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A.10. KPETOB, I1.IO. KPETOB, A.B. HEKPACOB, E.B. FABAEB
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HNEPCHHEKTUBbBI NPAKTUYECKOI'O IPUMEHEHUWA
AKYCTHYECKUX CUCTEM AZUMYTAJIBHOU KOPPEKIIUHN

B nacmosweii pabome npednacaemcs paccmompems 603MOACHOCHb NPUMeHe-
HUsL GKMUBHOU AKYCTUYECKOU CUCeMbl 011 ONPeOeleHUst PACCONACO8AHUsL A3UMY-
ma medncdy 0gyms BUHC. Ilpusoosamcs pesyivmamvl MAmeMamuieckoeo Mooeu-
POBAHUA AN20PUMMO8 PAGOMbI CUCTIEMbI

BBenenmne. Pemenue 3agauu HaBUTrauyuu A7 psga 00BEKTOB TPaKIAHCKOTO MPUMEHEHHS (Cellb-
CKO€ XO3SICTBO, aBTO U JKEIE3HOIOPOXKHBIN TPAHCIIOPT, HABUTALMS B CKJIAACKHUX MOMEIIEHUSX) Tpe-
OyeT 3HaHMSI HAYaIbHOTO Kypca. J[JIsi Ha3eMHBIX CHCTEM HH3KOW TOYHOCTH M3MEpEHHE Kypca 4acTo
3aMEeHseTCsl U3MEPEHNEM ITyTEeBOro yria, KoTopslil onpeaensercs no CHC npu asmxenuu. bonee no-
pOrHe U TOYHBIE CUCTEMBI HCIIONIB3YIOT H3MEPEHHS IBYXaHTEHHOI'O CITyTHUKOBOI'O KOMIIaca.

ANbTEepHATUBHBIM CIIOCOOOM 3alaHUsl Kypca SIBJISETCS MCIOJIB30BAHUE aKyCTHUECKHX CHUCTEM IO-
sunuonuposanusi (ACII), 10 HegaBHEro BpEMEHHU IIMPOKO MPUMEHSIOIIUECS B MOJBOJHON HABUTaA-
uuu. B nocnennee necatunerne ACII nony4aroT npuMeHeHHE B 33/1a4aX HaBUTALMU B IOMEIIEHUSAX U
OIpEeTICHNST MECTOIOTI0KEHHU ST HICTOYHHKA 3BYKa (B IEPEHOCHOM M CTAIIHOHAPHOM HMCIIOTHEHHSX).

[Mpunnun aeficTBHA MOAOOHBIX CUCTEM OCHOBAaH Ha aHAJIM3€ PACIPOCTPAHEHHS aKyCTHUECKHX KO-
neGanuidi. Bpemsi mpuxona akycTHYecKOH BONHBI OT MCTOYHHKA A0 MHUKpPO(OHA MPONOPLHOHAIBEHO
PACCTOSTHUIO MEXAY HUMH. AHAIU3UPYs BPEMEHHbBIC t
3aJep’KKU NIPUX0/a 3ByKa Ha MUKPO(OHBI BBIYHCIIS-
ercsl TIONOKEHHE HCTOYHMKAa METOJaMH TpuiaTepa-
LY WIN TPUAHTYJIALNN.

B AO «UTT» npoBonmarcs HUCCICAOBAHUS IO
BO3MOKHOCTHU HCIIOJIb30BAaHUS aKyCTUYECKHX CUCTEM
B 3a/1a4ax, CBS3aHHBIX C MHEPLMAIBHON HaBUTaLUEH
U opueHTaluend. B wactHOCTH, cucTema paccMaTpH-
BaeTcs AJsl MPUMEHEHHS B HA3eMHBIX MOOMJIBHBIX
m1athopMax, TAKUX KaKk aBTOHOMHEBIE CEITbCKOX 0351i-
CTBEHHBIC TPAKTOPbl M KOMOAHHBI, TPY30BBIE ILIAT-
(hOpMBI CKIIAZCKUX TIOMELICHUH, a TaKKe MOIBOIHBIC
AaBTOHOMHBIE armnapaTsl, TpeOyIolre KypcoBoi Kop- 1
pexiuu. Cxema MakeTa YCTpOMCTBa IpHBEIEHA Ha
pucynke 1. Cucrema COCTOMT U3 IBYX OJOKOB: BBI-
yucautens MK1 1 u3nydarenu KOHTPOJIBHBIX CUTHANIOB 3 00pa3yroT 0siok u3mydateneir, MK2 u Muk-
podonst 4 — Osok npuemuukoB BIl. Beruucnurens MK2 oreHuBaer paccoriiacoBaHUE KYPCOB o,
mexxny BU u BII no HaGnrogaeMbeiM YTioBBIM pazMepaM nap usnydareneil. OCHOBHBIE BBIYHCIHTEIb-
HBIE acleKTbl — pacueT pa3HOCTell BpeMeH IpHuxoja R
KOHTPOJIBHOI'O CUTHAaJIa Ha MUKPO(OHBI U OLIEHKA pac-

COTJIACOBaHMS a3uMyTa 110 HUM. «
\ﬁn ), \ =

Puc. 1. Cxema ACAK. 1 - u3nmy4arenn KOHTPOJIBHBIX
CHTHAJIOB, 2 -MHKPO(OHEI

Ounenka paccorjiacoBanmsi B asumyTe .. [lon t
YTJIIOM a3UMYTaJIBHOTO paccoriacoBaHus ., bBU u BbIl
(puc. 2) moHMMaeTCs YroJ B3aWMHOW OPHEHTAI[UH
CBBIICK u CBBUCK. Yron BeIYHCIIETCS B IBA dTAmA:

BN

\a

>

e pacuer yria opuentauuu BIl B oTHocuTenbHO BM

OMOPHOH JIMHUH, NPOXOASALICH 4epes LEHTPbI Puc. 2. f — yron mexxay CBBIICK n onopHoii nmuHnei,
CsBIICK u CBBUCK; o - asumyt bII

e pacuer azuMyta o Ha BII.

Hayunsrit pykoBogurens: K. ¢.-M. H., foneHT kKadeapsl Tuxomupos B.B.
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VYromn V., BRIYUCIIAETCs uepe3 yriibl o U  mo gopmye:

Yeor =B — a. (1)

HpI/I MMOCTAaHOBKC 3aia4u NPCANIONaracrcda, 4YToO UICTOYHUKHA 3BYKa ABJIAIOTCA TOYCYHBIMU, 4 KPDUBU3-
HOM (prHTa aKyCTH‘leCKOﬁ BOJIHBI MOKHO npeHe6petn>. Taxue A0NYyHICHUA HCCYIICCTBCHHO BJIUAIOT
Ha TOYHOCTH OLCHKU, HO 3HAYUTCIIbHO YIIPOIIAatOT METOAUKY paCyYCTOB.

SR CEE e OIS maccusa Pacuyer yrna g Pacyer yrna a Bbluucnexue y_cor
3BYKOBbIX CUrHanoe BpeMeHHbIX MeTok Tm(i,j)

Puc. 3. biok-cxema 3TanoB pacuera e,

AaroputMm pacderoB. OCHOBHBIE ATalbl BBIYHC-
JeHU npexacrasieHsl Ha puc. 3. Ilpennomaraercs,
yto yacel Ha BU u BII cunxponnsupoBansl. B Gioke s
00pabOTKH 3BYKOBBIX CHUTHAJIOB BBITIONHSETCS PETH- By \'\ \
CTpalusi KOHTPOJBHOIO CHUTHajia, MO3BOJSIONIA
chOopMUpPOBATh MAacCHB BPEMEHHBIX MeTOK 1m(i,j),
i — HOMep m3mywarens, j — mukpodona. Ompenens-
torcst yriiel opueHtauuu 3; BI1 Bgonms ¢ponrta pac- BU
MPOCTpPaHEHHsI aKyCTUUeCKOW BOJHEI (puc. 4) oT u3- Puc. 4. Vet opuenramnn B_i BI1 B1ons gponta
Jyvatesnei, TO3BOJSIOMINE MTOMYyYUTh OLIEHKY yria f3. PACHPOSTPATICHIL AIEYCTHHECKON BOTHH
Hanee mo yrinoBeIM pazmepaM cTopoH BU HaxoguTtes yroin o, mo yriam o ¥ 3 BEIYUCIIACTCS Y oy

Pe3yabTaThl MogeaupoBanus. [y anpobanny METOAMKH OLEHKH V., Oblila pazpaboTaHa maTe-
MaTH4ecKas MOJIENb PacIpOoCTpaHEHNs aKyCTHUECKUX CUTHaNoOB oT b, mo3Bonsromnias moxy4uTs Mac-
cus Tm(ij), i, j =1, 2, 3. B TouHbIe 3HaYEHUs f;; BBOAUIACH IIOTPEIIHOCTb U3MEPEHUS €.

I'paduku ommOKy ompeneneHus yria B 3aBUCHMOCTH OT PacCTOSHUS M MOTPEIIHOCTH BXOAHBIX

BpEMEH MPUBENEHBI Ha puC. 5. %l

2518 | —=—et=50ns

3akarouenue. [lo mroram wuccinenoBaHUM OBUIH | 1] 5_‘ . l/ et=20ns
MOJIYYCHBI CJIICAYIONIUEC PC3YIbTAThI:

° pa3pa60TaHa NpUHOUIIKAJIbHAA CXEMa AaKTHB-
HOI aKyCTH‘lCCKOﬁ CUCTCMBbI IJId OIMPCACICHUA
paccorjiaCoBaHusl a3uMyTa MCKAY ABYMS
BUHC;

° pa3pa60TaHa MaTeMaTu4eCKass MOACIb, C MpH-
MCHEHHUEM KOTOpOfI YCTAHOBJICHA CBA3b I10- 004
TpCIIHOCTU OHNPCACICHUA .o C MNOTrPCHIHO- . 2-0 4:0 610 slo 160
CTSAMU OCHOBHBIX U3MCPACMBIX IMapaMCTPOB; Dist

) MOATBCPIKICHA LICJICC006paBHOCTI> ;[a_r[],Hef/i- Puc. 5. Yriosas omuoOka B rpagycax, B 3aBUCUMOCTH OT
IUX MCCIEeNOBAHMIA IIPHMCHCHHS. AKTHBH oii PaCCTOSHHUS ¥ MOTPEITHOCTH €t (B HAHOCEKYH/IAX )

aKyCTH‘leCKOﬁ CHUCTCMBI IJId ONPCACIICHUA paCCOrilaCoOBaHUA a3uMyTa MCKIAY ABYMA BUHC.
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Prospects for practical application azimuth correction acoustic systems

Abstract. In this paper, it is proposed to consider the possibility of using an active acoustic system to determine the azimuth
mismatch between two SINS. The results of mathematical modeling of the algorithms of the system are presented.
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C.I0. IEBYEHKO, JI.A. MUXAMJIEHKO
(Cankr-IlerepOyprekuii rocyJapCcTBEHHBIN 3JIEKTPOTEXHUIECKHH yHIBepcuTeT «JIDTH»
nmenu B. U. Vipsanosa (Jlennna), Cankr-IlerepOypr)

BJIMAHUE I'ABAPUTOB U TOITOJIOI'MU BCTPEYHO-IITBIPEBBIX
HPEOBPA3OBATEJIEM HA XAPAKTEPUCTUKHA YYBCTBUTEJIBHOI'O JIEMEHTA
B ®OPME KOJIBIIA HA IOBEPXHOCTHBIX AKYCTHYECKHUX BOJIHAX

Paboma nocsswena enuAHUIO USMEHEHUSA KOHCIMPYKYULL KOTbYe8020 Pe30HAmMopa u
pasmepos uy6CmeUumenbHo20 JJleMeHma npoeKmupyemo20 MUKpOMexanuiecko2o
axkcenepomempa Ha NOBEPXHOCHIHbIX AKYCHUYECKUX BONHAX HA aMNAUMYOHO-
YACMOMHYIO  XAPAKMEPUCMUKY, — NONOCY — NPONYCKAHUsA,  4Y6CMEUMENbHOCMb U
npoYHOCMHbIE Xapakmepucmuku. B pabome Oemoncmpupylomca pasiuyHbie
KOHCMPYKYUU 6CMPEUHO-UMbIPE6020 npeodpasosamens U OYeHUuBaemcs GIUAHUE
U3MEHEHULl Ha XaPaKmepUucmuKy 4¥y6cmeumesnbHo20 31eMenmd.

Beenenne. Mukpomexannueckue akcenepomerpsl (MMA) — 3To mpuOopsl, KOTOPBIE U3MEPSIOT
Ka)Kylleecsl yCKOpeHHe.

Ha npotsoxenun 6onpiueii vactn XX Beka TpaaWMOHHBIE MOJIEIH aKCEIEpPOMETPOB OBbLIH MMEIN
3HAYUTENBHBIA BEC U pa3MepBbI, YTO 3aTPYAHSIIO UX UCIIOIB30BaHUE B MOPTAaTUBHON TexHHKE. OTHAKO
[0 Mepe Pa3BUTHS MHKPOAJIEKTPOHHBIX TEXHOJIOTMM 3TH JAaTYMKHM 3HAYUTENBHO YMEHBIIANIHNCH B
pasmepax. K coxanmenuro, Takas MUHHATIOpU3aLUs NpHUBENA K CHIKEHHIO HMX TOYHOCTH U
cTaOMIBHOCTH. [IpOYHOCTH KOHCTPYKIMH 3HAYUTENFHO OFpaHUYEHA, YTO MPUBOAUT K MX Pa3pyLICHUIO
MIpY BO3JEHCTBUH YPE3MEPHOTO YCKOPEHUS WJIM BHEIIHUX CHIL.

OpHOll W3 anpTEpHATHB, TIO3BONSIOMIEH MPEOAONETh KOHCTPYKLUMOHHBIE OIPaHUYEHHUS
MHUKpPO3JIEKTpOMEXaHUUecKux ycTpoiictB (MOMC), sBIAIOTCS MHKpPOMEXaHWYeCKHe AaTYMKA Ha
MOBEPXHOCTHBIX akyctnueckux BonmHax ([IAB). JlaHHBIE DaTYMKK OCHOBBIBAIOTCS Ha MCIIOIB30BAHUHU
MbE303JIEKTpUYecKoro 3¢ dexTa sl TeHepauud M OOHAPYXKEHUS AKyCTHUECKHX BOJH, KOTOpBIE
pacIpocTpaHsIOTCs BAOIb IOBEPXHOCTH MaTepHaa.

MMA Ha mOBEpXHOCTHBIX aKyCTUYECKHX BOJHAX, SBISSCH MOHOJIUTHOM TBEPAOTEIBHOM
KOHCTPYKLIMEH, XapaKTEPU3YIOTCS OTHOCHTEIIBHO BBICOKOW CTaOMJIBHOCTBIO MapaMeTpoB M HHU3KUM
sHepronoTpedneHneM. B Tekymmii MOMEHT Ha phIHKE IOCTYHHBI JaTunku Ha [1AB, xKoTopbIe mUpPOKO
UCTIONB3YIOTCS B IPYTHX 00JacTIX — OT MEIUIIMHCKUX TEXHOJOTHH [2-5] u obecrieuenns 6e30macHOCTH
10 OECMJIOTHBIX CHCTEM, BKIIFOYAs Mapo- M ra30aHaIN3aTopsl [6-8], cHCTeMBbI KOHTPOJIS TeMIEpaTyphl
[9, 10], BnasxxuocTu [11], a Taxke ycTpoHCTBa Ut onpeAenacHus napiaeHus [12].

B nocnenaue ronsl ObUTH NpenIoKeHbl KOHCTPYKIMH YyBCTBUTENBHBIX 31eMenToB (U2) MMA Ha
[TAB B Buzie IpsAMOYTOJIbHUKA U TpeyronbHUKa [13, 14]. /laHHBIE JaTYUKKU 3HAYUTEIBHO MTPEBOCXOIAT
knaccnueckue MOMC akcenepoMeTpbl B IPOYHOCTHBIX XapaKTEPUCTUKAX M CTaOMIBHOCTH PadOThI
[15]. B Tekymeit pabore mpeiaraercs n3MeHeHue KoHCTpykimu YD MMA, a mMeHHO — 3aMeHa
BCTPEYHO-IITHIPEBOr0 TpeoOpa3oBaTelisi Ha KOJBIEBYIO (OpMy, YTO TEOPETUYECKH IO3BOIUT C
MOMOIIBIO MpeacTaBaeHHOro YD BbIIEpKUBATh YCKOPEHUS B JECATKU Thicsiu g. MemOpanHas ¢opma
MO3BOJIIET PAaBHOMEPHO paclpedesTh Harpy3kd 1o TmoBepxHocTH YD, 4toOsl mpeomoneTh
HEIOCTaTKU MPAMOYTOJBHBIX U TPEYrodbHBIX UD B BUAE OAHOCTOPOHHErO 3aKpPEIUIEHHS KOHCOIU B
KopIyce yctpoicTsa [16].

Heas padorbl. B mpeapinymmx paborax [1] aBropamu paccMaTpUBalMCh YacTOTHBIC
XapaKTePUCTUKH YYBCTBUTEIBHBIX 37eMeHTOB (UD) Ha TOBEPXHOCTHBIX aKyCTUYECKHX BOJHAX
pa3pabaTeiBaEMOro MHKpOMEXaHH4deckoro akcenepomerpa (MMA) u3 pa3IWYHBIX MaTEpPHANIOB, HX
CHOCOOBI 3aKpeIUIicHUs] B KOPIyCe W BIUSHHE BHEMHUX (akropoB Ha UD. Ha cremyromem stame
BO3HUKJIA HEOOXOAUMOCTh ONTHUMHU3AIMK KOHCTPYKIIMM BCTPEYHO-IITHIPEBOrO IMPeoOpa3oBaTels
(BHIIT), 9T00BI Cy3UTh MONOCY MPONYCKAHUS U OOKOBBIC MOJBI M YIIYYIINTh OOHAPYKEHHUE CUTHAA,
NpUHUMAas BO BHUMAHUE TUIIUYHBIE TEXHOJIOrMYeCKue orpaHudeHus. Kpome Toro, 1enpio
ONTUMU3AINU KOHCTPYKIIUU M MOJISTUPOBAHUS SABJISIETCS TIPOBEPKA COXPaHEHUsI pabOTOCIIOCOOHOCTH
npu aedekrax JIuTorpaduu, 4To SBISAETCS HAanOoIee PacCpOCTPAHEHHOW TEXHOIOTUYECKOW OIIMOKOM.
s atoro mpemnaraercs usmeHenune BIIII, npuBoasimiee k ero yactuuHoW ¢parmeHTanuu. Takxke
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HEOOXOOMMO WCCICA0BATh 3aBUCHMOCTh UYBCTBUTCIBHOCTM W MAaKCHMAIBHOTO YCKOPCHHUS OT
rabapuToB 4yBCTBUTEIBHOTO 3JICMCHTA.

KoncTpykuust 4uyBCcTBHTENBHOro 3jemeHta. OOHIMii BUA KONBLEBOTO UYYBCTBUTCIBHOTO
ajeMeHTa npeacTasieH Ha puc. 1. Pesonarop cocrout u3 asyx BILII B dopme kosbiia (2) u koHCOMH
M3 MbE303JCKTPUUYCCKOr0 MaTepuana, pacloioKeHHOW Mexay mpeoOpasosateassmu (1), Bes
KOHCTPYKIMS OrPAHMYCHA MO MIyOMHE M O pamuycy AeMI(bUPYIOLICH CPEeIoi sl MOAABICHUS
[Mapa3sMTHBIX OTPAKCHWH BONH OT BHemHMX rpanuil. O6mas cxema BIIII ¢ koHycOBHIHBIMM
JJIEKTPOIJAMH TIPEACTaBIIcHA Ha puc. 2. B pabore mcmonbsyrorcs caemyromue mapamerpsl BIIIT: mmHa
meprona BIIIIT ma BHerHEM Kpae ameptypsr coctaemsiet ast BT ¢ sayTperrnM pamrycom 1000 mxm —
19.2 mxwm, ¢ BHyTpeHENM pamrycoM 2000 MM — 38.4 mim, ¢ BHyTpeHHENM pagmycoM 3000 mxm — 57.6 MEM
TIPH YTII0BOM Teproze npeodpasosarers 0, = 1° u Beicote /= 0.2 MxkM

4
3
2
1

Puc. 1. MemOpaHHbIii 4yBCTBUTEIBHBIN 3JIEMEHT: 1: KOHCOIIB; 2: BCTPEYHO-IITHIPEBbIE IPE0Opa30BaTely;
3: nemnuUpyOIIi MaTepHra; 4: KopIryc.

BeicotTa KOHCONM, COTMACHO TEXHUYCCKMM XapaKTCPUCTUKAM IUIACTUH HHUO0ATa  JIUTHSL,
HCTONBb3YEMBIX [UISI W3rOTOBJCHUS KCIIEPUMEHTAJIBHBIX 00pa3uoB, paBHa 350 mxm. Pamuyc koHcomn
coctamaer 1500 mMxm mmst mepsoit momerm, 3000
MKM — mas Broport u 4500 MxM — s Tperhei ° 0
moemm. BIIIT pacnomaraercst Ha pammyce B 1000,

2000 u 3000 MM OT TICHTpPa KOHCOIHU T KKIOTO 0,

BapHaHTa WCTIOTHEHUSA COOTBETCTBEHHO.
Hcnonms3oBanne HECKOIIBKHX BapHUaHTOB
rabaputeeix mapamerpos  BIIII wu  xoHcomm
00yCITOBIICHO TEM, UTO, MPU YBEIMUYCHUN TUIOIATN
[TOBEPXHOCTH KOHCOJITh Oyner MEHBIIE
nedopMHUpOBaThCs M, COOTBETCTBEHHO, OyneT
MCHBIIAS YYBCTBUTEIBHOCTh y AaTunka. OmHOW 13
uenaeli  JAaHHOW Pa0OThI  SIBISICTCS  HAXOXKICHUC
ONTUMATBHBIX TA0apUTOB KOJBLEBOTO PE30HATOPA C
TOYKM  3pPEHUS  YyBCTBUTENBHOCTH  JATUWKA.

Puc. 2. BerpeuHo-IITEIPEBOI IIpeoOpas3oBaTes ¢
l'abaputHbie mapamerpsl YD mnpencraBicHb B P P peo°p

KOHYCOO 6pa3HI>IMI/I DJIEKTpOJIaMHU

Tabm. 1.
[Tapamerp 3HavyeHue

Bayrpennuii paauyc (R)), MKM 1000 2000 3000
Bremmnuit pamyc (R;), MKM 1120 2240 3360
Aneprypa (W), MKM 12 24 36
JlnvHa ieprosia Ha BHeITHeH yacTy anepTyphl (Opyem), MKM 19.2 384 57.6
Vraosoit nepuoz (6,), ...° 1
Bricora BIIII (h), Mkm 0.2
Pacnonosxenne BIIII Ha koHCOMH (R3), MKM 1000 2000 3000
Pamuyc xoHcomu (Ry), MKM 1500 3000 4500
Bricora xoncomu (hg), MKkM 350
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I'eomerpusi mThipeil. V3HauanbHO KOHCTPYKLMS TMpeArionaraja KOHYCOOOpasHbIE IITHIPU
BIIII, koTopsie npoTsbKeHUU Beell anepTypbl oT BHemHero kpast BIIII no BHyTpeHHEro MO3BOSIM
COXPaHATH WIUPHUHY IITHIPSI OTHOCUTEIBHO JUIMHBI BOJHBI Kak A/4. B pabote Takke ObUIM MPEAoKeHbI
MNPSAMOYTOJIbHBIE IITHIPY, KOTOPBIE Ha IPOTSHKEHUHU BCEW anlepTyphl MMeNH IHPpUHY 4,8 MKM (A/4), 9TO
MO3BOJISJIO COXpaHUTh Imar B A/4 Ha BHemHed wactu BIIIL, a k BHyTpenneit uwactu BIIIT
MEXKIITBIPEBOE PACCTOSHUE COKPAIAJIOCh.

[lo pe3ynpratam MOIENHPOBAHMSI MOXHO CKa3aThb, YTO MpPSIMOYTOJIbHas TeOMETpus IITBIpEeH
MO3BOJINJIA TTONMYYHUTh YBEJIHMUYEHHUE PEabHOM COCTABIISIONIEH KOMIUIEKCHOI npoBoanMocTH (real Y11)
Ha 11%, monocy nponyckanus cokpatutb Ha 37% no 107 x['1, u mpeBsillIeHUE OCHOBHOM MOABI HaJ
BTOpOH B 5 pa3.

Yacruunass ¢parmentanus. Bropas dacTe paboTbl ObLTa CBsI3aHAa aHAIM30M BJIMSHUS Ha
XapaKTEePUCTUKU YYBCTBHUTEILHOT'O djeMeHTa dacTHyHOi (parmentammu BIIIT ¢ mpsmoyronbHOI
reoMeTpuei, KoTopasi MOKET BO3HUKATh MPH JTUTOrpa)ii KOMIIOHEHTOB YyBCTBHUTEIILHOT'O 3JIEMEHTA,
a TaKKe 3a CUeT HECOBEPLICHCTBA TEXHOJIOTMYECKOro Ipolecca M3roToBieHHs Kosblesoro BIIII
[10]. CornacHo Teopuu I[TAB, mpu oTCyTCTBHHM 00IIEH IIMHBI BO3HUKAIOT YCIOBHS JUIs1 aBTOT €HEPaIU
BOJIHBI B nocieayromux ydactkax BIHIII

B pa6ore Obuto mpemnokeHo 7 BumoB BIIII ¢ wacTuuyHOM (parMentanuei: 3 U3 HUX HMEIU
o01yr0 MKHY, a 4 — HeT. AHaJNM3UPYS PE3yAbTaThl MOJEIUPOBAHMS, MOXHO CHIENaTh BBIBOI O TOM,
YTO YacTH4yHas (hparMEHTALUs YXy[IIaeT XapaKTEPUCTHKH UyBCTBUTEIBHOTO DJIEMEHTA: 3HAYCHUS
peaNbHON COCTaBIAIONIEH KOMITJIEKCHONW MPOBOAMMOCTH M OTHOIIEHHWE NEPBOH MOJBI KO BTOPOM
YMEHBIIAINCH MPOMOPIHUOHAIBHO KOIHYECTBY OTCYTCTBYIOIMX IIThIpe. HekoToprie mpenioxkeHHbIe
KOHCTPYKIHMH ToKa3anu paBeHcTBO Moa. Koncrpykuuu BIIIT ¢ Hanmmunem oOIuei mWHBI OKa3alin
JyYIIHe PE3yJIbTaThl M0 OTHOLICHHUIO K TAKUM K€ KOHCTPYKLHUSAM Oe3 oO0Iiel MIMHBI, U3 Yero MOXHO
cZeNaTh BBIBOJ O TOM, YTO 00I1asi IIKMHA Mo3BossieT coxpanuTh [TAB B aneptype BILIL

KomnsrotepHoe MmonesmpoBanue. Ha nepBom sTane paboThl TpeOyeTcs: OMPEAeIUTh YaCTOTHBIC
XapaKTepUCTUKU i1 Mojeled ¢ BHyTpeHHuM paguycoMm BIIIT 1000, 2000 u 3000 MkMm s
MOCIIEYIOMIET0 CPaBHEHMsI TIONYYCHHBIX JAaHHBIX C 3KCIIEPUMEHTAIbHBIMU oOpasmamu. Ha puc. 3-5
MIPEACTABICHBI YACTOTHBIC XaPaKTEPUCTUKH JIJISl PA3IMIHBIX BUJOB UCTIOTHEHUS UD.

Kax BugHO U3 puc. 3—5 rpaduku 4acTOTHBIX XapaKTEPUCTUK 00pa3IoB UMEIOT OJMHAKOBEIN BUJI,
a 4acToTa pe30HaHca CMellleHa BeieacTBue u3MeHenus JuuHbl nepuona BIIII. Yacrora pesonanca
Uit iepBoro obpasma cocraBisier 207.99 MI'n, mis Broporo — 104.10 MI'mp u 68.99 MI'n — nmnst
TPETHETO.

CrnenyrommmM 3TarnoM paboThl SBISETCS ONPEACICHUE TPEACIEHO JOIMYCTUMOrO0 YCKOPSHHS U
YYBCTBUTEIBHOCTh KaXKI0U MOZEIH.

Hcxonst u3 monmydeHHbIX JaHHBIX (pUC. 6 U 7)

MOKHO ~cJenaTh BBIBOA O TOM, 4YTO IpH o 0.02

OIMHAKOBOM BBICOTE KOHCOJIU YyBCTBUTEIBHOCTD =0.015

naTyuka OyJeT pacTH IIPU YBEIHMYEHHH paauyca = 0.01

KOHCOJIM. 3aBHCHUMOCTh YyBCTBHTEIBHOCTH OT £0.005 | A e |
COOTHOLIEHUS PaJuyca KOHCOIU K €€ BBICOTE 194.89 200.89 206.89 212.89 218.89 224.89
MOYKHO IIPEJICTABUTH B BHIE rpaduka (puc. 8). Yacrora, MI'y

Puc. 3. PeanbHast cocTaBIisitonas KOMILIEKCHOM IPOBOMMOCTH
quist BIIT ¢ BHyTpenHuM paguycom 1000 Mxm.

@0.015 “ 0.02

‘:" 0.01 =

50.005 )L % oot “

= 0 | | 1 | | "o | | I | |
91.6 96.6 101.6 106.6 111.6 116.6 121.6 62.99 65.49 67.99 7049 72.99 75.49 77.99

Yacrora, MI'g Yacrora, MI't
Puc. 4. PeanbHasi COCTABILIOLIAS KOMIUICKCHOI IIPOBOMWIMOCTH Py, 5. PeanbHas COCTABIISIONIAS KOMIUIEKCHOM MPOBOIMMOCTH

qust BUIIT ¢ BHyTpenHum paguycom 2000 Mkm Jutst BILTT ¢ BHyTpenHnM paycoM 3000 MM
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JlmHa, MEM

0 456 1188 2956 4321 5530 7014 8206 8969
[ I I [ [ B T
= S \ .
g y
= — — 1000 Mmxm
g -10 — y — — 2000 MM
G ———— — 3000 mxm
g -15 —
5]
S .
_20 -
_25 -
Puc. 6. T'paduk pactpeie/ieHist HArPY3KH M0 AMaMETPAILHOMY Cpe3y KOHCOIH py yekopenuu B 40000g
= 2000
— M;‘
p w —®—1000 mkm
g
—— 2000 —&— 2000 MKM
4006 3000 mKm
-40000 -30000 -20000 -10000 0 10000 20000 30000 40000

Yckopenmue, ...M/c?

Puc. 7. T'pahuk m3MEHEHHS YACTOTHI OT YCKOPEHHS

MakcumanbHO HCIHBITBIBAEMOE YCKOPEHHE A1 KOHCOMU ¢ pamuycoM 1500 MKM cocTaBisieT
191132g, nnsa panguyca 3000 mxm — 84958g u nns paauyca 4500 mxm — 37514g COOTBETCTBEHHO.
YckopeHne, KOTOpoe CIIOCOOHA BBIZCPIKATh KOHCOJb, 3aBUCHT OT COOTHOIIEHHS pajryca KOHCOIU K
€€ BBICOTE U JIaHHYIO 3aBUCHMOCTh BO3MOXKHO TaKXKe MPEACTABUTh B BUje rpaduka (puc. 9).

15 15
< 5 ;4 QS
| | L L l
0 100 200 300 0 50000 100000 150000 200000
UyBCTBHUTENBHOCTS, ['11/g MaxkcumallbHO UCIIBITHIBAEMOE YCKOPEHUE, g
Puc. 8. Tpaduk 3aBHCUMOCTH 4yBCTBUTEIEHOCTH OT Puc. 9. Tpaduk 3aBHCUMOCTH MaKCUMAIILHOTO YCKOPCHUS
COOTHOUICHUS paJinyca KOHCOJIH K €€ BBICOTE OT COOTHOILICHUS paJinyca KOHCOJIU K €€ BBICOTE

3aximouenue. Hanbonee s3¢pdextuBHOl reomerpueii konpLeBoro pesonaropa Ha [IAB sBnsercs
BIUII ¢ npsiMOYroAbHBIMH IITHIPSMHU, HO KOHYCOOOpa3HbIE ITHIPH TAKXKE MOTYT MCIIOJIb30BATHCS IS
CO3/1aHHA YyBCTBUTEIBHOTO JIEMEHTA.

10
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CyxeHue NEepUOIOB B CTOPOHY BHYTPEHHEH YacTH KOHCTPYKIMM YIy4YIIAeT YacTOTHBIE
XapaKTEPUCTUKU KOJBLEBOIO PE3OHATOPA HAa IIOBEPXHOCTHBIX AKYCTUYECKUX BOJIHAX, 4 HMMEHHO
MIO3BOJISIET:

* YBEJIMYUTH OTHOIIEHH € MaKCUMAaJIbHBIX 3HAUEHU TIEpBO MOJIBI KO BTOPOH;

* YMEHBIIUTD IOJIOCY ITPOITYCKAHMUSL.

Coxpanenue paboTOCIIOCOOHOCTU PE30HATOPA MOXKET OBITh OCYLIECTBICHO yOaleHUEM He Ooiee
onnoii mapst BIIII B 10 u 6onee nepuonos. Ilpu 3tom yactuunas Gparmenrtanust BILIT gomxHaa OBITH
paBHOMepHOH. [Ipyu yBennueHHM 4MciIa UCKIIOUEHHBIX IITHIPEH TeOMETpHs KONBLEBOIO PE30HATOpA
HapyIIAaeTcs, U BOJIHA BBIXOIUT U3 33JaHHOTO F€OMETPHUEH MON0KEHUS.

Hannune oOmieli mMHBI MO3BOJISICT YACPKHUBATH MOBEPXHOCTHYIO aKyCTUYECKYIO BOJIHY BHYTPH
cTpyktyps! BIIII

UyBCTBUTENBHOCTh U MAaKCUMAJIBHOE BBIAEP)KMBAaEMOE yCKopeHrne YD KONbLEBOr0 pe30oHaTopa Ha
[TIAB npsMo 3aBHCHT OT COOTHOIIEHHS paguyca KOHCOIM K €€ BBICOTE, NpHUYEM YEM BBILIE
YYBCTBUTENBHOCTh — TEM HMKE MAKCHUMAJIBHOE BBIAEPKUBAEMOE YCKOpeHue. [[st kaxoro Matepuana
JIAHHBIE 3aBUCUMOCTH SIBISIOTCS YHUKAIbHBIMH.

Paboma nposoounace npu noddepoicke epanma PH® «Pazeumue meopuu akycmuyeckux Koieoanuti
OJ151 OYEHKU NAPAMEMPO8 OBUNCEHUS NOOBUNCHBIX 00bekmosy (23-79-10259)
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E. A. IKYIIINHA
(AO «Konnepu «LTHNU «3nextporpudop», Cankr-IlerepOypr)

PAZPABOTKA N UCIHIBITAHUSA MAKETHOTI'O OBPA3IIA HAKJIOHOMEPA HA BA3E
MASATHUKOBOI'O KOMIHEHCAIITMOHHOI'O AKCEJIEPOMETPA
C ABTOKOMITIEHCAIIMEHN

Hccnedyromes xapakmepucmuxu Makemuo2o obpaya HakioHomepa Ha b6aze masam-
HUKOB020 KOMNEHCAYUOHHO20 aKceiepomempa ¢ asmoxomnencayueil. IIpeocmagnenvi
Pe3YIbMAmsl UCRBIMAHUL MAKEMHO20 00pa3ya, a makdice npeodiodcenvl peuenus no
VAYUUEHUIO MOYHOCTHBIX XAPAKMEPUCMUK HAKIOHOMEDPA.

Beenenne. Poct TpeboBaHMi K UyBCTBUTEIBHBIM 3JIEMEHTAM HHEPLUUATIbHBIX HABUTALIMOHHBIX CUCTEM
(MHC)[3] Benér k TOMY, YTO YK€ CErofHs He0OXOoAUMasi TOYHOCTh, MPENbsIBIsieMas K YyBCTBUTEIbHBIM
3JIEMEHTaM, JTOCTHraeT OAHOH YIioBoH ceKyHAbl. OHAKO CTEHJBI, HA KOTOPBIX MPOXOOUT KaJuOPOBKa,
HE BCerza MOryT o0ecneynTbh HeoOXOOUMYIO TOUHOCTh. Mcmonp3oBanue GpyHIaMeHTa, HE CBSI3aHHOTO C
($yHIaMEHTOM 3JaHHs, TIO3BOISIET MUHUMH3HPOBATh «JIBH)KEHHE» OCHOBaHMA. Clemyer y4ecTs, UTO Cy-
TOYHBIE U3MEHEHNS HaKJIOHA MOBEPXHOCTU COCTABISIOT 1-2 YIJIOBBIX CEKYH[bI, CE30HHBIE U3MEHEHUS —
5-7 YrioBBIX CEKyHI. DTH 3HaY€HHS OKa3bIBAIOT 3PQEKT Ha HecTaOMIBHOCThH MOKa3aHWil mpudopa npu
JUIMTENbHBIX WCHBITAHUAX. Vcnonb3oBaHME HAKIOHOMEpA MO3BOJNUT ONpPENETUTh M3MEHEHHE HAaKJIOHA
MOBEPXHOCTH MPU AJTUTENbHBIX HCIBITAHUSIX M YUECTh 3TO H3MEHEHHE IPU TOCIEAYIOIEM aHaJIN3¢e MOy~
YeHHBIX JaHHBIX. Hactosmias pabora mocBsIeHa HCCICIOBAHUIO XapaKTEPUCTHK MAaKETHOTO o0pasla
HaKJIOHOMepa Ha 0a3e MasTHUKOBOI'O KOMIIEHcalnoHHOro akcenepomerpa (AKM) s npoBenenus inado-
PaTOPHBIX UCIBITAHUH.

Koncrpyknusa HakijgoHoMmepa. B mpennaraemoit
KOHCTPYKIIMU HakJIoHOMepa[2] MOXKHO BBIACIUTH TPU
OCHOBHBIX COCTaBJISIOIIMX: MOBOPOTHAs IUaTdopmMa,
aKceJIepOMETpHI U I1aTa yrpasieHus (pucyHok 1). Ak-
CENIepOMETPHI SBIAIOTCS YyBCTBUTEIBHBIM SJIEMEHTOM
HaKJIOHOMeEpa, TOBOPOTHas IuiaTdgopma MO3BOJISAET
OCYILECTBIIATH U3MEPEHUS C TIOMOILBIO aKCeIepoMeTpa
MO0 JABYM OPTOTOHAJbHBIM HANpaBlICHUSM, W, KpOMe
TOro, Ja€T BO3MOKHOCTh KOMIIEHCHPOBATh CMEIECHHE
"Hyns" akcerepoMeTpa.

Hpusmun komnencanun. [loBoporHas minatgop-

Ma, IBHOKCHHEC KOTOpOﬁ OCYHICCTBJIACTC HIATrOBbIM JIBH-

Puc. 1. KOHCTpYKLWs HAKIOHOMEPA: raTeyieM, COBEpIIaeT PEBEPCUBHOE IBIKCHHE, TTO3BOISL

1 — Ga30BbIii KPOHILTEHH; 2 — AKCENCPOMETPBI; IPOBECTH U3MEPEHUS B IBYX IPOTUBOINOIOKHBIX TOUKAX

3 — nosoporHas rtatopma; 4 — 6asoast MIOCKOCTH (0°-180°) [1]. 3nayeHus, MOTyYCHHBIC B STHX TOYKAX,
5 — ukcarop; 6 — ocHOBaHUE; 7 — MIATOBHII ABHUTA-

MO3BOJIAIOT OUHCHUTH CMCEHICHUEC HYJIA q9, KaK OCHOB-

TeJIb; § — MIeCTepHsI TePeau BPAIICHHUS;
9 — ToxocheMHHKH; 10 — HATSHKHOE YCTPOICTBO; HYIO HOrpCIIHOCTE aKCCIEPOMETPOB, a TaKKE OIPCHc-

11 — perynupoBoYHbIE BUHTBI JINTH a0COMIOTHOE OTKJIIOHEHUE MOBCPXHOCTHU, BLI3BAH-
HOC TCMIICPATYPHBIMHA U JPYTUMU BOSﬂeﬁCTBHHMH.
OTKII0HEHHE TOBCPXHOCTHU OIIPCACIACTCA U3 (I)OpMy'J'ILI:

a=(ag—ai)/2, (D
3HaueHue cMelleHus HyJis curaana UD HakIoHOMepa, BOHHUKIIEE IIPH U3MEPEHUH:
ﬂ=(a0 +a180)/2, (2)

rae ap U aygp — 3HAYCHHA U3MCPCHHBIX YTJIOB OTKIIOHCHHUA IMOBCPXHOCTU B IABYX IPOTHBONOJIOKHBIX

Toukax 0° u 180°.

Pe3yabTaThl McnbITaHMi: BT M3roToBIeH MakeTHbIM oOpasen, coxepskamuii aga YD c optoro-
HaJBHBIMHU OCSIMU UYBCTBUTENBHOCTH. B mepByto ouepep, He0OX0AMMO OBLIO OLEHUTh TOUHOCTH PabOoThI
MPHUBOJIA WM HACKOJBKO OyAyT OTIHYATHCS 3HAUCHUS MOKa3aHUI aKcelepoMeTpa B OJUHAKOBBIX IOJIO-
JKEHUSIX TIOBOPOTHOH taTdopmbl. J{Jist 3TOro mociie BHICTABKH HaKJIOHOMEpa B TOPU3OHT, B KaXKAOM I10-
noxennu uamepenus (0°, 90°, 180°, 270°, 180°, 90°, 0°), Obu1 onpenenéH yroia HaKJIOHA TMOBEPXHOCTH
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(Tabmuma 1). B 3ToM 1 nOCIeAyOIUX HCIBITAHUAX UCIIONB3YIOTCS ABa akcenepomerpa — [1P2 (¢ auama-
3oH0M n3Mepenus 5g) u [1P11 (¢ nuanasonom m3mepenus 0,1g), 4To MO3BONAET NPOBOAUTH U3MEPEHUS
MO IBYM OCSM OJJHOBPEMEHHO W TMONyYUTh OoJiee YyBCTBUTENBbHBIN Mpubop (31echk u nanee [P o6o3Ha-
YeHUE HCCIeNyeMbIX akceraepoMerpoB). Pazmuune n3mepennsix yrios [IP2 u [IP11 obwscuserca Hamu-
YHeM HadaJIbHBIX YIJIOB HEBBICTABKH, 3HAUEHMSI 3TUX YIJIOB IO ABYM OCSIM Pa3JINYHBbI.

Tabmura 1
PesyabTaThl pacueToB u3MepeHHoro HakjoHa AKM 2 u AKM 11 npu BpanieHnH NOBOPOTHOI N1aT¢ opMbl
Yroa noBopora niaargopmMbl Ocu X, yra. c. (ITP2) Ocs Y, yra. c. (ITP11)
0-180 mpsm. Bp. 3,5 0,348
90-270 mpsiM. Bp. 0,5 3,386
90-270 obp. Bp. 0,5 3,769
0-180 obp. Bp. 4 0,661

[TorpemrHocTs M3MepeHNd yria HakioHa o ocu X coctasisieT 0,5, onpenensercs 1uana3oHoM U3Me-
penus npubdopa. [TorpemrHoCTs H3MepeHusl HAaKJIOHA MO Ocd Y B OIMHAKOBBIX MOJOKEHHX HE MPEBHIIIa-
er 0,4”. MakcumanbHas pa3HHULA B U3MEPEHNUH yIiIa HAKJIOHA 110 OJHOM OCH JABYMS pa3HBIMHU NpUOOpaMu
He npespimaet 0,8

Ha Gonbimom nHTEpBasie BpeMeHH paboThl HAKJIOHOMEpa, CYLIECTBYET TeMIlepaTypHasi 3aBUCHMOCTb
OT U3MEHEHUH TeMIlepaTypbl OKpyXKatomeil cpenbl. HecTaOMIIbHOCTh M3MEpEeHUsT HAKJIOHa B JUINTEIHHOM
Imycke cocTaBisier okono +1” mo ocu X, mo ocu Y — £2” npu U3MEHEHUH TeMriepatypsl. B manHom ciy-
4yae, HeCTaOMJIBHOCTh MTOKa3aHWH BhI3BaHA M3MEHEHHEM HaKJIOHA 0a30BOH MOBEPXHOCTH, a TAKXKe BIHS-
HUEM TeMrepaTypsl. [ UCKIIIOUEHHs TEMITEPATYPHOI 3aBUCUMOCTH Ha U3MEHEHUE HAKJIOHA ITOBEPXHO-
CTH Ha JJUTENBHBIX IMyCKaX HEOOXOOMMO OOECHeUUTh TEPMOCTATHPOBAHUE HAKIOHOMEpA HIIM BBECTH
aNTOPUTMHYECKYIO TEPMOKOMIICHCALIHIO.

Tak xak OCHOBHas 3a7jauya HaKJoO-
HOMEpa — Y4YeT HaKJIOHOB 0a30BBIX
nabopaTopHBIX  (YHIAMEHTOB, TO
JNOCTaTOYHO  Juama3oHa  paboThI
HaksoHoMmepa +600”. ITosTomy Tak-
............... xe Oblla MpoBeneHa OLEHKa Io-

"""""""""" TPEIHOCTH HM3MEPEHHS HAKJIOHA B
TakoM pabouem nuamazoHe. Ha pu-
CyYHKE 2 MpeACTaBICHO H3MEHEHHE
MOTPELIHOCTH U3MEPEHUS HAKJIOHA B

1,5

[

MNorpewHocTb, yrn.c

-1

-600 -400 -200 0 200 400 600 ,
-==-MP11 — - NP7 ——MP12 Yronnosopota, rpag,  AMana3zone +600" mns Tpex akcene-
5 POMETPOB, Pa3TUYAIOIIUXCS JHAaIa-
Puc. 2. HOTpCIHHOCTL HU3MEPCHUA YIJia HAKIIOHA B MOJIOKCHUAX ITOBOPOTHOU 30HOM I/I3MepeHI/If/'I: HPI 1 _ O,Ig,

mwratdopmel 0°. 180° B auanazone 600"

[IP7 u ITIP12 — 5g. U3mepenue npo-
BOIWJIOCH Ha TOBOPOTHOM CTOJIE.
MakcuManbHOE 3HaueHHE MOTPEeIHOCTH A1t YD ¢ MEHBIIMM JHara30HOM H3MEpPEHHH He MpeBBIIIACT
+0,2" (ITP11) c yuérom norpewmHocTeii crenaa. Ilpu nepexoze yepe3 0 Bce mpuOOpHI CYIIECTBEHHO H3Me-
HUJIM CBOW TOKa3aHMsI, YTO MOXKET MOATBEPKIATh OIIMOKU 3aJaHHs YIJIOB HAKJIOHA IUTUTHI. TOYHOCTB
npubopa Ne 11 BonHe y1oBIeTBopsieT TpeOOBaHUSAM HAKIIOHOMEpA.

3akawuenue. [IpoBencHHBIC UCTIBITAHUS TIOATBEPAMIIA TEPCIEKTHBHOCTh MCIIOIB30BaHUS pa3pada-
THIBAEMOT'0 MaKeTa HAKJIOHOMEepa Ha 0a3e MasTHUKOBBIX aKCEIEPOMETPOB KOMIICHCAIIMOHHOTO THITA TIPO-
BEJCHUS JIJIsl KAIMOPOBKYU U CTECH/IOBBIX MCIIBITAHUH MPEIU3UOHHBIX HABUTAIMOHHBIX UD. bhlia BEIsSBIC-
Ha TeMIIepaTypHas 3aBUCHUMOCTh BBIXOJHBIX CUTHAJIOB aKCEIEPOMETPOB, KOTOPask MOXKET OBITH CyIIle-
CTBEHHO CHIDKEHA IyTEM TEPMOCTATHUPOBAHUS HAKIOHOMEpPA WM BBEICHUS aITOPUTMHUYECKOH TEpMO-
KOMITEHCAllH. AKCEJIEpPOMETP C MEHBIIINM IHANa30HOM M3MEPEHUSI YCKOPEHHUI MO3BOJSET AJOCTUTATh IO-
TPEIIHOCTH U3MEPEHUN HakJIOHA ¢ TodHOCThIO (0,5”. ClieyeT NpoJoKUTh UCTIBITAHUS Ha CTAaOMIILHOCTD
B JUTUTEIILHOM PEKHUME C JIBYMS Y3KOIUATIA30HHBIMHU aKCEIepOMETpaMH MPH YCTAHOBKE TEPMOCTAOWIIH-
3MUPOBAHHOTO KOXKyXa Ha aKCEIIePOMETpHI, a TaKKe MPOBECTH Ooliee TIIATCIBHBIC HCCIEIOBaHUS CTa-
OWJILHOCTHU YTJIOB HAKJIOHA IUIAT(GOPMBI Ha PAa3JIMYHBIX YIIIaX MPH MOCTOSHHOW U MEPEMEHHOW TeMIiepa-
Type OKpY>KaroIlel Cpelibl, a TAKXKE UCCIEA0BATh BO3MOXXHOCTh UCIIONIB30BAHUSI OTHOT'O aKCEIePOMETpa.
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Abstract. Development of navigation sensors leads to rise of accuracy. However the control equipment is not accurate enough.
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of inclinometer prototype based on the pendulum compensating accelerometer with autocompensation of zero drift.
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P. A.POMAHOB, M. A. BAPYJIMHA
(MucturyTt npobiieM TouHOM MexaHuKH 1 ynpasienns: PAH, CapaTtoBckuii HalmoHaIbHBIM NCCIEA0BATEIbCKUH
rocynapcTBeHHbIH yHuBepcuretr umenu H.I'. Uepnsimesckoro, r. CapaTos,
Iepmcknii rocynapcTBEHHBINH HAIIMOHAIBHBIN MCCIIEI0BATENBCKUI YHUBEPCHUTET, T. [Tepmb)

MNPOBJIEMBI UCCJUIELJOBAHUSA HAIIPSKEHHO-AE®@OPMUPOBAHHOI'O
COCTOAHMA YYBCTBUTEJIBHBIX 3JIEMEHTOB MOMC/HOMC JATYNKOB

B pabome paccmampusaromes npobnempl ROCMpOeHUs MAMeMAmuyYeckux mooenetl
OUHAMUYECKOU Oeghopmayuu NIAHAPHBIX Yyecmeumenvhvix dnemenmos MOMC/HOMC
O0amuUKO8 C UCNOTb308AHUEM HEIOKATbHbIX meoputi deghopmayuu. Henoxanvrvie meo-
puL dechopmayuu RO3E0IAIOM UCCIEO08AND HANPAHNCEHO-0e)OPMUPOBAHHOE COCIOSIHUE
xomnonenmoe MOMC/HOMC oamuuxoe umerowux pazmvepor 100—2000 wm. Tlpu ma-
KUX PAZMepax HApyWaemcs: 2Unome3a CHIOUHOCIU Cpeodbl, Ymo Oeldem 3ampyoHu-
MebHBIM NPUMEHEHUEe KIACCUNeCKUX meopull CNIouHol cpedvl. B pabome Ovina no-
CMPOeHa KOPPEKMHAs MameMamuiecKkas Mooeib 0eqpopMayuy NIAHAPHO20 YYECmEU-
menbHo20 Anemenma. Hyecmeumenvhblll d1eMeHm Obll NPeOCmAasier 8 ude MOHKOU
OOHOPOOHOU PAMEPHO-3ABUCUMOTL NAACTIUHBL NOO OCUCMBUEM CTIONCHOU PACHpeeneH-
HOU Haepysku. B rauecmee meopuu Oeghopmayuu OblIa UCNOIL306AHA HEIOKATbHAS
meopusi 2paAOUeHmMos, KUHEMAMUYecKue COONMHOWEHUs: ObLIU COPMYTUPOBAHBL HA OC-
HO8e meopuu deghopmayuu NIAcmuH mpenmve2o nopsaoka. Tlonyuennvle ypagHerus nos-
HOCMbIO KOPPEKMHbIE U MOV UCNONb308AMbCS 01 OANIbHENEe20 aHAIU3d OUHAMUKU
PAZMEPHO-3A6UCUMBIX NIAHAPHBIX LYGMCEUMENbHBIX JNIEMEHINO8 PASTUYHBIX OAMUUKOS.

Beenenne. OgHoli U3 npoOieM MOJETHPOBAHMSA HAHOPA3MEPHBIX IUIAHAPHBIX YyBCTBUTEIBHBIX
3JIEMEHTOB ABIISAETCA OTCYTCTBHE aJI€KBATHBIX MaTEMaTHUECKUX MOJENEN AJI OMUCAHUA UX AVMHAMU-
yeckoit nepopmannu. s 00beKkToB, 3P PeKTUBHBIE pa3Mepsl KOTOPHIX JiekaT B mpenenax ot 100 mxo
2000 HM, Hapymaercs OCHOBHAasl TMIIOTE3a O CIUIOIIHOCTH CPEAbl, MO3TOMY KIACCHUECKHUE TEOPHUH
YIPYrOCTH B JaHHOM cllydae HeNpUMEHUMBL. B mocienHee Bpems ObLIM pa3padoTaHbl pa3IUuHbIC He-
JIOKaJbHbIC TEOPUHU YIPYTOCTH, HO MPUMEHEHHE OONBIIMHCTBA U3 HUX MPHUBOAUT WM K HapyLICHHIO
($yHAaMEHTaIbHOTO NPUHIIMIA CUMMETPUH, WIIM UMEET OOJbIIOE KOMHYECTBO HEONPEACIUMBIX Mapa-
MerpoB. [lepBoe MPUBOAUT K HEKOPPEKTHBIM ypaBHEHHAM Jedopmanuy, BTOpoe AeTaeT HEeBO3MOXK-
HBIM IIPaKTHYECKOE IPUMEHEHNE TAKUX TEOPUH.

Henabio manHoM padoThl OBLIO CO3aHUE MATEMATUYCCKON MOJICIH, ONMUCKHIBAIONICH HETHMHEHHEIS
neopManuy IIAHAPHOTO HAHOPA3MEPHOTO YYBCTBUTEIBHOTO 3JEMEHTAa Ha OCHOBE HENIOKAIBHOM
TPaJUCHTHON TEOPHH, BKIFOUAIONICH B ce0s TOIBKO B Pa3MEPHO3aBUCHUMBIX MTapaMeTpa.

MaremaTrnyeckasi MoJeab. PaccMOTpUM HM30TPONHYIO TOHKYIO IUIACTUHY C MOCTOSHHOM TOIIN-
HOU A (puc. 1) U IIIOTHOCTBIO po. Bo3mymiaromas cuia npuiioxkeHa Ha MOBEPXHOCTh X3 = —h/2. Koop-
JMHATHAsI CUCTEMa MoKa3aHa Ha puc. 1.

X
b[ i

Puc. 1. [ImaHapHbBIA KOMIIOHEHT HAHOATYNKA

Bripaxkenus auist monst nepeMerieHuit (1, 4, U3) B COOTBETCTBUU C TEOpHEH IedhopMaIuu 1iacTuH
3ro nmopsaka umeet Buf [1]:
uU=1uy+x3¢—cx3(ep+w)

0 0 T 2
rre u = u(t,x1,X2,Xx3) BEKTOp IepeMELICHUS TOUKH, ¢ — BEKTOP MOBOPOTa, W = (1 3. U 3 0)", c=4/3h").
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OO0mas KOppeKTHas HeIOKalbHAs TPaJUeHTHAS TEOPHUs JIJIS U30TPOITHOTO TENa MOXKET OBIThH 3aIv-
caHa B Buze [2]:
O-ij = AG(SU + Zl,lé'ij

.uijk = al(Auk(SU + Auj6ik + G,i(s]'k) + Zaz(elkdil- + 9,]'6”() + a7Aui6]-k + 2a8ui,jk +
+ Zan(uj,ik + uk,ij)

rae A, p koapduuuents! Jlamd; o; = Cyuttr/=Ciu€ TEH30p HANPSOHKEHUN; q; HEKUE MOJI0KUTEIbHbIE
KOHCTaHTbI, KOTOPbI€ HCIONB3YIOTCS TMpPU ONPENCICHUH TEH30pa TPAJAUCHTHBIX MOAyJei
A=Ajam; Pig= AiimUmn= Aijkim€im,n — TEH30p IpagueHTOB. KOHCTaHTBI @; MOT'YT paccMaTpUBaThCS Kak
pa3MepHO-3aBUCHUMEBIC TapaMeTPhL

VCII0BMS CUMMETPUM UMEIOT BHI:
Uijk = Uik Mijk = Hikj = Mkij

Vcronb3ys MIPUHIUI BUPTYaIbHBIX IEPEMELICHUH, 10C/Ie HHTETPHPOBAHHS MO YaCTAM, IEPEXO/A B
YPaBHEHUSX K IIEPEMEILEHHAM, TTOTy9aeM CIEAYIOILYIO CUCTEMY YPaBHEHMIA:
Ay (ug,up) + Hy (ug, up) = Ipily
Ay (ug, up) + Hy(ug, up) = lyiip
A3(us, 1, ¢2) + H3(uz, 1, ¢2) = Fgr + Iyl + C]4(<'ﬁ1,1 + 452,2) — c?Ig(ilz 11 + il322)
Ay(us, @1, ¢2) + Hy(us, p1, ) = Ji1 — clailzy
As(uz, 1, ¢2) + Hs (uz, p1, 02) = J7 2 — lails

B nmonyuenHol cucreme A; — KIaCCUYECKHE YaCTH YPaBHEHUM, KOTOPBIE MOTYYalOTCs TIPU OOHYIEHUH
Pa3MEpHO-3aBUCUMBIX MapaMeTpoB. H; — HEKIacCHMUeCKUe YacTU YPaBHEHMii, YUUTHIBAIOMIME PA3MEPHO
3aBMCUMBIE apaMeTpbl. Bolpaskenus 11s H; IMEIOT CI0KHBIA BHJI, TOSTOMY HE IPUBOJATCS B TE3UCAX.

Kak BUJHO, cHCTeMa ypaBHeHHMI pacranaercs (JaKTHUECKM Ha JBE 4acTH. IlepBble Ba ypaBHEHUS
HPENCTABISIOT COOOM MepEMENIEHUs B IIIOCKOCTH IIACTHHBL OCTalbHbIE TPH YPABHEHMS — ypaBHE-
HH1, ONIUCHIBAIOIINE H3TUOHBIE TedopManum.

3akawuenne. B pabore mocTpoeHa MaTeMaTHdeckas MOJAEIb TUHAMUYECKON NedopMauu HaHO-
Pa3MEpHOro IIaHAPHOTO YYBCTBUTEIBHOIO dJeMeHTa. UyBCTBUTEIBHBINA 3JEMEHT paccMaTpUBAJICS B
BHJI€ TOHKOW OHOPOJIHOM pa3MepHO-3aBUCUMOMN IMIACTUHBI, HAXOISAIICHCS MOJ AEUCTBUEM CIIOKHOM
pacnpezeneHHON Harpy3ku. B kauectBe Teopun aedopmaimu ObUTa MCIIONB30BaHA HEIOKaIbHAS TEO-
pus TPaIMEHTOB, KHHEMATHYECKUE COOTHOIIICHUS ObUTH C(OPMYITHPOBaHBI HA OCHOBE Teopuu nedop-
Mallu{ MJIACTUH TpeThero nopsaka. [lomyueHHas cucreMa ypaBHEHHH, KaK M OXHUIAIOCh, pacnaiach
Ha JBE HE3aBUCUMBIE CUCTEMBI, OJIHA U3 KOTOPBIX OIMHKCHIBAET MEPEMEILICHUS B MJIOCKOCTH IIACTHUHBI,
BTOpas — u3ruOHbIe Aedopmariuu. COOTBETCTBEHHO MPH JALHEHINIEM aHAIHU3E 3TO MPUBEIET K YIPO-
LICHUIO aHAJIM3a MOJYYEHHBIX YpaBHEHUH, HAIPUMEp, HA YCTOMYMBOCTh M BO3MOXKHOCTh BOSHHUKHOBE-
HUSI IETEPMUHUPOBAHHOTO Xaoca.

JIUTEPATYPA
1. A. Gusey, S. Lurie. Symmetry conditions in strain gradient elasticity. Mathematics and Mechanics of Solids, 2017,

22(4), pp. 683-691.
2. J. Reddy, Mechanics of laminated composite plates and shells: Theory and analysis, CRC, 2004

R. A. Romanov, M. A. Barulina, (Saratov State University named after Chernyshevsky N.G., Institute of P Precision Me-
chanics and Control RAS, Perm State University). Mathematical model of dynamic deformation of a nanosensor planar
sensing element

Abstract. A mathematical model of dynamic deformation of a planar sensing element of a nanomicroelectromechanical sen-
sor is constructed. The sensing element was presented in the form of a thin homogeneous dimension-dependent plate under
the action of a complex distributed load. The nonlocal theory of gradients was used as the theory of deformation, kinematic
relations were formulated on the basis of the theory of deformation of plates of the third order. The obtained equations are
completely correct and can be used for further analysis of the dynamics of dimension-dependent planar sensing elements of
various sensors.
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VK 681.78

A. C. BABUTAEB, M. 1. EBCTUDEEB
(Konnepn «ITHWU «Onexrponpudopy», Yuusepcurer U'TMO, Canxr-IletepOypr)

UCCJIEJJOBAHUE NTHCTPYMEHTAJIBHBIX IIOT'PEINHOCTEM SAIEPHOT'O
MATHUTHOT' O 'MPOCKOITA

B pabome paccmampueaiomcs uHcmpymeHmManbHbie NOSPEUHOCIU SOEPHOO0
Maznumnoz2o eupockona. Mcciredyemcs 63aumoceasb UMeHeHUtl (yHKYUOHATbHbIX
napamempog 8 OCHOBHbIX CUCHEMAX 2UPOCKONA C €20 UHCTMPYMEHMANbHbIMU NO-
2PeUHOCAMU.

BBenenmne. B HacTosimiee BpeMsl CyIIeCcTBYeT MOTPEOHOCTH B pa3paboTke ManorabapuTHBIX CUCTEM
HaBUTAIMM BBICOKOJMHAMHYHBIX OOBEKTOB. sl MX co3maHusi HEOOXOOMMBI TMPOCKOIIBI, KOTOPHIE
MPEBOCXOIAT MUKPOMEXaHUYECKHE TI0 TOYHOCTH U BOJIOKOHHO-ONITHYECKHUE 10 BUOPOYCTOHYMBOCTH U
MaccorabapuTHBIM XapakTepuctukam [1]. Mcxoast u3 sTux TpeOoBaHMH, a TAKKE B CBSI3H C MOSBIICHU-
€M HOBBIX TEXHOJOTMH M METONOB HaOmoJeHus dQdeKTa sIepHoro MarHUTHOrO pe3oHanca (SIMP),
BO3POC MHTEPEC K THPOCKONaM, OCHOBaHHBIM Ha JaHHOM 3¢ dexTe.

SAnepHblii MarHUTHBINA THpockoll (IMI') — KBaHTOBBIN THPOCKOI, YYBCTBUTEIBHBIM 3JIEMEHTOM KO-
TOPOTO SIBJISIETCS siueiiKa ¢ aHcamOJIeM OPHEHTHPOBAHHBIX aTOMHBIX SiAEp, 00JIaaloUIMM MaKpOCKO-
MUYECKIM MarHUTHBIM MOMEHTOM (puc.1).

lasoBas ayeiika

MarHuTHble
KaTywkn

Naszep

MarHuTHbIA 3KpaH

Pucynok 1 Koncrpyknus AMT

[Mpunuun neiictBust AMIT ocHOBaH Ha 3aBUCHMMOCTH YACTOTHI MPELIECCUU MaKPOCKOMUYECKOTO
MAarHUTHOTO MOMEHTA SIJIep B IMOCTOSIHHOM MAarHUTHOM TIOJIC OT YIJIOBOM CKOPOCTU BpallleHUSI OCHOBA-
Hua [1,2]. Jns AOCTHXKEHUs TOYHOCTHBIX Tokazatenedl SIMI' Ha ypoBHE TakTHYecKOM TO4HOCTU [3]
HEOOXOIUMO peann30BaTh pa3MelleHHEe aHCcaMOJb aTOMOB B CPEIE, COOTBETCTBYIOIICH MHOMKECTBY
TEXHUYECKUX TpeOoBaHui. OOecreueHre Kaxa0ro U3 ATUX TPEOOBAaHHUN JOCTUTACTCS ITyTEM MPUMEHE-
HUS CIIEIMAIBHO Pa3pa00TaHHBIX CUCTEM, KOTOpbIe B SIMI" MOKHO yCIIOBHO pa3/IeliuTh Ha 3 TPYIIIHL:

e MarHuTHas CHCTEMa,
e  cHCTEeMa TEPMOCTATUPOBAHMUS;
®  ONTHYECKAS CHCTEMA.

B pabore paccMaTpuBaroTCsi MHCTpYMEHTANIbHBIC MOrpemHoctd SIMI, BEI3BaHHBIC TEXHOJIOTHYE-
CKMMH HECOBEPIICHCTBAMH pealu3alluu yKa3aHHBIX cucTteM. MccriemyeTcss B3auMOCBS3b M3MCHEHUIN
(hYHKIIMOHATBHBIX MAapPaMeTPOB B OCHOBHBIX CHCTEMaX T'HMPOCKOIA C €ro MHCTPYMEHTAJIBHBIMH TI0-
TPELTHOCTSAMH.

I/IHCprMeHTa.]IbH])Ie NOrpeurHoCTH MArHHTHOH cHCTeMBbl. V3MeHeHus q)YHKLII/IOHaJ'ILHBIX na-
paMeTpoOB MardHUTHOH CHCTEMBI MNpUBOAAT K BO3HHMKHOBCHHUIO MHCTPYMCHTAJIBHBIX HOI‘pCH.IHOCTeﬁ.
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OcCHOBHBIMH (PYHKIIMOHAJIBHBIMU NIapaMeTpaMH MAarHUTHOM CHCTEMBI SIBIISIIOTCS MapaMeTpbl MarHUT-
HOTO moJisi, co3gaBaemoro eil. st obecniedueHust TpeOyeMoll TOUHOCTH TMPOCKONa HEOOXOAUMO CO-
30aTh YKPaHUPOBAaHUE OT BHELIHMX MAarHUTHBIX MOJEH, a Takke cHOPMUPOBATH BHYTPEHHEE MarHUT-
HOE ToJIe C MUHUMAaJIbHBIM 3HaueHueM rpanuenta (mopsaka 10 HTi) u cTaOMIBHBIM MOCTOSHHBIM
3HaYeHue MarHuTHOW uHAyKuH (20 MxTo) [4]. dnst mocTikeHus Takux (pyHKIMOHAIBHBIX MapaMer-
POB HCIONB3YyETCs 5-TH CIOHHBIN PKpaH U3 MEepMaIJIOsN U CHCTeMa KaTyIIeK, MPeICTaBIsIomas coooi
cucremy konen bapkepa (puc. 1).

Bpewms penakcanuu aTOMOB B Ta30BOM sueiike ONTHYECKON CHUCTEMBI 3aBUCUT OT BO3HUKAIOIIMX
IpaJueHTOB MarHUTHOTO MOJISI B COOTBETCTBHUHM CO CIEAYIOIIMM BhIpaykeHHEM [5, 6]:

_8RYY [ESBZ jz 0
AB — 4o~ s
175D \ &z

rac TAB — BpEMs pCiIakCallu aTOMOB; R - pa3mep quﬁKH; Y — TUHPOMAarHuTHOC OTHOUICHUC, D — xo-

5B,
s¢dunment quddysun; —= — rpagueHT MarHUTHOTO MOJIS.

> 8z
CormacHo cTatee [5 , HTOI'OBOEC BPEMs pellaKCalluH PaCCUYUThIBACTCA CIACAYIOIIINM 06 a30M:
p p p Y p
Lop o owro+ L ()
T — L total — * coll wall T . :

AB

3nech ooy 1 Iy OIMCBHIBAIOT pEaKcalnio, BOSHUKAIOUIYIO BCIECACTBUE COYAapeHUI aTOMOB U HX
ynapoB 00 cteHku sueiiku. Koagduuuent D paccuutsiBaeTcs corinacHo cienyrouiei popmyie [6]:

1 1
01017 [ 4+
0.010 7 +M (3)

D: A B

p{(zw)h(zvg)ir

rae P — oOmiee naBieHue ABYX ra3oB (KCEHOHA U a30Ta); T — Temreparypa BHYTpU suerku; My u Mg —
MOJIEKYJIIPHBIE BECA JIBYX TA30B; ), V4 U ), Vg — 00bEM MOIEKYJISIPHOM auddy3un.

B sueiike HaXoAUTCS cMeCh ra3oB M3 JBYX M30TOINOB KCeHOHa M OydepHoro rasa a3ora. B stom
cilydae CyMMapHbI Ko GuuueHT qud@y3un MoKeT OBITh MOTY4YeH U3 BhIpaxeHus [6]:

i_ 1 PNz + 1 PXem
D D P D '

Xe—N, * total Xejpg—Xeys, })total

(4)

rie Py, Pxe,,,- IaBICHUS KQXKJIOTO U3 Ta30B B AYEHKE M0 OTAETBHOCTH, & Py OOLIEE TABICHUE BCEX
rasoB B suekike. Dyo_y, ¥ B, _xe,,, PACCUUTBIBAKOTCS COTIACHO popmyie (3).

He3zaBucsmmii 0T MArHUTHOTO TTOJISI BRIXOJHON CHTHAJI THPOCKOIMA MOXET OBITh MOJydeH Mpeol-
pa30BaHHUEM:

_ Y 1319129 ~ V120D13;
Q=
Yis1 — Vi

TA€ V131, V129 — THPOMAarHUTHBIE OTHOIICHUS U30TOMOB X€, @ Wq29, W131 — UX YaCTOTHI MPELECCUHU.
Ucxond u3 TOro, 4To CUrHajbl U30TONOB X€ HEKOPPEIUPOBAHHBI, CPEAHEE KBAIPATUIHOE OTKJIIO-
HEHHME MOXKET OBITh IMOJIy4EHO B BHJIE (PYHKIIUU OT AUCIEPCUI cUTHANA Xej9 U Xe31 [6]:

; ©)

2 2

2 2
G = 2430, | —12— | 5(0y, )+ —2— | 5(0y, )’ ©)
Yis1 — Vizo Yis1 —Vizo
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SNR ~ L CJBXE(\D
T;

h 2
T2 paccUMTHIBAETCS COTJIACHO ypaBHEHHIO (2), i 1+F1(P [6], Toe
2

1

rac 0'(0)129) = m.

O,; — aMILUIUTYJa IyMa (GoTtoauoaa; { — MacmtaOHbI KOI(GGHULUUEHT; ¢ — YTOJI MarHUTHOIO MOMEHTAa;
By, — MarauTHOE nose, co3naBaeMoe KCeHOHOM; 7 U T, — MPOAOJIBHOE U MONEpEYHOE BPEMs perlaKca-
IIMM COOTBETCTBEHHO; K03 HuueHT 2430 HeoOXOMUM ISl TIOMyUeHHs Pa3MepPHOCTH ©//4.

U3 ypaBHenuit (1—6) BUAHO, 4TO M3-3a U3MEHEHHS TAaKOTO (PYHKIIMOHAJIBLHOTO MapaMeTpa, Kak
IpaJueHT MarHUTHOTO TOJIsI, YMEHBIIAEeTCsl BpeMsl perakcaluu aToMoB [7]. IIpu ymeHbLIeHNH BpeMe-
HU pellaKcalliy aTOMOB KCEHOHA MaJaeT NpeAenbHas YyBCTBUTEIBHOCTh THPOCKONA U, COOTBETCTBEH-
HO, CHI)KAETCsl €r0 TOYHOCTD, UTO SIBJISIETCS COCTABIAIOLIEN HHCTPYMEHTAIBHON MOTPEIIHOCTH.

B pabore noka3zano [8], 4T0 BOSHUKHOBEHHE I'PaJHMEHTOB MArHUTHOTO TOJII B MArHUTHOW CHCTe-
Me 00yCIIOBIEHO M3MEHEHHE B3aMMHOTO TOJOKEHHS €€ DIEMEHTOB, W3MEHEHUEM (OpPMBI 3KPaHOB,
HECTaOMIIBHOCTBIO TOKOB B cHcTeMe KarymeKk U np. OnpeneneHo, yTo U3MEHEHHE B3aUMHOTO IMOJI0-
KEHHUS KaTylIeK MPUBOAUT K U3MEHEHUIO rpaanenta ¢ kodpounuentom 0.89 aTn/mxm. VzmeneHus
MOJIOKEHHUST 00YCIIOBIECHBI MOTPEUTHOCTAMHU TEXHOIOTUYECKOTO U3TOTOBIICHHS M CMELICHUEM 3JIeMEH-
TOB BO BpEeMsI SKCIUTyaTalliM MO AEUCTBUEM HHEPLIMOHHBIX YCKOPEHMI.

HNucTpyMeHTA/IbHBIE MOTPEMIHOCTH CHCTEMBI TepMocTaduau3auuu. OCHOBHBIME (pyHKIHO-
HaJBHBIMH [TapaMETPaMH, BIMAIOLIMMU HA HMHCTPYMEHTAJIbHBIE MOTPEIIHOCTH, CUCTEMBI TpeMOocTabu-
JU3alMU ABJISIIOTCS MOKa3aTeNnyd TEMIIEpaTypbl U X CTaOWIBHOCTH BO BPEMEHHW SKcIuTyatanuu. s
JOCTHXEHHUSI ONTHMAIBHOTO PacHpenelieHHs ra3oB Mo 00beMy sUeiikd, HeoOXOAUMO BBIACPKUBATH
temnepatypy ~90°C [4], BclencTBre 4ero BO3HUKAET HEOOXOIMMOCTh TEPMOU30IUPOBATh STUCHKY OT
JPYTHX DJIEMEHTOB KOHCTPYKLHMH. DTO CBsI3aHO Kak ¢ AeopManusIMi, BOSHUKAIOLIMMHU TPH TPOrpeBe
Kopryca nmpubopa, TaKk M CO CHH)KEHHEM MOIIHOCTH M3Ty4eHHs JlazepoB mpu Harpese [9]. IIpu stom
JOJDKEeH OBITh 00ecredyeH MUHUMAabHBIN TpaleHT TeMrepatyp kKak BHyTpH sueiiku (~0.05°C), Tak u
1o BceMy o0bemy rupockona (~1°C)[4].

