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"MNMaw PAH, CankT MeTep6ypr,
2YHvuaepm/lTeT WUTMO, CaHkT NeTepbypr

Pa3BuTue MeTona MHBapUaHTHbLIX 3INMNCOUAOB
ANsi NPOEKTUPOBAHUS Pa3pPeXeHHbIX perynsiTopoB*

pezyasimopbl

Paccmampusaemces memood cunmesa AUHEUHbIX Pe2yAimMOPO8 C PA3PeNCeHHbIMU MAMPUUAMU 00paAMHbBIX cés3ell 045 Ynpae-
AeHUs 006eKmamu 8 yCA08UAX G03MYUleHUl. ANeOpUmMM NOUCKA PA3PENCeHHbIX MAMPUY, OCHOBAH HA Memode UHBAPUAHMHBLX
2AAUNCOUA08 U PopMYyaUpYyemcs 6 eude PelleHUs CUCMeMbl AUHCUHbIX MAMPUUHBIX HEPAGCHCME ¢ JONOAHUMENbHBIMU 02PAHU-
yeHusmu. I[Ipedroxcen cneyuanvHolli HAG0P ONMUMUZAYUUOHHBIX YCAOBULL, KOMOPLLI 015 603MYUeHHOLU cucmeMbl 0becnevugaem
MUHUMUBAYUIO nepepecyiuposans U 8bl0poco8 6 nepexooHbiX NPOUeccax 603MYUeHHOU 3AMKHYMOU cucmembsl 00HO8PEeMEHHO
¢ MUHUMU3ayuel omubKu 8 ycmanogusuiemcs pexcume. Ilpedaoxcennviii memoo makoce npeononsazaem 03MONCHOCH MUHU-
MU3AUUYU KAK CMPOYHOU HOPMbl MAMPULbL 00PAMHbLI c83ell, MAK U cMOoABU080L, ¢ COXPAHeHUEeM C80UCME POOACMHOCIU, YO
no36oasem peulams 3a0auy pa3peiceHHo20 YnpasieHus (no0 paspedlceHHbiM YnpasieHuem NOHUMAemcs AUHeUHbII pe2yaimop
¢ paspedceHHol mampuyei obpamHuix ceésaseil). Ihpgexmusrnocms pabomol NPeON0NCEHHOU CXeMbl YUPABACHU NOOMBePIHCOeHa
pe3yabmamamu KOMIbIOMepHO20 MOOeAUPOBAHUS U CPABHEHUS C HEKOMOPbIMU AHAA02AMU.

Karoueevte caosa: 8blNYKAAA onmumusauyus, Memod UHBAPUAHMHbIX 3/muncou006, paspesjcenHoe ynpaeaedue, AUHellHble

BBenenue

Memoo uneapuanmnuix 34auncoudoe. Meton
WHBAapUAaHTHBIX DJJUIMIICOUAOB IIpeajaraeT He-
CKOJIbKO MHOW B3IVISAH Ha 3aJadyy oOOecIeueHMs
YCTOMYMBOCTU, YeM M3BECTHBIE U YAaCTO HCIIOJIb-
3yeMble KJIACCMUYECKHME IMOIXombl. B oTiamume ot
OOJIBIIMHCTBA METOIOB YIIPaBJICHUS, IJIT KOTO-
PBIX OOCTAaTOYHBIM YCJOBHEM YCHCIIHOW peajiu-
3alluM SIBIISIETCS OOecIeuyeHre aCUMIITOTUYECKOM
YCTOMYMBOCTU WM YCTOMYMBOCTM IO JIsimyHO-
By ((byHIOaMEHTaJbHBIX CBOMCTB C TOYKU 3pCHUS
TEOPUM aBTOMATHUUYECKOI'O VIIPABJICHUS), METOH
WHBapUaHTHBIX JIIUIICOUAOB TTO3BOJISIET OTTOJIK-
HYTBCS OT 3ajauym oOecIiedeHus1 TpeOdyeMoro Ka-
YyeCcTBa MNEPEeXOOHBIX MPOLECCOB IS 3aMKHYTOU

*OCHOBHOM pe3yJbTaT MOJydYeH 3a cueT rpaHTa [Ipe3uaeHTa
P® (mpoext Ne MI-1054.2020.8) B UTIMamr PAH. 3anmaua BbI-
MyKJIOro MporpaMMHUpPOBaHUs BBIMIOJHEHA 3a cueT rpaHTta Poc-
cuiickoro GonHma GyHIaAMEHTaIbHBIX WCCIEeAOBaHU (MTPOEKT
Ne 20-08-00610) 8 MUTIMair PAH. YucineHHble UCCIeIOBaHMS BbI-
TTOJTHEHBI 3a cYeT rpaHTa Poccuiickoro ¢hoHma byHIaMeHTaIbHBIX
uccaenoBanuit (mpoekt Ne 19-08-00246) B UTIMain PAH.

CHCTE€MBI, UTO TapaHTHUPYET TpebyeMoe KadyeCTBO
CHTHAJIOB B yCTaHOBHUBIIEMCS pexume. JJaHHBIA
MOAXOM TaKXKe ITO3BOJIIET YIIPaBIATh CUCTEMaMU
C OTPaHUYECHUSIMU II0 COCTOSHUIO 0€3 MOMOJIHHU-
TEJIBbHBIX HAIACTPOEK B aJrOpUTME YMPABICHUS.
EcTecTBeHHOII 00JacThl0 NMPUMEHEHHUS MeTomaa
WHBapUaHTHBIX JJIUIICOUAOB SBJSIOTCS pa3inyd-
HbIE ONTUMU3AIlMOHHBIE 3aJa4yl B KAYECTBE ajlb-
TePHATHUBBI KJIACCUYECKMM MeTOAaM, TaKUM Kak,
HaIpuMep, JUHEWHBIA KBaApaTUIHBIN PETYJISTOP,
rpaaveHTHbIe MeToabl unu H_ . KitoueBoit uaeei
METOAa SIBJISETCS MEePexod OT TPaaAUIIMOHHOM 3a-
Jayu 00eCIeyeHMsl YCTOMYMBOCTH K 3aJade BbI-
MYKJION ONITUMU3ALIMHU, KOTOpasi, B CBOIO OYEPEb,
MOXET OBITh pellleHa ¢ TIOMOIIbI0 METOAOB Bapua-
IIAIOHHOTI'0 MCYMCJIEHWS W TE€OPUU JUHEHHBIX Ma-
TpUYHBIX HepaBeHCTB (linear matrix inequalities —
LMI) [1—4].

Pa3zpescennoe ynpaeaenue. Pe3ynpraThl, IIpea-
CTaBJIEHHbBIE B JaHHOW CTaTbe, OCHOBAaHBI Ha aj-
ropuTMax, onyoJMKoBaHHBLIX B paborax [1] u [5],
Kaxas U3 KOTOPBIX MpeaaraeT CBOI Bapyallnio
METOAa MHBAapMAHTHBIX 3JJUICOMIOB. B cTaThe

MexaTpoHnKa, aBToMaTu3anus, ynpasjienne, Tom 23, Ne 1, 2022 3



[1] BmepBbie copMyaupoBaHa W pellieHa 3agada
"pa3pexXeHHOTO" ympaBlIeHHSI Ha 0a3e JaHHOTO
MeTona, T. €. 3aja4ya MoMCcKa MaTpUIlbl JUHENHBIX
00paTHBIX CBSI3€M C MMHMMAJIbHBIM BO3MOXHBIM
paHrom. Pesynbrar crathu [1] pa3BuBaeT MIElO,
chopMyIMpPOBaHHYIO paHee B paboTe [6] 1 bojee
NoapoOHO MCCcIIeNOBaHHYIO B pabortax [7—9].
BaxxHOCTb CBOIMCTBa pa3peXXeHHOCTH B oOpart-
HOU CBSI3U MOXHO OOBSICHUTb ABYMS (hakTopa-
mu. Bo-nepBbIX, TpU MUHUMU3ALUU CTOJIOIIOBOMA
HOPMBbI MaTpUIlbl OOPATHOM CBSI3U B CXEM€ YIpaB-
JIEHWSI CTAHOBUTCA BO3MOXHBIM MCIIOJb30BaTh
MWHUMAaJIbHOE YUCJIO U3BMEPUTENbHBIX YCTPOMCTB.
Bo-BTOpPBIX, IIpY MUHUMH3ALUNA CTPOYHOU HOPMBI
MaTpullbl OOpaTHOM CBSI3U OOeCreYnBaAETCS MU-
HUMU3ALMS HEOOXOAMMOTO YUCa UCTIOJTHUTEIb-
HbIX (ympaBasgwoommx) ycTpoicTB. Oba cBoOUCTBa,
€CJIM OHU JOCTMXUMBI TIPU CUHTE3E peryasiTopa,
VACLIEBASIOT CTOMMOCTb CHUCTEMbl M TIO3BOJSIOT
MOBBICUTh OTKA30yCTOMYMBOCTb M KadyeCTBO pe-
TYJIMPOBaHUS 32 CYET YMEHBIIEHUSI CTPYKTYPHOM
CclIOXHOCTU. Takum oO6pa3om, 00BbSICHSIETCS TpakK-
TUYECKUI MHTEPEC K peryasitopaM, OCHOBAHHBIM
Ha pabote [1]. AHaOrnYHOM 3aHa4e, HAPSIOY C pe-
3ynbTaToM [1], mocBsieHsr padoTsr [10, 11].
PaznnyHble aaropuTMbl HA OCHOBE METOIA MH-
BapUMaHTHOTO IJJIJIMIICOMIA TakKXe IpeacTaBJIEHbI
B pabotax [12—14]. B crarbe [12] 3amaua pa3spe-
>KEHHOTO YIpaBJeHUs pelieHa sl BO3MYIIEHHbBIX
00bekTOB. Pesynbrar, monyuyeHHsbiii B [12], Moau-
unupyercst B padore [5] aBymsi criocobamu. Bo-
MEPBBIX, CUMTACTCS, YTO TPACKTOPUHU 3aMKHYTHIX
CHCTEM CITOCOOHBI TPEBBIIATh TPAHUIIBI BJIUTI-
coulia Ha HEKOTOPYI0 BEIWYMHY, 3aBUCIIILYIO OT
BEJUMUYMHBI BO3MyllUeHUi. Takum o6bpa3omMm, po-
0acTHOCTh METOlAa WHBAPMAHTHOTO 3JJIUIICOMIA
3aKJIIOYAETCS B TOM, YTO TPACKTOPUM 3aMKHYTOM
CHCTEMbI OCTalOTCSI BHYTPU JJUIMIICOMJA C HEKO-
TOPO TOYHOCTHIO TIpY (PYHKIIMOHUPOBAHUU CU-
CTEMBI B YCJIOBUSX BO3MYILIECHUI. Takoe CBOWCTBO
HETOCPENCTBEHHO TpeOyeT YUYUTHIBATh BIUSIHUE
BO3MYILIEHUN Ha TepeXoJHble MPOLECChl 3aMKHY-
TOM CUCTEMBI U MUHUMU3UPOBATb UX BO3JICHCTBUE.
Hpyras ngess B padboTe [5] 3aKjo4yaeTcss B U3-
MEHEHMM yCaoBUIi MuHMMuU3auuu B LMI, koTo-
pble BBIYUCISIOT MaTpuily oOpaTHoit cBsi3u. B pa-
0oTe mpeaaraeTcst anMmpoKCUMUPOBATH 3JJTUIICO-
ua chepoii ¢ AuaMeTpoM, paBHbBIM HOPME BEKTOpa
HayaJbHBIX YCJOBUU, a HE MUHUMM3UPOBATH €TO
ob6beM. OCHOBHAS Maes 3aKJI0YAaeTCs B TOM, YTO-
Obl TIPEIOTBPATUTh CUHTE3 PETYAsSITOpPa, KOTOPBI
JOTTYCKaeT 3JUIMIICOUA C BBICOKOW HENMpOMNopiiv-
OHAJIbHOCTBIO TIOJNyOCEl, 4YTO, B CBOIO O4YEpEeb,

CIOCOOCTBYET TIOSIBJICHHIO IIepeperyInpOoBaHUS
B MEPEXOIHBIX IIpOIeccax.

Ocnoenvte pesyabmamuvt cmamou. B naHHol
paboTe IpenIoXeH HOBBIM IMOAXOM K CUHTE3Y pa3-
PEXEHHBIX PETryJIsSITOPOB C ONTHUMHU3ALIUEH Iepe-
XOMHBIX ITIPOLIECCOB IJISI BO3MYILUEHHBIX JTMHEMHBIX
cucteM. OTIMYUS TpeIIaracMoro MeToma OT IIpel-
CTaBJICHHBIX B pabotax [1, 5, 12, 15, 16] 3ak104aioT-
¢ B ciaeaylomieM. B ommmume ot pabot [12, 15, 16]
J00aBJIEHO YCJIIOBME MUHMMM3AIMKM HauOOJbIIEH
IMOJIYOCH MHBAapUAaHTHOTO JJIJIMIICOUAA, UYTO IPHU-
BOIUT K MHUHMMMU3ALUU TIEPEePeryimpoBaHUS U
BBIOPOCOB B MepexodHBIX mporeccax. OmHOBpe-
MEHHO C 3TUM OIIMOKA B YCTAHOBUBILIEMCS PEXH-
Me MUHUMMU3UPYETCS MO aHaJOruu ¢ padboToi [5].
OngHako B OTAMYME OT CTAaThU [5] yCIOBHSI MUHU-
MU3aIuu POpMYJIUPYIOTCS TaKUM OOpa3oM, 4TO
MMO3BOJISIIOT KOHCTPYMPOBATh OSJIJMUICOUI, HaM-
0oJbIIAsI TIOJYOCh KOTOPOI'O OIIPEAesieTcs] Ha-
YaJbHBIMU YCIOBUSMU. HOMOIHUTEIBHO PErysi-
TOP MOXKET OBITh IIPUBEACH K pa3peskeHHOMY BUAY
METOJIOM, MPEAJOXEHHBIM B cTaThe [1].

1. IlocTanoBka 3amaun

< Moaeab 00beKTa
OO0BEeKT OIMCHIBAETCS JMHEHHON HENpephiB-
HOII MOJEJIbIO CIEAYIOLIEero BUaa:

X(t) = Ax(t) + Bu(t) + Df (1), x(0) = xy, (1)
tmeAe R"*" Be R"*"™ De R"“!x() e R" —
BEKTOD COCTOSIHUS; X; — BEKTOP HayaJbHBIX YC-
noBuii; u(f) e R™ — BeKTOp ynpaBISOLIMX CUTHA-
JIoB; f(f) e R’ — HemsBecTHOE BO3MYILICHUE.

ITonaraercst, yto marpuulbl A, B, D U3BeCTHBI
u napa (A, B) — ynpaisema. BekTop cocTosHuUs
x(f) TOJTHOCTHIO NOCTYNeH n3MepeHn0. OyHKIINUI
BO3MYIeHU f(f) orpaHWYeHa U3BECTHOU BEJINYU-
Hoit v: [0 <.
< Heap ynpaBaeHus

OCHOBHO1 1I€JIbI0 YIpaBJIEHUS SBJSETCS pe-
IIeHWe 3ajJauyu CTabMIM3aluM BO3MYILEHHOIO
00BbeKTa ¢ MMHUMMU3AlMeil BLIOPOCOB B MEPEXO/-

HBIX ITponeccax
x| <e, >0, )

OTHOBPEMEHHO C MUHUMM3AlIMENH pa3Mepa Oluno-
KM B YCTAHOBUBILIEMCSI PEXKUME

lim(sup [x(1)]) < 3, (©)
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rae € > 0 — TOYHOCTH PEryJIMPOBaHUS B IEPEXOI-
HOM peXuMme, OleHKa KOTOpOW OydeT moaydyeHa
B Tpoliecce CMHTe3a peryiasitopa; 8 > 0 — He-
KoTOpasl OOCTUXXMMAasl TOYHOCTh CTaOMIM3alIuU
B YCTaHOBUBIIIEMCSI PEXMME.

BropocTeneHHas 3aga4a 3aKj104aeTcs B MOCTPO-
€HUM Pa3peKCHHOTO PETyiIsaTopa IJIsl JOCTUKCHUS
ycnoBui (1), (2) B LIesIX MUHMMU3AIUM YKCIIA UC-
TOJIB3YEMBIX M3MEPUTENIbHBIX 0O HCIIOJTHUTEIh-
HBIX YCTpOoICTB. be3 orpaHnueHnsT OOIIHOCTA MOX-
HO paccMaTpHMBaTh 3a1a9y MUHUMU3AUN CTPOIHOM
HOPMBI MaTpUIIBI OOpPaTHBIX CBSI3€i, TOrma OJIsl JIv-
HEMHOro peryJsaTopa 3a1adyy pa3peXeHHOTO YIpaB-
JICHUST MOXKHO TIPEACTaBUTh B BUIC

u(r) = Kx() : |K|,, > min. @)

2. OcHOBHOIi pe3yabTaT

CdopmupyeM 3aKOH yIIpaBJeHUS B BHUOC JIU-
HEWHOI'0 CTaTUYECKOIr0 PETyasTopa

u(t) = Kx(¢), 5)

rie K € R™ " — HekoTopasi MaTpULa JUHEHHBIX
OOpaTHBIN CBA3eil, BEIOOP KOTOPOU TapaHTHUPYET
BBITIOJTHEHUME 11eJIeBbIX yCaoBUl (2)—(4), pu 3TOM
matpunia A + BK sBnsercs rypBulieBoil. Takum
oOpa3oM, 3aMKHYTasl cucTeMa

x(t) =(A+ BK)x(t) + Df (¢t) 6)
OyIeT YCTOMUYMBOM B CHJIY OrpaHWYeHHOCTH f{(7).
Onpenenum cnocob pacyera MaTpuubl K.

g pelieHWs OCHOBHOM 3aJayd MCHOJIb30-
BaH METOJ WHBAapUAaHTHBIX SJIJUIICOUIOB U MeE-
ton (¢yHkuuu JIsnmyHoBa. B olOuiemM Buiae MeToOn
VHBapUaHTHBIX 3JUIAIICOMIOB 3aKJIIOYAETCS B MO-
CTPOECHMHU SIJIUNCOUIANBHONW aNIpOoKCUMAIlUKU
HEKOTOpPOro MoaMHOXecTBa B R”, comepxallero
pellleHusl 3aMKHYTO# cHCTeMBl (6), Mo 3apaHee
BBIOpAHHOMY OITUMHU3ALIMOHHOMY KpPUTEPHIO.
Takoe MOAMHOXECTBO MOXET OBITh HAWAEHO Ye-
pe3 pelleHue JUHEMHBIX MAaTPUUYHBIX HEPABEHCTB
C TIOMOIIbIO Habopa JMHEUHBIX OrpaHUYECHWI,
B KOTOPBIX YYMTBHIBAIOTCS HayajbHbIE YCJIOBUS
00bEKTa U KPUTEPUU YCTOMUYMBOCTH 3aMKHYTOU
CHCTEMBI, ONpEeAeICHHbIE C MOMOIIbLI0 (YHKIIUU
JIanyHoBa. B maHHOU pa®oTe MCKOMBIN Habop
OrpaHUYECHUM Ha pelleHWs 3aMKHYTOH CHUCTEMBI
dopmupyetcs ucxoas us yciaosuii (2)—4).

Tax, M1 MAHUMU3ALUU HEPEeperyIupoBaHU
W BBIOPOCOB B IEPEXOMHBIX MpPOIECCaX OMHO W3

TpeOOBaHUI K MaXOPUPYIOLIEMY SJIJIUIICOUTY
bopmynupyeTcs Kak MUHUMU3ALMS HAUOOJIbIIEH
n3 ero nmojyoceil. B paborax [5, 12, 15], Takxe 110-
CBSIIIIEHHBIX TTOBBIIIEHUIO KavyecTBa IMEPEXOIHBIX
MPOLECCOB BO3MYIIEHHBIX CHUCTEM 4Yepe3 METO.
WHBAapUMaHTHBIX BJUIMIICOUAOB, IJSI MMHUMMU3a-
LIMU BBIOPOCOB UCIOJb3YIOTCS APYyTUe KPUTEPUU.
B cratbsax [12, 15] ocy1iecTBasIeTCSI MUHUMU3ALIU S
cliela MaTpULIbl SJIJIMIICOUAA, B padore [5] mpeaa-
raetcs odecrneyuTh 011M30CcTh (POPMBI MHBAPUAHT-
HOTO 3yIuIconaa K mapy: ||P — I|| — min, roe P —
WCKOMBIN aanauricous, | — enuHUYHAs MaTpula.
CpaBHeHue 3P(PEeKTUBHOCTH BCEX TPeX MOMXOHOB
BMECTE C HEKOTOPHIMU KOMMEHTapUsIMU Mpeajo-
JKEHBI B MOCJEAHEN YacTU pabOTHI.

Jnsi MMHMMUM3alUUKU OIIMOKU & B YCTAHOBMB-
1eMcsl pexxuMe UCIOJIb3yeTCsl ONMTUMU3ALUS C UC-
MOJIb30BaHMEM HacTpauMBaeMoro Iapametrpa [J].
CdopmynupyeM OCHOBHOI1 pe3yJIbTaT B BUJE CJIe-
IYIOILIEN TEOPEMBI.

Teopema. PaccMOTpUM CUCTEMY YIIPaBICHUS,
COCTOSIIYI0 13 00BbeKTa (1) 1 3aKoHa yIpaBJICHUS
(5). Ecnu nnsg 3aganHoro umcna o > 0 HalmyTcs
MOJIOXUTEbHO omnpeneaeHHas marpuua P > 0 u
napameTp B > 0 Takue, 4TO

B+ Aman(P)+ Hlm=2][Y],, - min;  (7)
I x| 0:
Xp P ’

PA"+ AP+Y"B"+BY +aP D
D" Bl

TOTJa TPAaeKTOPUU 3aMKHYTOU cuctembl (6), co-
crosiiieil m3 oObekTa yrpasieHHs (1) m 3aKoHa
ynpasieHus (5), OyayT yIOBJIETBOPSITH IICJICBEIM
ycaoBusiM (2)—(3) u He OyayT MOKUAATH 3JJIMII-
couJI BUIa

E, ={x(): x"()P 'x(r) <1}, P >0, ®)
npu BeIoope K = )A’IA’_I, me Y u P — petuenus (7).
Jlokazameavcmeo.

1. Oepanuuennocms mpaekmopulii
3aMKHYMOU cucmembl

Onnuncoun Buaa (8) nvHBapuaHTeH 1o x(f), eciau
x(9) € E, nna t > 0. Ins Toro 4ToObl chopMUpOBaTH
anmpoKCUMMPOBAHHOE IOAMHOXeCcTBO (8), TI0-
KpbiBalolee x(f), He0OXOAMMO, BO-TIEPBBIX, YTOOI
HayaJibHbIe yCJIOBUSI OOBEKTa MPUHAIJIEKAIU -
qurncouny (8), 4TO MHTEPHPETUPYETCS B BUAE yC-
noBust x) P 'xy <1. JlaHHOe yCJIOBME TIPUBOIMMO
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K Buny I —x; P"x0 > (0, rme IpaByIO YaCTh MOKXHO
paccMoTpeTh Kak gomnogHeHue Ilypa kK matpuue P
B JIMHEMTHOM MaTpUYHOM HEPaBEHCTBE

I x;
01>0,

xg P
KOTOpOE, B CBOIO OuYepenb, CTAHOBUTCS IIEPBOM
YaCThIO OIPAaHUYEHUI M rapaHTUPYeT BKIIIOUEHUE

HayaJIbHBIX YCJOBUI B MHOXECTBE, OrpaHUYEH-
HOM 3JutuIicouaom (8).

)

2. Acumnmomuueckas ycmou4ueocms

AcuMnToTuyeckasi YCTOMUYMBOCTb CJeAyeT M3
YCI0OBUS

V(x(0) + 20V (x(1)) = Bf (1) f(1) <0, (10)

rne o > 0, B > 0 u M(x(¥)) — dyukuuonan Jisamy-
HOBa B BUJIE BBILIEYTOMSIHYTOTO BJIJIUTICOU 1A

V(x(®) = x"()0x(1), (11)

e Q = P . MpoussogHas (11) BIOJb TPaeKTo-
puii cucteMbl (6) UMeeT BU
dV(x)
dx
+ x"()Q(A + BK)x(t) +

+f (D Ox(1) + x"(1)Q DS (1).
IIpyunumasa Bo BHUMaHMe cooTHolueHus (11)

n (12), a Takxe mnepenucbiBass HepaBeHCTBO (10)
B MaTpUYHOI GopMe, TTOJYUYNM:

=x"(t)(A+ BK)" Ox(¢) +
(12)

") Dz(r) <0,

rae z'(f) = [x(1) f(D)],

© - (A+ BK)'"Q+Q(A+BK)+aQ QD
- DO BI|
HepaBenctBo (13) HEIMHEMHO O CBOUM Ilepe-

MeHHBIM. YTOOBI YHTH OT HEJMHEWHOCTU, pac-
CMOTPHUM CJIeAyIollice SKBUBAJIEHTHOE YCIIOBUE:

(13)

' ()M O Mz(1) <0,

-1
rae M:{QO ﬂ>0. Boruucnsgasg mpowusBene-

Hue matpull, MOM u BBens obo3HaueHus Y = KP
c yuetoM P = ol MOJYYUM:

{PA +AP+Y'B"+BY +aP D |_ 14

DT BI

Ecnu o — 3amaHHasi KOHCTaHTa, TO HEpaBeH-
ctBo (14) sBNsETCST AMHEHHBIM. Pa3pelmmmocThb
(14) rapaHTUpYeT aCUMIOTOTUYECKYIO YCTOWYM-
BOCTB 3aMKHYTOI cuctemsl (1), (5).

3. Buinoanenue yeneévix ycaoeuii

Hns obecnieueHus ueneBoro yciaosus (3) oie-
HUM TOYHOCThb CTAOMIM3AllMU & 4Yepe3 pelIeHue
HepaBeHcTBa (10):

V(x(t)) <V (x(0))e ™ + w(l _e ).
o

I[IpyHuMasgs BO BHUMAaHHE U3BECTHYIO BepX-
HIOIO TPaHUILY BO3MYILEHMUSI, IJIs ¢ — oo OoJaydaeM
CJIEAYIOIIYIO OLIEHKY:

2
Vx(n) <P
o
Tak kax (11) MoxeT ObITh OrpaHUYEHO CHU3Y KaK

V(X)) > ki (PO,

TO & B BbIpaxxeHUH (3) MOXHO OLIEHUTh KakK

5 IBY 2 pyin (P).
o

3aMeTuM, 4TO A;,(P) — KBaapar HaMMeHbLIEH
MoJIyocu ajuiuriconja. Ero MuHMMu3anus mno-
TEHLMAJIbHO NMPUBOIAUT K YBEJIWUYEHUIO JUAMETPA
3JUIMIICOMAA, T. €. €r0 HauOOJbIIEN MONTYOCH, YTO
SIBJISIETCSI HEXEJAaTeJIbHBIM CBOMCTBOM. [loaTomy,
IpeanoJaras, 4To y 3aJaHo 3apaHee U QUKCUpys
0. KaK KOHCTAaHTY, MOXHO MMHUMM3UPOBATH 00-
JIaCTh JUCCUITAaTUBHOCTHU 3a CYET BBIOOpA CIEeNYIO-
uiero (pyHKIMOHaJja KayecTna:

(15)

J, =p — min. (16)

s BbIMOAHEHUS iAW yrnpaBiaeHus (2) si-
JIMTICOM]T MUHUMAJILHOTO JAuMaMeTpa MOXET ObIThb
MOCTPOEH IYTEeM pelleHMs 3aJa4l MUHUMU3aI U
COOCTBEHHBIX 3HAYEHM I

J (17)

TOE Aoy (P) — KBagpaT HauOOJIbILEH MOJYOCH 3JI-
JMIcoua.

+ = Amax(P) = min,

4. Pa3spesicennoe ynpasaerue

s mocTuXeHus 1eeBoro yciaoBus (4) Boc-
moJyib3yemcst Teopemoii 1 m3 padotsl [1]. Mcmonab-
3ys 0003HAUYCHUS, BBEACHHBIE B HACTOSIIIENW pa-
0oTe, TeopeMy MOXHO CHOPMYIMPOBATH CIEAYIO-
LIUM 0Opa3oMm.
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Ecnn 3amaga
|¥],, > min npu ycnosun K = YP~',

e Ye R"“" m<n, Ke R"*" Pe R"™" pas-
pelnMa, To CyIIECTBYET TAKOe PElleHKE, KOTOPOe
uMeeT He 6oJiee m HEHYJIEBBIX CTPOK.

3/1ech UCMONbB3YeTCs F-HOpMa

m
=) max
[:11<j<n

11, vl
Hoka3aTeabCTBO MOXHO HaiiTH B pabore [1].
ITockonbKy B DaHHOM cCjydae CYILIECTBYIOT U

Ipyrue OrpaHUYEHHUsS, IIOMHMO VYIIOMSIHYTOIO

B TeopeMe, TO He TapaHTUPYETCS, YTO HaWAeTCs

paspexkeHHoe perieHue. Kpome TOro, MoXHO I10-

JIYUUTh HE COBCEM HYJIEBBIE CTPOKM, T. €. IIOJIY-

YUTH BJIEMEHTBI, 3HAUEHUSI KOTOPHIX Ha HECKOJIb-

KO TIOpSIIKOB MEHbIE, YeM B IPYTUX CTPOKaX.

IIpu oOHyNEeHUU TaKUX 3HAUYCHUM (HUXKE ompene-

JICHHOI'O II0pOra) U BBIIIOJIHEHUHU YCJIOBUS T'yPBU-

1eBocTU MaTpullbl A + BK monydaeTcs: pa3pekeH-

HOE yIIpaBJIeHUE.

Ecnu marpuna peryiasitopa COCTOUT TOJIBKO M3
OIHOI CTPOKM, TO HET MeCTa [IJIsI ONITUMU3ALUU U
HET HEOOXOAMMOCTHU MCIOJb30BaTh 3TO JOIOJIHE-
Hue. TakuM ob6pa3om, PyHKIIMOHAJ KayecTBa A5
MaKCUMM3AlUU pa3pekeHHOCTU (POpMYIUpYyeTCs
caeaylommuM oopa3om:

J,, = Him=2]|Y] , > min, (18)

roe H[:] — enuHnuyHag maroBast GyHKIUS

0,k <0,

H[k]:{1 k>0

Ilpu m = 1 monyuum H[m — 2] = 0. IlonHwiii
Ha0Op ONTUMU3ALMOHHBIX ycsoBuit (16)—(18) mst
pelleHus 3a4a4yy BbhITTYKJION ONTUMU3ALINU MOX-
HO MPUBECTU K BUILY

Jo+J, +J, — min. 19)

Teopema nokazana.

3. 3ajgaya BBINYKJIOTO NPOrpaMMHPOBAHHUS

KoneuHnast ¢opma 3agadyu BBIOYKJOIO IIPO-
rpaMMUPOBaHUSI MOXET OBITh COpMYJIMpPOBaHA
aByms criocobamu. IlepBbiit criocod chopmynu-
poBaH B Teopeme U MO3BOJSET OBICTPEE paccyu-
TaTh Martpuuy peryasgtopa K. JlaHHBII croco0

MMOJTHOCTBIO TOCTaTOueH Mis ciaydast m = 1. Bro-
poi1, TIPEAJIOXKEHHBIN HUXE, MO3BOJISIET TOCTUYh
OOJBIIIEH pa3peKeHHOCTH MM JIYYIIe TOYHOCTH
B CTAlIMOHAPHOM pEeXMMe, HO BBIIIOJHSICTCS B TPHU
aTamna. DTOT MOAXOA aHAJIOTMYEH TOMY, KOTOPBIH
KCIOoJb30Bajcsd B padbore [1].
3ameuanue. PemimMm penyuMpOBAaHHYIO OITH-
MHU3aLMOHHYIO 32034y
J,+J, > min (20)
c yuetroMm (9), (14) u B > 0, ¢ nepemeHHbBIMU P, Y,
B u dukcupoBaHHBIM o > 0. IIpenmnoyokum, 4To
B — 310 peweHue (20). Tenepb ycCTaHOBUM, KaKUe
CTPOKH MOXHO MTHOPUPOBATh B 3aKOHE YHpaBJic-
HUSI 0e3 MOTEepU YCTOMYMBOCTU IIYTEM PELICHUS
CIEOYIOIIEH 3a0a4u:

J,, — min, 2D
cyuetoM (9), (14),p>0u B < eﬁ, C IEpeMEHHBIMU
P, Y, p u pukcupoBaHHbIM o > 0, ¢ > 1. Eciin Ha
JaHHOM 1Iare IoJjiy4aeTcsl pa3pexXeHHas MaTpulia
Y, To HeoOxonumo pemuTh 3agavy (19), nonomaHu-
TeJIbHO YTOUYHMB (PUKCUPOBAHHBIE HYJIEBbIE CTPO-
ku B Y. Eciu 3amaya BeIOIHMMA, TO LIEJIU, ONpe-
neyreHHble B pa3aene "llocraHoBKa 3agaun”, yIoOB-
JIETBOPSAIOTCA AJI9 cUCTEMBI (6).

3agauu (17), (21) IBASIOTCS BBIITYKJBIMU, TaK
KakK (pyHKIIMOHAJBI SIBJSIOTCS CYMMaMU TTOJOXM-
TEJIbHBIX TIEPEMEHHBIX U HOPMBL.

4. MopaeaupoBanne

KauectBO paboThl MpeaoKeHHOIO ajJropuTMa
UJIIIOCTPUPYETCS Cepuell pe3ybTaTOB KOMIIbIO-
TEPHOr0 MOJEIMPOBAHUS, BHIIIOJHEHHBIX B Cpele
MATLAB. 3agauu BBIITYKJIOTO IpOrpaMMHpOBa-
Hug pemratorest ¢ nmomouipio CVX [1, 2] u ¢ mo-
Molbio pemareas SeDuMi.
< PemeHne OCHOBHOM 3371391

PaccMmoTpuM 00BEKT TpeThero mopssaka m m = 1.
IIpennonoxuM, 94TO OOBEKT OIMMCHIBAETCS MOJIe-
nbio (1), roe MaTpullbl UMEIOT CICAYIOLINEe YHUCIO0-
BbI¢ 3HAYCHUSI:

0 1 0 0 0
A= 0 0 1 |,B=|0|,D=|0].
1,259 1,623 —1,492 1 1

Hauanwsubie yciaosus x(0)" = [1,654 0,529 —1,61],
BO3MYILEHUE MOIEIMPYETCA C TOMOIIBIO (DYHK-
uuu f(r) = 0,5 + 0,5cos(?).
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3aKOH yIIpaBJIeHUSI BLIYUCISIETCS, cOrjacHo Te-
opeme, TIyTeM pellcHMS 3a1a4d JIMHEUHBIX MaTpUi-
HbIX HepaBeHCTB (9), (14) ¢ cobmtomeHuemM Habopa
onTuMu3zalMoHHbix yciosuit (19) mpu a = 0,01.
BekTop kK03pdULIMEHTOB OOpaTHO CBSI3U MMEET
CJCOYIOLUA BUI:

K =[-1416 -2546 -3122].

DNIUTCONAHAS MaTPUIla BBINISOUT CIEIYIO-
LIKXM 00pa3oM:

4,465 -0,744 —1,417
P=|-0,744 2,577 -1,76
“1,417 -1,76 3,572

Ha puc. 1 moka3aHa TpaeKTOpHSI CUCTEMEBI BHY-
TPY MaKOpPUPYIOLIETO 3aiaurnconaa. TpaekTopus
cxonutcs B obsacts ¢ § = 0,006.

Kak MOXHO 3aMETHTb, DJIJIMIICOUI OPUECHTU-
poBaH TakKMM 00pa3oM, 4TO HamboJjee yaajleHHas
OT TIOJIOXXEHUS paBHOBECHS TOYKAa TPacKTOPUU
COBITaJaeT C HAaMOOIBIIEH OChIO aaunconga. Pe-
3yJILTaThl KOMITBIOTEPHOTO MOJEIMPOBAHUS IJISI
Pa3INYHBIX CIYYANHO 3aJaHHBIX MaTPUIL 00bEKTa
MOKAa3bIBAIOT, YTO 3Ta TOYKA HAXOAMUTCI B MaJIOH
OKPECTHOCTU TIOJIOKEHUSI paBHOBecus. Takum
obpa3oM, 3HaYeHNe MaKCHMMAaJIbHOTO OTKJIOHEHUS
B TIEpPEeXOAHBIX MpoOIieccaXx He MOXET IPEBOCXO-
IWTH 3HAaUYCHME HadaJIbHBIX YCI0BUil. TpaekTopus
CXOOUTCSI K YCTOMUYMBOMY COCTOSTHMIO C TOYHO-
creio 5 = 0,006.

