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ABTOMATU3ALUNA U YIIPABIIEHUE

TEXHOJIOT'MYECKAMU NMPOLIECCAMU

YK 681.5 DOI: 10.17587/mau.22.115-123

A. B. KbIuKMH, kaHO. TEXH. Hayk, gou., avkychkin@hse.ru,
HWY Beblicliag wkona akoHoMuku, dvnuan B r. lNepmeb,
A. B. Hukonaes, kaHf. TexH. Hayk, aou., nikolaev0811@mail.ru,
MepmMckuin HauMoHanbHbIM UCCNefoBaTENbCKUN NONIUTEXHUYECKUI YHUBEPCUTET

ApxuTtekTypa Knbepcpmnsnyeckom cuctemMbl ynpaBrneHUs
npoBeTpMBaHMEM NOA3EMHOro ropHo4oObLIBalOLWEro npeanpuaTUs
Ha 6a3e nnatdopmbl MHTepHeTa Beleir’

Paccmampueaemces apxumekmypa cucmemosl ynpagaenus npoyeccom npo8empusaHs n003eMHblIX 20pH0000bI8aOUUX NPed-
npusmuil (Ha npumepe KAAUUHO20 PYOHUKQ), OCHAUWEHHOU YUDPO8bIM 080UHUKOM C OHAQUH YHKUUAMU UMUMAYUOHHO20 MO-
deaupoeanus u npedukmugHol anasumuku. Cucmema opueHMupoO8aHa Ha peaiu3ayuto ynpasienus eAa6Hol 6eHMUASIMOPHOL
YCMAHOBKOU ¢ Y4emom UMEeHAWUXCS NApaMempos8 HapylcHo20 8030yXa, n00A8aemo20 6 uaxmHole cmeobl.

B omauvue om cyuecmeyrouux npedsodcerHulli ChoCo0 Ynpagaenus yuumosleaem AUsIHUE NAPAMEMPO8 HAPYICHO20 8030 -
Xa Ha uzmeHeHue o0wepyOHUYHOU ecmecmBeHHOl mseu, om Komopou 3asucum oowutl 06sem 6030yxa, n00agaemozo 6 pyoHux.
H3zeecmHo, ymo cucmemvl npogempusanus maxux npeonpusmuti nompebasiom om 30 do 50 % eéceii 3ampavugaemoii Ha npo-
yecc 000bIMU NOAE3HO20 UCKORAEMO20 IAeKMpo3Hepeuu. B cea3u ¢ amum paspabamvieaemas cucmema, cnOCOOHAs K AHAAU3Y
U3MeHeHUl oouepyOHUYHOU ecmecmeeHHOl 6030YWHOU mAa2u U, Kak ciedcmeue, 006eM06 nooauu 603dyxa, cmoxcem pabo-
mamb 6 sHepeocOepeearouem pexicume.

IIpedaoocennsiii cnocod ynpaerenus exaouaem 6 ce0s ai2opumm pacuema 63aumocessell uzuveckux napamempos oouje-
DPYOHUMHOU ecmecmeeHHOU msaeu, 0elicmeyruell Mexcoy Cmeoiamu; areopumm pacuema 3HaveHus 00uepyOHUYHOU ecme-
CMBEHHOU ms2u; AN20pUmMm pacyema npou3eoo0umenbHOCMu U ébloopa mpebdyemozo pexcuma pabomuot I'BY.

s peaauzayuu cnocoba npedaodcena apxumexkmypa kubepgpusuvecxkou cucmemol (CPS) npoeempusanus na 6aze naam-
gopmor Humepnema eeweti (IoT) InfluxData cmexa TICK. I[lpedaoxncennas apxumexmypa CPS cocmoum u3 uemovipex noo-
cucmem: noocucmemvl usuyecko2o obsexma, cemesoil u eviuucaumenvioi unppacmpyxmyp loT, uugposoeo dsounuka, un-
mepgeiica noavzoeamens.

Hugposoii deolinuk cucmembl NPOGeMPUBAHUS BbINOAHEH C UCNOAb308aHUEM 0A3bl OAHHBIX 8PEeMEHHbIX PA008 U 6a3bl 0aH-
HbIX ampubymos, XpaHAuWUx cedenus 00 usmMeHeHuU napamempos 060pyd06aHus 60 6pemMerU, NOKasamensx 6030yxa, UHOUKA-
mopax agppexmugHocmu, cmamucmuke no agapuiam u Hapabomke geHmuaaimopos, xapakmepucmuxax CPS u dp. CPS dannoii
apxumexmypol no0pasymegaem nooKAUeHue 00ONOAHUMENbHbIX UCOYHUKO08 0AHHbIX, 00echederue pacuemos payuoHAAbHbLX
0068eM06 nodauu 6030yxa ¢ yuemom npasui 6e30nacHoCmu U mpe6oeanuil SHepeo3PhexmugHocmu.

Karoueguvie caosa: kubeppusuyeckas cucmema, Humepnem eeweil, yugposoi 060UHUK, cucmemMa MOHUMOPUHea U YNpas-

ACHUS, CUCMEMHAS apXumeKmypa, pyoOHUK, Npouecc NPO8empueaHus, sHepeocoepelcerue

BBenenue

B 1mensx MHOBEHIIEHWS PEHTAOEIBHOCTH IIPO-
M3BOICTBA TOA3EMHEIE TOPHOMOOBIBAIOIINE IIPEI-
MPUATUS C KaXKIBIM TOIOM aKTMBHO YBEJIUIMBAIOT
00beM JOOBIYM TOJIE3HOrO MCKomaeMoro. B pe3ynb-
TaTe 3TOr0 BO3pacTaeT YHMCIIO IIPOXOTUMBIX TOPHBIX
BBIPA0OTOK M TOOBIYHBIX YYACTKOB, B KOTOPBIE HE-
00XOIMMO TIOCTOSIHHO ITOmaBaTh CBEXWI BO3MYX.

"MccnenoBatue BBIIONHEHO IIPH (UHAHCOBOM MOLIEPXKKE
npaBuTesbcTBa IlepMckoro kpasi B paMkax mpoekTa Mexnay-
HapOIHON WCcheaoBaTeNbCKoOM rpynmbl "Pa3paboTka mudpo-
BOI MOJIIEJIM IPOTHO3MPOBAHUS U LICHO3aBUCUMOTO YIIPaBIEHMS
CIIPOCOM Ha 3JIEKTPOIHEPTrUlo, MOTPeOIIeMyI0 TMOA3EMHBIMU
ropHopo6biBaomuMu npeanpustusamu”, 2020 r.

Takke yBeIMYMBAETCS PaCCTOSIHUE OT BO3AYXO-
MOAAIOLIMX CTBOJIOB JI0 MECT BEACHMSI TOPHBIX pa-
00T, YTO NMPUBOAUT K HEOOXOOUMOCTH yBEIUYCHUSI
o0beMa MoJaBaeMoOro B pyAHUK (1LIaXTy) BO3Ayxa
[1—4]. Ha mpouecc npoBeTpuMBaHUSI ITOA3EMHbBIX
TOPHOIOOBIBAIOIIMX MPEANPUSATUI PACXOAYETCS OT
30 mo 50 % Bceit 3aTpaunBaeMOil Ha MPEATTPUSTUN
2JIEKTPO3HEPIUU, a 3TO AecaTKU ['BT-4 3a rom.
OCHOBHOII TIPUYMHONM OrPOMHOTO pacxonia
3JIEKTPOSHEPTUHU SBJISIETCS MapagiurMa mpoBeTpu-
BaHWSI, OCHOBaHHasl Ha HapalluBaHUU O0BHEMOB
MoJAaBaeMoro B IIAXTY (PyIHUK) CBEXETO BO31yXxa,
noaJaepXXaHuss BO BCEM 3TOM OObeMe TEeMJIOBbIX
rnapaMeTpoB, 3HAUYEHUS KOTOPBIX 3aBEJAOMO IIpe-
BBIIIAIOT ()1 HAJAEXKHOCTU B YCIOBUSIX HEyMpaB-
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JISIEeMOro Tpoliecca) TpeOyeMble IO KPUTEPUSIM
0€30MacCHOCTH.

MeTonbsl  ympaBieHUST  BO3AYXOMOATOTOBKOM
W TPOBETPMBAHUEM B HACTOsSIIEE BpPeMsl 3aKJIIO-
yalTcd B MOAJAEPXAaHUM 3aJaHHOTO OIeparo-
poM TiaBHOM BeHTUJSATOpHOU ycTaHOBKU (I'BY)
00BEMHOr0 pacxofa BO3AyXa C MCMOJb30BaHUEM
SCADA-npunoxenuii. PerynupoBaHue W onTu-
Muzalus paboTel 00OPYIOBAaHUS TIO KPUTEPUIO
3Heproa¢hGHeKTUBHOCTU HE MPOBOMASTCS KaK B HOP-
MaJIbHOM peXMMe TPOBETPUBAHUS, TaK U B PEXKU-
M€ BO3IYXOMOATOTOBKH.

B cBsI3M ¢ 3TUM MpencTaBiseTCs akKTyaJbHbIM
CO3JaHUE apXUTEKTYpbl KuOephU3nMyecKon Cu-
creMbl (KDOC, anrn. CPS), croco6HOl MHTETpHU-
poBaTh MH(POPMALMOHHYIO M TEXHOJOTHYECKYIO
MHOPACTPYKTYPY CHUCTEMbl BEHTHJISILIMM IAXThI
(pynHuMKa) TaKMM 00pa3oM, YTOObI BCE aKTHBHBIC
KOMIIOHEHThI B3aMMOJEHCTBOBAIN APYT C APYTOM
C TOMOIIBIO OTKPBITHIX MHTEP(HENCOB U CETEBbIX
MPOTOKOJIOB Ha OCHOBE TEXHOJOIMI TPOMBIII-
nenHoro WMurepnera Bemeit (Iol), peamusys o0-
paboTKy OoJbIINX 0OBEMOB JaHHBIX, BU3yalu3a-
1IMIO B peXMMe peaibHOTO BpeMeHH, MIPOTHO3HYIO
aHAJIUTUKY U IUWHAMHUYECKOe yrnpaBiieHue [5—9].

[TonzeMHbIe TOPHOAOOBIBAIOIIME MPEATIPUSITUS
OTJIMYAIOTCS APYT OT Apyra Mo MHOTMM Ilapame-
TpaM: TIyOuHe 3ajeTaHusl TOJe3HOro NCKOIaeMoro,
Ta30HOCHOCTHU TOPHBIX TOPOJ, MOILIHOCTU TLjlacTa
u T.4. [ToaToMy a5 KaXk0ro Tuna v, MHOraa, Ajs
KaXJ0ro KOHKPETHOTO MOJA3eMHOr0 ropHOI00bIBa-
I011Ier0 MPEANpPUsITHSI HEOOXONUMO pa3padaThiBaTh
CHCTEMBbI YIPABJEHUSI C YYETOM Creluduueckux
OCOOEHHOCTEH OTAEAbHOU 1IaXThl (PYIHUKA).

OcHoBHag 3agadya HACTOSIICH pabOTHl — IIpe-
JIOXXUTh TMPUHILIMI TIOCTpOeHUs1 Kubepbhuszmue-
CKOM CHUCTeMBbl MNpPOBETpPMBaHUS 0e€3 MNPUBI3KHU
K KOHKPETHBIM MOA3EMHBIM TOPHOAOOBIBAIOIIUM
MpeaAnpusITUIM U HUX ocobeHHocTsIM. [loaTomy
B paboTe peajiMzaludsi ajJroOpuTMa MpPoBeAeHA Ha
npuMepe KaJUuWHOTO PyIHUKA C PSIJOM JOIyllie-
HUI, KOTOpbI€ B JaJibHEHILIEM MOTYT OBITh J0OAB-
JIEHbI B MOJIe/Ib IMTPU M3BECTHBIX 3HAUYEHUSIX YIIPO-
LIEHHBIX MTapaMeTpoB.

MeTton pacyeTa eCTeCTBEHHOM TATH
MEXAY MAXTHBIMA CTBOJAMH

st ynpolleHUs pacdyeToB IPUHSTHL CICAYIO-
LIYe TOMYIICHUS:

1) MIOTHOCTH BO3AyXa 3aBUCUT OT €r0 TeMIIe-
paTyphl U JaBJICHUS, KOTOPHIE MOXHO M3MEPUTh

C TTOMOIIBIO JaTYMKOB, IJISI €€ pacyeTa TaKXKe MC-
moyib3yeTcs psia KoagpumuenTos [10, 11];

2) TemImepaTrypa BO3AyXa B OKOJIOCTBOJHHOM
JIBOpE BEHTUJISILIMOHHOTO CTBOJIA 3aBUCHUT OT TJIy-
OMHBI pyIHUKA U IPAKTUIECKU HE MEHSIETCS C Te-
YeHHEM BPEMEHU;

3) yCcThs IIAXTHBIX CTBOJIOB HAaXOASITCS Ha OII-
HOI BBICOTHOUM OTMECTKE;

4) 4YKCIO INAXTHHIX CTBOJIOB Ha MOM3EMHBIX
FOPHOAOOBIBAIOIIMX MNPEANPUSITUSIX MOXET ObIThb
pa3InYHBIM, ITO3TOMY 3HaYeHHE OOBEMHOI'O pac-
X0Jla BO3AyXa IJIsl IIPOBETPpUBAHUS PYOIHHUKA OIIpe-
JeJISIeTCSl Ha 2Talle pacueTra TpeOyeMOoro pexmma
mpoBeTpuBaHus. KoHTpoaupyeTcss 3TO 3HaYCHUE
C IMOMOIIBI0 JATYMKOB pacxoma Bo3ayxa, o0s3a-
TEJIbHO MPUCYTCTBYIOIIMX B BEHTUJISLIMOHHOM
cTBoJIe U B KaHanax I'BY;

5) 3HaYeHUE a3POIMHAMMNYIECKOTIO COIIPOTHUBJIE-
HUS PYOIHMKA U3MEHSETCS B T€UCHUE IIUTEIbHO-
ro oTpe3ka BpeMeHH, II03TOMY JIJIsl ONpeaeICHUS
ero 3HaUYeHM S IyTeM M3MEPEHUI MOXHO BBIOpATh
WHTEpBaJ, HaIIpUMep, pa3 B roa. Eciam TpebyeTcs
TOYHOE eTro 3HaYeHH1E, TO MOXXHO BOCIOJIb30BaThCS
METOAMKON pacyeTa a’3poAMHAMHYECKOTO COIpPO-
TUBJICHUSI PyAHMKA, OIIMCAaHHOI B padote [12];

6) He YYUTHLIBAIOTCA IOBEPXHOCTHBIC YTEUKU
BO3Jlyxa, Bo3HUKawIlue rnpu padore I'BY;

7) BO3MyXOIMOATOTOBKA (HArpeB MM OXJIaXIe-
HHE) IOCTYIIAIONIETO B BO3AYXOIIOAAIOIIe CTBOIbI
BO3IyXa HE IIPOBOIMUTCS,

8) ecTecTBeHHAs Tsra IEMCTBYET MEXIY COOO-
IIAIOIIMMUCS BBIPA0OOTKAMHM, B YACTHOCTH, MEXIY
IaXTHBIMU CTBOJIaMU (puc. 1) U MOXeT ObITh pac-
CUMTaHa II0 CJAEAYIOIIEMY aJrOPUTMY:

* IIpU M3BECTHBIX MapaMeTpax LIaXTHBIX CTBOJIOB

UX a3pOJMHAMMNYECKOE COIIPOTHBJICHHE HAXO-

autcsa no popmyie [11]

R, = a(KH,,/S*>), (1)

rae o; = 0,096138; H,; — BbIcOTa COOOLIAIOIINXCS

CcTBOJIOB, M; K — KO3(pPULIMeHT, paBHBIN 3,28 ms

KJIETEBBIX CTBOJIOB, IIJIS CKUIIOBBIX M T'py3oracca-

XUPCKNX — 3,93; § — ceueHue cTBOMA, M,

* 1o ¢opmye (1) onpeaensgeTcs adpoarHaMuUye-
CKO€ COIPOTHUBJICHHWE BCEX CTBOJIOB PYIHMKA;

* 3HaYCHME a’pPOAMHAMMYECKOTO COIPOTUBIIEC-
HUS TIOA3eMHOM YacTH PyZHHMKA COTJIAaCHO pa-
6orte [13] onpenensercs mo ¢opmyie

_ APN

o ALN 2
"= 9.8107 (2
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Puc. 1. anomeﬂﬂaﬂ CxXeMa Bo3ayxopacnpeaejeHusa MeKAy IAaXTHBIMHA CTBOJIAaMHU

Fig. 1. Simplified air distribution scheme between shafts

rie AP, — pa3HOCTb MAaBJIEHUH MEXAY OKO-

JIOCTBOJIBHBIMM JOBOpPAaMM IIAaXTHHIX CTBOJIOB,

MM pPT. CT.; N — K03 GULIMEHT nepecyeTa JaBiie-

HUS U3 MM PT. CcT. B [1a; Q; — 0ObeMHBII pacxon

BO3YXa, TIPOXOISIIEr0 MEXIY CTBOJIAMH, M>/C;

* [OCJie 3TOr0 PacCUUThIBACTCI CPEAHSST TJIOT-
HOCTh BO3AyXxa (Kr/M3) B BO3AyXONOJAIOIIMX
ctBojax [11]:

P1
_ gl Py(as +2t, — K, H i) - 05RO (x+1,)
(t+t)t+t,+H, (K, —oy)]

rae o, = 0,2325; o3 = 546,3; o, = 0,01705; o5 = 0,0075;
t = 273,15; P, — arMocdepHOe aBJieHUE HApy>KHO-
ro BO31yXa, MM DT. CT.; #, — TeMIIepaTypa BO31yXxa,
nocrynatouiero B cteoi, ‘C; K, — temneparypHblil
rpaguent, pasublii 0,00767 °C/m [11]; R, — aspo-
NVUHAMUYECKOE COMPOTUBIIEHUE CTBOJA, (H‘Cz)/Mg;
O, — o0BeMHBI pacxon Bo3dyXa, MOCTYMAIOLIEro
B CTBOJI, M3/c;

e Jajiee OIpenessieTcs CpeaHss IIOTHOCTh BO3-

JyXa B BEHTUJISILIMOHHOM cTBoJjie [11]:

Py = 4 [Az +A3],

Q)

b

@)

rae
A = 0L6(“:+l‘c_I{zzllv(a“3_1(3)).
! t+1, — KpH ’
A, = Py +aspiH s —og(R + Rz)Q12; .
2 T+I, ’
4, = P+ ospiH s — g (R + Ry + Ry)Q
3 t+t, — KpH ’

o = 0,0735; ¢, — Temmneparypa Bo3ayXxa B OKOJIO-
CTBOJIBHOM JBOpe cTBoJa, ‘C; R, — aspoauHaMu-
YECKO€E COIPOTUBJICHUE MOA3€MHOM YaCTU PYIHU-
Ka, (H-cz)/MS; R; — asponMHaMMUYeCKOe CONpPo-
TUBJIEHWE BEHTUJISILIMOHHOI'O CTBOJIA, (H'C2)/M8;
Kp — temneparypHblil KO3(pPULIMEHT, paBHBII
0,00923 °C/M; Qp — 00BEMHBII pacxoa BO3ayXa,
MCXOISILIMI U3 CTBOJIA, M>/C.

IIpy M3BECTHBIX 3HAYEHMSIX CPEAHUX IJIOTHO-
CTEe BO3AyXa B CTBOJAX OMNpPEHEISICTCS 3HAUYCHUE
CCTECTBEHHOM TATHU h, ; MEXy i-i Mapoi CTBOJIOB
(HarpuMep, MEXAy BO3MYXOITOAAIOIIMM U BEHTU-
JISLMOHHBIM) [4]:

h; = 9.81(p; — pr)gH,, Ila. 6)
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MeTton pacyeTa o0mEepyIHHIHOM
€CTeCTBEHHO# TATH

Ha paboty I'BY oka3biBaeT BAUSIHME MMEHHO
oOlLIepyIHUYHAs ecTecTBeHHast TaAra. B pabote
[13] ycTaHOBJEHO, YTO 3HA4YeHWE OOIICPYTHUY-
HOI €CTECTBEHHOM TSTU ONPEACIISICTCSI KaK CymMMa
€CTECTBEHHBIX TIT, ACUCTBYIOIIMX MEXIY KaxK A0
mapoi CTBOJIOB:

M=

he = (6)
Tae sign — 3HaK, ONpEeNeNsIoONIniA HamnpaBJICHUE
€CTECTBEHHOM TITU, [OEUCTBYIOLIEH MexXnay i-i
Mapoi IAXTHBIX CTBOJIOB, ONPEAEIISIEMbIA Pa3HO-
CTBIO 3HAUYEHUW p; U py; © — YUCIIO TTap coooIa-
IOLIMXCS LIAXTHBIX CTBOJIOB.

3HayeHne OOILIePYOIHWMYHOM  €CTECTBEHHOM
TSITU HaXOAUTCH KakK ajaredopanyeckas CyMMma BCeX
pAaCCUMTAaHHBIX €CTECTBEHHBIX TSI, JEUCTBYIO-
WX MEXIY KaXIoW i-il mapoil COOOIIAoNXCS
ctBOJIOB. Ilocnme Toro, Kak CTAaHOBUTCS MU3BECTHO
3HAYEHWE W HAIlpaBJIEHUE OOIIECPYTHUYHON ecTe-
CTBEHHOW TATU, MOXHO OIIPEAECIUTh CTENEHb €€
BIUSHUS Ha padoty ['BY.

sign(h,;),

!

MerToa pacueTa NPOM3BOAMTEILHOCTH H BHIOOP
TpedyeMoro pexuma padorsl I'BY

HaBnenue, pasBuBaemoe ['BY, MoxHO HaiTu
o opmye [10]

hrgy = A+ BOrgy + COPgy, (7)

rae Qrgy — npousBoguTenbHocTh ['BY, M3/C; A, B,
C — x03(hpPULMEeHTHI, ONUChIBAIOLINE a3pOoJrHa-
MMUecKYIo xapakTepucTuky I'BY (HaxopsTcs npu
pacueTe KpUBOM XapaKTEPUCTUKM 10 METONY Hau-
MeHbIIUX KBagapaTon) [10, 11].

BBuay Toro, 4To coriacHO paHHee HNPUHSATHIM
JOIYILIEHUSIM ITOBEPXHOCTHBIE YTEYKHU BO31yXa HE
YUUTBIBAIOTCS, 31eCh NpuHUMaeM QOrgy = Op.

PaGoras coBMecTHO ¢ OOlLUEpyIHUUYHOU ecTe-
cTBeHHOU Taroi, 'BY co3mact paBieHue u pa3o-
BbET MPOU3BOIUTEIBHOCTh COIIACHO 3aBUCUMOCTH

hr‘By + he = RQ%BY NnJin
A+ BQrpy + CngBy +h, = RngBy-

O6osHauns Ay = C— R,,;; C,=A+ h; a= B/A,;
b = C,/A,, onpenenum mnpousBoauTesbHOCTh ['BY
C YYETOM JECUCTBUS OOLLEePYIHUYHOMN €CTECTBEHHOM
TATU:

®)

2
Orpy = —%Jr (%) -b.

Ecnau Ttsdra meiicTByeT IpPOTUB HaIIpaBJICHUS
IBUXEHHUS Bo3nyxa, coszmaBaemoro I'BY, Tto He-
00XOAMMO YBEJIMYMBATH €€ IPOU3BOAUTEIBHOCTD
Ha BEJIUYUHY h,, €CIU XK€ OOLEPYyAHUYHAs €CTe-
CTBEHHAs TsIra HallpaBJjIeHa COTJIACHO TpeOyeMOoMY
HampaBJICHUIO ABUXEHUS BO3OAyXa, T. €. CIIOCO0-
CTBYET IIPOBETPUBAHUIO, TO MOXHO CHU3UTH IPO-
W3BOAUTEIILHOCTh BEHTUJISATOPA Ha €€ BEJIMYMHY,
YMEHBIIUB TEM CaMbIM 3aTPaThl 2JIEKTPOSHEPrUn
Ha IIPOBETpHUBaHMUE.

3navenuss koapduumentos A, B, C 3aBucar
oT Tumna BeHtuasATopa I'BY m ero aspoanmHamu-
YEeCKHMX XapaKTepUCTUK. DTU IMapaMeTphbl IPaKTH-
YeCKM HEU3MEHHBI, II09TOMY MX 3HAUCHHUS 3aHO-
CSITCS B IMaMSITh CUCTeMBI yIIpaBieHUs. KaxmoMy
pEeXHUMY BEHTUISITOPA COOTBETCTBYET CBOE 3HAYE-
Hue KoagpdunueHtos A, B, C.

[Ipy msMeHeHUM OOLIEPYAHUYHON €CTECTBEH-
HOW TSTU h, IPOTPaMMOIi MEPECUUTHIBAECTCS TPE-
Oyemast mpousBoauTeabHOCTh I'BY ¢ ydeTtom ee
neiictBus (popmyna (8)). Ilocne aToro pexxum pa-
6otel 'BY MoxeT OBITH U3MEHEH.

Cunre3 apxurektypsl CPS npoBeTpuBanus
maxThl (pyJAHHKA) Ha 0a3e mIaTgopmbl
HNnurepuera Bemeii InfluxData creka TICK

JaHHBIN cTeK IpeaiaraeT paspabaThiBaTb pa3-
Ju4yHble loT-mpuoXeHus C IOMOIIBIO HMHCTPY-
meHTOB: T — Telegram, I — InfluxDB, C — Chro-
nograf, K — Kapacitor. KomOnHayusa MHCTpyMeH-
toB TICK dopmupyet miaardpopmy InfluxData kak
MHGPOPMALIMOHHBII arperarop, KOTOPYIO MOXHO
JIOTONHATL TPUIIOXKEHUSIMU U CEepBUCAMM uepe3
MOAKJIIOUEHNSI IO OTKPBITHIM HHTep(deiicaMm u
MPOTOKOJIAM.

bazoBas ¢dyHkumonansHocTh InfluxData He-
JOCTaTOYHA JJIsl peanr3auuu GyHKIUU yIpaBlie-
HUSI, IO3TOMY €€ MOXHO HCIOJIb30BaTh JIUIIbL B
KayecTBe JomojiHeHUs K cyulecTByoueir SCADA
cucteMe. Kpome srtoro, mimardopma He crneuu-
aJIu3upyeTCss Ha YMOPaBJICHUM MPOMBILIJIEHHBIM
obopynoBanueM B CPS moa3eMHBIX TOPHOIOOBI-
BalOIVX MPEeANpUsTUN, TAKOM KaK BEHTUJISITOPbI
U KaJlopudepHble ycTaHOBKU (Harpeparenu). [lo-
3ToMy HeobOxoaumo paszButue CPS 3a cuetr nud-
pOBOTO JIBOMHMKA IO aHAJOrMu ¢ padoroit [14].
VropouienHas apxutektypa CPS mpoBeTpuBaHus
pyIHMKA IIpeacTaBjicHa Ha puc. 2.
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CPS cocTonT M3 4eThIpex MOACHUCTEM: CHUCTEMBI
(usmyeckoro o0bEKTa, CETEBOM M BHIYUCIUTETLHOMN
WHOPACTPYKTYpP, U(MPOBOro ABOMHMKA U YeJIOBe-
KO-MalllMHHOTO WHTepdeiica. ba3oBbIM TNpUHIIN-
TIOM TIOCTPOCHUS 1IEJICBO CUCTEMBI SIBIISICTCS TIO-
HSTHEe KHOep(hU3MYECKOTo YIpaBJIeHUS, KOTOpPOe
CTPOUTCS CETEHEHTPUYECKN C IICHTPaJIbHBIM 3Be-
HOM HaKOIUICHWSI NAaHHBIX, aHaJlW3a W yIpaBie-
Hus [15, 16]. LlenTpaabHOe 3BeHO B3aMMOIEICTBY-
€T C WHTEJUIEKTYaJbHBIMU Y3JJaMH OIepaTUBHOTO
yripaBieHus Ha 6aze SCADA unu uHTeIIeKTyalb-
HBIMU y3J1aMU [IUKJIMYECKOTO YIIPaBJICHUsI C TIOMO-
meio OPC-unTepdeiica i Modbus RTU.

Peanu3anusi mpuBeNeHHBIX aJTrOPUTMOB B CHU-
cTeMe TIPOBETPUBAHUS TTOA3EMHBIX TOPHOMOOBI-

BalOIIMX MPEANPUITUIL BO MHOTOM TlepeceKaeTcsl
C 3ajaueil nmoaAepXKaHUs HepaBHOBECHOW KOH()U-
rypaluuu TeMmIiepaTypHOro IoJjsl B CUCTEMEe CO00-
IIAIOIIUXCS IPYT C APYroM MoMelleHu# (Kamep)
C MUHMMaJbHBIMU 3aTpaTamu sHepruum [17, 18].
JL1st MOCTPOEHMS] TAKMX TEMJIOBBIX MOJEJIEN, TaK XKe
KakK M JJIsI MOACJIUPOBAHUSI CUCTEMbl YIPaBICHUSI,
yacTto ucnoib3yercs maker MATLAB [19, 20], koto-
pbIii B YCJIOBUSIX BBICOKOW MHTEpOIepade1bHOCTH
koMmItoHeHTOB CPS menecoobpa3Hee 3aMeHUTH Ha
naketT OpenModelica.

Ilepexom K OTKpBITBIM MHTepdeiicaMm CBs-
3u, nporokonaMm lol, manpumep MQTT, n men-
TpajJbHOMY 3BEHY, peaqu3yiolieMy objauyHble Bbl-
YHUCJIEHUS, CIOCOOCTBYET CHUMXKEHMIO 3aTparT Ha

| |
| Onnaiin |
| Ynpasnenue O — CobbiTis 1 CTaTHCTHKN H IIporHossl © VYnpasnenne I
: JIOCTYTIOM i{wrpm{ aBapuu HHIHKATOPBI IUTAHEI COCTOSHHEM :
| |
| 1 1 f f ; f |
| [ :
|

| .

| Humeptpeiic Grafana web-cepsep :
| «UeNOBEK-MAUUHAN |
| I
T L S S |
| |
| |
| Monyne S |
: 2 < ] BJ1 BpeMEHHBIX pAI0B :
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| Python g =< S Postgres < r------- e e e coBBITHiIt :
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| |
| |
| |
| Cemesaa u Mojyss cGopa H :
I SLIYUCTUMENbHAA [E O3 G L Mozyzs swnopra TIPOTOKONMPOBAHHA I
1 unghpacmpyrmypu H CHHXPC H JIAHHEIX L et <+ SQL 1
| pacmpyxmyp e, Python App JIAHHBIX |
: Telegraf :
| + 4 4 A |
| |
I | Y I
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| N A + |
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I [ | | I
| |
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: 3 MBt BEHTAIATOPA x KOHTPOJLIEp KOHTpOnIep KOHTpOTLIEp :
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Puc. 2. Ynpomennas apxurekrypa CPS ynpasjieHusi npoBeTPUBAHMEM PYAHHKA
Fig. 2. Simplified CPS architecture for mine ventilation control
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MPOEKTUPOBaHNE, MOACIMPOBAHUE, BHEIPECHUE
M 9KCIUIyaTallMio TeXHUYECKUX o00bekToB [9, 21].
B aToM ciyuyae Ajsi pelleHuMs 3agad dHeprocoOe-
pexXeHUsT MOTYT ObITh MCIIOJIb30BAHBI MEXaHU3MBI
MpeIuKTUBHON aHaluTUKu [22], ¢ peanu3auu-
el Ha monynsapHbIX Python-6ubmumorekax Keras,
TensorFlow u Padasip. TouHbIi1 TPOTHO3 M3MEHe-
HU TlapaMeTpoOB MOXHO MCIIOJIb30BaTh JAJs He-
MPEPLIBHOTO PEryJIMPOBaHMUS TEXHOJIOTMYECKOTO
napaMeTpa 1O KJIACCMYECKOMY aJTOPUTMY pery-
JUPOBAHUSI MO OOpaTHOW CBSI3W B JOMOJHEHUE
K 1eJIeBoit pyHKIIMH 3Heprornorpedienus [23, 24].

CurHanbl ynpaBiaeHUS Al WUCIOJHUTEIbHBIX
KoHTposepoB I'BY MoxHO popMupoBaTh C IO-
MOIIIbIO 6JI0Ka TPOrpaMMHOI'0 YIIpaBJIeH s, B TOM
YuCcJie ¢ y4YeTOM KOMaHj oreparopa, Kak mokasa-
HO, HampuMep, B padote [25]. OnpeneneHue nepe-
XOAHBIX (YHKIMI COOTBETCTBYIOIIMX KaHaJIOB
00BbeKTa YIpaBJieHUs 11eJIecoO0pa3HO peasiu3o-
BaTh NPpU UACHTUDUKALIUU PEaKIMu TeMIepaTyp-
HBIX TMoKazaTreJiel B pymHUKE TMPU CTYINEeHYaTOM
BO3IEMCTBMM Ha KaHan [26—28], mo umcrtopuye-
CKMM JaHHBbIM B 0a3ze maHHbIX InfluxDB u xyp-
Haxny coOwIThii B Postgres.

DKcnepuMeHTaJbHOE B3aMMO/IEiCTBHE 3JIEMEHTOB
nucgposoro aBoiiHnKa apxutekTypsl CPS
NPOBETPUBAHUS IAXTHI (PYIHMKA)

Kaxaplii pyIHMK M 1IaXTa UMEIT CBOM OCO-
OCHHOCTH, U AJIsl yIpaBJeHUS MPOBETPHBAHUEM
Ha 3TUX OPEANPUITUIX yXKe Helb3sl OyIeT MOJib-
30BaTbCd AOMYILICHUSIMU, TPUBEASHHBIMU BBIIIIE.
g Toro 4TtoOBl OLIEHWTh, HACKOJBKO COIJIacy-
I0OTCSI M3BECTHBIE M JOKa3aHHBIE TEOPUM, OIM-
ChIBAIOIIME€ AMHAMUKY W3MEHEHHUS IapaMeTpOB
BO3MyXa NpU €ro MPOXOXACHUM IO CTBOJAM M
TOPHBIM BBIPAOOTKAM IMOA3EMHBIX TOPHOMOOBIBA-
IOIIUX MPeAnpusITUN, ¢ JAaHHBIMU, MOJYYEeHHBI-
mu B niporpamme OpenModelica, Ob1J1a mOCTpoeHa
MMUTALMOHHAS MOJAENb IO YIIPOIICHHON CXeMe
MPOBETPUBAHMS KAJIMNHOTO pyadHUKA (T.€. C BbI-
LUENPUBEACHHBIMY JOIYIIEHUSAMHA), IPUBEICHHAS
Ha puc. 3 (CM. BTOPYIO CTOPOHY OOJIOXKH).

