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Pa3pa0oTka U MaTeMaTH4YeCKoe MOJeJTUPOBaHHE CHCTEMbI BOHOTO CTapTa
JJIsl CBEPXTSIKEIO0H PaKeThI-HOCHTEJIsI

AHHOTAIIUA

[{enpro mpo€eKTa ABISIETCA CO3/IaHNE MAaTEMATHYECKON MOJIENI JUHAMHUKH BOAHOTO
cTapTra JJig CBEPXTSKEIONW paKeThI-HOCHUTEN W pa3pabdoTKa NpPOTOTUIIA CHCTEMbI
BOJIHOTO CTapTa JjIsl CyOOpOUTaIBLHOM paKeTHI.

Jiis  ocymiecTBJIEHHSI BOJHOI0 CTApTa PaKeTa-HOCUTEJIb HAXOIAUTCH
BEPTHKAJLHO NMOTPYKEHHOH B BOAY W YIEpP:KHBAeTCS HA IUIABY 34 CYET CHJIbI
Apxumena. Toima BOABI OJHOBPEMEHHO BBINOJHSAET POJb CTAPTOBOIO CTOJA U
HaANPABJISIONINX, 00€CTIeYnBast POBHBIN MOABEM PAKEThI-HOCHUTEIIS.

Bonubrii cTapT NMO3BOJIUT n30exarhb HCIO0JIL30BaHUSA JA0POrou
HH(}PACTPYKTYPBI H 3aIyCKATh PAKEThl MPAKTHYECKH U3 JII000i TOYKH MHUPOBOIO
OKeaHa HA BBITOAHON IIHPOTE, OOecmevynBasi OOJBIIYI) MacCy BBIBOAMMOIL
MOJIe3HOM HArPy3KH 32 c4YeT IKOHOMHM TomauBa. CBepXTsKenas pakeTa-HOCHUTEIb
rpy30n0abeMHOCTEI0O 10 100 TOHH B TMEPCIEKTHBE HWMEET UIUPOKYI0 00JIacTh
MPUMEHEHUS: C Pa3BUTHEM KOCMHUYECKUX TPAHCIOPTHBIX CHUCTEM BO3HUKHET
HE00X0IMMOCTh B 3(h(PEKTUBHBIX CIIOCOOAaX BBIBEJACHUS KPYMHOraOapUTHON MOJE3HOU
Harpy3KHd Ha OKOJIO3EMHBIE OPOUTHI.

JIist pelieHrst MOCTaBICHHBIX 3a/1a4 Oblaa pa3paboTaHa LUKJIOTrpamMma IMoJIeTa U
OTIpEJIEJICH TOPSIOK MYCKOBBIX omepanuii. B pamkax mpoekrta Takyke ObUIH BHIBEICHBI
ypPaBHEHUS CTATUKU U JTUHAMHUKH JIJIl PAKEeThI-HOCUTENIS, JBIKYIIEHCS MO BOJIOM, Ha
OCHOBaHMM KOTOpPBIX CO3/laHa Tmporpamma Ha s3bike Python, peanusyromas
AQHATMTUYECKUNA ¥ YHCIICHHBIA METONbI pEIICHHUs] CUCTEeMbl AuddepeHInaIbHbIX
ypaBHeHH. C TOMOIIBIO TPOTrpaMMbl yAajdoCh PEIIUTh 3aJadyy ONTHUMHU3AIUU TI0
HaXOXJEHUIO ONTUMAJbHOIO pa3Mepa MOHTOHA IS pakeThl-HOcUTENs. Takxke
MOCTPOEHbI TpadUKU MapaMeTPOB JBMKECHHUS PAKETBI-HOCUTENS U TPOBEACHO UX
uccinegoBanue. CpaBHEHUE C KOMIBIOTEPHOW CHUMYIISIIIMEN MOKAa3an0, YTO CO3/IaHHAS
MaTeMaTu4yecKas MOJIEIb PACCUUTHIBAET MAPAMETPbI IBUKEHUSI PAKETHI C JOCTATOYHOM

TOYHOCTBIO.
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BBEJAEHHUE

B xocmonaBtrke XXI Beka MOSBHIOCh MHOXECTBO aMOMWIIMO3HBIX MPOEKTOB IO
ocBOeHUI0 COJTHEUHON CUCTEMBI, OOJBITMHCTBO U3 KOTOPBIX MPEANOIaraloT Co3JaHue
HOBOT'O TPAHCIIOPTHOI'O CPEICTBAa — CBEPXTSIKEION pakeTbl-HOcuTens. Hanbonbiiero
ycrexa B CO3JJaHUH ITOJOOHBIX CHCTEM J1I00UIIacCh aMEepUKaHCKasi KoMnaHus SpaceX, uen
KOCMHYECKUM KopaOib Starship uMeeT MakCUMalbHYIO Ha CETOIHSAIIHUN JICHb
rpy3onoabeMHOCTh — 100 ToHH Ha Huskyio okonmozemHyro opOuty. CBepxTsixkenas
pakeTa-HOCUTEINb B IEPCIEKTUBE UMEET HIMPOKYIO 00JIaCTh MPUMEHEHUS:

1. BeiBo B KOCMOC KpyTHOTa0ApUTHOM MOJIE3HON HATrPYy3KHU:

- Poccuiickas opoutanbHas ctanius POC

- [Iunotupyemsliii kKopadiab HOBOrO MOKoJIeHUs «Ope»

- MexnyHaponHast Hay4dHas JIyHHasi CTaHUUSA

- Kocmuueckue Teneckomnsl ¢ 00JbIIMMU 3epKajlaMu

- BeiBeneHue poccuiickoro siepHoro oOykcupa “3eBc’”

2. CpeAcTBO 3alIUTHl OT aCTEPOUIOB U IPYTHX MOTEHIIMAIBHO OMACHBIX HEOECHBIX TE
3. BeicTpbie nepenérsl Ha Mapc o KOPOTKUM TPAEKTOPUSIM

B nacrosamuiit MoMeHT y Poccun HeT pa3zpabarbiBaeMbIX MPOEKTOB CBEPXTKEION
PAKETBI-HOCUTENST  TPY30NOABEMHOCTBIO 110 100 ToHH  (MakcUMaybHas
rpy30n01beMHOCTh AHTapbl-ASB — 37 ToHH). OnHa U3 OCHOBHBIX MPOOJIEM, TOMHMO
HKOHOMHUYECKOM, 3aKIII0YaeTCsl B TOM, UTO TaKas pakeTa, UMesl OrpOMHbIE TrabapuThl U
MOIIIHOCTb, HYXJAaeTCsi B KOCMOJIpPOME, OOOpYIOBAaHHOM CIIEUAIbHOM OariHein
oOCIy’>KMBaHMSI U CUCTEMOU raiieHus ruiamenu asurareneil. Ilocne kaxmoro mycka
PAKEThI-HOCHUTEISI HAa3€MHBIM CTAPTOBBIM KOMIUIEKC NMPHUAETCS BOCCTAHABIMBATh, YTO
CBSI3aHO C OONBIIMMH (PMHAHCOBBIMU 3aTparamu. [I[ppumMepoM MOXKET MOCTyKUTh IEPBBIN

samyck Starship — Superheavy, umeBImmii yacTHYHEIN ycmex!.

120 anpens 2023 roga cocTOANOCH NEPBOE COBMECTHOE UCMbITaHWe KOCMUYEcKoro Kopabna Starship u yckoputena
Super Heavy. U3-3a 0TKa3a HECKO/IbKUX ABUraTeNnel U NOCAeAyIOLLErO HEKOHTPOIMPYEMOTO BPALLEHMUA PaKeTa He
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Cucrema BOJHOTO CTapTa TMO3BOJIUT H30€KaTh UCIOJIb30BAHUS JIOPOTOU
UHQPACTPYKTYPHI U 3aITyCKaTh PAKeThl MPAKTUYECKU U3 JTF0O0N TOYKH MHUPOBOTO OKEaHa
Ha BBITOIHOW IMPOTE — Ha Tepputopun Poccun 310, Hanpumep, OxoTrckoe u bepuHroBo
Mopsi. KpoMe Toro, BoAHbIM CTapT MO3BOJMT MPOBOJAUTH 3aIlyCKH Yallle, YTO TaKXKe
YCKOPUT Pa3BUTHE MHOTOPA30BbIX pakeT-HOcuTener B Poccun. UTo Mbl mozpasymMeBaem
oA “BoJHBIM cTapToM’? K HacTosAIIeMy BPEMEHH YK€ IIMPOKO MPUMEHACTCA CTapT C
wiaBydeil miarGopmel’. B mpeaaraeMoM ke BapMaHTE PAKeTa-HOCHTENh HAXOIUTCS
NPAKTUYECKUA MOJHOCTHIO MOTPYKEHHON B BOJY U YIEPKUBACTCS HA IUIABY 34 CUET
coOcTBeHHOU cuiibl ApxuMena. Poib cTapToOBOrO CTOJIa U HANIPABJISIFOIINX BBITOTHSET
Tonma BoAbl. TakuM oOpa3zoMm, cuCTEMa BOAHOIO CTapTa BKIIOYAeT B ceds
MOJIU(DUIIMPOBAHHYIO PAKETY-HOCUTENIb U TPAHCIOPTHO-OOCTY)KMBAIOIIEE CYIHO C
3apaBOYHBIMUA KOMMYHUKAITUSIMH.

JIaHHBIM TIPOEKT SABJIAECTCS JOTUYECKUM MPOJIOJIKEHUEM paOOThl HAllled KOMaH/IbI
B j1eTHelM cMene Cupuyca®, B Xo[e KOTOPOH MBI IIPOBOIMIIA DKCIIEPUMEHTHI I10 3aITyCKY
MOJIeJIeN pakeT U3 aKkBapuyMa, UMEBIIHUE YaCTUYHBIA ycrnex. Ham HeoOxoaumo ObLIO
YJAOXKHUTHCA B CXKAThle CPOKH, IMOSTOMY BO BpeMs pabOThl HaJ MPOTOTHIAMH ObLIA
BBIOpaHbl HE CaMble ONTHUMAaJIbHbIE KOHCTPYKTHBHBIE pemieHus. Kpome Toro, Bompoc
CaMOT0 BOJHOTO CTApTa PAKETHI HE ObLJI BCECTOPOHHE U THIATEILHO U3YUEH.

Takum 00pa3zom, HeJib HAIEro MIPOEKTa BKIFOYAET B CEOS:

1. Pa3paboTky MaremMaruyecKkodl MOJENH JIWHAMUKH BOJHOTO CTAapTa PAKETHI-
HOCHUTENII U CONYTCTBYIOIIETO MPOTPAaMMHOIO OOECleueHusi Ha  S3bIKe
nporpammupoBanus Python.

