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M.A. ITonakos, U.A. Auapuac
TEOPETHUKO-MHOJKECTBEHHBIE MO/ EJHN
OYHRKIIUOHAJBHBIX CTPYRKTYP T'MBPU/ITHBIX
ABTOMATOB CUCTEM YIIPABJIEHUA

AnHomayus. [pednoxeHbl Modenu (YHKUUOHANbHBIX CMPYKMyp 2UOPUOHbIX
asmomamos cucmem ynpassieHus 8 sude uepapxuyeckoli cmpykmypbl KOHmMy-
poB OUCKpemHo20 U HenpepsisHO20 ynpasaeHus. OnucaHbl munossle 37emeH-
mbl 3Mux YHKYUOHANIbHbIX CMPYKMYP — KOHEYHble aBMOMAamsl, BXOOHbIE U
BbIXOOHbIE ONEpPayuoHHble asmomamesl. BxoObl U BbIX00bI 3MuX 371eMeHmMOB
npedsnoxeHo pa3denums Ha 08e 2pynnbl — UHGOPMAYUOHHbIE U YNpasasio-
wue. [lpusedeH npumep peanusayuu 2UbPUOHbIX ABMOMAMOB C NOMOUIbIO
npeonoxeHHblx mooenel.

Kntoyesbie cnosa: (pyHKUUOHANbHbIE CMPYKMYypbl YnpasieHus, 2UubpudHsle
asmomamsl, meopemuKo-MHOXeCmBeHHble MOOesU CMPYKMYyp ynpasieHus.

BBenenue

B ocHoBe (opManibHBIX ONMCAHUN AWHAMHNYECKUX CHUCTEM JeXKaT
nuddepeHnuagbable YPaBHEHUA U KOHEUHbIe aBTOMAaThI. B mepBoM cirydae
ONUCBhIBaeTCsA HeIIpephIBHOE, & BO BTOPOM — JIHCKDPETHOe NOBeJeHUEe CHUCTe-
MBbI.

CyiiecTByeT TaK’Ke OOMIMPHBIN KJacCc AWHAMUYECKUX CHCTEM, B
KOTODPBIX ANCKPETHOE U HeNpPepPhIBHOE IIOBeJleHNe IPUCYTCTBYIOT OJHOBpe-
menHo. Takwme cmcreMbl (hopManmuadyioT rudbpuaHbIMEH aBToMaTamu [1,2].
Tax omHa W3 HONMYJAPHBIX WHTepHperanuii rubpugHoro asromarta H [3]
OMMUCBHIBAETCSA KOPTEXKEM:

H=(W,X,M,F,T), (1)
rome W = {u, y} — MHOKeCTBO BXOJHBIX (U) U BBIXOAHBIX (y) BHEIITHUX IIe-
peMeHHBIX; X OmIpeesisieT HEIPEPBIBHOE MMPOCTPAHCTBO, IJA KOTOPOTO He-
IIpepbIBHLIE IIEPEMEeHHBIE COCTOSHUA X MOTYT NIPUHHMATh CBOU 3HAUEHUS;
M — MHOKECTBO PEXUWMOB HEIIPEPHIBHOTO ITOBEJEHUS M3 KOTOPBIX TOJIBKO
ONVH PEeXUM aKTUBEH B JJaHHBII MOMEHT BpeMeHU; F - nucKpeTHOe MHO-
s)KecTtBO auddepeHIIMaIbHO-aNTeOpanveckux ypasHeHuit (DAE) mepsoro
nmopAnka; T - MHOXKECTBO IEPEXOJ0B OT OJHOTO pekmMa K Apyromy. Kax-
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noe DAE ypaBHeHue omnpenesisieT B3aMMOCBA3b MEXKIY IIEPEMEHHBIMU CO-
CTOSAHUA (X), UX IIPOMBBOJHBIMU IIO0 BPEMEHHU IIEPBOrO mopAnKa (X) m BXO-

mamu (w):
fm (x, X, w) = 0, me M.

