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|. AHaanTHYeCKue pelleHns IS NapaMeTPOB JABHKEeHHS
TBEPAOI0 TeJIA M COOCHBIX TeJ B CJIy4afx,

OJIM3KMX K cirydyasam Jiiiepa u Jlarpan:ka

(Matepwuan rinaBel 6asupyercst Ha cratbe: A.V. Doroshin, Exact Solutions in Attitude Dynamics of a Magnetic Dual-Spin Spacecraft and
a Generalization of the Lagrange Top, WSEAS Transactions on Systems, Issue 10, Volume 12 (2013) 471-482)

Hacrosimjas rmaBa mocoOusi COAEPKUT pe3ybTaThl HCCIEIOBAHUN JTMHAMHKHU
JIBWKEHUS HamMarHuueHHoro KA B TIeOMarHUTHOM T1OJie TpH  pealn3aluu
OpOUTANBbHOTO JIBMJKEHHSI ILIEHTpa Macc IO KPYroBOM SKBaTOPUAIBLHON oOpoOwuTe.
Haxonarcsa TouHble pelieHus AJid napameTpoB ABukeHus TBepaoro tena (KA) B
MATHYECKUX QyHKuuax Sxkobu. PaccmarpuBaemblii ciiydail IBHKEHUSI MOXKET OBITh
OXapaKkTepu30BaH Kak Hekoe o00o00meHne ciydas JABWKeHus Jlarpanxka, T.K.
HaMarHU4eHHbIN KA JBHYKETCS noj NEeNCTBUEM BHEIIIHETO
BOCCTAHABJIMBAOILEr O/ OIPOKUBIBAIOIIETO MOMEHTA CUIIL.

Taxke »TOT Marepuan MoOKET ObITb MNPUBEIACH K  pe3ysbTaram,
COOTBETCTBYIOILIUM  CIy4aro OWjepa JBMKEHHS TBEPJAOro Tejaa, YTO MOXKHO
0XapakTepU30BaATh KaK COOTBETCTBYIOIIEE 0000IIEHUE CiTydasi.

1 OcCHOBHBIC ITOJIOKEHUS

N3yueHne pa3iMuHbIX aCMEKTOB JUHAMUKHU JBUKEHUS TBEPJbIX T U KOCMUYECKUX
anmaparoB, BkiIrodags KA ¢ MaxoBHKaMM U CIYTHHUKH-TUPOCTAThI, OCTAETCA BAXKHOU
po0JIeMOi COBpEMEHHOM JTMHAMHUKH KocMudeckoro [1-6]. PeryispHoe n xaoTndeckoe
nemkenne KA, a Takxe yhOpaBieHHME OSTHUMH pEKHMAMU pPACCMOTPEHO B
MHOT'OYHMCIICHHBIX paboTax pasHbIX aBTOPOB, Hanpumep, B [7-39]. BaxkHbie pe3ynbraThl
UCCIICIOBAHHMI IBMKCHUS TBEP/BIX T M THPOCTATOB Tarke mpuBosTcs B [1-7], a B
[8, 9] u3yueHo cBOOOIHOE ABMIKEHHIE THPOCTATOB.

AHaJn3 yTiIoBOro (MPOCTPAHCTBEHHOTO) JABHIKEHHUS COOCHBIX TENl WJIM, YTO TO XKE
camoe, KA c¢ nBoiinbiM Bpaimiennem (KA ¢ MacCMBHBIM MaxOBHUKOM) IMPOBEICHBI B
pabotax [10-20], Bxitouast Bo3MyIeHHbIe citydan aBmwxkeHus. B [16-19] paccmorpens
MaHEBpbI BBIIIOJIHEHUS! YAaCTUYHOM 3aKpPYTKM MU CBSI3aHHbIE C 3THUM JIMHAMUYECKHE
¢ dektor, a B [20-33] paccMOTpeHbI CIO0XKHBIE PEKHUMbBI THPOCTATOB B MPUCYTCTBUU
BHEIIHUX BO3MYILECHUH.


http://www.wseas.org/multimedia/journals/systems/2013/a065702-260.pdf
http://www.wseas.org/multimedia/journals/systems/2013/a065702-260.pdf

B pab6orax [34, 35] paccmorpena muHamuka KA ¢ JABOWHBIM BpallleHHEM Ha
AKTUBHOM YYacTKE TPaeKTOPHUHU, KOTJIa UMEET MECTO CYIICCTBCHHAs MEPEMEHHOCTh
cocTtaBa (Macchl).

Baxxnrie HCCIICAOBAHNA B HAIIPABJICHUU (bYHI[aMCHTaJIBHI)IX CBOMCTB JUHaAMHWKH
CUCTCM B IIPUBA3KC K IIPOCTPAHCTBCHHOMY JABHKCHHIO THUPOCTATOB PACCMOTPCHLHI B

pabotax [36, 37, 38]

Jpyrumu cioBamu, mpoOiemMa M3y4eHHs MPOCTPaHCTBEHHOro nBkeHus KA wu
TUPOCTATOB OCTAETCS BEChbMa aKTyaJIbHOM, UYTO OCOOECHHO MPOSIBISETCS B H3YyUYCHHUH
TOHKUX 3(QQPEKTOB ABMKCHUSA, CBSI3aHHBIX C BOIPOCAMHU PETYISIPU3ALNN/XA0TU3ALNN
JUHAMUKH, a TAK)KE pa3padOTKU HOBBIX METOJIOB yIpaBiieHus ABmkeHneM KA.

I[aﬂee IMPUBOAUTCA ACTAIN3alNA IIOJIYUYCHHA AHAJIUTHYCCKHUX pemeHHﬁ, ciacays
0azoBoii cratee A.V. Doroshin, Exact Solutions in Attitude Dynamics of a Magnetic
Dual-Spin Spacecraft and a Generalization of the Lagrange Top, WSEAS Transactions
on Systems, Issue 10, Volume 12 (2013) 471-482).


http://www.wseas.org/multimedia/journals/systems/2013/a065702-260.pdf
http://www.wseas.org/multimedia/journals/systems/2013/a065702-260.pdf

2 YpaBHeHHsI YIJIOBOIO JIBH:KEHMS HAMATHHYEHHOr0 KOCMHYECKOIO
anmapara c aABoiiHbIM Bpamenuem (KA/IB).

PaccmoTpuM  1MHAMHKY TPOCTPAHCTBEHHOTO JIBIDKCHHUS HaMarHUYEHHOTO
KAJIB ¢ mocTosiTHHBIM COOCTBEHHBIM MAarHUTHBIM JWMOJBHBIM MOMEHTOM M TIOJ
JIEHCTBUEM BHEIITHETO BOCCTAHABJIMBAIOIIETO/OMPOKHUIBIBAIOIIETO MOMEHTa Mg CcO
CTOPOHBI T€OMAarHUTHOTO TIOJIS TIPU JIBIXKEHUH BIOJH KPYTrOBOW SKBATOPHAIBHOM
opOuTE, KOrJa BEKTOp MarHUTHOW WHIYKIIMU T€OMAarHUTHOTO TOJISI MOXKET OBIThH
paccMOTpeH, Kak MOCTOsTHHAS BeanuuHa By, (pur. 1.1).

KA/IB coctout u3 nByx tei: tena Nel — «potop» u 1eno Ne2 — «HOCUTEIbY.
VYTII0BYIO CKOPOCTH BpallleHUsI TeJla POTOpa B aOCOIIOTHOM MPOCTPAHCTBE OyaeM
o003HaYaTh (®;, a COOTBETCTBYIOIIYIO VYIJIOBYIO CKOPOCTh TeJa-HOCHUTEIIs,
COOTBETCTBEHHO, KaK (),. FIMeeT MecTO CBSI3b YIJIOBBIX CKOPOCTEM COOCHBIX TEll
KAJIB, rae yuuTbiBaeTcsi OTHOCUTEIHHOE BpaIllEeHUE POTOpa MO OTHOIICHHUIO K
TEITy-HOCHTENIO 6 BJIOJIb 00IIEH MPOoa0abHOM ocH (1= m,+6).

(b)

@ue.1.1. JJunonvnas modens ceomaznumuo2o noisi 3emau (8) u nocmosiHoe
MacHumHoe noJie (8eKmop MAaZHUMHOU HANPIANCEHHOCMU) 800Jlb IKEAMOPUATLHOU
kpyeosotl opoumuwt (b)

BBenem cnenyromme cuctembl koopauHat (dur.l.2-a): OXYZ — uHepruambHast
cuctema KoopauHat, ocb OZ KOTOpO#l COHampaBlieHa C BEKTOPOM MAarHUTHOM
HanpspkerHocTH (K* — coorBercTByrommii opr ocu OZ) Torna B, =B k'; OXzYaZ2



— cHCcTeMa KOOpJAMHAT, CBsi3aHHas TenoM-HocuteneM (i, j, K cooTrBercTByromue
optel); u OXiy1Z; — cCBsi3aHa C TEJOM-pOTOpPOM. BekTopsl k, k' SBISIOTCA

CANHUYHBIMU BECKTOpPpaAaMH oceit OZ n 022 COOTBCTCTBCHHO.

(b)

@ue.2 Hamaenuuennwiit KAJB u cucmemwt koopounam (a),; namacnuuennviti KAJ/[B

Kax ananoe msaxceno2o sonuka Jlacpansca (D) ¢ yenamu Andyaiie-/Jenpu.

Ocu Oz; u Oz, cBsI3aHHBIX CUCTEM KOOPJAMHAT COBIAQJAIOT C OOIIEH OCKIO
BpameHnusi KAJIB. IlycTh T71aBHOE T€I10-HOCUTEINb 00J1aJ1aeT TPEXOCHBIM TEH30POM
WHEPLUH, a TEJIO-POTOP SIBISETCA TUHAMUYECKH CUMMETPUYHBIM (OTHOCHUTEIIBHO
MPOJIOJIBHOW OCH); IYCTh BEKTOP COOCTBEHHOTO MArHUTHOTO MOMEHTAa TaKKe

COBIIAJIa€T C MPOJAOJIbHBIM HAMPABICHUEM (m = mk).
VYpaBHeHUsT JBW)XEHUS MOTYT OBITh 3amucaHbl Ha 0aze JIMHAMUYECKHUX

ypaBHeHU# Diiiepa, 0a3UpyOIUXCsA Ha TeopeMe 00 M3MEHEHHU KMHETHYECKOIO
MOMEHTa MeXaHH4eCKOii [3-5]



K+QxK=M® (1)
rac K — ectp BCKTOPp KHHCTHYCCKOIO MOMCHTA, Q - yriioBasd CKOPOCTb
((BBI6paHHOﬁ HO,Z[BH)KHOﬁ CUCTCMbI KOOpAHUHAT» (BTa CUCTCMa KOOPAHUHAT MOIKCT
COBIIaAaThb C CHUCTEMOU KOOpAHWHAT OOHOI'0 M3 TCJI, 4 MOXXCT HC COBIIadaTb HHU C

OHO# 13 HKX), M® — BEKTOp MOMEHTA BHEIIHHUX CHIL.
B kauecTBe «BBHIOpAaHHOW» CHCTEMBI KOOPJAMHAT MBI BO3BMEM CBSI3aHHYIO C
TEJIOM-HOCUTENIEM CUCTEMY, Torja Q=,. [looToMy ypaBHeHMs 3amMiIyTCs B

npoekusax Ha ocu OXyY,Z, CIeAYIOMHUM 00pa3oM:
Ap+(C-B)ar+qCio=M,,
Bj+(A-C)pr-pCo=M,,
Cfr+Co+(B-A)pg=M,,
C.(f+o)=M

)

A
rie {p,q,r} - KOMIIOHEHTBI BEKTOpa YIJIOBOH CKOPOCTH Tela-HOCHTEISI ®, B
IPOEKIUAX Ha COOCTBEHHBIE CBA3aHHbIE 0CH OXoYoZy, & - OTHOCHTENIbHAS YIJIOBas

CKOPOCTh BpalllEeHUsI pOTOpa MO OTHOLIEHUIO K TEIYy-HOCUTEIIO (0:5);

I, =diag[A,,B,,C,]- TpexocHEI# TEH30p THEPLHMH THIA-HOCHTENS B CHCTEME
Oxay2zp; 1, :diag[AL,Al,Cl] - TEH30p MHEPIHHU Tena-poropa B cucteMe OX;YiZs;
A=A+A, B=A+B, C=C, +C, - raBHble MOMEHTBI HHEPIIMU COOCHBIX TEJ
B cucteme OXpy,Z, (BKmouast potop); A=C, (I + o) —IpogoIbHbIN KHHETHISCKHA
MOMEHT Tela-poropa Bioab ocu Oz;; C,o=h, — OTHOCHTENBHBIN KHHETHICCKHH

MOMEHT Tena-potopa B cucteme OXpY,Z,. M, — BHYTPEHHHA MOMEHT CHII,

A
JNCHCTBYIOIIUH MEXIy TEIOM-HOCHUTEIEM W TEJIOM-POTOPOM (MBI MOJIOXHM €ro
paBHbIM HyI0 M, =0).
MoOMEHT CcuJI MarHMTHOrO B3aumMojeicTBus HamarHmdeHHoro KAJIB ¢
Tr€OMarHUTHBIM TOJIEM MOKHO BBIUUCIIUTH MO cleayromien popmye
M,=mxB

orb;
9|Ox2y222 :[MGX’MBy’Mez]T = (3)

= [_BorbmyZ’ Borbmyl’O]T

M

[MapameTpsl y; B BbeIpakeHuW (3) MNpeACTaBISAIOT COOOM HAINPABIISAIOUINEC
kocuHychl ocu OZ B cucteme OX,Y,7;:

7, =1-K'=cos(0Z,0x,),
7,=J-K'=cos(0Z,0y,), ()
7, =k-k'=co0s(0Z,0z,)



Taxxe ypaBHerue (1) MoxxeT OBITH PEJCTABIICHO B BHUJIC:

Ap +(C,—B)ar+0gA =—Qy,;
Bq+(A_C2)pr_pA:Q71; (5)
C,f+A+(B-A)pg=0; A=M,

rae Q=B,m.

[IycTh uMeeT MecTO CIeAyIolllee pachpelelieHue/TeOMeTpus Macc M
OTrpaHUYCHHE HA MPOI0IbHBIA KUHETUYECKUH MOMEHT pOTOpa.

A >B,>C,>A>C, A=const>0.

Taxke 37eCh BaXXHO BCIIOMHUTH, YTO IS 3aMBIKAHUS CHCTEM YPaBHCHHA
TpebyeTcss n00aBUTh KWHEMATUYECKHWE YpaBHEHUS Diiepa, WIH YpaBHEHUSA
[Tyaccona (11t HaMPaBIAIOMINX KOCUHYCOB).

Taxke CTOUT OTMETUThb, YTO ypaBHEHHUS (1) COOTBETCTBYIOT ypaBHCHHSIM
JIBUKEHUS COOCHBIX Tem u HEYPaBHOBEIICHHBIX TUPOCTATOB
(T.x. hZl =C,o #const, taxxe ecim M, =0). B sToM ciydae pe3ymbTaThl A

KenbBuHoBCckoro rupocrata [1-4, 7-8] He OyayT akTyalbHBIMU U Tpedyercs
UCKAaTh HOBBIC aHATUTHYECKUE PEIICHUS.

