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A.C. Oxumuna, A.B. Mawumaxkos, C.C. Txkauée, C.A. Illecmaxoeg

MeToanka NocTpoeHHsi ONTHMAJIBHOIO PACHOJIOKEHHs JABHUraTesei ais
0/JHOBPEMEHHOI KOPpeKUHH OpOUTHI M Pa3rpy3KM MaXOBUKOB

B pabote paccmarpuBaeTcs 3a/1aua ONTUMAJIbHOIO PACIIONIOKEHUS ABUraTesneit
OpOUTANbHOM KOppEeKIMH Ha OOpTYy IeOCTallMOHAPHOIO KOCMHUYECKOIO arnapara.
Heo0OxomumMo OIHOBPEMEHHO OOECHeunBaTh KOPPEKIHIO OPOUTHI U  Pasrpy3Ky
M30BITOYHOTO  KUHETUYECKOTO MOMEHTa MAaxOBHKOB, HAKOIJICHHOTO  H3-3a
JCUCTBYIOIIMX Ha CIyTHUK Bo3MymeHuid. Ilpemiaraercs meronuka dopmanuzainuu
3ajjaun, YyAOOHas [Uid TONy4YeHHs HEOOXOIMMBIX U JOCTaTOYHBIX YCIIOBUH,
HAKJIaJbIBAEMBIX Ha PACIOJIOKEHUE JBUTATENEH, a TaKkKe METOJIUKa IOHCKa HUX
ONITUMAJILHOTO pacnojoxeHus. [IpuBoasTcs mpuMepsl pacioioKeHHsI JBUTATENEH ¢
y4eTOM BCEX OrpaHHuYEHHI M TpeOOBaHMI KakK B ciydyae IITATHON paboOThl, TaKk U B
cllydae BO3MOYKHOTO OTKa3za OJHOIO U3 JBHUrareieil. YUuThIBaeTCA BIMSIHUE
BO3MOKHBIX OIIMOOK YCTAaHOBKHU M CMEILIEHUS LIEHTpa Macc.

Knwouesvie cnoea: MaxoBHUK, pasrpy3ka MaxXxOBUKOB, KOPPEKIUS OpPOHTHI,
PEaKTUBHBIC JBUTATEIH.

Pa6ota BemmonHeHa npu noanepkke rpanta PH® Nel7-71-20117

A. Okhitina, Y. Mashtakov, S. Tkachev, S. Shestakov
Method of constructing the optimal thrusters® location for the simultaneous

orbit correction and reaction wheel desaturation

This paper considers the problem of optimal thrusters location on-board the
geostationary satellite. It is necessary to simultaneously provide orbit correction and
reaction wheels desaturation. In this work a method of formalizing the problem is
proposed, that is convenient for obtaining necessary and sufficient conditions for
thrusters location. Further, a method for finding optimal thrusters location is
presented. Examples of their location under all the limitations and requirements are
given, both in the regular mode and in the irregular mode, when one of the thrusters
is failed. Moreover, the effect of possible installation errors and center of mass shift
are considered.

Key words: reaction wheel, desaturation, orbit correction, thrusters.
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BBenenue

B HacTosinmii MOMEHT TeoCTallMOHAPHBIE CITYTHUKH IIMPOKO MCIOJIb3YIOTCS B
MPUKIAAHBIX 1 KOMMEpYECKUX LessiX. ['eocTanoHapHble OpOUTHI ABIISIIOTCS OAHUM
u3 HauOoyiee TMPHUBJICKATENBHBIX KJIACCOB OpOUT. OTO KPYroBbIE OPOWTHI,
pacroJioKeHHbIE HaJl dKBaTOpoM 3emiin (MX HAKJIOHCHHE PAaBHO HYIIIO).
KocMmuueckne ammaparbl, HaXOJsIIUMECs Ha TaKuX OpOHUTax, oOpamaroTcs BOKPYT
IJIAHETHI C YTJIOBOM CKOPOCTBIO, PABHOM YIJI0BOI CKOPOCTH BpaIlllEHUs] 3€MJIM BOKPYT
cBoeit ocu. TakuM oOpa3oM, reocTallMOHApHBIE CIYTHUKH BCErJla HAXOJISATCS Haj
3aIaHHOM TOYKOM HaJ SKBAaTOPOM. JTO MO3BOJSET, HAPUMED, HANPABUThH CBS3HYIO
AHTECHHY WJIA NPUEMHYIO aHTEHHY CIYTHHKOBOI'O TEJIEBUJICHUS, YCTAHOBJICHHYIO Ha
3emiie, Ha Takoil kocmuueckuii ammapar (KA) u He MEHATh € OpUEHTALHUIO IS
OTCJICKUBAHUS CUTHAJIA, IEPEAaBAEMOI0 CO CITyTHUKA, TAK KaK OH BCErJa HaXOJUTCA
B OJJHOM U TOM X€ MecTe Ha HeOecHOU cdepe. HeM3aMEeHHOCTh OTHOCHUTEIHHOTO
MOJIOKEHUS! 3eMJM M CHOYyTHHKAa TaKXKe [oJie3Ha JUIS  pelleHus  3aJadu
JUCTAHIIMOHHOTO 30HJUPOBAaHMS, KOTJa HYXHO UIMTEIbHOE BpeMsl HaOII0JaTh 3a
OJHUM M TEM XK€ yYacTKOM NOBEpXHOCTH. IIpumepoM 3aech MOXET MNOCITYKUTh
ciyTHHK Onektpo-JI [1], KOTOpbIil McCHonb3yeTcsl s THAPOMETEOPOTOTHYSCKUX
HaOJIIOAEHUIA.

Crnenyer OTMETUTh, YTO I'€OCTAL[MOHApHAsi OpOUTa HE SIBISIETCS YCTOWYMBOM.
[Tomumo omIMOOK MPUBEIEHUS B 3aJJaHHYIO TOUKY OpPOUTHI, HA BOJIIOLUIO0 OPOUTHI
KA oxa3bIBaeT BIMSHUE PsiJl BHEIIHUX BO3MYIIEHUN cO cTOpoHbI JIyHsl, CosHIA U
HELEHTPAJIBHOCTU TPABUTALIMOHHOTO MOJsA 3eMiu. C TeUeHHEM BPEMEHU MapaMeTphI
OpOUTHI MEHSIOTCS, U OHA MepPecTaeT ObITh NeOCTallMOHAPHOU. DBOJIOLUS OpOUTHI
BBIPA)KAETCS B IBYX OCHOBHBIX SIBJICHUSX:

— CIYTHUK CMEMIAETCs BJIOJb OpOUTHI (ITO HAMIPABJICHUIO €0 CKOPOCTHU) OT
CBOEr0 HAYaJIbHOTO ITOJIOKEHHS B CTOPOHY OJHOM M3 TOYEK YCTOMYUBOTO
paBHOBecHs [2];

-~ HaKJOHEHHE OpOUTHl YBEIUYMBAETCA (OT MEPBOHAYAIBLHOTO HYJIEBOTO
3HAYCHHUs) CO CKOPOCTHIO MOPSIIKAa OTHOTO Tpajayca B rof [3].

s nopaepkaHusi OpOUTHI U yIEp>KaHUS CIIYyTHUKA B 33JaHHOM IOJIOKEHUU
OOBIYHO  HCHOJB3YIOTCS  PpEaKTUBHbIE  JBUTATEIH,  KOTOpPbIE  CO3Jal0T
KOPPEKTUPYIOIIKE UMITYJILCHI B y3JIaX OPOUTHI: 1JIsi KOMIIEHCAIIMU POCTa HAKJIOHEHHUS
B HaIIPaBJICHUU «CEBEP-IOI» (B IUIOCKOCTH, OPTOrOHAIBHON pannyc-BeKkTopy KA,
puc. 1) u B HanpaBleHNUN «3aMaJ-BOCTOK» JUIsl KOMITEHCAuu apeida BAoab OpOUTHI.
CyliecTBEHHBIM SIBISIETCA TOT (PakT, 4YTO ISl KOPPEKIHMH «CEBEp-Ior» Tpedyercs
3HAYUTETHHO OOJbIlIEe U3MEHEHUE UMITYJIbCA, YEM ISl KOPPEKLIUU «3a1a1-BOCTOK.

B oOmem ciyyae ocu TATM JBHUrarejeil He MPOXOAST Yepe3 LIEHTP Macc
anmapara, I03TOMY BO BpEMsI KOPPEKLHH BO3HUKAIOT JIOMOJHUTEIbHBIE MOMEHTBI
CWJI, KOTOpbI€ BO3MYIIAIOT YIJIOBOE JBWXKEHUE amnmapara. OTH MOMEHTHI
KOMIIEHCUPYIOTCS ~ CHCTEMOM opueHTaunu. Kak mnpaBmio, B KadecTBe €€
VICIIOJIHUTEJIbHBIX OPraHOB pacCMaTpPUBAIOTCS JIBUTaTEIN-MaXOBHKU. JTO O3HAYaeT,
YTO TMpU MAPUPOBAHUM MOMEHTOB PEAKTHUBHBIX CHUJ OyAeT HaKarIMBaThCs



M30BITOYHBIM KHHETHYCCKUM  MOMEHT. I[J'IH pPas3rpy3ku  MaXOBHUKOB  TaKIKC
HUCIIOJIB3YIOTCA ABUTATCIIW, IIPH 3TOM, OYCBHUIHO, TOKC HGO6XOI[I/IMO IMOTPAaTUTDb
TOIIJINBO.

603Myuennas opbuma

IK6AMOPUBADLHAA
(onopnasn) opbuma
AV,

Puc. 1. Koppekiust opOUTHI BAOJIb HAMIPABICHUS «CEBEP-IOT»
JUTSI KOMIIEHCAIIUK POCTA HAKJIOHEHUS

B nanHoli paboTe mpeasaraeTcs 3apaHee BbIOPATh IOJIOKEHHE JTBUTATENCH U
HalpaBJICHHE UX OCEH TIrd TaKUM 00pa3oM, YTOObI MOXKHO OBUIO OJHOBPEMECHHO
OCYIIECTBIIATh KOPPEKIMIO OpPOUTHI W pasrpyXaTh W30BITOYHBIA KUHETHUCCKHIMA
MOMEHT, HaKOIUICHHBI MaxoBUKamMH. He orpanndmBas oOmHOCTH, OyJieM T0JIararh,
YTO KOPPEKIHS OPOUTHI MPOBOJUTCS OJMH Pa3 B CYTKH. JTO MO3BOJHUT YCTAHOBUTH
BCC JIBUTATEIIM HAa OJIHOW TPAaHU armapara.

CrietyeT OTMETUTb, YTO PaHee B JIUTEPAType pacCMATPHBAINCH TAKHE 3aJIa4H,
KaK, HampuMmep, MpodemMa 0JHOBPEMEHHON Pa3rpy3KH U30BITOUHOIO KMHETHYECKOTO
MOMEHTA U BBIIa4l HEOOXOMMOTO KOPPEKTUPYIOIIEro uMityiibca (padotsl [4,5]). B
pabore [6] mpemmaraercst HCIOIB30BATH MATHUTHBIC KATYIIKM M JIBUTATCIH JIJIsI
pa3rpy3kd MaxOBHKOB. HOBBIMH pe3yjbTaTaMH HACTOSINEH pPabOThI SIBISIOTCS
pacCMOTpEHHE OrpaHMYCHUN HAa M3MEHCHHE WMITYJbCa B HAMpPaBICHUH «3arlaj-
BOCTOK» M ONTUMH3AINSA KOHGUTYpalMu JBHraTejed Kak s ciiydas IITaTHOM
paboTHI, TaK U JUIS CITydast BO3MOXHOTO BBIXOJIa U3 CTPOSI OJTHOTO U3 JBUTATEIICH.

