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3AT'AJIBHA XAPAKTEPUCTUKA POBOTHU

AKTyanbHicTb TeMH. Cy4acHUN CBIT 31TKHYBCS 13 IHTEHCUBHUM PO3BUTKOM
O€3MUIOTHUX CUCTEM Ta CTPIMKUM 3POCTAHHSIM KUIBKOCTI iX eKcruryatanTiB. ChOoroaHi
TaKl CUCTEMU €KCILTyaTyIOThCSl B KOMEPIIIHUX, peKpealiiiHux Ta 0€3MeKOBUX LLISX.
HacudenHsi moBITPSIHOTO MPOCTOPY OE3MUIOTHUMU JITaIbHUMM anapaTtaMu (Jaii —
briJIA) BucyBae HOBI BUMOIM JO TOYHOCTI IMO3MIIIOHYBAaHHS Ta SKOCTI iX CHCTEM
0o0poOkM 1H(popMallii, B TOMY YHUCIl B yMOBax CKJIaJHOI MICbKOI 3a0ylOBH Ta
MOBITpsiHOMY mpocTopi. Lle 3MyIllye HayKOBIIB HIyKaTH CHOCOOU BIOCKOHAJIEHHS
CUCTEM TMIO3UI[IOHYBAHHS Ta MOKpAUIEHHS TEXHIYHUX XapakTtepucTuk bnJIA s
BUKOHAHHSI CKJIQJHUX 3aB/IaHb.

3pocTaHHs KITBKOCTI JKEpEN Ta 00CATIB JJAaHUX, iX 00poOKa B peaibHOMY 4Yaci
BHMAarae BJIOCKOHAJICHHS ICHYIOUMX CHUCTEM Ta KOMIIOHEHTIB ApoHiB. CydyacHa Hayka
30cepepkeHa Ha po3po0Ill HOBUX METOMAIB Ta 3aC001B MiABHUIICHHS TOYHOCTI 0OpOOKH
iHpopMmaiii B OoproBux miacucremax brJIA, 1o 3a0e3nedyyroTh IIBUIKICTS,
HaJIIHHICTh Ta €(PEKTUBHICTH OOPOOKH 1H(OpMAIIiT 111010 MO3UIIOHYBAHHS B TPOCTOPI.

Baromuii BHECOK y BUPIIIEHHI TEOPETUYHUX 1 MPAKTUYHUX 3a7ad 0OpPOOKHU
iH(opMallii mpo MO3UIIIOHYBAaHHA BHECIM YKpaiHChbKi HaykoBil B. Menemko, B.
I'pabuak, O. Hecrepenka, amepukanceki — X'to Enkaitm, M. Bpaiicon, C. Cykkapie,
Korype, T. Xamdpic, kanaaceki — M. Ensrampani, M. Kapaim Ta iH.

Bigomo, mio iHTerpaiisi pi3HMX CHCTEM TMO3UIIOHYBAHHS MOXE 3HAYHO
MIJBUIIUTH TOYHICTh BHU3HAYEHHsI MapaMmeTpiB pyxy. IIpoTe, HeCyMiCHICTH MIXK
CHCTEMaMH Ta pi3Ha YacTOTa OHOBJIEHHS 1H(OpPMaIli MOXXE BUKIMKATH J10JAaTKOBI
MoxuOKu B 00poOI11l 1HGOpMAITii.

BuxopuctaHHs 1HEpU1aIbHO-CYITyTHUKOBUX METOJIB B CY4YaCHHUX OOPTOBHX
nigcucremax bnJIA Bumarae rmubGokoro po3ymiHHs ix B3aemomii Ta iHTerpaiyi. Lle
CTa€ 0COOJIMBO BaXKJIMBHUM, KOJIM MOBa iie mpo oOpoOKy iHdopMalii s TOYHOTO
MO3ULIOHYBaHHS OE3MUJIOTHUX amnapariB. B 1IbOMy KOHTEKCTI, BUHUKA€ aKTyalbHE
HayKOBE 3aBJIaHHS B raiy3i 0OpoOku iH(opmaIllli 1mo/10 MO3UIIOHYBaHHsI 00'€KTa B
MPOCTOpi: pPO3poOKa METOMIB TIABHUIINECHHS €(EKTUBHOCTI OOPTOBUX IIJICHCTEM
no3uuionyBaHHs briJIA B yMoOBax pi3HUX BUKJIHUKIB.

Jlana poOoTa copsiMOBaHa Ha BHUBUYEHHS Ta PO3POOKY HOBHUX TMIJIXOJIB
MiABUIIECHHS €()EKTUBHOCTI OE3MUIOTHUX CHCTeM, 30Kpema, Ha 0a3l 1HHOBAIIHHHUX
TEXHOJIOT1M Ta KOMIOHEHTIB. OCHOBHA 3a/jaya JOCIIKEHHS IOJISITa€ y CTBOPEHHI
ONTUMAJbHUX aJTOPUTMIB OOPOOKH JaHUX, SIKI O JO3BOMWIM 3a0€3MEYUTH BHCOKY
MPOAYKTUBHICTh Ta HAJIHHICTh POOOTH KOMITIOTEPHUX CHUCTEM.

OpHi€ero 3 KIIOYOBUX 3a/1ad 00poOku iH(opMailii mpo no3uiionyBanHs brJIA
MIPU BUKOPUCTAHHI MHOXKUHHUX JKEPEN JaHUX € POo3p0o0Ka KOMILJIEKCHUX IMIJICUCTEM
no3uuioHyBaHHsA. lle pgocdraeTscs 3a JOMOMOIOK METOAIB KoMIeHcalli abo
ONTUMAaJbHOI (UIbTpallii MOXUOOK BUMIPIOBAaHb, 110 J03BOJISIE OTPUMYBATH JIaH1 PO
MOJIOXKEHHSI Ta 3a0e3leuyBaTH BHILY CTAaOUIBHICTH POOOTH OOpPTOBUX MIJCUCTEM.
OinpTp KanmMana € MexaHi3MOM J1J1 ONTUMAJIBHOTO 3JTUTTS IAaHUX 3 KUTBKOX JIXKEPE.

Jana po6oTa mnpomoHye miaxij ‘‘OaraTomiapoBOi CUCTEMH CHUCTEM’, SKUU
00po06uisie 1H(DOpMaIIio 3 PIZHUX JIKEpes, BKIIOYAIOUU CYIMYTHUKHA HHU3bKOI 36MHOT
opoitu (LEO), cucremu raobanbHoro mno3uiionyBanHs (PNT) Ta aBTOHOMHI
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iHepuianbHi nigcuctemu kopuctyBada (INS). Januit koMOiHOBaHUN MiAXiA A03BOJISE
noOyayBaTu MoJiefib PoOaCTHOI 1HEpLiaTbHOI 0araToOCymyTHUKOBOI MiJICUCTEMU
no3utiionyBanHs (LeGNSS) nns bnJIA. PoGacthicTs 00poOku 1HQOpMaIlli mpo
MO3ULIIOHYBAaHHS XapaKTEPHU3y€e 3JATHICTh MIJICUCTEMH aJaNTyBaTUCA, OYyTHU CTIHKOIO
Ta 3a0e3nedyBaTu HaJiiHy OOpoOKy iHQopMaIllii B yMOBax HEBU3HAUYE€HOCTi, abo
BIUIMBY 30BHIIIHIX MEPENIKOJ, MIHIMI3yBaTH BIUIMB MOMUJIOK y BXIIHUX JaHUX 1
rapaHTyBaTH ii 0e3nepebiiiny poOoTy.

3B'130k po0OTH 3 HAYKOBHUMHM TeMaMH, IUIAHAMH Ta MNPOrpaMamm.
HocnipkeHHs Ta po3po0KH, y3arajabHeH1 y poOOTi, BUKOHYBAJIUCh Y paMKaX HayKOBO-
nociignoi podotu HJP Ne54-2022/09.01.04 (mporokon Kadbenpu KCM HAY Nel3 Bin
07.09.2023 p.) «TexHonorii CTBOPEHHS BHCOKONPOAYKTHBHUX 3aXHUIICHUX
koMmm'torepHux cucrem» (2023 p.). Cning 3a3HauuTH, WO BUOpPaHUN HAMPAMOK
JOCJIIIKEHb MA€ TICHUM 3B'SI30K 13 HAayKOBUM Hampsimom 1.2.11.2. «Metonu oOpobOku
CyNyTHUKOBUX JaHux» 3arBepmkeHuM B IloctanoBi Ilpesunii HAH VYkpainu Bin
10.01.2024 p. Ne 8 «IIpo OcHOBHI HayKOBI HalpsSIMH Ta HAWBaXXJIUBIII MPOOIEMHU
(byHIaMEHTAIBHUX JOCHIIKEHb Yy Taly3l NPUPOJHUYUX, TEXHIYHHUX, CYCHUIBHUX 1
rymasiTapHux Hayk HanionanbHoi akagemii Hayk Ykpainu Ha 2024-2028 pokn».

Mera i 3aBnanHs gocjikeHHsi. MeToo poOOTH € MiJABUIIEHHS TOYHOCTI
00poOKu 1H(pOopMaIIii 1100 MO3UIIOHYBAHHS B MIJICUCTEMAaX, 110 BUKOPUCTOBYIOTHCS
B cyuacHux brJIA, mo mpairorTh 3a paXyHOK OUTBII TOYHOI OL[IHKM MOXHOKHU MPO
MO3UIIIOHYBAaHHS B OTpUMyBaHii iHdopmanii Bifg cymyTHUKIB. g peanizamii
BU3HAYEHOI METU 0YJIO MOCTABIIEHO TaKl 3a60AHHSL:

— aHali3 METOJIB Ta 3aco0iB 00poOKu iH(OpMAIlll NpOo MO3UIIIOHYBaHHS, IO
BUKOPHUCTOBYIOThCA B mijicucteMax briJIA;

— OOrpyHTYBaHHSI BUOOpPY ONTHUMAIBHUX METOJIB Ta 3aco0iB IMiJABUIICHHS
TOYHOCTI 00p0oOKHU 1H(pOpMaIlili PO MO3UIIIOHYBaHHs B migcucteMax briJlA;

— po3poOnieHHsT MeToay 3IUTTS 1HGopmalii B  0araToCynmyTHHUKOBHUX
nijicucreMax o0pooku iHdopMaliii po NO3UIIOHYBaHHS 3 BAKOPUCTAHHIM 1H(pOpMaIlii
Bi1 LEO-cynyTHUKIB;

— YJAOCKOHAJEHHS METOJIIB OI[IHKM CHUTHAJIiB MOXMOOK B KOMIIOHEHTaX
M1JICUCTEMU TPUOMY Ta OOpOOKHU JaHUX;

— YJOCKOHAJEHHS METO/AIB BHU3HAUYEHHS TMO3UIIOHYBAHHSA 3 (DUIbTpAIli€rO
BHCOKOYACTOTHHUX MOXHOOK Ta aJaNnTall€lo 0 MOCTIMHHUX MHOXHOOK, a TaKOX
3MIACHEHHSAM KOHTPOJIIO 3a IMUTICHICTIO JaHUX, 10 HATXOAATh 110 mijacucTteM briJIA;

— YJAOCKOHAJEHHS METOJUKH ypaxyBaHHsS MOXHOOK 0ararocynmyTHHUKOBHUX
CUCTEM, 1110 BUHUKAIOTh Y CKJIAJHUX YMOBaX (yHKI[IOHYBaHHS,

— po3poOJIeHHS] METOAIB Ta 3ac001B KOMIT IOTEPHOIO0 MOJICIIIOBAHHS MPOIIECY
00poOKHM TaHUX MPO MO3ULIOHYBAHHS 13 M1JBUILIEHUMHU XapaKTePUCTUKAMU TOYHOCTI;

— BJIOCKOHAJIEHHS METOIUKH MOJEIIOBAaHHSA 1HepIIiaIbHOI Ta
0aratocynyTHUKOBOT CUCTEMH MO3UIIOHYBAHHS 3 ONTUMAJIBHOIO (DUIBTPALII€IO;

— aHani3 e(pEeKTHUBHOCTI 3aCTOCYBaHHS pPO3POOJEHUX METOAIB Ta 3aco0iB
HUISIXOM OI[IHKM TOYHOCTI 0OpOOKM JaHuX Mpo no3uilionyBanHs bnJIA B ckiamHux
yMOBax (yHKI[IOHYBaHHS.