W3BeCTHO, YTO IS ONMCAHUS JWHAMHKH JIBFDKCHUS CHCTEM COOCHBIX TBEPIBIX
TEJ U THPOCTATOB MOTYT OBITh IPUMEHEHBI YpaBHCHHS [ aMHIIbTOHA, 3aIMCaHHBIC
B KaHOHMYECKHX MepeMeHHbIXx AHuyaite-/lenpu [6, 9, 10, 13, 14, 37, 38] (I, L, I,
l3), KOTOpBIE BBIPAKAIOTCSA IMOCPEACTBOM CB3CH KOMIIOHEHTOB KHHETHUECKOI'O

MoMeHTa K = K|Oxzyzzz = [KXZ K, K, ]T (pur.1.2):

L:a—T.:K-k;
ol

Q=QL=K5=MFK; (6)
00,

g=§L=K4c L<I,
o0,

K&=Ap=J@—Bsmu
Kyzquzw/Ij—chosl; (7)

K, =C,r+A=L

['amunbronnan cucremsl [9, 37, 38] B mepeMenHbIx AHayaiie-/lenpu nuMeeT BHI:



H=T+P+¢&H,
12— %[ sin®l  cos?l | 1[A?2 (L-A) (8)

T = + + +
2 A+A, A+B,| 2|C, C,

rac T — kuHETHYECKAs SHEPIrusA CUCTCMBI, P - NOTCHIHAaJIbHAsA SHCPIUsd CUCTCMBI,
87‘{1 —Majlad «BO3MYIICHHAA» YaCTb TI'aMUJIbTOHHMAHA, CBA3aHHAsA C MaJbIMU

BHEITHUMW/BHYTPEHHUMH  BO3MYIICHMsMH. B paccmarpuBaeMoM  ciiydae
IIOTEHIUAJIBHAS HEPTUS ONPEAEISIETCS TOJBKO JINIIb MOMEHTOM CHJI MAarHUTHOTO
B3aWMOJICHCTBHSI U 3aBUCUT TOJILKO OT yria Hytanuu [3, 5]:

P =Qcos¥, Mgz—Z—Z:Qsine 9)

BaxxHo 37€Ch MOMYEPKHYTh, YTO paccMmaTpuBaemasi GOpMyIHpPOBKa 3a7auu IO
CBOCH CcyTu OiM3Ka K 3ajlade OMHMCAaHHs JBUKEHHUS COOCHOTO Boiuka Jlarpanxka
(Fig.2) [5, 6], xapakTepu3yOIIEro JBUKCHHE COOCHOH CBSI3KM B IUIOCKOM IIOJIC
TATOTEHUS BOKPYT HEMOABMXKHON Touku O korma cwia tsokectd W (Bec CHCTEMB)
npusiokeH B Touke Oy Ha ob6melr ocu Bpamenus Oz,. Torma dopmynupoBku
TEKyUIEN 3a7auu JBH>KEHUs HaMarHn4eHHOro KAJIB B MOCTOSSHHOM MarHUTHOM
noJie 1 3ajia4ya Jlarpanka coOBMaayT ¢ MePECcYETOM BEIIUYHUH:

Q = Borbm; Q =-W ‘OO\N ‘a (10)

BaxHO Takke OTMETUTh pE3yJbTaThl, MpEICTaBIeHHbIe B padore [39],
OIMHUCHIBAIONIUE IMHAMHUKY BOJuYKa Jlarpamxka JUis JUHAMUYECKA CHMMETPUYHBIX
COOCHBIX Tell

3 TouHble IBHbIE pPellleHus AJsl YIJIOBbIX CKOPOCTei

Paccmorpum nBukenne KAJIB mo OTHOLIEHHIO K WHEPUHAIBHOW CHUCTEME
OXYZ (Fig.2) B ciayuae, korjga BEKTOp KHHETHYecKoro MomeHTa K HampasieH
Bob MHepnuanbHOH ocu OZ, t.e. korma K=KK' coBmagaer ¢ BekTopoM

HAaNPSHKEHHOCTH BHEIIHEr0 MAarHUTHOIO IOJIA (B W) Takxe IpearnoaoxumM,

orb?

YTO BHYTPEHHEE B3aMMOJECHUCTBHUE COOCHBIX TE€JI OTCYTCTBYET (M A :0), 4TO

COXpaHseT MOCTOSHCTBO MPOJOJBHOTO KHHETHYECKOI0 MOMEHTa Tena-poTopa A.
OTOT ciyyail SIBJISIETCS BEChbMa BaXKHBIM T.K. OIMCHIBACT HJICATIU3UPOBAHHOE
nuxenne KAJIB B pexrMe UIMHAPUYECKON MPEIIECCUM.

B sTOoM ciyyae KMHETHMUECKUH MOMEHT CHUCTEMbI OYIET MOCTOSHHBIM U MBI
OylleM MMETh CIeIyolre BbIpakeHus (4) as HalpaBISIFOIIUX KOCHHYCOB OCH
OZ, a taxxke [uist mepeMeHHbIX AHpyaiie-/lenpu (6) u yria HyTanuu:



K K
K Bq
=Y —-_2 11
V2 K K (11)
K, Cr+A
V3 K K

|, =1,=K =const; (12)
cosf = —= :L:C2r+A’
K K

BCKTOp BHCIIHECTO MOMCHTA OT MAarHuTHOI'O B3aHMOHeﬁCTBHH B 3TOM ClIydac

T
-QK K

y { oK, 0} ]
OxzY,2, K K

:[_—QAp QBg 0]
K 'K '

3aIIUIICTCA B BUJC

(13)

Torna nunamuueckue ypaBaenus (5) MoryT ObITh 3amKcaHbl B hopme

Ap+(C,-B)ar +9A =-QBq/K;
Bd+(A-C,)pr—pA=QAp/K; (14)
C,i+A+(B-A)pg=0; A=M,

[Mony4yum pereHus 1jisi KOMIIOHEHT YIiIoBo ckopoctu {p, q, I', 0} 10 aHaJOTHH
¢ pabotoii [12].

B memnsx mosrydeHus 3THX PeleHuid yA00HO BOCIIOIBb30BaTHCS T€OMETPHUECKUM
HOJIXOJIOM, HWCHOJB3YIOIIMM B CBOEM OINMCAHWU KpuBble-monoauu [3, 12].
[Mlonoguu — 3TO TpexMmepHbIE (B HAmIeM Cllydae) KpPUBBIE COOTBETCTBYIOIIHE
NIEPECCUCHUIO DJUTUTICOUI0B KHHETUYCCKON SHEPTHUH U KMHETUYECKOTO MOMEHTA B
3aBUCUMOCTH OT Ha4aJIbHBIX yclIoBHiA aBrokenus (dur.1.3) [3]:

AZ
Ap? +Bg* +Cr’ + — - 2T, =

p*+Bg”+C, c, o (15)
=2P(0)-2P(6,)



A?p? + B?q* +[C,r + A] = K? (16)

Bripaxkenus (15) u (16) ¢ nomompio (9) u (12) mepenuchiBaloTcs B BUIE

2
Ap2+Bq2+C2r2+é—+2E(C2r+A)=2T (17)

1
A?p? + B%q® +[C,r + A] =K?=2DT (18)

IJIe UCTIONB3YIOTCS CIIEAYIONIIE KOHCTAHTEI
AZ

2T, = ApZ + BgZ +C,r} + o

1

C,r,+A

T=T,-Q

2
9 5 K
K 2T

OcHoBbiBasich Ha BbipaxeHusx (17) u (18) u komOuuupys ux (ymuoxkas (17) na
A u BbruuTast (18)), Mbl OTy4HM:

B(A-B)g’ +

— const: (19)

2
+A[C2r2+é—+ 2E[C2r+A]j— (20)
1
—[C,r+A]'=2T (A-D)
Ymuoxenue Boipakenus (17) va B ¢ Beruntanuem (18) maet
A(B-A)p*+

2
+B[C2r2+é—+ 2E[C2r+A]]— (21)
1
—[C,r+A] =2T(B-D)
BbineneHne TONHBIX KBaaparoB B (21) mo3BoiseT 3amucaTh ypaBHCHHE

rurep6oibl (Ha KoopaArHATHOM miockocT Opr - ¢ue.1.3)
~A(A-B)p*+

2 22
A—EB} - (22)

C,(B-C,)|r- =
+Ce Z)P B-C,

rac



F=2T(B-D)+
CZ

+ (A-EB) - (23)

2

[

Beinenenne mnonHbIX KBajapatoB B (20) aHAIOrMYHO MO3BOJIAET 3aIllUcaTh
ypaBHEHHE DILIUICOB (Ha KOOpAWHATHOM M1ockoctu Oqr — ¢wur. 1.3)

B(A-B)g* +
2 24
+C2(A—C2){r—A_EA} =H =
A-C,
H=2T(A-D)+
S (aEA) - (25)

2

(& omem)

W3 BeIpakeHus (22) MOKHO MOJTYIUTh

2
Cz(B—CZ){r—AB_ EB} ~-F

-C
=1 2 26
P A(A—B) (26)
W3 (24) mb1 BUAMM, 9TO
- H-B(A-B)qg?
P ATEA (A-B)d (27)
A-C, C,(A-C,)
C nomoripio (27) MOXKHO 3amucarh
_A-EB _
B-C,
28
H-B(A-B)g’ @8)
== - Af - Ea;
C,(A-C,
A B
a= — ;
A-C, B-C,
1
B-C, A-C,

OcHoBbiBasich Ha (11) MokHO mepenucaTh BTopoe ypaBHenue (5)
BG+(A-C,)pr—pA=—EAp



[TpuanMas Bo BHUManue (28), (26) mocnennee ypaBHeHHE PUBOAKCS K popme

Bd=F(A-C,)f(a)f,(a);

C,(B-C,) 2 F
f(q)= [Z—2[+V -AB-Ea] ————; 29
() \/A(A—B)[ f-Ea] A(A-B) (#9)
H-B(A-B)q’
f,(q)=V; V_\/ ( )a
C,(A-C,)
BeimomHuM crieyronnyro 3aMeny (ciy4ait 1)
_ _ 2
x—+\/H B(A-B)a” s g, (30)
C,(A-C,)
Torna u3 (30) cnenyer
_ _ 2
(x+A,B+Ea)2:H B(A-B)q (31)
C,(A-C,)
2
gt H-C,(A-C,)(x+AB+Ea) ;
B(A-B)
" _C,(A-C,) (x+AB +Ea)dx (32)
=F
B(A=B) |H-C,(A-C,)(x+AB+Ea)
B(A-B)
Taxke MOYKHO BBITIOJIHUTH 3aMEHY (Citydaid 2)
_ _ 2
x:—\/H BA-B)T 5 kg, (33)
C,(A-C,)

Kak u B npenpinymem ciydae (30), uz (33) cHoBa ciienyrot Beipakenus (31) u
(32). Takum 0Opazom, Mbl UMEEM OOBEMHEHHBIN CITy4Yail U ypaBHCHHE
M dx

dt =+ (34)
\/H—a(x+b)2x/cx2—G
rac
B F
M=C,,|——; G=——;
\'A—B A(A-B)
a=C,(A-C,); b=AB+Eq; (35)

_C,(B-C,)
. A(A-B)



1, 2):

3nech HE0OXOIUMO yKa3aTh Pa3HUILY MEXy HauaJbHBIMU YCIOBUSMU IS IBYX

cirydaes (1

Sretisatny

SOt
/;Mo%»»nmy%ldz...

N

s o
T

Due.1.3. Dnauncouo noroouti

[To ananmoruum c paboroit [12] mepesanuinem ypaBHeHue (34) B pa3aelieHHBIX

nuddepenumanax

(36)

dx

IIpousBsenem 3aMeHy NEPEMEHHBIX

R(x—e)
P(x+e)

z

(37)

P=—b-d-e
JH/a; e=G/c

R=-b-d +e;
Torna ¢ yaerom (37) cieayer

d:



dx — g 4ezdz (38)

(-R/P+22)

[Toxcranoka (38) B ypaBHeHue (36) 1mo3BOIISET 3aMMCaTh

_-RIP-7
~R/P +7°

HOCJ’IGILHGG YPaBHCHHUC MOXHO IIPCACTABUTH B Q)opMe

oo 2 [ ]

aG Cl CZ

S, = ﬂ+e—b's —B ﬂ—e—b
"\ a 27 b\ a (39)
33:,/ﬂ—e+b; s4=5{,/ﬂ+e+b}

a P a

Clzzsz/sl; C22:S4/S3

3mech MBI JIOJDKHBI  paccMOTpeTh jaBa ciydas mnpuBeneHus (39) «
AIUIANTUYECKUM TIEPBOTO THUIIA:
1). Ecnu ¢, <C, Mbl BBIIOIHUM 3aMeHy. Z =C,YIIPU aKTyaJbHOCTH YCIOBHS

k=c/c, <1
2). Eciu ¢, >¢,, torma: z=c,y u k=c,/c, <1.

Ypasuenue (39) nepenwuiercs

JR/P c,dy
dt =+2eM
\/E\/S\/l y 1 ky) (40)

j=12
TJIC ] COOTBETCTBYET HOMEPY CITy4asi IPUBEICHHSI.
ITociie uHTErpUpPOBaHUS TTOTYYUM



dy .
JL-ky)

: (41)

y
£[N(t=t))+1,]=] 2
0 \/(1— y
N =| 2eM CiVR/P
JaG a/szs4
| —yjo dy
Tl \/(1— v?)(1-Ky?)
O6pameHHe DIJIINIUIITUYCCKOI'O I/IHTeraJIa aactT aHaJ'II/ITI/I‘IeCKI/Iﬁ BUI pGHIeHI/ISI B
SIIIUIITUYCCKUX (1)}/HKHI/ISIX

y(t)=sn[i(N(t—tO)+I0),k] (42)

rae sn(u,k) ecTh auMNTHYECKUI cHHYC SIKOOM CO CIICIYIONIMM KJIACCUYCCKUM
OIIpEICIICHUCM:

= const

A dg _
u:q)(q)):!\/l—kzsinz(g)’

o =p(u)=0"(u);
sn(u,k)=sin(p(u));

O6paTHI)IC 3aMCHBI IIO3BOJIAIOT 3aIIMCATbh U OCTABIIHMCCA PCIONCHUA IJIA YIJIOBBIX

CKOPOCTEM:
o) 5 M -G (A-C(x()+5)
p(t)—+\/ﬁ[CZ(BC2)xz(t)F] (43)
(=3 = (x0)+8): o= (1)
rac

R/P+cisn®| (N (t—t))+1,).k |
eR/P—cfsnz[i(N(t—to)+|0),k]' (44)
S=Ap+Ea

x(t) =

®ur.1.4 1eMOHCTPUPYET XOpoIliee COOTBETCTBHE pemieHuil (43) nmpoBepodHOMY
YHCICHHOMY HHTETPHPOBaHUIO (AaHAIUTHYECKHE PEIICHHS — TOYKH, YHCICHHOE
UHTCTPUPOBAHUE — JIMHHH).



4 -2 2 4

®ur.1.4 Yucnennoe unmeepuposanue (unuu) u aHAIUmMuyecKue pe3yabmanmol
(mouxu)
A,=15, B,=8, C,=6, A,=5, C,;=4 [kg'm°];
Po=0.75, qo=2, ry=5.83 [1/5];
A =5, K=50 [kg'm?/s]; Q=100 [kg'm?/s*]

CTOHUT OTMETUTh AHAIOTHIO MEXay pe3yibraramMu (43) U 3aBHCHMOCTAMH IS
napameTpoB cBoboaHoTrO0 nBrxeHns KAJIB [12].

4 AHajJuTHYECKHE PEeICHUA I KHHEMATUYIECCKUX ITapaMETpPoOB

PaccMoTpuM KMHEMAaTHYECKUE ACHEKThI ABWKEHUA HamarHundueHHoro KAJIB B
ciIydae, KOTJla BEKTOp KHHETHYECKOTO MoMeHTa K coHampaBiieH ¢ HEMOIBHKHOMN
ocbel0 OZ (¢wur.1.2), coBmamamomeid C BEKTOPOM MArHUTHON WHIYKIUH
reOMarHuTHOTO 10 Boyp.