2. IlpoektrpoBaHUE CUCTEMBI BOJHOTO CTApTa AJiA CyOOpOUTAIEHON PAKETHI.

YHUKaAJIBHOCTh pa3pabOTKH CBsi3aHA C TEM, YTO B HACTOAIIEE BPEeMsl MOOOHBIX
CUCTEM He ObUIO pealM30BaHO HU JJII KOCMUYECKHUX, HU NIl CyOOpOUTATIBHBIX PAKET.
BrnepBbie BogHBIN cTapT OBUT MPEAJIOKEH B paMKax Mpoekra Sea Dragon mo co3naHuto

CBEPXTSKEJION PaKeThI-HOCUTENSI MOPCKOTO 0asupoBanusi, pazpadbarsiacmoro CIIIA B

O0CTUINa 3Tana pasaeneHus ctyneHeit. CTapToBblli CTON Obla MOIHOCTbLIO Pa3pyLleH ABUraTenaMmn NnepBoi CTyneHn ns-3a
OTCYTCTBUA CUCTEMBI FaLLIEHWUA NAAMEHMU.

2 Hanpumep, S7 Sea Launch, SpaceX Falcon 9

3 PesynbTaThl paboTbl No ccbinke huttps://bigchallenges.ru/projects2023/raketabdb
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1960-x rogax. [IpoexT Tak 1 He ObLT peaTu30BaH B CBSI3U C BO3HUKIIIMMH TEXHUUYECKUMHU
TPYAHOCTAMHM W MpeKpaileHneM (puHaHcupoBaHus. lIpennaraembslii BApUAHT CUCTEMBI
BOJIHOTO CTapTa JUIsl CBEPXTSKEIION pakeTbl-HOCHUTEN B POCCMM HE MMEET aHaJoroB.
Co3aHHas Ha OCHOBAaHWM YPaBHEHUM JIBH)KEHHSI MaTeMaTHyecKash MOJENb MO3BOJIUT
YCTAHOBUTH IMApaMETphbl ABMKEHHUS (KOOPAHMHATA, CKOPOCTb, YCKOPEHHE) PAKETHI B
pa3HbIE MOMEHTBI BPEMEHH, a B JAJIbHEHIIEM — BPEMEHHbIE UHTEPBAJIbI JUIsl KOMaH[,
OTHPABIISIEMBIX LIEHTPOM YIIPABIICHHUS MOJIETAMM.
JUJ1s BBIIOJTHEHMSI TIOCTABJICHHOM 1€/ HaM HEOOXOIMMO BBIIIOJIHUTE PAJl 3a7ay:

1. M3yueHne mpoueccoB, MPOUCXOAAUIUX ITPU BOJHOM CTApTE;

2. OmpeneneHue NCXOAHBIX JAHHBIX U MOCTAHOBKA 33J1a4M MAaTEMAaTHYECKOTO
MOJICJINPOBAHUS;
BriBoI ypaBHEHHUI IBUKEHUS PAKETHI-HOCHTEIIS;
Hanucanue nporpammsl Ha si3pike Python;
[TocTpoenue u ananu3 rpauKoB IBUKEHHUS;
CpaBHEeHHE MATEMATHYECKON MOJIENN C KOMIIBIOTEPHON CUMYJISIUEN;

[IpoexTupoBaHue cUCTEMBbI BOIHOTO CTapTa JyUIisl CyOOpOUTATILHOM PaKETHhI;

® X N oA~ W

BriBo/IbI, MI1aH anbHEHIIEH paboThI



OCHOBHAA YACTb
1. BoaHblii cTapT CBEPXTSKEN0i PAKEThI-HOCHTEJIA

Pakera-HOocHTENns MOMKHA CIYXKUTh J(PQPEKTUBHBIM CPEACTBOM  BBIBECHUS
KOCMHMYECKOIO anmapara Ha IUIAHOBYIO TPACKTOPHIO. Y KaXKJIO0ro KOCMHYECKOTO
anmapara CBOSI MUCCUS — TIeolle3UvecKasi, KOMMYHHUKAIlMOHHAs, HMCCIEI0BaTeIbCKasl,
MOATOMY OHHM palOOTalOT Ha pa3HbIX TUMNax OpOUT. B 3aBUCMMOCTM OT THIa OpOUTHI
MEHSIETCSl MOTpeOHasi XapaKTepUCTUYECKash CKOPOCTh PAaKeThl, TO €CTh W3MEHEHHUE
CKOpPOCTH, HEOOXOIMMOE JIJIsl BBIXOJ/Ia Ha I1eJIeByI0 opOuTy. MakcumasbHasi CKOPOCTb,

KOTOPYIO MOXKET IOCTHYb PAKETa, BBIUUCIIETCS U3 YpaBHEHUA LIMOIKOBCKOTO:

M,
V=1L
an

®. 1

Opnnako peanbHasi CKOPOCTh OTJAUYAETCA OT XapaKTEPUCTHUUECKOM M CBSI3aHO 3TO
IPEXKE BCEro C IPaBUTALIMOHHBIMU U a3POJMHAMUYECKUMU nIoTepsimu. Eciu 3amyckarb
pakeTy ¢ ’KBaTopa B BOCTOYHOM HAINpPaBJICHUH, TO K €€ ckopocTu nobasmsercs ao 0,5
KM/C 3a CUeT BpalieHus: 3eMJid. ITO MO3BOJISET YBEJIUUUTh MACCy BRIBOJUMON HATPY3KHU.

Nrak, mmpora cTapTOBOM IUIOWIAJIKM OKa3bIBAET HEMAJOE BJIUSHHUE HaA
nocleayroliee HakJIOHeHHe OpOUTHI KoCMUYecKoro anmnapara. OpOuTaibHas MIOCKOCTh
POXOJUT Yepe3 BEKTOP CKOPOCTU PaKeThl HA MOMEHT BBITOPAHUSI TOIUIMBA W LICHTP
3emyid, TO3TOMY HaKJIOHEHHE OpPOWUTHI MPUMEPHO PABHO IUPOTE, HA KOTOPOU
pacrionaraeTcsi craproBas Iuiomiaaka. HakioHeHue opOUTBI — OIMH U3 Ba)KHEUIIIHUX
mapamMeTpoB, OT KOTOPOTO 3aBUCUT (popma TOJACITYTHUKOBOW TpaekTopuu. [Ipudem
MaKCUMaJbHOE CMEIIICHHUE TIOJICITTyTHUKOBOM TOUKH B CEBEPHOM M KOXKHOM MOJTYIIApUSIX
paBHO HaKJIOHEHHIO opOuThl. Kak yxke OBUIO CKa3aHO BBIINIE, HE BIABasICh B
MaTeMaTUYECKUE PaCUeThl, BO3MOKHOCTb 3aIyCKa PaKeTbl U3 MHUPOBOIO OKeaHa
MO3BOJIUT BbIOUpPaTh HaubOoJiee 3(PeKTUBHBIE CXeMbl BbIBEJACHUSA U 0e30IMaCHbIE

paiioHbI MaJeHUs OTACISIOUIUXCH YACTEeH PAKeThI.



Ha cymecTByomuyx Ha3eMHBIX CTApTOBBIX IUIOMIAJKAX HET MOBOPOTHOTO
MEXaHU3Ma I MPHULIETTUBAHUS PAKEThI MW3-3a €r0 T'POMO3JKOCTH, MO3TOMY BBOIMUTCSA
crieliMajibHasi mporpaMMa pa3BOpOTa PaKeThl HA aKTUBHOM y4dacTKe Mojera. BoaHblid
CTapT MO3BOJIUT COKPATUTh BEPTUKAIBHBIN YUACTOK MOJIETA TAKUM 00pa3oM, UTO pakeTa
BBIWJIET W3 BOABI MO HYXHBIM YIJIOM TaHraxa Onarogapsi JI€MCTBHUIO
TUAPOAUHAMUYECKUX PYJIeH U OTCYTCTBUIO KECTKUX OallieH 00CTyKMBaHUS. ITO MOKET
OBITH 0COOCHHO aKTyaJIbHO IS OAJUTHCTHUCCKUX PAKET.

PaccmoTpum mopsimok TpPOBENECHUS BOJHOTO CTapTa CBEPXTKEIONW PAKETHI-
Hocutensa. COopka CTyNEeHEW paKeThI-HOCHUTENSI TPOMCXOAUT B MOHTAXHO-
HCTBITATEILHOM KOMIUJIEKCE Ha cyliie. [{anee yacTh pakeThl TPAHCIIOPTUPYIOTCS B CyXHUE
JIOKH, TJ€ YCTaHABIMBACTCS IIOJIe3HAs Harpy3ka IOja OOTeKareaeM W IPOUCXOIUT
3ampaBka W HaaayB OakoB. K XBOCTOBOMY OTCEKY pakeThl TMOJICOCAUHSACTCS
TepPMETUYHBIN OTCEK JJIs OayiacTa, KPersIuics ¢ TOMOITBI0 TUPOOOITOB U PE3NHOBBIX
yiuioTHuTese. Ilocne Bcex MPOBEPOK pPAKETa-HOCUTENb CITYCKAETCS Ha BOMY U
TPAHCIOPTUPYETCS B TOPU3OHTAIBHOM TOJIOKEHUHU CIEHUAIBHBIM CYJTHOM Ha MECTO
crapra.

[Ipennonaraemas cxema TPAaHCIOPTUPOBKHU BBITVISIUT CIAEAYIOIIUM 00pa3oM (CM.
puc. 1). K nepexogqHOMy OTCEKY paKeThl MPUCTHIKOBBIBAIOTCS JIBA CyJAHA, COCAMHEHHBIE
MEXIy coOol apkoi. Pakera aepxuTcs Ha TUIaBy 3a cUe€T COOCTBEHHOW IMOIBEMHOM
CUJIBI U TOABEMHON CHJIBI OCHOBHOTO TOHTOHA, PACHOJIOKEHHOTO B HM)KHEW YacTh
pakeThl M 3aMOJIHEHHOTO ra3oM HajyyBa. [[OHTOH mMmeeT TopoumanbHyo (GopMy U3

COO0OpakeHUN CHUMMETPHHU.

TpaHcnopTUpoBaHUWe K TOUKe cTapTa

PakeTa-HocuTenb .

