UHYJIEBOM JKECTKOCTHIO Ha OCHOBE MPYXUH M OUCTAOMIBHON Py KHHBI [ 225].

B pa6ote Ali Abolfathi, Tim P. Waters, Michael J. Brennan [209] myist monmydenust
KBa3WHYJIEBOM KECTKOCTH WCIIONB3yeTCsl H30THyTas Oanka, IOCie0BaTelbHO

COeIMHEeHHasl ¢ JIMHEeWHbIMU NpykuHamu. [Togo0Has KOHCTPYKIUs Xopoluo paboTaeT B



00JIacTH MaJIbIX aMIUIUTY, OJHAKO IS 3HAYUTEIbHBIX AaMIUIATY]] BO3HUKAIOT
HenMHeHble 3¢ (}eKThl, YTO HETraTUBHO BIMSEeT Ha BUOPOM3OJISIIIMOHHBIE CBOWMCTBA.
YacTUyHO NaHHOE HeXelaTellbHOe SIBIICHHE yCTpaHsIeT MocleA0BaTeIbHO COeAMHEeHHAS
MpY>XWHA, BBI3BIBAS MPU DTOM HE3HAYUTENbHOE CHIKeHHe S(OPEeKTUBHOCTH Ha
BO30YXKIAIOIINX YaCTOTAX.

Bo3MoXHO ToTy4eHHe KBa3WHYJIEBOW JKECTKOCTH IMPHU MOMOIIU KOHCTPYKIIUH, B
3apy0eKHOH JIMTepaType u3BecTHOH Kak «scissor-like». Takue cucremsl paccMarpuBan
Sun [265]. B oTedecTBeHHOH JHTepaType MOXOXKHE KOHCTPYKIIMH HOCST Ha3BaHUS

«rtura kpect» (Pucynoxk 20).

Pucynok 20— Cucrema THMIa «KpecT»

CymecTByeT BapuaHT peaju3allid BUOPOM3OJSATOPOB C  KBa3WHYJIEBOU
KECTKOCThIO B BHUJE OJMHOYHBIX dJeMeHTOB. B pabortax [37, 38, 44] mpennaraetcs
UCITIOJIb30BAaHUE peccophl crenuanbHoi (opmbl. [lomoOHON momxon obecrieunBaeT
BBICOKYI0 KOMIIAKTHOCTh B COYETAaHUU C IIMPOKUM JIHAMla30HOM BbIOOpa (GOPMBI
BUOpom3oJATOpa. biarogapst 3ToMy MOXKHO MOJIy4YaTh pa3IMYHble BapUAHTHI CHJIOBOM

XapaKTepUCTUKH.



N3BecTHBI CITOCOOBI CO31aHMs KBa3UHYJIEBOM JKECTKOCTH TPH MOMOIIN aKTHBHBIX
ITHEBMATUYECKMX 3JIEMEHTOB, pacCMOTpeHHBIX B pabdorax Le, Ahn, Sun, Xu, Jing,
Cheng [246, 266].

3HAUNTEIbHBIM BKJaJ B Pa3BUTHE CUCTEM C KBa3HUHYJIEBOH JKECTKOCTBHIO BHEC
3oroB A.H. [87, 97, 105, 106, 107], w3ydarommii BO3MOXXHOCTb CO3JaHUsS OIOp,
U30JIATOPOB, TMOABECOK C IIUPOKMM JMAlla30HOM ITOCTOSHHOM WM 3aJaHHOMN
J)KECTKOCTH, a TaK)Ke 3aHMMAIOILIUICA TOMCKOM HanOojee ONTHUMAaIbHOM CTaTHYEeCKOM
XapaKTePUCTHKU BUOPOU30IATOPOB. MM ObLTa McciieioBaHa cucTeMa 0e3 ydeTa TpeHHs,

COoCTOAIIad M3 ABYX IIap IMMHEBMOIIPYKHWH, HAKIIOHCHHBIX IIOA OIIPEACIICHHBIMHA YIJIaMHU

[97] (Pucynok 21).

1 - mpunaraemasi Harpy3Kka; 2 - MTHEBMOTIPYKHHA; 3 - ITApHUPHOE COeTUHEHUE

Pucynok 21 — Cuctema, coctosiiiasi U3 IByX Map ITHEBMOIPYKUH

CrouT oTMeTUTh BHOpOM3ONMpYIOUIYIO TmoABecKy [152], Bxmogaronryro u
NpYXWUHBI, W MarHuThl. CorjacHO ONHWCaHWIO K TIIaTeHTy, [aHHas II0JBecKa
oOecrieunBaeT KBa3WHYJIEBYIO JKECTKOCTh IO BCEM IIECTH CTETeHSIM CBOOOIBI U

ABTOMATUYECKYIO NIEPECTPONKY Ha M3MEHSIIOIIYIOCS HAarpy3Ky.



Teopernyeckn OJHUM W3 METOJOB CHIDKEHHWS BHUOpAlWH, TepeaBaeMod OT
poropa Ha 000pyIOBaHWS, SBISIETCS WCIOJIB30BaHWE MEXIY KOPIIyCOM W
HNOJIIMITHUKOM ~ YIOPYTMX  3JEMEHTOB ¢  KBa3HMHYyJIeBOHM  JkecTkocThio  [31].
JlonomHuTenbHBIM 3P deKTOM 311ech sBseTcsS (GakT, 4TO POTOp, IPH BpallleHUHd Ha
YOPYIHUX OMOopax CaMOIEHTPHPYETCsS TMPU 3HAYEHUSX 4YHCiIa OOOpPOTOB BEHIIIIE
KpuTHdeckoro. Vcmonp3oBaHWe TOABECKH C KBA3MHYJIEBOW KECTKOCTHIO IO3BOJISIET
CHUXATh JaHHOE 3HaueHWe 3HAYUTENhHO HUXKEe padourMX YacTOT BpaIlleHUs poTopa,
TO3BOJISIE  CAMOIIEHTPUPOBATHCST TIPH JIFOOBIX paboumx pexumax. COOTBETCTBEHHO,
3HAUYUTENFHO CHIDKAIOTCS JUHAMUYECKHE HArPy3KH OT POTOpa.

Ucnonp30BaTh 3IEKTPOMAarHUTHBIE CUCTEMBI MOXXHO M JUIsl TOJY4YEHHUs Majoi
JTUHAMAYECKON JKECTKOCTH IyTeM YIIpaBJeHUs CHIION aiekTpoMarHuta. [logo0HbIMU
uccieaoBaHusIM 3aHuManuck Robertson W., Wood R., Cazzolato B., Zander A. [261].

CylecTBYIOT Takke W JApyrue pa3padoTKM B OOJacTU MOABECOK pOTOpa C
KBa3UHYJIEBOU JKECTKOCTBIO, MpecTaBleHHbIe B TpyAax [33, 35, 159].

B tpynax Brennan M.J. and Dayou J. [218] u3yuaeTcst nucnonb30BaHue aKTUBHBIX
racutenied. [lepectpanBaemble HEHTpaTU3aTOPhbl BUOPAIIMM MOTYT MCIIOJIB30BATLCS IS
yIOpaBjiIeHUs] TapMOHUYECKOW BUOpalUMd KOHCTPYKLIMM B TOYKE, B KOTOPOW OHHU
npucoequHeHbl. Takoe yCTpOWCTBO B MPHUHIUIIE MOXET OBITh 3(()EKTUBHHIM B
JIOBOJIGHO IIMPOKOM Jnuara3one d4actor. B pabGorte [209] wm3ydanmock ontumaibHOE
OTHOLLEHUE MacChl HEUTpaan3aTropa K Macce KOHCTPYKLIHH.

Jlanee B pabote [218] paccMmarpuBarOTCs paziddHbIe BapUaHTHI peanu3alin
AJIEMEHTOB TEPEMEHHOW JKECTKOCTH JUIS aJalTHBHOTO TacuTels BuOpamwu. B
YaCTHOCTH, OBUIM pPacCMOTPEHBI CIOCOOBI IO yMpaBlieHHt0 (HOPMOM M CBOWCTBAMM
Marepuana. [ TaBHBIM HEJOCTATKOM TaKOTO YCTPOMCTBA, OAHAKO, SBISETCS TO, YTO OHO
uMeeT OOJbIoe BpeMs OTKIMKA. KOHCTpyKIMS amanTUBHOTO TacUTENsl BHOpaluud C
UCIIOJIb30BAaHUEM KOHTPOJISl (hOPMBI HAMHOTO CJIOJKHEE.

Hcnonb3oBaHue aganTUBHOTO racutesis BuOpauuum usydaercs B [243]. 3mech
UCCIIeTyeTCsl UCIONb30BaHUe racuTeliel BHOpaIuu ¢ JByMsl CTeNeHSIMU CBOOOIBI — B

MPOJIOJIBHON OCH U MPU TTOBOPOTE KOHCTPYKLIUU.



Nzydas onTUMalbHYI0 HACTPOWKY aallTUBHOTO racuTels BuOpanuu [232] 6110
YCTaHOBJICHO, YTO MOAO0OHAs KOHCTPYKIIMS HanboJyiee ONTUMAIBHO BeleT ceOs Oymaydun
HAaCTPOGHHON TakuM 00pa3oM, YTOObI €€ 4YacTOThl COOCTBEHHBIX KoJieOaHUN ObUIH
HECKOJIbKO HUKE WJIM BBIIIIE YaCTOTHI BO30YKIAIOIIMX CHIIL.

B Poccun nanneiMu uccnegoBanusiMu 3aHuManuch ['ypoBa E.I'. u 3yer A.K
(Pucynok 22). JlaHHble aBTOpPBI pa3padoTaid BUOPOU3OJIATOP C JIEKTPOMAarHUTHBIMHU
alieMeHTaMH, B KOTOPOM HEeCYIIHi 3JeMeHT BBITIONHSIICS B BUAE OOBIYHON MPYKUHBI, a
pOJIb  KOPPEKTOpa >KECTKOCTH BBIMOJTHST djekTpoMaraut [78]. JlaHHas cucreMa
MO3BOJISIET YMPABIATH JKECTKOCThIO, W TIO CYTHU SIBJISIETCS CHUCTEMOW aKTHBHOM
BuOpomsonsiuun. ABtopsl 3yeB A.K. u Jlebener O.H. Takxkxe paccmaTpuBaiy BMECTO
3JIEKTPOMArHUTHOTO KOPPEKTOpa KECTKOCTH U THUAPABINYECKYIO MOJENlb KOppeKTopa

xectroctu [130].

Pucynok 22 — Bubpowuzonsarop ['yposoii u 3yeBa

[TepcrieKTHBHOM SIBJISIETCSI YCTAHOBKA POTOPOB MAIllMH Ha YIPYTOM IMOJBECKE C
KBa3MHYJIEBOM JkecTKOCThIO [78]. OpHako obecre4ynBaTh Majlyl JKECTKOCTh U
OTIpeJIe]ICHHYIO HECYIIyl0 CIIOCOOHOCTh B O4YEeHb OIPAaHWMYEHHOM IPOCTPAHCTBE,
copa3MepHbIM C TrabapuTamMu MOAIIUIHUKA POTOpA, SBISETCS CIOXHOW WMH)XKEHEpHON
3aJ1adeil.

[Tony4yenue cucTeM ¢ KBa3WHYJIEBOW IKECTKOCTHIO BO3MOXHO TIPH ITOMOIIH

HCIIOJIB30BaHUA Pa3JINIHbIX HallpaBJIAOIINUX. CYIJ_[GCTBYIOT CHUCTCMBI C



XapaKTEPUCTHUKAMHM C yY4aCTKaMHU KBa3HHYJIEBOH KECTKOCTH HEOOXOAUMOM JITHHBI, TIPH
STOM CTaTHYECKas XapaKTePUCTHKA MPETOKEHHON CHCTEMBI MOXET PEryJIHpOBaThCS
HAMpPaBJISIOIAMH U 3a1aBaThCsl B IIMPOKHUX Ipejaeiax. Takhe CHCTEMBI OIKMCAaHBI B
tpyaax [96, 99, 113] (Pucynok 23).

CucTeMbl C KBa3sWHYJIEBOM JKECTKOCTBIO TaK)Ke MOYKHO WCIIONB30BaTh W IS

CO3/1aHHUs MOCTOSHHOM CHJIBI Ha OOJIBIIIOM JHara3oHe nepemenieHuit [ 283, 284].

1 - mpunaraemast Harpy3Kka; 2 - HallpaBJIsIOIIKe ClealbHOro npoduis; 3 -
MpYy>KUHA CKaTus; 4 - KATKOBas OII0pa; S - HANPABISIIOLINN CTaKaH; 6 - IOJIOXKEHNE
IIPY>KMHBI COKATHs U HAIIPABIAIOLIETO CTAKaHa B C)KaTOM COCTOSIHUU

Pucynok 23 — Cuctema ¢ KBa3WHYJIEBOM K€CTKOCTHIO, pealn30BaHHAs MIPH

MTOMOIIY HAITPaBJISIFOIIAX

N3BecTHBI pa3pabOTKH MHOTOCIIONHBIX AeMII(EPOB /s IBUTAaTEN e TeTaTeIbHBIX
arnmaparoB [159].

B  pabGote [100] paccMOTpeH  BapWaHT  TOJIBECKH  yCTaHOBKHU
AJIEKTPOLIEHTPOOESKHBIX HACOCOB B CKBKMHE C IIOMOINBIO MaKeTa TapeibyaThiX
BUOPOU30JIATOPOB Malioi jxecTKoCThio (PrcyHOK 24).

CucteMbl ¢ KBa3WHYJEBOM JKECTKOCTHIO TOJNYUMJIM paclpoCTpaHeHHEe B
BUOPOM3OJISIIIMY CYJOBBIX CHJIOBBIX YCTAHOBOK. B dYacTHOCTH, OBLIM HCCIETOBaHbBI

TUIpaBIndecKre BUOPO3aIUTHBIE CUCTeMbl. J[aHHBIH cmoco0 3alluThl OTINYaeTCs] OT



MCXaHUYECKUX TEM, YTO YMEHBIICHUC KECTKOCTU OCYIICCTBIIACTCA IMOCPEACTBOM CJIOA

xuakoctu [130].
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Pucynok 24 — IlonBecka yCTaHOBKH 3JIEKTPOLIEHTPOOESKHBIX HACOCOB B CKBaKMHE

Ha BI/I6pOI/I3OJI51TOpe C MaJIoM )KeCTKOCThIO

1.9 Kaaccudpukanus BUOPOH30ISIMHOHHBIX CHCTEM ¢ KBa3HHYJIEBOH

KECTKOCTbIO

[IpousBenem kiaccuPuKaluio BUOPOU3OISLUUOHHBIX CUCTEM C KBa3WHYJEBOM
YKECTKOCTBIO Ha YCIIOBHBIX YEThIPE TUIIA.

[lepBBiii TUN mnpencTaBiseT cOOOH OMMH WM HECKOJIBKO OIOPHBIX YIPYTHUX
2JIEMEHTOB, MMAPAJJIENbHO K KOTOPBIM MPUCOEINHEH KOMIIEHCATOP XKECTKOCTH.

OcHoBHasi ujes 3aKiIO4YaeTcsi B TOM, YTO OINOPHBIM YHNPYTHil 3JIeMEHT, 4acTo
MPEACTABISAIONIMN OO0 BUTYIO LUIMHIPUYECKYIO MPYKUHY, UMEET MOJOKUTEIbHYIO
KECTKOCTb, a KOMIIEHCATOpP JMKECTKOCTM — OTPHUUATENIbHYI0 JKECTKOCTb. llpu
napajuieIbHOM COeIMHEHUHU JKeCTKOCTH CKJIabIBAIOTCsI, U 00IIasi *KECTKOCTh CUCTEMbI

CTaHOBUTCA paBHOfI HYJIXO.



OOwmuit BUA CUCTEM C KBa3WHYJEBOHM JKECTKOCTBHIO JaHHOTO THUIA MpeiCcTaBlieH
aumxe (Pucynok 25). Ha nanHOoM prcyHKe cieBa IpejcTaBlieHa cucTeMa 0e3 Harpy3KH, a
crpaBa — B padoyeM COCTOSIHHH.

Takast cucteMa BriepBble OblIa TIpeiioKeHa W paccuntada [1. AnabyxeBbiM. B
OOJBIIMHCTBE Clyyae OTOPHBIM 3JEMEHTOM BBICTYNAeT MeTauTudecKas MpyXKuHa,
pexke-  mHeBMoOIpyXuHa. KommeHcaTopsl MOTYT OBITh pPa3NIWYHBIMU: HAKJIOHHBIE
NPY>XKUHBI- B cllydae opuruHaibHOU cucteMsl [1. AnaGyxkea [207, 220], 6uctadbunbpHas
npyxuHa, cormacHo Carrela [222, 224], nmo cucTeMe «NpYyXHHHBIA KpecT» (B
aHTTIUACKON nuTeparype - «SCissor-likey system) [267], ympyrue cTepkKHUH WIH

MMPY>XKUHBI benneBunns B COCTOSAHUU, OJIU3KOM K nmorepe YCTOﬁHHBOCTH.

Pucynoxk 25 - O0wmuit Buj cucTeMbl ¢ KBa3UHYJIEBOM KECTKOCTHIO MEPBOTO THIIA,
VCIIOJIB3YIOLIEN MapajulesIbHOe COeIMHEHUE OIIOPHOIO YIIPYTOro 3JI€MEHTa C

KOMIICHCATOPOM KECTKOCTHU.

[IpeuMyliecTBOM JaHHOM CHUCTEMBI SIBJISIETCS CTPYKTYpHasi MPOCTOTa, OAHAKO
uMeeT OoJblme rabapuThl, U CyIIeCTBYeT MpobiemMa 00ecriedeHrs] YCTOMUYNBOCTH BCEX
CXKaTbIX YIPYTUX DJIEMEHTOB.

Bropoil Tun cucrem ¢ KBa3WHYJEBOM KXECTKOCTBHIO COJEPKUT OJIUH DJIEMEHT,
KOTOPBIM OJTHOBPEMEHHO BBINOJIHSET (YHKIIMU U OIMIOPHOTO 3JIeMEeHTa, U KOMIIeHcaTopa
xkectkocTu (Pucynok 26). /laHHas cucTema COIEp)KHUT YIPYTHH 3JIEMEHT B CJIOKHOM
HaMpsHKeHHO-e(hOPMUPOBAHHOM COCTOSIHUU, OJIM3KOM K MOTEpe YCTOMYMBOCTH, HO HE

NOCTUTAIOIIEH ero.



KoHcTpyknus cBomuaToro Tuma mpexactaBieHa B [275]. Takas KOHCTpYKIIHS
MOJIXOJUT JIUIS CO3JaHMsl MeTaMmaTephalloB ¢ KBa3WHYJEBOH kecTKocThio [273, 274].
Jlpyroii cioco0 o0ecIieYyuTh KBAa3HMHYJIEBYIO JK€CTKOCTh — 3TO HCIOJIB30BaTh COTOBYIO

cTpyKTYpYy (B opurunaie — «honeycomb structurey») [229, 280].

Pucynoxk 26 - O0mmii BUI CUCTEMBI C KBa3UHYJIEBOH KECTKOCTHIO BTOPOTO THUIIA,
WCITIOJIB3YIOIIEeH OJIUH JIEMEHT, KOTOPBI BHITIOJHSIET GYHKIIUU U OTIOPHOTO dJIEMEHTA,

H KOMIICHCaTOpa KECCTKOCTHU

[IpenmyiiecTBOM CHCTEM HAHHOTO THIMA SIBJISIETCS KOMIIAKTHOCTb, OJHAKO OHU
MOTYT cTpajaTh OT 3(hdeKToB pernakcauvu M nossydectd. M3-3a maHHbIx 3¢ddexToB
MOXKET HApYyIIUThCS HACTPOMKA CUCTEMBI HA ONTUMAJIBHBIE [TAPAMETPHI.

B cucremax ¢ KBa3WHYJIEBOW )KECTKOCTBIO TPETHETO TUIA YIIPYTHUM 3JIEMEHT BECh
WIM OJHOW 4YacThiO JBMXKETCS [0 HAMNpaBISAIOLIMM CIELHUaTbHONM (QOpMBbI, KOTOpas
OIpeeseTcss B 3aBUCUMOCTH OT TpeOyeMoil cuiioBoii xapakrepuctuku (Pucynok 27).
[IpenMy1iecTBOM JaHHOM CHCTEMBI SIBJIIETCSI BO3MOXXHOCTh €€ IPOEKTUPOBAHHUS IO
TpeOyeMble CUIIOBble XapaKTEPUCTUKH, B YACTHOCTU B IIMPOKOW 30HOH KBa3UHYJEBOM
’KECTKOCTH, HeIOCTaTKaMH SBISETCS CIIOKHOCTb CO3/aHusi, OoJjbllive TadapuThl U
3HaUMUTEJIbHOE TpeHue B y3nax. OAHy M3 Takux cucTteMa Takxke mnpemioxun 1
Ana0yxes [207].

YeTBepThld TUI CUCTEM C KBa3HHYJIEBOM JKECTKOCTBbIO MpeJCTaBisieT OOoJblIoe
KOJIMYECTBO AKTUBHBIX M MOJIyaKTUBHBIX KOHCTPYKUMU. B OOJBIIMHCTBE ciiyyaeB OHU
coZepKaT OIOPHBIM YyNPYIWM DJIEMEHT U yIPaBIsieMbl YIPYTUH DJIEMEHT, KOTOPBIN
JEUCTBYET B IIPOTUBOIIOJIOKHYIO CTOPOHY OT CMEILIEHUS HECYILEro yIIPyroro 3JIeMeHTa
(Pucynok 28). B kauecTBe KOMIIEHCATOpa JKECTKOCTH Hanboliee 4acTO HMCIIONB3YIOTCS

Pa3JINYHbIC 3JICKTPOMArHUThI.



Pucynoxk 27 - O6muii BUI CUCTEMBI C KBa3UHYJIEBOH KECTKOCTBIO TPEThero THUIa, B
KOTOPOU YIIPYTMU 3JIEMEHT BECh WJIM OJJHOM YACThIO JBUXKETCS 10 HAIPABJISIOLIUM

crieragbHON (POopMBI

Pucynoxk 28 - O01muii BuA cucTeMbl ¢ KBa3UHYJIEBOM KECTKOCTBIO YeTBEPHOIO TUIIA, B

KOTOpOfI COACPIKATCA aKTUBHBIC 3JIEMCHTHIL

Yapyrue NoABeCKH C MOJyaKTUBHBIM yrpaBieHueM mnpeanoxensl Choi u mp.
[226, 227]. DneKTpoMarHUTHbIE 3JIEMEHThI YIPaBIeHHs Takxke mpeanoxkeHsl Gan u ap.
[235]. DrnexTpuveckuii cepBOMOTOpP C IIAPUKO-BHHTOBBIM MEXaHU3MOM B KadecTBe
aKTHBHOI'O IPHBOJAA IOJABECKHM CHIAeHUU wHcrmonb3yercss Kawana m Shimogo [245].
DJeKTpOMAarHuTHbIe CUCTeMbl mpejactaBieHbl Robertson u gp. [261]. Cuctemsr ¢
KBa3WHYJIEBOM JKECTKOCTHIO, YIPABIAIOIMIAE IPUBOJOM POTOpPa, MPeACTaBICHBI
Donghong Ning u ap. [253]. Takxe BUOpOU30JIATOP C KBa3WHYJIEBOU JKECTKOCTBIO C
aKTUBHBIM yIpaBiieHHMeM pa3pabotan Zheng wu nap. [28l]. Drta KOHCTpYKUHS

pealn3yeTCda IIyTEM COCIAUHEHUA MarHuTHOM MMPY>XHUHBI C OTpHHaTeHBHOﬁ KECTKOCTBIO



napajijielbHO ¢ MeMOpaHHBIMHU TPYXWHAMH ISl KOMIIEHCAIIMHM €€ TTOJ0KUATEITHHOM
KECTKOCTHU. M30JITOp COCTOUT M3 IBYX KOAKCUAIBHBIX KOJIBIIEBBIX MAarHUTOB, KOTOPHIE
HaMarHu4eHbl 10 OCH, IMPUYEeM WX HaIpaBIeHWs HaMarHMYeHHOCTH OJMHAKOBBI.
KBa3uHyneByr0 JKeCTKOCTh Takke MOXXHO TIONYyYUTh C TIOMOINBIO CHCTEMBI,
UCITIOJIB3yeMOW B TOABECKE CHACHBS ISl 0€30pOXKbs, UMEIOIIeH HHTEIIEKTyalbHOe
akTuBHOe YyrpaBieHue [236]. OpgHako cleAyeT, 4YTO AaKTUBHBIE CHCTEMBI C
KBAa3UHYJIEBOMN KECTKOCTHIO OTIIMYAIOTCS BEICOKOM CTOUMOCTBIO.

Kaxxnprit 13 pacCMOTPEHHBIX THTIOB CHCTEM C KBa3WHYJIEBOU JKECTKOCTHIO UMEeT
cBou mpeumyinectBa U Hemoctatku (Tabmuma 1). OTMeuaeMm, 4TO TpencTaBlICeHHbBIE
XapaKTEPUCTUKHU SIBIISIOTCS CYOBEKTUBHBIMU, CIENaHbl HAa OCHOBE JHUYHOTO OIbITa
pa3paboTKM CHCTeM C KBa3WHYJIEBOW JKECTKOCTBIO, a TaKKe aHaln3a ITyOJIMKaIui

JOpYTUX aBTOPOB.

Ta6nm1a 1- CpaBHeHI/Ie Pa3JIMIHBIX TUIIOB CUCTEM C KBaBHHyneBOﬁ KECTKOCTBIO

CBOHCTBO Tum 1 Tun 2 Tun 3 Tun 4
. | DmacTuuHbIHA
OauH onopHbIH
. JJIEMEHT,
OmnopHblit JJIEMEHT B
N nepeMelaercss | AKTHUBHBIE U
YOPYTU# DJIEMEHT | COCTOSIHUU,
OOb11ee onucanue 1o MOJTyaKTUBHbBIE
+  xommeHcarop | OJIM3KOM K
HaIPaBJISIOIIUM | CUCTEMBI
JKECTKOCTHU norepe o
N CHEeNUaIbHOU
YCTOMYHUBOCTHU
(opmbl
["abaputhl bosbime Maienbkue bosbime bospine
[Iupuna 30HBI c
KBa3WHYJIEBOU Manenbkast Marnenbkast bosbas Marnenbkas
YKECTKOCTBIO
[Torenuman JUTS B 3aBucumoctn
U POKOMACIIITAOHOTO Cpennuit Bonbmoi Huzkuit oT
MIPOM3BOJICTBA KOHCTPYKITUU
[ToTeHMambHBIN
ko3 durment
BUOPOU3OJISIIUU . . . .
P Bricokuit Cpennuit Huzknit Bricokuii
OTHOCUTENIbHO  JIPYTUX
CUCTEM C KBa3HUHYJIEBOU
KECTKOCTBIO
Heob6xomumocTs
Bosbioe
ctabmm3anuu s | DPheKTs TDeHHE B VAIAX Cno>XHOCTB,
Henocratku CKAThIX TPYXKHUH, | pellakcauud |1 61())J'IBH_II/IG Y * | moaBOJ
OoJbIIne MOJI3Y4eCTH JNEeKTpUYecTBa
rabapuThl
rabapuThl




2 PA3BPABOTKA HAYYHbBIX OCHOB METO/JA
JAUATHOCTUPOBAHUSA HEDPTE- U I'ASOIIEPEKAYUBAIOILIEI'O
OBOPYJAOBAHUS C UCITOJBb30OBAHUEM JJAHHBIX
TEH3OMETPUU

B  fmomojHeHWe K CYIIECTBYIOIIAM  METOAaM  JHArHOCTHPOBAHUS,
paccMaTpuBaeTCss M HCCIIEAYETCS METOJ, IO3BOJIIONIMN MaKCHMAJIbHO OOBEKTHBHO
JIMarHOCTUpOBaTh  JNedeKThl ¢ WCIOJAb30BaHWEM  YAAJEHHOTO  aHalu3a
TEH30METPUUYECKOTO CHTHaJda. B OCHOBe MeTona IIEKHT cienyroiias uaes. Ilox
OImopaMH HAaCOCHOTO arperara HeoGXOAWMO MOMECTUTH TEH30JaTYMKH, YTO TTO3BOJIUT
OIpeneNsITh AMHAMHYECKHE PEaKIMh Ha OMOPBI B PEXHMME pealbHOro BpeMeHH. [Ipu
HEBO3MOXXHOCTH HX MOHTa)Xa MOXKHO MCITONIb30BaTh HaKJIaJHBIE TEH30JaTYMKH Ha
oropsl ¥ pamy obopyaosanus (Pucynok 29).