Kak ObIJIO OTMeYeH paHee, Mbl MOXKEM HCIOJb30BaTh Bbipaxenus (11) mis
ompenesiecHus] TMpocTpaHCcTBeHHOTO ToyokeHust KAJIB (aHamoruyHo BOJTUKY
Jlarpan»a), mOTOMY, 1O CYTH, MBI YK€ UMEEM aHATIUTUYCCKUEC PEIICHUS IS DTUX

IIEPEMEHHBIX ¥, (i :1..3), npuHUMasi Bo BHUMaHue perinenus (43). Bmecte ¢ Tewm,

HEO0OXOMMO CJIeIaTh HEKOTOPBIC JOTIOTHUTEIHPHBIE KOMMEHTAPHHU.
[lpuHumas BO BHHUMaHHE KOMIIOHEHTHI MoMmeHTa cui (13), mepesamwmiiem
BekTOpHOE ypaBHeHue (1) B MOJABHUKHON CHCTEME, CBSI3aHHOM C TEIOM-HOCHTEICM

(2=w,) B bopme

K+m2xK=%me (45)



VYpaBuenue (45) MbI MoxkeM (opMaIbHO paccMaTpuUBaTh Kak YpaBHEHUE
«CBOOOJHOrO» JABWKEHUS, paccMarpuBas AMHamMuKy HamaruuueHHoro KAJIB B
(UKTUBHOM CHCTEME KOOPAMHAT, BPAIAIOIICHCs C YIIIOBOM CKOPOCThIO € !

K+QxK=0 (46)

N Borb

Q=0,-—"m (47)
K

OnHako, Kak W Tpexie, A 3alUCH ypaBHEHUH MbI OyJleM HCIOJIb30BaTh
napaMeTphl, 3allMCaHHbIe B MPOEKIMAX Ha CBsizaHHbIEe ocu OXyY,Z, (MO-TpexHEMY
npoenupys ypaBHeHnue (48) Ha ocu Tena-HOCUTEINS), M TOT/IAa yKa3aHHAs YriIoBast
CKOPOCTH Oy/IeT UMETh KOMITOHEHTHI

- T

QOxzyzzz :[p’qir_Q/K] (49)
IIpy 5TOM KMHETHYECKMM MOMEHT OyJIeT COXpPaHATb CBOE «BEPTUKAIHLHOE»
3HAYCHHUE (‘K‘ =Ky, =K = Const).

OTMeTuM, 4YTO HMMEHHO B 3TOH «(PUKTUBHOW» CHCTEME KOOpPJIUHAT OYyIyT
cnpaBeiuBbl Auddepennmansabie ypaBuenus [lyaccona

T+Qxy=0 (50)
JUIA HaHpaBJIHIOHII/IX KOCI/IHYCOB ’y = [ ]/1, )/2, 7/3 ]T HCU3MCHHOI'O BeKTOpa

KAHETHYECKOT0O MOMEHTa (HampaBJICHHOTO BJOJIb HHepluanbHoi ocu 0Z), ¢
HalICHHBIMH KOMHOHGHTaMI/I-peIHeHI/I}IMI/I (11) u ¢ yuerom perenuit (43):

7/1 /K
72( )/K (51)
(Cr )+A)/K

Take ¢ yuetom (43), mo anajoruu ¢ [12], MBI MOXKeM 3amucaTh TOYHBIC
pemieHuss Ist yrioB Oitepa (6 — yrom HyTalud, ¢ — yroil COOCTBEHHOTO
BpalleHusi, ¥ — Yrojd Tpeneccud, ¢ — Yrojl OTHOCUTEIBHOM 3aKPYTKH),
paccMaTtpuBasi OISITh K€ OCH (DUKTUBHOM TMOJBMXKHOW CHUCTEMbl KOOPJUHAT
(KOOpIUHMPYS UX B KUHEMATHUYECKOM CMBICJIE yriaMu Diliepa), Bpallarolieiics ¢
YIJIOBOM CKOPOCTBIO Q

cosO(t)=[C,r(t)+A]/K;
Ap(t) 2)

BT



l//(t)—l// :J‘K Apz(t)—l-qu('[) .

L AP +B’(t)

5(t)-6,= j(cﬁ— r(t)jdt

1

(53)

s

®@ur.1.5 Cpasnumenvroe modenuposanue 0 HANPAGIAIOWUX KOCUHYCO8 HA OCHOBE

YUCTEHHO20 UHMe2PUPOBAHUSL (TUHUL) U AHATUMUYECKUX 3a8UcUMOocmell (MOuKu)

A;=15, B,=8, C,=6, A;=5, C;=4 [kg'm*]; po=0.75, qo=2, r;=5.83 [1/s]; A =5, K=50
[kg'm®/s]; Q=100 [kg'm?/s’]; 7, =0.3, ¥,,=0.52, y,, =0.8

-3

@ur.1.6 Cpasnumenvroe modenruposanue 015 y2no8 Juniepa Ha OCHOBE YUCTEHHO2O
UHMe2PUPOBaHUsL (TUHUU) U AHATUMUYECKUX 3aeucumocmell (MouKu)
A;=15, B,=8, C,=6, A;=5, C1=4 [kg'm?]; po=0.75, 0o=2,r0=5.83 [1/s]; A =5, K=50 [kg'm?/s];
Q=100 [kg'm’/s’], 6, =0.64, ¢, =0.52, y,=0.0



durypsl 5 u 6 JIEMOHCTPHPYIOT B3aWMHOE COOTBETCTBHE pE3yJIbTATOB
YHCICHHOTO HHTEIPUPOBAHUS U aHanuTHaeckux pemenuit (51) u (52).
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Il. CTIYYAHM JATPAHXKA JIBUKEHUS CUCTEMbBI COOCHBIX TEJI

(rn1aBa ocHoBbIBaeTcsi Ha MaTepuade cratbu Aslanov, V.S., Doroshin, A.V., About two cases of unbalanced movements of
the gyrostats - Mechanics of Solids, No.4 (2006), pp. 42-55.)

1. OcHOBHBIE MOJIOKEHHUS.

I'upocrtar kak cucteMa TBEpABIX TEJ, COCTOAIIAs U3 TEIa-HOCUTENS U Te-
pPOTOPOB, BpAIAIOMINXCS BOKPYI HEMOJBUXKHBIX OCEd B TeJe-HOCHUTEIE,
paccmarpuBaerca B padotax JKykxosckoro H.E. [1], Mouceesa H.H, Pymsnnena
B.B. [2, 3], U Burren6ypra [4], Xapnamosa ILB. [5], Toppa I'.B. [6, 7],
Komsixkosa B.H. [8], Ctpeiruna B.B., Co6oneBa B.A. [9,10] u apyrux aBTOpOB
[11-20]. B pabortax [1] u [2] mpoBOAATCS HCCIIEAOBAHHMS, CBSI3aHHBIC C aHAIM30M
TBEPJBIX TEJ, COACpPXKAIMX TMOJOCTH C JKUIAKOCTbIO, W TOKa3aHO, YTO
MaTeMaTUYECKUE MOJICNIN JIBUKEHUS TAKUX CUCTEM, AHAJIOTUYHBI MAaTEMAaTHUECKUM
MOJIEISIM JIBUXKEHUSI «IKBUBAJICHTHOT0» TBEPJOrO Tejla € MPUCOSAUHEHHBIMU
pOTOpaMH.

VYpaBHEHUSI JBUXEHHUS THPOCTATOB BOKPYT HEMOJABM)KHONW TOYKM WJIH
SKBUBAJICHTHBIX TBEPJABIX TEJI C MOJIOCTSIMHU, COJACPKAIIUMHU >KUIKOCTh, MOTYT
OBITH MPEJICTABICHBI B BEKTOPHOM BHJIC [4]

J-0+h+ox(J-0+h)=M (54)

rae J — TeH30p MHEPLMH THMpOCTaTa KaK CUCTEMbI TEIa-HOCUTENS BMECTE C
poTtopamu, JMOO TEH30p WHEPIMU SKBUBAJICHTHOIO Tejla BMECTE C XKUAKUMHU
maccamu ("xupoctata" [1]); ® - BekTOp aOCOMIOTHOM YTJIOBOW CKOPOCTH Teia-
HOocuTeNs; h — cyMMapHbIii KUHETUYECKU MOMEHT BpAaIlalOlIUXCs POTOPOB B UX
JIBH>)KEHUU OTHOCHUTENBHO Tela-HocuTenss; M — MOMEHT BHEWHHUX cuil. U3
ypaBHeHus (54) ciemyer, 4ToO MOXKHO TMEPEHTH OT CHCTEMbI POTOPOB K OJHOMY
POTOPY C 3KBUBAJICHTHBIM OTHOCHUTEIILHBIM KHHETHYECKUM MoMeHTOM h. B [4, 8,
18] paccmarpuBaroTCA Ciydyad, KOrAa CYMMapHbId KHHETUYECKUHA MOMEHT
BpalIAlOUIUXCSl POTOPOB OTHOCUTENBHO TENa-HOCUTENs SBISETCA 3aJaHHOU
¢dbynkuueit Bpemenn h=h(t).

B pab6otax [4, 6, 16] uccinenyercst IBH>KEHUE YPAaBHOBEIIEHHOTO TUPOCTATA,
KOTJ]Ja OTHOCUTEbHAS YIJIOBasi CKOPOCTh MOJIJIEPKUBACTCS MOCTOSSHHOW U BEKTOP
KMHETHYECKOTO MOMEHTA UMEET MOCTOSHHBIE KOMIIOHEHTHI B 0a3uce, CBI3aHHOM C
TEIIOM-HOCUTEJIEM.

JIBU>KEHHE HEYPABHOBEIICHHOTO POTOPA OMUCHIBAETCS C TOMOIIBIO TEOPEMBI
00 U3MEHEHUU KUHETUYECKOro MOMeHTa [21]


http://doroshin.ssau.ru/pub/MekhTT4_06-Asl-Dor.pdf
http://doroshin.ssau.ru/pub/MekhTT4_06-Asl-Dor.pdf

d
—[3, (@ +0)]=M, + M (55)
dt r r r

rae J, — TeH30p MHEPLHMH POTOPa OTHOCUTENIBHO HEMOJBUKHOW TOUYKH, G -
BEKTOP OTHOCHUTEJIIBHOM YTIJI0BOH CKOPOCTH poTopa (MO OTHOLIEHUIO K Tely-
HOocuTeno), M;— MOMEHT cCuJl, JEHCTBYIOIIMX Ha POTOP CO CTOPOHBI Tena-

HOCHUTCJIA, M? - MOMCHT BHCIIIHUX CHJI, HGﬁCTBYIOIHHX Ha poTop.

BYI[CM paccMaTpuBaTh ABUKCHUC TAXKCIOIO IUHAMHUYCCKH CUMMCTPHUYHOI'O
rupocTtara IIpu BO3MOXHOM HAJIWYHUHW BHYTPCHHCTO MOMCHTA BBaHMOﬂeﬁCTBHH
MCIKIAY TCJIaMHU.

2. /IBMiKeHHE  TSHKEJI0r0  HEYPaBHOBELICHHOI0 TruUpocrara ¢
NPOM3BOJILHBIM  MOMEHTOM BHYTPEeHHero B3auMmojeiicTBusi. Bsemem
CIICAYIOIINe CHUCTeMbl KoopawHatr: Oxyz - TOJABWXKHAS CHCTEMa, JKECTKO
CBsI3aHHAS C TEJIOM-HOCHUTEJIEM, ¢ HadajaoM B HenoABMKHOM Touke O; OXYZ —
HETOJBIDKHAS B a0COJIOTHOM TIPOCTPAHCTBE CHCTEeMa KoopauHat, ock OZ
HalpaBJICHAa B CTOPOHY, IPOTHBOIOJIOXKHYIO CHJIE TSDKECTH. MOMEHT CHIIBI
TSDKECTH B TIPOCKITUSAX HA MOJBIKHBIE OCH PaBEH

M :(Pa721_Pa7/1’0) (56)

rne P - Bec Tupocrara, @ - pacCTOsHHE OT IEHTpa TSHKECTH THpPOCTaTa M0
HenoABWXHOU Touku O, % - HampaBisIONIMEe KOCHUHYCHI €IUHUYHOTO BEKTOpa
BEPTHKAIBHON HemoABwkHONH ocu OZ B momsmxkHOW cucteme Oxyz (i=1,2,3).
Ocp BpaiieHuss poToOpa COBIATAET C OChIO JWHaMHueckod cummerpun Oz
rupoctata ¥ Touka O MPUHAIJICKUT STOU OCH.

I[I/IHaMI/IquKI/IC YpPaBHCHUA ABHKCHUA TAKCIOr0O CUMMCTPHUYIHOTO I'HpOCTaTa

B ocsix cuctembl koopauHat Oxyz , cornacHo (54), (55) u (56), 3anuiryTces B Buje

Ap+(C - A)ar +C.qo = Pay,
A4 +(A-C)pr-C,po=-Pay, (57)
Cr+C,o0=0, Cr(r'+0'):Mr
rie A=A +A,C=C +C, — MOMEHTBI MHEPLMU TUpOCTaTa B CHUCTEME Oxyz .
A =B,,C, — TrnaBHble MOMEHTHI HMHepuMM Tena-Hocutensa; A =B,,C. -

MOMEHTBI HHEpIIMK PoTopa; @ =(P, 0, I') - yrioBast CKOPOCTh HECYIIEro Tefa, G -

OTHOCHUTCJIbHAA YTJIOBasA CKOPOCTHb BpalllICHUA pOTOPA.



Kunemarnyeckue ypaBHEHUS BKIIOYAIOT B ceOs ypaBHeHuil [lyaccona [21]
¥ YpaBHEHUE JUIs yIiia BpallleHUs] pOTOpa OTHOCUTENILHO HECYIIETO Tella

7}1:r72_q7/3’ ]}2=p7/3—|"7/1, 7}3:q71_p7/21 5:0 (58)

[To anamoruu ¢ [21] 3anuiieM Tpu NEPBbIX HHTErpaia CUCTEMbl ypaBHEeHUH (2.2) 1
(2.3)

Vit v, +vs=1 (59)
A(py,+97,)+(Cr+C.o)y, =K, (60)
Cr+C.o=K, (61)

Wurterpansl (60) u (61) ompenenstoT coxpaHeHHE MPOCKIUH KUHETHYECKOTO
MOMEHTa Ha HEMOJABIKHYI0 BepTuKanh OZ W Ha OCh JMHAMUYECKOH CHMMETPHU
rupoctata Oz.

