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(o) HEeKOTOPbLIX acneKtaxX npuMeHeHUsA aBTOMaTHbIX Moaenen
B rpynnoBOM ynpaBJieHUn

Paccmampuesaiomces ocobennocmu npumeHerus OUCKPemMHO-CoObIMUUHbIX Modenell 045 YNPaeaeHUs C02AACO8AHHbIM NO-
6edeHuem epynn aceHmos U npediaeaemcs MexXanu3m opeanu3ayuu ynpasieHus nosedenuem Ha 0CHO8e Uepapxuu KOHe4HbiX
aemomamos. bazoeviil ypoeenv ynpasienus 0guicenuem a2eHmos UCNOAb3Yem HenpepuléHyio MO0eb COBMECMHO020 08Udlce-
HUS — Memo0 NOMeHYUAaI08, 8 KOMOPOM HANPABAeHUe 08UNCEHUS ONpedensemcs Umoeo8ol cCyMmol cua "ommaikueanus”,
"npumsancenus” u "evipasrHusanus kypca'. B pabome onucvieaemcs MHONCECMEO YACMHBLIX NPABUA 2PYNNO0B020 OBUNCEHUS
azenmoe — Koe2e3us, pacnpedeieHue, credosanue 3a AUdepom, O08ulceHue 800Ab UENOUKU OPUEHMUPO8, Npeciedo8anue U
m. 0. Ilpu smom éce oHu MpaKmyomcs 6 mepMuHax pe3yibmamos pabomol aemomammuwix modeseil. bBviio npoeedeno mamema-
muueckoe Modeauposanue npoyecca ynpasieHus epynnoi aeeHmos ¢ UCnoab306aHUEM YACMHbIX NPABUA ePYNNOB020 08UICE-
HUs, Komopoe noomeepouno ux pabomocnocobnocmo. Takoce ObLau NPOGEOeHbl BbIMUCAUMENbHbIE IKCHEPUMEHMbL C NOMOUbIO
3D-cumyaamopa Gazebo. Kpome moeo, 6 pabome onucvieaemcs 3KCHepuMeHmanibHas epynnupoéKka nodeooHbIX annapamoes
6 cocmage mpex 3K3eMNAAPO8, C NOMOUBIO KOMOPbIX OMPAdamvl8asucs YacmHble NPABUAA 2PYNN0B020 0BUNCCHU: KO2e3Usl,
pacnpedenenue, oguixcerue 3a audepom. Ceasb mexncdy annapamami 0Cyuecmeisinach ¢ NOMOUbI0 CUCMeMbl UHPPAKPACHBIX
npuemonepedamuuKog, no nceedoanaro206omy karnary. Ona nozeoasem ycmou4ueo NPUHUMAMb CUSHAA, KOMOPbLU A8AAeMCs
3aK00UPOBAHHBIM YUCAOM 8 QUuana3one om Hyas 00 namuaoyamu, 6 8ode Ha paccmMosHuu 0o copoka—namudecamu caHmume-
mpoe. Dkcnepumenmol nPOGOOUAUCH 8 AAOOPAMOPHOM Dacceline U 3a6ePuUIUCh YCHEUHO.

ITlokazano, umo mexnonoeust co30aHUs CUCMeEM 2PYAN0B020 YNPABGAEHUS, OCHOBAHHAS HA UepapxXuu aemomamos (Memaaes-
momamos), no3eonsem peuwams 3a0a4u ynpasieHus He moabko HA YpoeHe aOCMPpaKmHubiX Modesell U UMUMAYUOHHO20 Mode-
AUPOBAHUSA, HO U HA YPOBHE CO30AHUS PedaNbHbIX POOOMOMEXHUYECKUX KOMNACKCO8.

Karwueewvie caosa: xoneunwviil aemomam, epynnoeoe ynpaejieHue, Modenu a6l/lJK‘€Hllﬂ, noeeaeﬁue, Memoo nomernyuanoe,

aemomamHoe ynpaeierue, uepapxus 6 ynpaeieHuu

Bsenenue

OgHMM M3 KJIACCMYECKMX METOIOB YIIpaBJe-
HHUSI B TEXHMYECKMX CHUCTEeMaX SIBISIOTCS IUC-
KPETHO-COOBITUIMHBIE MOIEAN B BHIE KOHEUHBIX
aBToMatoB (KA) MM 3KBUBaJEHTHbIE UM MeXa-
HM3MBIL. BaxHoit ocobeHHOCThIO KA sBisercs
CcIocoOHOCTH UX popManbHOU Bepudukanuu. bo-
Jiee TOro, Mx pa3paboTKa MMoa KOHKPETHYIO 3a1a4dy
B OTAEJBHBIX CIyYasiX MOXET ObITh aBTOMAaTU3U-
poOBaHa, HAIpUMepP C MOMOIIBIO POPMaIbHBIX MU
JlaxKe 5BOJIOLIMOHHBIX MEeTOA0B [1].

I[IpuMeHeHNe KOHEYHO-aBTOMATHOIO YIIpaBJie-
HUS B pOOOTOTEXHUYECKUX CUCTEMaX MMeeT HEKO-
Topylo cneunduky. Ecau mpocThie mocaenoBarTelib-
HOCTH OIlepalivid TOMYyCKalT UcIojb3oBaHue KA
Kak (OpMBI ONUCAHUSA aJdropuT™Ma (PYHKIIMOHU-
poBaHUs, TO OoJiee CIOXHBIE 3adauld, CBSI3aHHBIC
C peaju3aliveil IOBEeIEHUS B CIOXHBIX Cpenax,
TpeOyIoT ocoboro moaxona. Tak, mpu pa3paboTKe
KOMILJIEKCHBIX IIpOrpaMM MOBEACHUS AJIsI pOOOTOB

YIOOHBIMU C TOYKH 3PEHHUS YEJIOBEUECKOIO0 BOC-
MNpUATUS NPEACTABISIOTCS TaK Ha3blBa€Mble AEpe-
BbsI IOBENCHMI [2], TTO3BOJISIONINE IIPEACTABIISATh
YIOpaBJISIIOIIME CTPYKTYPhI B BUJIE UEPAPXUM 3a1a4.
IIpu sToM mepeBbs moBeaeHU 1 KA 3KBUBaJIeHThI
10 BO3MOXKHOCTSIM TIPEACTaBJICHUS TTOBEACHUSI.

Ocoboe MecToO aBTOMATHBIC MOIEIM 3aHUMAIOT
B IPYNIIOBOM ympabieHuu, rae KA ucrmonab3yiorcs,
KaK MpaBUJIO, IJIS1 ONPEACACHMSI BEPXHETO, KOOPAU-
HUpYIOLIEro ypoBHs ympapiaeHus [3]. Hampuwmep,
CHayaJja Irpymia podoToB (GopMupyeT MOCTPOEHUE,
MOCJI€ Yero MPUCTYNaeT K UCCAENOBAHUIO TEPPUTO-
puu, a B cllyyae Ype3MEPHOTo OTKJIOHEHU ST OT 3aJaH-
HOTO MOCTPOEHUS BO3BPALLAETCS K MEPECTPOCHUIO.
IIpy sTOM 0a3oBble 3aJauyv CTAMHOIO ABUXXECHMS
pelraioTcs nmyTeM (QOPMUPOBAHUS YIPABIISIOLINX
CUTHAJIOB HAMPSIMYIO UCXOMSl U3 MapaMeTPOB OKPY-
JKalolle cpeapl. DTO XapaKTEepHO IJIST pa3IMYHbBIX
aJITOPUTMOB CJICOOBaHMSI, IBUXEHMUSI CTpoeM [4],
a TaKXXe MHOTOYMCJICHHBIX MOJEJECH MOBEICHUS Ha
OCHOBE YIpPaBJEHUS CKOPOCTHIO [3].
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Pemnenue 3amady, CBSIBaHHBIX C peaau3alv-
el CJIOXHOTO TOBENeHUSI B IMHAMUYECKH MEHS-
JolIeiicss cpemgax, €CTeCTBEHHO, OCHOBBIBAeTCS
Ha CO3MaHUM uepapxuu ympabiaeHus. Hepapxum
C BEPXHUM TUIAHUPYIOIIMM U HUXHUM UCITOJTHU-
TEJbHBIM YPOBHSIMU MPUMEHSIOTCA KakK IS OT-
JeIBHBIX areHTOB [6], TaK W IJIsI TPYTIIT areHTOB [7].
Tem He MeHee, CyIIECTBYIOT O0JIACTH I'PYMITIOBOIO
yIpaBieHusd, TAe He TpedyeTcs pelleHUus] WHTE-
JIEKTyaJIbHBIX 3a/1a4, TPeOyIoLIMX TOTO Xe TJIaHu-
pOBaHUS WJIM CIOXHOW KOOPAWHALIUWU JECUCTBUMN.
OOBIYHO ATO TaKMe 3a7a4M, B KOTOPBIX TOCTATOYHO
OTPaHUYEHHOTO JIOKAJIbHOTO B3aMMOAECUCTBUS U
BbIOOpa TOrO WMJIM MHOTO TIOBEIEHUSI B 3aBUCUMO-
CTH OT COCTOSTHMS Onmxkamux coceneit. [lomo6-
HbIE CUCTEMbI Ha3bIBAIOTCS POEBBIMU, & B KAYECTBE
MOKa3aTreJbHOro TprUMepa MOXHO B3ATb 3amady
COTJIACOBAHHOTO JBWKEHWSI TPYMIIbl TOABOAHBIX
anmnapatoB. [TomrnMo ynoocTBa uccnemoBanus 6Ja-
ronaps 6ojiee CBOOOTHOMY TepeMelleH 0 POOOTOB
B Cpelie MO CPaBHEHMIO C Ha3eMHBIMM PoOOTaMU
3[€Ch MMEEeTCSl 3HAYUTENbHBIA MOTeHIMAT AJs
MPaKTUYECKOTO TPUMEHEHUS TPYyIIOBON pobo-
TOTeXHUKU [8], Hampumep, NMpW pelleHWUu 3aaady
MOHHWTOPUHTA, WCCIEAOBAHUSI TMOBEPXHOCTU [HA,
rnmoucka M criaceHusi, cbopa mycopa u apyrux. Tak,
B pabote [9] ¢ MOMOILIbIO TPYIIBI MOABOAHBIX PO-
GOTOB AEMOHCTPUPYIOTCS PE3YJIbTAThl PAOOTHI OMO-
TMOOOHOTO aJITOPUTMA PaCTIpEACTICHUS 3aa4.

Bmecte ¢ Tem, momBomHasi cpema omnpeaesser
MPUHLIUTTHATBHBIE OTPAHUYEHUST CEHCOPHBIX U KOM-
MYHHUKATUBHBIX BO3MOXHOCTEH pOOOTOB. DTO 0OCO-
OCHHO aKTyaJIbHO JJIS1 MaJIbIX anmaparoB, HECMOTPSI
Ha TO, YTO B HUX MOTYT HCIIOJIb30BaThCsl KaMepbl U
radapuTHBIC MasIKM, KaK 3TO OBLJIO IIPEICTaBJICHO
B matdopme Blueswarm [10]. Takast mpuHIATIAATE-
Hasi OrpaHWYEHHOCTb BOCIPUSATUS MUpa POOOTOM
TO3BOJISIET TOBOPUTH O TOM, UTO JIJIsl yIIPABJICHUS €T0
MOBEIEHUEM JIOCTAaTOYHO Mojesieil pedieKTopHOro
(IMCKPETHO-COOBITUITHOTO) YPOBHSI.

Ecau paccmarpuBath BMECTO ajaropuTMOB Ijia-
HUPOBAHUS MOBENEHYECKUE 111a0JIOHbBI, TIEPEKIIIO-
yaeMble areHTOM B 3aBUCUMOCTHM OT CUTYallMU, TO
00pa3yeTcsl eCTeCTBEHHAsI Mepapxusl yIpaBJeHUsI.
CoBMellleHUE BbICOKOYPOBHEBOTO YIpaBieHUS Ha
ocHOoBe KA, oTBeyawmux 3a MepeKIIOYCHUE HU3-
KOYPOBHEBBIX IBUTATEbHBIX MOBEAEHUYECKNX MTPO-
Heayp, SIBASIETCS OJHUM M3 CIOCOOOB OpraHu3a-
IIMU CJIOKHOTO areHTa, CIOCOOHOTO BBITIOJHSTH
pa3IuYHbIC MOAEJIM MTOBEACHUS B paMKaX peleHus
LIEJIEBOM 3a1a4U.

B npennaraemoii pabote paccMaTpuBalOTCSl OCO-
OEHHOCTH IMTPUMEHEHM I TTOIX0/Ia Ha OCHOBE UepapXU K

KA nns 3amauy yrmpaBieHUS! TPYIIION ITOIBOTHBIX
MOOWMJIBHBIX po0oTOoB. CHauasna OyIeT TpUBEIECHO
OIMCAaHNE OCHOBHOTO O0BEKTa — areHTa KakK MOIEIN
MOOMJIBHOIO POOOTOTEXHUYECKOro yCTpoicTBa. Jla-
Jiee OyayT OIMMCAHbI 3aKOHBI €r0 0a30BOr0 JBUKECHMS
1 PACCMOTPEHBI BOIIPOCHI IIPEICTABICHUS CIOXKHOTO
MOBEACHUS Ha 0a3e KOHEYHO-aBTOMATHBIX MOIEIIEH.
B 3aximounTebHOM YacTy OymyT MpeacTaBIeHbI BbI-
YUCIUTEIbHBIE SKCIIEPMMEHTHI, a TaKXKe OIMCAHUE
SKCIIEPUMEHTOB C peaJIbHBIMU OOBbEKTaMU.

Mogpean areHra

Ilycth y Hac MMeeTCsI HEKOTOPOe YCTPOMCTRBO,
OCHaIlleHHOE MHOXECTBOM CEHCOPOB U CIIOCOOHOE
K IEepeMelIeHUI0 B TPEXMEPHOM IIPOCTPAHCTBE.
Hng ompeneneHHOCTH OymeM IojlaraTb, 4TO 3TO
aBTOHOMHBIT HEOOMTAaeMBbIil MOABOAHBIN ammapar
(AHITA) unu po6ot. YtoOnl abcTparupoBaThCs OT
TEeXHUYECKUX HeTaieil, OyneM HCII0Jb30BaTh BMe-
cro tepmuHa "AHITA" TepmuH "areHt".

AreHT Apg, 3amaeTcs MsITepKon

Ay = <name, C, R, S, F>, 1)

rIe name — YHUKAJIbHOE MM areHTa (UACHTU-
¢ukarop); C — MHOXECTBO XapaKTepUCTUK areH-
Ta; R — ero nmpocTpaHCTBEHHOE ITOJIOXEeHUE; S —
COCTOSIHME CEHCOPHOM cUCTeMBI; F — QyHKIUS
yIIpaBIeHUS.

®OyHkuUs yIpaBieHus F omnpeaenseT IIpo-
CTPAaHCTBEHHOE ITOJIOXEHME areHTa:

F(C, R, S) > R4, Q)

ba3oBbIMU XapaKTepUCTUKAMU areHTa SIBJISET-
Cs TpoiKka

C = <tip, o, size>,

[1e tip — 2JIEMEHT HEKOTOPOTO MHOXECTBA BO3MOX-
HBIX TUIIOB areHToB. Mcnoyib3yeTcs mis peaan3a-
IIMW Pa3HbIX BUIOB IMOBEACHUS II0 OTHOIIEHUIO
K COOTBETCTBYIOIIMM KaTEropusIM areHToB (ceou,
uydcou, dcepmea, Hapyuwiumeab U T. 11.); ® — BeC
areHTa, ® € R. Mcmonp3yeTcss Kak OCHOBHas Xa-
paKTEpUCTHUKA MPU pealu3alviu UepapXxuu yrnpas-
JICHUS; Size — pa3Mep areHTa, size € R. Onpenens-
€T T€OMETPUYECKIME XapaKTePUCTUKM areHTa.

B 3aBuCHMMOCTH OT CHeLM(PUKH pelIaeMbIX 3a-
Jlay Habop xapakTepuCTUK C MOXET pacIIupSIThCS.

IIpocTpaHCcTBEHHOE TIOJIOKEHME R 3amaercs
TpOMKOM

R= <X, v, A>, 3)
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Puc. 1. Chepuueckas cucrema KOOPAMHAT areHTa:

V=P, Oy = 0, Oy = 0 (@); AATYUKU-NATBHOMEDBI, (6); 001acTh
BUAMMOCTHU areHrta Q (8)

Fig. 1. Agent’s spherical coordinate frame:

V=P, Oy = @, Oy = 0 (a); rangefinders (0); agent’s field of
view Q (8)

rne X — KOOpAWHATHl areHTa, X e R3 v — cko-
pocTh nBUXeHUS; A — TpoiKa ymioB Biijepa,
A= (O(yaw Qpirchs aroll); Ayaws Qpitchs Cpoll — YTJIBI phICKA-
HUS, TAaHTaXa U KpeHa COOTBeTCTBeHHO. DakTuue-
cku, napa (v, A) onpenensieT chepruuecKre KOOpau-
HaThl areHTa, KpoOMe KpeHa, KOTOPBIM BO MHOTHMX
3aJa4yax, CBSI3aHHBIX C TPYIIIIOBLIM IBUXEHUEM, HE
BaxkeH. Mcronb3oBaHue yIioB Ditjiepa 00yCIOBICHO
JINIIBL COOOpaKeHUSIMU YA0OCTBA M HAIVISIAHOCTH.

3HaHNWe KOOpAWHAT areHTa X He SIBJISIeTCS 00s-
3aTeJbHBIM, SIBHOE 3amaHue X ompenessieTcsl HC-
KJIIOUUTEJILHO OOLIHOCTBIO paccyxaeHuii. anee
OyIeM moJyiarath, 4YT0 CKOPOCTh V M YIJIBL Oy Olpizcp
COOTBETCTBYIOT JJIMHE pafiuyCc-BeKTOpa p U yrjiaM
o u 0 (puc. 1, a).

CencopHas cucremMa

"Konmakxmnuie” cencopot-daavnomepot. [isi
yInoOCTBa YIIpaBJIeHUS U pELIeHMsS HEKOTOPHIX
TaKTUYECKUX 3a1a4 OylaeM moJaraTh, 4TO y areHTa
MMEIOTCS JBa CEHCOpa-OTpe3Ka, OIlpelcsioliue
O00BEKTBI, KOTOPbIE MEPECEKAIOTCS 3TUMU OTPE3-
kamMu. Touky mepeceyeHus1 ONpeaesiioT pacCTosI-
HME 10 O0OHapyXeHHHBIX 00beKTOB (puc. 1, 6).

Ob6aacmo eudumocmu. I1peanonoxum, 4To CeH-
COpMKa areHTa IMO3BOJISIET IOJYYUTh HH(OpMa-
LIMI0 O KOOpAMHATAX, CKOPOCTSIX M YIJIAX OpPUEH-
TallMM HEKOTOPOTO MHOXECTBA areHToB (), MOMaB-
LIMX B €r0 30HY BUAUMOCTH — HEKOTOPYIO 00J1aCTh
MPOCTPAHCTBA [R;’ BOJIM3M areHTa (puc. 1, ). Q,Mo-
XET MPEACTABISITh CO00il MHOXECTBO MHIEKCOB —
UACHTU(PUKATOPOB areHTOB, a MOXET COIepPXaTh
MOJIHBIA CITMCOK HAOII0AAEMBbIX ar€HTOB LICJIMKOM.

OGozHaunMm (X, v, A;) — cpeaHue 3HaYCHHsI
KOOPIMHAT, CKOPOCTH M OpUEHTALMU Habjomac-
MBIX B 3TOH obOjiactu areHToB. IIpu 3TOM MycThb
OHU BBIYUCISIIOTCSI UCXOJsl U3 BECOB ®; aT€HTOB.
Torna KOMIOHEHTHI KOOPAWHAT LIEHTPA TSIXKECTHU
HaOII0JaeMbIX aT€HTOB BBIYMCIISIIOTCSI KaK

2 Xy

ieQy

Z(‘)i’

ieQy

X, = k=1,2,3. )

3nech Xz — KOMIIOHEHTbI BEKTOpa KOOPAMHAT
X; HabIOAAEMOTO areHTa.

AHaJIOTUYHO ONPEAEISIOTCS CPEJHUE CKOPO-
CTHU V; U BEKTOP OPUEHTALUNU A

2 Vi,

ieQ
Vo= k=123
’ 2 o

ieQy

®)

I1e V; — CKOPOCTH areHToB; A ompenensieTcs Kak
UTOroBasi OPUEHTALUS CYMMbl BEKTOPOB CKOPO-
CTEN areHToB V;.

CoOTBETCTBYIOIIME  BEKTOPY  yIpaBJIEHUS
Ve =(VysVy,V,) KOODIMHATHI TakKke MOXHO 3a-
nucarb B C(PepruyeCKUX KOOPAMHATAX YEPE3 YIJIbI
® = Oygy M 0 = 0y, BOKPYT OCeit O7 B BUIIC

2, .2, 2.
Ver = (Vs vy, v )l = Vi + vy + V55

vy, vi +v§ (6)
¢ =arctg—; 0 = arctg -

v, ;

O06macTb BUAMMOCTH 3a4a€TCsI JIMOO TOJTHOM ce-
povi HabJroneHU s, MO0 TOJIBKO TMepeaHei noaycde-
poit (uTo OGaMXKe K peajbHOCTH). O003HAYMM paanyC
cdepnl HaOmoneHN FOV. DTO TTapaMeTp MCIIOIb3Y-
€TCs MPU OTpeie/IeHUN 3aKOHOB JBVKEHMSI.

I[Ipn omucaHuu anaropuTMOB MbI OyaeM HC-
MoJb30BaTh ciaenywliue coriameHus. OOpaiie-
HUe K CEHCOpMKe areHTa a OyaemM o0003HayaTh
a.Sensors|T|, tne T — KaTteropust I TUIT JETEK-
TUPYEMOT0o 00beKTa. DTO OTHOCUTCSA KakK K CIy-
yaro obOpalleHrus K o0beKTam, IMOomaBIIMM B 00-
JIaCTb BUAMMOCTH () areHTa, Tak U K oOpalleHuIo
K YOpaBisSONIAM TapaMeTpaM WUJIW U3MepPSieMbIM
BesiMunMHaMm. Tak, omnpeneneHue I1IeJeBOro yria
JIBUXKEHUST OMpeAeaseTcs] COAEPXMMBIM HEKO-
TOPOr0 BUPTYyaJibHOTO ceHcopa (IICeBAOCEHCOPa)
a.Sensors|‘goal_angle’] = <ol Qyieps Oy AHA-
JIOTUYHBIM 00pa3oM OymeM o0o3HauaTh oOpalie-
HUe K oObeKTaM 00JIAaCTM BUAMMOCTH, MPEIsT-
CTBUM U T. .

3aKoHbI ABMKEHHUS

PaccmoTpum pajiee psii 3aKOHOB COTJIacOBaH-
HOTO JBUWXKEHMsS T'PYNIbl areHTOB. DTHU 3aKOHBI
OCHOBaHBI Ha KJACCHYECKON MOMAEJU JBUKEHUS
K. Peitnonpnca [11]. OOmwue mnpaBuia IBUXKeE-
HUSI areHToB (00ia0B — boids — B TepMUHOJIO-
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ruu PeiiHoMbACA) IPOCTHI U 3aKJIIOYAIOTCS B TOM,
YTO areHT (a) He JOJIKEeH MPpUOJMXKaThbCsl OJIM3KO
K IpyruM areHTtam, (0) IOJKeH JABHUTAThCA TYyjA,
Kyna Bce U (B) CTPEMUTBCS HE OTAASITHCS OT ApPY-
rux. Takum oOpa3om, peanusyroTcs CIenylolmne
MpaBUIa CTANHOTO JIBUKEHMS:

1. Ommaankusanue (Separation). I3d0eranme cKo-
TUIEHUS cocefieil, OMXKHee OTTaJIKMBaHMe.

2. Bwipasnusanue xypca (Alignment). Ilpugep-
JKMBaThCS CPEIHETO Kypca COCeei.

3. Koeesus (Cohesion). OpueHTalIMsI Ha CpenHee
MOJIOKEHHUE cocenmeit, "TpuTskeHue" ¢ OOJIBIINX
pacCTOSTHUMA.

ODTHU AEUCTBYIOLIME HA areHTa "CUJIBI" YCJIOBHO
n300paxeHbl HA pHUC. 2.