[TapaMeTpbl pyaHMKA TPUHSTHI CIEAYIOLIMMMU:
BBICOTA KaxXKJIOTO M3 BO3AYXOITOAAIOLIMX CTBOJIOB
U BEHTWJISILIMOHHOTO cTBoja 400 M; muameTp Bcex
BePTUKAJBbHBIX CTBOJIOB 7 M; TEMIIEpaTypa OKpyxka-
roueit cpensl 20 °C; MpoTSIXKeHHOCTh TOPU30HTATb-
Horo ctBoia 1 — 50 M, rOpM30OHTAJIBHOIO CTBO-
Ja 2 — 10 KkM; AuaMeTp TOPU3OHTATBHBIX CTBOJIOB
5 M; mpousBoauTeabHOCTh ' BY usmensercs ot 200
10 400 kr/c B MOMeHT BpeMmeHu ¢ = 600 c.

B pa6ore [10] moka3aHO, YTO €CJIM YCThSI CTBOJIOB
HaXOMSITCSI Ha OMHOUM OTMETKE M MMEIOT OJMHAKO-
BYIO TJIyOMHY, TO MEXIYy HUMHU €CTEeCTBEHHAs Tsra
BO3HUKHYTh He MoOxeT. OmHaKo, eClIM HPUHYIU-
TesbHO (3a cueT ['BY) HauaTh 3akauky Oosee Terio-
ro (JIETKOro) Bo3ayXa B BO3IYXOITOMAIOIINE CTBOJIEL,
a BBIKAYMBAaTh 00Jice XOJOMHBIN (TSKEIbIN) BO3MYX
10 BEHTUJISIIMOHHOMY CTBOJIY, TO MEXIY CTBOJIaMU
BO3HUKHET OOILIIepyIHUIHAS €CTECTBEHHAs TITa, 3a-
BUCSIIIAsl OT Pa3HOCTH ITUX TEMIIEpaTyp B CTBOJIAX.
[losToMy B Momenu, mpencTaBieHHOM Ha puc. 3 (CM.
BTOPYIO CTOPOHY OOJIOXXKH), OIIPEACTUTh OOILEpyI-
HUYHYIO €CTECTBEHHYIO TSIy MOXHO TOJBKO IpHU
BkJiroueHHoil I'BY, a uameHeHue Bo3ayxopacripee-
JIEHUST MEXIy CTBOJJAMU — IIPM PE3KOM (CKayKOO-
Opa3HOM) U3MEHEeHUHU pexuma padotsl ['BY.

B paGorax [11, 29] ycTraHOBJIEHO, UTO IIO MeEpe
JIBUXKECHUST BO3yXa MO BO3AYXOIOMAIOIIEMY CTBOJTY
ero TemIieparypa 3a CueT 0apoOMEeTpUIECKOro CxKa-
TS yBeanmunBaeTcd Kaxable 100 M mpuMepHO Ha
1 °C. PesyabraThl MMHUTALIMOHHOIO MOIEIMPOBA-
HUSI CXeMBI, IIPEACTAaBJICHHON Ha pUC. 3, ITOKa3bI-
BaroT, uTto 3a 400 M TemmepaTypa BO3ayxa ITOTHS-
Jlach mpuMepHo Ha 3,5 °C, 4To OJIM3KO K UICTUHHBIM
3HaYeHUSIM Bo3ayxa. OOBSICHUTH HEKOTOPOE pa3-
JINYMe MEXAY IMOJyYeHHBIMU 3HAYCHUSIMUA MOXKHO
HECOOTBETCTBHEM IapaMeTPOB peabHbIX IIAXTHBIX
CTBOJIOB (HaJIMUME B HUX PACCTPEJIOB, IMOIbEMHBIX
COCYIIOB M T.n.) IIPEACTAaBJICHHBIM B MOIEIN TPyOaM.
OpHako oOlIast KapTUHA M3MEHEHUsI TeMIIepaTyphl
BO31yXa B CTBOJIAX SIBJISICTCS aJIeKBAaTHOI.

Takzke B padote [30] ycTaHOBIIEHO, YTO IIPU U3-
MeHeHUM mnapaMmeTpoB I'BY Boszmyxopacmnpenene-
HHE MEXIY CTBOJIAMU MEHSETCS JIMIIb Yepe3 He-
KoTOopoe BpeMsi. CBSI3aHO 3TO ¢ MHEPLUOHHOCTHIO
Impoliecca MPOBETPUBAHUS: BBUAY OOJBIION IPO-
TSIXKEHHOCTH T'OPHBIX BEIPA0OTOK OT BO3AYyXOIOAA-
IOIIMX CTBOJIOB 0 BEHTUJISLIMOHHOI'O CTBOJIA 00b-
€MHBII pacxol BO3AyXa B HUX M3MEHUTCS JIMIIb
CIIYCTSI HEKOTOpOEe BpeMs (IJIs1 KaXXIOTO pyIHUKa
pa3Hoe) mocjie M3MEHEHUSI IPOU3BOAUTEIBHOCTHU
I'BY. Oty kapTuHy Momenb, IIoKa3aHHas Ha puc. 3
(cM. BTOPYIO CTOPOHY OOJIOKKM), TAKXK€ YCIIEIITHO
BOCIIPOM3BOAUT: MPU CKAYKOOOpPAa3HOM H3MEHE-
HUU TIpou3BoauTeabHOCTH ['BY 0O0OBeMHBIN pac-
X0l B BO3IYXOIIOJAIOIIMX CTBOJAX M3MEHSIETCS
IIJIABHO B T€YEHNE HEKOTOPOTO BPEMEHMU.

B cBs13u ¢ 3TUM MOXHO CKa3aTb, YTO MOIEIb
aJleKBaTHO OIIMCBHIBAECT IPOMCXOMSIIVE B PYTHHUKE
MPOLIECCHl M3MEHEHUSI BO3IYyXOpPACIpele/IiCHUS U
ImapaMeTpoB BO3IyXa IIPU PETyJIMPOBAHUM PeXUMa
pa6otel I'BY. I1pu BBeaeHMU B MOAEAb TOMYIICHUM,
YCTpaHEHHBIX paHee IJIsl YIPOILISHHONH MOICIH,
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B JaJIbHEHIIEM JIJTSI KaXKI0r0 KOHKPETHOTO TTO/I3eM-
HOTO TOPHOIOOBIBAIOIIETO MPEATIPUATHS OyIeT BO3-
MOXHO COCTaBJISITh a/IeKBaTHbIE MOJIEU, TTO3BOJIsSI-
ol MOAETUPOBATh MPOLIECC YIIPaBICHUS TTPOBe-
TPUBAHUEM MPU BHECEHWU TIPABOK B CaMy MOIIEITb.

B kadyecTBe BBIYMCIWTETBHOTO B3KCIEPUMEHTA
OblLya pellieHa 3aj1aya MPOrHO3MPOBAHUS TTPOduMIs
3JIEKTPUIECKOI MOIITHOCTU P Ha CyTKU BIIepe IJIst
CUCTEMBI BEHTUJISILINY TTOMEIICHUS C UCIOJIb30Ba-
HUEM BXOMHBIX TaHHBIX OT UMUTAIIMOHHON Moje-
au B niporpamme OpenModelica. st 3Toro 6mL10
peann3oBaHO MHGMOPMAIIMOHHOE B3aWMOJICUCTBUE
OpenModelica, pacueTHbix Moneseit Python (6u6-
mmoteka Keras), 6a3sl ganHbIX InfluxDB n cpensr
Busyanusanuu mMetpuk Grafana. B xome pemrenust
rmoiydeHa oOydaemasi TPOTHOCTHYECKas MOIeb
MOTpeOIeHUsT BJICKTPOIHEPTUM, KOTOpasi KOMOM-
HUPYEeT KJIACCMUYECKWE MOIEIW ITyTeM aJarTaliuu
WX BECOB C TOMOIIBIO MHOTOCJIOHOTO Tepcer-
tpoHa. Ha puc. 4 (cM. BTOpyIO CTOPOHY OOJIOX-
KH) TIpUBEIEHBI Pe3yJbTaThl 3KCIIEPUMEHTATbHBIX
pacueToB 3a HeAedal B Iepuon ¢ 22 mo 29 sHBaps
2020 r. B yucio KoMOMHUPYEeMbIX MOJEIeH BXOMST
MPOCTHIE MOMEIN Ha OCHOBE YCPEMHEHMUSI, CTIIaXK1-
BaloOII1e MOJIEJH, a TAKXKe MOIENIH, YUNTHIBAIOIINE
CE€30HHOCTh. Mepoii OLIEHKHA TOYHOCTHU MPOTHO3a F
SIBJISIETCS CpelHeKBaapaTUYHas OlIMoKa.

Hcnonb3yst mpenyiokeHHBI B paboTe aJropuTM
pacyeta OOLIEPYIHUYHOM €CTECTBEHHOW TSTU
C YYETOM M3MEHSIOIINXCS U TMPOTHO3UPYEMBIX €¢
3HAYEHUA 110 aHAJIOTUU C TpeiaraeMoi dKCTepu-
MEHTaJbHOU METOAMKON, MOXHO YyHpaBasITh padbo-
toit 'BY B 3HeprocoeperapliemM pexume.

3akJouenue

Haxkannusaemas B InfluxDB mHpopmanusa oo
00BEKTE 3a BeCh IEPUOMA IKCILIyaTalluU UCIOJIb-
3yeTcs s YTOYHEHUS pacyeTa oOIIepyIHUYHOMN
€CTECTBEHHOM TSITU U PETYIUPOBAHUS IPOU3BO-
agutenbHocT I'BY B OpenModelica nmytem wuc-
MOJIb30BAHUS B MOIEIM BK30I€HHBIX HAaHHBIX
0 IIPOTHO3¢ M3MEHEHUI mapaMeTpOB BKCILIyaTa-
LMY LIaXTHl (pyAHUKA) U IapaMeTPOB HAPY>KHOTO
Bo3ayxa. Takum obpaszoM, miaTdpopMa MpeacTaB-
JICHHOM apXUTEKTYpPhl MO3BOJIUT 00ECIEUYUTD Mpe-
IUKTUBHOE YIIPAaBJICHUE IO 3apaHee MPOrHO3UPY-
e€MBbIM ITapaMeTpaM, ACHCTBYIOIMM Ha 00bEKTe, U
KOMIICHCHUPOBATh MX B YCIOBUSIX MHEPLIMOHHOCTHU
npouecca npopetpuBanus. [locTosgHHas amarnTa-
LIMSI pacYETOB KOMAaH]I YIPaBJICHUS K PEalbHOCTH
U IIPOTHO3Y MO3BOJUT HENIPEPHIBHO ONTUMU3UPO-

BaTh HACTPONKHU aJITOPUTMa PEryJIUpPOBaHUS BO3-
IyXoo0ecIeyeHneM TOI3eMHBIX BBIPAOOTOK, Ta-
paHTHUPYs 2HEePro3(pGHEeKTUBHYIO PabOTy JIOKAJb-
HBIX KOHTYPOB PEryJIMpPOBaHUS BEHTUJISTOPOB.

Takum oGpasom, s 3¢deKTUBHONH U 0e3-
OITaCHOI pabOTHI CUCTEMBI IPOBETPUBAHUS B OII-
TUMAaJbHOM pEXHUME CHUCTEMY VIIPaBJICHUS TeX-
HOJIOTMYECKMMHU IIpolleCCaMMd Ha TOA3EMHBIX
TOPHOAOOBIBAIOIINX MNPEANPUSITUSIX MOXHO pac-
cmarpuBathk kKak CPS, peanmsylomiyro mepemady
maHHBIX OT ypoBHSI SCADA 1o ypoBHS miatdop-
MBI WMHTepera Beleii, ©X oOpabOTKy M aHalIU3
C WCIIOJIb30BaHMEM MPECAUKTUBHBIX aHAJUTHK,
a TaKXe BbIJa4Yy YIpPaBISIOIIMX CUTHAJIOB Ha MC-
MMOJIHUTEJbHBIE MEXaHM3Mbl (JIMOO oOIepaTopy
I'BY) ¢ yyeToM UMUTALIMOHHOTO MOJEIUPOBAHU S
IWHAMHWYECKMX IIPOLECCOB BO3AyXOpacIipemeie-
HUSI MEXIY TOPHBIMU BhIpaOOTKaAMU.
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The article considers the architecture of the ventilation control system for underground mining enterprises, equipped
with a digital twin with online functions such as simulation modeling and predictive analytics. The system is focused on the
main fan unit (MFU) control taking into account changing parameters of external air supplied to mine shafts. In contrast
fo the existing ones, the proposed method of control takes into account the influence of these parameters on changes in the
total volume of natural draught, on which the total volume of air supplied to the mine (mine) depends. It is known that
ventilation systems of such enterprises consume from 30 to 50 % of all electricity consumed for the mining process. In this
regard, the proposed control models can be used to optimize energy costs and energy savings in ventilation. The Internet
of things (loT) InfluxData of stack TICK is offered for the realization. The offered architecture of cyber-physical system
(CPS) consists of four subsystems: physical object subsystem, network and computing infrastructure loT, digital twin, user
interface. Architecture of CPS provides data processing from energy meters, control controllers and sensors of air environ-
ment parameters, implemented in blocks of on-line and off-line calculations. The digital twin of the ventilation system is
made with the use of a time series database and a database of attributes that store information on changes in equipment
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parameters by time, air indicators, performance indicators, statistics on accidents and fan runtime, CPS characteristics,
etc. CPS of the given architecture means connection of additional data sources, providing calculations of rational volumes
of air delivery taking into account safety norms and requirements of energy efficiency.

Keywords: cyber-physical system, Internet of Things, Digital Twin, monitoring and control system, system architecture,

mine, ventilation, energy saving
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The International Conference on
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as a satellite event of the International Conference on Speech
and Computer (SPECOM) in 2016. The conference gathers together
experts from different communities to discuss challenges of human and ORGANIZERS
robot collaboration in industrial, social, medical, education and other B

areas. Fundamentals and means for collaborative behavior of one or e St. Petersburg Federal Research Center
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issues of the conference. Germany)
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Authors are invited to submit a full paper not exceeding 12 pages
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formatted in the LNCS style using using the on-line submission system Roman Meshcheryakov, Russia (Co-Chair)
(www.easychair.org/conferences/?conf=specom2021). Those accepted Gerhard Rigoll, Germany (Co-Chair)
will be presented either orally or as posters. The decision Andrey Ronzhin, Russia (Co-Chair)
on the presentation format will be based upon the recommendation Christos Antonopoulos, Greece
of three independent reviewers. ICR Proceedings will be published by Branislav Borovac, Serbia
Springer as a book in the Lecture Notes in Artificial Intelligence (LNAI) Sara Chaychian, UK
series listed in all major citation databases such as DBLP, SCOPUS, EI, Ivan Ermolov, Russia
INSPEC, COMPENDEX. Oliver Jokisch, Germany
Dimitrios Kalles, Greece
TOPICS Igor Kalyaev, Russia

Alexey Kashevnik, Russia

Assistive robots Robotic mobility systems Dongheui Lee, Germany
Child-robot interaction Robots at home Viktor Glazunov, Russia
Collaborative robotics Robots control and communication Mehmet Guzey, Turkey

Educational robotics Social robotics Evgeni Magid, Russia

Human-robot interaction Safety robot behavior Iosif Mporas, UK

Medical robotics Viacheslav Pshikhopov, Russia
Mirko Rakovic, Serbia

IMPORTANT DATES Yulia Sandamirskaya, Switzerland
Jesus Savage, Mexico

May 31, 2021 ....ccoeevennnnns Submission of full papers Hooman Samani, Taiwan
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July 25, 2021 Camera-ready papers and early registration Lev Stankevich, Russia
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N POBOTOTEXHUYECKUE CUCTEMDI
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BepOﬂTHOCTb CTOJNIKHOBEHUSI aBTOHOMHOI0 MOOUNbLHOro p060Ta
C npendTcTBMEeM

Paccmompena 3adaua oyenku éepossmuocmu CMOAKHOBEHUS C NPENIMCMEUEM A8MOHOMHO20 MOOUAbHO20 pOOOMA, 8bINOA-
HAlwe20 dsudliceHue no cnaanuposarnnoi mpaekmopuu. Ilposedenst 0630p u anaiu3 memodog peuenus dannou 3adauu. Ilo-
KA3aHO, YMO paccmompenHvie Memoovl 0a3upyiomcs Ha UCNOAb308AHUU NePUOOUUEeCKU 00HOBAAEMbIX KACMOYHbIX KAPM Npo-
xodumocmu (cemok 3anamocmu). Pazpaboman HO8blll MemoO OyeHKU epOSIMHOCMU CMOAKHOBEHUS MOOUAbHO20 poboma ¢ npe-
namcmeuem, 6a3upYOWUIIC HA UCNOAb308AHUL KACMOYHOU 8ePOIMHOCMHOU Kapmbl, 8 Kaxc0oU auelike KOmopou Xpanumcs
3HA4eHUe OUCHKU BepPOIMHOCMU HAXONCOCHUs 6 Hell Npensamcmeus, U YCAOGHOU 6epOSMHOCMU HAKPbIMUSL KACMOK KAapmbl
C Yy4emom 603MONCHbIX OOKO0BLIX U Y2A08bIX OMKAOHEHUL MOOUAbHO20 POBGOMA Om CAAGHUPOBAHHOU mpaeKkmopuu (Koopounam-
HO20 3aKOHA HAKPbIMUS KAeMKU), 00YCA08ACHHbIX OUHAMUYECKUMU XAPAKMEePUCMUKAMU CUCeMbl YAPABAeHUs 08UNCEHUEM.
Jas nocmpoenus 6epoAMHOCMHOU KAPMbl UCNOAb308AHA OUHAMUYECKU 00HOBAAEMAA MHO2OCAOUHAA KAPpMA NPOXOOUMOCMU,
6 KOmopou Kaxcobili CAOU, 34 UCKAIOYEHUEM Pe3YAbMUpPYIoueco, 3an0iHAemcs OGHHbIMU OM KAACCUDUKAMOPO8 GHeuHell cpe-
Obt, 06pabamvlearowux UHGOPMAUUID OM UHGOPMAYUOHHO-USMEPUMEAbHOU cucmemMbl MOOUAbHO20 poboma. Pesyrvmupyowuil
caoil npedcmasnsem co6oil pezyibmam 0aieco8cKo20 6b1600a N0 OAHHLIM 0CMAanbhbix caoed. Cucmema ynpasaeHus 08UNCCHU -
eM agmoHOMHO20 MOOUAbHO20 poboma obecneuugaem NOCMPOeHUe MHO20CAOUHOU Kapmbl NPOXOOUMOCMU, KAPMbl EPOIMHO-
cmell HaxXo0XcOeHUus Npenamcmaeull, onpedeseHue KoopouHam poboma, NAAKUPOBAHUE MPACKMOPUU, KOHMPOAb 3a CAed08aAHUEM
poboma no Heli U @blMUCACHUE 8ePOAMHOCMU CMOAKHOBCHUS C NPENAMCMBUEM.

Boinoanena npoepammuas peasusauus pazpabomanHo2o Memooa OyeHKU 6eposmHOCMU CMOAKHOBEHUS MOOUAbHO20 poboma
¢ npenssimcmeuem 6 eude ecmpausaemozo mooyas ¢ cpede ROS (Robot Operating System). [Ipusedeno onucanue HamypHoix IKcne-
PUMEHMOE8 ¢ MOOUNbHBIM POOOMOM NPU B03HUKHOBEHUU HA NYMU e20 cAed08aHUs nepemeujaemoo npenamcemeus. Ilpueedenst pe-
3YA6Mamol AHAAU3A UBMEHEHUS 6ePOSMHOCMU CMOAKHO8EHUS pOO0Oma ¢ npenamcmeuem, U 0aHa UHMepnpemayus pe3yibmamod
akcnepumenmos. O60cHO8aHa HE0OX0OUMOCTb BbIYUCACHUS 8EPOSIMHOCMU CIOAKHOBEHUS MOOUABHO20 POOOMA ¢ NPensmcmeuem
015 OUEHKU PUCKA KAK OCHO8HO20 NOKa3ameas 0e30nacHOCmuU cucmemsl ynpasienus oeuxcenuem. lana oyenka pesyrsmamam
dauHoll pabombl 8 peuwieHuU 3a0a4vu obecneueHus 6€30nACHOCMU 0BUNCEHUS ABMOHOMHbBIX MOOUAbHBIX POOOMOS.

Karoueewte caosa: A6MOHOMHOCMDb, b6e3onacHocms 06uofceﬂuﬂ, 6EPOAMHOCMb CMOAKHOBEHUA C npenamcmeuem, obecneue-

Hue 6e3onacHocmu, MOOUAbHYBII pobOmM, cucmema ynpagieHus 08uiNceHueM, pUck, asapuiiHas cumyayus

BBenenue

IIpo6nema obecreueHMsT 6GE30TTACHOTO IBUKE-
HUsT MOOUJIBbHBIX poboTOB (MP) siBnsiercs Bech-
Ma aKTyaJIbHOUl B IOCJIeIHee ASCITUICTUC. DTO
CBsI3aHO, B TMEPBYIO o4yepelb, C pa3paboOTKoil Oec-
MUJIOTHBIX TPaAHCIOPTHBIX CPEICTB, KOTOPLIE
JOJKHBI (PYHKIIMOHUPOBATh B TOPOACKOI cpene.
B paboTax, mocBsilIeHHbIX JaHHOU Mpo0bJieMe, Kak
MpaBuUJIO, aHATU3UPYIOTCS PUCKY BOZHUKHOBEHUS
aBapUHBIX CUTyallMi TIpY IBUKEHUM OCCIIMIIOT-
HBIX CPEICTB Ha OOIIECTBEHHBIX Aoporax [1—9].
B pa6otax [3—6] mon "aBapuiiHOi cuTyanuein”
MOHMMAETCSI CTOJKHOBEHWE MOOMIIBHOrO po0o-
Ta C OPYTUMU OOBEKTaMM OKpYXKalolleil Cpelbl.
YTtoObl M30eXaTh TAKUX CTOJIKHOBeHUI, MP moJ-
XKEH YMETbh OIpeleasTh (popMYy MPEISATCTBUI U UX
MeCTOIOJIOXeHUe. 1T NUHAMMYECKUX MPEIsT-

CTBUI NOMOJTHUTEILHO TpeOyeTcs ONpeAeaeHrue 1
MpeAacka3zaHue CKOPOCTU Y HallpaBJIEHUS UX IBU-
KEHHS Ha OCHOBE KMHeMaTudeckoi mopenu [l].
Takoe mpeackazaHue OCYIIECTBIISIETCS C HUCIIOJb-
30BaHMEM TAHHBIX OT MH(pOPMAIIMOHHO-U3MEPU-
tenxbHOM cucteMbl (MUC), KkoTophle, Kak IIpaBUIIo,
colepxXaT cliydyaliHble olIMOKU. B CBSI3M ¢ 3TUM
MHOTHUE UCCJIEN0BATEIN B 00JIACTU OE€30MMACHOCTH
nBUXeHWsS MP mpuberamT K MCHOJIb30BaHUIO BeE-
POSITHOCTHOI'O ITOAX0Ja IJISI ONpeaesIeHUs MECTO-
TTOJIOKCHU S TIPEISITCTBUH [9] m TIpenckazaHmus UX
IBUXKEHMS Ha OCHOBE CTAaTUCTUYECKUX MTaHHBIX
[5]. BeposgTHOCTHBIH TToAX0A 0COOEHHO 3P PEeKTH-
BEH B ciydyae npuMeHeHus1 MP unu 6ecnuIOTHBIX
CPEICTB Ha OOIIECTBEHHBIX AOporax, AJs IIpea-
CKa3aHU4 MOBEAEHUSA AIPYTUX YUYACTHUKOB IBUXKE-
Hus [6, 10], a Takxe I MOIEIUPOBAHUS BO3-
HUKHOBEHUS aBapUITHON cuTyaluu [4].
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B pa6ote [11] Obl1 mpoBedeH aHAIW3 METO-
JIOB OLIEHKM M obecrieyeHuss Oe3omacHoctu MP
U cAeslaH BbIBOI O LIEJECOOOPA3HOCTU €€ KOJIU-
YeCTBEHHON OIICHKM Ha OCHOBE BEPOSITHOCTHOTO
noxxoma. B kadecTBe KOJMYECTBEHHOM OIEHKU
ObLJI0 0OOCHOBAHO MPUMEHEHME IToKa3aTeass 0e3-
OMACHOCTU — PHCKa BO3HUKHOBEHUS aBAPUUHOMN
CUTyallMH C yYacTHEM MOOMIILHOTO podoTa [12]:

)

roe P — BeposITHOCTh BO3HUKHOBEHHUS aBapuu
(CTOIKHOBEHMS C MpensTCTBUEeM), W — yiiep0 oT
nomnagaHus MOOUJIBHOTO poOOTa B aBapHUIo.

Ha ocHoBe aHanm3a 3HauYeHMUS pUcKa R MpuHU-
MaeTcs pellleHrue O HEOOXOOUMOCTH OCYILECTBIIE-
HUs MaHeBpa MP 17151 npenoTBpalleHusI CTOJIKHO-
BeHUs ¢ npensgtcTBueM. Hampumep, B ciayuae mpe-
BBILLIEHUS PEAEIbHOTO 3HaYeHUs pucka R > R .,
MOOUJIBHOMY pPOOOTY HEOOXOAUMO IIEPEXOAUTh
B pPEXHUM DKCTPEHHOro TOpMOxXeHus. Kak BUIHO
u3 ¢opmynnl (1), mokasareap puUcCKa 3aBUCUT OT
BEPOSITHOCTHU P CTOJIKHOBEHU S C PEISITCTBUEM U
yuiep6a W oT 3TOro CTOJIKHOBEHUSL.

Yiep6 W Bo3HHMKAET TOJABKO IOCJE HACTYILIE-
HUS COOBITUS "CTOJIKHOBEHHUE C MPEHSITCTBUEM U
3aBUCUT, Hallpumep, oT ckopoctu MP, yrna mex-
Y BEKTOPOM €Tr0 CKOPOCTH M IIPEISITCTBUEM, CKO-
POCTH IBMKECHUS MPEHSITCTBUSA, a TaKXe IPYTUX
CYLLIECTBEHHBIX OOCTOSITEILCTB CTOJIKHOBEHUS.

Takum oGpaszom, A ompeaeeHUs pucka He-
00XOIMMO 3HATh OLIEHKY BEPOSITHOCTU BO3HMKHO-
BEHUSI aBapuHy, IIO3TOMY HaCToOsIasl pabora Mo-
CBSIIIIEHA METOMY OIIpeIe/IeHUSI BEPOSITHOCTU CTOM-
KHOBEHUSI MOOMJIBEHOTO POOOTa C MPEMSITCTBUEM.

R = PW,

ITocTanoBka 3axaun

3agayva onpeaeaeHusl BEpOITHOCTU CTOJIKHOBE-
Hus MP ¢ npensiTcTBUEM paccMaTpuBaeTCs B Clie-
IyIoleil mocTaHoBKe. MOOUIBHBLIN poOOOT mepe-
MelllaeTcs B OrpaHUYEHHO# obysactu Q < R? 1o
CIIJTAHMPOBaHHOU TpaekTopuu r = r(f), t € [0, T1.
Monenp aBUXEHUS poOOoTa 3ajaHa CHUCTEMOM
JuddepeHInaabHbIX YPaBHEHU

x =f(x(1),u(r)), x(0) =x,,

X(7) € R" — BeKTOp COCTOSIHUI poboTa, u(?) € R™ —

BEKTOp YyMpaBJeHMUS, X (f) e R" — BEKTOp Ha-
YyaJbHBIX COCTOSITHUI poboTta nipu ¢ = (.
B o6nactu Q umerorca k=1, ..., K ITMCKpEeTHBIX

MPEeIsITCTBYIA, KoopauHaTel o) = (m;’”, m(yk)) eQ
KOTOpBIX olleHuBawTcs ¢ mnomoinsio MMUC mo-

ounbHoro pob6ora. Yacte npengrcrBuit M < K
MOTYT OBITb AOWHAMHUYEeCKUMHU. PacnonoxeHue
k-To TIpensTCTBUS 3alaeTcs pacrnpeaesieHUeM Be-
POSITHOCTU py(®) €ro KOOpAUHAT, YTO MO3BOJSIET
y4ecTh UBMEHEHME B pe3ysibTaTe JI000ro BO3MOX-
HOT'O IBMKEHUS B MHTEepBaje BpeMenu [0, ..., 7] u
CMOJZIEIUPOBATh HEOMPENCICHHOCTh B U3MEPEHU-
ax MUC. Takxe mpuHUMaeETCd TONMYIIeHWE, 9TO
pACIIOJIOKEHUE NBYX NPENSITCTBUNM B3aUMHO HE3a-
BUCHUMO, UYTO CJIEAYET U3 YCJIOBUS HE3aBUCUMOCTH
MPOBOAMMOr0 HabOII0ACHNUS U OOHAPYXEHUS TIpe-
TCTBUS ¢ momonbio MUC.

HeobOxogumo HaiiTu BeposITHOCTL P(f) CTOII-
KHOBEHUS poOOTa € JI00BIM U3 K TIPETSATCTBUA.

MeTobl onpeacjacHusa BEPOATHOCTH
CTOJIKHOBCHHSA C NPENATCTBUECM

CyuiecTByeT psAA IMOAXOOOB K OIIPEAEICHUIO
BEPOSITHOCTU CTOJIKHOBEHHUSI pobOTa C APYyTUMU
00BbEeKTaMHU OKpYKalollleii cpeapl: C IOMOIIBIO
MOICIUPOBAHUS TOBEICHUS OOBEKTOB Ha OCHO-
Be MapKOBCKMX TipoueccoB [6, 10], mpeacka3aHue
MOBEICHMS YYaCTHUKOB ABUXEHUS HA OCHOBE Be-
POSITHOCTHBIX Mojenei [4], Ha OCHOBe aHaIu3a
KapThl OKpyxXarolieil cpeasl [13, 14].

Cnenyer 3aMETUTh, YTO IEPEUYUCICHHBIE ITOMI-
XOAbl 0asUpPyIOTCS Ha AUCKPETHOM IPEACTaBJIC-
HUMU (3aMOILEHUN) 00JJacT Q) OMMHAKOBBIMU KBa-
IpataMu (KJeTKaMH) CO CTOPOHOW A, TIpU 3TOM
Kax[asl KJIeTKa o; U €e KOOPIUHATHI (i, j) Hepas-
JIMYUMBI, a TIepeceYeHre KICTOK MOXET OCYIIECT-
BJISITbCS TOJBKO IO pedpaM [15]:

Q) ={oy |(i,j) el, c Zz,p(mij moak,) =

= @,(i,j) # (k,l),Q c U oal-j},
(i,j)e[h
Qh: U 0)ij’
(iﬂj)EIh
rne p(w; Nay) — YCTIOBUE TOMApHOTO Hemepe-

CEYEHUsI KJIETOK B 001acTu ).

Takoe mpencraBieHNe SIBASETCS 0a30BBIM IS
MOCTPOSHUS KapT MPOXOAUMOCTH, UJIN CETOK 3a-
HATOCTH [14], KOTOpbIe UCHOIB3YIOTCS AJIST OIpe-
JIEeJICHUSI BEpPOSITHOCTU CTOJKHOBEHUSI poboTa
¢ mpensaTcTBUSIMU. B KapTe MpoXoaMMOCTH Kax-
Jasl KJIeTKa, KaK MpaBuIo, IIPUHUMAET JUCKPET-
Hoe 3HayeHue. Hampumep, B padore [16] npenio-
KEeHO MCMob30BaHue KapTel Occ(w;), B KOTOPOH
Kaxjas syeiika o; HaXOIUTCA B OIHOM U3 JIBYX
cocTosgHuii: "3aHsATa" (0; = 1) uiam "He 3aHsATA"
(w; = 0). Occ(w;) uCTIONB3yeTCsT ISl MOCTPOCHUS
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Puc.1. /IBukenue podoTa no TPaeKTOPHH
Fig. 1. Mobile robot’s trajectory movement

KapThl, B KaXJOW S4YEeHKE KOTOPOM COMECPKUTCSI
3HAYCHUE BEPOSTHOCTH P(w; 1) HaxoxneHusi
SAYEHKU o; B COCTOSTHUM "3aHsTa". Ha ocHOBe Tm0-
JOOHOM, HO IMEePUOIMYECKH OOHOBJISIEMOI, KapThl
M(?) B pabote [13] paccmaTpuBajach 3amadya oInpe-
JEJICHUST BEPOSITHOCTU CTOJAKHOBEHMS MP kak co
CTaTU4eCcKuM P., Tak U JUHAMUYeCKuUM P.; mpe-
nsarcrBueM. Ilpenmonaraercsi, 4YTO OIpeneIeHO
KoH(purypauuoHHoe mnpoctpaHcTBo C MP (coBo-
KYITHOCTh 3HA4eHUI BCeX €ro OO0OOIIEHHBIX KO-
OpIMHAT: IIOJIOXEHUEe U OpUeHTalMs poboTa) Kak
crieliManabHas eBKymaoBa rpymnmna SE(2) [16], koMm-
nakTHas obmacte Ag(q) < Q,, 3aHuMaemast po6o-
ToM (puc. 1), q € C. O6macTh A, KOTOPYIO 3aHUMAET
poOOT IpU ABUKEHUU IO TpaeKTopuu r = r(f) 3a
UHTEpBajJl BpeMEHU T = 1, — [}, ONIPEALIIeTCsI KaK

U A4, A< Q.

fE[fl, t2]

A:

Torma, coriaacHo pabote [13] BepoSATHOCTH
CTOJIKHOBEHMSI P, CO CTaTUYECKUM MPEISITCTBU-
€M MIIEeTCS KakK

P, = mjlx(P(oaij =1)).