TexHomorn4ueckre MOrPerIHOCTH M3TOTOBJIEHUSA KakK 3JIEMEHTOB M3MEpPEHHs TeMIlepaTyp, Tak U
3IIEMEHTOB HarpeBa CUCTEMbI TEPMOCTAOMIN3ALMH IPUBOASIT K HAPYLIEHUIO TpeOyeMbIX MoKa3arteneit
TEeMIIepaTyp U, COOTBETCTBEHHO, K N3MEHEHUIO KOA(PPHUIHEHTOB TUPPY3UH LE3UsI U KCEHOHA U K H3-
MEHEHHIO CKOPOCTEH pelaKcalliy Ha CTEHKax SYeiku. DTo u3MeHsier 3Hauenue I, B ypaBHeHUH (2),
YTO B CBOIO OYEPE/b, MPUBOAUT K U3MEHEHUIO COOTHOLIECHUIO CUTHAJ-IIYM IPHU U3MEPEHUHN YacCTOTHI
Mpereccuy KCeHOHa, CHWXKas MOTeHIHabHyI0 TouHocTh SIMI'. Ilpn magenuun oOieil TemiiepaTypbl
SYEHKM Tajaer KOHIEHTpalus MeTala B Ta30BOH CMECH, YTO CHIDKAET CKOPOCTh CHHH-OOMEHHON
HaKayk{d ¥ HapyllaeT MOJAPHU3ALUI0 KCEHOHA, YTO TAaKKE YMEHBIIAET TOYHOCTh TMpocKkona. Takum
00pa3oM n3MeHeHne QyHKLIMOHAIBHBIX ITapaMETPOB B CHCTEME TEPMOCTAOMIN3aLUK IPUBOAMUT K BO3-
HUKHOBEHHIO MHCTPYMEHTAJBHBIX morpemHocteil. B pabdore [10] paccmarpuBaeTcs BIUsSHUE HeCTa-

OWILHOCTHU TEMITEPAaTyphl HA TOYHOCTHBIC TTOKa3aTenu. Jpeiid rupockomna, 00yCIOBICHHBINH BIUSHUEM
9.07 °/u
TEMIEpaTyphl, ONpeAenseTcs npu momorm Kodhdumnmenta, AK = To0 C
MOXKHO CJIeNIaTh BBIBOJl, YTO B CIIydae HECTaOWJIBHOCTH TEMIIEpaTyp BHYTPH SUCHKH HA ypOBHE
o —3

0.05°C, nmpetich cocraBut 4,5 x 10~ °/u.
KpomMe TOUHOCTHBIX TOKa3aTenel, cucTeMa TepMOCTA0MIIN3allii OKa3bIBACT BIMSHUE TAKHE Xa-
PAKTEPUCTUKU THPOCKOIMA KaK BPeMs TOTOBHOCTH, dHEPronorpedieHue, rabaputsl 1 CTOMMOCTb. Jlo-
CTIDKEHHE YKa3aHHBIX IMOKa3aTelled CHCTEMbl TEPMOCTAOMIIM3AlMU TPEICTABISIECT COOON CIIOXKHYIO

Hay4YHO-TEXHUYECKYIO IPoOIemMy.

OCHOBEIBasICh Ha HEM

HNHcTpyMeHTAIbHBIE NOTPEIIHOCTH ONTHYECKOH cucTeMbl. B onTuyeckyio cucteMy BXOIAT
ra3oBas sYeliKa W Jia3epbl NETCKTHPOBaHUS M Hakadku. OCHOBHBIM (DYHKIIMOHAIBLHBIM MapaMeTpoM,
BIIMSIONIMM HA UHCTPYMEHTAJbHBIC MOTPEIIHOCTH, SBISIETCSI MOIIHOCTh U3JIY4YEHUS J1a3€pOB, KOTOPOE
coolmaercs aHCaMOJII0 aTOMOB BHYTpPH sueiiku. st mocTikeHus HeoOxomumon TodHoctd SAMIT
HEOO0XOAMMO O0CCIICYNTh PACXOXKICHUE JIA3EPHBIX Jy4el Ha ypoBHE He Ooiee 2°, mpu STOM JIETOs-
pu3aIus Jiydei mMpu MPOXOXKICHUH Yepe3 STUelKy He JOJDKHA NpeBbimath 5% [4], uro Tpedyer obec-
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MEYCHUS MapaUIeTbHOCTH CTEHOK stuehku [11]. OTaenbHON TeXHOIOTHYECKOH 0COOCHHOCTHIO SIBIISCT-
cs1 HEOOXOAMMOCTh KOHTPOJS Ta30BOM CMECH B M3TOTOBJICHHBIX SIUCHKAX B MPOIECCE M3TOTOBJICHUS
[12]. IIpu 3TOM clemyer y4uThIBaTh, YTO MOIIHOCTh M3JIYYCHHUs Jia3epa HAKaukd, cooOlnaeMmas aH-
caMOJII0 aTOMOB, JIOJDKHA OBITH HEe MeHee | MBT.

CooTHOIIICHNUE TABICHHUI Ta30B B STUCHKE TOXKE SABIACTCS (DYHKIIMOHAIBHBIM ITAPaMETPOM U BIIUSET Ha
CKOPOCTH peJlaKcalyii me3usi U KCEHOHA, a Tarke Ha S((EKTUBHOCTh TOJSPU3AIMH KCCHOHA. JTO TIPHUBO-
T, KaK U B CIy4ae C CUCTEMOM TEPMOCTATUPOBAHMS, K YXYAUICHUIO MPEAEIbHON UyBCTBUTEIBHOCTH
SMI'. B ciyyae HEBBIMOMHEHUs TPEOOBaHMIA TI0 HHTEHCUBHOCTH ONTHYCCKONH HAKAYKH U3MEHSCTCS CKO-
POCTh pellaKcalliyl MeTajlia, YTO MPUBOMT K YBEITMUEHUIO COOCTBEHHBIX IITyMOB THPOCKOIA, YTO B KOHEY-
HOM HMTOT'€ CHIDKAET O0IIYI0 TOYHOCTh SIMI, BBI3bIBAst MHCTPYMEHTAIBHYIO MTOTPEITHOCTb.

Crnemyer OTMETUTh B3aMMHOE BIIUSHUE [TAPAMETPOB CHCTEMbI TEPMOCTAOMIIU3AIIMY U ONITHYECKON
CUCTEMBI, YTO MPHUBOJUT K HEOOXOIUMOCTH KOMILICKCHOTO PEIICHUS TEXHOJOTHYECKHUX 3a/lad IMPH
peanu3alny dTUX CUCTEM U yYeTa BOSHUKAIOIIMX MOTPEIIHOCTEH.

3akaouenue. B pa60Te OPOBCACHO HCCIICAOBAHUEC OCHOBHBIX MHCTPYMCHTAJIBHBIX ITOIPCIIHO-
cTen AACPHOIO MaroHuTHOroO rupoOCKoIia. PaCCMOTpCHO BJIMAHUC TPEX OCHOBHBIX CUCTEM — MarHUTHOMN
CUCTEMBI, ONTUYCCKOM CHUCTEMBI M CHUCTEMBI TEPMOCTATUPOBAHA. BrisBIICHBI B3aMMOCBSI3H Bapnaunﬁ
(bYHKLII/IOHaHBHBIX mapaMeTpoOB MOACUCTEM I'MPOCKOIIAa U €r0 MHCTPYMCHTAJIbHBIX HOI‘pCHIHOCTCfI.

JIUTEPATYPA

1. JIutmanoBu4 10.A., Bepmosckuii A.K., Ilemexonos B.I'. I'upockor Ha OCHOBE SIBICHUS SASPHOTO MarHUTHOTO
pe30HaHca: IpoIIIoe, HacTosmee, Oyaymee // Marepuaisl mieHapHOro 3aceanus 7-i Poccuiickoif MyIbTHKOH-
¢epentmn o npodaemam ynpasierust OAO «Kouneps «[ {HHUM «Onextponpudopy». —2014. — C. 35-42.

2. lleBuenko A.H., 3axapoBa E.A. VccnenoBaHre 3aBUCHMOCTH KauecTBa PE3OHAHCA OT PaclpeleCHUS Ie3Hs B
srTgeke KBAaHTOBOT'O JaTYMKa BparieHws / HaydHo-TeXxHndeckuii BECTHUK MH()OPMAMOHHBIX TEXHOIOIHH, MeXa-
uuka 1 ontuky. 2019. T. 19. Ne 4. C. 567-573. doi: 10.17586/2226-1494-2019-19-4-567-573

3. Larsen M., Bulatowicz M. Nuclear magnetic resonance gyroscope: for DARPA’s micro-technology for positioning,
navigation and timing program // Proc. IEEE Int. FrequencyControl Symposium, 2012. doi:
10.1109/1cs.2012.6243606

4. A.K. Bepmosckuii, }0.A. Jlutmanosuy, A.C. I1asranes, B.I'. [lemexonoB. ['npockon Ha SAEPHOM MarHATHOM
pe30oHaHCe: MpeneNbHble XapakTepucTuku // I'mpockomms m mHaBmramms. 2018. T. 26. Nel. C. 55-80. DOI
10.17285/0869-7035.2018.26.1.055-080

5. Liu X. u mp. Transverse spin relaxation and diffusion-constant measurements of spin-polarized 129Xe nuclei in the
presence of a magnetic field gradient // Sci Rep. 2016. T. 6. Ne 1.

6. Lee S. n gp. Performance comparison between *’Rb-natural Xe-N2 and *Rb-129Xe—131Xe-N2 atom spin gyro-
scopes // J. Korean Phys. Soc. 2021. T. 78. Ne 3. C. 203-209.

7. Sakamoto, Y., Bidinosti, C.P., Ichikawa, Y. et al. Development of high-homogeneity magnetic field coil for '*Xe
EDM experiment. Hyperfine Interact 230, 141-146 (2015). https://doi.org/10.1007/s10751-014-1109-5

8. 3asuraeB A.C. VccrnenoBanue nedopMarmeil 31eMEHTOB MarHUTHOM CHCTEMBI SIEPHOTO MArHUTHOTO THPOCKOMIA
/I Coopuuk TpynoB XII Konrpecca mononsix yaensix (Cankr-IlerepOypr, 3-6 anpernst 2023 r.) - 2023. - C. 15-17

9. AnexceeBa B.A., Jlykun A.B., I'arapckuit C.B., Cubupes M.IO., XankoB C.M. TemmeparypHast 3aBHCHMOCTb
SHEPreTHUECKUX MapaMeTpoB JIA3epOB Ha OCHOBE HEOAMMCOJEP KAINX KPHUCTAUIOB // HaydHO-TeXHIYIECKUH BeCT-
HUK HH(pOPMAITHOHHBIX TEXHOJIOTUH, MEXaHUKH u OITUKU. 2001. Ned. URL:
https://cyberleninka.ru/article/n/temperaturnaya-zavisimost-energeticheskih-parametrov-lazerov-na-osnove-
neodimsoderzhaschih-kristallov

10. Walker T. G., Larsen M. S. Spin-Exchange-Pumped NMR Gyros // Advances In Atomic, Molecular, and Optical
Physics. 2016. C. 373-401.

11. R. M. Noor and A. M. Shkel, "MEMS Components for NMR Atomic Sensors," in Journal of Microelectromechan-
ical Systems, vol. 27, no. 6, pp. 1148-1159, Dec. 2018, doi: 10.1109/JMEMS.2018.2874451.

12. IlleBuenko A.H., 3axapoBa E.A. Meronuka ¢opmupoBanus TpeOOBaHUH K TPaJUeHTy MarHUTHOTO IO IIPH
OIIPENEICHUN METPOJIOTHYECKUX XapaKTEPUCTHUK STYEEK SASPHOr0 MarHUTHOIO THPOCKOMA // AJbMaHaxX HaydHBIX
pabot monozpix yaensix yauBepcurera UTMO. XLVII naydanas u yaeOHo-MeTonudeckast KOH(pEpeHIs Y HuBep-
curera UTMO. CII6., 2018. C. 176-179.

A.S. Zavitaev, M.I. Evstifeev (Concern CSRI Elektropribor, ITMO University, St. Petersburg, Russia). Investigation of in-
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Abstract. The paper considers the instrumental errors of the nuclear magnetic resonance gyroscope. The influence of changes
in the functional parameters in the gyroscope main systems on the instrumental errors is studied.
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B. /1. KOCTEHKO, M. A. BAPYJIMHA
(MucTHTyT ipobieM ToYHOH MexaHUKH U ynpasieHus PAH, CapaToBCkuii HAITMOHATBHBIN HCCIIEIOBATEIBCKUI
rocynapcTBeHHbIi yauBepcurer uM. H.I'. UepHsimeBckoro, r. CapaToB)

K BOIIPOCY UCIIOJIb30BAHMS PAJJMOCTOMKOI'O CTEKJIA JIJIS U3TOTOBJIEHUS
MHUKPOMEXAHUYECKOI'O AKCEJIEPOMETPA

Paboma nocesauieHa UCCLEO08AHUIO ueﬂecoo6pa3Hocmu UCNONb306AHUA pa()uo—
CMOIIKO20 cmeK1a npu u320moeieHuu MUKpoOMexanuyecCKux axkceiepomempos. bovinu
paccmompernvl cobcmeenmvie Yacmomot, Moobl U uyecmeumelbHocntb npu ycKope-
HUU akceiepomempa u coenamvl 8bl600bI, YMO OAHHBLIU mamepuail umeem nomernyu-
al 6 npaKkmu4ecKom npumereruu.

BBenenne. MukpoMexaHUUYECKUE AKCENEPOMETPHI SIBISIOTCS OAHUM M3 BAXKHEUIIUX KOMIIOHEHT
HaBUTALIMOHHBIX CUCTEM, UCIIOIB3YIOMIUXCS B KOCMUYECKOM, PAKETHOM U aBUAIMOHHON TexHuke [1-3].
OHU TakXe HaXOASAT MPUMEHEHUS B CTPOUTENIBCTBE M CUCTEMaX MOHUTOPUHIA, HAPUMEpP, B MHKIHU-
HOMETpPaX, UCTIONB3YEMBIX JUIsl i3MepeHUsl POt He()TIHBIX M Ta30BBIX CKBAXKUH B Ipoliecce Oype-
Hus. Hanbonee panpocTpaHeHHBIM MaTEPHANIOM JUTS CO3aHUS MUKPOIICKTPOMEXaHUISCKHX CUCTEM
(MOMC) sBnsiroTCSE MOHOKPHUCTAITUUECKU KpeMHUN U kBapl. OpHako 00a Marepuana He SBISETCS
ONTUMAJIbHBIMU 10 CBOMM XapakTepuctukam st MOMC rupockomnoB U akcenepoMeTpoB. Tak nmpous-
BOJICTBO MOHOKPHUCTAJTUYECKOIO KPEMHHUS JTOCTAaTOUYHO JOPOro, KPEMHUU SBISETCS TEMIIEpPaTypHO-
3aBUCHUMBIM MaTe€pHaaoM, UMEET CPEOHIOI PaJUallMOHHYIO CTOMKOCTh. B Toxke BpeMs H3roTOBIEHHUE
aKCeNIEPOMETPOB M3 KBapiia MPUBOIUT K CYIIECTBEHHOMY YBEIHMYECHUIO MACCO-Ta0apUTHBIX U CTOM-
MOCTHBIX XapakTepucTuk gardukoB. Ho morpedHOCT B MOMC naTumkax, Kak yCTPOMCTBaX C Majlbi-
MU MaccorabapUTHBIMH CBOWCTBAMH, HU3KUM SHEPrONOTPEOICHUEM, M OTHOCHTEIBHO HU3KOH CTOM-
MOCTBIO TOJBKO yBenuuuBaercs. [1oaToMy 3amada co3maHus U UCCICAOBAHUS HOBBIX MaTEPHUAJIOB IS
npoextupoBanus MOMC faTuyukoB SIBISETCS akTyanbHOW. HacTosmmil nokiaj MOCBAIIEH HCCIEN0-
BaHMIO HEJOCTATKOB U MPEUMYIIECTB PATUOCTONKOIO CTEKIIA JUIsl U3TOTOBICHUS] MUKPOMEXaHHUYECKOTO
aKcenepoMerpa.

MocTanoBka 3agauu. s JOCTHMXKEHHS MTOCTABICHHOW €T ObLI pacCMOTPEH MAasTHUKOBBIM aK-
CellepOMETp M3TOTOBIICHHBIN M3 pamuoctoiikoro crekina K108 (lytkarino optical glass factory, JI3OC).
OcCHOBHAsI KOHCTPYKIHS MasTHUKOBOTO aKCEEPOMETpa COCTOMT M3 UYBCTBHTEIBHOIO 3JIEMEHTa, KO-
TOPBII TpeAcTaBIIsAeT CO00M Maccy Ha yIpyroM IMOJABEce, KOTOPBI B paccMaTpUBaeMOM Ciydae Mpes-
CTaBISIIOT CO0OH KOHCOJNBHYIO «0ajiKy», padoraromryto Ha u3ru0 (puc. 1). DTOT dyeMeHT mpH aei-
CTBHH Ha HETO YCKOPEHHS OTKJIOHSETCSI OT MOJ0KEHHS pABHOBECHS U 110 BETMUMHE 3TOTO OTKIIOHCHUS
MOXXHO CYIUTh O JIEHCTBYIOIIEM yCKopeHuu [4].

BLICOTA ? =
1 am
S
Tmm

Puc. 1. [IpuHnunumansHast cXeMa | OIIBITHBIM 00pa3el] TyBCTBUTEIBHOTO dJIEMEHTa CTeKIsTHHOro MOMC

Yucaennoe MOAeJITHPOBAHUE. HJBI TOTr'0 YTOOEI OLCHUTL JOCTOMHCTBA WM HEAOCTATKU paCCMaTpu-
BaeMoOM MapKu CTCKJIa AJid U3TOTOBJICHUA MOBMC aKkcejepoMerpa OBLIN MOCTaBICHBI U PCUICHBI IBC
3aJa4u. HCpBaSI 3aK/Iro49ajiacb B UCCICAOBAaHUHN COOCTBEHHBIX YaCTOT U MO (pI/IC 2), AJ1d ONpCACIICHUA
YCTOﬁqHBOCTH AKCCIICPpOMETpPaA K BI/I6paLII/IOHHBIM Harpy3kaMm, KOTOpPbIC UMCKOT MECTO B JICTATCIIbHOM
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arnrmapaTe Mmpu BBIBOAC €ro Ha Op6I/ITy " IPpU SKCIUTyaTallud B KOCMUYCCKOM IIPOCTPAHCTBE. BTOpaSI
3aaa4da COCTOsJIa B MCCICAOBAHUUN YYBCTBUTCIIBHOCTU AKCCICPOMETpPA K HU3MCPACMOMY YCKOPCHUIO

(puc. 3).

Tabnuia 1
CoocTBennble 4acToThl CTA
Mopja 1 2 3 4 5 6 7 8 9 10
Yacrora, I'r | 1407 | 7237 | 12851 | 15006 | 28080 | 42379 | 87529 | 88201 | 1.04-10° | 1.05-10°

(6)

Puc. 2. IlepBas (a) u BTOpas (0) MOABI TyBCTBUTEIBHOTO dJIEMEHTa CTeKIsTHHOro MOMC.

D:Static Structural
Equivalent Stress

Type: Equivalent von- Mises) Stress
Unit:Pa

Time: 1
26062023 1511

0 s o 0 ooms 0007(m
]

o018 00053 o018 00053

(a) (6)

Puc. 3. ledopmanust (a) n sxBuBaIeHTHOE Hanpspkenue (6) UD akcenepomerpa Ipy JeHCTBUH YCKOPSHHUSI.

Tabnuma 2
Hanpsiokenue u nedopmanus.
YckopeHue, g 0,5 1 1,5 2 2,5
Jedopmarus (Maxc), HM 1.28 | 257 | 385 | 5.14 6.42
OkBuBaNIeHTHOE HanpspkeHue (Makc), klla | 23.03 | 46.06 | 69.09 | 92.12 | 115.15

Kak Bunno u3 Tabmuns! 1 u puc. 2, nepsas yactora goctarodno Oomnbmas (1407 I'm), uyto uckmo-
YaeT BO3MO)KHOCTh BO3HHMKHOBEHHS PE30HAHCA NPU CTaHAAPTHHIX BUOPAIIMOHHBIX HArpy3kax, KOTO-
pBle UMEIOT B KOCMUYECKHX JieTaTelbHbIX anmapartax. M3 puc. 3 u Tabmuuel 2 BUIHO, YTO YYBCTBH-
TENBHBIN 3JIEMEHT pearupyeT Ha U3MepsieMoe YCKOpEHHUE, U MPH 3TOM M3TUO yIpyroro CTEKISHHOTO
MoJIBECa HE JOCTHTaeT KPUTHYECKHX 3HAYEHUH, PAaBHBIX WM TPEBBIIIAIOMINX MpENen MPOYHOCTH
CTEKJIa Ha U3ruo.

BriBoabl. CornacHo MPOBEACHHOMY MOJEIUPOBAHUIO, MOXKHO CHIEIaTh BBHIBOJ, YTO HCIIONb30BAHUE
paauocroiikoro crekna K108 nns uzroroBnenus MOMC umeer nmoreHuuan. M3roToBiaeHHbBIE U3 HETO
YCTPOWCTBA MMEIOT BBICOKHE COOCTBEHHBIC YaCTOTHI, PEarHPyIOT Ha H3MEPIEMOE YCKOpEHUE, MpH
STOM HE YKBUBAJICHTHBIC HAMPSIKEHUSI B YIIPYTOM IMOJIBECE YYBCTBUTEIBHOIO IEMEHTA HE TIOCTUTAIOT
KpUTHYECKUX 3HadeHWH. [loaToMy mpencramisercss menecooOpa3HbIM JallbHEHINee UCCICAOBAHUS
BO3MOXKHOCTH MPAKTUYECKOTO UCIOIB30BaHUSI pauocKoiikoro crekna At MOMC akcenepoMeTpoB.
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Abstract. The Paper Studies The Expediency Of Using Radioresistant Glass In Fabrication Of MEMS Accelerometers. The
Accelerometer Natural Frequencies, Modes, And Sensitivity Were Considered During Its Acceleration, And It Was Found
That The Application Of Radioresistant Glass Has A Practical Potential.
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Abstract—A high-flux and collimated rubidium atom beam
has important application in the fields of precision rotation
measurement and atomic clocks. Starting from the principle of
atomic interference measurement, the need of atom
interference gyroscope for performance parameters of the
atom beam is briefly introduced. An atom beam generation
method that uses micro-channel stainless arrays is proposed,
which is used to complete the parameter design and
verification system construction. A preliminary parameter
characterization is performed, with a peak atomic flux of
2.1x10"? atoms/s, a full divergence angle of 16 mrad, the test
results agree well with theoretical calculation. A 7/2-7/2
Ramsey interferometer with an interval of 200 mm is also
performed, which proves good coherence of the atom beam,
and thus pave the way to high-sensitivity atom interferometry
measurement.

Key words—atom interference; atomic beam; capillary array

I. INTRODUCTION

Since atomic interference technology was applied to
high-precision gravity measurement for the first time in 1991
[1], it has been widely extended to rotation [2, 3, 4],
acceleration [5], gravity gradient [6, 7], fine structure
constant [8], verification of weak equivalent principle [9] and
other fields. In dynamic application scenarios, large
bandwidth, high data rate, and no measurement dead time are
required, which requires that atoms continuously participate
in the interference process and resolve inertial information in
real time. At present, there are two types of solutions: cold
atom beam and thermal atom beam can be used to perform
continuous atomic interference measurement. The former
method utilizes two-dimensional or three-dimensional
magneto-optical trap to cool atoms, with velocity on the
order of 10 m/s and good horizontal divergence suppression.
The atomic flux is usually small and on the order of 10
10" atoms/s. Instead, the flux of an thermal atom beam can
be up to 10'-10"*atoms/s with a velocity of ~300 m/s. Take
the atom interference gyroscope as an example, under same
physical dimensions, the rotation measurement sensitivity of
thermal atom beam is 3-4 times higher than that of cold atom
beam, and almost immune to vibration noise and gravity
acceleration, rendering better environmental adaptability.
Therefore, generating a high-flux and collimated atomic
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beam is of great significance for the development of high-
performance atom interference gyroscopes.

II.  PRINCIPLE AND SYSTEM DESIGN

A. Performance Demand of the Atomic Source for Atomic
Interference Gyroscope

Taking the classic three -pulse atom interference
configuration as an example, as shown in Figure 1, assuming
that v the mean longitudinal speed of the atom, 7 the time
interval, 7 the time of the n/2 pulse, L central distance of
Raman lasers, d size of the 7/2 Raman beam in the direction
of atom moving. Therefore, the phase shift of a three-pulse
atomic beam interferometer resultin% from rotation speed Q
can be represented as equation (1) '°

I | »

T T o

Figure 1. Principle of a three-pulse atom interference measurement.
_ 2
Ag=2k ;L" | vxQ (1)

From equation (1), it can be seen that if a higher rotation
measurement accuracy is required, one can increase the scale
factor, and on the other hand, it is necessary to reduce phase
noise of the interference fringe. For a real physical system,
once the geometry size is determined, the scale factor is
usually fixed. At this time, if we want to improve the
measurement sensitivity of the atom interference gyroscope,
it is mainly achieved by decreasing the phase noise of the
system. For inertial sensors based on atom interference, the
minimum measurable phase corresponds to the shot-noise

limit 0p =+ N /2 , where N is the flux of an atom beam.
Considering that the fringe contrast in a actual system cannot
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reach 100%, the signal-to-noise ratio (SNR) of detection can

be described as SNR =7+2N ,where 1 the fringe contrast.

Therefore, equation (1) can be further represented as
equation (2), which characterizes the short-term rotation
measurement sensitivity of the atom interference gyroscope

1 v
AQ=——x—— 2
N /2 2k,I @

Therefore, preparation of a high-flux atom beam is of
great significance to improve the performance of the atom
beam interference gyroscope. Take the rubidium atom as an
example, its effective wave-vector k,; = 1.61><107/m,
interference interval L = 0.1m, interference contrast # = 0.3,
mean longitudinal speed v =300 m/s. The relationship
between rotation measurement sensitivity and atomic beam
flux is shown in Figure 2. For comparison, Figure 2 gives a
low-speed atomic beam with vV =10m/s, and the atomic
speed and beam flux are referenced from [11]. Since the
cooling process is selective for the atom, it will reduce
achievable beam flux. For given geometric sizes, a thermal
atom beam with higher velocity and flux has advantages in
high precision rotation measurement. When the system
parameters are determined, speed and flux of the atom beam
can be adjusted to achieve required sensitivity. Given same
measurement accuracy, the faster atoms move, the higher the
required atom beam flux.

T B T T S L[ S s
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Figure 2. The relationship between gyroscope sensitivity and atomic
beam flux

On the other hand, in order to obtain a high interference
contrast, the efficiency of Raman light is required as high as
possible, that is, Raman light should cover most atoms with
different velocity. This requires the Rabi frequency Q large
enough to meet Q>k.p<vr, where vr is the horizontal speed
of the atomic beam. In order to obtain suitable divide and
reflection effect, the optical power should meet Qr=7/2,
which mean a small atom-Raman interaction time. In this
way, the horizontal speed and horizontal temperature of the
atomic beam should meet equation (3)

v m v
T<—(

<—,
2%k d’" ky 2k,d

) 3)

VT

Furthermore, requirements of the divergence angle can be
expressed 0 <7 /(k,d) . Figure 3 gives a set of typical
Raman different

beam diameters corresponding to
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divergence angles. For smaller Raman diameters, because its
Rabi oscillation frequency is large enough, most atoms can
be addressed, so a greater divergence angle can be allowed.

Atom divergence (mrad)

0 1 L 1 L L L
10 20 30 40 50 60 70 80 90 100

Raman beam diameter (um)
Figure 3. The relationship between atomic divergence angle and
Raman beam diameter.

B. Experimental Setup Design

Based on above analysis, in order to further improve the
rotation measurement accuracy limit of the atom interference
gyroscope, the flux of atomic beam should be increased as
much as possible. Therefore, the following section will be
based on a thermal atom beam as the main object to
introduce corresponding design to achieve a high -flux
output. Figure 4 shows a schematic diagram of a typical
atomic beam device, where a symmetrical structure design is
adopted. From both ends to the center, it mainly includes
rubidium source, vacuum tube, collimator, detection
chamber, probe light, photomultiplier tube (PMT) and ion
pump. Among them, the detection chamber and the ion pump
are connected through a vacuum tube, and the interface is
sealed with a vacuum flange. The vacuum of the entire
device is maintained through a ion pump with a pumping
speed of 10 L/s, and the vacuum is 3 x 10”® Pa when not
working. Optical windows are opened in central area of the
detection chamber, which is used to characterize the beam
flux, divergence angle and beam width of the atomic beam.

Probe PMT

Atom Beam

Detection
Chamber

ﬁ Atom
Vacuum i
Vacuum Flange - Optical Collimator
Tube B Window
1 on Pum
. Rubidium 0" Mirror d .
Source

Figure 4. Scheme of experimental setup.

The production process of the atomic beam is to generate a
large amount of atomic vapor by heating the sources at both
ends of the device. Atoms reach the atom collimator device
through the curved vacuum tube. Since atomic collimator is
selective for atom speed, only atoms with small divergence
angles can pass the collimator, thus producing a high-flux and
collimated atom beam. In the detection chamber, the probe
light uses a pair of light resonant with the frequency of F =2 —
F'= 3 transition line to shine atoms from the vertical direction,
and then one can use the lens group to collect fluorescent
signals generated by atomic spontaneous emission into the
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PMT. Parameter information such as atomic flux and
horizontal speed of the atomic beam can thus be obtained.

It can be seen that because the atomic divergence angle
directly from the source is extremely large, it is necessary to
reasonably design the parameters of the atomic collimator to
obtain a small divergence angle, thereby generating a high
flux. At present, there are two ways to collimate the atomic
beam. The first method uses a single and slender non-
magnetic stainless steel tube to limit the atomic beam
divergence. The structure is simple, but this method requires
a long distance to reach comparable collimation. Besides,
this tube is quite easy to block. On the contrary, the second
method reduces the diameter and length of the metal tube,
and achieves low divergence, but the atomic flux decreases
sharply. In order to compensate the atomic flux loss, a same
method is used and many tubes are uniformly placed in a
circular region, forming a micro-metal tube array, thus a
high-flux and collimated atom beam can be obtained in small
size. Therefore, this paper chooses the second method as the
design basis of the atomic collimator. The design mainly
considered from three aspects. First is to choose the length
and diameter of the atomic standard (long diameter ratio) to
meet the divergence requirement; then future interference
should be considered, since most Raman diameters are less
than 2 cm, so the atomic beam diameter should be less than 2
mm to ensure better Raman efficiency; Last is good design to
produce a higher beam flux.

Because the atom interference gyroscope adopts counter-
propagating structure, in order to ensure that the atomic
beam has a good overlap on the spatial trajectory, the micro-
metal array area of the atomic collimator device should be
configured as a circular layout. The collimator diameter is D,
inner diameter of the tube 2a, the length is L. Table 1 gives
several different micro-metal tube parameters of the
divergent angle and atom flux. By different combinations of
the length, diameter and regional diameter (number of micro-
tube) of micro-metal tubes, we can meet most applications
based on atom interferometers.

TABLE L ATOM PARAMETERS WITH DIFFERENT CAPILLARY SIZES.
Capillarysize | [=2 cm L=2cm L=1cm L=1cm
d=0.lmm | d=02mm | d=0.2mm | d=0.1lmm
D=2 mm D=2mm | D=2mm | D=1mm
Atom beam
Flux (atoms/s) | 1.4x107 | 2.6x10"” | 5.6x10"” | 1.6x10"
Divergence
angle (mrad) 10 20 20 20

1. IMPLEMENTATION AND RESULTS

According to above theoretical analysis and calculation,
construction and validation of the atomic beam generation
device is completed. The physical setup is shown in Figure 5,
where left shown is the probe light and PMT, and right
shown is the capillary array with a total transmission
diameter of 2 mm. The fluorescent method and slit scanning
method were used to measure the flux, the divergence angle
and atomic beam width, respectively.

The flux of the atomic beam can be calculated by
equation (4)!":
U dr v 2 1+s
GprenR dQ dzT' s

4)

Flux =
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Figure 5 Physical device of the atomic beam.

In this equation, U is the output voltage of PMT, Gpyr is
the internal gain of PMT, # is the quantum conversion
efficiency of PMT, R is the transmissions of PMT, dQ is a
three-dimensional solid angle of the fluorescent lens group.
Vv is the mean longitudinal speed, dz is the size of detecting
light in the direction of the atom movement. I is the natural
transition line width of the rubidium atom, s is the saturation
coefficient of the probe light. Figure 6 shows the actual
measured atomic absorption signal (black solid line). As a
comparison, the laser's modulation transfer spectrum signal
(blue dotted line) when scanning the probe frequency is
given. Bringing the experimental parameters into equation
(4), the calculate atomic beam flux is 2.1 x 10'*atoms/s.
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Figure 6. Atomic beam detection signal.

The divergence angle of the atomic beam can be
calculated by measuring the horizontal speed component of
the atom and compared with the vertical average speed. Due
to doppler effect, when the frequency of probe light is
scanned, the fluorescent signal collected by PMT will
broaden the horizontal divergence of the atomic beam. By
gaussian fitting of the measurement signal, the full width at
half maximum (FWHM) can be obtained, one can use
equation (5) to calculate the divergence angle of the atomic
beam "

0= AN, FWHM
2In2v

)

In this equation, X is the wavelength of probe light, V' is
the average longitudinal speed of the atom beam, and
Afryuy 18 the full-width at half maximum value of the
gaussian fitting. Inserting related parameters into equation (5)
and the calculated full divergence angle of the atomic beam
is 16.3mrad. Moreover, by measuring the horizontal spatial
distribution of the atomic flux in different locations along the
atom motion direction, the horizontal speed of the atomic
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beam can also be deduced, and again the divergence angle
can be calculated. The test results are shown in Figure 7.

-0.20F

= Experimental data
—— Linear fitting

Beam width (mm)

Probe signal(V)

024

100 120 140 160 180 200 220 240 260 280 300 0 (
Position (mm)

Distance from capillary output(mm)

Figure 7 Different beam distribution at different locations. Left:
divergence angle; Right: typical spatial distribution of an atomic
beam.

After the atomic beam is ejected from the micro-metal
tube array, the probe light is scanned horizontally at
locations of 120 mm, 150 mm, 180mm, 210 mm, 240 mm,
and 300 mm along the transmission direction of the atom
beam, and then the changes of PMT signal is recorded as the
probe light moves. By linear fitting of experimental data, the
divergence angle of the atomic beam is about 15.7 mrad.It
can be seen that the measurement result agrees well with
aforementioned divergence angle 16.3 mrad, both are
slightly larger than the theoretical value of 14.9 mrad. On
one hand, this is due to the impact of strong probe light
power, angle between the atom beam and probe light. On the
other hand, the slit-scanning method takes a long time, and
the frequency locking of lasers, optical power, and atomic
beam flux can change during the measurement process. In
general, the result of the two measurement methods is
basically the same, and equals to theoretical values, which
proves collimation of the atom beam.

Furthermore, in order to verify coherence of the atomic
beam, we construct a n/2-w/2 co-propagating configuration to
perform a Raman-Ramsey interferometer with a distance of
200 mm. With optimized optical power and Raman beam
size, the Raman-Ramsey interference pattern is observed, as
illustrated as Figure 8.
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Figure 8. Raman-Ramsey interference pattern with a distance of 200
mm, the full width at half maximum is 450 Hz

The full width at half maximum of central fringe is 454 Hz,
consistent with the theoretical value. This Ramsey
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interference pattern clearly shows good coherence of the
generated rubidium atom beam.

IV. CONCLUSION

In order to meet the demand of atomic interference
measurement to rotation applications, this paper proposes a
technical solution based on micro-channel stainless arrays as
an atomic collimator, and conduct theoretical analysis and
parameter design. The atomic beam generation device was
constructed and flux, divergence angle and beam width of
the atomic beam were carried out, with a flux of
2.1x10"atoms/s, and a full divergence angle of 16 mrad.
Test results agree well with theoretical calculation, which
verify the possibility of our technical scheme. Future work
will focus on laser cooling and three-pulse interference
measurement. This high-flux and collimated atom beam
should find applications in fields such as atomic inertial
sensing and atomic clocks.
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Abstract—In this paper, an optical path assembly method is
proposed for realizing the direct coupling of bare Y waveguide
chip and hollow-core microstructure fiber (HMF) coil by
introducing a combination of micro lenses and reflective
mirror between the bare Y waveguide chip and the cleaved end
of HMF pigtail. The direct coupling experiment results show
the single-ended coupling loss is less than 0.5 dB, and the
single-ended polarization crosstalk is better than -30 dB. A
HMF gyroscope is constructed by using the fabricated direct
coupling assembly of Y waveguide chip and HMF coil, and the
bias instability of the HMF gyroscope is better than 0.005°/ h.

Keywords—hollow-core microstructure fiber, fiber optic
gyroscope, direct coupling, Y waveguide chip, fiber coil

I. INTRODUCTION

The inertial navigation system (INS) is a self-contained
navigation technique in which measurements provided by
accelerometers and gyroscopes are used to track the position
and orientation of an object relative to a known starting
point, orientation and velocity. Gyroscopes are one of the
key sensors for INSs, and are used widely for underwater
robots, ships, cars, airplanes, satellites and so on [1]-[3].
Technology advancements in optical fibers have enabled the
fiber optic gyroscope (FOG) to become an attractive choice
for demanding applications. In particular, a relatively new
type of optical fiber with a hollow core allows light signals to
propagate mainly in air and overcome many of the
limitations of conventional silica core fibers. To achieve
high-quality air light guidance in fiber, the hollow core needs
to be surrounded by a complex and precision hollowed-out
silicon microstructure to form a photonic bandgap light guide
mechanism or anti-resonant reflection light guide mechanism
[4]-[11]. Using the HMF to construct Sagnac sensitive
interference optical path (Y waveguide chip + fiber coil) for
FOG, compared to conventional fibers, it can obtain 23x
lower temperature sensitivity (Shupe effect), >100x lower
magnetic sensitivity (Faraday effect) and >50x lower
radiation sensitivity in theory [12].

To realize the full potential of HMFs applied in FOG, it
is necessary to efficiently couple light from Y waveguide
chip to fiber coil winding with HMFs. In the development
and production of traditional FOG, fusion splicing is the
most mature optical path assembly technology for solid-core
pigtails of Y waveguide chip and fiber coil. However, the air
holes in HMFs may completely collapse in the vicinity of the
splice joint during the splicing process, which significantly
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increases the coupling loss by destroying the light-guiding
structure of the HMF near the joint interface, and is not
conducive to the construction of FOG. The optical path
assembly between HMF coil and Y waveguide with high
reliability is one of the urgent engineering problems in the
application of HMF in gyroscope.

II. HOLLOW-CORE MICROSTRUCTURE FIBER

HMFs are usually single material fibers with air-holes
that define their transverse profile. Currently, there are two
main categories of HMF, which are hollow-core anti-
resonant fibers and hollow-core photonic crystal fibers.
HMFs are expected to become an ideal material for rotation
sensing in FOGs because of their unique air core light
guiding mechanism, but to meet the application requirements
of high precision FOGs, the mode purity, transmission loss
and backscattering of hollow-core photonic crystal fiber still
need to be broken through mechanically, while the bending
loss and polarization maintenance of hollow-core anti-
resonant fiber need to be further improved.

A. Hollow-core anti-resonant fibers

Because of significant breakthroughs over the past few
years, hollow-core anti-resonant fibers are generating hopes
that they might one day become the ultimate optical fiber,
simultaneously demonstrating the lowest attenuation, optical
nonlinearity and chromatic dispersion over a broad
bandwidth, whilst providing near-vacuum latency. Hollow-
core anti-resonant fibers that are a novel type of hollow-core
fibers employ minimalist cladding structure as shown in
Figure 1 [13] to form the anti-resonant reflecting optical
waveguide model, rather than photonic bandgaps, as the
mechanism of light guidance.

Reviewing the development history of hollow-core anti-
resonant fibers, some significant improvements in optical
performance, modal quality and bandwidth were made
possible over the last decade first by the introduction of a
negative curvature core surround [14], then by fiber
topologies with a single layer of non-touching tubes [15],
and finally by the addition of small nested tubes to increase
the number of coherent air/glass reflections in the radial
direction and thus reduce confinement loss [16]-[17]. For
example, the fiber design as shown in Figure 1 is known as
hollow-core nested anti-resonant nodeless fiber that exhibits
many advantages, including low loss, large bandwidth, low
nonlinearity, high damage threshold, and ultralow latency,
owing to its special structure and guidance mechanism [18]-
[22].
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Fig. 1. The geometry of the hollow-core anti-resonant fiber (scale bar
indicates 20 microns).

B. Hollow-core photonic crystal fibers

As can be seen in Figure 2, a typical Hollow-core
photonic crystal fiber comprises one to two hundred
wavelength-scale air holes, normally with a very high air
filling factor, arranged in a 2-D array that is maintained
along the full length of the fiber [23]-[26].

Fig. 2. The geometry of the hollow-core photonic crystal fiber (scale bar
indicates 10 microns).

Hollow-core photonic crystal fibers exploit photonic
bandgaps of the cladding periodic structure, rather than total
internal reflection, as the mechanism of light guidance. The
cladding periodic structure is made of capillaries, filled with
air, laid to form a hexagonal lattice. Light can propagate
along the fiber in defects of its crystal structure, which is
realized by removing one or more central capillaries.
Excellent polarization control can be achieved through tiny
asymmetries in the hollow-core geometry. In addition, the
two hollow shunts are included in the cladding in Figure 2 in
order to selectively suppress high-order modes of the core
[27].

III. SCHEME OF DIRECET COUPLING BETWEEN HMF CoIL
AND Y WAVEGUIDE CHIP

The direct spatial coupling method is adopted to avoid
the microstructure collapse caused by the fusion of the
HMFs, as shown in Figure 3. Two groups of micro lens are
introduced between the pigtail of HMF coil and the bare Y
waveguide chip, and the micro lens plays the role of optical
collimation and convergence. therefore, the HMF pigtial and
the bare Y waveguide chip can be coupled with low loss
without mode field matching. In addition, a reflective mirror
is arranged between a group of micro lens and the
collimating beam emitted from the micro lens is reflected
twice, so that the parallel light beams transmitted in the two
groups of micro lens are separated apart in space. One is that
the distance is large to avoid crosstalk between the two

parallel light beams, and the other is that the space is large to
facilitate direct spatial coupling operation.

Fig.3. The scheme of direct coupling between HMF coil and bare Y
waveguide chip.

IV. EXPERIMENTS

A. Direct Coupling Experiments

The direct coupling experiments of the HMF and the bare
Y waveguide chip is carried out to test coupling loss and
polarization crosstalk, as shown in Figure 4. The end of the
selected bare Y waveguide chip has an inclination angle of
10°, and the end of the micro lens has an inclination angle of
8°, in order to eliminate the Fresnel reflection loss, and the
end of the HMF is cut flat and has no angle, whose cross-
sectional view is illustrated in Figure 5. As can be seen, it is
a type of 7-cell bandgap-guided polarization maintaining
HMF, whose cladding diameter is 125um and mode field
diameter is 9um.
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Fig. 4. The direct coupling of the HMF and the bare Y waveguide chip.

Fig. 5. The geometry of the 7-cell bandgap-guided HMF (scale bar
indicates 40 microns).

The coupling efficiency between HMF and bare Y
waveguide chip n can be calculated by equation (1). One can
see from equation 1, after avoiding the mode field mismatch
loss and Fresnel reflection loss, the loss of direct coupling
between HMF and bare Y waveguide chip is determined by
alignment deviation loss.
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n= (1)

Where @,(x,y) is the mode field distribution function of
HMF and ¢,(x,y) is the mode field distribution function of
bare Y waveguide chip.

The alignment deviation loss is caused by the transverse,
axial and angular offset between the micro lens center of the
waveguide and the micro lens center of the HMF core. on the
one hand, the alignment deviation loss is due to the lack of
alignment accuracy. on the other hand, it is caused by the
small alignment tolerance between the center of the
waveguide micro lens and the center of the HMF micro
lens. If the alignment tolerance is large, even if there is a
slight offset, the coupling loss will not be greatly
increased. The three cases of alignment deviation are shown
in Figure 6 respectively.

(a)

(b)

(©)

Fig. 6. The direct coupling alignment deviation of HMF coil and bare Y
waveguide, (a) transverse offset; (b) axial offset; (c) angular offset.

In the aspect of polarization crosstalk, the bare Y
waveguide chip works in the single polarization state of the
TE mode. when coupling with the polarization maintaining
HMF, it is necessary to ensure that the polarization axis
direction of the bare Y waveguide chip is consistent with the
working axis selected by the polarization maintaining HMF
in order to achieve low pigtail polarization
crosstalk. Assuming that the working axis (slow axis) of the
polarization maintaining HMF is at an angle 6 with the TE
mode direction of the bare Y waveguide chip, the polarized
crosstalk K, of the HMF pigtail can be represented by
equation (2).

P
K,=10lg (é) = 10lg(tan?) )

Where P, is the output optical power of HMF pigtail in
the working axis (slow axis), P, = Pocos®0, P, is the output
optical power of the bare Y waveguide at TE mode, P, is the
output optical power of HMF pigtail in the fast axis,
P: 2= P ()Sil'lze.

It can be seen from equation (2) that in order to ensure
that the polarization crosstalk K, of the HMF pigtail is better
than -30dB, the polarization axial alignment deviation angle
0 should not be more than 1.8°. In the actual process, it is
necessary to make the selected working axis of the
polarization maintaining HMF parallel to the working axis of
the bare Y waveguide chip as far as possible.
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Intercepting two segments of 0.5 m HMF to couple both
ends of the bare Y waveguide chip many times, for
measuring repeatedly coupling loss and polarization
crosstalk. The test results are as follows in Table 1. The
direct coupling experiment results show the single-ended
coupling loss is less than 0.5 dB, and the single-ended
polarization crosstalk is better than -30 dB.

TABLE 1. THE TEST RESULTS OF DIRECT COUPLING LOSS AND
POLARIZATIN CROSSTALK
Tests No. Test Item
Coupling loss | Polarization crosstalk
1 0.47 dB -30.36 dB
2 0.49 dB -30.24 dB
3 0.43dB -30.61 dB
4 0.45 dB -30.56 dB
5 0.44 dB -30.39dB
6 0.47 dB -30.27 dB
7 0.48 dB -30.45dB
8 0.46 dB -30.36 dB
9 0.44 dB -30.66 dB
10 0.45 dB -30.73 dB

B. FOG Experiments

Based on the previous optical path assembly method, we
fabricate a direct assembly of HMF coil and Y waveguide
that is illustrated in Figure 7. The HMF coil is constructed by
a 300m-long 7-cell bandgap-guided HMF quadrupolar
wound on a 98-mm-diameter spool.
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Fig. 7. The fabricated direct coupling assembly of Y waveguide chip and
HMEF coil.

Next, a HMF gyroscope is constructed by using the
fabricated direct coupling assembly of Y waveguide chip and
HMF coil. Each of the major components of the HMF
gyroscope prototype utilizing the direct coupling assemly can
be seen in Figure 8. These components are the ASE light
source with a spectral width of 40 nm, 1x2 coupler, Y
waveguide chip for applying a square wave bias modulation
with 3n/4 amplitude and a closed-loop feedback signal that is
proportional to the rotation rate, HMF coil, low noise
photodetector and a processing circuit. The bias output of the
HMF gyroscope is obtained by demodulating the
photodetector signal with the processing circuit.
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The bias stability of the HMF gyroscope after 100s
smoothing recorded over a period of 25 h at room
temperature is displayed in Figure 9, which is 0.044 °/h
(100s, 10). The Allan deviation of the 25 h bias stability is
plotted in Figure 10, and the bias instability inferred from
this curve is better than 0.005 °/h.
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Fig. 8. Schematic of a closed loop HMF gyroscope.
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Fig. 10. The Allan deviation of the HMF gyroscope.

V. CONCLUSION

Aiming at the inevitable collapse of HMF during fusion
splicing, we propose an optical path assembly method to
realize the direct coupling of bare Y waveguide chip and
HMF coil by introducing a combination of micro lenses and
reflective mirror between the bare Y waveguide chip and the
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cleaved end of HMF pigtail. The effectiveness of the method
is proved by both device-level and gyro-level experiments.
Utilizing the fabricated direct coupling assembly of Y
waveguide chip and HMF coil, we construct a HMF
gyroscope whose bias instability of the HMF gyroscope is
better than 0.005°/ h.
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Abstract—Fiber optic gyroscope, as the core element of inertial
navigation system, has important applications in both military
and civil fields, and its accuracy directly determines the perfor-
mance of inertial navigation system. With the increasing demand
for high-precision and high-reliability navigation information, the
requirements for fiber optic gyroscope accuracy are constantly
increasing. However, the traditional scheme mainly relies on
increasing the size of the fiber coil and the length of the
fiber optic to improve the accuracy, which will bring negative
impacts such as increasing the complexity of the system. In this
paper, we propose a three-photon fiber optic gyroscope optical
path scheme based on a fiber Mach-Zehnder interferometer,
which utilizes the interference effect of the three-photon states
in the fiber Mach-Zehnder interferometer to achieve a highly
sensitive measurement of rotational speed. We describe the design
principle of the optical path in detail and perform theoretical
analysis. The scheme provides a new possible solution to further
improve the accuracy of fiber optic gyroscope.

Index Terms—fiber optic gyroscope, Mach-Zehnder Interfer-
ometer, multi-photon interference

I. INTRODUCTION

Inertial navigation systems have the advantages of long
range, high accuracy and long working life, thus becoming
a guarantee for navigation in deep sea and satellite-free
conditions. In particular, the inertial navigation system with
fiber optic gyroscope as the core element, which is simple
in structure, low in cost and easy to maintain, has replaced
the traditional gyroscope in many existing systems, greatly
improving the performance of the system and lowering and
maintaining the cost of the system. At present, with the
further improvement of navigation accuracy in deep sea and
satellite-free conditions, the goal of manufacturing fiber optic
gyroscope with higher accuracy and sensitivity is becoming
more and more important.

The widely used interferometric fiber optic gyroscope con-
sists of a broadband light source, fiber coupler, photodetector,
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Y-shaped waveguide, and polarization-maintaining fiber sens-
ing coil. The Sagnac effect is the theoretical foundation of
modern fiber optic gyroscopes. When the gyroscope rotates,
a phase difference ¢ is generated between two light waves
propagating in the clockwise and counterclockwise directions
within the fiber coil, which is proportional to the rotation
rate (2 [1]. Previous studies have shown that the accuracy of
fiber optic gyroscopes is determined by phase response and
minimum phase resolution. Among them, the phase response,
also known as the scaling factor, is proportional to the area
surrounded by two light waves propagating in opposite direc-
tions, and inversely proportional to the wavelength. Therefore,
traditional solutions improve the accuracy of fiber optic gyro-
scopes by increasing the fiber length of the sensing coil and
increasing the winding diameter of the coil.

As the length and size of the fiber sensing coil continue
to grow and increase, it has brought a series of negative
impacts. For example, Shupe D M proposed that when there
is a temperature disturbance with asymmetric position in the
fiber sensing coil, two light waves propagating in opposite
directions will generate a non-reciprocal phase shift when
passing through this fiber at different times [2]. Similarly,
asymmetric stress changes and complex physical environments
on the carrier can also result in similar non reciprocal phase
shifts [3]. The above non-reciprocal phase shift will become
more severe as the size of the fiber coil increases. In addition,
increasing the size of the fiber coil can also increase the
optical path loss, leading to a decrease in optical power, and
such issues can in turn have a negative impact on accuracy.
In summary, traditional interferometric fiber optic gyroscopes
continue to encounter bottlenecks in improving accuracy, and
new solutions need to be taken to further improve accuracy.

In 2019, the research team at the University of Vienna
proposed for the first time a scheme for enhancing the
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fiber optic gyroscope based on two-photon maximally path
entanglement |[NOON) state, and built a prototype of the
principle [4].It is predicted that the maximum path entangled
state can be obtained after a heralded single-photon source
passes through the Hong-Ou-Mandel interferometer, and the
experimental results show that this scheme can realize the
two-fold super-resolution, break through the relative intensity
noise limit, and realize the ultra-high precision. However, for
cases where NV > 2, the above apparatus cannot obtain the
corresponding |[NOON) state [5]. In 2021, at the Applied
Optics and Photonics China conference, our research group
based on T Kobayashi et al. proposed a three-photon phase
measurement scheme [6], which utilizes a three-photon state
as the light source to enhance the detection sensitivity of a
fiber optic gyroscope [7].

In this paper, we introduce a novel optical configuration
for a three-photon fiber optic gyroscope based on a fiber
Mach-Zehnder interferometer. This configuration leverages
the interference phenomenon generated by the input three-
photon states within the fiber Mach-Zehnder interferometer,
resulting in a highly sensitive rotational speed measurement
capability. A comprehensive explication of the principles of
optical configuration is provided, accompanied by a rigorous
theoretical analysis. The presented solution offers a fresh and
viable avenue towards enhancing the accuracy of fiber optic
gyroscopes.

II. CONCEPTS
A. Fundamental limit in precision phase measurement

Utilizing interferometers to measure phase delay for achiev-
ing precision measurements is a commonly employed tech-
nique that finds widespread utilization in fundamental research
and practical applications. Research indicates that in an inter-
ferometer with a total average photon count of (IN), the preci-
sion of phase measurement is constrained by the fundamental
limit of quantum mechanics, known as the Heisenberg limit,
given by A¢ > 1/ (N). For the maximal entanglement state
|NOON), the precision of phase measurement can attain the
Heisenberg limit of A¢ = 1/N. Consequently, numerous lab-
oratory experiments have been conducted by simultaneously
injecting pairs of heralded single-photon source into a 50:50
beam splitter, thereby generating the maximal entanglement
state with N = 2. The resulting output is subsequently fed
into an interferometer for conducting precision measurement-
like experiments. However, experimentally preparing maximal
entanglement states with IV > 2 poses challenges. It was not
until 2004 that M. W. Mitchell et al. achieved super-resolution
phase measurement experiments using a three-photon maximal
entanglement state [9].

B. The noise of Fiber Optic Gyroscope

In engineering applications, the noise of fiber optic gyro-
scopes acts as a pivotal parameter constraining their deploy-
ment within high-precision domains. The noise characteristics
of fiber optic gyroscopes exhibit resemblances to white noise,
thereby prompting the utilization of white noise attributes in
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engineering applications for their analysis, investigation, and
mitigation. Typically, the random walk coefficient is employed
to characterize the variance intensity inherent in the random
walk process, representing the square root of the variance
intensity pertaining to white noise. The random walk coef-
ficient succinctly and directly encapsulates the noise profile
of fiber optic gyroscopes, and is amenable for delineating
the detection precision of such gyroscopes. Furthermore, it
serves as a consequential metric in assessing the performance
attributes of fiber optic gyroscopes.

The white noise in the fiber optic gyro consists of the
relative intensity noise of the light source, the scattering noise
of the photodiode, and the thermal noise of the detection
circuit, which determine the detection accuracy of the fiber
optic gyroscopes [10]. The total noise that eventually reaches
the photodetector of fiber optic gyroscopes can be expressed
as
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where 0%, 02, 0%, and 0%, denote the variance of the total
noise detected by the detector, the variance of the thermal
noise of the detection circuit, the variance of the scattering
noise, and the variance of the relative intensity noise of the
light source, respectively. K is the Boltzmann constant, 7" is
the thermodynamic temperature, Av is the spectral spreading,
1 is the output photocurrent, and B, is the detector response
spectral width. Based on the relationship between the noise
variance and the random wandering coefficient, equation (1)
can be expressed as

RWC? = RWC% + RWC% + RWC%,
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And the signal-to-noise ratio of the fiber optic gyroscope can
be expressed as
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i.e., the higher the signal-to-noise ratio the smaller the random
wandering coefficient.

In engineering applications, the signal-to-noise ratio of
a fiber-optic gyroscope is influenced by shot noise at low
photocurrent levels and by the relative intensity noise of
the light source at higher photocurrent levels. To optimize
performance, particularly with the use of a high-power and
wavelength-stable broad-spectrum ASE light source, it’s es-
sential to mitigate light intensity noise. This enhancement is
pivotal for achieving a higher signal-to-noise ratio, ultimately
reducing the fiber-optic gyroscope’s random walk coefficient.

III. EXPERIMENTAL METHODS

The schematic set up as shown in Fig. 1, it is mainly
composed of fiber coupler, fiber beam splitter(FBS), fiber coil,
fiber collimator and so on. The input light source for this
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Fig. 1. The diagrammatic sketch of experiment setup.

apparatus is a three-photon state, |1,2;) or |2,1;) . As the
interference results for both input states are identical, this
paper selects |1,2;) state for illustrative purposes. Using the
transfer matrix Trpg to represent the action of the beam
splitter as

Trps = (\/% ?) )

Where R is the reflectivity, with a value of R = 2/3.

When quantum state |1,2;) is injected from the two incident
ports of the first fiber beam splitter FBS1, the three photons
interfere at the interface. The interfered three photons output
from the two outlets of FBS1, which are connected to two
identical fiber coils.

Fig. 2. Example of a fiber coil.

As shown in Fig. 2, the fiber coil functions as the angular
rate sensing component in the interferometer, comprising a
spool with fiber intricately wounding around it. In recent times,
specialized fine polarization-maintaining fibers and fine single-
mode fibers for sensing applications have been developed. In
comparison to the fibers conventionally used for communica-
tion, these fine fibers performance well in terms of bending,
enabling the design of the significantly compact fiber optic
gyroscopes. A multitude of techniques exist for the winding
of the fiber optic coil. To ensure symmetrical arrangement and
suppress the Shupe error, the symmetric winding approach is
commonly employed. Among these techniques, the quadrupole

35

symmetrical winding method involves initiating from the mid-
point of the fiber, winding one layer around the spool with the
fiber on one side, followed by the addition of two layers with
the fiber on the other side, and then repeating the process
in a alternating manner, sequentially winding two layers with
the fiber on the other side. Additionally, the introduction
of a thermally insulating layer with superior heat insulation
properties around the exterior of the fiber coil serves to
suppress Shupe error by attenuating the impact of temperature
variation. The transfer matrix of fiber coils is represented as

0 o)

Teoir = <0 ci(éa+éo)

where ¢q is the phase delay introduced by the rotation speed
Q) and is proportional to it. ¢q is an adjustable phase delay for
feedback adjustment.

The outputs of the two fiber loops are connected to the two
inputs of the FBS2, which interferes again at the FBS2. And
the transmission matrix of FBS2 is the same as that of FBSI.
Mark the two outputs of FBS2 as port ¢ and port d respectively,
and calculate the propagation matrix. The annihilation operator
output from port ¢ and port d can be calculated from the
transfer matrix, i.e.

R(R 1) (e!® —1)a+ (1 - R+ Re™®)
R(R—1)(e’® —1)b+ (1 - R+ Re'®)

Where & = ¢q+¢o. The FBS3 is connected to port c, splitting
the output in two and connecting each to a single photon
counting module(SPCM); while port d is directly connected
to a SPCM for detecting |2.14) state. Connecting SPCM1,
SPCM2 and SPCM3 to the coincidence counting device, the
conformity counting result can be obtained by the 3rd order
correlation function, i.e.

(&)
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Substituting equation (6) into equation (7) yields
I' < (1 —cos3P) ®8)

From equation (8), it can be seen that the oscillation period
of the correlation curve is one-third of that of classical light
as the source, which means that the resolution is three times
higher than that of classical light.

This apparatus uses two fiber coils to form a fiber Mach-
Zehnder interferometer, which greatly reduces the crosstalk
and improves the interoperability of the interferometer. In
addition, the SPCM1 in figure. 1. can be replaced with a set
up combination consistent with the same in port c, i.e., a FBS
connected to two other SPCM, so that the entire apparatus
achieves the highest interoperability.
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1. C. MOXXAPOBCKUI
(MucTutyT aBTOMaTHKK U 1iporieccoB ynpasienus JJBO PAH,
BrranuBocTOKCKHI rOCyapCTBEHHBIN YHUBEPCUTET, BiaMBOCTOK)

HOCTPOEHUE MOJIEJIEA BUPTYAJBHOT'O AHAJIU3A JIJISI IOJJCUCTEM
YHOPABJIEHUS TEXHOJIOI'MYECKHUM NTPOLHECCOM INTPOU3BOJCTBA BEH3UHA

Paccxwampuemomcg B0NpPOCbL NOCMPOEHUS Mmooenetl BUPMYAIbHO2CO ARAIU3A st
noocucmem ynpaejienus C10HCHbIM MEeXHOJI02UYeCKUM npoyeccom 6m0pu1~m0ﬁ nepe-
pa60m1<u ben3zuna, Komopbwie no3eoJisiom npedcxa%zeamb Kadecmeo ebznyCKaemoﬁ
npodykuuu 6 pesdcume peailbHoco epemeru, 4mo oaem 803MONCHOCTD onepamueHo-
20 ynpaeiernus C10HCHbIM npoyeccom np0u360()cm3a.

BBenenue. B coBpeMeHHOM IPOM3BOACTBE OCH3WHA HCIONB3YETCS BUPTYaIbHBIA aHAM3 Kaue-
CTBa BBIXOJIHOT'O MPOJIYKTA, 3TO JaeT BO3MOXKHOCTh ONEPATUBHO YIPABISATH TEXHOIOTHYECKUM IIPO-
reccoM (TII) mns mpemoTBpamienns Opaka, a TAaKXKe CISAUTh 3a TIOKa3aTeIsIMI Ka4eCTBa BBITYCKaeMO
MPOAYKIIMKA B PSKUME PEaTbHOr0 BpeMEHHU. Takoi MOIXOJ K YINPaBICHUIO MPOU3BOJCTBOM CYIIE-
CTBEHHO YIIPOIIAET €ro U MO3BOJISET BEIMYCKATh MPOIYKIMIO 33JJaHHOTO KadecTBa. OHAKO, OCTpOe-
HUE MaTEeMaTHUYECKUX MOJIeNiell TEXHOJIOTMYECKOro mpolecca mepepadoTku OEH3WHA, CIOCOOHBIX
aJICKBaTHO TIPOTHO3UPOBATH KAYECTBO BBITYCKAEMOT0 TPOJIYKTA SBISCTCS JOCTATOYHO CIOXKHOH 3aj1a-
yel. Tak Kak Ha HEro BIHUSCT OOJIBIIOE KOJIMYECTBO PA3IMYHBIX MapaMeTPOB, 3a4aCTYHO CKPBITBHIX U
HEOIPENIEICHHBIX, 3TO HAKIAIbIBACT OTPAaHUYCHUS HA TAaKUE MOJICIH U TPEOYeT JIOMOIHUTEIBHEIX pe-
IICHUH TIPHU UX CO3/IaHUU.

TII nepepaboTkyu OcH3MHA SIBJISAETCS JIOCTATOYHO CJIOXHBIM, JJIs YIOpPaBICHUS MM TpeOyercs
OIpPENeNATh OOJBINOE KOJIMYECTBO MApaMETPOB U TMOKa3aTellei paboThl peKTU(UKAIIMOHHBIX KOJIOHH.
OH COCTOHUT W3 KOMINUIEKCA Pa3INIYHOrO 000pYAOBaHUs, CBSI3aHHOTO B OOIIYI0 CUCTEMY IepepadOTKU
HedTH. [loaTOMY [T yIpaBIieHUS TAKUM IIPOIIECCOM TpeOyeTcs co3aBaTh HE OIHY MaTEeMaTHYECKYIO
MOJIENTb TIPOTHO3UPOBAHUS KauecTBa, a IETYI0 CETh, KOTOpas MO3BOJUT aJCKBAaTHO MPeENCKa3aTh Kave-
CTBO BBIITyCKaeMol Npoxykiuu. Kaxaas u3 KOTOphIX MOXKET OBITh MOCTPOEHA Ha OCHOBE PA3IMYHBIX
METOJIOB MOJICTTUPOBAHUS B CBSI3U C OCOOSHHOCTHIO IPOTHO3UpyeMoro napamerpa. [loatomy coznanue
caMHuX MOJIeNiei U B I[EJIOM KOMIUIEKCa BUPTYaJIbHOTO aHaIN3a MPOMBIIIJICHHOTO MTPOU3BOACTBA OCH-
3WHA SIBIISETCS CIOKHOM 3a/1auei, KOTOPYIO JI0 CHX IMOp PEIIA0T U ONITUMHU3UPYIOT.

Jlyis yckopeHus mporiecca TOCTPOSHHUS MaTEeMaTHYeCKUX MOJEICH ISl CIOKHBIX TEXHOJIOTHYe-
CKUX OOBEKTOB CIEAYyeT MPUMEHSATh METOJ OIICHKH WHJEKCA CTPYKTYPHOH HASHTU(PHUIIMPYEMOCTH OC-
HOBaHHBIN Ha aJIFOPUTME YCJIOBHBIX UYEPEIYIOIIMXCS MaTeMaTW4decKux oxupanuii (alterative condi-
tional expectations — ACE) [1, 2].

IHocTpoenne mMonesieii BUPTYyaIbLHOr0 aHaau3aTopa. Ha puc. 1 cxemaTiuHo npeacraBiieH MpoLecce
crabunm3anyy OcH3MHA, KOTOPBIA COCTOHUT U3 TPEX MOCIEI0BATEIbHBIX PEKTU(PHUKALIMOHHBIX KOMOHH.

Pegpriiokc

. (k)
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HecTabuneHein
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Dpakuua 70-140 HK 35-70

Puc. 1. Cxema 610ka cTabmm3anuy O€H3MHA U BTOPUIHOH nepepaboTku GeH3uHa
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CraBuTcs 3aaya CO3aHUSA MAaTEMaTHYECKHUX MOJENEN Uil OLEHKH KadyecTBa BBIXOJHOIO IPO-
JyKTa MO KOHIIEHTpauuu cyMMbl yraesogopoaos C1-C4 Bo ¢pakiuun HK 35-70 Gioka crabunmzauuu
W BTOPUYHOH nepepaboTky OeH3uHa. {1 3Toro ncnosip30Baivch Ba METOAa MOAEIUPOBAHUS: OCHO-
BaHHBII Ha HEHPOHHOW ceTH 00paTHOro pacrnpocTpaHeHus omMOKU [3] 1 OCHOBaHHBIN Ha HCIIOIB30-
Banuu anroputma ACE [4].

W3 npuBenenHol cxembl Ha puc. 1, ObUIM OTOOpaHBI 3HAYMMBIE TAPAMETPHI, KOTOPBIE UCTIONIB3Y-
IOTCsI B MOJIEITH JUISI OLIEHKH KauecTBa BBIXOAHOTO npoaykra ¢ppakuuu HK 35-70 (tadin. 1).

Tabnuma 1
Onucanne nepeMeHHbIX BXOISIIUX B MOJeIb

[Iepemennble Ornmcanne

Bxon x1 P1 — maBnenne Bepxa komoHHBI K-1
x2 F2 — mucrmusr xononnst K-1
x3 P2 — naBnenwne Bepxa xonoHHb! K-3
x4 T1 — remmeparypa Hn3a KonoHHsI K-3
x5 F4 — norok peduriokca komonHs! K-3
X6 F3 — morok mucrmisita 3 kononHs! K-2 B konmonny K-3

Beixon y Cymma C1-C4 xommonent Bo ¢pakimu HK 35-70, kononnst K-3

OOyyaromasi, BaJuJalMOHHAS W TECTOBasl BHIOOPKH ObUIM COPMHUPOBAHBI HA OCHOBE JTAHHBIX,
MOJTYYEHHBIX C MPOMBINUICHHOTO 00bekTa. B urore Beibopku nmerot pasmep 400x7, 30x7, 30x7, co-
OTBETCTBEHHO.

C uCTonb30BaHMEM BBIIIE ONMHMCAHHBIX BBHIOOPOK, OBUIM MOCTPOEHBI MaTeMaTHUECKHE MOJIEIH.
Mogens HC, moctpoeHHas Ha OCHOBE HEMPOHHOM ceTell 00paTHOro pacHpocTpaHeHus omuoOku. Mo-
nens ACE, moctpoeHHas Ha OCHOBE aliTOPUTMa YCJIOBHBIX YEPEAYIOMINXCS MaTeMaTHYeCKUX OXKHUaa-
HUl. Pe3ynbraTel MOAenrpoBaHUs MpeACTaBICHB! Ha pHc. 2, TabopaTopHblil anamu3 (JIA) u B Tabm. 2.
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Puc. 2. Pe3ynbTaTsl MOIEIHPOBAHUS

Tabnuma 2
Onucanne nepeMeHHbIX BXOISIIUX B MOJ€eIb

Kpurepwmii Mopemns ACE Mogens HC
R2 — ko3 durienT gerepMuHamn 0,5278 0,1256
RMSE — cpeHekBaipaTHYHOE OTKIOHEHHE 0,7478 1,0176

[To mpexncraBiaeHHBIM Ha puc. 2 U Ta0u. 2 pe3yabTaTaM MOXXHO OTMETHTh, YTO TOYHOCTH IOJTY-
YEHHBIX MOJIENICH He YAOBIETBOPSIIOT TPEOOBAHUSM, BO3MOXKHO C OTCYTCTBHEM PEIIPE3CHTATHBHOCTH B
AKCIIEPUMEHTAIEHON BBIOOpPKE AaHHBIX. HeoOX0oAMMO MPOBOMUTH JAOMOMHUTEIBHBIC UCCIICOBAHUS B
00JIacT! TIPECTaBIICHUS JAHHBIX JIJI1 MOJIEIMPOBaHus. Tak KaKk BRIOpAHHBIC METOBI MOJICITUPOBAHUS
XOPOIIIO TOIXOASAT JJIsi MOCTPOCHUS MOJIeNeil TIPU JOCTATOYHO PEIPEe3eHTaATUBHOM BhIOOpKE. OTMETHM
YTO MOJIEJb, TOCTPOEHHAS ¢ moMotibio anroputMa ACE naer 3ameTHO Jydiiie pe3yabTaT B CpaBHESHHU
C MOJIENbIO, TOCTPOCHHON HA OCHOBE HEHPOHHOM CETH.
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3akaoueHue. Bnaroz[apsl MPOBCACHHOMY HUCCIICIOBAHUTIO OBLIO IMMOKa3aHoO, 4YTO MpOLECC MOCTPO-
CHU MMPOTrHO3UPYIOMIUX MOILCJ’ICﬁ JJIL TOACUCTEM YIIPABJICHUA TCXHOJOIMYCCKHUM MPOLIECCOM MPOU3-
BOJCTBa OcH3MHA ABISETCS pr}.‘[OGMKOﬁ 3aj:[aqeﬁ, KOTOpYIO Tpe6yerc51 peuaTb KOMIIJICKCHO.

JIUTEPATYPA

1. Breiman, L. Estimating optional transformations for multiple regression and correlation / L. Breiman, J. Friedman //
Journal of the American Statistical Association. — 1985. — Vol. 80. — P. 580-598.

2. AHanu3 uaeHTHGHUIUPYEMOCTH HENMHEHHBIX 00BEKTOB YIIpaBiIeHws cnabo ¢popmanu3oBanHoi cTpykTypst / I'. B. luro,
H. B. luro, A. 10. Topramos, U. C. Mo:xapoBckuii // ndopmaruka u cucteMs! ynpasieHust. — 2012. — Ne 3 (33). —
C. 34-46.

3. Ali J. K. Neural networks: a new tool for the petroleum industry? // European petroleum computer conference. —
OnePetro, 1994.

4.  Mozharovsky, L. S. Predictive modeling of mass-transfer of plant using an algorithm of alternating conditional expec-
tations / I. S. Mozharovsky, S. A. Samotylova, A. Yu. Torgashov // Mathematical Models and Computer
Simulations. — 2020. — Vol. 12, No. 6. — P. 915-925.

LS. Mozharovskii (Institute of Automation and Control Process FEB RAS, Vladivostok State University, Vladivostok).
Model design of virtual analysis for subsystems of control of the technological process of gasoline production

Abstract. The issues of building virtual analysis models for control subsystems of a complex technological process of gaso-

line recycling are considered, which allow predicting the quality of products in real time, which makes it possible to quickly
control a complex production process.
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C. B. CTABPOB, C. A. IIEBJIITMHA
(MucTuTyT aBTOMaTHKK U 1iponeccoB ynpasienus JJBO PAH,
JlanpHeBOoCcTOUHBIH (henepaabHbId yHUBEPCUTET, BiaMBoCcTOK)

A. A. IINIOTHUKOB
(JaneHeBocTOUHBIN (penepanbHbI YHUBEPCUTET, BiamBocTok)

AHAJIN3 CTPYKTYP YIIPABJIEHUA MACCOOBMEHHOI'O TEXHOJIOI'MYECKOT'O
OBBEKTA C HAPIMAJIBHBIM KOHJAEHCATOPOM

B Ooxnade uccnedytomes  06e  pasauumvle  CMpPYKmypel  YHpasienus
MACCOOOMEHHBIM MEXHONOSUHECKUM O0OBEKMOM ¢ NAPYUATLHBIM KOHOEHCAMOPOM.
Ipusodumes ux awanu3 ynpasisaeMocmu Hd OCHO8e MAmpuybl OMHOCUMETbHBIX
K03 uyenmos ycuneHus.

BBenenne. PekTuukanoHHble YCTaHOBKH HCIIONB3YIOTCS MIPUMEpHO A7t 95% Bcex mporeccos
paszeneHus >KUAKOCTeH B HedTenepepadarbiBalomeil 1 HePTEXMMUYECKOH NPOMBINUIEHHOCTH. B
OONBIIMHCTBE MPAKTUYECKUX CIIy4aeB AJS PEKTH(PUKALMOHHBIX YCTaHOBOK HCIIONB3YIOTCS TOJNHBIE
KoHOeHcaTopbl. OpHako, MpH pa3felicHHH KOMIIOHEHTOB C KO3((UIUEHTaMH JIeTy4ecTH,
CYILIECTBEHHO OTIHMYAIOMIMUXCSA APYr OT APYra, He0OXOJMMO BBIACPKUBATH BBHICOKOE JaBJICHHUE BepxXa
KOJIOHHBI MIpU paboTe C MOJHBIM KOHAEHCATOPOM B OTJIMYHME OT MapUUalbHOTO KOHIeHcatopa [1].
Hcnonp3oBanue mapuaibHOTO KOHACHCATOPA MO3BOJSET CHU3UTh MaTepHaNIbHBIE U SHEPIeTHUECKUE
3aTpaThl Ha OXJaXJCHHE NPOAyKTa B KoHAeHcaTope [2]. B nmokmage wuccuemyrorcs nBe
anbTepHATUBHBIEC CTPYKTYpHI yrpasieHus (CY) maccooOMeHHOro Texnonorudeckoro oorsexra (MTO)
C TapUUaJbHBIM KOHICHCATOPOM MPH Pa3IUYHBIX YCIoBHX: (1) ypoBeHb B €MKOCTH PETYIHPYETCS
pPacxofoM JKMAKOrO AUCTHIUIATA M (2) YPOBEHb B €MKOCTH DErYIHPYETCS PAacXOAOM OpOILICHHUS.
[Ipeanouturenshas CY Oyaer 3aBUCHTH OT LiEJIEH KOHTPOJISI BCETo Mpoliecca.

Cucrembl ynpabjieHMsI MacCOOOMEHHOr0 TEeXHOJIOTHYeCKOro 00beKkTa ¢ NapHuaIbHbIM
KOH/IeHCaTopoM. {111 peKTH(HUKAIMOHHBIX YCTAHOBOK C MaplHajibHBIM KOHAEHCATOPOM TUCTUIUISAT
yoansercs U3 eMKOCTH B BUJE TOTOKAa MapoB U >KUAKOCTH. IIOCKONBKY MOTOK mapa He BIMAET Ha
YPOBEHb B €MKOCTH, €T0 HEJb3sl HAMPSIMYIO HCIONB30BaTh JUIsl KOHTpOJs ypoBHs. Kpome Toro, Ha
JaBlieHHE BepXa KOJOHHBI OyIeT OKa3blBaTh BIMSHHE HE TOJBKO TEIIOOTBOZA KOHIEHCAaTopa, HO U
pacxofl mMapoBOro JUCTWILIATA. PaccMOTpuM cienyiomme CTpyKTypbl ymnpasieHus (puc. 1): (a) mis
KOHTPOJSA TEMIIEpaTypbl Bepxa KOJNOHHBI HCIOJB3YETCS KOJIMYECTBO BO3BpAIAEMOW B KOJIOHHY
¢ermel (OpomieHns). YpoBeHb B €MKOCTH DPErYJIHUPYETCsS PacxoJoM JKUAKOro Auctwiuiara u; (0)
YPOBEHBb B EMKOCTH PETryJIUPYETCS paCXOJOM OPOILICHHUS.

