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HEKOTOPbLIE MOOENU ONMTUMANbHbLIX TPAEKTOPUN
CBJINXKXEHUA KOCMUYECKOIO AIMNMAPATA C ACTEPOMOOM

I.A. Jllesuna, N1.C. JaxmuH
FOxHo-Ypansckuli eocydapcmeeHHbill yHusepcumem, . YensbuHck, Poccusi

JBIKCHIE KOCMHIYCCKOTO aIapaTa pacCMaTpUBacTCA B 00IACTH, HAXOAMICHC BHE cep ach-
cTBus aHeT COTHCYHON CHCTCMBI, TPABHTAIIMOHHOC ICHCTBHC ACTCPOHNIA ONMPEACIICTCA B PAMKAX
OrpaHUYCHHOM 337a4u ABYX TelL [l0cTaHOBKA JUHAMUYECKON 3a1a4H BBIMOIHECHA JJISI HOCTYIATEIb-
HOTO JBIDKCHHS KOCMHYCCKOTO amiapara OTHOCHTCIIFHO aCTCPOHMIA C YICTOM COOCTBCHHOTO BPAIIC-
HHA HCOCCHOTO Tema. [10CTPOCHHE OMTHMATBHBIX TPACKTOPHH B 3a7a4¢ COMMKCHHS KOCMHUYCCKOTO
ammapaTa ¢ acCTCpPOHIOM BBIMOHACTCA MCTOJAMH BAPHALMOHHOTO HcuncicHuI. CopmyanpoBaHa
BAPUALMOHHAS 331244 C OTPAHMUYCHISIMU HA YIIPABJICHHE B BUAC HEPABCHCTB, PEIICHUE KOTOPOH Mmo-
CTPOCHO IMyTEM CBEACHHS 3aJa4M K KJIACCHYECKOH MOCTAHOBKE MO MeToAy BaseHraitna. JlaHsl pe-
IICHHA YpaBHCHHUH Jinepa — Jlarpamka I1a BApHALHOHHOM 3a1a4H ¢ ()Y HKIIHOHAJIOM, CBA3AHHBIM C
PacxoJ0M TOIUIMBA PEAKTHBHBIX ABUrareiaci. [10IydyeHbl YHUCICHHO-AHAMUTHYCCKUE PEIICHUS AT
YACTHBIX CIYYAaCB B VCIOBHAX NMPCHCOPCKCHHSA TPABHTALMCH aCTCPOMIA, PAacCMATPHBACMEIX Oc3
yueTa KOPHOTUCOBBIX CHJI HHCPIHH KOCMHYCCKOTO ANIapara | ¢ yUeToM 3TuX CHI OnTHMaabHOC
YIPABIACHHE, MOJYYCHHOC B 3THUX PEIICHHAX, SBJACTCA HEMPEPHIBHBIM (TJAAKUM HJIH KyCOYHO-
TJIaJKUM) WIH KYCOYHO-HETPEPBIBHBIM C OJHOU WM HECKOJbKHMH TOUKAMH NMEPEKIFOUCHUS, B 3aBU-
CHMOCTH OT MapaMeTpoB 3amaun. 11 000CHOBAHUSA ONTHMAIBHOCTH HCIOIB30BaHBI YCIOBHSA Jle-
sKaHapa. PacCMOTPEHO BIMAHHME HAYAIBHBIX NMAPAMETPOB JBIKCHHSA KOCMHYECKOTO ammapara, Bpe-
MEHH TOJIETA, BEJIMYMHBI MAKCUMAIBHON TATH W BEJIMYMHBI YIJIOBOM CKOPOCTH acTepOUAA HA BHI
YIPABACHHUS U TPACKTOpUH. [IpeACTABACHHBIN B CTaTbe METOJ M3YUCHHS ABHKCHUS KOCMUYECKOTO
ammapata BOIM3H ACTCPOUAA MO3BOJIACT MOJYYUTHh YHCJICHHBIC OLCHKH MAPAMCTPOB IOJICTA, KOTO-
PBIC MOTYT OBITH HCIIOJTE30BAHBI PH TIAHUPOBAHHH MUCCHH COTIDKCHHA.

Knrouegvie cnosa: sapuayionHoe ucyucieHie, onmuMaibHoe ynpasieHue, KOCMUYeckuti anna-
pam, mpaexmopuu COMUNCEHUs ¢ ACMEPOUOOM.