Pemenue stux DAE ypaBHeHuii HasbIBaeTCA AEMCTBUAMMU HJHN IIO-
BeIEHUEM HEIIPEPBLIBHOTO PeKHMa OIpPeJesideT HeIPEePhIBHYIO JBOJIOIUIO
CHCTEeMbI, KOT/Ia OHAa HAXOAUTCA B 9TOM peskume. Ilepexonanl miau coObITUS,
IIPEACTABJSAIOT JIOTUYECKHE YCJIOBHUA, IIPU KOTOPBLIX ITPOUCXOAUT CMEHa
pexxuMa. Ecin HM OogHO M3 yCJOBUI IIepexoja He BBINOJHAETCA, TO I'0-
pUIHBIE aBTOMAThl OCTAIOTCA B TEKYIIEM PeKHMe, a IepeMeHHbIe COCTOS-
HUS PasBHUBAIOTCA B COOTBETCTBHHU C YKa3aHHBIM moBeaeHmeM. Ilepexombr
OIIpeNesAI0T AUCKPETHYIO SBOJIOINHNIO CHUCTEMBI, ONMWCHIBas, KaK PeXKuM
HeIpPepbIBHOTO MOBeAeH!s OOHOBJISIETCA C TeUeHUeM BPEeMeHU.

IIpumep rubpugHOrO aBTOMAaTa, KOTOPLIHA YIPaBJAET OZHOPa3Mep-
HOM MOJIeJIbI0O aBTOMAIIIUHBI, ITpUBEeJeH Ha puc.l.
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Pucynox 1 - Crpykrypa (a) u rpad rubpuasaoro aBromara (b) cucremMmbl
yIIpaBJeHUsA OJHOPA3MEPHOM MO/eJIbI0 aBTOMAIIUHEI [3]

Cucrema ymOpaBjeHHS BKJIOYAaeT VYOPABIAEMYI0 AaBTOMAIIUHY
(Vehicle), aBromamuny - momexy aBu:keHmio (Auxilary Vehicle) u snak
ocranoBkHu (Trafic Sign). Ilono:keHue ympaBiasieMoii aBTOMAIIINHBI 3a/1aeT-
cA KOOPAMHATOM X, BXOAHBIMU HmepeMeHHBIMHU Ul (pacTosgHMe 10 3HAKa OcC-
TAHOBKMW) 1 U3 (pacTossHWe 0 aBTOMANIMHBI — momexmu). IlepemeHHBIE CO-
CTOSTHUSI 9TO CKOPOCTh X M yCKOpeHUe X yIpaBJsemoir aBroMmarnuHbl. Cuc-
TeMa HaxXOAWUTCSA B OJHOM M3 TPEX PEKNMOB HENPEPBIBHOTO IIOBEJIEHUS:
ml — Topmo:xkeHMe; M2 — PasTOH M M3 — COXpPaHEHUE TEeKYIIell CKOPOCTH.
IToBemenue cucTeMbl B 3THUX pekuMax omnucbiBaerca DAE ypaBHeHuUAMU
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fl - £3. MuoxxectBo mepexomoB T cocTOUT w3 IIATU IIEPEXOAO0B, KaXKIBINA
U3 KOTOPBIX 3a/laeT YCJIOBUE Iepexoja.

TaxkuMm oOpasomM, cpaBHUBASA JMCKPETHBIA M I'MOPUIHBLINA aBTOMATHI,
BO-IIEPBBIX OTMETHUM, IIOAYMHEHHYIO POJIb HEIIPEPHIBHOIO YIPaBJIEHUSA, TAK
KaK KOHKpPeTHOe IOBeJleHIe BOBHUKAET B pe3yJibTaTe Iepexo/ia CUCTEMBI B
COOTBETCTBYIOIIlee COCTOsIHUE. BO-BTOPHIX, AeATeJIbHOCTh AUCKPETHOTO aB-
TOMAaTa ONMHCHIBAETCA BBIXOAHBIMU JAUCKPETHLIMU IIEPEMEHHBIMU (THIIA
«BKJIIOUUTH /BBIKJIIOUYATh HNCIIOJHUTEJIbHBI MeXaHU3M»). A y rudpumgHOTrO
aBTOMAaTa JesATeJIbHOCTDL omnpeneinsercsa pemieHuamMu DAE ypaBuenuii. Ilpu
IPOEKTUPOBAHNYN THOPUAHBIX aBTOMATOB BO3HMKAaeT PsAJA BOIIPOCOB, KOTO-
pble HeJOCTAaTOUYHO OCBeIlleHBI B M3BECTHOI aBTOPY JHTepaType: M3 KaKuX
OJIOKOB JOJI’KEH COCTOSATH T'MOPUAHBIA aBTOMAT; KaK dTH OJIOKM B3auMO-
JIeICTBYIOT Me:KJIy co0oil, TO ecTh KaKoBa (PpYHKIMOHAJbHAs CTPYKTypa
rubpuIHOTO aBTOMAaTa; KaK TaKuWe aBTOMAaThl pabOTal0T B MepPapXUUYECKUX
CTPYKTypax ympaBieHusa? OTCYTCTBHE TaKMX MOJeJiell yCJIOKHSET IIPOeK-
TUPOBAaHME CHUCTEM YyIIpaBJeHUS Ha OCHOBE WCIIOJb30BAaHUS THUOPUIHBIX
aBTOMAaTOB U ABJISIETCA HepeIlleHHON HaydYHO-TeXHUWYEeCKOU 3aJauein.