JIis TOMCKa YeTBEPTOro MHTErpajia BOCIOIB3YEeMCsS TEOPEMOi 00 HM3MEHCHHH
KMHETHUYECKOU dHEPTUH [21]

)
%[A(pz +0%)+C,r* +C,(r + o)’ | -T, =—Pay, +IMrd5 (62)
0

rac TO - HayaJlbHas BEJIMUYMHA KUHETUYECKOU OHCPIUHU. HpCI[CTaBI/IM IIOCJIICAHUC

nBa ypaBHeHus cuctemsl (57) B Buze

Ci=-M, C.(F+5)=M, (63)

n r

YMHOKas IIepBOe ypaBHEHHUE Ha I, a Bropoe — Ha (F+o)
1 ’ 1 2
ECndr =—M, rdt, ECrd (r+o) =M, (r+o)dt

W CKJIJbIBasl JIBa TMOCJEIHUX COOTHOIIEHHUS, MOJYy4YUM pabOTy BHYTPEHHETO
MOMEHTA

o
J‘Mrdézg[cnrz+Cr(r+o)2]+const, (d6 =odt)
0

ComocTaBisist 3Ty Gopmyny u BeipakeHue (62), 3amuiieM 4eTBEpPThId MHTErpasl B

BUJIE

g(p2 +q%) + Pay, = const (64)



[lepBbie unTerpansl (2.4)-(2.6) u (2.9) coBnagalT C aHAJIOTUYHBIMU NEPBHIMU
MHTETpAJIaMU JIBUKCHMSI TSDKEIOTO TBEpAOro Tena B ciydae Jlarpamxa [21].
O4eBUHO, YTO JUHAMUYECKH CHUMMETPUYHBIN TsDKENbI YpaBHOBEIICHHBIH
TUPOCTAT  COBEpIIAET  JBWXKEHUE,  MOJ0OHOE  JBIKEHUIO  TSHKEJIOTO
OCECHMMETPHUYHOTO TBepaoro Tena. Panee B pabGorax [15, 18] kadecTBEeHHO
MOKa3bIBAJIACh BO3MOXXHOCTh OOOOIIEHMS 3a/laud O JABWKCHHUM TSKEJIOro Teja B
ciyyae Jlarpanxka i YpaBHOBEIIEHHOTO THUpocTaTa M JBMXKEHUS Tejla B
KUJKOCTH.

Haiinem  o0mme  pelieHus ~ yYpaBHEHMM — JBWKCHHUS  TSKEJIOTO
HEYpPaBHOBEIICHHOTO JWHAMUYECKH CHMMETPUYHOro rupocrata. llepeitnem ot
HaIpaBJISIIOIIMX KOCHUHYCOB K yriam Oiiniepa [21], 3amucaHHbIM 17 Tena-
HOCHUTEIS

7, =sin@sing, y, =sindcos¢e, y,=CcosH
¥ 3aMeHuM ypasHeHus [lyaccona (2.3) Ha KMHEMaTUYECKHE ypaBHEHUs Ditepa
p=ysindsing+0cosp, q=ysindcosp—0sing, r=ycosd +¢ (65)

Jlamee BOCIIOIBb3yeMCs aHAJIOTUEN € 3a/1a4€il O IBUKECHUU TSKEIIOT0 TBEPIOTO Tea
[21-23]. C nmomorisio ypaBHenwuit (65) unrerpaist (60) u (64) npuseaeM K BUIY

ysin® 6+ Rcosf =G, 0% +y?sin’0+2gcosd=H (66)

rne g=Pa/A, R=K,/A, G=K, /A. Ilocne 3aMeHbI IEPEMEHHBIX U = COSH

BTOpas Gopmyina u3 (66) npeBpaimaeTcs B KyOMUYECKU MHOTOWICH OTHOCUTEIILHO

b

u, HMEIONNN TpHU BEIIIECTBEHHBIX KOpHS Uy, Us, 51 u
(-1<u, <u, <u, <l<u'<oo, U, =C0S6, )

[?TJ = (u) = (H —2gu)(L-u?)—(G —Ru)" =2g (u-u,)(u-u,)(u-u’) (67)

OueBuaHO, YTO MEpeMeHHass U JOJDKHA W3MEHSTHCS B Ipeaenax: u <usu,.
C nomonibio BBEJCHHUS HOBOI nepeMeHHON &
2 H
u=u,cos"&+u,sin“& (68)

Ha ocHOBaHUHM (67) MOXKHO 3amucaTh

d 2 . 9 ' 2 2 Y1 2
d—f:iﬁ\/(l—k sin 5) (,6'=\/9(U—U1)/2’ k :ﬁ’ 0<k <1} (69)

Wurerpuposanue (69) naet ciaeayronui pe3yabTar:




re & HAaXOAUTCS W3 yPAaBHEHHS: COSH, =U,COS’ & +U,Sin*E), a 3Hak mepen

HHTCTPAJIOM B npaBoﬁ 9aCTH OIIPCACIIACTCA HAYaJIbHBIMHU YCIIOBHUAMUA JABUIKCHUA.

C nomo1pio aMIuIMTy bl SIKOOM TTOCIeAHEE BhIpaKEHHNE MOYKHO TepenucaTh
B BHUIIE

o

o 1—k?sin® &

Tora oll1ee peleHre JUisl yriia HyTaluy IpUMET BUJL
cosd=(u,—u,)sn’(Bt+a, k)+uy, (70)

= const

E=am(ft+a,k), a=

KBamparypa ajis1 yriia nperneccuu mociaeayer u3 nepBoro cootHomeHus (66)
u pemenus (70) u mpuBemeTcss K KOMOWHAIIMKM HEMOJHBIX OAJUTHITHYCCKUX
MHTETPaJoB TPEThEro poaa [23].
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I11. PEAJIM3ALUSA PEXKUMOB MYJIbTUCKPOJIBHBIX
XAOTHYECKUX ATTPAKTOPOB B IMUHAMMUMKE
ITPOCTPAHCTBEHHOTI'O IBUKEHUA KOCMHUYECKOI'O AIIITAPATA
C CUCTEMOI CIIAPEHHBIX MAXOBUKOB

BBenenue

PaccmarpuBaeTcsi BO3MOXKHOCTh peaTM3aliil PEKUMOB MYIbTUCKPOIBHBIX
aTTpakTopoB [1, 2, 5-29] B tMHaMUKe KOCMHYECKOI0 annapara ¢ MHOrOPOTOPHBIMH
CHCTeMaMHU CHapeHHbIX MaxoBUKOB [3, 4]. IlomoOHbIE MHOTOPOTOPHBIC CHUCTEMBbI
MOTYT HCIIOJIb30BAaThCsl JJI BBHITIOJIHEHUS MaHEBPOB YIJOBOH IEpEOpPHUEHTAIINN
KOCMHYECKHX allapaToB Ha OCHOBE COMPSIKEHHBIX PaCKPYyTOK-3aXBaTOB POTOPOB C
MTHOBEHHBIM TIEPEpACIIPEACIICHHEM KHHETHUYECKOT0 MOMEHTAa MEXITY OCHOBHBIM
TEJIOM-KOPITyCOM  amnmapara ¥ TelaMu-poTopamu. JluHamudeckas cucTeMa
MHOTOPOTOPHOTO KOCMHYECKOTO amnmapara (ypaBHEHHUS
MIPOCTPAHCTBEHHOTO/YTJIOBOTO  JBW)KCHHS)  TMPUBOAWTCS K  JUHAMHYECKHM
cHUCTEeMaM, COJACPKAIllUM CTpPaHHBIE MYJIBTCKpOJIbHBIE arTpakTophl (Lorenz, Sprott,
Wang, Qi, Li, Chen, Lii, Liu, Celikovsky, Burke, Shaw, Arneodo, Coullet, u ap.) [1-
29].  Omnpenensitorcsi  COOTBETCTBUA  MEXKIY  HMHEPIHMOHHO-MACCOBBIMHU U
KHHEMATHYECKUMU T1apaMeTpaMH amnmapara, IMpH KOTOPBIX B €ro JUHAMHUKE
peanu3yroTCs  MYJIbTUCKPOJIBHBIC XAOTHYECKHE AaTTPAKTOPhL. AKTYallbHOCTh
WCCJICIOBAHUM XapaKTEePU3YETCs TPUHIIMIHAIBHBIM BBISBIICHUEM BO3MOKHOCTH
peanu3aliid ~ XaoTHYECKOTO  JBWDKCHHS, IapaMETPHYCCKUM  aHAIM30M |
COOTBETCTBYIOIIMM TapHPOBAHUEM 3axBaTa JUHAMHUKH KOCMHYECKOTO armapara B
Xa0THYECKHE PEKUMBI  (BBIXOJ HA XaOTHYECKHUH aTTpakTop B  (Ha30BOM
IIPOCTPAHCTBE) MPHU pean3allid YIJIOBBIX NepeopueHTanuii. Haydunas temaTnka
paboThl CBSI3aHA C HCCICIOBAHUSMHU HOBBIX aCIEKTOB XaOTHYECKHUX CBOMCTB
JBYDKEHUS, pACCMOTPEHHBIX panee [5, 30-32].

B Hacrosmel rmaBe, MOTHBUPYSICh HENABHUMH  pe3yiabratamu  [1],
MIPEANPUHUMAETCS TIONBITKA MOCTPOUTH CBSI3b MEXKAY MOJAEIISIMA MHOTOPOTOPHOTO
kocmuueckoro anmapara (KA-rupocrata) ¢ AMHAMUYECKHMMHU  CHCTEMaMHU,
CoJIep KalMMU B CBOMX (Da30BBIX MPOCTPAHCTBAX MYJIbTUCKPOJIbHBIE XaOTHUYECKHE
artpaktopsl (MCA) [1-29].

PaccmatpuBaembiit kiace KA [3] mpencraBiser coboil TBEpJ0e TEIO-HOCUTENb,
coJieprKaliee CONpsbKEHHBIC Mapbl POTOPOB IO TJIABHBIM OcsiM uHepuuu (¢ur.3.1).
I'naBHbIe cBoiicTBa quHaAMUKU Takoro KA u crnoco0 nepeopueHTalu MmocpeiCTBOM
COTIPSDKEHHBIX PACKPYTOK-3aXBAaTOB M OBICTPHIMU (B HJCATHHOM TPEICTABICHUH



MTHOBEHHBIMU) TE€pEPACHPENCIICHUSIMU KUHETUYECKOIO MOMEHTA MEXy TEIOM-
HOCHUTEJIEM U TeJIaMH-pPOTOpaMH ObLIH OIKMCaHbl paHee B paborax [3, 4].

1. MATEMATHYECKASI MOJEJb ITIPOCTPAHCTBEHHOI'O IBUKEHUS KA

Paccmotpum KA ¢ CUMMETpUYHBIM «IIOCIOMHBIMY» PACIOJIOKEHUEM POTOPOB
OTHOCHUTENBHO LIeHTpa Macc O MpU SKBUBAJICHTHOCTU HUX HHEPLUUOHHO-MACCOBBIX
napametpoB. Cnenyst padote [3], MBI MOXKEM 3amucarTh JUHAMUYECKUE YPABHEHUS
nBwkeHnss KA Ha ocHOBe TeopeMbl 00 HM3MEHEHUM KHHETHYECKOI'O MOMEHTa B
NPOEKLUAX Ha TJIaBHbIE OCU CBSA3aHHOM cucTeMbl kKoopauHat OXyz

K=K, +K, (71)

rac Km - KMHETUYECKMHA MOMEHT TJIaBHOI'O TEJIa-HOCHUTENIS C HCITIOABU>KHBIMHA

«3aMOPOXEHHBIMK» poTOpaMu; K - OTHOCHUTENLHBIM KHHETHYECKMH MOMEHT

pOTOPOB. JIMHAMUYECKHE YPABHECHUS B MOJABUKHOW CBSI3aHHOW CHCTEME KOOPJIHHAT
Oxyz 3anumryTes

‘L—*t(me:Me (72)

rae M® ecTh IJIaBHBIII MOMEHT BHEIIHUX CHII.

z

22
21

/ @

AN 42 41 31 32 3N

" )

Duz.3.1 — Cxema mnozopomopnozo KA

PaccmatpuBaemasi cuctema B ee 0000mIEHHOM BHAE colaepXuT 6N poTopos.
Kunernuecknit MOMEHT MOKET OBITh TIPEJICTABIICH B BUJIC



K,=|Ba | K.=> l|oy+o, |

m

A=A+4]+21, B=B+4J +21,

C=CaT+2l; T=30,;T=YI;

1=1 1=1

(73)

_ T . . ~
rae ®=[p, g, r] — BekTOp aOCONFOTHOH YIIIOBOM CKOPOCTH Tela-Hocutens; A, B, C -
IJaBHbIE MOMEHTHI HHEPIMH TENa-HOCUTENS; o, - OTHOCUTENbHAs YIJIOBas

ckopocth Kl-potopa (oTHOCHTENnBHO Tenma-Hocutens); || U J; — TPOJOJIBHBIA U
9KBATOPHAIBHBI MOMEHT HHEPIIMU POTOpPa OTHOCHTENBbHO Touku O B |-croe.

VYpaBHenus (72) B ckansipHO# GopMe 3amumIyTes
N
AP+ 1, (o, +6,)+(C—B)ar+
1=1
N N
+{qz:ll(0'5I +06|)—FZI|(G3| +G4|):|: M?;
-1 I=1
N
B4+ > 1,(cy+06,)+(A-C)pr+
1=1
N N
J{rz Il(a1I +02|)— pz Il(a5I +0'6|)}= M;;
1=1

1=1

N
Cr'+ZI|(<'75I +0¢ ) +(A-C)ap+

=1

{pil.(%.w“.)—Qih(%+02|)}='V'§: (74)

1=1 1=1

YpaBHEHUSI OTHOCUTENBHOIO IBUKEHUS POTOPOB (I =1..N ) MMEIOT BULL:
Il(p+d-1l):M1il+Mlelx; Il(p+dZI):M;I+M§Ix
Il(q+53|):M;|+M§|y; Il(q+o-4|):lell+Mjly
Il(';+0.5|):M;|+M§|z; Il(f+dﬁl):Mél+Mglz (75)

rne MS MS M

MG, MJ, - BHemHHe MOMeHTH, AeiicTBylomwe Ha jl-potop, M|
BHYTPEHHUH MOMEHT CWJI, IEHCTBYIOIIMX MEXIy TeIOM-HOCHTeNneM H jl-poropom
(MOMEHT BHYTPEHHETO JIBUTATENsI COOTBETCTBYIOIIETO POTOPA).