ITockonbKy HedTe- W TazonepekadrBaroliiee 00OPYIOBaHUE H3TOTOBISIETCS U3
CTaJM, TO HMMEET BBICOKYIO JKECTKOCThb, CII€OBATEIbHO, IMHAMHYECKAs CHIIA OT
KOJICOTIOIIUXCS DJIEMEHTOB TepeaeTcs Ha onophl 06e3 notepsb. CurHan o0 yCUIUsIX B
oropax, W3MEPEeHHbIH TeH30JaTYMKaMHu, Mpeodpa3yeTcs B YACTOTHBIM CIIEKTp MpH
nomolu pasnoxenus: B psg Pypre. Maremaruveckass Mojeib, pa3paboTka KOTOPOI
npuBejieHa fajiee, MO3BOIUT ONPEAETUTh TOYHOE TOJI0KEHNE HCTOYHUKOB KOJIeOaHusl, a
UMEHHO T[IOJIOKEHHWE BJOJb TPeX KOOPAWHAT B MpOCTpaHCTBe. JIOMONHAS OTY
HH(GOPMAIIMIO CBEIECHUSIMM O YacTOTe KoOJeOaHWs W €ro HHTEHCHBHOCTH, MOYKHO
MaKCHUMalbHO TOYHO HIAECHTH(PHUIIMPOBATH HUMEIOIIMUCA IeGeKT, W B JalbHEHIIEM
OLIEHUTH CTEIEHD €r'0 OMACHOCTH.

Taxkum 06pa3oM, Ha OCHOBE HCIIOJIBb30BAHMS TEH30METPHUECKOTO aHAIM3a MOYKHO
pa3paboTaTh MPOCTPAHCTBEHHYIO MOJIENb HAeHTH(GUKAINN 1eEKTOB U paCIpeae/IEH s
MOTEHI[HAILHO  OMACHBIX  DJIEMEHTOB  II€PEKAYMBAIONIET0  OOOpPYIOBAaHHUS M,
COOTBETCTBEHHO, METOJI TPEBEHTUBHOTO OOCITYKMBaHUSI.

Jlanee mpejcTaBieHbl OCHOBBI MAaTeMATHYECKOM MOJEIM IO OIpeeeHUI0

PaCIIONIOKEHUA 110 AaHHBIM U3MCPCHUA JUHAMHWYCCKUX HAI'PY30K Ha OIIopax.



JdethexTa, AHATIOHPYS patHuy fai
MEETY THHAMIMSCEHME Pealiamn
N0 JARHEN TERTOIaTIREOE Nl | Nel

Pucynok 29 — KonuenTyanbHas cxema Jyis onpeielieHus] IMHAMUKH 000py1I0BaHUs Ha

oriopax IoJ IelcTBUeM JedeKTa

2.1 Pa3pabGorka niockoii Mojen KoJieoaHuii HedTe- U
rasonepeKka4ynBapouero 000py10BaHus NPU HAJHYHU BePTHKAJIBLHON H
rOpPU30HTAJIbHOI BO30Y:KIAIOIIMX CHJI € Y4€TOM HCIOJ/Ib30BAHUS JAHHBIX

TCH30METPHUHU

KonnenTyanapHyt0 cxeMy HacOCHO-CHJIOBOTO OOOPYIOBaHUS PacCMOTPHUM B BHIIE
pacueTtHo# cxembl (Pucynok 30). CornacHo eii o6opyoBaHNe ¢ ICTOYHUKOM KoJieOaHUi
pacrosaraeTcsi Ha oropax 1 mpeJCTaBICHO B MPOSKIIUU Ha BEPTHUKAIBHYIO TUIOCKOCTb.

Llentp macc Haxomutcst B Touke O. [ledext pacnonaraercst B Touke D u co3maer

BO30yXxarolyto cuily F, BekTop KOTOpoll BpallaeTcsl NMPOTHUB HAaCOBOW CTpEJKH, ¢



4acTOTOU . reOMeTpI/ILIeCKI/Ie napaMeTpbl IPEACTAaBJIICHbBI Ha pacquHoﬁ CXCMC

(Pucynoxk 30). CooTBeTCTBEHHO BO30YXarollias Cujia MeeT Kak BepTUKaJIbHYIO, TaK U

TFOPU3OHTAJIBHYIO ITPOCKIUIO.

T

PI/ICYHOK 30 - PacueTHas cxema AJI OTIPpEACIICHUSI TUHAMUKHU O60pyI[OBaHI/IH Ha OoImopax

noj AecTBUeM JedeKrTa

PaccMoTpuM aBmkeHune 00OpyAOBaHHS B IJIOCKOCTH BO3JeMCTBUs nedekTa c
IeJIBIO OTpeJIeNIeHUs] TUHAMUYEeCKMX cocTaBisitolux peakiuu omop ARa(t)u ARg(t) ot

BpeMeHHU t. Bociosnb3yeMcst ypaBHeHreM JlarpaHn:xa BTOpOro poja.

d| oT ol 0 3)
dt é‘qJ. &]j J
3amaauMcss ABYMsI CTEINEHSMH CBOOOXBI HJiI PAacCMOTPEHHOM CXeMbl — 3TO

BO3MOXKHbI€ BEpTHUKaJIbHbIE CMEIIeHUs onop oOopynoBaHusl Y, U Yp. Takum oOpazom,

ypaBHeHue Jlarpanixa BTOpOro poja AJisi yKa3aHHBIX OOOOIIEHHBIX KOOpAMHAT OyneT

cieayrolee



d(oT) of
al3,) a0 X
d(or) or

= @/—B _@/_B_QB. (5

HpI/I CMCIICHUM OIop, HHA4Ye TOBOPs, IPHU HU3MECHCHHMH BCIIMYUH Y, U Y,
MPOUCXOAUT U3MCHCHUE BCPTUKAJIBHOTO IMOJIOKCHUA LIEHTPAa Macc. BricoTHas oTMmeTka

LHEHTpa MaccC OIIpEACIIACTCS KakK:

_ Vals +ypL,

L,+L, (6)

Yo

HOBOpOT 060py,I[OBaHI/Iﬂ OTHOCHUTCIIBHO TOYKH B CHUJIY paCKadYMBaHHA Ha OIIOpax

OIIPEACIIACTCA KaK

_ Ve Vy
DAL, ()

Kunetnueckast sHeprus KojaebaHUi CHCTeMbl OMpeIesIsieTCsl Kak

2 2

1
T = my, i Py . (8
2 2

Haiinem HeoOGxonumble MPOU3BOJIHBIE COMIACHO ypaBHEHMIO JlarpaHixka BTOpPOro

poxna:
vl ol
T:—JZ;O +—(go , ©)
. . 2 . . 2
T:ﬁ[yALB‘i‘yBLAJ _‘_i(yB_yAJ ’ (10)
2\ L,+L, 2\ L, +L,
orl’
&, an
oT
&, @2
B
or :myALB+yBLA Ly Vs =V —1 (13)



or :myALB+yBLA LA +]yB_.)>A 1

Ny L, +L, L,+L, L, +L, L, +L;’ (14)
i ﬁ :mj}ALB-'_j}BLA Ly +1j}B_j}A -1 (15)
dt\ oy, L+L, L, +L, L,+L,L +L;’
i ﬂ :mj}ALB—'_j}BLA LA +IyB_yA 1 . (16)
dt\ oy, L,+L, L,+L, L,+L,L,+L,

Omnpenenum 06061eHHBIe cribl Qp 1 Q. Jl71s1 3TOTO BOCTIONB3YEeMCSI IPUHITAIIOM
BUPTYaJIbHBIX Tiepemertiennii. [Ipu 3aganuu onope A BUPTYyaIbHOTO MepeMeIeHus 0ya

uMeeM creayromyto cxemy (Pucynok 31).

Pucynok 31 - PacyeTHas cxema K ompejiesieHrro 00001meHHoM critbl Qa B IIIOCKOH
MOIeNTd KoJieOaHui He)Te- U ra3onepeKkadyruBaroiero 00opy10BaHus MPU HATHYUN

BEPTUKAJIbLHON U TOPHU30HTAIBHON BO30YKTAFOIINUX CHII

B takom ciiydae u3 reometrpuueckux coodbpaxeHuit obobmennas cuiia Qa paBHa:



_ AR, (D)dy, + F, (1), + F, (1),

L H
=AR,(t 2_F (t F (t).
A @A A()+LA+LB y()+LA+LB x() (17)
AHaJorugHo omnpejensercs oooomenHas cuna Qg:
_AR, (), + F(D)dy), + F,(1)dx, — AR L, F (- H F
QB 5)’3 B(t) T L,+L, g ® L+ L, ’ “: (18)

Urak, ypaBHenue Jlarpanxka BTOpPOTO pojia MJisi YKa3aHHBIX OOOOIIEHHBIX

KOOpAWHAT OyJIeT cleayroliee

YALB + yB I—A LB yB — yA -1 I-2 .
| I =AR,(t F,(t)+——F.(t)»
ML Lol Ll Ly AROr RO RO (19)
myALB + yBLA I-A +1 yB - yA 1 — ARB (t)+ L:L F(t)— H Fx(t) . (20)
L,+Lg La+Lg La+Lg La+Lg L,+Lg L,+Lg

HYCTB JKECTKOCTH OIIOp COOTBETCTBECHHO ka n kb. B Ttakom cilydyac IMHaAMHUYCCKUC
peakIuu orop OyyT PaBHBIL:

AR (1) =—k,¥,; (21)

AR, (1) =—kpyy . (22

I/ITaK, YpaBHCHUC HarpaHH(a BTOpPOro poda il YKa3daHHBIX O606H.IeHHBIX

KOOpAMHAT OyJIeT cleayrolee

Yaly + V5L, Ly Vg = Va4 -1 L, H
iy =AR (¢ F (¢t F ()
" LA + LB LA + LH M LA + Lb’ LA =+ LB A( )+ LA + LB }'( )+ LA LB x( ) (23)
VLy+ysL, L P, — 1 I o
m A™B B—A A +I B A :ARB(Z‘)+ 1 F(t)— F"(t). (24)
LitLy Ly+Ly  Ly+Ly Lyi+1, L,+L, L,+L,

[Tony4yeHHnble 1Ba ypaBHEHUS CBOASTCS K  CHUCTEME  HEOJHOPOJHBIX
nuddepeHLranbHbIX ypaBHEHUN BTOPOTO MOPsIIKA.

OO611ee ypaBHEeHUE OINpeesieTCs KakK

AR, (t)=R, [Cal -cos(w,t)+C , -sin( w,t) + a, - cos(at) +a, - sin( a)l‘)] ; (25)

AR, (t) = R,[C,, -cos(m,t) + C,, - sin( 1) + b, - cos(ot) + b, -sin ). (26)

[Ipunumasi, 4to KojebaHus 0OOpPYAOBaHHUS yCTAHOBUBIIEECS, TOT/Ia CBOOOJHbBIE
KOJIeOaHHUs OITyCKarOTCS.

AR (1) =R |a, - cos(ar) + a, -sin( at)]; (27)

AR, (1) = R,|b, - cos(cr) + b, -sin( at)]. (28)

Torma KoopauHATHI Y, U Y, PaBHBI



AR, (1)

YVi= _T; (29)
yB=—é%§Q; (30)
V,=- AIZA @) =— a)/iRA (a1 -cos(awt) +a, - sin( a)t)); (31)

m@a)__mﬁg
kB kB

Yy =— (b1 -cos(at) + b, - sin( a)t)) _ (32

COOTBETCTBEHHO IMOJIy4aeM CHUCTEMY YpaBHEHUU

yA(m-BZ +1 )+ yB(m-ALB —| ) — ARA(t) +

LoL) L0 F, cos(at) + L oL F, sSn(at) , (33)
Pl Ly = 1)+ 3y (mLAZ A I) =AR, (1) + F cos(wt) — F_sin(wr) - (34)
(L,+L,) U L+L, L,+L, "

[Tocne mpeobpazoBanHmii moaydaeM

Ra (@, cos(at) + a, sn(at)mLy? + 1)+ Fe = (b, cos(t) + b, sin( @)L 4L, — 1)

w2 Ka _
(u+%f B (35)
= : .S Latbe -y - :
= R,[a, - cos(awt) + a, - sin(wt) ]+ L oL F, cos(wt) + L F, sin( ot);

% (a, cos(et) + &, Sin(wt) ML AL, — 1)+ % (b, cos(et) + b, sin( @t))(mL,2 + 1)

(La+ Lo ) ) (36)
_ , o L, ___H
= Rg[b, - cos(wt) + b, - sin(wt) |+ Ll F, cos(at) -

A+B

—

F, sin( ot).

Pemenne manHOM cucTeMbl MO3BOJISIET MOJIYYHUTh 3HAYEHUS] peaklUi B OIOpax.

Jliig neneit ananu3a nojoxkeHus Aedekra (koopauHaTa L) curraem 3HaueHus peakuui

Ay, o, bl, b2 HU3BCCTHBIMMU. HaﬁneM HEU3BCCTHLIC BECJIIMYUHBI ITYTEM ITOCJICIOBATCIIBHOI'O

oOHyneHus: PyHKIMI MpU CHHycaX W KOCHHYCax, WHa4de TOoBOpPS, IyTeM IOJCTAHOBKU

ot=0 n ot=0,5n. IloactaBnsas ot=0 noaydaem ABa ypaBHEHUS:

R.

e Sa g (g2 H}F—Q@LL-J)

(Lo Le)

Latle—byp (37)
L,+L;

—Q

A8 +



%al (mL L, —1T)+ %bl (mLAZ + 1)

L (38)
—* B =Rb+—1—F,.
“ (L,+L,) SR Y
IToacrasnss ot=0,57 monyyaeMm Tak»e JBa ypaBHEHUS
%az (mL,? +1)+ iijz(mLALB _1) .
e E_ =R,a, + F.; (39)
(L,+L,) L, +L,
IZAaZ(mLALB ~ 1)+ iijz (mL,2> +1) .
e g =R,b, - F_. (40)
(L,+L,) > L,+L,
Peurennem MOCJIEAHUX YETBIPEX ypaBHeHI/Iﬁ SABIISIETCA.
_ FykA(kB(Ll -L, _LB)(LA +LB)+(I+LA(LA —Ll)m)a)z) . 41
“TR ok (1, + k) + (ke L) + Ky Jm o ) 4D
R,\k, B(LA+LB) I(A+ B)+ JL +hpLy )a’ +mlo
_ Fky (_ k,L, (LA + LB)+ (] + (Ll - L, )LBm)a)2) . (42)
VR ey (L, + LY 1k, + )+ kL) + kL) I fo® + mil oo )
. FHk (- k,(L, + L)+ L mao?) _ “3)
2 2 2 ’
Ry (L, + L) 1k, + k) + kL) + Ky L, Jmfo® + mi o)
FHk,(k (L, + L,)- Lymo?) (a4)

b = Ryl ey (L, + L, ¥ —(1(k, + &)+ (kL + kyL, no® + mieo* )
IIpuMeM, 4TO 0GOpYJOBAHME 3aKPEMIEHO JKECTKO, TOIAa KECTKOCTh OMNOp BO
MHOTI'O pa3 60)151[16 COOTBCTCTBCHHBIX 3HaquHﬁ, CBJsI3aHHBIX C I/IHepHI/IefI
060pyI[0BaHI/ISI, HHa4ye FOBOpH, MaCCOﬁ U MOMCHTOM I/IHepL[I/II/I MOJXHO l'IpeHe6pe‘{B, T.C.

M—0 u |—0. Torna u3 nocieaHUX ypaBHEHUI OyAeT ClpaBeJIMBO MpeoOpa3oBaHUeE:

Fy[—1+ L ]—alRAzo; (45)
L, +L,
FH
— " _aR,=0
L+1, a I, ; (46)
£l bR,=0: 47
L,+L, 7 7 (47)
£ H -b,R, =0, (48)



[Tocne npeobpazoBaHUs TOTyyaeM

F,=-aR, - bRy, (49)
bR

L=(L,+L,)——L2—-

1 ( A B)alRA+blRB ) (50)

a,R,+b,R, =0; (51)

FH

X 4R

L+1, (52)

Taxkum 00pazoM, TMoydaeM, 4TO BepTHUKaJIbHASI COCTABJISIONIAs BO30YKIAroIeh
CHJIBI OTIpeJIeNISIeTCSl OTHO3HAYHO TI0 CIIeAYIONIeMy YPaBHEHHIO:

Fy =—aR,—bR,=—R, cos(p,—p.)— R, cos(p, — ;) ,
re ¢ — (haza KoneOaHMiA peakiuu OMOpHI A;

¢op — (haza KonebaHuii peakiuy onopsl B;

o — (haza KonmebaHui CyMMBI peakiuii B ormopax A u B;

Ra — amMmiuTyna peakipm B orope A;

Rg — ammumntya peaknuu B onope B.

['opu3oHTanmbHAs KOOpAWHATA TOYKH TIPUJIOKEHHs] BO30YXKIAIOMIEed CHIIBI

(paccTostHue OT onopsl A) paBHa:

R, cos —
L,=L 2 COAPs — Pr) . (53)
R, cos(¢,— @)+ R, cos(p, — @)

[opu3oHTaNbHAs COCTABJISIONIAs BO30YXKIAMOIEH CHIBI HE ONpENeNseTcs
OJHO3HaA4YHO U CBA3aHa C MOMCHTOM, KOTOpBII;’I OHa CO34acT.

FH =—8,R\(Ls +Lg)=—SN(¢, — 9 )R.L =S, — ¢ )RsL . (54)

[pu 5TOM MoJTydaeM IPOBEPOYHOE YPaBHEHHE

AR, +b,Ry =sin( @, — @ )R, +sin( @y — )R, =0. (55)

TakuM oOpa3zoM, moNydeHBl (GOPMYJbI [Js ONPENeNIEHUs MECTOIONIOKEHHS
MCTOYHUKOB BO30Y)KIeHWs BHOpanuy HedTe- U ra3ornepekayrBaroIero 00opy0BaHus
nopu HaJIu4Yuu BepTI/IKaHBHOﬁ nu rOpI/I3OHTaJIBHOI71 BO36y)KI[aIOH_II/IX ChUjI C Y4UETOM

HCIIOJIB30BaHUA JaHHBIX TCH30METPHUH.



2.2 Pa3paboTka TpexmMepHOii MoJe/ M BHOPOKoJieOaHUil HedTe- U
rasonepeKayuBaloiero 000pyA0BaHHus NPH HAJHYHMH BO30YKIAOIHMX CHJI €

Y4Y€TOM UCITOJIb30BaAHUA JAaHHBIX TECH30METPHHU

Jlns ompenesneHus MOJOXEHUS MCTOYHUKOB BO30YXKIeHUsS A (hakTHUeCKOro
000py10BaHusl HEOOXOAUMO MEPENTH OT IIIOCKON K TPeXMEPHON MOJEINH.

Hcxons u3 nonmydeHHBIX paHee GopMy uMeeM MoJioxkeHre edeKxTa BAoJIb OCHu X:

R .cos(p. ., —
L,-1L <B (Pe5 —Pr) . (56)
RxA Cos(wa - (pF ) + RxB COS(¢xB - ¢F)

AHaJIOTMYHO HWMeeM TIOJI0KEHHE HWCTOUYHMKA B036y>KI[eHI/I$I BIOJb OCU Z

(ropu3OHTaNbHAS OCh, TIEPIICHIUKYIIAPHAS OCH X):

R_;cos(o,, —
L_—A — L zB ((0 B (0;7) . (57)
R_ cos(p.,— @)+ R_ycos(p.; — @)

Jlns  ompeneneHWss BBICOTBI HMCTOYHWKA BO30OYXXIEHUS TIojlaraeM, dYTO
BO30Y KIaro1as Cujia SBJISIOTCS UKINYHOM B HEKOTOPOU BEPTUKAIBHOM IIIOCKOCTH.

Torma MOMEHT, KOTOPBIM cO3laeT JaHHBIM WCTOYHUK  BO3OYXICHUS
HEPIIEHIUKYIIPHO OCH X B COOTBETCTBUU ¢ hopmysioii (54) Oyner:

F.H =sin(@,; —@p)R,L, . (58)

CoOOTBETCTBEHHO MOMEHT, KOTOpPbIA CO37aeT JaHHbI MCTOYHUK BO30YKICHMS

NEePOCHAUKYISIPHO OCH Z.

F;H = Sm( ¢zB - (DF )RzBLz . (59)
Torga cyMMapHBIN MOMEHT paBeH:
M=(FHY +(FHY =H(F? +F?). (60)
OTCI’OIIa HOquaeM I/ICKOMyIO BBICOTy HNCTOYHHUKA BO36y>KI[eHI/IH:

J(Sn(9e ~ 9 )ReL, ) + (SN0 — 9 )Rl
H = xB FJ)N\Bx . 7B F)TB- ’ (61)

rac F— aMIIINTyla CUJIbl UICTOYHUKA B036y}KI[€HI/I$I.

Takum O6p8.30M MOJKET OBIThH OIIpeacJICHa BbICOTa HCTOYHHKA B036y}K,Z[eHHH.



2.3 Pa3paboTka TpexmMepHOii Moae M KoJe0aHui HedTe- U
ra3onepeKavyuBaOIero 000py10BaHHs NMPH HAJHYHH HECKOJbKHX
HCTOYHHKOB BO30YKAAIOIIHX CHJI ¢ OJHHAKOBOM 4acTOTOM npH

HCIOJIB30BAHHHU JAHHBIX TCH30METPHHA

Bo3MoxxeH Takoil cnydail, uYto oOOpyJOBaHHME UWMeeT JiBa HCTOYHHKA
BO30Y)XJIEHHsI C OAMHAKOBOM dYacTOoTOW BpaimeHus. l[Ipenpiayinas maremaTwudeckas
MOJIeIb paccurTaHa TOJbKO Ha OJWH MCTOUYHHUK BO30YKAEHUS, TO3TOMY OHa TpeOyeT
T0paboTKH.

PaccMmoTpuM pacdeTHyro cxemy, peactaBieHHyto Hike (PucyHok 32).

Pucynok 32 — PacueTHasi cxema K ompezieNieHuIo KoineGaHui 00opy10BaHus IpU

HaJMYUU JBYX HMCTOYHUKOB BO3OYXJEHHUS C OJMHAKOBOM 4acTOTON BpallleHHUsI



CoryiacHO MpeJIoKEeHHON cxeMe MMEIOTCSl J1Ba MCTOYHHMKA KoJieOaHWM: MepBbId
MMeeT BePTUKAIbHYIO U TOPU3OHTANBHYO CHITBI Fo(t) 11 Fa(t), a BTopoii- Fpy(t) 1 Fix(t).
IIpu 5TOM X KOOPAWHATHI COOTBETCTBEHHO paBHBI: L, 1 Hy, Ly 11 Hy,.

B pamkax paccMOTpeHHBIX paHee Maremartudeckux wMogneneid (17) u (18)

0000111eHHbIe CUJIbI OYIyT paBHbI

L L H, H, .
O,=AR,(1)+ [1 - L+1L, jFay(t) + (1 L.+1L, ijV(t) + L.+L, F_(+ L F, (1) (62)
— La Lb _ Ha _ Hb

I[J'Iﬂ OAHMHOYHOI'0O HCTOYHHUKA B036y>KI[eHI/I${ YpPaBHCHUA MOIACIIA BBITJTIAOAT

CIeAYIOIIUM 00pa3oMm:

L .
o —ARA(I)+(1—LA L JFy(l)+ I.+L, £, (64)
L H
0, = AR, (1) + -y F(t)- YR OF (65)

Takum oOpa3zoM, JBa MCTOYHMKA BO3OYXKIEHUsI OymyT NecTBOBaTh KaK OJIMH,
KOTOPBIi MMeeT BepTUKalbHYI0 M ropusoHTanpHyto cunbl Fy(t) u Fy(t), a Taxxe

KOOpIWHATBI Ll n H. I[aHHBIe BCJIIMYMHbI 6y,Z[YT CBsA3aHHbBIC CJIICAYIOIIUMHA

YpaBHEHUSIMU:
L,F,(0)+ L,F, ()= LF,(1); (66)
F\(0)+ Fy ()= F,(1); (67)
H,F, )+ H,F, ()= HE.(1); (68)
F(0+F,(0=F.(0). (69)

COOTBCTCTBQHHO, ABa HCTOYHHKA BO36Y>KII€HI/ISI MMOKaXXYT OIUH MHHUMBIH
HMCTOYHHUK C KOOpAUHATAMMU.

CLF, 0+ LE, @)
TTROR,0 (70)

— HaFax(t) + Hbex(t)
TR ORG (71)




Ecim wcrounmkm KoneOGaHWS WMEOT OJWHAKOBYIO 4YacToTy W a3y, ToO

cripaBe UUB OyAeT Mmepexo/:

L. = a’ ay ’
| F, )+ F, (t) F, +F, (72)

LaFay(t) +LbF;7v(t) — L F +L}7E)y

a” ax

E _(O+F, (1) F_+F,,

_HF WO+HF, 1) HF,+HF,

(73)

Takum oOpa3omM, MHUMBIN HUCTOYHUK BO30YXXIIEHUS MMeeT TOJOXXKEeHHe KaK Obl
YCpPEeIHeHHOe MEXy ABYMsI UCTOUHHKAMHU C YYETOM BECOBBIX KOI(P(UIIUEHTOB, T.€. C
Y4E€TOM HMHTEHCHUBHOCTH. MHUMBIA HCTOYHWMK HAXOAUTCA HA OJHOW JMHUMU C JIBYMS
OPUTMHAIIBHBIMU UCTOYHUKAMMU.

B Tom cmydae, eciim mMeeTcs OIWH WCTOYHUK BO30YXXIEHUS, W TOSBIISETCS

HOBBIY UCTOYHUK C TAaKOU K€ YaCTOTOH, TO €ro MoJI0KeHHe MOKHO HalTH 1o 00paTHBIM

dbopmynam:
LF —LaFay .
bR, (74)
ay
HF -H F,,
M= (75)

Takum 00pa3oM, MOXKHO ONpeAeNsiTh MECTOIOJOXKEeHUEe JABYX HMCTOYHUKOB
BO30Y)X/IeHUsI WM Ae(PEKTOB, HO MPHU YCJIOBHUM, YTO MPOBEACHBI M3MEpPEHUS U 10 U

MMOCJIC ITOABJICHUA BTOPOT'O NCTOYHHKA.

