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Llenbio paboThI ABIISIETCS CUHTE3 PETYIATOPa IS YIIPaBIEHHUs ABUKEHHEM «I1aCTyXa ¢ HOHHBIM JIydOoM» OT-
HOCHUTENBHO 00BEKTa KOCMUYECKOTO Mycopa B IpoIlecce ero OeCKOHTaKTHOTO yBona. IIpexmomaraercs, 4ro B
COCTaBe CUCTEMBI YIIPaBJICHHUs UMEIOTCS JaTYUKH, IO3BOJISIOIINE H3MEPATh MOJI0XKEHUE «I1aCTyXa» OTHOCHTEILHO
KOCMHYECKOro Mycopa. B kauecTBe HCIOIHUTENBHBIX OPraHOB CUCTEMBI YIIPABICHHUS UCIIONB30BaHbI THAPA3UHO-
Bbl€ PEAKTHBHBIE JIBUIATENHU C IIHPOTHO-UMITYJILCHBIM MOAYJIATOPOM TArd. C HCIOIb30BaHUEM METOJA CMEIIaH-
HOIl YyBCTBHTEIFHOCTH CHHTE3HPOBAH POOACTHBIA PEryisTop, KOTOPHIH oOecrednBaeT HEOOXOAUMBINH KOMIIPO-
MHCC MEXIy poOACTHON yCTOHYMBOCTBIO, KAYECTBOM M 3aTPaTaMHU Ha YIpPaBICHUE C y4ETOM OCOOCHHOCTEH BO3-
JICUCTBHH, TepejaBaeMbIX HOHHBIM JIy9OM, BHEIIHUX BO3MYIICHHH, HETOYHOCTH ONPEIENCHHS OTHOCHTEILHOTO
HOJIOXKEHUS], @ TAK)KE HEHIEAIbHOCTH PEAKTUBHBIX MCIIONHUTEIBHBIX OpraHoB. TpeOoBaHUS K CHHTE3UPYEMOMY
peryasropy 3aJaHbl B YaCTOTHOH OOJIACTH C MOMOINBIO BEIOPAHHBIX BECOBBIX (yHKuuil. Pe3ymbraTsl cuHTe3a
MOATBEPKIEHBI ITyTeM KOMIBIOTEPHOTO MOJEIUPOBAHUS C UCIONB30BAHHEM HEIMHEHHON MaTeMaTHYeCKOH Mo-
JIeTIH, YIUTHIBAIONIEil IUPOKUH CHIEKTP OpOUTAIBHBIX BO3MYIICHHUH, NEHCTBYIOIINX Ha CUCTEMY.

Mertoro po6GOTH € CHHTE3 PEeryJsTopa Usl KepyBaHHS PYXOM «I1aCTyXa 3 iIOHHUM IIPOMEHEM» BiJHOCHO 00'e-
KTa KOCMIYHOTO CMITTsI B mpoleci Horo Ge3KOHTAKTHOro BigBeaeHHs. [lepembavaerhesi, MO B CKIAAI CHCTEMH
KepyBaHHsI € JATYMKH, 110 JO3BOJLIIOTH BHMIPIOBATH IIOJOXEHHS «IIaCTyXa» BIJHOCHO KOCMIYHOTO CMITTsI. SIK
BHUKOHABYI OPTaHd CHCTEMH KEPyBaHHS BHKOPHCTAHI [iJpa3vHOBI PEaKTHBHI IBHIYHH 3 IIMPOTHO-IMITYJIBCHHM
MOJYJISATOPOM TSTH. 3 BUKOPHCTAHHSM METOAY 3MILIQHOI YyTJIMBOCTI CHHTE30BaHO POOACTHHUI PETYISITOp, KU
3abe3meuye HEOOXiTHUIT KOMIOPOMiC MiX POOACTHOIO CTIMKICTIO, SIKICTIO Ta BUTPAaTaMH HAa KEPyBaHHS 3 ypaxy-
BaHHSIM OCOONMBOCTEH BIUIMBIB, IEpeJaHUX 10HHHM IIPOMEHEM, 30BHINIHIX 30ypeHb, HETOYHOCTI BH3HAYEHHS
BIZTHOCHOTO MOJIOXKEHHSI, @ TAKOXX HEilealbHOCTI peaKTHBHUX BUKOHABYMX OpraHiB. Bumoru mo perymsatopa 3ana-
Hi B 4acTOTHIH 00nacTi 3a JOMOMOror0 0OpaHHX BaroBux (YHKIiH. Pe3ympraTé cHHTE3y MiATBEPIDKEHO MIIIXOM
KOMIT'IOTEPHOTO MOJEJIOBAHHS 3 BHKOPHUCTAHHSIM HETiHIHHOI MaTeMaTHYHOI MOZENi, sKa BPaxOBYE IIHPOKHI
crexTp opOiTaIbHUX 30ypeHb, O JIIOTh Ha CHCTEMY.

The study objective is to synthesize a motion controller for an ion beam shepherd with respect to space de-
bris object during its contactless de-orbiting. It is assumed that the control system has sensors for measuring the
shepherd attitude with respect to space debris. Hydrazine thrusters with thrust pulse-width modulation have been
used as actuators of the control system. The robust controller was synthesized using the mixed sensitivity method.
It provides a necessary compromise between a robust stability, the control quality and expenses considering spe-
cial impacts of an ion beam, external disturbances, errors in the determination of the relative position, and the
imperfection of the reactive actuators. Requirements for the synthesized controller are specified in the frequency
domain by using the selected weighting functions. The synthesis results are validated by the computer simulation
using the nonlinear mathematical model taking into account a wide range of orbital perturbations acting on the
system.

Knrwouesvie cnosa: nacmyx ¢ UOHHLIM TYYOM, 00BEKM KOCMULECKO20 MYCOpQ,
pobacmuylil pe2yismop, Memoo CMEeWaHHOU Yy8CmMEUMeIbHOCIU, 8eCO8dsl (DYHK-
Yus, 03MYUEHUSL.