B pabote moka3aHo, Kak ONPeIeIUTh MUHUMAILHO HE00OX0IUMOE KOJIMYECTBO
JABHTATENCH JUIs PEIICHUS TOCTABICHHOH 3a7a4yn, pa3padoTaHa METOAMKA IMTOMCKA MX
ONTHMAJBHOW KOH(PHUIYpPAallMd C TOYKM 3PCHUS MaKCHMHU3AIMA BO3MOXKHOTO
U3MCHEHUS] KUHETUYECKOTO MOMEHTa M MUHHMHU3AIlMHM 3aTparT TOIUMBa. Takke
paccMaTpuBaeTCs Cliydaid BO3SMOXKHOT'O BBIXOJIa M3 CTPOSl OJHOTO W3 JBUTATEICH.
Kpome TOro, mpoBOIUTCS aHAIW3 YYBCTBUTEILHOCTH KOH(DUTYpaIllMM K ONIMOKaM
YCTAHOBKM JBUTATEJCH Ha ammapare M OIMMOKE CMEIICHUS IICHTpa Macc
COOTBETCTBEHHO.
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1. IlocTaHOBKA 3aa4H

B pabote paccMaTpuBaeTcs reoCTaliOHAPHBIN CITYTHUK, UMEIONTUH HECKOJIBKO
JBUTATeNIed KOPPEKLHMHM, KOTOPBIE pPACIIOJOKEHBI HAa OJHOM U3 €ro TIpaHeu.
Hcnons3yroTes Caeayolne CUCTEMbl KOOPIMHAT:

— OXYZ — opburanpHas cuctema koopausat (Op6CK). Havano koopaunar
O HaxoguTcs B IEHTpe Macc chnyTHHKa, ock OZ HampaBieHa BIOJIb
BEKTOpa OpPOUTAIILHOTO KHUHETHMYECKOro MoMeHTa, ock OX — Bnoisb
panuyc-sektopa KA, OY nononHseT cucteMy 10 IpaBoil OpTOrOHAJIBHOM,
- Oxyz — cBsa3annas co cnytHukoMm cuctema koopauHat (CCK). Ocw Oz
NEPHEHANKYJIIPHA IUIOCKOCTH, B KOTOPOW YCTAaHOBJEHBI JIBUTaTEId
Koppekuuu, ocu OX u Oy AOMONHAIOT €€ A0 MPaBOi TPOMKH.
CnyTHuK cTabuinm3upoBaH B opOuTanbHOU cucteme Tak, yto CCK coBmamaer c
Op6CK B kax/1blii MOMEHT BpeMeHH (pHuc. 2).

0cH mA2u ( Nort /1)
j-()/() ()()’II/(IHI("-I,H
e; 7 (6004w nopmanu opbumuwt)
|
| MOYKA NPUAOHCEHUA AU
1 i-02p deuzamens,
|
T
| ~
\ yenmp mace Y E
1 [o) (6doaw cropocmu KA) (Eas t)
I
s i e b o o

4{ 6doav paduyc-eexmopa KA)

radial

Puc. 2. OpburtanpHas cucreMa KOOpJuHaT

UToObl cBECTH HAKIOHEHHUE K HYJIO, JBUTaTeNU JOJIKHBI BbIJaBaTh UMITYJIbC B
y3nax opOutsl BAosb ocu OZ. JInsi KOppeKIUu 3KCIHEHTpPUCHUTETA U (Ha3upOBaHUS
CIyTHHUKA HEOOXOJMMO CO3/1aBaTh KOPPEKTUPYIOIINE UMITYJIbChl BAOJb KacaTeIbHOU
kK opbute (mo ocu QY), To ectb BAoJb HampaBieHus ckopoctd KA. OOb4HO
MIOTIPABKH BJIOJIb HaNpaBiieHus paanyc-Bekropa KA (Bmosnb ocu OX) penku, mosTomy
OyleM paccMaTpuBaTh TOJBKO OTPAaHUYEHHUS HA HEOOXOJMMBIH UMIYJIbC KOPPEKIUU
B mockocty OYZ. [lpu pelieHnu 3a1auu cieyeT yYuThIBaTh, U4TO:

— B ILIEHTpEe TpaHd, Ha KOTOPOW YCTAHABIMBAIOTCA JBUTATEIH,
pacrnoJiaraeTcsi COJIHeYHasi aHeNb;
— JIBUTaTeJU UMEIOT KOHEUHBIN pa3mep;
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— BEJIMYUHA NIPOEKINU KOPPEKTUPYIOLIETO UMITYJIbca AV, Ha HAIPaBICHUE

HOpMaJIU K OpOMTE CYIIECTBEHHO OOJblle, YEM Ha HalpaBJCHUE
CKOpOCTH.
[lepeuncnennple ycnoBUS TMPHUBOIAT K TOMY, 4YTO Ha pPAaCIOJIOKECHHE

ABUTATENEH Ha anmapare I, U HalpaBJIeHHUE UX ocel TAru e, (puc. 2) HaKIaAbIBAIOTCS

OT'PAHUYICHUA:

— TOYKH erHJ'IeHI/I}I I[BHFaTeJIeﬁ JOJIKHBI 6BITB paCHOJ'IO)KeHBI JA0CTATOYHO
JAJIEKO OT LIEHTpA I'PaHy;

— JABUTraTCin OOJIDKHBI 6BITB paCHOJ'IO)KeHBI Ha J0CTATOYHOM paCCTOHHI/II/I
JIPYT OT 1IpyTa;

— OCH TiIrn I[BI/IFaTeJ'IGﬁ HC OOJI’)KHBI OBITH HallpaBJICHBI Ha COJIHCYHYIO
ITaHCJIb,

— i YMCHBHICHM:A pacXxoJda TOIUIMBaA Yroj MCKIY OZ u ei JOJIDKEH 6I)ITI)

JOCTaTOYHO MaJl.

C yderoM »3TUX OrpaHMYEHUNl HEOOXOJUMO OIpPEAETUTh MHUHUMAIbHOE
KOJIMYECTBO JBUTATENECH, KOTOPhIE CIOCOOHBI PELINTh 3Ty 3aJauy, a TaKKe BbIOpATh
TOYKM WX KpEIUICHUS Ha BEPXHEH I'paHM M HampaslieHHE oced Taru. Ilpu stom
TpeOyeTcs Kak O0eCleyuTh HYKHOE M3MEHEHUE HMITyJibCca alapara B IUIOCKOCTH
OYZ, Tak u pasrpy3uTb MaxOBHKH.

2. dopMaamn3anusa 3a1a4u

MoOMEHTBI, CO371aBaeMbIC IBUTATEIIIMUA KOPPEKIIMH, HUMEIOT BU/I;
M, =r; xe f,
rae I, — paanyc-BEKTOP TOYKU HPHIOKCHUS TATH, €, — COUHUYHBIH BEKTOp
HarnpaBJIeHUs ocu Tsru i-ro asuratens (puc. 2), f =const — BenuyuHa TATH.

[Tonyunm HeoOXOaUMBIE ypaBHEHHS U (popMaln3yeM 3aJaHHBIC OTPAaHUYCHHS
JUTSL PEIICHUS TTIOCTABJICHHON 3a/1a4H.

N3menenne umnynbca KA Baonb oceit OZ u OY onuchIBaeTCs CleIyIONIMM
oOpazom:

3necy € ,, €

iy — TPOCKIMH OpTa TATH I-ro nmBurarens e, Ha ocu OZ m OY

cootsercteenno (i=1k), AV, — TpeGyemoe U3MeHEeHue ckopoctd Baois ocu OZ,
AV, — Broms ocu OY, mpuuem AV, €[-0.05AV,, 0.05AV,] B cumy Toro, 4ro ms
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KOPPCKOUN  «3aI1aa-BOCTOK» Tpe6yeTc;1 3HAYUTCIIbHO MCHBIICC HM3MCHCHHC
HMIIYJIbCA, mS — Macca allrapara.

B HayanbHBII MOMEHT BPEMEHHM CYMMapHBIA KHHETHYECKMH MoMeHT h,

HAKOILJICHHBI MaxXOBHKaMHU, MOXET IPUHUMATh 3HAYCHHUS ‘ho‘ﬁ h rne h, —

max
MaKCHMAaJIbHBIA 3arac KMHETHYECKOr0 MOMEHTAa CHCTEMBbI MaxXOBHKOB. Torma Jyis
o0ecrieueHrsT Pa3rpy3Kd MaxXOBHUKOB HEOOXOJMMO, YTOOBI JHMAIa30H BO3MOXKHBIX
U3MEHEHUHM KHHeTH4YecKkoro MomeHta Ah, cozepxanr B cebe HEKOTOPYIO

OKpPECTHOCTh HyJs. JlpyrumMu ciaoBaMu, JOJDKHAa OBITh BO3MOXKHOCTH H3MEHCHHS
KMHETUYECKOr0 MOMEHTa ammapara B J00OM HalpaBlieHHH. TakuMm o00pa3om,
00J1aCTh BCEX BO3MOXKHBIX HM3MEHEHHNM KHHETHYECKOIO MOMEHTA 3allHChIBACTCS B
CIICAYIOIIEM BUJIEC:

k
Ahg => M, A, (1)
i=1
rae At, ynosieTBopsieT

k
Zei,zAti — M,
i=1

f
k AV, m,
D e A =—L—, (2)
=l f

i=1

At >0 (i=1k),

JOJDKHA CoJIepKaTh cdepy HEHYJIEBOro paadyca ¢ IleHTpoM B Hyne. Ilpu 3Tom
AV,, m,, f 3agansl, AVy MOXET TPUHUMATh JIOObIC 3HAYCHHS U3 OTpe3Ka

[-0.05AV,, 0.05AV,], a e,, r;, u, xak caenctsue, M, — BbIOUpaeMble TapaMeTpPhl.

3. CBefeHne cucTeMbl K BBINMYKJIOH 00010UKe

[lepBbIii 3Tanm B pENICHWM 3aJayd — OTO OMNPEICICHUE MHUHHUMAJIbHO
HEOOXOJMMOro KOJIMYECTBAa JABUTATeNel Koppekuuu. s sToro caemaem 3aMeHy
nepeMeHHbIX (BBEAEM HOPMHUPOBAHHOE BpeMs pabOThI IBUraTEICH):

e,f
——At, =Ar,
AV, m,

() 3)
At =Ar, M
e,f

u ¢ yuetoM 3amenbl (3) mepernurnem (1) u (2) B caeayroiieM BUje:
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k
> m; A, = Ah,

i=1

K AV
D eAr=—2
= AV

z

YAz =1 Ar, 20 (i=LK), (4)

i=1
AV, — ¢pukcuposannoe,

2V <[-0.05, 0.05],
AV

z

AV.m €,
e m =M, ——= ¢ =—L,
i,z

e,f e

L
ajiee, BBEIEM 4YeTBIPEXMEpHBIE BekTopa Y, =M , m ., m , e ) , i=1K.
p p p ‘I’I 1,2 1

i,x7 i,y!?
Torna (4) MoxHO TiepenucaTh B BUJIE:

Ah,
k
Z‘I’iAfi = AV,
= AV

z

Eklmi =1, Az, >0 (i=1k), (5)

i=1

2V, <[-0.0s, 0.05).
AV

z

bes mocneanero ycmosusi (5) mpepcraBiser co0Oi BBIMYKIYE) 00OJOYKY
BEKTOPOB \,, TO €CTh OONacTb BCEX BO3MOXHBIX 3HAUCHHH W3MCHEHHS
KMHETHYECKOTO MOMeHTa M ckopoctH. Jlanee 6ynem o6osnauate eé CH (om amen.
Convex hull). Tlocinennee yciaoBue B cucteme (5), COBMECTHO C HEOOXOIUMOCTHIO
M3MEHEHMS] KHHETHUECKOT0 MOMEHTA B JIFOOOM HAampapieHHH, o3HavaeT, uto Ha CH
HAJI0)KCHO JIOTIOJIHUTEIIBHOE OTPaHUICHHE: OTPE30K

h={x=(X, X X %) % =%, =% =0,-0.05<x, <0.05

JIOJKEH TETMKOM JIEKAaTh BHYTPHU BBITYKIIOW 000JIOUYKH, TO €CTh HEOOXOIUMO, YTOOBI
6bTa  BO3MOKHOCTH BrmcaTh B CH Tumepuuameap (IeKapToBO IPOHM3BEICHHE
oTpe3ka U TpEXMEpHOH chephl) ¢ HEHYJICBBIM PaIUyCOM OCHOBAHHS, OCbIO KOTOPOTO
SBJISIETCS OTpe3oK A. [ sToro CH JI0OJDKHA UMETh HeHyJIeBoM oObeM. Tak kak
BBIMYKJIasi 000JI0YKAa BEKTOPOB Y, — 3TO HEKOTOpas 00JNacTb B UYETBIPEXMEPHOM
MPOCTPAHCTBE, TO HEOOXOIUMO IO KpaiHel Mepe K =5 BeKTOpoB, TO eCcTh Ha OJUH

Oonbllie, YeM pPa3MEepHOCTh MpocTpaHcTBa. sl HATTSITHOCTH TPOMILTFOCTPUPYEM
9TOT QakT Ha AByMepHOM ciy4dae (puc. 3).



a 0
Puc. 3. Boimykiibie 060)J'IO‘IKI/I JBYX U TPEX BeI)<Top0B Ha IUIOCKOCTH:
a) OTPE30K, 0) TPEyroJIbHUK
B nanpheiimem OyneM paccMaTpuBaTh KOHPUTYpalMd W3 MUHHUMAJIBHO

HE0OXOJMMOro KOJWYeCTBa JIBUraresieil, To ectb mnsatu. llepen pemieHueM 3amauu
PaCIOJIOKEHUS JBUTATENIed KOPPEKIIMU U BIOOpA HAMPABICHUN UX OCEH TATH HYKHO
dbopman30BaTh TPOLEAYPY MPOBEPKU TOTO, YTO KOHPUTYpAIUs YIOBICTBOPSET
3amanHeIM TpeGoBanusaM. CJH sBnseTcs MHOTOIPAaHHMKOM B UETHIPEXMEPHOM
npoctpadcTBe. CorjiacHo TpeOOBaHUSIM 3aJaud, B HEr0o JOJKEH OBITh BIUCaH
TUNICPUUIUHAP C 3aJaHHOM OChIO A UM HEHYJEBBIM paJdycoOM OCHOBAHWS.
PaccmoTprm cedeHre 3TOro MHOTOTrpaHHUKA TUIIEPIIOCKOCThIO, KOTOpast 3a0aeTcs B
BHJIC

Q, ={x=(X, X, X X,):X, =y}, y=const,|y|<0.05.

Ecnu runepuuiauHIp MOXKET OBITh BIMCAH BHYTPH BBIMYKIIONH 00O0JIOUKH, TO
s moboro y B mepecedermn CH u (), COMEPKUTCS MHOXKECTBO TOYEK (B
nanbHeieM OyneM Ha3bIBaTh ero cdepa) Buaa

S :{x:(xl, Xp, Xg, X4 ) 1%, =7, X X+ X5 = RZ},
rie R — paamyc ocHOBaHus runepuuiauHapa (a ero (U3HYECKUd CMBICT —
MakCUMajbHasi BEJMYMHA KHHETHYECKOIO MOMEHTa, KOTOPYIO BCErja MOXHO
pasrpy3uTth). O4eBUIHO, UTO BEPHO U 0OpPATHOE YTBEPIKICHHE.

Takum 00pa3zom, 4TOOBI BBISICHUTH, YIOBIIETBOPSIET JIU CUCTEMa JBHUraTesen
3aJJaHHBIM OTPAaHUYEHHSIM, HEOOXOAUMOW M JOCTATOYHOW SIBJISIETCS NMPOBEPKa TOTO,
YTO B KaXJOM CEYeHHH cojaepxkutTcs cdepa paaumyca R. Omnako TpeOoBaHue Ha
MIPOBEPKY BCEX CEUEHUI MOXKET ObITh OCNa0JIEHO, TaK KaK MHOTOTPAHHUK SIBJISIETCS

BBIYKJIbIM.  YUuThIBass 3TOT (aKT, MOXKHO TMPOBEPUTH JIUIIb CEUECHHS
TUIIEPIUIOCKOCTSAMH, KOTOPBIE TPOXOAAT YEPE3 OCHOBAHUS THUIIEPLIVIIMHAPA:

Qi = {X :(Xv Xy1 X X4)T |X4,Ieft :_0'05}’

T (6)
Qright :{X:(Xl’ XZ’ X3’ X4) |X4,right :005}
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Teneps ana ynobcta mepeiinem k omucammio CH B Bue CcHCTEMSI
HEPaBEHCTB:

Ax<b,, (7)

rae A, — Marpuna pasmepa Px4, X — BEKTOp B YETHIPEXMEPHOM IPOCTPAHCTBE

pasmepa 4x1 um b, — Bexrop pasmepa Px1 (p — KoIHMYECTBO HEPABEHCTB,

OTMUCHIBAIOIINX pPacCMaTpUBAEMyI0 BBIMYKIYI0 000104Ky). Kaxkmoe HepaBeHCTBO
cucteMbl (7) ONUCBHIBAET OJHO M3 [P IOJYNPOCTPAHCTB, MEPECCUCHUEM KOTOPHIX

apnsercss CH.
Taxum 06pa3zoM, 1151 Toro utoObl Haittn ceuenne CH runeprockocTsamu €,

u Q

MIPaBOil TPAHUIIBI):

right 1 HYKHO Ba(I)I/IKCI/IpOBaTL YCTBCPTYIO KOMIIOHCHTY (HOKa}KGM Ha IIpUMECPC

a, &, a; a9, X b,

8y 8y 8y Ay || X < b,
: : : : "
A By A Ay )(0.05) (D,
8; 8, a3 |[X by 8y,
to Ik, |<] 5 |-008]
A, Ay, A, (X b, a,,
d; &, 845 by &,
OGo3naunm A=| : : bl buge=| ¢ [-0.05] : |, Torma cucrema,
Ap App Ay b, Ap4

OMKCHIBAIOIIAS TPABOE CEUEHUE BBIMYKJIONW OOOJOYKM, 3alMIIETCS CIAEAYIOIMNUM
oOpazom:
Ax<b

AHQJIOTUYHO Ha JIEBOU I'PaHHULIE:
AX <D, . 9)
WTak, ceyeHUsIMH 4YETBIPEXMEPHOU BBIMYKJIONW OOOJOUYKH THUIEPIIOCKOCTSIMHU
SIBJISIIOTCS. TPEXMEpHbIE (PUTYPBI, KOTOPBIC OMUCBHIBAIOTCSA CHCTeMaMK HepaBeHCTB (8)
u (9). B cuny toro, uto CH — Beimyknas Gurypa, To 4ToObl ONPEIETHTh 3HAUECHHE
KHHETHYECKOro MOMeHTa ANy, KOTOpOe rapaHTUPOBAHHO MOXHO BBIAABATH B JIIOOOM

right * (8)

HaIpaBJICHUU, HY)KHO HAaWTH MaKCUMAaJIbHBIE Paguychl chep, KOTOpble MOTYT OBIThH

Brucanbl B cedenus CH runeprockoctsvu QU Q 1 BBIOpAaTh MEHBINUI U3

right ?
Hux. OH u onpenenutr Ah; .

B kadecTBe nmpuMepa pacCMOTPHUM TUIOCKUH citydaii (puc. 4).



Puc. 4. O61acTh BCEBO3MOKHBIX 3HAYEHNH U3MEHEHUS KHHETHYECKOTO MOMEHTA U U3MEHEHHUS
HUMITYJIbCA C YUCTOM 3aJlaHHBIX OI‘paHI/I‘ICHI/Iﬁ (anMep Ha HJ'IOCKOCTI/I)

3nech BbIMyKJIass 0OO0JOYKAa MPEACTaBISET COOOW TPEyroibHYH 0O0JacTh,
MYHKTUPHOM TUHUEN 0003Ha4YeHbI JIeBOE U MpaBoe ceueHus. Ha miockoctu ceuenus
IPEJICTaBISIIOT COOOM OTPE3KH, @ TOUKU MEPECEUEHHS ITUX OTPE3KOB C OChIO abcuuce
ABJIIIOTCS MPOEKLIMAMU Hadaja KOOpJIMWHAT Ha NOJyyeHHble ceueHus. KpacHbIM Ha
KaKIOM W3 HHMX BbIIEJIEHBbl OTPE3KH, 0003HAYaOIIMe HAUMEHBIIEE PACCTOSHUE OT
NpOEKIMii TOYKKH O Ha TUNEPIUIOCKOCTH Q¢ W Q. 10 TPAHHIbI BHITYKIOH

n R

MaKCUMaJbHOTO paaunyca cepbl, KOTopas MOKET ObITh BIIMCAHA B CEYEHUE, U CAMOU
cdepbl Ha IMJIOCKOCTH BBIMOJHSIOT 3TH KpacHble OTpe3ku. BpiOpaB MHUHUMAaIbHBIN
paauyc, MoJydyaeM, YTO B BBIIYKIYIO OOOJOYKY MOXXHO BIMCATh MPSIMOYTOJBHUK
(TMNIEpUMIUHAP B YETBIPEXMEPHOM TPOCTPAHCTBE), KOTOPHIM 3amaeT o0JacTb
BCEBO3MOJKHBIX 3HAQYEHUN H3MEHEHMS KUHETHYECKOTO MOMEHTAa W W3MEHEHMs
UMITyJIbCa € YYETOM 3aJaHHbIX oOrpaHudeHuil. OgHa CTOpOHAa NPAMOYTOJIbHUKA
OTBEUAET 3a JMala3oH BO3MOXHBIX M3MEHEHUU HMITyJbca, a Jpyras (Ha3oBeM ee
OCHOBAHHEM) — 32 MAKCHMMAJbHO BO3MOKHOE 3HAYEHHE M3MEHEHUs KUHETUYECKOIO
MOMEHTA B JII0OOM HAINPAaBIICHUU.