Beeaenne

3agauu, NpeACTABICHHBIC B paboTe, CBA3aHBI ¢ MPOOICMON MOCAAKH KOCMHUYECKOTO ammapara Ha
actepona. M3BeCTHBI OMMCAHHUS BBIIOJHCHHBIX MHCCHH MATKOW MOCAAKH HAa Majble HEOECHBIE Tena:
muccust NEAR — Shoemaker (nocagka Ha actepoua Ipoc) [1], muccuss Hayabusa (acrepoun Wrokasa)
[2], muccus Poserra (komera Uypromosa — ['epacumenko) [3]. Bobinoe BHUMAHKE YACTACTCS TCOPETH-
YECKUM HCCICAOBAHUAM B 3TOH 00IacTH, B TOM YHCIE TMOUCKY ONTHMATBHBIX TPACKTOPUH COMMKEHUS
kocmuueckoro anmapata (KA) ¢ acteponaomM Ha OCHOBE MPHK/IATHOW TCOPHUH ONTUMAIBHOTO VIIPAB/IC-
HUA. AHATU3 33724 ONTHMHU3ALMH OPOUTATBFHBIX MAHEBPOB B PaMKax 331a4H JBYX TEl ¢ PYHKIHOHAIOM
MacCOBOT'0 PAcX0Ja TOILUIHNBA, ¢ MPUMCHEHUCM MPHHLMIIA MAKCUMYMA, COACPIKUTCA B «ACTPOIUHAMU-
ke» A A. Cyxanosa [4]. @opMyaHpOBKa U PEIICHUE 334ad ONTUMABHBIX TpackTopuil nocagku KA Ha
actepoun npuscacHsl B padote G. Lantoine, R.D. Braun [5]. Uccnenosanne BapuanuoHHon npodne-
MBI ONTHMAIBHBIX TPACKTOPUH JJ11 aBTOHOMHOTO KOCMHUYECKOr0 HaBeIAcHHS JaHO B padorte .M. Asu-
MOBa [6]. AHATU3 KOCMHYCCKUX TPACKTOPHHA AT KCHCTULIHH 3eMitst — Anoduc — 3eMiIs U JBHKCHUS
KOCMHMYECKOT0 ammapara Bokpyr acreponna Anoduc mpuseaeH B pabore A. Jlan [7]. Uccneaosanue
BIHSHUS IPABUTALMOHHOIO MO acTepouaa Ha Askenne KA BOmm3u acteponia npeacTaBlIceHo B cTa-
the¢ B.I'. TTons [8].

B nacTosmeli paboTe npeacTaBICHBl YUCICHHO-AHATUTHYICCKHIE PEIICHUS 3312498 00 ONTHMATbHBIX
TPACKTOPHUAX, MONYUCHHBIC HA OCHOBE METOAOB BAPHALIMOHHOTO MCUYHCICHUSA, JJI1 MUCCHH COMMKEHUS
KOCMHMYECKOTO ammapaTta ¢ MaJblM HEOCCHBIM TEIOM B JAIBHEM KOCMOCE, BHE cdep ACHCTBHS IUIAHET
Comneunoli cucteMbl. OcoOCHHOCTD BBHITIOJTHEHHOT'O UCCIICAOBAHMS — B M3YUCHHUN BIUSHHS HAYaTbHBIX
U APYIHX NAPaMETPOB MHUCCHU CONMKCHHS HA BHI ONTHMAIBHOTO YIIPABICHU.

B uucieHHOM MOACIUPOBAHUH HCIIOIB3YIOTCS JAHHBIC acTeponaa Anoduc cornacHO UCTOUHHKY [9].
Hexotopsie Bonmpocs MOCTAHOBKH 3a1a4H ONHU3KH K IPUBEACHHBIM B padorte [3].
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1. ITocTaHoBKA 32824 H METOA peLICHHUS

PaccmartpuBaeTcs moctymaTtenbHOEe ABIKEHHE KocMmudeckoro ammapata (KA) oTHocuTtenbHO acte-
pounaa (TpackTopHas 3aga4da). Beoaurcs cuctema koopauHat Oxyz , HAUano KOTOPOH COBHAACT C LICH-
TPOM Macc acTepouaa, a ock (Jz HampasiCHA IO BEKTOPY YIJIOBOH CKOpOCTH acteporaa ¢ . C kocMmude-
CKUM aIllapaTtoM CBS3aHBI LIEHTPAIBHBIE OCH X;,)),Z, OPHCHTHPOBAHHBIC MAPALICIBHO COOTBETCT-
BVIOIIUM OCSIM aCTCPOUIA.

[IpuHnMaroTCs CIeAVIOMUE JOMYIICHUS:

— reauoueHTpuueckas cucrema koopaunat (CK) sBmseTcs unepipansHoi, asmwkenne KA paccmar-
pusactcs B o0nacTH, Haxosmekica BHe chep AckcTers aHeT CONHEYHOU CHCTEMBI,

— KOCMHYCCKHUH aImapaT UCIBITHBACT JCHCTBHE TPABUTALIMOHHBIX CHIT ACTCPOHIA H CHII TATH peak-
THUBHBIX JIBUTATCICH;

— rpaBHTAlMOHHOC AckicTBHe acTeponaa Ha KA MoHO paccMarpuBaTh B paMKaxX OIpaHHICHHOU
3axauu aByx Tei [10];

— VIVIOBAsl CKOPOCTh BPALICHHUS aACTCPOHA SBISICTCS MOCTOSHHOM;

— nu3MeHeHHe Macchl KA BcrencTBue pacxoia TOIUIMBA PEAKTUBHOTO ABHTATENS MPECHEOPEIKUMO
MaJIo.

O603HaunM yepes x,y,z koopaunHatsl HeHTpa Macc KA. Beeaem dazoBbie KoopauHATHL:

X=X Xy =X Xy = Vi Xy = VX5 =2 X = 2.

VYpaBHEHUS OTHOCHTEIBHOTO ABIKeHUSA KA 3amuceiBarotcs B BHIE:

S e 2 ny Px.
X =X % =20x,+07 g —G—x +—;
¥ m
e 2 ma v
X3 =%y %y =—20%, +0 % —G—x +— (1)
m

m P
. e A ‘Tz
X5 =Xg, Xg =—G—x5 +—,

¥ m

rae m — macca KA; m, — macca acrepouna; P = (Px,Py,PZ) — IJIaBHBIM BEKTOP CHJI TSTH ABUraTeaci

KA., r:(x2 +y2 +zz)l/2; G=667-10" M3/(KF-CZ).