BBeaenme. B pesynbraTe KOCMHUYECKOI AESITETBHOCTH OKOJIO3€MHOE KOCMHU-
4eCKO€ IPOCTPAHCTBO OKAa3aJOCh 3aCOPEHHBIM OOJBIINM KOJIMYECTBOM HCKYC-
CTBEHHO CO3JIaHHBIX OOBEKTOB, HE BBIMOJHSIOMINX MOJE3HBIX QYHKIUH (00IOMKH
CTyHEHEH pakeT-HocuTenel, He()yHKIMOHUPYIOIIUE KOCMHUYECKHE armnapaTbl U
ap.). B cBs3u ¢ aTMM B HacTodmee BpeMs KOCMHYECKHM COOOIIECTBOM aKTHBHO
U3y4aeTcsi BOIPOC HEIOCPEACTBEHHOI0 yaJeHUs KOCMUUECKOI0 Mycopa ¢ OKOJIO-
3eMHBIX OpOHT, KOTOPBIH 4acTO B JIMTEPAType Ha3bIBAIOT aKTUBHBIM yIAJICHUEM
KOCMHMYECKOI'0 MycCOpa.

Hnst ymanenust opOuTanbHBIX OOBEKTOB OblIa MpEUIOKeHa KOHIemnsa Oec-
KOHTaKTHOTO YBOJIa OpOHUTAIBHBIX OOBEKTOB, KOTOpas moyryunsa Ha3Banue «llac-
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TYX C HOHHBIM JIydoM» [1]. OCHOBHOM MPUHIMMIT STOW KOHLEMIMU 3aKII0YaeTCs B
UCIIOJIb30BaHUU IIOTOKA MOHOB JIEKTPOPEAKTUBHOIO JIBUTATEJIs B KA4ECTBE Cpell-
CTBa, MEPENAONIET0 CHIOBOM HMIIYJIBC OOBEKTY KocMmmyeckoro mycopa (OKM)
UL ero TOpMOKeHMsA. Takoe yaajeHne KOCMHYECKOro Mycopa MMEEeT psii Ipe-
HMYILECTB II0 CPAaBHEHMIO C JPYTUMH U3BECTHBIMU MOAXOAAMH, @ UMEHHO: 3P dek-
TUBHOCTh yBOJA, HU3KUH YPOBEHb PHUCKA, BO3MOXKHOCTh IIOBTOPHOT'O HCIOJIb30Ba-
HUSI, TEXHOJIOTUYIECKAas TOTOBHOCTb.

Juia Toro 9T00BI 00eCIeunTh HEOOX0MNMYIO 3(h(HEeKTHBHOCTH YBOJIA, HEOOXO-
JUMO MOJAEPKUBATh OIPEINECICHHOE PACCTOSHHE MEXAY «IIaCTyXOM C HOHHBIM
aydom» (ITMJI) 1 OKM, xoTopoe He TOMKHO MPEBHIIIATh HECKOIBKIX THAMETPOB
yBoguMmoro oOwekrta. [[ms BemomHenwms 3toi 3amaun Ha [IMJI momxHa OBITH
IpeayCMOTpEHa CUCTEMA YIIPABJICHUS ABMKCHUEM €T0 LEHTPa MacC OTHOCUTEJIBHO
mutieHd [1]. CunTe3 perynsTopa TakOH CHCTEMbI YIIPABICHUS OCIOXKHSICTCS Psi-
oM (aKTOpPOB, OCHOBHBIMH U3 KOTOPBIX SIBIISIOTCSL:

— TOYHOCTh U3MEPEHUS BEKTOPA COCTOSIHUSA SIBJIAETCS] HEBBICOKOM;

— macca OKM To4YHO He U3BECTHA;

— MaTeMaTH4YecKasi MOAEIb OTHOCUTEIbHON AMHAMUKH B OOLLIEM Cllydae sIBIs-
€TCsl HECTAaLlMOHAPHOI;

— HEoOXOIUMOCTh KOMIIPOMHCCA MEXAY POOAcTHOH yCTONYMBOCTBIO, Kaue-
CTBOM YIPABJICHHUS U 3aTpaTaMy Ha MOJAEpKaHHe HEOOXOIUMOTO OTHOCUTEIBHOTO
MOJIOKCHUSI.

Bceneacteue HoBu3HbI TexHosoruu 1IMJI B HacTosmee BpeMsi CyIIECTBYIOT J0-
CTaTOYHO Malo MyOJMKalMi MO pasiUYHBIM aclieKTaM €€ Pa3BUTHS, U JIMIIb EAu-
HUYHbIE Pa0OTHI, TOCBAILECHHBIE IPOOIeMe yIpaBiieHus. B cBa3u ¢ 3TM npu cuHTe-
3e perymsTopa cucteMsl ynpasienus 1111 nenecooOpa3HO HCIIONB30BaTh Pe3yIbTa-
THI PEIIeHHs JPYTHUX CXOXKUX 3a71ad. Hanboee OIM3KMM K paccMaTpUBaeMON B 3TON
cTathe 3aave SIBJISCTCS YIpaBlieHHe KocMudeckuM ammapatoM (KA) mis cOmmxke-
HUSI C IIENEeBBIM OOBEKTOM W TOCIEeAylomiel cThIkoBkH. Hampumep, B pabote [2]
NPEICTaBICHBl PE3YJIbTaThl Pa3pabOTKH CHCTEMBl YNPABICHUsS NPHYAIHBAHHEM K
opOUTaEHON CTaHIMU. ABTOpaMH JOKJana [3] UCTIONB30BaH | -CHHTE3 IS pa3pa-

OOTKH CHCTEMBI COJIMIKEHUSI M CTHIKOBKH C 00OBEKTaMH, KOTOPbIE HE UMEIOT CIIEeIH-
ANBHBIX CPEJCTB IS BBIMONHEHUS TaKuX onepanuii. B pabdore [4] omuceBaercs u
00OCHOBBIBAETCS IENIECO00PA3HOCTh MCIIONB30BaHUS METOJIOB aBTOMATH3HPOBAHHOM
pa3paboTKH CUCTEM YIPaBICHUS COMMKEHHUEM U CTHIKOBKH.