00'exToM aociaigxkeHHs € mpoiiec 00poOku iHGOpMallii PO MO3UIIOHYBAHHS
B OopToBHX mifcuctemax brJlA.
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I[IpeameTomM JocC/izKeHHS BUCTYNAlOTh METOAM Ta 3acobu  0OpoOKHU
1H(opMallii, cipsiMOBaH1 Ha MABUILIEHHS TOYHOCTI Ta MOKPAIIEHHS SIKOCTI 1H(popMarii
PO MO3UIIOHYBaHHS B OopTOBUX migcucteMmax brJlA.

Metoau nmocaigxenns. [lpu mnpoBeleHHI JOCHIIKEHb OYJIO BUKOPUCTAHO
HAaCTYIHI METOJAW NPOBEACHHS JOCHIKeHb: MNpPHU MPOBEJICHHI aHali3zy Mojenen
M1JCUCTEM MO3UI[IOHYBAaHHS, U0 BIUIMBAIOTh HAa €()EKTUBHICTh iX ()YHKIIOHYBaHHS —
METOJM CIOCTEPEKECHHSI Ta MOPIBHAHHS; MPU MOCTAHOBII HAYKOBOTO 3aBJaHHS Ta
BHOOpPI METOAIB HOro BUPINIEHHS — METOAM TMOPIBHSHHS, Teopii e()EeKTUBHOTO
IHCTpYMEHTAJIbHOTO  3a0€3IMEeUYeHHsl, MaTeMAaTUYHOTO MOJEIIOBaHHA Ta Teopil
MEPBUHHUX 1 BTOPUHHUX CUCTEMHHX MEPETBOPEHb 1H(pOpMalii; Ipu po3poOIeHH]
METOJIB TMIJIBUILCHHS €(PEKTUBHOCTI MIJACUCTEM TMO3UIIOHYBAaHHS B yMOBax
HEBU3HAUYEHOCTI — METOJIM aHaII3y 1 CHHTE3Y, TeOopii opraxizailii Ta BIOCKOHAJICHHS
cucteM 00poOku  1H(opMaIi, MaTeMaTUYHOTO MOJEIIOBAaHHSA, JUCKPETHOI
onTHUMI3aIlli, Teopii CTAaTUCTUYHUX OI[IHOK Ta T€OPli CTATUCTUYHOTO MOJICTFOBAHHS.

HaykoBa HOBU3HA oJiep:KaHUX Pe3YJIbTATIB MOJSATA€E B TOMY, 1110 B IUCEpPTAIlil
PO3p00JIEHO HAYKOB1 MOJOXKEHHS Ta CPOPMYITHbOBAHO MPAKTHUYHI pPEKOMEHAAIli, 110
BUPIIIYIOTh BAXJIMBE HAYKOBE 3aBAaHHS 3 M1JBUIIEHHS TOYHOCTI 00poOKHU 1H(popMaIii
PO MO3UIIOHYBaHHS B 0opTOBUX mijcucTteMax briJIA. V pe3ynbraTi AOCTIKEHHS:

ynepuie:

— pOo3p00JIEHO METOJ 3MUTTS 1H(popMalli s 0araToCymyTHHUKOBOI 0OpOOKHU
iH(opMalii mpo Mo3ulioOHyBaHHs Ha 0a31 METO/IIB ONTUMaIbHOI 00pOOKH 1H(pOpMAaIlii
Ta MPAMOi KOPEKIii MOMWIOK 3 BHUKOpUCTaHHSM iH(opMaiii Bin LEO-cymyTHUKIB,
SAKUWA JTO3BOJISIE MIABUIIUTU CTIMKICTH Tpoiiecy oOpoOku iH@opmarllii Ta TOYHICTb
BU3HAYCHHSI MO3UI1I0HYBAHHS;

VOOCKOHAIEHO.

— METOJIMKY OI[IHIOBaHHS 1H(GOpPMAIIli 32 OJTHUM BUMIPIOBAIBHUM KaHAJIOM PO
MO3ULIIOHYBaHHs, SIKWW, Ha BIIMIHY B1J] BIIOMHUX IT1IX0/11B, BPaXOBY€ OLIIHKY 3HAUYE€HHS
napaMeTpiB nUIsixom 31uTTs iHdopMaii Big LEO-cynyTHHKIB Ta BiIOMUX OOPTOBUX
nigcuctem no3uiionyBands briJIA (GNSS ta INS) Ta no3Bosisie B peaibHOMY 4Yaci
0oOpoOJISITH HAATUIIKOBY 1H(OpMaIlil0, a TaKoXX OTPUMYBATH TOYHI JaHi Mpo
MO3UIIIOHYBaHHS (MoXuWOKa TO3UIlIOHYBaHHA ~ 3,12 M, moxuOKka BHU3HAUYCHHS
mBuAKOCTI ~ 0,2 M/c);

HAOY10 NOOAIbLULO20 PO3GUMKY !

— 3aCTOCYBaHHS METOAY KOMIUJIEKCHOI 00poOKHu iH(popMallii 3 ONTUMAIBHOIO Ta
aJanTUBHOIO (PiIbTpaIli€l0 MOXHUOOK MO3UIIIOHYBAHHS 3 BUKOPUCTAHHSIM MPOTPaMHUX
aIrOpUTMIB BiIPIIBTPYBAaHHS BHUCOKOYACTOTHUX MOXHMOOK Ta ajamnTailii A0 BIUIMBY
MOCTIMHUX MOXUOOK, SIKUM Ha BIAMIHY BiJl ICHYIOUHUX METO/IIB BIIPI3HSAETHCS TUM, 1110
BpaxOBY€ MIKOBI BIAXWJIEHHS MOXWOOK MO TOYHOCTI MO3UIIOHYBAaHHS (M1ABUIIEHO
TOYHICTH Ha 9 %);

— 3aCTOCYBaHHS METOJly KOMILJIEKCHOTO 00poOeHHs iHpopmallii B micucTeMax
no3utionyBanHs brnJIA, skuil Ha BIAMIHY BiJl BIJIOMHX BIJIPI3HSAETHCS THM, IO
BpaxOBy€ OLIHKY LUIICHOCTI JaHUX B  0araTOCyNyTHUKOBIA  MiJICHCTEMI
no3uiionyBanHss LeGNSS 3a pgomomoroio po3po0JieHOro ajaropuTMy  OLIHKHU
LUIICHOCTI OTpUMYBaHOi 1H(OpMaIlil Ta Ja€ MOXKJIUBICTh 3I1MCHIOBATH MOCTIMHUIN
KOHTpPOJIb 3a JaHUMH, L0 OOpOOJSAIOTHCA B MiJACHCTEMI MO3uIlioHyBaHHS brnJIA
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(mepexia B poOouMii peskxuM poOOTH 3a 2-5¢ MICIs 1HIIiaTi3alii).

I[IpakTHyHe 3HAYEHHS OTPUMAHMX Pe3yJbTATIB MOJSTAE Y HACTYITHOMY:

— CuHTE30BaHO MaTeMaTH4HYy Mojenb iHTerpoBanoi LeGNSS, ska migBuirye
CTIMKICTh MpOLIECY BHU3HAYEHHs MO3uLIOHyBaHHS bnJIA Ta mae Oulbml TOYHI IX
3HAYEHHS, 3 4aCOM NEPEXITHOTO MPOLEeCy MEHIIE 5 C;

— CuHTEe30BaHO MaTEeMaTUYHY MOJENbh KOMIUIEKCHOT 0O0poOKu iHpopmalii B
LeGNSS 3 ontumanbHO (inbTpaiielo MOXHMOOK BHUMIPIOBaHb, IO II1JBUIIYE
pOOACTHICTh BU3HAYEHHS MTapaMEeTPiB MO3UIIOHYBAHHS 32 PaxXyHOK BiI(PUIbTpyBaHHS
BHCOKOYACTOTHHX ITOXMOOK Ta ajanTaimii 0 ITOCTIMHHX ITOXHOOK, IO JIO3BOJIHIIO
OOMEIKHMTH MIKOBI BIJIXWJICHHS TOYHOCTI;

— 3anponoHOBaHl CXeMH KOMILUIEKCYBaHHS, SK1 J03BOJIIIOTh B PEAIbHOMY 4aci
o0poOuisiTn HaanuikoBy iHGopmaniio B brnJIA Ta oTpumyBaTH TOYHI JaHi MpPO
MO3UIIIOHYBaHHS 3 TOXHOKOIO ~ 3,12 M, Ta Mpo MBUAKICTh 3 moxuokor ~ 0,1-0,2 M/c;

— Ilpouec xommiekcHoro oO6poOnenHs iHdopmaiii B LeGNSS Buxoauts Ha
pobounii pexuM podOTHU MEHIIIE HiXk 3a 1 ¢, 1110 BIAMOBIa€ Cy4aCHUM BUMOTaM,;

— CHUHTE30BaHl CXEMH pEaJi30BaHO Yy CEPEeJOBHUIIl MAaKeTy MaTeMaTH4YHOIO
MozentoBaHHs: Matlab, 1110 1a€ MOXIIMBICTh MPOBOJUTHU IIMPOKUN CIIEKTP JOCHTIIKEHb
BJIACTUBOCTEH 3aMPOMOHOBAHUX CXEM Ta aJTOPUTMIB;

— 3anporoHOBaHI CXeMH KOMIUJIEKCHOTO OOpOOJICHHS JTaHUX MPO MOJOKEHHS
JI03BOJISIFOTh 3aCTOCYBATH CYMYTHUKU HHU3bKOI 3€MHOi OpOITH, MPU3HAYEHUX IS
HaJIJaHHSI TIOCJIYT MIBUAKICHOTO IHTEepHET 3B'SA3KYy, Yyepe3 BUKOPUCTAHHS TEXHOJIOT1N
MOOUIPHOTO CYNYTHUKOBOTO IIBUAKICHOTO OOMIHY JaHUMH, W10 poOUTH iX
ONTHUMAJIbBHUMHU J1J1s1 3a0€31€4eHHs] 0OJTHOYaCHOTO TOYHOr0 NMO3ULI0HYBaHHI Ta OOMIHY
1H(popmarliero 6e3 00MEKEHb 110 BIJICTaH1 O MyHKTY yIPaBIIIHHS;

— Pe3ynbTaTu aucepTamiiHOro MOCHIIKEHHS BOpPOBaKeHO y AisibHOCTI ['C
«bi3nec iHkyOaTop rpyn. Ykpaina», ['C «YkpaiHcbka aBiaTpaHCIIOpPTHA acouiallisy,
BceykpaincbkoMy 1eHTpi pedopM  TpaHCHOPTHOI 1HGPACTPYKTypH, Acoramii
«KOCMOCOC».