24 Pa3paboTka TpexmMepHOi Moae/n KoJieGanuii HedTe- U
razonepeKkayuBaioniero 060py10BaHus NPU HAJTHYHH HECKOJIbKHUX
HCTOYHUKOB BO30YKIAIOIIMX CHJI ¢ OJIM3KOH YaCTOTOl MPH UCNOIb30BAHUHN

HaHHBIX TCH30METPUH

Paccmorpum  Takoii ciywaid, Korma oOOpylOBaHHME WMeEeT JIBa HMCTOYHHKA
BO30YXK/eHUsI ¢ OJTM3KON YaCTOTOM BpallleHUsI.
[TycTs MMeEIOTCS aHaJOTUYHO MpEJCTaBICHHOW paHee MOJEIU JBa HCTOYHHUKA

KoJieOaHUil: MepBbIli IMeeT BepTUKAIbHYIO W FOPU30HTANbHYIO CUIBl Fu(l) 1 Fi(t), a



BTOpoi cooTBeTCcTBeHHO Fpy(t) 1 Fpy(t). Torma mx xoopaunats! OyayT paBHBL: L, 1 Hy,
Ly u Hp. ITycTh BepTUKanbHbIE CUIIbI OTUCHIBAIOTCS YPABHEHUSIMU

F,()=F, cos(a,l), (76)

F,, (1) =F,, cos(a,l) . (77)
re W U ®p, — OJM3KHE YacTOThl — BEIMYMHA M4, MEHbBIIE, YeM pa3peliecHue
W3MEHEHSIeMOTO CIIeKTpa M0 YacTOoTe.

COOTBEeTCTBEHHO, JBa HWCTOYHWKA BO30YXKIEHUS TMOKaXyT OJIWH MHHUMBIN

HCTOYHUK C KOOpJAUHATAMMU.

L,F, cos(w,t)+ L, F, cos(m,l)

a” ay
78
' F,cos(@,t)+F, cos(w,t) (78)
e H;cos(a)at) + H, F, cos(w,t) . (79)
L cos(m t)+ F, cos(a,t)

[Tpu cnoxenuun konebGaHuii moxyyaem:

\/ La ZFay2+ I:byzl-b 2+2 I:ayFbyLa Lb COS[(a)a - a)b)t] COSI:(a)a_Za)b)t + A§02:|
b= 2 2 (@, — @, 1t ’ (80)

\/ F,,°+ Ry, +2F, F,, cosl(o, — o, )t]c e Ao,
2c 2 21y 2 (ma - a)b)[
JH.2F 2 +Fy 2H, 24+2F, F, H H, cosl(o, — o, ] cos P27 1 Ag,
2

H= (81)

JFu 2 +Fy, 2+2F, Fy cosl(o, — o, ] cos[(w_za)b)[ + Agol}

W3 aHanu3a mocieHUX ypaBHEHWH BHUIHO, YTO KOOPAWHATHI HE OyIyT
noctossHHbIMUA.  CrlefoBaTeNbHO, TMpUM HAOMIOJAEHUU «IUIABAIOIIMX» HCTOYHUKOB
BO30YXXIeHHsI HE0OXOMMO TTOBBIIIATh pa3pellieHrne CIIeKTPa, MoKa OJIMH «IUIaBAIOIIIHI

CIICKTPp HC 3aMCHHTCA Ha ABa CTaOUJIbHBIX.



3 IKCIHEPUMEHTAJIBHOE UCCJIEJOBAHUE METOJA
JAUATHOCTUPOBAHUSA HEDPTE- U I'ASOIIEPEKAYUBAIOILIEI'O
OBOPYJAOBAHUS C UCITOJB3OBAHUEM JJAHHBIX
TEH3OMETPUU

JIyis ToATBEep)KIEHUST MeTo/la OOBEKTUBHOTO Paclo3HaBaHUS W WICHTU(DUKAIIAN
ne(eKTOB IPOMBIIUICHHOTO 000pyI0BaHUS HAa OCHOBE YJAJICHHOTO TeH30METPUIECKOTO
aHaM3a HEOOXOIMMO MPOBEACHNE SKCTIepUMEHTANBHBIX HccienoBanuil. C 3ToH Lebio
paspaboTaHa DJKCIepHMEHTaJbHAs yCTaHOBKA, IPOTpaMMHOE oOecliedyeHue |
AKCIIEPUMEHTAITBHBINA CTCH]I.

OOmrast cxemMa SKCHEpUMEHTAIBHONW YCTAaHOBKH I MeToJa ampodanvv u
UccieloBaHUsT ~ OOBEKTHMBHOTO  paclo3HaBaHWs W HIAeHTUGUKAIMU  1edheKToB
IPOMBIIIIEHHOTO 000PYIOBaHUS Ha OCHOBE YIAJIEHHOTO TEH30METPUYECKOTO aHalln3a
BBITJISJIUT CJIETYFOIITUM 00pa3oM:

Bri3BaHHbIe BUOpanyeli W3MEHEeHUs B PeaKIMH ONOp HU3MEePSIOTCS NP TTOMOIIN
PE3UCTUBHBIX TEH30JaTYUKOB YCHJIWW. J[aTYMKM COBMECTHO C HaOOpOM pPE3HUCTOPOB
GOpMUPYIOT MOCT YUTCTOHA, ¥ TIOCPEICTBOM MHCTpYMeHTanbHbIX yeunuteneit INA125
C pa3IuYHBIM KOAGh(UIIMEHTOM YCWJICHHS, CO3JalOT aHaJOrOBBIM CHTHAl C
uHhopmarmeit 00 ycunusx. JlaHHBIN cUTHAN MojaeTcss B MUKpOKOHTposuiep Teensy co
BCTPOSGHHBIM  12-T  OWTHBIM  aHaANOro-IMGpPOBEIM  MpeoOpazoBareieM. B
MUKpPOKOHTpoJUlepe  HMH(OpMamusi ¢ TEH30[aTYMKOB C 3aJaHHOH  YacTOTOM
3alrchIBaeTCs co Beex aarynkoB. OOecneurBaeTcss MUHUMAIIbHOE BpeMs 3amepa 9 mc,
YTO TO3BOJISET B JalbHEHIIeM aHanu3upoBaTh 4YacToThl a0 22 k[ Ilo wmepe
JIOCTHXKEeHHSI HeoOXoauMoro oObeMa JaHHBIX, COOTBETCTBYIOIIMHA TaKeT JaHHBIX
OTTIPaBIIIeTCS Ha KOMITbIOTEP. B KOMITBIOTEpHOW MTpOrpaMMe MPOUCXOIUT Pa3IOKeHUE
curHaina B psasl Oypbe, aHATU3 OCPEACTBOM pa3pabOTaHHOMN paHee MaTeMaTHYeCKOu
MoZenM ®W o00paboTKa pe3ysbTaToOB, BKJOUYamolas (MIbTpaluio, OINO3HABaHUE
neeKTOB, OlleHKa JOCTOBEPHOCTH, pacueT MOrPelIHOCTH, TpadudecKkas BU3yaln3alusl

MCCTOIIOJIOKCHU I[e(i)eKTOB.



3.1 IIpoekTHpOBaHHE H U3rOTOBJIEHHE TEKTPHUIECKOH YACTH

3KCHepl/IMEHTaJIbH0ﬁ YCTAHOBKH

JInsg peann3anvi IOCTABJIEHHBIX 3ajad ObLIa CIPOEKTHpPOBaHA ClEAyIOas
anekTpudeckas cxema (Pucynok 33 u Pucynox 34). B kauecTBe ycuiutens ObLIO
peIIeHo UCIIOIh30BaTh MAIOMOIIIHBIE, BRICOKOTOYHBIE HHCTPYMEHTAIbHBIC YCUIIUTEIHN C
MPEIM3UOHHBIM OIOPHBIM HaIpshKeHHeM Ha ocHoBe MukpocxeMbl |INA 125, BuemHui

pEe3UCTOp yCTaHaBIMBAET Jr000e ycuienue ot 4 1o 10000 [242] .
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PI/IC}’HOK 33— SHGKTpI/I‘—IeCKaﬂ CXeMa OJHOI'O KaHaJIa IJid YCUJICHHUA CUT'HaJIa C

TEH301aTYNKa

Pe3ucTuBHBIA TeH30JaTYMK MOAKIIOYAeTCsl K BbIBOJaM 6 U 7 MHUKPOCXEMBI
INA125. KoadduimeHT ycusaeHus: onpeesieTcs CONpOTUBIEHUEM MeXIY BbIBoJaMu 8
u 9, KOTOphIi MeHseTCs B INMUPOKUX TMpejenax Osaromaps HaOOpy ycuiuTesei.

Hcnomnb3yeMble TeH30JaTYNKH U3TOTOBJICHBI M3 PE3UCTHBHBIX OJYyMOCTOB [241] .
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PI/IcyHOK 34— SHGKTPI/I‘-IGCKEUI cxXemMa 3KCHepHMeHTaHBHOﬁ YCTAaHOBKHA

CornacHo pa3pabOTaHHOHN 3JIEKTPUYECKOW cxeMme, 5 KaHajloB i YCUJIeHUS
JNAaTYUKOB COEJUHSIOTCS C MHUKPOKOHTpOJIepoM. I[lOCKOIBKY MUKPOKOHTpOJIIEp

JOJIDKCH O6J'IaI[aTB JOCTAaTOYHO OOIBIIION IMpOU3BOAUTECIIbBHOCTLIO, 00BEMOM TaMSITH U



’KeJlaTeTbHO BCTPOEHHBIM aHaJIOro-Iu(ppPOBEIM Mpeodpa3zoBaTesieM ¢ pa3psaIHOCTBIO HE
MeHee 12 OUT, TO IPUHSATO OBLIO UCTIONB30BaTh MUKPOKOHTposuiep Teensy 3.2.

MuxkpokonTtpoiuiep Teensy 3.2 moctpoeH Ha 32-OutHoM mporeccope Cypress
MK20DX256 ARM c siagpom Cortex-M4 ¢ uvactoroit 72 MI', 64 Kb O3V u 256 Kb
sHeproHesaBucuMon duir-nmamsatu. O6anaer BCTpOeHHBIM 12-pa3psIHBIM aHaIoro-
U poBBIM TpeobpaszoBatenieM [271].

brlta npuHsaTa IByXCTOPOHHSS pa3Boaka miatkl (PucyHok 35).
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Pucynok 35 — Pa3Bojika miatThl 15l 3JIEKTPUYECKONW CXeMbI SKCTIEpUMEHTATbHON

YCTaHOBKHU

Pa3paboTka snmekTpuueckod cxembl, IUIaThl U CO3JaHHME TPEXMEpPHOW MOoenu

(Pucynok 36) mpousBoauiIKch B KoMIbloTepHOM Makete EasyEDA.
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Pucynok 36 —TpexmepHas Mmozenb pa3paboTaHHON I1AThI

MzroroBnenne meuaTHOW T1atel Obulo mpousBeneHo Ha 3aBoae JLCPCB
(Shenzhen JLC Electronics Co., Ltd.) corinacHo pa3paboTaHHOMN 3JEKTPHUECKON CXeMe.
COopka KOMIOHEHTOB (MHKPOKOHTPOJIED CO BCTPOEHHBIM aHAIOro-IUu(POBBIM
npeoOpa3oBaresieM,  YCHJIMTENIHM, TEH30OMETPUYECKHE  JAaTYMKHM)  MPOBOAMIIACH

cobctBeHHbIME critamu (Pucynok 37).



Pucynok 37 — DKcriepiMeHTaATbHBINA TPOTOTHIT IS N3MEPEHUS TeH30METPHUECKOTO

CUI'Halia, c60pa JaHHbIX U Iepeaadyr UX Ha KOMIIBIOTEPD

O6mmas npouenypa cOopa JaHHBIX ClEAyIOLas: MUKPOKOHTPOJIJIEp 3allpaliriBaeT
JlaHHbIE C 5 KaHAJOB C MUHUMAJIbHOM 3a7iepKKOH 9 MUKPOCEKYH/. 3ampochl JeiatoTcs
MOCJIe10BATEIbHO, YTO MO3BOJSIET B JajbHEWIIEM MO0Jy4YaTh JaHHbIE C MAaKCUMaJIbHOU
yactoTol 22 kl'u. MUKpPOKOHTpOJIIEp coOMpaeT OmpeaesieHHOEe KOJIMYECTBO JaHHBIX,
coxpansieT ux u uepe3 COM-nopt oTnpasisieT Ha KOMIIBIOTED.

[TporpaMMHbI#i KO U1 MUKPOKOHTpOJIIepa HamucaH Ha si3bike Arduino IDE (cwm.

npusioxenue A).

3.2 Pa3paboTka mporpaMMHOro Koaa 3KCIePpHMEHTAJbLHON YCTAHOBKH

I[.HSI IMOJIYUEHH U aHAaJIM3a JaHHBIX Ha KOMIIBIOTECPEC ObLIa co3JaHa CIielaJbHasd

nporpamma. Mcnons3oBasics 36k nporpamMmmupoBanus Delphi (Pucynok 38).
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Pucynok 38 — MuTtepdeiic pazpadoTaHHON KOMITBIOTEPHOM IPOrpaMMBbI IS

cbopa 1 aHaM3a NaHHBIX TeH30METPUU

[Tonubli KO MpoOrpaMMbl IIPeACTaBIEH B NPUiIoKeHuu b.

Kon nporpamMmmbl yc10BHO COCTOUT U3 CIEAYIOLIUX YaCTeM:

- bnok nmpuema mganHbIX ¢ KoMIibloTepa. biok npuaumaeT uHpopmaruto no USB-
Ka0ellto ¢ JOMONHUTENbHON HHpOpMaLMeil 0 YacTOTe U3MEPEHUI CUrHaia ¢ KaXKJoro u3
TEH30/1aTYUKOB.

- briok mepBuuHOI 00paboTKu naHHBIX. [Ipon3BoauTcs mpeobpa3zoBanue Dypne
CUTHaJIa C KaXJIOro M3 TEH30/aTYMKOB, a TAaK)Ke COUYETAaHWUW Map ONop BIOJIb KaXKIOM
CTOPOHBI CTEHJa, M CYMMapHOIO CHUTHaja co BceX JaTdyukoB. [lpousBoautcs
npeoOpazoBaHue CUTHala B CIEKTpP, C ONpeiesIeHueM aMIUIUTY/Ibl CUTHala 10 KaXKIou
yacToTe U (paze kosebaHui. 37ech TakKe ecTh onuus HuppoBoil GUIbTpALMK HABOJOK
ot cetut 50 I'm.

- brok BblUMCIIEHHS KOOPJIWHAT MCTOYHUKOB BO30YXXIEHHUS  COIJIACHO
pa3paboTaHHON MareMaTudeckol Monenu. B pamkax »Toro OJI0Ka MPOUCXOAUT

BBIYHUCIICHUC JHWHaAMHWYCCKHUX peaKuHﬁ Ha KaXI0W U3 OIIOp, OIIPeACIICHUC



TFOPU30OHTAIBHBIX KOoOpAHWHAT Jedekrta. Jlamee ¢ HCMOIB30BaHWEM JAaHHBIX IO
oTcTaBaHMIO (pa3 KoJebaHUl MeX 1y OIIOpaMU orpeieNiieTcsl BepTUKalbHasi KOOpAUHATa
HUCTOYHUKA KOJIeOaHMiA.

- Monyne onHOKpaTHbIX u3MepeHuil. [IponsBoauTCs ONHOKpaTHOE H3MeEpeHue
CIIEKTPOB KosieOaHMii ¢ BBIYMCIEHHEeM KOOPAMHAT UCTOYHUKOB KOJIeOaHU.

-  Moayne  MHOrokpatHblx  u3MepeHud. [Ipom3BoOAMTCS  HECKOJBKO
[IOCJIEIOBATEbHBIX U3MEPEHUM CIIEKTPOB.

- brox  ¢QuubTpauMM  HUCTOYHUKOB  KoyiebaHui.  [Ins  HecKoJIbKHX
MOCJIEIOBATEIBHBIX U3MEPEHUN CIIEKTPOB, ONPEAEIAETCS OTHOCUTEIIbHAS TTOTPEIIHOCTh
BBIYHCIICHUS KOKJOW U3 KOOPJIUHAT MPOCTPAHCTBA UCTOUYHHUKOB BO30OYKICHHUS, a TaKKe
€ro WHTEHCUBHOCTh. [lanmee ompenenseTcs TOYHOCTh ONPEACICHHUS KaXIoul U3
MOJIYYEHHBIX BEJIIMYMH, W3 KOTOPBIX AJIA JAJIbHEHIIEro aHaliu3a OCTAaBISIOTCS TOJBKO
Te JTaHHBIE, KOTOPhIe 00JIaIal0T BRICOKOW TOYHOCTHIO. bosiee moapobHO o dunmbTparm
MCTOYHUKOB KoJieOaHus OyieT pacCMOTPEHO HIKeE.

- bnox pacno3naBanus nedektoB. B Tex ciywasx, Korga Ha HECKOJBKHX
COCeIHMX I10JIOCAaX YacTOT MJEHTU(DULUUPYIOTCS OAMHAKOBbIE JOe(QEeKTbl, TO OHHU
00BEeqUHSIIOTCS B OUH UCTOYHUK KOJIEOAHUIA.

- briok nByXMepHOH M TpeXMepHON BU3yalHM3alMU PACMOJIOXKEHUs Ne(eKTOB, a
TaK)XKe [MOCTPOEHHUS rPaMKOB CIIEKTPOB KOJIeOAHUIA.

- briok coxpanenus pe3ynbTaToB pacdeToB B EXCel, a Taxke rpaduxos.

Takum o00pazom, pazpaboTaHHasi MporpaMma IMO03BOJISET MOJYUYUTh NEepedyeHb
HUCTOYHUKOB KojebaHnuii ¢ wuHopMauueld 00 HX HHTEHCUBHOCTH, 4YaCTOTe U

KOOpJIMHATaX PacIojoKeHUsI.

3.3 Onucanue p33p360TaHHOFO IKCIMIEPHUMEHTAJBHOI'O CTEHIA

JIns  mpoBeneHHWS  OKCIIEPUMEHTAIBHBIX  HMCCJIEAOBAaHWNM IO  anpodaiuu

pa3paboTaHHONW METOJMKH paclo3HaHUS I[OJIOKEHUST MCTOYHUKOB BO30OYXKIEHUS B



oOcneqyeMoM OOOpYZOBAaHUM W pa3paOOTAaHHOW dSJIEKTPOHHOW yCTaHOBKE OBLI

pazpaboTtan creny (Pucynok 39).
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Pucynok 39 — I"'abaputHas cxema pa3padOTaHHOTO IKCIIEPUMEHTAILHOIO CTeHIa



Pucynox 40 — O6muii Bu pa3paboTaHHOTO YKCIIEPUMEHTAIBLHOTO CTeH 1A

DkcnepuMenTanbHbil cTeH] (Pucynok 40) BkirO4aeT ocHOBaHUE ¢ pazmepamu 90
x 30 x 4 cm, maccoil 5,6 Kr, Ha KOTOPOM PpAacIOJIO)KEHbl S5 BEHTWISITOPOB C
SKCLIEHTPUKOM, MPEJCTaBISAIOIIMEe HCTOYHUKM BO30OYyxaeHHs. KaxIplii BEHTHIATOP
cuabxen HIMM-perynstopom ckopoctu BpatieHus (Pucynok 41), KOTOpbIil TT03BOJISET

IJIaBHO U3MCHATH CKOPOCTH BpallICHUA Balia.



Pucynok 41 — HIMM-perynsaTop CKOPOCTH BpAIlleHUS] UCTOYHUKA BO30YKICHHS

Bentunsropsr pacmoIOKeHbI B pan In: VMUTALAN paboThI
ra3ornepekayrBalollero arperara, KOTOPbIH MOXXET HMeTh HEeCKOJbKO TYpOUH C
Pa3HBIMU CKOPOCTSIMU BpAILCHUS BaJja.

[Tpu 3TOM OAMH M3 BEHTUJIATOPOB PACIIOJIOXKEH HE HA OJHOW JIMHUHU C IPYTUMU U
nox yriioMm 90 TpamycoB — I UMHTANUK JAedeKTa, He CBSI3aHHOTO C POTOPOM WJIU
noammnaukom. lleprienaukynspHoe pacnoyioKEHHWE TMO3BOJISIET  JOIOJIHUTEIBHO
MIPOBEPUTH JOCTOBEPHOCTH pa3pabOTaHHOW MaTeMaTHUEeCKON MOACIH JIJIs IPYToi OCH.

[IaThIi1 BEeHTUNSATOP pacnoyiokeH moi yrioM 45 rpaaycoB mjis amnpoodanuu
pa3paboTaHHON MaTeMaTH4eCKOW MoJelu B ciydae, KOrja IUIOCKOCTh KojieOaHus

HCTOYHHUKA BO36Y)K,HCHI/I5[ HEC ITapaJui€jibHa YCTAHOBJIICHHBIM TCH30AaTYHUKaM.

3.4 Onmnpeaenenne XapaKTepHCTHK HCTOYHHKOB BO30YKIeHUSI

[TpoBegem sKcneprMEeHTAIbHBIE HCCIENOBAHUS 0 ampoOamuy OmpeaeseHus
MECTOIIOJIO)KEHHSI MCTOYHHMKA BO30YXKACHHMS KOJeOaHWH C IMOMOIIBIO pa3padOTaHHBIX
MaTeMaTH4eCKOW MOJEINIH, JIEKTPOHHOM YCTaHOBKH M MPOTPAMMHOTO 00ecIieueHusl.

Hwxe mnpuBeaeH mnpumep IO OMNpeAeNeHHUI0 MEeCTOIMOJNOXKEHUS HCTOYHUKA
B030yxieHus Nel.

['eometpuueckue (hakTuueckue) XapakKTepUCTUKHA UCTOUHHUKA BO30YyxaeHus Nel:

Koopaunara z— 13,5 cm £+ 0,5 cwm;

Koopaunara X — 51,5 cm + 0,5 cwm;



Koopnunara y — 8,0 cm £ 0,5 cwm.

[lpumeHeHnue pa3pabOTaHHBIX MaTeMaTUYeCKOM MOJeNu U MPOrpaMMHOIO
obecrnieyeHus MoKa3ajo CieayIollre mapamMeTpbl ICTOYHUKA BO30YKIESHUS.

beumr monydeHbl CHEKTp CYMMapHOW BepPTUKAJIbHOW JHUHAMWYECKOW CHIIBI
(PucyHok 42) u TpexMmepHash BU3yalld3allsl PAcroOOKEHUS MCTOYHHMKA BO30YKICHUS

konebanuii (PucyHnok 43).
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Pucynoxk 42 — CriekTp cymMMapHOW BepTUKAJIBHON JUHAMUYECKOMN CHIIBI

UCTOYHUKA B30y ) aeHus Nel



Pucynok 43 — TpexmepHasi BU3yanu3aius pacroioKeHusI ICTOUYHUKA

B0O30yxeHus Nel

[Tony4yeHHbIe XapaKTEPUCTUKHA UCTOYHHMKA BO30Y K eHns Nel:

Yacrora - 35,0 ['s;

HNurencuBnocts — 1,83 H + 9,4%:;

Paccunrannas koopaunara Z— 13,90 cm £ 2,55%;

Paccunrannas koopauaara X — 50,65 cm + 3,72%;

Paccuurannas koopaunara y — 7,70 cm £ 5,6%.

Hctounuk Bo3Oyx)aeHus cTabUIIbHO paboTaeT npu yactore He MeHee 25,0 1.

PesynbTaThl AKCIIEPUMEHTAIIBHBIX HCCJIeI0BaHNI 10 oTIpe IeJICHUIO
XapaKTEPUCTHK UCTOYHUKOB BO30Yx)aeHUss NeNo2-5 mpuBeieHbI B IPHIIOKEeHUH B.

IIpoBemeM aHamu3 CXOJMMOCTH  TIOJNYYEHHBIX  pPe3yJbTaTOB  (IIPOBEPKY
OJTHOPOJHOCTH) TIO ONpPEJCIICHHI0 MECTOMOJNIOKEHNSI HCTOYHHMKA BO30YXKICHHUS CO
3HAYEeHUSIMH, OIpe/ielIeHHBIMU TeOMeTpUYecKuM myTeM. /[ 3Toro Bocmomb3yetcs t-
kputepuem CThloJieHTa. B pamkax »TOro BBIABHTaeTCs TUIOTE3a O CXOIUMOCTHU
pe3yJIbTaTOB OMpe/eSeHNUs MECTOTIONOKEeHHs Te(PEeKTOB TeOMETPUIECKUM IyTeM U C

IIOMOIIIBIO pa3pa60TaHHBIX MaTeMaTU4eCKOU MOACIU, BHCKTpOHHOﬁ YCTAaHOBKH H



nporpamMmmHoro obecreudenus. Kputepuit CThlofeHTa omnpefensercs Cleayroen
dbopmyoii:

\X X

reom pacu

t:\/X e Py x g 2 (52

Xreom pacua < Xpacu

PacuetHoe 3Havenwe t-kputepusi CTBIOJIEHTA CpPAaBHMBAETCS C KPUTHYECKUM
3Ha4YeHWeM, KOTOpoe B JaHHOM cliydae Npu BbIOOpe N=10 W TOBepHUTENILHON
BepositHocTH 0,95 paBHO 2,228.

Hcxomuble JaHHBIE U pe3yNIbTAaThl pacueToB cBejgeM B Tabmuiry (Tabmura 2).

Ta6m/1ua 2-K OIIPEACIICHUIO JOCTOBECPHOCTU THIIOTE3BI O CXOAMMOCTH PE3YyJIbTAaTOB
onpeaAciICHUA MECTOIIOJIOKCHUS I[e(beKTOB reOMETPpUYCCKUM IIYTEM C ITIOMOIIIBIO

pa3pa6OTaHHBIX MaTeMaTHU4eCKOM MOJCIIN, 3J'ICKTpOHHOfI YCTAaHOBKH M IIPOTPaMMHOI'O

obecrieueHus
IeoMeTpuyecKre 3HAUCHHS PacuyeTHbIe 3HAUCHUS
Homep Koopaunara Cpennee | AOcomorHas OTHOCHTCbHAS Cpennee | OrHocuTenbHas
MCTOYHKKA 3HAYEHME, | MOTPELIHOCTD, o 3HAYEHME, | MOrPEIIHOCTb, t-kpuTepuii
o o MOTPELHOCTh, %o oM %
Koopaunara Z 13,5 0,5 3,7 13,9 2,55 0,653
Uctounuk 1 Koopnunara X 51,5 0,5 1,0 50,65 3,72 0,435
Koopaunara Y 8 0,5 6,3 7,7 5,6 0,452
Koopaunara Z 5 0,5 10,0 53 16,3 0,301
Hctounuk 2 Koopaunara X 45 0,5 11 46,7 8,1 0,446
Koopaunara Y 8 0,5 6,3 6,14 359 0,823
Koopaunara Z 135 0,5 37 139 33 0,590
Ucrounuk 3 Koopaunara X 36 05 1,4 37,7 81 0,549
Koopaunara Y 10 0,5 50 11,2 239 0,441
Koopaunara Z 135 0,5 37 13,3 2,7 0,325
Ucrtounuxk 4 Koopaunara X 20 0,5 2,5 21,2 6,72 0,795
Koopaunara Y 8 0,5 6,3 12,2 324 1,054
Koopnunara Z 13,5 0,5 3,7 13,1 3,4 0,598
Hctounuk 5 Koopaunara X 5 0,5 10,0 5,7 21,2 0,535
Koopnunara Y 8 0,5 6,3 7,15 16,2 0,673

AHanu3 TabmuIbl TOKasall, YTo AJis Kaxkaoro pacdeta t-kputepuit CTbromeHTa
MeHbIIle KpUTUYecKoro 3HadeHus (2,228). Takum 00pa3zoM, MOKHO cJieJlaTh BBIBOJ, YTO

MECTOIIOJIOKCHU A }_'[e(i)eKTOB ObLTH OoInpeaeJIEHbI BEPHO.