Kpome »tux paboT, CTOUT Tak ke OTMETUTh Psij MyOnuKanuidi B 00JIaCTH Teo-
pHUH yTIPaBJIEHUs, KOTOPhIE MOTYT OBITH TIOJIE3HBIMHU NP PEIISHUH paccMaTpHUBae-
Mo 3amaun. B crathe [5] mpeacraBieHbI MPAKTHYECKUE PE3YJILTATHI PA3pabOTKH
MHOTOMEPHBIX CUCTEM YIPAaBIEHHs C 00pPaTHOW CBS3BIO B YCIOBUSIX HEOIPEIEIICH-
HOCTU. ABTOpamu ctaThbu [6] BbIMONHEH H , -CHHTE3 ¢ y4eToM mapaMeTpHyYecKoil

HEOTPE/ICICHHOCTH 00bekTa ympasieHus. [IpoOiiemMa obecnedeHuss poOACTHOTO
KadecTBa JIsi 00bEKTOB C HEONPEIEIEHHOCTHIO, 3aBHUCSIIECH OT BPEMEHH, UCCIIE0-
BaHa B pabote [7]. OqHako npHBeACHHbIC BhIIIE MyOIMKAIIMK HE YYHTHIBAIOT BCEX
ocobenHocteit ynpasienus [T B pexxume yBosa.

Cpenu OrpaHUYEHHOTO TMepevHsT padoT, IMOCBALICHHBIX HEIOCPEJICTBEHHO
ITNJI, cexyer oTMeTuTh ctathio [1], rae nuis Gpopmysupyercs npodiema yrnpas-
JIEHUSI OTHOCUTENbHBIM BM)KCHHEM MAcTyXa W OTMEYAETCS €€ CIOXKHOCTh M BaXK-
HOCTb. B paborte [8] mpeioxken opurHHAIBHBIN METO OIPEIe/ICHHs] CHIIbI, TTepe-
JAHHOW MOHHBIM JIY9OM, KOTOPBIM MOKET OBITh PEaTM30BaH HEMOCPEACTBEHHO Ha
6opty ITNJI ¢ ucnone3oBanueM potokamepsl. B cratse [9] mpencrasieHsl pe3yiib-
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TaThl BAJIHMAIMH 3TOTO MeToAa. HemocpencTBeHHO MWHAMEKE W YIPaBICHHIO
ITNJT mocesmena crates [10], pe3ynbraThl KOTOpPOI MOMYYEHBI MIPH JOMYIICHNH,
YTO MapaMeTphl OTHOCHUTENIHOTO ABIDKEHUS M3MEPSIOTCS 0e3 MOrpemrHocTel, a
macca OKM wu3BecTHa TO4YHO. TakwWe MOMYIIEHHS CYIIECTBEHHO OTPaHUYMBAIOT
WCTIONTb30BaHMUE STUX PE3yIHTATOB.

Henpro cTaThu SABIAETCA CUHTE3 peryisitopa cucremsl ynpasinenus TN c
Y4eTOM HE0OXOJUMOro KOMIpPOMECCa MEXIYy POOACTHOH YCTOWYHBOCTBIO, Kade-
CTBOM W 3aTpaTaMH Ha yIpaBlieHHE, 0COOEHHOCTEH BO3ACHCTBUMN, TepeaBaeMbIX
WOHHBIM JIy4OM, BHEITHUX BO3MYIIEHHUH, HETOYHOCTH OMpEIENICHUS] OTHOCUTEINb-
HOTO TIOJIOKEHHS, HEUIEAThHOCTH PEAaKTUBHBIX HCIIOJTHUTENBHBIX OPTaHOB.

IHocTranoBka 3agauu. Paccmorpum mpomecc yBoma OKM ¢ KBa3uKpyroBoit
HU3KOU OKoJI03eMHOM opoutsl ¢ momotipio [TMJI. YBog OKM peannsyercs 3a cuet
BO3JICHCTBHS MOHOB OCHOBHOTO 3jieKTpopeaktuBHoro asurarens (OPJl), BexTop
cwiibl TAru Kotoporo HarmpasieH Ha OKM. TTMJI o6opynoBaH KoMIIeHCAITMOHHBIM
anekTpopeaktuBHBIM apurareneM (KPJ1). Bexropsr Tsaru KPJl u OPJl HampaBieHbI
MIPOTUBOIIONIOKHO JUII YMEHBIIEHUS! BIUMSHHUS pa0OTHI OCHOBHOTO IBUTATENs Ha
nemxenue [TNJI.

Jnst mogmep:kaHus TOCTOSHHOTO 3aJJaHHOTO TIOJIOKEHHUS IMacTyXa OTHOCH-
TerpHO OKM HE0O0X0IMMO CHHTE3UPOBATh PETYISTOP CUCTEMBI YIIPABIECHHUS OTHO-
cutensHbIM ABMKeHNEM [IMJ] ¢ yaeToMm ocoOeHHOCTEH, YKa3aHHBIX BO BBEICHHM.
[Ipenmonaraercs, 9To B COCTaBe CHCTEMbI YIPABICHHSI UMEIOTCS TATIUKH, TIO3BO-
JIAOIINE U3MEPATh KOOPAMHATHI BEKTOpa, ompeneistomero noioxenus NI or-
HocutenbHo OKM, ¢ TouHoCThIO HE XyX*e 0,5 M.

B xadecTBe HCIIONHUTENBFHBIX OPTraHOB CHCTEMBI YIpaBiIeHus OyaeM paccMmar-
pUBaTh TUAPA3HHOBBIE PEAKTHBHEIE BUTATEIH C IIAPOTHO-UMITYIHCHBIM MOMIYIISI-
topoM (LLIUM) tsiru. lllmprHa UMITyTECA BBIYUCIISIETCS CIEAYIONIIM 00pa3oM:

ton =LT yton ST,
th

rae F — 3HaueHuWe BeNMYMHBI YIPABISIOMIETO BO3ACHCTBHS HAa BBIXOJE PETyJISTO-
pa; Fy, — HOMMHaNbHAS TATa ABUTATENS; T — MEPUOJ AUCKPETU3AIUH PETYIATOPA.

Hecmotpst Ha To, uro IIUM — Cyl1ecTBEHHO AUCKPETHOE YCTPONCTBO, OHO HE
OKa3bIBa€T HETATUBHOI'O BJIIMSHUS Ha IMOJIOCY MPOIYCKAaHMs M 3amachl YCTOWYMBO-
CTH CHCTEMBI, a JIMIIb BHOCHUT JIOTIOJIHUTENBbHOE JAeMiipupoBanue [11, 12]. B cBsi3u
¢ atum LIIMM He Oyznem BKIIIOYATh B COCTAB CUCTEMBI Ha dTalax CUHTE3a PeryJis-
TOpa, OrPAHUYMBIIUCH JIMILb YYETOM 33aJaHHOTO Pa3pelleHUs] peain3aluy yIpaBs-
JISIOMNX BO3JCHCTBUM. BMecTe ¢ TeMm, Ha 3aKIIIOYHUTEILHOM JTalle BaIMIAIHIO
CUHTE3UPOBAHHOTO PEryJjisiTopa OyaeM MPOBOJUTh C UCIIOJIb30BAHUEM HEJTMHEHHOM
mozenu quHaMuku cucteMbl «[TMJT — OKMy, a Takxe ¢ yaetom LIIVM.