OcoOucTuii BHecok 3100yBaua. TeoperuuHi OOrpyHTYBaHHs, MpaKTHYHI
peKoMeHAallli, BUCHOBKM Ta HaJlaHi MPOMO3UIlii B poOOTI oTpuMaHi 3100yBaueM y
MpoIleCl JOCIIIKEHHS] caMOCTiiHO. B po0OoTax MiAroTOBIEHHX Yy CHIBaBTOPCTBI,
aBTOPY HAJICKUTHh HACTyHHE: y po0oTi [1] OyJio mpoBeeHO BU3HAUEHHS MMapaMeTpiB
€JIEMEHTIB Uil KOpEKLIi KOMIUIEKCHOI 1HEpLIaJIbHO-CYIyTHUKOBOI CHCTEMH
MO3UIIIOHYBAHHS 13 KOPEKIII€l0; Y poOOTi [2] BUKOHAHO CHHTE3 CXEMH KOMILIEKCHOT
1HEepIIAIbHO-CYITyTHUKOBOI CHUCTEMHU MO3UIIIOHYBAHHS 3 KOPEKIIE€I B CEPEAOBUIIIL
Simulink, mpoBeneHO HOCIIIKEHHS IMOXHMOOK CUCTEMHU y AUHAMIYHOMY pEXUMI
pobotu; y po6oTi [3] omrcaHO TUIMOBI MOXUOKHU OI[IHKU IMapaMeTpiB IHTETPOBAHOI
CUCTEMH TIO3UIIIOHYBaHHA;, y poOoTi [4] mpoBeAeHO MOCHIKEHHS MapaMeTpiB
TOYHOCTI IHTETPOBAHOI CUCTEMHU MO3UI[IOHYBAHHS, & TAKOXK aHAJII3 MOXHUOOK CUCTEMU
B CTaTUYHOMY Ta AMHAMIYHOMY peKHUMax poOOTH; y poOOTI [5] po3rasiHyTO cxemy
1HTerpauii 1HepLiaJbHOI Ta CYNMyTHUKOBOI CHCTEM MO3MUI[IOHYBAHHS 3 OJHOYACHHUM
BUKOPHUCTAHHAM KOPEKIlli Ta ONTUMaJbHOI (PLIbTpallii; y poOoTi [6] BUKOHAHO aHAIIi3
OI[IHKY PU3HUKIB OOPOOKH HEJOCTOBIPHUX JaHUX B OOPTOBUX cHUCTEMax; y poOoTi [7]
BUKOHAHO aHaII3 apXiTEKTypU IHTETPOBAHOI CHUCTEMH IO3UI[IOHYBAHHS HA OCHOBI
GNSS 3 pinbTpariero Kanmana ta anropuTMom BUSBICHHSIM HECTIPABHOCTEN; Y pOOOTI
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[8] po3mistHyTO MiAXiJ «0araTolapoBOi CUCTEMH CHUCTEMY», II0 BHUKOHYE OOpOOKY
iH(opMalii 3 pi3HUX JKepell, BKIIOYAOUM CYNMYTHUKHA Ha HHU3bKIA HaBKOJO3E€MHIMN
opOiTi, Ha3eMHI CHUCTEMHU MO3UIIOHYBaHHS Ta OOPTOBI AAT4YMKU;, y poOoTi [9]
MPOBEJICHO JOCIiKeHHsT pobOactHoi migcuctemMu LeGNSS sika iHTerpye pgasi
cynytHukiB LEO 3 GNSS Ta 60opToBUMM 1HEpIIaIbHUMU cUcTeMamu; y po0oTi [10]
3alpONOHOBAHO METOJ] KOMIUIEKCHOI 0OpoOKM JaHuX mo3uiionyBanHs bnJlA, mio
BKJIIOUYAE aJITOPUTM KOMIIEHCaIlil TOXUOOK Ta ONTUMAaNbHY (QLIbTpalito iHdopMailii.

Amnpo0auis pe3yJbTaTiB aucepranii. BUCHOBKH, pekoMeHAallli Ta pe3yabTaTh
JOOCHIUKEHHS, OTpUMaHl B JUCepTalii, ONPWIIOJHEHI Ha HAayKOBUX Ta HAayKOBO-
MPAKTUYHUX KOH(MEPEHLISIX, Yy TOMY YHCIl MDKHApOJHHMX, BCEYKpPAiHCHKMX Ta 3a
MDKHapo/IHOW yuacTio: «IIpoOnmemu HaBiramii 1 ympaBiiHHs pyxom» (Kuis, 2012);
«lTomnit. Cyuacui npo6aemu Hayku» (Kuis, 2012; 2013; 2015); «CyuacHi npobiiemu
aB1aKOCMIUHMX TexHoJorid Ta cuctem» (XKutomup, 2013); «Aviation in the XXI
Century. Aviation Security and Space Technology» (Kuis, 2016; 2022);
«Komm’roTepni cuctemu Ta Mepexni texnonorii» (KuiB, 2023) ta «Dependable
Systems, Services and Technologies» (Adinu, 2023).

ITyoaikanii. OCHOBHI MOJIOKEHHSI Ta PE3yJlbTaTH JOCHIDKEHHS BUKIAJCHO B
19 HaykoBUX mpalsix, 13 HUX: 7 cTaTeid OmyOJIIKOBAaHO y BUAAHHSX, BKIIIOYEHUX JI0
nepeniky gaxosux kareropii b JJAK MOH [1-2,4,6-8,10], 3 — B 3apyOi>KHUX HayKOBHUX
BUJIAHHSIX, 10 BXOJATh O HAYKOMETpU4HOi 6a3u Scopus [3,5,9]; 8 Te3 nonosineit — y
301pHUKAX Mpallb MDKHAPOJHUX HAYKOBO-TEXHIYHUX KOH(EpeHIii pi3HOoro piBHs [12-
19]. OTpuMaHo aBTOpPChKE CBIIOLTBO Ha KOMIT IOTEpHY nporpamy [20].

Ctpykrypa Ta 06csAr podoTu. Jucepraiis J0T1YHO BUKJIAJIEHA Ta CKIIAJAETHCS
31 BCTYITY, YOTUPbOX OCHOBHUX PO3ALIIB, BACHOBKIB, CIIUCKY BUKOPUCTaHUX JIXKEPEN Ta
nonatkiB. [loBHuil obcar mucepranii 215 cTopiHOK, 13 HUX 135 CTOPIHOK OCHOBHOTO
TekcTy. Pobota Brimtowae 3 tabmui, 40 pucyHkiB, 5 noaatkiB. CHMCOK BHUKOPHUCTAHUX
mxepen Hanmuye 210 HaliMeHyBaHb.

OCHOBHUM 3MICT POBOTH

VY BcTyni HajaHO OOTPYHTYBAaHHS aKTyaJbHOCTI TEMH JMCEpTallii, MPOBEICHO
aHami3 i1 HAyKOBOi pPO3pOOJIEHOCTi, BCTAHOBJIEHO MpeAMET 1 OO0'€KT BHBUYCHHS,
BU3HAUYEHO 3aBJIaHHS JOCIIIJI)KEHHS, BU3HAYEHO OCHOBHI METOJIU, a TAKOX BU3HAYEHO
HAayKOBY HOBHM3HY 1 MPAKTUYHE 3HAUYECHHS OTPUMAHUX PE3YJbTATIB JOCHIHKECHHS,
PO3KPUTO 3B'SI30K I1i€1 poOOTH 13 HayKOBUMHU MporpaMaMy Ta IJIaHAMH, HABEICHO
iH(opMaitito npo myOaikalli mo Temi poOOTH Ta anpoOaIito pe3yabTaTiB JOCTIIKEHHS.

VY nmepmomy po3aijii BAKOHAHO aHalli3 Cy4acHUX METOA1B 00poOku iH(opMmarrii
MO3UIIIOHYBAHHS, 1110 BUKOPUCTOBYIOThCS B TijcuctemMax briJlA.

ChopmynboBaHO HEOOXIJIHI KpuTepii Ta BUMOTH Uil 3a0e3MeueHHs
CBOEYACHOI'O Ta TOYHOrO No3ulloHYyBaHHs bnJIA. Bu3zHaueHO OCHOBHI HampsAMH
PO3BUTKY Cy4YaCHHX METOA1B 00poOKHU iH(opMaIlii Mpo MO3UIIOHYBAHHS 1 MOXKIUBOCTI
aBTOHOMHOI'O0 OTpuUMaHHs i1Hopmalii npo koopauHatu bnJIA. AHami3 cydacHUX
MIJICHCTEM TMO3UI[IOHYBAaHHS TMOKa3aB JAOILUIBHICTh PO3POOJTEHHS MiAXOJIB, KOTpi
JAl0Th 3MOTYy OTPUMYBATH Ta 0OpOOJISATH K BIJIOMI, TaK 1 HOBI JpKepena iHpopmarlii
PO MO3UIIOHYBAHHS sl TOOYIOBU Ta PO3BUTKY TOUHHUX 3aCO01B MO3UI[IOHYBAHHS.
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BusHaueHo 0coOnuBOCTI (yHKLIOHYBaHHS IIJICUCTEM IMO3UILIOHYBAaHHA Ta iX
OoCcHOBH1 ckiafoBi. I[lpuBeneHo kinacuikaiilo OCHOBHUX TaKTHKO-TEXHIYHUX
XapaKTepUCTUK ICHYIOUMX 3aco0iB mo3uiionyBaHHs st brnJIA. Busnaueno sikicHi
MOKA3HUKHU Mij yac oOpoOku iHopmarlii B iHdopMmaniitHux miacuctemax brnJIA Ta
JOIyCTUMI YMOBH €KCILTyaTallii.

Posrnsinyto Metoau oOpobOku iHpopmarlii B miacucteMax briJIA, koTpi 1a0Th
3MOTy TIJBUIIYBaTH TOYHICTh Ta HAJIMHICT, OTpPUMYyBaHOi 1HGOpPMAI PO
MO3UIIIOHYBAHHS TMPU BUCOKHUX IIBUJKOCTSIX MEPEMIIICHHS Ta B yMOBax BIUIMBY
30BHIIIHIX YWHHMKIB. [liAX0oau MiABUIEHHS TOYHOCTI OOpoOKHM 1H(popmalli B
OOpTOBUX TIJCHUCTEMAaX MO3UI[IOHYBAHHS JIEMOHCTPYIOTh IIUPOKHI CHEKTP PIllICHb,
K1 MOKYTbh MaTH 3aC001B MPOTHU/IIT /10 MEPEIIKO]I Ta 3aBaj, TaKi IK METOJ KOMIIEHCAIlli,
HallMEHIIUX KBaApaTiB, QuIbTpalli, onTUManbHOI 00pOOKH 1HQOpMAaIlli, METO.
MaKCHUMAJIbHOI MPaBAOMO/II0HOCTI Ta IHIIIL.

[Ipu noenHaHH1 PI3HUX JKEPEN JaHUX MPO MO3UIIIOHYBaHHS Ta BUKOPUCTAHHS
JEKUIbKOX MiAX0/1B 00poOKu 1HQOpMAaIlli PO MO3UIIOHYBAHHS MPU BUKOPHUCTAHHI
METOJ[IB KOMIIEHCAllli Ta ONTUMAJIbHOI (UIbTpallii, MOXIJIHBO JOCSTHYTH BHCOKOI
IIBUJIKOCTI Ta HaAIMHOCTI oTpumaHoi iH(popmanii. Bucoka TouHicTh 3a0e3neuye
HajJiiiHe To0aNbHE TO3UIlIMHE PIMIeHHS 1 Ma€ TAUOOKI HACHIAKUA JJI1 CEKTOPIB
€KOHOMIKH, 10 3aJeXaTh BiJ TOYHOCTI MO3UIIIOHYBaHHS, BKJIOYAIOYHU aBiallilo,
MOPCBKI IEPEBE3EHHS, HA3€MHHI TPAHCTIOPT Ta AaBTOHOMHI JPOHHU.

OnucaHo OCHOBHI HENOJIKM Ta OOMEXKEHHS pO3MVISTHYTUX MIIXOJIB.
CdopMoBaHO OCHOBHI 3aj1a4i JOCIKEHHS, BU3HAYEHI ONTUMAJIbHI METOAU 00pOOKH
1H(opMallii npo no3uiionyBaHHs B nijcucremax briiJIA. BuzHaueHO OCHOBHI HanpsiMu
JOCJII>)KEHHS Ta ¢()OPMOBaH1 OCHOBH1 HOTO 3aBJaHHS.

Y napyromy po3aiii npoBeleHO MOPIBHSUIBHUN aHali3 3aco0iB  0OpoOKHu
1H(opMalIii 3 KUTBKOX JpKepell B mijicucTeMax no3uilionyBanHs briJIA.