JI1s1 BBIUMCIEHWST BEPOSITHOCTU CTOJIKHOBEHU S
P.; c aMHAaMKYeCcKUM NpensTCTBUEM m B pabote
[13] BBOOMTCH TOHATHE 00JIACTU 0,, TOTEHLIMAJIb-
HOTO B3aUMOACHCTBUS MEXIY pOOOTOM U MpPEIsT-
CTBUEM (pHUC. 2, @, CM. TPETHIO CTOPOHY OOJIOXKKU).

BeposiTHOCTH CTOJIKHOBEHUSI ¢ AMHAMUYECKUM
MPEMNsATCTBUEM B MOMEHT BPEMEHH f alllIPOKCUMMU-
pyeTCcsl BEPOSITHOCTHIO

Pey(0,) = Plo, (NN A= D,V €t,1]),
Pcd(om) = ]Zilllwmn[Pcd(oman)‘*'
+ Pps(Om,l’l)(l - Pcd(om:n))]a

rae P, (0,,k) = jPS(om(t)) — BEpOSITHOCTH TIO-

A
nagaHuss podboTa B 00JIacTb MPENSITCTBUS (KPYT

paguycom 1,2 m); PS(0,(f)) — mozmenb obaactu

MpEensaTCTBUS € LEHTpOM B o,; P.(0,, n =

= j G(o,,(t),1,,%,) — BEPOSITHOCTb CTOJIKHOBEHMUSI
A

C TIPEISITCTBUEM, IBMXKYIIAMCS II0 LIA0JIOHY #;
G(o,,(t),n,,%,) — TrayCCOBCKMH mpouecc, Npen-
CTABJISIOIINI IBUXEHUE ITPEISITCTBUS II0 OMHOMY
13 BO3MOXHBIX I1a0JIOHOB # (11a0JIOH # — OIHA U3
MOJeJIell IBUKEHUSI MPENsSITCTBUS, COCTaBJICHHAs
C YYETOM COOpPaHHBIX CTATUCTUYECKUX HAHHBIX);
W,,, — B€C LIa0JIOHA 7 JJIST IPENSITCTBUS M; |, —
MaTeMaTUyeCcKoe OXMUJIaHue; X, — KOBapualus;
N — 4unciao Bcex BO3MOXHBIX 11a0JIOHOB JABUXKE-
HUSI TIPETISITCTBUS M.

BepogtHocTh /-TO mepexonga podboTta B 00JIacTh
0, PaBHa PZ; = mjlx(gc,,s, (0;)), TIE &c,.s, (0;) —
JAByMepHasi rayccoBa (DyHKUUS IS KIETKH o
C KOBAPMALIMOHHOM MaTpuLEeil ; U LIEHTPOM MpO-
CcTpaHcTBa 0, B Touke C; (puc. 2, a, CM. TPETHIO
CcTOpOoHY 00JI0KKH). [Ipu 3TOM BepOSITHOCTH CTOJ-
KHOBEHUSI C IMHAMMWUYECCKHM IIPEISITCTBHEM 3a
BCE BpeMs ABUXEHHUS pPOOOTa OIpemessieTcsl Kak

M L
Pcd =1- H (1_Pcd(0m))H(1_PZl)‘

m=1 1=1
I[Tonnas BEPOATHOCTDb CTOJIKHOBCHUS C JTIOOBIM

BO3MOXHBIM IPEMSITCTBUEM BO BPEMSI IBMKEHUS
poboTa BeIYMCIISIETCS 10 hopMyJie

P =P . +(1-PyP, 2

Takum o06pa3zoM, MNOSIBIASIETCSI BO3MOXKXHOCTH
OLICHUTb BEPOSITHOCTh CTOJKHOBEHHSI poOOTa CO
CTaTUYECKUMU IIPEISITCTBUSIMM Ha OCHOBaHUU
MMOCTPOEHHOI Ha MOMEHT OLIEHKM KapThl OKpYyKa-
oureit cpeasl pobdota. IlepeMeHHBIM 3J1€MEHTOM
KapThl SBJSIOTCSI AUMHAMUYECKHE OOBEKTHhI, HJIS
BBIYMCJIEHUSI BEPOSITHOCTU CTOJKHOBEHHUSI C KO-
TOPBIMU IIpeajaraeTcsl IpoBOAUTh MpeacKa3aHue
MUX IBUXEHUS Ha OCHOBAHUM HAOMIONEHMI 3a UX
MOBEJAECHUEM.

Kak ormeuaercss B pabote [5], MHOTME ajiro-
PUTMBI IJITaHUPOBaHU S IpeaaraloT N BapuaHTOB
TpaexkTopuii nuxeHus. Ilpu nHanuuum K npensr-
CTBUI B 30HE JEHCTBUS poOOTA BBHIUMCIUTEIbHAS
Harpyska IIpu OLEHKE BEpPOSITHOCTU IO opMyJie
(2) paBHsieTcss O(NK). ABTopbl paboThl [5] mpen-
JlaraloT IMOAXO[, BHIYMCIUTEbHASI HAarpy3Ka KOTo-
poro oyneT paBHATbcs O(N + K). [11s1 OLIeHKU Be-
POSITHOCTU CTOJIKHOBEHUS C IPENSITCTBUEM B pa-
6ore [6] BBODMTCSA OrpaHUYEHUE 130 <SPy=P,
KOTOpPOE [JII TOYCUHBIX IIPEISTCTBUII BBIUMCIIS-

~ K
ercs Kak Py = [ Y pi(o).
Ak=1
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Hnsg Bcero Habopa npensaATcTBuid K B padbouem
MPOCTPAHCTBE POOOTA, 3aHUMAIOIIETO MHOXECTBO
Touek B, c A(puc. 2, 6, CM. TPETBIO CTOPOHY 00JI0XK-

K

K#), Bblyuciasercs G(o)= > —

k=18 By
(rne Sp, — miowanb 061acTH, 3aHUMAEMOil MHO-
XKECTBOM TOUCK By; I p (@) — MHANKATOP MHOXECTBA
B;; f(®)* g(®w) — cBepTKa (PyHKIUI B KIETKE ®),
IUI TIPENATCTBUNA B, ¢ A BBIAENAETCS OTpaHU-
YUBAOLINI KOHTYP aBkG(m) Vg, (@) * I (o) 1

I3 (@) * py (@)

Bbruncasercs 0G (o) == Z 0By o(o) * p; (@) (rme

242
g.(®) — Hopmanmomﬁﬂaﬂ IByMepHas QyHKIIMS
I'aycca). Ing Kaxaoro myTu M3 N BBIYUCISIETCS
0A (@) = Vg (®) * I (@) BOKpyr A. BeposaTHOCTB
CTOJIKHOBEHU S po0OTa ¢ MPEnsITCTBUEM OLICHUBA-
eTcd Kak Fp > Pp > Pp:

FD = I aAc(m)a Gc(m) + _‘- IA((D)G((D)’
Ay Ay

%GAG *0By o + SL&{IA *[p — nMHANKa-
TOp paclIMPEHHON cyMMoil MMHKOBCKOIo oba-
ctu A (puc. 2, 6, CM. TPEThIO CTOPOHY OOJOXKKM).

Heobxonumo ydyuThiBaTh TOT (PakT, YTO OLIEHKA
BEPOSITHOCTH CTOJIKHOBEHMSI poOOTa C IIPEHSITCTBU-
€M B paCCMOTPEHHBIX paboTaX MPOBOAUTCS Ha OC-
HOBE aHaju3a IIOCTPOEHHOM 10 Hayaja JBUKEHUS
KapThl CTaTUYECKMX IIPEMSITCTBUI OKpYyKarolleh
cpenbl. TakuM o6pa3om, poOOT IBUTAETCS MO allpyuo-
PpY U3BECTHOI KapTe, HEOIIPEIEIEHHOCTh B KOTOPOM
COCTaBJISIIOT TOJBKO TMHAMMWYECKUE IIPEHsSITCTBUSL.
Takxxe oO0IIMM B PpacCMOTPEHHBIX BBILIE IOIXOMAX
SIBJISIETCSI TTIOMCK OLIEHKM BEPOSITHOCTU CTOJIKHOBE-
HUS Ha dTalle MJIaHWPOBAHUS TPAeKTOPUU I = r(f),
0e3 aHajM3a BO3MOXHOIO OTKJIOHEHHUSI poOoTa OT
3TOM TPaeKTOPUU BO BpeMsI €ro IBUXKEHU S, KOTOpast
XapaKTepU3yeTcsl TMHAMMYECKON OIIMOKON CHCTe-
MBI yIIpaBJIeHUs poOoTa.

IIpennaraeMblii HAMU METO/ OLIEHKH BEPOSITHO-
CTHU CTOJIKHOBEHMUS C MPEISITCTBUEM B OTJIMYME OT
PacCMOTPEHHBIX UMEET ABa KJIIOUEBBIX OTIMYMSL;

e JIJIsS aHajJdM3a MPEensSTCTBUI B KaXXIbIii MOMEHT
BpPEMEHU { MPUMEHSIEeTCSI IMHAMUYECKU OOHOB-
JissemMasi MHOTOCJIOHAasl KapTa MPOXOAMMOCTH,
KaXIbI¥ CJIOM KOTOPOM 3aroJHAETCHd OTIEIb-
HbIMU Kiaaccupukatopamu MUC u xapakre-
pusyeTcsd CBOeil MaTpuIlell NpaBIONOmOo0OMS,
YTO ITO3BOJIIET MOJyYaTh 00J€e TOCTOBEPHYIO
OLICHKY BEpPOSITHOCTM HAaXOXACHUS TpPemHsiT-
CTBUSI B KJIIETKE ;)

* YUUTHIBAIOTCS BO3MOXHBIE OTKJIOHEeHUSI MP oT
CIJIAHUPOBAHHOM TPaeKTOPUU T = r(f).

e [, <

OnpenesieHne BEPOITHOCTH HAXOXKIECHUS
NpenATCTBUA B 32JaHHOM KJIEeTKe KapThl HA
OCHOBE MHOTOCJIOMHOM KapThl NPensATCTBU

MHorocnoifHoO KapToi B MOMEHT BpPEMEHHU 7,
10 aHAJIOTUU C paccMaTpuBaeMbIM B pabote [15]
"manamwadrom”, OymeM Ha3bpIBaTb MHOXECTBO
KJIACCOB KJIETOK OIIPEICJICHHOI0 ITOJMHOXECTBA
MMOKPBITU S

My, Ir,cl) ={(c;,
w; € Qs = 0,Ir,Ir e N},

Takoro, 4Yto @QYHKUMUS c¢(*) TpUHUMAET Ha
‘i =1n, j=1 m} He Oosee c/ 3HAYeHMit, TIPU-
qu K KJjaccy b mpuHamjaexuTt N, KJIETOK, T. €.

Z N, —|M (Qy, Ir, cl)|. Kapta M(Q,,Ir,cl) obpa-

3oBaHa (Ir + 1)-xneToyHOW TJIOCKOCThHIO: pe-
3yJBTUPYIOLIUM cloeM  Lo(Qy,¢l) = {(c;,0) | ¢; =
= c(t,0;,0),0; € Q,} ucnoamu L (Q,cl), koto-
pele POPMUPYIOTCSI HE3aBUCUMO padbOTaOIINMU
KJaccudukaropamMy BHEIIHEH Cpelbl Ha OCHOBE
maHHeix MAC:

S)|cij = C(t, mijas)s

Ir
M(Qy,, Ir,cl) = Ly (Qy,cl)u U1 L (Qy,cl).
P
Ho B oTnuume OT M3BECTHBIX pELICHUM, WC-
MMOJIL3YIOIINX MHOTOCJIONHBIE KapTHl [18, 19], 3Ha-
YeHUe c¢; B Kietke (i, j) € € pesyabTupylole-
ro cnosi Ly (Qy,cl) paccuMTBIBAETCSA MO JaHHBIM
K1eToK (i, j) cnoes L (Qy,cl) B COOTBETCTBUM
¢ ¢popmyioit baiieca:

P(c(”))P(D‘c.(.”))
c;; = arg max )
ij b=1,2,....cl Z P(C(k) ( ci(jk))

IZle BEPXHMil MHIEKC B 3ammicu ci)’ 06o3Hauaer,
4TO ¢; cooTBeTcTBYeT Kiaccy by D ={(c;,s)=
= M(Qh,lr cl;i, j)‘s =1,Ir}; P(c(b)) — anpuopHasi
BEPOSITHOCTD TOSIBJIEHUS KJiacca b B KjeTke (i, j);
P(ch(b) — YCJOBHAsl BEPOSITHOCTb ITOSIBJICHMUS
COBOKYMHOCTH 3HaueHui D B ciogx s =1,/r, eciin
B NIENCTBUTENBHOCTH B KJIETKYy (i, j) Iomamaer
00BeKT KJlacca b.

OOHOBIIEHME PE3YyABTUPYIOUIETO CJIOST KapThl
BBITIOJIHSIETCSI C IIEPUOAOM Af Ha MHTEpBaJie Bpe-
menu [0, 7.

Takum 00Opa3om, Ha MEPBOM 3TaNe OMNpeaee-
HUSI BEPOSITHOCTU CTOJIKHOBEHUS C IPEINSTCTBU-
eM P olleHMBaeTCsI, B KAKOM COCTOSIHUM HaXOIUT-
cs Kaxknmgast (i, j) ss4yeiika pe3yJbTHUPYIOLIETo CIIOS
Ly (Qy,cl) o dopmyne (3) Ha OCHOBE COBOKYTI-
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HOCTM 3HaueHMil D Bcex kiaccugukatopoB. Ha
ATOM K€ 3Talle OCYILIECTBJSIETCS TMJaHUPOBAHUE
OIOPHOM TPAaeKTOPUHU ABUXKEHUS I = r(f) 1Mo JaH-
HBIM Pe3yJIbTUPYIOIIETO CJOS.

Ha BTOpoM 3Tane HeoOXOIMMO OIPENeIUTh BEPO-
SITHOCTh HAXOXIEHUS TIPEISITCTBUS B sTueiike (i, /).

B o0iieM ciaydae cyuiecTByeT MOAMHOXECTBO
CL,. cCL (CL={l,2,...,cl}) xnaccoB 0ObEKTOB,
CTOJIKHOBEHUSI ¢ KOTOPBIMU MPUBOASIT K aBapuii-
HOM cuTyaumu, M mnoamMHoxecTBo CLy c CL
KJIACCOB OOBEKTOB, HE MPUBOISAIINX K aBApUNHOMN
cutyauuu. Ilpm stom CL,. "nCLy =<. B nmans-
HelileM OyneM CUuTaTh, YTO KJIACCHI U3 TIOIMHO-
xectBa CL,, He pasnuymMbl Mexay coboit. g
OIpeaeJIEeHHOCTU OyaeM o00o03HayaTh JI00OU U3
kJjaccoB nonmMHoxecTtBa CL,. Kak ¢, a U3 MOIMHO-
xectBa CLy — Kak ¢ .

N3-3a norpemnoctu usmepenuit B UMC naii-
NIieHHas OlIeHKa Kjacca g B Kietke (i, /) e Q, pe-
3yasTupytomero cnost Ly (Q,,cl) cooTBeTCTBYeT
knaccy q € CL,. B IeiCTBUTENIBHOCTH C BEPOSITHO-
CThIO p;. Torna no TaHHBIM PE3YJIBTUPYIOILETO CIIOST
Ly(Qy,cl) MOXHO ONpeneNnuTh OTHOCIONHYIO
Kapty  P(Q.cl)= {pij‘pij = p(t,m,-j),oaij € Qh},
coiepxXally MHGOPMAILMIO O BEpOSITHOCTHU Tpa-
BUJIbHOW KJaccupukanuu ¢, tae QyHkuus p(+)

INPUHUMAET Ha {mij ‘i =ln j= I,_m} 3HA4YECHU S
B nuanasone [0, 1).

IMockonbky KapTa P(Qy,cl) Takxke AUHAMU-
yecKu OOHOBIIsEMAasi, TO MPEMATCTBUSA B KaxKAOM
KJIeTKe KJIacCU(PUIUPYETCS B KaXXKAbIA MOMEHT
BpeMEHU

e [Ty, Ty7 + AL, Ty + 2At, ...,
s Ty7 + kAL, T,

riue [TOC”' ,T/] — wHTepBas BpeMs HaXOXIEHUS
kiaetku (i, j) B 30oHe Buammoctu MUC pobora,
MpUYeM pe3yJbTaThl BCeX Kilaccupukanmii He3a-
BHUCHUMBI MEXIY COOOMA.

Torma Ha k-M mare Kjaaccugukaiuyd BepoOSIT-
HOCTb p; MOXHO OIPENENUTDh CIEAYIOUIMM 00pa-
3oM [20]:

P =pi(qla,) =

_ PG| 9py(qla; )
P@lopiala, )+ p@|Dp;@|q,y)

@)

Takum obpasom, popmuposanue P(Q,,cl) no-
3BOJISIET OINPEAEIUTh BEPOSITHOCTh OOHAPYXEHUS
NPUBOISALIMX K CTOJIKHOBEHUIO OOBEKTOB KJacca
g € CL,, Ha pesynsTupyioueM cioe Ly (Qy,cl).

BCI)OHTHOCT]) CTOJIKHOBCHHU S poﬁoTa C mpenATCTBUEM

IIycTb B Kax b1t MOMeHT BpemeHu ¢ € [0, 7] MP
3aHMMAeT KOMIIAKTHOe MHOXECTBO A, (q) < Q,
q € C. OmpenenaeHO BEpPOSITHOCTHOE IIPOCTPAHCTBO
(E, F, P), tne F — KOHEYHOE MHOXECTBO 3JIeMEH-
TapHBIX MCXoOoB; ‘F — curma-aiaredopa MmoaMHO-
XKecTB £ — coObiTuii; P — BepoSTHOCTHASI Mepa.
Toraa, yauTeiBasi IMHAMUKY CUCTEMBbI YIIPaBJICHU S
nBuxeHueM MP, npu ero ciiemoBaHUM 1O CIJIaHU-
POBaHHOI TPAGKTOPHUHU I = r(f), MOKHO OIIPEIEINTh
cllydyalilHyI0 peaJmn3anuio (3JeMEHTapHBIA KCXOI)
e € Friponecca 1BUKEHUST — 3aHMMaeMOe UM CIIy-

yailHoe moaMHoOXecTBO A, = |J A/ (r, (1)) c Q,
tefr,1+3)
3a MHTEPBAJI BpeMeHHU 5. JIpyrMMu clIoBaMu, TP

JIBUXKEHUHM 3a BPeMsI & C YYETOM BCEX BO3MOXKHBIX
OOKOBBIX M YTJIOBBIX OTKJOHEHUWI OT CIJIaHUPO-
BaHHOI TpaekTopuu (puc. 3) — aHcamOas Ciy-
JalHBIX peaju3anuii mpoiecca ABuxkeHuss — MP
OyzmeT MpWHAIIeXaTh CIIy4aiiHOMY TTOMIMHOXECTBY

A. = U A, mHOXecTBa ), E, < E — nogmMHOXe-
eck,
CTBO BO3MOXHBIX TPAEKTOPUIA IBUXEHUS poOOTa.

ITpu 5TOM BepOSATHOCTH HAKpbITUSI MP KieTku
®; 32 BpeMsi & paBHa

Py (0 € 4,) =P(fe: oy € 4,(e)}).  (5)

BeiuncieHne BepOSITHOCTH P;;V Herocpe-
CTBEHHO 110 popMmyJie (5) 3aTpyaIHUTETBHO, II03TO-
My ee ynoOHee paccMaTpuBaTh KakK YCJIOBHYIO Be-
POSITHOCTD p(w;; | 6) HAKPBITUS KJIETKM, OTCTOSILEH
Ha pacCTOSIHUU O OT CIJIAHUPOBAHHOW TPAEKTO-
pun (ot ONMXKaiiieil TOUKH TpaeKTopuu) (puc.3).
B aTOM ciydae BepOSITHOCTD Pofy‘_"’ = p(w;]0) Mox-
HO MHTEPHpPEeTUpOBaTh aHAJOTUYHO KOOPAMHAT-
HOMY 3aKOHY TOpak€HUs 11eJiM, KOTOPBI Xapak-
TepU3YyeT BEPOSITHOCTh TMOPaKEHWS 3DJIeMEeHTap-
HOM 1IeJ M MpY YCJIOBUM, YTO TOUYKa TOMagaHUs
CpeaCcTBa MOPaXeHWsI OTHOCUTENbHO LU UMEeT
3agaHHble koopauHatel [21]. [Ipumepsl koopau-

Puc. 3. OTknonenne ¢GaKTHYECKOil TPaeKTOpUH I, = I, () MO-
OMJIBHOr0 pod0Ta OT CIVIAHHPOBAHHOM I = r(7)

Fig.3. Deviation of the real trajectory r, = r,(¢) of the mobile robot
from the planned trajectory r = r(?)
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(4)—(7) OBl peanu3oBaH B BHUIE
MIPOrpaMMHOTO MOAYJIS B cpene
ROS (Robot Operating System) u
IIPUMEHEH B CHUCTEMe YIIpaBJIEHUS
JIBUXEHWEM MOOMJIBbHOro pobora
"Ilnactyn". Husg mpoBepKH aleK-

BAaTHOCTU MOJECJIN BbIYUCIICHU S BE-

POATHOCTHN CTOJKHOBCHUA p060Ta
C MIMpCIATCTBUCM OblIa IIpoOBCICHA

Puc. 4. KoopauHaTHblii 3akoH HakpboiTHA MP sYeek, pacnoJioKeHHBIX HA yIaJIeHHH

0 OoT TpaekTopHUH:

a — omnbKa 1Mo yriiy ¥ 60KOBOMY OTKJIOHEHUIO B CUCTeMe yIIpaBJIEHUSI OTCYTCTBYET;
6 — OLIMOKM CUCTEeMBbl YIIPaBJCHUS MO YTy U O0OKOBOMY OTKJIOHEHUIO pacrpenese-

HBbI IO HOPMAJIbLHOMY 3aKOHY

Fig.4. Coordinate law of coverage of cells located at a distance 0 from the trajectory

by a mobile robot:

a — there are no control system’s errors in the angle and lateral deviation; 6 — there are
control system’s error in angle and lateral deviation with normal distribution

HATHOTO 3aKOHa p(w; | ) nns MP, mony4yeHHBbIC
C IIOMOIIbIO MMHUTALIMOHHOTO MOACIUPOBAHMS
MmetonoM MoHTe-Kapio ¢ yyeToM XapaKTepUCTUK
CHCTEMBbI YIIPaBJICHUS IBUXEHUEM U €ro radbapur-
HBIX pa3MepoB, IPUBEACHBI HA pUC. 4.

3Hasi YCIOBHYIO BEPOSTHOCTD p(w; | ©), MOXHO
ONpeneNuTh 001acTb A,, B KOTOPOil BEPOSITHOCTH
cTonkHoBeHUst MP ¢ mpensiTcTBUeM OyIeT OTJINY-
Ha oT Hynd. bynem cuuTaTh aBapuitHOM cUTyaluei
B MOMEHT BPEMEHH f CTOJKHOBEHUE C IIPENsSITCTBU-
eM k, 3aHMMaloIUM NIOAMHOXeCTBO O, < Q, [13]:

(6)

TakuMm oOpa3zoMm, ¢ ydeToM BhIpaxeHus (5) u
ycioBusi (6) BEpOSITHOCTb CTOJNKHOBeHUsT MP
C MPEensTCTBUEM B MOMEHT BPEMEHHU [ MPU TOpU-
30HTE MPOrHO3a JABUXKEHUS & OyneT paBHa

0, A =@ vte[0,T].

P(r<t<1+9)= rrhax(p(m,-j|6)p(t, o;)).  (7)

3HauyeHue BeposITHOCTU no ¢opmyJie (7) HeoO-
XOAWMO BBIYMCIISITH B KaXAblii MOMEHT BPEMEHU
IBUXeHUs pobota ¢t € [0, 7] B uensx yyera HO-
Boli nH(pOpMaLIMU 00 OKpyXKawllel cpeae, B TOM
yucjae MOSBJACHUS TMHAMUYECKUX TPENSITCTBUM
B 30HE JAeHCTBUS pOOOTA.

BKCHepI/IMeHTaJIBHaﬂ NMpoBEepPKaA MOJEJH OLECHKH
BEPOSTHOCTH CTOJKHOBEHHSI MOOHJIBHOTO podOTA
C npenAaTCTBHEM

[IpencraBieHHBINA BBIIIE METOH OIPEACICHUS
BEPOSITHOCTH CTOJIKHOBeHUSI MP ¢ mpensarcTBuem

: p(o; {6) plo; 10)

: 1 1 . -

|

| 0,8 038

I

| 06 06
N
I

: 0,2 0,2 / \
I

0 M g —-—/

: -1 -0,5 0 0,5 1 -1 -0,5 0 0,5
| a) 6)

cepusl HATYPHBIX DKCIEPHMMEHTOB
C JaHHBIM MOOUJBHBIM POOOTOM
(puc. 5, cM. TpPETHIO CTOPOHY 00-
JIOXKM), OCHAIIEHHBIM OIHUM
cKaHupyomuM 2D-maxbHOMEpPOM.
B pamkax sKcIepuMeHTOB Oblja
CMOAeNMpOBaHA CHUTyallds IIOSIB-
JICHUSI Ha TPAeKTOPUU ABUKCHUS
MP npengarcTBuS C BO3MOXHO-
CTbIO ero obme3ma (puc. 5, 6, cMm.
TPEThIO CTOPOHY OOJIOXKKH).

3amaBajach 1esieBasi Touka, B Kotopyto MP He-
00X0AMMO OBIJIO BBITIOJHUTH TepemelreHue. [lo-
clie TUIAaHMPOBAHMS OMOPHON TPaeKTOpUU POOOT
HaunHaa aBvxxeHue. [locie BO3HMKHOBEHMS Ha
MyTU poboTa mpensaTcTBus (puc. 6, a) "Monayib
Oe3omnacHocTH" cooObIlag 0 BO3MOXHOM CTOJKHO-
BeHUM B 0J10K "YTpaBieHWe aBTOABUXEHUEM", KO-
TOPBIA OTMEHSJI IBUKEHUE MO TEKYIIEH TPACKTO-
pMHU M 3alyCKaJl MOCTPOCHUE HOBOM TPaeKTOPUU
B Osioke "I[lnanupoBanue TpaekTopuu'" (puc. 6, 6),
nocje nocTpoeHusi Kotropoir MP coBepliuan o0b-
€3] MpensAaTcTBUs (puc. 6, 6, o).

Ha rpaduke m3mMeHEeHUS BEPOSITHOCTH CTOJI-
KHOBeHMs (puc. 6, d) Mexny Toukamu I u 2 Be-
POSITHOCTh CTOJIKHOBEHUSI PE3KO Bo3pacTrajia Mo-
clie TIOSIBJICHUS IIPEISITCTBUSI Ha NYTH CJIeHOBa-
Hug MP. Jlanee BepOSITHOCTb YMEHbIIAJACh [0
HyJs1 (Touka J), TaK KakK IMPOMCXOAuIa OTMeHa
TeKylleil "oImacHON" TPaeKTOPUM U BBHITIOJIHSIIOCH
ImaaHupoBaHue HoBolt. Ilociae Touku 4 BeposiT-
HOCTb HaxoauJiach B mpenenax ot 0,6 mo 0,7 us-
3a YMEHBIIECHMS ITPOCTPAHCTBA ISl COBEPIICHUS
00be3ma NpensITCTBUSA U IJIaHUPOBAHUS TPAEKTO-
pUH B OTpaHUYEHHOM IIPOCTPAHCTBE MEXOY IIpe-
OSATCTBUEM M CTCHKOUW KOpHIOpA.

Bo BpeMsi BBITIOJIHEHUSI JAHHOI'O 3KCIEpUMEH-
Ta TOCJe 3aBeplIeHUs 00be3da MPEeHsITCTBUS II0
KOPUAOPY HAaBCTpeuy poOOTYy He3aIIaHUPOBAHHO
JIBUTAJICS YeJ0BEeK (IMHAMMUUYECKOE IIPEISITCTBUE),
KOTOPBIT 000THYJI poboTa. B MOMEHT COMMKEeHU S
poboTa 1 YejaoBeKa BEPOSTHOCTH CTOJIKHOBEHUS
YBEJIMYMIIACh, UYTO U MJIJIIOCTPUPYET MUK MEXIY
ToOYKaMu 5 u 6 (puc. 6, d).
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Puc. 6. O0be3n npensTCTBUS MOOUJIBHBIM POOOTOM:

a — oOHapyXeHMe MPEMNSATCTBUS Ha TPAeKTOPUM; 6 — MOCTPOEHUE TPAeKTOPUH IJIs1 00be3aa; 6 — 00be3 MPEeMnsITCTBUS; ¢ — OCTaHOBKa
MP; 0 — rpacduk u3MeHEeHUST BEpPOSITHOCTH €TI0 CTOJKHOBEHUS C MPEMSATCTBUEM

Fig. 6. Obstacle avoiding of the mobile robot:

a — detecting an obstacle on the trajectory; 6 — planning the trajectory for avoiding obstacle; ¢ — avoiding an obstacle; ¢ — stopping the
mobile robot; 0 — the plot of probability collision with an obstacle

3aKka0ueHne MIPY TUCKPETHOM TIpENCTaBiIeHUH (B BUAEC KIIETOK)
00J1acTU BO3MOXHBIX mepemelneHuit MP oTHocu-
TEJIbHO CIIJIAHWPOBAHHOUW TPaeKTOPUM ITO3BOJISIET
JUTST KaXXKA0# KJIETKM 3TOM 001acTH paccMaTprUBaTh
OLIEHKY BEPOSITHOCTU CTOJNKHOBEHMS KaK ITPOM3-
BeJICHNE BEPOSITHOCTH HAaXOXICHWST IPENSITCTBUS
B 3TOM KJIETKE M YCJIOBHON BEPOSITHOCTU HaKphI-
™M1 MP 5Toii KJIeTKU. DTO He TpedyeT MpuBJe-
YeHUSI TOTOJTHMUTEILHOM anpuOpHO MHPOpMaIINn

O BO3MOXKHBIX HNEPCMCIICHUAX HpeHHTCTBHﬁ, 4TOo

IIpeacraBiaeHHBI B paboTe METOH OLICHKMU Be-
POSITHOCTU CTOJKHOBEHMS C MPENSITCTBUEM OBU-
KYLIErocs 1Mo CIUIAHMPOBAaHHOU TPaeKTOPUU aBTO-
HOMHOTO MP B OoT/IMume OoT M3BECTHBIX 0a3UpyeTCs
HE TOJIBKO Ha pe3ybTaTaxX aHaJan3a PacloIOKEHU S
¥ TIOBeJIeHUsT OOBEKTOB BO BHEIIIHEN cpefie, HO U Ha
WUCIOJb30BAHUU CTAaTUCTUYECKUX XapaKTEPUCTUK
CUCTEMBbI yIIpPaBJCHUS OBUXeHUEM. Takoi moaxon
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B METOOMYECKOM 1 BEIYMCIUTEIBHOM ILJIAHE CYIIe-
CTBEHHO yTIpOLIAET 3a/ayuy.

OcobOeHHOCTBIO TPEACTaBIEHHOTO METOAa SIB-
JIsIeTCsl TAaKKe MPMMEHEHUE MHOTOCTIOMHON KapThl
MPOXOAMMOCTH, KOTOPasl TO3BOJISIET CHU3UTh YHC-
JIO OIMMOOYHBIX KJIacCU(PUKALINI O TIPETSITCTBUIX
3a CUYeT KOMIIJIEKCUPOBAHMSI PE3yJIbTaTOB pabOThI
OTAEJbHBIX KJIacCUDUKATOPOB [22] B pe3yabTUPY-
IOIIUM CIOM ¢ TTOMOIIbIO OAiECOBCKOTO BBIBOMA.

B 1esom BbIUMCIIEHME BEPOSITHOCTH CTOJKHO-
BEHHMSI aBTOHOMHOrO MOOMJIBHOro poboTa ¢ Ipe-
MSATCTBUEM IO3BOJISIET TIEPEUTH K KOJMYECTBEHHOM
ollcHKe O0e30MacHOCTH €ro JBMXKEHUS C y4YeTOM
aHajM3a BO3MOXHOIO HAaHOCUMOTO ylepba v, Kak
CJIeACTBUE, K PHUCK-OPUEHTHUPOBAHHOMY YIIpaBJie-
HUIO ABMXXEHMEM po0OTa, KOTOpOE paccMaTprUBaeT-
cs Kak JajibHelllee HalpaBieHne padoOThl aBTOPOB.
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Abstract

The probability estimation problem of a collision between path tracking for an autonomous mobile robot with an ob-
stacle is considered. We reviewed and analyzed methods for solving this problem. We show that reviewed methods use
periodically updated grid maps (occupancy grids). The new method of probability estimation of the collision between the
mobile robot with an obstacle is presented. This method based on the use of probabilistic grid map. Each cell of this map
stores the estimated probability that the obstacle is located within. In addition, this map stores the conditional probability
of occupying of the map cells by a robot, taking into account the possible lateral and angular deviation from the planned
trajectory. This deviation caused by error connected with dynamic characteristics of the tracking system. To build the
probabilistic occupancy grid, the dynamically updated multilayer grid map was used. Each layer of this map, except for
the resulting output, has been filled with the data obtained from classifiers which process information incoming from sen-
sory of the robot. This layer is the result of Bayesian inference from the layers laying below. The motion control system
provides construction of the multilayered grid maps, probabilistic occupancy grids, coordinate estimations, path planning,
motion tracking and the probability estimation for collision with obstacles. The method such estimation is implemented as
an embedded module compatible with ROS (Robot Operating System). The description of experiments with the mobile robot
in-nature (on the field) is given in the case when a motile obstacle appears intercepting the planned path. The estimated
changes of probability for a collision between the mobile robot with obstacle are presented, interpretation of the obtained
results is also given. Here we demonstrated the necessity of collision probability estimation for assessment of the risk as the
main safety indicator of the given motion control system. Results of this work are considered and evaluated as a solution
to the problem of ensuring the safety of motion tracking for autonomous mobile robots.