ITennpio HacTosAmell paboThl ABJIAETCA YIPOIIeHUe IIpollecca IPOoeK-
TUPOBAHUA CUCTEM THOPUIHOTO YIIPABJEHUSA Ha OCHOBE BBIJEJIEHUS W OIIU-
CaHUSA HaA TeOPeTMKO-MHOXKECTBEHHOM YpPOBHE THUIIOBBIX JJIEMEHTOB U
CTPYKTYP.

Moaean u CTPYKTYpPhI THOPUMIHBIX aBTOMATOB

BiiounbpIii cocTaB ruOpPHMAHBIX aBTOMATOB CcQOPMHUPOBAJICA B XOje
DBOJIIOIIMY IIPECTABJIEHUII O cUCTeMe yIpaBJeHUs. YIpaBJlieHNe TexXHUUe-
CKUM YCTPOHCTBOM, KaK OTHAEJbHBIA BUJ NeATEeIbHOCTU, BOSHUKJIO OJHO-
BPEMEHHO C CO3JJaHMEM MaIllMH U MOTPeO0BAJIO BBIAEIEHUSA YaCTU MAIITUHBI
B OT/JIeJIbHBIN OJIOK, T. € BOSHUKJIA CUCTEMAa «00BbeKT YIIpaBJIeHUA - yIpaB-
JA0IIee yCTpoucTBO». [lasee nad onucaHUA B3aMMOJENCTBUA dTOU CUCTe-
MbI C OCTAJIbHBIM MUPOM BBeJeHbI MOHATUS BHEITHeN cpejbl, BXOI0B, BbI-
XomoB U (pyHKIHII 6JJOKOB. BHemnmHsaA cpena ompenesieHa KaK YacTh BHeEII-
HeTo0 MUpa, KOTopas HEIOCPEeACTBEHHO BJIUSET Ha paboTy CHUCTEMBI yIIpaB-
JIeHuS, UMeeT BXOJbI, BHIXOABI U T'pPaHUILY ¢ Heii. B GoJjiee meTaJbHBIX HC-
CJIeIOBAHUSX BHEITHAS cpela TaK:Ke IPeACTaBJISETCA AUHAMHUUYECKOH CHC-
TEeMOU C BHEIITHeU TI'PaHUuIlell U CJIOKHOU CTPYKTYPOI.

Kax wusBecTHO, IIpollecc yIpaBJieHUA BKJIIOUaeT B cebA U3Mepu-
TeJbHBIE U JIOTUUECKUE Olleparnu, onepamnuu (QOpMUPOBAaHUA BO3AENCTBUMA
Ha 00BEKT yIpaBjieHUs. BJOKU cUCTEeMBbI, BBITIOJHAIONINE 3TU Oleparuu,
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IMOJIYYMJIN Ha3BaHUE OIEPAIIMOHHBIX U YIIpPaBJIAOIIUX aBroMaroB. Omepa-
IIMOHHBIE aBTOMAThI Pa3lesIsioT Ha BXOJHLIE (M3MEPSIOIne) U BLIXOJTHBIE
(bopmupyromue). C yuerom MHOroob6pasus (puadmdecKux IIapaMeTPOB BXO-
JIOB U BBIXOJOB O0'BbEKTa yIIPaBJIE€HUS B CUCTEME YIPABJIEHUA BbIJIEJIEHBI
O0JIOKu IIpeoOpas3oBaTesiell STUX MHapaMeTPOB B JJIEKTPUUYECKUN CHUTHAJI —
JaTUNKU U UCIOJHUTEJNbHbIe MexaHuaMbl. CTPYKTYpHas cxeMa ONNCAHHOK
CHCTEMBI IPUBEIEHA Ha puc.2.

