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IMPEJANCJIOBUE

[TonsaxoBckue areHusi ObLIN BIIepBbIe MpoBeaeHbl B 1997 romxy B dhopmare Bee-
poccuiickoit KondepeHun B cBA3u ¢ 90-j1eTueM BbIIAIONIErocs yIEHOT0, Ipodeccopa
H.H. ITossxosa (1906-1987), ocTaBusIero sipkuii cjie/l B UCTOPUN OTEIECTBEHHOIT
Hayku. KoHdepeHins mpuBiieKa MUPOKOoe BHUMAHUE POCCUICKUX U 3apyOeKHbBIX
yaéabix-MexannkoB. C 2003 roma IloasixoBcKue uTeHmss IpruoOpeIn CTaTyC MeXKIy-
HAPO/IHOM KOH(EPEHIINH U 110 Tpaauiuu poBojsTcs B Cankr-IlerepOypre omun pas
B Tpu rojga. Temarnka [lo19XOBCKMX YTeHUIT OXBATHIBAET MIPAKTUYECKH Bce pyHIa-
MeHTaJIbHbIE HAIIPABJIEHUsI COBPEMEHHONW MEXaHUKHU U B TIOCJIE/THEE BPEMs IMeeT sip-
KO BBIPAXKEHHBIN MEXKIUCIIATIINHAPHBIN XapakTep. JTa 0COOEHHOCTh KOH(MEPEHITNH
CBsI3aHA C MHOTOT'PAHHOCTBHIO HAay4YHbIX nHTepecoB mpodeccopa H.H. ITonsxonsa.

Hagwmnas ¢ 2012 roga [TonsixoBckne UTeHMsT MOCBATIAIOTCA TaKKe TaMATH U JIPY-
ruX KpynubiX yaénbrx. Hacrosamme [lomsaxoBeckue urenus mocsamaiorces: 200-1eTuio
BBIJIAIOIIETIOCsT PYCCKOI'O MaTeMaTuKa U MexXaHunka, akajemuka [laduyrus JIsBoBu-
va Yeowbimésa n 100-metuto akagemuka JIvurpusi EBrerbeBnda OXONMUMCKOro —
OCHOBATEJIsT HAYIHON NMIKOJIbI B 00JIACTH JTMHAMUKN KOCMUYECKOT'O TIOJIETA.

Hayunbie HanpaBJjieHust KOH(EPEHITUN:
1. Teoperuyeckasi u MPUKJIATHAST MEXaHUKA
2. JlunamMuKa eCTEeCTBEHHBIX U UCKYCCTBEHHBIX HEOECHBIX TeJI

I'maporazongnaamMmka
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POU3NKO-XUMHUIECKaAsT a39POMEXaHINKa,

Mexanuka jgedOpMUIPYEMOTO TBEPIOTO TeJja

YcToMYnBOCTh U CTAOMIN3AINS MEXaHUIECKNX U 3JIEKTPOMEXaHUYIECKUX CHUCTEM
Buomexannka

Dusnyeckasg MexaHUKA
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Hcropusi MexaHUKH

Paboune sa3biku KOH(MEpPEeHIUN — PYCCKU U aHTJIMHCKUIA.
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FOREWORD

The Polyakhov’s reading has first been held in 1997 as an all-Russian
conference dedicated to the 90th anniversary of the outstanding scientist, Professor
N.N.Polyakhov (1906-1987), who left a bright trace in the history of Russian science.
The conference attracted the attention of Russian and foreign scientists, involved
in problems of modern mechanics. Since 2003, Polyakhov’s reading has acquired
the status of an international conference and is traditionally held in St. Petersburg
once in three years. The conference scope covers almost all the fundamental areas of
modern mechanics and lately has had a pronounced interdisciplinary nature. This
feature of the conference is associated with broad scientific interests of Professor
N.N. Polyakhov.

Since 2012, Polyakhov’s Reading has also been dedicated to the memory of
other major scientists. The Ninth Polyakhov’s Reading is dedicated to the 200th
anniversary of the outstanding Russian mathematician and mechanician, Acad.
Pafnutii Lvovich Chebyshev (1821-1894) and the 100th anniversary of Acad. Dmitry
Yevgenyevich Okhotsimsky (1921-2005) — Russian aerospace engineer, the scientist
who was the pioneer of space ballistics in the USSR and the founder of a scientific
school in the field of space flight dynamics.

Conference Topics:
1. Theoretical and Applied Mechanics
2. Dynamics of Natural and Artificial Celestial Bodies

Mechanics of Fluids and Gases
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Physico-chemical aeromechanics

Mechanics of Solids

Stability and Stabilization of Mechanical and Electromechanical Systems
Biomechanics

Physical Mechanics
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History of Mechanics

Working languages of the conference are Russian and English.
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HukoJgait Hukomaesuu Ilosasgaxos

(1906-1987)



ITadbuyTnit JIbBoBu4Y YeObI-
méB (4 [16] mas 1821 — 26 HostOpst
[8 mekabpsi| 1894) — BbLIATOITHIICS
PYCCKUIT MaTeMaTUK U MEXaHUK, OCHO-
BOITOJIO?KHUK TIeTepOypPrcKoii Marema-
TUYECKOU ITKOJIBI, akajaeMuk Vmmepa-
topckoit Cankr-Ilerepbyprckoit aka-
JIEeMUU HAYK.

B 1841 rony Ilacduyrtuit JIbBo-
Bu4Y okoHums Kwmreparopckuit Moc-
KOBckmit yHuUBepcuteT. B 1846 romy
OH YCIIEITHO 3aIlUTUJI MaruCTEPCKYIO
muccepraruio  «OmeIT  3JIeMEeHTapHO-
ro aHaJIM3a TEOPUU BEPOATHOCTEN>.
B 1847 romy Ilacduyruii JIbBoBUY
OBbLT YyTBEPKJIEH B 3BAHUU A IHIOHKT-
npocdeccopa Ilerepbyprckoro yHusep-
curera. YToObI MOJIYIUTH IPABO YTEHUS JICKIIUI B YHUBEPCUTETE, OH 3AIUTHUJI CIIE
OJIHY JmccepTaruio — Ha TeMy «O0 MHTErpupoBaHUM C TOMOIIBIO jJorapudmMosy. B
1849 romy II. JI. Yebnimés 3amuruit B IleTepdyprckom yHUBEpCUTETE JJOKTOPCKYIO
muccepranuio «Teopus cpaBHenuiis, mocje dero B 1850 romay on cras mpodeccopom
[IeTepbOyprckoro yHuBepcuTeTa; JAHHYIO JOJKHOCTH OH 3aHUMAaJI 10 1882 roza.

[TacduyTuit JIbBoBUY noyuna yHIaMeHTATbHBIE PE3YIBTATHI B TEOPUU THUCEJT
(pacmpe/ieieHne MPOCTHIX YUCEJ) U TEOPUH BEPOSITHOCTEH (IEHTPAIbHAS TTPEJIe/Th-
Hasl TeopeMa, 3aKOH OOJIBIINX YHUCEJT), TTOCTPOUJI OOIIYI0 TEOPUI0 OPTOrOHAIHHBIX
MHOT'OYJIEHOB, TEOPHUI0 PABHOMEPHBIX NPHUOJIMKeHn n MHOrme japyrue. OcHoBaJ
MaTeMaTUIECKyI0 TEOPUI0 CHHTE3a MEXaHU3MOB M pa3padoTasl Psiji IPaKTUIECKH
BasKHBIX KOHIIEIITUH MEeXaHU3MOB.

B obnactu mexanuku I1. JI. HeObiméBa nHTEpPECOBAJIM BOIIPOCHI IPUKJIATHON Me-
XaHUKHU U B 0COOEHHOCTH — Teopun MexaHu3MoB. B 1850-e robr UebnIéR 3anHTEpE-
COBAJICS MAPHUPHO-PHIYAXKHBIMU MEXaAHU3MAMU, CJIYKAITUMHU JIJI [TPUOIUZKEHHOTO
peobpa3oBaHms KPYTOBOTO JBUKEHUS B MPSAMOJUHEITHOE U HA0OOPOT.

B 1853 roxy akagemuku 1. H. @ycc, B. 4. Crpyse, B. C. dxobu, B. 4. Byaskos-
ckuii mipejcTaBuyin UebObIméBa K n3dpanuio B aibloHKTH Mmeparopcekoit CaHkT-
[TerepOyprckoit akajlemMun HayK, 0COOO0 OTMETHB Ba’KHOCTH €ro paboT B objacTu
MpaKTUYeCKON MexaHUKU. B ToM ke 1oj1y oH ObL1 m30paH B aIbIOHKTHI, a B 1856
rO/y CTaJl SKCTPAOpPAMHAPHBIM akajgeMukoMm. B 1858 roay B cBs3m ¢ ero padbora-
MU 10 TEOPUU IMAPHUPHBIX APAJJIEJTOTPAMMOB M TEOPUU HTPUOJINKEHUS (DYHKITUIA
akagmemukn B. 4. Bynskoscknit, M. B. Octporpajcknit, 9. X. Jlenmn, B. C. Adkobn,
A. 4. Kyudep, O. B. Crpyse noanucanu npejacrapienne K n3dpannto JeObmépa
OP/IMHAPHBIM aKaJIEMUKOM, YTO U IIPOU3ONLIO B ciiejiytomieM, 1859 romy.




dvurpuit EBrenbeBud (Oxo-
uuMckuii (26 despas 1921 — 18 me-
kabpst 2005) — BBIIAIONIAICS YIEHBII,
cO3JaTe/Ib HAayIHOM IIKOJIBI B 00/IaCTH
JUHAMHUKHA KOCMIYECKOT'O IT0JIETa 1 MH-
TEeJUIEKTYaJIbHOI POOOTOTEXHUKU, aB-
Top (pyHIaAMEHTAJIbHBIX TPYJIOB B 00-
JIACTH TIPUKJIAIHON HeOecHO MeXaHu-
K, POOOTOTEXHWKU U MEXaTPOHWKU,
axkagemuk PAH.

C 1946 r. Hmurpuit EBrenbesuu
paborasi B MaremMaTuiecKOM HHCTH-
Tyt umenn B. A. Crekyioa AH CCCP
(MUAH) — B otaene M. B. Kespira,
KOTOpBbIi B 1953 ObLT 11peoOpa3oBaH B
OTnenenve TPUKJIATHON MaTEeMATUKU
MUMNAH AH CCCP, a 3arem B 1966 B
NucturyT npukiaaaoit marematnku AH CCCP. B UncturyTe 0H 3aHUMAJT JT0JTK-
HOCTB 3aBEJIYIOIIEr0 OTIeI0M «MexaHnka KOCMUYEeCKOTro MOJIETa U YIIPaBJIeHnue [BH-
KeHueM». VIm BriepBble ObLT pa3padoTaH MeTO/I BHIYUCJIEHNUS TOJTHON BapUaIluyl Kak
BBIPOXK/JIEHHBIX, TAK WM HEBBIPOXK/IEHHBIX (DYHKITMOHAJIOB B 3aJla4aX YIPaBJIEHUS.

Jmvutpuit EBrerbeBud OXOIUMCKUIT YCIIENITHO PYKOBO/INI BHIOOPOM, PACIETOM U
OAJITICTUKO-HABUTAITMOHHBIM OOOCHOBAHUEM TPAEKTOPHUIl, IO KOTOPBIM JIETAJIH TIep-
BbIe COBeTCKHEe KocMmueckue ammaparsl. B 1960 roxy /1. E. Oxomumckoro n3bupa-
o1 wieHoMm-koppectougeaTom AH CCCP, B 1991 romgy — meficTBUTEIBHBIM JIEHOM
PAH. B 1957 roxy /1. E. OxormuMckomy mtpucykjena JIeHuHckasi mpemust — 3a
BKJIaJT B obecrieueHue 3armycka [lepBoro mckyccrBeHHoro cuyTHuka 3emuin, B 1961
Hmvutpuit EBrenbeBud cranoputcs ['epoem Conmasimcrudeckoro Tpyna — 3a BKIaT
B OCYIIECTBJIEHIE TIEPBOTO B MUPE II0JIETA COBETCKOTO YeJI0BEKA B KOCMUYIECKOE ITPO-
CTPAHCTBO Ha KopabJie-cnyTHUKe «BocTok».

B 1959 roay no naunmatuse H. I.Heraera Amurpuit Esreabesna OxonmMcKuii
II0 COBMECTHUTEJbCTBY cTaJl ImpodeccopoM, a 3areM B 1962 romay 3aBemyrommuM Ka-
denpoit TeopeTHIecKoil MEXaHUKN MeXaHUKO-MaTeMaTundeckoro dakyabrera MI'Y.
C ero npuxosom Ha Kadeape MOy IUI0 BCECTOPOHHEE PAa3BUTHE HAIIPABJICHUE, CBsI-
3aHHOE C MEXaHUKOU KOCMHUYECKOTO TOJIETA.

C 1970 roma mox pykoBoacrBoMm /. E.Oxomumckoro B UIIM um. M. B. Kei-
neiia PAH u va xadeape teoperudeckoit Mexanuku mexmara MI'Y ObLin HagaThi
paboOTHI 10 CO3/IAHUI0 MHTEJIEKTYAJbHBIX POOOTOTEXHUYECKUX cucteM. Pacrupe-
HIEe TEMaTUKU TUX UCCJIeIOBAHUI TPUBEJIO K IMOBJIeHUIO Ha Mexmare MI'Y HOBOI
crieruaIn3aly «Mexarponukas. B 1999 rony kadegpa Teoperndeckoil MEXaHUKH
[IOJTyYH/Ia HOBOE Ha3BaHUe: «KadeIpa TeOPETUIECKON MEXaHUKH U MEeXaTPOHUKH ».
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ITacdbayTHrii JIbBoBud HeObImEB: Yej0BEeK HAYKHN Ha
ciy2k06e Poccun

Tuxoros A.A.
a.tikhonov@spbu.ru
CankTt-IleTepbyprckuii rocy1apCTBEHHBIN YHUBEPCUTET,
199034, Poccuiickast @enepanusi, Caunkr-Ilerepbypr, YuuBepcurerckasi Hab., 7—9

Kamouesvie crosa: Heowrmés 11.J1., 200 jtet, buorpadust

K 200-setuto co must poxenusi [1.JI. Hebbiména (1821-1894) — Benmkoro pyc-
CKOI'O YUYEHOT0, [IPEJICTABJISAIONIEr0 TOPAOCTh U CJABY HaIllell CTPAHBI, [IPe/[JIaraeTcst
PETPOCIEKTUBHBII B3IJIsA] HA COBPEMEHHYIO €My 30Xy U JIeJIA€TCs OIMBITKA OCMBIC-
JIEHUsI POJIU TeHUATBHOI JIMYHOCTH HE TOJIBKO B MCTOPHM HAYKU U TEXHUKU, HO U
B UCTOPHUM CTPAHBI, KOTOPOi OH CJIy?KUJI BCEMU CBOUMU TAJAHTAME, B TOM UUCJIE
HAYYHBIM U [1€arOTUIECKUM.

Tpaguimsa ciayxkeauss OTedecTBy B ceMbe eObIIEBBIX

Tpagunus ciayxenns OTedecTBy — IPEUMYIIECTBEHHO Ha PATHOM IOIPUIIE —
npucyia cembe [1.JI. HeObIméBa u mpociexknBaeTcs B Cyab0e j1ejia, OTIa 1 OPaTheB.

Hen — Ilasen IlerpoBud, mo oxonuanuum obydenust (1754) B Axamemumdeckoi
ruvmHasnn mpu Cankt-IlerepOyprckom yHuUBepcuTeTe OBLT OIPEJIEIEH HA BOEHHYIO
CJIy2k0y — TpAIOPIIUKOM B OJWH U3 T'BapJAeiiCKuX MOJKOB. VIMesa CKJIOHHOCTH K
MaTeMaTUKe.

Orer — Jles IlasmoBua Yebbrmén (1789-1861), coyxur odurepom Tyibekoro
1-ro xormHOKazaubero moJika. B 1812-1813 yuacrBoBas B cpaxkenusx oy Masos-
pociiaBiieM, Bssbmoit, Kpacubim, Baynienom. Harpaxkién 6oesbim openom. B 1814
JL.II. YebbIméB mpuHUMAaJI ydacTue Bo B3dTuM llapuka pycCKUMU BOMCKAMU.

[TacduyTHit JIbBoBUY pojuics 4 masi 1821, Ha sBa roja mo3:xke cectpbl Enzase-
ThI, 1 ObLI cTapium u3 OparbeB. C eTCTBa OH UMEJT OJHY HOT'Y CBEJIEHHOIA, IT0O9TOMY
HEMHOT'O XPOMAaJ M XOJAUJI C TAJKOH. DTOT PU3NIECKUl HEJOCTATOK OBLI IIpejMe-
TOM TI€YAJIU €r0 POJIUTEJICH, YKEJABIINX BUJIETh CBOETO CTAPIIEr0 ChIHA O(UIIEPOM.
3a [ladryTrem mén 6par [laBes, MpoXKUBIIN HETOITYIO KU3Hb, HO YCIIEBIINAH 110~
CIIy2KUTb cylbeil BopoBckoro ye3maoro cyna. Bropoit 6par [ladryrus, [1érp, Obun
BoeHHBIM. Bce Tpoe ero cwinoseit — Jles, [laduyrnit u Bragumup — yuniuch B
KaJIeTCKOM KOPITyCce, TTOTOM B BOEHHOM YYWJIHIIE U BBINLINA OUIIEPAMUA B TBAP/IUIO.

Huxouait (1830-1875) u Baagumvup (1832-1905) — cambre miraimme 6parbs Ila-
duyTusa JIbpoBuda. Oba OKOHIUIN apTUILIEPUNCKOE VIUIUINE U aKaIEMUI0 U ObLIH
octaBjienbl 10 pekoMmengauu M.B. Octporpajickoro nmpu akajieMun Jjisi Iperno/ia-
BaHusi Matematnku. Briocsencreun Hukosait JIbBoBuY B YnHE TTOJIKOBHUKA ObLIT Ha~
JaJbHUKOM BapimaBckoro yueoHoro nmosmrona. CKOHYAJICS B YMHE TeHepaJs-Maiiopa
U B JIOJZKHOCTH HadaJIbHUKa KPOHIITaITCKONM KpenocTHOM apTuyiepuu. Biaaaumup
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JIbBOBHWY, TeHEpaJI OT apTU/LIEpUH, OBLIT 3aC/IyKEHHBIM ITpodeccopoM A prusiepuii-
CKOIl aKaJieMU#, OCHOBOIIOJIO?KHUKOM TIATPOHHOTO U pykKeitHoro nesna B Poccum, a
TaK»Ke OCHOBOIIOJIOXKHUKOM YYeHUsI O CBoiicTBax moBepxHocTu. OH mepBbiM B 1874,
HCCJIeTy sl TIPOIEeCC MUJIMHIPUYIECKOTO (ppe3epoBaHmsi, YCTAHOBUJI IPUYNHBI, BHI3bIBa-
IOIe MUKPOHEPOBHOCTH Ha 0OpPaOOTaHHOU MOBEPXHOCTH, U BBIBEJ ypPaBHEHUE JIJIS
oTIpeJieJIeHUsT BBICOTBI MUKpPOHepoBHOCTel. CJielaHHbIE UM BBIBOJbI HE yTPATUJIH
CBOErO 3HaYeHUs JI0 HacTosmero spemenu. 3 6parbes Biaguvmup JIbBoBud ObLt
onmke Beex [lacduyTrio JIbBOBUYY 1 4acTUYHO mepe/iall eMy UHTEPEeC K MaTeMaTH-
YeCKUM aCIleKTaM BOEHHOTO nesa [1].

II.JI. Yeonmmés B Mmmeparopckoit Cankr-IIleTrepbyprckoii
Axanemuu Hayk (48 Jier)

[Tepeexas B C.-IlerepOypr B 1847 mo npuriamenuto aka. B.4. Byrskosckoro,
I1.JI. YebbiméB cpaldy 2Ke IpUCTynI K pabore ipu AKajeMun HayK, IJie OH BMECTe
c akaj. B.4. ByHskoBCKMM TOTOBIMI K U3/IAHUIO PYKOIUCHBIE TPy bl JI. Ditsiepa 1o
teopun ances. B 1853 akagemuku I1.H. ®@yce, B.4A. Crpyse, B.C. dxkobu, B.4. By-
uakoBckuit npegacrasun [1.JI. Yebnrnmésa Kk nzbpannio B aJibIOHKTHI MIMmieparop-
CKOI1 aKaJJeMHUu HayK, 0COO0 OTMETHB BayKHOCTH €ro paboT B 00JIACTU MTPAKTUIECKOM
MexaHuKu. B 1853 oH ObL1 m30paH B a bIOHKTHI, a B 1856 cTaja sKCTpaopauHAp-
HBIM akKajeMukoM. B 1858 B c¢Bs3mu ¢ ero paboramMu 10 TEOPHHU MIAPHUPHBIX IIapaJ-
JIEJIOTPAMMOB M Teopuu HpubJimkenuns GyHKIu akajgemukun B.4. BynskoBckuii,
M.B. Ocrporpajckuit, 9.X. Jlenn, b.C. dkoou, A.4. Kyndep, O.B. Crpyse moamu-
caju mpejcrasieHne K u3dpanuto I11.JI. YebbIméBa opanHAPHBIM aKaJIeMUIKOM, UTO
u rpousonuio B 1859 romy. Hayunsie Tpynbr akajgemuka [1.JI. HebbiméBa oTHOCATCS
K cJeJyonmumM obactaM: 1) Teopun duces, 2) TEOPUU BEPOSITHOCTEH, 3) WHTEPIIO-
JINPOBaHUIO, 4) TEOPUHU HAWIYUIIero npub/nyKeHusi (DYHKIWNA, 5) HHTErPATLHOMY
ncancyenuio, 6) kaprorpadun, 6AJIUCTHKE U ACTPOHOMUU, 7) TEOPUU MEXAHU3MOB.
W3 3Toro nepevHs BUJIHO, KaK IMUPOK OBLTT JIMAIAa30H €ro TBopUuecTBa. B KaxK10ii u3
nepeunciaenubix oosacreit [1.J1. HeObImés mosrydamt pe3yabTaThbl (PyHIaMEHTATIHHO-
ro 3HAYEHNs, CO3/IABIINEe eMy MUPOBYIO ciaBy [1]-[3].

Pabora Yeobrnimésa B CII6 ynuBepcurere (35 Jier)

[Tocne ycnemuoro okonvanust B 1841 MOCKOBCKOro yHUBEpPCHUTETA W 3aIlATHI
marucrepckoii gauccepranun (1846), I1.JI. Yebbmés nepeexan B CII6 B 1847 u B
TOM 2Ke TOJIy OBbLJT YTBEPXK/IEH B 3BaHUU aIbIOHKT-TIpodeccopa CII6 yHuBepcurera.
YT00bI TOJIyYUTh MPABO YTEHUS JIEKIWI B YHUBEPCUTETE, OH 3AIMUTUJ €IIE OJHY
JINCCEPTAIINIO, TIOCJI€ Yer0o YUTAJ JIEKIIUH 110 BBICIIeH ajredpe, TEOPUU HUHCeJI, TeO-
pUM BEPOSITHOCTEH, NeOMeTPUM, TEOPUU SJIIUNTUIECKUX (PYHKINH, TPAKTHICCKOMN
mexannke (1852-1856). B 1849 I1.JI. Yeosimés 3amurun B CII6 yanBepcuTeTe M0K-
TOPCKYIO JHccepTanuio, ymocroennyio Jlemmmosckoit nmpemun Axagemun nayk. C
1850 mo 1882 on 3anmMas H02KHOCTE TTpodeccopa CII6 yHuBepcurera.
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[Tpodeccop II.JI. YebbIéB ObLT BBIIAIOIIAMCS MeJaroroM. BoT 9To mumcas o
neMm 1podeccop CII6 yamBepcurera K.A. Ilocce: «B konme 60-x romos, Korma s
OBLI CTYJ€HTOM 3-TO M 4-10 KypcoB, UeOBIMEB YnTal HAM TEOPUIO OITPEICIEHHBIX
WHTEI'paJIOB, HHTEIPUPOBAHNE YPABHEHUIT, TECOPUIO UHUCEJ U TEOPHUIO BEPOSATHOCTEN.
JIek1nu ero ObLIN YPe3BBbIYANRHO yBJIEKATEILHBI, I MHOTHE U3 HAC CJIYIIAJHA €ro Kyp-
CBI TIO 2 pa3a, Ha 3-M U 4-M Kypcax, coxKaJies, YTO BpeMs He TTO3BOJISIO ITPOCIYIIATh
BTOPUYHO H3JIaraeMble UM IIpeIMeThI» [4].

«Jlexmuu I1.JI. YebObiméBa ObLIM HEBEJIUKU O O0bEMY, HO COJIEPKATE/IbHBI U
OYeHb JIOCTYIHBI» — BcroMuHaJ ero yueHnk A.M. JIsamnynos. OH ke ormedali, 9To
«II.JI. YebObmmép 3a00TUICS HE CTOJBKO O KOJUYECTBE COODIIAeMOr0o MaTepuaJia,
CKOJIbKO O BBISICHEHUU HPUHIIUINAJIBHBIX CTOPOH TPAKTYEMbIX BOIIPOCOB, MMEHHO
IIO9TOMY OOJIBITMHCTBO CTYJ/IEHTOB YCBAUBAJIU THU JIEKIIUNA OYE€HDb JIETKO>.

IIpodeccop II.JI. YebnmméB ObLI TaJIAHTIUBBIM JIEKTOPOM, BHUMATE/IHLHBIM U
CITPaBEJJIMBBIM 9K3aMEHATOPOM, OCTPOYMHBIM ONIIOHEHTOM Ha, HAYYHBIX JUCITYTaX.
PaccraBasice ¢ ITaduyrnem JIboBudem B 1882, pektop A.H. BekeroB or mMmeHwm
Cosera ynuBepcurera ckazaj: «IIpuBercTByst Bac B HacTosIuii j1eHb, CoBeT yHU-
BEPCHUTETA KeJaeT MOUYTUTDH B JINIE BallleM 3HAMEHUTOTO YIEHOTO, B TeUeHne 35 JieT
MOTPYAUBIIETOCS HA TIOJb3y HAaYKe U IOHOIIECTBY, B YeCcTh U cyaBy Poccun. I'myboko-
MBICJIEHHBIE BAIlld MCCJIEJIOBAHUSA 110 PA3HBIM OTPACJIAM MATEMaTUIECKOIO aHaJIM3a,
cO371aJI1 BaM T'POMKOe MMsl, U3BECTHOE 110 Beeil kBpote; ncciemoBanms 3Tu HaBCeT1a
MPUHA/JIEYXKAT HAyKe; JIeITeTbHOCTD K€ Ballla Ha MOIPHUIIE PYCCKOTO MPOCBEIEHUS
HEPa3PBbIBHO CBA3aHA C HAIMM YHUBEPCUTETOM U BCErJa OyIeT CIIYXKUTH OJTHUM W3
JIVUIIIUX YKPAIIEHUH ero JIETOIIUCH ».

3/1ech XKe, B TJIABHOM 3/IaHUN YHUBEPCUTETA, B €TI0 JIOMOBOM IIEPKBHU, COCTOSIIOCH
orneBanue I1.JI. Hebbiména 29 nossops 1894.

Pabora YebnimiéBa B ApTuiiiepuiickom otieennu BoenHo-
y4dénoro komutera (40 Jjer)

B xome Boennbix pedopm 1860—70-X IIPOMCXOIUJI IIePexo PYCCKOl apMHUU OT
718 TKOCTBOJIBHBIX OPY/Nil K Hape3Hoi apTusiiepuu. Pa3zpaboTKoit 1 Tpon3BOICTBOM
apTUJLJIEPUICKOTO BOOPY2KEHUsI B CTpaHe PYyKOBOMWIO [J1aBHOE apTujiiepuiickoe
yupasyenne (I'AY) (obpasosano B 1862). B mporecce mepeBoopyxkenust mepes [AY
BOBHUK PsIJ] HOBBIX OA/JIMCTUIECKUX IPODOJIEM, a TaKKe HEIIPOCTHIX BOIIPOCOB, CBSI-
3aHHBIX, B 9aCTHOCTHU, C YCTPONCTBOM OpPYAUNHBIX CTBOJIOB, 3aMKOB 1 JiaderoB. K
PEIeHnI0 9TUX U MHOTHUX JIPYTUX BOIIPOCOB OBLIU IMPUBJIEYEHBI BBIJAIOIIUECS Y6~
Hble, B ToM uncye u 11.J1.YeObImén, caemapiime KpyIHble OTKPBITAS B CBI3aHHBIX C
apTusiepueir GyHIaMEHTAIbHBIX U ITPUKJIATHBIX HayKaX.

I1.JI. Yebbmmén craa padborars B ['AY ¢ madasa 1856. OH mosrydum npubJImKeEH-
HYT0 (bOPMYITY TaJIBHOCTH I10JIETa CHAPSA I, CITPOEKTUPOBAJ HECKOJIBKO TUIIOB CHAPSI-
JIOB U pa3paboTaJ MeTOIbl MHTEPIIOJIUPOBAHNIS TPAEKTOPUil, ITO3BOJIUBIINE CO31ATh
Tabautbl cTpeboObl. Yike B 1859 II.JI. YebObméB ObLT HArpaXKJIEH B CBA3U C ITOM
paboroit opgenom Cs. Anmer 2-0it crenenn [2].
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B Teuenne 40 jer II.JI. YeObiméB mpuHUMa aKTUBHOE ydYacTwe B paboTe
I'AY, HampaB/IeHHOI Ha MOBBIIIEHNE JAJIbHOOONHOCTA U TOYHOCTH apTUJIIEPUIACKOIM
cTpesibObl. [Ij1s1 00paboTKN Pe3yIbTaToOB ONBITHBIX CTPEIbO OH IIPUMEHU METO/IbI
Teopun BeposATHOCTel. B Kypcax Oa/UTMCTUKM [0 HAIMUX JTHENW COXpaHWIach pop-
MyJsia HeObIméBa s BHIYUCJIEHHUS JAJBHOCTH ToJjieTa cHapsijia. B 1873 oH BbIBes
TaK Ha3bIBaeMble «KBa IpaTypHbIe (DOPMYJIbI HeObIEBa, TTO3BOJISIONINE YIIPOCTUTD
BBIYUCJIEHUS U COKPATUTH UX OOBHEM.

B 1867 II.JI. Yebnimén Ob11 n3dbpan wienom ['AY, a B 1870 — modeTHbIM |Jie-
HoM Aprustepuiickoit akajgemuu. Muoroseraumu tpyaamu B I'AY, 11e on pabo-
TaJl BIUIOTH JIO0 cBoell BHe3amHoi KoHYWHBI, [[.JI. HebbméB okazas O0JIbIoe BJIH-
ssHUE Ha, Pa3BUTHE PYCCKON apTU/IEPUICKON HAYKU U Ha NPHUOOIIEHUE yIEHBIX-
apTULIepucToB K MareMaruke. OH ObLI PYKOBOAUTEIEM U KOHCYJIBTAHTOM MHOTHX
BbITaromuxcs pycckux aprusuiepucros (H.B.Mauesckoro, I1.M.As6urkoro u ap.)
110 BOIIpOCaM, MMEBIIIUM OTHOIIIeHHEe K MaT. aHaju3y. CriocobcTBOBaJ IIPABUILHOMN
IIOCTAHOBKE KyPCOB MaTeMATUKHU B APTHILIEPUIICKOI aKaIeMuu U yIUJINIIIE.

[TosToMy He cirydaitno, 9To nMeHHO B pa3rap Besmkoit OTedecTBeHHOIT BOIHBI, B
1944 (ros 50-yterust co nust kKoruunbl [1.J1. Hebbimépa), Korjaa apTUuIepus IPOsiBUIIA
cBoro Boiaromntyocss poiab, AH CCCP yupenuna npemuto um. I1.JI. Hebniména.

Pabora YebbimméBa B Yuyénom komutere MuHHUCTEPCTBA Ha-
poauoro mpocsernenusi (17 Jier)

MunucrepcrBo Hapomuoro npocseniennst (MHIT) (1802-1817, 1824-1917) — sro
IEHTPaAJIbHOE TOCYIapPCTBEHHOE yUIperk ieHne B Poccuiickoit uMmiepun, pyKOBOIMBIIIEE
YUpEXKIEHUSIMI HAPOIHOIO IpOoCBelenns n HaykKu. B xome pedopm Anekcanmgpa 11
mrrat MHIT cokparuics ¢ 194 wemoek (B 1862) mo 42 wenosex! IIpu srom 1ien-
rpasibubiil armmapat MHII coctosin uz CoBera munuctpa, lemapramMenTa HapoHOTO
npocselnienus: u Y dénoro komurera. B Benenun MHII naxoaunucs NmmepaTopckas
CII6 Axkanemust Hayk, HukonaeBckast ritaBuast obcepBaropust, immeparopckast my6-
auaHas oubsmoreka n PywmsHiieBckuit Mmy3eit. Yuénerii komurer (1817-1831, 1856-
1917) MHII Began cocraBienneM y9IeOHBIX IPOIPAMM, PACCMOTPEHUEM CAMUX yIeO-
HUKOB, HAOJ/IIOJICHUEM 33 TeM, B KAaKUX PYKOBOJCTBAX HYXKJIAIOTCS yIeOHBbIE 3aBejie-
HUs I O0Jiee YCIEITHOrO IpenojaBanus. KoMuTer cocTosi U3 Ipejcearesiss u
o oxuoMy(!) wieHy «IO KaxKJI0il W3 TJIaBHBIX OTpacJeil HayK: 1) 1O PycCKoil cJio-
BeCHOCTH, 2) 10 jJpeBHEil dutooruu, 3) 1m0 HOBOM duaoaorum, 4) Mo UCTOPUH U
reorpadun, 5) 1Mo MaTeMaTHIeCKO# HayKe U 6) 110 ecTeCTBEeHHbIM HayKamy». B 1856
crarckuit copeTHuk I1.JI. HeObImés ObLT Ha3HAYUEH YieHOM ¥ uéHoro komuTeTa MHIIT
no maremartuke. Ha Hero Bosyiarayiach OTBETCTBEHHOCTD 3a 1) ydacTtue B pa3paboTke
YyCTABOB HUBIINX, CPEJHUX U BBICIIUX IIKOJ; 2) PEleH3UPOBAHUE MaTeMaTHIECKUX
yUIeOHUKOB, 3) MOCTOSTHHOE HAOJIIO/IEHUE 38 TeM, B KAKUX YIeOHBIX PYKOBOJICTBAX TI0
MaTeMaTHUKe HYKIal0TCsI IITKOJIbI JIjIsi OoJiee YCIIEITHOI'O IPEIOoIaBaHusI, U HAXOXK-
JIEHIEe CPEJICTB JIsl YIOBJIETBOPEHNUSI 9TON HYK/IbI, 4) COCTABJIEHUE W PACCMOTPEHUE
IIPOTPAMM 10 MATEMATHKE JJIsl HU3MIUX W CPEJHUX YU, 5) PACCMOTPEHUE KHUT
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PUBNKO-MaTEMATUIECKOTO COJIEPXKAHMUSI, TPEIHASHATABIINXCS JIJIsI TTOJIHECEHUS T1a-
PIO U WIEHAM ero CeMbU, KaK OCOOEHHO IIOJIE3HBIX, WJIM PACIPOCTPAHEHHE KOTOPBIX
B 00IIeCTBEe HEOOXOMMO OBLIO TIPEIyIPEINTh, KaK HeJ00POKAIeCTBEHHBIX, 6) pe-
KOMEHIAINSA KHUAT MATEeMAaTHIEeCKOI'O COJIEPrKaHUs, KOTOPBIE IIPEII0/Iarajuch JIJIst
pPaCIPOCTPaHEHNsT B YIEOHBIX 3aBEIEHUSIX CTPAHBI.

Dtn obsizannoctn I1.JI1.Yebbmés ncnosmst B Tedenne 17 jer (1857-1873). B
JACTHOCTH, OH IPUHUMAJI yIACTHE B COCTABJICHUN U YTBEPXKIEHUH B TPEX PEIAKITASTX
HOBOT'O YHUBEPCUTETCKOI0 ycTaBa 1863. My ke mpuHa JIEXKUT TPOEKT OPraHU3aIUN
peaJIbHBIX KYPCOB IIpHU ye3AHbIX yumminax. K xHadasay 1870-x rogos I1.J1. HeObimén
OCTAJICS €IMHCTBEHHBIM CTAPEUIIINM WJIeHOM Y 9€HOTO KOMUTETA, IPUIeM JIeATe b
HOCTB €TI0 IIPOXOJIuJia B HamboJee TPY/HbIM EePHUO/ KU3HU CAMOI0 KOMUTETA: HaJl-
JIEXKAJIO TIOJITOTOBUTH U OCYIIECTBUTH Ha Jiejie OJIHY U3 BEJIUKUX pedopM TOro Bpe-
MeHu — pecdopmy obpasopanusi. Hu ouH 13 BOIIPOCOB, KacAIOMMUXCs MaTeMaTUKH
U CBSI3AHHBIX C 3TOI pedopMoii, He ObLT pemntéH 0e3 yaactus I1.J1. Hebnrméa, rosoc
KOTOPOI'0, KaK OJHOI'O U3 aBTOPUTETHEHINNX yUEeHBIX CBOErO BPEMEHH, ObLI IMOYTH
Bcerga permaiomuM. Axajm3 3Toit croponbl gesrenbnoctu I1.JI1.Yebnnmésa cBuie-
TeJbCTBYET O TOM, YTO OH OBbLI HE TOJBKO T'€HUAJbHBIM YIeHBIM, HO U KPYITHBIM
JesiTejieM B 00JIACTH HAPOIHOI'O IIPOCBEIEHHsI, MHOI'O ITOPA0OTABIINM Ha II0JIb3Y
PYCCKUX IIIKOJI BCEX YPOBHEIl.

Paccmorpum nogpobree HekoTopble acnekThbl AestenbHoctu 11.JI. Yebbrmésa B
paMKax YYEHOro KOMUTETa MUHUCTEPCTBA HAPOJIHOTO MPOCBEIIEHUSI.

YebOb1méB 1 yHuBepcuterckuii ycraB 1863 r.

I1.JI. Yebbmmés, Oymyun Ha 3 roma mosioxke Mmmeparopa Anekcamapa 11, B mos-
HOIl Mepe TepexKuj HEIpPOCTON IEePHuoJi BEIUKUX pedopM, a TaKKe MOTPSICEeHU
B ODOIIECTBEHHON »KU3HM, CIIPOBOIIMPOBAHHBIX TEPPOPUCTUIECKUME OPTraHU3AIUSIME
(«3emutst u Bossi», «Hapomnast Bosisi», « Hephbrit iepeiest» u ap.). ByksaibHo cpasy
nocsie 3emesibHON pedopMmbl (despaib 1861) Hava m pa3sBOpadMBaTbCS CTY/IEHIe-
CKHe BOJIHEHWsI, HaOpaBiue cuiy K Mato 1861. OcobeHHO CUIBHO OHH ITPOSIBUJIUCH
B crosnite — B CII6 ynuBepcurere. B mae 1861 Oblin cocTaB/IeHbI HOBBIE TTPABUJIA
JIJIS CTYJIEHTOB, 3alpeliaBIire, MeXK [y ITPOYUM, CXOJK! U OrPAHUYUBABIINE YUCJIO
OCBOOOXKIEHHBIX OT IwiaThl. s obcyxmenns stux npasua Coser CII6 ynusep-
CUTeTa CO3/1aJ1 0COOYI0 KOMUCCHIO IO IIPEJ/ICEIATETHLCTBOM CTATCKOIO COBETHUKA W
npocdeccopa 1I.JI. Hebnmépa. Komuccns okazasiach B 3aTPYIHUTETHHOM ITOJIOXKE-
HUW, OJTHAKO CyMeJsa IOJIOTOBUTH KOMIIPOMUCCHBIN BapUAHT PEIIeHUS TPOOJIEMBbI.
Munncrepcrso naposaoro npocserenus: (MHII) yrepanio stu npasmia B 3aMeTHO
HNCKAXKEHHOM BHJIE, UTO BBI3BAJIO ommno3uIiuio co cropoubl Cosera CII6 yuuepcurte-
Ta. BeubixHyn cTy/ieHYecKne BOJTHEHNS, TPUBEIIINE K CTOJTKHOBEHUSIM C BOMCKaAMM
1 MaCCOBBIM apecTtaM cTyaeHToB. HaunboJsiee BiusTesbHBIE IPOdEeccopa BMECTE ¢ PeK-
TopoM [leTHeBBIM BBIHYKAEHBI ObLIN MOKUHYTH yHUBepcuTeT. 10T pasrpom CII6
YHUBEPCUTETA, TTOCTYKUJI TOJTIKOM JIJI pa3pabOTKU ITPOEKTa HOBOIO YHUBEPCUTET-
ckoro ycrasa. K aToit pabore cnosa 0b11 ipussieden [1.J1. Yebbimés. By ryun Takum
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obpa3oM BOBJIeUEHHBIM B pedopmy obpazoBanus, I1.JI. HeObIméB mpogoKaI 3Ty
JIeITeJIbHOCTD B IOC/Ienytorue rofabl. COXpaHU/INCh ero 3aMevYanns K IIPOEKTY yHU-
BEPCHUTETCKOTO ycTaBa. B gacTHOCTHU, Y 9€HBIM KOMATETOM OBLJIO YUTEHO 3aMedaHue,
KacaBIlleecs HEOOXOMMOCTHU OTJIEJTUTD MMPAKTUIECKYIO0 MEXaHUKY OT AHAJTUTHUIECKON.
[To ycraBy 1863 yHUBEpPCHUTETHI MOJIYYUIN OTAEIbHBIX TPOMECCOPOB MO aHAJTUTHYE-
CKOIl M TIpakTH4IecKoil Mexanuke. Takxke ObL1o yureno 3amedanue [1.JI. Hebnrmépa
0 TOM, 4TOOBI OyIyIIuil Ipodeccop MMes HeIIpeMeHHO YYEHYIO CTeleHb IO TOUW Ha-
yKe, KOTOpasi BXOJUT B cocTaB ero kadeapsl [1]. BoicTynan or u mo moBojy npas u
00s13aHHOCTEN TPOPEKTOPA, ITPUBAT-/IONEHTOB, CTPYKTYPbl YHUBEPCUTETCKOTO CY/Ia,
cnusaus BocTogHOTO (bakymbrera CII6 yamBepcurera ¢ Axkagemueit Hayk u ap. C
yuaérom 3roii HeMaJsoit paborsl I1.JI. Yebbimés B 1863 mosryuna 4uH J1eiCTBUTEb-
HOT'O CTATCKOI'O COBETHUKA C (POPMYJIUPOBKOIl «3a OTIMIUES.

PexomenparenbHast oubaunorpadust B 1860-x rogax B Poccun

B 1860-¢e rr., xorma Poccus mociie «Besmmkux pedopMs» BCTYINHIA HA MyTh Ka-
MUATAJUCTUIECKOTO PA3BUTHUsA, TPEOOBAJIOCH BCEHAPOIHOE TOBLINNIEHNE TPAMOTHOCTH
n npodeccruoHaaIn3Ma BO BcexX cdepax JIesTeJTbHOCTU. YCUIUSIMHU PYCCKUX II€Ja-
rOTOB 3Ty 3aJIady CTaJja pelaTb peKOMeHaTelbHas Oubauorpadus, Tpu3BaHHAS
OTBETUTH HA BOIIPOC — YTO YUTATH HAPOJY Jijisd oOpa3oBanus?! JlemeéBbiX KHUAT JIJIs
HapPOIHOTO YTEHUS ObLIO MaJIO — IIPeodJIaIaIN JOPOTue KHUTH U YIeOHUKH.

Yuénbrit komurer Munucrepcrsa Hapoguoro npocserienus (MHII) B 1863 mo-
pyunn A.JI. TanaxoBy u A.H. BekeroBy cocraButh «PeecTp KHUT, KOTOpbIE MOTJIH
ObI OBITH C MOJIB30I0 YIIOTPEOJIEHBI B HAYAIBHBIX HAPOJHBIX yuminiiaxy» [5]. B 1-m
peecTpe OTpazkeHbl 37 KHUT U JIAHBI OTPUIIATEIbHbIE OT3bIBBI BOODIIE O KavueCTBe Ha~
poaubix u3nanuii. [locae Toro kak k 3toit padbore nojaxmounscs [1.JI. Hedbwimés, B
1865 6bLT OIyOIMKOBAH 2-ii CIIMCOK yYeOHUKOB JIJIsi HAPOJHBIX MKOJI (21 Ha3BaHue),
ITO/ITOTOBJIEHHBINT HOBBIM KOJLIeKTHBOM aBTopoB — A.Jl. T'amaxos, I1.JI. Uebbmés u
H.X. Beccenn. OcoznaBasi cepbe€3HOCTb U 3HAYNMOCTD Pa3pabOTKI PEKOMEHIaTe b
noit oudsmorpacduun, MHII pacrpoctpanuio sty pabory He TOJBKO Ha yIeOHUKU U
y4aebHbIe TTOCOOUsI, HO M Ha KHUTH JJIsI MMKOJIbHBIX M HAPOHBIX OMOJINOTEK.

O6parum BHUMaHUE Ha «O030p KHAT U PYKOBOJICTB JIJIsi OOIIEro 0Opa30BaHUs»
(1868-1870). O630p OBLT 33/ [yMaH MUPOKO U MPEyCMATPUBAJ OXBAT BCEX OTpaCIeit
3HAHWS, HO OCYIIECTBJIEHBI JIIIb JIBAa OT/ejla — €CTeCTBO3HAHNE W MaTEeMaTHKA.
B sToMm, 06e3 commuenms, mpogBuiicsa JauIHBbIN pe3yiabraT Tpysaos II.JI. Yebnrména,
OTBETCTBEHHOTO 3a MaTeMaTU4decKoe HalpaBJieHne B Poccun.

K or6opy kuur n yueonukosn I1.JI.HeObIméR moixoamyr BHEMATEIHHO, YACTO JTa-
BaJI OTPUIIATEJIbHBIE OT3bIBBI Ha KHUTH, HATTUCAHHBIE JIa2Ke aBTOPUTETHBIMU Y IE€HbBI-
MU, HO HEJOCTATOYHO XOPOIIO U3JI0KEHHbIE UJIA CJUITKOM CJIOYKHO HAITUCAHHBIE JIJIS
MOHUMaHus yJyanumucs. Kpome Toro, mpu ordbope y4eOHUKOB OH PYKOBOJICTBOBAJICS
npaBuyioM: «HoBoe B mperiojlaBaHun MaTeMaTUKU TIOJIE3HO TOJBKO TOTJIa, KOT/a Ha
OTBITE TIPOBEPEHO, YTO OHO JIYYIIE CTapOro».
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B 1esiom, pekomengarenbaast oudsmorpacdus B Poccuu, HadnHnasi co BTOPOit 110-
Jioputbl XIX B., mproOpesia siBHO BbIPAXKEHHBIN MTOCTYIATEIbHBIN XapakTep U JaéT
TaKWe COBEpIIeHHbIe 00Pa3Ilbl, KOTOPhIE TTOKA HEJOCTUKUMbI B HAIlle BPeMsI.

YeObIIIEB 1 MpeENo/jaBaHNe MAaTEMATUKN B HAYaJbHBIX ITKOJIAX

CymectBennbrit Bkja 1 Baec [1.JI. YeObIEB B /1€J10 COBEPITEHCTBOBAHUS ITPEIIO-
JIaBaHUs MATEMATUKN B HAUAJbHBIX MKoJIaX Poccun. OH ofHUM U3 TIEPBBIX TIPEJICTA-
BUJI CBOI TPOEKT IIPOrPAMMBI 110 MaTeMaTHUKe JIjIsi Ha4aJIbHBIX ITKOJI. B Heil BriepBbie
obpallaeTcsd BHUMaHUE Ha TBEPJIOE YCBOEHUE MeXaHM3Ma apUuMMETUIECKUX BBIUKC-
JIeHHl ¥ Ha BepHOE M OBICTPOE PEeIeHre YCTHBIX U MUChbMEHHBIX 3ajad. OTHoCcH-
TEJbHO XapaKTepa MPenoaBaHus T€OMETPUN B YE3IHBIX YUWJINIIAX B IPUMEYAHUN
K IporpaMme cKa3aHO KpaTko: «Hwudero He JI0J2KHO OBITH IIpejjiaraemMo 0e3 JIoKa-
3aTesibcTB». Bmecte ¢ Tem I1.JI. YeObréB pekoMeHI0BaT YIIPAXKHATH YIEHUKOB B
peleHnn 3ajiad «He TOJbKO B KJIacce YepUYeHreM U BBIYUCJEHHEM, HO U B TOJIE C
MIOMOIIIBIO ACTPOJIAOUH, TN U JPYTUX 3eMJIEMEPHBIX UHCTPYMEHTOB, Ja0bl, C OJ1-
HOIl CTOPOHBI, YTBEPJUTH B HUX TEOPETUYIECKUE 3HAHUMA, a C JIPYTOi — O3HAKOMHUTD
UX C MPAKTUIECKUM IPUIOKEHUEM HayK Mepbl U uucjay. Ocobo BBIIEISINCH 3a-
JIaYN ¢ TPAKTUIECKUM COJIEPyKAHUEM KaK PA3BUBAIOIINE COOOPAXKEHUE YIAIIUXCS.
B teuenmne meckosbkux Jier II.JI. YeObIméB mpuHMMaJ aKTHBHOE yYacTHe B pas3-
paboTKe y4eOHBIX MJIAHOB M MPOT'PaMM MO MaTeMaTuke s TUMHa3uil. B mpoekTe
ycTraBa 1858 uM ObLIM 9eTKO CPOPMYJIMPOBAHBI IEJIU IIPENOJaBaHNA MATEeMaTUKN B
IIMHA3UsX: 1) pasBUTHE YMCTBEHHBIX CIIOCOOHOCTET; 2) coobIIeHe cBeeHuil, Heoo-
XOJIMMBIX JIJIsST BCSIKOTO OOPA30BAHHOTO Y€JIOBEKA; 3) MOJATOTOBKA CIEINATbHBIME 3a-
HATUAMA (PU3.-MAT. HAYKAMHU U TPUJIOKEHUAMA K TPAKTUIECKON JIeITeIbHOCTH.

Asnssics npodeccopom CII6 yausepcurera, I1.JI. Uebbimép, Tem He MeHee, IPU-
CTaJIbHOE BHUMAHUE YJIEJIsiJI MMKOJIBHBIM yIeOHUKaM, CTapasiCh OrPaJUTh MIKOJIbI OT
toxux yaebHnkos MmaremaTuku. [1o ceumerenscrBy mpod. K.A. Tlocce (1847-1928),
«TJIAaBHBI KOHTUHTEHT JIUII, HEJOBOJIbHBIX UeObIIIEBBIM, COCTABJISIN aBTOPHI ILJI0-
XX YIeOHUKOB IO 3JIEMEHTAPHON MaTeMaTHKe, K KOTOPbIM YeObIIEB, B OBITHOCTD
CBOIO WieHOM Y4énoro Komurera MUHHCTEPCTBA HAP. ITPOCBEIIEHUSA, OTHOCUJICS C
HEYMOJIUMO#l CTPOIOCTbIO, 3HAs BECh BPEJ, IPUHOCUMBIH ITUMU yIeOHUKAMU yUe-
HUKAM W TY TOJIb3y, KOTOPYIO, B CJIydae OJ00peHUs] KOMUTETOM, M3BJIEKAJN IS
cebs aBTOpBI. BecbMma BO3MOXKHO, UTO ecjii ObI UeOBINIEB TTOI0JIBIIIE OCTaBAJICA Jieii-
CTBUTEJBbHBIM 4jieHOM ¥ uéHoro Komurera..., TO MHOTHE U3 CYIIECTBYIONINX TEIEePh
YyIeOHUKOB, BBIJIEPKABIINX JIECATKU U3AHUIA, He O OBl U 0 BTOPOTo» [4].

O crenenn crporoctu II.JI. YebbiméBa mpu pereH3upOBaHUEN YIEOHUKOB TOBO-
pAT ciieaytomue nudpbl: u3 44 coOYMHEeHU IO MaTeMaTUKe, TTOCTYIUBIINX HA KOH-
Kypchl, oobsBiennbie B 1864 u 1865, I1.JI. YeOblméB HU OHO He HAIIEJ BIIOJIHE
YVIOBJIETBOPSIIONINM TPeOOBaHUsIM KOHKypca. Kpome aToro, on gaJj oT3bIB ere o 167
MaTeMaTUIeCKUX COUYNHEHUIX, TPEHA3HAYABIINXCS B KA4eCTBE yIeOHUKOB JIJIsi Ha-
JaJIbHBIX U CpeTHUX IMKOJ. BoT TpeboBanusi, koTopbie [1.JI. HebObIEB IperbsiBIsi
K yJIeOHMKAaM MaTeMaTUKH:
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1) JIOJIZKHBI OBITH MPUCIIOCOOJIEHBI HE TOJBKO K YPOBHIO HAYKW, HO €Ilé B GoJIbIIel
Mepe K MOTPEeOHOCTSIM IITKOJbHON CHCTEMBI;

2) «B HEMHOTOM MHOIO€», HAJUYKME OCHOBHOI'O sijIpa;

3) He JIOJIZKHO OBITh M3JIUIITHUX MOJIPOOHOCTEl, 0COOEHHO B BOIIPOCAX BTOPOCTEIIEH-
HOI BaXKHOCTH;

4) 4éTKoe pasrpaHUYEHNe CYIIECTBEHHOIO U BTOPOCTEIEHHOTO;

5) oTpabOTaHHOCTD sI3BIKA, SICHOCTH U CTPOTOCTH JIOKA3ATEIbCTB;

6) moJTHOTA COJIEpIKAHNSI;

7) M3JI0KEHIE MaTepuasa He JOJXKHO OTKJIOHITHCS OT OOIIEIPUHSITON CUCTEMBI TIPe-
IO/IaBAHUSI B ITKOJIE.

Takum obpasom, HecomHeHHa JesdTeabHOCTh II.JI. YebnrméBa, HampaBieHHas
Ha, COBEPIIIEHCTBOBAHUE IKOJIbHBIX yI€OHUKOB MATEMATUKN U PA3BUTHE METOIUKH
npenojgaBannsg MaremaTuku. [lozamee m3BecTHblit pycckuii memaror A.Il. Kucenés
(1852-1940), yuenuk I1.JI. Yebbrména, co3man BLIAOIUICS MKOIBHBIN yIeOHUK
MaTeMaTUKHU, CTPOI'O BbIJIEPXKUBasi IPUHITUIIBI, C(OOPMYJIUPOBAHHbBIE YIUTEIEM.

YebObIm€EB U cucTeMaTUdYecKasi IMoAroToBkKa mH>keHepoB B Poccun

Bo 2-it monmosune XIX Beka ocrpeiimmas moTpeOHOCTh B KBAaJUMDUITMPOBAHHBIX
TEeXHUYECKUX Ka/IpaxX, BhI3BAHHAS OYPHBIM Pa3BUTHUEM MAITMHOCTPOEHUsI, TTOCTABH-
Jia Iepe; pOCCUIICKON BbICHIEH MIKOJION BOIIPOC O 3HAYUTEIHBHOM YBEJIUYECHUU YUCTIA
MIOJIrOTAB/INBAEMbBIX WHXKeHepOB-MaIumHocTpouTesieit. Becnoit 1876 mst ycosepien-
CTBOBaHMsI YHUBEPCUTETCKOrO ycraBa (1863) ObLIM CO3/aHbI YeThIpe CIIeUaIbHbBIE
komuccuu. B oay n3 Hux — Komuccuio 1o ¢pus.-mar. pakynaprery — Bormest [1.JI. e-
obrmés. Cpeau Ipounx, B Heil 00Cy»K 1a1cst BOIIPOC 00 opraHu3anuu Ipu pu3.-Mart.
dakyabpreTax TEXHUIECKUX OTAEJEHUH. DTOT BOIPOC MPEICTABJISIT HECOMHEHHYIO
BaXKHOCTB JIJISI CHCTeMBbI BbIcIIero obpasoBanusi B Poccun. IIpodeccop Kuesckoro
yuuBepcutera V.V1. PaxmMaHUHOB 1IPe/IJIOZKUIT TOTOBUTH TAKUX WHXKEHEPOB Ha (pu3.-
MaT. pakymabrerax yHuBepcuteron. II.JI. YebbIméB apryMeHTUPOBAHHO BBICTYIIH
MPOTHUB ITOIO MPEJJIOXKEHUsI, cunuTasi 60jiee 1e1ecoo00pa3HbIM COCPEIOTOUNUTD O/
TOTOBKY WH?KE€HEPOB B BBICIINX TEXHUYECKUX yICOHBIX 3aBEJICHUAX, & B YHUBEPCH-
TeTaxX TOTOBUTDH CIIEIHUAJIMCTOB M0 (PyHIaMEHTAJIbHBIM HayKaM. VIMEHHO 10 3TOMY
MyTH — IyTH CO3JaHUs 3HAYUTEJIHLHOTO Yucjaa TexHudeckux BY30B pasamdHoro
npocduig — U nonuia poccuiickas Boiciagd mkosa. K 1913-1914 r. 8 Poccun momumo
10 yauBepcureroB (35695 yuarmmxcs) aeiicTBoBaIu 15 WHKEHEPHO-ITPOMBIIIICHHBIX
nHCTUTYTOB (23329 yuamunxcs), 8 BOEHHBIX U BOeHHO-MOpCKuX (1182 ywamuxcs), 6
3emite/enbaecknx (3307 yaaruxcs) [6].

Cam II.JI. YeOnIméB BoBCce He OBLT CKJIOHEH IIpeHeOperarh TeXHUIECKHM obpa-
30BaHUEM B yrojay (pyHJIaMeHTaJIbHOMY (PU3NKO-MaTeMaTudeckomy. Tem Oosiee, 9TO
uMeJT OOJIBITION ONBIT NPENoaBaHUs TEXHUYECKUX TUCHIUILINH U, BOOOIIE, MPOsB-
JISLTT YJIMBUTEIbHBIE CIIOCOOHOCTH W WHTEPEC K TEXHUKE U IMPOMBINIJIEHHOCTU. TaK,
B 1852-1858, Oyayun skcrpaopaunapabiM 1podeccopom CII6 yH-Ta, oH B TO XKe
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BpeMsI YUTAaJI JIEKITUN TT0 TPAKTUIECKON MeXaHUKe — JIOCTATOYHO HOBOI B TO BpeM
JUCTUIInHe — B AJIeKcaHIpOBCKOM Jniiee. Kpome TOro, oH IpuHUMAJI yIacTHe B
ITOCTAHOBKE TPENoaBaHus MaTEMATUKN B BOEHHO-YUYeOHBIX 3aBejleHnax. Hakonerr,
CBU/IETEJILCTBOM BbIcOUaiinero mHxkeHepaoro ypoBus II.JI. HeObiméa sapisarorcs
€ro MeXaHU3MbI, KOTOPBIX OH n300pest 0osee 40. HekoTopble n3 HUX y4acTBOBAIN BO
Bceemupnbix BbicTaBKax: mapoBasi Marmaa (1876, ®@uitateabdust), «CTOHOXOSAIIAS
marmmaay (1878, Ilapmik), «caMoKaTHOE KPECsIoy, «aBTOMATHIECKH apudMOMeTp»,
MeXaHU3MBbI JIJIsi CODTUPOBKU 3epHa U npeobpa3oBanust nprkennit (1893, Yukaro).

B miesiom, pabora Yebbrmésa B Tedenue 17 jer B Yuenom komurere MHIT (1856
1873), KaKk Hay4IHO-TIEJJATOIMIECKOM IeHTpe Poccuu, chirpasia BaKHYIO POJIb B ITe-
puon «Benukux pecdopms NMmmeparopa Anekcanmgpa II.

HeObINIEB 1 CO3IaHNE PYCCKO MaTeMaTHYeCKON NIKOJIbI

s 11.JI. HebOprmépa He MeHbIIIee 3HAYEHNe, YeM KOHKPETHbIE HayYHbIE Pe3YJib-
TaThl, BCETJA MMeJIa 3aJa4a Pa3BUTUs POCCUUCKON MaremaTudeckKoiu mkrojbl. Co-
30aHUIO0 TOM IIIKOJIBI BO MHOI'OM cIiocoocTBoBaJsin KadecTBa II.JI. YeObnméBa Kak
npocdeccopa. II.JI. HeObIER ObLI HE TOJBKO XOPOIIUM JIEKTOPOM, HO W 3aMeda-
TeJbHBIM HAYIHBIM PYKOBOJIUTEJIEM, OOJIAJIABIINM PEJIKON CIIOCOOHOCTHIO YIATHO
BBIOMpPATh U TOYHO CTABUTH II€PEJT MOJIOJBIMUA KUCCJIE/IOBATEIIMA HOBBIE BOIIPOCHI,
3aHsTUsT KOTOPBIMH BCErJIa MPUBOAMIN K O0Jiee MIu MeHee IEHHBIM pPe3y/IbTaTaM.
Kaxmyto cy66ory ot 14 10 16 qacos y I1.JI. YebbiméBa ObLT TPUEMHBI JIEHDb, KOT/A
JIBEPU €r0 KBaPTUPBI ObLIM OTKPBITHI JIjId KaKJIOr0, KTO XOTEJI O 4eM-JIu00 I0COo-
BETOBATHCS 10 MOBOJIy CBOMX MCCJEI0BaHUi. PejIko KTO yXOau/I, He 0OOTraTUBIIUCD
HOBBIMU MBICJISIME ¥ HOBBIMHU ILIaHAMU 7).

[Toznnee maorounciennble yaernkn [1.JI. HebbnméBa BHEC CAMOCTOATETHHBIN
3HAYUTE/IbHBIN BKJ1a/l B HAyKy. Cpe/ii HUX TaKhe N3BECTHbIE MATEMAaTUKU, MEXaHU-
ku u ¢usukn, Kak A.B. Bacunbes, I.®. Bopomnoii, I.A. I'pase, E.1. 3omoTapés,
A.H. Kopkumn, /I.A. Jlagnnos, A.M. JIsaynos, A.A. Mapkos (craprmii), K.A. ITo-
cce, M.JI. Iltamunkuit, I1.V. Comos, FO.B. Coxonknit, M.A. TuxomanpuiKmii.

I1.JI. YeObIméB u ero yyeHuKu CPOPMHUPOBAJIH sIIPO TOTO HAYIHOT'O KOJLIEK-
TUBa MaTEeMaTUKOB, 38 KOTOPBIM CO BpeMeHeM 3aKpenujioch Ha3panue llerepOypr-
CKOM MaTeMaTUIeCKOIl MMKOJIbI. JTa HaydHas IKoJa, co3aantas [1.J1. YeObméBbim,
MIPEJICTABJIsIa UCKJIIOUUTEIbHBIN 110 CUJIe HAyYHBIN KOJJIEKTUB U OTJIUYAJIACH OCO-
oM HampassenueM. [lo ceugerensctBy A.M. JIsanynosa «I1.JI. HebbImés u ero mo-
CJIeIOBATEIN OCTAIOTCs ITOCTOSIHHO Ha PeaJIbHOU MM0YBe, PYKOBOJISICH B3IVISIIOM, UTO
TOJIbKO T€ U3BICKAHWSI UMEIOT IIeHY, KOTOPbIE€ BbI3BIBAIOTCS TPUIOKEHUAMU (HAY Y-
HBIMY WJIA TPAKTHIECKUME) U TOJIBKO T€ TEOPHUH JIEHCTBUTEIHHO TOJE3HBI, KOTOPHIE
BBITEKAIOT U3 PACCMOTPEHUsI 9acTHBIX ciydaen. lertasibHas pa3paboTKa BOIPOCOB,
OCOOEHHO BAXKHBIX C TOYKHU 3PEHUsI MPUJIOKEHUN U B TO K€ BPEMs PEICTABIIAIO-
X OCOOEHHBIE TEOPETUYIECKUE TPYIIHOCTHU, TPEOYIONINe N300peTeHns HOBBIX METO-
JIOB M BOCXOKJICHUsI K TIPUHITUIIAM HayKH, 3aTeM 0OOOIIeHNE Oy YeHHBIX BHIBOIOB
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U CO3/IaHMe 3TUM IIyTeM OoJiee MM MeHee OOIell TEOpUU — TAKOBO HAITPABJICHUE
GosbrmHCcTBa paboT I1.J1. Yebbiména n y9I6HBIX, yCBOUBIINUX €0 B3LJIAIbI> [8].

Nt oT mpakTUKU K TEOPUU, IOTIUHUATD JI€JI0 CO3aHUsT TEOPUN JIeJTy PEITeHUS
KOHKPETHBIX BOIIPOCOB, COOJIIO/Iasi IPU 9TOM MaTeMaTUYECKYyI0 CTPOTOCTb, — BOT
yTo Xapaktepno g 11.J1. YeObiméBa n co31anHOl UM HAYYHOIN TITKOJIBI.

Tpyner 11.JI. Yebbrnmésa va nmoab3ly Poccum ObLIM OTMeYeHBI BBICOKUMH TOCY-
JIapCTBEHHbIME Harpajamu — opgaenamu Cpstoro Astekcangapa Hesckoro, Csroro
Baaguvmupa II crenenn, Cesitoit Aunbl I crenenn, Cesitoro Cranuciasa | crenenn.
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Karouesvie cnosa: HEroJIOHOMHAsi MEXaHUKA, TEOPUS YIPABJIEHUs, ITPUHITUIT MAKCUMYMa
[TouTpsirnua, 0000IIeHHBIN TpUHIAT ['aycca, CBsI3U BBICOKOI'O ITOPSIIKA.

[MIupoko wu3BecTHBI BbIalomuecs padorbl lladuyTns JIbBoBuua YebObIméBa
(1821-1894) B camMBbIX pa3IMIHBIX 00/IACTIX MATEMATHKI 1 MEXaHUKHU. B gacTHOCTH,
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OH OBLIT CO3JIaTesIeM TEOPUN CUHTE3a MEXaHU3MOB, C TIOMOIIBI0 KOTOPOIT MOXKHO, Ha~
IpUMeD, M10I00paTh TaKne Pa3sMephl CTEPKHEN 9eThIPEX3BEHHOIO MEXaHU3Ma, KOTO-
pble OyayT obecrieanBaTh OCTAHOBKY HY>KHOT'O 3BE€HA B 33 IaHHBIX ITOJIOYKEHUSIX. Psi
TaKNX MEeXaHM3MOB, U3NOTOBJIEHHBIX I10JI pyKoBoAcTBOM lladuyTns JIpBoBrya mim
VM JINYHO, 9aCTh M3 KOTOPBIX UMEIOT ero COOCTBEHHOPYYHbIe moMeTKu [1], GepexkHO
COXpaHSIOTCS Ha Kadepe TeopeTuIecKol W MPUKJIAIHON MEXaHUKH MaTeMAaTUKO-
Mexanudeckoro daxyabrera CIIOIY. HazoBeMm moctaHoBKY Takoit 3aj1adu u3 odJia-
CTH CHMHTE3a MeXaHU3MOB 3adauet; debviwésa.

[lox o606wénnoti sadavets Yebviuésa 6ymeM TOHIMATE 33184y, B KOTOPOM Tpe-
OyeTcs HaWTH TaKue YIPAaBJIAIONINE CUJIbI, KOTOPBIE TIPU HAJUINN 33 IaHHBIX 0000-
MEHHBIX CUJI, JIEHCTBYIOIIUX HA MEXaHUIECKYIO CHCTEMY C KOHEIHBIM TIHCJIOM CTele-
Helt ¢cBOOOIBI, obecriedaT OJHOBPEMEHHOE YIOBJIETBOPEHNE JIOMOJHUTETHHON crucTe-
MbI U@ dEepeHIuaabHbIX ypaBHEHN, JUHEHHONW OTHOCUTEIbHO CTAPIIUX ITPOU3BO/I-
HBIX BBIIIIE BTOPOT'O IOPsiJiIKa. 1eM caMbIM, B TEOPUH yIIPABJIEHUsI BBOJIMTCSI HOBBIM
KJIaCC 3aJ1a9 YIIPaBJIEHNUs, B KOTOPOM IIpOrpaMMa JIBUKEHUS 33/1a6TCs B BHUJE JI0-
MIOJTHUTEJIbHOI cucTeMbl auddepeHInaIbHBIX YPABHEHN BBICOKOT'O TOPSIIKA.

OHOBpEMEHHO IIOCTABJIEHHYIO HOBYIO 3a/ady VIIPaBJIEHUS MOXKHO pPacCMaT-
puBaTh KaK 3aJady HeCBOOOIHOIO [IBIMKEHNsI, KOIJa Ha JIBUKEHUEe MeXaHude-
CKOIl CHUCTEMBI, IIOJIOKEHHEe KOTOPOIl OIMUCHIBAECTCS OOODIIEHHBIMU KOOPIMHATAMMU
q", m = 1, p, HakaapiBaeTcsd k mieajbHbIX JIMTHEHHBIX HEIOJIOHOMHBIX CBsI3eil BbI-
COKOT'O TopsijKa 1 = 3.

Ha xadenpe meopermueckoit u mnpukiamaoit mexaunuku CIIOIY Obum cosma-
HBI JIBE TEOPUU JIBUKEHUsI HETOJJOHOMHBIX CHCTEM CO CBS3SIMU BBICOKOT'O IMOPSIIKA.
B nepBoit u3 HEx 06001eHHbIe peakinu (MHOXKUTEN Jlarpan:ka) paccMaTpUBAIOT-
cs Kak k Hem3BeCTHBIX (DYHKIUI BpeMeHU t, MOJJIeXKAIINX OIPEIeJeHUI0 HAPSITY
C P UCKOMBIMHU 00OOIEHHBIMU KoopauHaTamu. CTPOUTCS COBMeCTHasI CucTeMa aud-
depeHnnaIbHbIX ypaBHEHUT OTHOCUTEIBHO 3TUX P+ k HEM3BECTHBIX PyHKIMIL. BTo-
past Teopust 6a3upyeTcsl Ha UCIOJIb30BaHuu 0006IenHoro npunimna Laycca [2].

[Ipumenenne obenx Teopuit WILTIOCTPUPYETCsT UCcyepoBanueM jBuxkeHus: 11C3
IOCJTe 3aKPEIJIEHUsT BEJIMINHBI €10 YCKOPEHUsI B HEKOTOPBIT MOMEHT BpeMeHu. Takast
3aj1a9a SBJISIETCS OIHUM U3 IEPBBIX IIPUMEPOB JIBUXKEHUST PEaJbHON MEXaHUIECKOMN
cucTeMbI (B HAIIIEM CIydae U3 00J1acTh KOCMOHABTUKH) TIOCJI€ HAJIOXKEHUsI CBSI3U BbI-
COKOro mnopsizika |3, 4|. Pesyaprarsl 4nciieHHBIX pacdéToB IPUBEJIEHBI B CTAaThe [5.
Oxa3zbIBaeTCst, ITO IIPU UCIIOJIb30BAHUY IIEPBOil TeOpUN T0Cje (PUKCAITUN BEJTMIUHbBI
YCKOpeHHust (TO eCTh IMoCje HAJOXKEHWs] HeJIMHEHO HEeroJOHOMHON CBSI3W BTOPOTO
MOPsIJIKa, KOTopas rocie auddepeHImpoBanns 10 BpEeMEH! PaCCMATPUBACTCS KaK
JINHENHAsT HErOJIOHOMHAsI CBsI3b TPETHETrO TOPsKA) CIIyTHUK HAYMHAET JIBUTATD-
csT MEXKJTY JBYMsI KOHIIEHTPUYIECKUMU OKPYXKHOCTSIMU C IEHTPOM B IEHTpe 3eMJIH,
IIOIIEPEMEHHO KacasiChb KaxKJI0il n3 HuX. B ciyvae ke mpuMeHeHUs] BTOPO TeOpUH
CIIyTHUK, IIPEBPAIasiCh B KOCMUYIECKHIl almapar, ¢/ieJlaB OJUH WM HECKOJBKO 000-




ITnenapuste noknanst (Plenary reports) 41

POTOB BOKPYT 3eMJIN, aCUMIITOTHIECKH CTPEMUTCST K PABHOYCKOPEHHOMY JIBUZKEHUTO
IO IIPAMOW.

Haunbosree mHTEpeCHBIM B HPaKTHIECKOM OTHOIIEHWH OKAa3aJIOCh NpPHUMEHEHUE
BTOPO TEOpUM JJigd HAXOXKICHUS YIIPABJAIOIIECH CUJIbI, IIePEBOJLAICHT MeXaHu4de-
CKYIO CHUCTEMY 3a YKa3aHHBII MPOMEXKYTOK BPEMEHH U3 MMEIOErocs pa30BOro co-
CTOsIHUSI B HOBOEe 3aJlaHHOe (a30BO€ COCTOsIHWE, B YACTHOCTH, JIJIsI PelleHus 3a-
Jad TalreHusi Kosebanuit. BoJibiioe KOJIM4YecTBO TOAOOHBIX ITPUMEPOB MPUBEIEHO
B Monorpadmun [6]. Marepecno, uro mpumenenue 0600IMEHHOrO mpuHIwmIa [aycca
oKa3bIBaeTcsd OoJsiee 3PDHEKTUBHBIM JIJIsI PEIIeHus C(OOPMYJIMPOBAHHBIX 33184, YeM
WCIIOJTb30BaHUE KJIACCHYIECKOTO MPUHITUTIA MakcuMyma [loHTpsiruHa.

OcHoBHAasI ujiest IpeIaraeMoro HOBOrO MeTOIa AeMOHCTPUPYETCs IIPU PeIeHnn
MOJIEJTbHOM 337291 00 OTBICKAHUU YIPABJSIONIEH CUJIbI, TPUJIOKEHHONW K TOPU30H-
TaJIbHO IIePEMEIIAOIIENcsT TeJIeKKe, HeCyIell s oceil MaTeMaTUuIeCKUX MasTHUKOB.
Tpebyercst HaTH TAKyO ONTUMAJIBHYIO YIIPABJISIONLYIO CUJTY, KOTOPas 3a yKa3aHHOEe
BpeMsI TIEPEBEJIET TEJIEXKKY C MasiTHUKAMU U3 WMEIOIIErocss HadaJabHOTro (ha30BOro
COCTOSIHHSI B 3aJlaHHOe KOHeYHOe (ha30BOe cOCTOsiHME. Ec/m Iocie Hee COCTOSTHUE
COOTBETCTBYET II0JIOYKEHUIO PABHOBECHSsI, TO TOBOPSAT O TallleHnW KoJiebaHmil Mexa-
HUYIECKOU cucTembl. s yaob6cTBa BBIYUC/IEHUI U HaYaJbHOE (PAa30BOE COCTOTHUE
MIPUHUMAJIOCH B BHUJIE TTOKOS CUCTEMBI, UTO ITO3BOJIAIO JIBUKEHHUE TEJIEXKKU C MasiT-
HUKAaMU OIACHIBATH MHTerpajgamu Jlroamess.

[TepBonava/ibHO TIOCTABJIEHHAS KpaeBas 3aJa9a Pelrajach ¢ TOMOIIHIO TTPUHITH-
ma, MmakcumyMa [lonTpsruna s MuHuM#u3auu (pyHKIIMOHAA OT KBaJIpaTa MUCKO-
MO# yrpasJsiforeit cuibl. Ilpu 3amucu ypaBHeHUil MaJbIX KOJeOAHUl CHUCTEMBI B
HOPMAaJIbHBIX KOOP/IMHATAX YIAJOCH MTOCTPOUTH Jnd depeHinaibHoe ypaBHEHUE OT-
HOCUTEJILHO UCKOMOI YIIPABJISIONIENH CUJIbI C TTIOCTOSIHHBIMU KO3 UItmeHTamu, 3a-
BUCSIIUMU JIUIITh OT COOCTBEHHBIX YAaCTOT cucTeMbl. [Ipu aTOM OBLITIO OOHApY2KEHO
WHTEPECHOE CBONCTBO pEIIeHUsl, MOJYIEHHOIO C IIOMOIIBIO ITPUMEHEHUs TPUHITATIA
MakcuMyMma [loHTpsSruHa — ec/iu MoJICTaBUTh B COOTBETCTBYIOIIEE pa3sMepHoe JTud-
depeHInaabHOe ypaBHEHNE JJIsi OIIPEIe/IeHUs YIIPABJISIONIEH CUIbl €€ BbIparKeHue,
B3sITO€ M3 UCXOJHOM cucTeMbl JuddepeHInaJ bHbIX yPpaBHEHUH, TO TOJIyIUM OTHO-
CUTEJIPHO Pa3MEPHBIX 000OIMEHHBIX KOOPAMHAT CUCTEMBI Jud depeHnuaaIbHoe ypaB-
HeHne ropsiaka 2s + 4. Ilpu s = 2 oHo nmeer Bu

dBx d8<p1 d8<p2 dSx d6g01
g e g e g oo g e et
d6<p2 d*z d4g01 d4g02
6.0, 5 t 04w 7 O g tlag, o = 0,

r7e T — KOOD/JWHATA TEJIEXKKH, Y1, QY2 — YIVIBI OTKJIOHEHUN MasTHUKOB, a KO-
dbunmenTbr ypasaenust (1) siIBJISIFOTCSI TOCTOSTHHBIMU BEJTMYUHAMU, BBIYUC/ISIEMbBIMU
Jepe3 ImapaMeTpPbl MEXaHUIEeCKO CUCTEMBI.
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NupiMu  cioBaMH, OKa3aJjoCh, YUTO IIPU PEIIeHNH pacCMaTpUBaeMoOil 3ajadn
yIIPaBJIEHUs C TIOMOIIBIO IIPUMEHEHUsT IPUHIINIIA MakcuMyMa, [ lonTpsirmaa, MUHUME-
BUPYIONIEro (pyHKIIMOHAJ OT KBaIpaTa YIPABJIAIONICH CUJIbI, HEIPEPBIBHO BBITIOJTHSI-
eTCs1 JIMHEHAsT HETOJIOHOMHAST CBsI3b BBICOKOTO TIOPSIJIKA (J]azKe IIPH JIBYX MasiTHUKAX
CBsI3b OKa3aJ1ach BOCBMOT'O MOPSIJIKA). DTO HATAJKUBAET HA MBIC/Ib O BO3MOKHOCTHU
pUMEHEHUS JIJIsI pelleHns TOCTABJIEHHON KPAaeBO 3a/1a4d METOJIOB HETOJIOHOMHOM
MEXaHUKH CO CBA3SIMH BBICOKOTO mopsinka (n > 3). [losromy BMecTO mpuMeHeHUs
npuHIUna MakcumyMa [lonTpsruaa ncnoas3yem ob60o0mmenHbii mpunimn [aycca [2],
CBOMCTBEHHBII 9TOM TEOpUM U IPEJIOKEeHHBIH ere B 1983 . DT0 1103BOJISIET TIOJTY-
YUTH yIpaBjieHue B BHje NoaunHOMa. Kak mokasaim pacders! [6], B ciaydae ympas-
JICHUsI JIBUZKEHUEM TEJIEYKKH C JIByMsl MasgTHUKAMU (§ = 2) Ipu KPaTKOBPEMEHHOM
JIBUZKEHUU PEIeHNs, TIOJIy YeHHbIE TI0 JIBYM MeTO/IaM (U3 KOTOPBIX MEPBBIil SIBIISETCS
KJIACCHYECKUM METOJIOM TEOPUU YIIPABJIEHNST ) TPAKTUIECKU COBIAJIAIOT. DTO O3B0~
JISIeT OIEHUBATH IPE/II0XKEHHBIN HOBBIIT METOI, UCIIOIb3YIOMNil 0000IEHHbIN TTPUH-
i [aycca, Kak BIIOJIHE pabOTOCIIOCOOHBI. B To »Ke Bpemsi HabO/II0/1a€TCsI PE3KOE
pazmane pe3yabTaToOB B CAydae JJIUTETHHOTO ABUXKEHUS MEXaHUIECKONW CUCTEMBI.
DTO MOXKHO OOBSICHUTH T€M, 9TO YIIpPaBJEHHE, IMOJyIEeHHOE ¢ MTOMOIIHIO TPUHITATIA
MakcuMyMma IloHTpsirmHA, COAEPKUT TrapMOHUKH ¢ COOCTBEHHBIMHU aCTOTAMU CUCTe-
MbI, ITO CTPEMHUTCS BBECTHU CHCTEMY B Pe30HAHC. B oTjimdme OT 3TOro mpuMeHeHUe
obobmenHoro npuHiuna [‘aycca jgaer yrpasjeHnue B BUJE TOJTUHOMA, 9TO 0OeCIIedn-
BaeT CPABHUTEJILHO ILJIABHOE JIBUZKEHUE CUCTEMBI.

NuTepecHo oOpaTuTh BHUMaHUE eIlle Ha OJHO OOCTOSITEJILCTBO — IIPHUMEHEHUE
npuHIUIIa MakcuMyMa [loHTpsirmHa Bcera co3/iaeT CKaYKy YIIPABISIONIEil CUIbI B
HaJaJje U B KOHIlE JIBUXKeHusi. K ke ucrnosib3yercss 0000IeHHbIi mpuHIui ['ayc-
ca, TO IIPHU JIJIUTEIHbHOM BPEMEHHU JIBMKEHUS T10JI00HbIe CKauky ncde3aioT. [losromy
BO3HUKAET BOIIPOC, HEJIB3sl JIU YIAJUTh CKAUYKU YIIPABJIEHUs U IIPU KPATKOBPEMEH-
HOM JIBUKeHUH cucTeMbl. OKa3bIBaeTCsI, ITO JJIsT 9TOTO JIOCTATOYHO JIOMOJTHATETHHO
OTPeOOBATH BBITIOJTHEHUS €I1e ABYX I'PAHUYHBIX YCJIOBUM — TpeOOBaHUs PABEHCTBA
HYJII0O YCKOPEHUsI TeJIeKKU B Havdajle U B KOHIE JBUXKeHUs. TaKyio 3a/a9y Ha30BEM
paciupenHoii (0600IIeHHOIT) KpaeBoii 3ajia4ueil iepBoro nopsijika. BaxKHo 1moguepK-
HYTb, YTO PEMIATH COOPMYIUPOBAHHYIO OOOOIIEHHYIO KPAEBYIO 3a/a9y C ITOMOIIIHIO
IpUMeHEeHNsI TPUHIATIA MakKcuMyMa [IoHTpsirmHa HEBO3MOXKHO, TaK KaK IOJIyYIeH-
HOE C ero IIOMOIIBIO yIIpaBJIeHHe Oy/IeT COoj/epKaTh KOJNIECTBO HEM3BECTHBIX ITPO-
U3BOJIbHBIX ITOCTOSTHHBIX, HEJIOCTATOYHOE JIJIsi YAOBJIETBOPEHNUsT BCEX MOCTABJIEHHBIX
TPAHUYHBIX yCJOBUil. B oTiimyume oT 3TOro mpuMeHUTHh K cpOpMYyTUPOBAHHON pac-
IIIPEHHOI KpaeBoil 3ajade 0000IeHHbI npuHIuIl [‘aycca MOXKHO, YBEJIUYUB €ro
MOPSIJIOK HA JIBE €JIMHUIIHI.

OpHako, GpopMyIUPOBKA U pEIleHne PACIInPEHHON KPaeBoil 3ajladu He BCEera
OKa3bIBAIOTCS TIOJIE3HBIMI. J]e/10 B TOM, UTO, KaK MMOKA3bIBAIOT pacdersl [7], pe3yiib-
TaThI JIBUXKEHUST MEXaHUIECKON CUCTEMBI TIOJT JIEHCTBUEM YITPABJICHUS, TTOJTy 9€HHOT'O
B pe3yJbTaTe peleHus 0000IEHHON KpaeBoil 3a/1a1u, CYIIECTBEHHO 3aBUCAT OT 0e3-



ITnenapuste noknanst (Plenary reports) 43

pasmepnoro napamerpa K = T /Ty (3nece T — 6Ge3pasMepHOe BpeMsl JIBUZKEHUsI
cucteMbl, a 17 — 6e3pa3smMepHbIil HANOOIBIIUI TIEPHUO,T, KOJIeOAHU CPeTu IO IBEITeH-
HBIX K TeJIEXKKe MasgTHUKOB). OKa3bIBAETCsI, UTO CYIIECTBYeT CUETHOE MHOZKECTBO
TaKNX 3HaYeHuil mapamerpa K, npu npubJIm:KeHIN K KOTOPBIM B CHCTEMe Pa3BUBa-
I0TCsI THTEeHCUBHBIE KOJIe0aHus1. DT 3HaueHus: K ObLIn Ha3BaHbI OCOOBIMU TOUYKAMMU
pellleHnii pacIImpeHHbIX KPAeBbIX 3a/1ad.

Anaymruaeckoe pemienve 3agaqn u(T), He cojeprKaliee 0COOBIX TOUEK, IMPei-
JaraeTcs CTPOUTH Kak JmHeiinyro KoMbmuarmio uq(7) u ue(7) (7 — Ge3pazmep-
HOE BpeMsl) peIlleHnii PaCIIIPEHHBIX KPAeBbIX 3a/[ad [EPBOr0 U BTOPOTO MOPSIKOB:
u(T) = ui(7) + p(uz(r) — ui(7)). Ormerum, 9T0 B 06OOIIEHHON KpaeBoOil 3ajade
BTOPOTO TOPsiJIKa BBOISTCS M TpeOOBaHWSI PaBEHCTBa HYJ/II0O B Hadaje M B KOHIE
JIBU2KEHUSI TIPOU3BOJIHBIX 110 BPEMEHHM OT YCKOpeHUs TejexkKu. V36exkaTh BBIUHC-
JIEHHUSI OCOOBIX 3HAUEHUI PEIeHuil %] U Uz U HOCTPOUTH AHAJUTHIECKOE pEIleHNe,
HEITPEPBIBHO 3aBUCsIIEe OT apamMeTrpa K, MO3BOJIsieT Oolpee/ieHne mapamMmeTpa, (4 u3
YCJIOBUSI MUHUMAJIbHOCTH MHTErpaJia OT KBajipara (PYHKIME %(T) 32 BpeMsl Iepeme-
menust 1.

N3moxkenHast Teopusi, OMMUPAIOIIAsICS Ha, allllapaT JBUKEHNS HErOJJOHOMHBIX CH-
CTeM CO CBSA3SIMH BBICOKOT'O MOPSIKa, ObLIa IIPUMEHEHA K PEIIeHNI0 Psijia IpaKTude-
ckux 33124 [6]. B mociieiHee Bpemsi Be Ly TCst HCCIIeI0BAHNUST, HATIPABJIEHHbIE Ha OTHIC-
KaHHUe YIIPABJISIONIEr0 MOMEHTA, IIJIABHO IIEPEBOJISIIEI0 TBEPIOE TEJIO0 38 YKa3aHHOE
BpeMsI U3 OJ[HOTO YIVIOBOrO cocTostHusi B sipyroe [8|. Bosee momapobHo comeprranue
JIAHHOTO TJIEHAPHOT'O JIOKJIAJIAa U3JI0KEHO B cTaThsx |9, 10].

Pabora BoimostHena nipu nogaep:kke rpanta POPIU 19-01-00280.
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NccaenoBanme acUMIOTOTUYECKOI JMHAMUKN CHUCTEM
C TPEHUEM Ha OCHOBE MHBAPUAHTHBIX MHOXKECTB

3o06oea A.A.,'! Topauesa HU.T.,'> Kapaneman A.B.!
alexandra.zobova@math.msu.ru, goryache@Qipmnet.ru, avkarapetyan@yandex.ru
' MockoBcknit rocynapcrsennsiit yausepcuter um. M.B. Jlomonocosa,

119991, Poccuiickas Peneparnust, Mocksa, yi1. Koamoroposa, 1,
NucturyT npobiaem mexarnku uM. A. FO. Ummmackoro PAH,

119526, Poccuiickass @eneparuss, Mocksa, p. Bepuajckoro, 101, k.1

Kaonesvie caosa: acuMIOTOTHYECKAS JANHaMHKa, TpeHrue, KadeHue C IIPOCKaJIb3bIBaHUEM

B nmoxkmiame nsinaraioTcs pe3yabTaThl UCCJIeI0BAHNS HEKOTOPBIX 33189 JMHAMIKA
cHuCTeM TBEPJBIX TeJI ¢ TpeHneM. B KaxK ol 3a/1a1ue eCTeCTBEHHBIM 00pa30M BO3HMU-
KaeT MaJiblii mapaMeTp, IMPU HYJIeBOM 3HAYEHUHM KOTOPOIO YPaBHEHUS JIOIYCKAIOT
[IEPBBIIl MHTErpaJj, IPU STOM IIOJHAs MeXaHUJIeCKasl dHEPrusl CUCTEMBI SIBJISETCS
HeBO3pacTaroleil GyHKIMeil BpeMeHr. DTO TMO3BOJISIET CTPOUTH NHBAPUAHTHBIE MHO-
’)KecTBa B (ha30BOM IPOCTPAHCTBe HeBO3MyIeHHON 3ajgaqun [1]. [lpu BOo3MymeHnn
3a/1a91 3HAUYEHUS IIePBBIX NHTEIPAJIOB MEJIJIEHHO MEHSIIOTCS C T€YeHHEeM BPEeMEeHH, a
1300pazkaromasa TOUKa B (pa30BOM IIPOCTPAHCTBE OBICTPO IIPUXOINT B OKPECTHOCTH
MHBapUAHTHOTO MHOXKECTBa M 3aTE€M BCE BpeMsl JIBUKETCS B €ro okpecTtHocTtu. Ta-
KM 0Opa30M IPOBOJIUTCS KAaUeCTBEHHBIN aHAJN3 PEIIeHUl BO3MYIIIEHHON 3a/1a4H.

TopMoxkeHne OJJHOPOAHOI0 BA3KOYIIPYyToro NuJnHIApa Ha ro-
PU30HTAJIbHON IIJIOCKOCTH U3 TOI'O »Ke MaTepuaJia.

PaccmarpuBaerca quHaMuka OECKOHEYHOT'O BA3KOYIIPYTOTO IUJINHIPA PaIIyca
R Beca P, kaTsierocsi ¢ IpoCKaJIb3bIBAHUEM IO TIOJTYIIPOCTPAHCTBY U3 TOTO YKE Ma-
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Tepuasa B OJHOPOIHOM TOJEe CUbl TsxkecTr. Och MuImMHIpa U HenedOpPMUPOBAH-
Hasl IPAHUIA OIMOPHOIO IMOJIYIIPOCTPAHCTBA MOPU3OHTAJIBHBI. B 00J1aCTH KOHTAKT-
HOI'O B3aMMOJEHCTBHUS KACATEJbHBIE HAIPSIYXKEHUS OIMCHIBAIOTCA MOJIEJBIO CYXOIro
tperuss Amonrona—Kymnona. ITapamMeTpbl KOHTAKTHOIO B3aUMOIEHCTBUS U, CJIEI0-
BaTEJIbHO, CUJIa U MOMEHT TPEHUs, JeACTBYIONINE Ha IUJIMHIP, ONPEIEISTIOTCS Pe-
IIEHIEeM KBa3WCTATHIECKON 3a1a4uu Bsa3koynpyroctu [2]. [Tokazano, 1ro sta 3a1a4a
SIBJIETCS BO3MYIIEHMEM 33J1a41 O KAYEHUH C IIPOCKAIb3bIBAHUEM YIIPYTOro IUJINH-
npa. B HeBO3MyIIEeHHOI 3aja9e CyIeCTBYeT MePBbIil MHTErpaJsl, JUHEHHbBII 110 CKO-
pocTu ocu IUIuHApa V U ero yrioBoil CKOPOCTH w.

Mautbiit mapameTp 3ajaun pased € = (a — 1)~ tne a = T./T, > 1 3anaer
OTHOIII€CHUE BPpEMECHU HOC.Heﬂ;eIL/’ICTBI/IH K BpEMECHU pPeEJIaKCallul 1M PaB€H €IWHUIIC JIJI

yopyrux mMarepuaJioB. [lapamerp » = /% > 1 npeacraBisier cobOil OTHO-

IIIeHNe PaIuyca IUJINHIPa K JUTHHE YIaCTKa KOHTAKTHOI'O B3aMMOJIENCTBUS B ITOKOE
(E — moysb yupyroctu Marepuaja, v — Koaddunuent [lyaccona).