-1.54

Puc. 1. ®a3oBas TpaeKTOpHA CHCTEMbl M MaXKOPHPYIOUIHHA 3.1~
JIMNICOM L

Fig. 1. Phase trajectory of the system and the majorizing ellipsoid

< Pa3pexeHHoe ynpaBjieHne

PaccMoTpuM  pasoMKHYTBIM HEYyCTOMUYMBBIN
00beKT, onpeacaeHHbIN Moaenbio (1) co ciaeayro-
UMY MaTpULIAMU:

0,886 1,86 1,83 ]

A=| 0,188 —1,37 -0,06],

1,83 1,882 1,201 ]
~1,433 1,169 -1,857 (0,715
B=|-0,313 1,838 1,397 |, D=|1,031
1,663 0,623 1,736 0,973

Zamagum x(0)" = [—0,431 0,622 —1,315]. Bo3my-
IIEHWE MOMAEIMPYETCS C UCIOJIb30BaHUEM TOM Xe
(GyHKLIMM, 4TO U B OpEAbIAYIIEM IIPUMEpE.

3aKOH yIIpaBJIeHUS HAXOOUTCS C MCIOJIb30Ba-
HHUEM MeTona, onpenenaeHHoro B 3amevanuu. Ila-
pametprl o = 0,01, ¢ = 1,2. Ilocne BTOporo 1ara
3HayeHus Y cpaBHUBawTcs no yposHo 0,1. ITomy-
yaeM MaTpuIly 0OpaTHOM CBSI3U B BUIE

0 0 0
K =|-0,665 0,621 1,779/
0 0 0

YcnoBue rypBuiieBocT MaTpuilbl A + BK BBHI-
IMOJIHEHO, IM03TOMY 3aMKHYTasl CUCTeMa yCTOMYM-
Ba. PaKTUYECKOE YUCIO HEOOXOAMMBIX ITPUBOIOB
paBHO enuHUIIEe. MaTpulia 3JUIMIICOMIAa UMEET BU

1,58 0,112 0,191
P=10,112 1,745 -0,694|.
0,191 -0,694 1,873

Ha puc. 2 moka3aHa ¢a3oBasi TpaeKTOpUsl BHY-
TPU OXBATHIBAIOIIETO 3JUIUTICOMIA C TOYHOCTHIO
8 = 0,43 B ycTaHOBHMBIIEMCSI peXXHUME.

Hnst cpaBHeHUSI paccuuMTaeM 3aKOH yIIpaBlie-
HUS IS TOTO e 00beKTa, UCITOIb3ysl YTBEPXKIe-
Hue Teopems ¢ TOPOTrOBBIM 3HaUeHMeM 5+ 107> st
smeMeHTOB Y. Torma

0,568 2,636 0,525
K=1-4,962 -11,056 -4,754|.
0 0 0

Kak BumHO, mojiyueHa "MeHee pa3pexkeHHas'
MaTpulia, 4YeM B IIpeAbIOYIIeM cjydae. YCTaHO-
BUBIIASICS TOrPEIIHOCTh B JTaHHOM CJIydyae CO-
craBisieT 5 = 0,87. MazoBas TpaeKTOpuUs IMOKa3a-
Ha Ha puc. 3.
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Puc. 2. ®a3oBas TpaeKTOPUs 3aMKHYTO# CHCTEMBI C pa3peKeH-
HBIM peryasaTopom (cM. 3ameuanue)

Fig. 2. The phase trajectory of the closed-loop system with a
sparse controller (see Remark)
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Puc. 3. ®a3oBas TpaeKTOPUsA 3aMKHYTOH CHCTEMBI C pa3peKeH-
HbIM peryasaTopom (cm. Teopemy)

Fig. 3. The phase trajectory of the closed-loop system with a
sparse controller (see Theorem)

< CpaBHeHHE C aHAJOraMH

CpaBHUM pe3yabTaThl, MMOJYYeHHBIE B paboTax
[5] u [12], ¢ pe3ynbTaTOM pabOTHI MPEATIOKEHHOTO
anroputMma. /111 BU3yaJIbHOTO CpaBHEHUS PE3yJib-
TaTOB PACCMOTPUM OOBEKT C pa3MEPHOCThIO 1 = 2.
Matpuubl UMEIOT CICAYIOIINIl BU:

a0 : ,B:O,D:O.
1,259 1,623 1 1

Iycte x(0)" = [—1,492 1,653]. Bo3amyleHue uc-
MOJIb3YETCS TAKOE XK€, KaK U B IPEAbIAYILEM IIPpHU-
Mepe. 3aKOH yIIpaBJICHUSI BBIYMCIISETCS TaK Xe,
KaKk M B TepBOM mNpumepe. Marpuiia oOGpaTHOM
CBSI3U OIIpeIeIsieTcsa Kak

K =[-958 -1817].

Marpuiia 3JUIUIIca BBITISIAAT CIEAYIOUIUM 00-
pa3oM:

P =
~1,649 3,472

{ 3,132 —1,649}

CpaBHUM NpeIIOXKEHHYI0O B AaHHOW paboTte
CUCTEMY YIIPABJICHUS C CUCTEMOM, paCCYUTAHHOM
IUJISL TOTO e OO0BbEKTa B COOTBETCTBUU C aJiro-
putMoM paboTwl [5]. I'maBHOE OTAMUYME TIPEaJIO-
JKEHHOI'0 aJIrOpUTMa OT pe3yabTraTa cTaTbu [5] 3a-
KJI04aeTcsi B TOM, UTO B paboTe [5] ucrnoab3yercs
MUHUMM3aIUs HOopMbl ||P — ||, BMmecto (17) mist
OINTUMM3ALIUU TIEPEXOAHBIX TIpolieccoB. Pe3ynbra-
Thl MOACIMPOBAHMSI MPEACTaBJICHbI Ha puc. 4.

[NonyyeHHble mMoOKa3aTeJu KadecTBa IIpeld-
cTaBJieHbl B Tabnuue. IlpeanoxkeHHbI aairopuTMm
B JaHHOM IIPUMEpPE AJOCTUTAET OOJbIIIeil TOYHOCTU
3a 3HAUMTEJIbHO MEHBIIUM IIPOMEXYTOK BPEMEHHU,
yeM aJITOPUTM, TNPeAJIoKeHHBIN B padoTe [5].

Tenepb cpaBHUM C ajJropuTMom paboThsl [12].
Hns cuctemsl (1) TaHHBIA aJrOpUTM MOXET OBIThH

Puc. 4. ®a3oBble TPaeKTOPHH W MHBAPHAHTHBIE JJLIANCOMIBI
3aMKHYTBIX CUCTeM: pe3yabTaT [S] u npenoKeHHbId peryasaTop

Fig. 4. Phase trajectories and invariant ellipsoids of the closed-
loop systems: result [5] and the proposed controller
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OMKCAaH B BUIE CIEAYIOIICH 3aJauyu BBITYKJIOTO
MPOrpaMMUPOBAHUS:

tr(P + Z) - min,

roe tr(-) — cinex Marpuibl u Z =Z7" e R™",
¢ yueToM yciaoBus (9), a Takxke

1

AP + PA" +aP+BY +Y"B"+=—DD" <0
o
"u
Z YT >0
Y P

¢ nepeMeHHBIMU P, Y, Zu ¢pukcupoBaHHBIM o > (.

3aMmeTnM, 4TO B paboTe [12] 3agaya ynpaBieHUs
(opMynupyeTcd g CUCTEMBI, 3aMKHYTOM MO BBI-
X0y, C  (QYHKIMOHAJIOM  KayecTBa  BHIA
tr(CPC" + B,ZB;), tne C — BBIXOIHASI MaTpHUIIa,
KOTOpasi B HAIllEM CJIydae SBISETCS €AMHWUYHOM.

Puc. 5. ®a3oBpie TPaeKTOPHM M MHBAPUAHTHBIE SJIHNCOUIBI
3aMKHYTBIX cUcTeM: pe3yabTat [12] u npeayoxkeHHbIH peryasaTop
Fig. 5. Phase trajectories and invariant ellipsoids of closed-loop
system systems: result [12] and the proposed controller

IIapaMeTpbl B aIrOPUTMAaX yNpPaBJIeHHUs

The control law parameters

HUcnonbs3oBanne matpull B, n Z o0yCIOBJIEHO BBE-
JEHWEM B CHUCTeMY OOpaTHOU CBSI3U IO BBIXOAY
y(t) = Cx(t) + Byu(t) c ycnosuem, uto B,C =0, rae
B, — HenyneBoe. Takoe NOMOJTHEHWE CAEIIAHO TSI
TOro, 4TOObl M30exXaThb OOJbIIMX 3HAYEHUU
B YIOpPaBISdIOIIMX CUTHanax. B ciydae oGpaTHOM
CBSI3U TI0 COCTOSIHUIO TIOJTydaeM yciosue B, [ =0,
KOTOpPOE HE MOXET ObITh 00ecrneuyeHO BEIOOPOM He-
HYJIEBOM MaTtpuubl B,. [losTomy B maHHOI pabdote
cocTtaBisolas B,u(f) He y4uTbIBajJach MpU pea-
JIN3aLMKA CUCTEMBI YIIpaBjJeHUsI U3 cTtatbu [12], HO
ONTUMU3ALIMOHHAsl 3a1adya TMepedhopMyIrMpoBaHa
0e3 ynpa3gHeHUs KOMMNOHEHTH Z. Takas amamnrta-
Mg pe3yabrata ctathk [12] K 3amadye ympaBieHUsI
MO COCTOSIHUIO TIO3BOJISIET MOJYYUTh TpebyeMbie
B TIOCTAHOBKE 3aJauyu 3HadeHusi B maTtpulie K.
B mpotuBHOM ciyyae KO3(hGULIMEHTHI 00paTHOMN
CBSI3M MOTYT JOCTHIATh 3HAYeHUil mopsiaka 10°.

Pe3ynbraThl Mofe1MpoOBaHUS MPEACTaBICHbBI Ha
puc. 5 u B TabaULIE.

B Tabnuue napametp AP onpeaesasieT BEpXHIO
TpaHULy JJIsSI }im sup[x"(1)P~'x(r)], a T — Bpems

s

0 BXOza B O6J'IZCTB omnbKku 5 % M paccuuThIBA-
eTCsl Kak

T = {t :x(1) =0, 055up(|x(t)|)}.

3ameTuM, 4To AJs paboThl [12] 3HaueHue 71 He
yKa3aHo, TaK KaK yYCTAaHOBUBIIASICS OLIMOKA HU-
KOIJa He nocturaeT obnactu 5 %. Bpems nmepexon-
HOTO IIpoliecca B 3TOM cjydae cocTaBiset 1,3 c.

3akiaouenue

[MpennoxeHHBI aJdrOpUTM YIIpaBJICHUS Ha
OCHOBE METOJa WHBAPUAHTHBIX SJLIMIICOUIOB
obecrieyrBaeT Jy4ilylo (OTHOCHUTEIbLHO PacCMO-
TPEHHBIX AHAJIOTOB) MMHUMMU3ALUIO BO3MOXHBIX
OTKJIOHEHU# BEKTOpa COCTOSIHUSI B MEPEXOTHBIX
mpolieccax OT IOJIOXEHUs] paBHOBecus. 3amaya
ONTUMM3ALUK CHOPMYIMPOBAHA B TEPMUHAX MU-
HUMU3ALUU COOCTBEHHBIX 3HAYEHUM MaTPUIIbI
BJIJIMIICOUIAa BMECTO MUHMMM3ALMU O00beMa 3JI-
nurconna. Kpome Toro, cam BbIOOp MeTona WH-
BapMaHTHBIX 3JUJIMIICOUIOB MO3BOJISIET MOJYYUTH
MpeaBapUTEIbHYIO OLEHKY IUCIIEPCUU COCTOSI-
HUS CUCTEMBI 32 Bce BpeMs (PyHKIIMOHUPOBAHMS.
JlaHHBIE CBOMCTBA OCOOEHHO BaXXHbI IJISI CUCTEM
C OrpaHUYEHUSIMHU TI0 COCTOSTHMIO.

Kpome Toro, npeaiokeHHbIi aITOPUTM IT03BO-
JISIET TIOJIYYUTh pa3peXeHHbIE IO CTPOKE pPeryJs-
TOpBI O€3 CYLIECTBEHHOIN MOTEpU KadyecTBa (PyHK-

AnropuTt™m
[MapameTp IMpennoxeH- Anroput™Mm AJroput™m
HBI1 B JaHHOI 13 paboThl n3 paboThl
paborte [5] [12]
8 2:1073 0,07 0,32
tr(P) 6,6 9,87 29
AP 2:107° 0,21 81073
T, c 5,6 355 —
10
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IUOHUPOBAHUS 3a CYET IIPOCTOM MOIM(pUKALIUN
WCXOIHOTO 3aKOHA ympaBjieHUs. Pa3pexkeHHOCTb
M0 CTOJOLAM TaKXXe MOXeT OBbITh IoJiyyeHa 0e3
CYLIECTBEHHBIX M3MEHEHUU B CTPYKType pery-
Jatopa. B aToM cinyyae (yHKULMOHAa KayecTBa
B TIpe/taraeMoM aJITOPUTME MOXKET OBITH Tepe-
bopmynupoBaH C UCIOJIB30BAHUEM C|-HOPMBI,
KOTOpasi HakJaJblBaeT pa3pekeHHOCTh CTOJIOLIOB
W B pe3yJibTaTe MWUHUMU3UPYET YHUCIO HEOoOXO-
JIUMBIX TAaTYUKOB. Takas Bapmaluysi MOXET OBITh
MHTEpEeCHa B HEKOTOPHIX MPAaKTUYECKUX 3aJadax,
MOCKOJBKY TTO3BOJISIET YY€CTh OTpaHUUYEHUST UMe-
IoLLIEHCs annmapaTHOU 0a3bl.

PesynbraTtel MomeanpoBaHUS NEMOHCTPUPYIOT
3HAYUTEJILHOE YIyUllleHUEe KadyeCcTBa pPeryjanupoBa-
HUe MO0 pSaAy rnokasaTejieil B CpaBHEHUU C OJIU-
XKaWlIMMU aHajloraMy U TIOATBEPKAAIOT BBIBOIbI
TEOPETUYECKOM YaCTU pabOTHI.
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Abstract

Accepted on September 23, 2021

The paper deals with the method for the design of linear controllers with sparse state feedback matrices for control the
plants under conditions of unknown and bounded disturbances. The importance of the sparsity property in feedback can
be explained by two factors. First, by minimizing the columnar norm of the feedback matrix in the control it becomes pos-
sible to use a minimum number of measuring devices. Secondly, by minimizing the row norm of the feedback matrix, the
required number of executive (control) devices is minimized. Both properties, if they are achievable in the synthesis of the
controller, reduce the cost of the system and improve the fault tolerance and quality of regulation by reducing the structural
complexity. The search algorithm for sparse matrices is based on the method of invariant ellipsoids and is formulated as
a solution to a system of linear matrix inequalities with additional constraints. A special set of optimization conditions is
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proposed which for a disturbed system minimizes overshoot and overshoots in transient processes of the disturbed closed-
loop system simultaneously with minimizing errors in the steady state. The proposed method also assumes the possibility
of minimizing both the row norm of the feedback matrix and the column one, while preserving the robustness properties,
which makes it possible to solve the sparse control problem (a sparse control is understood as a linear controller with a
sparse feedback matrix). The efficiency of the proposed control scheme is confirmed by the results of computer modeling
and comparison with some existing ones.

Keywords: optimization problem, convex optimization, invariant ellipsoid methods, sparse control
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ABTOMATU3ALUA U YIIPABIIEHUE

TEXHOJIOM'MYECKMU NMPOLIEECCAMU

YK 62-83-52.001.5; 075.8 DOI: 10.17587/mau.23.13-22
O. M. LIanexep1, O-p TexH. Hayk, npod., shpreher-d@yandex.ru,
I. N. Ba6okuH?, O-p TexH. Hayk, npod., babokinginov@yandex.ru,
A. B. 3ene|-|KOB1, acnupaHT, sashazelnkv@mail.ru,
1Tyr||:C|<w?1 rocyaapCcTBeHHbIN yHUBepcuTerT, I. Tyna,
2HaLI,I/IOHaJ'IbeII7I nccnenoBaTenbCKuin TexHonorndeckuin yHnsepcutet "MUCKC", TopHbI MHCTUTYT, . MockBa,

HenpoceteBoun anroputm Hactpounku N perynartopa
B CUCTeMe yrnpaBrieHUsi O4UCTHOro Komb6amHa

Paccmampusaemces cucmema ynpasaeHus O4UCMHbIM KOMOAUHOM, KOMOPbLU npeoHa3Haver 0458 pa3pyuleruss 20pHOl no-
DPOObL U nO2PY3KU ee Ha 3a00lHbLl Kongelep. [Ipu ompabomke KOMOALHOM NAACMA YeAs GHEeUWHUE 803MYUeHU — CONPOMUBAS-
eMOCcmb yens pe3anuio, meepovie KAIOUEHUS NOPOObl, UZMEHeHUe WUPUHb 3AX6AMa WHEK08, U3MeHAWUecs HeonpedeaenHo,
npuodAm K yXyouleHUur Kavecmea nepexooHulx npoueccos. B pabome akyenmupyemcs 6HUMAHUe HA cUCHeMe YNPABACHUS
KOMOQUHOM, KAKOHeBbIMU INeMEHMAMU 8 KOMOPOU A68ASMCA: NPUE0O NO0A4U, NPUBOD Pe3aHUs, Y20AbHbll 300U U MUNOBOL
peeyasamop, obecneuusaruull cucmeme Jcesaemvie NOKA3amenu Ka4ecmea ynpagieHus.

Tunoeoui peeyasmop moka pezanus 6 eude [IU pecyramopa ¢ napamempamu, HACMPOEHHLIMU HA KOHKPEMHbIU PeNcUM
pabomyl kombaina, He Moxcem obecnedums ONMUMANbHOE PYHKUUOHUPOBAHUE CUCMEMbL YIPABACHUS B0 8CEX PEIUCUMAX 8 CULY
HeauHelHocmuU 006eKma ynpasaeHus U cAy4aiHoe0 xapaKkmepa usMeHeHus cOnPOMUBAseMocmuy yeasa pe3anuio. s yayuuie-
HUS NOKa3zamenel Kauecmea ynpasieHus Heobxooumo evioupams napamemput [1H pecyramopa mak, umo0Ovl MUHUMUZUPOBAMb
amnaumyost 6pockoé moka dgueamens pe3aHus, a 3HaA4um, U CHU3UMb AMIAUMYObl MOMEHMA 8 MPAHCMUCCUU NPUBOJA pe3a-
HUS U MUHUMUZUPOBAMb 8DeMs YCNOKOEHUS CUCHEMbl.

B Hacmoswel pabome npedaazaemcs ai20pumm HaACMpoUKu, 6 0CHO8E KOMOPO20 Aelcum UoeHMu@ukayus euda 603my-
warue2o 6030elicmeus no KpUSbIM OMKAUKA cucmeMbl, 00CMYNHbIM HAOAI00eHUI0, 8 UeAIX NOAYYeHUs 3HAYeHU napamMempos
peeyasmopa 04 Kaxcoo2o U3 803MOICHbIX PeNCUMOE PYHKUUOHUPOBAHUSA KOMOAUHA.

Tpu 5mom npednosceno npumMeHsImy UCKYCCMBEHHYIO HEUPOHHYIO Cemb NPAMO20 PACNPOCMPAHEHUS CUSHAAA, 8bICMYNAIOWYIO
6 Kayecmee onepamuero20 cpedcmea pacno3HA8aHUs MHO2OMEPHOU KpUGoU omKAuKa 6 konmype ynpasaenus. boiia ucnoavzosa-
Ha HeUPOHHAs cemb 08YX APXUMEKMYP: CO CKAAAPHOU U 6eKMOPHOU 8bIX0OHBIMU PYHKUUAMU. ANe0pUmMM PACNO3HABAHUS KPUBIX
y0061emeopsiem 02paHu4eHusM no 0blcmpooelicmeuro peuenus 3a0a4u ynpagieHus 31eKmpomMexanuecKol cucmemoll, maxk Kax
DACNO3HABAHUE 803MYUleHUS NPOUCXO0UM 3a 8DeMs, He npesocxodsaujee pemMs 6bixo0a npoyecca Ha MAKCUMYM GpocKa moka.
KoppexmHuocme noayuennvix pe3yasbmamog 6uiaa no0meepicoena pe3yibmamami KOMIbIOMePpHO20 MOOeAUPOBAHUS.

Karoueevte caosa: ovucmuoii komoaiin, nepeepyska, I[IHU peeyasmop, nepexoduviii npoyecc, HelpoHHAs cemb, cucmema
ynpaeaeHus, 00CmMo8epHOCMb PACNO3HABAHUS, NOZUYUOHHL KOO

BBenenne

ITomzemMHBINT ciOcOO MOOBIYM YIJIS B HACTO-
SIIee BpeMsI OPUEHTHUPOBAH Ha MCIOJb30BaHUE
OYHUCTHBIX MEXaHU3WPOBAHHBIX  KOMILJIEKCOB,
B KOTOPBIX ouncTHOUW KomoOaitH (OK) BEIIOTHSIET
OCHOBHYI0 (PYHKIIMIO — pa3pylleHue TOPHOM Mo-
pOIBI U €€ MOTPY3KY Ha 3a00WHBIN KOHBeriep [1].

TexHomornyeckii MpoLecc YTraeao0bIYn SIB-
JISIETCS HEJIMHEWHBIM W HECTAIlTMOHAPDHBIM B BUIY
W3MEHEHUS 3HAUYEHUU IMMapaMeTpOB MEXaHU3MOB,
BXOASIINX B COCTAaB OYMCTHBIX MEXaHU3WPOBaH-
HBIX KOMIUJIEKCOB, B KOTOPBIX TaKHWE€ MPOLECCHI
nporekaior. HecTabMIBbHOCTH TapamMeTpoB OO0B-
€KTa yrnpaBJIcHUS 0€3 MepeHacTPOUKU PETyasaTO-
pa TMPUBOIUT K YXYAIICHWIO KayecTBa TMEPEXOM-

HBIX MPOLECCOB, UTO BHIPAXKaeTcs, B TOM 4YHCIIE,
B YBEJMYECHUU SHEProIOTpeOSIeHNs], YXYIALICHUN
COPTHOCTH I0OBIBAEMOrO YISl ¥ IIOJOMKE PEe3LOB
ucnoaHurtenabHoro opraHa (MO). Ho Ha mpakTu-
K€ Takas MepeHACTpOMKa Ha IaxTe OOBIYHO HeE
MPOBOAUTCS U3-3a €€ TPYAOEMKOCTH U BBICOKMX
TpebOBaHUM K KBaJU(UKALWN UCTIOTHUTENEH [2].

Kpome ToOro, Bo3MylleHUS pa3IU4YHON IIpU-
pOAbI OKa3bIBAIOT CYLIECTBEHHOE BIMSIHUE Ha XOI
TEXHOJIOIMYECKOro IIpolecca YIiedo0bIYM, YCI0X-
Hss 3agady ynpasieHusa. K HUM ciaenyeT oTHeCTH
HEKOHTPOJUMpPYEMbie BHEIIHWE BO3MYILAIOIINE
BO3JEUCTBUS, OCHOBHBIM M3 KOTOPBLIX SBJISAETCS
COIIPOTUBIISIEMOCTb YIJISI pe3aHui0, OOYCJIOBJICH-
Hasl colepXaHMEM KPYIHBIX KOHCOJMAUPOBAH-
HBIX BKJIIOYEHUI (JIMH3, OKATHIILIEH, BaJyHOB).
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Tak, mpu Bctpeue MO KombaitHa ¢ TBepIBIMU
BKJIIOUEHMSIMM TIOPOJABl B IJIACTE YIVISL B Clydae,
€CJIM CUTHAJI YIIpaBJeHUSI HA CHUXKEHUE CKOPOCTHU
nogaun OK He TIOCTYIIUT CBOEBPEMEHHO, MOTYT
BO3HUKHYTh OOJIBIINE yaapHbie Harpy3ku Ha MO
U B TPAHCMUCCHUSX IPUBOIOB Pe3aHUS U MOMAYU.
Kak cnenctBue, IpOUCXOOIUT MOBBIIIEHHBIA U3HOC
pPEXYIIEro MHCTPYMEHTA WJIM II0JIOMKa KOMOaii-
Ha, a 3HAYUT, ITOTepsI JOOBIYM 3a CUET BO3pacTa-
HUS UIATETLHOCTH TIpocToeB OK.

B maHHBIX YCIOBMSIX aKTyaJbHOH IIOTpeOHO-
CThIO SIBASIETCS pa3paboTKa M MNPUMEHEHHE pe-
TYJISITOPOB, YIIpaBJjsiolliee BO3AEHCTBHUE KOTOPBIX
dopMupyeTcs Tak, YTOObI OINEpPaTMBHO pearupo-
BaThb Ha M3MEHEHMSI BO3MYIIAIOLIMX U 3aJal0IINX
BO3AEHCTBUI, obecrneurnBast TOYHOCTb U Ka4€CTBO
yIpaBJIEeHUS IIPOLECCOM YIIeAOOBIYM B 3aJJaHHOM
nuarna3oHe 3HAaYEHUI.

Cucrema ynpapjieHHs OYMCTHBIM KOMOAiHOM
C THIIOBBIM PEryJsiTOPOM

OO0BeKTOM YIIpaBJIeHUS IJIT pa3padaTbiBacMO-
ro peryisaTopa sBasercsa OK, BKIOYaroui mIpu-
BOIbI momauyu u pezanus (puc. 1) [3].

IIpyBOa momauyy MpemnHa3HAYeH IJis MepeaBU-
XKeHUus1 KoMOaliHa B mpolecce paboThl ¢ HEOOXO-
JIUMBIM TSTOBBIM (HAalOPHBIM) YCUJIMEM, a TakK-
Ke MpU Pa3IWIHBIX MAaHEBPOBBIX OIEpallUsSIX U
COCTOUT M3 aCHHXPOHHOrO JBUTaTelNsl IoJayu
(AJlm), penykTopa IIOJaYW W BBIHECEHHBIX WJIN
BCTPOEHHBIX MEXaHU3MOB IiepemelneHus. Ilpu-
BOJI pe3aHUs CONECPXKUT DJICKTPOIBUIATENIb pe3a-
Hus (AHp), penykTop pe3anust u MO 1HEeKOBOro
uau 6apabaHHOIO THIIa, KOTOPBIA, Bpallasich cO
CKOPOCTBIO Hyo U MEpEMENasiCh MOCTYIATENbHO,

Bpe3aeTcsl B YTrOJbHBIA MacCMB M OCYILIECTBIISIET
paspylieHue yrojbHoro mjaacta (puc. 1).

B cucteme ynpasnenusi OK npumeHsSI0T TUITO-
BOUl perynsitop Toka pe3aHusi (Harpysku) (PTP)
B Bune 1M perynsaropa, Ha3HaueHUE KOTOPOTO —
HE JIOIMYCTUTh MEPErpy3kKu WX ONMPOKUAbIBAHUS
3JIEKTPOABUTATENSI TIPUBOJA PE3aHUS TTYTEM KOH-
TpoJis MapaMeTpa paboyero ToKa 3JIEKTPOJBUTA-
TeJisl pe3aHus I, ¢ NMOMOIIBbIO CUTHANA C JIaT4u-
Ka TOKa, MyTeM M3MEHEHUsI CKOPOCTU mnojgadyu V
KoMOaiiHa TIpU W3MEHEHWU COIMPOTUBISIEMOCTHU
MOJIE3HOTO MCKOIaeMOro pe3aHuio A U YCIOBMU
pabotel kombOaiiHa [4]. PerynupoBaHue cCKOpOCTH
V., u ycuinuda nonauyu KoMmbOaitHa F, OCyLIeCTBIISA-
eTCsl ¢ MoMOIIbIo TTpeobpasoBaresist yactoTsl (ITH)
3a CYET MU3MEHEHUS YaCTOThI f,, U HANPSIKEHUS
U, nHa crarope Alm.

HaHHas cuctema yrpaBJeHMs BbIHYX/IeHa pa-
0oTaTh B YCJIOBUSAX IapaMeTpUUEeCKHUX BO3MYIIIE-
HUil Mcp, neiictBytominx Ha MO B mpouecce pas-
pYLIEHUST YTOJBHOTrO IJjacTa, KOTopbie (opMupy-
I0TCS TIOJI BJAMUSIHMEM Pa3HOOOPa3HBIX, CIOXHBIM
00pa3oM B3aMMOJECHCTBYIOIIMX U HEMPEPbIBHO
W3MEHSIOIIMXCS BO BPEMEHU M B IMPOCTPAHCTBE
(axTopoB. ClOXHOCTh B yIIpaBieHUM A00ABISIET
CIIyJaliHBIM XapakTep caMoro Ipolecca pa3pylie-
HUS YIS, IPUBOASIIIUIA K TIOSIBJIGHUIO HETTPOTHO-
3UpyeMbIX yaapHbIX Harpy3ok Ha MO [5].

TakuM o0Opa3oM, mpouecc pa3pylieHUs U Mo-
TPY3KH YTJII HOCUT CIyYalHBIA HECTAllMOHAPHBIN
XapakTep, CJIEeIOBATENIbHO, TPU CUHTE3€ CUCTEM
VIIPaBJICHUS MPOLECCOM YIJIEAOOBIYM 1IEJIECOO-
Opa3HO MCINOJIL30BaTh METOAbI ONEPaTUBHON KOP-
PEKTUPOBKM KOd(hGUILIMEHTA Mepeaayr peryiasiTo-
pa Toka (PTP) acmHXpoHHOTO OBUTATEIISI pe3aHUS
(Ap) 1 TIOCTOSSHHOW BpPEMEHU WHTETrpMPOBAHUS
3TOTO PETYJATOpA.

3a mociegHue AECATUIIETHUS
ObLJIO pa3paboTaHO MHOXKECTBO

pa3IMYHbIX IIOAXOOJOB K Ha-

Puc. 1. CtpykTypHas cxeMa COBMECTHOH paGoThl MPHBOJA MOAAYM M NMPHBOIA Pe3aHUs

B OYHCTHOM KOMOaiiHe

Fig. 1. Block diagram of the joint operation of the motion drive and cutting drive of the

shearer
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| Jarank |
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| |
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|
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I oObeKTa YIpaBJEHHUS, UYTO
SIBJISIETCST  TOCTATOYHO HETPU-
BUAJIbHOU 3a1ayeil B YCJIOBUSX
TOPHOTO TIPOU3BOACTBa. Kpome
toro, Il m IIMN 3akoHBI pery-
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JUPOBaHUS SABISIOTCS JIMHEMHBIMM, B TO BpeMs
KaK B peaJibHOCTH, CTPOTO TOBOPSI, HE CyIIECTBYET
JMHEMHBIX CTAallMOHAPHBIX O0OBEKTOB yIpaBICHUS
(OY) [7]. KoadduiimeHThl TaKnuX peryasiTOpoB Ya-
CTO TMOoAOOpaHbl ONTMMAJbHO JJISI KOHKPETHOTO
COCTOSAHUSI 00BEKTa, OMHAKO TPU €ro Iepexone
B JApYyrve COCTOSTHUS NaHHble 3HaYeHUsT Koapdu-
LIMEHTOB Y€ He MO3BOJISIOT MOJyYyaTh TpeOyeMble
MO0 KayecTBY IE€PEXOMHbIE MPOLECCH. DTO BeAeT
K CHUXEHMIO KauyecTBa peryiaupoBaHus [8, 9].
HanHasag mipobiieMa akTyaJibHa AJSI MHOTHX OT-
pacie — OT MUKPOTEXHOJIOTUMA OO KPYITHOU MPO-
MBILIJIEHHOCTH.

[lepcneKTUBHBIM HamNpaBie€HWEM COBEpIIEH-
CTBOBAHUSI COBPEMEHHBIX CHUCTEM YIpaBJICHUS
CJIOXKHBIMU 32JIEKTPOMEXaHUYECKMMU OO0bEeKTaMu
SIBJISIETCSl IIUPOKOE MCIOJIb30BAaHUE METOJO0B U
TEXHOJIOTUH HCKYCCTBEHHOIO0 MHTEJJIeKTa, 00e-
CMEYMBAIOIIUX BBICOKYIO 3(hGhEeKTUBHOCTh IPO-
1IECCOB YTIpaBJIeHWSI U LIMPOKUM Arana3oH GpyHK-
LIMOHAJIbHBIX BO3MOXHOCTEH B YCJIOBUSIX HEOIpe-
nenaeHHocTy moxenu obbekTa [10]. Tak, B paboTe
[11] paccMaTpuBarOTCS BOMIPOCHI CUHTE3a 3aKOHOB
VIIPaBJCHUS MaHUMYJSIIUOHHBIMM MUKPOPOOO-
TOTEXHUYECKMMHU CHUCTEeMaMu C OJOKaMu TMpel-
ckazaHus. B crarse [12] Obla mpeaiockeHa MaTe-
MaTuyecKasl MoJeb MPOAOJbHOIO IBUXKEHUS IPy-
30BOT0 aBTOMOOWJISI U HelpoceTeBasi peaju3aius
ajroput™Ma (QYHKIMOHUPOBAHWS aAANTUBHOTO
Kpymu3-KOHTpoJas. B pabore [13] pa3paboraH Heil-
poceTeBoil 610Kk aBTOHacTpoiiku ITU] peryisto-
pa o1l 00 bEKTOB SHEPTETUKMU.

bonee dynaameHTanbHble U MPUKIATHBIE BO-
MPOChl  anmnapaTHO-TIPOrpaMMHON  peannu3aluu
aJITOPUTMOB OTpakeHbl B padboTtax [14—16].

PaccmoTpeHHbIe B paboTax MeTOAbI AlPOKCHU-
MallM¥ 3aKOHOB u3dMeHeHus Koadduinenton [1U
peryJisitopa MOTYT ObITh B JajbHEHIIIEM UCMOJIb-
30BaHbl JJisd TOCTPOEHUS CUCTEM YMpaBJeHUS,
CrocoOHbIX  3(MHEKTUBHO  (PYHKIMOHUPOBATH
B pa3auyHbIX pexumax. [lonydyeHHble pe3ynbTa-
Thl TO3BOJISIIOT KOHCTaTMPOBAaTh TOT (aKT, 4TO
B Tpoliecce U3MEHEHUs MapaMeTpoB 0ObEeKTa Cy-
1IECTBEHHOE MPEBOCXOACTBO JaeT UCITOJIb30BaHUE
HelipoceTeBOro 0yioka aBTOHACTpoilku. OO0OCHO-
BAaHHOCTb IOAXOAAa TIOATBEPXKJAE€HA YMCICHHBIM
MOJETUPOBaHUEM, a TAKXKe pe3yjabTaTaMM YIpaB-
JIeHUsI pealbHbIMU O0OBEKTaAMMU.

AKTyaJIbHOCTh JAaHHOW MOpoOJEeMBI B YIJIed0-
ObIBalOIEel MPOMBILIJIEHHOCTU OOYCJIOBJeHa 4Ya-
CTBIMM TOJJIOMKaMy oOOpyIOBaHUSI B pe3yjbTaTe
JJIUTENbHBIX KojiebaTeIbHbIX MPOLIECCOB B MeXa-
HUYECKUX YacTIX TPAHCMUCCUU ITMHAMUYECKUX

MOMEHTOB CO 3HAaYeHUSIMU, OOJBIIMMH HOMMU-
HaJbHBIX. OTHAKO TOTOBBIX IJISI BHEAPEHUS pe-
IIEHUI IO CUHTE3y HEMPOCETEBBIX CUCTEM YIIPaB-
JICHUS JJIS1 9JIEKTPOIPUBOAOB OUMCTHBIX KOMOali-
HOB OOHapy>keHO He ObLIO.