3.5 MeTtoauka BbIsiBJIeHHS H GUIBTPANHH NPHU3HAKOB MHOKeCTBEHHBIX

HCTOYHHKOB BO36y)KL[eHHH

Brime Obuto  moOKazaHoO, UTO paspaboTaHHAs MareMaTHdeckas Mojellb
MPOU3BOANT pacydeT TIOJOXKEeHUs] W WHTEHCUBHOCTH WMCTOYHUKA BO3OYXKIECHHS st
JTr000M 4acTOThI, BXOMSAIIEH B MOCTPOEHHBIN criekTp curHana. K mnpumepy, eciu Obul
nocTpoeH crekTp curHaia a0 5S00 'y ¢ mupuHo# nosockl B 1 [', To MaTematnyeckas
MoJiedas TpousBeneT pacuer 500 uCTOUYHMKOB BO3OYXJeHHs. (O4eBHUIIHO, YTO
MOAABISIONIAsS YacTh W3 HUX — O3TO IIYMbl, U MaTeMaTh4ecKas MOJellb MOKaXeT
HECYIIEeCTBYIOIINEe HMCTOYHUKK BO30ykaeHus. Mcxons u3 sToro, HykHa pa3paboTka
MEeTOAWKHN 0 (UIBTPAIMA HECYIIECTBYIOIINX WCTOYHUKOB BO30YyxneHus. OIHUM H3
OYEBHJIHBIX TIOJIXOJIOB MOYXET OBITh (UIBTPAIMS HUCTOYHUKOB BO30YXKICHUS IO HX
WHTCHCUBHOCTH IyTeM OTCEYeHHUs BceX clIadblX HWCTOYHUKOB. JlaHHBINA criocob
n0CcTaTouHO 3(DPEeKTUBHBINA, HO OCHOBHAs MpoOiemMa 3aKiodaeTcss B HEM3BECTHOCTH
ONTUMAaJIbHOW TPaHUIlbl PUIbTPALMK, W JAHHBIM MOJX0J MOYXHO HCIOIb30BaTh TOIBKO
KaK BCIOMOrarejibHbli B pydyHOM pexume. Kpome TOro, MOXXHO MNpPOU3BECTH
HelnpeJHaMepeHHY0 (UIbTPAlUI0 UCTOYHUKA BUOpaAlMU C HU3KOM MHTEHCHUBHOCTBIO,
HO 10 PaKTy SBJISIFOIIUMCS UCKOMBIM JIeeKTOM 000py10BaHUS.

Hwxe mnpencraBieH mnpuMmep MW3MEpEeHUsS WHTEHCUBHOCTH TIPU  YeTHIpeX
BKJIIOUEHHBIX HCTOUYHMKAX KojeOanus (PucynHox 44). BumHo, uto nelcTBUTENbHBIE
HMCTOYHUKH CO3JIal0T YETKO BhIJIEIIeMble MOJIOCKI Ha criekTpe. Ho mpu 3ToM umeroTcs
IIyMbI, KOTOPBI€ BBI3BIBAIOT BCIUIECKM W Ha JAPYrux dHactotax. OTMedaeM, 4TO ITH
BCIIECKH UMEIOT aMILUTMTYIbI, CXOKHE C JIeHCTBUTEIBHBIMA UCTOYHUKAMH.

ITosTromy ObuT pa3paboTaH MeETOJl, KOTOPBIH CBOAMTCS K CIEIYIOIIEMY.
[IpousBoasiTCSI MHOTOKpaTHbIe HW3MEPEHHUs, OINpeNeSioTCS CpeJHUue 3HauYeHUs
KOOpAMHAT HWCTOYHUKA BO30YXKJCHUS U WHTEHCHUBHOCTH, TMPOU3BOJUTCS pacyer
OTHOCUTENbHOM morpemHocTH. [Ipu >TOM OTHOCHWTENbHas MOTPELIHOCTh IS
JIeHCTBUTEILHBIX UCTOYHUKOB OyJeT HU3KOMW, a JJIs IITyMOB — BBICOKOM. J[s1 pacueToB

OyZIeT UCIoJIb30BaThCsl KpUTepUd (UIbTpallK, paBHBIA BeJIUYMHE, OOpaTHON



OTHOCUTEJIBHOM  MOIrPelIHOCTH MHOIOKPAaTHbIX H3MepeHHil. Takum  o6paszowm,
ompezenseTcss KpuTepudl GuibTpanuu I Opu ONpeelleHUH ABYX TOPHU30HTAIBHBIX

KOOpOIWHAT, BepTHKaHBHOﬁ, HWHTCHCUBHOCTH, U JaJIeC JaHHOC 3HAYCHHUEC YCPECIAHACTCA.
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Pucynok 44 — CriekTp UHTEHCUBHOCTH IMPU YEThIPEX BKIIIOUEHHBIX HCTOYHUKAX

KOJIeOaHus

Jlanee mpuBeqeHbI pe3yJibTaThl MPOBEACHUS W3MEPEeHHUs Kputepusl QuibTpaiuu
JUIS. KHTEHCUBHOCTH M TPeX KOOPJWHAT JJIA Pa3lIMYHbIX 3Ha4YeHWH 4dacToT. s 3Toro
obu10 TIpoBesieHo 30 M3MepeHuil JaHHBIX BeluduH. Onpenesnsuioch cpeiHee 3HaueHue,
OTHOCHUTEJIbHAs MPUBEJCHHAs MOTPEIIHOCTh U KpuTepuil ¢unbrpanuu (Pucynok 45-

Pucynok 49).
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Pucynoxk 45 — PacueT kputepus GpuibTpalyuu Mo MHTEHCUBHOCTH
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Pucynok 46 PacueT kputepusi GuiIbTpauu 1o KoopanHaTe X
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Pucynok 47 — Pacuet kputepus GpuIbTpaliuu Mo KOOpAUHATE Y
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Pucynok 48 — Pacuet xputepusi GpuibTpauu o KoopanHate Z
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Pucynok 49 — Pacder ycpelHEHHOTO KpUTepHs GUITBTPAIIH

N3 npuBeaeHHBIX PUCYHKOB BHAHO, YTO YEThIPE YacTOThl, KOTOpPbIE
COOTBETCTBYIOT JEHCTBUTEIBHBIM HCTOYHMKAM BO30YXXIIEHUS W OYEBUIHO SICHO
BBIJIEJISIFOTCSL M3 oO0iiero crekrtpa. JlJis KOJMYEeCTBEHHOW OLIGHKU MpeajiaraeTcs
NPUMEHSITh MOPOrOBOE 3HAUEHWE KpuTepusi (PUIbTpalH, BbIlle KOTOPOW HaXOMASTCS
JIEVCTBUTEJIbHBIE ICTOYHUKH, 4 HUKE — IIYMBI.

Jns  omnpeneneHuss MNOPOroBOro 3HauYeHHUs] HEOOXOAMMO OLIEHUTh 3aKOH
pacrpeneneHys 3HAYeHUW MpU M3MEPEHUU BEJIMYMH KaXJOW M3 TpeX KOOpAWHAT U
BEJIMYMHBI MHTEHCUBHOCTU B 4acTOTHOM auanazoHe 1...500 I'm. CooTBeTcTByloIIME
rucrorpammbl npuBeaenbl Hke (Pucynok 50-Pucynox 54). BeinBuHyTa rumoresa o
HOPMAJIbHOM pachpeeseHnd u3MepsieMblX 3HadeHuil. [IpoBepka BbIMOJIHSIACE C
HCTIOJIb30BaHUEM Kputepus coriacus [Inpcona xz (Xu-kBazpar). Jljist mpecTaBIeHHBIX
ructorpaMm npu ypoBHe 3HaunmocTu 0,05 kputnyeckoe 3HaueHue kpurepus [lupcona
paBHO y’,=18,307.

Pacuer xputepusi cornacus Ilupcona Xz CBUJIETEJIbCTBYET O HOPMaJbHOM

pacripeieleHuy 3HaYSHU T Kaxaoro u3 napametpoB (Tadmuima 3).
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Pucynox 50 — Pacnipenenenue 3HaueHnii kKputepust GUILTpAIUK s

HMHTCHCHMBHOCTH UCTOYHHUKOB B036y}KI[eHI/I$[

]

]

n

| I
L]

B
0P O8N L7 106 JEA M LD 40 R0E U B AW TS 704 65 w17 4T

T s T P e e — g 01 R T A Thaate L el T A W

Pucynoxk 51 — Pacnipenenenue 3HaueHuid Kputepusi GUIbTpaluu asis
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Pucynoxk 52 — Pacnipenenenue 3HaueHnii Kputepust GUIbTpAIUK s

KOOpJAHWHATHI Z
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Pucynox 53 — Pacnipenenenue 3HaueHnii kputepust GUIbTpaIUM s
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Pucynok 54 — Pacnipenenenue 3Hau€HUN yCPEeTHEHHOTO KpUTepus (GUIIbTpaLiu

Tabuuma 3 — Pacuer kputepust cornacust [lupcona x°

Kpurepuit cornacus )
[TapameTp ) Kputnyeckoe 3Ha4eHUE ¥
[Tupcona y

MHTEeHCUBHOCTH UCTOYHUKA

6,337
BO30YKIEHUS
Koopaunara X ncrounuka 6,397
18,307

Koopaunara Z ncrounuka 4677
Koopaunara Y ncrouHuka 12,271
VYcpenHeHHOe 3HAUeHUE 7,203




Urak, Oonbliass dYacTh  oOmNpefensieMblX  MOTEHIUATbHBIX  HCTOYHHKOB
BO30Y KJICHHUSI SIBJISFOTCS IITyMaMU, KOTOPbIe pacTpe/IeNsFOTCS 10 HOpMaITbHOMY 3aKOHY .
CnenoBarelibHO, BCE€ OTKJIOHsSEMble 3HAue€HUs, WHa4de TOBOps, JEWCTBUTENIbHBIE
WCTOYHUKH, MOXKHO OIPEAENIUTh C MOMOIIBIO MpaBuja TpeX CUIM. Takum oOpa3om, B
KauecTBe MOPOTOBOr0 3HAuUeHMs] Kputepusi GUIbTpaluM ObLIO MPUMEHEHO 3Ha4yeHue,

ompezenseMoe 1o (popmyie:

v, ="r, 30, (83)
rae I, — cCpeaHee 3Ha4YeHne KpUTepHs QUIbTPaLWH;

G — cpeJiHee KBaJlpaTUYHOE OTKIOHEHUE KpUTEpHs (QUIIBTPALH.

Taxoii mogxonx no3BossieT 3GpGeKTUBHO oTcesiTh MIyMbl (Pucynok 55).
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Pucynok 55 — @uibTpalus NoTeHIHAIBHBIX Ae(EeKTOB M0 TOPOrOBOMY

3HAYEHHUIO KpUTepus puiibTpaluu



OtmedaeM, 4YTO HCTOYHMK BO30YyXJeHHUs Ha dyactore 26 111 sBiseTcs
HECTAaOWJIBHBIM W OTpa)kaeTcsi Ha HECKOJNBKUX OJW3KMX YacToTaxX OJHOBPEMEHHO
(Pucynok 56). CooTBeTCTBEHHO HEOOXOIUM aJlFOPUTM [0 MX paclio3HaBaHUio. B aTom
claydae MpejasiaraeTcsi oObeIUHATh UX B OJHY 4acTtoTy. KoopauHaThl pacroioKeHus
WMCTOYHMKA OMPEAeNsIOTCS KaK Cpe/IHeB3BellIeHHOe 3HaYeHUe KOOpJIMHAT Ha 4acTOTax,
rie OH oToOpaxaeTcs. B kadecTBe BecoBoro KoddduimeHTa HCIOJIb3yeTCs
WHTEHCHUBHOCTh BO30y)XAeHUs. BuaHo, 4TOo TakoW IOAXOJ IO3BOJISIET CBECTH BCe
MOTEHIIUAJIbHbIE WMCTOYHUKK BO3OYXKJIEHHS K YeThIpeM, KOTOphle U OTpPaKaroT

bakTryecKue UCTOYHUKH Bo30yxaenus (Pucynok 57).
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Pucynok 56 — PesynbTaThr pacyeTa PucyHnok 57 — Pe3ynbTarsl pacuyeta
MECTONOJIOKEHNSI ICTOYHUKOB MECTOIIOJI0KEHUSI UICTOYHUKOB
BO30YKeHUs 6e3 MOAYJIsl pacrio3HaHUs BO30YXJEHHUS C MOJIyJIeM paclO3HaHUS
HUCTOYHUKOB BO30YKICHUS HCTOYHUKOB BO30Y KICHUS

Takum 06pa30M, nmojiyd€Ha METOJHKa pacClio3HaBaHUs, KOTOpasa IMO3BOJIACT H3
BCEIro CIICKTpPpa aHAJIU3HUPYEMBIX YdCTOT BbIABHUTDH JICCTBUTEJIbHBIE HCTOYHUKH

B036y7KI[eHI/IH " OTCCATD IITYMBEI.



3.6 Anpobauus MaTeMaTH4YeCKOH MO/ie/ I PACTIO3HAHUSA MOJIOKEHHUS

MHOXKECTBCHHBIX HCTOYHHKOB BOSGY)KI[CHHH

3.6.1 IlnanupoBaHHe NpOBeAEHHUS YKCIIEPUMEHTAJIbHBIX HCC/IeI0BAHUIA

Jlns mpoBepku pa3pabOTaHHONW MOJIeNd BBIMOJHEH IUIaH SKCIEePUMEHTAIbHBIX
HCcClIeIOBAaHUM Ha pa3paboTaHHOM cTeHae. DakTopaMy Ha3HAYeHBI: HOMEP MCTOYHHKA
BO30YXKJIEHHUSI U CKOPOCTh BpAIlIEHUs] pOTOpa UCTOYHUKA BUOPpALIUH.

VYcraHOBKa T0O3BOJISIET BBITIOJIHUTHR MHOTOYPOBHEBOE HW3MEHEHHe (aKTOpOB,
MOATOMY YHCJIO YPOBHEH OBLIO YBEIMYEHO JI0 5 B OTJIMUME OT TUTAHOB DKCIIEPUMEHTOB
Ha OCHOBE IIAaHOB 3k'p, HCTIOJIB3YEMBIX JIJISI UCCIIEOBAHUSI HEIMHEUHBIX MTPOLIECCOB.

ITockoyibKy MSATHYPOBHEBBIA TMOJHO(PAKTOPHBINA 3KCIIEPUMEHT IOJIpa3yMeBaeT
BBITIOJTHEHHE OOJIBIIIOr0 KOJMYECTBA OMBITOB, TO JJIS MX COKpAIEeHHs OBLI IpeIIoXKeH
COBMEIIIEHHBIM IJIaH SKCIIEPUMEHTAIBHBIX HccienoBanuii (Tabmuua 4), noBeneHHbIH
JI0 TISATA SKCIEPUMEHTOB. JIOCTOMHCTBOM IPEJIOKEHHOIO TUTaHa SBIISICTCS arnpooarius
BO3MOXXHOCTH  ONpeJielieHUusT  HeCKOJIbKUX  MCTOYHMKOB  BO3OYXIEHHUs,  HUX
MECTOIIOJIOKEHHUSI OJHOBPEMEHHO, a TAKKE UX B3aMMHOTO BJIMSHUS IIPU UCIIOJIb30BAHUH

pa3pabOTaHHON MOJEIH.

Ta6nuna 4 — CoBMelIeHHBIN TIJIaH SKCIIEPUMEHTAIbHBIX UCCIIe0BAaHUN

Howmep CxopocTb BpallleHUs] pOTOopa OTHOCUTENIHHO Juana3oHa BO3MOKHBIX
SKCTepHMeHTa CKOPOCTEH MCTOYHUKA BO30YKICHHS
Hctouynuk 1 | Uctounuk 2 | Uctounuk 3 | Uctounuk 4 | MUcTouHuk 5

1 0% 25% 50% 75% 100%
2 25% 50% 75% 100% 0%

3 50% 75% 100% 0% 25%
4 75% 100% 0% 25% 50%
5 100% 0% 25% 50% 75%

HpomBe/:[eHa paggoMu3anusg  IJIaHa  OKCIICPUMEHTAJIbHBIX HCCIeJOBaHUI

(Tabmuma 5).




T36HI/IHa 5 - P aHﬂOMHBHpOBaHHBIﬁ COBMGHIGHHBIﬁ IJIaH J3SKCIICPHUMEHTAJIbHBIX

HUCcIIeJOBaHUN
Yacrora BpalieHusi poTopa OTHOCUTENIBHO JUara30Ha BO3MOKHBIX
Howmep .
SKCTIepUMEHTa CKOpPOCTeH MCTOYHUKA BO30YXIeHus, [ 11
Hctounuk 1 | Uctounuk 2 | MUctounuk 3 | Mctounmk 4 | McTounuk 5
1 28,0 32,1 30,4 37,0 25,0
2 34,0 39,1 20,0 28,0 32,0
3 31,0 35,6 33,9 25,0 28,5
4 37,0 25,0 23,5 31,0 35,5
5 25,0 28,5 27,0 34,0 39,0

3.6.2 IIpoBenenne 3kcnepUMEHTAJIBHBIX HCCJIeI0BAHUI

B kadecTBe mpuMepa HEIKE TPEACTaBIEHBI  PE3YJNbTAaThl  MPOBEICHHS
skcriepuMenTa Nel. BKIFOYUM MCTOYHUKM BO30YXKICHUS COTIIACHO NPUBEJICHHOMN paHee
tabmuie (Tabmuna 5). TlpuMeHeHne pa3pabOTaHHBIX MaTeMaTHUECKOH MOJAeNnd W
IporpaMMHOro  oOecreueHus: TOoKa3ajio Cleaylollue MapamMeTpbl HMCTOYHHKA
BO30yXxaeHus. [lpowsBeneHbl  pacueT  CIeKTpa  CYMMapHOW  BepTHUKaIbHOU

nuHamudeckoi cuibl (Pucynok 58).

Haomoma, M

Pucynok 58 — CniekTp cymMMapHO# BepTUKaIbHOW JTUHAMUYECKON CHIIBI

HUCTOYHHUKOB B036y>KI[€HI/I$I AJIA SKCIICPUMCHTA Nel




ITonyuen

CITUCOK OOHapy)XeHHBIX HWCTOUYHMKOB (Tabimma 6).

dakTryeckux aeeKTOB TOMEeUYeH KUPHBIM I[BETOM.

IIepeuenn

Tabmuma 6 — Cricok oOHapyKEHHBIX NUCTOYHUKOB BO30YK/IeHHs B dKcmepuMenTte Nel

v, ' F, krc X, cM 7, cM Y, cMm dF, % dX, % dz, % dyY, %
26,94 0,011 455 13,1 13,1 25,5 18,2 19,4 64,9
27,54 0,073 47,6 14,6 8,5 26,9 39 8,7 17,2
31,33 0,505 38,3 13,6 8,0 11,4 10,3 0,7 11,9
36,32 0,121 24,7 13,6 6,4 42,0 10,5 35 11,6
37,32 0,022 28,3 13,5 8,1 27,6 25,0 18,6 73,6
37,92 0,031 19,3 14,1 10,6 26,1 29,0 16,6 58,3
38,52 0,181 13,4 14,2 6,9 20,3 27,8 3,6 23,7
39,72 0,265 45,8 7,6 8,0 22,1 7,8 15,9 31,0
HpI/IMeHHH pa3pa60TaHHyI0 METOIUKY paCHO3HaBaHI/I$I I[e(beKTOB IIojydyacMm

pacrnoyio)keHue IeHCTBUTEIBHBIX HMCTOYHMKOB 0Oe3 1rymMoB (Pucynok 59). Takxke

IMOCTPOCHA TpPEXMEPHAasA BUIYAIU3allUA PACIIOIOXKEHUA HWCTOYHUKOB B036Y)K)1€HI/IH

(Pucynoxk 60).
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Pucynok 59 — PacrnionoxeHue HCTOUHUKOB BO30Y X aeHUs A sKcriepuMenTta Nel
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Pucynox 60 — TpexmepHas BU3yaau3amnus pactoyioKeH!s] HCTOYHUKOB

BO30OYXIeHuUs 1Jis dSkcniepuMenTa Nel

AHanu3 CXOJWMOCTH MOJIyYEHHBIX Pe3yJbTaToB (MpoBepKa OJHOPOIHOCTU) IO

OIIPpCACIICHUIO MECTOIOJIO)KEHUM  HCTOYHHUKOB BO36y>K,D;€HI/ISI CO 3HAYCHUIMU,

OIIPpEACIICHHBIMHU T'COMETPUYCCKUM IMYTEM, MIpoBe€AEM C TTOMOLIBIO t'KpI/ITepI/Iﬂ

Creionenra (Tabmuna 7).

Tabnuua 7 — Pe3ynpTaThl NpOBeAEHUS HKCIIEPUMEHTAJIbHBIX UccieaoBaHui Nel

rCOMCTpI/I‘IGCKI/Ie 3Ha4YCHUSA

PacuerHblec 3HaUCHNS

Homep Yacrora, OTtHocuTeNbHAs OTHOCUTENIbHAS
HMCTOYHUKA I'u Koopausara Cpennee MOrPELIHOCTb, Cpeiee MOrPEIHOCTD, t-kpurepuit
3HAYCHUE, CM % 3HAYCHHUE, CM %

Koopnunara Z 135 3.7 14,6 8,7 0,827

HUcrtounuk 1 23,8 Koopaunara X 51,5 1,0 47,6 3,9 2,050
Koopnunara Y 8 6,3 8,5 17,2 0,346
Koopnunara Z 5 10,0 7,6 15,9 1,974

HUcroynuk 2 29,6 Koopaunara X 45 11 45,8 7,8 0,231
Koopaunara Y 8 6,3 8,0 31,0 0,006
Koopaunara Z 13,5 3,7 13,6 0,7 0,263

Hcrounuk 3 29,2 Koopannara X 36 14 38,3 10,3 0,572
Koopaunara Y 10 50 8,0 11,9 1,862
Koopaunara Z 13,5 37 13,6 35 0,165

Ucrounuk 4 37,0 Koopaunara X 20 2,5 24,7 10,5 1,764
Koopaunara Y 8 6,3 6,4 11,6 1,743
Koopaunara Z 13,5 3,7 14,2 3,6 1,003

Hcrounuk 5 20,0 Koopaunara X 5 10,0 134 278 2,238
Koopaunara Y 8 6,3 6,9 237 0,664




AHanu3 TabIuIel TOKa3bIBAET, YTO TSl KaXxoro pacueta t-kputepuit CThrofeHTa
MEHbIIle KpUTHYecKOoro 3HaueHus (2,228). Takum 00pa3oMm, MOXXKHO 3aKIHOYUTh, YTO
MEeCTOIIOJIOKEeHUS JIe(heKTOB OBLIH OIpeIeIeHbI BEPHO.

PesynbTarel mpoBenenus skcriepuMeHToB NeNe2-5 (Ta6numa 5) mpuBeneHbl B
puIIoXKeHuu 1.

AHanu3 pe3yibTaTOB MPOBEJEHHBIX SKCIIEPUMEHTOB MOKA3bIBAET, YTO B KaXKIOM
U3 HHUX MECTOMNOJOXEeHUsI Ne(eKTOB ObUIM OlpeiesNeHbl BEepHO, YTO JIOKa3bIBaeT
JIOCTOBEPHOCTH Pa3pabOTaHHBIX MAaTeMATHUYECKOW MOJENH ¥ METOIUKH (UIbTPALMH U

uaeHTHPUKAIU 1edeKTOB.

3.7 Bo03MOXXHOCTH MpUMEHEHHS TEXHOJIOTHH yIAJeHHOH TEH30MeTPHH sl

AHATHOCTHPOBAHUA HedTe- U razonepekauynBaroIero 000py10BaHus

PazpabGoTtanHblii MeTon oOmpeneieHUs TOJOXKEeHHs] HCTOYHHMKA BO30YKICHUS
MO3BOJIIET  CO3[aTh  HOBBIM  IMOAXOA K  JUArHOCTHUpOBaHWIO  Hedre- W
ra3ornepeKayrBaroiero o0opynoBaHusi. Pe3ynbrarhl, NodydeHHbIe paHee, MO3BOJSIOT
MOJIyYUTh CJICAYIOUIYIO JOIOJHUTENbHYI0 HHQOPMAIMIO Ui JUAarHOCTUPOBAHUS
pa3TUYHBIX 1e(PEeKTOB:

- MECTOITOJIOKEHNE UCTOYHUKA BO30YKICHUS;

- YacTOTa BO30YK/ICHUS B UCTOUYHUKE;

- AIHTEHCUBHOCTh UCTOYHUKA BO30YKICHU.

IIpu omeHke ypoBHsS BHOpaluu BOJIM3UM OT HCTOYHHMKA BO30YXKIEHUS TakKKe
MOXHO OIIEHUTh Maccy BUOPUPYIOIIEH TeTau.

MHTEeHCUBHOCTh WCTOYHHUKA BO30YXICHHS MOXKHO OILEHHUTh IO CIIeIyOIIel
dbopmyiie

F =meo?. (84)
r7ie M — Macca UCTOYHHKA BO30YKICHNUS;

0 — NUKIIHYCCKasd 4acToTa BO36y}KI[€HI/I${;



€ — DKCLEHTPUCUTET UJIM SKBUBAJICHTHBIN IapaMeTp.

Jns  npuOnu3uTeabHONM OLIGHKA MOXHO JOIMYCTUTh, 4YTO BUOPOCKOPOCTH
HUCTOYHUKA KoJjebaHu{ paBHa BHOPOCKOPOCTH, 3aMEPEHHON OKOJO Hee MPHU MOMOIIU
IITaTHOW WJIM TIEPEHOCHOM CUCTeMbl BUOPOIUArHOCTUKH:

F~mo. (85)

Takum 06pa30M, OILICHOYHadA Macca 6y216T paBHa:

m~— (86)

V@

COOTBETCTBEHHO ISl KPYIMHBIX MCTOYHWUKOB BO30YXKIEHWsS, HAIpUMep poTopa,
JaHHas OI[eHOYHAs Macca OyeT OOJBITON, B TO BpeMsl KaK JUIST MaJTbIX HICTOYHUKOB OHA
OyZeT MaleHbKOH, HalpuMep, IS IIIAPUKOB TTOIIUITHAKOB.

PaccMoTpuM KpuTepuH, KOTOpBIE MOXKHO HCIIONB30BaTh B paMKaX TEXHOJIOTHUH
yIaJleHHON TEH30METPHH JIJIsl TMarHOCTUPOBAHHMS J1e(PEeKTOB.

YacTtoTa UCTOYHWKA BO30YXKIEHHS TIO3BOJSET  MMOJYYUTh  TEPBUIHYIO
UHPOPMAIMIO O TOTEHUUATbHOM JedeKTe, MpU 3TOM OHa XOpOIIO padoTaeT B
COBOKYITHOCTH ¢ HH(popMaImeli 00 HHTEHCUBHOCTH BO30Y KICHHUH.

B 1enom, mcTOYHWKHM BO30YKIEHHSI C BBICOKOW HHTEHCHMBHOCTBHIO B TIEPBYIO
ouepellb yKa3bIBaIOT Ha Je(EeKThI, CBSI3aHHBIE C POTOPOM, B OCOOCHHOCTH, €CIT 4acTOTa
BO30YXKICHHSI COBIIAZAeT C OKUAACMbIM 3HAYCHHEM.