B 4eTbIpEXMEPHOM IPOCTPAHCTBE HYKHO HAWUTHU TMIECPUWIMHAD, MJIMHA OCU
KOTOpOoro OyAeT OTBeyaTh 3a OrpPAaHUYEHHsS HA HM3MEHEHHUE HMITyJbCa, a B €ro
OCHOBaHMM OyJIeT HaxoIuTbcad cepa MakCUMalbHO BO3MOXHOTO paauyca (1o
aHAJIOTUU C JBYMEPHBIM ciiydyaeM). Takum 00pa3oM, 4TOObI OJIYYUTh PAIUYChl cPep
B JIEBOM M TMPABOM CEYEHUAX, HYKHO HAWUTU MHUHHUMAJIbHOE pPACCTOSTHUE OT
COOTBETCTBYIOIIMX IPOEKUMKA Hayajga KOOPAWHAT IO KaXIAOM TpaHH, 3aJarolleu
ceyeHus1. [ paHu onMCHIBAIOTCS CUCTeMaMy ypaBHeHHH AX =D, 11 1eBoro ceuenus

left

000JI0YKKM Ha JIGBOM M TIPaBOM CEUeHHsIX — R COOTBETCTBEHHO. Pob

left right
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u Ax= bright

TaKOM BHAC:

— s npasoro. Ilepenumem kaxaoe HepaBeHCTBO crcteM (8) u (9) B

P (10)
fal” ) [
.
rIe a; :(ail C P a13) '
UroObl yOeauThCs, YTO MPOCKIMS HYJS SBISACTCI BHYTPEHHEH TOYKOM
cooTBercTBytomero cedenns CH, He06X0IMMO TIPOBEPHTH, UTO
b >0, i=1p. (11)
B mpotuBHOM ciiydae MpOEKIUs Hadajda KOOPJAUHAT JISKUT BHE CCUCHHUS WIIM Ha €ro
TPaHUIIE, YTO HE yJIOBJICTBOPSCT YCIIOBHUIO 3aJIaUH.
Ecim ycnoBue (11) BBIIOJIHEHO, TO PACCTOSHUE OT MPOCKIIMM Hadaya
KOOpJIMHAT Ha IpaBoe (JIeBOE) ceUeHMsI JI0 1-0if rpanu MoxkHO HaiiTw u3 (10):

W3 nonydyeHHBIX [ 3HAYEHHAd HYXKHO BbIOpaTh MHUHUMAJIbHOE, TO €CTb
Rright:min(Rl,Rz,...,Rp) — HCKOMBIM paauyc cdepbl Ha MpaBOM TIpaHUIIE.
AHaJIOTHYHO HaxoauM paauyc cdepbl Ha JieBoil rpanuiie. M3 AByX MOTy4YEHHBIX
3HaYeHU BHIOMpAEM TaK)K€ MHHHUMAJIBLHOE R:min(R,eﬂ,Rrigm). Takum o6pazom,
MOJIy4aeM MaKCUMalbHO BO3MOKHBIM panuyc cdepsl, SBISAIOLIEHCS OCHOBaHHEM

MCKOMOI'O THUIEPIWINHIPA, KOTOPBIM MOXKHO BIIMCAaThb B BBIMYKIYIO OO0OJOUKY
BEKTOPOB paccMaTpUBaeMO KOH(PUTYpaIUH.

4, OnTUMH3aIHs PACTOJIOKEeHHsI ABUTaTe el

4.1. Makcumu3zayus KUHemu4ecKkozo MoOMeHma

[TockonbKy pamuyc MOMydeHHOW cdephl HANpPSIMYyIO CBS3aH C BEJIMYUHON
KWHETUYECKOTO MOMEHTAa, TO €CTh C KOHKPETHOM PAacCTAaHOBKOM JIBHUTATENICH, TO
pallMOHAJIBHBIM SIBJISICTCS HAaXOXKJICHUE TaKOW KOH(UTYpalluH, TP KOTOPOH paamyc
MakcuMasieH. J[JIS 3TOro HEeoO0XOJMMO PEIIUTh CIACAYIOIIYI0 ONTHUMH3AIMOHHYO
3aJa4y:

(I)lzmin(R,eﬂ,R )—>max. (12)

CnemyeT OTMETHUTb, YTO 0JTa 3ajJada YCJIOXHSETCS TeM (HaKkToM, YTO

right

KOMIIOHEHTBI B KaXXIOM M3 BEKTOPOB V;, (i =l,5) HE MOTYT OBITb BBIOPAHBI

HE3aBHCHMO JPYT OT APYTa, TaK KaK OHU CBA3aHbI CICAYIOIIUM COOTHOILICHHEM:
M. =r, xe, f.
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e,f T T
rae I\/Ii =m; M’ rl :(ri,x Iri,y ri,z) J ei :(ei,x ei,y ei,z) . Oro0 HYKHO
2!

YUUTHIBaTh MPHU BBIOOPE PACIONIOKEHUS U HANpPaBJICHUS OCEl TATH JBUraTesied Ha
CIIyTHHKE.

AHanUMTUYECKOE PEIICHHUE MOCTABIEHHOM 3a1a4M, 0-BUIMMOMY, HEBO3MOXKHO,
MO3TOMY OHa PEIIaeTCs YUCICHHO C MCITOJIb30BaHUEM METO/a BHYTPEHHEH TOUKH [7].

B kauecTBe BapbHpPyEeMBIX IapaMETPOB BBIOMPAIOTCS BEKTOPHI PACIIONOKCHHS
JABUTATE]el Ha CIlyTHUKE I, (i =1,5) Y HalpaBJIEeHUs UX OCed TATU €, (i :1,5).

Cuwnrtaem, 4TO BCE JIBUTATEH YCTAaHOBIICHBI Ha BepxHel rpanu KA (puc. 2), mpu a3tom

BCE KOOPJMHATHI I, (i :1,5) (ukcuposansl. [Ipoekunio BekTopa I, Ha INIOCKOCTb
OXY 3agaguM ¢ MOMOILBIO MOJSIPHBIX KOOPAMHAT I, ¢

L, =1 Cosq,,

Ly =" sine,,

o = (T Ty)
BekTopsl €, mapaMeTpu3yroTcs AByMs yIJIaMH: ¢, — YTOI MEXIy MPOEKLUIMU
BEKTOPOB I, 1 €, Ha miockocTb OXY (puc. 5), 8 — yron mexay €, u ocbto OZ:
siné, cos(¢, + ;)
e =| singsin(g + ;)
cos 6,
Torna BekTOps! Y, BBIYUCISIOTCS OJHO3HAYHO.

Y

o

Puc. 5. Ilapametpusanus Bektopa €; B mwiockoctu OXY (g, ),

npsimast | neprenmKyIspHa NpsMoH, colepIKallel BEKTop I, , .
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Kak ormeuanocs B 1. 1, Ha mapaMeTpsl IBUraTeieil TOKHBI ObITh HAJOKEHbI
OTPaHUYEHHUs, CBSI3aHHBIC KAK C KOHEYHBIMHU pa3MepaMM arrmapara, TaKk U C €ro
r€OMETPHUEH:

T T T
q)ie TAY A Hie 01_ y
2 2 3
02mM<r<05M, r,=05Mm, (13)
a, €[0,2z], i=15.
OrpannyeHre I @, CBSA3aHO C HAJIWYMEM COJHEUYHBIX IaHened, mausd 6. — ¢

TpeOOBAHUAMU 110 MAJIOMY PacXoAy pabodero Teia Ha KOPPEKUUIO B HANPABJICHHUU

«CCBCP-10I'», a AJIAd rl — C TCOMCTPHUUCCKHUMHU pasMCpaMU allliapara.

Jlanee mnpuBeneHBbI MMapaMeTphl armapara, HCHOJb3yeMbIE€ IMPU PEIICHUU
YHCJIEHHOHN 3aJa4u:
m,=5000kr, f =0.1H,

AV
AV, =003, —Y[-0.05, 0.05].
AV

¢ z

OcCHOBHas CJIOKHOCTb YHCIIEHHOTO PEIICHUS 3aJa4d COCTOUT B KOPPEKTHOM
BBHIOOpE HAYAIBbHBIX JAHHBIX MJI ONTHUMHU3AaTOpa, TO €CTh TAaKOro HayaJibHOTO
pacrpeneneHus JBUTaTeNeil, Mg KOTOPOrO BBINOJHSIOTCA BCE YKa3aHHbIC
orpanndenus. Cpaszy nmogo0paTh Takyr0 KOHPUTYpaIUIO HE yIaloCh, TO3TOMY OBLI
peau30BaH CIICAYIONIUI UTEPAlMOHHBINH TToaX0 (puc. 6):

Hauaso
e O 0, 0, (7=0):
8bI6UPAMCS cayuaito,
AV,
AV,
v
RH :min(RzeﬁsRngm) onmuMusayua
rj_u: aj—l;z: 8,'—1:17 go,'—lj
pacuiuperue 2paHuy
2% [-0.015, 0.015]
- e|7vUly, VUL
AV
A2 > [-0.05, 0.05] HET AV
AV, Ha4a/bHble JaHHble
das wazaj+1:
HEeT Ja
P O 6}!, ?,

R e = R;+1

umozoeas koHguzypayua
i

J+lis J+Liz 9;+11= @,H—li

Puc. 6. briok-cxema, onmuchIBaIOIas UTEPAIIMOHHBIN MOAXO0/ K PEIICHUIO
ONTHUMH3AMOHHON 3a1a4n

o
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1) Bapeupyemble napaMeTpbl BEIOUPAOTCS HA MEPBON MTEpAlUU I Ka)I0To
U3 TISITH JBUTATENICH ClTydaiHbIM 00pa3oM n3 nHTepBasioB (13), a BO3MOXKHBIC

AV
N3MCHCHUS UMITYJIbCA 3a1d0OTCA B BUAC OJHOT'O 3HAYCHUA! A—Vy =0.

z
2) Tlony4eHHbIE  BEKTOPBI  TOJAIOTCS HAa  BXOJ  ONTUMH3ATOPy  C
dyukunonanom (12). Ctpoutcs BbIyKIas 000yI04Ka sl K 4eThIPEXMEPHBIX
BEKTOpOB. Jlajiee OHa MpeACTaBIsCTCS B BUJIC CUCTEMbI HepaBeHCTB BHa (7).

3aTeM HAaXOIMTCS 3HAYCHUE DPaIHyca Rzmin(Rright,R,eﬂ), KaK OIMCaHO B

TpeTbel rnaBe. Ha mepBod urepanuy 3HAYEHUS JIEBOM M NPABOUW TI'PaHULL
COBMANAIOT U PaBHBI 0, TO €CTh X, 1o = Xy 4igny =05 CM. (6). IIpu 5TOM 3HaK b

MOET OBITh KaK IOJIOKUTEIBHBIM, TaK W OTPUIIATCIBHBIM, TaK KakK IMpHU
MPOU3BOJIBHOM BBIOOpPE HAYaJbHBIX JAHHBIX HAYaJIO KOOPAMHAT MOXKET
OKa3aThCsl BHE BBIIMYKJIOW OOOJIOYKK, W paauyc cdepbl B 3TOM cilyyae
dbopmanbHO OyJeT NPUHUMATh OTPHUIATEILHOE 3HAYCHHWE B HaYalbHBIN
MOMEHT. B ciydyae ecniu W mociie ONTUMHU3AIMH HMTOrOBOE 3HaueHue R
OCTaHETCS] OTPHUIATEIbHBIM, Takas KOH(QUTrypalus HadadbHBIX JaHHBIX
CUMTAETCA HEYJJaYHOM U B TaJIbHEUIIIEM HE pACCMATPUBAETCSL.

3) I'paHHUIIBI PACHIUPSIOTCS HA KKION CIICAYIOIICH UTepaIlHH:

Xyreti = Xqleftiioa — 0.04,

Xg rightii = Xarigntia T 0-01.

4) HavanbHble NaHHBIC I I-r0 Iara 3aJalOTCs Kak 3HAYEHHs, HalCHHBIC
[10CJIe ONITUMHU3AMKY Ha i-1 mare.
5) UroroBast KoHGUTYpalMs MOIy4acTCs MOCIE ONTUMHU3AIUU C TpaHUI[AMH

X, ot = =005, X, 1o = 0.05.

6) 3Hak uTOroBOro 3Ha4YeHus R mpoBepsiercs Ha mocienHem are. [IpoBoautcs
OoTOOp MOJYYEHHBIX KOH(PUIYpauui: €cilu MOCJe ONTUMU3ALUU HUCKOMBIN
panuyc OKa3bIBA€TCs OTPULIATENBHBIM, TO 3TO O3HAYAET, YTO B BBIITYKIIYIO
000JI0UKY BEKTOPOB HE YAAa€TCS BNMCATh TMIEPUMINHIP C 33JaHHOMN OChIO, U
Takasi KOH(QUTYpalys He pacCCMaTPUBAETCS B JAIbHEHIIIEM.