AnroputM Hactpoiiku tanosoro IIU perynsropa

g Toro 4ToOBl KayeCTBO YIIPaBJIECHUS HE
YXYyIIIaJg0Ch, HEOOXOMMMO IIOJYYWUTh 3HAYEHUS
mapamMeTpoB PETyasaTopa A KaXI0ro u3 BO3MOX-
HBIX PeXMMOB (PyHKIMOHUpoBaHUs OY, BKIIoUas
1 KOMIIEHCALINIO BO3MYILICHUA.

Hns pacuera onmTUMaJbHBLIX MapameTpoB I
peryasgTtopa HeOOXOAMMO 3HATh XapakKTep U3MEHE-
HHUS COIMPOTUBJISIEMOCTH YTJISI pe3aHUI0, KOTOPHIH,
B CBOIO OYEpEIb, MOXHO UIACHTU(MUIIMPOBATH IO
(opme HavanbHOro (pparMeHTa KPUBOM OTKJIMKA
Ha CKa4yok Harpysku [17].

PeanuzoBath HacTpoiiky koadduuuentos TN
peryusitopa BO3MOXHO C HMCIOJIb30BAaHUEM HMCKYC-
cTBeHHO HeilpoHHoM cetu (HC) mpsimoro pacnpo-
CTPaHEHUWS CUTHAaJIa, BBICTYIIAIOIIEH B KayecTBe
OIEpPaTUBHOIO CPEICTBA PACIIO3HABAaHUSI MHOIO-
MEpPHOI KPHUBOW OTKJIMKA B KOHTYPE YIIPABJICHMS.

IIp1 BHEe3aTHOM M3MEHEHUM CONPOTUBIISIEMO-
CTH YTJIS PE€3aHUI0, B YACTHOCTH, IIPU Pa3IUUHbBIX
YPOBHSIX CKAYKOB M UX KOMOMHAIIMIA, OBICTpOACH-
CTBHME PETYJsTOpa TOKa pe3aHus (IJUTEIbHOCTH
MEPEXOAHBIX IMPOLIECCOB) M OPOCKM TOKa TaKXKe
pa3anyaloTcs, YCIIOKOCHUE MEPEXOIHOIO IIPOIIEC-
ca TaK>Xe MPOMCXOAUT 32 Pa3HOE BpeMsl U 3aBUCUT
OT TapaMeTPOB peryasiTopa.

Hunst ynydiieHus1 KayecTBa MEPEXOJHOro Mpo-
1ecca HeoO6XoauMO BeIOMpaTh MmapameTpsl 11U pe-
TyJIATOpa TakK, YTOOBI MUHUMM3NPOBATH aMILIH-
TyAbl OPOCKOB TOKa, a 3HAYUT, U CHU3UTb aMILJIU-
TYyAbl MOMEHTa B TPAHCMUCCUU TPUBOAA PE3aHUSI
1 MUHUMM3UPOBATH BPeMs YCIIOKOCHUSI CUCTEMBI
(cHU3UB BpeMsT ACUCTBUST MAaKCUMaJIbHBIX MOMEH-
TOB B TPAHCMHUCCHU), B TOM YHCJIe, OTHOCUTEIbHO
I1 perynstopa B TaHHBIX YCIOBUSX.

YIoBJIeTBOPUTH O000OUM TpeOOBAHUSIM MOXHO,
MWHVUMU3UPOBAB MHTErpan PyHKIINU, BEIYUCTISIC-
MBI TUCKpeTU3alueil 1 CyMMHUPOBAaHUEM HEBSI3-
KM B KaXJIOM OTCUeTe KPUBOW TOKa pe3aHusl U
OTCUYETOB JIMHUM YCTaBKM B 3aJaHHOM BPEMEHHOM
WHTEpBaje, KOTOPBI IPOMNOPIMOHAJIEH TMOTOKY
MEXaHWYEeCKOM SHEPTrMU B TpaHCMUCCUU. Takum
o0pa3oM, onTUMalbHBIMU HacTpolikamu ITU pe-
ryadaropa Kpu K;cuuTarorcsd Takue, KOTOpbIe IIPU
3aJaHHOM BO3MYIIAIOIIEM Bo3mecTBUU A 00e-
CeYNBAIOT MUHMMYM IUIOIIAAM S MOI KpUBOK
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Puc.2. I'paduk u3mMeHeHns1 CHJIBI TOKA Pe3aHUs NPH BHE3ANHOM M3MEHEHHUH NapaMeTpa CONPOTHBJSIEMOCTH YIS pe3aHuio (a) U mepexon
K KPHBO¥i, IJIOIAb MO KOTOPOH HEOOX0AMMO MUHUMH3HPOBATD (6)
Fig. 2. The graph of the change in the cutting current with a sharp change in the coal cutting resistance parameter (a) and the transition

to the curve, the area under which it is necessary to minimize (6)

CHJIBI TOKa CTaTOpa AaCUHXPOHHOTO JBUTrares
(All) pezaHus, pEerMCTpPUpPYEMOI IIOCJIE CKadyka
(nI1 TIepBOroO M3 KOMOMHAIIMK CKA4yKoOB) (puc. 2):

t
S=S1 +Sz +...+Sn = f(lp(t)_liiall)dt-i_
0

) Iy

+ j([p(f)—lyw)dt +...F I (]p(t)_lsau)dt'

4l Tn-1

st pellieHU s BHILLIEYITOMSIHYTOM 3aa4u IIpe-
jlaraeTcsl aJrOpUTM, COIEpXKallUi CAeAYIOLIYIO
MOCJIeI0BaTeIbHOCTh DTAIOB.

1. C ucnoiab30BaHUEM KOMIIBLIOTEPHON MOIEIU
cucremsbl "IIU peeyaamop—YeoavHuiil Kombaiin", pe-
anu3oBaHHoOi B cpene MATLAB/Simulink, ¢dop-
MUpOBaHUe oOyuaroueil Beioopku (Tadm. 1) [18].

B T1a6a. 1 npuHATH ciaenyioniue o003HauYeHUS.

Bxoodnbie dannuble:

Aj... Ay — OLVMHOYHBIE 3HAYEHUS UM KOMOU-
HallUM CKA4KOB COIPOTUBIISEMOCTH YIS pe3a-

Tab6numa 1
Table 1

Bxonnbie u BbIXOAHBIE JAHHbIE MOJETH Haﬁﬂl(),[[el'llflﬂ

Observation model inputs and outputs

BxomHbie maHHBIE BrixomHbie maHHBIE

A Kp, Ky {1} rh Sy

Ay Kpy Ky Uy {(Vin Sy

Hus; Kp,... Kpy — NpONopuMOHabHas COCTaBIIS-
rowas [ perynaropa; Kjy...K;y — nHTErpajgbHas
cocraBistowas ITHU peryngropa;

Bbixoonvie dannuble:

{I};... {I}y — oOTCcUeTBl KpWUBOW CHJIBI TOKa
cratropa A/l pes3aHusi, perucTpupyemble MOCIe
CcKayka (UJu MepBOro M3 KOMOMHAIUU CKAYyKOB);
{V}..{V}y — oOTCUeTBl KpUBOW CKOPOCTH TOAAYU
OK, peructpupyembie nocjie ckayka (MJv MepBo-
ro U3 KOMOMHaLUU CKAayKoB); S;..S5y — MmJjolua-
U MOJ KPUBOM cujibl ToKa ctatopa AJl pesaHus,
perucTpupyemble nocie ckayka (MJau MepBOro U3
KOMOMHAUMU CKAauyKOB).

B BbIOOpKE BCEX BO3MOXHBIX KOMOMHAIUN A,
Kpu K;06beMOM N onpenessiioTcs onTUuMabHble

* *
couetaHus [4, Kp u K, | mo xpurepuio:
S — min.

2. Ha ocHoBe BbIOOpKM (Tabn. 1) ¢dopmupyetcs
MOJIEJIb PacIio3HaBaHMsI OTKJIMKA cucTeMbl "[IH pe-
eyasamop—ouucmuoi kombaiun". BXomHbIe W BBIXOI-
Hble TTapaMeTPbl MOJIEIM MPEACTaBJIEHbl B Ta0I. 2.

B 1abn. 2 npuHATH chaeayoiue 0603HAYEHU .

Bxodnuvie dannvie:

Kp...Kpy — TmpornopuuoHaabHas COCTaBJIAIO-
wag 11 perynaropa; Kj...Kp), — uHTErpajabHas
cocrasaswoias [1U perynsropa; {I},..{Il}y — nep-
Bble M OTCYETOB KpPMBOW CUJIBI TOKa ctaTopa A/l
pe3aHus, perucTpupyemMbie Iocjie ckKadka (Mau
MEepPBOro U3 KOMOMHALMU cKaykoB); {V}..{V}y —
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Tabnuna 2
Table 2

BxoaHbie u BbIXOJAHbIE JAHHbIE MOAEIN PACTO3HABAHMS

Input and output data of the recognition model

BxonHble naHHbIE BrixonHble naHHbBIE

{h

KPI Kll

Vi A

Kpy Ky Iy e Ay

nepBbie M OTCYETOB KPUBOM CKOPOCTH MOJAYU
OK, peructpupyembie Iocje ckadyka (MU MepBo-
ro U3 KOMOMHAIIMK¥ CKa4yKOB)

Buixoonsie dannvie:

A,...A); — OLMHOYHbBIE 3HAYECHHU S U KOMOMHA-
LIMY CKAYKOB COMPOTUBIISIEMOCTU YIJISl pe3aHMusl.

CucTeMOTeXHUYECKHU pedb UaeT o L Momensx
pacno3HaBaHus, rae L — 4YKUCIO COYeTaHMI 3HA-
yeHuii Kp u K;, T. e. 1 kaxzaoro coueranus Kp
n K; Ha BXO# MOIEIU MOAAIOTCS OTCYETHl ABY-
MepHoil KpuBoii [{/}, {V}], Ha BbIXOo#e CHUMaeTCs
pacrno3HaHHBIN BUA ckauka A. Beibopka, Bua Ko-
TOpOM IpelacTaBieH B Taba. 2, UCIOAb3yeTCs OIS
o0yuyeHus1 HeiipoHHoit cetu (HC) mpsimoro pac-
npoctpaHeHus. [Ipy 3ToM Takxke MOTYT IpUME-
HsTcsl L HelipoceTeBbIX MOAeIeil paclio3HaBaHUs,
Kaxpaas s cBoei komMouHauuu Kp u K;: Ha BXoz
noparoTcs otcueThl Kpusoit [{I}, {V}], Ha BbIxoIe
CHUMAaeTcs paclO3HAaHHBIM BUJ
cKauka A.

3. Peructpupyercsl Uau Moje-
qupyetcs mpouecc padorsl OK
B YCJIOBHUSIX HENpeacKa3yeMbIX
BUJOB CKAUKOB (€C/IM CKauKHU He-
ImpeackasyeMbl BO BpeMEHU U 1O

HbIE CHCTEMBbI OOJIBIIMHCTBA TEXHUYECKUX OO0BEK-
TOB (DyHKIIMOHUPYIOT B YCJIOBMSIX IIIyMOB U MCKa-
keHuit. [loaToMy Ha BXOm MozeaM pacrno3HaBaHMs
MOAAIOTCSl UCKaXKeHHbBIE (COrIacOBAaHHOM HU3KOYa-
CTOTHOU TTOMEXOH) M 3allyMJIeHHbIe (OebIM rayc-
COBCKHMM IIIyMOM) TiepBble M OTCYETOB ABYMEPHOIO
curHaina [{I'}, {V'}]. Ha Bbixoge monmenu dopmMupy-
eTCsl OLIEHKA pacro3HAaHHOIO KJjacca BUAa cKayka
A'. Kitacc A B o0111eM ciiyyae XxapakTepusyeT ypOB-
HU UM TOCJIeI0BaTebHOCTh CEPUM CTYIMEHYAThIX
anmpokcuMalii M3MEHEHUsI COMPOTHUBISIEMOCTHU
yroist pesaHuio. Ilepbie M OTCUETOB MEPEXOIHOTO
Mpouecca pPerucTpupyroTcsi Ha JJIUTENbHOCTH 7.
O0urasi AMMTENBLHOCTh MEPEXOAHOTO MpoIecca Co-
crasisier 1T, + T, (puc. 3).

[TapannenbHO pelraeTcs ONTUMU3AIMOHHAS
3aj1aya BbIOOpA COOTHOIEHUA MHTepBaaoB T1/T)
MpU KOTOPOM, C OJIHOM CTOPOHBI, 00ecreyrnBaeT-
Csl yCTOMUYMBOE pacrio3HaBaHUE B YCJIOBUSIX TIOMEX
1 LIYMOB, C APYTOi CTOPOHBI, €lIe OCTAeTCs BbI-
WUTPBIII ONTUMAJBLHOTO YIpaBJIeHUs, CBI3aHHBIN
C ympexpalolleil KoppeKnueil Ko3dDPUIIMEeHTOB
II1 perynsgtopa mom pacnmo3HaHHBIM KJIacC CKay-
Ka COIMPOTUBJISIEMOCTH YIJISI PE3aHUIO.

4. Jlnsg pacmo3HaAaHHOTO BHIa cKayka A’ 10
Taba. 1 onpenesnsieTcss oNTUMalbHAsI KOMOMHALM S
K" u K{', st xoropoit S — min.

5. BeinosHsAeTcs KoppeKius mapameTpoB [1U
perynsitTopa:

YPOBHIO, TO ITOJyYaeTCsT TTOJTHbBII

MapKOBCKUH Mpolecc Kak 0000- T,

T,

meHue cxembl bepuynnu). T1M
peryjisaTop HMMeeT HadaJbHbIe
3HaYeHUs1 Ko3pdpuuueHToB: K }D
u K}. Peructpupyem ¢daxkrt Ha-
yaja cKayka U mepBbiec M oTcue-
TOB IlepexogHoro mpouecca. OT-
CYETHl UACHTUGULUPYEMOI KpU-
BOI1 TIOCJIe CKayKa Ha MHTepBaJe

4 Vi, M/MHH

10-\\

a)

1,25 ¢ cunbel Toka ctatopa Al

100

pe3aHns U CKOPOCTH ITOJa4YM T10-
KazaHbl Ha puc. 3, a, 6, COOTBET-
CTBEHHO, mapaMeTpel A =
Kp=10,21; K; = 2,5.

B peanbHBIX YCIIOBUSX OKpY-
XKaroueil cpenbl MHGOPMAalIMOH-

6 e e 4
b

Puc. 3. ®opmupoBanne )parMenTa nepBbIX OTCYETOB:

a — cuJbl Toka ctatopa AIp pe3aHusi; 6 — CKOPOCTHU IoJgayd OYMCTHOIO KoMbaiiHa
Fig. 3. Formation of a fragment of the first indications of:

a — stator current of the cutting electric motor; 6 — speed of movement of the shearer
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S
AKp =(Kp-K¥)| —1—1|;
P ( P P )[S1+Szj
S
AK; =(Kj - K| 1~
1 ( 1 I )[S]-l-Szj’

rae S u S, — miIouaau Mox yyacTKaMu KpUBOWA
HaOJII0AeHUST U TIPOrHO3UPOBAHMSI, COOTBETCTBEH-
HO, 114 aautenasHocreit 1) w (1) + T,) (puc. 3).

[Ipu orpaHMYeHUSIX HAa BBHIYUCIUTEIBHBIC peE-
Cypchbl KOHTpoJuiepa (opMYJbl I KOPpPEeKIUU
MOXHO YIPOCTUTD:

T,
AK, = (K, - K?")| —1—1|;
p ( P P )[]"1+T2]
T
AK, = (K} - Ko L
1 ( 1 I )(]]-FTzJ’

Baza ganHbIX onTUMaNbHBIX K, 7' n K7
p 4
VIS KQXKJIOTO JIEMEHTA MHOXKECTBA {4 }

]

rne 7y u T, — DJIUTEIPHOCTh PETUCTPALINU KPU-
BOII Ha BXOJe MOJIEIM paclo3HaBaHUS U OCTaB-
1Iasics AJAUTEIbHOCTDh MEPEXOIHOr0 Mpoliecca, Co-
OTBETCTBEHHO.

6. B MoMeHT BpemeHU f,, TouHee (f, + A?),
rme At — BpeMs, OTBOAMMOE Ha pacIlo3HaBaHUE
U KOPPEKIIMIO, IIPUCBAUBAIOTCSI HOBBIE 3HAYCHMS
koadppunmentam 1M perynsiTopa:

Kp=Kp+AKp;
K} =K} +AK,.

[Ipn sTOM 0OOOILIEHHAsT cXemMa peryaupoBa-
HUSsI, TIPUBEIEHHAs Ha puUC. 1, IIyTeM AOIOJHEHMS
¢YHKLUUOHANBHBIMU  OJIOKAaMU  MpeodpasyeTcs
K BUIY, N300pakeHHOMY Ha puc. 4.

B oOmiem ciydae B KauyecTBe MCTOUHUKOB JTaH-
HBIX IS UACHTU(UKAIIMKA BUIAa BO3MYILIAIOIIETO
BO3JEUCTBUS HA O0OBEKT PETyJIUPOBAHUS MOTYT HC-
MOJIb30BaThCs /1 CEYSHUIT MHOTO-
MEPHOM KPUBOM OTKJMKA, [0-
CTYIIHBIX HaOJoaeHU1o (puc. 5).
AJTOpUTM pacrio3HaBaHUS KpH-
BbIX JOJIKEH OBbITh MacllTabupy-
€MBbIM OTHOCHUTEJIBHO A, a TaKKe

Puc. 4. IIpeodpa3zoBaHHas cxeMa PEryjiMpoBaHHs yrojbHOro Komo0aiiHa

Fig. 4. Converted control circuit for the shearer

1

| |

| |

| |

| |

| |

| |

| |

| |

| |

| 1 |

! Biiok pacueta koppekip |4’ | Brok pacnosnaBamus yposHs je—eriee | JIOJIXEH YIOBJETBOPSATb OIpa-
' ARy uAK; (Buna) craiia 4 V. ' HUYEeHMSIM MO OBICTPOACHCTBUIO
| TEKyLlee |

| AA A A |

: Ko | | Kinexyuee p ! pelleHusT 3aJa4u y}'[paBJ'ICHI/IH
| ¢ | NIEKTPOMEXAHUUECKOH  CHCTe-
| | %

! TN perysmsrop V [T | MOIi, TaK KaK pacro3HaTh CKa‘IOIU(
: Kp O6bekr [ |ckopoctu | HeOOXOIMMO, KOr[a INepPEeXOMHBIN
: ol Ki Uyl y| ynpasnemma | I | Ipolecc He BBILIET HA MAKCUMYM
[ 4 AT 4 o Jaruuk TeKymee |

U L / — “oka o Opocka cuIbl ToKa (CM. puc. 2, 3).
| .

| |

| |

| |

| |

HeiipoceTeBasa peanu3zanus
aJIropuTMA HACTPOIKH
IIM peryasTopa

PeanuzoBaTh HaCTpOiKYy Ko-

apdunmentos I[N perynaropa
BO3MOXHO C UCIOJIb30BaHUEM HC-
kycctBeHHoit HC mpsimoro pac-

MPOCTPAHEHUSI CUTHAaja, BbICTY-
MAaIIEH B KA4yeCTBE ONEpPaTUB-
HOIO CpencTBa paclio3HaBaHMSI
MHOTOMEPHOM KPUBOM OTKJIMKA

Puc. 5. /IBa ceyenusi ¢parmenTa AByMepHOIl KPHBOW, MOJABaeMbIX Ha BXOJ AJropuTMa

pacno3HaBaHus

Fig. 5. Two sections of a fragment of a two-dimensional curve supplied to the input of the

recognition algorithm

|

|

|

|

: 2 ‘ Hopmuposanuoe B [0,1] ceuenue no cune Toxka pesanus [,

: 0.8 > ~ : — - Hopmuposantoe B [U,:l ] ceuenne no CKOPOCTH NojasH Vo _
| [T~ |

I 06 i =~

| | |

| 04 - { |

i | | |

|

| 0.2 1 | |

| | ~-_
l 0 L T 1 i
| 3 6

|

|

B KOHTYpE YIIpaBJICHUSI ITapaMe-
TpaM¥ KOHTpPOJLJIepa.

OV, U1 UCTOUYHUKOM JAHHBIX
MepPEeXOTHBIX MPOILIECCOB B MOJIE-
JIA HaOMIONEeHUSI, SIBJISIETCSI MO-
Ieab (PYHKIIMOHUPOBAHUS YIJie-
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nmooOwIBaronero komobaitHa YK /1300, peannzoBaHHas
B cucteme Simulink [18].

Ha Bxox Mopenu HaOmoaeHUST MogaeTcs Iuc-
KPEeTHBI YPOBEHb CKayka COIMPOTUBIISIEMOCTH
YIJISI pe3aHuio A.

[IprHATO, YTO BHYTPEHHEE COCTOSIHME O0BEK-
Ta HabOJIOEHMSI C JOCTATOYHOM J1JIsI JOCTOBEPHOTO
pacro3HaBaHUs CTENEeHbIO MTPUOIMKEHUS OMUCHI-
BaeTCs IByMSI CKaJISIpPHBIMU BeJIMUMHAMU:

— TIpONOpLUMOHAJBbHOW cocTaBistomein [1U
peryisitopa cuiibl Toka AJl pezanus Kp;

— uMHTerpajibHoO# coctapasouieit [1U peryns-
Topa cuibl Toka AJl pe3anus K.

C BbIxOma MoJeAM HAOMIOAEHUS CHUMAIOT-
cd JUCKpPETHBIE OTCYEThl JABYMEPHOW KpUBOU
{1}, {V}l, tne I — cuna toka AJl pesanusd, V —
ckopocTh nmogayu OK.

I'eHepanysg obydaronieii BEIOOPKU 3aKJII0YaeT-
cd B TIOCJIEAOBATEIbHOM BBIMIOJIHEHUU CJIEAYIO-
LIMX DTAIOB:

1. 3agaHue ycJIOBUi1 HA4aJbHOTO YPOBHS CKay-
Ka A = A, ¥ HaYaJbHBIX 3HAYEHU I COCTABJISIOLINX
ITU perynsitopa cuibl Toka A/l pezanust K }D n K }

2. 3anyck moaenu ¢pyHkinoHupoBaHus OK.

3. Peructpauus u 3anuch B ABYMEPHBIM Mac-
CUB peanusauuii kpuoil otkiuka [{/}, {V}], Ha
CKauyoK A;.

4. TlocnenoBarenbHas  Bapualvsl  yCJIOBUM
dynkunonupoanus OK [4,, ..., 4,], [K}D, . Kp],
[K }, . K f‘ ] ¢ 3amyckoM Moaenn GYyHKIIMOHUPO-
BaHUS U peructpanueit M = nmk KpUBBIX OTKJIU-
Ka B TPEXMEPHBI1 MacCUB.

3amavya pacro3HaBaHMs 3aKJIOYAETCSI B OLIEHKE
YPOBHA cKauka A;, i = 1,..,M, no dparmeHty (Ha-
YaJbHBIM OTCYEeTaM) IByMepHOU kpuBoii [{/}, {V'}];,
NpHU 3aJaHHBIX cocTosHusAX Kb u K.

BxomHoit BeKTOp oOyuarolleid BHIOOPKU Coaep-
KUT TiepBble L OTCYETOB pacrno3HaBaeMoOil KpUBOM
MW, B CMJIYy pas3HbIX AMANa3oHOB KPUMBOW IO TOKY
[1, 100] u ckopoctu [1, 10] s;, HOpMUPOBaH B UH-

tepsan s/ e0,1]:

norm __ Si
i =
S

_S, .
s LM (b—a) +a,

i,max ~ °i,min

rae a u b — rpaHuIbl HOPMUMPOBAHHOIO JMANa3o-
Ha (@ =0, b= 1); §; nin ¥ S; max — MUHUMAJIBHOE U
MaKCUMaJbHOE 3HAYEHUS Ha MHTEpPBaJie HOPMMU-
pOBaHMUSI.

BoixoaHble iepeMeHHbIe 00yyYaloleil BhIOOpKU
XapaKTepU3YIOT CKAJSIPHYIO BEIMYMHY — YpO-
BEHb CKayKa CONPOTHUBISEMOCTH YIVISI PE3aHUIO
A, B CBSI3M C YeM HOPMUPOBKa/I€HOPMUPOBKA BbI-
XOIHBIX BEKTOPOB HelleJlecoo0pa3Ha.

Takum 06pazom, BO3MOXHO MTPUMEHEHNE MHO-
rocioiiHoit HC mpsimoro pacnpocTpaHeHus ABYX
apxutekTyp. IlepBas, ¢ Tak Ha3pIBAEMOW CKaJsIp-
HOM (YHKUMEH BBIXOJA, HMEET apXUTEKTYypy
{L, X, ..., Xy}, THE L — pasMep BXOAHOIO CJIO,
X, ..., Xy — pa3MepBI CKPBITBIX CJIOEB, YHACIIO CKPBI-
ThiX cjioeB 1. BxomHbiMu curHaizamu OyayT cpar-
MEHTBl CEUYEHMsI KPUBOM 1O CUJIE TOKa pe3aHMUsI
{S ll,S il} n (pparMeHTHI CEUeHMsI KPUBOI 110 CKOPO-
cti nonaun OK {S2,57,}, BbIXOM €; COCTOUT U3 Ofl-
HOT'O HEHPOHA M COOTBETCTBYET BUy ckauka A. Bro-
pasg HC, c tak Ha3biBaeMOl BEKTOPHOI (hyHKIIMEH
BbIXOZIa, UMEET apxuTeKTypy {2L, X, ..., Xy}. Bxon-
Hble CUTHaJbl uAeHTUYHbI TiepBoii HC, yucno BbI-
XOIHBIX HEMPOHOB COOTBETCTBYET YMCITY BO3MOXHBIX
3HaueHu# (BapuaHTOB) A. UMCIO CKPBITHIX CIIOEB 2.

Briuncienne B3BELIEHHBIX BBIXOAHBIX 3Haye-
HUI w;*f(s;) HEHPOHOB C YyYeTOM MAKCHUMAJbHO-
rO YMCJa CJIOEB OCYUIECTBISIETCSI B COOTBETCTBUHA
C BbIpaXXeHUeM
m

m
3 2 2 1 1
ol 32 3wt 203wl )]

h=1 i=l1

n3
3

m=1

j = lan3’

TOe Hy, N3 — YUCIO HEHPOHOB B CKPBITBIX CJOSIX;
1| — YKCJIO HEMPOHOB pacpeleTUTEbHOIO CIOsT;
s; — i-i1 Bxon HC; w — BecoBble KO3()OULUMEHTHI
IO CJIOSIM C MHIeKCaMu i, h, m; f — GyHKIUU aK-
TUBALIUM 110 CJIOSIM C MHAEeKCaMU A, m, j.

B skcmepumeHTax Bce TiepenaToyHbie (PyHK-

onun HCﬁpOHOB OOIMHAKOBbLIC:

alsly efcxmx

f[s](x) - em_—m,
eOL X +e—a X
Iae @ — IapaMeTp KPYTU3HBI T'UMEepOOJIMYECKOro
TaHT'€HCa; X — B3BEllIEHHAsl CyMMa BXOJOB HeiipoHa.

AnroputMoM obyuyeHus1 obeux apxutektyp HC
BbIOpaH KBa3MHBIOTOHOBCKMU aJrOPUTM, WU
Mpoleaypa BTOPOro mopsiika, B KOTOPOl KpoMe
MePBBbIX MCIOJb3YIOTCS MPOU3BOAHBIE M BTOPOIO
nopsiaka [19].

Ha puc. 6 nmpuBeneHbl 3aBUCMMOCTHU JOCTOBEP-
HOCTU paclo3HaBaHMUS CKaykKa COMPOTUBIISIEMO-
ctu yriag pe3aHuio aByms tunamu HC (co cka-
JISIPHOM M BEKTOpPHOM (DYHKIMSIMU BBIXOAa) B 3a-
BUCHMOCTH OT YMCJIa TIEPBBIX OTCYETOB (pparMeHTa
KpPUBOIi, WUCIOJb30BAHHONK IpU paclo3HaBaHMU.
B uuciaeHHBIX 3KCIEpUMEHTaX HCIOJIb30BaJUCh
ot 10 go 1000 mpumepoB oOyuarolleil BHIOOPKH,
B KOTOPOIl HOPMUPOBAHHbIE 3HAYEHU S CONPOTUB-
JIseMocTHU yrisd A usMeHsaucs ot 1 go 10 ¢ paBHO-
MepHbIM 1arom ot 1 go 0,01.
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supoBaHus nmpuMeHuThb [T pery-

T T T
—&— HC co ckann
—% — HC co BeKTOpHBIM BBIXOL0M

RLIL I JISITOP, KO3 PUILIMEHTH KOTOPOTO

aJanTUPYIOTCS K BHEIIHUM YCJIO-
BUsAM padothl OK mpu BHE3aIHbIX
M3MEHEHUSIX Harpy3ku (Compo-

2. B pesynbrare uccienoBaHuUi
CIOCcO00B HACTPONKU KO3 HUII-
eHToB I1U perynsitopa moaTBepXK-

Puc. 6. 3aBucumocTb 10cTOBEpHOCTH D pacnmo3HABAHMS BHAA CKAYKa CHJIBI TOKA OT AJIH-

TeJbHOCTH ()parMeHTa HAOJII0JEeHUS

Fig. 6. Dependence of the recognition reliability of the type of current surge on the duration

of the observation fragment

[Mokazarenk cxo/CcTBa
(=]
(4]

] 5 10 15
Ne mabnona KpHBoH

20

Puc. 7. Pe3syabrar ¢pynkunonupoanus HC c BekTopHoii ¢pyHKuueii BbIxona
Fig. 7. The result of the functioning of the neural network with a vector output function

3aBUCHMOCTH CBUAECTEIbCTBYIOT O 00Jiee BHICO-
KO ITOMEXOYCTOMYUBOCTU PACIIO3HABAHUS C HUC-
nonb3oBanueM HC ¢ BekTopHON (pyHKILIMENH BBI-
Xolla, IJIaTOi 3a KOTOPYIO SIBJISIETCSI Ha MOPSIOK
OoJiee TpyaOEeMKOeE IJIUTEIbHOE O0yUEHUE.

HC c¢ BexTOpHOI (pyHKI1IMEH BBIXOAA MCITOJIb3Y-
eT B BoixogHoM cjioe HC nmo3uiuimoHHbIN Koa BUAa
[-L-1...,L...,-1] > C;,, j=LM.

L, 2, ooy Jy oo M

WNHBIMU ci0BaMU, HATMIKUE EAMHUYIHOTO YPOBHS
BBIXOJTHOTO CUTHAJIa j-TO HEWPOHA B COBOKYITHOCTH
C OTPULIATEILHBIMU YPOBHSIMHM OCTaJIbHBIX HEHMPO-
HOB B 1IEJICBOM BEKTOPE CBUJETETBCTBYET 00 A-M
CKa4YKe COMPOTHUBIISIEMOCTH YIJIs, TOe HOMEP HEelpo-
Ha ¢ MaKCHMMaJbHBIM YPOBHEM BBIXOHA YKa3bIBacT
Ha HOMEpP MCKOMOTO IIa0JIoHa KPUBOII M, COOTBET-
CTBEHHO, NICKOMBII YPOBEHb cKauka A (puc. 7).

[Ipu GonpiIoM 00BbeMe BHIOOPOK ObLIA MCITOJIb-
3oBaHa HC ¢ nBymsi cKpbITbIMU ciossMu. Yucio
HEWPOHOB MEPBOTI'0 U BTOPOI'0 CKPHITHIX CJIOEB CO-
CTaBJIsLIO 85 U 35 COOTBETCTBEHHO.

3akiaoyenue

1. B paMmkax naHHoOU pabOTHI OBLIO MPEAIOXKEHO
JUJIsI TIOBBILLIEHUS OBICTPOACHCTBUSI CUCTEMBI PETY-

2 3 4 5 & 7 8 9 10 11 12 13 14 15
JinurensHocTs pacnoziasaemoro dparmenTa (0TCHeTH KPHBOIT)

[Nokasatenb cxo/ACTBa MAEHTHOHLIMPOBAHHOTO 00pa3iia KPHBOI

6 17 18 19 20 JE€HA BO3MOXHOCTH HCIIOJIb30Ba-
Husg HC mpsgmoro pacrnpocTpa-
HEHMsI CHUTHAaJIa, BBICTYIAIOIIEH
B KauyeCTBE ONEPaTMBHOIO Cpel-
CTBa pacno3HaBaHUSI MHOTIOMEp-
HOW KPUBOM OTKJIMKA B KOHTYpE
yIIpaBJeHUSI TapaMeTpaMu KOH-
tposepa OK. JIas mMOBBILIEHUS
TIOMEXOYCTOMYMBOCTU pacros-
HaBaHMS WCIIOJb30BaHA CIELM-
anm3npoBaHHas apxutekrypa HC
C BEKTOpPHOM (pyHKIME BBLIXOAA.
IleneBble oOOyyaloliye BEKTOPBI
takoit HC oOpa3oBaHBbI MO3UIIN-
OHHBIM KOJIOM, YKa3bIBaIOIIM Ha
BUJ paclO3HABAEMOT0O CKaykKa Ha-
Irpy3ku (U3MEHEHUE COIMPOTUBIIS-
€MOCTH YIJISI pe3aHuIo").

3. IlpenynoxeHHBII B CTaTbe MOMXOA MOXET
OBITh MCITOJb30BaH MpPHU PEIIEHUU U APYTUX MPU-
KJAAHBIX 3a1a4, B KOTOPHIX OOBEKT yMpaBICHUS
SIBJISIETCS HEJIMHEWHBIM, W aJITOPUTMY YIIpaBJie-
HUS TpeOyeTCsS afanTUPOBAThCSI K MEHSIOIMIEMYCS
COCTOSSHUIO 0OBbekTa. IlomydyeHHBIE pe3yabTaThl
MJaHUPYETCS MCIIOJb30BaTh B JajbHEUIIEM IS
COBEpPIICHCTBOBAHUS CHCTEMBl YMpaBJICHUS Ha-
rPYy3KOM OUYMCTHBIX KOMOAHOB.

|
|
|
|
|
|
|
|
|
|
: THUBJIAEMOCTU YIJIA pCSaHI/IIO).
|
I
I
I
I
I
I
I
I
I
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The control system of a shearer is considered, which is designed for destroying rock and loading it onto a scraper
conveyor. When working out a coal seam by a shearer, external disturbances — the coal resistance to cutting, solid inclu-
sions of rock, changes in the width of the screw, which vary indefinitely, lead to a deterioration in the quality of transients.
The paper focuses on the shearer control system, the key elements of which are: a movement drive, a cutting drive, a coal
face and a standard regulator that provides the system with the desired control quality indicators. A typical cutting current
controller in the form of a PI controller with parameters configured for a specific mode of operation of the shearer cannot
ensure the optimal functioning of the control system in all modes due to the non-linearity of the control object and the
random of changes in the coal resistance to cutting. To improve the control quality indicators, it is necessary to choose the
parameters of the PI controller so as to minimize the amplitudes of the current steps of the cutting motor, and therefore
reduce the amplitudes of the moment in the transmission of the cutting drive and minimize the system quieting time. In this
paper, we propose a tuning algorithm based on obtaining the values of the controller parameters for each of the possible
modes of operation of the shearer, identifying the type of disturbing effect by the response curves of the system available
to observation. At the same time, the use of an artificial feed forward neural network, acting as an operational means of
recognizing a multidimensional response curve in the control loop, is proposed. A neural network of two architectures was
used: with a scalar and a vector output function. The curve recognition algorithm satisfies the limitations on the speed of
solving the problem of controlling an electromechanical system, since the recognition of a disturbance occurs in a time that
does not exceed the output of the process to the maximum of the current step. The correctness of the obtained results was

confirmed by the results of computer modeling.