MecTtononokeHre UCTOYHWKA BO30YKICHUS SIBISCTCS MOIIHBIM WHCTPYMEHTOM
IUTSL TUarHOCTUPOBaHUS JeeKTa, OTHAKO, IMeeT OCOOSHHOCTH MPH AUarHOCTUPOBAHUN
nedeKkToB poTopa. B cuily HaJM4us ecTeCTBEHHOro aucOajaHca poTopa pacueToM,
MECTOITOJIOKEHHEe UCTOYHUKA BO30YXKICHHS Ha POTOPHOW YacTOTe OyJeT CMelaThCs.
[TosToMy HE0OXOIMMO 3HATH COCTOSIHME O0O0OPYIOBaHMS JI0 BO3ZHUKHOBEHHS JedeKTa U
nocne. Torma mo d¢opmynam, moixydeHHbIM B [J1laBe 2, MOXKHO OIIpeNeuTh, IJIe
MTOSIBUJICSI HOBBIN JIe(heKT, CBI3aHHBIN C POTOPOM.

CrnenyeT MOAYEepPKHYTh, YTO MECTOIIOJIOKEHUE IJISI CTaOWIIBbHBIX HCTOYHHKOB
BO30YXIeHHsI OyleT TOKa3aHO BCe BpeMs OJHO M TO K€, B TO BpeMsl KakK IS
HECTAOWIBHBIX OyJIeT «IPBITAIOIIAMY» TPU JOCTATOYHO CTAOWUIILHOM  CIIEKTpe

,Z[I/IHaMI/I‘-IeCKOﬁ cunbl. TakoBBIMM MOI'yT OBITH ,Z[e(i)eKTBI U HMCTOYHHMKHM KoJieOaHHi



THIPOJUHAMHUYECKOTO  TPOUCXOXKIEHUs; JAe(eKThl, CBS3aHHBIE C  HEXECTKUM
3aKperyieHneM; nedeKThl, CBsi3aHHbIe ¢ Oudyprarueil.

O1eHOYHYI0 MacCcy MOXHO HCIIONB30BaTh ISl Pa3NUdUsl KPYMHBIX U MAaJbIX IO
Macce HCTOYHHUKOB BO30YKJIeHHS, B MIEPBYIO ouepepb 1 quddepeHnnanuu 1eGpeKToB
poropa oT Apyrux aedextoB. Yem Onmke AaTIYMKKA BHOpalMd K TOTEHIHUAIBHOMY

nedexty, TeM TouHee OyJeT OlleHOYHasl Macca.

3.8 Ouenka BJAUSIHHS Pa3paboOTAHHOI MeTOAHKH HA HAMEKHOCTH

o0opynoBaHus
Paccmotpum Bnusinue pazpaboTaHHON METOIUKHA Ha HAJeXHOCTh 000pYI0BaHHUS
Ha npumepe HacocoB HM 1250-260. MHTEHCUBHOCTh OTKAa30B JJiI HUX COCTaBIISET

0,3414:10° 4™ [173]. CtatucTrika 0TKa30B HacocoB cieaytoras [13]:

Ta6nuua 8 — Cratuctrka oTka3oB o Hacocam [13].

[Ipnunna oTkaza BeposiTHOCTh O0TKa3a, %
[ToBbIIeHME BUOpanuu 37
JledekTbl TOpLEBbIX YIIIOTHEHH 32
JleheKThbl MOAIIUITHUKOB 17
JledekThl 3y0UaThix MyhT 3
IIpoure mpuaMHBI 11

[Tonaraem, yTo pa3zpaboTaHHas MeTOJWKA IO3BOJIsIeT Ha OoJjiee paHHe cranuu
JUAarHOCTUPOBATh JAe(eKThl TOPIEBBIX YIUIOTHEHUH, TOAMIMITHAKOB, a TAaKXKe YCTPAHSThH
noBblllieHne BUOpauuu. Takum oOpa3om, HapaOOTKa Ha OTKa3 yBEJIMYMBAeTCs MO
MUHUMAJIbHBIX HOPMHUpPYEMbIX 3HadeHui corjacHo [144]. PesynbTaThl pacueToB

npectaBieHbl Hioke (Tabmuma 9).




Ta6HI/IHa 9 — M3MeHeHHe HMHTEHCHUBHOCTH OTKAa30B W CpeI[HefI Hapa6OTKI/I Ha OTKa3s

HAaCOCOB ITIOCJIC BHEAPCHUA METOANKMU.

I[O BHEAPCHUA METOJUKHU

Ilocne BHEAPCHUA METOINKHU

IIprunHa oTkaza NurencuBHocth | Hapaborka | Hapabotka | MIHTeHCUBHOCTh
OTKa30B, 10%9? | na OTKa3, 4 | Ha OTKa3, Y | OTKAa30B, 1034t
[ToBbilIeHHE
0,1263 7917 12000 0,0833
BUOpaLuu
JleheKThI TOpIIEBBIX
0,1092 9154 16500 0,0606
YIUIOTHEHUH
JledhexTsl
0,0580 17232 36000 0,027/8
MOAIINITHUKOB
JledhekThl 3y0UaThIX
0,0102 97646 97646 0,0102
MyhT
[Tpoune mpyuIrHBI 0,0376 26631 26631 0,0376
Hroro / cpennee 0, 3414 2929 4556 0,220

BHe,HpeHI/Ie MCETOAUKHU IMO3BOJIACT YMCHBIIUTE HHTCHCUBHOCTD OTKAa30B HACOCOB C

0,3414 10° 4™ 10 0,220, T.e. Ha 35,7%, U YBEIMYNTH CPELHIOK HAPaGOTKy Ha OTKa3 ¢

2929 no 4556 gacos, T.€. Ha 55,6%.

PaccmoTpum BiusiHue paspaboTaHHONW MeTOAMKM Ha HaaexkHocTh I[TIA Ha

npumepe ['TIY-10. MaTeHcuBHOCTH OTKa30B A HUX cocTtasiseT 0,1204 10° 4 [127].

CraTtrcTrKa 0TKa30B HacocoB cieyromias [3] (Tabnuma 10):

Tabaumna 10 — CraTucTrKa 0TKa30B Mo Hacocam [3].

IIpuunna oTkaza

BeposTtHOCTb OTKa3a, %

HpOTO‘—IHaSI qacCTb

10,31

[ ok u

Macinocucrema 17,86
KUITuA 40,52
[Ipoune 351eMeHTHI 23,94




[Tonaraem, uTo pa3paboTaHHas METOJWKA IMO3BOJIIET HA OoJjiee paHHEH CTaauH

AWarHoCcTupoBaTb I[e(peKTBI INOAIIUITHUKOB U MaACJIIOCHUCTEMBI. Pe3YJ'II>TaTI>I - pacHeThl

npejctaBiensl Hiwke (Tabnuma 11).

Tabmuna 11 — M3MeHeHHe MHTEHCHMBHOCTH OTKa30B W cpelHed HapabOTKW Ha OTKa3

I'TIA nocne BHeApeHUs METOAUKH.

Jlo BHeIpeHWsI MeTOAUKHU

[Tocne BHepeHUs METOIUKHU

IIpnunna otkaza | MHtencuBHocTh | HapaGoTtka | HapaGotka | MHTeHCHMBHOCTB

OTKa30B, 1034t | na OTKa3, 4 | Ha OTKa3, 4 | OTKAa30B, 103 4?
[IpoTounas gacTh 0,0124 80561 80561 0,0124
[Mommmmaukn 0,0089 112698 168000 0,0060
Macnocuctema 0,0215 46505 168000 0,0060
KUTTnA 0,0488 20498 20498 0,0488
[Tpouwne 3eMEHTHI 0,0288 34694 34694 0,0288
Hroro / cpennee 0,1204 8306 0811 0,1019

BHenpenue MeTOAMKM MO3BOJSET YMEHBIIWTh MHTEHCUBHOCTH OTKa3zoB I'TIA c

0,1204'10'3 g 1o 0,1019'10'3 q'l, T.e. Ha 15,3%, ¥ yBeNnuuTh CpeHIO HapabOTKy Ha

oTkas ¢ 8306 no 9811 gacos, T.e. Ha 18,1%.




4 MATEMATHYECKOE MOJAEJNPOBAHUE U PASBPABOTKA
BUBPOU30JISITOPA C KBASUHYJIEBOH ) KECTKOCTBIO
TAPEJBYATOI'O TUIIA JJS1 IPUMEHEHUS HA HE®TE- U
I'ASBOIIEPEKAYUBAIOIIEM OBOPYAOBAHUU

[IpoBesieHHBIN BBIIe aHAIN3 PA3IMYHBIX CHUCTEM C KBa3WHYJIEBOW KECTKOCTBIO
MoKa3aj, 4YTO JaHHBIe CHCTEMbl HWMEIOT OrPOMHBIA IOTCHIMAN s Lejei
BUOPOM3OJISAIIAN, OHAKO JOCTHXeHHe TpedyeMoro addeKkTa Ha TPAKTHUKE BBI3BIBACT
npoGiembl. O030p COBpEMEHHBIX JOCTHXKEHUW B JaHHOW O0OJAcTH TMOKa3bIBaeT, uTo,
HECMOTpS Ha TEOPETHUYECKH JIOKa3aHHbBIE BEICOKHE BUOPOHM3OIISIIMOHHBIE BOZMOKHOCTH,
MpaKTUYecKass peayu3amus JaHHBIX CHCTeM IIOYTH OTCYTCTBYeT Jake Ha ypOBHE
ITPOMBIIIUTEHHBIX 00Pa3110B. BOJIBIIMHCTBO pa3pabaThIBaeMbIX CHCTEM C KBa3WHYJIEBOMH
KECTKOCTBIO XapaKTepU3yeTcs HaJIWYUeM HEeCKOJIBbKUX Y3JIOB (IS OOJBIIMHCTBA
KOHCTPYKITUH HEOOXOAMMO HaJIMYUe HECYIero 3JIeMeHTa U KOMIIEHCATOpa KECTKOCTH),
COBMecTHasi paboTa KOTOPBIX MU JaeT HeoOXxoaumble cBoiicTBa. OIHAKO HaIU4YMe
HECKOJIBKMX Y3JIOB BEJET K IIOBBIIICHHIO CIOXXHOCTH KOHCTPYKIIMH, YBEJIMYEHUIO
rabapuToB, 1, caMoe BaXHOE, YBEIMYMBACT TPEHUE B KOHCTPYKIMH, YTO 3HAYMTEIHHO
yXyaIIaeT BUOPOU3OISIIIMOHHBIE KaueCTBa CUCTEMBI.

[TosTOMy 11eTbIO TTOCTIEYOIIMX MCCIIEOBaHMMA, MPEeICTaBICHHBIX B JaHHOM IJIaBe,
SIBJISIETCSl BBIOOP ONTHMAJbHOM KOHIETIIMKM BHUOPOM3OJIATOpPA IACCHMBHOTO THIIA, €rO
aHaJIMTHYeCKoe OOOCHOBaHHWE, MOJy4YeHHE 3aBHCHUMOCTEH, OTPaXKArOIIUX B3aWMOCBS3b
napaMeTpOB BUOPOU30JIATOPa OT FeOMETPUIECKHX ITapaMeTPOB U CBOMCTB MaTepraa.

Ha ocHoOBaHMM yHOMSHYTBIX MpoOJjeM MpU pear3ald BHOPOHW3OJISATOpa C
KBa3WHYJIEBOM JKECTKOCTBIO 3a CUET COYETaHUs HEKOTOPOro KOJIMYecTBa YIPYTUX
AJIEMEHTOB, Tpeljaraercs paspabarbiBaTh BHOPOU3ONSTOP B  BHAE  CIWHOU
KOHCTPYKIIUHU 0€3 TOTIOTHATEIbHBIX IBIKYIIUXCS YaCTeH.

Tak, BUOpPOHM3OIATOP C KBa3WHYJEBOW JKECTKOCTHIO BBITIOJHEH B BHJIE
OJIMHOYHOTO TapelbyaToro 3JeMeHTa, MO3BOJIIOIIEr0 CHU3UTh TPeHHEe B CHUCTEMe,

YMEHBIIIHUTh TabapuThl TI0 BBICOTE, YIIPOCTUTh HACTPOUKY ¥ MOHTax (PucyHok 61).



Ha nanHyr0 KOHCTpyKIIUIO mosrydeH nateHt PO [151].

d; - nuameTp BepxHeW OMOPHOM CTeHKH; d; - IMaMeTp HIKHEH OMIOPHOM cTeHKH; t
- TOJIIIIMHA HAaKJIOHHOM CTEHKH; S - BBICOTA NTOABEMA CTEHKH; @ - YTOJl HAKIIOHA CTEHKU;
hs - BEICOTa OIMOPHOI CTEHKH; ts - TONIIHUHA OIMIOPHON CTEHKH

Pucynox 61 - Bubpounzomnstop ¢ KBa3uHYJIeBOW KECTKOCTHIO

4.1 AHanuTU4YecKoe HccieloBaHUHe pa3padaTbiBaeMoro BUuGOpoun3oasTopa

Tapejab4aToro Tuia ¢ KBaSHHyﬂeBOﬁ KECTKOCTBIO

J11st IpoBeIEHUsI aHAIM3a IPUMEM CIIEAYIOIINE TapaMeTPhl KaK UCXOIHbIE:

— IWaMeTp HIDKHEHN ¢ OMOpHOM cTeHKU Bubpousoisitopa d, (1=0,5-dy);

— IWaMeTp BepXHeH OMopHOU CTeHKH BuOpou3zonsaropa d; (r=0,5-d);

— TOJILIMHA CTEHKH BUOpou3oJsiTopa i;

— TOJIIIMHA OIOPHBIX CTEHOK BHOpoH3oisTopa i,

— BBICOTA OMOPHBIX CTEHOK BUOpom3oisiTopa hg,

— MOZYJIb YIIPYTOCTH MaTepuaia Buopousosstopa E;

— pacyeTHas MPOYHOCTh MaTepuaia BUOpou3oisTopa [G].

Jlnst mosydeHus 3aBMCUMOCTH OCHOBHBIX MapamMeTpoOB BHOPOHU30JATOpPAa OT €ro
reOMETPUYECKUX pa3MepoB HEOOXOJUMO PacCMOTPETh YHpyrywo jaedopMariuio
Npe/JIOKEHHON KOHCTPYKIUU TOJ Harpy3koil. BHOpOW30IATOp YCIOBHO MOXHO
pa3enuTh Ha HAKIIOHHYIO CTEHKY U OnopHbIe cTeHkH (PucyHok 61).

PaccmoTpumM ynpyryio aedopmannio HUKHEH OMOPHOM CTEHKH.



HYCTB BO BpEMs ,Z[e(l)OpMaI_[I/II/I BI/I6pOI/I3OJ'I$ITOpa OIIOpHas CTEHKA MMOBEPHYJIACh Ha

yrox ¢ (PucyHnok 62).

Pucynok 62 — IToBOpOT OmopHOU CTEHKH BUOPOU30JISITOPA

IToreHnmanbHasE SHEPTHUS KOJbIla onopHOW HikHeH crernkn dW,,, ynaneHHOW Ha

pacCcTossHUE X OT €€ BEPXHEIro Kpasl, 1Py IIOBOPOTE €€ Ha yroJ ¢, paBHa.
(87)

rae S— iomaab ceUeHus KOJbIla OTIOPHOU CTeHKH;
L — niinHa cedeHus KOoJiblia OMIOPHOM CTEHKH,
AL — ynnvHeHue Kojblla OMOPHOM CTEeHKH.

[Tnomaap cedeHns: KoJblla OMOPHOM CTEHKH paBHA!

S=t -dx, (88)
JlnMHa cedeHus KOJblia OMIOPHOM CTEHKH paBHA!

L=md, +2mx-tgp ~ md, . (89)
VY AsiMHEHHE KOJIbIa OMTIOPHOM CTEHKH PaBHO:

AL=2r-tgp-x. (90)
[ToncraBus Beipakenus (88), (89), (90) B Beipakenue (87) u noiaydyaem:

Et,

aw., =2z —(1gp-x) dx. (91)

2

C ydetoM Toro, uto <<I, TO crpaBeJIMBO BhIpaKEHUE



imtgp=¢ . (92)

-0
C yuetom BeipakeHus (92) npousBeaem 3aMeny B BbipaxkeHuu (91) u momydum:

Et,

W, =27~ p’x’dx (93)

2
Jlns monydeHust 3aBUCUMOCTH W, OT X HHTerpupyeM Bboipaxenue (93) B

npeaenax ot 0 1o hs.

h 3
W _=|2r—¢x"dx=—1m—221¢". 94

Torma usrubaromyii MOMEHT, TOBOPAYMBAIOIINI CTEHKY Ha YroJl (¢ paBeH
M=—W_=—1—"-¢ (95)
»

OnpenenuM 3aBUCUMOCTh TOTEHIIMABHONW SHepruu JedopManu HaKIOHHOMN
CTEHKH OT COKATHS.

Jlnst aToro paccmMotpuM nedopmaiuio HaKJIOHHOW CTEHKM OTHOCHTENBHO TOYKHU
A. B npuHsATON cucTeMe KOOpAUHAT OTHOCUTENIbHO TOUKU A, BepXHss OMOpPHAsi CTEHKa
HE TOBOpayMBaeTcs B TUIOCKOCTH pUcyHKa (Pucynokx 63) m sBisieTcsl HENOIBYIKHOM.

Cuna F cooTBeTCTByeT cujie cxaTHsi BUOPOU30JISTOPA.

Pucynok 63 — Cxema u3ruda cTeHKu BUOPOU30JISTOpa



Jleopmariiro HaKJIOHHOM CTEHKH (KakK M 000N CTep)KHEBOW CHCTEMbI) MOKHO
NpeJCTaBUTh KaK COBOKYIHOCTb TPOAOJBHOW M MOMepedHor jaedopmariuii.
[Tonepeunast nedopmalusi HAKITIOHHOM CTEHKH OIpefelsieTcsl ypaBHeHneM u3ruoa:

n M,
X'=— (96)

rae M, — cyMMa MOMEHTOB CUJT OTHOCUTENBHO TOUKHU A.

CyMMa MOMEHTOB CHUJI OTHOCUTENBHO TOUKH A paBHA:

M,=(,—r)F-M, (97)
TZie r — PAcCTOSIHUE OT UCCIIeayeMOi TOUKH JI0 OCH BUOPOU30JIATOPA,;

M — MOMEHT, BOSHHKAIOIINKA CO CTOPOHBI OTIOPHOM CTEHKH.

MoOMEHT MHepIUU CeYeHUs pazlInueH JJIsl KaXJOro CEeUeHHs, pacrloyOKEHHOTO
Ha Pa3HOM PACCTOSIHUM OT OCH BUOPOM3OJISATOpPa W OIMpeJesieTcsl CoryiacHO GopMyrie

JJISL OPpsIMOYTOJIBHOTO CCUCHUS.

3 3
1:2”;_24:%, (98)

[Tocne moacranoBku (97) u (98) B (96) monyuaem:

xvv: (FZ_F)F_M

3 .

VYron noBopoTa HaKJIOHHOW CTEHKH BUOPOM3OJISITOpA HA PACCTOSHUU I' OT TOUYKHU

A OIIpeaC/IsIEM MHTCTPUPOBAHUEM ITOCITICAHETO BBIPAXKCHUS B IIpeJieaax OT r A0 Iy.

(r,F - M)InL— F(r-r)

. c(,=r)F=M 1 f(r,F-M r

x:j(z )ﬂt3 dr = ﬂtgj(z : —Fjdrz e . (100)
AN ET % ™

6 6 6

Vroi moBopoTa CTEHKH BUOPOU3O0IATOPA Y HUKHETO OIOPHOIO KOJbLA (T.€. IpU
=r,) paBeH:
(r,F =M)in rrz ~F(r,—-1)
P=X(r,)= o . (10)
Ei
6

[Toacrasnss Beipaxenue (101) B (95), u Beipaxas nepeMeHHy0 M, moay4aem:



M=F— ; - Fr, tfld 5J - Frk, (102)
“+hn L —+In h
8t h, h 8t h, h

rae k, u ks— BcmomoraTtensHbie KOd()OUIIUSHTBI:

mg_p_p] mg_p_pj
K = 2)__ N 2) (103)

3 ’
td23+|an ks+|an
8':ShS r]_ r1
r’d
ky=—7. 104
Costh’ (104)

PaccmoTtpuMm ¢dusmuecknii cMbicn koaddunumentoB ky, u ks Koapdumment ki
oTpakaeT GopMy omopHo# creHKd. [Ipu GonbIKMX 3HaUYeHUsX ts U hg Mo cpaBHEHMIO €
TOJIIMHON HAKJIOHHOW CTeHKHW t 3HadeHWe kg ctpemutcs Kk Hyqro,. Koaddwunment k,
MOKAa3bIBACT BIIMSHUE OTIOPHOW CTEHKM Ha JYKECTKOCTh KOHCTPYKIWH. [lpm mambx
3HaueHUsIX ts U hs MO CpaBHEHMIO C TOJIIMHON HAKJIOHHON CTEHKH t [IaHHBIHA
KodpdunmreHT ctpemMutcs K Hyio. [Ipu manom 3HaueHnn Kg cripaBeisIiBO BhIpaKeHUE:

=

im, ok, =t e Tl (105)

2

r r
In-2 In-2 In-2
r1 rl rl

Cixatre BUOpPOM30JIATOPA X ONPEIEIseTCs ClIeTyFLIMM 00pa3oM:

L (F - M)InL— F(r-r,)

X= .[ r13 dr (106)
nt
n Ei
6
[Tocne nmpeobpazoBaHuii mosydaem:
x=— | (1~ £)r +1,(2K, ~3) + 2r,°(1-k,)In 2
gtSE 2 1/\'1 2 2 rl . (107)
3

HOTCHHI/IaHBHaH QHEPTUA n3rnda CTEHKH BI/I6pOI/I30J'I$ITOpa u OHOpHOfI CTCHKHU

paBHa:



T 3
—t'E
Fx
Wy =— = 6 — (108)
(r, =1 ) + 152k, =3)) +2r," (1= k) In 2
T

1

IlepeiineM K pacCMOTPEHHMIO NPOJONBHON JTeopManuy HAKIOHHON CTEHKH.
IIpencTaBuM HaKJIOHHYIO CTEHKY KaK COBOKYITHOCTb 3JIEMEHTAPHBIX KOJIel] TOJIIIUHON
0L m pammyca r (rme r MoOXeT TpPHHWMATh 3HA4eHHWS OT 1 70 Tp). [lpm cxatum
AJIEeMEHTapPHOTO KOJblla Ha BEIWYUHY 27-0r B paJMalibHOM HaNpaBJICHUH CO3]aeTCs
BOCCTAHABIIMBAIOILAS CUJIa B KOJIBLIEBOM HAIIpaBIICHUU, OllpelelssemMas 1o 3aKoHy ['yka
KakK:

5°F. = E“Z— 2r-5). (109)

.
riae S, — IIomanb paguaabHOro CeUueHUs Kombla, S =1-27d;

L — nnuHa Konblia, L = 2.

C y4eToMm TOTO, UTO CHJIa CXaTHUs KOJIbla B paJluaJIbHOM HaMpaBjeHUU B 27 pa3
OoJibllle, YeM B KOJIBIIEBOM, TO CHJIa CXKATHS KOJIbIla B paJIMAJIbHOM HallpaBlieHUH OyieT
paBHa:

5°F, =27 0F. = 2720 & (110)

r

[IpouHTerpupyeM IONydeHHOe BBIPAXKEHHE: IepeMeHHylo O-Fp B mpemeiax
0...0F,, a nepemennyto oL B npenenax 0...AL, rne AL — cymma cxxatus 3J€MEHTapHbBIX

KOJICH, NHAa4YC IroBOPA CKaTUC KOJIbIIa B paIvaJIbHOM HaIIPpaBJICHUH, I[TIOJIy4aCM:

o, =275 S AL (111)

r
[IpouHTerpupoBaB IMOJIydeHHOE BbIpaKkeHHe (repemMeHHyr0 JFP B mpenenax
0...F,; a nepemMeHHy!o dr B mpefienax I1...Iz) mocie npeoOpa3oBaHUM MOTy4aeM:

_ 27kt AL
n’2 (112)

h

F

HOTeHHI/IaHBHaH OQHEPTUA OT C)KATUA CTEHKU BI/I6pOI/I30JI5{T0pa 6y1[eT paBHa.



2 n (113)

JIMMHYy HaKJIOHHOW CTEHKH H30JISITOpa MOXKHO ONPEAEIUTh TI'e€OMETPUYECKUM
nyTeM omnupasch Ha PucyHok 63. OHa SBISETCS THIOTEHY30H MPSIMOYTOIHHOTO
TPEyroJIbHUKA, KaTeTaMu KOTOPOIO SIBIIIOTCS BBICOTA IMOJbEeMa CTEHKU M Pa3HOCTh

PaanycoB Iy U 1. Takum o0pa3oM, H3MeHeHHe JUTMHBI HAKJIOHHOM CTeHKH PaBHO:

AL:\/(rz—rl)2+S2—\/(rz—rl)2+(S—x)2. (114)

C yueToM x<<rp-I1 u S<<r,-I; cnpaBe ikBa 3aMeHa Beipakenus (114) Ha

e U e 1%J ol Sy 9

[MoncraBnss Beipakenue (115) B Boipaxkenwe (113) u mociae HEKOTOPBIX

npeoOpa3oBaHUl TOJlydaeM, UTO TMOTEHIMalbHAs DJHEPrusi OT CXKaTUsl CTEeHKHU

BHOPOHU30JIATOpa paBHA!

202 13 L w4
WcmzzzEt AL = 7t .4Sx 4S<2+x |
In 2 4.n"2 (r,-1) (116)

N N

[ToreHuuanbHass 3Heprus AedopMalrd BHOPOU30JIATOpPA ONpeAessieTcs] Kak

CyMMa MpPOOJIbHBIX U MOMePeyHbIX AehopMallii U paBHa:

W=W,+W,.. (117)

[ToncraBuB Beipakenus (108) wu (116) B dopmyay (117) mnonyuum
MOTEHIIUAJIBHYIO SHEPTHIO AehopMaIlid BUOPOU30JIATOpa:
.3
~UE et 48X -49¢ +x¢

6 2
W = .
X+ r2 (r2 ~ rl)z (118)

=1 )r +1,(2k —3)+2r.°(1—k )In 2 4.In-2
(r =)0 +15(2K, =3) +2r," (L= k) In r

BOCCTaHaBHI/IBaIOIHaH CHJIa BI/I6pOI/I3OJ'I$ITOpa OT €ro CXaTwusd OIPEHCIIACTCA KakK

MIPOU3BO/IHAS 110 MOTEHIMAIBHON SHEPTUU JAeOopMalliK 1O HAMIPABICHUIO CKATHUS:



_aw_ t? x, 1 8S°x—129¢ + 4x°
_AW_ X . :
dx (-t )n+n(2k,—3)+220-k)n 23 am (-1
r r

1 1

F

(119)

KectkocThb BI/I6p0H3OJI$ITOpa OIIpeaACIIACTCA KakK IMpOn3BOAHAas I10

BOCCTaHaBJIMBAIOIIIEH cujie BI/I6pOI/I3OJ'I$ITOpa I10 HaIIpaBJICHUIO CXKaTHA.