“~__ToHTOH

A ByKcupoBOYHLIE CyaHa

Puc. 1



| nyCK M3 BEPTUKANbLHOro NOMNOXeHUA

B PakeTa-HocuTens

MoHToH

__Bannacr
"~ (3anonHseTcs crneunansHon cMecko
ANA nepesoia B BEPTUKANbHOE NONOXKEHWE)

Puc. 2
Ilo npuObITHH Ha MeCTO CTApPTAa pakKeTa NPUBOAUTCH B BePTHUKAJIbHOE
MOJIOYKEHHE MOCPEACTBOM 3aNO0JHEHUA OTCeKa /s 0a/U1acTa TAXKeJIbIM COCTABOM
(puc. 2). Pakera morpy:kaercs B BOAY A0 TeX IOP, NMOKA CHJIa Apxumeaa He
CKOMIIEHCHpPYeT CHiIy TsaxkecTH. OCHOBHOW IOHTOH HPEIBAPUTEIHHO CIyBaeTCs
(cOpocom naBnieHus yepe3 KilanaH) U MO3TOMY HE IPEMSTCTBYET MOTPYKEHUIO PAKETHI.
[To okOHYaHUM MPEANOIETHBIX MOTOTOBUTENIBHBIX pa00OT HAYMHACTCS 3aITyCK.
[TocnenoBaTenpbHOCTD MTyCKOBBIX OIEPALIUN:
1. HagoyB OCHOBHOTO MMOHTOHA € TOMOUIBIO BHYTPEHHUX PECYPCOB PAKEThI-HOCUTES;
2. BcnubiTHe pakeTbl-HOCUTENS B BEPTUKAJIBLHOM IMOJOKEHHWHU. POBHBIM MOABEM
00ecreynBaroT CTa0MIN3aTOPhl U THAPOIUHAMUYECKUE PYIIU;
3. Orcoenunenue b6amiacta, COpoc MOHTOHA;
4. 3anyck MapllEeBbIX IBUTATENEH;
5. I[logbem pakeThl U3 BOJABI, BRIPABHUBAHUE TPACKTOPUU PYJIEBBIMU JIBUTATEIISIMH.
[{uxnorpamma mycka nzoopakerna Ha puc. 3. [los1eT pakeTbI-HOCHTEJISI COCTOUT
U3 TPeX YYACTKOB: BOAHOIO (to — tsuix), aTMOCPEpHOTO (> tpnx) H OpOUTAIBLHOTO. Ha
cxeMe TOApPOOHO M300paKeH TEpBbI ydacToK. B  TexHuke OH sBJsSETCS
MaJIon3y4eHHBIM, T0O3TOMY TpeOyeT ocoboro BHUMaHus. [Tocie BpIX0oaa pakeThl U3 BOJIBI

IIPOU3BOAUTCA  KOPPCKTHUPOBKA KypcCa, IIO3BOJIAIOIIAA  BBIPOBHATL  PCAJIbHYIO



TPACKTOPHUIO TaK, YTOOBI OHA COBIIAJIA C HpOFpaMMHOﬁ. Yron Tanraxka OTCYUTHIBACTCS

OT HOpMaAJIH, HpOBGI[GHHOfI K ITOBEPXHOCTHU BOABI.

Lnknorpamma nycka

Jaxuradme Brix0a ABuratensi

- - Beixog PH 13 g0aLI,
Haaaye NoHTOHa, ABMratensd | cTynexm Ha HOMWHANBHLIA PEXUM . A

KOPPEKTUPOEKa Kypca

HaYan0 EepTUKANLHOIND ECNABITHA
\ \ tc6p / /
/ P |
/

/
i1 { - - = %
to texn \t:om teuix t c

Otpenenne Bannacta M NOHTOHa
YuacTku moneta:

@ - EofHEIf
- - 3TMOChEpHBIA
W - OpOMTaNEHEIR

Puc. 3

2. MaremaTnuyeckasi MoAeJIb

2.1 Beenenne. Maremarudeckue MeTOAbI

MaremaTrueckoe MOJCIMPOBAHUE AKTHUBHO TMPUMEHSETCS B COBPEMEHHOM
TEXHHUKE, TPUYEM HauOojiee TPYAOCMKHE BBIYUCICHHUS BBITOIHSIOTCS C ITOMOIIBIO
MPOTpaMMHBIX TIakeTOB. J[aHHBIA TOAXOM, TO €CTh NPEICTaBICHWE HCCIICTyEeMOTO
o0BbeKTa C TMOMOIIBI0 MaTEeMaTHUYECKUX CHUMBOJIOB, IMO3BOJISIET BBIACIUTH Hanbosee
BaXHBIC CBOMCTBAa OOBbEKTa. Takke mMareMarndeckas MOJEb TMO3BOJISET MPOBOIWTH
CEepUH DKCIEPUMEHTOB C pa3IMYHBIMU HAdaJlbHBIMU YCIOBUSMH U HAXOIUTh
ONITHMAJTbHBIC 3HAYCHUS BAPbUPYEMbIX BEIMYHH.

JIJIst penIeHns CI0XKHBIX MAaTeMaTHYCCKHUX 3a7ad MPUMEHSIOTCS aHAIUTHYECKHE,
rpaduuecKre u YiCIIeHHbIe MeTOoNIbl. B pabote ¢ Oubmmotekoit SymPy a1t CAMBOJIBHBIX
BBIYMCIICHUA MbI TNPUMEHUM aHAJUTUYCCKUE METOMbI PEIICHUS OOBIKHOBEHHBIX
muddepeHuanbHbIX  ypaBHEHUH, KoTopble momouparorcs ¢ynkuueir dsolve() B
3aBUCUMOCTH OT BHJIa UCXOTHOTO YPAaBHCHUS.

C noMouipl0 MHCTPYMEHTOB OuOmuorexku SciPy pemmM 3anady 4YuCIECHHO

(meTonom Pynre-KyTThl), mociie 4ero cpaBHUM PE3YJIbTaThI.
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B cBoeM nmpoekTe MbI MOCTABWJIM 3a4a4y CO31aTh MATEMATHYECKYI0 MOJeJ/Ib,
OCHOBAHHYI Ha Au(depeHUMANbHBIX YPABHEHHSX IBHKEHHS, U CONOCTABUTH
NOJIy4eHHOe pellieHHe ¢ pe3yJbTaTaMi KOMIIbIOTEPHON CHUMYJISIIIUH.

C nmoMoOmbI BBIBEJECHHBIX 3aKOHOB [BHMKEHHSI MOKHO OyleT BBIYMCIMTH
KOOPAMHATY, CKOPOCTb M YCKOpPeHHe paKeTbl B pa3Hble MOMEHTbI BpPEMEHH,
OTMe4YeHHbIE HA BpeMeHHOil mKkaJie (puc. 3).

B mo6oit maremarnueckoil MOJENM €CTh CBOM JIOMYLICHHS W YIPOIICHHUS.
Hampumep, Mbl TOpHHSUIM, YTO IIOBEPXHOCTH BOJOEMA HJCAIBHO IWIAAKas W
HETOABM)KHAsA, IOJDKUT JIBUraTesiel U OTAeJIeHUe OaiacTa MPOUCXOAST MTHOBEHHO B
OHO W TOXK€ Bpems. Takke Mbl HE CTajJd paccMaTpuBaTh MOOOYHBIE MPOLIECCHI,
OPOUCXOAAIINE TMPU  BCIUIBITUM, 93TO pa3inyHble 3((EKTbl KaBUTAUUU U

BUXpeoOpa3oBaHUs B BOJIE.

2.2 OnpenesieHHe HAYAJIBHBIX YCJI0BHIA. YPAaBHEHHS IBUKEHUS
Hwuxe npencrannena Tadiuiia KOHCTAHT U TAPaMETPOB PAKEThI-HOCUTENS, KOTOPBIE

OyIyT UCTIONB30BATHCS B TOCHenyonux pacuerax (nanee PH — pakera-nHocurens).

KoHcTaHThI p = 1000 kr/M> — IOTHOCTH BOZIBI

g = 10 m/c? — yckopeHHe cBOOOTHOTO MaIeHHUs

[TapameTpsbl pakeTbI-HOCUTENS L =150 ™M — nmuna PH

M =10000 T — macca PH

m = 5000 T — macca Gannacta
D =15 m — quamerp PH

nD?
S = -~ 177 m?* — wiomaip MOIIEPEYHOr0 CEYEHUS

¢y = 0,8 — ko3 purmeHT 1060BOro CONPOTUBICHUS

T[TapaMeTphl TOPOUIATBLHOTO d,;, M — HAPYKHBIH THAMETP
HOHTOHA wdy?
S, = 4" ~ 450~600 M? — rI0ma b OHEPEYHOrO

cedeHus (TUIOIIa b MHUIETIs)

__dy-D
n 4

, M — paaryc o0pa3yromieil OKpyKHOCTH

D
R = — 4 1;, M~ paiuyc OKpY:KHOCTH BPAILICHHs
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V., = 2m?Rn, 2, M — 06bem

Tabnuuya 1. OcHOBHble KOHCMAHMbI U napamempesl pakemel-Hocumesia U NoHMoHa

PaccMmoTpum Gu3nuecKyro CUucTeMy, HAXOSIIYIOCS B PAaBHOBECHH, COCTOSIILYIO U3
YaCTUYHO MOTPY’KEHHOM PAKETHI U KECTKO MPUCOESAMHEHHOTO K Hell OaiacTa (puc. 3).
Bricotoii 6amnacta npeHedperaem. 3a HHEPIUAIbHYIO CUCTEMY OTCUETa IPUMEM IJ1a/1b
Bonbl. Ock Y HampaBiieHa BHU3, 32 “0” BbIOpaH YpOBEHb BOJbI; MOCKOJIBKY B Hallleh
MOJIEJIH PaKeTa He SIBIAETCS MaTepUaTbHON TOUKOM, €€ MOJIOKEeHUE Oy/IeM OTCUUTHIBATD
OT HUKHEU 4acCTH.

VYpaBHEHUE CTaTUKU BBIVISLAUT CIEAYIOMIMM 00pa3oMm:
Mg — Fpp + Rgan = 0, Tae Fpp — cuna Apxumena paketsi, M — macca pakeTsl,

Rga; = mg — cuiia, IeHCTBYIOIAs CO CTOPOHBI )KECTKO MPUKPEIUIEHHOTO OasuiacTa.