NuBapraHTHOE MHOXKECTBO HEBO3MYIIIEHHON CHCTEMBI COCTOUT U3 CTAIMOHAPHBIX
JBUKEHUH TUJIMHIPA, Ha KOTOPBIX IIPOUCXOIUT IIOJTHOE CIeIlJIEHne MaTepuaJioB IH-
JIMHJIPa U OIIOPHOTO IOJIyIIpOocTpaHcTBa. [IpoBeseHO KadecTBEHHOE HCCJIeIO0BaHMe
JIMHAMUKY TOPMOKEHUsI, TOCTPOEH (ha30BbIil IOPTPET CUCTEMBI [3].

YCTOMYNBOCTh NPSIMOJIMHENHBIX ABUXKEHUII OMHUIKUIIAXKa
npu J00aBJIEHNN BSI3KOTO TPEHWUS.

PaccmarpuBaercss JBUKeHUE 10 WHEPIIUUA SKUTIAXKA, TTOBBIINIEHHON MaHEBPEHHO-
CTHU C JByM$ MapaJLIeJIbHBIMIA U MEPIEHINKYJITPHBIM UM TPETHUM OMHHUKOJIECAMU.
[Ipu nobaBieHnn BA3KOTO TPEHUS, TPOMOPIIMOHAIBHOTO CKOPOCTU MPOCKAJIb3bIBa-
HUS TapaJjleIbHBIX OMHUKOJIEC ¢ KO dunumentom k, npu k — +00 JUHAMUKA
9KHUITaXKa I0CJe KOPOTKOI'O IMEPEXOIHOT0 MEPUOJa COBHAJIAET € JIUHAMHUKON CaHei
Yarmreiruna. Ogaako npu k = 0 ycjioBue yCTONINBOCTU PABHOMEPHBIX TPSIMOJIMHE -
HBIX JIBUKEHU, COCTABJISIONINX NHBAPUAHTHOE MHOXKECTBO HEBO3MYIIEHHOMN CUCTe-
MbI, TTPOTUBOIIOJIOZKHO TAKOMY YCJIOBHUIO Jijisi caHeii YambirmHa. HeBo3myteHHbre
ypaBHEHUs JIBUXKEHUS JIOIYCKAIOT JBa IE€PBBIX WHTErpaJjia — SHEPIUU U JIMHEHHbIHI
110 cKopocTsiM. C TOMOIIBI0O TEOPUU BO3MYIIEHU N3y9IeH MEXaHU3M ITOTePHU yCTOi-
YUBOCTU TaKWUX JIBUKEHUI TIPU MaJIbIX 3HAUYCHUAX K.

HepeBOpOTbI BOJIYMKa THUII-TOII Ha IIJIOCKOCTHM C TPpEHHECM.

PaccmaTrpuBaercs nBuzkeHne HEOTHOPOIHOTO JUHAMUYIECCKH CAMMETPUIHOIO ab-
COJTIOTHO TBEP/IOTO Iapa, JBUXKYIIErocs 1Mo 1epOPMUPYEMOIl TIJIOCKOCTU C TPEHUEM
(MO/1eJTh OTHOMEPHOT'O BSI3KOYIIPYTOro ocHOBaHMsI ). [Ipu TOBOIBHO OBIIIX YCIOBUSIX
Ha CHJIy TPEHHUsI U HYJIeBOM MOMEHTEe TPeHUs 3aJada JOIyCKaeT JUHEHHBIH 0 CKO-
pOCTsiM TIEPBBIi nHTErpas — uHTerpaJ xemerra. MccmemoBana ycToiianBOCTh CcTa-
[IMOHAPHBIX JIBUKEHUI BOJIYKA, COCTABJSIONINX MWHBAPUAHTHBIE MHOXKECTBa, HEBO3-
MYIIIEHHO CHCTEeMbI, U TOCTPoeHbl Oudypkanuonnbie auarpamvbl Cumeitia [1]. B
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BO3MYIIIEHHO 3a/ja9e MOMEHT TPEeHUs IMPOTOPIMOHAJIEH MAJIOMy MTapaMeTpy, U JiH-
HAMUKA, CUCTEMbI OIUCHIBAETCH JIBUXKEHUEM M300PaKalolieil TOYKU MPOCTPAHCTBA
CwMeitia B OKpECTHOCTA MHBAPUAHTHBIX MHOXKECTB. DTO MO3BOJISIET OIUCATH IIEPEBO-
POTHI BOJTYKA THUII-TOIl C OCHOBAHWUS HA HOXKKY IIPU €Tr0 OBICTPOIl 3aKPYyTKe BOKPYT
OCH CUMMETDPUU U BO3BPAIIIEHUE B MOJIOYKEHNE yCTOWIMBOrO paBHOBecust [4].

Hay4noe wuccieioBanme mpoBejieHO pu mojiepkke Poccuiickoro douga dys-
JaMeHTaJIbHBIX nccienoBanuii, rpant Ne 19-01-00140.
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Karouesvie crosa: TuHAMIYECKAs] TEPMOYIIPYTOCTD, 1eEKThI, JIEKTPOHHBIN ra3.
UccenoBanne JTUHAMIYECKOl 3a/a91d TEPMOYIPYIOCTH, HadaTroe B pabore [1],

onpaeTcsd Ha U3BECTHOE COOTHOIIEHNE, CBA3BIBAIOINEE TEH30D HAIIPSIKEHU 0; KPU-
CTAJLINIECKOU PEIIETKY ¢ TeH30PpOM Jiecbopmaliuu € u remneparpoii 6. B jimrepatype
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OHO HOCUT Ha3BaHme 3akoHa Jlroramens—HeilimaHna, KOTOPBI B c/Iydae U30TPOITHOTO
TeJla 3alUChIBACTCI B BUJE

oi = 2ue + (M1(e) — (BN +2u)ab) E, (1)

rje 4 u A — nocrosinabie Jlame, [1(€) — mepBblit ”HBAPUAHT TEH30pa J1e0hpMaIn,
o — KOI(DPUIMEHT JIMHEWHOTO TENJIOBOrO paciiupenus, 2 — eIMHUYHBIN TEH30D.
Cunraercst, YTO JAHHBIN TOJIX0/T OJMHAKOBO IMPUMEHUM KaK K JIMIJIEKTPUKAM, TaK
u poBogHuKaM. OTIUdne JTUHAMAYIECKOTO OTKJINKA PA3HBIX MaTePUAJIOB B paMKaxX
JIAHHOT'O TIO/IX0JIa YUUTBIBAETCS JIUIIh Yepe3 3HAadYeHUs (PU3UIECKUX IapaMeTpOB,
BXOJAMUX B Beipaxkerne (1). OxHako pazsurue hOTOAKYCTHIECKUX METOJOB ITOKa-
3bIBa€T, 9TO JJIAd aJ€KBATHOI'O OIIMCaHUsA JUHAMNYIECKOI'O IIOBEACHU A TepMopryFoﬁ
CpeJibl IIPU HUCIIOJIb30BAHUU BCE O0Jiee KOPOTKUX 10 BPEMEHU JIA3EPHBIX UMITYJIb-
COB CTAQHOBUTCSI BaYXHO YYUTHIBATH MEXaHU3M BO30YXKJIEHUS AKyCTHIECKOI'O CHI-
HAJI&, CYIIECTBEHHBIM 00pa30M 3aBUCAIINI OT TUIA MaTepuaJja. B IpOBeIEHHBIX B
I0CJIe/THEE BPEMST SKCIIEPUMEHTAIBHBIX UCCIEI0BAHUAX [2] oTMedYaeTcst, 9To oBe/Ie-
HIe aKyCTUIEeCKOTO OTKJINKA METAJIJIOB Ha UMITYJIbCHOE BO3/IEICTBIE HAHOCEKYH/THOM
JJIATEIFHOCTU HOCUT OOJIee CJIOXKHBIN XapaKTep, 9eM TeOPeTUIeCKU Pe/ICKa3bIBa-
embrit B [1]. Tak, a5 MeTasuioB mocsie Havaja BO3JAEHCTBUS JIA3EPHOIO UMILYJIBCA
JMefCTBUTETHHO HAOJIIOIAETCS TTOBEJIEHNE aKyCTHIEeCKOTO CUTHAJ A, OJTU3Koe K TIpe]I-
CKa3bIBAEMOMY B yKa3aHHOU pabore. OHAKO HA MOCEIYIONINX ITAIAX ITPOUCKOIUT
CPaBHUTEJILHO MEJJIEHHBIN POCT CUTHAJIA (B MEKPOCEKYH/THOM JIHAIIA30HE ), KOTOPDIIi
He OIMCBIBAETCsl pa3pabOTaHHOU Teopueil.

KitroueBoe oTyimyme poBOISAIINX MaTEePUAJIOB OT JIMIJIEKTPUKOB 3aKII0YAETCs B
HAJIMUYIUH JIEKTPOHHOTO ra3a, KOTOPBIA B OOIIEM CJIydae COJIEPKUT KaK CBOOOTHBIE,
TaK M CBA3aHHBbIE 9JICKTPOHDI. OCHOBHI)Ie YpaBHEHUA ,ZLByXKOMHOHeHTHOfI MOJeJINn
MeTaJlJla IMEIOT BUI:

—VPe — peve + Qei

. (2)
Vo= pivi + Qe

3necy P, — maBiieHne 3j1eKTpOHHOIO Tra3a, Q. = —Q;. — BHYTpPEHHHUE CHUJIbI BO3-
JIeMICTBUs SJIEKTPOHHOTO Ta3a U PENIETKU, Pe, Po — ILIOTHOCTb 3JIEKTPOHHOI'O r'a3a
u Marepuasia pemérku. [Ipeobpasyem cucremy ypaBreHwmit (2), CJI0XKUB epBOE U
BTOpOE ypaBHeHUsi. B pe3ysbrare mosyamnm:

O(p;v; Vi m8
(pivi + pe 1):V~Um & (3)
ot e Ot
rae oOmmii TeH30p HAIpsKeHuil o, = o; — P.E cKiIaapiBaeTcsa U3 TEH30pa pe-

H_IeTKI/I orpenaesIdeMoro 3aKOHOM ,ZLIOI‘&MGJIH HeI/IMaHa 1 JaBJICHU:A IJIEKTPOHHOI'O
Tra3a, J = €NeVyp, € — abCoOTIOTHASI BEJIMYNHA, 3apdJa JJIEKTPOHa, 11 — €ro MaccCa,
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U, — CKOPOCTHb JABUXKEHUSI 3JIEKTPOHOB OTHOCHUTEJIHHO PEIIETKU, Ne — KOHIIEHTpa-
sl SJIEKTPOHOB. Y paBHEHUE JIBHXKeHUsI (3) B IIpejcTaBIeHHON (hbOpMe COBIIAIAET C
yDaBHEHMEM J[BUYKEHUsI TEOPUH YIIPYTOCTH METAJIJIOB pabOTHI [3].

B cooTBercTBHEM ¢ M3BECTHBIMU Pe3yJIbTaTaMU YUCIO CBOOOIHBIX JIEKTPOHOB B
MeTaJLIe , IOABEPXKEHHBIX TEIJIOBOMY BO30YKIEHUIO, OIIPEIeISIeTCA COOTHOITEHTEM
ng = ’Ziﬁ Ne , Tae € p — sHeprust epmu, k — nocrosiauast Boabimana, 0, — Temmepa-
Typa 3JIEKTPOHHOIO ra3a. IIpu BBICOKIX TemIrepaTypax OHO MOXKET OBbITh JOCTATOTHO
OOJIBIIINM ¥ €T0 HEOOXOJIMMO YUUTHIBATH 1PN pacuére jiecpopmaruii. Ero Biusuue na
TEePMOAKYCTUIECKUI CUTHAJ B IIPOBOIHUKE OIPEIEISeTCsI PAa3HOCTBIO TEMIIEPATY]
9JIEKTPOHHOTO ra3a u peméTku. I1oapobHbIil aHau3 9TOTO BIAUSHUAS Ha OCHOBE JIBYX-
TEMIIEPATYPHOI MOjiesin TpejicTasieH B pabore [4]. B mannoit pabore Mbl orpanu-
YUMCSI PACCMOTPEHHEM CUTYAIINH JIA3ePHOTO BO3AEHCTBIASA HA METAJLI, IIPUBOISIIIETO
K OTHOCHUTEJIbHO HEOOJIBIIIOMY IOBBIIIEHUIO TEMIIEPATYPbI, IIPU KOTOPOM kb, K g,
1 B JaJIbHelmeM Be3 e mnoJsaraeM 6, = 6; = 6. IIpu TakoMm nCTOYHUKE, 9aCTOTHI Pac-
CMaTPUBAEMBIX IIPOIECCOB HAXOJATCS TOPa3/i0 HUKE TIa3MEHHOIl (JIEHTMIOPOBCKOIA )
YaCTOTHI, U IIO9TOMY JAOIMYCTHUMO CIUTATH, UTO BBIIOJHAETCS YCJIOBUE 3JEKTPOHEH-
TPAJBHOCTH Ne A Nj, TJ€ Nj — KOHIEHTPAIINsS MOHOB, OTKY/a CJIeIyeT PaBEHCTBO
nepopMaruii perméTKu 1 3JIEKTPOHHOTO Ta3a. Torna B ypaBHeHHN (3) MOXKHO Ipe-
HeOpedhb cjlaraeMbIM C TOKOM II0 CPaBHEHHMIO CO CJIaraeMbIMU, CTOAIIUMHU B JI€BOM
qactu. Kpome Toro, B cuiiy pazjmuns ILIOTHOCTEH PEIeTKH U 3JIeKTPOHOB, B Jie-
BOI YaCTHU ypaBHEHUsI JIBUZKEHUsI (3) MOXKHO IpeHeOpedb CIaraéMbIM C JIEKTPOHHOI
IIOTHOCTBHIO U IIPEJACTABUTDH €r0 B BUIE

Poy

=V .op. (4)

B coorercrBum ¢ ypaBuenueMm (4) juist onpejesierus aedopMalyii permeTkn Heoo-
XOJIMMO 3HaTh paclipej/ieleHre TeMIepaTypPhl U JIaBJE€HUs JIEKTPOHHOT'O ra3a B Me-
TaJute. B npubankeHnn ¢cBOOOIHBIX JIEKTPOHOB JJIsT ITOCJIETHETO CITPABEJINBO CJIe-
JyIollee TIpeacTaBJIeHue

2 2 ke \
P, = gnesp + %’I’Le{fp o . (5)

B pamkax auHeiHOII Mome/sm M3MEHEHHEe NAaBJEHHUsI MOXKET OBITh IIPEJICTaBJIEHO B
BUJIE

P, = ari, + bb,, (6)

rae 0, = 0, — 0y u N, = Ne — Ny — OTKJIOHEHUS COOTBETCTBYIOIINX BEJIUYUH OT
COCTOSIHUSI PABHOBECHSI,

2 57‘(’2 k‘@o 2 7'('2 Noer ]fe() 2
= Zep 1+ — (2 b= — =) .
“ 58F + 12 EF ’ 3 90 EF
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Torna obiriee peosioruvdecKkoe ypaBHEHUE I CPeJIbl ¢ YIETOM PaBEHCTBA TeMIIe-
paTyp JIEKTPOHHOTO Ta3a W PENMIETKH 3aIlUIIeTCd B BUJIE

om = 2pe + (A + ano)l1(e) = ((BA + 2p)ay + b)0) E, (7)
T.e. B HUjeaJbHOM Kpucrtasuie 3akoH [lroramens—Heiimana coxpansier cBOO GopMy
C HE3HAYUTEJbHBIMU TOIPABKAMU HA YIPYTHUH MOJY/Ib U KOI(MDMUIUEHT TEILIOBOIO
JUHETHOTO paCHIuPEHU.

Hanmuame oka/mm30BaHHBIX 3JIEKTPOHOB CBA3AHO C TPUCYTCTBUEM B METAJLJIE Jie-
dbekroB pasnuuHoii pupoabl (aHIEpcOHOBCKast JoKaau3anust) |5, 6]. Ilomobuast cu-
Tyalis XOPOIIO W3y4eHa JijIsd MOJIYITPOBOIHUKOB, B KOTOPBIX IMPOJIEMOHCTPUPOBA-
HO IPUCYTCTBUE TaK HA3bIBAEMOIlI «IITPBI2KKOBOII» IIPOBOJAMMOCTH. B BBIITOJIHEHHBIX
HEJIABHO KCCJIEJIOBAHUAX SJIEKTPOIPOBOTHOCTH IIJIEHOK METAJIJIOB ObLIO OOHApYKe-
HO, YTO JIJIsl TIJIEHOK C CHJIBHO PA3yIOPSIOUEeHHON CTPYKTYPOIl XapaKTepPHbI TIePeXo-
JIbI 3JIEKTPOHOB U3 OJIHOIO JIOKAJM30BAHHOTO COCTOsiHUSA B Jipyroe [7]. B merasrax
Iepexo/l JIOKAJIM30BAHHBIX JIEKTPOHOB M3 CBSI3aHHOI'O COCTOSIHUSI B CBOOOJIHOE MO-
2KeT IIPOUCXOJUTDH IIO HECKOJIbKHM MEXaHU3MaM. HaIIpI/IMep, OH MOXKET OCyIIeCTB-
JIATBCA aKTHUBAIIlMOHHBIM 06pa30M IIpyu IIOBbBIIIEHUN TEMIIEPATYyPbI ,ZLereKTa B pe-
3yJIbTaTe TOTJIONMEHNsT YHEPTUN JIA3€PHOI0 MUMITyabca. B 3ToM ciydae HEeKOTOpbIe
3axXBadeHHBIE JIEKTPOHBI MOTYT IOJYYUTH SHEPTUIO, JTOCTATOUYHYIO JIJIsi TIEPEXOJIOB
U3 JIOKAJTU30BAHHOT'O COCTOSHUS B cOCTOAHU BO/IM3U ypoBHs Pepmu Mmetasia. CBo-
OO/THBIE JIEKTPOHBI TIPH JIA3€PHOM BO3/IEMCTBUM TAKKe MOTYT MOSIBJSITHCA B PE3YITb-
TaTe pa3pbiBa CBA3El MEXK/Ty aTOMaMM PENIETKN BOJM3U KOHIIEHTPATOPOB HaIlpsIzKe-
HUl, KOHIIOB TPEIWH, TPAHUIL JOMEHOB U T.N. JlaHHBII TTepexoJ1, OCyIecTBIIseMbIil
B pe3yJibTare JelCTBUs TEMIEPATYPHBIX U AePOPMAIMOHHBIX I10JIell, TPUBOJINAT K
U3MEHEHUIO JABJIEHUST B JEKTPOHHOM Ta3e B 3aBUCUMOCTH OT YHUCJIA HOBBIX CBO-
OOTHBIX JIEKTPOHOB. VIMEeHHO OHU, KaK IIOKa3aHO B JAaHHOI padoTe, OCYyHIECTBISIOT
CYIIECTBEHHYIO JTUHAMUYECKYIO 3aBUCUMOCTD KO MUIMEHTa JTUHEHHOTO TEILJI0OBOTO
pacIIupeHns OT ITapaMeTpPoB CTPYKTYPbI MaTepuaJia. B pe3ysibrare 3a/1a4ua CBOIUT-
csl K PEIIeHUI0 CUCTEMBbI SBOJIIOIMOHHBIX YPaBHEHUM

One + V- (neve) = —a(I1(€),0)ne + B(I1(g), 0)nes
on ®
ates + V- (nesvi) = Oé([l(&‘), Q)ne — 6(11(6), e)nes;

IJ€ Nes — KOHIEHTPANNS JOKAIM30BAHHBIX JIEKTPOHOB. Uepe3 o m [ obosmade-
HbI KO3(hUIMEHTDI, 3aBUCAINAE OT TEMIIEPATyPLl U MIAPOBOl YaCTH TEH30pa Jie-
bopmarmit, KOTOpBIE ONPENETAIOT NHTEHCUBHOCTD IIEPEXOIa JIEKTPOHOB U3 OJHOTO
COCTOSIHHS B Jpyroe. AHAJIN3 PEIIeHIs] HECTAIMOHAPHBIX 33181 TEPMOYIIPYTOCTH Ka-
YeCTBEHHO XOPOIIO OIUCAJ IKCIEPUMEHTAIbHbIE (DAKTHI TOBEJEHUST aKyCTUIECKIX
CUT'HAJIOB B IIPOBOJHUKAX, a TaKKe BIIMsIHEE /1e(DEKTOB Ha M3MeHeHne (DOPMBI CUT-
HaJIa B 3aBUCHMOCTH OT HOBOT'O OIIEPATOPHOIO BH A KO3(hMUIINEHTa JTHHEHHOTO Tell-
JIOBOTO pacimpenust [8].
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Karoueswvie cro6a: KoOCMUIECKHUN allrrapart, 6aﬂJIHCTI/IKO-HaBHFaHHOHHOG obecrieueHmne

Ucnomasiercss 100 JteT co A poXKAeHUS BBIIAIONIETOCS PYCCKOTO yaéHoro JIvmur-

pust EBrenbeBuda OxormmMckoro. C rojamMu HEKOTOpbIE, Ka3aBINUECsT BasKHBIMU CO-
OBITHS, TYCKHEIOT W OOPEeTaloT 4YepThl OPJMHAPHOCTH, B TO BpeMs, KOTJa WHBIE,
HEOUYEBU/HbIE ACIEKTHI BBICBEUMBAIOTCA WM, HEOXKUJIAHHO, IMPUOOPETAIOT 3HAKOBBIE
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dopwmbl. B mapajurmMe pa3BUTHs COBPEMEHHON aCTPOJIMHAMUKU ITa TEHJIEHIUS He
SIBJISIETCsT SKCTPAOPANHAPHOI, a, HaobopOoT, XapakTepHa /s Heé. BekoBoii robuei
CcO JTHS POXKJIEHWsI BBIJAIONIETOCS ChIHA POCCUUCKOrO Hapoma — akajemuka J[.E.
OXO0IMMCKOTr0o — 3HAKOBBIH TOBO/L JIJIsT IPOBEJIECHNST MAaKCUMAJILHO BO3MOXKHOM, y2Ke
HEKOHBIOHKTYPHOM, TTOXKaJIYil, J1a U OeCIPUCTPACTHON OIEHKH €r0 CaMOOTBEPXKEH-
HOl JesaTebHOCTH Ha OJaro Pomuabl, Kak ya€éHOro, u Kak 4ejoBeka. CoBpeMeHHas
JIETOIIACH TIPOPBIBA YEJI0BEYECTBA B KOCMOC HEMBICJIUMAa 0€3 JIereHIapHbIX CTPaHMUI]
3aPOKJIEHUS U PA3BUTHS HAIIEl, 0T€YeCTBEHHON KOCMOHABTUKY, B KOTOPOI JIOJI?KHBI
OBITH aJeKBATHO OTPayKEHbI M OIMUCAHBI €€ OCHOBHBIE CTOJIIBI. Cpean HUX 0cobbIe,
BBICOKOTEXHOJIOTUYHbBIE KJIIOUEBbIE TMO3UITNN, 3aHUMAIOT TPEJICTABUTE N BCEMUPHO
u3BecTHoro uoine Mucruryra npukiaanoit marematuku PAH: ero ocuoBaress u
OeccMeHHBIN PYKOBOIUTEb, akajeMuk M.B. Keyabiin, u, mpakTudecku, ero mpapast
pPyKa, pYKOBOJIUTEJIb KPYITHEHIIIEr0 ero, «KOCMUYIECKOr0» Iojipas3ieienus — lIgroro
ornena akagemuk JI.E. Oxommmckuit. B pockommaom Mceropudeckom 3manun VITIM
Ha Mwuycckoii 1ioma/ i ux KaOWHETHI PACIOJIOXKEHBI OJMH HaJl JIpyruM. B ojiHOM
ceffgac HaXOIUTCs TypucTHYIecKas: MekKa acTpoINnHAMUKOB CO BCETO MUpa, OT f1o-
uuu 10 Ppannuu, — Memopuasnbabiii My3eii-kadbuner M.B. Kennpima, B 1pyrom, ¢
riobycamu JIyHbr u Benepsr, mpoJio/KaeT pyKOBOJAUTh UMEHUTHIM, «KOCMUYIECKIM
[Iareim oTesiom, yauenuk /IMutpust EBrenbeBuda, oJIMH U3 aBTOPOB TOTO JIOKJIAJIA.

ena ue Bcerjia obcrosiin TakuM obpazoMm. Kak mucas ogua u3 yueHnko Oxo-
nnMckoro, 4wi.-kopp. PAH Buamuvmup BacuibeBua Benenkwmit: «cmapa aCcTHTYTA
JIOJITOE BpeMsl HOCHJIA CyT'y0O JIOKAJbHBIN XapaKTep, TaK Kak JesdTebHOCTb NHeTu-
TyTa ObLITa XKECTKO 3aceKpevdeHa u 00 TOM JIedATeIbHOCTH, JIayKe O CAMOM CYIIECTBO-
BaHUU VHCTUTYTA, 3HAJIN TOJBKO TAKUE YK€ CEKPETHBIE YUPEXKJICHUs, C KOTOPHIMU
Nucturyt corpyaundas. C TedeHHEeM BpeMeHU, OCOOEHHO B SIIOXY IIPOPBIBA UeJI0-
BEYECTBA B KOCMOC, JesATe/TbHOCTh VHCTUTyTa cTajia HOCUTh BCE OOJiee OTKPBITHIM
XapakTep U cefidac y»Ke IMIUPOKO M3BECTHA Ta POJib, KakKyio MHCTUTYT Urpas B Co-
3JIaHUU siJIEpHOTO IuTa Poannbl, pa3paboTke CpeICTB JOCTABKU SIEPHOTO OPY KU
1, 0cO0eHHO, B KocMu4eckoii snomnees [1]. TlomobHo «uuBepcun aiicbepray, moJIinH-
Has BEPIINHA NPUHSTHS PEIIeHU B acTPOJMHAMUKE JOJITOe BpeMsi ObLjIa CKPBITA
I0JT, BOJIO#, B TO BpeMsi, KOT/[a OTKPbITasl «HAJBOJIHAS» IJIBIOA UX PE3YJIbTATOB OIlle-
JIOMUTEJIHHO TIOMEHSJIa UCTOPUIO.

Hmvurpuit EBrenbeBuy pommiicsas 26 despassg 1921 r. B Mockse. B 1939 romy
oH noctynua B MI'Y Ha MexaHWKO-MaTeMaTUdecKuil paxyyIbTeT. B TpyaHble TOJIbI
BO#HBI, ¢ ntoJisg 1941 roja oH padboTaj Ha CTPOUTEIHLCTBE OOOPOHUTEIBHBIX COOPY2Ke-
HUil, ydacTBOBaJ B pabore moxkapuoit komanasl MI'Y, paborasn TokapeM Ha OJHOM
13 MOCKOBCKHX 3aBOJIOB. BbLI HArpaxkaeH Megaabio «3a obopony Mocksbry. B 1942
roy mutpuit EBrenbeBud ObLI MOOMIM30BAH B apMUIO, CJIY2KUJI psiioBbIM. [locite
nemobum3aruu ¢ oceru 1942 roya Bozoonosm yuedy 8 MI'Y. B 1946 rojy oH OKOH-
YU MeXaHUKo-MaTeMmaTudeckuii dpaxyibrer MI'Y 1o crenuaibHOCTH «MeXaHUKay.
Barem on paborana B HAT'U u B momkunoctu m.H.c. B MUUAH mMm. B.A. Crekiosa
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CCCP, tam xke moctynua B acnupantypy. Okonumi e€ B 1949 romay m 3amumTur
JIICCEPTAITUIO.

Emé Oymayun crysenTom, OH OBbLIT YBJEYEH IMPOOJIEMaMU JIBUXKEHUS PAKET, C KO-
TOPBIMU ITO3HAKOMUJICS Ha CEMHUHAPE 3aMeYaTe/IbHOIO Iejarora, y4IéHOrO W H-
Ty3nacta pakeroguHamukn podeccopa A.A. Kocmomembsiackoro (1909-1988). C
1943 r. A A. Kocmonembsinckuii Hadas gurarb B MI'Y Kypc mo mexaHuke Tes
mepeMeHHOt Macchl, a ¢ 1944 1. 1o/ ero pykKoBOJACTBOM HadaJ paboTaTb HAYIHO-
MCCJIEJIOBATEILCKUIT CEMUHAP Ha MeXaHUKO-MaTeMaTudeckoMm dakyibrere MI'Y,
CBITPABIINI 3HAYUTEIbHYIO POJIb B IIOJIOTOBKE CIIEITUAIUCTOB TI0 PAKETOIUHAMUKE.

B cBoeit kuure «Teopermdueckasi MexaHWKa M COBpEMeHHasi TexHUKa» [2] A.A.
Kocmonembsinckuit nucag: «/lymaro, 9To Jijiss HEKOTOPBIX WU3BECTHBIX B HAIU JTHU
YUEHBIX, HHTEPEC K OIpeIe/IeHHbIM ITPobIeMaM COBPEMEHHON MEXaHUKU 3aPO/IUJICS B
pe3yJbTaTe pabOThl B HAYIHBIX KPY2KKaX U CEMUHApax MEXaHUKO-MATEMATHIECKOTO
daxymprera MI'Y. 4 mMory HaszBaTh, HAIIpUMEp, CJAEAYIONINX TOBAPUIIE: UIE€HBI-
koppectorgenTel AH CCCP — JI.E. Oxormumckuit u T.M. DHees, 10KTOpa PUUKO-
Maremarndeckux Hayk B.A. Eropos, B.B. Benenkunit, B.A. Capbrues ...».

M.B. Kennpiry yimasiock cobpath B cTenax MHcTuTyTa M1esty 3TuX u psjia JIpy-
rux OJIMCTaTE/IbHBIX YUYEHBIX, COCTaBUBINMX cyaBy u ropgocts UIIM um. M.B. Ken-
neimra, PAH, crenapmmx aror VTHCTUTYT BCEMUPHO M3BECTHBIM HAYYIHBIM IIEHTPOM,
IJIyOOKO MOYUTAEMBbIM HAYYHON OOIECTBEHHOCTHIO B CTpaHe W 3a pyoexkoMm. K
pa3 gaaum ciaoso B.B. Benenkomy [1]. «Ilarumecstbie TOgbI — rofbl MOATOTOBKY U
peaJin3aIuy MpoPbhIBa B KOCMOC — OBLJIA I'OJIaMHU HEBUJIAHHOTO B3JIETA WHUIIMUPOBAH-
HBIX 1 pykoBoauMbix M.B. Kebiiem Hay4YHBIX HCCJIEIOBAHUN B UHCTUTYTE BOOO-
me u B otaesie JI.E. Oxomumckoro B Tom uncie. Co3mannbiit u pykoBoaumbiii /1L E.
OxomuMckuM oTaen B HamreMm HcTuryTe mpormmén TpuyMdasabHblil IyTh HAYIHBIX
CBEPIIIeHNiT, KOTOPbIe HOCSAT HOBATOPCKUIT XapaKTep, HAIPaBJIEHbI Ha pelleHne KOH-
KPETHBIX HAay4YHO-TEXHUYECKUX MPOOJIEM ¥ BBIIIOJHEHBI Ha BBICOYAMNIIEM HayJIHOM
yposHue. Illkosa jguHamMukn KocMudeckoro mosieta Kesmabima—-OXOonmuMCKOro HbIHE
BCEMUPHO n3BecTHA. . . U 110 ceit jienb, IIIkosa KuBeT, pa3BUBaETCS U 3a2KUTAET HO-
BbIe 3Be3/Ibl Ha HAYIHOM HEDOCKJIOHE...». /locTaToYHO yKa3aTh, y?Ke B KOHTEKCTE
TEKYIIUX KPYITHEHIITNX COOBITHI MeXK Ty HAPO/IHOW KOCMOHABTUKN, HA AKTUBHOE yUa-
crue UTIM B 6a1mucTudaeckoM COITPOBOXKICHUN MEXKTYHAPOTHOIO ITPOEKTa — ITOJIETA,
pertrenoBckux obcepBaropuit KA «Crektp-PI's B maibHEM KocMOCe B OKPECTHOCTH
KOJIIMHeapHOit Touku judparuu Jlarpam:xka cucrembl CostHIie—3eMIs.

PyxoBomumbrit JI.E. OxoruMcKuM KOJLIEKTHB HEOCPEICTBEHHO yYacCTBOBAJ B
MIOJITOTOBKE M OCYIIECTBJIEHUU W TIEPBOTO IIOJIETA YeJOBEKA B KOCMOC, U IE€PBBIX
MOJIETOB aBTOMATUIECKUX almaparoB K JIyxne m mraneram CoOJTHETHON CHCTEMBI.
Bosbimast yacTh pe3y/IbTaTOB 10 TPOEKTUPOBAHUIO OPOUT KOCMUYECKUX AIAPATOB
Obl1a peain30BaHa B KOHKPETHBIX TOJIETaX. BuimMo mosToMy, HalpaBJieHue, Ha KO-
TOPOM JIHICTBOBAJIN COTPYAHUKHU TIKOJIBI Kesabima—OXoIuMCcKOro, moayInjio Ha-
3BaHUE «IIPUKJaHAsI HeOecHasi MeXaHUKay.
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Boucrtuny snoxajabHbIMU ObLIH IIepBble B MUPE J€TaJbHbIE PACUETHI IBOJIIOIAN
TpaeKToOpuii CKyccTBeHHoro cinytunka 3emsu. Padora /I.E. OxormumMckoro na sty
temy ¢ coapropamu T.M. Dueesbim u I'I1. Taparsinosoit [3] 6bu1a omybinkoBana
B T'0JI 3aIlyCKa IIePBOr0 MCKYCCTBEHHOI'O CIIyTHUKA 3€MJIU, HO 3a HECKOJIbKO MeCs-
IIEB JI0 9TOr0 cOOBITUsSA. B mpeaBepun KOCMUYIECKOH 3Pbl BOZHUKAJIN COBCEM HOBBIE
3aJla9u, He pacCMaTpUBaeMble WM HEJOCTATOYHO PACCMOTPEHHbBIE B KJIACCHYIECKOIL,
«YHUBEPCUTETCKOI» JUHAMUKe TBEPIOTO Tesa. murpuit EBrenbesud yienss 001b-
III0e BHUMAaHUE MCCJIEIOBAHUIO BO3MOXKHOCTHU U CIIOCOOOB UCITOJIb30BAHUS €CTECTBEH-
HBIX CBOICTB I'PABUTAITMOHHOTO TOJIS /IS IIACCUBHOM CTAOUIN3AIINT UCKYCCTBEHHOTO
cytHuKa 3emun. DTy wmiaeo OxomuMckuii BeraBuny emé B 1954 romy [4]. Muoro
nozxke (B 1970 r.) Jmurpuii EBrenneBud ¢ KOJLUIEKTHBOM HCCJIeI0BaTE el OBLI Y/10-
croeH ['ocynapcTBeHHOI IpeMun 3a pabOThI B 9TOM 00J1acTH.

B 1958 roxy I.E. OxomuMckmii 3ammu T JOKTOPCKYIO auccepTanuio, B 1960 6bLT
n36pan wien-koppecrnounazeaTrom AH CCCP, a Bonociencrsun — akagemukom PAH.
B 1959 r. /I.E. Oxonumckuii, 6e3 oTpbiBa OT OCHOBHOI paboThl B HCTUTYTE TIpH-
KJ1aHo MareMaTuku, cras (o naunuaruse H.I. Yeraesa) npodeccopom kadeapol
TEOPEeTHUIeCKOIl MEXaHUKHN Ha MeXaHUKO-MaTeMaTu4deckoM dakyibrere MI'Y nm. M.
B. JIomonoCOBa (Ha yCIOBUSX: «ITOJICTABKU» — BEJlb OCHOBHOE MECTO PAabOTHI Y HErO
ocranock B ITIM), a B 1962 r. Bo3rytaBmi 3Ty Kadenapy u pyKOBOIUI €10 /10 KOHIA
CBOUX JIHEM.

[To manmuaruse C. I1. Kopomesa u M. B. Kenapimra mna 6aze VIIM 6b11 co3man
basutncraecknii mentp (BIL). DTor BII Beipoc BryTpm otmena JI.E. Oxonmmcko-
T'0, ONUPAJICS HA MOIIHYIO IOJJIEPXKKY U PECYPCHI HHCTUTYTA U YCIEITHO BBITIOTHSLT
(o pyroBosicTBoM wi.-kopp. PAH 9.J1. Akuma), u HbIHE BBITOTHSET (10 PYKOBO/I-
cTBOM ero ydenunka j.¢.-m.H. A.I'. Tyunna) orBercrBenHbIe pabOTHI IO HAJIIUCTIKO-
HABUTAITMOHHOMY ODOECII€YEeHUIO IT0JIETOB OTEYECTBEHHBIX U MEXKIyHAPOIHBIX KOC-
MHUYECKHUX anmaparoB. [Ijsi koopauHaium paboThl OAIUCTUIECKAX IIEHTPOB TPEX
BegoMcTB (MuHucrepcrBa 060poHBI, MuHHCTEPCTBA OBIIEr0 MAINIMHOCTPOEHUS W
AxajieMun HayK) peleHreM PYKOBOJWTENEN ITUX BEJIOMCTB ObLIA CO3/IaHA MEXKBe-
novcTBennas [taBuast 6asmuctudeckas rpymma. Co3/IaHHbIi 110/ PYKOBOJICTBOM U
pu HerocpeacTBeHHOM TBopdeckoMm yuactuu J[.E. Oxonmmckoro Basimncruaecknin
Henrp MIIM AH CCCP B TecHOM B3aMMOIEHCTBUN CO CMEXKHBIMU OPraHU3AIUSIMU
boJiee TATUAECATH JIET YCIIENTHO BBITOJHAET PAOOTHI 10 OAJIMCTHYIECKOMY obecrie-
YEeHUIO YIIPABJIEHUs TTOJIETOM BCEX aBTOMATUYECKUX amnmaparoB «Jlynas, «Benepay,
«Mapcy, mpetHazHAYEHHBIX /1711 nccyeioBanus JIyHbl u mianet, annapaToB «Beray,
MIPOBOJIUBININX UCCJIEIOBAHUE KOMETHI laJijies, muIoTupyeMbix Kopabuieit «Coro3y,
«Co103-T», «Coro3-TM», opoutaabubix craunuii «Camory u «Mup», rpy30BbIX KO-
pabaeit «IIporpecc» u np. [lns ynpaBiieHus: mojgeraMu KOCMUYECKUX allIapaToOB B
peaabaoMm Bpemenu B ITIM AH CCCP cozman BbICOKOABTOMATU3UPOBAHHBII HHTEP-
AKTUBHBIN MH(OPMAIIMOHHO-BBIYUCIUTE/ILHBIN KOoMILIeKC. B HbiHerHee BpeMs BII
NIIM, mocie 3aBepiiieHnst YCIIENTHENIIIero Mexk 1yHapogHoro npoekTa «CrekTp-Py,
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AKTUBHO YYacTBYyeT B OAJIMCTHIECKOM COIPOBOXKJIEHUM IIOJIETa MEKTyHAPOIHBIX
kocmudeckux oocepsaropuii KA «Cuekrp-PI's B masbHem KocMmoce.

B nauasie 70-x romos Ivurpnit EBrenbeBrnd OXOMUMCKHINA 3aHSIJICA CaM U HaIle-
JIUJI TPYIILY CBOUX COTPYIHUKOB Ha COBEPIINEHHO HOBYIO IPOOJIEMATHKY — HUCCJIEI0-
BaHUE BO3MOXKHOCTHU CO3IaHMsI POOOTOB C 3JIeMEHTaMH NCKYCCTBEHHOI'O MHTEJLJIEKTA.
Nmenuch B BULy HE TOJTBKO TEOPETHYIECKHUE MCCJIEIOBAHUS, HO U CO3/IaHNE JIeHCTBY-
IONIUX MAKETOB PODOTOB B «KeJjie3e» — B COTPYJAHUIECTBE ¢ JlabopaTopueit Eprenus
Annpeesnuaa Hessanna (Mucruryr mexannku MI'Y), ¢ UncturyTom mpobiem te-
peradn wHGOpPMAIUN C ApyruMu opraunumsarusyu. Jmurpuit EBrenbeBud cosmast
ceMuHap 1o 3Toif Temaruke B MI'Y, MOAK/IIOUNT K MCCIETOBAHUSAM CTYJIEHTOB, &
B cBoeM otrjene B UIIM AH CCCP opuentuposBas Ha 3Tt paborsl cekTop A.K.
[LraTomnosa.

3a BBIIAOIIIECST 3aCIyTH IIEPET NOCyIapCTBOM 1 HayKoit akajgemuky JI.E. Oxo-
IIIMCKOMY ObLIO TIpucBoeHO 3BaHue ['eposi ConpancTudeckoro Tpy/a, OH ObLI Ha-
rpakJa€H aByMs opjieHamu JlennHa, opjieHoM OKTOPbCKON PEBOJIIONUN, OPAEHOM
Tpynosoro Kpacnoro saamMenn, MHOTIMH MEJIAJISIMU, cpean KOTopbix IvuTpuit EB-
TeHbEBUY 0COD0 OTMedaJ MeIab «3a 000poHy MockBbl». EMy ObLIN MIPUCY K IEHBI
Jlennnckasi npemusi u l'ocynapcrsernble npemun CCCP, 3osorast memanb nMeHH
M.B. Kenupiia un jipyrue npasuteibcTBennbie Harpasibl. JI.E. Oxorumckuii yie-
JISLJT MHOT'O BHUMAHHUS ITOJITOTOBKE MOJIOJIBIX HAYYHBIX KaIpoB, Kak B IIM, Tak u B
MTI'V, rie on Bo3rasiist Kadeapy TeopeTutdeckoil MexaHuku u mexarponuku. Cie-
JyeT OTMETHUTH, 9T0, X0Tsi paboThl 1. E. OXomuMcKoro ObLIM HOCBAIIEHB! PEIIEHNIIO
BaKHBIX IPOOJIEM HAYKU W TEXHUKA U UMM YETKYIO MPUKJIAIHYIO HAIpaBJIEH-
HOCTBh, Pa3BUBaeMble B HUX METOJIbI U IpeJjlaraeMble IyTH PeITeHns], KaK IPaBUIIO,
BBIXOJIMJIN JIAJIEKO 33 PAMKU IEPBOHAYAIBLHOMN MOCTAHOBKHU M MMEJIU OIIPEJIEJISIONIee
3HaYEHWE JIJII PA3BUTUS HEOECHON MEXaHUKH U METO/0B YIIPABJIEHUS CJIOKHBIMU
MEXaHUIeCKIMU CHCTEMAaMU.

JIuteparypa

[1] Benenkuit B.B. Ilects mioxxkun. Mocksa-MxkeBck: THCTUTYT KOMIBIOTEPHBIX UCCJIE-
nopanmit, 2004. 688 c.

[2] Oxoummckwmii /I.E., Duees T.M., Taparsrosa I[.I1. Ycuexu dusnueckux vayk», 1957,
T. 63, Nel a.

[3] Kocmonmembsirnckuit A.A. Ycnexu dusndeckux Hayk», 1957, T. 63, Nel a. Teoperuue-
CKas MexXaHUKa U coBpeMenHasi TexHuka. M.: [Ipocsemenne, 1975. 248 c.

[4] Oxonmmckuii /I.E.,3onos F0.B., Tokaps E.H., Kuszes I.A.,Jlyppe A.J1. upensapu-
TeJIbHOE HCCJIeI0BaHNe TPOOJIeMbl CO3/IaHUsI OPUEHTUPOBAHHOTO CIlyTHUKA 3emin / /
Otyer OTnenenus: NpuKJaaaHON MaremaTuku, 1956, 137 c.
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ITamarnu 3acayKeHHOro aesitelida Hayku Poccuiickoii
Denepaiun, jgaypeara I'ocysapcTBeHHOII ITpeMun
Poccniickoit ®eaepainu, nmpodeccopa Ilerpa
EBrenpeBuyua ToBcTuka
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CaHKT-HeTep6yp;CK;ﬁ rOCy/IapCTBEHHbBINl YHUBEPCUTET,
199034, Poccuiickast Penepanusi, Cankr-Ilerepobypr, YuuBepcurerckas Hab., 7—9

30 nexabps 2020 roza Bcero uepes JIBa JTHsI [IOCJE CBOEro 85-J1eTusd YIIET U3 KU3-
uu podeccop Ilerp Esrennesuu ToscTuk, kaBajep Opjena mouéra, 3aciyKeHHbIH
nesitesib Hayku P®, jmaypear TocynapcrBennoit mpemuun P®, npemun PAH umenn
M.A. JlaBpentweBa, aByX llepBbIX YHUBEPCUTETCKUX MIPEMU 3a HAYyIHBIE TPY/IbI.

Besa ero xkusab OblLIa HEPa3pbIBHO CBA3aHA C MaTEMaTUKO-MEXaHMYEeCKUM da-
KysabTeToM Jlernunrpajickoro, a 3arem Cankt-IleTepOyprckoro rocyaapcTBeHHOTO
yuuBepcutera. B 1958 roxay Ilerp EBrenbeBuu c¢ oriimameM OKOHYMI (DAKYJIbBTET
u ObLT ocTaByieH B acuupantype. llociie 3amurbl B 1963 rojy KaHInIaTCKON JIHC-
cepranmu oH paboras B jgadboparopun BubOpanmit HUM Maremarnkn n Mexanukn
(HUMMM) JIT'Y. Bamurue B 1968 101y JOKTOPCKYIO JUCCEPTAIUIO, OH CTAJI JIOIEH-
TOM, & 3aTeM IpodeccopoM KadeIpbl TEOPETUIECKON U IMPUKJIAIHON MEXaHUKHU, C
1978 roma m g0 mocegHUX IHEI CBOeil XKU3HU OH 3aBeI0BaJI 9TOH Kade poii.

[IepBbie HayuHbIe HcciienoBanusd, BeinosHeHHbIe 1I.E. ToBcTuKOM B J1abopato-
pun Budbparmit HUMMM mon pykoBoACTBOM 3aBeIyIONIero jJadbopaTopueil JT0oIeHTa
["H. ByxapunoBa, ObLIN TTOCBAIIEHBI ACHMIITOTUIECKOMY AHAJN3 YPABHEHUN KOJIe-
OaHUiT BUHTOBBIX TPY2KUH.

B nasbHeitneM ero yBJIEKJIM CJIOXKHBIE 33J]a9M TEOPUU CBODOJIHBIX KOJeOaHUI
TOHKUX 0DOJIOUEK BPAIEHUS, KOTOPbIE OMUCHIBAIOTCS OOBIKHOBEHHBIME Auddepen-
IUAJBHBIMYU YPABHEHUSIMU C EPEMEHHBIMU KOI(MDPUIIMEHTAMU, COJIEPKAIIUMEI Ma-
JIbIit TapamMeTp. /Iyt perienus 1esioro kJiacca tTakux ypasHenuit [letp EBrenbeBud
pa3paboTaJjl HOBBIIT aCUMIITOTHYECKUIT MeTOo | nHTerpupoBanusi HaiiieHHble acuMIi-
TOTUYECKUE PA3JIOXKEHUS ObLIN MCIOJb30BAHbI JIJIsi OIPeJe/IeHUusT 9acTOT U (POopM
KoJiebaHuit 000JIOUKHN BpAIlleHUsl. DTU Pe3yabTaThl Bonum B 1968 101y B €ro JI0K-
Topckyto succepranuio. B 1970 romy 3a nukJ paboT 1mo Teopuu 00OJI0UEK OH ObLI
yanoctoeH llepsoit mpemun JII'Y 3a mHaydnble Tpyapl. PesympraTsl mcciemoBaHMin
I1.E. ToBcTuka mo Teopun KoJjiebaHmit 000/109€K BPAIeHns BKJIFOUEHBI B COBMECTHY O
¢ AJIL Tonbnenseitzepom u B.B. Jlugckum kaury «CBoOOIHBIE KOIEOAHMSI TOHKIX
yIpyrux oboJIoueK», onmyomnKoBaHuyo B 1979 rony B uzzmarenbcTtBe «Haykas.

B cepemune 1980-x ronos [lerpom EBrenbendem ObLT pazpaboTaH HOBBII aCHMII-
TOTUYECKUI METO/T IPUOJINKEHHOTO OITpeJle/IeHNsT HU3IINX YacTOT KoJIebaHuit n Kpu-
TUYECKUX HATPY30K MOTEPU YCTONUYUBOCTU HEKPYTOBBIX IMUJIUHJIPUIECKUX W KOHU-
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qecKux 00osouek. C MOMOIIBIO 9TOTO METO/Ia IMOJIyUEHbI ITPOCThIE TPUOJINKEHHbBIE
pelieHnsi OOJIBIIONO YHCJIa 33729 TEOPUHM KOJIEOAHUM M YCTOMYIMBOCTH O0O0JI0YEK,
JIJIsT KOTOPBIX XapaKTepHa JIoKaau3alus (popM KojebaHuit u popM IIOTepH yCTOii-
YUBOCTHU BOJIM3M TaK HAa3bIBAEMBIX HamboJiee ciadbIx oOpagdyronux. Panee jig stux
3a7a49 ObLIM U3BECTHBI JINIIb OT/e/JIbHbIE UNCJIEHHBbIE pe3ysabTrarhbl. [IpuMmeneHuo u
Pa3BUTHUIO ITOTO METO/Ia ITOCBSIIEHBI JIOKTOPCKHUE JINCCEPTAIIUU €T0 yueHuKoB [.11.
Muxacepa u C.b. @uaumnmosa.

Boimu uzyvensr u Apyrue BUILI JOKaIu3aun. B ToM unciie ciiydan, KOrjaa MaJiblie
BMSITUHBI COCPEJIOTOYEHBI BOIN3U HanbojIee ¢J1aboii TOUKU Ha CPEJIUHHON OBEPXHO-
CTH WA B OKPECTHOCTHU CJ1ab0 3aKperieHHOTo Kpasi. OCHOBHBIE Pe3yJ/IbTaThl CBOUX
MCCJIEJIOBAHUIL 110 Teopuu ycToitanBocTu obosiouek [lerp EBrenbeBuv nsioxKui B Mo-
HOrpadUAX « YCTOWINBOCTD TOHKUX 000JI09€eK: acuMirTornaeckue meroabi» (M.: Ha-
yka, 1995) u B coBmectHoit ¢ A.JI. CmupHOBBIM MOHOTpadun “Asymptotic methods
in the buckling theory of elastic shells” (World Scientific, 2001).

B 1998 romy 3a muki pabor «DyHiaMeHTaIbHBIE TPOOIEMBI TEOPUA TOHKOCTEH-
HbIX KoHCTpYKInit» [I.E. ToBcTuK B cocTaBe aBTOPCKOTO KOJIJIEKTUBA IT0JT PYKOBOJI-
creoMm A.JI. Toibnenseiizepa ymocToeH 3BaHus Jaypeara ['ocymapcTBEeHHON IpeMun
Poccniickoit Penrepariuu B odsractu HayKu u TeXxHUKU. B ToMm ke roy I1.E. ToBcTuky
MIPUCBOEHO 3BaHUE «3aC/IyKEeHHBIi JesaTesb Hayku PDs.

B menuHeitHbIX 3a/1a9ax MOI'PEITHOCTh TeOpun 000JI0UEK BO3PACTAET C yBeJIMde-
HueM jedopmariuii, TpuIéM OCHOBHYIO HETOYHOCTH BHOCSIT COOTHOIIEHUS yIPYTO-
CTH, CBA3BIBAIOIINE YCUJIUs U MOMEHTHI ¢ jepopMmaniusmu. B padorax [1.E. ToscTtuka
U3 TPEXMEPHBIX YPaBHEHUI TEOPUU YIPYTOCTU BHIBEJIEHBI YTOUYHEHHBIE COOTHOIIE-
HUS YIPYTOCTHU, IIPU KCIIOJH30BAHUN KOTOPBIX MOTPENTHOCTh HEJNHEHHON Teopuu
000JI0UEK UMeeT IOpsiJIOK 0e3pa3sMepHO TOJIMUHBI 000JIOUYKU. Y TOYHEHHBIE COOT-
HOIIIEHUsT YIIPYTOCTH SIBJISIIOTCS HOBBIM (DYH/IaMEHTAJIbHBIM PE3yIbTaTOM HeJnHei-
HOIl Teopun obosiouek. OHu Bomwu B MoHOrpaduio «OO0Imas HeJuHEHHasT TeOPUs
yIpyrux o6ojiouek», m3nannyio B usgareabcrBe CIIGLY B 2002 1, (coBmMecTHO €
C.A. Kabpunewm, E.V. Muxaitnosckum, K.®@. Yepubixom, B.A. IIlamunoii). 3a sty
MmoHorpacduio ee aBropam B 2002 romy mnpucyxkiaena llepsast npemus CIIOLY 3a
Hay4IHbIE TPY/IbI.

B nocieanne ronsr BuuManue [lerpa EBrenbeBnda npuBiekaan HEKJIaCCUIECKUe
3aJa91 CTATUKNA U AUHAMUKH TOHKHX 0DOJIOUEK M IIacThH. K HUM OTHOCSTCA 3a-
Ja9¥ YCTOMYIUBOCTHU U KOJIEOAHWIT MHOTOCJIOMHBIX 000/I09€K U TJIACTUH, 0D0JIOYEK U
IJIACTHUH, JIEXKAIUX Ha yIIPYrOM OCHOBaHUU, OAJIOK, IJIACTHUH U 000JIOYEK, U3TOTOB-
JIEHHBIX U3 MaTepuaJa C O0Iell aHu30Tponueii u Jp.

Bonabmas cepusi pabor Ilerpa EBrenbeBuva mocssineHa HMCCIIEI0BAHUIO OAJIOK,
IUIACTUH U ODOJIOUEK, M3TOTOBJIEHHBIX U3 JIMHEWHO YIIPYTOT'O OJHOPOIHOIO aHU30-
TPOITHOI'O MaTepuaJia OOIero BUIa, COOTHOIIEHUS YIIPYTIOCTH KOTOPOI'O COJEpKaT
21 yupyruit MomyJib.
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[Tosryuensl 1ByXMepHbIE ypaBHEHUsI, OIMCHIBAOIINE ITPOTUO U TTOIIePEeIHbIe KOJIe-
OaHUs TOHKOM IJIACTUHBI U3 JIMHEWHO YIIPYTOro OJHOPOIHOTO AaHU30TPOITHOIO MaTe-
puaJia obtiero suja. OKa3aiochb, 9TO B OTJIUYHE OT OPTOTPOIHBIX MaTEPUAJIOB KaK
runiore3bl Kupxroda—JIsasa, Tak u runoresnsl Tumontenko—Peiiccaepa mpuBoadaT K
JBYXMEPHBIM MOJIEJISIM, OIMMUOOYHBIM B TJIABHBIX YJIEHAX O OTHOIIEHUIO K MAaJOMY
mapaMeTpy TOHKOCTEHHOCTH, PABHOMY OTHOIIEHWIO TOJIMWHBI TIJIACTUHBI K JIJTUHE
BOJTHBI. /[J1s1 BBIBO/Ia KOPPEKTHOU JIByXMEPHON MOJEN UCIOJIb3yeTcss 0000IeHHasT
runore3a Tumomnrenko—Peiiccaepa. IlokazaHno, uTo B ciiydae npenMyniecCTBEHHO H3-
ruOHON JepopMaIuy TOCTPOEHHAS JIBYXMEPHAS MOJIE/Tb SIBJISETCS aCUMITOTHYECKH
TOYHO! B I'VIABHBIX UJIEHAX II0 OTHOINEHHWIO K MAJOMY MapaMeTPy TOHKOCTEHHOCTH.

Ha 6a3e o6o61mmennbrx runores Tumorenko—PeiiccHepa nccienoBaHbl CBOOOIHBIE
KOJIe0aHUsl U YCTOWIUBOCTD 10T JICICTBHEM OHOPOIHOIO BHEIITHETO JIaBJICHUST TOH-
KAX YIPYTUX MUJIMHJIPUIECKUX 000JI0Y€EK, U3rOTOBJIEHHBIX U3 MaTepuaJsa ¢ OOIei
AHU30TPONNEH. ACUMITOTUIECKAM METOIOM IOJIYyYeHbI IMPUOIMKEHHDBIE (DOPMYJIBI
JIJIsT OIIpeJieJIeHNsT YacTOT 1 popM KoJsiebaHu i, KpUTUIECKOTO BHEIITHETO JaBJICHUsT 1
dopMm morepu ycroiranBocTu. JIOCTOBEPHOCTH ACUMIITOTUYECKAX PE3YIABTATOB II0/I-
TBEPKTAETCA YUCIEHHBIMI pacdeTaMU METOJ/IOM KOHEYHBIX 3JIEMEHTOB.

CosmectHO ¢ akagemukoM H.D. Mopo30BbIM pelreHbl 38/1a91 O CBOOOIHBIX KO-
JIEOAHUSAX W YCTONYMBOCTU CYKATOTO TPAHCBEPCAJIBLHO M30TPOITHOTO MPOCTPAHCTBA,
MOJTYIIPOCTPAHCTBA U TPAHCBEPCAJIBHO M30TPOIHON cxkaToil mracTuHbl. Ocoboe BHU-
MaHUe yIeJIeHO aHaJn3y (pOopM IOTEPU YCTONYMBOCTU KAaK CaMOTI'0 YIIPYTOro OCHO-
BaHUsl, TaK U ILJIACTUHBI, JiexKaleil Ha HeM. HenmumHelHBINT aHAIN3 SHEPIUN ITOCIe-
KPUTHUYIECKOU JiecpopMaIuy MPpUBOIUT K BBIBO/LY O PeaM3aIuU MaxMaTHONH (OPMBI
MIOTEPU YCTOMYUBOCTH, UTO COOTBETCTBYET IKCIEPUMEHTAJHLHBIM PE3YIbTATAM.

Hayunnie natepecs! 11.E. ToBcTuka HUKOTIa HE OrpaHUYNBAJIUCH UCCJIETOBAHT-
MU B 00J1aCTH Teopuu 000s109€eK. Jloyirue roapl OH PYKOBOIUI MHOTOYUCIEHHBIMA
1 Pa3HOOOPA3HBIMU XO3/I0TOBOPHBIMU PaboTaMu. Y IUBUTEIbHAS WHTYHUIIAS TOMOTa~
Jla eMy cpa3y Ke BBIJIEeJIUTh OCHOBHBIE YePTHI N3y9aeMOM MEeXaHMIeCKOU CHUCTEMBI 1
CO3/IaTh JJIs He€ aJIeKBATHYIO MaTeMaTUIeCKYIO MOjeb. MHorne ero Tpy/ bl MOCBs-
IEHbl PEIEHUI0 CAMbIX Pa3HOOOPA3HbIX MPUKJIQIHBIX 3aJad MexaHnukKu. OTMeTum
3/1eCh TOJTBKO HEKOTOPBIE U3 HUX.

B pamkax MHOTOJIETHETO COTPYIHUYIECTBa ¢ ['OCy1apCTBEHHBIM ONTUYECKUM HH-
CTUTYTOM BBITIOJTHEH OOJIBITION THWKJI padOT, CBA3AHHBIX C PACUYETOM OOJIETIEHHBIX
MEeTAJLTIIECKUX 3ePKaJl TEJIECKOIOB. 3ePKAJIO TEJIeCKOIa MOJIETUPOBAIOCH KOJIbIIEe-
BOI CJIOMCTOH IJIACTUHOI TepeMeHHOi ToMmuHbl. OCHOBHBIE PE3YJILTATHI ITUX HUC-
cJIeJIOBAHUM OTpakeHbl B MoHOrpadun «Pacdér m onTuMm3arusi MeTaJ InIecKuX
3epKaJjl TeJEeCKOIOBy, Bbimeaeil B uzmaresberse CIIOIY B 1997 1. (coBMecTHO c
C.M. Baysp, A.M. Kosasnesbim, M.B. Ilerpobim, B.B. Tuxomuposbim, M.W. Viu-
tuabiM, C.B. Ouinnmossim).

C 1994 roma Ilerp EBrenbeBnd mpwHHMAaJ aKTUBHOE yYacTHE B IPUJIOKEHUN
Teopun 000JIOYUEK U ILIACTUH K IpobsieMaM odrajabMosiorun. IIpeaioxkennbie Mosie-
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JIM TIOMOTAIOT IPU ONKMCAHWHU TATOJOTMYECKUX U3MEHEHUU B CKJepe TIa3a, a Tak-
JKe M3MEHEHUsI HAIPSKEHHO-1e(POPMUPOBAHHOIO COCTOSHUS 000JI0UEK TJIa3a MOCIe
XUPYPTUUIECKUX BMeNaTebCTB. HeKoTopble pe3y/ibTaThbl, MOJYYeHHbIE UM B ITOM
obsactu, orpaxkensl B coBMectHOl ¢ C.M. Baysp u B.A. 3umunbiMm MoHOrpadwnm
«[Tpocreiine Moen Teopun 060JI0UYEK U IJIACTUH B oranbmosoruny (M3garessb-
creo CIIGLY, 2000).

B 2013-2015 romax Ilerp EmrembeBmu 3aHmMaJsicsi KJIacCUYECKOW 3ajiadeil
Nmnuackoro—JlaBpenTheBa 0 JIMHAMHYECKOM ITIOBEJIEHUHN CTEPKHS, CXKATOTO ITPO-
noyibHOM cuioit. [IpuMenenne MeTona JByXMaCIITAOHBIX ACUMIITOTUYECKUX Pa3Jio-
JKEeHUI TTI03BOJIMJIO UCCJIE/IOBATH IIaBHbIE 1 KOMOMHAITMOHHBIE PE30HAHCHI ITPU TIOTIE-
PEYHBbIX KOJIEOAHUSIX CTEP2KHS, BBI3BAHHBIX €r'0 ITPOIOJIbHBIMEU KOJIEOAHUSIMHU, TTOJTY-
YUTh OIEHKY MaKCUMAaJbHON BeJmunHbI poruda. MccienoBan pexkxum OneHwuii, cBsi-
3aHHBIX C IIEPEKAYKON SHEPIUH IPOJIOJbHBIX KOJIEOAHWII B SHEPTHUIO ONEPEUYHBIX,
n Haob0opoT. N3ydeno BiusHue GpopMbl HaYATLHBIX HECOBEPIIEHCTB Ha Pa3BUTHE
morepevuHbrx Kosrebanuii. C MCoIb30BaHNeM MHTErPaIbHBIX ITPeoOpa30BaHuil ycTa-
HOBJIEHA CBsI3b HambOOJIee OIMACHBIX HECOBEPIIEHCTB ¢ HamboJjee OBICTPO PACTYIIMMU
dopmamu mporuba, ycraHoBaeHHbIMI B pabore A. Unumuackoro u M. JlaBpeHnTheBa.
B 2015 r. 3a ceputo pabot «/InHaMuKa cTep:KHs IIPU IIPOJIOJIbHOM c:KaTuu. Pa3zpurue
umen M. A. JlaBpentheBa n A. FO. VnummHCKOTO» KOJIJIEKTHBY aBTOPOB B COCTaBe
Huxurer @énoposuyaa Mopososa, Anekcanapa Korncranrunosnya Bensiepa n [leTpa
Esrennesmua ToscTuka npucBoena mpemust umenu M.A. JlaBpentbeBa Poccuiickoir
aKaJIeMUM HAYK 32 BBIJAIONINECS PE3Y/IbTaThl B 00JIaCTU MaTEMATUKN U MEXaHUKMU.

o mnocnemnux jueit [lerp EBrenbeBud coxpaHsisl TaKO! HayYHBIN MTOTEHITAAT,
KOTOPOMY MOTYT TT03aBU10BaTh MHOTHE O0Jtee MoJiojibie KoJuteru. B 2016-2020 rogax
I[I.LE. ToBctukom omybOamkoBano Oosiee 40 HaydHBIX cTaTeil, 27 M3 KOTOPBIX — B
[PECTHXKHBIX POCCUMCKUX M 3apybexkHbIX KypHasax, a B 2020 roxy B CRC Press.
Taylor&Francis Group Bbinuia B cBet copmectHasi ¢ [ V1. MuxaceBbiMm MoHOTrpadmst
“Localized Dynamics of Thin-Walled Shells”.

B ob6meit cinoxkuoctu 11.E. Tosctuky npunajyiexkar 6ostee 270 HaydHBIX 1TyOJIH-
karuii, B Tom gucyge 10 monorpadmuii. B Haykomerpudeckne 6a3nr Web of Science u
Scopus BxoauT okoJio 100 ero pabor.

B sTtux paborax cojepkaTcs IMOCTAHOBKU aKTYaJbHBIX U CJIOKHBIX 33J1a9 B Ca-
MOM OOIleM BHUJI€ U WM3SAIIHOE UX PEIeHNe C MCIOJTb30BAHUEM ACUMITOTUIECKUX
MEeTOJIOB, B pa3paboTKy KotopbiX Ilerp EBrenbeBud BuEC GosibIoit BKIa . Oobmme
dyH/IaMEHTAILHBIE TEOPETHIECKUE Pe3YJIbTAThl B €ro padoTax HEM3MEHHO COITPO-
BOXKJIAIOTCS PelleHneM KOHKPETHBIX IPUMEPOB, KOTOPbIE OH CaM JIOBOJIUJI JI0 YUCJIA,
COCTaBUB M OTJIAJIUB MHOYKECTBO KOMIBIOTEPHBIX ITPOTPAMM.

Hagunasi ¢ 1994 rona, I1.E. ToBcTHK IIOCTOSIHO SIBJISLIICS PYKOBOIUTEJIEM IIPOEK-
ToB PODD, nocBaménHbIx Teopun 000109KeK. OCHOBHBIE PE3YJIBTATHI, IOy I€HHBIE
110 STUM I'DAHTAM HEU3MEHHO IPUHAJJIEXKATU E€MY.
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[Terp EBrenneBud me kaJjiej BpeMEHU U CUJI Ha CBOUX MHOTOYHUCJIEHHBIX YIEeHU-
KOB, CPe/Iu KOTOPBIX 9 TOKTOPOB (PpU3UKO-MaTeMaTuIecKux HayK u Oosiee 30 KaH1u-
JaToB (BUBUKO-MaTeMaTndecKnx HayK. OH MIeIpo JAeINICsd ¢ HUMU CBOMMU UJIE€SIMHU.
[Terp EBrenbeBud co3jaa HAYIHYIO IIKOJIY 1O IIPUMEHEHUIO aCUMITOTUIECKUX Me-
TOJIOB B TEOPUU TOHKUX 000si0ueK. COBMECTHO CO CBOMMU YYCHUKAMU OH HAITHUCAJT
HECKOJIBKO OTJIMYHBIX YIeOHUKOB 10 TIPUMEHEHUIO aCUMIITOTUIECKUX METOJIOB B Me-
XaHUKe TBEPBIX TeJI.

[Terp EBrenbeBud cTUMYJIMPOBAJI HAYIHBINA POCT COTPYIHUKOB Kadeapbl, KOTO-
PYIO OH BO3IJIaBJsiI 42 T0/a, JIOJIbINE, YeM KTO-JIMOO M3 ero 3HaMEHUTBIX IIPe/l-
IMeCTBeHHUKOB. [Ipu BCTyIieHUM B JIOJI?KHOCTH 3aBeJyIONIero Kadeapoit oH ObLI
eJIMHCTBEHHBIM IIpOodeccopoM Ha Heil. 3a BpeMsi ero 3aBejoBaHUs Ha Kadeape 1o-
SIBUJIUCH TIATH ITPO(eCccopoB, dABJIAIOMMUXCs e Bhinyckaukamu. [IIupora mHTEpecos
II.LE. ToBcTuka 103BOJIslJIa €My Pa3BUBATh HayYHbIE HAIIPABJIEHUsI, KOTOPbIE OBLIN
Ha Kadeape nupu H.H. Ilonxsixose, Bo3rimapingsmeMm eé ¢ 1952 o 1978 rox. B 2020 ro-
1y comecTHO ¢ ipod. M.II. FOmkoBbIM OH cas B mredaTh B uzjareabcrso CIIOLY
JIBYXTOMHBIN yaeOHUK 110 TeopeTrudeckoii Mexanuke. Oanospemento [Terp Esrenne-
BUY $IBJISIETCS OTBETCTBEHHBIM PEJIAKTOPOM 3TOTO JIByXTOMHOro yueOHukKa. [loaro-
TOBJIEH TIEPEBO/I ITOI'O yIeOHUKA Ha aHTVIMMCKUI S3BIK JIJIsI U3aTe/IbCTBA Springer,
IpUYeM BBIXOJ B CBET IIEPBOIO TOMa HAMEUYEH Ha MAPT MECHI TEKYIIEro roja.

[Terp EBrenneBud Bcerjia BEJI OOJIBINTYIO HayIHO-00IIeCTBeHHYO0 pabory. OH sB-
Janca ainenoMm Harmonasnbnoro komurera Poccun 1o TeopeTndeckoil U MpuKJIaTHOM
MexaHuKe, sKkcnepToM Poccuiickoro @onga pyH/1aMeHTaAILHBIX UCCIIEIOBAHUINA, TIaB-
HBIM pejakTopoM KypHasa «Bectuuk Cankr-IlerepOyprckoro yuuBepcurera. Ma-
TemaTnka. Mexanuka. ACTpoHOMUs», IpeJiceaaTesieM CIIeuaJTu3NPOBAHHOIO yUe-
HOT'O COBeTa IO 3allUTe JOKTOPCKUX JIUCCEPTAINii, Ipejce/iaTejieM CEKITUU Teo-
peruveckoit mexanmku nmenun H.H.ITomsxosa Cankr-IlerepOyprekoro loma Vué-
ubix uM. M. ['oppkoro PAH, npeicenaresiem MeTommaeckoil KOMUCCAN MaTEMATHKO-
MeXaHn4ecKoro akyabrera, aienoM Y uénoro Cosera Cankrt-IleTepbyprckoro yHu-
BepcuTeTa. OH 0018121 SHITUKJIONEIMIECKUMU 3HAHUSIMU BO MHOTHX pas3jiesiax Co-
BPEMEHHOW MEXaHWKHU, YTO IMO3BOJISLJIO €My OJIECTSINE CIPaBISITHCI CO BCEMHU €ro
MHOT'OYUC/IEHHBIMU O0sI3aHHOCTSIMU.

JIBepb B ero KaOwHeT Bcerjia ObLia OTKPBITA JUISA CTYJAECHTOB, acCMPaHTOB, CO-
TPYJIHUKOB Kadeipbl u daxyabrera. He oTKa3bIiBal OH B KOHCYJIBTAIIUU U JIPYTUM
JIFOJISIM, KOTOPBIE O0paIaanch K HeMY 3a OMOIbIo. Ul Bce oHM moTyvdaan 9€TKUe
sICHbIE OTBETHI HA CBOU BOITPOCHI.

[Terp EBrenbesud narpaxien opgaerom [louéra, [TloaéTubiM 3HakoMm «3a OT/IMY-
Hble yciexu B pabote B obJactu Bhiciiero oopasosanuss CCCP» u Ilouérnoit rpa-
moroit CII6I'Y «3a memaroruteckoe MacTepCTBO M IOJATOTOBKY HAyJIHBIX KaIPOB».
Cremyer oTMeTUTh, 9TO HOJyYeHHbIe UM Harpajbsl u npemun llerp EBrenneBuu He
CUMTAJI JIMYHOU 3aC/Iyroil, a BOCHPUHUMAJ MUX KaK IOJIOXKUTEJILHYIO OIEHKY Jies-
TEJILHOCTH Bcell KadeIphl.
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[Terp EBrenbeBud ObLT 3a060T/IMBBIM MYZKEM M OTIIOM JIBYX 3aMeYaTeJTbHbIX JI0-
gepeit. Ero xena Tarbsana MuxaitsioBHa, 101eHT Kadeapbl CTATUCTHIECKOT'O MOJIe-
JINPOBAHUSsI, SBJISETCS COABTOPOM €ro padOT, B KOTOPBIX HMCCJEIYIOTCS CJIyJaiHbIe
BozieiicTBusi. Co3/mannas €0 ceMeiiHas arMocdepa JII0OBUA U TEIJIOThI, TTOCTOSHHAS
MOJJIEP2KKA MY2Ka TTO3BOJIUIIA €My JIOOUTHCST TAKUX BBIJAIONINXCS YCIIEXOB B HAYKE.
Crapmas poub Tans, crapiiumit HaydHbI coTpyaHuK MHCTHUTYTA 1IpOOIEeM Malim-
noBesieaust PAH, moctosiHHO TIOMOTaJj1a OTIY W SIBJISIETCS COABTOPOM MHOTHUX €0
moce X pabot. Maasmasi, Caira, BeIOpaJsa Apyroil myTh U CTaJia XyI0KHIKOM.
Ha eé cuery okosio 30-Tu XyI02KE€CTBEHHBIX BBICTABOK U WJIEHCTBO B TBopdYeckoM
coro3e Xym0xKHUKOB Poccun.

[lerp EBrenbeBud ObLI HEYyTOMHMBIM ITyTeleCTBEHHUKOM, a Tarbsana Mwnxaii-
JIOBHa ero Hem3MeHHOU cryTHuIeil. Hagamoch Bcé ¢ rop KaBkaza, HO 1 B mmoe3akax
Ha KOH(PEPEHINH OH CTPEMUJICS TOIHSThCA Ha JIIOOYIO ropy, KoTopasi ObLia B IIpe-
nenax pocsraemoctu. CreyiomuM yBJI€UYeHHEM CTaJIO IJIaBaHue Ha Oaiilapke, B
TOM YHCJE U II0 CeBepHBbIM pekaM u o3epaMm. Bmecrte ¢ Tarpanoit MuxaittoBHOI
OH JI0 TIOCJIETHUX JHEW COBepINaJ MHOTOYACOBBIE MPOTYJIKH IO JIeCaM B OKPECTHO-
crax Ilereproda. B cdepe ero crnopTUBHBIX WHTEPECOB OBLT HE TOJBKO TYPHU3M,
II.LE. ToBcTuK — 3as/1/1bIil IMAXMATHUCT, KAHIUJIAT B MacTepa CIOPTA.

Broicoknit mpodeccnonaansM, OTBETCTBEHHOE OTHOIIEHNE K JIEJIY U TTOCTOSHHAS
TOTOBHOCTH TIPUJTU Ha TOMOINL cHucKaym llerpy EBrenbeBmuy aBropurer m yBa-
JKeHue KOJIIeT U YIEHUKOB.

Hawm 6yner ouenn He xBatath IleTpa EBrenbeBuya — BeJIMKOro y4€éHOrO, JIIOOU-
MOT'O YYIUTEJIsI, YEJIOBEKA OOJIBITIOTO TAJIAHTA.

Csetsiast eMy MaMsITh.

OaHomMepHBIT 1 MHOTOMEpPHBIT MagTHUK Kanuiibl

Moposzoe H.®D.,'?> Beases A.K.,''? Kyauoscrnuros . A.,!
Toecmux I1.E.,! Toecmux T.M.,'! Toecmux T.II.?
morozov@nm1016.spb.edu, 13augen@mail.ru, dima.kulizhnikov@mail.ru,
peter.tovstik@mail.ru, tmtovstik@mail.ru,tovstik t@mail.ru
! Canxr-Ilerep6yprekmii ToCyIapCTBEHHBIH yHI/IBe;)CI/ITeT,

199034, Poccuiickast @enepanusi, Cankr-Ilerepbypr, YHuuBepcurerckas Hab., 7-9,
WucTuryT nmpobiem mammHoBenennst PAH,

199178, Poccuiickas @enepanusi, Cankr-IleTrepOypr,

Bospmoit p. BacunbeBckoro octpoBa, 61

Karueswvie caosa: IIOJIMTaAPMOHHUYIECKOE N Cﬂy‘{aﬁHOG B036y}K,ZLeHI/Ie, obJiacTu yCTOfI‘IHBOCTH
U IIPpUTAXKEHUA, aCHUMIITOTHUYIECKOE NMHTEI'PUPOBaHUE.

Knaccnuaeckas 3amaga Kammer |1, 2] 3akaodaercs B ucciieJoBaHAN JUHAMUKI
HEBECOMOT'O BEPTUKAJBHOI'O CTEPXKHA C TOYCYHON MaCCOM Ha KOHIE IO/ JIeiiCTBU-
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eM BepPTHUKAJLHBIX BUOpalyii ocHOBaHMA. Pasimdanbie 0600menus 3a1a4un Kanmmpr
cojiepxkarcs B MoHorpaduu [3|, B paborax asropos [4]-[6] u ap.

Ilepsyio rpymmy paboT o0pasyloT CHCTEMbBI C OJHON CTEIeHbIO CBOOOMBI, B KO-
TOPBLIX MasTHUK KOJIEOJIETCA B OJHOI BEPTUKAJIBLHOIN INIOCKOCTH. PaccMaTrpuBaeTcs
rapMOHHYECKOE, IOJMTapPMOHIYIECKOe U CIydaiinoe Bo3Oyzxkaenne. Takzke paccMmor-
pPeH MasTHUK C yIPYro 3aKkperyiéHHbIM HikHUM KOHIOM [4|. ITocienusis 3amaga
MOJICJIUPYeT 3aJa9i 00 yCTOHYMBOCTH YIIPYIOrO BEPTUKAJBLHOIO CTEPXKHSI CO CBO-
OOJIHBIM BEPXHUM KOHIIOM IO JeficTBrHeM BUOpanuii ocHoBauus |5, 6.

Hcnosib3yeTcst METOJ| aCUMIITOTUIECKOIO MHTEIPUPOBaHUs [7], COrIaCHO KOTOPO-
My HEH3BECTHBIC (PYHKIIUU IIPEJICTABIAIOTCA B BUJIE CYMMBI

y(t,e) =U(r,e) +eV(t,1,e), T=c¢t, e K 1,

MeJJIEeHHO MeHsomuxcsd GyHKImn U u MaJibIX OBICTPO KOJIEOIoNuXcsd (DyHKITNIMA
eV ¢ myJsieBbIM cpeJHUM TI0 t 3HadYeHueM. Y paBHEHHUE HYJIE€BOTO IMPUOJIMKEHUS JIJIsT
meteHHo Menstiomuxcst dyukmuii L(Uy) = 0 mo3Bosisier HaiiTu 06JaCcTh mapaMmer-
POB, IIPU KOTOPBIX HYJIEBOE PEIICHUE YCTOMINBO, & TaKKe HAWTU 00JIaCTb IPUTSIZKE-
HUsl BEPTUKAJIHHOTO ToJIoyKeHus. [Ipu eé mocTpoeHnn HaxouM 00JIaCTh HAYAIbHO-
ro orkjoHeHuss (G, canTas HAYAJIBHYIO CKOPOCTb B MCXOJIHON MOCTAHOBKE HYJIEBOI
(9(0,€) = 0). OkassiBaercst, aro U((0) = vy # 0, npuaém BeaudnHa vy 3aBUCAT OT
HadasbHOI dasbl § Bosmytenus f(t) = asin(wt + ).

B pesynbrare 00s1acTh TPUTSIKEHHST OKa3aJiach COCTOSINEl M3 JABYX dacTei
G = G, + Gp. B obmnactu G, cxomumocts Up(7) — 0 mpm 7 — 00 HMeET MeCTO
npu Bcex 3, a B obsactn (), — JIAIIL IPA HEKOTOPBIX. JTa ¥Ke 0COOEHHOCTH 00IacTH
MPUTSKEHNS TTPOSIBJISIETCS W BO BCEX pacCMaTpUBAaeMbIX HUXKe 3ajadax. [lpm ciry-
JaifHoM Bo30yKaeHnn GyHkiws f(t) mpemosaraeTcs CaydaiiHbIM CTAIMOHAPHBIM
IIPOTIECCOM, POJIb HAYaJbHOM (ha3el urpaer ciaydaitnocts Beauaunbl f(0), a obuia-
CTU YCTOWYMBOCTU U INPUTSKEHUS MOTYT ObITH IOCTPOEHBI JIUIIb C OIPEIEICHHOMN
BEPOSITHOCTDIO.

Bo BTOpyIo rpyiiiny BXOJST CUCTEMBI C JIByMsl U TPeMsl CTeleHsIMU cBOOO/Ibl. B
obreM cirydae chepruIeckoro MasiTHUKA TIPU TapMOHUYIECKUX BHOPAIUsX OHOPHI [8]
MPUBOJISAT K JOCTATOYHO CJIOYKHOMY HEIIEPUOIMIecKOMy JBrmKennio. Hamu paccmor-
peHa 0oJiee TIpOCTast 3aj1a4a 00 YCTONYMBOCTU BEPTUKAJIBHOIO TTOJIOKEHUsT MasiTHH-
Ka C yI€TOM CHJI TPEHUsI 1 00 00IACTH MPUTSZKEHUsT ITOr0 ToJioKenust. [Ipu stom
MIPEJITOIOKEHNEe 00 OTCYTCTBUU HAYAJIBHON CKOPOCTU CBOIUT CHEPUIECKOE JTBUKE-
He K 11ockomy. [loaromy mpesmoaraeTcst HaImare NCIe3aoIe MaJIoil HadaIbHOM
CKOPOCTH.

JIBm>KeHMe B TOJI€ CUJIBI TSXKECTH TBEPJIOTO TeJjla ¢ HEITOIBUYKHON TOIKOI, KOTO-
pasi, B CBOIO OYepe b, COBEPINAET MaJIble BBICOKOYACTOTHBIE TAPMOHUIECKTE KOJreba-
HUsI, U3y9aeTCsl B JIOCTATOIHO O0IMeil mocrtanoBke. HavuaabHass CKOPOCTh CUNTAETCST
HYJIEBOI, YIUTBIBAIOTCS MaJible CUJIbI Tpenusd. lIpuBourcs cucrema ypasaenuit Jii-
Jlepa U BBbIBEJIEHA CUCTEeMa YPaBHEHU, ONMUCHIBAIONINX MeJJIEHHbIE JBUKEHUS TeJIa.
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ToukM MOKOsT 9TOM CHCTEMBI, OIUCHIBAIOT (B CJydae UX YCTONYNBOCTH) IPEJIeSIbHBIE
II0JIOZKEHN I, BOJTM3W KOTOPBIX TEJIO COBEPIIaeT MaJjble Kosebanus. PaccMorpen mmpo-
cTefmuii YacTHBI cirydaii ocecuMMeTpuaHOro Tesa (ciaydail Jlarpamxka). B obmem
cIydae aHAJIM3 He 3aBepIleH. UHCJIeHHOe MHTerPUPOBaHNe ypaBHEHUi Jiijepa Io-
Ka3aJI0, 9YTO BO BCEX PACCMOTPEHHBIX CJIyYasX C TeYCHUEM BPEMEHU TEJI0 CTPEMUTCH
K HEKOTOPOMY IIPeeIbHOMY IIOJIO?KEHHIO, BOJIN3U KOTOPOT'O OHO COBEPIIAET MaJible
KOJIEOAHUS.

Hay4noe mccienoBanne mpoBefieHO IIpu nojgjep:xkke Poccuiickoro donnga dys-
JaMeHTaJbHBIX uccyaeaoBanmii, rpanTbl 19.01.00280-a, 20-51-S52001 MHT-a.
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JIByxda3Hble TedeHUs Ta3a C YacTUIlaMU B 3aa49ax
A’dPOANHAMUKN: B3IJISAJ YIEHOTO U MH>KEHepa,
Mpo0JIeMbl 1 PEe3yJIbTAThI

Hupxyros I0.M., Ilangunaos C.B., Pomanrox /I.A.

yury-tsirkunov@rambler.ru, panfilov_sv@Qrambler.ru, romanyuk-da@rambler.ru
Banruiickuit rocyiapcTBeHHbIN TexHu4YecKnit yuusepcuretr um. /I. @. Ycrunosa,

190005, Poccuiickas Penepanusi, Caukr-Ilerepoypr, yia. 1-a Kpacrnoapmeiickasi, 1.1

Kmoueswie crosa: nByxdasHble TEUEHUS «Ia3-9aCTUIIBI», adPOJUHAMUKA, Ia30Basi JIMHA-
MUKa, KOHTUHYAJIbHO-KUHETHYIECKasd MOMENb, 3(M@MEKTHI CIyIaillHON TPUPOILI, YUCIEHHOE

MOAE/IMPOBaHHE.

Kak mn3BecTHO, 1TOJIETHI CAMOJIETOB B 3albLIEHHON aTMocdepe 3amperenbl MexK-
JIYHAPOIHBIMU IIPABUJIAMU I'ParKIAHCKUX IePeBO30K. TeM He MeHee, TaKue MOJIETHI
MIPUXOIUTCS OCYIIECTBIATH, HAIIPUMED, TPU BHE3AITHOM U3BEPXKEHWN BYJIKAHOB. B
HaCToOdAImee BpeMA yqéHbIe HaCYUTBIBAOT OKOJIO ITOJIYTOPa ThICAY OIIaCHBIX BYJIKA-
HOB, B I'OJI IIPOUCXOIUT U3Bep2KeHne 0KoJio H0 BysKaHOB. 110 oreHKaM ByJIKAHOJIOTOB
IIPU U3BEPKEHUU 0CODO0 KPYITHBIX BYJIKAHOB B aTMOCHEPY MOXKET ObITh BHIOPOIIIEHO
10 b ThIC. KyOMYIEeCKUX KUJIOMETPOB IIeIlIa, KOTOPBI CIOCOOEH MOIHATHCSA Ha BbI-
coty 10 30 KMJIOMETPOB M OCTaBaThCsl B Tpomocdepe u crparocdepe I0Jroe BpeMs
(HeckoIbKO MecstieB). [ToéThl caMOIETOB MOIYT TaKyKe OCYIIECTBIATHC B IPU3EM-
HOM CJIO€ Ha/I IIyCThIHEH B YCJIOBUSIX IIECYAHON OYPH, IIPU TYIIEHUN KPYITHBIX JIECHBIX
IIOXKApOB B YCJOBUSAX CUJIBHON 3abIMJIEHHOCTH W T.II. IpyruM mpumMepoM IBHKe-
HUs TeJa B 3allbLICHHON aTMocdepe MOXKET CJIYKUTH CIIYCK KOCMUYIECKON KaIlCy b
B armocdepe Mapca, e BpeMsi OT BpeMeHU BO3HUKAIOT IbLJIEBbIEe OypH IIaHe-
TapHOro Maciiraba. B HacTosiiee BpeMsi CyIecTByeT IporpaMmMa CUCTEMATUIECKIX
HabJTI0/IeHnit 3a aTMocdepoit Mapca, HO rapaHTUPOBAHHO TPEICKA3aTh OTCYTCTBHE
IBLIEBOH Oypy IpHU MOJJIETE W CIIyCKe KOCMUYECKOI KAIICYJ/Ibl ITOKa He ITPeJICTaBIs-
eTCsl BO3MOXKHBIM. [Ipu JBUKeHNM JIeTaTeIbHOTO allfiapaTa Wk CIIyCKaeMOi KOCMU-
YecKomn KaIICyJIbl B 3alIblJIEHHOMI aTMOC(l)epe BO3HHUKaAECT PALd HOBBLIX IIO CPaBHEHHUIO
¢ OOBIYHOW a’3POMHAMUKON IMPUKJIAIHBIX U (PYHIAMEHTAJbHBIX 33184, CBI3aHHbBIX
¢ MPUCYTCTBHEM B IOTOKE JTUCIEPCHBIX YACTHUIl IPpUMECH. TaKume JacTHIlbI, OyIydn
60Jiee MHEPIIMOHHBIMU 110 CPABHEHMIO ¢ HECYIIUM Ia30M, CTAJIKHABAIOTCS ¢ OOJIBIION
CKOPOCTBIO € TIOBEPXHOCTBIO annapara [1| u sjemenTamu ero jasuraresisi (Hanpu-
Mep, B caydae TypOOPEaKTUBHOTO MM TYPOOBEHTUISITOPHOIO ABUTATENsI, YACTUIIHI
CTAJKUBAIOTCA C JIONATKAMU BUHTA, KOMIIPECCOPA, CTEHKAMM IIPOTOYHOI'O TPAKTA U
T.11.) [2]. IIpu cTOIKHOBEHUM YACTHIIBI MOI'YT OCAXKIATHCST Ha 00TEKaeMOii TOBEPXHO-
CTH, OTCKAKHBATh OT HEE, BhI3bIBATH a0PaA3UBHYIO 3PO3UI0, YCUINBATH TEILJIOOOMEH,
BJIUSITH Ha TedeHUe HecyIero rasa. /IByxdasnas cpega «ra3-qacTHUIbI» 3HAUUTE b
HO OO0JIee CJIOXKHBIN OOBEKT 110 CPABHEHUIO C YUCTO I'a30BOM CPEIOii, YTO MPUBOIUT
K OOJIBIIIOMY PAa3HOOOPA3WIO KAPTUH TEUEHUS JlayKe B CJIydae MOHOIUCIIEPCHO ITpu-
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mecu [3]. ITosemenue mucnepcHoit hasbl B IIOTOKE BO MHOI'OM OIIPEJIEISIET CBOCTBA
BCcero tedenusd. JInHaMuKa IMpPUMECH 3aBUCHT OT TAKUX BayKHBIX (PaKTOPOB, KaK €€
KOHIIEHTPAIUsI, WHEPIIMOHHOCTDh YacTHIl, nX (popma u paszdbpoc 1o pa3mMepam, Ia-
paMeTphl YJIAPHOTO B3aMMOJEUCTBUS ¢ 00TEKAEMOI MOBEPXHOCTHIO, MEPOXOBATOCTD
MMOBEPXHOCTH, TTapAMETPhI CTOJIKHOBEHUT MEYK Ty YaCTUIAMU.

HeobxomumMo oTMETHTD, UTO IIPU UCCJIEJOBAHUM 3314 JABYyX(a3HOU adpo- U Ta-
30IMHAMUKN B3IVISJIbl WHKEHEpPA M aKaJIeMUYEeCKOT'O HCCJIeOBaTeN s Ha paccMaT-
pUBaeMbIii OObEKT 3aMeTHO OT/IndaroTcsi. C MPUKJIAIHON TOYKHU 3pEHUsi OCHOBHOM
IEJTBIO STBJISETCS OIpeie/IeHNe CUJIOBOTO U TEILJIOBOT'O BO3/IEHCTBUS ABYX(A3HOTO T10-
TOKa Ha 00TEeKaeMYIO IIOBEPXHOCTD, IPEJICKA3aHNe SPO3UN TTOBEPXHOCTU U, KAK CJIE]I-
CTBHE, BpeMeHn e€ 0e301acHOro (pyHKITMOHUPOBAHUS, WHTEHCUBHOCTH OCAKJICHUS
JaCTUIL, BBISBJIEHUE OIPEJIE/SIONUX (DAKTOPOB M U3yUeHUE BO3MOXKHOCTU YIIPaB-
Jienns cBoictBaMu TedeHusi. C TOUKM 3peHus (PyHIAMEHTAJIbHON HAYKW OCHOBHOM
WHTEPEC TPEJICTABIAIOT T€ sIBJIEHUA B JIByX(a3HOM ITOTOKE, KOTOpPble COOCTBEHHO
U OIPEJICJITIOT €r0 CBOMCTBa. DTO, MPEXKJE BCEro, B3aUMOJIECTBUE HECYIErO Ta-
3a C YaCTUIAMU, YJ/IApHOE B3aUMOJENCTBUE HACTUIL C MTOBEPXHOCTHIO, BO3MOYKHBIE
CTOJIKHOBEHUS YACTHUI] MEXK/Iy CODO#l B MOTOKE M BO3HUKAIONINE 3/1€Ch KOJIIEKTUB-
Hble 3P PEKTHI, BIUSIHUE ITPUMECH Ha ITapaMeTphbl TeYEHHs HECYIero rasa. LTaKuMm
oOpa3oM, MpeJIMETOM HCCJIETOBAHNS aKaIeMIUIEeCKON HAYKU SABISIOTCS «3dJIeMEeHTap-
HbIe» TPOIECCHhI U KOJUIEKTUBHBIE sIBJIEHUSI B JIByX(a3HOI cpejie, B TO BpeMs KakK
OCHOBHOM TIEJIBIO MPUKJIAIHBIX HCCJIEIOBAHUN ABISIOTCS (PYHKITMOHAJBI JIByXas3-
HbIX TedeHUi. [[OHATHO, YTO MPUKJIAJIHBIE 33/]a9l HE MOTYT OBITH PEIIeHbI C JO-
CTATOYHON TPeJICKA3aTEIbHON TOYHOCTHIO 0€e3 ITyOOKOro MOHUMAHUsT (PU3UIECKUX
aCIleKTOB MUKPO- M MAKpOSBJIEHUIT U CO3JaHUSA WX aJIeKBATHBIX MaTeMaTHUIeCKUX
MoOJIeJIel.