MartemaTtnyeckass MojeJib. [ MaTeMaTUYECKOTO ONMCAHUS JIBHXKEHUS CH-
crembl «[IMJI — OKM» wncnonp3yem opOutanpHyio cucteMy koopauHat OXyz .
Hauano opouransroii cuctemsr koopauaat (OCK) coBnamgaer ¢ nienTpom macc [TUJL
Ocp OX coBmagaeT ¢ HaNpaBIEHUEM PalnyC-BEKTOpa, ONPEAEISIONIEr0o EHTP Macc
IMNJT otHOCHTENMBHO TIeHTpa Macc 3emin. Ock Oz coBmajaeT ¢ HOPMAJbIO K TUIOC-
KocTH, mnpoxonsmeil yepe3 ock OX wu BekTop opOurtanmbHOi ckopoctu TN, u
HampaBlieHa B CTOPOHY IOJIOKUTEIBHBIX 3HAUCHUH OpPOMTAIHHOTO KHMHETHYECKOTO
MomeHTa. Oce OY [TOTONHSET CHCTEMY KOOPAWHAT 0 TIPaBOH.
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[Tonoxenne OKM otHOcutensHo IIMJI Oymem ompemensTth BekTopoMm L
HavaJio KOTOporo Haxonutcs B meHTpe macc 111JI, a konerr — B meaTpe Mmacc OKM.
OtHocutenbHas auHamuka cuctemsl «[IMJI — OKM» Moxker ObITh OmucaHa ¢ To-
MOIIIBIO CIICIYIOIICH THMHEAPH30BAHHON CUCTEMbI ypaBHeHH I [ 13]

f3 £
X —0?X —20y — @y —kx =X £

md ms’
. 2 . . fyd fys
Y —0%Y +20X +®dX +Ky :m_d_F’ Q)
d S
Z+kz = fzd - fZS ,
m m

d

rae X, Y, z — npoekuuu Bekropa L Ha ocu OCK; mS, m® — maccel [T u

OKM CcOOTBETCTBEHHO; fXd , fyd , fzd — npoekuuu Ha ocu OCK cymmapHOro Bek-
topa cun F ¢, neiicreyromux ma OKM; f.5, fyS , > — npoexuun na ocu OCK

cyMMapHoro BekTopa cuin F 5| neiictByromux na ITHJL.
BexTopst cun F dyFSs OTIPEETISIOTCS CICTYIOIUM 00pa3oM:

FO-FS +F8, +FS +F3,

FS:F|S+FJ32+FSS+F|3 .

31ech HIKHUE WHIIEKCHl UCIOJB30BAHBI IS 0003HAYEHHS CIEIYIOIINX BO3-
MymeHuit: P — cuna, nepegaBaemast noHHbIM iyaoM OKM; | — cymmapH®Iii Bek-
TOp CHIIBI PEaKTUBHBIX JBUTaTenel, aevictBytommx Ha [IWJI; J2, S, M — Bo3-
MYIIEHUs] OT BTOPOM 30HAJBHOM TapMOHUKM T'PABUTALMOHHOTO TMOJS 3eMIH,
Comnnna u JIyHBI COOTBETCTBEHHO.

Bemnunnasl 0, @ u K, Bxomsmme B (1), ompeaensioTcs ClaeayronmM obpa-
30M:

o= /%(l+ecosv), pza(l—ez), b=-2e Lzsinv(1+ecosv)co,

p
)

(b g_al-e’)
R3 1+ecosv

r7e I — IpaBUTALMOHHAS [TOCTOSHHAs 3eMJIM; V — UCTUHHAs aHOMaJIusl; € — JKC-
LEHTPUCUTET; 8 — OOJbILAs MOJIYyOCh.

Jiist KBa3MKPYTOBBIX OpOUT cucTema ypaBHeHHH (1) MokeT OBITh IpeJicTaBe-
Ha B (hopme Xuna — Knoxecn — Bumepa [14]

fd £3
X —30°X —20y =X ——X_,
m m
d fS
y +20%X =2 -, 2
m m
d fS
Z+ofz =-t——L
m m
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[Ipeanonaras, uto B mpomecce yBoma opouta OKM coxpaHseTr CBOH KBa-
3UKPYTOBOH XapaKTep M HEBBICOKYIO CKOPOCTh YMEHBIIICHUS €€ BBICOTHI (TIpUMep-
HO 2 KM//IeHb), MOKHO CUUTATh () IOCTOSHHOW Ha JIOCTATOYHO MPOJIOJKUATEIh-
HBIX UHTEPBAIaX BPEMCHHU.

[lepBoe u BTOpOE ypaBHEHUE CUCTEMBI (2) ONMUCHIBAKOT TUHAMHUKY B ILIOCKO-
CTH OpPOMTEHI, @ TPEThE — IBUKCHHUE U3 IIOCKOCTH opOUTHL. [IpeacraBum 3TH ypas-
HEHUS B (JOPME MPOCTPAHCTBA COCTOSHUIMA.