Keywords: autonomy, traffic safety, probability of collision with an obstacle, security, mobile robot, traffic control

system, risk, emergency

For citation:

Iakovlev D. S., Tachkov A. A. Probability of Collision between Autonomous Mobile Robot with an Obstacle, Mekhatronika, Avtomati-

zatsiya, Upravlenie, 2021, vol. 22, no. 3, pp. 125—133.
DOI: 10.17587/mau.22.125-133

References

1. Liu S. B. et al. Provably Safe Motion of mobile robots in
human environments, International Conference on Intelligent Robots
and Systems (IROS-2017), 2017, pp. 1351—1357, DOI: 10.1109/
IROS.2017.8202313.

2. Adam S., Larsen M., Jensen K., Schultz U. P. Rule-based
dynamic safety monitoring for mobile robots, Journal of software
Engineering, 2016, vol. 7, pp. 120—141.

3. Hafez O. A., Arana G. D., Spenko M. Integrity risk-based
model predictive control for mobile robots, 2019 International
conference on Robotics and Automation (ICRA), Montreal, Canada,
2019, pp. 5793—5799, DOI: 10.1109/ICRA.2019.8793521.

4. Gill J.S, Pisu P., Krovi V. N., Schmid M. J. Behavior
identification and prediction for a probabilistic risk framework,
arXiv:1905.08332v1, 2019, 10 p. DOI: 10.1115/DSCC2019-9097.

5. Blake A. et al. FPR — Fast path risk algorithm to evaluate
collision probability, /EEE Robotics and Automation Letters, 2020,
vol. 5, no. 1, pp. 1—7, DOI: 10.1109/LRA.2019.2943074.

6. Gindele T., Brechtel S., Dillmann R. A probabilistic model
for estimating driver behaviors and vehicle trajectories in traffic
environments, 13th International IEEE Conference on, IEEE, 2010,
pp. 1625—1631, DOI: 10.1109/ITSC.2010.5625262

7. Xiangkun He, Yulong Liu, Chen Lv, Xuewu Ji, Yahui Liu.
Emergency steering control of autonomous vehicle for collision
avoidance and stabilization, Vehicle System Dynamics, 2019, vol. 57,
iss. 8, pp. 1163—1187, DOI: 10.1080/00423114.2018.1537494.

8. Puphal T., Probst M., Eggert J. Probabilistic Uncertainty-
Aware Risk Spot Detector for Naturalistic Driving, /[EEE Transac-
tions on Intelligent Vehicles, 2019, vol. 4, no. 3, pp. 406—415, DOI:
10.1109/T1V.2019.2919465.

9. Miura J., Negishi Y., Shirai Y. Adaptive robot speed control
by considering map and motion uncertainty, Robotics and Autonomous
Systems, 2006, vol. 54, pp. 110—117, DOI: 10.1016/j.robot.2005.09.020.

10. Agamennoni G., Nieto J. I., Nebot E. M. Estimation of
multivehicle dynamics by considering contextual information,
IEEE Transactions on robotics, August 2012, vol. 28, no. 4, DOI:
10.1109/TRO.2012.2195829.

11. Iakovlev D. S., Tachkov A. A. The task of assessing and en-
suring the safety of ground-based robotic systems, Shornik trudov 3-oj

Mezhdunarodnoj nauchno-prakticheskoj konferencii "Fundamental’no-
prikladnye problemy bezopasnosti, zhivuchesti, nadyozhnosti, ustojchivo-
sti i effektivnosti sistem”, pp. 409—413 (in Russian).

12. Severtsev N. A., Dedkov V. K. System analysis and safety
modeling, Moscow, Vysshaya shkola, 2006, 462 pp. (in Russian).

13. Rios-Martinez J., Spalanzani A. and Laugier C. Under-
standing human interaction for probabilistic autonomous naviga-
tion using Risk-RRT approach, [EEE Int. Conf. IROS, 2011,
pp. 2014—2019, DOI: 10.1109/IR0OS.2011.6094496.

14. Fulgenzi C., Spalanzani A., Laugier C. Dynamic obstacle
avoidance in uncertain environment combining PVOs and oc-
cupancy grid, Proceedings 2007 IEEE International Conference
on Robotics and Automation, Roma, 2007, pp. 1610—1616, DOI:
10.1109/ROBOT.2007.363554.

15. Kuznetsov A. V. Models of movement, interaction and com-
munication networks of mobile agents in hierarchical systems based
on cellular automata, Doctor thesis in Physical and Mathematical
Sciences, Voronezh State University, 2019, 268 p. (in Russian).

16. Elfes A. Using occupancy grids for mobile robot percep-
tion and navigation, Computer, June 1989, vol. 22, pp. 46—57.

17. Freda L. et al. 3D Multi-robot patrolling with two-level
coordination strategy, Autonomous Robots, 2019, vol. 43, pp. 1747—
1779, DOI: 10.1007/s10514-018-09822-3.

18. Lu D. V., Hershberger D., Smart W. D. Layered costmaps
for context-sensitive navigation, IEEE International Conference on
Intelligent Robots and Systems (IROS), 2014, pp. 709—715, DOI:
10.1109/TR0OS.2014.6942636.

19. Fankhauser P., Hutter M. A Universal Grid Map Library:
Implementation and Use Case for Rough Terrain Navigation,
Robot Operating System (ROS), Springer, Cham, 2016, vol. 1,
pp. 99—120, DOI: 10.1007/978-3-319-26054-9 5.

20. Thrun S., Burgard W., Fox D. Probabilistic Robotics,
MIT press, 2006, pp. 26—33.

21. Buravlev A. 1. To the question of determining the reduced
damage zone of objects, Vooruzhenie i ekonomika, 2018, vol. 2 (44),
pp. 11—16.

22. Tachkov A. A., Vukolov A. Yu., Kozov A. V. Peculiarities of
porting the Robot Operating System Framework onto Elbrus platform,
Programmnye produkty i sistemy, 2019, vol. 32, no. 4, pp. 655—664.
DOI: 10.15827 / 0236-235X.128.655-664 (in Russian).

MexaTpoHHKa, aBTOMATH3aNus, ynpasjenne, Tom 22, Ne 3, 2021

133



YK 681.518.3 DOI: 10.17587/mau.22.134-144

B. ®. ®dunapeToB, O-p TeXH. HayK, npod., filaret@iacp.dvo.ru,
0. A. FOxumeu, o-p TexH. Hayk, gou., undim@iacp.dvo.ru,
UHcTuTyT aBTOMaTMKM 1 npoueccos ynpasneHusa ABO PAH, r. BnagnsocTtok

[BYXKOHTYpPHasi cMcTeMa C 3TafloHHOW MofenbHo
ANA ynpaBneHusi NPoCTPaHCTBEHHbIM ABUXEHUeM
rpy30Boro Heo6MTaemMoro NogBoAHOro annapara’

B nHacmoswee epems aemonomHble Heobumaemble nodeoousie annapamul (AHIIA) éce akmuenee ucnoavzyromes 045 pe-
weHus 3a0ay, C8A3AHHLIX C 00CAYHCUBAHUEM NOO0BOOHBIX KOMMYHUKAYUL U PA3AUHHBIX NOOBOOHBIX NPOU3BOOCMBEHHBIX KOM-
naeKcoe, a makdice npu GblNOAHEHUU NOO0BOOHBIX MeXHOoA02UUecKUuX onepayuil. Jis 3¢hpexmusrHoeo @blnoAHeHUs YKA3AHHbIX
onepauuii AHIIA doaxcnbl umems 8biCOKOKAYECMEEeHHble CUCMeMbl YNPABAeHUS, KOMOopble obecneuam ux mo4Hoe 08UdlCeHUe
KaKk no npomsajCeHHbIM NPOCMPAHCMBEHHbIM MPAeKMOPUAM, hopmupyemuim 6 npoyecce ux nepedgudicerus Kk obsexmam pa-
bom, mak U npu 6bINOAHEHUU CAOICHBIX MAHEe8po8 606au3u 00sekmos nodgodHou ungpacmpyxmypsl. IIpu 3mom ocHOGHOU
CA0JICHOCMbIO, 803HUKAIOWell 6 npoyecce cunmesa cucmem ynpaeaenus AHIIA, aeasemcs cyuwecmeenHas HeAuHelHOCMb YKa-
3aHHbLIX 008eKM06 YnpasieHus, HAAuuue NepeKpecmHblX cea3ell mexncdy ux cmeneHamu ceo600dvl, a makce HeonpedeneH-
HOCMb U nepeMeHHOCMb UX napamempos. B pabome npednoscen memood cunmesa cucmemsl YNpagaeHUss NPOCMPAHCIEEHHbIM
deuscenuem AHIIA, noseoasrouell yuecms yKa3aHHbvle HeeamugHole 3gpexmol. Ima cucmema umeem d0éa konmypa. Ilepewiii
gKAOUaem 6 cebs KOMOUHUPOBAHHYIO CUCNEMY, CO0ePICAULYI0 HeAUHCUHBI PeeyAimop 0458 00CMUNCEHUS JCeaaemMblXx OUHaMU-
yeckux xapakmepucmux AHIIA, koeda eco napamempol paghbvl HOMUHANbHIM 3HAYEHUAM, U peeyAsimop ¢ CAMOHACMPOUKOU
no amanonHou modeau, obecneuugaroujeli KOMneHCAyUlo HeonpedeaeHHOU Uiy nepemenHol yacmu napamempos. llpu smom
napamempul pe2yasimopa ¢ 3MaioHHOU M00eAblo 8blOUpaomesa max, ¥moobvl YMeHbvU UMb 03MOICHYI0 AMNAUMYOY PA3PbIEHO20
cueHana ynpasieHus ckopocmoio dsuxcenus AHIIA. Bmopoii konmyp npedcmasnsem cob0li HeAUHEUHbLE pecyaisimop noaolce-
HUs, N036OAAIOWULL YHecmb OUHAMUYECKUe C8OLICMEa KOHMYpa ynpasaenus cKopocmoio U kunemamuyeckue ceoticmea AHIIA.
[Ipeumyuecmeom npeoaoNcenHol cucmemvl yNpasaeHus no cpasHeHur) ¢ mpaouyuOHHbIMU, HOCMPOeHHbIMU Ha ocroee [THJ]
pezyassmopos, sieasemcs 0osee 8biCOKAs MOYHOCMb YNPABACHUS NPU OBUNCEHUU NO CAONCHBIM NPOCMPAHCMEEHHBIM MPAeK-
mopusam Hezagucumo om usmenerus napamempoe AHIIA. Pezyromamor modeaupoeanus noomeepounu 6biCOKy0 d¢hhexmus-
HOCMb CUHME3UPOBAHHOU 08YXKOHMYPHOU CUCMeMbl YNPAGACHUS.

Karwueevie caosa: aemonomubili Heobumaemovili n0080OHbLIU annapam, cucmema ynpaeneHu:, HeauHelHoe ynpaeaerue,

CllMOHacmpolZKa, 9MAaAOHHAA Manﬂb, napamempu4eckas Heonpe@e/tenﬁocmb

Bsenenue

B Hacrosiiee Bpemsi aBTOHOMHbIE HeoOuUTae-
Mble ToaBoagHble anmnapaTthl (AHITA) kpome Tpa-
IUIMOHHBIX 3a7a4y KapTorpadupoBaHUS, ITOMCKA
M MOHUTOPMHTA MOABOAHOMU Cpelabl BCE aKTUBHEE
WCHOJb3YIOTCS IS pelIeHUs 3a1a4, CBSI3aHHBIX
¢ 00CIIy>XXMBAaHMEM TIOJABOIHBIX KOMMYHUKaLUA
M Ppa3IMYHbIX TMOABOIHBIX MPOMU3BOACTBEHHBIX
KOMILJIEKCOB [1, 2], a TakXe ¢ BEIIOJIHEHUEM IIOM-
BONHBIX TEXHOJOIrMYeCKUX omnepanuii. OcoOeH-
HOCTbIO YKAa3aHHBIX OMNEpaluii SBISETCA CyllIe-
CTBEHHAsl IIEPEMEHHOCTb W HEOMNpPEAeJICHHOCTh
napamerpoB AHIIA, xoTtopass Bo3HMKaeT B TOM
yucie U MpU TPAaHCOOPTUPOBKE T'PY30B C 3apaHee
HEM3BECTHONM Maccoil M TabapuUTHBIMU pa3Mepa-
MU, a TaKXKe IIPU BBEIIOJIHEHUU pabOT C MCIOIb30-
BaHMEM pa3IUYHBIX PA0OOYMX MHCTPYMEHTOB.

Hnsg 3¢pGEeKTUBHOTO BHIIIOJHEHUSI TEXHOJO-
TMYEeCKMX U TpaHCIOpTHbIX onepauuii AHITA
JOJIKHBI MMETb BBICOKOKAYECTBEHHBIE CUCTEMBbI

"PaGora monnepxana PODU (rpaut 19-08-00347).

yIIpaBJeHMsI, KOTOphIe obOecrieyaT X TOYHOE JIBU-
KEeHUE KaK II0 IPOTSXKEHHBIM IIPOCTPAHCTBEH-
HBIM TpPaeKkTOpUsM, (HOPMUPYEeMBIM B IIpollecce
UX TepeIBUXEHUS K 00beKTaM padboT (B TOM YHC-
Jie B COCTaBe I'PYMIbl), TAK U IpPU BBIIIOJHEHUU
CJIOXKHBIX MAaHEBPOB BOJIM3U 00BEKTOB IOJABOIHON
MHPPACTPYKTYPhl C U3MEHEHUEM BCeX JIMHENHBIX
U YIJIOBBIX KOOpAMHAT IJis TOYHOIO IMepeMelle-
HUS BOJIM3U DPa3JMUYHBIX IMOABOAHBIX OOBEKTOB.
ITpu 3TOM OCHOBHO# CJIOXKHOCTBIO, BO3HUKAIONIECH
B Ipoliecce cuHTe3a cucteM ynpasiaeHus AHITA,
SIBJISIETCSL CYLLECTBEHHAsl HEJMHEMHOCTh YKa-
3aHHBIX CHCTE€M, HaJW4Me IepeKPEeCTHHIX CBs3ei
MEXIY UX CTeleHsIMU CBOOOIBI, a TaKXe Heolpe-
JIeJICHHOCTb U MEPEMEHHOCTh UX MapaMeTpOB.
Pemrenuio mpoOjieMbl CMHTE3a CHUCTEM YIIpaB-
nenuss AHITA nmocBsiiieHo OOJIbILIOE YMCIIO padoT,
colepxXallluX pa3IMuyHble METOAbl. DTU METOHbI
MOT'YT MCIIOJIb30BaTh YIIPOLICHHbIE WM JHUHEea-
pU30BaHHBIE MaTeMaTU4YeCcKre MOAeId AUHAMUKU
AHITA, omnuchiBaroniye Ux ABUKEHUS MO OTACIIb-
HBIM CTEIIeHSIM CBOOOIBI, [3, 4] 1 TTO3BONSIIOT 00€-
CIIeYMBATh JOCTAaTOUYHO 3P (PEeKTUBHOE yIIpaBIeHNUE
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AHIIA no oTaenbHbIM CTEMNEHSIM CBOOOIABI MPU UX
IBVXKEHUSIX TI0 IIPOTSIKCHHBIM TPaeKTOPUSIM, pac-
MOJIOXKEHHBIM B BEpTUKAJIbHOU WU TOPU30OHTAIb-
HOM TJIOCKOCTSIX. HemocTaTKoM MOJOOHBIX CUCTEM
yOpaBJIeHUSI, OTMEUYaeMbIM MHOTMMM HCCJIeIOBA-
TeJISIMU [5, 6], IBIISIETCS CYIIeCTBEHHOE YXYAIICHNE
nokKaszaTeJieil KauecTBa UX YIpaBJICHUS MPU U3MeE-
HeHuu ckopocteii nBuxenusi AHITA B mpouecce
nepeMelleH s 10 MPOCTPAHCTBEHHBIM TPaeKTOPU-
SIM C OTHOBPEMEHHBIM M3MEHCHMEM HECKOJIbKHX
JIMHEHHBIX U YIJIOBBIX KOOPAWHAT MJIM IapaMeTPOB
AHIIA. D10 00yclIOBJIEHO HAJIMUMEM IEPEKpPecCT-
HBIX CBSI3€M MEXIY CTEIEeHSIMU CBOOOMIbI, a TaKXe
HeTnHEeMHbIMU XapakTepuctukamMmu AHIITA, xoto-
pble HE MO3BOJISIIOT 00€CIEYNUTh C TOMOILbIO TUIIO-
BBIX JUHEHHBIX PETYISITOPOB OBICTPYIO KOMIICHCA-
LIAIO 3TUX HETaTUBHBIX (P (PEKTOB.

s ycTpaHeHUs yKa3aHHBIX HETOCTAaTKOB MC-
TOJIB3YIOTCS 00JIee CIIOXHBIE HETUHEWHBIE, afgamn-
TUBHBIE M pOOACTHBIE CHCTEMBI YIIPABJICHUS, I1O-
CTPOEHHBIE HA OCHOBE HEMPOHHBIX CETEe U HEYET-
Koii oruku [7, 8]. JJoCTOMHCTBOM TaKMX CHUCTEM
SIBJISIETCSI TO, YTO [JISI UX CUHTE3a HE TPEeOyITCS
3HaHusg o mapamerpax AHIIA, omHako OOBIYHO
OHM WMEIOT CJIOXHYIO MPaKTUYECKYIO peasin3a-
nuto. KpoMme TOro, nx aHaJiu3 ¢ MOMOIIBIO U3BECT-
HbIX METOIOB TEOPUU ABTOMATUYECKOIO yIIpaBJie-
HUS 3HAYUTENbHO 3aTPYAHEH, YTO HE IMO3BOJISIET
TapaHTUPOBATh MX PabOTOCHOCOOHOCTH BO BCEX
BO3MOXHBIX pexnumax padotsr AHITA.

HApyroil moaxoa MpearogaraeT Co3MaHnue aaamn-
TUBHBIX cucTeM ynpasiieHus [9, 10], mo3Boisio-
IIMX ITOACTPaMBaTh MX ITapaMeTpPhl B 3aBUCHMO-
CTU OT u3MeHeHus mapameTpoB AHITA u BHemi-
HUX Bo3aeicTBui. Ho 3T amanTUBHbBIE CUCTEMBbI
OOBIYHO MMEIOT CJIIOXHYIO peann3aluio, KoTopas
npearnogaraeT UCMoJib30BaHUE aJIrOPUTMOB UACH-
TudHUKAIUM HEU3BeCTHBIX IapameTpoB AHIIA
M BHELIHUX BO3AEUCTBUM B peajbHOM MaclliTade
BPEMEHM, YTO YaCTO HEBO3MOXHO peaJu30BaTh Ha
GOpPTOBOM BBIYUCIUTEIBLHOM O0OPYIOBAaHUU C TU-
MOBBIM HA0OPOM OGOPTOBBIX JATYUKOB.

Opnumu 3 HanboJee 3(PpPEeKTUBHBIX TUIIOB CHU-
CTeM YMpPaBJICHUS CIOXHBIMU HEIWHEHMHBIMU IH-
HAaMUYECKUMU OOBEKTaMU C HEM3BECTHHIMHU WU
NepeMEeHHBIMHU TIapaMeTpaMi SIBJISIIOTCSI CUCTEMBI
C pa3pbIBHBIM YIpaBjieHHEeM, K KOTOPBIM OTHO-
CSAT CUCTEMEI C IIlepeMeHHON CTpyKTypoiul [11, 12]
M CaMOHACTPOMKOI 10 3TaJOHHOI Monxenu [13, 14].
CucteMbl 3TOTO THUIIA YACTO MCHOJB3YIOTCS s
BBICOKOTOUYHOI'O YIIPABJICHMSI MPOCTPAHCTBEHHBIM
nBrkeHueM AHITA paznuuHbix TumoB. B padotax
[15, 16] mpenjoxeH TOAXOA K CHHTE3y IeLiEHTpa-

JIN30BAHHBIX CUCTEM YIIPABIICHUS IIPOCTPAHCTBEH-
HbiMU ABMXeHUsIMU AHIIA, B KOTOpPBIX MCHOIb-
3YIOTCSI IIECTh OTHCIBHBIX KaHAaJIOB YIIPaBJICHUS
JUIST KaXXKJI0M CTeIIeH! CBOOOIBI C MCIOJIb30BAaHUEM
aJarnTUBHBIX CUCTEM C TEPEMEHHON CTPYKTYPOM.
HenmoctatkoM 3THX CHCTEM SIBJISETCS HEBO3MOX-
HOCTh KOMIIEHCALIMM WMHU OBICTPOMEHSIIOIINXCS
B3aMMOBJIMSIHUI MEXIy KaHajaM{ YIIpaBIICHUS,
KOTOpbIe BO3HUKAIOT ITpu ABmxeHun AHIIA c BbI-
coknMu ckopocTaMmu. B pa6ore [13] mpenmoxeHa
CUCTEMAa LEHTPAJIM30BAHHOTO YIIPABJICHHUSI, OCHO-
BaHHas1 HAa CAaMOHACTPOMKE IO 3TAJIOHHOW MOJe-
JIM, KOTOopas I03BOJseT (hOPpMUPOBATH CUTHAJIBI
yIIpaBJIeHUS, KOMIICHCUPYIOIINE OBICTPO M3MEHSI-
omuecss mapamerpel AHITA u B3aMMOBIMSHUSA
KaHaJIOB YIpaBJICHUSI.

OmHako HEOOCTAaTKOM 3THX CHUCTEM SIBJISICTCS
OoJIblIAsT aMILJINTYIa pa3pbIBHBIX CUTHAJIOB YIIpaB-
JIEHU S, KOTOpasi HeTaTUBHO BO3ICHCTBYET HAa MeXa-
Hunyeckue yactn apuxutenaeir AHITA. Kpowme Toro,
B TAKMX CUCTEMaX CUTHAJI YIIpaBJIeHUS (POPMUPYET-
cs B BUZIE CUJI 1 MOMEHTOB, Pa3BMBAEMbIX IBMKU-
TEJIbHBIM KOMIIJIEKCOM II0 Pa3IMYHBIM CTEIICHSIM
cBobonbl. Ho momens mBuxuteneit AHITA moxer
OBITH COCTaBJICHA TOJBKO IIPUOJIMKEHHO, YTO MO-
KeT IIPUBECTH K (POPMUPOBAHUIO HEKOPPEKTHBIX
YIOPABJISIOIIMX BO3JICUCTBUM, a B pe3yjibTare —
K CHMXXEHMIO KauecTBa ympapieHus. Kpome Toro,
IIpY CHUHTE3€ CUCTEM YIIpaBJICHUS MaCCOMHEPIIM-
OHHBIC, TUAPOCTATUYCCKIE W TUAPOANHAMUIECKIC
mapameTpbl AHITA (ero Mmacca, MOMEHTBI MHEPLIH,
MMPUCOSNMHEHHBIE MAaCChl XKMIKOCTH, BSI3KME Tpe-
HUS 1 Ip.) CUYMTAIOTCS NOCTOSTHHBIMU. Ho mis rpy-
30BbIX AHIIA »Ti mapameTpsl CyIIeCTBEHHO MEHSI-
IOTCSI, YTO IMPUBOAUT K 3HAYUTEIILHOMY YXYIILIEHUIO
Ka4yecTBa yIIpaBJICHMUSI.

s ycTpaHeHMsI yKa3aHHBIX HEIOCTAaTKOB, BO3-
HUKAKIIUX B IIPOLECCe peaim3aliid pa3pbIBHBIX
3aKOHOB YIIpaBJI€HUSI, HEOOXOOAMMO CHUXKATh aM-
IUIATYOY pa3pbIBHOTO CUTHAaJIa, HE YMEHbIIAsI pO-
0acTHBIE CBOMCTBA CHCTEMBI YIIpaBJICHHS, a TaK-
K€ YUYUTBIBATb BO3MOXHEIE HEOIPEIeICHHOCTH
B Monenu apmxkuteneir AHITA. Jlns storo uene-
COO0pPa3HO HCIIOJb30BaTh KOMOMHMPOBAHHbBIE CH-
cTeMbl yrpasieHus [16, 17], roe OCHOBHOM CUTHAJ
yIIpaBJIeHUs OyaeT (DOPMUPOBATHCS HETIPEPHIBHBIM
HEJIMHEMHBIM PETYISITOPOM, a HEOIpedeIeHHOCTh
WIA TepeMeHHOCTh ImapamerpoB AHIIA Oyner
KOMIIEHCUPOBAThCSI C TIOMOILBIO Pa3pbIBHOIO CHUT-
HaJia yrpasiaeHus. [Ipu aTom BEIOOp IapamMeTpoB
3aKOHa (DOPMUPOBAHUS MOIMOJHUTEIHLHOIO pa3-
PBIBHOI'O CMTHAaJIa YIIPaBJICHUS IOJXKEH 00ecIIeun-
BaTh €ro MUHUMAJIbHYIO aMILIATYLY.
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Onucanne 00bEKTa ynpaBJieHUS
U NOCTAHOBKA 32244

B pa6ore nccaeayerca AHITA, onuceiBaeMblit

MaTpUYHBIMU ypaBHeHUsIMHU [18]:
MO+(C(M,U)+D(d1,d2,U))U+g(n)= T,
1=J(n)v,

rne M =Mgy+ M, eR®® My — marpuna unep-

uuu; M, — marpuua NPUCOEIUHEHHBIX Macc U

MOMEHTOB MHepU MU Kuakoctu; C (M ,0) € R&®

MaTpulia KOPUOJUCOBBIX U LIEHTPOCTPEMUTEIIb-

HBIX CHUJ U MOMEHTOB; D(dl,dz,u) e R®® — wa-

Tpulla TUAPOAMHAMMUYECKMX CUJI M MOMEHTOB;

g(n)eR6 — BEKTOp THUAPOCTATUYECKUX CHUJ U

MOMEHTOB; 1 = [X,V,2,¢,0,y]" — BeKTOp moJioxe-

Hus u opueHTal M AHITA B aOCoNOTHOI cuUcTeMe

xoopauHat (CK); t=[t,,7,,1,,M M, ,M,]" —

BEKTOpP CHJI TAT 1 MOMEHTOB, pa3BUBAcMBbIX JIBU-

XKUTeAbHBIM KomruiekcoMm AHITA B cBSI3aHHOM

CK; v=[v,,v,,0,,0,,0,,0,]" — BEKTOp J1HEN-

HBIX U YIJIOBBIX cKopocTell B cBszaHHoi CK.

B cucteme (1) nmHamMuKa ABUKUTENIelt HE yUU-
TBIBACTCSl, TaK KaK MOCTOSHHBbIE BPEMEHU CaMO-
ro AHITA nHamMHoro 0ojbllue MOCTOSHHBIX Bpe-
MeHUu ero aBuxutesaeir. IIpu sToM monaraercs,
YTO JABMKUTEIbHBIM KOMILIEKC MOXET CO3[1aBaTh
CUJIBI TATM U MOMEHTBI IO BCEM CTEMEeHSIM CBO-
6onbl AHITA. DTo HeoOXoAMMO 111l BHITTOJTHEHU S
TOYHBIX MaHEeBPOB BOJIM3U 00BHEKTOB padoT.

Marpuia KOpPUOJMCOBBIX U LEHTPOCTPEMMU-
TEeJbHBIX CUJI 1 MOMEHTOB, BXOHMIasi B ypaBHe-
Hus (1), omuchIBaeTCs BhIpaxXeHUsiMu [18]

)

C(M,v)=Crp(Mp,0)+Cy(M4v), ()

rae
CRB (MR,U) =

03,3 _S(MIIUI +M1202)
_S(MIIUI + M1202) _S(M2101 + Mzz‘)z) ,

Mg = {Mn Mu}
M, My,
CA(MAaU) =
_ 03,3 —S(AnUl +A|202)
—S(AllUl + A1202) =) (A2101 + A2202) ’
M, = {Au A12}’
Ay Ay

T T
Ul=|:l)x v, l)z] ;U2=|:(,0x o, wz] ,

a omrepatop S() nMeeT BUL

0 A3 A
S = 0 A [A=[r Ay R3]
Ay A 0

DneMeHTHI AuaroHanbHoi Matpuel D (dy,d,,v)
B (1) onuckiBaloTcst cymMmoii [18]

D; =dy; +dy; v, i = 1,6, 3)

rie dy;,dy;, i = 1,6, — TUApOIMHAMUYECKHE KO-
(uMeHTsl, onpeaesiome KBaIpaTUdHYIO U JIU-
HEHY10 3aBUCMMOCTU CUJI 1 MOMEHTOB T'MIpPOAU-
HAMUWYECKOTO COMPOTUBJICHUS OT CKOPOCTE IBU-
xeHust AHITA 1o BceM ero cterneHsiM CBOOObI.

BexTop ruapoctaTMyeckKuMx CuJ U MOMEHTOB
nmeeT BuUJ [18]

(W - B)sin®
—(W - B)cosBsing
—(W - B)cosbcoso
—-B, cosbcosop+ B, cosOsing
B, sin®+ B, cosOcos ¢
—-B, cos@sing - B, sin0

@)

rone W — cuna tsaxectu; B — ApxumenoBa CUNa;
B, =Wxg - Bxg, B, =Wyg — Byg, B, =Wz; - Bzp;
XG> Yo 2 U Xp, Vg, g — COOTBETCTBEHHO, KOOP-
JIWHATHI LEHTPOB TaxXecTu U TaaBydectu AHITA
B cBsi3aHHoi CK.

IMapamerpsl AHITA U IBUXUTEIBHOTO KOMII-
JIeKCa TOYHO HE U3BECTHBI M1 MOTYT MEHSThCS IIPU
TPAaHCIOPTUPOBKE 3apaHee HEU3BECTHOrO rpy3a.
[TosTomy, yuutsiBas, yto napamerpsl M, d, u d,
B ypaBHeHU S (1)—(3) BXOOSIT IMHEHO, IMHAMUKY
nBuxxeHust AHITA MoxHO onucarb B BUIe

(M, +M,)o+(C,(M,,0)+C,(Mv))o+
+(Dn (dnlﬁdn290)+ DA (dAl’dA290))U+
+ &, (M) +8ga(M)=1, + T4,

®)

rie C, € R%® D, e R® g e R® — cunmi u mo-
MEHTbBI, BO3HHUKawlIue npu aBuxeHuu AHITA u
3aBUCSIIME OT HOMUHAJIbHBIX 3HAYEHUI Mapame-
tpoB AHIIA; C, € R®®, D, € R®*®, g, « R® — no-
MOJHUTENbHBIE CUJIBI 1 MOMEHTHI, 3aBUCIIINE OT
HeoTNpeaeeHHONM MM U3MEHSIIoIIeics YacTy 3Ha-
yeHui napametpos AHIIA; M, € RO, d, € RS,
d, € R® — HOMWHaJIBHBIC 3HAYCHMUS TTAPAMETPOB
AHIIA; M, e R®® d,, € R®, d, € R® — me-
orpele/eHHble WM M3MEHSIOIIMEecs 4YacTy Ma-
pametpoB AHIIA; 1, € RO — BEKTOp CUJ TAT U
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MOMEHTOB, (popMupyeMbix apuxutenrssmu AHITA
C yYeTOM MX HOMUHAJbHBIX TAPAMETPOB; T, € RO —
JOTIOJTHUTEIbHBIN BEKTOP CHUJ TAT U MOMEHTOB,
3aBUCSIIIIMI  OT HEOMNpPENEJEeHHBbIX IapaMeTpoB
nuxuteneir AHIIA. Matpuust C, u D, BbIYUC-
JISIIOTCS 11O BeIpakeHusM (2), (3) mpu UCIoJb30Ba-
Huu M,, d,; v d,,, COOTBETCTBEHHO.

Inst snemenToB Marpunl M,, C, ¥ BEKTOPOB d,,
d\y, &, T, BBIIOJHSIOTCS CEAYIOLIME YCIOBUS:

M=M,+M, >0,

|mA,ij| S My iy My i+ My > 0, |CA,ij| < Cpjjs

(6)

|dA1,j| < Al,jadnl,j + dAlJ >0,
ldns | Sdnyjdynj+dn >0,
|gA,i| < &aisltail <Tpini =16,/ =16,

tne M,dyj,da;,Cajjs 8ais Tai — OLCHKM MaKCH-
MaJIbHBIX OTKJIOHEHMH COOTBETCTBYIOIIMX IIa-
pameTrpoB AHIIA, 3neMeHTOB MaTpUll KOPUOJIM-
COBBIX U TUAPOAMHAMMUYECKUX CHUJI U MOMEHTOB,
TUAPOCTATUYECKMX CUJI 1 MOMEHTOB, a TaKXe CHUJI
TST X1 MOMEHTOB, Pa3BMBAaeMBbIX IBUKUTEISIMU, OT
VX HOMUHAJbHBIX 3HAYCHUIA.