Astromar IOA (pmc. 2) uamepseT 3HaUYeHHs BXOIHBIX CHTHAJOB,
CPaBHUBAET WX C OIOPHBLIMM 3HAUEHHAMHU U (pOopMHUPYET Ha CBOEM BBIXOIE
gorundyeckue cur"Haasl nyuss FSM. B pacmmpensoin TpakToBke I0A sTO 1pe-
oOpasoBaTesil CHUTHAJIOB, KOTOPbI€ HAIIPAMYIO COEIMHSIOTCS CO BXOIaMU
OOA kak mokasaHO Ha puc. 3.

IOA (Bx. OA) |l  FSM (VA) — OO0A (Berx.
0A)
S (JD E COOY) | Au\V
E (OC)
f—

Pucynork 2 — Crpykrypa cucremsl ynpasiaenus: IOA — Input Operational
Automata (Bxoguoit Onepammonasiii ABromar); FSM — Finate State
Machine (Yupasasiomuiit ABromar); OOA - Output Operational Automata
(Berxonmuoit Oneparmonusbiii ABromar); S — Sensors ([laTuukm); CO —
Control Object (O6bexT Yupasiaenus); A — Actuators (McnosHuTEeILHBIE
MexaHusMbl); E — Environment (Okpykarmnias cpena)

IOA (Bx. OA OOA (Brix.
= (B O > 0OA)
3| 10A (Bx. DA) >| FSM (VA) 3 OO0A (Berx.
0OA)
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e

Pucynox 3 - CTpyKTypa cucTEMBI C KOHTyPaMU HENPEPLIBHOTO U JVC-
KPETHOTO YIpaBJIeHUSA

B cTrpykType cuctembl ynpaBjeHUs NPUBEIEHHOW Ha puc.3 OeucT-
BYIOT HE3aBUCUMO APYT OT Apyra ABa KOHTypa yIIpaBJeHUd:
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CO - S —I0A — OOA — A — CO — KOHTYpP HEIIPEpPLIBHOTO yIIPaBJIe-

HU.

CO-S - 1I0A - FSM - OOA — A — CO - KOHTYp JIHMCKPETHOTO
yIIpaBJIeHUS.

9To pacimiupser PyHKIINOHAJIbLHBIE BO3BMOKHOCTH CUCTEMHBI.

Crnenmyiomuii aTam PasBUTHUA CUCTEM YIIPABJIE€HUS HA30BEM STallOM
«yIIpaBJeHUs yupaBjieHueM». Ileyiblo TaKOro ynpaBjieHUsI ABJISIETCA alall-
Tallsl CUCTEMBI K H3MEHSIOIIUMCS YCJIOBUSIM BHEIIHEH Cpeabl, IeJsaM
(GYHKIIMOHUPOBAHUS CHUCTEMBI M TEeXHHYECKHM COCTOSHUSIM 3JIEMEHTOB
CHUCTEMbI yIIpaBlieHus. PasjInyaioT oapaMeTPUYecKyil0 H CTPYKTYPHYIO
apantanuu. IlocaenHsas mpenamojaraeT BO3MOYKHOCTh HCKJIIOUEHUS HEKO-
TOPBIX OJIOKOB YIIPaBJISIOIIET0 YCTPOMCTBA M3 KOHTYpa yHPaBJIEHUSA WUJIU
BKJIIOUEHUSI MX B KOHTYPHI YHOpPaBJIEHUS, a TaKiKe BBIIOJHEHUS IPYIuxX
omepanuii ynpasiaeHusi. I[asd sToro OJIOKM MOJKHBI UMETh He TOJBKO WH-
(hopmanmoHHBIE, HO U YIIPABJAIOIINE BXOAbI M BBIXOALI. BHeEIIHUE CBA3U
0JIOKOB YIIPaBJIAIOIIEro YCTPOIiCTBa ITIOKa3aHbl Ha puc. 4.

CI
IT ¢ IO

—>| FSM (I0A, OOA) >

J; COutput
Pucynox 4 - BHemnrHue c¢Bs3u 6JIOKOB yIpaBJsdiomiero ycrpoicrsa: II —
Information Inputs (Madopmamuonusie Bxoasr); CI — Control Inputs
(Yupasasiommme Bxoawr); 10 - Information Outputs (MupopmainmoHHbIE
Breixozasr); COutput — Control Outputs (Vupasasionne Beixonabr)

C ydyeToM OmMCaHHBIX BaPUAHTOB IIOCTPOEHUS CHUCTEM YIIPaBJIEHUA,
CTPYKTypa THMOPUIHOrO aBTOMAaTa 3aJaHHOTO KopTe:xkem (1) mpumer BUI,
TMOKa3aHHBIN Ha PUC.H.

