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BBenenne

AKTyanbHOCTH TEMBI

MeTojibl MaTEMaTUYECKOI0 MOJIEJIMPOBAHKS IIHPOKO HUCIOJIb3YIOTCS IIPU HMCCJIEI0Ba-
HAM TPHUKJIAIHBIX 337249 B PA3IUIHBIX O0JIACTAX HAYKH U TEXHUKH. DTO B IOJHON Mepe
OTHOCHTCSI K 3aJa9aM HABHTAINKM W yIPABIEHWs, B KOTOPBIX MMUTATODPHI (ammaparHbie,
KOMIIBIOTEPHBIE) SIBJISIOTCA BAXKHON COCTABIAIONIEH pa3spabOTKU U TECTHPOBAHUS COOT-
BETCTBYIOIIEro MpOrpaMMHO-MaTeMarudeckoro obecredenus (IIMO).

AnmapaTHble IMATATOPBI BKIIOYAIOT B CBOM COCTAB JATYNKU MEPBUIHON MHMOpMAINN
KOHKPETHOI0 HPpUOOPHOIO KOMILJIEKCA, YIIPaBJIeMble CTEHJIbI /I 3aJlaHusi TPedyemMoro
YIJIOBOTO JIBUYKEHUsI KOpIyca 00'beKTa u T.1. Tak, Hanpumep, MoJHOpa3MepHbIe JTHHAMU-
YeCKHe CTEeHJIbI UCIIO0JIb30BAJIMCH P pa3pabOTKe U TeCTHPOBAHUY CHCTEMBI YIIPABJICHUS U
HABUTAIIMU KOCMUYeCKOTro Kopabysg Bypan. OiHako Takue CTeHIbI MOT'YT MO3BOJUTH cede
JIOCTATOYHO KPYIHBIE KOMIAHWH, KPYT UX MOJIb30BaTeleil BeCbMa OrpaHHYeH.

st 3a/1a9 pa3pabOTKW ¥ TECTUPOBAHUS AJMOPUTMOB MHTEI'PUPOBAHHBIX HaBUIAIIM-
OHHBIX CHCTEM BO MHOI'HUX CHTYAIUsIX MOXKHO ODOMTHCH KOMIIbIOTEPHBIMU UMUTATOPAMH,
KOTOpBIE SIBJISIOTCSA BechMa 3(M@OEKTUBHBIM WHCTPYMEHTOM HCCJIeI0BAHUS TPUKJIATHBIX
3a/1a4.

KoMmnbioTepHbIii IMUTATOP HpeICTaBIsIeT cOOOil MporpaMmy, MOAETUPYIONYIO, C TOM
WJIM MHOM CTeleHbIO IOJHOTHI, KOHKPETHYIO HPUKJ/IAIHYIO 3a/a4y. Takasi nporpaMma Mo-
JKeT ObITh yCTaHOBJIEHA HA OOBIYHBIN EPCOHAIBHBIN KOMITHIOTED WHKeHepa-Pa3padoTInKa
I[IMO. CoBpeMeHHBIE BO3SMOYKHOCTH MEPCOHAJIBHBIX KOMITBIOTEPOB TAKOBbI, UTO OHH TTO3BO-
JIIOT OCYIIEeCTBJIATh TpeOyeMblil 06beM BBIUHUCICHHIT 32 pa3yMHOe BpeMs, YTO BO MHOI'OM
npegonpeaensger 3h@eKTUBHOCTh UCHOTB30BAHIS UMUTATOPOB B IMPHUK/IAIHBIX HCCJIEI0-
BaHUSIX.

Bribop Tembl jauccepraiiun Oblj 00YCJIOBJIEH TEOPETUYECKUMH W MPAKTUIECKUMU Pa-
boTtamu Jjlaboparopuu yinpapiaenus u Hapuranuu MDY B obsacTn wHepnuaJbHONR W CITyT-
HUKOBOII HaBuramnuu. B dacTtu mHepnuaabHON HaBUTralUu jaJjiee OyJIeT pacCMaTpPUBATHCS
TOJIBKO KJIacC GeCKapIaHHbIX MHEPIUATLHBIX HABUTAIMOHHBIX cucTeM (BITHC).

[Ipu npoBegennn 3TUX padbOT 3HAYUMAs POJIb OTBOAUIACH KOMIBIOTEPHBIM HUMHTATO-
paM pa3HOILIAHOBBIX 3a/1a9 WHEPIHAJIbHO-CIIy THUKOBOI HaBuraiuu. K quc/y ynoMsiHy ThIxX
33129 OTHOCSITCS:

e 3aja4u KaanOpoBKu mHepruaibubix garankos BITHC;

e 3anaun BeicTaBku BVIHC Ha HemoaBM:KHOM U HOJABUYKHOM OCHOBAHUAX;



® 33J[aYd aBTOHOMHOIO mHepIuabHoro cuuciaennsa BUHC;
e 3a1a4uu Koppekiuu BITHC,
a TaK2Ke HEKOTOPbI€ POJACTBEHHbLIEC 3a/la11 CHyTHHKOBOﬁ HaBUTI'allN:

® 33]a4a ONpeIeTeHNs TOYHBIX TPAGKTOPHBIX HapaMeTpOB HABUTAIMOHHBIX CILYTHH-
koB cucreM ['JIOHACC u GPS npu momomu maHHBIX MexKIyHapoaHoro meaTpa IGS
(International Global Navigation Satellite Systems Service);

® 33J1aYa MOJIETUPOBAHNSA MOHOCHEPHON 3aJePKKH CIIyTHUKOBOTO PAINOCUTHAJIA MIPH
oMoty jgaHubix Mezkaynapogaaoro nearpa CODE u aByxgacTtorHbix (ha3oBbix un3-
MepeHuil.

[Tocneanue aBe 3a7a4ud OKA3aaUCh BOCTPEOOBAHHBIMU M JJIsI allapaTHBIX HMHTATOPOB
CIIYTHUKOBBIX HABUTAIMOHHBIX CHCTEM.

OueBuiHBI TPEOOBAHNS, TIPEbIABIISIEMbIE K MATEMATHICCKOMY 00ECIIEYeHUI0 KOMITBIO-
TEPHOTO MMUTATOPA HABUTAIMOHHBIX 3a,1a9. OHM COCTOAT B TOM, UTO AJITOPUTMBI TOJIZKHBI
obecrevnBaTh YHHBEPCAJIBHOCTH U MOJHOTY MUMHUTAIMOHHOIO MOJIETHPOBAHUS, IPU ITOM,
OCTaBasCh JIOCTATOYHO MPOCTBHIMU B BBIUYHCJIUTEIBHOM ILTAHE U UCHOJIB3YIONUME MUHU-
MaJIbHBIIT HAOOP MCXOMHBIX JTAHHBIX /IS MOIEJHPOBAHMSA.

[TosicHuM TpuBeAEHHDBIE TTOJIOKEHHS.

Kak m3BectHo [24], srobasi wHepIpagbHas HaBUIAIMOHHAST CHCTEMa MpPeJIHA3HAYEHA
JIIST OIIpeiesIeHusl JIBUKEHUsI MaTepPUaJIbHON TOUYKH — IPUBEIEHHON 1yBCTBUTEILHONR Mac-
cbl 0JT0Ka HBIOTOHOMETPOB — U JIBHKEHHSI MPUOOPHOiIT cHCTEeMbl KOOPJIMHAT, OTOXKIeCTB-
JIieMOoit ¢ Kopirycom o0ObekTa. JIBurkenue marepuajbHONR TOYKM M IPUOOPHON CUCTEMbI
KOOP/IMHAT YAOBJIETBOPSIET M3BECTHBIM YPABHEHUSIM TEOPETUIECKON MEeXaHUKU, KOTOPHIE
JIOJIZKHBI YIUTHIBATH TPUHATHIE B HABUTAIIMU MOen (pOPMBI 3eMJIH, e TOJIsT TATOTEHN I,
Bpamenue 3emin u T.i. Onopa Ha 3T HHBApUAHTHBIE MeXaHUIeCKue OObEKThI U MOHATHSI,
COOCTBEHHO, U OIpe/ie/igeT YHUBEPCATbHOCTh UMATATOpa. C MPaKTUIeCKOH TOUKN 3PEHUS
9TO 03HAYAET, YTO UMHUTATOp 0e3 KaKuX-1100 MOTUMUKAINNA MOKET OBITH MCIOJIL30BAH
Jutst mozesmmpoBanus dpyaknuonupopanus BIIHC pasnoro kjacca TOYHOCTH: OT TOYHBIX
CUCTEM, TIOCTPOEHHBIX HA JIa3€PHBIX, BOJTOKOHHO-ONTHIECKAX THPOCKOTAX, JI0 TPYOBIX CH-
crem Ha MEMS-1ardunkax. 9To JocTUraeTCd TOJIBKO 3a CYET UMUTAIUN IIePBUIHON HABU-
ranroHHON NHMOPMAINT — UIeATbHBIX MOKA3aHUN H1ealbHO YCTAaHOBIEHHBIX HHEPIUATh-
HBIX JATYUKOB (B OBIIEM CJIydae — HHTETPUPYIONINX ): HhIOTOHOMETPOB (AKCEJIepOMETpPOB),
U3MEPSIOIINX Y/IE/IbHYI0 BHEITHIOK CUJIY, U THPOCKOIOB, U3MEPSIOMNUX a0COJTIOTHYIO YTIJI0-
BYIO CKOPOCTh O0'bEeKTa.



anee, Mojeupys MHCTPYMEHTAIbHbIE MOTPEITHOCTH WHEPIUATIbHBIX JATINKOB B CO-
OTBETCTBUU C XapaKTePUCTUKAMHU 3aJaHHOTO KJAacCa TOYHOCTH WHEPIUATbHOU CHCTe-
Mbl, JIMOO HCIOJIb3Ys 3allUCU CTEHJIOBbIX IKCHEPUMEHTOB KOHKPETHbIX HWHEPIUa/IbHO-
U3MEpPHUTE/TIHLHBIX OJIOKOB, MOZKHO ITPOCTBIM CYMMHUPOBAHUEM MOKA3aHUI U/1eaIbHbIX UHEP-
MUAJTHHBIX JATINKOB U Pean3alnii HHCTPYMEHTAJIbHBIX MOTPeNTHOCTell, onperenTs "pe-
ajabHble" M3MepeHusT MHePIUAJbHBIX JTATIHKOB.

[Ipu MoeTMpoBaHUH BayKHO 0DECTIEYNTH BBIMOTHEHNE TaK HA3BIBAEMOTO HYJIEBOTO Te-
cra, Korja 1o ¢chOpMUPOBAHHBIM HOKA3aHUAM UJI€AJIbHbIX WHEPIHMAJIbHBIX JIATYUKOB OOP-
tobie asroputMbl BUHC BocpousBoasit HCXOHYIO TPAEKTOPUIO (KOODMHATHI, JTHHE-
HbIE CKOPOCTH, YTIJIbI OPHEHTAINN) ¢ MAKCHMAJIbHONH TOYHOCTHIO, B Hjease, abCOTIOTHO
To4HO. /1151 00ecmedenns HyI€BOTO TeCTa HEOOXOIMMO pellleHne psaa TPSIMBIX U 0OpPATHBIX
33/1a9 MEeXaHUKW: OINpe/ieJIeHNs TBUZKEeHNS 110 U3BECTHBIM CUJIAM U CKOPOCTSIM U OIpeiese-
HUS CHJI M CKOPOCTEil IBUKEHUS 10 M3BECTHON TPACKTOPUH. 33a7]a4Ua BBHITIOTHEHUS HYJIEBOTO
TeCTa LIPU CBOEH KaxKyIlIelcd IPOCTOTEe U 0YEeBUIHOCTU COAEPXKUT, OJIHAKO, DAL TOHKOCTEH,
KOTOPbIe HYZK/IAeTC B aKKYpaTHOM HccJieloBanun. B auccepraionnoit padbore mocTanoB-
KaM U PelIeHuro 3a/1a9 MOJAeINPOBAHNS MOKA3aHUN M/IeaJbHbIX HHEPIUAJIbHBIX JTATINKOB
BUHC yneneno 3naunTenbHOe BHIMAHUE.

Wexonuble Januble A1 MOJAETHPOBAHUS TIPEICTABIIIOT OO0 CIe YOI OTpaHuIeH-
HbIT HAOOP TPAEKTOPHBLIX HTapaMeTpPOB (c HEBBICOKOW 4aCTOTOW perucrpanuu, Halpumep,
1 ri): oTcyeThl BpeMeHH, KOOPAWHATHI (IHPOTa, T0JIT0Ta, BBICOTA) XapaKTePHO#l TOYKH
00beKTa, YIJIbl OPUEHTAIMHA KOPIyCca, BO3MOYKHO, HaYaJIbHOE 3HAYEHHUE JIUMHEHHON CKOpO-
CTH JIBUZKEHUS.

Takwue maHHBIE MOTYT OBITH MOJATOTOBJIEHLI, HATPAMED, C TOMOIIBIO TaK HA3BIBAEMO-
0 aHAJIMTUYECKOI'O UMHUTATOPA, KOIJIA MCIIOJIb3YeTcs siBHOE (DOPMYJIbHOE 1Ipe/ICTaB/IeHIe
YKa3aHHBIX TPAEKTOPHBIX mapamMerpoB. CrnocoObl MOCTPOEHUsI TAKOTO UMUTATOPA MPUBE-
JIGHBI B JINCCEPTAIIUH.

Jlpyroii BapuaHT — HCIOJIb30BaHHUe JKCIePUMEHTAIbHBIX, TeJeMeTPUIeCKUX JAHHBIX.
Kaxk mpasuso, npu pa3paboTKe W TeCTHPOBAHUE KOHKDPETHOT'O HABUTAIIMOHHOTO KOMILIEK-
€a TTPOBOJIATCS €T0 BCECTOPOHHUE UCTIBITAHUS C PETUCTPAINeil BBIXOTHBIX HABUTAITHOHHBIX
HapaMerpoB. DTH HapaMeTpbl (KOOPIHHATHI, CKOPDOCTH, YIJIbl OPHEHTAINH) eCTEeCTBEHHO
UCIIOJIb30BATh JIJIsI MOJIE/IMPOBAHUS TAPAMETPOB OMOPHOIT U ea/IbHOM TPAeKTOPUH, TeM 0O-
Jiee, YTO TaKas TPAeKTOpHs OYJIeT COOTBETCTBOBATH KJAcCy JBHKeHHiIT obbekTa. OcobeH-
HOCTH UCHOJIb30BAHUS TeJEMEeTPUIECKUX MAHHBIX TaKzKe MOAPOOHO MCCJIeTOBAHBI B JIHC-
cepTaIun.

OrmeTnM, 9TO HEPEJKO HMHUTAIUIO TIOKA3AHUH WHEPIMAIbHBIX JATINKOB OCYIIECTBIIsI-
10T, HAIIpUMED, B aBUAIIMOHHBIX MPUIOKEHUAX, HA OCHOBE TPYIOEMKOTO MOIETUPOBAHUS
A3POMHAMUYECKUX XapaKTePUCTUK, 3aKOHOB TATH JApurartesns u T.1. [Ipensoxennas B
JIACCEPTAINHA MeTONKA SBJISIETCS MPOCTOil, 0O0CHOBAHHOI, YHUBEPCATIHHON B TLIaHE BO3-



MOXKHOCTHU €e IPUMEHEHUs JJId MOJEJTUPOBAHUS KaK PAa3/JIMIHOTO TUIIA HABUTAIIMOHHBIX
MPUIOXKEHU — MOPCKUX, HA3eMHBIX, ITOA3EMHBIX, BO3/IYIIHBIX, KOCMIIECKUX, — TaK U JIJIsI
MozeanpoBanus bpynknuonupoanusgs BUHC pasnoro kjiacca TogHOCTH.

TecTupoBaHme pa3paboTaHHBIX MaTeMaTHIECKUX MOjeseil U ajJrOpuTMOB Ha KOH-
KPETHBIX TPUIOKEHUSAX UMeeT IBOsiKnii cMbica. C OZHO CTOPOHBI — 9TO COOCTBEHHO Te-

CTUPOBaHUE IPe/iJIaraeMbIX MOJleJieil U aJropuTMOB, C JPYTIoil CTOPOHBI — TECTUPOBAHUE
SABJISIETCS COCTABHOM YaCTHIO MCC/IeJOBAHUS KOHKPETHOTO MPUIOXKEHUS.

[Iepeunciium OCHOBHBIE 3a/la4U UHEPIHUAJIHHO-CIyTHUKOBON HABUI'AIIMU, BOIPOCHI Ma-
TeMaTHIeCKOTO MOJIEJIMPOBAHKS KOTOPBIX ObIJIM MCCJIe0BaHbl B jguccepranuu. K 3a1aqam
WHEPIUAJbHOW HABATAIIMU OTHOCSATCS:

1.

Baava MoIeMPOBAHNAS TOKa3aHWl MIealbHBIX WHEPIHAIBHBIX JaTUNKOB (o6paT—
Has 3a/a9a MEXaHWKW) [PU KCIOJb30BAHUN B HABUTAIMOHHOM CYUUCJEHUH DA3HBIX
OIOPHBIX CHCTEM KOODMHAT: MHEPIUATLHOM, reorpaduueckoil (CBsi3aHHOl ¢ MecTo-
HOJIOKEHnEeM 00beKTa) U MPUOOPHOIT (CBSI3AHHOMN ¢ KOPIYCOM O0BEKTA).

8a1ava coryIacOBAaHHOTO MOJIEINPOBAHNS MOKA3aHUI NHEPIHATILHBIX JATIYNKOB JIBYX
BUHC, ycranoB/eHHBIX Ha OJITHOM OO'bEKTE B pa3HBIX TOUYKaX: 6a30Basd M pe3epBHAasd
BUHC (nampumep, jjist 3aJa9 HAYAJIbHON BBICTABKU HA MOJBUYKHOM OCHOBAHUU
pesepsroit BUHC npu nomomum undopmanuu, jgocrasisiemoit 6azosoit BUHC).

3ajiaua MOJEJIUPOBAHKS C BBICOKOH YaCTOTOIl IOKAa3aHUU HMHEPIHUAJbHBIX JaTdH-
KOB JIJ1I TECTUPOBAHUS aJrOPUTMOB YHCJEHHOIO HHTEIPUPOBAHUS KHHEMATUIEeCKIX
ypasuennit BUHC.

Baava cpaBHUTEIBHOINO aHAIN3a AJTOPUTMOB YHCIEHHOTO WHTEIPUPOBAHUS KHHE-
MaTHYECKUX yPaBHEHUU IIPU MOMOIIY HMHUTAIMU BHOPAIMOHHBIX BO3JEHCTBUN HAa
sTale HavaJibHoN BeicTaBku BIIHC.

Baava uMuTaUn KaanOpoBKu nHepuaabHbix garankoB BIHC na ogroOoCHOM 110-
BOPOTHOM CTEHJIE C IEJIBIO MOCIeIYIONEro TeCTHPOBAHNS aJrOPUTMOB KAJIUOPOBKH.

3a1ava MOIeTMPOBAHNUS TPAEKTOPHBIX apaMeTPOB JBHKEHHSI 00beKTa B MOISIPHBIX
paiionax.

N3 obsractu criyTHUKOBON HAaBUTAIMK B JIMCCEPTAIME PACCMOTPEHbI CJIEJYIONINEe 3a/1a4u:

e 3ajiaua onpejesieHus B pezKumMe mocToOpabOTKN TOYHBIX TPAEKTOPHBIX MapaMeTpOB

(KOOp,ZLI/IHaT n KOMIIOHEHT BEKTOpPa CKOpOCTI/I) HaBUTaIUOHHBIX CIIYTHHUKOB CUCTEM
['JIOHACC u GPS, a Takke BHENTHUX BO3MYIIEHUIl, JefiCTBYIONUX Ha CIYTHUKH, C
IIOMOIIBIO JaHHBIX cepBuca IGS.



e 3ajava MOJEIUPOBAHUS HOHOCHEPHOIT 33/ IePKKHU CIIy THUKOBOTO PaMOCUTHAIA TIPU
HOMOIIM JAHHBIX MexK TyHapoaaoro nearpa CODE u 1ByX9acToTHBIX u3Mepenuii (B
YACTHOCTH, /IS BO3MOZKHOCTH TI0JIY HATYPHOTO MO/IEJIMPOBAHMS IIEPBUYHBIX CILY THH-
KOBBIX H3MepeHuii).

[IpoBeenmbie HCCaeI0BaHNS, XOTS U OCHOBAHHBIE HA MPHUKJIAIHLIX 3aJadax, He ObLIN
CBA3aHbBI C KaKI/IMI/I—I[I/I6O KOHKPETHBIMHA XapPaKTEPpUCTUKAMU MHEPHUAJIBbHBIX AATYUKOB, C
KOHKPETHBIM THITIOM HABUTAIIMOHHOIO MPHUJIOYKEHUsI. DTO 03HAYAET, 9TO ObLIa pa3zpaboTaHa,
METOIHIKA, KOTOPasi MOKeT ObITh UCIIOIb30BAHA, IIPU MOIETNPOBAHNN 33,/1a9 HHEPIHATHHO-
cuyTHuKoBoit Hapuranuu Jig BVIHC pasnoro tumna, pasHoro k/jacca TOYHOCTH, Pa3HbIX
cdep mpuMeHeHwus.

Bce Bbliiens iokennoe 000CHOBbIBAET aKTYyaJIbHOCTb BbIOPDAHHOM T€Mbl UCC/IE/IOBAHUS.

O0630p JuTEepaTypsI

Teopusi unepnua/ibHON HaBUTIAlMU HAYaJIa AKTHBHO PA3BUBATHCS IPUMEPHO B cepe-
nune 20-ro Beka [46] u ¢ Tex mosiBusIock GoibIoe Kou4YecTBO MOHOrpaduii, comeprKamx
MOJIPOOHOE OMUCAHUE OCHOBHBIX MaTeMaTmdeckux Mmojeseit. He nperenmaysi Ha moHOTY
0630pa, BbIIETHM Caeayone paborsr: Auapeesa B.J1. [5], Babuuya O.A. 7|, Babuuenko
A.B. [8], Bpauna B.H. [18|, Bpom6epra I1.B. [19], Bepemeenko K.K. [3], FomoBana A.A.
|24|, Amurpuesa C.I1. [26], 2K6anosa FO.K. |30], Unmuckoro A.FO. |32, Kapmakosa
E.B. [34], Kiumvosa JI.M. [35], Mak-Kuyp K.JI. [40], [Tapycaukosa H.A. [45]|, Pacrionosa
B.41. [41], Cansraesa O.C. [39], Faurre P. [61], Savage P. [70] u ap.

B nmocieanee BpeMs CTaau MOSABIATHCA OILyOJUKOBAHHBIE PAabOTHI, HEIIOCPEICTBEHHO
CBS3aHHBIC C BOIIPOCAMHI MOJIETHPOBAHUS IOKA3AHMI MHEPIHUAJLHBIX JATYNKOB, HAIPH-
mep, Savage P. 70|, Tepemxosa B.M. [50], ognako, B ykasanubiX paboTax OTpazKeHbl
YaCTHbIEC aCIIEKThbl MOJ/JC/JIMPOBaHUA, KOTOPbI€ BO3HUKAIOT B pP€aJIbHbIX HABUT'aIITMOHHbIX
HIPUJIOZKEHU AX.

Onmcanue MeTOIUKM HCIIONb30BAaHUSA KyOMYECKHX CILIAHHOB, KOTOpas IPUMEHAETCH
JUIS MOJACTUPOBAHUS NMOKA3AHUIT MHEPIHUAJBHBIX JATYMKOB KAK MHTETPUPYIOMINAX JATIH-
KOB, COJIEP’KUTCS BO MHOTMX H3JAHUSAX, HApUMep, B [25].

Kanubposka nnepnua/jibHOTO 0JI0Ka KaK MPABUJIO OCYHIECTBJISIETCS C IIOMOIIBIO BbICO-
KOTOYHBIX Mperu3noHubixX crennoB [29]. [Tapycaukosbivm H.A. Oblta npe/ijiozkera MeToiu-
Ka [POBEJCHUs KAIUOPOBKHU I'PYObIX MHEPIHUAILHBIX CHCTEM 0e3 MCIOIbL30BAHUS BBICOKO-
Tounoro crerga. COOTBETCTBYIONIME AJITOPUTMBL IIOJTYYHIN PACIPOCTPAHCHHE U UCIIOJb-
3YI0TCS Ha paje TpoduIbHbIX npeanpuatuii. Cpean XapaKTepHBIX paboT, OMICHIBAIOIINX

MeTOJMKY KaJuOPOBKHU HA I'PyOOM CTeH/Ie, MOKHO BbljieinTh crarbu Basuiosoit H.B. [21]
u Koszsosa A.B. [36].
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JlocTaTouso 60JIbIIOe KOJINIECTBO IeYaTHBIX U3l OCBAIIEHO BOIPOCaM KOMILIEK-
CHPOBAHUS NHEPIMAIBHBIX U CIIy THUKOBBIX HABUTAIMOHHLIX cucTeM. Cpean OCHOBHBIX Pa-
6ot o6oznadum ciaepyomue — Crenanosa O.A. [49], Xapuna E.I'. [51], [Tapycnuxosa H.A.
|44], — a Takzke psix 3apybexubix pador: Farrell J. [60], Yang Y. [72], Kim J. [64], Lipman
J. [67], Moya D. [68], Shengu H. [69]. OraeapHo ormMernm paGoThi, B KOTOPBIX MTPOBO/IH-
JIMCH UCCIIe0BaHus ypaBHenuii omubok: Emenbaunesa .11, [28], lomoBana A.A. [25].

Cpeu OCHOBHBIX pabOT, IMOCBAIIEHHLIX ONUCAHUIO M M3YUYEHHIO MHOTOMIATOBBIX UHC-
JIEHHBIX METOJIOB JIJId MHTErPUPOBAHUS yPaBHEHUI MHEPIMAJbHONW HaBUIAIMU, OCODO OT-
mernMm Savage P. |70], [Tanosa A.IL. [43]. B [43] upeacrasien BbIBoA M MIUPOKHIT 0030D
YHUCJIEHHBIX METOJIOB € YKa3aHWeM TOpsiIKa amnmpokcumanuu, a B [70] mpuBemensr coor-
HOILEHHUs JIJIs OJIydeHHsl CyOONTHMAJbLHOIO ajJIfOPATMA IIPU IIPOU3BOJIBHOM KOJIMYECTBE
TAKTOB CbeMa MOKA3aHUI MHEPIUATLHBIX JATUYNKOB B PAMKAX OJHOIO IIara MHTErPHPO-
BaHus ypaBHeHuii Hapuranuu. B crarbe Anexosoit E.FO. [2| onucansl cooTHOIeHust 1ist
BBIYHMC/ICHNs] KBATEPHUOHOB OPUEHTAIMU 1IPU HAJIMYUU BUOPAIMU, HAJIOXKEHHONH Ha KOHU-
4yeckoe Japukenne. Maremarudecknii anmapar KBaTePHUOHOB NPUMEHUTEIBHO K 3aJ1a9aM
MEXaHUKH TBEPJIOrO TeJIa JOCTATOYHO XOPOIIO U MOJTHOIEHHO U3JI0KeH B paborax HesHo-
kosa FO.H. [53] u Amenpkuna H.IU. [4].

[Tonpobuoe omnucanume pabOTHl CIYTHUKOBBIX HABUTAIMOHHBIX CHCTEM COIEPKHUTCSI B
EPBYIO 04epejib B uHTEPGEHCHbIX KOHTPOIbHBIX jJoKyMenTax cucrem GPS u TJIOHACC
[22], [62]. [TonpoGHOe omnucanwe Bcex aJiropuTMOB CIIy THUKOBOW HABHTAINH, BKJIIOYAsT e~
TAJbHOE ONMUCAHWE XaPaKTEPHBIX MOIPENTHOCTEH MePBUYHBIX CITYTHUKOBBIX M3MEPEeHWi,
npuBoauTCcst B MoHorpadusx, nampumep, y Leick A. [65], Hofmann-Wellenhof B. [63],
TonmoBana A.A. [20], ComosreBa FO.A. [48], Konuna B.B. [38], [Teposa A.I1. [23], ILIe6mra-
esuda B.C. [54].

Ouucanne TeXHUIECKOH CTOPOHBI MOJIyYeHus 3(EMEPHIHBIX JAHHBIX BHICOKOI'O YPOBHS
TOYHOCTH COJIEPKUTCsI, Hanpumep, B Becranke crytankoBoii cucremsr [IJIOHACC [47]. B
HacTosIeil pabore s HOTyYeHnsl BBICOKOTOUHON TPAEKTOPUU HABUTAIMOHHOIO CIIY THH-
Ka UCIOJB3YEeTCS TeOpHs KaJIMaHOBCKOil (hUIBTpaIluu, ¢ KOTOPOil MOKHO ITIO3HAKOMUTCH,
manpumMep, B Tpynax Kanvana P.E. [33], Bpammvepa A.E. [17], a rakxke B MeTogn1ecknx
nocobusix [Tapycunkosa H.A. [1], [25].

Mogesn, CBA3BIBAIOIINE KEIIEPOBHI 3JIEMEHTH OPOUTHI ¢ JeKAPTOBBIMU KOOPANHATAMU
COJIepzKaTCs B KJIACCHYECKOI JuTeparype 1o HebecHOl MexaHuke, HanpuMep: baiak M.B.
[9], Ay6ourun I.H. [27], Dapacbepr ILE. [55], Berenkuit B.B. [10].

Ob6mupHas JuTepaTypa MOCBAIICHA HCCAEIOBAHUAM HOHOCHEPHBIX MOIPEIIHOCTeH
CIlyTHUKOBBIX n3Mepenuii. Onucanne Kiaccuaeckoin Mmogesan Kiiodyxapa npuBeaeHo B KOH-
TPOJILHOM JIOKyMeHTe cryTHHKOBO# cucteMbl GPS [62]. Mogesn, ncnosnb3yroniye qetaib-
HYI0 HH(MOPMAIUIO O COCTOSHIN HOHOChEpDI, NpuBoAdaTCsa B paborax Adpaitmosuda 3.1
[6] u IBanoBa B.®. [31]. Mozmenn, HCIOIB3YIONINE EPBAYHbIE CIIyTHUKOBBIE H3MEPEHNS,
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conepzkarcs B [65], [66].
Copaep2kanne paboThbl

Cuauaja oxapakTepu3yeM KpyT 3aJilad HHepIuaaIbHON HaBHTAIUU, KOTOPbIE PAacCMOT-
PEeHBI B IHCCEPTAIMH.

MogenupoBaHue MMOKA3aHU MHEPIUAJIBHBIX JATYNKOB. K nHEpIUAJIbHBIM 1aT-
YUKAM OTHOCSITCSI THPOCKOIIBI (JIATYMKH YIJIOBOH CKOPOCTH) M HBIOTOHOMETDHI (aKceaepo-
MeTDBI), KOTOPble H3MePSIIOT, COOTBETCTBEHHO, abCOMIOTHYIO YIJIOBYIO CKOPOCTh 0OhEKTa,
U YJIeJbHYIO BHEIIHIOI CUIY, AefCTBYIONLYIO Ha O0ObEKT. 3a/1a4da OIpe/ e/ IeHud MOKa3aHuil
HHEPIUAJBHBIX JATYMKOB [0 33JaHHBIM TPAEKTOPHBIM IapaMeTpaM SBJISeTCS 00paTHO
3aIaueil MEXaHHKH U MOITOMY COJIEPIKHUT P OCOOEHHOCTEH, KOTOPbIe HYXKIAIOTCSI B aK-
KYyPaTHOM HCCJIeJJOBAHNMN.

,ZL.HH OTpa6OTKH AJITOPUTMOB MHTEIPUPOBAHHBIX HaBUT'allMOHHBIX CUCTEM B 60I[bIHI/IH—
CTBe CJAyJaeB He BO3HHKAET HEOOXOIMMOCTH B TIIATEJTHHOM MOJIEJIHPOBAHUE ITOKA3aHUI
HHEPIUAJBHBIX JaTIYNKOB. BIIOJIHE 10CTATOYHO MCIOJIB30BATh YACTHLIE CJIYYal HHTETPH-
PYEMOCTH ypaBHEeHHiI HHepIHAILHOI HABUTAIMM, OCHOBAHHBIE HA IMPUHIMAEMBIX THIIOTe-
3aX 0 Xapakrepe JBuKeHus: 00bekTa. VICKIUeHne CoCTaBIAI0T IIPUIOKEHN, CBIA3aHHbIE
C uccJjgaeaoBanneM MHOIoOmaroBblX ME€TO/J0B YUCJI€HHOTO HHTETPUPOBAHNUA. HpI/I MOIEJINPO-
BaHUU [MOKA3aHUN MHEPIHAIbHBIX JTaTINKOB BOSHHKAET TPEOOBAHIE BHIIIOJTHEHHUS HYJIEBO-
ro TeCTa — HABHTAIIMOHHOE pEIleHHe, MOJTyIeHHOe ¢ MOMOIbI0 BBEIYUCIEHHBIX MTOKA3aHUi
JATIUKOB JIOJIZKHO TIOBTOPSATH C BBICOKOH TOYHOCTHIO (B Hjease, abCOTIOTHO TOYHO) Tpa-
C€KTOPHbIE ITapaMeTpPpbl — KOOPpAUMHATBI, CKOPOCTHU U YIJIbl OpUEHTallUuU, KOTOPbIC JICIVIN B
OCHOBY MOJCJINPOBAHUA MHEPIUAJIBHBIX JATYUKOB. HpI/I 93TOM HeO6XO,ZLI/IMO 06pamaTb BHU-
MaHHe Ha BO3MO2KHO€ BO3HUKHOBEHHE BLIYUCJIUTEIbHON HQYCTOﬁqHBOCTI/I paccMaTpuBae-
MBIX PA3HOCTHBIX CXEM.

[Ipu cpaBHUTETLHOM H3YyYEHHH PA3JUUHBIX MHOTOIIATOBBIX AJTOPUTMOB HHTETPHPO-
BaHMUs M3MEPEHUH TI'MPOCKOIOB BO3HUKAET HEOOXOAMMOCTDH JIETAJIbHO MOJIEJHPOBATH I10-
Ka3aHUd MHTEIpUpyromnux JaTIUKOB. I/IHepHI/IaJIbeIe AATIUKU ABJIAIOTCA, KaK IIPpaBHJIO,
MHTETPUPYIOIMKUMU U U3MEPAIOT HE a6CO.HIOTHbIe YIJIOBbI€ CKOPOCTHU M yJe€JIbHbI€ BHEIITHUE
CHIJIBI, a HHTErPAJIbl OT STUX BEJIMYHH HAa HHTepBaJie onpoca. MojernpoBaHue MOKa3aHuit
HHTErPUPYIONINX JaTIYNKOB Ha 0a3e S5KCIEePUMEHTATbLHBIX TPACKTOPHBIX JAHHBIX MPEIII0-
JlaraeT KUCIIOJIb30BaHUE allllapaTa KY6I/ILIGCKI/IX ClIJIaiHOB AJid BbIYUCJ/IeHU A COOTBETCTBYIO-
HIUX UHTErpaJioB.

Becbma pactipocTpaHeHbl MPHUIOYKEHHUsI, KOT1a Ha 00bekTe pacrnoaaraiorcs ase BITHC
— 0a30Basg W pe3epBHas — U TPEOYETCS OCYIIECTBUTH HAYAJbHYI0 BBICTABKH Pe3epBHOI
BUHC 1o undopmarnun ot 6azosoit BUHC. /I1g oTpaboTKu HAaBUTAITMOHHBIX aJIrOPHUTMOB
COBMECTHOTO UCIOJIB30BAHUS JIBYX (WM HECKOJIBKUX) CHCTEM HEOOXOIMMO COTJIACOBAHHO
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MOJIeJINPOBATH MOKA3aHUS UX MHEPIHATbHBIX JATIHKOB.

B 3aga4ye kanmuOpoBKH MHEPIHUATHLHO-U3MEPUTETHHOTO OJIOKA OMEHUBAIOTCS OCHOBHBIE
BU/Ibl HHCTPYMEHTAJIbHBIX [OI'PENIHOCTE!: CMeleHus HyJieil, HOIPeIHOCTH MACIITaboB U
B3aUMHbIE TIePEKOChl. TecTupoBaHue pa3jIudHbIX aJrOPUTMOB KaJIUOPOBKU TaKzKe I1eJ1eco-
00pa3Ho OCyNHIeCTBIATH Ha uMuTatope. [Ipu MojeMpoBanu MoKa3aHuit MHEPIIHAIHHBIX
JIATYUKOB B 3a/1a9e KaJIuOPOBKU TpeOyeTcs YyINThIBATH BHYTPEeHHee Pa3HECeHne TYBCTBH-
TeJIbHBIX MACC HBIOTOHOMETPOB W CMeIleHue NHePIUATHHO-U3MEPUTETLHOTO OJI0KA OTHO-
CUTEJIbHO OCU BpAleHUs CTEH/Ia C y4eTOM BO3MOXKHBIX YIVIOBBIX OHIMOOK YCTAHOBKH.

TecTupoBanme ypaBHeHUiI OIMIMOOK. Y paBHEHUS ONIUOOK MOJIYyYaIOTCS IIyTeM JIK-
Heapu3aluy ypaBHEHU NHEPIUAILHOW HABUTAIMU B OKPECTHOCTU HABUTAIIMOHHOT'O perlie-
HUS ¥ UCHOJIB3YIOTCH JJIs PA3INIHBIX Teseil. Boraeamy ocHoBHBIE:

® ypaBHEHUA OIIO0K YCTaHaBJIUBAIOT CBA3b ME2K/1y HHCTPYMEHTAJIbHBIMU IIOI'PEIIHO-
CTAMHI ¥ KOHEYHBIMHU OITMOKAME HaBUTaDUOHHOT'O PEIICHU A,

® ypaBHEHUs OIMUOOK JIeXKAT B OCHOBE aJIrOPUTMOB KOPPEKINU;

® ypaBHEHUs ONIMOOK IMO3BOJIAIOT B KayK/JIOM KOHKPETHOM CJIydae CyIUTh O HeOOXO/I1-
MOCTH BBEJICHHS B aJrOPUTM KOPPEKIUU OOPATHBIX CBA3EI.

TecrupoBanue yupoIeHHbIX ypaBHEHUI OMMOOK OCHOBBIBAETCS Ha TOM COOOparKeHWH,
YTO JIjIs MHEPIHUAJIbHBIX HABUTAIMOHHBIX CHCTEM BBICOKOT'O KJACCa TOYHOCTH PeIleHue
ypaBHEHHUI OIMUOOK He JIOJKHO CHJIBHO OTJHYATHCS OT MPSIMOl Pa3HOCTH MEXKJIy HUC-
TUHHBIMHA KOOP/JIMHATAMH, KOMIIOHEHTAMH BEKTOpPa CKOPOCTH U IMapaMeTpaMH OpHEeHTAIHH
JIBUZKEHUsT O0bEKTa U MOJTYIeHHBIMUA B AaBTOHOMHOM peKHMe MHePIHaJIbHOM HAaBUTAIIUH.

Boijiesienne B OT/Ie/IbHBIN IIYHKT 9TOr0 MaTepuasa (Ipu Beeil ero 09eBUHOCTH) CBsi3a-
HO TOJILKO € T€M, 4YTO B JIUTEPATYPe HEPEJIKO HCIOJIB3YIOTCS 0€3 J0JIZKHOTO 000CHOBAHUS
yrupormieHasie Mojesin ypapaennit omubok BUIHC, comepxkamume meronudeckne morper-
Hoctu. TecTupoBaHme TaKUX MOJIe/Iell JIETKO OCYIIECTBUTH C MOMOIIBIO ITPeJIaraeMoro
MOJTHOTIEHHOTO MMHUTATOPA.

CpaBHUTEJBHBIII AHAJIU3 MHOTOMIIATOBBLIX YHCJEHHBIX METOIOB IIPU HAJIU-
yun BuOpanuu. Ha srane nada/ibHON BBICTABKU OLPEJIE/ISeTCs OpUeHTAIus 00beKTa, a
caM OO'BEKT ITPU ITOM OCTAETCS HETOJABUKHBIM. J[J1s1 HEIOABUKHBIX O0HEKTOB, HAIPUMED,
IIPH BKJIIOYEHHBIM JBUTATE/Ie XapaKTepHa BUOpaIls, KOTOpas MOKET BHOCUTD OIIpeIe/IeH-
HYO TOTPENTHOCTh B aJTOPUTM HAYaIbHOW BBHICTABKU. YKa3aHHA IMOTPENTHOCTD 3aBUCHT
OT YaCTOTHI pabOTHI MHEPIUATBHBIX JATUYNKOB U YaCTOTHl BuOparuu. Vmurtamus Bubpa-
UK JIAeT BO3MOYKHOCTH HPOBOJUTH CPABHUTE/IbHBIN aHAJIM3 PA3JIUYHBIX MHOIOIIAIOBBIX
MEeTO/IOB YHCJIEHHOIO MHTErpupoBanus ypapHenus [lyaccona, onmchIBaiomero n3MeHeHme
OopHeHTaIuu 00beKTa, ¥ OTBeYaTh Ha BOIPOC O BHLIOOpPE ONTHUMAJIBHOTO AJTOPUTMA s
JIAHHOT'O XapaKTEePHOI'O JUANa30HA 4acTOT BHOpAIUN.
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B pabore npejicraBieHa MeTO/IMKa aHAJIN3a MHOIOIIATOBBIX METOJIOB /I Pa3JIUIHBIX
JIMAIIA30HOB PA0OYNX YACTOT MHEPIUATHHBIX JATYNKOB U YACTOT BHOpAIUU C TOMOIIHIO
UMUTALMU TUIIOBOI BUOpauu.

Jlajiee ocTaHOBUMCS Ha PACCMOTPEHHBIX B JIUCCEPTAIMHU 3a/ia4aX CIIyTHUKOBOW HaBU-
TaIum.

BpicoKOTOYHOE OIIpejiejieHNEe TPAEKTOPUU HABUTAIMOHHOIO CIYyTHHKA. Xa-
pakTepHasi TOYHOCTD OIIpejieieHIs] KOOPINHAT HABUTAIIMOHHBIX CIIyTHUKOB B PEXKUMeE pe-
AJILHOI'O BpeMeHU 110 deMepuHbIM JIaHHbIM cocTaB/sierT 1-3 merpa. HenpepbiBnoe na-
OJ110/IeHue 3a JIBUKEHUEM HABUTAIMOHHBIX CIYTHUKOB, OCYIIECTB/ISIEMOE HA CTAHIUIX MO-
HUTOPHWHTA, MO3BOJISIET Yepe3 HEKOTOPOe BPeMsi ONPEJIE/IsATh KOOPJAMHATHI CHYTHUKOB C
TOYHOCTBIO 2-3cM. BBICOKOTOUHBIE KOOPJIUHATHI CIIyTHUKOB CTAHOBATCS JIOCTYIIHBI B CETH
Internet ¢ quckperom 15 MUHYT.

Bajada ompeaeneHns KOOPAUHAT CIIYTHUKA B ITPOU3BOIBHBIA MOMEHT BPEMEHH C BbI-
COKON TOYHOCTBHIO BO3HUKAET B PA3/JIUYHBIX HPUJIOKEHHUSX, CBA3aHHBIX C BbICOKOTOY-
HBIM MO3UIMOHMPOBAHIEM (HAIPUMep, B 3a1ade asporpaBuMerpni). TakKe BO3MOKHOCTH
IIOCTPOEHUsI BBICOKOTOYHOM TPAeKTOPHH HABHTAIMOHHOI'O CIYTHHKA BOCTpEOOBaHA IPH
CO3JIAHUM AIIapaTHOTO UMHTATOPA CIYTHUKOBBIX PaIUOCHTHAJIOB JIJIS ITPEI0CTABICHUS
MOJTb30BATEIAM JIOMOJTHATETBHBIX BO3MOXKHOCTEH JI/IT OTPpabOTKH MHUPOKOTO CIIEKTpa Ha-
BUT'AIIMOHHBIX aJIrOPUTMOB.

B pabore mnpejcraBien ajaropuTM, MO3BOJIAIONIMI BOCCTAHOBUTH TPACKTOPHIO HABU-
ralMoOHHOTO CIYTHWKA HA 33J@HHOM OTPE3Ke BPEeMEHU C YacTOTOW pabOThl CIIYTHUKOBOTO
IIpUEeMHUKA HA YPOBHE TOYHOCTH IIPEIOCTABIAEMbBIX JAHHBIX. 33/ a49a CTAaBUTCS KaK 3a/1a49a,
OIIeHUBAaHU, B OCHOBE ee pelleHus JeKUT criaazxKupaomuii ouistp Kamvana.

MogaenupoBanune noHOC(HEPHOIT HOTPEITHOCTH CITy THUKOBBIX U3MepeHuii. 3a-
Jlada OIeHKU MOHOCHhEPHOU MOTPEITHOCTH CIIY THUKOBBIX CUT'HAJIOB TAKKe SIBJISIETCS HEOTb-
eMJyIeMOi 3a/1a4eil, BOSHUKAIOIIEH B BbICOKOTOYHBIX NPUAJIOKEHUAX.

B pabore paccmaTpuBaioTcs JiBa MOJX0a K MOJIETUPOBAHUIO HOHOCKEPHOI MOTper-
Hoctu. OnuH 1moax0/1 6a3UpyeTcsa HA BBIYUCIEHUHU MTOJTHOTO 3JIEKTPOHHOTO CO/IepzKaHUs Ha,
MYTH MPOXOZKIEHUs CIIYTHUKOBOTO PAaINOCUTHAJIA ¢ TTOMONIBIO KOXDMUIIMEHTOB pasiozKe-
HUS BEJIMYUHBI 9JIEKTPOHHOI'O COJIEPKaHUs B PsiJl 110 chepruIecKuM rapMOHUKaM. Y Ka3aH-
Hble KO3 DUIIMEHTHI TPeIOCTABISIOTCA B ceTu Internet Ha npoduabHbx cafitax. Ipyroit
IIOJIXO/T 3AK/II0YAETCs B MCIIOJIH30BAHUN KOMOMHAIMII IIepBUIHBIX (ha30BbIX CIIYTHUKOBBIX
U3MEpEeHnId.

B pabore obocHOBaH HOBBIII KOMOMHMPOBAHHBIM AJTOPUTM, UCIOJIL3YIOMMHA 0Da IIe-
PEUUCIEHHBIX MOAX0/a. AJITOPUTMbBI MOJIEIUPOBAHNS HOHOCHEPHO MOIPEITHOCTH TAKKE
1e/1eCO00Pa3HO BKJIIOYUTH B KOMILIEKC MPOI'PAMMHO-MATEMATHIECKOTO ODeclieueHus ar-
[IapaTHOTO CIIyTHUKOBOI'O UMUTATOPA.
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Hayuynasa mHoBu3Ha

1. Pazpaborana u mpoeMOHCTPUPOBAHA HAa KOHKPETHBIX PAa3HOILIAHOBBIX ITPUJIOZKE-
HUSIX MeTOJUKA MOJeJMPOBAHNS UIeaJTbHBIX MOKA3aHUN MIeaTbHO YCTAHOBIEHHBIX
WHEPIUAJIbHBIX JATYUKOB B PA3JIMYHBIX OIOPHBIX CUCTEMAX KOOP/MHAT, BKJIIOYAIO-
mas CorJiacoOBaHHOE MOJICJIMPOBAHNE OCHOBHBIX TPAEKTOPHBIX MapaMeTpPOB C IEJIbI0
MTOCJIEIYIOIIEro UCCaeIOBaHUS 3a/1a9 WHEPIUAJILHO-CITYTHUKOBOW HABUTAIIWN.

2. Pazpaborana u obocHOBaHA METO/IMKA CPABHUTEJIHLHOIO aHAJIN3a YUCJIEHHBIX METO-
A0B OIIpeleJICHUA OPUEHTAllUU ITPU HaJIUWINU BI/I6paHI/II/I O6'beKTa Ha dTalle HaYaJIbHOI
puicraBku BITHC.

3. Pemena 3ajiaua BbICOKOTOYHOI'O BOCCTAHOBJIEHUS B pezKHMeE OCTOOPAOOTKU TPAeK-
topun Hapurauonubix cnyTHukoB cucrem GPS m IVIOHACC (B mepcrnektuse u
Galileo) Ha TpPOU3BONILHOM MHTEDBAJE BPEMEHH MPH MOMOIIH JTAHHBIX MeZK Iy HAPO/I-
Horo cepsuca IGS.

4. Tlpengmoyken BapmaHT TOCTAHOBKH W PEINIeHUs 3aJa4dd MOIEINPOBAHUS MOHOCKHED-
HOI 3a/1ep:KKH CIyTHHUKOBBIX HM3MEpEeHHil Ha OCHOBE KOMOWHAIUHU JIBYXYACTOTHBIX
dazoBbIx m3Mepennit n ganabix nearpa CODE.

IIpakTuyeckme mpuMeHEHUS

PazpaboTanubpie aJropuT™Mbl MOJIEJTUPOBAHUST MOTYT OBITH MOJIE3HBI JIJIsI TTHPOKOTO
Kpyra IpOU3BoOUTe/ el 1 HoTpeduTe/ el MHEPIUAIbHBIX U CIIy THUKOBBIX HABUIAIMOHHBIX
cucrem: 3A0 "Uneprumasbubsie Texuosorun Texunokomiiekca" , @TVYIT "TocHUMAC" ,
OAOQ "Tlepmckasi Hay IHO-TTPOM3BOICTBEHHAST TPUOOPOCTPOUTEIbHAST KOMIaHust" U Jp.).

B gacrroctn, copmectno ¢ OAO "MUIA" npoogunach ciaeayromast paboTa:

1. Ha 6a3e TeJIeMeTPUIECKUX JaHHbIX ITIO0JIeTa CaMOJieTa MOJEJIUPOBAJIUCH IMOKa3aHUA
nHEPpIUAJbHBIX JATYUKOB IJIdA OTpa6OTKI/I aJITOPUTMa KOPPEKIHUH.

2. MO,ZLGIII/IpOBaJII/ICb IIOKa3aHUud MHEPHUAJIBHBIX JaTYUKOB [Jid CPABHUTE/JIbHOI'O aHa-
JIn3a MHOT'OHIAarOBbIX YHUCJ/JIEHHBIX METOJ0B MHTEIPUPOBaAHUA Ha THUIIOBBIX BHPazKaX.

3. lnsi cpaBHUTEJILHOIO aHAJIM3a MHOI'OIIAIOBBIX METOJIOB OIpEJIeJIeHUs OPUEHTAIMN
00 beKTa MOJIEJIMPOBAJIOCH BUOPAIIMOHHOE BO3/IeCTBUE Ha dTalle HauaIbHOIl BhICTAB-
KH.
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CymiecTBeHHasT 9acTh IPeJICTaBJIEHHBIX B paboTe aJrOpuTMOB B HACTOSINEe BpeMs
BHEJIPSIETCS B ammapaTHBI cmyTHHKOBBINA Vmurarop UM - 2 paszpaborkn OAO "MKDB
"Kommac".

Takzke paboune MaTepuaJibl 10 BOIPOCAM MOJIEJNPOBAHUS OKA3AHUN HHEPIMATBLHBIX
JIATIUKOB UCTO/b3yioTcst B HacTosmiee BpeMs B OTVIT "TocHUMAC" uw OAO "ITHUN-
A,

CrpykTypa paboThl

Pabora cocrout u3 BBejieHMsI, TPEX IVIaB U 3aKJIIOYEHUS.

[TepBasi rjiaBa HOCHT CIIPABOYHbBIN XapaKTep U COJAEPKUT OCHOBHBIE MOHITHSI, 0603Ha-
YeHHs, MCII0JIb3yeMble COOTHOIICHUs, a TAKyKe M3BECTHDBIE MOJXO/bl K B3aMMHO COIJIACO-
BAHHOMY MO/IETHPOBAHUIO TPACKTOPHBIX MapPaMETPOB JBUKEHHSA 00BHEKTA.

Bropasg rimaBa mocBsieHa MOCTPOEHUIO MPOTPAMMHO-MAaTEMATHIECKOTO 00eCmedeH st
UMHUTATOPOB JIJIsI PA3JIMYHbIX TPUJIOXKEHUI B MHEePIUa/IbHOI HaBuranuu. 113 paccmorpen-
HBIX IoA3ada4 U aJITOPUTMOB BbIACJIUM CJI€AYIOIIHNE:

e AJITOpUTMBI MOJE/JUPOBAHUS TOKA3AHUII UIeATHbHBIX WHEPIHAIBHBIX TATIYNKOB:
HBIOTOHOMETPOB U THPOCKONOB. IIpecTaBiens aqropuT™Mbl 71 MOJIETUPOBAHUS TIO-
Ka3aHuil HbIOTOHOMETPOB B PA3J/IMUHBIX CUCTEMaX KOOD/JMHAT U IPOBEJEH UX CPaB-
HUTEIbHBIH ana/in3. [IpuBejienbl, Kak ajropuTMbl, 0A3UPYIONIUECT HA YACTHBIX CJIy-
JasgX WHTErPUPYEMOCTH MOJIEIbHBIX YpaBHEHUN MHEPIHAIbHOW HAaBUTAIMU, TaK U
AJITOPUTMBI, MO3BOJIAIONINE PACCMATPUBATH WHEPITUAJbHbIE TATYNKH KAK UHTErpU-
pytoriue. OTAeTbHO OMUCAH AJITOPUTM COTTIACOBAHHOTO MOJIETUPOBAHUS TMOKAZAHUIT
MHEPIUAJBHBIX JIATYUKOB U TPaeKTOpHbIX napamerpos gByx BUHC, pacnosioxken-
HBIX Ha OJIHOM O0'bEKTe, U aJrOPUTM MOJIEJIUPOBAHUS TUIIOBON TPAEKTOPUM JIBUZKE-
HUST 00BEKTA B MPUIOJISAPHBIX 00JIacCTsIX.

e 3a/1a4a TECTUPOBAHKUSI YPaBHEHUI OIIMOOK MHEPIHMAIBHON HABUIAIMY.

e AJropuT™M MOIETHPOBAHHS MOKA3aHUI MHEPIUAJbHBIX JATINKOB IIPH KA JTHOPOBKE.
AnropuT™M yuuTBIBaeT yrioBble omuOKu pacmnosoxkenns BIIHC orHocuTebHO Ka-
JHOPOBOYHOTO CTEeHJA M BHYTpeHHee pa3HeceHue JIPYT OTHOCUTEHHO Jpyra 4UyB-
CTBHUTEJIbHBIX MAaCC HHIOTOHOMETPOB.

[} MeTO,IL CpaBHUTEJIBHOT'O aHaJIU3a MHOT'OIIAI'OBBIX YHCJJI€HHBIX METOA0B OIIpedeICeHUA
OpHEeHTaIluu IIpU HaJIUINN BI/I6paHI/II/I 00beKTa Ha dTalle HAYAJILHOI BHICTaBKU.

TpeTbH TJlaBa ITOCBAIIEHa PENIeHUuIO 3a/da4, CBA3aHHBIX C MOJAE/JIUPOBaHHUEM B CIIYT-
HHUKOBOI1 HaBHUT'alliH, KOTOpbIE€ MOI'YT OLITDL HCIIOJIb30BAHbI IIpu CO3JaHHUU allllapaTHOTI'O
HUMHUTaTOpa CIIyTHHKOBBIX PaJAMOCHI'HAJIOB. Hpe,ILCTaBIIeHbI cjaeayronue aJaropuTMbI:

16



[ ] AJIFOpI/ITM BBICOKOTOYHOI'O MOJEJIUPOBaHUA TpaeKTOpI/Iﬁ HaBUTaIlUOHHBLIX CIIyTHH-

KOB.

® AJIFOpI/ITMbI BbIUHC/I€HUd KEIIJIEPpOBLIX 3JIEMEHTOB Op6I/ITbI CIIYTHHKa H 'Hel'/JICTByIO—

IIX HA COYTHUK BHENTHUX BO3MYIIEeHUN Kak (hyHKIUil BpeMeHn.

e Pazjmmumnbie moaxo/ibl K MOJIEIMPOBAHUIO HOHOCKhEPHON OMTUOKY CITY THUKOBBIX U3Me-

peHuii.

B npuiokenun mpuBoAgTCs CTaHIaPTHBIE AJITOPUTMBI OIIPE/Ie/IEHIS TPACKTOPHiT HaBU-
raruonubIX cryTHHKOB cucreM GPS u [VIOHACC o adbemepuabiv JaHHBIM peaTbHOTO
BPEMEHH B COOTBETCTBUH ¢ KOHTPOJBHBIMHA JOKyMeHTaMu [22], [62].

Ilybaukamum mo TeMe AuccepTanum

[Io Teme aucceprarnuu OBLIH OIMYyOJHKOBAHBI CJAEIYIONINE PAOOTHI:

1.

Borpanos O.H. YTounenne TpaeKTOPHBIX MapaMeTPOB HABUTAIMOHHBIX CIYTHUKOB
cucrem GPS u I'NIOHACC npu nomomu manubix cepsuca IGS // Becrauk Mockos-
ckoro yauBepcurera. Cepus 1. Maremaruka, mexanuka. 2009. Breinyck 3. C. 53-56.
(Pedrepupyemsriii xxypuas u3 nepeuns BAK).

. Bogdanov O.N. Fomichev A.V. Simulation of angular velocity sensor measurements

using telemetry data on the motion of an object. Moscow University Mechanics
Bulletin. 2014. V. 69. no.3. P. 40-47. (Pedepupyemsiii xkypuas u3 nepednst BAK).

Bormanos O.H., Basunosa H.B., ['omoBan A.A., /lemumos O.B. Ocobernoctn cos-
MEeCTHOI 00pabOTKM MEePBUYHBIX M3MEPEHUIl CIIyTHHKOBBHIX HABUTAIMOHHBIX CHCTEM
[JIOHACC u GPS B reodusnueckux npusoxkenusix // CoBpemenHble TPOOJIEMBI
maremarukn u mexanuku. 2009. Tom 1. C. 180-199.