1t2

= - ,

Akt 3 4 1r 257265+ 3x
(I‘2 - rl)(rl +1,(2k, - 3)) + 2r22 (1-k,)In=2 In-2 (I‘2 - rl)

1 r1

k=—=
dx

(120)

[Tpu 3ToM BUOPOM3ONSATOP HE JOJDKEH TEepsATh YCTOWYUBOCTH, T.e. K>0. Bonee
TOTO, JJIS CUCTEM C KBa3MHYJIEBOW JKECTKOCTBIO B paboueil TOUKe JOJKEeH JOCTUTATHCS

MHUHHMYM JKECTKOCTH, T.e. B pabouei Touke k=0.

dk _ .| 1 —6S+6x

i A -

h

(121)

[IpupaBHMBas mocieqHEEe BBIpAXXEHHE K HYJIO, M[OJIydyaeMm, 4YTO HyJeBas
JKECTKOCTh JOJDKHA JOCTUTaThCsl TPU PABEHCTBE X=S.
[ToncTaBuB naHHOEe 3HaueHWe B (opMmyly HJsi ONpeaesieHUs KECTKOCTH

BuOpousossaropa (120), moaydaem:

}tZ
k=7Et : e 7. (122)
(-0 +1,(2K, —3) + 2, (A-k)In2 "2 (2=1)

1 r1

JIist cucteM ¢ KBa3MHYJIEBOM KECTKOCThIO 3HAUEHHUE )KECTKOCTH B paboyelt Touke
JOJKHO ObITh paBHO HYIO. [IpupaBHUBas mocienaHee BbIpakeHHUe K HYJIIO, MOTydaeM
3Ha4YeHHE BBICOTHI MOJbeMa CTEHKH BHOpoHM3oisITOpa S, KOTOpoe HEOOXOAUMO 3HATh

IPU NPOEKTUPOBAHUU BUOPOU30JISATOPA C KBA3UHYJIEBOM )KECTKOCTBIO:



4]

h

1
S:—t(rz_’”l)' .
3 (=R (2, ~3) 230K )i

1

(123)

PabGouass Harpyska T.e. BoccTaHaBinuBaromas cuina F npu coxarum  x=S,

onpenensercs npu nomolnu Beipakenuit (119) u (123) u paBHa:

B —r) "

3.3 n

L5 «
((rz — 1 X + 152k, =3)) +21," (1= k,) In ]

h

F=

(124)

[lepeiineM k onpeneneHuto HampsokeHUss B BuUOpousonstope. Hanpsxenue
n3ruda B CTEHKE onpeensieTcs Mo popMmyie:

A
sz 12
W' (129)

rae W — NOJISIpHBI MOMEHT CONPOTUBIICHUS CEUYCHUSL.
[TonsipHBIi MOMEHT CONMpPOTHUBIICHUSI CEYEHUS HJIEMEHTAapHOI'0 KOJblla OMOPHOMN
CTEHKH BUOpoU30siTOpa (IpSAMOYTOJIbHOM POpPMBI) paBeH:

W = éant | (126)

Hcnone3ys Beipaxkenus (97), (102) u (126), Beipaxenne (125) npeobpaszyem B

oo F (rz(l—kv)_lj.

Etz 7
3

(127)

Cormnactao dopmyie (127) HanpsbkeHHe HAXOAUTCS B OOpATHON 3aBUCHMOCTH OT
r. Haubombimuee HanpsokeHue OyieT B TOUKE TIPH I=Ty:

. _F [rz(l—kv)_l}

th £

(128)

PaccmoTpuM  BO3MOXKHOCTH  yBeNWYeHHUs] paboueid Harpy3kd TMpH OMOIIU
YCTAHOBKH JIOTIOJIHUTEJIBHOIO KOJIbIA JKECTKOCTU BOKPYI HU)KHEW OIIOPHBIA CTEHKHU.
DTO MO3BOJUT M3MEHATHh XapaKTePUCTUKY BUOPOM3OJATOpA. YBeJIMUYEHHE OOIIei

KECTKOCTH HHXXHEHU OHOPHOfI CTCHKHN 3KBHUBAJICHTHO YBCJIMYCHHWUIO TOJIIIWHBI HMOKHEM



OTIOPHOM CTEHKH, MOATOMY HaJlH4Yhe TAKOTO KOJbIAa JKeCTKOCTH, COTIACHO (opMmyIie
(104), ymensbmaer koddduimerT Ks, B TOM uucie W 10 Hyns. PaccMoTpum Kak
U3MEHHUTCs pabodvasi Harpy3ka BHOPOM3OJSATOpPa C KBa3WHYJIEBOW JKECTKOCTHIO TpPH
KOJIbIIE JKECTKOCTH, Tpu KoTopoM ks = 0. B a3ToM ciydae BcrmoMorateibHbIN

ko3 dunrent k, craHeT paBHbIM:

(129)

N3menenne paboueii Harpysku cormacHo ¢opmyiam (103), (124) u (129)

COCTaBUT
e
3 : S
' (I’2 - rl)(rl +h (Zkv I_S)) + 2"22 (1_ kv') In-=
- = 1 —
F 7 r
3\/§t4E(r2 -r,)- Inrj
15 (130)
((rz —1 (1 +1,(2K, - 3) +2r,°(1-k, ) In :]
1

(r, = (ry +1, (2, -3) + 2r,"(1-k,")In :2

1

(I’2 - rl)(rl +1,(2k, —3)+ 2r22 (1-k,)In T2

1
B xadecTBe nprmMepa paccMOTpHUM BUOPOHM3OIATOP ¢ MCXOIHBIMU JTaHHBIMH I'1=14
MM; 15722,5 mMm; t=4 mm; t&4 mm; he=8 MM, B TakoM ciIy4yae OTHOIIEHHE HArpy30K
coctaBuT 1,94, T.e. okoJo 2.
Onupasch Ha TpOBEJCHHBIE BBIKIAIKA, METOAUKA pacdyeTa BUOPOHU3O0JISITOpA
MOYET BBITISIACTh CIIeAYIOIIMM 00pa3oMm.
1) Onpenenenrie UCXOIHBIX TaHHBIX:
— IMaMeTp HUKHEH ¢ OMOPHOM CTeHKH BUOpousossaTopa dy;
— IMaMeTp BepxHeil OlOpHOU CTeHKH BUOpou3ossiTopa di;

— TOJIIIKMHA CTCHKU BI/I6pOI/130J'I$ITOpa t;



— TOJIIIIMHA OTOPHBIX CTEHOK BUOpou3oJsitopa g

— BBICOTA OIOPHBIX CTEHOK BUOpou3ossTopa hg;

— MOJIyJIb YIIPYTOCTH MaTepuaina Buopousoistopa E;

— pacueTHasi MPOYHOCTh MaTepuala BUOpousossTopa [G];

2) OnpenesieHre BCIIoMOraTeIbHbIX KO3(PHOUIIUEHTOB:

t’d
k — 2 .
Y (131)
mﬂ_@_ﬁj
h=— (132)
k., +In i3
h
3) BricoTta nogbemMa cTeHKH paBHa (coriacHo ypaBHeHuio (123))
L In'2
S=—=t(-n) L — (133)
2
(rz a rl)(rl + r2(2kv - 3)) + 2r2 (1_ kv) In ?2
1
4) Pabouas Harpy3ka paBHa (coriacHo ypaBHeHuio (124))
T .4 r
——t"Elr,-1,)- [In-2
Ve
F= (134)

((rz - rl)(rl +1,(2k, —3)) + 2r22(1_ k,)In :_zj -

5) Haubonplive HanpskeHUsi B CTEHKE BUOPOM30JATOpA COTJIACHO ypaBHEHUIO

(128) paBHbI:

e E[10).)

th £

(135)

6) Bo3moxxHOCTh yBenuuyeHus paboyed Harpy3ku TMpd TOMOIIM XOMYTa

(cormacuo ypasuenuto (130)):



' (I’2 - rl)(rl +1,(2k, —3)) + 2I’22 (1-k,)In 2
= : (136)
(=000 +1(26,-3) + 26,0k )n 2

1

3

rae k' onpenenseTcs kak:

k= (137)

7) BBIMOTHUTE TPOBEpPKY, UYTOOBI MaKCHUMAaJbHbIE HANPSDKEHHS He TPEeBBIIIAN
pacueTHoOe TpejiesibHOe 3HaueHue, T.e. 6 <[ o].
Taxkum oOpazoM, mpeToKeHa METOIMKA pacueTa BUOPOU30JISTOpA TapeIbaaToro

THIIA.

4.2 TIlpeacTtaBjieHUs MApaMeTPOB pa3padaTHIBA€MOro BHOPOU30JITOPA

Tapejab4aToro Tumna ¢ RBaBHHy.]'leBOﬁ KECTKOCTBIO B 6e3p33MepHOM BHA€

Jlns Gojee MOTHOTO aHAJIMTHUYECKOrO aHaln3a KOHCTPYKIMH W 0000IIeHUs
MOJIYYeHHBIX pe3yJIbTaTOB CIIeAyeT NepeiTn K 0e3pa3MepHbIM MapaMeTpam.

[Ipu omnpeneneHun Oe3pa3sMEpPHBIX TEOMETPUYECKUX BEJIMYUH, HWCIIOIB3YIOT
npuBeZeHUe K OJHOMY W3 HauOoliee XapaKTepHbIX MapaMeTpoB. B ngaHHOM ciyuae
BbIOEpEeM paJnyC HWXKHEH OIMOPHOW CTeHKU Iy KaK BEJIUYMHY, XapaKTepU3YIOIIYIO
rabapuThl BAOPOU30JISITOPA C KBa3UHYJIEBON KECTKOCTBIO.

IIpu ompeneneHun Oe3pa3MEpHBIX T'€OMETPUYECKUX BEJIUYMH HOMHUHAIBHOU
Harpy3kKd ¥ pPEaKTUBHON peakiuu BUOPOU3OJIATOpPA HWCIOIb3yeM IpUBEJeHUE K
XapakTepucThke maTtepuana (T.e. K Moaysto toHra E), u k rabapuram (T.e. K paauycy
HIDKHEN OTIOPHOM CTEHKH I).

bespaszmMepHyto cuily mpuHUMaeM pPaBHOMW CJIEAYIOIIEN:

F

ot
B (138)



[Tociie mpeoGpazoBanmii Gopmyn (124) u (138) mosydaem Oe3pazMepHyIo
pabouyto Harpys3Ky, paBHyIO

T t4r,-r) [In2

F 33 r,

E: = =

E I’22 , , rz 15
| (=1 +1p(2k, - 3) +2r,°(1- k) In -2
1
Y (139)
4 4l n
EAAE B ~ 20
343 (”2] ( ’"2) 4l
- 1,5 °
((1— d ](Vl + 2k, -3)+2(1-k)In FZJ
nh)h h
BBoauMm 6e3pazMepHyto TOIMHY HAKJIOHHON CTEHKH 110 hopmyJie
-t
r=—. (140)
n
BBoauMm 6e3pazmMepHbIit paaryc BUOPOU30IISITOpA:
-
r=-, (141)
r.2

Torma mocne moacTaHOBKM Oe3pa3sMepHbIX BeluuuH B Beipakenue (139)

nojiydyaceM ClIeAyromee:

TocAl = 1
i

((1— ThT +(2k, —3) + 2(1-k,)In %jl’s |

(142)

[Ipeobpazyem dhopmy:ty (120) niist BoccTaHaBIMBAIOIIEH CHJIbl BUOPOU30JIATOpPA B

6e3pa3MepHbIit BUJ ¢ yueToM Beipakenuit (140) u (141):

-2

- —2— ——2 -3
F(x):;zf _ t 1§+ 11.88 x—12§x2 +4x . (143)
(-r)r+2k,-3)+20-k)In=3 4.In= L-7)
r

BBomum Oe3pasMepHyI0 BBICOTY IMOABEMAa CTEHKH corjacHo ¢opmynam (123),

(140) u (141):



L
r

3 4
S="c=_"1l1- 144
ry \/5( 2 (-7)r+2k, -3)+20—k)n L 4

r

Bcmomorartensubiii kosddunment Ks, ompemensemsnii mo ¢opmyine (104), ¢

yaetoMm Beipakennii (140) u (141) npeobpasyeTcs clieyIomuM o0pa3om:

-3

rd, t
= =——- 145
‘ 8t‘ h“'3 4ls hs ’ ( )

Bcenomorarenbubiit kodddunment k,, onpenensemsiii mo ¢opmyne (103), ¢

yuetoMm Beipakenuii (140) u (141) npeobpasyeTcs ClieyroImuM o0pa3om:

b

e -
In-*—|1--% lni—1+r
k, = =L _ (146)

4.3 AHaJH3 yCTOHYHBOCTH BHOPOH30/ATOPA ¢ KBAa3HMHYJI€BOIi )KeCTKOCTBIO

B 0Oe3pazmepHOM BHje

PaccmoTtpum aBa ycnoBus, XapaKTepr3yIOIIHe MOTEPI0 YCTOMYMBOCTH.

[IpomonbHas cuiia B CTeHKE JOJDKHA OBITh MEHbIE KPUTHYECKOrO 3HAa4YeHUS,
BBICUMTAHHOTO comIacHo Qopmyne Ditepa. B mpoTwuBHOM ciiydae TepsieTcs
YCTOWYMBOCTh aHAJOTUYHO IPOJOJIEHO C)KaTOMy CTepXKHIO. B JgaHHOM ciydae
HaKJIOHHAsl CTeHKa pa3padaThIBA€MOr0 BHOPOM3OIISATOpPA M3OTHETCS «BOJHAMU», U €T0
paboTa HapyIIHUTCS.

OtHocuTenbHasE JgedopMaliisi B CTEHKe MOJDKHA ObITh He Oosiee 3aJaHHOTO
MPeNebHOTO 3HAYEHUS Emg. LIpW 3HAYNUTEIHLHOM OTHOCUTENIBHOW JedhopMariiu
BO3MOXXHO HapyllleHHe BBIMONHEeHHs 3akoHa ['yka mis marepuaiia BUOpOHU30JISATOpa, B
ATOM CjIy4ae BO3MOXKHO HACTYIUICHHWE HEYyNpyrux aedopMaiwii, 4TO TNpPUBENET K

pa3pylIeHHI0 MaTepHaa.



Takum oOpa3oMm, COrjJacHO TMEepBOMY YCIOBHIO, TOTeps YCTOMYMBOCTH
aHaJIM3UpyeTcsl TIPH MoMOIIH (HOpMyIIsl Ditsiepa, COTJIaCHO KOTOPOW KpUTHUYECKast CUila

HaXOJHUTCA IO BBIPAKCHUIO!

_ 7’El

Re=—T, (147)

rae | — MOMeHT WHepI¥H ceueHus;
L — nmHA HAKJIOHHOW CTEHKH B C)KATOM COCTOSIHUU, L=r,-I;.
[Toncrasnsiem B hopmyiny (147) MOMEHT MHEPIIUH CEUEHUS IS IPSIMOYTOJIbHUKA:
7B b
o1

(148)

rzae b — yclioBHasl MIMpUHA CEUeHUs] HAKJIOHHOW CTEHKU B MPOJIOJIHLHOM HalpaBlIeHUH.
OnpenenuM cUily c)KaTUsl HAKIIOHHOW CTEeHKU B TOPU30HTAIBHOM MOJOKEHUN
Cuia cxxatus paBHa:

P:ETbté, (149)

rjae 0 — cKaThe HAaKJIOHHOW CTEHKU B TOPU30HTATIBLHOM IMOJIOKEHUM.
Cxatve HaKJIOHHOW CTEHKM B TOPHU3OHTAIBHOM TIOJNOKEHUH O (BBIBOJ

aHayoru4eH BoiBoy Gopmyiibl (114)) paBHo:
=y, -rf+S*-(r,-r)=vI2+S*-L. (150)

Takum o0pa3om, corjacHo MEpPBOMY YCIOBHIO, YTOObI He MPOM30ILIa MOTeps

YCTOMYMBOCTH, TOJKHO BBIITOJIHATHCS YCIIOBHE:
P<P. (151)
dopmyna (151) ¢ yuerom dopmyn (140), (147), (149), (150) npeobpasyercs B

clenyoliee:
w/(1—;7)z+§2—(1—;)g%-(12_—’_ﬂ), (152)

Hanee B hbopmyny (152) moacraBum BeipaskeHue (144) u momyuum:



—\2 1
£>12(1—r) , a-7) - o
- 2\/6 1 _ 1 _ .
d IR A= B n=-1+r| (153)
A-r|re2- T -3[+21- " |-
k,+In= k+in= | T
r r

[Tonyuennas 3aBucumocTs (153) MMeeT HOCTATOYHO CIIOKHBIM BHJ, ITO3TOMY
Jydille TPOWUTIOCTPUPOBATh YCIIOBHE YCTOWYMBOCTH Tpaduuecku (PucyHok 64).
[TpaBast yacTs HepaBeHcTBa (153) 3aBUCHUT OT MEpeMEHHBIX r 1 ks Bronb ocu aGeruce
rpauka OTIOKHM 7 . BIOJNb OCH OPIAMHAT OTIOXUM BElHUYMHY f. LIpH pasiudHBIX
3HaueHusX kg oroOpazuM Ha rpaduke TMpaByrO0 4acTh HepaBeHCTBA. TakuMm oOpazom,

MHOYKE€CTBO 3HAUECHHUH BBIIIIE IMOJIYYCHHBIX JIMHUMN 6yneT COOTBCTCTBOBATH BLIITOJIHCHUTIO

HEPaBCHCTBA, 4 HUXXC JIMHHNHU — HE COOTBCTCTBOBATEL.

—

3oma
0.6 YCTORYMBOCTH
0 4
L. <
ks=0.08 ks:=0,04 k=0
k.=0 08 k=002

0.0 0.2 04 0.6 0.8 o 1.0
r

Pucynok 64 — 30Ha yCcTOWYMBOCTH BUOPOU3OJISTOPA C TOUKH 3PEHHS yueTa

KPUTHYECKOM CUJIBI Diepa



Paccmotrpum  BTOpoe ycnmoBue ycrodumBocTH. OnpenenuMm  HauOoubllee
JOMMYCTUMOE C)KaTHe HAKIOHHOM CTeHKU. YIpyrue Marepuaibl XOpoLIo padoTaroT
TOJIbKO B OIpeJeNIeHHbIX TpaHUlaX OTHOCHUTENbHbIX nedopmanuii. [lpumem, uTo

Marepuan BUOPOU3OJISATOPa MOKET UMETh MpeAelIbHYI0 OTHOCUTENBHYIO AehOpMAIIIIO

Emax-
Torna otHocuTeNbHAS NedopMaliysi CTeHKH ¢ yueToM dopmybl (150):
§ NLI+S*-L S
r,—r L
CoriacHo  BTOPOMY  YCIIOBUIO  YCTOMYMBOCTH  JOJDKHO  BBIOJHSTHCS
COOTHOIIIEHHE:

(155)

Bripazum u3 mocneqHero HepaBeHCTBa Oe3pa3MepHYIO BBICOTY MOAbeMa CTeHKH:

Eé(l—;Llemxz+2$m : (156)

[Ipeobpaszyem HepaBercTBo (156) ¢ yuetom Beipakenus (144):

N Ini—1+F Inl—1+F 1
(1—r)(r+2r1—3)+2(1—r)ln_
) k +In= k+in= T (157)
t< 3(em2+28m) r 1 r
In=
r

PaccmoTpum BimsiHHE BcmoMoraTedbHOTO KoddduimeHTa Kg Ha BbIpa)keHHe
(157). Tlokaxem »T0 rpaduuecku (Pucynox 65). IlpaBas uyacte HepaBeHcTBa (157)
3aBUCHUT OT IEPEMEHHBIX r, Ks, €max- ITocTpoum rpaduk npu £=0,2. Brons ocu abemmce
OTJIOKUM 7 . BIIOIIb OCH OPIAMHAT OTIOXKUM BeluunHy /. [Ipi pasnudHbIX 3HAYEHHsX Kq
oTobpasuM Ha TpaduKe MPaByl YacTh HepaBeHCTBA. TakuMm oOpa3oM, MHOXECTBO

3HAQYEHUM HUXKE IMOJIY4YCHHBIX JIMHUM 6y,[[€T COOTBE€TCTBOBATh  BBIIIOJIHCHHUIO

HEPaBCHCTBA, a BbIIIC JIMHUHU — HE COOTBCTCTBOBATD.
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PucyHnok 65— 30Ha ycTOWYMBOCTH BUOPOU3ONISATOPA C TOYKU 3PSHUST MAaKCUMyMa

OTHOCUTEJNIbHOM Aedopmaruu npu £=0,2 npu paznudHoM Kg

Kak cnenyer n3 aHanu3a pucyHKa, OJI0KEHHE 30Hbl YCTOMYMBOCTH MPAKTUUECKU
HE 3aBUCHUT OT BCIIOMOraTejabHOro Koagguunenra Ke.

[IpousBenem aHanu3, KakuM 00pa3oM 30Ha YCTOMYMBOCTM 3aBUCUT OT
npeelbHON OTHOCUTEIBHON NehOpMaLluU Emax. LIS 3TOTO OmpeaenuM rpaHUIlbl 30HbI
YCTOWYMBOCTA OTHOCUTEJIBHO €max MpU kg = 0. IlpomsuttocTpupyem naHHOE yClIOBHE

ycroiunBoctu (157) rpadumuecku  (PucyHoxk 66). Bmonb ocu abcrucce rpaduka

OTJIOXKHUM 7, BIOJb OCH OPJUHAT OTIOXKUM BeIHUUHY {. [IpH pasIMUHBIX 3HAYCHHSIX
Emax OTOOpasuM Ha rpaduke IMpaByro dYacTb HepaBeHcTBa (157). Takum oGpaszom,
MHOKECTBO 3HaU€HUI HIKE MOJYyYEHHBIX JIMHUNU OyJeT COOTBETCTBOBATH BHITIOJHEHUIO
HEpaBEeHCTBA, a BBIIE IMHUU — HE COOTBETCTBOBAT.

Kak BuguMm, TOJOXEeHHE 30HBI YCTOMYMBOCTHA 3aBHCHUT OT MpeAeTbHON

OTHOCHUTEIILHOM J1e(hOPMAIIUH Engy 3HAUNTENBHO (PUCyHOK 66).
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Pucynok 66 — 30Ha ycTOWYMBOCTH BUOPOU3OJISATOPA C TOUKH 3PEHHST MAaKCUMyMa

OTHOCHTENbHOU fnedopMmaruu npu K=0 [ pa3indHbIX 3HAYEHUN Emax

Takum o0pa3oMm, NpOeKTHpPOBaHUE pa3padaTbiBaeMOro BUOPOM3OISTOpPA MOJ
onpe/ielleHHYI0 Harpy3Ky orpejessercs reoMeTpruueckuMu napamerpamu. B kaudectse
MCXOJIHBIX JJAHHBIX JOJIKHBI ObITh MPUHSTHI CIEAYIOLIME TapaMeTphbl:

— 0e3pa3MepHbIi paguyc 1;

— 6e3pa3MepHasi TOJIMHA CTEHKH t;

— BCIIOMOTaTeNbHBIN KO3 GUIHEHT Ks, KOTOPBIM OTpakaeT KECTKOCTh OIOPHOM
CTEHKHU.

— TpejieibHasE OTHOCUTENbHAS 1e(POpPMAaIUs €max-

Jlns  ompeneneHusi  BIUSHUAS —~ OMOPHBIX  CTEHOK Ha  XapaKTepUCTUKY
pa3pabaTbiBaeMOro BHUOPOM3OJISITOPA C KBAa3UHYJEBOM >KECTKOCTBIO PACCMOTPUM Kak
Oe3pa3zMmepHas paboydasi Harpy3ka 3aBUCUT OT BcromorarelibHoro kosddunuenta ke B

Beipaxkerue (142) moacraBum hopmyiny mais kosdduiuenta ky, (103):



oA = 1
——=t {l-r).]/In=
E= 33 ( ) r
15"
N Ini—1+F In£—1+F 1 (158)
A-rkr+2 - F =3 +20-[1- T Pins
k,+In= k. +In= r
r r

JIn1st WyLTIoCTpaluy 3aBUCUMOCTH F oT ks mocTpouM rpaduk (Pucynok 67).
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Pucynok 67 — I'padux 3aBucumoctu F ot ks (mpu ¢ = 0,14; r = 0,62)

Ananuz ¢opmybsl s 6e3pa3mepHoii pabodeii Harpy3ku (158) moka3seiBaet, 4TO
1. TOro 4ToObl pabouasi Harpy3ka OblIa HaWOOJbIICH, CIeayeT CTPEeMHUThCS K
HauOONBIIUM  3HAUeHUSIM  Oe3pa3MepHON  TOJIIMHBI  CTEHKH,  IMOCKOJIBKY
COOTBETCTBYIOIIAs 3aBUCHMOCTD MPEJICTaBICHHAs CTENIEHHON (YHKI[MEH ¢ IoKa3aTeseM
4.

Takum obpazom, 00beauHUB 00a ycinoBus ycToiunBocTH(PrucyHok 64 u PucyHok
65), momydyuM 30HY YCTOMYMBOCTH pa3pabaTbIBAaEMOro BHOPOH30IATOpPA C

KBa3UHYJIEBOH KeCTKOCThIO (PrcyHOoK 68).
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Pucynok 68 — 3ona ycroitunBoctu npu Ks= 0,02 1 g = 0,2.

OHpeI[eJ'II/IM TOUKY IIEPECCUHCHUA HBOHHHHﬁ, OpeaAcCTaBJICHHBIMU  OIBYMS

HEpaBEHCTBAMM, XapaKTepU3YIOIIUMHU YCTOMYMBOCTU BuOpoumzonsitopa: 7 =0,53 u ¢
=0,253.
B unenom, mnosioxkeHWE TOYKM NEPECEUECHUs] M3O0JUHUN JOCTATOYHO CHIIBHO

3aBUCUT OT BCJIMYUHBI MAKCUMAJIBHOI'O OTHOCHUTCJIBHOI'O YAJIMHCHUA MATCpHAId Emax

(Pucynok 69). [y 3TOro BIOJIb OCH aOCIHCC PACIIOI0KUAM BEIHUNUHY r, a BIOIb OCH
OpIVHAT 3HaYeHWe QYHKIWNW, XapaKTepu3yrloliue o00a YCIOBUS YCTOHYHMBOCTH
BUOPOU30JIATOpA C KBa3WHYJIEBOM KECTKOCTBIO, T.€. MpaBble YyacTH HepaBeHCTB (153) u
(157), ompeneneHHble MPH Pa3IMYHBIX 3HAYEHUSAX Emax. llepeceUeHHUs IMOTyYEHHBIX

JTuHHUEA 0003HaunM Toukamu A, B, C, D (Pucynox 69).
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Pucynok 69 — Touku nepecedenuii rpanui] yctoiunBoctu npu K—0,02 u

Pa3JIMYHBIX Emax

PaccmoTpum Takke BiausiHHME 3HAYE€HHS BcrioMoraTteiabHoro koddduimenrta ksHa
pacnionio)kerrie rpaHullpl  yctoumBoctd (Pucynox 70). Tlomxom anamornyeH
MOCTPOEHUIO MpeabIaylero rpaduka, ToJIbKO B JaHHOM Cllydyae JUHUU CTPOMIIUCH MPU

Pa3JIMYHbIX 3HAYCHHAX ks.
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Pucynok 70 — Touku nepecedenuii rpanui] yctouuBoctu npu K—0,02 u

Pa3UYHBIX Emax = 0,2

Ananu3 pucyHka (PucyHok 70) moka3bIBaeT, 4TO Ha pAaCIOJOKEHUE TPAHHUIIBI
YCTOMYMBOCTU CHJIBHO BJIMSIET 3HaU€HHME BCIoOMorareibHoOro koagouuuenta kg — yem
OonblIe 3TOT K03 duLMeHT, TeM OoJbliie JaHHas 30HA. boinee TOro, MOKHO MOJTYYUTh
GoJIbliee 3HAUCHHE Oe3pa3sMepHOll TOIUHBI CTEHKH ! .

PaccMoTpuM, mpM KakoM 3HAa4YeHHHM Oe3pa3MEpPHBIX BEIUYHMH I, €max U Ks
JIOCTUTAEeTCsl TMepeceyeHrue TpaHull YCTOMUYMBOCTH, HWHBIMU CJIOBaMH, MPU KaKHUX
napameTpax JOCTUraercs HaubOoJjbllee 3HaueHHe Oe3pa3sMepHON TOJIIMHBI CTEHKH t.