VkaxeM KOHIICBBIC VCIIOBHS, COOTBCTCTBYIOIINUC HHTCPBATY BPCMCHHU [ZO,T ]:

xl-(ro):xl-o;xi(T):xil,i:1,6, 2
rae MOMEHTY BPEMEHH f;, COOTBETCTBYIOT HAUAIBHBIC YCIOBUS MHCCHU COMIDKEHUI, MOMEHTY I — yc-
JOBUA MATKOM MTOCAAKU Ha aCTEPOUL.

PaccMOTpHM CUMIBL TATH ABATATCCH KaK YIPABIIOLMC ACHCTBHS U o0osHaauM: uy =P, u, =P,
uy =P,.

Beenem ¢pyHkumonan

T
J= [k (P2 + P} +P?)dr. 3)
lo
rac Kk — MOJOXKUTCTbHAS BEIMYHHA, 00OpaTHAas CKOPOCTH MCTCUCHHUS Ta30BOH CTPYH M3 PCaKTHBHOTO
COIIIA IBHUTATEIA.

IMpeacraBum TOT ciyual, korga Aas ynpasicHus AsmwkeHuem KA mcmoap3yiorcs 6 oauHAKO-
BBIX PEAKTHBHBIX COIEIN, YCTAHOBICHHBIX IO OCAM X;,)),Z; , cBa3aHHEIM ¢ KA. CymmapHsIl pacxon
TOITMBA 32 BPEMs ABIDKCHUS OMPCACIUM B COOTBCTCTBHH ¢ ypaBHeHUEM WU .B. Memepckoro [11] mo
dhopmyie

Q=jf;k(
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Vkaxkem cBs3b GyHKIMOHAIA (3) ¢ OLCHKOH BEIHMYHMHBI PACXOJa TOILIMBA B 3aJa4u¢ COMMKCHUS.
P |\P, | |P

Ral N B

BeHCTBO Kommm — ByHAKOBCKOTO, IPUXOANM K HEPABEHCTBY

PaccmarpuBas BETHIHHBL

KaK KOMIIOHCHTBI TPCXMCPHOTO BCKTOPA U IMPUMCHAA HCpa-

> >

Py

+[p, |+ s\/s(Pxf +P24P2).

e

Tak xak moBopoty oceit Ox;y;z; COOTBETCTBYET JIMHCHHOE OPTOrOHATBHOE IMPEOOPa30BaHUE KOOP-
JVHAT, TO CIIPABETHBA OIICHKA

0<k\3 T (P2 +P2+ P ).
lo

N3 mocneaHero HepaBeHCTBA CICAYET, YTO C MOMOIIBIO PCIICHUS BapUALMOHHON 3aJa4H O MUHH-
MyMe (yHKIHOHANA (3) MOKHO TIOTYYUTh OLICHKY CBEPXY PacX0/a TOILUIUBA HA ONTHMATBHOM PCLICHHH.
JTa oueHKa MOXKeT OBITh TIOE3HOM mpu npoektuposannu KA [12].

[TycT CymecTBYIOT OrpaHUUCHNS HA 3HAYCHUS YIIPABICHUN 2, |

‘uj‘SUj, j=13. )
Crenys merony @. Banenraiina (F.A. Valentine), BBoAMM BCIOMOTATCIBHBIC QYHKUHM P, U J0-

TIOJIHUTC/IBHBIC YIIPABICHUS Uy, ; M IEPEXOAUM OT HCPABCHCTB (5) k pasencTsam [13, 14]:
p]-:u]z+u32+j—U]2-:O, U; =const,U; >0. 6)

dopMynupyeM BapHALTMOHHYIO 33Jady. HA MHOMKECTBE HCIPCPBIBHBIX (DYHKIHHA xl.(r), i=16,
yaoBreTBOpsromux cucteMe (1) u koHUEBBIM yCIOBHAM (2), H MHOXKECTBE KYCOYHO-HEIPEPBIBHBIX
yIpaBICHUMI ul.(t),i :1,_6, VAOBICTBOPSIIOMMX HAa MPOMEXKYTKE f, <f <7 cooTHOmEHUIM (6), HAlTH
TaKue, KOTopbIe coo0marT GyHKIHOHATY (3) MUHUMATBHOC 3HAUCHHE.

3aMeTuM, 9TO MOMEHT BpeMeHU T MOKET ObITh 33JaHHBIM HJIH MO/JICIKAIINM OMPEACICHHIO.
Iepeiinem k paciupeHHOMY (ByHKIHOHATY

(6 3 14

J; :JJFI Z\Ifigi +ZM]-P]- dt""ZYk}“k: (7
= =) =1

rae .My, — Muoxutenn Jlarpamka; wi(r),u ; (r) — (YHKIMH BPEMCHH, Y, — MOCTOSHHBIC,

g, =X, —¢;,, ¢, — IPaBbIC YaCTH AMHAMUYECCKUX ypaBHeHHH (1); A, — (YHKIUM, YIUTHIBAIOIINE KOH-
LEBHIC YCIIOBHSL

A, :xl-(to)—x-0 =0; Agyy :xl-(T)—x- =0,i=16;

i
y - =0 N, =T -T"=0

13_t0_[0_> 14 — - -V
C BBCACHUCM IraMHUJIbTOHHUAHA

6 3
H :H(xi:uj:\ljiﬁuj):_(po +Z\Iji(pi +Zujpja i :1:6:j:1:3
i=1 j=1

14

U C HCIOJIB30BAHUEM OOO3HAYCHUH ¢, = k? (sz +Py2 +PZZ) , I'= Zy M. dyakuonan (7) nmpuHEMacT
k=1