Posrnsnyro ichytoui cxemu o0’eqHanHs GNSS Tta INS, ski  mupoko
MIITPUMYETHCS, K MEPCHEKTUBHUNA Ta OHOHKETHUN MIAX1A 10 MiABUIEHHS TOYHOCTI
Ta HaJIMHOCTI B pO3poOIll pIlIEHb MOAO MO3UIIOHYBaHHS. SIK MpaBUJIO B TaKUX
BUMAJKaX PO3MISAAETHCA BUKOpPUCTaHHS MeTony ¢inbTpa Kanmana nis 00’enHaHHs
cucteMm GPS Ta INS 13 ciaOkum 3B’ s13k0M. [CHYI0Y1 TOCTIIKEHHS TAKOX PO3TISAIAI0ThH
MOXJIMBICTh BUKOPUCTAHHS T€OCTAlllOHAPHUX CYMYTHUKIB, SIK JpKepeno iH(opMaiii
JUTSL T ABUIIEHHS] TOYHOCTI 1HGOopMaIlii Tpo Miclie3HaXO0[KeHHs 00'exkTa. Takuil miaxia
JI03BOJISIE 3MEHILIUTH BIUIMB 3aBaj] Y MYJIbTU-YAaCTOTHUX Ta 0araTOCyIMyTHHKOBHUX
cucTemax nosuuionyBaHHd. [Ipouec Takoi iHTErpauii yacto € ckiaaaaum. Tomy Oyio
PO3MJISTHYTO BUKOPUCTAHHSI HAIJIUIIKOBOI 1HGOpMAIli Ta yIOCKOHAJIEHOTO METOIY
00poOKH 1H(pOPMAIIiT A1 TIABUIIISHHS 3aBaI0CTINKOCTI.

CknageHo cxeMy kiacudikarii migxo/iB 10 MOOYyAOBU 1HTErPOBAHUX CHUCTEM
MO3ULI10HYBaHH, 110 TOKAa3aJla BEJIMKY PI3HOMAaHITHICTh ICHYIOUHUX METOAIB Ta 3aC001B
Kl MOXKYTh OyTH BHKOPHCTaHI B MOOYJOBI Cy4acCHHX HIJCUCTEM MO3ULIOHYBaHHS.
Interpamis  INS/GNSS  migxoauts Uit Garatbox  3acTocyBaHb. HalOuibIn
MEePCIIEKTUBHUM BUTJISAJIA€ M1AX1]] BUKOPUCTAHHS apXITEKTYpU 0araTo—CymyTHHUKOBHUX
CUCTEM TMO3UIIIOHYBAHHS, IO TOJISITA€ Yy BUKOPHUCTaHI CWJIBHUX CTOPIH OKPEMHUX
CYIyTHUKOBHMX CHUCTEM 1 KOMIIeHcalli ixHix ciabkocteil. KpiMm Toro, BBEA€HO METOA
KOPEKIIli 3BOPOTHOIO 3B’S3KY, I[0O MPOTUIATH 3HUKEHHIO TOYHOCTI IPOTSITOM 4acy.



7

Ha ocHoBi ananizy BUOpaHO ONTUMAalbHI 3aCO0M MIIBUINECHHS €()EKTUBHOCTI
KOMIUIEKCHOI MIiJACUCTEMH TO3UIIIOHYBaHHS, Yepe3 BKIIOYEHHS KOMIIEHCYIOUYOTO
3BOPOTHBOTO 3B'SI3KY B IHTErpOBaHY CHUCTEMY Ta ONTHUMAJIbHOI (iabTpaIlri.
OOrpyHTOBaHO BUOIp CHHTE30BaHOT MOEN1 OOPOOKHU JaHUX, 1110 JO3BOJISE JOMOTTUCS
pOOACTHOCTI MEPEXIAHUX MPOILIECIB i Yac GYHKI[IOHYBAHHS CUCTEMHU.

CynyTHHKOBI CIy>KOM TMO3MIIIOHYBaHHS, [0 MOKJIAJAIOThCA BHUKIOYHO Ha
CYIIyTHUKH CEpeIHbOI HABKOJO3E€MHOI OpOITH, € HEIOCTAaTHIMU JUIsi BUMOT, WIO
00rOBOPIOIOTHCA B 111Kl po0OTI. TOMY HalllUM 3aBAAHHSAM € MEPEXiJl 10 KOMIUIEKCHOTO
nigxoay "OaratomapoBoi cuctemu cuctem". Takuil miaxiJ TO3BOJIUTH MOCUIIUTH
curHann 3 GNSS curnanamu 3 LEO cynyTHHKIB Ta 1H(QOpMALI€O 3 MiJICHCTEMH
1HEpIIAIbHOTO MO3UII1I0HYBAHHSI.

Ockinbku curHanu GPS cnalki Ta cipuiHATINBI 0 MEPEIIKOA, BOHU YacTo
CTalOTh HEHA/IIMHUMU B MIEBHUX MICIISIX, HATPUKJIIA] Y PUMIIIEHHSAX a00 B TITUOOKUX
“micrkux kaHbWoHax”. KpiM toro, curnamm GNSS MokHa miZpOOUTH, IO CTBOPIOE
Cepilo3HI PU3UKU [Jis1 O€3MeKM B KPUTUYHO BAXIUBHUX s Oe3neku cdepax
3aCTOCYBaHHS, TaKUX SIK aBiallisi Ta O€3MUIOTHI CUCTEMH.

OOrpyHTOBaHO JONIBHICTH BUKOpUcTaHHS cxemu LeGNSS B OopToBuX
nigcucremax brnJIA. Jlana cuctema [03BOJsiE IHTErpyBaTH, Ha Py 13 BXKe
xkiacnyHuMu GNSS, Bke B1AOMI HOBI CYNyTHUKOBI yIpyHOBaHHS, Takl siIK SpaceX
(4487 cynytuukiB), OneWeb (720 cynytaukip) 1 Telesat (117 cymyTHHKIB).

OOpanuii miAXiT J103BOJSE MMOOYIyBaTH CHUCTEMY 13  HaJI3BUYANHOIO
poOaCTHICTIO Ta TOYHICTIO 1H(pOpMalii Tpo MO3UIIOHYBaHHS. Benunka KiIbKICTh
CYNyTHUKIB 3a0e3leuye Kpauly TIeOMETpil0 BH3HAueHHS KoopauHar, Hix GPS,
J03BOJISIE BUKOPUCTOBYBAaTH JEUIEBUIl MpUHMayl OTPUMYIOYM BHILY TOYHICTb
1H(opMallii Tpo MO3UIIOHYBaHHS.

VY TpeTboMy po3aiJii TPOBEAECHO CUHTE3 CXEMU KOMIUIEKCYBaHHS 1HEPIIadbHO1
Ta CYNyTHUKOBOi CHUCTEM TMO3UIIOHYBAaHHS 3  IHTErpami€l0 JaHuxX  BiJ
HU3BKOOPOITATBPHUX CYNYTHUKIB Ta BUKOHAHO AaHAJIITUYHE 1 KOMII IOTEpHE
JOCJII)KEHHS 3aPONOHOBAHOI CXEMH KOMITJIEKCYBaHHS.

bynu BusHaueHi kputepii pobOacTHOCTI 0O0poOKu iHpoOpMaIli Ta Mexi
JOIYCTUMUX MOXHOOK Y po3poOieHiii miacuctemi briiJIA, a Takox po3po0iieHo MeToau
JUIs X BUSIBJIGHHS Ta KOpeKIlii. BupimeHHs 3aBiaHb, MOB'I3aHUX 3 BUSABJICHHIM 300iB
a00 30BHINIHIX MEPENIKoJ, 0yJIO peani30BaHO Yepe3 AIarHOCTUKY 3 BUKOPHUCTAHHSAM
IHCTPYMEHTIB MaIlIMHHOTO HABYAHHSI, IO JI03BOJISIE ONTUMI3yBaTH PO3IOILI PECYPCIB
CUCTEMH Ta TrapaHTYIOTh BUSBIICHHS CTOPOHHIX JaHUX, 110 HE BiAMOBIIaIOTh HAOOPy
MIPOTHO30BAHUX 3HA4YEHb 1H(OpMAIIil TPO MO3UIIOHYBAHHS.

OcHOBHa 1/1es1 IPOIMOHOBAHOTO PIIIEHHS — MMOJI0JIATH BIIOMY MpoOiIeMy aApeidy
1HEpIIAJIbHOI CUCTEMH 3a JIONOMOT0I0 00paHoro giasTpa Kanmana, iHTeneKTyalbHOTO
aITOPUTMY BUSBJIEHHS 3001B Ta HAOOPY HATUIIIKOBUX JKEpen iHGopMaIlii.

byno oOpaHo minxi BHUKOPUCTAHHS TICEBJIO pEaJIbHUX JaHUX TIJ 4Yac
MOJICIOBaHHs, JJisl TOro, o0 30alaHCyBaTH BUKOPUCTAHHS HAsSBHUX JIaHMX Ta
KEpOBAaHICTh CHUMYJbOBAHOTO cepeaoBuIa. /[l MiIABUIIEHHS PeaTiCTUYHOCTI
EKCIEPUMEHTIB 0yJIO BUKOPUCTAHO MAKET MaTeMaTUYHOIro MojentoBanHst Matlab. Ileit
IHCTPYMEHT JOMOMIT 3TeHepyBaTH KBa3ipealibHl JIUHAMIYHI TPAEKTOPIi, SIKI TOYHO
IMITYI0Th peanbHl pyxu brnJIA Ta MoBenIHKY CYNyTHUKIB, TO3BOJISIOUU MPU L[OMY
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KOHTPOJIbOBAHE BBEJICHHS 3MIHHUX, TAKUX SIK 30BHIIIHI NEPEIIKOAM 1 3aBaIu.

Cuenapii MOAEIIOBaHHS BIATBOPIOIOTH PI3HOMAHITHI acleKkTu moyboty brlJlA,
BKJIIOYHO 3 IUJIAHYBAHHSM MapUIPyTiB, pearyBaHHSM Ha YIPaBIIHChKI CUTHAJH,
IUHAMIKOIO TOJBOTY Ta (PYHKI[IOHYBAaHHSIM CHCTEM IO3MIIIOHYBaHHI. Meroau
onTUManbHOI (PinbTparii, sk GiapTpa Kanimana, 3acTOCOBYIOThCS 711 OI[IHKU CTaHIB
CUCTEMHM Ha OCHOBI 3allyMJIeHUX BuUMIipioBaHb. [li MeTromu 0a3yroThcs Ha Teopii
WMOBIPHOCTEM Ta CTAaTUCTHUYHHX MOJENSAX [JIs KOpEKIli MOoXHOOK BHMIpIOBaHb Ta
MIPOTHO3YyBaHHA MalOyTHIX CTaHIB CUCTEMHU.

Bukopuctanns MeToly  onTuUMaibHOI  OOpoOkM  1H(opMalii  copusie
MIJBUIIIEHHIO TOYHOCTI MO3UIIOHYBaHHS INUISIXOM €()EeKTUBHOTO YCYHEHHS
BHCOKOYaCTOTHHUX MOXHUOOK B OTPUMYBAaHIH B CyITyTHUKOBHUX JKepen 1HPopMallii.

[Ipu o0'emqnanHi maHuX 3 AekiIbkoxX cucteMm, Takux sk GPS, LEO Tta INS,
3QJIEKHOCTI Ta B3a€EMOJIII MDK IIUMU CUCTEMaMH MOXYTh OyTH MpEICTaBiICHI 3a
JOTIOMOT0I0 MateMaTuyHux Gopmyn. [Hdpopmaiiis 110710 MO3UITIOHYBAHHS, OTPUMaHE
B1JI KOKHOI 13 CHCTEM, MOKHA BU3HAYMUTH SIK Pcps, Preo Ta Pins.

OO6'eqnana mo3uilisi Pregnss (1) Moxke OyTH cepeHbO3BAXKEHUM 3HAYEHHSIM
MO3UIIIOHYBAHHS BiJ] KOXKHOT CUCTEMH:

Precnss = wers - Pops + Wreo - Preo + wins * Pins, (1)

7ie W — BaroBuil KoediieHT (piBeHb JOCTOBIPHOCTI) OIIIHKHU MO3UIIIT AJIs1 CHCTEMHU.