Keywords: shearer, overload, PI controller, transients, neural network, control system, recognition reliability, positional code
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Pa3paboTka meTona doopmMmpoBaHnNA NPOrpaMmMHbIX CUrHaNoB
ANA NUCMOSTHUTESNbHbIX 3MEKTPONPMBOAOB MaHUNYIIATOPOB
C N30bITOYHbIMU CTeNeHAMN noaBuXKHocTU. YacTb I*

Cmamos nocesujena 60npocam COXpaHeHus OUHAMUYECKOU MOYHOCMU YRPAGACHUS PAOOYUMU UHCIMPYMEHMAMU MHO20-
cmeneHnblx manunyaamopoe (MM) npu ux nepemeujeHUsX N0 NPOU3BOALHBIM NPOCMPAHCMBEHHBIM MPACKMOPUAM C YHEMOM
KOHCMPYKMUBHbBIX 02PAHUYEHULl 80 6CeX CMENeHAX NOOBUNICHOCMU U 0CO0bIX cAyHaed pacnonodiceHus ux sgenves. Coxpanenue
MOYHOCMU YNPABAeHUS npediazaemcs 00ecneyueams 3a cHem UCKAUYEHUs 6biX00a écex cmeneHell N00BUNCHOCMU MAHUNY-
AAMOPO68 HA 02PaAHUUEeHUs U 8 YKA3AHHble 0Co0ble NOA0NCeHUs, XapaKmepu3zyemble HeOOHO3HAYHOCMbI) 6 peluleHUl 00PaAmHbLX
3adau kunemamuku MM, a makoce uckaroueHus 6bix00a UX pabo4ux UHCMPYMeHmMOo8 HaA epanuybl pabouel obaacmu 3a cuem
UCNONB308AHUSA U3OBIMOYHOU CMENneHU NOOGUICHOCIU NPU NOOX00e K YKA3AHHbIM HeNCeAAMeAbHbIM NOA0NCCHUSM.

B nepeoii wvacmu cmamuu paccmompensl 0cO6eHHOCIMU HO8020 pelleHUs 00pamHoU 3a0a1u KUHeMAMUKU U ORUCAHbL 0COOble
Nn0A0MCEHUS 045 WeCMUCMEeNeHHbIX MAHUNYAAMOpP08 ¢ KuHemamuueckumu cxemamu muna PUMA. Ilpedcmaesaennoe peuerue
00pamuoll 3a0a4u KUHeMAMUKYU Y4umoléaem pasiuiHvle Komourayuu o606uennbix koopounam MM, obecneuusarowue nepe-
MeuwjeHUs ux pabouux UHCMpYMeHmo8 6 3a0aHHble NOA0NCEHUS ¢ mPpedyemMol npOCMPAHCMEeHHOU opueHmayueti. Imo peulenue
umeem MAanyro 8blHUCAUMENLHYIO CAOICHOCHb NO CPAGHEHUIO C OpYeUMU U36ECHIHbIMU MeMOoOaMu, Ymo N038041em UCNOAb30-
eéams 05 ynpasaenus MM maromouHvie MUKDONDOUECCOPHbIE BbIYUCAUMENU.

Pe3yrsmamor 6bIN0AHEHH020 MAMeEMAMUUECK020 MOOEAUPOBAHUS NOOMEEPOUAU 8bICOKYI0 IPHEKMUBHOCM UCNOAb30BAHUS
npeoaazaemozo nodxoda Kk KOHmypHomy ynpaeseruro MM.

Karoueevie caosa: mnozocmenenHoll MaHunyaamop, u30bimouHas cmenens HOOSHJICHOCI’HM, 0oepaHu4erHus, 0cobvle noaodice-

Hus, obpamuas 3adaua KuHemMamuku, OUHAMU4ecKkas moyHoCms YNpasieHus

Bsenenue

B HacTosiiee BpeMsl IIpUMEHECHUE MHOI'OCTE-
MEeHHBIX MAaHUNYAATOPOB (MM) 11 BbIOJTHEHU S
pa3IUYHBIX TexHojormuyeckux omnepanuii (TO)
B aBTOMATUUYECKOM pEXMME YacTO CYILIECTBEHHO
OCJIOXKHSIETCSI TeM, YTO Jaxe IpU IepeMelleHUuU
ux pabounx uHCTpymMeHToB (PHW) BHyTpHu pabouei
00J1aCTU OTHEIbHBIE CTEINEHU ITOABUXKHOCTU MO-
T'yT BBIXOJUTh Ha KOHCTPYKTUBHbIC OTpAaHUYCHHSI.
Ecau 5T0 mpoucxoauT, To KOHTPOJJIEp HEMEIIeH-
HO ocTaHaBjauBaeT MM C COOTBETCTBYIOLLIUM CO-
obmeHneM 06 ommnobke. Kpome toro, 3tot 3ke MM
MOXET BOUTHU B OIHO M3 OCOOBIX (BBIPOXACHHBIX)
MOJIOKEHUH, XapaKTepU3yeMbIX HEOIHO3HAYHO-
CThIO B pElICHUU OOpaTHOM 3aJa4yd KMHEMaTUKU

*MccnenoBaHue BBITOJTHEHO TMpU (MHAHCOBOM TMOIAEpKKe
PODU B pamkax rpantoB Ne 19-08-00347 u 20-08-00701.

(O3K). B pesynbraTe npM NpPOAOJKEHUU JBUXKE-
Huss PU mo mpocTpaHCTBEHHBIM TpPaeKTOPUSIM
B COOTBETCTBYIOIIUX CTEMEeHSIX MOABUXHOCTHU
MM MoryT BO3HUKATh HEOXUIAHHBIE PEBEPCHI,
MPUBOISIINAE K YMEHBIIEHUIO CKOPOCTH JIBUXKE-
HUs PU, CTONKHOBEHUSM C OOBEKTaMu padoT,
K TIOJIOMKE WHCTPYMEHTOB M WHBIM aBapUMHBIM
cutyauugam. Kpome Toro, mpu pabore ¢ mpoTs-
>)KEHHBIMU O0BbEKTaMU YacTb TPAEKTOPUU, IO KO-
TOpoli JojkeH mpoitu PU, mMoxeT HaxomuTbes
BHE paboueii o61actTu MM, 4yTo noTpedyeT AOIMOJI-
HUTEIbHON MEPEeyCTAaHOBKU 3TUX O0BHEKTOB.

Ecnu tpaektopuu nsuxenusi PU MM dopmu-
PYIOTCSI HE BO BpeMsI €ro MnepeMelleHus, TO AJs
TPAAUIIMOHHOIO MCKJIOYEHUSI OMMCAaHHBIX He-
raTUBHBIX CUTYallMii TpeOyeTcs mpeaBapUTeJbHO
MPOBOAMUTHL MHOTOYUCJICHHBIC U TPYAOEMKUE Te-
CTOBBIC MCITBITAHUSI M BPYUYHYIO BHOCUTbH KOPPEK-
TUBBI B 3apaHee CIJaHMPOBAHHBIE TPAeKTOPHHU,
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B TOM 4YuCJIe M TOrJa, Koraa B oOpabaThiBaeMbIX
JeTajasiX BO BpeMsl MX 3aKperieHUs BO3HUKAIOT
HemnpeaBuIeHHbIe aeopmanuu [1, 2].

s paciuupeHus: padodeit obmactu MM MOXHO
00ecIeuynBarb €ro JONOJHUTEIbHOMN JTUHEHHON CTe-
TEHbIO TTOABUXKHOCTU B TOPM3OHTATBLHOM TJIOCKOCTH
[3], momyunB HoBoe pemieHre O3K 111 KOHKPETHOTO
MHoro3BeHHUKa [4]. [TomoOHast 3amada Oblyia pelieHa
JJIS1 MAaHUTTYJIITOpa, YCTAHOBJIEHHOTO Ha MOIBOIHOM
armmapare [5, 6], HO TOJIBKO IJIsT ero paboThl B Hepe-
Heli nonycdepe arnmapara, YTO HaKJaabIBaJo A0TOJI-
HUTEIbHbIE OrPAHMYEHM S Ha COOTBETCTBYIOIIME CTe-
MeHU TOABMXKHOCTM MaHuIysstopa. B pesynbrare,
ucmnonb3ysd mu3BectHoe peieHne O3K [7] u dopmu-
pysl IMHEMHOE CMEIIIEHWE anmapara BOJIM3U 00beKTa
paboT, yaaBaJioch ObBICTPO BBIYUCISATH OOOOLIEHHbIE
KOOpAMHAThl MHOTO3BEHHOTO MaHUMYJISTOpa B 3a-
JAHHBIX AYara3oHax U 3HAYMTEIbHO PACIIUPSITEH €ro
pabouy1o 001acCTh.

OmHako minst MM TpeboBaHHMSI K IHMaItla30HAM
W3MEHEHU S ero 0000IIEeHHBIX KOOPAUHAT (BKII04Yas
U30BITOYHYIO) 3HAYUTEJIBHO PACHIMPSIOTCS W He
OTPaHNYMBAIOTCS TOJILKO OMHOM TToTycdepoii. Kpo-
Me TOro, mjisi MM BO3MOXHBI pa3IMYHbIe BapuaH-
ThI TIOBOPOTA €ro CTeINeHel MOABMXKHOCTH (KOHMU-
rypaiuu [8]), npu kotopsix PW HaxoauTcst B omHOM
U TOM K€ TIOJIO)KEHUU C OJHON U TOM Xe OpueHTa-
ueit. Bee aTo Tpedyet HoBoro petieHust O3K.

Hpyrue usBecTHble MeToabl pemieHust O3K mis
MM c u30bITOYHON CTEMEeHBIO MOABUXHOCTH [9—14]
Takke 00JaaloT PSIAOM CYIIECTBEHHBIX HEIOCTaT-
KoB. B wactHOCTH, B pabore [9] ucIonb30BaH aHa-
JuTrdecknii momxon mist pemenuss O3K misa ce-
MUCTETIEHHOTO MaHUMYJISITOpPa, KOTOPbIK IMO3BOJSI-
€T UCKJIIOYaTh BXOH BCEX CTEMEHEeH MOABUXKHOCTU
B OTpaHUYEHUS, HO HE WCKJIIOYAeT TOSIBJICHUST He-
OXUAAHHBIX PEBEPCOB B OTIACAbHBIX CTEMEHSIX TOJI-
BIzKHOCTU. B pabGorax [10—I12] mpencTtaBieHbI Me-
TOOBI MTEPALMOHHOTrO 4wucjieHHoro pemeHuss O3K
JJIS1 KUHEMATUYeCKM U30bITOUHBIX MAaHUITYJISITOPOB,
a TaK>Xe pacCMOTpEHa MX peaiv3alusl IJisi CEMUCTe-
neHHbIX MM. IIpuMeHeH e 3TUX METOIOB MTO3BOJISIET
OMHO3HAYHO OMpPENesITh TeKyllue KOH(pUTypaluu
MM, OnHOBpPEMEHHO WCKJII0Yasi MX BXOH B OCOObIE
MHoJIOXEeHMSI, a Takxxe Bxod PY Ha rpaHuiy paboueii
obnactu. PaccMoTpeH u MeTon BBEAEHUS JOIOJTHU-
TEJIBbHBIX MHANKATOPHBIX (PYHKIINI, NCKITIOYAIOIII
BXOI BCeX OOOOIIEHHBIX KOOPAMHAT M CKOPOCTEM
MM B orpannyeHus. Ho oG1IMM HEAOCTATKOM 3THUX
METOIOB SIBJISIETCSI HEOOXOOUMMOCTh TPYIOEMKOI'O
MEPUOANYECKOrO pacyera TCeBI00OpaTHBIX MaTpUIl
Sxobu. B pabore [13] mpencTaBiieH MeTon OMHO3HAY-
Horo peirenuss O3K Ha mpuMepe ILIeCTUCTeeHHBIX

MM ¢ BO3MOXHOCTBIO €T0 pacllMpeHUs U AJ1s1 KUHE-
MaTHUYECKHU U30bITOUHBIX MM C MOMOIIBIO HEHPOH-
HBIX ceTeld, a B pabote [14] — MommcpuKalms 3TOro
METOma, B KOTOPOIl IOIOJIHUTEIBLHO HUCITONb3YIOTCS
TeHETUUECKHE aJITOPUTMBI IJIsl YIYUYIICHUS TOUHO-
CTU TIOJIy4aeMbIX peleHuil. OOIIMM HEOOCTATKOM
STUX METOIOB SIBJISIETCSI HEOOXOMMMOCTh OIHOBpE-
MEHHOI MapajjeabHO paboThl TpeX HEHPOHHBIX
CeTell ¢ IMOCIEAYIOIINM BEIOOPOM HAMJIYYIIEro II0-
JIy4aeMoro ¢ Mx IMOoMOLIbIO pe3yabTaTa. Peanuszanus
STUX METOIOB TPeOyeT UCIIOIb30BAHMSI MOIIHBIX BhI-
YHUCJIUTEIBLHBIX CPEIICTB.

Takum oOpa3om, IPOBEACHHbIN 0030p U3BECT-
HBIX MCTOYHHMKOB IOKa3aJl, 4TO 3(P(PEeKTUBHBIX
pemrenuit O3K 11 KMHEMaTUYeCKN U30BITOYHBIX
TUIIOBBIX MM ¢ y4eToM OrpaHWYECHUI UX CTeEIle-
HEell MOIBMXXHOCTM Y MCKJIIOUCHHUS BO3MOXHBIX
pEBEPCOB €llle HE TTOJTYYEHO.

1. IlocTanoBka 3amaun

Ilenvlo maHHONW pabOTHI SABJSIETCS CO3daHUE
HOBOIO METOIa aBTOMAaTUYECKOro MNepeMEIIeHUS
P MM 1o npou3BOJBHBIM MPOCTPAHCTBEHHBIM
TpaeKTOpUSIM 0e3 CHUKEHMSI TMHAMUYEeCKON TOY-
HOCTHU YIIpaBJI€HHUS 3a CUEeT UCKIIOUYEHUS BBIXO-
Ja UX CTeleHel IMOABMXHOCTU Ha OrpaHUYEHUS
1 B ocoOnie ToyioxkeHus, a P1 — Ha rpaHMIbI
pabouyeit 00JJacTH 3a CYET MCIOJL30BaHUS U30bI-
TOYHOM CTEeNeHU NMoaBUXHOCTM MM npu noaxone
K YKa3aHHBIM HeXeJlaTeJIbHbIM MOJOXEeHUIM. DTa
3ajgavya pemraercd a1 MM ¢ KMHeMaTU4ecKoi
cxemoit Tunma PUMA, korma TpaeKTopuu ABUKE-
Hug ux PU 3apaHee HEM3BECTHHI. DTOT Xe MOAX0]I
MOXET OBITh MCIIOJIb30BaH U [JII MAaHUNYISTOPOB
C IPYTMMU KUHEMATUYECKMMU CXEMaMU.

2. Oco0eHHOCTH pemieHns 00paTHOI 3a1a4n
KHHEMATHKH I MaHunyJaaTopos Tuna PUMA

Ilepen peuieHmeM MoCTaBJIEHHON 0OIIei 3ama-
yu BHauvasie pemaercsa O3K nig MM B cBsizaH-
HOI ¢ ero ocHoBaHueM cucteMme kKoopauHat (CK)
U paccMaTpuUBaeTCs MeTon (OPMUPOBAHUS IIPO-
rpaMMHOIO CMI'Hajla YOpaBJCHUS Mg U30BITOY-
HO CTeNeHU IMOABUXHOCTU, MepeMellalolIeil ero
ocHoBaHMe B abcomoTHoi CK.

Ha puc. 1 mokazaHa KuMHeMaTu4ecKasli cxema
MM tuna PUMA, ycTaHOBJIEHHOTO Ha ITOABHX-
HOM TOPM3OHTaJIbHOM OcHOBaHMU. Ha puc. 1 BBe-
IeHbl cienylolue oOo3HaueHus: Oxyz — abco-
motHasa CK; Ox'y'7 — cBsI3aHHasl C MOABUXHBIM
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Puc. 1. Kunemaruyeckas cxema mectucrenensoro MM tuna
PUMA, ycTaHOBJIEHHOTO HA MOJBUIKHOM OCHOBAHUH

Fig. 1. Kinematic scheme of six-degrees of freedom MM of PUMA
type installed on movable base

ocHoBanueM MM CK, pacnionoxeHHast B Touke O';
g; — 00001IeHHasd KOOpAMHATA - CTENEeHU ION-
BXHOCTH MM (i = 1,6); e, — eAUHUYHBIE BEKTO-
Pbl, COBMAJalOLIMe C OCAMHU IIAPHUPOB [-X CTere-
Hell moaBuxxHOcTM MM (i =1,6); a'=|[d} a, a,l’
u b’ =[b, b, b,]" — enMHUYHBIE BEKTOPHI, Pacro-
JIOXKEHHBIE B MJIOCKOCTU CXBaTa U OIpeaessIonine
ero opuentaunto B CK O%y7; R'=[R, R, R;]"
ur=[rr, r.]" — COOTBETCTBEHHO BEKTOPHI MO-
JIOXKEHUST XapaKTepHOW TOYKM OCU MSATOTO Iap-
HUpa U padboueii Touku nHctpymeHTta (PTU) MM
B CK OXxy7; R m r — TOYKHM, COBHAIAIOLINE
C KOHILIAMM BeKTOpPOB R’ M I, COOTBETCTBEHHO;
W Wy Wi W;) KOOPIWHATBHI XapaKTEepHOMH
TOYKHM ocu TpeThero mapuupa B CK Oxy'7; L; —
IvHa j-ro 3seHa MM (j =1,3); L, — paccTosiHue
MEXIy ToukKamu R' u ¥'; g; — cMe-
menune CK Ox'y'z Boonb ocu Ox. |
CK Oxyzwu Ox'y'7 coBnamaior,
eciu g; = 0, ©Ha4Ye UX OCU Bcerna
OCTaloTCs MmapayuieabHbIMU. [Ipn
9ToM ochb (7 Bcerga HalpasJie-
Ha BEpTUKAJILHO BBepX, a ocb Oy
pononHseT Ox u Oz no mpaBoit

Ha o0060011eHHbBIE KOOpAMHA-
Thl ¢; HaKJIA[BIBAIOTCS CIENYIO-
1I1e OrpaHNYCHUS:

qimin < qi < qimax (l = 1’_7)a (1)

Orcuetr koopauHar ¢q; (i = 1,7) HauMHAaeTCs W3
MIpeACTaBIeHHOro Ha puc. 1 monoxenns MM. [l
IMOBOPOTHHIX CTEIIEHEil IMOABMXXHOCTU IBUXKCHUE
MO YaCOBOM CTpEJIKE CUYMTAETCSI OTPULIATEIbHBIM,
a TpOTUB — TIOJNIOXUTEAbHBIM. HampaBieHue
BpallleHW ST OTIPeAesSIETCS OTHOCUTEbHO COOTBET-
CTBYIOUIMX BEKTOPOB €;, €CIM B3IJIsJ HallpaBJICH
OT CTPEeJKM BEKTOpa K €ro OCHOBAHMUIO.

Hng npencraBieHHOTo MM  yXe W3BECTHBI
aHanuTndeckue Mertonsl pemeHus O3K [8, 15].
OnHaKo OHM MMEIOT OOJIBIIYIO BEIYMCIUTEIBHYIO
CJIOXXHOCTb, U WX peanu3alusl Ha MaJOMOIIHBIX
BBIYMCJIMTEIBHBIX YCTPONCTBAX 3aTpydHEHa.

Hnss MM (puc. 1) pemienne O3K yno6Ho pas-
JEeJUTh Ha ABe 4acTu [7, 16] — oTmenbHO A Iie-
PEHOCHBIX ¢, ¢, g3 U OPUEHTUPYIOLIUX ¢4, G5, G
CTETIeHEe! TTOABUKHOCTHU. [l IepeHOCHEBIX cTelle-
Hell 3TO pellleHNEe BBITIONHSAECTCS IO aJTOPUTMY,
onurcaHHOMY B paborte [16], HO ¢ HEKOTOPHIMH JIO-
MOJITHUTEJIbHBIMA W3MEHEHUSIMH, YUUTHIBAIOIIN-
MU pa3InyHbie BO3MOXHBIE KOHGUrypauuu MM.

BeipaxxeHus niig onpeneneHus ¢, ¢, gz ¢ Uc-
Mnojb30BaHUeM KoopauHaT Touyku R’ MM B CK
O'x'y'7’ MOXHO TIOJYYUTh C IOMOIIBIO MOCTpPOE-
HUM, TIpeICcTaBJICHHBIX Ha puc. 2, a u 2, 6. Koop-
JUHATHI 3TOM TOYKM OIPEACTSIIOTCS KOOpaAMuHaTa-
MU TOYKM 7', BEJIMYUHON L, U NPOCTPAHCTBEH-
HOW opueHTauueir BekTopa a’ (cMm. puc. 1). U3
puc. 2, a, 6 BUAHO, YTO OMHO M TO XE PaCHOJO-
xeHue Touku R’ B CK O'x'y'z’ MoxXeT ObITh 0bec-
MEYeHO pPa3IMYHBIMU 3HAYEHUSIMHU OOOOIIEHHBIX

KOOPIMHAT ¢ (¢ UIH ¢, 3), q5 (¢, WU ¢, ) U g3

TI€ Gimin Y Gimax — COOTBETCTBEH-
HO, MHUHHMMAaJbHOE U MaKCH-
MaJIbHO€ 3HaYyeHMsI KOOPAMHATHI
g; MM. Ins MM Ha puc. 1 npu-

|
|
|
|
I
|
|
|
|
I
I
:
|
tpoiiku CK. !
|
|
|
I
|
|
|
|
I
I
|
|
|
I
I

Puc. 2. Heoano3naynoe 3ajanue nepeHOCHbIX cTeneneil noasukuoctda MM npu:

HUMACTCA Gimin = ~ T U Gimax =

=z (i =1,6).

a—k =0,6—k ==I1
Fig. 2. Ambiguous setting of portable degrees of freedom of the MM at:
a—k =0,6—k ==I1
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(¢3,1 MM g3 5). DTO HeonHO3Ha4YHOe pereHre O3K
JOJIKHO OBITh YYTEHO NpU (DOPMUPOBAHUM COOT-
BETCTBYIOIINUX KoopauHaT M M.

W3 puc. 2, a BUaHO, 4T0 ¢, = —arctg(R,/R)),
e R, =rc-a Ly, R,=r,-a,L, [7]. Ho 310
BbIpa’k€HWE MaeT OJHO3HAYHOE pelleHue s
(bopmMupoBaHUS KOOPAMHATHI ¢; TOJABKO B JUara-
30He (-n/2; =/2). Ang nuama3oHa [-w; ©] yKa3aH-
HOe BbIpaxkeHue yao0HO TmepenucaTh yepes pyHK-
nuio atan2(R;, R,) [8], koropas obGecrieynBaet
BbIYMCIICHUE 3HaYeHUs1 arctg(R,/R)) ¢ yyeTom
MPUHAJIEXXHOCTU apryMeHTa COOTBETCTBYIOIIEMY
KBaJpaHTYy.

Eciu yyecTh 11Ba BOSMOXHBIX 3HAYEHUS ¢ (¢
WJIH q; ), OTIMYAIOIIMXCS HA yrod ©t (puc. 2, a u
2, 0), IpY KOTOPBIX 32 CUET UBMEHEHUS ¢,, ¢3 TOU-
Ka R’ OynmeT mMeTh OMHO M TO Xe ToJioxkeHne B CK
O'x'y'7’, TO OKOHYATEIbHO 0€3 BBEICHU S JOIOJIHH-
TeJIbHBIX JIOTUYECKHUX YCIOBUI MOXHO 3alucaTh

)

rae k; — napameTp, onpenessiounii BBIOOp OIHOM
U3 IBYX BO3MOXHBIX KOH(purypauuii MM (k; pa-
BeH 0 mnu 1, ecnm atan2(R, R)) > 0, uHaue —I).
Be16op 3HaueHWsT 3TOro W APYTrUX MapameTpoB,
oIpeaeasIInX KoHpurypanuo MM, mpoBoauT-
cs aBTOMaTUYECKU U OyJeT pacCMOTPEH HMKE.

C mnomolbio BbIpaxkeHUs (2) MOXHO pacCyu-
Tath yrael g (st k; = 0) u g, (nas k; = £1),
MpUYEM pa3BOPOT Ha Yroid m HOJKEH OCYILECT-
BJISITbCSI B TY CTOPOHY, JJISI KOTOPOW ¢; HE BbI-
XonuT M3 auanasona [-m; n]. [losTomy 3HaK ¢,
JOJIKEH OBITh IPOTUBOIOJOXEH 3HAKY paccyu-
TaHHOTO BBILLE ¢ ;.

IIpu ompeneneHUn OOOOIIEHHBIX KOOPAMHAT
g, M g3 pPacCMaTpPUBAIOTCS BCE BO3MOXHBIE KOH-
¢durypauuu MM, ydyuTheIBaloliue pa3anyHoe pac-
MoJIoKeHUe XapakTepHoil Touku W' (cM. puc. 1)
OCH TpeThero mapHupa MM (cM. pa3nudHoOe pac-
nojoxexnue touek W/ u W, Ha puc. 2, a u 2, 6,
KOTOPBIM COOTBETCTBYIOT pPa3jM4YHbIE Taphl YIJIOB
Q2,15 931 M 9225 430)-

3HayeHue ¢; MOXHO ONpeneJuTb uepe3
arctg(ss/c3), rae s; = sing;, ¢; = c0sq;, HO JIy4llle AJisl
3TOT0 TaKxKe MCIO0Jb30BaTh GYHKIIMIO atan2(*) u
3anucarsb [16]

q, = —atan2(R,, R}) + nky,

©)

JIns1 ompeneneHUs] ¢; MOXHO MCIOJIb30BaTh
J1000i1 U3 paBHBIX TPEYTOJbHUKOB (BCE UX CTOPO-
HbI paBHbl) P'W/R'" wnu P'W3R' (nns g, = q; Ha
puc. 2, a), rne P'(0; 0; L;) — KoopauHaThl Xapak-
TepHOI TOUKU ocu BToporo mapHupa B CK O'x'y'7.

q; = atan2(s;, c3).

Ucnonb3ys TeopeMy KOCUHYCOB IJisl 3TUX Tpe-
yronsHukos: d* = I3+ 13 —2L,L;cosd (cosd =
= cos(n — g3;) = cos(n t g3,) = —¢3 & — yroxn
MEXy BTOPHIM M TPETbUM 3BeHbIMU MM, cMexX-
HBIA MPOTMBOMONOXHBIM IO 3HAKY YIJaM ¢s; U
43, (931 = —q3,) IpU €ro PasIMYHbIX (pUc. 2, a)
KOH(pUTYpaLMIX), a TakKxXe TOT (hakT, 4TO JIU-
Ha cropors PR d=\R?+R?+ (R, - L)),

a R, =r;—a,L, [7], MOXHO 3anucarb

3 =(d* - 13 - 13)/(QL,L3). @)

BLIpa)KeHI/Ie IJId ONpEACICHUA §3; UMEET BUI:

53 = ko1 — €2, )

rae k, = *1 — mapamerp, onpeaenasiourii BBIOOP
3HaKa §3 17151 COOTBETCTBYIOLIEH eMy OIHOM (U3 BYX)
kKoHpurypauuit MM (puc. 2, a). [loacraBuB Bbipa-
xeHus (4) u (5) B (3), MOXXHO OTHO3HAYHO OMpe-
JIEJIUTh BO3MOXHbBIE 3HAYCHUS g3 (I ky = —1) 1
g3 (mst ky = 1).

HecnoxHo mokasare, 4TO ecium ¢, = ¢,
(puc. 2, 6), To BoipaxkeHus1 (3)—(5) MOJHOCTHIO
COXPAHSIIOTCS U MPU TaKOM MoBopoTe MM Bokpyr
BEPTUKAJIIBHOW OCH.

BosmoxHbie 3HayeHus yraa g, MM (em. g,
v ¢,, Ha pucC. 2, a ¥ 2, 6) MOXHO OTIPEIETUTD IO
BbIpazkeHU10 [16]

(©)

[I€ o0 — YTOJ MEXIY TOPU3OHTAJIbHOW IMJIOCKO-
CTbhlO, MpOXOnslleid yepe3d TOUYKy P’, u mnpsMmoi
P'R', paBHblil o st k; = 0 wim o, ans k; = L1
B — yrom Mmexnay BTOpbIM 3BeHOM MM wu mips-
Mol P'R’ (ero 3HaK COBNAJAET CO 3HAKOM ¢3);
P/(R; R}; L) — KOOpPIMHATBI MPOCKLMHK TOYKH
R’ Ha TOPU3OHTAIILHYIO MJIOCKOCTh, MTPOXOASIIYIO
yepes Touky P, B CK Ox'y'7.

AHaluTUYeCKHUE BBbIPAXEHWS MJis OIpenesie-
HUS YIJIOB o0 ¥ B B paBeHCTBE (6) MOTYT OBITH ITO-
JIYYEHBI C TIOMOIIbIO MOCTPOEHUM, TIPEACTABIICH-
HBIX Ha puc. 2, an 2, 6.

W3 tpeyronpuka P'P/R’ BUIHO, 4TO TP q; = ¢ |
(puc. 2, a)

tga; = BR/P'P = (R, - L)/|R? + R2.

Bbipa3uB M3 3TOro paBeHCTBA o U UCIHOJIb3Ys
¢dyHknuo atan2(+), oJis1 00eux IIpeacTaBIEHHBIX
Ha puc. 2, a KoHpurypauniit MM MoXXHO 3aImmicarhb

QQZQ_B,

a; =atan2(R, - LR + R?), (7)
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a mpu q; = q,, (puc. 2, 6) yroi o. paBeH
®)

Yron B MOXHO ONpeneIuTb M3 PaBHBIX TPEy-
ronbHUKOB PP R wmu P'Pj,R' (puc. 2, a), toe
P, w P, — TOYKM MepeceveHus TMeprieHIn-
KYJISIpOB, OMYIIEHHbIX U3 TOYKU R’ Ha Npsmble
P'W/ wn P'W,, coorBeTcTBEHHO. [l Tpeyroiib-
Huka P'PyR' cripaBeiiMBO PaBEHCTBO

(XzZTC_(Xl.

1gB =P R/(PW|+W/P;)) =
= (L3sings;)/(L, + Ly cosgsy).

[Tockomnbky g3
3HaYeHUE U 3HaAK

-3, MOXHO OIIPEICTUThH

B = atan2(Ljs3, L, + Ljcy). )]

C y4yeroM BEJIMYMH M 3HAKOB o; (MU o)
(7)—(@8) u B (9) MOXXHO OOHO3HAYHO OMNPEICIUTH
00001LIEHHYIO0 KOOPAUHATY ¢, (6).

B wmensx mocienyooliero yMEHbIICHUSI BBIYKMC-
JUTEJIBbHOM CJIOXXHOCTH OIpeAc/]ICHUSI KOOPAMHAT
g, U g3 11 BCEX BO3MOXHBIX KOHGUrypaunin MM
MOXHO YUYeCTb MX B3aMMOCBSI3U. B yacTHocTH, U3
puc. 2, av 2, 6 cienyet, 4to YIIbl ¢, 15 422> 431> 932
PaBHbI, COOTBETCTBEHHO, T~ ¢, 2, T~ q1 1> 432> 43.1-

Hns1 pacyeTa OCTaJIbHBIX O0OOIIEHHBIX KOOP-
IOWHAT g4, g5, 4 PaccMaTpuBaeMoro MM c yuetom
pacIIMPEHHBIX IMANa30HOB UX MU3MEHEHUI B Ka-
YeCTBEe MCXOMHBIX OBLIM UCIOJbL30BaHBI BhIpaKe-
HUS, paHee ToJIlydyeHHbIe B padote [7]:

(10)

g4 = arccos((~die, - a)s))/5s);

Puc. 3. Onpenenenue 3HaKa g, npu:
a—|g+ g3l <n/2;6 — gy + g3 > /2
Fig. 3. Definition of ¢4 sign at:
a—|gy+ g3 <n/2;6 —|gs + g3 > /2

(11)

gs = arccos(—a'.s|cy3 + a’yclc23 +0a35,3);

g = arccos(b (s,5y3¢4 +€184) +

+ b’y(—c1s23c4 +51854) + b (cr3¢4)), (12)
TIe s,3 = sin(g, + g3), ¢35 = cos(q, + q3).

Breipaxenus (10)—(12) cnpaBemivBbl MpU Of-
Ho3HauHoM pemieHnu O3K misg paccMarpruBaeMo-
ro MM, ToibKO Korna U3MeHEHHUS G4, G5, gg IPO-
ucxogaT B auanaszoHax [0; w]. IToaTomy cnemyer
MOAUGUILIMPOBATh 3TU BbIPAXEHUS TaK, 4YTOOBI
OHM YUYUTHIBAJIU OAMANA30HKI [—T; wt].

[1pu onpenenenun xkoopauHatel g5 (11), 3aBu-
CSILEN TOJNBKO OT ¢y, ¢,, g3, CAENYET YUYUTHIBAThH
B pas3JIvWvHble KoHGUrypauuu MM, npu KOTo-
PBIX g5 IPUHUMAET 3HAYEHMsI C MPOTUBOIOIOXK-
HBIMU 3HaKaMH, a Tpebyemasi OpueHTal1sI BEKTO-
pa a’ (cM. puc. 1) obecrieynBaeTcs 3a CYET pas3yiny-
HBIX TTOBOPOTOB ¢4. C yuyeTOM 3TOro BbIpaxkeHUe
(11) cmenyet mepenucaTh B BUAE

qs = k3 arCCOS(—a;CSIC23 + 0;01023 + a’zS23), (13)

rae k; — mapameTrp, paBHbld *1 u onpenensio-
IIUHA TeKylyo KoHpurypaunuio MM, cBsI3aHHYIO
C Pa3JIMYHBIMU 3HAKAMMU (5.

ITockonbKy ¢ yyeToMm BblpaxkeHus (10) MoxHO
ONPEACIUTh TOJBKO MOLYJIb KOOPAMHATHL ¢4, TO
IIJISL OIIpeNesIeHU s ee 3HaKa ClIeAyeT MOAYyYUTh JO-
rMYeCKHe YCJIOBMS, YUYUTBHIBAIOLIME ITIOCTOSIHHOE
COBIIAJICHUE BEKTOPOB €4 U a. [ monaydyeHus
9TUX YCJIOBUM HEOOXOONMMO YUYUTHIBATh, UTO IIPU
U3MEHEHUU ¢, B TPOTHUBOIIOJIOXHBIX Hampabiie-
HUSIX BpallleHUSI U MpU (PUKCUPOBAHHBIX 3Haue-
HUSIX q), ¢, 93 (2)—(9) 1 g5 (13)
HaOJomaeTcs pa3jJuYHbIA 3a-
KOH HM3MEHEeHUS (yMEHbIICHUE
UM YBeJIMYEeHUE) IIPOeKIUu
BEKTOpa €5 Ha ocb 07

Ha puc. 3, a u 3, 6 moka3aHBbl
IBa BapuaHTa PaCHOJOXEHUS
3BeHbeB MM, aHaIu3 KOTOPHIX
MO3BOJISIET ONPENETUTD 3HAK ¢y
s ynpolleHus IIOSICHEHU I Ha
9TUX PUCYHKAX IIPUHSITO, 4TO
q; = 0. IloaTtoMy nepBble TpU
3seHa MM pacnojararoTcs
B mockoctu O'y'7', a yrabl g,
U g3 PA3JIMYHBI, HO TaKue, MpU
KOTOPBIX 00a pUCYHKa CUMME-
TPUYHBI OTHOCHUTEJIBHO ILIO-
ckoctu O'x'7. Ha ykazaHHBIX
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pUCYHKax BEKTOpPHI €, U €; HE COBMAAaloT, IO-
CKOJIBKY YTJIbI g5 # 0. [loaTOMYy Ipy UBMEHEHUU ¢,
U ¢gs; = const ToUuKa /' MmepeMelaeTcs 1no OKpyxX-
HOCTH p.

Eciu BekTOp €5 exut B niockoctu 0'y'7', TO
MpyuHUMaeTcs, 4YTo ¢, = 0, ¥ Toraa BEKTOp €4 pac-
rmoJjiaraeTcsl B IMJIOCKOCTH, B KOTOPOW TakxXke Je-
KUT BEKTOD €, U KOTOpasi MepreHAUKYJIsIpHA BEK-
TOpY €s. B 3TOM ciyyae B 3aBUCHMMOCTHU OT 3HaKa
gs # 0 BEKTOpBI €, Ha O0OMX PUCYHKax 3alMyT
nonoxeHust R'A' unn R'B’, a nx MpOeKIIMM Ha OCHU
O'7’ OyayT paBHBI S53¢5 [7]. T1py 3TOM MONOXEHU S
R'A’ 6ynyT cCOOTBETCTBOBATh g5 > 0, a MOJOXEHUS
R'B" — g5 < 0. PacnosioxeHue MOCJIEIHEro 3Be-
Ha MM, moka3zaHHOEe Ha pucC. 3, @, MOXET COOT-
BETCTBOBAaTh IBYM Pa3IWYHBIM TapaM 3HaYeHUM
YIJIOB ¢4 U g5 (B TUTIOBBIX AMAara3oHax [-n; n]), Ha-
MpUMEpP, COOTBETCTBEHHO: /4 U n/6, -3n/4 1 —=/6,
a Ha puc. 3, 6 — TakXe JBYM pa3jM4YHbIM Tapam
9TUX yIJIOB: —n/4 u /6, 3n/4 u —r/6.