. Bormanos O.H., Kopocresnesa C.C., Kyxresuu C.E., @®omuues A.B. O Boibope ajro-

pUTMa U TAKTOBOI YaCTOTHI PACIeTa MATPUIIBI OPUEHTAINH Jj1s1 OectiaT(OPMeHHOiT
nWHepIraabHOil HaBurauonHoii cucrembr // Tpyasr MDA, 2010. Boimyck 2. C.60-
67.

Bogdanov O.N., Cepe A. Precise orbit determination for GPS and GLONASS
satellites on the basis of IGS data. In: Proceedings of 5th International Conference
on Recent Advances in Space Technologies. Istanbul, 2011. P. 915-919. (C6opuuk
BXOJIUT B 6a3y JAHHBIX Scopus).
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6. Kozmos A.B., Cymosurtep FO.JI., FOpuct C.I11., Bormanos O.H., I'onoBan A.A. Pe3yib-
TaThl UCTBITAHUIT Ha sxTe Geckapaannoro rpasumerpa GT-X // Tpyapt XIX Caskr-
[TerepOyprckoit MezkiyHApOHOW KOH(MEPEHIIUU 110 UHTEIPUPOBAHHBIM HABUIAIIU-

ourbiM cucremam, OAO "Konnepu "IIHUUW Daekrponpudop", Cankr-ITerepbypr,
2012, cTp. 172-174.

7. Bogdanov O.N., Golovan A.A. Simulation of measurements of strapdown inertial
navigation system sensors. In: Proceedings of XX International Conference on
Integrated Navigation Systems. Saint Petersburg, Concern "CSRI Elektropribor"
2013. P. 138-141.

8. Bogdanov O.N., Golovan A.A. Analysis of Kepler’s elements of the navigation
satellite’s orbits on the base of precise IGS position information. In: Proceedings
of 6th International Conference on Recent Advances in Space Technologies. 2013.
P. 271-275. (C6opHuUK BXOAUT B 6a3y JAHHBIX SCOpUS).

9. Bormanos O.H., ®ovuuer A.B. Anropurm mMuTanuu MOKa3aHUl HHEPIHATHHBIX
JATIUKOB 110 TPaeKTOpHBIM HaHHbiM // Tpyast MDA, 2013. Beimyck 6. C.46-59.

10. Bormanos O.H., T'omoan A.A. O06 umMuTanuu HIAEAJLHBIX MOKA3aHWI JATUYNKOB
BUHC npu mpoussosibHOM aBuzkeHun oobekta // Tpyast MDA, 2013. Boimyck
7. C.30-35.

okaaapl HA KOH(EPEeHINIX M0 TeMe ANCCEePTAIINT

[To Teme puccepraruu OBLIN CeJaHBI CJIEAYIONIAE JTOKIabl HA KOH(EPEHIINIX U CHM-
O3y MaX:

1. yTOquHI/Ie TPaeKTOPHBIX IMapaMeTpPOB HaBUTAallMOHHbLIX CIIYTHHUKOB IIDU ITOMOIIA
nmanabix ceppuca 1GS. Kondepennus monompix yuensrx, [IIHU "Smexrponpudop" ,
2006.

2. Mopgenuposanne noHochepHoii MOrPeNntHOCTH TTPU TOMOIIN U3MePEeHUl IBYX9IaCTOT-
Horo npueMunka u JaHubiX nearpa CODE. Kondepennusa mononpix yaensix, [ITHVN
"Snexrponpudop", 2007.

3. O BO3MOKHOCTH MOBBIIIEHHS TOYHOCTH a3POrPABUMETPHH 33 CUeT YTOUHEHHS TaH-
HBIX 00 3deMepuIax HABUTAIMOHHBIX CIIYTHUKOB U COCTOAHUHN HOHOChepbl. CuMmITo-
3uyM MeskayHaponHoii accomuanun o reoge3un, IIHUN "DaexkTponputop" , 2007.
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4. TloBbIlIeHre TOYHOCTH HABUTANUHU ¢ ucmosb3opanuem cucreMbl [JIOHACC B pexn-
Me moCcTOOpabOTKH. MeKayHapoaHbli HaydHo-TexHmueckuii cemuuap "CoBpemen-
HbIE TEXHOJIOTUHU B 33/[a9aX YIPaBJEHUs, aBTOMATUKN U 00paboTku nudopmanun'.

MAT, 2009.

5. Precise orbit determination for GPS and GLONASS satellites on the basis of IGS
data. MexxayHapoaHass KOHGMEPEHIUs 10 MOCACIHUM JOCTUKEHUSIM KOCMUYECKHAX
texuosioruit, Cramoys, 2011.

6. Kommbiorepaas umuTanus MOKa3aHUN HHEPHUAJBHBIX JIATYNKOB O€CKap/IaHHBIX
MHEPIUAJIBHBIX HABUTAIMOHHBIX cucTeM. Mex ryHapoanast KoH(EpeHIus 10 WHTe-
rpupoBaHHBIM HaBuramuonubiM cucremam, [THUU "Dpexrponpubop” , 2013.

7. Analysis of Kepler’s elements of the navigation satellite’s orbits on the base of
precise IGS position information. Mexaynapoanas kKoH(MEpEHIUS O MOC/IeTHIM
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ABTOp BBIpaXkaeT CepaedHyio OJaroJapHOCTh HAYIHOMY PYKOBOIHUTENTIO, JTOKTOPY
dusuko-mMmareMaTuuecKux HayK, LojoBany Aujgpero AHapeeBudy.

ABTOp TakzKe GarogapuT 3a MOMOIIL U TOJIe3HbIe coBeTh mpodeccopa [TapycHukosa
Hukomas AnmekceeBuda, npodeccopa bomoruna FOpusa BiaauvupoBuda, Beyinero nayd-
Horo corpyaanka Basuwnoy Huny bopucosny u crapmrero nayanoro corpyannka Kosmosa
Anekcanapa Biaaguvmuposuaa.
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I'nmaBa 1. BBoaubie noungaruga u
cIIpaBOYHbIE COOTHOHIEHUS]

1 OcHoBHBIE 0003HAYECHNY U COOTHOIIICHUS

1.1 OcHoBHBIE 0003HAYEHNS, MOHATHS ¥ YNCJIOBBbIE XapaKTepu-
CTUKU

OcHoBHag YacThb 0003HAUEHHUI, UCHOTB3YEMBIX B pabOTe, COOTBETCTBYET 0O03HAUEHUSIM,
HPUHSATHIM B [24].

CucremMbl KOOpANHAT.

Obo3uaunm 1gepe3 () yCJIOBHBINH MEHTP 3e€MJIM W CBSIZKEM C HEil JBe CHCTEMBI KOOP-
nuHAT. VHepnuaabpHyo cucreMy KoopamHaT obosnadmm depe3s OF. Och O&3 coBmajaer ¢
ocbio Bpamenns 3emin, ocu O& n O&; B3aUMHO HepHeHIUKYISIPHBI, HAXOAATCA B 9KBa-
TOPUAJBHON ILIOCKOCTH 3eMJIM U HAIIPABJIEHBI HA HEMOJBHKHBIE 3BE3IbI. 3aMETHM, UTO
BBeJIeHHAsI TaKUM 00pa30M cucTeMa KOOP/UHAT, CTPOI'O IOBOPs, HE SIBJISETCS WHEPIHAJIb-
HOIi, TTOCKOJIbKY nBUKeHue Touku () He SIBJISIeTCs] TPSIMOJUHEHHBIM, OIHAKO, B padboTe
Oy/leT HCII0JIb30BATHCA TAKOW TEPMHUH, IIOCKOJIBKY OCH JAHHON CHCTEMBbI He BPAIIAlTCS.
Beenem rpunBmtuckyio cuctemy koopauaatr On. Ocs Onz coBnamaer ¢ ocvio O&s, Ony u
Ony HAXOMATCA B SKBATOPUATLHOI ILTOCKOCTH 3eMId, och (1) JIEXKHAT B IJIOCKOCTH HYyJTe-
BOI'O I'PUHBUYCKOI'O MepuauaHa. ByﬂeM CYUTaThb, 4TO B Ha4YaJIbHBIA MOMEHT BpEMEHU t(]
cucrembl O& u On coBIaIA0T.

Yepes M 0603Ha9MM HEKOTOPYIO (DUKCHPOBAHHYIO TOUKY 00beKTa (J1as1ee, Moy TOIKOi
M o6ynem monmmarh npusegeHubiii meaTp BIHC — wyBcTBHTEIBHYIO Maccy HpOCTpaH-
CTBEHHOI'O HBIOTOHOMETDA, SKBUBAJEHTHOIO TPEM OJHOCTENEeHHBIM HBIOTOHOMETPaM) U
CBsizKeM ¢ Heil reorpadudeckyio cucremy KoopauHar Mz, nepsasi OCb KOTOPOil COBIIa1aeT
¢ HampasjienneM Ha BocTok B Touke M, Bropasi — ¢ Hanpasienunem Ha CeBep, TpPeThs OCh
COBIIAIaeT C HampaBjeHueMm reorpadudeckoit Beprukaan B Touke M. ObozHadnm depe3
M s cBs3anHy0 (¢ paccMaTpuBaeMbIM 0OO'bEKTOM) CHCTEMY KOODIUHAT, OCH KOTOPOii Gyiem
CUYNTATDH HAIIPABJIEHHBIMHE CJIEIYIONIM 00pa3oM: och M s; HampaBaeHa B CTOPOHY IIPaBOTO
KpPBLIAa 00beKTa, och M Sy mapaJiaenbHa OPOI0aLHON ocu o0bekTa, och M S3 I0MOTHSeT
cucremy M s mo mpaBoit Tpoiiku. OrmMernM, 9TO HaA MPAKTHKE YaCTO WMCIOJIb3YIOTCS U
JpyTHe BAPUAHTHI CBA3aHHBIX CUCTEM KOOPAWHAT, HATIPUMED, CUCTEMA, COOTBETCTBYIONIAST
asuannonnomy I'OCTy, nepsasg ocb (och X) KOTOpOil HalpaB/eHa MO MPOAOJIBHON OCH
o6bekTa, Bropas och (0Ch Y) HalpaB/eHa BJIOJb BEPTUKATLHON OCH, a TPeThs 0Ch (0Ch Z)

20



B CTOPOHY IIPaBOTO Kpblia. Byaem Takzke BMecte ¢ cuctremamu Mz u Ms paccMarpuBaTh
coocubie uM cucteMbl Ox u Os ¢ HavagI0M B ycaoBHOM meHTpe 3eman O.

Ob6o3HaveHnsa A9 KOOPAWHAT U CKOPOCTU TOYKMU.

Beenem s toukm M reorpaduueckume koopamuarsl. Jlonrory A € [—m, 7] ompe-
JIEJTUM KaK yTrOoJI MeXK/y MEPUIUOHAJIBHOI MOJIYILIOCKOCTBIO, HPOXO/ISINeil depe3 TOUKY
M, w TOJYILIOCKOCTHIO HYJIEBOI'O TPUHBHUCKOTO MepuanaHa. eorpadudeckoii mupoToi
@ € [—m/2, /2] HA30BEM YroJI MeXK Iy HOPMAJIbIO K OBEPXHOCTH MOJETBEHOTO SJLTHIICOUIA
Semin, TpoBeeHHOIN Yepe3 Touky M, u miockocTbio 3xkBaTopa Onny. Beicory h BBemeM
KaK PacCTOsIHME OT TOYKH Ha MOBEPXHOCTH MOJEJIBHOTO SJLIMIICON/IA, Y€PE3 KOTOPYIO TPO-
XOJIUT HOpMaJib, 10 TOUKH M.

BBesieM TakzKe reoleHTpHYCCKyio mHUpoTy ¢° € [—7/2,m/2] KaK yros Me:KIy JIydoMm
OM u mrockocThio s5kBaTopa Onns.

[Tycrs Op — upousBoJibHAS CUCTEMA KOOPJIMHAT ¢ HAYAJOM B YCJIOBHOM IEHTPE 3eM-
mu. Torma mis pamgmyc-Bektopa Touku M B cucteme Op OymeM HCIOIB30BATH 0003HA-
wenne p = (py,p2,p3)’, Mg BeKTOpa abCOMOTHOI CKOPOCTH TOYKH — 0GO3HAYEHUE U, =
(Vp1, Vp2, Vp3)T. BEKTOp OTHOCHTENBHOM CKOPOCTH (OTHOCHTEILHO TPUHBHYUCKOL CHCTEMBI
On) Toukn B mpoeknusx Ha ocu cucrembl Op Gynem obosnadatsh V, = (V,1, Vi, Vi3)?. B
TOM CJIy9ae, KOrjia CKOPOCTh TOUKHU PACCMaTPUBAETCsI B reorpadudecKoil cucreme Koop/ -
HAT, HUZKHUI HHJIEKC , Y KOMIIOHEHT Oy/1eM OIyCKaTh: U, = (v1, Ug, vg)T, Ve = (V, Vs, V},)T.

O6o3HaueHnsd Jjid yrjiOBOil CKOPOCTH.

ABCOMIOTHYIO YIJIOBYIO CKOPOCTDH IPOM3BOJILHOMN cucTeMbl KoopauHaT Op B IPOEKIH-
X Ha COOCTBEHHBIe OCH ODO3HAYHM Uepe3 w, = (wpl,wPQ,wpg)T, OTHOCHUTEJIbHYIO YIJIO-
BYI0 cKOpocTh (oTHOCUTebHO cuctembl On) — depes 2, = (1, Qpa, Qpz)T. Y komuonent
VIJIOBBIX CKOpocTeil reorpadudeckoii cucrembl Or HUKHUNA WHIEKC , OyIe€M OIMyCKaTh:

Wy = (w1>w27w3)T7 Qx = (QlyﬂQa QS)T-

Ob6o3HaveHnsd AJig MaTPUI OPUEHTAIINN.

Yepes A, Bcerja Oy/eM 0003Ha4aTh MATPHUILY OPHEHTALMU IIPOU3BO/IBHOMN cucrembr Op
OTHOCHTEJIbHO nHepHuaibHoil cuctembl O, depe3 B, — MaTpUIly OPHEHTAIUN CHCTEMBbI
Op oTHOCUTETLHO TPUHBHYCKOIT cuctembr On. Yepes L 0603HaINM MaTPUILy OPUEHTAINN
cBs13aHHOil cucTeMbl Os OTHOCHTEIBLHO Teorpadudeckoii Ox.

Yrael opuenTauu 00beKTa.

YoM Kypca 1 HasbiBaeTcs yros Mexkiy Hanpasiaennem Ha Cesep (ocbio M o) u nipo-
exmueit ocu M sy Ha 10cKOCTh M 179, YCIOBUMCS OTCIATHIBATH yroJ Kypca ot ocu Mo
HIPOTUB YaCOBOI CTpeaKd (OTMETHM HPU ITOM, YTO B HABUIAIUOHHBIX AJTOPUTMAX YIOJI
Kypca TPAIUIUOHHO OTCYUTHIBAETCS MO YACOBOi CTpeske). YIJIOM TaHrazka ) HazoBeM
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YIOJI MexK/1y ocbio M sy U mI1ocKocThio MxiTe. VTJIOM KpeHa 7y Ha30BeM yIroJ IOBOPOTa
m10cKOCTH M S953 BOKPYT ocu M Sy OTHOCHTETBHO TLI0CKOCTH M x3S9.

O6o03HaYeHUd TapaMeTPOB MOJAEJTHHOTO SJIJIUIICOUAA 3eMJIN.

MopenpHbIil 3/utHIICONT, 3€MIU CUUTAETCS JIJIANCOUIOM Bparenusd. OOo3HaUUM de-
pe3 a OOJBIIYIO0 MOJTYOCh MOAETBHOIO SJLTUIICOUIA 3EeM/IN, Yepe3 € — ero SKCIEeHTPUCHUTET.
JIJ1s1 JIOJICOTHOIO ¥ IIHPOTHOI'O PAJMYCOB KPUBU3HBI MOEIBHOIO SJLIUIICOUIA 3eMIN BBE-
JieM obo3HavYeHust, COOTBeTCTBeHHO, Rp u Ry. s BeKTOpa yaebHON HOPMAaJILHOM CUJIbI
TATOTeHNsT OyIeM HCHOIb30BaTh 00o3Hadenme ¢°, 71 BEKTOPA CHJIBI TSAKECTH — ¢, IS
BEKTOpa YIJIOBOIl CKOPOCTHU BpalleHus 3eMJyu — u. depe3 p 0003HAYMM KOHCTAHTY T'pa-
BUTAIMOHHOIO MOJs 3emyn, depe3 Cyy — mapamMerp, XapaKTepu3yomuii HechepuIHOCTh
OJIST TSTOTEHHUS.

[TpuBesaem B Buje TabJIMIbl 3HAYEHUsI BBEIEHHBIX HAMU ITapaMeTpPOB.

a = 6378136 m Boubirast mosryocs ssuunconga 3emin
e = 0.0818191 OKCIHEHTPUCHTET JIJIMIICOU I 3EMIIH
u = 7.2921151467 - 107 paja/c | YrioBas cKOpOCTb BpallleHAA 3eM/IH
p = 3986005 - 10% M3 /c? ['paBuTaIMOHHAs IOCTOAHHAS 3eMJII
Oy = —1082.6257 - 10~° Kosddunuent necdepuanocT

[IpuBejeHHbIEe YMCIOBbIE 3HAYCHUS XaPAKTEPU3YeT JLIUICOUL, KOTOPbI UCIIOJIb3YeTCsE
B cucteme 113-90.02.

Ob6o3uavenne OJjid yaeJbHOUW BHEIIHE CUJIbI.

st yiaesibHOM BHeNIHel cuJibl, JIeficTBYONIel Ha O0beKT, Oy/JeM UCHO0/Ib30BaTh 000-
3Ha4YECHUE f 3a6eFaH Brepea OTMETUM, YTO IMOCKOJIbKY B MHEPIUAJbHBIX HaBUTAIIUOHHBIX
CHCTeMAaX BHEIIHss CUJIa H3MepsSeTCsd HbIOTOHOMETPAaMHU, TO Hea/bHble MOKA3aHUs HbIO-
TOHOMETPOB MBI TakzKe OyaeM 0003HAa4YaTh depes f.

Hcnonb30BaHEe HU2KHETO MHIEKCA.
HukauM uHIEKCOM y TPOM3BOJIBLHOIO BEKTOPa Bcerja OyjieM YKa3blBaTh CHCTEMY KO-
OpJIMHAT, B MPOEKINIX Ha OCH KOTOPO JaHHBIII BEKTOP PacCMaTpPUBAETCS.

MarpuyHasa 3anuch BEKTOPHOTO NPOU3BEIECHUI.
KaxkmoMy BeKTOpY ¢ MOYKHO IIOCTABUTh B COOTBETCTBHE KOCOCHMMETPUIECKYIO MATPH-

y C:

0 C3 —Co
c= —C3 0 C1 nu cxb=-—:¢b. (1)
Co —C1 0
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1.2 B3saumuasg opuenTanuga cucteM koopauHat O&, On, Ox u Os

NuepuuasibHasi, TpUHBUYCKAsE U reorpaduieckast CUCTEeMbl KOOPJUHAT CBA3aHbI CJIe/yI0-
el 11oc/1eJ0BaTe1bHOCTHIO IIOBOPOTOB:

ut 5+A T -9
ot — On — —  Ou. (2)
3 3 1

3/lech U Jajlee B AHAJOTMIHBIX 3aMUCAX HAJ CTPEJIKOH MOMEIIAaeTcs BeJHYWHA YIJa
IIOBOPOTA, & IMOJ, CTPEJIKON HOMep KOOPAMHATHOW OCH, BOKPYI' KOTOPOI COBepIIaeTcsd Io-
BOPOT.

Sauumem marpuny A, opuenranuu rpuHBuucKoil cucrembl O1 OTHOCHTE/IBHO HHED-
nuasbHoit O m martpuny B, opuentanun reorpadudeckoi cucremMbl O OTHOCUTETHHO
rpuaBHYcKoii On:

cosut sinut 0 —sin A cos A 0
A, =| —sinut cosut 0 |, B, =| —cosAsing —sinAsing cosy [. (3)
0 0 1 COS A COS ¢ sin Acosep sin
Torma
A, = B, A, (4)

[leorpadudeckas u cBsi3aHHAST CUCTEMbl KOOPJAMHAT CBA3aHBI CJEAYIONIEil 1moc/ie/0Ba-
TeJIbHOCTHIO TIOBOPOTOB:

(& v g
Or — — — Os. (5)
3 1 2

Dmementsl matpuisl L = {l;;} craexyomum 06pa3oM BBHIpaXKaioTCs depe3 yIJIBl OpH-
€HTalluu:

costpcosy —siny sindsiny  sinty cosy + cosysindsiny  — cosdsiny
L= —sin cos v cos 1) cos U sin . (6)
cossiny + sinysind cosy siny siny — cosy sin v cosy cos U cos 7y

Jlnga marpunbl As OpHEHTAIMH CBI3aHHOI CHCTEMBI OTHOCHTETHHO HHEPIHAJIbLHOMI
MOXKHO 3aIiCaTh CJeJIVIOlee BhIparkKeHne:

A, = LB, A,. (7)
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YIJIbl OpHEHTAIMH BhIpazkatoTces u3 (6), HapuMep, CJIeIyIOMUME COOTHOIIEHISMHE:

! l
1) = —arctan i, ¥ = — arcsin lyg, 7y = — arctan i (8)

OTMGTI/IM, YTO YIVIbl OpUEHTalUuN HAXOAATCA B CJICAYIOINUX YUCJIOBLIX JJUAIlla30HAX:
Y € [—m, 7, Ve |-m/2,7/2], v € [—m, 7). 9)
1.3 Teorpadmnyeckme KOOpANHATHI TOYUYKU
CBs3b 'PUHBUYCKNX U reorpaduyecKnx KOOPAMHAT TOYKIUI.

[Ipusejiem cooTHOIIEHUS JIJIs JIOJATOTHOTO U HIUPOTHOIO PAJINyCOB KPUBU3HbI:

a 1—e2

Rp = /7 Ry = Rg

V11— 6281112907

['punBHUUCKHE KOOPJAUHATHI 11,12 U 73 TOUKU M BBIpazKaroTcs depe3 reorpaduieckne

(10)

1 —e2sin®g’

KOOpauHATH (o, A u h Touku M wu pajuyc kpuBusubl Rp, ¢ HOMOIIBIO CJIEIYIONIX COOT-
HOIIICHUIA:

m = (Rg+ h)cosAcos,
72 (Rg + h)sin A cos @, (11)
ns = (Rp+ h)sing — Rgesing,

Jlonrora A ompejenserca depe3 IPHHBAYUCKIE KOOPIUHATHI U3 COOTHOIIEHHS:

tan \ = @, (12)

T

a reorpadudeckas MUIPOTA U BHICOTA N He HMEIOT aAHATUTHIECKOTO BBHIPAKEHHS Tepe3
TPUHBUYUCKIE KOODIUHATHI M MOIYT OBITH HAfieHbI HTEPAIMOHHO, HAIPHMED, METOIOM
Heiorona [20].

KunemaTtnueckue ypaBHeHUd A1 reorpadmnyecKux KOOpAWHAT TOuKu M.
Kunemarnueckue nuddepennualibubie ypaBaenus jijisg Touku M umMeroT Bu:
Va - Vi

=) A= h =V 1
T Ryt h (Rg + h)cosp’ ’ (13)
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CB3p reorpadun4eckoii 1 reoneHTPUIecKoil mupot Toukm M.
[eorpadudeckas IMIPOTA Y U TeONeHTPHUECKas IMHPOTA ¢ CBA3AHBI COOTHONICHIEM:

1 0
tan @ = ﬁtangp , (14)

OTKy/1a
0o, 1o
prp At e sin 2¢p. (15)

1.4 CooTHorleHnd Jid JIMHEHHBIX W YTJIOBBIX CKOPOCTEil B Treo-
rpacdunygeckoii cucreme Ox

AbGcosoTHas U, U OTHOCUTEIbHASA V, JUHEHHbIe CKOPOCTH TOUYKH M CBsS3aHBI COOTHOIIE-
HHUEM:

vy = Vy =l (16)
OTKY/1a
vy = Vi +uRgcos g, vy = V3, vz = V. (17)

AbcostorHas w, u orHOCUTE/IbHAsA (), YIJIOBbIE CKOPOCTH IeorpadpudecKkoi cucreMbl
koopauHaT OT CBSI3aHBI COOTHOIIEHUEM:

wy = Oy + Uy. (18)
BekTop u, uMeer cieyonne KOMIOHEHThI:
u, = (0, cos p, usin @)’ (19)

KowmmionenTsl JinHeHO# 1 yIJIOBOI OTHOCUTEJIbHBIX CKOPOCTEH CBsi3aHbI COOTHOIIEHN-
SIMUA:

Va Vi

=2 Q=
1 RN+h7 2 RE+h7

Q3 = QQ tan @. (20)
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1.5 Cuja T492KecTu 1 cujia TArOTeHUA

B onucbiBaeMbIX HHUZKe aJITOPUTMAX MMUTAIUU 1OKA3aHUI HBIOTOHOMETDPOB UCIHOJIb3YyeT-
ca yaenabHad cuiaa tarorenns ¢°. [Ipusenem 1Ba pasIMYHBLIX BAPDHAHTA €€ BBHIYHC/ICHUS.
[TepBbiit BapuanT mpejcTaB/isier coDOW MOJIe/Ib, KOTOpasi UCIHOJIb3YETCs B CILyTHUKOBOI
cucreme ['JIOHACC. Dta momens Oyaer HaMu NPUMEHATHCA B IJIaBe, MOCBSIIEHHON MO-
JIeJITMPOBAHNUIO PA3JIMIHBIX aCIEeKTOB CIYTHUKOBOI HaBuramnuu. BTopoii BapmaHT OCHOBBI-
BaeTcsa Ha dopmyrne ['embmepTa 18 BBRIYUCTEHUS YAETbHON CHIBI TsaxkecTu. Popmytoit
Fenbmepra Oy/ieM 1OJIB30BATHCS IPU MOJIEJIUPOBAHUN TTOKA3aHUI HHIOTOHOMETPOB.

®dopmyna OJd CUJBI TATOTEHUS, UCMOJb3yeMas B CIIyTHUKOBOU HaBUTAIU-
onnoii cucreme I'NIOHACC.

KoMIIOHEHTBI CHJIBI TATOTEHUS B MPOEKINSIX HA OCH TPUHBHYUCKON cucteMbl O, B CO-
OTBETCTBUH ¢ KOHTPOJIbHBIM JIOKyMeHTOM ciyTHuKoBOil cucrembl [JIOHACC |22], umeror
BHI:

_ ) ) -
o _ M 3., a” [.n3
gn = —3 1+ 50207472 57“72 =1/ m,
- ) ) -
o _ M 3., a”[.n3
9772 = _7'73 -1 + 50207172 57072 —1 | 2, (21)
2 2 1
o _ M 3., a” [ 13
I3 = T3 _1 + 5020§ 5; -3 | UEY

e v = \/1} + 03 + 13

KOMIOHEHTHE BeKTOpa CHJIBI TATOTEHHA ¢ B MPOEKIHAX Ha OCH MHEePIMATILHO CHCTe-
Mbl O& BBIPAXKAIOTCS 110 9TOM 2kKe hopmy.ie.

dopmyna 'eabmepTa a9 CUIBI TAYKECTHU.
®opmyna Tespmepra sl BEIYHCICHUST BEJINYNHDL YIEJbHON CHJIBI TSZKECTH ¢ € IMO-
paBKoii HA BBICOTY h umeeT Buj [24]:

g(p, h) = 9.78030(1 + 0.005302sin” ¢ + 0.000007 sin” 2¢p) — 0.00014 — 25 . (22)
a

BekTop yie/bHON CHIBI TSXKECTH B MPOEKIUAX Ha ocu cucrem koopgaunar Ox, O u
Os umeer BUJIL:

9z = (Oa 07 _g)T7 ge = Afga:, gs = AsAgg:p = Lgx (23)

yﬂeﬂbHyIO CUJIy TATrOTeHUu:A go MOZ2KHO BBIYUCJIUTH 4Yepe3 YACJbHYIO CUJIY TA2KECTHU ¢
10 caeayoImuM QopMyIaMm:

9 =g+ 026, gl =g.+ils, gy =g, +lm. (24)
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1.6 KuHemarudeckue U AMHAMUYECKNe ypaBHEeHUd

Kunemarnueckoe ypaBuenue Ilyaccona.

Oboznadum 1gepes Or n Op JBe NPOU3BOJIbHBIE CHCTEMbI KOOp/AUHAT. depes w,, 000-
3HAYUM YTJIOBYIO CKOPOCTDH cucteMbl Or oTHOCHTE/NBHO cucTeMbl Op B MPOEKIUSAX HA OCH
cucremsl Or, yepe3 C,, — Marpuiy opueHTanun cucreMbl Or orHocuTeabHO Op. NMeer
MeCTO KHHeMaTn4deckoe ypasuenue Ilyaccona:

Crp = ©rpChp. (25)

Bripakenue aJjig yrjoBoOil CKOPOCTH CBA3aHHOII CHCTEMBI KOOP/IWHAT.
BekTop yriioBoii CKOPOCTH W, BBIpaxKaeTcsd depe3 yIVIbl Kypca, KpeHa, TaHTazKa U UX
MIPOU3BO/IHBIE TAK:

Warl 9 cos v — w sin 7y cos
Wer = | Wse2 | = | ¥+ 1psind . (26)
W3 ¥ sin~y + 1 cos 7y cos ¥

KunemaTtndieckoe ypaBHEHUE ABUKEHUS MAaTE€PUAJTIbHOU TOYKMH.
KoopanHaTel p MaTepuaJIbHOi TOYKHU B MOJABUKHOI cucTeMe KoopauHaT Op U BEKTOP
abCOJIIOTHOI CKOPOCTH JaHHOH TOUKHU V) CBA3aHBI KHHEMATHIECKUM ypaBHEHHeM:

D = Up + Wpp. (27)

JduHamudeckue ypaBHeHUsI ABU>KEHNUS MaTE€PHAILHON TOYKH.
Junamudeckue ypaBHEHUS ABUKEHIS TOYKU B aDCOTIOTHBIX (U, Wp) U OTHOCATE/IBHBIX
(Vp, €,) mepeMeHHbIX TAKOBBI:

. oA 0
Up = wpvp"'fp"'gpv

V, = (Q+20,)V,+ fp + gp (28)

1.7 MopaenupoBanue TPAEKTOPHBIX MapPaMETPOB JBUKEHUHA O0b-
eKTa

[IpuBegem KpaTkKoe ONHMCaHWE JBYX ITOJAXO0J0B JJIS 3aJaHUsi TPAEKTOPHBIX MapaMeTpPOB
JIBUZKeHUs 00beKTa. [lepBblil 110/IX0/T UCIO/IB3YeT ABHbIE aHAIUTHIECKHE (DOPMYJIBI JIJIs
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TPAEeKTOPHBIX ITApaMeTPOB, HAIIPUMED, JJIs MOJIYJ/s MPOJOJbHON CKOPOCTU U YIJIOB OPH-
eHTanuu oobekTa. OKa3bIBAETCs, UTO STHX HapaMeTpPOB JOCTATOYHO /I MOJAETUPOBAHUS
BCEX MMapaMeTrpoB MOCTYIATEJIHHOIO U YIJIOBOIO JBUZKEHUsI O0HEKTA.

Bropoit moaxom ucnob3yer SKCrnepuMeHTaIbHbIE JAHHBIE — 3aMUCAHHDBIE BBIXOIHBIE
JIAaHHBIE HEKOTOPOTO HABUTAIIMOHHOTO KOMILIIEKCA, YCTAHOBJIEHHOTO Ha O0pTy oObekTa. Ha-
CTO TOJI00HBIE 3AIUCH BKJIIOYAIOT B cebs reorpadudeckne KOOpIHHATE 00bekTa (¢, A, h),
KOMIIOHEHTBI €r0 OTHOCUTEJIbHON CKOPOCTH B MPOEKIUAX Ha OCH Treorpadudeckoii cucre-
mbl (V1, Vo, V3) 1 yrusl opuentanun oobekra (10,19, y), upudeM KOODAMHATHI 1 CKOPOCTH
moryT jocrasistbes BUHC/CHC ¢ pasuoit crenenpio B3anMHONR CHHXPOHU3AIMN. DKCIIe-
pUMeHTAIbHBIE JaHHBIE MOTYT BKJIIOYATH B CeOsl U MOKA3aHUSI WHEPIUAJBHBIX JTATINKOB
BUHC. XapaktepHoii 0cOOEHHOCTBIO TaKoil MH(MOPMAIUU SBJISIETCS ee 3allyMJIeHHOCTD
U HECOTJIACOBAHHOCTh, a TaKKe HaJu4dhe pas3udHbIX cOoeB. Kpome Toro, dacto moao0-
Has nwHMOPMAIUSI MOXKET OBITh M3BECTHA C JOCTATOYHO HU3KOH YAaCTOTOM, Hampumep, 1
. CraBurcs 3aa49a MOIEIMPOBAHUST TPACKTOPUHU JIBUKEHUST 00BHEKTA, MapaMeTPhl KO-
TOPOIi ObLIN OBl B3AWMHO COTJIACOBAHBI M KOTOPAs C HEKOTOPOl TOYHOCTHIO COBITaga/1a Obl
€ UCXOJTHON TpaeKTopueil. 371ech 101 COrIacOBAHHOCTBIO Oy/1eM HOHMMATD 3HAYEHU KOOP-
JIMHAT, KOMIIOHEHT BEKTOPA CKOPOCTHU U YIJIOB OPUEHTAINU, KOTOPBIe 0OPAINaloT B BEPHbLIE
pPaBeHCTBA HCIOJIb3yeMble YHCJIEHHBIE METO/Ibl PEIleHus YpaBHEeHUil, OMUCHIBAIOIINX /TBU-
kenne o0bekTa. Ipyrumu cjoBamMu, B 9KCIIEPUMEHTAIbHBIX JAHHBIX IIPUCYTCTBYET aHAJIM-
THYecKast N30BITOYHOCTD, CBSI3aHHAS C TE€M, UTO STU JAHHBIE YIOBJIETBOPSAIOT W3BECTHBIM
nubdepeHnua bHbIM 1 aaredpanvdeckuM ypaBHeHHsM. BaKHO TakzKe ydecTh, U4TO KOp-
Iyc 00beKTa MOYKET COBEPIIATH JOCTATOYHO OOJIbIIKME IBOJIONUN 32 KOPOTKHII MHTEPBAJ
BpPeMeHH, TO3TOMY MOJIEIMPOBATH COTJIACOBAHHBIE TPAEKTOPHBIE MapaMeTphbl HEOOXOINMO
C BBICOKOIl 4aCTOTOM.

Taxum obpa3om, 3a/1a9a MOJIETUPOBAHUS TPACKTOPUH JIBUKEHUST 00 bEKTA TPU TIOMOTIH
9KCIIEPUMEHTAIBHBIX JAHHBIX BKJIIOYAET B ce0sl TPU MPEIBAPUTEIBHBIX dTama: (hUIbTPa-
MU UCXOJIHBIX SKCIEPUMEHTAJIbHBIX JIAHHBIX C IEJIbI0 BBIBJICHUS COOEB, MHTEPIIOJISIIIS
UCXOTHBIX JAHHBIX U CIVIaKHBAHUE MOy UYeHHBIX 3HAYECHHIT ¢ TOMOIIBIO MG POBOro (hpuib-
Tpa.

st MojempoBaHusi COTJIACOBAHHON TPAEKTOPUH JIOCTATOYHO PACCMOTPETH HAOOP
HE3aBUCHUMBIX MAaPAMETPOB. 37eCh MbI OIUIIEM JIUMIh OJUH U3 BO3MOYKHBIX BAPUAHTOBR,
KOT/JIa B Ka4ecTBe HE3aBHUCUMBIX ITapaMeTPOB PACCMATPUBAIOTCA YIVIbI OPUEHTAIINN 0ObeK-
Ta 1, Y,y U ero KOOpAUHATHI @, A, h.
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1.7.1 Ilpumep MoaeIMpoOBaHUSA TPAEKTOPUHN HA OCHOBE aHAJINUTUIECKOIrO 33Ja-
HUSA TPAEKTOPHBIX ITApaMeTPOB

[Tycrn yrubl opuentanuu oobexra 1(t), 9(t),v(t) u ero nyresas ckopocrs V (t), 3a1anbt
Kak HenmpepbiBHbIE (DYHKIUHM BPEMEHH Ha OTpe3ke [fo, t,], a TakkKe 3aJaHbl KOODJAMHATHI
06beKTa B HauaIbHBIH MOMeHT BpeMenu ¢(tg), A(to), h(ty). Hanpumep, MoKHO 3a1aTh CJ1e-

naytorue OYHKIUT:

v V> s t—t *
Ve sin (—54mie), <t (29)
Vet >t
U(t) = U+ Ay sin(wy(t —to) + @),
V() = 0"+ Agsin(wy(t —to) + ¢s), (30)
() = 7"+ Aysin(w,(t —to) + ¢,),
rae V¥, 05 0%,y Ay, Ay, Ay, Wy, Wy, Wy, oy P, Py, 1 — HEKOTODBIE HAPAMETPBI.
[Tpearmosiokum, 9T0 BEKTOP CKOPOCTH COBIAIAeT C MPOIOJIbHONW OChio 00bekTa M Ss.
TpebyeTcs onpeie T TPAeKTOPHbIE TapaMeTPhl B MOMEHTHI BpeMern ¢, rjae j = 0, ..., n.
BekTop oTHOCHTEIBHON CKOPOCTH O0beKTa V; B MPOEKIMAX Ha OCH CBSI3aHHON CHCTEMBI
koopauHar M s umeer B

Vi(t) = (0,V(1),0)". (31)
Torma u3 cooTHONMIEHNST
Va(t) = LT ()Vi(t) (32)

BBIMUC/IAIOTCS KOMIIOHEHTBI BeKTopa oTHocuTeabHoit ckopoctu V, = (Vi, Vi, V3)T B 1po-
eKINAX Ha OCH reorpauueckoii CHCTeMbl KOOPIMHAT:

Vi(t) = —=V(t)siny(t) cosv(t), Vo(t) = V (t) cosy(t) cos I(t),
Vs(t) = V(t)sind(t). (33)

Onpeennm reorpadbudeckne KOOpIuHATH 00bekTa pu nomomn (13), ucnosb3yst Me-
TO Ditaepa:

B Va(t;)
, _ , Vi(ty)
M) = M) Ry T he) cos o) (34

h(tjr1) = h(t;) + Va(t;)At,
rie j =0,...,n— 1. Bgece At =t,41 —t;.
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1.7.2 Vcnoab30BaHUE IKCIIEPUMEHTAJIBHBIX JJAHHBIX JIJId MOJIEJIMPOBAHUA CO-
IrJIaCOBAHHOI TPAaeKTOPUU’

O6oznaunm wepes AT = T,y —T; = KAt mar no BpeMeHH, ¢ KOTOPBIM 1IPEJIOCTABIEHA
TpaekTopHast nHdoOpMaIus, yepe3 At — 1mar o BpeMeHu, ¢ KOTOPbIM TpebyeTcst MOCTPOUTH
corytacoBaunyio Tpaekroputo. Torna T; = t;k, rae 7 = 0,..., N. Hanpumep, AT = Ic., a
At = 0.01c. Mcxoaupie JaHHBIE YCIOBUMCS 0003HAYATH MHIEKCOM .

[Iycth B HaeM pACIOPSIKEHHH UMEIOTCS 3HAYEHHs] KOOPAMHAT  O0BEKTA
o' (T5), N(T};), W (T;) n yraos opuenranuu o' (13),9' (1), 7' (1;), tue j =0, ..., N.

OmutieM KpaTKO TPHU TMPEABAPUTEIBHBIX ITala, KOTOPhIe BKIYAIOT B cebs (puib-
TPAIMIO BO3MOXKHBIX COOEB, HHTEPIOJSIMIO U MOCAEAYIONee CIJIAZKUBAHUE € TOMOIIHIO
nudpoporo GpuabLTpA.

Hcnonp3oBanne MeagunasHOro (pujbTpa aJjid ycTpaHeHus c6oes.

OnumeM mpocTeiuii mpuMep MeIMaHHOTO (PUIbTPa TPeThLero mopaaka. dng ompe-
nerenns kaxkgoro mapamerpa F' = {p, A\, h, ¢, 9,7} B Momentsr Bpemenu 1}, e j =
1,...,N — 1 pacemorpum tpu suadenust: F'(T;_1), F'(T;) n F'(Tj41), n pactuonoxum ux
B IOpsijiKe Bo3pacTtanus. B kadecrse nosoro 3unadenust F'(7T)) Beibepem 1Ty Benqumy u3
TpexX pPacCMOTPEHHBIX, KOTOpas 3aiiMeT HeHTPaJIbHOE MECTO B 3TOIi II0CIeI0BATEILHOCTH.
[Tocae sToro poonpenenum kounesbie Touku: F'(Ty) = F'(11), F'(Tn) = F'(Ty-1). Ta-
KOii cmocob mo3BossgeT oTUILTPOBATHL OJHOKpATHLIE cOon. Ecim BMecTo Tpex 3HaueHHi
paccMaTrpuBaTh aHAJOTHYHBIM 00Pa30M IATh MJM CeMb 3HAa4YeHuil, T0 PUALTP HO3BOJIUT
YCTPAHUTh, COOTBETCTBEHHO, ABYKPATHBIE U TPEXKPATHBIE COON.

JluneiiHass MHTEPIIOAAIINSLA.
g xaxoro napamerpa F = {p, A\, h, ¥, 9,7} ocymecTBuM MuHEHHYI0 MHTEPIOJIS-
A0 TIO CJAEAYIONIEN cXeMe:

1 : .
Fltik+:) = 3 (K = i) F'(t;x) +iF (tg0)| (35)
Bnecb 1 =0,..., K — 1.
Takum ob6pasom, ompefessiiorest mapamerpst ¢ (t5), N(t;), b (t;),¢'(t;), 0 (t;), 7 (t5)

(7 =0,..., NK) ¢ HyzKHOIi 9aCTOTO{l JUCKPETU3AIIH.
CriakuBaHmUe OJAHHBIX C IIOMOMIbIO I pPoOBOro PUILTPA.
CryraauM yKasaHHBIE peajiu3alii ¢ IOMOIIbIo MudpoBoro Gpuabrpa:
k

F'(t;) — F(y) = '_kaiF'(tm), (36)
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rae Ko duiuenTsl w; — BecoBble KodddunueHaTs! Gpuabrpa. /i criiakuBanns SKCIepu-
MEHTAJIbHBIX JIAHHBIX MOYKHO UCIOJIB30BATh, HAIIPUMEp, OKHO XaHHA [52], BecoBbIe KO-
(bHL[I/IGHTbI KOTOpPOI'0O UMEIOT BH/I:

1 s
wi = o (1 + cos (k)) (37)
u 2k — mupuHa OKHA.

B pesyabrare oupejessitorcst peaiusanuu @ (t;), A(t;), h(t;), ¥(t;),9(t;),v(t;), rae j =
k, ..., NK — k, Koropble IpecTaBIsoT co00ii ABMKeHe 00beKTa ¢ TPeOyeMbIM IITaroM o
BpeMmenn At, 6;1u3K0e K peaJbHOMY JIBUKEHHIO O0bEeKTa.

Bpruuciienne KOMOOHEHT BEKTOPA OTHOCUTEJIbHOI CKOPOCTH.
OrmpeieiTiM KOMIIOHEHTHI BEKTOPa OTHOCUTEJILHOI CKOPOCTH YUCIeHHBIM Jauddepen-
MUPOBAHUEM € TIOMOIILIO (13), HApUMEp, CJIEIYIONIM 00PAa3OM:

Vi(tj) o )\(tj-i—l) - )\(tj) ) RE(tj) + h(tj) + RE(tj_H) + h<tj+1) oS <(,D(t]) + Qo(tj-i-l)) 7

At 2 2
Valty) = SO(th)A; p(t;)  Bu(ty) + h(t;) + fN(th) +hltin) (38)
‘/?)(tj) _ h<tj+l)A; h(tj> )

[Ipm 3TOM B paBOil TOYKE MOYKHO MOJTOKUTD:

Viltngk—k) = Viltnk—k-1), Voltnx—k) = Valtnrx—k-1), Va(tnx—k) = Vs(tnx—k—1)-(39)

Samevanue. B KadecTBe BXOAHON mMHMOPMAIME MOYKHO HCIOJIH30BATH 3HAYEHUS yT-
JIOB OpHEHTAIllMi U KOMIIOHEHT BEKTOpa OTHOCHTEJIbHOU ckopocTu. Torja 1o gpopmy/iam
(34) onpenessitorest reorpadudeckne KoopauHaThl. OIHAKO, IPE/IBAPUTEIBHOE CIUIaZKIBA-
Hre 1udpoBbiM GUJIHTPOM MEHSIET 3HaUeHHe BEKTOPa CKOPOCTH, 9TO MOYKET MPUBECTH K
CYIIIECTBEHHOMY OTKJIOHEHUIO MOJIeJTUPYEMbIX KOODJAMHAT TPAEKTOPUHU OT MCXOIHBIX.
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I'maBa II. 3agaum corsiiacoBaHHOTO
MOJAeJINPOBAaHUS MOKA3aAHUI
MHEePIUAJbHBIX JTATYNKOB,
TPAEeKTOPHBIX MapaMeTpPOB 00ObeKTa 1
X NPUJIO2KEeHNsI B MTHEePINAJIbHOI
HaBUTAIINN

BBenenmne

Barknoii coctapigromeil pa3pabOTKH W TECTUPOBAHHS AJTOPUTMOB HHTEIDHPOBAHHBIX
wiardopmennabix (MHC) win GeckapJaHHBIX HHEPIHAJBHBIX HABUTAIMOHHBIX CHCTEM
(BIHC) siB/iseTCst HCTIOTH30BAHIE KOMIIBIOTEPHBIX IMUTATOPOB TPAEKTOPHOTO JIBUKEHUS
obbekTa. J[Jisi 0KOJIO3eMHbBIX HABUTAIMOHHBIX [IPUJIOKEHUN UMUTATOP JIOJIZKEH YUUTHIBATH
Takue (PaKTOpbl Kak HechepuaHOCTh (OPMBI U TIOJIsT TSITOTEHWS 3eMJId, ee BpaIleHue.
Pesynbrarom mMuTanuu caykaT B3aUMHO COTJIACOBAHHBIE PeAM3alliid TPACKTOPHBIX ITa-
pPaMeTpOB JIBMZKEeHHs 00BbeKTa: KOOPANHATHI, JUHEHHAs CKOPOCTh U YCKOpeHUe 00beKTa,
YIJIOBAs CKOPOCTH TPEXTPAHHUKA, YKECTKO CBI3aHHOTO C KOPIIYCOM OOBEKTA, YTl OPUeH-
Taluu, HAIIPUMEp, yIJIbl MCTUHHOI'O KyPCa, KPeHa U TaHIazKa.

[IpumenuTesbHO K 3a/la4aM uMuTAuu HYyHKIIMOHUPOBAHNS WHTEIPUPOBAHHBIX HHEP-
HAAJTHHBIX HABUTAIMOHHBIX CUCTEM BayKHO COIVIACOBAHHO MOJIEIUPOBATH UJICATbHBIE TOKA-
3aHUS UHEPIUATBHBIX JATYNKOB — HBIOTOHOMETPOB U JATYUKOB YIJIOBOi CKOPOCTH (THPO-
ckotoB). [Toj cOrIacOBAHHOCTBIO Oy/1eM OHUMATH BHITIOJHEHHE TAK HA3BIBAEMOTO HYJIEBO-
TO TecTa, KOTJaa Mo chOPMUPOBAHHBIM UAEATbHBIM TOKA3AHUIM WHEPIUAIBHBIX TATYNKOB
ooprosbie ajqropurmbl BIHC BocnpousBoggT mexoaHy0 TPaeKTOPHIO ¢ MaKCHMAaJILHOM
TOYHOCTBIO, B Hjease, abCOTIOTHO TOYHO.

J11g TOYHBIX WHePIHAIbHBIX HABUTAIMOHHBIX CHCTEM, CHCTEM C OTDAHUYEHHBIM Bpe-
MeHeM (hYHKITMOHUPOBAHUS, s HMUTAINN aJITOPUTMOB KOMILJIEKCUDOBAHUS JOCTATOTHO
MOJIEJIUPOBATH He aArOpUTMBI Hapuramuonnoro cuuciaenns BUUHC, a nuneiinbie ypaBHe-
uust ommbok BUHC, jimneiinpie Mojie/in KOPPEKTUPYIOMUX U3MEPEHU, aJITOPUTMBI OIe-
HUBAHMUS KAJIMAaHOBCKOrO TUHA. [Ipn 3TOM MHCTPpYMEHTAIbHBIE TOTPEITHOCTH WHEePIUAJIb-
HBIX JTATYAKOB UMUTHPYIOTCSA HA OCHOBE COOTBETCTBYIOIIEN MapaMeTPU30BAHHON MO/IeIn
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C UCIIOJIb30BaHUEM, HAIIPUMED, JTATUMKOB CJIYYadHBIX YHUCe]I, JTHOO /s STOU MeJIH UCIIOThb-
3YIOTCA JAHHBIE CTEHIOBBIX HCITBITAHMII.

MNuasi curyalusi BO3HUKAET B CJydae, KOIJIa MCIOJIb3YIOTCs WHEPIUAIbHbIE JATIUKN
HU3KOiT TounocTr, Hantpumep MEMS natunku. 371ech oTMeTHM, 9TO 3TOT CEIMEHT JaTdu-
KOB B HACTOsIIllee BPeMsl aKTHBHO BHEIPSIETCs] B HaBUTAIMOHHYIO MPaKTHUKY. [lJIst moJIHO-
IEHHOI'0 MOJIeJIMPOBaHUA aJropuTMoB KomiuiekcupoBanus bBUHC mocTtpoeHHbIx Ha rpy-
OBIX JIaTYMKAX yzKe HeoOXOJIMMO MMUTHPOBATH aJrOPUTMBI HABUTAIMOHHOTO CUHCIEHUS
OJIHOBPEMEHHO C aJI'OPUTMAMU KOMILIEKCUPOBAHUsI, PEAJN30BAHHBIMU B BUJIE 0OpaTHbBIX
cszeil (ynpasienusi). [Tosromy 6e3 mMuTAIME HIEATBHBIX MOKA3AHUIT MHEPIMATIHHBIX
JIATYUKOB TOJIHOIIEHHOE MO/IeJTMPOBAHKE ITPOCTO HEBO3MOYKHO.

JIpyroit MOMEHT, KOTOPBIil JTOJI2KEH YINTBIBATHCA IIPU pa3paboTKe MoJjeseil, 3aK1oda-
eTCs B UMHTAIMK MMOKA3aHUN WHTErPUPYIONINX HHEPIHAJIbHBIX JTATINKOB, KOI/Ia COOTBET-
CTBYIOIEe YCTPOUCTBO ONpeiesigeT He MIHOBEHHOE 3HaUeHne M3MepseMOoro mapaMeTrpa, a
€ro MHTEerpaJibHOe CpejiHee Ha TakTe c¢bema mHdopmamuu. mernHo tak "paboraer" cu-
creMa c’heMa TMOKa3aHuil JaTInKOB, KOT/Ia BHYTPEHHSS 9acTOTa ONPOCca JaTUnKa 00JIBIIe
4acTOTH (POPMHUPOBAHUS BBIXOHOIO U3MEPHUTE/IHHOTO CHI'HAJIA.

Obs3aTe/IbHBIM CBOHCTBOM aJITOPUTMOB UMUTAIUN MOKA3AHUN HHEPIUATIBHBIX JATUN-
KOB SBJISIETCS BBIMIOJTHEHHE YIIOMAHYTOIO BBIIIE HYJIEBOTO TECTa — IMPU UHTETPHPOBAHUH
Mozeababix ypaBaennit BUHC mpu Hy/1eBbIX HHCTPYMEHTAAbHBIX MOI'PEITHOCTAX U HyJIe-
BBIX ONIMOKAX HaYaJIbHON BHICTABKU TPAEKTOPHsI TOJIYIEHHOIO HABUTAIIMOHHOTO PelleHust
COBITQIAET C MCXOIHON TpaeKTopueil ¢ BHICOKON CTENeHbId TOYHOCTH, B Heaje — abCO-
JIIOTHO TOo4HO. Iloceqnee 3aBUCHT OT 3a/jaBaeMbIX AIPHOPHO YCJIOBUN MOJETUPOBAHMUSI,
HampuMep, TpeboBanus GOpMUPOBATH UIeaTbHBIE TTOKA3aHUA HHbIOTOHOMETPOB B OCSX CH-
CcTeMbl KOOP/MHAT, YKECTKO CBSI3aHHON € KOPIycOM OO'beKTa, & HAaBUIAIMOHHYIO 3a/ady
perrarh Mpu 3TOM B OCSIX MHOI CHCTEeMbI, HAIPUMEP, B OCSIX CUCTEMbI, CBSI3aHHOW C MecT-
HOII Teorpaduyueckoil BepTHKAIBIO.

[ToMuMO cOOCTBEHHO 33124 COIJIACOBAHHONW MMUTAIUN HIeATbHBIX OKA3aHUiT HHEPIIH-
AJIbHBIX JIATYUKOB, JPYIUX TPACKTOPHBIX HAapaMeTpPOB JIBUZKEHUA, BOSHUKAIOT COIYyTCTBY-
IOIIKe 3aa491, COMPOBOXKIAMOIINE MOIETHPOBAHIE aJITOPUTMOB HHTEIPUPOBAHHBIX MHEP-
NHMAJIBHBIX HABUTAIMOHHBIX CUCTEM M JJIsi KOTOPHIX HEOOX0AMMO paszpaborarh COOTBET-
CTBYIOIIIHE MOJEIN U aaroputmbl. [lepedncianv wux:

e 3a/ava MOJEJMPOBAHKS MOKA3AHUI HABUTIAIMOHHBIX JaTYMKOB JJIsi CHCTEM, KOTO-
pble yCTAHOBJIEHBI HA, OJHOM O0BEKTE, HO PACIHOJIaraloTcs B Pa3HBIX TOYKAX M MO-
IyT UMeTh Pa3HYI OPUEHTAIWIO0 OCeil YyBCTBUTEILHOCTH WHEPIHAJIHHBIX JTaTYh-
koB. [Ipumep: Ha 00bEKTe B pa3sHBIX MECTaX yCTAaHOBJIeHa 0a30Basl U BBbICTaBJIsIe-
masg BUHC. JIpyroit mpuMep — aHTeHHa CHUTHAJIOB CIYTHUKOBBIX HABUTAIIMOHHBIX
cucrem (CHC) pacrosiokena Ha W3BECTHOM PACCTOSHHU OT HPUBEIEHHOIO HEHTPA
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BUHC (moz npusegennbiM tearpoM BUUHC Beerma Gy/ieM mOHHMATH MEHTP GJIOKA
HBIOTOHOMETDOB).

3aava TpOBEPKH TOYHOCTH H3BECTHBIX JIMHEITHBIX Moje/eil ypaBHEHHi OITHOOK
BUHC. 3xech caeayer orMeTuTh, 9TO B JIMTEPATYPE MOXKHO HaiiTu pasandabie hop-
MBI ypaBHEeHUiT OIMUOOK WHEPINAJIbHON HABUTAINHU, [PEJIaraeMble PA3HBIMUA aBTO-
pamu B pa3Hoe Bpems, HanpuMmep, [lapycaukosbiv H.A. [24], Casnbraessiv O.C. [39],
Annpeesbim B.J1. [5], Bepemeenko K.K. [3] u ap. D1u mMomesn gomyckaror pasHo-
T'0 POJa VIPOIIeHUs, MOANMUKAIINNA, ¥ 3a9aCTYI0 HE BCErJa MOHATHA UX TOYHOCTD.
CpaBHUTEJIbHBI 7Ke aHAJIN3 Pe3YJIbTATOB MOJEJUPOBAHNS yPaBHEHHI OmuO0K (110
BBIOPAHHOMN MOJIe/IH) ¢ OMMOKAMI HABUTAIIMOHHOTO CUUCJIEHNUST, OTIPe/IeJISTeMbIMH KaK
pasHocTh BeIXOAHBIX TapamMerpo BIIHC n napameTrpoB nMutaTopa JBUKEHUsI, 03~
BOJII€T YeTKO OTBETUTH Ha TOT BOIPOC.

3aava ydyeTa OTHOCUTEHLHOTO CMEIEHUsT IyBCTBUTEIbHBIX MAaCC HBIOTOHOMETPOB
BUHC npu mogenupoBanuun. /laHHBINA acmeKT OygeT YUUTHIBATHCS MPH UMUTAIAN
MOKa3aHUil MHEPIMAJILHBIX JIATIYNKOB B 3a/a4e KaJanOPOBKH JIjIsl TOCJIE/ Y IONIero Te-
CTUPOBAHUST AJTOPUTMOB KaJIMOPOBKH.

Baava anaan3a BUOPAIMOHHBIX BO3IeiCTBHI Ha ITamne HadaabHOoil BhicTaBkn BITHC
C IeJIbI0 BBIOOpA ONTUMAJILHOIO YHCJAEHHOI'O MEeTOAa I OIpeIeIeHus OPUEeHTAIINN
00BEKTA.

Ananmu3z ocobeHHOCTel HCMOIB30BaHUS TaK HA3BIBAEMBIX AHATUTHYECKUX W TeJle-
METPUUYECKUX UMUTATOPOB. B 1epBoM cjiydae TpaeKTOpHbIe HapaMeTpbl 3a/1al0TCs
AHAJIUTUYIECKUME (DYHKIUSIMHU, BO BTOPOM TPAEKTOPHBIE MapaMeTpPbl COJAEPIKATCs
B TeJleMeTPHIecKoil nHdOpMaI KOHKPETHOTO JKCIepUMeHTa, HallpuMep, JeTHOTO
UCIIBITAHUS.

BTOpaH IVIaBa IIOCBAIl€Ha J€TaJIbHOMY O6Cy}KﬂeHI/IIO 1 pelnieHuio OIIMCAaHHbIX BDLIIIE

3aj1a4. [IpuBongarcsa HeoOXouMbIe Pe3yIbTaThl MOJIETUPOBAHUSI.