Map
(Q1I;Iagz1) (Q11, Q21)

2

P
Xuagkoctb

XKunpkoctb
(Q22)

a) 0)
Puc. 1. Cucrems! ynpasnenust MTO ¢ mapnuansHsiM KoHAEHCATOpoM: a) CY1 — ypoBEH B €MKOCTH PErylnupyeTcs
pacxonoM xuakoro auctmurita; 6) CY2 — ypoBeHb B @MKOCTH PEryITHPYETCsI PACXOOM OPOIICHHS.

JlaBneHrne peryaupyercss pacxogoM IMapooOpa3HOro JucTwuisITa. Pa3paborka cucrteMm
yrpasieHus U ux HacTpoiika ansg MTO c¢ nmapuuaibHBIM KOHIEHCATOPOM HAMHOTO CIIOJKHEE, YeM IS
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YCTAaHOBOK C TIONHBIM KOHJEHCATOPOM H3-32 CHJBHOTO B3aMMOJCHCTBUS MEXAY KOHTYpaMu
yIIpaBIICHUS JaBJICHUS, TEMIIEPATYPHl U YPOBHA.

[lepenatounsie ¢yHkumu ansg nByx CY ObulM TONy4YeHBl MYTEM NPOBEACHUS IOIIATOBOTO
TecTupoBaHus (pa3Mep Iuara cocTaBisul £1% OT yCTaHOBHMBILErocsi 3Ha4eHHs) Ha MPOMBIIIICHHON
ycraHoBke ¢ nomoimpio Profit Design Studio. B Tabnuue 1 mpencraBieHa mMaTpulla HepegaTOdHBIX
¢$byHKLIME porecca.

Tabnuma 1

Iepenarounblie GyHKIMH AJISI ABYX CTPYKTYP YNPaBJIeHHUs

CTpykTypa ynpasJjeHus 1

Ynpasisiemble
nepemennbie (CV)

Ynpasasiromue nepemennbie (MV)

Temnepamypa éepxa KonoOHHbL

(TC1)

Temnepamypa xonoencamopa
HI(TC2)

Jaesnenue sepxa kononnut (PC)

Pacxoxn maposoro
muctwunaTa (Q11)

0

222(231s + 1)
54252 4 1475 +1°

—0s

—203(274s+ 1) __.
5612 +47s+1°

KauecTBo mapoBoro 0.08(16.1s+ 1) =05 0.036(8.2s + 1) -0 —0.001 =05
mucrunsra (Q21) 56.852 4+ 15.1s + 1 18.9s% +4.35+ 1 155 + 1
OtHomeHne —0.014
——e 0 0
OPOIICHUSI K CBHIPBIO 0.8s+1
CTpykTypa ynpasJjeHusi 2
Ynpasisiemble Ynpasasiromue nepemennbie (MV)
nepemennbie (CV) Temnepamypa konoencamop /Jlasnenue 6epxa KonoHHbI Pacxo0 scuoxkoeo oucmunnama
HI(TC2) (PC) (FC2)
Pacxoy TapoBoro 140 =05 —113 005 —0.04 005
auctuiiaTa (Q11) 125+ 1 28.3s + 1 825+ 1
KauecTBo napoBoro 0.03 005 —0.005 =05 —1.7(-5783s+1) _,.
mucrunsTa (Q21) 10s +1 61.2s + 1 3653 + 1252+
KadecTBO KUIKOrO —0.0003(—5659s + 1) —os 0.001 —os
e 0 e
aucruiuisita (Q22) 56.553 + 15s%2 + s s+1

i aHanm3a CTPYKTYp YNpPaBJICHUS, a TAKXKE JUISI CPABHEHUSI YIPABISEMOCTH PA3JIUYHBIX CXEM
yIpaBICHUS PEKTU(DUKAIIMOHHOW YCTAHOBKM BBIYHCIICHA MAaTpHUIlA OTHOCHTEIBHBIX KO3()(HUIIEHTOB
yeunernus (A) [3] ans cuctemsr 3 X 3:

0 -0.064 1.064 0.019 0981 0
Ay =0 1.064 —0.064 ;A,y, =| —0.092 0.019 1.073
10 0 1073 0  —0.073

[Ipeanouturensua ta CY, y xoTopoii snementsl A Oau3ku k eaunune. CymMma OTKIOHEHHH BCex
JUarOHAJIBHBIX AJIEMEHTOB A OT eAuHMIBI [3] MIs McClelyeMbIX CTPYKTYpP YIPABJIEHUS COCTaBISET
Apey, = 2.06 1Ay, = 2.89.

3aximoyenne. Ha ocHoBanum aHanmuza ynpaBmsiemoctTd CY1 Moxer ObITh BbIOpaHa Kak
Hamnydmas. OfHako, aHalIM3 YIPaBIAEMOCTH HE JAeT IMOJHOTO MPEICTABIEHUS O AMHAMHUYECKOM
MOBEJICHUH TIpoIiecca U B JAHHOM CJIydae He JaeT OJHO3HAYHbBIX pe3ynbTaToB. CleayeT OTMETUTh, YTO
aHaJN3 YNpPaBIsIeMOCTH CIIEAYyeT paccMaTpUBaTh Kak HEOOXOOMMOE, YeM JOCTaTOYHOE YCIOBHE IS
BbIOOpA CTPYKTYPHI YIIPABIICHUS.

Paboma nposoounace npu vacmuunoil nooodepoicke epanma llpesudenma
PD Ne MK 1994.2022.4.
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VK 621.391.172

O. A. CTEIIAHOB, 10. A. IUTBUHEHKO, A. M. UCAEB
(AO «Konnepn «LITHNU «DOnexrponpudop», Yausepcuter UTMO, Cankr-IlerepOypr)

CPABHUTEJIBHBIN AHAJIN3 PEKYPPEHTHBIX AJITOPUTMOB KAJIMAHOBCKOI'O
THUIIA B 3AJJAYAX IIOJJUHOMHUAJILHON ®UIbTPAIIUA

C  ucnonv3osanuem  panee  paspaboOmMaHHOU — MemoOOUKU  NpogedeH
CPABHUMENbHBIN AHANU3Z PEKYPPEHMHBIX AN20PUMMO8 KANMAHOBCKO20 TMUNA NPU UX
UCNONL306AHUU Ol peulerusl 3a0ayu KOppeKyuu HAGUSAYUOHHOU cucmembsl No
MAAKAM-OMBEMYUKAM.

BBenenne. MHorue 3a1auu, CBsi3aHHbIE C 00pabOTKOM M30BITOYHON U3MEPUTENFHON HHPOPMAIIHH,
HOCSIT HEIMHEHHBIM xapakTep. s X pelieHus: B paMKax CTOXaCTHUECKOTO MOAX0Aa Pa3paboTUYNKH
WCTIONIB3YIOT pas3inuHble cyOonTUManbHble anroputMsl [1—6]. Ilpu sToM s BeIOOpa KOHKPETHOTO
aNropuTMa MPOBOJAT MX COMOCTaBJIEHUE, BBHIIOIHAEMOE, KaK IIPaBUIIO, ITyTeEM MoennpoBanus [7, 8].
B [9] npennoxena Meroauka, MO3BOJIAIONIAsl HA OCHOBE PE3YJIbTATOB MPOBEAEHHOTO MOJAEIHPOBAHUS
KOJINYECTBEHHO  OLIEHUBAaTh TOYHOCTb, COCTOATEIBHOCT M  BBIUUCIHTEIBHYIO  CIOKHOCTb
paspabaTbiBacMbIX aJITOpUTMOB. B Hacrosmeld pabore Ha mnpuMmepe 3aJaddl  KOPPEKLUHU
HABUTAllMOHHON CHUCTEMBI CUMCIIEHUS C UCIOIb30BAHUEM ATON METOJIUKHU MTPOBOIUTCS COMOCTABIICHUE
KpaTKO OMMCHIBAEMBIX JjaJiee PEKYPPEHTHBIX ajJropuTMoB KaamaHoBckoro tuna (AKT).

I[MocTanoBka 3agaun. PaccmarpuBaercs 3a/1aua HEMMHEHHON JUCKPETHON (DUITBTPALUU H-MEPHOTO
CIIy4alfHOTO BEKTOPA X;, OMMCHIBAEMOT0 C TIOMOIIBI0 (hopMupyromero Gpuibtpa [8]:

Xk =fk(xk—l)+rkwk’ (1)
o m-MCpPHBIM U3MCPCHUSAM CIICAYIOLICTO BUA
yk:hk(xk)+vk’ k:laz"a (2)

rne k - MHAEKC AUCKPETHOIO BPEMEHH; X — #-MEpPHBIN CIIydallHBIA rayCCOBCKHM BEKTOp ¢ (pyHKuMei
IJIOTHOCTH PACHPENENEHUS BEPOATHOCTH p (xo) =N (xo;fo, PJ) W, — n,-MEPHBII LIEHTPUPOBaHHBIN

JMCKPETHBIA TayCCOBCKUN OENbIA LIyM, HE3aBUCALIMNA OT X¢, C M3BECTHOW MaTpuiell KoBapuauuili Q;
I'y — u3BecTHas MaTpulla pasMEPHOCTH nXn,; Vi — M-MEPHBIA LIEHTPUPOBAHHBIA JUCKPETHBII

rayCCOBCKHMI OCNbIif IIyM, HE3aBHCAIIMA OT Xy U Wy, C HM3BECTHOH MaTpullell koBapuaruu R.
Oco0eHHOCTBIO paccMaTpUBAaEMOH 3a/laud SBIACTCS TOT (akT, 4YTo BXozsmue B ypasaeHus (1) u (2)

HEJIMHEHHble BEKTOp-QyHKUUH f, 0), h,(e) mpenCTaBIAIOT COOON MHOIUHOMBI OTHOCUTEIBHO

KOMITIOHCHT BCKTOpa COCTOAHUMA 00 SABISIOTCS Kak MHUHUMYM JBaXJbl ,Z[I/Iq)(l)epeHL[I/IpyeMBIMI/I
(bYHKLII/IHMI/I 06]]_[61"0 BHJa, AOIMYCKAIOIIHUE TaKOC HpI/I6J'II/I)KeHI/Ie. I/I3BCCTHO, 4YTO OIITUMaJIbHas1 B
CPCAHCKBAAPATUYICCKOM CMBICJIC OLCHKAa BCKTOpAa COCTOAHHA MNpU PCHICHUU 3aJadr (bHJ'IBTpaI_[I/II/I B
paMKax 0aiiecOBCKOro noaxoaa OIpeaAcIACTCA B BUIC MaAaTEMAaTHYCCKOI'O OXHUOaHWA,

COOTBETCTBYIOIIEE AMOCTEPHOPHON IUIOTHOCTH PACHpPEIeNeHns BepositHocTelt  p(x, / Yk), rae

Y, =(»,y, » '.B KauecTBe pac4eTHOMN TEKYIIEH XaPAKTEPUCTHKH TOYHOCTH MPH ITOM MOXKET ObITh

WCIIONb30BaHA MaTpUIla KOBapHamui OMHOOK onTuManbHOro oreHuBaHus [1-5]. Ilockombky, kak
MpaBUJIO, JJI1 HETUHEHHBIX 3ajad 3aTPyJHUTENBHO, a B pANE CIydyacB HEBO3MOXKHO, PEan30BaTh
QITOPUTM HAXOXKJCHUS ONTHMAJIBHON OLECHKA C WCIOJIb30BaHUEM OOPTOBBIX BBIYHCIUTEICH,
pa3pabaThIBAIOTCA PA3IUYHOTO pOJia YIPOIIEHHBIC (CyOonTUManbHbIe) anroputMbl. [Ipu sTom
CTPEMSITCSI, YTOOBI 3T AITOPUTMBI OOCCIICUMBAIH: TMOJYYCHHUE OIICHKH, OJIM3KOW IO TOYHOCTH K
ONTUMAJIbHON; CBOMCTBO COCTOSITCNIBHOCTH, IMOJ KOTOPHIM IMOHUMAETCS aJleKBaTHOCTh pPacueTHOU
XapaKTEePUCTUKU TOYHOCTH, COTJIACOBAHHOM C €€ ACHCTBUTENbHBIMU 3HaUeHUSAMU [14]; BO3MOXHOCTh
peanu3anuu, He TPeOYIOUeH 3HAYMTEIBHOTO OObeMa BBIYHMCICHUHA. M3 CKa3aHHOTO €CTECTBEHHBIM
00pa3oM BEITEKaeT HEOOXOJUMOCTh METOAMKH, IIO3BOJIAIONIEH TPOBOJUTH COMOCTABICHUC
pa3pabaThiBaEMbIX CyOONITUMAITBHEIX aITOPUTMOB C YUETOM ITEPEUNCIICHHBIX BHIIIC MPU3HAKOB. Takas
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MeToauKka mnpeasoxkeHa B [9]. OnHa mnpenmonaraeT MHOTOKPaTHOE MOJAEIMPOBAHHME peamu3anuil
OLIGHMBAEMBIX MocienoBaTenbHOCTed (1) W COOTBETCTBYIOIIMX MM H3MepeHHi (2) W MOCTpoeHHe
OLIEHOK COIMOCTAaBJISIEMBIX JITOPUTMOB. Pacrnomaras STUMM JQHHBIMH, BBIYHCIISIIOTCS: BBIOOPOYHBIE
3HA4YeHUs] MaTpHULbl KoBapuauui Gy, XapaKTepusyrolledl AeHCTBUTENbHbIE OMMOKKA OLEHWBAaHUS U
cpeqHee 3HAUYCHME pacueTHOM Matpuubl koBapuammii G, . C HMX HCHONB30BaHUMEM Janee

sub sub
pacCUUTBIBAOTCH KOB(l)(i)I/II_[I/ICHTI:I gkvu , G km , IO3BOJIAIOIIHME KOJINMYCCTBCHHO OICHHUTH TOYHOCTH H

COCTOATCIIBHOCTDb COIMOCTABJIACMBIX aJITOPUTMOB.

R RN AR s

é:ik - , - , > Sk = , b ,i=1.l’l, (3)

[Gk]i,i [Gk ]i,i
rue [G,f“b M [G,fub]i,i — JMaroHalbHBIE 3JIEeMEHTHl OE3YCIOBHBIX M YCPEAHEHHBIX PacyUETHBIX
MaTpun KOBapI/IaLII/If/i CY6OHTI/IM3J'H>HI>IX AJIropuT™MOB, a [GZ l'i_ JUAaroHaJIbHbIC JJIEMEHTHI

5

6CBYCJ'IOBHBIX MaTpui KOBapI/IaLII/Iﬁ, COOTBCTCTBYIOIIUX OAHOMY M3 aJTOPUTMOB, OTHOCHUTCIBLHO
KOTOpPOro mpoBOAUTCA COMOCTABJICHHUEC MO TOYHOCTH, HA3BIBACMOI'0O JaJIcC 0a30BBIM. KpOMC TOro, 1o
sub *
sub __ 4 —7 sub
(l)OpMyJ'Ie T = ——— BBIYHCJIICTCA KOS(l)(l)I/I]_[I/ICHT T , C IOMOIIBK KOTOPOro MOXHO
T

HpI/I6J'II/DKCHHO OLHCHUTDH BBIYUCIUTCIBHYIO CJIIO)KHOCTH aJIrTOPUTMOB. B »tOoM cooTHomIEHHH
1 & 1 &
sub __ sub * * sub
T —Z t , T —Z t , — BpEMsA, 3aTPAYCHHOC BBIYMCIUTCICEM Ha PCUHICHUE 3aJadyu
Jj=1 Jj=1

OLCHHMBAHUA C HCIIOJIB30BAHHWECM  aHAJIU3UPYCMBIX Cy60HTI/IMaJ'H>HI>IX aAJIroOpuT™MOB, a f* — BpeMmd,
COOTBCTCTBYIOLICC aJITOPUTMY, Tpe6y10LueMy MHUHUMAJIBHOTO BPpEMCHU CPEAU BCCX COIMOCTABJISICMbBIX
AJITOPpUTMOB.

B pa6OT€ 9Ta MCTOAUKA HIINIIOCTPUPYCTCA HAa NPUMEPC €C HCIOJb30BaHUA I COIIOCTABJICHUS
OMMCBIBACMBIX HaJicC aJITOPUTMOB IIpU PCHICHUU 3aJa4i KOPPCKIUH HaBI/IFaHI/IOHHOﬁ CHCTEMBI I1I0
MassKaM-OTBCTUYHUKAM.

Comnocrapiasiemble aaroputmbl. B pabore paccmaTpuBaroTcsi pEKyppEeHTHBIE alTOpUTMEI,
MOJTYYMBLINE HAaNMEHOBaHHE alTOPUTMOB KaJMaHOBCKOrO THUHa W oOJajaromue ABYMS

OTIIMYUTEILHBIME OCOOEHHOCTSIMU. BO-HepBLIX, arocCTepruopHas miIOTHOCTb p(xk—l /Y;<—1) Ha KaXJoM

mrare 3aMeHSIETCS €€ TayCCOBCKON ammpOKCUMAaLUel, OMMCHIBAEMON C IIOMOIIBIO BEIPaOaTHIBAEMBIX B
QITOPUTME OLEHKH X, (Y,{) U COOTBETCTBYIOIIEH el pacu€THOM MaTpuubl KoBapHanui Py, T.e.

p(x. /Y% )=N (x,{fl;)"c,ﬁl,PH), Bropas ocoOeHHOCTD, ompeenserca TeM, 4To 00padoTKa TEKyLIEro

WU3MEpPEHHsI OCYILIECTBISICTCS MCXOAS M3 HICOIOTMH MOCTPOCHHS JIMHEHHOTO ONTUMAalbHOTO
anmroputMa (JIOA) [3, 15]. [ns sToro peanusyercsi cuenyaibHas Mpoueaypa, moapodHO onucaHHas B

o T
[8]. Cyrb aTOM mpouenypsbl 3akitoyaercs B (OPMHUPOBAHUHM COCTAaBHOTO BEKTOpA Z, =|xk yk| u

BBIUUCJICHUU [JII HCTO MAaTCEMAaTHYCCKOIrO OXHUIaHHA W MaTpPHUIIbI KOBapHaHHﬁ. PaCCManI/IBaeMI:IG
Cy60HTI/IMaJ'H>HBIe AJITOPUTMBI NIPCACTABJIAIOT coboit JBa pa3jIMYHbIX Kj1acCa AKT. B OJHOM H3 HHUX
BBIYHCIICHUC H606XOZ[I/IMI:IX BCIIMYMH OCYHICCTBJIACTCA HA OCHOBC alNIIPpOKCUMAIlMU HEIIMHEHHBIX

BeKTOp-QyHKIUH f, (0) u h(e) B (1) u (2) myrém pasnoxkenus ux B psn Teilmopa ¢ coxpaneHueM

clIaraeMbIX TOTO WJIM WHOTO mopsnka: ains obooOmenHoro ¢unbtpa Kanmana (EKF) — mepBoro
nopsizka [1-8], a ans nomuHoMuansHoro ¢punbtpa (SOPF) - BToporo mopsiaka [4—6, 8—13]. Mckomblie
MOMEHTHI B 3TOM CJIydae HaXOISATCS C MCIOIb30BaHUEM (POPMYIIBI I YETHBIX MOMEHTOB TayCCOBBIX
CIlyJalilHbIX BEJIMYMH M TOro (pakta, 4To HEYETHBIE LEHTpPajbHbIE MOMEHTHI PaBHBI HYIIO. Bropoii
knacc AKT mpeacrasmser ancueHtHolii ¢unbtp Kammana (UKF), ypaBHenust nmunammku (1) u
u3MepeHnii (2) B KOTOPOM HampsIMyl0 HE amlpOKCHMHUPYIOTCS, a MPHU OTBICKAHHMH HEOOXOAMMBIX
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MOMEHTOB HCIOJBb3YeTCS TaK Ha3blBacMas MpoLenypa aHCUeHTHoro npeobpasosanus [10, 11], ans
peanu3anyy KOTopoil He TpeOyeTcsl HaXKICHHUS IIPOU3BOIHBIX.

3agaua KOppeKUHH HABUTAIMOHHON CHCTEMBbI MO0 MasiKaM-0TBeTYUKaM. [Ipu comocraBieHuun
paccMaTpuUBaeMbIX ~ aJrOPUTMOB MPHUMEHUTEIBLHO K  3ajadaM, CBS3aHHBIM ¢  00pabOTKOii
HABUTAIIMOHHON WHGopMarmu, Obula BbIOpaHa 3ajjadya yTOYHCHHWS MOKa3aHWUN HaBUTAIMOHHOM
cUCTEeMBbI MO MasgkaM-oTBeTuukam [1, 17]. Ilpu mpoBemeHuH NOpeACKa3aTENbHOTO MOACTUPOBAHUS
MPEATONAarajoch, YT0 MOPCKOH NOABIKHBINA 00bekT (MIIO) nBrkeTcs B JOKaJIbHOM MPSAMOYTOIBHOM
JIEKapTOBOU cUcTeMe KOOpAUHAT Ox1X,, PacIONIOKEHHONW B IJIOCKOCTU TOPU30HTA. Tak:Ke CUMTaIoCh,
yT0 KoopauHaTel MIIO BbeIpaOaTHIBAIOTCS HABUTAIIMOHHON CHCTEMOM CUYHWCICHHS 10 MOKa3aHUSIM
KOMIIaca W OTHOCUTENbHOro jara. [Ipm 3TOM B JUCKpPETHBIE MOMEHTHI BPEMEHH IIPOBOMASTCS

HU3MCPCHUA I[aHBHOCTCﬁ yl,k . yz,k . y3,k a0 TpéX MasgKOB OTBCTUUKOB, KOOPAWHATHI KOTOPLIX CUUTAJIMCH

T
, B KOTOPOM Xij, X3 — UCTUHHBIC

U3BECTHBIMU. BBOIs 4-X MEpHBINM BEKTOp X, = ‘xl k Yok Xypo Xy

KOOpAUHATHI 00beKTa, a X;, = AV, , x,, = AK, — ommbKku onpe/eneHus CKOPOCTU U Kypca, KOTOpbIe
Ha WHTEpPBAJC PEIICHHUS 3a7aYydl CUYUTAINCh IMOCTOSHHBIMH, IMOBEACHUE TUHAMUYECKOW CHCTEMBI

MOKHO omcaTh Kak x, = f, (x, , )+u,, rue X, . | v u, umeror Bux [17]:
k k k-1 k k k—1
X =V, At cos (K,F1 ) X, 4 —Sin (ka1 ) Atx, ,_, +cos (ka1 ) Atxy X, 0

Xyt I%HAt sin (ngf1 ) X, 4 —COS (IE,H ) Atxy _, —sin (IE,H ) JAVA S P ,

fi(%)= (4)
X311
X451
- . - - T - -
u, =V, Sln(KH)At Vi COS(K,H)AI 0 O ,aV, nK, —nokazaHus KoMIIaca u jiara Ha
mare k. 3sMepenus 1aIbHOCTH 10 MasKOB MOYKHO IIPEICTABUTD B BUJIE:
_ im 2 im 2 . _1 3 5
Vi S\ X =X ) H X, =X ) +V,,, 1=1.5, 5)
rie  x,”,X;" — U3BECTHBIC KOOPAMHATHI [-TO Masika, V;x — MOIPCLIHOCTH W3MEPCHHIA,

MNpeACTaBIAIOINC coboif JAUCKPCTHBIC I'ayCCOBCKHEC IICHTPUPOBAHHLIC Oernble IIyMBI C JUCHICPCUAMU

2
(O'y) . llpuaumass Bo BHuManue (5), HETPYAHO AN TPEXMEPHOTO BEKTOpa H3MEPEHUH
KOHKPETH3UPOBATh BhIpakeHHUE (2) MPUMEHUTENBHO K paccMaTprUBaeMoi 3aaaye.

[Ipu moctpoeHnn anropuTMOB HenMHeHHas (QyHKuuWs, BXopsmas B (5) packianbiBajach B psill €
TOYHOCTBIO JJO WIEHOB BTOPOrO MOpsAAKa MajOCTH. JTO, HApsAy C MOJIMHOMHUANBHBIM XapaKTepoM
¢ynkuuu (4) obecreyrBano BO3MOKHOCTDh HCIIONB30BaHHUS 00CY:KIaeMbIx B Hactosmend padore EKF

u SOPF. CootBercTByIonyie COOTHOLIEHHS IJIsi UX MOCTpOoeHHs Obutn B3sTH U3 pabotel [17]. Tlpu
sub .
BbIYKCIIeHNH KodGduimentoB &, B KauecTBe 6A30BOr0 aIrOPUTMA HCIIONB30BAJICS UTEPAL[OHHBIIT
0000mennbt Gunbtp Kanmana (Iterated Extended Kalman Filter - IEKF) [1,3,4,17]. Kak Osuto
nokaszaHo B [17], mnsa paccMmarpuBaemoit 3amaum IEKF, mpakTtudeckn coBmagaeT ¢ TOYHOCTBIO
ONTHUMAJIBHOTO AJTOPUTMA U TIPH 3TOM OH SIBIISIETCS] COCTOATEIBHBIM.
HeobxonuMoe MoIenupoBaHMM BBINOJIHSIIOCH TpU CleAylomuX mnapamerpax [17]: u3BecTHBIE
KOOpIMHATBI ~ MasKOB X" =-960, xJ =250, x2™ =-1000, 3" =0 x™ =-960, x3" =-250,

HavyanpHele KoopauHatel MIIO x{G" =0, x30" =0, yron kypca K =15° CKOpPOCTb B IIPOJOIBHOM

HamnpasneHnu V =3 ]l/l/ ¢, Bpems moaenupoBaHus ¢ = 50 ¢, mar quckperusanuu Af =1 c.

sub sub
Ha puc. 1, 2 B KaueCTBC MpHUMEpa IMPCACTABJICHBI Fpa(l)I/IKI/I KOB(l)(bI/ILII/ICHTOB A 7gk N

paccUMTaHHBIX U1 TEPBBIX JBYX KOMIIOHEHT BeKTopa-cocTosiHus. CuuHuil nBer u uudpa 1
coorBercTBYIOT anroputmy EKF, uépneiii u uudpa 2 — SOPF, a mypnypssiii u uugpa 3 — UKF.
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sub _sub .
Puc. 1. Koaddurments flnli , glnli JUTS TIEPBOI KOMITOHEHTEI BEKTOPA-COCTOSTHIS (KOOPIMHATEI X f).
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08
sub

2.k

04

02

sub  _sub .
Puc. 2. Koaddurments .f;;c , gz‘”k JUTSL BTOPOH KOMITOHEHTBI BEKTOPA-COCTOSIHUS (KOOPIMHATEI X 1).

.Hy‘II_HI/Iﬁ cpeau COMOCTaBJISICMbBIX Cy60HTI/IMaJ'H>HBIX AJITOPUTMOB, KaK IO TOYHOCTH, TaK H IIO

cocrosTenbHOCTH oka3biBaeTcss SOPF. Ananornynsie konndecTBeHHbIE XapakTepucTuku UKF 6musku

sub sub
K &, 6, i SOPF B wactu onieHnBanus x4, AV, u AK;. OHAaKO IPU OLIEHUBAHUH X, x CHIKEHHE

tounoctn UKF 1o cpaBuenuto ¢ Tounoctu IEKF cocrasnsier Gonee 10 % mepsoie 15 cexyna paboTbl
¢unbrpa. Taxke Oomee yem Ha 10% OTIMYAIOTCS COOTBETCTBYIOUIME TUATOHAIBHBIC SJIEMEHTHI
NEMCTBUTENBHON M ycpenHEHHOW pacuérHoi matpuisl koBapuanuii UKF. [Ing SOPF xe uepes naTob
ceKyH paboThl PUIbTPA OTINYMA TOYHOCTH U COCTOSATENBHOCTH He npeBbimaroT 10%. Hanmensiyio
TOYHOCTh U COCTOSTENbHOCTh Moka3biBaeT EKF mnpu oneHuBaHMM BceX KOMIIOHEHT BEKTOpa-
COCTOSIHHSL.

Omnenka OBICTPOACHCTBHSA aJIrOPUTMOB MPOBOJMIIACH C HCHONb3oBaHUeM mpoueccopa QuadCore
Intel Core 15-4690K ¢ HOMHHANBHOI TakTOBOH uacToToit 3,8 I'Tw. IIpu stoM Kodddummentsr T
PaCcCUUTHIBATIKCH AJISl BCEX CYOONTUMANIBHBIX alroputMoB, Bkitodas IEKF.

Taonwuma 1.
EKF | SOPF | UKF | IEKF

™ - 8.85 | 45.48 | 1.78

PesynbTatel pacuéra T s 3amaun KOPPEKIMHA HABUTALIMOHHOM CHCTEMBI IO MasKaM-OTBETUHKAM,
MpUBeNEHHBIE B TaOmuIle 1, MoKa3au, 4To Cpe CyOONTUMAITBHBIX arOPUTMOB, IIOCTPOCHHBIX HCXOJIS U3
uaeonorun JIOA, HanOornee MPOCThIM B BEIYUCIUTENBLHOM In1aHe siBisiercss EKF, a Haubonee cnokHbIM —
UKEF. Ilpu stom IEKF, TOYHOCTH KOTOpOTO B paccMaTpUBaeMOM 3aade COMOCTaBUMAa C TOYHOCTHIO
ONTHMAJIBHOTO aJITOPUTMa, TpOoIIe B BeIMUCIuTeNsHOM miane, ueM SOPF u UKF.

3akJoueHmne.

1. [TlpemnokeHHas paHee METOAWKA  COMOCTABJICHUS  CYOONTHMANbHBIX  AJITOPUTMOB
OPOWJUTIOCTPUPOBAHA HA  IpUMEpe €€  HCHOJAb30BAHUS  IJsl  COMOCTaBIECHUS  TOYHOCTH,
COCTOSITEIPHOCTH U BBIYUCIIMTEIILHOW CIIOKHOCTU aHCIEHTHOro ¢uibrpa Kammana, 0000IeHHOrO
¢unpTpa Kammana v NOMHMHOMHUAIIEHOTO (PHIIBTPA BTOPOTO MOPSIKA MPH PEIICHUU 3a/1a4l KOPPEKITHH
HaBUTAITHOHHOH CHUCTEMEI IT0 MasiKaM-OTBETYHKAM.

2. Ilpu pemienuu 3aiauu KOPPEKLUHU HABUTAIITMOHHON CHUCTEMBI M0 MasKaM-OTBETYMKAM JIYUIIUM
CPEIH COIMOCTABIIIEMBIX CyOONTUMAIBHBIX AITOPUTMOB KaK 10 TOYHOCTH, TAK M TIO0 COCTOSATEIbHOCTH
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okazanca SOPF, ornmunsa xoroporo no nepedncieHHbIM xapakTepuctukaMm oT IEKF He mpeBbimator
10%. UKF e npu orjeHuBaHUM BTOPOH KOMIIOHEHTBI BEKTOPA-COCTOSIHUSI IEMOHCTPUPYET CHUKEHHE
TOYHOCTH M cocToATenbHocTH Oonee uem Ha 10%, mepBbie 15 cekyHn pabotel (uibTpa.
HauMenblryto TOYHOCTh U COCTOSTENBHOCTh NPU OLIEHUBAHMM BCEX KOMIIOHEHT BEKTOPA-COCTOSHHUSA
noka3piBaeT EKF. IlomydeHHble pe3ynbTaTbl COMOCTABICHHUSI BBIUMCIUTEIBHOM  CIOXXHOCTH
AHAJIOTUYHBI TEM, KOTOPBIE MTOTyYEHBI B CKAaJISIPHOM IIPHUMEpE.

HUccredosanue svinonneno 3a cuem epauma Poccutickozo nayunozo ghonoa Ne 23-19-00626,
https.//rscfru/project/23-19-00626/.
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B.B. BOI'OMOJIOB
(AO «Konnepn «[{THUU «3nekrpornpudop», Yausepcurer U”TMO, Cankr-IlerepOypr)

HO3NMIINOHUPOBAHUE ABTOHOMHOI'O HEOBUTAEMOI'O ITIOJABOAHOTI'O
ATIITAPATA 11O U3MEPEHUSIM JIAJIbHOCTEM OT MEHEE TPEX
I'MIPOAKYCTHUYECKHUX MAAKOB HA OCHOBE PEKYPPEHTHBIX METO/IOB
BAMECOBCKOI'O OLIEHUBAHMSI

Paspaboman pexyppenmmuvlii aneopumm onpedeneHus KOOPOUHAN A6NOHOMHOZO0
HeoOUmMaemo2o NOOBOOHO20 ANNAPama ¢ UCHONb30BAHUEM DASHOMOMEHNHBIX U3Mepe-
HUll OanbHOCmell 00 2UOPOAKYCHUYECKUX MASK08, 1a2d U Kypcoykazamens. Qucio ooHo-
BPEMEHHO UCHONb3YEMbIX MASKO8 MOdicen Oblmb NPOU3EOTIbHBIM, HO eCMb N0 KpatiHell
Mepe 00uH MOMEHM, 8 KOMOPbIL USMEPEHUs NOCIMYNAIOM O He MeHee YemM mpex Mdasi-
K08. B amom momenm 0ns nonyuenus HAUanbHOU MOUKY TUHEAPU3AYUL USMEPEHULL UC-
ROMb3Yemcst NPUOIUIICEHHbIL aHanumuueckuil cnocod. Bo eéce nmpedwecmeyiowjue mo-
MEHmMbL UBMEPeHUs. COXPaHOMCst Ol nociedyrowell oopabomku. B arecopumme uc-
NONL3YIOMCcs 084 PUIbMpa, NApaIeIbHo 00pabamvlsaroujue UsMepeHus 8 NpsmMom u
obpammnom epemenu. Pezyibmamol puibmpa 6 npsamom 6pemMeHu KOpPeKmupylomes no
pe3yibmamam uabmpa 8 06pamHoM 6peMeHlU ¢ NOMOWBIO (DUKIMUGHBIX USMEPEHUI.
Tpedcmasnenvl peyrbmamul YUCIEHHOU anpobayuul NPeolodNCeHHO20 ANeOPUMMA HA
BPOOOINCUMETILHOM UHMEPBATE BDEMEHI.

Brenenue. CymecTByroT pasHooOpa3Hble MeTobl HaBuraiu AHITA mo usMepeHusIM JanbHOCTEH
JI0 TUJPOAKYCTUYECKUX MasKoB [1-8], KOTOpble OTIMYAIOTCS KOJIUYECTBOM NMPUEMHUKOB M MasikOB, I€0-
METPUYECKUME OCOOCHHOCTSMH MX PACIOJIOKECHHUS, HCIIOIh3yeMbIMH MaTeMAaTHUECKUMU MTOXonamMu. B
HaCTOsIIeH paboTe peub UJIET O TaK HA3BIBAEMOM METO/IC JJIMHHON 0a3bl, IPEAIONAratoeM MoTyYeHUe
0e33arpOoCHBIX U3MEPEHUH BPEeMEHH PaCcIpOCTPaHEHHS CHTHAIA OT MAasKOB C M3BECTHBIMU KOOPIMHATA-
Mu K AHITA npu cuHXpOHM3MpOBaHHBIX IIKandax BpemMeHH MaskoB U AHITA. M3Mepenue nansHOCTH
(hopmupyeTcs KakK MPOU3BEICHIE H3MEPEHHOTO BPEMEHU Ha MPUOIMKEHHYIO OLIEHKY CKOPOCTH 3BYKa B
Boje. 3aJlaya peraeTcs Mo CEepu HAKOIUICHHBIX PA3HOMOMEHTHBIX M3MEPEHUH C MPUBICUYECHUEM AaH-
HBIX OTHOCHUTEIBHOTO Jlara U Kypcoykaszarens. B OCHOBE anropurma pelieHus MOJ0XKeH 0alieCOBCKUM
MOAXO]l, YUUTHIBAIOIIMI CTOXaCTUYECKUE CBOMCTBA MOrpelIHOCTer u3mepureneid. Eciau anpuopHsie ko-
opauHaTtel AHITA otcyTcTBYIOT 00 MX MOTPEITHOCTH BEIUKHU 110 CPABHEHHIO C JATLHOCTHIO JIO Masi-
KOB, BO3HUKAIOT TPYAHOCTH C MPUMEHEHHWEM B PacCMaTpUBAEMOM 3ajaue aJirOPUTMOB KaJIMaHOBCKOI'O
THIA Ha OCHOBE JIMHEApU3AlMK U3MEpeHUH. [ momydeHus: IpueMiIeMo TOUKM JTUHEapu3alu B MO-
MEHT ), KOT/Ia BIICPBBIC TOSBISIOTCS OJHOMOMEHTHBIC H3MEPEHUS OT TPEX MM Ooliee MasKoOB, B HACTO-
SIed paboTe MCIONb3yeTCs MPUOIMKCHHBIA aHAMTUYCCKUH CIIOCO0, TPEATONararonmii OTCYTCTBUC
MOTPENIHOCTEH m3MepeHuil. UToOBI He MOTEpsITh MOJIE3HYI0 HH(POPMAITHIO, MOKHO YYECTh COXPaHEHHBIS
JI0O MOMEHTA £y, UI3MEPEHUS, a 3aTEM IPUCTYIHTH K 00pabOTKe H3MEPEHUI, TOCTYMUBIIHX MTOCIE f. Takoe
pellieHre, UCTIONB3YIOIIee MPOLEAYPY CrIaXXUBaHUs B (PUKCHPOBAHHOW TOUKe [9], OBLIO MCCIIENOBaHO B
[10, 14]. Ogaako 0OpaboTKa OONBIIOro YMCIa COXPAaHSHHBIX JIO MOMEHTA f) U3MEPEHHUI BEI3bIBACT 3a-
nepkky. UToObI ee n30ekaTh, IpeJiaraercs pelieHne, B KOTOPOM 00pa0oTKa M3MEPEHUH 10 U MOCIie
MOMEHTA #( BBITIOJHSCTCS MapaJUIeNIbHO C ITOMOIIBI0 ABYX (DMIBTPOB B MPSMOM M OOpPaTHOM BPEMCHH.
[Ipu 3TOM pe3ynbTaThl GUIBTPa, PAOOTAIOIIErO B IPSIMOM BPEMEHHU, KOPPEKTUPYIOTCS IO pe3yibTaTaM
¢mbTpa, 06padaTHIBAIOIIEIO COXPaHEHHEIC U3MEPEHHSI.

[MocranoBka 3agaum Hapurammum AHIIA. o  1OUCKpeTHBIX  MOMEHTOB  BpPEMEHHU
t,i=-N,...,0,1,2,... HMEIOTCS HA3MEpEHUst JaJbHOCTH J10 MasikOB

J_in _ J 2 J 2 J 2 J J -

Y/ =T/c, —\/(x,. -x, ) +(/ =y,) +(z —z,) +AceI/ +8,+v/, rne j=1.n — HOMEp MasKa, X;,
y; — HEU3BECTHBIE TOPU30HTaNbHBIE KOOpaAuHATEl AHITA B nokanbHON NPSIMOYTOIBHON CUCTEME KOOP-
AMHAT ¢ reorpaduyeckoil opreHTanuei oceil (anpropHas HHGOPMAIHUS O HUX OTCYTCTBYeT), X/, y/—

Hayuansrii pykoBomurens: 4.T.H., B.H.c. Kommaes J[.A
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M3BECTHbIEC FOPH30HTAJIbHBIC KOOPAMHATHI MAsIKOB, z;,z, — W3BeCTHbIE ryOuHbI MasikoB 1 AHIIA, ¢,
Ac — anpriopHasi OLleHKa CKOPOCTH PaclpOoCTpaHEHHs 3ByKa B BOJIE U €€ OIIMOKa — MOCTOSIHHAS BENIU-
uMHa co cpeaHekBaapartuueckuM orkionenrem (CKO) o, , T’/ — u3MepeHHOEe BpeMs POXOKIEHHUS

1
cursuajia, 5[ - 06]].[35[ JJIs1 BCEX MAsiKOB H Vl.j HCKOppCIHMPpOBAHHAA JJISI PA3HBIX MAasKOB 66J'IOH.IYMHI>IC

omoku ¢ CKO o;, o,. [Ipeamonaraercs, uto Ha 6opty AHITA ucnons3yercs cucrema CUMCICHHS IO
WU3MEPEHUSAM MPOAOIHHON U MONEPEUYHON COCTABISIOMIMX CKOPOCTH OTHOCUTENBHOIO Jiara ¢ UHCTPY-
MeHTalbHbIME OenoimyMabiMU ommOkamMu ¢ CKO 6,y ¥ ToKa3aHUMSIM KypcoyKasatens, Harmpumep,
MarHMTHOTO KoMIlaca ¢ ommoOKkoi AK, mpeictaBistonieii co00i CTalMOHAPHBIM MapKOBCKUI MPOIECce
nepBoro nopsiaka ¢ CKO Gax 1 MHTEPBAIOM KOPPEISLUUU Tag. [IpH CUMCICHUH UCIIONB3YIOTCA 3Haue-

HUS reorpa@Uyueckux COCTaBISIONIMX CKOPOCTH TeueHus ¢ ommoOkamu AU ¥ AUY B Bume crammo-

HAapHBIX MapKOBCKMX IpoleccoB nepsoro nopsaaka ¢ CKO o6,y 1 MHTEpBanIoOM KOppensauuu Tay. Bee
yKa3aHHBIE OINMOKHM CUUTAIOTCS TayCCOBCKMMH IIEHTPUPOBAaHHBIMU BelMYMHaMu. Jlanee moj HoMepa-
MM i TUCKPETHBIX MOMEHTOB BPeMEHHU OyJIeM IOHUMATh CAMU MOMEHTBHI ;.

ITpennonaraercs, 4ro s (<0 UMEIOTCA U3MEPEHUs OT He Oojiee YeM JIBYX MasKoB, a ais =0 — or
HE MEHEE YeM TpeX MasdKoB, T.e. 1, <2 mpu i<0, n, >3 . Koau4ecTBO UCIONb3yEMBIX MasKOB Juis i>0

HE OroBapUBaeTcs.
Tpebyercst onpenenuts ropuzoHTadbHble koopauHatel AHIIA x;, y; miis moMeHToB i>0 10 BceM
JOCTYIHBIM HM3MEpeHHs M. 3ajadya CBOOUTCA K 0aileCOBCKOMY OIICHHBAHWIO BEKTOpA COCTOSHUS

T
X, =[x, v, Ac AK, AU AU;1" no usmepenusm Y_y,...,Y;, rae Y, =(Yl-1,...Yl-ni) .

Onucanue npeaiaraemoro aaropurma. Ha puc. 1 mpuBeneHa cxema, MOSICHSIONIAs! MPUHIUTT
JISHCTBUS TIPEIaraeMOro PeKyppEeHTHOTO aJIfOPUTMA JJIsl pelieHust chopMyIupoBaHHOM 3anaun. Ha
CXeMe ImoKa3aHa IBOJIOIHS rayCCOBCKUX aIPOKCUMAIUI arloCTepHOPHBIX moTHocTel f{4|B) [4], T.e.
IJIOTHOCTEH BEPOATHOCTHU OLCHUBAEMOM CIydalHON BETUYUHBI 4, YCIOBHON MO OTHOIIEHHUIO KO MHO-
XKecTBy u3Mepenuii B. Crenyer uMeTh B BUAY, UyTO caMH f{A|B) B anroput™e He (HOpMHUPYIOTCS, BBIpaA-
0aTBIBAIOTCS JTUIIIH WX MTAPAMETPBHI.

@IWIETp B 0OpaTHOM BpeMeHH, @uIBTp B IPAMOM BpeMeHT,

P pu — P TTepBoe HaBHTAITHOHHOE PP T P
oleHnBaronuii X, mo perrentie OIIEHNBATOMIIN Y; TT0 TEKYII[IM
COXPAaHEHHBIM /10 /=0 H3MepeHIAM ¢  p-l H3MepeHnaM be3 yuera
B 00paTHOM IOpsAJIKe 0“0 . COXpaHeHHBIX

HrepallHOHHEIH A
4 _ N amroput™ K
e R 1 : > | 1o G
Xy 3 e 15 < 1) — £ 5 > £ Bnl
Iy 0 h Ny
N
Xo/n-| For-n Xo/1- [Fora Jo . f Yn
~ _/’- _1 If A-’ : d
X /0y P (p]- - | N .
. 0/0+{*0/0 ;'I f )11 YO .' YN
I | }i | \] .
@opMHpPOBaHHE DOopMIPOBAHIE Yy
(UKTHBHOTO H3MepeHIT (HKTHBHOIO II3MepeHHs [ fl Xnal o
¢ € MaTpHuen ** | @ ¢ MaTpHIeit N+l
KOBapHAIII HOMeX KOBapHALTHH ITOMEeX on /

— OrneHnBanue X; Mo
TEKYTIITHM H3MepeHIAM

Puc. 1. Cxema npeoOpa3zoBaHUs rayCCOBCKHX AIIIPOKCHMAIIHI allOCTEPUOPHBIX INIOTHOCTEH MpH paboTe MpeIoxKEeHHOro
anropurMa. Ha cxeme Xy,_;, Fy/_; —ouenka Xymo Y ;,..Y; ¥ KoBapHallMOHHAS MATPHIIA €€ OLIMOOK.

3anyc1< AJITOprUTMa BBIMIOJHACTCA B MOMCHT iZO, B KOTOpLIﬁ IO YCJIOBHUIO 3aJia4i BIICPBLIC MOSB-
JIAIOTCA U3MCEPCHUA OT TPCX WA OOMBIIEro KOJIHYECTBA MASKOB M MOMKET OBITH MOJIy4YCHO IICPBOC
HaBUT'AalTUOHHOC PCHICHUEC. HavansHas Touka JIMHCapHr3aluu 5(?0, j}O OIpEACIACTCA aHAJIUTUYCCKU ITY-

TEM PEUIeHUs] CUCTEMBI U3 (1g—1) TUHEHHBIX ypaBHEHUH, MOTYYEHHBIX U3 Pa3HOCTEW JaIbHOMEPHBIX

49



MexayHapogHbin cemyHap «Hasuraums n ynpaeneHue asmkeHnem» (NMC-2023)

HU3MEpEeHUN YOJ B IIPEINOI0KEHUH, YTO TMIOMEXH H3MepeHHil 8y, v] u Ac Hynesble. DopMHUpyeTCs

aIpUOpHAas OLEHKA BEKTOpa cocTosHus X, =[X,, Vy,0,0,0, 01" u oOpaTHas KoBapHalMOHHAs MaTpULa

€C OIIMOKHU H;l B BUIC }.'[PIaFOHaJ'II:HOﬁ MaTpuibl C JuaroHaJIbHbIMHA QJICMCHTaMH

2 2 2 2 1 - -
0,0,6 7,0,k ,0,-0Ay - Takas Fy mpeanonaraer 0eCKOHEYHO OOnblIME OMIMOKH OLEHOK X, ) -
Mcxozisl M3 5TUX alpHOPHBIX JAHHBIX MO M3MepeHusM Yy , Terepb yKe C yueToM CTOXAaCTHUECKUX

CBOWCTB J(, V] U Ac, oleHnBaercs X, ¢ IpUMEHEHHEM HTepaluoHHoro anroputmMa [11]. Tlocie gero
OAMH (PUIBTP B MPSIMOM BPEMEHHU (CM. Ha CX€Me FOpPU30HTANIbHBIE CTPENKU BIIPABO) OLCHUBAET pac-
LIMPEHHBIA BEKTOP COCTOAHMA X; =[X g x; v; AK; AU AUY 1" o TeKymMM H3MepeHuaM, a Ipy-
roif — B 0OpaTHOM BpeMEHHU (CM. Ha CXeMe FOpPU3OHTANIbHBIE CTPENKH BJIEBO) OLICHUBAET PACLIUPEH-
HBIA BEKTOp COCTOSHUSA X _; = [XOT x; v, AK_; AU, AU’ 1" B x0z1e 0GPABOTKH COXPAHEHHBIX 10
i=0 n3mepenuii. O6paljaeM BHUMaHUE, YTO PACHIUPEHHbIe BeKTOpel X; u X_; oOpa3zoBaHbl U3 X, X;
u Xy, X_
HHU (popMuUpPYyIOTCSl (PUKTHBHBIE U3MEPEHUS @1y C COOTBETCTBYIOLUIMMHU MAaTpULIAMH KOBapHAIUU I10-
MeX.

Meron (UKTUBHBIX M3MEpeHHH ObUT mpeiokeH B [12] i KOPpEeKTUPOBKU Pe3yabTaTOB (HUIIb-
Tpa KanmaHa ¢ TakuM pacderoM, 4ToObl OHU COOTBETCTBOBAIU APYTUM APUOPHBIM JaHHBIM O BEKTO-
pe cocrosiHus. IIpy 3TOM BBINOIHATH HOBTOPHYIO 00pabOTKy pealbHbIX M3MepeHuil He Tpedyercs. B
paccMaTpuBaeMoil 3aaue GUKTUBHBIE U3MEPEHUS UCIONb3YIOTCS ATl OBICTPOro Mpeodpa3oBaHus pe-
3yNbTaToB paboThl (uiabTpa B NPSIMOM BpPEMEHH B PE3yJAbTaThl OLCHUBAHHUS X; O H3MEPEHUSIM
Y ,,..Y,. ®uxTUBHOE N3MEpEHue ¢ IPEeJOCTaBIsIET HOBYIO HH(OPMAIIHIO O BEKTOpe Xj, KOTOpas OIu-

; ¢ uckimouenueM ayomauposanus Ac. Ilo pesynpratam paboTsl punbTpa B 00paTHOM Bpeme-

paercsa Ha u3mepenus i i < 0. [Tockonbky BEKTOp Xy KOppPETUPOBAH C TEKYIIUM BEKTOPOM COCTOS-
HUS X, Ipu 00paboTKe (; YTOUHSETCA OLlEHKa BEeKTopa X, MOolydyeHHas B PpsIMOM BpeMeHH (i >0 ).
[Tockonbky 00paboTKa U3MEpEHH B MPSIMOM M OOpaTHOM BPEMEHHU BBITIONHSCTCS ABYMS HE3aBH-
CUMBIMH (pUIbTpaMu, paboTy 3TUX (UIBTPOB MOXKHO PEANHU30BATh C MOMOIILIO TEXHOJIOTHH Tapa-
JIeTIbHBIX BBIYMCIICHUH, YTO COKPATHT BpeMsl BHIMOIHEHUS airoputma. Bmecte ¢ 00paboTKo# TekyIie-
TO U3MepeHus ¥; MOXXHO 00padaThiBaTh HE OJTHO, KaK IOKa-
3aHO Ha CXEME, a HECKOJIBKO u3MepeHuil i i <0 . B otnu-

T —F ] T T

o -,
/" Masx 5 | % Tpaexropust yue oT paccMoTrpenHoro B [10, 14] anroputrma, rae TeKy-
4000 | | AHITA T ;
m ¢ mue u3Mepenus Y; s i >0 oOpabareiBatoTcs mocie oopa-
' Oorku Bcex Y y,..Y, ¢ npuMeHeHueM MpoLeayphl CIIIaXHU-
3000 | BaHHMsA B (UKCHPOBAaHHOW TOYKH, 37€Ch H3MEPEHHUS VIS
i <0 YYHTBIBAIOTCS TIOCTENEHHO, YTO MO3BOJSIET MOTYYaTh
2000 [ 1 yTOYHEHHBIC OLIEHKH JX; C TEMIIOM IOCTYIUIEHHUS Y;, T.e. B
= peaJbHOM BpEMEHH.
1000 F _ [locne ncuepnanus Bcex UMEIOMIUXCSA 10 MOMeHTa i=0
W3MEpEHHH OLEHWBAaTh KOMIIOHEHTH BEKTOpa JX;, OTHOCS-
] MoneHT mmecs: K MOMeHTY i=0, He MMeeT CMbICTia, TIO3TOMY C 3TOTO
0 _/ % i=0 nepso- MOMEHTa B QJTOPUTME OLIEHMBAETCS TONBKO X; TIO BHOBb
i/ j}
MS’IK ! | ro HaBu- | [OCTYNMBIIMM M3MEPEHUSM.
-1000 | | ratu- .
\ ! -OHHOI'O
S __// pefmerms Pe3yabTaThl MoaeaupoBanus. [y MPOBEPKH ¢ dek-
. . . . TUBHOCTH aJTOpUTMa MOJEIHPOBAINCh CIydaiHbIe IIO-
-2000 1000 0 1000 2000 TpPEUIHOCTH HM3MEPEHUM JalbHOCTH, CKOPOCTH M Kypca ¢
X, M CKO o;=5wm, o,=10m, o, =3wmc, o,,=0.1wmc,

Puc. 2. Tpaexropust nsmxenns AHITA u pac-
MOJIOKEHNE MAsKOB MPH MOJICIHUPOBAHUM.
OKpyXHOCTH paanyca | KM ITOKa3bIBAIOT Ipa-
HUIBI JOCTYITHBIX U3MEPEHHI OT MAsKOB.

oy =5",0,=025M/c u wuHTEpBaNaMM KOppPEIALUU

T,y =Tax =3600c. JIMCKpETHOCTh MOCTYIIEHUS H3MeEpe-
Huii 1 c. Pemenune mpoBoIMIOCE IpH TNPSAMOIMHENHOM
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nswkeann AHITA co ckopocTbio 5 M/c BOMU3U 5 MasikoB, PacloNOKEHHBIX KakK MOKa3aHO Ha puc. 2.
[IpenenbHas nanbHOCT, HA KOTOPOM OT MasikOB IMOCTYIAIOT U3MEPEHUS, IPUHATA paBHOU 1 KM.

ITo 1000 peanuzauusaM MOTPEIIHOCTEH MOJIETUPOBAIUCH TPU airoputma: 1) anroputm, obpada-
THIBAIOUIMI TOJIBKO M3MepeHus s >0 (06e3 coXpaHCHHBIX M3MEPEHUN), 2) alrOpuT™M ¢ 00pabOTKO
BCEX COXpaHEHHBIX M3MepeHuil 1o obpaborku Tekymux [10, 14], 3) mpencraBieHHBIHA BBHIILIE ANro-
PHUTM, B KOTOpOM IpeaycMmarpuBaercst 00paborka B oOpaTHoM BpemeHHu 10 m3mepenuit ans i<0 ma-
pajuienbHO ¢ 00paboTKON B MPSIMOM BpeMEHH OAHOrO TeKyliero maMmepenus. Ha puc. 3 s tpex an-
TOPUTMOB M aHAJIUTHYECKOT'O PEIIEHHs MPUBEACHB! JCHCTBUTENbHbIE (MOJIyYEHHBIE IO PeaTn3annsaM
olmMOOoK OIeHOK) cpenHekBanparudeckue morpemHocty (CKIT) [13] koopauHaT BMeCTe ¢ HOMEpaMu
WCIIOJIb3yEMBIX MasKOB.

Be3 yera coXpaHeHHEIX H3MepeHHH BugHo, 4TO mNpeniokKeHHBIH peKyp-
wasss  OOpaOOTKA BCEX COXAHEHHBIX HIMEpEHHIT PEHTHBIA  alNTOPUTM, KOTOPBI MOXeET
10 00paboTKH TeKyIIHX

OBITH pealu30BaH C TEMIIOM MOCTYIUICHUS
Y, He ycTymaer Mo TOYHOCTU aJTOPUTMY,
oOpabaTpIBaoleMy cpa3y BCE COXpaHEH-
Hble M3Meperna. O0a STHX aNropuTMa co
CrIa)KMBAHHEM MMEIOT NMPEUMYIIECTBO Ha
npoTsbkeHun 320 cekyH[ mepes aaroput-
5 MOM, 00padaThIBaIOLIEM TOJIBKO H3Mepe-
o 100 200 %00 400 500 600 Hus ais i>0. B moment =320 ¢, kaK BUI-

HO K3 HHWKXHETO Fpa(l)I/IKa, Ha4YMHAKT IIO-
{
5

CTyIaTb U3MCPCHUA OT 5-ro Masika u npo-
AT S —

m= = JIpennoKeHHBN AITOPHIM

O AHATHTHYeCKOR PelleHHAe

NelcTEUTENBHBIE
CKMx, m

HCXOANT 3HAYUTEIBHOE YTOYHEHUE KOOp-
OUHAT JUIsl BCeX anroputmoB. [[ns mpen-
JIOKEHHOTO aJiTOPUTMAa pPa3HOCTh JEH-
CTBUTENBHBIX M PAaCUYeTHBIX (IOTydeHHbBIE
[0 peaJn3alysM KOBapHAllMOHHBIX Mart-
pul, BbIpaOaTHIBAEMBIX  aJITOPUTMOM)
CKII naxonutcsa Ha ypoBHe 0,5 M. Takum
00pa3oM, alropuT™M BbIpaOaThIBAaeT aleK-
BaTHYIO PEaIbHBIM OLIMOKaM pPacueTHYIO

NefcTEUTENbHEIE

3 CKIL
= T T T T T
g 5y CKII ananuTHYecKoro peuieHus B pac-
£ 84 1 cmatpuBaeMoM ciydae Onmuska k CKII
s gor T CTOXAaCTHYECKUX PEHICHHH. DTO CBA3AHO C
g 1 OnaronpusTHOW reoMmeTpuell pacronoxe-
2 1 ; ; ; ; ; Hust MasikoB 1 AHITA B Moment #,. Ilpu
s ] 100 200 300 400 500 600 o

t-fo, MeHee 0JaronpuaTHON TeOMETPUH PacIio-

noxennn MaskoB U AHIIA Moxker wuc-
MIOJIb30BAThCSl CETKA HAYANBHBIX TOYEK
nuHeapuzauuu [11]. Kputepnii nmpuMeHMMOCTH aHaJIWTHYECKOTO PEIIEHUS SBISETCA NPEAMETOM
JAJIbHENIINX HCCIeIOBaHUM.

AnpoOanysi MpeyioKEHHOr0 aJIFOpUTMa 10 HATYPHBIM JaHHBIM TakXe MOATBEpAWiIa ero Oonee
BBICOKYIO TOYHOCTb IO CPABHEHHIO C aITOPUTMOM 0e3 ydeTa u3MepeHuil st i<0 1 COOTBETCTBHE pac-
yetHoi CKII peanbHbIM OmnOKaM.

Puc. 3. Pe3ynpTaTs! MOEIMpPOBAHUS aJTOPUTMOB.

3axuouenue. Pazpaboran peKyppeHTHBIN alrOpuTM pEIleHHs 3afadd ONpeleseHUs KOOpAMHAT
AHIIA c¢ ucnonb3oBaHMEM pa3HOMOMEHTHBIX M3MEPEHHMH AANBHOCTEW A0 THAPOAKYCTHUECKHX Mas-
KOB, OTHOCHUTENBHOI'O Jlara U KypcoykasaTelsl IpH OTCYTCTBUM anpuopHbIX koopanHat AHITA. Anro-
pPUTM 3amyckaercsi B MOMEHT, koraa Ha AHIIA BrnepBele 0OJJHOBPEMEHHO MONY4YEHbl M3MEPEHUS OT
Tpex uiu Oosee MaskoB. [Ipu 3ToM GopMupyercsi aHATUTHYECKOE HABUTAIIMOHHOE PELlIeHNE, HE YUIH-
THIBAIOIEE TIOIPEITHOCTH M3MepeHuit. [lanpHelimas 00paboTka U3MEpEHHH BBHITIONHSACTCS HA OCHOBE
0aliecOBCKOI0 MOIX0Aa C MPUMEHEHUEM JIMHEeapH3allii U3MEPSEMBbIX JaJbHOCTEH U C y4eTOM CcTOXa-
CTMUYECKUX CBOWCTB INOrpelmHocTed u3meputeneil. Tekylme n3MepeHnst 1 U3MEpEHNUs, MOJIyuYeHHbIE
70 3aITycKa alropuTMa, 00padaThIBaloTCsl NapaljIeibHO C TIOMOUIBIO OTAENBHBIX (GUIBTPOB B MPSIMOM
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u obpaTHOM BpeMeHH. OneHKH (UIBTpa B MPSIMOM BPEMEHH IMOCTETIEHHO YTOUYHSIIOTCS 1O pe3yibTa-
TaMm (UIbTpa B 00paTHOM BpeMeHU. Takol alroputM MOXKET OBITh peai30BaH B peaJbHOM BPEMEHH.
[lokazaHo, 4TO OH MPaKTHYECKH HE MPOHUTPHIBAET B TOYHOCTH QJITOPUTMY, B KOTOPOM CHayana obpa-
0aTpIBalOTCs BCE MOJTYYEHHBIE 10 TIEPBOI'0 HABUTAIIMOHHOTO PEIeHUS U3MEPEHHs, a OTOM TEeKyIue
MU3MEPEHUS.

HUccredosanue svinonneno 3a cuém epanma PH® 23-19-00626, https://rscf.ru/project/23-19-00626/
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Abstract. The paper presents a recursive algorithm for determining the coordinates of an autonomous underwater vehicle
(auv) using time-different ranges to the acoustic beacons with log and heading indicator aiding. Any number of beacons can
be used simultaneously, but at least at one moment the measurements from minimum three beacons are available. At this
moment the initial linearization point is obtained using an approximate analytical method. At all the previous moments the
measurements are saved for further processing. The algorithm uses two filters parallely processing the measurements in
forward and backward time. The solutions of the forward-time filter are updated by the backward-time filter data using the
dummy measurements. The results of numerical testing of the algorithm on a long time interval are given.
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AM. TPY3JIMKOB
(AO Konuepn «[THNU «Dnexrponpudop», Cankr-IlerepOypr)

B.I'. KAPAVIJIOB, B.I1. 30JIOTAPEBUY
(Yuusepcurer U”TMO, AO Konnepn «{THUU «3nexrponpudop», Cankr-IletepOypr)

OLEHKA YI'JIOB OPUEHTALIMU AHITA B 3ATAYE ITPUBE/IEHUA
K BA30BOU CTAHIIHN

Paboma noceswena eonpocy onpedeneHus yenoe OpueHmayuu aemoHOMHO20
Heobumaemozo noosooHozo annapama (AHIIA) ommuocumenvuo cmayuouapHou
0430601 CMAHYUU € UCNONIL30BAHUEM BbICOKOUACHOMHOU  2UOPOAKYCUYECKOU
cucmemvl  npugedenus. 3adava npusedeHus npeonoiazaem MAHeePUPOSAHUE
annapama u npubaudCeHue K CMaHyuu ONs8 CMbIKOSKU, UYMO HPUGOOUm K
DopMUPOBaHUIO MPeEX 30H, KOMOpble XAPAKMEPUIVIOMCA PA3TUYHOU aAKYCTUYECKOl
BUOUMOCBIO UZTYYAMENel CMAHYUU NPUEMHbLIMU  dNeMeHmamu annapamad. B
pabome npuBoOUMcs NOCMAHOBKA U AI2OPUMM PeueHUst 3a0a4u NOZUYUOHUPOBAHUSA
u onpedenenus yenos opuenmayuu. IIpusedenvl oyeHku no OONYCMUMOMY KPEHY U
ougghepernmy annapama npu eco npugederuu. OyeHKu NOIYHeHbl ¢ UCNOTb3068AHUEM
UMUMAYUOHHO20 MOOCTUPOBAHUS.

Beenenne. B pabore paccmarpuBaercsi Bompoc 00 OLIEHKE YIJIOB OpHUEHTAlM aBTOHOMHOTO
HeoOutaemoro noasogHoro anmnapata (AHITA) ¢ ucnonp3oBaHueM MPEATIOKEHHOIO paHee aBTOPaMHU
anroputMa [1-2] npu peleHuy 3a1a4u NPUBEICHUS K CTallMOHApHON 0a30BOil CTaHLINU.

Pemenne 3amaum mpuBeneHUSA HE SBIAETCS HOBOHM, OJHAKO, B JIMTEPAType MPEUMYILIECTBEHHO
OIMCBIBAIOTCSI METO/IbI HA OCHOBE NPUMEHEHHUSI pa3HOPOAHBIX CUCTEM:

e Ha dTane cOMMKEHHUS HCIONB3YIOTCS Masku — OTBEeTUYMKU [3-4]. OnmHako NaHHBIA MOAXOI HE
MPUMEHUM Ha KOPOTKHMX AMCTAHIUAX, KaK MO NPUYMHE IEPEOTPaKEHUs CUTHAJIOB, TaK W
JUIMTENbHBIM BpeMEHEM OTKinka (Oonblias BpeMeHHas 3aliepiKka HW3IydeHHs - mpuéma, u
COOTBETCTBEHHO TMONYYEeHHUS! peIIeHHs He obecneunBaeT TpeOoBaHHE IO OE30MacHOCTH
anmapara IpH ero MaHEBPUPOBAHUN Ha OJM3KOM PACCTOSHUH OT 0a30BOM CTAHIINN);

e Ha JTale CTHIKOBKH HCIONB3YIOTCS CHUCTEMBI TEXHHYECKOTo 3peHHs [5-6], korma Ha Oase
YCTAQHABIIMBAIOTCS CIIEUAIbHbIE MapKepbl — OpPHUEHTHPHI, a Ha ammapaTe pa3MelarTcs
BHJIeOKaMephl. J[aHHBIN MOIX0J XOPOIIO M3Y4eH, OJHAKO, 3aMyTHEHHE BOJIBI M3-3a MOAHATON
B3BECH CO JHA BOAOEMA MPHUBOIAT K CHIDKEHHIO TOYHOCTH MO3WIIMOHUPOBAHUS, WIH TPeOyIOT
CO3[JaHUE CIEIHMAIBHBIX CPEICTB OYUCTKH M, COOTBETCTBEHHO, YCIOXHEHHIO KOHCTPYKLIHU
anmapata — 0asbl.

Hcnonp3yeMmplii aBTOpaMu MOAXOA NPEANONAraeT pelieHue 3aJaud IO3UIMOHUPOBAaHUSA U
OIIPEETICHUs] YIJIOB OPHEHTALMH C HCIIOIb30BAaHHEM OIHOM THAPOaKyCTHYECKOH cucTeMbl (puc. 1).
Cucrema cOCTOMT M3 TNpPUEMHBIX AHTEHH, KOTOpbIE pa3MmemaroTcs B Hocy U kopme AHIIA,
u3nydateneld (MaskoB), yCTaHABIMBaeMble MO KpasM 0a3bl M OCYILECTBISIOIIME HEHANpaBIICHHOE
W3Ty4YeHHe CHTHaja (B COOTBETCTBHM C XapaKTEPUCTHKaMH HaIpaBlIeHHOCTH). M3mydaemblie
CUTHAJIBl — 3TO TOHAJbHBIE CUTHAJbl OAHOM YacTOTHI, M3IYYEHHE KOTOPBIX Pa3sHECEHO IO BPEMEHU
TakuM o00pa3oM, uYToObl MO TEpUOAY OOHAPYKEHUs CHTHaJa MOXKHO OBUIO  OJHO3HAYHO
UAEHTU(PULMPOBATH UCTOUYHHUK U3ITyUECHUSI.

3amaua HaBUTALMK MIPEAIIoiaracT MaHEBPUPOBAHKE annapaTa | ero NpuOImKeHne K OABOAHON
CTaHIIUH, YTO CONPSIKEHO C (OPMHPOBAHMEM TPEX 30H C PA3IUYHON AKyCTHUECKOW BHIMMOCTBHIO
W3ydaTenei CTaHIUU NPUEMHBIMU dJIeMeHTaMHu amnmnaparta. OnpeaeneHsl cieayomue 3016 (puc. 2):

e 30Ha | — B 30HE BUIUMOCTH Ka)XJI0OW aHTEHHBI HAXOJATCS BCE UETHIPE U3ITydaTeNs;

® 30HA 2 — B 30HE BUJUMOCTH Ka)KJI0O aHTEHHBI HAXOJATCS TPHU U3ITydaTes;

e 30HA 3 — B 30HE BUJUMOCTH Ka)XJIOW aHTEHHBI HAXOJATCS 110 OAHOMY M3ITydaTelto.

CTOUT OTMETHUTD, YTO, ONMMCAHHBIN aBTOPaMH aJrOPUTM U PE3yIbTaThl €ro anpodanuy Ha MakeTe
amnmapata — CTaHIMM B HCHBITaTenbHOM OacceliHe [1-2,7] ObuM monMy4deHBl NMpPU TOYTH HYJIEBBIX
3HAa4YeHUSIX KpeHa u audepeHta, 4To B peajbHOH XW3HU He BepHo. JlaHHas paboTa KOMIIEHCHPYET
9TOT HEJOCTAaTOK, M HalpaBieHa Ha M3y4YEHHE BONIpPOca O JONYCTUMBIX 3HAYEHUAX KpeHa U
muddepenta AHIIA, mpu KOTOpBIX oOImMOKa OMpENENeHUs €ro MO3MLUOHUPOBAHHUS H  YTJIOB
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OpUCHTAllMA HC BBIXOAUT 3a NOMYCTHUMBIC 3HAYCHHA U AOCTATOYHBI JJI oOecreueHus 0e€30MaCHOM

CTBIKOBKHU amriaparta.

A |
I
T_
|
Py I AHITA T
----- i
I

JIEBBIH
6opT T

KOPBK

baszoBas
CTaHIMA
T TpaBbIf
B Gopt
‘\7\
. \’\

\\ // 1 3ona
/\ 2 3oHa
3 3ona

Puc. 2. 30HBI THAPOAKYCTHIECKON BUANMOCTH U3iTydaTene nmpueMHukamu Ha AHITA

IMocranoBka 3amaun. Tpebyercs onpenenuTh OTHOCUTEIBbHbIE KOOPAMHATHI LEHTpA X,V,Z H
yriel opueHtauuu «, B,y AHIIA no u3amepeHnsM BpeMeHH MONy4eHHUs! (pOHTA CHUTHalla MPUEMHBIM
anemenToM AHITA OT rupoakycTHUECKUX U3ITydaTeeld MOABOIHON CTaHIIHH.

OnpesenuM UCXOHbIE AaHHbIE [2]: MyCTh {; — OlleHKa BpeMeHM MojiydeHus (pOHTa CHTHAja Ha
Bxozae [ nmpuémuuka (i € 1:10), naHHas omeHKa MOJydaeTcs MyTEM peLIeHUs 3afadd OOHapyKEeHUS
M3BECTHOTO CUrHanma Ha (oHe Tmomex oT paborsl MexanusmoB AHIIA; mycts £/ — oumenka Bpemenn
nonydeHuss curHanma t; or i-ro maska (i € 1:10,j € 1:4), naHHas oOleHKa TMoOIydaercs B
COOTBETCTBUH C M3BECTHOH BPEMEHHOH JMarpaMMbl H3TydeHHs (koopamHaThl Maska (x/,y/,z/) u
MOCIIEAOBATENLHOCTD BPEMEH U3ITYUCHHUS MasKOB CUHTAIOTCS] H3BECTHBIMH).
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Tornma paccTosiHME OT TOYKH HM3Iy4YeHHUs 0 TOYKH MpuéMa AJsl MEepBOil 30HBI (BUANMOCTH BCEX
W3ydaTesnei) o BpeMeH! pacupoCTpaHeHUs CUrHaa OyIer:

v = - +T"))e, (1)

rae 17 — paccrosiHue, 3aJaHHOE 10 PasHHUIE BPEMEHN M3JTy4eHHs W TpuéMa curHana, | = 1..10 —

nHaekc npuéMHeIX anemMeHToB AHIIA, j =1..4 — uHAekc u3mydarenew, fi] — OLICHKa BpEMEHU
npuéMa CurHania, t — BpeMs u3inydenue 1-m maskom, T/ — cMelleHne BpeMeHH M3TydeHns Mexay | u
J MasikoM (COOTBETCTBYET BPEMEHHOHM JuarpaMme MOCIeJOBAaTENbHOCTH M3IYyYeHHs), C — CKOPOCTb
3ByKa B Cpele.

Hcxons u3 monoxeHus ammapara, pacCTOSHUE OT TOYKM HM3IY4EeHHUS OO0 TOYKU MpHEéMa IS
NepBOi 30HBI OyJET paBHO:

& =+ Ay, XV + (v + Ay~ Y+ (2 + g2 Y, @)

rae d} — paccTOsHHE MO KOOp/MHATAM M3ITydaTels M IPUEMHOTO deMeHTa, (X,Y,Z) — KOOpAMHATEI
nentpa AHIIA, (x], yJ ,Z]) — KOOpAWHATHI j-r0 Maska, (Ax;, Ay;, Az;) — cMemieHue i-ro PUEMHOTrO
aneMeHTa oTHocUTeNnbHO 1eHTpa AHIIA ¢ yuérom yrioB opueHtanuu anmnapata. [Ipu sTom:

(A, Ay, Az)' =M (M, (M (N v, =), 3)

rae (x;, Vi, Z;) — cMeleHne -ro npuéMHOTo 3JIeMeHTa oTHocuTebHO tenTpa AHIIA, (a, B,y) — yrist
opuenraunn AHIIA, M, (a), M,, (), M, (y) — MaTpuIIsl IOBOPOTA OTHOCUTENBHO OCei KoopauHat [8].
Pemenne 3amaun mnpuBeAeHHUS COCTOUT B HAXOXKIECHUU OLICHKU 0 = (%,9,5a, ﬁA, 7,t, 0
OTHOCUTEIIbHBIX KOOpAMHAT W yrioB opueHtanumn AHIIA, a Takke BpeMEHH WM3JIy4E€HUS CUTHAJA
HEPBBIM MAsIKOM U CKOPOCTH 3BYKa B BOJIE 10 [TOJIyYE€HHBIM H3MEPCHUSIM.
Ouenka 6; B mepBoii 30He HAXOAUTCS MyTeM MUHUMHU3AIHH (QYHKIUH:

10 4
) i J_ 772
0, =min) > (1’ -d/) )
i=1l j=1
Ouenka 8, Bo BTOpOii 30He:
- J Jy2
¢, =min Z =AY o ety ®)
i,jel(1..5,1),(1...5,3..4),(6..10,2..4)}

Onenka 63 B TpeTheii 30HE:

2 J_ 7732
%= mlnije{(l 5%:(6 10 2)}(4 ) oy tesi ) (©)

[Ipu 3TOM, UHAEKCHI i, j BXOAALIMX B CyMMY (YHKLHMH ONpEnensioTcS UCXOIs U3 aKyCTHYECKOH
BUIMMOCTH H3iydaTenell — npuéMHbIMU dnemeHTamMu AHITA (mpu HaxoXXIIeHWHU anmapara B EpBON —
Tpereil 30HE COOTBETCTBEHHO).

AaroputMm pemnreHusi. CTOUT OTMETUTH, YTO (GYHKIMH (4-5) SABISIOTCS MHOTO3KCTPEMAIIEHBIMH,
Y TIPUMEHEHHE TPAJUIMOHHBIX YUCIICHHBIX METOJOB Ha BCEW 00JacTH ONpEACTeHHs KOOPIUHAT U
YIJIOB OpWEHTAIlMU amnmapaTta (Jaxke C Y4YETOM ECTeCTBEHHBIX OrpaHUYCHUH 10 JUCTAHIIUU
pacnpocTpaHEeHUs CUTHAIIA, TI0 KpeHY U AU QEepeHTy MOBOIHOTO anmapaTa) SBIsSeTcS PeCypcoEMKOi
BBIYMCIUTEIbHOM 3amaueii. Kak ciencrBue, mpeaiaraerca ABYXdTallHasd Ipoueaypa [2]: Ha mepBoM
ATane - OMPENeNsieTCss OKPECTHOCTh 00J1acTU OmpeselieHuss §; Ha BTOPOM I3Tarle YUCICHHAS OICHKa
KOOPJIMHAT U YTJIOB OPUCHTAIIMY UCXOSI U3 OrpaHUUCHU I 00JIACTH ONpEICTICHHUS.