Ha puc. 3, a u 3, 6 1y1s1 BEKTOPOB a' U €4 BBITOJI-
HSETCA YCIOBUE @), > §)3¢5. M3 puc. 3, a cuenyer,
qTO, eClu |¢, + 3| < n/2 u g5 > 0, To TIpu Mepeme-
meHnu PTU u3 nonmoxeHnuss R'A' B mojoxeHue r’
MO OKPYXHOCTH p g4 > 0, a ecinum g5 < 0, To g4 < 0.
Eciu |g, + q5| > n/2 m g5 > 0 (c™m. puc. 3, 6), TO
g4 < 0,aecnu g5 <0, T0 g4 > 0.

HecnoxXHO MoKasath, YTO €ClU a, < $,3¢5 (3TU
koHpurypauuu MM Ha puc. 3, a u 3, 6 He Mo-
Ka3aHbl), TO B MEPEUYMCIEHHBIX CUTYyallMsIX 3HaK
g4 JOJIXKEH OBITh TPOCTO U3MEHEH Ha MPOTUBOIIO-
JIOXHBIN, T. €. g4 > 0, ecnin

1) gs> 0, a, > sycs, |gy + g5 < 1/2;

3) g5 >0, a, < sycs, gy T g3 > 1/2;

4) g5 <0, a, > sy¢s, gy + g3 > /2.

B nipencraBieHHBIX YCIOBUSIX HE YYUTHIBAETCS
cllyyait, Korga TpeThe 3BeHo MM MoXeT ObITh na-
pamnensHo ocu 07 (lg;, + q3| = /2 1 a), = s53¢5).
IIpy mMOSBJIEHUM 3TOrO TIOJIOKEHMS HEOOXOmu-
MO COXPAaHSITh TPEXHUUN 3HAaK ¢, A0 OYEPETHOU
CMeHHBI 3HakKa. [loaToMy A JTI0OBIX BO3MOXHBIX
koHpurypauuit MM c ydetom BbipaxkeHus (10)
B 00IlIEM BUJIE MOXHO 3aIiucaTh

q4 = sign(kskyks)arccos((-ayc, —a}s,)/ss),(14)

roe signx = 1, ecitm x > 0, mHaue —1 [8];
ky = ay —sys¢s5, ks = m/2 — g, + .

JI7151 BBITIOJTHEHU S YCIOBUS g5 # 0 B BBIPAXEHUU
(14) cuHTe3Mpyemast cucTeMa ympapieHusI MM
WCKJIIOYAET TOJIHOE OOHYJEHWE KOOPAMHATHI ¢s.
3Hak koopauHatel g¢ (12) ompenensiercss mo B3a-
VIMHOMY PacIOJIOXEHUIO BEKTOPOB ¥ = [y, v, v|" =
=e; X b'm a’ [7]. Ecnmu 3T¥ BEKTOPBI COBNAIAIOT,
TO YTOJ ¢¢ NMOJIOXKUTEJIEH UJIW PaBeH HYJIO0, UHA-
ye — oTrpuuareyseH. [Ipu coBnageHn BEKTOPOB ¥
1 a' UX CKaJsIpHOE MPOM3BelIeHUE YIAOBJIETBOPSICT
HEPaBEHCTBY k¢ = v,dy +7v,d), +v,a, >0, wnHave
OHO OTPUILATEJILHO, 3/1eCh

Yy = 07 (5184 — €1823¢4) — b}, (c23¢4);
Ty = (¢S54 +51523¢4) + b (c23¢4);

Yo = b (c1S4 + 81523¢4) — by (85154 — €1593¢4) 7]

B pesyabraTe BoipaxkeHue (12) ¢ yueToM 3HaKa
MOXKHO MepenucaTb B BUIE

ge = sign(kg)arccos(b (s;5y3¢4 +€184) +
' , (15)
+ b (=€1593¢4 + 8184) + b (€23¢4))-

Ilocne monyyeHus: BbIpakeHUU s pacyeTa
BCceX 000OLIEHHBIX KOOPAWHAT ¢, ..., gg (CM. (2)—
(9) 1 (13)—(15)), yuuThIBaIOIIUX BCE BO3MOXHBIE
koHpurypauun MM, TpebyeTcs BeIOpaTh OMHY U3
HUX, IJII KOTOpoil mpu mepexone MM u3 cBoe-
ro Ha4aJbHOI'O MOJIOXEHUS B KOHEUHOe 3ToT MM
OyaeT MakCMMaJIbHO yAaJieH OT CBOMX OCOOBIX MO-
JIOXXKEHUI (0 HUX OyJeT CKa3zaHO HMXKE), a ero CTe-
MEeHW MOABUXHOCTU — OT CBOMX OTpaHUYEHU.

OO1iasi BBIYMCIWTEIbHAS CIOXHOCTh TIpead-
JoxeHHoro meroaa pewenuss O3K nnas MM co-
craBisger 27 omnepanuii ciaoxeHus, 47 omepaumit
YMHOXeHUS (aejaeHus1) u 21 omepanuio BbIYKC-
JIHUSI CTaHJAPTHBIX (PYHKLMI. DTO MEHbIe IO
CPaBHEHUMIO C JAPYTMMM WM3BECTHBIMU METOAaMU
[8, 15], mJIsT KOTOPBIX 3TH 3HAYEHUSI COCTABIISIIOT,
COOTBETCTBEHHO: oIlepaluii cioxeHus — 34 u 35,
yMHOXeHus (neiaeHus) — 84 m 52, a TakXe BbI-
YHUCJEHUS CTaHIapTHBIX pyHKuuil — 21 u 22, u
MPU HAJIUYUU COBPEMEHHBIX IMPOLIECCOPOB MO3BO-
JIsIeT peaJu30BbIBaTh ymnpaBieHue MM B peasb-
HOM BpPEMEHHU.

Kak yxe oTmedanoch paHee, Npy pelICHUU
O3K ykazanHoro MM Heo0XOAMMO YyYUTHIBaTb U
ero 4eThIpe 0coOBIX noyioxkeHust (puc. 4) [17], B Ko-
TOPBIX BO3HUKAET HeomHO3HaYHoe pereHne O3K u
MO3TOMY TIOSIBJISIIOTCSI 3apaHee HerpeacKasyeMble
peBepchbl B HEKOTOPBIX CTEMEHSIX MOABUXHOCTH.

B mtepBoM oco6oM monioxkeHnn (puc. 4, a) mpo-
ek TouKu R’ Ha 1miaockocTk O'x'y' coBmamaet
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Puc. 4. Oco6bie nonoxenns MM
Fig. 4. Singular positions of the MM

C HayajJoM KOOpAMHAT. B 3TOM MojoXeHUuMn BO3-
MOXHO MHOXECTBO Pa3jM4YHbIX 3HAYEHUH yTia ¢,
KOTOPBIM OYAYT COOTBETCTBOBATb Pa3jUYHBIE ¢y,
g5, q¢. Bo BTOpOM 0c000M mosioxkeHuu (puc. 4, 0)
HayaJio KOOpAMHAT, a TaKXe TOYKU R' 1 r' jJexar
Ha OJNHOM BEPTUKAJIBLHOW MNPAMOM, U BO3MOXKHO
CYILIECTBOBAaHME MHOXECTBA Map ¢g; U g¢. B TpeTbem
(puc. 4, ) — Ha onHOI BepTUKAJbHOU MpsIMOIA
JiexkaTr HayaJlo KoopauHat U Touku W', R', a xo-
OpPIVHATHl ¢; U ¢, OMHO3HAYHO HE ONPEIEJICHBI.
B ueTBepTOM OCcOO0OM mosjoxeHuu (puc. 4, ¢) Ha
OOHOW MpsIMON JexaT mocjaeaHue 3BeHbsl MM,
gs = 0, a KOOpAMHATHI ¢, U (g HE ONPENCIECHHBI.
Kpowme Toro, mpu paboTe ¢ KpymHBIMU OOBEKTa-
MU BO3MOXeH Bbixon PU, coxpaHsiolux 3agaH-
HBIC TIPOCTPAHCTBEHHBIC OPUEHTAILIMM, HA TPaHU-
1y paboueit oonactu MM, roe npogoxkeHue TO
OKa3bIBA€TCSI HEBO3MOXHBIM.

Ho nosiBiaeHue onrcaHHbBIX BBIILIE OCOOBIX ITOJIO-
KEHUI U BXOAOB B orpaHuyeHruss MM MoOXHO McC-
KJIIOYUTh IPU BBEICHUHU NOMNOJHUTEIBLHOUN (M30bI-
TOYHOM) JIMHEWHON CTeNEeHU MOABUXHOCTU ¢, (CM.
puc. 1) [5, 6]. OcobenHocTu padorel MM ¢ a3T1OM
M30BITOYHOM CTEMEHBIO ITOABMXXHOCTU TOIPOOHO
OyAyT pacCMOTPEHBI BO BTOPOI YacCTH CTaThM.

CnucoK JuTepaTypbl

1. ®@unaperos B. ®., 3yes A. B., I'yoankoB A. C. Pas-
paboTka pPOOOTM3MPOBAHHOTO KOMILIEKCA MJISI MEXaHUYeCKOM
00pabOTKM HEXECTKMX MPOCTPAHCTBEHHBIX KOMITO3UTHBIX H3-
nenuii BeptosetoB // W3Bectus BY3o0B, MaiumHOCTpoeHUeE,
CrenuaiabHblii BeiycK "CrnenmanbHass poOOTOTEXHUKA U MeXa-
tponuka" 2011. C. 67—75.

2. ®uaaperos B. @., IOxumen /1. A., 3yes A. B., I'yoan-
koB A. C., Mypcaaumos 3. III. PazpaboTka MeTona COBMEIICHUS
TpexXMEepHBIX Mojeyeil oOpabareiBaeMbix aetaneii ¢ ux CAD-

MOJIEIIMU NP HaaTUuuuu aedopmauuii //
[MpoGeMbl MAIIMHOCTPOEHMST U aBTOMAa-
tusanuu. 2016. Ne 3. C. 60—69.

3. Gubankov A., Gornostaev 1. Devel-
opment of method of forming signals for
the actuators of manipulators with redun-
dant degrees of mobility // Proceedings
of Int. Conf. on Industrial Engineering,
Applications and Manufacturing. St. Pe-
tersburg, Russia. 2017. P. 1—4.

4.Yahya S., Moghavvemi M., Mo-
hamed H. A. F. Redundant manipulators
kinematics inversion // Scientific Re-
search and Essays. 2011. Iss. 26, Vol. 6.
P. 5462—5470.

5. ®uaaperos B. @., I'ybankos A. C.,
T'opuocraes U. B., Konommun A. 10. Pa3z-
pabotka meTtoma (GopMHUPOBaHUS TMPO-
rPAMMHBIX CHMTHAJIOB YMpaBIeHUs Ma-
HUTYJSITOPAMU, YCTAHOBJICHHBIMU Ha
MOABOAHKIX anmnaparax // [lonBomHbIe uccaeqoBaHUS U POOOTO-
texHuka. 2018. T. 25, Ne 1. C. 30—37.

6. Filaretov V., Gubankov A., Gornostaev I., Konoplin A.
Synthesis Method of Reference Control Signals for Manipulators
Installed on Autonomous Underwater Vehicles // Proceedings of
the Int. Russian Automation Conf., Sochi, Russia. 2019. P. 1—6.

7. ®unaperos B. @., Anekcees 0. K., Jledenes A. B. Cu-
CTeMBbl YIpaBJIeHUs TOABOAHBIMU poboTamu. M.: Kpyriblii ron,
2001. 288 c.

8. Dy. K., I'oncanec P., JIu K. PoGororexnuka. M.: Mup,
1989. 624 c.

9. Gong M., Li X., Zhang L. Analytical Inverse Kinematics
and Self-Motion Application for 7-DOF Redundant Manipulator
// 1EEE Access. 2019. Vol. 7. P. 18662—18674.

10. Lu Sh., Gu Y., Zhao J., Jiang L. An Iterative Calculation
Method for Solve the Inverse Kinematics of a 7-DOF Robot with
Link Offset // Lecture Notes in Computer Science. 2017. Vol. 29,
N. 4. P. 729—739.

11. Wan J., Wu H. T., Ma R., Zhang L. A study on avoiding
joint limits for inverse kinematics of redundant manipulators using
improved clamping weighted least-norm method // Journal of Me-
chanical Science and Technology. Vol. 32, N. 3. 2018. P. 1367—1378.

12. Toshani H., Farrokhi M. Real-time inverse kinematics
of redundant manipulators using neural networks and quadratic
programming: A Lyapunov-based approach, Robotics and Autono-
mous Systems. 2014. Vol. 62, N.6. P. 766—781.

13. Koker R. A neuro-simulated annealing approach to the
inverse kinematics solution of redundant robotic manipulators //
Engineering with Computers. 2013. P. 507—515.

14. Koker R. A genetic algorithm approach to a neural-network-
based inverse kinematics solution of robotic manipulators based
on error minimization // Information Sciences, 2012. Vol. 222.
P. 528—543.

15. Kpeiir JI. JI:xx. Beenenve B poOOTOTEXHUKY: MEXaHUKA U
ynpaBjeHue, M.-MxeBcK.: MHCTUTYT KOMIIbIOTEPHBIX UCCIEI0-
BaHuii, 2013. 564 c.

16. Bopucos O. WU., I'pomos B. C., Ilsipkun A. A. MeToasl
yIpaBieHUs] pOOOTOTEXHUUYECKUMHU TIPUJIOKEHUAMU / Y4eOb. mo-
c06., CII6.: Yausepcuter UTMO, 2016. 108 c.

17. Ilomos E. II., Bepemaruu A. ®@., 3enkenu C. JI. MaHu-
MyJSILMOHHBIE POOOTHI: AMHAMHMKaA M aJroputmel, M.: Hayka,
1978. 400 c.

MexaTpoHnKa, aBToMaTu3anus, ynpasjienne, Tom 23, Ne 1, 2022

29



Development of the Method of Formation the Reference Signals for Electric

Actuators of Manipulators with Redundant Degrees of Freedom. Part |

V. F. Filaretov', filaretov@inbox.ru, A. S. Gubankov" 2, gubankov@iacp.dvo.ru,
I. V. Gornostaev" 2, gornostaev_iv@mail.ru,
"Institute of Automation and Control Processes FEB RAS, Vladivostok, 690041, Russian Federation,
2Institute of Marine Technology Problems FEB RAS, Vladivostok, 690091, Russian Federation

Corresponding author: Gornostaev 1. V., Junior Researcher, Institute of Automation and Control Processes,
690041, Vladivostok, Russian Federation, e-mail: gornostaev_iv@mail.ru

Accepted on August 17, 2021

Abstract

The solution of task of maintaining the dynamic accuracy of control of working tools of multilink manipulators (MM)
when they move along arbitrary spatial trajectories is presented in this paper. In this case, constructive restrictions in all
degrees of freedom (DoF) of manipulators and special cases of location of their links are taken into account. These special
(singular) positions are characterized by ambiguity in solving inverse kinematics problem of these MM. Maintaining of
control accuracy is proposed to be ensured by excluding the enter of all DoFs of manipulators to the restrictions, as well as
excluding the enter of their working tools to the boundaries of the working area. This is accomplished by using a redundant
DoF when approaching these undesirable positions. In the first part of the article, the features of the new solution of the
inverse kinematics problem are considered and singular positions for 6-DoF manipulators with PUMA kinematic schemes
are described. The presented solution of the inverse kinematics problem takes into account various combinations of genera-
lized coordinates of the MM, which ensure the movement of their working tools to the specified positions with the required
spatial orientation. This solution has low computational complexity compared to other known methods. This allows the use
of low-power microprocessor computers to control the MM. The results of the performed mathematical simulation confirmed
the high efficiency of using the proposed approach to the contour control of the MM.

Keywords: multilink manipulator, redundant degree of freedom, restrictions, singular positions, inverse kinematics,

dynamic accuracy
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MeTton knaccudukaumm paboyen 30HbI MOOGUNBbHOro poboTa
Ha OCHOBe aHasimM3a TpexMepHoro obrnaka To4ek

OO0Holl u3 0CHOBHBIX U Haubosee CA0NCHBIX 3adau npu paspabomke cucmem agmooguiceHus A6Asemcs Kaaccuukayus
paboueil 30Hbl MOOUAbHO20 poboma. [lo pe3yrbmamam Kaaccuukayuu cmpoumcs A0KAAbHAS KAPMA MECMHOCMU, ¢ NOMOULbIO
KOMOpOU 3amem 0Cyuecmensiemcs nAAHUposanue mpaekmopuu dguxcenus poboma. B cmamove npednroscen memod kaaccu-
Qukayuu paboyeil 30Hbl ABMOHOMHO20 MOOUABHO20 POOOMA, NepemMeuarniueeocs 8 yCA08UsX nepecedenHol mecmuocmu. Pas-
pabomanHolli Memood KAAcCUPUKAYUU OCHOBAH HA AHAAU3E MPEXMEPHO20 004aKa MoueK, HOAYYEHHO20 AA3ePHbIM CKAHUPYIO-
wum 3D-danvrnomepom. Henoavzosanue ckanupyouwe2o 1a3epHoeo 0aibHoMepa N036045em blNOAHAMb KAACCUDUKAUUI) 30HbL
deudicenus poboma 6 aboe epemsa cymok u eooa. Ilpedaoicen Habop KaaccupukayuoHHbIX RPUSHAKO0E, bIYUCACHUE KOMODPbIX
oCyuecmensemcs ¢ UCn0Ab308anueM Memooa HAUMeHbWUX K8aopamos u 31eMeHmos meopuu 6eposmHocmell u Mamemamu-
yeckou cmamucmuxu. Kraccuguxayus paboueii 30Hbt poboma nposodumcs no yemoipem Kaaccam: "Poenas noeepxnocmo”,
"Manasa neposnocms”, "boavuwas Hepoenocmv” u "llpensmcmeue”. Kaxcowvlil kaacc xapakmepuszyem cmenenb Hpoxooumocmu
noeepxHocmu, no KOmopou npoucxooum deusceHue poboma. Pezyromameol kaaccupukayuu coxpansaromes 6 gude A0KAAbHOU
Kapmol npoxodumocmu. B kaxcoyro suelixy makou Kapmoel 3aNUCbi@AeMCA YUCAO0, KOMOPOe XapaKmepusyem npoxooumocms
yuacmka pabouell 30Hbl, 02PAHUYEHHO20 0aHHOU Auelikol. Pazpabomanubill Kaaccuukamop uHmepupo8an 6 cocmag 6op-
MO0 cucmembl YNpasaeHUs KOAeCHbIM MOOUAbHbIM pobomom. TIpusedensl pe3yrbmamol IKCHePUMEHMAAbHBIX UCCAe008AHUL,
NPOBeJeHHbIX 6 YCAOBUSX NePeceHeHHOU MeCMHOCMU 8 PA3AUYHOe 8pemMs 2004 U CYMOoK U noomeepicoaruue pabomocnocoo-
HOCMb U IPHeKmUeHOCmb NPedaodceHHo20 Memoda Kaaccugukayuu. OnpedeseHa MmoYHOCMb PACHO3HABAHUS KAACCO8 Pabo-
yell 30Hbl MOOUAbHORO poboma. Pazpabomanubill Kaaccugukamop ychewHo pabomaem 6 pa3AUMHbIX YCAOBUAX, 8 MOM YUCAe
3UMOU U 8 CyMepKax, HO NpU dMOM UMeem 02PAHUYeHUs NPU pabome 8 YCA0BUAX eCMEeCMEEeHHbIX WYMO8, MAKUX KAK 00JCcOb,
cHee. CpedHsisi MOMYHOCMb KAACCUDUKAYUYU NPU MUHUMANLHOM GAUSHUU WYMO8 eCIeCm8eHH020 NPOUCXONCOCHUS. COCMAasAsem
92,3 %, a epems evinoanenus Kaxcoou umepayuu He npegviwaem 0,085 ¢, umo nozeonsem ucnoab3oeamv pa3pabomanHli
Kaaccupukamop 6 cocmage 60pmMoGbLX cucmem YNPaeAeHUs A8MOHOMHIMU MOOUALHBIMU POGOMAMU.

Karoueenie caosa: kaaccuguxkayus, agmoHomMHbll MOOUAbHBLIL pobOmM, pabouas 30Ha, 061aK0 Mmo4eK, 1a3epHblll CKAHUPYIO-

wui 3D-0aavHomep, 10KaAbHAA Kapma NPOXOOUMOCIU, MemOo0 HAUMEHbUWUX KEa0pamos, OUucnepcus

BBenenne

B HacTos1ee BpeMs1 HaXOAsAT IIUPOKOE IIpUMe-
HEHHE MOOMJIbHBIE POOOTOTEXHUYECKHNE KOMILJIEK-
CHI, CIIOCOOHBIE ITIEPEMENIaThCs B aBTOMAaTUYECKOM
peXKMe B 3apaHee HEHM3BECTHBIX Cpelaax C IIpe-
NAaTCTBUSAMU. PazpaboTKu B JaHHOW 00JacTH Be-
nyTtcsa B Poccum 1 3a pyO0exXoM B TaKMX KOMITaHU-
sx, Kak Tesla, General Motors, Volkswagen, Audi,
BMW, Volvo, Nissan, Google, Aunekc, [TAO "KA-
MA3", HI1O CrapJlaiin, Cognitive Technologies n
apyrux [1—4].

OnHoit 13 OCHOBHBIX U HanboJiee CIOXHBIX 3a-
Jla4d IIpy pa3paboTKe CUCTEM aBTOIBUKECHMS SIBJISI-
eTcs Kiraccudukauus padboueit 30HbI MOOMIIBEHOTO
pob6ota. Ilo pesynbraram KjaaccupuKaluuu CTPO-
WUTCSI JOKaJbHAsI KapTa MECTHOCTH, C ITOMOIIBIO
KOTOpPOI 3aTe€M OCYIIECTBJSIECTCS IIJIaHUpPOBaHUE
TpPaeKTOPUU ABUXKEHUS poOOTa.

3a mocnenHee AecsATUIeTHe Kak B Poccum, Tak
M 3a pyOexXoM OBLIO ITPOBEIEHO MHOXECTBO HC-
CJIeIOBAaHUM B JOAHHOW MpPeIMETHOM o00JacTu.
B HexkoTophIX ciiydasix AJS BBIIOJIHEHUS KJjac-
cuduKany HUCIIOJb30BAJIOCh BUIEOM300pake-
HME MECTHOCTM, OKpyxXKalolleili TpaHCHOPTHOE

cpenctBo [5—9]. IIpu 3ToM B psae pabOT BUIAEO-
U300paxeHue SIBISETCS OCHOBHBIM HMCTOUHWKOM
nHpopMauuu o paboueit 3oHe [6, 7]. Ho Takoii
MMOIXO0M, KaK ITpaBUJIO, HE IIO3BOJISICT ITOJYUYUTh
TpedyeMble TOYHOCTb, HAJIEKHOCTh M TIPOM3BOIM-
TeJIbHOCTh. I103TOMY B OOJBIIMHCTBE PabOT BU-
3yajibHasi MHGOpPMAaLU KOMILIEKCUPYETCS C JaH-
HBIMU KaKON-JIMOO OPYyroil mpupons! (Hampumep,
C TEMJOBU3OPHON WM aymuoWH@OpMalein) uiun
SIBJISIETCSI BCIIOMOTaTeIbHOM [5, 8, 9].

B Hacrosiee Bpemsi Hambosee MNepCHeKTUB-
HBIM HampaBJICHHWEM CUYMTACTCS aHAJIU3 TPeXMep-
HOro objaka Touek paboyeil 30HbI, MOJYYEHHOrO
C TIOMOIIBIO JIA36PHOT'O CKAHUPYIOIIEro JaJIbHOME -
pa WM CHUCTeMbl cTepeo3peHus. Mcroab3oBaHue
TaKMX CEHCOPHBIX CHCTEM JJis pelIeHMs 3aJadyu
KiaccupuKaum oTpaxkeHo B padorax [10—14].

[IpeumMy1iiiecTBOM Jla3epHBIX 1aIbHOMEPOB, OCO-
OCHHO 10 CPaBHEHMIO C BUACOKaAMepaMu, SIBISETCS
OTCYTCTBUE 3aBUCUMOCTH OT BHELIHMX MCTOYHU-
KOB CBETa, UTO 0OECIeUYrBaET BO3MOXHOCTh pabo-
TBI B JI000€ BpeMs CYTOK M roma. TakuM obGpa-
30M, Ja3epHble JaJbHOMEPBI CErOMHS CTalu CTaH-
JApTHBIM O0OpPYyJOBaHUEM MJISI CO3AAHUS CHUCTEM
yIpaBJIeHUsI MOOUJIBHBIMU poboTaMu. OHUM TO-
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3BOJISIIOT MOJYYUTh MH(POpMaLIMIO O paboueii 30He,
JOCTAaTOUHYIO IJISI OIIpene/ieHUsI ITPOXOAUMOCTH U
TMIOCTPOEHMSI TPASKTOPHUHU B 1IEJIEBYIO TOUKY.

B cratbe paccmarpuBaeTcsl pa3pabOTaHHBIN
MeToH Kilaccupukaumy padodyeil 30HbBI aBTOHOM-
HOTO MOOWJIBHOTO po0oTa, TMepeMeliaroerocs
B YCJIOBHUSIX IIepecedeHHOM MeCTHOCTU. B ocHo-
Be MeToaa JEeXWUT aHajiu3 TpeXMepHOro obiaka
TOUYEK, IIOJIYYEHHOTO JIa3epHBIM CKaHHUPYIOIIUM
3D-manpHOMEPOM.

ITocTanoBka 3agaum

Hanbonpiryto CIOXHOCTb IPEACTaBISIeT Kiac-
cupukanys HeleTePMUHUPOBAHHBIX AMHAMUYECKHU
U3MeHsoIMxcs cpen. MamMeHeHue cpeabl 00yCI0B-
JIEHO CJIeAYIOIMMU (PaKTOpaMu: BpeEMS Toia U Cy-
TOK, METEOPOJIOTUYECKUE YCJIOBUS, OCOOEHHOCTHU
JanamadTa, HAJIMYKWE PA3TUYHBIX CTaTUYECKUX W
JTUHAMUYECKUX OObEKTOB (3AaHUsI, MAILIMHBI, JIFOAN
u 1. 11.). Heobxogumo oGecreyuTh YCTOMYMBOCTh
METOOB KJIacCU(UMKALIMKU TI0 OTHOIIEHUIO K Tepe-
yucjieHHbIM (dakTopaM. Haubosee ycToOHYMBBEIMU
SIBJISTIOTCSI METOJIBI, OCHOBAHHBIE HAa aHAJN3€ TPEX-
MEpPHOro objaka Touek paboueit 30HbI. Takoe obma-
KO MOXET OBITh TTOJTYYE€HO, HAIIPUMeEp, C MOMOIIBIO
TPEXMEPHOTO CKAHUPYIOLIETO Ja3€PHOTO AaJbHOME-
pa WJIN CUCTEMBI CTEPEO3PEHUSI.

ITocTpoeHue NoOKanbHOW KapThl paboyeill 30HBI
HampsIMyl0 CBSI3aHO C KJacCupuKalueld MoBepX-
HOCTH OBUXEeHUS poboTa. JIokanbHas KapTa mpen-
cTaBjsieT co0oi 1uGppoBOe onucaHue padouei
Cpenbl C ONpPENeEHNEM 30H, B KOTOPBIX pOOOT MO-
XeT GE30ITaCHO NBUTATHCS C 3aJaHHOU CKOPOCTHIO.

PesynbraTel Kiaaccudukanmuu paboyeil 30HBI
poboTa COXpaHSIOTCA B BHUJE CETYATOW KapThl
JIOKaJTbHOM TPOXOAUMOCTU. B KaXayio KIEeTKYy
(sueiiky) Takoi KapThl 3alIMCBIBAETCS YMUCIIO, KO-
TOPO€ XapaKTepU3yeT MPOXOAUMOCTh yJyacTKa pa-
0Ooueil 30HbI, OTPAHUYECHHOI'O JAHHOU S4YEMKOIA.

Meroa kKnaccudukanun padodei 30Hb1

Kaxnoe naMepeHue naTymka MmpeacTaBisieT Co-
0ol TpexMepHoe 00J1aKo Touek (puc. 1, cM. BTOpY1o
CTOPOHY OOJIOXXKM), aHAJN3 KOTOPOTO ITO3BOJISET
KJaccuuuupoBaTh paboyyrd 30HY MOOUJILHOTO
po6ota. Touku TpexmMepHOro obJjaka IpoeLupy-
I0OTCSI HA TOPU3O0HTAJIbHYIO ILUIOCKOCTh. IIpy sTOM
Kaxzaash CIOpoelMpoOBaHHAs TOYKAa MPUHAIICKUT
OIIHOI U3 sYeeK JIOKAJIbHOM KapThl. Jlanee Kaxmast
sgyeiika Kiaaccu(pUUUPYeTCsa € ITOMOIIbIO CIIelU-
aJIbHOro Habopa MPU3HAKOB, BKJIIOYAIOIIIETO:

* MakCHMaJIbHOE€ OTKJOHEHMWE OT CPEAHEro 3Ha-

YEeHHUSI BBICOTBI TOYEK, CHOPOCLIMPOBAHHBIX

B IAHHYIO SYEWKY;

* YroJj HakKJOHA yCPEeQHEHHOM MJIOCKOCTU, 0bpa-
30BAHHOM TOYKaMHU JAHHOMW STYEUKU;
* JWCOEPCHUIO BBICOT TOYEK, MNPUHAAJIECKAIIUX

JIAHHOM STYEHKe.

PaccMoTpyM BbIYMCIIEHHUE KaXXIOTO IMPU3HAaKa
noapoOHee.

MakcuManbHOE OTKJIOHEHUE OT CPEIHEro 3Ha-
YEHMS BBICOTBI TOYEK IJISI KaXIOOW - SIYEUKH
JIOKaJIBbHOI KapThl OIpenesieTcs CAeHyIOIInuM 00-
pazom (puc. 2). CHauana BBIYMCIISICTCS CpemHEe
3HAYEHUE Z; KOOPAMHATHI 7 TOYEK, IIPOEKLUU KO-
TOPBIX MPUHAMJIEXAT JaHHON s4elike, o popMyie

)
—_— z]]’
i j=1

Zi=

[€ 1; — YUCJIO TOYEK, IPUHAMIEXKALUUX i~ A4eil-
Ke; g; — KOOpIrHara z-il TOUKH, NMprHaLIexalle
i-i gueiike, j = 1, ..., n;. Janee nnsa kaxnoun j-u
TOYKM KaxXJIOW U3 g4YE€K BBIYKCIAECTCS MOLYJIb
OTKJIOHEHUSI KOOPAMHATHI OT BBIYMCIEHHOTO
CpeIHEro 3HaYeHN:

Azl'j = |Z,‘j - ZI|

B pesynbraTe nag Kaxaoul i-ii STYEMKU KapThbl
MOXHO HAaMTHM MaKCHUMAaJIbHOE CPEAM BCEX TOYEK
MTAaHHOW S4YEHMKM 3HAYEHUE OTKJIOHEHMS KOOpIM-
HaThbl Z OT CPEAHETO 3HAYCHUS:

Azmax

i = max{Az;}.
J

C 1moMompl0 MAaKCHMMAaJIbHOTO OTKJIOHEHUS
MOXHO IETEeKTHUPOBAaThb POBHBIE YYaCTKU HOPOT,
a TakxXe pa3jIn4yHble MPEHSITCTBUS, PACIIOJOXEH-
Hbl€ B 30HE JABUXEHUSI poOOTa.

Bropoii ki1accupuKanMOHHBIN IIpU3HAK (YToa
HaKJIOHA YCPEAHEHHON IMJI0CKOCTHU, 00pa30BaHHOM

Cpeuﬂee 3Ha4YeHHEe
' BBICOTEI TOYCK KJICTKH

Puc. 2. OnpenesieHne MAKCHMAJbHOTO OTKJOHEHHS OT CPEIHETO
3HAYEeHHUS BBHICOTHI TOYEK, CIIPOCHUPOBAHHBIX B AYEHKY KapThl
Fig. 2. Determination of the maximum deviation from the average
value of the height of points projected into a map cell
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TOYKaAMM KJIACCU(UIIUPYEMON STYEMKHU KapThl)
MOXHO BBIYWCIIUTH, UCITONB3YsS METON HAUMEHB-
IIMX KBaApaToB. IS Kaxaou i-if S4elKU JTOKaJIb-
HOM KapThl MO TOYKaM, NPUHAIJIEXAIIUM JTaHHOU
sTYefiKe, METOIOM HAWMMEHBIINX KBalIpaToOB CTPO-
UTCA IIIOCKOCTh A;x + B;y + C; = z. Koadpduunen-
Tol A;, B; n C; onpenenstorcst no ¢popmynam [15]

_diy + ks + kips(dy + kiypdiy)
i3+ kinsci + kins(cip + kijpnciy)

1 5

B — dip +kindy — (¢ip + kipci))Ci
1 9
biy + kj1abyy
4 = dy —byB; —¢;,C;
i~ 5
a;
rie
n; 2 n; n;
;) = 2 Xjj, A = D XV Qi3 = 2 Xy,
j=1 j=1 j=1
by =a;, b ZyUa i3 = Zyzp
n;
Ci1 =a;3, ¢y = bz, 5= 1=n,
j=1
Z:lxljzlj’ i2 = zyrjzzp i3 — Zzlj’
J
ko = —a; onn = —a;3 ko = _(bi3 + kileil)
n2 = Ky = s Koy = e
il il i2 T Ki120i1

31ech X, Vij» Zjj — KOOPAMHATBI j-i TOYKH, TIPU-
HaAJexallen -l ssuemke.

KocuHyc yriaa y Mexay BEeKTOPOM HOpMajad I
K JAHHOM MJOCKOCTU M OChIO Z B CUCTEME KOOPIU-
HaT poboTa BeIYMciseTcs 1mo ¢popmyie [16] (puc. 3)

1

N

BrluncieHue yria HaKJIOHa YCpeTHEHHOM I1J10-
CKOCTHU MO3BOJISIET 3((HEKTUBHO ONpPEneIsaTh BEp-
TUKaJbHbIE MOBEPXHOCTU, TaKHWe Kak,
HamnpuMep, CTEHbI 31aHU, 3a00pBI U T. . |
Kpome ToOro, ¢ mnomolIbl0 AaHHOIO
MpU3HaKa MOXHO TakKXe JIeTeKTHUPO-
BaTh POBHBIE TOPU3OHTAIbHbIE ITOBEPX-
HOCTH, HaIlpUMeEp, TOPOTHU.

Hucnepcust D; BBICOT TOYEK, MPU-
HaJJiexXalux i-il g4erKe, OIpenciisieT-
cs 1o popMyJie

cosy;

D.

1

L
n;

LM=

_i———o———+—~:g

—————w

YcpenHeHHas
IUIOCKOCTh

Puc. 3. Onpenesenne yrjia HAKJIOHA YCPeTHEHHO# MJIOCKOCTH, 00-
Pa30BaHHO# TOYKAMH, CIPOCIIHPOBAHHBIMY B SYEHKY KAPThI

Fig. 3. Determination of the angle of inclination of the averaged plane
formed by points projected into a map cell

06opa Taxoii e BeIcOThl. Ha puc. 4 mokazaHo pacro-
JIOXKE€HME TOYEK 00JIaKa B MIPOCTPAHCTBE HaJl TYEHKOMI
KapThl B cllyyae oOHapyxkeHUs 3abopa (puc. 4, @) u
B ClIy4yae JeTeKTUpOBaHUS TpaBbl (puc. 4, 6). B nep-
BOM CJly4yae TOYKU PaCIIOJOXEHbl YIOPSIOUYEHHO U
OIIPENeIsSIIOTCS B BEPTUKAIBHOMN IIJIOCKOCTH, BO BTO-
pOM cjydae TOYKU PacCIIOOKEeHbl XaOTUYHO U MMe-
I0T pa3Iu4yHy0 BbICOTY. IIpM yciaoBUMM OOMHAKOBOI
MaKCHMaJIbHOI BBICOTHI TOYEK B IIEPBOM CJIy4ae IUC-
nepcusi Oyaet 0oJblie, 4eM BO BTOPOM.