®.2

ynor - LpPH 7\

PakeTta-Hocutens

Ynor 1
Bannact

Y\

Puc. 4. Cunel, delicmsyroujue Ha PH 8 cocmosaHuu pasHosecus

N3 ¢. 2 Haxonum mryOUHY HOTPYKEHUS Yror, M:

M+ m
ynorzp_5z85M

®.3
Jlajiee Ha4YMHAETCA BePTHUKAJIbLHOE BCILUIbITHE PAaKeTbl, 00YyCJIOBJIEHHOE
HAUIyBOM MOHTOHA (puc. 5). bamnact cOpackiBaeTcs B MOCICAHUI MOMEHT, Mepe

BKJIIOYCHHUEM I[BHFaTeJIeﬁ I CTYIICHH, obecnieynBas IrCpMETUYIHOCTb JIBUI'ATCIIBHOIO
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OTCEKa Ha BCEM BOJIHOM yuacTke. [I0CKONbKY MOHTOH KECTKO MPUKPEIUIEH K paKeTe,
MOSIBIISIETCS IOTIOTHUTENbHAS crjia ApXHMeIa CO CTOPOHBI NOHTOHA F Arp, HapyIaromas
paBHOBecue. Cuita Apxumena pakeThbl Fap 3aBUCUT OT y-KOOpJMHATHI:
Fap(y) = pgVior = pgSly|
®. 4

Tak kak pakeTa IBWXETCA B cpeie, oOnagaroiieid BA3KOCTbIO, BOBHUKAET CHUa
BS3KOTO TPEHUS, HaNpaBlICHHAs MPOTUBOIOJIOKHO BEKTOPY CKOPOCTH. YUUTHIBATH
s dexT nprcoeIMHEHHBIX Macc B Hallleld Mojienii Mbl He Oyzem. Cusia BSI3KOTO TPEHHS
MPONOPIIMOHANIBHA TUIOTHOCTU CPEbl, TJIOMIAIA TONEPEYHOTO CEYEHHUS JBIKYIIETOCs
TeJa U KBaJpary €ro CKOpocTu. Tak Kak MTHOBEHHasi CKOPOCTh PAKEThl — ATO IMepBast

IMPOU3BOAHAA OT KOOPpAWHATEI I10 BPEMCHH, ITOJIYyHaCM:

2
{Fwnp = ¢, s 220

2
v(t) =y
®.5

IIpumeuanue:

Hanee Be3ne

v(y) = vy (y) — IpoeK1us CKOPOCTH;

a(y) = a,(y) — NpoeKIHs yCKOPEHHSI.

CoOTBETCTBEHHO YPAaBHCHUS JTUHAMUKH JIJISI PAKEThI-HOCUTEINS B MpoeKIusax Ha Oy:

2
(M+m)g—pgs y(t)—pgVy+cxsE-D

a(t) = W
v(t) =y
a(t) = = y(t) (3)

®.6

VYpasuenue a(t) — muddepeHnmansHoe ypaBHEHHE BTOPOTO MTOPSIIKA.
[lepenuiem ero, MOHU3UB TOPSAOK — 3aMeHuM GyHkmo Y(t) B (3) Ha v(y), Tenepn

BMecTO GyHKIUHU y(t) CTOUT MepeMeHHast y. 3anuiieM HadallbHbIE YCIOBUSI:
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pv2(»)

p
, (M+m)g—pgSy—pgVn+cxS
v'(y) * v(y) = e = (1)
. d dv d ,
< j=w=aa=vv® ®.7
y(0) =85
\ v(85) =0

Takum 00pa3oM, Mbl OTyYmiIM 3a1ady Koin, cogepkaniyro HayajdbHbIE YCIOBUSA
JUISL KOOpJIMHATBI U CKOpocTH pakerbl. Jlanee mompasmenax 2.3, 2.4 Mbl pemmm
MOCTABJICHHYIO 3ajlauy: HaiiJleM YacTHbIe pelieHus TuddepeHnanbHOro ypaBHEeHUs
(1), To ecth Haitnem dynkun y(t), v(y), a(y) KOOpAUHATHI, CKOPOCTH U YCKOPEHHS B
aBHoM Buje. [locraBieHHyro 3ajmady OyneM pemath C  [OMOILIBIO  A3bIKA
nporpammupoBanus Python, 6ubnuorex SymPy s CMMBOIBHBIX BIYMCIEHUH, SciPy

JUTSI HAyYHBIX pacdyeToB U cpenbl Jupiter Notebook.

2.2 Onpezle.ﬂeHue MOJIOKEHUA PAKETBI B MOMCHT BRKJIIOYCHHUSA )]Blfll"aTeJ'leﬁ

Kak ObUTO CKa3aHO BbIIE, YpPAaBHEHUS IBUKEHUS IO3BOJSIOT CBS3aTh JIHOOOM
MOMEHT BPEMEHU C TapaMeTpaMu JBHKEHUs pakeTsl. [locne Hayaia IBMKEHMSI paKeThI-
HOCUTEJIS CIEAYIOIIAsl ONepanus, COIIaCHO BPEMEHHOW LIKaJIE, CBS3aHA C BKIIFOUEHUEM
MapiieBbIx aBurareneid. [lociie mogTBepkaAeHUs 3aKUTaHKs, ¢ HEOOJIBILION 3a1epHKKOU
IPOUCXOAMT OTAeNieHue Oamiacta u copoc moHToHa. COOTBETCTBEHHO IS AAJIbHEHIIINX
pacyeToB HEOOXOAMMO YCTaHOBUTbH, B KAKOM MOMEHT (BpeMsi, KOOPJAMHATA) BBHITOJAHEE
BCETrO BKJIKOYATh ABUTATEIH O] BOJOM.

CornacHo 3akony Ilackans, kaxasie 10 MeTpoB ruapoCTaTUYECKOE AaBICHUE, TO

€CTh JIaBJICHUE CTOJI0A )KUAKOCTH, YBEIMUUBACTCS MPUOIU3UTENIBHO Ha 1 aTM.

prllla] = p, + pgh, rae p, = 101 klla — HOpManbHOE aTMOC(HEPHOE TABICHHUE

®. 8

Paccmorpum neicTBue pakeTHOro ABUraress. B COIUIOBOM YacTH Ta3oBas CTPy
YCKOPSIETCS, a €€ JIaBJICHUE YMEHBIIIAETCS U JAaBJICHUE Ha Cpe3€ COIUia MOXET OBbITh
0oJbIIe, MEHBINE WIA PaBHO aTMOC(EpHOMY, UYTO TaKXKE 3aBUCUT OT pPEKUMa

pacupenus coria. PaccMoTpuM ypaBHEHUE TITU BUTATENs B aTMOcdepe:

F[H] =M x*w+ S(p — pa), rie M — maccoBbIii pacxof] TOIJIMBA, W — CKOPOCTh UCTEUEHUS,
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p — aBJIeHHE Ha Cpe3e CoIUia, P, — aTMochepHOE IaBICHHE.

®.9

W3 ypaBHEHHs CIIEyeT, 9TO YeM OOJbIIE aBICHNE OKPY>KAIOIICH Cpebl, TEM MEHBIIIC
TAra. OTO CIPaBEMJIMBO TakXKe JJI JBHUraress, padoTarolero TIoj BOJOH.

OxoHUaTeIIbHOE YPaBHCHHUC TATHU IPUMET BU:

Fp=M=xw+S(p— (p. +pgh))
®. 10

Ha mainoii rmyOune 3pexT CHIKEHHSI TSATH U3-3a Pa3HOCTHU JABJIECHUHN Ha Cpe3e COIuia
U CHapy’KU HE3HAUYMTEJICH, OJIHAKO NPU MPOEKTUPOBAHUU TSKEIIBIX PAKET-HOCUTENIEH
3TOT 3(pdeKkr npugercs y4uTbIBaTh. Takke npu paboTe B BOAE JBUTATEIN,
PACCUMTAHHOIO HAa aTMOC(EPHOE /1aBJIEHUE, MOXKET BO3HUKHYTh JAPYrol mapa3uTHBIN
3¢ ¢eKT, Beaymuii K CHWKEHHUIO TAru. M3 dopMmynsl 8 cienyer, 4YTO BEIMYMHA TITU
3aBUCUT OT CKOPOCTH MCTEUYEHHS Ta30B U3 COIUIA, HO MPU 3HAYUTEILHOM MPEBBILICHUN
JABJICHUS OKPYXKAIOIIEeH cpenbl Hall JaBICHUEM Ira30BOTr0O ITOTOKA, BOSHUKAET 0OpaTHas
yIAapHasl BOJIHA, KOTOPas pacHpOCTPaHsAETCs MPOTUB IOTOKA U TEM CAMBIM CHJIBHO
cHkaeT >PpPEeKTUBHOCTL ABHTaTessd. M3 TeXHMYECKOH ITUTEpaTyphl® U3BECTHO, UYTO €
TOYKHU 3PEHUS YJIEIbHOIO UMIIYJIbCA CaMbIi ONTHUMAJbHBIA PEKUM PaOOThI JABUraTess
JNOCTUTAeTCsl, KOTa JABJICHHE HA CPE3€ PaBHO JABJICHUIO BHEIIHEW CPEIbl. DTOT XKe
MPUHIUI CIPABEMIUB U ISl BOAHOTO y4acTKa IBM)KEHUS PAKEThI-HOCUTEIS.

N3 BCcero BbIMIECKA3AaHHOIO MOYKHO CAEJATh BBIBOI, YTO IJIsi MUHMMHM3ALUH
napasuTHbix J3(Q@eKToB, BOZHUKAWIIMX NpH padore aBurarejeii B Boae,
ABUTaTeJH NMepPBOM CTYNEHM JIy4llle BCEro 3amycKaTb Ha MaJioil IIyOMHe cpa3sy
1ocJie OKOHYaHUS BCIUIBITHSI PAKETbI-HOCUTEJISI.

I Ipumeuanue:

ITon “oxoHYaHMEM BCIUIBITUSAX TOAPA3yMEBACTCS MAaKCUMAJIbHBIM MOIBEM HOCOBOI
YaCTH PAKETHI-HOCUTEIISI HAJl YPOBHEM BOJIbI IO/ AEUCTBUEM TOJIBKO THAPOCTATUYECKHUX

cull. Tak:ke 3TO O3Ha4aeT 3aBCPIICHUEC BOAHOIO YUACTKa I10JICTA.