Taroke ypaBHeHust (74) MoryT OBITh 3ammcaHbl B (hOpMe, XapaKTEpHOW I

HEYPaBHOBEIIEHHOTO THUpocTaTa [3]



Ap+D,, +((§ - é)qr +[qDg — 1Dy, [ =M

I§Q+D34+(A—(§)rp+[rD12—pDSG]:Mj (76)

é':"'D56+(é_A)pq+[pD34_qD12]:M;

D12:M1i2+M162; D34:M;4+M§4; Ij5e‘>:|v|5i)6"'|v|e (77)

56

N N N
rae A= A—ZZIJ.; B = B—ZZIJ.; C=C —ZZIj , Djj — cymmupoBaHHbIE
j=1 j=1 j=1

KNMHCTUICCKNEC MOMCHTLI POTOPOB!:

N N

N
Dy, =Y [Ay+45 ] Dy=Y[Ay+A, ], D= [Ag+A,];

j=1 j=1 j=1

:Ij(p+01j); Azjzlj(p+02j);
Ij(q+63j); A4j:|i(q+o-4j);
Bsy=1y(r+05): Ag=1,(r+05,);

A,
As

(78)
U CYMMHUPOBAHHBIC BHCIMTHUC MOMCHTLI POTOPOB
M1I2:Z(M1I|+M;|)’ MleZZZ<Mlelx+M§Ix)’ M3|4:Z(M:;|+leu)’
I=1 I=1 1=1
N ] N ) ) N
Mse4 = Z(M;y + M:Iy)’ Msls = Z(MSII + Mflil)’ Mses :Z<Mse|z + Meelz)
1=1 1=1 1=1
(79)

2. IIPUBEJEHUE MOJEJIM JBUKEHUSI KA K JMHAMWYECKHAM CUCTEMAM C
XAOTUYECKUMHU MYJIBTUCKPOJIBHBIMA ATTPAKTOPAMUA

Kak ormeueno B HenmaBHeW pabote [1] ecTeCTBEHHBIMHM «KaHIUIATAMW» JJIS

MMOCTPOCHUA CHUCTEM C MYJIbTHUCKPOJBHBIMH aTTPAKTOpAMH SABJIAIOTCA TPCXMCPHBIC
(3D) xBagpaTHyeCcKHe JMHAMUYECKUE CUCTEMBI BUIA:
X=a,+aX+a,y+az+aX +ay +a,z° +axy+axz+a,yz;
y=h, +bx+b,y+b,z+b,x* + by’ +b,z* +b,xy + b,xz + byyz;

. 2 2 2 .
Z2=Cy+CX+C,Y+CZ+C,X +CY +CuZ" +C XY+ CeXZ + CyyZ;

(80)
rae {a,b,c}, . €R* - ects HaGop mapamerpos (Gudyprammonnsrii HaGop). Tak,

HarnpuMmep, B padote [1], 0asupysce Ha crpykrype (80), mpeacraBicHa cucTeMa C



TPEXCKPOJIBHBIM (TPU «KPBLJIA») XAOTHYECKUM arTpakTtopoMm (¢wur.3.2) mus
CJIEIYIOUIUX MapaMeTpoB (OCTAJIbHBIC SABIISIOTCS HYJIEBBIMU):

a=1a,=-1a,=0.5 a =-3;
b,=-0.1,b, =-6; b, =1, b, =1,
¢, =0.06;c, =-10;c,=-5;¢c, =2; ¢, =0.23

-1

QDue.3.2 — Tpexckponvuwiii ammpaxmop 6 cucmeme [1]

Kak Oymer BHOHO Jjaniee, Mbl MOXXEM BIIOJHE €CTECTBEHHBIM 00pa3om
OCYIIIECTBUTh TpUBeAcHUE ypaBHeHuH (76) k npemnoxennomy Buny (80). Tak,
pPaccMOTPHUM JAWHAMHUKY MHOTOPOTOpHOTO KA U1 JOBOJIBHO TUITUYHOW CHTYalluH C
JTMHEHHBIMU YIIPABIISIOIIMMU BHYTPEHHUMHU MOMEHTaMHU POTOPOB,
HPOTIOPLUUOHATBHBIMUA KOMIIOHEHTaM YTJIIOBOTO YCKOPEHUS Tela-HOCUTEIIS:

Mli2 =a,pt+agq+a,l;
M3, = B, D+ ByG+ B (81)
Mée =7,P+7,0+7/T,

{ap...yr} - KOHCTAHTBI, COOTBETCTBYIOIIHE KOIPPUIIMEHTAM YCHJICHHS CUTHAJIOB

akcelmepoMerpa. B 3ToM ciydae i CYMMHPOBAHHBIX KHHETHYECKHX MOMEHTOB
POTOPOB MBI TOJYYHM CIIEAYIOIIME 3aBHCHMOCTH, OCHOBBIBAasSChb Ha IPOCTHIX
petieHusx ypaBueHui (77)



D,=a,p+a,0+ar+a,;
D, =B,p+ B,a+ B+ B (82)
Dss =7,P+7,d+ 7.1+ 7,

rue o, f,, ), —KOHCTaHThLI, COOTBETCTBYIOLUINE HAYaIbHLIM YCIOBUSAM JBUKEHUS.

[Tpunumas Bo BHUMaHHE (82), MOKHO pa3pemuTh ypaBHeHHS (76) OTHOCHUTEIHHO
YIJIOBBIX YCKOPEHUN

p=—"; 4=—";, F=—", (83)

rac

)
—aryp(é+ﬂq)—ﬂr7q(A+ap)—aqﬂp(C+)/r);

—7/p(|§+,8q)mtx—aq,b’p9ﬁz—7/q<A+ap)9ﬁ ; (84)
CO CiIcaAyromuMu KBaaApPaTHICCKUMHU 3aBUCUMOCTAMU

M, =9, (p,q,r)=M;(p,q,r)— 7,0+ B,r +

+ Bo=7,~(C~B)|ar—7,pa+ f,pr —,a" + A1
m,=Mm,(p,q,r)=M

(PO T) =gl +y,p+

+ 7, —a —(A—é)}rp—aqqr+yqqp—arr2 +7,P°;

M, =M, (p.q.r)=M

S (P,0,1) = Byp + ay0 +
+[a —ﬁq—(é— A)[pa-prp+ara—p,p* +a,d’ (85)

YpaBuenus (83) (¢ nuHeHHbIMH KoMOMHaIUsAMHU (84) KBaJpaTHUYECKUX UJICHOB
(85)) wmoryr OwiTh mpuBemeHsl K Qopme (80) mpum  criemyromiem
nepeorpeneneHuu/nepeo0o3HaueH ePEMEHHBIX (p X, Q> Y, F<>2) u npu



SBHOM ~ BBIDOKGHWM  mapametpoB  {a;,b,c}

{A,é,é,ao,aj,ﬂo,ﬁj,yo,yj} cR®.

i=p.q.r

0<i<9 qyepes BEJIMYUHBI

bonee TOrO, HGO6XOI[I/IMO 3J€Cb OTMCTHUTBb, 4YTO MbI IIOKa HHKAK HC

e
X,y,2"*

KOHKPCTHU3UPOBAJIM BHCIIHUC MOMCHTLI M HYCTB TCIICPb BHCIIHHUC MOMCHTEHI

OIIPCACIIAIOTCA KaK JIMHCHUHBIC I[I/ICCI/IHaTI/IBHBIe/ 3KCUTATHUBHBIC MOMECHTHI BHJ1A:
e .
M, =m,+m p+m,qg+m,r;
e _ .
M,=m,+m_p+m,qg+m,r; (86)
e —
M, =m,+m,p+m,q+m,r,

¢ HaGOPOM TIOCTOSHHBIX {mij } e R*2,
1=X,y,z; J=0,p,q,r

Taxxe MbI BBCACM B paCCMOTPCHUEC BHCITHNC MOMCHTBI THPOCKOIIMYCCKOTO BH/1a

M =04 PG + g PT + G, AT
MJ =0,,Pq+d,,Pr+4d,,dr; (87)
M; =0,,Pd+3d,,pr+g,,dr,

9
C HaOOPOM IOCTOSHHBIX {gijk}_ _ ) eR".
1,J=p.q.rk=X.y,z

Takum 00pa3oM, MOXHO pPE3IOMHUPOBATh, YTO ypaBHEHUs aBmwkeHus KA (76)
SIBIISIIOTCSI TIPUBOJIMMBIMU €CTECTBEHHBIM ITyTeM (IIPH €CTECTBCHHBIX BHEIIHHX U
BHYTPEHHUX YIPABISIONIMX BO3ACHCTBUSAX) K JAMHAMHYECKUM CHCTEMaM C
MYJIbTUCKPOJIBHBIMU aTTpakTopamH [1].

3. IIPUMEPBI IPUBEJIEHUS YPABHEHUM KA K N3BECTHBIM JMHAMHWYECKHUM
CUCTEMAM C MYJIBTUCKPOJIbBHBIMH ATTPAKTOPAMM

AHaJM3 ¥ COMOCTABJICHUE TapaMETPOB CUCTEM TMO3BOJISIIOT OTMETUTH CIICTYIOIINE
COOTBETCTBHUSA, OTPAXalIUE MPAMYI MPUBOJAMMOCTbL Mojenu JBuxeHus KA
M3BECTHBIM JUHaMHYeCKUM cuctemMaM ¢ MCA, 4To, B CBOIO OuYepelib, OINpeeseT
BO3MOYKHOCTh peaJIu3allii JUHAMHYECKOTO PeKUMa aTTpakTopa B ABMKeHUU KA ¢
MePEX0JI0M K XaOTHUECKON TMHAMUKE.

3.1. Arrpakrop Dequan Li

VkaxkeM mapamerpbl KA, mpu KOTOPBIX pealn3yercs BBIXOJ Ha CHCTEMY H
COOTBETCTBYIOIIMIA aTTpakTop Dequan Li attractor [6]:



Ve B=G; A=2C . .25
1+6 C
D34=A5p; Mf=Aa(q—p)§ (88)

M: =B(pp+£q); MS =Cpr+As?pa;
B ykazamHoM ciyuae Mbl moiydaeMm ypaBHeHuss Dequan Li [6] ¢ da3oBbiM
HIPOCTPAHCTBOM, COACPIKAIINUM TPEXCKPOJIBbHBIHN arTpakTop (¢ur.3.3):

Xx=a(y-x)+6xz,
y=px+{y—Xz,
7=B1+xy—ex’,
a =40; =1.833; 6 =0.16;
e =0.65; p =55; ¢ =20.

Due.3.3 — Xaomuueckuni ammpaxmop Dequan Li [6]
3.2. Artpaktop Wang-Sun

JInst peanuzanuu Apyroro MHTEPECHOTO aTTPAaKTOpa — aTTPaKTopa B CHUCTEME
Wang-Sun [11], kak moka3pIBaeT aHAJIW3/CHHTE3 COOTBETCTBHI mapameTpoB, KA
JIOJKEH 00J1aJ1aTh CICTYIOIINME TapaMeTpamu:

VA, B>A;, C=B-A; (=1 ¢=-1);
D;=0; M, =Aap; (89)
M;=B(Bp+5a); M; =Cer;



B stom cnyuae ypaBHenust nmxenust KA npuBogstcs k ypasHeHusiM Wang-Sun
[11], comepxammm B cBoeM (ha30BOM IIPOCTPAHCTBE YETHIPEXCKPOIBHBIM
Xa0THYECKH aTTpakTop (¢ur.3.4):

X=ax+&yz,

] a=0.2;, =-0.01, £ =1,
y=pX+0y—Xz,

) 0=-04,¢=-1 {=-1.
Z=¢67+CXYy,

@uz.3.4 — Ammpaxmop Wang-Sun [11]
3.3. Arrpaktop Chen-Lee

B 3akimtoueHne paccMOTpHUM cllydail NMpuBeIeHUs] ypaBHEHUU ABukeHus KA k
auHamuyeckor cucteme Chen-Lee [20], KOTOpbIi peanu3yeTcs IpH CIECAYIOMEM
Ha3HaueHUU napameTpoB KA:

vC; éz%; Az%; D,=0; M:=Aap; M;=Bpp; M{=Csr; (90)
B sToM ciydae ypaBHeHus mpuHHMaroT B cucteMbl Chen-Lee system [20] c

JBYXCKPOJIbHBIM Xa0THYECKUM aTTpakTopoM (¢ur.3.5):

X=aX-yz,
y =By +xz, a =5, f=-10; 5 =-3.8.

1
1=07+—Xy,
3 y



@ue.3.5 — Ammpaxmop Chen-Lee [20]

Takum o00pa3oMm, paccCMOTpeHHblE B pabOTe€ NPUBOAUMBIE APYr K JpYry
MOJICJTN/CUCTEMBI  XAapaKTEPU3YIOT  COOOM  MHOTOYMCIEHHBIE  BO3MOXKHOCTHU
peanu3anuu IMHAMUYECKUX PEKUMOB JBMKEHHSI MHOTOPOTOPHBIX KA (CIyTHHKOB-
TMpOCTAaTOB) BJOJIb XAOTHYECKHX AaTTPAKTOPOB, BO3HHUKAIOMIMX B (pa3oBoM
OPOCTPAHCTBE  NPU  BBIIOJHEHWHM TEX  WIM  MHBIX  [ApAMETPUYECKUX
OTpaHWYEHUI/HaOOPOB. DTO OOCTOATENBCTBO HEOOXOAUMO YUUTHIBATh MPU PELICHUU
3a/1ay aHAJIMTUYECKOro CUHTe3a TuHaMuKku KA, B TOM uymciie i napupoBaHUsl €ro
BO3MOKHOT'O Xa0TUYECKOTO IOBEICHUS Ha Pa3HbIX ATanax OpOUTAIbHOTO JBUKEHUS.
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1IV. BO3MOKHOE NCHOJIb30OBAHUE CONPAKEHHBIX
POTOPOB B IMHAMMKE YIJIOBOM MEPEOPUEHTAIIUU
KOCMHMYECKOI'O AIIIMAPATA C CUCTEMOM CITAPEHHBIX
MAXOBHKOB

B Hacrosmee r1iaBe Mbl J1aJUM HEKOTOPOE aBTOPCKOE OINHMCAHUE
MPaKTUYECKOIO MCIOJIb30BAHUS MHOTOPOTOPHBIX CHCTEM TBEPIBIX TE€J, KOTOPHIE
MOTYT OBITh HCIIOJIB30BaHbI ISl peau3ali yrioBoil mnepeopueHTanuu KA.
VkazanHasg mnojacucreMa ocHoBaHa Ha mnarteHTe (IlareHT Ha wuzo0peTeHme No
2403190 ot 10.11.2010 — HopoummH A.B. «MHOTOPOTOPHOE THPOCKOIMUYECKOE
YCTPOMCTBO M CHOCOO  YIpaBJI€HUS  MIPOCTPAHCTBEHHBIM  IOJIOXKEHUEM
KOCMUYECKOTO arapaTa).

].HHpOKO HN3BCCTHO, YTO JIA BBIINIOJHCHHA YIJIOBBIX HGpCOpI/IeHTaHI/Iﬁ KA B
HaCcToAIIEC BpCMms, B OCHOBHOM, HCIIOJIB3YIOTCA TaKHUeC HN3BCCTHBIC
rupockonnueckue  ycrpoiictBa (1. Anekceee K.b. wu np. VYmnpasienue
KOCMHUYECKHMH JIeTaTeNbHBIMU anmnaparamu. M.. Mammnoctpoenue, 1974. 2.
Sidi M.J. Spacecraft Dynamics & Control. Cambridge, 1997. 3. P.W. Likins,
Spacecraft Attitude Dynamics and Control - A Personal Perspective on Early
Developments, J. Guidance Control Dyn. Vol. 9, No.2, 1986. Pp.129-134.
4. C.D. Hall, Escape from gyrostat trap states, J. Guidance Control Dyn. 21, 1998.
Pp.421-426. 5. W.H. Steyn, A dual-wheel multi-mode spacecraft actuator for
near-minimum-time large angle slew maneuvers, Aerospace Science and
Technology, Vol. 12, Issue 7, 2008. Pp.545-554.) nns ocymiecTBiacHUS
IIPOCTPAHCTBEHHOMN IIEpEOPUCHTALINU KA KakK 0OHOCMEeNneHHble
eupocma6wlu3am0pbz, MpCacCTaBJLAIOIINC co00M MacCHUBHBIE POTOPBI-MAaXOBHUKH Ha
BHYTPEHHHUX pacKkpyduBaromux asurareasx (Momentum wheels), dsyxcmenennoie
2upocmadbunuzamopsl, TPEACTABISAIONIME COO0M  CHUJIOBBIE THPOCKOMBI €
JIBYXCTETICHHBIMHU KapJaHOBBIMU TIoJBecamu (Tupoamubl, Control moment gyros),
a TAKXXe CBA3KU U CUCTEMbI YKa3aHHBIX YCTPOMCTB.

Cnocob nepeopuenmayuy c NOMOUWbIO 00HOCMENneHHo20
eupocmabunuzamopa OCHOBaH Ha CO3JaHUM PACKPYUYMBAIOIIETO MOMEHTa
BHYTPEHHHMM JIBUTATEJIeM, PACKPYUMBAIOIIETO POTOP-MAaxXOBUK B  OJHOM
HampaBJIeHUH, Opu 3ToM koprmyc KA packpyduBaercss B HPOTHBOIOJIOKHOM
Hanpasyiennd (1. Anexcees K.b. n np. Y1ipaBiieHHEe KOCMHUYECKUMH JI€TATEIbHBIMU
arnmaparamu. M.. MamuHoctpoenne, 1974, 2. C.D. Hall, Momentum Transfer
Dynamics of a Gyrostat with a Discrete Damper, J. Guidance Control Dyn., Vol.
20, No.6, 1997. Pp.1072-1075.).