OTHOCHUTEIIBHOE JIBUXKCHHE B TNIOCKOCTH OPOUTHI:

rae X =[X,y,)(‘,y']r , Fid =[fxd,fyd]r , Fid =[fxs,fys]r,
0

0 0 1 O 0
0 0 0 1 g 0 0
A| = 2 1] B| = d 3
302 0 0 2w 1/m 0
0 0 -20 O 0 1/m¢
0 0
s_| O 0
b —1/md 0
0 ~1/m¢

OTHOCHUTEIILHOE JBHXXCHHC M3 IINTIOCKOCTH Op6I/ITI)I:

X, =AX,+BIFI +BSFS,
. 0 1 0
e x kT v b ee -hel a] % Hler ] %)

o 0 1/m¢
0
BS = .
° {—Ums}

MeToaojiorusi CHHTE3a peryJasaTopa. ,]IJ'ISI CHUHTE3a pEryIATOpa MCIOJIb3YEM
METOAOJOTHUIO H 0. Takol moaxoa IO3BOJISET CHUHTC3UPOBATH PEryJIATOpP, MUHU-

MU3UPYIOIIUHI BBIXO/ 3aMKHYTOM CHCTEMBI IJIs1 HAUXYALIETO clydas BO3MYLICHUH.
CrannaptHast popmMa mpeacTaBieHnsl 00bEKTa YIpaBIeHHS U CHHTE3a PeryJsiTo-
pa npexacrasiieHa Ha puc. 1, rae P — oObexT ynpasienus; K — perymstop; W —
BO3MYILIEHUS; U — yNPaBIEHNE; Z — MUHUMHU3UPYEMBIH BBIXO; V — U3MEPSIeMBbIit
BBIXO/I.

w 2
P
u v
K
Puc. 1
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3aBHCUMOCTH MEX]Iy BEKTOPOM BX0J1a U BBIX0JIa TIPEJICTABIISIETCS CICAYIONINM
obpazoM:

w Pi1(s) Pip(s)w
v =P u | [Pu(s) Prls)|u

3aBHCHUMOCTH MEXIY BXOAOM W U BBIXOJOM Z HMEET BUJ
z=F,(P.Kw,

rae F (P K ) — nepegatouHas QyHKIHUS 3aMKHYTOW CHCTEMBI.
PerynsTop Haliiem U3 yclioBUSI MUHHMU3ALUU CIIEAYIOLIEH HOPMBI

IF; (P.K )||w —>min .

||H ||OO -HopMma mepeaarouHod ¢yukmuu H (jo) onpemensercs ciaeayrouum
obpasom [15]:
"H "oO :SUmeax[H @ @)]1
(]

Il Opax — MAKCUMAJIBHOE CHHTYISIPHOE YHCIIO MAaTPUYHOH IepeaaToyHoi (QyHK-
i H (jo) .

TpeOoBaHU K CHHTE3UPYEMOMY PETYISATOPY YAOOHO 3aJaBaTh B YaCTOTHOM
obnactu. [Ipu aHanm3e 3aMKHYTOTO KOHTypa CHCTEM YIPABICHUSI MOKHO HCIIOJIb-
30Bath (pyHKIMH dyBcTBUTENBHOCTH (DY) M TOMOTHATETHHOW YyBCTBUTEIBHOCTH
(®1Y) [15]. U S(S) MPEJICTARISICT COOOH MepeaaTouHy0 (PYHKIHIO0 OT BX0oJa K
ommnoOke cnexenus, a OAU T (S) — 3TO TepenaToyHast (GYHKIMS OT BX0JIa K BBIXO-
Iy 3aMKHYTOW cucTtembl. [[is obecrieuennst TpeOyemMoro kadectBa (pyHKIIMOHHUPO-
BaHUS CUCTEMBI (IIOAABICHNS BHEIIHUX BO3MYIICHHH, YMEHBIICHUS OIIHOKY ClIe-
JKEHUsI) CIEAYeT YMEHbIIATh (PYHKIHIO S(S), a Al TOBBIIEHHUST POOACTHOCTH

CHCTEMBI TI0 OTHOIIICHHIO K IIlyMaM H3MEPHTEJIEH U HEeONpeIeIeHHOCTSIM 00bhEeKTa
yrpaBJeHust He00X0uMO 00eCTIeYnTh Mallble 3HaUeHUS PYHKIUU T (S) .

Cnenyer orMeTuTh, uTo TpeOoBaHus MuHuUMH3au OU u OJ[U sBusroTcs
BeChMa MPOTHBOPEUYNBLIMH, TaK KaK OHH CBSI3aHBI CIISAYIOIUM 00pa3oM:

S(s)+T(s)=1.

st ycTpaHeHus 3TOTO MPOTHUBOPEUUS MpeiaraeTcs MUHUMH3UPOBATH 3TH
(yHKIIMM B pa3HOM Jauara3oHe 4acToT. Tak, menecooOpa3Ho UMETh Majible 3HaUeC-
Hust @Y B HHU3KouyacTOTHON oOnacth, a ®JIH — B BeIcOKOuacTOTHOH. M meanpHas
®Y mMeeT Maible 3HAUCHUS HA HU3KUX YaCTOTaX M MPUOIDKAETCS K CIHHHUIIEC Ha
BBICOKHMX YaCTOTax MPU OTCYTCTBHU 3HAa4YCHMIA OoJibIie eaunuibl. @Y, Hao60opoT,
OIKHA UMETHh OJIM3KHME K €IMHMIIE 3HAYECHMS Ha HU3KHUX Y9acTOTaX W MaJible — Ha
BBICOKHX YacToTax. UeM OwbicTpee GyHKImS T (S) yOBIBaET C YBEITMYCHUEM YaCTO-
ThI, TeM OoJiee crucTeMa PoOacTHA 10 OTHOIICHHIO K BRICOKOYACTOTHBIM BO3MYIIIE-
HUSIM B KOHTYPE YIIPABICHHUS.

[Tpu cunTese perynaropa Oynem Takxke paccMaTpuBarh GyHknuo KS (S) JUTS
ONTUMU3AIINY BEJTUIHHBI YIIPABIISIONIETO BO3ICHCTBUS.

B xauecTBe BXOIHBIX CHTHAJIOB OyJIeM pacCMaTpUBaTh CIEAYIOIIHE BO3MYIIIE-
HUs: W — BHEIIHWE BO3MYIIEHHUS, W, — MPOrpaMMHOE 3HaueHue Bekropa P ,
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W3 — omubKka u3MepeHus Bekrtopa P, W, — ommbka peanu3anyy yrnpapisiomnx
BO3JIeHCTBHIA (puUc. 2).

His Toro utoObl ontumusupoBate S, T u KS B TpeOyeMOM 4acTOTHOM
JIMana3oHe, TOMOTHMM HCXOHYIO cucTeMy BecoBbiMH dyrkumn W 1(s), W ,(s) u

W 5(S) Taxum 0Gpasom, Kak MoKa3aHo Ha PHC. 2.
st cunTe3a npeacraBuM 00bekT G (S) B cienyroliel popme:

X =AX +Bw +Bu,
\" :sz +D21W +D22u .