Knaccuueckasi Teopusi Byxdas3ubix TedeHuii [4] ocHOBaHa Ha psijie JTOBOJIb-
HO CUJIBHBIX JIONYIIEHUI: JaCTUIBI chepudecKre, MOHOIUCIIEPCHBIE, CTOJTKHOBEHUS
MEXKJIy HUMU He YYUTBIBAIOTCHA, OOTeKaeMasi MOBEPXHOCTD TIJIaJIKas, YaCTHIIbI JTHOO
MIOTJIOMIAIOTCA OOTEKAeMOil IMOBEPXHOCTBHIO, JIMOO PETYJIAPHO OT HEE OTCKAKUBAIOT.
OHaKo B peaibHbIX TEYEHUSIX ITU JOIYIIEHUS MPAKTUIECKH HUKOTJA HE BBITIOJI-
HSIOTCsI, II09TOMY B IIOCJIE/IHUE JIBA C IIOJIOBUHON JIECATUJIETUS] 3HAYUTEIbHOE BHU-
MaHUe UCCeioBaTesieit ObLI0 cPOKYCHPOBAHO HA PA3BUTUU TeX aCIEKTOB TEOPUU, B
KOTOPBIX YUYUTBHIBAJINCH Obl «HEKJIACCHYECKHe» IPPEKTHI, TIpexkK e Bcero, IPpdeKTh
carydaiinoit mpupossr [5]-11].

B nokutajsie paccMOTpeHO COCTOSTHEE COBPEMEHHOM TeOpHU TeYeHUil ra3a ¢ TBEP-
neivu dacturiamu. OCHOBHOE BHUMAaHUE yJIeJIeHO Hanbojiee TPYIHBIM BOIIPOCAM, CBsi-
3aHHBIM C MOJIEJIMPOBAHUEM TAKUX TEUYEHUI: PACCESHUIO YaCTUIl HechepruaecKoit
dOpPMBI TPU UX OTCKOKE OT 0OTEeKaeMOil TTOBEPXHOCTU, OTCKOKY YaCTHIL OT TJIATKOMI
U IIIEPOXOBATOH IMOBEPXHOCTH, Pa30pOC YACTHIL 110 pa3sMepaM, CTOJTKHOBEHUS TaCTHUIT
MeXK/1y co0OOif M BJIMSIHHE CTOJIKHOBUTEJILHOU CpEIbl YaCTUI] HA TE€YEHHE HECYIIEro
rasa.
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IIpn MomemmpoBannn OOTeKaHUSA TeJI MaJaloliye YaCTUIIBI OTCKAKNBAIOT OT 00-
TeKaeMOl ITOBEPXHOCTU, OHH MOTYT CTAJKHBATHCA C MAJAIONIIMHI U MEXKIY COOOM,
YTO NPUBOJUT K XAOTU3AIMM JBUKEHUA YACTUIL. YUIET CTOJKHOBEHUI MerKIy da-
CTULIAMH CYIIECTBEHHO YCJIOXKHAET MOJIEeJIb JIByX(a3HOI'0 TeUeHUd, U 3J1eCh OYeHb
BazKHBIM fABJIIETCA BOIIPOC O TOM, IIPU KaKUX IIapaMeTpax II0TOKa, B YaCTHOCTH, IIpU
KaKOll KOHIIEHTPAIIUU IIPUMECH CJIe/IyeT yIUTbIBATh CTOJIKHOBEHUS MezKy JacTUa-
MU. ZICHO, YTO ec/IM KOHIEHTpAaIusd JacTUIl B HEBO3MYIIEHHOM IIOTOKE HCYe3alollle
MaJla, TO CTOJIKHOBEHHS MeXKJIy JacTHUIlaMU He OyJyT UrpaTh HUKakoit posu. Ilpn
3TOM IIPUMeCh TaKzKe He OyJeT OKa3blBaTh U BJIMAHUA Ha TeUeHUE HECYIIEro rasa.
Opamako mpu yBeIWYeHUH KOHIeHTparuu oba 3ddekTa, 0Y4eBUIHO, CTAHYT CYyIIle-
CTBEHHBIMU W UX IPUACTCA YIUTBIBATH B Mojiesn Tedenus. B pabore [3] mokaszarmo,
YTO NIPU OOTEKAHNN 3aTYIJIEHHBIX TeJI IIOTOKOM I'a3a C JIOCTATOYHO MHEPIIMOHHBIMA
JACTHUIIAMU C POCTOM UX KOHIIEHTPAINN CHavYaJ/Ia HAYNHAIOT UI'PATh 3aMETHYIO POJIb
CTOJIKHOBEHHS MEXK/Ty Ia/JAI0MNMI ¥ OTPaKEHHBIMU dacTHIaME (yKe IIPH 00bEM-
Hoit KoHnenTpanuu nopsiyika 1079). Tlpu sTom obparHoe BO3/eHiCTEHE TIPUMECH Ha,
TedeHHe ra3a OCTaéTCs HeCcymecTBeHHBIM. OHO CTAHOBUTCA BaKHBIM C yBeIHICHIEM
KOHIIEHTPAIUU Ha IOPAJ0K u OoJjiee. /JaHHBII pe3yiabTaT IO3BOIUI Pa3BUTh KUHE-
TUYECKYI0 MOJIe/Ib CTOJIKHOBUTEIbHOM IPUMeCH, JBUZKYILYIOCA B MU3BECTHOM IIOJIE
Teuennst ra3oBoil dassl [5]. [losxke s1a KMHeTHYeCKast MOsesb Obla BKIIOUYEHA B
MOJIeJIb ABYX(A3HOI'0 TedeHUd, B KOTOPON yUUTBIBAJINCH KaK CTOJTKHOBEHHUSA MEXK-
JIy JacTHIIAMH, TaK U 0OpaTHOe BIIMANNE IPUMECH Ha TedeHne Hecyiieit cpeast [6].
Onun dyHIaMEHTAIBHBII BOIIPOC 3/1€CH OCTAETCS IOKA OTKPBITBIM: MOIEINPOBAHIE
IIAPHBIX CTOJIKHOBEHUII YaCTHUIL B CJIydae, KOIla OHI UMEIOT HecdepuiecKyto hopMy.

MogenupoBanue TedeHnit nucrepcHoi asbl, Korja chepudecKkrue JacTUIbl pac-
IIpeJiesIeHbl CIIydaifHbIM 00pa3oM B HEBO3MYIIEHHOM IIOTOKE U UMeeTcs pa3dbpoc 4a-
CTUII 110 pa3MepaM, B IPUHITUIE, CPABHUTEIBHO IIPOCTO B paMKaX JarDAHKeBa, OIIH-
CaHNd JUHAMUKH IIPUMECH, U 3JIeCh OCTAHAB/INBATHLCA Ha 3TOM BOIIpOCe He OyzeM.

OzHuM 13 TPYAHBIX BOIIPOCOB ABJIETCA yAapHOE B3aUMOeNCTBHE JacTHIl ¢ 00-
TeKaeMOil TOBEPXHOCTBIO. MoiemmpoBaHre TAKOr0 B3aNMOIEHCTBIAA IIPHU HEOOJIBIINX
CKOPOCTSIX yJapa (HECKOJBKO METPOB B CEKYH/[LY), XapaKTEPHBIX, HAIPUMED, I
ITHeBMOTPAHCIIOPTa JUCIIEPCHBIX CPeJl, PacCMaTpUBaeTcs B OOJBINIOM dncie paboT.
Opnnako B 3a/adax JBHKEHHS JIETATEJIbHBIX AIIapaTOB B 3allbLIEHHON aTMocdepe
CKOPOCTH COY/JIaPEHUsI BEJUKN (OT HECKOJIBKHUX JECATKOB /IO HECKOIbKAX COTEH MeT-
POB B CeKyH[y). B sTOM amamasone cKopocTeil Ipu ONNCAHUU yJapa IPUXOINTCH
OINPATbCA Ha dKCIEepUMeHTaIbHyI0 nHpopMmanuio. Hanbonee HaaéKHbIMUI ABJIAIOT-
cd JJaHHBIC 110 KO3(M@UIIEHTaM BOCCTAHOBJICHIS KOMIIOHEHT CKOPOCTH LIEHTPa Mace
gacturl. Ciemyer oJHAKO OTMETUTb, 9TO B paboTax IPUBOAATCA CPeIHUE 3HaUe-
HUs KO3(DMUIUEHTOB, 10Ty YeHHbIe /I OOJIBIIOr0 YUC/Ia YaCTUIl, IPUIEM JaCTHUIIbI
B 9KCIEPHUMEHTaX UMEIOT KaK IIPaBHUIO, HecheprudecKyo hbopMy U 3aMETHBII pa3-
6poc 1o pa3MepaM. DTy HEONPEJEJIEHHOCTh CJIe/lyeT UMETh B BUJY IIpU Pa3padoT-
Ke U OIIeHKH aJIeKBATHOCTU Mojienu ynapa. Hambosee TpyaHoil 3a1adeit aBiseTcs
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CO3J/IaHNe CPABHUTEJIBLHO MPOCTOW MOJIEN YJIAPHOTO B3aUMOJEHCTBUSA, HE TPEOYIO-
meit KayK Iblil pa3 YUCJIEHHOTO PacueTa yJaapa MeTOJaMUi MEXaHUKU TBEPIOrO TeJja C
JIETAJIbHBIM OIMCAHUEM BO3HHKAIOIINX YIIPYTO-TIACTHIECKUX JgedopMarimii. ABTo-
paM¥ JOKJaJa ObLIa TPeIIozKeHa OTHOCUTEIBHO IIPOCTas MOJyIMINpUIEcKas MO-
JIeJIb yapa HechepuIecKiX JacThIl ¢ TIOBEPXHOCTHIO B TPEXMEPHOI OCTaHOBKe [7].
OTa MoJie/ib ObLIa OCHOBaHA Ha yPAaBHEHUSIX HUMITYJIbCA U MOMEHTA UMITYJIbCA JIJIst
OTJIeTbHOM YacTuilbl. J[jisg 3aMbIKaHUsT CUCTEMBI UCIOJIb30BAJINCH TTPEIITOTOKEHUS
00 OTCYTCTBHUU MPOCKAJIb3bIBAHUS YACTUIBI OTHOCUTEILHO TTOBEPXHOCTU B IMPOIIEC-
ce yJapa u O IMOCTOSHCTBe KO3 uimenTa BOCCTAHOBJIEHUST HOPMAJILHOM CKOPOCTH
TOYKN KOHTaKTa JIJIS 33JIAaHHOTO yrJjia najenus. [1o3:ke sra Mojenb ObLaa ycoBep-
IIIEHCTBOBaHA 3a CYET yIETa BO3MOXKHOTO ITPOCKAJIB3bIBAHUS YACTHUIIHI OTHOCUTE b~
HO TIOBEPXHOCTH, & TaK»Ke BJIUTHUS OPUEHTAIINNA JYaCTUIBI B MOMEHT COY/JIapEeHUs Ha
apamMeTpbl OTCKOKa |9, 11].

Emé 6osee TpymHOIM 3a/1aueil ABJIETCS MOJEINPOBAHNE BOZHUKHOBEHUSA U Pa3-
BUTHS IIIEPOXOBATOCTU TOBEPXHOCTHU ITPU MHOYKECTBEHHBIX y/apax dacTull. Biansnue
peJibeda TTOBEPXHOCTHU, TOJIYYEHHON B pe3y/brare eé abpa3suBHOI 3pO3UM B IKCIIE-
pUMEHTE, Ha PacCessHue JaCTHUIl IPU OTCKOKE UCC/IEJI0BAHO B [7], rie mokazaHo, 4To
IIIEPOXOBATOCTH MOXKET OY€Hb CUJIbHO BJUATH Ha PACCEsHUE OTPAaKEHHBIX YACTHUIL.
[Tozke ObLIO MOKA3aHO, YTO TAKOE paccesiHre KapINHAJIHLHO U3MEHSET pacIrpeieie-
HIe YaCTHUI] BO BCeil BOBMYIIEHHON OOJIACTU TEYEHUS.

B nokiajie mpuBesieHbI TpUMeEphl YUCJIEHHBIX PACYETOB CTAIMOHAPHBIX JIBYX-
dbazupIx TeueHwit 0ko10 Ty mpocToit dopmbl [11] M HecTanmmoOHAPHBIX TeUYEHUIl B
cucreme perméTok mpoduteit [12]. s onucanust nByxdas3HbIX TEUEHHA UCIIOIb30-
BAJIUCH JIBA M0JIX0/1a: KOHTUHYAJIbHO-TPAEKTOPHBIN 1 KOHTUHYAJIbHO-KIMHETUIECKUIA.
Hecymuit ra3 onuceiBajicsa ypapHenusmu Jitiepa wian HaBbe—CToKca, dncieHHOe
MOJIEJTUPOBAHUE OCYIIECTBJISJIOCH C TTOMOIIBI0 COOCTBEHHOTO KOJIa, PEaU3yIOIIEro
METO/Ibl BBIYUC/IUTEILHON THUIPOMEXaHUKH. BecCTO/IKHOBUTEIbHOE JIBUYKEHUE JIC-
MIepCHOIT IPUMeCH MOJIeInpoBajioch MeTooM Jlarpamxka. Jluaamudeckoe moBeeHne
CTOJIKHOBUTEJILHOI IIPUMeCH MoJiesimpoBaJjiock MeToaoM Mourte—KapJio. IIpencras-
JIEHbI KaK M3BECTHBIE, TaK M COBEPIIEHHO HOBbLIE PE3YJIbTAThI, OCHOBAHHbLIE HA HO-
BOIl MOJIEJIN OTCKOKA HecpeprmyecKnx 4acTul] oT noBepxuoctu. JlaH aHams3 poJin
Pa3INIHBIX (PAKTOPOB CJIYUAWHON TPUPOJILI ITPU (DOPMUPOBAHUN KAPTUH PaCIIpeie-
JIGHUSI 9aCTHIl B BO3MYIIEHHOI obsiactu. OnpejiesieHa OTHOCUTEIbHAsT 3HAYUMOCTD
daKTOpPOB C TOYKHU 3PEHUS WX BJIUTHUS HA CBONCTBA M XapaKTEPUCTUKU PACCMOT-
peHHbIX TedeHnit. OOCYKIAI0TCsT TAKYKEe HEKOTOPbIE TPY/IHOCTHU KCIIEPUMEHTATbHBIX
MCCJIEJIOBAHU 3a/1a9 ABYX(A3HOU a3pOJIMHAMUKY.

BoabmuHCTBO TIpeICTaBAEHHBIX PE3YIbTATOB ObLIO TMOJYYE€HO IPU IOJIIEPIKKE
Poccuniickoro donaa dpyHmameHTaIBHBIX Hcce0Banuii. Ilocaeamne pe3yabTaTsl 10-
JIy9eHBbI B paMKax IpoeKTa, nojayunsiinero rpant POOU Ne 20-08-00711.
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Karouesvie caosa: yCTOMIUBOCTD JBUXKEHUsI, CTAOMIN3AINs, TUHAMUYIECKUE CUCTEMBI, aT-

TPaKTOPbI, TEOPHUsI CKPBITHIX KOJICOAHUIA.

23 ampesig 2018 1. Ha 72-M romy KH3HU TIOCJE TAXKEJIONW OOJIE3HU CKOHYAJICH
JIeKaH MaTeMaThKo-MexaHmdeckoro gaxysabrera CIIOI'Y, zaBemyromuii Kadempoit
npukJsiaHoit kubepueruku CIIOIY, 3aBemyromuit taboparopueit nHGOPMAaIMOHHO-
yrpapjsomux cucrem WHcTrTyTa mpodbiaem mammHoBemenuss PAH, wiren-koppec-
nougenT PAH, nnocrpannbrii wien @uHCKON akaaeMun HayK U JJATEPATYPbI, JJOKTOP
dbusnko-maremarnueckux Hayk, npodeccop lennajuit Anekceesuu Jleonos [1].

I"'A. JleoHOB — MpPU3HAHHBIN CIENUAJIUCT B 00JIACTU TEOPUU YCTONINBOCTHU, TE€O-
pUM yIpAaBJIEHUs, TEOPUU CUHXPOHUIAIINN SJIEKTPOMEXAHUIECKUX U JIEKTPOHHBIX
cucreM, Teopun kKojedanuit. O aBTop 60stee 470 HaydIHBIX pPabOT, B TOM YHCIe 22
monorpaduit. I A. JleoHOBBIM CcO3/1aHA BCEMUPHO M3BECTHAS HayYIHAasl IIKOJa B 00-
JIACTU MaTEMATUIECKON TeOpUH yIIPpaBJICHNUS U HEJIMHEWHON TUHAMUKH, T /1€ pa3pabdo-
TaHbI HOBbIE MATEMATUIECKIE METOJIbI U PEIIeHbI TPY/IHbIe MaTeMaTUuIeCKre 3a/1a4u,
BasKHbIE JIJIsI CO3/IaHMS HOBBIX TEXHOJIOTUI B CHUCTEMaX YIIPaBJIEHUS, JJIEKTPOHHBIX
1 UHPOPMAIIMOHHBIX CUCTEMAX, a9POKOCMUYIECKON TEXHUKE.

Cpean m3BecTHBIX TeopeTndeckux pabor I.A. JleonoBa B obsracTu ycToitanBocTH
JIBUKEHUST M TEOPUU yIIPABJIEHUsT MOYKHO BBIJIEJIUTH 0000IIeHNE KPUTEPUEB TJ100a b
Hoit ycroitunBocTu Bapbammua—Kpacosckoro u Jlypse—Ilomnosa s auddepentiu-
AJIbHBIX BKJIFOUEHUI U IUJTMHIPAIECKOTO (ha30BOro MIPOCTPAHCTBA [2|; passuTue Me-
TOJIa aHAJIN3a TOJBUXKHBIX cedeHuit [lyankape s mosiydeHusi KpUTEPUEB yCTOM-
quBoCTU 110 2KYKOBCKOMY 1 CHHTE3a 0OpaTHOM CBSA3U JIJIsl yIIPABJICHUS JIBUKECHUEM
MexaHn4IecKux cucreM [3]; pertenue B 2000 rogy oHO# u3 TpobIEM CTOJIETHS B Ma-
TEeMaTUYeCKOU TEOPUH YIPAaBJIEHUN — MPOOJIEMbl HECTAIIMOHAPHON CTaOMIM3aINu,
KOTOPYIO TTOCTaBUJI M3BeCTHBIN yuenbiii Pomkep Bpokert B kuure “Open Problems
in Mathematical Systems and Control Theory” B 1999 r. [4].

Jist IpakTU4IecKuX 3a/1a4 aHAJIN3a YCTOMYNBOCTH U CUHTE3a YIIPABJIEHUS IaCTO
TPeOYIOTCS TOYHOE OIpe/iesieHre TPAHUIL IJI00ATBHON YCTONYMBOCTU B IPOCTPAHCTBE
IapaMeTpPOB, OIEHKa 3a30Pa MeXKJIy UMEIOIUMUCS JTOCTATOYHBIMU YCIOBUSIMU TJIO-
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6aJIbHOl YCTONIMBOCTU U HEOOXOJAUMBIME (JIMHEHHBIMU) YCIOBUSIMUA YCTONIUBOCTH,
JIOKQJTU3AIUS KOJIe0ATE/IbHBIX PEKUMOB B (Da30BOM IIPOCTPAHCTBE IIPU HAPYIIEHUH
YCJIOBUM yCTORIMBOCTH. ['paHUIBI TJI00AJIBHON YCTOMYNBOCTU B MPOCTPAHCTBE Ia-
PaMeTPOB OIPEJIEJITIOTCS JIMOO JTIOKATbHBIMU OndypKarusiMu B (pa30BOM ITPOCTPAH-
cTBe (TPUBHAJBHBIE yYIACTKHM TDAHUIIBI, JJIS AHAIIN3a KOTOPBIX XOPOIIO DPA3BUTHI
AHAJIUTUIECKIE METOJIbI) WM HEJOKAJIHHBIMU OMMYpKAIUAMA (CKPBITBIE YIACTKH
I'PAHUIIBI, CBSI3aHHDBIE C POXKJIEHUEM CKPBITHIX Kostebanuii) |5

Cpen U3BeCTHBIX MPAKTHYIECKUX 3a/a4, pereHHbx [.A. JleoHOBBIM 1 ero yde-
HAKaMWA B 9TOM HAIPABJIEHUU, MOKHO OTMETHTH HCCJIeIOBAHUE TPUIUHBI aBapUM
Casino—IIymenckoit '9C (B pamkax KOTOpPOro, ObLIa MOCTPOEHA 3aMKHYTasT HeJU-
HellHasT JTUHAMUYIECKas MOJEIb YIIPABIEHUS I'MIPOArperaToM, yIUTHIBAONasi COB-
MECTHYIO paboTy reHepaTopa, TypPOUHBI, HArPY3KU U CUCTEMBI yIipaBJierusi) [6], mpo-
BEJICHHE CTPOTOr0 aHAJM3a IJI00AJBHON YCTONIMBOCTU U BOBHUKHOBEHUS CKPBITHIX
KoJiebanmit B 3a1a49e AHIpOHOBa—BhINIHErpaICKOro 0 HEJTMHEHHOM aHAJIIN3€e Pa3JInt-
HBIX MOJIM(PUKAIINI PEry/IATOpa YarTa, pelierue 3a1aqu Kesapima o HeJTMHeHHOM
aHAJIM3€e CUCTEM MojaByeHus darrepa [7|; aHaIM3 ¥ CHHTE3 PA3JIMYHBIX CUCTEM
yupasjenust (a3oBoii cunxponusanueii [8]; anamms sdpdexra 3ommepdenbaa st
Pa3IMIHBIX JIEKTPOMEXaHUIECKUX cucTeM [9).

Pabora BhITIOSTHEHA TIpU TTO/1/IEPYKKe TTpOorpaMMbl Betyne vaydabie ikobr PO
(mpoexT 2624.2020.1).
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BuxpeBble TeueHus BA3KOro rasa

TI'atipyarun A.M., 2Keux B.B., Haxpoxun C.A.
gaifullin@tsagi.ru, vladzhvick@yandex.ru, semen.nakrokhin@phystech.edu
[lenTpasbublit asporuapoaunnamudeckuit nactuTyT um. mpod. H. E. 2Kykosckoro,
140181, Poccuiickass @eneparusi, MockoBckast 0bJ1., 2KykoBckuii, yi1. 2Kykosckoro, 1

Karouesvie crosa: peniupKyJISIIMOHHBIE T€UYEHUsI, CTPYH, BUXPEBbIe TPYOKU.

PaccmarpuBarorcsa HECKOBKO 33,189 O TE€UEHUH BI3KOT'O ra3a. XOPOIIO U3BECTHA
3ajiada 00 OOTEKAHWN TIJIACTUHBI C JIBUXKYIIEHCsT TPOTUB MTOTOKA IMOBEPXHOCTHIO. B
CJIy4dae HeCZKMMAaEeMOU »KUJIKOCTU B 3aBUCAMOCTHU OT OTHOIICHUA CKOPOCTHU JIBUZKCHUSA
MMOBEPXHOCTH K CKOPOCTU HAOETAOIEr0 MOTOKA PEAJTU3YIOTCS Pa3JIMIHbIE PEyKUMBbI:
CTAIMOHAPHBIN PEKUM € 3aMKHYTOU PEIUPKYISIIHOHHON 00JIaCThIO, IIEPUOINIECKUIA
PEXKUM C NYJIbCUPYIONIUMHA BUXPEBBIMUA CTPYKTYPaMU, PEXKUM C JIBAXKYIIEHCA IPO-
TUB IIOTOKa BUXPEBOil o0sacThio. 11om00HBIE pPEsKUMBI HAOJIOMAIOTCA U B CJIydae
cKuMaeMoro raza. Ho, K HUM IIpu TpaHC3BYKOBBIX CKOPOCTSIX HAOETAIOMIETO IMTOTOKA,
J100aBJIAETCA €eIle OJUH — IIEePUOJIMIECKOe TeUeHNEe ¢ HHTEerPAJIbHO HEHYJIEBOU 1O/ Ib-
eMHO# CUJION I10 ITepuoay. 3SHAK CUJIbI BBIOUPAETCs CJIYIAHO M 3aBUCUT OT BBIXOIA
TeYECHUdA HA NEPUOJINYCCKUN PEKUM.

W3BecTHBI JBa THIIA OCECUMMETPUYHBIX 3aKPYUYEHHBIX CTPYHl — C COXpaHEHU-
eM MOMEHTa KOJIMYIEeCTBa JBUKEHUsSI CKBO3b cedenme crpyu [l] m ¢ coxpanenumem
IUPKYJISIIANA a3UMYTaIbHON CKOPOCTH 110 KOHTYPY BOKpYT crpyn [2|. O6cyx)maercs
BOIIPOC O BOBMOYKHOCTH MTPAKTUIECKON peam3alny TaKuX cTpyil. Ecim peannsamnus
3aKPYYE€HHOIl CTPYyHM C COXpaHEHUEM MOMEHTa KOJINYECTBA JBUKCHUA HE BbI3bIBACT
COMHEHUS, TO BOIPOC O BO3MOXKHOCTH CO3JIaHUA CTPYU C COXPAHAIONIENCA INPKYJIId-
el ocraeTcss OTKPBITHIM.

Uccnenyercs B3anMoaeiicTBAE U CIUSIHUE JIBYX ITPOTUBOIOJIOKHO 3aKPYIEHHBIX
cTpyit. B ciaydae jaMmHapHOTO TedeHUsT B3aUMOJEUCTBHUE CTPY#l MIPUBOIUT K KBaJI-
PYIIOJIBHOMY pacIipee/IeHUI0 POA0abHON 3aBuxpeHHocTr. [Ipu TypOy/ieHTHOM Te-
YeHUW OCHOBHYIO POJIb ITPU B3aMMOJIECHCTBAN CTPYH UTPAET HEYCTONINBOCTH | e/tbM-
rOJIbIIA.

[Ipomecc pacTskeHusi BUXPEBBIX TPYOOK, HApsiLy C UX UCKPUBJIEHHEM, obeciie-
YMBaeT KaCKaIHYIO Iepejlady SHEPrUuu OT OOJIBINX MaciiTabOB B MEHBINNE B TYP-
OyJIeHTHOM TedeHnu. PacTsizkeHne BUXPEBBIX TPYOOK IIPUCYIIE TOJIBKO TPEXMEPHBIM
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TEeUYeHUsIM, 1, KaK IIPABUJIO, IIPOUCXOJUT 3a CUET BHEIIHErO IOJISI CKOPOCTEH, KOTO-
poe MHIYIUPYIOT Apyrue Buxpu. JlaHHBIN IIporecc pacCMOTPEH Ha IIpUMepe JIBYX
BJIOYKEHHBIX JIPYT B JIpyra O€CKOHEYHBIX PA3HOHAITPABJIEHHBIX BUXPEBBIX PEIIETOK.
PaccmaTrpuBatoTcest ciieHapun B3anMOIEHCTBUsT BUXPeE Ha MacITadax CpaBHUMBIX C
KOJIMOT'OPOBCKHM M Ha, OOJIBIINX MacHITadbax.

Hay4noe wuccieioBanme mpoBejieHO pu mojiepkke Poccuiickoro douga dys-
JaMeHTaJIbHBIX nccienoBanuii, rpant Ne 19-01-00163.

JIuteparypa
[1] Jloitnguckwit JI. I. Mexanuka xkujakoctu u raza. M.: Ipoda, 2003. 840 c.

[2] Tompmmruxk M. A, IlItepu B. H., Asopckuit H. 1. Bsiskue Teyenus ¢ napaiokcaib-
HbIME cBoMicTBamu. HoBocubupck: Hayka, 1989. 336 c.

O J10KaJBbHBIX KOOpAMHATAX B 3aJa4e 00
opOuTaJIbHOI YCTOMYNBOCTU MEPUOANIECKIX
JIBU>KEHUI raMIJIbTOHOBOI1I CHCTEMBbI

Bapoun B.C.
bsbardin@yandex.ru
MocKOBCKHiT aBUAITMOHHBIN UHCTUTYT,
(HAIMOHAJIBHBIN UCCJIEIOBATEILCKAN YHUBEPCUTET ),
125993, Poccuiickast Peneparnusi, Mocksa, Bosokosiamckoe mrocce, 4,
Nucruryr MamunoBenerust um. A.A. Biaaroupasosa PAH,
119334, Poccuiickas Penepanus, Mocksa, yi. bapauna, 4

Kaouesvie caosa: opburtasibHasi yCTORYUBOCThH, TaMHUJIBTOHOBBI CHCTEMbBI, HOPMAaJIbHBIE
dopMBI, JIOKAJIbHBIE KOOPIANHATHI.

OO6muit 1moaxom K MCCIeJI0BAHUI0 OPOUTAJIBHON yCTOMIUBOCTH CEMENCTB Iepu-
OJINYECKUX JIBUKCHUIT aBTOHOMHBIX TaMHWJIBTOHOBBIX CUCTEM COCTOUT BO BBEICHUU
B OKPECTHOCTU IIEPUOAUYECKOTO JABUXKEHUS JIOKAJIBbHBIX KOOPJWHAT, 9YTO IO3BOJIAET
CBECTHU 33129y 00 OpOUTAJILHON YCTOMYMBOCTU K 3aJade 00 YCTOMUMBOCTU HOJIOXKE-
HUS PABHOBECHUS IIEPUOAUIECKON IaMUJIBTOHOBOU CUCTEMBI.

B nannoit pabore paccMaTpuBaeTcs aBTOHOMHAsI TaMUJIBTOHOBA CUCTEMa, C JIBY-
MsI CTeIleHsIMI CBODO/IbI, KOTOPasi UMEeeT CeMeCTBO MePUOANIECKUX JIBUKEHUI, Jie-
JKallnX HA MHBAPUAHTHON JIBYMEPHON IIJIOCKOCTU YETBIPEXMEPHOTO (ha30BOTO IIPO-
CTpaHCTBa. O,ZLHI/IM 13 BO3MOXKHBIX CHOCO6OB BBE€IECHUA JIOKAJIbHBIX KOOPIHWHAT B
9TOM CJIy4ae siBJISIETCsl TIOCTPOEHNE KaHOHMYECKOI 3aMeHbI, 1TO3BOJISIONeil B 001~
CTU HNEePUOANYECKOI'0 NBUZKEHUA Ha MHBAPUAHTHON JIBYMEPHON IIJIOCKOCTU IEepernTH
K IIepeMeHHbIM JieficTBre-yToJ1. Ecimi Takyio 3aMeHy yaaeTcs ITOCTPOUTH B SIBHOM BU-
e, TO B Ka4eCTBE JIOKAJbHBIX KOOPJAUHAT, ONMACBIBAIONINX JBUXKEHAE B OKPECTHOCTHU
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MIEPUOTUIECKON TPAEKTOPUH, MOYKHO BBIOPATH BO3MYIIIEHUE TTIePEMEHHON JTeCTBUS 1
BO3MYIIEHNsI, OPTOTOHAJIbHBIE K MHBAPUAHTHON IJTOCKOCTH. Takoil moaxo/1, B JacT-
HOCTHU, IPUMEHSJICA B 3a/1a1daX 00 OpOUTAILHON YCTOMINBOCTU MAATHUKOBBIX ITEPU-
OIMYIEeCKUX JBzKeHuil TBEP0ro Tesa [1|-[6]. Ilpu ucnosb3oBannm TaHHOTO MOIXOIA,
MOKHO CTOJIKHYTBHCH C PAJOM TEXHUYCCKUX 3aTPYAHEHUIN, KOTOPBIE COCTOAT KaK B
IIOCTPOCHUM YKAa3aHHOII BbIIIEe KAHOHNYECKOI 3aMEHbI IIEPEMEHHBIX, TaK U B IIOJIy4de-
HUW SBHBIX BBIPDAXKEHUN JIJIT KOIPPUITMEHTOB Pa3/I02KeHNsI TAMUJIBTOHUAHA B PsiJl B
OKPECTHOCTUA HEBO3MYUIICHHOI'O IIEPUOJNIECCKOTO JIBUKCHUSI.

Jpyroit MeTos BBeJleHNs JIOKATBHBIX KOODJMHAT OBbLIT MPEJIOKEH B cTarbe [7].
Ha ocroBanmu 3TOr0 MeTo1a JOKaJIbHbIe KOOPANHATHI BBOASATCS TIPU TIOMOTITA JIMHET-
HOIT KAHOHUYECKO# 3aMeHbI IlepeMeHHbIX. JIaHHBIIT MeTO/1 JaeT BO3MOXKHOCTH O0OUTH
YIOMAHYTBIE BBIIIE TEXHUYECKHNE 3aTPYAHEHUS U ITO3BOJIAET PellaTh IMMUPOKUNA KPYyT
3aj7a9 00 OpOUTAIBHON YCTONYMBOCTH, HO B Psijie CJIIyYaeB €ro IMpUMEHEHNe TaKKe
MOYKET OKAa3aTbhCs 3aTPYAHUTEHLHBIM M3-3a MOSBJIEHUS CUHTYIIPHOCTH B KO3(hDU-
[[MEeHTaX COOTBETCTBYIONIEH JIMHEHHON 3aMeHbI.

B nacrosimeit pabore mipeiiaraeTcss MeTO/I BBEICHUSI JIOKAJTbLHBIX KOOPIMHAT IIPH
ITOMOTITY TTIOCTPOEHUsT HEJIMHEITHOM KAHOHMYIECKO# 3aMeHbI ITepeMeHHbIX. [Ipeamoxken
KOHCTPYKTUBHBIA aJI'OPUTM IIOCTPOCHUA YKA3aHHON 3aMeHbl IIEPEMEHHBIX B BHU/JIC
PSIJIOB TIO CTETEHsIM HOBBIX TIEPEMEHHBIX — JIOKAJIbHBIX KOOpAWHAT. /[aHHbBII MeTom
MMO3BOJIAET W30€2KATh CUHTYJISPHOCTU TPU BBEJIEHUU JIOKAJIBHBIX KOOPJIUHAT U MO-
JKeT TIPUMEHSThCA JIJIsI UCCJIEIOBAHUS OPOUTATBHON yCTOWYNBOCTHA TEPUOIMIECKIX
JABUKCHUN KaK IIPU HAJIMYUU UX aHAJATUYECKOIO IIPEJCTAaBJICHUA, TaK U B CJIydae,
KOT/Ia TePUOINYEeCKUe JIBMKEHUS ObLIN HaiijieHbl uncjaeHHo. [losmyden saBHBIN Bu
pas3jaoXKeHnd raMuJIbTOHUAHA B PAJ 110 CTEIIeHAM JIOKAJBHBIX KOOPJAWHAT C TOYHO-
CTBIO JI0 YJICHOB Y€TBEPTOrO IIOPAIKA BKJIIOYUTEIHLHO.

B kadecTBe mpusoKeHUs pacCMOTpeHa 3ajiada 00 opOUTAJIbHON yCTONYINBOCTU
MePUOANIECKAX JIBUKEHUN TAKEJIOTO TBEPJIOTO TeJia ¢ HEOABUKHOIT TOYKON B CJIy-
vae BooObureBa—CrekioBa. Pe3ynbraThl ncciieqoBanns OpOUTAJIbHON yCTOMYINBOCTH
IIOJTHOCTBIO COIVIACYIOTCH C pe3yJbTaTaMi, IIOJYYCHHbIMU paHee JPYyI'UM METOIOM B
pabore [8].

Pabora BwintosiHeHa nipu (buHAHCOBOM T0//IepKKe Poccuiickoro douma dyHIa-
MeHTaJIbHBIX uccjemopanuii, mpoekT Ne 20-01-00637.
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O nepmomudyecKnx pexkmMax JIBU2KEHHUA TeJia C
BHYTPEHHEN IOJABU>KHOI MaCCOM IO IIepOX0OBaTOMN

I‘OpI/IBOHTaJIbHOI'?.I IIOBEPXHOCTHA B CJ/Iy4ae
AHU30TPOIIHOI'O TpEeHNA

Bapoun B.C.,"? Pauxos A.A.!

bsbardin@yandex.ru, alexey-rachkov@yandex.ru
' MockoBckuit aBHaImOHHBIH UHCTUTYT
(HAIMOHAJIBHBIN UCCJIEIOBATE/ILCKUN YHUBEPCUTET ),
125993, Poccuiickas Penepanus, Mocksa, Bosmokonamckoe miocce, 4,
Nucturyr Mammuosenenus um. A.A. Biaronpasosa PAH,

119334, Poccuiickas Penepanusi, Mocksa, yi. Bapauna, 4

Kaouesvie caosa: cyxoe TpeHUe, aHU30TPOITHOE TPEHUE, MePUOINYECKOe JIBUXKEHUE, MO-
OMIbHBIE POOOTHI.

PaccmarpuBatoTcest mepuoandeckne pesKuMbl IBUKEHUST MEXaHUIEeCKO CCTEMBI,
COCTOsIIIIEl 13 TBEPIOrO TeJta (KOPITyca) U MaTepPUAIbHON TOUYKHU, JIBUKYIIECs BHY T-
pU TeJjia 10 OKPYKHOCTHU, IIEHTP KOTOPOI COBIIaIaeT C IeHTPpoM Macc Teja. [Ipe-
II0JIAraeTCsl, YTO KOPIIYC IePEMEeIaeTCcs 110 TOPU30HTAJIBHON IIePOXOBATON ITOBEPX-
HOCTH, OTHOCUTEJIbHOE JIBUKEHNE TOYKHU ITPOUCXOAUT B BEPTUKAJIHLHOU TIJIOCKOCTH C
MIOCTOSTHHOM TI0 MOJTYJIIO CKOPOCTBIO, a MEXKJIy KOPITYCOM U ITOBEPXHOCTBHIO JIeHCTBY-
eT CWJIa CYyXOTI'0 aHU30TPOITHOTO TpeHud. /[aHHas MeXaHnmdyecKas CUCTeMa SBJISIETCS
MpOCTENTIIEl MOJIESIbI0 MOOUIBHOT'O POOOTOTEXHUYIECKOTO YCTPOHCTBA — KallCyJIbHO-
ro poboTa, KOTOPBIi MMEPEMEIIAETCsT TTOCPE/ICTBOM OTHOCUTE/ILHOTO JIBUYKEHUS BHYT-
PEHHUX 3JIEMEHTOB.

UccnenoBannio TUHAMUKE TeJI, COJIEPKAIIUX BHYTPEHHHUE 3JIEMEHTHI, IIOCBSIIIIEHO
MHOXKeCTBO pabor. Bubsimorpaduio mo 3romy Bompocy MoxKHO Haiitu B [1]-[3]. s
paccMaTpUBaeMOil MeXaHMYECKON CUCTEMBbI TOJTHOe Ka9eCTBEHHOE UCC/IeIOBAHUE JIH-
HaMHUKN OBLJIO BBIIOJTHEHO B CJIydae, KOI/la TPEHHe MeKJIy KOPIIYCOM U ITOBEPXHO-
CTBIO SIBJISIETCsI H30TPOIHBIM U OIIUCHIBAETCS KaaccuaeckuM 3akoHoM Kymona [3|—[5].
B pab6ore [6] anasornunoe uccieoBanue ObLIO BBIIOIHEHO B IIPE/IIOIOKEHUH, ITO
Ha, KOPITYC JeMCTBYIOT KaK CHJIBI CYXOI'0 KYJIOHOBCKOT'O, TAK U CHJIbI BSI3KOI'O TPEHUSI.

B manmnoit pabore ObLIM HalAEHBI U HUCCJIEIOBAHBI CJIEAYIONINE ITePUOINIECCKIE
PEXKUMBI JBU>KEHMUSI.

1. Kopmyc mepemerniaercs TOJIBKO B MOJOXKUTETHLHOM HAITPABJIEHUM, COBEPIIAs
OCTAHOBKU Yepe3 paBHBbIE TPOMEXKYTKU BpeMmenu. llocjie ocTaHOBKU KOPITYC B Tede-
HIe KOHEYHOTO MHTEPBAaJja BPEMEHH HAXOJUTCs B COCTOSIHUU MOKOs (3aJIMIAeT), a
3aTeM IIPOJIOJIZKAET JBUKEHHUE.

2. Kopmyc nepemertiaercsi Kak B TIOJIO?KATEJILHOM, TaK U B OTPUIATETHHOM Ha-
IIpaBJIEHUsIX, COBEPIIasi JIBe OCTAHOBKU 3a BPeMsI IIOJTHOT'O 000pOTa BHY TPEHHEH Mac-
cbl 110 OKpy2kHOoCcTHU. [locse Kaxk10it OCTAHOBKH KOPILYC OCTAETCA B IIOKOE B T€UYEHUE
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KOHEYHOI'0 MHTEPBAJIA BPEMEHH, II0CIe KOTOPOro HAYMHAET JIBUKEHIE B IIPOTUBOIIO-
JIO?KHOM HAIIPABJICHUN.

3. Kopmyc mepememnaercss Kak B IOJIOXKHATEILHOM, TaK U B OTPUIATEIHLHOM Ha-
IPAaBJICHUSX, COBEPIIAs JIBE OCTAHOBKH 3a BPEMs IIOJIHOIO 000pOTa BHYTPEHHEH Mac-
CBI II0 OKPY?KHOCTH. B MOMEHT OCTAHOBKI KOPITyCa, IIOCJIe IBUKCHHAS B ITOJIOZKUTEC/Ib-
HOM HAIIPABJICHUH OH He 3a/IUIAeT, a Cpa3y HAYMHACT JBUKCHIEC B OTPHUIATEIHLHOM
HaIlpaBJIeHuU. B cilyyae 0CTaHOBKH KOPILyCa MOCJIE JBUYKEHNUs B OTPHUIATCIHLHOM Ha-
IpaBJICHUY OH 3AJIMIIHET U 4Yepe3 KOHEYHBI MHTepBAJ BPeMEHU HAYHET JIBUKCHHEC
B IIPOTUBOIOJIOKHOM HAIIPABJICHUH.

4. Kopiyc nepeMenaercsa Kak B IOJIOKHTEILHOM, TaK U B OTPUIATEIHLHOM Ha-
IpaBJICHUSX 0€3 3a/IuIIaHusl, COBEpPIIasd IBe OCTAHOBKH 3a BPEMs IIOJHOrO 060poTa
BHyTpEHHEHl MacChl II0 OKPYZKHOCTH. Ilociie KazKJoif OCTaHOBKH KOPIIyC Cpa3y Ha-
YUHAET JIBUZKEHIE B IIPOTHBOIIOJIOKHOM HaIPaBJICHUN.

VnTepBasbl ABUKEHAS U IOKOSI KOPILYCa BO BCEX CJIydasX HOBTOPSIIOTCHA IIEPUO-
JIMYECKH, & MOMEHTAaM OCTAHOBOK KOPIIYCa, COOTBETCTBYIOT OJHU M TE€ K€ ITOJIOXKEHHST
BHyTpEHHel MacChl Ha, OKPYZKHOCTH.

Bruto ycranoeneno, 4ro nmpu (pUKCHPOBAHHOM HaOOpe 3HAYECHMIT IapaMeTpOB
CHCTEMBI MOXKET CyIIEeCTBOBATH TOJLKO OJMH N3 HMEPEYUCJICHHBIX PEXKUMOB IIEPH-
OJINYIECKOTO ABUXKeHus. 1Ipu 060l HAYaILHON CKOPOCTH KOPILYCA €r0 JIBUKCHHE
JINOO BBIXOJINT HA HMEPUOJUYCCKHUI PEsKUM 38 KOHCUHBINA ITPOMEXKYTOK BPEMCHH, JIU-
00 aCHMITOTUYICCKH IPUOIUZKACTCS K HEMY.

UccnenoBanue BbIIOJHEHO B MOCKOBCKOM ABUAIIMOHHOM MHCTUTYTE (HAIIUOHAT b~
HOM HUCCJIE/IOBATEIbCKOM YHUBEPCUTETE) 3a CUYeT TpaHTa POCCHCKOro HaydHOrO
douga (mpoekra Nel19-11-00116).
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OO0 ycToiiunBOCTHU II0JIOXKEHU paBHOBecHUs TeJia C
IIEHTPOM MAacCC Ha IJIABHOM OCU WHEPIUU C
BUOPUPYIOIINM BJI0JIb HAKJOHHONI IPAMOIl II0ABECOM
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(HaIMOHAJIBHBIN MCCIIeI0BATEILCKII YHUBEPCUTET ),

125993, Poccuiickass Peneparusi, Mocksa, Bosmokosamckoe 1occe, 4

Kaouesvie crosa: BUOpalius, OJIOXKEHUST PABHOBECUS, YCTOUIUBOCTD.

Cy1mecTByeT MHOXKECTBO pabOT, IMOCBSIIIEHHBIX MCCIEI0BAHUIO TUHAMUKN TBEP-
JIOTO TeJia, TOUKa MoJIBeca KOTOPOro copepinaer Bubpamnuu. B monorpadun [1] 6su10
MCCJIEJIOBAHO JBUYKEHUE MATEMATHUYIECKOI0 MasTHUKA, TOUKa IOJBeCa KOTOPOTO CO-
BepIllaeT MPOU3BOJIbHBIE BUOpAIMU B TIJIOCKOCTH JIBUKEHUsI. BBLIO MOKa3aHO, UTO
9TOT CJydvail BUOpAIUii CBOAMTCS K CJIydYal0 BUOpaInil B/IOJIb HAKJIOHHON ITPSIMOIL,
1 PacCMOTPEH BOITPOC O CYMIECTBOBAHUU W yCTOWIWBOCTH TOJIOYKEHUIT OTHOCUTEIh-
HOI'O paBHOBecHsi MasTHHUKa. [[osydeHo, 9To IJIOCKOCTh IIapaMeTpoB 3aJadud pa3-
Jeidgercd Ha JiBe 00JIACTH, B OJHON M3 KOTOPBIX CYINECTBYET JIBA ITOJIOXKEHUSA OT-
HOCUTEJILHOTI'O PaBHOBECHS, OJHO U3 KOTOPBIX yCTOWYWBO, a B JIPYToil obJyracTh —
JeThIpe TOJIOZKEHNs], JIBa U3 KOTOPbIX ycroitumBel. B pabore [2] A. II. Mapkeesa c
MIOMOIIBIO TEOPUU BO3MYIIEHUI ObLIIa MOJIyYeHa MPUOJIMKEeHHass aBTOHOMHAsI CUCTe-
Ma ypaBHEHUI JBUKEHHS TBEPJIOrO Tejla C BUOPUPYIONMIEH TOYKOIN IOJBECa B CJIy-
Jae MMPOU3BOJIbHOII TeOMeTPUN MacC TeJsia JJis MTPOU3BOJIbHBIX MEPUOJNYECKUX WU
YCJIOBHO-TIEPUOIMYECKUX BUOPAINI TOYKHU T0JiBeca. B 3Toit cucreMe BjusiHuE BUO-
panuii Ha JUHAMUKY TeJia MPEeJICTAaBICHO B BHUJE JIONOJHUTEIHHOIO BUOPAITMOHHOTO
MIOTEHIINAJIBHOTO 1T0JIst. B paMKax 3Toit mpuO/IMKEeHHOW CUCTEMbI IIPOBEIEHO MHOYKE-
CTBO MCCJIEOBAHUI CyNIECTBOBAHUS U yCTONYMBOCTH YACTHBIX CJIyYaeB JIBUKEHUS
TBEPJIOrO TeJia ¢ BUOpUpYIoIeil Toukoii moaseca [3]—[5].

B nmamnnoit pabore paccMaTpuBaeTCd JBUKEHHE TKEJI0TO TBEPIOTO Tejia ¢ IeH-
TPOM MAacc Ha TVIABHOIT OCH MHEPITNH, TOYKA IO/ IBECA KOTOPOT'O COBEPITAET BHICOKOYTA-
CTOTHBIE BUOPAITUH MaJION aMILIATY/IbI BJIOJIb HAKJIOHHOW MpsiMoii. /IBr2KeHne Toukn
IIOJIBECa 33 1a€TCA C IMOMOIIBIO JIBYX ITapaMeTpPOB — YyIJIa (v MEXKJIy JIMHHUEH BUOpa-
Ui 1 TOPU3OHTAJBIO U CPE/IHEr0 3HAYEHUdA KBaJpaTa CKOPOCTU TOYKHU II0/IBECA 34
nepuos, 0. Brinucana npubanKeHHass aBTOHOMHAsl CUCTEMa YPABHEHUMN JTBUYKEHUS
Tesa. B pamMkax 3Toil cucTeMbl YpaBHEHUM PACCMOTPEH BOIIPOC O CYIIECTBOBAHUU U
YCTOMYMBOCTHU II0JIO?KCHUI OTHOCUTEJILHOI'O PABHOBECUS TeJIa.
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[TokazaHo, 9TO I BCEX MOJIOXKEHUN PaBHOBECHUS PaJINyC-BEKTOP IEHTPa Mace
TeJjia PacCIoJIaraeTcsd B BEPTUKAJIBHON ILJIOCKOCTH, COAepKaIeil TMHUIO BUOpaIuii, a
OJlHA M3 JABYX JAPYI'UX IVIABHBIX OCE MHEPIUU TeJla HNEePIeHIAUKYIAPHA ITON IJI0C-
koctu. [IpocrpancTBo mapamerpoB o m o pazjiesieH0 Ha Tpu objactu. B mepsoi
obJtacT! paBHOBECHE JIOCTUTAETCS MPU YETBIPEX KAYECTBEHHO PA3JIMYHBIX ITOJIOXKE-
HUAX TeJa, BO BTOPOl — IIPpU IIECTU, ¥ B TPEThbeil — IIPU BOCHMU.

JI1st TOSTy9eHHBIX TTOJIO?KEHU PAaBHOBECHS BBIMMMCAH TAMUJIBTOHUAH BO3MYIIIEH-
HOTO JIBUYKEHUS W MCCJIEIOBAHBI HEOOXOUMbBIE U JJOCTATOYHBIE YCJIOBUS YCTONINBO-
CTHU TI0 OTHOIIEHUIO K IPOCTPAHCTBEHHLIM BO3MyIeHusiM. HeobxomMble ycaoBus
YCTOMYMBOCTHU IIOJIYYEHBI B BUJE YCJIOBUS PABECHCTBA HYJIIO JIEHCTBUTEbHBIX YacTeil
KOpHEl XapaKTEepUCTUYECCKOI'0 yPaBHEHUA JIMHEAPU30BAHHOI CUCTEMbl ypPaBHEHUNA
BO3MYIIIEHHOTO JIBUKeHUdA. JlocTaTounble yC/IOBUS YCTOMYIMBOCTU HaleHBI B BUJIE
OTpaXKaroImeM TO, YTO KBaJIpaTUIHas YaCTh FrAMUJIBTOHUAHA BO3MYIIIEHHOT'O JIBUYKE-
HU¢ IIOJIOZKUTEJIBHO OIIpe/ie/IeHa.

UccnenoBanme nmokazaso, 9TO JOCTATOYHBIE YCJIOBUS YCTONYINBOCTH B TEPBOIl 1
BTOPO#l 00JIACTSAX BBIMOJTHSIOTCS JJIsi OJHOTO U3 YETBIPEX WMJIU IIECTH TOJIOYKEHUIH
pPaBHOBECHsI, COOTBETCTBEHHO, & B TPeTbeil 00jacTu — JJjisi JBYyX u3 BochMu. lIpwm
9TOM YCTONYMBBIMUA MOTYT OBITH JIUITH T€ MOJOXKEHUs, IIPU KOTOPBIX MOMEHT MHEP-
1IN, OTBEYAIONINI TEePIEHTUKYISIPHON K JUHUU BUOpAIUii TJIAaBHOW OCH WHEPITUU,
OoJIbIlIe MOMEHTA WHEPITUU, OTBEYAIOIIEro JPYToi IJTaBHON OCH MHEPINU, HE COJIeP-
Karmeit menTp macc. [lomydeno, 9To HeobXomuMbIe YCJIOBUS YCTOMIUBOCTH COBITAJIH
C JOCTATOYHBIMMU.

VccmenoBanne BHIIOTHEHO B MOCKOBCKOM aBHAIIMOHHOM HHCTUTYTE (HAIIMOHAJb-
HOM HCCJIeJIOBATEIbCKOM YHUBEPCHUTETE) 3a CYeT I'paHTa PoccHilcKoro HayvIHOro
dbouga (mpoekt Ne19-11-00116).
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Karoueswvie caosa: konyc lllTayne, mepmaHeHTHBIE BPpAIIIEHUsT, TBEPOE TEJIO C HETIOIBUKHOM
TOYKOM B IEHTPAJIbHOM II0JIE€ CUJI, PABHOTPAHHBIN TeTpa’Jip, Teopusi Payca.

N3zyuatorcs cyiiecTBOBaHUE W yCTOWYUBOCTH YCTAHOBUBIIUXCS JIBUKEHUN B 3a-
Jlade O JBUKEHUU BOKPYT HEIOJIBUXKHON TOYKM TBEPJIOTO Tejia B (hopMe paBHOTPAH-
HOT'O TETPady/Ipa B MEHTPAJIHLHOM HBIOTOHOBCKOM II0JI€ CHJI B TIPEIIOJIOKEHUN O TOM,
YTO PaBHBIE MACCHI COCPEJIOTOYEHBI BO BCEX YETHIPEX BEPIIMHAX TAKOTO TETPAd/IPA.
BrisicHsieTcst CBsI3b 9TUX JIBUKEHUIT ¢ M3yYeHHBIMU paHee B [1| ycranHoBUBIIIMUCS
JIBUKEeHUsIME (IepMaHEHTHBIMU BPAIIEHUSIMI ) TIPABUIHLHOIO TETPad/pa B IEHTPAJIb-
HOM I10JI€ CHJI.

Kpome Toro, B mperosioxKeHn 0 TOM, 9TO PABHOI'PDAHHBIN TETPAdIP ABJISETCS
OJTHOPOJIHBIM, u3y4aercs 0600mménubiit konyc [rayme (cp. [2, 3]) — MHO)KecTBO Ocei
€ro IePMaHEHTHOI'O BPAIIEHUs BOKPYT MEHTPa MACC B IIPEJIOJIOXKEHUHT O IIEHTPAIb-
HOCTHU TIOJIsI CUJI HBIOTOHOBCKOTO IPUTs2KEeHUs. B 9acTHOCTH, M3ydaeTcss XapakTep
BBIPOKIeHus Konyca [llTayie B ciaydae, Kor/ia paBHOTPAHHBIN TETPAd/IP CTPEMUTCS
K TIpaBWJILHOMY. TakKrkKe TOKa3bIBaeTCs, KaK ypaBHeHns 0000ménHoro konyca [lTa-
yJie MOTyT OBITBH IIOJIyUeHbI B pamMKax Teopuu Payca.

Pabora mucnmpuposana mybsmkarmeit [4], B KoTopoil ObLT pa3BUT OPUTMHAJIb-
HBII T10JIXO0J1, TO3BOJILAIONNN 3(PHEKTUBHO yUUTHIBATH JUCKPETHBIE CUMMETPUU B
pacrpejieJ;IeHUd MacC PU U3YYEHUH YCTAHOBUBIIUXCS JIBUKEHUM B 3ajladax JIMHA-
MUKHU TBEPJIOrO TeJjia C HEHOBUXKHOW TOYKOMN.

Kax u3BecTHO, paBHOTPAHHBII TETPA3JIP — TETPAIP, BCE I'PAHU KOTOPOT'O PABHBI
MeXK/JIy coDOil, HO, B OOIlleM cJIydyae, He SBJISIOTCS MPABUJIbHBIMU TPEYTOJTbHUKAMU
(cM., Harrpumep [5]), — siBJIsIeTCsT eCTeCTBEHHBIM 0O00IEHIEM TTPABUILHOIO TETPAd/I-
pa U HacJieJyeT HEKOTOPbIE ero reoMeTpuyecKkue cBoiicrsa. EcrecTBeHHO 0XKHUIATH,
YTO TAKON TeTpad/ip OyJeT B ONpeJeJ€HHON Mepe HACJe/I0BATh U JIMHAMUYECKHE
CBOICTBa TPABUJILHOI'O TETPAIPA.

PaccMmoTpena 3a1a4a 0 CyIieCTBOBAHUT IIEPMAHEHTHBIX BPAIIEHUI PABHOIPAHHO-
r'o TeTpa’pa, MOJIBEIIEHHOIO B €ro IeHTpe Macc. PaBHOYIa/IEHHOCTb BCEX BEPIIUH,
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10 IIPEIIIOJIOKEHAIO COIEPKAIMX PABHBIE MACCHI, OT OOIIEro IEHTPa MAacce, IIO3BO-
Jujia BBecTu mapamerp (cp. [6]), mossossitomumii € IMHOOOPA3HO PACCMATPUBATL KAk
CIydail, KOra pasMephl TeTPasIpa MHOIO OOJIbIIEe PACCTOSHUS 10 IPUTITHBAIOIICTO
IIEHTpa, TaK U CJIydail, KOrja pa3Mepbl TeTPasapa MHOIO MEHBIIEe PACCTOSHHS 10
IPUTSATABAIONIEIO IIEHTPA.

JI1s1 mceaenoBanusl yCTAaHOBUBIINXCS JIBUYKEHUI HCIIOIL30BAHO PA3JIOKEHUE I10-
TEHIIIAJIA 110 BBEJEHHOMY IIapaMeTPy BILUIOTH JO CJIAraeMbIX YeTBEPTOrO MOPIKA,
masioctn. IToKa3aHo, 9TO yCTAHOBHUBIIMECS JBHZKEHUs 0Opa3yloT ceMeiicTBa, 3aBH-
cAIue OT IapaMeTPOB, OIPEJICJIAIONNX IeOMETPHUIO TeTpa’jpa, W HailJleHHbIe pa-
Hee IIepMaHeHTHBIE BPAIeHus] IPABUILHOIO TeTpas ipa MPUHAJIeKaT STUM CeMeii-
cTBaM. B 4WacTHOCTH, ITOKa3aHO, YTO IIEpMAaHEHTHBIC BPAIICHUs BOKPYT OMMeIuaH
CYIIECTBYIOT IIPHU JIIOOBIX 3HAYEHHUSAX YIVIOBLIX CKOPOCTeii. BLINoJHeHHOe mccieno-
BaHME C IIOMOIILI0 TeopuH Payca JOCTATOYHBIX yCJIOBUl yCTONYMBOCTI IIEPMAHEHT-
HBLIX BPAIIECHUI IOKA3aJI0, 9TO JOCTATOYHO HEOKUJAHHLIE YCJIOBUs yCTONYMBOCTH,
HOJIy9eHHbIe JJIsI TPABUJILHOTO TeTPa3/pa, OCTAIOTCS CIIPABEJIMBLIMEA U JJIS PAB-
HOTPAHHBIX TETPA3IPOB, OJM3KAX K MPABUILHBIM.

JI1s1 OTHOPOIHOrO PABHOIPAHHOI'O TETPA3Ipa OIIPEIEICHO ¢ TOYHOCTLIO J0 9je-
HOB YeTBEPTOrO MOPSIJIKA MAJOCTH Pa3jioXKeHue moreHnuala nputszkenus Uy (7y) B
PSIJL TI0 €CTeCTBEHHOMY IapaMeTpy, OIPEIE/IIONeMy OTHOIICHIE pa3MepOB Tesa K
PACCTOSTHHIO JI0 TIPUTATHBAIONIEro MeHTpa. 3ech U jajee ¥ = (y1,72,73). — eau-
HUYHBIA BEKTOP, HAIIPABJICHHBIN OT IIPUTATHBaomero nearpa N K Touke noaseca O,
3aJaHHBI B IIPOEKIUSX Ha OCH CHCTeMbI orcuéra Or1Toxs3, HAIIPABJICHHDLIC BIOJbL
IVIABHBIX IICHTPAJbLHBIX OCeil MHEePIINN.

IIpu crpemyieHnE PaBHOIPAHHOTO TeTPa’dpa K IPaBMJILHOMY BCE TPHU IVIABHBIC
KOMIIOHEHTBI €r0 IeHTPAILHOIO TeH30pa MHEPINN CTPEMATCS K OJHOMY U TOMY 7K€
3HAYEHUIO, U IIO3TOMY B IIpefele, B CIydae IPaBIILHOIO TeTpasapa, 00OOIEHHbII
konyc Illtayne Beipoxkmpaerca. OmHako, ecau, HaIpuMep, OuMeaHbl paBHOIPAHHO-
ro rerpasapa umenor Bujg a1 = a(l — a), az = a, agz = a(l + a), u Ge3pazmepHbIii
napaMeTp a4 CTPEeMHUTCS K HyJII0, TO IPU MAaJbIX 3HAYCHUSX ¢ OOOOIICHHBIA KOHYC
[IITayne onuchIBaeTCsS ypaBHEHUEM

S=0, §=29{7 —7 — 137
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B xmaccuueckoit MexaHnKe 0COOEHHOCTH KOH(UTYPAIIMOHHOIO IIPOCTPAHCTBA Me-
XaHUIECKOM CUCTEMBbI CBSI3aHBI C BBIPOXK AEHIEM T'OJIOHOMHBIX CBsI3€il, KOTOpbIe HaJIo-
»KE€HBbI Ha, CBODOJHYIO cHCTeMY. B TunmnaHOM ciiydae KOH(MUTYpPAIMOHHOE TPOCTPaH-
CTBO IpejcTaBiseT coboil Tyaakoe MHOroobpasme K. Paccmorpum ciydail, Koraa
Ha CHCTEMY HAJIOXKEHBI k TOJOHOMHBIX cBsseil: fi(q) = 0, j = 1,..., k. YpaBHeHus
Jlarpamzka 1j1st naeaJbHbIX TOJJOHOMHBIX CBSI3€il:

doT aT "O0f
E@_%_Qi+z)\j3_%7 1=1,...,n.

J=1

ypaBHeHI/IH B MaTPpHUYHBIX 0003HAYCHUAX:

M(q)i+ B(g,4) = Q + C(q)"A.

Marpuria C' cocraBjieHa U3 I'paJINEHTOB ypaBHEHU cBsi3eit, mHOKUTe M Jlarpan-
’Ka CTPYHIIIpPOBaHBI B obmmii BekTop A, Marpuma N = M~!. Jlna naxoxjenus
HEM3BECTHBIX CUJI PEAKIINI HYXKHO PENIUTh CUCTEMY yPaBHEHUII:

(CNCT)A = h+ CN(Q — B). (1)

BekTop h umeer cieyiomue kKommonento: h; = ¢7 fI'q. B ciayuae HezaBuCHMBIX
rOJIOHOMHBIX cBs3zeil Marpuna C' uMeer nosnsii panr, marpurna CNCT obparuma.
B sTom cayuae monydaem siBHOe quddepeHIinaabHoe ypaBHEHNE JTBUKEHUS:

j=-N(Q— B)+ N[CT(CNCT)"'CIN(Q — B) + NCT(CNCT)"'h. (2)
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st corydast m30BITOYHBIX MJIM 3aBUCUMBIX CBA3€M MOXKHO JIOOIPEIETUTh PeaK-
UK CBsA3ell B 0coOoit Touke. Hampumep, MOXKHO B34Th IICEBI0-00PATHYIO MATPUILY
(CNCT)T B ypasuenun (1).

[Ipeanonoxkum, uto y cucrembl B R™ ectb n — 1 TOJTOHOMHBIX CBsA3€eil, U paHT
cBazeit magaer Ha 1 B 0coboil Touke s. B arom ciyuae crpokn Marpuisl CNCT
cBA3aHbl ofHuM JmHeiHbM orpanndenueM ul (CNCT) = 0. MoKHO TPOBEPUTS,
YTO BEKTOPHI B IIpaBoil wactu (1) ToKe yIOBJIETBOPSIIOT STOMY OrpaHHIEHHIO. 1o-
r7a mpaBas gacTh ypasHenus (1) Bcerma jexxkut B obpase marpunsl CNCT| ecim
CKOPOCTHU U YCKOPEHUsI B 0c000# TouKe KoHeuHble. Cuyibl peaknuu A B 0cob0it TOUKe
OIIpe,leJIeHbl HeoTHO3HAuHO, HO cyMMa CT A nocrosaua. B ob1ieM ciryuae BeKTOpHOE
noJie B (2) He SIBJISETCS TVIAJIKUM BEKTOPHBIM TIOJIEM Ha 00bEMITIOINIEM ITPOCTPAHCTBE
TRV,

Paccmorpum ciesyroree KOH(MUTYPAITMOHHOE ITPOCTPAHCTBO: 00 beINHEHNE JIBYX
KpuBbIX I'] 1 I'9, KOTOpBIE TPaHCBEPCATBHO TIEPECEKAIOTCS B TOYKE S, TJIe PAHT TOJIO-
HOMHBIX CBs3eil majiaet Ha eauauity, k = n — 1. Torjga mpocTpaHcTBO JOMYCTUMBIX
ckopocreit Tpl', mag koropeix CT¢ = 0, B 0coboit Touke GymeT He OJTHOMEDHBIM, a
JTBYMEPHBIM. DyneM camTarh, 9TO JIBUKEHNE BHE OCODOIM TOYKM ONMUCHIBAETCS YPaB-
HeHuaMH Jlarpamxka. Eciam mexannmdyeckas cucteMa MPOXOUT 4epe3 0COOYIO TOUKY,
TO ee JIBUKEHNE TaKoe: CHadaJIa TPAEKTOPHS JIBUKETCsI 110 (Da30BOMY TPOCTPAHCTBY
TT, mpoxomuT 4Yepe3 MOBEPXHOCTH BBIPOXKaeHus cBazeit Tol' m 3aTem mpomoska-
et asuxkenue 1o 117 mmm o TT'y. Yepes ocobyio TOUYKy Ipu HYJAE€BOII HAYAJIBHOM
CKOPOCTH MOTYT HPOXOJUTDH JIBE TPAEKTOPUU JBUZKEHUSI.

[Tpeanonoxkum Tenepb, uTo Kpusble ['1 u 'y mMeroT Kacanme 1mepBoro Mmopsijka
B ocoboit Touke. Torma npocrpanctBo 1ol omHoMmepHoe. Eciim 661 BekTOpHOE TI0JI€,
ompejiesieHHoe ypaBHeHHeM (2) GbLI0 ObI IVIaJJKUM BEKTOPHBIM IIOJIEM Ha 00bEMJTIO-
IIIeM IIPOCTPAHCTBE, TO ABMKeHne Ha 11 ObLIO OBI ompeneseHo ogHo3HaIHO. Ho B
0coboil ToYKe /I 3aJJaHHOI'0 HEHYJIEBOI'O BEKTOPAa CKOPOCTHU (o CYIIECTBYIOT JIBE
TpaekTopun, npoxoasimue depe3 Touky (0,qg) € TT.

JIJTst TJI0CKOTO JIBOMHOTO MAsSTHHKA, CBOOOHAS BEPIIMHA KOTOPOTO JIBUKETCS
10 3aJ]aHHON KPUBOil (JLINIICY), MOJyYaeTCst CJAEAYIONUNA Pe3yJIbTaT: KOH(MUrypa-
IIMOHHOE ITPOCTPAHCTBO COCTOUT U3 JIBYX KACAIOIINXCSA KPUBBIX. depe3 0co0yIo TOUKY
IPOXO/IAT /iBe TpaekTopun: onna C2-rmankaa u oqna Cl-rnagkas. B skcmepmvente
MIOJTY9€eHO, YTO TPAEKTOPUS JIBUKEHNS Ha KOH(MUTYPAITMOHHOM ITPOCTPAHCTBE SBJIS-
erca Toapko Cl-rimasxoit KPUBOIL.

Takum 0obpazom, 3aBUCUMOCTb TOJIOHOMHBIX CBs3eil B 0COOOU TOYKE TMPUBOJIHAT
K TOMY, 9TO ypaBHEHUs JBUKeHUs (2) He 3a/af0T IVIaJIKOO BEKTOPHOTO TIOJIsT Ha
BceM mpocrparcrse TRY. OHu MOryT GBITH JOOINpEIEJIEHbI, HO HEOJHO3HAYHO. B
ciydae nByX KpuBbixX 'y u [y ¢ o01mieit TOUKOI § TVIQIKUMU ABJISIOTCS TOJIBKO Cy2Ke-
Hus ypaaenuit (2) ma npocrpancrsa 117 u TTs. ['mmoresa cocrour B TOM, 9TO
MOKHO N€OMETPUYIECKHU «PaCIIUPUTh» (dpaszoBoe mpocTpancTBO 1T 1jist TOro, 9TOOBI
pa3penuTh 0COOEHHOCTh Ha, ITOBEPXHOCTH BBIPOXKAeHus cBa3eit Tyl .
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Karonesvie crosa: 3aHOC KOJIECHOIO allllapaTa, TPEHUE BEPYCHUA, MOJIEJ/Ib YBOJda, «MUKCT».

JloK1a,T TOCBSIIEH OIMMCAHUIO JTMHAMUKH JIBYXOCHOTO YE€TBIPEXKOJECHOTO alllla-
para (aBroMoOmJisi, poboTa W T.J.) Ha HAYAJBHON CTAJUU 3aHOCA, IIPOUCXOIAIIE-
ro mpu OJJOKMPOBKE HJIM ITPOOYKCOBKE KOJIEC OJHOM M3 Oceil, JIMOO MPU TOIa IaHUN
Ha «MHUKCT» |1, 2] — y4acToK OMOpHOI IJIOCKOCTH, cojepxkammuii obactu ¢ pas-
HbIME KO3 duImeHTaMu TpeHusi (paccMaTpuBaeTcs ciaydaii, Korjga KoahduimeHT
TPeHUs JJId OJIHOTO M3 KOJIeC BeAyIeil OCH OKa3bIBaeTCsl MEHbIIe KO3 puImenTa
TPEHUsI JIJIsI IPYTUX KOJIEC), M OTBICKAHUIO aJITOPUTMOB, IPEISITCTBYIONIUX €ro Pas3-
Butuio. VcciieoBanue ypaBHEHUI JUHAMUKHA MTPOBOJIUTCS C MCIIOJB30BAHUEM IO/
X0JT0B (PPAKIMOHHOTO aHam3a (pa3ie/eHns] IBIKEeHNIT ), TeOpun BO3MYTIeHui |3, 4],
NPUOJIMKEHHBIX METOJ0B MHTErPUPOBaHUs JuddepeHnabHbIX YPABHEHUN U Me-
To/la (pa30BOI IIOCKOCTU. Pe3ybTaTbl MOTYT IPUMEHSATHCA MPU (POPMUPOBAHUM
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IIPOTPAMMHOTO ObecedeHnsI aBTOMOOMIbHBIX TPEHAXKEPOB 1 CPEJICTB aKTUBHO 0Oe3-
OTIACHOCTH.

JIBu>keHue armapara Ha OJHOPO/AHOII OIMOPHOI MJIOCKOCTMH.

PaccmarpuBaercs 3amada o 6JIOKHPOBKe miin IIPOOYKCOBKE KOJIeC Beayteit (Te-
peiHell nM 3a/Helt) OCH almapaTa B CIydasix, KOIrJa Kojeca JAPYroil ocu CoXpaHsi-
IOT CIIEIJIEHUE C OIMOPHO IJIOCKOCTBIO MM HAYMHAIOT CKOJIL3UTH 110 Heil. [Ipemmno-
JIaraeTcsl, YTO OINOPHAs IJIOCKOCTH OJIHOPOJIHA, XapPaKTEPUCTUKU CIEIICHUS C Heil
JIJIsl KOJIEC OJTHOM OCU PA3JIMYAIOTCS MaJIo, YIVIbI HAKJIOHA KOPITYCa allllapaTa MaJibl,
U HOpMAaJbHbIE PEaKIUU JIJIs KOJIEC OJITHONW OCU NPUHUMAIOT O/M3Kue 3HadeHus. B
paMKax STHX [PE/IIOIOKEHUl IMHAMUKA amnmnapara, Kak u B [4]-[6], onuceiBaercs
BEJIOCUIIETHON MOJE/IBbI0. YKa3aHbl CJIydau, KOrjla TaKoe JBUXKEHUE MOXKET IPUBe-
CTHU K 3aHOCY allllapaTra, UCCJIeJIOBAHO BJIUSHIE Ha HETrO IMOBOPOTA MEPETHUX KOJIEC.
[IpoBesieno cpaBHenue MoJieJiell IBUKEHHS allapaTra, B pAMKaX KOTOPBIX JJIsi OITH-
CaHUS CKOJIbXKEHUs KOJIeC UCIIOIb3YIOTCA MOJIeb cyXoro Tpeaus Kynona n momennb
HOJIMKOMITOHEHTHOTO cyxoro Tperus B.D. 2Kypasnésa [7], yunrbiBatomas Tpenue
BepUeHHs B 00/1aCTIX KOHTAKTa KOJIeC ¢ OIIOPHOI ITOCKOCTHI0. O003HaYEHBI 001aCTH
MPUMEHUMOCTH MOy YEHHBIX PE3YIbTATOB.

JIBu>KeHune anmapara Ha «MHKCTE».

st ontcaHust IBUXKEHU, OTBEYAIONINX PA3JIMIHBIM YCJIOBUSIM B3aUMOICiCTBUS
KOJIeC BeJIyIeil OCh ¢ OMOPHOM IIJIOCKOCTBIO, UCIIOJIb3YEeTCS YeThIPEXKOJECHAS MO-
JleJib anmnapara, KOpILyC KOTOPO He MMeeT HAKJIOHOB, IOCTPOEHHAas B IIPEAIOJI0ZKe-
HHUHI, 9TO HOPMAJIbHBIE PEAKIINHU JIJIsI KOJIeC OAHOM OCH IIPUHUMAIOT OJIM3KHE 3HaYe-
HUA [1, 2]. ITocTpoena maremarndeckasi MOJEb JIBUKEHUS allllapaTa Ha «MUKCTE»
B CJIy4dadX, KOrJia IepeaHne KoJjieca COXPAHAIOT CIECIJICEHIE C OIIOPHON IJIOCKOCTBIO,
a KoJieca 3aaHel (Be,zpymeﬁ) OCU COXPAHLAIOT CIeIlJIEHUEe C OIIOPHOM IJIOCKOCTBHIO NN
CKOJIB34T 110 Heil. VcciiemoBaH OBICTPBINA IIPOIECC BhIPABHUBAHUST KOHTAKTHBIX CII
Ha KoJiecaxX Beyleil ocu (B cJiydae, KOrJa XOTsl ObI OJTHO U3 9TUX KOJIEC COXPAHSET
CIIEILJICHUE C OIOPHOM HJIOCKOCTBIO) 1 OBICTDBII IIPOIECC MePexo/ia K IMTOCTOSTHHOMY
3HAYCHUIO yIJIOBOU CKOPOCTHU BBIXOJIHOT'O BaJia JIBUTrATEA (B CcIy4dae CKOJIbXKEeHUA
000oMX KOJIeC BeJyIieil och), HailJieHbl yCJIOBUS X PEAJIM3AINU, JTAHBI OTEHKU M-
IIyJIbCa YIVIOBOM CKOPOCTHU, MOJY4YaeMOIr'0 KOPIIYCOM allllapaTa II0Cje 3aBepIIeHUd
OBICTPBIX IIPOIECCOB. YCTAHOBJIEHA HEIIPABOMEPHOCTDH MCIIOJIL30BAHUS MOJIE/HU, 3a-
[penarolneil IpPoCKaJIb3bIBaAHUE HNEePEJHUX KOJIeC annapara B IIOIEPeYHOM HallpaB-
seanu. [IpoBoauTca amanus 6ojiee MeJJIEHHON TONEPEYHON W yIJIOBON JTUHAMUKH
KOpIIyca aImapaTa Ha «MuKcTe». VcciemoBano BiausiHUE TpeHUsI BepUeHusl B 00J1a-
CTAX KOHTAKTa KOJIEC C OIIOPHOU IJIOCKOCTBHIO [8] Ha 3aHOC almnapara.
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Kanaouesvie crosa: cronoxosinas Maniaa 1eObIéBa, BETPOTYPONHA, CTAIMOHAPHOE IBU-
KeHue.

Bajlaga MOCTPOEHUsI MAPHUPHOTNO MeXaHU3Ma, MPeodpPasyIoInero JIBUKEHNe TI0
OKPY2KHOCTH B IPUOJIMKEHHOE K IPSIMOJUHEHHOMY, CTOsIJIa CO BPEMEH pa3pabOTKH
mapoBbix MamuH. OuH U3 HanboJIee JIETaHTHBIX BAPUAHTOB PEIeHNs 3TON 3a a9n
obL1 peioxker [ladpryTrem JIbBoBrmuem HeOBIEBBIM. DTO IJIOCKHUIT TPEX3BEHHbIM
MeXaHU3M, COCTOSIINNI U3 KPUBOIINIIA, IMTATYHA U pblYara, KOTOPBIH CTaJl U3BECTEH
KaK A-MexaHu3M. HuKHme KOHITbI KPHUBOIIUIIA U IMATyHAa IIApPHUPHO 3aKPEILICHBI
Ha pame. llenTp pbryara IMmapHUPHO COETUHEH CO CBOOOJHBIM KOHIIOM IaTyHA, a
OJINH U3 KOHIIOB pblYara COeJIMHEH CO CBOOOHBIM KOHIIOM KpuBorumna. Ha ocHose
A-MexaHn3Ma HeOBIIEB CKOHCTPYUPOBAJI TIEPBYI0O B MUPE CTOIIOXOJISIILYIO MAITIHY,
KOTOPYIO IIPEJICTaBIII Ha BCeMUpHOii BeictaBke B [lapuxke B 1878 romy [1].

B psne pabor paccMarpuBaeTcss BO3SMOXKHOCTb KOHCTPYUPOBAHUSA POOOTOTEXHMU-
YeCKUX CHCTEM Ha OCHOBE CTOIOXOZAIIell Mammubl Yebpimésa, (Hanpumep, [2]).

B nacrosimeit pabore pacCMOTPUM IAraiOMUil MEXaHU3M, COCTOSIINI U3 MaIllu-
HbI UeOBIEBaA U MPOIEJIIEPHON BETPOTYPONHBI, KOTOPBI MOXKET IePEeMEIaThCs 3a
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CUYeT SHepruu BeTpa. bylieM paccMaTpuBaTh JIBHKEHUE, ITPU KOTOPOM IEHTP MacC
CUCTEMBI TIEPEMEITAeTCs TPOTUB TTOTOKA.

OTMeTnM, 9TO IIAraionie MAaIIUHbI, IEPEMEIIAONINECT 38 CYET SHEPIUUA IIOTO-
Ka, ObLIN TIpeyiokeHbl Teo frcenoM. Ero mMammabl ocCHOBaHBI HA KHWHEMATUYECKOM
cXeMe, CYIIECTBEHHO OT/IUYAIONIeNcss OT A-MeXaHW3Ma, U IpeIHA3HAYEHbl I T1e-
peMeIeHnsT B HAIPABJICHNH, IIEPICHIUKYISIPHOM HOTOKY (mompobHee, HaIpUMeD,
B [3]).

PaccmarpuBaemasi MexaHudeckasi CHCTEMa COCTOUT U3 CTOIOXOJISAIIEH MaITHBI
YeObIméBpa u mpoIe/JIepHO BeTPOTYPOUHBI, YCTAHOBJIEHHO Ha KOPIIyCe MAIUHBI,
TaK YTO IJIOCKOCTBH IPOIeJIIepa OPTOTOHAJIbHA HAIIPABJIEHUIO JIBUZKEHUsI KOPITYCa.
Ba.]l Typ6I/IHbI CO€IMHECH C KPHUBOIINUIIaMM )\-MGX&HI/ISMOB HOT' MalllMHBI ITOCPEICTBOM
penykTopa ¢ KoaddumuenTom k nepegadn. CTOMOXOIAIIAs MAIIITHA TT€PEMEIAaeTCsT
110 aOCOJTIOTHO IMIEPOXOBATON TOPU30HTAJIBHON ITOBEPXHOCTU U HAXOJIUTCS B IIOTOKE
BeTpa, HAITPABJIEHHOM TapaJLIeIbHO JIMHUU JIBUKEHUS KOPITyCa.

[TpenebperaeM BO3MOXKHBIMU OTKJIOHEHUSIMH «TOJIEHeH» (3BEHbEB, Ha KOTOPBIX
3aKPEILIEHbl «CTOIBI» MAIIMHBI) OT BepTUKau. [lokazaHo, 9TO B MOMEHTBHI CMEHbI
OTIOPHBIX HOT' CKOPOCTU BCEX UETBIPEX «CTOIl» HyJeBble. Takum obpa3oM, cucTeMa
UMeeT OJIHY CTEeIeHb CBOOOJIHI.

AKTuBHBIE CHITBI, JEACTBYIOIINE HA CHCTEMY, ITPE/ICTABIEHBI a3POTMHAMTICCKUM
BO3/IEICTBUEM HA IIPOIIEJIIEP, & TaKKe COIPOTUBJICHUEM KOPIIYCA U OIMCHIBAIOTCS
Ha OCHOBE KBa3HCTATHIECKON Momenn |4, 5.

VpaBHeHUsT JTBUXKEHUSI CUCTEMBI TIOJIy9YeHbl Ha OCHOBe dopmasun3Ma Jlarpamxa.

Ha ycranoBuBIIeMCs1 IBUKEHHN HaAOJIIOIAeTCs OaJIaHC MeXKIy OOODIIEeHHON cu-
JIOI, KOTOPast COOTBETCTBYET adPOIUHAMUIECKOMY MOMEHTY, JIeHCTBYIOIEMY Ha BET-
poTYpOUHY, 1 0000IIEHHOIT CUJIOi, OTBeYaloMeil JIOOOBOMY COIIPOTUBJIEHHUIO TIPOIIE/I-
Jiepa 1 Kopiryca. 3a c4uer Bbibopa Kodddurmenta k mepenadn (B MexaHU3Me PeJIyK-
TOpa, MEePEeJIAIOIIero BpalleHne BaJja TypOMHBI Ha KPUBOIIUIIBI HOI') MOYKHO 0bGec-
MEYNUTDH 2KeJIAeMOe COOTHOIIIEHNE MEYK/Iy BUPTYAJbHBIMU ITePEMEIEHUAMU, COOTBET-
CTBYIOIIUMU KaXKJI0 U3 YKa3aHHBIX 0000IMEHHBIX cil. TeM caMbIM MOXKHO JIOOUTHCS
CYIIECTBOBAHUS YCTAHOBUBIIIETOCS PEXKUMa, IIPU KOTOPOM KOPITYC JIBUYKETCS IIPOTUB
BETpa 3a CUYeT SHEPIuu BeTpa.

[TomobHbBI pe3y/IbTaT O CYIIECTBOBAHUHN PEXKUMA JIBUXKEHHS TPOTUB IOTOKA B
MOJIEJI MOOMJIBHOTO yCTPOHCTBA, OCHAIIEHHOTO BETPOYCTAHOBKOI, paHee OBLI I0-
JIy9eH JIJTsi KOJIECHOH MaImuHbl B pabote [6], a Takke /I BOIHOTO TPAHCIOPTHOTO
cpeacrsa B |7].

Hayunoe wucciemoBanne mpoBeIeHO MMPU YACTUYIHONW (DUHAHCOBOM IOJIIEPIKKE
Poccuniickoro donna dpyHmameHTaIBHBIX HccaegoBaHnii, rpanT Ne 18-31-20029.
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Uccnemyercst aBuzKeHne KOJECHOIO 0ObEKTa 110 MOBEPXHOCTH BObI [1]. Bosmozk-
HOCTb KadeHWs 110 BOJIE ITO3BOJISIET IMOJYYHUTH P IMPEUMYIIECTB 10 CPABHEHUIO C
TJINCCEPAMU U CYJaMHU Ha TOJABOJHBIX KPBLIbAX: YBEJIHUYUTH CKOPOCTH JIBUKEHUS
Ha/IBOJIHBIX CYJIOB U YMEHBIIHUTH PACcXOJl TOILIMBa. Kpome TOro, OHM sIBJISIOTCS aM-
dubusiMu, TO €CTh MOI'YT JBUTATHCS 110 CYIIIe U MEJIKOBOJIBIO C BBICOKOII CKOPOCTBIO.
9To0 3acTaBjsieT IOAyMaTh O IPAKTUIECKOM HCIIOJIb30BAHUN 9TON UIeN U O0bSICHS-
eT MHTepeC K BOIIPOCAM OIIpeIesIeHNs THIPOANHAMUIECKIX CUJI, BOSHUKAIOIINX IPU
KadeHWUN 110 MOBEPXHOCTH BOJIBI [2].

B pabote ucciieyercs B3auMoieficTBre KOJIEC MAITUHKU C BOJIOM, COITPOTHUBIIE-
HIe BO3JIyXa He YYUTbIBaeTcs. [Ipu conpukocHOBeHUM KOJIEC ¢ BOJIOW Ha MAITHMHKY
JEfICTBYIOT CHUJIa COIPOTHUBJIEHUS W O bEMHAsT CUJIA, 3aBUCSIIINE OT TJIyOWHBI I10-
IPY2KEeHUsT U CKOPOCTH MAIIMHKH. B TO Ke BpeMs CKOPOCTh MAIUHKUA 3aBUCUT OT
TATH KOJIEC, KOTOpasl 3aBUCUT OT yIJIOBOW CKOPOCTH mX BparieHus. Omupejenasercs
JUAIa30H 3HAYEHUI ITapaMeTpoB, IIPU KOTOPOM MAIIUHKA OyJdeT eXaTbhb 110 IMOBEpX-
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HOCTH BOJIbI, & He TOHYTh. [[Jist onmcanust moabEMHON CHIIBI ¥ CUJTBI COITPOTHBIICHST
HCIIOJIB3YeTCsT KBAa3UCTATHIeCKUi moxos, [3].

Takzke paccMaTpuBaeTCs TPUOINKEHHAS] TEOPETUIECKAsT MOJIETb MEXaHUIECKOi
CHUCTEMBI, WCIHOJIb3YIONIAsICS IPU ONPEJIeJIeHNN CUJIbl TSATU B 3aJa49e O JIBUKEHHUU
KOJIECHO! CHCTeMbBI ¢ TPYHT-3allellaMU 110 [MOBEPXHOCTH BOjbI. Jljisi ompejesieHust
TSATH KOJIEC UCIIOJIB3yeTcs hopMyJIa:

F = 0.5pkb(0.591 (1 — sgn(y1))0.5(1 4+ sgn(l 4+ 1)) + 0.51(1 — sgn(l + 1)) (wr — v)*.

31ech p — MIOTHOCTH BOJIbI, k — K03(DPUIIMEHT, OIpe eIl 1acTh 3aIeIoB,
HAXO/ISIIIUXCS B BOjie, b — IMUpHUHA KoJieca, T — PaIuyc KoJseca (YIUThIBas JJTHHY
3arena), | — JJIMHa 3a1ena, ¥ — KOOpJMHATA HUXKHEl 9acTu 3arena, w — yrjioBasi
CKOPOCTH BpallleHust KOJEC, v — JMHeliHasi CKOPOCTh MAaIuHKu. B manHoit dhopmyite
YIUTBHIBAETCS TJIyOMHA TOTPY>KEHUsI MAIMHKU. EC/Iu MaIlMHKa MOTPyKeHa B BOLY
6oJiee TUIyOUHBI 3aIleNa, TO CIUTAETCS TATa MOJHOCTHIO IOIPY2KEHHOr'0 3aIlela, eCJIn
MallHKA [TOrPYyzKeHa Ha TJIyOMHY, MEHBIIYIO, Ye€M [, TO CIUTAaeM TATY OT HOTPYKeH-
HOI YaCTH, eCJIU Ke MaIllnHKa BBIXOJUT U3 BOJIbI, TO TATa HyJeBas. CauTaeTcs, 9To
CKOPOCTH KOHIIa KoJieca O0JIbIle, YeM JUHeTHasl CKOPOCTh MAIlTUHKN, WHAYE JTBUKe-
HU€e TI0 TTOBEPXHOCTHU BOJIBI Oy/I€T HEBO3MOZKHO.

[IpoBenen anam3 AeHCTBYIOMWX CUJ W PACCMOTDPEH psJl MPEJIEeJTbHBIX CJIyda-
€B, ITO3BOJISIIONINX OIPEJIETUTh CUITY TATHU. [IpuBeiena 3aBUCUMOCTD O€3pa3MepPHOTO
KO3 purmenTa TAru or 6e3pa3zMepPHOro apaMeTpa, paBHOI'O OTHOIIEHUIO abCOJTIOT-
HBIX CKOPOCTEel TPYHT-3allellOB KOJIEC M HaJIBOJIHONW dacTw Mojenu. Jlana orenka
MPUMEHUMOCTH JIAHHOTO TOJIX0/a K 3ajlade O JIBUKECHUHM MAITUHKU 110 TTOBEPXHOCTH
BO/IbI.

Pabora BwInIONIHEHA TTpU TIO//IepKKe Hay4dHOU mKoJbl MY «Maremarudeckue
METO/IbI aHAJIN3a CJIOKHBIX CACTEM>.
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Kmoueswie caosa: nedopmupyemMoe KOJI€CO, CTEPXKHEBOM ITPOTEKTODP, CUJIbI B IsITHE KOH-

TaKTa, IIPOCKaJIb3bIBaHUE.

Pabora nocssiena aHaIUTHIECKOMY OITUCAHUIO CTATUYECKOTO U JIMTHAMUIECKOTO
B3aMMOJIENCTBUS JiepOPMUPYEMOTO KoJjieca U HeiepOpMUPyeMoil JIOPOTH.

[Tornmanme MeXaHU3MOB KOHTAKTHOT'O B3aUMOJICHCTBUS KOJIECa U JIOPOT'UA BayKHO
C TOYKHU 3pCEHU:A ITOBbIIIECHU A 6e3OHaCHOCTI/I 1 9KOHOMMHWYHOCTH KOJIECHBIX TPaHCIIOPT-
HbIX cpeacTB. CoxpaHeHue CIEIJICHUsS B IsiTHE KOHTAKTa U HEeJOIYIEeHNe IePexoia
B PEXKUM 3aHOCA SABJISETCSI KPUTHIECKHU BAXKHBIM JIJI YIIPABIIEMOCTH U O€30T1aCHO-
CTH JIBUKEHUS TPAHCIIOPTHOTO cpejicTBa. HexkesrarebHoe IIPOCKaJIb3bIBAHIE B 30HE
KOHTaKTa IIPUBOJIAT TaK:Ke K ITPeKIeBPpeMeHHOMY U3HOCY KoJjiéc. KadecTBo criernie-
HUA C JIOPOI'OM OlIpedesideTcsd paclipe/iejIecHueM U BeJUIUHOU pPeaKInil, BOSHUKAIO-
X B KOHTAKTHOU oOsactu. /st pacdéra m aHaan3a 3TOTO U APYTUX HapaMeTpPOB
KOHTAKTHOI'O B3aMMOJENCTBUA C IIEJIBIO ITOCJIEAYIOMEro COBEPIIEHCTBOBAHNSA KOH-
CTPYKIIMU KOJIEC U YMEHBIIEHUS UX MOJIBEPKEHHOCTU HETaTUBHBIM JIMHAMUYECKUM
s derTam yaIéHBIMI pa3pabOTaHbl PAa3IMdHble MaTeMaTndeckne Mojenn [1].

Tax Ha3bpIBaeMble <IIETOUHBbIE» MOjean |1, 2| oCHOBAHBI Ha MaTEMATHIECKOM
OIIMCAHUM IIPOCTOTO (PUBHIECKOTO aHaJjora gedopMupyemoii nepudepun Kojaeca —
IpeJicTaB/IeHns e€ B Bue Habopa JedopMUPYEMbBIX CTEpXKHEH MJIH Py KUHOK. 3Ha~
YUTEJIbHOE YIPOIINEeHUe IpeIcTaBIeHus nepudepun Kojieca OTHOCUTETHHO Peasib-
HOT'O HEOOXOJIMMO, YTOOBI, C OJHOIl CTOPOHBI, MAaTEMATUUYECKOE OIMCAHUE He ObI-
JIO CJIMIIKOM I'DOMO3AKHM KW MOIJVIO IIPUMCHATHCA IIPU MOJCJIUPOBAHNNA JUHAMHWKHN
TPAHCIIOPTHBIX CPEJICTB, a C JAPYroil, oTpaKajio Obl TaKue BarKHbIE ACHEKTbl KaK
COIIPOTHUBJIEHNE KAaYEHWIO, YaCTUIHOE WJIM TOJTHOE CKOJIb>KEHHUE B IsiTHE KOHTAKTa,
3aBUCUMOCTD CUJIbI TPEHUS OT OTHOCUTELHOI'O IIPOCKAJIb3bIBAHUS U JIPyTHE.