Cnocob nepeopueHmayuu C nOMOUIbIO OeyxcmeneHHblx
2UPOCmMadUIU3AMopos (TUpOUHOB) OCHOBaH Ha UCIIO0JIb30BaHUHU
TUPOCKOIIMYCCKNX MOMCHTOB, BOBHUKAIONIHUX ITPHW OTKIIOHCHHUH PAMOK KapAaaHOBa
moAaBcCa CHUJIOBOI'0O T'HPOCKOIIA. B Ttakoi cxeme IMCPCOPUCHTALIU HMCCT MCCTO
«(THPOCKOIMNMYCCKOC YCHUIICHHUC)» MAJIbIX YIIPABJIAIOOINX MOMCHTOB (MOMCHTOB CHuJ1
OTKJIOHCHHUA paMOK) 3a CUCT 60J'IBH.IOI>1 BCJIIMYMHBI KHHCTHUYCCKOI'O MOMCHTA
CHJIOBOTO THUPOCKOMA, KOTOPYIO HeoO0Xoaumo mnoaaepxkuBath. OObaHO B KA
HCIIOJIB3YCTCA HECKOJIBKO TMPpOJUHOB nu nx CITAapCHHBIX CUCTEM JUJIA
OCYLICCTBJICHUA HGpGOpI/IeHTaHI/Iﬁ I10  pa3HbIM IMPOCTPAHCTBCHHBIM OCsAM
(1. Anexcees K.b. u ap. YnpaBjicHre KOCMUYECKUMH JICTAaTeIbHBIMH allllapaTaMu.
M.: Mamunocrpoenue, 1974. 2. W.H. Steyn, A dual-wheel multi-mode
spacecraft actuator for near-minimum-time large angle slew maneuvers, Aerospace
Science and Technology, Vol. 12, Issue 7, 2008. Pp.545-554. 3. US Patent
6154691 - Orienting a satellite with controlled momentum gyros).

Haunbonee 01M3KUM K MpeasiaraeMoil CUCTEME MO TEXHUYECKOMY CYIIECTBY
ABJIACTCA MHOTOPOTOPHOC T'MPOCKOIIMYCCKOC ycmpoﬁcm@o MMpCACTaBJIATONICC
co00ll cHCTEMY OJHOCTENEHHBIX T'MPOCTA0MIN3AaTOPOB — CHCTEMY POTOPOB-
MaXOBHKOB, IMPUBOIHUMBIX BO BpalCHUC BHYTPCHHHUMHU JABUT'aTCIIIMU,
3aKpPCINICHHBIMHX Ha KOPIIYCC KA, BKIO4YasaA HM3BCCTHBIC KOHCTPYKIHWHU CIIYTHHKA-
rHpocTaTa M KOCMHUYECKHMX ammapaToB ¢ JBoiHbIM BpamenueM (1. C.D. Hall,
Momentum Transfer Dynamics of a Gyrostat with a Discrete Damper, J. Guidance
Control Dyn., Vol. 20, No.6, 1997. Pp.1072-1075. 2. K.J Kinsey, D. L. Mingori,
R. H. Rand, Non-linear control of dual-spin spacecraft during despin through
precession phase lock, J. Guidance Control Dyn. No.19, 1996. Pp.60-67.).

Haubonee 61u3kuM cnocob6om nepeopueHTaluu SBISETCA MePEeOPUECHTALINS
110 CX€M€ OJHOCTENEHHOTO TUPOCTOMIN3ATOPa, KOT/1a CO3/IaHNE YTIIOBOM CKOPOCTH
Kopmyca oOecleuyuBaeTcs NpPHUBEACHUEM pOTOpa-MaxOBHKa BO BpallleHHE B
OPOTUBOMOJIOXKHOM  HampaBlI€HUM 33  CUYET  BKJIIOYEHHS]  BHYTPEHHEro
packpyuuBatomiero  nsurarenst (1. Anexcees K.b. w nap. YmpablieHue
KOCMUYECKUMH JIeTaTeNbHBIMU ammapatamu. M.. Mammnoctpoenue, 1974. 2.
C.D. Hall, Momentum Transfer Dynamics of a Gyrostat with a Discrete Damper, J.
Guidance Control Dyn., Vol. 20, No.6, 1997. Pp.1072-1075.).

OcHOBHOI 3amauell SBISETCS YMEHBIIICHHE JSHEProsarpar, oOecreueHue
OC3MHEPIIMOHHOCTH U OBICTPOJICHCTBUS BBHITIOJHEHUSI MAHEBPOB MEPEOPHUECHTAIINH,
OTKa3e OT MOCTOSSHHOW MOJAEPKKH OOJIBIIMX YIJIOBBIX CKOPOCTEH BpallleHH
pOTOPOB, HE3aBUCMMOCTH OT HEJIMHEWHOCTH XapaKTEPUCTUK PACKPYUHBAIOLIAX
JIBUTATEIICH.



VYKa3zaHHas 3ajaya pemaercs 3a C4YeT TOro, 4TO BO MHOTOPOTOPHOM
TMPOCKOIINYECKOM YCTPOMCTBE, COIEPKAIIEM POTOPBI, BpAIIAKOLIMECS Ha OCHX,
3aKpEIUICHHBIX B KOPIIyC€ KOCMMYECKOIO arapara, OCH BpalleHUS POTOPOB
pa3MeniatoTcs Ha kopryce KA 1eHTpanbHO-CUMMETPUYHBIM 00pa3oM U 00pa3yroT
HEKOMILJIAHAPHOE MHOXECTBO NPOTHMBOHAIPABIEHHBIX Map, MPU 3TOM POTOPHI
pacmojaraloTcs Ha OCSX TaKKe IEHTPAIbHO-CUMMETPUYHBIM 00pazoM U Jis
KOKJIOr0 poTOpa CYyIIECTBYET CBOM CHUMMETPUYHBIA CONPSIKEHHBIM POTOP €
HKBUBAJIEHTHBIMH HHEPLIMOHHO-MACCOBBIMU MTapaMeTpamMu, MPUYEM KaKIbIil pOTOp
pa3MEIIeH Ha OTAEJIBbHOM pAacKpy4MBAIOIEM €ro BHYTPEHHEM JIBUraTele,
3aKkperuieHHOM Ha kopiyce KA.

3amaya pemiaercs TaKKe 3a CYET TOrO, 4TO B CIOCOOE yIpaBieHUs
IIPOCTPAHCTBEHHBIM  IIOJIOKEHUEM KOCMHUYECKOTO  allapara, BKJIHYAOIEM
PacKpyTKy pOTOpPOB, COIJIACHO  M300pPETEHHI0, POTOPbl  PACKPYUMBAIOT
CONPSDKEHHBIMU I1ApaMU CUHXPOHHO B IPOTMBOIOJIOKHBIX HAIIPABICHUAX [0
JOCTHKECHHSI OIPENCIICHHBIX YITIOBBIX CKOPOCTEW, ITOCJIE YE€ro OCYILIECTBISAETCS
MTHOBEHHBIM 3aXBAaT-TOPMOYKEHUE OJHOTO M3 Mapbl CONPSLDKEHHBIX POTOPOB, MPHU
3TOM BO3HHUKAa€T yIJoBas CKOPOCTh IepeopueHTanuu kopmyca KA ¢ moBoporom
€ero Ha TpeOyeMbIil yroiyi, MOCIE€ YEero IPOU3BOJAAT MIHOBEHHBIM 3aXBat-
TOPMOYEHHUE TAPHOTO CONPSHKEHHOr0 poTopa u kopiyc KA ocraHaBimBaercs.

Cnoco6 Takke Mmoapa3yMeBaeT BBINOJIHEHUE PACKPYTOK OJHOM, HECKOJIBKUX
WA BCEX MMEIOIIUXCS IMap CONPSIKEHHBIX POTOPOB, a TAaKKE CIOXKHYIO
MIOCJIEIOBATEIBHOCTh 3aXBAaTOB-TOPMOKEHUNW POTOPOB ISl BBIIIOJHEHUS CIIOKHOU
porpaMmsbl repeopueHTannii kopmyca KA.

MHOTroOpoTOpHOE YCTPOMCTBO, M300pakeHHoe Ha ¢dwur.4.1, cocrout wu3
HeHTpasibHOTO Tena-kopryca KA (cxemarnuecku nzoOpaxkeHo, kak teno Ne 0) u
HIECTA  OPTOTOHAJIBHBIX  MONAPHO  MPOTUBOHANPABIEHHBIX  OCEH-TTydel,
SBJISIIOIIUMUCS OCSAMH BpalieHusi potopoB. CrcTeMa BBINOJIHEHA MO EHTPAIbHO-
CUMMETPUYHOU cxeMe. POTOpBI pa3MelaroTcst Ha OCsAX TakK, YTOOBI I KaXA0TO U3
HUX CYILIECTBYET HEHTPaTbHO-CUMMETPUYHBIN 3aKperyIeHHbIN Ha
MPOTUBOMOJIOKHOM JIy4€ 3KBHUBAJIEHTHBIN MO MHEPIHUOHHO-MACCOBBIM CBOMCTBaM
pOTOpP, KOTOPHIM OyJeM Ha3BaTh «COMPSHKEHHBIMY» (TakK, HAIpUMep, poTopsl 12 u
22 — compsukeHHbie, apsl potopoB {3N u 4N}, {51 u 61} Takxke sABISIOTCA
conpspKeHHbIMU). HyMmepariis poTOpOB BBIMIOJHEHA Tak, 4YTO TMepBas 1udpa
JIBY3HQUHOTO HOMEpa O3HAayaeT HOMEp Jiyda, a BTOpas — HOMEp CJos
COMpsHKEHHBIX poTOpoB. Hampapnenue mnydeit: 1 — mo cBsi3aHHOW ocHu X, 2 —
MIPOTUBOIOJIOKHO CBSI3aHHOU OCH X, 3 - TIO CBSA3aHHOM OCH Y, 4 — MPOTHUBOIOJI0KHO
CBSI3aHHOU OCH Y, 5 - 1O CBSI3aHHOM OCH Z, 6 — MPOTHBOIOJIOKHO CBSI3aHHOM OCH Z.



Homep cnos potopoB ompenensier OIM30CTh poOTOpa K LIEHTPAIbHOMY TEIy-
KOPIYCY: caMblil OJIM3KUN K KOPITYCY POTOpP UMEET HOMED CiIoA 1, clieayronuii mno
yAAJIEHUIO OT KOopIyca poTop TOTo e Jiyda — Homep 2 u T.1. Homep potopa 1J
O3HAYaeT ero pacrnoyiokeHue Ha jydye Homep | u B cioe Homep J. Kaxplilt potop
MOXET UMETh OTHOCUTEJIBHYIO YIJIOBYIO CKOPOCTh (IIO OTHOLIEHHIO K KOPIYCY
KA) BpamieHuss BOKpPYr CBO€M OCH, KOTOpas MEHSETCI B COOTBETCTBUHU C
OPWIOKEHHBIM K HEMY MOMEHTOM CHJI PAacKpy4YMBAIOIIEr0 JIBUIATEI,
3akperieHHoro Ha  kopmyce KA. Kaxaplii  porop Ha  coOCTBEHHOM
pacKpy4MBaIOLEM JBUTATENEC TMPEJCTaBISET COOON OTIEIbHBIM OJHOCTETICHHOM
rupoctadbuiuzatop.  Takum  oOpa3oM,  MpeasiaraeéMoe  MHOTOPOTOPHOE
TUPOCKOMUYECKOE YCTPOMCTBO MPEACTABISIET COOOM CHUCTEMY, COCTOSIIYIO W3
MHOXECTBA AP  COMNPSDKEHHBIX  MPOTHUBOHANPABICHHBIX  OJTHOCTENEHHBIX
TUPOCTA0MIIN3aTOPOB.

Ha ¢ur.4.2 cxematnuHo W300pakeH YACTHBIA BUJ TPEAbLAYIIEH CXEMBI
(pur.4.1). Tak wumeer MecTo IeHTpaibHOe Teno-kopnyc KA wu 1mectsb
OpPTOTOHATBHBIX MMOMAPHO MPOTUBOHAIIPABICHHBIX JTydel M OJUH CJIOH pOTOpoB. B
CBS3M C TEM, 4YTO CJIOW SBIACTCS €IWHCTBEHHBIM HyMEpalus pPOTOPOB
OCYIIECTBIISICTCS OJTHOM HHU(PON, OMHUCHIBAIOIICH TOJBKO HOMEP HAIpaBJICHUS
ayda. Takum oOpazoM, UMEETCsl TpU Mapbl COMPsHKEHHBIX poTopoB: {1,2}, {3,4},

{5,6}.

Cnoco06 ympaBiieHHsT TPOCTPAHCTBEHHBIM MojiokeHHeM KA BKirodaeT
CJICIYIOIIYIO TTOCJIEAOBATEIBHOCTD JICHCTBUM.

1. CuHXpOoHHasi pacKpyTKa KakoOW-IHOO Mapbl COMPSDKEHHBIX POTOPOB B
MPOTUBOMOJIOKHBIX HAMNPABJICHUSAX MOJ ACHCTBHEM OJIMHAKOBBIX IO BEIMYHHE
MOMEHTOB CHJI BHYyTPEHHUX PAaCKPYUYMBAIOIIMX ABUTATEICH.

2. 3axBaT OJIHOTO U3 POTOPOB COMPSKEHHOW Maphl JJIsl CO3AaHUs YriIoBOM
ckopocTu nepeopueHtauun kopnyca KA. Ilocie BbIMOJHEHHs 3axBaTa poTopa
KOpIyC MPHOOPETAaeT HEKOTOPYIO PACUYETHYIO YIJIOBYIO CKOPOCTb W BBIMOJHSET
TpeOyeMyI0 YTJIOBYIO IEPEOPUCHTAITHUIO.

3. 3axBar BTOPOTO pOTOpa CONPSHKEHHOW Mapbl 11 MTHOBEHHON OCTaHOBKHU
kopmyca KA.

OtMeTnm cileayroume BO3MOXHOCTHU MMPpCAJIOKCHHOTI'O cn0006a,
OT/IM4Yaromue €ro OT U3BCCTHbBIX CIT0co0OB:

- [IynkTtel 1-3 mocnenoBaTeIbHOCTH ACHCTBUM TIO MpeJjIaraeMoMy CIioco0y
MIEPEOPUEHTAIIMN MOTYT OBITh BBITIOJIHEHBI TSI JTFOOOU OJTHOM Tapbl COMPSHKEHHBIX



POTOPOB, HCCKOJIbKUX ITap WJIX AJIA BCCX IMap COIPSKCHHBIX POTOPOB.

- 3aXBaThI POTOPOB MOT'YT OBITH OIHOBPCMCHHBIMHU WJIX MOT'YT BBIIIOJIHATHCA
B Pa3HbIC MOMCHTBI BPEMCHU AJIS1 OTACIIBHBIX POTOPOB.

- Ilepeopuentauuss KA 1o TmpeaioKEeHHOW CXEME MOXKET ObITh
OCYLIECTBJIEHA W3 COCTOSIHHS aOCOJIFOTHOTO IMOKOS C HYJIEBBIM KHHETHYECKUM
MOMEHTOM CHCTeMbl. Takasg cxema NepeopUeHTAIuu OyIeT MPOUCXOIUTH 0e3
BO3HMKHOBEHHUSI YCWJIMBAIOIIUX THUPOCKOMMYECKUX MOMEHTOB U MOXKET OBITh
OXapakTEepU30BaHa KaK Pa3BUTHE CXEMbl OJHOCTENEHHOTO THpPOCTAOHIIM3aTOpa,
KOTOpasi HE 3aBUCUT OT HEJIMHEHMHOCTEW XapaKTEpUCTHUK JBUTATENCH U SIBISETCS
O€3MHEPIIMOHHON U CYIIECTBEHHO 00Jiee OBICTPOACHCTBYIOICH.