4 Cepatok B. K. MpoeKTMpoBaHmMe cpeacTB BbIBEAEHUA KOCMUYECKUX annapaTos. M.: MawuHocTpoeHue, 2009
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YTOoOBI MOHATH, KaK MOBEAET ce0s KOHCTPYKILHUS PAKEThl MOCIE BCIUIBITHS, ObLIU
MPOBEJEHBI HECKOJBKO OSKCIEPUMEHTOB C TMOJbIM IUJIACTUKOBBIM  CTEPIKHEM,
MOTPY>KEHHBIM B akBapuym c Bogoul (puc. 5). IlpeaBapuTenbHO MbI OTMETHIH
MOJIOKEHUE LIEHTPA TXKECTH CTEPHKHS YEPHOM PHUCKOW, OKA3aBLICUCS MOCEPEIUHE.
biaromapst 3aMeIIEHHON CBEMKE YAAIOCh BBISICHUTH, UYTO CTEPKEHb BCILIBIBAECT
MIPAKTUYECKH BEPTUKAIBHO J0 TEX MOP, MOKA €ro LEHTP TSHKECTH HE OKAXKETCS BBILIE
YPOBHS BOJAbI. Jlajiee BO3HMKAET OMPOKHUJBIBAIOIIAN MOMEHT, CO31aBAa€MbIil CHIIOW
TSHKECTH U CUJION ApXuMena OTHOCUTEIBHO OCH, TPOXOISAIIEH YEPE3 LEHTP CTEPKHS Y
MOBEPXHOCTU BOJABI (HA pHUCYHKE II. B. — MTHOBEHHBIM IeHTp BpaimieHus). K

BEPTUKAJIbHOMY IIOCTYNaTeIbHOMY JBM)KEHHUIO N00aBIISETCS BpallaTesbHOe, MOcie

YEro CTEPKEHD “JIOKUTCS HA BOAY.

Puc. 5. U3yueHue noseodeHus Moso02o CMmepxHA 80 8peMA 8crisibimus

Bocnonbs30BaBImIMCh pe3ylbTaTaMu  HaOMIOAEHUNH MOXXKEM TMPENOJIOKUTh JIBE
HanOoJiee BEpOATHBIC CUTYAIllUU 110 OKOHYAHHUH BCIUTBITUS PAKETHI-HOCUTETIS:

1. LleHTp TAKECTH OKAXKETCS HUXKE YPOBHS BOJBI. B 3TOM ciydae pakeTa-HOCUTENb
MPUIET B yCTOWYMBOE PAaBHOBECHUE B PE3YJILTATE 3aTyXaIOIINX KOJIeOaHWl BOKPYT
ITOJIO)KEHHSI PABHOBECHSI.

2. lleHTp TsHKECTH OKAXETCS BhIIIE YPOBHS BOJIbL. B 3TOM citydyae paBHOBecue OyieT
HEYCTOMYMBBIM, TO €CTh JOCTATOYHO HE3HAYUTEIBbHOIO  IOMNEPEYHOTO

BO3JICHCTBUS Ha KOHCTPYKIIMIO PAKETHI, YTOOBI €€ OMPOKUHYTh.

16



Wtak, ¢ oqHOW CTOPOHBI, KaK ObUIO CKa3aHO BBILIE, JBUraTeld IEPBOM CTYNEHU
BBITOJIHEE BCEr0 3allyCKaTb Ha Majioil MIyOMHE, HO C JPYroid CTOPOHBI MBI PHCKYEM
CTOJIKHYTbCA ¢ cuTyanued Ne2, xorga pakeTa CUJIBHO HAaKPEHUTHCS M JISKET HAOOK.
[lockobKy  LEHTp  TSKECTH  “UAcanbHOM”  PaKEThI-HOCUTENS  PaCIOJIOKEH
OpUOTU3UTENIBEHO TMOCEPEINHE CO CMEIIEHWEM B CTOPOHY XBOCTOBOHM wYacTu, MJIsl
JNOCTH/KEHMS] YCTOHYMBOIO paBHOBecHsl OO0JbIIAA YacTh JJIHHBI (MHHHUMYM
MOJIOBHHA JJIMHbI) PaKeThl JOJLUKHA HAXOAMTBCS MOA BOAO. Ecin NpuHATH
IIOJIOKEHUE LIEHTPA TSKECTH POBHO IOCEPEAMHE, TO ONTHUMAJIBHBIM MOMEHTOM MJIS
BKJIFOUECHHUS IBUTATENIEH Oy/leT MPOXOXKIEHUE CEPEIUHON paKeThl ypOBHS BOJBL, T. €. Y -

KOOpAuHara HW)KHEH 4acTu PaKCThI pr B MOMCHT BPpCMCHHA texn paBHaA:

Lpy
pr = T =75M
2.3 Pemenne nudpdepennnanbHoro ypapaenus B Python
Bepnemcs k pemenuto ypaBuenus (1) uz ¢. 7 (mogpaszaen 2.2).
Hcxonnbie 1aHHBbIE:
Ock koopauHAT HanpasieHa BHU3. HauansHbie yenosus: y, = 85, v, = 0.

Ienesas dynkuus v(y), mapamerp d,, M — HApY>KHBIH JHAMETP IMOHTOHA.

Ha puc. 6 npencrasien parMeHT Kojia ¢ IePeUrnCICHUEM UCXOTHBIX JTAHHBIX.
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UcxoaHble faHHble

Pac4éTHasa cxema:

ynor - LPH /\

Pakera-Hocutens

Ynor

Rear=mg Bannact

YV

OCb KOOPAMHAT HANpaBneHa BHW3, HA4anbHbIE YCNoBna: yy = 83 M, vy = 0 M/c

Lienesan @yHkuua v,(y), napameTp d. M - HapY*Hbli AUAMETD NOHTOHA.

v, (y) = v(y)

YpaBHeHMe OBUWXEeHURA:

& 7 (M +m)g — pgS - y(1) — pgV,, + %t‘xS..ﬂ(ﬁ}-‘(t))2
1= 2
dr? ¥ M+m

Puc. 6. McxoOHble daHHble MameMamuyecKozo ModenuposaHus

OxoHYaTeIHHO 33291 MAaTMOACIUPOBAHUS (HOPMYIIUPYIOTCS TaK:

3amaua 1: omnpenenuTh BEPTUKAIBHYIO CKOPOCTh IO MOIYJIIO PAaKEThI-HOCUTENS B
MOMEHT TIPOXOXKIEHUS €€ LIEHTPOM YPOBHS BOJBL: Y = Yy, = 75 M. OTBET NPEICTaBUTh
B BHJI€ TaOJUIIBI C BOBMOXXHBIMU 3HAUCHUSIMU.

3ajgaya 2: HaliTU MUHUMAJIBHBIN TUAMETP TTIOHTOHA, TTPYU KOTOPOM MPOEKIUS YCKOPEHUS
B MOMEHT y = 75 M OyZeT HeMOJIOKHUTEIbHOMN, B TPAHUYHOM CITydae PaBHOM HYIIO.
3agaua 3: ompenenuTh 3aBUCHMOCTH Y(t) KOOpAWHATHI OT BPEMEHHM, IMOKa3aTh, YTO
pakeTa-HOCUTENb OyleT COBepIIaTh 3aTyXarolllue MEXaHHMYeCKHe KOoieOaHUs OKOJIO

MOBEPXHOCTHU BOJbI. HaiiT BpeMst BCIUIBITHUS, PaBHOE ty; — to (CM. puc. 3).
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Hnst pemienust 3amaun 1 Bocmoib3yemcsi Metogamu Oubnuoreku SymPy s
CUMBOJIBHBIX BhrunciaeHuil. [IpemnoxenHoe ¢ynkmmeir dsolve() aHamuTHYECKOE
pELIEHNE MOJYYHJIOCh JTOBOJBHO T'POMO3JIKHM, K TOMY K€ JalbHEHIINE YIyUIICHUS
YpaBHEHUS JBWKCHHS 3HAUUTEIBHO 3aTPYAHIT AHATUTUYCCKUNA BBIBOI (YHKITUH.
[TosTomy nyst pemieHus 3a1aq 2, 3 1enecoo0pa3Ho MCIOIb30BaTh YUCIECHHBIE METOJIbI
WHTETPUPOBAHUS, TaKue, KaK, Hanpumep, Meron Anamca uinn PyHre-KyTTel pasHoro
MOPsAKa TOUHOCTH.

[Iporpammusiil koa Hamucan B cpene Jupyter Notebook. Ko mporpammer .py u
.html ¢aiin noctynHbl Ha JUCKE TIO CCBLIKE.

[TepBas yacTh NPOTPaMMBbI, TOCBSIIICHHAS AHATTUTUYECKOMY PEILICHHUIO, COCTOUT U3
IIOCJIEIOBATEIIbHOCTH JIEUCTBUM:

1. OObsiBIsIEM CUMBOJIBHBIE IEPEMEHHBIC U KOHCTAHTHI
3anuceiBaeM ypaBHEHUE JBUKECHHUS

[Tonmxaem MOPAOOK YPpaBHCHU:A, ACTIAA IIOACTAHOBKY

2

3

4. OmpenensieM HadaJbHbIC YCIOBUS M PEIIaeM 3a4aay B IBHOM BHJIC

5. Co3maem cepuro pelieHui Uil pa3HbIX 3HAaYCHUM napameTpa d,

6. Busyanusarus pe3yiabTatoB (puc. 7, 8)

7. TloctpoeHue TabIUIIBI YUCIOBBIX 3HAYEHUN CKOPOCTH M YCKOPEHUS B
3aBUCUMOCTH OT BbIOpaHHOTO d (Tabnuia 2). KpacHoil paMKoii BBIJEIEHO
oNTUMaJbHOE 3HaueHune d; = 27 M — OTBET Ha 3a/ady 2.

Jlnia penieHus 3a1add 2 BBOAUM Mapamerp d;, M — Hapy>KHbIM JTuaMeTp MOHTOHA.
[Toctpoum rtpaduku v(y), a(y) TpOEKIUH CKOPOCTH W YCKOPEHHUs I Pa3HBIX
3HAUEHUN TapaMmeTpa. PemuB npocTyro 3agady ONTHUMHU3AlUA HAWIeM HauMeHbIllee
d ., IpU KOTOPOM YCKOpPEHHe PaKeThl P BCILILITHH Oyl1eT HANIPpaBJIeHO BBEpPX U B
AaJibHeHIeM He U3MEHHMT CBOEro 3HaKa. JTO yCJIOBHE 00eCeYuT MAKCUMMAJIbHYI0

CKOPOCTH PAaKeTbl B KOHIE¢ BOAHOI'O yJacCTKa IIPH MHHHMAJbHOI Macce MOHTOHA.