2 MoaeaupoBanne NoKa3aHuii njaeaJdbHbIX NHEPIUAJIb-

HBbIX JAaT4YNKOB

2.1 OO6miue 1moJI0XXKeHusd

YyBCTBUTE/ILHBIME dJIEMEHTAMH OeCKap/IaHHON MHEePIUaIbHON HABUIAIMOHHOW CHUCTEMbI
ABJIAIOTCSI HBIOTOHOMETPBI U TUPOCKOIIBI. [Ipeamonaraerca, 4To mocJe IpoBeIeHns Iporie-
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JIyPbl KAJIUOPOBKHU OCH IyBCTBUTEIHHOCTH HHIOTOHOMETPOB B3AUMHO TI€PIEHTUKY ISIPDHBI 1
0Cb 9yBCTBUTEIHBHOCTH KazKJI0TO HHIOTOHOMETPA COBMAJIAET C OCHIO UYBCTBUTETHHOCTH O/
HOTO U3 TUPOCKONOB. Yepes M 00o3HAUYMM IPUBEIECHHYIO 4yBCTBUTEbHYIO Maccy OJIOKa,
HBIOTOHOMETPOB. BBejem npubopuyio cucremy koopjaunar Mz, ocu KOTOpOil HallpaBUM
MapaJIIeTbHO OCAM UYBCTBUTEIHLHOCTH WHEPIUAIBHBIX JATINKOB. B jabHeiinem Bcera
Oyzsem cuurarb, 4To BUHC pacnosio:kena Ha 00bekTe (HAIPUMED, HA CAMOJIETEe) TaK, YTO
ocb M z; HampaB/ieHa B CTOPOHY MPABOTO KpbLia, 0ch M 2o mapasiieabHa MpogIoTbHON och
o0bekTa, ocb Mz3 napaJjuiesibHa €ro BepTUKAJIbHON ocu. Byjem paccMarpuBarh TakzKe
cucremy KoopauHar Oz ¢ KOOPJAMHATHBIMU OCSIMU, MaPaJLIeIbHBIMEI OCsIM cucTeMbr M2z u
¢ Hagasiom B Touke O. 13 onpenenenus ciemyer, aro B ciyuae BUHC cesa3annas cucrema,
M s (Os) u mpubopuas Mz (Oz) coBuagaior u ClipaBoYHble COOTHOIICHUS, IIPUBE/IeHHbIE B
Hauase raaBel 1 cucreMbl Ms (Os), BemogHA0OTCS 171 npuboproit cucremsl Mz (0Oz).
U reanbHble n3MepeHusi THPOCKOIIOB TPEICTABIAIOT CO00i abCOTIOTHYIO YTJIOBYIO CKO-
pocthb w, npubopuoit cucrembl Mz (Oz). Vaeaibable HHIOTOHOMETPBI H3MEPSIIOT BEKTOD
yAeabHOIl BHemTHeil cuibl f,, geifcTBytomeil Ha 00bekT. Yepes fe u f, Oyzem obo3HadaTh
IPOEKINN MOKA3aHMiI HhIOTOHOMETPOB, COOTBETCTBEHHO, Ha ocu cucteM O& n Ox.
WueprnuaabHble JaTIAKH B OCHOBHOM SBJIAIOTCS HHTETPUPYIOMIUMA JTATIAKAMU. DTO
03HAYAET, YTO TUPOCKOIIBI M3MEPSIIOT HHTETPAJ OT aDCOTIOTHON YIJIOBOi CKOPOCTH TTpubOpP-
HOI CHCTEMbI KOOPJIMHAT, & HbIOTOHOMETPbHI M3MEPSIOT WHTErpaJl OT y/eJbHOI BHemHei
CIJIBL 32 OJ(MH TaKT cbema uudopmanun [t;,t;41]. st nosydenns: cpeJiHUX 3HAYCHUH yI-
JIOBOI CKOPOCTH W yJeIbHOI BHENTHeH CUJIbI YKa3aHHBIE WHTErPAJIbl JeJIATCA Ha JJIUHY
UHTEPBAJIa BPEMEHN:
tit1 tjt+1
| f.dt [ w.dt
I A— b (40)
tiv1 — 1t L1 — 1
B panbreiimem OygeM MOKa3aHWSME WHEPIHUAIbHBIX JATIYNKOB HA3BIBATH KaK CaMYy
abCOJIIOTHYIO YIJIOBYIO CKOPOCTb U Y/EJbHYIO BHEIIHIOI CUJIY, TAK U UHTEIPAJIbl OT ITHX
BEJINYINUH.
Jlamee IpUBOAATCS MOJIETH, TpeTHASHAYEHHBIE 71 IMHUTAIINN UIEATbHBIX TOKA3AHUIT
TUPOCKOIOB W HBIOTOHOMETPOB. OIHMCHIBAIOTCS MOJE/H BBIYUCAEHUS COIVIACOBAHHBIX I0-
Ka3aHuit nHepIuaAJIbHbIX 1aT9nkoB A1ByX BUITHC, pacmoiozkeHHbIX HA OTHOM 00BEKTE.

2.2 MonaenupoBaHue NOKa3aHUA TMPOCKOTIIOB

Baaua craBuTCs CIeaytonmM obpa3om. [Ipeamoraraorest n3BeCTHBIME KOOPAUHATHI 00b-
eKTa U IapaMeTPbl er0 OPHEeHTAIlNH B MOMEHTBI BpeMeHH t; U tj41. T'pebyeTca BeraucanTs
BEKTOD M3MepeHUil TUPOCKOIIOB Ha 3TOM WHTepPBAJIe.
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B pabore paccMoTpeHbl JiBa MOAXOAa K OIPEIETCHUI0 UACATHHBIX MOKA3AHUN THPO-
ckotoB. [lepBblii Ha3upyeTcs Ha YACTHOM CJIydae HHTETPUPYEMOCTH ypaBHeHus [lyaccona
JUIsE MATpHIlbl opueHTanun A, npubopHoii cucrembl Oz OTHOCHTEIBHO nHepHuaibHON OF.
A umenHO: ecyi BEKTOP abCOTIOTHOI YIVIOBOH CKOPOCTH W, MOCTOSTHEH HA WHTEPBAJIE BPe-
MeHU [tj,tj+1], BEKTOP IMOKa3aHUIl I'MPOCKOIOB KaK UHTErpaJl OT YIJIOBOM CKOPOCTH W,
npuOOPHOI CHCTEMBI MOYKET ObITH BBIYUC/ICH aHAJIUTHICCKH.

Jlpyroit moaxX0 OCHOBLIBAETCSI HA YUCJIEHHOM HHTEIPHPOBAHUM KOMIIOHEHT BEKTOPA
YIJIOBOM CKOPOCTH W, KakK (yHKIM OT KOOPJAMHAT U YIJIOB OpUEHTAIUMU OObEeKTa U MX
POU3BOJHBIX. PaccMarpuBaioTcs JBa BapuaHTa 3aJaHus KOOPJAMHAT W YIJIOB OpUEHTa-
nuu. B mepBom ciydae KOOpAWHATHI W yTJIbI OPUEHTAINN 3aJAl0TC AHAJIUTHIECKH KaK
HempepbiBHble (DYHKIME BpeMeHu. Bo BTOpoM ciiydae 3a/JaioTcsd JUCKPETHbIE 3HAYCHHS
KOOD/IMHAT U yTJIOB OPUEHTAINH, a HelpPePbIBHbIE (DYHKIIME BPEMEHU I STUX BEJTHIHH
MOJTYIAI0OTCS Ha OCHOBE CILTAfH-AMTpPOKCHMAINN. YuCIeHHOe HHTETPUPOBAHIE BEKTOPA W,
MOYKHO OCYHIECTBJIATH CO CKOJIb YIOJHO MEJIKHM IaroM, 4TO M03BOJISIeT PacCMaTpUBATH
JIAHHBII MeTOJ[ KaK METO/] TOYHOTO BBIYNC/IEHUS] WJI€AJBHBIX TIOKA3AHMIT THPOCKOIIOB. DTOT
BapHaHT OPHEHTHPOBAH HA 339 TECTUPOBAHUS PA3TUIHBIX TUCACHHBIX CX€M HHTErDH-
pOBaHUSI KHHeMaTH4IecKux ypasuenuit [lyaccona.

2.2.1 Beruunciaenne uaeajbHBIX NOKAa3aHMII TIPOCKONOB. HacTHBI cirydail nH-
TerpupyeMoctu ypaBHeHus Ilyaccona

[Tosaratorcs u3BecrupiMu 3uadenns marputt A, (t;) u A, (t;+1), TOCKOJbKY H3BECTHBI 3Ha~
YeHHsT KOOPIMHAT O0OBEKTA (, A U YIJIOB €ro OpHeHTanuu 1, Y,y B MOMEHTHI BPEMEHH
u tjt1 (3, 6, 7). Tpebyercs onpeaennTs BEKTOP MOKA3aHUN IMPOCKONOB KAK HWHTETPAT OT
o . o t;
abCOJIIOTHOM YTJIOBO# CKOPOCTH TTPUOOPHOI CUCTEMBI ftjj“ w.dt:
Paccmorpum ypasrenue Ilyaccona jjis Marpuibl opuentamun A, (25):

A, =0A,. (41)

Ecsin BEKTOp yIUIOBOH CKOPOCTH W, MOCTOSIHEH Ha WHTepBaJe BpeMeHn [t;,t;11], TO uHTe-
t . .

rpaj ftj’“ w,dt npeacraBager coboit BEKTOP KOHEYHOTO MTOBOPOTA MPUOOPHON CHCTEMBI 7,

U TOYHOE perenne ypasaenust [lyaccona MozkeT ObITh 3anucaHo B cieyoniem suje |70,

[16]:

sin-y . 1 —cosvy .
AZ(tj-H): E + ~ Y. + 72 '73

A, (). (42)

tj+1
Brech v = | [ w.dt| =/7? + 73 + 73 — MOLYJIb BEKTOpa KOHEYHOrO HOBOPOTA IPUOOPHOI
tj
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CHCTeMbl KOODJMHAT 3a WHTEpBaJ BpeMeHu [t;,t;j+1] (At = tj41 —t;), 7 — KOMIOHEHTHI
BEKTOpa KOHEUHOro moBopora (1 = 1,2, 3).

[Tokazkem, Kak, uCIO/b3ys (42), B SIBHOM BHJE ONPEJEJIUTH BEKTOD .. JTOMHOXKHM
ciipasa 06e yactu coornomenus (42) na marpuiy A?(¢;) n Borurem 3arem u3 obeux yacrei
equHnaHyio mMarpuny F. meem:

sin-y . 1—cosvy 4

z 2 z = Az(tj+1)AZ<tj) —E. (43)
BBenem obosnauenue:
Al(tj)Ax(t;) — E = B = {by}. (44)
PacnuireM mo31eMeHTHO MaTpHILly 42
) —7§ - 722 Y172 Y173
V=1 m%2 —m-7n en |- (45)
Y1Y3 Yoys ==

Ob0paruM BHEUMaHUE HA TO, 9TO MATPHIA 7, SBISIETCS KOCOCUMMETPUIECKOi, a MaT-
puna 42 — cummMerpuyeckoil. [IpupasHsieM NepBble J[Ba JHaroHalbHble 3/1eMeHTa JIeBoil u
IpaBoil 9acTu Bolpazkenus (43):

1 —cos~y 9

.~ [~ =) = bu
1 —cos~y
T[—%? — ;] = b (46)

Pasznenus 0/1HO cooTHONIEHNE HA JAPYTOE, MOTYIHM:

_732 - 7% . b1 A7
A2 2 bi ( )
3TN 22
BamnuireMm 3T0 PaBEHCTBO B APYroii (popme:
Yibir — Yabas + 3 [b11 — bao] = 0. (48)

[IpupaBHuBas MepBbIii U TPeTHil [UATOHAIBHBIE SJIEMEHTHI Bhiparkenus (43), aHasio-
TUYHBIM 00Pa30M TIOJIYYUM:

Yibir — Y3bas + va b1 — baz] = 0. (49)
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Bbrunrast U3 0JHOTO MOJYYeHHOTO COOTHONIEHUS JPYTOe, MOTydaeM BblpasKeHHe 3aBHCHU-
MOCTH Y3 OT 7a:

9 obir — oy + b33

i 50
2 73511+b22—b33 (50)

[Iponenaem poBHO TO Ke camoe, MpUPABHUBAs CHa4aJja MEPBbIE JIBA JIUArOHAJIbLHBIE

3/JIeMeHTa, 3aTeM BTOPOil M TPeTHil,  MOJy4nM BbIpazkKeHHe 3aBHCUMOCTH Vi OT 7a:

9 obag — b1y + b33

== 1
e b1 + boo — b33 51)

Tenepb pupaBHsIeM BHEMAIOHAJIbHBIE 3JIeMEHTHl 15" 1 791” Bhipakenus (43). Vme-

eM:
sin 7y 1 —cos~y
V3 + N2 = b
v g
sin vy 1 —cos~y
T V3 7 NY2 = ba. (52)

Borarem u3 mepBoro cOOTHOINIEHUS BTOPOE U TOJIYYHM:

sin
2 nY’Ys = b1z — ba1. (53)

Banurmem BeIpazkenue s y ¢ yaerom (50, 51):

| gbaa — b1y + b33 o011 — Doy + b33 o b1y + bao + b33
V=43 +73 = |l (54)
b11 + baa — b33 b11 + baa — b33 bii + by — by’
[TogcraBum 510 BhIpazkenue B (53) U MOy InM:
. b11 + baa + b33
2 = |big — b —_ = 55
siny = [ 21|\/511 + by — bzz’ (53)
OTKY/Ia
[ b2 — bay \/bn + b2 + 33
= arcsin : 26
! ( 2 bi1 + baa — b33 (56)
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Ecin BMecTo BhIpazkeHHil Vi, 5 depes 75 BbIpazKaTh 72, Y2 4epes s WK Ya, Y5 BbIPAZKaTh
qepes 2 W NPHPABHUBATDL 3aTeM APYTHE BHeIHATOHATLHBIC 3MeMEHTH MAaTpHIB B, TO
JULS YIVIa HOBOPOTA 7Y HOJYYaTCs elle /B¢ aHaJOrHYHble (DOPMYJIbL:

v = arcsin |bs1 — b3 \/511 + bag + bas
2 bi1 — bag + bs3

(57)

v = arcsin |bag — bsa| \/511 + bag + bas
2

baa — D11 + bas

3ameuarue. TpegcraBiennbie GoOpMyIbl KOPPEKTHBI TOJIBKO MpH Y < /2, 9TO, OJHA~
KO, HE MEIIAeT UX UCIOJb30BATD IS MOJACTUPOBAHNS IIOKA3AHUNA THPOCKOIOB, TOCKOIBKY
Ha KakJ0M uHTepBajie At yroa 7y He HpeBblIIaeT HECKOJIbKUX rpasycoB. OnHAKO, ecjan
paccmarpuBaTh npon3BosbHble Marpunsl A, (t;) u A,(tj41), T0 B caygae v > /2, caexyer
BOCIIOJIB30BAThCsT OJIHON 13 hOpMYII:

v =7 — arcsin

2 bii + bjj — b ’
Z7j7k:172737 Z#]? Z%k7 k#j' (58)
U3 coornomenust (53) HAXOTUM BEJHYUHY Y3
- Y(b12 — bar)
T 2giny (59)

a IpUpaBHMBadA APYyTHe, COOTBETCTBYIOIUE APYT APYTY BHEIMATOHAILHBIC 3JICMEHTHI CO-
oTHOeHus (43), MOJyIuM BbIpAsKEeHUsI JJTsl 7y U Ya!

. Y(baz — b3z)
M= L
2siny
. Y(bs1 — b13)
"= 2siny (60)

HOCKOJ’Ibe B BbIpazK€HUIAX JJid oIIpeaejeHud BeJTUIYUHBIL Y K&KOfI—HH6y,ZLb 3HaMeHaTeJIb
MOZKET O6paTI/ITbCH B HYJIb, PEKOMEHAYEeTCA C,He,ZLyIOHlI/Iﬁ CII0C00: M3 BCEX Tpex 3HaMeHaTe-
Jieit bgg — b11 + b33, b11 - b22 + b33 n b11 + bgg - b33 BbI6paTb HaMOOJBITHI 110 MOAYJIIO 1
COOTBETCTBYIOILYIO (i)OpMyJIy HCIIOJIb30BaTb [AJigd BbIYHUCJICHUA BEJIMINHDI 7.

Hpe,ILCTaBJIeHHbIﬁ AJITOPUTM UMeeT 0CODCHHOCTD IIpA MaJIbIX yIJIaxX 7. W3 coorHomeHni
(46) BHUJHO, YTO IIPHA MaJIOM BEKTOPpE€ IIOBOPOTa 7, AWAar'OHAJIbHbLIC 3JIEMEHTBI MaTpPHUIIbI B
6y,ZLyT OrpaHu4veHbl KBaJApPaTOM HOPMbI BEKTOPaA 7;:

bl <~*, i=1,2,3. (61)
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MoieiupoBaHue MOKa3aJ10, YTO OMUCAHHBIN aITOPUTM YCTONYNBO paboTaeT MpH yriax 7y >
10~7. TaxmMm 06pa3oM, ecam XOTs OB OTMH W3 TpeX 3HAMEeHATeIeH OKayKeTcs MO MOLYJTIO
GoJiblie €, e, Hanpumep, € = 1074, onucannyio npoue/ypy MOXKHO HCHOJIB30BATH s
BBIYMCJIEHUsT BEKTOPa 7,. Kcian Bce Tpu 3HAMeHATes sl 110 MOJYJIIO Oy/IyT MeHbIIe, YeM &,
cJiejlyeT BOCTIOJIB30BAThCST JINHEAPU30BAHHBIM aHAJIOTOM COOTHOTeHNsT (42):

A(tjr1) = (B +92) A.(t)). (62)
Ozcroa
7 = 0.5+ (bag — b32), Yo = 0.5 (bs1 — big), 73 = 0.5+ (bia — bar). (63)

PaccmorpuMm B KauecTBe mpuMmepa ciydail, Korjga npubopHas cucrema (Jz He Bpaiia-
eTcs OTHOCUTETbHO 3emutn. 1orga MOIy/b BEKTOpa KOHEYHOTO MOBOPOTA Y MPHOOPHOIt
CHCTeMBI 3a OJHY CeKYHIY COCTABHT: ¥ = u - lc.~ 7.29 - 10 %paa. Takum obpazoM, ecan
unrepBas Bpemenu At, Hanpumep, cocraisier 0.01c, TO jijist MOJAEJIUPOBAHUSI TOKA3AHUI
IUPOCKOIIOB CJIeIyeT UCIIOIb30BaTh onucanubiii ajaropurm, ecan At = 0.001c, To usmepe-
HHsI THPOCKOTIOB JIOJIZKHBI BBIYHCJISITHCS 110 yIpoIeHHbIM dhopmynam (63).

Cpe/nee 3Hadenne BeKTOpa abCOMIOTHOl YITIOBOI CKOPOCTH Ha OTpPe3Ke [t;,t;41] ompe-
JlesigeTcs Tak:

W21 71/ At
w, = | we | =] /At |. (64)
W23 73/At

Jameuarue. B maapHeiinem, mpu BRIYUCIEHAN TOKA3aHUNH HBIOTOHOMETPOB MBI OyIeM
HCIIOJIb30BAaTh OJYYeHHbIe BBIIIEe COOTHOIICHU JIJId B3aUMOCBA3U YIVIOBOI CKOPOCTH T'eo-
rpaguueckoii cucrembl Ox ¢ JIMHEHHOH cKOpocThio Touku M B reorpaduvecKux OcCsx.

2.2.2 BeoluuciaeHne maeabHBIX MOKAa3aHUII TMPOCKOIIOB ITyTEM MPSAMOTO YHC-
JIEHHOTO MHTErpupOBaAHUSA

PaccemotpuMm fBa criocoba 3a1aHus TpaeKTOPHBIX TapaMeTpoB. B mepBom ciiydae Koopau-
HAThl U yIJVIbI OpUEHTAIUU O0bEKTa 33/1aI0TCs KaK HelpepbiBHbIE (DYHKIIMU BPEMEHU, BO
BTOPOM CJIy4ae, 3Ha4eHNd KOOPJAUHAT W YTJIOB OPUEHTAINYU MTPEICTABIEHBI B JUCKPETHDHIE
MOMEHTHI BPEMEHM.

Ananutudeckuii cnocod 3aJaHus TPpaekTopuu oObeKTa.

Byaem cuurars 3ajanabiMu HenpepbiBabie hyuknuu ¥ (t), 9(t) u y(t) Ha HEKOTOpOM OT-
pe3Ke BpeMenu [tg, t,]. DTu byHKIMI TOJKHBI HMETh HEIPEPbIBHbIE IPOU3BO/HbIE B KAZK-
JI0ii TOUKe yKA3aHHOTO oTpe3ka. Hampumep, MoxkHO B3sTh dbyukiuun (30). Bymzem Takwxe
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CYATATH 33 JAHHBIMU HenpepbiBHble GyHkuun (1), \(t) u h(t) Ha TOM XKe OTpe3Ke Bpeme-
Hu. DT (PYHKIUH TAKKe JOJKHBl HMETh HelIPEePBIBHLIE IIPOU3BOIHBIC B KAXKIOH TOUKE
orpeska. Tpebyercs onpejie/uTh HOKa3aHUsd P’MPOCKOIOB Ha KazKJIOM MHTEpBaJe BpeMeHU
[tj, tj+1], rae ] = O, = 1.

AGcomoTHas yriioBas CKOPOCTh TPUOOPHOI CHCTEMBI CKIAIBIBACTCH U3 YTJIOBOI CKOPO-
CTH BpallleHUs 3eMJIU BOKPYT CBOEil OCH, YIVIOBOH CKOPOCTH BpalleHus reorpaduaecKoi
CHCTEMBl KOODAMHAT OTHOCHTEJBLHOTO 3eMJIU M yLJIOBOWH CKOPOCTH COOCTBEHHO OOBEKTA,
OTHOCUTE/IbHO MECTHOIO ropusonra. Vmeem:

0 cosy 0 —sinvy 0
w, = ||+ 0 1 0 0]+
0 siny 0 cosvy 0
cosy 0 —sinvy 1 0 0 0
+ 0 1 0 0 cos?Y sin? 0 |+ LQ; + Lu, (65)

siny 0 cosvy 0 —sin? cos? P

13 KuHEeMATUIeCKUX ypaBHeHUi JBuzKeHusi 00bekTa (13) MOryT ObITh Haii/leHbl Kak
HelpepbiBHbIE (DYHKIMHE KOMIOHEHTHI V7, Vo BeKTOpa OTHOCUTETbHOI cKopocTu V!

Vi=MRg+h)cosp,  Vi=@(Ry+h). (66)

KommnonenThl BEKTOpA OTHOCHTEIHLHON yTJIOBOH cKOpocTH (), reorpaduveckoil CHCTEMBbI
KOODJMHAT onpeienstiorcst coorHonmenusivu (20). BeKTOp U, BHIYUCISIETCS B COOTBETCTBUY
¢ (19), s;mementsl MaTpuIpl opuenTanuu L Beraucisiores mo dbopmyie (6).

Taxum 00pa3oM, BbIpazKeHHE I BEKTOPa W, MpeJCTaBiseT co00ii M3BECTHYIO HEIIpe-
PBIBHYIO 3aBUCHMOCTD OT byukwmii 1(t), J(t), v(t), p(t), A(t), h(t) u ux mpousBogHbIX. Bek-
TOP NOKa3aHUii '’EPOCKONOB HA uHTEpBaJse [t;,t;41] upejacrasisier coboii nurerpad:

ti+1
/ w,(T)dr. (67)
tj
Pazobnem mnTepBas Bpemenu [t;,t;41] HA M PaBHBIX OTPE3KOB, rae m > 1. lnuny
KazKJI0ro oTpeska 0603HauuM depe3 A7 = At/m, a KazKIyio y3/I0BYIO TOUKY dYepe3 T, =

t; + EA7. ByneMm npnOImKeHHO BBIUUCISTH HHTETPAT ﬁ?*l w,(t)dt kKaxk WHTErpajIbHYIO
CyMMYy:

tj1

/ w,(t)dt = i Wi - AT (68)

tj
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31ech w};, — HEKOTOpOe 3HavYeHNe w,(t) Ha OTpe3Ke BpeMeHH [T_i,Tx]. i BbIYHCIeHnS
HHTErPAIBHON CyMMbI (68) MOXKHO HCIOIB30BATH JIFOOON YHCIEHHBI METOJ WHTEIPUPO-
BaHus, HanpuMep, Meron CuMmicona (MeroJ| napabo):

Te_1 + Tk

: ) + wzm)} . (69)

1
*
Wok = ¢ W, (Tk—1) + 4w, <

Sameuarue. OTMETHM, 9TO BHIOOD BEJTUIHHBI 1M OTIPE/IE/ISIeTC XaPAKTePOM JIBUZKEH IS
00BEKTA.

TpaekTopusi 00beKTa 3aJaHa JUCKPETHBIM HAOOpPOM 3HAYEHUiIT KOOPAWHAT
¥ YIJIOB OPUEHTAIINMN.

[TycTh nmeercs juckpeTHasi nudopMaliyst 0 KOOPJANHATAX 00beKTa U yIjIaX €ro OpueH-
ranum: P (t;), 0(t;),v(t;), p(t;), A(t;) m h(t;). 3mecs j = 0,...,n U mAr M0 BpEeMEHH UCXOJI-
"ol nHopmanun At = ¢, —t; COOTBETCTBYeT JJINHE HHTepBaIa, Ha KOTOPOM TpebyeTcs
OTIpe/Ie/IsITh OKa3aHusl TUPOCKONOB. 1[0 yKa3aHHBIM JIMCKPETHBIM 3HAYEHUSIM TPeOyeTcst
MMOCTPOUTH HENPEPbIBHBIE (DYHKINH, UMEIONNEe HEMPEPbIBHBIE MPOU3BO/IHbBIE, MOCIE Yero
3a/1a49a CBeJIeTCs K MOCTAHOBKE, PACCMOTPEHHO B MPEIbIIYINeM MyHKTE.

HeobxoauMocTh B OJIyYeHHH KOOP/IMHAT U yIJIOB OPUEHTAIUN KaK HEIPEPBIBHBIX H3-
BECTHBIX (DPYHKIUI BpeMeHH! MO0y :K/IaeT OCYIIeCTBUTD CI/IayKuBaHUe YKA3aHHBIX JTUCKPeT-
HBIX peau3anuii upu nomoiu Kyoudeckux ciuiaifnos |25]. Annapar kybudeckux ciuiaii-
HOB SIBJISIETCSI OOIIEM3BECTHBIM M MHPOKO MCIOJIB3YeTCsl B Pa3/jndHbIx 3aa49ax. O1HaKo,
B JaHHOI pabore TpebyeTcsi HE TOJBKO OCYIIECTBUTH CrJIa’KWBAHUE KOOPIWHAT WU YTJIOB
OPHUEHTAINU, HO U TOYHO BBIYHC/JIUTH UX IPOU3BOJHBbIE B KazKJblii MOMeHT Bpemenu. [lo-
STOMY OIHIIEM MPOTIEYPY CrIaKUBaHUs TPOU3BOIbHOI hyHKuu f(t) Ha OTpe3Ke Bpeme-
uu [ty, t,] mo u3BecTHBIM 3HauenusM byukmun f(¢;) mpun j = 0, ..., n. Paszobbem oTpe3ok
Bpemenu [tg, t,| na [ orpeskos pasmoit aymubl. Torma n/l = p — KOJIMYECTBO MOMEHTOB
BpEMeHH t; B KaKaI0M orpeske. st Kaykaoro orpeska [Lip, t(i41)p] BBeIEM Oe3pasmepHoe
BpeMsd T:

t—ts,

T T €[0,1]. (70)
Liv1)p — Lip

Bsejiem 6azoBble pynkimu:

P =17 ) =1- 2=,

p3(1)=1-— i(l +7)(1 - 1), (1) = 173. (71)
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Ha xazk1om oTpeske BpemeHn [tp, t(it1)p) (1 = 0, ...,[—1) 6yaem npubiaunxKars GyHKIHIO
f(t) 6azoBbiMu dyHKIUAMEI ¢ KOIDDUIUEHTAME, COOTBETCTBEHHO, Cj, Cit1, Cito U Cii3:

J@#) = cip1(7) + civ192(T) + Civas(T) + ciyzpa(T). (72)

st kaknoit Touku t; (j = 0, ...,n) 3aIUCHIBACTCS COOTBETCTBYIONIEE BhIpakenue. Takum
obpazom umeercs N - K + 1 ypaBuenwii 1151 onpejiesienust [+ 3 Hen3BeCTHBIX KODduIimen-
ToB. /1 onpegenenus Ko3bGUITMEHTOB TPUMEHSIeTCs CTaHIAPTHBIT MeTO/ HAMMEHBIITIX
KBaJIPATOB.

Taxum o6pasom, dbyuxnus f(t) npubmxkaercs ¢ nomompio [+ 3 koadduuuenrta. Yka-
3aHHAs HPOIE/Lypa CrJIaKUBaHUs 00ECIednBAET HEIPEPBIBHOCTH KAK CaMOii MOCTPOEHHOI
dbyukuuu f(t) Tak u ee nepBHIX JABYX IPOU3BOJHBIX BO BCEX TOUYKAX OTPE3Ka [to, ty].

[IpuMennM mponeaypy CraakKuBaHUs KyOMYIeCKUMHU CILIAHAMU JTsl TUCKPETHBIX pe-
anmsanuit ©(t;), A(t;), h(t;), ¥(t;),V(t;),v(t;). Habop xosaddunmentos mis kaxkmoii pea-

Ju3anuy 6yeM 0603HaUaTh, COOTBeTCTBeHHO 7, ¢, ¢l ¢V, P, ) rnei =0, ..., + 2. Coor-

(Rt A Rt A Bt A A A A )

BETCTBEHHO, Ha KayKJOM HHTepBaJe [lip,,t(41)y] IMeeM:

) = Cf@l(T) + Cf+1‘ﬂ2 T)+ Cf+2903 T)+ Cf+3904 T),

(1) (1) (1)
At) = 6?901 (1) + C?HQOQ(T) + Cf\+2803(7'> + Cf\+3904(7')7
h(t) = cfor(r) + capa(T) + cops(T) + cyaea(T),
Y(t) = C?‘Pl(T) + C;p+1802(7') + C;/J+2903(7') + C;p+3<ﬂ4(7'), (73)
) = or(r) + & pa(T) + & o0s(T) + ¢ yapa(7),
(1) = doi(r) + cpa(T) + cliaws(T) + ¢ apalT),

u 7 onpejensiercs coorronrernuem (70). /Tamee morpeOyrOTCs BBIPAZKEHUS JIJIsT TIPOU3BO/I-
HbBIX:

o(t) = o1(T) + clpa(T) + chos(T) + ¢figpa(T),
A(t) A p1(T) + R pa(T) + o@s(T) + yga(T),
B(t) = or(r) + clypa(T) + clia@s(T) + clyspa(T), (74)
19(75) = Cf%‘?l (7') + C?+1¢2(7') + C?+2¢73(7') + C?+39574(7')7
¥(t) = oi(7) +cliapa(T) + cliaps(T) + clispa(T).
[IpousBomubie 6a30BbIX GyHKIWHI ¢ yaeToM (70) TAKOBBL:
1 3 1 713 3
; = —— . (1-17)2 ; :{2_2_
fln) =~ J0=Th ) = [T - S,
1 3 3 1 3
: = — -1 -72+Z01 1—} o (1) = —— - 72,
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Takum  obpazom, Ha orTpeske [tg,t,] ompemenens  ciaepyomue  (DYHKIHI:
o(t), A(t), h(t), (), (L), v(t), (t), A(t),¥(t), V(t),y(t). Dro o3Ha4gaer, 4uTo JJIst BHI-
YUCJIC€HUA TOYHBIX 3HAQYUEHUUN IIOKa3aHUU TUPOCKOIIOB MOXKHO IIPHUMEHUTH HIPOIEeAYypPY,
KOTOpas ONHMCAHA /I CJIydas aHAJTUTHIECKOI'O 3a/[aHUd TPAaeKTOPUH 00beKTa.

Samevanue. BIOOp KOIUUIECTBA OTPE3KOB [, HA KOTOPBIE CJaeayeT pa3duBaTh yKa3aH-
HBIT HHTEpBA [to, )], HAPSIMYIO 3aBUCUT OT XapaKTEPHOTO BPEMEHU U3MEHEHUS TPAeK-
TOPHBIX IIAPAMETPOB U OT YPOBHS TOYHOCTH, C KOTOPOI Tpedyercs Mpub/IM3UTh UCXOIHY IO
TPpaeKTOPUIO. HpI/I 9TOM, OJId CIVIa2KUBaAHUA KazK/0T'0O U3 TPACKTOPHBIX ITapaMeTpOB BeJIN-
qnHa | MOZXKeT OBITh pasiundHoil. Hanpumep, ecju 771 yIJI0B OpHEHTAIIMH MBI PACCMOTPIM
AHAJINTHYECKYIO 3aBHCHMOCTD BHIA (30), TO KaKIBIil MEPUOJI CHHYCA JOCTATOYHO Pa3OUTh
Ha 8-+ 10 oTpe3koB. Huzke, B cOOTBETCTBYOIIEM pa3/ieie JaHHbBIN TOAX0T Oy1eT HpuMeHeH
K MOAEJIMPOBAHUIO BI/I6paHI/II/I U TaM TaKzKe 6y,ZLyT IIpuBeJeHbl YUCJIOBbIC XapPpaKTEPUCTUKU
CIUVIAZKVUBAHNUA.

2.2.3 Kparkue BBIBOIBI

Brimm paccMoTpenbl /1Ba pa3HBIX MMOAX0/1a K BBIUHACJIEHUIO TIOKA3aHUN THPOCKOIOB.

[TepBolii moxX0 Oa3upyeTcs HA YaCTHOM CIydae WHTerpupyeMocTu ypasuenus llyac-
coHa. /JoCTOMHCTBOM TaKOTO TOAXO0/1a IBJIAETCS eT0 TPOCTOTAa H YHUBEPCAJTHHOCTD, & TAKKe
COOTBETCTBHE METO/Iy Diljiepa IUCJIEHHOTO WHTEeIPUPOBAHUSI.

Bropoii 1moxo1 0CHOBBIBAETCS HA TOYHOM BBIYHC/ICHUU MOKA3aHWIl THPOCKOIIOB KakK
HHTErpajioB OT KOMIIOHEHT BEKTOPa W,, KOTOPbIe BbIPAXzKAlOTCs Yepe3 KOOPJAUHATBHI U yI-
JIbI OpueHTanun 00beKTa M X Npou3BoAHble. KoopnHATHI U yI/IBI OpHEeHTAN JTHOO0 3a-
JTAIOTCS AHAJTUTUYIECKH, JTUOO Oy IAI0TCS MyTeM CIUIayKUBaHUsd KyOUYeCKUMHI CIIaiiHAMI
CBOUX JIMCKPETHBIX 3HaYeHuil. /loCTOMHCTBOM TaKOI0 1MO/X0/1a SABJISETCS ero BbICOKas TOY-
HOCTH, 9TO MO3BOJISET €r0 MCHOJIb30BaTh /151 TECTUPOBAHUS PA3IUIHBIX MHOTOITATOBBIX
YUCJEHHBIX CXeM perenus: ypaBHenus [lyaccona. OgHako, CryiaknuBaHue WCXOTHBIX JAH-
HBIX C BBICOKOII TOYHOCTBHIO W HEOOXOIMMOCTH MOJETNPOBATH MOKA3aHUs T'HPOCKOIOB HA
JUIUTebHBbIe NHTEPBAJIbl BpDEMEHU MOTYT CHUJIbHO MOBBICUTDH TPY/I0€MKOCTb BBIUYHUCIEHUIA.

2.3 BpluucieHne nmokKasaHuii HbIOTOHOMETPOB

[IycTh m3BeCTHBI KOOPANHATHI, KOMIIOHEHTHI BEKTOPA CKOPOCTHU U TapaMeTPhl OPUEHTAIINI

o0beKkTa B MOMEHTHI BpeMmeHn tj,j = 0..n. Tpebyercs BHIMHCINTL BEKTOpP H3MEPEHHit
tjt1
ubloTonoMeTpoB f, (unu [ f.(t)dt) na unrepsare [t;,t;41] qna j =0,...,n — 1.
tj
Kak u B c1ydae MOIEIUPOBAHIS H3MEPEHUII THPOCKOIOB PACCMATPUBAIOTCS IBA, IIOIXO0-
J1a K OIIPeJIeJIeHUIO TOKa3aHuil HbI0TOHOMeTPOB. [lepBblil 110/1X0/1 0a3upyeTcd Ha YaCTHLIX
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CIyYasgX UHTeIPUPYEMOCTH KHHEMATHYeCKUX U JTUHAMUYECKIX YDaBHEHUIl JBUZKEeHUS Xa-
PAKTEPHOI TOYKN 00bEeKTa. DTU yPaBHEHUS MOTYT OBITH 3AMUCAHBI B OCAX PA3HBIX CUCTEM
KoopauHatT: B uHeprmaabnoii Of, reorpaduueckoii Ox, upubopuoit Oz (B pabore pac-
CMaTPHUBAIOTC YKAa3aHHbIE CUCTEMbI, IOCKOJIbKY B WHEPIUAIbHON HABUTAIUA UMEHHO OHU
0BBIYHO BBICTYIAIOT B POJIM OMIOPHBIX CHCTEM KOOPAWHAT). B KaKI0M M3 MepedncaeHHbIx
cIy4aeB CYIIEeCTBYIOT YacTHBIE CIydadm MHTerpupyeMocTu. OHH HUCHOIB3YIOTCA IS MO-
JIeJIMPOBAHNS TMMOKA3aHUN HHIOTOHOMETPOB. J[aHHBIN MOAXO0/ MpeiIaraeTcs UCIOIb30BaTh
JIJISL UCCJIEJIOBAHUS PA3JIMYHbIX aJITOPUTMOB KOMILIEKCUPOBaHus. Bee PUBOuMble HUZKE
AJITOPUTMBI CTPOSTCH TAKUM 00Pa30M, 4TOObI IPU PEIleHr MOJIe/IbHBIX YDaBHEHUI HABU-
Talliy BBITTOJIHSICS HYJIEBOW TECT: TPAEKTOPHbBIE MapaMeTpbl, SBJISIONINECS Pe3yJIbTaTOM
peleHns. MOJEJIbHBIX yPaBHEHUI, COBIAJAIN C TPAeKTOPHBIMHU [apaMeTpaMH, KOTODBIe
JIETJIH B OCHOBY MOJEeTNPOBAHUSI.

Bropoit moaxon ocHOBBIBaeTCS HA YUCIEHHOM HHTEIPUPOBAHUU KOMIIOHEHT BEKTOPa
y/JI€JIbHOIN BHEITHeH Cuiibl f, KaK n3BeCTHON (DyHKIMM, 3aBUCSIIEl OT KOOPJUHAT U YTJIOB
opueHTaIn 00bEeKTa, a TaKKe OT UX HPOM3BOJAHBIX. PaccmarpuBaioTcs jBa ciaydas. B
IIEPBOM CJIy4dae KOOPJAMHATHI U YIJIbI OPHEHTAINH 33/IaI0TCI AHATUTHIECKN KaK HellpePhIB-
Hble GYHKIMN BpeMeHn. Bo BToOpoM ciydae 3aJal0TCsd UCKPeTHbIe 3HAYeHUsT KOODINHAT
7 yTJIOB OPHEHTAINN, & HelMpepPbIBHbIE (DYHKIIUU BPEMEHHU /ISl STUX BEJUYUH MOJTYIAI0T-
¢l HA OCHOBE CILTAffH-annpoKcuMaruu. YucjaeHHoe MHTEerpupPOBaHUEe BEKTOPA f, MOXKHO
OCYIIECTBJISATH CO CKOJIb YTOJHO MEJIKUM IIaroM, 4TO MO3BOJISIET PACCMATPUBATH JAHHBIH
MeTO/I KaK METOJ TOYHOI'O BBIYUCJICHUS WICAJbHBIX MOKa3aHUl HHLIOTOHOMETPOB. Takoii
criocod (hopMupoBaHus MOKa3aHWil HHIOTOHOMETPOB MO3BOJISIET TeCTHPOBATH MHOTOIIAr0-
BbIe METO/Ibl YUCJIEHHOr0 HHTerpupoBanus ypapaenuit BIITHC.

2.3.1 MoaenpHble YpaBHEHUS 3aIlMCAHbI B OCAX MHEPIUaJbHON cuctembr OF.
YacTHblil ciry4yait ”HTErpupyeMoCcTn

OO6mumii moaxo..
VpaBuennsi apuzkennst To9ku M B MPOEKIMAX HA OCH MHEPHUAJBHONW CHCTEMBI KOOP-
quaar O& nveror Buj (27, 28):

ézvg, @g = Fg, (76)

rie gepes F = f + ¢° obosnadena cymMa Beex yaeabHBIX BHENTHUX CHJI, JeHCTBYIOMNX Ha
0OBEKT, KOTOpasl CKIAIbIBACTCS U3 YAeJbHON CHIB TATOTeHns ¢° W peakiih CO CTOPOHDI
[oJIBeca Ha, IPHUBEICHHYIO YYBCTBHTEILHYIO Maccy OJIOKa HBIOTOHOMETPOB f, KOTOPYIO,
COOCTBEHHO, U U3MEPHAIOT HbIOTOHOMETPHI.
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[IpenmosioKuM, 9T0 BEKTOp F¢ MOCTOsIHEH HA HHTEpBaJe BpeMeHH [t;,t;41]. Torma Tou-
HOe pellleHre CHCTeMbl ypaBHeHuil (76) 3anuImercs B CJIeIyIONeM BUJIE:

1
Ve(tjer) = ve(ty) + AFe, E(tjea) = £(8) + ve(ty) At + SAFAL, (77)
riae

AFy = 71F5(t)dt. (78)

tj

BapuanTsl onpegesienus yaeabHOI cuibl F.
AF,
Jlns onpenieneHus BeIUIUHE] Fy HOTOXKIM F¢ = Tf u 3anuirem pemterue (77) B Buje:

w 1
t _
< 208(t+1)=€(t)] _ 2velt)) ) - (1) Fe. (79)

At? At

Bo3mozkHbl TPH BapuaHTa BbIUUC/ICHUS yAeJbHON cuiibl Fe:
1. VYaenvnaa cuma Fe onpefessdeTca u3 BTOPOTO COOTHOIIEHHS (79) II0 MU3BECTHBIM
KOOpJAMHATaM B MOMEHTBI t; M {1 ¥ CKOPOCTU B MOMEHT t;:

Fe = g (60t 10) = £(t5) — ve(t) 0] (80)

3HavdeHne CKOPOCTH B MOMEHT t;41 IIOCJe 3TOTO OIpeje/isdeTcs U3 IepBOr0 COOTHOIICHU
(77). Ucnonp3ytorcss KoopauHaTsl ToUKH M B MOMEHTHI t;,j = 0,...,n I BEKTOp CKOPO-
CTH B HAYATbHBIA MOMEHT BpeMeHH vg(tp). HemocTaTrkoM Takoro mogxoma sIBISETCS €ro
YHCJIeHHAsT HeycToitanBocTh. B camom Jedte, mojcraBum Beipazkenue (80) B mepBoe cooT-
womenue (77). Ioxyunm cirepyromniyto pekyppeHTHY0 hOpMY JIJIsT ONPeIeIeHns BEKTOpa
CKOPOCTH Vg¢:

ve(tin) +velty) _ €(t41) — £())

2 - At ' (81)

JlanHoe BhIparkeHHe MpeacTaBiasgeT coboil mudpoBoit GUIbTp ¢ 6eCKOHETHOH UMITY.TbCHOM
xapakTepuctukoii. [lepejgarounas dyukius s JanHoro puabrpa uMeeT BU/L:

2 z-—1

(82)
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[Torocom mamnOil GyHKIUKH OyAeT BeIUIHHA 2z = —1, 9TO FOBOPHUT O HEYCTONIMBOCTHU
buabTpa, T.K. A8 YCTOWIUBOCTH HEOOXOIUMO, YTOOBI MOJYJIH KarKJIOTO IOJI0CA OBLITH
MEHbIIE €JMHUIIbI.

[Ipu ucnob30BaHNE TAKOTO MO/IX0/IA BHIYUC/ISIEMbIe BEKTOP CKOPOCTH W BEKTOP MOKa-
3aHWl HLIOTOHOMETPOB OY/IyT B3aWMHO COTJIACOBAHHBIME, HO CO BPEMEHEM MOTYT COBep-
aTh KOJeOaHus, aMILINTYAa KOTOPBIX OyaeT Bo3pacTarb. JlIs MaIocTpanun paccMoT-
puM mpumep (CKaJsIpHBI caydaii): Touka M cHaYaTa HENOIBUXKHA, a MOTOM HAYNHAET
JIBUTATHCS ¢ MOCTOAHHON CKOpocTbio. CBejeM B OjHY TabJHILy ODO3HAYEHHYIO TPACKTO-
PUIO U Te 3HAYEHUs] CKOPOCTH W YJIeJIbHON BHENIHEH CHUJIbI, KOTOPBIE OY/IYT BBIYUCISTHCS
B coorBercTBu ¢ (80) n mepBbIM cooTHOIIEHHEM (77):

3
=
&

flm/s?]
0 >

gl

| o o | W | = Of.
\]CDO"%OJ[\D»-‘OT
™M
m.&ww»—tooog
ool ol ololo

2. Ymenbnas cumia Fy ompenensercss W3 HepBOro COOTHOIIEHHs (79) MO M3BECTHBIM
3HAYEHUSIM BEKTOPA CKOPOCTH B MOMEHTHI t; 1 1j41:

o Ué(tj+1>A; ve(ts)

(83)

Torma u3 Broporo coornomenus (79):

Elty) = (1) + il Elb) (84

Ucnonb3yerca BekTop ckopocTd Touku M B MOMeHTHI t;, ] = 0, ..., I BEKTOp KOODJUTHAT
B HAUATbHBIH MOMeHT BpeMmenn (tg). HeqocraTkoM TaKoro moaxojia SBISeTCs: OMUCAHHAS
BbIIIE HEYCTOInBOCTD 1udpoBoro dbuibrpa (84), nepegarounas dyHKIMs 11 KOTOPOIO
nmeeT BUI:

At z+1
T2 L1

W(2) (85)
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Kpowme toro, cama TpaekTopusi (KoopauHarhl Touku M) Ha BceM oTpeske [tg,t,] craHo-
BUTCSI U3BECTHOMN TOJILKO TOCTIe HHTEIPUPOBAHUS U3BECTHBIX BEKTOPOB 10 hopmysie (84).
3. Bekrop ckopocTu B MOMEHT 41 BbIUHCJISIETCs 1O Cieytonieii hopmyiie:

veltinn) = f(tj+1)A; S(tj)' (86)

[Tocste sToro, yaenbnast cuna Fg ompesessiercst u3 mepBoro coorHomrenust (79) mo mpuse-
nennoii Boie dopmyse (83), a Bropoe coornomenune (79) He ucmob3yercs. OTMeTHM,
YTO TAKON MOJXOJ HE COOTBETCTBYET TOYHOMY pellleHuio cucteMbl (77), OJHAKO, MO3BO-
Jisger u30exKarTh PacXOAMMOCTH CO BPEMEHEM BEKTOPOB CKOPOCTH M YJIEJIbHOI BHEIIHeil
CHUJIBI, TTIOCKOJIbKY HCIIOJIb3yeMbI€ COOTHOIIMEHHST MPEJICTABISIOT c000il ycToiiunpbie mud-
poBbie duabTphl. [loaToMy maHHBI ctocod n OyjaeM HCIOJIb30BATh I MOAEIUPOBAHUS
NOKAa3aHUI HBIOTOHOMETPOB.

Samevanue. B manbHeiieM, Ipu MOJETUPOBAHUHU TTOKA3aHUNH HBIOTOHOMETPOB C HC-
110JIb30BAHUEM MOJIEJIbHLIX ypaBHeHuil B upubopuoii cucreme Oz, BOBHUKHYT T€ 2Ke TPU
BO3MOKHOCTH, TIOITOMY B COOTBETCTBYIOIIEM IIYHKTE IMOAPOOHO HA HUX OCTAHABINBATHCS
He Oyjem.

BapuaHTbl BBIYNC/I€HUS CUJIBI TATOTEHUS gg.

J171s1 BBIYHCJIEHNST MO/TYJIs CHJTBI TSZKECTH ¢ Oy/ieM moIb30BaTheda ¢popmy.ioil ['ebmepra
(22), urepanuonHo BeIYKCTHB reorpadudeckue Koopauuarsl Touku M. Chopmupyem mar-
pury A, (3, 4), CIPOEKTHPYeM CHITY TAXKECTH Ha OCU WHepIUATbHOI cuctembl (ge = AL g, ),
BBIYUC/IMM YJIEJIBHYIO CHJIY TATOTEHUsI gg no (24).

Bosmoxubl Tpu BapuanTa:

1. Vconb30BaTh IpH BRIYHCJICHUN ¢ 3HAYCHHS KOOPIUHAT B JieBoM y3ie &(t;).

2. lcnonp30BaTh 3HadMeHnsT KOOPIHHAT B IpaBoM y3ie &(tj41).

3. cnosb30BaTh MOJIYCYMMY W

[TockosibKy npu MHTErpupoBaHuu MojaeabHbIX ypaBHeHnit BIHC koopauHaThl TOYKH
M B mpaBoM y37e t;y; ellle He U3BECTHBI, YCJOBUMCS 37€Ch U Jajee BCEera BBIUUCIATH
CHILY TSIPOTEHHMSI 110 3HAYEHUIO KOOPJMHAT TOYKHU B JieBoM y3J1e £(;). Drum Boibopom obec-
MMeYNBAETCS BBITIOJIHEHNE TaK HA3BIBAEMOIO HYJIEBOI'O T€CTa MMHTATOPA TIPU PEIIeHUN CO-
OTBETCTBYIONMUX MoJie/bHbIX YpaBHenuit BMIHC, koTopwiit 6ymeT moapobHO 00CY K TaThCs
HIZKE.

[Tocie BEIUMCIEHUS CHIBI TATOTEHNUS, IOKA3AHNS HHIOTOHOMETPOB B MPOEKIINH HA OCH
nHepHHaJIbHOM cucrembl O& BBIYUCILAIOTCS 110 (bopMmyJie:

fe=Fe —g¢. (87)
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BapuanThl NpOeKTUPOBKH BeKTOpa f: HA ocu npubopHoii cucremsbr Oz.
ITokazaHns HBIOTOHOMETPOB IOy YaIOTCS IIePEIPOEKTUPOBKOIl BEKTOPa f¢ HA OCH IPH-
OOpPHOIT CHCTEMBI:

fz :Azfﬁ- (88)

31ech BO3MOKHBI TPH BAPHAHTA.::

1. Ucnosb3oBars 3Hadenne MaTpuilsl B jieBoM y3ie A, (t;).

2. Ucnonp3oBars 3nadenne MaTpuisl B mpasoM y3ie A, (tjq).

3. Boraucanrs no dopmyie (41) marpuiy A,, cOOTBETCTBYIOILYIO TIOBOPOTY Ha MOJIO-
BHHHBIH yTOT 3:

sin £ 1—cos?
A, = E+fﬁ%+———iﬁ AL (). (89)

,-)/2

Kax u mpu BbIYHCIeHHU yAeabHOU CHJIBI TATOTEHHS OyIeM HCIOJIb30BaTb MATPHUILY
opueHTanuu B JieBoM y3ie A,(t;) maa obecnedenns Beinonnenus myaesoro tecra BITHC.

Samevarue. Huzxke Bcerja npu 1MpOEKTUPOBAHUU BHEIIHEH yje/abHO# cuibl f Oyiaem
HCIIOJIB30BATh COOTBETCTBYIOINE MATPUIIbI OpUEHTAIlUNU B JIEBOM Y3JI€ tj

2.3.2 MogaeabHble ypaBHEHHS 3alHCAHbI B OCAX reorpadmuyeckoii CucTembl
Ox. YacTHbIil ciaydaili ”HTErPUPYEMOCTHI

[Tpu ucnonb3oBanuu reorpadudeckoit cucrembr Koopaunar Ox B KadecTBe ONOPHOIT B
WHEPIUIbHON HABUTAIUU JIJIsI ONPE/IeJIeHNsT KOOPANHAT © U A TPAJAUIMOHHO PACCMATPH-
BaeTcst ypaBHenne [lyaccona orHocuTesbHO MaTpuibl A, (I COOTBETCTBYIONETO KBa-
TEPHHUOHA), & BBICOTA I OLPEJIEISETCs Yepe3 BePTUKATIbHYI0 KOMIIOHEHTY CKOPOCTH Vg 1O
(13).

BanuiieM cucTeMy MOJEJbHBIX ypaBHeHuil jBukenus Touku M B ciepyiomeit popme
(25, 28):

Ay = oAy, Uy = Gpup + F. (90)

Paccmorpum 3aja4dy ornpejie/ieHust MoKa3aHuii HbIOTOHOMETPOB Ha MHTEPBaJIe BpeMe-
HUA [tj,tj+1]. Bynem cumrarh, uTo BeKTOpHI F), M W, MOCTOSHHBI HAa MHTEPBaJE BPEMEHH
[t]’, tj+1]. Beenem obosnauenue: v, = w,At. Torna MOXKHO IIOKa3aTh, YTO TOYHOE PEIIEHUE
cucrembl ypasrenuit (90) 3amuirercs B Bue:

sin7y . 1 —cos~y.
Ax(tjqu) = E+ ~ f}/a:_"T’yg Ax(tj)a
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sin-y . 1 —cosvy .
i) = (B4 205+ L2505 ey + o)
Y Y
1 —cosvy. —sin~y .
+ (E + 727% + 7377§> AF,,
v v
rae
tjt1
AF, = / Fo(t)dt. (92)
tj
Jna ompenenenus Beandunsl F, momoxkum F, = AAP;””. BosMmoxkHBI 1Ba M0OIX0Ia K

BBIUUCJICHUIO YJIEJIbHON Cuiibl F).

1. Ilpeanonaraiorcs n3BeCTHBIMI KOODANHATHI TOYKH M B MOMEHTHI BpeMenu ¢ u ¢4
I BEKTOP CKODOCTH B MOMEHT Bpemenu tj. 13 mepBoro coornomenus (91) ompesessem
BEKTOD 7, CIIOCOOOM, KOTOPBIM MOJIETUPYIOTCS TIOKA3aHUsI THPOCKOIIOB MPH PACCMOTPEHUN
perenns (42) aHATOrHYHOTO ypaBHeHus [lyaccona s MaTpuibl A,.

3areM BBIUHCJISIEM BEKTOP CKOPOCTH Uy(tj41). duist s1oro oupejesnm Bekrop Uy (t41)
(19) u BeKTOp OTHOCHTEJIBHOI YTIJIOBOI CKOpOCTH reorpaduaeckoro rpexrpannuka 2, (18):

Qp = Wy — Uy (93)

3aTeM BBIYHCIUM J0JTOTHBI Rp u mmportHsiii Ry paanycst kpususabl (10). [Tocue
3TOro KoMmoHeHTH BekTopa V, = (Vi, Vs, V)T Boramcngtorca B coorsercrsuu ¢ (20) mo

dopmynam:

Viltis) = Q(Rp+h),  Va(tjn) = - (By +h),

Va(ti1) = (h(tj41) — h(ty))/At, (94)
rje §); — KOMIOHEHTHl BeKTopa {);. AGCOMIOTHYIO CKOPOCTD Uy (tj41) Toukn M HAXOTUM TI0
(17).

Bsenem marpudnbie 0003HAUEHMS:
sin~y . 1—cos~y.
Cl = E+777m+727 i,
8 8
1—cos~y. —sin~y |

31ech orMeTHM, 9TO U3 mepsoro coornomenus (91) crenyer Cy = A, (tj41)AL(E)).
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13 Broporo coornomenus (91) ciaeayer:
1

F, =
At

O3 [va(tjen) — Crua(ty)] (96)
OTKY/1a
fo=Fp— g3, (97)

Ijle CHJa TArOTeHHus ¢ Bblumcagercs no dbopmytam (22 - 24).
Marpmma C5 ' cymecTByeT, MOCKOMBKY /I MAOTO yT7Ia 7 €e MOKHO MpeJCTABHTH B
BUJIE:

1
Cy=FE+ 5% +0(*)  m |Gy =1+0(?) >0. (98)

Yto u MOATBEPIKIAET CylecTBOBaHMe MaTpuipl Cy '

[IpeacraBiaennbrit cnocod onpesereHns TOKa3aHUil HHBIOTOHOMETPOB U BEKTOPa CKOPO-
CTH B TIPABOM y3JI€ He COEePKUT YUCTEHHON HeyCTOWYHBOCTH, TOITOMY PEKOMEHIYeTCs K
UCTOJIB30BAHUIO.

Sameuanue. Ha mepBbiil B3r/1si] MOZKET MOKA3aThCst O0JIee TPABUILHBIM, BBITHCIISAS 110
dbopmynam (94) orHocuTesbHYIO CKOPOCTh V,, ToYKn M, OTHOCHTH €e He K MOMEHTY Bpe-
MeHH 141, & K cepeaune orpeska [t;,t;+1]. Ho Torga, kak u B m. 2.3.1., coorBercTByommii
udpoBoit GuabTp AUt onpeenenns v, (f41) OKaXKeTCs HEYCTONIHBBIM.

2. IlpeanosrararoTcs n3BeCTHBIME KOMIIOHEHTHI BEKTOPa CKOPOCTH TOYKYU V) B MOMEHTBI
Bpemenu t; u ;41 1 KOOpAMHATH B MOMeHT BpeMend ¢;. Torpa pekTop F,, BpruncigeTcd 10
npuBe/IeHHoi BoitTe popmyiie (96), a BEKTOp abCOJIOTHOM yIJI0BOH CKOPOCTH W, ONPeJIeisi-
eTcst 1epe3 BeKTOD Uy (t;4+1) (MpuBeenubie B .1 COOTHOMICHNUS BBIIOIHSIOTCS B OOPATHOM
nopske). Jlamee, BBIYACAAIOTCS 37aeMeHThl MaTpuibl A, (fj41) M3 mMepBOro COOTHONICHUST
(91), gepes KOTOpBIE MOTYT OBITH HaiieHbI reorpaduaeckue KOOPAUHATH ¢ (t;41) 1 A(tj41)
TO4YKMHU M, a h<tj+1) = ]’L(t]) + Ug(tj+1>At.