I Prs) I
| |
s ' [R— -. —————————— l. l"{s) kz[
T G 3 s
Wy ;l -
3 Wis) ez,
11 A 2
- I
TN
”.‘l(b)' z
I
I
I

Puc. 2

Hcxonnbie JaHHbIE J151 IPOBeeHUs UccaeaoBanmuii. CHHTE3 peryniaropa u
aHaIIM3 JTUHAMHKH BBITIOTHUM ]IS CIIEAYIOIINX UCXOIHBIX JaHHBIX:

— HavaJpHas BeICOTA OpOUTHI — 640 KM;

— KOHeYHas BricoTa opOuTHl — 340 KM,

— HaksioHeHue opoutel — | =80...99 rpag;
— akcreHrpucurer opoutsl — € =0...0,05;

— macca I[TNJT - m*® =500 +50 kr;
— macca OKM — m? =1575 +315 «r;
— HoMuHanbHas Tsra OPIl - F T ~0,031 H;

— nepruoa JUCKPETHU3allu CUCTCMbI YIIPABJICHUA — T=1 C,
— HOMHHAJIbHaA TATa pEaKTUBHBIX UCIIOJIHUTCIIBHBIX OPTraHOB — Fth =2 H,

— MAHAMAJTBHBIN UMITYJIBC TSITH PEAKTUBHBIX UCTIOTHUTEIBHBIX OPTaHOB —
min _ .
Finton =0.01 H-c;
— TOYHOCTH onpeneneHus nojoxenus mumieHd B OCK He xyxe 0,5 M o
Ka)kJIOH M3 OCEH.

J{BHKeHHMe B IJIOCKOCTH OPOUTHBI. /{1151 citydas cUHTE3a YIpaBJIEHUS B IIOC-
KOCTH OpOUTBI MaTpHLBI IpeACTaBiIeHus (3) UMEIOT CIIeAYIOINH BU!
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X =X; ,W=[fx,fy,x,,y,,Ax,Ay,AuX,Auy]r , u=[.1x,uy]r yA=A;,

0 0 00O0O 0 0
5 0 0 00000 0 0
LTIE™ 0 0 0 0 0 —FytMn/Tms 0 :
0 f"™ 0000 0 —Fyt M fTm
-1 0 0 0]
0 0 0 -1 00
0 0 0 0 00 -1 0 0 0
BZ_ s 1C1: !C2= )
~1/m 0 0 0 00 0 -10 0
0 -1/mS 1 0 00
0 1 0 0]
(0 0 1 0 —Ax™a 0 0 0] [0 0]
000 1 0 Ay™ 0 0 0 0
0000 0 0 0 0 10
Dy = y Dip = )
0000 0 0 00 0 1
0000 0 0 00 00
0 000 0 0 0 0] 0 0]
0 0 1 0 —AxM 0 00 0 0
D21= ,D22: )
000 1 0 —Ay™ 0 0 0 0
roe AX max’ Ay MaX _ MakcuMasbHbIE 3HAYEHHS OIMHOKH OllpedeIeHUs] OTHOCH-

TECJIBHOTO IMOJIOXKCHUS B KaHaJ1aX X U y COOTBETCTBCHHO.
T m - max
BHQMCHTBI fX ax u fy a MaTpuibl Bl OIPEACICHBI UCXOAA U3 BCIIMYUHBI

MaKCHUMAaJIbHOU PpasHULbI YCKOpeHHﬁ, BOSHHKaIOH.Ieﬁ n3-3a ,Z[efICTBHH BHCITHUX
BOBMYI]_IGHI/Iﬁ M MOHHOTO JIy4a Ha pacCCMaTpHUBacMyl0 CUCTEMY.

F"' max _ [f")'(max f“;/max f';max]r _

d d d d S S S
:maX(Fp +Ff +FS +Fd  FS +FS +Fy J

m¢ m$

Ha puc. 3 mokazaHa 3aBHCUMOCTh OT BPEMEHH Pa3HOCTH YCKOPECHUH, BO3HU-
KaloIeH M3-3a JICHCTBHUS BHEIIHWX BO3MYINCHHM, JUIS KPYrOBOH OpOMTHI, a Ha
puc. 4 aHaJOrUYHas 3aBUCUMOCTB ISl OOUTHI ¢ 3kcueHTpucureToM € = 0,05 .
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s 4} by ) EE
]

penne H/kr
s, H

Ilaedh. yeropesne
=

nd. ver

Bp(‘.';n. c 10? H!
H;J'.‘;IL L » mx

Puc. 3 Puc. 4

[MpuHMMass BO BHUMaHUE pe3yibTaThl, MPUBEJCHHBIC Ha pHC. 3, 4, a TaKkKke
YYHATHIBasE MAKCHUMAIBHO BO3MOXKHOE BO3ZCHCTBHE HOHHOTO JIyda Ha MHIIEHB, BbI-
OpaHbl ceTyole 3HaUeHHUs SIIeMEHTOB MaTpulsl By :

f;max =3.10""H/kr, f~ym'°‘x =4,722 .10 °H/kr.

Onements! Matpul], Dy; u D, omnpeneneHs! U3 yclIoBUS MaKCUMaJIbHOW MO-
TPEIIHOCTH ONpEAETICHUs OTHOCUTEIHHOTO MOJIOKEHHUSI MUIIEHH CIIEeAYIOUIM 00-

pasom:
AXM* =05 M, Ay maX—-0,5 wm.

CBs3p MEXIy MATPUYHBIMH IEPeAaTOUYHBIMU (PYHKIHAMHU Gij (S) U Ipen-
craBlieHHeM 00bekTa G (S) B IIPOCTPAHCTBE COCTOSHUH (3) ompezensercs: ypaBHe-
HUSAMU BHIA

G

i (5)=Ci(sl —A)'B; +Dy , i,j =12.