B nacrosieit pabore MCIOJIB3yeTCs HpeJCcTaBIeHne Kojieca B BHUJE abCOJIIOT-
HO TBEPJIOro JHUCKa U Je(OPMUPYEMOTO IPOTEKTOPA, 00PA30BAHHOIO MHOXKECTBOM
paJIMaIbHO PACIOJIOXKEHHBIX ynpyrux crepxkueil [3|—[5|. Baaumoneiicreue s1emen-
Ta MPOTEKTOPa U JOPOTH OIMCHIBAETCS B PaMKax MOIEIHN CyxXoro Tpennst KysoHa.
Hedopmaruu KoJjteca ONpPeIeIIOTCS KaK COBOKYITHOCTDH JiepopMaIiuii 3J1eMeHTOB
nporekTopa. CHada/a pacCMaTPUBAETCS JTUCKPETHAsT MOJIE/Ib ¢ KOHEUHBIM UHUCJIOM
CTEepXKHel, 3aTeM OCYIIECTBJISIETCS IePeX0Jl K HEIPEPBIBHONW MOJEN TPOTEKTOPA.
CrepKHEBOIT MPOTEKTOP CJAYKUT MOJIEIBIO CPEIbl, IOTJIONAONIEeH SHEPTUI0 U 00y-
CJIABJIUBAIONIEH COMTPOTUBJIEHNE KAUEHUIO.
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I'panwutbr 0bs1acT KOHTAKTa, YIACTKOB CIIEIIJIEHUsT U TIPOCKAJIb3bIBaHUsT BHYTPU
Hee, BEJIMYMHbI W HAIIPABJIEHUA CHJI PEAKIIMM CUUTAIOTCH 3apaHee HEN3BECTHBIMU
7 OIIPEJICJIAIOTCA B XOJI€ UCCJICJIOBAHAA B 3aBUCAMOCTH OT NPUJIOZKEHHBIX K JIUCKY
KOJIeCa HArpy30K, YKECTKOCTHBIX W TI'€OMETPUYECKUX XAPAKTEPUCTUK IIPOTEKTOPA,
TpEeHUusd C JOPOTOA.

CHauaJja paccMaTPUBAIOTCS 33/Ia9M O CTATUIECKOM HArpyrKeHHH KOJIeCa BEPTHU-
KaJIbHOW M TOPU30HTAJIbHON CHUJIAMH, KPYTSIIIM MOMeHTOM. KOHCTpYKTUBHBIE OT-
Jrans npearaeMoit Mosenn [3]-[5] oT m3BecTHBIX METOYHBIX Mogeseil [1, 2| mo3-
BOJISIFOT YMEHBIIIUTH KOJIMIECTBO UCIIOJIb3yEeMbIX I'MIIOTe3. TaK, B IPEIIIeCTBYIOITIX
MO/IEJISIX pacipejieieHne BEPTUKAJIbHBIX PeaKIINii B KOHTAKTHON 001aCTH CIUTAIOCH
3a/[aHHBIM (JIMHEHBIM WM TapaboIMIecKnM ), & B HOBOI MOJIEJIN OHO PACCUUTHIBA-
€TCd B 3aBUCHUMOCTH OT XaPaKTEPUCTUK IIPOTEKTOPa U YCJIOBUII TPEHUA C JOPOTrOM.
Tak>ke ¢ TOMOIIBIO HOBO# MOJIEJIN TIOJIyIeHO aHAJUTUYIECKOe 0OOCHOBAHUE M3MEHe-
HUs KapTUHBI paclpejieieHns BEPTUKAJbHBIX PEAKINil B 30HE KOHTAKTa B 3aBUCH-
MOCTH OT TUIIa BHENTHUX YCHUJIUI, TPUKJIAIbIBAEMbBIX K JUCKY KoJjeca. [Ipmioxkenne
K KOJIECY TOMHMMO BEPTHKAJIbHOW HArpysku (Beca) JOMOJHUTEIHHOIO KPYTSIIETrO
MOMEHTAa BBI3bIBACT CMeEIEHUEe PaBHO/IEHCTBYIONIE BEPTUKAJIBHOI peakiiun B Iie-
PEIHIOI0 YaCTh 30HbI KOHTAKTa, a IPUJIOKEHHE JIOIIOJITHUTEIbHON TOPU30HTAJIbHOM
CUJIbL IIPUBOJUT K CMEICHUIO PaBHOJICHCTBYIONIE BEPTUKAJILHON peakluu B 3a]l-
HIOIO YaCTh 30HbI KOHTAKTA.

HaJiee, B paMKaxX HCCJIEJIOBAHUS JUHAMUKUA BBIBOISTCS YPaBHEHHS JIBUXKEHUS
nedopMUPyeMOro KoJjeca ¢ yI6TOM IIPOCKaJIb3bIBaHUSA B 30HEe KOHTakKTa. V3ydaer-
Cd CTAIMOHAPHBIA PEXKUM JIBUXKEHUHA, IIPU KOTOPOM JIMHENHAdA U YIJIOBasd CKOPOCTb
KOJIECA OCTAIOTCsI MOCTOSHHBIME. OIIPEeIesIsIioTCs YCIOBUs, HEOOXOMUMBIE IJIsT IIO/-
JIeprKaHus 3aJaHHOTO CTAIMOHAPHOTO PEeXKUMa JBUKEHUA. AHAJIM3UPYETCsT 3aBUCHU-
MOCTh TOPH30HTAJIbHON PeakIui B KOHTAKTHON 00JIaCTA OT OTHOCUTEIHLHOTO IIPO-
CKaJIb3bIBAHUA KOJIECa U JIOPOI'H.
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Karoueswie caosa: onTuMaabHOE yIpaBjieHHe, KOHMINKTHAsS CpeJia, ITOUCK IIyTH, YUCJICH-

Hbl€e ME€TObl, MaTe€pHaJIbHAasd TOYIKa, YKJIOHEHHE.

B pabore paccmarpuBaeTcs 3aj1ada ONTUMUABAINN TPACKTOPUN YKJIOHSIOIIETOCS
obbekTa (YO) na miockoctn. Havampaoe u kKoHeuHOE nostozkenne YO 3a7aHO TOU-
kamu. KondimkTHast cpejia npejcTaB/ieHa KOHEIHBIM HAOOPOM CEHCOPOB — HEIO-
JIBU2KHBIX OOHAPYKUTEJIEN, pacloioKenne KoTopbix n3dsectuno ¥ O. Ilpemanonaraer-
cs, 9TO T0JIT OOHAPYKEHNsI PABHOMEDHbBIE KPYTOBbIE C HEOI'DAHUYIEHHBIM PAINyCOM
netictBus. Jlannas 3a/1a4a akTyasbHA B CBS3U C ITOBBINNIEHHBIM UWHTEPECOM B TTOCJIE]I-
HUE TOJIbI K OXpaHe TEPPUTOPUl aBTOMATU3UPOBAHHBIMU CPEJICTBAMU.

Bajtaua popmasmdyeTcs Kak 3a/ada ONTUMAJIbHOTO YIIPABIECHUS B MOHTPATHH-
ckoit popme. YO mpejicraBiisieT coboit MaTepraabHyI0 TOUKY U YIIPABJISAETCS BEKTO-
POM CKOPOCTHU. 3aJjada PeIiaeTcs B MPEJIOI0XKEHIN 33/ [aHHOTO BPEMEHU Iepexoia
U3 TOYKU B TOUKY C O'PAHUYIEHNEM Ha MAKCHUMaJbHYIO0 CKOpocTh YO u 0bIyto Jiiu-
HY IyTH, & TaKKe Pa3sHbIMU KO3DDUIMEeHTAMN BIAUSHUS PA3JIMIHbIX CEHCOPOB. YO
MUHUMHU3UPYeT PYHKIIMOHA PUCKA CBOET0 OOHAPYKEHMUSI.

B pabore pazpabaTbiBaeTCs METOIUKA PEITEHUs Oy IeHHON 33/1a41i OIITUMU3a-
nm. Ha OCHOBE€ IIPpUHIUIIa MaKCUMYyMa peleHne 3aa91 OIITUMAJIbHOT'O YIIDaBJICHU A
CBOJIMTCsI K PEIIeHNIO KpaeBoil 3ajiaun. KpaeBas 3ajada pelrajach IUCJIEHHO C HC-
IIOJIb30BaHUEM MOInMUImpoBanHoro meronga Hriorona. Boszaukaromnue 3agaqn Ko-
T MHTErPpUPOBaINCh MeToioM PyHre—KyTThl ¢ aBTOMaTHmIecKuM 1marom. ABropa-
MU OB pa3paboTaH COOTBETCTBYIOIIHI ITPOrPAMMHO-AINAPATHBIN KoMILTeke [1, 2].

[Ipu uuciaennom perennn Metos, HbioToHa 3amyckasicsd U3 y3J0B CETKU IIPO-
CTPAHCTBa IapaMeTPOB MPUCTPEJKU 3aJa9d U CXOJIUJICH K KaXKJIOH JIOKAJIHHO-
ONTUMAJIBHON TPACKTOPUHU JIeCATKY pa3. TpaeKTopuu ¢ MOJTHBIMI 000POTaMU BOKPYT
CEHCOPOB OTOpachIBaIUCh. 3 KaxKI0ro ceMeiicTBa OJIM3KUX dKCTpeMaJsieil BhIOnpa-
JIaCh OJIHA TPAEKTOPUS.

B pesynprare pemenns 3agadu OblLIa IIPOBeJdeHa KJACCUMUKAINAS IIyTel st
Pa3JIUIHOrO YHC/Ia U Pa3JInIHbIX KOHUryparuit oonapyxureseii. [locrpoensr rpa-
GUKN TPAeKTOPUii, IIPOBEJIEHBI TapaMEeTPUIECKUEe UCCIIETOBAHMUSI.
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3aj1ada JIONyCKaeT pa3sBUTHE: PACCMOTPEHHe OoJiee CJ0XKHBIX IoJiefi 0OHAPY K-
TeJjielf, pacCMOTPEeHNe TPEXMEPHOl 3aa9u, pacCMOTPEHNE MTOJIBUKHBIX JIETEKTOPOB
BMECTO HEIOJABUKHBIX OOHaApY2KUTEJIell, pACCMOTpeHne O0OpaTHON 3aJa9u HAMIY Y-
mero mpotruBojieiicteus YO.
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SajladaM TacCUBHOIO W aKTUBHOTO IIOJABJIEHUsT KOJIEOAHUI PA3IUIHBIX MeXa-
HUYECKUX CHCTEM IOCBAIIEHO Oosibinoe KosmdecTBo pabor [1, 2|. Hambosee wacto
B KadecTBe KPUTEPHUd OINTUMHU3AINU B IIOJIOOHBIX 3aJa4axX BBICTYIIaeT MaKCHUMU3a-
ISl CTEIIEHN YCTONIMBOCTH 3|, OIHAKO MCHOIB3YIOTCS U JPYTUe KPUTEPUH, HAIPH-
Mep, UHTeTrPaJbHbII SHEPro-BpeMEeHHON MoKa3aTeslb KadeCTBa U JIOKAJIbHBIA KpPU-
Tepuii, OCHOBAHHBIII Ha MaKCUMU3AIUU CPeAHell MOITHOCTU NOTEPb MeXaHUYeCKO
sueprun [4]. Tem He MeHee, Ha TOM BO3MOXKHOCTH KOHCTPYWPOBAaHUS KPUTEDPUEB
OITUMU3AINYN HE HCUYEPIIbIBAIOTCsI. B HacTosIer padore mpejiaraercs eme OIuH
KPUTEPUl KadecTBa, KOTOPBIM XapakTepusyeT 3(Hp@OEeKTUBHOCTD IIPOIECCa TaIleHUS
KOJIe0aHUT 1 OCHOBAH HAa MUHUMU3AIINU BPEMEHHBIX XapaKTEePUCTUK 3aTyXaHUST ITO-
ro Iporiecca.

PaccvorpuMm mpocTteiinnyio JIMHEHHYI0O MEXaHUYECKYIO0 CHCTEMY — JIUCCUITATHB-
HBII OCIIUJLJISITOP C BSI3KUM TpeHueM. IlogoxKuM, 910 ero Macca paBHa M, XKECTKOCTh
PYKUHBI paBHA ¢, a JeMII(pUPYIONIHe CBONCTBA XapaKTePU3yITCA INCCUIIATHBHBIM
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ko3 durmernTom b. IloctaBum BOmpoc: KakK OCYMIECTBUTH HAWJIYUIIU BBIOOD 9TO-
ro Ko3ddurmenTa mo ykazananomy kpureputo?! C 3Toil 1e/IbI0 3alullieM ypaBHEHNe
JIBUZKEHUsI PACCMATPUBAEMOrO OCIIILIATOpa [5):

&+ 2nt + k*r =0, (1)

rjge x — 00o0IéHHast KoopauHara, k = \/c/m — dacrora KojaeGaHWil IpU OTCYT-
crBuu tpenus, n = b/(2m) — dakrop 3aryxanus. Pemenne ypasuenust (1) ymo6HO
3aIIMCATh B KOMILIEKCHOMI (bopme:

z(t) = e " (Ae’™! 4 Bem 1Y) | (2)

rae obosnatdeno ki = k? — n?, a KoHCTaHTHI HWHTerpupoBanns A m B aBasioTcs
KOMILJIEKCHBIMH, IIPUYeM U3 YCJIOBHS BEIECTBEHHOCTH « cienyeT, uro B = A. Ilpu
9TOM k1 MOXKeT OBbITh KaK BEIeCTBEHHOM, TaK W MHUMOI Beananuoil. [[puanmas Bo
BHUMAaHWe HadaJbHbIE YCIOBUA & = Tg, T = g upu t = 0, HAXO UM

ZBO(ikl + TL) + Zi?() B— l‘o(ikﬁl — TL) — i‘o

A= = :
21k ’ 21k (3)

Hauanpuble yemoBust yaobHO 3a1aTh Ha $a30Boil miockoctn (xg, Lo/k) Kax
Lo = PCOS U, Ty = kp sin s (4)

T. €. Yepe3 UX MOJISIPHBIE KOOPJIUHATHI p U U, T1e p € [0, 00) XapaKTepu3yeT HauaJlb-
HBIIl YPOBEHb SHEPIMU OCHUJIIATOPA, a (1 € [0,27) XapaKTepu3yeT COOTHOIICHIE
MeXK Ty HadaJbHbIME ycioBusaMu. [locie mogacranosku (2), (3) u (4) B BeIpazkeHue
JIJIA TIOJJHOMT MeXaHU4YeCKON IHEePIruu OCIHUIIATOPA

1 1,

E = iijQ + e (5)
OHO IpeoBpa3yeTcst K CJIELYIOMEeMy BHLY:
E06_2nt 2 . . .
E = e [k* + knsin2p — n(n + ksin 2) cos 2k1t + kin cos 2psin 2k1t] , (6)

TJle WMCIIOJIB30BaHO, UYTO HAYAJIbHBIH yPOBEHb SHEPIHH ecTh Fy = mk?p? /2. fcHo,
YTO TEOPETUYIECKU BPEeMsl 3aTyXaHus KoJeOaHuil B IMHEHOW MO/JIe/ N ABJIsieTCs Oec-
KoHeIHBIM. OJIHAKO Ha MPAKTUKE €CTEeCTBEHHO CUUTATh, ITO IPOIECC ITOIABICHUS
KOJIe0aHU 3aBepIleH, ecIu Kakas-Jn00 BeJndnHa, XapaKTepU3yIioliasi JIBUKEHMe
CHICTEeMBI, TIOHU3UTCSI JIO TaKO# CTeNeHr, YTO BOIIeT B HEKOTOPBIH Kopu10p (00ObI4-
HO 3 + 5 %-HbIil) OT ee HAYAJIBLHOIO 3HAJYEHWs. B JaHHOI 3ajlade eCTeCTBEHHO B
KadecTBe TAKOW BEJIMYNHBI IPUHATH UMeHHO 3Hepruio F. Obo3HaYas BpeMs BXOXK-
JIEHUsI B 3TOT KOPHUJIOp 3a 1 m cumTas ero MUPHUHY paBHOU al)y, a TakxKe BBOI
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6e3pasmepHoe BpeMsi T = kT u 6e3pa3MepHBbIil JuCCUIaTUBHBIN mapamerp v = n/k,
nostyauM u3 (6) CIIeIyoNLyo HesiIBHYIO 3aBUCUMOCTb T = T (v, 1):

—2vT

5[1+vsin2u — v(v + sin 2u) cos(27v'1 — v2)+
v

+ vV 1 —v2cos2usin(27v1 —v?)] =a. (7)

DBynem neiicTBOBaTH MO TPUHIUIY TapaHTHPOBAHHOTO ycCIeXa, T. €. OMPEeIeTuM
HaWJIydlllee 3HaYeHUe V [0 KPUTEPUI0 MUHUMYyMa BPEeMEHU T JIjId HauXyduieil co-
BOKYITHOCTU HAYAJIbHBIX YCJIOBUM, 3aJaBacMOil mapamMeTpoM . JTa 3ajada CBO-

ANTCA K HaXOXKIACHUN mlg max T(V, ,u), T. €. K IIpoHeaype€ OTbICKaHUA MHHHMaKCa
v> )2

dyurmyun 7(v, (1), KOTOPYIO HECJIOKHO PEIUTh YUCIeHHBIMA MeTojaMu. Tak, jist
a = 0.03+0.05 mosmyunm, uto v, = 0.68+0.69. Ilogaepkuem, 9TO TaHHbIE 3HAYEHU S
HE CUJIbHO PACXOJIATCS C ONTUMAJIbHBIMU ITapaMeTpaMu JAeMII(PUPOBAHUS, TTIOJIYIeH-
HBIMU TI0 JIPYTUM KPUTEPUsiM KadecTsa [4].

€
1 —
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JIBu>keHne TBEPJbIX TeJI 110 TOPU30HTAJIbHOI

IIJIOCKOCTH, OIMPAIOIINXCS HA KAHOHUYECKHE
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Kaouesvie crosa: aHU30TPOIIHOE TPEHUE, TUHAMUKA CUCTEM C TPEHUEM.

N3yuenne BIusHUS aHU30TPOITHOIO TPEHUS HA JBUKEHUE TBEPJBIX TeJ aKTUB-
HO HavaJioch B cepeaube XX Beka. [Ipm aTom cam (hakT 3aBUCUMOCTH CUJI TPEHUS
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OT HAITPABJIEHUS CKOJIbXKEHUs ObLI 3aMeYeH JIOCTATOYHO JIABHO, HAIIPUMED, TPEHUe
BJIOJIb U IIONIEPEK BOJIOKOH JjipeBecuHbl. Kpome Toro, B paborax [1, 2| BBejeHo mo-
HATHAE JUHAMHYIECKH COTJIACOBAHHOTO TPEHMSI, COTJIACHO KOTOPOMY MPHU JIBUKEHUN
TBEPJOTO TeJjia C IJIOCKIM OCHOBAHHMEM IIPEJII0JIaraeTcs, 9T0 yIaoBask CKOPOCTh Te-
JIa TePIeHINKY/IAPHA ILJIOCKOCTH OIIOPhI U JIOJI2KHBI BBIIOJIHATHCS OOIIHE TeOPEMBbI
JTUHAMHUKH, 3alllCaHHbIE OTHOCHTEJHLHO OCeil, IMPOXOMSIINX UYepe3 IEeHTP Macc Te-
Jga. ITosToMmy mpencraBisiercs 11e1ecO00pa3HbIM U3YUUTh BJIUSHUE aHU30TPOITHOIO
TpPeHHsI Ha JUHAMUKY JIBHKEHUSI TeJjia IPHU ydeTe KOHIEIIUN JTUHAMIIECKH COJIa-
COBAHHOI'O TPEHMSI.

Curenyst ykazaHHbIM pabortam u [3]|, cumTaem, 4TO JaBJIEHHE PACIIPEIESIEHO TI0
3aKOHY

p = po + p1& + pa2n (1)

r7e KOOPJIMHATHI £ U 1) OTKJIAJILIBAIOTCS TI0 COOTBETCTBYIONIUM OCSIM CUCTEMbI KOOP-
JIUHAT, CBSI3aHHON C ILIOIMIAJAKON KOHTakTa. Kpome Toro, mojaraeM, 9TO HMPOEKITHSI
IIEHTPa MacC TeJjia Ha IJIOCKOCTh KOHTAaKTa COBIIAIaeT C IEHTPOM ILJIOMIAIKU KOH-
TakTa. depes MeHTP Macc, HaXOISAIIUCS Ha/T IIJIOCKOCTBIO OIIOPHI, HA paccTosiHuu h
IIPOBEIEM OCH TIapaJlIesIbHO ocsiM & U 1) 1 obosHauuM ux yepes CE', Cn'. s onpene-
JeHust KO3 PUIMEHTOB po, P1, P2 B (1) cocraBisioTcst ypaBHEHUsI, COOTBETCTBYIOIIIE
PABEHCTBY HYJII0 MOMEHTOB CHJI TPEHUs W PEAKIHil OIopbl OTHOCHTE LHO oceit CE/,
Cn' u paBeHCTBY CHJIBI PEAKIUU OIMOPHON ILIOCKOCTU CHJIE€ TSXKECTH TBEPIOrO Te-
sa. Tak Kak cujia TpeHHSI B PACCMAaTPUBAEMBbIX 3a/adax 00/1a/1aeT aHN30TPOITHBIMK
CBOfICTBaMH, TO IIpU COCTaBJICHNU YKa3aHHBbIX ypaBHeHI/IfI HeO6XOI];I/IMO Y49uThIBaTh
OPHUEHTAIINIO IIOMAAKNA KOHTAKTa OTHOCUTETBHO OCeH, CBA3AHHBIX C ILJIOCKOCTHIO
CKOJIbXKEHWSI, B KOTOPBIX OIpeJIe/IeH 3aKOH aHU30TPOITHOrO TpeHus. B obieM ciiy-
qae KO3bPUIUEHTBI Do, P1, P2 aBismorcs byskuusmu B = vo/w, U, ¢, fz, fy,
IJe Vg U W — CKOPOCTH IIEHTPa MaCC U YIJIOBasg CKOPOCTHb TeJja COOTBETCTBEHHO,
¥ — yroJI, ompeie/IoNnInii HalrpaBJIeHne CKOPOCTH IIEHTPa MacC TeJia, OTHOCUTE b
HO CHUCTE€MBbI KOODJIMHAT, CBI3aHHON C IJIOCKOCTBIO CKOJIbXKEHUSI, (0 — YTOJI, 3aJaf0-
A OTHOCUTEIHLHYIO OPUEHTAIINIO TTOABUKHON M HEIOABUKHONW CHCTEM KOOPIMHAT,
fz, fy — KOMIIOHEHTBI T€H30pa TPEHHUH.

Korma mnornocts naBienus (1) ompesesieHa, MOSIBISIETCS BO3MOXKHOCTD Haii-
TH IPOEKIINU CUJIbI TPEHMUSI Ha OCH KOOPAMHAT M MOMEHT TPEHUs Ha JIBHUKYIIHECS
TBEPJIOe TeJI0, U 3anucarh quddepeHimaabHble YpaBHEHUs IBUKEHUsT [IEHTPa MacC
Tejla B MPOEKIUSX HA HEIMOBUXKHBIE OCU U ITPOEKITUI0 TeOPEeMbl 00 M3MEHEHU! KU-
HETUIECKOTO MOMEHTa Ha OCb, IIPOXOJISAIILYI0 Uepe3 IEeHTP Mace MepIeHTUKYJISTPHO
IJIOCKOCTU CKOJIbYKEHHUSI:

mr =T, my=1T,, Jc.p=DMc, (2)
WA Ha OCH €CTECTBEHHOI'0 TPEXI'DAaHHUKA, CBA3aHHOI'O C IIEHTPOM MAacC TeJsa:

mio =Ty, mvd =T, Jo.¢=Mc, (3)
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31ecs m — macca TBEPIOTO Tena, Jo, — MOMEHT MHEePIINU OTHOCHTEIHHO OCH, IIPO-
XOJIAIEH depes IMEHTP MacC HePIeHUKY/ISPHO INIOCKOCTH CKOIbXKeHust, Mo, — Mo-
MEHT CHJI TPeHHs OTHOCHTEJbHO 9Toil ke ocu, Ty, T, Tr, T, — IPOEKINUN CHIIbI
TPEHUsI HA OCH HEIOJBUKHOM CHCTEMBI KOODINHAT WJIN HA TAHTECHIMAIHHYIO U HOD-
MAJIbHYIO OCH €CTECTBEHHOTO TPEXTPAHHUKA.

[TogepkHEM, 9TO IIJIOTHOCTD JIABJICHUSI, TPOEKIINN CHJI TPEHUS HA OCH U MOMEHT
TPEHUsI BBIYUCIIAIOTCS IS KOHKPETHBIX MAPAMETPOB COCTOSIHUSI CUCTEMBI, T.€. IS
suavenuii § = vy /w, ¥, ¢ B JaHHBIIT MOMEeHT BpeMeHu. V3ydenne hpuHAIBHOTO T
JIBUYKEHUsT TBEPJIOTO TeJIa IPOBOMIIOCh METOIaMHU, OIUCAHHBIMEU B paborax [4]—[6].

B npoBeieHHOM mCCII€I0BAaHIN TIOKA3aHO, YTO IPH OMOPE HA KPYTOBYIO U KOJIb-
IeBYI0 00JIACTH IIPU JIBUXKEHWH 10 WHEPIUU TapaMeTpbl (DUHAJIBHOTO JIBUZKEHUSI
3aBUCST OT MOMEHTA WHEPIUU TBEPJOTO Tesia OTHOCUTENBHO OCH, HEePIeHIUKYJISp-
HOI IIJIOCKOCTH CKOJIbYKEHUsl, COOTHOIIIEHUs MEK Ty KO dUIMEeHTaMI TPEHUsI BJIOJIb
oceil 1IeKapTOBOI CUCTEMBI KOOP/MHAT U PACCTOSHUS JI0 MEHTPA MACC OT ILIOCKOCTH
CKoJIb2KeHnsl. Ecin omopa Tesia Ha IJIOCKOCTD IPOMCXOUT HA SJUIMIITHIECKYIO NI
IPSIMOYTOJIHHYIO ILIOIIA/IKY, TO (DHHAIBHBIE KUHEMATHIECKUE XapaKTePUCTUKA JIBH-
JKEHUsI 3aBUCST OT yria @, [6, 7).
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Karouesvie cro6a: HETOJIOHOMHASI CBSA3b, CBSA3M BBICOKOT'O IOPSI/IKA, JBUKEHUE CITyTHUKA,
IIOCTOSTHHOE YCKOpPEeHWe, TporpaMMa JIBUKeHUsI, 00001enubIii mpuanmn ['aycca.

Kadenpa Teopernteckoil u MpuK/IaIHON MEXaHUKH MATEMATUKO-MEXaHTIECKOTO
daxyabrera CIIGLY Ha MpOTSXKEHUN MHOTHX JIET ITPOBOIUT UCCJIEIOBAHUS JTBUKE-
HIST HETOJIOHOMHBIX CHCTEM CO CBA3SIMU BBICOKOTO TOPSIIKa. Pe3ybTaThl 9T0i pabo-
ThI OTpazkeHbl B MOHOrpadusax |1, 2|. Cpeau s31ux uccseroBanuii 60JIbIIOE BHUMAHUE
VAEJISI0Ch JIBUXKEHUIO CIyTHUKA 3eMJIU T1ocjie (PUKCUPOBAHUS BEJTUIUHBI €10 YCKO-
peHud B 3aJIaHHBIIT MOMEHT BPEMEHHU, YTO SKBUBAJIEHTHO HAJIOXKEHUIO HEJIMHEIHON
HET'OJIOHOMHOM CBA3U BTOPOI'0 HOPAJIKA UJIN JIMHECUHON HErOJIOHOMHON CBA3U TpeThe-
ro nopsgaka. Takast 3aada ObL1a chopMyIUpPOBAHA KaK OJUH U3 IIEPBBIX TPUMEPOB
JBUKEHUST PeaJbHBIX MEXaHUIeCKUX CHUCTEM IIPU HAJIOXKEHUHU CBA3H BBICOKOI'O IT0O-
psizika 1 ObLTa OIyOJIMKOBaHA B CTaThsX |3, 4.

JLjtst periieHus TaAKOM 3a/1a9H UCIIOJIb3YIOTCsI JIBE PA3HbIE TEOPUU JIBUXKEHUS HETO-
JIOHOMHBIX CUCTEM CO CBSI3SIMU BBICOKOTO TIOpsiIka. [1o mepBoit Teopun cocTaBasIIOTCS
Tpu guddepeHInaIbHbIX YPaBHEHNsT OTHOCUTEIBHO TOJIIPHBIX KOOPIUHAT CITy THH-
Ka 7, 1 0000ImEnHOI yrpassiomeir cuabl A. Torma cryTHUK JBUXKETCS MEXKTY
JIBYMsI KOHIIEHTPUYIECKUMHU OKPYKHOCTMU. B ciyvdae nmpuMeHeHnst BTOPOil T€OpUn
periennsi TOAOOHBIX 3aJlad IpUMeHsieTcst 0600mEnnbIi mpuniun aycca [5]. Mare-
PECHO, 9TO B 9TOM CJIydae CIIYTHUK, IPEBpaIlasich B KOCMUYECKUil almapar, CTpe-
MHTCSI aCUMITOTHYIECKH K IpsMOJUHEHHOMY ABrKeHuto. [loapobHble duceHHbIE
pacyeThl JIBUKEHUS CIyTHUKA IIPHU 3aKpeIlIeHNe BEeJIMINHBI €10 YCKOPEHUsI B IIE€PH-
ree U amoree OpOUTHI OBLIHM M3JIOXKEHBI B CTaThsX |6, 7).

B wacrosimem JioKjaje ucciaeg0BaHUe IOMO00HBIX JIBUXKEHUI ITPOJIOJIZKAETCSI.
CuytbHO yIIPOIIAIOTCS MOy UYeHHbIE paHee YpaBHEHUs JIBUKeHUs. B mepBoit Teopun
U3 CHCTEMbI UCKJIIOYAETCs IIepeMeHHast A U 9aCTUYHO MHTErPUPYETCS OJHO U3 YPaB-
umenuii. [lo BTopoit Teopun B cucTeMe BbIIEISIETCA HEMOJIOHOMHAs CBsI3b. B KauecTBe
HOBOBBE/ICHUSI OCYIIECTBJISIETCS TIEPEX0/T K Oe3pa3MepPHBIM MEPEMEHHBIM U PACCMOT-
peHre M3MEHEeHUsl JIBUKEHUsI CIIyTHUKA B 3aBUCHMOCTH OT TPAEKTOPHUH JI0 HAJIO-
JKeHust CcBsi3u. Takum 0OpasoM OCYIECTBIISIETCS aHAJIN3 BO3MOYKHBIX PE3y/IbTaTOB
npumenenust Teopuit. Ocoboe BHUMAHUE YJIEJISIETCS aHAJM3Y ITPOTUBOIIOJJIOKHOCTH
mosryuaeMbix perreHuit. OObsICHIIOTCS TPUIHHBI BO3MOXKHOTO Pa3JIndusl Pe3y/IbTa-
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TOB IO pa3HbIM TeopusaM. [1oIBOIMTCA HEKOTOPHIM UTOT IO PAaCCMATPUBAEMOMY BO-
IIpocy.

1

2]
3]

[4]

[5]

6]

7]
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Knouesvie crosa: mHEPIIUONUI, CyX0O€e TPEHUE, MATEMaTUIeCKOe MOJEeJTMPOBAHUE.

JIBuKeHUI0O pOOOTOB TIO IIEPOXOBATON ILJIOCKOCTH TOCBAIIEHO MHOYKECTBO pa-

6or [1, 2]. B mocnemnue rojabl BHUMAHHME YUYEHBIX MHPUBJIEUYEHO K pa3pabOTKe
YCTPOHCTB, KOTOPbIE IPUBOJATCA B JBUKCHHE BHYTPEHHUMH MaccaMu. 110100HbIe
pPOOOTHI MOKHO, B 9aCTHOCTH, MCIIOJIb30BATh JIJIsl JBUKCHHUA B YCJIOBHAX BHEIIHE
ArpeCCUBHOI Cpejibl U MaJioil rpaputanuu. B [3] 6buta npemiokena KOHCTPYKIUSI
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MHEPIMOHHOTO PoO0OTa C OJIHUM HecOAJIAHCUPOBAHHBIM POTOPOM U OJIHMM MaXOBH-
KoM. BapuaHT Takoro pobora ¢ omopoii Ha JiBe TOUYKHU Omopbl mpeioxken B [4]. [Tpu
pa3pabOTKe CHCTEMbI C YIIPYTUMH OIIOpAMU BO3HUKJIA MPOOJEMa: JIjisd peau3alium
CBSI3W B MIAPHUPAX 3a4ACTYIO HEOOXOIMMa OECKOHEUHAsT BeJIMINHA TaHTCHITUAIbHOM
peakiuu B ToYKax oropbl. Cyxoe TpeHune mokost He B COCTOSTHUU y/IeP2KaTh 110 Kpaifi-
Hell Mepe OJIHy U3 HOT' OT CKOJibxKeHus. {1 mpeojiosiernst mpobieMbl TTPeII0OZKEHO
BBECTU B PACCMOTPEHUE TOJATINBOCTD MAaTEPUAJIA OIOP.

B »1oit pabore paccmoTpena 3ajiada 0 ckoabxkenuu tesga ABCD, y KOTOporo
AB = 2a,AD = 2b, maccoit m ¢ aByms yupyrumu (KoadhumeHT KecTkocTu k)
omopamu AA1 u BB1 110 ropu3oHTaabHO 1710CKOCTU. T peHne CKOTbKeHNsT OIICAHO
¢ riomorbio 3akoHa Kysona ¢ koadduimentom Tpenus (. PaccMoTpeHO CKOJIbKe-
HIEe JUHAMUYIECKH CUMMETPHUYIHOIO Teja W BJIUSHUE HA 9TO CKOJIbXKEHUE CMEITEeHUS
IIEHTPa MacC U3 TeOMEeTPUIECKOro TeHTpa poboTa (6e3 orpaHndeHnst OOIHOCTH TIPH-
MeM, 9TO IEHTP MAacC CMEIeH B CTOPOHY npaBoil rpanurel C' B Ha paccrosinue d).
BzaunmoseiicTBrue ynpyrux Cuji ¢ CUJIaMU CyXOro TPEHHs ITPUBOJUT K 0Opa30BaHUIO
JUHAMUYECKUX CUCTEM IIepeMeHHOi CTPYKTYpbl. CucTeMa B 00IIEM ciiydae 00J1a1aeT
TpeMsi crenensamMu cBo6obl. Korta ofHa n3 HOI' OCTaHABIMBAETCs, BOZHUKAIOT JI0-
MOJTHATEIbHDbIE CBSI3U, YMEHBIAIONINEe YUCI0 CTerneHeil cBo0o bl Ha eauHuIly. Ecim
00€e TOYKH OTIOPhI HETIO/IBUZKHBI, TO TEJI0 MOXKET COBEPIIATH TOJBKO IMOCTYIATETHHOE
JIBUYKEHWE BJIOJIb OTIop. B aToM citydae y cucTeMbl ojiHa cTelleHb cBOOOIbI. B Kaue-
cTBe ODOOIEHHBIX KOOPJAUHAT BO3bMEM KOOD/IMHATHI TIEHTPA MaCC T, YG U YTOJI
MEXK/Ty HAITPABJISIONIUME OIOP U BEPTUKAJIBIO.

PaccemoTpum miepexo/iHoe JIBUKEHNE CUCTEMBI K COCTOSTHUIO TTOKOsI (PaBHOBECHS ).
B kadecTBe HaYaJbHBIX YCJIOBUN JJIT CAMMETPUYIHOIO Teja BO3bMEM HEHYJIEBYIO
CKOpOCTD TIEHTPa Macc (JJIsi OIPEJIeJIEHHOCTH) BIIPABO; JIJIsl HECUMMETPHIHOTO Te-
Jla — TIOJIO’KEHUe IOKOsI TP YPaBHOBEINIEeHHbIX TpyxkuHax: ¢ = 0, (zg,yg) =
(d,—mg/2k). Takoe nBuzKeHHE MOXKHO Pa3JeJUTh HA TPU OCHOBHBIE (DA3bI: CKOJIb-
JKEHUe JIBYX OTOpP B OJIHY CTOPOHY, CKOJIbXKEHHE OIIOP B PA3HBbIE CTOPOHBI, & TaKKe
OCTaHOBKA, OJHOI OIIOPHI U CKOJIbXKEHIE BTOPOil. B MOMEHTHI, KOT1a CKOPOCTh KaKOii-
HUOY/Ib W3 OTIOP CTAHOBUTCS PABHOI HYJIIO, OIIPEJIE/IMIM COCTOSTHUAE CKOJIbXKEHUS WJIH
IIOKOSI 9TOM OIOPhI U3 3HAKA PA3HOCTHU CUJIbI CyXOr0 TPEHUs IMOKOsI M MOJLYJIS TaH-
reanuaibHOil peakmum: A; = uN; — abs(Figni), @ = 1,2. I[lycth 06€ HOrM CKOJIB3ST
10 OTIope. Y paBHEHUS JBUKEHUS 3aIIUIIEM U3 TeOPEM JTUHAMUKN MEXaHUIECKON CH-
CTEMBbI:

mig = Fian1 + Fran2

yG:_mg+N1+N2
Jp = N1((l1 +b)sinp + (a + d) cos p) — Na((a — d) cosp — (l2 + b) sin ) —
_(Ftanl + Ftan2)(l0 +b+ yg).

Bnech J — meHTpaabHbIII MOMEHT UHEPIUN TeJja, (1 1 lo — ajauHbl crep:kHeit AA; u
BB, lg — nymna crepxkueil ipu HeJle(bOPMUPOBAHHBIX TIpy2KuUHaX. [[ycTh B Kakoii-
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TO MOMEHT BPEMEHH CKOPOCTH JIeBOil omopHoil Touku A, HOrm AA; craja paBHOI
uysfo. Eciim onopa A; momajia B KOHYC TpPeHHUsi, TO B MOMEHT OCTAHOBKHU U TIOCJTE-
nytomme MoMeHTHI Bpemenn Aj; > 0. Ecam ke 9T0 HepaBeHCTBO He BBITIOJIHEHO,
TO II0C/Ie MI'HOBEHHOW OCTAHOBKHU HOT'a HAYHET CKOJIB3UTH B JIPYT'yIO0 cTOpony. s
CUMMETPUIHOIO TeJIa PACIETHI MIOKA3BIBAIOT, YTO B MOMEHT OCTAHOBKM TOYKU A; ee
CKOPOCTb MEHsIeT CBO#l 3HAK, W 9Ta TOYKA HAUYMHAET JBUXKEHUE B OOPATHYIO CTOPO-
Hy. Yepes HeKOTOpOE BpeMsl OCTaHABINBAETCsS MpaBas Touka By. Ilpu stom Ay > 0.
Takum obOpa3oM, TIpaBast Omopa B MOCJEIYIONNe MI'HOBEHUsI BpEMeHU Oy/eT MOKO-
uThCsi. B ciiydae HecuMMeTpUH, TTOCKOJIBKY IIpaBasi oropa B HarpyKeHa OoJblie,
YeM JieBasl, TIePBOl OCTaHABIMBAETCS IpaBasi oropa. B OOJbITUHCTBE CIyYaeB OHA
IIomaJa€eT B KOHYC TPEHUA U OCTaHABJIINBACTCA Ha KOHEIYHOE BPEMII. B Z[‘a.HBHeIU/H_HeM
HEOOXO/IMMO TePedTH K PACCMOTPEHHIO CUCTEMBbI C JIByMs CTeleHdAMU CcBOOOJbI. B
3aBUCHUMOCTHU OT BECJIMYUHLBI [ IIPpaBad TOYKa MO2KET OCTaBATHCA B IIOKOE€ NUJIX MOXKET
BHOBb BEPHYTBHCS K CKOJIbLXKEHUIO HA HEKOTOPOE BpPEMS.

Pabora mpoejiena mpu nojiiepkke MexK IncuinIinHapHoil Hay 9HO-00pa30BaTe b
HOI1 TITKOJTBI MOCKOBCKOTO yHUBEpcuTeTa « PyHIaMeHTaIbHbIE U ITPUKJIAITHBIE UCCIe-
JIOBAHUS KOCMOCA».

JIutepatypa

[1] Kudra G. et al. On some approximations of the resultant contact forces and their
applications in rigid body dynamics // Mechanical Systems and Signal Processing.
2016. Vol. 79. pp. 182-191. doi: 10.1016/j.ymssp.2016.02.036

[2] Rozenblat G. Motion of a body sliding on a rough horizontal plane and
supported at three points // Doklady Physics. 2017. Vol. 62, pp. 430-433. doi:
10.1134,/51028335817090038

[3] Dosaev M., Samsonov V., Holub A. Plane-parallel motion of a friction-powered robot
moving along a rough horizontal plane // Advances in Mechanism and Machine
Science. IFToMM WC 2019. Mechanisms and Machine Science. 2019. Vol. 73. pp.
2559-2565. doi:10.1007/978-3-030-20131-9 253

[4] Dosaev M., Samsonov V., Hwang Sh.-Sh. Construction of control algorithm in
the problem of the planar motion of a friction-powered robot with a flywheel
and an eccentric weight // Appl. Math. Modelling. 2021. Vol. 89. pp. 1517-1527.
doi:10.1016/j.apm.2020.08.022
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OcobeHHOCTH CHUCTEMHBIX IIPeACTaBJIEHUIA O

ANHAMNKE MEXaHNY€CKNX KoJiebaTeJIbHbBIX CTPYKTYP
IIp1 HECUMMETPUYIHDBIX CBA34X

FEaucees C.B., Muponos A.C., Eaucees A.B.

art.s.mironov@mail.ru, eavsh@ya.ru
WpkyTckuit rocy1apCcTBEeHHBINI YHUBEPCUTET ITyTeil cOOOIIeHuns],
664074, Poccuiickas Peneparusa, UpkyTck, yia. HYepusbiesckoro, 15

Kaouesvie crosa: Mmexanndeckasi KojedbaTerbHas CUCTEMa, YaCTOTHAs (PYHKINA, (DYHKITHS
eMTIpUPOBAHNS, TMHAMUYIECKUE CBI3M, CBSI3HOCTD JIBUXKEHUM, PbIYarkKHbIe CBS3HU, SKCTPE-
MaJIbHbIE CBOMCTBA, BSI3KOE TPEHUE, CTPYKTYPHBIE 0OpPa30BaHMUSI.

OO6r1mast Teopusi CUCTEM HAXOJIUT CBOU IIPUJIOXKEHUsI HE TOJIBKO B 00bEKTaX, KOTO-
pble IMEIOT Pa3BUThIE CUCTEMBI YIIPABJIEHUsI, B KOTOPBIX 0OpabarbiBaeTcst nH(pOpMa-
1IU$1, UCIIOJIB3YIOTCSI BBIUUC/IUTE/IbHBIE cpejicTBa. CBOMCTBA CHCTEM ITPOSIBJISIIOTCSI U B
JPYyrUX 00bEeKTaX, KOTOPbIE MOT'YT IPEJICTABIATEL COO0M MeXaHudecKue KojaedaTe b-
HbIe CUCTEMBI. Takue MexaHndecKne KojiebarebHble CUCTEMbBI ITPEJICTABJISIOT CODOI
MUPOKUI KJIACC PACUETHBIX CXE€M, KOTOpPbI€ UCIIOJb3YIOTCS JIJIsl PEIIeHus MHOI'O-
YUCJIEHHBIX 33/1a49 JJUHAMUKNA MAINH, MEXaHU3MOB, POOOTOTEXHUIECKUX YCTPONCTB
u cpejcre Mexarponuku|l|-[5]. Pazsurue maremarudyeckoro ammapara WM MeTO-
JOB CUCTEMHOI'0 aHAJIN3a ABJIAETCH 3a1a49eil aKTyaJIbHOI, IIOCKOJIBKY MEXaHUIeCKUe
KoJiebaTe/IbHbIE CUCTEMbBI 00JIAIAI0T ITUPOKUM CIIEKTPOM JTUHAMUYIECKUX CBOMCTB,
KOTOPbIE BO MHOT'OM ITPEJIONPEAETIAIOTCA CTPYKTYPOi U CHeNn(pUKON CBsI3eil MeXK 1y
COCTaBHBIMH 3JIeMeHTaMu B (popme CTPYyKTYpHBIX oOpasoBanmii. Borpockl oneHkn
JUHAMIYIECKUX CBONCTB JMaJIbl, KAK BapUaHTa CTPYKTYPHOIO OOpa30BaHWSsI, pac-
CMaTPUBAJIUCH B psijie pabot |6, 7|; mosryueHbl MHTEPECHBIE PE3yJIbTAThI, YTO IIPE]I-
OTPEIEINIIO WHTEPEC K OIEHKEe OCODEHHOCTAM JIMHAMUYECKUX B3auMOJIEfICTBUI, KO-
rJia JIUaJIbl BXOJAT B CTPYKTYPY PeaJIbHBIX CUCTEM, B3aMMOJEHCTBYIOIUX C OCHO-
BaHUEM W/ OI'PAHUYUTESISIMU JIBU2KeHU. PaccMarpuBaeTcs Jinajia, Koropas 00J1a-
JaeT BHYTPEHHUMU CBA3SIMU MEXKJy MacCaM#, HO B OTJIMNYHE OT pacCMaTpUBaEMbIX
cJIydaeB JIMaJia B3auMOJIEHCTBYeT ¢ HEIOJIBUKHBIM OCHOBaHueM. /luaja, npeacras-
JIIoIasi cobOfl COBOKYITHOCTb 3JIEMEHTOB, MHTEPIPETUPYETCsT KaK OOBEKT OOIeit
TEOPUU CUCTEM, C yYE€TOM TOr'0, YTO B OPTaHU3AIAN JBUKEHU HE yIaCTBYIOT YIIDaB-
JiseMble UCTOYHUKU dHepruu. BmecTe ¢ TeM, B opranm3aliuy JUHAMAYECKUX B3au-
MOJIEICTBUI CYyIEeCTBYIOT HOBbIe (DOPMBI JIBUKEHUl, B YACTHOCTHU, CBA3HOCTH JIBH-
JKeHUil, HaJm4ue crenuduaeckux (popM B3aUMOJIEHCTBUS (ONpeie/IeHIe TIOJI0XKEHMsT
IIEHTPOB BPAIIEHUsT WU [IEHTPOB Kojiebanus). OIHAKO, Juajbl B PEAJbHBIX YCJIOBH-
AX, CBA3aHHBIX C CO3/IJAaHMEM TEXHUYECKUX CPEJCTB, JOJIKHBI PACCMATPUBATHCA BO
B3aMMOJICCTBUN C 0OOBbEKTaMU, KOTOPbIe UMEIOT BU/I HEOBUKHOIO OCHOBaHWs. B
CBSI3H C 9TUM PACCMaTPHUBAETCA JIMHAMUKA MEXaHUIECKOI KoyiebaTe IbHOIl CUCTEMBI,
KOTOpasi COCTOUT U3 JAUAJbI, COeINHEHHON ¢ ocHOBaHneM. CBoiicTBa AuaIbl OIpeie-
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JIAIOTCS B peKnMe CBOOOJIHBIX JBMKeHUI. BmecTe ¢ TeM, BO3MOXKHO PAcCMOTPEHHE
Wb B JIMHAMUYECKOM PEXKUME, KOrJla K MaccaM IPUKJIAJIBIBAIOTCS CUHMAZHbIE
rapMOHIYECKHE CUJIOBbIE BO3/eiicTBUA. Koebanme cucTeMbl ¢ HECKOJTBKIMU CTeTe-
HAMUI CBODOJIBI PACCMATPUBAETCS C IMMO3UITUN BbIJIEJIEHUs] CTPYKTYPHBIX 00pa30BaHUIA
1 y4deTa ocobeHHOCTell nx B3aumoeiicTsuii. [Iperioxkeno paccMoTpenne MexaHude-
CKOIf KOJ1e0aTeJIbHOM CHCTEMBI C BbIJIEJIEHHEM OOBEKTa B BUJIE CTPYKTYPHOI'O 00-
pa30BaHUA U alllapaTa ydeTa JUHAMUYECKUX CBONUCTB BBIJIETIEHHOTO CTPYKTYPHOTO
obpazoBanusi. Cjieslan mmepexoJ OT 3a/Ja9i C PacCMaTPUBAEMBIM OOBLEKTOM B BUJIE
MPOCTENUTITNX 0OPA30BAHUIl WJIM COCPEJIOTOYEHHBIX MACC, JTUHAMHUYIECKUE CBONCTBA
KOTOPOI'0 XapaKTePU3yITCAd COOCTBEHHBIMU YUCJIAMU, K 3a/a9€e OIEHKU B3anMO/Ieii-
CTBHS 3JIEMEHTOB KOJIEOATEIbHBIX CUCTEM C HECKOJIBKUMU CTEIEHsIMU CBOOOIbI, WH-
TEPIPETUPYEMBIX KAK CUCTEMBbI C PACCMATPUBAEMbIM 00 bEKTOB B BUJIE CTPYKTYPHBIX
obpa30oBaHuUii, IIPEJICTABJISIONINX COOOIT 3B€HbsI HOBOI'O THIIA, TMHAMUYIECKNIE CBONCTB
KOTOPBIX OIEHUBAIOTCS YaCTOTHON pyHKIHMEH n pyHKIMed m1eMidupoBaHus.

Crenman mepexoj, OT 3aJIadd C PacCMaTPUBAEMbIM OOBEKTOM B BUJIE MPOCTEii-
MuX 00pa30BaHU WM COCPEJIOTOYEHHBIX MACC, TUHAMUYECKUE CBOMCTBA KOTOPBIX
XapaKTepU3yITCcsad COOCTBEHHBIMHM YHUC/IAMU, K 3aJa9e B3aNMOJIENCTBUSA JIEMEHTOB
KOJIe0ATeIbHBIX CUCTEM C HECKOJIBKUMHU CTEIEeHSIMU CBOOOJIbI, MHTEPITPETUPYEMBIM
KaK CHUCTEMBI U3 CTPYKTYPHBIX 00pa30BaHUil B BUJe 3B€HbEB HOBOI'O TUTIA, JIMTHAMMU-
JeCKNe CBOWCTB KOTOPBIX OIEHUBAIOTCS YaCTOTHOU (DyHKIMEH n (DyHKIUEN JeMIi-
dpupoBaHusi.

s MmexaHndeckoit KojiedaTeTbHOM CUCTEMBI ¢ YIETOM CUJT BAI3KOI'O TPEHUS pa3-
paboTaH MeTOI IIOCTPOEHUS YACTOTHON (PYHKINU U DYHKIIUHA JeMII(PUPOBAHUS, 3a-
BUCSIIUX OT Ko3dpurmenta popM CBI3HOCTU KOOPIUHAT CBOOOIHBIX JBUKEHUIA.

[Tokazano, 4To "YacToTHass (PYHKIUSA U (DYHKIUHU JIEMII(PUPOBAHUS apryMEHTa
KO3 pUIMeHTa CBA3HOCTH MOTYT OBITH IIPEJICTABJIEHBI B JIByX BapUaHTaX; €CJU KO-
3 PUIMEHT CBA3HOCTH YIOBJIETBOPSIET YCJIOBUIO «MAJIbIX» CUJI BSI3KOI'O TPEHUSI, TO
JacTOTHasA (DYHKINS TPUHIMAET IMOJIOKUTEIbHOE 3HaYeHne, a PYHKINA JIeMIIUpO-
BaHUS — OJIHO OTPUIIATEIHHOE; eCJT KOI(MDDUIIUEHT CBA3HOCTU YIOBIETBOPSET YCJIO-
BUIO «OOJIBIIUX» CUJI BA3KOI'O TPEHUsI, TO YaCTOTHAs (DYHKIUS TPUHUMAET HYJIEBOE
3HadeHne, a MYHKINUS JeMI(pUPOBAHU — JIBA OTPUIATEIbHBIX U MOXKET PAcCCMaT-
pUBaTBHCA KakK JBy3HaYHAsT (DYyHKITUA.

YcTaHOBJIEHO, YTO COBOKYITHOCTH IKCTPEMAJBHBIX 3HAYEHWI JacCTOTHOU (DYyHK-
1 1 PYHKIUU JIEMIIPUPOBAHUS O0TOOpakaeT COOCTBEHHbIE XapaKTEPUCTUKU Me-
XaHUIEeCKOU K0JIe0aTeTbHON CUCTEMBI C YYE€TOM CHUJI BA3KOTO TPEHUSI.

[Tpemnoxken MeTOJT TTOCTPOEHUS BO3MOXKHBIX BAPUAHTOB YACTOTHBIX (DYHKITUI
n PYHKIUNA JeMIIpUPOBAHUS JIJIT PA3JIUIHBIX 3HAYEHUI ITapaMeTpPOB CUCTEMbBI HA
OCHOBE ITapaMeTPU3YIoIIeil (DYHKITUY, TTO3BOJISIONIEH OIPe/IeTUTh 00JIaCTH 3HAYEHUIA
K03 dpurmenTa (popM CBA3ZHOCTH, B KOTOPBIX BBIIIOJHSIETCS YCJIOBUE MAJIOCTU CHUJI
Bsi3koro TpeHus. [Ipemmoxken Kputepuilt KjaaccuuKalyu YaCTOTHBIX (DYHKIHUH U
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dyHuKIUit J1eMiIUpPoOBaHUs B 3aBUCUMOCTH OT TOIIOJIOIUMIECKUX OCOOEHHOCTEH WX

rpauKoOB.
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Karoueswie crosa: TBOMHON MaTeMaTHYeCKU MasgTHUK, MaJble KoJebaHusl, KOH(MUTYPAIIH-

OHHOE ITPOCTPAHCTBO C OCOOEHHOCTSIMH.

B JAaHHOM HCCJIEJOBaHWU IIOJIYICHBI TOYHbIE aHAJIUTHUYICCKHE YCJIOBUA, OIIPEIEC-

JISTOIIE XapaKTep MAJbIX KOJeOAHUil JTBOWHOIO MasiTHHKA C BBIPOXKJCHHBIM KOH-
buryparmoHHbIM IPOCTPAHCTBOM, BOIPOC O KOTOPBIX OBLI IIOCTaBIEH aBTOPOM B
pabote [1].
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PaccvorpuM miockwuit 1BOIHO# MaTeMaTHIeCKUiT MassTHUK, COCTOAIINN U3 JIBYX
HEBECOMBIX KEcTKuX crep:kHeit OA = 2 m u AB = 1 M, 3aKpeII€HHbIN ITapHIPHO
B Touke O. Marepuanbable Toukn A 1 B uMeoT paBHbIE MacChl M4 = mp = 1 KI.
Touka B ynepkuBaeTcs HA HEM3MEHsIEMOl CBA3U. B BepTHUKAJIBHO PaCIIOIOKEHHON
cucTeMe KOOPJIMHAT ¢ IIEHTPOM B TOYKe, PACIIOJIOXKEHHOIt 110/ TouKoit () Ha paccTos-
HuM 1 M, CBg3b 3a/I1aHa IpadUKOM BBITYKJI0#M 4éTHOM pyHKImu. [lorpedyem, 4ToOBI
9TOT rpaduK, KacaloIuiics OKPYKHOCTU pajuyca 1 ¢ meHTpoM B Touke O, JexKa
CTPOTO HUKE HEE B BBIKOJIOTON OKPECTHOCTU TOYKU KACAHUS.

910 TpeboBaHme OyIeT yIOBJIETBOPEHO, €CJIM B Pa3joxKeHuu B psm Teitsopa
GYHKIUU CBA3U NEPBBINA YJI€H, OTJIUIHBIN OT COOTBETCTBYIOIIETO UjieHa psijia Teito-
pa, 3aJIal0IIero OKPYyKHOCTh, Oy/IeT UMeTh MeHbIuil Koddduiuent. B ornmcanubix
YCJIOBUSIX TOYKA MUHUMYMa 33/1a€T IIOJIO?KEHUE YCTOWINBOTO PABHOBECHS CUCTEMBI.

Jlst 3a1aHHOTO yIyla © OTKJIOHEHUs OT BepTukaju 3BeHa (A BO3MOXKHBI JBa
noJioxKeHus 3seHa AB: «BHermHees (masbiine or ocu Qy) € yIJIOM 1 U «BHYTPEH-
Heey (bmmzke K ocu Oy) ¢ yIJIOM 3. 3aBHCHMOCTBH YIVIOB 11 9 OT (¢ IIOJHOCTHIO
ompejiesisieTcsd pyHkIumel cBa3u. JIBrkeHne cucreMbl B KOH(MPUTYPAITMOHHOM IIPO-
CTPAHCTBE TEM CAMBIM MOXKET OCYIIECTBJIATHCH 10 JIBYM BETBAM, KOTOPbIE MMEIOT
OOIIyI0 TOYKY — II0JIO?KEHUE PABHOBECHSI:

@Y = 0, 170172 = 0

Kakast n3 BeTBell JBU2KEeHUsI TIPU TEpPeXo/e Yepe3 IOJIOKEHUE PAaBHOBECHUS TJIaJl-
Kasl — <«BHEIIHSAS-BHEITHAS» WM <«BHENIHSASI-BHYTPEHHSS», MOJTHOCTBIO OIIPeJIesIs-
eTCs TJIABHBIM YJICHOM Pas3JIoyKeHUd (PyHKIMIA 91 9 1O @.

[Ipu HedETHO CcTeleHn TJIABHOTO YWIeHA TVIAJIKUMHU SABJISIOTCS BETBU «BHEITHSISI-
BHEIIHSASA» U <«BHYTPEHHSIsSI-BHYTPEHHSIsI», TPU YETHON CTEIEHU — <«BHEITHSSI-
BHYTPEHHSISI» U «BHYTPEHHsIsI-BHEITHAsI». B mepBom ciiydae OygeM TrOBOPUTH O CUM-
METPUYHBIX KOJIeOaHUSIX, BO BTOPOM — 00 aCUMMETPUIHBIX.

[IpencraBiennas MexaHUdecKasl CHCTEMa WMeEET OJHY CTelleHb CBOOOIbI, Jefi-
CTBYIOIUE CUJIbI MIOTEHINAJIBHBI U CBA3b IMPeIoiaraeTcs naeaabHoit. /Imsa naxox-
JIeHWsI YPABHEHWs JBUXKEHUs WMCII0JIb30BajIoCh ypasHenue Jlarpamxka [2]|, koropoe
SABJISETCS CYIECTBEHHO HEJMHEWHBIM U JIJT MAJIbIX KOJeOAHUI MBI PacCMaTPUBAJIN
pa3JIOYKeHNsT KMHETUYIECKOW W MOTEHIMAJIbHBIX SHEPTUl 0 PA3/IMIHBIX TOPIIKOB
MaJIOCTU B 3aBUCUMOCTHU OT IOPAJIKA MaJOCTH YTJIOB 1 2 IO (.

Tak Kak CBA3b CUMMETPUYHA, TO U B €€ PA3JIOYKEHUN TPUCYTCTBYIOT JIUIIH YJie-
HbI Y€THOU CTEIEeHU, ITIOITOMY TOPSJIOK KACAHUs CBA3U U OKPYKHOCTU MOYKET OBbIThH
JiIb 9€THBIM 1 = 2k, k = 1,2,.... IIpsiMble BbIauc/ieHUsT TOKA3bIBAIOT, UTO €CJIH
IOPsAIOK KacaHus paBeH r = 2k, TO 3aBUCUMOCTb YIJIOB %1 2 OT (o MMeeT BU/L

Y12 =12 - ©" + o(p").
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Tem caMbIM MBI HAOJIIOIa€M CMEHY PEXKUMOB KOJIEOAHUI B 3aBUCUMOCTH OT YETHOCTH
nokaszaresis k. I3BecTHble K HACTOSIIEMY BPEMEHU JIAHHBIE TIPUBEJICHBI B TAOJIATIE
COOTBETCTBYIOIINX PEXKMMOB U yPaBHEHUI /I MaJIbIX KOJIeOaHUIA.

Tabmuma. PexxuMbl 1 ypaBHEHUsT MaJIbIX KOJIEOAHUI.

VYpaBHeHUE CBsi3U, MOPSIOK Ka-
CaHUS

Yrubl 11 2, PeXKUM U ypaBHEHHE KOJIe-

y = A2 + o(z?)

1
0SA< g r=2k=1

Oanuii
+(2X — 1) + /2 — 4\
P19 =
142X

CUMMETPHUYIHBIE KOJIeOaHMUSI,

//_{_9(3—{_2,“_/12)
5+ 2u + p?

© + o(p)

y = 1/22% + \z* + o(z?)
1
)\<§, 7“:4,]{7:2

P12 = :l:\/l/8 — \p? + o(¢?)

aCUMMETPUYHbIE KOJIEOAHUSsI,

2
50" + ggo& + 3990 =0, mpu A =0

y=1/22" +1/82" + \x° + o(2°)

1
A< —, r=6k=3
S "

3 3
P12 = p1,29° + o(¢°)
CUMMETPUYHbBIE KOJIeOAHMSI,

B pa6ore [3| 6b110 MpeIIOKEHO PEAN30BbIBATH CBSI3b HEPACTSZKUMON HUTBIO,
3aKpeIUICHHON B (DOKyCax 3JLIUICA, PACIOJIOXKEHHOIO BepTUKa bHO. Ilomananmne B
TOT WJIA WHOI PEXKUM KOJICOAHUil 3aBUCUT OT (PAKTHUUCCKUX IIapaMeTpPOB 3JLIUIICA.
Ciryuaii 0o0IIEero moJIOXKeHHUsI 3aJa¢T CUMMETPUYHBIA pPEXKUM. YCJIOBHE PABEHCTBA
KPUBUSHBI 3JIJIMIICA B TOYKE IIOKOA €IUHHUIIC COOTBeTCTByeT aCHMMeTpI/IqHOMy pe-

xumy (k = 2) ¢ mapamerpom A = 2a riae a > 1 — BeamumHa OOJIBITION ITOJTYOCH.

O,ZLHaKO, JaHHad KOHCTPYKIHA MadTHHKa 3a,zpaéT HEeYICP2KHUBAIOIIYIO CBA3b, U IIO-
TOMY BOIIPOC O PEaJIM3YyEMOCTU aCHUMMETPUYIHOI'O PEeKHMa B 3TOM CJIy4dae OCTaETCs

OTKPBITBIM.
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dopMupoBaHTEe aCUHXPOHHBIX KOJieOaHMit
A3POANMHAMMNYIECKOTO MAsITHAKA B yCJIOBUSAX

aedunuTa yupaBadioOinX BO3deiicTBHIIA

Kaumuna JI1.A.
klimina@imec.msu.ru
Hay4uno-uccnenoparenbckuit naCcTUTyT Mexanuku MI'Y um. M.B. Jlomonocosa,
119192, Poccuiickast Peneparus, Mocksa, Muuaypunckuit mip., 1

Kaouesvie crosa: KonebaHus, yupaBieHue, adpOoIMHAMUYECKUN MasgTHUK.

J1st MeXaHUIeCKOM CUCTEMBI C JIBYMsI CTEIIEHSIMU CBOOO/IbI, HAXOISIIENCS B 110~
TOKE CPEJIbl, PACCMOTPUM 3aJlady (pOpMUpOBAHUSA KOJEOAHUI C 33JIAHHON CpeaHeit
amituTyaoi. IIpu aTom OyaeMm cauTarh, YTO B CUCTEME IIPUCYTCTBYET OIHO YIIPAB-
Jistrortiee BozzeiicTsre. 1lpeamnosoxkum, 4To Ha TPOIrPAMMHOM PEXKUME CPEIHsIsT aM-
IJINTY/Ia KOJIeDaHUi 10 KaXKJI0#fl KOOpJMHATE OCTaeTcs OJIM3Ka K MOCTOSHHOM, HO
IPU 3TOM YaCTOTHI KOJIEOAHUI 110 JIByM CTEIIEHSIM CBOOOJIBI HECOM3MEDPUMBI JIPYT
¢ npyrom. TakoMmy peXumy B IUHAMHYECKONW CHUCTEME OTBeYaeT OJM3Kasi K Mepuo-
JITIECKOM, HAIIPUMeED, KBa3UIepuouIeckas TpaekTopust. TakuM o6pa3oM, MeTOIbI
dopMupoOBaHUS HECUHXPOHU3UPOBAHHBIX KOJIEOAHMIT TECHO KOPPEJIMPOBAHBI C METO-
JIAMU TIOMCKa KBAa3UIIEPUOJINIECKUX TPACKTOPHUil JUHAMIIeCKUX cucteM [1].

Jist citydast MeXaHU4IeCKOil CUCTEMBI C JBYMsi BPalllaTe/IbHBIMUA CTEIIEHIM CBO-
60161 Osin3Kast 3aa4a ((hopMUPOBAHUE POTAIMOHHBIX PEXKUMOB C HECOM3MEPUMbBIMU
CPEJTHUMHU YIJIOBBIMU CKOPOCTSIMU 3JIEMEHTOB) pAcCMOTpeHa B [2| Ha nmpumepe J1ByX-
POTOPHOI BETPOIHEPIrEeTUYECCKON YCTAHOBKHU.

Nrak, paccMaTpuBaeTcss MasiTHUK, KOTOPBII COCTOUT U3 JAeP>KaBKU, 3aKPeIlIEH-
HOI B HemoABIKHOM Tiapaupe O (0Ch MapHUPA BEPTUKAJIBHA), U TIACTUHBI ILIOMA-
au S, yupyrozakperiéHHoil Ha cBobomgaoM Kouile C' mepxKkapku. [L1ockocTs mracTu-
HBI BepTuKaJibHa. CrucreMa HaXOUTCs B TOPU30HTAILHOM IIOTOKE BO3/IyXa CKOPOCTH
V mnornoctu p. Cucrema umeeT JiBe CTEIeHU CBOOOJIbI, KOTOPbIE OY/I€M OIUCHIBATD
YIJIOM (0 TIOBOPOTA JEPKABKU, OTCIUTHIBAEMBIM OT HAITPABJIEHHSI CKOPOCTU BETPA, U
YIJIOM ) OTHOCUTE/IbHON OPUEHTAIINN TJIACTUHDBI, OTCINTHIBAEMBIM OT HAITPABJICHUS
HMEPIIEHINKYISIpHOTO fAepxkaBke. B mapuupe C' mpucyTCTBYeT CIUpaJibHAs TPy K-
Ha, HEHAIIPsIXKEHHOE COCTOsSIHIE KOTOPOH cOOTBeTCTBYyeT 3HadeHno ¥ = (0, a Takxke
B 9TOM IapHUpe AeficTByeT MOMEHT JIMHEHHOro BS3KOro TpeHusi. B mapaupe O
MPUJIOXKEH yIIpaBJISIONnii MomeHT M, .

[Iycts r — nnuna gepxasku OC, J; — MOMEHT HHEPIUN JIePKABKU OTHOCUTETHHO
toukn (0, m — Macca IJIACTUHBI, IIEHTP MacC IJIACTUHBI PactojoxkeH B Touke ('
Jo — MOMEHT MHEePIUN IJIACTUHBI OTHOCUTEIbHO TOUKH C.

Ha mmactuny geficTByIOT a3poguHaMUIYIeCKUe CHJIBI CO CTOPOHBI IIOTOKA BO3/TyXa.
Bymem caurarh, 970 OHI MOT'YT OBITH IIPEICTABIEHBI B BUJIE CHJIBI COTPOTHBIeH D
1 TOABbEMHOM cribl L, mpmio:keHHbIX B TouKe (', 3HAYEHNSI KOTOPBIX OIMMCHIBAIOTCS
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Ha OCHOBE KBasucraTmdeckoil mozesu [3|. Byaem ucnonb3oBarh jijisi 3aBUCHMOCTEN
KO3 DUIMEHTOB CUJIBI COITPOTUBJIEHUS U TOIBEMHON CHJIBI OT yIVia aTaKh (¢ IPO-
croie ammpoxcnmarmi: Cy(a) = 0.1 +sina,  Cj(a) = sin(2a).

BBenem cremytomume obo3Havenus i 0e3pa3MepPHbBIX ITEPEMEHHBIX U BPEMEHMU:
w=VTlry z = V=¥, 7 = r7Vt (mrpuxom obo3HAUEHA MTPOU3BOIHAS TIO
Bpemenn t). B 6e3pazMepHbIx 0003HAYEHUSIX YPABHEHUS IBUKCHUS CUCTEMbBI HMEIOT
B/, (TOYIKOI 0603HAYEHA TPOM3BOIHAS 110 T):

Y =uw,
= 2z, a=0.5(J; +mr?)~1pSr3,
w=aF(p,0,w)+ p(sd + x2) + u, p=(J1+mr®+ Jo) 1.

z2=—aF(p,0,w) — 0 — xz — u;

F(p,¥,w) = \/(:052(,0 + (w —sin@)* (Cy) cos ¢ — Cy(a)(w — sin p))
a = arctg ((w —sinp) "'cos ) + 0.

31ech » — OGe3pa3MepHbIil KOIMMPUITUEHT YIPYTOCTH MPYKUHBI, YCTAHOBJIEHHON B
mapuupe C, xy — 0Oe3pa3mMepnbiii KoadduiineHT Bsa3Koro TpeHusi B mmapaupe C.
bBespazmepHnoe yrpasiisioliee BO3/eCTBIE 14 BHIOEPEM B CJIEYIONIEM BUJIE:

u = —biw + bosgnz.

Tpedyerca mmomodbparh b; Tak, YTOOBI CYyIIeCTBOBaJIa OJIU3Kad K MEPUOIUIECKOIR
TPAEKTOPHsI, OTBEYAIONIAsT KOJEOAHUSIM, aMILIUTY/IbI KOTOPBIX 10 (0 U 1) TPUMEPHO
paBHBI * 1 ¥* cooTBeTcTBeHHO. B cucreme nmpucyrcTByer meduIuT yrupaBsiiOninX
BO3/IeIiCTBUIA, COOTBETCTBYIOIINE CJIOXKHOCTU OOCYKIAIOTCs, HApuMep, B [4].

B pabore mpejioxken MeTo/T IOUCKa 3HAYEHUil b;, 10 I00HbIH 11o1x01y 2] 1 ocHO-
BAHHbBII Ha ITOCTPOEHUU BCIIOMOTATEIbHBIX CUCTEM BTOPOT'O TOPSAJIKA, YCPEIHEHUN,
UTEPAITMOHHOM MeTojie (POPMUPOBAHUS MTEPUOJINIECKUX TpaeKTopuil. PaccMoTpeHbr
MPUMEPDI OlpejieieHus b; Jjid pa3judHbIX aMILIUTY Kojebanuii. Tak, nanpumep,
s @f = 9% = 0.2 nonyuenn! 3uadenus: by ~ 0.8, by ~ —0.1.

Hayunoe wucciieoBanue IMpOBEIEHO IIPU YaCTUIHON (DUHAHCOBON TIOJIJIEPXKKE
Poccuiickoro donma dpynmamMenTa IbHBIX HcceaoBanmii, rpant Ne 18-31-20029.
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O6 omHOM criocobe MmocTpoeHns: KOMIIbIOTEPHOI
MOAeJ I AMHAMUKN CUCTEM TBEPJbIX TeJ
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Kaouesvie caosa: rpadoBble TIpeACTaB/IeHUs, BU3yaJbHbIe MOJEJH, ajaredOpa KBaTEPHUO-

HOB, KOHTaAKTHbBIE€ MOJEJIN.

[Ipocreiitniine KOMIBIOTEPHBIE MOJEIN MEXaHUYIECKUX CUCTEM MOTYT OBITh II0-
CTPOEHBI ¢ UCIIOJIb30BaHneM HOpMaJbHO# (dopmbl Komm. lasibHeiiee ycioKHeHTe
MeXaHN9IeCKON MOJIe/IN MPUBOUT HAC K IPUMEHEHUIO HesIBHBIX (DYHKIINM Ha CJIeTy-
IOIeM yPOBHE CJIOXKHOCTH Mojiean. Ocobyio TPYIHOCTh UMeeT ITPOIECC ITOCTPOEHUST
KOMITHIOTEPHBIX MO/IeJIeil TMHAMUKN CUCTEM TeJl.

i opraHm3anuu TakWX MoOjeJieill MMeIOTCS pa3jndHble crocoObl. B 60Jb-
MMAHCTBE CJIY9aeB STH CIHOCOOBI CBOJATCI K TPeOOPA30BAHUIO K BUJIY CUCTEMBI
nuddepenimanbao-anredpandecknx ypasaennit (JLAY). DTu mociaennne coorBer-
CTBYIOT ypaBHeHusIM JlarpaHzka mepBoro pojia. 3aMeTuM, ITO B OOJIBITIMHCTBE CJIy-
qaeB auddepeHnuaabible ypaBHEHNS YIIOMSIHYTBIX cucreM JIAY cooTBeTCTBYIOT
JMHAMUYIECKUM U KHUHEMATHIECKUM YPABHEHUSAM MeXaHuKu. B To ke Bpewmsi, 110/1Cu-
creMbl ajredbpandeckux ypaBuenuii cucrem /IAY «reHepupyoTcs» OrpaHUIeHUSIMU,
HAJIOXKEHHBIMU HA CUCTEMY (MEXaHUIECKUMU CBSI3SIMH ).

BorauciurenbHas IpakKTUKa OKa3bIBAET, 9TO BO3MOYXKHA KJacCUMUKAITUS 00b-
ekTOB JuHamuku cucrem Tei [1]. Takme mojenn cocraBisiroTcst U3 0ObEKTOB JIBYX
kJyiaccoB. OHU COOTBETCTBYIOT IOHATHUSIM <«TEJIO» U «CBSA3b». 3aMETHM TaKKe, UTO
9THU JIBa KJacca OOBEKTOB 33Ial0T CTPYKTYPY HEOPUEHTUPOBAHHOIO rpada Tako-
ro, 9T0 OOBEKTHI KJIACCa «TEeJI0» UIPAIOT POJIb BepInH rpada, a 00beKThl KJIacca
«CBA3b» — POJIb €Tr0 pebdep.

Nnmeercst TakKe ele OJHA HHTEPIIPETAIs IIPU IIOMOIIMN Teopun IpadoB — B
BHUJIE ABYXIIBETHOI'O JBYIOJBHOIO Ipada. B aToM ciiydae u Tesa, u CBSI3U HHTEPIIPe-
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TUPYIOTCSA KaK BepiiuHbl rpada. OO0bEeKThI TeJ COCTABJISIOT OIHY JIOJIO BEPIITUH,
KOTOpbIE€ PaCKpallleHbl B OJUH IIBET, B TO BPeMs, KAK 00bbEKThI CBA3EH COCTABJISIOT
JIOIIOJTHUTEJILHYIO JIOJII0 BEPIINH U pacKpalleHbl B Apyroii mser. Pebpa, coeaumnsio-
e BePIIUHLI j10J1eil rpada, TOCTPOEHbI TaK, UTO JJIs BEPIIUHLI U3 J0JIU CBs3eil
CYIIECTBYIOT B TOYHOCTH JBE BEPIIMHLI U3 AOJH Tes. Tak peaausyercs ydacThe OT-
JICJILHOT'O TeJIa B TOM WU UHOH cBsa3u. /IBa yIIOMSHYTBIX BBIIIE CII0CO0a IHOCTPOCHUS
rpada CUCTEMBI TeJI ONPEIEISIOT CIIOCOObI KOHCTPYMPOBAHUS BU3yaJIbHON MOJeJIN
TaKOIl CHCTEMBI, 3a/1aBas B Pe3y/IbTare CTPYKTYPY MEXKIIOPTOBLIX COeIUHEHUIA.

Paszymmunbie ciyyan peajn3anui KOMILIOTEPHONR MOIEIN JUHAMUKNA CUCTEM TeJl
paccMaTpUBAJIUCh B KAYECTBE IIPUMEPOB. B 9acTHOCTH, 3TO OLLIM CJIELYIONIIEe MeXa-
HUYECKHEe CUCTEMbI: a) KeJIbTCKU KaMeHb; 6) CHeHKOOpI; B) CKeTOOp/I; I') BOIIOK
TUI-TOIT; JI) NMIAPUKOBBINA IOJIIAIHUK; €) MPsAMO3yboe 3BOJBLBEHTHOE 3allell/ICHIUE;
’K) 9KHUIAXK C OMHU-KOJIECAMH.
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MeI paccMaTpuBaeM IIOCKHE MAapHUPHBIE MEXaHU3MbL.

Bannmasich umu, I1.JI. HeObIméB He onryIas moTpeObHOCTH B (pOPMAJTH3AIIT Ca-
MO0 MOHATHS IMapHUPHOro MexanmsMma. He omyman eé m A.Kewmme, onmcapmmii
(1876) mocTpoeHne MAPHUPHOTO MEXAaHU3Ma, JIJIsl YepUeHUsT ITPOU3BOJIBHOI TIIIOCKOM
anrebpanyeckoit Kpupoii [1]. Jlumb B KOHIE TIPOILIOrO BeKa MOSBUJINCH MaTEeMaTH-
YecKue OIpeJesIeHnsl mMapHupHoro Mexanusma. OIHO U3 HUX TPUHAJJIEKUT ABTO-
py (1994) |2, 3|, apyroe 6bu10 BBIABHHYTO B padortax |4, 5| (1998), mocBsméHHBIX
OCMBICJIEHUIO pe3ysbTara Kemie Ha g3bIKe COBPEMEHHON ajredpamdecKoil reoMer-
pun. OaHAKO, UTHOPUPOBAHUE ABTOPAMU IOCIEIHUX pabOT KUHEMATUIECKON IIpH-
POIBLI MEXaHIU3MOB IIPUBEJIO K 00BuHeHusAM KeMIre B mpobeax B J0Ka3aTeIbCTBE €ro
«teopembl». Jleso B Tom, uro Kemne B ocHOBHOIT cBoeit pabore [1] mHe dopmymmpo-
BaJI KAaKUX-JIM00 TeopeM. 1 9To 1aj10 mouBy /s HPUIUCHIBAHUS €My yTBEP2KICHNUIA,
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KOTOPBIX OH He JOKa3bIBaJI, W JIjIs JIOKa3aTeIbCTBA KOTOPBIX paccykaeHnsa Kewmrre
HEJIOCTATOYHBDI.

[Ipuanmasi MO€ ompesiesieHne MIAPHUPHOTO MeXaHW3Ma MOXKHO JIaTh CTPOTYIO
dopMyTupoBKy TeopeMbl Kemrie, fj1s1 moKa3aTebcTBa KOTOPOI JOCTATOYHO apry-
MeHTOB Kemrie ¢ MUHUMAIbHBIMU yTOUHeHUAMHA. Jlaee OyaeT mpuBeeHoO 3TO OIpe-
JieJIeHne, pa3bsCHEHA HEOCHOBATEJLHOCTh IPETEeH3Uil K paccyKjaeHusM Kewre, u
JaHa IpaBuIbHas (popMyIupoBKa TeopeMbl Kemire.

Ddopmanu3alus.

CunraeM MeXaHHU3M COCTABJIEHHBIM W3 IIPSIMOJMHENHBIX CTepyKHEll (pbraros),
HeCyIuX Ha KOHIAX HMapHUpHI (Bpamaresibabie napbl). CTpyKTypy MeXaHu3Ma 3a-
maém wapruprot cmpykmyphnot cxemot (LIICC) — csasubiv rpadom G(V, E) 6e3
eTeb U KPaTHBIX PEGEp, BEPIIMHLI KOTOPOI'O0 OTBEYaloT INapHUpaM, a pebpa —
pbraaraM. MuoxKecTBO V' BepImH pacrajaeTcsd Ha JBa MOJIMHOXKeCTBa: Vi, OTBe-
YAIOIUX CBOOOAHBIM MIAPDHUPAM, U Vo — OTBEYAIONIMX 3aKPEILIEHHBIM IIAPHIPAM.
I'pad G(V, E) ynoBaeTBOpsieT YCIOBUSIM:

— ero noarpad Ha MHOXKecTBe V] CBOOOJHBIX BEPIINH CBsI3€H,
— B G(V, E) Her pébep, COeMHSIIONNX BEPITUHBI U3 Vo MKy COOOIA.

3axpenaénnotls wapruprots cxemot (31 C) nazosem ITICC, KaxK10i1 3aKpeILIEH-
HOIT BepmmHe v; € Vo KOTOPOIl COIOCTaBjeHa TOUKa p; € R?, — IOJIOXKeHWe 3a-
Kperiénnoro mapuupa. Ilycrs |Vi| = m, |E| = r, Toraa 3akperiéHHas MapHUp-
Has cxeMa OIpejeiiseT oTobpazkennme F : R?™ — R”, 3amaomeecs hopMyIaMn
dij = (pi — pj)Q, v;v; € E. 9To oToOpaskeHue COIOCTABIACT MOJIOKEHUSM CBOOOJI-
HBIX IMIAPHUPOB KBAJIPATHI JJIUH PHIUAroB, U HA3BIBAETCs puiuadtchbim. OHO Urpaer
KJIIOYEBYIO POJIb B reoMeTpHr IapHUpHbIX KoHcTpykuumit. Toukn {d;;j} =d € R"}
HA30BEM KUHEMAMUYECKUMU wWaphuphomy cxemamy (KIIC). Hlaprnuprukom Ha-
3bIBaeM TOUKy p € R?™. D10 60 depma, Ju60 MOI0KEeHNe MIAPHIPHOIO MEXaH!3-
ma. ITonmbiit npoobpas F~1(d) Touku HaszbiBaeM KOH@GU2YDAUUOHHBLM TPOCTPAH-
cmeom KIIIC d. Ilpu TakoM momxoje KazKI0il KOMIIOHEHTE CBSI3HOCTH MHOXKECTBA
F~1(d) orseuaer onpesenénnoe wapruproe ycmpoticmeo. Ecium KOMIIOHeHTa, CBsI3-
HOCTH OJTHOTOYEYHA, — TO 3TO YCTPONCTBO MPEICTABISIET COOOM WapHUPHYO Pepmy.
B nporuBHOM CiIydae KOMIIOHEHTA CBSI3HOCTH €CTh MHOXKECTBO IOJIOXKUTEILHOI pa3-
MEpPHOCTU — KoHpuzypayuortoe npocmpancmeo K wapruprozo mexanuma.

IIperen3uu K paccyxkaenusim Kewmrte.

ITycre m — mpoekius Ha IJIOCKOCTDb IOJIOXKeHWH ImapHupa p;. Ecin npunars
TaKyi0 pOPMYJIUPOBKY:

Llas naockoti anzebpauneckot xkpusoti A u mouxu x € A wmatdymces oxpecm-
nocmv U mouku x u mexanusm K, das xomopoeo tK NU = ANU,

TO aprymeHToB Kewmrie He/tocTaTO9IHO 17151 €€ JoKa3aTesbecTBa. [Ipmanaa B ToM,
YTO B TOYKY & MOTYT MPOEKTUPOBATHCA M JIAJEKHE OT HAYAJILHOTO TOJIOYKEHUS P
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TOYKN KOH(MUIYPAIOHHOIO IpocTpaHcTBa K MApHUPHOrO MexaHusMma. 10 ecTb,
Ipu GOJIBIIIOM JIBUKEHNH MEXAHU3M I[0IIaaeT B HOBOE MTOJIOXKEHHUE, B KOTOPOM IIap-
HUD p; OIATH OKA3BIBAETCS B TOUKE X. JTO MOMKET IPOU3OUTH, €C/Id, HAIPHMED,
HCIOJIb3YeMblil B paccyk/eHusx KeMie aHTHIApA/IICSIOrDAMM PACIPSMUTCS U Ja-
nee OyeT JBUraThCs Kak HapaJuiesaorpaMm. Vckiodast Takime BO3SMOXKHOCTH Iy TEM
BBEJICHNUSI JIONOTHATEJIbHBIX PhIYAroB B MeXaHI3Mbl KeMIie, MOXKHO TIO[IPABUTD J10-
Ka3aTeIbCTBO KeMIle 10 JoKa3aTeapcTBa mMocsefHel TeopeMsl (6.

Ommako, n 3ra (GOPMYIMPOBKA HEBEPHA, €CJU MOHUMATh Kak B [4, 5| moj KoH-
bUTypaIMOHHBIM TPOCTPAHCTBOM MexaHu3Ma Beé MHOxkecTBo F~1(d), mockosbky
IIAPHUD P; MOXKET HAXOAUTHCS B TOUKE T U JIJIS MIAPHUPHUKOB P U3 JAPYTUX KOMIIO-
HeHT cBs3HOCTH MHOXKecTBa F~1(d). C Touky 3penus KHHEeMATHKH 9TO BO3PasKeHUe
HECYyIIeCTBE€HHO, I/I6O MbI HE MO2KEM HEIIPEPbIBHO IIE€EPEBECTHU Halll MEXaHU3M Ha 9THU
Apyrue KOMIIOHEHTHI.

IIpaBuabHasa dpopmyupoBKa teopemMbl Kemiie, Kak Teope-
MBI «B MaJIOM>»:

Llas naockoti aneebpauneckots kpusot A u mouxu x € A natidémesn mexranudm
K u maxasa oxpecmmocmo U C R? mouxu =, a makoce oxpecmmnocms W C R?*™
mouku p € K, (mp==x), wmon(KNW)=ANU.
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III/IyBI/IJIJIeBbI penieHnmnsd B 3aJa49€ O Ka9eHNn

TA>KEJIOrO OJHOPOAHOI'O IIIapa II0O ITIOBEPXHOCTHU
BpallleHun#d
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Karouesvie cao6a: OTHOPOIHBIN IIap, MOBEPXHOCTH BpAaIlleHUs, aJropuTM KoBauwda, Ju-
YBUJIJIEBBI PEIEHUSI.

Bajlaua 0 KavueHnu 0e3 CKOJIbXKEHUs OJIHOPOIHOTO Iapa I10 HEIOJIBUKHOI I10-
BEPXHOCTH TIOJI IEICTBUEM CHUJIbI TSXKECTH SBJISETCH OTHON U3 KJIACCUIECKUX 3aa4
MeXaHUKU HErOJIOHOMHBIX cucTeM. OOBITHO ITPU PACCMOTPEHUN ITON 3aa9H, CIETY ST
HIOJIXOJTY, TIpeJIoXKeHHOMY B TpakTare J. JIxk. Payca [1], mpunsiTo 3a/1aBaTh B SBHOM
BUJIE TIOBEPXHOCTD, 10 KOTOPOI JBUKETCS IIEHTP IIapa, & He OIMOPHYIO TOBEPXHOCTD,
10 KOTOpoit KatuTcs 1map. [loBepxHocTh, 10 KOTOPOIT JABUYKETCS TIEHTP ITapa, ABJIs-
eTcs YKBUINCTAHTHON K TTOBEPXHOCTH, IO KOTOPOIl ABMXKeTCA TOUKa KOHTakTa. Eire
u3 pabor . JIx. Payca [1] u ®@. Herepa [2| 6b110 M3BECTHO, YTO €Cju pU Kade-
HUAM I1apa 110 TOBEPXHOCTHU TO/I JEHCTBUEM CHUJIbI TSI?KECTU €r0 IEeHTP JABUKETCS 110
IIOBEPXHOCTH BpAaIlleHUsI, TO 3a/1a4a CBOAUTCI K MHTEIPUPOBAHUIO OIHOIO JIMHEIHO-
ro auddepeHnuaIbHOTO YPaBHEHNSI BTOPOIO MOPs KA OTHOCUTEIHHO KOMITOHEHTBI
CKOPOCTH TIEHTPa Iapa B MPOEKIINW Ha HaIpaBJIeHUE KacaTeJbHOU K IMapaJiaesn
IIOBEPXHOCTH BpallieHust. B obmem cirydae (/jisi MpOU3BOJILHON TTOBEPXHOCTH Bpa-
IIEHNs) TIOJIYYUTh PEIleHre 9TOTO YPaBHEHUS B IBHOM BHUJe HEBO3MOXKHO. [ToaTomy
MIpeJICTaBJIsIET MHTEPEC BOIIPOC, JJIsi KAKUX ITOBEPXHOCTEN BpaIlleHus COOTBETCTBYIO-
1mee JuHeitHOe auddepeHInaibHoe ypaBHEHIe BTOPOro IMOPsIIKa JIOIyCKaeT ooIee
pellieHne, BhIpazKalolieecs Yepe3 JUYyBUWILIEBbl (pyHKINHU. JInyBULIeBbl (DYHKITUN —
9TO (PYHKIIMU, KOTOPBIE CTPOSTCS TOCJIEIOBATEILHO U3 PAIMOHAJIBLHBIX (DYHKITUN C
HCIIOJTb30BAHUEM AJIredpanvecKux OIepaliii, Heope IeJIeHHOIO NHTETPUPOBAHUS U
B3STHS SKCIIOHEHTHI 33 IAaHHOTO Bbipaxkenus |3]. HeobxoaumMble u jocraTodsbie yciio-
BUsI CYIIIECTBOBAHUS PENIeHUs JIMHEHHOTO quddepeHInalbHOr0 ypaBHEHUSI BTOPOTO
MIOPsIJIKA, BIPAKAIOIIETr0Cs Yepe3 JINYyBUJLIIEBbI (DYHKIINH, JAeT TaK HA3bIBAEMbIH aJI-
ropurm KoBaunua [4]. B manHOM 10K/1a/1€ MBI IPUBOJMM HAIll COOCTBEHHBIH CIIOCO0
OJTy9eHus JIMHEWHOTO T depeHInabHOrO YpaBHEHNS BTOPOrO TOPSIJIKA, K WHTe-
TPUPOBAHUIO KOTOPOI'O CBOJUTCS 3371298 O KAUeHUN TKEJIOrO MIapa 110 HEITOIBUK-
HOU ITOBEPXHOCTU TAaKOW, YTO MEHTP MIapa NPU KAYEHUU JIBUZKETCA 110 3aaHHON
MMOBEPXHOCTH Bpalenus. [Ipumenss 3areM K morydeHHOMY JIMHEHHOMY auddepen-
IMAJILHOMY ypPaBHEHHIO BTOPOrO IOpsigka ajaroputMm KoBadmda, MbI ITOKa3bIBaeM,
YTO JIJIs CJIyYaeB, KOTJla IEHTP Iapa MPUHAIIEKUT NapaOOJIOnuIy W SJUINIICOULY
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BpallleHus, o0lllee pelreHne JaHHOIO YpPaBHEHUS BbIPAYKAETCS Uepe3 JIMYBUJIJIEBBI
dyHKIUA.

Pabora BointosiHeHa nipu (buHAHCOBOM ToIepKKe Poccuiickoro douma dyHIa-
MeHTaJIbHBIX ucciaenoBanuii (rpaat Ne 19-01-00140 u rpart Ne 20-01-00637).
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BOBMYU.[GHHI)IG ABN2KECHN A TBép,Z[OI‘O TEJIAa, OJIN3KOro

K BoJYKY Jlarpanxka, moa geiicrBuem
HECTAIIMOHAPHBIX BOCCTAHABJINBAIOIIETO 1
BO3MYIIAIOIIETO0O MOMEHTOB CUJI

Jlewenxo /1./1., Kozauenxo T.A.
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Kaoueswvie crosa: coydait Jlarpanzka, MeTO/T yCpeJIHEHUS, CONPOTUBJIEHUE CPE/IBI.