Ha nepBom 3Tarne, BOCIOIb3yeMCS METOIOM MAITUHHOTO O0OYYEHUs C yUUTEeM, Iie 00yJaromas
BBIOOpKa OyJeT (OpMHUPOBATHCS HCXOAS W3 TEOMETPUYECKOM MOJENH — 3aJaHHBbIC KOOPIAMHATHI
MasikoB 0a30BOM CTAaHIIMU W KOOpAMHAT MpUEMHBIX 3neMeHToB AHIIA Ha 3amaHHON KOOpAMHATHOM
CEeTKE U TaOIUIIE YTII0B OPUSHTAIINH.
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Ha Bropom sTtane HaiinéM perieHue ¢ uMcmonb3oBaHHMeM Mmerona JleBenOepra-Mapksapara [9],
rIe B KauyecTBE HAYaJbHOTO 3HAYCHMS 3aaJuM KOOPIAMHATBI M YIJIBI OPHEHTALMU LEHTpa
OKpPECTHOCTH, MOJIyYE€HHBIE Ha IEPBOM JTarle.

Crout 00OpaTUTh BHUMAHKE, YTO [JIABHOW IIEIbI0O BTOPOTO 3Tama SIBJSETCS HAXOXKICHUE OLCHKH
BpPEMEHH U3JTyYeHHs] CUTHAJIA EPBBIM MasKOM t' M HCIOIb30BAHUE JAHHOTO 3HAYECHHS Ul Mepexo/a
K pemeHnio (5) ¢ UCIoiIb30BaHUEM TICeBI0IaTbHOMEpHOro Meroaa [10].

HNmuTanuonHoe MogeIMpoBaHUWE M TOJNyYeHHble pe3yasrarbl. OnpeneneHre IOMYyCTHMBIX
3HadeHnil kpeHa u muddepenra AHITA ocymecTBisiack ¢ UCHOMB30BAaHHEM MOACTHPOBAHHA PAaOOTHI
THAPOAaKyCTUUECKON CTaHLNH (M3My4deHre — npuém) npu pasmeniennn AHITA B mepBoii 30u€ (crmydaiinsie
KOOpAMHATBI) M TpH CIyYailHOM 3HaueHUH KpeHa (auddepeHta) u3 3aaHHOro HWHTepBana. Jlanee
pelnanack 3aJada MpPUBENEHHS, W B ciydae e€ YCIHEIIHOro pelleHus] WHTepBai KpeHa (auddepenta)
cuntaincs AomycTuMbIM. llocienoBaTensHOE yBENIMUEHHME HIDKHEH M BEpXHEH TIpaHMLBl HHTEpBaia
MO3BOJIMJIO OMPEACTUTH JOIMYCTUMBbIE TPaHHLIBI IPUMEHEHHS TPEIaraeMoro ajaropuTMa.

o pe3ynbTaTy MOAENHPOBAHUS YCTAHOBIIEHO, YTO KpeH u nuddepent AHIIA nomken ObITh He
Oonee 5° U 7° COOTBETCTBEHHO MpPU HaXOXKAECHUH B MEPBOW 30HE U BTOPOH 30HE, U HE Oonee 1-2° B
TPEThEN 30HE.

3axuouenne. B pabore mpuBeneHa moctaHOBKA 3aJaudl NPUBEICHUS, MPUBEAEH M MCCICAOBAH
JOBYXSTAIHBIA aJrOPUTM OINpEIeTeHUs MO3MLUOHMUPOBAHMS H VYIJIOB OpHUEHTALMW ammapara
OTHOCHUTEIbHO 0a30BOH CTaHIMM B 4YacTH OLEHKM JOMYCTUMBIX YIJIOB KpeHa (auddepenta).
[onmy4eHHble 3HaUCHUS ONPEACISIIOT TpeOoBaHusI K cucteme yrnpasieans AHITA.

Pabomwr nposodunuce npu noddepaicke epanma PH® Ne23-19-00626,
https://rscf.ru/project/23-19-00626/.
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Abstract. The work is devoted to the problem of determining the orientation angles of an autonomous uninhabited underwater
vehicle (AUV) relative to a stationary base station using a high-frequency hydroacoustic guidance system. The task of
bringing involves maneuvering the device and approaching the station for docking, which leads to the formation of three
zones, which are characterized by different acoustic visibility of the station's emitters by the receiving elements of the device.
The paper presents the formulation and algorithm for solving the problem of positioning and determining the orientation
angles. Estimates are given for the permissible roll and trim of the device when it is brought. Estimates are obtained using
simulation modeling.
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I1. A. ITATABUH
(MucTuTyT ipobiieM MOpCKHX TexHONOrui M. akajgemuka M.JI. Areesa IBO PAH, Bnamusocrok)

METOJ ABTOMATHYECKOM CTBIKOBKH HEOBUTAEMBIX ITOABOJTHBIX
AIIITAPATOB C UCITOJIb30BAHUEM MHOIT'O3BEHHBIX MAHUITYJIATOPOB

Ilpeonooicen memod asmomamuuecKoli CMbIKOGKU HeOoOUMAaemblx NOOB80OHbIX
annapamoe (HIIA) ¢ noodeoonvimu cmouikogounvimu niamegopmamvu (CII) ¢
UCHONIL308AHUEM OOPIMOBLIX MHO2036EHHBIX MAHUNYAAMOPos. Memoo noseonsem c
yuemom mexkyweeo e3aumuoeo pacnonodxcenus CII u HIIA cpopmuposams
CIMBIKOGOUHYIO MPAEKMOPUI0 OBUIICEHUs KOPHYCA annapama u nepecuumanmsv ee 6
COOMBEMCMBYIOULYIO0 MPAEKMOPUIO OSUICEHUS CXBANA MAHUNYIAMOPA.

Beenenne. O6cnyxuBanue riry0OKOBOJHBIX COOPYKEHUH M KOMIUIEKCOB TpeOyeT MCIOIb30BaHMUS
HITA, ocHameHHbIX MHOTO3BEHHBIMH MaHHUMyIsITOpaMu. IIpu 3TOM BO3MOXXKHOCTH MEPHUOAMYHOIO
o0CNyXMBaHHS OTpaHMYCHA 3aTpaTaMW Ha COIEp)KaHHE CyIHA CONPOBOXKICHHS, a TAaKKe CIOKHOU
nenoBoi oocranopkoi. [lossinenne HITA HoBoro mokonenwus [1], crmocobnbix 6azupoBathes Ha CII,
IZle OCYILECTBISIETCS 3apsaKa aKKyMYJIITOPHBIX OaTapel ammapara, a Takke nepenada nHQopMmaluy,
coOpaHHOII MM B TpolLEcce BBHIMOJHEHHUS ONepanuid, MO3BOJIUT O0ECIEUHBATH KPYIIOTOAUYHOE
oOcrenoBaHne TEXHUYECKUX COOPY)KEHHH ©  TpyOOmpoBOOoB 0€3 HCIONB30BaHHUS  CYIOB
conpoBoxkaeHus. Ha ceropgusimauii nens nponenypa creikoBkn HITA co CII mpowmsBomutcs c
MOMOILBI0 CHEIUATBHBIX <«IOBYIIEK» [2] WM mocaaodyHblx rakoB [3]. M3BecTHble MOAXOMBI,
OCHOBaHHBIE Ha TIPUMEHEHUU (WIOBYIIEK», 3aTPyIHUTENbHBI B peanu3anuu A KpynHbeix HITA,
HUMEIOLMX CIIOKHYIO (JOPMY WIIM OCHAIEHHBIX MaHumyistopamu [4]. Kpome Toro, aBTomarnieckas
croikoBka HITA co CII — 3to cnoxHas 3agada, TpeOyromas pemieHus mpoOsieM, CBA3aHHBIX C
obnapyxenuem CII u Tounsim nozunronnposanuem HIIA [35, 6].

[losTOMy mnpeanaraeMblii JOKIal TOCBSIICH pPa3padOTKE HOBOTO METOJa aBTOMATHUYECKOM
croikoBkn HITA ¢ monBomHOW JOK-CTaHLWEH C MCIONb30BaHWEM OOPTOBOTO MHOTO3BEHHOTO
MaHUIYJATOPa C YHUBEPCATBHBIM CXBATOM.

®opMupoBaHHe TPAaeKTOPHHM [BH:KeHHsI cXBaTa MaHumyJasarTopa. Ilepen cThIKOBKOM
HeoOxoauMo omnpenenuts pacnonoxkenne CII ¢ momormpio OOPTOBBIX CHCTEM TEXHHYECKOTO 3PEHHS
[7]. C momomkto cuctemsr [8] CII upeHTHGUIUPYETCS HA OCHOBE OOJIAKOB TOYEK, MOJYYCHHBIX OT
MHOTOJTyY€BBIX COHApOB WIIM cTepeokamep, ycraHoBieHHBIX Ha HITA. 3atem HIIA nmepememiaercs B
30HY CTBIKOBKH TaKUM 00pa3oM, 4TOOBI 3aHSTh MPOCTPAHCTBEHHOE IMOJIOKEHHE U OPHUEHTALHUIO, TIPU
KOTOPBIX CXBaT MaHHUITYJIATOpPA CMOXKET CXBAaTUTHCS 3a CIIELUaNbHbIN 3axBaT Ha Kopiyce CII.

Jia TouHOorOo mo3unuoHupoBaHus U nepemenieHus HITA nomkeH MMETh TOCTaTOYHO Pa3BUTHIM
JBIDKUTEIBHO-PYJIEBOH KOMILIEKC, OOECIeYMBAIOIINI BO3MOXXHOCTh YIIPABICHUS MEPEMEICHUIMHI
amnmaparta I0 IIECTH CTemeHsM cBOOoAbl. YcraHoBieHHBIH Ha HIIA MaHUMynsTOp B CBOIO O4Yepenb
JOJDKEH 00Ja1aTh MECThI0 CTENEHAMH MOABMKHOCTH JUIS OCYILECTBICHHUS 3aXBaTa M NPUTATHBAHUS
HITA c tpeGyemotii npoctpancTBeHHOH opueHTanuei k CIL.

st ocylecTBIeHUs] MPOLEAYPhl CTHIKOBKH Tpaektopusi aBmxeHus HITA dopmupyercs takum
o0pa3oM, YTOOBI YIOBIETBOPATH TpeOOBaHUSAM 0E30MACHOCTH MPOLENypbl COMMKEHUS |
rapaHTUPOBATDh YCIEIIHOCTh CTHIKOBKH. B MOMeHT 3axBaTa cxBaToMm MaHunynstopa mwranru CII, onu
CTAaHOBSATCS KNHEMaTHUECKU CBsI3aHHBIMU. [l ynpaBieHus nepeMmenienneM kopnyca HITA B nanHOM
cillydae HEOOXOIUMO 3aJaTh TaKyl0 TPAaeKTOPUIO JBIDKGHHS CXBaTa MaHHIYJSITOpa C
COOTBETCTBYIOIIMM H3MEHEHHEM €ro OpHEHTAlMH, 4YTOOBl B pe3yiapTaTe OTpabOTKH YKa3aHHOM
TpaekTopuu MaHunyssaTop nepeMmectisl HITA B HyXHYI0 nO3ULIMIO.

IIycte crThikOBOuHasi TpaekTtopusi nBwkeHuss HIIA 3agama B Buzme Habopa n  Toyek

F(i=1,n) B cessannoii c¢ ammapatom CK C XY, Z,, TOorna BbIpa)keHHe Ul Iiepecuera B

.. Pun
TPaeKToOpHI0 60pTOBOro Manumymstopa P (i =1,n) 0e3 yuera opueHTaLuu cxBaTa OyJeT UMETb BUL!

HayuHb1ii pyKOBOIUTEIB: 3aMECTHTEIH JUPEKTOpa 1o HaydHOH padore K.1.H. Konommma A 1O.
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F'=F. =F-F, (1)

i

rae P(), — Ha4YaJIbHOC MOJIOKCHUC CXBaTa MAaHUIIYJISATOpPA, Pé — IHOJIOKCHUC CXBaTa MAaHUITYJIATOpA B

CK ammapara, mepeMeeHHoro B TOUKy P;.

Ha puc. 1 npuBeneHa cxema mepecyera
TPaeKTOPUM CXBaTa MaHUIIYJISITOpAa C Y4ETOM €ro
opueHranuu. Ilycte My — MaTpuma NOBOpOTa,
COOTBETCTBYIOILAS KeTaeMoMy M3MEHEHUIO
opueHrauun  kopnyca  HITA  Bokpyr  ero
COOCTBEHHBIX Oceli BO BpeMs [BW)KECHHS II0
TpaekTopuu. Torma BEKTOp OpHEHTallud CXBaTa
MaHHITYJSTOpa OyIeT pacCUUTHIBATHCS KaK:

d=M!d )

rne d' W d — KenaeMblii M TEKYIIUH BEKTOPI
OpHEHTAllUU CXBaTa COOTBETCTBEHHO.
A BbIpakeHHe I TiepecyeTa TPaeKTOPUH CXBaTa

Puc. 1. Cxema nepecueTa TpaeKTOPUH ABUKEHHS 1
OpHMEHTALMH CXBaTa MAHUITYJIATOPA B MpoeKUUH Ha Cyz.

c yueroM (1) mpumer Bux:

E.,:FR;_ER.:FR;_M;E.’ (3)

Pi=-P,=ME-F,

rae PR, — BCKTOP KOMIICHCAlMM CABUIAa KOpITyCa HHA, CBA3aHHOI'O C M3MCHCHUCM OpUCHTAllUU
cXBarta, BR — BCKTOp ABWKXCHHSA B TOYKY TPACKTOPHU C YUCTOM IIOBOPOTA, PR — BCKTOpP CMCHICHUA

kopmryca HITA, cBsizaHHOTO ¢ UI3MEHEHNEM OpPHEHTALIUN CXBaTa.

Takum oOpa3oM OBUIM TOMYy4YEHBl BBIPAKEHHUS, MO3BOJSIOMNE (OPMHUPOBATH TPAECKTOPHIO
JBIDKEHUS MAaHUIYJSTOpa C YYETOM OpHEHTAlUU €ro cxBara, OOECIeYHBAIOILYIO IepeMelIeHre
kopmyca HITA 1o CTBIKOBOUHOM TpaeKTOpHUH.

MopeanpoBanue aBuwkennss HIIA npu momomm MaHumyasitopa. [Insg  uccnenoBaHus
NPEATIOKEHHOT0O METOa C TIOMOIIBI0  YHCIeHHOro MoaenupoBaHus B Matlab/Simulink
ucTosb30Basack anpoduposanHas moaens HITA ¢ manumnymnsitopom [9,10]. IlpoBoannack npouenypa
cteikoBkU HITA co CII, pacnonoxxenHoit nog yriom B 10° x ropusonty. B mpouecce creikoBkn HITA
YCIIEIIHO TepeMernaics no 3aJaHHoi Tpaektopun U kocHyncs CII B 3amanHo#M Touke. Taxke Obuia
BBITIOJTHEHA OLIEHKAa BO3HMKAIOIIMX BO BpPEMS CTBIKOBKM BHEUIHMX MOMEHTOB B IPUBOJAAX
MaHUIYJIATOPA, & TAKKE CUJI U MOMEHTOB, BOSHUKAIOIIMX B TOUKE KPEIUIEHUS CXBaTa MAHUITYJIATOpa K
mranre CII. Beuio oOHapykeHo, yTo Ha Oonbiiux ckopocTsx nBwkeHuss HIIA, a Ttaxxe npu
3HAYHUTENFHBIX yriax HakinoHa kopmyca HITA x ropm3oHTy Hen30eXHBI NPOBOpAaYMBAHUS CXBATa
MaHHIYJSTOpAa OTHOCHTENBbHO 3axBaueHHOW mranrn CII. OTu mpoBopaunBaHus HEOOXOIUMO
KOMIIEHCHPOBAaTh, TOCKOJIBKY OHH HETaTUBHO CKa3bIBAIOTCS HA TOUHOCTH BBIMOIHIEMOM CTBIKOBKH.

3akaoueHue. PCBy.TII:TaTI:I MOACINPOBAHUA TIOATBCPANIA pa6OTOCHOCO6HOCTI> MMpEAJIOKCHHOI'O
METOAAa M BO3MOXHOCTH €TI0 HCIIOJIB30BaHUA O CTBIKOBKH HITA ¢ IIOMOIIBIO 60pTOBOF0
MaHHUIIYJIATOpPA. 3aHJ'IaHI/IpOBaHHLIC HCCJIICAOBAHUA 110 JaHHOMY HAITPABJICHUTIO 6y,J_IYT COCPCAOTOUYCHDBL
Ha paspa60TKe CUCTCMbI COI'JIACOBAHHOI'O YHPABJICHUA IMMPUBOAAMU 60pTOB01"0 MaHUIyJIsITOpa Hu
JABHXXUTCIIAAMHA HITA I KOMIICHCAllMM BO3HHUKAIOMIMX B IMPOHCCCE CTBIKOBKHM CUJI U MOMCHTOB B
TOYKC KPCIIJICHUSA CXBAaTa MAHUITYJIATOPA K HITAHIC CII.

HUccredosanue svinonneno 3a cuem epanma Poccutickozo nayunozo ghonoa Ne 23-71-10038,
https://rscfru/project/23-71-10038/
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Vladivostok). Automatic docking method of an autonomous underwater vehicle utilizing an on-board manipulator.

Abstract. The method of automatic autonomous underwater vehicle docking with special stations utilizing an onboard multi-
link manipulator is proposed. The method allows building autonomous underwater vehicle docking trajectory, taking into
account relative position of special station. Then recalculating docking trajectory into an on-board manipulators working tool
trajectory.
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B. A. OCEJIEJEL ([lanbHeBOCTOUHBIN (eepanbHblil yHHBEPCUTET, B1aIHBOCTOK)

PA3PABOTKA CUCTEMBI YIIPABJIEHUA I'PYIIIION ABTOHOMHBIX _
HEOBUTAEMBIX IIOJABOJAHBIX AIIITAPATOB B 3APAHEE HEU3BECTHOU
OBCTAHOBKE

B ooxnaoe npeocmasnen memoo opmuposanus mpaeKmopuil 2pynnul
ABMOHOMHBIX HeoOUmaeMvlx NO00800HbIX annapamog (AHIIA) npu o06xo0e
npenamcmeuti. AHIIA osucaromcs 8 pedxcume «audep — edomvley 8 3a0AHHOM
cmpor 6 HeusgecmHuou obocmanoske. AHIIA-6edomvbie Osucaromces 3a audepom, 8
coomeemcmeuu ¢ 3A0aHHLIM UM MeCmomM 6 cmpoio. Ippexmusrnocmo
NPeONIONHCEHHOU  Memooa NOOMEEPHCOeHd pPe3VIbMamamy  MamemMamuiecKo2o
MOOENUPOBAHUSL.

Beenenne. B Hacrosimee BpeMsi HEOOXOIMMOCTH HCIIOJIB30BAHUS aBTOHOMHBIX HEOOMTAaEMbIX
nonBoaHbIX ammapatoB (AHITA) Bospactraer BBUAY WX BO3MOXKHOCTH BBITIOJNHATH IIUPOKUAN CIIEKTP
3aja4,  CBSI3aHHBIX €  OO30pHO-TIOMCKOBBIMH W TEOJOTOpa3BeJOYHBIMH  PabOTaMH,
OoKeaHOTrpahUIECKIMH UCCIIEAOBaHUSIMHU U paboTaMi BOeHHOTO HazHadeHud [1]. Ilpu aTtom omHUM H3
OCHOBHBIX CIIOCOOOB HOBBILIEHUS 3((HEKTUBHOCTU BBIIOIHAEMBIX MUCCHI CUUTAETCS MCIIOJIb30BaHNE
rpynn AHITA.

[lpu peanuzanmu CcTpaTerHii TPYNIIOBOIO YIpaBICHHS BO3HUKACT MpoOJieMa COTJIacOBaHMUS
IBKEHUS poO0TOoB rpynmbl. OMHUM W3 MOAXOMOB oOecreueHus] 0e30MacHOr0 JIBMKEHUS POOOTOB
SBJISIETCS] UCIIOJIb30BaHKE CIIELMATbHOTO PaclMCaHUs, MPU KOTOPOM HE JOMYCKAETCs CTOJKHOBEHHE
pobotoB [2]. B pabote [3] onucanbsl METO/IBI YIpaBICHUS TPYIIOH poOOTOB Ha OCHOBE aJrOPUTMOB,
KOTOpbIE MpeAHa3HavaloTcs A1 posi poO6oToB. Takke, ynpaBieHHe TPYIIONH pOOOTOB B HEM3BECTHOM
00CTaHOBKE paccMaTpuBacTcsi B pabore [4], r1e CTOJIKHOBEHHS C MPEMSTCTBUSIMU MTPEAOTBPAIIAIOTCS
MyTEeM HM3MCHEHHsI THMA 33JlaHHOTO CTPOS WM CKOPOCTH ABHIKEHHS TPYMIBI POOOTOB, YTOOBI 3Ta
rpymnmna o0Xoauiia MpensTCTBre Ha 6e301aCHOM PAaCCTOSHHU.

B paccMmoTpeHHBIX IpHMepax pealu3alus COIJIacOBaHMS TPAeKTOpUil pPOOOTOB TpYIIIBI
MPOUCXOAMUT 3a CYET 3a CYET IOCTOSHHOTO OOMEHa Mexay co00il uHpopMaluel, comepikaiieit
JTAaHHBIE O TEKYIIEM MOJIOKEHUH ApYT Apyra. OAHAaKO TaKOi MOAXO0/ SABISETCS MAJOIPUMEHUMBIM IS
AHIIA, BBuay OonbIIMX 3aZ€pKEK MpPU Ieperavye AaHHBIX MO TMAPOAKYCTHYECKMM KaHajlaM U UX
HU3KOH MPOIYCKHOM CITOCOOHOCTH.

[pennaraemplii gOKJIan MOCBsIIeH crocoOy ympaieHus rpymnod AHITA B HeuwsBecTHoOU
00CTaHOBKE C HWCIIOJIb30BaHWEM BH3YAJIbHOW MH(OPMAIMM NPU OTCYTCTBHU KaHAJIOB CBSI3U MEXKIY
YJIEHAMH TPYIIIHL.

IlocTanoBka 3agaunm u pemienne. B paborte paccmarpuBaerca rpynma AHIIA, cocrosmas us
AHIIA-munepa, AHIIA-Bengompix u AHIIA-Benombix-BenombiMu. AHIIA-mumep wumeer BCIO
MHQOPMALIMIO O BBINOJIHAEMOH MHCCHUM U (OPMHUPYET CBOIO TPACKTOPHIO IBIDKEHHS TaK, YTOObI
obecrieunTh BhITIONHEHUE 3ToW Muccuu. Ha 6opty AHITA-nmaepa ycTaHOBICHBI HECKOIBKO CBETOBBIX
MasiKoB, KOTopble MoryT HaoOmoaath AHIIA-Bemomble yepe3 cBoM OOpPTOBBIE BHJICOKAMEPhI W Ha
OCHOBe 3Tol BuaeonH(popMmauru GOpMHUPYIOT JaHHBIE O moyiokeHnH u opueHtaumu AHITA-nmunepa
OTHOCUTENBHO BeroMmoro. Mcnone3ys 3ty undopmanuio, AHITA-Benomble ABWXKYTCS 3a JIMACPOM U
MOIEP>KUBAIOT cBOe MecTo B cTpoto. Ha AHITA-BeoMBIX TakKe yCTaHOBIIEHBI CBETOBBIC MAasIKH, a
AHIIA-BeoMble-BeIOMBIMU OCHAILIEHBI OOPTOBBIMH BHAEOKaMmepaMu. Takum o0pa3oM, B CTPOIO
BEJIOMBIE ABIISAIOTCSA Inaepamu s npounx AHITA-BenomsIx.

AHIIA-BeiomMble He MMEIOT MH(GOPMAIK O CBOEM TEKYIEM MECTOIOJIOKEHHH B a0COIFOTHOM
cucteme koopaumHat. JKemaemoe momoxkenne AHIIA-Bemomoro B cTpolo 3amaeTcsi B CHCTEME
koopauHat (CK), cBszanHoit ¢ AHITA-nunepom, 4to mo3Boisier cOpMHPOBAThH JKETaEMBIH CTPOM

Hay4HbIil pyKOBOIUTENb HAVUHOE 36aHue, 6e0Vuull Hayunbil compyouuk, IOxumen JIMutpuii AnekcanapoBHy.
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rpynnsl AHITA He3aBucuMo oT ux monokeHuss W opueHTauuu B abcomotHoii CK B mpomecce
BBITIOJIHEHUSI MUCCHUH.

Hns onpenenenns nonoxenns AHIIA-Bemomeix otHocutenpHo AHIIA-muaepa momydaemoe ¢
0OpTOBOI BHIIEOKAMEphl H300pakeHHWE OOpadaThIBacTCs TakuM o0O0pa3oM, 4YTOObI Ha KapTHHKE
OTOOpaKaJIMCh TOJIBKO MAasK{ JIHJepa, MHUKCENbHbIE KOOPAMHATHI (T€OMETPUYECKHE IIEHTPHI Macc
KaXJOr0 M3 3JIEMEHTOB) KOTOPBIX ompenensiorcs. /lamee mo M3BECTHBIM Iapamerpam OOpTOBOM
BUJCOKaMepbl M IHUKCENBHBIM KOOpAMHATaM NpoucxoauT pacuer mnonoxenus AHIIA-Benomoro,
KOTOpOE HEOOXOMUMO IS OIIpeesICHHs [IeTICBON TOUKH.

Bo Bpems nmemxenmss AHIIA B momBogHOW cpeme moapasyMeBaeTcs €ro mHepeMelleHrne B
alpHOpHO HEW3BECTHOH OOCTaHOBKE, B KOTOPOH MOTYT HMMETHCS NPENATCTBYIOMINE JBHKCHHIO
YYacTHUKOB rpynmnbl 00bekTel. AHIIA rpynmbl JOMKHBI 0OXOJUTh 3TH HPEMSTCTBHUS HA 0e30macHoR
JUCTAaHIMY, UCKIIIOYas MPU 3TOM BO3MOKHOCTH CTOJIKHOBEHHS C APYTMMH yYaCTHHUKAaMH TPYIIIIBL.
Takum 00pa3oM, HpH BBIYMCICHUH LEJNEBOM TOYKH IOSIBISETCS HEOOXOAMMOCTh YUHMTHIBAThH
MOKa3aHusi ¢ OOPTOBBIX JAajdbHOMEPOB. i 3TOr0 MNpPUMEHSETCS CHEUHAIbHBIA aIrOpUTM
(hopMHUpOBaHUS TpPACKTOPUH, KOppEKTUpyMoIMi kenaemoe mnonoxenue AHITA-senmoMbix mpu
0OHapYKEHHUH MPETSATCTBUI, UCIOJIBb3Ys IPU ITOM MMOKa3aHHUsI ¢ OOPTOBBIX JaTbHOMEPOB [5].

Hdns  obecriedeHus: BO3MOXKHOCTH  BBICOKOTOUHOro gaBwkeHus AHIIA 1o  cioxHbIM
HPOCTPAHCTBEHHBIM TPACKTOPHUSIM UCIOJB3yeTcsi cucteMa ynpapieHus (CY) ¢ MporHO3UpyROIHUMH
mozensasmMu  AHIIA, oOecneunBaromiasi BBICOKYIO TOYHOCTh YIPABICHUS IBIDKEHHEM. 3anaBas
xenaemoe nosoxkenne AHITA-Benomoro, cucrema ynpaBieHus IBIKEHUEM (DOpMHUPYET TakHe TATU U
MOMEHTHI CHJIBI, KOTOpble obOecneunBaroT mnpuObiTHe AHIIA-BemomMoro B 3aJaHHYIO TOYKY C
JKEIaeMOoi opreHTanuen

Hccaenopanue 3¢dextuHocTn Mmeroaa. /[l mpoBepku >PQPEKTHBHOCTH MeToAa ObLIo
MPOBEIEHO MaTEMAaTUUECKOE MOACIMPOBAHUE JABHKCHUS IPYIITHI TIOABOAHBIX allllapaToB, COCTOSIICH
u3 mata pobotoB (1 ammep, 2 BEAOMBIX, 2 BEJOMBIX-BEIOMBIMH), IBUTAIOMIUXCS B TPEYroJbHOM
crporo. Kaxnpiii AHIIA-Bemomblii OcHaiieH BHIEOKaMepod, HMeeT Ha OopTy 4 npaisbHOMEpA,
pacnonoxenHslx B mnepeaneir uvactu AHIIA. Ha xopme AHIIA-nmunepa u AHIIA-BemoMbIx
yCTaHOBJICHBI MO0 4 Masika. MojenupoBanue nposommwiock B cpeae CoppeliaSim. AHITA-nmunep
JBIDKETCSI MO0 NPSMOMW, MPOXOAS 4depe3 y3KuM NMpoxoa Mexay AByMms npenstcTBusivu, a AHITA-
BEJOMBbIC, HE HMesl BO3MOXHOCTU INPOUTH HPEISTCTBUS C COXPaHEHHEM CTpOs, CMEIIAIoTca 3a
TpaeKTopI/Ho m/mepa Pe3ynLTaTLI MOJICTUPOBAHUS TIOATBEPKAAIOT pabOTOCIIOCOOHOCTh CHCTEMBI.
3akimovyeHue. B noxmane nmpencrasieH
METOJ PeIN3aLMH JIBWKEHUS TPYIIIBI
AHIIA B pexxume <«Jaaep-BeIOMbIE» B
o0OCTaHOBKe, coAepikalleldl  3apaHee

HEU3BECTHEIE MPENATCTBUSL.
Oco0eHHOCTBIO MPEIIOKEHHOTO
METOa SIBIISIETCS obecrieyeHue

0e30MmacHOr0  TepeMEIIeHUus]  ATHX
AHITA B ycnoBusx, Korma MEXIy
AHIIA rpymnmel OTCyTCTBYET mepenada
JAaHHBIX TI0 AaKyCTUYECKHM KaHajlaMm
CBSI3U JJIsl COIJIACOBAHUSl TPACKTOPUI
WX JBIDKEHUS. DTO JOCTUTAETCS 33 CUET
WCTONB30BaHusg  HMHPOpPMALUK  OT
0OpPTOBBIX BHJIEOKaMep AHIIA-
BEJOMBIX JJIsl ONIPEACTICHUS MTOJIOKECHUS
u OpHUCHTAINH AHITA-mnepa
OTHOCHUTENFHO 3THX BEJIOMBIX, a TAKKe
3a CUeT NPEABAPUTEIBLHOTO 3aJaHHS
TpaekTopHuii nepemereHuss kaxaoro AHIIA-Begomoro BHyTpH cTpos. [Ipu 3TOM 0OCOOEHHOCTBIO
MPEUIOKEHHOTO METOAA SIBIAETCS 3aJaHhe TaKOro CMEIIEHHS BEIOMBIX BHYTPH CTpOS, KOTOpPOE
uckmoyaet notepio maskoB AHITA-nunepa o6mact BUIMMOCTH KaMep BEIOMBIX.

Puc. 1. ismxenne rpynmst AHITA B Hen3BecTHOH 00CcTaHOBKE
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V.A.Oseledets (Far East Federal University, Vladivostok)
Development of a control system for a group of autonomous unmanned underwater vehicles in
an unknown environment.

The paper presents a method for generating trajectories for a group of autonomous uninhabited
underwater vehicles (AUVs) while avoiding obstacles. AUVs move in the “leader-follower” mode in a
given formation in an unknown environment. Followers AUVs move behind the leader, in accordance
with their assigned place in the formation. The effectiveness of the proposed method is confirmed by
the results of mathematical modeling.
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A. I1. OPMAHOB, M. O. ITAHYYK
(MucturyT npobiieM MOpCKHX TexHONOrui uM. akajgemuka M.JI. Areesa IBO PAH, Bnanusocrok)

CUCTEMA NOAEPKKU JEATEJIBHOCTHU OITEPATOPOB UHTEPBEHIIMOHHBIX
HOABOJAHBIX AIIITAPATOB, OCHAINEHHBIX TNHIPOAKYCTHYECKHUM
KAHAJIOM CBA3HU

B ooxnaoe npednosicen noodxoo k co30anuro cucmem nOOOEPAHCKU OessmelbHOCHU
onepamopos UHMeEPEEHYUOHHBIX ABMOHOMHBIX HEOOUMAEMbIX NOOBOOHBIX annapa-
mog (AHIIA), obecneuusarowux 3¢ppexmuernoe 6bINOIHEHUE MAHUNYIAYUOHHBIX
onepayuil ¢ 3aparee U36eCMHbLIMU 00bEKMAMU 8 CYNEPBUZOPHOM PEeNCUME C UCNOTb-
308aHUeM 2UOPOAKYCIUYECKO20 KAHALA CEA3U.

BBenenne. Pa3znnuHbie TUITBI HEOOUTAEMBIX MOJIBOIHBIX alllapaToB UMEIOT OONbLIOE 3HAYCHUE
JUIs1 McClleoBaHus U ocBoeHnsl MupoBoro okeaHa. AHITA BBIOMHSIOT OCMOTp M TIOMCK, 00CTIEAYIOT
MPOTSKEHHBIE YYaCTKH MOPCKOro AHa. OHM (QYHKIMOHHPYIOT CAMOCTOSATENBFHO HA OONBIIMX TITyOu-
HaXx, HEe TPeOYIOT CIeNHUaIN3UPOBaHHBIX CYAOB U OOJBIIOr0 KOJMYECTBA MepCcCOHaia s 00CITyKHUBa-
HUS, @ TAK)KE MOT'YT MPEOA0JIEBaTh 3HAUUTENILHBIE PACCTOSHUS B TIOUCKE LIETIEBBIX 00BEKTOB.

Ocnamenne AHITA noasoaubiMu Manumyssitopamu (IIM) mo3Boimio Obl 3HAYUTENEHO PACIIU-
pUTH chepy X IPUMEHEHHS U ClIeNaino Obl BO3MOKHBIM BBIMOMHATH IIUPOKHKA CIIEKTP 3a7ad OT 3a00-
pa TpyHTa ¢ OIpEeNeNIeHHbIX y4acTKOB MOPCKOTO JAHS, A0 OYMCTKH M OOCIYXHBAHHUS CIOKHBIX TOJ-
BOJAHBIX KOHCTpYKIMiH [1,2]. OnqHaKO aBTOMaTHYECKOE BBIMOIHEHNE MaHUIYISIMMOHHBIX ONepanuil ¢
nomonipio AHITA 6e3 yyacTust 4enoBeka BO MHOTUX CIydasx 3aTpyIHEHO H3-3a CIIOKHOCTEH B MIEH-
TU(UKALMY U ONPEICIIEHNH MECTOTIOJIOKEHHS 00BEKTOB B BOIHOM cpesie. 3a4acTylo 3TH 00bEKTH MO-
T'YT OBITh 3aUJICHHBIMH, TIOKPBITHIMH OOpacTaHUSMHU WIM UMETh NOBpexaeHus. BaobaBok cymecTBy-
10T Ollepanry, KOTOpble He00XO0IUMO BBIIIOIHATE MO KOHTPOJIEM JKCIEPTa C HENpephIBHBIM (HOpMH-
poBanueM ykaszanuii [3, 4]. [nsa undopmannonnoro oomena AHITA ¢ onepaTopom HEoOX0OUMO HC-
MOJIb30BaHUE BBICOKOCKOPOCTHBIX THMAPOAKYCTHUECKHUX KaHAJIOB Nepeaayd AaHHbIX. K coxaneHuto,
n3-3a (PU3NIECKUX 0COOEHHOCTEH BOIHON Cpelbl TAKMX KaHAJIOB MPOCTO HET U, BEPOSTHO, HE OyIeT B
Ommkaiiem Oyaymiem.

B nacrosimme BpeMs yxxe pa3paboTaHbl METOABI M CUCTEMBI, TIO3BOJISIOLINE OLEHUTH CIOKHOCTh
penbeda Mopckoro AHa B 30He pabot [5,0], onpenenuTs GOpMy U MECTOMONIOKEHHE 00BbEeKTa padoT
otrHocutenbHo AHIIA [7], chopMupoBaTh TpaeKTOpHIO IBHKEHHS PabOvYero HHCTPYMEHTA 10 UX T0-
BEpXHOCTHU [8], a Tarke mepenaTh BUACOM300pakeHUs MOCPEACTBOM aKycThuueckor cBsa3u ¢ AHITA
[9]. H3BecTHBIE pa3pabOTKH XOTh M OOJEr4aloT OormepaTopaM BOCIPHATHE OKPYKAIOMIEH MOIBOIHON
00CTaHOBKH M YIPOIIAIOT MPOLEcC pyYHOro ynpasieHus: [IM, HO He MO3BOISIOT 3()(HEKTUBHO BBIMOI-
HATh MaHUNyJAIMOoHHBIE onepannu AHITA monx kKoHTposneM omepaTopa B yCIOBHSIX M3MEHSIOLIEHCS
MPOIYCKHOM CIIOCOOHOCTH TMIPOAKyCTHUYECKOH CHUCTEMON CBSI3H.

Jnist pelieHus BhIlEyKa3aHHON MpoOieMbl B JOKJIAJe NPENCTaBlieHa CUCTeMa MOIAEPKKU Jes-
TeNpHOCTH omepatopoB uHTepBeHUHOHHBIX AHIIA, obecneunBaromas 3(¢eKTHBHOE BBHIMOTHEHUE
MaHUIYJSAIMOHHBIX ONEPAUi B THAIOrOBOM CYIIEPBU30PHOM PEKUME C MCIIOIB30BAHUEM THAPOAKY-
CTMUYECKOr0 KaHajla CBSI3U.

CucremMa noaep:KKH JesiTeJbHOCTH onepaTtopoB nHTepBeHIMOHHBIX AHIIA. Ilpennaraemas
cHCcTeMa CHHTE3UPOBaHa Ha OCHOBE Pa3pa0O0TaHHBIX aBTOPCKUM KOJJIEKTHBOM MeToJ0B [7,8], a Takxke
HOBOT'0 NOJIX0/1a K cyrnepBu3opHoMy ynpasienuio AHITA u ero IIM Ha ocHOBe 1eneyka3aHuil onepa-
TOpa, MEPEJaHHBIM 0 TUAPOAKYCTUYECKOMY KaHAIy CBSI3U B IMAJIOTOBOM peXuMe. BrimonHeHue ma-
HUINYJISALIMOHHOM OIlepaluyl C 3apaHee W3BECTHBIM OOBEKTOM paboT BEHINIONHSETCS B HECKOJIBKO 3Ta-
noB. [lepBoHayalbHO BBIOMHAECTCS UACHTU(UKAIMS OOBEKTAa Ha OCHOBE JAHHBIX, MOTYyYaeMBIX OT
OOpTOBBIX COHApPOB, ¢ nocienyromuM commxenueM AHITA ¢ o6bekToM 1 ctabunn3anueil anmnapaTta B
pexxume 3apucanus [10,11]. 3aTem monoxxenue u GopmMa 00bEKTa YTOUHSIOTCS C YIETOM €ro BO3MOXK-

HayuHb1ii pyKOBOIUTEINB: 3aMECTHTEIh JUPEKTOpA 1o HaydHOH padore K.1.H. Konomma A 1O.
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HOT'O 3aMJIMBaHMSA M 00pacTaHus C MOMOIIBIO O0JaKOB TOUYEK, MOCTYMAIOMMUX OT OOPTOBBIX CHCTEM
texanaeckoro 3penust (CT3). [na mpoBepkr IOCTOBEPHOCTH HIACHTU(HUKALMKA CPABHUBAIOTCS JIBE
MPOEKIHU OAHOW MPOBEPOUYHON TPAEKTOPUH: MPOEKLHUS Ha TIOBEPXHOCTh OTCKAHUPOBAHHOTO O0BEKTa
C MPOEKIHEH TOH Ke TPAeKTOPUH Ha TPUAHTYJISIMOHHYIO TIOBEPXHOCTh COBMEIIEHHON MOJENN 00b-
ekrta [7].

BBupay toro, uto aBTOMaTH4ecKas WACHTH(HUKALUS 00BEKTa MO 0OJaKaM TOYEK, MOTy4YEHHBIM OT
CT3, He rapaHTUpYyeT NpPaBUIIBHOE ONpEAEIeHUE 3apaHee N3BECTHOrO 00BEKTa, HEOOXOAUMO, YTOOBI
OIIepaTop CMOT CAMOCTOSITENBHO OLICHUTH Pe3yIbTaThl AeHTH(GrUKanuu. s onpaBKH Ha MMOCT orepa-
TOpa CHCTEMA, YUUTHIBAs TEKYIIYI0 CKOPOCTh THAPOAKYCTHYECKOTO KaHalla CBSI3U, aJallTUBHO (hOpMH-
pyer Habop uH(OpPMAaLHK, COCTOAIICH W3 OLEHKH TOYHOCTH COBMEIIEHHS, Ha0Opa TOYEeK MPOBEPOU-
HBIX TPaeKTOpHi, a TaKkke CKaToro GporonzodpaxkeHus oobekTa pador. Hampumep, eciam xaHain cBsA3U
HUMEET HU3KYIO CKOpOCTh nepeaaun AaHHbIX (60-100 Gaift/c), cuctema W3HA4YaIbHO OTHPABUT UHQOP-
MAIHIO O POCTPAHCTBEHHOM IOJIOKEHUN 00bEKTa 1 MUHUMaJIbHbIE HA0Op MPOBEPOUHBIX TPACKTOPHIMA
(e menee 20 Touek). OnepaTop MOXKET 3aPOCHUTH U JIOMOJIHUTEIBHYI0 HHPOpMaHi0 (MHYIO TIPOBe-
pouHyI TpaekToputo wiu (orouzoOpaxkenue). Bes mpuHsaTas Ha mocty omepaTopa HH(popMarus
oroOpaxkaercsl Ha crienuaibHOM Tpaduueckom uHTEp(eiice (puc. 1), Tae BU3yadbHO OTOOpa)kaercs
AHIIA, a Taxke Ha OCHOBE NEpeIaHHBIX OT ammapara AaHHBIX BOCCO3AaeTcs clieHa paboueil 30HBI,
BKJTFOUAIONIEH 00BEKT padoT.

Robot View - [Tocne moaTBepkAeHUS ONEPATOPOM Ipa-
BUJIBHOCTH WACHTH(HUKALNN CUCTEMA PacCuu-
THIBa€T HEOOXOJMMBIE Ui BBIMOJHEHHS Ma-
HUNYJTALMOHHON oOmepanuyd TOJNOKEHHE H
opuentanuio AHITA, a Takxe cTpouT xenae-
MYIO TPaeKTOPHIO IBM)KEHHs padodero HH-
crpymenta [IM [8]. [dns yTouHeHUs 3TOM
TPaeKTOPHUHM  HCIOJB3YeTCs  CHeluabHbINA
rpaduueckuii Mapkep, 3aKpersieHHsid Ha [1M,
MOJOKEHHE KOTOpOro HAEHTU(ULHUpYeTCs
CT3 u cpaBHHMBaeTCs € MOJOKEHUEM, PACCUH-
TaHHBIM C TOMOILBIO PELIeHUs] NpsSMON 3aa-
gy kuHeMaTuku ais 3toro [IM. Takum oOpa-
30M B peajbHOM MaciuTabe BPeMEHU BBIYHC-
T — nsiercst 00yCIOBICHHBI HETOYHOCTRIO KaInO-
onepatopa AHITA poBku CT3 BekTOp OMMOKHU, KOTOPBII MO3BO-
JSIeT TEPEHECTH IKEIaeMyl0 TPacKTOPHIO
newkeHns [IM Ha OBEpXHOCTB LIENIEBOTO 00bEKTa. YTOUHEHHas TpaeKTopHs orpabarbiBaerca [IM B
aBTOMAaTH4YeCKOM pexume. [Ipu 3ToM omepaTop WMeeT BO3MOXKHOCTh KOHTPOIUPOBATH KaXKIBIH ATl
BBITIOJIHEHUS MAHMITYJSIIMOHHONW ONepalyy, HauWHas ¢ uAeHTU(UKanuu o0bekTa padoT, W AaBaTh
koMan 16l AHITA nist mepexona OT OJHOrO 3Tarna K Apyromy.

[IpeanoxenHas cucreMa ObUIa MCCIENOBAaHA C MOMOIIBIO YHCICHHOIO MOJAEIHPOBAHUS B IMPO-
rpamMmMHBIX nakerax CoppeliaSim n Matlab/Simulink ¢ ucone3oBannemM nuHamuyeckoit mogenu AH-
ITA ¢ I[IM [7]. Kpome Toro, mpoBOIMUINCH HATypHBIE KCIIEPUMEHTHI B YCIIOBHUSX SKCIENANLINN, a TAKKe
OacceliHoBble ucnbITaHus ¢ paspaboranHbiMu [IM u CT3. Pe3ynbTaThl UCCIIEAOBaHUN CBHIICTEIb-
CTBYIOT O pab0OTOCTIOCOOHOCTH M BBICOKOH 3()()EKTUBHOCTH CHUCTEMBI.

3axioyenue. Paspaborannas cucreMa MOANEPKKH JESITEIBHOCTH OINEPAaTOPOB WHTEPBEHLUOH-
HeIx AHITA mo3Bonsier 3Ha4WTENbHO YBEIUYUTh CKOPOCTh W KaueCTBO BBIMOJIHEHUS MaHUMYJISIMOH-
HBIX paloT 3a cyeT aBTOMAaTHU3alWU MpOLEcca BHIMOIHEHUS ONepaluil Ipyd OAHOBPEMEHHOM CHIKE-
HUU YMCTBEHHOH Harpy3ku Ha omnepatopos AHITA.

HUccredosanue svinonneno 3a cuem epanma Poccuiickozo nayunozo ghonoa Ne 23-71-10038,
https://rscfru/project/23-71-10038/
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Abstract—Path planning algorithms are current research
hotspots and play an important role in the field of production
and life. However, with the increasing complexity of dynamic
requirements in real path planning problems, traditional path
planning algorithms have exposed their limitations. Heuristic
algorithms that can solve dynamic environment problems are
gradually becoming the mainstream research direction. The
D* algorithm, as one of the new heuristic algorithms, has the
advantages of being more computationally efficient than the
A* algorithm and being able to solve dynamic problems, and
has played an important role in two-dimensional path planning
projects such as the NASA Mars rover. But its theoretical
research and practical application in 3D environment are very
rare. In this context, this paper carries out an in-depth study of
the path planning problem based on the D* algorithm, realizes
the path planning process of the algorithm in 2D environment
with the help of simulation program, and completes the
theoretical derivation and simulation process in 3D
environment. In this paper, in order to fit the complex two-
dimensional environment, a complex random two-dimensional
map is established by random generation, and the simulation
of D* algorithm is realized on the map with the help of Python
language, which realizes the finding of the relative optimal
path. Then, in order to study the feasibility of D* solving in 3D
environment, the theoretical derivation of 3D D* is completed
by referring to the theoretical study of 3D A¥*, and the
simulation of D* algorithm under 3D map is realized with the
help of Python and Unity3d. The research results show that the
simulation results are good, which is valuable for the
theoretical research and practical application of heuristic
algorithms, and plays a role in the application of robot path
planning algorithms, and also provides a new theoretical
support for the research of three-dimensional D*.

Keywords—Path Planning, Heuristic Algorithms, Complex
Stochastic Environments, Python Simulation Implementation,
D* Algorithm

I. INTRODUCTION

Path planning refers to the process of finding an optimal
route from the environment from the starting point to the
goal point according to specific constraints in a complex
external environment. According to the general statement in
the academic world, all planning problems that can be
topologized as point and line networks are related to path
planning algorithms, and also basically all of them can be
solved by using path planning methods[1]. This wide range
of problem solving makes path planning algorithms get the
attention and concern of many researchers. The process of
solving problems by path planning algorithms can be broadly
explained as follows: parameter acquisition of the
environment and collecting enough information about the
environment for mathematical modeling. After that, the path
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should be searched and an optimal solution should be found
by the algorithm. Depending on the algorithm and the
requirements, the paths obtained are naturally much different.
So when solving this problem, an absolute optimal solution
is often not obtained, but a relative optimal solution.
According to the different requirements of time, distance,
movement mode, etc., the path comparison is carried out in
the actual problem to get the most suitable answer. Finally, it
is optimized according to the algorithm.

A variety of efficient path planning algorithms have been
researched in related academic circles. Among them,
heuristic path planning algorithms are the most dominant
category of path planning algorithms that have emerged in
the last three decades. Heuristic algorithms are algorithms
that find relatively optimal solutions within acceptable
computational costs, but do not necessarily obtain all feasible
and absolutely optimal solutions. The D* algorithm,
represented by D* lite, absorbs the strengths of various
previous heuristic planning algorithms and combines the
computational processes of these algorithms so that the D*
algorithm is always maximized in dynamic and static
composite environments.

In the article the authors implement the D* algorithm for
path planning in both 2D and 3D environments, and finally
apply the research results to path planning in complex
environments for robots. The theoretical derivation of three-
dimensional environment is more difficult, the method used
in this paper is to refer to the principle of A* algorithm, with
the help of the "Rubik's Cube" model to deal with complex
three-dimensional problems. At the same time, simulation
experiments are carried out with the help of Python,
MATLAB and Unity3d to verify the effectiveness of the
algorithm.

II. IMPLEMENTATION OF THE D* ALGORITHM IN 2D AND 3D
ENVIRONMENTS

A. Two-dimensional path planning

Map modeling and algorithm implementation are equally
important tasks. In the map modeling part, in order to
implement the D* algorithm completely and close to the
dynamic environment conditions, this thesis adopts a
complex way such as random generation to build a large 2D
map. In the algorithm realization part, combined with the
previous content, it is known that the generality and the
number of practical applications of D* lite are larger than
other kinds of D* algorithms, and its related information is
more. Therefore, in this part, D* lite is used as the object for
program editing and simulation. Considering the necessity of
visualizing the results of large-scale planning, data export
and visualization are carried out in this section.
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In the formal implementation of the D* algorithm, taking
into account the practical needs, the algorithm that can only
complete the path planning in small maps has no practical
application value. Mature D* algorithms must work well in
large dynamic maps in order to be considered as
accomplishing the path planning task. In this paper, we use a
randomized distribution-based algorithm to generate large
maps with sufficient complexity on our own.

The principle is roughly as follows: first set the map size
and boundaries, the start and end points, and the total number
of obstacles to appear. Next, the key parameter of complexity
is set, which determines the degree of dispersion of the
obstacles when the map is randomly generated. After that,
the "1" in the 2D binary map, i.e. the obstacles, are randomly
distributed among the blanks of the set area by generating
random numbers, and the rest of the blanks are recognized as
the space where the experimental target can be reached. This
process is always constrained by the parameter of complexity.
The specific formulas are listed below:

shape= ((height//2) * 2+1, (width//2) *2+1)

First define height, width, and shape as the set of lengths
and widths. Due to the specificity of the algorithm, the map
width and height must be odd [2],to prevent the subsequent
recursive process of random selection from being affected.

M

complexity= int (complexity*(5(shape [0] +shape [1]))) (2)

Here is the definition of complexity, complexity needs to
be based on the size of the map to carry out the appropriate
proportion of the conversion. int is to point to the downward
rounding of the calculation rules, shape[0] and shape[l]
refers to the length and width of the map, respectively.

After that, the boundary is built to shape a map that is
surrounded to prevent the map from planning a situation
where there is no way to go or no need to plan. Finally,
random assignment is performed to generate randomness
with the help of a function based on rnd statements to
distribute obstacles into the map.

For the experimental target, since the map is randomly
generated, resulting in a great possibility of outdated
environmental information, there will be no chance of
retaining valid environmental information when repeating
the experiment. And the fact that the new map is almost
completely unknown to the moving target simulates an
extreme situation that produces a dynamic process of almost
complete change in the environment. In more requirements-
oriented terms, the original map is "destroyed" in the
dynamic process. This is the most difficult situation to solve
in the actual needs of a situation, the solution to this situation,
basically can cope with all the dynamic changes in the
situation.

D * algorithm of the key to rhs and g * (s) use. s refers to
the node, the cost function rhs is used to record the successor
node of the raster node g (s), that is, Equation (3):

0.if s = Sgepe
};5[:5) = . ‘ N . i,
min_(c(s'.s) + g(s ), otherwise
seSuccs)

(€))
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And g*(s) is the predecessor node of the raster node, i.e:

0,if s = Sqgre
(c(s".s)+ g = (s). otherwise

g* (s)= {
) “)

min
SEPTEA(T,

In the above formulas, succ refers to the successor form,
which corresponds to the successor node g(s), and pred refers
to the predecessor form, which corresponds to the successor
node g*(s). ¢ refers to the overhead function, s refers to the
surrogate node, s' refers to the next node, sy, refers
specifically to the current node, and rhs refers to the cost
function.

When dealing with unknown environments, D* lite
avoids excessive attempts at paths that cannot be passed by
using a reverse search algorithm.

B. Three-dimensional path planning

The implementation of 3D D* algorithms is a similar
process to 2D. Map modeling and algorithm implementation
are still important in this part. At the same time, the difficulty
of modeling and implementation has increased due to the
increase in dimensionality. The theoretical derivation of D*
lite in three dimensions has not yet been available in public
sources to draw on, and its derivation and programming are
also more difficult. So this part draws on the 3D A*
algorithm to complete.

Three-dimensional space environment simulation digital
map construction is a more complex process [3]. Compared
with the two-dimensional "maze" type of random obstacle
distribution, three-dimensional space cannot be directly
applied to this map generation rules. Random two-
dimensional obstacles are projected as a large number of
floating obstacles in three dimensions, which are difficult to
be encountered in real scenarios, and the related simulation
results do not have enough reference significance for real
projects. In the actual project, the scene similar to the
undulating mountain terrain is closer to reality, for example,
the outer space environment where the planetary rover is
located, the terrain is not two-dimensional, but there is no
need to consider the floating obstacles. As for motion objects
in the form of drones, the actual flight still has to stay close
to the undulating terrain of mountain ranges to avoid high
altitude turbulence and signal impacts. Therefore, the
construction of undulating terrain is the focus of large-scale
3D map work.

Manual drawing is to model the map directly and
complete the map generation according to different needs. In
Unity3d, the handling of 3D objects is very efficient. With
the help of some of the features of Unity3d, it is possible to
draw a suitable 3D map by using brush painting.

The implementation of D* lite in three dimensions is
similar to two dimensions, but there are many differences.
There is no direct reference for the 3D D* algorithm, and
there is no corresponding algorithmic transformation for 3D
in Anthony Stentz's paper (D* Algorithm Proposer) [4].
After referring to the algorithmic treatment of 3D A*, the
following conclusions can be known and deduced [5]:

The directions around the nodes are changed. The &
directions are different in 2D and 26 directions are deduced for
3D. This partly draws on the idea of a three-dimensional A*.
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Similar to a Rubik's Cube, the center square of a Rubik's Cube
is surrounded by 26 different squares, and during the gridding
process, the center square can be moved to any of these 26
squares, each of which can be used as the next node to the
current node. So during the movement process, the
corresponding cost spends of the 26 squares have to be
calculated each time. The specific effect is similar to Figure 1.

Figure 1 Structure of a third-order Rubik's Cube

A key difference between D* lite and A*, as seen in the
context of the algorithm, is that D* lite uses ‘key’ as a
comparison parameter. ‘key’ is a key parameter that affects
the cost function rhs. In two dimensions, the keys of different
nodes do not produce a leveling effect like the cost function f
in the A* algorithm. The keys of different nodes generally
cannot be equalized. However, in three dimensions, due to
the involvement of a third direction, the key is bound to
produce unreasonable results if only data from the first two
directions are computed. Ignoring the data in one direction
may lead to the conclusion that the results of route selection
in multiple directions are all consistent. Therefore, it is
necessary to change the computational equation of the 26
nodes to a three-dimensional form in this part, i.e., s becomes
s', so that the result of key's leveling can be avoided.

The rules for calculating nodes such as successor nodes
and successor nodes remain unchanged. According to the
previous two-dimensional content, it can be seen that the
calculation of the predecessor nodes and successor nodes
calculation rules and dimensionality has nothing to do with
the core idea is to calculate the parameter values
corresponding to different nodes, that is, to quantize the node
information of different positions. And such a process only
needs to add the computational part of the new axes to the
computational equation when the dimension is increased. For
the node search rule and sorting method, it is fixed. The
specific formula changes as formula (5) and (6).

0.if s = Sgigre
rhs(s) = {J : . : B
esraxcxcr;m(c(s ,5) + g(s ), otherwise

0,if s = sgpp:
Seprrggm(c( s'.5) + g »(s), otherwise

g:(s):{

In the calculation, the predecessor pred and successor
succ of node s become pred' and succ', which just means that

3

Q)
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another dimension of data needs to be added to the
calculation, but the idea of traversal is the same as the idea of
sorting, so the traversal part remains unchanged in the actual
program, and what needs to be changed is the pred and succ
of the Calculation of the dimension. The specific process and
two-dimensional and three-dimensional space between two
points is similar to the distance calculation.

The idea used in practical obstacle judgment is slope
judgment. That is, terrain with a large slope is an impassable
obstacle, and terrain with a small slope is a passable space.
This is also in line with the movement characteristics of the
actual robot. When implemented into the program, it needs
to be processed with the help of a slope map.

Figure 2 Unity3d large three-dimensional map overall effect diagram

RGBA-32 hit

4096x4096 BOIBENIB

Figure 3 Unity3d map slope map

In this map, the characteristics are similar to the regular
slope map, and different colors can be used to indicate
different degrees of undulation. And the color that is too
green can be judged as an obstacle. This process can also be
dynamically adjusted by setting a threshold of green color to
control the demarcation between high and low slopes.

1. SIMULATION RESULT

A. Two-dimensional path planning

Figure 4 shows the large 2D random map and D*lite
planning path generated by MATLAB, it can be seen that
firstly, the map is complex enough that it is basically
impossible to get the planning path without algorithmic
computation. Secondly, the whole path planning process is
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successful and there are no cases of going through walls,
dead loops, or having a suitable path but not being able to
find it out. At the same time, in localized areas, such as the
details in the figure, the D* lite algorithm demonstrates its

heuristic property, i.e., the strategy of "trying" different paths.

When walking into a closed obstacle region, D* lite
computes the result that no path can be planned in the current
region, and then it returns to the previous suitable region and
"tries" again in another direction.

Figure 4 Structure of a third-order Rubik's Cube

The D* lite algorithm completes the entire path planning
process after this "trying" process from start to finish.
Although there may be more suitable routes, such as the
green route, in areas like the one in Figure 5, this does not
affect D* lite's ability to find relatively optimal solutions.
Also in Figure 5, since there is more than one passable route
from the start to the end, if the upward direction is chosen at
the very beginning, there is no possibility of obtaining the
absolute optimal route in green as long as there is a passable
path in the upward direction. This also shows that as long as
the D* lite algorithm has a "trying" process, there is no
guarantee that the absolute optimal path will be obtained.
The only way to get the green optimal path is to compare all
the optimal paths, or to choose the direction to the right at the
beginning, which is also a kind of random factor. the high
efficiency of D* lite and the absolute shortest distance of the
path cannot co-exist.

1

Figure 5 Comparison plot of local optimal solutions for planning results

In addition, after many changes to the map parameters,
D* lite was still able to complete the path planning process,
which proves the reliability of this part of the algorithm and
program. Figure 6 shows the 2D D* lite planning process for
changing the map.
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Figure 6 Map of route planning results after changing the map

B. Three-dimensional path planning

In Unity3d's terrain, the principle of judging obstacles
adopts the more generalized slope principle [6], i.e., terrain
with too large a slope is an impassable area, and too small a
determination is a passable space. As shown in Figure 7,
which is a localized map after the 45° determination, it can
be clearly seen that the white areas with smaller slopes are
passable areas, and the red areas with larger slopes are
impassable areas.

/ .’..l ﬁﬂhmtﬁ@mw

Figure 7 Localized view of 45° obstacle determination

£ me

The operation of the route is calculated using D* lite,
which can be done to draw a green trajectory in real time.
The specific effect is shown in Fig. 8 and Fig. 9.

Figure 8 Roadmap without judgmental obstacle perspective
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Figure 9 Roadmap with the judgment of the obstacle perspective

In the figure, it can be clearly seen that when the
controlled robot (the yellow point in the figure) is going to
move to the high ground on the right, since there are sloping
areas, i.e., obstacles, between the current position and the
high ground, the robot under the control of the algorithm
picks the way to go around the obstacles and completes the
path planning. And the green route is in line with such a
search strategy.

Figure 10 Picture of path planning results for repeated trials

Fig. 10 The result graph after repeated experiments, it
can be clearly seen that the robot has followed the path
planning strategy and selected the relatively optimal path in
green under different terrains, without crossing obstacles or
getting stuck in place. The reliability of the algorithm and
program is further verified.
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IV. CONCLUSION

In this paper, through the research work on the path
planning algorithm based on the D* algorithm, the design
and implementation of the D* lite algorithm on a large two-
dimensional map is completed. The theoretical derivation of
D* lite in three-dimensional space was completed, and the
design and implementation of D* lite algorithm was
completed in Python language environment and Unity3d.

These works make the research on D* algorithm more in-
depth. The effectiveness of D* is also verified, and its
efficiency is also analyzed and compared, and its obvious
advantages under dynamic problems are summarized. The
related research also facilitates the implementation and
practical application work of the algorithm and increases the
feasible use scenarios of the algorithm. The study of maps in
2D and 3D conditions helps to analyze the feasibility of the
simulation of practical application scenarios. The theoretical
analysis and program implementation under two-dimensional
and  three-dimensional  conditions  provide  help,
implementation and simulation verification for the solution
of path planning problems, and provide theoretical basis and
simulation results to prove the solution of problems under
three-dimensional conditions.
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NPUBJIMKEHHBIA AHAJIN3 TOYHOCTH PEIIEHMS 3AIAYN HABUT ALIUA
O TrEO®U3NYECKHUM I1OJISAM JIJIsI HHBAPUAHTHOM U HEUHBAPUAHTHOM
CXEM OBPABOTKHA

Ipoananuzuposanvl ocobeHnocmu 3a0a4u Hagueayuy No 2e0pu3u4ecKum noasm
C MOYeUHbIM 30HOUPOBAHUEM UHPOPMAYUY, DPeuaemoll ¢ UCNOAb30BAHUEM
UHBAPUAHMHOU U HEUHBAPUAHMHOU cXxem 0bpabomxu. TIpednodcena npubaudicennasn
npoyedypa, NO380JANWAA NPOAHATUSUPOBAMb  GIUAHUE OWUOOK KaAHCO020 U3
UCTNOYHUKO8 UHDOPMAYUU HA MOYHOCHb PAZIUYHBIX 6APUAHIMOE PEUUEHUsT 3A0aUL.
Onucan npumep, UCROIb30B8AHKbLU 0151 ULTIOCIPAYUY NPEOTOIHCEHHON MEMOOUKU.

Brenenune. l3BecTHO, uTO 3amada HaBurarmu 1o reodusmueckuM mnomsMm ([DIT) moxer ObITh
3 PeKTUBHO pelIeHa C UCIIOIb30BAaHUEM aJlTOPUTMOB, OCHOBAaHHBIX Ha 0alieCOBCKOHM TeopuH (QUIBTPALIMU
1 00€eCIeunBaIOIINX HAXOXKICHUE ONTHMAIBHBIX B CPEJHEKBAaJPATHYECKOM CMBICIE OLEHOK U
COOTBETCTBYIOIIMX MM MaTpull koBapuaiui [1-10]. Cpemu 3amau Hapuraumu no I'®OI1 npuHATO BRIACIATH
337]a4M C TOYEYHBIM 30HAMPOBAHKE IMOJS, B KOTOPBIX MCHOMB3YIOTCS JATYMKH TOJS, BhIpabaThIBaIOIHE
ckaJsipHble m3Mepenus [1-4]. Crnenuduyeckoii 0COOCHHOCTBIO TaKUX 337ad MOMHMO €€ HETMHEHHOCTH
SBJISICTCSl TPOTSHKEHHBIH BO BpeMeHW xapakrtep. Panee B [11, 12] Obuio moOKa3aHO, YTO TOYHOCTH
ONpE/CNICHN KOOpIMHAT MECTa B 3HAUMTENBHOM CTENEHM 3aBUCHT OT XapakTepa MOrpElIHOCTEH
HaBurauonHor cucrembl (HC) Bo Bpems mpoBeneHusi oOcepBalu: MpU UX M3MEHYMBOCTH - TOYHOCTH
ONPE/ENICHN KOOPAMHAT 3HAYUTENBHO yXyamaercs. s CHM)KEHHS 3TOM 3aBUCHMOCTU TPEIONKEHO
MpUBIIEKaTh HHPOPMALIMIO O XapaKTepe TPaeKTOPUH BO BpeMsi mpoBeaeHus Koppekuuu [13]. Onnako yder
MOJZEIH JIBIKEHHS B LIEJIOM YCJIOKHSET MTOCTAHOBKY MCCIEAYEMOH 3aJaud HeMMHeHHOW (QuibTpanmu B
CUIly YBEJIMUYEHHUS pa3MEPHOCTEH KaK CaMOro BEKTOpa OLIEHWBAEMBIX INApaMETPOB, TaK M BEKTOpa
n3MepeHuil. B To jxe Bpemst mpu npoBeAeHNH IPeIBApUTENBHOIO HCCIEI0BAaHH TOYHOCTH, B TOM YHCIIE C
Lenbl0  BhIOOpa TOrO WM HMHOTO BapuaHTa pelieHHus 3aJadd, LeJIecoo0pa3HO  BBHIMOIHSTH
npencKazaTeibHOe  MOJACNUpOBaHHE. Takoe MoAenupoBaHHE TpeOyeT 3HAUYMTEIBHOrO o0beMa
BBIYMCIICHUH, TIOCKONBKY JUIA HEIMHEHHBIX 3a7ad HE CYLIECTBYET YHHBEPCAJIBHOrO (IIPOCTOro B
BBIYMCIIMTEIIBHOM IIIaHe) anroputMa, aHajormyHoro ¢uibTpy Kammana (®K) u obecneunBaromiero
ONTUMaJIbHOE MX PellIeHre B o0lueM cirydae. B 3Toi cBs3M 1enecooOpa3Ho Ha dTare MpenBapuTebHOrO
WCCIICIOBAHHUS pacIioyiaraTh yIPOLICHHON MPOLEAYpOl MPHOMMKEHHOro aHall3a TOYHOCTH. B nmokmazne
OIHMCBHIBAETCA OFHA W3 BO3MOXKHBIX VIIPOIIEHHBIX MPOLEAYp NPENBApUTENBHOIO aHaIM3a TOYHOCTH
petenus 3axauu HaBurauuu no I'®I1 ¢ ToueyHbIM 30HIMpOBaHUEM, MTO3BOJISIONIAsA, B TOM YHCIIE, YYECTh
JIaHHBIE O TPAEKTOPHU IBHKEHHS O0ObEKTa.

IHocranoBkHM 32724 puIbTpPaUK NPH TOYEYHOM 30HANPOBAaHMH HH(popManuu JaHHBIX 0 I'DII n
0c00eHHOCTH BapuaHTOB uX pemenusi. [Ipennonoxum, uto Ha 6opTy oObekTa mMeercs onopHas HC,

T
BbIpAbaTHIBAONIAs M3MEpEeHHst KoopauHaT y'(f) = [yHC(l)(t) e (t)] B MOMEHTBHI BpEMEHHU f, U
Iorl

JaTINK, OOECIICUMBAIOIIMK CKAJApHBIE HM3MEpPEHHs TeOPU3UUEcKOro Mois ) |, MOKa3aHUsl KOTOPBIX
MOTYT OBITh NIPEICTABIICHBI B BU/IE
YD) = X () + Ay" (1) (1)
Y () = ¢(X(0) + A" (1), )
T
rae X(t) = [Xl (¥) Xz(t)] — HCTUHHBIE KOOPIHMHATHI TOABMKHOTO OOBEKTa, ONHMCHIBAIOILIUE €ro

TPAGKTOPHIO B HEKOTOpOW  MPSAMOYIOJNbHOW  CHCTEME  KOOpAMHAT  HA  IUIOCKOCTH;
T
AN (1) = [Ay<1> (¢) Aym(t)] — MOTPEUIHOCTH BBIPaOOTKH KoopauHat mecta HC; d)(X (t)) — QyHKIHS

BCKTOPHOI'0 aprymeHTa, OHNpCACiIdroniasd KapTy HOJA W MNO3BOIAOMad € TOYHOCTBHO OO €€
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norpemHocTeil Ay*(f) BBIUMCIATH 3HAYEHMS OIS B NPOM3BONBHON TOUKE 3aJAHHOIO paioHa;
A" () = Ay” (t) + Ay*(f) — CyMMapHas TIOTpelIHOCTh JaTduka Ay'(f) W KapTel mons. 3ajgaua
3aKrouaercs B yrouHenuu nokasanuid HC.

Omnmpasick Ha pe3ynbTaTsl padot [11-14], MOKHO chOpMYIHPOBATH CIEAYIOIIHUE, IPEICTABICHHBIC
B Tabauue 1, BaprHaHTHl MOCTAHOBOK 3a/1a4 (PMIIbTpalliy, HallpaBlIeHHbIE Ha yTouHeHue nmokazanuii HC
W y4YUTHIBaIoOIUe Hanuuue u3mepenuit (1) u (2), BKIoUas anpuOpHYIO MH(OPMALHIO O TPAaCKTOPUH

T
nBrwKeHus: oObekTa. B Tabiuie 1 BBeIeHbI BEKTOPBI (xHC(t))T, (x"" (t))T, (xOE (t)) , UCIIONIb3y€eMbIe

Ut onucanusa norpemHoctedt HC, cyMMapHO# NOrpemHocTH KapThl U JaTYMKa MOJS U TPaeKTOPHU
IBIDKEHHS OOBeKTa B BUAE (OPMHUPYIOUIMX (WIBTPOB, 3aJaBAaeMbIX C MOMOLIBIO JMHEHHBIX
nuddepeHIHaIBHBIX YPaBHEHH M COOTBETCTBYIOIIMX MaTpul HaOmoaenus. Hanpumep, Tpaekropust

X(f) MOxeT OBITH NpeEACTaBIEHA ¢ MOMONIBIO (Gopmupyromero ¢uistpa x%°(f) = Fx(¢) + Gw(t),
X(t)= H”x(t) , B xotopoM, F, G — W3BECTHbIE MaTpUIBI HEOOXOAUMOH pa3MepHOCTH, a W(f) —
MOPOKJAIOIIMI [IyM E€AWHUYHOW WHTCHCHBHOCTH. 3HAau€HHE KOOPAMHAT B HAayaJlbHBIH MOMEHT
BpeMenn X(f,) = H”x(1,) ompenensier HaualbHOE PACIIOIOXKEHUE TPACKTOPUH Ha IuIockocTu. Jlasee

JJI COKpaIICHU S 3allMCHU apryMCHT BPEMCHHA t OIYIICH.

Tabnuma 1
BapuaHTbl 10CTAaHOBOK 32124 GUILTPALIHH.
Hcnonp3yemast mHbOpManus Ipu
pelIeHnH 3a0a49H (PUIBTPAIHI
HewmBapuaHTHast TOCTaHOBKA 3aa4, YIUTHIBAIOIIAs HAINYNE HHPOPMAIIUH O TPAEKTOPUH ABIKCHUS 00BEKTa
-Tpaexropus, ~ [ o5\ o\ T T yHC - X4 AyHC
1 -U3mepurens nons, x = (x ) (x ) (x ) }
_HC. ynpn _ d)(X) +Ayﬂm

Bapuant Bexrop cocrosiHus W3mepenus

-Tpaexropus,

-M3mepurens nons, , -

2 -HC wucnonb3yercst TONBKO B x = [(x”E ) (xr o ) }
MOMEHT Hadyajla PeIICHUs 3aJayuu

¢$uIbTpanym.

R e ] | e

WuBapranTHas TOCTAHOBKA 3a[ady, HE IPEIIOIAraomas IpuBiIedeHre HHGOPMAIHs 0 TPACKTOPHH JBIDKCHUS 00BEKTa;
n3mepenust HC ncrone3yroTest Kak BXOIHBIE CHTHAIIB
T

4 :Ilflléhj[epmenb TI0JIS, X = |:(xr®n )T (ch )T} yrmn _ d)(yHC _ AyHC) + Ayrmn

T

ynpn _ ¢(X) +Ayﬂm

[Ipoananu3upyemM ocOOEHHOCTH MPEACTABICHHBIX B TAOIUIIE TOCTAHOBOK 3a7a4 (PHIbTPALKH.

OTH BapuaHTBl pa30WMTHl Ha ABE TPyNNbl. B MepBBIX Tpex BapuaHTax MOCTAHOBKA 3aladu
(dopMynupyercss B COOTBETCTBUM C HEWHBAPHAHTHOW cXeMOW OOpalOTKH (WM HEHMHBAPHAHTHBIM
MOJXOMIOM), Tpenanoaraloueil Haluuue U UCIOJIb30BaHHEe MH(POPMAlUK O TPAEKTOPHU JIBUIKEHUS
o0bekTa Bo BpeMsi oOcepBaliui.

B Bapmante | B mOMHOH Mepe HCHONB3yeTCs BCA HMMeEIOIIAscs WHPOpPManus: O Xapakrepe
JBIDKEHHS OOBEKTa, MepefaBaeMasi CBOMCTBaMHU mpouecca X; cBoiicTBamMu ommbOok m3mepenuit HC
AY™ = (1); cBoiicTBaMu cyMMapHBIX OmIO0K KapThl u m3Mepurens Ay * B usmepenusx (2). Takum
00pa3oM, MpH pELICHUH COOTBETCTBYIOIIEH 3amaud (WIbTpAMHU YAAeTcs B MOJHOM Mepe y4yecTb
BpeMeHHBle M (WIM) YaCTOTHbIE CBOMCTBAa mporueccoB, omuchiBarommx X, AV ™" u AYC A
D¢ dextuBHOCTE UcTiONb30Banus n3Mepennit HC (1) ompenensiercs pa3nuuueM CBOMCTB MPOLIECCOB,
OIMCHIBAIONIUX TpaeKkToputo X u omuook HC AyHC, a m3MepeHuid o (2) - pa3nuyueM CBOWCTB X U
omm6ok Ay 7.

B Bapuante 2 usmepenus HC He HCIONB3YyIOTCS MpH pELICHUH 3a1aud (UILTPAaLUH, OTHAKO,
nanseie oT HC npuBiekaloTcs B Ha4aldbHBI MOMEHT BPEMEHHU JIJIsl IOCTPOCHHSI 00JIaCTH allpuOpHOR
HEOIIPENIENEHHOCTH, a MPHU 3aBEpIICHUM HHTEpBasla MOCTyIUIeHUs AaHHbIX o ['®Il, momydeHHble B
pe3ynbTaTe peleHus 3a1aui GUIbTPaliK OUEHKH X, UCIONB3YIOTCS A Koppekuuu nokasannid HC.
B sToMm ciryyae 3agaua onpeneneHus KOOpAUHAT X MOXKET ObITh B MPUHLMIIE PEIIeHa, HO MIPHU TaKOM
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BApUAHTE HE YUNTHIBAKOTCS BO3MOKHOCTH OLCHMBAHHS H3MEHUMBOM cocTaBsuomeii Ay
00yCIIOBIIEGHHBIE pa3IMYleM CBOWCTB MPOLIECCOB, OMMCHIBaloUMX Tpaektopuio u ommbOku HC. Ecnu
9TH Pa3lIMuusl HE CYIECTBEHHBI, TO U MOTEPH B TOYHOCTH OLIEHMBAHMS KOOPAMHAT, MO CPABHEHHUIO C
BapuaHTOM (1), OynyT He3HAUYNUTENbHBIMHU, T.K. pHBJIeUeHn e HHPopMaruu 06 X Ha ¢oHe ommrbox HC
Oyzner ManoddekTuBHBIM. B MpOTHBHOM citydae MOTEpHU B TOYHOCTH MOTYT OBITH OLIYTHMBIMH.