HJIT TOYHOrO BBIMOJIHEHUS IIOABOOHBIX OIIE-
pauMii ¥ MaHEBPUMPOBAHUS BOJIMU3M TOIBOMHBIX
00bexkToB nBuxeHue AHIIA Bcerma mojxKHO Ipo-
HWCXOIUTh C 3aJaHHBIMM IIOKAa3aTeJIsIMU KadecTBa
HE3aBUCHMO OT BO3MOXHOIO M3MEHEHMS MX Iapa-
MeTpoB. C IIOMOIIBIO TUIIOBBIX JUHEMHBIX CUCTEM
yIIpaBJ€HUSI 3TOro AOCTUYb He ymaeTcs. [loaTomy
B paboTe cTaBUTCS 3aja4a pa3paboTKu HOBOIO IO/~
X0la K CUHTE3Y CUCTEMBbI yIIpaBJIEHMUsS IIPOCTpaH-
ctBeHHBIM ABMxkeHueM AHITA, oGecneunBaromeit
3aJlaHHO€ KadyeCTBO YIIPABICHUS IIPU JIOOOM H3-
MeHeHur napamMeTpoB AHIIA u ux aBuxwutenei
B YKa3aHHBIX auamna3zoHax (6). s mommep:kaHus
TpeOyeMOil TOUHOCTU pabOTHl YKa3aHHOM CUCTEMBI
OyZeT MCIIOJIb30BaHA CaMOHACTPOMKa IO 3TaJIOH-
HOM MOIENMW C YMEHBIICHHOW aMIUJIMTYAONH pas-
PBIBHBIX CHUT'HAJIOB, OOECIIEUMBAIOIINX CHUXKEHUE
BIUSIHUSI HEONpeAeJeHHBIX U IepEeMEeHHBIX Iapa-
meTpoB AHITA Ha TouHOCTH X paboThl. HeBbICcO-
Kas CJIIOXXHOCTb CO3JaBaeMOIl CHUCTEMbI ITO3BOJIUT
o0ecrneuynuTh €€ IPaKTHUYECKYIO pealin3aluio Ha
OOpPTOBOM KOMIIBIOTEPE allllapaTa.

CuHTe3 CaMOHACTPAUBAOMIEHCS CHCTEMBbI
ynpasienns AHITA

Jnsg pelieHusT TOCTaBJIEHHON 3adayu OyJeT
WUCIOJNIb30BaH IIOAXOA, ONMCAHHBIA B paboTax
[13—15]. BToT Momxon mpeArnogaraeT Co3TaHue CHU-

HPII

(SAHMA|
_

Y\"

Puc. 1. Ooo0mennas cxema cucremsl ynpasiaenns AHITA:

HPII — HenuHeitnblit perynstop moyoxenus, HPC — wuemu-
HEWHBIN peryasatop ckopoctu, PCOM — peryasarop ¢ caMoHa-
CTPOMKOI1 110 3TaJIOHHON Moxenu

Fig. 1. Diagram of AUV control system:

HPIT (NCP) — nonlinear position controller, HPC (NSC) —
nonlinear velocity controller, PCOM (CSRM) — self-tuning
controller with reference model

CTEeMbl YIIpaBJICHUS, coaep:Kallieil KOHTYp yIIpaB-
JIEHUSI CKOPOCTBIO M KOHTYP YIIpaBJICHUS MOJIOXE-
HueM AHIIA (puc. 1).

CucreMa BHYTPEHHEro KOHTypa YIpaBJIeHUS
ckopocTtbio ABukeHust AHITA oGecrieunBaeT pa3-
BSI3KY KaHAJIOB YIPaBJICHUS BCEMU €ro CTEIeHSI-
MU CBOOOIBI, KOMIICHCALIMIO HEONpEAeICHHbIX U
MepeMEHHBIX MTapaMeTpPOB ammnapara ¥ IpuUaaHue
eMy KeJaeMbIX IMHAMUYECKMX CBOMCTB. BHel-
HUII KOHTYp IIOJOXEHUS o0OeclneuynmBaeT He3a-
BUCHMOE YIIpaBJIecHUE JUHEHHBIMM U YTJIOBBIMU
koopauHatamMmu AHITA mo BceM ero creneHsIM
CBOOOIBI. DTO pa3ieficHHue CUCTEMbl YIpaBICHUS
Ha IBa KOHTYpa MMO3BOJISAECT YIPOCTUTD YUeT JUHAa-
Mmuyeckux cBoiictB AHIIA u ucnonb3oBaTh TOIb-
KO TiepBoe ypaBHeHUe cucTembl (1) B oTinyue oT
ONHOKOHTYPHOI CHUCTEMBI, B KOTOPOIl HEOOXOMu-
MO OJHOBPEMEHHO YYMTHIBATh AMHAMUUYECKUE U
KMHEMaTuuyeCcKre CBOICTBA alllapara.

B cBolo oyepenb, KOHTYp YIIpaBICHUS CKOPO-
CThIO COCTOUT M3 HEIMHEHHOTO PETYIATOpa CKOPO-
ctu (HPC), obecrneunBalolero xejaaemMble OTUHA-
muyeckue coiictBa AHITA, korma ux mapaMeTphl
MMEIOT HOMUHAJIbHbIC 3HAYCHUSI, U JOMOJHUTEIb-
HOT'O PEryjsTopa CKOPOCTU C 3TAaJIOHHON MOIEIBIO
(PCBM), KOMIIEHCUPYIOLIEro HeoIllpeaeleHHbIe
WIM U3MEHSIIOIIMeCs] TapaMeTpa annaparta. Huxe
JETalbHO PacCMOTpPEHa IMpoleaypa CUHTe3a Kaxk-
JOTO U3 YKa3aHHBIX KOHTYPOB yIIpaBJICHMUSI.

2.1. Cunmes konmypa ynpaeieHus
ckopocmoio dsuxcenus AHIIA

CurHan yIpaBieHUS CKOPOCTBHIO IBUXKCHUS
AHITA ¢opmupyercsa u3 n1ByxX HE3aBUCUMBIX CHUT-
HAJIOB:

()

Ty =T, +7T,.
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I'maBHag ero yactb 1, € R® — curHan Ha BbI-
X0lle HEJWHEHHOro peryjsaropa, oOeclneyrBaro-
wuii AHITA xenaemble TMHAMMUYECKHE Xapak-
TEPUCTUKU TPU HOMMUHAJBHBIX 3HAYEHUSIX €ro
IapaMeTpoB, a BCIIOMOIaTeJIbHAA T, € R® — no-
MOJHUTEIbHBIA CUTHAJ yHpaBJIeHUSI, KOMIECHCH-
pYIOLIUIA BO3MOXHbBIE OTKJOHEHMWS MapaMeTpOB
AHITA ot 3amaHHBIX HOMWHAJBbHBIX 3HAYEHUM.
Takoe pazgeneHue Mo3BoJsieT GOPMUPOBATH IJ1aB-
HYIO 4acThb B BUJI€ HEMPEPbIBHOIO CUrHaja, a I0-
MOJHUTEIbHYI0O — B BHUJIE€ Pa3pbIBHOIO CHUTHaja
C YMEHBIIEHHOW aMIUIUTYIO0M.

IIpn popMupoBaHuM CUrHajA T, UCIIOJIbL3YETCS
METOJ JUHeapu3aluu oopaTHON cBg3b0 [17, 19].
DTOT CUTHAJ MOXHO OITCATh B BUIE

1, =M,0+C,(M,,v)v+

+D,(d,,d,,v)v+g,(n),
o=V0;—-Ae,e=v-v,,

)

roe v, € R® — xenaeMoe 3HaueHME BEKTOPA CKO-
poctu aBuxeHnusi AHITIA B cBga3anHoil CK;
A e R®™® — nnaroHanbHash MaTpuIa MONOXH-
TEJbHBIX KO3(PHUILIUEHTOB.

Ilocne moncTtaHoBKM BuipaxkeHUs (8) B ypaB-
HeHue (1) mpy HOMMHaAJbHBIX 3HAUYEHMSIX Mapa-
meTpoB AHITA nonydaetcsd ypaBHEHHUE, KOTOPBIM
OynmeT onuckiBaTbcs AuHaMuka AHITA ¢ yyetom
CUTHaJA T,

©)

Kak BugHO M3 BbIpaxkeHMs (9), UCIIOIb30BaHUE
3aKoHa yrpaBieHus (8) 1o3BoJisieT 00ecreuynuTh pa3-
BsA3KY KaHajioB ynpapieHusi AHITA u npugats um
TpeOyeMble OTMHAMUYECKHME CBOMICTBA, OIMChIBae-
Mble IuddepeHIUaIbHBIMU YPaBHEHUSIMU C II0-
CTOSTHHBIMM XeJaeMbIMU Ko3GhGUIIMeHTaMM, 3a1a-
BaeMble 3JIeMEHTAaMU MaTpUlbl A, B Cllyyae, Koraa
napameTpbl AHITA saBis1i0TCI HOMMHAJIBHBIMU.

KomneHcanust HeonpeneaeHHbIX UIX ITepEeMEH-
HbIX napameTpoB AHITA oGecneuyuBaeTcsl ¢ Io-
MOILIbIO pa3pbIBHOTO CHUI'Hajka yIpaBieHUs, ¢op-
MUPYIOLIETOCs Ha OCHOBE CHCTEMbI C 3TaJOHHOM
monenbto [13, 14]. st cuHTe3a 3TOM CUCTEMBbl CHa-
yaJjia 3aJaguM STAJOHHYIO MOIEb, KOTopas OyaeT
ONMCBHIBATh KeJaeMble AMHAMUYECKUE CBOMCTBA
AHIIA. YkazanHas Mmonelb (popMUpYyeTCs Ha OC-
HOBe BbIpaxkeHU (9) U UMeeT CIeAYIOIIUA BUI;

M,(é+Ae)=0.

()m + Al)m = Dd + Al)d, (10)

Tae v, e R® BBIXOJHOM CHUTHAJI 3TaJIOHHOM

MOACIN.

JloromHUTENbHBIN CUTHAJ YIpaBJIeHUST HA OC-
HOBE 3TaJJOHHOW Mojaeau OyaeT (hOpMHUPOBATHCS
B Buje [13, 14]

(11)

rie e, =v, —v; heR®® — nnaronansuas ma-
Tpula Ko3OPUIIMEHTOB.

it ompeneneHus] 3HAYEHUUW 3JIEMEHTOB Ma-
Tpuubsl A [18] 3amagum ¢yHKuuio JlsamyHoa

14 :Ee,f,Mem, rie M e R®S

ompeAeeHHas MaTpuUlia.
IIpousBogHast pyHkmuu JIsimyHOBa paBHA

1, = hsign(e,,),

IIOJIOKUTECJIBHO

V =elMe,,. (12)

C yyeToM paBeHCTBa €, =V, —U BbIpaXeHUE
(12) moxHO TiepenucaTh B BUJIE

V=el (Mo, - Mv). 13)

C yuetom BoipaxeHuii (5), (7) u (8) BeipaxkeHue
(13) OymeT UMETh CIEAYIOIIUIA BUI:

V =ep, (M0, +((C, (M,,0)+C,(Mv)))o+
+(Dn( a5 @25 0) + Dy (dAladA25U))U+
+8, () + 82 (n) - M,a~C,(M,,0)v-

_Dn(dnl’dnbu)u_gn (ﬂ)—TA -7.).

IIpuBens B BeipaxkeHuu (14) momoOHBIE YJICHBI,
¢ yuerom (11) monyuyum

(14)

V=e, (M, +M,(0, o)+
+(Cy (M) + Dy (dy,dps,0)) 0+
+84(n) -1, —hsign(e,,)).

(15)

g BeInmosiHEHUS ycioBus e, — 0 HeoOxonu-
MO, YTOObI V 6bla OTPULATEIBHO ONpPEICICH-
Hoii. s aToro TpedyeTcsi, YTOObl B BhIpaKeHUU
(15) smemMeHTHI MAaTPUILIBL /1 BHIOMPAIUCh C YYETOM
HEPaBEHCTB
,i=16,

h; > max |H, (16)

rae
H=M,v,+M,0, o)+
+(CA (v)+ D, (U))u+gA (M) —74-

OnHako Mcrnosb3oBaHWe HepaBeHCTB (16) mmo-
TpeOyeT BBEIEHUSI Pa3pbIBHBIX CUTHAJIOB C Mak-
CHMMAaJIbHO BO3MOXHOW aMMJUTYIOW. A 3TO IpH-
BeIeT K OOJIBIIIMM 3aTpaTaM SHEPTUU U HETaTUBHO
CKaXeTCcsl Ha MEeXaHWUYECKMX YacTsIX IBUXKUTEICH
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MpU UCIOJb30BaHUM 3aKoHa yrpasaeHus (7), (11)
B 0opToBBIX cucTemMax AHITA.

Jnsi  yMeHblIeHWS aMIUIMTYIbl pa3pbiBHOMN
curHan cienyeT ¢bOpMUPOBATh C YUETOM TEeKYIIei
BEJIUYMHBI L:

hy; =Hu,i>i=1,_6§
H, =V, +M,0, —a)+CI"+
+ DI+ g™ () + k.t

Tnps
_ agmax, p
Vdm _MA Um,

U& = (|0mx|s l-)my 5 l.)mz ’|(bmx|’|(bmy > (bmz|)T;

Cly ALy 1,CE = Cy(MP™,0,)v,, {17
i=16,=16;
DP = DA (dgrllax, FanaUp)UP,
Vp = (|UX|’|Uy 5|Vz|>[Ox[5|®y | “)z|)T;

Thp = (|Tnx|’|rny 2| Tnz|» Mnx|’|Mny > an|)T >

my My - -
e M™ =] . i dg™ :(dAll""7dAl6’);

Mg Mg

X = (a_iMl, ...,a_fMG ) MaKCHUMalbHbIE 3Ha-

yeHUs OTKJOHeHMI mapaMmeTpoB AHIIA ot ux
HOMUHAJIBHBIX 3HaYeHuit; k. =7, /|10, o™
MaKCHMaJjbHblE 3HAYEHUS CUJIBI TITHU WJIU MO-
MEHTa, cO3laBacMble IBUXKUTEISIMUA C HOMUHAJIb-

HBIMM mnapaMeTpamu. /[as pacyeTa BeJIMUYUHBI

gx™ (n) npenctaBuM BEKTOp g(n) B BUIE
a )P
g(n,P)zg(n,Pn)+MPA’ (15)
opP
rae

P = (W’B’xg’ygazgaxBayBazB)T’ P = Pn +PA'

Hcnonb3ys BeipaxeHue (18), MOXHO 3alucaTh:

og(n, P)

g (ﬂ) = GApPAmaX’GAp,ik = ( oP

] 119

tie P\ = Wy, By, Xsg, Vag»Tngs Xap> Van>2an)' —
BEKTOP MaKCHUMaJbHbIX O MOAYJIO OTKJOHEHUI
napaMeTpoB I'MAPOCTaTUYECKUX CUJI U MOMEHTOB
OT UX HOMMWHAJIbHBIX 3HAYEHUIA.

Eciu B mpouecce aBuxeHusi AHIIA Benu-
YyKMHa |e,| YACTO CTAHOBUTCSI MEHbIIE HEKOTOPOI
JNOIMYCTUMON TTOJIOXKUTENBbHOM BEJIUYUHBI €4, TO

sign(e,,), ecu |e,| > e;; 20)

sat(e,) = {
rae k, = 1/e,.
IlonydyeHHBI 3aKOH YNpPaBJIEHUS CKOPOCTSIMU
neuxxeHuss AHITA (7), (8), (11), (17), (19) mo3Bo-
JIIeT MpUIaTh XejJaeMble AMHAMUUYECKUE CBOM-
ctBa Moaenu (10) mpu J100BIX UBMEHEHUSIX UX Ma-
paMeTpoB B guana3oHax (6).

kge,,ecnn le,|< e,

Cunre3 KoHTypa ynpapjenusa mojoxennem AHITA

ITocne cuHTE3a KOHTypa YIpaBJeHUSI CKOPO-
ctoio aBuzkeHuss AHITA BbIOJHSIETCS CUHTE3
KOHTYypa yIpaBJIEeHUS €ro MOJOXEHUEM U OpPUEH-
tauueit. [Ipu 3TOM MPOCTPAHCTBEHHOE ABUKEHNE
AHIIA npu ncnosib30BaHUM 3aKOHA YIIPaBJICHUS
(7), (8), (11), (17), (19) omuckIiBaeTCs ypaBHEHUSIMU

l.)+AU=l')d +Al)d,
n=J(n)o.
I[JIH CHMHTE3a CHUCTCMBbI VYIIpaBJCHHUA I10JIO-

xeHueM AHIIA cucremy (21) cBemeM K OgHOMY
ypaBHeHu1o [14, 15]:

2D

i =J (O, +Avy) +(J —JA)JT . (22)

YpaBHeHUE, KOTOpOe OyaeT ONMMCHIBATH KeJla-
eMyI0 TUHAMU4YeCcKylo Moaenb nBuxeHus AHITA
B abcomotHoit CK, 3amagum B Buze

i+ An+0n = Ang +ony, (23)
rie my, € R® — BekTOop XenaeMoro momoxe-
Hus u opueHtauuu AHIIA B abcomotHoit CK;
§ € R®® — nuaroHasbHast MATPHLA MOJOXHUTENb-
HBIX KO3(p(UIIMEHTOB, KOTOpPYIO IieJecoodpas-
HO BBIOpaTh B BUIE & = A2/4 [14], mo3BossIOLIEM
nepemeinatb AHIIA B 3apaHHO€ MMoIoXXeHUe C 3a-
JTaHHOW opHeHTaluel 6e3 nmepeperyaupoBaHusl.

Breipasus B (23) nepeMeHHYI0O 1| U INpUpPaBHSB
MMOJIYYEHHOE BhIpaKeHHUE K IIpaBOM YacTU ypaBHE-
HUs (22), TONy4YUM

J(0g +Avg)+(J —JA)J i = b
=AMy —M) +8(ng —m).
N3 ypaBHeHus (24) ¢ y4eTOM BTOPOTO ypaBHe-
HUs (21) MOXHO TIOTYYUTh

Og =J 8y —m) + AL - vy +J iy) -

pa3peiBHOM curHan (11) s¢pdexkTuBHEe 3aMEHUTH o . (25)
CUTHAJIOM -J7 (AT + ).
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OueBUAHO, UYTO BbIpaxkeHue (25), y4yuTbHIBa-
oumee kuHeMaTuky AHIIA, obecneuyuBaeT ero
MPOCTPAaHCTBEHHOE NBMXKeHHue B abcomoTHo CK
B COOTBETCTBUH C KeJIaeMOU MOJEIbIO IBUKEHU S,
OIUCHIBA€MO ypaBHeHUeM (23).

Jnst peanusaiuyd CUCTEMbl YIIpaBIeHUS, OMU-
cbiBaeMoil BeipaxkeHusimu (7), (8), (11), (17), (19),
(25), HEoOXOOMMO 3HATh HOMHMHAJIBHBIC ITapaMe-
Tpel AHITA 1 BO3MOXHBIE TUAITa30HbI UX U3MeE-
HEeHUS, a TaKXKe 3aJaTh MaTpUIly A, ONMUCHIBAIO-
LY €ro xejxaeMble OMHAMUYECKHE CBOMCTBA.
Bxon B HaceieHus neuxuteneid AHITA moxHO
WUCKJIOYHUTD C TIOMOILBIO JOTIOJTHUTEIbHBIX CUCTEM
aBTOMaTuyeckoro ¢hopMUpOBaHUS TPOTPaMMHBIX
ckopocrteit nuxenuss AHITA [20, 21].

Pe3y.]'leaTbl MOJACTHPOBAHUA

Hng mpoBepkn 3PPEKTUBHOCTH TIPEIIIOKEH-
HOTO IoaxoAa ObLIO IPOBEACHO MaTeMaTUYeCKOe
mopenupoBaHue B cpene MATLAB. B mpouecce
MozaenupoBaHus paccMmatpuBaiics AHITA, nmero-
IIMHA CIEAYIOLINE TTapaMETPhI:

. = 170 kT,

MOMEHTHI uHepuuu J,, = 10,2 KI“M2,

J,, =234 xr-M?, J, = 234 kM,

d; = (18 H-c/m, 105 H-c/m, 105 H-c/m,

20 H-m-c, 80 H-m-c, 80 H-Mm+¢),

= (18 H-c*/m2, 105 H-c2/m?, 105 H-c?/m2,
20 H-M-c2 80 H-m-c?, 80 H-m-c?),

=0,0M, y5=0,0 M, z5=—0,05Mm,
xp=0,0M, yp=10,0M, z3=0,0Mm,
MA = diag(lS Kkr, 185 kr, 185 KT, 5 KI*M2,
19,6 xr-m?, 19,6 xr-m?).

B npouecce MOIEJIMPOBAaHUS I10JArajoch, YToO
nuHamuka auxuteneilt AHITA mo kaxmoil cre-
IEHU CBOOOABI OIMCHIBAETCSI ypaB-
HeHusMu Buga t=10(t, —1), rzme
T, — CUTHaJ, POPMUPYEMBII CUCTE-
MO yIIpaBJICHUSL.

Hamenenns mapametrpoB AHITA

BO BpE€M €TI0 ABUKCHUA:

L= 140 kr, J, ., = 4 xr-M?, ,

- M2 - .
Jpyy = T KD M7, Jy, =T KD"M7,

HNuaroHanbHasi Marpuia A, 3aaaioias xejae-
Mble JHaMmuueckue cpoiictBa AHITA, nmena sun
A =(0.4,0.4,0.4,2,2,2).

B mpouecce MoaeaupoBaHUS MCCIEA0BAIOCH
neuxenne AHITA B nByx pexumax. B mepsom
pexume AHITA BbIXOAMJ M3 HayaJbHOM TOYKU
¢ xoopmuHatamu (0 M, 0 M, 0 M, 0 pax, O pan,
0 pam) abcomotHo#t CK B Touky (10 M, 10 M, 5 M,
0 pam, 1,0 pax, 1,0 pax), a BO BTOPOM BHIXOAMJI U3
TO e TOYKM, HO JIBUTAJICS BAOJb IIPOrpPaMMHOM
tpaexTopun (1.07,10c0s(0.002¢) -10,5).

Pe3ynbrarsel MonenupoBaHus nuxeHuss AHITA
(3aKOHBI M3MEHEHMS JJIEMEHTOB BEKTOpa IMHAMU-
YECKUX OUIUOOK &, =My —1N = (£4,€,8,,84,80,8,)" )
IIpU KCIIOJb30BAaHUM CHUCTEMBI YIIpaBJEHUS, CO-
JepXallleil HEJIUHEWHBIE PEryIssTOPbl CKOPOCTHU
(8) u monoxeHus (25), Ipu HOMHUHAJbHBIX 3Ha-
yeHusax napamerpoB AHITA nmokasaHbl Ha puc. 2.
M3 npeacTaBieHHBIX PUCYHKOB BUIHO, YTO, €CIU
AHITA nMeeT HOMUHAJbHBIE TTapaMeTphl, TO €T0
BBIXOH B 3aJaHHOE IIOJIOKEHME OCYILECTBIISIETCS
B COOTBETCTBUHU C Ke€JaeMbIM 3aKOHOM H3MEHE-
HUS KOOpAMHAT, a NJMHAMWYECKHEe OIIMOKU IIpHU
€ro JIBUXXEHUM II0 TPAeKTOPUU IIOCJE 3aTyXaHMS
MEePEeXOTHBIX MPOLIECCOB He MpeBhIlIamT 0,2 M.

IMocne uamenenus mapamerpos AHITA (26) Bo
BpeMsl TPaHCIIOPTUPOBKU rpy3a BO3HHUKAaeT CTa-
THU4Yeckas olurbka mo yriay auddepeHra (puc. 3)
3a CUeT IOSIBJICHUSI TUAPOCTAaTUYECKUX MOMEHTOB.
DTO HEeAONMYCTUMO NMPU MaHEBPUPOBAHUU BOJIM3U
MOJABOAHBIX OOBEKTOB. A B IIpOlieCCe ABUXECHUU
AHITA 1o TpaekTopuu IMHAMHUYECKHE OIIMOKU
[0 HEKOTOPBIM KOOpAMHATaM BO3pacTaloT 10 3 M.

BBengeHue mOMoJHUTENBHOIO CUTHajkla caMOHa-
CTPOMKHU TI0 3TAJJOHHOU MOMENU MO3BOJSIET KOM-
MEHCUPOBaTh HEraTUBHBIE ITOCIEICTBUS OT U3MeE-

Enq M, p.u[]

1

0.5

0% = H-¢/m, 50 H-¢/m,
50 H ¢/M, 10 H-Mm-c,
30 H-m-c, 30 H:-m*¢),

dB™ = (9 H-c?/m?, 50 H-c?/m?,
50 H -c?/m2, 10 Hem-c?,
30 H-M-c2 30 Hemec?),

=0,05™M, y.p = 0,0 M,
25 =0,1m, k =0,1.

(26)

Puc. 2. [Ipouecc u3meHeHus 31eMEeHTOB BeKTOpa nuHamuyeckoi ommnoku AHITA npu
NMO3HIIMOHHOM NEepeMeNIeHNN K 3a/IaHHOI TOYKe C 3a/laHHOI OpHeHTanuei (a) U mpu
KOHTYPHOM YNpPaBJIEHNH MO 3aJaHHO# TpaekTopun (6)

Fig. 2. Process of changing entries of AUV dynamic errors vector at movement to tar-
get point with desired orientation (a) and tracking control along desired trajectory (6)
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Puc. 3. Ilpouecc m3mMeHeHHs 3JIeMEHTOB BEKTOpPa IMHAMHYECKOH OMMOKH NMpH MO-
sunuonHoM nepeMemennu AHITA k 3anaHHO# Touke ¢ 3aJaHHOW opueHTanuei (a)
¥ NPU KOHTYPHOM YNPABJEHHUH MO 32/IAHHON TpaeKTopuH () MOCJe OTKJIOHEHHS ero
napaMeTpoB OT HOMHHAJIBHBIX 3HAYEHHUI B COOTBETCTBHH C (26)

Fig. 3. Process of changing entries of AUV dynamic errors vector at movement to tar-
get point with desired orientation (a) and tracking control along desired trajectory (6)
when AUV parameters deviate from its nominal values according with (26)

Puc. 4. Ilpouecc usmenenus auaamuyeckux omnook AHITA (a), a Takxke ynpaBisi-
IOIMX CHJ 1 MOMEHTOB TATHU ABMXKHUTENel (6) npu nepememenud AHITA B 3anannyio
TOYKY NPOCTPAHCTBA

Fig. 4. Process of changing entries of AUV dynamic errors vector (a) and control
forces and torques (6) at movement to target point with desired orientation

0 40 80

Puc. 5. Ilpouecc namenenus nunamuyeckux omuook AHITIA (@), ynpaBiasiommux cuJ
H MOMEHTOB (0) NpH ero JABHKEHUH 1O 32JaAHHOIH TPAEKTOPHH

Fig. 5. Process of changing entries of AUV dynamic errors vector (a) and control
forces and torques (6) at movement along desired trajectory

HeHuit mapamerpoB AHITA. U3 puc. 4, a BugHo,
yto npu noaxome AHITA K 3agaHHOMY MOJIOXeE-
HMIO C MCIIOJb30BAaHUEM CHUCTEeMbl YIpaBIeHUS
®), (11), (17), (25) craTuyeckue OUIMOKH HE BO3-
HMKAIOT, a pa3pblBHasl COCTaBJSIOLIAsl CUTHaja

3TOTO YIpaBjJeHUS C YMEHbIIalo-
1Ieicsl aMIUIMTYJ0NH CUTHajJa caMo-
HACTPOMKN TPUCYTCTBYET TOJIBKO
Ha HavYaJIbHOM 3Tare €ro ABUXKCHUS
(puc. 4, 6), Korma Ipou3BOAHAS BBI-
XOQHOTO CHMTHajla 3TaJOHHON Moje-
JM MMeeT MaKCcuMajJlbHOEe 3HaYeHUe,
W NEUCTBYET BCEeTro B TeueHue 1,5 C.
[Tocie Toro, kak omndKa e, CTaHO-
BUTCS IO MOAYJIO MEHbIIE e, CUT-
Han ynpasieHus (20) oOGecneuynBaeT
MJaBHOE W3MEHEHWE CUJI M MOMEH-
TOB Tru Beex nBuxutenae AHITA.

IIpn nBuxxenum AHIIA Bpoons 3a-
JaHHOU TpaekTopum (puc. 5) BBele-
Hue curHama (20) mpu UCIIOIb30BaHNN
cucteMbl yrpasiaenus (8), (11), (17),
(25) mo3BonsIeT OTpaHWUYMUTH 3Haue-
HHAe TUHaAMWYecKoi ommoky 10 0,3 M.
DTO0 0c000 BaXKHO IJisI OOecreueHUst
COIJIACOBAHHOI'O IBMXKCHMS TPYIIIIBI
AHIIA. Tlpu aToM mocie OKOHYaHUSI
MEePEXOIHBIX IMPOLIECCOB CUMHTE3UPO-
BaHHbBIE CHCTEMbI, JIETKO peajusye-
Mble Ha OopToBBIX [[BM, BO Bpems
KOHTYPHOTO YIIPaBJIEHUSI HE WCITONIb-
3yIOT pa3pbIBHBIC CUTHAJIEL.

Jns cpaBHeHUS Ha puc. 6, 7 moKa-
3aH TPOLeCC U3MEHEHUS] KOOpAWHAT
AHITA npu MCnosib30BaHUU B KaX-
JIOM €ro KaHaje yIpaBJeHUS TUIMO-
Beix IIM]I peryngaropoB, mapaMeTphl
KOTOpPBIX HAaCTpPaMBaJIMCh TaK, YTOOBI
MepexoaHble MPOLECChl BO BCEX Ka-
HaJIaX YHOpaBJICeHUSI €ro JUHEHHBIMU
KOOpAMHATaMM 3aBeplliajnch 4epes
30 ¢, a BpamaTeJIbHBIMIU — 4epe3 5 ¢
W HE MMEJIU TIepeperyInpoBaHusL.

Ha puc. 6, a mokasaH mpoiecc
n3MeHeHuss ommnook AHIIA ¢ Ho-
MUHAJIBHBIMY ITapaMeTpaMu IPU €ro
nepexofie U3 TOYKM C KOOpAWHATAMU
O™, 0™, 0M, O pan, 0 pan, 0 pam)
abcomoTtHoir CK B TOUKY C KOOp-
auHaramu n; = (10 M, 10 M, 5 M,
0 pam, 1,0 pam, 1,0 pang), Korma ero
napaMeTpbl WMeJIM HOMMHAJIbHBIC
3Ha4YeHUs, a Ha puc. 6, 6 ToKa3aHbI

3TU Xe Tpolecchl, Korma mapameTpsl AHITA ot-
JIMYaJTUCh OT HOMMHAJIBHBIX Ha BeTMIUHEI (26). U3
puc. 6 BUIHO, YTO M3MeHeHue mapameTpoB AHITA
MPUBOAWUT K TIOSBJIEHUIO TEPEeperyanpoBaHusl U
3aTSITUBAHUIO TIEPEXOMHBIX MPOLIECCOB MO OTIEb-
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HOM MOJIEJIBIO TTO3BOJISIET 00ecIeunThb
BbBICOKOTOYHOC YITPaBJICHUC IBUXKC-

HueMm AHITA B pa3iuuHbIX peXxumax
WX paboOThl U MPU OOJBIINX U3MEHE-
HUW MapaMeTpoB. Peanuzaums 3Toi
CHACTEMBI HE BBI3BIBAET 3aTPyTHEHUM,
a CATHAJ YNpPaBJECHUS HE CONCPXUT
Pa3pbIBHBIX COCTABJSIONIUX C 0OJb-
IO aMIUIUTYAOM W HE MPUBOIUT

K HETaTUBHBIM BO3ICUCTBUSIM Ha ME-

XaHWYECKYIO YacThb IBHKUTEIHLHOTO
koMmruiekca AHITA.

Puc. 6. IIpouecc usmenenus ommuook AHITA, ucnoas3ywomux ITHAJI peryisTopsl npu

NO3UIIMOHHOM YNPABJCHHH

Fig. 6. Process of changing entries of AUV dynamic errors vector at position control

when PID-controllers are used

3akioyeHue

- B pabore mpenyoxkeH MeTOI

CHHTE3a CHUCTEMbI YIIpaBJICHUSA

MIPOCTPAHCTBEHHBIM  JIBUKECHUEM
AHIITA, no3Bongoomieil y4ecTsb Tie-
PEKPECTHBIC CBSI3U MEXIY €TrO CTe-
MEHSAMU CBOOOABI, a TaKXe Iepe-
MEHHBIC WJIM HEOIpeAcICHHBIC ITa-
paMeTphl. DTa CHUCTEMa COIEPXKUT

! nBa KoHTypa. IlepBbIil BKIIOYaeT
B cebsd KOMOMHUPOBAHHYIO CUCTE-

Puc. 7. Ilpouecc uzmenenns omndook AHIIA, ucnoas3yomux ITHJI peryasTopsi npu

KOHTYPHOM YNpaBJIeHUH

Fig. 7. Process of changing entries of AUV dynamic errors vector at tracking control

when PID-controllers are used

HBIM CTEIIEHSIM CBOOOIBI. DTO MOXET OBbITh HEIIPU-
€MJIEMO IIpU HEOOXOAMMOCTH MaHEBpUPOBAHUS
BOJIM3M MOABOAHBIX COOPYXKEHUIA.

Ha puc. 7 mokaszaHa OIMHaMH4ecKasl OIIMO-
Ka CJeXEHUS IO OTAEAbHBIM CTEIEeHSIM CBOOO-
Ibl TIpu ucnoyb3oBaHuu ITU peryasgtopoB Ajis
ynpaBiaeHus nauxeHueM AHIIA mo tpaektopuu
ng =(1.02,10¢c0s(0.002¢) - 10,5). U3 puc. 7, a Bua-
HO, YTO 3HAUYECHME JMHAMMYECKON OIIMOKM MO KO-
OpIMHATe X MOXET MpeBbIIaTh 3,2 M, a 110 KOOp-
nuHate y — 0,6 M Ipyu HOMUHAJIBHBIX TTapaMeTpax
AHIIA 1, cOOTBETCTBEHHO, 5 M O KOOpAMHATE X
u 1 M no xoopauHate y (puc. 7, 6) Opu UX OT-
KJIOHEHMU Ha Bean4yuHHBI (26). IIpy BBINTOJIHEHUU
onepauuii rpynnoii AHITA Takue fuHaMuyecKue
OIIMOKW HETIPUEMJIEMBI.