JIns KOHTpOIIO pOOOTH CHUCTEMHU CKJIAJAEHO JAEPEBO MOHITOPUHTY PHU3HUKIB
LHUTICHOCTI 1HGopMalii B migcucTeMi mno3uiionyBanHs brJIA. Takum 4YuHOM,
JUHAMIYHO  KOPUTYEThCA  MIJIMHOKMHA  HECHPABHOCTEHM, Ky  HEOOXIJHO
KOHTPOJIIOBATH, BIAMOBIIHO A0 (DaKTUYHOI CHUTyallli 3 BUKOPUCTAHHSIM Oaratbox
mxepen iH(opwmarii. [mg peamizaiii Takoro KOHTPOIIO 3alPOMOHOBAHO aJTOPHUTM
BHYTPIIIHBOTO KOHTPOJIIO IUTICHOCTI MIJICUCTEMH MO3UII1IOHYBaHHS.

[aTerpariis gekibkoX Jxepen iHdopmallii 6a3yeTbcsi Ha BUKOPUCTAaHHI (LIbTpa
Kanmana, 1o 103B0JIsi€ CHHTE3yBAaTH MOJEINb MiJICUCTEMU. Y 1M1l MOJe1 MiHIMaJIbHO
MOXJIMBa OJWHUIA HECHPABHOCTI, 1AeHTHU(]IKOBaHA Ha pIBHI MIJCUCTEMH Ta il
KOMIIOHEHTIB, BU3BHAYAETHCS SIK OKpPEME JHKEPEIIO JaHUX.

[ToxuOKa OI[IHKM MO3UI[IOHYBAHHS OOpaHUX CHUCTEM MOXKe OyTH Mpe/icTaBicHa
AK eGps, eLEo Ta eiNs. CyKynHa IOXUOKA eLeGNss € PYHKIIEI0 OKPEMUX MOXUOOK:

eLeGNss = f (egps, eLEo, eIns). (2)
OinpTp Kanmmana 3abe3neuye MexanizMm (3) a8 ONTUMAJIBHOTO OO'€THaHHS

iH(opMallis 3 KUIbKOX JKkepell. PIBHAHHS BU3HAUEHHS CTaHy CUCTEMU 3a HasBHOCTI
JEKIIBbKOX JKepen iHdopMaIllli Mae BUTIISI:

Pujie = Prjie—1 + KXl zii — HiPeje— ] 3)
1€ Zk; — BAMIPIOBAHHS 3 i-i CUCTEMH, a H; — MOJIeNIb CIIOCTEPEKEHHS IS I1€1 CUCTEMH.

Kpim Toro, indopmaiiisi mpo MBUAKICTH 1 TPUCKOPEHHS 3 KOXKHOI 13 CUCTEM TaKOXK
MOXXYTb OyTH 00'€/THaHI.
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[Ipu 00'eqnanH1 iHdoOpMallii 3 AeKUTbKOX cucteM (4), 00'en1HaHa iHPopMaIlis po
MO3UIIIOHYBAaHHS MOK€ OyTH IpeACTaBIEHI SK:

Dieonss= 0-Dgps+ f-Direo+ y-Dins, 4)

ne o, f, y — KoeilleHTH 37IUTTS, K1 BU3HAYAIOTh BHECOK B1J] KOXKHOI CUCTEMU MpHU
o0'ennani iHpopmanii. HaBeneni Buie GopmMynn BiIoOpakarOTh 3aJ€XHOCTI Ta
B3aeMoito npu 00'eqnanHi nanux GPS, LEO Tta INS.

Y d4erBepromMy po3aijai npoBeaeHo gochikeHHs pobactHoi LeGNSS
MIJICHCTEMU TMO3UI[IOHYBAHHS 3 KOPEKIIEID Ta ONTUMAIbHOI (UIBTPALIE€I0 MOXUOOK
BUMIpIOBaHb, 110 3a0e3neuye O0OpoOKy HaJIUIIKOBOI 1H(opMamii 110110
no3uilionyBanHs briJIA, BuBefeHHI0 piBHSIHHA GUIbTPY Juis KomiuiekcHoi LeGNSS 3
KOPEKI[I€I0, TMPOBEICHHIO KOMIT IOTEPHOIO JIOCTIKEHHS CHHTE30BaHOI CXEMHU Ta
3alpONOHOBAHOIO0 METOY KOMIUIEKCYBaHHS 1H(OopMaii.

Jns peanizanii gaHOTo 3ayMy OyJI0 3alpONOHOBAHO CXEMY KOMILIEKCYBaHHS 13
BUKOPUCTAaHHAM TmiAcuctemMu nosunionyBaHHd LeGNSS 3  kopekmiero Ta
ONTUMAJBLHOIO (PUIBTpAIl€l0 TOXUOOK BUMIPIOBAHbD, 110 IIPEACTaBIeHa Ha puc. 1.

Kopexuyis INS
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' FonosHWIA
dineTp
InepuiansHul [ |NS K1
damyux Incpopmauis OHoBNEHHSA
@id INS yacy
i .| Busenenns |
| noxuBok
GPS ' AN Anroputm
" I~ GNSS K2 (X) ; R I
npuumaqy IHchopmayis ! Y iHTerpauii 1
eid GPS | pau gan/
i 7 MO3UYIOHYB8aHHSA
i Busenewns | | LeGNSS
noxubok
LEO | | eL.f)oe ! i K3 A2\ Anroputm || 3nurTa
npuiimay gum;niz 1mpgpLA;:_a54m | & iHTerpauii 2 iHchopmaLyii
ai

Komaugun

Konmpons kanibpysaHHsa Koumpons
cKudanns cxudanna

Puc. 1. Cxema xommiekcHoi LeGNSS 3 ontuManbsHO0 (UIBTpAIlIEO.

Jns aHanizy 3anpornoHOBaHOi MoAe miacuctemMu no3uiiionyBanus LeGNSS B
Matlab Oyno cTBOpeHO MacuBM JaHUX TMpo mno3uiionyBanHs bnJlIA nns
BIIMPAIIOBaHHSL MICI, MAacUBU JJaHUX CEPEAHHOKBAJAPATUUYHUX 3HAUYECHb MOXUOOK
MO3UIIIOHYBAHHS JIJIE CYNyTHUKOBUX JoKepend 1HdopmMmalii, MacuBH JaHUX
CEepPEAHBOKBAAPATUUYHUX 3HAYEHb IMOXMOOK TO3UIIOHYBaHHS JJIS 1HEPLIAIBHOTO
Jpkepena iHgopmarlii, Tomo. Jas HaOMMKeHHS yMOB MOJENIOBAHHS 10 TMPUPOJIHIX,
OyJI0O CTBOPEHO MAaCUBHM IICEBJO pEAJbHUX [aHMX, $IKI BHU3HAYAIOTh 3OBHINIHIN
JMHAMIYHUH BIUIMB PO3H BITPIB HA MPOILIEC MOJIETIOBAaHHS MOJAL0TY briJIA.

Jns aHanmizy TOYHOCTI CHUTHAIB OOJKETHUX NpUiMaviB, M0 MPUOIU3HO
BIIMOBIAAIOTh PIBHIO TOYHOCTI HpuiiMauiB B cMmapTdoHax, OyJ0 CTBOPEHO MaCHB
TECTOBHUX JIaHUX IMO3UI[IOHYBAaHHS Ta BUKOPUCTAHO CEPEIHbOKBAIpPATUUYHI MOXHOKHU
nceBaogaidbHocTel s cucteM MEMS, GPS 1 LEO, Ta BUKOHAHO MOPIBHAHHS iX
3HAUEHHA JUIsl PI3HMX Jlana3oHIB NPUIOMY CHUTHAIIB MO3MILIIOHYyBaHHS. Ha BXix
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TOJIOBHOIO (UIBTPY MOAAETHCS CyMa OLIHOK Mmoxubok MEMS cucremu, GNSS
CUCTEMH Ta BUMIpsAHI JaHl no3uuionyBaHHs Big LEO cynmyTHuUKOBOI mMepexi, IO €
pe3yJIbTaTOM KOMIIEHCAIII1 ICTUHHOTO CUTHATY MOJOKEHHS.

Ha Buxopi anroputmy iHTerpalii nepuoro nopsiaiky GopMyeTbcsi ONTUMaIbHa
OIlIHKAa MOXUOOK KOXKHOI cucTeMu S wmems+cprs, S Leo+cps Ta S ’LEo+MEMS, KA TOTIM
BUKOPUCTOBYETHCSA ISl CTATUCTUYHOI OLIHKUA (DaKTUYHOTO TosiokeHHs brJlA, B
pe3yibTaTi 4oro MiJBUINYETHCS TOYHICTh BH3HAYCHHsS TOJIOKeHHs. Ha Buxoi
QITOPUTMY 1HTErpalii JIpyroro MOPSAKY MH OTPUMYEMO CTAaTUCTHUYHY OLIHKY
nosioxkeHHs: briJIA 3a BUpaxyBaHHSM paHillie OI[IHEHUX MOXUOOK MO3UIIIOHYBaHHS.

JInst mpoBeIeHHSI TAaKOT'O0 MOJIENIOBAHHS OYyJI0 po3po0iaeHo anroput™ (puc. 2),
SKAK B1IOOpa)ka€ TOCTIJOBHICTh KPOKIB I MOJCIIOBAaHHSI pPOOOTH OOpPTOBHUX
nigcucrem bnJIA. Anroputm BKIIIOYae iHIIIAMIZAIIK JAHUX, MJIAHYBaHHS MOJIbOTY,
reHEepalil0  YNpaBIIHCBKUX  CHUTHANIB, Ta MOJEIIOBAHHA  PI3HUX  CHUCTEM
no3uIlioHyBaHHsS. KOXEH KpOK BUKOHYETHCS 3a JOMNOMOTOK ajropuTMy, IO
3abe3reuye JAeTali30BaHe BIATBOPEHHS MpolieciB ynpasiaiHHs briJlA.

JaHuii anropuT™M NOPU3HAYECHHN JIS MOJIENIOBAHHS POOOTH 1HTErpOBaHOT
cuctemu no3unionyBaHHss LeGNSS mist briJIA. Bin BUKOHY€ MOCTIJOBHICTh KPOKIB
JUtst iMiTanii noiasoTy briJIA, BUKOpUCTOBYIOUH Pi3HI MOJIEN1 TO3UIIIOHYBaHHS, TaKi K
MEMS, GPS, cuctemu LEO Ta LeGNSS.

BuxigHigani || beeeeoniiiiiiiiiia.. . > MopgentoBaHHs
MOJEmoBaHHs : GPS cuctemu
' \'4 v
p ~ CTBOpEHHs MopenioBaHHs MopenioBaHHs IHTerpauis naHux V-
[ MoyaTtok j—>>| 6a3zosoro nnaxy AVHaMIKn > Goprosoi MEMS > MEMC taGPS [—>> &
LeGNSS cuctemm
nonLoTy nonboty BnflA cuctemn (ISNS)
\
Geogle Onepauionanizayii Craopetiin MonemosaHHA
Maps - > CLL YLl ynpasnsiounx > LEO cucremun
Elevation nnaxy noneoTy A ’
AP curnanis BnJlA (StarLink)

Puc. 2. Jloriyna cxema airopuTMy MOJICJIFOBAHHS IHTETPOBAHO1 OararomapoBoi
cuctemu nosuuionyBanHs LeGNSS B Matlab.