BH

7 6

Ji={| Ywx, -H |de+T.
to i=1

3anuceiBacM HEOOXOIMMBIE YCIOBHS dKCTpeMyMa (pyHkumoHama J,, creayromue u3 oOpameHus

B HOJIb €r0 NIEPBOIl BapyaLyu:
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oH oH
..——:O' V. —:O 8
xl a\l]l 7“I]l+axi > ( )
M, g, )
ou, op;
ar ar

———— vy, (1) =0; ——+y,(I)=0: 10
) MO R @y 0 w
ar ar

— +H(t,)=0;—-H(T)=0. 11
cty () S or (1) (n

0
Ecmu xakoe-nubo W3 ympaBiICHHH TEPOUT pasphlB NEPBOrO PoAa B TOUKE !, TO K YCIOBHAM
(8)—(11) nobasnsrOTCA VCIOBUS HEMIPEPHIBHOCTH (PAa30BBIX KOOPAUHAT
! !
x,(1'=0)=x,(£'+0)
U COOTHOIICHHMS, CIEAYIOMHNE U3 yCIOBUM Jpamana — Beliepmrpacca, KOTOpsIE B JAHHOM ClIydae MpH-
HUMAIOT BUA!

H(t'=0)=H(t'+0); v, (' = 0) =y, (£'+0).

Paccmarpusas Bropyro Bapuanmio ¢yHKIuoHama J; ,

& (oH
82, =] 8| — |u, |dr
e

u npumeHss yeaosue Jlexanapa [ 14, 15], npuxoanM Kk HEpaBEeHCTBY
6
G(6u1,...,6u6):—.ZlHuiuj_SuiéSuj >0. (12)
1,]=
Taxk xak ko3¢ druentsr [ g (i # j) KkBagpaTHIHOH Gopmel G paBHBI HYJIO, TO U3 ycnoBus (12)

CICAYIOT HCPABCHCTBA
2

oO°H —

- <0,i=16. (13)
Ou;

B caydae ocnabnennoro ycnosus Jlexanapa mo mepeMeHHOH 1, MMEEM HEPABEHCTBO
2

oH _,

Ou,

2. OnTuMajibHOe ynpaBjeHHe cONHKeHHEM JJisl YACTHBIX CIy4YaeB

PaccmoTpum 3agaun cOmmkenns KA ¢ acteponom, B KOTOPBIX TPaBUTALTHOHHBIMY CHIIAMH B YPaB-
HCHUSIX ABIKCHUS MOKHO mpeHeOpeus. B padore B.I'. Ilons [8] mokaszano, 4To mpu U3yYCHUHU JBUKEC-
Hust KA BOmu3u manoro HeOGECHOTO Tella Takoe AOMYIICHHE CIpaBeAauBO. Beimennm apa ciayuas 1
H3YUCHHS. JBIKCHHE Oe3 yiueTa KOpHoaucoBbix ¢t nHepuun KA u ¢ yuetom stux cun. Jlanee mpumem

fo =0, T — AIUTCIBLHOCTD MOJICTA.

2.1 Pewenue 3a0ayu be3 yuema KOPUOAUCOBHIX CUII UHEPUUU
B takom mpocTeHImeM BapuaHTC BUJ VPABHCHHM JBIDKCHHUS IO KOKIOW U3 OCCH CUCTCMBI KOOPIHU-
Hat Oxyz OJAMHAKOB, MO3TOMY MO3KHO PACCMOTPETh 3aAa4y IS ABHXKCHUS 110 HAMPABICHHIO OJHOH U3
KOOPAMHATHBIX OCEU C YPABHEHUSAMU:
U
. - 1
X=Xy, Xy =—. (14)
PaccMotpum cHauana TOT cayuat, K020d 0ZPaHUYeHUs HA YAPasieHie OMCYMCMEYIOm, d MOMEHM
epemenu T 3a0an. aMUTIbTOHNMAH 3AMTUCHIBACTCS B BUIC

u
H :H(xl:xzaul:\Vl:\VZ) :_kul2 +“|/1x2 + WV ;1
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3 HeobxoammbIX ycnosuid (8), (9) cnepytoT ypaBHeHMS:

jv1=0;

15
159 =_AL: (15)
8H =-2k2u +V2=0. (16)
8ul m

Ycnosue Jlexangpa (13) B aTom cnyyae BbinosHaeTcs. Monyyaem obliee pewleHve cuctemsl (15)
4N MHOXUTenNel JlarpaHxa:

jv =Cly;
[V2=-C1yt+C2%
1 ynpaeneHve U B BUAe yHKLUM

ui(t) = \2/; 2(rtn) (18)

O6LLee peLleHWe onpegenstoLLeid cuctembl (14), nonyyeHHoe € y4eToM paseHCTB (17), (18), umeet
BUA;

1 (Cyp+ Qup

X = + +

1 2kam2y 6 2 TeAFCK
= 1 (G 2+ Cyjs

2 2kam2 2 2yt +Cx

MocTosiHHbIE MHTerpupoBaHms C/,Cav,C”,C2X Haxo4uM C MOMOLLbH KOHLEBbLIX YCNOBUiA (2).