[Ipumep TONYYEHHBIX OMHCAHHBIM CIOCOOOM  PE3yNbTaTOB  HATJISITHO
MPEACTaBIIEH HAa pucC. 7, 8, a 3HAUYECHUS YIIOB, ONMUCHIBAIOIINX OCH TSTH JBUTATENEH
€,, ¥ NOJISIpHBIE KOOPAMHATSI, 331al0LIUe BEKTOPSI I, IpuBeneHs! B Tadauue 1.
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0.5 ~

0.5

05
X, M 0.5

Puc. 7. JlokanbHOE ONTUMATILHOE PACIIPECIICHHUE
[ATH JIBUTaTEIE KOPPEKLINU

E E
i 20
120 80 80
08
06
1 40
* 150 30
04 Se
20
= 5
0.2 Y '4
. . 2 [ ] . . . .
anti-radial o radial anti-radiali® * oradial
L ]
2 1
02
o4l
L/ 210 330
e 4
3
o8t
2
o8 240 @ 300
1 L 1 1 1 L L 1 1 L 270
: -1 0.8 06 04 0.2 ] 02 04 06 08 1 W
w
a) 0)

Puc. 8. a) pacnionoxenue apurateneit I,

0) HampaBJeHHUs OCEH TATH JABUTaTENEH €,

Taon. 1. Pacnpeodenenue osuzameneii

Ne & 6, r (m) a;
1 -87.42° 59.62° 0.497 88.37°
2 85.17° 59.49° 0.209 165.67°
3 -82.09° 59.69° 0.496 267.03°
4 88.49° 58.98° 0.466 280.25°
5 52.03° 59.71° 0.471 117.49°

Jns mpuBeeHHONW KOH(UTYpaIlMi MaKCUMaJbHO BO3MOXKHBIM KHHETUYECKUUN
MoMmeHT paBeH 46.01 H-m-c. Ha anmaparax cxoeil Macchl OOBIYHO HCIIOIB3YIOTCS

MaxOBUKH C MaKCHUMaJbHO JOMYCTUMBIM 3HAUEHHEM KHHETUYECKOTO MOMEHTa
10-20 H-m-c, nampumep, AM-10-25 JIM20-250 (AO «Kopnopamus «BHUNIM»,
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[8]). Takum obOpa3zom, paccMaTpuBaeMmasi KOH(GUTYpallus JBHUraTeICi MO3BOJSET 3a
OJIHY KOPPEKIUIO IIEJIMKOM pas3rpy3uTh H30BITOUHBI KUHETHUYECKHH MOMEHT,
HAKOIUICHHBI MaxoBHKaMu. B manbHelimeM OyjeM paccMaTpuBaTh MaxXOBHUKHU C
MaKCHUMaJbHBIM 3al1acOM KHHeTHueckoro Momenra h =16 H-m-c.

4.2. Onmumuzayus pacxooa monauea

[lonyuyeHHble B TPEAbIAYHIEM  IYHKTE  pe3yJbTaThl  MOKAa3bIBAIOT
MPUHIUNHATBHYI0 BO3MOXKHOCTh OJHOBPEMEHHOW Pa3rpy3Kd MaxOBUKOB W BbIAa4H
KOPPEKTUPYIOWIETO UMMyJibca. OTMETUM BaXHBIA pE3yibTaT: MpPU PEIICHUU
ONTUMM3AIIMOHHON 3aJaud II0J0KECHHE JBUTaTeNIC BBIXOAUT Ha IIOCTaBJICHHBIC
OTPAaHUYEHHUS, & UMEHHO YroJ MEXIY OCSIMU UX TSATM M BEPTUKAIbIO CTAHOBUTCA
paBHBIM IPAKTUYECKH IIECTUAECATH rpagycaMm (puc. 80). DTo o3HaA4aeT, 4To Ha
KOPPEKIIMIO HAKJIIOHEHUSI OpOMTHI OYyJeT TPAaTUThCSA B JiBa paza OoJibllle BpEeMEHH (a
3HAYMUT, ¥ TOIUIMBA), YeM B CIydae MCIIOJIb30BAHHUS BEPTUKAJILHO PACIOJIOKEHHBIX
JBUTATENIe. DTO MPUBOJUT K HEOOXOMMOCTH U3MEHEHUS 11eJIeBOr0 (PyHKIIMOHAIA: B
nanpHelieM OyaeM paccMaTpuBaTh 3ajlayy MUHUMM3alUM pacxoja Tormma. [Ipu
3TOM TpeOOBaHUs Ha BO3MOXXHOCTh BBIJAUM YIPABIAIONIEIO BO3ACHCTBUS B
mwiockoctd OYZ © wu3MeHeHHs KHUHETHUYECKOTO MOMEHTa JIOJDKHBI — OBIThH
YIAOBIICTBOPEHBI.

Jnst Toro yToObl HAUTH KOH(PUTYpaLUI0, IPU KOTOPOM 3aTpaTbl Ha TOILIMBO
OyJlyT MUHUMAJIbHBI, HO TIPH ATOM COXPAHUTCS BO3MOKHOCTh Pa3rpy3Kd MaxOBUKOB,
HEO0OXOJIMMO PEIIUTh CIACAYIOIIYI0 ONTUMHU3AIMOHHYIO 3a7a4y .

5
®, =) e, > max,
= (14)
R>R,.
®U3NYECKUI CMBICII COCTOUT B CJEAYIOIIEM: JBUTATENN PACIIONIaratoTCsl TaK, YTOOBI
CyMMapHas IpOeKLusi BEKTOpoB €, Ha ocb OZ Obula MakcumainbHa. IIpu sTOM M3
BTOPOTO YPaBHEHHSI CUCTEMBI (2), a UMEHHO
> AV, m
D e A =—1=, (15)
— f
CIIEAyeT, 4TO MpH (PUKCHPOBAHHOM mpaBoil yactu ypaBHeHHs (15) Bpemsi pabOThI
asurarenei At, MOXKHO yMEHBIIUTb, TO €CTh U3PAacX0J0BATh MEHBILE TOILIMBA.

[Ipu pemieHnu 3TOM ONTHUMHU3ALMOHHON 3aa4M TAKXKE CIEAYET Y4eCTh TO, YTO
HY>)KHO YMETh BbIJaBaTh HEHYJEBOE 3HAUYCHHE KMHETHMYECKOr0O MOMEHTa B JHOOOM
HarpasjeHuu. B 3ToMm ciyuyae HeoOsA3aTeIbHO MAaKCUMHU3UPOBaTh cPepy BO3MOKHBIX
M3MEHECHHI KHHETUYECKOI0O MOMEHTA, Ba)KHO JIMIIb TapaHTUPOBAHHO BbIJIABAaTh
3HA4YEHUS U3 HEKOTOPOTO OTPAHUYEHHOIO TMANa30Ha:

0 <|Ah, | < Doex

,raeh . =16 H-m-c..
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Kak Obu10 mokasaHo B II. 41, KHHETUYCCKMU MOMEHT MOXXET OTJIMYaThbCS OT
h
3aJaHHOT'O OI'PaHUYCHUA Oosice yeM B 5 pa3, Mo3TOMY BCC 3HAYCHHA, 0OIBIIHE %,

HY’)KHO MCKYyCCTBEHHO o00Ope3aTb. IIpum 3TOM HyXHO, 4TOOBI (yHKIUOHAI @,

OCTaBaJICsA TJIQJAKUM, I[IO3TOMY CJeJacM IUIaBHBIM Tepexod, a HWMEHHO,
aTlIPOKCUMAITUI0 KYOHMUECKUM CIUTaiiHOM (puc. 9):

8.5 T T T T T T T T T

3HaueHune thyHKLMoHana

7-' 1 1 1 1 1 1 1 1 1

7 7.2 74 76 78 8 82 84 8.6 8.8 9
3HayeHune pasrpyxaemMoro KMHeTUYeCKoro MomeHTa, Hme

Puc. 9. 3aBucumMocTb 3HaueHus pyHKIMoHAIa D)
OT 3HAaUYCHHA KUHECTHYCCKOI'O MOMECHTA
MonuduimpoBanHoe  BelpaxeHue a1 QyHkumoHama @,  BBITJSIIUT
CICAYIOIIMM 00pa3oMm:
8 Ah;>8 H-m-c,

© (2t° -3t* +1) p, + (£ - 2t* +1)(x, — X )M, + .
] (2430 p + (-t —x )M, 7<Ah, <8 H-m-c,

Ah,, Ah <7 H-m-c,
rne t=Ah, -7, p, =7, p_ =8, X =7, X =8 m =1 m, =0.

Jliis perieHUs: oNTHMHU3AIMOHHON 3a1aun (14) B kauecTBe HavadbHBIX JaHHBIX
BBIOEpEM pellieHHe onucaHHoW B 1. 4.1. onTumu3anmoHHoi 3amaun (12) ¢ yuerom
Moan(UIMPOBaHHOM 3amucH ¢pyHkuuoHana @, (16). Takum oOpaszoM, penieHue 3Toit
3aJlauyd TapaHTUPOBAHHO OOECIEYUT BO3MOXKHOCTH Pa3rpy3KH MaxOBHUKOB B JHOOOM

HaIpaBJICHUH, a ONTUMHU3AIMS TIPU 3TOM OYJIeT HaIlpaBJIeHa TOJIbKO HAa YMEHBIIICHHE
3aTpaT TOIUIMBA. WTepanMOHHBIM TMOAXOJ MO PACIIUPEHUI0 TpaHull 3AECh
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HCIIOJIB30BAaTh HC HYXHO, TdK KdK HAYAJIbHBIC TdHHBIC BLI6paHLI YK€ C KOPPCKTHBIMU
I'paHUIaMHU.
HpI/IMCp IMOJIYUYCHHBIX  OIIMCAHHBIM crrocobom PE3YIIbTATOB  HAIJIAOHO

npexncrasieH Ha puc. 10, 11, a 3HaueHus yrios u I, npuseneHsl B Tabnuue 2.