[lin vac MojenoBaHHA AWHAMIKKM ToJboTy brJIA, BaxiauBO BpaxyBaTH
aepoJMHAMIYHI CUJIM, 3MIHU B T'YCTHHI MOBITPS, Ta 1HII 30BHINIHI (HAKTOPH, TaKl K
BiTEp Ta TypOYJIEHTHICTb, SIK1 BIUIMBAIOTh HA PyX anapary. AepoAuHaMIYHUN OMIp i
4ac MoJIbOTY MOXe OyTH TOYHO 3MOJIETbOBAHUM 3a JIOMTOMOTO0 piBHAHHS (5):

1
Fdrag == EpCdsza (5)

ne p — ryctuHa noBitps, Cy — KoeillieHT onopy, A — MIola MOMepevyHoro nepepisy,
Ta v — IBUAKICTb. [laHe pIBHSHHSA J03BOJISE BpaxyBaTH aepOAWHAMIUHHI OIip
MOBITPS, JJISI CTBOPEHHSI OUIBII TOYHOI CHUMYJIALII B PI3HUX yMOBax MoaboTy. Lle
JorioMara€e BU3HAYUTH ONTUMaIbHI KOMaH U kepyBaHHs st briJIA, 11006 edekTuBHO
JOCSTaTH 3aJIaHUX TOYOK MapUIpyTy.
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Bukopucrannst iHctpymeHTiB Matlab s aBTOMaTH30BaHOrO CKIIaJlaHHS Ta
Bi3yaizailii MapuHIpyTiB TMOJbOTIB JO03BOJISE€ JETaJbHO IUIAHYBaTH Ta OLIHIOBaTH
TpaekTopito bnJIA. Mogens cumymsanii noiasory bnJIA Bkimrowae iHTerpaumio Ta
00poOKYy JTaHUX B1JI IEKUIBKOX CUCTEM MO3ULIIOHYBAHH, 110 3a0e3Meuye KOMIJIEKCHUM
aHaji3 MOBEIIHKA OOpPTOBHUX MIJCUCTEM B PI3HUX yMOBax. BukopucTaHHS TCEBIIO
peajpbHUX JaHUX TMiJ 4Yac MOJCNIOBaHHS pOOOTHM I1HTErpOBaHOI CHUCTEMU
MO3ULIOHYBAaHHS JI03BOJIMJIO CTBOPUTU JeTaiizoBaHy 3D-mMozens mnonapoTy, IO
B1J1I00Opakae peanicTuyHy noseainky brJlA.

MopnentoBaHHs JUHAMIKM TOJbOTY BUMAara€ BUKOPHUCTaHHS PIBHSAHb pyXy,
3okpema Herotona Ta Elinepa (6-7), 103BoJis€ BIATBOPUTH AMHAMIKY pyxy BriJIA.

r= -9, (6)

3 I

w =11 T —wx{w)), (7)

Jie ¥ — IPUCKOPEHHS LeHTpy mac, F — MOMeHT cuwim, m — Maca, g — MPUCKOPEHHS
BUIBHOTO MAJiHHS, (0 — KyTOBa MIBUJKICTh, T — MOMEHT cui, | — TeH30p 1Hepiii.

Jns minedt MopentoBaHHsS, Apeld Tripockoma Ta MOXHOKU akcelepoMmerpa
XapaKTepU3yIThCs EKCIOHEHIIaTbHUMU (DYHKIIIMU 3 3HAYHUM NEPI0J0M KOPEJISIIi.
BignoBigHO, BOHM MOXYTh OYTH TpEJCTaBI€HI 3a JAOMOMOIOI HACTYIHUX
nudepeHiiaibHUX PIBHAHB:

. 1 1 . 1 1
wﬂp=—awﬂp+aqw} Aa=—T—aAa+T_aqa, (8)

1ie q — BUMAaAKOBa ckiaaosa (Ouuii mym), T, T,, — KODIIIEHT Yyacy KOPEJIsIIi.
MopentoBaHHs BUNAJKOBUX Ta CHUCTEMAaTUYHUX (JETEPMIHOBAHMX) MOXMOOK
JTATYUKIB, 30KpEMa aKCEJIEPOMETPIB, FPOCKOIIB 1 MarHiTOMETpa, OyJI0 3reHepOBAHO
yepe3 Mojelib MoXuoku (9), sika BpaxoBye€ MOXUOKU IO BUHHUKAIOTH Yepe3 3MIHY
TeMnepaTypu, MeXaHiuHl HAaPY>KEeHHS, €JIEKTPOMArHiTHI MEPEIKOIU TOUIO.

6MEMS = 5bias(t) + 55661[6 + 5ortho + 6drift(t) + 5noise(t)J (9)

ne, bias — moxuOka 3CyBY 3 4acoM, scale — BIAXWICHHS B MaciTall JaHUX JaTyMKa,
ortho — noxnbKka HEOPTOTOHAJIBHOCTI OCEH AaTuuKa, drift — BUAKICTh 3MIHU AperPy
JaT4MKa 3 4acOM, noise — BHUIIAJIKOBl KOJMBAaHHSA BUMIPIOBaHb II0 HE MOXXYTh OyTH
nepeadaveHi abo BUIIPaBIIEHI, (7) — QyHKIIIS Yacy (IIBUAKICTh 3MIHM).

Jns 3actocyBanHsi (pinbTpa KamMana HeoOX1THO MpEeACTaBUTH MaTEMaTUUHY
MOJIENb OIL[IHIOBAHOTO MPOIECY 1 MOJENIb BUMIPIOBaHb Y CTAHIAPTHIN Gopmi.

Xe = AXe 1 + GOW (L), (10)

JlaHe piBHSIHHSI ONUCYE, SIK MOTOYHHUM CTaH X; CHUCTEMH IO E€BOJIOIIIOHYE 3
MONEPEHLOT0 CTaHy X.; YEepe3 MATPUIIIO MEPEXO0ly CTaHIB A;, 3 JOJIaBaHHAM IIYMY
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nporecy W (t), sskuit MOJIETIOEThCS Yepe3 MaTPHUIl0 KOHTpoutto G (t).
BekTtop OLIHIOBaHUX CTaHIB TMIJCUCTEMHU OIHCYETHCS  3B'SI3KOM, 110
BCTAHOBIIIOETHCS HACTYITHUM PIBHSIHHSIM:

Zt == H(t)Xt + Vt, (11)

ne, Z; — suMipioBaHHs, H(t) — MaTpHIId CIIOCTEPEKEHb, KA MEPETBOPIOE CTaH X; B
BUMIpIOBaHHs, V; — IlIyM BUMIPIOBAHHSI, TOJ[I OTPUMAEMO MATPHUIIIO CIIOCTEPEKEHB:

H =[1000 0100 0010 0001]. (12)

Koedimientn kopekuii ¢inbtpa Kanmana, siki 3HaXOASThCA Y pe3yJsbTaTi
pO3B’si3aHHS pIBHSHHS Pukatu, 1m0 omuCye OHOBJIEHHS KOBapialliiHOI MaTpuIll
NOXHUOKH OLIHKH, J1e Q — KoBapialiiiHa MaTPUIIA IIIyMy IPOLECY:

P, = APy + P AT — P,_ HIR; H,P,_, + GQGT. (13)

Koedimientn xopekuii ¢inbtpa Kanmana, 1m0 BHKOPUCTOBYIOTHCS —JUIs
OHOBJICHHSI OI[IHKU CTaHy HAa OCHOBI HOBUX BUMIPIOBaHb, PO3PaXOBYIOTHCS:

Ko = P.HIR. (14)

Jani piBHssHHS 103BOJsAI0Th LeGNSS cuctemi 13 gpiastpom Kanmana epekTuBHO
IHTErpyBaTH HOBI BHUMIPIOBAHHSI, OHOBIIIOIOYM OI[IHKY CTaHy CHCTEMHU Ta il
HEBU3HAUCHICTH (200 KoBapialliio), 1o0 MiHIMI3yBaTH 3arajibHy noxubky. B mpoieci
MO/IEJIFOBaHH, 0yJIO 3aCTOCOBAHO aJTOPUTM KaJliOpyBaHHS JaTYHMKIB, 1110 IPU3BEIIO 10
3arajibHOTO 3HUKEHHS PIBHS MOXUOOK.

MonenoBadHsa Ta JOCHKEHHST KoMIuiekcHOoi LeGNSS 3 onTuMainbHOIO
¢dutbTpaniero 0yJo BUKOHAHO y JUCKpeTHIN (opmi B cepenoBuili Matlab (R2024a).
Jli1st noOyA0BH IIaHy BUCOT MOJIBOTY IO MapuipyTy Bukopuctano Google Maps API
Ta AJITOPUTM OIepallioHali3alli Iay NoJiIbOTy HaJl HoBepxHeto. Pe3ynpTatu 00poOku
iH(opMallii Ta OTpUMaHUX OILIIHOK MO3UIIIOHYBAaHHS MMOKa3aHO Ha puc. 3.

JInst  KIIBKICHOI OIIIHKM TOYHOCTI PE3yJbTaTy MOJEIIOBAaHHS IPOBEIECHO
Oaratopa3oBe CTaTUCTUYHE OI[IHIOBAHHS 3 METOI OTPUMAHHS AUCHEPCli OI[IHKHU
noxuoku komruiekcHoi LeGNSS migcucteMu Ta MOpIBHSHHS OTPUMAHUX JaHUX 13
iHImMMH migcucremamu. Ha puc. 4 HaBegeHo rpadik 3MiHU cepeIHbO-KBaAPATHYHOTO
3HAQYEHHS OLIHKA NoXuOku mno3uiionyBanus (RMS), orpumani 3a mnepion
BunpoOyBanus, B INS/GNSS (13) orpumanuii 3a pimeHHsM piBHsHHA Pukati (21)
¢ubTpy Kanmana ta B LeGNSS oTpumaniii miissxoM ONTUMAaNIbHOT (DUIBTpallii JaHUX
3 TphoX migcucTteM brJIA. O6uaBa rpadiku MpakTUYHO CHIBHAAAIOTh, IO CBIIYUTH
PO BHUCOKY fAKICTh mpouecy iaeHtudikamii noxubku LeGNSS, Ta moctoBipHICTH
MPOBEJIEHOT0 CTATUCTUYHOTO MOJECITFOBAHHS.

AHani3  pe3yinbTaTiB  poOOTH  cuHTe30BaHOi  KomruiekcHoi  LeGNSS
MPEJCTABICHO Ha puc. 4-5, K1 JEMOHCTPYIOTh 3MIHY MOXUOKHU MO3UIIIOHYBAaHHS Ta
mBuAKocTi briJIA pms migcuctemu LeGNSS ta 6opToBoi INS/GNSS.



2000 T T T—_ T
1000 — / \\ }
4 / —
Sl T N
x ~__ GPS
-2000 ~__ INS/GNSS H
~ o
-3000 |- \k rd LeGNSS H
- —— DaKTuHe 3HaYeHHs
4000 I | 1 1 I ! ! ! I
2
x10*
z i
>
2
10t
150 - B
S0~ B
N
50 B
ok | ! ! ! 1 | ! !
0 02 04 0.6 08 1 12 14 16 18 2
Yac (c) x10*

Puc. 3. Ouinka ganux npo no3uiionyBanHs brJIA npoTarom noasory.

Moxu6ka no oci X
T T

INS/GNSS
——LeGNSS '
— Hynb

: o 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8

10

10

: 0 0.2 0.4 0.6 0.8 1 12 1.4 16 1.8
Yac, ¢

2
x10*

Puc. 4. [lopiBHAHHS TOXUOOK CHCTEM IO TOYHOCTI MO3UIIOHYBAaHHS.