B BapuanTe 3, naMepeHus nojs He UCTONb3YIOTCA U 3/1eCh OTCYTCTBYET BO3MOKHOCTh OLICHUBAHUS
KOOpDAMHAT B HAYalbHBIK MOMEHT BpeMeHH X(Z)), OIHAKO MOXHO OLEHHTh NpUPALICHUS

3X(t) = X(¢) - X(t

,) ¥ H3MeH4HBYIO cocTaBistolyto ommbkn HC 8y (1) = Ay™ (1) — Ay™(z,), 3a cuer
BO3MOYKHOTO pa3inyus UX BPEMEHHBIX CBOWCTB.

[locnenuuii 4-if BapuaHT COOTBETCTBYET TaK Ha3blBaeéMOM HHBApHAHTHOH cxeme 00pabdOoTKU
(MHBapHaHTHOMY TOAXOAY) M MOCTaHOBKE 3aJayll (QHUIbTpalMd, HpU KOTOpod HHGpOpMauus o
TpaeKTOpUM He TpuBIeKaercd. lIpm HCIONB30BaHMM TaKOro MOAXOAA, COTJIACHO NPUHIUIY
pacnpenenenuss uHGopManuu [1], AaHHBIE OT HABUTAllMOHHOW CHCTEMBI HCIONB3YIOTCA HE Kak
u3MepeHuss B 3ajade (QUIBTPALUUM, a TPAKTYIOTCS KaK M3BECTHbIE BXOAHbIC cUrHaibl. OnxHaxo,
cBoiictra norpemsocteit HC Ay’ n cymmapHEIX morpemHocTeii kaptsl u m3mepurens Ay * B 3anaue
(GUIbTpalM YYUTBHIBAIOTCS. M3 CKa3aHHOTO CIIEAYeT, YTO Takas MOCTaHOBKAa IO3BOJISET Y4YecTb
ormauns coiict AY"C u AY'”) mockonbky OHM BXOAAT B ypaBHEHMs s M3MEpEHHIl B 3ajaue
¢unprpanuu. Bmecte ¢ Tem, B cuiy OTCyTcTBUSI u3MepeHus (1) He HMCHONB3YIOTCS pPe3epBBHI,
CB3aHHBIC C ydeToM pasnmuus cBoitcts X m AY'“. Ecnu wsmenumBocth morpemmsoctein HC
CYILIECTBEHHAS U Pa3NN4Msl BpEMEHHBIX CBOMCTB TpaekTopuHu U norpemrHoctedd HC 3HauMMBI, TO 0TKa3
oT (1) MoXer mpUBECTH K OUIYTHMOMY CHIDKEHHIO TOYHOCTH, JAOCTUTaeMoOH Uil Bapuanrta 4, mo
cpaBHeHHIO C BapuaHToM |. Bce paccMoTpeHHBIe BbII€ BapuaHThl 3aAad  (QUIBTpaLUH, 3a
WCKJIIOYEHNEM BapHaHTa 3, SIBISIOTCS HEJIWHEHHBIMU.

[IpuBeneHHsIe paccyXaAeHHS MO3BOJISIIOT JIMIIL HA KAYECTBEHHOM YPOBHE IPECKa3aTh BO3MOXKHOE
COOTHOIIIEHUE PE3yIbTaTOB PEIIEHUA 3a7ja4 OLEHUBAHMsI, COOTBETCTBYIOIINX Pa3INYHbIM BapUaHTaM.
Bonee monpoOHbIi aHATN3 TOYHOCTH PEILLEHUs 3aJa4l U MCCIeJOBaHUE €€ 3aBUCUMOCTH OT CBOWCTB
MIPOLIECCOB, OMHUCHIBAIOIIUX TPACKTOPHIO M MOTPEIIHOCTH HCTONb3yEMBIX HM3MEPUTENBHBIX CPEICTB,
MpeAroaraeT BEIIOJHEHUE 3HAYNTEIBHOTO 00beMa peAcKa3aTelbHOTO MOASIUPOBAHUS, YTO B CHUILY
HETMHEHHOT0 XapakTepa 3ajaud TpeOyloT TNpoBeldeHUs  BbluMciaeHui. [lo sToll mpuumbHe u
MpeAsaraercsi OnuchIBaeMasi B CIEAYIOIIEM paszeie MpuONmKeHHas: NpoLeaAypa, MO3BOJSIOmAs, He
TOJBKO OoJiee MPEeOMETHO Ha KadeCTBEHHOM YPOBHE IPOAHAIU3UPOBATH BIHMSIHUE KaXKIOTO M3
UCTOUYHUKOB HH(popMauuu Ha 3()(EKTHBHOCTh PEIICHUS 3afadd, HO M OLEHHUTHh STOT BKIAJ
KOJINYECTBEHHO.

[Mpubau:keHHass npoueaypa NpeABAPUTENbHOr0 aHaamu3a ToyHOocTH. CyTh mpeninaraeMoun
MPOLIETYypPhl 3aKIII0YAECTCA B MCKIIOUECHUU HEIMHEHHOro XapakTepa 3alaud U CBEIEHUS HCXOMHOMN
3a/laud K €€ JMHEHHOMY aHajory, 4TO TMO3BOJSET IpPHU aHallu3e TOYHOCTH HCIIOJIb30BaTh
0TpabOTaHHBIC JIETKO PeATM3yEeMbIC aJIrOPUTMbI JTHHEHHOW (DUIBTPAIIUK U MIPH 3TOM B IMOJIHOU Mepe
YU4eCTh CTAaTHUCTHUYECKHE CBOMCTBA CIy4YalHBIX IMPOILIECCOB, OIMHUCHIBAIOIIMX CBONCTBA TPAEKTOPHUH,
omnbok n3Mepureneit nonei u omubok HC. [MosicHuM Hjier0 Ha IPOCTEHIIIEM OJJHOMEPHOM IpUMEpE,
nosiaras, 4YTO U3MEPEHUS U KOOPAUHATHI — CKAJSIPHBIC MPOIIECCHI, a MOJIE OMUCHIBACTCS JIMHEUHOMN

(byHKLII/Ief/'I ¢ () U IIpU 3TOM KOS(l)(l)I/IL[I/IeHT, OHpe,Z[eJ'ISIIOHlI/If/'I HaKJIOH paBCH h, T.C. d)() = hX . B aTtom
clrydya€ BMECTO (1) u (2) 6y):[eM HUMCETD IBa OJHOTUITHBIX U3MEPCHU A, KOTOPBIC MOXKHO 3aIllMCaTh KaK

yHC - X+ AyHC , (3)

yrabn _ ¢ (X)+Aym’n _ hX+AyF¢H . (4)

Taxoe IMPEACTABJICHUEC ITO3BOJIACT HCKIIFOYUTH HEITNHENHOCTD 3ala4yu U COo3Jac€T IMPEAITOCBIIKA

I JIydHICTO MOHMMaHHsA IMNPHYMH OTJIHMYHMA B TOYHOCTH IPU PCIICHHUU 3aJadud B Pas3IUYHBIX

BapuaHTax. B YaCTHOCTH, IIPOUJUIIOCTPUPYEM CKa3aHHOC Ha IPHUMEPE aHalii3a 0cOo0eHHOCTEN

WHBapuaHTHOTO noaxona (Bapuant 4). C 3Toif 1ensio npeodpasyeM m3mepenus (1) u (2) ¢ ToMOIIBO
JIUHEHHOTO MPeo0pa30BaHUs K BUTY
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Ay 1 —h yr@n Ayr@n _h AyHC

yHC - 0 1 yHC - X +AyHC

)

3aMeTHM, 4TO B CHJIy HEBBIPOXKIEHHOCTH ATOTO MpeoOpa3oBaHusi, HA0Op M3MepeHuil (5) ¢ TOYKU
3peHUsI TOYHOCTH OJKBHBAJICHTEH HMCXOIHOMY Habopy wm3MmepeHui. [lockonbky B HHBapHaHTHOM
MOJXOE BMECTO BEKTOPHOTO wu3MepeHus (5) HCIonb3yeTcs TONBKO pPa3HOCTHOE H3MepeHHe

Ay = &' — hAY"™ | He 3aBHCAIIEE OT KOOPAMHAT O0BEKTA, 3TO U ABISAETCS NPMYUHON BO3MOXKHOIO

CHIDKCHHUSI TOYHOCTH. VIHBIMH CIIOBaMH, IOTEPH B TOYHOCTH 3/1€Ch CBSI3aHBI C 3aMEHOIH BEKTOPHOTO
nu3MepeHus (5) Ha CKaJIsipHOe U3MepeHue — Ay.

HckmioueHne HeMMHEWHOrO xapakTepa 3aadd MO3BOJIET CYIIECTBEHHO YIPOCTHTH €€ pelleHHE,
KOTOpOe Ui pa3lWYHbIX MOCTAHOBOK CBOIUTCA K wucnonb3oBanuio DK, HacTpoeHHOro Ha
COOTBETCTBYIOILIE MOJENU JUIS OLCHHWBAEMBIX IPOLIECCOB M OMIMOOK HCIIONB3YEMBIX CPEICTB
H3MepeHHUS.

Onucanue npumepa. B nokmnane npeayioxxenHas npuOImKeHHas Mpoleaypa MPOWLIIOCTPUPOBaHA
MyTeM MOJICIUPOBAaHUs Ha mpuMepe. B KadecTBe OIMOPHOW pPAacCMATPUBAIUCh HABUTAIIMOHHBIC
CUCTEMBI JIBYX THUIIOB - WHEpIMAJbHAS CHCTEMa M CHCTEMa CUMCIICHUS IyTH IO JaHHBIM Kypca |
ckopoctu [15], BpeMeHHBIC CBOMCTBA MOrPEUIHOCTEH KOTOPBIX HAa HHTEPECYIOIIEM HAac HUHTEpBaje
BpPEMEHU 3aMETHO OTIHMYalOTCs. s MpoBeAeHUS MOAETUPOBAHUS KOHKPETU3UPOBAHBI COCTaBbI
BeKTOpoB x° (¢), x"“ (), x"*"(t) ¥ COOTBETCTBYIOIIMX UM (HOPMHUPYIOUIMX (GUIBTPOB H C HX

WCTIOJIb30BaHUEM C(HOPMYIUpPOBaHbl M pelieHsl 4 onucanHblx B Tabnuue (1) Bapmanta 3amay
¢unprpamuu. [lpu sToM Ans peanuzanuu NpUOMIKEHHOH MPOLEAYpHl HEIMHEHHBIE YpaBHEHHS
CBEIIEHbI K JIMHEHHBIM B MPEANOJOKEHUHU, YTO NPU PEUICHUH 3aJaud HaBUrauuu 1o aaHHbiM ['OI1
WCTIONIBb3YeTCs 1Ba MO (I0JIe YCKOPEHHsSI CHITBI TSDKECTH U TIoJIe penbeda aHa), Kakaoe U3 KOTOPBIX
MpeAcTaBIsAeT cOO0H HAKIOHHYIO MIIOCKOCTh, C Pa3HBIMU HapaBICHUSIMU PAJMEHTOB, MO yrioM 90

TpajlycoB APy OTHOCHTENBHO Apyra . CooTHOMmEHUE 1ist KOODHUIMEHTOB A, /1, , ONIPENENIONIX

HAaKJIOH IUIOCKOCTEH noneﬁ, U 3HAYCHUI G; n Gf], ONpCACIAIONUX YPOBCHb HOFpCH.IHOCTCﬁ

CYMMapHBIX OIIMOOK COOTBETCTBYIOIIMX KapT M3MEpUTeel, 3aaBajiiCh OJMHAKOBBIMH, IPH STOM
Ui yaoOCTBa MpPEAIoNarajioch, 4To MO OJAHOMY IOJI0 MOXKHO YTOYHUTH LIMPOTY, a IO JPYTrOMY -
ormiectBue. KonmuuecTBEHHBIE pe3ynbTaThl, MOMYyYEHHBIC, NPU MOJAEIMPOBAHUN B OMNHMCAHHOM
puMepe, TOATBEPAIIN NIPUBEICHHBIC BHIIIE BBIBOABI O COOTHOIIEHUN TOYHOCTEH, JOCTUTaEMBIX MPH
pELIEHUN 3aJau B pa3INYHbIX BapHaHTaX.

OueBuHO, YTO MPH UCIONB30BAaHUU PEAJbHBIX NATYMKOB Moned u KoHKpeTHeIX HC mudpsr OymyT
MEHATBbCA B HIMPOKUX Mpenenax, HO OTMEYEHHBIE BBIIIE TEHACHIMM B TOM MM MHOM CTENEHH IOKHBI
MPOSIBISITBCA U TEM CaMbIM CIIOCOOCTBOBAaTh TIOHUMAHHIO MONYyYaeMBbIX pe3yJIbTaToB. B yacTHOCTH, 3TH
cOOOpakeHHs! TIONTBEPKOAIOTCS COINOCTAaBJICHHEM pE3YyJIbTaToOB, MONYYEHHBIX C HCIIOIb30BaHHEM
ONMCaHHOW TPUOTMKEHHOH METONMKH, C pe3yJbTaTaMH, NOMy4eHHBIMH paHee B [13] mms peanmbHOro
MOJIMTOHA C WCIONB30BAHUEM pa3pabOTaHHBIX alrOpUTMOB, YUYHMTHIBAIOIIMX HEIMHEHHBIA Xapakrep
3aJauM.

3axiouyenue. [Ipoananu3upoBaHbl OCOOCHHOCTH 33ja4 HEMUHEHHOW (PUIbTpalMu, pelraeMbIX C
WCTIOJIb30BaHUEM 0aiieCOBCKOTO MOAXO0JA MPH KOPPEKUMH HABUTALMOHHBIX CHCTEM IO JaHHBIM O
reopU3NUECKUX MOJSAX C TOYCYHBIM 30HIUPOBAHMEM IOl C HMCIOIB30BAHMEM HHBAPHAHTHOH M
HEMHBAapHaHTHOH cxeM 00paboTKH.

[Ipennoxena npubnuxkeHHast, JErKO peaansyemast MpoLenypa, Mo3BOJISIOIAsl, C OAHOW CTOPOHBI,
Oonee MpeAMETHO Ha KAaueCTBEHHOM YpPOBHE AaHAJM3MPOBATh BIMSHUE KaXKIOrO M3 HCTOUYHUKOB
nHpopMauu Ha 3QPEKTUBHOCTh PELICHUS 3afadydl KOPPEKIHHU, a C IPYrod - OIEHWBATh 3TOT BKJA[
KOJINYECTBEHHO.

Onmucal paccMaTpuBaeMblil B JOKJIaJI€ IPUMEP, WILTIOCTPUPYIOLINI MPUMEHEHNE NPEAIOKEHHON
NpUOIKEHHON METOANKH.
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each data source on the accuracy of different solution options. An example used to illustrate the proposed procedure is
described.
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A confidence assessment method for positioning
errors in gravity-aided navigation

Shuaipeng Gao
School of Instrument Science
and Engineering
Southeast University
Nanjing, China
gsp0803@seu.edu.cn

Abstract—In the realm of gravity-aided navigation, the
reliability of results generated by the TERCOM (Terrain
Contour Matching) method can be influenced by the stochastic
properties of gravity field distributions and measurement noise.
This study presents an innovative method to assess the
confidence level of TERCOM outcomes. By conducting
polynomial regression on historical TERCOM results, we create
a fitting curve. The confidence level of the current result is then
determined by evaluating its discrepancy from the fitting curve
in terms of its percentile rank within historical discrepancies.
Simulated experiments validate the utility of this approach,
revealing a pronounced negative correlation between confidence
levels and true positional errors, with a Spearman correlation
coefficient of -0.8995.

Keywords—gravity-aided navigation, TERCOM, confidence
levels

I. INTRODUCTION

While traditional navigation systems, such as the Global
Positioning System (GPS), excel in open areas, their efficacy
diminishes considerably in areas like deep-sea environments,
subterranean zones, and other GPS-obscured regions.
Moreover, the errors to Inertial Navigation Systems (INS)
tend to accumulate over time, necessitating periodic
maintenance and calibration to uphold their precision and
reliability. Amidst the rapid advancements in contemporary
navigation technologies, gravity-aided navigation has
emerged as a focal point [1]. This navigation approach
exploits Earth's gravity field information, aligning real-time
gravity measurements with a known gravity map to achieve
precise positioning [2]. Remarkably, this modality operates
independently of electromagnetic or adversarial interference,
thereby presenting a robust anti-jamming solution for military
applications.

Gravity-aided navigation systems are fundamentally
composed of INS, gravimeters, a gravity map, and gravity
matching algorithms. TERCOM (Terrain Contour Matching),
ICCP (Iterative Contour Closed Point) and SITAN (Sandia
Inertial Terrain Aided Navigation) are commonly used gravity
matching algorithms [3]-[5]. A vast body of research, both
domestic and international, has sought to enhance the
positioning accuracy of gravity matching navigation
algorithms [6]-[8]. However, the randomness of Earth's
gravity field and noises in gravity anomaly measurement
devices introduce multifaceted challenges to the positioning
accuracy [9], [10]. In the absence of genuine positional data,
it becomes difficult to ascertain the precision of gravity
matching results, consequently affecting the feedback
corrections to the INS. Fu innovatively employed adaptive

This work is supported by the National Key R&D Program of China
under Grant Nos. 2017YF0601601. (Corresponding author: Tijing Cai)
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and robustness factors to modulate the weight of state
prediction and measurement information in the SITAN
algorithm, achieving a simulation positioning accuracy of
1.31 n miles [11]. Li introduced a method wherein the
discrepancy between the matched position's mapped sequence
in the gravity map and the actual measured sequence serves as
the weight of the matching result. By establishing a regression
model based on the variance of the sequence differences and
the matching precision, reliable gravity matching outputs are
incorporated into INS for error correction, suppressing INS
positional error by over 30% [12]. Zhao uses the optimal
positioning of horizontal-and-vertical pre-matching lines to
realize the adaptive transfer of the domain center from the
INS-indicated ending point to the online optimal matching
position, which contributes to improving the matching
efficiency and out-of-domain positioning reliability of
underwater gravity matching navigation [13]. Gao leveraged
the distinct features of gravity field distributions, adopted
parallel computations using various algorithms, applied
different matching results in distinct gravity regions, thereby
enhancing the positioning accuracy and robustness of gravity-
aided navigation [14]. To more effectively employ gravity
navigation for INS error rectifications, a quantified study on
the confidence level of gravity matching results is imperative.

Building on the aforementioned challenges in gravity-
aided navigation, this paper introduces a novel approach to
gauge the confidence level of gravity matching results of
TERCOM. Drawing from the historical matching outcomes of
the TERCOM method, a reference trajectory of the carrier's
motion is delineated via polynomial regression. Subsequently,
the shortest distance between all matching outcomes and the
fitting curve is computed to represent the matching positional
error. The confidence level of the current match is ascertained
by benchmarking its error against the historical percentile
ranks of matching discrepancies. In scenarios where the true
position is unknown, this quantitative methodology furnishes
a concrete way of reference for assessing the precision of
gravity matching results.

II. METHODOLOGY

A. Principle of TERCOM method

The origins of the TERCOM algorithm can be traced back
to the terrain correlation techniques proposed by Chance-
Vought in the latter half of the 20th century. The principle of
this algorithm is depicted in Fig. 1. During the course of a
vehicle's movement, a tri-dimensional data sequence—
comprising longitude, latitude, and altitude—is obtained
through altimetric radar and INS. If the initial position of the
vehicle is unknown, and the short-term error divergence of the
INS is relatively minimal, the altitude measurements can be
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cross-referenced with pre-stored topographic maps to discern
the vehicle's true location.

Correlation processor

//\“ T[\ \’ E]eyat|on map \\Jw_»ﬂ“\} Ielevatlon data
—} \Jstnred onboard (k™

Fig. 1. Principles of the TERCOM Method.

Given the analogous positioning principles underpinning
terrain and gravity navigation, the TERCOM method can be
applied into gravity matching processes. Hypothetically, as a
submarine navigates, it chronicles both its trajectory
coordinates of INS and gravity measurements at regular
intervals, either spatially or temporally. This results in INS
trajectory and gravity measurement sequences, denoted as

(1’1,1’2,...,
represents the length of the trajectory sequence. By overlaying
the trajectory sequence onto a gravity map, one obtains the
gravity anomaly reference sequence ( [ O - S gN)

P,) and (gl,gz,...,gN) respectively, where N

Subsequently, by translating the trajectory sequence within a
defined ambit, multiple gravity anomaly reference sequences
can be derived.

A prevalent metric for evaluating the correlation between
the gravity anomaly reference sequences and the measured
gravity sequence is the MSD (Mean Square Difference). To
mitigate the impact of systematic errors between gravity
measurements and values derived from the gravity map, this
study introduces an enhancement to the MSD computation
formula, utilizing the gravity anomaly variations. The discrete
formulation for this correlation metric is defined as follows:

- LS (&) e s)

i=1

O

"]M SD

Each gravity anomaly reference sequence correlate with a
trajectory sequence in the translating ambit. By computing the
association between the gravity anomaly reference sequences
and the measured gravity sequence, one can identify the
reference sequence with the highest correlation, thereby
determining the current point in trajectory sequence as the
outcome of gravity-aided navigation.

~ MSD

P,  =argmaxJ,g,

N

B. Confidence levels of TERCOM outcomes

During continuous matching with the TERCOM algorithm,
the positioning results are influenced by the distribution of the
gravity field and the noise in gravity anomaly measurements,
yielding positional estimates that exhibit a stochastic
dispersion around the true location. In scenarios where the true
position of the submarine remains unknown, the precision of
the current result is indeterminate. This study capitalizes on

@)
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historical matching results from the TERCOM method. By
employing polynomial regression, a reference trajectory is
derived, serving as a benchmark to evaluate the confidence
level of current matching outcomes.

During the matching computational procedure, positions
from each result are chronicled, aggregating into a historical

~ M
dataset {P[ =(x,.”, )} situated within a two-dimensional
t=1

space, delineating the spatial distribution of matching
outcomes, where M denotes the volume of data in the
historical dataset. The matching trajectory curve is articulated
using polynomial regression, with the fitting model denoted as

follows:
f(xa)=a,+ax+-+a,x"

3)

The squared vertical distance function from the historical
dataset to the fitted trajectory curve is defined as follows:

o(a)=y-Xaff
w1 x x|
|l ox, e x a @
Yl |1 xy Xy JL 4,

=(y-Xa)' (y-Xa)
Herein, ||-|| represents the square of the L2 norm.

To identify the optimal coefficient vector a that obtains
the minimal value of ¢(a), it's imperative to derive the partial

derivative of the squared vertical distance function with
respect to the coefficient vector. Setting the partial derivative
to zero, the model's coefficient vector @ should satisfy:

o9 _

2X"(y-Xa)=0
oa (y a)

)

Consequently:

X" Xa=X"y (6)

One can calculate the optimal coefficient vector a with (6),
subsequently deriving the polynomial function that fits the
matching trajectory curve. In instances where the historical
dataset comprises a limited number of samples, indicative of
a shorter runtime for matching computations, the submarine
motion trajectory approximates a linear path, making linear
regression an appropriate choice. This helps reduce
computational demands, offering simplicity and facilitating
hardware implementation. As the dataset expands, higher-
order polynomial functions or segmental fitting process may
be employed to closely emulate the true submarine trajectory.

It's noteworthy that the fitting polynomial function is not
temporal. It merely characterizes the shape of the submarine's
motion trajectory without representing specific time
information from the historical dataset. Employing the vertical
distance to the fitted curve as a measure of matching error
would imply that discrepancies lie solely in latitude, rendering
the longitudinal error negligible. It is a deviation from reality.
Hence, this study adopts the shortest distance from the
historical dataset to the fitted curve as a more apt
approximation for positional errors in matching results.
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Suppose that a point (xl.’, f(x ,a)) on the fitted curve is

the closest to the historical matching position P; =(x,,y,),

considered as the trajectory point corresponding to the same
moment as the historical matching position. The directional
vector between these two points should be orthogonal to the
derivative direction of the curve at that point, formalized as:

d, =[x,-3 —f(x,-',a)][f (x;’a)} -0 O
Consequently, ‘Jl‘ represents the minimal distance from

the matching position to the curve. Upon obtaining the
polynomial fitted curve, the shortest distances from each
historical matching position to the curve are computed.

The mean distance from all historical matching positions
to the curve is then evaluated as:

yﬁim

Where ‘d—,‘ does not adhere to a normal distribution.

®)

Given these conditions, one must resort to non-parametric
methods to ascertain the confidence level of the current
matching result. In this study, the confidence level is defined
by the percentile rank of the current matching position's

shortest distance ‘31\“1 to the fitted curve within the historical

dataset:

rank(‘gMH ) 100%

C=|1- )

Where rank (-) symbolizes the rank of the data following

sorting. This confidence level is dimensionless and signifies
the likelihood of the submarine's true position residing within
a rectangular confidence interval which is centered at the
current result's position with a semi-length of x .

If there are matching errors between the matching results
and the GPS position, the confidence level for matching
results, as proposed in this work, is anticipated to exhibit a
negative correlation with matching errors. By analyzing the
correlation between the confidence level and matching errors,
the efficacy of the proposed confidence computation method
can be assessed. This study employs the Spearman rank
correlation coefficient to quantify the correlation magnitude
between two discrete data sets:

. 62:(mnk(Ai)—mnk(Bi))2
e n(n2 —1)
The range of r, lies between [-1,1]. 7, =1 signifies a

perfect positive correlation between sequence A and
sequence B, r, =—1 indicates a perfect negative correlation,

(10)

and 7, = 0 suggests the absence of a monotonic relationship.
Therefore, a value of r, approaching -1 underscores a

negative correlation between the derived confidence level and
matching errors in scenarios where the magnitude of matching
errors remains unpredictable. This corroborates the
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appropriateness of the confidence calculation method

proposed herein.

III. EXPERIMENT

The gravity map utilized for the experiment boasts a
resolution of 1'x1'. The experimental navigation data utilized
originates from authentic measurements within a specific
maritime region. Throughout the navigation, the survey vessel
was equipped with a gravimeter exhibiting a precision of
ImGal, and the INS updated its position at a frequency of 1Hz.
The initial errors in both longitude and latitude of INS were
set at 1'. Concurrently, GPS data was gathered as the true
trajectory of the vessel, facilitating the computation of errors
in the matching results. The vessel navigated for a total of 7.5
hours, maintaining an average speed of 6.4 m/s, with 80
trajectory points recorded.

For the TERCOM methodology, the matching sequence
length was established at 10, with an interval of 2 km between
matching points. The trajectory was translated within a square
range of 10km on each side. Continuous matching was
executed using a sliding window approach. The trajectory of
the matching results is illustrated in Fig. 2, and the positioning
errors relative to GPS are depicted in Fig. 3.

= Gravity anomaly
—&— GPS trajectory

- Matching path
——b—— N5 tra v

o
T

o 4
T T

i

Latitude (grid)

10 12 14 16

Longitude (grid)

Fig. 2. Navigational trajectory.
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Fig. 3. Positioning errors.

From Fig. 2 and Fig. 3, it is evident that the TERCOM
algorithm effectively mitigates the errors of INS. The
matching outcomes are randomly distributed on both sides of
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the carrier's true trajectory. In the absence of additional
constraints, consecutive matching results are mutually
independent. When M > 50, the proposed method in this
study is employed to determine the confidence levels for the
subsequent 30 matching outcomes.

To validate the effectiveness of the computed confidence
levels by contrasting them against the matching positional
errors, we normalize the errors of these 30 matching outcomes
using the following formula.

S i=51,..,80
e

max

NOR, (11)

Subsequently, the relationship between the matching
results and the normalized positional errors for the last 30
trajectory points is depicted in Fig. 4.

1 T T T T T

e 1
—&— Normalized Error
.9 | | —©— Confidence .

Time (h)

Fig. 4. Confidence level and normalized positional error.

From Fig. 4, it is evident that when the normalized
positional errors are relatively large, the confidence level of
the matching results is correspondingly low. The monotonic
variation of the error curve exhibits an inverse trend with the
confidence level curve. Utilizing (10), the Spearman rank
correlation coefficient between the positional errors and their
confidence levels for the last 30 matching results is calculated
to be 7, =-0.8995, indicating a strong negative correlation

between the two.

IV. CONCLUSION

In situations where the true position of the carrier is
inaccessible, this study introduces a method to evaluate the
confidence level of matching results based on historical data.
By determining the percentile rank of the discrepancy between
the current matching result and the fitted curve, the confidence
regarding the proximity of the true position to the matching
result is conveyed. Experimental findings underscore that
there is a pronounced negative correlation between the
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confidence level of the matching results and their positional
errors relative to the GPS. This methodology furnishes reliable
weighting information for gravity matching outcomes,
proving to be efficacious for INS positional corrections.
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Abstract—The improvement of autonomous positioning
capability of inertial navigation system (INS) is the premise
and foundation of the underwater navigation positioning
capability. Aiming at the accumulation divergence problem of
the long-duration INS position errors with time, the influence
mechanism of the position error is analyzed in this paper. The
position error of the Long-duration INS can be decomposed
into longitude error and latitude error. And the longitude error
is accumulative divergence with time, whereas the latitude
error is a 24hour period oscillation divergence with time. The
simulation analysis shows that the accumulation divergence
problem of the Long-duration INS position errors can be can
be simply transformed into the problem of the correction and
compensation for the gyroscope error constant parameter g,
and &, , and the suppression problem for the gyroscope
random drift. Finally, the suggestions are put forward for the
future development of the underwater long-duration
high-accuracy inertial navigation system.

Keywords- underwater long-duration inertial navigation
system (INS); position errors of INS; longitude error; latitude error;
underwater navigation technology

1. INTRODUCTION

The underwater navigation technology provides
positioning information for AUV and other underwater
unmanned systems, which is the important guarantee of
sailing security and tasks execution [1]. With the
development of underwater unmanned vehicles and marine
resources, the underwater navigation technology has
become a research focus and is usually required with
long-duration, high precision to meet the continuous
operation for several days to several months [2]. Due to the
underwater environmental characteristics, however, the
common navigation methods would not be used in
underwater, such as the Global satellite navigation and
celestial navigation and so on [3,4]. As a result, the
underwater navigation means are scarce relatively.

The common underwater navigation methods mainly
include multi-physical field matching navigation, acoustic
navigation, inertial navigation system (INS) and so on [3,5].
With the earth physical field map, such as gravity,
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geomagnetic and terrain, the physical characters can be
utilized to locate in the multi-physical field matching
navigation [6,7]. As a result, the multi-physical field
matching navigation is a passive, independent, covered,
high precision and anti-jamming navigation system, and the
navigation errors do not diverge with time [8,9]. However,
the multi-physical field matching navigation is closely
related to physical characters and is usually used as an
assistant navigation method to integrate with the INS,
which is an ideal way to correct INS. Whereas the sound
wave is the only effective carrier of transmitting underwater
information [10-12]. The acoustic navigation is the key
navigation technology for the underwater vehicles, and
attain bounded-error navigation through range or angle
observations to beacons with known position, such as long
baseline, short baseline, ultra short baseline approaches.
However, the available acoustic navigation system has a
limited range (about 10km) and is usually only suitable for
regional positioning.

Currently, the INS has been widely used for the
positioning and navigation of underwater vehicles because
it has particular advantages, such as high autonomy,
concealment, continuum, insusceptible climate, and the
successive supply of position, velocity, and attitude (PVA)
information [13,14]. With the consideration of the
self-contained requirement of the Navy protocol and
doctrine, on the other hand, an INS is strongly
recommended for underwater navigation. Thereby, the INS
becomes an optimal navigation technique for civil and
military underwater navigation to meet the requirement of
long-duration, high precision [4]. However, the INS
position errors are accumulation divergence with time. For
the underwater unmanned vehicles, the INS is usually
required to work continuously for several days to several
months, and the excessive divergence of the INS position
errors would lose the navigation ability.

As a the
positioning capability of INS is the premise and foundation

result, improvement of autonomous
of the underwater navigation positioning capability. Since
the 1950s, the INS has developed for decades and has made
great progress [15,16]. At present, the positioning accuracy

of the underwater INS is better than 2nmile/30days in
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strategic nuclear submarine, whereas the positioning
the INS is better than
2nmile/14days in attack nuclear submarine [17,18]. Aiming
the of the

long-duration INS position errors with time, the influence

accuracy of underwater

at accumulation  divergence problem

mechanism of the position error is analyzed in this paper.
The rest of this paper is organized as follow. The
principle of INS and the positioning error model are
presented in Section II. In Section IIT and IV, the influence
mechanism of the Long-duration INS position errors
including longitude error and latitude error is simulated and
analyzed. Finally, the conclusions and the suggestions are
put forward for the future development of the long-duration
high-accuracy inertial navigation system in Section V.

II. THE PRINCIPLE OF INS AND THE POSITIONING ERROR
MODEL

INS is a dead-reckoned (DR) navigation solution with
the gyroscopes and accelerometers to measure angular
velocity and linear acceleration respectively. Then, the
position and orientation of an object can be tracked with the
known starting point, orientation and velocity [15]. With the
mounting reference frame for inertial measurement unit
(IMU), the INSs can be divided into two categories, such as
platform INS and strapdown INS. with the capacity of
self-compensating of IMUs, the INSs can be divided into
non-rotating modulated INSs and rotating modulated INSs.
And the rotating modulated INSs include the single-axis
rotating modulated INS, double-axis rotating modulated
INS. Even so, all INSs can be equivalent to three orthogonal
rate-gyroscopes and three orthogonal accelerometers in the
East-North-Up geographic frame (E-N-U frame, namely the
local geographic frame, g-frame) to calculate the vehicle

position, as shown in Figure 1.
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Fig. 1. The equivalent of INSs in the East-North-Up geographic
frame.

As shown in Figure 1, G ,G, ,G. and 4, 4,, 4,
denote the three rate-gyroscopes and accelerometers in
E-N-U frame; V,,,V,,and 4,, ¢, denote the known

x0 2
starting velocity and point; R denotes the radius of Earth.
And the navigation calculation equations can be written as:

Ve =[5 = Qg+l )<V +g* (1)
.V
=— 2
= )
. V.secp

A=—Lt—" 3

R €)
where, V¢ is the vehicle velocity in the E-N-U frame; (*x)
denotes the skew symmetric matrix of ( * );

s =[0 Qcosep Qsin (p]T , Q is the angular rate of
) . T .
Earth’s rotation, wf, =[-V, /R —V,/R -V tang/R] ;
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V,and V, denote the East velocity and North velocity,
respectively; pand A denote the latitude and longitude of
vehicle.

Furthermore, the position error model of long-duration
INS can be given. Since the underwater INS usually is
operated in a horizontally damped state, the position error
model of long-duration INS including only the Earth period
(24h) oscillation is shown as follow [19,20]:

S &, sin () L& sin L (1-cos(€x))
Q Q
1- Qt
& 05 QCOS( ))+acoS(Qt)

+ fsin gsin (Qt ) — y cos gsin (Q ) + 5, cos ()

5o g, singo(l —cos(Qt))secgo

= o —&,C08¢0-1
& singtan @sin( Q¢ ) & sin@sin(Qt
L5509 qu ( )—stmgo't——z goQ (&)

+a tan sin( Q) + ﬂ’singotango(l—cos(Qt))

—ysing(1-cos(Qx))+Jp, tan psin ()
“4)

where opand S1is the latitude error and the longitude

error respectively; &,

x

g, and &, denote the constant
gyroscope drifts expressed in E-N-U frame; o, fandy
denote the initial attitude error; O¢, denote the initial

latitude error; ¢ is the operating time.

From Equation (4), we can see that the position errors
of the long-duration INS contain the 24h period oscillation
term and the accumulation divergence errors with time. And
the 24h period oscillation errors of latitude and longitude
are influenced by not only gyroscope drifts, but also the
initial attitude error and the initial latitude error. Since the
influence mechanism of 24h period oscillation errors of
latitude and longitude is coincide. If there is no special
explanation, only the 24h period oscillation error of latitude
is discussed in following. Moreover, only the longitude
error influenced by constant gyroscope drifts ¢, and ¢, is
accumulation divergence with the time.

As a result, the position error of the Long-duration INS
can be decomposed into longitude error and latitude error.
And the longitude error is accumulative divergence with
time, whereas the latitude error is a 24hour period
oscillation divergence with time. In following, the influence

mechanism of the longitude error and latitude error are
simulated and analyzed, respectively.

III. THE INFLUENCE MECHANISM ANALYSIS OF LONGITUDE
ERROR

The accumulative divergence of longitude error is
influenced by the constant gyroscope drifts € and ¢, . And

the constant gyroscope drifts £, and ¢, can be decomposed
into constant error (&,, &,, ), constant residual error (&, ,

&, )» and constant change error (J,,d¢.), and can be
expressed as Equation (5).
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©)

{8y=8y0+8y0r+58y

£, =&,+&,, +0s,
where the constant error can be calibrated in factory or
periodically; the constant residual error is the startup errors;
the constant change error is the variation during long

voyages.

A. Position Errors of Long-duration INS without
Compensation of Constant Gyroscope Drifts

Figure 2 shows that the position errors of static
semi-physical simulation for long-duration INS without
compensation of constant gyroscope drift. The sampling
frequency of IMU is 200Hz. The gyro constant drift and the

accelerometer constant bias of test IMU are less 0.0003 ° / h
and 10 ug , respectively. The maximum longitude error is

12.96nmile in the 30 days. The navigation error is a very
large value, and the underwater navigation positioning
capability is lost.
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Fig. 2. The position error curve of long-duration INS without
compensation of the constant gyroscope drifts.

B.  Position Errors of Long-duration INS with
Compensation of Constant errors € ,and

From Equation (4), the first term of longitude error
divergence (namely, —&, cosgr—¢&,singt ) is determined
by the constant gyroscope drifts. Then, the constant errors
£, and ¢, can be calculated to compensate the
long-duration INS. As a result, the position error curve of
long-duration INS with compensation of constant errors & ,

and¢,, is shown in Figure 3. The maximum longitude

error is 2.68nmile in the 30 days. Compared with no
compensation, the navigation accuracy is improved by 5
times, and is promoted greatly.
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Fig. 3. The position error curve of long-duration INS with
compensation of the constant errors &, and & .
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C. Position Errors of Long-duration

Compensation of Constant Residual Errors €,

From Figure 3, the longitude error is still divergence in
the early stages of navigation, such as during the 1-3 days.
The main reason for this phenomenon is the startup error of
gyroscope. With the starting of INS, the constant residual
error can be calculated. Figure 4 shows the longitude error
curve for long-duration INS with compensation of the

constant residual errors ¢, ande_,, , whereas the position

z0r 2

error curve is shown in figure 5.
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Fig. 4. The longitude error curve of long-duration INS with
compensation of the constant residual errors £, and &, .
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Fig. 5. The position error curve of long-duration INS with
compensation of the constant residual errors €, and &, .

From figure 4, the longitude error has almost no
divergence tendency during the 1-3 days navigation stages.
As a result, the constant residual error is compensated
perfectly. As shown in Figure 5, the maximum longitude
error is 0.9Inmile in the 30days. Compared with no
compensation, the navigation accuracy is improved by 3
times.

D. Position Errors of Long-duration INS with
Compensation of Constant Change Errors ¢, and Ot
The constant change error is the variation of constant
gyroscope drifts caused by the movement environment of
vehicle and the changing physical field (namely, electricity,
magnetism and heat) during long voyages. Therefore, the
constant change error is usually estimated beforehand.

With the off-line data and the post-processing, the
constant change error O¢, and J¢. can also be
calculated. Figure 6 shows the position error curve for
long-duration INS with compensation of the constant
change errors ¢, and Je, . From Figure 6, the divergence
tendency of the position error can be suppressed completely.

Only the 24h period oscillation error is left. The maximum
position error is 0. 4nmile in the entire 30days voyages.
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Compared with no compensation, the navigation accuracy is
improved by 2 times.
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Fig. 6. The position error curve of long-duration INS with
compensation of the constant change errors §8y and ¢, .

In long-duration INS, only the longitude error is
accumulative divergence with time. Nevertheless, the
divergence tendency of the longitude error can be
suppressed completely with compensation of the constant

gyroscope drifts &, and¢_. As a result, the accumulation

divergence problem of the long-duration INS longitude
errors can be can be simply transformed into the problem of
the correction and compensation for the gyroscope error

constant parameter £, ande, .

IV. THE INFLUENCE MECHANISM ANALYSIS OF LATITUDE
ERROR

A. The 24h Period Oscillation Error of Latitude Caused by
Constant Errors

According to the above analysis, the constant errors
influencing on the 24h period oscillation error of latitude
mainly include the constant gyroscope drifts, initial attitude
errors and the initial latitude error. The simulations are
performed to analysis the influence in this section.

The gyro and accelerometer outputs are generated by
static long-duration INS simulator. The main parameters are

as follows: the constant of gyroscope are 0.0003 °/h, and
the random drifts of gyroscope are Gaussian random white
noise and the value is 0.0001 °/h. The constant biases of
accelerometer are 10 ug , and the random biases of

accelerometer are Gaussian random white noise and the
value is 5 ug . The initial values of attitude relative to

E-N-U frame are all set to be zero. The initial longitude and
latitude are (117°, 39.18°). The initial latitude error is set to
10m. The simulation lasts for 30 days. The update
frequency of IMU data is 200 Hz. Then, the navigation
calculation with the horizontally damping is conducted.
Figure 7 shows the latitude error curve of 30 days static
simulation for long-duration INS.

From figure 7, we can see that the 24h period
oscillation error of latitude is always the constant oscillation
in the 30 days. Compared with the latitude oscillation error
in figure 6, the oscillation amplitude is also very small, only
0.02nmile. As a result, the 24h period oscillation error of
latitude influenced by the constant errors is very small in
long-duration INS. Furthermore, we can conclude that the
constant gyroscope drifts, initial attitude errors and the
initial latitude error have some influence on the 24h period
oscillation error of latitude, but it is not the main factor.
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Fig. 7. The latitude error curve of 30 days static simulation for
long-duration INS.

B The 24h Period Oscillation Error of Latitude Caused by
the Colored Random Drift Error of Gyroscope

The above simulation mainly analyzes the influence of
constant error on latitude oscillation. And the random drifts
of gyroscope are set Gaussian random white noise. In fact,
however, the gyroscope output is not completely white
noise, but the colored noise. As a result, the simulations of
24h period oscillation error of latitude caused by the
colored random drift error of gyroscope are carried in this
section.

Here, the colored random drift error of gyroscope is
described by the first order Markov process. The discrete
time forms of the colored random drift error of gyroscope
can be written as:

m(k) =" m(k=1)+ o, (k) (©)
where m(k) is the first order Markov process sequence;
T, is its correlation time and is set by 3600s; AT is the
sampling interval; o, (k) denotes the driving white noise.

With the same of simulation parameters, the navigation
calculation with the horizontally damping is conducted
similarly. Then the latitude error curve of 30 days static

simulation for long-duration INS with the colored random
drift error is shown in figure 8.

Position Error (nmile)

Fig. 8. The latitude error curve of 30 days static simulation with
the colored random drift error.

From figure 7, we can see that the latitude error is also
a 24hour period oscillation divergence with time. The
maximum oscillation error is 0.72nmile in the 30 days. It is
much larger than other constant error’s effects. For the
undamped INS, the oscillation error influenced by the
colored random drift error would also increase
accumulatively. Since the long-duration INS is operated in
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the horizontally damping and cannot realize the azimuth
damping, the position error caused by gyroscope random
drift would accumulate with time. And then, the latitude
error is oscillation divergence with the 24hour period.

V. CONCLUSIONS

In this paper, the influence mechanism of the position
error for the Long-duration INS is analyzed. The position
error of the Long-duration INS can be decomposed into
longitude error and latitude error. And the longitude error is
accumulative divergence with time, whereas the latitude
error is a 24hour period oscillation divergence with time.
Then the influence mechanism of the Long-duration INS
position errors including longitude error and latitude error is
simulated and analyzed. With the compensation of the

constant gyroscope drifts &, and ¢ , the divergence

tendency of the position error can be suppressed completely.

Compared with gyroscope random drift, the influence of the
constant errors on the 24h period latitude oscillation
divergence error can be neglected. As a result, the
accumulation divergence problem of the Long-duration INS
position errors can be can be simply transformed into the
problem of the correction and compensation for the

gyroscope error constant parameter &, and ¢, and the
suppression problem for the gyroscope random drift.

For the future development of the underwater
long-duration high-accuracy INS, on the other hand, we
have the following suggestions. (1) the identification
method of the compensation parameters ¢, and &, can

be optimized further to improve the navigation accuracy
maximally. (2) the influence mechanism of the low random
drift for high precision gyroscope should be studied to
restrain the 24h period latitude oscillation divergence error.
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Abstract—In view of the high update rate of inertial navigation
attitude required by airborne equipment, combined with
quaternion differential theory commonly used in navigation
coordinate system calculation, the attitude angle data of
carrier is subdivided, the attitude angle update rate is
improved, and higher precision data is provided for the
subsequent system.
Keywords—Quaternion, Attitude Angle,
Navigation

Gyroscope, Inertial

1. Introduction

At present, the on-board airborne equipment
continuously develops toward the direction of large
field of view, high resolution, and long imaging
distance, and has an urgent need for high precision
inertial navigation system [1]. However, the on-board
attitude angle update frequency obtained by the
airborne equipment through the bus communication is
relatively low, and it is difficult to meet the need of
real-time precise positioning of the target. Aiming at
further increasing the frequency of relevant
information refresh [2], this paper describes the attitude
angle of the carrier with quaternion, and subdivides the
attitude angle data according to the differential theory
of quaternion and the angular velocity data measured
by the aircraft Triaxial Gyroscope. At present, the data
update rate of the master inertial navigation design is
100 Hz, and the attitude angle update rate after
subdivision can reach 500 Hz or even higher.

2. Attitude angle subdivision design
The rotation between coordinate systems can be
described by Euler angle, direction cosine, and
quaternion. The Euler angle algorithm directly
calculates the yaw angle, pitch angle and roll angle by
solving the Euler angle differential equation. The
relationship of Euler differential equation is simple and
clear, the concept of it is intuitive, but it is difficult to
calculate in real time. When the pitch angle is close to
90°, the equation is degenerated. Therefore, this
method is suitable for the case where the change of
horizontal attitude is not large, and not suitable for the
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attitude determination of full-attitude vehicle.

Direction cosine method can avoid the problem of
equation degeneration in Euler angle method, and can
work in full attitude. However, attitude matrix
differential equation is essentially a linear differential
equation system containing nine unknown quantities,
which is difficult to calculate in real time and is not
practical in engineering.

The quaternion method only needs to solve four
unknown linear differential equations, the computation
requirement is smaller than the direction cosine method,
and the algorithm is simple and easy to operate.
Accordingly, the quaternion method is chosen to
describe the rotation between coordinate systems.

2.1 Definition of Quaternion
Quaternions are defined as follows:
4=q,+qi+q,j+q:k (4y,9,9,.9; €R)
O]
And wherein,
i’=jt=k*=ijk=-1 @)
It can be found that the quaternion describes a spatial

rotation axis, the vector direction of the axis of rotation
is{i,j,k}, and the module length is:

lal=va +a2 + &+ (3)

As shown in FIG. 1, after rotation of the arbitrary

vector v along the rotation axis u defined as a unit

vector by an angle of 0, v' can be described using a
unit quaternion:

g =[cos(8/2),sin(8/2)ii] (4)

Wherein,
q, =cos(6/2)
q, =sin(6/2)u,
g, =sin(6/2)u,
q, =sin(8/2)u,
The quaternion is converted into a rotation matrix as (6):

)



MexgyHapogHbin cemyHap «Hasuraums n ynpaeneHue asmkeHnem» (NMC-2023)

1-2¢* =2d*>  2bc—2ad 2ac+2bd
Vvi=| 2bc+2ad 1-2b>-2d* 2cd-2ab |v (6)
2bd —2ac 2ab+2cd  1-2b*-2¢7

It can be seen that quaternion can describe the
rotation of one vector about another vector in space,
which means it can describe the rotation condition of
the carrier coordinate system with respect to the
semi-stable system.

S _V/
A;f{:); N

u
p

Fig. 1.Description of Quaternion

2.2 Quaternion Differential and Renewal
It is known that unit quaternion is:

O=cos(0/2)+sin(0/2)(7,7.k), (7)
And then its derivative of time is:
do
X _0. . 8
7 p O (8)
Wherein,
0 -0 -0 -o
o w0 0, -0, 9)
b o, -0 0 o,
o, o -0 0

Where %, v, @ are respectively inertial angular
velocities measured by the gyroscope on the aircraft,
and respectively correspond to yaw angular velocities,
pitch angular velocities, and roll angular velocities
measured at zero position. Quaternions are then
updated using a first order Runge-Kutta interpolation
algorithm. Assume the following differential equation:

do
— = t), o(t
i flo®, o]
Assume thatQ =do+qii +q,] +q:k , the above formula
can be expanded as:
4y o 0, ~®.9, ~ ®,q, ~ @.q;
4 _| 4| AT @29 +0g te.q -6 | (1)

2 | 0,49, 0.4, +0g, + g,

(10)

.4, + 0,4, — 0.9, + 0qg,

t+AT t
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2.3 Subdivision Technology for Attitude
Prediction of Carrier Aircraft
A quaternion attitude angle subdivision scheme based
on Triaxial High Precision Gyroscope as shown in
FIG. 2 is designed by integrating subsections 2.1 and
2.2. When the control subsystem receives inertial
navigation data, the quaternion is initialized. When the
attitude angle data is not received, the quaternion
model is updated by the acquisition angular velocity of
the gyroscope, and the current real-time attitude angle
is output. Since the quaternion is initialized every 50
ms, the accumulated error of the long-time product is
not large, and the analyzed accumulated error should
be equivalent to the drift error in section 2.4.

e, o e, o e o, ., o, . . TWW. . M., .. mm. . emm, . emm, W, . WM.

Angle

Receiving INS data
(50 ms-Update)

No

Receive
habitual Guidance
attitude angle?2~

! Reinitializing Convert to I
|' Quaternion Quaternion .
. v Model Model ]
| Acquiring - |
. Angular Velocity Updatlr'lg ”

= —> Quaternion -
| Data of Fiber Model 1
. Optic Gyroscope .

Attitude angle I
Quaternion Output .
Normalization ]

| i
Output attitude "
angle

. e . s

Fig. 2. Attitude Angle Subdivision Principle

2.4 Gyroscope drift estimation

The precision (zero bias stability) of the gyroscope is
high. If the inertial angle is obtained by integrating the
Triaxial High Precision Gyroscope data directly, the
error is very small in a short time. The Triaxial High
Precision Gyroscope is placed at rest horizontally, and
the gyroscope data of the right east-west axis is
collected (the data is not sensitive to the earth rotation
angular velocity). The gyroscope drift curve obtained
after integration is as shown in FIG. 3. It can be seen
from the figure that the integration error of 70 s is
about 18°, and the gyroscope drift value calculated by
integrating within 5 ms or 10 ms is very small. The
drift within 5 ms is about 0.0013 degrees, and the drift
error within 10 ms is about 0.0026 degrees. Therefore,
the attitude angle data error calculated by integrating
the Triaxial High Precision Gyroscope in a short time
is small, and the error meets the requirement of
semi-stable scanning.
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Gyroscope Drift

| | |
1000 2000 3000 4000 5000 6000 7000
Sample Period: 10ms

Fig. 3.Integral Angle Error
(Stationary-non-sensitive earth rotation axis)
2.5 Attitude Angle to Quaternion Converting
If the yaw angle is defined as s, the pitch angle is
defined as 6, and the roll angle is defined as ¢, then the
quaternion is converted by the attitude angle as
follows:

cos(/2) || cos(6/2) || cos(4/2)

0 0 sin(4/2)
= o |sin@p2)| o
sin(y/2) 0 0

cos(p/2)cos(8/2)cos(/2) +sin(¢/2)sin(0/2)sin (v /2)
sin(¢/2)cos (8/2)cos(w/2) — cos(#/2)sin (8/2)sin (/2)
cos(¢/2)sin(6/2)cos(w/2) +sin(¢/2)cos(8/2)sin(y/2)
cos(@/2)cos(8/2)sin (7 /2) —sin(4/2)sin (6/2) cos (w /2)
(12)

2.6 Quaternion Normalization

The quaternion planning formula is as follows, in order
to prevent quaternion degradation; it needs to be
normalized after each quaternion update.

2(909; +9»93)

p arctan 2@ )
0 | =] arcsin(2(q,9,-959,)) (13)
v arctan 290k %)

12(¢3+43)
Wherein the yaw angle is 1, the pitch angle is 8, and
the roll angle is ¢.

3. Simulation verification

One of the difficulties of subdividing attitude angle by
quaternion method is how to carry out simulation
verification in advance. In order to carry out practical
application verification, this paper simulates the
velocity of gyroscope by changing attitude angle and
attitude angular velocity.

According to the formula (14-15), the simulation is
carried out using the conditions of this paper, where the
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amplitude is A=30° and the frequency is f=0.2.
@ Asin(27 ft)

0 |=| Asin(2x ft) (14)
7 Asin(27 ft)

é | [2A7 fsinQxft)

0 |=| 2A7x fsin(2 7 ft) (15)

7 2A 7 fSin(2 7z ft)

Assuming that the gyroscope is mounted at the
non-rotational position of the air detection head, the
position of the sub-INS (sub-inertial navigation
system), the measured angular velocity of the resulting
gyroscope is shown in Fig 7-9.

—#— Yaw Attitude Angular Velocity

0 1000 2000 3000 4000 5000 6000 7000

Fig. 4. Carrier yawing angular velocity

—*— Pitch Attitude Angular Velocity

-40

0 1000 2000 3000 4000 5000 6000 7000 8000

Fig. 5.Carrier pitching angular velocity

40

T T T
—#— Roll Attitude Angular Velocity

30

20

0 1000 2000 3000 4000 5000 6000 7000 8000

Fig. 6.Carrier rolling angular velocity
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[—A— Gyroscope X-axis angular velocity
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Fig. 7.Carrier yawing angular velocity
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[—2— Gyroscope Y-axis angular velocity |

404

30

°ls
o

-20

-30

-40

50 L L L . i L L
0 1000 2000 3000 4000 5000 6000 7000 8000

Fig. 8.Carrier pitching angular velocity
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Fig. 9.Carrier rolling angular velocity

The measured angular velocity of the gyro is predicted
by (11), and the original attitude angle and the
subdivided attitude angle are obtained as shown in Fig
10-12.And the comparison of errors before and after
attitude angle subdivision is shown in Fig 13-15, the
Attitude angle subdivision error shown in Fig 16-18.

Fig. 10.

Fig. 11.

Fig. 12.

Fig. 13.
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Attitude Angle of Carrier (Roll)
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i
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Comparison of errors before and after attitude angle
subdivision (Yaw)
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Errors before attitude angle subdivision (Pitch)
Errors after attitude angle subdivision (Pitch)
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Fig. 14.  Comparison of errors before and after attitude angle
subdivision (Pitch)
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: Errors before attitude angle subdivision (Roll)
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Fig. 15.  Comparison of errors before and after attitude angle
subdivision (Roll)
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Fig. 16.  Attitude angle subdivision error (Yaw)
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I i .
Pitch Attitude angle subdivision error
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Fig. 17.  Attitude angle subdivision error (Pitch)
0.1 T
—Roll Attitude angle subdivision error
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Fig. 18.  Attitude angle subdivision error (Roll)
4.  Summary

The inertial guidance attitude angle can be subdivided
in time by means of inertial guidance attitude angle
plus high precision gyroscope, and the refresh rate of
attitude angle can be improved. In this paper, the
attitude angle subdivision technology of air-to-air
detection head based on three-axis gyro is studied.
Simulation results show that the inertial navigation
update rate is improved from 100 Hz to 500 Hz by the
quaternion  attitude subdivision method. After
subdivision, the attitude angle error is reduced from
0.9° to 0.12°, 0.03°, 0.08°, the effect of subdivision is
very obvious.
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CYBONITUMAJIbHBINA AJITOPAUTM PEIIEHUSA 3AJTAYU KOPPEKIIUU
HABUT AIIMOHHOM CUCTEMBI 1PY USMEHYUBOM XAPAKTEPE EE
HOTPEHTHOCTEMU 110 JAHHBIM O TEO®PU3NYECKHUX MTOJIAX

B pamxax 6aiiecosckozo nooxoda paccmampusaemcs 3a0aia KOppekyuu noxa-
3anull Hagueayuonnou cucmemsvt (HC) no ungopmayuu o eeogpusuueckux noisx.
Onucvieaemcs aneopumm ee peweHus, CUHMe3UPOSAHHbILL 8 NPEONONONCCHUL, YN0
noepewnocmu HC npedcmasnsaom coooti cymmy K6azuoemepmMuHuposaHHou u ciy-
yaunou cocmasgasrowux. Ilpu smom cuumaemcs, Ymo ypoeeHb 6mopou COCMaeis-
owell 3a 8pems nposedenuss oocepeayuy Heznauumenvhbli. Takoe donyujerue nos-
80JI51eN IUHeAPU308aMb YPAGHEHUs OJisl USMEPEHULl OMHOCUMENbHO 6MOpPOl COo-
cmasnawen u npu peweHuy 3a0a4u yHumsleamy ee HeauHeluHblll XapaKkmep mojib-
KO OMHOCUMENbHO COCMABNAIOUEl] ONUCBIBAEMOT KBA3UOEMEPMUHUPOBAHHOU MOOe-
avio. Paccmampusaemcsa npumep, unmocmpupylowuti pabomocnocooHocms u 0o-
CMOUHCIBA NPEOTONCEHHO2O0 ANCOPUMMA, HANPABIEHHO20 HA peuleHue 3a0aqi Kop-
PeKyUY CUCTEeMbl CHUCTEHUS NO OAHHBIM O 2PAGUMAYUOHHOM NOJIe.

Beenenne. B nocneanee BpeMsi Ha MOJBMXKHBIX 00BEKTaX Pa3IMYHOrO THIIA IIUPOKOE IPUMEHe-
Hue nomydyatoT HC, moka3zaHusi KOTOPBIX KOPPEKTUPYIOTCA HA OCHOBE COMOCTABIIEHUS M3MEPEHHBIX
3Ha4YeHuil HekoTroporo reodusuueckoro noiust (I'®I) co 3HaUEHUSAMHU 3TOrO MO, BEIYUCISEMBIMU C
WCIIONIb30BaHUEM 3apaHee CHATOW KapTel [1-12]. Takue cucTeMbl B OTEUECTBEHHOH JTUTEpaType He-
PEAKO TaK)Ke Ha3bIBAIOTCS CUCTEMaMHU KOPPEMLMOHHO-3KCTpeMallbHOW HaBurauuu [1, 2, 6, 10]. Cu-
crembl HaBurauuu no ['@Il obmagarot psaom crnenuduyeckux ocodennocrert [3, 12]. Ogna u3 HUX
CBsI3aHa C HEJTMHEHHBIM XapaKTepOM peliaeMol 3aJayd OLUEHUBaHUS, YTO 3aCTaBIsIET Pa3padOTUYNUKOB
CHHTE3UPOBATh PA3IMYHOIO poja CyOONTHMaNbHbBIE alrOpUTMBI. Jpyras ocoOEHHOCTh NMPHUCYIIA CH-
cTeMaM C TaK Ha3bIBAEMBIM TOYEYHBIM 30HIMUPOBAHHEM IIOJIS, B KOTOPBIX U3MEpUTEIbHAsT HHPOpMa-
LY O MOJIE OCTYNAaeT B KaXAbli MOMEHT BpEMEHHU B BHJE €r0 CKaJspHBIX 3HaueHuit [1, 2, 12]. B
9TOM cllyyae JAJisl HAKOIUIEHHSI U3MEPHUTENbHON HH(popMalmu, odecriednBatoniedl 3¢ GeKTUBHOE pellie-
HUE 3a/1a41 KOPPEKLUH, TpeOyeTcs MPOUTH ONpeieIeHHOE PAaCcCTOsHHUE, YTO He00X0auMO Al GopMu-
poBaHus MPoUIIS OIS, KOTOPBIH MOXET OBITh OHO3HAYHO BBIAEIECH Ha KapTe. OTMeueHHas ocoOeH-
HOCTb NMPUBOJIUT K AOCTATOYHO AJTUTEITLHOMY BPEMEHHU MPOBEIEHUS KOPPEKLIUH, YTO B CBOIO O4Yepeb
MOpPOXKJaeT HEOOXOIMMOCTh yuera U3MEHUMBOro XapakTepa norpemnocteii HC 3a Bpems npoBeneHus
Koppekuuu. B HauOonpmield cTeneHn 3TO MpOosABIsercs A OOBEKTOB, MEPEIBUTAIOIINXCS C Maoi
CKOPOCTBIO, YTO XapaKTEepHO, B TOM 4YHCJE, Ul MOABOTHBIX ammapatoB. HanOoinbliee mpuMeHeHHE
IpU pereHuu 3a1aun koppekuuu no 'Ol momyuun OaliecoBekuii moaxoa. B pamkax sToro moaxona
Y4€T M3MEHYMBOCTH OCYIIECTBISUICA ITyTEM HCIOIb30BAaHUS TOIBKO KBa3WIECTEPMUHUPOBAHHBIX MO-
neneil nns onucanus norpemHoctet HC unm TpaekTopuu ABHXKEHMsI, HAIpUMeEp, B BUJE JTMHEHHOTO
tpenaa [1, 2]. Apyroil BapuaHT OCHOBaH Ha MPUMEHEHHH Pa3InYHOIO POa KOMOMHHPOBAHHBIX CXEM,
B KOTOPBIX U3MEHYMBOCTh YUHUTHIBAJIACh B JIMHEHHON YacTH aJlTOPUTMA, Ha BXOJ KOTOPOM MOCTYNaroT
KOPPEKTUPYIOIINE U3MEpeHHs, BelpaboTaHHble B HelnuHeiiHoM Onoke [13]. Eme ogun BapuaHT OoCHO-
BaH Ha IPOCTEHIIIEM y4eTe U3MEHUMBOCTH NP ONMCAHUM IOTPEIIHOCTEN B BUJE BUHEPOBCKOM MOCIIE-
nosatenbHOCTH [14]. B pabote [15] ¢ menbio CHMXKEHHS BIHUSIHAS U3MEHYMBOCTU MPEIIOKEHO MPH-
BJIeKaTh MHPOPMALIMIO O XapaKTepe TpaeKTopuu oOBbeKTa MpH MpoBeaeHUH Koppekuuu. B [16] pac-
CMaTpUBAIOTCS J1Ba aJTOPUTMa, MO3BOJIIOIIME Y4ecTh M3MEHUUBOCTh norpemnocteid HC, ocHoBan-
HbIE Ha Nocen0BaTeNbHbIX MeToaax MonTte-Kapno. OfauH U3 3THX aNrOpUTMOB CO3JA€T IPEAIOCHLI-
KM I BBIYMCIICHHUS MOTEHIIMAIBHOM TOYHOCTH pemeHus 3amaun koppekiun HC. Jlnsa peanuzanuu
TAKOTO alrOpUTMa TPeOyIOTCSl 3HAYUTENbHBIE BEIYMCIUTEIBHBIE PECYPCHI U C LETbI0 X COKPAILICHUS
MPEAIOKEH CYOONTUMANBHBIA anropuTM, B kKoTopoM ommbOkun HC mpencraBisitoTcst B BUAE CYyMMBI
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MOCTOSIHHOM M M3MEHYMBOM COCTaBistomuX. [Ipu 3TOM M3MEHUMBAas COCTABISIONIAS MMEET 3Hauu-
TEIbHO MEHBIIYIO [0 YPOBHIO BenuuuHy. K coxanenuro, Takoe mpeanonoKeHue BhIIOTHAETCS He BCe-
ria u OoJee aJIcKBaTHBIM SIBJISICTCS MIPEAIIOI0KEHUE O TOM, 4To norpenHoct HC Moxker ObITh Tpe-
CTaBJICHa B BHUJIE CYMMBbI KBa3WIETEPMUHHUPOBAHHOM M M3MEHUYMBON cocTaBisiionux. Bompocy mo-
CTPOEHUS TAKOTO aJTOPUTMA U CPABHUTEIBHOM €ro OLEHKE C paHee MPEAJIOKCHHBIM alrOPUTMOM CO-
[JIACHO METOJUKE, OMUCAHHOU B [22], ¥ MOCBAIIEH IpeaIaraeMblil JOKIa.

IMocTanoBKA 327124 U ONUCAHME COMOCTABJIsIEMbIX aaroputmoB. Cnenys [3, 4, 16] npeanono-
UM, 4TO Ha OOPTY MOABMKHOTO 00bekTa uMmeroTcss HC, BeipabaThIBatoIasi U3MEPEHUS €ro KOOp -

T
HaT Ha wiockoctd ¥y =|y" @ | B i-e MOMEHTBI BPEMEHH, U JaTYHK, 00ECIICUNBAIOLINN U3Mepe-
yl yl yl

HUsA FeO(l)I/IBI/I‘leCKOFO IoJid y;, KOTOPbIC MOT'YyT OBITh MpEeACTAaBJICHLLI B BUJC:

v =X 4, (1)
=0 (X, )+ a7 2)
T
rme X, = [X l_(” X l@} — UCTUHHBIE KOOPAUHATHI OABIKHOTO OOBEKTa B HEKOTOPOH MPSIMOYT'OIBHON

T
CHCTEME KOOpIMHAT, Ay = [Ayf” Ayfz)} — TOTPEeIIHOCTH BBIPaOOTKH KoopauHaT Mecta HC;
" (X[. ) — (GYHKIUS BEKTOPHOTO apryMEHTa, ONpeleNsiomas KapTy Mol U MO3BOJISIONIasl ¢ TOYHO-

CTBIO JO IIOT] SIIHOCTEH KapThl A k BBIYMCIIATh 3HAYCHUS IIOJII B IPOHM3BOJIILHOM TOYKE 3aJaHHOIro
Vi

paifona; A" = Ay, +Ay' — cyMMapHas MOTPEelHOCTs M3MEPEHNH 1aTunka Ay, ¥ KapThl mons. Bynem

nojiaraTb, 4TO 3ajjada peiiacrcd B paMKaX TaK HAa3bIBAECMOI'O MHBAPUAHTHOI'O MMOAX04a, IMpU KOTOPOM
nokazaaus HC TPAKTYIOTCA Kak BXOZ[HOP’I cursai. B stom ClIydac pCHICHUC 3ala4 MOXCT OBITH CBe-

JIeHO K oneHuBaHuto norpemHoctd HC Ayl_NS 0 u3MepeHusM [16]

yo= 0 (S - ) AT = () Ay 3)

Jis ee pemenus tpebyercst cOPMHUPOBATE COCTABHOM BEKTOP X;, BKIIOYAIOMMI x° M X, BBe-

ctd st HUX (opmupylomue GUIbTPEI, ONKCHIBAOIKE HoBeaeHue Ay = H"x™ u Ay> = H x', 1

3amucath u3mMepeHus (3) B BUue
y. =5, (H[Nsvas)+ Hx>. €))

I[J'IFI MOJIy4YCHUA ONTHMAaJIbHOH B CPCAHCKBAAPATUYCCKOM CMBICJIC OLCHKHU IIPU PCHICHUA TaKOH
HEIIMHCHHON 3aga4u MOXET OBITh MCIOJIB30BaH AJI'OPUTM, OCHOBaHHBIM Ha IOCJICA0OBATCIBHOM METO-

ne Monte-Kapino [17-21]. Ilpu 3ToM npu ero peanusanuy 11e1ecoo0pa3HoO BHIIETUTh B BEKTOPE X;

MMOABCKTOP x[NS 1 BOCIIOJIB30BAaThHCA npoue):[ypoﬁ HUHTCIpUPOBAHUA MO YaCTU NCPCMCHHBIX, TTO3BOJIA-

IOIIEH COKpaTHTh 00bEeM BhIUMCIcHU B Merone Monrte-Kapio. Takoi anroputm, B 4aCTHOCTH, UC-
noJb30BaH B padore [16]. B 370l e pabore npeanoxeH CyOONTHMANBHBIA aITOPUTM, OCHOBaHHBIN
Ha mpencTtaBieHuu norpemHocted HC B BUlle CyMMBI MOCTOSHHOM M M3MEHUYMBOW COCTABIISIOIIMX.
[Ipu 3TOM cuuTaercs, 4TO U3MEHUYUBAS COCTABIIAIONIAS 3HAUYUTEIBHO MEHBIIIE 10 YPOBHIO U ATO IM03-
BOJISIET MCIIOJI30BATh JIMHEAPU30BaHHOE MIPEJCTaBIeHuE PYyHKIMHK s, (+) B OTOH oOnacT. DTOT aro-
PUTM OKa3aJics HeJOCTAaTOYHO 3¢ eKTUBHEIM, TIOCKOJIBKY MIPH HCIONIb30BaHuHU B kKadectBe HC cucre-
MBI CYUCJICHHS B COCTABE M3MEHUMBON COCTABIAIONICH €€ MOrPEIIHOCTH UMEETCs JIMHEHHO pacTyiias
cocrapJstonias. B ¢Bs3u ¢ 3TUM B HacTosIIel pabore mpejyiaraercs 0000IIeHHE ONMMCAHHOTO IpUeMa,
3aKJII0YAlolIee B TOM, 4TO B cocTaBe norpeurHocteit HC BeIIeNsIIOTCS 1BE COCTABIAIONINE

A = A+ 8" )
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OlHa UX KOTOPBIX NPCACTABIIACT coboi I[BYMGPHBIﬁ KBasuacr CpMI/IHI/IpOBaHHLIf/i mpouecce ujm Iocjic-
AOBATCIIBHOCTL, a Apyrasd MOXCT OBITH OIMMCaHA KakK I[BYMepHHﬁ cnyqaﬁﬂmﬁ mpoucce Uir 1mociaenao-
BaTCIIbHOCTD. HpI/I OTOM IIOoJIara€M, 4To AJId HepBOfI COCTaBJ’IHIOIJ.IefI CIipaBCJIMBO MPCACTABJIICHUC,
3agaBacMo€, B BUAC

At)=>0,0,), (6)

rae 6, = (9(1”,9(]2) )T — HCHM3BECTHBIC IBYMCPHbIC CIIy4ailHBIC BEKTOPBI, a ¢ (/) — M3BECTHBIC CKaysip-
Hble (DYHKUMHM BPEMEHHM, HATIPUMEDP JTO MOTYT ObITh QyHKUMH o (1)=1', j= (),_L, L — BenuuuHa,
ONpEENAIoIIas YUCIIO CIaraeMbIX B IPeACTaBIeHUH A(f,) . B 9TOM cirydae KBa3suIeTepMUHUPOBAHHBIE
COCTaBIISIIOIINE MO KaXJIOH KOOpAMHATE MPEACTAaBIIAIOT cOO0W MONIMHOMHUANBHBIE (DYHKINN BPEMEHH.
Cunraem, 4TO ypoBeHb 8y’ , TAKOB, UTO B 06JIACTH AIPHOPHOI HEONPEEICHHOCTH, COOCTABUMOI 110
pasMepaM ¢ 00JIACTBIO BO3MOXKHBIX H3MEHEHHH Sy , CIpaBe/UIBO JIMHEAPU30BAHHOE NPECTABICHHE
o* (X . ) U TaKUM 00pa3oM MOXKHO 3arucaTh

a(MQ+@F)

s, (A(t[) + Sy[NS) ~ s, (A(t[) + Sy[”" ) +— 5 (Sy[NS) (Sy[NS - 5}@”” ) @)

Sy"\vs =5 ’[m

lin

B sTom cityuae, npunumast, Harpumep, Oy, = 0, u3mepenus (3) MOXKHO IPEACTaBUTD B BUJE

i

L
%iZq%@)
j=0

+a(®$ﬂ o V- o(an")

5 y’:’v‘r =8y [{m

& + Ay (8)

C(bopMpreM BCKTOp COCTOsHMA, B COCTaB KOTOpOro BKJIIIOYUM IMMOABCKTOP

ChIBAIOIX SleS n Aylz , KaK 3TO OIIMCAaHO BBIIIC. CﬂeHaHHBIC MMPCAIIOJIOXKCHHU A TTO3BOJIAOT C(bOpMy-

T
JMPOBATh PEIICHUE 3a1a41 OLEHUBAHKMS COCTABHOIO BEKTOpa X, = (OT,xl_T) o m3mepeHusm (8). Oco-

OCHHOCTH 3TOM 3aja4M 3aKJII0YACeTCS B TOM, YTO MPU (PUKCHPOBAHHOM 3HAYCHUH 0 3a7ada OTHOCH-
TEIBHO OCTALHBIX KOMIIOHEHT BEKTOPA COCTOSIHUS OYJIET JIMHEHHON U IS €€ PEIICHUS MOXET OBITh
ncnonb30BaH oo meron Monte-Kapio, mn6o merox Toueunsix mace [13, 14].

Beinenenue B morpemsocty HC qByX coCTaBsIFONMX B BUIE CYMMBI (5) MOXKET OBITh, B YaCTHOCTH,
OCHOBAHO HA TIPEJCTABICHUU OOINEro PEIICHHs JTMHEWHOrO CTAI[MOHAPHOIrO JUQPQPEPSHIINATBHOIO ypaB-
HeHus uist popmupyroriero, punbTpa, onuckiBaromero rnorpemuoctd HC ¢ ucnons3oBanueM (yHaaMeH-
TaJbHOW MAaTpUIIbl, B BUJC ABYX CIAaraeMbIX, MOPOXKICHHBIX HAYaJbHBIMU YCIOBUSIMHU U BXOAHBIMU BO3-
nerctBusMU. B nokiazie u3nokeHHas BBIIIE UIes IIOCTPOCHHS CyOONTUMAJIBHOTO alrOpUTMa Pealii30BaHa

o,(t)= t', j=0,L, L =1, T.e. NPUMCHUTEIBHO K 3aaue Koppekimu nokasanuit HC, npencrapistomnieit

coboit CUCTCMY CUUCIICHUS. HpI/I 9TOM CUHHTACTCA, YTO €€ OIIMOKU 10 Ka)KI[OfI KOOpAWHATC ONMUCHIBAIOTCA B
BUAC CYMMbI JIMHCHHOI'0 TpCHAA U BTOPOI'0 UHTCrpajia oT Oemoro myma

g™V (1) =00 + 0 + q(l)j ] ! (cda’, ®
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! i NS (1 o
rae ef]” = 5;,(75()’ e§> =3V, (), [ =1,2, cUMTAIOTCS HE3aBUCHMBIMH MEXIY COOOH ICHTPUPOBAHHBIMU

rayCCOBCKUMH CHy‘IaﬁHLIMH BCIIMUMHAMM C JUCIICPCUAMU Gf 5 GIZ/ .
0 0

WHpIMU crioBaMH CUHMTAETCSs, YTO KBAa3HWICTEPMUHHPOBAHHASI COCTABIISAIONIAS OMHUCHIBACTCS JIU-
HEHHBIM TPEHIOM, a 8y, mpezcTaBisieT co6oii BTopoil HHTerpai oT 6eoro uyma.

Herpynno 3ameruts, uto 1uist L = 0 npeiosKeHHbIH anroputM OyIeT coBmaarh ¢ aJrOpuTMOM 2,
paccMOTpeHHBIM B [16].