Ananus BpamaTebHBIX JBUKEHUI TE/l OTHOCUTEJIHHO HEIOIBUKHON TOYKH Ba-
2KEeH IJId pelneHnd 3aJa9 KOCMOHABTHUKH, BXO/a JIETATCJIbHBIX allllapaTOB B aTMO-
cdepy, JBUKEHUsT BPAIAIONIErocsi cHapsiia, rupockonuu [1]-[3]. B reoperndeckom
ACIIEKTE 3TH 3aJIa91 IPEJICTAB/ISIOT MHTEPEC JIJIsl CIIEIUAIICTOB B 00JIACTH TEOPETH-
vyeckoit mexauuku [1]-[8|. IIpu 3T70M BO MHOTHX C/Iydasix B KAYECTBE [TOPOKIAIOIIETO
JIBUYKEHUST TBEPJIOrO TEJIa, YIUTHIBAIOIIEr0 OCHOBHBIE MOMEHTBI CHJI, JeHCTBYIONUX
HA TEJIO, MOXKET PaCCMaTPUBAThCA JBuzKeHue Jlarpamxka. Hamomaum, 910 B 3TOM
CJIydae TeJIO IPEJIoJaraeTcst UMEONUM HEMOABUKHYIO TOYKY U HAXOMAIIUMCH B
1I0JI€ CUJIbI TSKECTH, IPUYEM IIEHTP MacC Teja M HeIOJBUKHAs TOYKa JIeXKaT Ha
OCH JIMHAMHUIECKON CUMMETDPUHU TeJIa.

B pabore ucciieayorcst BO3MYIIEHHBIE JIBUXKEHUS TBEPJIOTO TeJIa, OJTM3KUE K CITy-
vaio Jlarpamzka, moJ1 JieficTBUeM BOCCTAHABJIMBAIONIETO U BO3MYIIAIONIET0 MOMEHTOR
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CUJI, 3aBUCAIINX OT MEJJIEHHOTO BpeMeHu. KpoMe TOTo, Be/IMYnHa BOCCTAHABINBA-
IOTEro0 MOMEHTa 3aBHCUT OT MAJIOro yrjia HyTarmuu. PaccMarpuBaeTcss acCUMIITOTH-
4eCcKoe MOBe/IeHre pellleHnli CUCTeMbl YpaBHEHU JIBU2KEHUS TPU 3HAYEHUSIX MAJIOTO
rmapamMeTpa, OTJIMIHBIX OT HYJsl, Ha JJOCTATOYHO OOJIBIIIOM MHTepBaJie BpeMeHu. /s
aHaJI3a HeJIMHEHOU CUCTEMbl YPAaBHEHUN IBUYKEHUS ITPUMEHSIETCST METO/T yCpeTHe-
Hus. B otsimyne oT mporie/iypbl yCpeHeHus 10 JBuKeHno Jditaepa-Ilyanco, ycpe-
HEeHUe TI0 JIBMKEHUIO Jlarpanka mo3BoJjigeT HaM pacCMaTPUBATH JIBUYKEHHE C HEMa-
JIBIMU TIO aOCOJTIOTHOI BeJTMYMHE MOMEHTAMU BHEITHUX CUJI KaK MOPOXKIAIOIIee JIBU-
KeHue. Boiiendiorcss MeJjieHHO U ObICTPO MEHSIONIecs nepeMennbie. [IpuBeennr
YCJIOBUSI BO3MOYKHOCTHU YCPEJIHEHUS ypaBHEHU JIBIKEHUS 110 (pa3e yrijia HyTalluu u
OIMCaHa IIPOIEypa YCPEeIHEHUS /151 ME/IJIEHHBIX IIePEMEHHBIX BO3MYIIIEHHOT'O JIBU-
JKEeHUsi TBEPJIOTO TeJia B IIEPBOM HPUOJIMKEHUN.

B kagecTBe mpuMepa pa3BUTON METOIUKN PACCMATPUBAETCS BO3IMYIIEHHOE JIBU-
JKeHue TBEPJOro Teja, OJU3KOro K BOUKY Jlarpam:ka, ¢ y4eToM MOMEHTOB CHJI,
JEACTBYIOIIX Ha TBEPJIOE TEJIO CO CTOPOHBI BHEITHEN cpe/ibl. YCpeTHEHHAs CUCTEMa,
UHTETPUPYETCs YUCJIEHHO IPU Pa3HbIX HaYaJbHBIX YCJIOBUAX U ITapaMeTpax 3a/1a4u.
WccnemoBan HOBBIHM KJIacC BpallaTe/IbHBIX JIBUKEHUN TUHAMUYIECKA CUMMETPUIHO-
'O TBEPJIOTO Tejla OTHOCUTEJHHO HETOJBUKHONW TOYKHU C YI€TOM BO3MYMIAIONIETO U
BOCCTAHABJIMBAIOIIETO MOMEHTOB CHUJI.
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Kaouesvie crosa: MasgTHUK, IPYZKUHA, TeMI(MUPOBAHUE, ONITUMUASAIIUS.

Bompocam rarenusi KosiebaHuit MEXaHUIECKUX CUCTEM IIPU ITOMOIIHU JIeMIIpEePOB
BSI3KOI'O TPEHWUsl TIOCBSAIIEHbI MHOTOUNCIeHHBbIe TPYAb! [1, 2|. B KauecTBe KpuTepus
9P PEKTUBHOCTH TPOIECCOB 3aTyXaHUs OOBIYHO BBIOMPAETCS MAKCUMU3AIUS CTele-
uu ycroitunocru [3|. Hanbosiee qacTo paccMaTpuBarOTCst CHCTEMBI C OJIHON U JIBYMsI
CTeneHsIMU CBOOO/IbI, ITOCKOJIBKY UMEHHO JIJIsI HUX Y/AeTCsI IOy IUTh AaHAJIUTHIECKOe
pemenne B KoHeuHOI dopme [4]. OHako MHOTIA NPUXOIUTCI UMETH JIEJ0 C T. H.
CHCTEMaMU C HeIeJIbIM YHUCJIOM CTelleHell CBOOO/IbI, JeTaIbHOMY PACCMOTPEHHIO KO-
TOPBIX OBLIO HOCBSIIEHO NOPA3/0 MeHbIIee KOJIMIecTBO TPYAoB |5, 6], a 3amaun omn-
TUMHU3AINN [TaPAMETPOB TaKUX CHCTEM U BOBCE He MOJIYUNIN JO0JXKHOTO BHUMAHUS.
B nacrosmieit pabore mpejiaraercsi BOCIHOJHUTH TOT IPOOEJ, M OHA IOCBSIIEHA
N3YYeHNIO JUCCUIIATUBHON cucTeMbl ¢ 1.5 cremeHsiMu ¢cBOOOIBI, JIjIsI KOTOPOI OIIpe-
JIeJISTIOTCS ONITUMAJIbHBIE 3HAUEeHUsT KOY(MDPUIIMEHTa, IeMII(PUPOBAHNSI B 3aBUCHMOCTHI
OT €€ MapaMeTpOB.

PaccmorpuMm mMaremaTwmuecKuii MasTHUK MAcCChl 1 W JJIMHBL [, TOYKA IIOIBECA
KOTOPOI'O HE ABJIAETCA HeHOﬂBI/I}KHOI;'I, a 3aKDPCEILJIEHA Ha IIPY2KUHE 2KECTKOCTU C U MO-
JKET JIBUTAThCS JINAMIB 110 TopusonTanu [7]. [Ipennonoxum, 4o ramenne KosebaHmit
OCYIIIECTBJISIETCS 3a CcYeT JeMiidepa BI3KOTO TPEHUS C JAUCCUIATUBHBIM KO3(hdu-
IIMEeHTOM (3 B mapHupe mastHuka. [IpmanMas B KadecTBe 000OITEHHBIX KOOPIMHAT
YroJl TIOBOPOTa MAaATHUKA (Y U CMEIIeHUEe €ro TOYKHU I0/BeCa Yy M OrPDAHUIUBASICDH
aHAJIN30M MaJIbIX KOJIEOAHU, 3aIIUIIeM KHHETHIECKYIO U ITOTEHIIHAJIbHY 0 SHEPT U,
a TaK»Ke JTUCCUIATHBHYIO (DYHKIINIO BA3KOTO TPEHUS:

1 1 1
T=om (P9 + 2o +37), M= (mgle’ +ey’), R=365% ()
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OTBe‘{aIOH_II/Ie UM JINHEWHBIE YpaBHEHUA ABU2KECHUA TOTda IIPUMYT BU:

ml2@ 4+ mlij + Bp + mglp =0 2
my +mly +cy =0 '

XapaKTepuCTUIeCKOe yYpaBHEHNE ITOU CUCTEMBI OKA3bIBAETCH KyOMIeCKNM:

s c g B c cyg

3 2
X (S D25 2 g, (3)
ml m 1 ml* m m [
U WUMEHHO ITO3TOMY JIAHHYIO CHCTEMY MOXKHO Ha3BaTh CHCTeMON ¢ 1.5 cremeHsMu
cBob6obl [5]. Eciin Temeph BBeCTH B pacCMOTpEHUE BEJIMIUHBI
1’ mg’ mi2k’ k’
rie k — JacToTa MaJibIXx KoJiebaHWil MasiTHUKa JUIMHBI [, 7 — Oe3pa3MepHasi KECT-
KOCTb, I — 0e3pa3MepHBbIN AUCCUIIATUBHBIN KO3d durmenT, a p — 6e3pa3sMepHbIil KO-

PEeHb XapaKTEePUCTUIECKOTO YPaBHEHUsI, TO HOJUHOM (3) IpUMeT BU/I
vp® + (1+4)p” + vyp+~ =0. (5)

Takum obpazom, 3a7a9a ONTUMUBAIINN CBOJUTCS K HAXOXKJIEHUIO TAKOTO JTUCCH-
MAaTUBHOTO KO(PUIIMEHTA I/ B 3aBUCUMOCTHU OT 7Y, KOTOPBII MAKCUMU3UPYET CTe-
IIeHb YCTOMYMBOCTU CHUCTEMBI, T. €. MaKCHUMAaJIbHO OTOJIBUTA€T OT MHUMOI OCHA Ha
KOMILJIEKCHOM TLJIOCKOCTHU OJIN3JIEXKAIUI K Hell KOpeHb XapaKTePUCTUIECKOTO ypaB-
Henust (5). Pertenue 910it 38,191 MOXKHO OCYIIECTBUTEH AHAJTUTHIECKIME METOJIAMH,
U OHO OKa3bIBaeTcd BechbMa TpoMo3aKuM. [loaromy orpanmammcsd 37ech JIUIIH KO-
HEYHBIM PE3YJIbTATOM, IPUBEJIsI HCKOMYIO 3aBHCUMOCTD Vy (7):

;

2(y 4 1)3/2 cm<d
VI +2)7 TS
2 1 3/2
v, = 4 V2 + 1) 4<~y<8 : (6)

3vr(y—2)
2\/5(7—%1)3/2\/7—2— 72 -8

[ By —4-3V7 -8y

Bumao, 9T0o 3TAa 3aBHUCMMOCTH OKA3bIBAE€TCSI KYCOUYHON W COCTOUT M3 TPEX yUacT-
koB. OTMeTUM, ITO BTOPOI YIACTOK COBIIAJIAET C YACThIO KPUBOM HA IJIOCKOCTU YV,
KOTOpAasi OTBEYAET TAKOMY PACIIOJIOYKEHUIO KOpHell mosimHoMa (3), Korya Bce OHU Jie-
ZKaT Ha OJIHO¥ BepTUKAJIN, & TPETUH y4aCTOK COBIIaIaeT C YaCTbIO KPUBO, KOTOpast
COOTBETCTBYET HAJUYMIO Yy MOJUHOMA JBYXKpaTHOTo KOpHHA. [lomuepkueM Tak:ke,

v > 8
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910 KpuBas (6) IMOJHOCTHIO COBIAAET C PE3YJIHTATOM, MOJYIEHHBIM IIPU TOMOIIH
pOoIEeAyPbl YUCJAEHHON ONTUMU3AIMA B ITaKeTe MPUKJIAJHBIX TPOTPAMM.
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Along the total energy consisted by sum of the kinetic and potential energies, it
is the angular momentum (L = r2¢) of an orbital body that has been taken as time-
invariant during the whole orbital period (7'), thus forming the so-called (the two)
First Integrals for the process of solving the related (essentially, non-oscillatory)
non-linear differential equations of motion. While the Energy Integral can be shown
to have been an untenable postulate® (either by direct analytical and/or numerical
evaluation, and /or by application of the full time derivative of the related expression
in polar coordinates), for the angular momentum — and it’s Kepler’s Second (Area)
Law counterpart — that turns out to be quite subtle and very intricate an issue.

1 Quite rare textbooks’ authors attempt to prove its validity either through non-justifiably
presumed co-linearity of the position and velocity vectors, unfulfilled either in initial conditions or
in the produced solutions, or relying on here refuted zero-valuedness of the transverse acceleration.
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However, since the very presence of non-zero tangential acceleration in the observed
trajectories of orbital bodies as well as in the produced solutions, the validity of
the related First Integral ‘status’ of this quantity should have long been questioned
because the constant angular momentum? implies the annulling of the suitably
transformed transverse acceleration # + 27 ¢ into (1/r)(dL?/dt), equating thus
the radial and tangential ones — a situation possible only for the rectilinear motion,
if not considering the traditional notion of the circular motion with the centrally
directed ‘acceleration’.

This means that the validity of angular momentum as one of the First
integrals should have long been reconsidered, in particular that based on it has
been developed the whole mechanics/dynamics of natural orbital systems, and
subsequently analytical and rational mechanics, as well as the quantum mechanics,
GTR and most recently the String Theory, with “spilling-over” into mathematics
through the Symplectic Topology (“geometry of ‘conservative’ motion”) and the
Symplectic Integration (actually, artificially ensuring the angular momentum
constancy — the availability of the so-called “Cyclic coordinate”).

Based on an in-depth analysis and elaboration, for the angular momentum is
produced the following expression (with major semi-axis a=1+e and e - eccentricity)

2r [1+e 1 —e-cos(F)
L=r2. 1+e)P?— . ,
#= ) T V1—e cos? (%) + }+Z sin? (}23)

and — although not, or at least hardly recognizable by visual inspection — is
constant for all eccentricity factors e, so that the transformed transverse acceleration
indeed is zero-valued. Yet, the individually evaluated sum-terms of the transverse
acceleration
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reveal its time variation, except for circular trajectory, e=0.

Due mainly to his rather singular and unphysical Equation, the subsequent
developments of Orbital mechanics have made it as though Kepler — the
mathematician had largely won over Kepler — the physicists. Nevertheless, Kepler’s
systematic adherence in contemplating the geometry underlying physical processes
which imply a two-component central acceleration/force, should have been given
due attention to be leading towards development of consistent orbital mechanics

2 With presumed co-linearity of the position and acceleration vectors, also never taking place.
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and dynamics — in line with those of Descartes’, Leibniz, Boscovich’s and further
justified by the rightfully called Kepler-Ermakov system of differential equations [1].
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Kmouesvie crosa: ceficMmaeckne BO3AeHCTBYsI, TuHaMuIecKuii racutesb konebanuit (II'K)
OOJIBIIION MaCChl, KpUTUYECKasd Macca

[lenbio nccneioBanmii ABJIAETCS OIEHKA I(PPEKTUBHOCTU U OCOOEHHOCTEN pado-
THI AuHaMudeckux racureseit konebanmit (JII'K) mpu ceiicmudeckux Bo3/eiicTBu-
sax. OcunoBrnoe BHUManue yiesnaeno padore /II'K 6ombmioit maccol. PaccmarpuBaetcs
Biausgaue nemnduposanus B JI['K u 3ammumaemom obbekte nHa nHactpoiiky JII'K.
Anammsupyercs kpurndeckasi macca JII'K, npu kotopoit acddekT rarenus ncde-
3aeT. [losmydennble aHaIMTHYIECKUE 3aBUCUMOCTHU TTO3BOJISIIOT UCCJIEIOBATD BJIMSTHUE
JneMiipupoBaHus Ha HACTPOUKy 1 3 dekTuBHOoCcTb JII'K, a Takke Ha BeIMUIUHY KpU-
TUYECKOU MAacCCHI.

SemiteTpsiceHnsT 3aHUMAIOT IIEPBOE MECTO B MHUPE CPEIU CTUXHIHBIX OeICTBUil
10 YHUCJIy YeJOBEYECKUX KePTB M BTOpoe (IOC/ie HABOJHEHUI) M0 MATEPUATBLHOMY
yiep0Oy. B ceiicmmyeckn omacHbIX paiionax pacmosiozkeno 6osee 20% reppuropun
Poccun. B cBa3m ¢ atum ceiicmozarmuTa gBAsIeTCsT BaKHEHIel rocy/1apcTBEeHHOM
1pobsieMoii. XOpoIIo U3BECTHO, YTO CeficCMUYECKne HArPy3KU HE SABJISIOTCS JIJIs CO-
OpPY2KEHUI YUCTO BHEIIHUMHU, & IEHEPUPYIOTCA CaMOW KOHCTPYKIUEil B Hpolecce
ceticmndeckux kKoJsiebanmit. [loaromy acdbdekTuBHBIMU CpeJicTBAMU CENCMO3AIUTHI
SABJIAETCST CEICMOM3OJISAIINS U TUHAMUYECKOe rarienne Kojebanuii. [Ipumenenne mu-
HaMHUYIECKHUX TacuTeseil KojaeOaHUil JJIsI rallleHusl celicMUYecKnX KoJieOaHUil mMeeT
psiJT crienmupuIecKnX 0COOEHHOCTEIH.
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C dopmasnpHOil TOUKM 3peHns 3a1a4a moaoopa mapamerpos JII'K npu ceiicmute-
CKOM BO3JIEICTBUH OTJIUYIACTCS OT KJIACCUYIECKO 3a/1a4n HAJIUINEM HATPY3KHU Ha 00e
Macchl: Maccy coopyzkerus M u maccy AI'K m. IIpu sTtom ammmmryia KomebaHmin
OCHOBHOI MaccChl HeJIeMII(UPOBAHHON CUCTEMBI IIPU TAPMOHUIECKOM BO3MYIIICHUU C
94acTOTON w 3amuceiBaeTcs B Buje (cM. [1)):

Pi(c, — mw?) + Pe,
pr— A 5
rae A = (—Mw?+(co+c,)) (¢, —mw?) —c,.2. Ecim B knaccudeckom caydae (P = 0)
JI'K HacTpanBalOT Ha YaCTOTY BO3MYIIEHHS U3 YCJIOBUL ¢, — mw? = 0, TO 11s celi-
CMHUYECKOTO BO3JIeficTBUs J1jist obparieHus: B 0 aMITUTY/IbI S MOJIydIaeM HaCTPOUKY

Py
=W
P+ P

S1

f

Ecsn y4ecTb, 9T0O IIpH celicMmyaeckoM Bozzeiicteun P = Mw? u P, = mw?, To
TTOJTY UM

1
f=w 1+v
rje v = 37 — oTHocuTesbHag Macca JII'K.

[TomMuMO M3MeHEHHUsI HACTPOMKU IMOABJISIOTCA cjioxKHocTu peanusarun JII'K Ha
dusngeckom yposre. OCHOBHasSI U3 HUX CBs3aHa ¢ TouHOCTHIO HacTpoiiku JII'K. Xo-
porto uzBectHo (cM. [2]), aro mrst JIT'K masmoit macest ¢ v < 0.05 MaJjible OTKJIOHEHUST
B ITapaMeTpax CUCTEeMbI, Hen30eXKHbIe B IIPOIIECCE IKCILTYATAIIUN COOPYKEHUSs, TIPH-
BosaT K orcTpoiike JII'K u BeIK/II09eHNIO €ro n3 paborsl. st obecneuenns 3 dex-
tuBHOCTH JI['K GoJibImoit Macchl B KadecTBe TaCUTEsl UCHOJIb3YeTCsl 9aCTh CAMOIO
coopyxkenns. B aToM ciydyae BeJIMYMHA IV MOXKET JOCTUTATH BEJUYUHBI 2 — 3. Dd-
dexktupnocth JII'K coxpansieTcs jij1s J1ir000# Macchl racutesis, Ho HacTpoiika JII'K
crpemutcda K 0, Ipy 9TOM CyIIecTByeT HeKoTopad Kpurudeckas macca 'K, madn-
Has ¢ KOTOpoil acddekT ramenus npomnagaer. OTMedaeTcs, 9TO 3Ta Macca V = 2.
B pa6ore O.I1.Hecreposoii (cM. [3]) yToUHEHO 3HAUEHUM BEJIMIUHBI Vi, TOKA3AHO,
YTO OHA CYIIECTBEHHO 3aBUCUT OT 3aTyXaHUS B COOPYKEHUU.

B namnoit paboTe Ha OCHOBAHUY aHAJIUTUIECKUX 3aBUCUMOCTEN, TTOJIKPETIEHHBIX
COOTBETCTBYIOIIUMHI YHUCJTEHHBIMU pacdeTaMu, TpoBejeH 0oJiee KOPPEKTHBIN YYET
Pa3JIMYHBIX BUJIOB 3aTyXaHUs B COOPYKEHWUU, €TI0 BJUAHUS Ha MapaMeTPbl COOPY-
JKEeHUSI.

B pabore nmanbr orieHKn y4éTa JeMipupoBaHus HA HACTPOUKY U 9 PEKTUBHOCTD
HI'K, a Tak:Ke Ha BeJIUINHY KPUTUIECKON MACCHI.

)
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Kmouesvie caosa: rekcanog, maardopma Crioapra, ypaBHEHUS B U30BITOYHBIX KOOPTUHA~
Tax, cuenuajabHas opMa ypaBHEHUN JIBUXKEHWS, TEOPUS YIIPABJIEHUS, OOpaTHAS CBA3b.

lekcanonpbr (mrardopmbr CT0ApTa) MOJYYUIN IMUPOKOE PACIPOCTPAHEHUE U
MpUMEHEHNE B MAITMHOCTPOEHUH, TPAHCIIOPTE, MeJUIHE U T. ;i. OTMEeTUM, 9TO U3y-
YeHre WX JIBUXKEHUS JIO CHX IIOp IPHUBJIEKAeT BHUMaHUe ucciengoBaresieit. Crrox-
HOCTB PEIEeHUs ITOH 33/[a4n MEXaHUKHA MOXKHO, ITPE¥K/JIEe BCEro, 00bsACHUTH T€M, UTO,
BO-TIEPBBIX, KOHCTPYKITNS T'€KCAIo/Ia M3HAYAIHHO CO3/IaeT HEYCTONINBOCTD 9TOW CH-
CTe€MBbI, U, BO-BTOPDBIX, 3a/1a4a OKa3bIBaeTCA HEJUHEHHOI.

O6bruno 715t cocTaBienus udOepeHIuaIbHbIX YPaBHEHUN JIBUXKEHUS ILIAT-
dopmbr CTroapTa TPUMEHSIOTCs JTUOO0 OCHOBHBIE TEOPEMbl JIMHAMUKU (CM., HAIIPU-
mep, |1, 2|), smbo ypasmenmsi Jlarpamxka (cMm., manpumep, [3]). B paborax [4, 5]
JIJIsT 9TOM Ke e/ UCIIOJIBL3YeTCd clieluaabHas dpopMa JuddepeHnaabHbIX ypaB-
HeHuil JaBrKeHus (cucreMa nudPepeHInaibHbIX yPaBHEHN B N30BITOTHBIX KOOP-
JIMHATAX), IPEJIOXKEHHas B cTaThe [6).

CoryiacHo 3T0#t Teopuu HarpyzkeHHas rrardopma CrioapTa paccMaTpUBaeTCs
KaK TBEPJIOE TEJIO, TOJIOXKEHNE KOTOPOTO 33JaeTCH «BEKTOPHBIMHU KOODIUHATAMUS
pPaJInyCc-BEKTOPOM IIEHTPA MacC P U OpPTaMH 1, j, K CBsA3aHHOI CHCTEMbI KOOD/IMHAT.
[MlecTh ypaBHEHMiT OPTOHOPMUPOBAHHOCTU 3TUX OPTOB PACCMATPUBAIOTCHA KaK HEKO-
TOpbIe aOCTPAKTHBIE TOJIOHOMHBIE CBS3M, HAJIOKEHHbBIE Ha JIBUXKEHHUE TBEPJIOTO TEJIA.
B pesynbrare yiaercs 3anmucarb BEeKTOPHYIO (popMy 4eThIPEX ypaBHenwuit Jlarpan-
’Ka BTOPOTO POJIa ¢ MHOXKUTEJISIMUA. DTUM BEKTOPHBIM YPAaBHEHUSM COOTBETCTBYET
JIBEHA/IIATh CKAJISIPHBIX YPABHEHUI OTHOCUTEIHHO CKAJIIPHBIX HEM3BECTHBIX B BUJIE
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TPEX KOOPJAWHAT IEHTPA MacC U JEBATH HAIIPABJIAIONINX KOCHHYCOB OPTOB CBSI3aH-
HOI CHCTEMBI.

[IpoBoauTCS YMCIEHHOE WHTEIPUPOBAHUE ITOJIYUEHHOII cucTeMbl guddepeHIu-
AJIbHBIX YPABHEHUI JJIsi CTAHJIAPTHBIX JBUYKEHUI MeKCallojla — BEPTUKAJIBHBIX KO-
JiebaHuit 1 KojaebaHuil B TOPU30HTAIBLHON TTJIOCKOCTH.

YcToiunBoe JIBUXKEHNE PAcCMaTPUBAEMON MEXaHUIECKON CUCTEMBI YIAETCs T10-
JIVIUTD JIUIIH TIPU BBEJIEHUU OOPATHBIX CBA3€l, MTPU 9TOM OKA3bIBAETCS, UTO IPU
JIOCTATOYHO OOJIBLIITOM KO PUIIHEHTE 0OPATHBIX CBA3€il MOXKHO HE BBOJUTD yIIPaB-
JIEHUsI, 00ECIIEUNBAIOIIET0 YCTONUYMBOCTD PACCMATPUBAEMOTO JIBUYKEHHUSI .
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Kaouesvie caosa: MBOWHON MasTHUK, HEKOJLUIMHEAPHbIE IMIAPHUPHI, HEJMHENHbIE (POPMBI

KoJ1eOaHuii.

JIBoitHOIT MAasITHUK B IIOCJIE/IHEE BPEMsI sIBJISIETCS OJTHUM U3 HanboJiee TOyJIsp-
HBIX OOBEKTOB MCCJIEJIOBAHUSI B AHAJUTUIECKON MeXaHUKe, YTO CBA3aHO C AKTUB-
HBIM Pa3BUTHEM POOOTOTEXHUKU, COITPOBOXKIAIOIINMCS KOHCTPYUPOBAHUEM MHOIO-
YUCJIEHHBIX MAHUITYJISITOPOB. DTO MIPUBEJIO K HEOOXOINMOCTHU CO3/IaHUS MHOTO3BEH-
HBIX MasITHUKOB, CHAOYKEHHBIX CUJIOBBIMU IIPUBOJIAMU 1 KOHTypaMmu yiipapjenus. Ha
9TOM IIYTU OCHOBHOW MHTEpEC IIpeacTaB/ideT UMEHHO ABOMHON MadATHUK, Ha IIpUMe-
pe KOTOPOTO MOXKHO KaQ4eCTBEHHO W KOJIUYECTBEHHO OIMCATDH JJMHAMUKY CAMBIX Pa3-
HOOOPAa3HBIX POOOTOTEXHUUIECKUX KOHCTPYKInii. Hanbostee wacTo paccMmarpuBaeTcs
IUIOCKUIT JTBOWHON MasiTHHK, Y KOTOPOTO OCH OOOUX IMapHUPOB KOJIJINHEAPHBI [1]
Tem He MeHee, y MHOTUX peaIbHBIX MAHUITYJISTOPOB NIAPHUPHBIE OCH COCTABJISIIOT
MeXK/JIy coDOIt HEKOTODBIM yroj. B pe3yabraTe Takoil JTBOMHON MasgTHUK CTaHOBUT-
¢ TIPOCTPAHCTBEHHBIM, UTO JleJIaeT OoJiee CJI02KHBIMUA €r0 BO3MOXKHbIE KOH(MpUTYypa-
un [2]. DT cucTeMbl IMEIOT GOJIBINOE TEPCIEKTUBHOE 3HAUEHUE, W B HACTOSIIEH
paboTe uccieayoTcs KoyiebaHus MMEHHO TAKOro MAasTHUKA, TpudeM OOCYKIaeTcCs
ero HeJInHeTHadA MOJIEb.

Paccmorpum J1BOITHOM MAsTHUK, COCTOSAIINI U3 JIByX IMAPHUPHO COETUHEHHBIX
OJITMHAKOBBIX MATEMATUIECCKUX MASITHUKOB JIJTAHON [ 1 ¢ KOHIIEBBIMU I'Py3aMU MACCOM
m, OCU IMUJIMHJPUIECKUX IMaPHUPOB KOTOPBIX TOPU3OHTAJBHBI U 00PA3YIOT MEXKIy
coboif yroJ1 o, T. €. HEKOJIJIMHEAPHBI JIPyT ApyTry. HelnHeiinble ypaBHEHUS JTBUKEHUS
9TOI CHUCTeMbI OBLIN MOJIyYeHbl B [3], 1 OHU UMEoT BU/I:

A(q)d+ B(q,q) + C(q) =0, (1)

rie q = ||01,02||T — cronben 0606mEnHBIX KoOpAUHAT, 1 U 03 — YIJIbI TIOBOPOTA B

mrapraupax, a marpuna A(q) u croabinst B(q,q) n C(q) cyTs:

2 + cos? o + 2cos By + sin® avcos? By cos a1 + cos bs)

2
Ala) =ml cos a1 + cos ) 1 - (@)
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- (2 (1 + sin? a cos 92) 91 + cos a92> 92

B(q,q) = ml?sin 6, )
(14 sin® a cos #3)6?

: (3)

(2 + cosB3) sin 0 + cos asin 5 cos 64

C(aq) = myl sin 6y cos 01 + cos « cos B sin 04

(4)
B [3] 6b11a paccMoTpeHa JIUIIb JIMHEHAST MOJIEJIb TAKOTO TPOCTPAHCTBEHHOTO MasiT-
HUKa W HalIeHbl 9acTOThl kso u popmbl U ) MaIbIx Koaebanuit, OMHaKO HanOOIb-
AN TPAKTUIECKUIT MHTEPEC IPEICTABSIOT HEJIMHEHHBIE PEXKUMbI €0 JIBUXKEHUS,
KOTJIa, OH COBEPIIAET PeryasgpHble KOoJeOaHus ¢ JJOCTATOIHO OOJIBITUMEI aMILIUTY/Ia-
mu. [losToMy MBI TPUXOJMM K 3ajlade O HAXOXKJICHUU HEJIUHEHMHBIX (popM KoJieba-
HUI pacCMaTPUBAEMOr0 MasgTHUKA, KOTOPYIO IeJeCO0OPa3HO peliaTh MPU TOMOIIH
ACUMITOTUYIECKUX METOJOB HeJIMHEHHON MexaHuku [4].

Ilon memmueitnoit (popMoil KoIeOaHNI HOHIMAIOTCS OJHOYACTOTHBIE JIBUKEHUST
110 BCEM CTeIleHsSIM CBOOO/IbI B HeJimHelHO# cucteMe. OCHOBHBIMU XapaKTEPUCTUKA-
MU JIMTHEWHO! (POPMBI SABISETCH YacTOTA U COOTHOINEHWE aMILIATY/ KoJiebanuit. B
HEJIMHEHON cucTeMe MOMUMO YacTOThI HEJIOCTATOYHO UMETH JIUIIH COOTHOIIEHUE
aMILIATY KosiebaHuii. /1 1oIHO# olleHKM HeJuHeiiHON opMbl HEOOXOIUMO JIaTh
KOHKPETHYIO 3aBUCUMOCTH OOODIIEHHBIX KOOPJIUHAT OT BPEMEHU.

st pertenust 3aaau ypaaenue (1) mpubJinyKeHHO MEPENUCHIBACTCS B BUJIE

5% 2cos o Co = mgl 3 COS (v

. _ _ 2
Aod+Coq=Q, A¢=mi 2 cos « 1 ’ CoS & 1

, (5)

rje B crosbie Q(q,q,q) comep:karcs HeJIMHEHHbIe cjlaraeMble TPEThEro MOPsIKa
MAaJIOCTH TI0 (, {, (. Pemenne B nmepBoM npuOIMKeHNN PA3bICKUBAETCS B BUJE KO-
nebanuit o onnoit u3 popm U, uHENHON cHCTEMBI:

q = Uy acos, = koo(1 4 psa®) = ks(a), (6)

rIe a — MaJiblii mapamerp, ks — 9acToTa KojebaHuil HeJIMHEeIHOW CUCTEeMbI, 3aBUCSI-
masi OT a, Ps — HOIPABOYHBIN Kod(dduiuent, ¢ — noyiHas ¢asza. Kosdpdurnmenrt ps
OTIpeJiesisieTCs U3 ypaBHEHUsS TapMOHUYECKOTO DaJIaHCa:

27
/U?s) (Aoq + Coq — Q) cos tpdyp = 0, (7)
0

KOTOPOE CJIEJIyeT BBIMOJHUTH C HeoOxo mmoil TodHoCcThIO. Ilocime aToro m3 ypas-
HeHust (5) MOXKHO HAWTU MONPABKY Ug(a,1)) TPETHETO TOPSIIKA MAJOCTH, KOTOPAasI
obycyioiiena Beqmannoit Q B (5). B pesynbrare mosyunm perenwe:

q=U(acosy +u,(a, ) = (U(S)a + ulsa?’) cos ) + ugga® cos 31, (8)
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IJIe U1g U Ugg — CTOJIOIBI MOMPABOYHBIX CJIaraeMbIX. TakuMm oOpa3oM, pereHue 0y-
JIeT MEePUOANIECKUM, HO y2Ke He TapMOHUYIECKUM. UTOOBI 0TOOpa3UTh €ro HarJIsIHO,
CJIeIyeT IIOCTPOUTDH (PA30BhIe IOPTPETHI IIPH ABUXKEHUH 110 HeJIMHEIHOI (bopMe KoJie-
6anuii. /151 mpoBepKU pe3yabTaToB MOXKHO PACCMOTPETH YACTHBIE CJIYYal ILJIOCKOIO
(o = 0) m oproroHaIbHOTO (v = 71/2) IBOWHOTO MASITHUKA.
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K 3amade o O6paxmucroxpoHe ¢ KBaApaTUIHBIM
COITPOTHUBJIEHUEM 1 OIPAHUYEHUSIMHU Ha YIOJI
HaKJIOHA TPAaeKTOpUM

Cmuprosa H.B., Yepxacos O.F).

MockoBckuit rocynapcrBennbiii yaupepcurer uMm. M.B. Jlomonocosa,
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Karouesvie caoea: onTUMAIbHBIN CUHTE3, OpaXxucraxpoHa, (pa3oBble OrpAHUYEHUS, TPUH-
nun MakcumyMa [lonTpsirmna, KpaeBas 3a/1a4a.

PaccmarpuBaercs nBuXKeHHMe MaTepUaIbHON TOYKU B BEPTUKAJBHOI IJIOCKOCTU
IO/ JIEMCTBUEM CHJI TSIXKECTU W BA3KOIO TPEHWS, MPOIOPIIMOHAIBHOIO CKOPOCTH
BO BTOPOIi cTenenu. B KadecTBe ympaB/ieHUs PACCMATPUBAETCS CKOPOCTH MU3MeEHe-
HUS yTJIa HAKJIOHA TPAEKTOPHUHU. 3a/lada COCTOUT B MAKCUMU3AIINN TOPU30HTATIHHOM
JIAJIBHOCTH 32 3a/IaHHOE BPEMs WJIM B MUHUMU3AIMU BPEMEHU Iepexoja Ha 3a/laH-
HOEe PacCTOsTHUE 10 TOPU30HTaIN (3a7ada o Opaxucroxpoue). [Ipeamonaraercs, 9ro
nMeroTcs (pa30Bble OrpaHUYEHUs] HA YIoJl HAKJIOHA TpaeKTopuu. B HaydHOIT JuTe-
paType U3BECTHBI ITOCTAHOBKU 33JIaUi O OpaxXUCTOXpPOHE 0e3 TpeHUs IpU HAJIUIUN
dazoBbix orpannvennit. B pabore [1] paccmarpuBasuch OrpaHUYeHUsT HA yTOJI Ha-
KJIOHA TPaeKTopuu, a B paborax |2, 3| — orpanmdenus Buga y > ax + b. [lpu srom
y4aeT (pa30BbIX OIPAHUYEHUI TPOU3BOJINUIICS TTPU TTOMOIIU YUC/IEHHBIX MTPOIEeayp. B
HACTOsIIEel paboTe CTPOUTCS CUHTE3 ONTUMAJIBHOTO YIIpaBJIeHus ¢ (pa30BBIMH OT'pa-
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HUYIEHUSME Ha YIOJI HAKJIOHA TPAEKTOPHHU, AHAJUTHIECKH yCTAHABJINBACTCS KOJII-
YeCTBO JIyT' JIBUZKCHUS I10 OrPAHMYECHUIO. Y PABHEHUs JIBUKEHNS B Oe3pa3MepHBIX
IIepeMeHHbBIX UMeOT Bu [4]:

T =wvcosb,

y =wvsinb,

U = —v? —sin, (1)
0 = u.

31ech © — JaJbHOCTD, i — BBICOTA, ¥ — CKOPOCTb,  — yroj HaKJIO0HA TPAEKTOPHUU,
Ha KOTOPBIN HaJIoyKeHO (ha30Boe orpanmyenue Buja 6 € [01; 0], u — ynpasienue,
KyCOYHO-HeIpepbIiBHAA (DYHKIINSI, OrpaHUYeHUs] HA YIIPaBI€HUE OTCYTCTBYIOT.

Havaspabie ycmoBus:

2(0) = zo,  y(0) = yo, ©(0) = vo.

Buavenne 0(0),y(T),v(T) cBOOOIHBI.
DyHKIMOHAJ UMEET BUJL;:

J = —z(T) — min, 0<t<T.

[Tepexo/ist K peIyIupoOBaHHO cHCTEME C YIIPaBICHUEM 6, TIOJTydaeM PEryJ/IsipHYIO
ONTUMAJBHYIO 33Ja49y C OrpaHuYeHusMU Ha yrpajeHne. C MOMOIIBIO TPUHITAIIA
MaKCUMyMa 3aJiada ONTUMAJILHOTO YIPAaBJIEHUsI CBOJIUTCA K KpPaeBOU 3ajade JjId
CHUCTEMBI JIBYX HEJWMHEWHBIX JuddepeHna bHbIX YPaBHEHUI:

U = —v? —sinb,

WV, = 201, — cos . 2)
v(0) =vo, Yu,(T) =0, 0<t<T.

01, — arctg (1, /v) < 01,
0= — arctg (v, /v), — arctg (i, /v) € [01, 03],
02, — arctg (1, /v) > 5.

B pesysibraTe nmpumeHeHus IPUHIIANIA MAKCUMYMa, aHAJIUTUIECKH YCTAHABINBA-
eTCsI, YTO ONTUMAJIbHAS TPACKTOPHUsI MOXKET COJepKaTh He 6oJiee OJIHON JyTU JIBU-
JKEeHUsl 110 HIUPKHEMY OTPAHUYEHUIO U He 0oJjiee JIBYX JyT JIBUXKEHUsI 110 BEPXHEMY
orpanmvdeHuio. IIpm oTcyTcTBUM CONMPOTUBIEHUS TMOKA3BIBAETCS, IYTO ONTUMAJIbHAL
TPAEKTOPUsI COJIEPKUT He 0oJiee OJTHOM JIyTH C JBUKEHHEM 110 KaKJ0MYy U3 OrPDaHU-
YeHUIA.
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Kaouesvie caosa: miepuoimviecKkue JIBUXKeHUsI, OudypKalys, raMuJIbTOHOBA CACTEMa, OP-

OuTaJbHAS YCTOMYUBOCTD.

PaccmarpuBaercst 3a1a1a 0 6udypKaiun 1 OpOUTAJIbHONE YCTONINBOCTHU II€PU-
OJIMYECKUX JIBUXKEHUIT aBTOHOMHOW TaMUJIBTOHOBOW CHCTEMBI C JIBYMsI CTEIEHSIMU
€BO0O/IbI. AHAJIUTUYIECKOMY PeIIeHUI0 YKA3aHHON 3a/a9M MOCBAIIEHO OOJIBINOE KO-
naudectBo pabor [1|-[4]. Omgrako, sTH pe3yabTaThl CIpaBeJIUBbI JIUIIb B YACTHBIX
ClIy4dadx — B OKPECTHOCTHU CTAIlMOHAPHBIX ,ZLBI/I}KGHI/H‘/'I WU IOJIO2KEHUI PaBHOBECH:I.
B macrosimeit pabore mpeioyKeHa UNCIeHHO-aHAJIUTHYIEeCKasT METOINKA, O3BOJISI-
IOIIasl MCCJIeI0BATh BOIPOC 00 OpOUTAJIBHON yCTOWYIUBOCTH M OUQYPKAIUN TEPU-
OJIMYECKUX JIBUXKEHMII aBTOHOMHOM TaMHUJIBTOHOBOW CHCTEMBI C IBYMsI CTEIEHSIMU
CBOOOJIBI TIPH JIFOOBIX JIOMYCTUMBIX 3HAYEHUSIX apPaMEeTPOB 3a,1a4M.

UccnenoBanne budypkarmn u opoUTaIbHON YCTONINBOCTHU ITEPUOINIECKUX JTBH-
JKeHHU TIPOU3BOANTCS B TpH dTana. Ha mepBom 3Tare [1jisi YaCTHBIX 3HAYEHUN I1a-
paMeTpoB 3aJa4M CTPOSTCS TaK HA3bIBAEMbIE OIOPHBIE IIEPUOINIECKUE JIBUKEHUS.
JlaHHble JBUKEHUsT MOTYT ObITH HOJIyYeHbl Kak aHajauTudecku |1, 3|, Tak u uncjen-
HO, HAITPUMeED, C IMOMOIIbI0 MeTota ceuennii [lyankape. Ha Bropom sTarme omopHbie
JIBUZKEHUS IUCJIEHHO ITPOJIOJIZKAIOTCS TI0 ITapaMeTpaM JI0 T'PAHUIl cBoUX obJacTeit
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CYIIIECTBOBAHUS C MOMOIIbI0 ajiropur™a |5, 6]. B mporecce uunciieHHOro mposioi-
JKEeHUsI ITPOU3BOJINTCS MTOMCK TOYEK OmdypKalmuyu u moctpoenue O6mdypKaInoHHOMN
JuarpaMMbl B Bujie TPa(pUKOB 3aBUCUMOCTH IIEPUOIOB UCCAEIYEMbBIX JBUXKEHUN OT
ImapaMeTpPOB 3aJa9H, a TaK:Ke pelraeTcs 3aJada 00 uX opOUTaIbHON yCTONINBOCTH
B juHeiinoM npubsmmkennu. Ha Tperbem 3Tare 10 BepuUKAIINT U WIIOCTPAIIAN
pPe3yJIbTaTOB BOIM3U TOUEK Oudypkaruu crpodarcsa cedenns llyankape.

B kadecTBe nmpumepa B JaHHOUM paboOTe MCCJIEIOBAH BOIIPOC O OUdypKAIUA U OP-
OUTAIBLHON yCTONIMBOCTY TEPUOINIECKUX JIBUKEHU TNHAMIIECKNA CUMMETPUIHOTO
CIIyTHUKA, POXKJIAIONINXCS U3 €r0 PEryJsipHBIX IMPEIecCuii: MUINHIPUIeCKON, KOHH-
qeckoil u runepbosonIaabHON. B TpéxMepHOM MPOCTPAHCTBE MapaMeTpPOB 3aadH
IIOCTPOEHBI JuarpaMmbl OudypKamm 1 OpoOUTAIBLHON YCTORIUBOCTH pacCMaTpUBae-
MBIX JBI2KEHUI B JITHETHOM ITPUOJINKEHNH, JTOMOJHSOININE U YTOIHSIIOININE BbIBOJIBI
pabor [8, 7]. B okpecTHOCTH peryJisipHBIX IIPEIECCHii MOy YeHHbIE PE3YJIbTAThI XO-
POIIIO COMIACYIOTCS ¢ aHAJUTHIECKUMHU BhIBOjamu pabor [1, 3, 4].

Hay4anoe uccieoBanue mpoBejieHO 1mpu mojieprkke Poccuiickoro donma yH-
JTaMeHTaJIbHBIX uccienoBannii, mpoekT Ne 20-01-00637.
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Karoueswvie cao6a: 00paTUMOCTD, IIEPUOJIUIECKOE JBUXKEHHUE, TJI00aIbHOE TPOI0IKEHNE.

K HU2KHEMY PAaBHOBECHUIO MATEMATUICCKOTI'O MadATHUKA ITPUMBIKACT JIAITYHOBCKOE
CeMeNCTBO IIePUOANYIEeCKNX ABMKeHni. [100a/ibHOe IPOI0/IZKEHIE 9TOI0 CeMeiiCTBa
IPUBOJIUT K CEMENCTBY CUMMETPUIHBIX Hepuoandeckux jsuxkenuii (CILI), cBsa3b-
BaIOIIEMY PaBHOBECHsSI Pa3HBIX THUIIOB: IEHTD W cejjio0. Ijisi paBHOBeCHUs: Iepuoji He
ompejiesisiercs. /s HU2KHEro paBHOBECHSI TIEPUOJ] MAJIBIX KOJIEOAHU sIBJISIETCS ITpe-
JeibHBIM 3HaUYeHueM mepuojia cemeiictBa CII/L. Bepxuee paBHOBecue MasiTHUKA TaK-
e Oyier npenenbroit Toukoit cemeiicra CIL/L, ecoim 3a mapamerp cemeiicTBa Oe-
peTrcsi, HalpuMep, HAYAJIbHbBIA yTroJI OTKJIOHEHUsI MasgTHUKA. [Ipu mpubiam:kennu K
BEpPXHEMY PABHOBECUIO TIEPHO/T KOJIEOAHN MagTHUKA HEOTPAHUYEHHO PACTET.

B mogenbHoit 3a1aue 0 MmagTHUKe Tpobsiema riiobasbHoro mpojoskenns CIL
He crouT. B obmeit curyanun 3agada o riaobasbaoMm cemeiictBe CIIJI okaspiBaer-
csl JTaJieKo He mpocToit. B [1| mosrydensl ycioBust Ha raMUJIBTOHMAH, TAPAHTUPYTO-
mee B KoMmmakTe ) € R?" mpoio/Kenne JIAIyHOBCKOTO ceMeiicTBa Ha rpaHuiy Of);
PEe3yIbTATHl BIOCTIEACTBAN pa3BuUTH B [2|. B pabore [3| mms mexanmdaeckoil cucre-
MbI, TIO/IBEPKEHHOM JIEHCTBUIO MO3UITMOHHBIX CHUJI, JAETCHA TIJI0DAJIbHOE JIBYCTOPOH-
nee tpogioskenne CIIJI mo rpanun obaactu cymectBoBanust CII/I. B gactHOCTH,
IIPOAHAIN3UPOBAHbI JISIITYHOBCKHE cemeiicTBa. B panHoit pabore pesyibrar 3] 0606-
IAETCA U YTOUHSETCs JIjIsi OOIIEro cjaydas 00paTuMOil MEeXaHUYIEeCKONW CHCTEMHBI.

Uccnenyercs obparuMasi MeEXaHUIECKasl CICTEMA

w=U(u,v), ©v=V(uv), uweR, veR" I>n,

_ _ (1)
U(u,—v) = =U(u,v), V(u,—v)="V(u,v).

Cucremoii (1) onuchIBaOTCsI PsiJTi KJIACCHIECKUX MOJIEJIell MEXAHUKH: ypaBHEHUE
Hrrorona, MexaHudecKasi CUCTEMA TI0/T JIefiCTBUEM ITO3UITNOHHBIX CUJI, YPABHEHUs B
KBa3WKOOpANHAaTaX, 3a/Ja4da TPEX TeJI, 3aja9a O BPAIIEeHNHN TAYKEJIOT0 TBEPIOTO Teja
BOKDYT HEIOJIBUXKHOII TOYKU U T.I.

@a3zoBblit oprper cucteMbl (1) CHMMETPUYEH OTHOCHTEBHO HEMOJBUAKHOTO
muOkecTBa M = {u,v : v = 0} o6paTUMOii CHCTEMBI; TIOCTOSTHHbIE PEIIEHNs CUCTe-
Mbl (1), npuna ytexarue M, Ha3bIBAIOTCST PABHOBECUSIMU OOPATHMOI MEXaHUIECKOM
cucrembl. Ha aux v = 0, V(u,0) = 0. PaBHOBecust cucreMsl Ipe/IIOIaraoTcs H30-
JsmpoBaHHbIME. CuMMeTpUIHOE JBHXKeHue rnepecekaet och u. Ha CIL nepeceuenue
MIPOUCXO/UT B JIBYX PA3JIMYHBIX TOUKAX.
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Heobxommmbre u goctarodnbie yeioBusi cymectBoBanus CILL nepuoga T' 3amm-
CBIBAIOTCA B BHJIE:

gs(qis .. q0,7)=0, 7=0,T/2, s=1,..,n, (2)

rie 3a ¢° = (¢¥,...,4%), ¢° € M, obosnauaercs nauasnbuas Touka CILI mpu t = 0.

IIpu 7 = 0 cucrema (2) coBmecrna. Ilpn 7 = T'/2 nomyuaercs cucrema u3 n

ypaBHeHuit ¢ n + 1 wmemsectubiM. CiieoBarenbio, CIL/L Bcerga obpasyior cemeii-
CTBO Y., HAIPUMeEP, 110 napamerpy 1.

Omnpenenenne. Cayqait rank =N Ha3bIBAETCS HEBBIPOXKICH-

d4(q°,T/2) '

oqY
HBbIM JIJIA CHMMeTpH‘IHOFO HepI/IO,I];I/I“IeCKOI‘O rZ];BI/I}KGHI/IH, a caMoO CH,ZL - HeBprO}K—
JIEHHBIM.

CorJtacHoO OIIpe/Ie/ICHUIO CEMECTBO KOoJIeOaHU MaTeMaTUIeCKOr0 MasiTHUKA, Oy-
JIET HEBBIPOXKIEHHBIM, & KOJIeOaHUs JTUHEHHOTO OCIU/IIATOPA — BBIPOXK IEHHBIE.

Jtst mpocToTh n3sI0KeHusT paccMarpuBaercs cucrema (1), riae | = n. [Ipeanona-
raercs, uro cucrema (1) momyckaer HeBbipoxgenHoe CIT/I. ITpoBomures 1BycTOPOH-
uee mpojokenne CIL mo mapamerpy T' 1o riobaabaoro cemeiictsa CIL. /laercs
aHAJIN3 MIPeIebHBIX TPAEKTOPHUil Ha rpaHuile cemeiicrBa. [IpuBoasTCSA IPUMEpPHI.

Pa6ora BeinosiHeHa npu gactuaHoii punancoBoit nomep:kke POOU (mpoekt Ne

19-01-00146).
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O HeJMHENHBIX KOJIEOAHNAX MEePUOJNIECKNX I10
BpeMeHH TaMIJIbBTOHOBBIX CHCTEM IIPU HAJMINU

rZI;BOI'/JIHI)IX PE30HaHCOB 9€TBEPTOI'o IIOPAJKa
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Karoueswie caro6a: raMIIIBTOHOBA CUCTEMA, JIBOMTHON PE30HAHC YETBEPTOTO MOPAIKA, YCTOM-
YUBOCTD, (bOpMaJIbHaH yCTOﬁqHBOCTB, nepuoanvdeCKue JIBUXKEHUA, CIIYTHUK, IMUJIMHIAPpUYIE-

CKas TIPEIeCCus.

PaccmarpuBarorcsd ABUXKeHUS 27T-TIEPUOJIMYIECKON O BPEMEHU T'aMUJIbTOHOBOIA
CHCTEMBI C JIBYMsI CTEIIEHSIMU CBOOOJIBI B OKPECTHOCTH TPHUBHUAJBHOIO pPaBHOBE-
cUsi, YCTOMYMBOIO B JIMHEHHOM HPHOIMKEHHU. XapaKTEePUCTUIECKHE ITOKA3ATE N
+i)\; (j = 1,2) IuHeapu30BaHHOII CUCTEMBI yPABHEHUII BO3MYIIEHHOIO JBUZKEHUS
qrcTo MHUMBIE. [Ipn arom Besmamubl 4\ 1 A1 + 3Ay (mm A\ — 3\y) — 1esible win
OJIM3KU K TIEJIBIM YHCJIaM, TO €CThb B CUCTEME PEeaU3yeTcs JIBOWHOI, OCHOBHOI M
KOMOMHAIIMOHHBI, PE30HAHC YeTBEPTOrO IOPSIKA.

B wmasoit, mopsizika £ (0 < € < 1), okpecTHOCTH Hadasa KOOpAUHAT (Hha30BOrO
MIPOCTPAHCTBA TAaMUJIbTOHUAH BO3MYIIIEHHOI'O JIBUZKEHUSI IIPUBOIUTCS K HOPMAJILHOM
dopMe B cjraraemMbixX JI0 9eTBEPTOI cTereHn BKJOYNTEIbHO. llociie mepexona ot
BpeMeHHt ¢ K HOBO HE3aBUCUMOI IIEPEMEHHON T = et HOpPMAaJIM30BaHHbIN I'aMUJIb-
TOHHAH B CHMIIJIEKTHYIECKIX IIOJISIPHBIX KoopauHaTtax R;, ®; (j = 1,2) npunmvaer
BUT

Iy = —p1 Ry — poRy + caoR? 4 c11R1 Ry + coa Ro+
+ aR}cos4®; + bRi/zRS/2 cos(P1 £3P3) +O(e). (1)

3/1ech i1 U jlg — pe30HaHCHBIe paccTpoiiku, a u b (a > 0, b > 0) — pe3oHaHCHBIE KO-
s dunmentsr, O(€) — COBOKYIHOCTD CJIAraeMbIX, TIEPUOIMIECKUX [0 T C IIEPUOIOM
247e?. 3HaKM 4+ W — OTBEYAIOT CAydYasM CHIBHOTO W CIaboro KOMOMHAIIMOHHOTO
pe3oHaHca. YCJIOBUs YCTOWIMBOCTH U HEYCTONYUBOCTH MMPU HAJUYUHA B CUCTEME OJI-
HOI'O CHJIBHOT'O pe30HaHca (OCHOBHOIO WJIM KOMOMHAIIMOHHOIO) BbIIUCAHbI B [1]; mpu
HAJIMYUKA OJIHOTO CJIaOOro KOMOMHAIIMOHHOI'O PE30HAHCA TPUBHUAJIBLHOE PaBHOBECHE
dopMaJIbHO yCTONYIUBO.

Paccmorpum cirygait Tounoro pesonanca (p1 = pe = 0). Iloctpoena dyHkimst
YeraeBa 1 IOKA3aHO [2|, 4T0 11151 3HAUEHUT TApAMETPOB U3 00JIACTH HEYCTONIMBOCTI
OJTHOI'O OCHOBHOI'O PE30HAHCA TPUBUAJBHOE DABHOBECHE CUCTEM C FAMUJIBTOHMAHAMUI
(1) ocraercss HEYCTONYIMBBIM IIPH JIOOBIX 3HAYEHUSIX b.
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[IycTs, naiee, kBajipaTudnasi (popma CQOR% +c11R1Rs + coo R% ABJISIETCSI 3HAKO-
onpenencnnoit mpu Ry > 0, Ry > 0. Torma npu oTrcyTCTBUM pe30HAHCOB YE€TBEPTOTO
HOPsiZIKa TPUBHAJIbHOE paBHOBecne GopMabHO ycroitunso [1]. B miockoctn mapa-
MeTpOB «a, b HaiijieHa |2| npumbIKamooas K HAYaLy KOOPAMHAT 00J1aCTh, B KOTOPOi
JJaHHOE paBHOBECHE OCTAETCS POPMAJIbHO YCTOMYUBBIM IIPU HAJUIUUA OOOUX PE30-
HAHCOB; IMOJIyY€HO YpaBHEHUEe I'PaHUIlbl 3Toit oOtactu. [lokazano, 9To /1151 CUCTEMBI
¢ raMuJIbTOHNAaHOM [ manHas 06/1acTh JeKUT BHYTPHU 00JIACTH, TJle KayK IbIil pe30-
HAHC, PACCMATPUBAEMBII IO OT/IEJILHOCTH, YCTOWYUB. /[1s1 cucTeMbl ¢ TaMUJIBTOHU-
anoMm ['_ sTa obsracTb JIE?KUT B 00JIACTU YCTONYMBOCTU OCHOBHOT'O PE30HAHCA, ITPU
3TOM KO3 durmenT b ciaaboro pezoHaHca NpUHUMAET 3HAUEHUSI U3 OrPAHUIEHHOTO
JTUATIA30HA.

151 MpOU3BOJILHBIX 3HAYEHUN PE30HAHCHBIX PACCTPOEK PEIMIEH BOIIPOC O CYIIIe-
CTBOBaHWMU U YHCJIE PE30HAHCHBIX MEPUOINIECKUX (C MEPUOIOM 247) JBUKEHUIT Cr-
creM ¢ ramuibToHMaHaMu (1). DT JBUKEHUsT TOPOXKIAIOTCS HETPUBUAIBBIME I10-
JIOYKEHUSIMU PABHOBECHsI IPUOJINKEHHBIX ABTOHOMHBIX CUCTEM, TOJTydaeMbix u3 (1)
yTeM OTOPACHIBAHUsI ITOCJIEIHErO CJIaraeMoro. ¥ Ka3aHHble PABHOBECHSI OIUCHIBA~
1oTcst cooTHorenusivu sin 41 = 0, sin(p; £ 3¢2) =0 u

3
—21/1U1 + 4020’&21)’ + 2011U1U§ + ug = 0, —o + 011U% + 2002?1% + §U1U2 = 0, (2)

wi . 20 + adq C11 €02
uj =V R]7 Vj = ﬁ (] = 172)7 C’20 — T7 C(11 — E7 C’02 — E7

rie 01 = sign cosdyy = £1, do = sign cos(p1 + 3pz) = +1.

B obmem ciayaae v # 0, vo # 0 uncso perneHuii cucreMsl (2) MOXKET MEHSTHCS
oT HyJs J0 TpéX. 'panunamMu objacTeil ¢ pa3/JIMIHbIM YUCJIOM PEIIeHuil CJIyKar
IpsIMbIe V| = Vs B IJIOCKOCTH ITAPAMETPOB U1, Vo, TJI€ » — BEIIeCTBEHHbIH KOPEHD
HEKOTOPOT'O0 MHOTOYJIEHA YEeTBEPTON creneHu ¢ KoddduimentamMu — QYHKIUSIMA
C;;. Yucmo rakux obsacreit pasno 8, 4 umn 0. Ecm v; = 0 mm v, = 0, T0 Mak-
CHMaJIbHOE YHCJIO PEIleHnii CUCTeMBbI (2) yMeHbInaercs 10 AByX. Ilpu py = ps = 0
cucreMa (2) UMeeT PeIeHus TOJBKO JIJIsl CIEIUATBHOIO COOTHOIIEHUST MEXKIY KO-
s durmeHTaMu.

Tak kak cucrema (2) coep:KuT B cebe YeThipe CHCTEMBI, TOJIyYaeMble TP Pas3-
JIMIHBIX HabOpax 01,02, TO HAMOOJIBIIEE YNCJIO IOJOXKEHWII PaBHOBECHSI PACCMAaT-
pUBaeMOil TPUOIMKEHHOII aBTOHOMHOI CHCTEMBI, 8 3HAYUT U HMOPOXKIAEMBIX NMH
MEPUOJINIECKUX JIBUKEHUN IMOJIHBIX HEABTOHOMHBIX CHCTEM MOXKET PABHATHCA 12.
Bhinmcana cucreMa HEPaBEHCTB, 3aJI0IMasl YCJIOBHUs YCTONIUBOCTU (B JIMHEITHOM
IPUOJINKEHNN ) HANEHHBIX TEPUOIMIECKIUbX JIBUKEHUIA.

[Tostydenuble TeopeTUYeCKUE Pe3y/IbTaThl MPUMEHEHbI B 3aJa4de O JIBUXKEHUU
JUHAMUYECKN CUMMETPUIHOTO CIIyTHUKA-IJIACTUHKNA BOJIM3U €ro IMUJINHIPUIECKON
MPENEeCHu B IEHTPAJTHLHOM HbIOTOHOBCKOM I'DABUTAIIMOHHOM I10J1€ HA /LI THICCKOM
opbuUTEe TPOU3BOJIBHOTO SKCIEHTPUCUTETA.
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UccnenoBanue BBITOIHEHO 3a cueT rpanTa Poccuiickoro Hay4asoro dhouma (mpo-
exT 19-11-00116) B MOCKOBCKOM aBHAIMOHHOM WHCTUTYTE (HAIIMOHAJIBHOM HCCJIE-
JTIOBATEIHCKOM YHUBEPCUTETE).

JIuteparypa
[1] Mapkees A.Il. Toukn mubpanun B HeGeCHOI MexaHUKe 1 KocMoguHamuke. M.: Hayka,
1978. 312 c.

[2] Xomocroa O.B. O KpaTHBIX pe30HAHCAX YETBEPTOrO MOPsiJIKa B HEABTOHOMHOM ra-
MUJIBTOHOBOI cHCTeMe ¢ JBYMsl cTereHsiMu cBo6obl // BecTHUK YaMypTcKoro yHu-
BepcuTeTa. Maremarnka. Mexannkka. Kommbiorepubie Hayku. 2019. T. 29. Bom. 2.

C. 275-294.

3aJava OoNTUMAJbHOI BCTPedYHn C OTPAHNYEHUSIMU
Ha IlepeMeHHbIe COCTOAHUA

Yepracos O.F10., Maxuesa 39.HU.
oyuche@yandex.ru, elinamakieva@live.com
MockoBckuit rocynapcrBenubiii yaupepcurer uM. M.B. Jlomonocosa,
119991, Poccuiickast Peneparusi, Mocksa, yi. Konmoroposa, 1

Kaouesvie crosa: npuniuin MmakcumyMa [loHTpsATrrHA, METO/T TPOTOPIIMOHAJILHOTO HABEIE-
HUsl, (PA30BBII MTOPTPET, 3a]a9a ONTUMAJIBHOTO YIIPABJICHUS.

3a/1aua ONTUMAJILHON BCTPEYH JIBYX MATEPUAJIBHBIX TOYEK, JBUKYIIUAXCS B I'O-
PU30OHTAJILHOI IIJIOCKOCTHU, PAaCCMaTPUBAETC B HEJIMHEIHON IIOCTAHOBKE.

CkopocTu TOYeK MOCTOSHHBI 0 MOjy/i0. Bpems mporecca ¢pukcuposano. Ha-
JaJIbHbIE YCJ0BUS 3aJaHbl, KOHEYHbIE TPUHUMAIOTCA cBOOOHbIMU. [lebio yrpaste-
HUS SIBJISI€TCS MUHUMU3AIMS KOHEUHOrO paccrosiaus mex iy Urpokom 1 (M1), mis
KOTOPOI'O HUINETCss onTuMasbHasi crparerusi, u Urpokom 2 (M2), ucmosb3yromnmm
METOJI ITPOTIOPIIMOHAJILHOTO HaBejieHus. [Ipejmonaraercs, 4To uMmeoTcs: (pa30BbIe
OrpaHWYEHUsT HA yTOJI MeXjy JuHueil Busuposanusi (JIB) m BekTOpoM ckopocTu
1. Pabora npojozkaeT uccjieoBanmsi, Hadarbie B padore [1].

B ucxoaHoit cucteme yrpasjeHre BXOJIUT B IIPABYIO 9aCTh TOJbKO OJTHOTO ypaB-
HEHUsI, 9TO MTO3BOJISIET OIIyCTUTH 9TO YPaBHEHUE U MEPEUTH K PeIyIIUPOBAHHON CH-
cTeMe, B KOTOPOii (ha30Bble OIPAHUYEHNST UCXOJIHON 3a/Ia4U1 TEPEXO0JIAT B OrpaHIYe-
HUS Ha yIPaBJEHUE JIJIsl PeIYIINPOBAHHON cHCTeMBI. B pemxynmpoBaHHOI cucTeme B
KadecTBe yIpaBJIEeHUs IIPUHAT YyToJl MeXKay BeKTopoMm ckopoctu M1 u JIB.

OnrumasbHas 3a/a4a JUId PeIyIUPOBAHHON CUCTEMBI C MOMOIIBIO ITPUHITAIIA
Makcumyma [loHTpsATMHA CBOIUTCA K KPaeBOU JIJIT CUCTEMbI HEJIMHEWHBIX maudde-
PEHITNAJIbHBIX YPaBHEHUIH.

[TocTpoenbl 1 mpoaHaIU3UPOBAHBI (Pa30BbIE MOPTPETHI TPU PAJTUIHBIX COOTHO-
IIIEHUSIX CKOPOCTe UTPOKOB. [IpoBeien aHa/m3 KaueCTBEHHBIX XapaKTEPUCTUK KC-
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TpeMaJIbHBIX TPAEKTOPHUi, OlpeeeHbl 00/1aCTH HAYAJIbHBIX YCJIOBUI, U3 KOTOPBIX
BO3MOYKHO JIOCTUYKEHIE KOHEYHOI'O MHOI000pa3usi. YCTaHOBJIEHO, YTO ONITUMAJILHAS
TPAEKTOPUsI MOXKET COJIep2KaTh He 0oJjiee OTHOTO YYACTKA JIBUYKEHUS 110 OTPaHUde-
HUIO.

[IpoBeneno duciieHHOE perieHre KpaeBol 3aJa9u, WLITIOCTPUPYIONIee aHAJUTH-
YeCKUe pe3yJsbTarThl.

[locite onpenenennst peryssipHOrO yIpaBJIeHUs B ONTUMAJIBHON 3a/1a4e I pe-
JIYIIUPOBAHHON CUCTEMBI OBIJIO HAMIEHO yIIpaBJIEHNE B UCXOTHOM 33 1a1e ¢ (Ppa30BbIMU
OI'PAHUYCHUAMU JJId UCXOJHON CUCTEMBI.

JIuteparypa

[1] Maxkuesa 9.1., Hepkacos O.}O. O6 oaHOil HesmHEHHON 3aa4€e ONTUMAIBLHON BCTPe-
qn. VIHKEHEepHBIH XKypHAJI: HAayKa ¥ WHHOBAIMY (3JIEKTPOHHOE HAYYHO-TEXHUIECKOEe

nzganue), 2020, 1.100, Ne4.

Ilepuoaguyeckue aBuUKeHUd TeJia 110

TOPU30HTAJBHOI IIEPOX0OBATOI MJIOCKOCTH
IIOCPEJICTBOM IepeMellleHnsl ABYX BHYTPEHHUX MaccC

Yexuna E.A.

chekina ev@mail.ru
MockoBcKuit aBHaHHOHHbIﬁ HMHCTUTYT
(HaIMOHAJIBHBIN MCCIIeI0BATEILCKII YHUBEPCUTET ),

125993, Poccuiickass Peneparusi, Mocksa, Bosmokosamckoe 1occe, 4

Karoueswvie caosa: miockoe ABU2KEHUE, IIEPpUOJNICCKUE IBUXKEHN A, BHYTPEHHUE MaCChbI, KY-
JIOHOBCKO€ TpEHHE.

[TpoBoauTCst aHAIN3 MOCTYIATETHLHOTO JBUKEHUST TeJIa, HECYIIEro JIBe TOJIBUK-
Hble BHYTPEHHME MAacChl, 110 TOPU30HTAJILHON IepoxoBaToil moepxuocTu. Macch
COBEpIIAIOT rapMOHUYECKHE KOJIEOAHUSI B BEPTUKAJBHOMN MIJIOCKOCTH, YACTOThI KOTO-
PBIX PaBHBI, & AMILIATYIbI U (a3bl MOTYT ObITH TPOM3BOJIbHBIMU. [Ipesnoaraercs,
9YTO 3HAYEHUST [IAPAMETPOB 33129l BBIOPAHBI TAKUM 00Pa30M, YTO JBUXKEHUE Teja
IPOUCXOUT 6€3 OTPBIBA OT MOBEPXHOCTU. TpeHME MEXKJLy TEJOM U MOBEPXHOCTHIO
ONUCHIBAETCsT 3aKOHOM KyJioHa.

UccnenoBanne JUHAMAKEA MOJO0HBIX MEXAHUIECKUX CUCTEM IPEJCTABJIAET WH-
Tepec IS IPOEKTUPOBAHWs U CO3JIAHUS KAICYJIbHBIX POOOTOB. 3ajada O JIBUKE-
HUU TBEPJOrO TeJa [0 MOPU30HTAJIBHOI TOBEPXHOCTU MOCPEJICTBOM I€PEMeNeHus
BHYTPEHHUX ITIOJIBUKHBIX MACC PACCMATPUBAIACH BO MHOIMX PAabOTaX B PA3IMIHBIX
nocraHoBkax (cm., Hanpumep, [1]- [4])).
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B manmnoit pabore mpoBeEH aHAIN3 MEPUOINIECKUX OE30TPBIBHBIX JIBUKEHUIA
Tejla MO TOPU30OHTAJBHOI IMOBEPXHOCTH B 3aBUCHUMOCTH OT TPEX IApaMeTPOB: KO-
s durrenTa TpeHns: CKOJIbXKeHns, (Pa3bl TAPMOHUYIECKUX KOJIeOaHUI 1 ITapaMeTpa,
XapaKTEPU3YIOIIEro OTHOIIEHNE CUJIbI TAXKECTH, IPUJIOYKEHHON K CHCTeMe, W CUJIbI
MHEPIUN, BOSHUKAIOIIEH 38 CYeT OTHOCUTEIHHOIO ABUKEHUsT BHY TPEHHE MaCcChl 110
Beprukajn. IIpoenena Kiaaccudukamuss BOSMOXKHBIX PEXKIMOB JIBUKEHHS TeJja C
IIEPUOTUIECKI MEHSIIOIIENCsST CKOPOCThIO.

Boum HaiimeHbl yCJI0BUS Ha ITapaMeTPhl 3aa49M, IPU KOTOPBIX CYIIEeCTBYIOT IIe-
PHOAMYECKNE IBUYKEHUsI ¢ OJHUM WJIM JIBYMsI MHTE€PBaJIAMH IIOKOSI TeJIa 3a IEePHUOI,
nBrKeHnst. Takske ObLIN HailIeHbl YCJAOBUS, IPU KOTOPBIX JIBHKEHIE KOPILYCa IpOo-
HUCXOIUT O€3 MHTEePBAJIOB IIOKOs, CO CMEHOI HAIpaBJICHUS IBUYKEHUs IOCJIE OCTa-
HOBKH KOpIIyca. B TpéxMepHOM IpOCTPaHCTBE HMapaMeTpPOB 3aJa4n ObLIN IOCTPOe-
HbI O6HaCTI/I, B KOTOPBIX IIE€PUOJNYICCKHNEC ABU2KCHIUA HOCAT Kad€CTBECHHO paSJII/I“IHbIﬁ
xapakTep. B gacTHOCTH OBLIO IMOKA3aHO, YTO CYMIECTBYIOT CJIEAYIOIINE PEXKUMBI
JIBUZKEHUSI KOPITyCa € IMEePUOIUIECK MEHSIOIIEHCss CKOPOCThIO. B mmepBoM peskmme
KOPILYC JBUKETCS B OJHOM HAIIPABJIEHUM C OJHON OCTAHOBKON U IMOCJIELYIONINM HH-
TePBaJIOM ITOKOsI 33 Iepuo/I aBuxkennst. OCTaHOBKA KOPILYyCa U HAYAJIO €r0 JIBUYKEHIS
IPOUCXOST IIPU OJHOM KM TOM K€ IOJIOYKEHUN IIEHTPA MaCC CHCTEMbI OTHOCUTEIHHO
KOPIIyCa.

Bo BTOpOM pexkmMe KOPILYC JABUXKETCsI ¢ ABYyMsI MHTEPBAJIAMU IIOKOS C ITOCJIETY-
IOIeil CMeHO# HalpaBjeHns ABHKeHns. MoMeHTaM OCTaHOBOK KOPILyca U HadaJja
ero JBIKEHUSI COOTBETCTBYIOT OJHU U T€ K€ IOJIOXKEHHUsI IIEHTPa MacC CUCTEMBI
OTHOCHTEIbHO Kopiryca. [lepBasti ocTaHOBKa KOpIIyca 3a HEPHUO B TPETHEM PEXKUMeE
MIPOUCXOIUT O€3 TOC/Ie Iy ONIEero HHTepBaJIa IMOKOsI, KOPILYC Cpa3y HAUNHAET JIBUTATH-
cs1 B OOpaTHOM HAaIlpaBJIE€HUH. 3a BTOPOM OCTAHOBKOI KOpIIyca CJeyeT WHTEPBAJI
ITIOKO4. KaK 1 B IIPDEABIAYIIUX CJIydadX, OCTaHOBKAaM KOPITyCa U Ha4dYaJly €I0 JIBU2KE-
HUA COOTBETCTBYIOT OJJHU U TE€ 2K€ IMOJIO2KECHUA TNeHTPa MaCC CUCTEMbI OTHOCHUTEJIBHO
KopIryca. B geTBepTOM pesknme KOPITyC JBUKETCS C ABYMsI OCTAHOBKaMU 0Oe3 ocie-
JIYIOIIUX WHTEPBAJIOB IIOKOsI, Cpa3y HAUYMHAs IBMKEHINE B OOPATHOM HAITPABJICHUH.
YcraHOBIEHA, €IMHCTBEHHOCTD ONMCAHHBIX ITEPUOIANYECKUX PEXKUMOB JIBUXKEHMUSI, &,
TaK>Ke IOKa3aHO, 9TO JBUKEHHE KOPILyCa HOCUT IIPEIe/IbHBIA XapaKTep: JIBUYKEHIE
KOPILYyCa BBIXOANT HA MEPUOAUYIECKHUI PEXKUM 38 KOHEUHBIN IMPOMEXKYTOK BPEMEHMU
I ACUMIITOTHYECKU ITPUOJIMKAECTCS K HEMY.

ccmenoBanne BHIIOTHEHO B MOCKOBCKOM aBUAIIMOHHOM HHCTUTYTE (HAIIMOHAJb-
HOM HCCJIeIOBATEILCKOM YHUBEPCHTETE) 3a CYeT I'paHTa PoccuilcKoro Hay9IHOro
dbouga (mpoekt Ne19-11-00116).

JIureparypa
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[2] Bosorauxk H.H., Beiiauc .M., lTlummepmann K., duyn C.@. Iunamuka ynpasisie-
MBIX JBHKeHuil BuOparmonusx cucreM // Uzsectuss PAH. Teopust u cucrembl ypas-
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CemMmeiicTBa HOPTPETOB MAasITHUKOBBLIX CHCTEM C
AUccuIiamen

HHIamonur M.B.
shamolin@imec.msu.ru, shamolin.maxim@yandex.ru
MockoBckuit rocynapcrBenubiii yaupepcurer uM. M.B. Jlomonocosa,
119991, Poccuiickast Peneparusi, Mocksa, yi. Konmoroposa, 1

Karouesvie caosa: muHAMUYECKasl CUCTEMA, JTUCCUTIAINSI, (DA30BbIi MTOPTPET.

B nunamuke TBEpIOro Tesia B HEKOHCEPBATHUBHOM II0JI€, B TEOPUU KOJIeOAHUIA, B
TeOPEeTUYIeCKOoil (pr3uKe, a TaK»Ke BO MHOXKECTBE JIPYIUX HEJUHEHHBIX HAyK BO3HMU-
KalOT TaK HA3bIBaeMbIe CHCTEMbI MasTHUKOBOrO Tumna (cM., Hanpumep, [1]). B psae
JPYTUX paboOT aBTOpa TaK:Ke U3yYaJUuCh TaKWe CUCTEMbI, HAIIPUMED, B ILJIOCKONH U
MIPOCTPAHCTBEHHOW JIMHAMUKE TBEPJIOTO TeJjIa, B3aUMOJIEHICTBYIOIIErO C COITPOTUBIISI-
fotreiics cpejioii. B jranHO# paboTe 00CYy XK IaI0TCsT METO/IbI KAYEeCTBEHHOT'O aHAJIN3a,
IIO3BOJISIONIE ODOOOIUTE IIPEeIbIIyIue pe3yabTaTbl aBTopa. IIpu sToMm 3arparuBa-
FOTCS HEKOTOPBIE BOIIPOCHI KAIECTBEHHON TEOPUN OOBIKHOBEHHBIX I dEpPEHITNAIb-
HBIX YPaBHEHUN W JUHAMUYIECKUX CHUCTEM, OT PelleHUs] KOTOPBHIX 3aBUCUT UCCJIEI0-
BaHUE Psijia PACCMATPUBAEMbIX HAMU CHCTEM.

B pesynbrare umccienoBanusi cucrem 0osiee obiero Buja (cucrem ¢ 6osiee 06-
UMK TIPABBIMU YACTSIMU, YeM paHee) MOKA3aHO, YTO TAKWe CUCTEMbBI 00JIaJIat0T
(M3BECTHBIM paHee B JPYrOM KJiacce 3a7ad) CeMEHCTBOM HEIKBUBAJIEHTHBIX MEKIY
c000i1 pazoBbIX TOPpTPETOB. Takoe ceMeiicTBO COCTOUT U3 OECKOHETHOI'O MHOXKECTBA,
IIOPTPETOB C COBEPIIEHHO Pa3/IMIHBIMUA KAauIeCTBEHHBIMH CBOMcTBamMu. KaxKablii Ta-
KOl TIOPTpEeT HeIKBUBAJIEHTEH JIPYTOMY B TOM CMBICJIE, YTO HE CYIIeCTBYEeT HIKAKOIO
HEIIPEPBIBHOI'O IIPeoOpa30BaHusl, CIIOCOOHOIO OTOOPa3uTh OMUH (PA30BBII IIOPTPET
Ha, JPYroii Tak, 9TOObI COOTBETCTBYIOIINE (PA30Bble TPACKTOPUU OJTHOTO ITOPTPETA
[IepeXO/IUJI B COOTBETCTBYOIIE (ha30Bble TPACKTOPHUH JIPYroro moprpera (¢ co-
XpaHEHHUEM JABU2KCHUA BAOJIb CellapaTpHC, IIPUTATHMBAIOIMNX WMJIM OTTaJIKHMBaIOIIHNX
IIpeJeJIbHbIX MHO2KECTB U TJ_[)

Tunuansie Bha30Bbie TOPTPETHI PACCMATPUBAEMOIO ceMeicTBa (abCOIIOTHO) IPy-
OBl (CTPYKTYPHO yCTOWIMBBI), T.€. JII0HOE €ro JOCTATOTHO MAJIoe IeBesieHue (T.e. 1Ie-
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BeJIEHUE MPABOIl 4acTH COOTBETCTBYIOIIEH €My CHCTEMBI) BO BCEM MHOXKECTBE IPa-
BbIX YacTeil He MOBJMseT Ha ero Tul. Ho mpu mnepexojie OT OJHOrO (TUIIUIHOIO)
rpybOro HEIKBUBAJIECHTHOTO THUIIA (PAa30BOr0 MTOPTPETA K JIPYTOMY MbI CTAJIKABACMCS
¢ HerpyObIMU (Pa30BBIMHU MOPTPETAMU, TaKzKe 00JIaIAIONIMU WHTEPECHBIMU HEJIH-
HelHbIMU cBoiicTBaMu. Tak, HalpuMep, IPH OJHOM IIE€BEJIEHUM TaKUX HErpyObIX
MIOPTPETOB OHU COXPAHAIOT CBOM KAYeCTBEHHBIN CBONCTBA, a P JAPYIrOM — Kap/iu-
HaJIbHO MEHSIOT WX, BCE BPEMsl OCTaBasiCh HEIKBUBAJEHTHBIMU JIIOOOMY (ha30BOMY
MIOPTPETy PacCMaTPUBAEMOrO ceMeiicTBa.

[Tpu mpoBoIMMOM HCCIIETOBAaHUHN B PabOTE pacCMATPUBAIOTCS TUHAMUYIECKUE CH-
CTeMBI Ha JIBYMEPHOII IJIOCKOCTH (WMJIN JIBYMEPHOM IUJIUHJIPE), XOTsI MHOI'O€ MOYKHO
1epeHecTu u Ha 6oJiee o0IKe IJIaJIKNe OPUEHTUPOBAHHBIE JIBYMEpPHBIE TTIOBEPXHOCTH.
[Ipu TOM HCIIONIB3YIOTCsT U3BECTHBIE TTOHATUs Tororpadudecknx cucrem llyanka-
pe |2, 3, 4]; y aBropa Tak:ke mmerorcs 0630pbl Ha 3Ty Temy |5, 6, 7).
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Karouesvie crosa: CIyTHUK, CTAOUIN3AINS JIBUYKEHUsI, OPUEHTAIASA, CAHTE3 YIIPABJICHUS.

B pabore npeiaraercst HOBbIH OJIXO/ K PEIIEHUIO 3a/Ia4i yIIPABJICHUsT KOCMHU-
JeCKUM allllapaToM C yIeTOM JieficTBus cuJi rpaBuTanun. HoBusna moaxoga cocTouT
B IIOCTPOEHUH yIIPaBJIeHUsT 0e3 n3MepeHnsi CKOpOcTeil ciuyTHrKa. PeraioTcest 3a1a4qu
0 cTabMIn3aInu IeHTPa MaCC CIIyTHUKA B TOYKAX JIMOpAIUN OIPaHUIEHHON KPYyTro-
BOIT 33/1a9M TPEX TeJs, O 33JaHHOI OPMEHTAIIUN €r0 OCU CUMMETPUMN.

BBenenwue.

HecMmotpst Ha Kj1accudecKuii XxapakTep mpob/IeMbl, UCCJIEIOBAHUS, IIOCBSIIEHHbIE
MIPOEKTaM HUCIIOJIb30BaHUsI TOYEK JIMOPAIUM OIPAaHUYEHHON KPYTOBOil 33/ a9l TPEX
TeJI, OCTAIOTCS TIPEIMETOM M3y dIeHusI 11eJI0ro psijia pabot [1]-[3]. B Hacrosiiee Bpemst
MIePCIEKTUBHBIMHA ITPEJICTABIAIOTCA PabOThI, CBI3aHHbBIE C TIOMEIEHNEM B 3TUX TOY-
KaxX MH(POPMAIIMOHHBIX CIIyTHUKOB, C UCIIOJb30BAHUEM CITYTHUKA, IIEHTP MacC KOTO-
POr0 PaCIIOJIOXKEH BOIM3HU MIPSIMOJMHENHON TOYKN JuOpannu cucrembl 3emiid-JIyHa,
KaK PeTPaHCJISITOPA JIJIs CBSI3U HA3€MHOI'O IIyHKTa C KOCMUYIECKUM allllapaToM, Ha-
xomsmuMcs Ha noBepxHocTu JIyabl. Ilpn pazpaborke 3aKOHOB yIpaBJI€HHUS TAKUM
CIIYyTHUKOM ITPEUMYIIECTBOM IIOJIB3YIOTCS TOIXO/IbI, OPUEHTUPOBAHHBIE HA MCIIOJIb-
30BaHMe TPABUTAIMOHHOTO TIOJI W HETIOJIHOE U3MepeHue (ha30BbIX KOOPIUHAT.

B macrosmmem J1oK1a/1e MpeJICTaBJIEHO pelleHrne 3aJia9i yIIPaBJIeHUs JBUKEHU-
eM CIyTHUKa B HEJIMHEWHOW IMOCTAHOBKE, IMPU U3MEPEHHU TOJHKO KOODJIMHAT €ro
MPOCTPAHCTBEHHOTO TTOJIOYKEHUS.

OcHoBHOII pe3yJbTar.

PaccmarpuBaercss ABUKEHHE CIIyTHUKA, MOJIEJIUPYEMOI'O TBEPIALIM TEJIOM, IO
JIeiCTBUEM CUJI HBIOTOHOBCKOI'O IPUTSKCHUS K ABYM MATEPUAILHBIM TOYKAM WJIN
TeJIaM CO C(PEPUIECKUMY PACIPEIEICHUIMU MACC, ABUKYIIUMCS OJTHO OTHOCUTE/ILHO
JIPYTOT'O 110 OKPY2KHOCTSIM OTHOCUTEJILHO pajuyca a. Macca CIIyTHUKa 1M IPeIIo-
JlaraeTcs IpeHedPeXKUMO MaJIoi 10 CPaBHEHUIO ¢ MACCAMU 1M1 W Mg ABYX JIPYTUAX
res. Ienrp O Macc mq U M9 IpUMeM 3a HAYAJIO PABHOMEDPHO BpAIAIONIEHCS C
YIJIOBO# CKOpPOCTBIO ) BOKPYT ocu 2z cucreMbl KoopauHar O1ryz, oCb T KOTOPOIi
IpoXoAuT Yepe3 1eHTpbl M1 u My mace my u mo coorBercrBenHo [4, 5|. TiaBuble
[EHTPAIbHbIE OCH MHEPINN CIIy THUKA IIPUMEM 38 OCH CUCTEMBbI KoopauHaT QX1 ToT3.
ITonoxkenne cryTHUKa B cucreMe KoopauHar Oxyz GyneM olnpenessTh KOOPIMHA-
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TaMu X, Y, 2z ero neatpa macc O, yrimamu Jdityiepa 6, 1, p, BBOIUMBIMUA OOBIYHBIM
obpa3oM.

Haiineno, aro mpu nmpeHeOpe:keHNN BJIUSTHIEM BPAIATEIbHOTO JIBUKEHUS CITyT-
HUKa Ha ero MOCTyaTeIbHOe, YPaBHEHUs JIBUYKEHNsT IIPU OTCYTCTBUU YIIPABJISTIOIITIX
00001eHHBIX ()1 = Q2 = Q3 = 0 UMeIOT pelennsi, KOTOpble COOTBETCTBYIOT COBIIA~
JIEHNIO IIOJIOXKEHUsI IEHTPa MacC CIyTHUKA C [5]:

1) omHOI U3 TPEX TPSIMOJUHEHHBIX TOYEK JTHOPAIIN

r=umxyp, Yy=z=0, l:172737
2) ¢ OJIHOM U3 JBYX TPEYIOJIbHBIX TOYEK JIMOpAIuy Ipu
r=0,r=ro=r, y==x0?-a"/4)1/2), 2?=d*/4; i=1,2

Ha ocroBe MeToja rccseioBanus u3 [6] pereHs! aBe CJIeIyoNe 3a,/1a49u.

Bamada 1. O cTabuansannn MOJIOKEHNsI CIIy THHKA, IIPU KOTOPOM €r0 IIEHTP MacC
MTOCTOSTHHO COBIAJIAeT C TOYKOM JIMOPAINH, TP STOM JefiCTBIE BPAIATEIbHOTO JIBU-
JKEeHMsI Ha TOCTYyIATeJbHOe MPUHUMAETCS KaK ITOCTOSHHO JIEHCTBYIOIIEe BO3MYIIE-
Hre. PelteHune 3aa9u JJOCTUTHYTO BBIOOpOM yiipaBiyieHus (1, QQ2, (J3 B BUjIE

t

0

rje vV, =& — Tg, Vo =Y — Yo, V3 = Z — Zg — BO3MYIIEHUS.

Bamaga 2. O6 opueHTAIIMU OCH CHMMETPHUU OCECHMMETPUIHOTO CITYTHUKA IpU
YCJIOBUU, YUTO €r0 IEHTP MACC ITOCTOSHHO COBIAJAET C OJHON U3 TOYEK JIMOPAIUU.
[Tpu sToM 3aj1a1a 00 OpUEHTAIIMN OCECUMMETPUYIHOIO CIIyTHUKA MEePIEH/TUKYJ/ISIPHO
IJIOCKOCTU OPOUTHI PEIIeHa MOCPEICTBOM YIIPABJISIONIEI0 MOMEHTA, PEAIM3yeMOro
IPU U3MEPEHUN TOJIBKO yTJIa OTKJIOHEHUS OCU CUMMETPHUU CITYTHUKA OT HOPMAJU K
IJIOCKOCTU OPOUTHI.

Hay4anoe mcciemoBanue mpoBejieHO mpu mojiepkke Poccuiickoro douma dyH-
JaMeHTaJIbHBIX ucciaenoBanuii, rpant Ne 19-01-00791-a.
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PaccmarpuBaeTcst IBHKEHME YACTUIIBI MAJIONH MACCHI TOJ, JIEACTBUEM JBYX IPHU-
TATUBAIOIINX IIEHTPOB — TeJI, B3AUMOIEHCTBYIONUX 0 3aKOHY BCEMUPHOTO TSATO-
TEHUsI U JBUXKYIIUXCS 10 M3BECTHBIM KPYroBbIM opburam. Ilpeamosaraercst, 1o
[OMKMMO CHJI T'PABUTAIMOHHOIO INPUTSAXKEHUsI Ha YACTHUILY JAEHCTBYIOT PEIyJIbCUB-
HbIE€ CHJIBI CBETOBOI'O JIaBJIeHHs. B JaHHO# 3ajade CyIecTByeT YacTHBIM C/Iydaii
JIBU2KEHNsST — KOJIIMHeapHas TO4YKa Jubparuu L, KOorja 4YacTUIa BO BCE BPEMs
JIBU2KEHUST PACIOJIaraeTcs MeKy HPUTATMBAIONMMU IIeHTPAMHU Ha OIHOW ¢ HUMHU
PSIMOit. YCTOWINBOCTD JIAHHOM KOJUIMHEAPHOI TOYKY MCCaenoBaaachk panee [1]-[3].
Hau6osiee crporue u noJiHble pe3yabTaThl ObLIN MOIYYeHbl B CJIydae PaBHBIX MacC 1
PaBHBIX NHTEeHCUBHOCTE n3JrydeHusd IIPpUTATUBaIOMNX TEHTPOB. B 9aCTHOCTH, 6I)IJI
BBIIIOJIHEH HEJIMHENHBIN aHaJIN3 yCTOﬁqHBOCTH KaK JId KPYT'OBbBIX, TaK W IJIA C.Ha60—
JUINITUIECKUX OPOUT TPUTITUBAIOIINX TIEHTPOB [4], a TaKkyKe UCC/Ie0BAIACh 3314
4a 00 ycroitunBocT L1 MPU HAJIUYIUE TPOCTPAHCTBEHHBIX BO3MYIIEeHUi [5].

B nmanHO# pabore mpemoaraeTcest, 9YTO IPUTITHBAIOININE IEHTPBI IBUXKYTCS TI0
KPYTOBBIM OpOHMTaM, & WX MacChl 1 MHTEHCUBHOCTH U3JIyYeHUs MOT'YT IPUHUMATH
IPOU3BOJIbHBIE 3HaYeHNs. Ha OCHOBaHUU aHAJIM3a CUCTEMbBI IEPBOTO MPUOINKEHMST
B TPEXMEPHOM IIPOCTPAHCTBE MMapaMeTPOB 3a1a4i ObLIa MOCTPOEHA 00JIaCTh YCTOM-
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YUBOCTHU B JIMHEHHOM ITpub/mKennn. Bue HaiiieHHO#N 06/1acT KOJIIMHEapHash TOIKa
Jsmbpanun L meycroitunBa. /st mosrydenusi 6ojiee CTpOrux BBIBOJOB 00 yCTOMYN-
BOCTHU B YKa3aHHOI 00JIacTH OBLJIO BBIIOJIHEHO HesnHeliHoe uccyegoBanue. C 3Toi
1esibio0 PyHKIUA [amMuabToHa 33789 ObLTa HOpMAaJM30BaHA JI0 YJIE€HOB YE€TBEPTOMA
CTENeHN BKJIIOYUTEHFHO 10 KAHOHUYECKUM IepEMEHHBIM. DBLIN TOJTydeHbl sIBHBIE
dopMyJIbI TUHENHON 3aMeHbI TTepEMEHHBIX, TPUBOISAIIEN KBAJIPATUIHYIO YaCTh ra-
MUJIbTOHHAHA K CyMMe JIByX TapMOHUYECKUX OCITUIIATOPOB. HopMmanmuzarus 1ienos
TpeTbeil U 9eTBEPTOI CTeNeHn TaMUIbTOHNAHA, ITPOBOJIUIACH OTIEIBHO JIJIS HEPE30-
HAHCHOT'O CJIydasl U CJIyYaeB PE30HAHCOB TPETHErO W YETBEPTOro TMOPsiIKOB. Jlirs
KaXKJIOr'O CJIydasi B SBHOM BHJIe ObLIN TOJTyYeHbI BhIpaKeHus KOIPPUIIMEeHTOB HOP-
MaJIbHOU (POPMBI Uepe3 mapamMeTpbl 3a/Ia4u.