TakuM 00pa3oM, pe3yabTaTbl MaTeMaTU4eCKO-
o MOJCIMPOBAHUS TOKa3aJv, YTO MpeaJIoXKeHHas
JBYXKOHTYpHasl CMCTeMa YIpPaBJEHUSI C 3TaJIOH-

My, COAEpXallylo HEJIUHEUHBIN
peryasaTop s JOCTUKEHUS XKeja-
4 eMBIX JMHAMMUYECKHUX XapaKTepu-
ctuk AHIIA, xorga ero mapaMeTphl
paBHBI HOMMHAJbHBIM 3HAYCHUSIM,
U pEryasiTop C€ CaMOHACTPOMKOM
IO 3TaJJOHHOU MOAEeNIU, 0oOecIIeuu-
BAaIOIIE KOMIICHCALIMIO HEOIIpe-
JIEJICHHON MJIM MEPEMEHHOM 4YacTU IapaMETpPOB.
IIpu 3TOM IMapaMeTphl peryJsiTopa C 3TaJOHHON
MOJENIbI0 BBIOMPAIOTCS TaK, YTOOLI YMEHBIIUTH
BO3MOXHYIO aMILIMTYLY pa3pbIBHOIO CHUI'Haja
ynpaBJieHUsI cKopocThio nBuxkeHus AHITA. Bro-
poii KOHTYp TIpeICTaBJsIeT cO0O0i HeIUMHEHHBIH
PEryJIATOp MOJOXEHMS, II03BOJISIOIIUI YyYecTh
JIMHAMUYECKHE CBOMCTBAa KOHTYypa YIIpaBIeHUS
CKOpOCTBIO U KWHeMaTuyeckue cBoiictBa AHITA.
IIpeumyiiecTBOM  IPEOJOXEHHON  CUCTEMBI
yIpaBJeHUS MO CPAaBHEHUIO C TPaAULIMOHHBIMHU,
nmocTpoeHHBIMU Ha ocHoBe IIMJI peryasitTopos,
sIBJIsIeTCs OoJiee BBICOKAsI TOYHOCTh YIIpaBIIEHUS
Mpd OBUXEHUU II0 CJIOXHBIM IIPOCTPAaHCTBEH-
HBIM TPaeKTOPUSIM HE3aBUCHUMO OT U3MEHEHMS
napameTpoB AHITA.

PesynbraThl MOIeIMpOBaHUS ITOATBEPAUIN BbI-
COKYI0 3(p(PEeKTUBHOCTbL CUHTE3UPOBAHHON JIBYX-
KOHTYPHOM CUCTEMBI C 3TaJJOHHOU MOJEJIbIO.
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Currently, autonomous underwater vehicles (AUV) are increasingly used to perform tasks related to the maintenance of
underwater communications and various underwater production complexes, as well as performing underwater technologi-
cal operations. To effectively perform these operations, AUV must have high-quality control systems that will ensure their
accurate movement both along long spatial trajectories formed during their movement to the objects of work, and when
performing complex maneuvers near underwater infrastructure objects. At the same time, the main difficulty that arises
in the process of synthesis of AUV control systems is the significant non-linearity of the dynamic models of these control
objects, the presence of interactions between their degrees of freedom, as well as the uncertainty and variability of their
parameters. In this paper, we propose a method for synthesizing the spatial motion control system of the AUV, which allows
us to take into account these negative effects. This system contains two loops. The first loop includes a combined system
containing a nonlinear controller to achieve the desired dynamic characteristics of the AUV, when its parameters are equal
to the nominal values, and a controller with self-tuning according to the reference model, which provides compensation for
an unknown or variable part of the parameters. In this case, the parameters of the controller with the reference model are
selected to reduce the possible amplitude of the discontinuous signal for controlling the AUV velocity. The second loop is a
non-linear position controller that allows to take into account the dynamic properties of the velocity control loop and the
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kinematic properties of the AUV. The advantage of the proposed control system in comparison with traditional ones based
on PID controllers is a higher control accuracy when moving along complex spatial trajectories, regardless of changes in the
AUV parameters. The simulation results confirmed the high efficiency of the synthesized two-loop control system.

Keywords: autonomous underwater vehicle, control system, nonlinear control, self-tuning, reference model, parametric

uncertainty
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Unmanned Powerboat Motion Terminal Control in an Environment
with Moving Obstacles

Abstract

The major point for consideration throughout this paper is controlling the motion of an unmanned powerboat in an obstructed environ-
ment with stationary and moving objects. It offers a procedure for the terminal control law development based on the powerboat programmed
motion trajectory in a polynomial form and proposes position-trajectory-based control algorithms. A hybrid method based on virtual fields
and unstable driving modes, taking into account powerboat speeds and obstacles, is used to plan motion trajectories for obstacle avoidance.
There were experiments carried out to test the developed methods and algorithms meanwhile estimating the energy consumption for control,
the length of the trajectory and the safety indicator for obstacle avoidance. The novelty of the proposed approach lies in the method used
to develop a local movement trajectory in the field with obstacles and in the hybridization of trajectory scheduling methods. This approach
allows us to achieve a given safe distance when avoiding obstacles and virtually eliminate the chances of an emergency collision. The
presented results can be used in systems of boats autonomous motion control and allow safe stationary and dynamic obstacles avoidance.

Keywords: terminal control, potential field method, position-trajectory control, quality indicators, speed control, unmanned powerboat

Acknowledgments: The work was supported by grant N 18-19-00621 of Russian Scientific Foundation.

For citation:

Finaev V. 1., Medvedev M. Yu., Pshikhopov V. Kh., Pereverzev V. A., Soloviev V. V. Unmanned Powerboat Motion Terminal Control
in an Environment with Moving Obstacles, Mekhatronika, Avtomatizatsiya, Upravlenie, 2021, vol. 22, no. 3, pp. 145—154.

DOI: 10.17587/mau.22.145-154

YK 004.896 DOI: 10.17587/mau.22.145-154

B. U. ®uHaeB, O-p TexH. Hayk, vifinaev@sfedu.ru, M. K0. MeaBeaeB, a-p TexH. Hayk, medvmihal@sfedu.ru,
B. X. Mwuxonos, g-p TexH. HaykK, pshichop@rambler.ru,
B. A. lNepeBep3eB, CT. Hay4. cOTp., vapereverzev@sfedu.ru,
B. B. ConoBbeB, CT. Hayy. coTp., vvsolovev@sfedu.ru,
®rAQY BO lOxHbIV PegepanbHbIl yHUBEpPCUTET, TaraHpor

TepMuHanbLHoe ynpaBneHue 6e33KNUnaXxHbIM KaTepom
B cpeAe C NOABWXHbIMU NPEenATCTBUAMU

B dannoti pabome 0CHOGHbIM NpeOMemMoOM UCCACO08AHUS ABAACMCA CUCMeMd YNPAGAeHUA 08UNCeHUeM 0e39KUNANCHO20
Kamepa 6 HeonpedeaeHHOU cpede cO CMAYUOHAPHBIMU U NOOBUNCHBIMU NPENnAMCMBUAMU. AKMYaibHOCMb paspabomku makou
cucmembvl 00ycaoeaeHa mem, 4mo 0e33KUNAdNCHble Kamepa QYHKYUOHUDYOM 60AuU3U NOopmoe, cy00X00HblX hapeamepos u
6 Opyeux mecmax ¢ NAOMHbIM O8udCeHueM opyeux cydos. Ilpu amom u3-3a omcymcmeus 3KUnaica Hem 603MOICHOCMU CO-
2aacoevieams 0sudiceHue ¢ Opy2uMi cyoamu, HO3MOMY CUCIMeMA YNPAGACHUS MAK020 0e33KUNANCHO20 Kamepa 00ANCHA NPO-
KAa0bleamsv Mapupym, y4umoléas mpebo8aHus K c60emy NOA0NCEHUI) 8 KaxCOblll MOMeHm 8peMeHU.

B cea3u ¢ smum 6 cmamoe npedaoxcena npouedypa pa3padomiu mepmMuHaIbHO20 3aKOHA YNPABACHUS HA 0CHO8e NPOZPAMMUpYe-
MOU mpaexmopuu 08UNCeHUs Kamepa 8 NOAUHOMUANLHOU (hopme, Ha OCHOBe KOMOPOI Peaiu308aHbl NO3UUUOHHO-MPAeKMOPHble a120-
pummbl ynpaeaenus. Ipu smom npoepammuas mpaeKkmopus Cmpoumcs KaK pewierue 3a0a4u mepmuHaibH020 YAPpAeAeHUs 6 CUAbHOLU
nocmanoske, a NO3UUUOHHO-MPACKMOPHYIL Pe2yAsimop ompadamuiéaem NOAYYEHHYI0 MPAeKmopuio 8 pamkax caaboeo mepmuHalb-
Ho20 ynpaeaenus. [is yuema npensamcmeuil npu NAGHUPOSAHUU MPACKMOPUU UCNOAb3YeMCS 2UOPUOHbLI Memod, OCHOBAHHbII HA
BUPMYANbHBIX NOAAX U HEYCMOUYUBHIX PENCUMAX OBUIICEHUS C YHemOM CKOpocmell U yCA08ull 08udiceHus 06e39KUnajicho2o Kamepa.
B pabome npueoosmcs pe3yabmamol YUCACHHbIX U HAMYPHBIX IKCAEPUMEHMOE N0 anpodayuu pa3pabomanHsiX Memooos u ai2opum-
mos. Tlonyuenvt oyenku sHepeo3ampam Ha ynpasaeHue, OAUHbL MPpAeKmopuu U nokazamens bezonachocmu npu 00xode npensmcmeuil.

Hoeusna npedaazaemozo nooxoda 3axKao4aemcs 6 UCNOAb308AHUU HOB020 Mem00a NOCMPOeHUs A0KAAbHOU MpaeKmopuu
deudceHus 8 nojse ¢ NPenamcmeuamuy u 6 2ubpuduzayuu memoooe nAaHuposanuss mpaekmopui. Takoi nodxod nozeonsem
obecneuums 3a0aHHYI0 0€30NACHYI0 OUCMAHYUIO NPU 00X00e NPenAMCmEull U NPAKMUYecKu UCKAIOYUMb ePOSMHOCHb A8d-
puiinoeo cmoakHogenus. Ilpedcmaesaennvie pe3ysomamost Mo2ym Obimb UCNOAb30GAHbI @ CUCMEMAX AGMOHOMHO20 YNPABACHUS
deudceruem Kamepos u no3eoasiom 6e30nacHo 06xo0ums CmMayuoHapHsle U OUHAMUYeCKUe NPenSIMCmeEus.

Karwueeuvie caosa: mepmuHaibHoe ynpaeierue, Memod NOMEeHUUANbHbIX I’lO/leLZ, NO3UUUOHHO-MpAeKmopHoe ynpaenenue,
nokasameau kavecmea, ynpagieHue cCKopocmsho, 0e39KunaNcHolil Kamep
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Introduction

Autonomous moving objects (robots) are con-
trolled in two-dimensional and tridimensional
space, as well as in various environments (in air,
above water, under water, on the surface). The con-
trol is implemented in automatic as well as auto-
mated modes in both deterministic defined and
non-defined environments. Automatic movement of
moving objects (MO) can be performed either along
the prescheduled trajectories or in an unspecified
environment with specified coordinates of the goal
point with stationary and moving obstacles. There
may be no time limits for the goal being reached;
however, there may also be a requirement for the
MO achieving the goal within the time set. Mul-
tiple practical examples can be cited with relation
to controlling a single or a group of MOs in dif-
ferent environments under different conditions for
the goal achievement. One example is an aircraft,
when being autopiloted, is capable of performing
an autonomous flight along a prescheduled trajec-
tory and of independent landing onto a specially
prepared aerodrome using navigation systems [I].
Other instances include quadcopters, which will
automatically fly along a predetermined trajectory,
and robotic sea powerboats, which are already in
service with a number of countries. A good example
is Tesla autopilot vehicles [2] and similar vehicles
by other developers (Toyota, Volvo, Mersedes, etc.)
that are already in use on the roads.

Software control systems are undergoing steady
improvement, and nowadays control systems can
identify the environment [3—7], solve problems of
moving a single MO and groups of MOs using ana-
Iytical methods [8§—10], or, under significant un-
certainty, using neuro-fuzzy networks, genetic algo-
rithms, contingency approach and methods aimed
at enhancing the specialists’ knowledge of [11—135].

Even though up-to-date scientific methods and
MO control technologies allow solving MO move-
ment problems in complex, non-deterministic en-
vironments, the terminal control problem remains
quite relevant [16]. When solving the terminal con-
trol problem, the MO setting off from the starting
point is supposed to reach the goal end point at a set
time, given the fact that the operating environment
is uncertain, which is the major focus of this paper.

The task of terminal control remains relevant
and has been the subject of consideration in mul-
tiple scientific papers, since different methods have
been suggested to solve this problem. One solution
to the problem has been by using sliding modes,

for example, paper [17] covers a sliding mode im-
plementation in some classes of nonlinear control
systems. Another solution suggests using nonlinear
control models, for example, paper [18] describes
the two-mode nonlinear model implementation of
control over a nonlinear object under given con-
straint concerning the state and control. The control
is performed with several parameters being selected
a priory, which evaluate the terminal area and pa-
rameters. When the object under control moves,
these parameters are optimized in real-time mode
by the terminal controller to achieve the goal set.
The solution of the terminal control problem can
also be based on a special kind nonlinear similarity
conversion, which means with control over the state
feedback, the transition of the initial system into a
linear and stationary system is ensured in a special
way [19]. This is the task for weak terminal control
over discrete nonlinear systems with scalar output.

The problem of planning the motion trajecto-
ries of the mobile objects in environments with ob-
stacles has been considered in in numerous papers.
A lot of papers considered the implementation of
the potential field method. For example, the paper
[20] proposed and analyzed control algorithms in
environments with moving and stationary obstacles,
providing MO control that prevents it from falling
into the local minima of the potential field. In the
paper [21], the application of methods for trajec-
tories planning of moving objects based on fuzzy
logic was considered. The authors have created
elementary MO behavior models, and proposed a
mechanism for their integration for MO manage-
ment in an uncertain environment.

They pay attention to the use of unstable traffic
patterns when scheduling MO trajectories. For in-
stance, the paper [22] illustrates the use of control
actions which stabilize robot trajectories in obsta-
cle-free zones, as well as the application of the third
Lyapunov theorem (the instability theorem) when a
moving object is spotted in zones of stationary or
non-stationary obstacles at distances less than the
tolerable. The symbiosis of unstable driving modes
and the method of potential fields can be consid-
ered, which allows the creation of hybrid control
methods, as shown in papers [23, 24].

The analysis of known works enables us to iden-
tify prospects for further research in the field of ter-
minal control using the potential field method, for
scheduling the movement of an unmanned power-
boat in case obstacles appear, and a method based
on unstable modes, in case of a dangerous approach
to them, which is the subject of this article.
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The paper is organized as follows. Section 2
presents a mathematical model of a vessel, descrip-
tion of the onboard control system, and the synthe-
sis of terminal control. Problem statement is given.
Section 3 describes the obstacle avoidance method.
Section 4 presents experimental results.

The mathematical model of the vessel
and the synthesis of terminal control

Fig. 1 represents the experimental prototype
of the vessel. The powerboat features the follow-
ing overall dimensions: height 0.6 m, width 0.7 m,
length 1.8 m. The superstructure (bulkhead) hosts
the engine control unit 1, the autonomous mo-
tion control unit 2, camera information processing
unit 3, batteries, WiFi router and integrated naviga-

Accumulator 2

tion system (see fig. 2). The mast places 3 cameras,
WiFi and GPS modules.

Let the mathematical model of the vessel, in ac-
cordance with the coordinate system presented in
fig. 1, s, have the following form:

cosp sing 0
S=|-sing cosg 00, (1)
0 0 1
MQ =F,(0,S,8,0,t)+
( ) o

+F;(P,V,W)+F,(G,AR),

where S =[x, 2z, ¢]" stands for the gravity
center coordinate vector of the vessel and the
orienting angle in the fixed coordinate system;
o=, Vv, my]Tstands for the projection of the
velocity vector on the axis of the coordinate system
associated with the power boat XYZ (see fig. 3); ¢
signifies current course, and o, is the angular ve-
locity of the vessel relative to the vertical axis QY;
F;(P,V,W) — (3x1) represents the vector of non-
linear dynamic elements, including Coriolis forces,
F,(G,A,R) — (3 x 1) means the vector of mea-
sured and non-measurable external disturbances;
M — (3%3) stand for the matrix of mass-inertial pa-
rameters, whose elements are mass, inertia moments,
apparent masses F,(Q,S,a,/,t) — (3 x 1) is the
control forces and moments vector (/ is the vector of
design parameters, « is the deviation angle of engines
from the X axis, 7 is time). A more detailed descrip-
tion of the mathematical model is presented in [25].

It is required to synthesize such a control algo-
rithm that would ensure the vessel movement from

Navigation
svstem

Video cameras

Motor 1 Regulator 1 m @ Q @
. & 1 2 3
N T
1 Y
v Control unit 1 ol Control Unit 2 Control Unit 3
Servo drive Accumulator 1
& | B2 il
Atmel AVR based Micromax Intel Nuc
Motor 2 Regulator 2 Receiving set WiFi router
v ol N

ﬂi)--v-—&ﬂ-‘%

Remote Control
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Fig. 2. Block diagram of the onboard control system
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Ground control
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Fig. 3. The unmanned vessel coordinate system

the initial position P = (xy,z,) to the final position
P, =(x;,z;) atagiven moment of time = T}, and the
speed at the moment of time 7= T}, should be zero, i.e.

O =(VeVii0,) =0,

To solve the problem of synthesizing the termi-
nal control, we will define the programmed motion
trajectory of the unmanned vessel in a polynomial
form and present it in the matrix form:

S*=CLS" =CL, (3)
where

3 3 1

—(x; —x5) —=(x, —x
o X 0 Tkz(k o) Tk3(k 0) . P
- , L=,
% 0 i(Zk—zo) i(Zk—Zo) !
¢ T 3

C is a matrix of constant coefficients depending
on the initial and final position of the vessel, as well
as on T} which is the specified positioning time.

The degree of the polynomial L is determined
by the number of terminal parameters. In this case,
these are two coordinates and the speed.

It can be also shown that:

S*=CD|L,
S* =CD,L,
000 0 000 0
1000 000 0
where Di=1o 5 0 0?72 0 0 of
00 3 0 06 0 0

The terminal control law is developed basing on
position-trajectory algorithms [22]; to this end, the
real trajectory deviation error is set from the given
program in the following form:

¥,=85-5 =5-CL.

Let wus introduce an additional variable
¥ =¥, +T -¥,, where T, is the diagonal matrix
of constant dimensions (2x2), ¥, =S -CD,L. We
also set the desired behavior of the closed-looped
system in the form below:

where 7, is the diagonal matrix of constant dimen-
sion (2%2). Thus, the desired behavior of the sys-
tem, expressed through ¥, has the following form:

\.I:’tr +Tl‘ijtr+T2 (qjtr +T1\P1r)=0’ (4)

where W, =S -CD,L, ¥, =S -CD,L.

Upon substituting in (4) the equation of the ves-
sel mathematical model (2) and expressing the cor-
responding control forces and moments vector F,,
we obtain the following control algorithm:

F,=-MR'[RQ-CD,L+T\¥, +

. , ®)
+ LY, + 1Y) - Fy.

To perform the stability analysis, we substitute
the resulting expression (5) into the equation of the
mathematical model (3).

S=RQ
RQ-CD,L +T,(RR-CD,L) +
+T,(RQ + RO -CD,L +
+T;(RQ -CD,L))

O=R"

We shall set the Lyapunov function in the fol-
lowing form:
V=vTwwy,

where W is a diagonal positive definite matrix of
size (2x2). Then the derivative of the Lyapunov
function has the form:

V =-2[RO-CD,L+T)¥,]x

X W[—Tz (0-CD,L+ TI\P,,)]
We shall define the W matrix to be WT, =G
where G the diagonal positive definite dimension

matrix of (2X2), so we obtain the following expres-
sion for the derivative V' (x):

V =-2[RQO-CD,L+T¥,]x
xG[RQ-CDL+Ty¥,].
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Since G is a positive definite matrix, the function
V is negative definite at all points. It is enough just to
show that the value of Q = -R™' (CD,L+T;-¥,,) is
not a solution of system (6). Thus, it can be affirmed
that system (6) is asymptotically stable, taking into
account the addition of Barabashin-Krasovsky [26].

Let’s note that control algorithm (5) does not con-
tain a singularity at the target point. This property is
very important for terminal control systems [27, 28].

The local planning algorithms

General concept. Basing on the terminal control
algorithm (5) the vessel moves in an unobstructed
environment to the coordinates of the end point 7.
In case of obstacles in the field of repulsive forces of
the virtual field (fig. 4), a local trajectory of circum-
venting the obstacle is formed and the coordinates
of the unmanned powerboat are planned based on
the method of potential fields, while the coordinates
of the end point P, are replaced by Pk* . Besides, if
obstacles arise in the vessel safety zone, coordinates
are scheduled using the method based on an unstable
driving mode. When the obstacles leave the virtual
zone of repulsive forces, the regular terminal control
mode is restarted, and a new of initial conditions
vector is formed for the algorithm (5).

Now let us consider the methods for the power-
boat coordinates planning.

Method of forming a local obstacle avoidance
trajectory. When forming a local obstacle avoidance
trajectory, the vision field of the vision system is di-
vided into sectors, as shown in fig. 5. In accordance
with fig. 5, the value of B determines the chord,
which subtends the ends of the sector, and is equal
to the radius of the safety zone of the boat.

To determine the number of sectors in the loca-
tor’s view, you need to perform the following se-
quence of actions. First, the sector angles are cal-
culated according to the formula:

B: =2 arcsin(%j , (7)

where B: is sector angle; D — stands for the range
of the sensor system of the boat.
Then their number is determined by the formula

N = lrﬂ*—‘a
Bs

where p is the angle of view of the technical vision
system of the boat, H is the operation of extracting
the integer part of a number, rounded upward.

®)

By virtue of the fact that the locator vision field
must be completely covered by sectors with identical
angles, sector angles have to be adjusted in accor-
dance with the expression

)

If obstacles are spotted within the sector, the lat-
ter is marked with figure of one, as being prohibited
for movement; otherwise, it is marked as free. The
boat movement process can be organized in this
case as the following sequence of steps.

Zone of repulsive force
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Fig. 5. The division of the vision field of the boat sensor system
into sectors
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Step 1. The sensory system visual field sectors are
analyzed: if there is an obstacle in the sector, the sector
is marked as prohibited (1), or otherwise, as free (0).

Step 2. The sector analysis towards the target point.
Proceed to step 6 if the sector is marked as free (0), or
to step 3 if the sector is marked as busy (1).

Step 3. Search for the nearest free sector towards
the target point: if there are none, proceed to step 6,
otherwise go to step 4.

Step 4. Calculation of the coordinates of point A4
in the middle of the sector.

Step 5. Calculate the coordinates of point C at a
distance of 1/3 from the boat to point A.

Step 6. The end.

After point C becomes target for the boat, and
one is used in the calculation of the potential field
forces. As soon as it is reached, point A becomes the
target. If all sectors of the visual field are busy, the
movement direction is selected randomly beyond
the vision field of the technical vision system.

The method of virtual (potential) fields. The vir-
tual (potential) fields method is a widespread method
for planning the moving objects trajectories [29, 30]
due to a number of advantages, in particular:

— Low requirements for the moving object on-
board computer;

— Low requirements for the moving object sen-
sory subsystem;

— Inaccurate (approximate) information being
tolerable to use, concerning the coordinates of the
obstacles and the target point;

— Ample opportunities for modification.

However, alongside with the advantages, this
method features a number of the disadvantages lis-
ted below:

— the emergence of areas with local minimum
fields throughout which a moving object can not
continue moving towards the target point;

— low efficiency when used in three-dimen-
sional environments and in flat environments with
complex obstacles;

— the impossibility of taking into account the
dynamics of a moving object which results in inef-
fective implementation of the scheduled trajectory.

These drawbacks hinder the independent use of
this method to schedule the moving objects trajec-
tories in an environment with obstacles. Neverthe-
less, the considerable room for modification allow
synthesizing hybrid scheduling methods that reduce
the drawbacks above.

Let us consider a nonpotential field when repul-
sive forces depend on the moving object speed and,
therefore, are non-conservative (see fig. 4).

In this paper, the components of the attracting
virtual force to the target point are defined by the

‘ {FM}:,{M

10
i e (10)
where x,, z, are the moving object coordinates; x,,
o stand for the target point coordinates; d,, is the
distance between the moving object and the target;
k is the coefficient of attractive force (k > 0).

The distance between the moving object and the
target is calculated using the expression:

dy = \/(x, - xg)2 +(z, + Zg)2,

The components of the repulsive potential force
from the obstacles are determined by the expression:

{Fm} — _c.e P {VP:' cos (O‘i)} (12)

F, Vpisin(o;)

rzi

(11)

where g; is the distance between the moving object
and the i -th obstacle; o; is the orientation angle of
the moving object in relation to the obstacle i -th
obstacle; V, is the projection of the relative velocity
of the moving object and obstacle; ¢, B — are the
repulsive force coefficients (¢ > 0, B > 0).

The orientation angle of the moving object with
respect to the i-th obstacle is determined by the
expression:

a; = atan2 (2, — 2., Xo; — X, ), (13)
where x,;, z,; designate the coordinates of the i-th
obstacle; atan2 is a function for calculating the tan-
gent of an angle in the interval —n < o < 7.

The distance between the moving object and the
i-th obstacle is determined by the expression:

di = \/(xr - xoi)2 + (Zr + zoi)2' (]4)

After calculating the attractive force of the MO
to the target point and repulsive forces from ob-
stacles and the boundaries of the working area, the
components of the resultant force of the virtual field
can be found by the formula:

ZFrxi

FZx _ Fax 15
|:FEZ}_|:FM}+ ZFrzi ' (1
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Fig. 6. Local minimum areas occurrence illustrated

The planned end point coordinates of the MO
movement with the step determined by the expression:

X F
p =|:xr:|+{ 2x:|Af,
zp Zr FZz

where At is the time step; x,, z, are the coordinates
of the planned moving object trajectory.

As indicated above, one drawback of the poten-
tial field method is the possibility for a moving ob-
ject to fall into the local minimum of the field. In
the local minimum of the field, the configuration of
the medium and the potential forces are such that
the resultant force F is equal to zero at each time
instant (fig. 6, a, b) or constantly changes its sign
for the opposite (fig. 6, c).

Either does the moving object stop or recipro-
cate, but cannot move to the target point. The local
minimum area of the potential field for the cases
shown in fig. 6, a, b are determined with F = 0.

The situation presented in fig. 6, ¢ can be di-
agnosed by analyzing the moving object direction.
If the sign of the potential field resultant force Fy,
projected onto the line, connects the moving object
and the target point at k£ and k + 1 steps, it is re-
versed, which means the angle

<Fz(k)‘ﬁz (k+1)> (17)
‘Fz (k)HFZ (k"'l)‘

(16)

X ="n— arccos{

does not exceed some small value of ¢, it is necessary
to take additional steps to lead a moving object out of
the field local minimum. Model experiments have es-
tablished that with £ < /60 this case is well diagnosed.

To solve the problem of getting the MO into the
local field minimum, we use an approach based on
the temporary replacement of the global target point
with a virtual target [31].

If one of the virtual field
local minimum areas is diag-
nosed, the virtual target point
coordinates can be calculated in
accordance with the expression:

| |

| |

| |

| |

| |

| |

| |

| |

| |

| |

a z 2 a

| | ng X X g

| Obstaclel Fsi>0, Fspi <0 Obstacle2 : = { r} -Ho ,  (18)
| E 4 %

| Boat |

i o «J@ _ _ (_}.Oal i where x,,, z,, represent the vir-
! Fy ! 7 F, ! tual target point coordinates;
! 0 ! | o — is the coefficient deter-
| |

mined by the nature of the me-
dium, the obstacles configura-
tion and the distance between
the target point and the moving object (c < 1); H —
is the rotation matrix.

cos (&) sin(&)} 19

H:{—Siﬂ(é) cos (&)

where ¢ is the angle set randomly from *r/2.

The time #, of the reverse substitution of the vir-
tual target point for the global one is determined by
the moving object dynamics and the operating en-
vironment state. It is necessary to choose 7, so that
the moving object does not return to the potential
field local minimum area. Thus, the placement of
virtual targets allows organizing the movement of a
moving object in complex environments.

Obstacle avoidance method based on unstable
driving patterns. Such a bionic approach to cir-
cumventing obstacles does not require preliminary
mapping, and thus reduces the requirements for the
intellectual support of the vessel. The essence of
the method is as follows: a bifurcation parameter
B is introduced into the structure of the regulator,
the value of which depends on the distance to the
obstacle. If the distance from the unmanned boat to
the obstacle is exceeds the tolerable distance R*, the
bifurcation parameter § = 0 and the closed-looped
system are both in a stable state. In case this dis-
tance is less than tolerable R*, B # 0 and the system
becomes unstable. Since this instability is due to
the distance to the obstacle, it is natural that the
unstable state deviates the vessel from the trajectory
on which the obstacle is located in order to increase
this distance to the obstacle.

We define the bifurcation parameter in the fol-
lowing form [22]:

B=|R- R’

(k-F),
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where R is the distance to the obstacle measured
by the sensor, R is the allowable distance to the
obstacle, i.e. the distance at which it is necessary to
begin the procedure of divergence with an obstacle.
|| — modulus of number, i.e. its absolute value.

It is easy to show that if R > R", then B = 0,
which means the value of the bifurcation parameter
is zero, even if we found an obstacle, but the dis-
tance to it is even more acceptable. If R < R, then
B = —2(R — R). Taking into account that (R — R)
<0, B>0.

As noted, the behavior of the system will be sta-
ble if the matrix G = Q7, is positively defined. It
follows that in order to bring the system into an
unstable mode, one of the diagonal elements of the
matrix 7, must be made negative. We equate it to
our bifurcation parameter, i.e. 7,(1,1) = —p.

The proposed controller operates as follows. The
algorithm is executed until the vessel reaches the
end point P,. If an obstacle occurs on the vessel’s
route, and the obstacle is outside the danger zone,
ie. R> R ie. p =0, then the usual terminal con-
trol is calculated by the formula (5). If the condition
R > R is not satisfied and B = 0, then the bifurca-
tion parameter is calculated, and the vessel is put
into an unstable mode.

Simulation and experiment results

To study the proposed methods, a mathematical
model of the surface mini-motorboat "Sigul" was
used. The actuators are two propulsion devices
based on brushless asynchronous motors and a
servo drive shown in fig. 5. Motors and screws are
mounted on a movable frame and may deviate from
the longitudinal axis by the same angle o (fig. 7).
The motors and servo drive are controlled by local
regulators, with a PWM signal being applied to their
inputs. The inertia of the motors and servo can be
neglected compared with the inertia of the object.

To study the synthesized regulator, we will use
the following parameters:

— Weight m = 50 kg;

— Moments of inertia J, = 15.1 kg / mz;

— Elements of the matrix of added masses
Mg = 1.08 kg, A3 3 = 11.43 kg, A5 s = 20 kg;

—The initial position of the unmanned vessel
P 0= [0, O]a

— Target point P,[45, 45];

— Terminal control time 7), = 15 sec;

— Maximum speed of the boat and moving
obstacles V., = 2 m/s;

— The value of the functional matrices in

equation (SM:{mx 0}): R= cgscp e ,
2 0 m, —sing cosQ
F,=| ~ x2 , F, =0
_csz

Sensors mounted on the vessel mast are three video
cameras with a total view field of 135°. The cameras’
software allows detecting objects on the water surface
at a distance of 50 meters, determining their contours,
sizes and distances from a crewless powerboat.

Figures 8, 9 demonstrate the results of the vessel
movement modeling. Fig. 8 shows the boat movement
of the through the environment with a single stationary
obstacle, while fig. 9 displays the boat moving in an
environment with two moving obstacles.

As can be seen from the modeling results in the
control system, the trajectory of the vessel movement
calculations were correct when passing obstacles. In
all model experiments, the target point was reached
within a set point in time with the boat speed being

Fig. 8. Trajectory planning with a single stationary obstacle
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Fig. 10. Experiment results

its center as shown in fig. 10, and in 40 seconds. On
one side of the square, an obstacle in the form of
a floating buoy was situated. A screenshot from the
shore control panel is shown in fig. 10, b.

As a result of the experiment, the boat completed
the task for a specified time. The minimum distance
to the obstacle was 4 m.

equal to zero. The range of the repulsive forces of
the virtual field corresponded to the range of the
boat technical vision system. The minimum distance
from the boat to the obstacle was 3 m.

To confirm the effectiveness of the approach,
a full-scale experiment was conducted in the
Taganrog Bay of the Azov Sea. The boat needed to
sail offline on the sides of the square and finish in
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Conclusion

The paper presents algorithms for terminal control
and scheduling for moving an unmanned boat in an
environment with obstacles, based on the position-
trajectory algorithm and a hybrid scheduling method
based on virtual fields and unstable modes.