MonyyeHHbIE peLleHns UNMKCTPMPoBaHbl puc. 1-3. lNpeAcTasnieHHbIe BapUaHTLI PasiNYakoTcd Havaslb-
HbIMW YCNOBUAMW W LNIUTENILHOCTHI0 NONMETA, NPUBELEHbI Pe3ybTaTbl 415 60NbLLOrO U Manoro BpeMeHU
noneta, B NoOCnegHeM c/lyvae BblAeNeHbl Ciyvan COMMKeHNst ¢ B0bLIOTO U C Maoro PaccTosiHMS OT
acteponga. CymmapHblin pacxog Q Tonnvea onpegenseTcs no gopmyne (4).

b @)

Beawit o XHD
a) 6)

Puc. 1. Pe3ynbTaTbl MoAennpoBaHus Npu napameTpax: x10= 57 735 m; xD = 57,7 m/c; XN = 1732 m; X2 = 0;
m =500 kr; T =216 000 c; k = 3,72-t0-4 c/m. Pacxog Tonnuea - 51,12 kr; a - ynpasneHve ul(t); 6 - koopamHaTax t);
B - CKOpPOCTb X t); r- TpaekTopus
(cm. Takxke c. 45)
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NesuHa I'.A., JaxTunH N.C.
CONMMXKXEHN KOCMUYECKOT O annapaTa C acTeponaom

B) )

Puc. 1. OkoH4YaHne

XG

a) 6)

Bpemsa t, ¢
B) r

Puc. 2. Pe3ynbTaTbl MoAennpoBaHusa npu napametpax: x10 = 57 735 m; XD = 57,7 m/c; Xn = 173,2 m; X2 = 0;
m =500 kr; T =2880 c; k = 3,72-10-4 c/m. Pacxop Tonnvea - 84,95 kr; a - ynpasneHue uj(t); 6 - koopauHata x 1(t);
B- ckopocTb X21) ;- TpaekTopusi
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a) 6)

B) )

Puc. 3. Pe3ynbTaTbl MOAeNMpOBaHusa npu napameTtpax: x10= 5773,5 m; XD =-0,577 m/c; XN = 173,2 m; X2 = 0;
m =500 kr; T =600 c; k = 3,72-t0-4 c/m. Pacxog Tonnmea - 15,14 kr; a - ynpasnexue ult); 6 - koopavHata x t);
B - CKOpoOCTb X t), r- TpaekTopus

O6patnMcs K cnyyaro 3afiaHHbIX OrpaHUyeHunid Ha ynpasneHue ur npu 3afaHHon 4 TeNbHOCTY No-
neTa T. C y4yeTOM BblpaXXeHWi1 (6) raMuibTOHWAH NPUHUMAET BUL

H _H (x1,x2,ul, V2,Pl)=-KkuR+ VIix2+V2- +L1P1.
m

N3 Heob6xoamMbIX ycnosuii (8), (9) cnefytoT ypaBHEHUS:
[r, _0 > _-2kU+V2_0

[V2_-V,; by, m
riH
n =20U4 _0, (19)

PaBeHcTBY (19) COOTBETCTBYHOT TPU BapuaHTa IKCTPeMasIbHbIX PELLEHWIA:
) ™ _0 u4 PO
2) H_0 ud o0
3) uledo,ud_0.
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CONMXKEHMSA KOCMUYECKOro annapaTa ¢ acTeponiom

MpefpblayLiee peLleHWe Mpu OTCYTCTBUM OrPaHUYeHuidi COOTBETCTBYET MepBoMy BapuaHTy. Cyllle-
CTBYET PeLUeHMe C HerpepbiBHbIM U KYCOYHO-TNaAKUM YynpaBneHueM, COOTBETCTBYIOLLEE MepBoMYy K
BTOPOMY BapuaHTaM, 1 KYCOYHO-MOCTOAHHOE PELLEHNE, COOTBETCTBYIOLLEE TO/IbKO BTOPOMY BapuaHTy.
Kpome TOro, TpetbeMy BapuaHTy COOTBETCTBYET KYCOYHO-NMOCTOSHHOE peLleHue, KOTOPOe MOXKET He
YOOBMIETBOPATL ycnosuio JlexaHapa (13). B nepsoM BapuaHTe yrnpas/iieHWe Onpeaensietcs CoriaacHo
BblpaxkeHuto (18), BoO BTOPOM BapuaHTe MMeeM KyCOYHO-MOCTOSAHHOE yrpasneHune

U ==+Uj.

Bua onTvMaibHOro ynpasfieHus npuy 3aiaHHbIX napameTpax 3ajaqv onpesensertcs Ha OCHOBe YMC-
NEHHbIX Pe3yNbTaToB peLleHns ypaBHeHW (14)—(16) 1 BbluMCNeHNs 3HaYeHUs yHKLumoHana (3). Yuc-
NeHHbIe pPe3y nbTaTbl MPY HEKOTOPbIX MapameTpax NpeLCcTaB/ieHbl Ha pyUc. 4-7, Te NpyBeLeHbl PeLleHns
C HEernpepbIBHbIM N KYCOYHO-HEMNPEPbIBHLIM YMPaBneHUAMN /i 60600 U Masioro PaccTosHua Ao
acTepoufa B Ha4a/IbHbIi MOMEHT BPEMEHM.

a) 6)