B noxmane mpoBOAMTCSA CONMOCTABIEHHE MO TOYHOCTH COCTOSATENBHOCTH W BBIUMCIHMTEIBHOM
CIIOXHOCTH TpeX aaropuTMOB. J[Ba M3 HUX COBMAZalOT C ajdropuTMamu u3 padotsl [16]: anropurm 1
(alg 1) m anroputm 2 (alg 2). UneiMu cnioBamu alg 1 HaripaBiieH Ha MOJy4YeHHE ONTUMAIIbHON OLEHKH
W BBIYHMCIICHUE MOTEHIIMAIBHON TOYHOCTH, a B alg 2 moaBexTop 6 pasMepHOCTH 2 BKIIOYAET TOIBKO

HavaiabHOEe 3HaYeHue norpemuocta HC Syfc(’) , I=1,2. B anropurme 3 alg 3 noasexrop 0 pazmepHo-

HC|(! HC(! o
cti 4 BKIIIOYAeT Oy, (), A (), [ =1,2. ConocraBiieHHuEe MPOBOJUTCS B COOTBETCTBUM C METOJUKOH,

onucanHoi B [22]. [Ipu 3TOM ¢ ncnonbp30BaHUEM KOA(PPHULIKEHTOB §;§f’, [,g‘;‘ﬁ, »1=1,2, xapakrepusyo-

X TOYHOCTH U COCTOATCIBLHOCTH COIIOCTABJJIACMBIX AJITOPUTMOB IIPU OLCHUBAHUU X[(l) u X [(2) I0-

KOMIIOHCHTHO, PACCUUTBIBAIOTCA HpI/IBCI[éHHBIC HHWXKC KOB(l)(I)I/ILII/IeHTLI, TAKXXC XapaKTCPUI3YIOMIUC
TOYHOCTb U COCTOATCIBHOCTb, OAHAKO ITPHU OLICHUBAHNU JBYX KOOPAWHAT MOABUKHOI'O 00BeKTa [22]

£ = \/(5;;?,)[ J+(em ). = \/(gj;‘ff))[)z +(m, ) sub=algl, alg2, alg3. (10)

Huxe MPUBOAATCA PE3yJIbTAaTbl MOACINPOBAHUS, HANIPABJICHHBIC HAa WJUIIOCTPAIIUIO JOCTOWHCTB
npeajraracMoro ajJropurma.

Pesynbratel MmogennpoBanusi. MojenupoBaHue NpOBOJWIOCH AJS 3a7jaud KOPPEKIMH 10 Ipa-
BUTAIlMOHHOMY MO0, onmucaHHOM B [15]. CpenHuit Momynb rpaJueHTa OIS HA MOJCIHUPYEMOM
yuactke coctaBisu 0.9 mI'an/km, a MakcumasbHoe 3HadeHue — 2.7 Ml an/km. [lapamerpsl Mogenu no-

rpemnoctr HC 3amaBamuch kak 6. =1 kM, o, = 0,015 M/c, g = 0,004 M/Cz, mapamMeTphbl CyMMapHOH
p P v, q =0, p pbl CyMMap

0

OIIMOKHU KapThl ¥ u3Mepurend - o, = 0,1 mlamn, c, =05 Ml an, o = 1/120 . [Ipu MmoxenupoBanun

sub sub o
JJI1 BBIYUCJIICHUA KOB(l)(I)I/I]_II/ICHTOB TOYHOCTH gkvu N COCTOATEIIBHOCTH & km HCIIOJB30BaAJIUCh AOCH-

CTBUTENbHAS M PACUETHAsi MATPHLBI KOBapUALMI HOrpeluHocTeil oneHuBanus koopaunat X', X%,

ocpenHéHHbIE TT0 500 peanu3anusaM. 3aMETHM, YTO aJiTOPUTM | OCHOBaH Ha MOCIEN0BATEILHOM METO-
ne MonTte-Kapio, a anroputmsl 2 1 3 — Ha METOJI€ TOUEYHBIX MacC, Ha3bIBAEMOM TaKK€ METOAOM Ce-
Tok [13, 14]. Anropur™ 1 GbUI peanu3oBaH B ABYX BapMAHTAX: ¢ KommuecTBOM wactur N=10° u
N = 10" 3a 6a30Bblil aITOPUTM, OTHOCHTEILHO KOTOPOIO MPOHCXOIMIO COMOCTABICHHE I10 TOUHOCTH
¥ BBIYHMCIIMTEIBHON CIOXKHOCTH, ObUT BhIOpaH alg I npu N = 10, Anropurmsl xe 2 u 3 Mogenuposa-

JTHCH ¢ urciioM y3i1oB N = 10°.

Ha puc. 1 npencrariens rpadukn kodxbduumentos £, ¢ . KpacHblit et cootBercTByet alg |

1

npu N = 10*, a (uoneroBsIii, uépHbiii u cunuii —alg I, alg 2 v alg 3 npu N= 10’ cOOTBETCTBEHHO.

Jly4mmii cpeny conocTaBiseMbIX alTOPUTMOB C TOUKH 3pEHUS TOYHOCTH, KaK U 0KUAATIOCH, OKa-
sascs alg 1 npu N = 10*. TIpu 5toM alg 3 ycTymaer eMy B TOYHOCTH HA BETHUMHY, HE IIPEBBIILIAIOIIYIO
10% nHa BCEM NPOTSHKEHHH KOPPEKLWH, TOTAa KaKk Ha MOMEHT OKOH4YaHHs oOcepBanmu alg 2 u alg 1
npu N = 10° npourpsisaror Ha ~40% 1 ~50% COOTBETCTBEHHO.

Ha momeHT oxoHuaHusi oOcepBallii YpOBEHb BBITIONMHEHHSI CBOMCTB COCTOSTEIBHOCTH IJISi BCEX
anroput™moB kpome alg I ipu N = 10° conoctaBum u cocraBiser ~15%.
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T T T T T T

[—aig1 1000
[—alg1 10000]
|—alg2 1000
[—alg3 1000 P

05
04
sub
é:_ 03
1
02

0.4

; W‘D 1‘5 2'0 2‘5 . 3‘0 3'5 AIO A‘ﬁ 5'0 5‘5 0 5 10 15 20 25 30 35 40 45 50
Puc. 1. Koa(hdurmeHTb TOYHOCTH B COCTOSTEITBHOCTH.

PesynbTatel pacuéra K03((GUIHEHTOB, XapaKTEPU3YIOLUIMX BBIYMCIUTENbHYIO CIIOXKHOCTb COMO-
CTaBJISIEMBIX AJITOPUTMOB mpuBeieHsl B Tabmuie 1. [Ipu onpenenennn 3tux kodHPUIIMEHTOB nc-
nosnb3oBascsa npoueccop QuadCore Intel Core 15-4690K ¢ HoOMUHANIBHON TakTOBOK "acToToi 3,8 [T,

Taonwuma 1.

Anroputym 1 Asroputym 2 Anroput™ 3
b | N=10° N=10° N=10 N=10
—0.84 - —0.81 —0.81

ComnocraBnsas npuBeACHHBIE B Ta0IUIE KO3(QPHUIHEHTHI, MOXXHO 3aMETUTh, YTO alTOPUTMEI 1, 2 1
3 mpu N = 10’ Ha ~80% mpoiie B BBIYMCIUTEILHOM IIaHe, YeM anroput™ 1 mpu N = 10*. Takum 06-
Pa3oM MX BBIYMCIHUTENbHAS CIOKHOCTH COCTaBIsieT ~20% OT BRIYMCIUTENBHON CIOKHOCTHU alg 1 uiw,
a0 TO %e camoe, alg 1, alg 2, u alg 3 mpu N = 10° B nstth pas npoune, uem alg I mpu N = 10°,

3akuouenue. [IpennokeH anropuT™ pemeHus 3ana4u koppekuuu nokasannii HC no gqaHHBIM 0
reopU3NUECKHUX TMOJISX, MO3BOJSIOMIMI yUecTh Haluune KBa3HICTEPMUHUPOBAHHON M CIIydaifHO# co-
CTaBJIAIOIIMX B cocTaBe M3MeHuuBbIX norpemuocreil HC. [Ipu 3ToM cumntaercs, 94To ypoBeHb BTOPOH
COCTaBIISIIOIICH 3a BpeMs MpOBEAEHHs oOcepBalMy He3HAUWTeNbHbIH. Takoe AOMyIIeHHE MO3BOJSET
JIMHEapU30BaTh OTHOCUTEIIBHO HE€ ypaBHEHUS U U3MEPEHUN U NIPH PEIIEHUH 331a4ll YUUTHIBATh €€
HEJIMHEIHBINA XapaKTep TONBKO OTHOCUTEIBHO KBa3UAETEPMUHUPOBAHHON COCTABIISAIOLIEH.

PaboTocmocobHOCTE MPEIIOKEHHOTO aIropUTMa Oblila MPOMUTIOCTPUPOBaHa Ha TIPUMEpE pellie-
HUSA 33Ja4d KOPPEKIMHU MOKAa3aHNH HaBUTallMOHHOM CHCTEMBbl CUMCIIEHUS IYTH 10 IPaBUTALIIOHHOMY
HOJIIO.

[Iyrem mpencka3zaTenbHOr0 MOAETHUPOBAHUS MPOBEIEHO COMOCTABIECHUE aJIrOPUTMa, YUUTHIBAIO-
LIETO HAJIWYME MOCTOSHHOM M M3MEHUYMBOM cocTaBisiomux mnorpemrHoct HC u ucnone3yromiero
MPOLEAYPY JTHMHEAPU3ALUH, C aJTOPUTMOM, HANPABJIEHHBIM Ha MOJYYEHHE ONTHUMAJIBHOW OLIEHKH, C
MO3UIUI TOYHOCTH, COCTOSITEILHOCTH M BBIYMCIUTEIBHON CIOKHOCTH .

[IpenBapuTenbHBIN aHAIM3 MOKa3aj, YTO C UCIOIB30BAHUEM NPEIIOKEHHOTO aJITOPUTMA MOMKHO
JNOOUTHCSI TOYHOCTH M COCTOSATENBHOCTH, aHAJIOTMYHOM alropuTMy, HANpPaBICHHOMY Ha IMOIy4YcHHE
ONTUMAJIBHOMN OLIEHKH, TPY CHUKEHNUU BBIYMCIIUTEIBHON CIOMKHOCTH IPUMEPHO B IATH Pa3.

B nanpHeifmmem mpenmnonaraercsi Oosee MoxpoOHOE HCCIeJOBAaHUE JOCTOMHCTBA aJITOPUTMA,
BKJTIIOYAIOIIEee BapbUPOBAHUE MCXOOHBIX JAaHHBIX B IIMPOKHUX MpeAesax W 00pa3loB HCIOIb3YyEMBIX
oJie.

HUccredosarnue svinonneno 3a cuem epanma Poccuiickozo nayunozo ghonoa Ne 23-19-00626,
https://rscf.ru/project/23-19-00626/ .
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U.b. ®YPTAT
(Mucturyt npobiiem mammHoBenenus: PAH, Cankr-IlerepOypr)

CUHTE3 3AKOHA YIIPABJIEHUS C UCITIOJIb30BAHUEM CBOMCTB
INJIOTHOCTHBIX CUCTEM

B ooxnade paccmampusaemces knacc cucmem, HA36AHHBIX WIOMHOCHHBIMU, OIS
KOMOPBIX NPOU3B00HAsL OM KEAOPAMUYHOU QYHKYUL 3A6UCUI OM HEKOMOPOTU (YHK-
yuu, Hazeannou Gynkyueu niomumocmu npocmpancmeda. C nomowwio Qynkyuu
NIOMHOCMU 3A0AI0OMCSL CEOUCMBA NPOCMPAHCIEA, KOMOPbLE OKA3bLEAIOM GIUSHUE
Ha noeedeHue uccredyemvix cucmem. Ilokazama ponv WIOMHOCHHBIX CUCHEM 8
cunmese 3aKoH08 ynpasienus. Paccmompeno nocmpoenue cucmem ynpaeienus 0s
00bEKMO8 ¢ U3BECMHBIMU U HeU3BeCMHbIMU napamempamu. Bce nomyuennvie pe-
3YLMAMbL CONPOBONCOAIOMCSL MOOETUPOSAHUEM, WIIOCMPUPYIOWUM Meopemuye-
CKle 8bIBOObI.

BBenenne. B pabore paccMOTpeH Kilacc JUHAMHYECKHX CHUCTEM B HOpMalbHOW (hopme, mpaBas
94acTh KOTOPBIX 3aBHCUT OT HEKOTOPOH ()YHKINH, 3aAaI0MIeii CBOIICTBAa POCTPAHCTBA M BIMSIONICH Ha
noBeZieHUe cucteMbl. Takyro ¢yHKuuio OyneM Ha3piBaTh (pyHKUIMEH moTHocTH npocTtpanctsa (DII).
Ecnu mpou3BogHasi OT HEKOTOPBIA MOJOKUTENBHO-ONPENEeICHHOW KBaapaTHYHOH (QYHKIHMH BAOIb
TpaekTopuii cucteMsl Oyner 3aBucerb oT ®@II, To Takue cuctembl OyaeM Ha3bIBAaTh IUIOTHOCTHBIMH.

YacTHbIi KJacc TakuxX CHUCTEM paccMarpuBaics B paborax [1-8]. B [1] BnepBbie ans u3ydeHus
(HE)yCTONYMBOCTH CHCTEMBI

x=f(x)

Ha IJIOCKOCTHU paCcCMaTprBaiaCh HOBas1 CUCTEMaA

x=p(x)f(x)

co BcriomoratenbHoi ¢Qynkimenn p(x) > 0 st Bcex X, Tie X — BEKTOP COCTOSHHSL. 3aTeM BOIPOC
(HE)yCTOMUMBOCTH TaKUX CHCTEM HM3y4aJiCsl C UCIOJIb30BAHWEM CBOMCTB AMBEPrEeHIMU M MOTOKA BEK-
Topa (asosoii ckopoctu B [2-8]. B [3] pynkuus p(x) nassana ®II (om anen. “density function”), a B
[5-8] noka3aHa CBA3b NOIYYEHHBIX PE3YJIbTATOB C YPAaBHEHUEM HENPEPBIBHOCTH, KOTOPOE BCTPEUAET-
sl B DJICKTPOMarHeTH3Me, TEOpUH BOJIH, THAPOIUHAMUKE, MEXaHUKE e OPMHUPYEMOT0 TBEPAOTO Tea
1 KBAaHTOBOH MEXaHHUKE.

B [9-13] npeanosxken psa METOAOB YIpPaBIIEHHS, TApPaHTUPYIOIUX HAXOXKIEHUS PEryIMpyEeMbIX
CUTHAJIOB B 33/laHHBIX Pa3pabOTYMKOM MHOXKeCTBaX. [y BHIMOTHEHHS YKa3aHHOM LEMH C TOMOIIBIO
COOTBETCTBYIOILIETO 3aKOHA YNPABJICHUS BBOAWIACH BCIIOMOTaTeNbHAsi (PyHKIMS, OT BUAAa KOTOPOH
BBITIOJHUIMCh COOTBETCTBYIOIME CBOMCTBA B 3aMKHyTOH cucteme. Tak B [9,10] npeanoskeH 3akoH
yrpasiieHus ¢ 3¢ dekTom BopoHkH (om auen. “funnel control”), a B [11] — 3akoH ynpaBiieHus ¢ 3aJaH-
HBIM Ka4eCTBOM peryiupoBanus (om awnei. “prescribed performance control”), koTopbie rapaHTHPYIOT
HaXO0XJICHUE MEPEXOIHBIX MPOIIECCOB B CXOSIICHCS K OKpeCTHOCTH Hyns TpyOke. B [12, 13] npen-
JOKeH MeroA, obolmatommid pe3ynbraTsl [9-11] n mo3BonsAonmid rapaHTUPOBATh HAXOXKICHUE BbI-
XOJIHBIX TIEPEMEHHBIX B 33JaHHON pa3paboTYMKOM TpyOKe, KOTopas MOKET ObITh HECUMMETPUYHA OT-
HOCHTENBHO MOJIOKEHNS pABHOBECHUS M HE CXOIUTCS K 3aJJaHHOI KOHCTaHTe.

OcHoBHoIi pe3yabTaT. B pabore Oyner paccMOTpeH KJacc CUCTEM, KOTOPBIE SBHO MM HESIBHO
3aBucaT oT OII. C moMomrsio 3Tol GyHKUUU OyIer 3a1aBaThesl IUNIOTHOCT MPOCTPAHCTBA B CMEBICIIE
BbIJIeNIeHNs o0acTei (He)yCTOHYMBOCTH, 3alPETHRIX 00sacTell (I1e OTCYTCTBYIOT PEIICHHS CUCTEMBI)
1 BennuuHbI 3HaueHud OII, Bausromiel Ha MOBeIEHUE UCCIeAyeMOM cUcTeMBl. B oTinune:

1) ot [1-8] OynyT paccmotpensl cucteMmsl, rae @I He 00s3aTeIbHO YMHOXKAETCS Ha BCIO €€ MPaByIo
4acTb;

2) ot [9-13] ®II moxer mpUCYTCTBOBAThH HESIBHO B MPABOI YacTH CHCTEMBI;

3) ot [9-13] @Il moxer rapaHTUPOBATH HAXOXKACHUE PELICHUH CHCTEMBl B HEOrPAHUYCHHOM MHO-

KECTBE C 3allpPETHBIMH OOJIACTSIMA M TPaHUIBI 3THX MHOXECTB MOTYT OBITH KyCOYHO-

HENPEPHIBHBIMU 110 BPEMEHHU.
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3akmouenune. B AOKJIalC paCCMOTPCH KIaCC NMHAMHWYCCKUX CUCTEM, HA3BAHHBIX TJIIOTHOCTHBI-
MU, KOTOPBIC COACPKAT B npaBoﬁ qacTu (bYHKI_II/IIO IIJIOTHOCTH, 3.':1,[[310]].[6171 CBOMCTBa MMpOCTpaHCTBA.
Onpez[ensm CBOICTBa 3TOH (byHKLII/II/I, MOXXHO BJIHMATH HA IIOBCACHUC HCCJ'IG,Z[yGMOfI CHUCTEMBI. HOHy—
YEHHBIN BBIBO/ B z[anLHeﬁmeM HCIIOJIB3YCTCA IJId CUHTE3a 3aKOHOB YIIPABJICHUS. HOKaBaHO, 4ToO IIpu
PAa3JIMYHBIX 3aJaHUAX ®II moxHO MOJIy4aTh KaK KIIACCUYCCKUC 3aKOHBI YIPABJICHUA, TaK U HOBBLIC,
TIO3BOJIAIOIINEC (l)OpMI/II)OBaTB HOBBIC IICJIICBBIC Tpe60BaHI/I$I K cucrteme. B YaCTHOCTHU, MPUBCACH IIpU-
MCp MOCTPOCHUA aJAlITUBHOI'O 3aKOHA YIPABJICHUA C FapaHTI/ICﬁ MEPEXOAHBIX MPOIECCOB B BHHaHHOﬁ
paBpa60T‘-II/IKOM MHOXCCTBC, B TO BPCMs KaK KJIIACCHUYCCKUC AJAlITUBHOC YIIPABJIICHUC obecreunBacT
TOJIBKO MPCACIbHYHO OI'paHUYCHHOCTH TpaeKTOpHﬁ. HpI/I 9TOM HapaMeTpbl MHOKECTBA 3aJar0TCA C
IIOMOIIIBIO dDH, KOTOpad 3a4aCT MJIOTHOCTb PaCCMATPHUBACMOI0 NpOCTPAHCTBA. PCBynLTaTBI MOACIIN-
poOBaHM MOATBCPAUIIN TCOPETUICCKHEC BBIBOBI.

B AOKJIaZC, B KAYCCTBC NMpUMEpa NPUMCHCHUA ®II ¢ u3BECTHLIMU CXEMaMH YIIpaBJICHUSA TTOKa3a-
HO, KaK CYHICCTBYIOMIUC AJITOPUTMBI YIIPABJICHUSA MOT'YT OBITH MOZ[I/I(l)I/ILII/IPOBaHLI JJIA TIOJIYYCHUA HO-
BOI'0 Ka4eCTBa NCPECXOJHBIX MPOIECCOB.

B Z[a.]'H:HCf/’I].HCM CBOMCTBA INIOTHOCTHBLIX CHCTEM MOXKHO MPUMCHATb U JJI1 0oJee CIOKHBIX aro-
PUTMOB yHpaBJICHHUA TaKWX, KaK YIPAaBJICHHUC IO BbBIXOAY C 1000l OTHOCUTENIBHOM CTCIEHBIO O6’I)€KT3.,
YIIpaBJICHUC C UCIIOJIB30BaAHNCM Ha6JIIO,Z[aTCHCI>'I, YIIpaBJICHHUEC Ha CKOJIB3ANX PCKHUMaAX U T.A.

Pabomul no ananuzy niomHocmusIx cucmem 8binoaHeHsl npu nooodepoicke Munucmepcmea Hayku u
svicuteco oopazosanus Poccutickoti @edepayuu (coenawenue Ne 075-15-2021-573). Pabomvt no pasz-
pabomie 3aKOHA YNPABILEHUsL ¢ UCNOTb30BAHUEM CEOUCHE NIOMHOCHHBIX CUCTEM 8bINOJIHEHbL NPU
noodepaicke coczaoanus Ne 121112500298-6 (ETHCY HUOKTP).
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the Control Laws based on Properties of the Density Systems

The report considers a class of systems, called density, for which the derivative of a quadratic function depends on some
function, called the density function. The density function is used to set the properties of space that affect the behavior of the
systems under study. The role of density systems in the design of control laws is shown. The construction of control systems
for objects with known and unknown parameters is considered. All the obtained results are accompanied by simulations illus-
trating the theoretical conclusions.
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A. C.T'YBAHKOB, U. B. TOPHOCTAEB
(MucTuTyT aBTOMaTHKK U 1iporeccoB ynpasienus JJBO PAH,
WuctuTyT nipobiieM MOPCKUX TeXHomoruil uM. akagemuka M.JI. Areesa JIBO PAH,
Mopckoi rocynapctBeHHblil yauBepcutet uM. aam. I.W. Hesenbckoro, BinaauBocTok,
CeBacToIoIbCKHI rOCyIapCTBEHHBINH YHIBEpCUTET, CeBaCTOINONb)

METOJ ®OPMHUPOBAHUS TPOI'PAMMHBIX CUT'HAJIOB UIs1 KHHEMATHUYECKHA
N3BbITOYHBIX MAHUITYJATOPOB

Paboma noceawena pewenuro 3a0au pacuupenus 603MOICHOU obracmu npume-
HeHUsi MaHunyIAyuoHHolx pobomos (MP) u uckmouenus asapuiiHblx cCumyayuil, 603-
HUKQIOWUX NpU YNPAGIeHUU SMUMU pobomamu 8 YCIO8UAX HeONpeoeieHHOCHU
OKpydcaroueli cpeosl (Ha npouzsoocmee Uiy npu 8bINOJHEHUU NOOB0OHBIX pabom,).
s smozo npednazaemcs ucnonvbzosams U30bIMOYHBIE CMENEHU NOOBUICHOCHIU,
nozeonsouue nepemewgamo MP 60.1u3u 06vekmog pabom.

Beenenue. B Hacrosiiee BpeMs 1oka He yJaaercs MOJTHOCThIO aBTOMATU3UPOBATh BHINIOIHEHUE Ma-
HUNYJIALMOHHBIX ONepanuid u3-3a TOro, 4ro mpu padore MP B ycrnoBHAX HEONpeneleHHOCTH OKpY-
Karolen cpelibl, Korja TpaeKTOpUH ABIKEHUA uX pabounx nHctpymeHnToB (PU1) He MoryT ObITh 3apa-
Hee MPOCYUTaHbl (0COOEHHO 3TO aKTYaJIbHO MPH OOCTY:KMBaHUH OOBEKTOB MOJBOTHON MH(pACTPYK-
TYPBHI C HCIIOJb30BaHNEM HEOOMTaeMbIX TOJBOJHBIX aNllapaToB), BO3MOKEH Bxoa MP B psa kordury-
panmii, B KOTOPBIX MJIaBHOCTh U TOYHOCTb WX JIBWKEHUH Hapymaerca. K aTuM xkoHpUrypanusm oTHO-
CATCS T€, B KOTOPBIX:

1) xots Ob1 otHA U3 cTeneHel noABIKHOCTH MP BXOIUT B OrpaHUYCHUS;

2) pewenne oopatHo# 3aaaun kuHemaTrku (O3K) MP neognoznauso [1];

3) PU nocturarot rpanun padbounx odnacreit MP.

[Ipu Bxoxe MP B mio0yro 3 nepeunciieHHbIX KoHpurypauuii PU gomkeH ObITh OCTaHOBIICH, HHAYE
BO3MOKHO BO3HUKHOBEHHME aBAPUITHON CUTYaIUH.

JU1st NCKITIOYEeHUsT 9TUX KOHQUrypauuii MoxeT ObITh IPUMEHEH croco0 [2], mpennonararomumii uc-
MOJIb30BaHUE N30BITOYHBIX CTENEHEeH MOABIKHOCTH, Nepementaonmx MP BOnmu3u o6bexTa padoT mpu
MOJXO0/Ie K YKa3aHHBIM MOJIOXKeHUsIM. Ho mpuMenenne 3Tux W30BITOUHBIX CTeNeHel TpeOyeT UCTIOIb-
30BaHMs clienraibHbIX MeTonoB pemenust O3K (cM. 0030pHBIE cTaThu [3—5]), mo3Bonsomux GopMu-
pOBaTh MPOrpaMMHBIE CUTHAJIBI JUIsl BCEX CTENeHel MoJBUKHOCTH MP.

Ocnosuble moaxozs! kK pemennto O3K mia kuHemaTndecku n30bITouHBIX MP nipeamnonaraioT npu-
MEHEHHE MECTOJIOB AaHAJIUTHYEeCKUX [6], uucieHHbX [7, 8], KOMOMHHPOBAHHBIX YHUCIICHHO-
aHaNUTUYecKuX [9], a Takke METOJ0B MAIIMHHOTO 00yUYeHHUsI, BKIIOYAIOMINX TPUMEHEHHE HEUPOHHBIX
cereit [10, 11], HeueTkolt noruku [12] u renernueckux anroputmos [13]. OgHako npuMeHEHue yka-
3aHHBIX METOAOB 3aTPYIHSETCA X HEAOCTaTKaMH (BBICOKOW BBIYMCIUTEIBHON CIOKHOCTBIO, HAIWYH-
€M JONOJTHUTENBHBIX OTPaHUYEHUH Ha KMHeMaTudeckue cxembl MP 1 1p.), u3-3a yero paspabotrka ais
TaKUX MaHWUIYJIATOPOB YHHMBepcajdbHOro merona pemenus O3K, obnamaromiero HU3KOH BBIYUCIH-
TEJIBHOM CIIOKHOCTBIO, OCTAeTCsl aKTYaJIbHOM 3a/1adent.

Taxum 00pa3om, mpeacTaBiICHHBIN JOKIIAA MOCBALICH PELICHHUIO CIENYIONeH 3axaqu: pa3padboraTh
METO/I aBTOMAaTH4YeCKOro (hOPMHUPOBAHUS MMPOTPAMMHBIX CHUTHAJIOB JIJISI BCEX CTEMEHEH MOIBMKHOCTH
KHHEMaTH4eCKH M30bITOUHBIX MP ¢ 1enpro obecnieuenust uX TOYHOW U Oe3aBapuiiHON paboTHI B ycio-
BHSIX 3aBEIOMOM HEONPEAEICHHOCTH OKpYXKAaloIleld Cpenpl 3a CUET MepeMelieHHs ocHoBaHus MP
BOJIN3M 00BeKTa paboT Mpu NPUONKEHUH K 3aJaHHBIM HeXXeJIaTelnbHbIM KOHQUTYpaLusIM.

Onucanue o01Iero MoAX0Aa K pellieHNI0 MOCTABJIEHHON 3axaun. JJig pelieHus MoCcTaBICHHON
3a/1aud ¥ YMEHBILIECHUS BBIYUCIUTEIHLHON CIOXKHOCTH IMpPEJIaraercs MCIONb30BaTh CIEAYIOUIUN MO~
xo — nexkomnosunuio pemienust O3K. Ipu stom oraensHo pemaercs O3K 115 OCHOBHBIX CTEneHeH
nmoBKHOCTH MP (0e3 M30BITOYHOCTH) U JIUISl OCTAIBHBIX U30BITOUHBIX CTEIEHEH, 00ECIICUHBAIOIINX
nepemMenieHne Bcero MP BOnm3u oObekTa pabor. PaHee Takoii moaxoj ObLT MCIIONB30BAH B METOAC
[14] nns ynpaBneHus mectucTeneHHsM MP ¢ ogHOM H30BITOYHOI cTeneHbIo NOABMKHOCTH. B HacTo-
SIel ke pabdoTe mpeyaraercs pasBUTh ATOT MeToa Juisi MP, criocoOHBIX mepemeniatbes Ooee yemM
IO OJTHOM M30BITOYHOM CTEICHU MOIBHIKHOCTH.
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IIpu »TOM 11 ocHOBHBIX cTeneHel nmoasmxHOocTH MP O3K pemaercss M3BECTHBIMU aHAJTUTHYE-
CKUMH MeToaamu [ 1, 14], KOTOpble BO3MOXHO peaM30BBIBAaTh JaKe Ha MAJIOMOIIHBIX OOPTOBBIX KOM-
nploTepax. A A yrnpaBiieHUsS U30BITOYHBIMH CTETIEHSIMU MOJBUKHOCTH MPEAJIaraercsi UCIoNb30BaTh
criequalibHble HHANKaTOpHbIe GyHKUUU [14], 3HaueHns KOTOpBIX TeM Oomnblue, yem Onmke MP k cBo-
UM HeXenaTelbHbIM KoH(purypanusM. C HCIoNb30BaHUEM 3TUX MHIMKATOPHBIX (QYHKUMWI mpeiara-
€TCsl pacCUNTHIBATh TPAJUEHT, yKa3bIBAIOIIMI HalpaBlIeHUE CMeEIleHUsT ocHoBaHUs MP, npu nsuxe-
HUH 110 KOTOPOMY 3HaueHHEe HauOONbLIero U3 MHIUKATOPOB OyJeT yMeHbIIaThcs Hanbosee ObICTpO,
uckiodas Bxox MP B HexenaTeNnpHbIe OI0XKEHHUS 1 BOSHUKHOBEHHE aBAPUMHBIX CUTYalLHi.

Ha ocHoBe ommcaHHOrO moaxoma pa3padOTaH METON M CHHTE3MpPOBAaHA CHCTEMa, MO3BOJISIOIIAs
obecrieunBaTh IUIaBHOE M TouHOe IBMKeHHe PU xunematnuecku m30ObiTounbix MP mo mpoctpan-
CTBEHHBIM TPAEKTOPHSIM.

Pesynomamul mooenuposanus. PabotocriocOOHOCTh 3TOr0 METOAA MOATBEP)KAAETCS pe3ybTara-
MU YHCIIEHHOTO MoJenupoBanus B cpeae Matlab. [Ipu stom Tpaektopus nsmwxenns PU MP 3anasa-
J1ach Tak, YTOOBI P HEMOABMXHOM OCHOBaHMH poOoTa (CM. puc. 1a) OTAeNbHBIE CTENIEHH MTOJBHKHO-
CTH BXOAWIH B orpaHuueHus, a MP Bxoama B ocoOble TONOKEHHsI, TP 3TOM OTpadaThiBas Hexena-
TENbHBIE PEBEPCHI B OTJENBHBIX CTENEHAX MOABMKHOCTH, U3-3a uyero PU oTkiIOHsIICA OT TpaeKTOpuu
Ha HenomyctuMele 0,1-0,8 M, a aBmwxenne MP aBapuiiHo npepsiBanock, koraa ero PU gocturan rpa-
HULB! pabouel obnactu. [Ipu ucnonap30BaHNM K€ CHHTE3UPOBAHHOM cUCTeMBI (cM. puc. 10) Bce yka-
3aHHBIE MPOOJIEMBI TIOTHOCTHIO HCKIIIOUANINCH 32 CUeT NepeMeleHni ocHoBanus MP, uTo mo3Bonuio
COXpPAHUTh BBICOKYIO TOUHOCTh ABMKeHUI PU, a oTkinoHeHue He nmpeBbimaio 1,5 M.

s gs I
Semm—em—==="""N g,

0)
Puc. 1. 3akoHBI H3MEHEHHS IPOrPAaMMHBIX 3HAYE€HHH ¢; TIPH a) HETIOABIKHOM (g7—¢9 = 0);
0) MOABIKHOM (g7—¢q¢ = var) ocHoBaHUN MP

3akawuenune. B naHHol paboTe mpeCTaBIIeHBI IPEIBAPUTEILHBIC PE3yIbTaThl Pa3pabOTKU METO-
Jla aBTOMAaTUYECKOro (POPMHUPOBAHUS NMPOTPAMMHBIX CUTHAJIOB JUISI BCEX CTEIEHEH MOJBHXKHOCTU KH-
HEMaTHUYeCKU M30BITOYHBIX MP, paboraronux B yCIOBHSIX HEONPEISICHHOCTH OKPYKAIOUICH CPEJIbI.
B mocnenyromux paborax mpeAcCTaBICHHBIC Pe3yabTaThl OyIyT JTOMONHEHBI M (hOPMAIHM30BAHEI, a
Takxe OYAYT OIpeeieHBI TPAHUIIBI TPUMEHUMOCTH 3TOT'0 METOJIa C YIETOM OIPaHUYCHHON CKOPOCTH
NBIOKEHHUA ocHOBaHUS MP.

Paboma nposoounace npu noddepoicke Poccutickoeo nayunozo ¢onoa (epanum 22-19-00392)
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Abstract. The report is devoted to solving the problems of expanding the possible scope of manipulation robots and eliminat-
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production or when performing underwater work). To do this, it is proposed to use redundant degrees of freedom, allowing to
move the manipulation robots near the objects of work.
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3. 1. MYPCAJIMMOB
(Mucturyt npobiiem Mopckux texHonoruid uM. M.JI. Areesa /IBO PAH, r. BnagusocTok)

U. M. 'PUT'OPBEB
(JanpHeBocTOUHBIN (enepalbHbI YHUBEPCUTET, I'. BiraguBocTok)

METOJ ABTOMATHYECKOI'O ®OPMHUPOBAHUS TPAEKTOPHUI JIBUKEHUSA
PABOYEI'O OPTAHA MHOT'OCTEIIEHHBIX MAHUITYJIATOPOB I1PU OBPABOTKE
OBBbEKTOB CJIOXKHOMN ®OPMbI

B pabome npeonosicen memoo asmomamuneckozo hopmMuposanis mpaeKmopuil
08UdICEHUsL PADOUUX OpPeAHO8 MAHUNYIAMOPO8 NPU NOBEPXHOCMHOU 06pabomke
PA3IUYHBIX Oemaell CLOACHOU opmbl. Dmom memoo nociedosamenbHo, HAYUHAS
om Kpas NOAUSOHATIbHOU MOOelU HNO8ePXHOCMU oOpabamvléaemol Oemainu,
Gopmupyem 3aMKHYymble MPAEKMOpUlL OBUJICEHUs. padoye20 Opeand ¢ Y4Yemom
wupunsl e2o paboueti 06acmu 00 NOIHO20 NOKPLIMUSL 6Cell NOBEPXHOCIU.

Beenenne. Ha cerogHsamHamii 1eHb CyIIECTBYET MHOXKECTBO 3a/1a4, TPEOYIOIINX MOBEPXHOCTHOM
00paboTKH pPa3NUuYHBIX JeTalieil ¢ MOMOILBI0 MHOTOCTENEHHBIX MaHHUMylsTopoB (MM): umcToBOE
¢dpesepoBanue [1], mokpacka [2], HambuteHHEe MeTaILTOB [3], monupoBKa u Ap. Pyunoe popmupoBanme
TpaekTopuil ABIKeHHsA pabouux opraHoB (PO) MM mnis pemieHust 3THX 3a1ad SIBIAETCS BECbMa
TPYAOEMKHUM ITPOLIECCOM.

B mHacrosimee BpeMs yxe pa3pa0OTaHbl alNrOPUTMBI, MO3BOJIIONIME pellaTh 3aJadyu
aBTOMAaTUYECKOTO IIOCTPOEHHS TPaeKTOpHH Al 00paldOTKH pPa3InUHBIX MOBEPXHOCTEH, KOTOpbIE
MOXHO pa3[eNuTh Ha JBE IPYIIbL. B mepByro rpymiy BXOIAT alropuTMbI, HCIONB3YIOMIUE pa3orneHue
oOpabaTpiBaeMbIX TIOBEPXHOCTEH JeTalell Ha OTHOCNbHBIE CErMEHTHI, IPEACTaBIAIONEe Cco0oi
pa3Iu4Hble MPUMHUTHBBI (TUIOCKOCTh, IWJIMHAP, KOHYC W T.A.), AJS KOTOPBIX 3apaHee 3aaaroTcs
cnoco0bl (opmupoBanusi Tpaekropuii [4]. Ko BTOpoil Tpymme OTHOCATCS alrOPUTMBI, KOTOpPBIE
($hopMHPYIOT TpaeKTopuH B (opMe MeaHapa C 3aJaHHBIM IIaroM M MPOEHUPYIOT UX Ha TPEXMEpHbIE
MOJMTOHANTBHBIE MOJENI MOBEPXHOCTEW oOpabaThiBaeMbIX aeranei [2], 4To B mpomecce 00padoTKu
obecrieunBaer amwxenne PO mo ux moepxHocTH. OmHAaKO 3Ta Tpynna METOJIOB XOpowo paboTaeT
TOJIBKO MpHU 0OpabOTKE IUIOCKUX TIOBEPXHOCTEH, B JPYTUX K€ CIy4asX PacCTOSHUS MEKIY
TPaeKTOPHSIMA Ha CaMOW TOBEPXHOCTH JAeTanu OyJeT HU3MEHATbCA H3-3a HX  CIOKHOH
MPOCTPAHCTBEHHON (POPMBI, YTO HE MO3BOJHUT MOJTHOCTHIO 00paboTaTh BCIO JETAb.

Kpome Toro, cymiectByronme METOAbl MPUMEHUMBI TOJIBKO TOTAa, KOr/a TpeXMepHas MOJENb
o0pabaTpiBaeMOil MOBEPXHOCTH 3apaHee U3BecTHA. OHAKO 4acTO OBIBAeT TaK, YTO STH TPEXMEPHBIE
MOJIETIH TI0 Pa3HBIM MpHYNHAM (edopManyy, HETOYHOCTH JIUTHS U T.II.) HE COOTBETCTBYIOT PeaIbHBIM
oOpabaTpiBaeMbIM JeTansiM. TakuMm o0pa3oM, AaHHas paboTa MOCBsIIEHa pa3padoTKe HOBOIO METOa
aBTOMaTU4eckoro (opMupoBaHus Tpaekropuii ABmxkeHuss PO MM nipu 00paboTke 00BHEKTOB CIIOKHON
(hopMBl, TOYHASI MOJIETbh KOTOPBIX 3apaHee HEU3BECTHA.

Onucanue merona. [na pemenus 3amaun ¢opmupoBanus Tpaektopun PO MM cHauana
HEOOXOJMMO BBIMOIHUTH TPEXMEPHOE CKaHMPOBAaHHE MOBEPXHOCTH 0OpadaThiBaeMOW IeTaiu, A
Yero MOr'yT UCTIOB30BAThCS XOPOIIO 3aPEKOMEHI0BABIINE Ce0sl ONTUYECKUE HITH JIa3epPHbIe CKaHEPHI.
[ony4yeHnHast MOIENb AETaly MPEACTABISET COO0H TPEXMEPHYIO MOJIMTOHATBHYIO CETKY, COCTOSIIYIO

U3 MaccuBa nomuroHoB F ={f,...,. f },tne f, ={p,,p;, P;,N,} — Kaxmplil TpeyroIbHbIi MOIUTOH

TMOBEPXHOCTH ~ JIeTald € KOOp/MHATamu BepmmH  p; =[x, .y, ,z, ],j=1,3 u Hopmamsio
J J J

N, =[x, .y, -z, ]. TonnronanbHas noBepXHOCTh JIETAIN MOXKET COCTOATh Kak M3 OHON obsacty,

TaK M U3 HECKONbKO OTAEIBbHBIX 00JacTeil, KOTOphIE MJOMKHBI OBITh MOJHOCTBIO TOKPBITHL
c(OpPMUPOBAHHBIMH TPACKTOPUSMH C 3aJaHHBIM IIaroM /i MEXAY OTACIbHBIMH JIMHUSMH TPaeKTOPHA,
00yCIIOBIIEHHBIM LIMPUHOM KOHTakTa PO ¢ moBepXxHOCTBHIO 0OpadaThIBaEMOM JeTaiy.
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CrnenyrommM 3TarmoM METOJ1a SBISIETCS MOUCK Kpasl MOJINTOHAILHOW MOBEPXHOCTU. J[Jist 3TOTO K
KKIOMY MOJTYYSCHHOMY paHee TOIHUTOHY (DOpMHUPYETCsl CIUCOK cocemHux rpaneit. [Ipu atom, ecnm
KOJIMYECTBO 3TUX COCEJIHMX TpaHeld MEHbIIe TpEX, Tornua
STOT MOJIMTOH SBIISETCS KPaHUM. DTH «KPAMHUE TOTUTOHBI
(hopMUPYIOT 00U Kpail MOJIMTOHANBHOMN TOBEPXHOCTH.

[Tocne Toro kak Kpail MOBEPXHOCTH HaMIeH, OT HErO Ha
paccTosHUM /h/2 OTKNaIbIBaeTCs OTACIbHAS 3aMKHYyTas
Tpaektopus aBmwkeHust PO MM (cM. puc. 1, cunsist TMHUS).

Hanee, ocyuiecTBisieTcsl yaaleHUe BCEX MOIUTOHOB OT
Kpas Ha paccrosaun 4. Ilocme dero moBTOpsercs
MPEIBIIYIUN dTan U (HOPMUPYETCS OTACIbHBIC TPACKTOPUU
JIBIKCHUSI, KaK MMOKa3aHo Ha puc. 1 (¢duoneroas u KpacHas
JUHUY C(POPMUPOBAHHBIX TPASKTOPHIA).

Takum 00pa3oM, TOCIEIOBATEIBHO OCYIIECTBISETCS
«OTpE3aHME» Kpas TOJHMIOHAJLHOW IOBEPXHOCTH  Ha
3aJlaHHOE PACCTOSIHUE /i, TIOKa OHA BCS HE OyJeT 3amoiHEeHa
Tpackropusimu. [Ipy SToOM Ha KaXIOM IIare B TaMSTH
XPaHUTCS TOJBKO Ta YacTh MOBEPXHOCTH, KOTOpas elle He
Obuta  oOpaboraHa,  4YTO  CYIIECTBEHHO  CHHWXaeT
BBIYUCIUTEIBHYIO CIOKHOCTb.

HeobOxomumo  oTtmeruth, 4YTO  Cc(HOPMHUPOBAHHEIC HPEAUIATACMOT0 AUNOPHTMA (OPMHPORAiI

TPAaeKTOPHH Ha OTJEIBHOM 00I1acTi
TPaCKTOPHU HE SABJSIFOTCS TJIAJKAMU, T.K. HA KaXJOM HOBOM IOBEPXHOCTH GypOBOIi FOIOBKH
LUKIE OT Kpas  oOpabaThiBagMoOW  IOJHMTOHATHHON
MOBEPXHOCTH JE€Talld MOJUTOHBl YJAISMIOTCS LEIUKOM, B pPE3ylbTaTe 4Yero Kpail aeraaud uMmeeT
«pBaHyO» Qopmy. [Tostomy, mns criaxxuBaHus CHOPMHUPOBAHHBIX TPAECKTOPHM, BIOIb KOTOPBIX
Oyner nmeurathcs PO, mepememaembii MM, ObIT TPEUIOKEH MPOCTOW alTOPUTM CLIIXKUBAHUS,
KOTOPBIH MPOXOJUT IO MACCUBY 0a30BBIX TOYEK TPACKTOPHH W JJIS KaXKJOW M3 HUX PACCUUTHIBACT
HOBYIO KOOPJMHATY TOYKH TPACKTOPHHU PABHOH CpeIHEMY 3HAYCHUIO KOOPAUHAT MEXKIY ABYMS
coceqHuMH 0a30BBIMM TOYKaMU. B pesymbTaTe ymaercs criaauTh TpaekTopuro nermxkenus PO, kak
MOKa3aHo Ha puc. 2.

Puc. 1. CxematnussIii ipuMep padoTHI

Puc. 2. ChopmupoBanHas Tpaektopus nemkerns PO 10 u mocne criiaXuBaHusL

Pe3yabTarbl  YHCIEHHBIX  JKcHepuMeHTOB. J[1s  mpoBepku  paboOTOCIIOCOOHOCTH
MPEAIOKEHHOT0 METOAa ObUIM MPOBENEHBI YHCIEHHBIE dKcIepuMeHThl. [Ipyu 3ToM Oblia BBIOIHEHA
peanm3anys NpeIoKEHHOr0 MeToIa B BUE dKcnepuMeHTansHoro oopasua (30) Ha si3bike Python u
UCTIOJIb30BaHa TpeXMEpHasi MONWTOHalbHAasE MOAEIb OypoBod ToNOBKU. Pe3ynmbTaThl paboOTHI
pa3paboranHoro D0 CpaBHUBAIKNCH C M3BECTHBIM QJTOPUTMOM, PacCCMOTPEHHBIM B pabote [2]. Ha
puc. 3 BH3yaJIbHO NpEACTaBlIeHbl CHOPMUpPOBaHHBIE TpaekTopuu ABMkeHus PO MM, a B Tabm. 1
MPEACTaBICHBl CPABHUTENBHBIE PE3yIbTATHI.

Tabnuia 1
CpaBHHUTeJIbHBIE Pe3YJILTATHI Pa00ThI AJITOPUTMOB

3aaHHOE PAaCcCTOSTHUE MakcumanbHoe MunumanbHoe MakcumanbHas
MEXXIy TPACKTOPUSIMU, | PAcCTOSIHHE MEXAY | PAcCTOSHHE MEXIy | OTHOCHUTEIbHAs
MM TPACKTOPHUSIMU, MM | TPaeKTOPHSIMH, MM omnbka, %]
Coznannsii 00 2.5 2.57 2.33 7%
ANropuTM™, TPEIIOKEHHBIA B 25 731 257 192%
pabore [2]
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a 6
Puc. 3. CpaBHeHne paboTHI ABYX aITrOPUTMOB (2 — IPETIOKEHHOT0 B pabote [2], 6 — pa3paboTaHHOTO Ha OCHOBE
MIPEUIOKEHHOTO B paboTe MeTo/a)

3akiouenune. B pabore omcaH HOBBI METOJ] aBTOMAaTH4ECKOro (OPMUPOBAHMS TPACKTOPUH VIS
MOBEPXHOCTHOH 00paOOTKM Jeranell cinoxHoM Qopmbl. HoBusHa wmeroma cocrout B crocobe
(hopMHpOBaHKS TPACKTOPHA, YUUTHIBAIOIINX PACCTOSHUE MEKIY HUIMH COIJIaCHO MMpHHE KoHTakTa PO ¢
MOBEPXHOCTHIO JieTany. BhionHeHa npoBepka padoTocrnocoOHOCTH U 3((GEKTUBHOCTH NPEAI0KEHHOTO
Merosa TpH (OPMHUPOBAHMU TPAEGKTOPHH IJIs TOBEPXHOCTH CIOXKHOM Qopmbl. [lo cpaBHeHMio ¢
THUIIOBBIMH QJITOPUTMAaMH, OTKJIOHEHHS PACCTOSHHS MEKITY TPAGKTOPHSIMHU CYLIECTBEHHO CHHKCHBI.

Paboma svinonnena npu gpunancosoul noodepoicke Munobprayku Poccuu, npoexm FZNS-2023-0011.
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A. A. TUMOIIEHKO
(MucturyTt npobiiem Mopckux TexHonoruid uM. M. JI. Areesa JIBO PAH,
JansHeBocTounbIi DenepasibHbIi Y HUBEpCHTET, BiaanBocToK)

B. ®. ®MJIAPETOB
(Mucturyt aBTOMaTHKH 1 iporieccoB ynpasnenus J|BO PAH, BraguBocToxk,
CeBacToIoIbCKHI roCyapCTBEHHBINH YHIBEpCUTET, CeBacTONONb)

HoaAxXoJaA K MOCTPOEHNIO BBICOKOKAYECTBEHHBIX ITIO3UIIMOHHO-CHUJIOBbIX
CUCTEM YIIPABJIEHUSI ABTOHOMHBIMU HEOBUTAEMbBIMH I10IBOIHBIMH
AIIITAPATAMU C MHOT'OCTENIEHHBIM MAHUITYJIATOPOM

B nacmosweii pabome npeonodicern HOGvll NOOX00 K NOCMPOECHUIO CUCTEM
VApaeieHust O A8MOHOMHBIX NOOBOOHBIX POOOMOE, OCHAUJEHHBIX MHO2OCHIENneH-
HbIMU MAHURYIAMOPAMU, 0TI 8bICOKOMOYHO20 GbINONIHEHUs PA3IUYHBIX MEXHON02U-
yeckux onepayuti Had 00beKMamu NOOBOOHOU UHGPACMPYKMYPLL, 8 MOM HUcje
MpedyIowUx CUI08020 8030€UCMBUsL HA MU 0OBEKMbL, 8 NOTHOCHbIO AgmMoMamuye-
cKoM pedicume.

Beenenme. [Iy11 aBTOMAaTHYECKOTO BBIMOIHEHUS CHIIOBBIX TEXHOJIOTMUYECKUX ONEpaluil ¢ MOMO-
IIbI0 aBTOHOMHBIX HEOOHWTaeMbIX MoABOAHBIX anmnapaTtoB (AHITA), ocHamaeMbpIX MHOTOCTEIEHHBIMU
MaHunyastopamu (MM), TpeGyeTcs pa3pabaThiBaTh U CO3JaBaTh ClCIHUAIbHbIE KOMIUIEKCHBIE CHUCTE-
MBI, PEaIN3YIOLINe BBICOKOKAUECTBEHHOE MO3HIIMOHHO-CHIIOBOE yIpaBieHHe. B HacTosmiee BpeMs
y’Ke€ U3BECTEH CIOco0 MO3UIMOHHO-CHIIOBOTO yrpaBieHusi ManunysinnonHeiM AHITA [1] B pexxume
ero crabuiaM3alry B BOAHOW cpene Hax o0bekToM padot (OP) ¢ ucmons3oBaHneM CHCTEMBI TEXHUYE-
ckoro 3penus (CT3) u rupockonnyeckux AatdukoB. C ero MOMOLIbIO Ipeanaraercs GopMUpoBaTh
KeJaeMbIid BEKTOP CHIIBI CO CTOPOHBI pabouero nncrpymenta (P11) MM Ha OP 3a cuer omHOBpeMeH-
HOW MOJauM yNpaBJIIOIIKX BO3AeHcTBUM Ha Bce mpuBoasl MM. Ho 3To npuBOIUT K CMEIIEHUIO al-
rapara oT ero MCXOJHOI0 MOJIOKEHUS, U BCIENCTBHUE, K MoTepe KoHTakTa Mexay PU MM u OP. Kpo-
Me TOro, TIpH yrnpasieHnn MM onucaHHBIM cIIOcOOOM HE YUHUTBIBAIOTCS (PaKTUUECKUE 3HAUCHUS MIPH-
COEIMHEHHBIX MacC ¥ MOMEHTOB MHEPLHUH KUAKOCTH K 3BeHbsIM MM, 4TO NpUBOIUT K OONBLINM JTU-
HaMHYECKUM OLIMOKaM IPpH 0TPadOTKaX KeIaeMbIX TPaeKTOpHI U cuiloBbIX Bo3aeiictBuii PU na OP.

Taxum 00pa3om, B HacTOSIIEH paboTe CTABUTCS U pelaeTcs 3a1a4a pa3paboTKu HOBOTO OAX0/a K
MIOCTPOEHUIO CHCTEM YIPABICHMS Ul BBHITOJHEHHS CHUJIOBBIX TEXHOJIOTMUYECKHX OINEPAalUi C MOMO-
upto AHITA ¢ MM, npr3BaHHBIX yCTPaHUTh yKa3aHHBIE BBILIE HEAOCTATKH.

Onucanue moaxoxa. [ns peanusamuu npennoxeHHoro nonxona AHIIA gomkeH uMmeTh Takoe
PacnonoKeHNEe IBIKUTENEH, 9TOOBI OHO CMOTJIO 00€CIIEYHBATh YIPABJICHUE MO BCEM €ro MIECTH CTe-
neHsiM ¢Bo6onasl. 1 MM J0/KeH MMETh He MEHEe IIECTH CTEIEHEH MOABHKHOCTH, YTOOBI CO31aBaTh
M000e HampaBJIeHUEe BEKTopa CriioBoro Bo3aeiicteust PU va OP B mpoctpaHcTBe.

[IpeanoxxeHHBIN MOAXO/ PEANU3YETCS B HECKOIBKO 3TAIMOB.

Ha mepBoM 3tame anst Kaxjaoro snekrpornpuBona MM crpoutcs ero mpeoOpazoBaHHas MOJICIb,
YYBCTBUTENbHAS K TIOSBICHUIO BHEITHETO 000OIIIEHHOTO MOMEHTA, JCHCTBYIOIIErO Ha BEIXOJHBIC Ba-
JIBI THX 3JCKTPOIPHBOJOB. 3aT€M HAa OCHOBE ATOM MOJETH CHHTE3UPYIOTCS HaONIONaTeNln C mepe-
MeHHOH cTpykTypoit (HIIC) [2], KoTOpbIe MO3BOISIOT TOYHO OLECHUTHh BETUYHHBI YKa3aHHOTO BHEIII-
HEro MOMEHTA, a TaK)Ke YIJIOBBIX CKOPOCTEH M YCKOPEHUH BBIXOJHBIX BAJIOB AJICKTPONPUBOIOB 0e3
WCIIONB30BaHMS COOTBETCTBYIONMX (DU3MUECKUX JATUUKOB.

Ha BTopoMm 3Tamne onpeaensitorcsi BEAMYUHBI MACC U MOMEHTOB MHEPIIUU KUAKOCTHU, MPUCOEIUHSIE-
MBIX K 3BeHbsIM MM Mpu ero ABM>KEHUM B BSI3KOU cpene. st aToro amns MaHUMyJsSTOpa 3a4aloT JIBU-
JKEHHUE IO MPOU3BOIBHOU TPACKTOPUHU U B MPOLECCE ATOTO JBMKEHUS C TOMOIIBIO CHHTE3UPOBAHHBIX
HIIC npousBoasT yka3zaHHbIC paHee oleHKH. C HCMOMb30BaHUEM 3THUX OIEHOK (DOPMHUPYIOT aHAIHUTH-
YECKHE BBIPAKCHHUS, OMUCHIBAIOINNE 0000IICHHBIC BHEITHUE MOMEHTHI, JICHCTBYIOIIUE B IEKTPOIPH-

Hayuns1ii pykoBoguTeNs: K.T.H., ZOLEHT 3yeB A.B.
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Boax MM mipu ero nBukeHnH. HensBecTHbIE HCKOMBIE TapaMETPhl ATUX BBIPAKEHUM OMPENENIIoTCs
C TIOMOIIBIO0 METOI0B MapaMETPUUYECKON NACHTH(PUKALNH.

Ha Ttperbem sTame ocymectBisiercss Tounas cradbunusauusi AHITA B BOZHOM NpOCTpaHCTBE Tak,
yro0pl OP pacnonarancs B paboueir o6nactu MM u obnactu Buaumoct CT3 AHIIA. 3atem ¢ mo-
Momrslo CT3, orcnexuBaroniell B3aMHOE pacIloioKeHue Tpex MapkepoB Ha OP wnm Ha nHe, ocy-
mectBisiercs npussizka AHITA k HeKoTOpoil HCXOTHOH TOuKe BOIHOTO mpocTpaHcTsa. [locie crabu-
mm3atmn AHITA ¢ nomomsio CT3 dopmupyercs 3D-monens OP, aist KOTOpoid CTposTCs JKenaembie
Tpaektopun ABikeHns PU MM c TpeObyembIMH 10 BETHMYMHE W HANPABICHUIO BEKTOPAMH CHUIIOBOTO
BosneiicTBusa Ha OP.

Ha uerBepTom 3tane ocymiectsisiercs nepesoq P MM u3 ero ucxomHOro mojaoKeHusl K Hadyajb-
HOW TOYKE MOCTPOEHHBIX TPAEKTOPUH O KOHTaKTa ¢ MoBepxHOCThI0 OP, KoTOpHIil ompenensercs ¢
MOMOIIBIO TUIMOBBIX TaKTHJIBHBIX JAaTUYMKOB. Bo Bpems 3Toro mepeBona, HEMpPEpBIBHO pemias obpat-
HYIO 3aJa4y TuHaMuKH Ui MM ¢ yyeroM paHee UAEHTH(PHULIUPOBAHHBIX 3HAYCHUH MPUCOEINHEHHBIX
Macc ¥ MOMEHTOB MHEPIINH JKUJIKOCTH, ONPENEIAETCS CHIOBOE U MOMEHTHOE BO3/EHCTBUE, KOTOPOE
MM npu ero ABWKEHHH B BS3KOM cpene okaspiBaeT Ha AHIIA. DTo Bo3neiicTBHE aBTOMAaTHUYECKU
KOMIIEHCHPYETCsl IJIaBHO M3MeHstommMucsa tsaramu asmwxurenedl AHITA, a ocraBmimecs He3Hauu-
tenpHbIe cMemieHnst AHITA orpabGaThIBalOTCs €ro CHCTEMOM cTabuIn3auy.

Ha mgTom stame ¢ yderoM Tekymiel KoHpurypaunun MM onpeaensrorcsl jKeinaeMble 3HAYCHUs
BHEIIIHUX MOMEHTOB BO Bcex cowleHeHHsX MM wu xenaemblie Taru asmxureneil AHIIA, koropsie B
COBOKYITHOCTH CO3JaAyT >KeJTaeMble 10 BEIMUMNHE U HaNpPaBIEHNUIO CHITy U MOMEHT co cTopoHsl PU Ha
OP. 3arem Ha BXOoawl cooTBercTByIOomMX nBmxkuTened AHIIA ckoopAMHMpPOBAHO MOAAIOTCS MPO-
IpaMMHBIE CUTHAJIBI, U3MEHSAIONMECA IJIABHO M PaBHOMEPHO B 33JaHHOM BPEMEHHOM HMHTEpBAJIE OT
HYJISl 1O UX PAcYETHBIX BEJIMYMH, KOTOphIE 00ECTIEYHBAIOT JKenaeMble 3HaueHus TAr. OTHOBPEMEHHO ¢
STHM Ha BXOZBI AJIEKTPOIPUBOAOB MM monaroTcs nporpaMMHbIE CUTHAJIBI, 00eCIIeUUBAIOIINE PABHO-
MEpHOE U IIABHOE HapacTaHHE BHEITHMX MOMEHTOB Ha MX BBIX0/1aX, KOTOPBIE MO3BOJISAIOT COXPAHUTh
UCXOIHYI0 KoHpHUrypanuo MM u npu 3TOM 00eclieunBarOT CO3/IaHHUE JKEIaeMOro BEKTOpa CHUIIOBOTO
Bo3aercteug PU na OP.

Ha mectom sTane nocie HOCTHKEHUS 3alaHHOW BEIMYMHBI HCXOJHOI0 KETaeMOro CHIIOBOIO BO3-
nevictBust Ha OP HaumHaercst Tounoe amwkenne P MM no panee copMUpOBaHHOI TpaeKTOpHU C
OKa3aHHEM ero TOYHOTO CHIIoBOro BozaehcTust Ha OP. DTo o0ecreunBaeTcst ¢ MOMOIIBI0 KOMOMHU-
pOBaHHOM MO3WIMOHHO-cHIOBOM CVY [3], ucmone3yomeid HAeHTHPUIMPOBAHHBIC PaHee BETHMYMHBI
MIPUCOEINHEHHBIX MacC U MOMEHTOB MHEpIUH kuakoctu. Tounoe nemxenne P MM no 3agaHHBIM
TPAaeKTOPHSIM OOECIIeurBaeTCsl CaMOHACTPAUBAIOIIMMHUCA KOPPEKTUPYIOIIMMH YCTpOHUCTBaMu [4], uc-
MOJIB3YIOIIMX OLEHKH JTUHAMHUYECKUX napaMeTpoB MM, koropsie nonyvaroT ¢ nomouisto HIIC, cun-
TE3UPOBAHHBIX Ha NepBoM 3Tane. OAHOBPEMEHHO OCYILECTBIIAETCS KOMIEHCALUs CHUIOBOTO BO3JEH-
crBusg Ha AHITA co ctoponsl MM 3a cueT ¢popMHpPOBaHUSI COOTBETCTBYIOIIUX TAT JBHKUTENEH, B KO-
TOPBIX K ’TOMY BPEMEHH YK€ 3aBEPIIIIINCEH BCE MEPEXOAHBIE MTPOLIECCHI.

3akawuenune. B pabore mpeniokeH HOBBIA MOAXOJ K MOCTPOCHUIO BBICOKOKAYECTBEHHBIX IMO3H-
IIMOHHO-CUJIOBBIX cucTeM yrpasieHus AHITA ¢ MM, obecniedurBaromuyii TOYHOE BBEITIOTHEHHE TPeOy-
€MBIX CHJIOBBIX TEXHOJOTMYECKHX OIepaluil Mmoja BOJOW C COXpaHEHHWEM MOCTOSHHOro KoHTakTta PU
MM c nosepxnocteio OP. IIpoBencHHbBIC TpeaBAPUTENbHBIC UCIIBITAHUSA OTACIBHBIX 3TAOB Mpeaa-
raeMoro Mmojaxojia MoKa3aid ero BRICOKYI0 3()()EKTUBHOCTh Ja)Ke MPHU BBIMOJHEHUH CIOXKHBIX TEXHO-
JIOTUYECKUX Ofepanuil ol BOAOH B MOJHOCTHIO aBTOMAaTHYECKOM PEXHUME.

HUccredosanue svinonneno 3a cuem epanma Poccutickozo nayunozo ghonoa Ne 22-19-00392
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Abstract. In this paper, a new approach is proposed to the construction of control systems for autonomous underwater robots

equipped with multi-link manipulators for high-precision execution of various technological operations on underwater infra-
structure objects, including those requiring force action on these objects, in fully automatic mode.
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H. A. KPACABUH
(MucturyT npobiieM MOpcKkHX TexHOnorui uM. akagemuka M. [I. Areea JIBO PAH, BaguBocTok )

METO/J NO3NIITNOHHO-CHUJIOBOI'O YIIPABJIEHUSA NTOABOJHBIMU AIINTAPATAMUA
C MHOTI'O3BEHHBIMN MAHUITYJATOPAMMU JJIAA BBIITOJIHEHUA KOHTAKTHBIX
MAHUIIYJIALOUOHHBIX OIEPAILIAN C IOJABOJIHBIMA OB bEKTAMM

B pabome npedcmasnen nogwlil Memoo NOZUYUOHHO-CULOBO2O YRPAGIEHUsS A6~
MOHOMHBIMU HeobumaembviMu no08oouvimu annapamamu (AHIIA) ¢ mHo2036eHHbI-
mu manunynsmopamu (MM) 0ns evinoaHeHus: pasiuyHbiX KOHMAKMHBIX MAHUNY S~
YUOHHBIX Oonepayull, 8 Mom 4ucie U ¢ OKa3aHuem 3a0aHHO20 YCULUSL HA HOBEPXHO-
cmu 00vexmog pabom, 6 pedxcume CMAOUTUIUPYEMO20 3A6UCAHUS AnNapama Hao
SmumMu 06veKmamu.

Beenenue. B Hactosmee Bpemss AHITA Bce dame ocHamarorcs MM 1711 aBTOHOMHOTO BBITION-
HEHUS MaHWUNYJSIIMOHHBIX OINEpalyi, CBSI3aHHBIX CO B3aMMOAEHCTBHEM C MOABOIHBIMH OOBEKTaMHU
[1, 2]. [Ipu 3TOM OONBIIMHCTBO TaKMX PA0OT MOAPA3yMEBAIOT CHIIOBOW KOHTAaKT pabO4yero MHCTPY-
MeHTa MM c OBEpXHOCTSIMH OOBEKTOB, B TOM YHCJIE U C OKa3aHHEM 3aJaHHOT'O YCHUJIMSA, Ompesense-
MOr'0 TpeOOBaHMIMU K KOHKPETHOW TEXHOJIOrHm4yecKoil onepanuu. HanpumMep, odrcTka MOBEpXHOCTEH,
oTO0p Npo0 rpyHTa, 00CITY)KMBaHUE TOABOAHBIX MaHU(OIbI0B. Takue padOThl ONpPaBAAHO BHIOJIHSTD
B pexxuMme cradbunmsupyemoro 3aBucanus AHITA nan oobekramu padot [3, 4], MOCKOIBKY B 3TOM pe-
KHMeE ammapar 3aHUMaeT HanOoliee yaoOHOe MOJI0KEHNE TSl BBITOJTHEHHS pa0oT, HE B3MY4HBast IPH-
noHHbIEe ciaou. OHAKO B Mpolecce KOHTaKTa HHCTpyMeHnTa MM ¢ moBepXHOCTBIO 00BeKTa padoT cuia
peakuuu onopsl HEM30€KHO NMpHBENET K BOZHUKHOBEHHIO HEXENAaTEIbHBIX MOMEHTOB B NPHBOAAX
MM, a Taxxe K CHIOBOMY U MOMEHTHOMY BO3JEHCTBUAM Ha Touky kpermieHus MM k AHITA. Otu
BO3/CHCTBUS OYAYT OTKIOHITH HHCTpYMEHT MM OT TpaeKTOpUH ABHKECHUS U NPUBEIYT K IIOTEPE CH-
JIOBOT'O KOHTAKTa C IOBEPXHOCTHIO 00BEKTa PadoT.

B GonpIIMHCTBE U3BECTHBIX MOAXOAOB, MOCBSIIEHHBIX PEIIEHUIO YKa3aHHOW MPOOIEMBbI, HCTIONb-
3YIOTCS. MHOTOKOMITIOHEHTHBIE CHUJIO-MOMEHTHBIE NAaTUMKH JUIsI U3MEPEHHS AMHAMHUYECKMX BO3JEH-
ctBuil Ha AHITA u MM [5, 6]. cnonb30oBaHue TakKuX JATYMKOB 3HAYUTEIBHO 3aTPYIHSAET MIpaKTHUe-
CKO€ HCIIOJIb30BAHNE NMPEJIOAKEHHBIX METOIOB O PsILy IPUYHH [7]: OHU NMOABEPIKEHBI 3aLIYMIIEHHUIO,
CHIDKAIOT JKECTKOCTh KHHEMaTH4eCKOW Lenu, 00afaoT OrpaHu4YeHHOH MOJIOCOM MPOMyCKaHUs, BbI-
COKOI CTOMMOCTBIO U TIOJpa3yMEBAIOT BHECEHNE U3MEHEHUI B KOHCTpYKLMI0O MM.

[TosTomy mpermuiaraeMblil TOKNa[ MOCBALIEH CO3AAHMIO HOBOTO METO/a MO3MIIMOHHO-CHIIOBOIO
yhpasieHus ctabunnznpyeMsiM B pexxume 3aBucanusi AHITA ¢ ycraHOBIEHHBIM 6-cTeneHHbIM MM,
HE TPeOYIOIIEro YCTAaHOBKH TIOPOr'MX MHOTOKOMITIOHEHTHBIX JaTYHKOB.

Onucanne padoTel MeTOAA. /{1151 yCTIENTHOTO BRIOMHEHN S KOHTAKTHBIX onepannii AHITA nomken
CTaOMIM3UPOBATRLCS B peKUME 3aBUcaHus [4] BOMU3U 00beKTa PadOT C MOMOIIIBIO TAT €r0 ABMKUTEICH,
00eCTICUMBAIOIINX YIIPABICHUE €ro MepeMenieHus MU 10 6 crerneHsM cBoOonwl. Takoit AHITA, ocHa-
meHHbIE MM 1 3 mapamu ABmXHTENel, n300paxkeH Ha pucyHke 1. MM ¢ kuHeMaTH4YecKO cXxeMoi
PUMA c 6 creneHsM MOABMKHOCTH 3aKPEIUICH O] IEHTPOM BOJOM3MeEllleHUs anmnapaTa. Ha atom pu-
CyHKe BBeJieHbI cienyromme obo3nauenus: OXYZ — abcomorras cucrema koopaunat (CK); CXcYeZc
— cBsazannas ¢ AHITA CK; X,Y,Z, — CK, cBsizanHas ¢ ocHoBanueM MM; X; sY; 57, s — CK, cBsa3aH-
HBIE ¢ HayajaaMH COOTBETCTBYIONMX 3BeHbeB MM; X;YsZ; — CK, cBsazannas uactpymentom MM; P, 4
— 1ary, co3naBaembie mpuBogamu AHITA; A, [, k — reomerpudeckue mapamMeTpbl KOMIIOHOBKH JIBUKH-

teneit AHIIA; d, € R - BEKTOp, omnpeneistoumii nonoxxenue ocHoBanua MM B CK XcYZc. Ilpu BbI-

TIOJIHEHMM KOHTAKTHBIX OTeEpaluii Hen3GeKHO BOSHUKHOBEHME BeKTopa cwibl “F, € R’ 3amaHHoro B
CK, cBs3anHO# ¢ nHCTpyMeHTOM MM (puc. 1).

Hayunsrii pykoBoguTeINb: K.T.H., 3aM. TUPEKTOPA 10 HAYIHBIM BOIpocaM, B. H. ¢. Konommma A.10.
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Paspaborannbiii MeTO peanu3yercs

o h cienyronmM obpaszom [8]. CHavana st

b4 ‘ KaxJaoro i npusoga MM Beruucisercs
4 P, MOMEHT, OOYCIIOBJICHHBIH CHJIOBBIM KOH-

- P: / AHIIA TakTOM HHCTpyMeHTa MM c¢ o0BexToM

v, pabor (puc. 1):

[Mez = [Mdz - [sza l :L_6 s (1)

rne ‘M, — JNEHCTBYIOUIUI Ha MPUBOJ
BHEIIHUN MOMEHT, HAIIPABJICHHBIN BIOTIb
OCH IIapHHpa i, KOTOPBIA U3MEpsieTCs C
MOMOILBIO OTHOKOMIIOHEHTHOI'O JTaTYMKa
MOMCHTa WJIM HaOJIOIaTeNs MOMEHTa
HAarpy3KH IPUBOJA; 'M,,. — aHATUTHYECKH
paccuMTaHHBI MOMEHT, O0YCIIOBJICHHBIH
spdekTaMn  B3aUMOBIMSHHS —~ MEKAY
BCEMHU CTEMECHAMH MOABMXHOCTH MM, a
TaKKe€ THIPOCTATUYECKUMHU U TUIPOAU-
HaMUYECKUMHU CHJIAMH CONPOTUBIICHUS
€ro JBIKEHUIO, BKIIIOYAs BSI3KUE TPEHUS
U TPUCOCTUHEHHBIE MAaCChl OKpPYXalo-
Puc. 1. AHIIA ¢ MM, BBIIOJNHAIOIMI KOHTAKTHYIO ONEPALIHIO menl oxuaxoctu. KommeHcanud —aen-
CTBYIOIIMX HA TIPUBOIBI MOMEHTOB ‘M.

obecreunBaercs cuctemoii [9]. Ha ocHOBE BBIUMCIEHHBIX BEIMYMH MOMEHTOB ‘M., C yU4eTOM KMHEMa-

9 G = 3
THYSCKOH cxembl MM PaCCUUTBIBAIOTCA BCIMYWHA U HAIIPABJICHUEC BCKTOPA CHUJIbL F;mp eR , OKa3bI-

BaeMOil MHCTPYMEHTOM Ha OOBEKT paboT B Ipolecce BHIMOTHEHUSI KOHTAKTHOW orepanuu (puc. 1).
Jlanee Ha MPUBOJIBI BceX cTemneHeil moABmKHOCTH MM monaloTcs CUrHaIbI yIpaBieHus, 00eceunBa-

romue JOMOJTHUTCIBHBIC TCPCMCILICHUA de R3 €ro pa60qer0 HUHCTPYMCHTA B HAITPABJICHUU KCIIACMO-
=k

G
ro BeKTopa cuisl -~ F,

€ R® 1S MOCTIIKEHUSI JKeTaeMOil BETMUMHBI CHIIOBOTO BO3ICHCTBHSI HUHCTPY-
MEHTa Ha MOBEPXHOCTh 00bekTa. UToOB HHCTpYMeHT MM 0BT criocoOeH OKa3hIBaTh TPeOyeMbIe CH-
JIOBBIE BO3JCHCTBUS HA MOBEPXHOCTh 00BEKTa paboT, HEOOXOAMMO B PEATHLHOM MaciuTabe BpeMEeHH
co3aaBaTh ymnop B Touke kpermienuss MM k AHITA. Jlnsa 3Toro Ha BXOJbI COOTBETCTBYIOLIUX JBUKHU-
Tejel anmapara MmoAaroTCsl CUTHAIBI, KOMICHCUPYIOLIUE CUIIOBBIE © MOMEHTHBIE BO3/ICHCTBUS, OKa3bl-
Baemblie Ha 3TOT AHITA co cTOpOHBI MHOTO3BEHHHKA. JTU BO3JICHCTBUS PACCUUTHIBAIOTCS C MOMOIIBIO

PEKYPPEHTHOTO alITOPUTMA PEIIeCHHsI 00paTHOW 3a1auu JMHAMUKA MM ¢ y4eToM BBIYUCIIIEMOTO BEK-
Topa GF; = _G F;mp s
MEXAY BCEMH CTEMEHSIMU MOABMXKHOCTH MM, a Takke mapaMeTpaMu B3auUMOJCHCTBUS C OKpPYXKaro-
el skuakocTeio. [Ipu 3ToM Bo3HHKaromme HeOonbinue oTkinoHeHus AHITA HuBenmupyrorcs cucre-
Mol [10], xoppekTupytomeii koHpurypanuio MM c yderom cMmelmeHuii anmaparta. TakuM oOpa3om
ynaercst ooecrieunts cradmmuzanuio AHITA u co3nath HeOOX0UMBIN yIIOp B TOYKE KperieHuss MM k
AHIIA, no3Bonsomuil ”HCTPYMEHTY 3Toro MM oka3bIBaTh JKedaeMble CUIIOBBIE BO3ICHCTBUS HA TIO-

BEPXHOCTH 00BEKTa PadOT.

a TaK’K€ BCKTOPOB CUJIbI U MOMCHTA, 06yCJ'IOBJ'ICHHI:IX Bq)(i)CKTaMI/I B3aMMOBJIMAHUA

3axiouenue. PesynbraTel nccnenoBanus padbotel cuctembl B Matlab/Simulink ¢ Bu3yanuzanueit
B cumynsitope CoppeliaSim nmokaszany MHOTOKpAaTHOE TOBBIIIEHHE TOYHOCTH BBIOJIHEHHUS PA3TIHMYHBIX
KOHTaKTHBIX MaHWUMYJIALHMOHHBIX Pa0dOT ¢ OKa3aHHEM 3aJaHHOro ycunus. PazpaboraHHasi cuctema He
TpeOyeT YCTaHOBKH OPOTUX MHOTOKOMIIOHEHTHBIX CHJIO-MOMEHTHBIX JAATUYMKOB, a €¢ peaju3auusi He
BBI3bIBACT NPUHLUIHAIBGHBIX 3aTpyJHEHHH. B HacTosiiee BpeMs TOTOBUTCS NPOBEACHHE HATYPHOTO
SKCTIIEPUMEHTA C UCTIONB30BaHMEM pealibHOro oaBoaHoro MM, paspabdorannoro 8 UTIMT JIBO PAH.