Hemocrarkom JaHHOTO MOAXO/A SIBJISIETCS] €10 YHUCJIEHHAS HEYCTOWIMBOCTH, OTMEYEH-
Has B IpeablayiieM maparpade, u ToT pakT, 9T0 KOOpAUHATH TOYKU M Ha BCeM OTpe3Ke
[to, tn] cTAHOBATCS U3BECTHBI TOJIBKO MOCHE pelrenus nepBoro ypasuenus (90) u, Boobie
TOBOPSI, MOTYT CYIIECTBEHHO OTIUYATHCS OT TPAEKTOPUHU, KOTOPAas MPEINOJOKUTETHHO
JIeTJIa B OCHOBY MojeupoBaHus. [lodTomMy MaHHBIN TOIXOM TpeIaraeTcs He HCIOTb30-
BaTh.

[Tokazanusi HBIOTOHOMETPOB B MPHUOOPHOIT cucTeme kKoopauHAT ()2 TOJIYYAIOTCS TTEepe-
NPOEKTUPOBKOM:
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[IpeacTaBieHHbIl AITOPUTM UMeeT 0COOEHHOCTH IPU MAJIBIX yIuax v. MogenupoBanue
MMOKA3aJ10, YTO OMUCAHHBIN aJTOPUTM YCTOHYINBO paboTaeT Ipu HOPME BEKTOPa MOBOPOTA
v > 1075, Eciiu HOpMa BEKTOpa HOBOPOTA MEHBIIE, BHIPAXKEHUs S Y U COS 7Y CJIelyeT pas-
JIOZKUTH B psiji Teitjiopa 1 OrpaHUYUTHCH TOJBKO KBAIPATUIHBIME YJIEHAMU PA3JIOKEHUS.
Torma ucnosib3yembie B aaropuT™Max BbIPAXKeHUsT YIPOCTITCS CJAEIYIONUM 00pa30M:

sin-y . 1—cosvy 4

.1
E+ Az + —2 — E+4. + 592,
gl gl 2
1—cosv. —sin~y . 1. 1,
E+— 204, 4 120002 LBy 4+ 42 (100)
g g 276

2.3.3 MogaenbHble ypaBHEHUS 3aNUCAHbI B IpubopHoii cucreme Oz. HacTHbIit
ciIydaili ”HTerpupyeMocTu

3amnuireM CHCTEeMY ypaBHEHWI ABUKeHHS TOYKU M B MPOEKNHUAX HA OCH TPUOOPHOI cH-
crembl koopunar Oz (27, 28):

=0, +0,z, U, = w,v, + F,. (101)

[Tepenumenm cucremy (101) B mMarpudnoii dhopme, MOMEHSIB MeCTaMU HOPSIJIOK Hepe-

MEHHBbIX:
?-'}Z ('Z)Z 0 Uz FZ )
Z) = . . 102
<Z> (E wz><2)+<0 (102)
[IpeamosioKuM, 9T0 BEKTOPHI W, U F), IOCTOSHHBI HA HHTEPBaJe BPpeMeHHI [tj, tj+1]. To-

ria cucreMy (102) MOXKHO IPOUHTEPUPOBATH B SIBHOM BH/IE ¥l TOYHOE PEIeHUe 3aMUIIeTCsT
CTIEIVIONTAM 0OPa30M:

w) = (B4 054 252 () +
+ (E 1o S g iin7&§> AF., (103)
v v
) = (B4 22054 1252002 Gl 4 n0)80 +
n BE n sin y _,Y?:YCOSV”AYZ n 1+ 0.5v2 _f;jsy — vsinvpyz AF.ALL
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31ech BEKTOp v, = w,At, aJropuT™M ero BLIYHCJEeHUs 00CY:KIaJcs Bbilie. Bpemem s
BeKTOpa 7y, Marpuunbie obo3nadenus C7 u Cy ananornuno (95) u J0MOJTHEM UX 0003HA-
vennem Cs:

1 siny — 7y cosy . +1—1—0.572—(:057—ysir17A2
Vz-

Cy=-F . 104
3 9 + 73 7 ,74 (0)

N oupesenenus seanuunsl F, nonoxum F, = 5. Kak u a4 ypasuenuii B nuep-
uaabHOl cucreme Koopauuar OE, 3/eCh MPEJACTABISIOTCS BOSMOKHBIMU TPH HOJIXO0/A K
BBIYUCICHUIO YJIETbHON CHIIbl F:

1. ITycrs u3Becrnnr z(t;), 2(t;41) n v,(t;). Torna u3 Broporo coorHoIeHMSI:

|
= @03 [2(tj11) — Chlz(t)) + v.(t;) At]], (105)

a BeKTOp v, (t;41) HaxoauTcs u3 nepsoro coornomrenus (103). Kak panee 66110 oT™metdeHo,
JAHHBIA 110/IXO0/1 BE/IeT K BbIYUCJIATEJIbHON HEYyCTONYUBOCTH.

2. Ilycrb usBecrust v,(t;),v.(tj41) u 2(t;). Torna Bekrop F, Haxomurcst U3 1epBOro
coorrornrennst (103) mo dopmy.e:

F

Fo= 0 Cr los(ty) — Cuoalt)] (106)
Bekrop koopauuar z(t;41) mocie 9TOro oupejessiercst u3 Broporo coorHomrenus (103).
HenocraTkom gaHHOTO 1MOAX0/1a ABJISETCS OTMEYEeHHAs paHee duCAeHHast HeYyCTONINBOCTh
1 ToT BaKT, 4TO KOOpAUHATHl Toukn M Ha Bcem orpeske [to,t,] CTAHOBATCS W3BECTHBI
TOJIBKO MOCJIe pelenus nepBoro ypapuenus (101).

3. Ilycrb u3BecTHbl KOOpAMHATHL TOUYKU M B MOMEHTbI BpeMeHH t; U ;1 U BEKTOP CKO-
pocru B MOMeHTHI BpeMenH tj. CHauasia BBIYUC/INM BEKTOD abCOIIOTHOI CKOPOCTH Uy (t)41)
touku M TOUHO Tak ¥Ke, Kak u npu pabore B reorpadudeckoii cucreme Koopaunar O de-
pe3 nepsoe ypasuenne (90). 3aTeM BeKTOPbI v, (t;) 1 v, (tj11) CJleIyeT nepenpoeKTupoBaTh
Ha ocu HpuOOPHOI cucTeMbl Koopauaat Oz:

v (t;) = AL () AL (t)va(t5), Vs (tjs1) = A (tjp1) AL (tj51)va(t i) (107)

[Tocae storo, BekTop F, omnpenensiercss mo dopmyre (106). DTOT mMOIXOM ABITETCSI
yeroitauBbiM (CM. 11.2.3.1.), HO9TOMY IpPe/IaraeTcsi BBIYUCISATH BEKTOP F, TAHHBIM CIIOCO-
ooMm.

VaenbHast cuiia TATOTEHUST gg, KaK W paHee, ompe/ie/sieTcst ¢ momotnio (22 - 24). Torma
BbIpazKeHue Jijisd MOKa3aHuil HbIOTOHOMETPOB MMEET BHI:

f=F.—g.. (108)
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IToxazkem, aro Marpuna Cs' cymecrsyer. IIoCKOIbKY Ha KazKIOM OTpPe3Ke [t tit1]
YTOJI 7y SBIAIeTCS MajbiM, MATpuily Cs MOXKHO TPE/ICTABUTDH B BUJIE:

C3 = 1E + 1} +O0(v?) u |C3] = ! +0(v*) > 0, (109)
2 3 8
YTO MOJATBEPKIAeT cyriecTBoBanmne Marpuinsl Cy L
Kak u panee, ykazanuble (hOpMYJIbI CJaeyeT IPUMEHATH IIPH HOpME BEKTOpa IIOBO-
pota v > 107% Ecam mopMa BeKTopa IOBOPOTa MeHBIIe, BCe BLIPAYKEHH Sy M COS 7Y
cJieJlyeT pas3jioKUTh B psji Teilyiopa U OrpaHUYUTHCH TOJILKO KBaJIPATUYHBIMU 4JI€HAMU
pasioxkenusi. B gactaoctn marpuna C3 npumer BUI:

1 siny —ycosvy . +1+O.572—cosv—vsin7A2 1 1 1.5

2 73 V2 74 Tz 2 3 8

2.3.4 BproruuciaeHne maeasIbHBIX MOKA3aHWII HbIOTOHOMETPOB MYTEM HPAMOIrO
Y1CJIEHHOTO MHTETPUPOBAHUS

Paccvorpum gBa crocoba 3agaHusi TPaeKTOPHBIX MMapaMeTpoB. B mepBoM ciiydae KoOp-
JIMHATHI U YIJIBI OPHEeHTANnn OObeKTa 3aJaHbl KaK HelpepbiBHbIE (DYHKIMN BPEMEHH, BO
BTOPOM CJIydae, 3HAYEHHs KOOPJAWHAT U YIJIOB OPHEHTAIINHN IIPEICTABICHB B JUCKPETHBIE
MOMEHTbI BpEMEHU.

Ananutuyeckuii cnocod 3aaHus TpaekTopuu oObeKTa.

PaccmorpuM 0Tpesox [tg, t,] n Oyaem cunrtarh Ha HEM 3a/IaHHBIME HEIPepPbIBHBbIE (DY HK-
n (t), V() u y(t). Byaem Takske caurars 3aganubivu dyukmum ¢(t), A(t) u h(t), koTo-
pble SBJIIOTCS HENPEPBIBHBIMU H MMEIOT HelPpepPLIBHBIE MEDPBbIe W BTOPBIE IPOU3BOIHBIE
B KaKJ0il TOYKe OTpe3Ka. 1pedyeTcs onpeaennTh BEKTOD TMOKA3aHW HBIOTOHOMETDPOB
KaK HHTerpaj OT BEKTOpa YIeJbHON BHEITHel CUabl f, Ha KayKJIOM WHTepBaje BPEeMeHU
[tj, tj-l—l]a riae ] = 0, = 1.

JI1st BEIYUCIeHUsT CUIBI f MOYKHO PacCMaTPUBAThH JIIOObIe BAPUAHTHI TOYHBIX Audde-
PEHIUAJBHBIX JUHAMHYECKUX YPaBHEeHWi JBUzKeHus. PaccMoTpuM, 171 OmpeieJIeHHOCTH,
JIMHAMUYECKOe yDaBHEeHNe JTBUKEHNS TOYKN B OTHOCUTEJIHHBIX TePEMEeHHBIX B MPOEKITHIX
Ha oCH reorpaduvIecKoil cucTeMbl KOOpIuHAT (28):

Vo = (Qu+2i)V,+ g+ L7 f.. (110)
Orcroma:

Fo(8) = LIOWVa () = (Qu(t) + 200())Val(t) — g2 (1)): (111)



BeKTOp ¢, BBIYUCJISIETCS MPH TIOMOIIH COOTHOIIeHuit (22, 23), BEKTOD U, ONpe/IeJIsIeTCsl
u3 (19), a KOMIOHEHTBI BEKTOpa OTHOCHTENIbHOM cKopocTH V, Bhiparkatorcs u3 (13):

Vi=MRg+h)cosp, Va=@(Ry+h), Vs=h. (112)

KoMIoHEeHTBI BEKTOpa OTHOCHTEILHOI YTJIOBOi cKOopocTH (), reorpaduiecKoil CHCTEMBI
BBIYHUC/ISIOTCA 9€pe3 KOMIIOHEHThI BEKTOPa OTHOCHTEIbHONW CKOpocTH V, (94). st onpe-
JAeJIEHUA IMPOU3BOJHBIX KOMIIOHEHT BEKTOpPa OTHOCUTEJIbHO CKOPOCTH TOYKH M nMeeM:

Vi = MRg+h)cosp+ MRg + h)cosp — A\p(Rp + h) sin g,
Vo = @By +h)+ @By +h), (113)
Vé = h?

rae B coorsercTuu ¢ (10):

: e cos psin @ - 3RgRp(1 — €?)

Rp=R , R : 114

F Pl —e2sin?y N 1 —e2sin? @ (114)

Takum obpazoMm, BBIPAYKEHIE TS BEKTOpA, f:(t) peJICTaB-
JISIeT coboit U3BECTHYIO HENPEePbIBHYI0  3aBUCUMOCTh or dyHKIMit

U(t), (1), (1), o(t), A(E), h(t), ¢(t), A(E), h(t), $(E), A(t), h(t).
BekTop nmokazanuit HbIOTOHOMETPOB KaK UHTErpaJjl OT BEKTOpa YAeJbHOIl BHEITHeH cu-
JIBI BBIUUCJISIETCS Yepe3 WHTerpaJbHy CYMMY

ti+1

[ rwa= 3 oA (115)
k=1

tj

r/ie 3HaYeHus f); MOTYT OBITH HOJIYY€HBI JIIOOBIM YUCJIEHHBIM METO/IOM, HAIIPUMED, MeTO-
oM Cummcona (69) ¢ KOHTPOJIEM TOYHOCTH BBHITHCICHUS.

TpaekTopusi 00beKTa 3aJaHa JUCKPETHBIM HAOOpPOM 3HA4YEHUiIT KOOPAWHAT
U YIJIOB OpME€HTAaINN.

[TycTh nmeercs juckpernas nndopmalist O KOOpJAnHaTaX 00beKTa U yIrjiaX €ro OpueH-
rannn: Y(t;), 0(t;),v(t;), ¢(t;), A(t;) w h(t;), j =0, ...,n. CBemeM 3a1a1y K IPeIbIIyIIEMY
CITydaro.

OcytrecTBUM — CTJIaKWBaHWe YKA3aHHBIX JUCKPETHBIX peaTu3anuii Tph  TOMO-
my  Kybmdeckux cmiiaitnoB. Panee npum onmcaHum COOTBETCTBYIOIIENO AJITOPUTMa
BBIUMCJIEHNS] TOKAa3aHWil THPOCKONOB OBLINM MOJYYeHbl HeNpPepBhIBHbIE pean3anun
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(1), 9(t), (1), o(t), \(t), h(t), p(t), M(t). Ananormumo (74), pearusamus h Ha KazKI0M OT-
peske [tip, tir1yp] (1 =0,...,0 =1, Ip = n) Beruucagercs:

h(t) = C?Sbl (1) + C?+1<P2(7') + C?+2¢3(7') + Czh+3¢4<7)-
SanumieM BbIpazKeHUs ik BTOPBIX MPOU3BOJIHBIX 0Aa30BbIX (DYHKITHIL:

. 3 1 . 3 1
Gi(r) = 5(1—7)‘]@7 @2(7)25(37—2)‘]@,
3 1

. 3 .
@3(7’) = *(1 — 37_) . W, @4(7’) = 57— . W

: (116)

Toraa BTOpble HPOM3BOAHbBIE OT reorpaduyuecKux KOOpAMHAT TOYkM M Ha KazKjioMm
oTpesKe [tip, t(i11)p| BBITHCIAAIOTCH 110 (DOPMyIIAM:

¢t) = cfeul(r) + CﬁrleQ(T) + Cf+2¢3 (7) + C;'P+3Sb4(7')7
At) = GGuT) + Gy @a(T) + aa(r) + clagpa(T),
h(t) = @uT) + e @a(T) + lhods(T) + ¢y @a(r).

Takum  obpasom, ma orpeske [to,t,] ompemesenst  cieayiomme  bynKimm:
(), 9(8), 1(0), 9(), A1), B, $(0), A1), h(), $(6), A1), h(t). Dr0 osmasaer, w0 s
BBIUHUCJIEHUSI TOYHBIX 3HAQUYEHUN IMOKa3aHM HBIOTOHOMETPOB MOXKHO MPUMEHHUTDH POIEdy-
Py, KOTOpas OMUCaHa JJIsg CJIydasd aHAJIATHICCKOrO 3aJaHnsd TPAeKTOPUU 00bEeKTa.

2.3.5 KpaTrkue BBIBOIbI

Boim paccMoTpenbl JiBa 1M0JIX0/1a K BBIYUC/IEHUIO IOKA3aHUN HHIOTOHOMETPOB.

[TepBbriit mojx01 6A3UPyYETCsT HA, YACTHBIX CJAYYasX HHTEIPUPYEMOCTH KMHEMATHIECKUX
U JUHAMWYECKHX YpaBHEHUil JABHUKeHud. /[OCTOMHCTBOM TaKOTO MOJXOJA SBISIETCI €ro
IIPOCTOTA, YHUBEPCATBHOCTb U COOTBETCTBHE MeTOy Jiiepa YHUCIEHHOTO WHTErPUPOBa-
HUSI.

Bropoii 110/1x0/1 OCHOBBIBAETCSI HA TOYHOM BBIYUC/IECHUM BEKTOPA MOKA3aHUNH HBIOTOHO-
MEeTPOB KaK MHTErpaJjia OT BEKTOPa f,, KOMIIOHEHTHI KOTOPOTO BBHIPAKAIOTCS Yepe3 KOOp-
JIMHATBI, YIJIbI OpHEHTAIMH 00beKTa, IepBble U BTOPbIe MPOU3BOIHbIE OT KOOpAuHAT. Ko-
OPJIMHATHI U YIJIBl OPUEHTAIUN JIHOO 33aI0TCS AHATUTUYIECKHU, JIUOO TOYYAIOTC MyTeM
CIVIaKUBAHUS KYOMUECKUMH CILTafiHAMH CBOUX JMCKPETHBIX 3HAYEHUi. DTO MO3BOJIAET
HCIIOJIB30BATH MIPEJJIOKEHHBI METO/T JIJ1s1 TECTUPOBAHUS PA3JIUIHBIX MHOTOIIATOBBIX YUC-
JIEHHBIX CXeM perteHusi ypaBHeHuii jppuzkenns. OIHAKO, CTIaKUBAHUE UCXOTHBIX JAHHBIX
C BBICOKOIl TOYHOCTBIO U HEOOXOJMMOCTH MOJEJIUPOBATL IMOKA3aHUs HHIOTOHOMETPOB Ha,
JIATeTbHbIe WHTEPBAJIbl BPEMEHN MOTYT CHUJIBHO MOBBICUTH TPYJA0EMKOCTH BHIUUCIEHUIA.
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Ob6a mpeacTraBaeHHBIX TOAX0/a OBLIM TIIATEJIHLHO IPOBEPEHbI KaK C IIOMOIIBI0 00JIb-
moro Habopa pPa3sHOILIAHOBLIX SKCIEPHMEHTATbHBIX JAHHBIX, TAK U MyTEeM IIPOBEICHUS
HEOOXOAMMOI'0 IUKJIA TECTOBOIO MOAEINPOBAHUSI.

2.4 3amada CcOrjiacOBaHHOI'O MOJIEJIMPOBAHUSA TTOKA3aHWII MHEPIN-
aabHbIX JaTunkoB AByXx BUHC, pacrosoxeHHBIX HA OJHOM
o0bekTe

PaccvorpuMm 3a/1a9y cOriacoBaHHOTO MOJIETUPOBAHUSI TIOKA3aHWI WHEPIUAJIBHBIX J1aTIN-
KOB JIBYX OeCKapJaHHBIX WHEPIHAIbHBIX HABUTAIIMOHHBIX CHCTEM, PACITOI0KEHHBIX HaA OJI-
HOM IOJBUZKHOM 00beKTe. Bxojanoit nndopmanueii 118 Takoi 3aa91 SIBJIAIOTCS TPaeK-
TOpPHBIE MTapaMeTphl MMepBOil CHCTEMBI U M3BecTHas HMHMOpMaIugd 00 UX B3aUMHOM pac-
nosioxkenuu. B kadecTBe npumepa BOCTPeOOBAHHOM 3a/1a4u U3 HPAKTUKU MOZKHO HPUBE-
ctu 3a7a4dy HadaabHOi BeicTaBku BUIHC, pacnosioxkennoit Ha camosiere mjm BEPTOJIETE
KopabepHOTO OazmpoBaHusi, ¢ moMmoriso nadopmarun ot 6azosoit BIHC. Bropoii, me-
TOJIUYECKN CXOXKeil 3ajiaveil dABJsgeTCsd 3ajada ydeTa pPa3HeCeHUs TyBCTBUTEIbHBIX Macc
0/10Ka HbIOTOHOMETPOB IIPU KaJIUOPOBKEe, KOTOpas OyIeT paccMoTpeHa HiKe. TakzKe mpu-
BOJMMBIE B JJAaHHOM Haparpade COOTHONEeHNS aKTYaJTbHbI IPU MOAETHPOBAHNN TTOKA3AHMIT
nnepruaibHbix garaunkoB BUUHC mo nadopmanum o nosiozxkennn Haxosmieiicsi Ha TOM Ke
00beKTe CIyTHUKOBON aHTEHHBI, PACIIOJIOKEHHONH Ha HeKoTopoMm yaagennn or BITHC.

Omnuiem comep:kanme 3a1a4u. Ha o0bekTe HaxomdTCsa ABe OecKap/IaHHbIe HHePIIHA/Ib-
Hble HaBUTAIMOHHBIE cucTeMbl. O003HauYnM depe3 My 1meHTp 0J10Ka HbIOTOHOMETPOB Iep-
Boit BIIHC, wepe3 M — Bropoit BUHC. C ocamu uayscTBuTenbHOCTH Kaxkaoit BITHC
CBsIZKEM TIPUOOPHBIE CUCTEMBI KOOPAMHAT, cO0TBeTCTBeHHO, M;21(021) u Mayzy(Ozy).

3agada craBuTcd ciaepyomuM obpasoM. Ilycts B MomenTs! Bpemenn tj,j = 0..n n3-
BECTHBI KOOPAMHATHI TOUKH M7, KOMIIOHEHTHI BEKTOPa CKOPOCTH W MapaMeTphl OpHeHTa-
nuu cucrembl Mz, Cpasy ormeruMm, uto juidg neppoit BUHC nokazanusa nHepiuabHBIX
JIATIUKOB MOTYT OBITH BBIUYHCJIEHBI C TIOMOIIBIO OIMUCAHHBIX BBIIIE aJIrOpUTMOB. lI3BecTen
OCTOSTHHBIH BeKTOD | = M; My, B 0CSIX CBS3AHHOMN ¢ 0GBEKTOM CHCTEMbl KOOPAUHAT. [L1st
OTIPE/IeJIEHHOCTH OY/IeM CYUTATh, 9TO CBSI3aHHAS CHCTEMa COBIIAIAET ¢ MPUOOPHOIl cucTe-
moit M z;. Bajgana nocrosinnas marpuna C,,, opuentamnun cucteMbl Moz OTHOCUTETHHO
M, z;. Tpebyerca na Kazxa0oM uHTepBaje Bpemenu [t;,t;11] (j = 0..n — 1) BBrYmcIUTD
MMOKA3aHMs NHEPIHAIbHBIX JaTdnkoB BTopoit BUHC, a Takke KoopiMHATHI U BEKTOP CKO-
pocru Touku My B MOMeHTBI BpeMmenu tj,j = 0...n.

Brrunciienune nnokasanuii rupockomnoB Bropoit BVIHC.
[TockoJibky 06e cHCTEMBI YKECTKO CBS3aHbl C OJIHUM M TE€M K€ KOPIIYCOM, IMOKa3aHUs
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THPOCKOIIOB BTOPOil CHCTEMBI W,y MOYKHO BBIPA3UTH Uepe3 MOKA3aHUS IMEePBOH W,; CIeIy-
FOIIUM 0OPa30M:

Wz2 = ngzlwzl- (117)

Boruuciienue nokasanuit HproroHomeTpos BTopoit BUTHC.

Bocmonb3yemest pesyabTaTaMu Mpeablayniero pasaena. (s 3Toro BBIYHCIAM KOOP-
auHaTel To9Kn My B MOMeHTBI T M 1j41, BEKTOP CKOPOCTH B MOMEHT l; M HapameTpbl
opueHTanun cucreMbl Mozo B MOMEHTHI tymitj.

Beranciienue koopauHaTt TOUuKu Mo.
Koopaunatrer Touku My BBIYUCISIOTCS, HATPUMED, CJIEIYIONIIM 00Pa30M:

™ =1, + 0™, (118)

rae 77M1,77M2 — COOTBETCTBEHHO, KOOpAUHATHI ToueK M, m M, B IPHHBHYUCKON CHCTEMe
koopauuat On, l, — IpoeKIHun BeKTOpa [ Ha OCH TPUHBHUCKO} CHCTEMbBI KOODIHHAT.

ITo rpunBrucKuM KoopauHaTaM N2 MoryT ObiTh BbluMC/IEHb reorpadudecKie Koop-
JMHATHL P2, Ao U hy TOukm M.

Ob6osznaunm gepe3 Mz u Msxo coorBercrBytonne Toukam M, u My reorpadudeckue
cucteMmbl KoopauHat. HYepe3 A, u A,, 0603Ha9UM, COOTBETCTBEHHO, MATPUITHI OPHEHTATNN
cucrem Mz u Msxe oTHOCHTEIBHO HHEpIHATbHON cucrembr Of. Marpuna A,, () MoxkeT
OBITH chopMHUpOBaHa dYepe3 reorpadudeckne KOOPAMHATHL (P2, Ay U BpeMmsa t. Marpuma
Cy,z, B3aumMuoi opuentaryuu cucrem Mz u Myxe BoIYHCISIETCH TaK:

Crgey = As, AL . (119)

B kauectse 6osiee mpocToro BapuanTa BhraucaeHuss Marpuilbl Cg,,, MOXKET OBITh UC-
110/1b30BaHa CJie/Iyonas Mojie b, OG03HAUNM Yepe3 Y2 BeKTOpP MaJIoro 0BOPOTa CHCTeMbI
Msxo otnocurenbuo Mix;. Torna nmeem:

Corer = (E+37), 7 = (=Ap, AXcos o, AXsin ), (120)
rae Ap =@y —pru AN = Xy — )\

Breruucienne mapaMeTpoB OPUEHTAIINU BTOPOil CUCTEMBI.

Ob6o3naunm gepe3 A, u A,,, COOTBETCTBEHHO, MATPUIbl OpueHTauu cucrem Mz u
Mszs orHOCHTETHHO WHEpIHAIBHOM cuctembl O&. Marpuma A,, Moxker ObITH BhIpazKeHa
yepe3 matpuity A,, 1mo dbopmyIie:

A, =C.,. A, (121)
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Ecim gepe3 Ly 0003HAYUTDL MATPUILY OPUEHTAIUN CUCTeMbI Mo 2y OTHOCUTEIBHO CUCTE-
MBI MsZo, TO BEPHO CJIeIyIOIIee PABEHCTBO:

L, =A,AL. (122)

Yepes s1emenTsl MATPUIBL Ly MOTYT OBITH HaiifieHbl yriibl opuenTanuu Bropoit BUHC
o dhopmyaam (8).

Bpruuciienue BeKTopa ckopoctu To4dku M,
BanumieM B BEKTOpHOM Buie hopMyy Ditnepa, CBI3bIBAIONIYI0 aOCOTIOTHBIE CKOPOCTH
aByx Touek My u My obbekra:

M2 = oM 4w, x MM). (123)
3/1ech W, — BEKTOP abCOIOTHOM yIJIOBOW CKOPOCTH OOBHEKTA.
SBamnumieM ypaBHeHHe Diiepa B MPOEKIHUAX Ha OCU cucTeMbl Koopaunat Myx,. meem:

My __ M

Vel = Uz _(;}*wllxl- (124)

VriioBasi CKOPOCTh 00'bEKTA Wy, B MPOEKIUSIX HA OCU CHCTeMbl KoopamHat Mixr; Moxker
OBITh BHIYUC/IEHA JBYMs CIIOCODAMMT:

Wigpl = AzlAzjlwzl - AatlAZ2wz2~ (125)

ABCOTIOTHAS CKOPOCTD U2

BBIYHCJISIETCs 110 (bopMmy.ie:

Touku My B HpOEKIUSX HA OCH CHCTEeMBbI KoopamHaT Moo
My __ M
UxQ - C’352‘?1’0901 (126)

WA B OCAX MHepHuaabHoi cucrembl O& u npubopHOil cucreMbl Mozs:
My __ AT , Mo My _ T , Mo
Ve ™ = Aoy’ Vo' = A Apovy’ (127)

. M.
KoMIOHEeHTBI BEKTOPA OTHOCHTENBHOI CKOPOCTH V92 BBIYHCJSIIOTCS ¢ OMOIIbI0 (17).
[Tocse onpeneeHnss KOOPAUHAT U KOMIOHEHT BEKTOPA CKOPOCTU TOUKN My OKa3aHusd
HBIOTOHOMETPOB MOI'YT ObITh BbIYUC/IEHHbBI C IIOMOIIbIO OLUCAHHBIX BbIIIE 110JX0/0B.

Kparkue BbIBOOBI.

3ajava corIacoOBaHHOTO MOJIETUPOBAHUS TOKA3aHWI WHEPIUATHHBIX JATINKOB JIBYX
BUHC, pacnoioxKeHHBIX Ha MOJABUKHOM 00bEKTa, CBEIACHh K HCIOTH30BAHUIO OMUCAHHBIX
BBIIIE AJTOPUTMOB.
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2.5 OcobeHHOCTM WHTETPUPOBAHUA MOJIEJIBHBIX YypPaBHEHUIA
BUMHC c Touku 3peHus BBIMOJHEHUS HYJIEBOTO TECTA

[Tocse Toro, Kak OBLITH ONMUCAHBI AJTOPUTMBI BEIUUCICHNAS TOKA3aHUl HHePIIHAJIbHBIX JaT-
YUKOB, THPOCKOTIOB U HBIOTOHOMETPOB, MIPUBEIEM COOTBETCTBYIONIUE AJTOPUTMBI JJId UH-
TerpupoOBaHKsl MOJIEJbHBIX ypPaBHEHUN MHEpHUA/IbHONW HaBuraiyuu. nrerpuposanue Mo-
JCJIbHbBIX ypaBHeHI/Iﬁ MMO3BOJIdeT ITPOBECTU KayeCTBEHHbIN aHaJu3 BbIYUCJEHHBIX MOKa3a-
HUIl THEPIUAJIbHBIX JATYNKOB HA MIPEAMET BBIITOJHEHUA TaK HA3bIBAEMOTO HYJIE€BOI'O TECTA,
T.€. IPOBEPUTH TOYHOCTDH COBIIA/IEHUS TPACKTOPUN, KOTOPAad MOJYyIaeTCd B pe3yabTaTe pe-
IIeHUus MOJEJbHBIX YPaBHEHUN, C UCXOJIHON TpaeKTOPHUEN.

3azauda crasurcsd ciaepyomum obpasom. [IycTs B MOMeHT BpeMenu t; u3BeCTHBI KOOD-
JIMHATHI 00'bEKTa (TO‘{KI/I M ), BEKTOP €ro CKOPOCTHU W HapaMeTpPbl OPUEHTAIUU, & TaAKKe
MOKa3aHUsI I'MPOCKONOB W HBIOTOHOMETPOB Ha HMHTEPBaJe BPEMEHU [tj,tj+1]. Tpedyercs
OIIPeJIeIUTh KOOPIMHATHI 00bEKTa, BEKTOP ero CKOPOCTHU U IapaMeTPhl OPUEHTAIIUN B MO-
MEHT BpeMeHHU ;1.

3/1ech cpa3y OTMETHM, 49TO B 3a/a4e OIPE/IeJCHUs IapaMEeTPOB OPUEHTAIIMH HYJIEBOM
TECT BBIMOJIHSIETCS] BCErJa B CUJLy TOro, 4TO pernaercs ypabHenue Ilyaccona (41), koro-
poe JIerJio B OCHOBY MojeqnpoBanus. Perenue 3Toro ypaBHeHuUs PHU COOTBETCTBYIOMIUX
OrpaHUYEHUAX HA BEKTOD YIJIOBOI CKOPOCTH w, ToJydaercd mo dhopmyse (42), aro obec-
MeYNBaET BBIMTOJHEHUE HYJIE€BOTO TECTA.

[TosTomMy ocTaHOBHMCS Ha BONPOCAX TOYHOCTH OMpeJesIeHus KOOPAWHAT W BEKTOPa
CKOPOCTH OO'BEKTA.

2.5.1 Pemrenue MoaeJIbHBIX YPAaBHEHU B CUCTEME KOOPAWHAT, B OCAX KOTOPOit
MOJIEJNPOBAJINCH TMTOKA3aHNA HBIOTOHOMETPOB

OnumremM aJropuT™Mbl HHTEIPHPOBAHUS MO/IEIbHBIX YpaBHEHHIH /71 pabOThl B HHEPIHATh-
noit O&, reorpaduueckoii Ox u nmpudbopuoit Oz cucreMax KOOpIHHAT.

MopenbHble ypaBHEHHNs 3alMCAHbI B MHEPIHAAbHOU cucreme OE.

CucreMa MOETBHBIX YPABHEHHUI B OCAX WHEPIUAIBHOI cucTeMbl KoopauHat O& nmeet
Byt (76). Pemenue 910i cucreMpl Ipu COOTBETCTBYIONIUX MHIOTE3aX O MOBEACHUU Y/IE/Th-
HOIl BHeNTHeil CHJIBI f¢ W yJeJbHON CHJIBI TATOTEHHS gg numeer Bug (77).

[Iponenypa periennust MOJeTbHBIX YPaBHEHH B 0OPATHOM HOPSIKe B TOUHOCTH MOBTO-
pdeT IpoleAypy Olpeie/IeHnus MOKa3aHuil HbIOTOHOMETPOB, II03TOMY HYJIEeBOI TeCT BCerja
BBIIIOJTHACTCA.

MonenbHble YpaBHEHNs 3alNCaHbl B npubopHoii cucreme Oz,
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CucremMa MOJEJbHBIX YpaBHEHUII B ocaX NpubOpHOil cuctembl Koopaunar Oz nmeer
B (101). Perrenne 9Toif cucTeMbl IPH COOTBETCTBYIONUX OTPAHUYEHUAX HA BEKTODBI
fz,w. u ¢° uveer sug (103).

Kaxk u npu pabore B unHepimaabHoii cucreme O&, HyJI€BOIl TECT BCEria BBIITOJHSAETCSL.

MogesbHBIE ypaBHEHHNS 3amucaHbl B reorpadugeckoii cucreme Ox.

CucreMa MOJEIbHBIX YPABHEHHIL B 0CAX reorpaduaeckoii cucremsl Koopauaat O mme-
er Bug (90). Tounoe penrenue 31oi cucrembl pu ¢HOPMYJIMPOBAHHBIX B COOTBETCTBYIO-
mem nyHkTe (11.2.3.2) npenooxenusix uvmeer Buj (91). Perenne MoesibHBIX ypaBHEHHI
Ha OTpe3Ke BpeMeHN [t;,t; 1] npejmonaraer onpejejeHne KOOPANHAT B MOMEHT BPEMeHN
tj+1. OnHAaKO, aJTOPUTM MHTErPUPOBAHUS MOJEIbHBIX YPABHEHUI HCIIOJIb3yeT 3HATCHHE
BEKTOpa MOBOPOTA Y, = w,At, KOTOPBIi CBA3LIBAET KOOPAUHATHI TOUKHA B MOMEHTBI Bpe-
Menn tj 1t . [Tosromy BeKTOp 7, Beerja MozKer ObITh BbIYUC/ICH TOJIBKO HIPUO/IMKEHHO U
peleHne MOJIeIbLHBIX YpaBHeHuii He Oy/1eT B TOYHOCTH HOBTOPATH UCXO/AHYI0 TPACKTOPHUIO,
KOTOpad Jiersia B OCHOBY (DOPMUPOBaHUsSI MOKA3aHHIl HLIOTOHOMETPOB, YTO He I03BOJIAeT
B IIOJIHOII Mepe 06eCHevnTh BBIIOIHEHUE HYJIeBOTO TeCTa.

OnumieM moCIeI0BATENLHOCTEH BHIYUCICHUN 118 peIleHHs MOJEILHBIX yPABHEHMI.

1. BerunciieHne BEKTOpa HOBOPOTA 7, HA MHTEPBaJie HA MHTEPBaJe [t;,t;11].
CHauaJjia BbIpa3MM BEKTOP HOBOPOTa reorpaduueckoil cucreMbl KOOPAUHAT 7, 4epe3 ro-
PU30HTAJIbHBIE KOMIIOHEHTHI BEKTOPa OTHOCHTEILHOI ckopocTu V, Touku M B MOMEHT
BpeMeHHd t;. [l 9TOr0 BOCHIOJIB3yeMCsl COOTHOIICHUEM, CBSI3bIBAIONTHM a0COTIOTHYIO H
OTHOCHTEJIbHYIO CKOpocTH TouKH (17):

Vi = v; — uRg cos @, Vo = v,. (128)

31ech reorpaduyeckasd IMAPOTA U JIOJTOTHBIH pajauyc KpUBU3HbI Ry OGepyTcs B Mo-
MEHT BpeMeHH ;. 3aTeM BOCIOIb3yeMCsI, IPeIBAPUTEILHO BHIYHCINB IIHPOTHBIH pajnyc
kpususubl Ry (10), coorromenusivu (20), CBSI3bIBAIOIIUME JTHHEHHBIE U YIJIOBbIE OTHOCH-
TEJIHLHBIE CKOPOCTH.

U3 dopmyiast (93) onpeensiercs: abCOMOTHAS YIJIOBas CKOPOCTh Wy, KOTOpasl CBsI3aHa
C UCKOMBIM BEKTOPOM 7Y, COOTHOIIEHUEM 7Y, = w,At.

2. Beraucisienne ckopocTu v, (tji1). st onpeenennst CKOpOCTH Uy (tj11) UCIOIb-
3yercsi pereHne MoJesabHoro ypasaenusi (91). st 9Toro, nokasanusi HHIOTOHOMETPOB
NePenpoeKTUPYIOTC Ha ocu reorpaduieckoii cucrembl koopauaar Or depe3 MaTpPHUILbI

A.(t;) m Au(t)):

3. IToBTOpHOE BBIYHMCJIEHNE BEKTOPOB Y, U Uy(tj+1). [1o BIUHCICHHOMY BEKTODY
vz(tj41) CHOBa MOBTOPSIETCSI MIPOTIELyPa OMPEIETCeHNsT BEKTOPA MOBOPOTA reorpadmaecKoii
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CHCTEeMBI KOODJMHAT 7, HaunHas ¢ cooTHomennii (128). Barem cuoBa mo dbopmyre (91)
ONIPEJIENISIeTCST CKOPOCTD Uy (t41). CllelyeT 3aMeTuTh, ITO JAHHBI ATTOPUTM MPEICTABIIs-
er coboit MeTo 1 Diliepa ¢ HepecteToM Jijisi YMCJIEHHOTO HHTEIPUPOBAHUSI.

4. Beruncienune reorpadudecKux KOOpIUHAT B MOMEHT 1;, . /lyia onpeesnenus
reorpaguvIecKoil MUPOTH U JIOJATOTH TOYKNA M UCHOIb3yeTcs IepBoe yPaBHEHUE CUCTEMbI
(90), perrerne KOTOPOTO COBIAJAET C PEIIEHNeM aHAJOTHYHOTO YPABHEHUS [Tl MATPHIIBI
A, (42). Bnag matpuiy A, (tj41), MOXKHO BEIMHCIUTD MATpuIy By (t41) (4):

B, = A, AL (130)

depe3 3JeMeHThl KOTOPOil onpejessitorcst reorpadudeckast mmpora (tj1) u gosirora
A(tj11) obbekTa (3):
b b
tanp = —-, tan \ = ——. (131)
bas 12
Jlnst onpeesiennst yriaa A HEOOXOAMMO YIUTHIBATH 3HAKW BeIUIWH b1 1 bys.
Bricora h(t;41), B coorBercrBun ¢ (94) ompezensercs 1o ciaeayomeii dhopmyse:

h(tjr1) = h(t;) + vs(tj41) At. (132)

C nesbl0 mpOBEPKHU paccMOTpuM mnpumep. B HadabHBIE MOMEHT BPEMEHU OOBEKT
(touka M) mmeer koopguHatei: ¢ = 60°c.nr, A = 0°,h = 100m. OObeKT MIaBHO
pasroHsieTcst JI0 MyTeBOii CKOPOCTH B MpopoanbHOM Hampasienun 100Mm/c u nanee nBu-
raeTcd ¢ MOCTOSHHON CKOPOCTBIO. YTJIBl OPHEHTAINN B HAYAJIbHBIII MOMEHT BpeMeHWU:
¥ = 20°9 = 1°,v = 10°. B Teuenne Bcero ABHKEHUS YIJIBI OPHEHTAINHE COBEPIIAIOT KO-
jebanus ¢ ammnrysamu Ay = 10°, Ay = 2°, A, = 4° u nepuonamu Ty, = 3.3c, Ty = 4.0c,
T, = 4.1c. Paccmorpum nBuzkenne Ha mHTepBasie BpeMenu i, — tp = 50mMuH. ¢ marom
At = 0.0lc. Ha Puc.1,2 nokasausl rpadpukn Beandnd a - Ay u a - AXcos @, KOTopbie
IPeJCTABIAIOT cODO0i PACXOXKIEHUS MEYKIY UCXOTHOM TpaeKTOpHeil U peleHneM MOJeThb-
HBIX ypaBHeHWiI B MeTpax. Buano, urto BesmunHa AN J0cTUTaeT 3HAYEHUS 3CM, UTO U
JIEMOHCTPHUDYET HEIOJIHOE BBIIIOJHEHUE HYJIEBOIO TECTA.

2.5.2 OcobeHHOCTN MMUTAIINN MOKA3aHUIT HBIOTOHOMETPOB

MopennpoBaHne MOKa3aHUI HBIOTOHOMETPOB U PEIIeHNE MOAEJbHBIX ypaBHe-
HHUil B PA3/INYHBIX CUCTEMax KOOpPAWHAT.

Ecyin MmoziesimpoBaTh mokazaHusi HbBIOTOHOMETPOB B MHEPIUAJIbHON WM TPUOOPHON CH-
cTeMe KOOp/IMHAT U pelliaTh MOJe/IbHble YpaBHEHHsS B TOI »Ke caMoil cucTeMe KOOp/IMHAT,
TO HYJIEBOU TecT Oy/ieT BBIMOJTHITHCA.
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Puc. 1: I'pacdpuk ommubku mecromnosoxkenuss Puc. 2: I'paduk ommdOKN MeCTOTOI0KEHUST
1o reorpadudeckoii mmpore Ap. o J1oarore AN,

Eciu MozemupoBaTh M0Ka3aHus HbIOTOHOMETPOB B OJIHON CHCTeMe KOODJMHAT, a pe-
aTh MOJCIbHBIE YpaBHEHHs B JPYroil, TO HYJEBOil TECT BBINOJIHATLCA He Oyaer — Io-
JIy4eHHOe pellleHue OyJeT OTIMYATLCA OT TPAEKTOPHBIX IAapaMeTpOB, IO KOTOPBIM OBLLIN
c¢hOopMHUPOBAHLI HEATbHBIE IMOKA3AHUS HBIOTOHOMETPOB. DTO 00CTOATEILCTBO BLI3BAHO
TeM, 4TO HpejcTaBieHHble GOPMYJIbI JIJIsi BBIYUC/IEHUI B HHepHuaJbHOil cucreme O, reo-
rpaduveckoii cucreme Ox u npudbopHOit cucreme ()2 MOJIYUEHbI TPU PA3HBIX TIPEIITOI0Ke-
HusxX. B caMoM Jiesie, Halpumep, BeKTOp f CoXpaHdeT cBoe Hanpabjenue u B ocax O, u
B ocax Oz TOJBLKO B TOM CJIydae, ecJi IpuOopHbIil TpexrpanHuk Oz HeIOIBUKeH B HHep-
nuaILHOM npocTpancTse. OIHAKO, TAKOH BapHaHT HEOOXOIUMO PACCMOTPETh, HOCKOJBKY
ajiropuTMbl Hapuranuonuoro cuucjienuss BUHC moryr pemarbes B 0CsX pa3HbIX CHCTEM
KOOD/IMHAT.

,ZI;.HH TOTO I‘ITO6BI MHUHUMU3UPOBATH PA3JIMYNA B TUIIOTE3aX, JieKallluX B OCHOBE BbI-
YHCICHAS MOKA3aHUiI HHIOTOHOMETPOB, CJIelyeT IPOCKTUPOBATDL YIACALHYIO CHIY [ W CHILY
tarorenns ¢° W3 OAHOI CHCTEMBI KOOPAMHAT B JAPYTYIO IPH MOMOIIM MATPHUIL OPHEHTa-
IIMH, COOTBETCTBYIOIIUX MOJOBHHE BEKTODA TIOBOPOTA 33 HHTEPBAJ BpeMeHH [t;,tj41], 41O
ABJISETCS, CBOEIO POJia, aHaJoroM MeToJa Tpallenuil unrerpuposanud auddepenyalib-
HBIX ypaBHeHuit. MOXKHO cuuTaTh, 4TO TAKUE MATPUII COOTBETCTBYIOT CEPEJ/INHE OTPE3Ka,
[t;,tj+1]. IlycTh 7, — yroa moBopora mpubOpHOii CHCTeMBI 3a HHTEPBAI [t}, 1,41, KOTOPBIii
onpejessiercsa u3 ypasaenus Ilyaccona (41) (em.m.2.2.1.), 7, — yros moBopora reorpadu-
YeCKOIl CHCTEeMBI, KOTOPBIH ompejensgercs u3 nepsoro ypapuenns (90). Torga maTpuist

A, (tj + %) uA, (tj + %), OTHECEHHBIE K CepeJinHe MHTePBaJla BPeMeHN, BEIYUCIAIOTCS
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qepe3 YIJIBL Y, U 7Y, 10 (popMy/IaM:

At
AN
A (+ ) =

Torna

[Ipu sTOM OTMETHM, YTO

At

(24
(£

sin =

2 Yo + 5 Yz ) Aw@j)?

71' xT

sin 2= 1 —cos2z
T S R R R

At

AT (t;+ =) = AT(t)) p_S%, + 24,2
z J 2 - 2z \"] Yz ) V= .

x 10

sin & 1—005”722@)
Yz ) ALt 133
- . ) (133)
At At
g, = AZ <tJ + 2) 3; <tJ + > 9z»
At At
f.=A, (tj + 2) r (tj + 2) . (134)
Yz Yz
1— Yz
cos (135)
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Puc. 4: I'pacduk omubku MecTonoa0KEeHUsI
o ocu O&;. Marpuna mepenpoeKTHPOBKH —

AZ(tj + %)
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Ha Puc. 3,4 npejcraBiennl /1jisi paCCMOTPEHHOTO BbIIe MpuMepa TpaduKu OmnOKn
MeCTOIOIOKeHus 110 ocu O&; TpH MOJICTHPOBAHUN MTOKA3AHWH HHIOTOHOMETPOB B HHEPITH-
asibHOM cucreme 1o dopmyste (80) u peneHHn MOJEJIbHBIX YDaBHEHUiT B 1PUOOPHOIT CH-
creme 1o dhopmysam (103) (17151 cpaBHEHEsI ¢ MCXOIHOI TPaeKTOpHeli Moy Y9eHHOe HaBHTa-
IIMOHHOE PeIlleHne TePerpoeKTUPYeTcs B nHepiuaabhyio cucremy O€). B nepsom ciydae,
yaeabHag cuia f U cuia TaroTeHnsd ¢° MpOeKTHPYIOTCS HPH HOMOITHE MaTPHI, OTHECeH-
HBIX K MOMEHTY BPEMeHN t;, BO BTOPOM — IIPH IIOMOIIU MATPHIl, OTHECEHHBIX K MOMEHTY
t; + %. Bujino, 4ro B 1epBoM ciiydae, pa3sHOCTb MeXKJIy MCXOJHOM TpaeKkTopueit u pe-
[IEHHEM MOJIEJIbHBIX YPaBHEHUI JIOCTHTAeT JECITKOB KUJIOMETPOB, TOT/Ia KaK BO BTOPOM
cJydae He MPeBBINIAeT HeCKOJIbKUX caHTuMeTpoB. [lo ocam O u O&;3 ommubku BeyT cebdst
AHAJIOTUYIHO.

Takum 006pa3om, pu paboTe B pa3HBIX CHCTEMAaX KOOPIUHAT HYJIE€BO TECT MOJTHOCTHIO
BBITIOJTHATHCST HE OY/IeT, OJHAKO, MPU HMCIOJb30BAHUU MATPHUI] OPUEHTAIINN, OTHECEHHBIX
K cepejuHe uHTepBasa [t;,t; 1], PA3HUILY MeXK/y MCXOAHON TpaeKTopueil u TpaeKTopu-
eif, TOJIyUYeHHON peleHrneM MOJIeJbHBIX YpPaBHEHUH, MOKHO MUHUMU3UPOBaTh. OTCHO/1a
cJIe/lyeT BBIBOJI, YTO Ha MPAKTUKE IPU PEHICHUH MOJEJIbHBIX YPABHEHUN HHEPIHAIbHOM
HABHUTAIUN MMOKA3aHUs HBIOTOHOMETPOB CJIE/IyeT TaK:Ke MPOEKTHPOBATH HA OCH OMOPHOI
CUCTEeMBI KOOP/IMHAT MPHU MOMOIIH MATPUIIBI OPHEHTAINH, OTHECEHHOI K cepe/InHe HHTep-
BaJla MHTErPUPOBAHMUS.

Sameuarue. Ormernm, 910 B paboTax M0 YHCJIEHHOMY WHTETPUPOBAHWIO yPABHEHMUIl
Hapurannu (Hampumep, [70]) mpu BBIBO/Ie peliennst MOIeTbHBIX YDaBHEHNU{T JeTaThHO Y-
THIBaeTCsd Bparienne npubopHoii cucrembl (Jz Ha MIare HHTEIPUPOBAHUS, YTO MPUBOJIUT B
COOTBETCTBYIOMUX (hOPMY/IaX K PSJIY JOMOTHUTETHHBIX caaraeMbeix. OTHECeHHEe MAaTpPWHIL
OPHMEHTAIMU K cepejinHe nHTepBaja uHTerpupoBanus (133) B npemiokeHHbIX B pabore
AJITOPUTMAX TAKKe 10 CYTHU TpeCcTaBsgerT cobO0il yder BpaIleHusl CUCTEeM KOOP/IWHAT Ha
UHTEpBaJIe WHTETPUPOBAHUSI.

3ameuyanus 006 0COOEHHOCTAX MOAEJINUPOBAHUSA BBHICOTHI.

[Ipu pemenun MOJEIbHBIX YPaBHEHUN BOZHUKAET OCOOEHHOCTD, CBA3aHHAs C HEYCTOM-
YUBOCTBIO BEPTHKAIBHOIO KaHasa. /JlaHHOe 00CTOATETbCTBO BHIHYK/IAET MPHUBJIEKATH JI0-
HOJIHUTEJIbHYIO HHGOPMAIUMIO O BbicoTe. IMEHHO, 103TOMY HCIOJb30BaHuEe (HOPMYJIbI
lenibmepTa j1j1s BBIYUC/IEHUS CUJIBI TSI2KECTH TpeJicTaBisiercs 6ojiee yJI00HBIM, T.K. BbICOTA
h B Hee BXOIUT SIBHO.

Ha camom jeJie, pasHOCTb MeKJy CHJION TSrOTeHHsl (CHJION TIzKeCTH), BBIYHCTCHHOI
o dopmysie (21), U CHIOil TATOTeHUs, BHIYUCIEHHONH ¢ TOMOMIBLI0 (opmysl [ebMepra,
ne npesbimaer 3 - 107*/c2. Ha Puc.5,6 mpeacrapieHbl cooTBeTCTBYIOMNe rpadbuku B
npoeknusax #Ha ocu Ory u Oxs. Cunnit nBer coorBercrByer BoicoTe h = (KM, 3e/1€HbII
— BoicoTe h = 5km, kpacubiii — Beicore h = 10km. Takum oOpa3oM mpu MOEIUPOBAHUN
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[IOKA3aHUil HbIOTOHOMETPOB Ha HeDOJIbIINe MHTEPBAJIbl BPEMEHH MOXKHO II0JIb30BAThCH,
BOODIIE TOBOPs, KaK (hOpMyJIaMi, HCIOJb3yeMbIMI B cinyTHHKOBOH cucteme I'JIOHACC
(21), rak u dopmy.oii lesbmepra (22).

Ag, [m/secz]
A 9, [m/secz]

-14 I I I I
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

¢ [deg] @[deg]

Puc. 5: Pasuocts Bblumciienusi pasubiMu  Puc. 6: Pa3HocTh BbIYUC/IEHUS] Pa3HBIMU
criocobamu cuabl Tazkectn 1o ocu Oxs. criocobamu cuibl Taxkectn o ocn Oxs.

2.6 MoaerupoBaHue TPAEKTOPHBIX IMTAPAMETPOB B MOJIAPHBIX Paii-
OHaX

3aa1a MO TMPOBAHUST TPAEKTOPHBIX MAPAMeTPOB JIeTATeIHHOTO alapaTa U MOKA3aHuil
HHEPIHAJbHBIX JaTIYUKOB B IOJAPHBIX 00JIACTAX BO3HUKJIA U3 MPAKTHKU adPOrpaBUMET-
PUYECKHX CHEMOK M CBgI3aHa C TE€M, YTO CYIIECTBYIOIIHE I'PABUMETPUICCKUE KOMILIEKCHI
mwiaTgopmentoro tuma, Hanpumep, GT2A, Yekan-AM, uMmer0oT 0cOOEHHOCTH aJrOPUTMOB
HaBUTI'allul 1 FI/IpOCTa6I/IJ'[I/I3aHI/II/I B BbICOKHX IIHPOTaX. HOCJ’[e,ZLHee CB4A3aHO C TeM, 4YTO B
toukax Cesepuoro u FOxxuoro Ilosrocos Heonpegenena goarora A u yrou Kypca . Kpome
TOr'O, IIPH JBHKEHNN 00BEKTA CTPOTO Yepe3 MOJIOC JTOJIT0Ta A U yIoJl Kypca 1) MEeHSIOTCs
ckaukoM Ha 180 rpamycos.

[TosTomy paspaborunkamu Kominekca GT2A ObLIO TpeaIozKeHo TOMOTHATEILHO UC-
1HOJIb30BaTh CUCTEMY Pa3HECEHHbIX CIYTHUKOBbLIX aHTEHH, KaK HCTOYHUK KprOBOfI nH-
dopmanum, 9TO NPUBEJIO K MOANMUKAIINK aJITOPUTMOB HABUTAINNA U CTAOUIM3AIHMU ITOTO
npubopa. /[7st TecTHpoBaHUs HOBBIX AJITOPUTMOB HABUTAIMU COOCTBEHHO U MOHAI00MIACH
3a/[a4a UMHUTAIIIA TPAEKTOPHBIX IapaMeTPOB B BBICOKUX IMHPOTAX.
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Bajadya CTaBUTCS CJAEAYIOMHAM 00pa30M: CMOJIEJHPOBATH COIJTACOBAHHBIE 3HAYEHUS
TPaeKTOPHBIX MapaMeTpPOB s TUIOBOIO JIBHKEeHHS 00bekTa. /I MMHUTAIUKM COrIaco-
BaHHbBIX TPACKTOPHbLIX IIapaMeTPOB IIpe/JlaracTCd CjeAyIollad ujied: uCilioJib30BaTb TUIIO-
Bble MMPO(UIN aIPOrPABUMETPUYECKUX CHEMOK B PallOHAX ¢ YMEPEHHBbIM 3HAYE€HUEM T'eO-
rpaduveckoit muporsl. 3atem "mepenectu ITM TpaekTOpuW B MOJSPHBIE paitonbl. [1pn
TakoM "mepeHoce' HyKHO aKKypaTHO YUUTBIBATH OCOOEHHOCTH TPAEKTOPHBIX M YIJIOBBIX
IapaMeTpOB HEIMOCPEJICTBEHHO B TOYKE IIOJIIOCA, 1€ 3HAYEHHUs JOJITOTHl U yIJa Kypca He
OlIpe/IeJIEHbI.

JLnst onpeeieHHOCTH paccMOTpuM 3aa4dy "nepenoca' Tpaekropun B paiton CeBepHO-
ro [Tosroca. 3agaum UCXOIHYIO THIIOBY IO TPAEKTOPHUIO TeorpadunyecKuMu KOOPINHATAME
©(tj), A(t;), h(t;) m yrnamu opuentanun ¥ (t;), V(t;),v(t;) ( =0,...,n).

Bamaua "mepenoca' TpaekTopuu paciagaeTcd Ha aBe momsagadn: 'mepenoc" xKoopmau-
HAT OObeKTa (C HEKOTOPOil peryispusanueil, 0 KOTOpoil OygeT ckazaHo HUKe) u "mepe-
Hoc" opueHTAIMu KOopiyca 00beKkTa. 31eCh He CTaBUTCH IeJb ONHCATh BCE BO3MOXKHBIE
pasyimaHbe MOAX0AbI K "'mepeHocy' THUMOBOW TPAaeKTOpUHU, a MPUBOIUTCS JIUIIb OIUH U3
BO3MOXKHBIX BapHaHTOB "mepenoca'" KOTOPBIA mpeacTaBIsgercsd JOCTATOYHO HALJISIHBIM.

Cuagasna paccmorpuM 3amady '"mepenoca" xoopauaar oobekTa. "llepenoc" TpaekTo-
pun 00beKTa BMECTe C COOTBETCTBYIOIIEH CeTKOM MOJIeTHBIX JIUHUN yI00Hee BCero mpej-
CTaBJISITH KaK MOBOPOT I'PUHBUUCKON cucTeMbl KoopauaaT On u mepexo/| K HOBO# 'PUHBHY-
ckoit cucreme On*. Takoii nepexo/1 10JI7KeH, BO-TIEPBBIX, 00ECIEeYUTh MEPEHOC TPACKTOPHH
B TOJISIPHBIH paiioH M mepexoi K MpomeRyTounoil cucreme On', a BO-BTOPBIX (9TO OI-
IIUOHHO), COJIEPZKATH PA3BOPOT TPAEKTOPUU BOKPYT OCH BDPAIICHHsI 3€MJIM HA YKeJIAEMBbIi
yTOJI.