Ha ocnosannu meronoB KAM-teopun [6]-[8] Gputo mokazamo, uTo mpu orcyT-
CTBUU PE30HAHCOB JI0 YE€TBEPTOrO MOPSI/IKA BKJIIOUYUTEIbHO HEYCTONIUBOCTH MOYKET
BOSHUKHYTH JIUITb HAa JIBYMEPHOU MOBEPXHOCTU BBIPOXKJIEHUS B TPEXMEPHOM ITPO-
CTPaHCTBE apaMeTpoB. Takke ObLIO YCTAHOBJIEHO, YTO Ha JBYMEPHON PE30OHAHCHOIM
MTOBEPXHOCTH, OTBEYAIOINIEil PE30HAHCY TPETHETO MOPSJIKA, CYIECTBYET OTHOMEPHOE
MHOYKECTBO — KpUBas, IJie ToUKa judparuu L, ycroituusa 1o JIamynoy. Bue yka-
3aHHOU KPUBOI Ha 3TOM PE30HAHCHOI IIOBEPXHOCTU UMeeT MECTO HEYCTONYUBOCTD 110
JIanyroBy. llokazano, 9To B ciiydae pe30HaHCa Y€TBEPTOTO TTOPSJIKA KOJLTUHEAPHAS
Touka Jimbparuu L, Bcerja ycroitunsa 1o JIgamyHoBy.

VccmenoBanne BHIIOIHEHO B MOCKOBCKOM aBHAIIMOHHOM HHCTUTYTE (HAIIMOHAJb-
HOM HCCJIEIOBATEIBCKOM YHUBEPCUTETE) IPH (DHHAHCOBOIT o iep:kke Poccuiickoro
dbouma dyumamentanbubix uccseaopannit (rpat Ne20-31-90065 u rpart Ne 20-01-
00637).
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PaccmarpuBaercss orpanmyeHHasi 3ajada deTbIpéx Tes. IIpeamosiaraercst, 9o
TEJI0 MaJIOH MacCChl JBUKETCS IO, AeHCTBAEM I'PABUTAIIMOHHOIO MPUTAXKEHUS TPEX
MAaCCHUBHBIX TeJI, B3aNMOJIEHCTBYIOIIUX 10 HbIOTOHOBCKOMY 3aKOHY BCEMHPHOI'O TsI-
rOTEHNsI U JBUKYIIUXCS II0 KPYINOBBIM opOuTaM, obpas3ysl paBHOCTOPOHHUI Tpe-
YIOJbHUK HEM3MEHHBIX pa3MepOB — JIarPAHKeBY IOCTOSHHYIO KOHQUIYPAIHIO.
JIBuKeHme BcexX YeTBIPEX TeJI MPOUCXOIUT B OMHOI ILJIOCKOCTH. Tes10 MaJsioif Macchl
He BJIAfET Ha JBUXKEHHE TPEX IPYTruX TeJ, a IapaMeTPhbl 3ada9d YIOBJIETBOPAIOT
ycsioBuio Payca, rapaHTUpyIOIeMy yCTONINBOCTD JIarPAHKEeBOU KOHMUTYPAIIHN.

B cBszamHoil ¢ arpamKeBoil KOH(MUIypaleil BpaIiaioeics cucreMe KOOp/Ir-
HAT TEJO MAaJIO MAacChl MOXKET HAXOIUTHCS B IIOJIOKEHHMH OTHOCHTEJIHLHOTO paB-
HOBECHsI, T.€. COCTABJIATH C TPEMs JPYTUMHU TeJaMU HOCTOSHHYIO KOH(DUTYPAIUIO
HEM3MEHHON (POPMBI U pPa3MepPoB, TaK HA3bIBAEMYIO IIEHTPAJIBHYIO KOH(MUTYPAITHIO.
UccnemoBannio yCTONIMBOCTH TEHTPAIbHBIX KOH(MUTYPAIU B 3a/1a9€ YeTHIPEX TeJT
OCBAIIEHO MHOTO paboT. IlosHOE pemrenne 3amadn 06 ycroitauBocTu 10 JIsAmmyHOBY
IEHTPAJIbHBIX KOH(MUTYPAIU TTOJIyIEeHO B CIydae IBYX PABHBIX MACC IPUTITHBAIO-
mwux ren [1, 2, 4, 5]. Bagaua 06 ycTOUMBOCTH TEHTPAJIBHBIX KOHMUIYpAIUil Ipu
IIPOU3BOJILHBIX MACCaX paccMaTpuBasach B paborax 3, 6, 7, 8.

[Ipu BBIIOIHEHNN yCI0BHUs Payca, MOXKeT CyIecTBOBATH BOCEMb PA3JINIHBIX IIEH-
TpaJIbHBIX KoH(purypanunii. B manHoii pabore aHaJIUTUYECKH U YUCJIEHHO HCCIIEI0-
BaJIaCh YCTOMYMBOCTD 1 BO3MOXKHBIN CIleHApHUil OMdypKAIUK JaHHBIX [EHTPAIbHBIX
koHurypamnuit. B ciydasx, Korma oaHa n3 TPEX IPUTATUBAIONINX TOUEK NMeeT Ma-
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JIVIO Maccy, MeHTpaJibHble KOH(MUTYPAIUU OBbLIN MOCTPOCHBI AHAJTUTUIECKNA B BUJIE
PSIJIOB TI0 CTEIIEHsIM MaJIOro rapaMerpa. [Ipu npon3Bo/ibHBIX 3HAYEHUSIX TTAPAMETPOB
nccjeoBanne OudypKanuii 1 yCTOMINBOCTH IIPOBOAMIOCH ducjeHHO. OKa3ajoch,
410 OudypKalusi BO3MOXKHA TOJIBKO B IPEJIETBHOM CJIydae, KOrJa OJIHA U3 MacC
obOparlraercs B HOJIb, U IMPOUCXOIUT TI0 CJIEIYIONIEMY CIIEHAPUIO: YeThIPpe U3 BOCHMHU
IEHTPAJIBHBIX KOHMUTYPAINI TEPEXOAT B OJHY U3 TPEYTOJIBHBIX (JIarpaHKEBBIX )
Touek JuOparuu. JIpyrux 6udypkaruii He CyIIecTBYeT.

JInHEHbI aHAIN3 YCTONYMBOCTH IEHTPAJbHBIX KOHMUIYPAIMi MOKa3aJj, 9dTO
ITh U3 HUX BCErJla HEYCTOWYHWBBI, TPU JAPyrue MOT'YT OBbITh KaK YCTOWIUBBIMU,
Tak u HeycToianBbIMU. JlJ1st 9TrX KOoH(MUTrypaluiit ObLIN TOCTPOEHBI 00JIACTH YCTO-
YUBOCTUA B JIMHEHHOM UpUOIMKEeHUU. BHYTpH yKa3aHHBIX 0b0jacTeil ObLI BBIIOJ-
HeH HesimHelHbI aHaans3. C 9Toi 1e/Ibio, IPU ITOMOIIN MeTO/1a HOPMAaJbHBIX (hopM
n KAM — reopun, ¢dpysakius [aMuibToHAa TPUBOAUIACE K HOPMAJILHOI (hopMme 10
YJIGHOB YETBEPTON CTENEHU BKJIIOYUTETHHO.

Ha ocuoBanmu teopembr Apaosibaa—Mo3sepa ObLIN TOJYIE€HBI CTPOTHE BBIBOJIBI
00 yCTOMYMBOCTH TEHTPAJIbHBIX KoHburypanuit mo JIamynoy. Okazaioch, 9TO B
00JIaCTSAX YCTOWYIUBOCTHU MEHTPAJBHBIX KOH(MUTYpAIUl B JIMHEHHOM MTPUOIUKEHUH
IPU OTCYTCTBUU PE30HAHCOB JI0 Y€TBEPTOrO MOPSIKA, IEHTPaIbHAasd KOHMDUTYpaIHs
OyJeT ycToidmBa 3a UCKJIIOYEHUEM, BO3MOYKHO, BBIPOXKJIEHHOI'O CJIydasi, KOTOPbI
peasu3yeTcsi Ha KPUBOW BBIPOXKJIEHHUS B ILJIOCKOCTU TTapaMeTpOB 3aJjia4du. B HacTOo-
drmieit padoTe TakzKe ObLIN MOJIyYeHbI BBIBOJBI 00 yCTONYMBOCTHU 1O JIATyHOBY B
PE30HAHCHBIX CJIyYasiX, BKJIIOYas PE30HAHCHI TIEPBOIO U BTOPOI'O MOPSIKOB, UMEO-
IIIFe MEeCTO Ha rpaHuiiax objacTeil yCTONYMBOCTH B JIMHEHHOM IIPUOJIN>KEHUH.

VccmenoBanne BoIIOTHEHO B MOCKOBCKOM aBUAIIMOHHOM WHCTUTYTE (HAIIMOHAJIb-
HOM HCCJIe/IOBATEIbCKOM YHUBEPCUTETE) 3a CYeT I'paHTa PoccHiicKoro HayvIHOro
dbonga (mpoekt Nel19-11-00116).
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O BJmMgHUN TpageHTHOCTU I'€eOMArHUTHOI'O MOJIsS Ha
yIIpaBJIEHUE 3JIEKTPOANHAMUYECKON TPOCOBOM
CUCTEMOM

Jlepuaaaszos A.Il., Tuxornos A.A.
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Knrouesvie caosa: 31eKTpoguHAMIYECKasT TPOCOBasl CUCTEMA, T€OMArHUTHOE I10JIe, KOCMU-
YEeCKUUA MyCcop

PaccmarpuBaercst ssiekrpopnnamMudeckast TpocoBasi cucreMa (JITC), Brioua-
IOIas ITPOBOISIINI TPOC M ABUKYINALACST B OKOJIO3EMHOM IIPOCTPaHCTBe. TOK, mpo-
TEKAIOIIUIl BJIOJIb TPOCa, MOPOXKIaeT cuiIy Amiepa, KOTopasi MOXKeT ObITh HUCIOJIhb-
30BaHa B KadeCcTBE TOPMOBSIIEN CUJIbI JIJIsT TPOCa U O0bEKTa, IMPUCOETUHEHHOIO K
wemy |1, 2]. B srom Bapmante D/ITC sBisercss mepcreKTUBHBIM CPEJICTBOM JIJIsI
VIAJIEHUsI ¢ OKOJIO3EMHON OPOUTHI KOCMHYIECKOTO MYCOpPa, ITPEeICTaBJISIONIEr0 OImac-
HOCTh I (DYHKITMOHUPYIOIIUX CIYTHUKOB W KOCMHYIECKUX allllapaToB, OCOOEHHO
nmtorupyembix. Hambosbineit acdpdekrusHocTbio oTandatorcs I ITC, opuentupo-
BaHHBbIE BJIOJb MeCTHOI Beprukayu [1|. B manHOM pexxume opueHTAIMM JOCTUTA-
eTcst HanbOJIbITIee TOPMO3sIIiee BO3IEHCTBUE CO CTOPOHBI cuibl Ammepa. [TomoOHbr
BO3MOYKHBII PEXKUM JIBUYKEHUST JIJIsl TPOCOB B IIEHTPAJIBHOM HBIOTOHOBCKOM ToJIe [1]
paspyIriaercst o, JeficrBueM MomeHnTa cusi Ammepa [2]. CyrecTBytomue npueMbl
crabumsanun DJITC myrem yrnpasseHus /OTKIOYEHUs] TOKA CHIZKAIOT (b DEKTUB-
Hocth D/ITC Kak cpencTBa yIajieHHus MycOpa ¢ OKOJIO3EMHON OPOUTHI.

[Ipennaraercs paccMOTPeTb MOJE/b, CHAOXKEHHYIO PA3HOMMEHHBIMU 3apsiIaMu
Ha KOHIIEBBIX TeJIaX, 38 CYET Yero BO3HUKAET MOIMOJHUTEbHBIN MoMeHT cui Jlo-
penria [3], okazsiBaromuii crabunmsapytomuii apdext na ATC [4]. ITyrem yupas-
JIEHUSI KOHIIEBBIMU 3apsi/IaMi BO3MOYKHO JIOOUTHCS aCUMIITOTUIECKON YCTONIMBOCTH
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neuzkenust [5]. Tlockosbky D/ITC siByisieTcsi JOBOJIBHO MPOTSIKEHHBIM OOBEKTOM,
KOTOPBIIf MOXKET JIOCTUTaTh B JJIMHY JAaXKe JIeCITKOB KHUJIOMETPOB, MMEET CMBICIT
MIOCTABUTDH BOIIPOC O BJIUSHUU T'PAIUEHTHOCTU T'€OMATrHUTHOIO II0JIA HA JTUHAMUKY
yupasJjsemoro jsrkerust D/ TC. s perenns qanHol 3a/1a91u ObLIa pACCMOTPEHA,
9TC na Kpyrosoii KeriepoBoil SKBaTopuabHO opouTe. KOHCTPYKINS BKJIIOYaA-
€T TPOBOJIANINI TPOC C MAaCCUBHBIMU KOJIJIEKTOPAMU 3aPSAJI0B, TPUKPEJIEHHBIMU K
ero KoHIaMm. B cumy GOJBINOi TPOTAXKEHHOCTU TPOCA, KOJJIEKTOPHI MOJIETUPYIOTCS
TOYEYHBIMUA KOHIIEBBIMU MaccamMu. Ha 3TUX TOUYedHBIX MaccaxX COCPeI0TOYEHbI Pa3-
HOUMEHHBIE 3apsi/Ibl, OTPUNATEIbHBIN PACIOIOKEH OJINKEe K ITOBEPXHOCTU 3EeMJIU.
['paBuTarmonHoe moJie 3eMJIU MOJEIUPYETCS IEHTPAJbHBIM HBIOTOHOBCKUM T'Da-
BUTAIIMOHHBIM II0JIEM, & MarHUTHOE — IIOJIEM IIPSIMOTO MArHUTHOrO JutoJs. [lo-
CKOJIbKY ympyrue jgedopMalini Tpoca W ero m3rub He paccmarpusaiorcs, DTC
MOJIEJTUPYETCS TOHKUM ITPOBOJISIIIAM OHOPOIHBIM CTEPKHEM C TOUYEYHBIMU I'Py3a-
MH Ha KoHIAX. /lajiee njsi mpocToThl OyjeM Ha3bIBATH TaKyIO CUCTEMY CBA3KOM.
YeToitauBOCTD 10 JIMHEHHOMY TTPUOJINZKEHUIO Y TIOJIOYKEHUST OTHOCUTEILHOTO PABHO-
BeCHs, XapaKTepU3yIOIerocs HeOOIbITUM OTKJIOHEHHEM CBSI3KH OT MECTHOW BEPTH-
KaJim, ObL1a jjoKasana B [6]. B panHoit pabore s obecriedeHusi aCUMIITOTHIECKOI
YCTORYMBOCTH HaiijieHHOTO ToJsioxkeHus pasHoBecusi D TC npemmoxkeno paccmar-
PHUBATH 3aps/Ibl, COJEPIKAIIIE MOCTOSHHBIE U ITePeMeHHbIe (yIpaBiseMble) JacTH.
YupaBjieHue CTPOUTCS MPOIOPIINOHAIBHO OTHOCUTEIBHON YTJIOBOM CKOPOCTHU CBS3-
KW C OTpUNaTe/bHbIM KodddurumentoM. [losmydennnrii cnocod ympasjieHus B yCJIo0-
BUSIX HEOJHOPOJHOCTU TM€OMAIHUTHOTO TIOJIS OTJIMYAETCS OT MPEJJIOKEHHOrO B [5],
rJle aCUMIITOTUYECKasl YCTONYUBOCTD JIBUKEHUS CBA3KHM ODecreunBaJiach yIrpaBJie-
HUEM TOJIbKO OTPHUIATETHHBIM 3apPs/0M Ha HUKHEM KOJLJIEKTOPE. YCTAaHOBJIEHO, UTO
IIpU y4deTe I'PaJueHTHOCTA T€OMATHUTHOIO II0JI BO3MOXKHO Peain30BaTh yIIPaBJIe-
HUe, (GOPMUpPYIOIee JUCCUITATUBHBI MOMEHT U 00ECIIEINBAIOIIEee ACUMIITOTUIECKY IO
YCTOMYNBOCTH PabOUero peKnMa JIBUXKEHUsI CBSI3KU IIyTEM YIIPABJICHUSA KaK OTPU-
IATEJbHBIM, TAK U MTOJIO2KUTETbHBIM 3aps/ oM. TakKuM 00pa3oM MOATBEPIKJICHO CTa-
ounusytoree Bo3ieiicTrere MoMmenTa cu Jlopenna vHa DI TC u gokazaHo, 9T0 MyTEM
yIIpaBJIEHUS 3aPsIaMU KOJIJIEKTOPOB MOYXKHO O0OECIIEYUTh aCUMIITOTHIECKYIO YCTOI-
YUBOCTD JIBU2KEHUs CBa3ku. [losrydeHHble aHAJMTUYECKUE PE3Y/IbTaThl ITPOBEPEHBI
U TIOATBEPXKIEeHBI YicaeHHO B Maremarndeckux nakerax MATLAB u Maple.
Pabora Beimosena npu noiepkke PODU (rpant Ne 19-01-00146-a).
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DBOJIIONNSI OpONT BO BHYTPEHHE KPYTroBoOii

OrpaHUYEHHON 3a/iavde TPEX TeJI CO CBETOBBLIM
JaBJIEHUEM
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Kmoueswie crosea: cBETOBOe IaBJjieHMEe, OrpaHUYEHHAsl 33/1ada TPEX TeJl, NCKYCCTBEHHBIM
cunytauk CoJtHIa

Paccmorpena mnpocTpanHcTBeHHasi OrpaHHYEHHasi KPyroBas 3ajiada TPEX Tel
B Hepe3oHaHCHOM ciiydae. [Ipemmosiaraercs, 9TO MACCUBHO I'DABUTHUPYIOIIEE TEJIO
(CcIyTHHK) MMeeT GOJIBIIYTO MAPYCHOCTD, TO9TOMY YUIUTHIBAETCS] CBETOBOE JIABJICHIE.
N3zyuenune sBosoIuu OpOUTHI CIyTHUKA ITPOBOJIUTCS HA OCHOBE cXeMbl ['aycca: mc-
CJIeTYIOTCS JIBAXK/IbI YCPEHEHHbIe ypaBHeHUs JIBrkeHnil B KeriepoBckoM ha3oBoM
IIPOCTPAHCTBE, KOTJ/Ia B KadeCTBE HEBO3MYIIEHHON OpOUTHI OepETCsi KeIJIePOBCKUIA
sjunnc ¢ (pokycoM B mpursarusaroreM u udsaydatorieMm tese (Comare). Takxke Ha
CIIYTHUK BO3JIEMICTBYET I'PABUTAIIMOHHBIE CUJIBI CO CTOPOHBI BHEIITHET'O TeJa, JIBUXKY-
IErocsi Mo KPyrosoii opbure B miockocTu sxkaunTuku (FOmurepa).

N3BecTHO, 9TO aHAJIMTUYECKOE MCCJIEIOBAHNE MHTEIPUPYEMOM YCPeTHEHHON MO-
JIeJTU B KJIACCHYECKOM CJIydae, KOTrJIa CBETOBBIM JIaBJICHUEM IIpeHeOperaroT, CTaJl-
KHBAETCS C HEMAJIBIMHU TPYTHOCTSIMHU BBUY OTCYTCTBUS aHAJIUTHIECCKOTO OIUCAHUS
yCPeJIHEHHOM cujIoBoil pyHKInu. BriepBble 1MoKa3aHo, 9TO 3Ta PYHKIUSA JOIYyCKAET,
Ha OCHOBe mpuMeHeHus opmyabl [lapceBalisi, sBHOE aHAIUTHUYIECKOE TPEICTABICHIE
Jepe3 U3BECTHBIE CIleluaJibHble (DYHKIINU, JIOIYCKAIONINE Pa3JIosKeHNE B CXOMISIIN-
ecsi crerieHHbIe Psijbl. [lokazaHO Tak:Ke, 9TO yCpedHEHHBIE YpPaBHEHUs JIBUKEHUI,
VUIUTBIBAIOIINE JIOIOJHUTEIHLHO BIUSHIE CBETOBOIO JABJIEHUsI, THTEIPUPYIOTCSI: CO-
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XpaHsieT MOCTOSHHOE 3HAYEHUE OOJIbINAs MOJyOCh OPOUTHI CIIyTHUKA, YCPEIHEHHOE
3HAYEHNE BO3MYIIEHHON CUJIOBOM (DYHKINN, UMEET MECTO KJIACCUIECKU MHTerpaJl
JInnopa-Kozan.

UccnenoBanbl cTarmoHapHbIE PEXKUMBI KOJIEOAHW B Cydae MaJIbIX 3HAYEHUN
OOJIBIIION HEBO3MYIIIEHHON MOJIyOCH CIIyTHUKA, (XUJIJIOBCKUIT CIIydail), nx oudypka-
MU B 3aBUCUMOCTU OT KO3 PUImeHTa cBeToBoro jasjenud. [loctpoennbr dazoBbie
MOPTPEeTHl KojebaHuii Ipu (PUKCUPOBAHHBIX 3HaYeHUAX WHTerpaJsa JIumosa-Kozan
U PA3JIMIHBIX 3HAYEHUAX KOI(PDPUIMEHTA CBETOBOTO JIABJICHUSI.

UccnenoBanus BbIOTHEHBI B MOCKOBCKOM aBHAITMOHHOM WHCTUTYTE TIPU TIOJI-
nepxke rpanta POPU Ne18-01-00820 A.
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HbIE ABUXKEHUS, HECTAIIMOHAPHASA CHUCTEMAa, IPUBOANUMOCTD, aJITOPUTMBI yIIPABJICHUS.

CranuoHapHble JIBUXKEHWSI, TaKue KakK IIOJIOKEHUsI PABHOBECUsSI W PEryJisipHbIe
MIPEIeCcCU — OJIHU U3 PACIPOCTPAHEHHBIX M BaXKHBIX PAO0UNX PEKUMOB JIBUXKEHUIA
CIIyTHHKa OKOJIO IEeHTPa MacC IPU ero JBUKEHWHU 110 KPYyroBOil opOWTe B I'PaBUTa~
IIMOHHOM TI0JI€. YCTONYMBOCTD 9TUX JABUKEHUI MOAPOOHO mccienoBaHa. Ilpu aTom
XapaKTep YCTOMYINBOCTH He sIBJISETCH aCHMITOTHYIECKIM, U BOIIPOC 00 UX CTadbMIn3a-
MU T€M UJIA WHBIM CIIOCOOOM IIpeCTaBIsieT IpakTudeckuit marepec. OIMH U3 TaKNAX
CITOCOOOB — CTA0MJIN3AIUs IIPU ITIOMOIIYA MATHUTHBIX CHCTEM, KOTOPhIE IITUPOKO HC-
MOJIB3YIOTCSI B MPAKTUKE KOCMUYECKUX HccenoBannii. Meronl cozmanust cradbuiim-
3UPYIONIErO yIPABJIAIONIET0 MOMEHTa OCHOBAHbI HA PA3JIMYHBIX THUIIAX B3aUMO/IEli-
CTBUsI CIyTHUKA C BHEITHUM MarHUTHBIM 11ojieM. [Ipu oaHOM MeTojie ucoib3yercs
3 deKT B3anMOAeiiCTBUsT BHYTPEHHENO0 MAarHUTHOTO MOMEHTa CITyTHUKA, CO3/IaBae-
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MOI'0 MAarHUTHBIMU KaTYyIIKaMH, C TeOMarHUTHBIM IoJieM. JIpyroit meTos yrpasiie-
HUS OCHOBAH Ha UCIIOJb30BAHUY IJIEKTPOTUHAMUYECKOTO BJIUSHUS JIOPEHIIEBBIX CUJI,
JIefiCTBYIOIIMX HA 3apPs?KEHHYI0 9acTh HoBepxHocTH ciyTHUKa [1]. Ocoberno MHOTO
MyOJIUKAIUI TTOCBAIEHO BOIIPOCAM CTAOMJIM3AINH TTOJIOYKEHU PABHOBECUSI CITy THU-
Ka IIPU [OMOIIU MArHUTHbIX MoMeHTOB. O630p pabor comepxkurcst B [2]. Pabor, B
KOTOPBIX PACCMATPHUBACTCS CTAOUIM3AINsT BPAIIATEbHBIX JIBUKEHUIN CITyTHUKA (B
YACTHOCTH, PEryJISIPHBIX Tperieccuii), Maso (cM., Hampumep |[3]).

[less npemiaraemoit paboOThl — IIPEJICTABUTH CTPOTUN AHAJIUTUIECKHUI ITOXO/T
K 3a/lavue CTaOUIN3AIUN PEryJIsipHBIX MIPEINeCCHil CHMMETPUYHOTO CITYTHUKA, TEHTP
Mace KOTOPOTO JIBUKETCsI 110 KPYTOBOit opouTe, IIPHU ITOMOIIN MArHUTHBIX MOMEHTOB.
OTa 3aja9a, KaK U paHee pacCMaTPUBABIINECS 3a1a9U CTAOUIM3AINHA ITOJIOKEHU M
paBHOBECHSI, — CYIIECTBEHHO HECTAIIMOHAPHA. TaK KaK YIPABJIAIONIAN MOMEHT SIB-
JisieTcst (pyHKIME TeOMArHUTHOTO TI0JIsI, KOTOPOe M3MEHSIeTCsT BO BPEMsI JIBUYKEHMST
cryTHHKa 110 opouTe. HecrammonapHocTh 331291 BHOCUT, KAK U3BECTHO, IIPUHITUIIH-
aJIbHBbIE TPY/JHOCTHA KaK B M3yUYeHHUE YIIPABJISIEMOCTH, TaK U B pa3pabOTKYy aJrOPUT-
MOB YIIPABJICHUS.

IIpeanaraeMsblil 10JIX0I OCHOBAH Ha IIPUBOJIMMOCTHU MCXOIHON JIMHEAPU30BAHHOM
HecranmonapHoit cucrembl (JIHC) k cranuonapHoii cucreme 6oJibIell pa3MepHOCTH.
Ototr noaxon obL1 passut s JIHC omnpenenentoro kiacca n panee MpUMEHSLICS
JUIST PEIieHnst Psifia IPUKJIAIHBIX 33124 [4], B ToM [dnciie /i 3a1a9u CTabMIn3alim
MTOJIOZKEHUSI OTHOCUTEIHHOTO PABHOBECUSI CITyTHHKA P TOMOIIMM MATHUTHBIX MO-
MEHTOB Pa3IHnIHON Ipupos! [5]—|7]. PaceMoTpeHsr BOpoCh! yIpaBiisieMOCTH CHCTe-
Mbl. JIJ1s1 puBeIeHHON CTAITMOHAPHOMN CHCTEMBI CTPOSITCST ONTUMAJIbHBIE AJITOPUTMBI
crabuauzaruu, ocHoBarHble Ha LQR—Merose Ha GeckoHeIHOM MHTEpBaJje BPEMEHH,
KOTOPBIil TPUBOJUT K YIIPABIECHUIO B BUJE OOPATHON CBSI3U C IMOCTOSTHHBIMHU KO-
s durmenramMu. ITo yIpapiaeHne 00eCIIednBaeT aCUMIITOTHIECKYIO YCTONINBOCTD
IPUBEJIEHHON cTannoHapHoil cuctembl. [locTpoeHHOe cTabm/IM3upyoIee yirpaBJie-
HIe BBOJUTCS B MCXOJHYIO HECTAITMOHAPHYIO CUCTEMY IIPU TTOMOIIU BCIIOMOTATE b
HBIX IE€PEMEHHBIX, KOTOPbIE BBIOMPAIOTCA TAKUM 00pa30M, YTOOBI MpeoOpa30BaHUe
OT UCXOJIHBIX IEePEMEHHBIX K ITePEMEHHBIM CTAIIMOHAPHON CHCTEMBbI OBLIO HEBBIPOXK-
JIEHHBIM.

PaborocmiocobrHOoCTh 1 9DPEKTUBHOCTH IPEIaraeMbIX aJTOPUTMOB ITOATBEP-
JKIAeTCsT MaTeEMATUIECKIM MOJIETMPOBAHIEM.
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Kamouesvie caosa: ypaBuenusi BiacoBa—Ilyaccona, Kpyrosast orpaHudeHHas 3a/iada TPEX
TeJI, YUCJeHHAsT MOJIEJIb, METOJ YACTHUI], IIyIOK TPACKTOPUIA.

XO0poIo U3BECTHO, YTO JUHAMUKA CAMOIPDABUTUPYIONINX MAaCC OIMCHIBAETCS ITPU
nomorry ypasaenuii Biacosa—Ilyaccona [1]|. st mocTpoenust pereHuii 3Tux ypas-
HEHUI PUMEHSIIOTCS pa3/IndHble YucjaeHHble MeTobl [2|. Hanbosee momysistpHbIMu
SABJIAIOTCA MeTOJIbI JacTuil. [Ipy 3TOM BbIYHUC/IEHUsT TPEOYIOT 3HAUUTEBHBIX KOM-
IIBIOTEPHBIX PECYPCOB.

B TakoMm ciydae BIIOJITHE €CTECTBEHHOI IIpeJICTaB/IsIeTCs 3aJiada ITOCTPOEHUsT
VIIPOIIEHHBIX IUHAMUYIECKAX MOJEIe. DTU MO BO3HUKAIOT eCTEeCTBEHHBIM 00-
Pa30M Kak dTalbl CTAIUI SBOJIONNN I'PABUTHPYIONIEil cucTeMbl. B KayecTBe MO
CTPAIH MOXKHO PACCMOTPETDH IIPUMEDP B3aUMOIEHCTBYOMNX 00J1aK0oB [3] B 1ByMep-
HOI nuHaMudeckoit mogenu. Ha HavaabHOM 3dTalle pacCMaTPUBAIOTC JIBA 0DJIaKa,
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JIBUKYIIHECS HaBCTPEYIy JAPYT JApyry. UucjeHHasi CUMYJIAINs IPOIECCa SBOJIFOIIINT
IIOKA3bIBAET, YTO OOJIBbIIAS YACTh MACChl «KOHJIEHCUDYETCS» B JIBE (IIOYTH) TOUETHBIE
Macchl, (GOPMUPYsI, TAKUM 00Pa30M, CUCTEMY JIBYX YACTHUIL (TeJI) IJTI0C Pa3pesKeHHOe
00J1aK0, OCcTaloNelica MaJIoil MacChI.

[Tpubsmmkenno OyeM CYUTATH, YTO STOT OCTATOK HE BJUSAET Ha JIBUKEHUE CPOP-
MUPOBAHHO cucTeMbl JIBYX Tesl. JlambHeliniee moBeieHne OCTAIONEcsa MaJIOil MaCcChI
OyJ/ieM paccMaTpUBATh B PaAMKaX MOJIETU KPYTOBOI OrpaHMYIEHHON 3a1a91 TPEX TeJI:
a) JIByX TeJI KpyTrOBOI 3a/1a4n ILTIOC 6) MMACCCHBHO TPABUTUPYIOIIEH IACTUIBI U3 CO-
CTaBa, OCTAIOIIErocs pa3perkeHHoro objaka. B mociemgnem ciydae 4acTHUIbI 00J1aKa
JPYT € JIPYTOM HE B3aUMOJIEHCTBYIOT.

Takum oOpaszoM, 3a71a49a JaJbHEHINel JUHAMUYIECKONR SBOJIOINN MOXKET ObITh
NPpUOJINKEHHO CBEJIeHa K PACCMOTPEHUIO KPYTOBOH OIrpaHUYeHHON 331291 TPEX TeJI.
CaMm 1poriecc 3BOJIIONNUY UJLIFOCTPUPYETCs TIPU TIOMOIIU ITyYKa TPACKTOPHUA, 3aI10JI-
HAMIOINX B HAYAJBHBIE MOMEHT HEKOTOPYIO 00JIACTh JIBYMEPHOI'0 KOHQUTYpPAIHOH-
HOT'O ITPOCTPAHCTBa orpaHndeHHoi 3aa4du. ChopMmupyem 3Ty 001aCTh.

Kpyrosyto orpanndennyio 3ajady OyleM pacCMaTPpUBATh B CUHOIUYIECKUX KO-
opanHaTax. Ilyqok TpaekTopuii B HaYaJbHBI MOMEHT OyJIeT 3aIlOJHSTH KOJIBIIO.
HavabHble CKOPOCTH TIPEIIOIAraoTcst (B CHHOJAMYIECKON CCTeME) PABHBIME HYJIIO.
ODTO 03HAYAET, UTO B CUJIEPUIECKON KOOPIAMHATHON CHCTEME YACTHUIIBI HAYAJILHOTO
obJiaKa COBEPIITAIOT MIHOBEHHOE TBEPJIOTEbHOE JIBUXKEHUE BMECTE C T'PABUTHUPYIO-
IMAMIA MacCaMHU W TPEyroJibHUKaMu Todek Juoparuu L4, Ls. YTyioBas CKOpOCTb
9TOTO JIBU2KEHUS IIPEJIITOJIATaeTCs TOPIIKA €TMHUATIHI.

Konbio, 3anmonnseMoe Ha9aIbHBIMU KOH(MUTYPAITUSAMU, UMEET IEHTP B IEHTPE
Macc C' Bcell MEXaHMYECKOW CHUCTEMBI — TOYHO IOCEPEIMHE MEXKIy T'PABUTHUPYIO-
MUMU TleHTpaMu. Hapy»KHbBI pajinyc KOJIbIa IPUHUMAETCS OOJIBITIM PACCTOSHUS
|C'Ly4|, a BHyTpEHHUIT — MEHBIIIUM 3TOIO PACCTOSTHUsI. BBIYUCICHNsT TPOU3BOIINCH
C MCIIOJIb30BAHUEM JIOCTATOYHO IJIOTHOT'O ITy4YKa TpaeKTopuil. Pe3yabraThl cumyis-
I Ha OTHOCHUTECJIbHO IJIMHHOM IIPDOME2KYTKE BPEMEHU MOI'yT MMETH CJICAYIOITYTO
JTUHAMHUYIECKYI0 MHTEPIIPETAIAIO.

Nmeercss 0b1acTh B OPOMTAIBHON IIJIOCKOCTU 331849, 00JI1aIa0INast IIeHTPaJIb-
HOU CHUMMeTpHUell W MMeIoIasl JIBa PyKaBa, COJIMHEHHBIX MTePEMBIYKOMN. YKa3aHHad
006J1acTh UMeeT IJIOTHOCTDH B JIBA-TPH pas3a OOJIBIIYIO, YeM IJIOTHOCTh MacC OKPYKa-
IOIIEro IIPOCTPAHCTBa. TaKkasi KOH(pUTIYypaIlls COOTBETCTBYET IMaJIaKTUIECKOMY THUILY
S B 1o knaccuduraiyu . Xabbua [1]. Ko Bcemy nmpoyemy 3amerum, 9410 BHYTPH IIe-
PEMBIYKU MOYKHO OOHAPYKUTH JIBE TPEYTOJIbHbIE KOH(DPUTYPAIIUH, COCTABJIEHHBIE U3
PaBHOCTOPOHHUX TPEYTOJILHUKOB, UMEIOINX OCHOBaHME B BUJIE€ OTPE3Ka, ITPOTIKEH-
HOT'O MEXKJIy T'PABUTHUPYIONUMH MaccaMu, u BepiuH Ly, Ls. DTu KoHdbuUrypamum
MIOCTEIIEHHO PACCENBAIOTCH.
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Karoueswvie caosa: IIOCTYyIIaTE€/JIbHO—BPalllaTE€JIbHOE JIBU>KECHUE, HECTAIMUOHAaPHOE OCECUMMET-
pUYIHOE TEeJI0O, BEKOBbIE€ BO3MYIIICHUA.

B rpaBuTupyomux JBOMHBIX CHCTEMAX B XOJI€ 9BOJIOIIH MEHSIIOTCSI MACChI, pas3-
Mepbl 1 (OPMBI peanbHbIX HeOecHbIX Teut [1]-[3]. B cBsizu ¢ sTuM cTaHOoBHTCS aK-
TYaJbHBIM CO3J[aHNE MATEMATHICCKUX MOJE/Ie 3a/1a4du IByX HEOECHBIX T C Iepe-
MEHHBIMH MacCaMi, pa3MepaMu u GopMaMu.

JomycTrM BBITIOJIHEHNE CIIE/IYIONUX YCIOBHIA:

1. ITepBoe Te10 — «IEHTPAJIBHOEY, C IEPEMEHHOI Maccoit my = m (t) ecTb mrap
C NEPEeMEHHON IUIOTHOCTBIO, €O ChHEPUIECKUM DPaCHPEeIeHNEeM U C HePEeMEeHHBIM
pagmycom 11 = [y (t).

2. Bropoe Tesio — «CIyTHHK», ¢ MAaccoil my = ma(t) obaagaer ocecuMMeTpI-
HBIM JIMHAMHYECKHM CTPOEeHHeM U (DOPMOI ¢ XapaKTepPHBIM JIMHEHHBIM Pa3sMepoM
lo = l5(t), a ero MOMEHTBI HHEPIIUU BTOPOI'O MOPsiJIKA [IePEMEHHbIE U 3aJ[aHHbIE 13-
BecTHBbIe (DYHKIMH BpeMeHH. Takoil «CIyTHHK» 00J1a/iaeT epeMEeHHbIM CXKaTHeM U
ero IJIaBHbIE IeHTpabHble MOMeHTHI nHepiwn A, B,C yI0BI€TBOPSIIOT COOTHOIIIEHN-
sm A(t) = B(t) # C(t),C(t) — A(t)/C(t) # const.

3. Hecranmonaproe ocecuMMeTprIHOE TEJIO 00J1/[aeT SKBATOPHAJIBHOI ILIOCKO-
crpio cummMerpun. Ciie0BaTeIbHO, OHO 06J1a1aeT TPEeMs B3AUMHO II€PIICH K YJISD-
HBIMH IJIOCKOCTSIME cumMeTpun [1]-[4].
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4. Macchl IeHTPaIbHOrO Tejla M CIyTHHKA M3MEHSIOTCS B PA3JIMIHLIX TEMITax
M30TPOIHO, IIPU 9TOM HeE IMOSIBJISIIOTC PEAKTUBHbBIE CHJIBI U JIONOJHHUTEIbHbIE Bpa-
aTeIbHbIE MOMEHTBI 1M1 /my # 1o /meo.

5. Ocu cOOCTBEHHOI CHCTEMbI KOODAMHAT HAIIPABUM BJIOJIb JINHUI [1€PECeICHUs]
9TUX TPEX B3aUMHO IEPHEH/MKYISIPHBIX IIOCKOCTEH, COBIAJAIONINE C TJIABHBIMA
ocsimu nHepruy Teaa. OpueHTanust 9TUX 0Ceil OTHOCUTENIBHO TeJIa B XOJIe 9BOJIIOIIN
OCTaeTCsI HEM3MEHHOI.

6. B BeIparkennu jiist cHIit0BOi (DYHKIUE OMPAHUIUMCSI IIPHOJINKEHNEM € TOYHO-
CTBIO JIO BTOPOii TAPMOHUKHN BKJIFOUUTEJHHO.

YpaBHEeHUsI IOCTYATEIbHO—BPAIATEIHLHOTO JIBUYKEHNUS OIIMCAHbBI B aHAJIOraX I1e-
pemennbix /lenone—Anmyaite. I[Ipu 3TOM HEBO3MYIIIEHHOE JTBUKEHUE SIBJISIETCS aHa-
noraM jiBukennu iisiepa—Ilyanco — BpamaresbHOe JBUXKEHUE CBOOOIHOIO HECTA-
IIMOHAPHOT'O OCECHMMETPUIHOTO TeJIa BOKPYT COOCTBEHHOrO 1eHTpa nHepimn [1]—[3].

DBOJIIONNOHHBIX YPABHEHHUI CBOAUTCA K CHCTEME Y€TBEPTOrO MOPSIKA C OJHUM
[ePBBIM MHTErPaJioM [3]

(] - -]

I=1I1(H,h,H 1) = Iy = const. (2)
Wsec _ MO 1 i mi + me fm1 (C — A)
202(t) \ L? myms 203 a? (1 — e2)*/? 3)
_ — —bo =
mimo 203 4a3 (1 _ 62)3/2 2 2
_ 2 L/1r 1 2 fmy (C = A)
Foee = 2A (G7) + 2\C A (17) + 203 a3 (1 — e2)*/? n
_ 3fm1 (C — A)

203

I 1 3
Cbe? a2 (14 262
4a3(1—€2)3/2] 2" la ( ) ﬂ

[Tocne pemenusi cucrembl (1) HHTErPUPYIOTCST OCTABIINECST YPABHEHUST

. . 7 aWsec . 8‘/I/vsec
Lsec = 07 Gsec - O, lsec = - oL ) Gsec = — 9G (5)
8Fsec * aFSeC
Llsec - 07 G/sec - 7 l./sec - 0L’ ) g/sec - aG/ (6)

HOJIy‘{eHHbIe 9BOJIIOIIMOHHBIC YpaBHEHNA HUCCIACAYETCA YUCJICHHBIMU METOdaMU.
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Knrouesvie carosa: orpaHnYeHHAs 3a/1a4a TPEX TeJl, HEeMHePIIaJIbHas IIeHTPajIbHas CUCTEMA

KOOpAHAT, TOYHbIE YaCTHbIE€ HECTAIIMOHAPDHBIEC DEIICHUA.

JIBUKeHnsT MaJIOr0 €CTeCTBEHHOTO WMJIM MCKYCCTBEHHOT'O HEOECHOrO TeJsia B TI0-
Jie TATOTEHUA JIBYX OCHOBHBIX T€JI XOPOIIO OHUCLIBACTCA MaTEeMATUICCKON MOIEJIBIO
IIIPOKO MU3BECTHOI OrpaHWYeHHON 3a1adeit Tpéx ren [1]-[4]. B cBsasu ¢ orcyrcrsu-
eM OOITEro aHAJMTUIECKOTO PelleHrs B KOHEYHBIM BUJE, MHOTHE aCHEKTHI 3aJa9n
M3y4eHbl PA3JINYHBIMU KadeCTBEHHBIMU U YHUCJIeHHbIMU MeTonamu. Ilomck HOBBIX
TOYHBIX YaCTHBIX AHAJUTUIECKUX DPeIeHnit, KpoMme u3BecTHbIX [1,2]|, mpencrasiis-
IOTCA aKTyaJIbHBIM.

B nacrosieit pabore aHAJIUTHIECCKUA UCCJIETYEeTC KJIACCUYIeCKas OrpaHUYIeHHAS
3ajlada TPEX TeJI Ha OCHOBe HOBOU KoHNennmu. HoBas Koumenmus Oa3mpyercd Ha
MOHATUM TIeHTpa cui. LleHTp cui cymecTByommili B KJIacCUYECKON 3ajade TPEX
Tes [4] Tak:ke coxpaHsiercst B orpaHmdeHHoil 3agade Tpéx res [5]-(7]. Iloydenst
muddepeHuaIbaEbIe yPDABHEHNS JIBUXKEHNSI OTPAHUYEHHON 33/1a49U TPEX TeJl B HO-
BOIl cenuaJibHOM HEeMHePIUAJIbHON IeHTPaJbHOI cucTeMe KOOPAUHAT ¢ HAa4YaJIOM B
nenTpe cui. [Ipr aToM Maccel OCHOBHBIX Tesl pa3imdHble. Vcxona ns cBoiicTB HOBOIT
CHeIMaJIbHON HEeMHEePIMaJIbHON IEHTPaJIbHOM CUCTEeMbl KOOPDANHAT, HallJIeH NMHBAPU-
aHT TIEHTPa CUJI OIPAHUYEHHON 3a/la9M TPEX TeJl B aHAJUTUYECKON (popMe B ITOM
2Ke cucreMe KoopamHaT. Bo BBeJIeHHOI HOBOIl crenuaJibHON HEeMHEPINAJJIbHOI 1eH-
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TPaJIbHOI cHuCTeMe KOODJIMHAT Or'DaHWYeHHas 3ajiada TPEX TeJs pa3jiejleHa Ha JIBe
OTJe/IbHBIE 3329l Ha ypoBHE jud depeHnuaibubix ypapuenuii |6, 7|. Ilepsas —
TpeyroJibHas OrpaHUYeHHAas 3a/la4da TPEX TeJl, KOrJia TPU TeJia BCE BpeMsl IBUKEHUS
00pa3yIoT TpeyroJbHUK. Bropas — KoJInHeapHas orpaHudeHHas 3aa9a TPEX TeJl,
KOT/Ia TPU TeJla BCE BpeMsl JIBUKEHUS JIEXKAT Ha OJIHOM U TOIt 2Ke mipsamoit. KoppekT-
HOCTBH TAKOI'0 pas3jesIecHus UCCJIeyeMO# 3a71a4y Ha JiBe B CIelUaJIbHOM HEMHEePIIU-
aJIbHOM cUcTeMe KOOPJAUHAT 00eCIeunBaAETCH MHBAPUAHTOM IEeHTPa CUJI HAJIEHHOM
B 9TOM 2Ke cucTeMe KOOPJUHAT. DTH JIBe OTPAHUYEHHbIE 33/0a9l TPEX TeJI aHAJIUTH-
YEeCKU UCCJIEAyeTCd C UCII0JIb30BaHUeM MHBapUaHTa IIEHTPa CUJ, YyCTAHOBJIEHHOI'O B
CHeIMaJIbHON HEeMHepIUAJIbHON IIEHTPAJIbHON cucTeMe KOOpAUHAT.

Haiiierbr HOBBIE TOUHBIE AaHATUTUYIECKNE YaCTHBIE HECTAIIMOHAPHBIE TLJIOCKHAE Pe-
menus JauddepeHnua bHbIX ypaBHEHUN JIBUXKEHUsI KPYTOBOW OrpaHUYEHHON 3a-
Jaqu TPEX TeJl B BHUJIE PABHOOEJIPEHHOI'O TPEYTOJbHUKA C IEPEMEHHOUN BBICOTO
B CIIEIUAJBLHON HEMHEPIMAJIbHON IEeHTpaIbHON cucreme KoopauHat |5, 8|. Pere-
Hre auddepeHIuaabHbIX ypaBHEHU JTBUKEHUsI KPYTOBO# paBHOOEIPEHHON orpa-
HUYEeHHON 3a/1a4i TPEX TeJI CBEJIEHO K KBaJipaTypaM, KOTopasl COBIIa/IaeT C COOTBET-
cTByIOIIEH (pOPMYJIOii YaCTHOTO Caydast CAMMETPUYIHON 3a/1a91 JBYX HEIIOIBUKHBIX
1eHTpoB [2]. OTnesnbHO BIBEIeHDI M depeHInaabHble YPABHEHUs] JIBUKEHUsT TPe-
YTOJIbHOUM OIpaHUYEeHHON 3a/la4M TPEX TeJl BO BPAaIlaoIelics CllelnaJbHOl HenHep-
IIUAJTBHON TEHTPAJIbHON CHCTeMe KOODJAWHAT B IIYJIHCUPYIOMUX IlepeMeHHbIX. [Ipo-
aHAJIM3UPOBAHBbl HaliJeHHbIE PEelIeHUs KPYTOBOIl OrPDAaHMYEHHON 3aJla4ul TPEX TeJd B
dopme paBHOOEIPEHHOI'O TPEYTOJILHIUKA C IIEPEMEHHOI BBICOTOIA.

Tak>ke BbIBesIeHBI auddepeHInaibHbIe YPaBHEHUS KOJLIMHEAPHON OrpaHUYeH-
HOM 3a/lauM TPEX TesJ BO BpaIlaroleiicsds HenHepIUaJbHON IEHTPaJIbHOII cucTeme
KOOP/IMHAT B MYJIbCUPYIONINX IIepeMeHHbIX. [lo/rydenbr Tpu HOBbIE T depeHInab-
Hble YDaBHEHUsI JIBUKEHNS KOJLUIMHEAPHOU OTrpaHUYEHHON 3a/1a9i TPEX TeJl, B TPEX
006J1acTIX BO3MOYXKHOI'O PACIOJIOXKEHUsT 6€3MacCOBOI0 TeJjia, CTAI[MOHAPHBIE PEIIeHUST
KOTOPBIX COOTBETCTBYET TPEM TOYKAM JIUOpAIUU Jitjepa. YCTaHOBJIEHbI HOBbIE TOY-
Hble HeCTallMOHAPHbIE YaCTHbIE aHAJIUTUYECKHUE PEIIeHUs IOJIyYeHHbIX TPEX HOBBIX
nuddepeHImaIbHbIX YPaBHEHUH JIBUKEHUST KPYTOBOM KOJLUITMHEAPHON OrpaHmYeH-
HOW 3a/1a91 TPEX TeJl.
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O06 mcno/ib30BaHUU 3JIEKTPOMATHUTHON MHIAYKITUNI

IJIsT OECKOHTAKTHOI'O 3axBaTa OOBbEeKTa
KOCMUYECKOI'0 MYyCOpa

ITameav U.K., Tuxoros A.A.
st083917@student.spbu.ru , a.tikhonov@spbu.ru

Cankr-lleTepOyprckuit rocy/1apCTBEeHHBI YHUBEPCUTET,
199034, Poccuiickass Penepanusi, Cankr-Ilerepbypr, YuuBepcurerckas Hab., 7—9

Karouesvie cao6a: KOCMUYIECKAN MYyCOp, OECKOHTAKTHBIM 3aXBaT, JEKTPOMArHUTHAsT WH-
JIYKITAS.

AHaymsupyercss BO3MOXKHOCTH OECKOHTAKTHOI'O 3aXBaTa JIEKTPOIPOBOISIIErO
obbekTa kKocmmaeckoro mycopa (OKM) ¢ ucnosnb3oBanmeM 371€KTPOMATHUTHON H-
JYKIIUA Ha OCHOBe 3aKoHa mHAyKiuu Papajesa m 3akona Jlenma. [Ipemmosaraercs,
gro Kocmuueckuit anmapar (KA), ocymecrsisitomuit 3axsar OKM, crabxken Topo-
NJIAJIBHOM 9JIEKTPUYIECKON KaTYIIKOM, TeHEePUPYIOIIe JOCTaTOYHO CUJIIbHOE MArHuT-
HOE ToJie W WHIAynupyomeil MmarauTHoe mmoje Ha OKM, mpubmmxkaromemcs Kk KA.
Opb6uranphast nuanamuka asuxkennss OKM orrocurenbao KA nsyvaercs: ¢ moMomibio
YUCJIEHHOTO MOJieTupoBanus. [IpetoKeHHbIiT MeTO/T 3JIEKTPOMArHUTHOTO 3aXBaTa
ssrekTporposoasmero OKM mozker ObITh ucmonb3oBan a1 nepesoga OKM wa op-
OUTY 3aXOPOHEHWUSI.

MoTuBaiusi K 1CCJIeJ0BAaHUIO.

B macrosimmee Bpemsi, mo omenkam Orbital Debris Program Office (NASA), B
OKOJIO3eMHOM TpocTpaHcTBe HaxomuTcd npuMepHo 23000 0O0beKTOB KOCMHYIECKOTO
Mycopa ¢ XxapakTepHbIMH paszmepamu 0ojiee 10 cm., 500000 06bEKTOB KOCMUYIECKO-
ro Mycopa ¢ XapakTepHbIMU pa3mepamu ot 1 o 2.5 cm u 6osiee 100 MUIIHOHOB
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00bEKTOB KOCMUYECKOI'O MycCOpa C XapaKTePHBIMHU pa3MepaMH IMOPSJIKOB 1 MM u
MmenbIre. Bee a1 00bekThI Kocmuaeckoro mycopa (OKM) npecraBisiior omacHOCTh
JuUIst ucKyccTBeHHbIX ey THUKOB 3emyn (M1C3), nunorupyembix KA u opburaibHbIx
craunuii. [Tpu 3TOM, KaK 1MOKa3bIBalOT PE3YyJILTATHl MaTEMATUIECKOIO MOJIETUPOBa-
uust [1], BepositnocTsh crosikuoBenust MIC3 ¢ OKM npumepno uHa 30% Gosibiie, dem
BEPOATHOCTH CTOJIKHOBEHUS CITyTHUKOB MezK Ty coboit. [loaromy 3a1a1a ak THBHOTO
yrasieauss OKM siBisiercst akTyaJabHOM /I YMEHbIIIEHUsT PUCKA OMACHBIX CTOJIKHO-
Bennit. [y perenus 3Toit 3a1aun pa3padaThIBAIOTCsT KOHTAKTHBIE U OECKOHTAKT-
uble criocoObr ymasienuss OKM. Konraktable criocobbl 3axBaTta n yaagerHus OKM
OCHOBaHBI Ha WCIIOJIb30BAHUU KOHTAKTUPYIOIINX YCTPONCTB, TAKUX KaK POOOTU3M-
poBaHHasi pyKa miu Tpoc, jaas npukpersienns Kk OKM. 9tu cmocobbr goctaTod-
HO CJIOXKHBI B IIPUMEHEHWHU BBUJIYy OI'PAHUYEHHOI'O YHUCJIA CTEleHeil CBOOOIbI U Ma-
JIOI IIPUCITOCOOIEHHOCTU K B3aMMOJEHCTBHIO ¢ Bparmatormumucsa oobekramu OKM.
Hampumep, nanbosbinas ckopocTh Bparenuss OKM, KoTopyio MOXKeT BbIIEepKaTb
JKECTKUIT 3aXBaT, cOCTaB/sieT Bcero Jyninb 4-5 rpaj/c [2]. BeckonTakTHBIE METOIBI
yrasieanss OKM wmmeior GoJibIlioe MpemMyIecTBO M0 CPABHEHUIO C KOHTAKTHBIMU
MEeTOJIaMHU, MTOCKOJIbKY He TPeOYIOT pelleHusi Mmpo0JieM, CBI3aHHBIX C 3aXBATOM H
yaep:xaunem Bpamatorierocas OKM. CyiecrBeHHBIM OOIIIIM HEIOCTATKOM M3BECT-
HBIX OECKOHTAKTHBIX MeTo/10B yaaseHuss OKM sBiisieTcss oTCyTCTBUE KOHTPOJIST HAT
tpaekropueit OKM mocie Beixoga OKM u3 30HbI B3anMoieiicTBus ¢ akTUBHBIM KA.

Pe3ynbTaThl.

B namnnoit pabore aHaJM3UPYETCsT BO3MOXKHOCTH OECKOHTAKTHOI'O 3aXBaTa dJIEK-
tpouposogiiero OKM ¢ ucrosib3oBanueM 3j1eKTpoMarauTHoi nuayKimn. [Ipemo-
smaraercs, 9o KA, ocymecristiomuii 3axsar OKM, cHabXKeH TOpon aJIbHOM 3JIeK-
TPUYCCKON KaTYIIKOIl, PCHEPUPYIOIIE JOCTATOYHO CUJIbHOE MAarHUTHOE MOJie U UH-
ayrupytoreit Marautaoe noje Ha OKM, npubamxkaromemcs Kk KA. B coorBercTBUn
¢ 3akoHoM mHAyKimun Papajiess n 3akoHoM Jlenma, Bo3dykaaercs cuia Jlopenra,
JeficTByiomas Ha MarHuTHO BocrpuuMausbiii OKM, aBumkymuiics depe3 HEOIHO-
ponnoe marautroe mnosie KA [3]. B pesynbrare BoszeiictBust cuibl Jlopenia mar-
uuTHO BocupunmunBbiii OKM okasbiBaeTcst 3aXBavdeH MArHUTHBIM ITOJIEM KATYIITKH
¢ TokoM. IIpu aToM He Tpebyercsi periaTh U3BECTHYIO IPU YOOPKE KOCMHYIECKOTO
Mycopa 3aJ1ady IIpeIBapuTeIbHOrO moraimennst yriioBoit ckopoctu OKM, mockosib-
Ky Hajan4ane yrioBoit ckopoctn OKM ne npensarcrsyer 3axBary OKM MarauTHbIM
moseM KA. Bostee Toro, Buxpesbie Tokn PyKO, BO3HUKAOIINE BHYTPU BPAIAIOIIe-
rocs tnpoBojsiiero OKM, crocobcTBytoT moramreruto yrioBoit ckopoctu OKM B
MmarauTHOoM mnoje KA. Opburanbaas auaamuka, gerzkennss OKM ornocurensno KA
U3ydaeTcsi ¢ TOMOIIBI0 YUCJIEHHOIO MOJIeTupoBaHus. IIpeyiosKeHHbI MeTO T dJIeK-
TPOMarHUTHOTO 3axBaTa 3j1eKTporrpoBosniero OKM moxkeTr ObITH NCIIOIB30BAH JIJIST
nepeosia OKM Ha opOuTy 3axOopoHeHHUS.

Pa6ora Boimosaena npu dunancosoit momuep:kke PODU (rpant Ne 19-01-00146-a).
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Kmoueswie caosa: cBeTOBOE JTaBJIeHNE, COJTHEYHBIN TAPYC, yIIPaBJIeHNe, TOYKN JTUOPAINH,
YCTOMYUBOCTD.

Ecan rpaBuTanmnonHoe 10Jie MPUTSXKEHUsT TOIMOJHAETCsST TMOJEeM CHJI CBETOBOTO
OTTAJKUBaHUsI, TO obpa3yercsi (pororpasuTanuonHoe cuyioBoe noje [1]. Ormerum
OCHOBHBIE 33JI1a4l (DOTOI'PABUTAIIMOHHON HEOECHO MEeXaHUKH.

lestmorienTpuyeckne ABUXKEHWS B paMKaX 3aJladd JIBYX TeJl WM OpOUTAJIbHbIE
IepexXoJIbl C YIETOM CBETOBOTO JIABJIEHUS, B TOM YHCJI€ T'eJTUOIEHTPUYIEeCKUE TIEPEeX0-
J61 ¢ opouTel 3emuin K CoJtHILY, I1aHeTaM, acTeporaaM nin komeram. Vceemyercs
yIpaBjieHue JBUKeHneM KocMmumdeckoro ammapara (KA) ¢ ydaérom cseToBoro jaB-
JICHU A (Op6I/ITa,JIbHa5{ JAUMHaAMHWKa HWJIW II€EPEXOJbl C MaJIOI TATOM CHJI JaBJICHHUA Ha
COJTHEUHBIN TIAPyC), KOTOPOE MO3BOJISIET ONPEIEUTh ONTUMAJbHBIE TPAEKTOPUH TI0
3aTpaTaM WM BPpeMEeHU MaHEeBPUPOBAHUSI.

leonenTpuvecKkue JIBUKEHUS B paMKaxX OTPAHUYEHHON 3ajlauyd TPEX TeJ B CH-
creme Couraie-3emis-KA. Mcnonmb3oBanne mapyca I PeOIEHTPUIECKOI0 Pa3roHa
u yxona Ha opouty JIyHbI mim BbIxoma u3 cephl JefcTBUS 3eMJIN, UCC/IeTI0BaHNIe
YCTOMYMBOCTA ¥ CTaOMIm3amnuu mojtoxkenuss KA B oKpecTHOCTH TOYEK JIMOpaIinm,
opbuTasibHass KOpPEKIs Uan (pOpMUPOBAHNUE TEOCUHXPOHHBIX IMTUPOTHBIX OPOUT C
HCIIOJIB30BAHIUEM COJIHEUHBIX IIapyCcoB, HcHoJjb3oBaHne CoJIHETHOTO Iapyca B Ka-
JeCcTBe MPOCTPAHCTBEHHOTO OTParKaTess Jijis OCBEIeHUs IMOJIAPHBIX o0JlacTeil Ha
IIOBEPXHOCTH 3E€MJIM.
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JIBukeHre B paMKax OI'DAHUYEHHON 3aJla9M TPEX TeJ B CUCTEME C JIByMsS W3-
Jgydaronmmu 38é31amu (asoiinas 3se3na u KA). Hecranumonapubie Moaudukanmm
doTOrpaBUTAIIMOHHBIX JIBYX- WU TPEXMEPHBIX 3a/1a49 C IIePEeMEHHBIMU (DU3UIECKU-
MU ITapaMeTPaMU.

Bpamarenbubie geukennst KA mpu yaere naBjeHus coqnednoit pajguannn. Kon-
TPOJIb OPUEHTAITNN U yIIPpABJICHUE TOJIOKEHNEM B IIPOCTPAHCTBE 0] JIEHCTBUEM MO-
MEHTa CUJI CBETOBOT'O JIABJIEHUsI C YYETOM U3MEHEHUsl pa3MepPOB Iapyca WU IpH
HCITOJIb30BAHUU OTHOCUTEIbHBIX ITepeMeNTeHrnil 37 1eMeHTOB.

B pamkax o0mieit kyaccudukaiuu (GOTOrpaBUTAIIMOHHBIX 3a/lad PacCMaTpUBa-
ercs: cuennduka ynpapiaennsg KA n coHeIHBIMU TapycaMu, KOTOPas yINTHIBAET
MIOCTYyIIATeJIbHOE U BpaIllaTeIbHOE JIBUXKEHHUE BCEl KOHCTPYKIIAW; YIeT BIUSHUS Ha
0OBEKTHI CBETOBOIO JIaBJIEHUsI CO CTOPOHBI m3iydatomux tei (CoJHIe wim JIBoji-
HbIE 3BE3/IbI) KaK BO3MyInawoIero ¢gakropa B asuxkennu tena (KA win gacrunp),
KOTOPBIE 3aBUCAT OT TIOJIOYKEHUSA M OPUEHTAIIMU CUCTEMbBI TIAPYCOB, UYTO MO3BOJISIET
aJIeKBaTHO MOJIEJIMPOBATH peaibHYyI0 KapTUHY 3aJa4 HebecHol MexaHuKu [2, 3.

VpaBHeHus IBUKEHUs C YI€TOM BO3MYIIEHUN MOTYT OBIThH IIPEJICTABJIEHBI B Pa3-
HBIX (pOpMaxX, OCHOBAHHBIX Ha MOJIEJISX 33/Ia49H JIBYX UJIU TPEX TeJI, UCIOJIb3Ys Y100~
Hble CHUCTEMBbI KOODJIMHAT W OCHOBHBIE MapaMeTphbl. | eJMOIeHTPUuYIecKnii moJer K
mraneraM, acrepousiaM mwin K COJIHILy MOYXKHO PacCMaTpPUBATHL B IMEPBOM PUOJIH-
JKEHUH KaK JIBHKeHuE B (pOTOrPaBUTAIIMOHHOM TI0JI€ IIPH JeHICTBUN JTOTIOJTHUTETIHHOM
CIJIBI CBETOBOTO JIABJICHUS JIyUeil Ha TTOBEPXHOCTD Mapyca Jijisd (PUKCUPOBAHHOIO yT-
Jla, OPUEHTAITMU HOPMAJIM K IIJIOCKOCTH Tapyca. [Ipu mpoekTupoBaHuu reoreHTputie-
CKHX OopOuT BOMM3U 3eMJin Wian i pasmernenns KA B Toukax auOpalyui CUCTEMBI
Couare-Bemits-KA Ttpebyercst ucoib3oBaTh 6oJiee 00ITyI0 MOJEb (POTOrpaBUTaA-
IIMOHHO OrpaHnYeHHoi 3a1a41u TpéX Ted [4]. [loydennr yeaoBust u gaHbl MPUMeEPHI
CYIIECTBOBAHUsT TOYEK JUOpAIuyd B 3aJa49aX C OJHUM W C JBYMSI W3JTYIAIOIIMK
IEHTPaMU.

[IpeBapuTesibHble KUHEMATHIECKIE OTPAHUIECHNST HA TpaekTopun mosiéra KA c
COJTHEYHBIM ITAPYCOM B OKOJIOCOJTHEYHBIE 0OJIACTH MIPEJJIAraloTCs B BUJIE€ YPaBHEHUI
U3BECTHBIX KJIACCHIECKUX KPUBBIX. CpaBHEHNE PA3IUIHBIX CIyYaeB HE KEIJIEPOBBIX
opOUT IPOU3BEJIEHO II0 BPEMEHM IojieTa U 10 sHepreTuke. llocseanuit Kpurepuii
UMeeT B BUJIY BBIOOD TAKOTO YIIPABJIEHHS yIJIOM YCTAHOBKH Iapyca, IPU KOTOPOM
3aTpaThl IHEPTUU HA MTOBOPOT IJIOCKOCTH Aapyca MUHUMAJIBHBI KAK 10 YUCTY KOH-
TPOJIMPYIONIKUX ITOBOPOTOB, TAK M B CMBICJIE BEJIMINH UX YTJIOB.

B npocrpancTBeHHOit 3aa9€e ¢ IBYMSI U3JIyIaIONIIMI TJIABHBIMA TeJIaMu (IBOTi-
Hasl 3Be3/a) CYIIECTBYIOT TPEYrOJbHbIE TOYKHU JIMOpAIyu, KOTOpble (OPMAJBHO
YCTOMYMBBI JJIsT TOYTH BCEX 3HAUEHUI MMapaMeTpoB U3 00JIACTH yCTONYMBOCTU B
JimHeirHOM Tipubsmkenun. [Ipumenenue npeobpazoBanusi bupkroda nossoJisger 3a-
ncaTh (BYHKIMIO [aMIIbTOHa KAHOHUYECKUX YPaBHEHUi B yIo0HOM BHjie [4].
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Karowesvie caosa: ormacHBIN acTePOU]], UMITYJILCHOE YIIDABJIEHNE, DE30HAHC.

B pabore mccaeyercss BO3MOXKHOCTH HUMITYJIBCHOTO YIPABJIEHUS aCTEPOUJIOM,
commxkarorumcst ¢ 3emiteil. [Tox pesonancom 1:1 moHUMAaeTCst COBITaIeHIE TIEPUO/IOB
oOpalreHnst acTeporja U 3eMJId 10 UX OCKYJIUPYIONNM KEIJIEPOBCKUM SJITATICAM
Bokpyr CosHnia. 3ajgada O JIBUXKEHUHU OIMACHBIX aCTEPOUJIOB PACCMaTPUBAETCHA KaK
BO3MYIIIEHIE KPYTOBOIl orpanndentoii 3a1a4qu Tpéx e (CostHie—3eMIsi—acTepon,).

B meBO3MYyIIIEeHHOM 3a/1aUe B cuCTEMe KOOD/IMHAT, BPAIAIOIIEics BMecTe ¢ 3eM-
seit Bokpyr Couaita, paccMoTpuM Topudeckyio objacts T ¢ mearpom B CostHile,
cojiepKarliyto Bce Touku jguopamnuu Ly, . .., Ly u 3emmio. «Tommunay 31oit obracTu
paBHA HECKOJIBKUM PACCTOTHUAM MeK Iy Toukamu L1 u Lo. MepuanonaisabIMET ce-
JeHusiMu pa300béMm obsacth T Ha jaBe yactu: obsacth TII, cojepkaliyio TOYKH
L3, Ly, Ls (nonkoBoobpasHasi obyiactb), u obaacts TO — Bce ocranmbHOe (OKpecT-
HOCTBH 3eMuin ¢ Toukamu Ly u Ly). B da3oBoM mpocTpaHcTBe KPyroBoii OrpaHuveH-
HOIT 3a/1aun TPEX TeJI KaK BO3MYIeHHO# 3a1aqu Kertepa cyrecrByer MHOTOOOpa-
31e, COOTBETCTBYyIOIIee pe3oHaHcy 1:1. B ero okpecrHocTu ectb OpOUTHI, PACIIOJIO-
skennble B obsactu T [1]. VI3 Hux omacHbiMEu OyjieM HA3BIBATH OPOUTHI, TIPOXO/ISIITIE
qepe3 obsactb T O, Ge3omacHbIMU — OCTaJbHbIE. VI3 OMAacHBIX BBIJIEJNM OPOUTHI
KBA3UCILYTHUKOB, OHU 1esinkoM Jexkar B TO. B [1| onucana Teopust, ¢ momorbo
KOTOPOU JJTsT KaXKJIOTO acTeponjia B objracTu pe3oHanca 1:1 MOXKHO ONpeie/IuTh TUIT
Tpaektopuu B oosactu T, Ha KoTopoit on Haxoautcsd. Mruosennoe usmenenume cKo-
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pocTu acrepouia (MMIYJIbC CKOPOCTH) MOXKET U3MEHUTh THUIl TpaeKTopuu. Ha 3rom
OCHOBaHAa IpeJiaraeMasi JIBYXUMITYIbCHAsI CXeMa yIIPABJICHUSI.

[lepBbIit UMITYJIbC JIeJA€TCS 33 HECKOJbKO MECSIEB IO MOMEHTA COJIMKEHU.
[ens ummysabca — HUCHOJIB30BATH COJMXKEHHUE C 3eMJieil I epeBojia acTepPOrIa
B PE30HAHCHYIO 007acTh. [y KpyIHBIX acTEPOUIOB TAKOI mepeBoI 6€3 MCIOIb30-
BaHUS I'PABUTAIMOHHOIO I10JIsT 3eMJIM ITPAKTUIECKU HEBO3MOXKEH. BTOpoit mMIry/ibe
U MOMEHT €0 BBITIOJIHEHUSI BHIOUPAIOTCS B 3aBUCUMOCTHU OT IEJIM YIIPABICHUS W OT
TOrO, HA TPAEKTOPUM KAKOTO TUTIA OH OKA3AJICs TOCJEe COJIMKEHUSI.

JIJ1st IuC/IeHHOTO TIOCTPOEHUsT TPaeKTOPHil acTeporia B paboTe MCII0Ib30BAIACH
OoJiee TOUIHAST MOJIE/b, YeM KPYToBas OIrpaHuYIeHHAas 3a1a49a TPEX Tes1. B Helt yanThI-
BaJIiCh rpaBuTarmorabie mojst Cosrara, 3emin, FOnurepa u JIyHbl, a TakKe oaHa U3
MoJIeJiell COJTHETHOrO BeTpa. B KadecTBe KOHKPETHBIX IIPUMEPOB PACCMATPUBAJINCD
3agaun 06 yupasierun acrepougamvu Jlysume (2012 DA14, commxkenue ¢ 3emieit
66110 15.02.2013) u Anoduc (2004 M N4, tecroe cOmmkerre ¢ 3eMiieil MpecTOuT
B anpese 2029 roga). llens ynpasieHust — mepeBoj; acTepouJioB OO Ha OJHY U3
6e3omacHbIX OpOuT, JTUOO HAa OPOUTY KBA3UCIyTHUKA. B BO3MYIIEHHON 3ajade ITH
OpOUTHI ABJIAIOTCS OCKYJIUPYIOMUMU. 3a/la9a TOYHON ONTUMU3AINKN HE CTABUJIACD,
HO W3 JII0OOT0 MHOXKECTBA MUMITYJIbCOB CKOPOCTHU, PENIAONINX KOHKPETHYIO 3aJ1ady
1epexo/ia, BIOUPAJICST UMITYJIbC, HAMMEHBIIUH 110 MOJIYJIIO.

B 0boux ciydasix oKa3ajaoch, 9TO0 MHOYKECTBO UMITYJIbCOB, ITEPEBOJISAIINX aCTEPO-
UJIbI B PE30HAHCHYIO 00/1aCThb, cylecTByeT. [Ipu myimHe nHTEpBaia BpEMEHU MEXKTY
MOMEHTOM BBITIOJTHEHUST UMITYJIbCA U MOMEHTOM COJIMXKEHUSI MOPSIKA OJTHOTO TOJa
MOJIYJIb JJOCTATOYHOTO MMITYJIbCA UMEET TOPSIIIOK 1m/c.

it TOro 4TO00OBI ACTEPOUJIBI B CPEIHEM YIAJISJINCh OT 3eMJIM B OTHOCUTE Ib-
HOM JIBU2KeHUHU, Anodrc HeoOXOIUMO ITepPEBECTH Ha, OCKYIUPYIOIILYI0 KEILJIEPOBCKYIO
opouUTy € IepuojOM MeHbIlle roja, a /lysuie — Oosbire roga. Ilpu sTom onm 0b6a
OKa3bIBaIOTCs Ha OonacHbIX opouTax B obsiactu T. Ho citenytomee comkenne B 000-
X CJIydasdx MOXKeT IMPOU30NTH He paHbIlle, 9YeM Yepe3 COTHIO JieT. Bribop MoMeHTa
BBITIOJTHEHUST BTOPOT'O UMITYJIbCA JIJTst Tlepexo;ia B oosactb TII cymecTBennoro 3nade-
nus e uMmeet. Tak, gyepes 30 jieT Jij1g 000UX aCTEPOUIOB JIOCTATOUHBIM OKA3bIBACTCS
UMITYJIbC TTOpsiika 20Mm,/c.

Jnst mepexoma Ha opbuThl KBasucimyTHHKOB B obsactu TO Hyx)HO, Ha060-
pot, Amnoduc mnepeBecTm Ha OPOUTY C KEIIEPOBCKUM IEPUOJIOM OOJIBINE TO-
nma, a ysuge — menbire. 3arem, npuMepHo depe3 10 Jjer, caenaThb UMITYJIBC
nopsizika 15m/c.

[ToJstyaenHbIE ONEHKN TTOKA3BIBAIOT, YTO BTOPhIE UMYJIHCHI IPAKTUYIECKH HEPeaJIH-
3yembl. JleiicTBUTEIBHO, UMITYJIBC TOPsiIKa 3Mm/c Amoducy MoxeT cooOImUTh OO0
sLIEPHBII B3PBIB HA €0 MIOBEPXHOCTH, JIUOO CTOJKHOBEHUE C JPYTUM, DOJIee MEeJTKUM
(HO He cammkoM) actepousioM (2, 3|. OgHAKO MpU HAIUMYUAU JOCTATOYHO GOJIBIIOTO
3araca BpeMenn (Kak mpu nepexojie B oosactb TII) Ty ke 3a/1a4y MOYKHO PEIINATH
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C TIOMOIIBIO HECKOJIBKUX JIOCTYIHBIX UMITYJIbCOB, BHIOUpasi UX KaXKJbI pa3 110 TOM
K€ METOJIUKE.
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OcobeHHOCT OTHOCUTEJIHHOI'O ABUN2KEHN A
KOCMMNYIECKO TpOoCOBOMU CUCTEMbI C HENJAEAJIbHBIM
COJ/JIHEYIHbIM IIapyCOM

Podnuxos A.B.
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MockoBCKUilT aBUAIIMOHHBI WHCTUTYT
(HAIMOHAJIBHBIN UCCJIEIOBATE/ILCKUAN YHUBEPCUTET ),
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Karoueswvie caroea: COTHEUHBIN MAPyC, KOCMUYECKasi TPOCOBas CUCTEMA, OTHOCUTETHLHOE J[BU-
KEHUE.

B nacrositiiee BpeMms TeopeTudecKne UCCaeI0BaHNS JUHAMUKNA KOCMUYIECKUX All-
naparoB (KA) ¢ cosHedHBIM mMapycoM Hava i Pean30BbIBATHCS B MPAKTHIECKUX
kocMmuaeckux muccusix [1]. Ilpu arom, Kak B Teopun, Tak U Ha TPAKTHKE, U3y IaeTCsI
BJIMSIHIE COJTHETHON panaliny Ha «rjiobasibHoey asrmkeHne KA, To ecth Ha ero 18u-
JKeHne oTHocuTeIbHO Gosibiux Test Cosaevnoit cucrembl (3emitn, CosHIA, IPYyruX
aner) |2, 3|. OgHaKO, COTHEUHBIH TapyC MOKeT OKa3aThCst 3G MEKTUBHBIM JIBUKe-
TeJleM TaKKe U MPU PEIIeHNH «JOKAJbHBIX» 3aJa4, HallpUMeD, IIPU CTPOUTETbCTBE
WJIN U3MEHEHUN KOH(MUTYPAIUN TSIKEJION TeJIeONEeHTPUIECKON KOCMUYIECKON CTaH-
i (KC), xorma B yciaoBusix Jedunura TOIMBa TPeOyeTcsl MepeMeniaTh rpy3bl
oTHOCHTENIbHO siapa (6asoBoro 6s0Ka) Takoil cranmun. B [4] mokasamo, uro ecim
orpaHnYInTh JBuzKeHne KA ¢ coHeIHBIM TapycoM HEKOTOPON CBSI3bIO, HAIpUMeED,
TpocoM, 3aKkperieHHbIiM Ha KC, To JaB/ieHre COTHEYHON PaIUAIlIN HA TTOBEPXHOCTD
nmapyca Imo3BOJIsieT CO3/I[aBaTh YCKOPEHUE, COCTABJISIONIEE OCTPBIN yroJl C HallpaBJie-
ureMm Ha CoJtHITe, TO €CTh CIIOCOOCTBOBATH JiBUKeHUIO B cTopony Costaria. [1pu stom
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st KC ¢ pajgmycom opbuTs! mopsizika 1 a.e., mapyc, pa3Mepbl KOTOPOTO JIOITyCTUMBI
COBPEMEHHBIMH TEXHOJIOTHSIMU, CIIOCOOEH TepeMeIaTh IPy3bl MacCoi 10 1 TOHHBI
Ha PACCTOsTHUE HECKOJBKUX KHJIOMETPOB 32 HECKOJBbKO JacoB. Heobxommmo, Tem He
MeHee OTMETHUTh, YTO B [4]| paccMOTpeH mapyc ¢ uIeajibHOl OTpasKaromel TOBEePXHO-
CTHIO, B TO BPeMsl KaK pealn3yeMble MUCCHHU HUCIIOIb3YIOT MATEPUAJ, OTPaKAIOIIIHIA
b 90% coHedHOl paauaum.

Eciu caurarh, 9TO TOJBKO OTparKeHHbIE U TOTJIONIEHbIe (DOTOHBI ITePEeIAI0T UM-
MyJIbC COJTHETHOMY TapPyCy, TO CUJIY COJTHEYHON pajuaiiuu, 1efCTBYIONIYIO HA Tapyc,
MOYKHO OIPEIeIUTh KaK

F =Sp|(sn’n+ 1T%nmex , (1)
rje S — IUIOMA/Ib COJTHETHOTO Tapyca, n — eJINHUIHAs HOPMaJib K ILJIOCKOCTHU IIa-
pyca, €, — eIUHUIHBII BEKTOP MECTHOW BepTHKaJM, HampaBiaeHHbiii or CoJsHIa,
ny = (N, e;) — KOCHHYC yrja MexKJy HOPMAJIbI0O K TapyCy W MeCTHON BEpTHKA-
JIbIO, 2 — KO PUINEHT OTParKeHusl, TO—BUIMMOMY, HECKOJIbKO MEHBIINI, IeM CO-
OTBETCTBYIOIIUIT STAJOHHBINH KOIMPUIIMEHT /I MaTepuaJa mapyca, a p — BeJIUIH-
Ha, UMEIOIAst Pa3MEPHOCTh JIABJIEHUsI, HECKOJIbKO MEHBINAasl, ¢ yIeTOM Pa3TUIHBIX
¢daKTOpPOB, B 9aCTHOCTHU, PACCENBAHUS, STAJOHHON BEJIMIMHBI JTABJICHUS COJTHEIHOMN
paJIany Ha UIeAJTbHYIO0 OTPAXKAIOILY 0 IOBEPXHOCTD, OPTOTOHAIBHYIO COJTHETHBIM
JlydaM, Ha paccMaTpuBaeMoM paccrosuuu ot CoJHIa.

[Tpuanmast KO3 DUIMEHT 3¢ HEZABUCAIIIUM OT yTJIa HAKJIOHA Mapyca K MeCTHOMN
BEPTUKAJINA, HETPYIHO YO IUThCs, YTO yroy Mexk 1y F' u e, He mpeBOCXOIUT arcsin .
N3 sToro, B 9aCTHOCTH, CJIemyeT, UYTO ecjim KA ¢ COJTHEUIHBIM ITapyCOM JBUKETCSI T10
HMPSIMOJIMTHETHOMY TPOCY, KOHIIbI KOTOpPOro 3akperieHbl Ha KC, To mpoeKIus yCKo-
peHus, CO3/IaBAEMOTO COJTHEUHON paiualiueil Ha TPOC MOXKET OBITh HAIlpABJIEHA «B
cropony CoJHITa», TOJIBKO €CJU yroJ MeXKIy TpocoM u Harpapjenunem Ha CoJrH-
e Oy/eT MeHbIIe, YeM arccos », TO eCTh UMeEeT MEeCTO sSIBJIeHIe, aHAJIOTUIHOE TOMY,
YTO B IIAPYCHOM CY/IOBOXK/IEHHU 0003HATAETCSA TEPMUHOM <«JIEBEHTUK», O3HATAIONIEM
HEBO3MOKHOCTD JIBUXKEHUsI IIPOTUB BeTpPa IO/ CJUIIKOM OCTPBIM yIJIOM K HAIIPaB-
JIGHHUIO BeTpa.

Ananornanasi curyarus BO3HHUKaeT, Korjga KA ¢ comHedHBIM TapycoM CBsSI3aH
TpocoM ¢ Kakoii-unOyib Toukoit KC. B arom ciyuae nmkenne KA B opouTanbHoit
cucTeMe OTCUYEeTa OIMCHIBAETCs, ¢ yueToM (1), ypaBHeHHeM
1 —

—5 Tl — 2ele,, |+ r, A0, (r,r) <1, (2)

rie r — 6e3pa3MepHbIil pajnyc BeKTop KA, A — muoxkurens Jlarpan:ka, € — MaJIblii
apamerp, orpeessieMblii opouTabHbIM JBHKeHneM KC, e, — opT, HaIlIlpaBJI€HHbIHI
neprerauKkyasspao opoutre KC, a mrpuxoMm ob0o3HatUeHA TPOU3BOIHAS 110 CIEIIAA b
HOMY Oe3pasmepHoMy BpeMenu. Eciu HazBarh Omxkaiiiiyio K CoJHIly TOUKY cde-
pol (7,7) = 1 «IOXKHBIM TIOJTIIOCOM», & MPOTUBOIOJIOXKHYIO €if TOUKY — <«CEBEPHBIM

r" = xn’n +
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IOJIFOCOM », TO OKAaXKeTCsd, YTO COJIHEYHBIN IMapyc He MOXKET CO3JlaBaTh YCKOPEHUE,
HalpaB/ieHHOe «B cTopoHy CojiHIIa» B IIpeeax HEKOTOPOro SKBATOPUAJIHLHOTO I10-
sgca. Kpome Toro, HeKOTOpasg OKPECTHOCTH <«IOXKHOI'O TOJIIOCa» OKa3bIBAeTCHA HEJO-
CTYIIHOM JIJISI MAATHUKOBBIX JIBUXKEHUI C IIOCTOSTHHO OPUEHTUPOBAHHBIM COJTHEYHBIM
[IapyCcoM.
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3aMKHYTbIE TPAEKTOPUN MEXKIIJIAHETHBIX IepeJIETOB
C COJIHEYHBIM ITapyCoOM
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Karouesvie caoea: OnTumMaibHble TPAEKTOPUH, TEIUOIEHTPUIECKUN TIEPEJIET, MOAETUPOBa-

Hyue JIBUXKCHUSA.

B pabore paccmaTpuBaroTcs 3aMKHYThIE TPAEKTOPUN JIBUYKEHUS COJTHETHOTO TIa-
pyca, ¢ IIOMOIIBIO KOTOPBIX KOCMHYECKUIl aIrapaTr CMOXKET HEIPEPBIBHO KYpPCHUPO-
BaThb OT OJIHOI ILIAHETHI K Jpyroit. [IpemaraeMbrit psiji TPAEKTOPUl MEXKIy 3eM-
Jiefl 1 TTaHeTaMu 3eMHOI T'PYNIBI, MTO3BOJUT CHOPMUPOBATH IMOCTOSTHHBIN ITOTOK
rpy3a IpHU UCIOJH30BAHUN HECKOJIBKUX alllapaTOB OJHOBPEMEHHO. 1paeKTopuu B
JaHHO! paboTe ObLIM TOJyYeHbl MyTEM ONTUMU3AINU 110 TPUHITAIY MAaKCUMyMa
[ToaTpsruna.

JlocTaBKa rpy30B COJIHEYHBIM IIapyCOM.

Cosnnednble mapyca, HECMOTPSI Ha MAJYIO TATY, UMEIOT PsiJi TPEUMYIIECTB I10
CPaBHEHUIO C JPYTUMHU CPeICTBAMU IePeIBHKEeHNsl B KocMmoce. VX BbICOKast mac-
coBasi 3PPEKTUBHOCTh O0YCIABINBAETCSI OTCYTCTBHEM HEOOXOJIMMOCTH B TOILINABE,
YTO SIBJISIETCS BasKHBIM (DAKTOPOM JJIsT JIINTEIbHBIX MUCCHiL. T PaauiimoHHO cOTHE -
HbIE TIapyca IMPUMEHAIOTCS JIsi OCYIIEeCTBIEHUsI BHICOKOIHEPIeTUIECKIX IIePEIETOB
kK Couraity, (pOpMUPOBAHNS CHUHXPOHHBIX CTAIIMOHAPHBIX IMTUPOTHBIX OPOUT WM Ha-
fopa CKOPOCTH JjIsi yBOJa KopabJisi 3a IpeJiesibl coiHednoit cucreMsl [1]. OaHako,
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CyIIEeCTBYIOT pabOThI, HMOATBEP:K atoine 3HEHEeKTUBHOCTb UCIOJIb30BAHUS COJTHEY-
HOI'O [Iapyca JIJIsi TPAHCIOPTUPOBKHU I'PY30B IIPU MHOTOPA30BOM UCIIOJIb30BaHuu |2|.
Takum 0b6pa3zoM ObLIN CIIPOEKTHPOBAHBI IEJIbIe IIPOEKTHI 110 JOCTABKE IPYHTA C II0-
BEPXHOCTH Pa3JMYHBIX IJIAHET Ha 3eMJII0 IPU HOMOIIU JaBJIEHUsT COJTHEYHOIO CBe-
ta [3]. UccienoBanusi B 061aCTH TOCTPOEHUST ONITUMAIBHBIX TPAEKTOPHIA sl JTaH-
HOT'O KJIaCCa MUCCHU IIPOJIOJIZKAIOT ITPEIOCTABIATH HOBbIE PE3YJIbTaThl U TPACKTO-
punu [4].

3aMKHYTbIE€ IIEPEeJIETHI C TapyCOM.

CymiectByiomnue pabOThI 0 U3YYEHUIO MEXKILIAHETHBIX IE€PETETOB COJTHEIHO-
ro mapyca C BO3BpAIICHUEM Ha 3€MJII0 BKJIIOYAIOT B ce0s OXKUJIAHUE JATbl CTApTa
JIJIsT OCYTIECTBJIEHNUS ONITUMAIBLHOTO TEPEJIETA TIO OBICTPOIEHCTBUIO U B CJIEJICTBUE
HEKOTOPBIX orpanndenunii. O IHAKO, CYIIECTBYIOT TPACKTOPUH, KOTOPhIE TO3BOJISIOT
KOCMHUYECKOMY aIlllapaTy COBEPIIATH MPOJETHI BOJIM3U TeJIEBO TJIAHETHI U BO3BPa-
MAThCs K HAYAJBHOU 0e3 OXKHUJIAHUA U ONTUMAJIBHO IO KPUTEPUI0 MUHUMUIAIUN
Bpemenn [5]. B mamHOi#t pabore cTPOsSITCS NMEHHO TaKue TPAEKTOPUU € UCIOIH30Ba-
HUEeM IpUHIUIIa MakcuMyMa [JoHTpsruaa, KoTopbie MO3BOJISIOT COJTHEYHOMY TapyCy
OCYIIECTBJISITh HEMIPEPBIBHBIE TIEPEIETHI MEXK Ty 3eMJIEi u 1esieBoii mianeTs (Mapc,
Benepa, Mepkypuit). Pesyabrarbl cpaBHUBAIOTCSI C W3BECTHBIME TPAEKTOPUSIMHE JIJIsT
AHAJIOTTYIHBIX TIEPEIETOB, MIOKA3bIBasd UX JTOCTOMHCTBA U HeJocTaTKu. Jlomoranreb-
HO, [IPU TOCTPOEHUN TPAEKTOPHII YIUTHIBAIOTCS TeMIepaTypHble orpaHundenus [6]
U HeuJea bHOCTh oTpazKkatolreil mosepxuoctu |7|. IlosydenHbie pesysbraTbl MOIYT
OBITH UCIIOJIL30BAHBI JIJIs ITPOCKTUPOBAHUS TPAHCIIOPTHON CETH KOCMUYECKUX alllla-
PATOB C COJITHEYHBIM ITAPYCOM, BBIIIOJIHSAIONINX JTOCTABKY I'Py30B OT 3eMJIU K TIJIaHe-
TaM 3€MHOU I'PyNNbIL.

JIutepatypa

[1] Honsixosa E. H. KocMuueckuii mOJET ¢ COJHEBIHM TAPYCOM: ITPOOJIEMBI U MEPCIIEK-
tuBbl. M.: Hayxka., 1986. 304 c.

[2] Robert H. F. Solar Sails for Mars Cargo Mission // AIP Conference Proceedings,
2002. Vol. 608, pp. 374-380. doi: 10.1063,/1.1449747

[3] Hughes G. W., Macdonald M., Mclnnes C. R., Atzei A., Falkner P. Sample return
from Mercury and other terrestrial planets using solar sail propulsion // Journal of
spacecraft and rockets, 2006. Vol. 43(4), pp. 828-835. doi: 10.2514/1.15889

[4] Vergaaij M, Heiligers J. Time-optimal solar sail heteroclinic-like connections for
an Earth-Mars cycler // Acta Astronautica, 2018. Vol. 152, pp. 474-485. doi:
10.1016/j.actaastro.2018.08.008

[5] Mmkos C. A., Munokymosa O. JI., Caamun B. B. OnTumusanusi 3aMKHYTBHIX Me¥XK-
IJIAHETHBIX TepesieToB 3eMuisi-Mapc-3emutst ¢ manoit tsroii // Kocmuyeckue ncciieio-

Banms. 1995. Ne33(2). C. 210-219.



166 Cexkrust 2 (Section 2)

[6] Chernyakina I. V., Rozhkov M. A., Starinova O. L. Influence of temperature
restrictions on the heliocentric motion controlling of a solar-sailing spacecraft //
InIOP Conference Series: Materials Science and Engineering, 2020. Vol. 984, No. 1,
P. 012027. doi: 10.1088/1757-899X /984 /1/012027

[7] Xa6bubynnmua P. M. Ilporpamma ynpaBieHus [ijisi HEKOMILUIAHAPHOT'O IeJIMOIEHTPU-
YeCKOro Iepesiéra K BeHepe KOCMHYECKOro amnmapara ¢ HEUJIEAJTHbHO OTPAaXKAIOIIAM
conHeuHbIM apycoM // Becrauk Camapckoro yHuBepcuTera. ASpOKOCMUYECKasl TeX-
HUKA, TeXHOIornu u MamuHocrpoerne. 2019. Ne18(4). C. 117-128. doi: 10.18287/2541-
7533-2019-18-4-117-128

I/ICCJIG,ZLOBaHI/Ie BO3MO>KHbBIX 00JIacTeil HaKOIIJICHUS
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Karwuesvie caosa: HaKOIIEHHE KOCMHYECKUX Macc, CosHeuHast CHUCTE€Ma, MaTepuaJibHad
TOYKa, YMCJIEHHOE€ MOJJEeJIMPOBaHME, 30HbI CKOILJICHHA MacCC, FpaBI/ITa]_I‘PIOHHbeI 3axXxBaT Ya-
CTHL, CKOIIJIEHU A IIBIJIN.

Kocvmuueckne macchbl, MaJjible Tejia: acTePOUJIbI, YACTUIBI U O0JaKa NbLIH Ha-
MOJTHSIOT MeXKITaHeTHoe mpoctpancTBo CosiHednoit cucrembl. /o cux mop HeT of-
HO3HAYHOI'O OTBETA, MOYEeMy BMECTO OJHOI IJIaHEeTHhI Mbl UMEEM CTAaOMJIbHYIO KOH-
durypaluio mosica acTepouI0B ¢ HeboabimuMu Tesamu Bpoje Ilepepsr. Ectb MmHOTO
ruroTes 0 (hOpMUPOBAHUN TTOSICA.