Ha camoM nene, mpaBwiia IBUKEHUSI arcHTOB
€CTECTBEHHBIM 00pa30M OITMCHIBAIOTCSI B TEPMUHAX
MMOTEHIIMATBHBIX MOJIeH, KaXKI0e U3 KOTOPBIX OIpe-
JeJsieTCsl MeMCTBUEM COOTBETCTBYIOIIETO ITpaBUIia
IBUKEeHMS. Bce mmporpaMMbl IBUXKEHUSI, OTIPEIeIIsi-
ollMe IEHCTBUSI TOTO MW WHOTO TTpaBUJIa MU 3a-
KOHa, BO3BpAlIalOT BEKTOP (PYHKIIUM yIpaBICHUS
F (cTporo roBopst — KOpTeX U3 IBYX 3JIEMEHTOB):

Prog(agent) - F= (vctb [ yaws pttch’ roll]) (7)

MPEACTABISAIOIIANA JTUHEHHYIO CKOPOCTb U OpHU-
€HTallMIoO B BUJE TPOHKM YIJIOB Diljiepa COOTBET-
CTBEHHO. MomyJib BEKTOpPa CKOPOCTU OyIeT TaKkKe
obosHauarbcs |F|, a opuenranus — arg(F).

Hanee paccmoTpum ux 6ojee noapodbHo. Ilpu
aTOoM OyJeM IoJjiarath, 4YTO Ha BXOAE UMEIOTCS CO-
crosiHue areHTa (X, v, AY u HaOJIOmaeMble BEIU-
yuHbl (X,, V;, A;), @ UICKOMBIM BBIXOJIOM SIBJISIETCS
YIIPABICHUE (Vyippy Apiri)-

Cocmaueanue (npumsncenue, Cohesion). B 00-
1LIEM cllyyae liejieBasi OpueHTalIMsI ONpeaesisieTcsl Kak

ACI] = arg(FA(Xs Xs’As))a

®)
vctl = |FA(X7XS5AS)|;

& Vcoh

v vsep

éﬁi
'E_

Puc. 2. "Cuapl", neiicTByIOIME HA areHTa:

Veon — KOTE3USA, V,,, — OTTanKuBanue, V,,

JICHUE NBUKCHU A

— LECJICBOC HaAIIpaB-

MpUMep peaju3alnu:

coh
Actl :arg(FA (X’XsaAs))~ (9)
HTorosass CKOpOCTb B OOLIEM CJIy4ae MOXET
OIpeNeIsAThC COOCTBEHHON CKOPOCTBIO areHTa U
PacCTOSTHUEM JI0 LIEHTPA MACC TPYIIIbI

. k
Ve = |Fvwh(v’ rs)| =min [vmax’r_vj- (10)
s

31ech V,,,, — MpeaeabHas CKOPOCTb IBUXKEHMS;
k,, — HEKOTOPbI1 KO3(PPULIUEHT.

HanpapieHue n1BUXXEHUS MOXET OBITh OIIpEae-
JIEHO M3 CITUCKa Bcex HabMomaeMbIX "CBOUX .

B BexTOpHOIT (hopMe CKOPOCTH KOTe3UU OyIeT
OIpeleAThCI KakK

A
X

A,y 30€Ch U J1ajiee PacCYUTBHIBAETCS KakK IMOBO-
pOT BEKTOpa, COHAMNPABJIEHHOTO C PE3YIBTUPYIO-
LM BEKTOPOM V.. [JI1 3TOr0 MOXHO MCIIOJb30-
BaTh popMyiy mepexona B chepruyecKkue KOOpIu-
HaThl. [IprMep peanuzanuu:

(11)

dvctl =

@(i+1) _ (1)
Verl Ven + dvctl' (12)
3nech v — HoBas ckopocTh (Ha Tekylem
ware); v{) — Tekyuwias cKopocTb (C MPOLLIOro

miara). PaccumTaHHash CKOpOCTb TaKXe OrpaHu-
YUBAETCS MPEAETBHON CKOPOCTBIO IBUXEHUS Vyoy

(i+1) _ : (i+1)
|Vctl | - mln(vmax’|vctl |)

Pacnpeodeaenue (ommaaxueanue, Separation).

Hroroselit yrosn opueHTaluu A, onpeaeasieTcs Kak

Se,
Aey = arg(F (X, X, A4))). (13)
Hanpasnenue npu ynpasienuu F;¥ orinya-
eTcst ot Fj " 3HaKoOM: Fi? =-F4 C"h. CKOpOCTh
OMpeaesieTCsl TaK Xe:

|F5 (v, r,)| = | F52" (v, 7).

ITo cytn n nmo ¢opMe aaropuT™M pacripeaesie-
HUSI aHAJIOTMYeH pacCMOTPEHHOMY BHILIE, IIpU
5TOM LIEHTP MAacC TaKKe OIpPEHcIsieTCsl CIIMCKOM
BUIMMBIX "cBouX" Sensors|‘omega_friend’]. Kpome
TOrO, 3¢ PEKT OTTAIKMBAHUS MOXET OBITH peaau-

Fig. 2. "Forces" acting on the agent:
V.on — cohesion, V,, — separation, V,,, — direction to the goal
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30BaH M 4Y€pE3 CICAYIOIICC OIMPCACICHUC BCKTOpPA
CKOPOCTU NABUKCHU S

S

1

ieQy |X1

N

dvel., = - (14)

>

1
ieQy |Xl|
AHaJOTMYHBIM 00pa30M OIPENeISIOTCS Mpo-
Yyue 3aKOHBI IBUKEHUSI.
Jeuxncenue 6 oony cmopony (Alignment). 3ana-
ya — MPUIEPKUBATHCSI CPEIHEr0 Kypca COCedeii:

!

y
V. = —.
ctl

[vil

JMleusxcenue no HenocpedCmeeHHO 3a0AHHOMY
3aKony. 3aKOH TpaKTyeTcs KaK 3aJaBacMbl¢ IICEB-
noceHcopoM "Llenr' TpeOyeMble TMHEHAS U YIJIO-
Basi CKOPOCTHU:

(Veus Ay ) = Sensors['goal_movement'].

DTOT 3aKOH OoMpeAeaseT U YaCTHBIN ciaydyail —
JIBUXKEHUE MO MejeHry. B mociemHeM ciyvae cko-
POCTb IBUKEHUS MOXET HE 3a7aBaThCSl.

Ilpecaedosanue. bynem cuutarh 3amadym Tmpe-
clefoBaHMSI M COJIMXKEHUS SKBUBAJEHTHBIMU.
OnTuManabHOE CONMXEHUE MOXET OBbITh peaiu-
30BaHO METOJOM TlapajjejbHOTO IIpecienoBa-
HUd, onucaHHoro B pabote [12]. B aToM meTone
TpebyeTcsl 3HATh MECTOIIOJIOXEHNE areHTOB (XOTS
CYLIECTBYIOT MOJIEJIM Mpeciief0BaHus, B KOTOPBIX
KOOpIMHATHI areHTOB HE MCIIOJb3YIOTCS, HAIpH-
Mep Mojeilb, pacCMOTpeHHasd B pabdote [13]).

Ilycts (x,, ¥,, Z,) — KOOpPAMHATHI Mpecieaye-
MOTO, V, — €TI0 CKOPOCTb, & O}y, O picp — YTJIBI
MoBOpoTa BOKPYT oceit OZ u OY cOOTBETCTBEHHO.
AHaJI0rMYHO O0003HAYUM KOOPIAMHATHI (X;, Yy, Zp)
U CKOPOCTb npecienosatesns v,. PesynabTupymnoiue
KOMIIOHCHTBI yIJIa OPHUEHTAMU Oy, O pirens O pop
ONpEeaeSIIOTCS CACAYIOIIUM 00pa3oM:

ayaw = FApurs([xvayvavv’a;awla[xhsyhavh]);

apilch = F,furs([xva Zys vv’a;il‘ch]’[xhazhs vh]);

Aot = 0;

(15)

Actl = (ayaw’ OLpitch? OLroll)'

CKopocCTh mpeciienoBaresisi IOCTOSIHHA U OIlpe-
AENSIeTCS KAK Vo = Vpay-
Ha npaktuke F/*" moxeT 3anaBaTbcsl He Kak

GyHKIIMSA OT KOOpAWHAT TIpecienoBaTeNIsT U TIpe-

CJICOAYEMOro, a OoInpeaACasATbCA YIJTIOM Yy MCXKIOY HUMU
B COOTBCTCTBYIOHlCﬁ IIJIOCKOCTH. HYCTB Y — Yyroja
MEXOy IMmpecjieaoBarejiceM MW MPECICAYEMbIM; q,,
U, — HallpaBJIEHUE OBUXKEHHSA U CKOPOCTb y6era-
IOLICTO, V— CKOPOCTBb IIpCCIICAOBATCIIA. Torpa Ha-
MIpaBJICHUC IBUXKCHUSA ¢ ITPCCICAOBATCIIA OIIPCAC-
JIACTCA KaK

"
o= arctgﬁ -7.
Vix

(16)

Komnaexcnoe deuncenue (0suxcenue "601ioos").
3nmech IBUXKEHHUE areHTa OMpenesieTcs IeiCTBUEM
PACCMOTPEHHBIX BBHIIIE YAaCTHBIX 3aKOHOB — OT-
TaJIKUBaHWEM, BBIpaBHMBAHHUEM Kypca U KOTe3Hel.

CKOpoCTh MpeacTaBiIsieTcs Kak

Ve = 0,dvel, + odvel; + o dvel,, (17)

rae dvel,, dvel, dvel, — ynpasieHue, onpenense-
Moe ToBeaeHueM Alignment, Separation u Cohesion
COOTBETCTBEHHO; V,,; TAKXKE OrPAHUYMBAETCS] MaK-
CUMAJIBHON CKOPOCTBIO Vp -

HobGaBieHre K KOTe3Uu, pacpeneacHuIo 1 IBU-
>KEHUIO B OJJHY CTOPOHY 3aKOHOB JBUXEHUS 1O 3a-
JaHHOMY IieJieHTy FBearing M HemocpeacTBEHHO
3aJlaHHOI CKOopocTH FSetSpeed mpuBOOUT K KOM-
IUIEKCHOMY aJITOPUTMY, T¢ KOMIOHEHTHI UX CKO-
pocTeil MOMHOXAITCSI Ha KO3(PPUIIUEHTHI, ompe-
JesIolNe 3HAYUMOCTh 3TUX (DaKTOPOB, a 3aTeM
BEKTOPBI CKOPOCTEM CKJIAABIBAIOTCS APYT C APYTOM.

Meuxcenue 60oav uyenourxu opuenmupos. Opu-
EHTUpaMU SIBISIOTCA HEKOTOphbie HabJromacMbie
areHTbl — Oyu. Ha Bxoge — HaOsromaeMble B 30HE
BUAMMOCTHU Oyu Qp = (X3, v, 4Ap)-

[lyctb opueHTUp i U3 00nacTU Qp HAXOAUTCS
Ha paccrosinum r; = |X — X ot arednTta. O603Ha-
YUM A; — yIJbl, 3a/1al01l11e HallpaBJIeHUe OT areH-
Ta Ha opueHTUp. Ecu MecTomosoXeHus 3adaHbl
JIeKapTOBBIMU KOOpPAMHATAMHU, TO F;, A; onpenesi-
I0TCA KaK cepruuecKkre KOOpIMHAThl TOYKU

X -xO xD_x@ xD _xOy  18)
3nece X g), X® — xoopauHathl 6ys U areHTa

COOTBETCTBEHHO.

O6Go3HaunM df — paccoriiacoBaHUe HalpaBs-
JICHUII BEKTOPOB OpPMEHTAIlMM areHTa U BeKTopa
HaIpaBJeHUS] Ha OPUEHTHUD:

dl'a = A_Al'
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Torga koprtex (v,, A;) onpenenaseTcss Kak cymma
BEKTOPOB:

(s, Ag) = > (Fi, 4)).
ieQp
3necs F; 3HAUYEHUE "CUJIBI TNPUTSIKEHUS"
opueHTHpa i U3 00JaCTU BUAUMOCTU Qp:
0, ecau 7; < ins

F=1K
—, KHAaue,
rn

,. (19)
K = cosmax(d/');.
J

Cwmpica BBeneHUs KoadduiumneHra K 3akiioya-
eTCs B TOM, YTOOBI JIJISI areHTa ObLIN 0oJiee mpe-
MOYTUTENbHLI T€ OPUEHTUPBI, KOTOPHIE PACIIOJIO-
JKEHBI 10 X0y OBUXeHUS areHTa. YToOnl He yBe-
JIMYUBATh BIUSTHUE OoJiee OJM3KUX OPUEHTHUPOB,
1ieJIecoo0pa3HoO B 3HAMEHATE/Ie UMETh PaCCTOSIHUE
r; B cterieHu n > 1. Kpome Toro, coBcem Ou3kue
OPUEHTHUPBLI HE IOOJKHBI Y4acCTBOBAaTb B OMpedc-
JICHUUW HamnpaBJieHUsI OBUXXeHUS. [JIs1 3TOro BBO-
JIUTCSI HEKOTOPOE MUHUMAJIbHOE PACCTOSIHUE Fppiy,
KpaTHOe, HallpuMep, pa3Mepy areHra.

B mpocreiillieM ciydae CKOPOCTb IBUIKCHUS
areHTa MOXeT OBbITh ITOCTOSSHHOM. 31eCh BaXXHBIM
SIBJISICTCS ONpeAeICHUE HAaIlpaBJICHUS JBUXCHMSI.

B urore v, = const, 4., = A,.

Ilepeiinem manee K onMmMcCaHUIoO 00Iee CIOXKHBIX
¢opM ToBeneHUS areHTa.

ABTOMAaTHOE ynpaBjieHHe

HWrak, BBIIIE OBUIM pPacCMOTPEHBI 3aKOHBHI,
olpeneadolIne IBUXXEHWE areHToB. B ompene-
JICHHOM CMBICJIE OHU MOTYT CUYMTAThCS 0a30BBIMMU,
aJIEeMEHTapHBIMM JeicTBUIMU. BMmecTe ¢ TeM, Ta-
KOe TOHSTHE, KaK MOBeIeHHE, €CIU TToA HUM I10-
HHUMaTh YCTOSIBIIMECST GOPMBI M CITOCOOBI B3aMMO-
JIEMCTBUS areHTa CO Cpeloid, TpeOyeT A CBOETO
OITMICAaHW S WHOTO ITOAX0/a.

Ilogeodenue u oeiicmeusa. Ilonsatnga "moBeneHue",
"meiicTBue", "aKTUBHOCTH SBIISIOTCI BO MHOI'OM
YCJIOBHBIMM, HO MEXIy HUMM BCeTAa MOXHO yCTa-
HOBUTH OJHO3HAUYHYIO TrpaHuNy. B 1ensix ymnops-
JIOYeHUST MEXaHM3MOB YIIpaBJIeHWST aTeHTaMHU TIPH-
MEM cJIeIyIolINe comlalleHus. bymem paccmarpu-
BaTh OPraHM3alMIO TOBEACHUS C TOYKU 3PEHUS
clieAyIolIeil nepapXun, NCITOJIb3ysI BMECTO TEPMHU-
Ha "areHT" TepMHUH "poboT".

1. Dgpgpexmopnbiii yposeno. IT0 — HUXHUMH,

"anmapaTHBI" YpOBeHb ynpaBieHus. Ha HeMm pe-

aJINU3YIOTCSI 0TpaboTKa 3¢p¢GeKTOopoB podOTa, OT-
BEYAIOIIMX 32 CKOPOCTh ABUKEHHSI, YIJIBI TOBO-
pota U T. 1. B 001emM ciy4yae 3TO 3J€MEHTapHBIE
BO3JEUCTBUS Ha OKPYXKAIOWIYIO Cpemy.

2. Mleiicmeue. Tlonm neiictBuemM Mbl OymeMm IO-
HUMAaTh HEKYIO SIBHO BBIIEISIEMYIO COBOKYITHOCTD
addexTopHOit akTUBHOCTU. Ha 3TOM ypoBHE
IIPOMCXOMUT COTjlacoBaHHAsI padboTa 3¢ HEKTOPOB.
[TpumepaMu MPOCTHIX AEUCTBUN MOTYT OBITH pa3-
JIMIHOTO POAa IBUKCHUSI.

3. Caoxcroe delicmeue. DTO HEKOTOpasl Xapak-
TepHasi, TOBTOPSIONIASICS TMOCIEeA0BATEIbHOCTh
nerictBuii. B Ouosiornm 3T0 HasbiBaeTcs (UKCHU-
pOBaHHBLIM KoMIJIeKcoM AeiicTBuii — DOKJI.

4. ba3zosoe nosedenue. Hexkoropass xapakrep-
Hasi, TIOBTOPSIONIASICS TOCIEN0BATEIbHOCTD AcH-
CTBHUH (B TOM YMCJIC CIOXHBIX), KOTOpas CBsI3aHa
C MOCTUXEHUEM HEKOTOPOW WEJIU YHpPaBJICHUS.
IIpuMmepamn 0a30BOro ITOBEACHUSI MOXET OBITh
3alllMTHAs peakliivsi, MOUCKOBOE TOBeAeHUE, Ie-
JieHanpaBJjeHHOe ABUXKEHWE U T. TI.

5. Ilosedenue. B ienom, 3To ycrosBiasics gop-
Ma MJIA MHOXECTBO (hOpM B3aUMOICUCTBUS arcH-
Ta CO Cpeaoi.

Peaauzayua. C TexHUUYECKOW TOUKU 3peHUsI
peanmusanus AEWCTBUM, U TMPOCTBIX, U CJIOXHBIX,
BrJ1oTh 10 PKJI, yno6Ha ¢ momoiisio KA ¢ BbIXo-
IoM. B paMkax paccMOTpeHHBIX BBIIIE MOJEJICI BhI-
XOIOM aBTOMaTa MuJIN, OIMCHIBAIOILIETO IeHCTBUS,
SIBJISICTCSI 3aITyCK MOTOPHOI IIpOorpaMMbl — He3a-
BUCHUMOI'O JIBVXKCHUS, IBUXKECHMUSI, OIPEICISICMOro
Koresuei; caeaoBaHus 3a JUAEPOM M T. 1. Bxogom
aBTOMaTa SIBISIFOTCSI HEKWE BHEIIHWE YCJIOBHSL.
®dopmansHo KA paboTtaer co BXOOHBIM ajidaBu-
TOM U3 IBYX CUMBOJIOB — frue U false, IpA 3TOM yC-

| MpenAarcreme_cnesa
e —_

! TurnRight()
: MyTs_ceoboaeH

MpenaTtcteme_cnesa/-

TurnlLeft()

Mpenatcrene_cnpaea

|
|
|
|
HHave :
|
|
|
|

Puc. 3. Asromar fsm_MoveObstSide — aBuKeHue BI0JIb mpe-
narcreusa (a); asromar fsm_DirMovementProc, peanusyiommuii
3aKOH JBUKEHHS, 3a/1aBaeMblii aprymenTom arg (6)

Fig. 3. Finite state machine fsm_MoveObstSide — movement along
an obstacle (a); finite state machine fsm_DirMovementProc, that
implements a movement law defined by the parameter arg (6)
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JIOBUSI OIPEAENSIIOTCS BBIYUCISIEMBIMM B KaK bl
MOMEHT BpEMEHM IIpeAUKATHHBIMU (PYHKIUIMU.
[ToCKONBKY 37€Ch MBI UMEEM JEJI0 C HeleTepPMUHU-
POBaHHBIM aBTOMAaTOM, TO JIJISI aBTOMAaTa BBOJMTCS
MIPUOPUTET BHITIOJHEHUSI YCIIOBUI Tiepexona. [Tpu-
Mepbl aBTOMATOB, PeaM3YIOIINX AEUCTBUS, MPU-
BeIEeHBI Ha puc. 3.

Ha puc. 3, a mpuBeneH aBToMaT, OpeaeIsTIoNInii
Takoe CJIOXKHOE IeWCTBUE, KaK ABUXKEHHE BIOJb
MPEensaTCTBUSI, TAE S — COCTOSIHUE, B KOTOPOM
areHT ABykeTcs npsiMo, a SL u SR — cocrosgHus,
B KOTOPOM OH IMOBOpPAaYMBAaeT HAlpaBO W HaJEBO,
cooTBeTCcTBeHHO. Ha puc. 3, 6 — aBTOoMmar, peanu-
3YIOLIUHI IpSIMOe Ha3HauYeHMe TTOBEAeHYECKO Ipo-
LHeaypbl. APryMEHT 3TOM NpPOLEAYPHl ONpeaessieT
HEKOTOPYIO IPOrpaMMy JIBUXKEHUS KOTe3110,
cleoBaHMWE 3a JIUIEPOM U T. M., T. €. TaKue Ipo-
rpaMMBI, KOTOpbI€ HE OIMCBHIBAIOTCS B aBTOMAaTHOM
BuIe. 31ech S — COCTOSIHME areHTa, B KOTOPOM OT-
pabaTbIBaeTCsI 3Ta MOBEACHYECKas TpolLenypa.

JIns peanu3alnuu TIOBEACHUST TpeOyeTcs yxke
IpyTroii, 0ojiee CIOKHBIM MeXaHU3M. TakuMm mexa-
HU3MOM MOXET ObITh MeTaaBTOMAT.

Memaaemomam. CyTh ero pabOTHI 3aKJII0YACT-
csg B TOM, YTOOBI B 3aBUCUMOCTU OT pE€3YJIbTaTOB
aHaJin3a COCTOSHMWS BHEIIHEW W BHYTPEHHEHN Cpe-
Ibl aKTUBU3UPOBATh TOT UM WHOM aBTOMAT, pea-
JU3YIOIIMI HEKOTOpoe AelicTBue. Ha puc. 4 nmpuse-
JIeH MeTaaBTOMAT, peaau3yIolNii MPpoLenypy ABU-
KEHUS 110 TIeJICHTY, 3aJaBaeMOMY apryMEHTOM arg.