[Tpu noBopore rpuHBHUCKOl cucrembl Koopaunar On Bcerja Haiijgercs rtouka K
(HeobsI3aTeIbHO TPHHA/JIEKAIAsT TPAEKTOPHU) ¢ TPUHBUYCKUME KOODAMHATAMH 7)f, KO-
TOpasi PN TAKOM TOBOPOTE MOTAIaeT B TOUYKY TMOJIOCA. BBIUUCIAM J0JITOTY A U T€0-
IeHTPUYeCcKyIo MupoTy ¢% Toukn K. Torma mepexoj K HOBoi rpuHBHYCKOl cucteme On
MOKHO 33JaTh CJAeAYIONel IelOYKOi MOBOPOTOB:

Ak vk Ak
On — — — O (136)
3 2 3

[eomerputeckuit CMbICJI JJAHHON MOCJ/I€I0BATETbHOCTH TOBOPOTOB TAKOB, YTO €CJIU Ta-
KM 00pa30M MOBEPHYTh 'PUHBUUCKYIO CHCTeMY KoopanHat, To Touka Ceseproro [losroca
N 6yner uMerb Takue rKe KOOPAMHATHI B HOBOH IPHHBHYCKOIl cucreme Koopauuar O7,
Kakne mmesa Touka K B cucteme On):

v = K- (137)
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Jlayee, KaK OBLIO CKA3aHO BBIIIE, MOYKHO BBIIOJHUTH PA3BOPOT TPACKTOPHH BOKPYT
OCH BpaIlleHus 3eMJId Ha YIoJ €. YKa3aHHBIH pa3sBOPOT COBEPIIAETCS IO CJELYIOIeMy
[IPaBUJIY:

€
on — On, (138)
v

rjie U — eMHAYHBIA BEKTOP OCH BpAIIEHUs 3eMJIH, KOTOpbIil B cucteMe On* mMeeT Koop-
quHaTh 7 = (cos Y% cos A\, cos % sin A\, sin ¢%-)7. Ormernm, uTo Beerga

NN = 1x = NK- (139)

Ecau passopor He cosepinaercs (¢ = 0), cucrembr On' u On* coBnaaor.

O6osznaunm uepes C' = C(Ag, ©%, €) MaTpuiy opuentanuu cucreMbl On* OTHOCHTEb-
1o cucrembl On. Borancsinm rpunsnuckue koopunarsl oobekra (touku M) n(t;) no dbop-
myaam (11). Torga rpunsuuckue koopiaunatsl n° (t;) Touku M "uopoii" Tpaekropuu B

paiione moJIroca BBIYUCTAIOTCA:
" (t;) = CT(t;). (140)

OrmeruMm, 9TO pajuyc-BeKTOp TOUYKEH M B paiioHe mojroca MeHbINEe, YeM IIPH JIBH-
JKeHHU B JIPYTOM paifoHe, MOITOMY BIIOJIHE €CTeCTBEHHO BBICOTY TPACKTOPHH B paiioHe
MOJIIOCA OCTABUTDH TAKOW Ke, KaK Y MCXOIHONH TPAEKTOPHH, T.e. MOTPEOOBATDH BHITOJIHE-
uue ycaosus h'(t;) = h(t;). dous sroro uepes rpunsudckue koopaunarst n° (t;) ciepyer
HTEPAIMOHHO BHIYUCIUTH reorpaduueckne koopaunarst ©F (t;), AT (t;), hF'(t;), 3arem 1o-
noxuth hY'(t;) = h(t;) u nocie 3Toro MOKHO CYMTATH KOOPIMHATHI IIOCTPOCHHOMN TpPaeK-
TOpUHU JIBUZKeHUs 00beKTa 33/ 1aHHbIME (rpuHBHUYCKEe KoopauHaTel n° (1) onpejesiorcs
MOBTOPHBIM IpuMeHenueM (opmyr (11)). YkazanHasg mporeaypa MOKET ObITh YCJIOBHO
Ha3BaHA peryJspusalueil nim corJacoBaHueM BbICOT.

Tenepp paccMOTpEM BTOPYIO MOA3aady - 3ajady 'mepenoca' opHeHTAIMH KOPIyCa
obbekTa. Opuentanusi 00bEKTa OTHOCUTETHHO JJIIUTICON/ 3eMJIN OMUCHIBAETCS MATPH-
neit B, — marpuneii opueHTanuu npubOpHOil cucrembl Mz OTHOCHTEIBHO I'PUHBUYCKOI
cucrembl On):

B. = LB,. (141)

[ToBopoT Kopmyca 00beKTa, aHAJOTHIHBII MOBOPOTY KOOPJAMHAT OOBEKTa, 00eCIednBaeT
COXPAHHOCTD TUIIOBOW TPAEKTOPHH, YTO BBIHYZK/IaeT "epeHOCUTh " OpUEHTAIMIO KOPILyCa,
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00beKTa UMEHHO ¢ IOMOIIbIO MaTpunbl B,. VIHbIMHU c/ioOBaMH, JIjis COXPAHHOCTH TPaeK-
TOPUU HEOOXOJIUMO MOTPEOOBATH, YTOOBI MATPHUIA OPUEHTAINN NPUOOpHON cucTembl M z
OTHOCUTEJILHO cucrembl On* coBaalia ¢ marpuneit B, ucxoanoit rpaekropuun. Toraa uc-
KOMasl MaTpUIla OPMEeHTAINU, KOTOpYIo obo3nauum uepes BL (t;), seruuciserca no dop-
MyJIe:

BE(t;) = B.(t;)C. (142)

Cdopmupyem 1o reorpadpuueckum xkoopaunaram ¢ (¢;), A\ (t;) marpuny BE(t;) (3) u
serancanM Marpuiy LT opumenTanun npuGopnoii cuctemsl Mz OTHOCHTEIBHO reorpadu-
qeckoit Mx:

LP(t;) = BL(t;) BT (t5). (143)

Yepes ssementst  marputibl  LT(t;)  Moryr ObiTh  HafijieHbl  YIVIbl  OpHEHTAIUH
VP (t), 97 (), 7" (t5)-

Samevarue. IIoCKOTbKY B TOUYKE MOJIOCA HEONPEIETEHBI J0JI0Ta A U yroJ Kypca 1,
HY2KHO OCYIIeCTBUTD peryndpusanuio. Hanpumep, eciu B MoMeHT ¢; Touka M HaxoauTcda
HA MOJTIOCE, TO MOYKHO TOJOXKHUTD:

A0(t) = AP (t-1), w7 () = o7 (t-0). (144)

Pemenne 3amaun "mepenoca" THIOBOI TPAeKTOPUHU IOJHOCTHIO OIHCAHO.

Kparko o6cyauM BbIUMCIeHRE TOKA3aHUH HHEPIHAILHLIX 1aTInKOB. [Tokazanusa Hbio-
TOHOMETPOB y/I00HEe BCEro BBIYHCIATH B WHEPIMATLHON cucteme Koopauuat Of (cM.
11.2.3.1.), HOCKOJIbKY KOODJMHATHI B MHEPIHAJLHOM CHCTeMe He HMeIT OCOOeHHOCTel B
Touke nosoca. Jljist 310ro Heo6xoauMo noyunth Koopaunatst ' (t;) roukn M B unepu-
AJIbHOIT CHCTEeMe ¢ HOMOIIBI0 MATPHILBL Ag(tj) (3) u 3aaTh HAYATIBHBINA BEKTOD CKOPOCTH
ve(to).

Zameuarue. MoKHO MOKa3aHUs HHIOTOHOMETPOB BBIUHC/ISITH U B TPUHBUUCKOMN CHCTEME
koop/uHar. CoOoTBeTCTBYIOIIME MOJE/]d B paboTe He ObLIM ONUCAHBI, MOCKOJIbKY OHHU He
PEJICTaB/ISIOT OTAEeJBHOIO HHTEpPEeCa.

Jljst onpejiesiennst oKa3aHuii TUPOCKOIOR ciejiyeT Bhiuncauth marpuin AL (¢)):

Al(t5) = LY (t;) AL (t)), (145)

e marpunpt AP (t;) onpemensiorcs no (3,4) uepes reorpaduueckue KOOpJAUHATHI
O (t;), AP (t;), a marpuupt LY (t;) — uepes yrunt opuentamuu o (¢;), 97 (t;), 77 ().

[TokazaHus THPOCKOIOB BBIYHCISIOTCS AJITOPUTMOM, DACCMOTPEHHBIM B COOTBETCTBY-
omeM paszene (em. m.2.2.1.).
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[Tpumep. 3amaauM aBuzkenune o6beKTa BOIU3M KBaTOpa caeayorum obpasom (Puc.
7). O6beKT JBUTAETCS HA NOCTOSHHOI BhIcOTe h = 0 cHavYaia BIOJb Mepuauana A\, (k =
0,...,8) Or 3HAYEHUST MMPOTHI —Qo JI0 3HAYEHHs HIUPOTHI Pp, 3aTEM IJIABHO I1E€PEXOJUT
Ha gapyroit mepuanan. [Ipu aBuzkennn no k-my mepuanany reorpadudeckne KOOPIUHATHI
MEHSIIOTCSI TI0 CJAEAYIOMEMY 3aKOHY:

p(t) = (=1 [=po + vt = 1})],  At) = Ao- (146)

Biech g = A\g = 16/, v¥ = 0.1'/c, t € [t},t;]. Bpems apukenns BioJb MepHIMAHA
coctanyiseT 320 ceKyH, BpeMs Tepexojia ¢ OJHOTO MepuamaHa Ha Apyroit — 60 cexyH.
Torma

th =380 - k, © =380 k+320, t,—to=9-320+8-60=3200.  (147)

3akoH nepexoja ¢ k-ro mepuanana Ha (k 4 1)-it 3amuceiBaercst Tax:

) t—t5
p(t) = (—1)*[go + Ay sin ﬁﬂa
k+1 L
k—4 Ay Al t—1f
At) = Ao+ —— — _— 148
(t) 1 o+ 5 QCOStZH—tZW’ (148)
Bneco A, = Ay =2/, t € [t5,th_,].
3a1a UM 3aKOHBI JIjI U3MEeHEeHHUsI YIJI0B OpHEeHTAIIHH:
'(ﬁ(t) = Aw SiH<W¢(t — to)), 19(75) = A»ﬂ sin(wﬁ(t — to)),
y(t) = A, sin(w,(t —to)). (149)
st oupejesienHocTH BBeJdeM ciejiyioliue 3HadeHusi napamerpos: Ay = 20°, A4y =

10°, A, = 5°,wy = 0.1mpan/c, wy = 0.3mpax/c, w, = 0.5mpax/c.

BameTnm, 9TO CpeaHssT TOUKA 33 [aHHO TPaeKTopuu nmeeT Koopamaathl ¢ = 0, A = 0.
OcymecrBum "mepenoc" TpaekTopum B pailOH BBICOKHX IIHPOT TAKAM 00pPa3oM, ITOOBI
cpemHssa TOYKa Tpaekropuu npuxommnach Ha Cesepubiii [Tomroc. s sToro ciemyer co-
BEpIINTH MOBOPOT BOKPYT ocu Ony 1o dacoBoit crpenke Ha yroa 90°. BekTop moBopora
umeer komnouentol I, = (0,1,0)7, a coorsercrsyomas emy marpuia nosopora C 3aiu-
CBIBAETCS CJIELYIOIIUM 00pa30M:

—1

0
1 0 . (150)
0

0
C=10
1 0
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Sameuarue. ITockoabKy B JaHHOM HpuMepe "mepeHoc' TpaeKTOpHH COBEPIIAeTCS IIy-
TeM oBopoTa Ha 90°, peryisgapu3aiius, CBI3aHHA C COTJIACOBAHUEM BBICOT, 3/1€Ch JOCTUTA-
er HauboJiblell BeJinuunbl. Kcjm y nexoHoit TpaeKTopun B paiione 9KBaTopa paccMarpu-
BaJIach mocrosiaHasi Boicora h = (0, To y TpaekTopuun nocjie "meperoca' 6e3 perysaspusanun
seicota hf’ Gyner mpencraBiarh coboit PA3HUIYY Me¥KIy SKBATOPHAJLHBIM M MOJISPHBIM
pajmycamu 3emitn (0Kosto 21KMm).

0.3 T T T T T T 90.1 T T T T T T T

90.05 q

90 q
0.11 q 89.95 4
89.9r 4

89.85 q

ddeg]
¢[deg]

89.8 1 q

—02} ] 89.75} ,

89.65 q

~0.4 . . . . . . 89.6 . . . . . . .
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 -200 -150 -100 -50 0 50 100 150 200

Adeg] AP[deg]

Puc. 7: Tpaekropus, 3amanHas B paiione 3k- Puc. 8: Tpaekropusi, "mepenecemmas' B
BaTOPA. paiion Cesepuoro Ilosoca.

Ha Puc. 8 u3zobpazkena TpaekTopus, IOJYUeHHas B pe3y/jbTrare nepeHoca. V3 rpa-
bHUKOB BUIHO, YTO BOJHM3HU IOJIOCA OUEHBL OBICTPO MeHseTcs A0Jarora A. TakzKe OBICTPO
MEHSETCS YyroJl Kypca 10, 9TO MOATBEPKIAeT HEKOPPEKTHOCTH IMEPEHOCA TPAEKTOPUU B
MOJISPHBIN PAiOH IyTeM IepeHoca YIJIOB OPUEHTAIMH WM reorpapuuecKux KOOP/IMHAT.

3 TecrupoBanme ypaBHenuii ommbokxk bITHC

Ha npakTuke ucro/ib3yorcst pasJjimdHble BU/Ibl JMHEHHBIX ypaBHEHUH OMNOOK, Pe/JI0-
JKeHHbIe pas3HbIMU aBTopamMu. Kaykaast Mojes b OMmMOOK IpejacTraBiser coboil JauHeapu-
3aIUI0 PeAJTbHON TpaeKTOpUH 00beKTa B OKPECTHOCTH MO/Ie/IbHOM TpaekTopuu. Obactb
NPUMEHIMOCTH KazKJjioit Mojesn ypaBuenuit omuboxk BUUHC obycnoBnena, ¢ oaHoit cTo-
POHBI, XapaKTepoM IBU:KeHHsS O0beKTa, a ¢ APYroil cTopoHbl, maroM At W YHCIeHHBIM
MeTOJ0M MHTeIPUPOBaHUA MOJEJbHBIX YPaBHEHHI.
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OmnumremM 3aja4y TeCTUPOBAHUS TOYHOCTU JUHEHHLIX ypaBHEHHH Mojean OImuboK
BUHC. PaccMoTpuM HEKOTODbIHi HHTEpBas BpeMeHu [to, t,]. YeIoBUMCS paccMaTpuBaTh
T0J1bKO ropusonTasibuble Kanasibl BIUTHC, cunrast, uro uudopmanus o soicore h(t;) u Bep-
TukaiabHOil ckopoctu Vi(t;),7 =0, ...,n, u3sectra. CyThb 3a/a4i T€CTUPOBAHUS CBOANTCS
K CJIEJIYIOIIEMY.

BaauM HavaJbHble 3HAUEHHS TPAEKTOPUH 00'beKTa, KOTOPBIE YCJIOBUMCS HA3bIBATH
rounbiMu: (1), A(to), Vi(to), Va(to), ¥ (to), 9(to), ¥(to). Bamaaum Ha KazkKJIOM HHTepBaJe
spemenu [t;,t;41],7 = 0,..n — 1 TOYHble 3HAYEHMsI LOKA3AHUN I'MPOCKONOB W, U HbIO-
TOHOMETPOB f, U C MX IIOMOIILIO BBIYUC/IUM TPACKTOPHbIE apaMeTrpbl 00bEKTa Ha BCEM
unrepsase Bpemenu p(t;), A(t;), Vi(t;), Va(t;), ¥ (t;), 9(t)),v(t;), j =1, ..., n.

Baa1mm Apyrue HAYATbHbBIE 3HAYEHUSI TPAEKTOPUN oObeKTa
O (to), N(to), V{(to), Vo (to), ' (to), ¥ (to), v (to), KOTOpBIE YCIOBUMCSI CUYUTATH  OIIH-
GouHBIME M OyJZeM Ha3bIBATh MOJENLHBIMU. BBemeM TakyKe MOJCIbHbIE 3HAUCHHIT
HOKa3aHUii THPOCKOIIOB U HBIOTOHOMETPOB:

W= w, — v, fl=r+Af, (151)

e v, — Bekrop jpeiidoB rupockonos, Af, — BEKTOp MNOIPENIHOCTEl HBIOTO-
HOMETPOB. BblumcjimM ¢ MOMOIIBIO MOJEJIbHBIX TOKa3aHWil WHEPIUAJILHBIX JaT4du-
KOB MOJe/IbHbIEe TpPaeKTOpPHble MapaMeTpbl OObeKTa Ha BCeM HWHTepBajie BpeMeHU
@l(tj)’ X@j)? Vll(tj)v VQI(t]')’ w,(tj)> ﬁ,(tj% P)/(tj)a J=1..,n

Brenem oboznavenus mis omubOK MOIETBHON TPAeKTOPUH B KayKIbIii MOMEHT BpeMe-
Hu t;:

Ap = ¢ —p,  AX=XN -,
Ay = ' —v, A=V -0,  Ay=9-7.

Hamnee pemaercsa uccieayemMast CUCTEMa ypPaBHEHWI ONMIMOOK, BXOAOM ISt KOTOPOii
ABJISTIOTCs Havdasbhble omuOoku Ap(to), AX(to), AVi(to), AVa(to), A (ty), Ad(ty), Avy(to) u
HOrPENIHOCTH M3MEPeHUil MHepIHAIbHBIX TaTINKOB V., Af,. CpaBHeHHe pelIeHus ypaB-
HeHuii OmubOK ¢ IMOJYICHHBIME PaHee STUMH YKe BeJIUIMHAMHI — NPAMBIMA PA3HOCTAMU
MEK/ly TOUHBIMU M MOJIEJIbHBIME 3HAYEHUSAMH TPAEKTOPHBbIX napamerpos (152) — u nos-
BOJIAET CYJUTH O MPUEMJIEMOCTH UCCIeLyeMON MOIEIN ypaBHeHN| OmuboK.

PaccmoTpuM 0/{HY U3 BO3MOXKHBIX Mojieseil ommu6ok. Hazosem Mogenbhoit Touky M’ ¢
koopauuatamu (', ') h). Tloctpoum st touku M’ reorpadudeckyro cucTeMy KOOD/IHHAT,
u oboznaanMm ee Oy*. HazoseM MozmenbHOiT MaTpuily opueHTanuu L', KOTopas BBIYUCIS-
ercst 110 (6) uepes mojesbubie yruibl ¢, ¢, 7. BBegem MojesibHYI0 CHCTEMY KOODMHAT
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Oy cnexyromuM obpa3oM. B Hada bHBIE MOMEHT BpeMeHH t; OHa CBS3aHA C CHCTEMOIl
Oy® marpurneit L'(tg), a gamee Bpamaercs ¢ abCOMOTHON yII0BOii CKOpOCThIO w.,. CucTe-
My Oy”® HasoBem KBaszuMmoe/ibHON. HazoBem kBaszunpuboproii cucremy koopaunar Oz,
KOTOpas CBaA3aHa ¢ npubopnoii cucremoit Oz marpuneit L'', t.e. nas moboro sexTopa |
BBITIOJTHSIETCST COOTHOIIeHHe: [ = L' 1.

O6osznaunm depes o, = (o, s, a3)’ BeKTOpP MaI0ro moBopoTa KBa3unpuOOPHOi cucTe-
Mbl Oz% oTHOCHTEMbHO Teorpadguyeckoit Ox, uepes 3, = (31, B2, B3)T 0bozHaunM BekTOp
MaJIOTO [OBOPOTa KBA3UIPUOOPHOH cucreMbl Oz% OTHOCHTEJIBHO KBa3uMojebHoit Oy”.
Torna B jmmHEHOM TPUOJIMKEHUU BEKTODP MaJjIOr0 MOBOPOTA KBA3UMOJIEJIHHONU CHUCTEMBI
Oy” orHocuTebHO reorpadudeckoit Ox OygaeM MpeacTaBasaTh CO00H Pa3SHOCTD vy — ;.

Baegem noamyio ommbKy MecTononokenns Ay = (Ayr, Ay, Ays)? crexyrommum o6pa-
30M:

Ay =y" —y", (153)

rae y* — koopaunarsl Touku M B cucreme Oy”, y'* — koopaunarsl Toukn M’ B cucreme
Oy®. Beenem muHaMuYecKyio ommoKy ckopoctn 0V, = (6Vi, 6Vs, 6Va)T:

Ve =Vy5e = Vie, (154)

e V. — BeKTOp oTHOCHTebHOM cKopocTn Toukn M’ B cucreme Oy”, V.= — BeKTOp OTHO-
cureibHOI ckopocTu Touku M B cucreme Oz”.

ILIIH BBEJECHHBIX HaMM IMO3UIMOHHBIX, CKOPOCTHBLIX W YIJIOBBIX OIHI/I6OK 3allumieM 3a-
MKHYTYIO CHCTeMbI JTMHEapU30BaHHbIX [uddepeHnnaibHbiX ypapHeHuit [24]:

Ay = Ay, + 6Vi + G5V,

Agy = Ay +6Va — B3V,

Vi = —asg+ (5 + 2u3)0Vo + Afey — <— (()q + A@”) uh + sz;),) Vs,

Vo = aig— (U + 2uy)Vi + Afoes + (— <a1 + AayQ) 5+ uzz?,) Vi, (155)
ap = —(SGVQ + wiag — Ufo,Aayl — Uy + Va1,
Gy = (5@‘/1 — whoy —ugA(ZZ/Q+u'1ﬁ3+yzzg,
By = whoy —whog + ngayQ + wiAayl + Va3,

Baech wi, i =1,2,3 n ) — KOMIIOHEHTBI, COOTBETCTBEHHO, aBCOMIOTHONW W OTHOCHTEIHHOI
YIJIOBO CKOPOCTH KBa3MMO/IeTbHOrO Tpexrpantnka Oy”, u) = ucos ¢, usy = usin ¢’. Boi-
YHCJIUM HAYAJbHBIE YCJIOBUS B MOMEHT o jiJist cucTeMbl (155) mo caemyromum dhopmyiaM,
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CBA3bIBAIOIINM BBEJICHHDBIC OIMNOKHN C TOYHBIMH U MO/JEJIbHbIMHU 3HAY€HUAMN KOOPJAHWHAT,

CKOpOCTel U YTJIOB OpUEHTAINN:

Ay aA) cos @,
AyQ CLAQO,
Q1 A~y costsiny — Av cos i,
Qg —Avycostcosp — A sin ), (156)
03 —Ay — Avysind — Adsin g,
Vi = AVi— (B + AXsing)Vs + asVi,
Vs AV, + (B3 + AXsin p)V) — a V3.
Permim cucremy ypaBHeHMi omuboOK (155) c BbIYHC/ICHHbI-
MU HaYaIbHBIMU 3HAUCHUAMU. [Tosryuennoe pemenue 0003HATNM:
Ayr(t]’)v Ay;(tj)v 5‘/1*(tj)v 5‘/2*(tj)’ O‘T(tj)v O‘;(tj)> ﬁ;(t]’), rae j =0,...,n.
Boipasum omubKu MojebHON TpaekTopun u3 (156):
A
AQO ﬁa
a
A
AN Y1 ’
@ cos @
AV, = 6Vi+ (Bs + Asing)Vs — asV,
AV, 6Va — (Bs + AXsin o) Vi + ay Vs, (157)
A —Qu1 COS Y — iy Sin Y,
Qq sin Y — ap cos Y
Ay ,
cos
Ay —03 — Avysind — Al sin .
u BBITHCTAM OIEHKHI ommnboK MOJEJILHOM TPACKTOPUN

A(p* (tj)v AN (tj)v A‘/fk (tj>> A‘/Q* (tj)v A¢* (tj)ﬂ Ag* (tj)v Afy* (tJ')a

IIEHUIO CUCTEMbI ypaBHeHuii omm6ok (155).
CpaBHeHne STHX BeJWYUH C TOYHBIMH 3HAYEHUSMH OMIMOOK MOJEJbHON TpPaeKTo-

COOTBETCTBYIOIITHE pe-

pun Ap(t;), AXN(t;), AVi(t;), AVa(t;), Ay(t,), Ad(t;), Avy(t;) mo3Boager cyauTh 0 TOM, Ha-
CKOJIBKO JAHHAS CHCTeMa yPaBHEHM OMIMOOK MPUTOIHA IS UCIIONIb30BAHUS IS JAHHOIO
KJIacCa JBUKCHUIT IpU BBIOPAHHOM IIare MHTErpUpOBaHUA Al U METOAe YHCAEHHOTO HH-
TerpupoBaHusd. yKa3aHHbH71 aHaJIN3 PEKOMEH/yeTCd IPOBOAUTDL AJid OHEHKU CTEIIeHU IIPpU-
T'OAHOCTHU W MHDBIX MO,ZLeJIeI'?I ypaBHeHI/Iﬁ OH_H/I6OK N YUCJI€HHBIX METOJ0B MHTEI'PUPOBAHNUA.

B kadectBe mpuMepa paccMOTPHUM JIBHZKEHHE, OIMMCaHHOE B 11.2.5.1. 3a/J1auM CJieyio-
e HavYaIbHble 3HAYeHHs OIMUGOK MojenbHoil TpaekTopun: Ap(ty) = 0.0001°, AX(ty) =
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Puc. 9: Peammzamun Ap(t) n Ap*(t). Puc. 10: Pasnocrs peamuzanmii Ap(t) —
Ap*(t).

0.00005°, AV;(ty) = 0.08m/sec, AVih(ty) = 0.01lm/sec, Ap(ty) = 0.5°, Ad(ty) = 0.15°,
Av(tg) = 0.1°.

Ha Puc.9 npusenenn rpadukn peammsamuit Ap(t) u Ap*(t), na Puc.10 — ux pas-
HocThb. Ha rpadukax BuIHO, UTO OIIMOKA B ONpEIeJIeHHH YIJIa Kypca ODOUMHE CIIOCODAMMU
jpocrurana 10 yrioBbIX CEeKYHJ, B TO BpeMsi KakK Pa3sHOCTHh OmubOK He npesbimana 1%
or ux Bejuund. Ha Puc.11 npusejen rpacdux peanusanuu A)(t), na Puc.12 — pasnocrs
A(t) — AY*(t). Omnbka B onpejeaeHnn yria Kypca oboumMu crocobaMu cocrasigia 30
YIJIOBBIX MHHYT, TOIJIa KaK PasHOCTh OmuO0K He npesbimana 0.5% or ux sBenudum.

4 Beramcienne mokKa3aHWIT MAeaJbHBIX MHEPIHAJIbHBIX
JaTINKOB MPN KaJINOpPOBKeE

Kanubposka 610Kka nHepnuaabHbIX gaTunkoB BVIHC gaBiasercs HeoTbheMJIeMbIM TEXHO-
JIOTMYECKUM dTAIOM, IIpeJBapdioniuM paboTy HaBUTAIMOHHON cuctembl. Llesibio 3a1auu
KaIII/I6pOBKI/I ABJIAETCA OIlCHKa IIapaMeTpOB MO,Z[eJ'[eI';I NUHCTPYMEHTAJIbHBIX HOFpeIHHOCTeﬁ
BUHC, K KOTOpBIM B IIepBYIO OYepe/ib OTHOCITCS: CMelleHne HyJjieil HbIOTOHOMETPOB, I10-
CTOSTHHAS COCTABJISIONAs JIpeiipoB I'MpPOCKOIIOB, MOIPEIIHOCTH MACIITA0OB M B3aMMHBIX
MIEPEKOCOB THPOCKOIOB M HBIOTOHOMETPOB. CYIIECTBYIOT pa3/JUIHbIe METOIUKH KaJIiO-
POBKH W Pa3JIMYHbIC aJIFOPUTMBbI, ITPpE/JHA3HAYCHHbIC [IJId OIEHKHW MHCTPYMEHTAJIbHbIX I10-
rpemtnocteit. Ijis TectupoBanus aJiropuTMoB KaJauOPOBKU HEOOXOAUMO YMETh IPABUIHLHO
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Puc. 11: Peamuszarmus Ai(t). Puc. 12: Pasnocre peanmsanmii Ay(t) —
AY*(t).

UMUTUPOBATH NMOKa3aHUA MHEPIUAJIBbHBIX JaTYUKOB. Baﬂaqa NMHUTaIllnn NOKa3aHUM nHEp-
IUATBHBIX TaTINKOB npu Kanubposke BUHC saBisercs akTyaslbHOIl W ee PEIIeHHIo mo-
CBAIIEH JaHHbIl pa3aen. OTMeTuM, 9To B paboTe JI/Isd ONpe/IeIeHHOCTH 38 OCHOBY OepeTcs
MEeTO/INKA KaJTUOPOBKH, m3n10xKeHHast B [21], [36].

ﬂﬂﬂ TECTUPOBaHUA AJITOPUTMOB KaJII/I6pOBKI/I7 HeO6XO,ZLI/IMO UMUTUPOBATH NHOKA3aHUA
UHEPIHAJIbHBIX JIATYMKOB, YUUTBIBas Cjieayionue (pakTopbl, KOTOPbIe MOXKHO YCJIOBHO
110/Ipa3/IeJIUTh HA PYIIIbL:

L4 CO6CTB€HHO, UHCTPYMEHTaJIbHbIE HOTI'PEITHOCTH MHEPIUAJIbHBIX JATYUKOB, II€pEeYnucC-
JIEHHBbIE BHBIIIIE. OI_LeHKa nmapaMeTpOB MHCTPYMEHTAJbHBIX HOFpeHIHOCTefI N ABJIAETCA
[IeJIbI0 KaJTnOpPOBKI.

o Pasnecenne YYBCTBUTEJIBHBIX MaCC HBIOTOHOMETPOB APYI' OTHOCHUTEJIBHO Jpyra u
OTHOCHTEJIbHO OCH BpallleHud CTeHIA.

e Omubku mporeypsl KaTuOPOBKU, K KOTOPBIM OTHOCATCS, B IEPBYIO 0YePe/ib, YIJIO-
Bhie omubku pacrnosoxkennss BUUHC wa kaanbpoBouroM crem/e.

[Tpu onucanuum mojieseit KajiubpoBku OYAeT UCII0JIH30BAHO HECKOJIBKO CUCTEM KOOP/IU-
HAT, IO3TOMY Cpa3y YCJIOBHMCsS BCe MaTPUIbl B3aUMHON OpHeHTaluuu 0003HAYaTh depe3
C c gyma mmkanMu nagekcamn. Obosnadenne C, Bcerga Oyaer ompeaessaTh MaTPHILY
opuenrtaiuu cucreMmbl Os (M s) oraocurensao cucremsr Op (Mp).
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4.1 Omnmucanue Iponeaypbl KaJanbpoBKHU

B coorsercrun ¢ [21], |36] uporece KaaubpoBKu BKIOYAET B cebsi HEKOTOPOE KOJTHYECTBO
MUKJI0B, B Kaxk10M u3 KoTopbix BUHC Tem win nabiM 06pa30M MOMEIAeTcst Ha OJHOCTe-
nenroM crenjie. B [36] pacecmarpuBaercst yacTHBIN caydail, Korga KaanOpOBKa COCTOUT U3
TpexX NMUKJOB, B KaxKJoM u3 KoTopuix BVHC momerntaercs Tak, 9To0bI OJHA U3 ee oceii
COBIIAJIaJIa O OCBHIO BpallleHus cTeHaa. TakuMm obpa3oMm, BOKPYT Kaxkjaoi u3 oceit BUHC
Oy/ZieT COBEPIIEeHO BpallleHNe B OJHOM U3 TpeX MUKJIOB. [l ompeseIleHHOCTH MOYKHO CYUH-
TaTh, YTO B IEPBOil IUKJ/E BpallleHue MMPOUCXOJUT BOKpPYr ocu M zi, BO BTOPOM BOKpPYT
ocu Mz, B TperbeM BOKpPyT ocu M z3.

Jlaee OyxyT omucaHbl COOTHOIIEHUS s OOIIETo CJIydasd, KOrjia B PAMKAX OTHOTO ITHK-
na, BUHC nomeraeTcss Ha cTeH/ie TPOU3BOIbHBIM 00pPa30M, a 3aTeM UX KOHKPETU3AIIUS
JUTSL BBITIIEYKA3aHHOTO YACTHOTO CIydas.

CasizkeMm co creHgoM cucreMmy koopgauuat Mt, tak 910 ock Mty coBmasaer ¢ 0Cbio
Bpamienus crerga. Cucrema koopawaar Mt momydaercss u3 reorpaduveckoil cucreMmbr
Mx nByMSs MOBOPOTaMHU:

Az El
Mz —  — Mt (158)
3 1

Buech Az — yroa asumyra, a El — yroa Bossbinenns. KaanubpoBKa 0CyIIECTBIAETCS Iy TEM
BpAIlleHHus CTeH1a BOKPYT ocu Mty ¢ HEKOTOPOi yriioBol CKOPOCTBIO wy(t). OOBIYHO 0Ch
BpallleHus CTAparoTCs CieJlaTh TOPU30HTAJIBHOM, T.e. CTapaloTcd JOOUTHCS TOTO, UTOOBI
yroJl BO3BBIIIEHUs [ OBLT MaJbIM, OJHAKO, 3TO HeoOg3aTenbHOe TpebOoBaHUe, MOITOMY
oba yraa Az u El 6yuem cuurarh orudHbiME OT HyJisi. COOTBETCTBYIOILYIO MaTPHILY
opuenTaruu cucreMbl Mt oTHOCUTE/ILHO reorpadudeckoit cucrembl M x Gyiem 0603HaYATH
qepe3 Cy, u:

cos Az sin Az 0
Cip = | —cosElsinAz cosElcosAz sinEl | . (159)
sin Elsin Az —sin Elcos Az cos El

4.1.1 OO6mwmit cayuait pacnosoxkenus BUIHC na crenae

B obmiem cirydae, opueHTanuo npubOpHOii cucteMmbl M z OTHOCUTE/IHHO CTEH/Ia B HAYAIb-
HBIIi MOMEHT BpeMeHH t( 3aJaIiM TpeMs YIJIAMH OpPHeHTAInun Vg, Uy U

Uy (1 Vi
Mt — — — M=z (160)

3 1 2
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Yepes ¢, obo3HauuM yroa Mexkjay ocbio Mts m npoeknueir ocu Mzy Ha IJIOCKOCTH
Mtqty. Hepes ¥, obosHaumm yroa mexkay ocbio Mz, m miaockoctbio Mtity. Yepes
0003HAYNM yToJ1 HOBOpOTa MIOCKOCTH M 2923 BOKpyr ocu M zs OTHOCHUTEIBHO IJIOCKO-
¢t Mt3zo. DTH yriibl aHAJOTHYHBI yIJIaM OPHEHTAIUd O0beKTa: yrjaaM Kypca, TaHTarKa,
u kpena. Torga no ananornu ¢ (6) nveem:

coS Y cosy; — siny sinddy sinvy;  sin v, cos vy, + cos Y sind; siny;  — cos vy siny,
C(tg) = — sin vy cos ¥ cos 1y cos Uy sin (161)
cos Uy siny; + sin ¢y sin ¥ cosy;  sin ¢y siny; — cos Yy sindy cosy;  cos ¥y cos vy

Samevanue. 30ech U gajiee o1 MOMEHTOM BPeMeHH ty TOHNMAETC s Ha9aIbHbIif MOMEHT
KOHKPETHOI'O MUK/ KaJUOPOBKH.
Beesem yros moBopota crerga x(t):

t

(1) = / wo(r)dr. (162)

to

BBeseM cOOTBETCTBYIONLYIO 3TOMY IIOBOPOTY Marpuiy I,:

cosy 0 —siny
I, = 0 1 0 . (163)
siny 0 cosy

Torpa marpuna opueHTaIu MPUOOPHOI CUCTEMbI OTHOCUTEILHO CUCTEMbI, CBSI3aHHOMN
CO CTEHJIOM, B NMMPON3BOJBHBIII MOMEHT BPEeMeHW ¢ TPUMET BU/I;

C(t) = Cu(to) L () (164)

Marpwuna opuentanun L npuboproii cuctrembr M 2z oTHOCHTEILHO Teorpadudeckoit Mx
BBIYHUCISIETCS 10 (hOpMY.Ie:

L - Cztctx. (165)
4.1.2 Yactuslii cay4ait pacnonoxkeaua BUUHC na crenzae. Tpu nukia kaanb-
poBKu. Marpuiia opueHTaInn

Korya cosepmiaercsi Bpaiiienue BOKpYTr BTOpoii npubopuoit ocu M zo npubopHasi cucrema
Mz B njeajqbHOM CJydae COBIaJaeT B HadabHbI MOMEHT Bpemenu ty ¢ cucremoit Mt.
B aByx apyrux caydasx cucrema Mz MoxKeT ObITH NojydeHa w3 cuctembl Mt mapoii
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moBopoToB. Korma cucrema Bpalmaercs BOKpPYD IEepBOi ocHu, T.e. coBmajator ocu Mty u
Mz, IenoYKa MOBOPOTOB BBITVISIUT TaK:

Mt Mz, (166)

w lwm
= lw\:\

KOT/Ia BpallleHue IPOMCXOIUT BOKPYT TpeTheil MpubopHOil ocu, T.e. coBnaaaior ocu Mty u
M z3, IeI0YKa MOBOPOTOB UMeeT BUI:

—  Mz. (167)
3

SIE]

Mt

|
| ok

MaTpuIisl 9THX HOBOPOTOB 0603HA4NM, cooTBercTBerHO, Yepes 1M uw IG) i zamumenm
UX BbIPpaKEHUSI:

01 0 00 1
IW=1o o0 1|, 1I®=[]10 0]. (168)
1 00 01 0

Marpuny opueHTaruu mpuOOpHO cucTeMbl Mz OTHOCHTETBHO CHCTEMBI KOOp,ILI/IHaT
Mt, cBg3aHHOR CO CTEHIOM, B KayKIOM KOHKDPETHOM IHKJIE 6y,zLeM 0603Haanb Czt , TIIe
1 — HOMEp IWKJa BpalieHus. Torjga MaTpuIlbl OPUeHTAINN Czt ,Czt " Czt B HIeaJIbHOM
cIydae B MOMEHT tg HPUMYT BH/I;

CUt) =10, Dt =E,  CD(tg) =19, (169)
a B IIPOU3BOJILHBIIf MOMEHT BpeMeHU t:
CPt) =1VL@1), Q) =1L), CP)=I1V1,). (170)

Bsejiem ommbku HECOOCHOCTH B HadaJbHbIE MOMEHT tg HPUOOPHON CHUCTEMBI KOOP-
guaar Mz u cucremsr Mt. 9tn ommbku mnpemmosiaraorca Maabivu. Obo3HaYNM depe3
a® = (aﬁ) ag), aé)) BEKTOP MaJIOro MOBOPOTa MTPUOOPHOI CUCTEMbBI OTHOCUTEIHHO TOTO
MOJIOZKEHUsI, KOTOpas OHA JIOJIZKHA 3aHUMATh B COOTBETCTBHUHU C ILJTAHOM KaJUOPOBKU B

i-oM THKIe Kaaubposki. COOTBETCTBYIONHE MATPHIIBI TOBOPOTa 06o3HaumM depes [(V):

1 agl) —ozél) 1 ozgz) —ag)
fc(ll) = —&g) 1 agl) , ]C(YZ): —az(f) 1 0452) ,
ozgl) —agl) 1 a§2) —a§2) 1
1 oz:(gg) —0453)
© = [ 1. o)
gS) 0453) 1
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st KazKJIoro nUKJa BCe YIJIbI al? Ipu ¢ # j NPeACTaBISIIOT COOON YIJIOBBIE OIUOKH

] )
M Mz, y @ _
HEe COBHaﬂeHI/IH ocnu BpameHI/IH CTeH,ZLa t2 " ocnu Zie TJIBI Oéi yr‘JH)I HOBOpOTa HpI/I—

oopHoit cuctembl Mz BOKpyr ocu Bpaienus crenaa Mts, KoTopble /i yA00CTBA TaK:Ke
CUUTAIOTCA MaJbIMH.

SanuireM BoIpaykKeHus JIIs MATPUI OPUEHTAIMK NPUOOPHOiT cucTtembl Koopauaat Mz
OTHOCHUTEJILHO cuctembl Mt B MOMEHT BpeMeHU t:

Cétl)(to) =101, c (to) = I, Cif)(to) =101, (172)
B 1ipou3BoJIbHBII MOMEHT ¢ MATPHILBI C’Z(? (1) BBIMUCIAIOTCS CJIEIYIOIUM 0OPA30M:

cPt)y=1010r, Q) =1?1

a X0

CPt) =11, (173)

Marpura opuentamun L) npuGOpHOii CHCTEMBI OTHOCHTEIBHO TeOrpadhuIecKoil B i-M
HUKJIE€ BBIYUC/IAETCs 110 (hopMyJIe

L =cY0,., (174)

rje ¢ — HoMep IUKJIA.

4.2 BpruucieHnune nmoka3aHuii THPOCKOIIOB

OnwuireM mponeaypy BBIYHCIEHHS TMOKa3aHUN THPOCKOIOB HA IPOM3BOJIBHOM HHTEpPBAJe
BpeMeHuU [tj, tj+1], rne j =0,1,..n—1 u t, — MOMEHT OKOHYAHUS TEKYIIEro MUK/ Kaano-
POBKM.

AbcoroTHAS yIUI0Basi CKOPOCTH MPUOOPHOI CHCTeMbI KOOPIUHAT CKJIAIbIBAETCS U3 yI-
JIOBOII CKOPOCTHU BpalleHusi 3eMJId U COOCTBEHHO BpallleHus CTeH/Ia:

Wy = W, + Us. (175)

31ech wy , — BEKTOP YIJI0BOH CKOPOCTH BPAIeHHs CTeH I B IIPOEKIUAX Ha OCH IPHOOPHOIL
cucteMbl KoopauHaT M z. BeKTOp wy , MOXKeT OBITH IOJIy4eH ¢ HOMOIIbI0 MAaTpuIsl Cy:

Wi,z = Coywy. (176)

CTouT OTMETHTB, UTO BEKTOD W, COXPaHdeT CBOe HaIpaBJeHHe B HPHOOPHOil cucTeMe
Mz. Jljist BeKTOpa yrjioBO# CKOPOCTH U, BEPHO CJlejIyIoliee Hpe/iCTaBIeHue:

U, = Cztctmuxa (177)
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IJIe BEKTOD U, OIPE/IEIAeTCs Yepe3 N3BeCTHYI0 reorpaduaeckyio mupory ¢ mo (19). 3xecn
marpuna C; onpeengercsa B obmeM caydae coornomenusvu (161), (163) u (164), a B
YaCTHOM cirydae — coornomenusimu (168) u (163). Marpuna Cy, onpejessiercsi COOTHOIIE-
auem (159).

Eciin 11071 10Ka3aHusIME THPOCKOIIOB Ha, MHTEpBaJie BpeMeHn [t;, ;1] moHnmaercs: ab-
COJIIOTHASL YIJIOBAsi CKOPOCTh HPUOOPHOIT cucreMbl KoopauHat Mz, T0 B KauecTBe MoKa3a-
HU{i MOXKHO IPHHATH BeandIuny (w,(t;)+w,(tj41))/2. Eciu mox moka3amusMu TOHHMACTCS
uHTErpaJ 0T abCOJIOTHON YIVIOBOH CKOPOCTH, TO BBIYUCJIEHHYIO YIVIOBYIO CKOPOCTb W (f)
cJieJlyeT IPOMHTErPUPOBATH, HAIPUMED, T€M CIOCOOOM, KOTODbIii OblJI OIIMCAH B COOTBET-
crBytomiem paszere (68, 69). Ilpu sTom, cronT OTMETHTH, 9TO reorpaduveckas MUPOTA P
II0OCTOSIHHA, & YIVIOBas CKOPOCTH CTeH A wy(t) 3a/ana KaK HenpepbiBHAs (DYHKIHsI, OITO-
My KOMIIOHEHTBI BEKTODA W, ABTOMATHIECKH OKA3BIBAIOTCS HENPEPLIBHBIMEI (DYHKIUAMU
BPEMEHU U He HYZKJAI0TCS B MPEIBAPUTENHLHOM CIIAXKUBAHAYN KYOHIECKUME CILTARHAMH.

4.3 Bpruuciaenue nmoka3aHuii HbIOTOHOMETPOB

B nannoM pa3zjese onuineM IporeIypy BHIUYHCICHHS MTOKA3aHUI HHIOTOHOMETPOB Ha MPO-
M3BOJILHOM HHTepBase BpeMend [t;,t;41], rae j = 0,1,.n — 1 u ¢,, — MOMEHT OKOHYAHUS
TEeKyIero nuKJia Ka.HI/I6pOBKI/I. EC.)'[I/I YyBCTBUTEJ/IbHAA MaCCa HBIOTOHOMETPA HaXOJAUTCA Ha
OCH BpallleHud CTeHda, TO MOKa3aHneM HBIOTOHOMETPaA CJIY2KUT IIPOEKIU A y,I[eIIbHOfI CUJIBbI
TAXKECTU g Ha €ro OCb 9yBCTBUTEJIBHOCTH. KOF,H& YYBCTBUTEJIbHAA MaCCa HAXOJUTCA HE Ha
OCH BpAIlleHHs, K IMOKa3aHUIO J0OABIAIOTCS BO3HUKAIONUe cuibl nHepnun. CHavya a oxa-
pakTepu3yeM OIIMOKH pPa3sHeCeHHs IYBCTBUTETBHBIX MACC KazKJOr0 HbIOTOHOMETpa JIPYT
OTHOCHUTEJIBHO JAPYyTa U OTHOCUTEJHbHO OCH BPAIEHUs CTeHIa. 3aTeM IPUBEIeM COOTHOIIE-
HUd HEIMOCPpEeACTBEHHO JJId BbIMUCJICHUA HOKa3aHU HBIOTOHOMETPOB.

4.3.1 XapaKTepuUCTUKa pPa3HECEHUs YYBCTBUTEJIIbHBIX MAaCC HbIOTOHOMETPOB

Panee, npu MmoteTnpoBaHny IOKA3aHIIT HHIOTOHOMETPOB, HESTBHO TTPEJIITOIATAIOCH, 9TO BCE
TPHU YyBCTBHUTEJbHBIE MACChl HHIOTOHOMETPOB IPU OTCYTCTBUHU BHEIIHHUX CHJI, JEHCTBYIO-
MuX Ha 00bEKT, HaXOAATCd B OJiHOI Touke. Ha camom ene, mHepruaabHas HaBUTAIIMOH-
Has CHUCTEMA BKJIOYAET B ceOs TPU HBIOTOHOMETPA, KOTOPbIE HAXOJSTCS HA HEKOTOPOM
PACCTOSTHUY JIPYT OTHOCHTEIHLHO JIpyTa.

YTOYHUM, 9TO B TAKOM CJIy9ae MbI OyjeM moHuMATh nos Toukoit M. Obo3naunm gepes
My, My uw Ms ayBcTBUTE/IbHBIE MacChl HbIoTOHOMEeTPOB. Kak u panee, Oyaem ImpeioJia-
raThb, 9YTO OCH YyBCTBUTEIbHOCTH HHIOTOHOMETPOB B3aUMHO OPTOrOHAJBHBI. [IpoBegem we-
pe3 KaxKayio IyBCTBUTEIBHYIO MACCY MJIOCKOCTH, OPTOTOHATBHYIO OCH IyBCTBUTEILHOCTH
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JTAaHHOIO0 HboTOHOMeTpa. TOUKy mepecedeHms BCeX TpexX ILTOCKOCTeil m OyaeM Ha3bIBATh
MPUBEJIEHHON IyBCTBUTEIBHON Maccoit n obo3Havars depe3 M.

Obosnauum uepes p; = (pi1, piz, piz)’ (i = 1,2,3) Bexrop xoopmunar toukun M; B
cucreme Mz. Ormernm, 9To U3 crocoba mocrpoenust Touku M st kaxkgoro ¢ = 1,23
caeayer papeHcTBo p; = 0. [Iposegem depes Touky M TI0CKOCTH, MEPHEHIUKYISPHYIO
ocu Bpamenus crenga Mty. Touky mepecedeHns mI0CKOCTH ¢ 0cbio Oty 0003HAYNM depe3
S u BBeJEM CHCTeMy KOOpamHAT Sz ¢ HAaYaJOM B TOUYKe S, OCH KOTOPOIl mapaJiie/bHbI
ocsam nipubopuoii cucrembl Mz, O6oznaunm uepes sM = (s, s) )T gexrop koopaunar
touku M B cucreme Sz.

O060o3HAYNM BEKTOP KOOPIMHAT KaK/10# TyBCTBUTEIbHON Macchl M; B cucrteme Sz we-

pes 7; = (131,72, 7i3)7 . Toraa ama Kazmoro ¢ = 1,2, 3 MOKHO HaIlICATD:
ri = s+ p. (178)

BekTopa p;, xapakTepu3yioniue BHyTPEHHIOIO I'eOMeTPHUIO 0JI0Ka HbIOTOHOMETPOB HHEp-
MHAJTHHON HABUTAIIMOHHONW CHCTEMBI, SIBJIAIOTCSA MOCTOSHHBIMUA B CHCTeMe KOODIMHAT SZ.
O6o3naunM depe3 St cucTeMy KOOPAMHAT ¢ HAYAIOM B TOUKe S U ¢ OCIMHU, MapasIeTbHbI-
Mu ocsim cuctembl Mt, cBsizannoit co crengom. O6o3HauMM BEKTOP KOOpAuHAT TOoUKH M
B cucreme St wepes SM. Tlo mocTpoennio BTopas KOMIIOHEHTa BeKTOpa Si7 papHa HYJIO.
[IpeamonoXumM, 9TO B HAYAJILHLIIA MOMEHT t( 3aJaH BEKTOP si‘” = (si‘{] ,0, si\g )T, IlocKobKy
0JIOK HHIOTOHOMETPOB BPAIAETCd B MPOIecce KAJHOPOBKH BMECTe C CHCTeMOI Sz, BEKTOP

sM goopamuar Toukn M B cucTeme Sz GyIeT MOCTOSHHBIM W BLIUHCIACTCH TO (DOpPMYIIe:

sM = O (tg)s. (179)

CrouT oTMeTUTH, UTO U BeKTOPHI ; (i = 1,2,3) Takke OYAyT HOCTOSHHBIME B CHCTEME

Sz.

4.3.2 AJaropuTM BBIYUCJIEHHUS MOKa3aHUii HbIOTOHOMETPOB

Korma HbIOTOHOMETD HEIOABHKEH OTHOCHTEJTHLHO 3eMJIH, €r0 H3MEePEHHeM CJIYyKUT Peak-
A OTIOPBI, KOTOpas IPeJCTaB/IgeT cOO0M MPOEKIUIO Y/Ie/IbHOM CHJIbl TAXKECTH, B3ATOM C
0OpaTHBIM 3HAKOM, Ha OCh UYBCTBHUTEJIHHOCTH HBIOTOHOMETpaA. IHBIME CJIOBaMu, BEKTOP
U3MEepeHnii HbIOTOHOMETPOB [, 3alUCBIBACTCS B CJIEIYIONEM BHIE

0
fo=L[0]. (180)
g
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Ecan aproToHOMETp IBUTAETCS OTHOCUTETBLHO 3€MJIH, Ha €r0 YyBCTBUTEIBHYIO Maccy Jeil-
CTBYIOT, KDOM€ PEAKIHH OTOPBI, CUJIbl WHEPIUH, CYMMY KOTOPBIX B MPOEKIHUIX HA OCH
cucrembl Mz obosznauum vepes f°8. Torpa:

0
fo=L|o0]|+ e (181)
g

Eciiu B nukiie KajnuOpOBKU 4yBCTBUTE/IbHAS MACCA HBIOTOHOMETPA OKa3aJ/laChb HA OCHU
Mts, nannblii HBIOTOHOMETD HM3MeEpPsieT YAEJIbHYIO CUJIy THAXKECTH, B3ATYI0 C O0OpaTHbIM
3HAKOM, B IIPOEKIUN Ha CBOIO OChb YYBCTBUTE/JIBHOCTU. ECHI/I YYBCTBUTEJ/IbHasA MacCCa HBIO-
TOHOMeTpa He JeKUT Ha ocu Mt,, HAa Hee NeiiCTBYIOT ABe BHEIIHHUE CHJIBI: IIEHTPOCTPEMHU-
TeJIbHAS CUJIA U CUJIA, BBI3BAHHAS YTJIOBBIM YCKOpeHHEM wy. [leHTpocTpeMuTeTIbHYIO CIITY,
KOTOpas BCET/Ia HAMPaB/IeHA TePIeHIUKYISIPHO K OCH Bpalienus crenga Mts, Oyaem 060-
3na4darh f¢. Cuia, BI3BaHHAS YIJIOBBIM YCKOPEHHEM, BCEr/1a HAIIPABJIEHA 110 KacaTe/IbHOI
K OKPY2KHOCTH, 110 KOTOPO# JBUTAETCS 4yBCTBUTE/IbHASA Macca, 0003HAYATh 9Ty cujiy Oy-
neM depes fl.

3anuireM BbIpazKeHue s CUIbI
npubOpPHOH cucTeMbl Koopaunat M z:

C
21

JieficTByOIIeH HAa TOUKY M;, B IPOEKIUIX Ha OCH

fé=ap.r. (182)

P2
BekTop Wt MOXKHO IPEJICTABUTL B CJIEIYIONEM BHIE:
Wtz = Cuw = Czt(to)fxwt = Czt(tO)wt = Czt72wt(t)a (183)

IJIe Cyt 2 — BTOPOIl cTOJIOEI MATPHIIBI C.t, KOTOpPBIil HEe 3aBUCUT OT BpeMeHu. Torua BeKTop
CILJIBI jeficTBytoteit Ha Touky M;, MOXKHO 3alKucaTh B BUJIE:

(&
z1)

() = wi(t)Cy o7 (184)

21

1 BEJINYUNHA ézmri — €CTh Be€JIMYNHa MMOCTOAdHHAA B paMKaX OJHOI'O ITUKJIA KaJH/I6pOBKI/I. B
MOKA3aHUAX ¢-TO HBIOTOHOMeTpa Oy/IeT COIepzKaThes -1 KOMIIOHEHTa BeKTopa ff;, KOTO-
PYIO MBI OyeM 0003HAYaTh depe3 fg;.

Buipazkenne pis cuibtl ff;, neiicrByiomeit ma Touky M;, B TPOEKIUAX HA OCH TPUOGOP-
HOIT cucTeMbl KoOpjuHAT M 2 3a1uchiBaeTcs CJIe/IyoIuM 00pa3om:

t
2

=~y (185)
C yuerom (183) MoKHO 3amnmcarh:
fLi = = (t) ez am. (186)
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B nokasaHugx i-ro HbIOTOHOMETpA Oy/IeT COJEPKATHCA (-9 KOMIOHEHTa BeKTopa [, Ko-
TOPYIO0 MBI OyJemM 0603HAYATE depe3 fL..
Takum 00pa3zoM, BEKTOP U3MePEHUl HbIOTOHOMETPOB HIPUMET BUJL;

0 211 511
fz =L 0 + 2622 + 522 . (187)
—9g 233 ,533

Ecsin noj mokasaHusiMu HbIOTOHOMETDOB Ha MHTepBaJie BpeMeHu [t;,t;.1] nonumaer-
sl yJleJibHAS BHEIIHsS CHJIA, JEHCTBYIONAsl Ha YyBCTBUTEILHYIO MACCy, TO B KaueCTBe
moKa3aHuit MOyKHO npuHATEH Besmdauny (f.(t;) + f.(tj11))/2. Ecan nox nokasanusvu 1mo-
HUMAETCsl HHTerpaJl OT yJeJbHON BHENIHeH CUJIBI, TO BBIYUCICHHYIO YETbHY0 BHEITHIO0
cuny f,(t) caemyer NpOMHTErpUPOBATL TEM Ke CHOCOOOM, KOTOPBIl PEKOMEHIYeTCs JI/Ist
MHTErPUPOBaHus aOCOMIOTHON yIJIOBOH CKOPOCTH MPUOOPHOi CHCTEMBI W, ¢ IEJIBIO TOJTY-
YeHWs OKazaHuii rupockonos (68, 69).

Bameuarue. JIast TOro, 94T00bl YIENbHYIO BHEIIHIOK CHJIY MOYKHO OBLIO HPOMHTErpH-
poBaTh, HEOOGXOMUMO, UTOOBI (DYHKIHS wy(t) NMeIa HeNPEePHIBHYIO MPOU3BOIHYIO.

4.4 Pe3yabTaThl MOJI€JIMPOBAHUA

g mpoBepku pabOTOCTOCOOHOCTH IMpe/ICTABIEHHBIX AJTOPUTMOB BBIUHCIEHUS TOKA3a-
HUIl WHEPIUAIbHBIX JATYNKOB MPU KATUOPOBKE OBLIO TMPOBEJIEHO MOJeTMpoBaHue. BbLa
PACCMOTPEH ONMCAHHbBI BBIIIE 9aCTHBIH CiIy4ail, Korja KaJuOpOBKa COCTOUT U3 TPEX IHK-
JIOB, B Ka’KJIOM M3 KOTOPBIX 0/iHA u3 oceil ayscrBuTebnocTr BUUHC coBmemnaercst ¢ 0chio
Bpaienus crenga Mts.