1.4
14

1.2+
12 -

1+
1+

0.8
0.8 -]

08 0.6 |
N 04 N 04
0.2 02
0~ 0
0.2 02

<04 0.4 -

05 e 05

a) 0)
Puc. 10. JlokanpHOE ONTHMAIBHOE (C TOUKH 3PEHHSI 3aTPaT TOIUIMBA) PACTIPE/ICICHUE TISITH
JIBUTaTeNlell KOPPEeKLUH: a) HayallbHbIE JaHHbIE, 0) UTOrOBOE pacrpeeIeHue

E
- E
90
sk 120 60
.5
06 50
150 0 30
04 D. 2 30
5 .
2 = .
0.2 L] ¥ 2e0° 20 >
10
EN
anti-radial or - ! radial anti-radial s oradial
2
1 el
.
02 - 4 2 ; oy
! .
.
0.4 ° 4 o
1 20 5 330
08
o8 240 300
, | | 270
1 08 06 D04 02 0 0z 04 06 08 1 w
W
a) 0)

Puc. 11. YépHbIM — HavyaJIbHbIE YCIIOBUS, 3€JIEHBIM — HTOTOBOE paclpesiesieHue
a) pacIloJIOKEHUE IBUraTese I;, 0) HanpaBlIeHHs OCEl TATH JIBUTATENEH €,

Taén. 2. Pacnpedenenue osuzamenneit

a) HayanbHble OaHHblEe 0) umozosoe pacnpeoenenue
Ne ?, 0 I (m) a, Ne () 0 (M) i
1| -6.99° 19.62° | 0.371 | 217.51° 1| 20.99° 4.95° 0.406 | 264.07°
2 | -33.51° | 33.04° | 0.351 61.75° 2 | -47.04° 11.99° 0.391 | 146,71°
3| 43.23° | 4151° | 0.394 | 167.47° 3 62.49° 11.75° 0.377 | 179,72°
4 | -29.11° | 24.08° | 0.382 | 297.26° 4 | -62.43° 10.81° 0.394 | 334,62°
5| 18.08° | 40.75° | 0.351 95.76° 5 | 48.73° 12.17° 0.378 34,47°
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Jlns HayanbHBIX JAHHBIX B O9TOM ONTUMHU3AIIMOHHOW 3a7ade 3HAuYCHUE
¢ynkuuonana @, =8 H-M-c, TO ecTb HOCTHIHYTO MaKCHUMAaJIbHO [OITyCTHMOE

3HaueHue. [locne pemenns ontuMu3annonHol 3anaun (14) ¢ynxumonan @, =4.83,
a @ =5.65 H-m-c. Ilo pacxomy TomiuBa NoOJlydeHHass KOH(HUIrypanus OIM3Ka K

rno0anbHOMYy MakcuMyMy (yHkiuoHana @, 6e3 ydeTa OrpaHUYEHUi, MOITOMY €€

UCIOJNB30BAHUE SBIIETCS LeaecooOpa3HbM. MakcumaneHoe 3HaueHue @, . =5,

TaK KakK OH SIBJSIETCSI CYMMOM KBaJIpaTOB MPOEKINM €TMHUYHBIX BEKTOPOB €, (i :1,5)

Ha ocs OZ.

5. BbIX0a M3 CTPOSi OTHOTO U3 ABUTaTEIeil

B npenpiaymux roaBax ObUIO CKa3aHO, 4TO Il OOECIeUYEeHUsl OJHOBPEMEHHOU
KOpPpeKIMHA OpOUTHI M Pa3rpy3kd MaxOBHKOB HEOOXOJWMO yCTaHOBUTH IO KpaiHEi
Mepe ATk aBurateneil. OqHako B Cilydae BBIXOJAa M3 CTPOS OJHOTO M3 HUX OyAer
HEBO3MOXXHO YJOBJIIETBOPUTH BCeM YycCioBUAM. [loaTOMy HEOOXOAMMO OMpEeAeTuTh,
KaKkoe MHHHMMAaJbHOE KOJMYECTBO [BUTATENel JOHKHO OBITh YCTaHOBIEHO HAa
ammapare, 4ToObl CCTEMa COXpaHsija paboTOCIOCOOHOCTh JIaXKe B CIydyae BhIXOJA U3
cTpost moboro u3 HuX. KpoMe TOro, Hy’KHO pacloyIOKUTh ABUTATEIH ONMTUMAIbHBIM
C TOYKH 3pEHHs 3aTpaT TOIUIMBA 00pa3oM.

JlokaxkeM, 4TO J00aBJIEHWE OJHOTO JIBUraTelii HE IMO3BOJIAET pEIIUThH
MOCTaBJICHHYIO 3a/1a4y. [IpoBenem nokazarenabcTBO B OOLIEM ciayyae JUisl N-MEpHOTro
npoctpancTBa. UToObl BhIMyKJIast 000104Ka M3 K TOuek B N-MEPHOM IMPOCTPAHCTBE
UMelia HEeHYyJIeBOH 00beM, HeoOXoauMbl kKak MUHUMYM K =n+1 Touek. [Ipu sTom
€CIM OJUH JBHUTATENb BBIMJIET M3 CTPOs, TO, TaK Kak BBIMyKJIass 000704Yka N
ABUTATEIe B N-MEPHOM IPOCTPAHCTBE UMEET HYJIEBOM 00bEM, cucTeMa MepecTaHeT
ObITH paboTocmocoOHoi. Paccmorpum Torna K=n+2 aeurarencii. [loctpoum s
HUX BBINYKJIYIO OOOJIOUKY W MPOBEAEM B HEW BHYTPEHHIOI (HE COBIAJAIOIIYIO C
IPaHbI0 BBIMTYKIJION 000JIOYKH) TUMIEPIUIOCKOCTh 4Yepe3 MPOU3BOJILHBIN HAOOp U3 N
Touek. Torma ocraBimmecs 1B TOYKH OYAYT J€KaTh C MPOTUBOIOJIOKHBIX CTOPOH OT
THMEPIUIOCKOCTH. TakuM 00pa3oM, THIEPIIOCKOCTh JACTUT BBITYKIYI0 000JI0YKY Ha
IBE N-MEpHBIE MHpaMUABl C OOIMIMM OCHOBAaHHWEM, a B Cllydae BBIXOJa U3 CTPOSA
OJIHOTO W3 JABYX JIBUraTelled, pacloJIO’KEHHBIX B BEPUIMHAX, OCTAHETCS TOJBKO OJHA
nupamuga. [Ipu 3ToM HEBO3MOXKHO TapaHTHUPOBATh, YTO HAYAJIO KOOPAWHAT OyaeT
BHYTPH BBIITYKJIONH O0OJIOYKH OCTABIIMXCS TOYEK, OHO MOXKET SBJISITHCS BHYTPCHHEH
TOYKOW y/aJeHHON MUpaMUIbl HIIA MOXKET JIS)KaTh B THIEPITIOCKOCTH, YTO TAKXKE HE
yIOBJIETBOPSIET yCJIOBUSAM 3afaun. CienoBaTenbHO, 100aBI€HNUE OJHOIO JBUTATENs
He pemaet npooyiemy. /s HAMIAAHOCTH MPUBEIEM MTPUMEP Ha TUIOCKOCTH (puc. 12).
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D D

a) 0)
Puc. 12. a) Bemykiias obonouka K = 4 npurareneii B AByxmepHoM (N = 2) npoctpanctse, BD —
BHYTpeHHs1s runepruiockocts, ABD u CBD — 2-mepnbie nupamuis ¢ 00mumM ocHoBanueM BD,
0) 4eTBEpTHIN ABUraTEIb BBIIIET U3 CTPOSI, HAYaJI0 KOOPIMHAT — BHEUIHSS TOUKA JJIsl BBITYKIION
000JIOYKH OCTABIIUXCS BEKTOPOB.

[Tokaxkem, uTo pgoOaBieHUst MABYX JABUTaTenedl mocratouHo. Jlims 3Toro
MPUBEJEM TPUMEP TaKOTO PACIHOJIOKCHHUS CEMH JBUTATENIed KOPPEKIHMH, IPH
KOTOPOM B CiIydae OTKa3a JIO0Oro W3 HHX CHCTEMa COXPaHUT CBOIO
paboTocniocoOHOCTh. st mosiydeHus KOHQUTypalMud UCIHOJIB3YETCsl MOJXO,
aHAJIOTUYHBIA OMUCAaHHOMY B 1. 4.1, ¢ €THHCTBEHHBIM OTJIMYMEM B TOM, YTO B CTydae
CEMHU JIBUTATEICH C BO3MOXHOCTBHIO OTKa3a OJHOTO W3 HHUX HYXXHO IIPOBEPATH
KKJbI HAO0Op W3 IIECTH JABUTaTeNied B OTIEIBHOCTH, UMHUTHPYS OTKa3 OIHOTO
ocrapmierocsi (Tabmuna 3 u puc. 13, 14, Ha30BEM MOJTYyYEHHYIO KOH(PUTYpAIUIO
«JIeOenp»).

1.4 —

e
"Z' N

04

1

0.8 —

06 —

- 0.4 —

\

0.2 —

o —

02— o8

<04 08 r

06 —

Puc. 13. Kondurypanus «JIebeap»
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i E E
“l 1q 10 ®3 T . 30
l 2. 06 20
anti-radial ot : radial anti-radialiso oradial
[ 4
o2 7 6-
04f 3.. %
06 4 -
B -1 0.8 06 0.4 —DI 2 E" DIZ DIA D‘S D‘El 1 ;;
4
a) 0)
Puc. 14. a) pacnonosxenue apuratesnei I, 6) HanpaBiIeHUs OCeil TATU JBUraTesen e,
Tabn. 3
Ne ?, 6 L (m) i
1 -1.48° 36.31° 0.486 91.25°
2 75.23° 58.98° 0.405 114.56°
3 -83.04° 54.49° 0.483 223.78°
4 -78.99° 58.33° 0.422 309.72°
5 82.73° 56.21° 0.481 315.31°
6 -68.75° 59.02° 0.403 50.23°
7 76.06° 58.32° 0.439 222.72°

OyHKIIMOHAI U, COOTBETCTBEHHO, MAKCUMAJIbHO BO3MOHBI KHUHETUYECKUN
MOMEHT B MOJy4YeHHOU KoH(purypauuu paseH 11.27 H-Mm-c, 4TO CHIBHO XYK€, YEM

B cllyyae MATU JBUTaTesied. DTO CBA3aHO C TEM, YTO 3[€Ch JIOObIE IIECTh U3 CEMHU
ABUTATENe JOJDKHBI 00ecreyrBaTh BBINOJHEHHE LEJNEBOM 3aJaud, HpPH ITOM
OJIHOBPEMEHHO YBEJIMYUBATh pa3Mep cepbl KNHETUYECKOTO MOMEHTA JJI KaxAon
13 IIECTEPOK HE MPEACTABIAETCS BO3MOKHBIM.

Onnako koHpurypamus «JIebeap» (cMm. puc. 13) He SBIACTCS ONTHMAIBHOMN C
TOYKHM 3pEHHs 3arpaT TomiuBa. s Toro ytoObl ONTUMHU3UPOBATH PACIOJIOKEHHUE
naBUraTenei, OyJaeM HCIONb30BaTh YHUCIEHHBIE METOJAbl ONTUMHU3ALMH W MOIXO/,
aHAJIOTUYHBIA OMHMCAaHHOMY B M. 4.2 ais NATH JABUTaTeNedl. 37ech TakkKe HYXKHO
MPOBEPSTH KaXAbld HAOOp M3 IIECTH JABUTAaTENed B oTAelbHOCTU. Kpome Toro, Ha
paccTostHUE MEXIy J00M mapoidl JABUTaTeNied HAJOXKUM  JIOMOJHHUTEIbHOE
OrpaHUYeHHE!

dist; > p,, 1# ], (17)

ij =
il ©P=007 M. Dro oOrpaHHYcHHE CBS3aHO C TEM, YTO
JABUTraTeId UMEIOT KOHEUHBIN pa3Mep, OITOMY OHM JOJKHBI ObITh PAcIIONIOKEHbI HA
JOCTaTOYHOM PACCTOSHUM APYT OT ApYyra.

rae dist; = ‘riyxy —-r
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PesynbTarhl, mogydeHHBIE TaKUM CIIOCOOOM, MpHUBeACHBI B Tabnuie 4 U Ha
puc. 15, 16.