MeTtaaBTOMaT IIpeACTaBIsET COOOM aBTOMAT
Musu, y KOTOPOro TOMETKM AYT (MpOoueayphl)
OIPEICSIIOT BBINOJIHSEMbIE areHTOM JEiCTBUSI.
BoinmoiHEHME 3TUX HOpPOUEAYP 3aKJIIOYarTCs
B TOM, YTO 3arpyXaloTcCsl COOTBETCTBYIOILIME aB-
TOMATHI, T. €. aBTOMATHI, peaJu3yIoliue IeCTBUS
Buna "0Ob6xo0 npensmcmeus” (fsm_MoveObstSide),
"Cmaiinoe deuscenue” (fsm_DirMovementProc c ap-
eymenmom ‘FFlockMovement’). YcIOBUS TIePEXOHI0B

MyTb_ceoboaex

Load FSM('fsm_DirMovementProc',
'FFlockMovement')

SetBearing(arg)

MNyTs_ceobogeH/-

WHave

Load FSM('fsm_MoveObstSide')

Puc. 4. Mera-aBromMaTt, peajJu3yiouuii ABMKEHHE MO MeJIEHTY

Fig. 4. Meta-finite state machine that implements movement according to bearing

> SFree

(3arpy3ku HOBEIX KA) ompenenstorcsi, HallpuMep,
CEHCOPMKOIl areHTa (B HAHHOM KOHTEKCTE 3TO
03HAYaeT OIpeAeieHre TOTo, YTO IMyTh CBOOOIEH
(mpenuxar "l[lyme_Ceobodern”)). B mpumepe S —
CTapTOBOE COCTOSIHME MeTaaBToMarta, SI — cocTo-
SIHWE B KOTOPOM OIIpeAessieTcsl, CBOOOICH JI Iy Th
K 1enun, a SFree m SObst — cocTosTHMUS, XapaKTep-
HBIE JJ1S1 OTCYTCTBUS HA MYTU MPEISITCTBUS U €O
HaJIMYUsI, COOTBETCTBEHHO. boiee ciaoxHoe I0-
BeIeHME MOXET 3aJaBaThCsl pabOTOIl MeTaaBTOMAa-
TOB BTOPOTO U T. 1. paHroB. @opMaIbHO MHOIO-
ypOBHEBasT MeTaaBTOMAaTHAsI CXeMa OIIPEHeIsieTCs
CAeAYyIOIMM 00pa3oM.

Ecnu peiictBusiMmu KA SBISIIOTCS aKTHBU3a-
LMY HU3KOYPOBHEBBIX IBUTATENBHBIX (DYHKIIWM,
TO MBI CYMTaeM €ro aBroMaroM paHra 0 —
MetaaBToMaT paHra 1 M' — s10 KA, neiictBus
KOTOPOTO 3aKJIIOYAIOTCSI B YIIPaBJICHUU aBTOMAa-
tamu M° (3amyck, OoCTaHOB, BO30OGHOBICHME pa-
60T1e1). TakuM 00pa3zoM, MeTaaBTOMAT paHra n M"
yIpaBsisieT aBroMaramu paHra M" . BeemeHwue
MMOHSTHUS METaaBTOMAaTa — 3TO CTPYKTYpHU3alus
Hepapxuy yIIpaBJeHHWs] B aBTOMAaTHOM IIpeACTaB-
seHuun. OcHOBa aBTOMAaTOB BCeX paHIoB — 310 KA
¢ BeIXoAoM. TakmM oGpa3zoMm, MBI IOJydyaeM Clie-
IYIOLIYIO MepapXnio KOMIIOHEHTOB apXWUTEKTYpPhI
(B TIOpsIIKE YCIIOXKHEHUS):

1) aghghexkmopnuiii yposens. Peanumsyercs Mone-
JISIMU JBUXEHUS;

2) Oeiicmeus. Peanmsyercss mHOXecTBoM KA.
[Ipu 3TOM [JIS TPOCTOTHI IIOJIATAIOCh, YTO B KaX-
IBIIA MOMEHT BPEMEHM aKTHBEH TOJbKO ONUH —
TeKyILIMIT — aBTOMAT, T. €. aTeHT HE MOXET COBEp-
IIaTh HECKOJIbKO IEHCTBUI OOHOBPEMEHHO;

3) 6aszoeoe nosedenue. IloBemeHueckume peax-
UM KaK IOCJIeTOBATeIbHOCTU JEUCTBUI OIpeIe-
JISTIOTCSI MeTaaBTOMaTaMM paHra 1;

4) nosedenue. OmpenensieTcss MeTaaBTOMaTaMu
pa3IUYHBIX PAHTOB.

HMrtak, MBI HMeeM JBYX-
YPOBHEBYIO CUCTEMY:

1. ba3zoswviti yposeno. Pe-
AKTHUBHBIE MOIEAN IIPSIMO-
r0 YIIpaBJICHUS IBUKCHHEM.
3aech ocyuiecTBaseTcs: (Gop-
MHpPOBaHME BEKTOpa VIIpaB-
JICHWSI OBUXXEHMEM Ha OCHOBE

MyTs_ceobogeH/-

WHave

Load FSM('fsm_MoveObstSide')

aHaJn3a CEHCOPHBIX NaHHBIX.
Ha »sToMm ypoBHe peaiusyroTcs
pacCMOTpEHHBbIE BbIIIIE JBUTa-
TeJbHbIE TporpamMmbl (cOiu-
>XEeHUe, pacripeiaesieHue, Ipe-
cliefIOBaHUE U T. 1.).

MexaTpoHuKa, aBTOMaTH3amusd, ynpasjienue, Tom 24, Ne 4, 2023

177



2. Ypoeenwv nosedenus. 3nech TpedyeTcs IOHSI-
THE COCTOSIHMS (TIaMsITh) U TIPUMEHSIIOTCS JTHUC-
KpPEeTHO-COOBITUIIHBIE (aBTOMaTHBIE) Mofeaun. Ha
3TOM YpPOBHE OMpEAesIOTCS MOCea0BaTeIbHO-
CTM IBUTATEJIbHBIX MPOTPAaMM B BUJE CHUCTEMBI
MeTaaBTOMAaTOB, (OPMUPYS CJIOXHBIE MOBEICH-
YecKHre TIPOILEeNYyphl THIA OXOTHI, ABUXEHUS IIO
MeJeHTy ¢ 00X0IOM MPensTCTBUI, MaTpyIupoBa-
HUS U T. T

BoiuucaurenbHbie IKCNICPUMEHTDI

HMcxonst u3 MeTaaBTOMAaTHOI'O IIPUHIIMIIA pea-
JIM3allMy MOBEIeHUSI OOIIMI LMKJ YIIPpaBICHUS
BBIIVISIAMT CJENYIOIIMM OOpa3oM: s KaxKAOro
areHTa cHayaja oTpabaTbiBaeTcs IIpoleaypa 4Te-
HMSI CEHCOPOB, 3aTeM UCIOJIHSETCs Iar aBToMar-
HOI JIOTUKH, MOCJIe YeTO OIIPEACISIIOTCS CKOPOCTh
Y YIJIBI IBUKEHMS areHTa, U OCYIIECTBIISICTCS ero
nepeaBUKeHHUe.

B xauvecTtBe TIepBOHAYaJIbHON, YIIPOILIEHHOMN
KMHEeMAaTU4YeCKOM MOIENIN NBUXEHUS ¢ TOYSUHBI-
MU areHTaMHu HCIIOJb30Bajlach pa3paboTaHHas
Ha Python cumynsuus ¢ Busyaiusauueil B RViz
u Matplotlib (puc. 5, a, cM. BTOPyIO CTOPOHY 00-
JoxkKu). st arpobaliuy MCHoIb30Bajlach 3aaada
TPYIIIIOBOM OXOTHI U MATPyJIMPOBAHUS B KOPUIOPE
C TIPEIMSITCTBUSIMU M ONACHOCTAMHU. 3IeCh OIac-
HOCTU — 3TO OOBEKTHI, peaklideil Ha KOTOphIe
SIBJISIETCS. paccpenoTodyeHue. st MomenupoBaHUs
rpynnel poOOTOB B 0ojiee pPeaTUCTUYHBIX YCJIO-
BUSIX MCHOJB30Bajcsd cuMynsatop Gazebo, obner-
Yalollero IepeHoc pa3paboTaHHOIO Koaa MEXAy
MOJEJbI0O M arliapaTHON peanausalnyeili poOOTOB
(puc. 5, 6, cM. BTOPYIO CTOPOHY OO0JIOXKN).

Hcnonw3oBanue cumynsgtopa Gazebo T103BO-
JIsIeT A00aBJISTh peaMCTUYHBIE OaTYUKU M HC-
MOoJIb30BaTh OO0BEeMHBIE Moaeau areHToB. Ilpu
CUMYJISILUY MOPUMEHSUIUCh JIMIIb KWHEeMaTuue-
cKue Mojaead poOOTOB, TaK KaK OJISI MCCIEIO-
BaHUSl TPYNIIOBOrO MOBEIEHUS areHTOB AWHa-
MUKOH MOXHO IIpeHeOpeuyb, IMOCKOJbKY OHa He
OKa3bIBaeT 3HAYMUTEJHLHOTO BJIMSHMS Ha B3alMO-
neiictBue areHToB. Ilpu ampobauyy MUCIONb30Ba-
Jlach I'pyIllla M3 OOHOIO JIMAepa, JABUTralOLIerocs
CaMOCTOSITEJIbHO 10 KPYTOBOM TPaeKTOpUU OOIb-
1IOro paauyca, U areHTOB C aJrOpUTMOM OOMIO0B
FFlockMovement, KoTOpble IBUTAIOTCS 3a JIUIESPOM
(puc. 5, 6, cM. BTOpyl0 CTOpOHY o0JioxkKH). Cle-
IYeT OTMETUTh, YTO areHThl CYUTAIOT JIUAEpa PaB-
HOIIPAaBHBIM WJIEHOM I'PYIIBI, HUKAK HE BBIACISS
€To cpenu Apyrux.

AnnapatHas niaatgopma

Hapsiny ¢ BBIUMCIUTEIBHBIMU OBIIU TIPOBE-
JeHBl M HaTypHble B3KCIIEPMMEHTHI Ha TpyIIe
MajblX TOABOMHBIX ammapaTtoB. OcHOBHasl 3a-
Jaya — OTpaboTKa B YCIOBUSX J1abOpaTOPHO-
ro OacceifHa 2JIEMEHTOB 3aKOHOB IBUKECHUS U
BOTIPOCOB CEHCOpPWMKM. BHemHWit BuA ammapa-
TOB TIpUBEACH Ha puc. 6 (CM. BTOPYIO CTOPOHY
00y0XKK). OHU TIPEACTABISIIOT COOOI Tepme-
TUYHBIA OTCEK, PACIOJIOKEHHBI Ha XOIOBOM
miatgopme. IlnaTdopma ocHallleHa mapoit Map-
IIEBBIX JABUTATEJICH, KOTOPhIE 3aIal0T CKOPOCTh
IBHXKEHUST WM YroJl phICKaHWsS, a TakxXe Iapoil
BOJIOMETHBIX IBUXXMTEJIel B HOCOBOI YacTH, 3a-
JalolMX Yyroj TaHTaxa.

Kpome Toro, kaxmblii ammapar OoCHallleH Bce-
HaTlpaBJICHHBIM H3JTydyaTeJIeM MOIYJIMPOBAHHOTO
curHana B MK nuama3zoHe u COOTBETCTBYIOIIMMU
npueMHukamu (puc. 7, a).

DTOT cHUTHAJ 3afaeT TaKhe XapaKTEePUCTHKH,
KaK TUN HabiamomaeMoro oobekTa ('omacHOCTE',
"cBoit", "uyxoii"), "cuiaa" (OITacHOCTM CBOETO U Uy-
KOT0), a TaKKe ITO3BOJISIET OLIEHUTH PacCTOSHUE
JI0 UICTOYHUKA. [IJIsT 3TOTO TeHepUPYeMBbIid CUTHAT
MpeACTaBIsAeT COOOM TMOCIeIOBATEIbHOCTH TTayeK
MMITYJIbCOB, MOAYJMPOBAHHBIX HECYIIed YacTo-
toit 36 kI'u. [NpuHrMaemas ormbaroiasi mavyek w
JIEIUTCS Jajee Ha IMaIla30HBI, OIpeaessiolie
THUIT UCTOYHUKA CUTHAJIa, a MHTepBaJ MEXIY UM-
MyJbCaMM 7 TIO3BOJISICT OLIEHUTH PACCTOSIHUE 1O
HUCTOYHMKA (CM. puc. 7, 0).

MN3MmeHeHMe TapamMeTpoB W W r OOYCJIOBJICHO
XapaKTepoOM pacIlpOCTpaHEHUSI CUTHajla B IUIOT-
HOU cpene, a TouHee, motepsiMu. [Tomo6HOTO pona
opranusanus MK cBs3u mo3BosisieT moyiyyarhb JI10-

Hamyuarene

Puc. 7. Pacnoaoxenne cencopoB (MK mpuemMHHKH) M W3Iy4a-
Teseil (@); u3ayyaempie U NPUHUMAEMble CHTHAJIbI: ONpeesieHne
THOA ¥ APAMETPOB U3JIyYaTeJ s MO0 BEJIHYMHE W U PACCTOSAHHUSA A0
HCTOYHHKA M0 3HAYEHHIO r (0)

Fig. 7. Sensor placement (IR-receivers) and emitters (a); emitted
and received signals: type and emitter parameter identification by
the value of w and distance to the source by the value of r (6)
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CTaTOYHO YCTOMYMBYIO CEHCOPHYIO KapTUHY Ha
HEeOOIBILIOM (10 HECKOJIBKUX JIMHEHHBIX pa3MepOB
po0oTa) pacCTOSIHUH.

DKCOEepUMEHTHl 3aKJI04alich B IIPOBEpPKE
paboTOCNOCOOHOCTA CEHCOPHOM CHUCTEMBI U OT-
paboTKe 3aKOHOB cTaiiHOro aBuxkeHUs. Kpo-
Me TOTO, BaXXHO OBLJIO ONpemeJIUTh aKTyaJlbHEIS
MpencTaBJeHUs JaHHBIX 00 00bEeKTax B 00JacTu
BUAUMOCTH areHToB. O4YeBUIHO, YTO peajibHasl
CeHCOpHasl cHCTeMa He CIocoOHa OIpPeAcIUTh
obsacTh Q; KaK CINMCOK HAOJIOAaeMbIX areHTOB
C onpeaeJeHHBIMU AJISl HUX KOOpAMHATaAMM, CKO-
pOCTSIMU, Ta0AapUTHBIMH pa3MepaMHu U T. II. Bme-
CTO 3TOr0 PErucTpaluy MOAJEKUT MHDOPMALIU S
0 HaJMYUKU HEKOTOPOrO areHTa B 30HE BUIMMO-
CTU, NUCKPETU3UPOBAHHON OO YpPOBHS, OIpEac-
JISEMOTO YHCJIOM U PacIOIOKEeHUEM IIPUEMHUKOB
MK curnaios, a Takke KOCBEHHBIM OMpeaeeH -
€M PacCTOSHUS U CKOpOCTHU (II0 mocjieaoBaTelb-
HOCTHU U3MEPEHU S IapaMeTpa » CUTHaJia) HaOI10-
JaeMoro areHTa. Takoe paauKajiabHOe 3arpyoJie-
HUE, TEM HE MEHee, 0Ka3aJIOCh IPUEMJIEMbIM IS
peanu3alluy IIPOCTHIX BUIOB IIOBEACHUS THUIIA
CTAliHOTO IBMXKEHMS 3a JAuAepoM. bosee ciox-
Hble (OpPMbI IBMXEHHUS (ABUXEHHE C YUYETOM
r100aJbHON 1I€NM, ABUXKEHHE II0 OPHEHTHUPAaM,
npecijenoBaHue) TpeOyeT, pa3yMeeTcs, pa3BUTU S
CEHCOPHOI CUCTEeMBbI poboTa.

3akiaoyenue

B paGoTe mpenJioxxeHa HEKOTOpasl TEXHOJIOTUS
MPUMEHEHUS] AUCKPETHO-COOBITUMHBIX MOeJei
IUIST ONMMCAHUSI TIOBEICHMSI areHTOB IIPU pellle-
HUU 3aja4d IPyNIoBOro ympapiaeHus. BaxHo, 4To
YPOBEHb 0a30BBIX NBUKECHUI, SIBISSICH IIPUHIIU-
NMUaJIbHO "HENpephIBHBIM" (B 3TOM paboTe B €ro
OCHOBE — pa3JIMYHOro poma MomumcpHuKaluUd Me-
TOAA MOTEHUMAJbHBIX TOJei), MOXET ObITh €CTe-
CTBEHHBLIM 00pa30oM MHTETPUPOBAH B JUCKPETHO-
COOBITMIMHYIO CXEMY, a BONPOC CHUCTeMaTu3aluu
MOBEACHUS PAa3IMYHOTO YPOBHS MOXET OBITh
pellieH uepapxueil MeTaaBTOMATHBIX MOJEJE.
B 37001 cTaThe He paccMaTpUBAIKUCh BOIIPOCHI BhI-
YUCIUTENBHON MJIN €MKOCTHON 3¢ (hEeKTUBHOCTH.
CH0XHOCTB aJITOPUTMOB YPOBHS 0a30BBIX TBUXE-
HUI ocTaeTcs IpexHeil. Pedb naeT o HEKOTOpOi
CAUHOM TEeXHOJIOTUM IIPUMEHEHUSI aBTOMATHBIX
MoOJeJIeli 1Jis pellleHusl MoA00HOoro poja 3ajay.

Bonee cepne3Hoii MmpobaeMoit SIBISIOTCS Orpa-
HUYEHUSI CEHCOPHOM CHCTEMBI peaJbHOro pobora
0 CPaBHEHMWIO C TEM, YTO "BUIMUT MOIEIbHBIN

areHT. IlepCrieKTUBHBIM MPEACTABASIETCS CO3AaHUe
KOHCTPYKLIMIA, OCHAlIEHHbIX KamMepaMu M rabda-
PUTHBIMU MasiKaMU, OJHAKO B JaHHOW pabdoTe MbI
paccMaTprBaeM MPUHILUIBI YIIPABIEHUS, [TIOBTOMY
yJAydllleHWE CEHCOPHOM CHUCTEeMbl OCTAaEeTCs 3a €€
paMKaMU U SIBJISIETCS IPEIMETOM JaJIbHEUIIMNX UC-
CJICOIOBAHUIA.
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Abstract

The article discusses using discrete-event models to control the coordinated behavior of groups of agents and proposes
a mechanism for organizing behavior control based on a hierarchy of finite state machines (FSM). The basic level of agent
movement control uses a continuous model of joint movement — the method of potentials, in which the direction of move-
ment is determined by the total sum of the forces of "repulsion”, "attraction” and "course alignment". The paper describes
a set of independent rules for the group movement of agents — cohesion, distribution, leader following, movement along
a chain of landmarks, pursuit, etc. Moreover, all of them are interpreted in terms of the results of the operation of FSM
models. Mathematical modeling of controlling a group of agents was carried out using the independent rules of group move-
ment, which confirmed their efficacy. Computational experiments were also carried out using the Gazebo 3D simulator.
In addition, the paper describes an experimental group of three underwater vehicles that were used to test the independent
rules of group movement: cohesion, distribution, leader following. Communication between the devices was carried out us-
ing a system of infrared transceivers via a pseudo-analog channel. The experiments were carried out in a laboratory pool
and were successful.

The paper shows that the technology for creating group control systems based on the hierarchy of FSM (meta-FSM)
allows solving control problems not only at the level of abstract models and simulation modeling, but also at the level of
creating real robotic complexes.

Keywords: finite state machine, group control, movement models, behavior, method of potentials, state machine control,

control hierarchy
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Design and Genetic Algorithms Based Optimisation
of Industrial Adaptive PID FLC System of Liquid Level

Abstract

The level control of the precarbonised solution in a soda ash production plant requires intelligent approaches that can tackle
process complexity, nonlinearity and industrial environment impact. Therefore, model-free fuzzy logic controllers (FLC) with empiri-
cal tuning are suggested which are implemented in a general purpose programmable logic controller (PLC) and operate in real time
control. Online adaptation improves the FLC parameters tuning. The aim of the present research is to optimise the adaptation strategy
and the parameters of an adaptive PLC PID FLC using genetic algorithms (GA) and simulations for reducing both the system error
and the control variance. The PID FLC is based on a PD FLC and a parallel integrator of the system error. A Sugeno model is used
for adaptation of the PID FLC tuning parameters. Depending on the level it defines empirically via its input membership functions
three linearisation zones and performs soft blending of the local for each zone PD FLC gains and integrator time-constants. Two
adaptation strategies are suggested for online auto-tuning of the integrator time-constant only, and together with the PD FLC gain.

The local parameters, in turn, are GA optimised. Simulations show that the best system performance is achieved by auto-tuning both
PID FLC parameters with optimised local values.

Keywords: carbonisation, fuzzy logic adaptive control, genetic algorithms optimisation, industrial implementation, system
simulations
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lNMpoekTnpoBaHmne n onTMMMN3aLuua reHeTUY4ECKMMM anropmTMamMmm
NPOMbILINEHHON CUCTEMbI C aAanNTUBHbLIM HEYETKUM
MU0 perynaTtopoM ypoBHSA XUAKOCTU

3adaua peeyaupoéanus ypoeHs npeosapumenbHo KaApOOHU3UPOBAHHO20 PACMEOPA HA MEXHOA02UYeCKOU YCMAHO8Ke HO
npou3e00cmey KarbyuHupoBaHHOU co0bl mpedyem npumeHeHus He mpaouyuoOHHbIX, KAACCUYECKUX, A COBPeMEHHbIX UHMeNleK-
MYanbHbIX N00X0008, NO3GOAAIOUWUX YHUMbBIEAMb CAOICHOCMb NPOUECCA, €20 HeAUHEUHOCMb U 6030elCmEUs NPOMbIULACHHbIX
nomex. Jas pewenus dannou 3adauu 6 pabome npediazaemcs UCn0Ab308ams 6e3M00enbHble KOHMPOALEPbl HeYeMKOU A02UKU
FLC ¢ amnupuueckoii oHaatin-HAcmMpPOUKOl, peaiu308anHble 8 Pelcume peanbHo20 8peMeHU 8 NPO2PAMMUPYEMOM N02UUECKOM
Koumpoanepe obuezco Hasnawenus PLC. Ileavio uccaedosanus seasemcs napamempuueckas ONMUMUSAUUSL 2eHeMUYeCKUM
aneopummom cmpameeuu adanmueroeo PID FLC peeyaasmopa. Ilpu smom das adanmayuu napamempoeé nacmpotiku PID FLC
ucnoavzyemcs modeav Sugeno. 30eco PD FLC peeyasmop, 6 3aeucumocmu om 3HAUeHUs pe2yiupyemoeo ypo8Hs, IMRUPUYECKU
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onpedeasiem ¢ HOMOWbIO COUX YYHKUUL NPUHAOAEICHOCU MPU 30Hbl AUHEAPUZAUUU U BbINOAHAEM 045 KAJNCOOU 30Hbl MS2KOe
cmewuganue Ko3ppuyuenmoé nepedayu ycuiumens u unmeepamopa. Ilpeoroxcenvr dee cmpameeuu adanmayuu 045 OHAQUH-
aA8MOMaAmMu4ecKoi HacmpouKyu NOCMOAHHOU 8peMeHlU UHMe2Pamopa cOBMeCmHO ¢ Kod(hguuyuenmamu nepedauu ycuiumens u
dugppepenyuamopa PD FLC. Jlokaavhbie napamempsl cucmemsl pecyiupo8anis mexHoa02U4ecKoll YCmaHo8Ku, 8 c60H ove-
peds, agmomamuuecKu ONMUMUIUPYIOMCs eeHemuyeckum aseopummom. Komnviomepnoe moderuposanue u npomviiieHHble
KCHepUMEeHMbl NOKA3AAU 8bICOKYIO IPHeKmUSHOCMb CUHME3UPOBAHHOL CUCMEMbL PeYAUPOBAHUS 3 CHEM A8MOMAMUHECKOl
nacmpotiku napamempog PID FLC ¢ onmumu3upo8aHubiMu 10KAAbHBIMU 3HAYEHUAMU.