HUccredosanue svinonneno 3a cuem epanma Poccutickozo nayunozo ¢honoa Ne 23-71-10038,
https://rscfru/project/23-71-10038/
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P. IT. BACUJIEHKO, H. A. KPACABVH
(MuCcTUTYT MpobieM MOPCKUX TexHoJorui uM. Akagemuka M./l. Areea, BiaguBocTok)

CUCTEMA CTABMIN3AIIMU ABTOHOMHOI'O HEOBUTAEMOI'O IOABOJHOI'O
AIIITAPATA C JOINOJTHUTEJIBHBIM IBUKUTEJIEM JJI51 KOMIIEHCAIIUU
JAHAMUYECKHNX BO3JIEMCTBUI CO CTOPOHBI MHOT'O3BEHHOT'O
MAHUITYJATOPA

Ipeonosicen memoo cunmesa cucmem aBMOMAMUYECKOU CMAbUIU3AYUY 6 pe-
JHCUMe 3ABUCAHUSL ABMOHOMHBIX HeoOumaemvix nodgoousix annapamos (AHIIA),
OCHAWEHHBIX MHO2038eHHbIMU Manunyaamopamvu (MM). 3a cuem ycmanosxu Ha
AHIIA Oononnumenvro2o dgudicumens Ha HOBOPOMHOU NAAMGopMe U CO2NaACO8AH-
HO20 YNpasneHus mazamu 6cex Ogudxcumeneli annapama obecneuusaemcs KOMneH-
cayus OUHaMU4ecKux 6030elicmautl co cmoponsl pabomaroueco MM.

BBenenune. AHITA sBistoTCS OOHUM M3 MTEPCIEKTUBHBIX CPEICTB OCBOCHUS MHUPOBOTO OKEaHa H
CITIOCOOHBI BBITOIHATH IMIHUPOKHUIA EepeUeHb UCCIenoBaTeNbCKUX padoT [1]. YcranoBka MM na AHITA
[2-5] mo3BONMUT pacmUpUTh 0OIACTH MPUMEHEHUS STUX allapaToB 3a CUET BHITIOIHEHUS KOHTAKTHBIX
MaHHITYJISITUOHHBIX OTIepalliii B peXXUMeE 3aBUCAHUS HaJa WIH BONMH3U 00BEKTOB pador. OmHaKo 3a-
Bucmuii B Tonme Boasl AHITIA nonBepkeH BO3AEHCTBUIO CHII 1 MOMEHTOB CO CTOPOHEI PabOTaroIIero
MM [6-8]. Ot Bo3zaeiicTBUsA OTKIOHAIOT AHIIA 0T HauanbHOrO MOJIOXKEHUS, YTO 3aTPYAHSAET MU
JIeJIaeT HEBO3MOXKHEIM BBITIOTHEHHE TPeOyeMOil oneparium.

KoHCcTpyKIH KOpPIyCOB M KOH(QUTYpaluu IBUKUTENBHO-pyJeBbix KomiuiekcoB ([JPK) AHITA
obecneunBalOT (PPEKTUBHOE ABMKECHUE B KPEHCEPCKOM pEeXHUME, HO 3aTPYyAHSIOT CTaOMIIM3aIUIo
AHIIA B pexume 3aBucanus npu padortaromem MM. O0o3HaueHHYIO MPOOIEeMy HEBO3MOXKHO pe-
ITUTH C TTOMOIIBIO U3BECTHBIX METOMIOB M MTOAX0A0B [6,7,9]. [losTOMY IpemiaraeMbIii TOKIaa MTOCBS-
IIeH PEIICHUI0 3a7]a4M pa3paOOTKH HOBOTO METOAa CHHTe3a cucTteMbl ctabmnusaruu AHITA, npeamno-
JIararomero yCTaHOBKY Ha anmapar JOMOJHHUTENbHOTO JBMKUTENS Ha TIOBOPOTHOM miiaTdopMme, a Tak-
YK€ COTJIACOBAHHOE YIIPABIICHWE TATAMH BCEX IBIDKHUTENEH amnmapaTa Uis KOMIEHCAllnU THHaMHde-
CKHMX BO3JEHCTBUI1 CO CTOPOHBI MM, BBINOJHAIOIIETO KOHTAKTHYIO OTIEPALIHIO.

Pacumiupenue APK nis o6ecneuenns craduamsauuu AHITA. Tunosoit J[IPK AHIIA no3Bosnser
YHOPaBJIATh UM TIO TIATH cTeneHsM cBoooxsl [10]. dis obecnieuenus padoter AHITA ¢ MM mpenmosxe-
HO pacmuputh JIPK HOMONHATETLHBIM IBIKUTEIEM Ha TOBOPOTHOH tutatdopme (puc. 1). DToT nBU-
JKUTENb PacrojlaraeTcsi Ha OJHON OCH BpallleHHs C
nepBbsIM 3BeHOM MM BbIIIe HeHTpa BenuuuHsl AH-
ITA Ha BBIHOCHOM LITOKE, YTO MO3BOJIIET IJIABHBIM
00pa3oM KOMIIEHCUPOBATh BO3JEHCTBUSA CO CTOPOHBI
MM, npuBojfAIIME K CMEIIEHUsAM amnmnapaTa Mo yr-
7aMm KpeHa u quddepeHTa.

Ha pucynke 1 BBeneHBI ciieayromntie 0003HAYCHUS:
CXYZ — cucremMa KOOpAWHAT, JKECTKO CBSI3aHHAs C
AHIIA; 1 — AHITA; 2 — MM; 3 — maplieBbie 1BUXU-
Tenu; 4 — MOIPyIMBAIOIINE ABVKATEH; 5 — JOTIOTHH-
TEeNBHBIN JBIKUTENb HA IOBOPOTHOH iargopme; T —
YIOp AOMOJHUTENBHOTO JABWXUTENS; ¢4 — YTOJI MOBO-
pOTa MOBOPOTHOM MIATGOPMBL. Puc. 1. Cxema AHIIA ¢ pacumpennsiM JIPK

Jns ipuHATONH KOMITOHOBOYHOH cXeMbl (puc. 1)

OblIa MoJTy4YeHa 3aBUCUMOCTD 3JIEMEHTOB PE3yJbTHPYIOIIMX BEKTOPOB CHJI 1 MOMEHTOB OT TST, CO3/aBae-
MBIX JBIKUTENsIMU. Ha OCHOBE ATOI 3aBUCHUMOCTU MOJTyYEHBI BBIPAXKEHUS, [TO3BOJISIOIINE PACCUUTHIBATH
JKEJIaeMBbIE 3HaYECHUS TAT ABMKUTeNne ncxonnoro JPK aiis koMneHcanuy JUHaAMUYECKUX BO3ICHCTBUM Ha
AHIIA co croporst MM:

Hayunb1i pyKOBOIUTENb: 3aMECTUTENb AUPEKTOPA 110 Hay4yHOU padoTe K.1.H. Konommua A.1O.
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rae 1,,1,,T, ,T, —xenaemsle Taru Mapiessix aswxurenci AHIIA; 7,7, — xenaeMble TATU HOAPY-

JIUBAIONINX JBWKHUTENEH; 6 — yroi, o0pa3yeMblii MPOJOIBHBIMH OCSIMH MAapIICBBIX JBHXKUTENCH C
npononbHoit ocbto CX AHIIA; L, — paccrosnue ot nentpa BenuunHsl AHIIA n0 Todek kperuieHus
MaplIeBbIX IBIKUTENeH Biomb ocu CX AHIIA; Fy,F, ,F,,M,,M, — 3leMeHTbl pe3yIbTUPYIOUIHX
BEKTOPOB CHJIBI U MOMEHTA, KOTOPBIE NOJKHEI co3aaBaThesi ucxoaubiM JIPK AHITA nns xommeHca-
MU CUJIOBBIX U MOMEHTHBIX BO3JACUCTBUI cO CTOPpOHBI MM, BHIMOMHSIOMIET0 KOHTAKTHYIO OIEPAIIHIO.
BennunHbl yka3zaHHBIX BO3ACHUCTBUN HJICHTU(DHUIMPYIOTCS B peajbHOM MacliTabe BPEMEHU C MOMO-
mpio Metona [11].

Taxoxe OBLIH MOJTYYSHBI BBIPAXKECHUS, KOTOPHIC MO3BOJISIFOT BBEIYUCIATH KeJlaeMble 3HAUCHUS BEITH-
yuH g4 U T4, obecrieunBaronux crabwimsanuio AHITA mo yrmam kpeHa u quddepeHTa ¢ moMOIIB0
JIOIOJTHUTEIIBHOT'O IBYKUTEIIS:

L IM M . M
T, =#, q,=atan2| ——2 |, )
L, MAY

* *
rac MX — JKCJIa€MOC 3HAYCHUC MOMCHTA BOKPYT' OCHU CX MAY — XKeE€jI1acMo€ 3HAUCHUC MOMCHTA BO-
Kpyr ocu CcY JJI1 AOIIOJIHUTCIIbHOI'O ABMXKHTCIIA. HpI/I 9TOM BBOIATCA CHICHIUAJIBHBIC YCJIOBUSA, MTO3BO-

* *
JEIIOIUC OAHO3HAYHO OHPCAC/IATh BCIMYUHY YyTJla ¢ 4 W MHBCPTHPOBATHL TATY T 4 A TOro, YTOOBI

*
n30eraTb CKaukoOOPa3HOro U3MEHEHHUS ¢ 4.
Ecmn ans crabmmzanuu AHITA no kpeny u nuddepeHTy BO3MOKHOCTEH TOMOTHUTENBHOTO JIBU-
YKUTENS HENOCTaTOYHO, BEMUYMHA M :Y orpaHnumnBaercs. YacTe cUrHaia ymnpasJieHus, CPOPMUPOBAH-

HOro A crabunm3auuu auddepeHta, Koropas He MOXKeET ObITh OTpa0oTaHa IOMOTHUTEIBHBIM JBH-
*
’KUTEIEM, YUUTBIBAaeTCs pu popmupoBanuu M, B BeipaxeHuu (1).

B pesynbpTare Ha OCHOBE pa3pabOTaHHOIO METoJa C y4eToM BbelpaxkeHu# (1) u (2) Obuta cuHTE3U-
poBana cuctema crabummsarun AHITA.

HccneqoBanue CHHTE3MPOBAHHON CHCTEMBbI ¢ MOMONIIBI0 YHCJCHHOIO MoJeTupoBaHus. /[
WCCIICIOBAHNS CHHTE3UPOBAHHOM CHCTEMBI OblIJla HCIIOIb30BaHA XOPOLIO anpoOHpOBaHHAS MOJEIb
AHITA ¢ MM [3, 12]. MoaenupoBanock BBIIOIHEHHE Pa3INYHBIX MaHUMYJSILMOHHBIX ONEPALUM.
Pa3paborannas cucrema crabuin3auuy MoOKasajiga CBOIO paboTocrnocoOHOCTh U 3((EKTUBHOCTE. YT-
noBele oTkinoHeHus: AHITA ne nmpesbsianu 8°, a nuHeiiHble 6 cM. [IpuMeHeHne cucTeMbl O3ULUOH-
HOT'O-cHJIOBOTO yrpasineHust MM [11] coBMeCTHO ¢ CHHTE3MpOBaHHOW CUCTEMOH cTaduIu3anuu odec-
MEYUJI0 TOYHOCTh JBMXEHHSI MM 1o TpaeKTopusM M TOYHOCTh OKa3aHUs YCWJIHA Ha MOBEPXHOCTb
o0bekTa paboT, 1OCTaTOYHBIE IJIsl BHIIONHEHHS PACHPOCTPAHEHHBIX KOHTAKTHBIX MaHUMYJISIIAOHHBIX
oTepanui.

3akaw4yenne. Pe3ynbTaThl IPOBEIEHHOIO YHCICHHOTO MOACTHUPOBAHUS MOATBEPAUIN d(PeKTHB-
HOCTh WCTIOJNB30BaHUS Pa3pabOTaHHOW CHUCTEMBI ISl BBIIOTHEHUS KOHTAKTHBIX MaHUIYISITMOHHBIX
orepanuii B pexkume 3apucanus AHITA Han 00bexkToM Miau BOJIM3M Hero. JlanbHel e uccieoBanus
OyIyT cocpenoToueHbl Ha BHeapeHuu pazpadbotok B AHITA MMT-3500 npoussonctea UIIMT JIBO
PAH u npoBeneHre HaTypHBIX SKCIEPUMEHTOB.

HUccredosanue svinonneno 3a cuem epanma Poccutickozo nayunozo ghonoa Ne 23-71-10038,
https://rscf.ru/project/23-71-10038/
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Abstract. A method for the synthesis of automatic stabilization systems in the hover mode of autonomous underwater vehi-
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manipulator is provided.
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H. B. KY3HELIOB
(Cankr-IlerepOyprekuii rocy1apCTBEHHBIN YHUBEPCUTET;
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M. 0. IOBAYEB
(Cankr-Ilerepbyprekuit rocynapcTBeHHbId yHuBepeuteT; Cankr-IlerepOypr)

AHAJIN3 U CUHTE3 CUCTEM YHPABJIEHUS ®A30BOM ABTOIOACTPOMKOM
C IIPUJIO)KEHUEM K 3AJJAYAM HABUT'AIIMU U YIIPABJIEHU S B KEHUEM

B Oannoti pabome ona menumellnol cucmemsl Haz080U aA8MONOOCMPOUKU
yacmomul (PAIIY) nokazamvl G03MONCHOCMU AHATUMUUECKUX MEMO008 AHAIU3A
KIIOY€8bIX XAPAKMepUCmuK: noaochl 3axXeama u noiocsl 6bicmpoeo 3axeama.

Beenenne. Cxembl (pa3oBoi  aBTONOACTPOMKH  SIBISIOTCS  HEIMHEWHBIMH  CHCTEMaMH
aBTOMATUYECKOT0 PETYINPOBAHUSA, PEATU3YIOIUMH NPHUHIUN CHHXPOHU3ALWU BEAYIINN-BEIOMBIN
s (a3 mepuoandeckux curHano. Ilepeoie cxembl (asoBoii aBromonctpoiiku uyactotel (DAITY,
phase-locked loops) Obumn peanmzoBanbl Oonee 100 ner Hazaxg Uil TOACTPOMKH YacTOTHI
YIIPaBIIEMOro TeHepaTopa IEKTPUIECKUX KoIeOaHui K 4acToTe BXOAHOTro curHana. CerogHs cxeMmbl
QOAIMY momyumnu MMPOKOE pPACHpOCTpaHEHHWE B TIIO0AJbHBIX HaBUTaMOHHBIX cucteMax (GPS,
I'JIOHACC) [1], mukpomexanndeckux (MOMC) rupockonax [2], [3], OecipoBomHoM cBsizu [4], [S] u
Opyrux npuioxkeHusx. Tak, B MOMC rupockonax (a3oBasi aBTOMOJICTPOHKA YaCTOTHI UCIIONB3YETCS
yIpaBieHUs] YacTOTOH paboThl HUQPOBBIX OJOKOB MHTETPANBHON CXEMBI W HCKIIIOUCHHUS BIIUSHUS
OIMOOK, BO3HHMKAIONIMX BBUAY 3aBUCHMOCTH MapaMeTpoB MEXaHHUYECKOH YacTH OT HM3MEHEHHUS
TEMIIEpaTyphl U APYTUX BHELIHMX BO3ACHCTBYIOIMX (HAaKTOPOB.

CootBercTByronme MaremMarndeckue mojenu aHanorossix @AITY onuceBatoTCS HETUHEWHBIMH
crucTeMaMd OOBIKHOBEHHBIX AM((epeHLnanbHbBIX yYpaBHEHHH, W MX TJNOOANBHBIA aHaiu3 SBISETCS
clIokHOM 3amadedl [6]. HeoOXomMMOCTh HENMHEHHOIO aHalM3a CBs3aHA C 3aJadaMH H3BECTHBIX
amepuKaHCKUX uHxeHepoB Y. Urana u @. 'apanepa o0 ompemeneHUH MOJOC 3axBaTa M OBICTPOTrO
3aXBaTa, TapaHTHPYIOUMX CHHXPOHU3AIMIO CHCTEMBI C ONpenenéHHbIMM cBoMcTBamMu [7, 8.
B03MOXXHOCTH aHANMUTHYECKUX METONOB JUIS PELICHHs 3THX MpoOsieM OBbLIM MOKa3aHbl B paboTax [9-
12]. TpyaHOCTH TOYHOTO ONpEACIEHHS TMOJOCH 3axBaTa M IIOJIOCHI OBICTPOrO CBSI3aHBI  C
HEOOXOAMMOCTBIO  BBISIBJICHHS! CKPBITBIX YYacTKOB TpaHMIBl TJIOOATBHOH  YCTOMYMBOCTH B
MPOCTPAHCTBE MAapaMeTPOB M aHalM3a HEIOKAJIBHOTO POXKACHHS CKPBITHIX aTTPaKTOPOB B (pazoBom
npoctpaHcTse [6], [12].

3axiouenue. B nanHoii paboTe ObUIM TTOKa3aHBI BO3SMOXKHOCTH aHAIUTHYECKUX METOJOB aHaIHM3a JJIs
peuieHus mpodieM U3BECTHBIX aMEPUKAaHCKIX HHXeHepoB Y. Urana u @. Iapauepa [7-10].

Paboma svinoanena npu noooepoicke npoepammul Bedywue nayunwvle wxoasl Poccutickou @edepayuu
(HIII-4196.2022.1.1) u CII6I'Y (epanm no Meponpusmuio 3, Pure ID 92424538).
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N.V. Kuznetsov, M.Y. Lobachev (St. Petersburg State University, St. Petersburg, Institute for Problems in Mechanical
Engineering of the Russian Academy of Sciences). Analysis and synthesis of phase-locked loop control systems

Abstract. In this paper, for a nonlinear system of phase-locked frequency (PLL), the possibilities of analytical methods for
analyzing key characteristics, which are pull-in and lock-in ranges, are demonstrated.
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WJIEHTU®UKALIAA MOJIEJIN NOTPEITHOCTE HABUT AIIMOHHOM
CUCTEMBI CYUCJIEHUA

B pamxax 6ailecosckoeo nooxooa cmasumcsi U pewiaemcs — 3a0ayd
udenmughurayuy Mooenu NOSPeutHOCmell HABUSAYUOHHOU CUCTEMbl CUUCTICHUS,
pabomarowjetl N0 USMEPEHUAM CKOPOCHU OM OMHOCUMENbHO20 1ded U Kypca Om
becniam@opmenHol  UHepYUanbHOU HasueayuorHou cucmemsl. Qbcyscoaemcs
8bI00p MOOenU NocpewHocmel U ¢ UCNONb308AHUEM MHO20ATbMEPHAMUBHOZO
aneopumma ocyujecmensiemcs udeHmupuxayus ee napamempos. Jlna peuienust
3a0auu UCNOAL30BAHBL PEaNbHble OAHHblE NOSPEUHOCMEl CUCTEMbl CUUCTeHUS,
NONYUEHHbIE C UCNOTIb308AHUEM CHYMHUKOB020 HAGULAYUOHHO20 NPUEMHUKA.

Beenenmue. 13BecTHO, 4TO MHEpIMATIbHBIE HABUTALIMOHHBIE CUCTEMBI M CUCTEMBI ITOCTPOEHHBIE
M0 TIPUHLUILY CUMCIICHHUSA MyTH 00Nafar0T HapacTamolled BO BPEMEHH IMOTPEIIHOCTBHIO BCIEACTBUE
WHTETPUPOBAHUS MOKAa3aHUI MHEPUUANBHBIX AaTYMKOB W/WIM JATYUKOB CKOPOCTH, COJEpIKalINX B
cebe ciyyailHble W cuUcTeMaThyeckue omuOku. BceiencTtBue 3Toro akTyanbHOM ocTaercsl 3agaya
KOPPEKIMU TaKWX CHUCTEM II0 BHEUIHMM JaHHBIM. J{J1s1 TpOBEOCHUS KOPPEKUMH MOXET OBITh
WCTIOJIb30BaHa, HApUMeEp, HHPOPMAIHsL OT CIIYTHUKOBBIX HaBuraunoHHbix cucteM (CHC), nannbie o
noje penbeda IHa, TPaBUTALMOHHOM IIOJIE, ONTHYECKHX CBOWCTBAaX MOACTHIIAIOUICH TOBEPXHOCTH U
T.A., KOTOpast OOBIYHO TpeAcTaBisieTcs B Buae mu¢poBoil xaptel [1-7]. Ucnone3yemble mpu 3ToM
QITOPUTMBI BBIPAOOTKHM TONMPaBOK YacTO OCHOBAaHBI Ha Teopuu OalleCOBCKOro oueHuBaHuA. B
JUHEHHBIX 3afadax Ul 3TUX Lened c¢ ycmexom mnpumensercs ¢uinbtp Kammana (©K) [8-11].
Henunelinple 3agaun pemaroTcsl ¢ UCHOIb30BAHMEM aJIrOPUTMOB, OCHOBAHHBIX HA TIayCCOBCKOM
anMpOKCUMAaIMHU arloCTEPUOPHOI (GYHKIIMH TNIOTHOCTH paclpeesieHusl BEpOsITHOCTEH, MPUBOISIIEH K
00001meHHOMY U aHcueHTHOMY ¢mibTpaM Kanmana [10—12], uiny ¢ mOMOIIBIO MPOLeayp YUCIEHHOT O
MHTETPUPOBAHMSI OCHOBAHHBIX, HaNpuMep, Ha TOCIenoBaTelnbHBIX Merogax MonTe-Kapio,
MpUMEHEHHE KOTOPBIX MOPOXKAAeT TaK Ha3biBaeMblil puibTp yactul [10-14].

Jnsi peanu3aliy TakuX alTOPUTMOB KOPPEKUMH B TOM 4YHCJIE HEOOXOAWMO pacroiiarath
CTOXaCTUYECKOM MOAETbI0 MHorpelHocTed HaBurannoHHoW cuctembl cuucienus (HCC). Taxas
MOJIeTIb XapaKTepu3yeT MorpemHocTs BbipaboTku koopanHaT HCC mnpu aBTOHOMHOW paboTe
HEoOX0oMMa /7Sl BEIYUCIICHUS PacUEeTHON XapaKTEpUCTUKKA TOUHOCTH omnpeneneHus koopaunat HCC
Ha TEKYIIMH MOMEHT, BbIpabaThIBaeMOW B aJrOPUTME KOPPEKIMHM B BHAE MAaTPULBI KOBapHalWi
MOTPELTHOCTEN OIEHMBaHMUs KOOpAWHAT. IIpM HECOOTBETCTBHM MOJENU pPEaJbHBIM IOTIPEIIHOCTAM
HCC oOaiiecoBckue anropuTMbl MEPECTalOT OBITh ONTHMAJIBHBIMH W TMOMHMO 3TOTO BO3HUKAET
CYIIECTBEHHOE OTIMYHE MEKIY JEUCTBUTENbHON OIMOKOM U pacyeTHON XapaKTEPUCTHKON TOUHOCTH,
YTO B psJe CIydaeB NMPHUBOAMUT K pacxoguMocTd anroputMma [4]. Takum obOpa3om, uaeHTH(QUKALUSL
croxactuiyeckoil Monenu norpemHocteld HCC siBisieTcst akTyanbHOH 3amadeii, KOTopas MOXET OBITh
pemieHa ¢ mo3uIMid 0ailecOBCKOro MOAXOoJa C HCIOJIb30BAHMEM METOJOB MHOTOAlbTEPHATUBHON
¢unprpanuu [12-15].

Henpto Hacrosmel paboTel sBisiercs uaeHTH(uKauus wmozaenu norpemHocter HCC,
WCIONB3YIOIIEH JaHHBIE O CKOPOCTM OT OTHOCHTEIBHOIO Jlara M IIOKa3aHUs Kypca OT
OecriaT(OpMEHHON WHEPIMAIBHOM HABUTAlMOHHOW CHUCTEMBl Ha HMHTEpBalax BPEMEHU MOpsAAKa
ofgHoro yaca. B pabore paccmarpuBaercs o0Iuasi MOCTaHOBKA M PEIICHHE 3afaud MACHTHU(PHUKALUU
MOJIEIM C TIOMOIIBIO MHOTOAIBTEPHATHBHOTO aJrOpUTMa, KOTOPBIM 3aTEM HCHIONB3YeTCs Ui
onpenenenusa moaenu norpemHoctedt HCC n ee mapaMeTpoB Mo peanbHBIM TaHHBIM.

ITocranoBka u obmIee peuieHue 3a1a4un I/II[eHTI/I(l)I/IKaIII/II/I MoOaeJIn. PaCCMOTpI/IM IMOCTaHOBKY U

peuieHue 3agaun uaeHTH(ukauuu mozpenud B obmem Buzae [13—16]. Ilycts 3aman ¢dopmupyrommi
¢unpTp (OD) BuAa:
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=®,0)x_, + T, O)w,, "
e,. =0, =0,

rZie X; — BEKTOP COCTOSIHMS;, 6 — BEKTOp HEM3BECTHBIX MapaMeTpoB C 3aJaHHOH HayalbHOH ¢.ILD.B.;
®,(0), I',(0) — u3Bectnble Marpunsl OD, sBidromuecs B OOLEM clydae HEIUHEHHBIMH BEKTOp-

($yHKUIMAME BeKTopa 0; w; — p-MEpHBI AUCKPETHBIH OeNblid MIyM, eNMHUYHON aucrepcun; i =1,2... —
JTUCKPETHBIE MOMEHTHI BpeMeHH. [IycTh Takke MMEIOTCSI BEKTOPHBIE H3MEPEHUS BUAA:
= H, (0)x, +¥,(0)y, . @)

H, (0), ¥, (0) — usBectHble Marpunsl OO, sgBistomuecs B 00LIEM Cllydae HEIUHEHHBIMU BEKTOp-
¢$byHKUIMAME BeKTOpa 0; v; — m-MepHBIA TUCKPETHBIN Oeiblil IIyM, eIMHIUYHON Aucniepcun. Vcmonb3yst
TaKue U3MepeHus, TpeOyercsi HalTH onTUMalIbHBIE OailecOBCKHE OLIEHKH BEKTOPOB X;, 0.

Omnwmpasicb Ha TOT (aKT, YTO NpU (PUKCHPOBAHHOM BEKTOpe O 3ajaua OLEHUBAHHA X; SBIACTCA
JUHEHHOM, alNrOpuTM €€ pelIeHHs MOXeT OBITb TIOCTPOGH Ha  OCHOBE IMPOLEAYp
MHOTOaNbTepHATUBHON (unbTparu [14—16]. 3amamuM anpuOpHYIO ammpoKcUManuio  (¢.1m.p.s.
BekTopa 0:

£(0/7) Zuga(e 0'), (3)
Jj=1
e O, j=1..J — y3Obl ceTkM (UKCHPOBAHHBIX 3HauyeHHil BekTopa 0, W/ KOIQPUIMEHTHI

armmpokcumanun ¢.m.p.B. s kaxmoro 3HaueHus § chopmupyem DK, Takum 00pa3oM cocCTaBiisis

6auk GpuiabTpoB. Ha kaxkaom mare B 6anke OK BBIUMCIAIOTCSA YaCTHBIE IPOTHO3bI U OLIEHKU BEKTOPA
cocrosHust X/, X/ W cooTBercTBylomme WM Marpunbl KoBapuamwit P/, P/. C mx

1 1

HCIIOJIb30BAHNEM PACCUUTHIBAIOTCA 3HAYCHUA (1)YHKLII/II/I HpaBI[OHOZ[O6I/I$I (bHJ'IBTpa:
~ J 3 J
fy,- (yi/Y;—l’e)N (yl’Ht l/l 17Ai)’ (4)

rne H/X/, , — maremarnaeckoe oxunanue, a A/ = H/ P/ (H/)" +¥/(¥/)" — marpuua xoBapuammii

HEBSI30K M3MepeHuit. [lomyueHHbIe 3HAYCHUsT (YHKIUN MPaBAOMOI00Us HCITOML3YIOTCSA I pacdyera
k03 QHUIMEHTOB |/ anmpoKcHMAalmK anocTepuopHOi ¢.11.p.B. Bekropa 0 (3):

e Juf_lfy,. (v /¥..0) “

Sulf, (v /Y.,.07)
j=1

OL[CHKI/I BCKTOPOB 9, X; paCCYUTBIBAIOTCA COTJIACHO:
0,(1) = Zu’eu % (Y) = Zu i (6)

a COOTBCTCTBYIOIINEC UM MAaTPUILIbL KOBapI/IaLII/Iﬁ HOFpeH.IHOCTefI OICHHUBaHHA B BUIC:

A

16/ (0)" -6.0.",

> [/ (2 +B)] -5 (%)

[Momyuaemoe pemieHre Mpy YBEIIMYSHUH YUCIIA Y3II0B CeTKH B (3) Oyaer OJU3K0 K ONTUMAaTbHOMY
0aliecOBCKOMY PELICHHIO.
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Pemienne 3agaum maentudpuxanuu norpemHocty HCC. 3amaua wpeHTHUKAIME MOIENH
norpemHoctedr HCC Moxer ObiTh pemena B mocraHoBke (1), (2). Tak kak wuaeHTHQUKaALUs
MIpeaIoaaraeTcst Ha KOpOTKUX MHTEpBajaxX BPEMEHH, MOPsIKa OJHOIO Yaca, JUIsl €€ OMUCAHUS MOYKHO
WCIIOJIb30BaTh JEKAPTOBY CHCTEMY KOOPJIMHAT, OCH KOTOpPOW HaIpaBlieHbl HAa CEBEP U BOCTOK
coorBercTBeHHO. Torna @@ mist moaenu norpemHocteii HCC Moxker ObITh peAcTaBieH B BUE:

X, =X, (0, sinK; + (x4,i—1 T X5 )V: cos K; +x;,_ )AL,

Xy =X, t (x3,i—1 cos K, — (x4,i—1 + X5, ) V;sinK, + x7,i—1)At7

X3 = dAVx3,i—1 + GAVVI - dZV Wiis

Xy = dAKx4,i—1 +0 41— dﬁK Wais ®)
Xsi = X515

Xe,i = Xe,i-1>

X2i = X715

TI€ X1, X, — HOrPEIIHOCTH KoopAuHAT, BbipabaTbiBaeMbix HCC, B nekaproBoil cucreme; x, =AV,
x, = AK, — TIOTPENIHOCTH H3MepuTeNeil CKOPOCTH U Kypca COOTBETCTBEHHO; X, = AK — MOCTOSHHASA
HOTPELIHOCTh IO Kypcy, OOyCIOBIIEHHas BETPOBBIM cHocoM; X, =AV., ., x,=AV, — ceBepHas u
BOCTOYHAs COCTaBIIAIOINE CKOPOCTH TeueHus; V,, K,, — U3MEpPEHHbIE CKOPOCTb U KYPC; Gay, Oak —

cpennexsanpatndeckue morpemnoctd (CKIT) wusmepenuit ckopoctd u Kkypea; d,, =e ™™ ;

ATy
dy=e

; Tay, Tak — HMHTEpBAJBl KOPPEIALMH MOTPEIIHOCTEM M3MEpEHUs CKOPOCTH M Kypca
coorBercTBeHHO. CKII ckopocTH M Kypca Gak, Gap CUMTAIOTCA HEU3BECTHBIMU U MOJJIEKAIIMMH
T
UICHTU(UKAIIMH, TAKUM 00pa3oM 0 =[ oax, Gay] .
B xadecTBe wu3MepeHHMH HCIOIB30BAHBI PA3HOCTH KOOPIMHAT, BHIPAOOTAHHBIX NPHEMHON
anmapatypoit CHC, u xoopaunat ot HCC, 3anuceiBacMble B BUAE:

Vi =X, Vi
)

Vo =XtV

rae vy, v, — oenomrymusie norpemHoctd CHC ¢ u3BectaeiM CKO. 3anmava uaeHTHQHUKAIIME MOACTH
norpemHocteit HCC B aTom cityuae GopMynupyeTcs Kak 3ajiauya OleHHBaHHUs BEKTOpa COCTOSTHUS (8)
M BEKTOpPA HEM3BECTHBIX THapaMerpoB O =[ Gax, GAV]T no m3mepenusM (9) u panee pemaercs c
ucrnonb3opanreMm anroput™a (3)—(7). OTmerum 4TO, 3amaBas pa3IMYHBIC CTOXACTHYCCKUE MOJICITH
MOTPEITHOCTEH M3MEpPUTENeii CKOPOCTH, Kypca M TEYCHHUS MOXKHO PACIIUPUTh WIH MOTUDUIIUPOBATH
MoJienb (8), OMOMHUB €€ COOTBETCTBYIONIMMH JIEMEHTAMH BEKTOpa COCTOSHHUA. llpu 3TOM BeTaer
BONPOC O BBIOOpe HambOonee momxomsimed mojenu. OTBET HA STOT BOMPOC U HICHTH(UKAIUS
CTPYKTYPBl MOJICIH TyTEM BbIOOpa M3 HECKOIBKUX aIbTEPHATUBHBIX THIIOTE3 TaKXKE MOXKET OBITh
OCYIIIECTBIICHA B TaJIbHEHIIIEM C UCIIOIb30BAHUEM MHOTOAIbTEPHATUBHBIX aIropuTMmoB [15, 16].

Pesynbratel ugenTHukanun moaean norpemHocreii HCC mo peanbHbIM nanHbiM. Ha
NpaKkTHKe Uid MICHTU(UKAIUM MOJENM MOrPEUIHOCTe OBbUIM HCIONB30BAHBI  pealn3aluu
norpemHocter HCC, monmy4yeHHble B Xone uCHbITaHWNA Ha JlamoskckoMm o3epe, rpadMKd KOTOPBIX
npuBeneHsl Ha puc.l. OTmerum, uto rajucel 1-6 u rancel 7-9 ObuM CHATBHI B pasHble nHHU. [lpu
pELIEHUN 33aull HHTEPBAJIBI KOPPEMALUN MapKOBCKUX MPOLECCOB, OMUCHIBAIOIINX MOTPELIIHOCTH 110
KypCy U CKOPOCTH, Tax, Tak, 3aJaBajlCh pPaBHBIMH 1,54, YTO cAENaHO C LENbIO ONMUCAHUA
MEJIEHHOM EHSIOIIMXCS COCTABIIAIOIUX MOTPENTHOCTEN TaTYHKOB.

OuEeHKN COCTaBJISIOIMIMX CKOPOCTH TEUYEHMs] NpUBEIEHBI Ha puc. 2. BuaHo, 4TO OLEHKH
COCTaBISIIOIINX CKOpPOCTEH TedeHUs: JnexaT B npexenax —0,6 mo 0,3 mM/c W B LeEIOM HOCST
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COIIACOBAHHBIN MO JHSAM XapakTep. DTH OICHKH TaKKe€ BO MHOTOM COTJIACYIOTCS C HaOJIOAaeMBIMHU
cKkopocTamu TedeHus Ha JlamoxkckoM ozepe [17].
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Puc. 2 OneHKY COCTABISIONINX TEUCHUS

OLIEHKH TIOTPEIIHOCTEN CKOPOCTU M Kypca MPUBENEHBI HA pUC. 3, a OLEHKU COOTBETCTBYIOLINX
uM CKII — Ha puc. 4. B oueHkax HOrpEelIHOCTH CKOPOCTH PHUC. 3 SIBHO BUJIHO CMEIIEHUE, YTO
COOTBETCTBYET CHATBHIM peanuzauusm norpemnocteii HCC. Bo Bcex caywasx HCC BwimaBana
NPONUJICHHBIN MyTh MEHbIIE, ueM mokazana 3TamoHHas CHC, 4To cOOTBETCTBYeT OTpHUILIATEIBHOM
MOTPEIIHOCTU B CKOPOCTH, U OTYETIMBO MPOCMATPUBACTCS B MOIYYEHHBIX OleHKax puc. 3. OneHku
CKII ckopoctu u kypca (puc. 4) u nexat B npegenax 0,1-0,15 m/c u 0,5-0,6° COOTBETCTBEHHO, 4TO B
LIEJIOM COTJIacyeTcsl ¢ TOUHOCTSMU MCHoib3yeMblx jlara 1 BUHC.
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Puc. 5 oneHKku NOCTOSHHONW NOrPEIHOCTH Kypca

Ha puc. 5 npuBeneHbl OLIGHKH TOCTOSHHOM TMOTPEIIHOCTH Kypca. AHAIM3UPYsS OLEHKU
MTOCTOSTHHOM MOTPEUTHOCTH Kypca puc. 5, MOXKHO onpenenuth, uto ee CKO cocrariser mopsiaka 1°.
OnHako BUAHO, YTO TMOTPEIIHOCTh CYIIECTBEHHO pa3lM4HAa HA PAa3HBIX TajicaX, YTO TOBOPUT O
HEOOXOJMMOCTH TIOUCKa abTECPHATUBHBIX ONMUCAHUHN TOTPEIIHOCTH CKOPOCTH M Kypca, a TakKkKe
aHaJIn3a MOTCHUMAIBHON TOYHOCTH PEIICHUS TaKOM 3a/jaui, BEIUUCISIEMON IMyTeM MpeAcKa3aTelbHOTO
MoxaenupoBanus [18, 19].

3akawuenue. [1o peabHBIM TaHHBIM C HCITOJIL30BAHUEM MHOT0QIBTCPHATUBHOTO 0alieCOBCKOT0
aNropuTMa IMpOBEJCHA OICHKa cocTaBiistrommx Moaenu norpemHoctedr HCC u unenTHdUKamms eé
napameTpoB. [lonyueHHble mo peanbHbIM AaHHBIM oueHku CKII u3Mepenuii ckopocTd M Kypca
COIJIACOBAaHBI MEXAY CO0OM M TOYHOCTSAMHU HCIIONB3YEMBIX AAaTYMKOB. OIEHKH COCTaBIISIFOIINX
MOTPEITHOCTEN TaKKe JIGKAT B Ipeleliax 3HAYCHUH, COOTBETCTBYIOIIUX UX (PU3MUECKOMY CMEICIY.
OmHAKO OCTAaeTCs OTKPHITHIM BOIPOC BEPU(PUKAIIMU U MTOUCKA aTbTEPHATUBHEIX BAPUAHTOB OMMCAHUS
moaeneit norpemnoctet HCC, a Taxke aHanm3a MOTEHIMAIBHON TOYHOCTU PEIICHUS TaKOU 3a/1auu.

HUccredosanue svinonneno 3a cuem epanma PH® Ne 23-19-00626,
https.//rscf.ru/project/23-19-00626/.
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V]IK 621.396

E.I'. JUTYHEHKO, A.M. I'PY3JIMKOB, H.B. KOJIECOB, I0.M. CKOPOAYMOB
(AO «Konnepn «ITHNUU «3Dnekrporpudop», Cankr-IlerepOypr)

MOJIEJIMPOBAHUE UH®OPMAIIMOHHBIX OGMEHOB B T'HJIPOAKYCTHYECKOM
CETHU INIOJABO/JHBIX AIIITAPATOB

Ipednacaemca cmpykmypa UMUMAYUOHHOU MOOenU cemi NOOBOOHbIX ANNAPaAmMos
011 MOOeIUPOBAHUsL ANIOPUMMO8 UHDOpMayuonHo20 obmena 6 cemu. I[lpusedeno
onucanue MoOeIu cemu U pe3yibmanivl MOOEIUPOBAHUSL.

BBenenne. ABToHOMHBIE HeoOuTaemble moaBonHbIe ammapaTel (AHITA) umeroT mupokuid crekTp
MPUMEHEHHH ¢ BO3SMOXKHOCTBIO padOTaTh B 9KCTPEMAaIbHBIX YCIOBHUSX, UTO TIO3BOJISIET UM PelIaTh 3a1aul
o cobopy nHGOpPMALIUN B HHTEpPECAX I'eOIOrOpa3BeIOYHBIX, TOMCKOBBIX, OKEAHOTPa(pUUIECKUX U APYTHX
uccnenosanuid. Orpannyenus no pecypcam AHIIA nenaroT HEBO3MOXXHBIMH MHCCUH, TI€ KPUTUYHBIM
ABIsieTCsl (paKTOp BpEMEHH, HANpUMeEp, B 3aJadax IOMCKa M OOCIENOBaHMSA 3aTOHYBIIMX OOBEKTOB,
naTpyaupoBaHus W T.4. B atux ciydasx ucnons3ytorcs cetn AHITA [1 — 4], a unpopmanmoHHOe
B3aMMOJIENCTBUE MEXKAY annapaTaMi OCYIIECTBISIETCA ¢ UCTIONb30BAHUEM THIPOaKyCTUYECKOM CBSI3H.

[IpoextupoBanue cern AHIIA npencrasisier co0oii clnoxxHyt0 MHOroakTopHyto 3aaady. IIpoBepka
MpeUIaraéMbIX TEXHUYECKUX PEIICHUH SBISETCS Ba)XHOH cTaguell MpOeKTUpOBaHUsA. MakeTHpoBaHHE,
XOTh W ABISAETCS HEOTHEMJIEMOM 4YacTbhIO IIpollecca NPOEKTHPOBAHMS, KakK IPaBUIIO, OKa3bIBAETCS
JOpOTOCTOALIMM M TPYZO3aTpaTHBIM  IPOLIECCOM, TOATOMY ocoboe BHUMAaHUE  yIenseTcs
MMUTAIlMOHHOMY MOJICIMPOBAHMIO IMPOLECCOB B CETSAX MOABOJHBIX ammaparoB. VMurtanuoHHOE
MOJICIMPOBAHME MO3BOJSET IPOBOAMTH WCCIEAOBAHUSA CETEH, CYIIECTBEHHO pA3NIHYAIONIMXCS 10
KOJINYECTBY Y3JI0B M HMX XapaKTepUCTHKaM, a TaKXE HCCIEAO0BAaTh pa3JINYHBIE AJITOPUTMBI CETH,
CpaBHHUBasi UX Mexny coO0oi. Hactosimuil qokian mocBseH OMUCaHuI0O UMUTAIIMOHHOW MOJAEIH CETH U
METO/AMK OLEHKH 3(p(HEeKTUBHOCTH pabOTHI allTOPUTMOB.

AaroputMbl MHGOPMAIMOHHOTO0 O0MeHAa B ceTsIX NMOABOAHBIX anmaparoB. B mnpenpimymunx
paborax aBTOPOB MMOKa3aHO, YTO NPU BOSHUKHOBEHUH B y3JlaX CETH OYepedH COOOLICHUH Ha M3IIyueHUE
MOPSAZIOK COOOIICHUH B BEIXOIHOM OYepeny BIUSCT Ha BpeMsl HaXOX/ISHH cO0OIIeHus B cetH [5, 6]. Jlns
MUHUMHU3AUA BPEMEHH HAaXOXIEHHUS COOOLIEHUH B CETH NPEAJIOKEHbl ONTHUMAalbHbIE alrOpUTMbI
YIIOPSIAOYMBAHUS BBIXOJHOH oOuepequ IO KPUTEPUI0O MUHHMYyMa BEpXHEH TpaHHUIBl 00LIero W/Wiu
CpEIHEro BpEMEHH JOCTAaBKH COOOLICHWH B CETH. ANTOPUTMBI MPEUIOKEHbI A Cilydas, KOraa
OTCYTCTBYIOT KaKHe-IMOO MpeaBapuTelbHbIC YIOPSAAOYEHHOCTH B BBIXOAHOW OYepead, a TaKkKe s
clly4aeB, KOTJa OHM CYLIECTBYIOT, IIPU 5TOM B MPEABAPUTEIBHO YIOPSAAOYEHHBIX TPYIMIIax MOTYT OBITH
pa3peleHsl WIK 3allpelieHbl IPephIBaHus.

Jpyroii BaXHOH 3amayell sBISETCS MapUIPYTH3alMs COOOLICHWH B CETH IMOABOIHBIX amlapaToB.
Bompocs!l MapmpyTu3annu B CeTH pacCMaTPUBAIOTCS B MHOTOUHCIICHHBIX MyOJUKAIMAX HAa MPOTSHKCHUU
He opHoro pecstuierus. Ilo cyTu, Bce U3BECTHBIE QJITOPUTMBI MapIIPYTU3aLUU  SBISIOTCA
pactpenencHabiMu [7]. Tlpu 3TOM KaxKIplif U3 HUX MpEANojaracT BRIUMCICHUE KpaTdyallliuX MyTed s
0001 Taphl y3JI0B CETH CBSA3HM Ha OCHOBE M3BECTHOIrO anroputma JledkcTpsl. danee amis Kaxmoro ysia
3aIoIHsIETCs TadMUIa MapIIpyTU3aLiK, Ky/1a 3aHOCUTCS 3Ta HHGOpManus sl KKIO0ro axpecara B BUAC
WMEHN OJmKalIiero ysjga Ha 3TOM HyTH. B mporecce (yHKIMOHMpPOBaHUS CETH 3Ta HWHGPOpPMALUSL
OOHOBIIAETCS MTyTEM B3aMMHBIX OOMEHOB.

[Ipeamonaraercs, 4ro Ans M000ro cOOOILIEHMS MapUIpyT BCerga CYIIECTBYET, T.C. ammapaTrhl HE
pacxomATcs CIMIIKOM AAlIeKo ApYT OT Apyra. B mpocteiiiem cinydae, Korjaa y3en-aapecaT HaXOAUTCS Ha
JOMYCTHMOM PAaCCTOSHUH, MapHIPyT JOCTaBKH OJHOIIATOBBIA (HE MCIONB3YIOIIMH pPETPaHCIMPYIOMINX
y31m0B). Kaxaplii y3en mepuogudecKkd u3dydaeT cHOpMHPOBAHHYIO B HEM MOCJIEJOBATEIbHOCTD
COOOIIEHH, KOTOpas COCTOMT W3 COOCTBEHHBIX CT€HEPHUPOBAHHBIX B Y3JI€ COOOIIEHHH, a TaKkKe W3
COOOIIEHNH, TIOCTYNMBIIMX B JAHHBIA y3€1 W3BHE ISl PETPAaHCIALUHM K ApYromMy azapecaTy. Beuay
MOJBIKHOCTH amnmnapaToB Tpad cern Bce BpeMsi MEHSeTcs M IMO3TOMY 3aHOBO (OpMHpYETCs Imepen
Ka)XXI0W TpoLeAypoil mocTpoeHus kpaTuaiimux myteid. ['pad cetn (puc. 1) — 370 peGepHO B3BEIICHHBIIH
rpa¢ BO3SMOKHBIX CBsI3€l, a UMEHHO, peOpo (a,b) 03HAYaET, YTO COOTBETCTBYIOIIME amNapaThl HAXOASATCS
Ha PacCTOSHUM, MEHBIIEM HMJIM PaBHOM IPEIeibHO NOMmycTUMOMY. PeOpa rpada oTMedeHbl 3HaAUYCHUSAMHI
JUCTAHLIUU MEXAY COOTBETCTBYIOIIMMU allapaTaMu.
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Puc. 1. I'pad cetn

K coxanenuio, B paccMaTpuBaeMOM Cllyyae€ YHNOMSHYTHIM BBIIIE IOAXOJA, OCHOBAHHBIA Ha
WCTIOJIb30BaHUM ajroputMma JIeHKCTphl, HE MOXKET ObITh HCIIONB30BaH HampsiMylo. JleficTBUTENbHO, A
THJIPOaKyCTUUECKOIH CETH XapaKTEepHO SIBJICHUE, CBA3AHHOE C «3aTEHEHUEM» OJHOrO ammapara Apyrum. B
3TOM cllydae «3aTeHSIOMIMI alnapaT OKa3bIBAeTCs MEXKIY MEpeAalonM U NPUHUMAIOIINM alnapaTaMu
U JefaeT CBs3b HeBO3MOXKHOW. Hampumep, Ha puc. 1 anmapar (d) siBisieTcs 3aTEHSIOMUM AJIS alllapaToB
(c) u (e). B cBsBU ¢ 5TUM NpU MOCTpPOEHHH Tpada CeTH YUUTHIBACTCA B3aUMHOE PACIONOKEHHE
anmapatos. IlycTs rpad 3amaercs cnuckamu cMexxHOCTH. Toraa

Anzopumm popmuposanusn zpagha cemu u3 n y3106
[ukn mo BceM y3mam i

1. CdopmupoBaTh npeaBapUTEIbHBINA CIIMCOK AJIS i-i BEPIIMHBL.

BBIMOMTHUTB 17151 BCEX OCTANBHBIX j-X BEPIIMH

®  BBIYUCIUTH paccTosiHUE dij 10 j-i BEpIIUHEI,

®  CCIIM PacCTOSHUE MEHBIIE MM PaBHO MPEAeIbHOMY, TO peOpo BKIIOUAETCS B MPEABAPUTENbHBIN
CIIMCOK, MHaue HET.

2. CdopmupoBaTh OKOHYATENBHBIN CHHCOK JJIS i-i BEPIIUHBL
BBIMOMTHUTE 17151 BCEX OCTANBHBIX j-X BEPLIMH NPEIBapUTEIFHOTO CIIHUCKA

®  BBIYUCIUTH KypcOBOH yroi kjjHa j-10 BEpIINHY,

e KypcoBOH yron ki CpaBHUTH C YK€ BBIYUCICHHBIMH KYpCOBBIMH yriaamu Kj Ipyrux BepIIUH
cnucka. Ecmu ki= ki, TO U3 3TUX ABYX BepIIUH OCTABISETCA B CIIUCKE Ta, PACCTOSHUE N0
KOTOPOHN MEHBIIE.

I[MocranoBka 3amaum MopaenupoBanus. [Ipenmonaraercs, 4TO CyIIECTBYET MOJABOAHAS CETh,
cocTosIasl W3 MIACHTHUYHBIX Y3JI0B, (DYHKIMOHHUPYIOIIUX 10 OJHOMY U TOMY ke anroputmy. Cerb
CTallMOHApHA, YTO TapaHTHPYET MOCTOSHCTBO CPEIHUX 3HAYCHUI WHTCHCHUBHOCTEH MOTOKOB OOMEHOB
(3asBOK), oOcmyxuBaHUI u ouepeneit [2]. B pesymbraTe B3auMHOrOo oOMEHa COOOIICHUSMU KaKIOMY
y3J1y WM3BECTHBI KOOPJAWHATHI BCEX OCTAJIbHBIX Y3JIOB, YTO IMO3BOJIIET €My CTPOUTh MHUHHUMAJBHBIC 1O
PACCTOSHHUIO MapIIPYThI JOCTABKH coobmeHui. J1Jis 1o0oro cooOImeHrns MapIipyT BCeraa CyIIecTBYeET,
T.e. anmapaThl HE PAacXOIATCS CIHUIIKOM JajeKo Ipyr oT npyra. Kaxnbeli aOOHEHT ceTH SBIsieTCS
MIPUHUMAIOIIUM, TTEPENAIONIMM U peTpaHcaupyomuM. C 3aJaHHbIM MIEPHOIOM a0OHEHTHI CETH MEePeIatoT
MaKeT COOOIEHHH, KOTOPBI COCTOUT W3 COOCTBEHHBIX COOOIICHMIA, CTEHEPHPOBAHHBIX IEPEHAIOIIIM
a0OHEHTOM, a TaKXXe W3 COOOIICHUH, MONYYSHHBIX OT JPYTUX aOOHEHTOB Ha MPEIBIAYIIEM IEPHO/IE,
KOTOpPBIE HEOOXOIUMO PETPAHCIIUPOBATS.

CtpykTypa Moaenu ceru. [Ipu peanuszanuu MOJETU HCIIONL3YETCsT 00BEKTHO-OPUEHTUPOBAHHBIM
MOJIXOJI, IPH KOTOPOM BCE DJIEMEHTHI MOJIEITH SBISIOTCS 00bEKTaMU COOTBETCTBYIONIMX KIaccoB. Moenb
BKJIFOUAEeT B ce0sl CIEAyIONIME KIAacChl: Kiacc y3yioB (aOOHEHTOB) CETH, OTBEUAIONIUI 3a KOOpPIUHATHI
y3J7a U TPacKTOPHIO JIBUKCHHUS, MOJEM, OTBEUAIOIINK 32 00pa0OTKy COOOIIEHWH, W3Iy4eHUE W MPUEM
COOOIIEHUI W3 Cpeibl, a TaKKe MapIIpyTH3aluio cooliieHuii; kinacc «l eHepaTop», mepeaaroimuil B
MOIIeM KOMaHIbI Ha (OPMUPOBAHHE W3IyYEHHS C 3aJaHHOW 4YacToToi; kKimacc «[lmaHupoBIIUKY,
OTBEYAIOIINN 32 YIMOPSAOYMBAHUE BBIXOJHON OYepear COOOIICHUH B MOJEME TIepe]] U3ITydeHHEM; KIIacc
CpeIbl PacIpOCTpaHEHNs CUTHAJIA, OTBEYAIOIIN 3a TIEPEHOC COOOIICHNY MEX Ty a0OHEHTaMH | Tiepeady
HX BO BXOJIHBIE OuYepeard MOJEMOB. TakTHpOBaHUE MOJEIH ISl OCYIIECTBIECHUS MCEBIONAPAILICIBHOIO
MpoIecca MOICIUPOBAHKS U CO3/IaHNE O0BEKTOB KJIACCOB OCYIIECTBIIIETCS B OOIIEM ITOTOKE IPOTPAMMBEI.
JuarpaMma KJIaccoB B yIPOILIEHHOM BU/IC MPUBEICHA Ha PUC. 2.
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Y3en Mogem MnaHMpoBLYMK

eHepaTop

COBbITMM ’— Coobujenme

Cpefia pacnpocTpaHeHus curHana

Puc. 2. [lnarpamma Ki1accoB

Ipoiiecc MoaENUPOBAHKS OCYINECTBISICTCS TICEBAONAPAIIETIbHO, T.€. OH pa3OouBaercs Ha mard. Ha
KQXJIOM II1are BCE COOOIICHUS TEPEeMEIIaloTCs Ha PacCTOSHHE, OMpeaesisieMOe JUTMTEbHOCTRIO Iara.
Bpems MopenupoBaHus pa3OMBacTCs Ha OTPE3KH, COOTHOCHMBIC C MHTEpPBANAMHU MEpPeaaun OTACITbHBIX
y3JI0B.

IpeamoxenHas MOMETL IMO3BOJSIET MPOW3BECTH AampoOalUi0 aJrOPUTMOB  HH(POPMAI[HOHHOTO
oOMeHa B CETH TOJBOAHBIX ammapatoB M OIEHUTh HX 3()(HEKTUBHOCTH MyTEM CpPABHEHHS BPEMEHU
HAXOXKICHUS COOOIICHUN B CETH MPH KCIONB30BAaHUM TPEATAracMbIX aJTOPUTMOB IUIAHUPOBAHHS U
JPYTUX U3BECTHBIX aqrOpUTMOB. [IpH 3TOM OHA JAaeT BO3MOKHOCThH MPOU3BECTH OICHKY MPU Pa3IMYHBIX
mapaMerpax CeTH, a WMEHHO, TpPU PAa3HOM KOJIUYCCTBE Y3JI0B, Pa3HBIX BEIMYMHAX WHTEPBAJIOB
WHGOPMAITUOHHBIX OOMEHOB, MPU PA3IMYHBIX YCIOBHUIX CBSI3U U T.1I.

PesyabTarbl. B mpemiokeHHONH WMHUTAIIMOHHOW MOJENTHM pEaTn30BaHbl OMHCAHHBIC BBIIIE
QITOPUTMBI  YIOPSJOYMBAHMSA M MapuipyTusanud  cooOmieHuii.  [IpoBemeHbl  MPOBEpKH
paboTOCIIOCOOHOCTH ITHUX ANTOPUTMOB I CeTel, BKMouaromux B ceds 10 15 y3moB. TIpoBeneHo
cpaBHeHHE (G (GEKTHBHOCTH aJrOPUTMa YIOPAAOUNBAHUS COOOIIECHUN BBIXOMHON OUepeau, JJIS CiTydast
OTCYTCTBHS TPEABAPUTEIBHBIX yIOpsAAOUYeHHOCTeH, u anroputMa FIFO, mpu KoTOpOM TepBOE
MpUIIE/NIee Ha y3el COOOIEeHNe CTAHOBUTCS TEPBBIM B BBIXOJHON OYEpeNH, a MOCAeIHEe MPHUIIIEIIee
COOOIIIEHNE — MOCIIEAHUM.

3aximouenne. B pedepare mpennoxena umutaumonHas wmopenb cetd AHIIA, s koTtopoit
onpezereHbl OCHOBHBIC JOMYILEHHs, COCTAaBHbIE MOIYJIH M MX (YHKIHOHAJI. B MMHUTauMOHHOW MoJenu
peanr30BaHbl aJrOPUTMBI  YHOPSIOYMBAHMS cooOmeHnid. B xone manpHeHImIMX —wHccienoBaHUN
IUTAHUPYETCS pacuMpenre GpyHKIHOHaIa MMUTALMOHHON MOJIENN U anpo0aius Ha HaTypHBIX JaHHBIX.

Paboma nposoounace npu noodepoicke epanma PH®D Ne 22-29-00339
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Abstract. A simulation model for the network of autonomous underwater vehicles (AUV) is proposed for modeling the data
exchange algorithms in the network. The description of the network model and simulation results are presented.
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A. 1. EBCTPATEHKOBA, E. H. TEHIOIIIEB, H. A. BbIKOBA, E. B. BABAEB
(AO «Muepumanbuele Texnonornu «TexHokoMIuiekca», Pamenckoe)

PASPABOTKA U CEPTUOUKALIUSA TPOI'PAMMHOI'O OBECIIEYEHUA
NHEPIMAJIBHBIX HABUT'AIIMOHHBIX CUCTEM C HCITOJIb3OBAHUEM
MOJIYJbHOI'O TOJIXOJA HA TIPUMEPE HABUTAIIMOHHOM CUCTEMBI CHB-1A

Paccmampusaromes naubonee cywecmeernnvie npobremul, OHUKAIOUUE 8 CA3U
¢ HeoOX00UMOCMbIO COOMEEMCMBUSL NPOSPAMMHO20 0DeCneyeHUs UHePYUATbHBIX
HABUEAYUOHHBIX CUCTHEM MPeDOSAHUAM CEPMUPUUUPYIOWUX OP2AHO8, U NPaKmuye-
CKUe nymu ux peulenusi Ha npumepe paspadomKu npoepammHo20 obecneverus Hasu-
eayuonnoul cucmemsvl CHB-1A4 ¢ ucnonvzosanuem mooyibHo2o nooxooa.

Beenenue. B HacTosmee BpeMs poccuiickasi aBUallMOHHAS IPOMBIIIIEHHOCTh OCTPO HYXKIAeTcs
B COBPEMEHHBIX OTEUECTBEHHBIX MHEpUHUAIBHBIX HaBUranuoHHbix cucreMax (MHC). B cBs3u ¢ 3tum
AO «Huepumanbubie TexHOIOTMU «TeXHOKOMIUIEKCa» BeAeT pa3paboTKy MaorabapuTHol Oecriat-
¢dopmennoit UHC CHB-1A, TexHuueckue xapakTepUCTUKN KOTOPOH MpeacTaBieHsl B Tabmuue 1.

Tabnuma 1
Texunyeckue xapakrepuctuku CHB-1A

XapaKTepuCTHKA 3HaueHue
[lorpemHocT KOOpAMHAT B MHEPIHATIBHOM PEXKUME 3,7xm (20)
[NorpenraocTy onpeneneHust CKOpOCTei B MHEPIIHAIEHOM PEKIME 4 m/c (20)
I"aGapurst 20.5x16.5x16.5 cm
Macca 6 kT

BaxkneliimMm acnekToM AaHHOH pa3paOOTKU ABISIETCS HEOOXOOUMOCTh 00S3aTelbHON CepTUHKALIN
HaBHUTAIIMOHHBIX cucTeM B Poccuiickori denepanuy B CBSI3M C UX CYIIECCTBEHHBIM BIMSHHEM Ha JIETHYIO
TOTHOCTb.

Hacrosimast pabora nocBsiiena paccMOTpEHHIO Haubosee CyIIeCTBEHHBIX MPO0IeM, BOSHUKAIOIINX
npu paspaboTke u ceprudukanuu nporpammuoro obdecnedenus (I10) MHC BBuay 3HaunTenbHOI
TPYZOEMKOCTH M BBICOKUM TPEOOBAHMAM K YPOBHIO KBanuguKanuu kaapos. lIpenmararorcs mpakTa-
YecKue MyTH UX PEleHHs C WCIONb30BaHMEM MOAYJILHOTO MOAX0Aa K pazpaboTke apxutektypsl 110
Ha npumepe [10 CHB-1A.

Ilpumenenue mooynbH020 ROOX00a K pazpadomke apxumeKmypvl BPOCPAMMHO20 00ecnedeHUs
U €20 npeumyuiecmea npu cepmuGuKayuu UHEPUUAIbHbIX HAGUAUUOHHBIX CUCHEM.
1. Tpebosanua Kk cepmupukayuu cucmem, KpUMUUHBIX C MOYKU 3pEHUA DE30nACHOCHU.
OCHOBOITONATAONINM TSI CEPTU(PHUKAIMU BCEX TUIOB TPAXIAHCKOW aBUAIMOHHOW TEXHUKH SIBIIS-
ercst nokymeHT DAII-21 [1]. B 3aBucuMOCTH OT YpPOBHS KOMITOHEHTa HEOOXOIMMO COOTBETCTBUE
TpeOOBAaHUSAM PA3IMYHBIX HOpPMAaTHBHBIX JOKyMeHToB. Tak, mist I1O sto KT-178C [2] u psag pyxo-
BozactB P-330 [3], P-331 [4], P-332 [5], P-333 [6]. dns cioxxHOU 37eKTpoHHOM anmnapaTypsl — KT-254
[7]. dnst ypoBHs cucteMbl — ctannapTel P-4754A [8] u P-4761 [9]. TpeboBaHus BBIMIETIEPEUNUCICHHBIX
CTaHJIAPTOB ONPEJCIAIOT HEOOXOAUMBIC MEPONPUSTUS U JaHHBIE, KOTOPBIC TOMKHBI OBIThH MOIYUEHBI
Y TIPEAOCTABIICHBI CEPTUDUIUPYIONIEMY OpPTaHy.
HauGonpmme 3atpyaHeHus BO3HHKAIOT mpu pa3padorke [IO B cooTBETCTBHH ¢ TpeOOBaHUSAMHU
crarnapta KT-178C [2], onpenenstoniero Heo0X0JUMOCTh:
e paspaboTku TpeboBaHHI BhICOKOr0 ypoBHA K I1O (TpeboBanmii Kk yHKIMOHAIBHOCTH U
TEXHUYECKUM XapaKTEPUCTHKAM );
e paszpaborku apxutekTyphl [10 u TpeOoBaHMIT HU3KOTO YpOBHS (ITOJHOE OMUCAHUE AJro-
PUTMOB, JCTATBHOE ONMUCAHNE KAKIAO0N (DYHKIIMU, JOCTATOUHOE IJIs Pa3pabOTKH UCXOIHOTO
Ko/ia 0e3 MCIOJIb30BaHUS JJOTIOTHUTEIHHON HH(MOPMAIIHH );
e paszpaborku ucxoanoro kozaa [1O B cooTBercTBUU CO cTaHAapTamMu Ha koauposanue [10;

Hayunb1ii pyKoBOIUTEINB: 3aMECTHTEIh TeHEPaIbHOr0 JUPEKTOpa 10 HaydHOH pabore K.1.H. Hekpacos A.B.
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e Bepuduxanuu 10 ¢ obecreueHneM MOTHOTO MOKPHITHS KOJIA TeCTaMHu (BKIIOYasl MOKPbI-
THE TPeOOBAHUI U CTPYKTYPHOE MOKPBITHE).
2. Bueopenue mooynabHo20 n00X00a npu pazpadomke u cepmuuKkayuu npozpammHozo obec-
neuenua CHB-1A.

[Ipu pazpadorke [I0 CHB-1A Obin1 npuMeHeH MOAYIBHBIA MOIXON K pa3paboTKe apXUTEKTYpHI,
CYTb KOTOpOI'O 3aKIJIIo4YaeTcsl B MOCTpOoeHUH apxuTekTypsl 110 Ha 6aze monynell — (GyHKUMOHAIBHO
3aKOHYEHHBIX HE3aBHCHMBIX aJTOPUTMOB, O(QOPMIICHHBIX B BHJAE OTACIBHBIX (ailjioB MCXOTHOTO
KOJ/1a, IPUTOHBIX JUIsl TOBTOPHOT'O MMPUMEHEHHUS.

OCHOBHBIMH LENSIMHU BHEAPEHHUS JAHHOTO 1OIX0/1a Npu paszpabotke u cepruduranuu [10 CHB-1A
SIBJIAJINCD:

e qoBbimeHue HagexHocTd [10, yMeHbIIeHnE KOoNUYecTBa OUIMOOK B MCXOAHOM Koze (3a cyer
BO3MOKHOCTH MPOBEACHUS TECTUPOBAHUS KaXKI0TO MOJYJNS B OTACITBHOCTH);

e ympolleHue u onTuMu3anus ucxogHoro koxa [1O (apxurtektypa 1O Ha Oa3ze momynelr uMeeT
YETKYIO CTPYKTYPY);

® COKpalleHHE CPOKOB Pa3pabOTKH MCXOIHOTO KOJa U IPOrPaMMHOM TOKYMEHTAIMH B COOTBET-
ctBum ¢ TpedoBanusmu KT-178C [2] (B cBSA3M ¢ BO3MOXHOCTBIO pa3rpaHUYCHUS 30HBI OTBET-
CTBEHHOCTH HCIIOJHUTENEH).

ITo nToram paGoT OBUIH JOCTUTHYTHI CIIEAYIOIINE PE3YIbTATHL:

e apxwurekTypa [10 CHB-1A nmoctpoena Ha 0a3ze mporpaMMHBIX MOAYJEH, KaXKAbIi U3 KOTOPBIX
SBIISIETCS] HE3aBUCHMBIM (DYHKIIMOHAJILHO 3aBeplieHHbIM KomnoHneHToM 10, npomenmum Be-
PUPHUKALNIO, U UMEIOLIUM TOTHBIA KOMITJIEKT JOKYMEHTALUU B COOTBETCTBHH C TPEOOBAaHHUS-
mu KT-178C [2];

e ucxonnbit kox I1O CHB-1A onTumu3upoBaH Mo KOJIHYECTBY CTPOK KOAA, BO3MOXKHOCTHU IIO-
BTOPHOTO HCIOIB30BaHM KOMIIOHEHTOB, a TakXke TpeOyeMoro o0beMa naMaTH MPOLeccopa;

® 3HAYMTENBHO COKpAIIEHBI CPOKH pa3padboTku u TectupoBanus [10.

Pe3ynbTaThl BHEAPEHHUSI MOAYJIBHOT'O MTOAX0/a, MOoNydeHHbIe ipu pa3padotke 110 CHB-1A, npexn-
CTaBJIeHBI B TabmLe 2.

Tabnuma 2
Pe3yabTaThl BHeIpeHUsI MOAY/ILHOI0 MO/IX0/a, MOJIy4eHHbIe NPU pa3paboTke nporpaMMHoro obecneuyenuss CHB-1A

Mertpuxa 1O 6e3 ucnons3oBanus mogynsaoro | I1O CHB-1A
oaxona

KonnuecTBo CTpok MCXOIHOT0 KOAa 120000 50000
B03MO0XHOCTH HOBTOPHOT'0 MICHONIB30BaHMs KOMIIOHEHTOB [10 OTCYTCTBYET 60 %
TpeOyeMsrit 00beM maMsATH Tporieccopa (MOCTOSHHOE 3aTIOMH- 400 xOaiir 180 xObaitr
HAIOIIEe YCTPOICTBO)
TpebOyembrii 06beM HaMsTH TIpolieccopa (OHNepaTUBHOE 3aro- 2000 x6aiir 350 xbaiir
MUHAOIIEE YCTPOICTBO)
Tpebyemoe Bpems pazpadorku [10 12 mecsimieB 3 Mecsma

3akawuenue. [1o pesynpraTam MpoBeaeHHON PabOTHI MOXKHO CJeNaTh BBIBOJ, YTO HCITOJIB30BaHUE
MOJIyJILHOTO TIOJIX0a K pa3paborke apxuTekTypbl [10 MpUBOAWUT K MOIYYEHUIO 3HAYMTEIBHBIX pe-
3yJIBTATOB 10 ONTHMU3AIMK UCXOIHOTO KOJa, YCIEIIHOMY BHEAPEHHIO TOJIXOMO0B K pa3paboTKe U
ceprudukanuu [10 B coorBercTBumu ¢ TpedoBanusmu KT-178C [2], a Takke COKpaIICHUIO CPOKOB
paspabotku u TectupoBanus [10 MHC.

[MpuMmeHeHue MaHHOTO MOAX0/a 00ECIICYNBACT BOZMOXKHOCTh YCIICITHON CEPTHU(PUKAIUU U TIPUBO-
IUT K CYLIECTBEHHOMY COKpAIlEGHWIO 3aTpaTr, 4TO MO3BOJUT B MEPCIEKTUBE MPOBECTH Pa3pabOTKy
cepun MHC rpakganckoro Ha3HaueHUs B paMKax MporpaMMbl UMIIOPTO3aMEIEHUSL.

Hamnpapnenuem ganbHEWIIUX UCCIEAOBAHUM SBISETCS PACHpPOCTPAHEHHWE MOJYJIBHOTO MOAXOAA K
[1O aBTOMaTH3UpOBaHHBIX cpeAcTB KoHTpoiss MHC, ncnonp3yeMbIX mpy IpOBEISHHH Ta00paTOPHBIX
WCIIBITAaHU M.
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A.LEvstratenkova, E.N.Tenyushev, N.A.Bykova, E.V.Babaev (JSC "Inertial technologies of Technocomplex", Ramenskoye).
The usage of modular programming in software development and certification process by the example of the naviga-
tion system CHB-1A

Abstract. This paper reviews the most significant problems that arise due to necessity of navigation systems software to

comply with the requirements set by certification authorities and practical ways to solve them using modular programming
on the example of the navigation system CHB-1A.
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A.A. TTIPOLIEHKO, A.B. 3YEB, A.H. )KUPABOK
(Mucturyt npobiiem Mopckux TexHonoruid uM. M. 1. Areesa JIBO PAH,
JansHeBocTounbli DenepasibHbIi Y HUBEpCHTET, BiaanBocToK)

METO/J NIOCTPOEHUSA AHJAIITUBHBIX CUCTEM YIIPABJIEHUA ABUXKUTEJISAMU
MOABOJHBIX POBOTOB JJI1 KOMIIEHCAIIUA MMOCJIEACTBUA MOSABJIEHUSI
IHAPHBIX JE®PEKTOB

B pabome paspaboman memoO cunmesa JeeKOpearu3yemvlx — CUCHmem
0OHapycenus, UOeHMUDUKAYUU U KOMNEHCayuy NOCAeOCMBULL NAPHBIX OepeKkmos 6
ogudicumensx Mnoo0BOOHbIX pobomos. Omu cucmemvl 3d Cyem UCHOIb30BAHUS
Habnodameneli ¢ NePeMeHHOU CMPYKmypou 00ecneqyuaiom mouyHyl0 OYEHKY
GeUYUH OMKIOHeHUl napamempos oeudicumeneti [IP om c60ux HOMUHAILHBIX
3HaueHUull U OWUOOK 8 NOKA3AHUAX OAMYUKO8 UX Y2l08blx ckopocmel. [anee ¢
VUEMOM NOJYYEHHBIX OYEHOK (DOPMUPYIOMC OONOJHUMENbHbIE  YIPAGIAIOUUe
6030elicmsus,  Komopwvle NO360JAI0M  COXPAHUMbL  paboOmMOCNOCOOHOCHb U
obecneuums CMAaOUIU3AYUIO BANCHEUIMUX XAPAKMEPUCIUK IMUX 08UICUMENell npU
HeOHCUOAHHOM NOAGIEHUU 0edeKmOs.

BBenenune. BaxHbiMM KOMIOHeHTamH MOABOAHBIX poboToB (I1P), obOecrmeumBarommMu Ux
JBUKEHUE TI0 3aJaHHBIM TPAaeKTOpUsM, ABISAOTCS ABkuTenu [1]. HempenBuieHHble M3MEHEHUA
KaKUX-TH0O0 MapaMeTpoB ABKKHTENIEH HIM TOSBICHHE OIIMOOK B MOKA3aHUSAX JaTYMKOB, KOTOPBIE
MOT'YT OBITH OOYCIIOBIIEHBI BO3HMKHOBEHHEM IE(EKTOB WM BO3JEUCTBHEM CO CTOPOHBI BHEIIHEH
Cpenabl, MOTYT MPHUBECTH K aBapUHHBIM CUTyalusiM HIU motepe poOoroB. OOHUM M3 MOAXOAOB K
noBblieHNI0 Haa&kHoctu [IP saBnsercsa omepatuBHOE OOHapy)KEHHE BO3HUKAIOMIMX H3MEHEHUH
napaMeTpoB U OLIMOOK, a TaKXKe WACHTH(QHUKALINS WX BENWYHH [2] ¢ TOCIeAyIomeil KoMITeHcauel ux
HETaTHUBHBIX MOCIEACTBUI C TOMOILBIO CUCTEM aJalITUBHOIO YIIPABIICHUS.

B paGore [2] mpemioxkeHo pemieHne 3Toi 3aaun, cocTosIee u3 Tpéx 3tamnoB. Ha mepBom atame ¢
noMoIIbI0 OaHKa AUarHocTHUecKux Haomopareneid (JIH) ocymectisiercss oOHapy)XxeHHe OTKIOHEHHS
OJHOTO M3 paccMaTpUBAaeMbIX NapaMeTPOB (AIEKTPHUYECKOrO COMPOTHBICHUS LENH  SIKOPS
AIIEKTPOIBUTATENS R; WM BHEIIHEr0 MOMEHTa Harpy3ku M;(t)), OT HOMHUHAJIBHOTO 3HAYCHUS HIIU
BO3HMKHOBEHHUsI OIIMOKM B TOKa3aHUSIX JaT4hKa YTJIOBOW CKOpOCTH Bama IBikuTens w(t). Ha
BTOPOM — C TOMOUIbI0 HaOmomarteneid ¢ mepemeHHOM crpykTypoit (HIIC) mnmentuduumpyrorces
BEJTMUMHBI OOHAPYKEHHBIX M3MEHEHHMI mapameTpoB u omm6ok (M, (t), R,(t) u @(t)). Ha Tperbem
staie  (Qopmupyercss  ympaBisitomMid  curHan  ans aBwkutens  [IP,  yuuTeBarommit
WAEHTU(ULMPOBAHHBIE BEIWYMHBI OTKIOHEHHH mapamMeTpoB M OWMOOK M 00ecneuyuBaromuit
COXpaHEHHE OCHOBHBIX JUHAMUYECKHUX CBOMCTB JABHMKUTENS.

HenocrarkoM MeTona, onmrcaHHOro B pabore [2], ABASETCS TO, YTO KOKIBINA K3 npeanaraembrx JIH
YyBCTBHUTENIEH K JABYM W3 TPEX BO3MOMKHBIX OTKJIOHEHHH MapaMeTpoB M OIMIMOOK, M3-3a 4YEro IMpH
OJHOBPEMEHHO BO3HUKIIMX JBYX WIIM OOJiee U3 HUX ONPEAEIUTh KAKOM MMEHHO IapaMeTp W3MEHUJIICS
He ynaércs. BeneacTBue 3TOro He ynaroTcs HASHTH(GUIMPOBATh BenMuuuHbl GyHKmmid M, (t), R,(t) u
@(t), ecnmu IBe M3 HUX CTAM OJHOBPEMEHHO OTJIMYHBI OT HyJs. Takum o0pa3oM, Ienblo padoThl
SBIISIETCSl CO3JAAaHHE HOBOM CHUCTEMBI AQJaNTHBHOTO YIIPABICHUSA, IMO3BOJIOIIEH OOHApYXHBATh,
WAEHTU(PULIMPOBATD W KOMIIGHCHPOBAaTh IIOCIEACTBHS M3MEHEHHMH cpa3y [ByX IapaMeTpoB
nsrkuteneit 1P unu ommboK B MOKAa3aHUAX UX JaTYHKOB.