The novelty of the proposed approach lies in the
method used to develop a local movement trajectory
in the field with obstacles and in the hybridization of
trajectory scheduling methods. This approach allows
us to achieve a given safe distance when avoiding
obstacles and virtually eliminate the chances of an
emergency collision. The presented results can be
used in systems of boats autonomous motion control
and allow safe stationary and dynamic obstacles
avoidance.
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YnpaBneHme aBToHOMHOM nocaakoun BINJIA camoneTHoro Tuna
Ha CTaTU4YeCKYH U AMHAMUYeCKYH Nocafo4Hble NoLwaaku
No «rMOKNM» KNHEMaTUYEeCKMM TPAEKTOPUAM

B coepemennom mupe éce 6oabuiyo NORYASAPHOCMYb 6 Kauecmee AeeKux u Hedopoeux UHCMPYMeHmo8 KaK 80eHH020, MAK U
2paNcoanHcKko020 npumernerus Haxoosm becnuiomusie remamenvivie annapameol (BIIJIA) camoremunoeo muna. 3axarwoyumens-
HbIM U OOHUM U3 @ajcHelwux amanoe norema dannvix BIIJIA aeasemcsa nocadka. B céasu ¢ amum 3adaua agmomamu3zayuu
ynpaeaenus nocadkoti BIIJIA 6 caoxicHbix Memeopoaoeuteckux ycao8usx cmanosumces ece 6onee akmyanvHou. B pade cayuaes
o0 dozanpaeku u nodzapadku BIIJIA uyenecoobpaszno ucnoav3oeams OUHAMUUECKYIO NOOBUICHYIO NOCAOOYHYIO NAOULAOKY
(IIII]) émecmo mpaduyuorunoi cmamuueckol (Henodeudxicroi) nocadounoi naowaoku (HIIII). B dannotui pabome paccmampu-
eaemcsi NOCMAHOBKA U peuleHue 3a0a4u ynpasienus mepmuHaibHoim nocadounsim maneepom bBILIA kax na HIIII, mak u Ha
[IIIII, obecnevusarouum e2o nepexod U3 mexKyujeco Ha4aabHo20 COCMOSAHUS 8 Ueaegoe MepMUHANbHOe COCMOsIHUE N0 «eUOKUM»
Kunemamuueckum mpaexkmopusam. B kauecmee Il paccmampusaemces cneyuasvHoe ycmpoicmeo 0aa «aoeau» BILIA, o6o-
pyooearHoe Ha asmomoduie.

Mas pewenus zadauu aemomamuyeckoi nocadku BIIJIA na HIIII pazpabomana mamemamuueckas mooesb OUHAMUKU
€20 npodoabH020 0BUNCEHUS C NPOCMPAHCMEEHHOU CUHXPOHU3ayuel nepemeuweHuli. Pazpaboman u uccaedoean areopumm
YNpPaeaeHUus: KOHeYHbIM 6epMuUKaibHbim nocadoynsim manegpom BIIJIA na HIIII memodom obpamubix 3a0au OUHAMUKU C UC-
NnoAb30GAHUEM NPUHUUNA «2UOKUX» KUHEMAMUYECKUX MPACKMOPULL.

Jaa pewenus 3ad0auu aegmomamuyeckoi nocaoxu bBIIJIA na IIIIII pa3zpabomana mamemamuueckas modeass OUHAMUKU €20
nPOCMPAHCMEEHHO20 O8UICCHUS C NPOCMPAHCMEEHHOU CUHXPOHU3ayuell nepemewenuil. Pazpaboman u uccaedosan areopumm
ynpaeaeHus mepmuHasbHoim nocadouuvim maneepom BIIIA na I memodom obpamubix 3a0a4 OUHAMUKU C UCNOAb308AHUEM
NPUHYUNOB «CUOKUX» KUHEMAMUYECKUX MPAeKmopull U Hage0eHuUs Ha MOUKY NPUUEAUBAHUS.

Paszpabomano coomeemcmeyrujee npoepammuoe obecneuernue, no3604sa0uee AHANUZUPOBAMb BbINOAHEHUE NOCADOUHOZ0
manespa BIIJIA. B cpede MATLAB nposederna komnviomepras anpobayus pa3padbomanHuvlx ai20pummos Ha npumepe ynpae-
AeHus nocadounvimu manespamu BIIJIA «Aerosonde” 6 ycaosusx pasiuyHsix 6empogulx 603MyueHU.

Karueevie caosa: nocadounwiii manesp BIIIA, Henodsuscnas nocadounas naowadxa, n0OBUNCHAS NOCAO0YHAS NAAMPOD-
Ma, cuHme3 aneopumma ynpaeieHus, memoo 00pamusix 3a0a4 OUHAMUKU, NPUHUUN «eUOKUX» KUHeMamu4ecKux mpaeKkmopuii

BBenenue

Bo MHorux cdepax xusHeaeaTeIbHOCTU YEJI0-
BEKa IIMPOKOE MPUMEHEHUE HaXOASIT OeCIMJIOT-
Hble JieTatenbHble amnmnapatbl (BITJIA) camoner-
HOTO TUIIAa KaK TpaXkJaHCKOTOo, TaK U BOEHHOIO
Ha3HayeHUd [1], umerolIre psia MPEUMYILIECTB 10
cpaBHeHM1o ¢ BITJIA BeproseTHOro tumna: 00Jb-
Wil paguyc AeWCTBMsI, Oojbllee BpeMs I0JETa,
Jydlliie a’poAMHaMMYecKue IoKazaTelu, 00jb-
UK Ko3(pGUIUEHT Mojie3Ho Harpy3ku. OHU
BecbMa IOMYJISIpHBI U 3(G(EKTUBHBI B KauyeCTBe
JIETKUX Y HEAOPOTUX MHCTPYMEHTOB B yAAJICHHBIX

omepanusix IIOMCKA, CIIACEHUSI, MOHUTOPUHTA,
a3poOTOChEMKM, MHCIEKIINHN, HAyIHBIX KCCIIe-
JOBaHWM, MaTPyJIUpPOBaHUs, pa3Beaku u T.1a. Ilo-
CKOJIbKY HEOThEMJIEMBIM 3aBePIIAIOLINM 1 OMHUM
U3 CaMbIX OTBETCTBEHHBIX, CJIOXHBIX M HaIps-
JKEHHBIX 3TalloB IIOJIeTa JIOOBIX MHOTOPa30BBIX
JIeTaTeIbHBIX allllapaToOB SIBIISIETCS II0CalIKa, TO
BCe OOJIBIIYIO aKTyaJIbHOCTh IIpUoOpeTaeT 3agadya
yIpaBjeHHsl Oe3aBapuiiHoi mocaakoit BITJIA Ha
OIIpEeACICHHYI0 MOCAAOYHYIO IJIOIIAAKY B aBTO-
MaTHYECKOM pPEXHUME B CJIOXHBIX METEOPOJIOTH-
YeCKMX YCI0BUIX [2]. YcnelrHoe peleHne JaHHOM
3aJa4d BO MHOIOM OIpeaessieT TaKue BaXXKHBIC
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Puc. 1. CraTuyeckas nmocaaouynas njionanka
Fig. 1. Static landing site

xapakTepucTuku BITJIA, Kak THOKOCTb, MOOUJIb-
HOCTh, MAHEBPEHHOCTb, aBTOHOMHOCTb, a TaKXe
HU3Kasg BEPOSTHOCTh MOBPEXICHMS U BBICOKAS
KPaTHOCTb TOBTOPHOTO MPUMEHEHU .

K HacTosiiemy BpeMeHU pa3paboTaHbl pa3iny-
Hble METOAbI pelleHUs 3aJayd YOpaBJIeHUS IIO-
caakoi BITJIA Ha mpenBapuTeNbHO BBLIOPAHHYIO
1 O0OpYJOBAHHYIO CTAaTUYECKYIO (HEMOABUXHYIO)
nocagouHyto miowaaky (HITIT) B Buae 3eMebHOTo
y4yacTKa UM CIeUraJIbHO MOATOTOBIEHHONM UCKYC-
CTBEHHOM B3JIETHO-NMOCAJAOYHOI mojochl (puc. 1).
31ech MOXHO BBIACIUTH METOABLI YIpaBJeHUS Ha
ocHoBe GPS; MeTombl, MCMOJBL3YIOIIUE KOHTPOI-
nepnl ¢ TunoBeiMu TTW]I 3aKkoHaMU ymnpaBieHUs;
METOIbl yIpaBJeHMs Ha OCHOBE OOpaTHBIX 3a1ay
MTUHAMUKU; METObI JIMHeapu3aluu 0OpaTHOM CBsI-
3b10; METOJIbI YIIPABJIEHUS CKOJB3SIINM PEKUMOM;
METOJbl HEYETKOTO U HEHPOCETEeBOIO YIpaBICHUSI;
METOIbI, MCIIOJb3YIOIINEe TEXHUYECKOE 3pEeHUe
(cM., HampuMep, padoTh [3—11]).

B psiae caydyaeB a1l nepuoanuecKoil 4o3anpaBKy
u nnoazapsaaku BITJTA Bmecto HIIIT uenecoobpasHo

HCIIOIb30BaTh AMHAMMYECKYIO (TTOABMXKHYIO) IIO-
cagounyto tuomaaky (IITIT) B Buge naatdopmbl
CO CIEMAJbHBIM YJIABJIMBAIOIIAM YCTPOHCTBOM
(puc. 2). Takoii TJIOIIAAKONW MOXET CIAYXHUTb IJIS
BITJIA xopabenbHOro 6a3upoBaHMs BbIIBUTAIOIIA-
sicsT 3a OOPT IBMXKYIIETOCS CyTHA-HOCHUTENISI KpaH-
banka [12], a st HazemHbIx BITJIA — mocagounast
niaTgopma ¢ HaTSIHYTOM YIaBIMBAIOIIEC CETKON U
YCTPOICTBOM 3axBaTa, 00OpyIOBaHHASI Ha KaKOM-
JIM0O0 aBTOTPAHCIIOPTHOM cpeacTse [13].

3agaya aBTOMATUYECKOTO YIIPaBJICHUS MOCAd-
koii BITJIA na IIIIIT craHoBuTCS Bce Oojiee ak-
TyaJIbHOM, TTOCKOJIbKY €€ pellieHUue TO3BOJSIET CO-
KpPaTUTh BpeMsI 3alIpaBKH TOILJIMBOM U YBEJIMUUTH
30HY BO3MOXHOI 3aIlIpaBKH, 4YTO B PE3yJIbTaTe MO-
3BOJISIET YBEJIUYUTh JaJIbHOCTh U MPOIOIXKUATEIb-
HOCTb II0JIETa, PACIIMPUTH KPYT pellIacMbIX 3a1a4.
OngHako IIpueMJjeMble METOIbI PEILIeHUS TaHHOM
3aJa4y YIIPaBJICHUS IMOCAAKOW IO CHUX IIOp OT-
CyTCTBYIOT. B Hacrosiieil pabore mpeajiararorcs
aJTOPUTMBI aBTOMAaTUUYECKON "MATKON" ITOCAaIKU
BITJIA mo "rmOKkmM" KMHEMaTU4YeCKUM TPaeKTo-
pusam Ha HIIIT u ITIII1, cuHTe3npoBaHHBIE METO-
JIIOM OOpaTHHIX 3aAa4 JMHAMUKU.

ITpunnun "rHOKuX" KMHEMATHYECKHX TPaeKTOpHii
B 3aJ]a4YaX YNpaBJI€eHHS TePMHHAJIbHBIMH
Manespamu BITJIA

B Teopuu v mpakTMKe TEPMUHAJIBHOIO YIIPaB-
JICHUsI TIOABMXHBIMU OOBEKTAMU JOMHUHUPYET
npuHyun "scecmrux' mpaekmopuil, peanu3yolIni
Ha OCHOBE KOHLECMUMU "HEBO3MYILIEHHOTO—BO3-
MylleHHoro apuxeHust" JlsnmyHoBa—JleToBa mpo-
rPaMMHO-TIO3UILIMOHHYIO CTPATETUIO YIIpaBJICHUS.
JaHHasg cTpaTerus 3akjloyaeTcsl B CTaOMJIM3alUU
3apaHee 3aIlJIAHMPOBAHHON "XKeCTKOi" HOMMWHAaJIb-

Puc. 2. /InnaMuveckas nocaaoyHas miomaaka
Fig. 2. Dynamical mobile landing site
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HOWM TPOrpaMMHON TPaeKTOPUU JBUXKEHUS OOb-
€KTa, KOoTopasi O0ecreurMBaeT BBIMOJHEHUE TePMU-
HaJIbHOW 1IeJIM yIpaBJieHUs B "UAeaTbHBIX YCJIOBU-
sx" (MpY OTCYTCTBUM BO3MYIIAIOIINX BO3ACHCTBUI)
nBUXeHUs. B mocieqHue roasl Bce OOMbIIYIO TTO-
MyJSIPHOCTh MPUOOpeETaeT npuHyun "eubkux"' mpa-
eKmopull, Peajus3yloliuil 4YUCTO IMPOrpaMMHYIO
cTpaTeruo yipasjeHHs [14] n 3akarodarolnmiics
B OTKa3e OT MPUBSI3KMU YMIPaBISIEMOro ABUXEHUS
o0BbeKTa K 3apaHee 3arJlaHMPOBAHHOW HOMMU-
HaJIbHOW TpaeKTOpUU. 37ech B KOHTYp yHpaBJe-
HUs1 oObeKTa BKJIIOYaeTCsd MeXaHu3M (HopMUpPO-
BaHMS TaK Ha3bIBaeMbIX "TMOKMX', OOHOBIISIEMBIX
(MHOTOKpPAaTHO TIepeCYMThIBAEMBIX) C 3aJaHHOM
MEePUOAMYHOCTBIO, 0o0Jiee BBITOAHBIX MPOrpaMM-
HBIX TPaeKTOpUi ABMKeHU . JlaHHbIE TPAaeKTOPUU
o0ecrneuynBaloT BbIMOJHEHWE TEPMUHAIBHON 1enn
yIpaBieHus OObEKTOM B "peajibHbIX YCJIOBUSIX'
(mpy  HAJIWMYMKM BO3MYILAIOUIMX BO3AEHCTBUI)
OBUXKEHUSI M3 COCTOSIHMM, COOTBETCTBYIOIIMX
MOMEHTaM BpeMeHU uX obHoBjeHus. [Ipu sTom
paccuMThIBa€MbIii M MCIIOJHSIEMbIH Ha KaXXJIOM
WHTEpBajie OOHOBJEHUS aJTOPUTM MPOTPAMMHO-
ro yrIpaBJieHUs SIBJSIETCS pellleHreM KpaeBou 3a-
Ja4yy TePMUHAJIbHOTO YMOpaBjeHUs "B OOJbIIOM"
Ha OCHOBE MCXOLHOW HEJIMHEWUHOW MOAEIN AUHA-
MUKW TMOABMXHOTO obbekTa. CoOrjlacHO TepMu-
Honoruu H. H. Mowuceesa, croco6 ymnpasieHUS
MO MPUHUIMITY "KEeCTKUX' TPaeKTOPUN MMEHYyeTCs
KOppeKInel Mo 3aJaHHOUW mporpaMmme, a Ccrocoo
yIpaBjeHUs MO MNPUHLMNY '"TUOKUX" TpaeKTo-
pUIL — KOPPEKLUEN 110 KOHEUHOMY COCTOSIHUIO.

CrnenyetT OTMETUTh, YTO OOIIEMPUHSITBIE MO-
nenu nBuxeHus BITJIA HocaTt BecbMa oOIIUIA
XapakTep ¥ He YUMTHIBAIOT IMIaBHYIO cieliuPrKy
3aja4 yrpaBJeHUS MOABUXHBIMU O0bEKTAMU —
KMHEMaTUKY MX IBUXEHUS B (PU3UYECKOM TPO-
cTpaHcTBe. JleJio B TOM, 4TO pacnpoOCTpaHEHHbIU
TPaAUMLIMOHHBIN CMOCOO MAaHWPOBAHUS Tpaek-
TOpPUI TEPMUHAJBHOTO YMPABISIEMOIro IBUXE-
Hus BIIJIA ocHOBaH Ha 3aJaHUU XEJIAEMOTO
KMHEMaTUUYeCKOro 3aKoHa JBUKEHUS B BUJE 3a-
BUCUMOCTU TIPOCTPAHCTBEHHBIX KOOPAMHAT OT
BpPEMEHMU:

r(t),t =1ty tp, (1)
rne T =(X,,Vg,%,) — BEKTOP MPOCTPAHCTBEHHBIX
KOOPAWHAT; f; U fr — MOMEHTBI BPEMEHM Hauyaja
U KOHIIa MaHeBpa COOTBETCTBeHHO. JlaHHBIN (Pop-
MaJIu3M IMPUBOIUT K HECTALIMOHAPHO TTOCTAHOBKE
3a/lauyM yIpaBjieHUs U BKJIIOUEHUIO paKkTOpa Bpe-
MEHMU f B pa3pabaTbiBaeMble aJTOPUTMBbI YIIpaBJe-

HUS, BCJIECICTBUE YETO TPOIECC YIIPABICHUS OKa-
3bIBACTCI XECTKO TPUBSI3aHHBIM K 3aIlJIaHUPO-
BaHHOMY TEPMWHAJIBHOMY MOMEHTY BPEMEHU fp.
[TockonbKy s06as mporpaMma IieJeHanpaBJIeH-
Horo aBuxXeHus BITJIA HOCUT KMHeMaTU4YeCKUi
xXapaxkTep, To B pabotax [14, 15] ObL1 IIpeaIoXeH U
MOJyYMJ pa3BuUTHE Ccrocod dopmaiuzanuu Tpa-
eKTOpUIl NBUXEHMS amnmapara, OCHOBAaHHBIA Ha
WX MOpPEeACTaBICHUM IPOCTPAHCTBEHHON KpHUBOM
B OKpYyKaloleM (pU3n4ecKoM MPOCTPAHCTBE B CU-
creme koopauHar OX,Y,Z,. B aToM ciyyae xena-
emyto Tpaektopuio bITJIA MoxHO 3agaBarh 1U0O
cucTeMoil (PyHKLIMOHAJIbHBIX YPAaBHEHU I

(Di(r) = 0, i = 1’_3’ (2)

00 TMapaMeTpu30BaHHON (QYyHKIIMEH

ri€), £=0,&p, 3
IIe B KauecTBe IapaMmeTpa & 1eaecoo0pa3Ho MC-
MOJb30BaTh OAHY M3 IMPOCTPAHCTBEHHBIX KOOP-
AMHAT annapata B cucreme KoopauHat O X,Y,Z,.
CrnenyeT mog4epKHYTh, YTO IIPU 3aJaHUU Tpaek-
topuun asuxkeHuss BITJTA B Buge (1) peanusyercs
ee TaK Ha3bIBaeMasl "8peMeHHas CUHXPOHU3AUUS",
a B Buue (2) u (3) — ee "npocmpancmeenunas cum-
XpoHusayus'.

Takum oOpa3oM, peann3alisl MpUHINNA "THO-
Kux' TpaeKTOpUil BO3MOXHa KakK Ha 0a3ze mexa-
HU3Ma BpeMEHHOM, TaK U Ha 0a3e MexaHHW3Ma Ipo-
CTPAHCTBEHHON CHUHXPOHM3ALMU YIIPaBISIEMbBIX
IBUXEHUI. BTopoil cmoco0 KapauHalabHO Me-
HSET CMBIC 3a7ady YIpaBJIeHUS: 3[eCh IPOLECCHI
yIIpaBJCHUS HaIpaBjJeHbl HAa MPUHYXAEHHE O0b-
€KTa JBUTraThCs 10 3aJaHHBIM IPOCTPAHCTBEHHBIM
KpWBBIM, MMEHYEMBIM Hajiee "KuHemMamuuecKkumu
mpaexmopuamu’”.

YnpasJieHne BepPTHKAJILHBIM MOCAX0YHLIM
maHeBpoM BIIJIA Ha HemoABMKHYIO
NOCAJAOYHYI0 ILUIOMIAJKY

bynem paccmatpuBath BITJIA kKak nuHamuye-
CKMI1 OOBEKT yIpaBJeHUS, IJIS1 OMUCAHUS IBUXE-
HUSI KOTOPOTO MCITOJb3YeTCS HOPMaJibHasl HEMNOI-
BUXHast cucrema koopauHat O,X,Y,Z,, cBsi3aHHas
¢ 3eMuieid, ¥ TTONBUKHAsI cucTeMa KkoopauHaTt OXYZ,
CBSI3aHHas C JIETaTeJIbHBIM ammapaToM (puc. 3).

Maremarnyeckast MOAETb TUHAMUKY BEPTUKAJb-
Horo MaHeBpa BITJIA omuchIBaeTCs Cleaylomen cu-

cTeMoii nuddepeHIMaIbHbIX YpaBHeHI [16]:
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Puc. 3. HenoaBuXHas ¥ noaABHKHAA cucTembl KoopauHar BILJIA
Fig. 3. Stationary and mobile systems of coordinates of UAV

H =Vsin;
L=Vcos9;
V = (n.(a)-sin 9)g;
_ (ny(a) —cosY)g |

)
®)
(6)

3 7
V : (7)
0=q,0=a+9; ®

g :M(Cm(a)+cmqaq/V+Cm638B). )

Iy

31ech NPpUHSTHI ClIeAyolIne 0003HaueHus:. H,
L — BBICOTa M HAJBHOCTHh BO3AYIIHOTO y4YacTKa
MoJieTa COOTBETCTBEHHO; V — IIyTeBasi CKOPOCTH;
9, a, 6 — yroj HakJoOHa TPAeKTOPUHU, YTOJI aTaKU U
YTOJI TAHTaXa COOTBETCTBEHHO; /1, N, — MPOJOJIb-
Has ¥ HOpMaJibHasl Teperpy3ku COOTBETCTBEHHO;
g — YTJIOBasi CKOPOCTh U3MEHEHMsI TaHTaxa; &, —
yTOJI OTKJIOHEHU S pyas BbICOTHI; C,,, Cmq, c ms,
KO3 (PUIIMEHTH a3pOoAMHAMUYECKOI0 MOMEHTa
TaHTaxa, IMPOMOJBHOTO AeMI(MUPOBAHUSI U 3(-
(bexTUBHOCTU pyJIsT BBICOTHI COOTBETCTBEHHO;
Iy — MOMEHT WHEpIUU OTHOCUTEJIHHO TOIepey-
HOU ocH; S, ¢ — MJOWaAb KpblJIa WM CPEIHSS
aspoaMHaAMMYEcKas Xopaa KpblIa COOTBETCTBEHHO;
qp — CKOPOCTHOM Hamop: ¢ p =pV?/2 (p — miort-
HOCTb Bo3ayxa); g = 9,8 M/c” — yckopeHue cBO0O/I-
HOTO TaJeHUsI.

OTMETMM OCOOEHHOCTb MaTeMaTHMYeCKOW MO-
nenu (4)—(9) BepTukanbHoro maHeBpa BITJIA —
9TO CYIIECTBEHHO HeJIWHEeWHasi, MHOTOCBsI3Hasl,
HecTallMOHapHas AMHAMUYecKasi CUCTeMa IIeCTO-
rO TOpsIIKa ¢ BEKTOPOM COCTOSTHHMSI U YTIPaBIISTIO-
MM BO3IECTBUEM BHUIA

X=(LSH’L.5H.595q)’u=6BJ

(yHKUMOHUpYIOIIass Ha KOHEYHOM HHTEpBaJe
BPEMEHMU [t, t¢], TAE f) U fr — MOMEHTBI Hayajia u
OKOHYAaHUS MaHEBpa COOTBETCTBEHHO.
IlocTaHoBKa 3aJaYd yYNpaBjieHHA MNOCAIKOM
BILJIA. 3agaya ynpaBieHUS ITOCAJOYHBIM MaHEB-
pom BIIJIA 3akirouyaeTcss B CUHTE3€ MpPOrpaMMbl

OTKJIOHEHUs PyJisl BBICOTH &, = &, (f), obecreun-
BAIOLLEH MNMEPEBOJ JIETATEJIBbHOIO amrapara, OINU-
ceiBaeMoro mopeiabpio (4)—(9), u3 mpou3BOJIBHO
3a/IaHHOTO HA4YaJIbHOTO COCTOSIHUA X(f)) = X
B MOMEHT BPEMEHU ¢ = [:

L(ty) = Ly, H(ty) = Hy, L(ty) = Ly,
H(ty) = Hy, 6(ty) = 09, q(ty) = qo

K TepMHUHaJIbHOMY MOMEHTY BpEMEHU ! = [ Ha 3a-
JaHHYIO BBICOTY Hp W manbHOCTD Ly, C 3aJaHHBIM
3HAYCHUEM BEPTUKAIbHOU CKOpOCTU H

(10)

H(tp)=Hp, L(tp) = Lp, H(tp) = Hp.  (11)

B 0oJbLIMHCTBE TPagWIIMOHHBLIX MOCTAHOBOK
3aa4 TEPMUHAJIBHOIO yIpaBieHUs (PUKCUPYETCs
TEPMUHAJIbHBII MOMEHT BpeMeHU fr OmHaKo 115
IIMPOKOr0 Kpyra peajbHbIX 3adady TepMUHAJIbHO-
ro yImnpaBJieHUS! MOABMXKHBIMU OOBEKTAMU TaKOe
OrpaHUYEHUE OKa3bIBaeTCsS HEleIeco00pa3HbIM
WIM JaXe HEOONMYCTUMBIM C TOYKU 3peHMs Oe3-
OIIACHOCTU YyHpaBisieMblx ABUXeHUI. Ilockonb-
Ky JaHHOE OrpaHMYEHUE HELEJIeCco00pa3HO U MJIs
MOCTAaBJACHHOM 3aJauyu YMOpaBJICHUSI MMOCAAOYHBIM
maHeBpoM BIIJIA, To ee peumieHue OyaeM CTPOUTH
¢ He(UKCUPOBAaHHBIM TEPMMHAJIBbHBIM MOMEHTOM
BPEMEHMU fr Ha OCHOBE MPUHLIMUIA "TUOKUX" TpaeK-
TOPHI1 C peanu3aleil MexaHu3Ma IpOCTPaHCTBEH-
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HOIl CHMHXPOHM3ALIUM YIIPABISIEMBIX IBUXCHUI.
B cBs3u ¢ 3TUM ToJIaraem, 4To kejlaeMasi TPaeKTo-
pus nocangku BITJIA 3amaHa B BUJe 3aBUCUMOCTU
BbICOTHI TtosieTa H ot nanpHoctu L € [0, Lp|:

H = H"(xy, L), (12)
roe X, — MCXOJHOE COCTOSIHWE arfmapara Mpu
L =0, nmpuuem 1ojaraem, yto Kpusas (12) siBiasier-
CsI IOCTATOYHO IJIaJKOM. YIIPaBISIOUIYIO IIPOrpaM-
My BITJIA OyneMm mckarb Kak (PYHKIIAIO OTKJIOHE-
HUS PpyJsl BBICOTHI 3, OT JaJbHOCTU moseTa L

8, = 8,(X¢, L), (13)
obOecIeynBaoLIy0 ABUXKEHUE armapaTa 1o KeJjla-
eMoll KuHematuueckoi Tpaektopuu (12), ynoBuer-
BOpSIOLIEH 3aJaHHBIM KpaeBbIiM yciaoBusam (10).

Mogenb NpOCTPAHCTBEHHOM CUHXPOHU3ALUU
aBuxeHuss BITJIA B BepTUKaIbHON IJIOCKOCTU
MoJiyyaeM IyTeM MCKJIIOYEHUS BPEMEHU ! U3 €ro
ncxonHon monenu (4)—(9), npuHUMas TaabHOCTh
L B KayecTBe HOBOII HE3aBUCHMMOI MNEPEeMEHHOIA.
C oToif Lenpl0 MOmENUM KaXIoe U3 ypaBHEHUN
4), (6)—(9) Ha ypaBHeHuUe (5):

dH
27 g9,
arL ~ & (14)
ﬂ — (f’lx((l) —SIin S)g, (15)
dL V cos9
ﬁ _ (nz(a)2—cos\9)g; (16)
dL V<cos9
do q
o9 g-o0+9;
dl Vecosg & 4% a7)
49 _ 45 (o ()+C, cq/V+C, 5,). (19
dL I,Vcos9 " ™ Mon P

OcHOBHasl TPYOHOCTh pEILICHMS 3adayd Tep-
MuHanbHOro ynpasieHus BITJIA, onmucsiBaeMoro
monenblo (14)—(18), oOycioBieHa €€ ABYXTOYeU-
HBIM, KpaeBbIM XapaKTEPOM, BBIPAXXEHHBIM YCJIO-
Busimu (10), (11). Becbma 3¢ (heKTUBHEBIN MOAXO
K IIPEONOJICHUIO 3TOil Mpo0JieMbl OCHOBAaH Ha MC-
MOJIb30BAaHMU METOa OOPATHBIX 3a4a4 JTUHAMUKU
[17], xoTopHI#i 3aKiioyaeTcs B 3aJaHUM cHadaja
JKeJIaeMOI0 IPOrPaMMHOIO ABUXEHMS OOBEKTa,
yIOBJIETBOPSIONIETO 3aJaHHBLIM KpPAaeBBIM YCJIO-
BUSM, a 3aTeM B OIIpeleJICHUM YIpaBJIeHUS, pe-
aJIM3YIOLIEr0 3TO ABUXEHHWE B CUIIY JUHAMUKU
ob0bekTa. Haitmem yrpaBismoollnee BO3ACHCTBUE
Ha BITJIA, obGecnieunBaloliee xejlaeMble KMHEMa-

Tudeckue Tpaekropuu nocanku BITJIA B kiacce
KBa3MMHOT'OUJICHHBIX (QYHKIMI B BUAEC 3aBUCHU-
MOCTH BBICOTHI ToJieTa H OT MPOTSI)KEHHOCTH TO-
canouyHoro maHeBpa L € [0, L]

H*(L)=(H; - H})exp(-LL) x

. S (19)
x(+ay L+ay I)(1-L0)+Hy,

rac
* * % * - ~ L
H*(0)=Hy; H (Lp)=Hp; L= 3/4; L:L—;
F
oy S e, dH i
Hy — - 0> “H, = = -
1 dlL i0 2 dL iy VF

Aaroputm ynpapiaenns mnocaakoi BIIJIA na
HIIII. [Ing pelieHus paccMaTpuBaeMOM 3amadu
yIIpaBjieHUs BEePTUKAJbHBIM ITIOCAAOYHBIM Ma-
HeBpoM bBIIJIA 1o "rTmOkmM" KWHEMaTUYeCKUM
TpaekTopusaM (19) pa3zpaboTaH CACAYIOIINI aJlIT0-
put™ [18], ocHOBaHHBIN Ha MeTOAe OOpATHBIX 3a-
a4 TUHAMUKU:

Illge 1. 3apmaHue HavyaJdbHBIX U KOHEUHBIX Ta-
pameTpoB mocagoyHoro Manespa bIUIA: H,, Hp,
Lp, Vo, Vi, Hp, 9.

Illge 2. PacyeT KMHEMaTUYeCKON TpaeKTOPUU
rmocanku H*(x, L) yooBJIeTBOPSIONICH TPaHUIHBIM
ycaoBusim (10), (11) mocamounoro maneBpa bITJIA
coriacuo (19).

Illge 3. Pacuer mporpaMMbl U3MEHEHUS yTja
HakKJIOHa TpaekTopuu 9 = 9*(x, L) 1o paccumrTaH-
Hoil mporpamme H*(x, L) cornacHo (14).

Illae 4. Pacuet niporpaMMbl UBMEHEHM S CKOPO-
ctu V= V*x, L) n yrna ataku o = o*(x, L) no
paccuMTaHHBIM TiporpammaMm H*(x, L) n 9*(x, L)
cormacHo (15), (16).

Illaz 5. PacdeT mporpaMMbl M3MEHEHHUS YTJa
TaHTaxa 0 = 0*(x, L) u yrjioBoil CKOpPOCTH ¢ =
= ¢g*(x, L) mo paccuyMTaHHBIM mporpamMmmam V,
o*(x, L) cormacuo (17).

Illae 6. Pacuer mcKOMOW ympaBsIIOLIEi TPO-
rpaMMBbl M3MEHEHUSI PYJSl BBICOTBI :SZ(X, L)
Mo pacCyMTaHHBIM Mporpammam H*(x, L), 3*(x, L),
V¥, L), a*(x, L), 6 = 0*(x, L), ¢ = ¢*(x, L) co-
rimacHo (18).

B nmanHOoM anropuTMme peanm3aliusl CTpaTeruu
"THOKMX"' KWHEMAaTHUYECKHX TPaeKTOpUil OCy-
LIECTBIISECTCS 3aMEHOI HAa4aJbHOTO COCTOSTHUS X
Ha TeKyllee X:

H=H*(xL)=38,=358,(x1L),
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B pe3yJbTaTe 4Yero HAWJEHHBIM aJITOPUTM IIPO-
TPAaMMHO-TIO3UIIAOHHOTO YIIPaBJIEHUS PEaTU3yeT
MEXaHU3M OOpaTHOM CBS3M.

CuHTE3UPOBAHHBIN AJITOPUTM PeajiM30BaH B CU-
creMe MATLAB u anpoOupoBaH Ha mpuUMepe MO-
CaJIOYHOr0 TEPMUHAJBHOTO MaHeBpa MaJOMEPHOTO
BITJIA "Aerosonde” [19, 20], ocHOBHBIE ITapaMeTpPhI
(BecoBble, MHEPLIMOHHbBIE, TEOMETPUUYECKHE U a3PO-
JUHAMUYECKHE) KOTOPOTo Hpe)lCTaBneHLI HUXE:

m = 13,5 xr; S = 0,55 m*; __0,19M;
b=29wm; Iy= 0824KrM

Iy = 1,135 xr- M2 IZ=1,179 KI*M%;
IXZ 0,120 kr- M2

Cp, =023 Cy, =0; Cp = 0,0434;

C,. =5616 1/pax; Cy, L 083 1/pan:

CD,, 0; CL =795 c/pan, Cy =0;
CD6 = 0013 1/pam; CL =0, 13 1/pam;
ClD =0, C,, =0; Cp —0

Cy. =-0, 075 1/pan; C, = 0,0726 1/pan;

C,"=—0,13 1/pan; C, '=0,1914 1/par;

C,,l3 = —0,069 c/paz[, C, = —0,5 ¢/pan;

Cp =0,135 C, = —0,0946 c/pam;

¢ =025 C, = —2 73 l/paz[,

C,,s =0, 0108 1/pazL, C, —0,075 1/pan;
Cp, = 38,2 ¢/pam;

C,,E_)H = —0,693 1/pan; C, = 0,0024 1/pan;
Cn, = 0,999 1/pan.