Karoueente caosa: mexrnonoeuveckuil npouecc Kap6onu3auuu, adanmugHoe ynpaeiernue c Heuemxkou /lOZLlKOIJ, napamempu-
YyecKkdas onmumusauusa eceHemudecKum areopummom, KOMnblomepHoe MO@@/IUpOS(lHMe, NPOMbLULIEHHblE SKCnepUMEeHmbl

1. Introduction and state-of-the-art

Carbonisation is an essential process in the pro-
duction of synthetic soda ash. In a carbonisation
column (CCl) a reversible exothermic reaction of
a precarbonised solution mainly of ammonia brine
solution (a solution of water H,O, salt NaCl and
ammonia NH;) with carbon dioxide (CO,) gases
in counterflow takes place. As a result crystals of
sodium bicarbonate (NaHCO;) are produced taken
away by the cooling water at the output valve on the
CCl bottom. On industrial scale several CCI operate
in parallel with a common supply of precarbonised
solution. Besides, CCIl alternates operation mode
with washing mode keeping a prescribed ratio of
CCl in operation and in washing mode [1].

The control of level in a CCl is important for the
quality of the soda ash produced. It is also a chal-
lenging task because of the plant complex nonlinear
behaviour and the impact of the industrial distur-
bances. The main disturbance is the measured pres-
sure P in the common supply collector, which chang-
es randomly. The reference for level also changes as
it depends on the load of the CCl measured by the
flowrate of the CO, gases and on the distribution of
the produced precarbonised solution among the CCl
in operation mode.

The plant is difficult to be modelled and hence to
be controlled applying classical control techniques.
Model-free fuzzy logic controllers (FLC) ensure
high performance control based on expert empiri-
cal knowledge about the plant instead of a classical
mathematical model [2]. Various FLC are suggested
for level control [3-9]. Adaptation and genetic algo-
rithms (GA) parameter optimisation are the most
often used approaches to FLC tuning [4—6]. In
[7—9] FLC for industrial applications are developed
based on programmable logic controllers (PLC) and
embedded low cost technique, which, however, are
tested only in laboratory environment.

Several model-free FLC for the control of the level
of the solution in the CCI are designed and empiri-
cally tuned in [10—12]. They all are implemented in

the industrial general purpose PLC and applied for
the real time online level control in an operating CCI
of the "Solvay Sodi" AD plant in the town of Devnya,
Bulgaria. First, a PI single-input single-output (SISO)
FLC is developed in [10] with the system error as
input. The SISO FLC avoids the use of the rate of
error as a second input in the classical P FLC which
numerical computation in industrial environment by
the means of the PLC is highly noise sensitive. In
order to reduce the disturbance impact a PI two-input
(2I) FLC is designed in [11] where the deviation of the
pressure from its mean value is introduced as a second
input and a corresponding rule base derived. In [12]
a PID FLC based on a 2ISO PD FLC and a paral-
lel linear integrator of the system error is designed.
The post-processing gain K, of the PD FLC or the
integrator time-constant 7; are online auto-tuned
depending on the degree of belonging of the current
measured level H or its reference H, to three overlap-
ping plant linear operation zones. The linearization
zones are defined by the input membership functions
(MF) of a Sugeno model which performs a soft blend-
ing of the local for each zone empirically determined
gains Ky or integration time-constants 7. The real
time industrial experiments show that the system with
adaptive online tuning of 7; as function of the level H
has the best performance and therefore is accepted as
a basis of the present paper.

The aim of the new investigation is to develop
an approach for design and study via simulations of
an adaptive PID FLC system for the control of the
level of the precarbonised solution in a CCI with
two adaptation strategies for online auto-tuning as
function of H# — only of 7; and of both K, and T;
by PDC soft blending of GA optimised local values
in order to improve the performance of the system.

The GA optimisation of the local gains and in-
tegration time-constants uses for computation of
the fitness function system simulations and data
from the real time level control system with the best
adaptive PID FLC with online auto-tuning of 7;
as function of H for empirically determined K; and
local 7. The derivation of the system simulation
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model and the simulation investigations are based
on MATLAB™/Simulink and its toolboxes for
fuzzy logic and GA [14, 15], on the industrial PLC
completion of the PID FLC [13] and the data from
the real time experiments.

The paper is organized as follows. Chapter 2 pres-
ents the theoretical background and the problem for-
mulation. The derivation and validation of a system
simulation model of the existing real world operating
closed loop system with the PLC adaptive Sugeno
PID FLC from [12] is described in Chapter 3. Chap-
ter 4 is devoted to the off-line GA optimisation of the
local parameters Tj; and K; based on system simula-
tion. It also contains simulation investigations and
comparison of the performance of the systems with
empirically determined and GA optimised local pa-
rameters in the two adaptation strategies. Chapter 5
presents a conclusion and ideas for future research.

2. Theoretical background and problem formulation

The most often used model-free PID FLC are
based on a fuzzy unit (FU) with two normalised in
the range [—1, 1] inputs — the system error ¢” and
the rate of error de" that comprises a 2ISO PD FLC
which operates either with a PI post-processing or
with a linear integrator in parallel as the developed
in [12]. The rate of error is responsible for the D
component which is important for the system stabi-
lity and fast response due its prediction property. The
noise sensitivity of the numerical computation of the
rate of error, however, hinders its wide industrial im-
plementation. Therefore, different numerical and fil-
tering methods are developed to reduce the impact of
noise and disturbances. In [12] the computed rate of
error as a finite difference is smoothed using sliding
average technique. The model-free PID FLC tuning
also is a problem and most often relies on empiri-
cal approaches based on subjective human expertise,
various assumptions, many and slow experiments
which are difficult to control in industrial environ-
ment. To compensate the trial-and-error imprecise
tuning, a simple mechanism for online auto- tuning
is suggested in [12]. The PID FLC adaptation stems
from the principle of parallel distributed compensa-
tion (PDC) [16, 17] for building of nonlinear control
by soft blending of the outputs of local linear con-
trollers. The PDC is designed on the basis of a TSK
model of the nonlinear plant which assumes that
the plant operates in a few overlapping linearisation
zones and in each zone it can be described by a local
linear model. A Sugeno model defines the linearisa-

tion zones via the input MF and performs soft blen-
ding of local linear plant models. In the same way,
the PDC performs soft blending of the outputs of
the local linear controllers in the PDC rules conclu-
sions on the basis of the common with the TSK plant
model predicate in the If-Then rules. Each local for
the linearisation zone linear controller is designed
using the linear control theory methods accounting
for the corresponding local linear plant model.

In [12] in absence of a TSK plant model three
linearization zones around the most often used refe-
rences for the level 40, 50 and 60 % are assumed.
The adaptation comprises soft blending either of the
gains K; = [K; = 40, K, = 50, K;; = 70] % for
a constant integration time-constant 7}, or of 7; =
= [T, = 18, T;, = 84, T;3 = 102] s for a constant
K, The constant and the local values are deter-
mined via experiments. Five different control stra-
tegies are experimented based on PLC PID FLC:

— Strategy 1 with fixed empirically tuned K, =
=50 % and T; = 138s;

— Strategy 2 with soft blending of the local va-
lues of T; for constant K,, = 55 %;

— Strategy 3 with soft blending of the local va-
lues of K, for constant 7;, = 138s.

Strategy 2 and Strategy 3 use two variants of pa-
rameters soft blending — depending on the degree
of belonging of the current measured level H (H is
the Sugeno model input) or of its reference H, (H,
is the Sugeno model input) to all defined lineariza-
tion zones in the Sugeno model input MF. In this
way were done Strategy 4 and Strategy 5. All ex-
periments are performed on the operating CCI with
PLC implementation of the designed PID FLC by
the use of ordinary logic functions for the descrip-
tion of MF, fuzzy rules, aggregation, implication,
accumulation and defuzzyfication. The best system
performance is assessed from the adaptation of 7;
as fuzzy function of H which turns the integrating
component in the adaptive PID FLC from linear
into nonlinear. The empirical tuning of K;, and T}
or K; and T, is rather subjective and slow and it is
not applicable for a great number of tuning para-
meters in case both K, and T); are auto-tuned.

The problem is to apply an objective approach —
optimisation of the local tuning parameters in the
strategies for auto-tuning of 7; and of both K, and
T; in order to improve the performance of the best
empirically tuned adaptive PLC PID FLC system.

GA are selected as a proper technique for opti-
misation of a nonlinear fitness function of many pa-
rameters without analytical expression with respect
to its parameters [18]. They provide parallel random
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search of the parameter space for global optimum
without getting trapped in a local optimum. The GA
are inspired from the Darwin’s theory on the evolu-
tion of the human intelligence. The new better with
respect to the accepted fitness function generation
is raised by mating of properly selected individuals
(parents), exchange of genes within specified areas
between them and small random gene mutations to
escape from the low level of the parents’ generation
and trapping in local optimum. The individual is
viewed upon as a possible solution — a combina-
tion of values for the parameters for which the fitness
function gets an optimal value, usually minimum.
It is an analogue to the chromosome that comprises
an array of genes, each representing a coded value of
the corresponding tuning parameter. The optimisa-
tion starts with the random generation of the initial
population of M individuals. Then the individuals
are rated according to the computed value of the ac-
cepted fitness function. The mating, the genes cross-
over and mutation are based on different methods
and continue till the new generation is completed
with M offsprings with better ratings than their par-
ents. The optimisation ends after a given number of
generations and then the optimal parameters may not
ensure the desired minimum of the fitness function
or after the expected minimum is reached.

In the present investigation the GA are applied
off-line using system simulations to compute the
fitness function which ensures fast and objective re-
sults without interfering of the real world system
that may cause for some generated chromosomes
system instability or unacceptable performance. By
GA two types of optimisation problem are solved in
the present investigation. The first is a modelling
problem. It is expressed in optimisation of the pa-
rameters of a designed model in order to minimise
a fitness function of the modelling er-

specific closed loop control system performance in-
dicators. In both problems the necessary input/out-
put data used are a result of well-designed experi-
ments in order to ensure that the signals cover the
whole range of operation of the real world system
and are rich in magnitudes and frequencies. Then
the data are pre-processed to decrease the length of
the sample and to eliminate noise and correlation.
Usually the data from the real world experiments
are split into data used in the GA optimisation and
data (1/3 of all) used for model validation after the
end of the optimisation.

The functional block diagram of the adaptive
PID FLC to be optimised is presented in Fig. 1.
It integrates two PDC adaptation strategies — the
best for auto-tuning of 7; for constant K, from [12]
(position "1" of the Switch) and a new one with the
additional functionality to auto-tune both K, and
T; (position "2" of the Switch). The measured level
H,, is noise filtered by an exponential filter with
transfer function Wys) = (12s + 1)L, The result is
compared with the reference H, to yield the system
error e = H, — H. The rate of error de is numerically
computed in the block "de/dt" and then smoothed
for 30 points in the block "Sliding average". The
gains K, = K;, = 0.05 for normalisation of e and
de in the range [—1 1] are computed based on the
maximal expected absolute system error of 20 %.

The fuzzy unit represents in a 2ISO Sugeno
model a number of PLC ordinary logic expressions
for the MF, the fuzzy rules and the derivation of the
final defuzzyfied conclusion.

Standard orthogonal triangle and trapezoidal at
the range ends MF for the inputs and singletons for
the output MF and a standard soft rule base with
fuzzy rules R,, p = 1—15 are used. The MF of the
normalised inputs are the following:

ror between the outputs of the model r------------------—————— -

and the modelled real world system,
plant or controller. Both model and
real world system are subjected to the
same input recorded from the real time
operation of real world system. This

a" Switch: 1.Kd=const
2. Kd=var

problem appears in the derivation of

a TSK plant model [16, 17] and a PID
FLC from real time experiments of the
level control with the PLC implemen-
tation of the best Sugeno adaptive PID

Sugeno
model

FLC [12]. The second optimisation
problem is related with the computing
of the optimal controller’s parameters

which minimise a fitness function of the level H

Fig. 1. Functional block diagram of the Sugeno PID FLC with on-line PDC adapta-
tion only of 7; (Switch in "1") and of both K, and 7; (Switch in "2") as function of

184

MexaTpoHnKa, aBTOMaTH3amus, ynpasjienue, Tom 24, Ne 4, 2023



— for the system error ¢” with labels Le = [Le,,| =
= [NG, N, Z. P, PG,], m = 1-5, where NG, =
= [-1 =1 —0.6 —0.2], N, = [-0.6 —0.2 0], Z.
= [—0.2 0 0.2] — Norm, P, = [0 0.2 0.6], PG, =
=10.20.6 11];

— forthe rate of error de” with labels Lde = [Lde,] =
= [N. Z. P.], I = 1-3, where Ny, = [-1 —1 —0.3 0],
Zs = 170.300.3] — Norm, Ng. = [0 0.3 1 1], NG
is Negative Great, N — for Negative, Z — for Zero,
P — for Positive and PG — for Positive Great.

The MF of the output o” are singletons labelled
Lo = [Lo,] = [NG NS N Z P PS PG|, r = 17,
where NG = —1, NS = —0.6, N = —0.2, Z = 0,
P =0.2, PS = 0.6, PG =1 and PS and NS stand
for Positive Small and Negative Small respectively.

The FU final output o" is computed via weighted
average defuzzyfication in the same way as in the
PLC PID FLC implementation:

) 15 15
o" = ZLopwp /pr,
p=1 p=1
th

where Lo, = Lo,—Lo; is the singleton in the pth

rule conclusion and w, = min(Le,,, Lde)) is the p
rule activation degree. The final PID FLC output
uprp is computed as:

Upip(?) = upp (¢) + % [e(n)dt,

where upp () = K, 0"(f) is the PD FLC output and
the PD FLC gain K; and the integration time-
constant 7; are the PID FLC tuning parameters.

The PDC auto-tuning mechanism is based on a
SI30 Sugeno model. The Sugeno model input is the
filtered measured level A with MF labeled LH =
=[LH,;] =[LowH NormH HighH],j= 1—3, LowH =
= [0 0 35 50], NormH = [35 50 65], HighH =
= [50 65 100 100] to describe the empirically ac-
cepted three linearisation zones. The output MF are
the singletons 0 and 1. Specific fuzzy rules R; en-
sure mapping of the three MF in the three outputs
(30), i.e. each output yields the degree of belonging
of the current H to the corresponding linearisation
zone, or output; =

R;: If His LowH
Then output; = 1, output, = 0, output; =

R,: If His NormH
Then output? = 0, output = 1, output? =

R;: If His HighH
Then outputf = 0, output; = 0, output; =

E.g. for current measured level H, = 46 % at
time instant 7, the predicate of R, is fulfilled with
degree p; = 0.3, of R, — with p, = 0.7 and of R; —
with p; = 0, i.e. the degree of belonging of H, to
linearization zone LowH is pu; = 0.3, to NormH is
W, = 0.7 and to HighH is p; = 0. The Sugeno model
outputs are computed applying the weighted average
defuzzyfication and considering that the MF of the

3
inputs are orthogonal (Z ny= lj:
j=1

3 .
output; = Y’ output{p; =
=1
= 1“1 + Ouz + OH3 =H = 03,

3 .
output, = 3 outputju; =
j=1
=0p; +1py +Opy =py, =0.7

outputy = i outputip; =
j=1
=0p; +0py +1py =p;3 =0.

The degree of belonging ; of the level H to the
corresponding linearization zone appears as Sugeno
model output; which scales the respective local gain
Ky and integration time-constant 7j in this zone.
Thus the expression of the smooth nonlinear adap-
tation algorithm for online tuning of the PID FLC
parameters as function of H is the following:

S, (HO)T,.

3
Ka@) = Zp;(HO)Ky, T =%
J= /=

3. Simulation modelling and validation
of adaptive PID FLC system

The derivation and validation of a simulation
model of the existing real world closed loop system
is based on MATLAB™ /Simulink and its toolboxes
Fuzzy Logic and GA [14, 15]. The simulation model
is necessary in the GA optimisation of the parame-
ters of the adaptive PID FLC and in the simula-
tion investigations for assessment and comparison
of the performance of the designed systems with
empirical and optimised local parameters using two
adaptation strategies. The system simulation model
consists of a Simulink model of the adaptive PID
FLC and a TSK plant model. Their derivation and
validation uses data from the real time experiments
of the best PLC PID FLC system from [12].

The modelling and the validation of the adaptive
PID FLC simulation model is based on the block
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diagram in 1 which describes the PLC implemented
PID FLC. The derived Simulink simulation model
of the best adaptive PLC PID FLC is presented in
Fig. 2 (see the third side of the cover) where K; =
=55%, T, =18s, T, =84 sand T = 102 s. It
contains Transport Delay blocks for the inputs and
a Switch at its output to keep zero output for the
time-delay (here 4000 s). This time-delay is needed
for the nonlinear controller to reach initial steady
state, i.e. the initial conditions to settle ensuring
equilibrium. Then the recorded and smoothed sig-
nals from the PLC real time control system are
applied to the inputs of the Simulink PID FLC
model. These signals are the noise filtered level His,
its reference Hrexp, the control action Uis, the on-
line auto-tuned Tiexp and the normalised rate of
error dEns_sh. They are obtained as a result of ex-
periments with successive step changes of the level
reference in the sequence 50—60—50—40—50 %
carried out during the PLC real time control with
the adaptation of 7. The disturbance P changes
randomly in each experiment. The FU and the Sug-
eno model in Fig.l are designed by the help of the
Fuzzy Logic toolbox each to identically represent
in a single block "FLC" of MATLAB™/Simulink
a number of PLC ordinary logic expressions for the
MEF, the fuzzy rules and the derivation of the final
defuzzyfied conclusion. All other Simulink blocks
model precisely the PLC blocks from the adap-
tive PID FLC implementation. The only difference
concludes in the computation of de". Therefore, the
Simulink module "de/dt", shown in Fig. 2 (see the
third side of the cover), is suggested to approximate
the PLC PID FLC blocks for the computation of the
rate of error "de/dt" and "Sliding average" in Fig. 1.
First, the finite difference of the error is computed
de, ~ e, — e;—; using previous time instant signal
from the block "1/7". Then the result is smoothed by
additional exponential filter with transfer function
W,(s) = k(Ts + 1)~!. The filter parameters k and T
are obtained after a GA minimisation of the mean
squared modelling error between the normalised
de" computed by the Simulink PID FLC model
and the processed rate of the error signal computed
by the PLC PID FLC during the real time control
experiments. The optimised values are k = 70 and
T = 30 s. The step responses to H, = 50—60—
50—40—50 % of the normalised system error "
and rates of error of the PID FLC from simulation
de" with input data His, Uis from experiments and
del, = dEns_sh from PLC real time experiments
are shown in Fig. 3 (see the third side of the cover).
The rate of error €” is close to de, which is a proof

of high approximation accuracy. The step responses
of the control actions U and 7; from adaptation of
the PID FLC simulation model and def, = dEns_sh
from experiments and U, and Tis(H) from experi-
ments are also close to Uis and Tiis of the best
adaptive PLC PID FLC as seen in Fig. 4 (see the
third side of the cover). This confirms that the de-
veloped PID FLC simulation model is accurate.
The derivation of the TSK plant model uses the
same Sugeno model from the 7; auto-tuning and a
dynamic part of three parallel local linear models —
one for each linearization zone, shown in Fig. 5. The
local linear models are described by the transfer func-
tions of timelags P(s) = K(Ts + )"'. An additional
common for the three zones timelag Py(s) = (Tys +
)7! is introduced in series to increase the order of
the local plants with a small number of the TSK plant
model parameters qisx= [K; K, K; T, T, Ty T, 0]
to be determined. The initial level y(0) is accepted as
a model parameter since it plays an important role
in the behaviour of the nonlinear plant. This struc-
ture of the TSK plant model is accepted based on
the assumption of three linearization zones around
the most often used references and the expert knowl-
edge about the dynamic behaviour of the plant in
these zones. The unknown parameters qygx are com-
puted in a GA optimisation procedure. For this pur-
pose a closed loop system simulation model is built
of the TSK plant model and the designed model of
the PID FLC with adaptation of 7; from Fig. 2 (see
the third side of the cover) that con/E/rols Y1sk = Hrsk-

The fitness function F = % 3 (Yrskx — Hisp)?

is the mean squared modelling error between the out-
put of the TSK plant model yrgk in the closed loop
system simulation model and the smoothed mea-
sured level His from the closed loop control system
real time experiments for step reference changes Hr
= 50—60—50—40—50 %, where N is the sample
length, i.e. the number of measurements (here N =
5050). Delay blocks and zero output for the same

| |
| u !
I > I
! T1.s+1 :- X !
! Pe) | Produd !
I uJ !
| 1 K2 '
| L L '
>l x
| From = E Tés gl
s s Py(s) Product |
| Sugeno Pals) Saturation |
! model 0,100 :
K3
I - !
I T3s1 :- X - i
I i I
(TS Product Initial
: Psls) level :

Fig. 5. Dynamic part of the accepted TSK plant model in Simulink
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time-delay like in Fig. 2 (see the third side of the
cover) ensure start of the simulation experiments
after a reached initial equilibrium — important for
nonlinear systems. The minimisation of the fitness
function computed by the help of system simula-
tions yields the following optimal parameters for

which F;, = 0.5986:
R = [K, = 0.31; K, = 0.75; K; = 0.99;
T1—24s T,=219s; T, = 481 s;

= 164 s; y0 = 29 %].

The step responses with respect to level, control
action and tuning parameter of the best adaptive PID
FLC closed loop system from simulation (Hisim, Ui-
sim, Tisim) and from PLC real time control without
data smoothing (Hi, Ui, Ti) are presented in Fig. 6
(see the third side of the cover). They show that Hisim
is smooth and very close to Hi (Hism ~ Hi) while Hi
is subjected to the impact of industrial disturbances.
The T7; adaptations are almost identical Tism ~ Ti.
The control actions differ in the final for each step
response values which can be explained by the distur-
bance impact. The closed loop systems step responses
for fixed K; = 50 % and T; = 138 s demonstrate the
same relationship between the simulation and the real
time data which validates the developed simulation
models of the PID FLC and of the plant. The valida-
tion gives grounds to trust all further simulation re-
sults in testing of other adaptation strategies and in
GA optimisation of the PID FLC parameters.

The TSK plant model enables the study of the
plant. Its step responses from simulation are de-
picted in Fig. 7 (see the fourth side of the cover)
where the MF of the Sugeno model are added. The
step responses demostrate the nonlinearity of the
plant since for equal step changes Au of the input u
the step response at settling time of the plant out-
put AHrgk () is different in the different operating
points — it is lowest about Hrgx = 40 % (lineari-
sation zone "LowH"), highest about Hygx = 50 %
(linearisation zone "NormH") and medium about
Hrgx = 60 % (linearisation zone "HighH"). So, the
gains of the local linear plants K; = AHqyg ()/Au
in the three linearisation zones change from low
through high to medium. This serves as informa-
tion for determining of the ranges for the PID FLC
tuning parameters in their further GA optimisation.

4. GA optimisation of PID FLC parameters

The empirical parameters tuning of the PID FLC
is the only approach in case of scanty expert know-

ledge about the control of the plant. It is based on a
lot of trial-and-error experiments with different val-
ues for the parameters during the operation of the
plant. The experiments take a long time, can hardly
be controlled in presence of industrial disturbances
and are not applicable for tuning of many parameters.
Besides, the assessment of the system performance
improvement is difficult and approximate. The PDC
based adaptation of the PID FLC parameters about
empirically determined local values in [12] is intro-
duces as compensation of the subjectivity, the impact
of industrial disturbances and the imprecision in
tuning. Even in this case the approach is applicable
for a small number of tuning parameters and the re-
sult may be still far from the optimal. The empirical
tuning is useful as it provides a new knowledge to
the control of the plant which enables application of
objective optimisation techniques.

The task in this chapter is to use the developed
system simulation model of validated controller’s
model and TSK plant model on the basis of the
empirically tuned best adaptive PLC PID FLC in
order to GA optimise the PID FLC tuning param-
eters and study two adaptation strategies:

— Strategy 1 — PDC online auto-tuning of T7;
with optimised K; and local T This strategy is
used in the best adaptive PLC PID FLC from the
real time level control but with empirically deter-
mined K, and local T};

— Strategy 2 — PDC online auto-tuning of both
T; and K, with optimised local 7 and K. This
strategy is based on online auto-tuning of more
parameters, which have first to be optimised and
explores the possibility for a greater improvement of
the system performance.