1.4

08

12 06
1
0.8

06

)

No04
0.2

]

0z

04

08

06

04

0zr

“0zr

04

08

081

0)
Puc. 15. Kongurypanus «IIsepo»:
a) HaYaJIbHbIC JJAHHBIC, 0) UTOTOBOE paclpeieiicHue

Tabn. 4. Pacnpeoenenue oeuzameeil
a 0)

? 6 r (M) a; Ne ? 6 r (m) a
-69.24° | 36.68° | 0.439 54° -67.60° | 26.96° | 0.384 | 58.73°
-82.29° | 31.43° | 0.475 | 174.12° -72.03° | 21.09° | 0.464 | 173.37°
75.89° | 32.86° | 0.493 | 117.55° 55.72° | 21.67° | 0.486 | 118.65°
-19.58° | 37.06° | 0.474 | 256.61° -29.94° | 26.23° | 0.403 | 254.48°
65.49° | 53.76° | 0.450 | 270.71° 65.86° | 32.18° | 0.406 | 265.05°
81.87° | 55.18° | 0.332 | 354.04° 74.11° | 39.88° | 0.329 | 344.64°
-40.19° | 4.74° | 0.469 | 347.48° -13.72° | 4.09° | 0.424 | 348.27°

z

~N[OOCIAIWIN(F
N[O~ IWIN(EF
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E E
T 90
120 60
08 .6
80
06
3 150 2 30
04 o 1 40
L]
02} 20
2( . - . .
anti-radialo} g radial anti-radialso . 7 oradial
*7 3 7 .’
021
L ]
1
04
4. 5 210 4° 330
06
8L 240 300
\ A N A A NN N A N 7
-1 -0.8 0.6 0.4 -0.2 0 02 04 06 08 1 W
w
a) 0)

Puc. 16. YépHbIM — HaYallbHBIE YCIIOBUS, TOJIYOBIM — UTOTOBOE pacrpe/ielieHre
a) pacnoyoKeHue ABUraTesei I, 6) HanpaBIEHUs OCEH TATH JBUIraTesen e,

JIsisi HavabHBIX JaHHBIX B OTOM Clydae 3HAUYCHHUEC KHMHETHYECKOTO MOMEHTA
paBHO 5.39 H-M-c, 4TO B /1Ba pa3a MEHbIIIE pe3yabTaToB KOH(pUrypaun «Jledeapy.

DTO CBS3aHO C HAJIOXKEHHEM JONOJHUTENIbHOro orpanuueHus (17) Ha paccTosHUS
MEKIy JIIOOBIMM [JByMs IapaMu JBuraresneii. B uToroBoM pacnpezneneHuu
®, =315 H-m-c, a ®,=5.63, uto cocraBisier okoio 83% OT II00aIBLHOTO

MakcuMyMa 0e3 ydueTa orpaHuucHuii (B ciydae 7 nuraresicii @ =7).

2,max

6. BausiHue omUOOK YCTAHOBKU

PaccMoTpuM UTOTOBYIO KOH(DHTYpamuio IS MATH ABUTATENeH, IPUBEICHHYIO
Ha puc. 106 u B Tabmuie 20, a Takke KOHMUTYpaIUIO Uil CEMH JBUTATElIeH,
MpeAcTaBieHHy0 Ha puc. 156 u B Tabmuie 46. Uccnenyem 3tu KoHurypamnuu Ha
YCTOMYMBOCTH (4yBCTBUTCIIBHOCTh K OIIMOKAaM yCTaHOBKH). Byaem Mmpou3BOIBLHO B
3aJIaHHOM JuWara3oHe BapbUpPOBATH BCE KOMIIOHEHTHI (20 mapameTpoB Ml NSATH
nBuratened um 28 mapaMeTpoB IS CEMH JIBUTATeNie) M BBIYUCISATH 3HAYCHUS
¢yaknuonanos @, u @,. 3agaguM (HOpMaTbHO IUANA30H OTKJIOHEHWH MJIS i-TO

nsuratens. [lepesenem (I, «;) B neKapTOBbl KOOpAUHATEIL (I, ,, I )
r,, =T,cosa,
L, =rsing,.

ri ,Y,noised

= N(ﬁ,x’ 02),
= N(ri’y, 0'2),

«3alryMJeHHbIC» 3HAUYCHUS (ri < noised ?

) MOJTYYUM CJISTYIOIIUM 00pa3oM:

I

i,x,noised

I

i,y,noised
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2
rac N(/J,O') — HOPMaJIBHOC pacClnpeciacjacHue, 4 — MATCMAaTUYCCKOC OXUIAHHC,
0=3MM — CPCAHCKBAAPATUIHOC OTKIIOHCHHUC.

\Y

7™

Tix

k)

Puc. 17. Tnana3oH Bo3MOXHbIX omu6ok 1t (I, o)
ITocne sToro BO3BpaIIaCMCs K HCXOIHBIM I1apaMCTpaM:

[ 2
ri,noised - \/ri,x,noised + If-i,y,noised !

r
_ i,y,noised
U i = ArCLY| =225 | €[0, 277).
r-i,x,noised
Hus (6, @) nnana3oH 3a1aiuM HHade, TaK Kak 3TU [apaMeTpbl OMUCHIBAIOT

yXKe TpexMmepHblil BekTop. CHauana mepensieM B JIEKapTOBY CUCTEMY KOOpJIWHAT
(c.k.), B KOTOpOH BEKTOp €, COHAIpaBIE€H C TPETbEH KOOPAMHATHOH OCBIO.
O6o03HaunM uepes

e Te,,

rae T — marpuna nepexoga u3 ucxogHoil c¢.x. XYZ (CCK) B ykazannyro X,Y,Z;
(puc. 18, 19).

i,new —

Z Z

€

X

Y

Puc. 18. Jlnana3zoH BO3MOKHBIX OTKJIOHEHUI IS €,
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. E
0
sl 120 &0
061 * 50,
150 b 30
04l 5, 2 0
L]
20 o,
ool © (+) o 2
3
anti-radial o O ! radial anti-radialis oradial
1
v2f . Q s ®®
! .
04 Q 4 ; .y
210 330
08
o8 240 300
P | | | 270
4 08 06 04 D2 0 02 04 06 08 1 w
W
a)
E E
i 90
120 &0
0.8 %
60
06
@ 150 2. @ 30
40
04
@ ®
20
02t
anti-radialo -5, radial anti-radialso @ oradial
. 4
@ 3 7 * 7
02f @ ®
04t
@ 210 4® 330
4
06t
08 240 300
270
4 | | | | |
4 08 06 04 02 0 02 04 06 08 1 w

6)

Puc. 19. Jlnana3oHbl BO3MOKHBIX OIIHOOK A7s I, U €;:

a) ciayvail T aBuraresneil, 6) ciayyail cemu aBurarenei

[anee B 3TOM C.K. 3alIyMIICHHBIM BEKTOpP € MOJIyYUM  CIIEAYIOLIM

i,noised
Coco0OM C MOMOIIBIO C(HEPUUYECKUX KOOPIUHAT:

sin& cos ¢,
ei,new,noised = Singi Siné’i !
CoS &,
rae & = N(0,8°) — HOpManbHO pacrpeseseHHas clydaiiHas BelTHUMHA C JUCTIEpCUeit

5% (puc. 18), ¢ =U[0,27] — paBHOoMepHO pacnipejienennas Ha otpeske [0, 27]
Clly4alHasi BEJINYMHA.
3aTeM IpU MOMOINY OOPATHOM MATPHUIBI MEPEXOJa MOTyYMM 3allyMJIEHHbIN
BEKTOD B UCXOJHOM C.K.:
e =T'e

i,noised i,new,noised *
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Jlnst mapamerpa &, OTBEUAIOLIETO 3a yroi MOJypacTBopa KOHYCa, pacCMOTPHM
TPU 3HA4YECHUs CPEIHEKBAJPAaTHYHOrO OTKIOHEHMs, a uMeHHo, o, =0.1°, J,=1°,

0, =5°. Tak kak @, = Zefz = Z:COS2 &, TO IIPU YBEIIMYEHUU CPEAHEKBAAPATUIHOTO
i i

/4
OTKJIOHEHMs yria & (yHKuuoHan OyneT yMEHBIIAThCs (Ha MPOMEXYTKE [O, E}

(yHKIMS Y = COS° X MOHOTOHHO YOBIBAIONIAS), TO3TOMY MOYKHO ITOCUHTATH 3HAUCHUE
(GyHKIHMOHAJA TPYU MAKCUMAIbHOM OTKJIOHEHUH.

C yyeroM TOro, 4YTO 3HAYEHHE HOPMAIBHO PpACIPENEIEHHON CIy4ailHON
BEJIMYMHBI C MATEMaTUYECKUM OKHUJIAHUEM PABHBIM HYJIO C BEPOATHOCTHIO ~0,9973
JISKUT B UHTEpBAIIE & € (—35 , 30 ), MOKHO IIOCUMTATh 3HaYeHus @, I BEIMYUHEI
& voised = &; T30 B KaXKIOM Cllydae:

30,=3-0.1° ®,, =482
5 neurateneit, ®, =4.83 (nomunanvnoe): 30,=3-1° ®,,=4.72
30,=3-5° @,,=4.08
36,=3-0.1° ®,, =561
[ nurareneit, ®, =5.64 (nomunanvnoe): 36,=3-1° d,, =536
30,=3-5° @,,=4.10

W3 nmonmyyeHHbIX 3HAaY€HUI BUIHO, YTO JaXKe B CIIydae caMoro OOJIBIIOTO OTKJIOHEHUS

yxyamenue pynkuuonana @, He npesbimaet 15-20%.

Tenepb aJig 3TUX K€ 3HAUCHUN CPETHEKBAIPATUYHOTO OTKJIOHEHUS IMapaMeTpa
& mpoBenem cepuro ucmbITaHui MetogoM MonTe-Kapno (100 Teicad ncnbITaHui B
KaXIOM Ciydae), BBIUUCIAA 3HA4eHUS (QyHKOUMOHAnoB @@, B KaXIOM Clydae.
PesynpraTel MopenupoBaHMs BIMAHUS OIIMOOK YCTAaHOBKM Ha (yHKIHOHAN @,
HArJIHO NpeACTaBieHbl Ha puc. 20, 21 u 22 nns ciydas aTH ABUTATEIEH U HA PUC.
23, 24 u 25 — png cemu. HamoMHUM, 4TO HOMMHAJIBHOE 3HAYCHHE KUHETHMYECKOTO
MOMEHTA B TIEPBOM ciiydae paBHo 9.65 H-M-c, a Bo Bropom 3.15 H-m-c.