Moxu6 i no oci X

LLiBuakicTs, M/c
o

o —

INS/GNSS
LeGNSS

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x10

LLiBuakicTs, M/c
1)
& o

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Yac, ¢

Puc. 5. [TopiBHSIHHS TOXHUOOK CUCTEM MO MIBUIKOCTI.
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Ha nmouatky nepiogy MozeltOBaHHS MOXHOKa Ma€ HE3HAYHUH CIUIECK, IPOTE HE
BUXOJUTH 33 JOMYCTUMI MEXKI Ta 3aJIUIIAETHCS BITHOCHO HU3bKOI MPOTSITOM BCHOTO
nepioAy MOJETIOBaHHS, 1[0 CBIAYUTH PO HAIWHY 1HIMiani3aiito cucteMu. Gaktuuny
OI[IHKY €(EeKTUBHOCTI MIiJIBUIIEHHS SAKOCTI OOpOOKM JTaHMX MPO MO3UIIIOHYBaHHS B
briJIA Oyno BUKOHAaHO BHKOPUCTOBYIOYM pO3paxyHOK 3HaueHb RMS B
TPHOXBUMIPHOMY MPOCTOPI, K€ OUIBIIICTh CYMTyTHUKOBUX CUCTEM MO3UII10HYBAHHS
MarOTh XOPOUIY TOYHICTh TUIBKU B ABOBUMIPHOMY IIPOCTOPI.

Jns Bu3HaueHHs TOUYHOCTI poOoTu mifcucteMm bnJIA Oyno BUKOHAHO OLIIHKY
AKOCTI OOpOOKM JaHUX MPO MO3UIIOHYBAHHS 3a JOMOMOro po3paxyHky RMS B
TPHOXBUMIPHOMY MPOCTOPI MPOTATOM BCHOTO YACY MOJICTIOBAHHS MMOJBOTY.

PiBusnns (15) Buznauae 3D RMS noxubky, 110 1a€ HaM OI[IHKY PO3CIFOBaHHS
BUMIPIOBaHb BIIHOCHO ICTUHHOTO 3HAYEHHS B TPhOX BUMIpax:

RMS3, = \/RMSZ + RMSZ + RMSZ. (15)

PiBusanns (16) Bu3Havae aOcontoTHe 3HaueHHs RMS cucremu, mo 1ae Ham
3arajibHy OI[IHKY 3HAY€HHSI MOXUOKHU MPOTSITOM Yacy MOJCIIOBAHHS:

RMSiorar = |2 50 (RMS(0)30), (16)

Jns oTpuMaHHS JaHUX MPO TOUYHICTh, MPOBEAEHO 30ip HaHUX MPOTITOM Yacy
MOJIETIOBaHHS MOJIbOTY Ta CTATUCTUYHI PO3PaXyHKHU 3HaU€Hb. B pe3ynbpTari oTprMaHo
oiliHk RMS K0XHO1 13 T1OCTIKYBaHUX M1JICUCTEM.

JaHi MopentoBaHHSI MPOJEMOHCTPYBalU €(EeKTUBHICTE 00poOKu 1H(opMaIii
PO TMO3UI[IOHYBAaHHS B peaJibHOMY yaci. He3Bakarouum Ha OKpemi MiKH, 3arajibHui
TPEHJ KPUBHUX IMOXHUOOK € CTaOLIBbHUM, IO CBIAYUTH MHPO POOACTHICTH POOOTH
cunte3oBaHoi cucteMu LeGNSS. Tak, miciis nepexiJHOro npouecy TpuBamicTio ~ 60
C 3Ha4YEHHs MOXUOOK OI[IHKM KOOpAMHAT cTalOuli3yBanucsa 1 ckianu ~ 3,43 m s
nopiBHiOBaHOi 1HTerpoBanoi INS/GNSS, a nans cunrtezoBanoi LeGNSS micas
MePEeXiTHOTO MpoIlecy ~ 5-8 ¢ 3HAUYCHHS MOXUOKHU cKiiau ~ 3,12 m.

OTpuMaHi po3paxyHKH aOCOTIOTHUX CEPEAHHOKBAAPATUUYHHUX 3HAUEHb OI[IHKHU
NOXUOOK MO3UIIOHYBAHHS JUIsl KOXKHOI 13 JOCHIUKYBaHUX CHUCTEM 3a Pe3yJIbTaTaMH
MOJICTIOBaHHSI ~ JIEMOHCTPYIOTh MoOkpaimieHy TouHicTh LeGNSS mincucremu
MO3UIIIOHYBAHHS Y MOPIBHSHHI 13 iHTerpoBaHoto INS/GNSS ninBumieHoi To4HOCTI Ha
—9,02%, ta Ha 26,4% y nopiBHsiHHI 3 6opTOoBUM GPS npuitmayem.
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BUCHOBKHA

VY auceprauiiiHiii poOOTI BUPIIIEHO aKTyajlbHE HAayKOBO-TEXHIUHE 3aBIaHHS,
AK€ JAa€ MOXKJIMBICTh PO3B’S3aTH BaXXJIWBY HAyKOBY MpoOJieMy, 1110 TOJIIrae B
MIJIBUIIIEHH] €(PEKTUBHOCTI OI[IHKU 1HQOpMAIlii MPO MO3UIIIOHYBaHHS B OOPTOBUX
nigcucremax briJIA 3a paxyHOK BUKOPUCTAaHHS HAJITMIIKOBUX JKEpeE IHPopMarlii Bijl
IEKUIBKOX CYINYTHHKOBUX YIPYNOBaHb Yy TIO€JHAaHHI 3 OOPTOBUMH 3aco0aMu
MO3UIIIOHYBAHHS Ta ONTUMAaNIbHOIO (uTbTpalieto iHpopMmairii. HaykoBi Ta nmpakTuyHi
pe3yibTaTh OTpUMaHl B JOCHIIKEHHI Na0Th HiACTaBU C(HOPMYIIOBATH BIAMOBIIHI
BHCHOBKH Ta pEKOMEH/IalIli:

1. IIpoBeneHo cucTemMaTr3aIliio OCHOBHUX JTOCITHUIIBKUX ITIIXO/1B Ta BAKOHAHO
BCECTOPOHHIM aHali3 Cy4YaCHUX MPUHLMUIIB Ta OCOOJHUBOCTEN (DYHKI[IOHYBAHHS
3aco01B MiABUIIECHHS €()EeKTUBHOCTI OI[IHKM 1H(QOpMAIlii PO MO3UIIOHYBAHHS, IKUN
JaB MIiJACTaBU AapTryMEHTYBAaTH JOLUIBHICTh 1 MOXMJIMBICTb CTBOPEHHS METOIY
onTUManabHOi 00poOKku iHpopMarllii B OopToBux migcucremax brJIA i3 BUKOpUCTaHHSIM
nanux cynyTHukiB LEO, GNSS ta 6opToBuX iHEpIliadbHUX 3aC001B MO3UIIIOHYBaHHS.

2. TlpoBeneHuil orisi CydacHHUX 3acO01B TMO3HMIIIOHYBAaHHS, SIKHUA JO3BOJUB
chopMyIJIIOBaTH TOJIOBHI 3aBJaHHSI TMPOBEICHHS JOCHIIKEHHS 1 CJIa0Ki CTOPOHHU
ICHYIOUMX OOpPTOBUX PIillIEHb JJIS BHU3HAYCHHs mo3ullionyBaHHs briJIA. Busneno i1
CHUCTEMATU30BAHO KIIFOYOBI HEJOJIKK ICHYIOUMX OOpPTOBUX pIlll€Hb, IO JISATIO B
OCHOBY pO3pOOKM HOBHX METOIB ONTUMalbHOI  (inbTparmii  iHdoOpMaii.
OxapakTepu30BaHO Cy4yacHi MeToau oOpoOku iH(dopMallii B OOPTOBUX MiICHCTEMAX
briJIA npo mno3uLIOHYBaHHSA, KOTpl JO3BOJSIOTH BUKOHYBAaTM HAJ@HHA TOYHOI
1H(opMallii Tpo MO3UIIOHYBAaHHS B PeaIbHOMY Yaci.

3. OOrpyHTOBaHO BUOIp METOAIB OOpoOKM iHOpPMAIi AJg MiABUILECHHS
TOYHOCTI 0OpoOKHU 1H(OpMaIlli MPO MO3UIIOHYBAHHS, IO BKIIOYAIOTH ONTUMAJIbHY
dbumpTpamiro Kaimana Ta 3aco0M KOHTPOJIO IUTICHOCTI CHUCTEMH, SIK1 JI03BOJISIOTH
3a0e3MeunT podacTHICTh 1 TOYHICTh BUBHAUEHHS Mo0xkeHHs briJIA B mpocTtopi.

3anponoHOBaHUII METOJ 13 HOBITHBOIO KOMYHIKaliiHOWO cucreMoro LEO-
cynyTtHuKiB (StarLink) Ta KanManiBcbkoro ¢iabTpa 103BOJISIE CYTTEBO 3HU3UTH BILIUB
IIyMY BHMIPIOBaHb 1 MOKPAIIUTH TOYHICTh OI[IHOK MO3ULIOHYBaHHS y MOPIBHSAHHI 13
paHillle ICHYIOUMMU CUCTEMAaMHU, 1110 BUKOPUCTOBYIOTH OIOJIPKETHI MpUiiMadi CUTHAIB.
3anpomnoHoBaHa MOJeNIb TPOIMOHYE HajliiHe, Oe3lepepBHE 1 TOYHE PIIICHHS
MO3UIIOHYBaHHS.

4. Po3po0sieHO BIOCKOHAJIEHUM METOJ ONTUMAaJbHOI (UIbTpalli B CHCTEMax
MO3UIIIOHYBAHHS, SKUW 0a3yeTbcsi HA BHUKOPHUCTAaHHI HAJJIUIIKOBOCTI JIKEpen
iH(opMalii mpo nmo3uiionyBanHs, yepe3 3nutts gaHux GNSS ta LEO cynmyTHHKOBUX
cy3ip’iB. Po3poOka 1poro meroay O0a3yeTbcsi Ha HOBATOPCHKOMY MIIXOJ1 [0
BUKOPUCTAHHS HAJJIMIIKOBUX JiKepen iHdopMailii, 0 € 3HaYHUM KPOKOM yHepena y
TEXHOJIOT1i TO3UIIOHYBaHHS, TUM CaMUM MIATBEP/KYIOUM HAyKOBY HOBHU3HY. Ha
OCHOBI JIaHOTO METOJly 3alpONOHOBaHa MoJieNb 1HTerpoBaHoi podacTHOi LeGNSS
M1JICHCTEMU MO3UIIIOHYBaHHS, 1[0 3/]JaTHA B pealIbHOMY 4aci 00po0asiTH 1HPOopMAaIlito.

5. VYIOCKOHaneHO METOAUKY OLIHIOBAaHHS IOXUOOK IO3UIIIOHYBaHHS
MIJICHCTEMHU NpuiioMy Ta OOpoOKM [OaHMX, sika 0a3yeTbCcsi Ha 3JIMUTTI JAHUX, IO
BUXOJUTH 32 MEXK1 ICHYIOUHMX MMIJIXO/A1B Ta IEMOHCTPY€ 3HMKEHHS BIUTMBY BUMAJKOBUX
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Ta JETePMIHOBAHHUX IOXMOOK JATYMKIB CYNYTHHKOBUX JaHUX Ta I1HEPLIATIBHUX
npuiiMauiB iH(opMallii Ha pe3yabTaTH OIIHKYU NoyioxeHHs! biJIA B mpocTopi.

6. 3ampornoHOBaHO MOJENb MIJCUCTEMH JJIsl aAaNTUBHOI 00poOKHU 1H(pOopMaIlii B
0araToCynyTHUKOBIA CHUCTEM1 TO3UIIIOHYBaHHS 3 ONTUMAIbHOIO (DUIBTPALIE€IO IS
3HUKEHHS BIUIMBY HEBHU3HAYEHOCTEW MOXMOOK CUCTEMHM B JIMHAMIYHUX PEKUMAX
po0OOTH, 1IO0 MO3BOJIMIO JOCSATTH PiBHA TOYHOCTI ~ 3,12 M. ApgantuBHa oOpoOKa
iH(opMalii B 6araTocynyTHUKOBINM CUCTEM1 O3UIIIOHYBaHHS JJO3BOJIMIIA 3aCTOCYBAaTH
MEXaHI3MH KOHTPOJIIO IUTICHOCTI OTpUMYyBaHOi iHGopMalii Ta aJlropuTMu
KOMIIEHCallli BIUTUBY CKOMIIPOMETOBAHUX JHKepell 1HpopMaIlii.