Pa3paboTka cHcTeMbl aJanTHBHOTO YHpaBjieHus. J[nsg pelneHus 3aadd MACHTH(PUKAIH
MapHBIX M3MEHCHUI TNapaMeTpoB MM OMIMOOK B MOKAa3aHUAX JATYMKOB Ipeljiaraercs N00aBUTh K
6ankam m3BectHbix JIH (AH-1, AH-2, JIH-3) u HIIC (HIIC-1, HIIC-2, HIIC-3), onucanHbiM B pabote
[2], mommomauTenbHbie HIIC (Tak Ha3biBacMble BUPTYaIbHBIC JATYUKH [3]), TO3BOJISIONIUE OIICHUBATH
OIpeNeNEHHBIC AIEMEHTHI BEKTOPa COCTOSHHS JTUATHOCTUPYEMOTr'0 00BEKTa JJaKe B TOM CIIydae, eCiiH

Haydnsiii pykoBoguTeNb: A.T.H., mpodeccop Ounaperor B.O.
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HEKOTOpBIE €ro mapaMeTphl MEHSIOTCS HEU3BECTHBIM 00pa3oM. B yacTHOCTH, OHHM TO3BOJSIOT
MOJTy4aTh HE3aBUCHMYIO OT BO3HHKAIOIIMX OMIMOOK B JaTYMKE YIIIO0BOM cKopocTH @(t) omeHKy eé
pea’bHOM BEIMYMHBI, KOTOPYIO MOXKHO OyIeT B JalbHEWIIeM HCIONb30BaTh B HAOMIOAATENSIX AJIS
obecriedeHns UX HEUyBCTBUTEIBHOCTH K ATOH OIINOKe.

Iepporit gonomnutensHslil HIIC-4, mocTpoeHHsI mo mpornenype, onucaHHoW B [3], mO3BOISAET
TNOTYYUTh OLEHKY w; (t) BennmuuHbl (t) HE3aBMCMMO OT BO3HMKHOBEHHMs HEHYJEBOH (QyHKIMH
M,(t). Bropoii nomonuutensubiii HIIC-5 MO3BONAET MONYYHTh OLEHKY wy"(t) Bemmunnbl W (t)
HE3aBHCHMO OT BOSHHKHOBEHHUS HEHyNeBOi (pynkimu R, (t).

Jlns obecriedenns oOHApyKeHHs HApHBIX HEHYIeBBIX QyHKImi M, (t), R, (t) u @(t) Heobxomumo
Ha Bxozie J[H-1 3amenuts curnan y,(t) = w(t) + @(t), nomyyaeMsiii OT JaT4MKa YIIIOBOM CKOPOCTH
¥ COIEpXKaIMii BO3MOXKHYIO OIIMOKY, Ha OLEHKY w; (t), renepupyembiii HIIC-4, uto oGecredut
HEYYBCTBUTEIBHOCTh YKa3aHHOTO HaOronarenei K @(t). AHaJOrHYHBIM 00pa3oM CIeAyeT 3aMCHUTh
curnan y; (t) na Bxone JIH-2 Ha curnan w, (t), renepupyembiii HIIC-5. B Takom ciydae Gank JIH
TI03BOJISIET OMPE/IENATh OJHOBPEMEHHOE BOHHKHOBEHME IBYX Pa3HBIX HEHYJIEBBIX (yHKmmii M, (t),
R,(t) m @(t). Pemenne 0 KOHKPETHBIX MAPHBIX HEHYIEBBIX (YHKIHAX OydeT NPHHUMATHCS HA

o @ 3

OCHOBaHHH CUTHAJIOB HEBA30K ey ’ ey )4 ey TpéX HH C MIOMOIIBIO CJICAYIONIUX IMPABUII:

1) ecn efP(£) # 0, e$2(t) # 0m el (£) # 0,10 M, (t) # 0mR,(t) # 0;

2) ecnu ej(,l)(t) =0, ej(,z)(t) #0wu ej(,S)(t) # 0,10 M,(t) # 0ua(t) # 0;

3)ecmn eSV (1) # 0,67 (t) = 0m el (1) # 0,710 Ry(t) # 0md(t) # 0.

Jlanee juisi pelieHns 3a/iauu OJHOBPEMEHHON UACHTU(UKAIMK BEIHYNH OTKIOHEHUH TapaMeTpoOB
[PHUBOJIOB OT UX HOMHHAJBHBIX 3HAYCHHN M BEIWYMH OMMUOOK B MOKA3AHWSX JaTYMKOB YTIIOBBIX
ckopocTeii Bpamenust aswkutencii [1P cremyer BOCIONb30BaThCS OHUM U3 CIICAYOIUX TIPABHLIL

1) Ecom w3 tpéx ymxrmit M, (t), R, (t) u &(t) dpynxuuu M, (t) u R,(t) craHOBATCA HEHYIEBBIMH,
a ®(t) ocraércs paBHa Hymo, BenmuuuHbl M, (t) u R;(t) onHOBpeMeHHO MOryT GbITh OHpENETeHBI C
nomonipio panee momydeHHbx HIIC-1 (3.7) u HIIC-2 (3.8), cooTBeTCTBEHHO.

2) Ecmu M,(t) u @(t) me paBuel Hymo, a R,(t) =0, To Bemmuuny M,(t) MoxHO HaiiTH C
nomortpio HIIC-1 (3.7), ecnu monaTk Ha €ro BXOJ] BMECTO OITMOOYHOTO MOKa3aHUs JaTYMKa YTIOBOM
CKOPOCTH BpauleHus ABmkuTens [IP OLEeHKy peanbHON BENMMYMHBI OTOH - @) (), HE 3aBHCALLYIO OT
dynkuuu My (t). DTy OLEHKYy MOXHO MONYYHTh C IOMOINIBIO JomonHHTensHoro HIIC-4, cunTes
KOTOpPOro Oyjier paccMoTpeH janee. B sTom ciydae Bennuuny @(t) MOXKHO OyaeT ONpeneiuTh ¢
nomoupio Beipaxkenus d(t) = y;(t) — w;"(t). To ects gononnurensroe Benenne HIIC-4 noszpoaut
OIHOBPEMEHHO ONPEENATh Cpasy aABe Bemmuunbl My (t) u &(t).

3) Ecmu R,(t) m &(t) me paBHbl Hymo, a M,(t) = 0, Benmuuny R,(t) MOXHO ompeenuTh ¢
nomomgpto HIIC-2 (3.8), ecim Ha ero BXOA TakKe MOJATh OLCHKY PEalbHOW BETMYUHBI YTJIOBOM
cKopocTH Bpamienus aswxutens [P — wy'(t), He 3apucsuyto ot gynkuuu R,(t). Dty omenky
MOXHO TIOJIYYHTh C MOMOIIBIO HoroiHuTeabHoro HIIC-5, ciuHTe3 KOTOPOro Takxe OyeT pacCMOTpEeH
Hwke. Bennuuna @(t) B 9ToM ciyuae ompexensiercst BeipakenneMm @ (t) = y;(t) — w, ' (t). D10
TI03BONISIET OTHOBPEMEHHO TIOTydYaTh HH(OPMAIHIO 0 BemmunHax R, (t) u & (t).

4) Ecnm Bce Tpu Qynkumu My(t), R,(t) m &(t) HAuMHAIOT OTIMYATBCA OT HYJS, TO
UICHTH()UIIMPOBATH UX BEIMYHMHBI HE yIAETCsl, TAK KaK B 9TOM Clydae HeBO3MOXHO moctpouts HIIC,
(dbopMupyIomuii BepHYIO OLEHKY W (t).

Hocne unenTHUKauy BenmuunH yHkmmii My (t), R, (t) u @(t), 11a KoMIencanuu mocnencTBuit
U3MEHEHHs mapaMeTpoB aBkuTeneid [IP U nmosiBieHus OMMOOK B MOKAa3aHUAX TaTYMKOB, Ha OCHOBE
M3BECTHOTO METOJIa CHHTE3a HEIMHEHHBIX PeryiastopoB [4] Gbuia pazpaboraHa cucTeMa, KOTOpas 3a
cyeT (OPMUPYEMBIX  JOMOJHHUTEIBHBIX — YIPABISIONMX BO3ACHCTBUN IMO3BOISIET COXPAHHUTH

128



MexayHapogHbin cemyHap «Hasuraums n ynpaeneHue asmkeHnem» (NMC-2023)

an(0 lRif) lw(’) paboTOCOCOOHOCTE M 00ECTICUHTh

. - CTaOUITU3AIIHIO BaXKHEHIIINX
T (0) dopMHpOBaHUC u(f) TBwkuTens —>| Harank @ (1) 1 -

~ynpasmsiomero curmana P [T )] XapaKkTePUCTUK DTHUX JIBUXKHUTENCH B

mporecce paboThl. DTH BO3ACHCTBUS

S (hopmMupytroTcs c yaéToM

:ﬁf}g;‘”” 1 UACHTH()UIIUPOBAHHBIX TPH TTOMOIIH

I HIIC Bemmumn M, (t), R,(t) u @(t).

B gli|  Brox ¥ ool CTpykTypHas  cxeMa  IOJTy4YeHHOU

w  |nokanusauun & @ JiH-2 (51 PYKTYp ¥

R sepexros ey 1 CHCTEMBI HICHTU(UKALINH [TOKa3aHa Ha

: :an_“« Sl puc. 1. Ha »TomM pucynke O0sok

a0 «DopmupoBanne w°(t)» umeer Ha

HIIC-S | g BBIXOJIC BEJTMYHHY w°2(t),
: nonyyenHyto or HIIC-4 B ciydae
HAIMuYMS HeHylneBol (ymkuum M, (t),
niu ot HIIC-5 B mpyrux ciydasx.

DopmupoBaHue
oy

Puc. 1. CrpykTypHas cxema CUCTEMBI aTAITUBHOTO YITPABICHHUS

3akawuenne. Pa3paboraH MeTon CHHTE3a JICTKOPCANIM3YEMBIX CHCTEM OOHapy»XeHHS,
UICHTU(UKAIIMA W KOMIICHCAIIMM TOCICIACTBUI MapHBIX Je()EKTOB B JBIDKUTENSAX ITOJBOIHBIX
poboToB. 3a cuer ucnonb3oBaHus gononHUTENbHEIX HIIC obecrieurnBaercs ToYHAs OlEHKA BEITHMYUH
OTKJIOHCHUW TmapaMmerpoB JBwxkuTencii [IP 0oT cBOMX HOMUHANBHBIX 3HA4YCHUH M OIIMOOK B
MOKa3aHUSAX JATYNKOB MX YITIOBBIX CKOPOCTEH, KOTOPhIE 00YCIIOBICHBI MOSIBICHUEM 3TUX JIEPEKTOB.
Ha ocHOBe mONyYeHHBIX OIEHOK (OPMHUPYIOTCS IOMOJHUTEIBHBIC YIPABISIONUEC BO3JICHCTBUS,
CTaOMIM3UPYIOIINE BAXKHEHIIINE XapaKTEPUCTUKHU JBMKUTENCH B TIpOIecce padoThlI.

Paboma svinonnena npu punancosotl noddepaicke Munobpuayku Poccuu, npoexm FZNS-2023-0011.
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Russian Academy of Sciences, Vladivostok; Far Eastern Federal University, Vladivostok). A method for synthesis of
adaptive control systems for thrusters of underwater robots to compensate for the consequences of the appearance of
paired faults

Abstract. In this paper, a method for the synthesis of easily implemented systems for detecting, identifying and compensating
for the consequences of paired faults in the thrusters of underwater robots has been developed. Due to the use of sliding mode
observers, these systems provide an accurate estimation of the values of paired deviations of all parameters of thrusters from
their nominal values and errors in the readings of sensors of their angular velocities, which are caused by the appearance of
faults. Further, taking into account these estimates, additional control signals are formed, which allow to maintain operability
and ensure stabilization of the most important characteristics of these thrusters in the event of unexpected faults.
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V]IK 004.942

B. B. [IPOKOITIOBUY, I'. A. IIOAIIVBAIJIOB, JI. A. MAPTBIHOBA, U. B. [TAIIIKEBUY, B. C. BLIKOBA
(AO «Konnepu «[HTHUU «3nekrporpudop», Cankr-IlerepOypr)

OIEHKA BE3OITACHOCTHU ABUKEHUA BOJIBIIOT'O ABTOHOMHOI'O
HEOBUTAEMOI'O NIOABOJHOI'O AIIITAPATA

Pacemompena 6ezonacnocms 08udicenst HOILULO20 ABMOHOMHO20 HeOOUMaemo-
20 NO0BOOHO20 annapama 8 NPoyecce GbINOJHEHUS MAPWUPYMHO20 3a0anus. [
OYEHKU BIUAHUS BHEUIHell CPedbl Ha Oe30NACHOe 08UdICeHUe annapama NPeoi0HNCeHo
UCNONB306AMb OUHAMUYECKYIO OAlleCOBCKYIO cemb, Ol OYEHKU GIUSHUS OMKA308
YCmMPOUCME U MEeXAHUIMO8 — YUDPOBOU NOIUSOH 6 GUOE CIEHOA MOOETUPOBAHUSL C
peanuzayueil CUMyISYUYU OmKa3o08.

KnioueBble cjioBa: 00nbmIoif aBTOHOMHBEIH HEOOWTAaeMbIH MOABOMHBIN ammapar, JUHAMIYe-
cKast 6aliecoBCKas ceTh, CTEH]T MOAEIHPOBAHMS, BHEIITHSS CPEa.

Beenenne. B Hacrosiee Bpems BeaylIrie MOPCKHE IEP>KaBbl YBEIMUUBAIOT JOII0 aBTOHOMHBIX
HeoOuTaeMbIX moaBoAHBIX anmnapatoB (AHITA) [1], B Tom uncne pazpabaTeiBaroT HOBbIE Oonbime AH-
ITA (manee — AHIIA), criocoOHbIE B TeUeHNE HECKOIBKUX MECSIIEB MPEOAONICBATh PACCTOSHUS MOPSAKA
10 TeIc.KM. B X0n€ npeononenus npotspkeHHoro Mapiupyra AHITA npoxoaut depe3 palioHbI, OTJIMYa-
IOLIMECS BHEIIHIMH YCIIOBHSIMH, OKa3bIBAIOIMMH CYILIECTBEHHOE BIMSHHE Ha 0€30MacHOCTD IBHXKEHUS
AHIIA. Tox 6ezonacuocthio nBrkeHus: AHITA OyaeM MmoHMMAaTh OTCYTCTBHE YIPO3BI BBITOJIHECHHIO
AHIITA mapuipyTHOro 3alaHusl ¥ JOCTH)KEHHIO KOHEYHOH TOUKM MapiupyTa (fanee — yrpo3sl). bezomac-
HocTh ABwkeHnst AHITA 3aBuCHT OT BHEUIHEH cpenbl U HaJACKHOCTH KOHCTPYKIUH M 00OpYIOBaHUS
AHIIA [2]. Onenka 6e3onacHoctr AsmxeHnst AHITA mo3Bomnser KOppeKTHPOBaTh MapLIpyTHOE 3a]a-
HHE Ha 3Taine ero (OpMHUPOBAHUS U IPUHUMATH COOTBETCTBYIOLINE PELICHHS MO YIPABICHUIO ABH)KEHH-
eM Ha stane dkciutyatauun AHITA. Beuny HoBu3HBI pa3pabotku oonbiunx AHITA kak B Poccun, Tak u
3a pyOexoM, MyOJIMKaIMy 10 KOMIIEKCHOMY PELICHHIO YKa3aHHOH 3a/1a4l 00ecIieueHHsI 0e30acHOCTH
neikeHust oonbiroro AHITA otcyTcTByFOT.

Lenb paboThI — MPEATIOKUTH TOAXOA K OlleHKe Oe3omacHocTh nBrkennst AHITA.

IHocranoBka 3amaum. [lycte onpenenensl: MapmpyTHoe 3amanue AHITA B Buae mpoTsSKEHHOrO
MapIpyTa, KOTOPBI HE00XO0AMMO MPEOAOJIETh B TEUCHHUE [UTUTEIBFHOIO BPEMEHH; XapaKTePUCTUKH BHEIII-
Hell cpenpl palloHOB, depe3 KoTopele mponoxkeH MapuipyT AHITA; KoOopauHATHI TEKYILEro MOMOXKEHUS
AHIIA B x0z€ BHITOIHEHHS MapLIPYTHOTO 3a/laHus], BEIpa0aThIBa€MbIC HABUTALIMOHHON CUCTEMOM.

Heobxomumo copmupoBaTh onieHKy 0e3onacHocTH nerkeHus AHITA.

IIpennaraemoe pemenue. B xauecTBe KpuTepus 0€30MaCHOCTH MPUMEM BEPOSTHOCTH BBIOJIHE-
uust AHITA mapmpytHoro 3azanus u npuositust AHITA B xoHeunyio Touky MapupyTa [3]. Ouenky
BJIMSIHUA BHEIIHeW cpenbl Ha O6ezonacHocTs AHITA mpoBenem ¢ ucmnonbp3oBaHMEM TUHAMHYECKON Oakie-
coBCKOH ceru. Jiist oueHkn BimsHUs 0TKa30B obopynoBanus AHITA Ha ero 6€30macHOCTh UCTIONB3yeM
MMUTALMOHHOE MOZIETHPOBAHUE.

Bynem paccmaTpuBaTh CleAyrONINe TUIBI BHEIIHEW CPEIbl: OTKPBITBIE BOJIBI; MPUOPEKHBIE BOIBL;
MOpCKOI1 Jief1; 6eperoBoii npunaii [4], mpu 5TOM cOCTOSHIE BHELTHEH Cpebl 0XapaKTepU3yeM MPOLEHT-
HBIM COOTHOILICHHEM TUIIOB Cpell, HalpuMep, OTKPBIThIe Boabl — 70%; mpubpexHsie Boasl — 15%; Mop-
ckoit e — 10%; 6eperoBoit npumnaii — 5%. OTKPBITBIE BOBI PEICTABIIAIOT COOON paliOHbI, yIaleHHbIE
OT TPUOPEKHOW M TPAHCIOPTHOW MoJockl [4], u yrpo3a Oe3onacHoct AHITA Bo3HHMKaeT mpu ero
BCIUIBITUN Ha TIOBEPXHOCTH BOABI U3-3a BBICOKOH BOJHBI, CJIBHOTO BETpa MJIM MOBBIIIEHHOTO CYI0XO0/-
crBa [4]. [IpubpexxHbie BOAbI MPEACTABISIOT COOOH YJacTOK pasiena MKy CylIeil 1 OKeaHOM, Xapak-
TEpU3YIOTCS BBICOKOH TIOTHOCTBIO CYZIOB, HAXOXKICHUEM MH)KEHEPHBIX COOPYKEHHH, PHIOOTIOBHBIX Ce-
Teii, MPOBEICHNEM BOIOa3HBIX PaboT, cnaboi Mpo3pavHOCTHIO BOJBI, CUIIBHBIMU TEUEHHUSIMH, ObICTPHIM
MPOCTPAHCTBEHHBIM M BPEMEHHBIM N3MEHEHHEM TITyOHHBI, CHIIBHBIM BOJTHEHHEM Ha MENKOBOABE, MOSIB-
JICHHUEM TPYIIIBl OCTPOBOB, UTO MPENCTABISACT COOOW CYIIECTBEHHYIO yrpo3y Oe3omacHoctu AHIIA.
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Mopckoii nen u aiicOepru cozgarot onacHocts AHITA n3-3a cronkHoBeHus: ¢ HUM. beperoBoii npumait
MpeAcTaBIsieT coOOH HETONBIKHBIHN Jiell, MPUKPEIUICHHBIN K Oepery, COCTOSIMN U3 KPYIHBIX JIBAWH,
pa3fe’eHHbIX TPELUIMHAMH, HHOT A MOJIBIHBSIMY, YEM CYILECTBEHHO 3aTPyIHSET HAaBUTallMOHHBIE OIpe-
nenenns AHITA.

B cBs31 ¢ HEBO3MOYKHOCTBIO MOIYYEHHsI TOUHOT'O MPOTHO3a BHEIIHUX YCIOBUM Ha JAJTUTENbHBINA ro-
PHU30HT ISl OLEHKH BEPOSITHOCTU BBIMOJHEHUS MApIIPyTHOTO 3afaHusi cPOpMHUpYeM IWHAMHUYECKYIO
OaiiecoBcKyro ceTh [5]. i1t 5TOro mocTporM OpHEHTHPOBAHHBIM B3BELICHHBIN rpad) BIMSHHUS BHEITHUX
YCIIOBUI Ha BEPOATHOCTH BBIOJHEHUS] MapIIPyTHOTO 3afaHusi. BepliuHbl rpada COOTBETCTBYIOT CITy-
YallHBIM BEJIMYMHAM: ITapaMeTpaM oKpyxkatomei cpensl, cocrosiuuio AHITA u cuctem AHIIA, a pebpa
— HEMOCPEICTBEHHBIM BEPOATHOCTHBIM B3aUMOCBS3SIM MEXY CITyJaiHBIMU BETMUYNHAMU.

IToxpoem paiion Haxoxnenust AHITA cerkoil ¢ onpeaeneHHbIM IaroM 1 MojaraeM, YTo U3BECTHBI
0 DKCTICPTHHIM OLIEHKaM MK 0a3aM JaHHBIX [6-8] Wi KaXJ0ro y3/1a CETKH MPOLEHTHOE COOTHOLICHUE
TUTIOB CPEIbl U BEPOATHOCTH M3MEHEHMsI MPOLIEHTHOE COOTHOLIEHNE TUIOB CPENbl IPU MEPEXOAE U3
OJTHOTO y3JIa CeTKU B ipyroi B npouecce apmwkenuss AHITA. I1ycte Takxke U3BECTHBI BEPOSITHOCTH BIIU-
SIHUS: TUIIOB Cpelbl Ha IapaMeTphl Cpeisl, THIOB cpedbl Ha coctosHue cucteM AHIIA, mapamerpos
cpensl Ha coctosiHue cucteM AHITA, coctosiHue cuctem AHITA Ha Ge3onacaocts AHITA.

Jns onpeneneHyst COBMECTHOM BEPOSTHOCTH BBINOIHEHHS MapIIPyTHOTO 33JaHHsI CIIENHUAIbHO pa3-
paboTaH anropuT™, Ha BXOA KOTOPOro HEOOXOAMMO MOAaTh KOOPAMHATHI TeKymiero nonoxenuss AHITA.

Iar 1. [TockoneKy HeonmpeaeneHHOCTh oLeHKH MecTononoxenuss AHITA B oTkpeIToil Bose HM3-
Kas M3-3a OTHOCUTEIBHO TOYHOW HaBHUTallUH, a HEOMPEAETIEHHOCTh TIOAO0 JIBJIOM CYIIIECTBEHHO BBIIIIE U3-
32 OTHOCHUTEIBHO HETOYHOM MOABOIHON HABUTALIMH, PACUET BEPOSITHOCTH (PaKTUUECKOIM BHEITHEN Cpebl
B MecTe nonokenns AHITA ompenenum codeTaHneM NpOTrHO3UPYEMOM BHELITHENW Cpeabl U MPOTHO3HUPY-
emoro nonoxkennst AHITA ¢ ucnonp3oBaHueM TaOIHULIBI YCIIOBHON BEPOSTHOCTH [4].

Ilar 2. Pacuer BepoATHOCTH M3MEHEHMs MPOLIEHTHOTO COOTHOLIEHUS TUIIOB CPEAbl B MpoLEcce
newkennst AHITA npu nepexozie oT MOMEHTa BpeMEHH /1 K £.

lar 3. Pacyer BepoATHOCTH BIMSHHS COCTOSIHHSI Cpellbl Ha MapaMeTphbl Cpellbl (TeMiepaTypa Bo-
Ibl, penbed THa, BOJHEHHE, TTyOrHa, CITIOYEHHOCTh JIbJa, TOJILIHA JIbAa, TEUCHUE).

Ilar 4. Pacuer BepOosATHOCTH BIUSHUS TApaMeTPOB cpenbl Ha padoty cuctem AHITA.

Hlar 5. Pacuer BepostHOCTH BiHsiHUS paboThl cucteM AHITA Ha BOSHMKHOBEHHE YIPO3bl HEBBI-
MIOJTHEHUSI MApIIPYTHOT'O 33 JaHHUS.

[onydenre OLEHKH BEPOSTHOCTH BBITIOJIHEHHS MapUIPYTHOTO 3a/IaHMS MO3BONSET OOOCHOBAHHO
NPUHSTH pemenre no 6ezonacHomy npmkenuio AHITA. Ecin BeposTHOCTE 0kazanach BhILIE HEKOTOPO-
r'0 3apaHee 33AaHHOTO MOPOroBOro 3HaYEHUS TO:

— Ha 9tane noarorosku AHITA k BBEITOTHEHNIO MapIIPYTHOTO 3aAaHKs IPHHUMAEM pELIEHHE 110 MO-
BBILIEHUIO HA/ISKHOCTH 3a00pTHOTO 000pynoBaHus U cToiikocTn Koprmyca AHITA k Bo3aeiicTBuio
BHEIITHUX YCJIOBH, IO COKPAIIEHHIO MapLIPyTa U MPOKIAAKU €ro B Ooiee OIaronpHATHBIX yCIIo-
BUSIX OTCYTCTBHS HABUTAIIMOHHOHN 0€301MacHOCTH;

— Ha aTtane ’Kkcruryatanun AHITA npuHuMaercs penieHre o BBIIIOJHEHWH MeEp, HalpaBJICHHBIX Ha
MOBBIIIEHNE 0E30MIaCHOCTH, HaNPUMep, PeKOH(PUTYpaIii CUCTEMBI YIIPaBIeHHs ABMKEHHEM [9].

C ucrnonp30BaHMEM Pa3pabOTaHHOTO AITOPUTMA MPOBEACHBI YUCIICHHBIE SKCIIEPUMEHTHI IO OLICHKE
6e3onacuoct aprxenust AHITA no ogHoMy u3 ydactkoB CeBepHOro MoOpCKOTo MyTH, XapakTepu3ye-
MOMY OTKPBITOH BOJO#, MPUOPEKHBIMU BOJAMH, CIUIOUEHHBIM JIBAOM PAa3HON OAJLTBHOCTH M OEperoBbIM
MIPUIIAEM.

Bunsinne orka3zos Ha aBm:kenne AHITA. IIpu BosHuKHOBEHHH 0TKa30B oOopymoBanust AHITA
ero (QyHKIMOHMPOBAHUE TPOJOKACTCS B COOTBETCTBUH C aJITOPUTMAMH, 3AJ0KEHHBIMH B CHCTEMY
yrnpasieaus AHITA, B ToM unciie 1 Ha cilyyail BOSHUKHOBEHHUSI OTKa30B 000OpPYJOBaHUS MM CUCTEM
[10]. Ouenky BnusHHA OTKa30B Ha Oe3omacHocTh nBuxkeHUs AHIIA nemecooOpasHoO MpoBOAMTH Ha
UU(PPOBOM TMOJIUTOHE — CTEHAEC HMHTALMOHHOTO MonenupoBaHus ¢(yakuuonupoBanus AHIIA.
Haunbonee nonnoe BocmpousseneHue ¢pynkunonupoanusa cucteM AHITA morpeboBaiio ¢popmupoBa-
HUS aJIeKBaTHBIX JaHHBIX, 01aBaEMbIX Ha BxoA Kaxnoil u3 cucrem AHIIA. Ilo pesynabTaram aHamu3za
JaHHBIX, TOCTYMAIOMINX HA BXOJ anroputMoB (pyHkumnonupoBanus cucteM AHIIA, onpenenen coctas
MPOrpaMMHBIX MOAYJEH U HU(POBBIX IBOMHUKOB (IIPOrPaMMHBIX HIMUTAaTOPOB) 000PYAOBaHHS, KOTO-
poe TOMKHO OBITh pa3MEIIEHO Ha CTEHAE JJIsl IOTHOLEHHON PaboThl IITATHBIX aNTOPUTMOB (DYHKIIHO-
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nuposanuss AHITA. [IpenycMoTpena peanusanusi B UMHTATOpax (LU(PPOBBIX JBOWHHUKAX) OTKa30B KaK
CHCTEMBI B LIEJIOM, TaK U OTAEIBHBIX €€ COCTABIIAIOINX, C MOCAEAYIOIIUM YYETOM OTKa30B IIPH MOJE-
JUpOBaHUM ee PYyHKUMOHUpPOBaHMS. B pesynmprare ais creHna MoAenupoBaHUs QYHKUHMOHUPOBAHUS
AHIIA pa3paboTaHo mopsiika CeMHIECITH NPOrpaMMHBIX UMHUTATOpoB obopynoBanus AHIIA u wuc-
MTOJTHUTENBHBIX MEXaHU3MOB.

Hns onenku BosMokHoctn AHITA B ciyyae orkasa oOopynoBaHUS MPOAOIKATH ABHKEHUE HC-
KYCCTBEHHO ()OPMHUPOBAIUCH OTKAa3bl. [ aToro:

e cdopMupoBaHa CTPYKTYypa, OMpPEAeNIeHO OpraHU3aluOHHO, TJe U Kak (OpMUPOBATH HEUCTIPaB-
HOCTH 000pYZIOBaHMA, KAKOH MporpaMMe U M0 KaKOMy HMPOTOKOIY IepeIaBaTh JaHHBIE O HEHC-
MPaBHOCTH U T.J.;
co3ad OaHK JaHHBIX BEPOSTHBIX HEHCIPaBHOCTEI;
pa3paboTaHbl aITOPUTMBI Pa3bIrPHIBAHMS HEUCIPABHOCTEH M UX MPOrpaMMHAst pean3aliys;
pa3paboTaHbl IPOTOKOJIBI IEPEAAYN HEHCIIPABHOCTEN B UMUTATOPBI 000pYIOBaHHS;
paspabotan uHTepdeiic aBToMaTH3UPOBaHHOTO pabouero mMecta omneparopa (APM), ¢popmupy-
IOLIEr0 HEUCIIPAaBHOCTH U OTOOpakaloLIero pe3yapratsl GyHKunonupoBanus cucteM AHITA;

e paspaboTaH NPOTOKON MH(POPMALMOHHO-TEXHUIECKOro B3auMoeiicTBus mporpammel APM onepa-

TOpa ¢ UMHUTATOpaMU 00OPYIOBaHUS;

e paspaboTaHbl aNrOpUTMBI BoccTaHoBIeHUs paboTel AHITA mocie BbisiBieHust HencripaBHocTH [11].

[TockonbKy BOSHUKHOBEHHE HEHUCIIPABHOCTH B XOZE BBHIMOJHEHUS MAapIIPYTHOI'O 3aJaHUsl HOCUT
BEPOSITHOCTHBIN XapaKTep, U MPOTHO3UPOBAHME MOMEHTAa BPEMEHHU, B KOTOPBIM MpPOM30MIET OTKa3,
3apaHee HEBO3MOXKHO, MCIIOIb30BaHA BEPOSATHOCTHAS MOjenb (hopMupoBaHus oTkasa. [losBieHue OT-
Ka3a B CIyYaiHbBIi MOMEHT BPEMEHH MO3BOJISET UCKIIIOUUTh YeIoBeUecKuil (hakTop u3 mpoiecca Gop-
MHPOBAHUSI OTKA30B, TAK KaK OTKa3 MOXKET MPOU30MTU MPU MPOU3BOJILHOM COUYETAHUM MapamMeTpoB
cuctem AHITA. KpoMe Toro, BOSHUKHOBEHHE OTKa3a MOXKET MIPOU30UTH OJHOBPEMEHHO B Pa3HBIX CU-
CTeMax, U CIy4aifHOCTh NMPUOIIKaeT BOSHUKHOBEHUE OTKa3a K Oojiee 00BEKTUBHOMY ee (popMmupoBa-
HUIO 10 CPABHEHUIO C BAPUAHTOM PYUYHOTO 3aJaHUs OIEPaTOPOM.

3akawuenue. B nensx obecnedenus 6ezonacHoctu aBmxkenus AHITA paspaboran noaxon x ee
OLICHKE, YYUTHIBAIONINY BIIMSHUE BHEIIHUX YCIIOBHI MyTEM HCIIOIL30BaHUS JUHAMHYCCKOW OaliecoB-
CKO CeTH ¥ BIUSHHUE 0TKa30B oOopyaoanus AHITA myrem ucrons30BaHus MU(POBOTro MOJUTOHA B
BHJIE CTEH/Ia UMUTAIIMOHHOTO MOJIeIMpoBaHus (yHKImoHupoBanus AHITA.

Paboma svinonnena npu noodepocxke PH®, npoexm Ne 23-29-00803.
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J. A. HABAPOB
(Mucturyt aBTOMaTHKK U riponeccoB ynpasienus JJBO PAH, BrnagnBocTok)

WHTEJJIEKTYAJIbHASI CHCTEMA OBECIEYEHUSI TAPAMETPUYECKO
HAJIEJKHOCTH HA OCHOBE ®YHKIIMOHAJIbHO-TTAPAMETPHYECKOT'O
MOJIXOJIA

Paccmampueaemes  3a0aua obecneuenus napamempuueckol HAOeNCHOCHu
VAPAGISAEMbIX MEXHUYECKUX CUCMEeM HA dmane ux npoekmuposanus. B rxauecmee
MEMOOONIOZUYEeCKOU ~ OCHOBbl  PeuleHUusi  UCNOMb3Vemcss  (DYHKYUOHATIbHO-
napamempuyeckuil n00Xo0 6 Mmeopull HA0eHCHOCMU, ONUCHIBAIOWULL CUCIEMY 8 BUOE
DYHKYUOHATLHOU C8A3U BbIXOOHBIX XAPAKMEPUCHUK OM NAPAMEMPO8 NEMEHMO8.
Hns ananuza  napamempuueckoeo — Opetligha  ucnoav3yemcs — obaacmo
pabomocnocobHOCmuU 8 NPOCMPAHCMGE NAPAMEMPOS INEMEHMO8 CUcCmemvl, d
nocmpoerue 0e2padayuoHHbIX Mooeell NPUMEHIOMCS NPpeOMemHble OHMOA02Ul,
omobpadicaroujue KOHCMPYKYUOHHbIE O0COOeHHOCMU 00beKma U napamempol
VCIIOBULL IKCHLYAMAYUU.

Beenenme. 3amaua ynpaBieHHs [ABM)KEHHMEM 4YacTO CBS3aHAa C PHCKOM NPUYMHEHHS BpeAa
3/I0pOBBIO U JKMU3HHM JIIOJEH, TO3TOMY aHaJIN3 BO3MOXKHBIX PHUCKOB SBIISETCS BaXKHOM 4acThIO MpoIecca
MPOEKTUPOBAHMS U Pa3pabOTKU yNpaBisieMbIX 00bEKTOB. B OCHOBE MHOTMX TaKUX PHCKOB SIBJISIETCS
OTKa3 CHCTEM WIM LeIbIX 00BeKToB. OIHMUM M3 TOIXOAOB K OOECIEYEHUIO HaASKHOCTH,
OTKa30yCTOMYHMBOCTH TEXHUYECKUX CHUCTEM, a TAK)KE€ CHUKEHUIO PHUCKOB, CBA3AHHBIX C MX OTKa30M,
OCHOBaH Ha aHaJIM3€ BIUSHUA NapaMETPHUYECKOro apeida Ha KadyecTBO () yHKIMOHUPOBAHUS CUCTEMBI.
Kak mnpaBuio, moaxoipl K aHalM3y MapaMeTpUuecKoro npedda, BO3ZHHKAIOIIETO IO NPUYMHE
MPAaKTUYECKH HeM30EKHBIX JeTpaJallMOHHBIX MPOIIECCOB B DIIEMEHTaX CHCTEM, OCHOBBIBAIOTCS Ha
JOCTM)KEHUH TPaHUIIBI MOJIS JOMYyCKa KaXkI0ro NMapaMerpa B OTIAEIBHOCTH, YTO IPUHUMAETCS 3a OTKa3
KOMITOHEHTa. TakKoi IMOAXOA TMO3BOJSET IMOCTPOMTH MOJECIb Ha OCHOBE OWHAPHOTO COCTOSHUS
SIIEMEHTOB, HaIpuMmep, CTpykTypHas @yHkous [1]. OpgHako, Takoil NOAX0H HE IO3BOJSET
aHaNM3UpOBaTh BJIHMAHUE Ha KadyecTBO (PYHKIHMOHUPOBAHUS CHUCTEMBI COBMECTHOrO napeiida
MapaMeTpoB, YTO MOXKET NPHUBECTH K HEKOPPEKTHOMY €€ (YHKIMOHHUPOBAHUIO HWIIM OTKa3y a0
JOCTMD)KEHUS TpaHUI] AOMYyCKa MMapaMeTpOB OTIENBHBIX 3IEMEHTOB. B aToM ciydae cucrema momxHa
ONUCHIBATHCA ~ (PYHKIMOHAJIBHOH MOAENBI0, YCTAaHABIMBAIOUIEH CBSI3b MEXKAY BBIXOTHBIMH
XapaKTePUCTUKAMH CHCTEMbl W TapaMeTpamMH ee 3JeMEHTOB (BHYTpeHHUX mapamerpoB). [peiid
napaMeTpoB 3aBHCUT OT psfa (HaKTOPOB MMOMHUMO €CTECTBEHHBIX (DU3MKO-XMMUYECKUX IPOLIECCOB: OT
YCIIOBUH 3KCIUTyaTalllH, B3aMMHOTO BIMSHHS KOMIIOHEHTOB OOBEKTa BCIEICTBHE KOHCTPYKIIMOHHBIX
ocoOGHHOCTE.  AHamM3  COBMECTHOTO  BIHMSHHUS ~ IapaMETPUYeCKUX  BO3MYLIGHMH  Ha
paboTocrnocoOHOCTh CHCTEMBI YAOOHO BBINOJIHATH B TMPOCTPAHCTBE BHYTPEHHHX MapaMeTpPoB B
mpeAenax Tak Ha3blBaeMoi oOsactu paborocmocodHoctd (OP) — orpaHMYEHHOM MHOXKECTBE TOUEK
MPOCTPAHCTBA BHYTPEHHUX MapaMETpOB, B KOTOPBIX CHCTEMa CUYHTaeTcs paboToCrocoOHOH [2].
MogenupoBaHue MporeccoB Apelda mapaMeTpoB MOA BIMSHUWEM (AaKTOPOB BHEUIHEH Cpensl U
BHYTPEHHHMX TIPOLIECCOB M3HOCA M CTapeHHUs] TpeOyeT ydeTa KOJIMYECTBEHHBIX XapaKTEPUCTUK ITHUX
¢dakTopoB, Moneneil M3MEHEHHs NapaMeTpoB BO BpeMeHd. OmHOW W3 Mopenel, MO3BOJSIONMECH
ONUCHIBATH BCE HEOOXOOUMOE pPa3HOOOpa3ue KaK BIUSIOMMX, TaK M 3aBUCHUMBIX (PU3UUYECKHX
XapaKTEePUCTUK, pa3HOOOpa3Hble MapaMerpbl BHEIIHEH cpelbl M YCIOBHH SKCIUTyaTalllH, SBISETCS
npeaMeTHas oHToaorus [3-4].

B nanHoii paboTe paccMaTpUBaeTCS HCIONb30BaHHE HMHTEIUIEKTYalbHBIX CHCTEM B paMKax
OHTOJIOTUYECKOTO TOAX0Ja K MOACIMPOBAHUIO TMPOLECCOB MapaMeTpuyeckoro nApeida u
HCCIIEI0OBAHUSA UX BIMSHHUA Ha PaO0TOCIOCOOHOCTD TEXHUUECKHX OOBEKTOB.

IlonsaTHe o0nactum padorocnmocodHocTH. [lonarne OP, xak mpaBuio, MMeeT OTHOLIEHHE K
(YHKLIMOHATBHO-IAPAMETPUIECKOMY HANpPaBICHUIO TEOPUH HAISKHOCTH [5], Korga Hccieqyercs

MOJICNIb CUCTEMBI, CBSI3BIBAIOIIASI €€ BBIXOJHBIC XapaKTePUCTUKH Yy = (V1, V2, ..., V) C BHYTPCHHUMHU
napamerpamu X = (xy, X, ..., X,) B BUJC 3aBUCUMOCTEH:
yvi=ydx),i=1,2, .., m. (D)
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BI:IXOZ[HBIC napaMeTpbl NPEACTABIIAIOT XapaKTCPUCTUKN CUCTEMbI, UHTCPCCYIOIUC HOTp€6I/IT€J'I$I,
KOTOpbIC OOJIKHBI YAOBJICTBOPATH TpC6OBaHI/I$IM, YKa3zaHHbIM B TCXHUYCCKOM 3aJaHUU, U 00BIYHO
BBIPpAXKAIOMINECA KaK OrpaHUYCHUSA:

y[ min <y[(x) <yimax ,VZ = 13 23 eeey m. (2)

Orpannuenus (2) ompenensoT paboTocriocoOHOE COCTOSHUE CHCTEMBI, TTO3TOMY Ha3bIBAIOTCS
ycnoBusiMu paboTociocooHocty (YP), a X HapyleHne cuuTaeTcsl 0OTKa3oM cucteMbl. K HapymieHnio
VP MoxeT mpuBecTH HEyAadHOE MPOEKTHOE pelieHne JIubo apeiid mnapameTpoB 3J1€MEHTOB,
BO3HHMKAIOIINA MO BIMsSHUEM (aKTOPOB BHEIIHEH cpelpl W BHYTPEHHHX MPOLECCOB HM3HOCA M
crapeHusi. BapbupoBaHne BHYTPEHHHX NapaMeTpoB OOBIYHO paccMaTpUBAETCsl BHYTPH 3aJaHHBIX
JIOIYCKOB Ha MX (PU3MYECKYIO PEan3yeMOCTh:

Xi min < Xi < Xi max ,VZ = 13 23 ey ML (3)

OmauM U3 crmocoOOB HWCCIENOBAaHUS BIMSHHUS OTKJIOHEHHMH BHYTPEHHHX IIapaMeTpoB Ha
paboTocrnocoOHOCTh CUCTEMBI SIBISIETCS ONpEeeHIe XapaKTEPUCTUK 00JacTH B MPOCTPAHCTBE STHX
napaMeTpoB, OrpaHuYeHHOM OpycoM (3), 1St KOTOpBIX OyIyT BEIIONHATEC YP (2):

Dx = {x ER” |yl min <y[(X) <yl'max ,VZ = 1, 2, ceey rn} (4)

Ob6nacts D,, ompenensemas BblpakeHHeM (4), HasblBaeTcs 00NacTbi0 pabOTOCIIOCOOHOCTH B
MPOCTPAHCTBE MapaMETPOB AIIEMEHTOB CHCTEMBI, 3aJaHHoi Moaenbto (1) npu 3aganHbix YP (2).

Hcnonb30BaHre OHTONOTWH MO3BOJISIET OMUCATH CTPYKTYPY CHUCTEMBI JTIOOOW CIOKHOCTH M CTEICHU
JeTalnu3alui ¢ JIIOOBIMH H3BECTHBIMH BHAAMH B3aHMOCBS3€H MEKAY €€ JJIEMEHTAaMH M BHEIIHUMHU
BO3JCHCTBHAMH. Takod MOAXOA K MPEACTaBICHHIO CTPYKTYPbl TEXHHYECKOro OOBEKTa C YYETOM
B3aUMOCBS3€l €ro »JJIeMEHTOB U (DaKTOpOB, BBI3BIBAIOIIMX OTKa3bl, AKTUBHO MCIOJB3YeTCs B
MPOrpaMMHBIX CHCTEMax IO MPOTHO3UPOBaHUIO M ympasieHuto coctosianeM (PHM — Prognostic Health
Management). B Takux crcremax, Kak NpaBWiIo, MOAPOOHO OMKCHIBACTCS HEPApXHs 3JIEMEHTOB C
BO3MOYKHBIMH TIPUUMHAMH X OTKa3a C YKa3aHHEM KOJIMYECTBEHHBIX XapaKTEPUCTHK B BUJIE MHTEPBAJIOB
JIOIyCKa M TEKYILMX UX 3Ha4eHUH [3] Wi BEpOSITHOCTHBIE CBOMCTBA: MJIOTHOCTh PaclpeieeHNs OTKa30B,
cpenmHsst HapaOoTka 70 oTka3a u T.J. [4]. Ha Oa3e momoOHOro omucaHusi CTAaHOBUTCS BO3MOXKHBIM
MIOCTPOEHHE JIepeBa OTKA30B C BBIABICHHEM IPUYMH WX BO3HMKHOBEHMSA, a TAKKE IOCTPOCHUE
paccyXJIeHUI 0 COCTOSHUN CHCTEMBI B BHJE MPOAYKIMIA Ha OCHOBE JIOTUKHM NPEIUKATOB, BBIPAKAOIINX
COCTOSIHUE OTAEIBHBIX Y3JI0B B HEPApXUM JJIEMEHTOB, — Hampumep, Moxens OntoProg [3].
OHTONOrMYEecKrii MOAX0J] TAKKE MOXKET ObITh MCHOJIB30BAH UISl TIOCTPOCHUSI JIerpalalldOHHON MOJIEIH
CIOXKHOM cucteMbl. [Ipy omucannm ee CTPYKTYphl SKCIIEPTOM YKa3bIBAIOTCA (DaKTOpPBI, BIUSIOIIME Ha
pabourie XapaKTEPUCTUKUA M WU3HOC KKIOro 3ieMeHTa. CTpyKTypy CHUCTeMBbl (OPMHPYIOT TEOPETHKO-
MHOYKECTBEHHBIC OTHOIICHUS «a-part-of», OMuCHBaIOIME HEPApXUIO SIEMEHTOB, a UX BIMSIHHUE APYr HA
Jpyra — OTHOILICHUSIMH, OCHOBaHHBIMH HA M3MEHEHUH (PH3UYECKUX MapaMeTpPOB JIerpaJalliOHHON MOAEN
aneMeHTa. Tak, Bpallatouiics Basl C TeUEHHEM BPEMEHH M3-3a TPEHHSI CTIOCOOEH MOBBIIATH TEMIIEPATYPY
OKPY’KaroluX 3JIEMEHTOB, YTO MOXKET OBITh YUTEHO B HUCIOJIB30BAaHHON MOJENH Apeia conpoTUBIICHUI
PE3UCTOPOB M EMKOCTEH KOHAEHCATOPOB 3JIEKTPOHHON cXeMbl. Bpalaronmiicst Basl ¢ Te4EHHEM BPEMEHU
MOXKET CTaTh HCTOYHMKOM BHOpaLMii, OKa3biBash HETaTUBHOE BIHMSHHE HAa KauyeCTBO KOHTAKTOB
SNIEKTPOHHBIX KOMIIOHEHTOB, YCKOpSS pas3pylleHWEe TMaiKh, YTO MOXET OBITh OTPaKeHO B
COOTBETCTBYIOILIEH MOZIENN OTKa3a 3JIEKTPOHHOM IJIaThlI.

3axioyenue. [Ipu ynpaBiIeHHUM IBMKEHHEM YacTO MOXET OBITh BaXKHO YUYHUTHIBATh PHCKU
BO3HUKHOBEHHSI CHUTYallMi, YrpOXKAIOMMX 30POBBI0O M JKM3HM JIIOJEW IO MPUYMHE TEXHUUYECKUX
OTKA30B, BbI3BAaHHBIX YCJIOBUSIMH OKCIUTyaTallUd W TMPOEKTHBIMH perieHusMH. OIHMM M3 IyTel
CHIDKEHUS TEXHOT'€HHBIX PUCKOB SIBJISIETCS MOBBIIIEHNE TapaMETPUUECKON HAZEXHOCTH TEXHUUYECKUX
00BbEKTOB Ha OCHOBE aHalM3a MPUYMH MapameTpuieckoro apeiida. B pabore mpemnokeH moaxon K
yuery mapaMeTpuueckoro japelia dJIEMEHTOB CHCTEMBI B paMKax  (DYHKIHMOHAIBHO-
MapaMEeTPUUYECKOr0 TMOAXO0Ja B TEOPHMM HAAEKHOCTH Ha OCHOBE JErpaJalliOHHON MOJENy,
MOCTPOEHHOH C IMOMOIIBIO TPEMETHBIX OHTOJIOTHH, YUYUTHIBAIOIMX KOHCTPYKLIMOHHBIE OCOOEHHOCTH,
YCJIOBHS 9KCIUTyaTallul 1 OCOOEHHOCTH KOHKPETHBIX 3JIEMEHTOB, COCTABIISIFOILINX CUCTEMBI.
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Abstract. The problem of ensuring the parametric reliability of controlled technical systems at the stage of their design is
considered. As a methodological basis for the solution, a functional-parametric approach in reliability is used, which
describes the system as a function of output characteristics from the parameters of elements. For the analysis of parametric
drift, the acceptability region inside the system parameter space is used, and the construction of degradation models uses
ontologies that reflect the structural features of the object and the parameters of operating conditions.
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B.C.BBIKOBA, A.11. MALIIOIINH, A.A. ITABJIOB
(AO «Konnepu «[HTHNUU «3nekrporrpudop», Cankr-IlerepOypr)

MPOBJIEMbI NCITOJIb30BAHWU S HEUPOHHBIX CETEM 1151 PACIIO3HABAHUSA
JOHHBIX OBPBEKTOB

Ipumenenue HelupoHHbIX cemell 0 PACNOZHABAHUS 6Ce20d CES3AHO C NPO-
onemou popmuposanus obyuaroueni 8bibopku. B ciyuae obpabomku eudpoaxycmu-
YECKUX U ONMMUYECKUX OAHHBIX CHeMKU MOPCKO20 OHA BONPOC HeOOCHAMOYHOCHIU
obyuaroueco mamepuana cmoum ocobeHHo ocmpo. B pabome onucan nooxoo k pe-
WeHU 3moil npobneMbl, 3aKTIOUAWUNIC 8 CO30AHUU UMUMAYUOHHBIX OAHHBIX, U
npusedeHsl pe3yIbmanmvl RPosepKu pabomul HelPOHHOU cemu Ha Mecmogoti 6bl60p-
K€ 3aUiyMILEHHbIX OQHHBIX.

Beenenmne. [Ipumenenne pa3nuuHbIX CPEACTB 00CIENOBaHNS AHA, HAIPUMED, THIpOIoKaTopa 0o-
koBoro 003opa (I'bO), mHOrOTY4eBOrO 3x01M0Ta (MJID), Ipodunorpada (I1D) B cocraBe aBTOHOMHO-
ro HeoOuTaemoro noasoanoro annapata (AHITA) mo3Bosnsier mpoBOOUTH MHCIIEKIIUK MOPCKOTO JIHA,
YTO CBSI3aHO C OOHApY:KeHHEM 00BEKTOB B TOJIIE BOABI (B YACTHOCTH, Kabemnel u TpyoonpoBoaos) [1].

Jnst pacio3HaBaHusl OOHAPY)KEHHBIX JOHHBIX OOBEKTOB MO JAaHHBIM CPEICTB MOHHUTOPWHTA JHA B
MHUpe pa3padoTaHo OONbIIOEe KOIMYECTBO anroputMoB. OnHaKO, HECMOTPS Ha 3TO, HA CErOAHSIIHUN
JIeHb 337a4y HEJb3sl CUMTATh YCIEUIHO PEIIEHHOM, YTO AUKTYET HEOOXOOUMOCTh pa3paboTKU HOBBIX
aIrOpUTMOB.

B nocnenaye roapl BneYaTISIONME Pe3yIbTaThl IPH paclo3HaBaHUH MHOTOMEPHBIX 00pa30B JOCTHUT-
HYTHI 3a Cu€T nIyOoKoro o0y4eHusi HcKyccTBeHHbIX HeiiponHbix ceredt (MHC) [2]. enarorcst mONBITKA
npumenennst UTHC u nnst pacno3naBanusi JOHHBIX 00bekTOB [3-7]. B pabore [3] omuckiBaeTcst NCTIONB30-
BaHME 00ydeHHOI HeliporHol cetn YOLOVS st oOHapy»eHHS 00beKTOB Ha JaHHBIX MTOJBOTHBIX KaMep
MDOC. B pabotax [4-7] aBTOpBI OMUCHIBAIOT METOAbI MPUMEHEHHUSI CBEPTOUHBIX HEHPOHHBIX CETer s
pacro3HaBaHusl JOHHBIX OOBEKTOB 10 JAHHBIM I'MAPOIOKATOPOB OOKOBOTo 0030pa.

OpHako Ha 3TOM IMYTH CTOUT NpoOJieMa, 3aKIIOYAIOIIAsCs B TOM, YTO JUISl TIIyOOKOro 0OydeHHs
HNHC neobxoauMo nomydeHne 0obmoro o0béMa o0ydaromiero Marepuaia, 9Yro B ciiydae ¢ JOHHBIMU
o0bekTaMH B OOJIBIIMHCTBE CIy4aeB HE MPEACTaBISIETCs BO3SMOXKHBIM. BBUay 3TOr0 OBLIO Mpeioxe-
HO TIONTy4YaTh 3TOT 00ydaIOMMi MaTepral UCKYCCTBEHHO MyTEM MOACIUPOBaHUs 00pa3a o0beKTa mo-
MCKa Ha BBIXOJE KaXJOro CpeJCTBA MOHUTOPHHIA JHA B Pa3IMYHBIX YCIOBHUAX HAOMIONEHUS 00BbEKTa
noucka [4,7].

Henbio mpencraBisieMoil paboThI SIBISAETCS OMUCAHHE MOIXONa K (POPMHUPOBAHHIO BBIOOPKH IS
00y4eHUs] HEHPOHHOW CeTH Ha CMOJCITUPOBAHHBIX TAHHBIX CPEACTB OOHApY:KEHHS U MpOBepKa pado-
TbI HEHPOHHOMN CETH Ha TECTOBBIX JAHHBIX PEAIbHOTO CPEICTBA MOHUTOPHHTA JTHA.

®opmupoBanue ol0yuyawmeid BbIOOpKH. /15 mpoBeaeHUs MOJEIMPOBAaHUS JAaHHBIX CpENCTBA
MOHHUTOpPUHTA JAHA, HEOOXOIUMBI:
e Mozelb JOHHOH 00CTaHOBKH, KOTOpas MPEICTaBIseT COO0H COBOKYIMHOCTh B3aMMOCBSI3aH-
HBIX MOJIENIeH OTIENbHBIX JOHHBIX 00BEKTOB, C(HOPMHPOBAHHBIX IPU TOMOIIH Jitodoro 3D-
penakTopa;
e MoOJeNb CPeACTBa 00CIeN0BaHUs THA, KOTOpasi MPEACTaBIsIeT COOOH COBOKYITHOCTh 3ajlaH-
HBIX 3HA4YEHUH CJIEAYIOIIMX XapaKTEpUCTHK: MOIIHOCTh aKyCTHUECKOTO CHTHamua, paspe-
mraromast cnocoOHOCTh, KOIMYECTBO OTCUYETOB, IIMPHHA JHarpaMMbl HAIIPABICHHOCTH aKy-
CTHUYECKOTO JIy4ya B IPOJOIbHOM, IONEPEYHOM TIOCKOCTSX.

[Ipouecc UMUTaLIMK TaHHBIX MOKHO Pa30UTh Ha CIEAYIOUIHNE OCHOBHBIC 3TAIIbI.

Ortan 1. Pacuer kapThl TeHel OTHOCUTENBHO MOJIOKEHHS LIEHTPa Macc CPeCTBa 00CIeJOBaHuUs THA
W HampaBieHHs ero paborel. opMUpOBaHKE KapThl TEHEH OTHOCUTCS K KJIACCHYECKOW 3a/1ave, pera-
eMoii Ha rpaduyeckoM mpoueccopHoM ycrpoiictse I'TIY [8];
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Ortan 2. Pacuer akycTH4ecKoro n300pa’KeHHs ITOHHOW MOBEPXHOCTH OTHOCHTEIBHO ITONOKEHHS
LEHTPa Macc CpeAcTBa 00CIeI0BaHUs JHA M HANIPaBICHH €ro paboThl ¢ y4ETOM PacCUUTaHHOH KapThl
TeHell. @opMUpPOBaHNE aKyCTHYECKOr0 M300paKeHHs ITOHHOW MOBEpXHOCTH ocymectsisiercs [TIY
MyTeM KOIMPOBAHMA B LIBET BBIYMCIICHHOW CHJIBI LIEJU ISl KQXKI0T0 TOUYEUHOro 00BeKTa JOHHOH Mo-
BEPXHOCTH;

Ortan 3. Pacuer KapThl JaqbHOCTEH AIIEMEHTOB JOHHOH OOCTAaHOBKU OT TOJIOKEHHSI IIEHTpa Macc
cpencTBa 0OciIeIOBaHUS JTHA C yUYETOM HaIpaBJeHUs ero paOdoThl. JJanbHOCTh OT EHTpa Macc 0 Kax-
JIOT0 3JIEMEHTa JIOHHOW 00cTaHOBKH paccunThiBaeTcs Ha ['TIY u komupyercs uBeTom;

Ortan 4. Ha ocHOBe MOTy4eHHBIX JaHHBIX Ha 3Tanax 2 u 3 ¢opMupoBaHHE HHPOPMAITHOHHOTO Mac-
CHBa, TEHEPUPYEMOT'O CPEACTBOM OOCIIEAOBaHMS JHA Ha KaKJOM LUKJe u3ydeHus. [IpoBoaurcs ne-
KOJIMPOBaHME LIBETOB aKyCTHYECKOr0 M300payKEeHNS B MACCHB CHJI LIEJIM TOUEUHBIX OOBEKTOB U JIEKO-
IUPOBAHUE IIBETOB KapThl JAILHOCTEW B MacCHB HOMEPOB OTCUETOB JI0 KaKJOr0 TOYEYHOTO 00BEKTA.
Hanee, B MacCUB pe3yJbTaToB pabOTHl CPEACTBA B COOTBETCTBUU C HOMEPOM OTCUETa 3allUCBHIBACTCS
CpenHee 3HaYeHUE BCEX CHII LIETH COOTBETCTBYIOIINX TOYEYHBIX 00HEKTOB.

PesyabTaThl padorel. @opMupoBanre o0ydaromnieid BHIOOPKH MPOBOAUIOCH AJsl 0OBEKTOB KIlac-
ca «TpyoonpoBoa». CMOIEIUPOBAHHBIE COHOTPAaMMBI MOBEPTaINCh UCKYCCTBEHHOMY YBETHYEHHIO
JAHHBIX Ha OCHOBE yXe UMeIoIuxcsl. B pabore npuMeHsITUCh TEXHUKH CMEIIEHHUS CMOJETTHP OBAHHBIX
00BEKTOB B MIPOCTPAHCTBE U €ro MacimTabupoBanus. Takum obpazom, Obuta chopmupoBaHa oOydaro-
mas Beroopka u3 3000 coHorpamMm, Ha KOTOPOW MPOBOIMIIOCH 0OydeHHe HEHPOHHOW CEeTH C mapamer-
pamu (CKOPOCTh OOY4eHHSI, KOJIMYECTBO 30X 00y4deHHUs, (PYHKIUS ONTUMH3ALUU OOY4YEeHHS U T.I.),
HACTPOSHHBIMH TaKUM 00pa3oM, 4T0OBI OIIMOKa Pacro3HABaHHS MMeNa TIOCTENEHHO YObIBaroIee 3Ha-
YeHHe, BEPOSITHOCTh MPaBMIIbHOHN Kinaccupukauu crpemuiach K 100%.

st popMUpOBaHHS TECTOBOM BBHIOOPKH MOJIEIMPOBAHUE AHHBIX CPEACTBA OOHAPYKEHHsI MPO-
BOJIWJIOCH B YCIIOBHSX Pa3IUYHOTO THIA 3aIlyMJIEHHS B BHIE HEPOBHOCTEH MOPCKOIO JHA, TECTOBAs
BbIOOpKa BKIIOYajia B ce0sl JaHHBIE ¢ 00bEKTaMH, HE OTHOCSIIMMHUCS K Klaccy «TpyoonpoBomy. Paz-
Mep TecToBoi BbIOOpKH cocTaBmil 1000 00bEKTOB.

B pesynbraTe ObIIM MOMYYEHBI CISAYIONINE OLEHKH BEPOSITHOCTEH MPaBUIIBHOIO PAcIIO3HABAHUS
KJlacca O0beKTa:

e 94% BepoATHOCTH MPAaBHILHOMN KJIacCU(UKALIH;
e 3% Ha BEpPOATHOCTH JIOXKHBIX TPEBOT.

3akmouenue. V3 ananuza IMOJYYCHHBIX PE3YyJIbTATOB MOXHO CACIATH CJICAYIOINEC BBIBOABI:
® TIOATBCPIKIAACTCA pa6OTOCHOCO6HOCTI> TEXHOJIOIMU MOJACIIUPOBAHUA BBI60pKI/I JUISL O6y-
YCHUA U TCCTUPOBAHUA HCﬁpOHHBIX cerel I paClio3HaBaHUA JOHHBIX 00BEKTOB 110
JaHHBIM YCTAaHOBJICHHBIX Ha AHITA CpCACTB MOHUTOpPHUHIA THA,
® T[IOJTYYCHHBIC OIICHKU BepOSITHOCTCfI HpaBI/IHLHOﬁ Knaccmbnxaunn IIOKa3bIBarOT, 4YTO
OMNMCAaHHYIO TCXHOJIOTUIO HCO6XOI[I/IMO COBCPIICHCTBOBATL.

Paboma evinonnena npu noodepoicke Poccutickoeo nayunoeo ¢onda (npoexm 22-29-00320).
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AHCAMBJIEBBIE METO/IbI OGPABOTKH! YEPHO-BEJIBIX N30BPAKEHUIA
JJIsI MPEJUKTUBHBIX HABUT'AIIMOHHBIX CUCTEM

Paboma noceawena npobreme co30anust U30OPANCEHUI-MACOK, HEOOXOOUMbBIX Oz
pellenus  3a0auu  CeSMEeHmayuy  U300paxicenuti ¢ NOMOWbI)  UCKYCCIMEEHHO20
unmeniexma. Bvin paccmompernvl ancambnu uz 08X aleOpummos, pe3yavbmamom
pabomvl KOMOPbIX AGNAEMCA MACKA Ol XOOH020 u300paxcenus. bviio nokazano, umo
KomOuHayust onepamopos ¢ aneopummom MeanShift modcem Ovimv npumenuma Ons
CO30anusi MAcoK, HO mpebGyem OanbHeluieli HACMPOUKU U NPOBEPKU HA NPAKMUKE.
Tpumenenue aneopumma 3amueKu NPU peuteruy OAHHOU NPOOILEMbL MAKI’CE BOMOICHO,
HO mpebyem paspabomKu Memood 6vl00pa HAYAILHLIX MOYeK Ol BbINOTHEHUsS
aneopumma.

Beenenne. IlpenoOpabGoTka u300pakeHW I TOCIEAYIOIIEr0 IMPUMEHEHUs aJlfOPUTMOB
MAIIMHHOTO W TIyOOKOro oOy4deHHsI B pas3iMyYHBIX 3afadax KIacCH(HUKALUUHM, CETMEHTalH |
KJIaCTEpU3aLUH SIBIACTCS CIOXHBIM MPOLECCOM. 3a4acTylO0 3TOT MpPOIecC 3aHMMAaeT HanOOJBIIYIO
4acTh BPEMEHH OTHOCUTEIBHO pelIeHus Bcel 3aaun — HanpuMmep, B padore [1] npu pemennn 3agaun
KJIaccu(UKaIMK CIELHUAINCT BPYYHYIO OCYILECTBISUT COOTHECEHNE M300paKEHH K TOMY WJIM HHOMY
Kjaccy, TakuM oOpazoMm ¢opMmupys Habop naHHBIX s oOydenus. B 3amadye cermeHtanmm
n300paxxeHni HeoOXOAUMO MpeaBaPUTENLHO CPOPMUPOBATH HAOOP M300paKEHUNH-MACOK, T/ KaXKaas
MacKa COIEPXHT BbIIENEHHBII CErMEHT COOTBETCTBYIOIIEIO 3TOW Macke M300pa)KeHHs, YTO TpeOyeT
OONBIIOTO KOJIMYECTBA BpEMEHU Hjsi e€ BBINOJHEHHWs BpyuHyro. Kpome Toro, orcyTcTByeT
YHHBEpCalbHas METOHOJIOTHS, COTJIACHO KOTOPOHM OCYILIECTBIISIETCS CO3JaHUE MAacOK, YTO TakKKe
YCIIOXKHSIET TPOLeCC MOATOTOBKHM BBIOOpPKH. B paboTe paccmaTpuBaloTCs aqrOPUTMBI BBIAEIECHUS
TPaHMIl W TEXHUKU aHajH3a MPOCTPAHCTBA NPU3HAKOB, NMPUMEHEHHE KOTOPHIX B aHcaMOJe MOXKET
MOCITYXUTh (HOPMYJIMPOBAHUIO METONOJIOTMH CO3/AaHUS MAcOK JUIS BBIOOPOK IPH DEIICHHH 3aaady
CerMEHTAllMH YepHO-0enbIX H300pakeHHH. B KadecTBe MCXOMHOH BBIOOPKH Ui NPUMEHEHHS
aHcaMOJI1s1 OBLIH B3SITHI CHUMKH CO CITyTHUKOB.

IMocranoBka 3agaum mccjaenoBaHusi. B paOoTe OCYIIeCTBICH aHaNM3 pPa3MYHBIX aHCAMOJICH,
Kbl M3 KOTOPBIX COCTOMT M3 aJTOPUTMA BBIJACICHUS TPAHWIl M ajJrOpHTMa aHAIN3a MPOCTPAHCTBA
npr3HaKoB. [1epBbiii aIeMeHT aHcaMOIIsl IPE/ICTaBISIET COOOI OrepaTop, BHIACISAIONIMI HAa H300paKEHUH
IPaHHIBI OOBEKTOB, @ BTOPOW JIEMEHT Ha OCHOBE BBIICICHHBIX TPAHHUI] OCYIIECTBILSIET KIACTEPU3ALIHIO
NHUKCENeH, e MX Ha TOJMHOXKECTBAa. Pe3yiabTaToM paboThl aHCaMOIsl SIBISETCSl CErMEHTHPOBAHHOEC
M300pakeHne, KOTOPOe MOXKET TIOCITYKUTh MAacKoO# Il HCXOIHOro. B aHHOM paboTe paccMaTpuBaHCh
oreparopsl [Iproutt, Pobeprca n Cobensi, a B KadecTBe BTOPOW 4acTH aHCAMOJISi ObUTH HMCIIONTB30BAHBI
QJITOPUTMBI CIIBUTA CpeHero 3HadeHus (aHrin. Mean Shift) [2] u 3amuBku (anrin. Flood fill).

Onepamoput 0na evioeneHus zpanuy. B ob1actu o0paboTku M300paKEHUS U KOMITBIOTEPHOTO
3pEHHsI CYILECTBYET DS AJITOPUTMOB, HAINIPABJICHHBIX Ha BBIJCICHHE OOBCKTOB M WX TPAaHUIl Ha
U(pPOBOM H300paKEHHH, NMUKCEIH KOTOPBIX XapaKTEPU3YIOTCS PE3KHMM H3MEHEHUEM SPKOCTH WIIN
Apyroro mapamerpa. Bce paccMOTpeHHBIE METOIBI OCHOBBIBAIOTCS Ha OIHOM M3 0a30BBIX CBOWCTB
CHT'Hala SPKOCTH — pa3pblBHOCTH. Hambonee oOmmMM crocoOOM MOWCKAa pa3pbIBOB  SIBISCTCS
00paboTka H300pakeHHsI C TMOMOILBIO CKOJB3SIIEro SApa, KOTOpOe MPEICTaBIsieT cCOOOW HEKYIo
KBaJIpaTHYI0 MaTPHILy, COOTBETCTBYIOIIYIO YKa3aHHOW TPYIIIE MUKCEICH MCXOIHOr0 M300paXKeHHS.
DeMEeHTBI MaTPHIIBI PUHATO HA3BIBATH KO3 HHUITHCHTAM.

Omepatop IlprouTT — 53TO omeparop AUCKPETHOrO IU(QepeHINPOBAHUS, BBIYHCISIONINIT
anmpoKCUMALUIO TpareHTa (YHKIIMA WHTEHCUBHOCTH M300paxkeHHs. B Ka1oi TOUKe n300pakeHUs
pE3yIbTaTOM OIEepaTopa SIBISETCS MO0 COOTBETCTBYIOUIMI BEKTOP TIpajdeHTa, JIMOO HOpMa 3TOro
BekTopa. OrepaTop MCHONB3YET Ba sAApa 3X3, CBEPTHIBAask HCXOIHOE U300paKEHUE ISl BEIYHCIICHHS
NpUOTKEHHBIX 3HAYCHUI TIPOU3BOAHBIX — OJJHO MO TOPH30HTAIN M OHO IO BEPTUKAIIH:
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-1 0 1 -1 -1 -1
G =|-1 0 1|*4 G,=|0 0 0]*4

-1 0 1 1 1 1

rae A — ucxoxHoe u3obpaxenue, G, — NPUONKEHHBIE 3HAYCHUS MPOM3BOAHBIX H300pa)KEHUS II0
ropusoHTany, G, — NpUONMKEHHbIE 3HAYEHMs INPOM3BOAHBIX H300paXKEHHsI IO BEPTHKAIM, *
JIBYMEpHasi orepanus CBEPTKH.

IepexpécThrlii onepatop PobepTca — oquH U3 paHHUX aJTOPUTMOB BBIJCIECHUS TPaHUL, KOTOPBIH
BBIUUCIISIET HA IUIOCKOM JMCKPETHOM HM300paKEHHHM CyMMY KBaJpaToOB Pa3HUI] MEXAY AUATOHAIBHO
CMEXHBIMH THKCETaMH. JTO MOXXET OBITh BBHIMOJIHEHO CBEPTKOH H300paKEHUS C OBYMS SIIPaMHU.
HoBoe nzo0paxenue nomyyaercs CienyommmM o0pa3om:

2 2

10 0 1
G= *A| + * 4
0 -1 -1 0

Omnepartop Cobenst — AuckpeTHbI nuddepeHnnanbHbIA OnepaTop, BEIYHCISIOMIA MpUOmKEHHOE
3HAaYeHUE TpaJieHTa SPKOCTH u300pakeHHs. B kaxnoil Touke u300paxkeHuss NpUOIMKEHHOE
3HaUCHWE BEIWYMHBI TpaJUE€HTa MOXKHO BBIYMCIUTh HYTEM HCIHOJIB30BAaHUS TOJIy4YEHHBIX
NpUONHKEHHBIX 3HAUEHHH TPOU3BOAHBIX:

1 2 1 *T=1 0 1 ?
G=1llo o0 ol*4| +||—2 0 2|*4
-1 =2 -] -1 0 1

Anzopummel ananuza npocmpancmea npuzHaKos. Ilocie npuMeHEeHHs OJHOTO U3 MPUBEICHHBIX
BBIIIIE OTMIEPATOPOB, MPUMEHSIICS OJUH U3 JBYX CITOCOOOB 00PaOOTKH U300PAKEHHIT: alTOPUTM CIIBUTA
CpPE/IHEr0 3HAYCHUS WJTH alITOPUTM 3AJTHBKH.

ANTOpUTM CHIBUTA CPEAHEr0 3HAUCHHS OMPEAeiseT PACIONIOKEHUS MAKCHMAJIBHBIX 3HAYCHHUH
TUIOTHOCTH BEPOSTHOCTH, 3aJaBacMON JMCKPETHOW BBIOOPKOW MO 3ToM (yHKIMU. B3BemieHHOE
Cpe/iHee TUIOTHOCTH B OKHE OTHOCHTEIBHO TOYKH X, ONMPEACIEHHOM HEKOTOPOH SACpPHOM (OKOHHOI)

(yHKIMEH, paBHO:
m(x) _ ZX,EN(X)K(X[ _x)xi
ZX,EN(X)K(xi _x) ’

rae: N(x) — Habop TOYeK, SBJISIONMXCS OKPECTHOCTBIO TOUKH X, st KoTopsix K (x;) # 0.

ANTOpUTM 3aJMBKH MO3BOJISICT BBIACTUTH OJAHOPOIHBIE IO LBETY MHOXeECTBA Todek. [t aToro
HEOOXOOMMO CHeNaTh BBIOOpD HAYaNbHOIO MHKCENS M YCTAHOBUTH HHTEPBajl HM3MEHEHHs ILIBETa
COCETHUX IMUKCENeH OTHOCHTENbHO HMCXOAHOTO (HEKOTOPOE MOpPOrOoBOE 3HAUEHHE PAa3HHULIBI MEXIY
SPKOCTSIMH COCEAHEr0 M UCXOTHOT0 MUKCeIel, MEHbIIE KOTOPOTr0 COCETHUN TMKCENb OKPAIInBAeTCs B
IBET UCXOTHOTO).

Ancaménu. KomOunnpys Mexay coboii pasnuunbie omepatopsl 1 MeanShift, Obutn momy4eHs
n300paXeHus1, MPeICTaBICHHBIC Ha PUCYHKE HUXKE.
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TN

=

HcxonHoe n3obpaxeHue [Tprourt + MeanShift PoGeprtc + MeanShift Cobenb + MeanShift

Puc. 1. U306paskeHus 10 ¥ mocie MpUMEHEHHs aHcamOIreit

Tak Kak HCIOIB30BaHHE 3aTHMBKH noapasymeBacT BbI60p HaYaJbHOU TOYKH, OTHOCHTCIBHO
KOTOpOI>’I HAQYMHACTCA BBIIIOJIHCHUEC aJIroOpuT™Ma, OBLIO MPUHATO PCUHICHUC BBI6paTb HCCKOJIBKO
HavYaJIbHBIX TOYCK, PACIIOJIOKCHUC KOTOPBIX OBLIO pP4A4aA0OM C ICHTPOM I/I306pa)KCHI/I$I. Ha PUCYHKC HHUKC
MpeaCTaBJICH HOJ'Iy‘IeHHLIﬁ pe3yibTar.

a) 0)

Puc. 2. Uzo6paxenne, obpadborannoe ¢pubrpoM [Iprourra:
a) - 10 MPUMEHEHHUS AJITOPUTMA 3aJIUBKH, 0) - IT0C)IC IPUMEHEHHUS AITOPUTMA 3aJTUBKH

3akaroyenne. Takum o0pazoM, OBIIM paccCMOTpEHBI aHcaMOJH, NPEACTABIISAIOIIUE COOON
KOMOHMHAIIMK Pa3IMYHbIX ONEepPaToOpOB AJIS BbIIEIEHHS IPaHHULl O0OBbEKTOB Ha W300paKEHUU U CPENCTB
aHaJIM3a MPOCTPAHCTBA MpHU3HAKOB. ONMUpasch Ha MOMyYEHHBIE PE3YIbTATHI, MOXKHO CAENATh BBIBOJ,
9T0 KOMOMHamus omneparopoB ¢ anroputMom MeanShift moxer ObITh HmpuMeHHMMa JUIS CO3AAHUS
MacoK u TpeOyeT NMpOBEpKH Ha NpakTHKe. B cBoI ouepenp, MpUMEHEHUE ANTOpUTMa 3aJMBKH NPU
peleHny JaHHoH mpo0ieMbl TpedyeT 1opaboTOK MeToa BhIOOpa HAa4yaIbHBIX TOUEK AJISl BBITOTHEHUS
anropuTMa U AaJbHEUIIEro n3y4eHus.
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L.V.Ulitin, M.A.Barulina, S.V.Okunkov (Institute for Precision Mechanics and Control Problems, Saratov, Saratov,
National Research State University named after N.G. Chernyshevsky, Saratov, Perm State University, Perm). Ensemble
methods for processing black and white images for predictive navigation systems

Abstract. This work is devoted to the problem of creating mask images which is necessary for solving the problem of image
segmentation using artificial intelligence. Ensembles of two algorithms were considered, the result of which is a mask for the
input image. It has been shown that a combination of operators with the MeanShift algorithm can be used to create masks,
but requires further tweaking and testing in practice. The application of the Flood fill algorithm in solving this problem is
also possible, but it requires the development of a method for selecting starting points for the algorithm to be executed.
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