The simulation model of the system with the two
adaptation strategies used in the GA parameter op-
timisation is shown in Fig. 8 (see the fourth side
of the cover). In adaptation strategy 1 the tuning
parameters of the block "Kd = var" are reduced to
one by assigning K;; = K, = K;3 = Ky.

The suggested fitness function to be minimized
is F= F, + 0.1F,/F;. It integrates two criteria. The
first criterion aims at increasing of the system dyna-
mic accuracy by miniNmisation of the mean squared

system error £ = % S (H,; - yrski)? = min. The
k=1

F. . .
~2 = min demands a reduction of

second criterion
. 3 . .

the variance of the control action per unit reference

u . . .

F, =var T relative to the variance of the main

p
disturbance F; = var(P) accounting in this way for
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Performance indicators of the investigated systems via simulation

Systems System 1 FoP' = 17.7, F{P' = 10.6 System 2 FOP' = 14.5, F{P' = 8.7 System 3 F°P' = 13.93, F{P' = 10.6
PErIOMMANCe |6 9% | fs | Upea/ U % ||AUnans % | 0.% | 105 | Upea/ Vs % | [AULas % | 0% | 105 | Upeat/Un % | AUl %
H,.=50—60 % 30 | 1100 80/35 48 8 800 85/35 55 0 700 59/35 27
H.=60—50 % 35 | 1500 8/29 25 10 1100 0/29 33 5 900 0/29 31
H, = 50—40 % 33 | 1800 0/25 30 12 1100 0/25 26 7 1100 0/25 25
H.=40-50 % 35 | 1300 75/29 50 20 1300 82/29 50 15 1300 63/29 36
mean 33 | 1425 40.8 38.3 13 1075 41.8 41 7 1000 30.5 29.8

the impact of the random disturbance. The mini-
misation of the control variance responds to the
requirement for prolonging of the lifetime of the
expensive final control elements for the level control
in the CCI.

The GA optimisation yields the following opti-
mal PID FLC parameters:

— for the first strategy ape = [K; = 63 %;

=26s, T, =202s, T; = 186 s], FOP' = 14.5,
FOpt = 8.7,
— for the second strategy qPDCZ [K; = 51 %,
K =32%, Kn=289 %; T, =34 s, T, = 374 s,
=179 s], F°P' = 1393, F Opt = 10.6.

The step responses with respect to level H, con-
trol action U and adapted parameters 7;and K, from
simulation of the investigated PID FLC systems are
shown in Fig. 9 (see the fourth side of the cover),
where the designations are the following:

— (Hi, Ui, Ti) for System 1 with 7; PDC auto-
tuning and empirically determined K, and 7};

— (Hio, Uio, Tiio) for System 2 with 7; PDC
auto-tuning and optimised K, and Tj;

— (Ho, Uo, Tio, Kdo) for System 3 with K, and
T; PDC auto-tuning and optimised K, and T3

The designation "i" corresponds to 7; auto-tun-
ing while "o" stands for optimised parameters. The
systems are compared on the basis of the perfor-
mance indicators:

1) minimal integrated criteria F°P* and mean
squared error FPP; 2) overshoot o, % and settling
time £, s; 3) peak U, and settled U, values for the
control action and its maximal range |AU|,,,x — €s-
timates for smooth and economical control action.

The assessed from the four step responses per-
formance indicators of the three systems and their
mean values are systemised in Table 1. The analysis
of the results rates System 3 as the best for the fol-
lowing reasons:

— System 3 has the minimal F°P* and FP equal
with System 1, which is the second low after Sys-

tem 2. This means that System 3 reaches high dy-
namic accuracy at a control action with small vari-
ance, i.e. economical and smooth;

— The three systems have the same U, for a
given reference and the greater the reference is —
the higher the settled control action is. System 3
has the smallest U, hence the lowest deviation
of Uy from U, and the lowest |[AUl,,,, which are
indicators for economical and smooth control, i.e.
safe for the final control elements valve and pneu-
matic cylinder;

— System 3 is the best with minimal both ¢ and
t, and also with the minimal mean values from all

N
step responses for all performance indicators.

5. Conclusion and future research

The contribution and the novelty of the present
research are the following.

An approach is developed for the improvement of
the performance of a closed loop system with PLC
implemented adaptive PID FLC for the control of
the level of the solution in an industrial carbonisa-
tion column. The adaptive PID FLC consists of a
2ISO PD FLC with parallel integrator of the sys-
tem error. A PDC auto-tuning mechanism ensures
soft blending of the local PD FLC gains and the
integrator time-constants which are empirically de-
termined for three expert defined plant operation
linearisation zones. The suggested approach is based
on off-line GA optimisation of the parameters of
the adaptive PID FLC for two adaptation strategies
and simulation experiments for assessment of the
best strategy.

The off-line GA optimisation is based on system
simulation for the computation of the accepted fit-
ness function. Therefore, a system simulation model
is developed. It consists of a model of the adaptive
PID FLC developed from its PLC implementation
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for the real time level control and a TSK plant mo-
del. The two models are derived via GA optimisa-
tion using data recorded and processed from de-
signed experiments during the real time PLC PID
FLC level control with PID FLC empirically deter-
mined parameters. The optimal parameters of the
adaptive PID FLC result from offline GA mini-
mization using system simulations of a suggested
fitness function which integrates requirements for
minimal mean squared system error and minimal
control variance.

The closed loop PID FLC systems for level con-
trol using the two adaptation strategies with em-
pirically determined and optimised PID FLC pa-
rameters are investigated by simulations. The sys-
tem with PDC auto-tuning of only of the integrator
time-constant and constant post-processing gain of
the PD FLC shows an increased dynamic accuracy
compared with the system with the same strategy
implemented in the PLC PID FLC with empirically
determined parameters for real time level control.
The PDC auto-tuning of both the integrator time-
constant and the PD FLC gain leads to the best
system improvements — the highest dynamic accu-
racy and the lowest control variance which prolongs
the lifetime of the expensive final control elements
for the level control in the carbonisation column.

The future research is related with the real time
experimentation of the system with the PID FLC
with the best adaptive strategy and optimised pa-
rameters for the control of the solution level in an
operating CCI.
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KoHuenuua doopmmnpoBaHna MHTENNEKTYasrbHbIX YNpPaBrsaloWux CUCTEM
3HeprocHabXxeHMsA ropoackux cetemn™

Bonpocsl unmensexmyaivhoeo ynpasieHus 6 hpeoMemHno-opuenmupo8anHol 00aacmu 31eKmposHepeemuKl (6 Hauem cay-
yae — 3Hepeocbepedcenus) KAk 0CHOB8bL 4100020 UHOYCMPUAABLHO20 HPOU3BOOCHEA 6 COBPEMEHHbIX YCA08UAX mpebyrom pa3-
pabomku u 6HedpeHUs, 6 nepeyio ouepeds, HOBbIX peuleHUll Ha 0CHoge cogpemenHblx [ T-mexnonozui.

Ilo dannvim Bcemuproeo 6anka uzeecmuo, umo snepeoemkocms 6 Poccuu 6 3...4 paza nudice, uem 6 e8poneiicKux cmpanax.
Takoce uzeecmHo, 4mo 6 643U CO GCMYNUBUWUMU 6 CUNY HOBLIMU NOAONCEHUAMU 8 chepe HCUAUUWHO-KOMMYHANbHO20 X035l -
Ccmea, HAnpasAeHHbIMU HA NOBbLUEHUE IKOHOMUUECKOU d(pekmusnocmu 6 niane nompebieHus 31eKmpu4eckol SHepeuu,
CMAaHOBUMCS 8eCbMA AKMYAAbHBIM 0RPOC 00 00ecneyeHul ee MOYHO20 U ONePAMUBHO20 Y4emd ¢ 803MONCHOCMbIO 0dNbHeli-
ue20 nPOSHO3UPOBAHUS NOMPebAeHUs INeKMPOIHEPSUU U COCMOAHUA 006eKMO08 21eKmpocemu. Dmo no3604um cneyuaiu3upo-
BAHHbIM OP2AHUZAUUAM U CAYHCOAM, A MAKICE YAPABGAAOWUM OP2AHAM 8 Kpamyaiuiue cPOKU RPUHUMAMb COAAAHCUPOBAHHbLE
ahpexmusHvie peweHus 8 ycA08USLX pacmyujeli IKOHOMUYECKOU HeonpedeseHHOCIU.

B dannoii cmamve npednacaemcs KOHyenyus uHmeAneKmyanbHol ynpasasoujeli cucmemsl 041 YRPAGAeHUS NPOUECCOM
MOHUMOPUHEA COCMOSHUS HA OCHO8E OAHHbIX UHMeANeKmYaibHbiX damuukos. Hayuynas noeusna 3axawouaemces 6 pazpabomie
U npuMeHeHUU HOBOU UHMEANeKMYANbHOU MOOealU (MeopemuKo-MHONCECMEEHHOU MOOeAU NPOUECCO8 COAAUEHUS 0N HCUZHEH -
H020 YUKAQ UHMENNeKMYANbHO-YRPABAAIOWel CUCeMbl) U Mem0008 MAmMmeMamu4ecko20 MO0eAupo8anus Ha 0CHOGe NOAYUEH-
HbIX U 60CCMAHOBACHHBIX OONLULUX PAZHOPOOHBIX OAHHBIX NPU ONpedeseHul Nomepb 31eKMmpo3HepeUul ¢ NPUMeHeHUeM Memooo8
meopuu MHOJNCECM8 U meopuu Kamezopull.

Karoueewte caosa: mawunnoe 06ylteHue, uc;cyccmseﬂﬂbtﬁ Heﬂpon, uc;cyccmeeﬂnbtﬁ unmeaniekm, meopus lcameeopm?, UH-

meepayusa cucmem, npoepaMMHo—aHaﬂumuuectcud KOMNiaeKc, UHmealeKkmydaibHsle damltulcu, 3H€p203¢¢€KmH6HOcmb

BBenenne

OnHoil W3 BaxXHEMIIMX 3aJad 3JeKTPO3Hepre-
TUKK B MUpE, B ToM 4ucie u B Poccuiickoit Pe-
JAepaluu, SIBIseTCs o0ecreueHrue KayecTBa IoCTaB-
JISIEMOI 2JIEKTPOIHEPTUU U TIOBBILIEHUE SHEPTrodg-
(beKTUBHOCTY 3a CYET CHMXKEHUSI BHEpPromnorepb U
BHEIpEHUs] BHeprocOeperamimx MepOIpUsITHA.
B cBs3u ¢ Tem, uto Poccuiickas @enepauus pacno-
JIOXXEHA B CYPOBBIX KJIMMaTUYECKUX YCIOBMSX, 3HA-
YUTEIbHOE TMOTPEOJeHUE SJIEKTPOSHEPIUN ITPUXO-
JUTCSl Ha MOTpeduTeseil ropoaoB U palioHOB (MHO-
TOKBapTUPHBIC M YACTHBIE AOMA), YTO COCTABJISICT
OKOJIO TPEeTU OT OOILLEro IOTPeOJieHUs BJEKTPO3-
Hepruu cTpaHbl B rof. IIpu sToM no gaHHbIM Mex-
JyHApOIHOTO SHEPreTUYECKOro areHTCTBa CIIpPoC Ha
3JIEKTPO3HEPryIo BeipacTeT Ha 50 % x 2050 r. [1].
Boinee Toro, cokpallieHue noTeph Npy NOTpeOICHUN

*UccnenoBaHusl BBINOJIHEHBI IpHM ToAAepxkKe MHMHHCTEp-
CTBa HAyKW M BBICIIETO 00pa3oBaHust PD B pamKax BHITTOJTHEHU S
TocynapcrBennoro 3aganus Ne FEUE-2023-0007.

BJIEKTPOHEPTUU U Iepexon K 0ojiee YCTONYMBOMY
HCIOJIb30BAaHUIO PECYypCOB BCE 4Yallle CTaHOBSITCS
mpoOjeMoii 1Jisl J1000ro Buaa AesTellbHOCTU. Bo
MHOI'MX CTpaHax JaHHas IpoOjieMa 4acTU4YHO pe-
IIaeTCSI ¢ UCMOJIb30BAaHUEM YMHBIX CETel 3JIEKTPO-
cHaOxeHust Smart Grid, ¢ TTOMOIIIBIO KOTOPBIX BBI-
CTpauBalOTCSI MHTEJUIEKTYaJIbHble KOMMYHUKALIU
MEXY OTIeIbHBIMY 3aJa4yaMi U OIepallusIMU B Te-
YEHUH BCEro XKM3HEHHOrO ILIMKJa 3JIEKTPOIHEpre-
THUYECKMX OOBEKTOB B COOTBETCTBUM C IMPUHIIMIIA-
MU 1 METOJAMU CUCTEMHOI MHXXEHEePUMU.

MupoBoii omnbIT ucrnonab3oBanus Smart Grid ge-
MOHCTPHUPYET OCHOBHBIC TEXHOJIOTUM CTpaTerui
BHEAPEHUS] MHTCJUIEKTYaJIbHbIX ceTeil: B UHaun ak-
TuBHO Hcnoiab3yioT SCADA/Energy Billing, Energy
Auditing & ABT Meter Interface/DMS/EMS u npy-
rue TexHojoruy; B IlIBenuyu aBTOMATU3MPOBAIU U
pa3paboTaniy MHTE/UIEKTYaJlbHYI0 CETh MOPCKOTO
nopta B CrokronsMme; B CIIIA pa3paboranu ycoBep-
IICHCTBOBAHHYIO CUCTEMY PACIIPEICICHUS JICKTPO-
sHepruu (DMS) u ocyIlIeCTBISIIOT MOHUTOPUHT Te-
JIEMEXaHUKU 1 000pYyIOBaHUS HA TOACTAHLIMSIX U AP.
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3HAUYMTENbHBIM BKJal B MCIIOJb30BaHUE Ma-
JIOW TeHepaluUh B CUCTEMAaX BIIEKTPOCHAOXEHUS
MPOMBIIIJIEHHBIX NMPEINPUSATAI, B CO3AaHUE pac-
MpeaeieHHON TeHepaluy B paclpenesiMTebHOU
BJIEKTPUUYECKOM CeTU, B TJIAHMPOBAHUE PEXUMOB
ceTell ¢ 00ObEKTaMM paclpeAcJeHHON reHepaluu,
B pa3pabOTKy MHTEIIEKTYaJbHbIX YIIPABISIOMINX
cucteM BHecau M. B. barenun [2], H. . Bopo-
naii [3], E. H. T'exa [4], 1. M. Epoxun, C. A. Epo-
meHkKo, A. B. IMaznepun [5], I1. B. Umommn [6],
A. T. ®umos [7], A. A. Cysopos [8], Chenjun
Shi [9], C. W. Gellings [10], M. S. Hamad [11], Hong-
Phuc Nguyen [12], Yoash Levron [13]. MHOXeCcTBO
nyoauMKauuidi MOCBIIIEHO pa3paboTKe CJOXHOMR
BJIEKTPUUYECKOM CUCTEMBbI [JII aBTOMAaTUYEeCKO-
ro ympaBjeHUS 3JEKTPUUYECKOW 3HEepruein, B TOM
yuciie pabora K. P. Annaesa [14], sHepreTudyeckue
U BKOHOMUYecKMe mokKaszareau 3¢hGheKTUBHOCTU
paccMmoTtpeHsl B pabote H. P. ABe3onoii [15] u ap.

[IpoBeneHHBIE WCCIECAOBAHUS BBILICYTTOMSIHY-
ThIX U HE TOJBKO JIMTEPATYPHBIX UCTOUHUKOB T10-
Kazajad OTCYTCTBHE paboT, paccMaTpuBalOLIMX
BOMPOCHI KOMILIEKCHOTO MOAX0Aa K Pa3BepHYTOM
olieHKe B3Heprod¢hGEeKTUBHOCTU TIPEANPUITUS U
BbIOOPDY HAlpaBJieHUI €€ TMOBBIIIeHUSI Ha TIpo-
MBILIJIEHHBIX TPEANPUSTHSIX, a TaKXke orpenese-
HUSI KpUTepueB BbIOOPa 3(Pp(PeKTUBHOTO Mepompu-
SITUS TI0 BHeprocOepexeHuto. Takum o0pasom,
MpeacTaBjieHHbIE B JAHHOW CTaTbe Pe3yJibTaThl UC-
CJIeIOBaHUSI HE MMEIOT aHAJIOTOB M 00JIaaloT Mpu-
3HaKaMUu Hay4YHOW HOBU3HHBI.

TeopeTHKO-MHOKECTBEHHAS] MOZJEJb MPOLECCOB
JKHM3HEHHOr0 HHMKJIA HHTEJJICKTYaJIbHOMU
YHOPaBJAKIIEH CHCTEMbI

PaccmaTrpuBas 6a3oBble CTaHIAPTHI CUCTEMHOM
uHxeHepuu, otaeabHo Boiaeaum ISO/IEC/IEEE
15288:2015(E), oTpaxawliuii Bce MNPUHLMIbI
OIUCAaHUS XM3HEHHOTO LIMKJa Mpo-
LIECCOB CUCTEMBl U TMO3BOJSIONINI
VIPaBaATh CHUCTEMOW U peasin3o-

BazoBwlii cTaHAApPT cHCTEMHOI
HHAXCHEPHH
|
L] [] [
CraHaapT cHCTEMHOI Crannapr, — Crangapt
HHGKEHEPHI MHOKECTEEHHOCTS CBAIAHHEIX OPHEHTHPOBAH HA
ISO/IEC/IEEE ACTHEIX OMHCAHI, rl]porpa::;;ycm
15288:2015 . ECECe!
ZOI\}MEH“I?OBQW B OMG Essence
— pasaHBX HEGO]
pr-l m o CHCTEMAX B COOTBETCTEHH C

PASTHIHBIME METOTAMH
ONHCAHHA
ISO/IEC/IEEE 42010:2011

BEMIOYAA cOOCTBEHRO
npoLeccs!
ISO/MEC 12207: 2008 H S3LIKA ONHCAHAL
APXHTEKTYPEI
NpPeATPHATHA
OpenGroup ArchiMate
3.0 Specification

Cranaapr ans
VOpaRIeHnT
rondmrypaumedi & xone
EHIHEHHOTO IHEIA
IEC 81346-1:2009 ¢

Crangapt op I8eT
HCTEMBEI KK 4D-00BeKTH
150 15926-2:2003

Puc. 1. Crannaprbl CHCTEMHOI MHXKEHEPUH
Fig. 1. Systems engineering standards

cAesaTh BBIBOAbI O HEOOXOAMMOCTU BHEIPEHUSI
SHeprocOeperaloimmx MEpPONnpusiTUM — WHTEN-
JIEKTYaJIbHOTO MOHUTOPWHIA COCTOSTHUSI OOBEKTOB
3JIEKTPOCETe! (Ha OCHOBE yUeTa U TPOTHO3HBIX 3HA-
YyeHU TOTpeOIeHUST BIEKTPOIHEPIUM, MOLIHOCTU
1 TEKYIIeW HArpy3KHU JEKTPOCETH), TTO3BOJISIIOIIETO
BBISIBJISITH TIOTEPU (B TOM YMCJIe M TEHIEHIIUIO W3-
MEHEHM S MOTePb) NEKTPOIHEPIUU, a TAKXKe OTClie-
JKMBaTh HArpy3Ky KakK Ha 9JIeKTPOCETH B LIEJIOM, TaK
1 Ha X 00BEKTHI B yacTHOCTH [17, 18].

Takum obpa3oM, BO3HMKAeT 3ajaya, CBI3bIBaA-
IollIasi ABa HE3aBUCUMBIX OM3Hec-mpolecca: ¢ ofl-
HOI CTOPOHBI, ITPOLIECC TTOCTABKHU JIEKTPOIHEPTU N
ONHMMM OpraHu3alvsIMU, C APYroi, — Mpolecc
MOJyYeHUsI DJAEKTPOIHEPTUY NPYTMMU OpraHu3a-
HUSIMU — TIOTPEOUTENSIMU DJIEKTPOIHEPTUU.

PaccMoTpum cTaHaapT CUCTEMHON WHXKEHEPUU
ISO/IEC/IEEE 15288 nng dopmanuzanuu ueneu,
BUJOB IESITEILHOCTU U €€ pe3yabTatoB [16].

HaHHBIN cCTaHAAPT OMMCHIBAET YEThIPE TPYIITIbI
npoueccoB xusHeHHoro uukaa (XKI[) cucrems

(puc. 2).

Hrrnennstii wi
CHCTEME

BBIBaTh MPOEKTUPYyeMble (YHKIIUU
(puc. 1) [16].

k3
Tponeccr
COrMAmeHA

™ ,/_ Tpouecce _\. /— Tpoueccst f Texumreckne -\
) k TpEeInpHATIN /' \ TIPOICCCH J

I
l !

|
|
|
|
|
|
l
Ha npumepe pa3paboTku OpoOTO- i Tocrasra
TUNA WHTEJJIEKTYaJbHOW yMpaBiasd- |
roneit cucrembl (MYC) Ha ocHOBe |
"Smart Grid" Ba)XHO OTMETHUTb, YTO |
MOSIBJISIETCSI  BO3MOXHOCTb aBTOMa- i
THYECKO OLEHKM TeKYLIeH CUTya- |
LIMM W TPOTHO3MPOBAaHUS Tapame- |
TPOB NOTEPh 3JIEKTPOIHEPruu B Oy-

AyHICM. HUcxonst U3 3TOro MOXHO

TlpnoGperenme

|

|

|

|

|

|

|

|

Vnpaanenue: |
FIHeHHEM IKTOM IInammponanie —— Anams BIT !
Hudpactpyxrypoii Topnepnsa — [oTpebuoctn erefixxoniepon !
TopTipenem npoekTon Hamepenne — CricTemmEe TpeGoBAHIN !
Mepeconanom OfecnedueHne kauecTeoM [~ ApPXITTeKTypa !
Kauectnom Vupasnenne: — TakTiKo-TeXHIMecKie !
SHaHLAMIT Tpoesxranm Tpebosana |
Pemenmmyn —— Cucremustil anamis |

Kondnmrypaneit —— Peamuzams, sepidomarma, |

Hudopmanmeit MHTerpams !

Brimonsennem n kontpones [~ [lepenaua |

— Bamanms |

I DRCIUTy A TaI I |

CONPOBOICHTIC |

L Crncasne |

Puc. 2. IIpoueccel xu3HeHHOTo nuKIa Mexxaynapoauoro ctannapra ISO/IEC/IEEE 15288
Fig. 2. ISO/IEC/IEEE 15288 International Standard processes
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[Tockonbky B cranmapte ISO/IEC/IEEE 15288
MPENYCMOTPEHBI MPOLECCHl COTJTACOBAHUS, CYIIIe-
CTBYIOT pabouyMe OTHOIIEHUS, CO3AIOIINAECS IO
cornamenuto. [pu onpenesreHnn CEeMaHTUKU OTHO-
LIEHU CTPOTrOCTh OTHOIIEHUSI M 3HAUYEeHUS COXpa-
Hs0TCA. )11 MomennpoBaHUS TIpoliecca corialie-
HUST UCTIOJIb3YIOTCS OCHOBHBIC TIOJIOXKEHUST TEOPUU
KaTeropuii. PaccMoTpuM OCHOBHOI TIpOLIECC COIia-
weHus PS u moanporecchl npuodpererust PS,,. u
HOCTaBOK PS),, W ONpeesuM ISl IJAaHHBIX MpOoLec-
COB Kareropuu u nopkareropuu. Kareropuu u momu-
KaTeropyMu BKJIIOYAIOT eI W ACUCTBUS Tpoliecca,
a Takxe pesyabraThl. [Ipy B3aumMoaeincTBuu moaka-
TErOpuil BHYTPU HUX OMpeAesaioTcs nHPOopMaliv-
OHHbIE OOBEKTHI, B Pe3yJbTaTe KOTOPBIX (hOPMUPY-
€TCsl KOMMYTATUBHBIN TpeyroiabHuK (puc. 3) [17].