Puc. 4. 'paduku KuHemaTHyeckux Tpaekropuii H(L)
Fig. 4. Graphs of the kinematic trajectories H(L)

Ha ocHoBe pa3zpaGoTaHHOTO MPOrpaMMHOIO
obecrieyeHUsT TMpPoOBeAeH aHalu3 3GhGEKTUBHO-
CTM CHHTE3MPOBAHHOTO AJTOpUTMa YTpaBJeHUS
rmocamouHnsiM MaHeBpoMm BIIJIA "Aerosonde". Ha
puc. 4, 5 npuBeaeHbl rpaduku "TUOKMUX" KUHEMa-
TUYeCKUX Tpaektopuii H(L) u OTKIOHEHMI yrja
pYJs BBICOTHI 8,(L) AJ1s CAenyoluX Ha4YaJIbHbIX U
TepMUHAJbHBIX 3HAYCHUWI BBICOTHI, TaJTbHOCTU U
CKOPOCTHU TOJIeTa:

L0=0M Hyy=15™m, Hy)y, = 18 m, V) = 25 m/c,
r=300Mm, Hp=2w™m, V=20 M/c.

Ha puc. 4, 5 npuHsaTH ciaeayoiue obo3HaUe-
HUS: CIUIOLIHASA JIMHUASA — I0CaJKa C BBICOTHL H
0e3 BO3MYILEHUN; IITPUXOBASI JUHUS — TOcagKa
C BBICOTHI H;, C IOCTOSHHBIM BETPOBBIM BO3MY-
IIEHUEM; MYHKTUPHAS JUHUS — MOCaAgKa C BbICO-
Tbl H,, 6€3 BO3MYIIEHUIA.

Anpobanusi CUHTE3WPOBAHHOTO aJTOPUTMA
MoKa3ajla BBICOKOE KaueCTBO TOCAaJOYHOTO Ma-
HeBpa BITJIA ¢ BBIITOJTHEHUEM HEOOXOMUMBIX Tpe-
OoBaHU.

Ynpapjienne npocTpaHCTBEHHbIM
nocaaoyHbiM MaHespom BILJIA
HA JBMXYIYIOCS MOCATOYHYIO MJIOIAAKY

3amaua ympapiaeHus rmocankoi BITJIIA nwa ITITI1T
SIBIISIETCSL OOJiee CIIOKHOM, 4eM pacCMOTpeHHas
BbIllIE 3ajaya ynpapiaeHus nocaakoir Ha HIIIIL.
PaccMoTpuM BO3MOXHOCTh PacIpOCTPAHEHUS U3-
JIO(KEHHOT'O METOJa pellIeHMs 3a1a4yy yIIpaBIeHUS
nocaakoit BITJIA na HIIIT Ha cimyyait aBTOHOM-
Hoit mocaaku Ha [III1, obopynoBaHHYIO Ha Ka-
KOM-JIM00 aBTOTpaHCIIOPpTHOM cpeactBe (ATC).

bynem paccmarpuBats BITJIA kak 00BeKT yIIpaB-
JIEHUSI, MOIEIb IWUHAMHUKHU IIPOCTPAHCTBEHHOI'O
IBUXKEHUSI KOTOPOTO OIMKCHIBACTCS CIICMYIONICH CU-
cremoii nuddepeHInaNIbHbIX ypaBHEHUH [21]:

X, =ucosfcosy +

+ v(sin @sin 0 cosy — cos@siny) + (20)
+ w(cosesinBcosy +singsiny) + W,
Ve =ucososiny +
+ v(sin@sin6siny + cospcosy) + 21
+ w(cos@sinOsiny —sinesiny) + W,;
i, =—usin®+vsinpcoso + )
P.lflc. 5. I'padukn OTK.notfeH.mTl yria pyid BeicoTbl §,(L) + WCOspCcos O + Wz;
Fig. 5. Graphs of the deviations of the elevator 5,(L)
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q

CL = CLO +CLaa+CLqEq/2/V+CLb 8

Cp=Cp, +S/n/b>*(C,)* +
+ CDqEq/Z/V + CDSBSB;
C,=Cpy +Cp o+ Cquq/Q/V + CmsBSB;
Cy =Cy, +Cy B+ Cypbp/Z/V +
+Cy br/2/V + CY%S3 + CY5H6H;
C=C,+ C,ﬁ[} + C,pbp/Q/V +
+C, br/2/V + C15363 + C,SHS

H>

C, = C,,O + C,,BB + C,,pbp/Z/ V +
+C, br/2/V +C, 8,+C, &,.

azrv—qw—gsine+%+£; (23)
m

v:pw—ru+gcos9sin(p+&; (24)
m

W:qu—pv+gcosecos¢+&; (25)
m

p=r Az g a2 oy pgy 92 26)
Iy Iy Iy

=Lzt g Laz g2y 005C o)
Iy Iy Y

etz =tn g Tz 5 gry 4050 ¢ - 0s)
I, 1, Iy

¢ = p+qsinetgb + r cos ptgo; (29)

0 =gcosp—rsing; (30)

Y =gsingsecH + rcoseseco; (€2))]

o = arctg [E), B = arcsin (1]; 32)
u |4

Puc. 6. Henoasuxnas u noaBuxxHas cucrema koopauuat ATC
Fig. 6. Stationary and mobile systems of coordinates of MLS

31eCh Xg, Vg, 2, — KOODAMHATHI alrapara OTHO-
CUTENIBHO 3eMHO# cucTeMbl KoopauHar O,X,Y,Z,;

Vg = ./x§ +y§ + z'g — TIIyTeBasi CKOpPOCTb; U, V,
W — CKOPOCTH B CBSI3aHHOM CHCTEME KOOpAMHAT
oXYZ; W,, W,, W, — npoexuuu cKoOpocTu BeTpa
B cucreMe koopauHat O,X,Y,Z.; 0, ¢, v u p, g,
F — YIJIBI TaHTaxa, KpeHa, pbICKaHbsl U UX YIJIO-
BbI€ CKOPOCTHM COOTBETCTBEHHO; P — cuia Tsru
neurateneit; V =+u’+v?+w? — Bo3mymHas
ckopoctb; Iy, Iy, 17, Iy; — MOMEHTBl MHEPLUU
OTHOCHUTEJIBHO TJIABHBIX oceit; S, ¢, b — mio-
1aab Kpblja, CpeaHsisa adpoJruHaMuyecKas xopaa
KpbLJla M pa3dMax Kpbljla COOTBETCTBEHHO; oL U 3 —
YTOJI aTaKU U YTOJI CKOJIbXXEHUSI COOTBETCTBEHHO;
Cp, Cy, C; — anspopmHamuyueckue KoddduimeH-
Tol cui, a C,, C,,, C, — adpoIMHAMUYECKNE KO-
3¢ GUIMEHTHl MOMEHTOB; ¢; — CKOPOCTHOI Ha-
nop (¢p = 0,5p, V2, ps = 1,225 KI/M® — IJIOTHOCTD
Bo3ayxa); g = 9,8 M/c> — ycKOpeHHe CBOGOIHOTO
MageHusl.

B xauectBe BekTOpa coctosinug BITJIA Oyagem
paccMarpuBaTh BEKTOP BUA

X= (xg’ygszg,xg,ygazg,e:(paW,psq:r):

a B KaU4eCTBE €ro yIpaBJISIOIINX MEPEMEHHBIX —
BEKTOP

u= (6376H5835P),

rae 8y, Oy, 0, — YIVIBI OTKJIOHEHUS PYJIEA BBICOTHI,
HaIIpaBJIEHUS U KpeHa (3JIEPOHOB) COOTBETCTBEHHO.

bynem paccmarpusarbs IIIIIT B Buae ropu3oH-
TaJbHOM MOCAJOYHON yIaBIMBAalOIIEH ceTu, 000-
PYIOBAaHHOM Ha KpbIlle MUKpoaBToOyca. I1pu aToM
IUTST GE30ITaCHOCTH ITOCaJ0YHOI0 MaHEBpa ammapa-
Ta BBIOMpAETCI MNPSIMOJIMHEHHBIA TOPU3OHTAJIb-
HBIIi Y4aCTOK MECTHOCTU MPOTSIKEHHOCTBIO Xy,
HEPOBHOCTH KOTOPOI'O MOTYT OBITh KOMIIEHCHUPO-
BaHBI noaBeckaMu TutaTgopmsel 1 ATC. Tlonaraem,
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yro ATC He MaHEBpUPYET, OBUTASICH IIPSIMOJIM-
HEWHO M paBHOMEPHO, a MOCaJoYyHasl TPACKTOPUS
BITJIA nMeeT Majioe GOKOBOE OTKJIOHEHHUE OT BEp-
TUKaJbHOW IJIOCKOCTH, B KOTOPOW pacHoyioXKeHa
tpaektopust IBUXEHUS ATC (Y, < 2, K Xp,p). Jiist
onucanug auxeHus ITITIT ncnonb3yeTcs cBsI3aH-
Has ¢ 3eMJeii HopMajibHasI HeIOABUXKHASI CUCTEMA
KOOpAWHAT Ong)ngg u cBs3anHHas ¢ ATC moaBux-
Hasg cucteMa KoopnuHat OXYZ (puc. 6). Monenb
auHaMuKu aBuxkeHus IITIIT onuceiBaeTcs caemy-
o11ieit cucremoit nuddepeHIMaNbHBIX YPABHEHU:

(33)
(34)

me = Vnnﬂ
J>nn =0, Znn =0,

TA€ X5 Yins Zun A Vigy — COOTBETCTBEHHO KOOPIU-
HaTbl U CKOPOCTb JBUXEHUS MAaTGOpPMBbI, Ompe-
NeJSIoLMe €€ BEKTOP COCTOSTHUS:

Xmn = (xruv Y oo Vnn)‘

ITocTanoBKa 3ajgayd ynNpaBjieHHA TOCATKOM
BILJIA ma IIIIII. 3agmavya ympaBjeHUS TOCATO4-
HeIM MaHeBpoM bBIIJIA wa IIIIII 3akimrodaercs
B CUHTE3€ MPOrpamMM OTKJIOHEHUI pyJiel BHICOTHI,
HampaBjJeHUs, KpeHa U U3MEHEHU S TATU:

8, =8,(1), 8, =8,(1),8, =8,(t), P=P'(¢),

obecrneuynBaOIIMX TEPEeBOA JieTaTeJbHOIO armna-
para, onuceiBaeMoro monenbto (20)—(32) u3 npo-
W3BOJIBHO 3alaHHOTO HAYaJIbHOTO COCTOSIHUS X,
B MOMEHT BPEMEHMU [ = f; B KOHEUYHOE COCTOSIHUE
X B TEPMUHAJIBHBI MOMEHT BPEMEHHU I = I, C 10-
MYCTUMBIM TEPMUHAJIBHBIM MTPOMaXOM B MOMEHT
conuxkeHus amnmnapara ¢ IIIIII, onuceiBaemMoil Mmo-
nenwto (33), (34):

*

X, — X <ey, (35a)

&F g
Vep = Yunpl <835 12g, = Zua | < &3,

(35b)
Ver

*

_VnnF| < ey

TI€ Xy Yinps Zunps Ving KOHEUHbIC 3Ha-

YEHUSI TEPEMEHHBIX COCTOSIHMS ILIaT(GOPMBbI;
* * * *

Ex» Ey, €55 &y — TPEACTBHO NOMYCTUMbIE 3HAYE-

HUS KOMIIOHEHT BEKTOpa TEPMUHAJIBHOTO IIpOMa-

xa BIUTA: € = (g, ¢,,8,,8p).

[IpuBenem pelieHUe TOCTABICHHON 3adadyu
ynpaBiaeHusi nocaakoi BITJIA mMeTtomom oOpar-
HBIX 3aJa4 IMHAMUKH C KCIOJb30BaHUEM IMPUH-
LUATIOB "TMOKMX" KMHEMAaTUYECKUX TPAaeKTOPUI 1

HaBC€ACHUA B LICJICBYIO TOUKY.

IIpunnun "ru0KuX" KMHEMATHYECKHUX TPAEKTO-
puii. Cienysl JaHHOMY NMPUHLUIY, KHWHEMaTHYe-
CKMe TpaeKTopuu nocagodyHoro maHeBpa BITITA
OyaeM KOHCTpyupoBaThb B KJjacce KBa3MMHOIO-
YJIEHHBIX (PYHKIIMIA:

2 (X) = (29 — 27) exXp(-L X') X

) (36)
X(1+a,x"+a,x")1-x)+zy,
Y (xX) = (yg = y ) exp(-h ,x') X 37)
X (1+ aylx’ + ayzx'z)(l =X+ Yy,
X = X — Xy ’
X=X

rie MepeMEeHHBIE X, Vo, %9 U Xp Vp, Lp — KOOD-
JUHATHl HayaJla U OKOHYaHUS IOCAAOYHOIo Ma-
HeBpa JIeTaTeJbHOIo ammapaTa COOTBETCTBEHHO.
3pmech mapameTpbl Ay, A, 3amar0Tcs, a Koahbuiim-
eHTBI a,, d,,, d, , dy, ONPEALNSIOTCS HaYaIbHBIM
U KOHEYHBIM cocTostHUsIMU BITJTA u3 ciegymoluei
CHUCTEMBI YPaBHEHUI:

dz" dz"
—_ =tg9,, — =tg9y,
dx &% dx 8vr
x=0 X=Xp
dy* a’y*
=tgg&,, =t .
i g€ e gr
x=0 X=Xp

Hns "marxkoit” mocanku BITJIA nma IIIIIT ero
IyTeBasi CKOPOCTh V, MOJIKHA MIABHO CHUXKATHCS
1o ckopoctu mardopmst Vy, (V, = Vyp):

X—-X
- Vgo)—0 .
Xr —=Xo

Ve(x) =V, +Vyy (38)
IMockosibky TpaekKTOpUM U CKOPOCTb IOCa-
nouHoro MaHeBpa BITJIA (36)—(38) saBasioTcs
GYHKIUSIMU TIPOCTPAHCTBEHHOM TEPEMEHHON X,
a ypaBHeHus ero aBuxkeHus (20)—(32) — ¢yHK-
LME BPEMEHHOM NEPEMEHHOM £, TO IJIs1 B3aUMOC-
BSI3U MEXJY 3TUMHU IMEPEMEHHBIMU MOXHO BOC-
MOJIb30BaThCS CJACAYIONIUMU COOTHOILICHUSIMU:

dy _dy/dr Vg dz _dz/dt _Zg

dx dx/dt X, dx dx/dt x,7 (39)
2.2, 2 52
Vet =Xg +y; +2;-

Ilpuanun HaBeneHUusi B HeNeBYW ToYKy. Jlis
pacueTta KOOPAUHATHI X, T.€. LeJI€BOI TOUKU BCTpe-
yn BITJIA c IIIIT1, ucrionp3yercs IPUHIMIT HaBe-
JEHUS B ILEJIEBYIO TOYKY, peaju3yIOLIUi MeTox
"mmoronwu ¢ ynpexaenueM" [22]. CormacHo 1TaHHOMY
MNPUHLMITY CTPOUTCS TPaeKTOPHUSl II0CATOYHOIO
MaHeBpa JICTATeJbHOTO amiiapara, o0ecCIeYnBa0-
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1asi ero MpuUBeAeHUE B TEPMUHAJIbHBII MOMEHT
BpPEMEHU [ = [y B 3aJaHHYIO OKPECTHOCTb
g = (s;,s;,sz,s;) LIEJIEBOMI TOYKM BCTPEYH C
naaTdopmoii, ompeneasieMylo AONYCTUMBIM Tep-
MUWHaJIBbHBIM TTpoMaxoM (16). YMeHbllleHWe TaHHO-
ro mpomaxa JOCTHUTAeTCsl pacyeToM IJIaHUPYyeMOi
ueaeBoit Touku Bctpeuu BITIIA u TTIIIT B Kaxabiit
MOMEHT BpeMEeHU OOHOBJIEHMS "TMOKON" mocaaoy-
HOM KMHEMaTMYeCKOW TpaeKTopuu mnocaaku. Jas
3TOr0 Ha OCHOBE PACCYUTAHHBIX TPOrpaMMHBIX
MOCAMOYHBIX TPACKTOPHHA Z (X), ¥ (X), IPOrpaMMBbI
Vg* (x) u cooTHoweHui (39) BRIYUCISIIOTCS TIJIaHU-
pyeMble TepMWHaJIbHOE BpeMs ITOCaJOYHOro Ma-
HeBpa fp u koopauHara IITIT x,, -

Xypp =X

+Vialr- (40)

L1
3areM Ha OCHOBE CpaBHEHMSI TEPMUHAIbHBIX
3HaueHuit koopauHat BIUIA xp m HIIT x,
MIPOBOAUTCS BBHIOOP LIEJIEBOTO KOHEUHOI'O COCTOSI-

HUS anmnaparta X,

e eCJIM BBINOJHsETCA yciaoBue (35a), To BhIOMpa-
IOTCSI paCCYMTAHHBIC KOHEYHBIE BEKTOP COCTO-
SIHUSI Xp, MOCAJOYHbIE TPaeKTOPUU Z(), X u
nporpamma Vg* (x) OecnmuIOTHUKA;

e eCJIM He BbINOJHSETCS yciaoBue (35a), To Ko-
HEYHOW KOOpAMHaTe OECNUJIOTHUKA Xp MpPHU-
CBaMBaeTCS 3HAYEHUE KOHEYHOM KOOPAMHATHI
nJaTopMbl Xy (40) 1 npoBOAMTCS TepecyeT
LIeJIEBOrO KOHEYHOr0 BEKTOpa COCTOSIHUS X f.
Takum o6pa3oM, B OCHOBY MpUHIIMIIA HaBee-

HUS B LIEJEBYIO TOUKY X BcTpeuu BITJIA c TITITT

MOJIOXKEHO BBIMOJHEHUE YCIOBUS TEPMHUHAJIbBHOIO

npomaxa (35a).

Anroput™m ynpaBiaenns mnocanakoi BIIJIA nHa
IIIIII. [Ins peuieHuss paccMaTpuBaeMoil 3agadu
ynpasyieHus nmocaakoii BITJIA no "ruokuM" KuHe-
maTuyeckuM TpaekTopusam (36), (37) paspaboTtaH
clenyomui anroputm [23], ocCHOBaHHBIN MeToe
o0OpaTHBIX 3aJa4 IMHAMUKU:

Ilae 1. 3adanue nauaivnozo u mepmMuHa1bHO20
cocmosanuil

1.1. 3amanue HavyanbHbIX cocTossHU BITJIA x,
u HIT x,,,,

1.2. 3anaHue KOHEUYHBbIX KOOPAWHAT Xp, Vg, Ip U
CKOPOCTHU VgF BITJIA:

Xp = (xmax _xl'lﬂ())/z’

YF=Vung> RF = Zunp> VgF =V

1.3. 3agaHue mara BpeMeHHOMN CETKU Af.

Illlae 2. Ilouck koopdunamul uyeaeeol mMmMo4Ku
écmpeu Xy u paciem npozpammHbLX NOCA0O4HbIX
mpaexmopui z*(x), y*(x)

2.1. 3apanue HoMepa uTepauu k = 1.

2.2. Beox 3Hauenus i = 0.

2.3. Pacyuer x;,| MO X;, X, 0 X;pq = X; + X, Al

24. Ecnm x;,, < Xp, mepexon K wmary 2.4.1,
nHaue rnepexof K mary 2.4.2.

2.4.1. Pacuer y,,,, 2;,1, Nonaras x = x,;,; B (36),
(37), n mepexon k mary 2.9.

2.4.2. Pacuer tp: tp = Af*i v nepexon K wary 2.5.

2.5. Pacuer x,,, Mo 7y cornacHo (40).

2.6. Ecim BBITIOTHEHO HepaBeHCTBO (35a) mpu

Xg, = X;, Tepexon K wary 2.7, uHaye Iepexol
K mary 2.6.1.

2.6.1. 3ajpanue xp =x,, , k=k+1 u nepexon
K 1mary 2.2.

2.7. Ecnu BbIMOJHEHO HepaBeHCTBO (35b) mpu
Ver =Vis Zgp =25 Vg, = ng’ repexoi K mary 3,
WHaue Tmepexof K mary 2.8.

271. Ecnim k <k,,, nepexon K 1ary 2.6.1,
WHaye MpeKpalieHre BHIYMCICHUST U TIpephIBaHUe
rmocagouHoro MaHeBpa BIIJIA m3-3a ero HeBHI-
MMOJTHUMOCTH JIJIsl 3aJJaHHBIX HAYaJIbHBIX M KOHEY-
HBIX YCJIOBUM.

2.8. Pacuer V, ~mpu x =Xx;,; cormacHo (38).

2.9. Pacuer ng+1’ ygm’ Z'gm npu Vg = ng’
dx = Xivl = Xis dy =Yia — Vi dz = Ziyl —Zis dt = At
coriacHo (39).

2.10. 3aganue 9;, ¢;, y;: 0, €[2°, 4°], ¢, =0,
y; = arctg((vyy — ¥/ (X — X)) -

2.11. Ilomoxutk i =i +1 u nepeiTu K mary 2.3.

Illae 3. Pacuem uckomwvix ynpagasaiouux npo-
epamm 6;, 62, 8;, P (pacueThl, CBSI3aHHBIE C UC-
MOJTb30BaHWEM pelleHui nuddepeHIInaIbHbIX
ypaBHeHuit (20)—(32), mpoBoasATCS MO COOT-
BETCTBYIOIIMM KOHEYHO-Pa3HOCTHBIM aHaJjioram
Diinepa).

3.1. Bon 3nauenus j = 0.

3.2. Ecmn x; < xp mepexof K mary 3.3, nHaue
TpeKpalleHre BEIYUCICHUS B CBSI3U C HalIEHHBI-
MU UCKOMBIMH YTIPaBISIOIIMMU MTPOTPAMMaMHU.

3.3. CorylacHO pa3HOCTHBIM aHaJioraM ypaBHE-
Huit (20)—(22) pacyeT u;,y, V;,y, W; MO X;,o,
xj+1: yj+2: yj+1’ zj+2) Zj+1'

3.4. CorylacHO pa3HOCTHBIM aHaJioraM ypaBHE-
HU (29)_(31) pacyer pj+19 qj+l> rj+1 1o ej+2:
6j+1’ Pjr2o Pjrts Wjs2o Wjsn-

3.5. CoriacHO pa3HOCTHBIM aHajaoTraMm ypaBHe-
Hmif (23)—(28) pacuer 3, , 3, , 8, , P; MO U, U
vj+1’ Vja Wj+1:Wj: pj+1: pja Qj+1: qj’ rj+1: rj'

3.6. BBoxm 3HaueHus j = j + 1 u mepexon
K mary 3.2.

jrio Ujs
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Cneayer OTMETUTb, UTO CMHTE3MPOBAHHBIE HA
OCHOBE IIPUBEACHHOIO ajJropuTMa IIPOrpaMMHBIE
YIPaBJISIOLIVE BO3ACUCTBU A 82, 6:, 6;, P’ peanu-
3yI0T pa30MKHYTOe ynpaBieHue nocaakoit BITJTA
Ha IIITII. OgHako npoBeast 3aMeHY HadyaJIbHbIX CO-
crostiuit Xy u III1 x,,, - Ha TeKywue X, X, 1 y4u-
ThIBasgd, YTO COBPEMEHHBIE OBICTPOAECHCTBYIOIINE
6oproBbie 1IBM mo3Bossior popmMupoBaTh "THO-
Kue" TMocajoyHble TPAGKTOPUM HA KaXJIOM Iiiare
KBaHTOBaHUS BPEMEHHU Af, MOXKHO 3aKJIIOUYUTh, YTO
JIaHHBIE IIPOrpaMMHbBIE CTpaTeruy yIIpaBJIeHUs pe-
aJIM3YI0OT MEXaHU3M OO0paTHOM CBSI3U.

Hng anpobauuu pa3pabOTaHHOIO ajJropuTMa
OBbLIO TIPOBEIECHO KOMIIBIOTEPHOE MOIEIMPOBa-
HHe nocagoyHoro maHespa Ha BITJIA "Aerosonde”
Ha IIIITI. MogenupoBaHue BBITIOJNHSIJIN B Cpele
MATLAB c¢ wucnonbp3oBaHueM pa3pabOTaHHOTO
nporpaMMHOro ooecrneyeHus. AHaau3 3(pheKTuB-
HOCTHU aJITOPUTMa IPOBOAMJIM IJisSl MOCAAOYHOrO
MaHespa BIIJIA ¢ BeicoTel 3 = 15 M nHa IIIIII,
HaXOISILYIOCS Ha BBICOTE Z,; = 2 M HaJ 3eMJIEH U
JIBUXYLLYIOCS cO cKopocThbio V= 20 m/c. Paccma-
TPUBaAJIM pa3idyHble HadyaJibHbIe CKOPOCTU Oec-
nunotHuka V, (V) =25 m/cu V, = 28 M/c) n Ha-
YaJIbHBIC MOIOXEHHS IIATHOPMBI X, (1] = 30 M
u r, = 50 m) npu orcyrcteuu (W),) u npu Ha-

JU4YuK rapMmoHuydeckoro (W,) u nocrosiHaoro (W5)
BETPOBBIX BO3MYIUEHUI. B MOMEHT OOHOBJEHUS
MocagouHoOi KMHemaruyeckoi Tpaektopuu BITJTA
3aJaBajIOCh CIy4ailHOE BOZMYIILIEHUE €r0 COCTOSTHUSI,
a takxe cocrogamg ITII1. Ha puc. 7—10 mipencraB-
JIEHBI pe3yJIbTaThl KOMITBIOTEPHOTO MOAEIMPOBAHU S
Mocaaku: rpauKy MocagodHBIX TpaeKTopuil Z(7)
(puc. 7) u z(x) (puc. 8); rpadMKu U3MEHEHUS Lie-
JeBOW TOUKM Xp(x) (puc. 9); rpadpmku ymnpasis-
IOLLMX BO3AEMCTBUI Pyl BBICOTHI §,(x) (puc. 10).
Ha rpadukax crjomiHass JUHHUS COOTBETCTBYET
MocajKe ¢ HAYaJIbHOW CKOPOCTBIO V| AJs HaYalb-
HOTO TMOJIOXEHU S TIAaTHOPMBI 7|, C BETPOBBIM BO3-
MylLleHueM Wj; lTpuxoBas JMHUSA COOTBETCTBYET
rnocanke ¢ napamerpamu V,, r,, W,; nyHKTUpHas
JIMHAS — TIocaike ¢ mapametpamu V,, ry, W,.

3akaoyenue

IlocTtaBiaeHbl M pelleHBl aKTyajbHbIC 3adauu
CHMHTE3a aJITOpuTMa yIIpaBJeHUS ITOCATOYHBIM
TepMuUHaJIbHBIM MaHeBpoMm BIIJIA Ha HemomBUK-
HYI0O TOCaJOYHYIO IUIOMIAAKY ¥ JBUXYIIYIOCS
rnocanouHyio miaardopmy. PazpaboTaHbl U ampo-
oupoBaHbl B cpeage MATLAB cooTBeTcTBylIOLIME
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Fig. 7. Graphs of the landing trajectories z(7) Fig. 9. Graphs of the change and the goal point x(x)
ho—————— ——— S i
Z,M o
:14\ | : : L0 = !
R e e |
|12t \[ 11 : 6%‘—‘1:._"‘-: — . F :
| | T ETTE- ™~ oF

: 10 L | : 4 \"’_‘“. :
| M ! . . -
B R, s 1o |
| | ~ ) | | -‘:\\ |
|6 : =3 R N l
| | R N .l
| = -

4 i g I 12 i
| | T — x,m| 1 [ o 2l
I 5 | e — | |4 3 |
O e o S AP Lo __so__ w0 20 20 3w 30
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Fig. 8. Graphs of the landing trajectories z(x) Fig. 10. Graphs of the deviations of the elevator ,(x)
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aJITOpUTMHEI yripaBieHus nocagkoil BITJIA "Aero-
sonde". ITomy4yeHHBIE pe3yabTaThl KOMIIBIOTEPHOTO
MOJEJIMPOBAHMS TTOKa3aJu BBICOKYIO 3(PheKTUB-
HOCTb CHMHTE3MPOBAHHBLIX aJITOPUTMOB YIIpaBJie-
HUS TIPU BBITIOTHEHUU BCEX HEOOXOIMMBIX TPeOO-
BaHWUU U OrPAaHUYCHU .
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Abstract

The final and one of the most important stages of the aircraft-type unmanned aerial vehicles (UAV) flight is landing.
In this regard the problem of automating the control by UAV landing in difficult meteorological conditions is becoming
increasingly urgent. In some cases for refueling and recharging UAVs it is advisable to use the dynamic mobile landing site
(MLS) instead of the traditional stationary landing site (SLS). In the present paper we consider the setting of and solution
of the control problem by the terminal landing maneuver of a UAV. It provides its transfer from the current initial state
to the target final state along "flexible" kinematic trajectories both on the SLS and on the MLS. To solve the problem of
automatic landing of UAV on SLS or MLS the mathematical model of the dynamics of its movement was developed. It’s
based on the concept of "flexible” kinematic trajectories with spatial synchronization of controlled movements. The control
algorithm by the terminal vertical landing maneuver of UAV on SLS by the method of dynamics inverse problem using the
principle of "flexible” kinematic trajectories is developed. And also the control algorithm by the terminal landing maneuver
of UAV on MLS by the method of dynamics inverse problems using the principles of "flexible” kinematic trajectories and
aiming into the target point was also developed. Computer approbation of the synthesized control algorithms for the landing
maneuver of UAV "Aerosonde” under conditions of various wind disturbances was carried out using digital modeling in the
Matlab environment.

Keywords: landing maneuver of UAV, stationary landing site, mobile landing platform, synthesis of control algorithm,
method of dynamics invers problems, principle of " flexible" kinematic trajectories, principle of the guidance to the target point.
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31 mas — 4 roHna 2021 r., Al'TY, r. PoctoB-Ha-[loHy, Poccus
MexdyHapoOHas Hay4YHasi My/IbmuUKOHepeHyusi

Knbep-tunanyeckne cuctemMmbl: NpoeKTUPOBaHMNE U MoaeSNIMPpOBaHUE»
«Cyber-physical systems design and modelling» (CyberPhy-2021)
(Scopus, Springer)

Cekuum

1. Cyber-Physical Systems: digital technologies and applications (Knbep-dusnyeckne cuctembl: undpoBble
TEXHOMNOMMM U MPUNOXEHWS)

2. Cyber-physical systems: design and application for Industry 4.0 (Kubep-duanyeckne cuctembl: NpoekTMpoBa-
Hue u npumeHeHne anga NHayctpum 4.0)

3. Cyber-Physical Systems: Modelling and Intelligent Control (Knbep-gusunyeckme cuctemsl: MogenupoBaHue u
WHTenneKkTyanbHoe ynpaBrneHne)

4. Society 5.0: Cyberspace for advanced human-centered society (O6wectBo 5.0: knbepnpocTpaHcTBO Ans
passutoro obLecTsa, OpUEHTUPOBAHHOIO Ha YernoBeka)

XXXIV MexdyHapoOHasi Hay4YHasi KOHgbepeHyus

MATEMATUYECKUE METO/1bl B TEXHUKE U TEXHONOIUAX — MMTT-34
(PWHLI, DOI)

Cekuum

1. KayecTBeHHbIE U YNCIIEHHbIE METOAbI UCCriegoBaHna auddepeHunanbHbIX U MHTerpasnbHbIX ypaBHEHWI

2. OnTumMmM3aums, asToMaTtm3aums u onTumMarnbHoe ynpasrneHne TEXHONOrMYyeckuMm npoueccamm

3. MaTtemaTtunyeckoe MogenMpoBaHne TEXHOMOMMYECKMX U CoLManbHbIX NPOLECCOB

4. MaTemaTtun4yeckoe mogenupoBaHue n ontummnsaums B 3agadax CAlNP, agauTMBHbBIX TEXHONOIMIA, LMEPOBOro
npounsBoAcTBa

5. MatemaTtnyeckme meToabl B 3ajadax pagnoTexHnkn, pagnoanieKTPoOHNKN N TeNEKOMMYHUKaLMi, reonHgop-
MaTUKWN, aBUOHUKN U KOCMOHaBTUKM

6. MaTtemaTtnyeckme meToabl U UHTENNEKTYyarnbHble CUCTEMbI B POOOTOTEXHUKE N MEXaTPOHUKE

7. MatemaTtumyeckue meToabl B MeguumHe, GoTeXHONOrmn 1 9KONormm

8. MaTtemaTtunyeckme meToabl B SKOHOMUKE Y FTyMaHUTaPHbIX HayKax

9. HdbopmMaLMOHHbIE M HTENNEKTYyarnbHbIE TEXHOMOMMK B TEXHUKE U 0Opa3oBaHun

10. MaTtemaTtmnyeckmne n HCTpPyYMeHTanbHble MeToabl TexHonorum Nuayctpum 4.0

11. O6cyxaeHne kBanmurkaLmMoHHbIX paboT

Mopaya 3asaBOK Ha y4yacTue ¢ 15 pekabpsa 2020 r.

MoppobHas nHcpopmaumsa o KOHepeHLUM N YCITOBUAX YHacTUA B HeNn
pa3mewaerca Ha caute http://mmtt.sstu.ru/

N3patenbcTtBo "HOBbLIE TEXHOJIOTUA"
107076, MockBa, CTpOMbIHCKUIA nep., 4

TenedoH pegakumm xypHana: (499) 269-5510, (499) 269-5397

Texuuueckuii penakrop E. B. Konosa. Koppekrop M. IO. bezmenosa.

Cnano B HabGop 25.12.2020. I[Moxnucano B nmeuatsh 24.02.2021. dopmat 60%88 1/8. bymara odceTHast.
Ycn. neu. 1. 8,86. 3akaz MH321. llena noroBopHasi.

XKypnan 3apeructpupoBan B Komurere Poccuiickoit @enepanuu no aeaam rnevyartu,
TeJlepaIuOBEIAaHNS ¥ CPEACTB MACCOBBIX KOMMYHUKALIMIA

CauzerenbctBo 0 peructpanuu [T Ne 77-11648 ot 21.01.02
Yupenutenb: U3narenbcTBo "HoBble TexHOIOTUN"

Opurunan-maker OO0 "AxBancen comomH3". Orneyatano B OO0 "AxBaHcen COMOMIH3"
119071, r. MockBa, JlenuHnckuii np-t, a. 19, crp. 1. CaiiT: www.aov.ru
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