I Ilpumeuanue:

[Tockonbky dhyHKkus a(y) — npousBoaHas ot v(y), B TPAaHHYHOM CITydae Mbl HIIeM d,

IIPU KOTOPOM 3KCTpeMyM (QYHKIUH V(Y) JEKUT B OKPECTHOCTU TOUKH Y = 75 M.
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https://drive.google.com/drive/folders/1yqxa4_NuuPPV2Ikn2BGAp5qSWE828Fnl?usp=sharing
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Puc. 7. lpaghuk 3agucumocmu modyssa 8epmuKaabHOU CKOpocmu om KOopOUHAMeb! 0414 pa3Hblx 3HaveHull napamempa

200
Npud=23m
175 Npud=24m
Moud=25m
Mpud=26m
o 150 Mpud=2Tm
=
& 125
=
s
2
2 100
ES
g 075
=8
o
=
0.50 4
0.25 4
0.00 T T T T T
74 76 78 80 82 84

KoopauxaTa, M

Puc. 8. paguk 3as8ucumocmu mMoOyss 8epMUKAAbHO20 YCKOPEHUS 0m KOOPOUHAMbI 0715 pasHbIX 3HaYeHUl napamempa

d, m v, M/c a, m/c2
9 23 -1.2 9.5
1 24 1.1 9.5
2 25 2.9 9.2
3 26 2.7 9.1
4 27 3.3 0.0
5 28 3.9 -0.@
6 29 4.4 -9.1
7 30 4.9 -8.1
8 31 5.4 -9.1
9 32 5.9 -9.1

Mpu d < 23.5 M ckopocTe oTpUUATensHas, YTo NpoTMBOpeYnT TpeboBaHusaM 3aaauu 2.
Tabauya 2. Hucnosvle 3HAYEHUA CKOPOCMU U YCKOPEHUS 8 MOMEHM OKOHYAHUSA 8Crabimus Y = 75 m.

Mpw cocTtaBneHunmn 1abanubl ocb Oy ana ynobcrTBa HanpasieHa BBEPX
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Bropas dacth mporpaMMHOTro Kojia pean3yeT YMCICHHOE pellieHue. B mporpamme

BBIIIOJIHACTCA CIICAYIOIIas MmocCjICJ0BaTCIIbHOCTD JICUCTBUI:

l.

3anuceiBaéM UCXOJHOE YPABHEHHME JBUKEHHE B BHJIE CUCTEMbI OOBIKHOBEHHBIX
auddepeHInaIbHbIX YPaBHEHHH epBOTO MOPSIKA.

Jlns pemienus 3aaaun 3 3auxcupyeM quameTp MOHTOHA, PaBHBIN MOTYyYECHHOMY
panee d, = 27 m.

VYKka3piBaeM HayaJbHbIE YCIOBHS, CO3/Ia€M MAaCCHUB BPEMEHHU C 3aaHHBIM YUCJIOM
paszouenuii N = 1000.

Pemaem cucremy ypaBHeHuil. B pyHKIMM yncieHHoro uaterpupoanus odeint()
peanuzoBan Meton LSODA u3 Fortran-6u6nuoreku ODEPACK.

JloGaBisieM cToNO1bI BpEMEHH U YCKOPEHUSI K MACCUBY C PELICHUEM
Buzyanuzanus pacueroB (puc. 9)

Ilo rpaduky xoopauHatel oT BpemeHu (puc. 10) onpenensieM Bpems BCIUIBITHS

pakeTsl — 4,5 ¢ (cM. mepeKkpecTre MyHKTUPHBIX JTUHUI).

rpa(bHKH NapaMeTpoe ABUXEHWUA paKeTbl-HOCUTENA

=
m
s 80 1
-
)
& 70
(=] T T T T
X 9 5 10 15 20 5 30
Z 25
Fe]
5 00
§ -25
Y 0 5 10 15 20 % 30
o
g 14 —
W
g | /’\\
- =
LY
811 7 S
x T T T T
=

0 5 10 15 20 25 30
Bpemas, ¢

Puc. 9. [pagpuku napamempos 08uUXeHUA paKkemeol-Hocumerss
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I‘paqnm( 33aBUCUMMOCTH KOOPAWHATHEI PaKeTbl-HOCUTENA OT BpeEMeHN
85.0 I

82.5 1
80.0 4
71.5 1
75.0 1

72.5 1

KoopauHaTa, M

70.0 A

67.5 1

65.0 1 i i

0 1 2 3 4 5 6 7 8 9 10
Bpems, ¢

Puc. 10. Ipaghuk 3as8ucumocmu KoopOUHAMbI paKembl-HocUMess om epemeHu
Pe3ysibTaTaMu BBINOJIHEHUSI IPOTPAMMBbI SABJISIFOTCS
A) Oynkuus v(y) (¢. 11), momydeHnHast B SBHOM BHJIE
b) I'paduku v(y), a(y) npoekuuii CKOPOCTH U yCKOPEHUs, puc. 7, 8
B) Tabnuua 2 ¢ YyucioBbIMU 3HAYEHUSIMA CKOPOCTH U YCKOPEHUS
I') 3nauenue mapamerpa d,, = 27 M, YIOBIICTBOPSIOIIETO TPEOOBAHUSAM 3a1a4H 2
) I'paduku v(t), a(t), y(t), puc. 9

E) OtBer k 3amaye 3, nmony4yeHHbIN B X0/ TpaduyecKoro aHanusa, puc. 10

CpaBHUM 3HAUEHHS CKOPOCTH U YCKOPEHUS, IIOJTYyUYEHHBIE B IEPBOM U BO BTOPOM

PEIICHUSIX:
AHaJIUTHYECKOE Yucnennoe
Monynb cKOpocTH, M/C 3,30 3,35
Monynb yCcKopeHus, M/c? 0,05 0,05

Tabnuya 3. CpasHeHue pe3yanbmamos aHaAUMUYecKo20 U YUCIeHH020 peweHul

2.5 Bepudukanus MaTeMaTu4ecKoil MoJaeIu

Banupanus u Bepudukamus — BaKHEHIIME TaIlbl B TOCTPOSHUH MaTeMaTH4eCKOM
MOJENM, 3a7adya KOTOPbIX — IIPOBEPUTh, HACKOJIBKO pE3yJbTal COOTBETCTBYET
OKUJAHUSM W OTBEUAeT JIM HAmUM TpeOoBaHusM. HaydHbIii pyKOBOIUTENH MOMOT

CMOACIUPOBATE IPOOECC BEPTUKAJILHOIO BCIUIBITUA PAKCTBI B IMPOIpaMMHOM
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oOecreueHU N Abaqus, CIICHHUAJIN3UPYIOIICMCA Ha MCTOAC KOHCUYHBIX 3JICMCHTOB. ®daiin
C aHHMaHHCﬁ AOCTYIICH Ha JHUCKC II0 CCBLUIKC. MOI[CJ'II/IpOBaHI/Ie IMPOBOAMJIOCH IJIA

a0COJIFOTHO JKECTKOTO TCJa, pasMCp JICMCHTOB pa36I/I€HI/IH —1m.

Puc. 11. Kadpel u3 aHUmMayuu, co30aHHOU 8 cucmeme KoMetomepHo20 ModenuposaHus Abaqus

= s i S=cii: =
7 gi Zz : §§ == : §_ =
7 : z 5 3
=

P LITHL
THRITL

y:
SUELRON TR

N STNERST]
i
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TNy
IR TR

EEEERE SEIBNSSRERS IR

L
s

1. B I E

Oxkazanoch, YTO CKOPOCTh PAaKEThl IO OKOHYAHWH BCIUIBITUS paBHa 3,12 m/c npu

2. 3. &

nuameTpe moHtoHa 27 M. 3HaueHue ckopoctu 3,35 m/c (Tabmuima 3) oTIMYyaeTcs Ot
MOJYYEHHOTO B cuMysanuu Ha 6,9 %. Takum o0pa3oM, Mbl MOKeM 10JIAraTh, YTO
CO3JaHHAsl MaTeMaTuyeckassi MojAeJb C J0CTATOYHO BBICOKOH TOYHOCTHIO
COOTBETCTBYET JAelCTBUTEIBLHOCTH. Pacxoxaenue B 6,9 % cBsizaHO ¢ TEM, UTO B HallleH
YIPOIIEHHOW MOAEIHM Mbl HE YUUTHIBAIN d()PEKT MPUCOSAMHEHHBIX MACC, BHI3BAaHHBIN
BA3KUM TPEHHUEM >KHJIKOCTH, U3-32 YETO PE3y/IbTaT BBIIOIHEHUS MPOrpaMMbl OKa3aycs

HCCKOJIBKO BBIIIC, YCM B CUMYJIALIMH.

3 IIporoTun cucTEMBI BOJAHOIO CTAPTA

B pamkax npoekta Sea Dragon mpoBOAMIOCE MHOXECTBO IKCIIEPUMEHTOB Ha
MakeTax, 4TOObl HCHBLITATH OCHOBHbIE YACTH CHCTEMbI BOJIHOIO cTapra 0e3
JAOMOJHHUTEJbHBIX 3aTPAT HA UX peajiM3alui0 B peajJbHOM pasMepe. Mbl permmiu
CJIeOBaTh TOMY € MPHUHIUITY, [O3TOMY COCPEIOTOYMIM BHUMAHHUE HA CHCTEME
BOJIHOTO CTapTa JijIsi CyOOpOUTATBLHOM PAKETHI.

IIpexxne Bcero, cucTeMa BOJAHOIO CTAapTa JA0JKHA  00ecre4YuBaTh
repMeTHYHOCTh JBMraTejieli W 3amyck pakeTbl H3 BOAbl. BoaHbIl cTapT
CyOOpOUTaTHLHOM PAKETHI BRITJISIAT CISAYIOIIUM 00pa30M: pakeTa IMorpykeHa B BOT0EM
U JICPXKUTCS Ha TPOCE, MPUBS3aHHOM KO AHY BojoeMa. BHYTpu pakeTbl MpPOXOAUT

MIPOBOJI, KOTOPBI MOJKIIOYaeTcs K 3amainy. [locie cpabarsiBaHus 3amajia IPOUCXOIUT
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https://drive.google.com/drive/folders/1yqxa4_NuuPPV2Ikn2BGAp5qSWE828Fnl?usp=sharing

NOJKUT JIBUTATElNI PakeThl W OTACNIeHHe “OapocTakaHa” — JAeTalld, Kpemsuiencs K
HIKHEW yacTu pakeTsl. [lanee pakeTa mogHUMAETCS U3 BOJBI 3a CUET TSTU JABUTATENCH
u cuiibl Apxumena. Korna pakera noiHoCThIO MOIHAIACH U3 BOJIBI, TTOJIET MPOJOIKACTCS
110 OOBIYHOI CXEME CyXOro CTapra.