PaccmarpuBasi mpouecc cornaieHuss PS Ha
MpUMEPE 3aKJIIOYEHUS NOTOBOpA MEXAY IIOTpe-
OuTeNeM 3JIEKTPOIHEPTMU M TMOCTABIIMKOM BJIEK-
TPOIHEPTUH, OIPENENIsIeM €ro Kak IpOoIecC IMpu-
obpererust PS,. COOTBETCTBYIOIIUM IPOLECCOM
noctaBku PS,, OyneT ABJIsThCs Tepeiada 3ariaHu-
POBAaHHOTO KOJWYECTBa 3JIEKTposHeprun. Ucxons
U3 KaTeropuu Iipoliecca comtamieHus PS mony-
JaeM KJjacc o0beKTOB. Kiacchl 00BEKTOB Xapak-

| Ps |
| | |
| 1 |
| I |
| I |
| I |
l f : 5 l
1 I 2
: £ :
| | |
| I |
| 1 I
: v :
| PS,, <——5— PS,, ® PS ), ——5—>PS), |
| |

Puc. 3. O0o0meHHass cxemMa KOMMYTATHBHOTO TPeYroJbHHKA
npouecca coriameHns

Fig. 3. Simplified diagram of a commutative triangle agreement
process

Puc. 4. Cxema moakaTeropuu npouecca nNpuoOpeTeHHs B BHIE
KOMMYTATHBHOI'0 TPEyrojibHHKa

Fig. 4. Commutative triangle of the acquisition process

TEPU3YIOTCS CJIEAYIOIMMU ONpeaeIeHHBIMU OTHO-
weHusimu nap: (PS, PS,) u (PS, PS,,) ¢ cooTBeT-
CTBYIOIUMMU OTOOpaxkeHusiMmu (MopbusMamu) fi,
/5. PaccmaTtpuBasi mpolecchl COIIAlEHUsSI B BUIE
B3aMMOJIEHCTBU S MPOLIECCOB MPUOOPETEHUS U TIO-
CTaBOK, MPEICTAaBMM STOT IMPOLECC B3aUMOAECH-
CTBUS IeKapTOBBIM ITPOU3BENCHVEM

g:PS > PS, ®PS,,

rae g AIBASIeTCS €eIMHCTBEHHBIM MOP(PU3MOM U pe-
3yJIbTaTOM Mpoliecca coryaieHus (puc. 3).
PaccMoTpuM  OTAENBHYIO TMOAKATETOPUIO
nporecc npuodbpereHust PS,,, KOTOPbIA COCTOUT
nu3 (puc. 4):
1. Ilean mporecca MpuoodpeTeHNU

PS,, ={pn'}.

2. [esATeIbHOCTU B Mpolecce MpUodpeTeHus

PS;, = {prlz,...,prgz}.
3. Pesynbrara mpoiiecca npuoopeTeHus
PS;r = {P”13,---,P"73}-

AHAJIOTUYHO OMHUCHIBAIOTCS OOBEKTBHI BHYTPU
MOJKATETOpU Tipouecca mnpuobpereHuss PSS,
raie vH(pOPMAIMOHHbIE OOBEKTHI MPEACTaBIE-
HBl JEKAPTOBBIM IPOU3BEAECHUEM PS},, ®PS§,
c Moplq)mMalv;H 2 :2PS[1,, ®PS; —» PS,, m
py: PS, ®PS, — PS,., TaKUMU YTO IJIS JIHO-
boro wmHpopMauMOHHOTO 00bekTa PS,. ¢ MOp-
dusmamu fi: PS,. — PS,, w f3:PS, — PS,,
CYILIECTBYET €IVNHCTBEHHBI Mopbusm
g1 PS,. — PS), ® PS},, KOTOpBIil onpenenseTcs
KOMMYTAaTUBHOM AUAarpaMMOit.

B pesyabrare mosydaem Ipolecc npuodpere-
HUS B BUJE J€KAPTOBOTO MPOU3BEACHUS CIEAYIO-

LIUX TTPOECKIINA:
1 2 1
PS,. =(PS,)®(PS,)®(PS,)®
® (PS,,) ®(PS,,)®(PS,,).
Yopoctus ¢opmyay (1), moayuaem:
PS, . =

pr
={(PS,, ® PS;,),(PS,. ® PS,,),(PS,. ® PS;,)}.
AHaJIOTMYHO OITNUCBIBACTCA
“mpouecc nocragku PS,," (puc. 5).
B pesyabTare npouecc NpuoOpeTeHUs MOXET
OBITH IIpeaACTaBJICH B BUAC NJCKAPTOBOI'O ITPOU3BC-
OCHUMA.

PS,, = (PS,,) ®(PS,,) ®(PS,,)®
® (PS;,)®(PS,,)®(PS,,).

ey

IIoAKaTCropuda

2
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Puc. 5. KommyTaTHBHBIH TPeyrojbHUK Npouecca NOCTABKH
Fig. 5. Commutative triangle of the supply process

Yrpoctun dopmynay (2), mojryyaem:

PS,, =

={(PS,, ® PS},),(PS,, ® PS),),(PS,, ® PS),)} (3)

Jlanee TIpeacTaBlicH TIpUMEp pean3alliy Teope-
TUKO-MHOXECTBEHHOI MOJIEJIM TTPOLIECCOB COIJIAIIIe-
HUS B BUJE MaTeMaTHIECKON MOJIETN pacIIpeie/icHUsT
2JIeKTpOosHepruu. JlaHHas Momenb TIPEIOCTaBIISIET
BO3MOXXHOCTb ONpPEAeIsITh OajlaHC M aucOaiaHC TIo-
Kazareyneil o0ObeMa IiepelaBaeMoii 3JIEKTPOIHEPI U
pacrpeeTMTeTbHBIMU 3JIEKTPUUSCKUMU CeTSIMU KO-
HEYHBIM TTOTPEOUTENISIM, a TaKXe TMOTePU 3JIEKTPO-
SHEPrvU Ha JTI0OOM yJacTKe SHEPrOCEeTH.

DHeprocHabXeHWe TOPOACKUX ceTeil 00yCIoB-
JICHO MHOXECTBAaMU ITOTpeOUTeNeld BJIeKTpUIe-
CKOI1 SHepruu, MoACTaHIUSIMU, ¢puaepamMu u 000-
pynoBaHueM. [lepen mocTyrieHuEeM K KOHEYUHOMY
MOTPEOUTENTIO DIEKTPUUYCCKAsT SHEPTUS TTPOXOIUT
ompe/esieHHbIe YYacTKM CETH, YTO IMOKa3aHO Ha

Puc. 6. Cxema pacnpenesieHus 3JeKTPOIHEPTHH
Fig. 6. Power distribution scheme

puc. 6. Ha puc. 6 EDN — sJIeKTpuuecKue pacrpe-
JIenuTenbHble ceTu, PS — cuyioBast moacTaHIus,
TS — tpaHcdopmaropHas noactanuus, UC — ko-
HEYHBIU MOTPEOUTEND.

[Ipn mepemadye 3JIEKTPUYECKONW HSHEPTUM HaA
JIIOOOM yYacTKe CeTH MOTyT BO3HUKHYTh MOTe-
pU, HaIlpUMeEp: Ha JMHUSIX, CBSA3BIBAIOIIMX pac-
MpEeAeIUTENIbHBIE 3JIEKTPUIECKIE CETU U CUJIOBBIC
MOJACTAHIIMU; HA TUHUSIX, CBI3bIBAIOIINX CAJIOBBIC
1 TpaHCc(OpMaTOpHbIE TMOACTAHIINU;, HA JUHUSIX,
CBSI3bIBAIOIIUX TpaHC(OPMATOpPHBIE MOACTAHIIMU
C KOHEUHBIM MOTPEOUTENEM; Ha JIMHUSAX, HAXOM -
IIUXCSI B KOHEUHBIX MMyHKTAaX MOTPEOICHU .

Beenem crnemylomine 0003HAUCHUS: V! — 06-
MU 00BEM DIEKTPUYECKOU SHEPruu, IPero-
CTaBJISIEMBIU pacpeaeaIUTEebHON 3JIEKTPUYECKON
ceTbio; V72 00BEM 3IEKTPUYECKON BSHEPIUMU,
MOJIYyYa€MBI BCEMUW CHUJIOBBIMU TOICTAHIIMSIMU;
V3 — o6bem AJIEKTPUYECKOM SHEPTUHU, TPEaOCTaB-
JISIeMblil BCEMH CHJIOBBIMU MOACTaHLMsIMU;, V4 —
00bEM DJIEKTPUYECKOU 3HEPTUM, TMOJyYaeMBbIi
BCEMU TpaHC(HOPMATOPHBIMU  TOACTAHIIUSIMU;
V> — o6bem AJIEKTPUYECKOM SHEPTUHU, ITPEaOCTaB-
JIsieMblii BceMu TpaHc(hOpMATOPHBIMM MOACTAH-
umsimu;, V' — o6bem SJIEKTPUYECKON SHEpPTUH,
MOJIYy4a€MBI BCEMU KOHEUHBIMU MMOTPEOUTENSIMU;
I — TOpPSAKOBBIM HOMEpP CHUJIOBOM IOJICTAHIIMMU,
i=1, .., n TOe n — YUCIO CUJIOBBIX MOACTAHIIUNA;
j — TIOpSIAKOBBIM HOMEP TpaHCHOPMATOPHOM MO~
cTaHUMM, j = 1, ..., m, TIe m — 4UCJI0 TpaHCchOp-
MaTOPHBIX TOACTAHIIMI; kK — MOPSAKOBBII HOMED
KOHEYHOTO nmoTpeduTens, k=1, ..., ¢, rae t — 4uc-
JIO KOHEYHBIX TTOTPEOUTENEN; p; — MapaMeTp TOJ-
KJIIOYEHM S -l CUJIOBOM TIOACTAHIIUU K pacIpee-
JINTEJILHOU BJIEKTPUYECKON CETHU, TAKOW UTO

1, ecau cunoBast MOACTAHLIUS
@

MOAK/II0YeHa;
0, B MIpOTUBHOM cJy4ae.

D=

pj — THapameTp MOAKIIOYeHHUs j-il TpaHcdop-
MaTOpPHOM TMOACTAaHLUWMU K (- CHJIOBOM MOACTaH-
M1, TAKON YTO

1, ecnu TpaHcdopMaTopHas
Pjj = | TIOACTAHIMS TIOAKIIOYCHA,; 5)
0,B MpOTUBHOM clyyYae.

Pjjx — TapaMeTp MOIAKIIOYEHUS K-TO KOHEYHOTO
norpedutens K j-ii TpaHC(HOPMATOPHOM ITOACTaH-
MU - CUWJIOBOM MOACTAHLIMU, TAKON 4YTO

1, ec1u KOHEYHBIH NOTPEOUTENb
(6)

Pk = { TOIKIIIOYEH;
0, B IpOTHMBHOM CJIy4ae.
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Torna ¢dopmyny naasg BbIYMCIEHUS OO0BeMa
3JIEKTPUUYECKOMN SHEPTUM, TTOJTy4aEMOTO BCEMU CH-
JIOBBIMHU TMOJACTAHIIMSIMU, MOKHO 3allMcaTh B BUJIE

V%ém%x (7)

rae V,.2 — 00BbeM 3JIeKTPUYECKON SHEPIUH, MOay-
YaeMbIH [-i1 CUJIOBOU MOACTaHIIMEH.

Ddopmyira ois1 onpeneiaeHUs oobeMa 3JIEKTPU-
YECKOM SHEPTrUM, NPEAOCTABISIEMOrO BCEMU CUJIO-

BBIMM TTOACTAHLIMSMU, UMEET BUJL
3 & 3
Vo= V7 p)
i=1

rae V,-3 — 00BEM 3JIEKTPUYECKON PHEPruu, Ipe-
JOCTABJISIEMbIH -1 CUJIOBOM IMOJACTAHIIUCH.

O06beM BJICKTPUYECKONM SHEPTUU, TOTydYaeMblid

®)

BCEMU TpaHCHOPMATOPHBIMU MOACTAHLMUSIMHU,
MOXHO BBIYMCIHUTH IT0 (hopMyJie
vi=3 3 Win,

Any). ©)

i=1 j=1
rae V,;.‘ — 00BbeM 3JIEKTPUYECKON SHEPIUU, MOy~
YyaeMblii j-il TpaHChOPMATOPHOU MOACTAHLIMEN i-i
CHJIOBOU ITOACTAHIIVU.

OO0BeEM BIIEKTPUUYECKON BSHEPruu, IMpemocTaB-
JIIEMBIA BCEMU TpaHC(HOPMATOPHBIMU IOACTAH-

OUAMU, MOXET OBITh 3aIlviCaH B BUJE

V=3 > i py,

i=1j=1

(10)
rae V; — 00BbEeM 3JIEKTPUUECKON DHEPruu, Ipe-
JOCTaBJISIEMBbIHl j-Ii TpaHC(OPMATOPHOI IMOACTaH-
el -l CUJIOBOW TTOICTAHIIWU.

Torma o0BEM 3JIEKTPUYECKON DBHEPTruu, I0-
JIydaeMblii BCEMM KOHEYHBIMM IIOTPEOUTEIISIMU,
ornpenensieTcs 1mo GopMysie

n m t
Ve=3> > WVpu)- (11)
i=1 j=1k=I

Takum obOpa3oM, B CHUCTeEMe 3HeproodecriedyeHust
JIOJKEH COOJIIomaThbes 6ajlaHC, CMBICT KOTOPOTO 3a-
KJTIOYAeTCs B TOM, YTO OOILIMIA 00bEM BJIEKTPUIECKOM
SHEpPruM, TIPEAOCTaBISIEMbINI pacIpeaenTeTbHON
BJIEKTPUYECKOM CEThIO, JOJKEH OBITh paBEH: 00b-
eMy DJIEKTPMUYECKONM SHEPryH, MOJIydyaeMOMY BCEMU
CUJIOBBIMM TIOACTAHLIMSIMU; O0OBEMY 3JIEKTPHYECKOM
SHEPruU, TIPEIOCTaBIISIEMOMY BCEMU
CUJIOBEIMUM TIONCTAHLIMSIMU, OOBEMY
BIIEKTPUYECKOIM SHEPTUH, TTOTYyJaeMO-

MU; 00BEMY BJIEKTPUUIECKOI SHEPTUH, TIOJIyIaeMOMY
BCEMU KOHEUYHBIMU ITOTPEOUTENISIMU, T.C.

viey2=y3-vi=-v3=vS (12)

OnHako B peaJbHOCTU MOTYT UMETh MECTO I10-
Tepu 3JICKTPUYECKONM SHEPruu, KOTOPHIE MOXKHO
KiaaccupUuIMpoBaTh, KakK MMOKa3aHo Ha puc. 7.

B pamkax jaHHOII pa®OThI IIpeaiaracTcs oIpe-
JIeNSTh pa3Mep IOTeph Ha KaXXJI0OM KOHKPETHOM
y4JacTKe CETH clienyIomum obpa3om [22]:

1) moTepu Ha JIMHUSIX, CBSI3BIBAIOIINX pacIpe-
JEUTEbHbIC DJIEKTPUUECCKUE CETU U CHJIOBBHIC
MOACTAHIINH,

V'-V?)-100 %

P! = % ; (13)
2) IOTCPpHU Ha CUJIOBBIX MOACTAHIMAX
2 3.

V2
3) moTepu Ha JIMHUSIX, CBI3bIBAIOIINX CUJIOBBIE
1 TpaHC(HOPMATOPHbBIE MOACTAHIIUMU,

34y,
(4 —VV)3 100%; (15)

4) noTepu Ha TpaHC(HOPMATOPHBIX MOACTAHIIUSIX

V4 -v3)-100 %
v4
5) moTepu Ha JMHMSX, CBSI3BIBAIOIIUX TPAHC-
(opMaTopHble MOACTAHUUMU C KOHEUYHBIM IOTpE-
ouTeneM, a TakXXe MOTEPU B KOHEUHBIX MYHKTax
MOTpeOIeHU S

P’ =

pt=t ; (16)

ps_ V> -v%-100 %
= % .

Takum oOpa3om, o0LIMIT 00BEM MOTEPh 3JIEK-
TposHepruu P ompenensieTcs Kak CyMMa ITOTepPb

Ha BCEX yyaCTKax CCTU:

a7

P=P +P?+ P31 P 4+ P (18)

B cnyyae, korga oOwuii 00beM MOTEPh JIEK-
TpO3Hepruu P mpeBbIlIaeT JOMYCTUMOE TIJIAHOBOE
3HaueHue noTepb PL, ciaenyeT BhISBISITh IPUUYUHY
u yctpandath ee [19, 20]. IIpenmoxeHHass mateMa-
TUYeCcKas MOJesib IpUMEHUMA MpU peaau3aluu

I OTEPH MOLIHOCTH

|

MY BCEMM TpaHC(HOPMATOPHBIMU MO~
CTAaHLIMSIMU; OOBEMY DJIEKTPUUYECKOW |
SHEPrUH, MPEeIOCTaBIISIEMOMY BCEMU
TpaHCOPMATOPHBIMU ~ TTOACTAHIIMS-

Texnnueckne

|
|
|
|
! [
|
|
| noTepH

IoTepy npu
npeobpazopaHny

IToTepn Ha TexHHYECKOE Kommepyeckne
obcay#nBatne norepH

‘ Cucremusie noTepH

Puc. 7. Knaccudukanus norepb 3J1€eKTPOIHEPrUn
Fig. 7. Classification of electricity losses
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Ta6nauna 1
Table 1

BanaHc Ha OCHOBAHMM €XKeMECAYHBIX CBOJAHBIX AKTOB NEPBHYHOTO YYETA NEPETOKOB JJIeKTpHYecKoii snepriuu no ceram OO0 "Bamkupanepro”

Balance based on monthly summary acts of primary metering of electric energy flows through the networks of Bashkirenergo LLC

3HavyeHust 3HavyeHus1
EnvHuna
HaumMeHnoBanue noxkasarenst savepenns | O BHEAPE- rnocJje BHe-
p Hug NYyC npenust UYC
OTITyCK 3JIEKTPOIHEPTUHU B CETh ThiC. KBT*u | 21 327 410,34 | 21 327 410,34
OTIIyCK 3JIeKTPOIHEPTUU U3 CETU, B TOM UUCIIE: Thic. KBT*u | 19 739 619,10 | 19 739 619,10
OTIYCK 3JI€KTPOIHEPIUU U3 CETU HUXKECTOSILLIMM CETeBbIM OpraHu3alusimM Thic. KBT-u | 3 604 033,49 | 3 604 033,49
[Mone3HbIN OTIYCK 3JIEKTPOSHEPTUU U3 CETU MOTPEOUTEIAM, IOPUIANUECKUM JHULIAM ThiC. KBT 9 | 13 017 803,15 | 13 017 803,15
[lone3HbIl OTIYCK 2JEKTPOSHEPIUU U3 CETU HACEJICHUIO U MMPUPABHEHHBIM K HEMY ThIC. KBT*u | 3 117 782,47 | 3 117 782,47
MOTpeOUTENAIM
[MoTepu 271eKTPO3HEPTUU B CETHU TIC. KBT-u | 1587 791,23 | 1 190 843,42
[loTepu 31eKTPOIHEPTUU B CETHU % 7,44 5,58
3aTparbl Ha MOKYMNKY MOTEePb 2JIEKTPOIHEPIUU B ceTsIX ((pUHAHCOBBIE YOBITKM) MJIH pyo. 4 418,68 3 314,01

WHTEJJIEKTYaJIbHOM CUCTEMBI, HAIlpaBJIeHHON Ha
OpraHM3aIlMI0 SHEPTOCOEPEKEHMS.

Ha ceronHsmHuii AeHb TJIAaBHBIM MTOKa3aTeIeM
3(pPeKTUBHOCTU (PYHKIIMOHUPOBAHUS TPEATIPU-
SITUS SABIISIETCS MOTEPs BJIeKTpolaHepruu. Ha pas-
JUUYHBIX TEPPUTOPUSIX HAllleil CTPaHBI CYILIECTBY-
0T CBOM HOPMBbI WJIM K€ MPUEMJIEMbIil YPOBEHb
MOTEPh 3JEKTPOIHEPIruHU, a TaKXKe MaKCUMaJIbHO
BO3MOXHBI YPOBEHb IOTEPh MO TEXHUYECKUM
npuurHaM. [lpeacraBiaeHHass Maremaruyeckas
MOJeJib C AaHAJIUTUYECKUMU MMOKa3aTeaSIMU F'OBO-
PMT O TOM, UTO YBEJIMYEHUE MOKa3aTeJssl YPOBHS
MOTEPh BJIEKTPOIHEPTUM BJIEYET 3a COOOI Ipo-
OseMy, TpeOYIOIIYIO aHAIU3a U TIPUHSITUS pellie-
Hus. CyMmapHoOe BbIpak€HHME BCEX MMEIOIINX-
cs MOTepb MPEANPUATHS MOOJXKHO CTPEMUTHCS
K HYJI0, MHAYe MOTEPU DJIEKTPOBHEPTrUU SIBISI-
I0TCS IPSAMBIMU (PUHAHCOBBIMU YOBITKAMU BJIEK-
TPUYECKUX CETEH.

KoneuHo, B Teopuu (pHAHCOBbIE YOLITKHU 00SI-
3aHbl MMPUPABHUBATHCS K HYJII0, HO B JIEHCTBU-
TEJILHOCTU pacyeThl BHIpaOOTaHHOM 3JIEKTPOIHEP-
TUU, TEXHUYECKUE U a0COJIOTHBIE MOTEPU BCeEraa
UMEIOT TTorpeiHocTU. C IMTOMOIIBIO ITpeaiaraeMoi
MNYC Ha ocHOBE TeOpeTUKO-MHOXECTBEHHON MO-
JeJU TIPOLIECCOB COTJIAIIeHUs M aHaau3a JaHHBIX
BO BpeMs COBEPILIEHHBIX OMepaluii JaHHBIE MO-
TPELIHOCTHU JOJKHBI OBITH CBEIEHBI K MUHUMYMY.

B kauecTBe nmpumepa pacCMOTPUM Pe3yJIBTaT, T0-
JIy4eHHBI B pamkax BHeApeHUss MYC B KoMIaHUIO
00O "bamkupckue pacrpeaeauTelIbHbIe dJIEKTPH-
yeckue cetr'. B Tabn. 1 mpencrasineHa nHGoOpMaIns
0 OajiaHce BJCKTPUYECKONH BHEPrUU M MOIIHOCTH,
B TOM 4HCJie 00 OTITYCKE 3JIEKTPOSHEPIUH, TTOTEPSIX

snekTposHepruu n3 cetn OO0 "bamknpaHepro” mmo
YPOBHSIM HarnpsixkeHuit [21, 22].

B pesyabrare npoBeAeHHOIO CPaBHUTEIBHOIO
aHaJu3a Mbl BUAUM, UTO CYILIECTBEHHO COKpaTH-
JIUCh (PpMHAHCOBBIE 3aTpaThl Ha MOTEPU DJIEKTPO-
sHepruu B cetd Ha 1 104,67 maH py6., moTepu
BJICKTPO3HEPruu yMeHblIuanch Ha 1,86 %. Ocy-
IIECTBJICHUE BCECTOPOHHUX U3MEHEHUI CUCTEMBI
ynpapiaeHus ¢ nomoiubio UYC npuesio K yayu-
IIEHWIO KJIIOYEBBIX ITOKa3aTesiell pe3yJbTaTUBHO-
CTU U pocTy 3PHEKTUBHOCTU NPEANPUATHUSI.