C moMolIbIO TIPUBEAEHHOTO Habopa MPU3HAKOB
KJ1accuduKkalyss paboueil 30HbI poOOTa MTPOBOAUTCS
0 YeThIpeM KJjaccaM: "PoBHast HOBCpXHOCT ', "Ma-
JIast HEpOBHOCTSH', "BoJibliiast HEpOBHOCTE HpCHHT—
crBue”. J1J1st KaxKI0ro Kjacca 3aJ1aroTcsi COOTBETCTBY-
IOIlME AYana3oHbl 3HaYeHUI KJIaCCU(UKALIMOHHBIX
NMpu3HaKoB. B pesynprare Takoil KiaaccupUKanuu
KaXI0M SIYEMKe JIOKAJbHOW KapThl ITPUCBAUBACTCS
OIMH M3 3TUX YeThIpeX KJIacCOB. B 3aBUCMMOCTU OT
HOMEpA KJIacca KaxIol sSYeike Ha3HA4YaeTcs YucCiio

\
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e
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=12
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Puc. 4. PacnojioxxeHne ToO4eK B MPOCTPAHCTBE HAJ AYEHKOH KapThl: 3a00p (a) U

C 1TOMOIIBIO AUCTIEPCUU MOXKHO OTJIN-  Tpasa (6)

YUTh BBICOKYIO TpaBy OT, HallpuMep, 3a-

Fig. 4. Location of points in space above the map cell: fence (a) and grass (6)
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B mmuama3oHe ot 0 mo 100, KoTopoe XapaKTepu3yeT
MPOXOAUMOCTb TIOBEPXHOCTU JBUXKEHUSI BHYTPH
JaHHOM sTYeiikM (TToKa3aTeb MPOXOIUMOCTH): YeM
MEHBIIIe 3TO YUCIIO, TeM BHIIIIEe MPOXOTMMOCTh. Ha-
npumep, s kjacca "PoBHas MOBEpXHOCTh' ToKa3a-
TEJIb TTPOXOIMMOCTH cocTaBisieT 20 emuHuII, a IS
knmacca "llpensircTBue” — Beerma 100.

s HarjIssAHOCTWM Ha JIOKAJbHOM KapTe pa-
Ooueli 30HBI STYEHKM OKpallleHbl B pa3HbIC IIBe-
Ta B COOTBETCTBMM C PACIO3HAHHBIMM KJIacCaMU
(puc. 5, cM. BTOPYIO CTOPOHY OOJIOXKM).

CuHuM 11BeTOM 0003Ha4eH KJjiace "PoBHast moBepx-
HOCTE', CUpeHeBBIM — "MaJtast HepOBHOCTE', MaJITHO-
BbIM — "BoJIbIIIast HEpOBHOCTE , XKeAThIM — "[IpertsiT-
cTBue”. flyeiikaM KapThl, B KOTOPbIX KJIaCCU(hUKALIMSI
10 KaKUM-JTM0O TIPUIMHAM He BBITIOHSLIACh (HAITpH-
Mep, M3-3a OTCYTCTBHS JIOCTaTOYHOTO YKCJIa TOYEK),
TIPYCBaBAaeTCsl HEOTIpeIeIeHHBIN Kiace. Takue KieT-
KU OKPAIIIMBAIOTCST CEPHIM ITBETOM.

TouHoCTh Ki1accuduKalmm U pa3Mepbl IeTeK-
TUPYEMOI 30HBI 3aBUCAT OT TIJIOTHOCTU aHAJIN3U-
pyemoro o6jaka Touek. C yBeIMYeHHUEM pacCTosI-
HUSI MEXAY JATYUKOM U JETEKTUPYEMBIM OObEK-
TOM TJIOTHOCTH TIOJy4aeMoro o0jiaka CHMXKaeTCs.
[MpuBeneHHBINT MeTOm KJIacCU(UKALIMU SIBIISICTCS
paboTOCIIOCOOHBIM B CiTyyae, KOraa YMCJIO TOYeK,
CIIPOCIIMPOBAHHBIX B STYEMKY KapThl, OOJIbIIE MK
paBHO TPEM.

AnropuTMuYecKas W MpPorpaMMHasi
peaju3anus Kjaaccuukaropa

AJITOPUTM, peaTnu3yIOIIii paboTy MPeITOXKEHHO-
ro Kjaccuukaropa, Ha KaXJI0i uTepaliui BKII0Ya-
€T CJIEAYIOLIYIO TTOCIEA0BATEIbHOCTD 1IIArOB.

Illae 1. TlonyyeHne TpeXMEPHOTo 00J1aKa TOYeK
paboueii 30HbI B 3aJaHHO OKPECTHOCTU poOOTAa.

Hlae 2. TlpoeuupoBaHue TOYEK TPEXMEPHOIO
o0Jaka Ha TOPU30HTAJBHYIO IIOCKOCTBH JIOKalb-
HOU KapThl.

Illae 3. OnpeneneHue A KaXIOW STYSHKU
KapThl Habopa CHPOELUMPOBAHHBLIX TOYEK, ITPU-
HaJIeXalnux 3TON KIETKeE.

Illacz 4. BoiuucneHue oJ1s1 KaX a0l S4eiiKy Kap-
ThI 3HAYEHU I KJIaCCU(PUKALIMOHHBIX ITIPU3HAKOB.

Ilaez 5. Knaccudukauus Kaxxaon s4emku Kap-
ThI ITyTEM MPOBEPKU MNPUHAIIECKHOCTH TOTYUEH-
HBIX 3HAYEHUI KJIACCU(PUKALMOHHBIX PU3HAKOB
3aJJlaHHBIM IHWalla30HaM 3HA4Y€HWI, KOTOpPBIE CO-
OTBETCTBYIOT ONpEAEISIEMbIM KJIaCCaM.

Illaz 6. IlpucBoeHUe KaxXIOW siUElKe KapThbl
yuciaa B nuana3oHe ot 0 mo 100 B 3aBUCMMOCTH OT
HOMepa KJjacca, OIpeleJIeHHOro Ha 1are 5.

I[IporpammHass peanusauusi pa3paboOTaHHO-
ro Kjaaccudukaropa BHIIOJIHeHa Ha s3bike CH++
C WCITIOJBb30BaHWEM cpeabl pa3padboTrkum Robot
Operating System (ROS) u OumbGamoreku Point
Cloud Library (PCL).

AnpobGamusa pa3paboTaHHOTO MEeTOIA
KJaccupukanumn

Arnpobanusi pa3zpaboTaHHOrO MeTOAa MPOBOAU-
JJacb C TOMOIIBIO KOJECHOT0 MOOMJIBHOTO pPobOo-
Ta, Ha OOPTY KOTOPOTO YCTAHOBJIEH TPEXMEPHBIM
JIa3epHbIid CKaHUpyloWUiA aanbHoMep Velodyne
HDL-32E. Texunyeckue xapakTepucTnku Velodyne
HDL-32E no3Boii0T BEITIOIHSITH KJIaCCU(PUKALIAIO
paboueii 30HbI pa3dmepoM 150 X 150 M, yron o63opa
cocTanJsieT 360°.

BbruuciaeHus1 BHIMOJAHSJINCH C TTIOMOIIbIO OOp-
TOBOTO KOMMblOTepa Ha 0asze mpoueccopa Intel
Core i7 ¢ vactoroii 1.7 I'Tu mom ymnpaBieHHeM
onepanuoHHoi cuctembl Ubuntu 18.04 LTS ce-
MericTBa Linux.

Ha puc. 6 (cM. BTOpyI0 CTOPOHY OOJOXKH),
Ha puc. 7, 8§ (CM. TPeTblO CTOPOHY OOJOXKH) U
Ha puc. 9, 10 (cM. 4eTBEPTYIO CTOPOHY OOJIOXKKH)
MpUBEIECHBI N300paXeHusT pabodeil 30HbI poOOTa,
MojJy4yeHHble OOPTOBO BUAEOKAMEPOil, U COOT-
BETCTBYIOIIIME pPe3yabTaThl KJacCU(hUKALUU, TO-
JIyYEHHBIE ¢ TIOMOIIbIO pa3pabOTaHHOTO METOAA U
MpeacTaBJIeHHbIC B BUAE TOCTPOCHHOM JTOKaJIbHOU
KapThel MecTHOCTU. KpoMe Toro, Ha KapTe oToOpa-
XKEHbl OCHM CHUCTeMbl KoopAMHAT poborta. Pa3zmep
S4YeiKU KapThl cocTapiser 0,2 M.

Knaccudpukamnyss BBINOJHSJIACh B 3UMHEE Bpe-
M$ 1 BecHOM. Ha mpuBeneHHBIX pUCyHKax rmokasa-
Ha KapTa, Ha KOTOpPOM YeTKO OTOOpakeHa A0opora,
YTO COOTBETCTBYeT Kiaccy "PoBHast ITOBEpXHOCTE'.
Takxxe knacc "PoBHast moBepXHOCTh' MPUCBAUBACT-
Cs 3aCHEXXEHHBIM paBHUHHBIM ydacTkaMm. CyrpoObl
Mo 60KaM J0poru KiaccuuimpoBaHbl KakK "bojb-
11asi HEPOBHOCTL', HEOOJIbIIIME KOMbsI CHETa 1 KOJIesT
KJaccuUIIMPOBaHbl Kak "MaJjast HEpOBHOCTb', Jie-
peBbsi, KycThl U 31aHus1 — Kak "[IpensrcTBue".

[IpoBeneHHBIE MCCIeIOBaHUS IMOKa3aju, YTO
BpeMsl 00paboOTKM 00jlaka TOYEK U MOCTPOEHMU S
JIOKaJbHOM KapThl MECTHOCTU Ha KaXJAoil HTe-
pauuu He npesbimaeTt 0,085 c. JIag obecrieueHuMs
paboTel Kjaccugukaropa B peXUME "MSITKOro"
peajbHOro0 BpeMEHM 3HayeHue 3TOro mapamerpa
He J0JIXKHO mpeBbiath 0,1 c.

B tabauue mpuBeneHa TOYHOCTh paclo3HaBa-
HHUS KJIaCCOB paboyei 30HbI MOOMJIBHOTO poboTa,
nojiyyeHHasi B pesyibrare npopeaeHust 100 skc-
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TouHOCTh PACHO3HABAHMSA KJIACCOB PaGoveil 30HbI

Recognition accuracy of the workspace classes

PoBHas Manas Bounbiias IIpe-
HaumeHoBa-
MOBEPX- HEpPOB- HEPOB- ST~
HUE Kjacca N " " "
HOCTb HOCTb HOCTbB CTBUE
TouHoCTb, % 95,4 88,9 93,6 91,3

nepuMmeHTOB. MccnenoBaHus IpoOBOIMINCH B YC-
JIOBUSIX OTCYTCTBHUSI OCaJKOB, KOTOpbIE CO3AAI0T
moMexu paboTe J1la3epHOro AajbHOMEpa.

PesynbraThl mpOBENEHHBIX 3KCIEPUMEHTAb-
HBIX MCCJIEAOBAHU MOKAa3bIBalOT pabOTOCIIOCO0-
HOCTh M 3(hGEKTUBHOCTh NPEAJIOXKEHHOTO Me-
Toma KjaccudukKaluMy 30HBI IBUXEHUS poOoTa.
CpenHsisi TOUHOCTh KjacCUDUKALIUU COCTABISIET
92,3 %. Kpome Toro, pa3paboTaHHOE ITPOrpaMM-
Hoe obecrieyeHue T103BOJISIET BBIMOJIHATH KJlac-
cudUKalUI0 30HbI IBUXEHUS poOOTa B pexXuUMe
"MSITKOr0" peajbHOTO BPEMEHMU.

3akiaoyenue

JlocTOMHCTBOM pa3paboTaHHOTO MoaX01a
K Kjiaccupukanuy padouyeil 30Hbl MOOMJIBLHOIO PO-
0oTa 110 CpaBHEHUIO ¢ METOJAM1, OCHOBAaHHBIMU Ha
aHaJIN3e BUICOM300paKeHUs, SIBJISECTCS IIMPOKUI
JIVarna3oH YCJIOBUI aKCIuTyaraumu. PazpaboTaHHBIN
KJIacCM(UKATOP YCHEIIHO pabdoTaeT B Pa3JIMYHbBIX
YCIIOBUSIX, B TOM YMCJI€ 3MMOM M B CyMepKax, HO
MIpy 3TOM WMEET OrpaHUYEeHHS IIpH paboTe B yC-
JIOBUSIX €CTECTBEHHBIX IIIYMOB, TaKMX KaK JOXIb,
cHer. CpenHsIsl TOYHOCTD KJIacCUu(UKALIN TIPA MH-
HUMAJIbHOM BJIUSIHUM LIYMOB €CTE€CTBEHHOI'O MpPO-
HUCXOXAeHUS cocTaBiseT 92,3 %, a BpeMs BBIITOIHE-
HUS Kaxaoi urepauuu He npesbiaet 0,085 ¢, 4yto
TO3BOJISIET MCITONB30BaTh JAHHBIN KjlaccuduKaTrop
B COCTaBe OOPTOBBIX CUCTEM YIpaBJICHUSI aBTOHOM-
HBIMM MOOMJILHBIMY POOOTaMM.

B Oynyiiem nnaHupyeTcsl TOAKJIIOYEHME CJIOEB
KapThl, (POPMUPYEMBIX C TIOMOIIBIO APYTUX CEHCOP-
HBIX CUCTEM, TaKMX KakK, HarpuMmep, TeIIOBU3MOH-
HBIA JaT4YMK, cTepeomnapa u T. 1. Ilpemmomnaraercs,
YTO TaKM€ CUCTEeMbI OyAyT JaBaTb JOMNOJHUTEIbHYIO
WHGPOPMALIUIO MO KaXJIONH KJIETKE JIOKAJIBbHOW Kap-
Thl, YTO OCOOEHHO Ba>KHO B CIIOPHBIX C/IyYasix, Koraa
JIa3epHbI JaJbHOMEP MOXET JaBaTh OILUMOOYHYIO
nHGpOpPMalIMIO, HaIIpMMEP BO BpeMsl CHErolaaa.
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Abstract

One of the main and most difficult tasks in the development of automotive systems is the classification of the workspace of a
mobile robot. Based on the classification results, a local map of the area is built, with the help of which, then, the robot trajectory
is planned. The article describes a method of classification the working area of an autonomous mobile robot moving in rough
terrain. The developed classification method is based on the analysis of a three-dimensional point cloud obtained by a laser scan-
ning 3D rangefinder. Using a scanning laser rangefinder allows you to classify the robot's motion zone at any time of the day or
year. A set of classification features is proposed, the calculation of which is carried out using the least square method and elements
of probability theory and mathematical statistics. The classification of the robot workspace is carried out by four classes: "Flat
surface”, "Small roughness”, "Large roughness” and "Obstacle". Each class characterizes the degree of passability of the robot
movement surface. Classification results are saved as a local map of passability. In each cell of such a map a number is written
that characterizes the passability of the region of the working area bounded by this cell. The developed classifier is integrated
into the on-board control system of the wheeled mobile robot. The results of experimental studies confirming the efficiency and
effectiveness of the proposed classification method are presented. The accuracy of class recognition of the mobile robot workspace
has been determined. The developed classifier successfully operates in various conditions, including in winter and at dusk, but
at the same time it has limitations when working in conditions of natural noise, such as rain, snow. The average classification
accuracy with the minimal influence of natural noise is 92.3 %, and the execution time of each iteration does not exceed 0.085
s, which allows using developed classifier as a part of on-board control systems of autonomous mobile robots.

Keywords: classification, autonomous mobile robot, workspace, point cloud, laser scanning 3D rangefinder, local map

of passability, rough terrain, classification features, least squares method, dispersion
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A Conceptual Model of Remote Sensing Data Routing in the Grouping
of Communication Satellites of a Multi-Satellite Space System

Abstract

The use of low-orbit constellation of small or super-small satellites for solving problems of remote sensing of the Earth is a promising
direction for the development of space activities. In order to ensure the communication of these satellites with ground-based points in
advanced space systems, it is planned to use groupings of low-orbit communication satellites. At that, a certain formation of this grouping
is considered. It is assumed that the satellites are evenly distributed in several orbital planes, and each of them has a connection with two
neighboring satellites in its plane and two satellites in neighboring planes. The object of research in the article is the problem of routing,
namely, the search for routes for relaying data streams from remote sensing satellites to ground-based information reception points. The
proposed approach to solving the routing problem uses the following network specifics. The nodes of the network are remote sensing
satellites, communication satellites and objects of ground infrastructure. In this case, you can highlight two fragments of the network.
Communication satellites form the first fragment of the network, and the second one — the communication channels of these satellites with
ground infrastructure objects and remote sensing satellites. The topology of the first network fragment is static, and the topology of the
second fragment is dynamically changing. However, the dynamics of changes in the topology of this network fragment is predictable. It can
be calculated based on satellite flight simulations and described as a contact plan that defines the time parameters of satellite communication
sessions with ground stations. The solution of the problem is based on an agent-based approach. Satellite agents form the overlay layer of
the network and, based on information interaction, provide route search, traffic balancing, and data transmission without delays at network
nodes. The article offers information interaction schemes that provide both centralized and distributed route search options.

Keywords: multi-satellite space system, groupings of remote sensing and satellite communications satellites, routing
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CIno6 ouLy PAH, CaHkT-lNMeTepbypr
KOHu.enTyaanaﬂ MoAesib MapuwpyTu3aumm AaHHbIX
ANCTAHUMNOHHOIo 3oHAMNMpOoOBaHUA 3eMnu B rpynnmpoBkKe CnyTHMUKOB CBA3U
MHOFOCHyTHMKOBOﬁ KOCMWNYECKON CUCTEMbI

Hcnonvzoeanue Hu3K00pOUMANbHBIX 2DYNAUPOBOK MANBIX UAU CEGEPXMANbIX CNYMHUKOE 045 peuleHus 3a0a4 OUCMAHYUOH-
HO020 30HOuUpoeanus 3emau A645emcs 00HUM U3 OCHOBHbIX HANPAGAEHUL PA38UMUA KOCMU1ecKol deameavHocmu. [las obecne-
YeHUs C6A3U IMUX CHYMHUKO8 C HA3eMHbIMU NYHKMAMU 8 NepCReKMUBHbIX KOCMUYECKUX CUCMeMax npednoaazaemcs Ucnons-
308amb ePYRNUPOBKY HUZKOOPOUMANbHBIX CNYMHUK08 c8s3U. [Ipu smom paccmampusaemcs onpedeseHHoe nNOCMpoeHue Imoli
epynnuposxu. [lonaecaemcs, umo cnymHuku pagHomepro pacnpedeneHsvl 8 HeCKOAbKUX 0pOUMANbHBIX NAOCKOCMAX, U KANCObLl
U3 HUX UuMeem C843b ¢ 08YMs COCEOHUMU CNYMHUKAMU 8 C80ell NAOCKOCMU U 08YMA CHYMHUKAMU 8 COCeOHUX NAOCKOCMAX.
Ob6sexmom uccaedosanuii 6 cmamoe 1645emcs 3a40a4a MApupymu3ayuu, a UMeHHO NOUCK MAPUPYMOo8 045 peMmPaHCAAUUY NO-
MOK08 0AHHbIX CO CNYMHUKO08 OUCMAHYUOHHO20 30HOUPOBAHUS 8 HA3eMHble NYHKMbl NpUemMa UH@GopMayuu.
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pacnpedeneHnblll 6apUAHMbL NOUCKA MAPUIPYIOE.

3emau u CNYMHUKOE8 C8A3U, mapupymu3lauusi O0aHHBIX

B npedaaeaemom nodxode k peuieHur0 3a0a4u Mapupymu3ayuu Ucnoav3yemcs caedyouas cheyuguka cemu. Yramu cemu
ABAAIOMCA CHYMHUKU OUCMAHYUOHHO20 30HOUPOBAHUS, CHYMHUKU C8A3U U 006eKMbl HA3eMHOU uHpacmpykmypol. Tlpu smom
MOJCHO 8blOeaums 06a gpaemenma cemu. Ilepewili hpaemenm cemu obpasyom cnymuHuKuy c8s13u, a 6mMopou ppaemenm — Ka-
HAAbL C8A3U IMUX CHYMHUKO8 ¢ 006eKMaMu HA3eMHOU UHDPACMPYKMYPbl U CHYMHUKAMU OUCAHUUOHHO20 30HOUPOBAHUS.
Tononoeusn nepgoeo gpaemenma cemu A643emca NOCMOAHHOU, a MONOAO2UA 8MOPO20 pasmenma — OUHAMUHECKU U3MEeH -
roweiica. O0HAKo OUHAMUKA U3MEHEeHUs MONoA02UU 3M0o20 ppasmenma cemu seasemcs npedckaszyemoi. Ona moxcem pac-
CHUMbIBAMbCS HA OCHOBE MOOEAUPOBAHUS NOAEMA CHYMHUKO8 U ORUCHIBAMbCS 8 6Ude NAAHA KOHMAKMO8, ONpedensiloue2o
6peMeHHble Napamempsbl CeAnco8 C8A3U CHYMHUKO8 C HA3eMHbIMU NYHKmMamu. B ocnoee pewenus 3adauu nexcum azeHmHo-
OPUEHMUPOBAHHBLI N00X00. A2eHmbl CHYMHUKO8 00pa3ym 06epAeliHbill CA0U cemu U HA OCHO8e UHDOPMAUUOHHO20 63AU-
MoOelicmeus 0becne4uearom NOUCK Mapupymoes, 6aiaHcupoeky mpaguka u nepedauy 0anHwvix 6e3 3adepiiceK 6 y3arax cemu.
B cmamve npednaearomesa cxemvl UHPOPMAUUOHHO20 63aumodelicmeus, obecnevugarujue KaKk YeHmpaiu308anHslll, MaKk u

Karueenie caosa: MHO20CNYMHUKOBAA KOCMU4ecKkas cucmema, epynnupoeku CnymHuKoe 6ucmaHuu0HH030 30H6upoeaﬁuﬂ

Introduction

Remote sensing of the Earth (ERS) is currently
one of the most demanded space technologies. The
growth of a service market in this area is predicted to
reach $8.5 billion by 2026 [1]. Further development
of ERS technologies is associated with use of small,
micro, and mini satellites, and creation of multi-sat-
ellite space systems. The development and creation
of such systems requires the study of many prob-
lems from various subject areas [2]. These include the
routing of remote sensing data transmission to the
Earth, which is the object of research in this paper.

One of the main factors that determine the
choice of approach to its solution is the orbital for-
mation of satellite constellation, the structure and
dynamics of changes in the network topology over
time, and the type of network connectivity [3].

Depending on the orbital formation and the
size of the satellite constellation, the network can
be fully connected or non-connected. In the case
of connected networks, routing algorithms [4—13]
used on the Internet, in terrestrial communication
networks, as well as in MANET (Mobile Ad-hock
Network) networks are considered. In the case of
non-connected networks, technologies that differ
from the protocols on which the Internet is built
are considered. The development of such technolo-
gies led to the development of DTN architecture
(Delay-and-Disruption Tolerant Networking) [14].
For data routing in DTN, CGR algorithm (Contact
Graph Routing) is considered, which is the object of
active research and development [15—22].

The paper is organized as follows. The first sec-
tion describes a variant of building a space system
and setting the routing problem. The second section
provides an analysis of the network topology speci-
fics and the dynamics of its changes. The network as
a whole belongs to the class of MANET networks.

Despite this, the expediency of using a contact plan,
which is used in the basis of the CGR algorithm,
is justified. The solution of the routing problem in-
volves information interaction. Possible interaction
schemes are discussed in the third, fourth and fifth
sections of the article.

1. Problem statement

A multi-satellite space system is considered, in-
cluding groupings of remote sensing and commu-
nication satellites. It is assumed that the commu-
nication satellites are uniformly located in several
orbital planes, and each satellite always has a con-
nection with two neighbors in its plane and two
neighbors in adjacent planes. This network forma-
tion, in particular, is implemented in the grouping
of Iridium communication satellites [23], consisting
of 66 satellites, 11 satellites in 6 orbital planes. In
the case of such a formation, the network topology
has the form of a grid (Fig. 1), and communication
satellites can be identified by the indices i and j,
where i is the ordinal number of the plane, and j is
the ordinal number of the satellite in the plane.
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Fig. 1. Identification of communication satellites
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The communication satellite for the duration of
the communication session with the ground point
will be called a terminal or terminal satellite, and
the purpose of the task is to find routes to the ter-
minal satellites that have communication sessions
with the corresponding ground points. Route search
should be performed taking into account the pos-
sibility of peak situations and traffic balancing.

The performance of the space system has a limi-
tation: the total volume of data obtained as a result
of the execution of ERS requests within a certain pe-
riod of time should not exceed the maximum volume
that can be transmitted within the same period of
time within all communication sessions with ground
points. This restriction can be taken into account
when forming the flow of ERS requests. However,
the traffic intensity may fluctuate, and peak situa-
tions may occur within some time intervals: the total
volume of data held by communication satellites ex-
ceeds the capacity of the currently established com-
munication sessions with ground stations.

A terminal satellite can simultaneously relay to the
ground station 4 data streams received from 4 neigh-
boring satellites. However, in the case of the network
topology under consideration, this restriction may
have additional specifics (Fig. 2). In the first case,
only 6 streams can be retransmitted instead of 8, in
the second case, only 8 streams instead of 12.

The second problem is traffic balancing. If the
communication channel is used simultaneously in
two routes, then the time of retransmission of streams
on these routes is doubled. Thus, the routing prob-
lem is considered, which is reduced to the choice of
terminals and routes for retransmitting data streams
with respect to the restrictions on the intersection of
routes and taking into account the possibility of peak
situations.

In the case of peak situations, congestions of
transmitted data may occur at the network nodes.
In this regard, three possible routing strategies can
be considered. In the first strategy, data transmis-
sion from remote sensing satellites begins only if
there is route, the use of which does not cause con-
gestion occurrence at the nodes of the route. In the
second strategy, data transfer can occur if conges-

eiske

Fig. 2. Specifics of network performance limitations

tion can only occur at terminal nodes. In the third
strategy, it is allowed that congestion can occur at
any intermediate nodes of the route. This article
discusses the first of three routing strategies.

2. The specifics of network topology
and dynamics of its changes

In the case of the formation under consideration,
communication satellites form a network with a
static topology. However, due to the mobility of
satellites, the problem has a dynamic component,
which can be explained using Fig. 3.

In this example, it is assumed that the data trans-
mission occurs in the time interval between # and 7#*.
During this time, the remote sensing satellite has
contacts with different communication satellites Sar!,
Sar* and Sat3, and the ground station — with diffe-
rent terminal satellites Sar’ ', Sar™ and Sar”3. Thus,
the data transmission is divided into 4 time intervals.
Within the first time interval [tO, 71, the source and
destination nodes of data transmission are Sar' and
Sat™! satellites, respectively, within the second time
interval [7', 12] — Sar* and Sar™! satellites, etc.

In the case of such changes in the network topo-
logy, MANET routing methods assume broadcast
distribution of service messages. But in the case of
space systems, such changes can be calculated on
the basis of satellite flight simulations and described
in the form of a contact plan

Contact plan = {<Sat, node, [t5, {']>},

that specifies the time intervals [, #] of the
planned sessions of each communication satellite
Sat with each other node of network: ground station
and remote sensing satellite. When using such data,
the transmission of service messages about changes
in the network topology becomes unnecessary.

Fig. 3. Dynamics of network topology changes
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3. Information interaction of remote sensing
and communication satellites

Information interaction between satellites can
be implemented on the basis of an agent-based ap-
proach. In this approach, it is assumed that each
satellite has its own agent. In accordance with this,
a multiagent system can be considered as an overlay
layer of a communication network. This section dis-
cusses the behavior and interaction models of remote
sensing satellite and communication satellite agents.

3.1. Behavior model of remote sensing satellite agent

The behavior model of the remote sensing satellite
agent in the form of a state chart is shown in Fig. 4.

When observation data appears (1), the agent goes
from the data waiting state to the waiting state for
contact with a communication satellite. The time in-
tervals when the remote sensing satellite can estab-
lish these contacts are available in its contact plan.
When the earliest moment of contact start time (2)
occurs, it sends a request to the corresponding com-
munication satellite Saf to establish contact:

Sat: Communication request.

If a contact is not established for some reason
(3), it goes to the waiting state for the next contact,
otherwise (4) sends a request to the Sar satellite
agent to search for a route and transmit data:

Sat: Transmission request.

»  Data waiting

1

v

h 4

Contact waiting |«

2
v
Contact
establishment

3

4 5

Request to data
transmission

6 9

. v . |

Data tr .. Transmission
ata transmission interruption

A4

Fig. 4. Behavior model of remote sensing satellite agent

In accordance with the routing strategy under
consideration, data transmission begins on the con-
dition that there is a route that does not cause con-
gestion at the nodes of the route. There may not
be such a route in the time interval of the current
contact. In this case, when the end time of the cur-
rent contact occurs (5), the agent enters the waiting
state for the next contact.

If the route is found, it receives the message
Transmission is possible (6) and starts transmitting
data before one of the following events 7, 8 or 10
occurs. If the time of the current contact is over
(7), it goes into waiting for the next contact. If the
Transmission is interrupted message is received (8), it
enters the data transmission interruption state until
the Transmission is possible message is received (9)
to continue the data transfer. If all data is transmit-
ted (10) before the end of the contact, the agent
sends to the Saf communication satellite agent a
message about this

Sat: Transmission is over,

and goes to the state of waiting for the next data to
be transmitted.

3.2. Behavior model of communication satellite agent

The behavior model of the communication satel-
lite agent in the form of a state chart is shown in
Fig. 5. In the interaction of the agents of the remote
sensing satellite and the communication satellite, the
first of them is proactive. Therefore, the communi-

Waiting of
communication
request

A 4

A

1
h 4

Waiting of data
transmission request

2

Y

Route search

4

A 4

Data transmission

Fig. 5. Behavior model of communication satellite agent
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cation satellite agent is waiting for a Communication
request (1) message to establish a contact. After es-
tablishing the contact and receiving the Transmis-
sion request message (2), it initiates the route search
process. This process is described in the next section
of the article.

The satellite agent is in the route search state
until one of the events 3 or 4 occurs. If the route is
not found before the end of contact with the remote
sensing satellite (3), it enters the waiting state for a
new data request, otherwise (4) sends to the SarRS
remote sensing satellite agent a message about this

SatERS: Transmission is possible,

and enters the data transmission state. It is in
this state until one of the events 5, 6, or 7 occurs.
When the communication session of the terminal
satellite with the ground station is over (5), it sends
a command to interrupt the data transmission

SatPRS: Transmission interrupted,

based on the contact plan, it determines the next
terminal satellite and initiates the process of finding
a route to it. When the contact with the SarfRS
satellite ends (6), or the message Transmission is
over comes (7), the agent of the communication
satellite goes to the state of waiting for the next
Communication request.

4. Interaction scheme
of communication satellite agents

Route search can be performed in both centrali-
zed and distributed variants. In the first case, an ad-
ditional manager agent is introduced, which searches
for routes at the request of the communication satel-
lite agents. In the second case, the communication
satellite agents search for routes independently.

The route search is preceded by the choice of a
terminal satellite. Initial data for this is the con-
tact plan and the ground point where the ERS data
should be delivered. The choice of a terminal satel-
lite also involves information interaction with the
agent of this satellite, the purpose of which is to
confirm the establishment of a communication ses-
sion with the ground point.

When searching for routes, we use up-to-date data
on the state of inter-satellite communication channels,
which are maintained in the Network load database.
A channel can be in one of two states: it is used in
an active route or not. In the centralized model, this
database is maintained in the memory of the manager

agent, in the distributed model — in the memory of
the agent of each communication satellite. The route
search is performed using Dijkstra’s algorithm [24].
The route length metric is the number of communica-
tion channels that make up the route.

4.1. Centralized routing model

A possible scheme of agent interaction in the
case of a centralized model is shown in Fig. 6.

Here and after, the following designations are used:
Sat® — a communication satellite receiving data from
a remote sensing satellite, Saf, i = 1, ..., k — satellites
of intermediate nodes of the stream relay route.

In accordance with the scheme, the satellite agent
Sar® sends the manager agent a Request to search for
a route. After searching and selecting a route, the
manager agent sends an Update message to the agent
of each Saf route node with a Route description in
the form of an ordered list of route nodes:

Sat': Update (Route), i = 1,...,k,
Route = {Sat’ /j =0, I,..., k}.

Based on the route description, the node agents
update their routing tables, and send a Confirma-
tion message. After receiving confirmation from the
agents of all the route nodes, the manager agent
registers the new states of the route communication
channels in the Network load database and sends
the Update message to the Sar satellite agent:

Saf’: Update (Route).

When a message is received, the Saf® satellite
agent updates the data in the routing table and
sends the Transmission is possible message to the re-
mote sensing satellite agent.

After transmitting the data stream, the Saf’
satellite agent initiates a protocol with a similar
scheme (Fig. 6), during which the manager agent
updates the status of the communication channels

Manager

Request i
&| Update

:
1
1
1
i
1
i Confirmation j
1
1
1
1
1
1

Fig. 6. Interaction scheme in case of a centralized model
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used in the route in the Network load database, and
the agents of the route nodes update the data in
their routing tables.

The manager agent searches for routes sequen-
tially, in the order in which requests are received.
When peak situations occur, a queue of requests for
which the route has not yet been found is formed
in the memory of the manager agent. The search
for routes for these queries resumes after updating
the data in the Network load database due to the
termination of the use of any of the existing routes.

In order to ensure reliability, the manager agent
must have a duplicate agent that operates on an-
other network node and synchronously updates the
data in its Network load database. If one of these
agents becomes unavailable, the other agent re-
mains or becomes the primary agent, creates a new
duplicate agent in the other node, sends it a copy
of the Network load database, and broadcasts the
agents of all communication satellites the address
of the new duplicate agent.

4.2. Distributed routing model

In the case of a distributed routing model, the
behavior scenario of the Sar’ satellite agent in the
"Route Search" state (Fig. 5) can be summarized
as follows.

1. It searches for a route. If the route is not found,
it resumes the search after waiting and receiving a
message about the termination of the existence of
an existing route.

2. When the route is found, it initiates the route
validation protocol. Participants of the protocol are
agents of route nodes, satellites Saf, i = 1, ..., k.
The purpose of the protocol is to check the non-in-
tersection condition of the route and add new data
to the routing tables at the route nodes.

3. The result of executing the route validation
protocol can be the approval or rejection of the

route. If the route is approved, it send the message
Transmission is possible to the remote sensing satel-
lite agent. If the route is rejected, it learns about the
unavailability of the communication channel in the
node of the rejected route, updates the state of this
channel in its Network load database, and, considering
this, searches for another route.

The number of nodes in the route determines the
number of participants in the route validation pro-
tocol. Fig. 7 shows an example of the scheme of this
protocol in the special case when the route passes
through 3 nodes.

According to the scheme, the Request message
with the description of the found Route is transmitted
sequentially to the satellite agents Saf, i = 1, ..., k.
From the Route description, the Saf satellite agent
identifies the Saf — Saf * ! communication chan-
nel, and determines its current state based on data
from its routing table. If this channel is not used for
transmitting another stream, it updates data in its
routing table, and passes the Request message to the
agent of the next route node.

If the Request message reaches the terminal
node, the route is assumed to be approved, and the
terminal node agent initiates the broadcast of the
Inform message on the network with the description
of the approved route. The purpose of distributing
the Inform message is to update the data in the Net-
work load databases of all communication satellites.
When the Saf® satellite agent receives Inform mes-
sage it also sends the Transmission is possible mes-
sage to the remote sensing satellite agent and the
data stream transmission begins.