Kaxkaprit mUKJI cOCTOST W3 HAYAJIbHOU BBICTABKU JTUTETbHOCTHIO 4 MUHYTHI H COO-
CTBEHHO BpallleHus CTeHaa B TedeHrme 20 MUHYT. YTJI0Basg CKOPOCTH BpAIeHUS CTEH]Ia
cocrasyisiyia 10°/c. Bolin 3ajaubl cjielyonue 3Ha4eHust HECOOCHOCTU OCeil 1y BCTBUTEIb-
noctu BMIHC ocu Bparmenus crenia: agl) = 0.01, Ozél) = 0.012, agz) = 0.008, ozi(f) = —0.01,
af’) = 0.01, oz§3) = —0.009. Bnauenus nncrpymentaabuabx norpermraocreit BUHC, xkoro-
pble TO/IIeYKaau OIeHUBAHUIO, OBLIH 33JaHBl COOTBETCTBYONUMH KJIACCY TOUYHBIX CHCTEM,
MOCTPOEHHBIX Ha 0a3e KOJIBIEBLIX Ja3ePHBIX THPOCKONOB. CyJailHble COCTABIISIONTAE T0-
T'PENTHOCTEN MOKa3aHu JATYUKOB HE 33IaBAJIUCH.

Jlajiee, K BBIYUCJICHHBIM IMOKA3AHUSIM WHEPIUATBHBIX JIATIUKOB ObLT HPUMEHEH aJIr0-
pUTM KaJnOpOBKH, omucaHHbiii B [36], mocTpoennbiit Ha ocHoBe duibrpa Kanmana [25],
[33]. PesyibraroMm paboThl ajropuTMa CTATH He TOJIBKO JOCTATOYHO TOYHBIE OIEHKH 3a-
JAHHBIX MHCTPYMeHTalbHbIX norpemnocTeii BIIHC, Ho u yriosple ommOKH HECOOCHOCTH

3
ag-). DTO 00CTOATETHCTBO TOATBEPKIACT KaK paboOTOCIOCOOHOCTH ONMMCAHHBIX B paboTe
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AJITCOPUTMOB MOJIETHPOBAHUS, TaK U COCTOSATEJHHOCTH HMCIOJIB30BAHHOIO AJTOPUTMA Ka-
JTHOPOBKH.

5 MogeaupoBaHne BuUOpalnm OOBEKTa Ha 3ITalle Ha-
qajbHOI BbIcTaBKN DBVMHC Ha HenmoaBm>kHOM OCHO-
BaHIN

Pabouemy pexkumy mHeprmaabHON HABUTAIMOHHON CHCTEMBI MTPE/INTIeCTBYeT 3Tall HadaIb-
HOI1 BeICTaBKH. Ha sTame HadaIbHOI BRICTABKH HA HEIIOABUKHOM OCHOBAHHH OOBEKT OCTa-
€TCsI TI0 BO3MOKHOCTH HEIOJABUKHBIM Ha IMPOTSIKEHUN HECKOJIbKHX MUHYT U IO H3MepH-
TeJbHONH HHMOPMAIUN HHIOTOHOMETPOB M I'HPOCKOIIOB, HAKOILTEHHOM 32 BpeMsl BHICTABKH,
OTIPE/IE/ISIIOTCS TIAPAMETPhl OPUEHTAINN 00 bEKTA.

N3BecTHO, 9TO HA KA4eCTBO HAYAIHLHON BLICTABKHU BJIUSIOT B IIEPBYIO O4Yepe/b UHCTPY-
MeHTaJibHBIe norperrHocty BUHC. Opnako, cymiecTByioT u BHemHHE (aKTOPbI, KOTO-
pble MOTYT BHECTH JONOJTHUTETbHBIE OIMIHOKN B OIpee/IeHne MapaMeTpoB opueHTanun. B
MEPBYIO OYepeb, K TAKUM (haKTOpaM OTHOCHTCS BHOpAIHs, KOTOPas MPHCYIa 00beKTaM
B OTCYTCTBUU JABU2KCHUA U IIPU BKJIIIOYEHHOM JBUTI'aTEJIC. BI/I6paI_[I/IH XapaKTepHa TeM, 4TO
OH_[I/I6KI/I yIJioOB OpueHTaluu JUHENHO HAaKaIlJIUBAIOTCA U CKOPOCTh HapaCTaHHA OHII/I6OK
3aBUCUT OT YUCJIEHHOT'O ME€TO/a, KOTOprfI UCIIOJIB3YeTCd JJId pelIieHnuA KHHEMaAaTUI€CKOTI'O
ypasuenus [Tyaccona (41).

B mamroM pasmene NMpUBOAATCS BBIPAKEHHS /s IMOKA3aHWI MHEPIUAJbHBIX JATYH-
KOB Ha 39Tall€é BbICTABKHU. ?)aTeM OIIMCbhIBACTCA MOAECJIb BI/I6paHI/II/I U JaeTCd XapaKTepu-
CTHKAQ OHII/I6OK, BO3HUKaAIOIIUX B OIIPEAC/JICHUU ITapaMeTPOB OpUEHTalluu B 3aBUCUMOCTU
OT XapaKTEePpUCTUK BI/I6paJ_[I/II/I. Hocne 9TOTO MMPUBOIATCA PA3JINYHBbIC YUCJICHHBIE METOIbI
perenust ypapuenus [lyaccona (41), Korja ypaBHeHHe pemiaercs ¢ OOJBIIHM IHATOM IO
BpeMeHH, HexKean (POPMUPYIOTCS MOKA3aHUs HWHEPIUAJILHBIX JATYNKOB. Llenpio pasmena
SIBJISIETCS OIKMCAHUE CIOCo0a MATeMaTH4ecKOro MOJICJIUPOBAHUS, C IIOMOIIBIO KOTOPOTO
MOZ2KHO HIPOCTO W HAIJVIAJIHO IITPOBOAUTDL CpaBHI/ITeﬂbeIﬁ AHaJIN3 PA3JIMYHbIX YUCJICHHbIX
MEeTO/IOB TIPU PA3JIUYHBIX XapaKTEePUCTUKAX BUOPAIUH JIJIsi BHIPAOOTKH PEKOMEHIAIIHIT 110
BBIOODY ONTHUMAIBLHOTO UHCJEHHOIO METO/a JJjIsI pabOThl IPH JAHHBIX XapaKTePUCTUKAX
BUOpAIUH.

OTMeTuM, 9TO OCHOBHOI HMHTEpeC pacCMaTPHBAEMOil 3aJa4l 3aKII0YaeTCI B H3yde-
HHUY CTEIeHU BJIMsIHUS BUOpaIMu Ha aJrOPUTMbI pelienust ypapHenus Ilyaccona, mosromy
HEImocpeaCTBEeHHO aJITOPUTMbI Ha4YaJIbHON BBICTaBKU 31eChb HEe IPpUBOJATCH.
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5.1 BpluncijeHune 1mokasaHNil MTHEPIIUMAJIbHBIX JaTYNKOB Ha HEIIOo-
JIBU>KHOM OCHOBAaHUUI

[IpeamooKuM, 9TO B HAIIEM PACHOPSKeHUH UMEIOTCS 3HAUEHUsI YIJIOB OPHEHTAINNA 00b-
eKTa: Kypca 1, KpeHa v u Tanrazka v. Takzke 3a1aHbl reorpadudeckas MupoTa  00beKTa,
" €I0 BbICOTa h Tpe6yeTCH BbIYUCJ/INTDH ITIOKA3aHUA WHEPIUAJIbHBIX JATYUKOB: 'HPOCKOIIOB
1 HBIOTOHOMETPOB.

[TockoJiIbKy OOBEKT HEMOJBHUZKEH M HE BpAIaeTCsd OTHOCUTEJHLHO 3eMJiu, abcoTIoTHAad
YIJIOBas CKOPOCTH MpuOOpHOil cucteMbl Oz COBIAIAeT € YIJIOBOI CKOPOCTBHIO BPAITEHUS
Semn:

w, = Luy, (188)

rJIe 3JIeMEHThl MaTPUIbl L OpueHTaIny TPUOOPHOI CUCTEMbI OTHOCUTE/ILHO reorpadudie-
ckoit Ox dbopmupytorest o (6), a BeKTOp u, Beraucsiercs 1o (19) yepes reorpadnveckyo
IMAPOTY .

[TocKONIbKY OOBEKT HEIOABUZKEH, yAeJbHasd BHEITHAS CHJIa, JeHCTBYIONad Ha TOUKY
M, paBusiercsi cujie TsiZKeCTH, B3ATOH ¢ OOPATHBIM 3HAKOM:

0
f=L|[0], (189)
g

TJIe CUJIa TSKECTH ¢ Beraucsiercs no gpopmyiie LenbMmepra (22) yepe3 u3BeCTHbIE 3HAYECHS
reorpapr4ecKoil MUPOTH U BBICOTHI O0OBHEKTA.

Eciin 1101 noKa3aHusiMK 'EPOCKOIIOB U HBIOTOHOMETPOB Ha MHTEpBaJie BpeMeHu [t;,141]
MMOHUMAIOTCSl HHTErPaJibl, COOTBETCTBEHHO, OT aOCOJIIOTHON YTIJIOBO# CKOPOCTH W, TTPUOOP-
HOIl CHCTeMBbI U Y/e/IbHOW BHEIIHeil Cujbl f,, JeficTByomeil Ha 4yBCTBUTEIBHYIO MAaCCY,
TO B KQYeCTBE MOKA3AHUIN JATIMKOB MOYKHO MPUHSITH, COOTBETCTBEHHO, BETUINHBI W, At 1

FAL

5.2 Mozaeap BuOpanum 1 aHaJIn3 BJANSHISI BUOpanuu Ha TOYHOCTh
orpeiesjieHUs OPUEeHTAIUN

B JlaHHOM MyHKTe ONHUIIEM MOJIeJb BUOPAIUH, TIPUBEEHHYO B (2], 1 aHAIN3 ee BIUAHUS
Ha TOYHOCTH OIpejieIeHus TapaMeTPOB OPUEHTAIINH.
5.2.1 Mogear BubOpalum MOCTOAHHONW YaCTOTHI

JL1s mpoCcTOTHI pacCMOTPHM CJIydail, KOorja BUOpalus IPUCYTCTBYET TOJBKO B OJTHOM Ha-
npapyieHnd. [Ipeamno okumM, 9To yIJIbl OPHEHTAINN 00beKTa PaBHBI HYJ/IIO, T.e. TPUOOpPHAaS
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cucrema Oz u reorpacduueckas cucrema Ox coBnamaor. Ilycrs 00bekTy coobuieHa BuOpa-
s, JeiicTByomas BAoab ocu Oxs u IpuBOAAImasa TpubopHyo cucreMmy Oz B IBUIKEHHE,
KOTOPO€ MOYKHO OIHUCATH CJIEYIONIeH MOC/Ie/I0BATEIbHOCTHIO TOBOPOTOR:

w”(t — to) ﬁ —w”(t — to)
Oz — — — Oz. (190)
3 1 3

3uech [ — amiinTysia BUOpaIum, a BeJndnHa w' YCJIOBHO MOXKET ObITh Ha3BaHa yIJIOBOM
CKOpOCTHIO BuOparuu. Benannsl 5 u w’ OyaeM cauTarh HOCTOTHHBIMU. BBeieHHAST TAKAM
obpa3oM BUOpAIUs OMUCHIBAET CJIEAyIOlIee IBUKeHne: 0ch (Jz3 COBEPIIAET KOHUYIECKOE
JaBuzKeHne BOKpyr ocu Oxs ¢ yryioM pacTBopa Konyca [ u mnepuogom 27 /w?. Ocu Oz u
Oz, coBepIIAIOT IIOCKHE KOJIeGAHUs C YIJIOBON aMILTUTY 10 [ v mepuogoM 27 /w".

BanuineM BbIpazkeHue Jijid Marpuibl L opuedrtanuu npuboproii cucrembr Oz OTHO-
curesibHO reorpadudeckoii cucrembl Ox (31€Ch /I KPATKOCTH 3AIMCH 11€Pe0bO3HATHM
BhIpazkenne w'(t —ty) = a’):

cosa’ —sina’ 0 1 0 0 cosa’ sina’ 0
L = |sina’ cosa” 0 0 cosfB sinf —sina” cosa’ 0| = (191)
0 0 1 0 —sinf cosf 0 0 1
cos? a¥ + sin? a” cos 3 cosa’sina’ —cosa’sina’cos .  —sina'sin
= | cosa’sina”’ — cosa? sin o’ cos 3 sin? ¥ + cos? a¥ cos 3 cos ¥ sin 3
sin o’ sin 3 —cosa’sin 8 cos 3

Borumcamm BeKTOpP yIJIOBOil CKOPOCTH w) Bpalenus npubopnoit cucrempr Oz, BbI3BaH-
HOTO BHOpaImeil, Kak CyMMY YIJIOBBIX CKOPOCTeil KazKJI0ro U3 TpeX MOBOPOTOB:

0 cosw’(t —ty) —sinw’(t—1tp) O 3
wy = 0 |+ | sinw’(t—1ty) cosw’(t—ty) O 0|+
—w" 0 0 1 0
cosw’(t —ty) —sinw’(t—1tp) O 1 0 0 0
+ | sinw’(t —tp) cosw’(t—ty) O 0 cosf sinf 0| =
0 0 1 0 —sinf cosf w"
—w’sin fsinw"(t — tg)
= w¥sin feosw?(t —ty) | - (192)

wvcos f — w"

BekTop w? npejcranisier coboit BeKTOP yrijioBoit ckopoctu npubopHoit cucremsr Oz
OTHOCHUTEJIHbHO Teorpadudeckoii cuctembl O, 3aMUCAHHBIA B MPOEKIUIX HA OCH CHCTEMbI

Oz.
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5.2.2 OmubKa B onpejejieHn OPUEHTAINN, BbI3BaHHAsA BuOpaiueii

st Toro, 4robbl MCC/IE0BATH HEIOCPEJCTBEHHO BJIMAHUE BUOPAIMU HA KaveCTBO YKC-
JIBHHOI'O pellleHus 3ajia4u OpueHTaiuu, oyjaem paccmarpubarh ypasuenue [lyaccona s
MaTpHIbl OpueHTanuu L:

L=4YL. (193)

OrmeTHM, 9TOo 3a BpeMsi, paBHOE Meproy 27 /w", npubopHas CucTeMa BO3BPAIIAETCS B
ncxoHoe nostoxkenue: L(tg+2m/w) = L(ty). TpeTbst KOMIIOHEeHTA BEKTOpA W He 3aBHCHT
OT BPEMEHH, TIePBbIe JIBe KOMIOHEHTbI — 3aBUCAT. TakKuM 00pa3oM, TPeThsl KOMIIOHEHTA He
BHOCHT aJIPOPUTMHIYECKYIO ONMHOKY B perienne ypaBaenust [Tyaccona (41) dancjieHHBIM HH-
TerpupoBaHUeM C ImaroM 1o Bpemenn At. Ecim TakT cuera MHTErpHpOBaHUS ypaBHEHUS
[Tyaccona At < 27 /w’, TO HOrPENIHOCTH TOTO WM WHOTO YHCJIEHHOTO MeTOJa, Pellaro-
mero ypaBHenne Ilyaccona, Oymer HecymecTBennoii. Eciim orHOmenne QﬂA/ZU O TIOPSIIKY
npub/imzKaercsd K 1 win jazxe MMpeBOCXOJUT ee, TO YHUCJIEeHHOe MHTerpupoBaHue He Oyjier
HIPABUJIBHO YUUTHIBATH IOBEJIeHNEe BO BPEMEHH HEePBBIX JABYX KOMIIOHEHT BEKTOPa W, .

['py6o orenuM BeUYMHY U XapaKTep OIMMHOKU, KOTOPYIO JACT YUCTCHHBIH aJTOPUTM
perenust ypaBuenus Ilyaccona npu rmare uarerpupoBanus At > 27 /w'. [ToCKOJIBKY Tpe-
Ths KOMIIOHEHTA IMOCTOAHHA W IMTO3TOMY €ee 3HadueHue MPHU HHTEeIrPUPOBAHUU YpPABHEHUS
[Iyaccona yuurbiBaeTcs HPaBUJILHO, & UHTEI'PAJI 110 BpEMEHHU OT HEPBbIX JBYX KOMIIOHEHT
Ha OfHOM mepuose BuOpamun 27 /w pasen 0, T.e. OHM Kak Obl OCPEIHSAIOTCS, TO OPUEH-
Talns MPUOOPHOH CHCTEMBI Oy/IeT BHIYUCIATHCS TaK, KaK OyJATO BUOpAIns MOPOKIAET ee

BpallleHne ¢ yIJI0BO# CKOPOCTHIO:

0
wy = 0 . (194)
w" cos 3 — w"

Takast yryioBast CKOPOCTh OTHOCHTEIBHO reorpadudeckoin cucrembl koopauHat Ox
IpeJcTaBiser coboii BpallleHne BOKPYTI BepTHKAIbHON ocum (Ors ¢ YIJIOBOH CKOPOCTHIO
wv cos f — w”. TlomobHas yriaoBas CKOPOCTD 3a OJMH MepHoJ, BUOparuu 27 /w? mopoK1aeT
MIOBOPOT Ha YToJ Kypca Ar:

App = 2m(cos B — 1). (195)

[TockosIbKYy yriioBast aMILIATYIa BUOpanun [ sBJISETCS MaJIOH BEJIWYWHON, MOXKHO IPH-
OJIMZKEHHO MPUHATD

Aty ~ —73°. (196)
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Beenem wacrory Bubpanun fU = w’/27. Torga 3a 1 ceKyH/y HAKONUTCs yTOJ MOBOPOTA
AwT:

Ay = —mfU 32 (197)

Takum 06pa3oM, pacCMOTpeHbI JBe Kpaitaue curyarnun. OHa CUTyaIus — KOIJa Iar
0 BpEMeHW WHTerpupoBaHus ypaBHeHus [lyaccoHa MHOTO MeHbIe Mephuoja BUOPAIINH.
Torya ommbka, 0Oyc/IOB/I€HHAS YUC/IEHHBIM UHTEIDUPOBaHUEM, HecyllecTBenna. [Iporu-
BOTIOJIOYKHAsI CUTYalldsi — KOTJIa IMar 10 BpeMEeHH WHTerpupoBaHus ypaBHeHust [lyaccoHa
OoutbIitie Trepuo/ia BubOpamuu. Torga JMHEHO HaKaIJINBaeTCsT ONMMMOKa 110 KYPCY CO CKOPO-
crpio Ay = —7fU3% 3a 1 cexkynmy.

Ananorndyubie omubKN OGY/IyT BOSHUKATH U MPU ONPEIETEHUN OCTATBHBIX YIJIOB OPH-
EHTAINN MTPU HAJTHIUYN BUOPAINE OTHOCHTETHHO COOTBETCTBYIOIINX OCEii.

3ameuarue. Ormerum, uro ecomu At ~ 27n /W, Tae N — WEJI0e IUCI0, TOTJA TEPBHIe
JIBE KOMITOHEHTHI BEKTOPA W, OCPEAHATHCS He OYIyT W yIJIOBask OMMOKa OyIeT OTINIaThCs
or BeTuauHbl Athp, 9T0 OyIeT XOPOIIO BHIHO HA MPUBEICHHBIX HUZKe Ipadukax.

5.3 MmHoromarosble MeToAbl penienus ypaBHeHus Ilyaccona

B sanHoM pasjesie onuiemM pasindHble MHOTOMIANOBbIE MeTObl [43] , KoTOpbIe mpuMeHsi-
I0TCsI Ha TIPAKTHKE Jisi pereHusi ypaBuenust [lyaccona (41). dust Toro, 9robbl OneHNTH
HEIMOCPEJICTBEHHO BJUsiHue BuOparuu, OyjaeM paccmarpuBarh ypasuenwue [lyaccona s
maTpuipl opuentaiuu L (193), u npu 06cyKaeHIN TIOKa3aHuii THPOCKOIIOB peHedperaTh
YIJIOBO# CKOPOCTBIO BPAIEHUsT 3EeMJTH.

YnobHee BCero BeCTH OMUCAHUE METOJIOB HA S3bIKE KBATEPHUOHOB.

5.3.1 VYpasuenue llyaccorna B kBaTepHuHOHAX

O6o3naunM 1vepe3 A KBATEPHUOH OPUEHTAIUN TPUOOPHON CHCTEMBI OTHOCHTETHHO Teo-
rpaduyeckoit B MomentT Bpemenu t;. Obo3nauum depes {1V KBaTePHUOH YIVIOBO CKOpOCTH
puOOPHOI CUCTEMbI KOOP/IMHAT, KOTOPBI UMeeT CJie/IyIoNne KOMIOHEHTHI:

0
v
wzl
v
Weo
v
W3

Q0 = : (198)

v
rae w,,,

KBaTepPHUOHHOI hopMe MpUMeT BU/I:

st @ = 1,2,3 — kommnonenThl BekTopa w?. Torma ypasrenue Ilyaccona (193) B

A= ;A o QY. (199)
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Obo3HaunM 4epe3 A; KBATePHHOH OPHEHTANNN IPUOOPHOH CHCTEMBI OTHOCHTEIHHO
reorpagmueckoii B MOMEHT BpeMeHH t;, 4epe3 A; — KBaTepHHOH HOBOPOTA IpHOOPHOI
cucrembl Ha uHTepBaje Bpemenu [t;,t;1q1]. Torma puckpernas dopma ypasnenus (199)
3AIUIIETCS CJISLYIONIM 00Pa3oM:

Aj_|_1 == Aj o) Aj. (200)

Kazkipiit kBaTepHUOH MOBOpOTa A MOYKHO MPEJICTaBUTH Y€PE3 BEKTOP MOBOPOTA (0 =
T.
(SOI, ¥2, SOS) :

)
cos &
£Lgin €

_ 2

A=1 & sin€ |- (201)
ésin£

© 2
5.3.2 CBg3b KBaTEPHUOHA OPUEHTAIUU C MaTpuiieii OpmeHTannum m yrJjiaMu

OpHUEHTAINN

[Tepexon ot cucrembl Koopauaar Ox K cucteme Oz OCYIECTBIAETCS IOBOPOTAMA HA YIJIbI
Kypca, Tanrazxa u kpena (5). JIjist Kazk10ro moBOpOTa BBEJIEM COOTBETCTBYIONIMI KBATEP-
HUOH:

cos % cos § cos %

0 sin ¥ 0

U = , 0= 2|, I' = oy (202)

0 0 sin

sin ¥ 0 0

Torma MOKHO 3aIHCATh BRIPayKeHHe /I KBaTepHuoHa A:

P 9 Y ain @ ain @ ain X
CcoS 3} CoS 3 COS 5 — sin £ sin ?9 sin
. 5 . oy
COS & sln ¢ cos £ — sin = cos £ SIn 2
COSE cosg sin 5 + sin zsm %cos 5
o 9 5 A -
SIn 5 COS 5 COS 5 + cos 5 SN 5 SIN

Marpuria opuentaiuu L Boipazkaercs depe3 siementTs a; (i = 0, 1,2 3) kBarepHHOHA
A crenyiommm o6pa3oM:

2(ag +af) =1 2(aas + agas) 2(ar1az — aga)
L= 2(aas —apaz) 2(ag+a3)—1 2(agasz+ apai) | . (204)
2(a1az + agaz) 2(agaz — apar) 2(ai +a3) —1
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5.3.3 Omnucanue u npumMepbl MHOTOMIATOBBIX METO/IOB

[TpejoiozkuM, 910 HapaMeTpbl OpHeHTAUE OO beKTa TPEOYeTCsl BBIYUC/ISITh C IIArOM 110
Bpemenn At, a U3MepeHusi THPOCKOIOB MOCTYNAIT C MIAroM 1O BpeMeHu AT, mpuieM,
At/AT = k — ecrb nesoe anciao. Obo3uadnm, depes ¢; i-it Bektop (i = 1, ..., k) usmepe-
HUil THPOCKONOB BHYTpHU HHTepBasa AauHbl At. 31ech H3MepeHusIMHu IIPOCKOIOB 0y1eM
CYNTATH MHTEIPAJIBI OT YIJIOBOIl CKOPOCTH IPUOOPHON CHCTEMBI.

JI71st KazK10ro 3HaYeHust k CyIMecTBYIOT pas3audHbie aaroputmsl [70], [43] ayist Berauce-
HUsI BEKTOPA [OBOPOTA (0 TPUOOPHOI crucTeMbl 3a nHTEpBaJl Bpemeru At 110 k u3MepeHusiM
rupocKonoB. PaccMoTpum 3/1eCh TPH W3BECTHBIX aJArOPUTMa, Ha IPUMeEpPe KOTOPHIX TTPOUI-
JIIOCTPUPYEM CPABHUTENbHDBIA aHAIN3, KOTOPBIA PEKOMEHIYeTCs IPOBOIUTDL I ONEHKH
BJIUSHNS BUOPAINN.

Opuomarossiii anroputM (k = 1). BekTop moBopoTa (¢ MpoCTO TPEJCTABIISET CO-
00if BEKTOP U3MepEeHUil I'MPOCKOIIOB:

Y =aq- (205)
Asyxmarossrii anroputMm (k = 2). BekTop moBopoTa (¢ BBIUUCIAETCS CJIELYIOTIIM
0o0pa3oM 4depe3 u3MepeHus TUPOCKOIIOB §1 U (o:

2,
o=q +q— 51192 (206)

Yersipexmarossiii aaroputm (k = 4). Bekrop nmosopora ¢ Bbramcisiercs: qepes
U3MepeHus TUPOCKOIOB q1, G2, q3 M (4:

32

22 . . . . . N
Y=q +q2+q3+qs— g((h% + G194 + G2q3 + Goqu) — Z5(Q1Q2 + G3q4)- (207)

5.4 CpaBHUTEJbHBIN aHAJIN3 MHOTOINMATrOBBIX METOJI0OB HA BUOpa-
IUOHHBIX BO3AeNCTBULAX

PaccmorpuM HEKOTOPBIN WHTEPBaAI BpeMeHu JyiuHbl 1) Tak urobbl Besnuuna 1T/At = n
ObLIa TeJIbIM YuCJI0M. Takzke BaKHO, 9TOOBI /IJIMHA HHTEPBAJIA HAMHOTO MPEBOCXO/IMIA
nepuos Bubpamuu: T > 2 /w?. 3adbukcupyem pemmuuny fU(3% = Const. Beenem o6o3na-
vyenue [ = 1/AT jag 9acTOTH U3MepeHuii THpOCKONOB. J1Jist KazK 10 4acTOThl BUOpAIH
1Y copmupyem nokazanus rHPOCKONIOB KaK HHTErPAJIbI OT COOTBETCTBYIOIUX KOMIOHEHT
BeKTOpa yrioBoii ckopocrn w? (192). Hanpuwmep, na orpeske [tj,t;41] (j = 0,...,n — 1)
BekTOp ¢; (i =1, ..., k) BbIUnCIg€TCS TaK:
to+jAt+iAT
q = / w, =
to+jAt+(i—1) AT
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sin Blcos w?(ty + jAL + iAT) — cosw? (to + JAL + (i — 1)AT)]
= —sin Blsinw?(ty + jAt +iAT) —sinw?(to + jAL + (i — 1)AT)] |. (208)
(w¥cos B — w”)AT

B coorBercrBuu ¢ (203) kBarepuuon Ay B MOMEHT BpeMeHu to Oy/Ier e TuHIIHBIM:

Ay = (209)

o O O

Ha kaxxjaom orpeske [t;,tj11] 110 BBIYUCIEHHBIM 3HAYEHHSIM NOKA3aHUII I'MPOCKOIOB ¢
chopmupyeMm BeKTOp ToBopoTa . [lo BeKTOpy mMOBOpOTa (¢ BHIYUCINM KBATEPHUOH IIO-
Bopora A;. Pemmum ypasuenne Ilyaccona (200) Ha BBIOpAHHOM HAMH OTpe3Ke BDEMEHH.
[To kBaTepHHOHY A, B KOHEUHBIi MOMEHT BPEMEHHU OIIPeIe/INM OIeHKY COOTBETCTBYIOIIEl
MATPULBL OpUEeHTALMH Ly, (204), a 3arem 110 (8) BBIYMCAMM OLEHKY yIJia Kypca 0.

3 rounoro Bbipazkenust jijist Marpuibl L (191) MOKHO BBIYHCIUTH 3HAYEHUST YTJIOB
opueHTanuu. B gacTHOCTH 7151 yIIa ¥ BepHA CJIeIyomast OleHKa:

|sind| = |log| = | cosw”(t, — to) sin 5| < sin 3. (210)

Orciona ciaeayer oveBuanoe HepaBeHcTBO: || < (. TIpoBemeMm paccyzKIeHus s yria
kypca ¥. Umeem:

l
siny = _(3025119 -
_ sinw’(t, —to) cosw"(t, — to) cos B — sinw"(t, — to) cosw’(t, — to)
B cos ¥ n
sin 2w (t, — to)3*
~ _ _ 211
4 cosv (211)
Torma
] ﬁQ N 192 ) ﬁ4
~ < — 1+ =< —. 212
[ = [sing)] < =5 = 57 | 1+ | <7+ = (212)

OTO 03HATALT, YTO YTOJI KypCa BCET/Ia ABIACTCA BETNIHHON BTOPOTO OPAIKA MATOCTH,
MMOITOMY OIEHKA yIJIa Kypca 1, BBIUYUCACHHAS C TIOMOIIBI0 PACCMATPUBAEMOTO MHOIOIIA~
rOBOT'0 METO/Ia, MOYKET PacCMaTPUBATHCS KaK ONMMOKA METO/a.

Bynem menars gacrory BubOpamuu f B HEKOTOPOM JHAIla30He, MEHSA OTHOBPEMEHHO
YIJIOBYIO aMILIATYLy BuOpamum (3 Tax, 9ToOBI Beqmumna fU3? ocTaBaiach MOCTOSHHOIL.
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Puc. 13: CpaBuenne ajnropurmoB Ha BuOpa- Puc. 14: CpaBHeHune ajaropuTMoB Ha BHOpa-
IIUN ¢ XapaKTepucTHKoil fU3? = 1072, IIUU ¢ XapaKTepucTukoil fUA% = 1075,

0.8 T T T T T T T

0.7F q

0.6 q

05F

0.4

winy,

0.3F

0.2

0.1r

0 .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

"

Puc. 15: CpaBHeHne aJrOpITMOB Ha BHODPAINA ¢ XapakTepucTukoil fU[32 = 107°.
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g mcesieryeMoro aaropuTMa nocTpouM rpaduk 3aBUCHMOCTH OMIMOKHU OTIPe/Ie/IeHUs yT-
Ja Kypca oT 9acToThl Bubpanuu f°. [l sHarasgaaoctn O6yaemM cTpouThb rpaduk B HOpMAaIi-
30BAHHDBIX IIEPEMEHHBIX: B KA1€CTBE apryMEHTa 110 0CH aDCIUCC OTKJ/IQ/bIBATH OTHONICHHE
fv/f™, a mo ocm opaunar ¥/ Air.

[IpuBesiem B KadecTBe npumMepa rpaduKu i PACCMOTPEHHBIX BBINIE OHOIIArOBO-
r0, JBYXIIAroBOI0 H YeTLIPeXIIArOBOr0 aArOPUTMOB. 3/1ech /18 KOHCTanThl fY(3? mpunu-
Masoch 3Hadenne 10 °pan/c. Jlag Gosblmeil HAISAHOCTH HpeJcTaBjieHbl TpH rpaduka
(Puc.13-15) mis pasimvHbX juana3onoB uamenenuii sesmannbl fU/ f. Ha kax oM rpa-
¢duke KpacHas JIMHUS COOTBETCTBYET OJIHONIATOBOMY METOJLY, 3eJieHasi — JIBYXIIIaroBOMY,
cuHssl — deTbipexmarosomy. I3 rpadukoB BHIHO, YTO KOIJIa YacTOTa U3MEPEeHUil rupo-
CKOIIOB TOPA3/I0 BBINIE YaCTOTHI BUOPAIUHU, OMMOKH B OIpe/IeJeHUN YIIa Kypca y BCex
MeTO0B He3HauUnTeTbHBI. Korma, Hao00poT, YacToTa BUOPAINT BBIIIIEe YaCTOTHI ChbeMa, TO0-
Ka3aHWii THPOCKOTIOB, BCE AJITOPUTMBI OTIEHUBAIOT YTOJ Kypca, TaK, KaK OyATO MpuOOpHAast
CUCTEMA KOOPAMHAT BPAIAETCs C IIOCTOSIHHO YIJIOBOM CKOPOCTHIO w' cos 3 —w” BOKPYT Ocu
Ozs. Jlns qacTtoT BUOpAIUU W3 TPOMEZKYTOIHOTO IHATA30HA PA3THIHbIE AJITOPUTMBI 1A~
0T pa3audHble KypcoBble omuOKu. Ha ornenbraoM rpaduke mpuBeaeM MpPOMeKYTOYHBII
JIMaNa30H 4acToT BUOpamuii. Buano, 910 4eThIpeXmaroBblii METO UMEET CAMYIO BBICO-
KYI0 TOYHOCTB, TOT/Ia KaK YPOBEHb TOYHOCTU OJIHOIMIATOBOTO MeTO/la 3aMeTHO HUZKe, YeM
y JIBYXIIIAroBOI'O M YeThIPEXIIaroBoro.

94



SakJjrodeHnue K rase 11

[naBa II comepxkut onucanue pa3zpabOTaHHOW METOJIMKH MOJEJINPOBAHUS ITPUKJIATHBIX
3a/1a9 WHEPIUAJIbHON HABUTAIWN.

Paznen 2 mocssrien uccae 0BaHUIO U PENIEHAIO 33191 COIVIACOBAHHOTO MOJEJTHPOBa-
HUS TOKa3aHWil HHePIHUATBHBIX TATYUKOB: THPOCKONOB H HHIOTOHOMETPOB. PaccMoTpenb
nBa moaxona. [lepsorit mogaxoa 6a3upyeTcd HA YACTHBIX CIYYAsX WHTEIPAPYEMOCTU KUHEe-
MaTHYeCKUX M JIMHAMUYECKUX yPABHEHUU, NpUYeM, JJIsi UMUTAIMY OKA3aHUI HBIOTOHO-
METPOB PACCMOTPEHBI HECKOJIHKO PA3JIMYHBIX BAPUAHTOB 3aIMCH MOJIEILHBIX YPaBHEHMUIT.
Bropoii moaxon 6a3upyercss Ha TOYHOM BBIYMCJICHWH TOKA3aHWI THPOCKOTIOB U HBIOTO-
HOMETPOB KaK MHTErPAJIOB, COOTBETCTBEHHO, OT BEKTOPa aOCOTIOTHON YTJIOBOI CKOPOCTHU
MpUOOPHOIi CUCTEMBI 1 BEKTOPA YAeTbHOI BHemHel cuibl. [Ipu aToMm, eciu TpaeKTopus 3a-
JlaHA JIMCKPETHBIMU 3HAYEHUSMU, OCYIECTBJISETCS IIPe/BapuTe/ibHas IPOIE/Lypa CIyIazKu-
BaHUs KyOMYeCKUMU CILIAHAMU JIJIsl IOy YeHUs] AHAJTUTHIECKUX BhIPAZKEHUN KOOP/IMHAT
U yIJIOB OPUEHTAIUN.

Pemrena 3a1a1a MoeTmpoBaHus COTTIACOBAHHBIX TPAEKTOPHBIX MapaMeTpOB H COTJIa-
COBAHHBIX MOKA3aHUl WHepIHaIbHBIX JaTunkoB 1ByX BUIHC, pacmonmokeHHBIX HA OTHOM
MOJIBUZKHOM OO'bEeKTe.

OtnenbHO perreHa 3aja49a MOJEJIUPOBAHUS TPAGKTOPHBIX MMAPAMETPOB M IIOKA3AHUIA
UHEPIMAJIBHBIX JATYUKOB JIsi TPAEKTOPUN B BHICOKUX MuUpOoTax. B pabdore mnpejjioxken
AJITOPUTM MOJIETTUPOBAHUS COTJIACOBAHHBIX TPAeKTOPHil I TUIOBBIX TPAEKTODPUN TBU-
JKeHUs B paiioHe HU3KUX WM CPeJIHHUX MUPOT ¢ TMOCIETYIONNM KOPPEKTHBIM TTePEeHOCOM
TPAeKTOPHUH B PailOH BBICOKHUX TIHPOT.

Pazjies 3 ciiyKut npusiozkeHneM K pas/ie/ly 2 u COJIepzKUT ONUCAHNE 33/a91 TeCTUPOBa-
uust ypasuennit omu6ok BUIHC. TectupoBanue cocTouT B cpaBHEHUH PeTieHus] ypaBHEHU
OIMUOOK WHEPIMAJbHON HABUTAIINH C MPAMON PA3HOCTBHIO MKy pellleHneM YypaBHeHUit
HABUTAIIAN W UCXOTHON TpaeKTOpHUEN.

B pazznene 4 ucciemoBana 3ajada W NMpeIIOZKEH ATTOPUTM BBIYUCTEHUS TTOKA3AHUIA
nHepuaJIbHbIX jgaTaukoB npu Kajaubposke BUITHC wa oamnoocnom rpybom crense. [lpu
MOJIeJINPOBAHUY TOKa3aHuil J1aTankoB, yuautbiBagach opuentamnus BUIHC ornocurensro
CTeH/1a, & TAKzKe Pa3HeCeHne IyBCTBUTEIbHBIX MAacC HBIOTOHOMETPOB JIPYT OTHOCUTETHHO
JIpyra U OTHOCUTEJHbHO OCH BpalleHus cTeHa. [lomydennl BoIpakeHUsd MOKa3aHWil WHep-
MUATHHBIX JATIYNKOB KaK JIJ1s Mpon3BoIbHOTO pacnonoxkenns BUIHC na crenme mpu mpo-
U3BOJILHOM KOJIMYECTBE UKJIOB, TAK U JIJIS YACTHOI'O CJIydasi, KOIjla KaJuOPOBKa COCTOUT
u3 TpexX IMUKJIOB, B KaXKJIOM M3 KOTOPBIX OjHa u3 oceit ayBcrBuTesbaocTn BIIHC coBme-
IAETCS ¢ OCHIO CTEH/IA.

B pasnesre 5 ucciemoBana 9yBCTBUTETBHOCTb YHUCIEHHBIX METOJOB HHTETDUPOBAHUS
KnHeMaTu4deckoro ypasuenusd [lyaccona na stane navanpnoii BoictaBku BUIHC B ycnoBu-
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X BHOpaluM OCHOBaHMdA. Bblia ommcana pacupocTpaHeHHasd MOJIe/Ib BUOPAIMH U IIPe/I-
JIOZKEH METOJ, POCTOT0 1 3(pHEKTUBHOTO CPABHUTEIHHOTO aHAJIN3a aJTOPUTMOB IIPU pa3-
JINYHBIX XapaKTePUCTUKAX BUOpaIUii.

Conep:xanne raassl [ MOXKHO TPOMLIIOCTPUPOBATH B BHJIE CJIAYIONEil OJIOK-CXeMbI
MCCJIeJOBAHHBIX 33/a9 W aJTOPUTMOB:
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Hasuramus

Y

MogenupoBanne BUHC

Kasmbposka

Hauasibnaga BuicTaBka

Y

OOmuit 1 YaCTHBIH

CIyYan PaCIOJIOZKEHUS
BUHC na crenne

[Tokazanus
TIPOCKOIIOB
npu BUOpanuu

Y

Yncaenunle
METOJIBI

Y Y

[Tokazanuga
TUPOCKOIIOB

[Tokazanuga
HBIOTOHOMETPOB

AHau3 MHOTIOIIATOBBIX
YUCJEHHBIX METOIOB

MognenupoBanue
JIATIHKOB

CornacoBantoe
MOJIETUPOBAHIE

nByx BUIHC

MonenmupoBanue
HABUTAINHN B
paiione IloJroca

TecTupoBanue
ypPaBHEHU
OImuO0K

\

Tpaekropubie
napamMeTpbl

[Tokazannga
JATYUKOB

[Tepenoc
TPAEKTOPUU

[Tokazannga
JIATYUKOB

}

MojiesiupoBanue rupocKoIoB

Mojie/iupoBanue HBIOTOHOMETPOB

YacTublii corydaii Tounoe Yactuble caydan
UHTETrPUPYEMOCTH Borauncienne NHTETrPUPYEMOCTH
Anamuruyeckoe| | CriaaKuBaHue
3aaHue KyOmaeckumn | (B ocax O¢||B ocsix Oz||B ocsax Oz
TPaeKTOPUNA CILTaiHAMUA

Y

Y

A

Perenne MOIEJIbHBIX ypaBHeHI/Iﬁ. Yc10BHUs BBIIOJTHEHU HYJIEBOT'O Te€CTa.

Biiok-cxema ucciegyeMbix 3ajia4 ¥ aJroOpuTMOB, ONUCAHHBIX B Tyiase 11
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I'naBa 111. HekoTopsie 3aaa4n
MOJAEJINPOBAHNSA CIIYTHUKOBBIX
HABUTAIIMOHHBLIX CUCTEM

BBenenne

[Ipu pa3paboTKe HABUTAIMOHHBIX HMPUIOKEHUH JJIsI CIYyTHUKOBBIX CHCTEM, TaK »Ke KakK
U JIJIsi MHEPIUAJIbHBIX HABUTAIMOHHBIX CHCTEM, y/I00HO HCII0JIb30BaTh COOTBETCTBYIOIIUE
uMuTaATOPHl. IMUTATOD CIyTHUKOBON HaBHUTAIMK JI0JIZKEH BKJIIOYATh KaK MOJEINPOBAHUE
caMo# TPaeKTOPWUU KarKJI0TO HABWTAIIMOHHOIO CITYTHUKA, TaK W MOJEJUPOBaHNE TIePBUY-
HBIX CIIYTHUKOBBIX M3MePEeHUil, COJepzKaIlNX Te WU WHbIe BUJIbI MOTPEeITHOCTEIR.

Cremxyer oTIMYaTh MaTeMaTHIECKHEe UMUTATOPHI, TIO3BOILIONINE BHIUUCIATDH IIePBUU-
HbI€ CIIYTHUKOBbIE M3MEPEHUs C YYeTOM U3BECTHBIX MOJieJiell cJIydailHbIX M JIeTepMUHU-
POBaHHBIX MOTPENTHOCTEH, OT almapaTHbIX UMUTATOPOB, BOCIPOU3BO/ISAIINX CITY THUKOBBIE
CHUTHAJIBI C MTOMOIIHIO COOTBETCTBYIONINX alMapaTHBIX CPEJICTB.

B raBe uccimenyroTcesd aBe TpUKIAQTHbIE 33a90, aKTyaJ bHbIE I8 YKa3aHHBIX HIMUATa-
TOPOB:

1. BricokoTO4YHOE ompejie/ienne TpaeKTOpuil HaBUramuoHHbIX ciyTHUKOB GPS u I'J10-
HACC (B 6yaymeMm, Bosmoxkuo, Galileo u Beidou) mpu momornu jgaHHBIX cepBuca
IGS (International Global Navigation Satellite Systems Service). Ha maunmbrii Mo-
MEHT TOYHOCTH 3(PEeMEPUHBIX JIAHHBIX PEAJTbHOIO BPEMEHHU JIjIsi CIIyTHHKOB CHUCTE-
mbl GPS cocrasnsier 1-2m, ais cnytaukos cucrembl [JIOHACC okosio 3 meTpos.
TounocTs mosunuoHHLIX JaHHBIX IGS cocrapiasger 2-3cMm.

2. MojesiupoBanue peajin3aiuii "OHOCHEPHBIX 3a/I€PKEK CIIYTHUKOBBIX PaUMOCUTIHA-
JIOB TIPY TTOMOIIHA IKCIIEPUMEHTAJBHBIX JIAHHBIX.

Pemenne 31ux 3a/1a4 BocrpeboBaHo, HAIPUMED, B CJIEYIONIUX IPUJIOZKEHUSX:

1. Jlng co3manug anmnmaparypbl HMUTATOPA W €r0 BHYTPEHHEI'o MpOrpaMMHOIO obeciie-
qeHunsd.

2. B samade asporpaBHMeTpHU.

3. B 3ajjauax usyuenusi OTHOCUTE/IHLHOTO jJpeiida MaTepPUKOB.
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AnmaparTHblit IMATATOD CIYTHHKOBBIX PA/IMOCUTHAJIOB MOYKET ObITH TaKyKe TECHO CBSI-
3aH C KOMOBIOTEPHBIM WMHUTATOPOM I WHEPIHUATHLHBIX HABUTAIIMOHHBIX CUCTEM, YTO
YJI0OHO JijIsi U3y4YeHus U OTPabOTKU Pa3/IMYHbIX aJIOPUTMOB KOMILJIEKCUPOBAHUS.

B rnaBe mpejicraBiienpl OCTAHOBKA W peliieHue ceayonux 3aja4. CHadasa 1npuBo-
JINTCS PerieHne 3a/a9u Olpee/IeHNs] BBICOKOTOYHONW TPAEKTOPUU KaXKJIO0TO HABUTAIIMOH-
HOTO CIIYTHUKA HA OCHOBE JIOTOJHUTEJIHHON MO3UIMOHHONW MHMOPMAINH, JTOCTABISIeMOI
MezKTyHApoaHbIM HeHTpoM IGS. Tlpu 3ToM cunTaercs, 4To NpubINZKeHHAs (anpHOpHAs)
TPAeKTOPHsl CIYyTHUKA yrKe noJiydeHa. Penrenuwe npejcrasisier n3 ceds 3a/a4dy, OCHO-
BAHHYIO HA IPUMEHEHUHU aJITOPUTMa OIEHUBAHUS MMOIPENTHOCTEl allPUOPHOI TPAEKTOPHH.
[IpejicraBiensl aBe MOAMMpUKAIINN aJITOPUTMA:

1. Jl1st BblUKC/IEHUS allPMOPHO TPAEKTOPUM UCIIOJIb3YIOTCS deMepu iHble JIaHHbIe Pe-
AJILHOTO BPEMEHH, MO3BOJAIONINE ONPeIeTATh KOOPJAUHATH 1 KOMIIOHEHTBI BEKTOPA
CKOPOCTH CITyTHUKA.

2. AnpuopHasi TPAeKTOPHUsI MOJIEIUPYETCS TOJBKO IIPH TIOMOIIH PEJIKOH BHICOKOTOYHOM
MO3UITMOHHONH MHMOPMAIIIH.

ajiee perraercs 3ajiada OUPEJI€/IEHUS OTKJIOHEHUS JIBUZKEHUS CILyTHUKA OT SJLJIUI-
TUYECKON TpaeKTopur Ha 0a3e BLIYMUCJIEHHON BHICOKOTOUYHOW ero Tpaekropuun. s 3Toro
NPUBOAATCA aJTOPUTM BBIYHUCJICHUA Pean3alnuii BO BPEMEHN KeIJIePOBBbIX 3JIEMEHTOB Op-
OWTHI HABUTAIIMOHHOI'O CIIyTHUKA M aJITOPUTM BBIYUCICHUS ONEHKH BHEITHUX BO3MYIICHHIT,
JefCTBYIONNUX HA CILyTHUK.

st MoJieJiMpoOBaHusl CILy THUKOBBIX HU3MEPEHUH OTJ/IeJIbHO PelaeTcs 3ajada Olpejie-
JIeHUs peasin3aiyii "oHoChepHOit NOrPenHOCTH, I Yero pacCMaTPUBAIOTCI PA3JIMYHbIE
CYLIECTBYIOIINE OXO0/bL:

1. Ucnosb3oBanne KOMOMHAIMI IEPBUYHBIX CIIYTHUKOBBIX CUTHAJIOB.

2. Hcnonp3oBanne mapaMeTpoB, XapaKTepHU3YIOIINX COCTOSHIE HOHOCKEpPHl, KOTOPbIe
npejpocrasisiiores nearpom CODE (Center for Orbit Determination in Europe).

6 MoaeaupoBaHue TPaeKTOPU HABUTAIIMOHHOTO CITYyT-
HUKA

Paccmorpum Tpu B3auMOCBsi3aHHbIE 33/1a491: BIYUC/IEHIE BHICOKOTOYHOI TPAeKTOPUU Ha-
BUTAIIMOHHOTO CITYyTHUKA, BHIYUC/IEHHUE OIEHOK KeILJIEPOBHIX 3JIEMEHTOB OPOUTHI, BHIYUC/IE-
HIe OTIeHOK BHEITHUX BO3MYTIEHUl, TefCTBYIOMNUX Ha CIyTHUK. B TpUIOKeHnN TpUBe/IeM
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cTaHjapTHble ajroputMbl [22], [62], pekoMenoBaHHbIE K BBIYHCICHUIO KOODIMHAT Ha-
BUTAIMOHHBIX CIYTHUKOB 110 3(eMephaHoil nHMOPMAINE PeaIbHOIO BPeMeHH, KOTOPBIe
HY2KHBbI JIJId [IEeJIOCTHOCTH HU3JIal'a€MOI'0 MaTe€puaJia.

6.1 BrrumnciieHrne BbICOKOTOYHON TPAEKTOPUM CITYTHUKA

BoccranoBnenne BBICOKOTOYHON TPAeKTOPUU B MOCTOOPAOOTKE IIPeIaraeTcs OCYyIIecTB-
JIITHh HA OCHOBE JUCKPETHBIX TMO3UIUOHHBIX TAaHHBIX MeKayHapoaHoro cepsuca [GS. Tou-
HOCTD 9THUX MO3UIUOHHBIX JIAHHBIX JIOCTUTAET 2-3CM, BpeMsi OOHOBJIeHUs cocTaBJisieT 15 mu-
HyT. 3aJa49a CTaBUTCS CJEAYIOMMUM 00pa30M: HCIIOJIb3Yys AUCKpeTHY0 nHMopMmamuio [GS
TpebyeTcst OnpeIe/isiTh KOOPANHATH KazKJI0r0 HABUTAIMOHHOTO CITYTHUKA B ITPOU3BOJIH-
HOIi MOMEHT BpeMeHU (HAIpUMep, ¢ 4acTOTOl paboThl IPUEMHHUKA) HA YPOBHE TOYHOCTH
1GS-nannbIx.

Pemenne 3ajiaun onipejiesiennsi BbICOKOTOYHBIX TPAEKTOPHBIX 1apaMETPOB HaBUIAIIU-
OHHOT'O CIIyTHUKA Pa300beM Ha JiBa dTala:

1. Onpenenenne npubINKEHHBIX KOOPIUHAT U CKOPOCTEll HABUTAIIMOHHBIX CIIY THHKOB —
ATIPUOPHOIT TpaeKTOPUH (JBe MOA3aa4M: ¢ UCIIOIB30BAHNEM WK 0€3 UCIOIb30BAHUST
3eMepu/IHbIX JJAHHBIX PEAJBLHOTO BPEMEHH ).

2. OneHuBaHue U KOMIIEHCAIHS OIMTAOOK MECTOIIOIOKEHUS U CKOPOCTHU AIlIPUOPHON Tpa-
€KTOPUH HABHUTAIIMOHHOI'O CIIYTHUKA HMPU MOMOIIH JaHHBIX 1GS.

[TepBblit BapuanT MO/ IMPOBaHUs AlIPUOPHON TPAEKTOPUU — MCIIOJIb30BaHue 3peme-
PUHBIX JAHHBIX peajbHOr0 BpeMenn. COOTBETCTBYIONINE CTAHIAPTHBIE AJTOPUTMBI Bbi-
YUCJIEHHS KOOPJUMHAT M KOMIIOHEHT BEKTOpa CKOPOCTH CIYTHUKOB g cucteM GPS wu
['VIOHACC npuBenens! B nmpumiokennn. Ilosromy 37ech onumrem JIUIIL BTOPOl BApHAHT
— QJIPOPUTM HOCTPOCHUA AILPUOPHON TPACKTOPUU, UCIOJIb3YIOUUA B KauyecTBe UCXOHONI
nu(OpPMaIMHU TOJBKO MO3UIHOHHbIE faHHbie [GS.

Ha Bropowm sraiie ctaBuTCs 3a/1a49a ONEHNBAHUsT OIMTHOOK arnpHOPHOii TpaeKToOpuH (OTITH-
GOK KOODJMHAT U CKOPOCTeil). 3aliChIBAIOTCs JUHEHHbBIE YDABHEHNs] B BADHAIUAX U JIJIsT
MOJTyYeHHUsI OIEHOK peIleHus JMHEeHHOW CHCTeMBbl IPUMEHSeTCs CIIayKUBAIOIIHil (DIIBTP
Kanvana. Ilpu stom ganasie IGS caykar KoppekTupyiorieit madopMalueii.

6.1.1 Kparkag xapakrepucruka maHabeix IGS

Qaitsier IGS ¢ ademepuanoit madopmanueit pa3sHOro ypoBHS TOYHOCTH SABJISIOTCS 00TIIe-
JIOCTYIIHBIMHU ¥ XpaHsdTCd B ceTH Internet Ha crenuajn3upoBaHHBIX cafiTax, HapuMep:

e ftp://igsch.jpl.nasa.gov;
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e ftp://cddis.gsfc.nasa.gov;

o ftp://www.ngs.noaa.gov.

Jlanusbie, npenoctasageMble IGS, comep:KaTcs B TeKCTOBBIX daiiiax hopmaTa sp3 win Sp3c
U IPEJICTABIISIOT CODO0M rpuHBHYCKUE KoopanHarhl Kazkaoro cuytauka (GPS, TJIOHACC)
1 TIOTPENTHOCTH ero 9acoB. /lekyiapupyercst BO3MOKHOCTD MIPEI0CTaBIeHns B 9TUX haitaax
CKOPOCTHOI mHGOPMAINH, XOTS B OTKPBITOM JIOCTYIle TAKUX JIAHHBIX HA CETOIHATITHUI
JIeHb HeT.

Ddemepuanasa nadopmalus ObIBaeT TpeX YpOBHEi TOTHOCTH: C 3aePKKOH B HECKOTb-
KO 4acoB, C CYTOYHOU 33JIePKKOl U C JIBYXHE/IE/IbHOM 3a/iepKKoil. B naudaJjie daitia s
KasK/IOTO CIIYTHUKA YKa3aHa TOYHOCTH JIAHHBIX O €r0 I'PUHBUYUCKUX KOODJUHATAX W IO-
IPENTHOCTU ero 4acoB. B 0/10ke ocHOBHOI wHMOpPMaNuu yKa3blBaeTCs MOMEHT BPEMEHH,
a 3aTeM JIjIsd KaxKJ0ro CIYTHUKA B OTJIEJIbHOI cTpoke 3deMepuanbie nannbie. B cTpoke
CcHAYa/Ia YKa3bIBAETCs CIyTHUKOBAs CUCTEMA, K KOTOPOil IPUHAIEKUAT JAHHBIN CIyTHHK,
U ero HOMep, 3aTeM 3AIMCBIBAIOTCSI TPU IPUHBUUCKNE KOOPIMHATHI CIIYTHUKA M IIOTPEIII-
HOCTH €r0 9acoB.

OOBBIYHO TOYHOCTH TMO3UIMMOHHBIX JaHHBIX cOCTaBiseT 2-3 cantuMerpa. Popmar sp3c
JIONOJTHUTE/IbHO COJEPZKHUT HapaMeTphl, IO3BOJIdIoNue 60j1ee TOTHO OIPeIeIUTh YPOBEHD
TOYHOCTH KOOP/JMHAT CIIyTHUKA U IOIPEITHOCTU €r0 YacOB. DTHU IMapaMeTPhl 3allUCHIBAIOT-
csI B KaxK10it cTpoke ¢ aeMepuaHoit nHMOpMAIKeii TTOCIe MOrPEITHOCTH YacOB CIIYTHHUKA.

Jannbie B sp3 u sp3c (aitjiax 3a1mchbiBalOTCs ¢ JUCKPETOM 15 MUHYT.

[Tpumep crpoku daitia dpopmara sp3c:

PG11  —12021.820378 18920.369577 13724.103078  —37.976955 9 8 9 134
HOMED I'PUHBAYCKNE KOOPOIWHATHI CIIyTHUKA oorp. 4acop  TOYHOCTL JTaHHBIX

Jlna cuyraukoB cucreMbl GPS mepen somepowm crnyTHEKa cTapuTca uHgeke "G" s
cuytaukoB ['JIOHACC - magexc "R'". I'puHBHUCKHE KOOPAMHATHI 3aUCHLIBAIOTCS B KH-
JIOMeTpax, HOIPENIHOCTh YacoB B MUKpocekyHnjiax. [lapamerpsl, 1103BoJIdONIME OIEHUTH
TOYHOCTH JAHHBIX, MPEJICTABIAIOT CODOM TOKa3aTeu CTerneHeil, OCHOBaHUe JIJIsi KOTOPBIX
COJIEPKUTCS B CJIYZKeOHOI nH(MOPMAINT KaxK/I0Tr0 dQaitia.

6.1.2 ITocTtpoenne anpuopHoii TpaekTopum 6€3 mconoJib30oBauus 3demMepum-
HBIX JAHHBIX PEaJbHOIO BpeMeHu

Bajaua craBuTcs cieayommm oopasoM: Ha unrepsase spemenn |1y, )] rpebyercs onpe-
AEJIUTh allpUOPHBIE KOOPAWHATHI U KOMIIOHEHTBI BEKTOPA CKOPOCTU CIIYTHUKA B KazKIbIU
MOMEHT BpeMeHH. OCODEHHOCTHIO ITO 3a/ja4Un SABJIAETCA OTCYTCTBUE HH(MOPMAIUUA O CKO-
POCTH CIIyTHHKA.
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Yepes Ty u 17 0003HAUUM TaKhe MOMEHTHI BpEeMEHH, /I KOTOPBIX IIPEJI0CTaBJIeHa,
nosunuonnast uudopmanus IGS u npu srom unrepsan [Ty, T1] comepKuT paccMaTpuBae-
mbiiit uarepsan spevenn ([15, 17| C [To, T1]). Momenrbr Bpemenu Ty u Ty yCJOBHO MOZKHO
nassath "HauambapiM" u "konewnsiM'. Bazann n(Ty) = 'S (Ty) u n(Th) = n'(Ty).
Bynem onpeieiaTh BeKTOp CKOPOCTH CTyTHUKa B "Hadaabubit" Moment spemenn V(7o)
TaKUM 00pa30M, YTOOBI BBIIOJTHSIOCH YCJIOBHE: HHTErPHPOBAHNE yDABHEHHS JIBUZKEHH
cryTHHKA ¢ HadaababiMu yeaosusvu (n'9%(Ty), V)(Ty)) B koneunsiii Moment Bpemenn T}
naer Touxy 1'% (Ty). Torja unuC/IeHHO MHTErPUPYs YPABHEHUS [{BUKEHHUs CIy THHKA ¢ Ha-
sasbabivu yeosusvu (1(1), V) (Tp)), MozKHO Gyaer B IPOU3BO/ILHBIT MOMEHT BBIYHC/IUTh
ANPUOPHBIE KOOPAWHATH U BEKTOD CKOPOCTH.