CTpyKTypa HHTELIEKTYyaJIbHOM
yYHOpaBJaSOmeil CUHCTEMBbI

Ornpenensisi CTpyKTYpY Ha OCHOBE TEOPETUKO-MHO-
xkectBeHHOU Monenu MYC, noimyyaem cxeMy XpaHU-
Juia gaHHeix MYC, npeacraBieHHYIO Ha puc. 8.

NYC xapakrepusyeTrcss BO3MOXHOCTbIO WC-
nonb3oBaHus paznnuuHbix CYBJI (Oracle, MySQL,
Data Warehouse, OLTP, OLAP u n1p.), coBpeMeH-
HBIX CPEICTB XpaHEHUS M ONepaTUBHON aHaJIU-
THUYecKoir o0OpaboTku uH@opmauuu. Ilpu wuc-
nonb3oBaHun MYC pykoBoguTenn MOJAy4YalOT
3G HEKTUBHBIIT MHCTPYMEHT [JISI aHAJIM3a KOJIU-
YecTBa DHEPronoTepb, a Takxke Mg (GOpMUPOBa-
HUSI JTaHHBIX O SHEProIoTepsaX, MPeacTaBICHHBIX
B TaOMYHOM U TpadpuyeckoM Buae. Januas UYC
pellaeT 3amauyn obOecleyeHusl LeHTpaaru30BaHHO-
ro cobopa u xpaHeHusl, 0OpabOTKM, OOHOBJIEHUS U
CTPYKTYpM3allM¥, MHTErpallMi U KOHCOJUIUPO-
BaHHOro aHaixmusa. Iloacuctemsr MYC oTBeyaroT
MPUHLIMIIAM Pa3BUBAEMOCTH, OJIOUHOCTHU ITOCTPO-
€HHUSI U aJallTUBHOCTU (PYHKLIMOHAIBHON YaCTH.
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Puc. 8. O0o0menHas cxemMa xpanuanma aanusix UYC
Fig. 8. Generalised schematic diagram of an IMS data warehouse

JIsist yacTHOTO ciaydasi — yrnpaBJeHUS MOoTepsi-
MM — OCHOBHBIMM JaHHbIMU 1Jisd BJI ciyxar mno-
KazaTeau 3JIEKTPOIHEPTrUu, TAe MMeeTCs MojHas
uHpopMalMsl O TOKa3zaTeasiX TOTepb 3JEKTPO-
SHEPIruM, UACHTU(PUKATOP TaOIUIILI, B KOTOPOU
XpaHsSITCS 3HAYEHUST aTPUOYTOB, a TaKXe UIEHTHU-
(pukaTopsl pazmMepHOCTH 3HAYEHUU aTpuldyTa.

B 6a3ze 3HaHMil onmucaH aaropuT™M paboThl MPO-
rpaMMBbl B TEPMUHAX TEOPUM KATErOpU MHOXECTB.

BHEITHMMY NCTOYHUKAMU JAHHBIX SIBIISTIOTCS:

— MWHUCTEPCTBO dHepreTuku Pd;

— MeCTHas aIMMHUCTpaIlMs ToOpoJa U paiioHa;

— B3aMMOJICMCTBYIOLIME OpraHuzanuu (mpea-
MPUATHS, MHOTOKBAaPTUPHBIC W YaCTHBIC JOMA);

— BBILIECTOSILIIME OPraHbl yMpaBieHUs (XOJ-
JWHTH, KOPIIOpALlY U T. 11.).

3akJoyenue

B pamMkax mpoBeneHHOIo HUCCJIeAOBaHHUS pa3-
paboTaHBbI:

1) yHuBepcaJibHass MHOrOMEpHas CTPYKTypa
MNYC, nosBonasioniass MoBLICUTE 3(PHEKTUBHOCTD
00paboTKM, Tiepegadyu, WHTerpaluu OaHHBIX U
3HAHMM HHTEJJIEKTYaJIbHOTO KOHTEHTa B KOM-
NBIOTEPHBIX CETSAX, Ha mpuMepe (GOpMUPOBAHUS
IJjaHa nepenadyu 3JeKTpUIECKON SHEPIrumu.;

2) MaTeMaTuJecKast MOJeJb, ITPEeIOCTaBIISIONIAST
BO3MOXHOCTb ONpedeasaTh OajaHCc M AucOaaHc
nokasaTeJieil o0bema TepegaBaeMoil pacrpenaean-
TEeJIbHBIMU 3JIEKTPUUYECKUMHU CETSIMU IO KOHEYHBIX
NOoTpeduTesIell 3JIeKTPOIHEPrun, a Takxke MOTepu
BJIEKTPO3HEPTUM Ha JI0OOM y4acTKe SHEProceTH.

KaTeropuii M (QopMaJabHBIX SI3bI-
KOB 1t (pOPMaJIbHOTO OITMCAHUS
O0BEKTOB M MX B3aUMOJCHCTBUS,
a TakKX€ C NPUMMCHCHUEM aIllllapata MCKYCCTBCH-
HOTO MHTEJLJIEKTA.

IIpennoxenHast MYC mo3BoseT OCYIIECTBUTD
TIOITOJTHEHUE KOJ'IJICKL[I/Ifl OJaHHbIX WU HUX IIp€aBa-
pUTEIbHYI0O 00pabOTKy C BHISIBJICHUEM OCOOCH-
HOCTeH, KiaacCU(PUKALUIO, CUCTEMAaTU3alUI0, OIl-
TUMU3AINIO 1 OYUCTKY OJId IMOBBIIICHUSA I/IH(bOp—
MallMOHHOM HACBIIIEHHOCTHU. Tak:xe obyeryaercs
WHTEpIpeTalusl pe3yJabTaToB aIlpoOanuy IIpea-
JIOXKEHHBIX TCOPETUYECKUX OCHOB Ha pE€aJIbHBIX
npuMepax ajid CI0XKHBIX CUCTEM.
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Modern capabilities of intelligent control systems are increasingly being used in areas previously considered the exclu-
sive work of people — experts with relevant experience in a particular field. Machine learning capabilities in the field of
electric power industry, obtaining forecasts based on the data of intelligent sensors of various purposes are not an exception.
At present the Russian Government has adopted a program for the development of the manufacturing industry until the end
of 2035: during this time manufacturing output should grow by 192 %. It is obvious that this program should also meet
the requirements of the modern scientific concept of industrial revolution "Industry 4.0", when manufacturing enterprises
and corporations begin to develop and apply subsystems and elements of "smart manufacturing”, which help to build intel-
ligent communications between individual tasks and operations during the entire life cycle of production, in accordance
with the principles and methods of systems engineering. It is important to note that the issues of intelligent management in
the subject-oriented area of electric power industry (in our case — energy saving), as the basis of any industrial produc-
tion in modern conditions, require the development and implementation, first of all, of new solutions based on modern
IT-technologies. It is known that energy intensity in Russia, according to the World Bank, is 3-4 times lower than in
European countries. It is also known that in connection with the new provisions in the field of housing and communal
services, aimed at improving economic efficiency in terms of electricity consumption, it becomes very important to ensure
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its accurate and operational accounting with the possibility of further forecasting of electricity consumption and the state of
power grid facilities, which will allow specialized organizations and services, as well as the managing bodies in the shortest
time to make a balanced specialized decisions This paper proposes the concept of intelligent control system to manage the
process of condition monitoring based on data from intelligent sensors. The novelty of the concept is to consider a variant
of solving the problem of integration of information systems associated with weakly structured subject-oriented information
flows in the electric power industry enterprise by using methods of set theory and category theory.

Keywords: machine learning, artificial neuron, artificial intelligence, category theory, systems integration, information

and control system, smart sensors, energy efficiency
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OnpepneneHne oUHaAMUYECKUX XapaKTePUCTUK CUCTEMbI yNpaBneHus
MOLLHOCTbIO U3ny4yeHus TexHonornvyeckmx CO,-nasepoB
C HaKa4yKoM HeCcamMoCTOATeNbHbIM TNELWMUM pa3psaaom

Hccenedosana asmomamuueckas cucmema YnpaeieHus MOUWHOCMbIO U3AYYEHUs 1A3eP08 C HAKAYKOU HeCamoCmosmenbHolm
maaeowum paspadom Ha npumepe mexumoaocuieckux aazepos cepuu "Jlanman”, komopvie npedHa3HaueHbvl 045 Pe3KU, C8APKU
U MooupuKkauuu NOGEPXHOCMU PA3AUHBIX MAMEPUALO8 8 COCMABE AA3ePHbIX MEeXHOA02UHecKux Komniekcos. MowHnocms aa-
3ePH020 U3AYHeHUS A6AAeMCA OOHUM U3 BANCHEUUWUX Napamempos 1a3zepa, onpedesiouux e2o mexHoA02UYeCKUe G03MONCHO-
cmu. MowHoCmb U3AYYeHUs YNPABGAAeMCs NymeM USMEHeHUS YACMOMbl UMNYAbCO8 UOHU3AUUU, KOMOpble Npedcmasasom cobol
BbICOK0BOAbIMHbIE UMNYAbCHL HanpsadceHus daumeavHocmoro 100 ue, nodasaemvie ¢ uacmomou 1...5 kly. DxcnepumenmanvHo
noayuena nepexooHas xapaKmepucmuxka 1a3epa ¢ HecamocmosmensHolm maeiowum paspaoom. Jazeproe usayuenue nooaemes
Ha mepmodseKmpuieckoe 3epKaio-npuemMHux ¢ anuzomponuei mepmoBlC, komopoe uzmepsem e2o mougocmo. Ilocae npeo-
6apuUmMenbHo20 yCUAeHUs OUppepeHUUaNbHbII CUSHAA C 3ePKANA-NPUEMHUKA De2UCMPUPYemCcs UU@POEbIM 3aNOMUHAIOUUM OC-
yuaaoepagom. Yemanoeaeno zanazovieanue uzmMeHeHUss MOWHOCMU AA3EPHO20 UBAYHEHUsI OMHOCUMEAbHO CUCHAAA YNPABACHUS.
3ana3zovieanue cocmasasem 1487 mrc u obssacHAemcs meMm, Ymo 045 NePEOHAUAAbHOU HAKAYKU 2A308020 00semMa 00 HA4AAd
2eHepauuu U3Ny4eHus Heo0Xo0uMo HeCKOAbKO UMNYAbCO8 uoHuzayuu. Hauanvnoiii yuacmok nepexodnoi xapaxmepucmuku u
3amyxarwugue Ko1eOaHus 0063ACHAIOMCA HAAUMUEM 3AUWUMHO20 OPOCCeNs 6 CXeMe NOOKAIOYEHUs UCMOYHUKA OCHOBHO20 pA3pAod.
Jlpoccenv 3amedassem pocm moka npu KOHMPAKyuu (KOPOMKOM 3AMbIKAHUY) pa3psadd, NO360455 A6MOMAMUYECKUM GbIKAIOYA-
measm omKalouums dnekmponumanue. Ans modeauposanus nepexo0H020 npoyecca NPpUMeHsemcs nepexo0Hdas XapaKmepucmu-
Ka Konebamenvnoeo 36ena. Ilposedena uabmpayus ucxoo0Ho2o cueHaia 04 yoaieHus nomex, KOmopvle He NO360ASII0M CPpa3y
onpedeaums napamempol nepexooHol xapakmepucmuku. s onpedesenuss cneKmpa nepexooHol XapaKkmepucmuKu npogeoeHo
npamoe Ovicmpoe npeobpazoeanue Dypve, vipe3ansvl eApMOHUKU, BHOCAUUE NOMeXU U NPOGedeHO oOpamHoe Gbicmpoe npeod-
pasosanue Pypoe. [lo nepexodnoil xapakxmepucmuie, NOAYHEHHOU nocae QuaAbMpayuu, onpedesersl napamempsl MoOeAUpyrouel
nepexodnoi xapakmepucmuku. Ha ocnoee napamempoe nepexo0noli xapaxmepucmuku @bi4UcAeHa nepedamo1nas QYHKyus 1a-
3epa ¢ HecamoCcmosMenbHblM MACIOWUM PA3PAOOM, YMO NO36045em Nepelimu K pacyemy ONMUMAAbH020 Pe2yasimopa MOWHOCMU
u3ny4eHus, obecneuusarouieco Haulyvuiee Ka1ecmeo nepexo0Ho2o npoyeccad.

Karoueevie caoea: mexunonozuueckuii nasep, HeCamoCmMoSmMenbHbll MACOWUL paA3PA0, YACMOMA UMRYAbCOE UOHU3AYUUU,
cucmema ynpasienus, MOWHOCMb Aazepa, Nepexo0Hdas Xapakmepucmuxd, Quibmpayus nomex, Ovicmpoe npeodpazosaHue

Dypoe, nepedamounas GyHKyUs

Bsenenue

Mouunsbie TexHonornyeckue CO,-nasepsl npea-
Ha3Ha4YeHbI MJISI PE3KHU, CBapKU M MoaudUKaluu
MOBEPXHOCTU Pa3JIMYHBIX MAaTEpPUaJOB B COCTaBe
JIA3€PHBIX TEXHOJOTMYECKUX KOMILJICKCOB. DTH
KOMILJIEKChI IIPEACTABIISIIOT COOOM CIIOXKHBIC TEXHU-
YeCKHE CUCTEMbI, [I0O3TOMY aBTOMATU3alus yIIpaB-
JIEHUSI SIBJSIETCSI HEOOXOONMMBIM YCJIOBHUEM JJIs
MX HUCHOJB30BaHUSI Ha Mpous3BoiacTBe. OTHUM U3
CaMBIX PAaCIpPOCTPAHEHHBIX CIIOCOOOB ITONTYYEHUSI
AKTHUBHON Cpeabl TEXHOJIOIMYeCKHUX J1a3€POB SBJIS-
eTcs ra3oBuiii pa3psn [1]. Mcnonb3oBaHue HecaMo-
cTosiTeNIbHOro Tietouiero paspsga (HTP), B xoto-
poM (pYHKILMHY MOHM3AIMHU Ta3a U BKJIaJa SHEPTrUuu
B pa3psi pasfeaeHbl MEXIy ABYMsI UICTOUHUKAMMU,
MO3BOJIMJIO JOOUTHCS 3HAYUTEJIBHOIO IIPOrpec-
ca B obsmactu cosnaHus MOIIHBIX CO,-1a3epos.
B HTP ¢dynkunum cozgaHus mpoBOAUMOCTH T1J1a3-
MBI (CO3MaHMSI 3JEKTPOHOB) M BKJaJa SHEPrUu
B pa3psid pasneiicHbl MEXAY ABYMS Pa3IUYHBIMU
TUnaMu paspsaoB. MoHuzauuss (IIpOBOAUMOCTD)

obecrneurBaeTCd BHEITHUM MOHU3aTOPOM, a BKJIA
SHEPIUM — IIPOXOXIECHWEM TOKAa OCHOBHOIO pa3-
psaa yepes Tuia3My ¢ KOHIIEHTPAIME! 2JIEKTPOHOB,
3agaBaeMoii moHuzauueid. CyliecTBYIOT TpuU OC-
HOBHbIe cxeMbl opranuzauuu HTP, ucroab3dyembix
B JIa3epax: C MOHMU3ALMEN DJIEKTPOHHBIM ITyYKOM
[2], ¢ UMITyIbCHOM 37€KTPOAHOI MoHM3alumel [3] u
C UMINYJILCHON €eMKOCTHOM MOHM3aLuei [4].

HTP ¢ wumnynabCHONM €MKOCTHOM WOHHW3AIU-
ell o0JamaeT psAIOM MPEMMYIIECTB IO CPAaBHEHUIO
C IPyTUMU TUTIaMU HECAMOCTOSITEJIBHBIX Pa3psiiOB.
B otauuwme ot paspsia ¢ MOHM3ALMENA BJIEKTPOH-
HBIM ITYYKOM OH HE COIIPOBOXIAETCS PEHTTE€HOB-
CKMM WU3JIy4YeHHEeM M He TpeOyeT OMOJIOrMYecKom
3amuThl nepcoHana. Ilo cpaBuenuto ¢ HTP ¢ um-
MYJbCHOU 3JIEKTPOAHOM MOHU3ALMEN CYIIECTBEHHO
YIIPOIAETCSd KOHCTPYKIINAS ra30pa3psaHON KaMephl
3a CYET OTCYTCTBMS CEKIIMOHUPOBAHUS KaMEPBHl U
0aJJTaCTHBIX PE3UCTOPOB.

HTP ¢ uMnyabCHOM €MKOCTHOW WOHMW3alIM-
€l TTO3BOJIET JIETKO YIPaBIASITh MOIIHOCTBIO Jia-
3€pHOT0 U3JYYCHUS B aBTOMATHYECKOM pEXUME,
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o0ecrneynuBaeT BBICOKYIO ONTHUYECKYIO OJHOPOI-
HOCTbh aKTUBHOTO 00beMa, CTAOUJIbHOCTb pa3psiaa
un Beicokuit KITJI.

Cxema opraHu3ammum paspsia

Cxema opranmsauuu HTP ¢ ummynscHOl eMm-
KOCTHO# MOHM3allMel moKa3aHa Ha puc. 1.

B 3To0li cxeMe MMITYJIbCHOE HAIIpSIXKEHUE C re-
HepaTopa uMnysibcoB nonuzanuu (I'MKN) momaercs
Ha JIOINOJHUTENIbHYIO Tapy 3JeKTPOIOB MOHU3AIUNU
OOJIBIION IJIOLIAAY, M30JMPOBAHHBIX OT ILTA3MBI
IU3JIEKTPUUESCKMMU IJIACTUHAMU. DTOT TUI BCIIO-
MOraTeJIbHBIX pa3psiioB Ha3bIBAETCS €MKOCTHBIM
MMIIYJIBCHBIM pa3psaoM. OH XapaKTepu3yeTcsl BbI-
COKOM ITMKOBOM MOIIHOCTBIO, HEOOXOOMMOI IJIS
o0OecrieyeHnsI paBHOMEPHOII MOHU3ALUM B pa3psii-
HOM IIPOMEXYTKE MEXIY AUIIEKTPUUYSCKUMU I1jIa-
CTMHAMU U OTHOCUTEJIBHO HU3KOU CPENHEN 110 Bpe-
MEHM MOIIHOCThI0. KojebaTenbHoe BO30y:XKIeHUE
paBHOMEPHO MOHM3MPOBAHHOM CpEeIbl CO3IaeTCs
CTallMOHAPHBIM HECAMOCTOSITEILHBIM  Pa3psioM,
Ha3bIBa€MBIM OCHOBHBLIM pa3psaoM. IlocTtosHHOe
HaIpsKeHWe ¢ MCTOYHMKA MHUTAaHUSI OCHOBHOTO
paspsaga (MIIOP) momaeTcs Ha TpyOUaThie MeTaJLIM-
YEeCKHe JIEKTPOIbI (KaTOA M aHOM), PACIIONIOKEHHbIS
10 KpasiM pa3psiiHONM KaMepbl. BeICTphIi TTOTOK raza
HaIlpaBJieH OT KaToJa K aHOMmy, MNepIeHIUKYISIp-
HO OCHM OoNTH4YecKoro peszoHaropa. OcTajbHBIE IBE
CTEHKM KaMepbl MMEIOT OTBEpPCTHSI, YTOOBI JIazep-
HOE M3JIyYyeHHe IIPOXOIUJIO K HAPYKHBIM 3epKajiaM
pe3oHatopa. ONTUYEeCKre OCU pe30HaTOpa CKJIabl-
BaloTCsI B Z-00pa3Hylo (opMy, TaK YTO JIa3€pHBIN
JIy4 MOJIHOCTBIO 3aIIOJIHSIET aKTUBHBINA 00BEM.

IlepBble OMBITHI MO CTAOMJIM3ALMM MOLIHO-
ro TICIIIEro pa3psiga OBICTPOIOBTOPSIOIIMMUCS
BBICOKOBOJIETHBIMHU HMITyJIbCaMU OBLIM CleJa-
HBI B paboTtax A. E. Xunna [5]. Ha skcnepumeH-
TajabHOM Jja3epe "LlukiaoH" [4], paspaboTaHHOM B
MIIMex PAH, BnepBbie ObliM IIPOBEACHBI HC-
caenoBaHuss HTP ¢ umnynbCHOI €MKOCTHOH HO-
HU3aIKMeil B KaMepe OOJIbIIOro 00beMa B YCIOBUSIX
MOIIHOM HEIPEePBIBHOM JIa3epPHOI reHepalui. DTOT
OPUTHMHAJIBHBINA CIIOCOO OpraHM3allMy pa3psiga Mo-
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Puc. 1. Cxema oprannsanuu HTP ¢ umnynrbcHO#l eMKOCTHOI HO-
HHU3anMen

Fig. 1. Nonself-sustained glow discharge system with pulsed ca-
pacitive ionization

3BOJISIET MOJYYUTh BBICOKOKAUYECTBEHHOE OJHOMO-
JIOBOE JIa3epHOE M3JIyYeHHEe MOIIHOCThIO 10 10 KBT.

Ha ocHoBe wuccnemoBaHuii, IMPOBEACHHBIX Ha
nazepe "LlukiyioH", Obium pa3paboTaHbl 3IKCIEPU-
MEHTaJbHBIN TexHoJornueckuii jgazep "JlaHtan-1"
a 3aTeM TexHoyiormdyeckuii gazep "JlaHtaH-2", mpen-
Ha3HAUEHHBbI /I MPOMBIIIEHHOTO BBIMIyCKA.
JanbHEeNIMM pa3BUTHEM METOAA UMITYJbCHOMN eM-
KOCTHOI MOHM3ALIMM CcTaja pa3paboTrka MOHOOJIOU-
HOTO aBTOMAaTU3MPOBAHHOTO  TEXHOJOTMYECKOIO
nmasepa "JlantaH-3" [6] U sKcIIepMMEHTAJIBHOIO TeX-
HOJIOTMYECKOTO Jiazepa ¢ ObICTPOIl OCEBOI MpOKau-
Ko¥ [7], HA KOTOPOM OBbILJIO MOJIYYEHO HEMpPEePbIBHOE
MU3JTyYeHre MOIIHOCTHIO 4 KBT ¢ Beicokum KII/I.

MolIlHOCTB JIa3epHOTo U3Ty4YeHU s (OOBEKT yIIpaB-
JIEHUST) SIBJISIETCSI OMHMM M3 BaXKHEWIIMX Tapame-
TPOB JIa3zepa, OMPEACISIONINX er0 TEXHOJOTUYECKUE
BO3MOXHOCTH, HalpuMep CKOPOCTb pe3aHus [8].
ABTOMaTHYeCcKasl CUCTeMa YIPaBJIEHUST MOIITHOCThIO
M3Iy4YeHHUs Jasepa (majnee cucTema yIIpaBJICHUS)
JOJIKHA obecrneyrBaTh AWMHAMMYECKHWE W CTaTuye-
CKH€ XapaKTepUCTUKH, B COOTBETCTBUM C 3aJaHHbI-
MM TpeOOBaHUSM K KauyecTBY peryaupoBaHus [9)].

JunHaMuyeckne CBOMCTBA CUCTEMBI MOXKHO OIpe-
JIEJINTh TI0 €€ DKCIEPUMEHTAJIBHON TMEPEXOMHON
xapaktepucTuke. Ha ee ocHOBe CTpoMTCS MOAEb
00BeKTa YIMpaBJICHUS, OMPEIC/ISIIOTCS ero Iepena-
TOYHas (PYHKUMUS M YaCTOTHBIE XapaKTEPUCTUKMU.
3Has Mofe/b 00beKTa, MOXHO CUHTE3UPOBATh pe-
TYJASTOp CUCTEMBbI YIpaBjeHMs, 0OecredrnBaloInii
3aJlaHHbIE TPEOOBAHMSI K KAUeCTBY PEryJUpOBaHMSI.
IlonydyeHHOE Ka4eCTBO pEryJMpoOBaHUs TTPOBEPSIET-
¢ U, TIpU HEOOXOMUMOCTH, PEryasaTop HacTpauBa-
€TCS OKCIEPUMEHTAIbHBIM ITyTEM.