- Ilepeopuentamss KA 1o nOpemioKEHHOM CXEME MOXKET ObITh
OCYUIECTBJIEHA U3 COCTOSHUS C HEHYJIEBbIM KHHETHYECKUM MOMEHTOM CUCTEMBIL. B
3TOM cily4ae OyayT BO3HHUKATh TMPOCKOIMYECKHE MOMEHTHI CUJI, KOTOPhIE MOTYT
UCIIOJIB30BAaThCA Uil yCWIEHHS  S(PQPEKTOB  MEPEOPUECHTALMH,  JAFOIIMX
BO3MOKHOCTH HCIIOJIb30BaHUSI MEHBIIMX BEJIMYMH YIJIOBBIX CKOPOCTEH KOpIryca
KA upHuDpuMpyronmxcss 3a CYET CONPSDKEHHBIX pAacKpyTOK M 3aXBaToB.
[TpucyTcTBHE T'MPOCKONMYECKOTO MOMEHTa B 3TOM  cllyyae I[OJ00HO
TMPOCKOIIMYECKOMY  YCHUJICHHMIO B JIBYXCTENEHHBIX  TMPOCTA0MIIN3aTOPAX
(ruponuHax), 4YTO  SBISETCA  OJHUM W3  JIOCTOMHCTB  MpeAsiaraeMoii
MHOTOPOTOPOHOM CUCTEMBI IEPEOPHUECHTALINH.

- Mmuoropotopusie cuctemsl (dur. 4.1 u 4.2), obmanaromme OOJBIIUM
KOJMYECTBOM TIap COMPSDKEHHBIX POTOPOB W Map Jyded C COMPSHKEHHBIMHU
pOTOpPaMH MOTYT OCYIIECTBIIATH CIOXKHBIC MPOTPAMMHBIE TIEPCOPUEHTAITUHN 32 CUET
CIIOHBIX  TIOCIICIOBATEIPHOCTEH  3aXBaToB. Takke TMOJAOOHBIE  CHCTEMBI
JOMYCKatoT (opMUpOBaHUE «3apsaa» s MOCIEIYIONUX MEpPeopUeHTAIUN, YTO
MO/IPa3yMEBAET COMPSHKEHHYIO PACKPYTKY BCEX HMMEIOIIMXCSA Map COMPSKEHHBIX
pOTOpOB (YTO HUKAK HE BIWAET Ha IuHaMuKy Kopmyca KA), a nmanpHeiimas
nepeopueHTanus (B TOM 4HCIE CJOXHAs MporpaMMa TepPEOpPUEHTAIINN)
BBITIOJTHSACTCSI TO3THEE 110 MEPE HEOOXOUMOCTH.

Jlanee npuBeneM pe3ysbTaTbl pPacuye€TOB IWHAMUKHU JBUKEHHSI CHCTEM,
MOATBEPKIAAIOIINE BBILIEU3JI0KEHHBIN croco0 OCYLIECTBIICHUSA
MIPOCTPAHCTBEHHOM nepeopueHTaunu KA.

JIns WiLTroCTpauru BO3MOXKHOCTH HMCIIOJIb30BAHUS CUCTEMBI COTPSIKEHHBIX
pOTOPOB  JJIsi  BBIMOJIHEHUS  NPOCTPAHCTBEHHBIX  mepeopueHTauuii KA,
npeacTaBieHHoOW Ha Qur.4.2. KuHEeTHYeCKHil MOMEHT CHUCTEMBblI B MPOEKIUAX Ha
OCH CBsI3aHHOM ¢ TenoM-koprnycoM KA cucremsl koopaunat OXyz paBeH



K=K, +K, (91)

Ap p o,+0,
K,=|Bq|+(4J+21)q|, K, =I|o,+0, (92)
Cr r O + O,

rie K. - KHHETHYECKHMH TEla-KOpIyca BMECTE€ C «3aMOPOXKCHHBIMM» B HEM
. " _ T
poropamu; K. - OTHOCHTENIBHBIH KMHETHYECKHUH MOMEHT TOpoB, ®=[p, , ] —

a0cooTHAs yrioBas CKOPOCTb OCHOBHOI'O TECJIa-KOpIyCa, o; - OTHOCHTCJIbHasA

yIJIOBasi CKOPOCTh POTOPA | 10 OTHOIICHUIO K OCHOBHOMY Teiy. A, B, C - riiaBHbIe

MOMCHTBI HHCPIIHUH OCHOBHOI'O TCJIa KOPITyCa, | — HpO,[[OJIBHBIﬁ M MOMCHT MHCPIHNHN
POTOpPAa, J - BKBaTOpHaJIBHBIﬁ MOMCHT HMHCPpIOHUHU POTOpa, BBIYKCJICHHBIN
OoTHOCHTEJIBHO ToukH O.

VYpaBHEHUs JBWKCHUS 3alMIIYTCI Ha OCHOBE TEOpeMbl 00 WM3MCHEHUH
KHHETUYECKOTr0 MOMEHTA (B MOABIIKHOM cucTeme koopauHat OXyzZ) B clieayromeM
BUJIE

O('j—fme:Me (93)

rae M°® - mMoment BHemHuX cuit. CKadspHBIA BUI BeKTOpHOTO ypaBHeHus (93)
IpeJCTaBIsIET COO0M CUCTEMY CIEAYIOIUX YPaBHEHUN

Ap+ 16" +(C-B)ar+1(qo* —ro™)=M;
BG+16* +(A-C)pr+1(ro* - pc®)=M; (94)

Cr+16% +(B-A)pg+I(po* —qo”?)=M;
rac

oc'=0,+0,, A=A+4]+2]

- - (95)
B=B+4J+2l, C=C+4J+2l

YPaBHeHI/IH OTHOCHUTCIIBHOI'O ABHXKCHHUA POTOPOB MMCIOT BHUI, 3alMCaHHbINA TaKXKe



Ha OCHOBC TCOPCMBbI 00 M3MEHEHUH KHHETHUYECKOTIO0 MOMEHTA

1x?

1(d+65)=M,;+M;,; I(d+5,)=M, + M, (96)

3y?

1(F+05)=M_+Mg,; I(F+6,)=M;+Mg,

521

1(p+6,)=M;+M;; I(p+5,)=M,+M;,

rae M} - MOMEHT BHYTPEHHHUX CHUJI, AEHUCTBYIOIIMX CO CTOPOHBI OCHOBHOI'O TENa

Me

iy?

Ha poTop |; M?

o M j."z - MOMEHTBI BHEIITHUX CUJI, OTJIEIBHO JCUCTBYIOIIUX HA

porop . VYpaBHenus (94) wm (96) TOJHOCTBIO ONKMCHIBAIOT JIHMHAMHUKY
MHOTOPOTOPHOH cucTeMbl ((ur. 4.2).

JUis  ompeneneHus YIrJIOBOrO  IOJOXKEHUS Telna HocuTens OyneMm
UCIIOJI30BaTh W3BECTHbIE mapameTpbl Popapura-I'amuibroHa (B 3apyOexHOU

JUTEpAType YKa3bIBAIOTCS Kak MapameTphbl Jiliepa) {ﬂo,ﬂl,ﬂ?,ﬂg}, KOTOpPBIE

OIIPpCACIIAIOT KOHCUYHBIN IIOBOPOT OCHOBHOI'O TCJIa HAa YIroJ y BOKpPYT HGKOTOpOﬁ

OCM B IIPOCTPAHCTBE, COMAJAIOLIEW C HANPABICHUEM E€IWHUYHOIO BEKTOpA
T .
e=[cosa,cos B,cosy| B nHepumanbHOii cucteMe koopauHaT OXYZ n3Ha4anbHO
COBIAJIAIOMICH ¢ HAYaJIbHBIM ITOJIOKCHHEM CBsI3aHHOM cucteMbl OXyZ (¢wur. 4.4).
Kax u3BectHO, mapamerpsl Ponpura-I'aMunbToHa MOTYT OBITH ONpPEAETIEHBI

CICAYIOMIMMHU COOTHOHMICHUAMHU, CBA3ZBIBAIOIIMMHU YIOJI KOHCYHOI'O IMOBOpPOTAa U
HarpaBJIAIOIME KOCUHYCBI OCH ITIOBOPOTA

ﬂozcosg; Aizcoswsin%

(97)

A, = cosﬁsin%; Ay = cos;/sin%

Kunemarnueckas cucrema ypaBHEHHMI B napaMmetpax Poapura-I'amunberona nmeer
W3BECTHBIN BU]I

20=0- A (98)

rac

 e- ' (99)

R R
O
|
—
o
©



PaccmoTpum Temepp cxeMy anropurMa IEPEOPUEHTALUH C HYJIEBBIM
HayaJbHbIM KUHETUYECKUM MOMEHTOM. JlaZuM HECKOJIBKO OIIpEIEICHUN,
CYMMUPYIOIIUX U IOBTOPSIOLIMX OIMCAHHBIC BBIIIEC ACHCTBU, BBIIIOJIHAEMBIC B
paMKax 3asBJIEHHOIO ClIoco0a epeoprueHTALINH.

«Conpsicennvimu ~ pomopamu» ~ OyleM  Ha3blBaTb  pOTOpPbl  Ha
IPOTUBOMOJIOXKHBIX  JIydyaX, PpACIOJIOKEHHbBIE CHMMETPUYHO OTHOCUTEIBHO
OCHOBHOTO Tesa, Hampumep, 3To potopsl 3 u 4 (pur.4.2), poropel 52 u 62
(pur.4.1) u T.4.

«Conpscennoll packpymkoi» O0ylieM Ha3bIBaTh PACKPYTKY COMPSKEHHBIX
pOTOPOB  BHYTPEHHUMH  MOMEHTaMH  (BHYTPEHHUMH  paCKpy4YHBAIOILUMU
JIBUTATEJISIMU) B Pa3HbIX HANPABICHUSX PABHBIMU MO MOJYJIO U Pa3IU4YHBIMU T10
3HAKy MOMEHTAMH BHYTPEHHUX Cu. PackpyTka mpoucXoIuT JO TOrO MOMEHTa KaK
COIPSKEHHBIE POTOPBI MPUOOPETAIOT 3aJaHHbIE YIJIOBBIE CKOPOCTH, PaBHBIE I10
MOJYJIIO U TPOTUBOMNOJIOKHBIE IO HAIIPABJICHUIO (IO 3HAKY).

«3axeamom pomopa» O0yJ1eM Ha3bIBaThb MTHOBEHHOE (OBICTPONpPOTEKAIOIIEE)
TOPMOKEHHUE OTHOCUTEIBHOM YTJIOBOW CKOPOCTH POTOpA /0 HYJIEBOI'O 3HAYEHUS.
3axBaT MOXKET OBITh OCYIIECTBJICH, HAI[PUMEP, 32 CUET MTHOBEHHOTO CIICTUICHUS
poTopa W OCHOBHOIO TeNla-Kopmyca (IIECTEPEHOYHBIMHM U TOJO0OHBIMH
3alerICHUsAMM ), JTU00 3a c4eT PopMHUPOBaHUS («BKIIOUCHHS») CUILHOTO TPEHUS
(cyxoro miaM BA3KOIrO) B MOJUIMIHUKE BpAIEHHS POTOpa Ha COOCTBEHHOW OCH.
Takum oOpa3om, 3axBaT pOTOpa MOAPA3ZYMEBAET €r0 MTHOBEHHYIO (OBICTPYIO)
OCTAHOBKY 10 OTHOLIEHUIO K OCHOBHOMY TEy-KOPITYCY.

Paccmotpum npunumn nepeopueHtanmu KA mocpencTBOM COMPSHKEHHBIX
PACKpPyTOK W TMOCIIEIOBATEIbHBIX 3aXBATOB POTOPOB MPHU YCIOBHUSIX OTCYTCTBHUSA

BHELIHUX CHII (Mf =MJ =M/ :O) M HAYaJIbHOTO KHHETHYECKOTO MOMEHTa

cuctembl (KA ¢ poropamu) B cnegyromeM «MOAEIbHOMY CIIyYae:

p(0)=0q(0)=r(0)=0; Vi: 5;(0)=0 (100)
A=B=C=D (101)

B mpocreiimieM ciyyae MOXKHO MCIIOJIb30BaTh KYCOUHO-TIOCTOSIHHBbIE BHYTPEHHUE
MOMEHTBI CHJI JIJIsI CONPSDKEHHOM PaCKPyTKU POTOPOB. PaccMoTpuM conpsiKEHHYIO
PACKPYTKYy COMpsHKEHHBIX poTOpoB 1 u 2 (dur. 4.2) cneayronuMu BHYTPEHHUMHU
MOMEHTaMH



M,,, if te|Ot, |
0, otherwise
-M,,, if te] 0.t ]

0, otherwise

(102)

rae t, BpeMms pacKpyTKH (JUIMTEIBHOCTH) poTopoB 1 u 2; M, =const >0.
[Tocrme compsiKEHHONW pPACKPYTKH POTOPHI | W 2 JOCTUTAIOT BEIUYHHBI
_ s - - _ —
S, =M,,-t;, /| oTHOcHTenBHON yrinoBoii ckopoctu (o, =S,,, 0, =—S,,) npudem
OCHOBHOE€ TEJIO-KOPIYC OCTaeTcsi B aOCOJMIOTHOM TOoKoe, kak u panee. Ilocme

COTIPSDKCHHOW 3aKPYTKH B MOMEHT BPEMEHH t; (tlC > tfz) 3axBaThIBaETCsI poTop 1.

[Tocne 3axBara potopa | OH TEpSET OTHOCUTENBHYIO YIJIOBYIO CKOPOCTH (0'1’ = 0),
a OCHOBHO€ T€JIO-KOpIyC MPUOOPETAET YIJIOBYIO CKOPOCTh P B HAIPaBJICHUH JTy4a
COTPSKEHHBIX POTOPOB (B AaHHOM ciydae och OX), a poTop 2 MEHSIET BETUYHHY
OTHOCUTEIBHONW YINIOBOH CKOPOCTM Ha O, OTH BEIMYMHBI MOTYT OBITh

BBIYHCJICHBI U3 YCJIOBUA COXPAHCHUA KHHCTUYICCKOIO MOMCHTA CUCTCMBI
!
Ap+lo,=0 (103)

YcnoBue coxpaHeHUsE KHHETUYECKOTO MOMEHTA pOTOPA 2 MPUBOJAUT K BBIPAXKEHUIO
!
I(p+c72):—IS12 (104)

N3 nocneaqHnx COOTHOMICHUN CIEAYIOT BEJIMYHUHBI YTIIOBBIX CKOPOCTEU

1S,, . AS,
_ P —_ o 105
P=""1" %=, (105)

Jlaiee B MOMEHT BpeMeHH t, (t2° >tf) BBITIOJIHACTCSL 3aXBaT POTOpa 2 M IOCIHE

ATOTO, COIJACHO YCJIOBUIO COXPAHEHUsS KHHETHYECKOTO MOMEHTA, BCE Tela
CUCTEMBI (OCHOBHOE TEJIO-KOPITYC W POTOpPHI 1, 2) momy4aroT HyJieBble 3HAUCHUS
YTJIOBBIX CKOPOCTEH U, TAKMUM 00pa30M, CHOBA MEPEXOISAT B AOCOIFOTHBIN TTOKOM.