O0benunss HepaBeHcTBa (153) u (157), monydaeM ciienyroliiee BoIpaKeHHUE:



12(1-7) i-rfm

2 r -7’ <
76 e R R .
R R e T . L L
k,+1n= k+mh= | "
g ' (159)
N R RE .
ﬁ—rkr+2rl—a+2a—"l)m_
k,+In= k,+mh= 7
< 3<gmax2 +23max) L i F
In=
r

[TpousBenem crenyromme mnpeoOpa3zoBaHus BeipakeHus (159), mosBosstoye

BBIPA3UTH MIEPEMEHHYIO Epmpay-

v 1 ] Ini—1+F Ini—l+? 1
. d-rfinz-z2f-rf ez -3l+21- T fin=
gﬁ_aﬂn: r k{Hn? kyﬂn? r
4 Cx 5 <
V4 - _
N nto1er ES L (160)
(1—r)(r+2r71—3)+2(1—r71)ln:
k,+In= k,+in= T
r r
2
S €y 28 -

I[aHHOG BBIpQAXXCHUE HE HUMCET PCUHICHUSA B CTpOFOﬁ aHAJIUTUYECKOM (bOpMe,

MO3TOMY BOCTOJIb3yeMcCsl TpadUUecKUM pelleHHeM: ABYXMEpPHbIM rpaduKoM, BIOJb

ocu aGeupce rpadyKa OTIOKHUM 7, BIOIb OCH OPAMHAT OTJIOKAM BelIM4uHy ! . [IpaBast
yacth HepaBeHcTBa (160) 3aBUCHUT TONBKO OT €max M IPEICTABISET COOOMA
TOpPU3OHTAJbHBIE JIMHUMA Ha Pa3IMdYHOM pPAacCTOSHUM OT ocu abcmwmcc. JleBas dacTh
HepaBeHcTBa (160) 3aBUCUT OT BeIMUYUHBI Ks, HO IIPH 3TOM HE 3aBUCHUT OT Ema. Jl€Bas
JacTh HEpPaBEHCTBA TPEJCTaBIsieT COOOW KpUBBIE JIMHUU. MHOXECTBO TOYeEK,
PacmoyIOKeHHBIX HUXKE TOPU30HTAJIBHBIX JTUHUHN (BBIpAKEHUS, OMHICHIBAIOIINE TTPABYIO
JacTh HEPABEHCTBA) U BHIIIEe KPUBBIX JIMHUH (BbIpaXKeHUS, ONMCHIBAIOIINE JIEBYIO YacTh

HEepaBeHCTBA), ABjsieTcs perrenneM HepaBeHcTBa (160) (Pucynok 71).
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Pucynoxk 71 — I'paduyeckoe pemienue HepaBerctsa (160), cBs3anHOTO ©
YCTOMYHUBOCTBIO Pa3pabaThiBAEMOT0 BHOPOU30JISTOPA C KBA3HHYJIEBOM JKECTKOCTHIO

NIPY Pa3UYHBIX 3HAUEHHSIX Kg

AHanu3 TpapuUUecKoro pelleHuss TOKa3blBaeT, dYTO M oOecnedeHus
YCTOWYMBOCTA BHOpoOM30JIsATOpa Oe3pa3sMepHBI paanyc BUOPOM3OJIATOpA I' JOJDKEH
OBITh HE MEHee OIpe/ieJICHHOr0 3HAYeHUs, IPY 3TOM, YeM BBIIe 3HaueHue U ks, U Emax,
TEM IIKpe 30Ha BO3MOXKHBIX 3HaUEHUH /17151 0e3pa3MepHOro pajanyca r.

[IpoustocTpupyeM Ha TpeXMEpHOM TrpaduKe TpaHHUIly 30HBI YCTOWYHUBOCTU
(BTOpOE yCIIOBHE YCTOMYMBOCTH, BBIZIJICHHOe B Hadajle JJaHHOTO TIoJpa3jenia),
OTIpe/IeNIIEMOI OT TPeJeIbHON OTHOCUTENbHYIO Ne(OPMALIUIO Ema B 3aBHCHMOCTH OT
napametpoB ks M 6e3pasMepHbIX BEJIMUMH 7 U { NPH €ma, =0,05 (Pucynox 71). B
KaJyecTBe OCH abCLHce OTIOKUM BeJIMYMHY 7, OCH ammiukar Ks ocu opausar 7. Ha
rpadpuK HaHeceM mpaByro d4acTh HepaBeHcTBa (160). Torma MHOXECTBO TOUEK,

PAaCIIOJIOKEHHBIX HHKEC HOCTpOEHHOﬁ MOBEPXHOCTH, 6yz[eT YAOBIJICTBOPATH

HepaBeHcTBY (160).
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Pucynok 72 — I'paHnna 30HbI YCTOWYHUBOCTH, ONIPEACIIeMO OT TIpeaesIbHOM

OTHOCUTEJIbHYIO Ae(POPMALIUIO Emg B 3aBUCUMOCTH OT TIapaMeTpoB U ks, 1

Oe3pa3MepHBIX BeJTUYHMH rut (MPpH €max, = 0,05)

[TpousumtocTpupyeM Ha TpeXMepHOM TIpadyKe TpaHUIly 30HBI YCTOWYUBOCTH,
ompezenseMoil o ¢opmyne Diinepa oT mapaMmeTpoB ks, 1 6e3pa3sMepHBIX BEIUYUH 7' U
t mpu €m=0,05 (Pucynox 72 u Pucynok 73). B kavecTtBe ocu abCuHHMCC OTIOKUM

BEeJIMYMHY 7, OCH ammuimkaT Ks, ocu opauHat ¢. Ha rpaduk HaHecem mpaByrO 4acTh
HepaBeHcTBa (157). Torma MHOXKECTBO TOYEK, PACIIONIOKEHHBIX BBIIIE TTOCTPOECHHOM

TIOBEPXHOCTH, OyJIeT YAOBJIETBOPSTh HepaBeHCTBY (157) .
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Pucynox 73— I'panuiia 30HbI yCTOWYMBOCTHU IO opMyIie Ditnepa B 3aBUCUMOCTH OT

napameTpoB U Ke, 1 6e3pa3sMepHBIX BEIMUUH 7 U ! (IIPU Ema=0,05)

O0benuHsiss 0o0a ycnoBust ycToidumBocTH (Bbipaxenus (157) u (153), t.e.

copmetnas rpaduku (Pucynok 72 u Pucynox 73), momydaeM cCleayrolnyr o001acTh

ycroiunBoctr (PucyHok 74).
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Pucynox 74 — I'panu1isl 30HBI yCTOWYUBOCTH 10 (hopmyrie Diiniepa B 3aBUCUMOCTH OT

napameTpoB U Ke, 1 6e3pa3sMepHBIX BEIMUUH 7 U ! (IIPU Ema=0,05)

Ananu3 ¢opmynbsl (158) mokassiBaer, 4ro Oe3pasMmepHass pabouas Harpyska
pa3pabarbpiBaeMOro BUOPOU30JISATOpa C KBa3WHYJIEBOM KECTKOCThIO OyaeT HauOoJIbIast
IpU OMNpeaeNeHHbIX 3HaueHusx kg m Oe3pasmepHoro paauyca r B TOM cllydae, eciu
BeJINYMHA Oe3pa3MepHOil TOJIIMHBI CTEHKH ! MaKCHMANbHas.

CootBercTBeHHO PucyHOok 75 TOKa3bpiBaeT HaWOOJNBIIyI0 Oe3pa3MepHYO

pabodyro Harpy3Ky B 3aBUCHMOCTH OT 3Ha4eHUH Ks 1 Oe3pa3MepHOro paauyca 7 .



0,014
Lol T

0,01

0,008 1
0,006 1]
' |
" 0B —
0,004 Yans 1
058
e * 0,44
¥ . - :
2 111 ' 0,3
i SR, = 0,16
o | g E‘ - ey Ky y | 4
Seago"1l8 ey 0,02
S g o a @ ™ p--! ;ﬂ .
2 o e | =
k e

]

Pucynok 75— HanGonbImas 6e3pazmepHas padodasi Harpy3ka B 3aBUCHMOCTH OT

3HaYeHUl ks 1 6e3pa3zmMepHoOro paamnyca r (mpu gmex = 0,05)

AHaJi3 MOJy4YeHHBIX Pe3yIbTaToB coriacHo rpaduky (PucyHok 75) mokasbIBaer,
YTO HauOOJbIIME 3HAYeHUs Oe3pa3sMepHoil paboueld Harpy3ku F JOCTUrarOTCs MpU 7
=0,33 u npu Ks—oo (Pucynok 76). Ilpm yBenndyenunm 3HaueHus kg Oe3pasmepHast

pabouas Harpyska F cTpemuTcd K 3HayeHuto 0,0217.
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Pucynok 76 — Hanbounbimas 6e3pa3zmepHasi pabodasi Harpy3Kka B 3aBUCUMOCTH OT

3HaueHNH ks 1 6e3pasMepHOro pajgnyca 7 MpH ema=0,05 coracHo ypasHeHuo (160)

PaccmoTpum nuamnazon 3HadeHuit s kodddunmnenta ke Ero 3Hauenue Oypet
HauOOoJIbIIIee, eCIIM pa3Mephl OMIOPHOM CTEHKH OyIyT HAMMEHBIIUMHU, T.€. PAKTUISCKU
HYJIEBBIMH, OJIHAKO O3TO HEBO3MOXHO C KOHCTPYKTOPCKOW TOYKH 3peHus. [lpwu
W3TOTOBJICHUU yJTOOHEEe, €CJTM TOJIIUHBI HAaKIIOHHOW W HIDKHEHW OTOPHOUW CTEHKH OyIyT
OJIMHAKOBBIMHM, ITO3TOMY IIPHMEM CJIeIYIOIIUE TTapaMeTphI:

t,=t; (161)

h =2t (162)

CnepnoBatelnbHO, 3HaueHUe KodpduiirenTa ks craHeT paBHbBIM

-3

kx = —t—3 :L_ )
4t b, 32

(163)

[Ipn cpennmx 3HadYeHHWsIX Oe3pa3MEpHOM TONIIWHBI CTeHKH ¢ mopsgka 0,2
noy4daeM, uto ks=0,15.
[IpowsBenmem pacyeTr HambOombIned  Oe3pasMepHOl  paboueld  HArpy3Ku

pa3pabaTbiBaeMOro BUOPOU30JIATOpa ITPH HEKOTOPBIX YacTHBIX ciydasx (Tabmiuma 12).



Tabnuna 12 — Hanbonpinas 6e3pasmepHasi paboyasi Harpyska paspadaTbiBaeMoOro

BI/I6pOI/I3OHHTOpa C KB&3I/IH}’J’I€BOﬁ KECTKOCTBIO

Emax Ky t r F

0,05 0,15 0,18 0,34 0,011495
0,1 0,15 0,26 0,34 0,048251
0,15 0,15 0,32 0,34 0,113797
0,2 0,15 0,37 0,34 0,211824
0,05 0 0,4 0,26 0,021359
0,1 00 0,57 0,26 0,091292
0,15 00 0,7 0,26 0,215304
0,2 0 0,82 0,24 0,400773

Tabmuma 12 moka3siBaeT, 4YTO YeM OoJjbllle TpenebHO JOIMyCTHUMAs
OTHOCcUTeNbHasl JedopMalusl €ma, TEM BbIllle HauOousiblas Oe3pa3MmepHasi pabouas

narpyska (Pucynox 77).

0,25

F
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0,15

01 4

0,05 +

0 0,05 0,1 0,15 0,2

Emax

PucyHnoxk 77 - Haubonpias 6e3pazMepHas paboyasi Harpy3ka B 3aBUCUMOCTH OT

IpeeIbHO TOIYCTUMOM OTHOCUTENBHOM JedopMarus €ma (ipu ke=0,15)



4.4  AHajau3 4yBCTBHTEJLHOCTH NapaMeTPOB BUOPOU30JSTOPA C

KBa3HHYJIEBOH KECTKOCTHIO

Bubpon3onsaTopbl ¢ KBa3WHYJIEBOH KECTKOCTBIO OTJIMYAIOTCS ITOBBIIIEHHON
YYBCTBUTEJIIBHOCTBIO U TPeOYIOT TINATENbHOW HACTPOUKH, 4YTO TMOJTBEpPKIaeTCs
JUYHBIM OMBITOM U MyOJHUKALUSAMU JpYrux aBTOPOB. COOTBETCTBEHHO AaKTYyalIbHBI
HCCIIeIOBAHUSI BIUSHUS PA3IMIHBIX TEOMETPUYECKHUX ITapaMeTPOB BUOPOU30JISTOPOB Ha
ux oOmyto >3¢dexTuBHOCTh. bojee TOro, HOBBIE MPOTOTUINBI BUOPOU3OIATOPOB
Pa3JIMYHBIX aBTOPOB OOBIYHO M3YYaIOTCSA B €IMHUYHOM dK3eMruisipe. Ho Ha mpakTuke
IS BUOPOM3OJSAIMA  OOOpYIOBaHWS  TNMPUMEHSIOT Kak  MHHUMYM  YeThIpe
BuOpouzonsitopa. WM BaXHO 3HATh, KaK OTIWYaeTCsd TOBEJIEHUE EeIUHUYHOTO
BUOPOU30JIATOPA OT IPYIIIIHIL.

3amavueld CAeayroNIero HWCCIeIOBaHUs SBJSETCS H3YyYeHHE YYBCTBUTEIHHOCTH
BUOPOU30JISATOpPa C KBa3WHYJIEBOW KECTKOCThIO TMPU TPOSKTUPOBAHUM U aHAJIU3
MOBEJICHHS TPYIIITBI BUOPOU3O0ISATOPOB C PA3IMYHBIMU MapaMeTpaMHu.

Jlns aHanu3a 4yBCTBUTENBHOCTU MpUMEM cieayrolue GopMyJibl, OJTyYeHHbIE B
MpeabIAYyILIEH IIIaBe.

3aBUCHUMOCTh MeXJy Harpy3kod F BuOpousonsitopa u ero cxatueM X

onpezensercs 1o popMmyJe:

F(X) = AE t? x, 1 8S°x—125¢* +4x° (164)
(r, — 1 X, +1,(2k, —3) + 2r,2(A—k,)In % 3 4m  (-n)
1 1
Bcrnomorarenbabie K03GGHITUEHTH paBHBI.
r’d
R (165)
nfz_{1-1
rl r.2
K, = r (166)
K +In-2

N

Bricora noagbeMa CTCHKHU paBHA.



n'2

h

1
S=—1tr,-n) .
V3 (r, — 1, X, +1,(2k, —3))+2r22(1—kv)]n:2

1

(167)

Pabouas Harpy3ka paBHa:

Ty r
= _*E(r,-r)- |n2
3\/§ (”'2 ”1) n
F= 5. (168)

(r, =1 Xy + 1,2k, =3) + 21" (1= k,)In 2
7,

1

Haubonpive HanpsokeHUs: B CTEHKA BUOPOW30JIATOPa PaBHBI.

F (n(-k) |
Tl n ' (169)

TakuM oOpa3oM, TPOEKTHPOBaHHWE BHUOPOW3ONIATOpPA W H3yYeHUE IUHAMUKH
IPYIIBl  BHOPOM3OISATOPOB TpeOyeT HWHMOpMAMM O YYBCTBHTEIBHOCTH, OOIIEH
3 PEKTUBHOCTH K T€OMETPUYECKUM U JPYTUM MapaMeTpaM.

[IpuMeM, 4TO ONMH U3 MapaMeTPOB BHOPOHM3OJIATOpPA HECKOIBKO OTIMYAETCS OT
€ro HOMUHaJbHOTO 3HaueHus. COOTBETCTBEHHO HEOOXOUMO ONpPEeIUTh (aKTUUECKHe
CBOMCTBa BHOPOM30JISITOPA B JAHHOM Cllydae, a TaKKe OINpPeAeNIUTh YyBCTBUTEILHOCTh
paboueii Harpy3ku, a TakKe JKeCTKOCTb CHCTeMbl OTHOCUTEIBHO OTKIOHCHUS
napameTpoB. [IpoBeneH aHanu3 BhIIENPUBEACHHBIX Qopmyn. [ aHanmm3a MPUHSTHI
ClIelyfolllie  IapaMeTphbl: TOJIIWHA CTEHKH, BBICOTa KOHYCa, BHYTPEHHHU paguyc
BUOPOM30JIATOPa, BHEIIHWM paguyc BUOPOW3OJSATOpPA, TOJNIIMHA HAPYKHOH CTEHKH
BUOPOM30JIATOPA M BBICOTA HAPY)KHOM CTEHKHA BHOPOU30JIATOpa. PacyeTsl BBITTOJIHEHBI B
0e3pa3MepHOM BHjie. be3pasmepHbie mapaMeTpbl IPUHUMAIOTCS KaK:

- Oe3pa3MepHas pabouasi Harpy3ka

F

F=—s3;
B (170)

- Oe3pa3mepHasi TOJIIIMHA CTEHKU

f=—: (171)



- Oe3pa3MepHbIl BHYTPEHHUH paanyc

- 7
r=-1;
7

- BBICOTa 6e3pa3MepH0r0 KOHYCa

5=2;

r

- Oe3pa3MepHasi TOJILMHA HAPY)KHOM CTeHKH

- Oe3pa3MepHasi BbICOTa HApPYKHOU CTEeHbI

hs.

r

hg =

- Oe3pa3mepHast )KeCTKOCTh

-k
k=—-.
F
s
OtMmeTumMm,

CTATUYECKOU KECTKOCTU.

YToO

Oe3pa3zmepHas

KCECTKOCTD

OIpeacIsACTCA

(172)

(173)

(174)

(175)

(176)

OTHOCHUTCIIBHO

[IpowsBeneM pacyeT UYyBCTBHUTEIBLHOCTH paboueit Harpy3ku (Tadmwmma 13) m

YyBCTBUTEIBHOCTh JKECTKOCTH B paboueil Touke (T.e. MUHUMAJbHAs YKECTKOCTh

cucrembl)  (Tabnuua

14).

q}/BCTBHTeHBHOCTB

KCCTKOCTH

PacCUHUTBIBACTCA

OTHOCHUTEJIBHO CTaTUYE€CKOM KCECTKOCTH, TO €CTb 3HAUYCHHC pa6oqeﬁ Harpy3KHu,

nejeHHoe Ha pabouee cxxartue BuOpousonaropa (T.e. F/S).

Ta6muma 13 - YyBcTBUTEILHOCTD pabodeit Harpy3Ku

OrtkioHeHUe 6e3pa3MepHOro napamerpa

Bbespasmepnoe Tonuuna Beicora
Tonuuna BeoicoTa BHyTpenuu Hapy>xHbilii
OTKJIOHEHUE Hapy>KHOW CTEHKU | Hapy>KHON CTEHKU
CTEHKH t KoHyca S | il paauyc Iy ( h panuyc I
S S

-0,1 -0,1840 -0,1000 -0,3591 -0,0372 -0,1068 1,5361
-0,09 -0,1662 -0,0900 -0,3316 -0,0333 -0,0963 1,2814
-0,08 -0,1484 -0,0800 -0,3026 -0,0295 -0,0857 1,0591
-0,07 -0,1304 -0,0700 -0,2720 -0,0258 -0,0751 0,8643




OtkiioHeHHe Oe3pa3MepHOro napamerpa

Bespasmepnoe Tonmuna Beicora
Tonuuna BericoTa BHyTpenuu . 5 Hapy>xHblii
OTKJIOHEHUE erenn conyea S | i pamnye fy Hapyxch;H CTEHKH Hapych:/I CTEHKH —
s S
-0,06 -0,1122 -0,0600 -0,2395 -0,0220 -0,0644 0,6928
-0,05 -0,0939 -0,0500 -0,2052 -0,0183 -0,0538 0,5414
-0,04 -0,0755 -0,0400 -0,1689 -0,0146 -0,0431 0,4071
-0,03 -0,0569 -0,0300 -0,1304 -0,0109 -0,0323 0,2876
-0,02 -0,0381 -0,0200 -0,0895 -0,0072 -0,0216 0,1810
-0,01 -0,0191 -0,0100 -0,0461 -0,0036 -0,0108 0,0856
0 0,0000 0,0000 0,0000 0,0000 0,0000 0,0000
0,01 0,0193 0,0100 0,0491 0,0036 0,0108 -0,0771
0,02 0,0388 0,0200 0,1013 0,0071 0,0216 -0,1466
0,03 0,0584 0,0300 0,1571 0,0107 0,0324 -0,2095
0,04 0,0783 0,0400 0,2166 0,0142 0,0432 -0,2665
0,05 0,0983 0,0500 0,2801 0,0177 0,0540 -0,3183
0,06 0,1186 0,0600 0,3481 0,0212 0,0647 -0,3654
0,07 0,1390 0,0700 0,4210 0,0246 0,0755 -0,4085
0,08 0,1597 0,0800 0,4991 0,0280 0,0862 -0,4478
0,09 0,1805 0,0900 0,5830 0,0315 0,0969 -0,4838
01 0,2016 0,1000 0,6732 0,0348 0,1076 -0,5168
Aysersie 1,921 1,000 4,760 0,360 1,079 -8,135
TEJIbHOCTD
Tabnuua 14 - YyBCTBUTEIBHOCTH )KECTKOCTH B paboueil Touke
OTki10HeHUe Oe3pa3MepHOro napamerpa
Bespaszmepnoe BricoTa
Tonumuna BricoTa BHyTpennuii TonmuHa Hapyxubiii
OTIIOHEHHE CTEHKH t KOHYyca S panuyc Iy HapyKHOW CTEHKH tg Hapyenol paauyc r
CTeHKHU hg
-0,1 -0,1029 0,0266 0,0077 -0,0054 -0,0167 -0,0055
-0,09 -0,0914 0,0241 0,0070 -0,0048 -0,0149 -0,0047
-0,08 -0,0803 0,0215 0,0063 -0,0043 -0,0131 -0,0039
-0,07 -0,0694 0,0189 0,0055 -0,0037 -0,0114 -0,0033
-0,06 -0,0588 0,0163 0,0048 -0,0031 -0,0096 -0,0027
-0,05 -0,0485 0,0137 0,0040 -0,0026 -0,0080 -0,0021
-0,04 -0,0384 0,0110 0,0032 -0,0021 -0,0063 -0,0016
-0,03 -0,0285 0,0083 0,0024 -0,0015 -0,0047 -0,0012
-0,02 -0,0188 0,0055 0,0016 -0,0010 -0,0031 -0,0007
-0,01 -0,0093 0,0028 0,0008 -0,0005 -0,0015 -0,0004




OrkiioHeHHe Ge3pa3MepHOro napamerpa

Bespasmepnoe Beicora
Tonuuna BricoTa BHyTpenHnit Tonuuna Hapy>xHblii
OTKJIOHEHUE Hapy>KHOU
CTEeHKH t KoHyca S panuyc I Hapy>KHON CTEHKHU tg panuyc r,
CTEHKH hg
0 0 0 0 0 0 0
0,01 0,0091 -0,0028 -0,0008 0,0005 0,0015 0,0003
0,02 0,0181 -0,0057 -0,0017 0,0010 0,0030 0,0006
0,03 0,0269 -0,0085 -0,0026 0,0015 0,0044 0,0009
0,04 0,0355 -0,0114 -0,0035 0,0020 0,0058 0,0011
0,05 0,0440 -0,0143 -0,0044 0,0024 0,0072 0,0013
0,06 0,0524 -0,0173 -0,0053 0,0029 0,0085 0,0015
0,07 0,0606 -0,0203 -0,0063 0,0034 0,0098 0,0017
0,08 0,0687 -0,0233 -0,0072 0,0038 0,0111 0,0019
0,09 0,0767 -0,0263 -0,0082 0,0043 0,0124 0,0020
0,1 0,0845 -0,0294 -0,0092 0,0047 0,0136 0,0021
YyBcTBH-
0,921 -0,280 -0,084 0,050 0,151 0,034

TEJIBHOCTH

UyBCTBUTENBHOCTh paboyeli HArpy3kM M JKECTKOCTH B paboueld ToYKe

WLTIOCTpUpYyeTcs Ha pucyHkax Hioke (Pucynok 78 u Pucynok 79).

Omwnonenne pabovel Harpysun

i TOSLLMHA CTEHHM

= TOALLMHA BHELIHER CTEHKM {5 === BriCOTa BHEWHEHW CTEHKK hs

0,5

= EBLICOTa HOHYCA 5

OTHNOHEHWE NapaMETPa

-

= BHYTpEeHHWA paguyc rl

= BHelwmHri paguycr?

Pucynox 78— UyBcTBUTENBHOCTh paboyeit Harpy3Ku




[Tonyuaem,

YTO BeJIMYMHA pabodeil Harpy3Kd OYeHb YYBCTBUTENIbHA K

BHYTPEHHUM M BHEIIHUM panuycam BuOpousosstopa (Tabnuma 13 u Pucynok 78). On

Tak)ke YyBCTBUTEJIEH K TOJIIIMHE CTEHKH M BBICOTE KOHyca. Takum oOpa3om, OoJbInoe

BHUMAaHHEC TIPU U3TOTOBJICHUN BI/I6pOI/I3OJ'I$ITOpOB CIeAyeT YACIUTh OTUM ITapaMETpaM.

Taxoxe OTMECYacM, 4YTO KECCTKOCTH B pa6oqeﬁ TOYKEC 3aBHCUT OT TOJIIIHUHBI CTCHKHN

(Tabmuua 14 u PucyHok 79), W ecau TOJIIMHA CTEHKA MEHBIIE PacYeTHOH, TO

KCCTKOCTH B pa60t1e171 TOYKE OTpHIATEJIbHA. 9T10 3HA4YUT, YTO GYI[GT MPOUCXOOUTH

noTepss yCTOWYMBOCTH, YTO HEIOMyCTUMO. Takum 00pa3om, TOJIIMHA CTEHOK IpHU

HN3TOTOBJIICHHUH BI/16pOI/I3OJ'[$ITOp0B AOJDKHA HAXOOUTHCA IO TIHNATCIbHBIM KOHTPOJIEM.
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OTHADHEHWE napameTpa

——TONLLWHE CTEHKH

—fli—BhicoTa KoMyca s

== BHyTpEHHWA paarycrl

= TOALLKHA BHELUHENR CTEHHRK IS —=—BLi00Ta BHEWHeR CTEHKHM s —8—BuewHni paguycr?

Pucynok 79— UyBCTBUTENLHOCTh KECTKOCTH B pabodeil Touke

45 AHajau3 IHHAMHKH 000pPYA0BaHHUSl, YCTAHOBJICHHOMH Ha rpyiimne

BﬂﬁpOHSOHﬂTOpOB C KBaSI/IHyJIeBOﬁ KECTKOCTBIO

Ananus MOJIYUYEHHBIX

BI/I6p01/I30J'I$ITOpOB C KBa3HHYHeBOfI KECTKOCTBIO HE ABJISICTCA

rpadukoB

ITOKAa3bIBACT, 4ToO HYBCTBUTCJIILHOCTH

CUMMETPUYHOU



OTHOCHUTEJIFHO HOMHHANBHBIX 3HaueHWi (Pucynox 78). B peanbHOCTH KaXKIblid
BUOPOU30JIATOP UMEET HEKOTOPOE OTKJIIOHEHUE NapaMeTPOB OT HOMUHAJIbHBIX, [I03TOMY
HEOOXOAMMO TMPOBEPUTH OTJIMYAETCS M JWHAMUKA TPYIIbl BUOPOU30JATOPOB C
KBa3MHYJIEBOM JK€CTKOCTBIO OT OIMHOYHOIO BUOPOU30ISATOPA WM HET.