Jus B3BemmBanuss OY ncnonb3yemM QUIBTPHI HU3KUX YaCTOT MEPBOTO MOPS/I-
Ka B cienytolei opme:

W (S)ZS/'VID<—+91XW (S):S/Mly—’LQly_
1x s+ALQ, Y S +AyQy,

(4)

[apamerpsr Qy, =€y =5/ BBIOpPaHBI UCXOJS U3 HEOOXOAUMOM MOJIOCHI
nporyckanus peryinsropa. Ilapamerpsr Ay =Aqy =0,1 nmossonsior obecnevnTs

B YCTaHOBHUBILEMCS peXuMe OIHMOKYy ynpasieHust okono 10 %. Ilapamerpsr
M, =My, =2 BpIOpanbl TakuM 00pa3oM, 4TOOBI NIEPEPETYTUPOBAHHE HE Mpe-

seImrano 30 %.
BecoBble QyHKIMM TSI yIPaBICHHUS UMEIOT BUJI, aHATOTUYHBIH (4)

_ /Moy +Qpy W, (s)=‘°’/M2y—+92y

W, (s ,
2x(8) S +Apy S+ Ay Qyy

OJHAKO 3HAa4YCHUS IMapaMeTPOB 3/1€Ch JAPYyTHEC:

M2X :sz :O,l; A2X =A2y :10; sz :sz :2091)( .
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Takne mapameTpbl TO3BOJSIOT HE3HAYUTEIHHO OTPAaHWYHUTH YIPAaBIEHHE Ha
HU3KUX YaCTOTaX ¥ MHHUMH3MPOBATH €0 HAa BHICOKHX YaCTOTaX JJISl TOTO, YTOOKI
n30eKaTh OTCICKUBAHNE BHICOKOYACTOTHBIX IITYMOB.

B xagectBe BecoBbix (pynkumit mra Y ncnoms3oBaHbl (PHIBTPEI BEICOKAX
YacTOT MEPBOTO MOPAIKA B CIEAyIome ¢popme:

S+A3,Q
3x()_ * Paxoax

S+A5,Q
S)= 1W3y(s)_ 3y 3y
S/M 3x +Q3x

S/Mgy +Qgy
Beibop 3nauenuit mapametpoB Mg, =Mj3, =100 Ag =Az =01;
Qzy =Q3, =200, 103BOJSET OrPAHUYHUTH MOJIOCY MPOIYCKAHHUS PEryIsATOPa U

o0ecrnevnTh PoOaCTHOCTh CUCTEMBI.
Iepenarounast GyHKIUS AOMOTHEHHONH CHCTEMBI OMPEACSCTCS CIEAYIONMM
o0Opa3om

P(s)=G(sW (s), (5)

rac w (S) — AWaro”HajibHas Marpuia CO CICAYIOUMUMU JHaroHaJbHbIMH 3JICMCH-

TaMu: Wi (s)=Wyy (s), W, (s)=Wyy (s), W 33(s) =W 5, (),
Wy(s)=Wyy (s),  Wags(s)=Ws, (s), Wegls)=Ws,(s), W (s)=1,
Wgg(s)=1.

Jus o6bexTa (5) ¢ MOMOIIBI0 W3BECTHBIX anropuTMoB [15], ocHOBaHHBIX Ha
PCIICHUN JIMHEWHBIX MATPUYHBIX HEPABCHCTB, CHHTE3MPOBAH CyOONTUMATbHBIHN
perymsarop K (S) 10-ro mopsiaka B opme:

X =Ax X g +Bgv,

u :CKXK +DKV f

nucxonsa U3 yCJ'IOBI/IH
"FI (P K )"OO = Ymin -

B pesynbprare npuMeHeHHs UTepaliOHHON nporeayps! [16] Haiinenst matpu-
ust Ax, By, Cyx, Dk cybontumanenoro peryaaropa K (S) UL

Ymin = 0,727 .
Ha puc. 5 — 7 npencrasnensl coorBerctBeHHo pynkimu S, KS u T s
CHUHTE3UPOBAHHOT'O PETYJIISTOPA.
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W , pag/c
Puc. 7

JBu:KeHHe U3 MUIOCKOCTH OpOUTHI. )i ciydas CHHTe3a yNpaBlICHHS JIBU-
KEHHEM W3 TUIOCKOCTH OPOMTHI MAaTPHUIIBI IpeAcTaBieHus (3) UMEIOT CIEAYONTHit
BUJT

X =Xy, W :[fZ ,zr,Az,Auz,]T, U z[uZ]T,

A_a g _| 0 00O 0 5 [ O
e T Ma g0 _FtMnms | 2 | —1/mS |

-1 0
C,=|0 0],C,=[-1 0],
1 0
0 1 Az™ 0 0
Diy={0 0 0 0, Dy=|1|,Dy=[0 1 —Az™ 0] D,,=[0],
00 0 O 0

rme Az — MakcuMasbHBIE 3HAYEHHS ONTHOKH OTpeIeJICHUSI OTHOCHTEIHLHOTO
noioxenuss OKM B kaHaie Z .

PyKOBOJICTBYSICH TEMH K€ COOOpPaXKEHHSIMH, KaK W Ui CIIydasi JIBHKCHUS B
iockocTu opouthl, anement f," marpunpl B, umeer cnemyroree 3HaueHue:

f,"X =15.10" H/xr.

DJIEeMEHTHI Marpung Dll n D21 OIIPEACIICHBI TAKXKC U3 YCJIOBUSA MAaKCHUMAJIb-

HOW MOTPENIHOCTH OMPECICHHS OTHOCUTEIBHOTO TOJOKESHUS MUILIEHH CIEYIO-
M 00pa3oMm:

Az =05 M.
st aToro ciydas marpuia W (S) HMMEET CJICAYIOIINE TUaroHalbHbIC dJIe-
menTi: W 11(S) =W, (S), W () =W, (5), Wa3(s) =W, (5), W 4(s)=1,
le (S):Wlx (5)1 WZZ (S):WZX (S)’ W3z (S):W3x (S)

C moMoIIbI0 UTEPALIMOHHOM Tpotieypbl [16] HaiieH cyOonTHMAabHBIN pery-
asTop K (S) ISITOTO TOPSAAKA TS Y i = 0,695 .
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Ha 3akmounTensHOM 3Tare CHHTE3UPOBAHHBIC PETYISTOPHI PE0Opa30BaHbI K
JIIUCKPETHON (opMe C HCIOIB30BaHUEM OWIMHEHHOTO TpeoOpa3oBanus. [lpu Ta-
KOM METOJIe ITpeoOpa3oBaHus coxpansercs H . -Hopma perymsTopa.