CrnenoBaTenbHO, B MPOLECCE COMNPSIKEHHOM pacKpyTKH poTopoB 1, 2 u
MOCJIEIOBATEIbHBIX MX 3aXBAaTOB O0OECIEUMBACTCS KYyCOYHO-TIOCTOSTHHAsl YIJIOBas
CKOpOCTh Tena-kopnyca KA B Hampasnenun ocu OX



0, te[0,tf)u(t;,)
p= (106)
P= A'S_12|  te|thts ]

Teno-kopmyc OCyIEecTBISIET YIIOBYIO epeopueHTaIust BOKpyr ocu OX Ha yron

-z 1) (107)

AHaJOTMYHO 3a CYET CONPSDKEHHBIX 3aKpyTOK M IOCIENOBATEIBHBIX
3aXBaTOB COIPSDKEHHBIX POTOPOB MOYKHO O0O0ECIEUUTh KYCOYHO-IIOCTOSIHHBIC
YIJIOBBIE CKOpoCcTH Tena-kopnyca KA 1o apyrum  ocsiM, Hampumep Ui
KOMIIOHEHTHI CKOpOCTH 110 ocu Oy MOXKHO MOJTYYUTH CIEAYIONIUE BETUYUHBI

0, te|0,t5)u(t;, o)
Q= LS“I elt.t; ] (108)
r_ BS34 . _M34't§4

O,== 3= |

B-I
rac ts - MOMCHTBI BPCMCH (AJIUTCIIBHOCTH ) PACKPYTKHU COIIPSKCHHBIX POTOPOB i u
1

q=

j; t - moment Bpemenu 3axBara poropa I; My - abconoTHOe 3HAUEHHE

BHYTPEHHETO MOMEHTA CHJI PAaCKPYTKH CONDSUKEHHBIX POTOPOB 1 u J; S -

a0bCOJIIOTHOE 3HAYECHHE OTHOCHTEIILHOM YIIIOBOM CKOPOCTH COMPSKEHHBIX POTOPOB
| ¥ J mocne CONMpsHKEHHOM PACKPYTKH; o] - BEJIMYMHA OTHOCHTENIBHOW YIJIOBOM

CKOPOCTH POTOpa | Iociie 3aXBaTa ero CONpsHKEHHOro poTopa 1*

Hecnoxno mnokaszaTh, 4TO MpU OTCYTCTBUM BHEHIHUX CHJI U HYJIEBOM
HayaJbHOM KHHETUYECKOM MOMEHTE CUCTEMbI MPOEKIIMA KHHETUYECKOTO MOMEHTA
Ha HEMOJBW)XHBIE ocH cucTteMbl koopauHat OXYZ u Ha CBSI3aHHBIE OCH CHUCTEMBbI
koopauHat OXyZ OyayT TOKIECTBEHHO HYJIEBHIE



M
K
K
K oy, (0)=0= (109)
K
K
K

CJ]GI[OB&TCJIBHO, B IIponccCax COIPAKCHHBIX PACKPYTOK M ITOCICAOBATCIIBHBIX
3daXBAaTOB COIIPAKCHHBIX POTOPOB 6YIIYT HMCTh MCCTO KYCOYHO-IIOCTOAHHBIC
BCJIMYHUHBI YT JIOBOM CKOpPOCTH TCJIa-KOpPIIyCa

I L (O
p—{o, q—{o, r—{o (110)

[TycTb MOMEHTBI BPEMEHH CONPSDKEHHBIX 3axBaToB cuctembl (¢ur.4.1)
OJIMHAKOBBI JJIs1 KAKI0M conpsikeHHoM napsl {1, 2}, {3, 4}, {5, 6}, a Takxke UMeeT
MECTO HAa4YaJIbHOE COBIA/ICHUE HETIOJABUKHOM U CBSI3aHHOW CHCTEM KOOPJIWHAT

tl ts? t tstart’ t; = tz(\l: = tg = t(f:inish (111)
( start) ( start ) :/’”2 (tstart ) :ﬂ? (tsctart ) = 0
B sTom ciiyyae kuHeMaTtudeckue ypaBaeHus (98) umeror cienyromue
AHATTUTHYCCKHIE PEIICHHUSI
Q'(t_tsctart) P . Q'(t_t;:tart)
2, (t) = cos———=/ t)=—sin— =/
o(t) =cos 5 A (1) o sin
Q-(t-tg, R . Q-(t-tg,
A (t)= g n(f”), /13(t):asmM (112)

QZ\/P2 +Q2 + RZ’ te[tsctart’t(lzmlsh tsctart

:| T= tflmsh
Perrenust (112) neMOHCTPHPYIOT, YTO B MOMEHT BpeMeHHU tf .. OCHOBHOE TeJo-

koprryc KA BBIIOTHHIIO KOHEYHBIH MOBOPOT BOKPYT €AMHUYHOTO BEKTOpa € Ha
yron y (dur.4.4)



(113)

Takum obOpaszom, pemienus (112) moka3piBalOT BO3MOXKHOCTH OCYIIECTBIICHHS
IpOCTpaHCTBEHHOM nepeopueHTanuu KA Ha mo00ii 3a1aHHBIA BEKTOP KOHEUHOTO
noBopora. TpebOyemMoe HampaBieHHE M BEIMYMHA KOHEYHOIO IIOBOPOTA
o0ecreunBaeTcs CONPSIKEHHBIMU  PAacKpyTKaMH pOTOpPOB 10  TpedyeMbIX
OTHOCHUTEJBHBIX YIVIOBBIX CKOPOCTEM M BPEMEHHBIMHM IIapaMETPAMM BBIIIOJHEHHUS
3aXBAaTOB POTOPOB. PaccMOTpeHHBIN Ipoliecc NEPEOPUEHTALMU IIPU HYJIEBOM
3HaYCHUM KUHETHYECKOTO MOMEHTa NOJ00EH NpOLECCY IEPEOPUEHTALUN C
IOMOLIBI0 OJHOCTENEHHOIO TIHpocTadmin3aTopa (KOpIyC-MAaxOBHK), HO HE
3aBUCHT OT HEJIMHEMHOCTEH XapaKTEPUCTUK PACKPYUYHMBAIOIIETO BHYTPEHHETO
ABUratens W, 0Oe3yciIoBHO, HMeeT 0oJjiee  BBITOAHBIE  DHEPIeTHYECKHE
XapaKkTepUCTUKU. Tak  CONPSHKEHHYIO PACKPYTKy MOMKHO  OCYILECTBIIATH
IIPOM3BOJIGHBIMM ~ BEJIIMYMHAMM  MOMEHTOB  PAaCKpy4YMBAIOUIUX  BHYTPEHHUX
JBUraTelIed, HalpuMep, MaJIbIMA MOMEHTaMH Ha IPOJOJDKUTEIBHOM HHTEpBAJIC
BPEMEHHU, YTO MO3BOJISIET MOCTENEHHO «HAKOIMUTH» TpeOyeMble OTHOCHTEIIbHBIE
YTJIOBBIE CKOPOCTH COIPSKEHHBIX POTOPOB Ul JAJBHEHIINX IEPEOPUEHTALNM C
ITOMOUIBIO MX COIPSKEHHBIX 3aXBATOB.

B ciiyyae HeHyneBOM HayaabHOW BEIMYMHBI KHHETUYECKOTO MOMEHTA Oy IyT
MMETh MECTO HEHYJIEBbIE TUPOCKONMYECKUE WICHBI B IMHAMUYECKUX YPaBHEHUAX
(94) u nepeMeHHBIE KOMIIOHEHTBI KHHETHYECKOTO MOMEHTA B CBSI3aHHBIX OCSIX (B
HEIOJBMXHBIX OCSIX KOHEYHO K€ BEKTOP KHUHETHYECKOI0O MOMEHTA ITOCTOSIHEH )

Koxyz =const #0
Koy (0)#0, ot <t<t?)=0=

. (114)
K

Oxyz = -0 X I<Oxyz # 0 =
K,,.=Vvar(t)

B sTOoM ciiyuae umeeTcs TMPCKONMMYECKOE YCUIICHUE TTPOLIECCOB NEPEOPUCHTAIUH,
noAoOHOE€  TUPOCKONMMYECKUM MOMEHTaM B  CHCTEMax  JIByXCTEIECHHBIX
rUpoCcTadbuIn3aToOpoB (TUpOAMHOB). [Iporecchl mepeopueHTalu B 3TOM Cllydae
UMEIOT 00Jiee CII0KHBIE aITOPUTMBI C YY€TOM MEPEMEHHOCTH YTJIOBBIX CKOPOCTEH
TeJIa-KOpIyca BO BPEMEHHU. 1e€M HE MeEHee, CXeMa MNEPEOPUEHTAMM Ha OCHOBE
COTIPSDKEHHBIX PACKPYTOK M 3aXBAaTOB OCTAETCS JIEUCTBEHHOW M A()(PEKTUBHOM.
OntuMu3zanusi aaropuTMOB M MPOILIECCOB MMEPEOPUEHTAMM B 3TOM Cllydae

IpeCTaBIsIeT COO0M HAYYHYIO U MHKEHEPHO-PACUETHYIO 33/1a4y.



MHoOropoTopHBIE CHUCTEMBI, MpeAcTaBieHHble Ha ¢ur.4.l, 4.3 wumeror
0OJBIIOE KOJIMYECTBO TMAp CONPSDKEHHBIX POTOPOB U TaKXKE Jyded C
CONPSDKEHHBIMU ~ POTOPaMH, IIO3TOMY  MOTYT  IOJAPAa3yMeBaTb  CIOYKHBIE
IIOCJIEIOBATEIBHOCTH CONPSDKEHHBIX PACKPYTOK M 3aXBaTOB JJI OCYILIECTBIICHUS
CJIOXHBIX ITporpamm nepeopueHTanuii KA B npocrpaHcTse.

Takum 00pa3oM, pacCMOTPEHHOE MHOTOPOTOPHOE T'HPOCKOMUYECKOE
YCTPONCTBO, COAEprKalllee pPOTOPbI, BpalllaloUIMecs Ha OCSX, 3aKPEIUIEHHBIX B
KOpITyce KOCMHUYECKOI'0 ammapara, OTJIMYaroleecss TEM, YTO OCH pa3MEIleHbl Ha
KOpITyce UEHTPaIbHO-CUMMETPUYHBIM 00pa3oM U 00pa3yloT HEKOMIUIaHapHOE
MHO>KECTBO MPOTUBOHAIPABJICHHBIX AP, IPU 3TOM POTOPHI PACTIONOKEHBI HA OCAX
TaK)Ke IIEHTPaIbHO-CUMMETPUYHBIM 00pa30oM U AJIs KaKIOr0 POTOpa CYLIECTBYET
CBOM CHMMETPUUYHBIM CONPSKEHHBIA POTOP € HSKBUBAJIEHTHBIMU HHEPLIMOHHO-
MacCOBBIMU TapaMeTpaMH, NPUYEM KaXKIblil pOTOp pa3MEIIeH Ha OTICIbHOM
pacKpy4yHMBaIOLIEM €r0 BHYTPEHHEM JBUraTese, 3aKperieHHoM Ha kopryce KA, a
POTOPBI KXKI0M CONMPSKEHHOM Mapbl UMEIOT OJJUHAKOBBIC BHYTPEHHUE IBUTATEIH.

Cnoco6 ympaBjieHUSI TPOCTPAHCTBEHHBIM IOJIOKEHUEM KOCMHUYECKOTO
amrapara BKJIOYaeT PACKPYTKY POTOPOB, KOTOPBIE PACKPYUUBAIOT CONMPSKEHHBIMU
napaMM CHUHXPOHHO B TMPOTUBOIOJOKHBIX HAMPABJICHUSAX 1O JOCTHXKCHUS
ONPEAECIECHHBIX YTJIOBBIX CKOpOCTE, JaJIbHEHIIIEEe OCYIIECTBIICHUE
MTHOBEHHOTO/OBICTPOTO (TakXK€ BO3MOXKHO MEJIEHHOTO — YTO TPEACTaBIsET
co0O0# OTAENBbHBIN JTOMOJHUTEIBHBIN WHTEPEC) 3aXBAaTa-TOPMOXKEHHUS OJIHOTO W3
napbl COMPSHKEHHBIX POTOPOB (I CO37aHUS YTIIOBOM CKOPOCTH TMEPEOPUCHTAIINH
kopnyca KA ¢ moBopoToM ero Ha TpeOyeMbIil yroy), U CONPSIKEHHBIN 3axBat-
TOPMOKEHHUE TTAPHOTO COMPSIKEHHOTO POTOpa JIJIsi OCTAaHOBKM Kopmyca KA.
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Takum oOpa3oMm, oOmNHMCaHHAas MHOTOPOTOpHAas TOJCHUCTEMa OTHOCUTCS K
TUPOCKOIMMYECKUM  CHCTEMaM  YINpaBJIEHHUS MPOCTPAHCTBEHHBIM  (YIJIOBBIM)
II0JIO’KEHUEM KOCMHUYECKHX allapaToB W/WUIM UX MOJCUCTEM:

YCTPOMCTBO MPEACTABISAECT COOOM JUHAMHUYECKH CUMMETPUUYHYIO CUCTEMY
TBEPJBIX TEJI-POTOPOB, BPAIIAKOMIUXCA HA MHOMKECTBE OCEM, CHUMMETPUYHO
3aKpeIIeHHbIX B Kopiyce kocmuueckoro anmnapara (KA). Potopsr pacnonaratorcs
Ha OCSIX IEHTPAIbHO-CUMMETPUYHBIM 00pa3oM, I KaXJI0I0 pOTOpa CYIIECTBYET
CBOM CHMMETPUYHBIN CONPSKEHHBIA POTOP € SKBUBAJICHTHBIMU HHEPLHOHHO-
MacCOBBIMH MapaMETPaAMHU.

H3MeHeHue HpOCTpaHCTBeHHOﬁ OpHUCHTAIUH KA OCYHICCTBIIAACTCA B
COOTBCTCTBHMM C 3daKOHOM COXPAaHCHHUA KHHCTHUYCCKOrO MOMCHTA 3a CYCT
CHMHXPOHHBIX PAaCKpPYTOK COIIPAKCHHBIX POTOPOB B IIPOTHUBOITIOJIOKHBIX
HampaBJICHUAX W BBIIIOJIHCHHA II0CICA0OBATCIBHOCTH MI'HOBCHHBIX (6BICTpO
HpOTeKaIOIIII/IX) OCTaHOBOK-3aXBaTOB OIWHOYHBIX  POTOPOB C ITIOMOIIIBIO
BaHGHHGHI/Iﬁ C KOpPIIYyCOM HJIH ITIOCPCACTBOM CO3JaHHUA OOJIBIIINX CHJI TPpCHUA B
0CiX.

TexHu4YecKkuM pe3yibTaTOM SBISETCS: MIHOBEHHOE CO3JaHHUE U CHATHE
aOCOJIIOTHOM YIJIOBOW CKOPOCTH MPOCTPAHCTBEHHOW MEpEOpUEHTAIMH KOopIiyca
KA; BBIIIOJIHEHHE NPOU3BOJIBHOIO 33JaHHOTO KOHEYHOTO IOBOPOTa C 3aJaHHOMU
CKOPOCTBIO MAaHEBpa IEPECOPUEHTALMU; OTKa3 OT IOCTOSHHOM ITOAJEPKKHU
OOJBIIMX YIJIOBBIX CKOPOCTEM BpAIIEHUA POTOPOB M OOJBIIMX MOMEHTOB CHII
PACKpY4YMBAIOLIMX JBHUraTelIed; OTCYTCTBHUE 3aBUCUMOCTH OT HEIMHEHHOCTU
XapaKkTepUCTUK PACKPYUYMBAIOIIUX JIBUTATENIEW; BO3MOXXHOCTb  MEIJIEHHOU
PACKPYTKH POTOPOB 3a CYET MAJIBIX MOMEHTOB CUJI U CHUKEHUE DHEPro3arpar.