Harme uccnenoBanmne narmpaB/ieHO Ha udydeHue Borpoca dhopmupoanus CoJi-
HEYHOW CHCTEMBI U TOJIyYeHre 3HAHUi O 3aCeIeHNH MEXKILIAHETHOI'O ITPOCTPAHCTBA
HebecHBIMU TejlaMu. [IpuamHaMu wHTEpeca K 3TOil Teme SIBJISIIOTCs U3ydeHue KOC-
MUYECKOTO MPOCTPAHCTBA B MPAKTUIECKUX IIEJISIX, BBISCHEHNE PEAJHLHOCTH KOCMU-
JeCKUX YI'PO3, & TaKyKe BO3MOXKHOCTB, UCIIO/Ib3ysl HOBbIE 3HAHUsI O MAJIBIX TeJax,
MPOSICHUTDH MoJiesin dBoJroruu COTHETHON CUCTEMBI B IIEJIOM.

[enbro maHHOrO MCC/IETOBAHUS SBJISETCS IMOUCK TPACKTOPUI MaJIbIX HEOECHBIX
TeJsI, HavaJbHas MapaboImIecKas CKOPOCTh KOTOPBIX M3-3a IMPOJIETA 30HbI BIUSHUS
FOmurepa ymeHbIIUTCS 10 CKOPOCTHU, OJU3KOI K KpPyrooit orHocuteabuo CoJHia,
co3/1aBasi TEM CAMbBIM 30HBI CKOTLJIEHUS IIBLIU Ha OIIPEJIeICHHBIX OpOUTaX.

TpaekTopun MaJIbIX KOCMHYECKUX TeJ, MpuObBaomux B COTHEIHYIO CUCTEMY
u3 ri1ybOKOro KOCMOCA, U3YyYaJINCh B paboTe B IIJIOCKOM CJIydae Ha OCHOBE BO3MY-
mennoit 3ajaun Kemnsepa. YaureiBasgock nputsxkenune Cosuia, FOuurepa u, B 1a-
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CTHU UCCJIe0BaHusI, 3eMJn. B mporiecce 9uCcIeHHOTO MOJIEJIMPOBAHUsT CUCTeMa JTUd-
depeHInaIbHbIX ypaBHEHUI JIBUKEHUSI perrajgach MeTonoM PyHre—KyTTel msaroro
MIOPSIJIKA C ABTOMATUYIECKUM BBIOOPOM Imara. lIporpammvuo-armapaTHBIT KOMILIEKC
peasim3oBaH aBTOpaMu Ha sA3bike C.

[Ipu ucciieqoBanny ABMKEHNE YACTHUIL MOAEINPOBAJIOCH U3 oOKpecTHOCTH FOmm-
Tepa, a 3aTeM POCUYNTHIBAJIOCH BIIEPEI BO BPEMEHHM HA HPOTIKEHUN HECKOJbKUX
coreH JieT, ecyn FOmmrep CyImecTBeHHO CHUXKAJI CKOPOCTh JIBUKEHNS YACTHUIIBI OTHO-
curesibao CoJTHITA, U HAa3a/ BO BPEMEHH, /Il BISICHEHUsI, 13 KaKOil 00/I1aCT IaCTUIIA
IpuIeTea.

B pesynbrare uccieioBanus onpejesieHa 30Ha 3aXBaTa — 00JIaCTh B IIPOCTPAH-
CTBE IapaMeTpOB 3aJa9l, HAXOIsCh B KOTOPOIi, Tejia monaaaioT no Biausane KO-
Tepa U MPOJIOJIXKAIOT JTaJIbHEIee IBUKEHNEe Ha OKOJIOKPYTOBBIX U SJIIUITHIECKIX
opburax Bokpyr Couaiia. [TocTpoenb! rpadukn IBUKEHUS YACTHUIL C PA3TUTHBIM KO-
JITYECTBOM TE€PTYypPOAIMOHHBIX MaHeBpoB oTHocuTeibHO FOtmrepa u Cosana. Ilo-
CTPOEHO pacIipe/ie/ieHne U3MEHEHUsT SKCIIEHTPUCUTeTOB MaJbix Tesr 3a 100 u 1000
JIET ¢ yI€TOM BIUSTHUSA TOJbKO FOmmrepa, a Takx)ke ¢ yuérom Biangaus HOnurepa u
Semtn.

3aj1atda JIOIyCKaeT pa3BUTHE: IPOBEIEHNE UCCIeI0BaHUsI ¢ 00jIee TOIHOI TPEX-
MEPHOIT MOJEJIbI0, YIETOM IPUTAXKEeHUsT OOJIBIIEro 4ucJia IIaHeT W Ha Oojiee JIH-
TeJIbHOM MHTEpPBaJie BPEMEHH.

A nnabarnyeckoe NpudbIMKeHne Y n3J0Ma IIPHU
N3y9YeHUN PEe30HAHCOB CPeAHUX JIBUKEHUII
HeOeCHBIX TeJl

Cudopenxo B.B.
sidorenk@keldysh.ru

Nucruryr npukiaaaoit marematuku um. M.B. Kennpima PAH,
125047, Poccuiickass @enepanust, Mocksa, Muycckast ., 4

Knouesvie crosa: pe30HAHCHI CPEJIHUX JIBUXKEHUH, anabaTndecKne NHBAPUAHTHI, BEKOBAas

SBOJIIOITIS

Ecnan B HEKOTOPOIT 11aHETHO MJIM CIIyTHUKOBOM CHCTEMe OTHOIIEHUE TIePUOIOB
obpallleHnsl JIByX TeJl BOKPYD OCHOBHOIO TeJia (3B€3/bl WJIN ILIAHETHI) MpUOJIN3H-
TEJbHO PaBHO OTHOIIEHUIO JABYX MAaJIbIX IIeJIBIX YUCEeJ, TO TOIJa I'OBOPAT, YTO 9TU
TejIa HaXoJATCs B pe3oHaHce cpeauux gpvxkenuii (PCJI). Ilpu pesonance cpeaHmux
JBUKEHWI BJIUSHUE B3aWMHBIX BO3MYIIEHUH ycuamBaeTcd. B ogHUX ciydasx 3TO
JIeJIaeT CUCTEMY HEYCTONYHMBOMN, B JIDYIMX, HA0DOPOT, YCUIUBAET YCTOWYMBOCTL (B
YACTHOCTH, TIPEJIOTBPAIIAET TECHbIE COTMKEHNS ).

B GosibmuHCTBE CiTydaeB cOBpEMEHHbIE aHAJIUTUYECKHE UCCIIEIOBAHNS PE30HAH-
coB cpeauux npmkennit (PCJ/l) B paMkax orpaHMYeHHON MM HEOTDAHIMIEHHON 33,18
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YU TPEX TeJI ONMUPAIOTCs HA Pa3IUIHbIe MOAUMUKAIINN «BTOPOH (DyHIaMEHTAJTHHON
Moziesin pe3oHancas [1]. Jlannast Moiestb IpUMEHNMAa TOrJIa, KOT/Ia IKCIEHTPUCUTETHI
1 HAKJIOHEHHUSI OPOUT TeJI, JIBUKYIIUXCS B PE30HAHCE, JIOCTATOYHO MAJbl — ITOPHI-
Ka HEKOTOPOI CTeIeHN MAJIOTo ImapamMerpa 3aJadu, KOTOPHIM sBJISETCsT OTHOIIEHMe
MAacCChl 9TUX TeJI K Macce IEeHTPAJIbHOIO TeJIa.

B nocnennne necaruiernss XX Beka CTaJO IMOHATHO, YTO HPH U3YUYEHUHU PE30-
HAHCHBIX 9((HEKTOB B IUHAMHUKE HEOECHBIX TeJ MOJE3HO IPUHUMATh BO BHUMAHUE
IIOBe/IeHIe TTPUOJIMKEHHBIX HHTEIPAJIOB IBUXKEHUSI, HA3hIBAEMbIX 8/ 11a0aTHIeCKIMU
MHBapUaHTAMMA.

CranmaprTHas cxema IMOCTPOEHUs aInabaTUIeCKOro MPUOINKEHNST, TTPEIJTIOKEeH-
Horo JIk. Yusmomowm [2| mist ucciemoarust PCJI, B KauecTBe mepBoro mara mpeji-
[oJlIaraeT yCpeJHEHHE 10 CAMOMY OBICTPOMY JIMHAMUYECKOMY IIPOIEeCCYy — IO Op-
OUTATBHOMY JIBUXKEHUIO HEOECHBIX TeJI (C y9YeTOM MMEIOIIENHcsl COM3MEePUMOCTH ). B
YCPETHEHHBIX YPABHEHUAX JIBUKEHUS HEOOXOIMMO BBIJIEIUTH OJICUCTEMY, OIHCHI-
BAIOILYIO JIMHAMUYECCKUNA IPOIECC «IIPOMEZKYTOYHOI» BPEMEHHON MIKAaJIbl — U3MeHe-
HIe pe3oHaHCHON da3bl. /lanHas mojcucreMa MoKeT ObITh HHTEPIPETUPOBAHA KaK
raMIJIBTOHOBA CUCTEMA C OJIHOM CTEIeHbIO0 CBOOOIbI, B KOTOPYIO MeJJIEHHO U3MEHSIIO-
IIecs IepeMeHHbIe BXOJIAT KaK napamerpbl. CieoBaTe/IbHO, 3HAUEHHUE TIEPEMEHHOM
«JIeficTBHEe» 3TON TaMUJIBTOHOBOII CHCTEMBI OyAeT aanadaTuIecCKUM HHBAPUAHTOM.
Anajin3 ToroJIorun JIMHUN YPOBHS yKa3aHHOIO a1nabaTuiecKoro HHBAPUAHTA B IO/
MIPOCTPAHCTBE MeJ/JIEHHBIX ITePEMEHHBIX JIACT MPEJICTABIeHNEe O XapaKTepe BEKOBOI
sBoJIOIUN opouT HebecHbIx Test mpu PCJI.

Omnucanne PCJI B momxome Yusmoma IIOJHOCTHIO SKBUBAJEHTHO TOH KapTHHE
pPe30HaHCHBIX 3(PHEKTOB, KOTOpas MPUBOJUTCA B PYKOBOJICTBAX IO COBPEMEHHOM
TEOPUH TAMUJIBTOHOBBIX cUCTeM (CM., Harpumep, [3]). [Ipumedarenbro, 910 1101X0/T
Yuzjioma IpUMEHUM B MAJIOUCC/IEJOBAHHOM CJIydae PE30HAHCHBIX JIBUKEHUI ¢ 60J1b-
IMIAMU HAKJIOHEHUSIMU U dKcieHTpucureraMu. CJI0KHOCTD /I MTOJ00HOTO I0JIX0/1a
IIPEJICTaBJIsIET CUTYaIlisl HEeIMHCTBEHHOCTU PE30HAHCHBIX PEXKUMOB JIBMKeHUs. B
YaCTHOCTH, B TAKOW CUTYyaIlMu HEOOXOIMMO BBIJIEJIUTDH 00JIacTh (pa30BOro MpPOCTPaH-
CTBa, TJ/Ie PE30HAHCHBIE PEKUMbI MOTYT COCYIIECTBOBATH, CPABHUTH BEPOSITHOCTH
3axBaTa B Pa3jIMIHbIE PE30HAHCHBIE PEXKUMBbI JIBUKEHUS U YCTAHOBUTH, BO3MOXKEH
JIV TIEPEXOJT, MEeKTy 9TUMU pexkuMmamu. VIHTepecHble TpuMephI IPOSIBJIEHNAST YKa3aH-
HBIX 3(PHEKTOB MOXKHO HANTHU B JIUHAMUKE PeaJIbHBIX HEOECHBIX Tel.

B 2014-2020 rr. aBTOp MCHOJB30BaJ MOAXOM, ¥ U3JI0Ma JJId U3yUeHUs Pa3JImd-
HBIX BeKOBBIX 3 derToB npu PCJIL 1:1 B paMKax orpaHmYeHHOI 3a/1a9i TPEX TeJI.
B [4] 6pun ycramnoBsieHbl ycsioBusi (DOPMUPOBAHUS U PA3PYIIEHUs KBASUCITY THI-
KOBBIX PEXKHMOB JIBHXKeHUsI HeOecHBIX Tesl. B [5] ¢ momompbio mojaxoma Yusmoma
MCCJIEJIOBAHA BO3MOYXKHOCTD IIPEOOPA30BaHUS Yy ACTEPOUIOB- « TPOSTHIIEBY JIBUKEHUST
B OKPECTHOCTH TOYKHU L4 B JBUKEHNE B OKpeCcTHOCTH TOUYKM Ly (1 Haobopor). B (6]
paccMaTpuBaJiach CUTYaIlNs, KOT/Ia IJIaHeTa U aCTEPOU/T JIBUKYTCs 10 OJTUBKUM Op-
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OuTaM, HO B IIPOTUBOIIOJIOXKHOM HalpaBeHnn. KpaTkuii 0030p 3TUX MCCJIeTOBAHIIMA
OyzieT HArJIsIIHON AeMoHCTparmeil 3(@OEeKTUBHOCTU TOAX0/1a Y U3I0MA.

Asrop Beipaxkaer PODU 6iarogapHocTs 3a (PUHAHCOBYIO TOJIEPKKY (IpaHT
20-01-00312A).
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O cOnmKkeHHnsIX U coyJapeHnsdaX acrepoudoB c JIyHoii
1 IIJIaHETaMU

Coxonos JI.JI., Baasiee U.A., Kymeesa I''A., IlemposH.A.,
dckun B.B.
l.sokolov@spbu.ru, g.kuteeva@spbu.ru, balasteravan@yandex.ru,

petrov@astro.spbu.ru, esk@astro.spbu.ru
Cankr-IleTrepOyprckuit rocy1apCTBEeHHBI YHUBEPCUTET,

199034, Poccuiickas Penepanus, Cankr-IleTepbypr, YuuBepcurerckas Hab., 7—9

Kaoueswvie crosa: acteponsibl, coyllapeHus, COMMMKEHUS .

e HacToOAmIE pabOThI — HAXOXKJIEHUE W HCCJIeIOBaHNE BO3MOXKHBIX COY/Ia-
peHuil U COMMKEHU acTepousioB ¢ 3emJeit, JIyHoit u ApyruMu rjaaHeTaMu, a TaK-
JKe OIeHKa BEPOSITHOCTHU 3TUX coObITHil. Perrenne 3tnx 3aj/1a4 BaykKHO JIJIst obeciie-
JeHHUsI aCTEPOUIHON 0e30MaCHOCTH 3eMJId, 9TO SIBJISIETCS CETOJIHSI OJHON U3 aKTy-
AJBHBIX TPOOJIEM. DTOI TeMe IOCBSIIIEHO OrpoMHOe 4uucyio pabor. Muoro muadOp-
Mamuu 00 OIACHBIX aCTePOUIAX HPUBOIUTCS HA PErYASPHO OOHOBJISIEMOM caiiTe
cneos.jpl.nasa.gov/sentry/ (caitr HACA). B Hacrosiiiiee Bpemsi U3BECTHO MOPSIIKA,
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TBICSTIN aCTEPOUI0B C HEHYJIEBON BEPOSITHOCTHIO COyJIapeHusi ¢ 3emMiieil B OJmKaii-
mwe cro Jjer. B pabore [1]| uznoxkeH meros BbIIEIEHUS] TPAEKTOPU COyIapeHuUs:
acTeponI0B C 3emJeil, padpaboTaHHbI Ha Kadempe HeOecHOl mMexanuku CaHKT-
[TeTepOyprckoro rocy1apCTBEHHOIO YHUBEPCUTETA, IIPUBOISATCS IIPUMEPHI €10 IPH-
MeHeHnsi. CpaBHEHHE Oy YeHHBIX PEe3YJIbTATOB C JaHHBIMU, IPUBEIEHHBIMEI Ha, Caii-
re HACA, nokaspIBaeT B II€JIOM XOPOIIEe COBIIAJIEHNUE JJIsi OOJILIIMHCTBA UCCIIEI0-
BaHHBIX HamMu acTeponioB. OOBITHO HAM y/IaBaJIOCh HAWTU CYIIECTBEHHO OOJIbIIe
BO3MOYKHBIX COyJAapeHuii ¢ 3emieit, ueM OBLIIO U3BECTHO paHee. B To ke BpeMst pas3-
pabOTaHHBIN METO UMeeT OOJILITYIO BBIYUC/IUTETbHYIO TPYIOEMKOCTD, U Mbl CMOTJIH
O IPOOHO UCCJIEI0BATH BCETO HECKOJILKO OITaCHBIX acTepon10B. OCoOEHHO MHOTO pe-
3yJITATOB OBLIO MOJIYIeHO HAMHU 10 3HAMEHUTOMY acTepouay Armoduc.

Henasno na xkadeape nedbecnoit mexanuku CIIOIY 6b11 paspaboran HOBBII po-
FpaMMHbeI KOMILJIEKC JdJIg ITPOI'HO3UPOBaHUA JBUZKCHMA aCTEPONI0B, HaXOXKICHM I
BO3MOXKHBIX COJIMZKEHUN U COyAapeHuil ¢ mraneTaMu, 061810t O0JIbITUM OBICT-
pogeiictBueM [2]. BeicTpojieiicTBre 06yc/IOBIEHO T€M, YTO B MOJHON Mepe UCIIOJIb30-
BaHa OIHOTHUITHOCTH IIPOBOIMMBIX BBIYUCJIEHUM, BO3MOXKHOCTh paciiapa/lie/InBaHUs
u T.11. B cTarhe npuBeeH mpuMep OMEHKH KyMYJISTUBHON BEPOSTHOCTH COYTapeHUi
¢ Jlynoii n mraneramu CoJTHEIHON CUCTEMBI JIJTsI JIBYXCOT OMACHBIX aCTEPOUIOB (pas-
Mep Oosibire 30 MeTpoB, KyMY/JIATUBHAS BEPOATHOCTD COYIapeHUs C 3eMJell ¢ caiiTa
HACA 6osbie oH0# CTOMIJLUINOHHO) Ha nHTEpBase Bpemenu 10 2132 roma. Dax-
TUYECKU UCIOJIb30BaJica MeTosl Monte-Kapao. lia Kaxk10ro acTeponia BbIYucJIeHO
107 Tpaexropumii. Cpasrenue ¢ janabiMu HACA s coymapenuii ¢ 3emireii mokasa-
JIO B TIEJIOM YJIOBJIETBOPUTEILHOE COTJIACHE.

B macrosimeit pabore Mbl IPUBOJIUM M OOCY2K/Ia€M HEKOTOPbIE APYTHUE PE3yJIb-
TaThl, TTOJIy9eHHbBIE C MCIIOJIb30BaHUEM HOBO# mporpaMMbl MeTosiom Moute—Kapiio.
ﬂﬂﬂ pAda OIIACHBIX aCTEPONJI0B IMOJIYIEHBI KYMYJIATUBHBIC OINCHKNU BepOﬂTHOCTeﬁ
commzkennit Ha 100 n 10 paJimycoB COOTBETCTBYIOIIEN IJIAHETHI; TOJIYYEHbI OIEHKH
BEPOSITHOCTEN COy/IapeHnst B HEKOTOPOM TOJTY.

Hampuwmep, gnas acrepoumpa 2008 EX5 mosydeHbl Tpu BO3MOXKHBIX COyAape-
mng ¢ Jlynoit: 09.10.2050 ¢ BepositHOCTBIO 0.31 - 1072, 09.10.2077 ¢ BEpPOATHOCTHIO
0.46-107°, 09.10.2093 c BeposTHOCTHIO 0.14-107°. Panee na Kadeape HeGeCHOI MeXa-
urku CIIOI'Y ¢ ncnosb3oBanmeM craporo Metosa |1] 66ut0 HaligeHO 12 BO3MOXKHBIX
coynapennit 2008 EX5 ¢ JIynoii 3], u3 Hux Tpu oCHOBHBIX (¢ GOJIBIIMMU pa3Mepa-
MU IIeJIelt, BeLyInuX K COyIapeHusiM) TI0 JJATaM COBIIAIAIOT C BBIIEIPUBEICHHBIMH,
OOJIBITIUM BEPOSITHOCTSIM COOTBETCTBYIOT OOJibIlie pa3Mepbl mieseit. Ocrasibubie 9
coyJlapeHnil UMEeIOT pa3Mephl Ieseil Ha 1-3 mopsiKa MeHbIIIE.

st acreponma 2003 UQ25 kpoMe coymapennii ¢ 3eMJeil IMOJIyIeHO COyIapeHme
¢ Mapcom 19.11.2112 ¢ BepoaTaocTbIO 1.0 - 1077,

Jst acreponia 2011 QF48 kpome coynapenuit ¢ 3emiieii MOJIyIeHO COyAapeHne
¢ Mapcom 15.06.2117 ¢ BepoaTaocTbIO 1.0 - 1077,
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s acrepongia 2019 BES kpome coynapenunit ¢ 3emiteit u JIyHoit rmosrydeHno asa
coynapenus ¢ Benepoit: 27.03.2047 ¢ BepoaTrocThio 1.0 - 1077, 04.11.2071 ¢ Bepo-
araoctbio 1.0 - 10~7, u Tpu coymaperns ¢ Mepkypuem: 20.07.2067 ¢ BEpOSTHOCTHIO
2.0-1077, 13.11.2078 ¢ BeposaTHOCTHIO 1.0-1077, 31.12.2114 ¢ BeposiTHOCTHIO 1.0-1077.

Hay4noe wncciemoBanme mpoBejieHO mpu nojiepkke Poccuiickoro donma dys-
JaMeHTaJIbHBIX ucciaenoBannii, rpant Ne 19-32-90149.
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AHann3 nepuoanvYecKnx Ko-OopOnTaJIbHBIX
ABU2KEHUI B 3ajiade TPEX TeJl
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Kmoueswie caosa: Aduyc, duumereit, 1o IKOBOOOPA3HbIE TPAEKTOPUN, OPOUTATIBHAS YCTOOM-

YUBOCTD.

[Tnanera CaTypH 3aMedaTeibHa HE TOJHKO CBOUMU KOJIbIIAMHI, HO M CEMEHCTBOM
6oJtee 80 CIIyTHUKOB C Pa3JIMIHBIMU YHUKAJIbHBIMU cBoMicTBaMu. OTKpbIThIe B 1966
roay necarbiit cnyrauk Carypra fuyc m depe3 12 jer ofumHHAINATHIA CITYTHUK
DuumMeTeil, IBUTAsCh MO OJM3KUM OpOUTAM, MEHSIOTCS OpOUTaMM IIPUMEDPHO KaK-
JIble YeThbIpe 3eMHBIX Troja. TakK YTO IPUMEpPHO KaXKJble BOCEMb 3€MHBIX JIET OHU
BO3BpAIIAlOTCs K UCXO/IHOM KoHpuryparmu. Bo Bpariaromeics cucreme KOOpuHaT
X OPOUTHI UMEIOT ITOIKOBOOOPaA3HYI0 POPMY.

B pab6ore [1| merogamu KAM Teopun mcciieioBajicss BOIPOC CyIIECTBOBAHUS U
ycroitunBocT 1uX Tpaekropuii. Teopuss KAM mpumensiercss K IJIOCKOI 3ajade
TPEX TeJ JJIsi JOCTATOYHO MAaJIOr0 OTHOIIEHMSI MAcChl JIYH K Macce IeHTPaJbHOIO
Testa. AcTpoHOMIYECKHe HAOJIIONEHUs TpaeKTopuil SlHyca 1 DmuMeTest OIpeIeIsioT
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UHTErpUpyeMoe MpUOINKEHNe JIjIsd STON JIMTHAMUYIECKON CUCTEMbI — JIBE€ HE3aBHUCH-
Mble 3a7a4u Kersepa. B camom fesie, JiBe JIyHbI MEHSIOT CBOM OPOUTHI, JIOCTUTHYB
OTHOCHUTEJILHOTO paccTosgHus, mpesbimaiomero 10000 kM, KoTopoe ropas o 00JIbIie
UX COOTBETCTBYyIOIEeH chepbl Xusa ¢ paauycom okosio 150 kM. CreroBaresbHO,
rPABUTAIMOHHOE BJIUSHUE TIJIAHETHI JOMUHUPYET B OPOUTAJILHOU IUHAMUKe fHy-
ca u JdnmMeTesi, B TO BpeMs KaK UX B3aUMHOE MPUTIKEHUE PACCMaTPUBAETCA KaK
BosMmytierue. B ornmuame ot paccmorpenuoit B.M.ApHosbiioM 3a1aqu TPEX TeEN C
HEBO3MYIIIEHHBIM TaMUJIBTOHHAHOM, COOTBETCTBYIOIIEM HEPE3OHAHCHBIM KeIJIePOB-
CKUM OpOUTaM, B pacCMaTPUBAEMOil MOJIE/IM UMeeT MeCcTO pe3oHanc 1:1.

[Tenbio HACTOsIIIENH PAOOTHI ABJISETCS aHAIN3 PA3IUIHBIX TUIIOB TIEPUOTNIECKUAX
KO-OpOUTAJIBHBIX TTOJIKOBOOOPA3HBIX JBUXKEHUI U BhISICHEHUE JIMAIIA30HOB UX CYIIe-
CTBOBAHUsI U YCTOMYMBOCTH B IPOCTPAHCTBE mapamerpoB. IIpu aTom obcyxkiaercs
TaK>Ke BOIIPOC O HEOOXOIMMOCTU TPeDOBaHMS BBIIIOJHEHUsT YCIOBUsI MAJIOCTA OTHO-
IMEeHUs MAaCChl JIYH K Macce IeHTpaJbHOro Teja. PaccmarpuBaeMas cBoeoOpa3Has
JMMHAMUKA WHTEPECHA HE TOJBKO B UMCTO TEOPETHUIECKOM aCIIeKTe, HO U BO3MOXKHO-
CTHIO TPAKTUYECKOTO UCIOJIb30BAHUSA B KOCMUYECKOI HABUTAIIUN.

Hay4anoe ucciienoBanme TpOBEIEHO TPHU YACTUYIHON Tojjep:Kke Poccuiickoro
dona dyHIaMeHTaIbHBIX nccaemoBanmii, rpant Ne 18-01-00887.
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Banganue HaBOAMMOI'O Ha IIOBEPXHOCTHU COJIHEYHOI'O
IHIapycCa 3JIEKTPUYIECKOI'o 3apdada Ha €ro
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Karouesvie cro6a: KOCMUIECKUI amlliapaT, COJTHEYHBIN ITapyC, HaBEIEHHBIN JTIEKTPUIECKUA

3aps/1, TPOYHOCTD.

PaccmarpuBaeTcss kocMudecknit anmapaT ¢ COTHEYHBIM mapycoM. PaccanTwiBa-
eTCs TJIOTHOCTH 3JIEKTPUIECKOTO 3apsjia, HaBEJEHHOIO Ha IOBEPXHOCTHU Mapyca B
IPOIIECCE €ro JIBUXKEHMSI B ILJIa3Me OKOJIOCOJIHEYHOI'O IIPOCTpaHCTBa. AHaaIu3npyer-
Cs BIIMsHUE HABEJIEHHOIO JIEKTPUYECKOTO 3apsijia Ha IMPOYHOCTh Mapyca Ha pa3pPbIB.
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KA c comHeyHbIM mapycom.

PazBuTne kKocMHUECKHX WCCJIEIOBAHUM, OCOOEHHO IIPU OCYIINECTBJCHUU II0JIe-
ToB BOJmm3u rpanut] COJIHEYHONH CUCTEMBbI, TpeOyeT HCCJIeIOBAHUSA BO3MOXKHOCTEMH
HUCIIOJIb30OBaHUA aJIbTEPHATUBHBIX JIBUI'aTE€JIbHBIX CHCTEM. B HaquOﬁ n Hay4dHO-
nomnysspHoit aureparype [1, 2| akTuBHO 06CYKIa€TCsT TPUMEHEHHE IS TAKUX Tie-
Jsteit ipeioxkennoro @puapuxom ApryposudeMm Lanmgepom commneunoro mapyca. Ha
JIAHHBII MOMEHT PEIIEeHO OOJIBIIOE KOJIMYECTBO TPAEKTOPHBIX 33144, 3a1a49 yIIPaBJIe-
HUS ¥ ONTUMUBAINN ABMXKEHUsI C YIETOM MHOXKECTBa (PaKTOPOB KOCMUIECKOTIO IIPO-
CcTpaHCTBa, B 9acTHOCTHU Y dekTa Tenn 3emyan. OgHAKO, BHUMAaHHUE UCCJIeI0BaTE e
JI0 HACTOSIIEr0 BPpEMEHU He ObLIO IPHUBJIEYEHO K IIpobJieMe BJIUSHHS BO3MOXKHOI
3apSAIKN COJTHEYHOIO IMapyca Ha ero JUHAMUKY U IIPOYHOCTHBIE XapaKTEPUCTUKHI.
Biusinue Ha JMHAMUKY PacCMOTPEHO B IpeacTaBieHHoM Ha 9 [loasxoBckue dyreHmst
nokiaze (3.

Ilapyc kak ToOHKas IJIEHKA.

JI100oit HaxXOmSIINICA B KOCMUYIECKOH II/1a3Me 00beKT MprodpeTaeT JIeKTpude-
CKUIT 3apsijl, 3aBUCSIINN OT IJIOTHOCTH W TEMIIEPATYPHI ILJIaA3Mbl, CTEIIEHN OCBEIEH-
Hoctu CoOJHIIEM W 3JIEKTPOMUINIECKUX XAaPaKTEPUCTUK Tejia, & TaK»Ke OT I0JIO-
JKeHUsI ¥ OPMEHTAINH TeJia B Iporecce JaBrmKeHust. OTHAKO B OTJIIUE OT OOJIBITTHH-
CTB& PACCMOTPEHHBIX IIPOIECCOB 3aPsIIKM TeJI B KOCMIUYIeCKoil mia3me [4]-[6], 3apsi-
K& TOHKUX IJIEHOK, TAKUX KaK COJIHEYHBIN MMapyc, oOIaIaeT PsIoM OCOOEHHOCTEN.
BazkHeiiteit 13 HUX SIBJISETCS YaCTUIHAS ITPOHUIIAEMOCTD TIJIEHKU JIJIsT 3aPIzKEHHBIX
JACTUI[ KOCMIYECKOI cpeibl. B ¢BsI3u ¢ 3TUM BO3HHMKaeT HEOOXOJMMOCTb MOJIEPHU-
3alM TEOPHUH 3apsIAKU IMOBEPXHOCTH C yIETOM UX YaCTUIHON IMpoHumaeMocTu. Pe-
3yJIbTAThI IIEPBOM MOIBITKNA TAKON MOJIEPHHU3AINN PACCMOTPEHBI B IIPEICTABIEHHOM
Ha 9 [lossixoBckue urenus pokaje [7).

Pe3ynbTaThl.

Ha ocnoBe npejyioxkennoro B 7| meroja B Haimeil paboTe MPOBEJIEHBI pacue-
TBI IJIOTHOCTH HABEICHHOTO HA MOBEPXHOCTH COJIHEYHOT'O IIapyca MOBEPXHOCTHOIO
3apsga B 00sacTu Mexk iy opouroit 3emum u nosepxuocTbio CoHIA U I XapaK-
TEPUCTUK CYIIECTBYIOMNX U IIEPCIEKTUBHLIX IIOJUMEPHBIX IJIEHOK /IS COJTHETHOIO
napyca IpOBeIeH aHAJu3 UX YCTOMYUBOCTH Ha Pa3phbiB. BLIOOp MMEHHO 3TOi 06.1a-
CTU TIPOCTPAHCTBA CBA3AH C TEM, YTO ILUIOTHOCTH 3JIEKTPUYIECKOIO 3apsia PacTéT
npu yMeHbIeHnn paccrogaus or CosHila, a Tak:Ke ¢ IPeJIOKeHUSIMA 0 UCIIO -
30BaHUIO COJIHEYHOIO IIapyca JJIs IOJETOB B OKOJIOCOTHEUHYIO 00/IaCTh.

Pa6ora Bbinosaena npu dpunancoBoii mojep:kke PODU (rpant Ne 19-01-00146-a).
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IIpsimoInHEeltHBIE TPAEKTOPUN
B 00OIIeil 3agade TPEX TeJl

Tumos B.b.

tit@Qastro.spbu.ru
Cankr-IleTepOyprckuit rocy/1apCTBEHHBI YHUBEPCUTET,
199034, Poccuiickas Penepanusi, Cankr-Ilerepbypr, YuuBepcurerckas Hab., 7—9

Karouesvie crosa: obiast 3aada TPEX TeJ, PEryasipu3alius, TPSIMOJIUHENHBIE TPACKTOPUH.

YacTHoe pellieHne KOJIJIMHEAPHO 3a/1ate TPEX TeJ1 OBbLIO MoIydeHo ele Jleonap-
Jom Ditsiepom [1]. Bmecre ¢ mosiBUBIIMMCST HECKOJIBKO JIET CILYCTsI PABHOCTOPOHHIM
pertenneM Jlarpam:ka, 3T perieHus: 6oJiee, 9eM 2 CTOJIETAS OBLIO €INHCTBEHHBIMU
U3BECTHBIMU PeIIeHUusIMHU 339l TPEX TeJI, He CBSI3aHHBIM C YUCTEHHBIM HHTETrPU-
poBanueM. [IpsimosinHeiinast opOuTa BayKHa HE TOJIBKO B TEOPETUUECKOM ILJIaHe, KaK
pelieHne 3a/1a9u TPEX TeJ, HO U Ha IPaKTUKE, MOCKOJbKY TO3BOJISIET HUCIIOJIB30-
BaTh CBOMCTBA KOJUIMHEAPHBIX PEIICHUl U METOJbl PeryIsapu3aliui IIPU YUCIIEHHOM
MOJIEJTAPOBAHUN 33/[a9l TPEX TeJI, B KOTOPOM HYKHO YUYUTBIBATH TECHBIE COJIMKe-
nus. KoJummaeapHbie opbuThl paccmarpuBajuch MHOruMu aropamu. IIly6apr [2]
YUCJEHHO HAIleJI TIePBYI0 MePUOINIEcKYI0 KOoJLUITnHeapHyio opobuty. CBoiicTBa KOJI-
JIMHeAPHBIX opbuT u3ydasanch B [3]|. Peryssipusanusi, ycrpansoias 0COGEHHOCTb B
ypaBHEHUSIX IBUXKEHUs 3aJla9M JIBYX TeJ, ObLia mpejioxkena Jlepu-Uupuroit s
IUIOCKOM 3aJa49u, a 3areM, depe3 60 jeT, Obla pacupocTpaHeHa Ha IPOCTPAHCTBEH-
ublil ciaydait Kycraanxeitmo u [Iltuderem, B HacTosmeit paboTe UCIIOIB3yeTCsT pe-
rysnsipusanust Jlemerpa [4].
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[Tocsie pemennit Ditnepa u Jlarpamxka ciejyioiiee pelieHne MOgBUI0Ch TOJHKO
Ha pybexxe XX-XXI Bekos, 310 3HaMeHnTast BocbMepka [Ilancune—Mounrromepu [5]
JIJIsT TPEX paBHBIX Macc. [Ipu mokazareabcTBe CyIIeCTBOBAaHUST BOChbMEPKO-00Pa3HOit
OpOUTHI ABTOPHI BOCIIOJIF30BAJINCH BaPUAITMOHHBIM METOIOM, BBIUUCIsIsT BEJINIUHY
neficrBus Ha cdepe dhopm. Cama cdepa (1 mpocTpancTso) GHOPM MOIBUIACH B Pa-
borax 1o HeOeCcHON MexaHWKe IyTh panbiie, B 1956 romy I'. Jlemerp [4] npemroxu
MeTOJI, TJIO0AILHOMN peryssipu3aiyn ob1reii (Bce Tpu MacChl He HYJIEBBIE) 33/1a91 TPEX
Tesl. B KOHTeKcTe YnC/IeHHOrO MOjeupoBanud 3ajiadn N Tejl OKa3aJuCh IPEeJIIo-
YTUTEIbHBIMUA OOJiee IMPOCThIe METOJIbI peryssipu3anuu u MeTos Jlemerpa npakTu-
YeCKU He UCIIOJIb30BaJICA. '1eM He MeHee TTPOCTPAHCTBO (POPM UCIIOIb3YeTCs Terephb
[P PACCMOTPEHUU PA3JIMYHBIX ACHEKTOB 3a/ladid TPEX TeJI, B TOM YHUCJIE U pPery-
nsipusaruu 6, 7, 8]. CeoiicTBa perynasipusanuu Jlemerpa B IJI0CKO# 3ajade 3 Tel,
OCODEHHO JIJIs1 CJIydast IPsIMOJINHETHOTO JIBUKEHUSI, IIO3BOJISIIOT BBECTH YJIOOHYIO T1a~
paMeTPU3AINI0, BEIYUCIUTD PsiJi KOJIMHEAPHbIX OpOUT 1 60Jiee AeTajibHO U3YUYUTh
X CBOICTBA.

Penyknueit mo mepeHocaMm u BpallleHUsIM 33]1a9a CBOJUTCS K 3aJade JIBUXKEHUsT
B TPEXMEPHOM KOH(UT'YPAITMOHHOM IIpOCTpaHCcTBe. TakuM oOpa3oM, KOJTMHEAPHbBIE
TPaeKTOPUN MOKHO PACCMATPUBATDH B JIBYyX U3MepeHusiX. st 3Toro ciiyvast BeIBeIe-
HbI yPABHEHUSI JIBUZKEHUS B TPOCTPAHCTBE (ILJIOCKOCTH) (POPM U COOTBETCTBYIOIIHE
perynsipuzoBannble (1o Jlemerpy) ypaBHEHUs IBUKEHUS.

N3zyuaroTcst ¢BOMCTBa KOJIMHEAPHBIX TpaekTopuit. OgHO U3 TaKMX CBOMCTB, a
MMEHHO OPTOTOHAJBHOCTH TPAEKTOPUIl JIMHUAM JIBOWHBIX COYJTAPEHUM, CBOIUT JIJIS
PUKCUPOBAHHOTO 3HAYEHUS TTOCTOSTHHOMN SHEPTUU MHOXKECTBO HAYAIbHBIX YCJIOBUI K
OJTHOMEPHOMY MHOYKECTBY, UTO CJIY?KUT OCHOBAHUEM JIjIsi YTBEPKJICHUST O XAOTUIHO-
CTU PacCMaTPUBAEMOI'O JIBUXKEHUsI. JUCIEHHO CTPOSATCS TPACKTOPUHU, B TOM YHUCJIE
TPaeKTOPUU CBOOOIHOIO I1aIeHUS.
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O6 ycToiMYnMBBLIX 00JIAYHBIX CKOILJIEHUAX
MHKPOYACTHUI] B TOYKAX JNOpanum ABOITHOII 3Be3abI
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Kaouesvie crosa: cBETOBOE JIaBJIEHNE, 33/1a9a TPEX TeJI, KOJJIMHEAPHbIE TOYKHU JIMOPAINH,
YCTOUYUBOCTbD.

Ha npm:kenume MajbIX YacTHUIl B KOCMIYECKOM IPOCTPAHCTBE, HAPSTY C TPABUTA-
1eil, BAUSHIE OKA3bIBAIOT CUJIBI PA3INYIHON HErPaBUTAIIMOHHON IMPUPOILI, CPEIN
KOTODBIX HamboJlee 3HAUUTEJILHON dABJISeTCS CUJIa CBETOBOIO JaBjeHud Fj,, mcxo-
JIdIIas OT 3BE3/. B psize ciiydaeB cBETOBOil IMOTOK, MCXOISIINAN OT 3Be3/1bl, ObIBAET
BIIOJIHE JIOCTATOYHBIM, YTOOBI cujia [}, Morjia KOHKYypPUPOBaTh ¢ CuJIoi TaroTenus Iy
WIN JfarKe IMPEeBOCXOIUTh €€ 1o BejquduHe. [loaTromy BO MHOrmX 3ajadax HeOEeCHO
MeXaHUKN 1 3BE3THON TMHAMUKHU IIPUHUMAETCA BO BHUMaHUE CyMMapHOe JieficTBre
9TUX CHJI Ha MaJible Tejia. DTO JeficTBHe ompenessercss KodMAOUITMEHTOM PeIyK-
U Maccel 3Be3/pl () mo dopmyine ) = 1 — F,/F, 1 He 3aBUCHT OT PaCCTOSHU:A
mex iy Tejamu [1|. VI3 nanuoit 3anucu BujiHO, 9TO () MOYKET NMPUHUMATH KaK I10JIO-
JKUTeJbHbIEe, TaK U OTPHUIlaTebHble 3HadYeHus. Ecmm () < 0 — cBeToBasi peIyJibCust
mpeobJialaeT HaJl CUJION TIroTeHusi, a upu () > 0 — JOMUHUPYET IpaBUTAIsI, IIPH-
1émM Becerga () < 1. PemyiibcuBHast cujia CBETOBOTO HABJIEHUST 3BE3/bI YINTHIBACTCS
B IIOCTAHOBKE (DOTOrPABUTAIIMOHHON OrPAHUYIEHHOI 3a1a9u TPEx Teut [1].

BBejienne B MaTeMaTndecKyio MOJIENIb 3aJa9u TPEX Tesl (paKTopa CBETOBOI pe-
IIYJIbCUN IIPUBEJIO K PsIIy HOBBIX KaYeCTB, KOTOPBIE OTCYTCTBOBAJIM B KJIACCHIECKOM
ITOCTAHOBKE 3aJIa4N IIPU OTCYTCTBUU CBETOBOI'O JIABJEHUsA. 3ajada JIOIyCKaeT Je-
BSATH TOYEK JIMOpaIny, KOTOpbIe 00pa3yroT cemeiicTBa. I1aTh 13 HUX PACIOIOKEHDI B
IJIOCKOCTH JIBUXKEHUsT OCHOBHBIX T€JI, CYIIECTBYIOT KaK B KPYTOBOIl, TaK W SJLIUIITH-
JeCKOM 3a/1a1e, Ha3bIBAIOTCS KOJJIMHEAPHBIMUA U TPEYTOJIbHBIMIA TOYKAMU JIMOPAIIUN
U CYIIECTBYIOT B KJIACCUYECKOU 3ajade TpEx Teji. deThIpe HOBble — KOMILIAHAP-
HbIe TOYKU JIUOPAIINH, HAXO/IITCA BHE YKA3aHHON IIJIOCKOCTH, CYIIECTBYIOT TOJIHBKO
B KPYTroBOil 3ajJlade W TOJBKO B Ciydae, ecan KoddduimenTsl peaykmun Q1 u Qo
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nmerorT pasubie 3Haku [2|. [Ipu aTroM KoJIMHEapHas TOYKa JTUOpAIM MOXKET ObITh
YCTONYIMBO#i (B JINHEHHOM TPUOJINKEHNN ).

UccnemoBannio yCTORYMBOCTH TOYEK JIMOPAIMHU ITOCBSIIECHBI MHOTOYUC/IEHHBIE
pabotsl (Pamzuesckuit, Kynunpia, Jlykbsuos, Simmons, Ilepexxorun, Typermibaes,
KouerkoBa u jgpyrue).

B cucreme ABOITHOIT 3B€3/1bI TOJIOYKEHNE TOYKH JTUOPAITIYT 3aBUCUAT OT XapaKTepH-
cTUK JacTuiibl. [losromy s Kakaoi MHANBUYATbHON YACTUIIHI TTOJTyYaeTCs CBOS
Touka Jimoparnuu. C Ipyroit CTOPOHBI, B KaK/I0H TOYKE JTUOPAITUU MOTYT HAXO/IUTh-
csI YaCTHITHI C PA3HBIMU pa3MepaMu, 3HAYEHUSIMH TLIOTHOCTH, KO3 DUIIMEHTa OTpa-
KeHusi cBeTa. [loaToOMy BCe MUKPOCKOIMYECKUE YACTHUIIBI, HAXOAIIUECST B TOYKAX
JIOpaIum, MOTyT 0Opa30BbIBATH M'MI'AHTCKUE KOMILIEKCHI MUKPOCKOITUYECKUX TEJ U
YaCTUIL Ta30MbLIeBoii Marepun (obsaka). O6ako mpejcTaBiser coboil MyIbCUPY-
folree 0Opa30BaHNe — IeTEePOreHHBIN aHCcaMOJIb, T/e KaxKJasd U3 YaCTHIl JIBUXKETCS
10 CBOEN WHIWBUJIYAJIbHON TpaeKTopuu. BO3MOXKHOCTH CyIeCTBOBaHUSA OOJIAKOB B
paMKax 3JUTMITUYECKON hOTOrpaBUTAIIMOHHOM 3312491 TPEX TeJ TIoKa3aHa B [3], rie
BBIBOJ/IbI 00 YCTOWYMBOCTU OCHOBAHBI HA JINHEAPU3OBAHHBIX YPABHEHUIX.

PesynbraTer HeJIMHEITHOTO aHAN3a YCTOWYNBOCTHA U3BECTHHI TIOKA B CJIydae KPYy-
roeoii 3agaun. OGHApYKEHA HEYCTONYMBOCTb KOJIMHEAPHBIX TO4eK [4] jyisi peso-
Hauca 1:2; npu pesonance 1:3 stu Touku ycroituussl [5]. Tpeyrosbuble TOYKH uC-
cie/ioBaHbl B 6] Kak B PE30OHAHCHOM, TaK W HEPE3OHAHCHOM CJIydasix. B maHHOM
JIOKJIaJTe € TO3UINN TTOJIX0/Ia [3] Jat0Test pe3ysibTaThl MCCIIeI0BAHNS KOJIIMHEAPHBIX
TOYEK JIJIsI HEPE30HAHCHOT'O CJIyYas.
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OnTuMmanbHBIE COEeJNHUTEIbLHbIE TPACKTOPUN B
KPYTroBOii 3ajadye TPEX TeJl
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Kaouesvie crosa: Kpyrosasi 3ajiada TPEX TeJI, MOJEb XUJLJIA, TOYKH JTUOPAIUU, YITPABJIE-

Hue, CoeanHuTeIbHasd TPpacKTOpUuAd

3aja4a MOCTPOEHHsI TPAEKTOPHIl, COEIUHSIIONINX OKPECTHOCTH KOJLINHEAPHBIX
TOYEK JIMOPAIK B KPYTOBOIl 3a/1a1de TPEX TeJI U3ydaeTcsl y2Ke HeCKOJIBKO JIeCSITUIe-
tuit. Tak, Kocmudeckuii anmapat (Genesis coBepimaJ rmepeseT MexKJ1y OKPECTHOCTSIMA
Touek JubOpanuu L1 u Lo cuctembr Coutaite-3emst B 2003 rosy.

B nanwnoit pabore mcciieoBanue 3aJa4dn MepeseTa n3ydaercd B MoJen Xujia,
00J1a1aI0IIell JOIIOJHUTEILHBIMU CBOMICTBAMU CHUMMETPHHU II0 CPaBHEHUIO ¢ OoJiee
o01meit MOJIeIbI0 — KPYTroBOi#l 3ajiadeil TPEX Tej. DTU CBONCTBA CUMMETPUU CYIIe-
CTBEHHO UCHOJIb3YIOTCS Ha IIEPBOM dTalle — MEPEIETe MEXKLy OKPECTHOCTAMH TOYEK
smopanuu. Ha BropoMm starne paccMaTpuBaeTcs 3a/1a4a ONTUMAJILHOIO YIIPABJICHNUS],
JJIS TIepexo/ia Ha raJIoOpOUTHI B OKPECTHOCTSIX TOYEK JIMOpaIluu, a TakxKe 3a1a9u
yIIpaBJI€HUs C APYTUMHI IIOCTAHOBKAMU.

ypaBHeHI/IH ABU2KE€HNA, TOYKHN JII/I6paI_[I/II/I.

[Tpumenus meTon Xuiia Jijisd Pa3a0KeHUsI COTHETHOTO TTOTEHIINAIa B KPYTOBOM
3a/1a91 TPEX TeJl, YPABHEHUS JBUKEHNsT MOXKHO TIPUBECTH K Buay [1, 2]
1 =Y + 22
T2 =Y2 — 1

T3 = Y3

1912—”3@%+2$1+2/2+U (1)
U2 = —ifs — T2 — Y

y3:_ﬁ_$37

e © = (1, T2,x3) - nosoxkenne KA Bo Bpamaormeiicsi cucremMe KOOPIUHAT, OCh
OX; manpasiena #a Comrne, y = (y1,Ys2,Ys3)- UMIOyabcbl. Touku jaubparuu Ly u
Ly B cucreme (1) HEMOABUKHBI M UMEIOT KOODJMHATHIL:

Ly: z*=(1,0,0), y* = (0,1,0);
Lo: o = (—1,0,0), y** = (0, —1,0).
Heyupasnsiemas cucrema (1) umeer raMuabToHOBY OPMY € FaMUIBTOHUAHOM

1 3 3 2| |2
H. = — 2_ T T,

+ Toy1 — X1Y2.
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3HavYeHUs] SHEPreTHIECKON KOHCTAHTHI (IraMUJIBTOHUAHA) B TOYKAX JINOpAIIUU
L1 n Lo onuHAKOBBIE, UTO MO3BOJISIET CTAaBUTH 3aJlady HEYIIPABJISIEMOrO IEPEXO/Ia
MEXKIy OKPECTHOCTSIMH 3TuX TodeK. CuMMeTpuu B Mojiesie XUJLIa ITO3BOJIAIOT Cy-
IIECTBEHHO YIIPOCTUTH 33/1ady MMOCTPOEHUS IEePEeXOHbIX TpaekTopuii. Ciemyer ot-
METUTb, YTO B MCXOJHOI Mozese — KPYT'OBOIl 3ajadeil TpeX TeJsl, dHepreTudecKue
KOHCTAHTBI PA3JUIHBI [3]| U Takoil MOIX0/ MCIIOJIb30BAThH HEKOPPEKTHO.

[Tpu ocTrKeHN OKPECTHOCTH TOYKH JIMOPAIIUN C TIOMOTITHIO TIO/IX0/1a, YIUTHIBa-
IOIETr0 CUMMETPUYHOCTb TOYEK JINOpanuu B Mojiesie Xuja, jlajlee PeraioTcs 3a/1a-
91 OIITUMAJILBHOI'O yIPAaBJIEHUA C PA3JINYHBIMU IIOCTAHOBKAMU JIJIs JIMHEAPU30BAH-
HBIX ypaBHeHUii. [Ijs1 Touku juOparuu [, Takue ypaBHEHUsI UMEIOT CJIeJIYIOITUA
BU/JT

T1 = T2+

To = —x1 + Y2

3:73 =Ys3 (2)
g1 =8(x1— 1)+ (y2 — 1) + u(z,y)

Y2 = —4xo — Y1

:[/g = —4.72'3.

[TocTpoennble perienust MOTYT OBITH UCIIOJIB30BAHBI B KAYECTBE HAYAJILHOT'O TIPH-
OM2KEeHUs TTPU TTIOCTPOEHUU COEIMHUTETbHBIX TPAEKTOPUM B JIMIITUIECKON 3a1a4e
TPEX TeJI.

JIuteparypa

[1] Imbipos B. A. Crabunusanusi ypapJisieMoro 0pouTaabHOrO JIBUKEHNUsT KOCMUYECKO-
ro amnmapara B OKPECTHOCTH KoJutuHeapHoiu Touku judparmu Li. Bectu. C.-Iletep6.
yu-Ta. Cep. 10: IIpuknagnas maremarnka, MHOOPMATHUKA, ITPOIECCHl yIIPABJIEHUS.
2005. Bprm. 1-2. C. 192-198.

[2] Aminov R., Shmyrov A., Shmyrov V. Impulse control flight to the invariant manifold
near collinear libration point. Cybernetics and Physics, 2019. iss 8 (2), pp. 51-57. doi:
10.35470/2226-4116-2019-8-2-51-57

[3] Mapkees A. II. Touku mubparnuu B HeGeCHON MexaHUKe U KOcMoauHaMuke. MockBa:
Hayxka, 1978. 312 c.



180 Cexkrust 2 (Section 2)

Baunsgnne HaBoaAMMOro Ha NOBEPXHOCTH COJIHEYHOI'O
nmapyca 3JIeKTPUYECKOro 3apsijia Ha JUHAMUKY

nmapyca 1npu JBU>KEeHUU 110 [TaH1ePOBCKON TPaeKToOpun

Sxoenes A.B.
a.b.yakovlev@spbu.ru

Cankr-lleTepOyprckuit rocy/1apcTBEeHHDBIN YHUBEPCUTET,
199034, Poccuiickass Penepanusi, Cankr-IlerepOypr, Yuusepcurerckast Had., 7-9

Kaouesvie cro6a: KOCMUYECKU almapaT, COJTHEYHbBIN Napyc, HaBEJIEHHbBIN 3JIEKTPUIECKUi
3apsdll, HaHIepOBCKad TPACKTOPUI.

[LranupoBanue 1 oCyIIecTBIeHIe 0IeToB K rparunaM CoTHedHOl CHCTeMbI Tpe-
OyeT nccaeJOBaHns BO3SMOXKHOCTE HCIIOIL30BAHNA aJIbTCPHATABHBIX JBUTATC/IHLHBIX
cucreMm. B wactHOCTH, B HayuHOI Jureparype |1, 2| akruBHO 06CYXKIaeTCs MpH-
MeHeHue JJIs Takux 1eseil npegoxkennoro @. A. IlammepoM coslHeYHOrO mapyca.
Ha naHHBIE MOMEHT OImyOJMKOBAHO PelleHre OOJIBLIIOrO KOJUYeCTBa TPACKTOPHBIX
3aJ1a4, 387129 YIIPABJCHUS W ONTUMU3AINN JIBUXKEHHUS C YIeTOM Pa3IMYIHBLIX (hak-
TOPOB KOCMUYECKOI'O IIPOCTPAHCTBaA, B 9acTHOCTH 3ddexTa Tenn 3emun. OgHako,
JIO HACTOSINEr0 BPEeMeHH HeJJOCTATOYHOe BHUMAHME OBLLIO IPUBJICYCHO K IIpobseme
BJIMSTHUST BO3MOXKHON 3apSIKH COJTHEYHOTO Iapyca Ha ero JUHAMUKY W IPOYHOCT-
Hble XapaKTePUCTUKN. BiusHue Ha IPOYHOCTHBIE XapaKTEPUCTUKH PACCMOTPEHO B
npe/crasiaearoM Ha 9 [lossixoBckue urenus gokiaze [3).

OcobeHHOCTH TpoIiecca 3apaaKN TOHKIUX MJIEHOK.

Bce Tesa, Haxo/sImecss B KOCMIYECKOl 11a3Me, IPUOOPETAIOT SJIeKTPUIeCKUil
3apsiJl, 3aBUCAIIMNA OT IIOTHOCTU U TEMIIEPATYPbI TJIA3MbI, CTEIIEHU OCBEIIEHHOCTH
CoutarieM u 3/1eKTPOMDUNIECKAX XAPAKTEPUCTHK TEJa, a, TAKUM 00pa30M, OT II0JI0-
JKEHHUsI U OPUEHTAIINN TeJja B Ipoiiecce jBukenns. OHAKO 3apsijika TOHKHUX [JIEHOK,
TAKUX KAK COJIHEYHBII 11apyc, B OTIMYIKNE OT OOJIBIIMHCTBA PACCMOTPEHHBIX TIPOIEC-
COB 3apsiIKU TeJl B KOCMHUYECKoil miasme [4]-[6] obimamaer psimom ocobeHHOCTEN.
Haunbosiee BarxKHOI U3 HUX sIBJISIETCS YaCTUIHAS IPOHUIAEMOCTD ILICHKU JIJIsT 3apsi-
JKEHHBIX JaCTUI] KOCMUYIECKON cpejibl. B CBA3M ¢ 9TUM BO3HUKAET HEOOXOJUMOCTD
MOJIEPHUBAIMNA TEOPUU 3aPSJIKU TIOBEPXHOCTU € YIETOM HMX YACTUIHON IPOHUIIAE-
MOCTH.

Pe3ynbTaThl.

Ucnonn3yst npejyioxkennblii B [7| meroa, B Hamem pabore MPOBEJIEHBI PACIETHI
IJIOTHOCTHU HABEJICHHOTO HA MIOBEPXHOCTU COJTHEYHOIO IMapyca 3apsjia B 001aCTH KOC-
MHYI€ECKOI0 IIPOCTPAHCTBA, B KOTOPOH IIPOXOIAT SJIIUITHIECKIE aHIePOBCKIE TPa-
ekropun 1] opbura 3emin — opbura Mapca u opbura 3emsmu — opbura FOnurepa.
[Ipu pacdere MJIOTHOCTH FJIEKTPUIECKOTO 3apsijia MTPUHUMAJINCH BO BHUMAHUE: BO-
MEPBBIX, 8 Ua0ATUIHOCTD PACIIHPEHUST KOPOHAJIBHOIO Ta3a JIjIsi BBITUCIEHUST CKOPO-
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CTH COJTHEYHOTO BETPA, U, BO-BTOPBIX, COXPAHEHUE TOTOKA JIJI ONPEIeIeHUsT TLIOT-
HOCTH COJIHEYHOTO BeTpa |§].

Hannane mHaBed€HHOrO Ha TMOBEPXHOCTH TApPyCa JIEKTPUIECKOTO 3apsijia IpH-
BOJUT K BOBHUKHOBEHMIO CHUJIBbI JIOpeHIa, KOTOPYI MOXKHO CIYUTATH BO3MYIIEHUEM,
MIPUBOJISIIINM K JIBUYKEHUIO MTEPITEHINKYJ/ISIPHO TIJIOCKOCTU TPAEKTOPUN HEBO3MYIIEH-
HOTO JiBUzKeHusi. Pacder cuiibl JIopeHIia mpoBOIUIICS ¢ yI€TOM U3MEHEHUST BEJTMIMHBI
U HAIIPABJIEHIS MATHUTHOTO TOJIsS IPH yajeHun ot nosepxuoctu Cosana [8).

[Tomy4yeHbl BeIUYMHBI HOPMAJIBLHOIO OTKJIOHEHUs] TPHU JIBUYKEHUU 110 SJIJINAII-
THYIECKUM IaHJIEPOBCKUEM TpaeKTopusiM opbuta 3eman — opbuta Mapca wu
opbuta 3emsn — opburta FOmurepa.

UccnenoBanue BointosiHeno npu nojiep:xkke PODU, rpant Ne19-01-00146-a.
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Onpenesienne mapamMeTpoB MIEPOXOBATOCTU II0 €€
a’poAnHaAMNYEeCKIM XapaKTepUCTUKaM B
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195251, Poccuiickass @enepanusi, Cankr-IlerepOypr, [lomnrexangeckas yii., 29

Karouesvie caosa: pa3perKeHHBIN ra3, adpoAWHAMHUYECKHE XapaKTEPUCTUKHU, IIEPOXOBa-
TOCTH TOBEPXHOCTH, TTOJIUTAYCCOBCKUE CAyYalHbIE TTOJIS.

Uccnemyercst npejjiozkenHast Hamu B |1, 2| Mojiesb yuéra BIMSHUS [IIEPOXOBATO-
CTHU Ha adPO/IMHAMUYECKNE XapPAKTEPUCTUKYU ITOBEPXHOCTH MIPU €€ B3aNMOJIECTBUHN C
pa3peKeHHbIM ra3oM. Moieb crpouTtcs Ha 0a3e MOJIUTayCCOBCKUX CIIYYaHbBIX TPO-
1IeCCOB | ToJieit. J[j1st MHOrMX pacirpocTpaHeHHBIX Ha ITPAKTUKE CIIOCOO0B 00pabOTKU
IIOBEPXHOCTEH MOJIEJITMPOBAHIE ITOJIUTAayCCOBCKIUME (HErayCCOBCKUMHE) MTPOMUIISIMU
3HAYUTEJILHO JIYUIlle OTBEYAET PEeaJTbHOCTU, YeM MOJEJTMPOBAHNUE TayCCOBCKUMHU IO~
JISIMU WJTHA (DPAKTATBHBIMUA CTPYKTYpaMu [3]. DTo moarBepK raeTcst KaK 9KCIepUMeH-
TaJIbHBIMUA U3MEPEHUSMH CTATUCTUYIECKUX MTapaMeTPOB, TaK M COIOCTABJIEHUEM W3-
MEPEHHBIX CTATUCTUIECKUX TTOKA3aTe el ¢ pe3y/IbTaTaMi YUCIEHHBIX pacdeTos [3].
CoBMecTHas! IJIOTHOCTH PACIIPE/IeJIeHUsT 3HAUEHUIT CJTy IaifHOTO TIporiecca, (UJIu oJIst )
B N TOYKAX IMIEPOXOBATOI MMOBEPXHOCTH L1, . . . , Ly, OTBEYAIONINX MOMEHTAM BPEMEHN
JBUKEHUS MOJIEKYJIBI PA3PEKEHHOTO ra3a ti,. .., ty, JJs TOJUTayCCOBCKOI MOJIeTN
IpuodpeTaeT BUI

P (@ 1) = /OO exp{—(x —o(v))R,,* (v)(x — o(v)) /Q}dF(fu), (1)

0 (2m)"/2 /| R (v)]
rae o(v) u R,(v) — BEKTOpHOE MaTeMaTH4YecKoe OXKUJAHUE U KOPPEeJIAIMOHHAS
marpuna (|R,(v)] — ee ompenenurenb) 3HaUeHW Iporecca B 3aJaHHBIX TOU-

kax, F'(v) — neybbiBatomas Ha [0; 00) BecoBast (DYHKIMsI, YIOBJIETBOPSIONIAs TPe-
OOBAHUIO CXOJIMMOCTH HECOOCTBEHHOrO MHTerpaJia. J[JIsg dmciieHHOro MojempoBa-
HUSI peain3aliil MOJUrayCCOBCKUX IIPOIECCOB MbI IIPUMEHsIEM Oa3upyIOIuiics Ha
IpeoOPa30BAHUN I'ayCCOBCKUX PACIPE/IEICHUI aJropuT™, OMUCAHHBIA B pabore [4],
OPHMEHTHPOBAHHON Ha IPUJIOXKEHNS B TAKUX 00JIACTAX, KAaK pacCesiHue CBeTa Ha, IIe-
POXOBATOIl IIOBEPXHOCTH, BhIpAIINBaHIEe TOHKUX IIEHOK B MUKPO3JIEKTPOHUKE, M-
ArHOCTHKA MOBEPXHOCTHA METOIAMU 3JIEKTPOHHON CIIEKTPOCKOIINI 1 KOHTAKTHBIE STB-
JICHUsI, BKJIIOYasl TPEHUE U U3HOC U3AEINI B MAIIHHOCTPOEHNMN.
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AspomHaMuyecKke CBOMCTBa IIEPOXOBATON ITOBEPXHOCTH, O0OTEKaeMOil paspe-
JKEHHBIM T'a30M, OIPEJIEISIOTCS Yepe3 BEPOSATHOCTh OTCYTCTBUSA BHIOPOCOB CJIydaii-
HOTI'O 110J14 38 YPOBEHb, 3a/[aBACMbIil TPACKTOPUEH JIBUXKYIIEICA MOJIEKYJIbI I'a3a, NN
Ke gepe3 hakTopruaIbHble MOMEHTBI YUCJIa BBIXOJIOB CJIYYaHOTO T0JIs 38 YPOBEHb.
OTH paKTOPUAIbHBIE MOMEHTBI JJIsi OJIUTAYCCOBCKOTO TIOJIS BBITUCIISAIOTCS IIyTEM
BbIpaskeHusi Ha OCHOBe opmyJibl (1) yepes coorBercTByONUe (haKTOPUAIBHBIE MO-
MEHTBI TayCCOBCKOI'O TI0JIs, KOTOPbIe MOT'YT ObITH HailJIeHbI C TOMOIIBIO IPEICTAB-
JIEHUsI TIOJIsl Yepe3 BUHEPOBCKUil mporiece |2, 3.

BoraucinrebHbIH aaroputM, coctosimuii u3 6 sramnos [1], mo3BosisieT IpuMeHNTH
PACCMOTPEHHBIN TTO/IX0/T K PEIIeHUI0 00paTHON 3a/1a9n: BOCCTAHOBJIEHUIO ITapaMeT-
POB IIEPOXOBATOI MOBEPXHOCTH II0 M3BECTHBIM €€ a’dPOJIMHAMUYIECKIM XapaKTepu-
crukaM. Perenne obpaTHO#l 3a/1a4u — OJiHa U3 HanboJiee aKTYaJIbHBIX 3319 adPo-
JTUHAMUKE Pa3pesKeHHOI0 ra3a, TaK KaK BeJIUUNHBI ITapaMeTpPOB IIePOXOBATON IO-
BEPXHOCTH, TIOJIyYeHHbIE JIPYTUMU CIOCOH6aMu (B YACTHOCTH, U3 MPO(MUIOrPAMM I10-
BEPXHOCTH TI0JT 3JIEKTPOHHBIM MUKPOCKOIIOM [4]), oKasbiBatoTcs 3aHmKeHHbIMEI [1],
U IIPUBOJIAT K HEJIOOIEHKE BJIMAHUSA IiepoxoBaTocTu. OCHOBHAS NPUYUHA, JIAHHOTO
adpdexTa cocTouT B TOM, UTO OOJIBIIYIO YaCTh BKJIaJla B BO3JIEHCTBHUE IIEPOXOBaA-
TOCTU BHOCSAT HAaWMEHBINMUX MAacIITaboB, OJU3KUX K MOJIEKYJISPHBIM, KOTOPbIE HE
MOTYT YJIaBJIUBATHCA MPOMUIOrPAMMETPUIECCKUMHI METOIAMU.

[IpoBenenuble HA OCHOBE TIPEIOZKEHHOTO TTOJIX0/Ia PACYETHI TOTOKOB Pa3pe’KeH-
HOT'O aproHa OKOJIO TIOBEPXHOCTEH U3 AJIOMUHUS M KANTOHA (IPUMEHSIEMOTO B KOC-
MHUYECKOI TEeXHUKe IIJIACTUKA) MTOKA3aIM BO3PACTAHUE 3HAYECHUI OCHOBHOTO Iapa-
Merpa mepoxoBaroctu Ha 20—35% 10 CpaBHEHMIO C SKCIEPUMEHTAJIHLHBIMU H3Me-
penusimu Ha 6a3e nipoduorpamm. [logobHast HeIO00IIEHKA BJUSHUS IIIEPOXOBATOCTH
MOKeT IPUBECTH K elle OOJIbIEH MOTPEITHOCTH Ipu pacdere KodDPUIIMEHTOB 00-
MeHa KacaTeJbHbIM UMITYJIbCOM, U, COOTBETCTBEHHO, a9POIUHAMUIECKOTO COITPOTHB-
JIEHUsI JIBUKYIIUXCST B PA3PE’KEHHON arMocdepe JieTaTe/IbHbIX alliapaToB (a TakKe
IIPOBOJIMMOCTH KaHAJIOB C MIEPOXOBATHIME CTEHKAMU B BaKyyMHOI TE€XHUKE).
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Baxkueitmumy mapaMeTpamMu BBICOKOCKOPOCTHOTO TIOJIETa SBJSIOTCS XOPOIIIast
MaHEBPEHHOCTDb U TeIJIO3aluTa. B HacTOsAIee BpeMs CyIeCTBYIOT Pa3JIUIHbIE CIIO-
cOOBI yIIPABJIEHUS CONPOTUBJIEHUEM W adPOJIMHAMUYECKUMU XapPaKTEPUCTUKAMU, a
TaK>Ke Pa3/IMIHble METO/IbI TEII0BO# 3amuThl. OKa3aTh 3aMeTHOE BJIMSHUE Ha Tell-
JIOBBIE IIOTOKM HA IOBEPXHOCTHU JIETATEJIbHOT'O allllapaTa U BOJTHOBOE COIIPOTUBJICHUE
B II€JIOM, COIVIACHO |1], MOXKeT UCIIO/Ib30BaHIe Ta30IIPOHUIIAEMBIX TOBEPXHOCTE! B I0O-
JIOBHOII 4aCTU U B KadeCTBe IEHTPAJIbHOI'O TeJla BBICOKOCKOPOCTHOI'O JIETATEJIbHOIO
armapara (BJIA).

B pabore nccieryercs npuMeHeHre Ta30IIPOHUIIAEMbBIX ITOBEPXHOCTE BO BHEIII-
HeMm mokpbiTuun BJIA. CpaBHEUBAIOTCA ra30aInHAMUYIECKHE CTPYKTYPbI BBICOKOCKO-
POCTHBIX ITOTOKOB IIPY HAJWYUU BJyBa C MOBEPXHOCTU Teja U 0e3 BIyBa B JIBYMEp-
HOIl TOCTAHOBKe. UMCJIEHHOE MOJIeJTMPOBaHNE Ta30IPOHUTIAEMOIT TTOBEPXHOCTHU MTPO-
BOJAMJIOCH B IIaKeTe IIPOrPaMM HMHXKEHEPHOI'0 aHAaJM3a C HUCIOJb30BAHUEM MOLYJIS
BBIYUCIUTENBHON razommHaMukn. MarteMaTudeckass MO/Eb MPOIECCa BBICOKOCKO-
POCTHOTO OOTEKAHWUs M3JIe/INsl, MMEIOIIErO MPOHUTIAeMble TTIOBEPXHOCTU, COCTOUT W3
cucrembl Tuddepennnaibubix ypasuenuit Hapbe-Crokca 171 ByMEPHOTO TE€UEHUs,
OCPEJIHEHHBIX 0 PefHOJIBICY ¢ MCIIOIb30BaHUEM 3aMBIKAIOIIEN BBICOKOPEWHOJIb -
coBOIl Mojiesn TYpOyJIEHTHOCTH TUNa > — €. 19 HacTpoek permaresis BbIOMpaeTcs
cBsizaHHBIN pemaresb Density-Based. Pacuernasi ob1acTh BOKPYT M3J€/IUsI CTPO-
UTCS TAKUM 00pa30M, UTOOBI IOJIOBHAS y/apHAasl BOJIHA HE B3aMMOJIEMCTBOBAJIA CO
BXOJ/THOI 1 OOKOBBIMU I'DAHUIIAMU. BHU3 110 T€YEHUIO PACIIOIATraeTCs BbIXOIHAS I'Pa-
HUTIA, TJe peaJn3yeTcs BBIXOJ CXKUMaeMoro moroka. Ha crenke m3zenns cTaBATCA
I'PaHUYIHBIE YCJIOBUA HEIIPOTEKAHUA W ITPOCKAJIb3bIBaHUA, a TaK>Ke aﬂ;I/Ia6aTI/I‘IHO—
CcTH [2] YuuBepcaabHasg METOINKA MPOBEJIEHUS pacdeTa Ta30IPOHUIIAEMbIX TTOBEPX-
HOCTE TTO3BOJIUT CHU3UTH SKOHOMUYECKHUE 3aTPAThl Ha CO3J/I[aHUE HOBBIX 0OPa3IOB
PaKEeTHO-KOCMUYECKON TEeXHUKU.
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B pesynbrare npoBejieHust YUCIEHHOTO MOJIETUPOBAHUSA OBIJIO YCTAHOBJIEHO, YTO
mepeJ; TeJIoM 0e3 ITPOHUIAEMbIX ITOBEPXHOCTE 00pa3yeTcs IPUCOEIMHEHHDbIN CKa-
qOK yistoTHeHusi. Hayimame ByBa IPUBOAUT K YBEJIUYEHHE YTJIa HAKJIOHA YIAPHOM
BOJIHBI U YMEHBIIIEHUIO TEMIIEPATYPbI ToBepxHOCTH Tejia. C yBeJnueHneM CKOPOCTH
B/LyBa IPUCOEMHEHHAsT yAapHas BOJIHA CTAHOBUTCs oTtorresiieii. Takum obpazom,
HEeOOXOIMMO TIO/IOUPATH MMapaMeTPhl BJ/IyBa Ta3a C MOBEPXHOCTU JJIsd JTOCTUXKEHUS
HEOOXOIMMBIX a3POIMTHAMUYIECKUX XapaKTEPUCTUK.

Pabora Bpmosnena npu punancoBoil moepkke MuHrCTEpCTBA HAYKU U BBIC-
mrero obpasoBanusi Poccuiickoit @eneparnuu (mpoekt «Cozmanne ornepezKaroiero
HAYYHO-TEXHUYECKOTO 3aJeJIa B 00JIacTu pa3paboOTKM TEePeIOBbIX TEXHOJIOTU Ma-
JIBIX Ta30TypOUHHBIX, PAKETHBIX U KOMOWHUPOBAHHBIX JIBUTATEJECH CBEPXJIEIKHX
paKeT-HOCUTEJIEH, MAJIbIX KOCMUYECKUX allllapaTOB U OECITMIOTHBIX BO3/IYIITHBIX CY-
JIOB, 00ECIIeYNBAIOIINX TPUOPUTETHBIE TTO3UIUN POCCUIACKUX KOMITAHUN Ha (HOpMU-
pyeMbIX II0baIbHBIX PhIHKaxX Oy/yinero», Ne FZWF-2020-0015).
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Knouesvie crosa: mbnodoOHBIE TIOKPBITHSA, OOTEKAEMOE TeJI0, MUKPO U HAHO peJibed

B npunoxkenun k mpobsieme 0bJie/leHeHUs JIETATEIbHBIX AIapaToB IOJIYYeHbI
OIIEHKU KOoHuryparuu peiabeda ruipodoOHBIX MOKPBITUN TBEPIOTO Teja B Iepe-
OXJIAXKJIEHHOM BO3JIYITHO-KAIleJIJbHOM IIOTOKE, IIPU KOTOPBIX KallJIl KUJIKOCTU He
pUMEeP3ai0T K 00TEeKaeMOMY TeJIy IPH CTOJKHOBEHHUsIX C €ro MOBepXHOCThIO. Mc-
I0JIb30BaHUE THIPOMOOHBIX TOKPBITUH MPEJICTABISIET UHTEPEC B IMUPOKOH 001aCTH
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TEXHUYIECKUX ITPUJIOKEHUIT, B YACTHOCTH B 33/Ia4aX ITPOTUBOJIEHCTBUs 00JI€IeHEHUTO
JetaresibHbIX anmaparos [1]-[4]. Takue nokpeiTusi, Kax npapuio, 3pMEKTUBHBI IPU
HE3HAYUTEIbHBIX OTHOIIEHUAX CUJI WHEPIIUUA K CUJIAM ITOBEPXHOCTHOI'O HATSZKEHUS
JKUJIKOCTHU IIPU B3aUMOJIEHCTBHUU C peibepHBIM 00TeKaeMbIiM Teja. OHAKO IIpH Ipe-
BBIIIIEHUN TTOBEPXHOCTHON IJIOTHOCTU KUHETUYIECKON SHEPIUU KaIlIu HEKOIO KPUTH-
YeCKOI'0 3HAYEHU, JIbI0(POOHBIE CBOMCTBA MPUBOJAT K OTPUIIATEIHHBIM P deKTam
BBU/Iy TPOHUKHOBEHUs IEPEOXJIarKIEHHON KaIlIu B yIVIyOJIeHUS U OTBED/IEBAHUS B
Hux. /Ijst Toro, 94To0ObI 3JeMEeHThI Kalliu, JedOopMupyiomeiics Ipu yaape, He Ipo-
HUKAJIN B YIUIyOJieHns: (MM B TOPBI) TuApOOOHOTO TOKPBITHsI, HEOOXOMMO IIpe-
BBIIIIEHUE JTIABJIEHUs CUJI IOBEPXHOCTHOTO HATSIXKEHUSI HAJl XapaKTEPHBIM 3HaAYEHUEM
CKOPOCTHOTO HAIIOpa, *KUJIKOCTH B Kaiute. [Ipu 3TomM paccrosinre MexK Iy BBICTYITaMK
peabeda L mnpemmosaraerca me OoJibliie auamerpa Kaman: L < 2a. B macrosieit
paboTe ToJIyueHa cJjejyroIas 00O0OIeHHAsT WHTEPIIOJIAUs IePUo/ia HEPOBHOCTEH
ruApodOOOHOIO TTOKPHITHS:

Linar/D = 2exp[1/4Stk]/We (1)

Bnecy Stk u We — uaucna Crokca m Bebepa cooTBeTCTBEHHO, paccUnuTaHHbBIE
0 CKOPOCTHU T0JIETa JierarejabHoro ammapara V. C ToUKu 3peHust ruapoMexaHu-
KW KallTu, JIJIS KOTOPOl OCHOBHBIM MAacIITabOM BpPEMEHU SBJISETCH OTHOIIEHUE €€
JuaMeTpa K CKOPOCTH 3ByKa B BOJie, HamOOJiee BaXKHBIM SBJISIETCsI POCT P dek-
TUBHOI BS3KOCTH KUJIKOCTU, CBSII3aHHBINA C BOZHUKHOBEHUEM W POCTOM HaHO3aPO-
JBIIIEH KPUCTALIN3AMUNA. 3aBUCAMOCTE 3TOT0 KOY(MPUIMEHTa [IEPEHOCA CYCIEeH3IMI
OT OTHOCHUTEJIbHOTO O00beMa JIUCIIEPIUPOBAHHON (ha3bl ONMUCHIBACTCS KJIACCUIECKOM
dopmysioit DWHINTEHHA W TOATBEPXKIeHA BO MHOIUX 00JaCTsIX HayKh. SICHO, 9TO
3 deKTuBHAS TEIJIONPOBOJIHOCTh CYCIEH3UU TaKKe 3aBUCUT OT OTHOCUTEJHLHOTO
obbema Kpucrayandeckoit ¢a3pl. Takum oOpa3oM, yIUThIBasi OTJIANYNE JTAHAMUIYE-
CKOT'O yIJIa CMAYUBAHUsI OT CTATUIECKOI'O, Mbl IMEEM JIEJIO C TPEXMEPHOI Tpéxdas-
HOIT HeCTaIlMOHAPHON JTUHAMUKON J1edopMupyemoil JIpo0siieiicss 1 OTBEPIeBaIOIIe
KaILIA, B3aUMOJIHICTBYIOIEH ¢ pebedHO TOBEPXHOCTHIO TBEPIOTO TeJIa.

PasButbie B HacTosIeit paboTe MOIeaN W METOAbl pacueTra IIPOTUBOOODJIEIEHN-
TEJIbHBIX CBOMCTB IOKPBITUI MOTYT OBITh HCIIOJIb30BaHBI MPU UX ITPOCKTUPOBAHUN
U ITPOU3BOJICTBE.

Hay4noe wuccieioBanme mpoBejieHO pu mojiepkke Poccuiickoro donma dyH-
JaMeHTaJIbHBIX HccieqoBanuii, rpant Ne 19-29-13024.
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Karouesvie crosa: mareMaTrndecKoe MOJIETUPOBAHUE Ia30Basl JIMHAMUKA, THIIEP3BYKOBOE
obTeKaHmMe TeJI, HeCTAIlMOHAPHbIE TedeHus, TuddepeHInaJ bHble YPaBHEHUS B YACTHBIX

IIPOM3BO/IHBIX, MAJIBIA ITapaMeTp.

[IpocTpancTBeHHas 3ajiava TUIEP3BYKOBOTO OOTEKAHUS TOHKOTO KPbLIA TIPE/I-
CTaBJIsIeT 3HAYUTEIHbHBIN TPAKTUYECKUN HHTEPEC U UMeeT PsiJi XapaKTEePHbIX 0COOEH-
Hocreit. [Ipu obTrekanuu Tes1 runep3ByKOBBIM IIOTOKOM I'a3a 00pa3yeTcsi CUIbHAas T'0-
JIOBHAsI yJIapHasl BOJIHA, 38 (DPOHTOM KOTOPOU IIPOUCXOANUT 3HATUTEIHHOE N3MEHEHUE
COCTOSHUS Ta3a. 3aJada COCTOUT B OIPeIeJIEHUH ITapaMeTpPOB TedeHUsl B 00JIacTH
MeK/1y T'OJIOBHOIT yIapHOit BOJIHOIT 1 00TeKaeMbIiM TesioM. Popma roJI0BHOM YIapHOIA
BOJTHBI TaKyKe TTOJJIEXKUT OIpe/iesieHnto. Tederne ra3a B yIapHOM CJIO€ OTIACHIBAETCS
cucteMoil HeJIMHEHHbIX JudEpPEeHITNATPHBIX YPABHEHNH B 9aCTHBIX MTPOU3BO/IHBIX.
st mocTpoennst TpUOINZKEHHOTO aHAJIUTUIECKOTO PEIIeHnus 33 /IaU1 UCTIOIb3YeTC s
MeTO/I TOHKOTO YIapHOro ¢Jiost [1|, OCHOBaHHBII Ha MAJIOCTH OTHOIIEHUSI IIJIOTHOCTEN
ra3a Ha PPOHTE YIapHOU BOJHBI. DTOT MaJIbIi mapaMeTp hu3udecKu 0O0CHOBAH, a
XOpolllee COBIAJEHNEe PE3YIHTATOB PACYETOB, Oy IEHHBIX C TIOMOIIBIO TOTO METO-
Jla, C pe3yJIbTaTaMy YUCJIEHHBIX PACYETOB U IKCIEPUMEHTAIHHBIMU JTAHHBIMU (CM.,
Hanpumep, [1]-[3]) mosBosser caenaTh BHIBOJ O BOBMOYKHOCTH €0 IIPUMEHEHUS JIJIs1
MIOCTPOEHUS MOJIesieil TedeHns ra3a B 3a/[adax ra30BOi JUHAMUKU C MHTE€HCUBHBIMU
yAapPHBIMUA BOJTHAMH.

CramuoHapHbIil cIydail 00TeKaHUsT TOHKOIO Kpblia ObLIT MCCIEI0BAH B PaMKaX
MeTO/[a TOHKOI'O YIapHOTO CJiosi B pabore [4], mosmHee aBropamu JaHHON pabOTHI
OBLTT TIPEJJIOXKEH PsiJl YACTHBIX PeIleHnil, KOTOPbIe ITO3BOJININ JIJIT KOHKPETHBIX 3a-
JIad TOJIYIUTH (DOPMYJIBI JIJIs ONpEIeIeHNs] TTapaMeTPOB TE€YEHUS Ha ITOBEPXHOCTHU
obrekaemoro kKpbuia [5]. [IpocTpancTBerHas HecTanmoHapHast 3312498 OOTEKAHWUS TH-
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IeP3BYKOBBIM IIOTOKOM TOHKOT'O KPhIJIa IIeEpeMEHHOM (pOPMBI B paMKaX 3TOI0 METO/1a
nccieoBaaack B [6]. B npejmosiozkenun, 9o roJloBHast yJapHast BOJIHA [IPUCOE ITHE-
Ha K IlepejiHeil KpoMKe KpbLia, 110 KpaiiHeil Mepe B OJIHOM TOYKe, B IIEPBOM IPUOJIH-
JKeHUH OBIJIO IIOCTPOEHO PEIeHne YITPOIEHHOW CUCTEMbI yPaBHEHU, 3aBUCSIIEE OT
JIBYX TPOU3BOJILHBIX (DYHKINI W HEM3BECTHOUN (HOpMBI (DpOHTA TOJOBHOU yIapHOit
BOJTHBIL. [[J1s1 onpejiesienus 3Tux (pyHKIUI MOTydeHa UHTErpo-auddepeHnnabHast
cucreMa ypaBHEHUI.

Hacrosimmast paboTa 1mmocBsiiieHa, JaJibHefRmeMy UCCIeIOBaHIIO 3a1a4i OOTeKaHUsT
TOHKOT'O KPbLJIa IepeMeHHON (hOPMBbI THIIEP3BYKOBBIM MTOTOKOM ra3a. Mcross3yercs
IOJTyOOPATHBINT METO/I PENIeHUs] STOW CUCTEMBI, ITPU KOTOPOM 3aJIa€TCs BUJI OJIHOM
U3 IIPOU3BOJIbHBIX PyHKIHA. [Ipu aTOM 1IperaraemMblii BApUAHT ITOJIyOOPATHOTO Me-
TO/Ia TI03BOJIsIET HE TOJBKO IIOCTPOUTH PEIeHNe, HO U JIOTIOJTHUTEILHO 33/I1aTh yPaB-
HEHUE TepeHell KPOMKH KPbLIa, & B CJyvae, KOT/ia TOJIOBHAsI BOJIHA IIPUCOEIMHEHA
BJ/I0JIb BCeH IepeJHel KPOMKU U HAKJIOH IIOBEPXHOCTU KPbLIa Ha HepeHeill KpOMKe.
[Toyuaensr popmyasl JJis ompeiesennst popMbl (DPOHTA YIaPHON BOJIHBI, ITOBEPXHO-
CTH 00TEKAaeMOTO TeJjla, PACCTOTHUST MEXKJIy YIapHOU BOJIHOI U MIOBEPXHOCTBHIO TeJIa,
IMapaMeTpPOB TE€UYEeHUSA Ha MOBEPXHOCTU KpbLiaa. [lomydennble pe3ysibTaThbl ABISIOTCA
HOBBIMU.

Bimmsinne peajibHBIX CBOMICTB Tra3a Ha ra30JMHAMHUYECKHE ITapaMeTPhl ITOTOKA 34
dPOHTOM MHTEHCUBHOU yIaPHOIN BOJIHBI JIOCTATOYHO XOPOIIO MOYKHO y4I€CTh YMEHb-
IIeHNeM MoKas3aresis aanabars! [3]. B sTom ciaydae masiblilt mapameTp TakKe yMeHb-
MAETCHA, YTO CIIOCOOCTBYET YJIYyUIIIEHUIO TPAKTUIECKON CXOIUMOCTU METOJIa TOHKOTO
yaapHoro cjost. Ecau ra3z 3a yjapHo#l BOJTHON HaXOJIMTCS B COCTOSTHUU TE€PMOIMHA-
MHUYECKOr0 paBHOBecHsI, TO 3(D(HEKTUBHBIN MMOKA3aTe b aIrnadaThl MaJI0 MEHSIETCS
BO BCeil 30HE T€UeHHsI. ITO JaeT BOZMOXKHOCTH MOJIEINPOBATH TedeHne 3a (PPOHTOM
CUJIBHON yJIapHOM BOJIHBI ABUXKEHIEM HEKOTOPOI'O COBEPIIIEHHOI'O I'a30M, II0Ka3aTe/b
a1mabaThl KOTOPOTO OIPEJIe/ISIeTCs B 3aBUCUMOCTHU OT duc/a Maxa u TepMOoInHaAMU-
YEeCKOTO COCTOSIHUS Ta3a B yAapHOM cjoe. [Ipu 3ToM ypaBHeHUE COCTOSTHUS MOYKHO
B3sTh B KBa3mcoBepiieHHOM Buje. [Ipemiaraemas maremMmarndeckasi MOJAETb MOXKET
JIOTIOJTHUTH YHUCJIEHHOE MOJIETMPOBAHUE U ITPU MCCJICIOBAHUN HEPABHOBECHBIX Teve-
Huii (cM., Hanpumep, [7]).
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Karouesvie cro6a: MUKPpOYpPOBHEBasl MOJIE/Tb, alallITUPOBaHHAsT CeTKa, KpaeBble 3(PPEKTHI.

[Iporiecc B3anMoIeficTBUS JIA3€PHOTO U3JIYIEHUsI C METAJIMIECKUME TTOPOIITKa-
MU OXBaThIBAET TaKNe sIBJIEHNS, KaK KOHBEKITNS METAJJITIECKOTO PACIIaBa, ITOBEPX-
HOCTHOe HaTszKeHue, «3hdekt MapaHronns», KOHBEKTUBHBIN U JIYYUCTBINA TEILIO00-
MeH, a0 1 BOSHUKAIOIIAS BCJIEJICTBUE STOIO PeaKTUBHAS CHUJIa, KOTOPbIE JIEXKAT
B OCHOBE COOTBETCTBYIOIIEH MaTeMaTHIeCKOil MUKpPOypOBHEBOit Moenn [1]-[3].

B npencrasiennoit pabore mpeiozkeHa MOIUMUIITPOBAHHAA MUKPOYPOBHEBAST
MOJIEJTb, KOTOpas MOXKeT ObITh Pean30BaHa B paMKaxX ITPOTPAMMHBIX ITAKETOB, ITPe/I-
Ha3HAYEHHBIX JIJIT MOJIEJTMPOBAHUS THIPOJIMHAMUKH, C JTOTIOJTHEHUSIMU, OTUCHIBAIO-
IUMU TIepeMeHHble cBoiicTBa cpejibl [4]. HoBast dhopMymmpoBKa HCTOYHUKOBOTO Jie-
Ha, COOTBETCTBYIOIETO CIAEPXKUBAIONIECH CHjIe B YPABHEHUM UMITYJIHCOB, TTO3BOJISIET
CHU3UTH TpeOOBaHUSA K JIMCKPETU3AINH 110 BpEMEHU, CJIeI0BATETbHO, N30aBUTHCS OT
YUCJICHHON HEYCTOMYNBOCTU U MOBBICUTH 3(PHEKTUBHOCTD BBIYUCICHUMN, TOCKOIbKY
OHA HE COJIEPKUT ITPOM3BOJILHBIX MMOCTOSHHBIX, OOjiee TJIajKasi U UMeeT HYJIEBYIO
IIPOU3BO/IHYIO B HYJIE.
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s MolenupoBaHus MIPOIECCa B3aMMOEHCTBUSA M3JTYYEeHUsI C TTOPOITKOM IPH-
MEHEHSIeTCsT KOMITOBUTHBIN TOAX0/, K IMIOCTPOEHUIO BBIYUCIUTETHHON CEeTKU, T.€ CTy-
IeHNe CeTKU IPOMCXOMUT JIOKAJbHO B TeX 00JIACTAX, IJie 3TO HeoOXomaumo. Takoii
ITOJIXO/I, TTO3BOJIAET YMEHBIIUTH 00beM BbraucaeHuii. Eimé oqunm TpeboBaHneM K ceT-
Ke SIBJIZETCS €€ CIIOCOOHOCTH TPaHC(HOPMUPOBATHCS, UTO ITO3BOJIUT COXPAHUTDH JIe-
TaJIbHOE OIIMCAHUE TeOMETPUH MUKPOYPOBHEBOU CTPYKTYPHI, IIOCKOJIBKY ITOJIOXKEHUE
IIOBEPXHOCTH pazjesia a3 U3MEHsIeTCs ¢ TeUYeHUeM BpeMeHN.

B pabore mpuBeneHbl NIpUMEPbI YUCJIEHHBIX KCIIEPUMEHTOB. BBIsIBJIEHO, YTO
IUPKYJISINS »KAJKOTO MeTaJslla BO3HUKAET M3-3a sIBJIEHUI ITOBEPXHOCTHOI'O HATsI-
sKeHust, «3dderra Mapanronns, «cuiabl ApxXuMenas, CUIbI TIXKECTH U PEaKTHUBHOM
cubl oTaaun. Popma BaHHBI paciliaBa ompejensiercs: «dddekrom MapaHronus u
cuioit otyaqn. B pesynabrate pacuéToB Tak:Ke ObLIN OOHApPY2KEHbI KpaeBbie 3 dhek-
ThI: yIyIyOJieHre BaHHBI PaciljiaBa B KOHIIE TIPOXO0/Ia JIa3€PHOI0 U3JIyYeHUsl, YTOJIIIIe-
HIEe BaHHBI PACILIaBa B HaYaJjle IPOXO/IA.