BanuireM B BeKTOpHO{I dopMe ypaBHEHHs [BUKEHHs HABHIAIUOHHOIO CIYTHHKA B
I'PUHBUYCKON cucTeMe Koopauaut On:

(?):(25 8> (?)+(f§g), g =go— . (213)

Baech Bektop f; = (fy1, fy2s [y3)? — BEKTOD BHENIHUX BO3MYyIIEHHil, IeHCTBYIONUX Ha
CIlyTHHK, & MATPHIA 1 ONPEIEIAeTCa CAeLyIOMuM 00pa3oM:

0 u O
a=|-u 0 0], (214)
0 0 0

JLjist BHIYHMC/IEHHs KOMIIOHEHT BEKTOPA CHJIbL TsroTenust go = (g1, g, )" caenyer
HOJIB30BATHCsI COOTHOMNIEHUsIMU (21) M3 KOHTPOJIBHOTO JOKYMEHTA CIYTHHKOBOI CHCTEMBI
[JIOHACC [22], 1.x. dopmya enbmepra (22) npuroHa TOJbKO I OKOJIO3EMHbBIX [BH-
JKeHUil 00beKTa.

YpaBHEHUS JIBUKEHUS] HABATAIMOHHOTO CIIyTHUKA (213) MOXKHO NPOUHTEIPUPOBATH B
sBHOM Buje (amasormano mm. 2.2.1., 2.3.2.; 2.3.3.). PaccMorpuM BHYTpeHHHI HHTEPBaJI
spemvenu [t;,t;1] C [T, Ty]. Peuenne ¢ yuerom MajiocTu yrjioBoii CKOPOCTH BpAIEHWUs!
Bemin (cos uAt = 1,sin uAt = uAt) 3anumiercst B BuJe:

2
Vo(tis1) = (E+20At + 20*At*)V, (t;) + (E + aAt + 3@%#) (f + g)At,
2
ntin) = n(t;) + (E b ant + 3@2At2> Vi (8) A +
11 1
+ (2E + g'&At + 6@%#) (f + 9) AP, (215)

rje tj,tj41 — coceHne MOMEHTHI BpeMeHH, At =1, — 1.
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OmnuireM UTEepaNMOHHBINA AJTOPUTM OINEHKH HAYaJIbHOI CKOpOCTH Vn/(To), peJICTaB-
Jgomuit codboit MeTon crpenbObl. OOo3HAUNM Uepe3 n* mpejnoaraeMble KOOPIXHATHI
KOHEYHOH TOYKM TpaexTopuu. Ilepei nepsoit urepamueii mosoxum 7% = n'%3(Ty). Tlo-
CJIeJIOBATEJbHOCTD BBIYMCJIEHUI HA KaxK/IOW UTepanun TaKoBa:

1. Honoxnuwm t; = Ty, tj41 = 11 u BozpMem na unrepsane [Ty, 7] cpenmee 3HadeHne
CHUJIbl TAZKECTHU

9="05-(9(n"“(Tp)) + g(n")) (216)

2. Bopasnw semmamy V,(t;) = V,(Ty) m3 Broporo ypapmenns cuctembr (215), mo-
aokus 1(t;) = n'9(Ty) u n(tje1) = n*. Upu srom Gyger upeanojaraTb, 4To Ha
CIlyTHUK He JefCTBYIOT HEM3BECTHbIE BHEITHUE BO3MYIIEHUs f:

2
VI(Ty) = (E N Samﬁ) -

« . IGS

0t —n' " (1) <1 L, 1., 2)

— < | —F+ —alAt+ -u°At T, =Ty . (217
T, —T, P+ FuAL+ GAT ) g(T = To)| - (217)

3. TIpounterpupyem ua orpeske [Ty, T)| ypaBuenusi jaukenust cuyrauka (213) ¢ Ha-
wansasvm yeaosusvm (1'% (Ty), V) (Ty)) metogom Pynre-Kyrra 4-ro nopsiika, Ko-
TOPBIl PEKOMEH/IOBAH B KOHTDPOJIHHOM JOKYMEHTEe CIIyTHHKOBOi cucrembl ['JI1O-

HACC [22].

4. Bsenem obosnadenne An = n'“(Ty) —n'(T1), rae n'(Ty) — pesyIbTaT HHETErpUpPOBa-
uust. Ecim |An| < 0g, r1e dg — HEKOTOpOE TIOPOrOBOe 3HAUEHHE, TO UTePAINOHHBIIL
IPOIECC OIEHKU HAYAJIBHOI CKOPOCTH OKOHYEH. B IpoTHBHOM ciIydae, 3aHOBO OIIpe-
nessgerca Beanauna 7° — n* + An 1 BBINOIHAETCH CJIEAYIONAsd UTePALUS.

OTmeTnM, 9TO B TAHHOM UTEPAIMOHHOM aJITOPUTME BapbUPYIOTCH Ha KayK0il uTepa-
U7 HE TOJHKO OXKHUIAEMbIe KOOPAMHATH KOHETHONU TOUYKM 7)*, HO U 3HAYEHUE CHUJIbI TsIZKe-
CTH ¢, KOTOPOe OlpeJiesiseTcsl Kak cpeJiHee apudMeTndecKoe 11 HA9aIbHOM 1 KOHETHOM
TOYEK.

Samevarue. 11oCKOIBKY HA CIyTHUK JeHCTBYIOT HEU3BECTHBIE BO3MYINeHus f, yKa-
3aHHBIN UTEPAIMOHHBII aJTOPUTM He TTO3BOJISeT BOCCTAHOBUTH BCIO TPACKTOPHUIO HABHUTA-
[UOHHOI'O CIyTHUKA, HAIPUMED, HA YPOBHE TOYHOCTH FDEMEPUHBIX JIAHHBIX PEeaJTbHOTO
BpeMeHu. BbiOOpOM COOTBETCTBYIOIIErO MOPOTOBOIO 3HAYEHUs] 0p MOYKHO JOOUTHCSA TO-
ro, 9TO0BI ¢ JIIOOOI TOYHOCTHIO pe3y/IbTaT WHTerpupoBanus MerojgoM Pyure-Kytra 7/(17)
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COBTIAIA/T ¢ HCTHHHBIME 3HadeHuAMHI KoopauaaT ciytanka 7' ¢% (1)), Oanaxo, B mpoMerKy-
TOYHBIX TOYKAX HHTEPBAJIA HHTETPUPOBAHUS OMTUOKA ONpeIeIeHIS TPACKTOPUH JOCTUTAeT
HECKOJIBKHX JIECITKOB METPOB.

Sameuarue. OubiTl 00pAOOTKU TMOKA3BIBAIOT, YTO ONUCAHHBIN WUTEPAIMOHHBIN aJIro-
put™m Gymer ycroituno paborarh, ecau anuna uarepsana [Ty, T1] ne npessimaer 2 vaca.
Ecan paccmarpuBaeTcsd OoJiee JUTebHBII HHTEPBAT BPEMEHHU, €T0 PEKOMEHYeTCs pas-
OUTDb HA JIBYXYACOBBIE OTPE3KH U I KayKJI0r0 U3 HUX MTPUMEHUTH OMUCAHHBINA aITOPUTM.

6.1.3 VYpaBHeHud ABU>KEHUHA CIIYTHUKA B OTKJOHEHHMHAX OT ANPHUOPHOI Tpa-
eKTopun

ﬂﬂﬂ IHOCTAHOBKHU 3a/Ja41 OIlCHUBaHUA 3allUIIIEM YpPpaBHEHUdA ABUZKEHUA CIIYTHUKaA B Bapu-
amuax. O6ozgaumM depes 1 = (11,72,73)7 BEKTOpP KOOPAMHAT CIYTHWKA B IPHHBHYUCKOI
cucreme koopyuaar On, wepes V,, = (V;1,Vie, Vys)T — Bexrop ero ormocurebuoil cKo-
poctu (oTHOCHTETbHO cucTeMbl On). 3amuiieM ypaBHEHHs JBUKeHHs CIyTHUKa (213) B
cKaagpHOi popMe:

m = Vi, m=Vp, n3="Vpg,
Vit = 2uVip + for + g0 +uPm,

Vie = —2uVy + fop + gy + u’np, (218)

‘/713 = fn3+923-

Obosnaumm wepes 11 = (1,75, 15)" 1V, = (V] V], Vis)", coorsercrenno, BekTop
KOOD/IMHAT CIIyTHUKA U BEKTOP €r0 OTHOCHTEILHOI CKOPOCTH /11 alPHOPHON TPACKTOPHH.
Toraa s BexTopos 7' 1V, MOXKHO 3anucaTh anajgorndnyio (218) cucremy ypasuenui:

VA / N Yy Ny

m = ‘/;717 o = n2» T]S - Ynd
o / / 0’ 2,/
Vin = 2uVi, + fin + gy + 'y,

Vip = —2uVj + fro + g + u'n), (219)

Vis = f7/73+923-

Bamenanue. BeKTOp BHEITHUX BO3MYTIEHHIT f, MOXKHO HOJIOKHTH HYJIEBBLIM, MO0 /171
cuytaukop cucteMbl ['JIOHACC B3gTh 3HaUeHNs €ro KOMIOHEHT u3 daiina ¢ adpemepu/i-
Hoil nH(MOpManueil peaILHOrO BpEeMeHH.

Bresiem ommmbku TpaekTopun:

An=n'"—n AV,=V -V, (220)
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_ / o
Beenem raxike obosmauenne Af, = f; — f,;. Bynem cunrarp, qro HeI/ISBOeCTHbII/I BEKTOP
A f, mpeicTaBuM B BAJIE CYMMBI MOCTOSIHHOTO HEM3BECTHOTO BeKTOpa A f, 1 ciydaiinoro
S.
sekTopa Af:

Afy=Af)+Af. (221)

Jluneapusyem cucremy ypaBHeHuil qBuzKkenus crnyrauka (218) B okpecTHOCTH alpuop-
HOI TpaeKTOpUU:

Anl = A‘/nla AT/2 = A‘/n?’ AT/E} = AV;737

A'an = 2uAVp + A 7(,)1 + Afsl + (921);71 Any + (921)%2A772 + (921);,3A773 + U2A7717
AV = =2ulVir+ Afpy + Afi + (95)5, A + (9h)5, A2 + (gya), Arjs + u? A,
AVys = Afgs+Af 4 (90)n A+ (955, An + (993)7, A3, (222)
Af) =0, Af) =0, Af, =0

Baeck uepes (gy;);, 0003HAUEHBI BAPHALMU YCKODEHHs! CHJIbl TArOTeHns. B qacrnocru,
JIUIsI BIIOJIHE ONPAaBJIAHHON chepuaecKoil Mo/ moJist TArOTeHUsT (997i = —tm;,1=1,2,3)
OHU UMEIOT BH/I:

[ 7 :
(i) = 3577% — ﬁ(sik, i=1,2,3, k=123 (223)

s __ s s s \T'

Bynem npemonarats, aro posmymennsa Afy = (Afp, Afsy, Afss)" apaaioresa nesapu-
CHMBIMH [EHTPUPOBAHHBIMU O€JIBIMHU IIyMaMH € 33/ [aHHBIMH HHT€HCHBHOCTAMHE 0,. TaKzke
peanooKuM, uto ommbku An, AV, Afg B HAYAJIHHBIII MOMEHT HEKOPPEINPOBAHBI.

BBesieM BEKTOP COCTOSIHHSI & U BEKTOD HIYMOB ¢ THHAMHYECKON CHCTeMBbI (222):

v = (An, Any, Ang, AV, AVyg, AVys, A 7?1,A 7?2,A ,(7)3)T, (224)
qa = (Af'r?17A 7727A ;:;)T- (225)

Torpma cucremy (222) MOXKHO 3aIUCaTh B BUJIE:
& = Az + Bg, (226)

rie sug Matpul, A u B MoxKeT OBITH JIETKO OIpEJIe/ICH.

6.1.4 Iuckpermsanusa MOIEJU 3a0a4N

JunaMudeckyto cucteMy (222) MOXKHO 3alMiCaTh B JUCKPETHOM BHUJIE:

33']‘+1 = ¢j+1’j$j+qu, (227)
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IJie Tj, Tj41 — 3HAUeHHe BEKTOPA COCTOSHUS T, COOTBETCTBEHHO, B MOMEHTHI BPeMeHH t;,
tj+1. ¢ — SKBUBAJEHTHBIH B CpeJHEKBAJIPATHIHOM CMBICIE BEKTOD JMCKPETHOTO IIyMa
JUHAMU4IecKoi cucrembl. @y ; — nepexojHasd MaTPUIA CUCTEMBI, KOTOPAs BBIYUC/IHETCH
caetyomuM 06pa3om (HCIoIb3yercs, HapuMep, TPOCTERINIT MeTO YHCIEHHOTO WHTe-
rpupoBanus auddepeHnInaIbHbIX YPaBHEHHH - MeTo ] Diliepa):

(I)j-l—l,j = FE+At- A(tj), At = tj-i-l - tj, (228)

6.1.5 VYpaBHeHUs KOPPEKTUPYIOMINX N3MEPEHMIT

JIucKpeTHBbIE YpaBHEHUS MO3UITMOHHBIX U3MEPEeHUil MMeIOT BU/I:

2 o= 1 —me = An
Z = =1 = A 1y,
23 = 1 — néGS = Ans + r3, (229)
rae n!%% — nosummonnsie mammeie IGS, a 71,75, 3 — HOIPEITHOCTH STHX TAHHBIX.
Bynem npejinoiaratb, 4To HOIPENIHOCTU U3MEPEHUN SBJISIOTCS HE3aBUCUMbIMH I1€H-
TpI/IpOBaHHBIMI/I 6eJIBIMI/I H.[yMaMH C 3alaHHbIMHN ,ZLI/ICHepCI/IﬂMI/I 0-7%1’ 0'72.2, 0'23. BHa‘{eHI/IH O'm.

XapaKTepHU3yI0T TOYHOCTh U3MEPEHU 1, KAaK OTMeYa/I0Ch BbIIIE, IIPeJI0CTaB/JIeHbl B daii-
nax IGS. Ha cerogngamuunii 1eHb, AeKaapupyeMas TOYHOCTh JaHHBIX [GS coctaBiser 2-
3cM.

YpaBHeHus u3MepeHuii JIerko HpeJICTaBUTh B MATPUUHON (popme

Z(t]) = Hl’(tj) + T(tj), (230)

rjie j - HoMep u3MepeHus, a MaTpuiia H 3anucbiBaeTcs CJIeyonuM 0bpa3om:

1
H=1|0 (231)
0

o = O
_ o O
o O O
o O O
o O O
o O O
o O O
o O O

Sameuanue. Ecim B sp3, sp3c daiiiax npucyTCTBYyeT CKOPOCTHAsi WHMOPMAIUsI, TO
MOKHO 00pa30BaTh COOTBETCTBYIONINE CKOPOCTHLIE U3MEPEHUS:

a = V= Vi = AV +ry

o= V=V = AV + s (232)

/ IGS
26 = ‘/;73 — V773 = A‘/n?, -+ T6,
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i (e VnIiGS — ckopoctHble gaHuble [GS, a 74,75,7¢ - MOIPEITHOCTH CKOPOCTHBIX JTAHHBIX
ceppuca [GS. OTMerum, 4TO Ha CETOIHSIIHUN JIeHh CKOPOCTHAs MH(MOPMAIUg He MPeJIo-
CTaBJIACTCH.

Taxum 0O6pa3oMm, MmocTaBJIeHHAs 33,1298 OINEHKH OMMUOKNA TPAEKTOPUN HABUTAIMOHHOIO
CIIYTHUKQ IIPpUHUMAECT BU/L:

Tjip1 = P15 + By,
Zj = HJZj—f—Tj. (233)

Samevarue. Pacyersl mokasasm, 4To mar mo BpeMenu At pekoMeHJyercs OpaTb He
6oee lc.

Pemmenne 3a1aum oneHWBaHUS MIPOBOIUTCA IPH IOMOIMM CLIAXKUBAONEr0 (DIILTPA
Kanmana |25], [33].

6.1.6 ®opMUpOBaHNE CKOPPEKTHPOBAHHOW TPAEKTOPUU HABUTAIMOHHOIO
CIIyTHUKA

B pesyabrare mpuMeHeHHs CriaaKupaiomero ¢guiabrpa Kaamasa ompemensercs OIeHKa
SR = AT/ 0\T

T = (Aj, AV, Af))" (224). Bamumem CKOPPeKTHPOBAHHYIO ONEHKY IPHHBHYCKEX KOOD-
JAUHAT " CKOpOCTeI'Z HaBUT'aUOHHOI'O CIIyTHHUKa B CJI€AYIOLIEM BUIEC:

i=n —An, %:I/Z—Af/n. (234)

JI1s1 mpoBepKU TOYHOCTH MPHUMEHAEMOTO aJrOPUTMa HCKYCCTBEHHO MOJIETHPOBAJICS
MPOILYCK OIHOIO M3 KOPPEKTHPYIOUUX H3MEPEeHHil M MPOBEPSIOCh, ¢ KAKOH TOYHOCTHIO
GUABTP ONpeaeTuT KOOPANHATH TPOMYIIeHHo# Touku. OnmbKa onpeienenus GUIbTPOM
Kasmana nporynieHHOro KOPPEeKTUPYIONEro W3MePeHusi COCTABJISAIa HECKOJIbKO MUJIIN-
MEeTPOB.

Taxum 00pa30M, HECMOTPSI HA TO, YTO BHICOKOTOYHAS HO3UIUOHHAS deMepu/IHasT HH-
dopMaImsa IpegoCTaBAIeTCsa JOCTATOYHO PEIKO, VIAeTCs BOCCTAHOBUTD BCIO TPAEKTOPHUIO
HABUTAIIHOHHOTO CIYTHUKA 6e3 moTepu TouHOCTH. OcTaTouHas OMMUOKa OIMpeaeeHus KO-
Op/IMHAT HABUTAIMOHHOIO CIYTHUKA B KazKJblif MOMEHT BpeMeHHU t; HOCJIe HPUMEHEHHT
criazkuBaronero ¢gpuabrpa Kanmana ocraercss Ha ypoBHe TodHOCTH gaHHBIX IGS U, coor-
BETCTBEHHO, He MpeBbiaer 2-3cM. OTMeTHM, 9YTO KOBApUAIMOHHBIE XapaKTEePUCTHKHU CO-
OTBETCTBYIOIIUX OIMEHOK TaK2Ke OCTAIOTCS IIPUMEPHO HA YPOBHE 2-3CM Ha BCEM paccMaTpH-
BaeMOM OTPe3Ke BPeMeHH, YTO KOCBEHHO IOATBEP:KIAeT BBICOKYIO TOYHOCTH MOJTYIeHHBIX
pPe3y/IbTaToB.

Bamewanue. OMeHKa MOIyIs ommoKn cropoctn AV = \/ A~V,271 + ANV??Q + A~Vf]3 IS

CIIyTHUKOB O0EMX CHCTeM He IPEBOCXOJUT 3 MM/C.
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Sameuanue. Ecmm mar nmo Bpemenn At B3arh He 6osee 0.1 ceKyHJIBI, TO IS OIIpe/ie-
JIEHUd KOOPJAWHAT CIyTHUKA B MPOU3BOJLHBI MOMEHT BpeMeHH ¢, T € [tj,tjﬂ] C TeM Ke
YpoBHEM TOYHOCTH JOCTATOYHO JIMHEMHOM UHTEePHOJIAIIUN KOOPJAMUHAT.

6.2 BrnIcoOKOTOYHOE omnpeesieHne KeIJIEPOBbIX 3JIEMEHTOB OpOu-
ThI CILy THUKA

EcTrecTBeHHBIM pasBUTHEM 3a/a9d BHICOKOTOYHOIO OIPEIEJICHUS TPACKTOPHUU HABUIAIIM-
OHHOI'O CIIyTHHKA IPEJICTABILCTCS 3312493 MOIEJIMPOBAHMA KEILIEPOBLIX 3JEMEHTOB BO3-
MYIIEHHOH OpOUTHI CIIyTHUKA KaK (DYHKIUI BpEMEHH.

Ba,ZLa‘{a BbIUHCJ/ICHUA KellJIEPOBbIX JJIEMEHTOB II0 U3BECTHBIM 3HAYCHUAM JEKAPTOBbLIX
KOODJIMHAT HEKOTOPBIX TOYEK OPOUTHI sIBJSETCS KJIACCUYECKON 3ajiadeil nebecHoOl mexa-
HUKU "N HO,Z[pO6HO OonuncaHa B COOTBETCTBYIOIIUX U3JaHUAX, HallpUMeEpP, B KHUTaX BaﬂKa
M.B. [9], Ay6ommuua [.H. [27|. TpagunuonHo JaHHAs 3a/1a9a PEIIaeTcs B HHEPIUATbHOI
cucTeMe KOOPAUHAT, IpHIeM OpOUTa CIYTHHKA IPEIIOIAraeTCsa CTPOTO 3JLTHITHYECKOI.
O/1HaKO, B CILyTHUKOBOII HABHUTAIMK OIOPHOW CUCTEMOI KOODJAMHAT SIBJISETCS I'DUHBUY-
CKasl CUCTeMa, a M3-3a BHEITHUX BO3MYIIEHUI, IOCTOSHHO JICHCTBYIONINX HA CIYTHUK, €r0
Op6I/ITa He dBJIdeTCS YJIJINOTUYEeCKON n JTazKe IJIOCKOIA. HOSTOMy LITO6BI BOCITIOJIB30BATHCA
CYMIECTBYIOIMUME AJITOPATMAMH, HEOOXOIUMO UX MOAU(MDHUIAPOBATL.

MogenpoBanue 3BOTIONNI KeILIePOBBIX 3JIeMEHTOB OPOUTHI MOXKET OBITH IIOJIE3HO I
3a/a4 IIPOI'HO3a /JBU2KEHUA CIIyTHHUKA. MOﬂeﬂI/IpOBaHI/Ie KelJIePOBbIX 9JIEMEHTOB Ha JIJIU-
TEJIbHBIX MHTEPpBaJlaX BPpEMEHU IO3BOJIAET BbIABJIATH YaCTOTbI, COOTBETCTBYIOIIUE BJINA-
HHUIO OCHOBHBIX BO3MYyIHamux ¢GpakTopos: Bo3aeicrsuto JIyanr, ComHma u T.1.

6.2.1 KemiepoBbl 3J1eMEHTHI OPOUTHI

KermmepoBsl 371eMeHThI OPOUTHI SBJISIOTCS YHABEPCATbHBIM IIOHITHEM, OJHAKO, JJIsI CAMO-
JIOCTATOYHOCTH M3/IaraeMoro MaTepHaJia IpHBeIeM 31eCh HX MOApOoOHOe omucanue. Bpe-
neM opbutanbuyio cucremy koopauuHat OC, och O(; KOTOpOil HapaBIeHa BIOJb JTUHUN
nepecevenns II0CKOCTH dKBaTopa Onins M IJIOCKOCTH OPOUTHI CIYTHUKA, HPUYEM B Ty
U3 JIBYX TOYEK TEepecedeHus CIIYTHUKOM ILIOCKOCTH 3KBATOPa, depe3 KOTOPYI0 CIYTHUK
npoxoauT npu Asuzkernn B HamnpasiaeHun FOr-Cesep. Ocb O(3 neprneH uKyIsSpHA MLJIOC-
KOCTH OpOHUTHI U BCEra COCTaBsgeT ¢ HanpapiaerneM (On3 ocTpblil yroi, a ock O(y TeKuT
B ILTOCKOCTH opouThl u gonoiHser ocu O( u O3 no npasoii Tpoiiku. Hazosem moaroroit
BOCXOJIAIINEro y3J1a yroa Mexkay ocbio Ony u ocbio OC. Och O(; Ha30BeM JMHUEH y3J108B,
a JI0JITOTY BOCXOJSIINEro y3Jja 0bo3HadnM depes (2.

YraoM HakJIOHEHHsST OpOUTHI HA30BEM YIOJ MEXKIY ILTOCKOCTBIO 3KBaTopa Oniny u
JI0CKOCTEI0 opouThl O(1(s 1 00603HAUNM ero depes i. Hdepe3 a u e 0003HAYNUM, COOTBET-
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CTBEHHO, OOJIBIIYIO IIOJyOCh OPOUTEL U €€ MEPBBIi SKCIEHTPUCATET. APryMeHTOM IIepUrest
HA30BEM yIOJI MeXK/y JIMHHEeH y370B U HampaBaeHneM u3 ToYKu () B TOYKY IepHrest oOp-
OuThl ¥ 00OO3HAYUM €r0 Yepes w.

VKa3zaHHBIMU TSITHIO IMapaMeTpaMu MOJHOCTHIO 3a/[aeTcsi OpOuTa, MIECThIM Hapamer-
POM 3a/1aeTcs TOJIOYKEeHHe CIyTHUKA Ha opouTe.

Baga1uM opHeHTaIno opouTaIbHOll cucTembl O( OTHOCHTEIBHO IPHHBHUCKON O ABY-
M TIOCJIe0BATEIbHBIMI TTOBOPOTAMMT:

Q0 i
on — —  OC (235)
3 1

Marpuity opuenTaium opOUTaJIHLHONR CUCTEMbI OTHOCUTEILHO TPUHBUYUCKO 0003HAYTNM
gepe3 B:

cos () sin 2 0
B =| —sinQcosi cosQcosi sini |. (236)
sin () sin ¢ —cos{2sini cosi

6.2.2 AjaropuTm ompejieieHus KeIlJIEPOBbIX 3JIEMEHTOB 10 TPEM IIOJI0XKEHUAM
CIIyTHHKA Ha opbute

[IpuBeieM onmcaHue CTAHJIAPTHOTO AJTrOPUTMA ONPEJIEICHUS KEIIEPOBBIX 3J1eMeHTOB [9)
¢ y4eToMm 0COOEHHOCTEi, 0 KOTOPBIX OBLJIO CKa3aHO BbIe. 110 M3BECTHHIM KOODAMHATAM
CIIyTHHKA B TPH M3BECTHLIC MOMEHTA BPEMEHH TPeOyeTcd OIpeeIuTh BCe IATh Keliepo-
BBLIX 3JIEMEHTOB, a TaK:Ke BpeMsl IIPOXOKICHHs CIIyTHHKA Yepes3 IepHreii.

Samevanue. BoobIe roBops, /i OIpeae/IeHns YKA3aHHbIX BEJIMYUH JOCTATOIHO JIBYX
HOJIOZKEHUIT CIYTHUKA, HO aJrOPUTM JIOCTATOYHO TpymoeMkuii [9], mosromy npusognm
371eCh U PEKOMEH/LyeM K UCIOJIb30BAHUIO AJITOPUTM, ONPEACIONM KelIepOBhI 3JIeMEeHThI
IO TpeM IOJIOXKCHUSAM CILy THHUKA.

Bsesem emmne o0y CHCTeMy KOOPAHHAT, CBA3aHHYIO C OPOUTOM CIIyTHHKA, B 0003HAYHM
ee opThl uepe3 Uy, Y, 3. OpT 1)) HAIPABAM B TOYKY HEPHTes, OPT Uy TAKIKE JICZKHT B
IJIOCKOCTH OPOUTEL, & OPT 13 coBHAgaeT ¢ 0cbio O(s.

O603HaYMM TI'PUHBUYCKHE KOOPIMHATHI BBIODAHHBIX TOYEK, COOTBETCTBEHHO, Yepes
W n® u n® a paccroguumsa or sTEX TOUeK 10 TOUKH (), COOTBETCTBEHHO, 4UEpPE3
rM @ B Yepes ty, ty, t3 0603HATUM MTOCIIEIOBATETLHBIE MOMEHTHI BPEMEHH TPOXOZK-
JIeHHsl CIIYTHUKOM BBIODAHHBIX ToUek (f1 < ty < t3).

Sameuarue. B BoIOpaHHBIE MOMEHTHI BpeMeHHU t1, to, {3 TPUHBUYCKAS CUCTEMA KOOP/IU-
HAT 3aHUMAeT Pa3JIMIHOE TOJ0KeHHe. [103TOMY yCIOBUMCS BCe BHIYUCICHHS TPOU3BOINTH
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B TOi cHCTeMe, ¢ KOTOPOil COBIIaIaeT I'PHHBUYCKAA CHCTEMa B CpeJIHH MOMEHT to. Torma
HEOOXOIUMO TPUHBHUCKHE KOOPJAMHATHI OCTAJTBHBIX TOUEK HMPUBECTH B 3Ty K€ CUCTEMY,
T.€. BBIIIOJIHUTH 3aMEHDbI:

cosu(ty —ty)  sinu(ta—1t1) 0
nM — | —sin u(ty —t1) cosu(ta —t1) O W,
0 0 1
cosu(ts —te) —sinu(ts —ta) 0
n® — | sinu(ts —t,)  cosu(ts — ts) 0 n®. (237)
0 0 1

BekTop 3 B rpHHBUYCKOIl cHCTEMe KOODIUHAT MOXKET OBITH BBIYUCJIEH CJIeTYFOIIHM
obpazoM:

1) (3)
o nxXn
Vs = L (238)
C apyroii cTopons!, opT 3 B cucreMe OC mveer koopaunats (0,0,1)T. Orcioza:
) 0
vs=Bl[0]. (239)
1

N3 mociennero paBeHCTBA MOYKHO HAUTH JOJTOTY BOCXOASIIETO Y37Ia U YTOJ HAKIOHE-
HUsL OPOUTHI:

() = — arctan Z?’l (2 € [0,27]), i = arccos 1 (240)

32

C YYIeTOM 3HAKOB 31, P30 1€ 131, Y32, 133 — KOMIIOHEHTHI BEKTOPA 1'3.
TToCKOTBKY BCe TpH BHIGPAHHEIE TOUKH JIZKAT B OTHON MIOCKOCTH, BeKTOP 1)'2) MOKHO
JHHE{iHO BhIpasuTh depe3 Bekropa 1) u n):

n® = en® + en®, (241)

Jameuarue. Boobime ToBOPs, MOCKOJIBKY peasibHas OpOnuTa CIyTHUKA He SIBJIAeTCS -
JUITUYECKON, TPU BBHIOpAHHBIE TOYKH BMeCTe ¢ YCJIOBHBIM IeHTpoM 3emun O He OyayT
JIeYKATh B OJHOI TI0CKOCTH. VIHBIME CJTOBAMI MBI OMpEIeTUIN YIJIbI () U ¢ Yepe3 BeKTOPHI
7 u n®). Ecau mbr copMupyem 1o sTum yriaam Marpuily B¢ U BBIYHCIEM KOOD/HHATHI
sropoit Toukn (2 B opburanpHoii cucreme OC ¢ momorbio pasercTsa (2 = Bcn@), TO
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2
TpeTbhbsa KOOPIMHATA @E ) Oy/ZleT OT/IMYHA OT HYJIS M MOXKET JOCTUTATh, HAIPUMED, HECKOJIb-

KHAX JIECATKOB METPOB (HpI/I t3 —lo = t9g — 1 = 1OMI/IH.). Ho stuMm oramumeM MOXKHO
.. 2

npenedpedb, MPUHYJIUTEILHO MOJIOKHUB €€ PaBHOW HYJIIO: Cg(, ) = 0. A noczie 3T0TO CHO-

Ba BBIYUCJ/IUTh KOOPJAUHATHI 77(2) = BCTC(Q) U 3TH KOOPJAWHATHI B JIaJbHENUIIEM U CUUTATH

TPUHBHYUCKAME KOOpJWHATaMu BTOpOil Touku. Ha sTom Mommdukanms 3aKaHInBaeTCI U
JIAJIbIIe TIPeJTAraeTcsl U3JI0KEeHHe CTAHJAPTHOrO AJTOPUTMA, MPUBEJIeHHOTO B [9).

Haiiziem koadbdunmenTsr ¢ 1 ¢3, 10049epeHO JOMHOKUB, cooTHOeHne (241) crnpasa
wa 7 u p0):

. 72 x )] - 172 x )] 02)
[ > @’ [n® x|
,ZLJIH Ka)K,ILOﬁ TOYKH Ha IJITUIICE CIIpaBEI/JINBO COOTHOIIEHUE!:
p
- , 243
"7 +ecos f (243)

rjae r — paccrosuue 10 To9Kd o1 dokyca (B Hamem ciydae, or mnenrpa 3emian O), p
— doraabHBI mapamerp, f — yroJ UCTHHHONW aHOMAJNM, KOTOPBIH MpeacTaBiseT coboit
YIOJI MeKJly HalpaBJeHneM Ha mepureil (oproM @El) U HAlpaBJIeHUEeM Ha JaHHYIO TOYKY
u3 dokyca O. OTcioga cieayeT paBeHCTBO:

p—r=¢€k, (244)

rae & — HpoeKnus PaauyC-BeKTOPa TOUYKM HA, HAIIPAaB/JACHHE OOJIbINON HOJJIYyOCH 3JLIMICA.
CupoekrupyeM Ha GOJIBIIYIO MOJIYOCh cooTHOIIeHne (241):

5(2) — 615(1) + 035(3), (245)
OTKY/Jla CJIelyeT paBeHCTBO
p—r® =ci(p—rW) +c3(p — ). (246)
V3 mocieguaero paBpeHCTBa MOXKHO HaiTH (DOKAJILHBIN IapaMeTp p:
(2) _ 1) _ (3)
T ar Cc3T
_ 247
p T —— (247)
BanuieM Caeayonyo HemoYKy PaBeHCTB:
T 7 T (77(1) X 77(3)) X 1/_11 B 1 3)/.7 (1) ) (.7 31 _
2/12 - ?/13 X wl - |T](1) < 77(3)| - |T](1) x 7](3)| (77 (?/11 -n ) —-n <¢1 -1 )) -
1
= 4|77(1) > n(3)| (5(1)7](3) _ 5(3)77(1)) ‘ (248)
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JloMHOXKHMB 00€ YacTH paBeHCTBAa Ha JKCIEHTPUCUTET € U B3dB IO HOPME, IOJYUYHUM C
yueToM (244) BbIpakKeHue JIJIs ONPe/Ie/IeHNs IKCIIEHTPUCATETA!

(2= ) = (p = r®)y)|

‘<= 17D % @) (249)
Jlajtee MOzKeT GBITH HANIEH CAM BEKTOD g
= s (0= = =) (250)
OcraBmmiics HeM3BECTHBIM OPT 1/ HAXOAUTCS depe3 BeKTOPHOE IPOH3Be/ICHHe:
U1 =y X 3. (251)

Bonbmmasg moayoch a m Maiasg mMoayoch b BBIYHCALIOTCS depe3 IKCIEHTPUCUTET € U
doKaJIbHBIN TApaMeTp p:

p
a=—-, b=av1l—e2 (252)
1 —e?
Junug ysinop O Kak BEKTOP €JMHMYHON JJIMHBL MMEeT CJIeLYIOIIHe KOMIOHeHTDL:
(cos Q,sin 2, 0)T. Torma aprymenT nepures w MozkeT ObITH HafigeH 10 dhopMyJIe:

w = —sign(O¢; - 1y) arccos(OC; - ¥y). (253)

Taxum obpazom, HaiiJIeHbI BCe TSTh KEILJIEPOBBIX 3JIEMEHTOB, 33/IaI0IUX OPOUTY CITyT-
HUKA, OCTAJOCh HANUTH BpeMs IPOXOXK/EHUs CIYTHUKOM TO4YKH mepures. Ha Oosbrmoit
MOJIYOCH JLTUIICA KAK Ha PAJILyce TIOCTPOUM OKPYKHOCTD. [IpoBeieM uepe3 TOUKY JLIHII-
ca 1PSAMYIO, HEePIEeHJIUKYJIAPHYIO O0JIbIION 10JIyocu. Y10/ MexK1y OOJIbIION HOJIYyOChIO U
HAIPABJIEHUEM U3 [MEHTPA JIJIUICA HA TOUYKY MEePECevIeHns TOCTPOCHHO MPIMOil C OKPY K-
HOCTHIO HA3BIBAETCS YIJIOM dKCIeHTpUYecKoit anomasinn . Ob6o3naunm depes &,y neKkap-
TOBBbI KOODJMHATHI BTOPOi TOYKHU (U3 UCXOJHBIX TPEX TOUYEK), OTCIUTHIBAEMBIE OT TOYKH
O. CupaBeiuBO PaBEHCTBO:

cos B = x—l—c’ (254)

a

re ¢ — hoKycHOe paccrogHue. Bocmonrb3yeMcesd ypaBHEHIEM 3JLIAICA:

rrel vy (255



Orciona y = bsin E. C apyroii cTOpOHBI:

r=0® ), y=0® ). (256)

Torga MoryT OBITH JIETKO HaliIeHbl TPUTOHOMeTpIYecKre (DYHKIUH JJIsT IKCIEHTPUIeCKO
anomaynu :
2. @ .4
COSE:e—{—M, SinE:M. (257)
a b
Sanumiem ypauenne Kermaepa, 0603HauuB uepes ty BpeMs MPOXOXKIEHUS CIIyTHUKA depe3
Lepurei:

Vi

E—esinE:m

(ta —to) - (258)

Orcroga Jierko MozkeT OBITh HAileHO HCKOMOe Bpewms to:
a3/2

toth—W(E—esinE). (259)

Boruucjiennble 3Ha4eHus KEIJIEPOBBIX JIEMEHTOB U BPEMEHU HPOXOZK/IEHUS Yepes Iie-
pureii ciaesyeT OTHeCTH K MOMEHTY BpPeMeHH is.

53.61 T T T T T T T T 53.56 T T T T T T T

5361 | 53.555 - 1
53.59
5355} 1
53.58

53.57 53.545 q

53.56 53.54 1

i [deg]
i [deg]

5385 53.535 q
53.54
53.53 q
53.53

53.52 53.525 q

53.51

. . . . . . . . 53.52 . . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 100 200 300 400 500 600 700 800

t[h] t[h]

Puc. 16: 'pacduk yria Hakjionenud ¢ Ha uH- Puc. 17: I'paduk yria Hak/IOHEHUs ¢ HA UH-
TepBaJje 1 Tog. TepBaJe 1 Mecsir.
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Samevanue. Ecam MOMEHTBI BpeMeHH 11, to, t3 B3ATDH JJAJIEKO OTCTOANIUME JAPYT OT JAPY-
ra, TO 3a/1a49a ONpe/ieIeHIsT KeILIePOBBIX 9JIEMEHTOB KakK (DYHKIIHiT BpeMeHH TepsaeT CMBICT.
Eciin B34Th CJIMIIKOM OJIM3KUMU JIPYT JPYLY, TO 3a/ia4a CTAHOBUTCS I11JI0XO 0OYCJIOBJ/IEH-
HOIi: HETOYHO OIPEJIEIAITCS IKCIEHTPUCUTET € U apryMeHT nepurest w. Pacuers mokasa-
JIM, 9TO ONTUMAJIbHON pa3HuIel To BpeMeH! MpeIcTaBasieTcs to—t1 ~ t3—ty ~ 5— 15MuH.

6.2.3 Pe3zyasTaThl MOaE/IMPOBAHUS

[IpontrocTpupyeM 3BOIONUE KEILIEPOBBIX 3JIEMEHTOB Ha JIOCTATOYHO JJTUTETbHBIX HH-
TepBaJiaX BpPeMeHH.

Ha Puc.16, 18 upusejiennst jiyjisi nupuMepa rpaduku 9BOJIONUI BO BpeMeHU yIjia Ha-
KJIOHEeHHsT OPOUTHI ¢ (KakK ImapamMerpa, XapaKTepU3yIOmero OpUeHTAIMI0 OPOUTHI) U IKC-
HeHTpucHTeTa € (KaK napaMerpa, Xapakrepusyomero ¢Gopmy opOoUTHI) CIyTHHKA HOMED
6 cucrembl GPS 3a 2010 roa. Xopolmo BHIHBI YacTOTHI KOJeOGaHHUil, COOTBETCTBYIOIIHE
nepuoy Bpamenuda JIyHbl BOKpYr 3emin u BparieHus 3emuin BOoKpyr CosHIa.

x 10 x 10
6.4 T T T T T T T T 5.98 T T T T T T T

5.96 q

592 4

5.881 q

5.84 4

5.8 . . . . . . . . . . . . . . .
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 0 100 200 300 400 500 600 700 800
t[h] t[h]

Puc. 18: I'paduk sxcnenrpucurera e na un- Puc. 19: 'paduk skcienTpucurera e Ha uH-
TepBaJie 1 TOJI. TepBaJie 1 mecs.

Ha Puc.17,19 npuBeenbl rpaduKu 3BOTIONMII STUX Ke BEJIUYUNH 3a sHBapb 2010 roja.
YeTKko 1pOC/IeKUBAIOTCST Bapualuu C 4acTOTOW, COOTBETCTBYIONIEH 1epuoiLy BpallleHUs
CIlyTHUKA BOKPYT 3€MJIH.

O,Z[HaKO, ciaeayerT OTMETUTh, YTO CUJIBI IIPUTAKEeHUA CO CTOPOHBI HYHBI " COJIHL[& AB-
JIIIOTCS JTAJIEKO He eJIMHCTBEHHBIMHU (paKTOpaMU, BO3MYIIAIONIIMA TPACKTOPHIO CIIy THUKA.
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B pa6ore Mukpuna E.A. u ap. [42] npuBesen mepevern Bo3Mymaomux hbakTOPOB ¢ yKa-
3aHUEeM JJIs KayK/I0I0 U3 HUX CTeleH! OTKJIOHEHHUs OT HeBO3MYIIEHHON TPaeKTOPUH.

6.3 Onpenenenne BHENTHUX BO3MYINEHUi, JAefiCTBYIOIINX Ha
CILy THUK

OHI/IC&HHBIﬁ BBIIIIE aJITOPUTM HUCIIOJIB30BaHUA MMO3UIUOHHBIX JaHHBIX IGS IIO3BOJIIET C

BBICOKOI TOYHOCTBIO oIpeae/idTb KOOPAUHATDBI CIIYTHHKa U KOMIIOHEHTbI BEKTOpPa €ro OT-

HOCUTEJIBHOM cKopocTH. Torga u3 (218) MOKHO HOJYYUTH BHIPAZKEHUs! sl OLPeIeTe s
KOMIIOHEHT BeKTOpa BHEIIHUX BO3MYIIEHUil f,, JeHCTBYIOMUX HA CIOYyTHHK:

fi = Vip = 2uViy — gy — uPny,
foz = Vg +2uVp — 922 — w1y, (260)

fn3 = ‘/7]3 - 923-

x 10~

f [m/secz]
o

nl

0 20 40 60 80 100 120 140 160 180
tfh]

Puc. 20: I'padux BeTHINHEI BHEITHETO BO3MYIIEHHS fy)1.
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Ecnn mar mo Bpemenn At onpejieienus BHEIIHIX BO3MYIIeHUI HeGOIbIIOI, HAIpHMeD,
At = 0.lc., TO IPOU3BOAHBIE OT KOMIIOHEHT BEKTOPA OTHOCHTEIBHOH CKOPOCTH MOTYT
ObITh Hafi/IeHbl IPOCTHIM YHUCIeHHBIM JuddepenimpoBanueM (HAPUMED, IEHTPAIBHOM
Pa3HOCTHIO):

Vai(tiv) = Viultj—1)
2At ’

XapakTep 10Be/IeHUs peajiu3aluil BO3MyIIEeHU BO BpeMeH! KaueCTBEeHHO 110X0K Ha Xa-
paKkTep peajnsalyii KeIIepoBbIX 31eMeHTOB. [IpuBeaem s npuMepa peaan3amnuio OneH-
kn fp1 (Puc. 20) cnyranka vomep 1 cucremsr GLONASS na nnTepsaste ¢ 25 mo 31 aBrycra
2013 roxa:

V,i(t;) = i=1,2,3. (261)

2
fn 1[m/sec ]
o
T
g—]
i
i
Pl
2
fn 1[m/ser: 1

el I

I I I I
0 20 40 60 80 100 120 140 160 180

Puc. 21: Buemnee Bo3mymienue f,; u ero Puc. 22: Buemnee Bo3mymienue f,; u ero
alnpuopHasi OleHka u3 3peMepuIHON WH- alpuopHas OleHKa u3 3dpeMepujaHoil nH-
dopmanuu peaabroro spemenn. C 25 mo 31  dopmarmn peaanaoro spemenn. C 25 mo 26
asrycra 2013r. asrycra 2013r.

SGMQ'L{,G[’H}U& AHaﬂI/IS MMOKa3aJl, YTO BbIYHUCJ/JIEHHBIEC 3HAaY€HUd BHEITHUX BOSMyHIeHI/Iﬁ HE
BCEI/Ia XOPOIIO COBIAJIAIOT C ONEHKAMH BHEIIHHX BO3MYIIEHHII, KOTOpPbIe HMepeIaloTcs B
KadecTBe 3deMepuiHoi HH(OPMAIUd pPeajbHOTO BpeMeHH CIIyTHHKOBOI cuctembl ['JIO-
HACC. Ha Puc.21 u 22 npuBeaeHbl COOTBETCTBYOIINE TpaduKH, T1e CHHEM IIBETOM 000-
3HaYeHa BbIYUC/IeHHAs 10 (260) 9BOMIONUS BEJIUYUHDL fy1, & 3€JI€HBIM [[BETOM HPUBEICHA
orieHKa 3Toit Besmmumabl, coobiaemas cucremoit ['JIOHACC B uucie sdpevepunnoit nn-
dopMmanun peasbHOro BpeMenu. 13 rpadukoB BuIHO, 9TO OMHOKA BEJTUINHBI BHEITHHX
BO3MyIeHuii MoxkeT jocturath 107 5m/ . Omnaxko, acdemepuHbIe JaHHBIE OOHOBJISIOTCS
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Kazkple 30 MEHYT U 32 3TOT OTPEe30K BpeMeHH YKa3aHHbIe OIMTUOKH B OIpPe IeIeHUN BHEIII-
HUX BO3MYIIEHHII HE IPUBEIYT K CYIIECTBEHHBIM MOTPEITHOCTAM B ONPeJeIeHAN TPACKTO-
pUU CILyTHUKA LIPDU MHTEI'PUPOBAHUM YyPABHEHU JIBUKEHUSI.

7 MoageaupoBanue MOHOC(EpPHOIT MOTPENTHOCTH CHYT-
HUKOBBIX U3MEpPEHUI

Kak 6bLj10 cKa3aHO B HadaJje IJIaBbl, OJIHUM M3 3JIEMEHTOB KOMITLIOTEPHOTO U allllapaT-
HOT'O UMUTATOPA SABJISIETCS MOJEINPOBAHNE NOHOC(HEPHOI TTOTPENTHOCTH CITY THUKOBBIX U3-
MepeHnii. OCTaHOBUMCS HA OMUCAHUY PA3TUIHBIX TOIXO/I0B K BRIYUCIEHUIO HOHOChHEPHOI
MOTPENTHOCTH:

® MoJeJIMpoBaHne HOHOCKHEPBI METOAO0M ChepHIecKnX TapMOHHK, KO3(MMHUIIHEeHTHI
JUIsT KOTOPOro OTKphITO mpepocrasistorcst cayx6oit CODE (Center for Orbit
Determination in Europe);

e omnpejeeHne HOHOC(HEPHOH MOTPENIHOCTH C IIOMOIIbI0 U3MEPEHHH ABYXIACTOTHOIO
MIPUEMHUKA.

OrMeTuM, YTO HUZKE CHavYaJja MPUBOJATCA U3BECTHBIE MOJXO0/IBI K BBIYUCICHUIO HOHO-
cdepHOii TTOrpenIHOCTH, TTOCKOJIBKY 9TH MOJETH U COOTHOIIEHUS HYKHBI JIJIS MOJIETHPO-
BaHUS CIYTHUKOBBIX U3MEpPEHU.

7.1 OO0masa nadopmanusa o noHocdepe n MOHOCHEPHOIT mMorpern-
HOCTHY CIIy THUKOBBIX M3MEPEHUIA

Craoem nonocdepnbl HA3BIBAETCS BEPXHSS 9acTh aTMocdepbl, B KOTOPOil HAXOIATCS 3a-
psizKeHHbIe HOHBI (3J1eKTpoHbl). MoHocdepa pacmosiaraeTcs OpueHTHPOBOYHO B IPeesax
50-1000kM HAJ HOBEPXHOCTHIO 3€MJIH, HAUOOJIbIIAS KOHIIEHTPAIUI HOHOB HAOJIFOIAETCS
ua BbIcoTe 300-400kM. [lockoTbKY BO3HUKHOBEHNE NOHOB BBI3BAHO JIEHCTBUEM COTHETHBIX
Jlydeil, B JIHEBHOE BpeMs CYTOK COJIepzKaHhe MOHOB B MOHOCKEpe Bbillle, YeM B HOYHOE.
[To 3T0it ke MpUYNHE B 9KBATOPUAIBHON YaCTU MOHOChDEPHl KOHIIEHTPAIUS NOHOB BCErIa
OoJIbllle, YeM B HOJISPHBIX 00JIACTIX.

Omubka, BhI3BaHHAs IPOXOXK/IEHUEM paIHOCUTHAJNA Yepe3 CJIOH HOHOChEepbhl, 3aBUCUT
OT YaCTOTHI PAJUOCHTHAIA U KOHIEHTPAIMH MOHOB Ha MYTH NMPOXOXKIeHUs curhHasa. Ha
BEJIMYUHY IIOI'PEHIHOCTU BJIMAET TOJIbKO KOJIHUYECTBO IJICKTPOHOB Ha IIYyTHU IIPOXOZKIACHUA
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CUTr'HAJIA, B HE3aBUCHMOCTH OT TOTO, KaK OHH pacIo/oxKeHbl. [loaToMy B HaydHOIl JinTe-
paType MUPOKO UCIOIb3yeTcst TepMuH "T10/IHOe d1eKTporHoe cofepxkanne' (IT9C), koTo-
phiil XapaKTepu3yeT KOJIMYeCTBO 3JIEKTPOHOB B HEKOTOPOH BEPTUKAIBLHONU 00JIACTH MOHO-
cdepsl (BepruKaibHON "TpyOKe") ¢ ONpejeeHHON MIIOMA/IBIO MOIEePEYHOro cedenus. B
Ka4deCTBe €JUHUIBI U3MEPEHH A IMOJIHOTO SJIEKTPOHHOI'O COAEPzKaHHA BbI6paHa BeJINYNHA
TECU = 10* 31eKTpoHOB B BepTHKAILHOH "TpyOKe" ¢ IJIOMAIbIO TOHePETHOTO CeTeHNUS
1 kB.cM. O6006mIeHHYI0 (DOPMYTY /I BBIYUCICHUA HOHOCHEPHON MOTPEITHOCTH MOXKHO
3aimcarh B caeayiomem suje [65):

40.3 - 1016
12

e f - gacrora paJMOCUrHa/Ia, F - BeJIMYMHA IOJTHOIO 3JIEKTPOHHOTO COJEPIKAHUS.

Nonocdepubie cocTaBsoniue MOrPenrHOCTH KOJOBBIX U (Pa30BbIX U3MEPEeHWil PaBHBI
JIPYT APYTY 10 MOJYJII0 U MPOTHUBOIOJJIOKHBI TI0 3HAKY. Y KOJOBBIX M3MepPeHui noHochep-
Hasl OIPeNTHOCTh A MMeeT MOJIOKUTENbHBIN 3HAK, Y (a30BBIX OTPUIATETHHBII.

Jlnga kommeHcamum HOHOCKEPHOIl MOTPENTHOCTH CYIIECTBYeT HECKOJbKO MOIXOO0B.
TpamunuoHHo /s OTEHKW W KOMIEHCAINN NOHOCHEPHOH OMMMOKN B aJITOPUTMAX PeasTb-
HOTO BpEeMeHHU HCIoJib3yercs mojesnb Kiobyxapa 62|, koaddunuentsr st KoTopoil me-
pearTcs Ha pabounit MPUEeMOWHINKATOP OJHOBPEMEHHO ¢ ddemepunoit mHdopmalmeit
B HABHUTAIMOHHOM COOOIIEHUU CIyTHUKOBOI cucteMbl GPS. 91 ke K03 dunuenTs! npu
HEOOXOIMMOCTH MOTYT OBITH MCIIOJIB30BaHbI U i cnyTHUKOB cucteMbl GLONASS npu
COBMECTHOI 00paboTke nm3Mmepenuii ¢ u3mepenuamu cucrembl GPS. Onxnako, mozens Kito-
Oyxapa JI0CTaTOYHO O0IIasi ¥ ONUCHIBAET CHUCTEMHBbIE HMHTerpaJibHbie 3(hMEKTH B HOHO-
cdepe, He yunTbiBasi 0oJiee AeTATbHO JIEKTPOHHOE COJEPKaHUe IJTeKTPOHOB B KaKJIOM
HEOOJIBIION 00/1aCTH, TTOITOMY KOMIIEHCUPYET JIMIIh 9acTh HOHOC(EPHOI COCTaBJISIONIE
norpentaocTr curaana [65], [20]. [logpobuo Mbl He OyeM HA Hell OCTAHABINBATHCH.

Ecnun pabGoumit mpueMHUK SBJIS€TCS JIBYXYACTOTHBIM, TO HCIOJIB3YIOT HOHOCHhEpPO-
€B0O0OO/IHYI0 KOMOUHAIKMIO. BMecTo nepBudHbiX (pa30BbIX U3MEPEHUN HA, HECYIIUX OMOPHbBIX
qacTorax fi u fy ucnosb3yercs komOuHatus (pa3oBbIX U3MEPEeHUil, He COAeprKaIas HOHO-
cdepHyo onmuOKY. DT0 BO3MOKHO, MOCKOIBKY HOHOChEpHAs 3a1eprKKa, cormacHo (262),
3aBUCHT OT YaCTOTHI PaJinocuTHaa. TaKoil OAX0 MIUPOKO PACIIPOCTPAHEH JJIs JABYXUa-
CTOTHBIX MMPUEMHHUKOB, XOTS aOCOTIOTHOE 3HAUYeHne NOHOCKEPHOI OMMUOKH B 3TOM CIydae
HE OIEHUBAETCS.

NE B, (262)
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7.2 MonaerupoBaHue NOHOC(EPHOI MOTPENTHOCTU C ITOMOIITHIO MH-
dopmariun cayxkos1 CODE

OpHEUM U3 CIOCOOOB MOCTPOEHUS KapT IHMOJHOTO JEKTPOHHOTO COJepKaHusd HOHOChe-
PBI SIBJIFETCSI UCHOTB30BaHUE MeToaa chepuuecKuX rapMOHUK, KOIMDMUITHEHTH I KO-
TOPOro B OTKpbITOM gocryie npegocrapiasger opranusanmsa CODE - Center for Orbit
Determination in Europe, - Koropas sBjisiercss aHAJIUTHIECKUM €BPOIMEHCKUM [EHTPOM
MezKTyHapoiHoi ciyzk0bpl IGS. Bpems obHoB/ieHHsS 3THX KO3(DDUIUEHTOB COCTaBJIAET
JIBa Yaca, a COOTBETCTBYIOIIHe (hailJibl JOCTYIHBI B ceTu Internet, Hampumep, Ha caiite:
http://www.aiub.unibe.ch.

Ormernm, aro neatp CODE Takzke npegoctaB/isier ke IHeBHY 0 HH(DOPMAIUIO O 101
HOM 3JIEKTPOHHOM COJIEPYKAHUU JIJIsl JUCKPETHBIX TOYEK 3eMHOU MOBEPXHOCTU C IITATOM
[ITh TPAJYCOB MO JOJTOTEe W JBA C MOJOBHHON T'pajyca Mo IMHUPOTE, KOTOPAs PacCUm-
TBIBAETCS IO 3TUM ke Kodddunuentam. OIHAKO, ITUX JAHHBIX HEJIOCTATOTHO JIIsI WH-
TePHOJIAIIHT ¢ TpeOyeMoil TOUHOCTHIO TOJTHOTO 3JIEKTPOHHOTO COJIepKaHus B JII0OO0iT TOUKe
MOJIEJIBHOTO SJIJIUICOU 1A 3eMJIU, YTO MO0y ZK/1aeT M0/ Ib30BAThCs HEIIOCPEJICTBEHHO CAMUMUI
ko3 duimenTamu.

7.2.1 Kparkoe onucaHue MOAeJN HA OCHOBE chepuuecKux rapMOHUK

Kaxk yzke roBOpH/IOCH BBIIIE, JJIsl BHIYUCIeHUs HOHOChEPHOH omubku 10 (hopmye (262)
HEOOX0/IMMO 3HATH [OJIHOE JJIEKTPOHHOE COJIePzKaHue HA Iy TU POXOZXK/IeHUs CUT'HAJIA, BHE
3aBUCUMOCTH OT TOT'O, KaK 3JIEKTPOHBI pacnosiaraiorcs. [loaromy HeT HEOOX0UMOCTH MO-
JIeJIMPOBATh MOHOC(EPY TPEXMEPHOi, U B JajbHeilneM pedb Oy/leT WATH O JIBYyMEPHBIX
MoessaX nonocdepsl. Mlonocdepa mogenupyercs chepudecKuM cioeM OeCKOHEYHO MaJIoii
TOJIIUAHBI B MPE/INOMOKEHUH, 9TO BCE SJEKTPOHBI COJEpKATCAd B 3TOM cjoe. [Ias 60b-
meit TounocTu nonocdepa Mojeupyercs chepuuecKuM CJIOeM, PacloJiaralomiuMcs Ha/l
3€MHOI IMOBEPXHOCTHIO HA, TOW BBICOTE, HA KOTOPOIl HAXOJAUTCH HAuOOJIbIIee KOJIUIeCTBO
551eKTpoHOB (puvepro 300-400kM).