CIpyKTypHasg cXeMa KOMINekca Ha3eMHOi U G0pTOROH anmapaTypel

Otcer cuetemsl  OTCEK MONE3HOR HATPYIKH Jeurarensioii
TIpubopHLIA 0TCEK  cnacedms H CHIOBON 2LIAPATY b OTCeK Mupocraxan

IK BVI1Y
[ e ’—EKB
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OBMel TAHHLIMHE APOHCXOIHT M0
nurepdeiicy UART

Puc. 12. lMpuHyunuaneHasa cxema ycmpolicmea cybopbumanbHol pakems! ¢ B00HbIM CMApMom

Scku3 getanm "bapoctakaH" AN pakeTbl C BOAHbIM CTapTOM

E/ PEe2MHOBBIA YNIOTHUTENL

Tudpocmamuveckoe daenerue

AATUMK TeMneparypel u <
BAAXHOCTH ™

T
o
)

¢ KPOHWTeHH AnA KpenneHua
" K yAepxwBatoLuemy Tpocy

— —

B
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: Tudpocmamuyeckoe daeseHue
Bocnaamenvtens /-
[ ——

4
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YNpyras ToHkas Membpata

Kopnyc 6apocTakaHa,
BbINO/HEHHbIA U3 ABS naacTuka

BaKyyMHbIli KnanaH /- Saxarioe Y. 11, 2024

Puc. 13. 3cKu3 oCHO8HO20 KOHCMPYKMUBHO20 371EMEHMA cucmemeol 800H020 cmapma

B npennaraeMomM BapuaHTE€ CHCTEMBI BOJHOTO CTapTa AJIEKTPOHHBIE MPUOOPHI
MPEACTABIICHbl TMOJETHBIM KOHTPOJUIEPOM, JaTYMKAMH [IaBJICHHS, TEMIEpaTypbl M
BIAXHOCTU. [71aBHOM JeTanbio sBISETCS ‘‘OapocTakaH” — TEPMETUYHBIA OTCEK C
CO3IaHHBIM BHYTPU HETTyOOKHM BaKyyMOM, KOTOPBIN KPEMUTCA CHHU3Y K KOPITyCY

pakeTbl U YIAEP/KUBAETCS 3a CYET CHJI TMAPOCTATUYECKOro AaBieHus (cM. puc. 13).
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BcniomorarenbHbie YCTPOﬁCTBa — OTO YCTpOﬁCTBO JJIA ITOJPKHUT'a ABHUTI'aTCIIA 1 CHJIOBOH

TPOC, TAHYILIUICS K PakeTe co AHA BOJOeMa. B kauecTBe MOJIETHOrO KOHTpoiepa (Ha

puc.

12 o603nauen [1K) MOkHO MCIONIB30BaTh MOAY/IBHBIN MOJIETHBIA KOHTPOJUIEP IS

CBEPXIIETKUX CyOOPOUTAIIBHBIX PAKET".

B 6yz[y1ueM IVIQAHUPYETCH NPOBECACHUEC HCIBITAHUMA H OTpaGOTKa OCHOBHBIX

y3JI0B KOHCTPYKIIUH.

3AK/IIOYEHHUE

B xone BbINOJHEHHSI NMPOEKTHOM PadoOTbl OBLIM AOCTHUTHYTHI CJIeAYIOU[He

SHAYMMbI€ PE3yJIbTaThI:

l.

Pa3paGorana nukiorpamMma TmojeTa M OIpeAesieHa IMOCeI0BaTeIbHOCTD
IyCKOBBIX OIEpaluii;

BriBeneHsl ypaBHEHHMS CTaTUKU W JAUHAMUKU IS PAKEThI-HOCHUTES,
JBIDKYIIENCS TIOJT BOJIOM, HA OCHOBAHUU KOTOPBIX CO3/aHa MporpaMma Ha sI3bIKe
Python, peanusyromass aHaIUTHUYECKUW ¢ YHUCJICHHBIA METOIBl PEIICHUS
muddepeHInanbHOTO YPaBHEHUS IBUKEHUS.

[Ipoananu3upoBaB MOCTPOCHHBIC TPADUKU MBI ONPEACIIUIN CKOPOCTh PAKETHI-
HOCHUTEJIA B KOHIIE BOJHOTO YYacTKa U ONTUMAaJbHBIA pa3Mep MOHTOHA, a TAKKE
BpEMsI BCILIBITUSI PAKETHI.

Bepudukamus  maremMarmdeckodl — Mojmend  IMOKa3aja, 4YTO  CO3/JaHHas
MaTeMaTU4yecKkass MOJIeJIb TIO3BOJIAET C JOCTATOYHO BBICOKOW TOYHOCTHIO
pacCUuTHIBATh MapaMeTPhl ABMIKEHUS PAKEThI-HOCUTEIS.

B umxeHepHoW uyacTu mpoekTa ObLla MPENIoKeHA YHUKalbHAs KOHCTPYKITUS
CHUCTEMBl BOJHOTO cTapTa sl CyOOpOMTalbHOM pakeThl, HapHCOBaHA
MPUHIMIIHATIFHAS CXE€Ma YCTPONCTBA CyOOpOMTAIbHOW pakeThl W BBITIOJHEH

ACKHU3 OCHOBHOTO 3JIEMEHTa KOHCTPYKIIUHU — “OapocTakaHa’.

5 bakaHoB W. . “YHuBepcasibHbIN NONETHbIN KOHTPOANEP ANA CBEPXAErkmnx CybopbuTanbHbIX pakeT” KOHKYPC HayYHo-
TEXHON0MMYECKNX NPOoeKToB «bonblune BbI30BbI», 2023
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Pa3BuTHe KOCMHMYECKOTO TpaHCIOPTa HEU3MEHHO OyIeT CONpOBOXKIAThCA
yBEIMUYEHUEM Ta0apUTOB U MACCHI TTOJIE3HOM HATrPY3KH, UTO, B CBOIO OUYEPE/Ib, TOTPeOyeT
npuMeHeHus 0osiee rTHOKKUX cxeM BbIBeleHUs. MccnenoBanus B 001acTy BOAHOIO CTapTa
JUISL CBEPXTSDKENIBIX PAKET-HOCUTENIEW TIIOMOTIYT pas3BUTh 3Ty IMEPCIEKTUBHYIO
TEXHOJIOTUIO M CHAENATh €€ NOCTYIHOM I IPUMEHEHUS B PAKETHO-KOCMUYECKOU

TCXHHKC.

CIIMCOK UCITOJBb30BAHHbBIX NCTOYHUKOB

1. EpmioB H. M. IlpakTuueckoe BBeeHHE B pemieHue AuddhepeHIraibHbIX ypaBHEHHM
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2. I1. ®opreckbio, JIx. Crapk, I. Cyunepsa Pa3paboTka cucTeM KOCMUUYECKUX
anmaparos. [lepeBoj ¢ anruiickoro. ctp. 259 — 268. M.: Anbnuna [labaumep, 2021

3. 1. U. AnypeeB PakeTbl MHOTOKPAaTHOTO MUCIOJIB30BaHUs. CTP. 35-63. M.: Boenuzaar,
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4. Cepmrok B. K. ITpoekTrpoBaHue cpeacTB BbIBEACHUSI KOCMHUUECKHX aIlllapaToB. CTP.
117-145, 373-389. M.: Mammunoctpoenue, 2009

5. KypenkoB B. 1. KoHCTpyKIUsl 1 MPOEKTUPOBAHUE U3AETUN PAKETHO-KOCMHUYECKOU
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M.: MammHocTpoeHnnue, 1975
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https://drive.google.com/drive/folders/1ygxa4 NuuPPV2Ikn2BGApSqSWES28Fnl?usp=sharing

Anpec 31. mouThl: ivanbakanovl1l5@gmail.com
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INPUJIOKEHUME — ITPOI'PAMMHOE OBECIIEYHEHUE

#!/usr/bin/env python

# coding: utf-8

# **Paspaborka M MaTeEMAaTUUYECKOE MOINEJIMPOBAHME CHUCTEME BOJHOI'O CTapTa IJs
CBEPXTSIXEJION PAaKETE~HOCHUTEJST**

# 21261 BakaHOB MBaH IIaBJIOBMY

# I'BOY IIkosia M 1535, 11 kumacc

# Bepcus or 08.03.2024

# **Kom mporpaMMHOI'O OOECHeUeHMS IJIS MaTeMaTUUeCKOM MOINEJIM IUHAMUKM BOIJHOIO
crapra**

# **Bamaua 1**:

# ompemnesuTs BEPTUKAIBHYK CKOPOCTE IO MOIYJIO PAKETEI-HOCHUTEJIS B MOMEHT MIPOXOXIEHUSI
ee IeHTPOM YPOBHS BOAE (y = 75 M).

# **Bamaua 2%**:

# pemmTs 3amady ONTUMMMUIALIMM, HAWTHU MUHUMAJIBLHE HAPYXHEBI OUaMeTp [IOHTOHA, IIPH
KOTOPOM MPOEKIMSI YCKOPEHMUS B MOMEHT y = 75 M Byner HENOJOXUTEeJBLHOM, B I'PAHMUHOM
cyIyyae paBHOM HYJIO.

# **Bamaua 3**

# ompemenmnTs 3aBUCHMMOCTE y (t) KOOPOMHATE OT BpPEeMEeHM, [N0KaszaThk, UYTO pakKeTa-
HOCUTEJIE OyOeT COBEepIaTh 3aTyXanime MEeXaHMUeCKMe KOoJeOaHMsI OKOJIO MNOBEPXHOCTHM
BOXEI. HauTu BpeMsS BCIJIBITHUS.

import math

import sympy
from sympy import Function, dsolve, Eqg, diff, symbols, simplify, solve, plot

import numpy as np

from IPython.display import display
from scipy import constants as const
import matplotlib.pyplot as plt
import pandas as pd

# ### HauasbHBIE YCJIOBMS:

y 0 = 85 # M, HavanepHOEe cMemeHue
v 0 =0 # M/c, HavaiepHas CKOPOCTE
d min = 23 # MMHMMAJIBHEDR! OMaMETP MHOHTOHA

# ## AHaIMTHYECKOE pEeleHre

# OOBsSBIIIEM CHUMBOJIBHBEIE [IE€pDEMEHHEE
ro, g, D, d, S, Sp, Vp, M, m, cx, vx = symbols("p g DdSSnVnMmczxv_x",
positive=True)

t symbols ("t")
y = Function("y") (t)