Jl51ist aTOr0 OBLIT BHIMONHEH ciienytolui pacuet. [Ipeanonaraercs, 4To napaMmeTpsl
BUOpou3oJATOpa (TOMIIMHA CTEHKH, BbICOTA KOHYCa, BHYTPEHHUN pajnyC H30JIATOpa,
TOJIIIMHA  HapyXXHOW CTeHKM BUOpOM3OJATOpa, BBHICOTa  BHELIHEH  CTeHKU
BUOPOU30JIATOpPA) MOTYT HE3HAUUTEIbHO OTKIOHAThCA. OTKIOHeHue OepeTcs B
COOTBETCTBUM C HOpPMalbHBIM pacmpefeneHneM (pacnpeneneHue laycca) co
CTaHAAPTHBIM OTKJIIOHEHHEM O.

C »T0i1 Lenpro OblIa MPOBeIeHa CePUsl YUCIEHHBIX IKCIIEPUMEHTOB, I Yero 3a
OIMH DJKclepuMeHT Obuto paccuutaHo 10000 U30MSITOPOB €O  CTaHIAPTHBIM
OTKJIOHeHHeM . llosydeHbl pe3ynbTaTbl pacyeToOB OTKIOHEHUS JUIsl TPYIIbI

BuOpou3zonsaTopoB (Tabnuma 15, Pucynok 80 u Pucynok 81).

Tabnuua 15 - OTkI0HeHUs AJis TPyl BAOPOU30ISITOPOB

CranpapTHoe OTKIIOHEHHE CrannapTHoe OTKJIOHEHUE cpenHeit
CraHmapTHOE OTKJIOHEHUE
OTKJIOHEHUE cpemHeii OTKJIOHEHUE Oe3pazMepHOit
0e3pa3MepHOil KeCTKOCTH
0e3pa3sMepHbIX 0e3pazMepHOit Oe3pazMepHoit JKECTKOCTH TIpH padboyeii
npu paboueii Harpy3ke
mapamMmeTpoB paboueit Harpy3Ku paboueit Harpy3Ku Harpyske
0 0 0 0 0
0,005 0,00057 0,0267 0,0000 0,0127
0,01 0,00114 0,0534 -0,0006 0,0258
0,015 0,00256 0,0802 -0,0006 0,0383
0,02 0,00603 0,1099 -0,0014 0,0513
0,025 0,00962 0,1365 -0,0028 0,0643
0,03 0,01322 0,1650 -0,0030 0,0789
0,035 0,01935 0,1925 -0,0067 0,0934
0,04 0,02491 0,2265 -0,0072 0,1090
0,045 0,03079 0,2553 -0,0064 0,1217
0,05 0,04026 0,2884 -0,0077 0,1390
0,055 0,04811 0,3214 -0,0123 0,1571
0,06 0,06269 0,3628 -0,0138 0,1745
0,065 0,07894 0,4122 -0,0196 0,1927




CraHpapTHOE OTKIIOHEHUE CrannapTHoe OTKJIOHEHUE CpeaHeit
CTaHaapTHOE OTKIIOHEHHE
OTKJIOHEHWE cpenHei OTKJIOHEHUE 6e3pa3MepHoOi
0e3pa3MepHOIf JKECTKOCTH
6e3pazMepHbIX 6e3pazmepHoil Oe3pazMepHOit JKECTKOCTH MpHU paboueit
npu pabodeii Harpy3ke
rapaMeTpoB paboueii Harpy3ku | paboueil Harpy3ku Harpyske
0,07 0,08751 0,4538 -0,0200 0,2200
0,075 0,09356 0,4920 -0,0229 0,2367
0,08 0,10555 0,5215 -0,0265 0,2636
0,085 0,12513 0,6143 -0,0339 0,2971
0,09 0,13879 0,6486 -0,0334 0,3126
0,095 0,16731 0,7328 -0,0479 0,3507
01 0,18932 0,7776 -0,0462 0,4064
05 1 ' I I X
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o OTHNOHEeHWe cpepHei paboueit Harpyske

CrampgapTvoe oTinomerue pabouel marpyane
OtinoHeHue mecTHoCTH Npu pabouei Harpysxe
CraHpapTHOE OTRAOHEHWE MECTKOCTH npw paboyen Harpyske

CraHaapTHoe oTKNoHeHWe Be3pasmepHbix NapameTpos

e

= epe

Pucynok 80— M3MeHeHue mapamMeTpoB TPYMITbl BAOPOU30JSTOPOB MPU

OTKJIOHEHUHU UX [1apaMeTpPOB
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Pucynoxk 81 — [1noTHOCTE pacmnpeneneHus padoueil Harpy3ku (cpeHee 3HaUeHHe

OTMEUYeHO KPaCHBIM IIBETOM )

AHanu3 pe3yJbTaToOB MOKa3bIBaeT, YTO CpeAHssi pabouas Harpys3ka (wid oOuias
paboyas Harpy3ka TPYIIbl BHOPOH3OJATOPOB) pacTeT ¢ YBEIMYCHHUEM CTaHAAPTHOIO
OTKJIOHeHMsI TapameTpoB. CiemoBarenbHO, MPU MPOCKTUPOBAHUHM BUOPOU30JIATOPOB
HE00XO0MMO MPOU3BOAUTH MOIMPABKY.

Uro kacaeTcsi JKeCTKOCTH, TO €€ 3HaueHue yMeHbluaercs. OTpuuareiabHas
JKECTKOCTh HeXelaTejlbHa JUIsi BUOPOU3OJISTOPOB, IOCKOJIBKY BO3MOXXHA MOTEps
yctoiunBocTh. IlocKONbKY OHa BeAeT K HEJOIyCTUMOMY IOBEIEHHUIO CHUCTEM, TO
BUOpaIUsl BO3PACTET U MPU STOM JIOJITOBEYHOCTHh BUOPOHU3OJISITOPA PE3KO CHU3UTCS.

Bo wm30exanue moTepw YCTOMYMBOCTHA JJISI BCEH CHCTEMBI JKECTKOCTH
BUOPOU30JIATOPOB JOJIKHA ObITh HEMHOTO yBelnyeHa. Hampumep, st cTaHIapTHOrO
OTKJIOHEeHHUsI Oe3pa3MepHbIX napameTpoB 6 = 0,1 xecTKocTh cHUXkaeTcs Ha 4,6%. Torna
JUTSI UCKITFOUEHHUSI 3TOT0, BhICOTA KOHyCa BHOPOU3OISATOPOB JOJIKHA OBITh yMEHBIIIEHA
Ha 2,6% (corjacHO UHTepIoNAnuu, cM. Tabmuna 14).

B coorBeTcTBHM ¢ 3TMM paspaborana Tabiuia mompaBok (Tabmuma 16)

reoOMETPpUICCKHUM ITapaMeTpaM IIPpHU U3TOTOBJIICHUN BI/I6pOI/IBOJ'I5[T0pOB.



Tabnuma 16 — IlompaBkm Kk mapaMeTpaM BHOpPOM3OISATOpPa MPU BO3MOXKHOM HX

OTKJIOHCHHWH IIPHU U3TOTOBJICHUHU

CpenHekBaipaTUYHOE OTKJIOHEHHUE ITonpaBka k
[TonpaBka k TonIMHE
0e3pa3zMepHBIX FTeOMETPUIECKUX BBICOTE KOHYCa, . o
BHEIIIHEN CTEHKU,%o
napameTpoB %
0,01 0,28% -0,36%
0,02 0,57% -0,71%
0,03 0,85% -1,07%
0,04 1,14% -1,42%
0,05 1,43% -1,77%
0,06 1,73% -2,12%
0,07 2,03% -2,46%
0,08 2,33% -2,80%
0,09 2,63% -3,15%
0,1 2,94% -3,48%

4.6 OO6 oTHOBpeMEHHOM CHH:K€HHH YPOBHSI BUOpPAaIlHN 000PYI0BAHUSA H

nepeaaBacMbixX Ha (l)yHI[aMeHT AHHAMHYCCKHX CHJI

OO0111en3BeCTHO, YTO CUCTEMBI BUOPOHM3OIISILIMK UMEIOT CBOE TJIaBHOE Ha3HAUYEHUeE
— YCTpaHEHHE KECTKOW CBS3M MeXIy (yHIaMEeHTOM M 00OpyJoBaHHMEM, U Kak
CIIEJICTBUE, YMEHBIICHHe Tepenayr IWHAMUYeCKOW CHIbl OT 00OpyJoBaHUs Ha
byHmamMeHT Wi Ha060poT. COOTBETCTBEHHO YBEIWYMBAETCS JOJITOBEYHOCTh U TOTO U
Ipyroro. YMeHbIICHHE J>KECTKOCTH CBS3W BeIeT K YBEIUYCHHUIO TepeMelleHUi
obopymoBaHus mpu ero kKoyiebanusx. [loaToMy B paspese HedTerasonepeKaunBaroIIero
000pyTOBaHUs TOSBISIOTCS JBE Ba)KHbIE OCOOCHHOCTH, KOTOpBIE CIEAYyeT YYHTHIBATH
MIPY MIPOSKTUPOBAHUU BUOPOCHUCTEM.

[TepBast ocobeHHOCTh — 3TO HamuuWe TpyOHOU 00Bs3ku. OHa yBenWYHBaeT
KECTKOCTh KOHCTPYKIHMH B 1esioM. [Ipy Mcronb30BaHUN BUOPOU3OJISAIIUN TOSIBIISIETCS
npoOJjieMa TMOTEHIMAIBHBIX CMEIICHHH O00OpYyJO0BaHUS OTHOCUTENBHO TpPYyOHOM
00Bs3ku. OUH U3 BapUaHTOB PeIlIeHUs — 3TO MPUMEHEHHEe Pa3InYHbIX KOMIIEHCATOPOB
Ha TPYObl W TpPUMEHEeHHWe yIpyrux omop. Kaxaplii W3 KOMIIEHCATOPOB JTOJDKEH

obecrneynBaTh JOCTAaTOYHO CBO60,Z[HO€ [nmepeMeuecHue €ro KOHIoB, YTOOBI HE BBI3BIBATH




cHIKeHue dPGEeKTUBHOCTH BCe BHOPOM3OJISIIIMOHHON CHCTEMBI, a TaK)Ke BBITIOJHSTH
3a/1au¥ 10 00ECTIEUeHHIO TePMETUIHOCTH MPU paboveM JaBlIeHUN CPeJibl.

BTopass 0cO0EHHOCTh — 3TO CYIIECTBYIOIIME HOPMBI O HAaWOOJIbIIIEM 3HAYCHHH
BUOpomepeMelieHuss u BUOpockopocTr. CorjlacHO CyIIECTBYIOIIEH HOPMAaTHBHO-
TEXHUYECKOM JTOKYMEHTAIIUH, IIePBBIH apaMeTp HOPMUPYETCS, U BBIIIE ONpe/IeIeHHBIX
3HAYeHW HOPMHUPYEMBIX IepeMelleHui SKCIuTyaTalus 3amnperieHa. [lo BTopoMy
napaMeTpy Ha JaHHBIH MOMEHT IPOW3BOJUTCS OIIGHKA TEXHHYECKOTO COCTOSHUS
obopynoBanus. M yBenudeHue mepemerieHus 00OpyIOBaHHUS HA YIIPYrOoM OCHOBaHUU
MOXXET TOoTpeOOBaTh W3MEHEHHUS CYIISCTBYIOIIUX aBapUHHBIX YPOBHEW HOPM.
CrnenoBaTenbHO, HeOOXOoAMMa KOPPEKTUPOBKA CYIIECTBYIOIIMX HOPM, YTO C
MIPaKTUYECKON TOYKHU 3pEHUSI BBI30BET MPOOJIEMbI_ Kak TEXHHUYECKOTO XapakTepa, Tak U
OIIEHKH TEXHUYECKOTO COCTOSHUS U 6€301TaCHOCTH OOBEKTOB.

OTBeToM Ha JBa OTUX HIOAHCA MOXET OBITh JIOTIOJIHEHWE CHUCTEMBI
BUOPOM3OJISAIINA JTHUHAMHYECKHUM TacuTelleM KoseOaHwid. J[MHaMHWUYecKWil TracuTelb
KOJIeOaHUM TI03BOJISIeT NMPHUHATH Ha ceOsl PHEpPruro0 KojeOaHWH W CHU3UTH BUOPAIUIO
OCHOBHOTo 00opyaoBaHus. COOTBETCTBEHHO, OJHOBPEMEHHOE TNPUMEHEHHE CHCTEM
BUOPOU3ONISALIMA W JUHAMUYECKOTO TacHTels KojeOaHWH CHMXKAaeT M JUHAMHYECKYIO

CuJly, epeiaBaeMyto Ha (pyHJIaMeHT, U oOliire BUOpaIlMOHHbIE HATPY3KHU.

4.7 Pa3pabdoTka 00001IEHHOH MaTeMaTHYECKOH MO/1e I THHAMHKH
00opy10BaHMsI HA BUOPOU30JIATOPAX C KBAa3HHYJIE€BOH KECTKOCTHIO €

NPUHMCHCHHCM JTHHAMHUYICCKOIO raCuTe/Iisd KOJIeOaHHH

B uenom, cuwioBas xapakKTepUCTHKa CHCTEM C KBa3HHYJEBOM KECTKOCTHIO
JIOCTATOYHO XOPOIIIO ONHUCHIBACTCS IOJMHOMOM TpeThbel cTemeHu. I[lpu 3TOM
BOCCTaHaBJIMBAIOIIas CUJIa paBHA:

F(x)= a3x3 +a2x2 +a,x+a,, (177)
r7ie ag, &, d, 8 — KO3PGUIIMEHTHI NOJUHOMA;

X — cXKatue BI/I6p01/I3OJ'[5[TOpa;



F(X) — BoccTaHaBIMBArOIIAs CHJIA.

Jlnis perieHns ypaBHEHUS HEOOXOIMMO BBECTH HavallbHbIE U JpyTHe MapaMeTphl.
B nepByto odepe/p, BOCCTaHABIMBAIOIIIAs CHJTa JIOJKHA OBITH paBHa:

£(0)=0, (178)

BoccranapnuBaroiiass cujga B HOMHHAJIBHOM pexume (T.e. KOrja »KeCTKOCTb
MHUHUMAaJIbHa TP HEKOTOPOM CXKaTHH) paBHa Fo pu cokaTHH X!

F(x) = F,. (179)

Take HEOOXOAUMBIM YCJIOBHEM SIBIISIETCS HAJMYKE TOYKH Iepernda npu CxKaTuu
Xo-
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[lpy HOMHMHANIBHOM pEXHUME KECTKOCTh JOJKHA OBITh paBHA HYJIIO WU

HEKOTOPOMY MaJIOMy 3HAQYCHHUIO Cp.

% F(x,)=0. (181)
Wi

9 F(x,)=c,. (182)
ox

[Toacrapnss (177) u nuddepennupys (181), momyanm:

F(X) = FO[:TZ —3)’(‘722 + 3%} (183)

Amnajorudno ypaBHenue (182) nprBOIUT K peIIEHHIO:

3 2

CoX,y | X CoX, | X CoXy | X
F(x)=F||1-2% | —-3[1-—22 | —+| 3222 | = 184
' K x03 0 x02 Fy, )%, (184)

B mepBoM npuOIMKEeHUM MOXXHO CUUTATh KOJeOaHUsS CUCTEM C KBa3WHYJEBOU
JKECTKOCThIO TAQPMOHUYECKHUMHU.
[Ton meiicTBHMeM MCTOYHWKA BO30YXAeHUS MHTeHCUBHOCTH Gy 00opymoBaHMe Ha

BUOPOU30JIATOPAX C JKECTKOCThIO C COBepIaeT KoeOaHus ¢ aMILTUTY I0H:



Gy

. (1”) (185)

@,

A=

rac o - coOCTBEHHAas 4acToTa O60py210BaHI/ISI Ha BI/I6pOH3OJ'I$ITOanI

@, = CM . (186)

[Tpu ucnonbp30BaHUM TMHAMUYECKOTO TacuTess KojaeOaHuii ypaBHEHUS JTBUKEHUS

CHUCTEMBI OYAYT CIeTYOIINMH:

Mi+b (x—%)+cx+c(x—x)=G, cosar | (187)

mi—b(x—%)—c(x—x)=0, (188)
rje X — abCoNIOTHBIE KOOPAUHATHI [IEHTPa Macc 000PyI0BaHNUS;

X; — aOCOJIOTHBIE KOOpPJHMHATHI IIEHTpa MacC IMHAMHYECKOTO TacHUTels
KOJIeOaHUA.

PelieHrem JaHHBIX YpaBHEHHEM KojiebaHuii Oyzaet cienyroiee [50]

A b-c’f+ap’c, (189)

6 e h-c?)ucfrapicicwenf]

AL:J 14487, |
5 Vi-ch-¢2)-ucf +apc i-c20+ wpf

3,[[60[; HCITIOJIb30BAHEI CJICAYIOIIUC 0003HaYEHUS:

(190)

A — ammutya KojaebaHul LIeHTpa Macc 000PYI0BaHMS;
A - ammuTya konebaHui [eHTpa Macc JUHAMUYECKOTO racuTelNs KojleOaHuH.

A Tak)Xe UCIT0JIb30BaHbl BCIIOMOTaTeIbHEIE K03(1)(1)HHI/IGHTBI:

G, 10} o c m b
= l=— b= o= [ u=t B= by =2
CO é/ (00 §0 a)]_ mr :u M ﬂ bo 0 cr mr

Otmeuaem, uyTo (=1 MTPOUCXOOUT HACTpOWKA MWHAMHUYECKOro KoieOaHus Ha

4acCTOTy MCTOYHMKa BO30YXJeHUs. [Ipm 3TOM mosydaem cliemyroriee ypaBHEHHE IS
aMIUTATYbI KOJIeOaHUH IIeHTpa Macc 000pyA0BaHUS:
A_ 2p, :
O wcteapth-crufl

(191)



G, 25 )
\/,lea)4M2 +4p° [co —o*M(1+ ﬂ)2]2

[Ipy mpumMeHEeHWM CHUCTEM C KBa3WHYJEBOW JKECTKOCTHIO s BHOPO3aIUTHI

A=

(192)

2
JIOJIDKHO BBIIIOJIHATBCS YCIOBHE Co<<®", CJIEJOBATEJIbHO:
~ GO 2ﬂr
3 .
2 2 4
OM 12 +4p(1+ )

OueBugHo, uto mnpu P—0, ammuuTyna konebaHuit oOopyaoBaHUs OyneT

(193)

CTPEMUTHCS K HYITIO.
Cuna, nepenaBaemasi Ha pyHIaMeHT OT 00OPYI0BaHUSI paBHA:
0 2ﬁr — G a)Oz 215r
" 0 M 2 2 4 0 2 ) 2 4"
OM 4 a0 4B (1 )

Takum o0pazom, mpuHUMAs BO BHUIMaHHE, 9TO ®y/® u ,—0, cuna, mepeaaBaemMas

Fy=Ac,=c¢

(194)

Ha (GyHAaMeHT, OyeT CTPEMUTHCS K HYJIIO.

4.8 AmHajau3 BJIHSHHS Pa3JIHYHBIX CIIOCOO0B MOHTAaKA
He(TerazonepexkauynBawiero 000pPy10BaHUs HA ero BUOPAaLHOHHOeE

COCTOSIHHC

Jlanee paccMoTpuM, KakuM 0Opa3oM  pas3jiM4YHble CHOCOOBl  MOHTaXa
He(TerazonepeKkaymBarollero 00OpPYJIOBaHUS BIMSIOT Ha €ro BUOpPALMOHHOE
COCTOSIHHE.

Jlna cpaBHEHMST MpUMEM:

- )KeCTKOe CoeJMHeHHe 00opy0BaHMs ¢ PyHIaMEHTOM (TpaJUlIMOHHBIA CIOCO0
MOHTaXa JJ1s1 HeyTerazonepekaynBaroliero oobopyaosanus B Poccun);

- yCTaHOBKa 000pyI0BaHUSI HA MPYKUHHBIE BUOPOU30JISATOPHI;

- YyCTaHOBKa 000py10BaHMs HA BUOPOU3OJISITOPBI C KBA3HHYJIEBOM )KeCTKOCTHIO;

- yCTaHOBKa 00OpYy/JOBaHMs Ha BUOPOU3OJISATOPHI C KBa3WHYJIEBOU JKECTKOCTHIO,

JIOTIOJIHEHHOTO0 JUHAMHUYECKUM TacUTeIeM KOJIEOaH .



AHanu3upyeMbIMH ~ 3HAa4eHUsSIMH  OyJeM  cYuTaTh  3HayeHus  oOLIero
BUOPAIIMOHHOI'O COCTOSIHUS (BUOPOCKOPOCTH) U CHITy, IepelaBaeMyto Ha (DyHJaMeHT.

AHanu3 OyzaeM NpoBoAMTH Ha mpumepe Hacoca HM 2500-2300, nnst sToro
WCIIOJIB3yeM CIIeyIOIIre NCXOIHbIe JaHHbIe.

CkopocTth Bpatenusi poropa npunumaeM 3000 o6/mun. Ilonnas macca arperara
16380 kr; macca poropa Hacoca 230 kr; skcueHTpucutet poropa Hacoca 0,00001 wm;
Macca poTtopa siektpoaurarens 1410 Kr; SKCHEHTPUCUTET POTOpa 3JIEKTPOABUTATEIIS
0,000019 m; macca MmydTsr 97 kT; paguanbHas HecoocHOCTh 0,000012 M.

Bo306yxmarommas cuna paBaa 2963 H.

CobcTBeHHas yacToTa KojebaHuil Hacoca MpHU KeCTKOM CIocod0e MOHTaka paBHA
18,6 T'm [70]. [nsa mpyXWHHBIX BHOPOHU3OJIATOPOB MPUMEM YaCTOTy COOCTBEHHBIX
konebanuit 8 ['. s BUOPOM3BOMALMOHHON CHCTEMBbl C KBa3MHYJIEBOU KECTKOCTHIO
IIPUMEM YacTOTy COOCTBEHHBIX KoneOanuit 1 1.

Torpa nins sxecTkoro crnocoda MOHTaXXa U MPUMEHEHHS CPeJICTB BUOPOU3OIISLUU
aMIUTATyJa KojeOaHuii paBHa:

A= G,

m\/(a)o2 — o) +4p°0° ’

(195)

rae A= % . (196)

COOTBeTCTBeHHO cuia, Hepe,[[aBaeMaﬂ Ha (bYHI[aMeHT paBHa:
F=c/A.
I[JIH COBMCCTHOI'O TIPUMCHCHHUSA CHCTEMBI C KBa3HHy.T[eB0ﬁ KECTKOCTBHO WU
JUHAMHYECKOI'O TaCUTENSI KOJIeOaHNi UCIIOIb3y€eM MOIyYeHHBIE paHee (OPMYJIbL:
< S 2B,
OM i+ 4571+ )

PesysnbTatsl pacuera cBeqeM B Tabuiy (Tabmnuma 17).

(197)



Tabnuma 17 — YpoBenb BuOpauuu u ko3¢ (QUIKEHT Mepefadu CUIbl MPHU Pa3IMIHBIX

croco0ax MOHTa)ka 000pyJ0BaHUs

BUOPOHU30JISITOPHI C KBA3UHYJIEBOM
JKECTKOCTBIO
JKECTKOE NPy XKUHHbIE oe3 c
[Tapametp
COeIMHEHUE | BHOPOHU3OJSATOPHI | JMHAMMYECKOTO | JAMHAMHYECKUM
racureis racuresieM
KoJeOaHmit KoJieOaHmit
YacroTa CO6CTB€HHI)IX 186 8 1 1
KkoseOannii, I'n
HKeCToCTS MOHTKE, 5,667 1,048 0,016 0,016
MH/m
AMIuaTy1a KoseGanuii, 837 740 721 14,0
MKM
Bub6pockopocTs, MM/c 4,18 3,70 3,61 0,70
Hepenasaemas na 474,27 77,58 1,18 0,23
¢dbyamamenT cmia, H
K°3¢"1’Huz‘§§;“6peﬂaqn 0,16061 0,02627 0,00040 0,00008

Ananu3upys TaOnMIly, MOXXHO cJieJlaTh BBIBOJl, YTO 3a CYET OTHOCHUTEJIHHO

HEBBICOKOU Y4acTOThI CcOOCTBEHHBIX KoseOaHui MAarucTpaibHOIO

HedTenepekauuBatolero arperara (18,6 ') npumeHeHure cucteM BUOPOM3OJISLUUA Ha
OOBIYHBIX TIPYKMHAX COXPaHSET BBICOKMM OOIIMIA ypOBeHb BUOpAIIMK 000pYA0BaHUS, 1
JMHAMUYecKas cuia, mnepenaBaemass Ha (yHIaMEHT, Takxke OyJeT 3Ha4YMTeJbHOM.
[IpuMeHeHre cuCTeM BHUOpPOM3ONSILMU C KBAa3WHYJEBOM IKECTKOCThIO I03BOJISET
3HAUYUTEJbHO YMEHBIIUTh TUHAMUYECKYIO CHUILY, OJJHAKO BUOPOCKOPOCTHh 000OPY10BaHMUS
octaercst Oomnpmoit. IlpumeHeHue KBAa3UHYJIEBOUI

CUCTEMbI BI/I6pOI/I3OJ'I)II_[I/II/I C

KECTKOCTBIO, JIOTIOJTHEHHOW JIMHAMUYECKUM TracuresieM KojeOaHWM, T03BOJIseT
YMEHBIIIUTh Kak oOmwui ypoBeHb BuOpamuu (mo 0,7 Mm/c), Tak U TPaKTHUUYECKHU
UCKITIOUNTh TUHAMHUYECKH TepeaBaeMyto cuiry (Koah@UIMeHT nepenadu CUjibl paBeH
8-107).

rpaduKk  3aBHCUMOCTH

BUOPOM3OMAIIMNA €

Ha pucynke nwmwxe (Pucynox 82) mpencrapiieH
BUOPOCKOPOCTH 00OpYyJOBaHUS TMpPU TNPUMEHEHUU CHCTEMBI
KBa3WHYJIEBOU KECTKOCTHIO, IOMOJIHEHHON TUHAMHYECKUM racuTesieM KoJjieOaHu, pu

Pa3JIMYHBIX ITapaMeETpax raCuTeJIAd




o~
N

Bubpockopocts, mm/c

0 0,004 0,008 0,012 0,016 0,02

Koa¢pdpuumeHT oTHOCUTENbHOTO AemndpUupoBaHuA

Pucynok 82 — YpoBens Bubpockopoctr 000pyA0BaHUs TP TPUMEHEHUN
CUCTEMBI BUOPOHM3OJISALINY C KBa3WHYJIEBOH )KeCTKOCTBIO, JOMOTHEHHOW TUHAMIYECKAM

TraCuTcCIIEM KOJ'I@63,HI/II71, IMpU pa3IMIHLBIX IMapaMeTpax raCUuTeIIA

Pucynok 83 npencrapnser rpaduk 3aBUCUMOCTH BUOPOCKOPOCTH 00OPYAO0BaHHUS
IpY Pa3IMYHON YacTOTe COOCTBEHHBIX KojeOaHWii 0e3 NMpUMEeHEHUs AMHAMHUYECKOTO

racuTtelns KojiebaHui, MHa4Ye roBOPS, IPU PA3IUYHON KECTKOCTH MOHTaXA.

B oo mOpor T, S [

1 i 11
Hacrofa cobeTaevmsn nonaBanni, Ny

Pucynok 83 — YpoBeHnb BUOpOCKOpOCTH 000pyI0BAHUS MIPU PA3IUYHOMN YacTOTe

cOOCTBEHHBIX KOJIEOaHUI
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