[Ipu maneix otknoHeHusx (O, =0.1°) cucrema cnabo dYyBCTBHUTENbHA K
omuOKaM yCTaHOBKH (B XYJIlIeM ciydae 3HaueHue (yHKIIMOHAJIAa YMEHBIIIACTCS Ha
15-35%), npuyem MenuMaHa W3MEPEHUH CTPEMUTCS K HOMUHAIBHOMY 3HAYCHHIO
KMHETUYECKOT0 MOMEHTAa, Kak B cjydae INTaTHOM paboThl, Tak W B cllydae
BO3MOXXHOTO OTKa3za OJHOTO M3 JBUTaTesiel. MOXXHO 3aMETUTh, YTO B BBIOOpPKE
MPUCYTCTBYIOT KOH(MUTypaluu, IJsi KOTOPBIX peanu3yercss OOJblliee 3HAYCHHE
KMHETUYECKOTO MOMEHTA, HO IpU 3TOM 3HadeHue (yHknuoHana @P,, Kak ObLIO
MOKa3aHO, YMEHBIIIAETCS.
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Puc. 20. Pe3ynbTarhl UCTIBITAHUM TSI 51 =0.1°, mennana usmepenwuii 5.53 H-M-c,
MaKCHMAaJIbHO yaajieHHoe 3Hauenue 4.79 H-m-c (5 aBurareneii)
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Puc. 21. Pe3ynbTarhl UCTIBITAHUM JJTSI 52 =1°, mennana usmepenuit SH-M-c,
MaKCHMaJIbHO yzaajenHoe 3Hauenue 1.7 H-Mm-c (5 neurareneii)
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Puc. 22. Pe3ynbrathl HCHBITaHUN 1011 O, =5°, MeauaHa uzmepennii 2.5H-M-c,

cpeaHee OTKNoHeHue, rpagycbl

MaKCHUMaJIbHO yhaneHHoe 3HaueHue -27 H-m-c (5 aBurareneii)
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Puc. 23. Pesynbrars! ucnbitanuii uist 0, =0.1°, meanana m3mepennii 3H-M-c,

MaKCHMaJIbHO yaajienHoe 3Hauenue 2.1 H-M-c¢ (7 mBurateseii)

+ 4 : : : :
3r | 4
|
251 - 3F El
2r T 1
| o L i
15F | £ g
a f
1F 1 =
I
T 1r 1
05 4 g
=
or 1 z
S or 1
05 1
At B il |
151 B
2k L = -2
1 0 25
cpegHee OTKNnoHeHwe, rpaaychbl
Puc. 24. Pesynbrath! ucnbitanuit st 6, =1°, menuana nsmepenuii 2.37 H-Mm-c,
MaKCHMaJIbHO yaaieHHoe 3Hadenue -1.8 H-m-c (7 aBurareneir)
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Puc. 25. Pesynbrathl ucnblTanuil it O, =5°, Menuana nsmepenuii -1 H-m-c,

MaKCHMaJIbHO yJajdeHHoe 3HaueHue -114 H-m-c (7 nBurareneir)
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Hns 66mpmmmx oTknoHeHuit (5, =1°, &, =5°) B BBIOOpPKE NPHUCYTCTBYIOT
OTpUIlaTEIbHBIE 3HAYEHUSA. JTO O3HAYa€T, YTO B HEKOTOPBIX CIIy4yasX BIIMCATH
TUNEPIWINHAP BHYTPh BBINYKJIOW OOOJIOYKMA TIOJYYEHHOW KOH(UTYpaIluu He
yIaeTcs, 4TO HE yJOBIETBOPSET YCIOBHIO 3a1auu. Takum obpa3zoM, pyHKunoHan P,

CUJIBHO YYBCTBHUTCIICH K oImroOKam YCTAaHOBKH.

/. BausiHue cMellleHHUs LEeHTPa Mace anmnapara

PeanbHoe monoxxkeHue 1ieHTpa Macc (I.M.) MOXKET OTJIMYaThCid OT
HOMHHAJIBHOT'O 3HAYEHUS 10 pa3HbIM MPUYMHAM, HAIPUMEP, U3-3a pacxojia TOIUIMBA
U HEPAaBHOMEPHOI'O OITYCTOIIECHMSI TOIUIMBHBIX OaKOB BO BpeMs MOJeTa WM U3-3a
OIIUOOK OMpeeIeHUs] HOMUHAIBHOTO MOJOKeHHUsT .M. [Ipu 3TOoM wu3MeHseTcs
MOMEHT, KOTOPBIN CO3/Ial0T IBUTATEIIH, U3-3a CMEIICHHUS TIeya cuiibl (puc. 26).

Puc. 26. I3meHeHue mieua CHIIBI U3-3a CMCHICHUS LNCHTPA MaCC

PaccmMoTpum dYeThlpe pasHBIX ciay4yas JUIS aHalu3a YyBCTBUTEIHLHOCTU
MOJIyYE€HHBIX Pe3ylbTaTOB K CMEIICHUIO ToNIoKeHus 1.M. [lepBrie Tpu citydas — 310
CMEIIEHUE II.M. TOJIbKO BIOJb oHOM ocu — OX, OY unu OZ, a yeTBepThIi cirydaii —
MPOM3BOJBLHOE CMEIICHHE II.M. B MPOCTpPaHCTBE (MO BceM TpEéM ocsaM). B kaxmom
cllydae OyzneM ONpeAensaTh TONbKO 3HadeHne (pyHkuuoHana @, . Ha pynxnuonan @,
BJIMSTHUE B 3TOM CIIy4ae HEe OKa3bIBACTCs, TAK KAK IMOJIOXKEHUE OCEHl TATH JABUraTesnen
0CTaeTCsl HEU3MEHHBIM.

Jlnst MonenupoBaHUS TEPBBIX TPEX CIIy4aeB pPacCMOTPUM MaKCHUMAaJIbHO
BO3MO)XHOE€ OTKJIOHEHHE IIEHTPa MacCc OT HAYaJIbHOTO TOJIOKEHUS BIOJIb KKIOW U3
TpEX ocelt, paBHOE OJJTHOMY CAHTUMETPY KaK B MOJIOKUTEITLHOM HampaBlIeHUH, TaK U
B OTpHIIATETFHOM. bylneM cuurtaTh, 4TO B paccMaTpMBaeMOM Clydae HOMHHAIBHOE
3HaYeHUE MOJI0XKEHHSI IIEHTPa MaccC 3a/1aeTCsl HYJEeBBIM BEKTOPOM. Pa3o0béM ¢ marom
0.4 MM OTpe30K [—10, 10] MM 10 KaXJO0W OCH Ha paBHbIe mpoMexyTku (18) u mis

BCEX 3HAYEHMM BBIYMCIUM 3HaueHue (QyHkuuoHana @, mo ocu OX, OY m OZ
COOTBETCTBEHHO (pHC. 27):
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r.=(c, c, CZ)Tz(O 0 0),

c

~ T
rc,noised = (CX; Cys CZ ) - CMeH_[eHHe 10 OCHU OX N 18
N (18)
Fc noised = (CX, Cy» CZ) — cMetenue o ocu OY
~\T
Fc noised = (CX, Cy CZ) — cMetenue o ocu OZ,

rrne C,, Cy, C, MPUHUMAIOT 3HAYECHUS B OTPE3KE [—10, 10] MM ¢ marom h=0.4 mm.
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Puc. 27. U3menenne ¢pynkuuonana P npu cMeleHUU MOJI0KEHHs LIeHTpa Macc I, BJOJIb OJHON
13 TJIaBHBIX OCEil: a) 5 nBurareneil, 0) 7 ABUraTeneu.

Haubomnee 4yBCTBUTENBHBIM AJI1 KOH(PHUTypalluu TSATH JBUTATEICH OKa3aioch
CMelleHHe 1IeHTpa Macc Baoab ocu OY, a it ciyyast cemu nBuraresiei — Baoiab OX.
Ha nanHOM sTame mccienoBaHus HE ynaeTcsi OOBSACHUTH ATO SIBICHUE, HO, TIO0 BCEH
BEPOSATHOCTH, OHO CBSI3aHO C OCOOCHHOCTSIMH CJIOKHOW T'€OMETPUM MOCTPOCHUs
BBIMYKJION 000JI0YKH.
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B derBepToM, Gosiee 001IeM citydae NIt MOACIUPOBAHUSL OIITMOKU CMEIEHUs
LIEHTPa Macc B IPOM3BOJIBHOM HAIPABJICHUU 33JaIUM PaJNyC-BEKTOP 3alIyMJIEHHOTO
MOJIO’KEHHUSI KAK HOPMAJIBHO PACIpPEICICHHYIO CIIy4aiHyl0 BEJIMYUHY:

2
rc,noised = N(rc’ < )
C MaTeMaTHYECKUM OKUJIAHHEM I, U CPEIHEKBAPATUYHBIM OTKIOHEHHEM O =3 MM.
Taxum 06pasom, B uHTEpBan (—30, 30') NONAIYT MOYTH BCE 3HAUCHHS BEIOOPKH, 4TO

MTO3BOJIUT COOTHECTH MOJIYYEHHBIE B TPEX MEPBBIX CIy4asl pe3yJbTaTbl C YETBEPTHIM.
Ha opuc. 28 wu 29 nmpuBedaeHsl pe3yiabTaTbl, TMOJYyYEHHBIE YHCICHHBIM
MozenupoBanueM (BoiOOpka — 10000 HOpManbHO pacHpeAesieHHbIX CIy4YalHbIX
BEJIMYHH).
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Puc. 28. 3aBucumocts (yHKIMOHANa P, OT IPOU3BOIBHOIO CMELIEHHS TTOJIOKEHHS [IEHTPa Macc
B IIPOCTPAHCTBE [T KOHOUTYpAIIUU U3 MSATH JIBUTaTEINICH
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Puc.29. 3aBucumocts GyHkunoHana @, oT NpOU3BOIBHOIO CMEILEHUS MOJI0XKEHUS IEHTPa Macc
B IIPOCTPAHCTBE /ISl KOH(UTYpallul U3 CEMU JIBUTaTeNen

CwMmerieHne MMEeHTpa Macc BHYTPU c(epbl C IIEHTPOM B Hadalle KOOPAWHAT W
pamuycoM 1 cMm yxyamaer 3HadeHue ¢yHkuuoHana @, Ha 20-35% kak s

KOH(UTYypaly U3 MATH ABUTaTEIeH, TaK U AJIsl CEMH.

Kak u B mpeaplayieM ciydae, MOKHO 3aMETUTh, UTO OJIHA U3 OCEU SIBISIETCS
Oojiee UYyBCTBUTENBHOM K OIIMOKaM paclojoKEHUs LEHTpa Macc anmnapara.
UccnenoBanue 3Toit 0COOEHHOCTH SIBJISIETCS TPEMETOM JATbHEUIIINX U3BICKAHUM.

3aKJII0YeHue

B pabGore paccmoTpeHa 3amada ONTUMAJIBbHOW pAaCCTAHOBKH JIBUTATENCH
KOPPEKIMU HA T€0CTAllMOHAPHOM CITyTHUKE JIJIsl OJTHOBPEMEHHOM KOPPEKIIUU OPOUTHI
U pa3rpy3ku MaxoBUKOB. [Ipemsioxken meTon popmanuzanuu 3a1auu, BKIIOYAIOMIMMA B
ce0sl MOCTPOCHHE U PACCMOTPEHHUE BBIMYKIBIX 0Oosiouek. [lokazaHo, 4ro B ciydae
ITATHOW pabOThl CUCTEMBI ISl OTHOBPEMEHHOM pa3rpy3Ku MaXOBUKOB U KOPPEKLIUU
OpOUTHl MUHUMAIBHO HEOOXOUMOE KOJIMYECTBO JBUTATENEH paBHO MATH, a B CiIydae
BO3MOKHOTO OTKa3a OJHOIO JBHUIATelNsl 3TO KOJUYECTBO YBEJIMYMUBAETCS O CEMHU.
[IpenyioxkeHa MeTOAMKA IMOWCKAa ONTUMAIBHOTO PACHOJOKEHHSI JBHUraTeNne uis
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MaKCHUMH3AllUM BO3MOXKHOCTEM pa3rpy3kd W MHUHHUMM3AIMKA pacxoja TOIUIMBA.
IIpuBeneHbl TPUMEPHI PACIIOIOKEHUS JBUTATEIEH C y4eTOM BCEX OrpPaHUYCHUN U
TpeOOBaHMM KaK B cllydae INTaTHOM paOOThl, TaK U B CiIydyae BO3MOXKHOI'O OTKa3a
OJIHOTO W3 aABurartened. [l HalIeHHBIX KOHGUTyparui MpPOBEACH YHCICHHBIN
aHaJIM3 YyBCTBUTEIBHOCTH K OIMMOKAaM yCTaHOBKH JIBUTATEJIEH U CMEILICHUIO IIEHTpa
Macc arnrmapara.

baarogapuocTu

ABTOpBI BBIpaxaroT OnarojgapHocTh A.B. OBYMHHUKOBY 3a IIJIOJIOTBOPHOE
ydacThe B OOCYXJICHHSIX IMOCTAaHOBKH 3aJa4M M TOJYYCHHBIX PE3yJbTaTOB, a TAKKe
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Pabora nmognepsxana rpantom PH® Ne 17-71-20117.
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