MukpoypoBHEBasI MOJIE/Ib IIPOIECCa B3aUMOJIEHCTBUSI JIA3EPHOTO U3JIyUEHUS C
ITOPOIITKOM MOYKET CTaTh ITOJIE3HBIM WHCTPYMEHTOM, ITO3BOJIAIONINM WCCJIEI0BATD
BJIUSTHUE PEKUMOB 0OPaOOTKHM Ha KadeCTBO IMOJIYIAEeMOTr0 M3JIe U M OIEHUBATH WX
IPAHUIILI IPUMEHNMOCTH.
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Metoa reHepaTuBHOIO AuU3aiiHa MoJeJieil Ha OCHOBE
HeperyJasipHbIX JaHHbIX B MPUJIOXKEHUN K 3aJJa4aM
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Knoueswie crosa: FeHepaTI/IBHbIﬁ ,ILI/IBafIH MO,ILGJIGI;'I, HeperyJ/JadpHble JaHHbIE, YDaBHEHHE TEIl-
JIOITPOBOAHOCTHU

Paspaborka meTos0B rereparuBHoro mmsaiina mozeseit (IJIM), B gactHOCTH,
VIIPABJISEMbIX JAHHBIMHU MOJEJIe, ABJISeTCs IePCIEeKTUBHBIM HAIIPaBJIeHIEeM CO3/1a-
HISI WHCTPYMEHTOB KOHTPOJI U IPOrHO3UPOBAHUS CJIOKHBIX MYJIbTH(PUINIECKAX
IIPOIIECCOB TEXHOTE€HHOI'O U IIPUPOIHOIO XapaKTepa. ¥YIIpaBiisseMble JaHHBIMU MOJIe-
JIV TIOJIYYIJIM CBOE IIMPOKOE PACIPOCTPAHEHNE B PA3/JIMYIHBIX TPUMEHEHISIX HePOH-
HBIX ceTeil M JPYIruX PerpecCHoHHBbIX Mojeseit. B obiacTu KiaaccmIecKux Mojiesiei
MAaIMHHOTO 06y venus [1], B HacTosiIee Bpemst BOIPOC TOJIy YeHre MOJIENH, HanboJiee
TOYHO BOCIIPOM3BOJISIIIEN MMEIONHUiicst HAOOP JAaHHBIX (HAOJIIOJEHUIT) HE SIBJISIETCSI
AKTYyaJIbHBIM. B COBpEMEHHBIX MeTojaX [2| }KepTBYIOT TOYHOCTHIO BOCIIPOU3BEICHUSI
JIAHHBIX B I10JIB3Y IOJIYYEHUsI YIIPOIIEHHON MOJIesn, KOTopasi OIUChIBaeT Hanbojee
CYIIECTBEHHYIO YacTh IPOIecca, IacTHOI peau3aliieii KOTOpOro sSIBJASIFOTCST TMEFO-
muecsd HaOJoJleHnd. Takoil moaxo)1 obecnednBaeT MOJydYeHue YCTONIUBON CTPYK-
TYPbI MOJIEJIU JIJIS PA3JIUIHBIX HAOOPOB JAHHBIX, OIMUCHIBAIOIINX SBJIEHUS CXOXKEH
HIPUPOJIHI.

OaHuM 13 HEIOCTATKOB KJIACCUIECKUX MOJEJIeH MAIIMHHOTO 00y IeHUsT SABJISeTC s
HerHTePIpeTupyeMocTh [3]. B mocse e HeckoIbKo JleT aKTUBHO pa3padaThIBAIOT-
cst meroanbl I'JIM nmjst onperesieHusi CTPYKTYPhl YIPABISIEMBIX JTaHHBIMHA MOIEJIEH
B Buje AuddepeHInalbHbIX YPaBHEHN, KOTOPble B HEKOTOPBIX CJIYYasX MOLYT
OBITH ITOHATHBI PabOTAIONMIEMY B IIPEIMETHON 00JIaCTH IKCIEPTY € OIHOM CTOPO-
HbI U IPOAHAJIU3NPOBAHBI KJIACCHYECKMMHI METOJAMH MaTeMaTUIeCKON (PU3NKU C
napyroii. ITomobHbIEe METOIBI TECTUPYIOTCS Ha MOJEIbHBIX 3a/av9aX U IPUMEHSTIOTCS
JUUIsI peIlieHusT TpakTuIeckux 3aa4 |4, 5|. B 6osbineit gacru pabot, MOCBAMEHHBIX
npoosieme I'JIM, s auckperunsanuu audepeHInabHbIX YPaBHEHU B 9aCTHBIX
npousBosubix (JIYVUII) ucnosib3yercst MeTos KOHEUHbIX pasHocreil. [Ipu perenun
KaK TECTOBBIX, TaK U PeaJbHBIX IMPUKJIAIHBIX 3329 UCIOJIb3YIOTCsI CUHTETUIECKHe
JIaHHBbIE TIOJIyYeHHBbIE Ha PeryJIapHbIX ceTKax. OHAKO, ¢ y4eToMm cIeruduKa Io-
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JIVIeHUsT SKCIIePpUMEHTAJIbHOI nHMopMaIuu B 00IeM ciIydae JaHHble MOTYT UMETh
HEPETryJIAPHYIO CTPYKTYPY.

B nacrosmieit paboTe Ha dTalle JTUCKPETU3AINN ITPEJIIATaeTCs UCIOJIb30BaTh Me-
TOJI KOHEUHBIX 3JIeMeHTOB [6]. B KayecTBe TeCTOBOI 3a/1a41 PACCMATPUBAETCS OJHO-
MepHas 33/a9a O IPOrpeBe METAJIIMYECKOTO CTePKHs. [IJIs1 oIy YeHnsa CHHTeTHIe-
CKUX JIAaHHBIX UCIIOJIb3YETCsl YPaBHEHUE TEIJIOITPOBOIHOCTH, OITMCHIBAIOIIEe HECTAITH-
OHAPHBIN OJJTHOMEPHBII ITPOIIECC PacIIPOCTpaHeHus Telia. PaccMaTpuBaeMasi 3a1a4a,
nMeeT aHaJuTU4IecKoe pemrenue. s 3a1a9m BOCCTaHOBIEHUsI YPABHEHUs TIOJIyde-
HbI MACCHUBBI JIAHHBIX Ha HEPEryJIsAPHBIX ceTKax. PaccMaTpuBaeTcss HECKOJIBKO BUIOB
CeTOK: C YepelyeMbIMU ITaraMu 10 IPOCTPAHCTBEHHOI KOOPAWHATE U C IIIaroM, yBe-
JITIUBAIONIIMCSI B apUPMETHIECKON IPOrpPeccu ¢ 3aJaHHON Pa3HOCTHIO IPOrpec-
CUM.

B pabore ma nepBom 3tame asgropurma I'JIM mMeTos KOHEUHBIX 3JIEMEHTOB C HC-
[I0JIb30BAHUEM JIMHEHHBIX AITPOKCUMUPYIONNX (PYHKIUN TPUMEHSIeTCS JIJI JIAC-
KPeTu3alluid BO3MOXKHOU MOJIe/IM ypaBHeHUsdA. B JajabHelIeM MOUCK ITOIXOISIIETO
JIU3aifHa MOJEJTN OCYIIECTBJISIETCS C UCIIOJIb30BaAHNEM KaK IPOCTENINX aJrOPUTMOB
mepebopa BceX BO3MOXKHBIX BAPUAHTOB JU3aiiHa, TAK U OPUTUHAJIBHBIX METO/IOB OTI-
tuMmusanuu. Pesyinbrarom npuMmenenud ajropurMa ['JIM saBisieTcss BOCCTaHOBJIEHHOE
JIVYIL.

B pabote obcyxkmaercst 3pPEeKTUBHOCTh METO/Ia I'eHEPAIUN JU3aiiHa MOJIeIn B
3aBUCHUMOCTH OT CTEIIEHU <«HEPEryJISPHOCTU» JaHHBIX U IEPCIEKTUBHOCTH IIpeJjia-
raeMoro IMOJIXO/IA.
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BausHue amamerpa BO3AYyIIHOIO BUHTA,
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OO/IBITIOTO Y/IJTUHEHUS .

B nacrosiiiee BpeMst akTyaJIbHO# 3a/1aveil aBJIsSIeTCs CO3/IaHne JIeTATeIbHBIX all-
naparos (JIA) amuresnbHOro mosera. B Mupe BejyTcsi ncciieoBaHUs SKCIEPUMEH-
TaJabHBIX JIA, ¢ 9JIEKTpUYECKUMU ABUTATEISIMA 1 KOMOMHUPOBAHHBIMUA UCTOYHUKA-
MU [UTAHUs, COUYETAIONINe aKKyMyJIsITOPHbIE U coMHedHble Garapen |1]—(3].

[Ipu npoexkTupoBanuu JIA Ha cosHeYHBIX OaTapesx BO3HUKAeT IpobJema pas-
MEIIEHUsI CUJIOBOIl YCTAHOBKH Ha KpbLIe OOJIBINOro yInHeHHus. Pa3smernnenus coJi-
HEYHBIX OaTapeil 10 Bceil BepXHEH ITOBEPXHOCTU KpPbLJIa HPHUBOJUT K HEOOXO.IH-
MOCTH KOMIIOHOBKH CHUJIOBOM YCTAHOBKM B KOHIIEBOM cevdeHuu Kpbuia. VccmenoBa-
HIe B3aMMOJIEiCTBUs CTPyit Bo3aymHbix BUHTOB (BB) B mamuOi#t aspommnammde-
CKOIt KOMIIOHOBKE SIBJIsIETCS aKTyaJIbHOU 3ajiadeil u el MOCBAIIEeHbI Psi/l PaCUE€THO-
9KCIIEPUMEHTAJIBHBIX HccaenoBanmii [4, 5|. Obrekanue n aspogrHaAMIIECKUe XapaK-
TEPUCTUKU KPbLIa, PACIOJ0XKEHHOTO B cJje/ie 3a BB 3aBucuT oT MHOXKeCTBa yCJIOBUIA:
CKOPOCTH HaberaroImero Ha KpbLIO IOTOKa, jJuaMeTpa BB, gacTorsl ero Bparienusi,
yIJla YCTAHOBKH JIOIACTH, & TaK»Ke PACCTOSHUS OT Bpalmaoruxcs jomnacreii BB 1o
repe/iHeil KpOMKHU KpbLila.

B mannoit pabore paccMaTpuBaeTcsl BIUsHIE n3MeHeHns: quaMmerpa BB #a kpeii-
CEPCKUEe XapaKTEPUCTUKU CAMOJIeTa C KPBLIOM OOJIBIIOIO Y IUHEHUsI B IIPOJIOJIb-
HOM KaHaJie. YucIeHHble UcCaeIoOBaHns POBEIEHBI IO MPOrpaMMe, OCHOBAHHOM Ha,
ocpesiHeHHBIX 110 Peitnosnbacy ypasuenusix Hare—Crokca. Pacuer mpoBesieH npu
ckopoctu noroka V = 25 u 50 M/c, KOTOpbIe COOTBETCTBYIOT YucjIaM PeitHosbaca
Re = 0.17 u 0.35 - 10° BBIYHCIEHHBIM OTHOCHTEILHO CPEIHEH adpOIHMHAMIYECKOI
Xopabl KpbLia. McceioBano o0TekaHme MPSMOTO KPbLIa OOJIBITIOTO YJITUHEHUS C
paboTaronmuM TIHYIUM JIByxJonacTHbiM BB ¢ quamerpamu 0.22 u 0.33 M, ycra-
HOBJICHHBIII B KOHIIEBOM CEYEHUM KpPbLIa caMoJjieTa, a Takxke 0e3 BB. Vruibl artakn
BapbUPOBAJIMCH B Jualia3oHe oT 1° mo 7°.
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B pesysnbraTe mosydeno, uTo npu yBenmdeHun auamerpa BB Ha mosepxmocTu
KpblJIa, HaXodeiica B caelie 3a BB, mpoucxoauT nepepacnpejiesienne TaBIeHNs,
KOT/Ia Ha HUKHEN IMOBEPXHOCTH IepejlHeil KPOMKH KpbLJa yBEJIUINBAETCS pa3pe-
JKeHue, a Ha BepXHeil — IOBBIIAeTCs JiaBjienne. BeitegcTBrue yero B 30He 00/1yBa
crpyamu BB moabemuas cuna Kpbuta cHumzKaercd. Tak, Ha yriie ataku 1° moabeMm-
nas cuita JIA ¢ BB quamerpom 0.33 M ymeHnbItnaeTcs Ha 6 IIPOIEHTOB 110 CPABHEHUTO
¢ BB aunamerpom 0.22 M.
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Karouesvie cao6a: 3ByK, BUXPb, paccesHUe.

Pabora mocssmmeHa Kjaccudeckoil mpodjieMe paccesiHusl IJIOCKO aKyCTHIeCKOM
BOJTHBI IUJIMHJIPUIECKUM BUXPEM B naeajbHOM raze. CorjacHo oOIIenpUHSITON I10-
CTAHOBKE, B KaUeCTBe BUXPsI OEPETCs JIBYMEPHOE OCECUMMETPUYIHOE T€UYEHHE C ITUP-
KyJIdieii CKOpoCTH, OTJIMYHOM OT HYJId Ha CKOJbKO YT'OJHO OOJIBIINX PACCTOSTHU-
X OT IEHTPa BUXPsI, — HAIPUMEpP, BUXPeBasi HUTh win Buxpb Pankuna. VMmeror-
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csi pasimgHble perrenus |[1]-[6], mpuuém HE OHO W3 HUX He WMeeT BUJ| PACXOJIs-
mieiics OJINHAPUYECKOR BOJIHBL C PErYJISPHBIM PACIIPEICJICHIEM aMILIATYIAbI, KAaK
B «OOBIYHBIX» JBYMEDHBIX 33Ja9ax paccesHus. B IefCTBUTEILHOCTH, TaKas IIO-
CTAHOBKA HEKOPPEKTHA: B3auUMOJIECHCTBHE 3ByKa C BHXPEM, UMEIONIUM HEHYJICBYIO
UPKYJIAIII0 Ha OECKOHEYHOCTH, CYIIECTBEHHO BO BCEM IIPOCTPAHCTBE; IOTOMY HE
CYIIECTBYET JaJibHeil 06JIacTh, B KOTOPOH MOYXKHO BBICTABUTH I'PDAHUYHOE YCJIOBHE
YXOAANIUX BOJH. 3aMETHUM, UTO TaKOi BUXPb MMeeT OECKOHEUHYIO KHHETHYECKYIO
SHEPTUIO U IIOTOMY HE MOXKET CYIIECTBOBATH B HEOIPDAHMYEHHOM IIPOCTPAHCTBE.

B pmammoii pabore paccMOTpeHa 3ajada pacCesHus 3ByKa Ha BUXDE C HYJIEBO
mmpKyasmeii Ha Geckoneunocru: I'(r) = T, (r/8)° mpu r < § u ['(r) = Dye = "
upu r > §, KOTOPbIi 61M30K K BUXPIO PaHKuHa B OrpaHndeHHOi 001aCTH IIPOCTPAH-
ctBa § << r << €71, rhe €, § — MaJsble mapaMeTphl. Takoil BUXPh MOXKeT OBIThH
CO3JIaH BpAIleHUEM B BS3KOH cpese OECKOHEYHO IPOTAXKEHHOIO KPYTOBOI'O IIMJIMH-
npa paguyca 0 ¢ DUpKyaanuei I’y B TedeHme 10Jroro BpeMeHH.

Pemenne yoBaeTBopsieT ypaBHeHUSIM Diljiepa ¢ HA9aIbHBIMU YCIOBUSIMUI B BUIE
I0JI CKOPOCTeH BUXPs U FPAHUYHBIME YCJIOBUSME B BHJIE IJIOCKOM BOJIHBI HA OECKO-
HEYHOCTH. BUXPh U maJaromas BOJIHA PACCMATPUBAIOTCA KAK HE3ABUCHMbBIE MAJIbIC
BO3MYIIEHUs] OTHOCUTEILHO HMOKOAIIETOCd Ta3a, COOTBeTCTByIomue ancaa Maxa M
u M’ cunmraiorca MaJabLIMHU ITapaMeTpaMid. PeleHue WIeTcs B BHJIE JBYXIIAPAMET-
PUYECKOTO CTEIEHHOTO psja nmo obonM uncjaaM Maxa. Tak, /uisg moss mIOTHOCTH

p= Z Z MG(M'e™) p;i(r;e, ).

i=0 j=0

Paccesnnas BoJiHA B TJIABHOM ITPUOJIMZKEHUH OIMCHIBAETCS CJIAraeMbIM HOPSIIKA
O(MoM') n Takum 06pa3oM SIBJISIETCsI MAJION HOIPABKON K CYNEPIIO3UIUU BUXPsI
1 TAJAloNeil BOJHbBI. Perienne yaoBaeTBOPseT HEOIHOPOIHOMY ypaBHEHHIO I'ejrbM-
rOJIbIIA

Api1 +p11 = —2i(k - V) (ez;a%k)e_gﬁei(k'r) :
riae Kk u e, — eIMHUYHBII BOJTHOBOI BEKTOP MHAJAIONIEN BOJIHBI U € IUHUIHBIN BEKTOP
3aBUXPEHHOCTU B sJpe BUXPsl, 1 BBINUCHIBAETCSA B BHUJE CBEPTKHU IIPaBOil YacCTU C
dyukrueit ['puna.

AcumvmTroTrdeckast CTpyKTypa TOJIS PACCESTHHOM BOJTHBI P11 OKA3bIBAETCSI aHAJIO-
TUIHON CTPYKType, KOTOopasi HabJIFOIAeTCsT B U3BECTHOI 3a/ade I PaKIInd ILI0C-
KOH BOJIHBI Ha, INEJIU IIMPHHON MOPSAIKA MacITaba Buxps £ 1. B jaabpHeM mose
r >> £~ 2, KoTopoe aBJIgeTcsa aHajIoroM obsactu mudpaxmm Opayrrodepa, permie-
HUE UMeeT BUJ[ PACXOAAINeHcd MUINHIPUICCKOI BOJIHbBI

_ 0
P11 = T eim=im/4 ¢os 0 cot (1 — 6_92/452)
2r 2
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C YTIOBBLIM MAKCHMYyMOM HOPSIKa € 1 /y/7 << 1 B obmacTu Manbx yriaos 6 ~ . B
OJIMKHEM TI0JIe T ~ €~ 2, COOTBeTCTBYIOMmEeM obsactu mudpakimn OpeHess, mMeeM
BOJIHY CJIO?KHOTO BHJIa ¢ aMIUTY0i mopsiaka O(1).

[ToryuenHoe perrieHne COAEP>KUT U3BECTHBIE PaHee PeIeHns B BUIE Pa3JInIHbIX
IpeJIesIbHBIX CIydaeB. Pemenue B obsactn 7 << €1, ryie BUXpb OJM30K K BUXPIO
Panknna, coBuajaer ¢ pemenusimn [2]-[5].

Hayunoe ucciemoBanme mpoBejieHo pu mojyiep:kke Poccuiickoro donga GyH-
JaMeHTaJIbHBIX nccjenoBanuii, rpant Ne 19-31-90057.
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HenokanbHblii 3aKOH coXpaHeHUsI B CBOOOIHOI
3aTOIIJIEHHOM HEe3aKPY4YE€HHOM CTpye
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Knrouesvie caosa: 3aTonsIEHHAs CTPYS, IIOTPAHUYHBINA CJI0i, 3aKOH COXPaHEHUS.

[Tosie ckopocTu B HE3aKPYUIEHHON OCECUMMETPUIHON 3aTOILJIEHHON CTpye BA3KOM
HECZKMMAaEeMO# YKUJIKOCTH B TMPUOJIMKEHUN TOTPAHUYHOTO CJIOSI ONUCHIBAETCS yPaB-

HEHUSAMU:
(ru), + (rv), =0 ]
{ uu, + vu, = vr(ru,), (1)
rjie 2 — oceBasdg KOOpJAuHATa, " — paJuajibHad KOOPAMHATA, U — OCeBad CKOPOCTD,
v — pajuaJibHasi CKOPOCTh, V — KHHEMATHIECKNil KOI(DMUINEHT BI3KOCTH (MOJIe-
KYJISIDHOIN WU TYPOYJICHTHOI ).



198 Cexkrust 3 (Section 3)

[TepBoe ypasrenue cucrembl (1) BoipazkaeT 3aKOH coxpaHeHusi Macchbl. CKab-
Basi 1iepBoe ypaBHeHue (1), yMHOMKEHHOE Ha U, CO BTOPBIM yDABHEHUEM, yMHOXKEH-
HBIM Ha 7, IIOJIYIUM JUBEPreHTHYI0 (POPMY 3aKOHA COXPaHEHHUsI NMITYIbCA:

(ru?), + (rvu — vru,), =0 (2)
Henokasbublil 3akoH coxpanenus [1]| mosryaum, ymHoXKuUB (2) Ha ¥ — vz:
(@ —vz)ru®)_ + (Y —v2)(rou — vru,) + v(ur)?/2) =0 (3)

rae ¢ — GyHKmmS ToKa: u = 1~ 1., v = —r~ 1, (1 = 0 npu r = 0).

U3 3akoHOB coxpaneHus (2), (3) BBIBOJSATCS MHBAPUAHTHI 3aTOIJIEHHON CTDYH.
B npemmonoxernn u = O(r~*), v = O(r~!) mpu r — oo B cTpye mpu mO6OM 2
COXPAHSIIOTCS] HHTEIPAJIBL:

oo

J = 27T/u2rdr, E = /u2(¢ — vz)rdr (4)
0

0

[TepBbiit maTErpast (4) UMEET CMBIC MIOTOKA OCEBON KOMIIOHEHTHI UMITY/IbCA depe3
HIOIIEPEYHOEe CeYeHrne CTPYH. BTOpOi MHTerpas sBJjsieTcss 00O0IIeHneM WHBApPUAH-
Ta, MJIOCKOI TpucTeHHoit cTpyu (2|, [3] Ha ocecmMMeTpUYHBIE TEUEHUS W HE UMEET
00111ePU3UIECKOTO CMBICIIA.

PaccMoTpuM KOOpIMHATHOE Pa3/IOXKEHNe JAIBHEro moJist (z — 00) He3aKpydeH-
HOit cTpyn [4, 5:

Y(z,7) = Vi(2,m) + BY2(n) + o(1), n=r/(vz) (5)
re 2.2
a’n
Uy(z,m) = VZ1+04—2772/4’

a?n? 1—a2n?/4
4 (1+a2n?/4)?

C moMoInbio MHBApUAHTOB (4) OIpeIesoTCsl Hen3BECTHBIE KOHCTAHTHI B Pa3JI0-

xeuuu (5):
[ 3J 3E
a = 167 f= 202 (6)

Dopmysbl (6) TO3BOJISIIOT CBsi3aTh JajibHEE IMOJIE CTPYU C XapaKTEePUCTUKAMU
HCTOYHHUKA CTPYU B HadaJIbHOM cedennu z = (. OOmenpuHaToiil cnocod ompeee-
HISI KOHCTAHTHI 3 1epe3 Pacxojl B cedeHnn cTpyn z = (), IpeJIoKeHHbli B paboTe
[5], nekoppekren. Coxpanenue uHTErpaJyioB (4) u HPaBUIBHOCTH KOHCTAHT (6) mpo-
BEPEHBbI HA YHCJICHHOM pelleHnn ypaBHeHuil (1) st cTpyit ¢ mapaboImIecKuM U
JIMHEHHBIM HAYATIHHBIMA TIPOMUISIMA CKOPOCTH.

Wa(n) =



Cekrust 3 (Section 3) 199

Onpeiesienre KOHCTAHTHI 3 ¢ TIOMOIIBIO MHBapUaHTa F siBjsieTcs penenueM mpo-
6J1eMbI CKPBITBIX HHBAPUAHTOB [6] B ciryuae maJioit BsiskocTu. PasjimyHbie BApUaHThI
peleHuns 3Toit MpoOJIEMBI JIJIs CJIydas TPOU3BOJIbHON BA3KOCTH TPEIOXKEHBI B Pa-
borax |7, 8|.

Hay4noe wncciemoBanme mpoBejieHO mpu nojiepkke Poccuiickoro donma dys-
JaMeHTaJIbHBIX nccienoBanuii, rpant Ne 19-01-00163.
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Karouesvie cr06a: BUHTO-KOJIBIIEBOM JIBUXKETE/b, (PIO3E/Is12K, TOJKAIONIN BUHT

Tara m30/;IMpOBAaHHOTO BUHTA, CYIIECTBEHHO YMEHBIIAIOMAACT C POCTOM CKOPO-
CTU HADEraroIero MoTOKa, YBEeJIUINBAETCSA IIPU YyCTAHOBKE BUHTA 33 (DIO3E/IsSI?KEM B



200 Cexkrust 3 (Section 3)

30HE 3aTOPMOYKEHHOT'O TIOTOKA, & TaK:Ke MPU PACIIOJIOKEHNN BUHTA B KoJbIle. IIpe-
UMYIIECTBA YCTAHOBKU B KOJIBIIE CJEIYIOT W3 MUMITYJIbCHOM TEeOpuH, KOTOpas IOJ-
TBEPKIAETCA Pe3yIbTaTaMI PACYeTOB, & TaKKe MPAKTUKON MCIOJIb30BAHUSA TOJI-
KAIOIX BUHTOB W BUHTOB B KOJIbIIE HA MHOTHX TPAHCIIOPTHBIX CpeJcTBax. lakas
KOHCTPYKTHUBHAsI CXeMa, CIIOCOOCTBYET HE TOJBKO YBEJIUYEHUIO TATH, HO W 3AIMUTE
CcaMOr0 BUHTA OT TOBPEKJIEHUH, MOBBINIEHUIO OE30ITACHOCTU TOJIeTa U CHUXKEHUIO
myma. JJis yBemaenus TAru BO3yITHOTO TOJIKAIOIIETO BUHTA ObLIN PACCMOTPEHDI
CJIe/TYIONINE BApPUAHTBI: MOJUMUKAINS UCXOTHONW KOPMOBOM YaCTU Tejia BPAIECHUS
Ha OCHOBE HCIIOJBb30BAHUsI TeOMETPHUN KPBLITheBBIX mpoduieit JIubuka [1], ¢ cobstro-
JleHreM ycaoBusi 6e30TpbiBHOTO obrekanusi 110 Teopun Crpaadopaa (2], u ucmons-
30BaHNE KOHCTPYKIIMU «BUHT B KOJIbIE». PacdeT pa3imuHbIX KOMIIOHOBOK MOJIE/Iei
OBLJT TIPOBEJIEH II0 IIpOrpaMMe, OCHOBAHHOHN Ha YMCJIEHHOM PEIIeHUU OCPEIHEHHBIX
o Peitnonbiacy ypasaennit Hapbe—CToKkca Ha HECTPYKTYPUPOBAHHON CETKE.

B mporiecce uncieHHBIX UCCIEI0OBaHUi 0OTeKaHUsT TPOMPUId KOJIbIA B 3aBUCH-
MOCTH OT MECTHOT'O yIJIa aTaKW B CJIEJIe 33 TEJOM BpAIEHUs ObLIN PACCUUTAHBI
a3pOJIMHAMUYECKUE XapaKTEPUCTUKU 30 IUpOoBaHHOTO mpoduiisa. Haxojsichk B cieie
3a TeJIOM BPAIEHNUsl, KOJIbIO BJIMAET (32 CU6T W3MEHEHUsl JIABJIEHNUs) HA OOTeKaHWe
XBOCTOBOI "acTu Teja Bpamlerus. [loaToMmy yribl aTaku W30 JMPOBAHHOTO KOJIBITA,
U, KaK CJIeJICTBUE, MECTHBIE YTJIbI ATaK! KOJIbIIA B CJIEJle 3a TeJOM BpaIlleHUs B3a-
UMOCBSI3aHBI. DTO TO3BOJIUIO ONTUMHU3UPOBATH IOJIOXKEHHE KOJIbIIA OTHOCUTETHHO
dro3es1gKa, YTO MPUBEJIO K POCTY €TI0 TATH.

Jpyrum perieHreM cTaJja ONTUMU3AINNAS TPOMUIIST KOJIbIA JIJId 00ecIedeHns Mo-
Jteta ¢ bosbmmuMu cKopocTsiMu. C 11eJ1bI0 OIIpeIesIeHUsT BIUSHUS TapaMeTpPOB U KPU-
BU3HBI PO uJist KOJibia Ha Tary BK/I monck HoBoit (hOpMBI TIPOBEJIEH J1JTsi OJTUHAKO-
BOI'O JTUAMeTpa, HEU3MEHHOU XOpJIoi U (PUKCUPOBAHHOI'O PACCTOSIHUSI HAMOOJIBIIEH
TOJIIIUHBI TPOM U Ha BHyTpPEHHEN cTOpoHE KOjbiia. COryiacHO 3TUM OrpaHUYIeHNU-
sIM OBIJT CITPOEKTUPOBAH HOBBIH TPOMUIb KOJIBIIA KOTOPBIT UMeeT MEHBIITYI0 OTHOCH-
TEeJIbHYIO TOJIIUHY U U3MEHEHHOEe TI0JI0YKEeHe MaKCUMaJIbHO# TosmuHbl. [IpoBenen-
Hble PAcYeThl IMOKA3aJIM, YTO HOBasd (hopMa KOJIbIA IMO3BOJIMIA JIOCTHYIb OOIBINIX
Besmaud Tsirn BK/I j171s1 601X ckopocTeii mojieta. Pacdér BbISIBUII, YTO BEJIUYIH-
HA MaKCHUMAaJIbHON TSATH BUHTA 3aBUCHUT OT (POPMbI KOPMOBOII YacTu (hro3esisizKa, U
B MEHbIIeH cTernenn 0T (POPMbI TPOMUIIA KOJIbIA U €r0 IMOJIOKEHUSI.

[IpoBenennble nccae0BaHNS TTOKA3aIU, YTO U3MEHEHNE TOJBKO MCXOTHOMN op-
MbI KOPMOBOW YaCTU MCXOJTHOTO TeJjia BPAIEHUs, YMEHBITAET JIOHHOE pa3perKeHne
He CO3/IaBast OTPHIBA U MPUBOJIUT K HEOOJIBIIIOMY YBEJIMYIEHUIO TITU BUHTA BO BCEM
pacYeTHOM JIMAIa30HEe CKOPOCTEl ToJjieTa; YCTAHOBKA BUHTA B KOJIbIE ITPUBOJIUT K
CYIIECTBEHHO OOJIBIIIEMY YBEJIMYEHHUIO TATY BUHTA TAKYKe BO BCEM PACUETHOM JTUATIa~
30HE CKOpOCTell 1oJjieTa. B Iporiecce YUC/IEHHBIX UCC/IeT0BaHUI ObLIM PACCUUTAHBI
adPOIMHAMUYIECKIE XapPAKTEPUCTUKU U30JUPOBAHHOTO ITPOMUIIs KOJIbIIA. BBLIO BbI-
SIBJIGHO, UTO yTJIbI aTaK! U30JIUPOBAHHOIO KOJIbIIA U MECTHBIE YTJIbI ATAKU KOJIbIIA B
cJIejie 3a TeJIOM BpAIeHUsT B3aNMOCBA3aHbI. AHAJIN3 Oy YeHHBIX PEe3yIbTaTOB, TaK-
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JKe TIOKa3aJl, YTO Ha XapaKTEPUCTUKN TATU BUHTA B KOJIbIE BJIUSIET MECTHBINA YTOJI
aTaKM, IIPU KOTOPOM IIOTOK HaberaeT Ha KOJIbIO. [Ipu 3TOM Tsira BO3yIITHOTO BUHTA
3aBUCUT OT MECTHOTI'O YIJIa aTaku MPOMUIs KOJIbIA, & MECTHBIN YyToJI aTaku Ipodu-
JIST KOJIBIIA 3aBUCUAT OT (pOPMBI KOPMOBOI YacTu TeJia Bparenns. Hanbobiryto tary
BUHT B KOJIbIIE CO3/Ia€T TIPU MECTHOM YTJIEe aTaK! U30JIMPOBAHHOTO MPOMUIST KOTb-
11a, COOTBETCTBYIOIIETO MaKCUMAaJbHOMY adponHaMudecKoMy KadecTBy. [lokazano,
YTO JJIsT JTOCTUKEHUS HAMOOJIBINEN TArr HeoOXOIMMa, KOMILJIEKCHAsT ONMTUMU3AIIAS
00BOJ/IOB KOPMOBO#1 YaCTH TeJia BpallleHus, Tpouisd U yIiaa YCTAHOBKUA KOJIBIIA.
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Karwueswvie carosa: TOKaIBHOE JHEPI'OBJIO2KEHUE, TEIJIOBOH IIOTOK, CBEPX3BYK.

JIoKaJibHOE SHEPTOBJIOZKEHNE B CBEPX3BYKOBOI ITOTOK T'a3a MO3BOJISET YIIPABIITH
ra30IJMHAMIYECKIMU ITapaMeTPaMU BbICOKOCKOPOCTHBIX IIOTOKOB U BO3/IefiICTBOBATH
Ha XapaKTep OOTeKaHWsl Pa3JIMYHBbIX TeJ. BKiaJ sHeprum mpu 3TOM BO3MOXKHO
OCYIIECTBJISITH PA3HBIMU TUIIAMHA BBICOKOYACTOTHBIX I'a30BbIX PA3PsIIOB, HAIIPUMED,
CBY-paspssmoMm mian Jra3epHO-MHUIMMAPOBAHHBIM ONTHYECKUM IIpoboeM. B 3aBucu-
MOCTH OT BHJIa Pa3psijia MOXKHO II0JIydaTh HEOOXOJIUMbIe TeOMeTpUYeCKue KOHMU-
rypaiuu BO3MYIIEHHON 00JIACTU Ta3a Jijisd U3y IYeHUs PA3IUIHbIX (DU3UIECKUX SBJIC-
uuii. YucsienHoe MojiesimpoBanme mokasalo |1, 2|, 94ro B pesysbrare B3anMoaeiCTBUSI
MPOTSI?KEHHOTO Pa3peKEeHHOr0 ra30BOI0 KaHAJIA C YIAPHOU BOJTHOM IIPOUCXOIUT PAC-
1a]T yJIapHO-BOJTHOBOW KOHMUTypalnu 1 o0pa30BaHUEe TOPOUIAJILHOIO BUXPsI, JBU-
JKYIIErocs BBEPX 110 IMTOTOKY K ITOBEPXHOCTH 00TeKaeMOoro IujInHIpa. B skciiepumen-
TaJabHbIX paborax [3, 4] 6b110 MOATBEPK AEHO, UTO Nipu peanusaru CBY-paspsita
Ha OCH CHUMMETPHH IIOIEPETHO OOTEKAEeMOTO ITUJIMH/IPA IMPOUCXOINT 3HAYUTEIHHOE
I IeHNe JIABJICHUS B KPUTUYIECKON TOYKE TOPIA IMUJINHIPA U OTXOJT YIAPHONW BOJIHBI
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OT TIOBEpPXHOCTHU TeJia. [Toxoxkue sKcnepuMeHTabHbIe UCCIeI0BaHus 5] ObLIN mMpo-
BeJICHBI C IIPUMEHEHnEeM (PeMTOCEKYHIHOTO JIa3ePHOT0 U3JIyUeHNs, aHAJIOTUIHO T10-
Ka3aBIlle BO3MOXKHOCTH 3HAYUTETHHOTO CHUXKEHUS JTaBJIEHUS Ha JINIEBOM MOBEPX-
HOCTH TJIOX000TeKaeMoro reia. B pabore 6] ykazaHo, 4ro JiazepHasi WHHUIIUAIMS
MIO3BOJIsIeT U3MEHATD JIIUHY I1a3zMennoro dpunamenta CBY-pa3psiaa, Takum obpa-
30M MeHsisl TeOMETPUIO CJIejla Pa3psia.

B pamkax mganmoit paboThl OBLIO MTPOBEIEHO SKCIIEPUMEHTAJIHLHOE HCCJIEI0BAHTE
B3aMMOJIENCTBUs 00JIACTU ra3a, BO3MYIIEHHOMN IIPU ITOMOIIHN SJIEKTPUIECKOTO Pa3psi-
J1a, ¢ KOCBIM CKaQYKOM YILJIOTHEHUS Ha ILJIACTUHE, PACIIOJIOYKEHHO IO/ YIJIOM aTaKH.

st ocyIecTBIeHUST SHEPTOBJIOYKEHHUS MCIOIb30BAJICS MEYKIJIEKTPOIHBIN pa3-
psizt ¢ cuitoit Toka 25 A, mHampsikerueM 20 KB; qmmTebHOCT pa3psiia COCTaBIISIIA
2.5 Mkc. B xo7e skcnepuMenTa BapbUpPOBAJICSA YTOJI MEXKIY OChI0 CUMMETPHUH Pa3-
psijia 1 BEKTOPOM CKOPOCTHU HaOeraroIero 1moTokKa, IIOBEPXHOCTb MOJIEIU PACIIOJIa-
raJlachb 1oJI YIrJioM 22° K BEKTOPY CKOPOCTH HAOETraloIero CBEPX3BYKOBOIO ITOTOKA,
qncao Maxa — 2.1. Ha moBepxHOCTH 3KCIIEpUMEHTATIBHON MOJEIN B IJIOCKOCTHA CUM-
METPUHN yCTAHABJINBAJICI JATYNUK TEILIOBOTO IMTOTOKA.

Tak Kak xapakTepHOe BpeMs IIpoliecca cocTaBiisseT mopsiaka 100 Mkc, TO HEOO-
XOJIMMO OBLIO MCIOJIB30BATH OBICTPOJIENCTBYIONTYI0 U3MEPUTEIHLHYIO allllapaTypy C
BBICOKIM BPEMEHHBIM pa3pelreHneM. B skcriepuMeHTe NCIIOIb30BaJICs TPa/IMEH THBIMA
JIATYUK TEIIOBOIO MMOTOKA, U3MOTOBJIEHHBIN U3 MOHOKpucTaJia BucMyTa B CaHKT-
[TeTepObyprckoM mouTexHUYeCKOM yHUBepcuTeTe. lIpuHIunm paboThl jJaTdmka oc-
HOBaH Ha mornepednoM 3dderre 3eebeka [7]. B pesysbrare ObLIM MOIyUIeHBI IKC-
epuMeHTaJIbHbIE JaHHbIE O JIUHAMHUKE TEILJIOBOTO IOTOKA B TOYKE Ha MOBEPXHOCTH
IUIACTUHBI U TeHeBbIe poTorpaduu B3auMOIEHCTBUS BO3MYIIIEHHON pa3ps oM 00J1a-
CTH Ta3a C KOCBIM CKAYKOM YILJIOTHEHUSI.

Pa6ora Bemosaena npu nojyepkke PODU (rparter Ne 19-31-90071 u Ne 18-08-
00707). ITpu pacdyerax MCHOJIB30BAJNCH KOMIIBIOTEPHBIE PECYPCBI, TIPEIOCTABICHHBIE
PII «Boraucaunrenpustit ientp CIIOIY ».
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HccnenpoBanne onTuMaJibHOII reoMeTPu OHOP C
ra30BOii cMa3Koii IIpu OosbInux dymcjaax Maxa

3asvanos O.I
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Kaoueswvie crosa: razoBast cMa3ka, 3pdekT KinHa, 3GHEKT BHENTHENO HATHETAHUS CMa3KH,
3 dekT KosedoIelica cTeHKu, Yucao Maxa.

N3BecTHO, 9TO B TE€OPUH Ta30BOM CMa3KU CYIECTBYET TPU IMPUHITATIA CO3JIAHUST
M30BITOYHOIO JABJIEHUsI B TA30BOM CJIO€ OIIOP CKOJIb>KEHUS [1, 2], Ha3BaHHBIE ITPUH-
IUIIaMA Tra30BO CMa3KM:

1. acddexT knna;
2. 3(ddeKT BHEITHEro HarHeTaHUsl CMAa3KH7;
3. addekT KoedIIoNIeiicsT CTEHKN.

PaccmarpuBaercs pabota orop, paboraroriux Ha 3 @eKTe KJIMHA, C yIeTOM CyKH-
MaeMocTH ra3a u uncjia Maxa. [IpousBenennabie pacdéThl TOKA3BIBAIOT, YTO TEUCHUS
ra3oBOIr'O CJIOd CYIIECTBEHHO PA3JIMYHBI IIPU M < Mk u M > Mk, rjae 1o/ Mk
MMOHNMaeTcd KpuTudeckoe ducyio Maxa.

IIpu masbix gnciaax Maxa M < M), peakiny Omop C ra30BOil CMAa3KOH ObLIH
HaliIeHbl B pe3yJibTaTe MHTErPUPOBAHUS TOJS JABJIEHUM, OMPEJIEJIEHHOTO C TOMO-
mbIo ypaBHeHuit Peitnosbica.

PaccMmoTpenbl KOHCTPYKIIMU OTOP CKOJIbXKEHUs Mpu OoJibmmx duciaax Maxa
M > M. B takux onopax, paboraromux Ha 3ddexTe KanHa, /I CO31aHNs N30bI-
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TOYHOI'O JIABJICHUA CMa3Ka JOJIZKHA IIOCTYIIATh B PACHIMPAIONIANCA KINHOBUHBII
3a30D.

Jts mumHApUYecKoit OOphI B pe3yJIbTaTe MPON3BEEHHOTO aHAIN3a TOTY Y€HBI
peaknuy ra30oBoro cjos. Ha ocHOBaHWM NMPOW3BENEHHBIX PACUYETOB JJIS TUJIAHIPH-
YEeCKOU ONOPBI PElIeH BOIPOC ONTUMAJIBHOIO IIPOEKTUPOBAHUS TAKUX OIOP C TOYKHU
3peHust obecreveHnsl yCTOMINBOCTH IEHTPAJILHOTO PABHOBECHOT'O ITOJIOYKEHUS TITUTIA.
ITpousBe/ieHHBIE PACUYETHI TI0KA3aJIH, YTo pu yeiaosuu M < M), paboTa IuInHIpu-
4eCKOI OIIOPBHI CYIECTBEHHO OTJMYAETCS OT PaboThI 3TOH Ke ornopsl npu M > M.

OnrumasbHasi reoMeTpusi MPOMUIIs OIOP ¢ Ta30BOil CMA3KOM ompejie/ieHa ¢ Io-
MoTbio TpuHIuna MakcumyMa [lonrparuna. VceiieoBanbl peakiiuu OMop ¢ ONTH-
MaJIbHOU TeoMeTpueil mpodusisi 3a30pa pu MaJjbix u 6oJbmux unciaax Maxa, T.e.
M < Mk; u M > Mk

IIponssenensl IOAPOOHBIE PACYETHI M3MEHEHUsT PEAKIINN Ia30BOT0 CJI0S DU U3-
MeHeHnn dncja Maxa.
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Kaouesvie crosa: BEeHTUIIANNSA, aBTOKOJI€0AHUSA CTPYI, THTEHCUBHOCTH CKBO3HSIKA.

OHUM U3 KJIIOYEBbIX IaPAMETPOB, HCIIOIB3YEMbIX IIPU OIIEHKE CTerneHn KoMbOop-
Ta YeJIOBEKa B IIOMEIIEHNUH, SIBJISETCS N3MepsieMast B IPOIEHTAX BEJININHA HHTEHCUB-
HoctH ckBosnsika [1]: DR = (34 — T,)(V, —0.05)%-%2(0.37V,Tu + 3.14), zaBucsmas
OT OCDPEJIHEHHBIX 110 BPEMEHH 3HAYCHUil MOJIYJist CKOPOCTH, V,, M/C, TeMIIepaTypbl
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Bozayxa, 1y,° C, a Takxke naTencusHoctr TypoOynenranocrn, 1Tu, %. Corsacuo cran-
napram [1], B paboueii (oburaemoii Jist gestoBeka) obactu Bemanaa DR He 101K-
Ha upepbimarh 20%. OnpenesnuTs ot CKOPOCTH, TEMIIEPATYPhl 1 HHTEHCUBHOCTH
TypOYJEHTHOCTH MOYKHO € ITOMOIIBIO dncaeHHoro MojeaunpoBanust (CFD) Tpéxmep-
HBIX TYPOYJIEHTHBIX T€YEHU UM HA OCHOBE dKCIIEPUMEHTAJIbHBIX HCC/ieioBanuil. B
3aBUCUMOCTHU OT PACIIOJIOXKEHUS IIPUTOYHOIO OTBEPCTHS B IIOMEIIEHUN MOTYT chop-
MHUPOBATHCS KaK CTAIIMOHAPHBI, TAK W HECTAIIMOHAPHBII (ABTOKOI€06ATEIbHBII) pe-
JKHUM TedeHus (CM., Harpumep, [2]). ABTokosmebanns BO3/YIIIHOTO IOTOKA ¢ OOJIBIION
BEPOSITHOCTHIO MOT'YT TPOSIBUTHCS ITPHU MCIOJIb30BAHUY CJIOYKHBIX BEHTHUJISIIIMOHHBIX
CHUCTEM C MHOTOCTPYIHOI mojadeit. [Ipu Hamanm HU3KOIaCTOTHBIX KOJIeOaHUil T1a-
paMeTphl PEIUPKYJISIIMOHHOTO TeUeHUs BO3/IyXa B paboueiil 30He, W, KaK CJIeJ/ICTBUE,
DR, MOTYyT CyIIeCTBEHHO MEHSIThCsI BO BPEMEHH.

B macrosimeit pabore paccMaTpUBAETCs BEHTWJISIIMOHHOE TEYEHUE B ay/iu-
Topunn Coduiickoro TEXHUYECKOIO0 YHUBEPCUTETA, pa3Mep KOTOPOU COCTABJISIET
5.4Mmx11.8Mmx3.2m. CucremMa BEHTHJISIIIUA COCTOUT U3 YETHIPEX ITPHUITOTOJIOIHBIX
Tuddy30poB: KaxK bl 1uddy30p UMeeT M0 YeThbIpe MPSMOYTOJbHBIX MTPUTOTHBIX
oTBepcTUd pasMepa 7cMxX17.7cm m oxHO BbITsIZKHOE H0cMX50CcM; Takasd cucTeMa
obecrieanBaeT 1ojaqy 16 pa3HOHAIIPABJIEHHBIX BO3/YIIHBIX CTPYil. YT0J HAKJIOHA
gonaTtok Juddysopa (25°...45°), a TakKe KOJIMIECTBO BKJIIOUYEHHBIX B PabOTy
nuddy30poB MOXKET BapbUpoBaThes. /leTasbHble TeoOMeTprUYecKre mapaMeTphl 1Mo-
mereanst cM. B [3]. st ompesiesierust mapamMeTpoB BO3/LyXOOOMEHA B IMOMEIICHUN
IIPOBOJIMJIMCH KaK HATYyPHbIE U3MEPEHUs, TaK U IUCJIECHHOE MOJICJIMPOBAHUE.

B6am3u nmpuToYHbIX OTBEPCTUI OAHOTO U3 I Dy30pOB ObLIH ITPOBEIEHBI U3Me-
PEHUsI CKOPOCTU U TEMIIEPATYPHI BO3/IyXa; KOHTPOJMPOBAJICSA PACXO] BO3/IyXa Uepe3
IPUTOYHBIE W BBITSIKHOE OTBEPCTHUsI, B CPEIHEM BEJIUIHHA OOBEMHOIO PacXojia CO-
crasnia 190 a3 /¥, COOTBETCTBYIOIEE 3HAUEHNE CKOPOCTU paBHO 4.26 M/c, a aucsio
Peitnosbuca — 2 x 10%. B pacuerax Ha BCeX IPUTOYHBIX OTBEPCTHUSX BKJIIOYEHHBIX
uddy30poB 3a1aBasIC 00ECIIEUNBAIONINI SKCIIEPUMEHTAJBLHBIN PACX0/l OJHOPO/I-
HBII TTPOPUIb CKOPOCTU. PacdeThl BBIIOJHEHBI B U30TE€PMUYECKOM MPUOJIMKEHUN,
T.K. COIVIACHO JIAHHBIM SKCIEPUMEHTA TeMIEpaTypa B MMOMENIEHNN MEHSIaCh CJI1a0o0.

B maTypHBIX uCC/IEIOBAHUAX C ITOMOIIBIO JIATIYUKOB T€PMOAHEMOMETpa B pabo-
el 30He TTPOBEJICHBI U3MEPEHUS MOJTYJ/Isi CKOPOCTHU B 9€THIPEX TOUYKAX MOHUTOPUHTA,
PACIIOJIOKEHHBIX Ha pa3andHoii BbicoTe nomernerns (0.1...1.7 ).

MopenupoBanue TypOyI€HTHOTO TeUeHUs BO3/yXa ocyIecTsiisioch B CFD—kome
ANSYS Fluent ¢ umcnosbzoBannem moaxoga URANS, ocHoBaHHOrO Ha pelreHum
ocpeHeHHBIX 110 PeitHosbicy Hecranmonapubix ypaBuenuii HaBbe—Crokca, 3aMbI-
KaeMbIX Pa3JIUIHBIMU MOJIeIsiMu TypOyienTHOCTH (CcTangapthoit k —e, k—e RNG u
k —w SST). Jduckperusarust IpOCTPAHCTBEHHBIX U BPEMEHHBIX IIPOU3BOJHBIX OCY-
IIECTBJISAIACH CO BTOPBIM MTOPSIIKOM TOYHOCTH.

Anaym3 pacdéTHBIX JIAHHBIX IOKA3BIBAET, YTO B IIOMEIEHNN HADJIIOIAETCsT CITOXK-
HOE CYIIIECTBEHHO TPEXMEPHOE HECTAITMOHAPHOE JIBUXKEHUE BO3/IyXa, XapaKTepPu3yio-
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1eecsi KBa3UIEePUOIMIECKUME KOJIE0AHUSIMU CTPYil, KOTOPbIe MOT'YT ITOBOPAYUBATH-
¢l OTHOCUTEJILHO MCXOJIHOTO HaITpaBJeHUs BILIOTH 710 360°. B 3aBucmMocTn ot pac-
CMaTPUBAEMOTO BapuaHTa, Mepuo Kosebanuii cocrasaser 10 MmuHyT m Oojiee, mpu
9TOM aMILIATYAa KOJeOaHuUil COIIOCTaBUMa CO CPeIHUM 3HadeHmeM ckopoctu. lan-
HbIe SKCIEePUMEHTa IMOATBEPKIAI0T HAJUUNEe HU3KOIACTOTHBIX KOJIeOaHMil CTPYIil.

Ocoboe BHUMaHUE yIEJIsI€TCs OIeHKEe BHIOOPa HEOOXOINMOTr0 HHTEPBaJIa BpEeMEH!
JIJTsT HAKOILJIEHUSI TAaHHBIX B pabodeil 30He mtoMeleHns. Kak 1o pacueTHBIM, TaK U I10
9KCIEPUMEHTAJIbHBIM JAHHBIM OTMEYEHO, YTO I10JIe CKOPOCTU CYIIECTBEHHO U3MEHSI-
eTcs cO BpeMeHeM 3a cueT Kojiebanumii ctpyii. Jlokanbuble 3nadenns DR oka3biBa-
IOTCS YYBCTBUTEJIbHBIMU K ITPOIOJIXKATEIHHOCTH HHTEPBaJIa cOOpa CTaTUCTUKH. TaK
JINAIIA30H OCPEHEHHBIX 38 3 MUH (peKoMeHI0BaHHas B [1| jyimHa BRIOOpKM) 3HAUE-
uuit DR g ogHoil u3 Todek pabodeil 30HBI oMenieHus cocrapiseT 8.6. . .24.7%,
B 3aBHCHMOCTH OT HadaJja cOOpa JAHHBIX, IIPU 3TOM HE3aBUCHMOE OT JJINHBI IPOMEe-
JKyTKa ocpennenus 3nadenne DR pasno 13.8%. dng Boibopku B 15 MMH a1pama3on
DR — 10.8...19.9%. IlpencrapieHbl PEKOMEHIAIUN 110 OIPEACJICHIIO IIPOIOJIKH-
TeJIbHOCTH BBIOOPKU, JJOCTATOYHOMN JIJIs OIIEHKH IIapaMeTPOB BO3IyX000MeEHa B yCJIO-
BUsIX NMHTEHCUBHBIX HU3KOYACTOTHBIX KOJIEOAHUM BO3/IYIITHOIO MTOTOKA.

Pa6ora Bbinonnena npu nojep:kke PODIU (rpant Ne 20-58-18013).
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When it comes to simulating high-speed compressible flows, both open-source
and commercial CFD codes rely upon the so-called shock-capturing approach
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to model gas-dynamic discontinuities, such as shock-waves and slip-lines. Shock-
capturing, which can be traced back to the work by von Neumann and Ritchmyer [1]
lays its foundations in the mathematical theory of weak solutions, which allows to
compute all kind of flows, including those affected by shock-waves, using the same
discretization of the conservation-law-form of the governing equations at all grid
cells. This yields obvious consequences in terms of coding simplicity, since the same
set of operations is repeated within all control volumes of the mesh, no matter
how complicated the flow might be. Coding simplicity comes not for free, however,
and shock-capturing calculations of shocked-flows are plagued by several troubles,
all of which are rooted to the fact that “the thickness of a von Neumann shock is
unacceptable” [2].

In reality, there is an old and alternative approach to shock-capturing that is
immune to all these problems: the shock-fitting approach, which dates back to a
World War II NACA technical report by Emmons [3].

Fitting/tracking methods consist in first locating and then tracking the motion
of the discontinuities, which are treated as boundaries between regions where a
smooth solution to the governing partial differential equations (PDEs) exists. The
flow variables on the two sides of the discontinuities can be analytically computed by
using the Rankine-Hugoniot (R-H) jump relations, algebraic equations connecting
the states on both sides of the discontinuity and its local speed. Then, this solution
is used to compute the space-time evolution of the discontinuity, that is, to track
its motion.

The paper presents UnDiFi-2D, an Unstructured Discontinuity Fitting
algorithm code, in its first public release and describes currently implemented
features, results of more than a decade of research and ongoing developments [4, 5].
UnDiFi-2D features and capabilities are illustrated by means of steady and unsteady
two-dimensional examples test cases obtained by coupling it with unstructured
shock-capturing solvers. The modular design of UnDiFi-2D allows it to be easily
included in existing CFD codes and is aimed at ease the code reuse and readability.
In the present version, UnDiFi-2D uses two different CFD solvers: EulF'S, developed
by Bonfiglioli [6] and NEO, developed by Ricchiuto [7] but the code can be easily
adapted to use any unstructured, node-centered gasdynamic solver.

In order to improve usability, maintenance, enhancement and collaboration,
the documentation has been particularly cared in the form of comments in the
source code and in detailed user manual. Moreover, the git distributed versioning
system has been adopted and a repository hosted by github has been made publicly
available.

The work is supported by the Russian Science Foundation, grant 19-11-00041.
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Kanaouesvie crosa: yrapHas BoJiHaA, OJIMKHeE TI0JI€ B3PbIBA, B3PHIBO3AIIUTA.

B nacrosimiee Bpemst pa3zpaboTaHO MHOXKECTBO B3PBIBO3AIIUTHBIX YCTPONCTB pas3-

Hoit crenenn 3ddexTuBHOCTH. OMHUM U3 CAMBIX PACIIPOCTPAHEHHBIX BUJIOB TAKUX
YCTPOHCTB SBJISETCS B3PHIBO3AIUTHAS YPHA — KECTKHUI KOHTETHEP OTKPHITOTO THU-

1a,

IIPUHIAIT pabOThl KOTOPOTO 3aKJIF0YaeTcs B (POPMUPOBAHUU BBIJIEJIEHHOIO Ha-

IpaBJIeHUsT PaCITPOCTpaHeHns B3PBIBHOU BOJIHBI. [Ipesmonaraercs, 9To Ipu B3phIBe
B OTKPBITOM KOHTeliHepe yJapHasl BOJIHA U IMOPAaXKAIOIINe OCKOJIKH PaCIPOCTPaHsI-
IOTCA BBEPX, B pe3yJbTaTe Yero BO3JEHCTBHE B3PHIBA HA OKPYKAIOIINE OOBLEKTHI
CBOJIUTCSI K MUHUMYMY.

O,ILHaKO PE3YJIBLTATBI SKCIIEPMMEHTOB U BBIUHMC/INTEILHBIA aHAJIN3 HamboJee n3-

BECTHBIX KOHTeﬁHepOB OTKPBITOI'O THIIa ITOKA3bIBAIOT, 9YTO YyIapHad BOJIHA, orundas
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Kpas TAKOr'0 YCTPOUCTBA, B JIAJIbHEHIIIEM PACIPOCTPAHSIETCS 110 BCEM HAIIPABJICHUSIM
u ocyabnsiercss kpaiine maso [1|. s nosbimennst 3(hpeKTUBHOCTH B3PbIBOIIO/IAB-
JIEHUsT HeOoOXOJIMMO HCIIOJIb30BaHUE U JAPYIUX (DU3UIECKUX MexaHm3MoB. K uwmciy
TaKNX MEXaHU3MOB OTHOCUTCSI, HAIIPUMED, ITOTJIOIIEHNE SHEPIUU B3PhIBa CIIEIUAIb-
HOIT MHOTO(A3HOI CpeJIoli, NCTIOIb3YeMOl B pa3pyIlaeMbIX 3aKPBITHIX YCTPOUCTBAX
cemeiictBa «Donrtan» |2, 3.

B paborax [4, 5|. paccMaTpuBaOTCS KOHCTPYKIIMH M PE3YJIBTATHI MCIBITAHUIN
HOBBIX IIPOTOTHIIOB B3PHIBO3AIIUTHON YPHBI C UCIIOJIB30BAHIEM CIIEIUAIbHBIX B3PbI-
BOIIOTJIOIIAIONINX JIEMEHTOB U3 MHOTO(A3HON peTaKCAITMOHHON CpeJibl aHOMAJIbHO
BBICOKOM C2KUMaEeMOCTH. DPPEKTUBHOCTD ITOAABIEHNS (DYTACHOTO IeiiCTBYS B3PHIBA
JIJISI JTAHHOT'O YCTPOMCTBA OIPEJIEIAeTCs IKCIIEPUMEHTAJIBHBIM IIyTEM C TIOCJIELyI0-
M CPaBHEHHEM ITOJIyIEeHHBIX PEe3yJIbTATOB C aHAJOTHIHBIMU SMITUPUIECKH IOy~
YEHHBIMH XapPaKTEPUCTUKAMEI OTKDPBITHIX (HEJOKATM30BAHHBIX) B3PBIBOB. DMIUPH-
YEeCKUM IYyTEM ITOKA3aHO, YTO MOJANMDUIIMPOBAHNE KOHCTPYKIIMH B3PHIBO3AITUTHON
YPHBI IIyTEM Pa3MeIIeHns 3aUTHON ITPOCIOWKH ITO3BOJISIET CYIECTBEHHO ITOBBICUTD
ee 3P PEKTUBHOCTD U YMEHBIIUTD BEJIMINHY N30BITOTHOTO JaBJIEHUS 10 O€30I1aCHOTO
YPOBH4 YK€ B HEHOCPEACTBEHHON OKPECTHOCTU YCTPOICTBA.

UccnenoBanue B3anMoIeiCTBUASA Y IaPHOM BOJIHBI ¢ MHOIO(a3HOM Cpeioil B HEITO-
CPeJICTBEHHOH OJIM30CTH OT MCTOUYHUKA UMITYJILCHOIO SHEPTrOBbIAeIeHIsT TpeOyeT 3a-
Janust (XOTst Obl SMIIMPUIECKOr0) TapaMeTPOB B3PBIBHOW BOJIHBI, KOTOPBIE B JIAHHOM
caydae He onuchiBaioTcsa cooTHornenusimu CajioBckoro, bpoyaa u a1pyrux aBTopos,
IIPUTOMHBIMU JIJIS JTaJIbHETO II0JIst B3PbIBa. B maHHOM paboTe IPOBOIUTCS COIIOCTaB-
JIEHWE OTE€YEeCTBEHHBIX [6] 1 3apyOeKHBIX METO/INK OIMCAHNUS TAPAMETPOB B3PBIBHOI
BOJIHBI, B JaJIbHENIIeM TpeOyomux BepuduKalul B J1a00paTOPHBIX U ITOJUTOHHBIX
YCJIOBUSX.

UccnenoBanue BBITIOJIHEHO TIpu (puHaHCOBOM 1o/ iepkke POPU B pamkax Ha-
yuanoro mpoekTa Ne 19-38-90065.
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3aTryxaloniie BpalarejibHble Kojie0aHuda AJIMHHOIO
MIJINHAPA C JUCKOM B BO3AYIIHOM IIOTOKE

Kaygpman /I.B., Paburnurn A.H.

kifadan@mail.ru, a.ryabinin@spbu.ru
Cankr-lleTepOyprckuit rocy1apCTBEHHBIN YHUBEPCUTET,
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Kmoueswie caosa: adpommnavmudeckasi Tpyba, 3aTyxaroriue KoJjebaHWsl, BpallaTeabHas

IIPON3BO/THAS.

N3BecTHO, YTO AUCK TEepej MUJIUHIPOM 3HAYUTEILHO YMEHBINAET JI0O0OBOE CO-
nporusienne [1]. Tlosromy jauck pasmemarT mnepej rpy3amu, MEePeHOCHMBIMU Ha
BHEIIHel ToBecKe 1o, BepTojieToM [2]. ['py3bl Ha BHeIIHEl MoJBECKe ITOIBEPIKe-
HbI KostebanusiM. O iHOoi n3 hopM KoJiebaHUit SIBJISIIOTCS BpalllaTeIbHbIe KOJIeOAHMS
BOKPYT BepTHKaJbHOI ocu. KosmebaHus MUINHIPOB ¢ AUCKAMU B NOJIOBHON YaCTH
u3yveHb! cj1abo. VIcKodeHneM siBasieTCs N3y JeHre aBTOKOJIE0aHUT U 3aTyXafolnX
KoJIebaHuil UINHAPOB ¢ yiymuerneM A = L /D ¢ nuckamu (3], rne L — jyiuHa 1u-
gmuapa; D — anamerp. B aToit pabore paccmarpuBaeTcs MUJIMHIP C YIJIUHEHIEM
A=09.

DKCIEPUMEHTHI BBHIIIOJIHEHBI B aspomuHamudeckoir Tpybe AT-12 Canmkr-Ilerep-
OyPrcKOro rocyIapCTBEHHOI'O YHHBEPCUTETA, KOTOPas MMeeT OTKPBITYI0 PabOvyio
qacTh. /mamerp BbIXOAHOIT YacTu comya 1.5 M. MeTomguka IIpoBelieHUsT KCIIEPH-
MeHTa onucana B pabore [4]. Hlummuap mogsemuBaercst B pabodeil 9acT Ha IPOBO-
JIOUHOM IIOJABECKe, KOTOpas 00eCIIednBaeT ero BpallleHne BOKPYT OCH, IePIEeHINKY-
JISPHO#M OCH IMUWJIMHIpPA U BEKTOPY CPeIHE CKOpocTH Haberarorero moroka. Hike
OCH II0 MOTOKY K IUJINHIPY KPEISITCS IPOBOJIOYHBIE TSITU, COEIUHEHHBIE C IIPYKU-
HaMHU, PACIIOJIOXKEHHBIMI BBIIIE W HIKE BO3JIYIIHON cTpyu. B moJsioxkeHun paBHOBe-
CHUsl TIPOBOJIOKH W TIPYXKUHBI MTOIJIEPKUBAIOT ITUJINHIAP B TOPU30HTAJILHOM TOJIOYKE-
Hun. HaTsiokeHne HUKHEH TPYKUHBI U3MEPSIeTCS MTOJIYIIPOBOIHUKOBBIM TEH30/1aT-
qukoM C-50. Curmaj or TerzonpeobpazoBaress mnepemaercs Ha PC ocrmmiorpad
Velleman-PCS500A. Ocmuiorpad cBsizaH ¢ KOMIIBIOTEPOM, Ha, KOTOPOM 3aITUCHIBA-
ercs B (paiil 3aBUCUMOCTDH CATHAJIA OT BpeMeHn. Bo BpeMsi 3KCIepruMeHTa TUJTHH/ID
OTKJIOHSIFOT OT TIOJIOYKEHUsI PaAaBHOBECHsI Ha, HEKOTOPBIN yros u oTiycKarT. Koseba-
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HU 3aTyXaloT BO BCEX OIbITaX. BpeMms 3ammcu paBHO 17 c. 3HaUeHUS HATIAKEHUS
NPYKUHBI cIuThIBatoTcd ¢ gactoroit 100 I'm.

B nammx sxcriepuMenTax BApbUPOBAJIMCH TUaMETP KOAKCUAJIBHOTO aucKa d, pa3-
MEIaeMOoro Iepe/I IePeIHUM TOPIIOM, PACCTOSHUE MEXKTY JIMCKOM U TOPIIOM ITUJIMH-
Jpa g m moJiozKeHune ocu Bparenus. JIlmamerp mucka d npunuman 3uadenus 0, 625D,
0,75D, 0,875D, 1,0D u 1,25D. Paccrosinue g onu10 pasuo 0,5D, 0,6D, 0,7D u
0,8D. Ocp Bparenust MpoxXoau/ia JIMOO depe3 MEeHTP MUINHIPA, JTUO0 depes3 Iore-
pedHoe ceveHue IMUINHIPa, Haxo idIneecs Ha paccTosunu 1, 51 oT nepeHero Topria.

Bruin onpegenenbr aspojuHaMuiecKue IPOU3BOIHbIE KOoddhduImenTa MOMeHTa
ms + mg MUJINHIPA. DTHU IPOU3BOJIHBIE, OIIPEIe/ICHHbIE JIJIS BTOPOil OCH BpaIleHMUs],
MIPEBBIIIAIOT adPOIMHAMUYECKIE TPOU3BOIHDIE, HallJIeHHbIE /1 IepBoii ocu. /luckn,
JIIaMeTP KOTOPBIX IIPEBOCXOIUT JIMAMETP IMUJINHIPA, HE OKA3BIBAIOT CUJIHLHOTO BJIUSI-
HUS Ha 3aTyXaHue KoJieOaHuil yIpyro 3aKperjeHHoro muinHIpa. ucku MeHbIero
JauaMeTpa crocobCTBYIOT OoJiee ObICTpOMY 3aTyxaHuio kojebanuii. [Ipu dukcupo-
BAHHOM PACCTOSTHUM MEKTy IIUJIMHIPOM U JIUCKOM a3POJINHAMUIECKUE TPOU3BO/IHBIC
MaKCUMAaJIbHBI 110 aOCOJIIOTHON BeJIMYuHE PU HEKOTOPOM juamerpe jucka. [loso-
JKeHne MaKCUMyMa 3aBUCUT OT PACCTOSHUST MEYK/Iy JTUCKOM U ITUJIMHJIPOM.

DKCIEPUMEHT ITO3BOJIUJI OIIPEJIETUTD TaKXKe JIPYTroit KO3 DUITMEHT BpaIiaTe/ib-
noit mpomssouoit m?. Okazaaoch, 4To TUIMHAP 6e3 IUCKa ¥ C TUCKOM CTATHICCKH
neycroitams (m? > 0), ecam och BpalleHNs TPOXOAUT 4epe3 IEHTD IMUINHAPA, I
yeroitans (m? < 0), ecam och Bpamienms cMeIleHa K TOJIOBHOI udactu. Hasrmdame
JTUCKa OOJIBITIOTO JIMaMeTpa IPUBOJIUT K yMeHbIneHuo Kodddurmenta. [Ipu dpuk-
CHUPOBaHHOM PaCCTOAHUN MEKIAY NUJINHAPOM N NUCKOM mg MaKCHUMaJICH JJ1A O6eI/IX
oceil BpallleHus, €CJI JJuaMeTp Jucka coctapiseT 0,75 nuamerpa MUJIMHIPA.
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PacueTHbie ucciiegoBaHnda KaMepbl CropaHus
I'TyY-65.0

Kpacniwox A.A.
n7alex2012@Qgooglemail.com
Banruiickuit rocyiapcTBeHHbIN TexHu4uecKuit yuusepcuretr um. /I. @. Ycrunosa,
190005, Poccuiickass @enepanusi, Cankr-IlerepOypr, yi. 1-a Kpacuoapmeiickast, .1

Karoueswie crosa: ra3oTypOMHHBIE YCTAHOBKH, KaMepa CrOPaHUs, YUCJIEHHOe MOJAETNPOBa-
HUE.

lazorypbunnbie ycranopku (I'TY) mostyuwmim mupokoe pacipocTpaHeHue B pas-
JIMIHBIX OTPACJISIX IPOMBINIJIEHHOCTH, Ha BO3/LYIITHOM, HA3€MHOM, BOJITHOM TPaHCIIOP-
Te. DHeprerudeckue ['TY cram HeOTbEeMIEMON YaCThIO TEILJIOBBIX JIEKTPOCTAHITUIMA
(TC). Iepsobie I'TY umesnu momaocTs 4 MBT 1 KII/T 0,18. ArperarHast MOITHOCTH
coBpeMeHHBIX ycTaHOBOK Ha TOC mocturaer 300 MB, a KII 0,4. HamexxunocThb
n 3¢ dekTuBHOCTh PyHKIMOHUpOoBaHud ['TY 3aBUCUT B 3HAYNTEIHLHOI CTEIIEHN OT
KOHCTPYKITUN KaMepbl CTOPAaHMUsI, KOTOPas OIIpeeisieT BHY TPEHHIOI0 ra30IuHaAMUKY,
cMeTTleHre KOMIIOHEHTOB TOTLINBA, MTOJTHOTY CTOPAaHUs, TEILJIO0OOMEH U T.II.

B nannoit pabore 4ncaeHHO UCC/IeTOBAHBI Ta30IMHAMUYECKHE TIPOIECCHl B KaMe-
pe cropanus paspadarbiBaemoii B Hactodiiee Bpemsi ['TY 65.0. Ha pannem sTarre
IIPOEKTUPOBAHMS B XO/I€ BBIIIOJHEHNS [IPOBEPOYHBIX PACIETHBHIX PAOOT OBLIO BBISIB-
JICHO HaJIMYre MeTaHa B KOJIbIIEBOM KaHaJie. B cBs3u ¢ 9TuM BO3HUKJIA HEOOXO/ -
MOCTb O JIOpabOTKe KOJIBIIEBOI KaMepbl CTOPAHUSI JIjIsl IIPEJIOTBPAIICHUS TTOTIa, IaAHUST
ra3000pPa3HOTO TOIJINBA B KOJIbIIEBOI KaHaJ. /Ijist 3T0TO OBLIO pa3paboTaHO TEXHU-
gyeckoe pertenne (TP) no mopaborke snementoB Kamepbl cropanusi. Corsacao TP
IpeJiaraeTcsi 3aKPbITh IEHTPAJILHBIN KaHAJ MOJLYJIsI CMEIIeHUsI U YCTAHOBUTH KOJIb-
110 Ha KO3BIPEK INOPEJIOYHOTO yCTPOicTBA.

[Menbio manHO#N PabOTHI SIBJISIIIOCH pacieTHOe 0OOCHOBAHUE TEXHUIECKOTO perle-
HUSI TI0 JTOPabOTKe (POPCYHOIHBIX OJIOKOB KOJIBIIEBOI KaMepbl cropanus. PaccmaTrpu-
BaJIaCh MOJIEJIb COBEPIIIEHHOIO ra3a. MaremaruiecKasi MOJE/Ib IIPEJICTABIISIIA, COOOM
ocpenHennble 110 Peitrosbcy ypasaenust Hasbe—Crokca (RANS-tiogxosn) miist cxxu-
MaeMOT'O COBEPIIIEHHOTO ra3a C YYeTOM YPaBHEHUs SHEPIUU U ypaBHEHUIl IepeHoca
KOHIIEHTPAIUiT KOMIIOHEHTOB TOILJIUBHON cMmecu. /I 3aMbIKaHMsI CUCTEMbBI ypaBHe-
HIi ucrob3oBasack SS'T k-omega Momess TypOyreHTHOCTH. PacueTs! IpoBOAMINCH
JIJIsi CeKTOpa 6 TPajIycoB ¢ YCIOBUSIMU MTEPUOIUIHOCTHA HA OOKOBBIX I'PAHUIIAX CEKTO-
pa. Tak:ke ObLT IPOBEJIEH T30 IMHAMUYECKUI pACUET B HECTAIIMOHAPHON TTOCTAHOBKE
€ MOJIETUPOBAHUEM TTPOIECCOB TOPEHUS JJIS IOy Y€HUS TeMIIepaTyPHBIX TtoJieit. [Lms
IIpoBeI€HUA IUCJICHHOI'O MOJECJINPOBaHMA HCIIOJIb30BaAJICA HpOFpaMMHin/JI KOMIILJIEKC

ANSYS Fluent.
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B xone amanmm3a pe3ysbTaToB TPEXMEPHBIX Ia30/IMTHAMUYECKUX PAcYeTOB Tede-
HUS B KAMEpEe CrOpaHus C JOPAOOTAHHBIM BapPUAHTOM KaMep CMEIIEHUsS Ha PEXKUME
MIOJTHOM HArpy3KW HAJMYNE METaHAa B KOJIBIIEBOM KaHaJle BBISIBJIEHO He OBLIO, |UTO
OATBePKTaeT IPPEKTUBHOCTD TEXHUIECKOTO PENIEHNS 10 JT0PabOTKe TOPEeTOIHbBIX
yCTpoiicTB 1 (hOPCYHOUHBIX OJIOKOB. /lopaboTKa He oka3aJia CYIIECTBEHHOTO BJIHSI-
HUS HA TIOJIsi CKOPOCTE, KOHIIEHTPAIIUI MeTaHa ¥ ITOJTHON TeMIepaTypbl Ha BBIXOJIE
U3 MOJMYJIS CMEIIeHUs, a TaKXKe Ha TeMIIepATypHOe I0Jie Ha BBIXOJIE U3 KapOBOI
TPyOBI TIepeJ MEPBLIM COILIOBBIM almapaTroM. KapTuHa TedeHUsl B MOJIOCTU KOJIb-
IIEBOr0 KaHaJia MPaKTUIeCKN He m3MeHnIach. CTOUT OTMETUTh HAJIMYINE BUXPEBBIX
CTPYKTYP U 3aCTOMHBIX 30H B KOJIBIIEBOM KaHAJIE.

YucaenHoe ncciie10BaHmne pe2xKmumMoOB NCTeYCHM A

IIJIOCKON BO3/YIITHOM CTPYU B NPAMOYTOJIBHYIO
I10JIOCTh

Kydpasuesa B.B., 3acumosa M.A., Uearos H.I.

kudryavtseva.vv@Qedu.spbstu.ru, zasimova_ma@spbstu.ru, ivanov_ng@spbstu.ru
Cankr-Ilerepbyprcekuit nosmurexuunvdeckuit yuunsepcuret [lerpa Benukoro,

195251, Poccuiickass @enepanust, Cankr-IletepOypr, [lomurexnuyeckas yii., 29

Karouesvie carosa: Imockast CTPys, YUCIEHHOE MOJIETMPOBAHNE, PEXKUMBI NCTEUYEHUS CTPYU.

[TapameTpbl BO3jlyx000OMeHA U ypPOBEHb KOMQOPTa B IOMEIICHUAX 3aBUCIT OT
CTPYKTYPbI T€UEeHUsI BO3/YIIHOIO IIOTOKA, (POPMUPYEMOI0 HPUTOUYHBIMHU CTPYAMU.
CrpykTypa TedeHHs MOXKET CUJIbHO 3aBUCETh KaK OT IapaMeTPOB I10JI[aBAa€MOTO
BOB/IYIITHOT'O TIOTOKA, TaK W OT PACIOJIOXKEHUsI MPUTOYHBIX Juddy3opos. [Iposo-
JIUTHh UCCJIEJIOBAHNE BJIMSAHUSA 3TUX (PAKTOPOB Ha BEHTUISIIMOHHOE T€YEHUE MOYKHO
C WCIOJIb30BAHUEM ITPOCTBHIX NeoMeTpudecKux KoHdwuryparmit. OuH u3 npuMepoB
MOJEJIbHOM 34124y — HUCTeYeHUEe IIJIOCKON OJMHOYHON CTPYU B OIPAHUYCHHOE IPO-
CTPaHCTBO (IIOJIOCTD) TPSIMOYTOJIbHOM (hbopMbl. [lazke jiyist Takoil ipocToii Koudury-
palyy B 3aBUCUMOCTH OT PACIOJIOZKEHUsI TPUTOYHOTO OTBEPCTUS B TIOJIOCTH 38 CUET
B3aMMOJIENCTBUS CTPYU C OTPAHUYMBAIONIMMU CTEHKAMU IOJIOCTA U €€ OTKPBITOM
IPaHUTEl, MOTYT PEATN30BbIBATHCS PA3IMIHbIE PeXKUMBI TeueHusi. Tak, B pabdore [1]
dpuKcupoBaJsicss KaK CTAIMOHAPHBIN pexkuM 6e3 KoJyiebaHmil, TaK U HeCTAIMOHAPHBIE
PEXKUMBI C HUBKOYACTOTHBIME KOJIEOAHUSIMU CTPYH, IMEPUOIUIECKUMU WA HEPery-
sigpubiMu. ey HacTosieit paboThl — YKCIEHHOE UCC/IEIOBAHNE UCTEUECHUS CTPYHU B
MPSAAMOYTOJBHYIO TIOJIOCTh JIjIsi TPEX BAPUAHTOB PACIIOJIOXKEHUS COTLIA, OTHOCHATITUXCS
K JIByM DEXKMMaM PaCIPOCTPAHEHUsI CTPYH (CTAIMOHAPHOMY ¥ HECTAIIMOHAPHOMY C
[epUOMIeCKUMU KojtebanusiMu ). MojiesimpoBaHme BBIIOJHEHO JIJTsl YCJIOBHIA KCITe-
pumenta Mataoui [1].

3ajiaya perraeTcs B JBYMEPHOil TOCTAHOBKE, B KAY€CTBE PACIETHOIN 00/1aCTU BbI-
OpaHa IPsIMOYTOJIbHA MTOJIOCTh TupuHoii 0.5 M u BbicoToi (.2 M. Boz tyx moctymaer
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B TIOJIOCTh Yepe3 Cy KAIOIeecs COILIO IO HAITPABJIEHUIO K OTHOI U3 TOPIIEBBIX CTEHOK
(mapaJiieIbHO MIUPUHE COILIA), TIPUA 3TOM C IIPOTUBOIIOJIOKHOI CTOPOHBI MOJIOCTH OT-
KPBITa — depe3 Ty MOBEPXHOCTH BO3/IyX MMOKUIAET ITOMeIeHrne. BhIicoTa MPUTOYHOTO
orBepcTus (HamboJiee y3KOro CeveHusl COILIA), Yepe3 KOTOPOe BO3/yX MOCTYIaeT B
moJtocTh, paBHa hg = 0.01 M. Bricora coma 1o cyxkenns coctasiiget 0.03 m. Iloso-
JKeHUe TTPUTOYHOTO OTBEPCTUS BapbUPYyeTCsd 3a CUET U3MEHEHUsT PACCTOSTHUI OT €ro
OCH JIO HUXKHEU CTeHKU TOJIOCTH, Hy, M OT €ro moBepXHOCTH JIO0 TOPIEBOIl CTEHKU,
Xp. PaccMoTpenbl Tpu pa3simuHbIX BapUaHTa PACIIOJIOXKEHUs COILIa B mojocTu: | —
Ipy pa3MeIennu coria Boau3n ToprieBoit crenku (Xo = 0.1 M) TpuMepHO 10 TeH-
tpy mosioctu (Hg = 0.085 wm); II u III — npu pasmernennu comia Ha yIAJIEHUA OT
topriesoit crenku (Xo = 0.4 M), Kak B okpecrHocTr HuzKHei crenku (Hy = 0.04 M,
BapuanT II), rak u o nenrpy nosoctu (Hy = 0.1 m, Bapuant I1I).

B kauecTBe BXOJHOTO I'PAaHUYHOIO YCJOBHUsI HA Cpe3e COILIa 3aJaBaJICd OJHO-
ponubIii poduss ckopocru: Uy = 6 M/c. Ha creHkax moiocT 3a1aBajioCh yCJI0-
Bue npusunanus. Ha BBIXOJHON (OTKPBITON) TI'paHWIlE 33JaBAJUCh MSTKHE TDa-
HUYHBIE YCJIOBUA, OOECIIEUMBAIONINE TTOCTOAHHBIN YPOBEHDL JaBJICHUs. 3ajiada pe-
MaJjach B HECXKUMAaEMOil TTOCTAHOBKE C TOCTOSTHHBIMU (DU3UIECKUMU CBOHCTBAMMU
cpeanl (Bo3ayxa) npu rtemneparype 20°C (koaddurmeHT KuHeMaTuIecKoi Bs3KO-
cri v = 1.5-107° M2 /c). Onpesenstionuii TapaMeTp 3aj1a49u — 4ncjao PeitHomnbica
Re = hOUO/V = 4000.

PacdeTnb! BBIIOJIHEHBI C HCIIOIb30BaHUEM THApOoAMHaMIYIecKoro makera ANSYS
Fluent 19.1. Pemanuch crammoHnapHble U HeCTAllMOHAPHBIE OCpejHeHHble 110 Peii-
Hoswcy ypasaenust HaBbe-Crokca (RANS/Unsteady RANS-ionxon), 3aMKHyTBIE
C UCHOJIb30BAHUEM PA3JIUYHBIX MOJieseil TypOyaenTHocTu. st perenus: 3a/1a9u B
nakere [CEM CFD 19.1 6b11u mocTpoeHbl KBa3UCTPYKTYPUPOBAHHBIE CETKU C TIPsi-
MOYTOJIbHBIMU 3JIEMEHTAMHU OOITEel pa3MepHOCTbIO 6 Ha 372 ThICIY sideeK.

UccnenoBano BusiHME Ha PeEIIeHHE Pa3MEPHOCTU PACUYETHON CETKU U BBIOOPA
Mozenu TypbynentHocTu. [lokazano, 4To perrenue, moJy4eHHOE C UCIIOJIH30BAHUEM
PaCUYETHBIX CETOK 001Ieil pa3sMepHOCTHIO OT 30 ThICSIY sTueeK 00eCIeunBaeT CeTOTHO-
He3aBUCHUMOe peltieHne. Pertennst, ToTyYeHHbIe ¢ NCIIOJIb30BAHNEM YeThIPEX MOJIeTTeil
TypOysenTHocTH (crangaprhoii k —e, k —e RNG, k —w SST u mozmenu Cunaapra—
Annmapaca), IpeICKa3bIBAIOT CXOKUE MKy CODOI T0JIsi CKOPOCTHU B 00JIACTH pac-
MIpOCTpaHeHus: cTpyu. B objacTu BO3BPATHOTO TEUYEHUsT PEIEeHne CYIeCTBEHHO 3a-
BUCUT OT BBIOOpa MOJIEIN TYyPOYJIEHTHOCTH.

[Toyuennl neTajbHble JaHHBIE O CTPYKTYPE TeUYeHUS I Pa3IUIHBIX DPEeKU-
MOB PacCIpOCTpaHeHUsi CTPyU. B COOTBETCTBUU C SKCIEPUMEHTAJTBLHON KapTOll pe-
xkuMoB [1] mrst nByx BapmanToB pacuera (I u II) momyuen crammoHapHBIH pexRuM
pacrpocTpaHeHus: CTpyu. B atux ciaydasx popMupyeTcs ycToiiunBasi CTpPyKTypa Te-
YeHUsl, OCpeIHEeHHbIE 10 PeliHO/IbICY TT0JI CKOPOCTH KAYeCTBEHHO U KOJIMIECTBEHHO
CXOXKHU C KAPTUHOI TedeHusl, HabJTI0/IaeMOii ITPU BU3yaJTU3aIlnn B dKcriepuMenTe. JIrs
BapuanTa Il pexkum TeueHnss — HeCTAITMOHAPHBIN C IEPUOIUICCKUMU KOJIEOAHUSIMU
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crpyu. Ilepuos Kosrebanuii B pacaére cocraBuit 1.16 ¢, 9T0 Ka4eCTBEHHO COTJIACYETCS
C IKCIIEepUMEHTAIbHBIM, 1.47 ¢ (oTsmamst cocraBisiior 26%). AMimnTyna KojebaHuit
corjiacyercs ¢ HaOII0IaeMOi B 9KCIIEPUMEHTE B TOH YK€ CTEIeHU: B 3aBUCUMOCTHU OT
PACIOJIOXKEHUST TOYKN MOHUTOPUHTA, OTJIMIUs B aMILIATY/Ie KOJeOaHUil OKa3aJIiCh
B nuanasoHe or 11 1o 35%.

UccnenoBanue posejieHo pu nojiepkke Poccuiickoro dhonia pyHgiaMmeHTa b
HBIX uccjaeoBannii, rpant Ne 20-58-18013.

JIuteparypa
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FI/ICTGPGBI/IC IIpn CBEPX3BYKOBOM oOTeKaHu!

OCECUMMETPUYHOI'O TeJia C KOJIbIIEBON CTYyIIE€eHbKO
10J1 yIrjlaMy aTaKu

Kysvmun A.T,' I'yeeprrox C.B.,>2 Cumonenxo M.M.,> Babapvikun K.B.!
a.kuzmin@spbu.ru, guv@mail.ru, sim1950@Qmail.ru, konst20@mail.ru
! Canxr-Tlerep6yprekuii TOCYIAPCTBEHHBIH YHIBEPCHTET,
199034, Poccuiickast Penepanusi, Cankr-Ilerepbypr, YuuBepcurerckas Hab., 7-9,
?Hayuno-uccaenoBarensckuii mactutyT Mexarnku MI'Y um. M.B. Jlomonocosa,

119192, Poccuiickasa Penepanus, Mocksa, Muaypunckuii np., 1

Kaouesvie crosa: yaimHeHHOE TEJIO0, TIPAMasi KOJIbIlEBasi CTYyIIEHbKaA, OTPBIB IIOTOKA, TUCTE-
pesmuc.

CBepx3ByKOBOe OOTEKAHUE Y/JIMHEHHOI'O OCECUMMETPUYHOIO TeJia II0J YTJIOM
aTaKd COIIPOBOXKIAETCAd BO3HUKHOBEHUEM OTPBIBHBIX CTPYKTYP Ha MOJBETPEHHOI
CTOPOHE MHOBEPXHOCTU TeJsia. IIpu 3TOM BIOJIb IIOJBETPEHHON ITOBEPXHOCTH IIPOMC-
XOJIUT YMEHBIIIEHUE TOJIIUHBI ITIOIPAHUYHOIO CJIOS U (DOPMUPYETCsS y3KO JIOKAJIHU-
30BaHHOE BBICOKOHAIIOPHOE CBEPX3BYKOBOE TE€YCHUE, KOTOPOE MOXKET BbI3bIBATDH I10-
BBIIIIEHNE JIaBJIEHNE HA BbICTyHAONMMX npenarcreusax [1]. JlokambHoe moBbienue
JaBJIeHUA HA IIOABETPEHHON CTOPOHE HNPAMOI KOJBIEBOI CTYIIEHbKHU, PACIIOJIOXKEH-
HOIT Ha TTOBEPXHOCTHU IUJIMHIPOKOHUYIECKOIO TeJjia, MO/ YIJIOM aTaKu OBbLIO 3aperu-
CTPUPOBAHO PaHee SKCIEPUMEHTAJBHO U 4ucjeHHo [2]|. Mmeroruecs: sKcrepuMeH-
TaJbHbIE JaHHBIE [2| MO3BOJISIOT 3aK/IIOYUTH, YTO MPU CBEPX3BYKOBOM OOTEKAHUU
PaACCMOTPEHHOT'O TeJIa C IPAMON KOJIbIEBOU CTYHNEHBKOI BO3MOXKEH I'MICTEPE3UC IO
YIUIy aTaKHu.

B wmacrogmeit pabore mpeacTaB/ieHbl pPE3yJbTAaThl YUCJIECHHOTO HCCJIEI0BAHUS
CBEPX3BYKOBOI'O 00TEKaHUSA 3a0CTPEHHOIO HA KOHYC VIJIMHEHHOI'O OCECUMMETPUY-
HOI'O IUJIMHIAPUYECKOI'O Tejla C MPAMON KOJBIEBOI CTYIIEHHBKOU HA IMOBEPXHOCTU.
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[Tenbio paboOTHI ABJISIOCH OIPEJiejieHre T'PAHUI] 00JIaCTH BO3MOXKHOI'O THUCTEPE3U-
ca 1O yIJIy aTakKyd U U3ydeHUe SBOJIONUNA CTPYKTYPhl T€UeHUs IIPU yBEJIUIEHUHN U
YMEHBIIIEHNHU yTJIa aTaKH.

PaccmaTpuBaemoe ocecuMMETPUIHOE TEJIO COCTOUT U3 IAJIUHIPAIECKOTO KOPILY-
ca (mmamerp d=30 MM) ¢ KOHHYECKMM HAKOHEYHHKOM C YIJIOM moJsiypacTBopa 20°.
Konbnesas crynerbka BhICOTOIM h—=8 MM pacroJiozKeHa Ha IUJINHIPUIECKON TTOBEPX-
HOCTHU TeJsia Ha paccrogHuu L=136 MM OT OCHOBaHUS KOHUYIECKOI'O HAKOHEUHHKA.

YucieHHoe uccjeIoBaHne BBITIOJIHEHO Ha OCHOBE MOJIE/IM BSI3KOT'O COBEPIITEHHO-
r'0 ra3a B MPEJIIIOJI0XKEHNUN, YTO T€UeHNe TypPOyJIeHTHOE U TTOINHIETCS YPABHEHUSIM
Peitnosibiica (URANS), 3aMbIKaeMbIM € MOMOIIBIO JIByXITapaMeTpudeckoil audde-
peHnuabHON Mojenn TypoyaenTHoctn k-w SST. Ha moBepxHOCTH Teia CTaBATCS
YCJIOBUsI MPUWJIMIIAHUSA U ajJnadaTudHocTu. Ha BHENTHUX IpaHUIaXx pacudéTHOU 00-
JIACTU — YCJIOBHE CBEPX3BYKOBOI CKOPOCTH TeUeHUsi. PelreHusi CTposiTcs METOJIOM
YCTAHOBJIEHHSI C MOMOIIbBIO pemarens makera ANSYS-15. B kadecrBe rpaHUTIHBIX
yCaoBuit Gpasuch napaMerpbl Haberarorero moroka [2|: aucio Maxa My, = 3, mo-
KazaTeJsib auabarel v = 1.4, monnoe nasienne Py = 430 klla, remmneparypa Topmo-
sxenus Ty = 275 K, ennananoe anciio Peitnonbiaca Req = 3.7-107 m—!. Yros atakn
BapbUPOBAJICA B Auanasone « = 8° — 13°.

B pesynbrare 1mpoBeneHHBIX UCCIEI0BAHNN Oy IeHbI TPAHUIIBI 00JIaCTH TUCTe-
pes3nca Mo yriy aTaku, & TakzKe HalJeHbl MHTEPBAJIbI yIVIa aTaK!, B KOTOPBIX Pa3-
BUBAIOTCS aBTOKOJIEOAHUS TTOTOKA.

Pabora BbImONTHEHA TIpU YacTUYHOU (uHaHCcOBOM Mmojiepkke PODU, npoekT
19-01-00242, pacueTbl TPOBEJEHBI C UCIIOJIB30BAHUEM PECYypPCcOB Bbramcnre ibHOrO

neratpa CIIOI'Y (http://cc.spbu.ru).
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[2] Simonenko M. M., Zubkov A. F., Kuzmin A. G. On the supersonic three-dimensional
flow over an axisymmetric body with a forward-facing annular step // AIP Conference
Proceedings. 2018. Vol. 1959, Article ID 050031. DOI: 10.1063/1.5034659



Cekrust 3 (Section 3) 217

AnannTudeckue m YnCJI€HHbIE PeIlleHNs IBYyMEPHBIX
3aJ1a4 TEeILJIOIPOBOJHOCTU U 3JIEKTPOHHOI ONTUKU

Kypbamosa I ., Bunoepadosa E.M.
gi_kurb@mail.ru, vincat2008@yandex.ru
Cankr-IleTepbyprckuit rocy1apCTBEHHBIN YHUBEPCUTET,

199034, Poccuiickast Penepanusi, Cankr-Ilerepbypr, YuuBepcurerckasi Hab., 7—9

Kaouesovie crosa: qByMepHbIE 33/1a91 HECTAIIMOHAPHON TEILJIOTPOBOIHOCTH, 3(pDEKTUBHBIHI
YUCJIEHHBINT METO/, TOYHOE aHAJMTUYIECKOE PEIeHne, CYMMAaPHBII TEIJIOBON ITIOTOK B TPY-
OOTPOBO/T TPY PA3HBIX BapUAHTaX 3ar/yOJIeHUs.

Pacuér mporeccoB TpaHCIIOPTUPOBKY IPUPOITHOTO Ta3a 0 MOPCKUM TPYOOIIpo-
BOJIaM BKJIIOYAEeT B cebsl pelreHune 33/ a9 TeII000MeHa ra3a ¢ OKPYKaloluM TPYH-
TOM TIPU PAa3HBIX BapuaHTax 3ariayosenus Tpyoomposoja. [Ipencrasien pesysibrar
CPaBHUTEJILHOTO aHan3a 3PPEKTUBHOCTH CJIEAYIONIUX YETHIPEX METOJIOB YUCJICH-
HOT'O peIlleHus] HeCTAIIMOHAPHOW JIBYMEPHO# 3a/Ja4ui TEeILIONPOBOJHOCTU B ITUJIMH-
JIPUYIECKON crcTeMe