Bpems t, ¢
B) r

Puc. 4. Pe3ynbTaTbl MoAaennpoBaHusa npu napametpax: x10 = 57 735 m; XD = 57,7 m/c; Xn = 173,2 m; X2 = 0;
m = 500 kr; T = 3000 c; K = 3,72-104c/m; U = 40 H; t2= 884,52 c; 2= 2837,17 c; a - ynpaBneHue ut);
6 - KoopguHaTtaxqt); B- cKOpocTb X At); r - TpaekTopusa. Pacxog Tonsmea - 90,34 kr
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r
Puc. 5. Pe3ynbTaTbl MOAeNMpPoOBaHus Npu napameTtpax: x10 = 5773,5 m; xD = -0,577 m/c; XN = 173,2 m; X2L = 0;
m =500 kr; T =600 c; K = 3,72-H0-4 c/m; t2= 38,62 c; 12= 554,16 c; a - ynpasneHue uj(t); 6 - koopamnHaTa xj(t);
B- ckopocTb X21) ; r- TpaekTopusi. Pacxop Tonnvea - 15,28 kr

XG

a) 6)

Puc. 6. Pe3ynbTaTbl MOAeNMpoBaHusa npu napameTtpax: x10 = 57 735 m; XD = 57,7 m/c; xun = 173,2 m; X2l = 0;
m =500 kr; kK =3,7210-4c/m; ~ =40 H; T =2701,53 c; 2= 1711,61 c; a - KycO4HO-NOCTOsIHHOe ynpasneHve ut);
6 - koopauHaTtaxj(t); B- ckopocTb X At) ; r- TpaekTopus. Pacxog tonnmea - 120,6 kr
(cm. Takxke c. 49)
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B) )

Puc. 6. OkoH4YaHne

a) 0)

Bpems t, C
B) r

Puc. 7. Pe3ynbTaTbl MoAenupoBaHua npu napametpax: xj0 = 5773,5 m; X0 = -0,577 m/c; Xn = 173,2 m; X2 = 0;
m = 500 kr; k = 3,72-H0-4 ¢c/m; U =40 H; T =522,05 c; tj = 257,41 C; a- KycOYHO-NocTosHHOe ynpasBneHue uj(t);
6 - koopauHaTtaxj(t); B- ckopocTb X At) ; r- TpaekTopus. Pacxog tonnvea - 23,31 Kr
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Ha ocHoBe aHa/M3a 3KCTPeMaslbHbIX PeLLeHniA Npu pasHbIX NapameTpax 3afadunt MOXHO OTMETUT:
BW[, YNPaBNEHUS CYLLECTBEHHO 3aBMCUT OT BE/IMUMHbLI OrpaHnyeHns Uj, HauyasbHOR ckopocTy X0 1

AAnTensHocTM noneta T . Mpy napameTpax, COOTBETCTBYHOLLMX pUC. 4, ynpaBneHne U uMeeT fBe Tou-
KV nepekntoyeHuns. MNpu yBeNnUYeHUN AnnTeNbHOCTM T man BeNnYuHbl Uj, a TakKe YMEHbLUEHUN Be-
JINYMHBI HaYa/IbHOM cKopocTW X20 NoslyyaeM ynpaB/ieHWe C OfHON TOUKOW NePeKYeHNs 1 Npy Lanb-
HeliLLeM U3MEHEHWW BENMUMH - YNpaB/ieHVe 6e3 NepekntoyueHunii. Mpu ymeHblieHnn T, Uj nnu yBenm-
yeHUM XN ynpaBfieHWe CTAHOBUTCS KYCOUYHO-MOCTOSHHBIM, KaK NPescTaB/eHo Ha puc. 6. B aTom cny-

Yae Be/MYMHA Pacxoda OKasblBaeTCsl GO/blie, YeM B 3afayax C KYCOYHO-TNafKUM yrnpaBieHUemM npu
6IM3KMX 3HAYEHUSX NapamMeTPOB.

3aBUCUMOCTM LIUTENLHOCTU MoneTa T U BPeMEHU MEePeKoUeHUs tj OT napameTpoB 3afayun B

C/lyyae KyCOYHO-MOCTOSHHOIO YrpaB/ieHUs NpuBefeHbl Ha puc. 8. B KaXKaoM 13 BapMaHTOB 3HaYeHUs
Hen3MeHseMbIX NMapameTpoB B3ATbl U3 cnucka: Xj0 = 57 735 Mm; « D= 57,7 m/c; xu = j73,2 M; x§ = 0;
m =500 kr; k = 3,72- jO-4 c/m; Uj =40 H.

a)

400000

100000 r r r
-100 -50 0 50 100

6) B)

Puc. 8. AnuTenbHOCTb NoJsieTa N BpPeMSA NEPEKIOYEHUS, 3aBUCUMOCTU: a - OT BeSINYUHbI YyrpaB/ieHns Ui;

6 - OT Hayas/IbHOro MOMoXeHus X 10, B - OT HaYa/ibHOM CKOPOCTM X 20, 0 - rpadouK ASITENLHOCTY MoseTa, * - rpadmk
BPEMEHUN Mepek/IoUeHns
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2.2. Peuwtenue c yuemom KOpUOAUCOBHIX CUNL UHEPUUU
Paccmotpum manee BapuaHT 3a1auH ¢ YyemoMm Kopuoaucoswix cui unepyuy. innrensaocts 7' npu-
HuMaeTcs 3aganHor. CructeMa onpenesonyX VPaBHCHHH HMECT BH!