CrpyKTypa ummeeT ABa YpPOBHA. BepXHUiI ypoBeHBb COJEPIKUT aBTO-
maT FSM B KOHType AMCKPETHOIro yIpaBJeHHus, a HUKHUN — TPpH KOHTypa
HETIPEePBIBHOTO YyIpaBJIeHWA, KOTOpblie onmchiBaroTcsa DAE ypaBHeHUAMU
f1 - £3. mpusemennsiMu Ha puc.l. Asromar OOA B KOHType AUCKPETHOTO
yIpaBJIeHUSA MOKa3aH NYHKTUPOM, TaK KaK B JaHHOM IIPUMepe OTCYTCT-
BYIOT BBIXOJHBIE IIEPEMEHHBIE B 3TOM KOHTYDE.

B npuBemeHHOM mpuMepe KOHTYP AMCKPETHOTO YIpPaBJIEHUS SIBJIA-
eTcAd WHUIIMATOPOM M3MEHEHWH B KOHTYpaxX HEINPEPBHIBHOTO YIIPaBJIEHUS.
HasoBem Tako#i Tum yhopaBJIeHUS Master-Discrete-Slave-Continues

(MDSC). Ha puc.6 mpuBeneH IpuMep CTPYKTYpPbl TMOPUIHOTO aBTOMATa
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tuna Master- Continues -Slave- Discrete (MCSD) B KOTOpPO# BBIXOIHOI

aBTOMAT B KOHTYpe HEeIPEepPhIBHOIO yIpPaBJEeHUS N3MEHsAeT moBejeHue 0J0-
koB FSM, IOA, OOA B KOHType AUCKPETHOI'0 yIIPaBJEHUS.
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Pucynok 5 - [[ByxypoBHeBasi CTPYKTypa Ir’mOpuUIHOTO aBTOMAaTa
Ha ocHoBe 0Ji0K0B I0A, OOA u FSM
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Pucysox 6 - MCSD cTpyKTypa ruOpuAHOTO aBTOMATa
Ha ocHoBe 0si0K0B I0A, OOA u FSM

HakoHner, Bo3MoO:XHa CTPYKTypa THMOPHUIHOTO aBTOMAaTa, KoTopasd
obbenuasier MDSC u MCSD cTpykTypbl. C TIOMOIIBIO YIIPABJAAIOIINX BXO-
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moB CI u BeixomoB COutput Bo3MOKHO oOpasoBaHHe HMepapXuil B paMKax
OJHOTO BHJA YIPaBJIEHUA — AUCKPETHOTO UJU HEIPEPBLIBHOTO.

PaccmoTrpenHbIe CTPYKTYPBI THOPUIHBIX aBTOMATOB IIPEACTABJISIOT
co00ii rpauUecKy0 HMHTEePIpPeTalli0 TeOPEeTHKO-MHOMKECTBEHHBLIX MOoe-
JIeli THOPUIHBIX aBTOMATOB HA YPOBHE MHOYKECTB 3JEMEHTOB, BHYTPEHHUX
U BHENTHUX cBsA3el [4-6].

BriBoasl

IloBemenve rmOpUIHBIX ABTOMATOB B CHCTEME YIIPABJIEHUS MOYKET
OBITH C IIOMOIIBIO THUIIOBBIX OJIOKOB BXOJHBIX, BBIXOJHBLIX OII€PAI[MOHHBIX
aBTOMATOB MW YIIPABJAIONIEr0 aBTOMAaTa, KOTOpble PYHKIMOHHPYIOT B He-
pPapxXuu CTPYKTYP yHpaBJIeHUS.

9T OJIOKHM 00pasyioT ABYXYPOBHEBbIE CTPYKTYPbl, B KOTOPBIX
YOPAaBJIAIOIIYIO POJIb MOT'YT MIpPaTh KaK YIPaBJAOIINE aBTOMAThl KOHTY-
POB IHCKPETHOTO yIIpPaBJeHNsA, TaK N OIepalliOHHbIe aBTOMAaThl KOHTYPOB
HEIPEPBHIBHOTO YIIPABJIEHU.

IlpennoskeHHBIE CTPYKTYPHBIE CXE€MbI IIO3BOJISIOT MOJeJIHMPOBATH
ruOopugHOe IIOBeleHMe B CHCTEMe VIpaBJeHHsA Ha  TEOPeTHKO-
MHOKECTBEHHOM YPOBHE, UTO YIIPOMIAeT IMPOIleCC MPOEeKTUPOBAHHUA.
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