# 3mece M mamee Bce pasMEPHOCTM B enuHmuiax CHU
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constants = {ro: 1000, # mroTHOCTE BOIEI

const.qg, # yckopeHme CBOGOOHOI'O MNAIEHMS
15, # mgmamerp PH

177, # nmomans HomepeyHoro ceuyeHus PH
10000*10**3, # macca PH

5000*10**3, # macca bGammacra

cx: 0.8, # kos@pdpuimeHT JTOBOBOIO COMNPOTHUBIICHUS

}

3 2 nUoUQ K

# Inomane MONEePeyHOI'0 CeuYeHMs, OOBEeM MNOHTOHA

Spont = 3.14*d**2/4

Vpont = 2*const.pi**2* (constants[D]/2+ (d-constants[D])/4)* ((d-constants[D])/4)**2
display (Spont, Vpont)

# I[paBas yacTb yPaBHEHMS IBMXEHNUS

func = ((M+m)*g-ro*g*S*y-ro*g*Vp+cx*Sp*ro* (diff(y, t)**2)/2)/ (M+m)
simplify (func)

display (func)

# YpaBHEeHME IOBWKEHUS
equl = Egq(diff(y, t, t), func)
display (equl)

# IoHMYXaeM MNOpPsSNOK YPaBHEHMsS, COB3IAEM CHMMBOJI Y BMecCcTO QyHKLmM y (t)

Y = symbols("y")

V = Function ("v") (Y)

# BBIIOJIHIEM MOACTAHOBKY

equ2 = equl.subs ({diff(y, t, t): diff(v, Y)*Vv, diff(y, t): V, y: Y})
display(equ?2)

# OnmcaHme OupOepeHIMaTIbHOT'O YPABHEHMUT:
sympy.classify ode (equ2)

# OmnpemesiseM HadaJIbHBIE YCJIOBMS (HapaMeTp 1CsS) u pemaeM 3adyalny B SIBHOM BUIE
dsol = dsolve(equ2, V, ics={V.subs(Y, y 0): v 0}, symplify=True)
display(dsol[0])

# BrimesiMM MNpaBylR YaCThb IIOJIYUYEHHOM (GOPMYJIE
sol = solve(dsol[1l], V) [0]
table = []

v d = sol.subs({**constants, Sp: Spont, Vp: Vpont})

def iround(ans):
if ans * 10 % 10 ==
ans = math.trunc (ans)
else:
ans = round(ans, 1)
return ans

# CosmanmMm cepuio pemeHui IJiS PAasHEX 3HaueHui napamerpa d
for 7 in range(10):
# I[omcrapjsgeM BHAUYEHMsS [HapaMeTpOB
v y = v _d.subs(d, d min+j)
f vy.append([v_y, d min+j])
# IpommppepeHimpyem QyHKIMO V(y) DO KoopAmuHaTe, HammgeMm a(y)
ay =diff(v_y, Y)
f ay.append([a_ y, d min+Jj])
# HaxonmmM UYMCJIOBOM OTBET IJsS CJydas HPOXOXIEHMS I[[E€HTPOM PakKeTh YPOBHS BOAB (Y
= 75 M)
ans_v = iround(float(abs(v_y.subs({Y:75}))))
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ans_a = iround(float(abs(a_y.subs({Y:75}))))

if j > 0 and ans_v < table[j-1][1] and ans v != 0O:
table[j-1][1] *= -1

if j > 1 and ans_a >= table[]j-1][2] and ans _a != 0:
table[j-1]1[2] *= -1

if § ==
ans _a *= -1

table.append([d min+j, ans_v, ans_al])
# ### Busyanmzaims pes3yJLTATOB

N = 1000 # umcio paszbueHmnit
y_arr = np.linspace (65, 85, N)

fig = plt.figure(figsize=(10, 5))
ax = fig.add subplot(l,1,1)

for i in range (5):
v_arr = [float(abs(f vy[i][0].subs({Y: y val}))) for y val in y arr]
ax.plot(y arr, v _arr, label=f"llpm d = {f vy[i][1]} mM")

plt.xlabel ('Koopamuara, M')
plt.ylabel ('Mogyne ckxopocTm, M/c')

ax.set xlim (65, 85);
ax.set _ylim(0, 4);
plt.grid(); plt.legend(); plt.show()

fig = plt.figure(figsize=(10, 5))
ax = fig.add subplot(l,1,1)

for i in range (5):
a arr = [float(abs(f ay[i] [0].subs({Y: y val}))) for y val in y arr]
ax.plot(y arr, a arr, label=f"llpm d = {f ay[i][1]} m")

plt.xlabel ('Koopamuara, M')
plt.ylabel ('Mogyne yckopenms:, mM/c2')

ax.set xlim (74, 85);
ax.set ylim(0, 2);
plt.grid(); plt.legend(); plt.show()

# Tabmamiia YMCJIOBEIX 3HAUEHMI B TOYke y = 75 M
# **BumManme!** speck ock Oy musd ymob6CTBa HANpaBjieHA BBEPX
print (pd.DataFrame (table, columns=["d, M", " v, M/c", " a, M/c2"]))

# IIpm d < 23.5 M CKOpOCTE OTpMIlATENBHAS, YTO MNPOTHMBOPEUYMT TPEeOOBAHMSIM 3amadm 2.

# ### Bamaua 2
# **llpmvevanme* *: <br>

# IHNockonbkKy QyHKLMS a(y) — HOpou3BOomHAas OoT V(y), B TPAHMYHOM CJydyae Mbl umeM d, Opu
KOTOPOM 5SKCTPEMyM QYHKIMMU V (V)
# JI€XMT B OKPECTHOCTM TOYKM y = 75 M.

# U3 rpagpmxoB v (y), al(y) M mu3 TabaMIE BUOHO, YTO HYJIL HPOM3BOIHOM CKOPOCTH
HaxXomouTCcs B OKPECTHOCTHM TOUKM y = 75 M mpm d ~ 27 M.
# OrBer: ~ 27 M

# ## UmcieHHoe pemeHue

# ### Bamaua 3
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from scipy import constants as const
from scipy.integrate import odeint

d = 27 # BagurcupyeM HAMIEHHEI paHee OruaMeTp MNOHTOHA
Sp = 3.14*d**2/4

Vp = 2*const.pi**2* (constants[D]/2+ (d-constants[D])/4)* ((d-constants[D])/4)**2
ro = 1000 # mmoTHOCTE BOIEI

g = const.g # yckopeHMe CBOBOOHOI'O MHANEHMUS

D = 15 # gmamerp PH

S = 177 # mmomans MNONEPeyHOIr'o ceueHwms PH

M = 10000*%10**3 # macca PH

m = 5000*%10**3 # macca GammacTa

cx = 0.8 # xosdpduimeHT JIOB0BOT'O CONPOTUBIIEHNUS

def ode func(v arr, t©):
y = v_arr[0]
y 1 =v arr[1]

fO =y 1
f1 = ((M+m) *g-ro*g*S*y-ro*g*Vp+cx*Sp*ro* (y _1**2)/2)/ (M+m)
return [f0, f1]

initial condition = [y 0, v 0] # mavanesHEEe ycC/IOBUS

# CosmaeM MaccwB BPEMEHM

t end = 100 # Bpema OxkOHYaHMA pacuéra

N = 1000 # kommyecTBO yyacTKOB pas’3bueHusT
t _arr = np.linspace(0, t_end, N)

# PemaeMm nudpdpepeHIMalbHOe YPAaBHEHME

Tra

odeint () - oéyHxummss Momynst scipy.integrate, BosBpamaeT AOBYMEPHEM MAacCCHB SHadYeHUN
byuxuunu,

HavYaJBHOEe BHa4YeHue xpaz—m-rcs B nepBof/’I c-rpoxe.

Cunraxcuc: odeint (func, y0, x)

func - MaccuB npaBHX uYacTeM ypaBHEeHMN NEpPBOI'O MOPsifka, B JIEBOM YacCTM NPOMBBOAHEHIE.

ode sol = odeint(ode func, initial condition, t_ arr)

# MaccwB 3HaYeHMI YCKOPEHMUSI
a_arr = ode func([ode sol[:, 0], ode sol[:, 1]], t arr)[1]
print(a_arr.reshape (1000, 1) [0:10])

# IlobaBieHne CTOJOIOB BPEMEHM M YyCKOPEHMS K MaCCHUBY C pPeleHUeM
ode _sol = np.hstack([ode sol, a arr.reshape(N, 1)])
print (ode sol)

# ### Busyammzanms pes3yJibTaTOB

figl, (axl, ax2, ax3) = plt.subplots(3, 1)

t right = t end / 10 * 3

axl.plot(t _arr, ode sol[:, O], color="'C0")
ax2.plot(t _arr, ode sol[:, 1], color='Cl'")
ax3.plot(t _arr, ode sol[:, 2], color='C2")

axl.set x1im(0, t_ right);

ax2.set x1lim(0, t right);

ax3.set x1im(0, t right);

figl.suptitle ("T'pabukmu napaMeTpOBR IOBMXEHMSI paKeTs-HocuTens'") ;
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figl.tight layout ()

"Bpemsz, c")
"KoopaomuarTa, M")
"CkxopocTs, M/c")
"Yckopenue, M/c2")

ax3.set xlabel
axl.set ylabel
ax2.set ylabel
ax3.set ylabel

—~ e~~~

axl.grid(); ax2.grid(); ax3.grid(); plt.show()
figl.savefig("graphs_t.pdf", dpi=600)

figl, axl = plt.subplots(l, 1)

axl.plot(t _arr, ode sol[:, 0], color='C0")

axl.set x1im(0, t end / 10);

axl.set title("I'padmx BaBMCHMMOCTNM KOOPIOMHATEH PaKeTH-HOCHTEJSI OT BpeMeHu')
axl.set xlabel ("Bpewmsz, c")

axl.set ylabel ("Koopauuara, M")

axl.locator params('x', nbins=10)

plt.axvline (4.5, color='r', linestyle='--=-")
plt.axhline (75, color='r', linestyle='--")

axl.grid(); plt.show /()
figl.savefig("graph y t.pdf", dpi=600)

# OrBer k 3amave 3 Hamugem 1o rpagmky y(t): BpeMs BCIUIBITHS COCTABJISAET OKOJIO **4.5
c** (cMmM. nepexkpecTue NYHKTHUPHBIX JIMHUM) .

figl, ax3 = plt.subplots(l, 1)

ax3.plot(t_arr, ode sol[:, 2], color='C2")

ax3.set x1im(0, t end / 10);

ax3.set title ("I'papmk BaBMCHMMOCTM YCKOPEHMSI PaKEeTH-HOCUTEJsSI OT BpeMeHmu'")
ax3.set xlabel ("Bpemsz, c")

ax3.set_ylabel ("VYckopenmne, M/c2")

ax3.locator params('x', nbins=10)

plt.axvline (4.5, color='r', linestyle='--")
plt.axhline (0.05, color='r', linestyle='--=")

ax3.grid(); plt.show()
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