- . U .
X = X5 Xy =20x, +—;

m
u
oy — 2.
X3 =Xy X4 = 20X, +—=; (20)
m
: PR

3anuceBacTCs raMIJIbTOHUAH 3a0a491
_ 2.,,2 .2 U Uy Uy
H= —k(ul +uy +uz ) +yx, + g, (20)x4 +;j +W3X, T WYy (—20)x2 +; +WsXg + Yo ;

U3 ycnosuii (8), (9) cneayior ypaBHCHHUS:

Yy =0; OH
. —:—2ku1+&+2ulu120; ai:2ulu4:0;
Vo T — 20y, =0, oy m ou,
v = 0:
\!13 ai:—ﬂcuz +£+2u2u2 =0; a£:2u2145 =0; 21
Y,y 20y, =0; Ou, m Ous
ps =0; OH
\!15 ’ a£:—2ku3 +£+2u3u3 =0, —=2p,u5 =0.
Ve +Ws =0; Ot m Oug
Obmiee perueHue ypaBHeHUH 11 MHOXkuTeneH Jlarpamka umeeM B BUAE:
v =Gy
_ 265+G,cos201 +Cy sin 20t
: 40 |
Y3 =43 . (22)
2C, -C,cos2at+C, sin 20t
Wy = ;
4o
ys =Cs;
Yo =—Cst —Cy.

YpaBHEHHAM COBOKVIHOCTH (21) COOTBETCTBYIOT BapPHAHTHl PELICHUH 3ama4yu: Oe3 OrpaHH4CHUIN
HA VIPAaBJICHHS, C OTPAHHYCHUSAMHU U KYCOYHO-TJIAIKUM YIPABICHUEM; C OTPAHHYCHUSIMHU U KYCOYHO-
MOCTOSHHBIM yrpaBincHueM. [Ipu oTCYTCTBUH OTpaHUYICHHH, a TAKXKE B OTKPBHITOW OONACTH JOMYCTH-
MEBIX YIOPaBICHUH B 32Ja4¢ ¢ OIPAaHUYCHUSIMHU U3 HCOOXOAMMBIX VCIOBHH 3KCTPEMYMAa CICAVIOT pa-
BCHCTBA!

Yy . — Yy . — Ve ] (23)

C yuertom Beipaxenuii (22), (23) obuiee peumicHue cuctemsl (20) uMeeT BUA;

2C, +2C _,0+2C, 0t . 2C ,&0—-2C,+2C,0t 4C o —-C, +4C ot
X =—-—" “02) 2 220 sin 2007 + =222 ; 2 497 cos 201 + 1 32 2 1 ;
32km o 32km* o 32km* o
2C ,0-C, +2C, 0ot . C,+2C ,0+2C,0t C
Xy =— 2% 22 > 497 sin 2007 — —4 “0)2 > 20 cos2mt+ﬁ;
16km~® 16km“® km“ o
C,o-C,+C ot . C,+C_oC,ot 2C, +2C 0 +2C ot
Xy =— 120 22 2 490 sin2pf——4+——x4 "2 “;D 320) 0s2mf+—1 X30; 2 Elal
16km* o 16km“® 16km~o
C,+2C_,0+2C,ot . 2C o0 —C, +2C,0t C
x,=—2 “0)2 > 227 sin 2001 — =222 22 > 497 cos 201 + ; X
16km~ o 16km~ o km”m
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a5 = C53+ 3C6t2 + 6Cx6t +6CxS5 .
12km2
Ch2+2C6t +2C*6
4km2
MocTosiHHbIE MHTErPUPOBaHUSA B 3adade 6e3 orpaHudeHunin Ci,Cxi, i =1,6 onpeaenstoTcs ¢ NOMO-

L KOHLIEBbIX YCNOBUIA (2). B cnyyae KyCOYHO-MOCTOSIHHBIX YNPaBIeHWiA K KOHLEBbIM YCNOBUSM f0-
6aBNAOTCA YCNOBUSA HEMPEePbIBHOCTU (Ha30BbIX KOOPAMHAT U ycnoBus dpamaHa - BeiepiTtpacca.
Ha OCHOBe BbIUMCANTENBLHOTO 3KCMEPUMEHTA YCTaHOB/EHO: YNPaBNEHUE W TPAEKTOPKS CONMMKEHNS 3a-
BMCSAT OT COOTHOLLEHMS BpeMeHW nonieta T W nepuoja COBCTBEHHOrO BpalleHWst acTepouaa 21/t , a

TaKXXe 0T MaKCMMa/lbHbIX 3HaueHuiA ynpasneHnin U1U 2U 3. MNpu yBenmueHnn aantenbHoOCTy noneta T

(Npw 3aaHHON CKOPOCTW 10), a TaKXXe MPU YBE/IMYEHUN LI UM yMeHbLleHUn BenmunH UIU 2U 3,
B/IMSIHWE KOPMO/INCOBbLIX CUM MHEPLIMM CTAHOBMTCA 3aMETHBLIM, YTO NpeAcTasnieHo Ha puc. 9, 10.

a) 6)

B) r

Puc. 9. Pe3ynbTarbl MogennpoBaHusa 3agavnm 6e3 orpaHuyveHuin npu napameTpax: X0 =x3PD =+s50 = 57 735 wm;