MogaennpoBanue OTHOCUTENbHOrO0 ABMkeHMss cucTeMbl «[IAJI-OKM»».
IIpn monenupoBaHuu OTHOCUTENbHOTO ABMWKEHUS cucteMmbl «[IMJI-OKM» wuc-
nonb3oBaHa mozens DKE, Bxomsmas B cocraB cumyisitopa LEOSWEEP [17].
IIpn mpoBeaenun pacueroB yuuThiBajoch oTkiatoueHne OPJl, KPJl mpu 3axone
[MNJI B tens. IIMJI opuenTHpoBaH TakuMm oOpazom, 4yTo BekTop Tiaru OPJ]
HampasJieH 1o KacatenbHol K opbute. Tsra KPJ] onpenensinacey cnenyrommm 00-
pasom:

FICT _ _pITT (1+ms/md ) 6)

PaccmatpuBanuck ciaydyan HOPMAalbHOTO W PaBHOMEPHOIO pacHpeneicHUs
OIIMOKU U3MEPEHHs BEKTOpa, onpeessrolero monoxenne OKM. Jlns Hopmaiib-
HOTO pacIpeiesieHUs 3HAYCHHUSI MaTeMaTUYeCKOro OXUIAHUS |I U CTaHAAPTHOTO
OTKJIOHEHHS © BBIOMPATNCh TaKUM O0OpPa3oM, YTOOBI YAOBJIETBOPSUIOCH CIIEAYIO-
Iee orpaHrnYeHHe!

n+30<0,5.

B cnyuae paBHOMEPHOr0O pacnpeAesieHus UHTepBall (a,b) 3HAYEHUW ciydail-

HOU BEJTMUMHBI BBIOMPAJICS C YyYETOM yCIIOBUSI:

a>-05
b<05 '

Ha puc. 8 — 11 noka3zaHsl pe3yIbTaThl MOJEIUPOBAHUS IS CITy4dast HOpMAallb-
HOTO pacmupe/eNeHus1 omuoKu n3mepenus nonoxkenuss OKM ¢ HyneBbIM MaTeMa-
TUYECKUM OXHJAHHUEM M Ha4daJbHBIM 3HAYEHHEM SKCLEHTPHCUTETa OpPOUTEHI
e =0,002 . Maccer ITMJI 1 OKM npuHUManich IpH 3TUX pacdyeTax PaBHBIMU CO-

otBeTcTBeHHO MS =450 kru MY =1890 «r.

Kak BumHO u3 puc. 8, perynsTop mo3BoisieT o0ecrneunTs TpedyemMoe MmoJoxe-
uue [IMJI otnocutensHo OKM ¢ Tounocteio He Xyxke 0,1 M. PesynbraTel Mone-
JMPOBaHUS TaKXKe MMOKA3bIBAIOT, YTO HA OCBEIIEHHBIX y4acTKax OpOUTHI obecredn-
BaeTcs ctabuibHas riepeaaya Bo3aeicTeust Ha mutieHb ot OP/] (puc. 9); npu sTom
yrioBasi ckopocth OKM ocraercs B mpuemiieMoM auarna3one 3Hadenuii (puc. 10).

e

0.005,

= 0f
¢ Yl Moaosltl C8 0% b VR
g . Ty fo ) "y 1 1 BT ] 1
z, g0k d e bt sta
-2 4 T Bt [N T T T |
= = Al el l. T T
£ e S T O
g -dr g 0024,' ' , b .
e % aost ! : ! : ' : : : 1 : 1
E-ﬁ: :-U.)_.)». ' [ [ 1 1 1
o ) B I e SR Y T L
-8 35!
0 1 2 3 1 08355 1 P 3 !
Bpems, ¢ <10 Bpems, ¢ 10t
Puc. 8 Puc. 9
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Ha puc. 11 mokasaHbl pe3yibTaTbl MOJIEIHPOBAHHS TOIEPKAHUS OTHOCH-
TeapHoro nojoxenus ITNJI ams opoutsl ¢ sxcuenTpucuteToM paBabiM 0,05. Kak
BHHO W3 3TOTO PUCYHKA, PEryJsITOp 00ecrnednBaeT YCTOWYHBOCTH JIBHKEHHS H,
HECMOTpS Ha CyMIECTBEHHOE YXYAIIEHUS TOYHOCTH YNPABJICHUA, OIINOKa HE Tpe-
BEIIIIaET yCcTaHOBIeHHBIE TpeboBanus (0,6 M).

PesynpraTtel MOmenmupoBaHUS IS CIy4aeB PAaBHOMEPHOTO paclpeiesieHuUs
ommn60ok m3MepeHus nonoxkeHuss OKM cyiecTBeHHO HE OTINYAI0TCS OT pe3yibTa-
TOB, MIOKA3aHHBIX Ha puc. 8 — 11.

3akiovyeHue. B craThe mpencTaBieHBl pe3yNbTaThl CHHTE3a PEryJsTopa
IUIsl YOPABJICHUS IBI)KEHUEM «I1acTyXa» OTHOCHTENbHO MHUILEHH. Peryisrop cun-
TE3UPOBAH TaKUM 00pa3oM, YTOOBI 00ECTIEUNTh HEOOXOIUMBIA KOMIIPOMICC MEXK-
Iy poOacTHOH yCTOHMYMBOCTBIO, KAUECTBOM U 3aTpaTaMH Ha YIPAaBJICHHE C YIETOM
0COOCHHOCTEW BO3ACHUCTBUH, IepeiaBaeMbIX HOHHBIM JIY9OM, BHEITHUX BO3MYIIIE-
HUSI, HETOYHOCTH ONPEAEJICHUSI OTHOCHTEIBHOTO IOJIOKEHHUS, HEUACAIbHOCTH pe-
AKTHBHBIX HCIIOJHUTEIbHBIX OPTraHoB.

Banupanus pe3ynbTaToB CHHTE3a PETYIATOPA BBIOJIHEHA ITyTEM KOMIIbIO-
TEPHOT'O MOAEIUPOBAHUS C UCIOIB30BaHUEM HEMHEHHON MaTEMaTHYECKOW MOe-
JU ¢ YYETOM IIHUPOKOTO CIEKTpa OpOMUTAIIBHBIX BO3MYIICHHUH, AEHCTBYIOIIMX Ha
cucTemy.

IIpencraBieHHbIE B cTaThe Pe3yIbTATHI MOMYUYEHBI P BBHIIIOJIHEHUH MPOEK-
ta LEOSWEEP, xotopriii huHancupoBaiicsi B pamkax 7-ii EBpomeiickoii pamou-
Hoit iporpammel (rpant Ne N.607457).
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