If the Sar-Sar © ! communication channel is al-
ready used to relay another data stream, the Saf
satellite agent initiates the rejection of the found
route. Route rejection is reduced to the sequential
transmission of the Cancel message in the oppo-
site direction along the route path (Fig. 7). In this
message, along with the description of the rejected
route, the Saf-Saf * ! communica-

ellite agent also initiates the process

r . . ;
:| Agent of Sat’ || Agent of Sat' || Agent of SaC || Agent of Sat tion channel is tran§mltted. When
- ; ; ; this message is received, the node
Request ' i i agents update the current data in
Cancel Request i : their Network load databases and in
< 2 ! . .
T : their routing tables, and the Saf® sat-
i Cancel Request "
L Y 1
I
I

Cancel Cancel

Fig. 7. Protocol of route validation

e e T
Q
=
o
<R
l |

Inform/Gossip

of finding and validating a new route.

It should be noted that the Saf’
satellite agent learns about the use
of the Saf-Saf * ! communication
channel in another route also from
the [Inform message, which is dis-
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tributed over the network after the validation of this
route. In this case, there are two possible situations:
the Cancel message is received before or after the ar-
rival of the Inform message.

In the first situation, two strategies can be con-
sidered. The search and validation of a new route
can be performed immediately after receiving the
Cancel message or with a minor delay after recei-
ving the Inform message. The difference between
the strategies is as follows. In the first case, the
new current data on the use of communication
channels in another already approved route is
partially known, and in the second case — com-
pletely.

In the case of distributed routing, the Sar° satel-
lite agent, along with route search and validation
also notifies the agents of all communication satel-
lites of the end of route use. In this regard, when
it exits the Data Transmission state when any of the
events 5, 6 or 7 occur (Fig. 5), it initiates the broad-
cast transmission over the network of the Inform
message with a description of the route and an in-
dication of the end of its use.

5. Routing in cases of network topology changes

The information interaction schemes of com-
munication satellite agents described in sections 3
and 4 assume that all inter-satellite communication
channels are always in operation and the network
topology formed by the communication satellites
remains constant over time. This section discusses
additional tasks of information interaction in cases
when some inter-satellite channels fail.

Monitoring of the state of inter-satellite channels
can be performed based on the exchange of Hello
service messages, similar to how it is implemented,
for example, in the OSPF protocol, which is widely
used in practice. A satellite agent that detects a failure
of a communication channel transmits a message
over the network in broadcast mode with a list of
such communication channels.

The behavior model of the Saf’ satellite agent,
when receiving such a message, is as follows. If
the channels specified in the message are used in
the data transfer route, then it sends a message to
the agents of the route nodes about the destruction
of the route and initiates the process of searching
for a new route in accordance with the interaction
schemes described in sections 3 and 4. Route de-
struction messages are sent for updating the routing
tables in the nodes of this route.

The article discusses the routing strategy, accor-
ding to which data transmission does not involve data
congestion in intermediate nodes of the route. In this
sense, cases where some communication channel in
the route fails can be considered as exceptional ones.
A data congestion inevitably occurs at a route node
when its communication channel with the next route
node fails. In this case, the volume of accumulated
data is determined by the length of time that passes
after the time when the communication channel fails
until the time when the data transmission from the
remote sensing satellite is interrupted.

The prototype of the behavior model of the com-
munication satellite agent in this case can be con-
sidered the behavior model of the satellite agents
Saf’ (Fig. 5). The difference in the behavior model
in this case is only that the source node, from which
the data is transmitted, instead of the remote sen-
sing satellite, is the communication satellite itself.
At that, the search for a route for data transmission
can be performed in accordance with the interac-
tion schemes discussed in section 4.

Conclusion

The object of research in the article is a multi-sat-
ellite space system, in which a grouping of communi-
cation satellites provides the retranslation of data from
remote sensing satellites to ground infrastructure ob-
jects. A routing method is proposed that provides data
traffic balancing and does not imply the occurrence
of data congestion in the network nodes. The soft-
ware implementation of the proposed routing method
is considered as the main component of a complex
simulation model designed to study the capabilities of
promising multi-satellite space systems.
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MpuHUMNbI XpaHEeHMA U MOHUTOPUHIa UHcopmaLnm
0 KOHthurypaumsax B 3agayve ynpaBreHUsi U36bITOYHOCTbLIO
Komniekca 6opToBoro o6opyaoBaHus

IIpednoocenvr npunyunsl Gopmupo8anuss OCHOBHbIX CMPYKMYPHbIX KOMHOHEHMO8 045 Peaiusayu 3a0a4u ynpasieHus u3ool-
MOYHbIMU pecypcamu Komnaexca 6opmoeoeo obopydosanus (KbO): mabauy koHgueypayuil, unoekcog e0mosHocmu U nokasamenei
DYHKYUOHANBHOU IPDEKMUBHOCIU NPOSPAMMHBIX U ANNADAMHBIX KOMHOHEHMO8 000py008aHuUs, NO380AAI0OUWUE HOPMAIU308aMb
npoyeccyl Ux paspabomku u UCnoab308aHus 6 3adaye ynpaeaenus uzooimounsimu pecypcamu KbO. [Ipedroxceno pazdenenue uzoo-
MOYHBIX KOMNOHEHMO8 HA 2PYNNbL PECYPCO8: BLIMUCAUMENbHbLE MOOYAU, KOMNOHEHMbL I0PA ONePAYUOHHOU CUCTEeMbl, KOMNOHEHMbL
060pmM0o6020 NPOPAMMHO20 0becneuerus, KOMHOHEeHMbl NepupeputiHoi KOMMYMAYUOHHOU CUcCmeMbl, annapammusle nepugpeputinbvie
Komnonenmot KBbO. Chopmyauposansvi obusue npunyunsl opeaHu3ayuu MOHUMOPUHea U30bIMOYHBIX Pecypcos, N0360As0uUe UC-
N0Ab308aMb CXEMbl U B03MONCHOCMU KAK MPAOUUUOHHBIX GCIMPOEHHBIX CPeOCmE KOHMPOAS (HUICHUL YPOBeHb MOHUMOPUHRA), MAK
U 0onee pazeumMblX AN20pUMMUYECKUX PeUeHUTl Ha 0CHO8e N02UMEeCKOl 00pabomku pe3yibmamoe KOHmMpoas (CpeOHul u 6epxHuil
Ypo6Hu MmoHumopuHea). Ilpedioxcenvt mexanusmol popmuposanus, a maxice gopmvl mabauy KoH@pueypayui 011 annapamHovlx
KOMNOHEHMO8 U 60PMOGbIX NPUAONCEHUL, A MAKIICe NPABUAA UX 3ANOAHEHUS, OPUEHMUPOBAHHbIE HA UCNOAb308AHUE 8 CYNEPBU30-
pax Kougueypayui. Paspabomansl u 0emanusupoansl NPUHYUNLL HOPMUPOBAHUS UHOEKCO8 20MOBHOCMU U nOKa3amenel (yHK-
YUOHANbHOU 3hheKmusHocmu, no3eoisuue peaiu30eams 6 NPOPAMMHOU cpede yuem pa3AudHbIX (aKmopos, onpedeasiouux
803MOJCHOCMU U IPHEKMUBHOCMb PA3AUHHBIX 8bIYUCAUMENbHBIX cpedcmeé u Kougueypayuli KBO. Ilpedaoxcen cnocob koppekuuu
noxazameneii pyHKUUOHAALHOU P PeKmusHocmu KoHpuaypayuii 3a cuem Gopmuposamens pelicumos, a0danmupyoueco peKoHpu-
2YPUpPOBaHUe KOMRACKCA K YCAOBUAM €20 UCHOAb308AHUS, peuiaeMbim 3a0avam, komandam onepamopa. Ilpuseden npumep yuema
pasnoobpasus 3aday u pexcumos KbO 6030yunoeo cyona: amanog nosema, a8apuiiHblx CUmyayuil, cepeucHulX ycaye u noodepicku,
peducumos dcuzHeobecneuenus, padbomsl NUAOMAICHO-HABULAUUOHHORO KOMNAEKCA, A MAKdice YNPAGAAIOWUX KOMAHO SKUNANCA.
IIpednoscennvie pewenus moeym Gbimsd UCNOAL30BAHBI 6 CUCHIEMAX AGMOMAMU3UPOBAHHO20 NPOCKMUPOBAHUS KOMNACKCO8 000-
pyoosanus, cucmem 6e30nACHOCMU HOAEMO08, YNPABAEHUS 00WeCaMOIeMHbBIM 060pY008aHUEM, NPOSPAMMHO-YNPABASEMbIX CUCTEM
paoduocesasHozo 060pyo0oeanus, MHO2OCNEKMPAAbHLIX OOPMOBLIX CUCMeM PA38e0KU, UeaeyKa3aHus U YNpaeieHus aeUuayuoHHbIM
B00PYIICEHUEM U CHEUUANbHBIMU UeAeB8bIMU HAPY3KAMU NEPCHEeKMUBHBIX ABUAYUOHHBIX KOMNACKCOB.

Karueenie caosa: komniexc 60pmosozo 060py0oeanus, ynpasienue u30blmoyHOCmMvio, MOHUMOPUHE COCMOAHUS, Mabauya

KOHQueypauuu, uHoeKc e0mosHocmu, NoOKa3amenb OYHKUUOHAAbHOU dhexmusnocmu

BBenenune

B HacTosiee BpeMs B 007aCTU MNOCTPOEHUS
ABUOHMKHU OCYILECTBUJICS Ilepexold OT LIeHTpaiu-
30BaHHBIX M (eAepaTUBHBIX K paclpeneIeHHbIM
WHTETPUPOBAHHBIM KOMTILJIEKCAM OOpPTOBOrO 000-
pynoBanusi (KBO) [1—3]. B kxauecTBe mpuMepoB
pacnpeneeHHbIX UHTerpupoBaHHbIX KBO MOXHO
yKazaThb maccaxxupckue camosietol Airbus A-380,
SSJ-100, 6oeBrie camoneTsl F-35 u Cy-57. Bener-
¢ pa3paboTKa OTEYECTBEHHBIX MNEPCHEKTUBHBIX
aBMAIIMOHHBIX KoMIuiekcoB Mi-114 New, SSJ-75
n ap. TeHIeHLIMM COBPEMEHHOTO Pa3BUTHUS OOp-
TOBOI'0 O0OpYIOBaHMUS BO3AYIIHBIX CYIOB CBs3a-
HBI ¢ KOHLENLWENA WHTETPUPOBAHHOM MOIYJIBHOM
aBuoHuku (MMA) [4—6]. B kauecTBe KapauHab-
HOT'O MYTU CHUXXEHUS BPEMEHU, YIIPOIIEHUS TEX-
HOJIOTUY W CHUKEHUSI CTOUMMOCTH OOCTyXKMBaHU S
Bo3aywHbiXx cynoB (BC), Bkiawouyass ux 6opToBoe
paauosnekTpoHHoe obopynoBaHue (bP2Y0), pac-
CMaTpHMBaeTCs peaau3alns KOHLEIIIMN aBUOHU-
K1 HeoOCTy>K1MBaeMOTro 00pTOBOro 000pyIOBaHU S

(AHBO) [7, 8], koTopasi co3By4YHa C KOHIIEIIIM-
€l MHTEerpMpOBAaHHOTO YIpaBICHMUS HWCIIPABHO-
CThIO TpaHCIIOpTHOro cpeactBa (Integrated Vehicle
Health Management — IVHM) [9, 10] u nompa3s-
yMeBaeT OOpPTOBOE OOOpYyAOBaHMWE, CO3JaHHOE
C BO3MOXHOCTBIO aBTOMaTHYECKOT0 CaMOBOCCTa-
HOBJICHUS B 3aJaHHBI MeXperJaMeHTHBIN Nepu-
ol GYHKIMOHUPOBAHUS 0e3 ydacTus TiepcoHala.

OnHuUM U3 NPUHIUIIOB MOCTPOCHUSI COBPEMEH-
Hbeix 1 nepcnekTuBHbix KBO BC saBasercsa nx us-
ObITOYHOCTH (aHII. redundancy) Kak Ha CUCTEMHBbIX
YPOBHSIX CETEBBIX CBs3€li, KaHAJIOB Iepedayu IaH-
HBIX, BBIYMCIUTENIbHBIX CUCTEM, TaK M Ha ypPOBHE
OTHEJIbHBIX MOIYJICH, Y3JI0B, KOMIIOHEHTOB [11]. Ilox
M30BITOYHOCTHIO TEXHUYECKOW CUCTEMbI TIOHUMAaET-
Ccsd Hajauyye B HEl BO3MOXHOCTENH (amImapaTHBIX,
BBIUMCJIUTENbHBIX, SHEPreTUYeCKUX U T. 1.) CBEpX
TeX, KOTOPbIE MOIIM Obl O0ECIIEYUTh €€ HOPMAaJIbHOE
dynkimonuposanue [12]. B AHBO u36biTOYHOCTD
SIBJISIETCSI HEIPEMEHHBIM CBOWMCTBOM JIJIsI peain3a-
IIMM BO3MOXHOCTHU aBTOMaTMYECKOIrO BOCCTaHOB-
JleHus1 (pa3IMYHBIMU TEXHUYECKMMU CpPeIACTBaMMU)
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OTKazaBWMX (PyHKIUKA KoMmiekca. Kpome Toro, 3a
CYET TaK Ha3biBaeMOl (pyHKIIMOHAJIBLHONM M30BITOY-
HOCTU BO3MOXHO OOCTUXXEHME APYTUX, MPUHIIU-
MYaJIbHO HOBBIX KaUECTB KOMILJIEKCA (MHOTO(MYHK-
LMOHAJIbHOCTH, aJalTallM1 K BHELIHUM YCJIOBUSIM,
pelaeMoi 3agade 1 ap.).

ITocTanoBka 3agaum

B pabotax [13—17] mociiemoBaTeIbHO pa3BHBa-
I0TCS T€OPETUYECKUE aCIEKThl meopuu ynpaene-
HUs U366IMOUHOCMbI0 KOMILIEKCOB 000pYyIOBaHMS
Ha OCHOBE CYIIEpBH30pHOIro Ioaxoda. B crarbe
[13] BBOOMTCSI MIOHSATHUE Ccynepeu3opa KoHpueypa-
yuu, IO KOTOPbIM ITOHUMAETCS aIlapaTHbIA WU
IPOrpaMMHBIM MOIYJb, HAa KOTOPBIM BO3jaraet-
cs1 hopMUpOBaHUE, XpaHEHYE, OOHOBJIEHUE U IIPU
HEOoOXOAMMOCTU WCIOJb30BaHUE WHOOpMaLUU
0 KaXJIOoil KOHKYPEHTOCHOCOOHONW KOH(pUrypa-
uuu KBO. B pa6orax [14—16] 060CHOBBIBAIOTCS
OCHOBHbIE T€OpETHUYECKHE IIOJIOKEeHMsI opma-
Ju3aluuu 3agad (GpopMUPOBAHUS KOH(PUIYpalUid
N KOH(PUIYPUPOBAHUS M3OBITOYHBIX PECYpPCOB.
Craths [17] mocBsilieHa NpaKTUYECKOW ajarnTa-
LMY OAX0Aa K PellleHUIO 3aaa4 YIIpaBJIeHUS BbI-
yucauteabHoi cuctemoit KBO.

B ykazanHbIX pabotax cdopmMupoBaHa CHUCTE-
MaTU3MPOBAHHASI COBOKYMHOCTb MOHSITHIM, METO-
IUK U CTPYKTYp OOPTOBOI CHUCTEMBI YIpaBJICHUS
M30BITOYHOCTBIO, KOTOpble OGOPMUINCH B cynep-
BU30PHBLI CNOCOO ynpaeieHus u3dblMmoYHOCMbI0 KakK

Bbluncnurtenu

a-BbluucnuTens

Croco6 00pabOTKM MAaHHBIX 00 aJBTePHATUBHBIX
KOH(UTypalusX, BKJIIOUAIOIINA cOOp JaHHBIX, MOJ-
TOTOBKY U TIpOBefeHEe apOrTpaka IMpeTeHACHTOB Ha
MpeanoyTeHe ¢ TMOCeAYIOIel peaiu3alneil Bbl-
OpaHHOro mobeauTenst (BBIYMCAUTENS MM KOH(DU-
rypauumn). OG0CHOBaHA CTPYKTypa U cPOpMyaupo-
BaHbI OCHOBHBIE TIOJIOKEHUSI O clcmeMme YNpasaeHus
uzosimounocmoio (CYM) KBO, ymnpolieHHast CTpyk-
TypHasl cxeMa KOTOpOl MpeacTaBjieHa Ha puc. 1.

[IpenyioxxeHHast cucrema mpeariojaraeT Haau-
yye MHOXECTB PEe3epBMPOBAHHBIX H30BITOYHBIX
komrnioHeHToB KBO co BcTpoeHHBIMU CcpeacTBa-
Mu koHTposs (BCK), Belumciauteneit 1 KomMmmy-
TallMOHHBIX CPEACTB U ONMUPAETCS Ha MHOXECTBO
cynepBuzopoB KoHdurypamuii (CK), xaxnpiii 13
KOTOPBIX BKJIOYaeT: TabJuilbl KOHUTrypamui,
TabAUILIbl oKa3aresiei pyHKIMOHAIbHON 3¢ deK-
TUBHOCTH, Oydep MHAEKCOB TOTOBHOCTHU, MOAYJb
MOHUTOpPUHTA, (hopMUpOBaATEIb PEXMMOB, aIro-
PUTMBI apOUTpaxa CynepBU30POB, YIIPABIISIONIAN
MOZyJib, a TakKXe BCIOMOTraTeJbHbIe MPOLEIY-
pbl u Oydepubie daiinbl. Ha puc. 1 JICK — no-
muHupyomuit CK — mobemurenp apOuTpaxka,
O.-BBIUMCIIUTENIb — BBIYMCIUTENb, B KOTOPOM pe-
anusyercs JICK.

B 4uncno BaxxHbIX YHKIIMI CyNepBU30POB BXO-
JSIT MOHUTOPUHT COCTOSTHWSI TPOTPAMMHBIX 1 aria-
paTHBIX KOMITOHEHTOB, a TaKXe XpaHeHWEe JaHHBIX
o KoHburypauusx. Hacrosiias crarbst HampaBieHa
Ha OOOCHOBaHNE OCHOBHBIX IIPUHIIMIIOB (OPMU-
poBaHUS U TexHu4yeckoi peanuzauun B KbO koH-
(urypaiimoHHbIX TabJM1], UHAEKCOB TOTOBHOCTHU U
nokasarejieil  (pyHKIIMOHAILHOMN
3(PPEeKTUBHOCT  KOMITOHEHTOB
obopynoBaHUsI,  TI03BOJISIIOLLIUX
dopmMam3oBaTh IIPOLECCHI WX
pa3paboOTKM M WCITOJIb30BAHUS
B 3aja4e ympaBjieHUsI pa3HOPO.I-
HBIMM pecypcamMu B paMKax Cy-
MEepPBU30PHOTO CIIocoda yrnpasJie-

BCK

apbuTpaxa

1

1

) 1 i

1 Tabnuua

1 KOHUrypaumm [RS |
1

1

1

] BcnomoratenbHble npoueaypsl 1 ! EXKUMOB ]
| 6BychepHble caiinbi L -‘-p- ah o : :

[}
Pexumbl KomaHngp!
pabotbl KEO  akunaxa

Puc. 1. Cucrema ynpaBiaenns n3obiTounoctsio KBO
Fig. 1. OEC redundancy management system

! CK-1 |
|'£ <—>'LCK-2 : KomaHgb!
8 ST T T TTTTTTTTTTTTTTTTTTTTTT peanusauun
= » O _____ N KOHbUrypaumum
@ . _ACK >
f ! Ynpaensowmin | _ _ _ _ _ _ _______ :

T |‘

(l‘-_.: v Mogaynb v . | KomaHzs!
E— ! t i Bycdep 1 Vo Ha Tect BCK
T : le——1 wHpexcos ! Mopynb - pf oo *
(] ) Anroputm rotosrocTy | MOMTOPH L _iLfe o - o =
= ! - 1 [aHHble

ot BCK
KOMMOHEHTOB

dopmuposatens | ' 1 Cynepsu3opbl

BCK
Hu1A usdosiTouHoctbio KBO.

T
KomnoHeHTbl KBO

H30p1TOYHBIE pecypchl KBO

BCK

| KOMMyTaLMOHHaFI cucrema |

[Ipennonaraercsi, 4TO KOMII-
JIEKC COCTOMT M3 Habopa KOMITO-
HEHTOB, Pa3JIMYHBIX IO TIPeIHA3-
HaYeHU10, (QU3NYECKOI MpUpoIe
U MpUHLIUIAM (YHKIMOHMPOBA-
HUsI, U30BITOYHOTO B TOM CMBIC]IE,
YTO HUKAKOW M3 KOMIIOHEHTOB HE
00J1lalaeT MCKIIOYUTEIBHOCThIO

KOHpurypaummn
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WY HE3aMEHMMOCTBIO B COCTaBe KOMIIJIeKca, Mpu
5TOM MpeAyCMaTpUBAETCS MPEBBINIAONIAS €IU-
HUIY KPaTHOCTb PEe3epBUPOBaHUSI KOMIIOHEHTOB,
BBITIOJTHSTIOIAX OAWHAKOBBIE WJIM B3aWMO3aMEH -
eMble (MMOJTHOCTBIO UJIM YACTUYHO, BO3MOXKHO C Ya-
CTUYHOI TToTepelt 3 HEKTUBHOCTU) (PYHKIIWN.

Ilon kougueypayueii WN3OBITOYHONM  CHUCTEMBI
(koM1IeKca) MOHMMAETCsl CrelaibHas, BpeMeHHO
chopMHUpOBaHHAs He U30LITOYHAST PabOTOCIIOCO0-
Hasl COBOKYITHOCTh KOMITOHEHTOB, COOTBETCTBYIO-
1asi pelraeMbIM 3a/1a4aM Ha TEKYIIEM ATarle MoJeTa.

Bce pecypcer KBO, yyacTBylolue B IIpolec-
ce YTPABIECHUS W3OBITOYHOCTBIO — U30b/MOYHbBIE
pecypcol — AENSATCS Ha HECKOJIbKO TPYI, YUCIIO
KOTOpBIX ompeaensieTca pazpadoruukom KBbO
B 3aBMCHMOCTU OT 3ajay yIpaBJeHWUs, a Tak-
XK€ OLIEHKM BO3MOXHOCTM M LEIECO00pa3HOCTHA
VIIpaBJeHUS UX PEKOHDUTYypalnei.

B 3agauax ympasnenus pecypcamu KbO aBua-
IIMOHHBIX KOMIJIEKCOB B POCTEMIIIEM CITy4ae MO-
TYT BBIJENSTHCS CHAEAYIOIME TPYIMbl: BbIYMCIU-
TeJibHbIe Moayan (BM), KoMmoHEHTH OOPTOBOIO
(YHKIIMOHAJIBHOTO MPOrpaMMHOI0 OoOecreyeHu s
(®PI10), kOMMOHEHTH NepudepuitHOl KOMMYTa-
nuoHHoi cucteMbl (ITKC), annapaTtHbie nepude-
puiinble KoMmoHeHTH KBO (KOM)'.

®opMHpOBAHHE U XPAHEHHE
KOH(HMrypanuoHHbIX JaHHBIX

CormacHo pa6ore [1] mabauyst xongueypa-
Yyuu — 3TO CHelMaJbHO OpPraHW30BaHHBIE CTPYK-

0) cBsI3eii MeX Ty KOMIIOHEHTAMHM IIPOT PAMMHBIX
pecypcoB (HaJluuue WK OTCYTCTBUE Iepeaadyu 1e-
JIeBoit MH(pOPMAILIMY MEXIY ITPUIIOKCHUSIMMN);

B) pacnpeneieHUsT (PYHKIIMOHAJIbHBIX IIPUJIO-
KEHUIN MEXOY BBIYMCIUTEISIMU, KOTOPOE B 00-
1EeM clyyae MOXHO TaKXe paccMaTpuMBaTh Kak
CBSI3b MEXIY KOMIIOHEHTAaMU: allllapaTHBIMU (BbI-
YUCIUTEISIMHA) U MPOrpaMMHBIMU (3aITyCKaeMBbI-
MU B HUX HPUTIOXKEHUSIMU).

B uensax omnpeneneHus mnpaBua (popmMupoBa-
HUSI KOHPUTYPALIMOHHBIX TaOJIuUIl mpuBenem ¢op-
MaJIM30BaHHOE OMNMCaHUE 3JIEMEHTOB XpaHECHMS
JaHHBIX O KOH(UIypalMsX, OCHOBHBIC ITOHSITUS
0 KOTOPKIX MpuUBeIeHbI B padboTtax [13—17].

bynem momarate, uto KBO comepxkutr MHO-
KECTBO R KOMIIOHEHTOB, OOIlee YMCJIO BXOIOB U
BBIXOJIOB KOTOPBIX COCTaBIISIIOT MHOXECTBa R, U
Ryx COOTBETCTBEHHO. [lycTh oOluee yucio pas-
JIMYHBIX paccMmaTpuBaeMbix KoHpurypauuii KbO
coctaBasgeT n. Kaxnasa uz KoHdurypauuit comep-
JKUAT MOAMHOXECTBO COOTHECEHHBIX C HEll KOMIIO-
HeHTOB K € R, o0liee 4ncio KOTOPhIX 0003HAYUM
k, a obuiee 4YMCII0 UX BXOLOB U BBIXOIOB k,, € R,
U ky, € Ryx COOTBETCTBEHHO.

Torpa B o611eM ciiyyae OyayT UMETh MECTO A KOH-
¢uUrypalMoHHbLIX Tabaul, (1Mo 4YMCIy KOHUrypa-
M), Kaxaasi i-9 U3 KOTOPbIX B CBOeM "sjape”, T. e.
0e3 ydeTa JOMOJHUTEIBHBIX CTPOK U CTOJIOLIOB, OyIeT
cofepkaThb k CTOJIOLIOB 1 2 CTPOKU: STYEMKHU BepXHel
CPOKH TaOJUIIBI COmep:KaT HOMepa KOMIIOHEHTOB 1,
C KOTOPBIMM CBSI3aHbI BXOIBI JAHHOTO KOMIIOHEHTA,
a HUXXKHEM — HoMepa KOMITOHEHTOB p, ¢ KOTOPbIMU
CBSI3aHbI BBIXOIbI JAHHOTO KOMITOHEHTA:

Komir. 1 KOMII. 2 KOMII. k
K - |:KBXj| _ [nll Ni2 n]n] [n2] N22 r|2m] . [an U an:| — HOMEpa BXOI0B (1)
"OKed |len i Pik] [Pi1 P12 Pu] [le PN2 pr] — HOMEpa BBIXOMOB.

TYpBI JAHHBIX, KOTOpPbIe (DOPMUPYIOTCS Ha 3Talle
pa3paboOTKM U XpaHAT MHGOPMAIIMIO O COOTHE-
CEeHHOM C CYyNepBU30pPOM KOH(pUTYpallUU B BUIE:

a) CBsI3eM MeXIy KOMIIOHEHTaMH allllapaTHBIX
pecypcoB (HaJau4uMne MJIA OTCYTCTBUE COCTMHECHUS
X BXOIOB U BBIXOAOB);

Manee NpUHATHIE abOpeBHaTyphl OydeM MCIIOJb30BaTh MJISI
0003HaYeHU S B TabJMIIaX, OTHOCSIIMXCS K TOM MW WHOW TPYyII-
e pecypcos.

IIpu sTOM KJIeTKM TaOJIUIIBI, COOTBETCTBYIO-
II1e OTCYTCTBUIO CBSI3€M MEXIY KOMIIOHEHTaMU,
3amnojHA0TCI HyasMu. Hanpumep, 3amnuch

2,3,5%0%1%0!0
A R RO @
1 2 3 4 5 — HoMepa KOMIIOHEHTOB

O3HauaeT, 4To KoHdurypauus Ne 7 conepKuT 5 KoM-
TIOHEHTOB, BX0I KOMITIOHeHTa No 1 coearHEH C BBIXO-
JaMuy KoMIoHeHTOB Ne Ne 2, 3 u 5, mpuyeM KOMIIO-
HeHTHI No 1 1 No 3 uMeloT AByHampaBIeHHYIO CBSI3b.
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Kaxk onucaHo B pabore [15], Tabauiibl KoHMU-
rypaluii MOTYT XpaHUTbCS B (popMe MaTpull CBSI-
3eid BUAA (MU TIPUMBEIEHHOTO BhILIE TPUMEpA):
pasfaenbHO JJI1s1 KOMMPOBAHMS CBSI3€i MO BXoaam

K, [2,3,510]110]0]

0 {01700
1 10,000
Coox 1 10,000 ©)
0 [0/0101/0
1 [0/0]0/0
" 110 BbIXOJaM
'0l0/1710]0] K—*_%,-”‘
171010100 1
Crox= |1 0,0 00 |1 )
0/0/0/0/0| |0
"0 ,0(0(0f L
WJIu B 0000OIIIEHHOM BUIE
K,y [2,3,5]0] 0]
N0 (1m0 0] K—g"-x
1™NLON0 0 10 1
Co=| 1° [0NONO |0 1, 6
0 10 | 0N0NO 0
100 0N |1

roe 3HaKamMu 1" oTMedeHbI cBsI3u 1o Bxomam; 17 —
cBsi3u 1o BbixomaMm; 1 — IBYHAIpaBJCHHBIE CBSI-
31 MEXIy KOMIIOHEHTaMW. EMWHWIIBI B MaTpumax
CBSI3el YKa3bIBAIOT Ha HaJIMYMeE CBS3CH, HYJIM — Ha
UX OTCyTCTBHE. YMCIO eMMHUII B OJHOM CTOJOILE
WIN CTPOKEe, TaKUM 00pa3oM, COOTBETCTBYET YMC-
JIy aKTUBHBIX (3a1eICTBOBAHHBIX JIJISI KOMMYTAIIH)
BXOIIOB MJIM BBIXOIOB KOMIIOHEHTOB. /lnaroHasib Ma-
TPUIIbI OCTAETCS He3aaelCTBOBAHHOM, JIMOO MOXET
WCITOJIB30BaThCST JIJISI XpaHEHUs JTOIMOJTHUTETbHON
MHOOPMAIIUU O KOMIIOHEHTaX (TOTOBHOCTH U T. II.).

s nepexona ot 3arucy Tabnuiibl (1) K (3) u (@) Tpe-
OyeTcst "pa3HeCTU BEKTOPbI MHAEKCOB BEPXHEH M HIIK-
Heli CTPOK MaTpuiibl K 10 COOTBETCTBYIOIIMM CTPOKAM
u cronbuam Marpul cesseit Cy,, C,, .-

st ocylecTBAEHUSI OOpaTHOIO Ie-
pexoaa HeoOXoaMO:
* HOMeEpa CTPOK BceX eAMHUYHBIX (17)

anemMeHTOB Matpuubl C,, CHecTH

Tabnuna 1
Table 1

Tadauna koupurypanuu (KOMMYTanusi KOMIIOHEHTOB)

Configuration table (component commutation)

No KOMMIOHEHTOB
BzauMocss3u
KOMIIOHEHTOB 1 2 3 4 5 k
Ha Bxone 2,3, 5Y 1
Ha Bbixozne 37 1 11 1
A |

* HOMepa CTPOK BceX enMHUYHBIX (17) ayeMeH-
ToB MaTpulibl C, , CHECTU B OIMH IOIMOJHU-
TEJBHBIN CTOJIOEI;

e HOMepa CTPOK M CTOJIOLIOB BCEX €IMHMYHBIX (1*)
37eMeHTOB Matpriibl C 0GABUTH OIHOBPEMEHHO
B YKa3aHHbIE IOIIOJTHUTEIbHEIE CTPOKY M CTOJIOELI.
Takum obpazoM, KoHCTpyKLMHU (3), (4) u (5) obe-

CIIEYMBAIOT OJHO3HAYHYIO CBSI3b C MHTEPGENCHBI-

MU 1 KOH(UT'YPALMOHHBIMU MaTpUIlaMU U3 paboT

[14—16] mo dopmanuzanuu 3amadyul yIpaBICHUS

U30BITOYHOCTBIO 1 TEHEPUPOBAHUIO aJbTepPHATUB-

HBIX KOH(MUTYypaluii KOMIJIEKCa 000pyIOBaHMSI.
Ha mpakTuke syeiiky Tabaun KOHGUIYpauii

npemiaraercss (GoOpMUpPOBaTh CAEAYIOLIMM 00-

paszoMm. MHpopMalims o KaxJIoil KoHduUrypauuu

KBO xpanutcss B popme 3JeKTPOHHBIX TaOIMIL

BUJA, MpeacTaBjeHHoOro B Taba. 1. Kaxmgas crpoka

pa3buTa Ha ABe IMOACTPOKM. I KaXXaoro KOMITO-

HEHTa k; B BEPXHEW TMOACTPOKE YKa3bIBAIOTCS IM0-

pPSAKOBbIE HOMEpa KOMIIOHEHTOB, COEIMHEHHBIX

CBOMMU BBIXOJIaMU C BXOIOM k; (OT KaKMX KOMIIO-

HEHTOB MJeT WHpopMalus Ha k), B HUXKHEH IO~

CTPOKE — HOMEpa KOMIIOHEHTOB, COEIMHEHHBIX

CBOMMU BXOIIAMU C BBIXOIOM K; (KAKMM KOMIIOHEH-

Tam uaeT nHdopmanus ¢ k;). Eciam BXoI uiin BBIXON

KOMIIOHEHTa He wucrnonb3yeTcs, ctaButcs "0". Ha-

MOoJHEHWe Tabsl. 1 COOTBETCTBYET MpPUMEPY, IIPUBE-

JEHHOMY B BhIpaxkeHUM (2), CTpejIKaMM MOKa3aHbI

HAIIPaBJICHUST COOTBETCTBYIOIIMX CBSI3CH.
AHaJIOTMYHBIM 00pa3oM (popMUPYIOTCSI TaOIU-

L6l KOH(UTYpallMii IIpOorpaMMHBIX KOMIIOHEHTOB:

TabauLa GopMUpPYETCs IyTeM yKa3aHUsS HOMEPOB

HPUIIOXKEHUA f,-j B S4YeMKax IJIS BXOHOOB CoOlepxa-

IIMX WX BBIYMCIUTEINICH, a TaKXXe YKa3aHUs HOME-

POB BbIUMCIUTENEH V; B siueiikax muist Bxonos PIO:

BM.1 BM.?2 PI10.1 DII10.2

S AT Al

[V11 Vlm] [V21 Vzm] .

B OOHY JIOIOJIHUTEIBHYIO CTPOKY;

BBIYMCJIIUTCIN IOPpUITOXKCHUA
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Tabnuma 2

Table 2
Ta6auua kondurypanuu (pacnpeaesieHne NPUIOKEHHIH)
Configuration table (application distribution)
Boruucnurenu IMpunoxenus
No KOMTIOHEHTOB 1 2 3 4 5 6 7 8
O6Go3HaueHUst BM-1 BM-2 BM-3 BM-4 BM-5 ®I10-1 dI10-2 ®I10-3
B3aumocssizu L 2 3
6 7 A .
Tabnuua 3
Table 3
0000menHas KoHpurypanuonnas radaunna KbO
Summary OEC configuration table
Boruuciaurenu IMpunoxenus KomMmmoHeHTsI
No KOMTIOHEHTOB 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
O6o3HaueHue ) N ) <
slalglz] |eglelee A
= = = =) =) =) c) Y o Y o
Bzaumocssa3u 11 13 2 1,3 4 . 4
7 6 7 12 . 1 4

B npumepe (B Tabi. 2) mokazaHo, YTO B KOH-
urypamu Ne 1 Bo BTopoMm BbIYMCIUTENE 3aa€ii-
CTBOBaHbl (MHUIMAIU3UPOBAHBI W BBIMNOJHSIOT
cBowo mTatHylo ¢yHknuio) PI1O-1, a B TpeThbeM
Berunciautene — OI10-2.

®opmupoBaHue TaOIUL BeJETCS MMO3TAHO, OT
HU3IIEero ypoBHsI K BbiciieMy. Ha mepBom sTare
3aIlOJHSIOTCI SYEWKH, COOTBETCTBYIOIIME KOM-
IOHEHTaM B COCTaBe IIOACUCTEM, Hajiee 3alloJ-
HSIIOTCS CBSI3M BHYTPM CUCTE€M U T'PYMI KOMIIO-
HEHTOB, IOCJIE 3TOI0 — CBSI3M MEXIY BCEMU KOM-
noHeHTaMu, BxogssimuMu B KBO, mo monyuyeHus
€AWMHON MHOTOCBSI3HOM TaOJUIIBI KOH(MUTYpALIU
KBO (tabn. 3).