XD=xD=XxD=57,7 m/lc; XN =xB=xB=173,2 m; XD=x4HD=x680=0; m =500 kr; T =216 000 c; k = 3,72-10-4 c/m;

to = 5,710-5 pag/c; a - ynpaBneHne u3t); 6 - koopanHata X Jt), B - CKOpoOCTb X t);r - TpaekTopus; * - pelleHne
Ha MoZenun C y4eTOM KOPUO/INCOBbIX CU MHepuuKn; o- 6e3 yyeTa aTux cun. Pacxopg tonnvea 42,62 Kr
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n
Puc. 10. Pe3ynbTaTbl YMCNEHHOrO MOAEMMPOBaHMs Npy NapameTpax: X 10=xP=xD= 57 735 m; x D=xD=x8= 57,7 m/c;
Xjj =x3=x51= 173,2 m; X D=xD=x@=0; m =500 kr; T =175 631,22 c; k = 3,72-10-4 c/m; t0 = 5,7-10-5 pag/c;
U = U2=U3=40 H; a- ynpaeneHue u3t); 6 - ynpaeneHue u(t); B - ynpasneHue u3t); r - Tpaektopus. Pacxop,
TonnmBa - 78,41 Kkr

BbluncneHns BbInosiHeHsl B cpege MATLAB R2014b.

3akntoyeHme

PeLleHVs BapraLUMOHHbIX 3afa4 ynpasnisemoro convmxeHns KA ¢ acTeporaom nonyyeHbl Ans ycno-
BUIA JanbHEro Kocmoca, BHe cthep feiicTeus nnaHeT CoNHeYHOM cucteMbl. JatoT npeacTaBieHne o 3a-
KOHe ynpaBfieHust (PeakTUBHON TArn), TpaeKTopuax 1 ckopocTtax KA.

YncneHHO-aHaIMTUYECKME PELLEHNSA A1 YaCTHbIX C/lyYaeB B YCNOBUAX NPeHeOpeXeHus rpaBuTa-
LiMeit acteponaa, paccMaTprBaemblxX 6e3 yyeTa KOPMOINCOBbIX CUM MHEPLMU KOCMUYECKOrO annaparta v
C YYeTOM 3TUX CUA, LOCTaBNAIOT ONTUMa/IbHOE YNpaB/eHNe B BUAE HEMPePbIBHOW (rNafKoi nnm Kycou-
HO-TNafKomn) PYHKLMN BPEMEHM UIN KYCOUYHO-HEMPEPbIBHOM (DYHKLUMW C OAHOM UM HECKOMbKUMU TOY-
KamMun NepekoYeHns. Bug onTManbHOMO ynpaBieHns CyLLECTBEHHO 3aBMCUT OT NapameTpoB 3ajayuu, B
4aCTHOCTM, OT BE/IMYNHbLI U HaNpaBIeHUS Ha4a/lbHOV CKOPOCTU W BPEMEHW MNofeTa.

B cTatbe He paccMaTpuBalOTCA BOMPOCHI NPaKTUYECKONW peann3aLmm noayveHHbIX 3aKOHOB YrpaB-
neHns. OfHAKO ONMCaHHbIA MeTOoZ MO3BONAET MOMYYUTb YUC/IEHHbIE OLEHKM pacxoja TOnamBa, KOTO-
pble MOryT GbITb NPUMEHEHbI NMPY KOHCTPYMPOBaHUM annapata 4/19 MUCCUUN COMMKEHMS.

BnunsHne KOpMOINCOBBLIX CUMT MHEPLMN HA OTHOCUTE/IbHble TpaekTopun KA MOXeT OblTb 3Ha4u-
TeNbHbIM MPU CPaBHUTENLHO 6OMbLLUMX OTHOCUTENbHBIX CKOPOCTAX WAN Manoli BeNNYMHe peakTUBHOW
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Tar" ynpasineHus. OTMevacTes 3aBHCUMOCTb BUA TPACKTOPHHA OT COOTHOLICHUS CKOPOCTH COOCTBEHHO-
T'O BpaIIEHHU: acTEPONIa H ATUTESIBHOCTH HOJIETA.

B nponomxkeHue uccnen0BaHUH paccMaTpPHBACTCS YHCICHHOC PEIICHHE 33734l COMIKEHUS ¢ yUe-
TOM IpaBUTALIHN aCTEPONA.
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SOME MODELS OF OPTIMAL TRAJECTORIES
OF THE ASTEROID APPROACH

G.A. Levina, galinalevina@mail.ru,
1.S. Dakhtin, dahtinis@mail.ru

South Ural State University, Chelyabinsk, Russian Federation

We consider the optimal trajectories in the rendezvous problem calculated by calculus of varia-
tions techniques. We formulate the problem of translational motion of the spacecraft taking the as-
teroid rotation into consideration. The motion is supposed to occur outside of a sphere of influence
of any planet, the gravity of the asteroid is defined like the one in the restricted two-body problem.
We represent the equations of controlled motion in central gravity field and construct the calculus of
variations problem, given the control constraints. The problem is solved applying Valentine’s method.
We solve the Euler-Lagrange equations generated from the functional related to the fuel consump-
tion and show the solutions in the special case of neglecting the asteroid gravity, both taking and not
taking the Coriolis force into consideration. The optimal control in these solutions is occurred to be
twofold: continuous (either smooth and piecewise smooth one) and piecewise continuous one, having
one or more points of jump discontinuities. In case of these discontinuities the Weierstrass—Erdmann
condition is applied. The optimality is validated by the Legendre condition. We note the way
the control function and the trajectory change while varying some of the parameters of the problem:
the initial speed, the flight duration, the control limit, the angular velocity of the asteroid. The de-
scripted method allows one to evaluate some parameters of the flight which may be used in the ren-
dezvous mission planning.

Keywords: calculus of variations, optimal control, spacecraft, asteroid approach trajectories.
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