Mogenb Ha ocHOBe cpepHIeCKHX TapMOHHUK JJIsl pacdeTa MOJHOTO JeKTPOHHOIO CO-
JiepzKaHus B JUCKPETHONW TOUYKE BBIVISIUT CJIEIYIOMIHM 00Pa3oM:

Nmaz N

EB,s)=> > P (Si0 3) (G, €OS(1115) + by, sin(ms)). (263)

n=0 m=0
3mech E — BepTUKAJIbHOE MOJHOE 3JIEKTPOHHOE Cojiep:KaHne (KOJUYeCTBO 3JIEKTPO-
HOB B "TpyOKe' MepreHanKy/aspHON K MOBEPXHOCTH MOJEJLHOTO SJLTHIICOUIa 3eMin), [
— TeOIeHTPHUYeCKas MIUPOTa JAHHOH TOUKH, S = A — \g — PA3HOCTb MEXKJIy 3HAYCHHEeM
JIOJITOTHI JTAHHOW TOYKU W 3HAYEHUEM JOJTOTHI COTHIA, Ny, — MAKCAMAJbHAS CTEIEeHD
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pa3IoKeHus: B P M0 CHepPUIeCKUM TapMOHUKAM, Gy, U bppy — KOIMMUITHEHTH Pas3io-
weund, P, = APy — HOpMaIN30BaHHBIE TOJTHHOMBI JIeXKaHapa CTemeHn 1 MOPSIKa,
m. Iomunom Jlexxanapa P, crenenu n onpejessercs no (popmyJie:

1 /2] (=D)*2n —2k)
Pul2) = o kz::O kl(n — ]E;)!(n — k)" L .

a rosimHOM Jlexkaunapa P, crenenu n mopsiaka m nojaydaercsd u3 rnogwHoma P, mo ¢op-
My.JI€e:

dm
P =(1— xz)mﬂdx—mpn(x). (265)

Koadpdunmenr nopmasiusanuu A, oupegessercs cjepayomuM COOTHOIIECHUEM:

(n —m)l(2n + 1)(2 — dom)
(n+m)!

N = , (266)

rje 0 sBasgeTcs cuMBoJjioM Kponekepa.

7.2.2 Kparkaa xapakTepucTuKa JaHHBIX, IpeaocTaBisgeMbix neHTpoM CODE

CODE ezeiHEBHO HPEJIOCTABISIET B OTKPBITOM JocTyme (B ceTu Internet) napa Buga daii-
JIOB, OIUCBLIBAIONIUX COCTOsTHUE moHOChepbl. OcTaHOBUMCA cHada/1a Ha ¢ailiax, KOTOphIe
comepkaT KO3 UIUEHTH PA3TOKEHUS @y, U by, TOTHOTO SIEKTPOHHOIO COAEPIKAHUSIT
B psj, Pypoe. Koaddunuenrsr paszjiozkenus MpeJCTaB/JIeHbl ¢ BPEMEHHBIM HHTEPBAJIOM
JIBa 9aca W MpeHa3HAYeHbl /s pasdsoxkenus peuanabl [[9C B psg Pypwe crenenn 15.
Takum obpa3om, Ha KaxKJIblii MOMEHT BPEeMEHH IIpeJcTaB/ieHo 256 Ko3(hdUImeHToB, 4To
OKa3bIBAETCS JIOCTATOTHBIM JIJISI BBIYHCIEHUS ITOJTHOTO 3JIEKTPOHHOTO CO/IepzKAHUsI Ha MO-
JIETIPYEMOM CJI0e HOHOCDEPHI B 000 TOUKE C JTOCTATOYHO BBICOKOI TOUHOCTBIO.

Ha kazkjpiit MOMeHT BpemeHu repei KodgduiuenramMu OMeIeHO HEKOTOPOe BBe/ie-
HHUEe, KOTOpO€ COAECPZKUT JaHHDbIE, HeO6XO,ZLI/IMbI€ nJn 1IpPOCTO IOJIE3HbIe [IJId BBIYUCJICHU A
MOJTHOTO 3JIEKTPOHHOTO cojiepxkanus. K HanboJiee BayKHBIM JIAHHBIM OTHOCUTCS WHQOP-
Malus O TOM, B Kakoii cucreMe KoOpauHAT 10 Koddddurmenram Borauciserca [19C (na
JIAHHBIH MOMEHT BCe IpejocTaB/geMble (ailabl ¢ KoM UIHEHTAMEA TPEI0Iaral0T Bbl-
gucsterne [19C B reoMarHuTHON cucTeMe KOODJMHAT), 3aTeM U KOODJAMHATHI MAIHUTHOIO
nosiioca, ecau [I9C Bwramc/isiercss B reOMarHuTHON cucteMe KoOpawHAT. Takke cojep-
JKUTCsT HHGMOPMAIHMS O BBICOTE HA/T MOBEPXHOCTHIO 3€MJIM, HA KOTOPOW HAXOMUTCS MOJe-
JupyeMblit Kodddumuentamu ciioit monocdepsl. Kpome Toro, ykazan MOMEHT BpeMeHH, B
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KoTopblil Beraucasgercs [19C, u mpeaebable 3HAUCHASA IITHPOTHI, JIJIT KOTOPBIX BO3MOXKHO
onpeaenenne [19C no xkoaddurmenTam.

Camu ko3ddunuenTsl 3anuchiBaioTcs B (ailie Tak, 9r0 Kaxk /bl KoahduiuenT mo-
MEIIEeH B OT/IENbHYI0 CTPOKY. B Kaxk/10if cTpoke yKasaHa CHadaJia CTEIeHb N CJAaraeMoro
(263), B KOTOpOE JOJIZKEH TIOJCTABIATHCS KOIhMHUIMEHT, 3aTeM ero TOpsI0K 1, HOTOM CaM
K03 UIUeHT u OIeHKa ero CpeaHeKBaIpaTHIecKoro oTKJIoHeHusd. /lis koadduiuenta
mepeJi KOCUHYCOM Gy, TIOPSIOK 0OO3HAUaeTcss m, a g Kodddunuenta nepes CUHHYCOM
bin — (—m). OBbruHO cpepHekBaaparnueckoe orkiaonenue ne npesbimaer 0.5 TECU.

Tenepsr kpaTko oxapakTepuzyeMm (ailibl ¢ yzKe MOCIYNTAHHBIME 3HAYEHUSIMU MOJHO-
T'0 3JIEKTPOHHOTO COJIEPyKaHUsI B Y3J0BBIX TOUKaxX. HermocpecTBeHHO mepe/i 3HATCHUSIMU
IIOJTHOTO 3JIEKTPOHHOI'O COJIepyKaHMs KarK/blil (ailyl uMeeT JOBOJHLHO OOJIBIIYIO BBOJHYIO
qacTh. Hanbostee BazkHOI BBOAHOIT nH(MOpMAaIUeil ABIAIOTCI MOMEHTHI BpeMeHHU IepBOii 1
mocJaeHeil KapT HoHochephl, a TaKyKe BpeMeHHOI HHTepBaI MexK 1y coceaunmu. Ha cero-
JIHSIIITHAN JIeHb KAPThI COCTOSTHUST HOHOCKhEPHI yOJIUKYIOTCS C JIBYX9aCOBBIM HHTEPBAJIOM.
B kaxaom aiisie 3ammcansl mrar mo J0Jr0OTe W IIar mo MHUpPOTe, ¢ KOTOPBIMHU MyOJINKY-
I0TCS JIAHHBIE [T JIUCKPETHBIX TOYEeK CJ10d moHocdepbl. Kak yzKe roBopuioch BBHIIIE, B
HacTodIee BpeMs IMyOJUKYIOTCS KapThl C MIATOM MIATh I'PAJyCcoOB IO JOJITIOTe H JIBa C II0-
JIOBUHOH T'pajiyca Mo mupore. Eime oJHIM BaKHBIM ITapaMeTPOM sIBJISETCS MOKa3aTelb
CTeleHr. 3HAYEeHHsT JIEKTPOHHOIO COJep:KaHusl NpuBeaeHbl B (bailiax B 6ojee yao0HOM
JUTST 9TeHUsT BUJIE, MOITOMY WX CIeJyeT YMHOXKUThH Ha 10 B yKa3aHHOIl CTemeHu sl M0-
nydenns [19C. B macrositiee Bpemst mybankaembie 3uadenns [[9C 3asobimenst B 10 pas,
MO9TOMY YMHOMXKATh nmx cieayer ma 1071, Jlamee ciemyloT caMm KapThl O 3HAYCHUSMHE
[19C, nocie dero caeayoT KapThl CO 3HAYCHUSIMHE CPEeIHEKBAIPATHIECKOIO OTKJIOHEHUS
JIst Kaxka0ro 3nadenus [19C.

Samevarue. Popmyna (263) mperosaraeT BbIYUCIEHHE TTOJHOTO 3JIEKTPOHHOTO COJEeP-
JKaHUs 110 KO3 uimenTaM pasioKeHust B Teé MOMEHTHI BDEMEHHU, Ha KOTOPhIe MPEeI0CTaAB-
JieHbl KoaddunuenTol. /g onpejenenus MOJTHOTO 3JEKTPOHHOIO COJEPKaHus B MPOU3-
BOJTbHBIH MOoMeHT Bpemenu t (T; < t < Tjyq, vae T; u T;,1 - coceiHie MOMEHTBI BPEMEHH,
JUIST KOTOPBIX MPEI0CTaBIeHbl KoM hUIUEHTH ¢hepruueckoro pasiokeHus) HeOOX0IUMO
Borauc/iuth [[9C 1o koaddunuenram B MomenTs Bpemenu 1; u 111 U TPOUHTEPIIOIUPO-
BaTh:

Tig1—t t—1T;

E(t7678):E(Eaﬁas)m_FE(ﬂ—l-l;ﬁas)m- (267)

Kak y»xe ormedasioch, Ha cerojusnrauii 1enb uarepsasa 1;,1 — T;, ¢ KOTOPBIM TTpeo-
CTaBAAIOTCH KOI(DMUIUEHTH Pa3I0KeHNs, COCTaBJIgeT IBa Jaca.
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7.2.3 Bpruucaenune [I19C B gucKkpeTHOil TOYKe

g Toro, 4Tobbl OCYATATH HOJHOE 3JeKTPOHHOE COJep:KaHue B JUCKPETHOH TOouke ¢
KOOpuHATAMU ((, A) MOJIEJILHOIO CJI0si HOHOChEPBI, HEOOXOAMMO 1101y YU Th COOTBETCTBY-
fomue 310it Touke § u s u3 (263). Cuavana Beranc/sercs: goarora moaozkenns CoJrHIa 110

dopwmy.e:

N=m—-UT- 7/12, (268)
rie UT - Becemuproe Bpewms, Beranciaennoe B yacax. Torna seuunnsl 3 U S BHIYHCISIOTCS
110 popmysiam:

G
= - 269
g arcsin —, (269)

s = A+UT-nw/12—m,

e R — paccrosinvie M€Ky TOYKOW U YCJIAOBHBIM IEHTPOM 3EMJIH.

Ecau B daiine ¢ koapdunuenramu ykazano, aro [19C Beraucasercs B reOMariuTHOMR
cucTeMe KOODJIUHAT (IEHTP MeOMATHUTHON CHCTEMbl KOODIMHAT COBIAJAET C YCJOBHBIM
meHTpoM 3eMan O, TpeTbsl KOOPJAWHATHASI OCh MPOXOIUT Yepe3 reOMArHUTHBIE TOJIOCH,
KOODJIMHATHI KOTOPBIX cojiepzkarcs B aiisie), T0o ciejyer nepeitu B reOMarHuTHYIO CH-
cTeMy KOOpJMHAT 10 (hopMmyJiam:

21 = RecosAcospcost cost + Rsin \cos psiny’ cosd — Rsinpsin@’,
29 = —Rcos)\cospsiny’ + Rsin A cos g cos), (270)
23 = Rcos\cospcosy sinf + Rsin\cospsiny’sinf + Rsinpcost,

Tae 21, 2, 23 — KOOPJAMHATHLL TOYKH B T€OMATHUTHOI cHCTeMe KOOPAMHAT. YTJIBI Mepexoa

' n 0’ Or rPUHBUYCKOR CHCTEMbI KOOPAMHAT K M€OMAIHUTHOM BBIYUCIAIOTCS CJIELY IOIIAM
obpazom:

Y = m+y+UT - 7/12,
0 = /20, (271)

re ¢ u  — COOTBETCTBEHHO, J0JITOTA M IIHPOTA, TeOMATrHUTHOTO OJIFOCA, KOTOPhIE Iepe ia-
oTcst B (aitiax ¢ kosddunuentamu. [Tocae 3T0ro BEIYUCISIOTCS TeOMAarHUTHBIE TTAPOTA,

0 u moarora N9
\/ 22+ 22

B = sign(zs)arccos I :
Ageem = arctanz + g — sign(zl)g. (272)
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BaTeM mo 3TuM 2Ke (hOpMyTaM BBIYHCIAETCS TeOMAarHHTHAA J0arora AJ™”" Toukm c
TeoNeHTPUYIECKOil mupoToit oy = 0 m JoJT0TOl conHma Ag. Torma:

5 = \geom __ \geom (273)

BareMm o dopmyaam (263 - 266) BBIUUCIAETCS TTOJHOE JTEKTPOHHOE COJIEPIKAHUE JIJIsT
TOYKH MOJEJIBHOrO €10 noHOChEpDhI ¢ Koopaunaramu (3, s). ITockonbky cam CODE BbI-
qucysier [19C, ucnob3ys 3Ty 2Ke MeTOIUKY, MOy IeHHbIE 3HAYEHUST JIEKTPOHHOTO CO/IeP-
kauust coBnanaoT co 3HadeHusmu [[19C, nocunranusivu CODE u npejcraBiennbivu B
daiitax dopmara IONEX.

7.2.4 Bpoiuuciaenune makjgoHuoro I1I19C

[TotHOE 3/TEKTPOHHOE CO/EpPYKAHNE, BBIYHCIEHHOE OMUCAHHBIM CIOCOOOM, XapaKTepu3yer
KOJINYECTBO CBOOOTHBIX JIEKTPOHOB B BEDPTHKATLHON MEePIeHIUKYISIPHON MOBEPXHOCTU
Bemsn "TpyoOke". OmgHaKo, KOrAa COyTHHK HAXOAUTCS HEe B 3€HHUTE, CUTHAJ, PETUCTPUDPY-
€Mblil IIPUEMOUH/IMKATOPOM, HPOXOJUT Yepe3 MOJIe/IbHbINA CJI0i MOHOChEPbl HE 10/ 1psi-
MbIM yriom. CJie10BaTeIbHO, JIJIsT BBIYHUC/I€HUsT HOHOC(EPHON COCTABJISIIONIEH MTOTPENTHO-
CTH CIYTHUKOBBIX W3MEDPEHUH HEOOXOINMO TI0 MOJIYI€HHBIM 3HAYEHUSIM BEPTHKAJIHLHOTO
[I9C BeruncanTh HakIOHHOE 3HaUYeHUe [[9C A71g cyTHUKOBOTO CUTHAIA.

[Tepexom ot BepTukanbuoro I119C kK HaKIOHHOMY B 00IIIEeM BH/Ie 3aIUCHIBAETCS B BHJIE

craeayionieit hopMyIbL:

E = F(2)Ey, (274)

rae F(z) — dyuknus mepexoga, apryMeHTOM KOTOPOH SIBISIETCS YTOJ 2, MKy BepTH-
KaJIbIO U JINHUEH iy THUK-TTpueMHUK. CyIecTByeT HECKOJIBKO PA3JIMIHBIX HCIOIB3YEMbBIX
BusioB yukiuu F(z). Yalne Bcero ucnosb3yercs cieayomias nepexoHas (yHKIus:

1
F = — 275
(2) cos 2!’ (275)
rie
sin Z/ = m sin z. (276)

3yech R — paccrosinue OT 1eHTpa 3eMJin 10 npueMonHukaropa, Ry = 6371km — cpeauuit
pajguyc 3emun, H — BbicOTa HAJ| MOBEPXHOCTHIO 3€MJIH, HAJ KOTOPOI HAXOIUTCS MOJIE -
pyeMblii ciioit moHocdepsl. Kak yke orMedasioch BbIIIe, 3HAYEHNE BBICOTHI COMEPKUTC B
daiinax B BBOIHOI YacTU Iepe]] KazKIbIM HaAO0poM K03MhDUIHEHTOB.
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[Tycth (p, \) — KOOpAUHATHI IPUEMOMHIUKATOPA, epe3 (¢, \') 0003HaUMM KOOpIuHA-
THI TOYKH [ IepecevdeHus JUHUHM MPUEMHHUK-CIYTHHK C MOJEJTBHBIM CJI0€M HOHOChEpPHI.
Torpa 2’ — yroa Mex1y HOpMaJIbI0 K HOBEPXHOCTHIO 3eMJIM, HPOXOdAIIel yepe3 TouKy I,
U JIMHUEN IPUEeMHUK-CIIy THUK.

CTouT MoUepKHYTh, 9TO JJIs TOr0, YT00BI nmocunTarh HakaoHHOE [[9C Ha myTH mpo-
XOK/IEHUS CIYTHHKOBOTO CHTHAJa 1o dopmyste (274), HeoOXOAUMO UCIOIB30BATH BEPTHU-
kaapHoe [[9C Ey, Borunciaennoe B Touke [.

[Tocsie TOro, Kax BBIYHC/IEHO 3HAYEHUE IIOJIHOIO 3JEKTPOHHOI'O COAEPrKaHUs HA IIYyTH
CJIeJIOBAHUS PAJNOCHTHAIA, 110 hopmyJie (262) MOKHO MOy YU Th OIEHKY HOHOChEPHOI 1o~
IPenrHoCT. JIerko nocunTaTh, HATPUMeEP, ITO JIJIsT CATHAJIA 9aCTOTHI fi IPU SJIEKTPOHHOM
comepxkarnu B 1 TECU morperHocTs cocraBisger mpuMepHo 16¢M, /1 CUTHAIA JaCTOTHI
fa - oko0 23CM.

7.3 MoxaenmupoBanue noHocdepPbI MPU MOMOIIN U3MEPEeHU OBy X-
4aCTOTHOTO TTPUEMHUKA

BosMoxkuOCTH O1eHUTH HOHOCEPHYIO MOTPEITHOCTH U MOJTHOE 3JIEKTPOHHOE COJIeprKaHue
Ha TIYTHU CJEJOBAHUS PAJIMOCUTHAIA OOYCJIOBIEHA TEM, YTO MOTPEITHOCTh 3aBUCUT OT HECY-
el 9acTOTH CUTHAJIA U Pa3JddHa I n3MepeHuii Ha dactorax f; um fo. Teoperndeckn
u3 bopmyst (262) caeayer, 4TO 370 MOXKHO CJIeIaTh Kak M0 (Da30BbIM, TAK U 110 KOJOBBIM
U3MEPEeHUAM.

Omumiem KpaTko, 910 U3 cedsi MPEeICTABISIOT KOmMoBbie n (ha3osbie m3mepenns. Cpa-
3y OTMETUM, 4YTO OIEHKa MOHOCHEPHOIl MOrPentHOCTH, BHIYUC/ICHHAS 10 C(HEepUuecKuM
K03 duimenTam, OyJIeT HCIOJIb30BAThCS /I OIPEIeTeHus] CUCTeMATUKH, TTOPOXKICHHO
HU3BECTHOI IeJT0YNCIeHHON Heolpeae/ IeHHOCThI0 (DA30BBIX H3MEpPEeHHIt.

7.3.1 Mozgeas KOJOBBIX M3MEPEHUIt

Ko0/10BBIM M3MepeHneM Ha3bIBACTCA N3MEPEHHOe BPeMs MPOXOXKIEHUs CIIy THUKOBOTO CHT-
HaJla. qu/ITbIBaﬂ B O6H_I6M Buae BCE BO3MO2KHbIE IMOI'PEHTHOCTHU WU JOMHO2Kad CHUT'HAJI Ha
CKOPOCTH CB€Ta C, BbIpa3uM KOJOBbI€ U3MEPDEHUA B MeTpaxX W 3allulleM B CJaedyIoIneM BU-
ae [20]:

Zy=c-ty = p+c(AT — AT) + Apion + Apirop + Apsar + Aprey + Apmp + Ap®. (277)

31ech ty. — BpeMs HPOXOZKJIEHHS CIIYTHUKOBOI'O CUTHAJIA, p — HCTUHHOE 3HAYEHUEe PacCTOo-
SHUS MeXKJy TPUEMHUKOM U CIIyTHUKOM, KOTOPOe MHOT/Ia HA3bIBAIOT MOJIE3HBIM CUT'HAJIOM
u3Mepenns, AT — IOrPeIHOCTh 4acoB npueMHnKa, AT — MOrpenrHocTh 4acoB CILyTHUKA,
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Apion 1 Apirop — HOIPEITHOCTH H3MepEHNUsI, BEI3BAHHBIE, COOTBETCTBEHHO, IIPOXOZKICHIEM
curgaa depe3 nonocdepy u tponocdepy, Apsy 1 Appe, — THCTPYMEHTATbHBIE TOTPEINl-
HOCTH allllapaTypPbl, COOTBETCTBEHHO, CIIyTHHKA U PHEMHHKA, Ap;,, — OmndKa MHOTOJIY-
yeBocTH, Ap® — ocTaToOvYHAas IyMOBas COCTAB/ISMIONIAs IIONPEIITHOCTH.

KOF,H& CIIYTHUKOBBI€ U3MEpeHU A IIPOBOAATCA TOCPEACTBOM ABYXYaCTOTHOI'O IIPUEMHU-
Ka, OIIMOKA MPOXOXKIEHUs depe3 CJIoil Tpomocdepbl s CUI'HAJIOB 00eux 4acToT Oyjier
OJIMHAKOBOIi, MOCKOJIBKY TpomocdepHas OIMIMOKa 3aBUCHT TOJBLKO OT YIJIa BO3BBIIICHUS
cuyTHUKa 1 arMocdepHbix mnapamerpos. [losromy, BblurTasi n3MepeHue OJIHON 4aCTOTbI
W3 U3MepeHud APYToi, MOJydInM CJeIyIoNee BhlpakKeHne:

Z)— 72 = Npiy, — Dl + Ap, (278)

rae depe3 Ap 0603HATEHA OCTATOUHAS ITOIPEIIHOCTD, BK/IIOYAIONA ITOIPEITHOCTH MHOIO-
JIy9eBOCTH, HHCTPYMEHTATbHBIE MOTPEITHOCTH ANMAapaTyphl I IIYMOBYIO COCTABIISIONIYIO.
[Moxcrasum dopmyny (262) B (278):
40.3 - 1016 40.3 - 106
Z' - 72 = 7B B+ (279)
13 sroro BbIpazkeHHs JIETKO OIIpefessgercd HakjaoHHOe [I9C Ha myTn npoxoxKieHus pa-
JTHOCUTHATIA:

. pp

10.3-1015(f3 — f7)
rae yepes Ap' obo3navena npeobpasoBanHad ocrarovHad omubka. OTCiona 10 IPUBe/IeH-
HBIM BBIIIE (hOpMyIaM MOXKHO OIIPEIETUTH BEPTUKAJILHOE IIOTHOE 3JIEKTPOHHOE COMePrKa-
e B Touke [. HemocTtaTrokoM TaKoro MeToaa SBASETCS OOLIIAsg IIyMOBas COCTABJISAIO-
mas Ap® KOJMOBBIX U3MEPEHUil, U3-3a 4er0 BbIUMUC/ICHHOE HAKJIOHHOE HOJHOE JIEKTPOHHOE
COJIepzKaHNe OKAa3bIBAETCS CHUJILHO 3alllyMJeHHbIM. KpoMe TOro, KOJOBBIM U3MEPEHUSIM
HPUCYIIH CPABHUTEJIHHO OOJIBIINE MOIPENIHOCTH annapaTrypbl Apsqy ¥ Appe,, BBHIY 4ero
BerancaeHHoe 3nadenne [19C moxkeT OBITH HECKOIBKO CMEIEHO OTHOCUTETHHO HCTHHHOTO.
[ToaTOMy peKOMeHIyeTCsl HCIOIb30BATh (ha30BbIe M3MEPEHHS.

E

(Z, — Z2) + A, (280)

7.3.2 Mogenb ¢Ha30BbIX M3MEPEHUIT

Paz30BbIM U3MEPEHNEM HA3bIBAETCS M3MEPEeHHOe cMelleHrne (pa3bl CIIyTHUKOBOTO CUTHAJIA.
Banumrem ypapaerue (as3oBbIX u3MepeHuil B ciaeyomnem suje [20]:

sat

Z, = §+f(1—lc))Ar—fAT+N+ac,0+Agom+

+ Agotrop + ASpsat + A(;Orcv + ASomp + ASOS (281)
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3mech A — IJIMHA BOJHBI CIIYTHUKOBOTO cUTHAMA, N — IeJodncjieHHas Heolpe e IeHHOCTh
dbazoBLIX n3Mepenuii, a** — mapaMeTp, XapaKTepu3yIONHii BIUgHNAE CIBATA ONOPHOI da-
crorel f Ha ommOKN (GazoBeix naMepenuit, AQ;o, U Ao, — MOTPENTHOCTH N3MEPEHUs,
BbI3BAHHBIE, COOTBETCTBEHHO, ITPOXOXK/IEHUEM CUTHAJa dYepe3 moHocdepy m rporocdepy,
AYsqr 1 Ay — THCTPYMEHTAJTBHbBIE TIOTPENTHOCTH AlNapaTyPhl, COOTBETCTBEHHO, CITYT-
HUKa U npueMHnKa, Ap® — 0CTaTOYHAS IIIyMOBasi COCTABJISIONIAs TOTPEITHOCTH. Benanny
p/ A\ PUHATO HA3BIBATH IOJE3HBIM CHIHAJIOM.

Kak u upu 06paborke KOJIOBbIX U3MePEHUl BbiuTeM (ha30BOe U3MEPEHUEe OJ[HOM 4aCTO-
Thl U3 (a30BOr0 MU3MEpeHus JPYroi, MpeIBAPUTEIHHO YMHOXKHUB KayKJ/I0€ YpaBHEHUE Ha,
COOTBETCTBYIOIIYIO JIJTMHY BOJTHBI \:

)\12& — )\sz = A(pgon - A(p?on + )\1N1 — )\QNQ + A(p, (282)

rjie depe3 Ap obo3HaUeHa 00Iasi OCTATOYHAS MOTPENTHOCTh. AHAJOIUIHO, TOACTABIISASA
(262) B (282), mmeem:

40.3 - 10'¢ 40.3 - 1016

/\12; - AQZZ == B+ 5 FE + A Ni— AN + Ag, (283)
fi 5
OTKY/Ia TOJIydaeM BhIparkenue st Hakjaouuoro [19C:
fi13 ; ) ,
E ()\1Z90 — )\2290) — B+ AQO y (284)

40.3 - 1016(f2 — f3)
e
B

40.3-1015(f7 — f3)
a aepe3 A¢' obosHauena mpeoOpa3oBaHHad ocTaTodHasg omubKa. Benmuuna B asisger-
¢ MOCTOSHHONW HEM3BECTHOW W BBI3BaHA IEJIOUYHCICHHONW HEOIpeae/IeHHOCTHIO (ha30BLIX
U3MepeHuil, 9To JeJaeT HEeBO3MOXKHBIM OINEHHTb aOCONIOTHYIO BEJHINHY HOHOCHEPHOil
IOI'PENTHOCTH, UCIOJIb3YsI TOJAbKO (ha30Bbie H3MEPEHUSI.

Sameuanue. Kak yke ObLIIO CKa3aHO BBIIE, HA MPAKTHKE JIJI YCTPAaHEHUsT HOHOChEp-
HOII morpemnHocTu 6e3 ee OIeHKU OOBIYHO HUCIOJIb3YIOT BMeCTO (ha30BbIX H3MEpPeHUi Z‘}O u
Zi X KOMOMHAIINN, KOTOPbIe HA3BIBAIOTCS HOoHOCKepo-cBoboubIMI. Hanpumep, da3oBo-
MY HU3MepEeHHI0 Zé COOTBETCTBYET CJIEAYIONIAs KOMOMHAIIHS:

2
2 2% 2 240"

fi— 1 fi—fa
Jlannast KoMOWHAIIMST ©MeeT TOT »Ke MOJIE3HbIH CUTHAJ, 9TO U (Pa30BOEe U3MEpeHHe Z;, HO

He cOoAepKUT noHochepHoit norpemraoctu. Ilpu HeobxoaumocT BMecTo (ha30BOro u3mepe-
1507871 Zf, MOKHO TaKzKe UCIO0/Ib30BATh aHAJIOTHIHYI0 HOHOCHhEpPO-CBOOOIHYI0 KOMOUHAIIIIO.

B (A N7 — A2 Ng), (285)

(286)
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7.3.3 Koppeknusa cbooeB da3bl

st hazoBbix u3MepeHuil OrT KazxKJ0ro KOHKPETHOI'O CILyTHUKA BEJIUYUHA CMelieHus B
OCTaeTcsl TMOCTOSTHHOM Ha HMPOTSIZKEHUU BCErO CEaHCAa M3MePEeHMH TOJIBbKO B TOM CJydae,
ecan He OBIIO CKAYKOB ba3bl W TOTEePH 3aXBaTa HABHTAIIMOHHOTO CIyTHWKA. B ciaydae
MOTEPH 3aXBaTa CIYTHUKA, /10 U MOCJIe MOTEPH 3aXBaTa BeJndnHa B Oymer pa3Hoii, MO3TO-
My OIlEHUBATH ee HYKHO OT/IeJbHO Ha KayK/IOM WHTEPBaJje HEelPEePBLIBHOCTU TOCTYILIEHUS
CUTHAJIA.

[Ipyn wasmuum ckadykoB asbl CUTHAJIA, BeJMYUHA CMenieHus B Oyjler KycO4HO-
HOCTOSTHHOI (MOCTOSIHHON BesIManHOil 10 ¢00st (pas3bl W MOCTOSHHON BEJMHIHHOI mOCJIe
¢60s1), 9TO TOBOPUT O HEOOXOJAUMOCTH OTCJI€KUBAHUS BCEX CaydaeB c00st ha3bl, KOTOPOe
IPE/IIOIAraeTCsl OCYIECTRIATE CleyomuM obpasom. Bemmunna A\;Z7 (ti1) — A Z1(t:),
rje t; u t;1 — coceTHIE MOMEHTHI BpDEMEHHU CITy THUKOBBIX U3MEPEeHMUil, Ipe/ICTaBIgeT cO00i
HpUpalleHue paccTossuus o0beKT-CiyTHUK. Torja B orcyTcrBun cOosi pasbl JOCTATOUYHO
MaJIoit SBJISIeTCST BeJIMYHNHA!

5j = ’)‘J'Zé(ti-i-l) - )‘jZi(ti) - p(ti—H - ti)‘v J=12,

I7ie TTPOM3BO/IHAS OT HCTUHHOTO PACCTOAHHS OOBEKT-CIIYTHUK 0 HA3BIBAETCH PaIUATbHOI
CKOpOCTHIO. Ee cjiejlyer BbIYUC/IATH 110 alPUOPHO U3BECTHBIM KOOp/IMHATAM HaBHUIAIlU-
OHHOT'O CITYyTHWKA W NPUEMHHUKA, KOTOPbIE ONPeNesdioTCsd CTaHIaPTHBIMU MeTO/IaMU, He
YUUTBIBAIOIIMME B/IHsHIE HOHOChEPBI. Y POBEHb BEJIUTIHHBI 0; ONPee/ISeTCs HIyMOBBIMI
XapaKTepUCTUKAMU (a30BbIX U3MEPEHUil 1 OOBIYHO He IpeBbIIaeT 1cM.

Samevanue. MOKHO He pacCUNTHIBATH BEJMYUHY ) CTAHJAPTHBIMH METOJAMHU, & HC-
MMOJTb30BATH JIOMJIEPOBCKHAE M3MEPEeHUs CMeIeHnsl OMOPHON YacTOTHI, A1 KOTOPHIX pa/IH-
aJIbHasi CKOPOCTDH [ SIBJISIETCS MOJIe3HBbIM curHaJI0M. OJIHAKO, ONBIT TOKA3aJl, YTO BBULY
BBICOKOT'O yPOBH$ TIIyMa JIOIJIEPOBCKUX U3MePeHuit He Bcerjia yJAaeTcs IPaBUJIbHO yCTAHO-
BUTH HAJIMYHE UJIH OTCYTCTBHE cO0s (a3pl. [ToaTOMYy peKoMeH /1yeTcs BHIYUCIATD 3HaAYCHIE
pPaInaabHON CKOPOCTHU MO allPpUOPHBIM KOOPJAWHATAM ITPUEMHUKA W CITYTHHUKA.

B cnydae, ectn Ha 0JIHOI M3 OMOPHBIX YACTOT IMIPOU3OIIEST CKAUOK (a3bl, COOTBETCTBY-
foliast BejmunHa |0;| craner 3uaunresbo Gosbie. Takum o6pa3oM, yCIoBHEM TOIO, 4TO
MPOU30IIE]T CKaY0K (Da3bl CJAYKUT BHIIOJTHEHUE HEPABEHCTBA:

10| > do, (287)

re g < ’\2—1 ABJIETCS HEKOTOPO#l TOPOTOBOM BeJMYINHON. B 3TOM citydae, BemudanHa cMe-
meHust B u3MeHsieTcst, U ee CJIelyeT HOAKOPPEKTHPOBATH 110 (PopMy.JIe:

113
40.3-1015(f7 — 3)’

B — B+, (288)
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7.4 ConpepkaHue KOMOMHUPOBAHHOTO IIOAX0/1a
7.4.1 Omnenka Beanm4uHbl B

Jlns onenku BeTMYIWHBI B mpejiaraercsi MCIOIb30BATH OIMEHKH IMOJTHOTO 3JIeKTPOHHOTO
COJIepzKaHNs, pAaCCUYUTAHHBIE O KO PUIMEHTAM pa3/IozKeHUsd, KOTOpbIe MPeJI0CTaB/IgeT
esporneiickmii mentp CODE. Kak y2ke rosopmioch Boimie, CODE oxnoBpeMmento ¢ (aii-
JIaMH, CcoflepzKaIiuMu K03 UIHEHTH pa3ao:KeHns, nyoaukyeT B cetn Internet aitabr
¢ yxke BbraucjaeHabivu 3HadeHusMu [[9C u ux cpejgHeKBaJIpaTUIeCKUMU OTKJIOHEHWSI-
mu. Besmmaunsr cpegrexBaiparndeckux oTkjgaoHenuit ue mpesocxogar 0.4-0.5 TECU. Drto
coorBeTcTBYeT 7-10 cM moHOChEpPHOIl MOTPEITHOCTH, B 3aBUCUMOCTH OT YacCTOTHI Iepe/ia-
BAaE€MOI'0 CHUTHAJA, 9TO TOBOPHUT O JIOCTATOYHO BLICOKOM YPOBHE TOYHOCTH, Ha KOTOPOM
K03 GUIUEHTH TO3BOIAIOT BHIYUCIUTL 3HaUeHHe [I9C B M1000it TOUKe MOJIETBHOTO CJI0S
nonocgepsbl.

[TycTh wHTEpBAJ BUANMOCTH HEKOTOPOTO CIIYyTHUKA BKJIIOYAET 1 MOMEHTOB BPEMEHH,
Ha KoTOpble nmeoTcst Koaddununentsr paziokennss CODE (mockosbKy WHTEpBaJI BHIN-
MOCTH CIlyTHUKA OOBIYHO He mpeBbiniaer 4-5 yacos, Besnunna n < 3). IlycTh Ha 3TOM HH-
TepBaJe He OBLIO MOTEPH 3aXBaTa CIIYyTHUKA U (PAa30Bble H3MEPEHUs He COJepKaT CKAUKOB
dazwi. Torga pasznocrs B; mexty Bennuaunnoit [19C, Beraucsennoit mo kodddunuenram
passiozkenust u Beuannoit [19C, Berauciennoit o (hazoBbIM U3MEPEHUsIM ABYXIaCTOTHO-
ro npuemMHuKa 0e3 ydera BesmauHbl cMmemnienusi (B = 0), u Gy/er oneHkoil Beanaunbl B.
OxkoHYaTeIbHO B KadecTBe ONEHKH B cieayeT OpaTh cpejHee apudMeTHIeCKOe 0 BCeM
pesinuunaMm B;:

i B, (289)

Ecin B Kakoii-To MOMeHT BpemMeHH Ipou3oiies cooii paswl, TO Bce BeJUIUHBI B; mocie
9TOTO MOMEHTA CJIEJIyeT KOPPEKTUPOBaTh 1o (opmyite (288).

OOBIYHO PA3HOCTH MEXKJLY IMOJIYIUBITUMUCS PEAJTU3ANUSIMEA TOIPEITHOCTEH J/Ist pa3-
JIMYHBIX CIHYTHUKOB He mpesbimaer 15 cM. [lockobKy monocdepHasi mOrpenHocTb, Bbl-
qHCJeHHAasT TOJBKO M0 KO3 UImeHTaM pas3aoKeHusl, OPeaegaeTcs TP MOMOIIN WHTeP-
MOJIATIAN, OHA ABJISET COOOIl JIUIIb OCPETHEHHYIO PEAJTH3AINIO IOIPEITHOCTH, HO He COIep-
JKAT BBICOKOYACTOTHOM cocTapisioneit. Takum odopazom, manusie nearpa CODE ymo6Ho
UCII0JIb30BATh JIJIsi KOPPEKIIMU HOIPENIHOCTH, BbIYUC/JIEHHON 110 (DA30BBIM U3MEPEHUAM, a
dazoBble U3MEpPeHUs UCIOJIb30BATh B Ka4eCTBe OCHOBHOM nHMOpMaIUn.
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7.4.2 CpasHeHue noHocEPHBIX MOTPEHIHOCTEN n3MepeHunii AByxX OJIU3K0 pac-
MOJIOXKEHHBIX ITPUEMHUKOB

@a3zoBble U3MEPEHHsT MOTEHIINAJIBHO 00JIa/IAI0T CYIIECTBEHHO 00Jiee BBICOKOI TOYHOCTHIO,
YeM KOIOBBIE. y q)aBOBbIX I/ISMepeHI/Iﬁ SHAQUYUTEJIbHO HUZKE YPOBCEHL IIyMa W 3HAYUTEJIb-
HO MEHBIIIe HHCTPYMEHTAJIbHbIE MOIPENIHOCTH ANIapaTypPhbl, 9TO TOBOPUT O TOM, UTO OHU
IpeIIOYTUTEIbHEe IJIsI ONEHKH HOHOCGEPHOil IMOIPEeIIHOCTH, M0 CPABHEHUIO ¢ KOIOBBI-
MH U3MepeHuaMU. UToOb yOequThCs B 3TOM, OBLT HPOBEIeH CAeAYIOIINi SKCIepHMEeHT.
B TedeHrue 4aCa HpOBOJUJIUCH CTaTUYICCKHE CIIYTHUKOBbIC U3MEpEeHUd ABYyMA IIPUEMHUKA-
MH, QHTEHHBI KOTOPBIX HAXOIUIUCH JIPYT OT Jpyra Ha PACCTOSHUU HECKOJHLKUX METPOB. Y
IPUEMHUKOB, PACIOIOKEHHBIX B TaKOil HEIOCPEeICTBEHHON OIM30CTH, HOHOChEPHBIE II0-
I'PEITHOCTU TEOPETUUECKHU JOJKHBI COBIaAaTh. CbeMounble paboThl mpoBoauinch B [1o-
CMOCKOBBE, JJIsI IOJIYyUYeHns] H3MepeHnii 60IbIneii TOUHOCTH OBLIO BHIOPAHO MECTO Ha BO3-
BbIIIIEHHOCTHU, B/JaJIX OT 2KHUJIbIX W JIECCHBIX MaCCHUBOB, BJaJIu OT JIMHU dJiIeKTpolepeaad.
CbeMKH TPOBOJUINCH B 3UMHEE BPEMsI I'0/1a, B CBETJIOE BPEMsI CyTOK.

-7

lonodelay (m)

-9} N

-10 1 1 1 1 1 I I I
4.65 4.7 4.75 4.8 4.85 4.9 4.95 5 5.05 5.1

Time (sec) x10*

Puc. 23: Nlonocdepuble TOrpeNTHOCTH HEMOIBUZKHBIX TPUEMHUKOB.
JL1st KazK 1010 cryTHUKA 10 (DA30BBIM U3MEPEHUIM ObLIN BHIUYUCJIEHBI ¢ TOMOIIBIO (hop-

Myt (284) u (262) onenkn noHOoChEpPHBIX MOrpentHocTeil 6e3 yvera nx cmerennst B. s
KasK/[Or0 CIIyTHHKA BBIYHCJICHHbIE HOHOC(EPHBIE MOrPEITHOCTH ObIIH CMEIIeHbl Ha Hen3-
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BecTHBIE nocTosHEbIE (Puc.23), HO H3MeHeHne MX PA3HOCTH HE MPEBOCXOIIIO 3CM, UTO U
MOATBEPINI0 TOT (PaKT, 9TO HCIOJIb30BaHHEe (a30BbBIX H3MepeHHil BecbMa 3(hD(MEKTHBHO
JIJIsE OIEHKU MOHOCKEPHOI OIIUOKHU.

8 Ilpunoxenue

B NPpUI0O2KEHUHN IpUBEAEeM CTaHJapTHBIE aJTOPUTMDBI BBIYUCJICHUA KOOPpAUHAT HaBUT'aIlH-
OHHBIX CIIYTHUKOB, KOTOPbI€ PEKOMEH/J10BaHbl KOHTPOJIbHBIMHU JJOKYMEHTAMU CIIYTHUKOBbIX
HaBUT'allMOHHBIX CHUCTEM.

8.1 DBprunciienne nmoJjioxkeHns cnyTHuka cucreMbl GPS

Ddemepuanas nndopmamnus cuyraukoBoit cucrembl GPS npeacrasisier Habop ockyJin-
PYIOIINX 3JeMEHTOB, XapaKTepU3yIOINX MOJOKEeHNe OPOUTHI CIIYTHUKA, W €€ Bapualuu.
[To sTum mapameTpam CHavaIa OMPeJIe/IAeTCs MOJOKEeHNe CIIYTHUKA B OPOWTAIBHON CH-
cTeMe KOOP/JMHAT, & 3aTeM B IPHHBHUCKON. DdeMepuanas nHdOpMaIs IPeJICTaBIeHa ¢
JAUCKpPeToM 2 Jaca.

CortacHo KOHTPOJIbHOMY JIOKyMeHTy cucrembl GPS, jjist onpeesienusi koopaunar u
CKOPOCTeil CIIyTHUKA HEOOXOIMMO HUCIO/IH30BATH Caeyomue 3heMepuIHbie JaHHbIe: BPe-
Ms 3EeMEePUIHBIX JAHHBIX {oe, MOIPABKa K CPEJHEMY JIBUKEHUIO AN, CPeJIHAsd aHOMAaJIUs
My, 3KcueHTpUCATET OPOUTHI €, KBaAPATHDI KOPEHDb /G U3 GOJIBIION MOTyOCH a OpOUTHI,
monpaBku C.., C.s paguyca r opbutsl, nonpasku Cj., Cjs yria HakJIOHEHUsS ¢ OpOUTHI,
monpaBku C'y., C\ys YIIOBOIO MOJOKEHHUS CIIYTHUKA, JOJITOTa BOCXOIAIIETO y3J1a OpOUTHI
o, apryMeHT nepuresi w, HaK/JOHEHUE OPOUTHI 1o, IPOU3BOIHAS OT JIOJTOTHI BOCXO/ISIIETO
yaua )y, IPONU3BOAHAS OT yIVIA HAKJIOHEHUsT OPOUTHI ig.

[IpuBesem 37ech KpaTKOe OIMUCAHKE AJITOPUTMA 0e3 KaKuX-a1ub0 KomMmeHTapues. [Ipo-
IIECC OIIPeIe/IeHUs KOOPIMHAT HABUTAIMOHHOTO CIIYTHUKA B MOMEHT BpeMeHH ¢ HAUNHAeTCsI
C BBIYHUC/IEHHUS CPeTHell aHOMAJIIH:

M= My+ \g/ﬁngAn )
a

rae t* = t — t,.. 3aTeM uTepanroHHO pernaercs ypaHenne Kemaepa m ompemessieTcs
SKCIeHTpHUYecKas anoMasns [

E=M+esink.
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Yepes 3nadenne SKCIMEHTPUIECKON aHOMAJIUU OINpeendeTcd 3HadeHne NCTUHHON aHOMa-

JIAN:
\ﬂl —e)sinFE
f = arctan
cosk —e
Torga apryMeHT MIAPOTHI 3AITUIITETCH:
p=[+w.

Jlasee ompenesigroTCa HOMpaBKu 0w, 0, 01 /I KOPPEKIUH apryMeHTOB IIHPOTHI (0, PAJIH-
yca T M yrjia HaKJIOHA OPOUTHI %g:

ou = Cyssin 2¢ + O cos 2¢,
or = Crgsin 2 + C.. cos 2¢p, (290)
01 = Cj,sin 2¢ + Cj. cos 2,

IocJIe 9ero onpeaeadrioTCda CKOPPEKTUPOBAaHHBIE 3HAYECHUA:

u = @+ ou,
a(l —ecos E) + or, (291)
i = g+ i+ igt".

3aTeM BBIYHCIAIOTCS J1eKapTOBBl KoopauHaThl () u (Y cnyTHHKa B opOUTAILHON cHCTeMe
koopuaar OC:

(} = rcosu, () =rsinu (292)
U CKOPPEKTHPOBAHHOE 3HAYEHHE JIOJTOTHI BOCXOIAIIEr0 y3/aa opouTh {2
Q= QO + (QO — U)t* — utoe.

[Tocste 3TOr0 HAXOAATCS UCKOMBIE T€KAPTOBBI KOODJIMHATHI CIYTHUKA B I'PUHBUUCKON CH-
creMe KoopauuaaTt On:

m = (YcosQ — ¢ cosisin,
ny = (sinQ+ (Jcosicos, (293)
ns = (Isini.

Jlanee onpeensroTcss TPU OTHOCUTEIbHbIE KOMIOHEHTHI CKOPOCTH HABUTAIMOHHOIO
CIIyTHHKA B I'PUHBHUYCKON cucTeMe KoopJauHaT. /lannas nporemaypa He Obljia IpPeIycMOT-
peHa B KOHTPOJBbHOM JOKyMeHTe cucteMbl GPS, mosTomMy HHZKe TPUBOIUTCI aJITOPUTM,
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Ipe/IJIoYKeHHbIH TabopaTopueil yupasiaenns u HaBuranuu MIY. [Ipex e Bcero onpees-
I0TCSA MOJIYJIN PaJIuaJbHON v, U TPpaHCBEPCATbHON U, COCTABIAIOIINX CKOPOCTH CIIyTHHUKA:

VI esin £/ : S
VU = a W —+ An m —+ 57’, Vy = T(f + 51,[/) (294)

Yepes HUX BBIYHCASIOTCS CHadaja KOMIIOHEHTHI abCOJIIOTHON CKOPOCTH B OpOMTAJIBHOI
cHUCTeMe KOODJMHAT:

V] = U, COSU — Uy SINu,

vy Sinu + v, cos u, (295)
0 . N > .

vy = rsin f(io + 07),

I~
S
I

3aTe€M B TPUHBUYCKO:

vy, = v} cosQ — vy cosisin )+ vj sinisin (2,

vy, = v)sinQ+ v cosicos ) — vy sinicos (296)
_ 0 .- . 0 .

Upy = Uy SINT+ U3 COST.

[Tocsie 3TOro HaxXOJATCH MCKOMbIE KOMIOHEHTbI OTHOCUTE/JIbHOW CKOPOCTH CIyTHHKA B
TPUHBUYCKON CUCTeMe KOOPJAWHAT:

Vin = vp+ (u— Q0)772:
Vi = v — (u—Qo)m, (297)

‘/;73 = "Ung.

8.2 Bprunciienne nmoJsoxkeHus cnytHuka cucrembl [JIOHACC

B cucreme I''TOHACC B kauecTBe abemepuaHoil mHGOpMAIUN MePeaaroTcs I KayK 10~
0 BHAUMOTO HABHUTAIMOHHOTO CIYTHUKA €r0 KOOPJAWHATBHI, KOMIOHEHTH BEKTOpa OTHO-
CUTETBbHON CKOPOCTH W OTEHKH BHEITHUX BO3MYIIEHU, JTeUCTBYIONNX Ha CIIYyTHUK. Y Ka-
3aHHBIE JaHHBIE (GopMHUPYIOTCS ¢ dacToToil 30 MuHyT. KOOpaAMHATH M CKOPOCTH CITYT-
HHUKA B IPOU3BOJIbHBIII MOMEHT BPEMEHHU OIIPEJIE/IAI0TCH PEIIeHeM CUCTeMbl YPaBHEHUI
JBHZKeHWsT cryTHHKa (218), Korja B KavyecTBe HaYadbHBIX YCJIOBUIT GepyTCsi HPeIocTaB-
JerHbie ademepuanl. st perrernsi cucteMbl ypaBHEHUH PEKOMEHIyeTCsl KJIaCCUIeCKuit
MeTon, Pynre-KyTThl geTBepTOro mops/ika.
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8.3 DBprunciieHne moJioXkKeHnus COYTHUKA B MOCTOOpaboTKe

Eciin ciiyTHUKOBBIE M3MEpEeHUsI OABEPratoTcs H0cTOOPadOTKe, OOBIYHO JI/Isi TIOBBIIIEHMS
TOYHOCTH OIIPe/IeJIeHUsI KOOPJAWHAT CIIy THUKA MCII0JIH3YIOT JBa Habopa 3eMepuIHbIX JTaH-
HBIX, OTHOCSIIIIAXCSI K MOMeHTaM BpeMenu ty u t;. Kak yxke rosopmJioch BbIIe, JJI CH-
cremul GPS t; — tg = 24., gna cucremsl I'JIOHACC t; — tg = 30mun. Torna ais aoboro
MOMEHTa BpeMeHHu ¢ u3 uHrepBaa [to,t1] KOOpJAUHATH U CKOPOCTH HABUTAIMOHHOTO CITYT-
HUKA OIpPEeIeTI0TCs Mo (bopMmyte:

ty —t t—to
t — Ot.i 1t.7
w0 = o0
ty—t t — to
V(1) = Vo) —— 1 vi) . —2 2
77() 77() tl_to_'— 7]() tl—to’ (98)

rae (n°, V) u (7', V,}), KOOpAMHATHI H CKOPOCTH HABHTAIOHHOIO CIIy THHKA, TOJIy eHHbLe
¢ TIOMOTITHIO 3(beMePUIHBIX JAHHBIX, TPeIOCTABICHHDBIX, COOTBETCTBEHHO, Ha MOMEHTHI Bpe-
MeHHu tg u tq.

Sakjaodenue K riaase 111

['nasa III comepxkuT onmcanne MeTOIMKN MOJIETUPOBAHUS YaCTHHIX 3a/1a9 B CITy THUKOBOI
HABUTAIMH.

B Pasnene 6 npuseseHo pererne 3a1a9u yTOYHEHNST TPAEKTOPHBIX apaMeTPOB HABH-
rannoaubIx cnyTHUKOB cucteM GPS n I'JIOHACC npu momornyu BEICOKOTOYHON MO3UIHI-
OHHOI MHMOPMAIINH, TpeIoCTaBasIeMoil MexKIyHapoaubiM eHTpoM IGS. 3ajada nmocras-
JIeHa Kak 3ajada criazkuBauus. [loka3aHo, 9To KOOpAUHATHI CIYTHUKA B MPOU3BOJIbHBII
MOMEHT BPEMEHH OLPEJIeNIOTcs Ha YPOBHE TOYHOCTH JanHbiX IGS (2-3cm).

[TocTpoen aaropuTm onpejeseHus] KeIIEPOBBIX 3JIEMEHTOB OPOWTHI CIIYTHHKA KakK
byHKINI BpeMeHn Ha OCHOBE MOJAMMDUIUPOBAHHBIX COOTHOIIEHUN HEOECHON MeXaHWKW.
[lIocTpoeHbl OIEHKH BHENIHUX BO3MYINEHWUil, JIEHCTBYIONMNUX Ha CIIyTHUK, BKJIIOYAIOIINE B
cebst rpaBuTaruonHoe Baugnue JIyaer u CoTHIA, aHOMAJBHYIO YaCTh I'PABUTAIMOHHOTO
O 3eMJIU, COTHEYHOEe TaBJIeHUe U JIp.

B pazgzesie 7 paccmoTpena u perieHa 3aj@ada MO/IeJIMPOBaHusT HOHOChEPHOiT morper-
noctu. [lpeaioken HOBBIT KOMOMHMPOBAHHBIN AJTOPUTM, COYETAMOIINI B cebe MCIOJIb-
3oBanue jJaHHbIX HeHTpa CODE u mepBHYHBIX JBYXYaCTOTHBIX (ha30BBIX CIIYTHUKOBBIX
u3Mmepennii. TecTupoBanue aaropurMa IpoOBeJIeHO HA SKCIEPHUMEHTAJILHBIX JTAHHBIX.

Pazpaborannoe mporpaMMHO-MaTeMaTHIeCKOe 00eclIeueHne B HACTOIIEe BpeMs BHE/I-
psieTcs B alliapaTHble HMHTATOPHI CIIYTHUKOBBIX PaAdOCHTIHAJIOB.
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SaKJ/II0YeHue

B auccepramnuun Ob11u 11OCTaBJIEHBI U PEIIEHbBI CJIe/IYIONNne 3aa49Hu.

1. Bamaua coracoBaHHOIO MOJIETUPOBAHMS MOKA3aHUNH HHEPIUAJTLHBIX JATIYNKOB HA
[IPOU3BOJILHOM TPAEKTOPUH JIBUZKEHUSsI 00'bEKTa, BKJIIOYAIOIIAst B ce0s pelieHne psijia,
1mo/3a1a49, 00yCJIOBI€HHBIX KOHKPETHBIMU HaBUTAIMOHHBIMK TpHUIOKeHusIMIA. K 1x
9UCJTy OTHOCSTCH:

® 33/1a4a MOJE/JUPOBAHUYA IIOKA3aHUN UHEPUUAJIbHBIX JATYUKOB B Pa3J/IMYHBIX
OTOPHBIX CHCTEMAX KOOPAUHAT (MHEPIMAILHOl, reorpadudeckoil, npubopHoii),
TPAJAUIUOHHO UCIOJIL3YeMbIX B MHEPIUAJJIbHON HAaBUTAlLlUY;

® 33/1ava MO/IeJTUPOBAHUS TOKA3aHUI MHTErPUPYIOINX WHEPIUAJIBHBIX JATINKOB
C TeJbI0 CPABHUTENBHOIO aHAJIN3a MHOTOIIATOBBLIX YHUCJIEHHBIX METO 0B MHTe-
IPUPOBaHUS MOJIETLHBIX YPABHEHUI JIBUKEHUT,

® 33J]a9a COIVIACOBAHHOTO MOJIETNPOBAHUS TMOKA3AHWI HHEPIUATHHBIX JTATINKOB
u TpaekTopHbIx mapamerpos jByx BUHC, pacrosioxkenubix Ha 0JIHOM 00bEKTE-
HOCHUTeJIE;

® 33/ia4a MOJIeJIMPOBAHUS ITOKA3aHUN MHEPIUAJIbHbIX JaTYUKOB U TPAEKTOPHBIX
napamMeTpoB 00beKTa B 00J1aCTSIX BHICOKHX TITHPOT.

2. 3ajaga TecTUPOBAHUS MOJe/Iell ypaBHeHU OMUOOK MHEPIUAIBLHON HABUTAIUN JIJIsT
aHaJIN3a BO3MOXKHOCTU UX MUCIOJIb30BAHUA B IIPUJIOZKCHUAAX.

3. 3ajaya UMUTAINN TTOKA3aHUNH WHEPIMATBHBIX JATIYNKOB TPHU KaauOpoBke. Pazpabo-
TaHHAs MaTeMaTH4ecKas MOJIe/Ib YIUThIBAET BazKHbIe JIjIs TPUJIOKeHUH (pakTOpbI:
yrsioBbie om0k pactosioxkenusi BUHC orrocuTe/bHO KaJIMOPOBOYHOTO CTEHIA U
BHYTPeHHee Da3HeceHne JIPYr OTHOCUTEIbHO JIpyra YYBCTBUTEJIHHBIX MacC HBIOTO-
HOMETDOB. YKa3aHHas 33Jada BOCTpeOOBaHA KaK /I TECTHPOBAHUS AJTOPUTMOB
KaJUOPOBKY, TaK U J7IsI COCTABJICHUS TIJIaHA KAJTHOPOBOYHBIX IKCIEPUMEHTOB.

4. 3agava pa3pabOTKH METOJIUKH CPABHUTEILHOI'O aHAJIN3a MHOIOIIANOBBIX METOI0B
omnpeeeHns OpUeHTAIMN O0beKTa MpH HAJUYNN BHOpAIUU Ha dTale HadaIbHON
seictaBku BITHC.

5. 3ajaun pacuiupennsa PyHKIUOHATBHBIX BO3MOXKHOCTEHl aIllllapaTHBIX CIYTHUKOBBIX
UMUATATOPOB:
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® 33j1a4a OIIpeJIe/IeHNs IapaMeTPOB JBUZKEeHNs HABUTAIMOHHBIX CIIYTHUKOB C BbI-
COKOif TOUHOCTBIO Ha 6a3e MO3UIMOHHONW nHMopMamun meHTpa IGS;

® 33/1a9a MOJETUPOBAHUS MOHOC(HEPHOI MOTPEITHOCTH CIIyTHUKOBBIX CHUTHAJIOB
Ha OCHOBe JaHHBIX eBpormeiickoro nearpa CODE u aByxdacToTHBIX (ha30BbIX
A3MEPEeHUnil.

Bor1o OCYIIECTBJIEHO THIAaTE/JIbHOE TECTUPOBAHHE BCEX NE€PEYNC/ICHHBIX BbIIIE 3ada4, B
TOM 4uCJI€ C IIpUBJICEHECHUEM IKCIIEpUMEHTAJIbHbBIX JTaHHbIX. COOTBeTCTByIOHlI/Ie YHUCJICHHDbIC
AJITOPUTMBI JOBEACHDLI JO IIPAKTUYI€CKOTIO IIPpUMEHEHUA.
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