7. Y TOCKOHAJIEHO METOIMKY OLIIHKHM Ta KOMIEHCalli MTOXHUOOK IMO3HUIIIOHYBaHHS
B 0araToCynmyTHHUKOBHX CHUCTEMaX, 3a PaXyHOK BUKOPUCTAHHSI CyYaCHHX aJrOPUTMIB
00poOku 1H(poOpMalii Ta 3HMKEHHS BIUIMBY MOXMOOK HAa OTPUMYBaH1 JaHi I10J0
MO3UIIIOHYBAHHS, 110 I03BOJIMIJIO CKOPOTUTH Yac BUXO1Y IMiACUCTEMHU MO3UII1IOHYBaHHS
Ha poOouuit pexxum 10 5-8 c.

8. IlpoBenaeHo eKkcHepuMEHTadbHI JOCHIPKEHHS Ta BHKOHAHO aHaIi3
edexTuBHOCTI poO0oTU cuHTe3oBaHOi LeGNSS miacuctemu, siki MIATBEPIKYIOThH
MiJBUIIEHHSI epeKTUBHOCTI 00poOku nanux B bnJIA Ta nemonctpyrotrs Ha 9,02%
BUIIY TOYHICTH OTPUMYBaHOi iH(oOpMalli mpo MO3ULIOHYBaHHS, y MOPIBHAHHI 13
o6oproBoto 1HTerpoBaHoro INS/GNSS cucremoro, ta Ha 26,4% Yy TNOpPIBHSHHI 3
6optoBoro GPS cucremoro.

Kpaii pe3yiapTaT B IMHAMIYHUX YMOBaxX poOOTH JI€MOHCTPYIOTh 1HTErpOBaH1
INS/GNSS migcucremu, paszom 3 TuM 3amnporoHoBaHa LeGNSS migcuctema
nepeBepiye iCHyr4l KoHiryparii, ocoOOJMBO B CKJIQJAHUX JUHAMIYHUX YMOBax
BUKOHAHHS aBTOHOMHUX Miciii BriJIA. Take mokpamieHHs y3roJKyeTbCsl 3 OCTaHHIMH
nyOTiKalisiMy, 10 MIAKPECTIOTh MepeBaru MiAX0Jay BUKOPUCTAHHS apXiTEKTypHU
0aratocynyTHUKOBUX CUCTEM IMO3UIIOHYBaHHS 13 cyyacHuMmu LEO cynyTHuKamu.

BHCHOBKM 1IbOT0O OCHIIKEHHS MOXYTh OyTH 3aCTOCOBaHI B PI3HUX CEKTOPAX,
BKJIIOYAIOYM OE3MUIIOTHI aBlalliifHi CUCTEMH, IO JAO03BOJISE MIJBUIIUTH OE3MeKy,
TOYHICTh Ta ONEpaliiiHy eEeKTUBHICTh ICHYIOUMX CUCTEM.

JlocmipKeHHsl TPUITyCKae 17€aj]i30BaHl yMOBH HIPHHOMY CYIyTHHUKOBOTO
CUTHaNy, sIKI HE 3aBXJIU MOXYTh BIJMOBIJIATH PEATbHUM CIIEHApisiM BUKOPUCTAHHS.
MopentoBanus noxu6ok cucremu MEMC Moke He BpaxoByBaTH Bci JeTaii apeidiB
Ta 3CyBY BUMIPIOBaHHS KOHKPETHHMX JaTuuKiB. Uepe3 BoeHHUN cTaH B YKpaiHi 30ip
naHux OyB YCKIIQJIHEHUM, BKIIIOYAIOUW JOCTYIN 1O CYNMYTHUKOBUX CHUTHAIIB 4Yepe3
noTeHuiHi oOMexxenHs (StarLink, Tomio). YV mnomanbmiux MOCTIKEHHSIX MOXHA
aHaJi3yBaTH BIUIMB CKJIQJAHUX (akTopiB ceperoBuia Ha podoty LeGNSS, BuBunTu
MO>XKJIUBICTh PO3IIMPEHHS NEPENIKy CYNyTHUKOBHX CHCTEM a00 [aTYuKIB JUIs
M1JIBUIIIEHHS TOYHOCTI 1H(OpMaliii Ipo MO3UI[IOHYBaHHS.
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AHOTALUS

Hoainme b.I. Meroam Ta 3aco0M mWiABUIIEHHS TOYHOCTI 00pPOOKH
indopmaii B 6oproBux mincucremax bnJIA. — KanidikaniitHa HaykoBa npans Ha
MpaBax PyKOIUCY.

Hucepramiitna poOoTa Ha 3100yTTS HAYKOBOT'O CTYNEHS KaHAMAATa TEXHIYHHUX
Hayk 3a cnemianbHicTio 05.13.05 — komm'roTepHI CUCTEMH Ta KOMIIOHEHTH. —
Harionaneuuii aBianiiinuit yaisepcutet, Kuis, 2024.

Hucepralist 30cepeikeHa Ha PO3B'A3aHHI BaXJIMBOTO METOJOJIOTIYHOTO Ta
HayKOBO-TEXHIYHOTO 3aBJaHHS, 110 MOJAra€e y MiJBUIIEHHI €(pEKTUBHOCTI 0OpOOKH
iHpopMalii B miicUCTEMax MO3UIIOHYBaHHS OE3MUIOTHUX JITAJbLHUX arapariB
BUKOPHUCTOBYIOUM METOAM 3JIUTTS 1HPOpMaIlii Bil OOPTOBUX Ta CYyMyTHUKOBUX JKepell
iH(opMailii, a TakoXK METOIU KOPEKIIii 1 00poOku iHhOopMaIlii.

O0'exTOM JOCHIKEHD € Mpolec 00poOku 1H(opMallii MPo MO3UIIIOHYBaHHS B
koMIIekcHuX niacucremax bnJlIA, sximouaroun LEO, GNSS ta MEMS.

JocnikeHHsT TPOMOHye Miaxia ‘‘OararomapoBOi CHCTEMU CHUCTEM’, sKa
IHTErpye CUTHAIM 3 PI3HUX JKepen, Bkimodaroun LEO cynmyTHHKM HHM3BKOI 3€MHOi
op6itu, GNSS cucremu Ta 60pTOBI AaTUMKKU KOpucTyBaya. KomOiHOBaHMI miaxin
cuntesy podOactHoi LeGNSS, BHuKOpUCTOBYE mepeBard KOXKHOTO KOMIIOHEHTA,
3a0e3Meuylour pe3epByBaHHS Ta IIJBUILEHY TOYHICTh NO3WLIOHYBaHHSA. AHAII3
MOXMOOK TMOKa3aB, IO 3alpONOHOBAaHUNM MeToa nepeBepiiye TpaauiiiiHi GNSS
CUCTEMH, OCOOJIMBO B IMHAMIYHUX YMOBaX €KCILTyaTallli.

[TokpaiieHHs: TOYHOCTI 1HTerpoBaHoi poOactHoi migcuctemu LeGNSS
MOB'A3aHO 3 IHTErPaLlI€l0 IEKUIBKOX CYITyTHUKOBUX CUCTEM PI3HUX TUIIB 3 OOPTOBOIO
MEMC Ta 3actocyBaHHSIM METOAIB ONTUMAJbHOI 00poOku iHGopmalii. VY
JOCHIPKEHH]  TaKOXX BHUKOPHUCTOBYBAJIOCS MaTeMAaTHU4YHE MOJCIIOBAHHS ISt
TIpe/ICTaBJICHHS 3aJICKHOCTEH Ta B3a€MO/IIT IIPH 3IUTTIO 1HGOPMAITIi 3 PI3HUX IHKEpe.
OinpTp Kanmana Bifirpae poiab 3aco0y AJisi ONTUMaIbHOT 0OPOOKHU JJaHUX.

BHCHOBKH 3 IBOTO AOCTIIPKEHHSI MOKYTh OyTH 3aCTOCOBaH1 Y PI3HUX CEKTOPAX,
BKJIIOYAIOUM OE3IMIOTHI JIITalbHI amapaTd Ta CEKTOp 000poHH. Bucoka TOYHICTH
MO3ULIOHYBAaHHA MOXE 3HAYHO IMIJBUINUTA O€3MeKy, TOYHICTb KEpyBaHHS Ta
onepaTuBHy €(eKTUBHICTh. [IpoTe nocaiKeHHS BUXOIUTD 3 11€ali30BaHUX YMOB ISt
MPUHAOMY CHUTHAJIIB CYMYTHHUKA, SIKI HE 3aBXIU MOXYTh OyTH TOUYHUMH B pPeaJTbHUX
ymoBax. [loganpin JOCHIKEHHS MOXYTh JOCHIAUTH BIUIUB CKJIAJHUX YMOB
eKCIUTyaTalii Ta 1HTerpanio J0JaTKOBHX CYMYTHUKOBHUX JDKEpesl abo NaTYUKIB IS
MOAANBIIOTO MOKPAIIEHHS TOYHOCTI.

byno mpoBeneHO KOMI'IOTEpHE MOJEIIOBAaHHA CHUHTE30BaHOI poOacTHOT
LeGNSS, ta Oynu orpumani ii xapaktepucTuku. [IponoHOoBaHa MOJEIh MiJICUCTEMU
MO3UIIIOHYBAHHS TMPOJEMOHCTPYBaja MOKpaIleHl IWHAMIYHI XapaKTEPUCTUKHU Ta
MOKA3HUKU TOYHOCTI MO3UIIOHYBAHHS JO ICHYIOUUX CUCTEM.

Kurouosi ciioBa: briJIA, LeGNSS, INS, LEO cynyTHuku, 00po0ka iHpopmariii,
0araToCymyTHHUKOBA CHCTE€Ma IMO3ULIOHYBaHHSA, TOYHE MO3ULIOHYBaHHs, O€3MIOTHI
JITaJIbHI armapaTH.
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ABSTRACT

Dolintse B.I. Methods and ways to improve the accuracy of information
processing in the onboard subsystems of UAV. — Qualification scientific work on
the rights of manuscript.

Dissertation for the degree of candidate of technical sciences in specialty
05.13.05 — computer systems and components. — National Aviation University, Kyiv,
2024.

The dissertation is dedicated to enhancing the efficiency of positioning systems
for unmanned aerial vehicles by using data fusion methods from onboard and satellite
information sources, correction methods, and optimal information processing.

The object of research is the onboard subsystems of UAVs responsible for
positioning, including LEO, GNSS and MEMS.

The research proposes a "multi-layered system of systems" approach, which
integrates signals from various sources, including LEO satellites of low Earth orbit,
GNSS systems, and onboard user sensors. The combined process of synthesizing a
robust LeGNSS utilizes the advantages of each component, ensuring redundancy and
enhanced positioning accuracy. Error analysis showed that the proposed method
surpasses traditional GNSS systems, particularly in dynamic operating conditions.

The improved accuracy of the integrated robust LeGNSS subsystem is
associated with integrating multiple satellite systems of various types with onboard
MEMS and applying optimal information filtering methods. The study also used
mathematical modeling to represent the dependencies and interactions when fusing
information from various sources. The Kalman filter plays the role of a tool for optimal
data processing.

The findings of this research have potential applications in several fields, notably
in unmanned aerial vehicles and defense sectors. Enhanced positioning accuracy can
significantly improve safety, navigation accuracy, and operational effectiveness. The
study stands on idealized scenarios for satellite signal reception, which might not
always reflect real-world situations. Future studies could analyse the effects of
challenging operational environments and consider incorporating more satellite
sources or sensors to achieve even greater precision in positioning SOurces or sensors
for further improvements in accuracy.

Computer modeling of the synthesized robust LeGNSS was conducted, and its
characteristics were obtained. The proposed positioning subsystem model
demonstrated improved dynamic characteristics and positioning accuracy indicators
compared to existing systems.

Key words: UAV, LeGNSS, INS, LEO satellites, information processing, multi-
satellite positioning system, precision positioning, unmanned aerial vehicles.
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