IIpomecc pa3paboTKu KOHGPUIYpPALIMOHHBIX
TabAUI MOXET OBITh aBTOMaTU3UPOBAH C HC-
M0Jb30BaHUEM METONOB U COOTBETCTBYIOIIUX CH-
CTEM aBTOMAaTHU3MPOBAHHOI'O MPOEKTUPOBAHUS U
unterpauuu KbO.

Opranu3anus MOHATOPHHTA PeCypCOB

Ilenp MOHMTOpPMHIAa M3OBITOUHBIX peECyp-
coB KbBO — ¢opmMupoBaHme mMHIEKCa TOTOBHO-
ctu (MI') kaxmoro KoMmoHeHTa KOMILJIeKca IS
obecrieueHnst Bcex CK mepBMYHBIMU HaHHBIMU
B MHTEpecax ynpaBJIeHUS U30bITOUHOCTHIO. [lepe-
YeHb JaHHBIX, OXBaThIBAEMbIX MOHUTOPUHIOM,

B 3aBUCUMOCTU OT (PM3MYECKOMN IMPUPOABI U KOH-

CTPYKTUBHBIX OCOOCHHOCTEH KOMIIOHEHTOB MO-

JKeT BKJIloYaTh OMHapHbIe oleHKU (1 — cooTBeT-

cTBUEe TpeboBaHUSAM, 0 — B MIPOTUBHOM CJyyae):

e paboTocrocoOHOCTU (IIOATBEPXKICHHOE paHee
Hajjexalllee BBIITOJHEHNE OCHOBHOM (DYHK-
LIAKU, OTCYTCTBHE WM IIpuemiieMas 4acToTa
cboeB);

* YIOBJIETBOPUTEIbHBIX PE3yJbTaTOB CaMOIMAr-
HOCTUKU (MPpU HAJIUYUHN);

* HaIW4YMUS U IPaBUJILHON pabOTHI HEOOXOIMMO-
ro obecneyeHus (JIEKTPONMUTAHUE, OXJIaXKIe-
HHE, PECYPCHI ITaMSTH U IIPOLECCOPHOE BpeMs
U T. I.);

e JIOCTYHNHOCTH IJsI KOMMYHHUKaIUU (HAJIW4IUE
3JIEKTPUUYECKON CBSI3M, TOTOBHOCTH K paboTe
Oydepos u 1p.);

* 3aBEepLICHUS YCTAaHOBKM M 3aIlycKa IIporpamMm
(Mpu HaIU4UN);

* 3aBeplLICHMS 3aKauKW U paclakoBKM HEOO0XO-
JUMBIX 111 paboThl MAaCCMBOB OMOIMOTEYHBIX
JaHHBIX (MTPU HAJTUYUU) U JIP.

MOHUTOPHMHT BBIIIOJHSICTCS B TPU OCHOBHBIX
1ara:

a) cOOp MaHHBIX OT KOMIIOHEHTOB IIyTeM MHHU-
LIAMPOBAHUS JaHHBIX COELMAJbHBIMM 3aIlpoca-
MU, JU00 B peXMMe IepexBaTa TPaHCIASIIHNU, Op-
raHU30BaHHOI KOMIIOHEHTaMU CaMOCTOSITEJILHO;
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0) oOpaboTka  HAaHHBIX,
BKJIIOYasl JIOTMYECKOe O0beau-
HeHUe, a TaKXXe MOJATOTOBKY pe-
3yJbTaTa K rnepenayve;

B) Tiepemady pesyjbTaTta B
Buge UI' mo 3anpocam CK unnm
MyTeM TPaHCIUPOBAHUS B CETh.

MOHUTOPUHT  MU30BITOYHBIX
pecypcoB IpearoiaraeTcs Tpex-
YPOBHEBBIM .

Huorcuuii ypoeenv 6a3upyet-
Cd UCKJIOUUTENLHO Ha cylle-
CTBYIOILIMX UJM BHOBb CO3/aBa-
embix BCK xommonenToB [18],
He BBIXOAS 3a UX paMKu. B 3aBUcCuMOCTH OT pea-
JI3AlIMU MOXET BBITIOJHATHCS B Tporiecce (hyHK-
LIMOHUPOBAHU S KOMIIOHEHTA U/UJIU B PEXUME €ro
"mexypcTBa’.

Cpeonuii yposens 6asupyercs Ha Tex ke BCK,
HO ¢ peaM3alueil mpoueayp JOru4ecKoro napHo-
ro monutopuHra (JITIM) [19] pesepBupoBaHHBIX
KOMIIOHEHTOB, 4YTO NpH HeomHoporHoct? BCK
MO3BOJISIET cO31aTh 3 (HEKT T0CTOBEPHOTO KOHTPO-
J1s1 paboThl (PyHKIIMOHAJIBLHON YaCTU KOMIIOHEHTOB
M JOCTOBEPHOI'0 KOHTPOJIsI paboThl camux BCK.

Bepxuuii yposens ne 3aBucut ot BCK n 6a3u-
pyeTcsl Ha MCMHOJIb30BAHUM TEXHOJIOTMM Hampas-
JeHHbIX TpunjekcHbix rpados (HTI) [20], uTto
obecrneynBaeT KaueCTBEHHO HOBBIN YPOBEHb KOH-
TpoJisi 6e30TKazHOCTH (pyHKunoHnuporanus KBO.

[Ipouienypbl MOHUTOPUHTA BBITIOJTHSIIOTCS MO-
dysem MOHUMOpUHea, BXOASIIIUM B COCTAB KaXKa0-
ro CK. Bo3moxHbl BapuaHThl peanusauuu KbO
C BBIHECEHMEM OTHENbHBIX (YHKLMUH MOHHUTO-
puHra 3a npeaeiabl CK B BuIe OTAEIbHBIX MOMY-
Jileli MOHUTOPMHTA, YTO OCOOEHHO aKTyaJIbHO AJIs
CJIOXHBIX M TpeOOBaTEJIbHBIX K BBIYUCIUTENb-
HBIM 3aTpaTraM aJITOPUTMOB CPEIHETO 1 BHICOKOTO
YPOBHE MOHUTOPUHTA.

IpuHumunb GopMUPOBAHNSA WHIEKCOB FOTOBHOCTH

HezaBucuMo oT BBIOpaHHOTO Crocob6a MOHMU-
TOPUHTA U30BITOYHBIX PECYPCOB pe3yIbTaT UX pa-
OOTHI MPEACTABSIETCS B BUAEC, HEOOXOOAUMOM JIJISI
(opMuUpoBaHUS 110 CACAYIOLIMM IIPaBUJIaM.

|ATTOpPUTMBI peanm3alny KaxIOro M3 YPOBHEHl MOHUTO-
pUHTIa B TaHHOM CTaThe HE paCCMATPUBAIOTCS.

2BCK 0ZMHAKOBOTO npeaHa3HauYeHMsI CO30aHbl pa3InYHbBIMUA
pa3paboTYMKaM¥M M/WJIM Ha OCHOBE PAa3JIMYHBIX TEXHUYECKUX
pelIeHU.

BapuaHTbl oprasunzaumm

MOHWTOPWHra

Puc. 2. Cxema ¢popMUpOBaHUSA HHTErPAJIbHOTO0 MHIEKCA FOTOBHOCTH KOH(HUrypaunuu
Fig. 2. Configuration Integral Available Index formation scheme

Huoexc eomosnocmu xapaxktepusyeT pabOTO-
cnocobHocTh KomMTioHeHTa KBbO 1 MoxeT npuHu-
MaTh 3HadyeHusI: "1", ecIM KOMIIOHEHT UCITPaBeH U
FOTOB K MCIIOJIb30BaHUIO Ha CJEAYIOLIEM LIMKJIe
paboThl cucTeMbl; "0", ecIM KOMITOHEHT He UCIIpa-
BEH M/UJIM HE T'OTOB.

ITycts B KBO mipenycMoTpeHBl # KOH(UTypa-
uuii. KoMIMOHEHTBl KOHKPETHON i-ii KOHGUrypa-
uMu, THe i=1,n, VMEIOT TOPSIIKOBBIE HOMEpa
j =1k, rie k — 4uCcI0 KOMIIOHEHTOB B i-il KOH(pU-
rypauuu. B cooTBETCTBUM CO CTPYKTYPHOI CXEMOIA,
MOKa3aHHOM Ha pUC. 2, KOMIIOHEHTHI KOH(UTYypa-
uuu yepe3d BCK dopMupytoT a1t MOIyIss MOHUTO-
pUHTa YaCTHbIE MHIEKChl TOTOBHOCTU KOMIIOHEHTOB
s, Ha puc. 2 M,, M,, My — 370 byHKIMHU aIrOpuT-
MOB MOHUTOPMHIA COOTBETCTBYIOLIUX YPOBHENA.

Anroput™mbl MoHUTOpUHTra F,, (TOJIBKO MO naH-
HeiM BCK — cayyait M;, nubo nyTeM MHOroy-
POBHEBOI JOMOJIHUTEIBLHONH 00pabOTKU pe3yabTa-
toB TecToB BCK — cinyyau M, u M) dopmupyror
oydep unpekcoB roroBHoctu (BUI) i-it koHpU-
rypauuu S; =[s; 85 ... 8; ... S, |-

a9 TroTOBHOCTM CymnepBU30pa HeoOXoauma
FOTOBHOCTh BCE€X KOMIIOHEHTOB IIOJKOHTPOJb-
HoWi emy KoHburypauuu K;, T. €. MHTerpajJbHbIil
uHaekc roropHoctu (UUI) i-ro CK Oyzaer ompe-
IeJIIThCs JIorMyecKuM npousBeneHuem MI Bcex
KOMIIOHEHTOB, BXOISIIIUX B KOH(PUI'YpPALIUIO;

ki, ki ki
Hlsf - HIF'"(K" xS,;)=K; mel‘[lsj. 6)
J= J= J=

®opmupoBanue UI' peanusyercs ciaenyroimnm
obpazom. Ilpu wmHMIManu3anuyd padOTHl KOM-
miaekca ynpasiasomuii moayab CK (ecam Mogynb
MOHUTOPUHTA BXOAUT B €r0 COCTaB) WUJIU MOAYJb
CIIO YU (ecim MOHMUTOPUHI HE BXOIUT B CO-
ctaB CK) ¢popMuUpyeT COOTBETCTBYIOLIUI CUTHAI
Ha 3alyCK MNpPOLEAYypP TECTUPOBAHUS COOTHECEH-
HOro ¢ HMM OOOpYyIOBaHUS W/UJIU MPOrpaMM-
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Ta6bnuna 4

Table 4
Bydep unaekcoB roToBHOCTH
Abvailability index buffer
No KOMIOHEHTOB 1 2 3 4 k

nur 1 1 0

HBIX CpeICcTB. Bplumciurenu uepe3 apaiiBephl
YCTPOMCTB C 3aJJaHHBLIM TaKTOM IIPOBOIST OIIPOC
BCETO TTOIKJIIOUYEHHOTO 000pydoBaHUS U nepude-
pUM, IOJIYYAIOT OT HUX MHGPOPMALMIO O paboTo-
cnnocobHocT U popmupyor BUI' kommoHeHTOB
KOH(UTYpallMu B BUJE, TTOKa3aHHOM B Ta0. 4.

®opmuposanue MI mporpaMMHBIX CPEACTB
IIPOUCXOAUT AaHAJIOTUYHBIM 00pa3oM: CPEACTBO
MoHuTopuHra cocrosgHus gapa OCPB mpoogut
oIpoc Bcex mporpaMMHbIX Monyiei PI1O, nmony-
yas OT HUX MH(POPMAILIAIO O pabOTOCITIOCOOHOCTH,
n dopmupyeT nHaekc roropHoct DIIO.

Ha ocnoBe UI' xkomnoneHntoB CK, cocraBiig-
ommx BUT, dopmupyercs MUT kondurypanun,
omnpeAeNsieMblii B CaMOM IIPOCTOM Clly4ae Kak
KoHBIOHKIIMSA UI Bcex KOMIOHEHTOB, BXOASIIINX
B KoH(purypanuio. MUT CK xapakTepu3yioT TeKy-
1lIee COCTOSIHME TOTOBHOCTH COOTHeceHHBIX ¢ CK
KOH(puUrypanmnii Ha KaxjaoM 1ukJie padorsl CYU u
WCITONB3YIOTCS B mpouenype apoutpaxka CK.

IIpunmunsl popmMupoBaHus nokasareei
¢GyHKIHOHAILHOMH 3 (PEeKTHBHOCTH

Ilon nokazameasamu yuxkyuonasvHoi 3pper-
musnocmu (INPD) [13] moHMMaIOTCS MoOKa3aTe-
JU, UHTErpajlbHO XapaKTepU3ylLIUe YPOBEHb
BO3MOXHO MOCTMXXMMBIX 3KCILTyaTallMOHHO-TEX-
HUYECKUX XapaKTepPUCTUK KOMIIOHEHTOB. I[1DD
colepxXaT B YMCIEHHOM Buie MHQpOpMalnio o0
3G GHEKTUBHOCTU COOTBETCTBYIOIIMX PECYpPCOB
KBO nns panHoro pexuma padboTbl. 3HaAUEHUS
WA MOpaBuJia ONepaTUBHOIO BbluucieHus [1DD
Ha3HayaloTcs Ha aTarie pa3padborku KbO ucxons
U3 JIOTUKHM PpabOThl KOMILJIEKCA U XapaKTepU3yloT
Tpynny Te€X WIW MHBIX KOMIIOHEHTOB 110 KaKWM-
J100 OTIMYUTEIbHBIM IIpM3HAKaM (XapakTepu-
ctukam). Pazpadbotunkom KBO meTomom cpaBHe-
Hug [1OD oTnenbHBIX KOMIIOHEHTOB (MX HaOOpOB)
MeXIy co0oif GopMUpyIOTCS "KOHKYPCHBIE" CITU-
CKH, OIpelesiiole IPUOPUTET UCIOJIb30BAHU S
COOTBETCTBYIOIIMX KOMIIOHEHTOB M CHUCTEM B 3a-
BUCHMOCTH OT pexXrMa paboThl U/UIU COCTOSIHUS
KBO, a Takxe omnpelensitoTcsl MpaBuja BbIOOpa

JaHHBIX M3 "KOHKYPCHBIX' CITMCKOB B Ipolecce
¢dynkumonupoBanus KBO.

Conepxanue u ¢hopmbl [IOD 3aBuUCAT OT TUNA
W TIPUHLMTIA JEUCTBUS KOMIIOHEHTOB. B o01iem
cllyyae MOXHO BBIJAEIUTD:

1) nenesbie [PD, dopManu3yolre OCYIIE-
CTBUMOCTb M ypOBeHb BbITOTHEeHUS 3amady KBO
Mo MpeaHa3HAaYeHUI0 (TOYHOCTb, ONTUMAJILHOCTb,
pPecypcoeMKOCTb, HaJIN41e PECYypPCOB AJIs IOBTOP-
HOT'O MCITIOJb30BaHUSI, 9PTOHOMWYHOCTh, 3(PdheK-
TUBHOCTb YIPaBJCHUS U JIP.);

2) okcnayataumoHHblie [1MD, orpaxkaroiiue
HaJe’)K HOCTHO-CTOUMOCTHbBIE XapaKTepUCTUKHU
(mokaszarenu HaAeXKHOCTU BBIMTOJHEHUS 3ajad,
aKTyaJbHbIE YPOBHU (PU3MUYECKOT0, TPOrPaMMHO-
ro U (pyHKIMOHAJBHOTO pe3epBUPOBaHUS, OCTa-
TOK pecypca, COXpaHsIeMOCTbh W/WJIM BOCCTaHaB-
JIMBA€MOCTb KOMIMIOHEHTOB U UX YacTei);

3) BBIUMCIUTEIbHO-BpeMeHHbIe [1IDD, oTpaxka-
I0ll[M€ YPOBEHb PAllMOHAIU3ALIMU BBITTOJHEHUS
3ajay C MO3WIUU UCTIONb30BAHUS BHIUUCIUTENb-
HbIX U KOMMYHUKAIIMOHHBIX TPOIIECCOB (omepa-
IIMOHHOE BpeMs, 00beMbl JAHHBIX U PE3epPBUPY-
eMOI ITaMsATH, OUTPENTHI KaHAJIOB CBSI3U U JIP.).

XopoluM NoAchopbeM JJIsl peanusalnu Ghuk-
CUpOBaHUS W XpaHeHUs pasnudyHbiXx [1DD gaBis-
€TCsl UJIeOJIOTUSI CUCTEM O0BEKTHBHOIO KOHTPOJIS
dynkumoHanbHbIX 3JeMeHTOB (COK PB), BhIMOJ-
HEHHBIX Ha BCTpanBaeMbIX B YCTPOUCTBA (AaTYMK,
BBIYMCJINTENb, aKTIOATOP U IIp.) uyMnax [21].

C dopmaiibHOI TOUKHY 3peHus 3agaHHbIi [TPD
i-if KOHPUTYpalIuu — BTO 3apaHee oIpeAcIeHHas
Tabnauua Buga P; =[p; p, ... p; ... pi], xpansias
[ID®D oTAENbHBIX KOMIIOHEHTOB pj, BXOMSIIIMX
B COCTaB KOH(MUTypaLIMHU.

[Tokazarenu GyHKIMOHAABHON 3P deKTUBHO-
CTH XpaHSTCS B KaXXJIOM CYNEePBU30PE B CIelMalb-
HbIX mabauyax 1D Buga, nokazaHHOTO B Ta0JI. 5.

Cronbupl TabAUIIBI COOTBETCTBYIOT KOMIIO-
HenTtaM KBO. B sueiiku Tabnuipl BHocaTcs [1DD
KOMTIOHEHTOB B (PM3MYECKUX UJIU HOPMUPOBAH-
HbIX BeJIMUYMHAX.

Ta6auusl [1OD dhopMupyloTcd Ha 3Tamne mpo-
ektTupoBanuss CYU u no ananornu ¢ rabaumamu
KOH(UTYpallMM Ha TMEpPBbIX 3TalaXx MOTYT ObITh

Tabnuna 5
Table 5

Tadauna nokasarenei GyHKuuoHa bHO# 3¢ PekTHBHOCTH

Table of functional efficiency indicators

No KOMIOHEHTOB 1 2 3 4 k

§0k) 01 | 22 | 12 | 41
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Tabnuua 6

Table 6
0O600mennas radauua IO
Summary table of FEI
I'pynmst
Boruucaurenu ®I10 Kommnonentsr KBO KBO
Ne KOMMOHEHTOB 1 2 k, 1 2 kg 1 2 k UIoD
oD 4 3 1 1 2 6 0,1 2,2 12 1,57

chopmupoBaHbl [IDPD oTaenbHBIX TPYIIT pecyp-
COB KoMILIeKca. Jlajee BO3MOXHO (popMUpoBaHUe
[IPD no rpynmaM KOMIIOHEHTOB, MMEIOIIMX Of-
HOTUITHBIE TIoKa3aTedau. [lociae 3Toro cocramsi-
10Tcsl 00001eHHbIe Tabauibl [1PD Beeit KoHDU-
rypaluu, a TakXe BBIUYMCISIOTCS MHTErpaJibHbIe
[MPD (UIIPY) nmyTeM MCHOIb30BaHUS BHIOpPaH-
HOTO METOJa CYMMUPOBAHMUS WM YCPETHEHUS
B COOTBETCTBUHU, HAIIpuMep, ¢ TaoI. 6.
MexanuaMm omnpenenenuss UIIDPD (Ha nmpumepe
KBO camMoieTa TpaHCIIOPTHOM KaTeropmuu) Oosee
MOAPOOHO OIMKMCAaH B CIAEAYIOIIEM pa3lee.

®opmuposareb pexumos KbO

B nensax agantauum CYU K pexxmumaM paboOThI

M BHEUIHUM KOMaHaaM B mnpouecce padotrsel KbBO

MIPOBOAUTCA OLIEHKA CJIEAYIOIINX (aKTOPOB:

* 3Tambl MojieTa BO3AYIIHOTO CyaHa (3alycK, py-
JIeHUe, B3JIeT, HAa0Op BHICOTHI, MOJIET 110 Maplil-
pPYTY, CHUXXKEHHE, ocaaKa U T. 11.);

* CEpPBUCHBIC PEXMMBI PabOThI BO3AYLIHOIO CY/I-
Ha (mpeamojieTHash IIpOBepKa, OINpoOOBaHUE
JIBUTATeNs], 3allpaBKa TOIJIMBOM M CIeLMalb-
HBIMU KUJAKOCTSIMM, aBTOMAaTU3UPOBAHHBIM
CEPBUCHBIM KOHTPOJb U T. 1.);

* aBapMifHble pPEXMMBI pabOTHI 00OPYAOBAHUS
(moxap, MoOBpexXAeHUE UJIM OCTAHOB JBUTraTe-
Jieli, OTKa3 CUCTEM U arperaTtoB U T. 1.);

|
| I |
! ’ |
| I F, |
| | rB I
! R, | ; B B,
|| Ry " F, > B, : z
| s
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! : L Br | ]
_,’
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Puc. 3. Cxema popmupoBanusa UTIDD, anantusHas Kk pexumam KBO
Fig. 3. The scheme of Integral FEI formation, adaptive to OEC modes

* YCTaAHOBJIEHHBIE PEXMMbI KPUTUUHOCTHU COCTO-
SIHUM BO3AYIIHOTO cyaHa (LITaTHBIM, OTKas3-
HBI, aBapUHBIN, KaTaCTPODUIECKU);

* peXuMbl pabOThl OTAECIABHBIX KOMIIJIEKCOB U
cucteM KbBO (ot Hambojee BaxXKHBIX, TaKHUX
KaK TUJ0Ta’KHO-HABUTALIMOHHBIM KOMILIEKC
(ITHK), cucrema xu3HeobecrneueHusT U ap., 10
BTOPOCTETNEHHBIX, HAMpUMEpP, YCAYTM U TOMI-
JEpKKa Maccakupos).

Ipennaraercs cxema ¢dopmupoBaHus MITDD
KaXJIO i-ii KOH(pUTypalluu, TpeacTaBJeHHas Ha
puc. 3.

Ha puc. 3 o003HaYeHBHI:

P, =[p; py...0; ... 0x] — 3amanHbie [P
KOH(Urypauuu, T. €. 3apaHee oIpeaesieHHas
tabnuua [IPD koHpurypauuu, xpansias [1PD
OTIENbHBIX KOMIIOHEHTOB p;, BXOISAIIUX B €€ CO-

P, =[p; py ... pj - px] — Texkymme [P KoH-
¢urypauum (rabauua [1OD koHbuUrypamum ¢ yde-
TOM COCTOSIHUSI TOTOBHOCTHU €€ KOMIIOHEHTOB M
pexxnMoB pabotel KBO);

F,=f(R,..Ry) = f(R,) — dynkuns ¢op-
MUPOBaHUS UHOeKca pedxcuma (AJITOPUTM TPUOPU-
TeTa pexxumoB), rae R,, — mapameTpsl, xapakTepu-
3yIOIIMe TEeKYIlee COCTOSHUE PEeKMMOB pPabOTHI
KBO,m =1,M, M — uucno rpynn pexumos KBO
(aTam mosieTa, peXXUM aBapUNHOCTHU, PeXnUM pabo-
1ol [THK 1 T. ,[[.)1;

F, = f(F,) — dyHkuus ¢pop-
MHUPOBAaHMUS TEKYIIeTro oOygepa
npuopumema (BbIOOP OJHOTO M3
HabopoB (GOPMUPYIOIIUX KOID-
(pUIIMEHTOB 3 HEKTUBHOCTHU
(OKD) a5 BEIOpAaHHOTO pexXuma
M3 TAOJUIIbI PEKMMOB B 3aBUCH-
MOCTH OT MHzeKca pexuma F);

B, =[bb,...0;...b] — 0Oy-
(ep mnpuopuTera, XpaHIIIUHA

lAﬂl‘OpI/ITM ¢dopmupoBaHus GYHKIUU
F, saBasieTcs caMOCTOSATENbHON 3a1aueil U
BBIHOCHUTCS 32 pAMKHU JTAHHOM CTaTbhU.
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uHdopmaumio o Habope PKD b;, noppILIAIOIINX,
MOHMKAIOLIMX MM OOHYAsIoIMX TeKyiue [1DPD
KOMIIOHEHTOB KOH(MUTYpaluuu, rae » = 1, R — Ho-
mep pexuma CYU B ¢dopmupoBarene peknmMOB
(HOMep cTpokHM Tabmuibl pexumMoB Tp);

by by by
by, b b

T 21 D» 2k
TB:[Bl B2"'BR] = i

bri bro bk
Tabauia pexXXnuMOB, HOMEpP » KaxXXJI0M CTPOKHU KO-
TOpOit COOTBETCTBYET WHICKCY  peXmma
r=F,(Ry,...,Ry), cOOPMUPOBAHHOIO AJITOPUT-

MOM TIpUOpHTETa PEXMMOB, a KaXjaas CTpoKa
B, =[b,, b,,...b,] — Oybep nmpuopurera ¢ Ha-
6opom DPKD, COOTBETCTBYIOLINX 3TOMY PEXKUMY.
Takum obpasoM, coracHo puc. 3 UTIDD j-it KoH-
¢urypauuu Oymet onpeaensaThes (B caMOM MPOCTOM
ciayyae) Kak cpenHee apudmerndeckoe Bcex [1DD
KOMIIOHEHTOB, BXOISIINX B Ta0OMMIy TeKymux 1M
KOH(pUTYpalliM ¢ YYETOM COCTOSIHMSI TOTOBHOCTHU €€

KOMIIOHEHTOB U pexknMoB padoTsl KBO:

ki,
% 2. P; :%Fb(r)PiSi =

llj:1 1 (7)

= k—Fb [Fa(RI""RM)]PiSi‘

1]

BoigeneHHyo Ha puc. 3 IITPUXOBOM paMKOi

MoB (PP), KoTophIii peanusyeTcs MyTeM oOMeHa
nHGpOpMaLME ¢ COOTBETCTBYIOIIMMHU IOACUCTE-
MaMU U TIPUTIOXKEHUSIMHU IMOCPEACTBOM CYIIECTBY-
IOIIMX TPOTOKOJIOB U MHTEeP(EiiCOB.

Takum obpasom, B coctaB popmupoBares pe-
KMOB BXOZSIT:

a) undexc pexcuma (MP), onpenensirolminii mo-
pSIIKOBBIM HOMep obobOmeHHoro pexuma CYMH,
MIpeACTaBIsSIEMbI HATypaJabHBIM YMCJIOM, 0003Ha-
Yyaloluii, Kakoii u3 OydepoB IpuopuTeTa BHIOU-
paetcs g kKoppekuuu [NPI;

0) Oygep npuopumema (BII), KOoTOpBIK comep-
KUT KO3DPUIIMEHTHI, OBBIIIAIoMmNe (ITOHUKA0-
mue, obHymsmomune) Bkjaan I[MPD KoMIOHEHTOB
koHpurypauuu B UTIPI;

B) mabauya pexcumos, OCyILIECTBIISIONIAS Xpa-
HeHue Oy(depoB mpuopUTeTa IJIS1 BCEX BapUAHTOB
pexumoB CYU;

r) aseopumm npuopumema pedxcumos (AIIP),
KOTOpBI omnpeneiasieT BbIOOp Toro miau nHoro BIT
(Habopa PKD) B 3aBUCUMOCTH OT pexkuma pabo-
o1 KBO, a Ttakxke KoMmaHI sKuITaxka. Pesynprar
pao6otsl AIIP peanusyercsa B suae UP. AIIP ¢op-
MUpYETCS Ha 3Tare MPOCKTUPOBAHUS UCXOISI U3
Joruku pabotsl KbO M gBasSeTCS CaMOCTOSITENb-
HoIt 3amaueil pa3zpadboTtku CYU.

Cxema, mnosgcHsgwomasg mpouecc padbotel DP,
npencrtasieHa Ha puc. 4. Ha cxeme o0o3HauyeHBI

JaCTb CXEMbl HA30BEM (I)OpMI/IpOBaTeHCM pPEXU- INOACUCTEMDBI CaMOJIE€Ta. CXO — cucrema Xxus-
r-——-----"""""""""-------—--—---- - - - - - - - -- - - - - - --------- - - - -—-_- - - __________—_—_————_——_——— i
| |
| |
| Pexumbl pabotbl KBO dopmMupoBaTenb pPexMMOB |
| |
| Smansi nonema CepsucHbie pexcumol I
: 3anyck cucrem KBO MpeanoneTHas nposepKa Y :
>

| PY:;ZMQ Onpo6osaHue guratens > Tabnuuya pexxumos |
| NeT |
| Ha6op BbicoTbl Kontpon, o6opyaosanua upP Pexxum 1(0,2 (2,5 [56 1 5,0 BN |
| MocnenoneTtHas nposepka |
| ”°"eCTH“M°)K’2f"::pm AP » pexum 2|0,1 |10 |025|0 |07 |
| |
| 3axog, Ha nocagky > Pexxum 3(0,3 (2,8 |74 3 6,3 |
|

| Pexcumer C}HO > :
| = |
| AsapuiiHble pexcumel Pexcumel IMNC l— |
| |
| Ocranos 1 aguratens Pexcumol pa6omol MHK |
| OcTaHoB 2 Aguratens — A\ 4 |

ABTOMATUYECKNIA ”
1 Noxap 1 gsuratens PyaHOM KomaHosl akunaxca Tekywmii 6ydep npuopureta ‘ !
| Noxap 1 gsuratens 5 - |
: Otka3 C3C nes. opT CCTg MIM3aLNA Y08 AsapuiiHble {0,1 | 10 | 0,25 | 0 | 0,7 | | :
| Orvas C3C npas. 60pr TabUAM3aLMUA BbICOTbI Cepauchbie |
Mpu1BeaeHMe KropusoHTy

| DYHKUMOHaNbHbIE |
| Monet No mapwpyty |
: Yenyzu u noddepscka q ABTOMaTUYECKMIA 3aX0f, :
: P nac = —— Tabaunua Tekywmx Nd3 :
| O6MeH AaHHbIX C apeHAaTopom Pexcumel Kpumu4Hocmu abnnua 3a4aHHbIX | 001 | I | 3 | o | py | | |
| O6MeH AaHHbIMW C a3POAPOM. Wrathoi 0,1 | 2,2 | 12 | 1 | 41 | 4 ! |
: O6MeH AaHHbIMK C BAACTAMM OTrashbI :
| AsapwiiHblii |
| KaTacTpoduueckuii BUT KoHurypauum 1
: T:]ale]a]- :
| |
i 0,00 22 3 0 2,87 |
I nnos 5,576 I
I 5 I
| |
e e e, e, e, e, e, e e e e e e e o o = = = = = ———— 4

Puc. 4. Ilpumep dopmupoBanua UIIDID, anantusHoro K pexxumam padorst KBO camonera
Fig. 4. An example of a FEI formation that is adaptive to the aircraft OEC mode
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HeoOecnieueHust skumnaxa; I1IIC — mporuBomno-
xkapHag cuctema; CHOC — cucrtema 3JeKTPOCHA0-
xeHus1; INTHK — nuioTakHO-HaBUTallMOHHBII
KOMILJIEKC.

Takxum ob6pa3om, B mpoiecce POPMUPOBAHUS
[IDPD MoryT yuyuTHIBaThCSA pa3aUYHbBIC YCIOBUS U
pexumbl paboTsl KBO, mpuoputeTsl 1Mo rpymnmnam
KOMIIOHEHTOB, a TaKxXe WHIUBUAYyaJbHbIE TEKY-
e [IPD oTaeabHBIX KOMIIOHEHTOB.

3akiaoyenue

B cratbe npennoxeHbl GoOpMBbI TAaOJMI KOH-
durypannii ¥ nmpaBuia MX 3alOJTHEHUSI, OpPHCH-
TUPOBAaHHBIE Ha MCHOJb30BaHUE B CYIIEPBU30-
pax kKoHdurypauuit. ChopMyJaupoBaHbl 0OOlINeE
MPUHLMIIEI OpPraHM3allUd MOHMTOPHMHTA M30bI-
TOUYHBIX PECYypPCOB, MO3BOJISIONINE MCIIOJIbh30BaTh
BO3MOXHOCTH KaK TPaIWMIIMOHHBIX BCTPOECHHBIX
CPEICTB KOHTPOJIS, TaK M OoJjiee pa3BUTHIX ajaro-
PUTMHUYECKUX pellieHuii. Pa3zpaboTaHbl 1 geTanu-
3MpOBaHBl MIPUHLUUIBI QOPMUPOBAHUST UHIECKCOB
FOTOBHOCTM U TIOKazaTeseil (yHKIIMOHAJIbHOMN
adpexTuBHocTU. [IpeagycMOTpeH, B YaCTHOCTH,
MEXaHM3M ydeTa pa3HooOpasus 3aJady U pexXu-
moB KBO: aramnoB mnoJjera, aBapMiiHbBIX CUTYallU,
CePBUCHBIX YCIYT W IOOIEPXKH, PEKMMOB XKH3-
HeoOecrieueHust, padotsl I[THK u mp. Ilpenycmo-
TpeH (GOPMUPOBATENIb PEXUMOB, alallTUPYIOLINI
PEeKOH(pUTYPUPOBAHNE CHUCTEMBI K YCIOBUSIM €ro
HUCIoab30BaHUs. [IpennoxXeHHble pelIeHUSI MOTYT
OBbITh MCIOJb30BaHbI B CHCTEMax aBTOMAaTHU3UPO-
BaAaHHOTO MPOEKTUPOBAHUS KOMILJIEKCOB O0O0pYy-
JOBaHUS, CUCTeM O€30IacHOCTU IIOJIETOB, YIIpaB-
JIeHUs1 oO0lllecaMOJIETHBIM 00OpYydOBaHUEM, MPO-
rpaMMHO-YMPaBISIEMbIX CUCTEM PaJUOCBI3HOIO
00OpyIOBaHMsI, MHOTOCIEKTPaJbHBIX OOPTOBBIX
CHUCTEM pa3BeldKH, lieJieyKa3aHUsI W YIpaBJeHUS
ABUALIMOHHBIM BOOPYXEHUEM M CIIeIMaJIbHBIMU
LieJIeBBIMU Harpy3KaMU IEepCHeKTUBHBIX aBUAlIM-
OHHBIX KOMILJIEKCOB.
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Abstract

The article proposes the principles of the main structural component's formation for the implementation of the task of ma-
naging the on-board equipment complex's (OEC) redundant resources: configurations tables, readiness indices and functional
efficiency indicators of the software and hardware equipment components, allowing to formalize the processes of their development
and use in the task of managing the excess on-board equipment complex resources. The separation of redundant components into
groups of resources is proposed: computing modules, operating system core components, onboard software components, peripheral
switching system components, hardware peripheral components. The general organization of redundant resources monitoring is
Jformulated, which allows using the schemes and capabilities of both traditional built-in controls (the lower level of monitoring)
and more advanced algorithmic solutions based on the logical processing of control results (the middle and upper levels of moni-
toring). The formation mechanisms, as well as the forms of configuration tables for hardware components and on-board applica-
tions, as well as the rules for filling them, focused on the use of configuration supervisors, are proposed. The principles of readi-
ness indices and functional efficiency indicators forming have been developed and detailed, allowing to implement in the software
environment the accounting of various factors that determine the capabilities and effectiveness of various computing tools and
OEC configurations. A method for correcting the configurations functional efficiency indicator due to the mode generator, which
adapts the complex reconfiguration to the conditions of its use, the tasks to be solved, and the operator's commands, is proposed.
An example of considering the variety of tasks and modes of the OEC of an aircraft: flight stages, emergency situations, services
and support, life support modes, the operation of the flight and navigation complex, as well as the crew control commands, is
given. The proposed solutions can be used in computer-aided design systems for equipment complexes, flight safety systems,
control of general aircraft equipment, software-controlled radio communication equipment systems, multispectral onboard recon-
naissance systems, target designation and control of aviation weapons and special target loads of promising aviation complexes.

Keywords: on-board equipment complex, redundancy management, status monitoring, configuration table, readiness

indicator, functional efficiency indicator
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