MoiHocTe u3nydyeHus Jjazepa ¢ HTP ¢ nwMm-
MYyJIbCHOM €MKOCTHOU HOHM3ALMEN YIPABISETCS
MyTeM M3MEHEHHWSI 4acTOThl MMMYJbCOB HMOHM3a-
LIMM, KOTOPBIE MPEACTABIISIOT COO0I BEICOKOBOJIBT-
Hble MMITYJbChl HamNpsSIKeHUs JIJUTEIbHOCTBIO
100 HC, mogaBaemble ¢ yactortoi 1...5 xI'iy [10, 11].

DKcnepuMeHTaIbHOE NMOJyYeHne nepexoIHoi
XapaKTePUCTHKHN 00beKTa ynpaBJeHHs

CTpyKTypHasi cXeMa CHCTEMBI
IIpuBeIeHa Ha puc. 2.

CxeMa BKJIIOYaeT IepeaaTouyHyio GyHKINIO 00b-
eKTa ynpasjaeHus W (s) u nepenaToyHyto pyHKIUIO
peryasTopa W(s), a Takxxe K0o3(DGULIMEHT Niepenayu

yIpaBJICHUS

Puc. 2. CTpyKTypHas cxemMa CHCTEMbI YNpaBJIeHUS
Fig. 2. Block diagram of the control system
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JaTyvKa MOUIHOCTU k.. Ha Bxon sneMeHTa cpaBHe-
HUS TIOJAeTCs YCTAHOBJIGHHAs MOIIHOCTb Jia3ep-
Horo usnyuyeHus W, Ha npyroit Bxon ssnemeHTa
CpPaBHEHHUS TMOCTyTaeT U3MepeHHasl MOIIHOCTD Jia-
3epHOro wusnyuyenus W, PeanbHasgs MOLIHOCTb
Jla3epHOro M3aydyeHusi W maMepsieTcss TepMO3JIeK-
TPUYECKUM 3epKajJoM-IIpueMHUKOM [12]. DnemeHT
CpPaBHEHUSI BBIYMCISIET CUTHAJ OIMOKM W TMOJaeT
ero Ha perynsatop. CurHain F,, ynpasisieT 4aCTOTON
MOHUM3ALMU, YTO MPUBOAUT K COOTBETCTBYIOIIEMY
M3MEHEHUIO MOUIHOCTM Jia3epHOro manydeHus W,
yMeHblas omuoky. [lepekatouarens K nmpemHa3Ha-
YeH JJIsl OTKJIIOUEHMST PerysiTopa.

[lepexogHasi xapakTeprMCcTUKa TMPEACTaBIsIET CO-
0011 TIEpEXOMHBIN MPOLIECC HA BBIXOMIE 00BEKTA, BO3-
HUKAIOUUN TpU Tofa4ye Ha ero BXOJA €IMHUYHOTO
ckauKooOpasHoro BozaeiicTBus [13]. [lnst akcrepu-
MEHTAJIbHOTO TIOJIYYeHUST TIEPEXOMHOM XapaKTepu-
CTUKU PETyJSITOP OTKJIOUaeTcsl OT 00beKTa ympan-
JmeHus (mepexkimouyarenp K B moyioxkeHWU 2), U Ha
BXOJ 00beKTa MoAaeTCsl eIMHUYHbBIN ckayok 1 B.

DKCMepuMeHThl MPOBOAMINCH Ha TEXHOJOTH-
yeckoM Jasepe "JlantaH-3" [6]. CxeMa 3Kkcmepu-
MEHTa IIpuBeIeHa Ha puc. 3.

Cucrema ympaBieHMs 3aAaeT MOIIHOCTb W3-
JlydeHUsl ja3epa CUTHAJIOM YIIPaBJEHUS 4acTOTOM
MOHU3aUMU F,,, KOTOPBI MOCTYIIAET HA T€HEPATOP
umnyyibcoB nonuzauuu (I'MM). Yactora umMmnynib-
COB MOHHW3aIlMM COOTBETCTBYET 3aJaHHON MOIII-
HOCTU u3JyuyeHMs Jaszepa. JlazepHoe wu3yuyeHue
nmofaeTcss Ha TEPMORJIEKTPUYECKOE 3epKaso-TIpu-
eMHUK ¢ aHusorponueir TepMoID/IC [12], koTopoe
U3MepsIeT ero MOILIHOCTb. 3epKaJo-TIPpUEMHUK 00-
JIaJaeT JIMHEMHOM XapaKTePUCTUKOM B AUAIa30HE
momrHoct ot 0 mo 3 kBt [14]. Ilocie mpexBapu-
TEJILHOTO YCHIICHWsSI Ha ycuimtene Y nuddepeH-
LIMAJbHBI CUTHAJ C 3epKaja-npueMHuka W,
peructpupyercsi HU(GPOBBIM 3aIIOMUHAIOIIMM OC-
muytorpadom TDS 2014 dupmsr Tektronix [15].

IIpensapurenbnas o0padoTKa pe3yabTaTOB

HpC}KI[C BCCTO, HeoOXoAMMO OTMETUTH 3ara3-
AbIBAHUEC U3MCHCHM A MOITHOCTH JIa3€PHOTI'O U3JTYy-

YeHUSI OTHOCUTEJILHO CUTHAJla YIpaBJIeHUS, 4TO
MoKa3aHo Ha puc. 4.

3ama3geiBaHue cocTaBisieT 1487 MKc u 00OBsic-
HSETCS TEeM, UTO JJIS IIepBOHAYAJILHOI HaKauykKu
ra3oBOoro oobema 10 Hayaljla TeHepaluu M3Iyde-
HUST HEOOXOAMMO HECKOJIbKO MMITYJILCOB MOHU3A-
nuu. Ha pucyHke SICHO BUAHBI IIOMEXU OT DTUX
MMIYJIBCOB MOHM3ALIMM Ha YIIPaBSIONIEM CUTHA-
ne. TakuM oOpa3oM, IJIsl Havyaja TeHepalluu He-
00XOIMMEI YeThIpe MMITYJIbCa MOHU3AINU.

[MepexonHas XapaKTepUCTUKA OOBbEKTa yIIpaB-
JIeHUs TIoKa3aHa Ha puc. 5.

3anmcano 2500 ToYek ¢ YacTOTOM JUCKpPETU3a-
muu 25 000 I'm. Ha mepexomHoiT XxapaKTepUCTHKE
BUIHBI 3aTyxawlnue KojebaHus. IlepBoHayaib-
HOE YBEJIWYEHWE MOIIHOCTH JIa3epHOTO W3Jy-
YEeHUSI CMEHSIETCS HeOONBIIMM CIaJoM, a 3aTeM
MOILIHOCTb M3JIy4eHUS CHOBAa HAYMHAET PACTU.
HauanpHBII y4aCTOK MEPEXOTHOM XapaKTEePUCTHU-
KM ¥ 3aTyxalollne KojeOaHusT OOBSICHSIIOTCS CXe-
MO TTOAKJTIOYEHU ST UICTOUHUKA OCHOBHOTO pa3ps-
na K snektpogam HTP (puc. 6).

Hamnpskenue mUTaHUS UCTOYHMKA OCHOBHOTO
paspsina U,, nomaercst Ha karox HTP K u anon

MoMexy oT MMAYNLCOB MOHU3ALMK
. b

& stnr v dulshe- -

[TV |

fowHocT

Wieas

MINYYEHH

s

1487 pure

1000 1250 1500 1750 2000 2250 1Mk

Puc. 4. 3ana3apiBanue N3MeHEeHHsI MOIIHOCTH JIa3ePHOT0 U3Jyde-
HHSl OTHOCHTEJIbHO CHI'HAJIA YNPABJIEHUS

Fig. 4. Delay in changing the laser power signal relative to the
control signal
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Puc. 5. IlepexogHasi XapaKTepuCTHKA 00bEKTAa YNPaBJICHHSA
Fig. 5. Transient response of the control object
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Puc. 6. CxemMa NoOAKJIOYEHHs HCTOYHHKA OCHOBHOIO pa3psaa
K 2JIEKTPOJaM Ja3zepa

Fig. 6. Connection of the main discharge source to the laser electrodes

HTP A uepe3 nBe mapannenbHble eMkocTu Cl n
C2 un ppoccenb L, KOTOpbIH BBIIIOJHSET 3allUT-
Hyo ¢yHkuuio. OH 3aMenisgeT poCT TOKa IIpuU
KOHTpakKuuu (KOPOTKOM 3aMbIKaHMHU) paspsiia,
MO3BOJISISI aBTOMATUYECKMM BBIKJIIOUATEISIM OT-
KJIIOUUTH 3JIeKTponuTanue jazepos ¢ HTP B aToit
aBapUMHOM CUTYALIUU.

OuabTpanus nepexoaHoi XapaKTepuCTHKH
00beKTa ynpaBJieHUs

B n1o60oMm ciiyyae mepexoaHblid MpPoOLIECC UMe-
eT XapakTep 3aTyXalollUX KoJiebaHuil, U OIS eTo
MOJCIUPOBAHUS MOXHO IIPUMEHUTH MEePEXOIHYIO
XapaKTepUCTUKY KoyiebaTelIbHOTro 3BeHa. OmHaKo
MCXOMHBIA CUTHAJI CUJIBHO 3alIyMJICH IIOMEXaMU,
YTO HE MO3BOJISIET TOYHO ONpPEneInTh KO3hDuim-
SHTHI IMePEeXOJHON XapaKTepUCTUKU. 11T OYMCT-
KM CUTHaJja OT IIOMeX IpoBeleM Ipeodpa3oBaHUe
®dDypbe ucxomHoro curHaia [16]

F(jo)= | f(t)e™/*dt,
+00
BBIpEKEM FapMOHUKM, BHOCSIIE TTOMEXH, U TIPO-
BeleM oOpaTHoe mpeobpa3oBaHue Dypbe

f(t):L | F(jo)e’* dw.
2 +00

s TUCKPETHHIX IO BPEMEHU CUTHAJIOB BMe-
CTO MHTETrPaJIbHOI0 IPUMEHSIOT JUCKPETHOE IIpe-
obpasoBanue Pypne. B cpene mpoekTUpoBaHUS
LabVIEW 2010 peanu3oBaH ajaroputM OBICTPO-
ro muckpetHoro IpeodpazoBaHus @ypoe (BIID)
[17]. IIpsamoe BIT® 1o 2048 ToukaM NpoOBOAUIOCH
¢ nomoupio dyHkuuit FFT, a obparHoe BITD —
¢ nomouipio ¢pyHkuuu Inverse FFT [18].

Hns cneKTpaJbHOIO aHajlIu3a B3sgTa Haubosee
MePUOAMNYECKAs YaCTh IIEPEXOIHON XapaKTePUCTUKK
(15,2 Mc oT Hayaja perucTpauuu) U yopaHa ee Io-
CTOsIHHasI cocTaBisiomas. [Ipy yacToTe MUCKpETH-
zauuu 25 000 ' u BIIP no 2048 Toukam paspeltie-
Hue 110 Yactote coctanisieT 25000/2048 = 12,21 I'u.

HaubGonee mHTEepecHass 4acTh CIEKTpa, Haxo-
nsasics B pmanasoHax 0..4000 I'm n 0...500 I,
nokasaHa Ha puc. 7, 8.

Cnextp
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Puc. 7. CnekTp nepexoaHoii XapaKTepUCTHKH 00beKTa ymnpasJe-
Hud B 1uanasone 0...4000 I'g

Fig. 7. Spectrum of the control object transient response in the
range of 0...4000 Hz
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Fig. 8. Spectrum of the control object transient response in the

range of 0...500 Hz

Puc. 9. IlepexomHass XapakTepuCTHKA O00BbEKTa YNpaBJIEHHS
¢ ®HY c yacroroii cpe3a 200 I'u nocae ooparHoro BII®

Fig. 9. Control object response with 200 Hz of the low-pass filter
after inverse Fast Fourier Transform
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Ha pwuc. 7 scHO BuaHa CIeKTpajbHasl JTUHUS
IOMEX1 OT MMITYJIbCOB MOHM3AallMM Ha YacTOTe
3345 Tu.

Cniextp B auamnasone 0...500 I'iy 6Gonee meranb-
HO TIOKa3aH Ha puc. 8.

Jns GuabBTpalii MUCXOMHON TIEPEeXOMHOM Xa-
PaKTepUCTUKU TIPUMEHUM (DUIBTP HU3KUX YaCTOT
(®HY) c yacroroii cpesa, pasHot F, = 200 I'm,
yIasist 9acTOTHI, BHOCSIIINE TTOMEXH, U TIPOBeIeM
o6patHoe BIID.

PesynbraTr o6patHoro BII® nist mepexomHoit
xapaktepuctuku ¢ ®HY ¢ F; = 200 I'n mokazan
Ha puc. 9. McxonHasi iepexonHasi XapaKTepucThKa
ToKa3aHa TOYKaMH.

MoneanpoBanue nepexoaHoil XapaKTepPUCTHKH
U onpejiesieHne nepeaaTouyHoi GyHKIun
00beKTa ynpaBJjeHus

Hst TOro 4ToObl IMOCTPOUTH MOMAEIUPYIOLIYIO
MEePEXOIHYI0O XapaKTEepUCTUKY KOJIeOaTeIbHOIO
3BeHa, HEOOXOIMMO OINpPEAeAUTh YEThIpe IapaMe-
Tpa: MEPBbIi U BTOPON MaKCUMyMBbl GYyHKLUHU (A,

U A, COOTBETCTBEHHO), Iepuon QyHKLUUU oy
Ko3(hPUILIUEHT TIepegaun o0beKTa k. A

ITo npeoOpa3oBaHHOI MEPeXOTHON XapaKTepU-
CTUKE MOXHO BBIYUCIUTH KOI(PGIUIMEHTH MO~
JIMpPYIOLIEH MepexoqHON XapaKTepUCTUKM KoJjieba-
TE€JIbHOI'O 3BeHa IIJIsI U3BMEPEHHOU MOILIHOCTU W3-
nyuyenusa W, [13]:

h(t) =k -k, {1 —e " (cos A+ %sin Mﬂ -1(7).

JIsl mepexXoaHOM XapaKTepPUCTUKU 00beKTa

A, = 0,324 B, A, = 0,124 B,
aKJHN5% k = 476,62 B1/B.

ITpousBeneHue
()

TaK KakKk Ko3¢pduUUEeHT mepegadyud oObekTa k u
KO3(PULIMEHT mnepenayd JaTyMKa MOILHOCTU ki

ABJISIOTCI OOpAaTHBIMU BeIMYMHAMU Kk = —

puc. 2). Torma s
2n

O 01536

LA

y=—In—
(s 2

(cm.

— 409,06 ¢!,

~125,37,

M TIEPEXOJHAS XapaKTEPUCTUKA MOICIUPYIOLIETO
KOJIEOATEIbHOIO 3B€HA MPUHMMAET OKOHYATEb-
HbIN BUJ,

1,25

05-|

|
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Puc. 10. Ilepexonnasi XxapakTepucTHKa O0ObEKTAa YNpPABJIEHHUS H
MOJeIMPYIOIas ee MePeXOAHAs XapaKTePHCTHKA KoJedaTelbHO-
r0 3BeHa

Fig. 10. Transient response of the control object and the transient
response of the modeling oscillatory link

h(t) =1-[1 - e '2>*"(cos409,06¢ + )
+0,3065-sin409,06¢)] - 1(z).
IlepexoqHas xapakTepuCTUKa 00ObEKTa yIIpaBJie-
HUSI 1 MOIEIMpYIolllasl ee IepexonHasl XapaKTepu-
CTHMKa KOJieOaTeIbHOr0 3B€Ha IMoKa3aHbl Ha puc. 10.
s HauaydIiero COBIAACHUSI C MCXOIHBIMU
JTaHHBIMUA MOJIEIUpPYIoIIasl IepexomHasl XapaKTe-
pUCTHKA 3aJepkaHa OTHOCHUTEJIBLHO MEPEeXOqHOM
XapakKTepUCTUKMU o0O0beKTa. JIydiumii pe3yabrat
yIajaoch MOJYYUTH IIpU 3aaepxkKe Ha 6,24 mc. I1pu
5TOM Ha y4YacTKe OT MEPBOTO IEPECEUCHUS] MOJIE-
JIMpPYIOIIE KpPUBOM YPOBHS YCTaHOBUBIIETOCS
3Ha4YeHUsT n3MepeHHol MomiHocTH (1 B, Touka a)
0 KOHIIA MEPEeXOMHOM XapaKTEpUCTUKHU KBaapaT
KO3 (PULIMEHT KOPPEISLIUU 7, KOTOPBI OTpaxkaeT
CTEIEHDb JIMHECMHON 3aBUCUMOCTHA MEXAY OBYMS
MHOXeCTBaMH, coctaBui > = 0,618.
3Hast KOX(pPUIIMEHTH MOACIMPYIOIIEH Iepe-
XOIHOU XapaKTepUCTUKM (2), MOXXHO BBIYMCIUTH
rmapamMeTpbl IlepefaTOYyHOl QYHKIMUHA OO0BEeKTa
yIIpaBAeHUS ISl U3MEPEHHOH MOIIHOCTH Ja3ep-
Horo uanyueHus [13]. IlepemaTtouHast QyHKOUS
KOJIe0aTeIbHOrO 3B€HA, MOIEIMPYIOIIasl IMOBeIe-
HUe 00bEKTa YIpaBICHUS, UMECT BUI

k-k
W(p): s 2 23
1+26Tp+T*p

rne k-ky,=1(1), y=£Eq, Lr=qyl- 2,
TOT, y—“
ma A= nég=
\17»2+y

ITockonbky g = rak TO nosnyvyaem 7' ==
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[pu 1 = 409,06 ¢! u y = 125,37 monyuaem
£=0,293, T=0,00234 c, g=427,84 c .

Ilepenatounast GyHKUIUS MoOIeIu OOBEKTa
yIIpaBJeHUS IPUOOpEeTaeT OKOHYATEIbHBINA BU]L

1
1+1,37-10 3 p+5,46-10°p?°

IMonyuyeHnHoe KojiebaTebHOE  JMHaAMUYe-
CKO€ 3BEHO, MOIEIMpYIollee ITOBeAeHNEe O0BEeKTa
yIpaBJeHUs, 00amaeT OOJBIION KOJiebaTeIbHO-
CTBIO TIEPEXOMHOIro IIpoliecca WM HEOOJBIIUM 3a-
MacoM YCTOMYMBOCTU, UTO HEOOXOAMMO YUUThI-
BaTh IJIs oOecrieueHsT HeOOXOOMMOM TOYHOCTH 1
TpeOyeMOTo KauyecTBa IIepPeXOoaHOTO IIpoliecca Impu
MMPOEKTUPOBAHUM PETYIAITOpPA CUCTEMBI yIIpaBie-
Hu1dgd MOITHOCTBIO JIa3€PHOIO U3JIYUCHU .

W(p) =

BriBoasl

HccnenoBana aBToMaTmyeckasl CUCTEMa YIIpaB-
JICHUSI MOILITHOCTBIO M3NyuyeHus na3epoB ¢ HTP, Ha
npuMepe JiazepoB cepun "JlaHTaH". DKCnepMMeH-
TaJIbHO TIOJly4eHa IIepexXxOmHasl XapaKTepUCTHUKA
nazepa ¢ HTP u ycraHoBJieHO 3ama3abIBaHUE W3-
MEHEHHUSI MOLIHOCTM JIa3¢PHOTO M3JIyYEHUSI OTHO-
CUTEJbHO CUTHAJa yIpaBjicHUs. Bua mepexomHoi
XapaKTePUCTUKU OIpPEIeisaeTCs CBOMCTBAMU OOb-
€KTa yIpaBJeHUS U OCOOCHHOCTSIMU MMOAKIIOUCHUST
ncrouyHrkoB nutanusg Kk HTP. JIng MogenupoBaHus
00BeKTa yIIpaBICHUS IIPEAJIOXKEeHa MOICIUPYIOIAsT
IepexoaHas XapaKTepUCTHUKA KoJieOaTeJIbHOTO 3Be-
Ha Y, mocie (UILTpAllUM IOMEX, OIpeAc/ICHbI e¢
mapameTpel. Ha ocHOBe ImapamMeTpoB MOACIUPY-
IOLIEN MEPEXOOHOM XapaKTePUCTUKM BBIYUCIICHA
nepemnaroyHas PyHKIMSA 0ObEKTa YIIPaBICHUS, YTO
MO3BOJIUT IEPEUTH K IPOSKTUPOBAHUIO CHCTEMBI
yIpaBJieHUsI, oOecreunBalolcii Hauay4llee Kade-
CTBO MEPEXOTHOrO IIpolLecca.
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Abstract

In the article, an automatic system for radiation power control of lasers excited by a nonself-sustained glow discharge is
studied using industrial lasers of the Lantan series as an example. They are designed for cutting, welding and surface modi-
fication of various materials as part of laser machines. The power of laser radiation is one of the most important parameters
of a laser that determines its technological capabilities. The radiation power is controlled by changing the ionization pulses
frequency of high voltage pulses with duration of 100 ns, given with a frequency of 1-5 kHz. The step response of the laser
is experimentally obtained. Laser radiation is fed to a thermoelectric mirror-detector with thermo-EMF anisotropy, which
measures its power. After preliminary amplification, the differential signal from the mirror-detector is recorded by a digital
oscilloscope. A delay in the change in the laser radiation power relative to the control signal was established. The delay
is 1487 us that is explained by the fact that several ionization pulses are required for the initial exciting of the gas volume
before the start of radiation generation. The initial section of the step response and damped oscillations are explained by
the presence of a protective choke in the main discharge source connection circuit. The choke slows down the rise in cur-
rent during the short circuit of discharge, allowing circuit breakers to turn off the power supply. To simulate the transient
process, the step response of the oscillating circuit is used. The original signal was filtered to remove noise that does not al-
low determining the parameters of the step response. To determine the spectrum of the step response, fast Fourier transform
is carried out, frequencies introducing noise were cut out, and the inverse fast Fourier transform is performed. According
to the step response obtained after filtering, the parameters of the modeling step response are determined. Based on the
parameters of the step response, the laser transfer function is calculated. It makes possible to proceed to the calculation of
the optimal radiation power controller, which ensures the best quality of the transient process.

Keywords: industrial laser, nonself-sustained glow discharge, frequency of the ionization pulses, laser power control

system, Step response, interference filtering, Fast Fourier transform, transfer function
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MHcnekumsa kopnyca cygHa ¢ MCnofib30BaHMEM aBTOHOMHOIO
noaBoAHOro po6ora, ocHaleHHoro crepeocgorokamepon™

PeeynapHoiii 6uzyanvhulii ocmomp no0800HOU NOGEPXHOCMU KOPNYca cyOHA 8 Ueasx NposepKu e2o yea0CMHOCMU U cmeneHu
obuoobpacmanus Heobxodum 045 obecneuenus bezonacHocmu U dhgexmusnocmu 3Kcnayamayuu cyoHa. B cmamoe npedsaeaem-
cs Memod aBmMomMamu3upo8anHo20 peuenus Imolil 3a0a4u ¢ UCNOAb308AHUEM ABMOHOMHO20 Heobumaemo2o nodeo0H020 annapa-
ma (AHIIA), ocnawennozo cmepeokamepoli, ynpasasemou nogopomusvim mexanuzmom. Heuxcenue AHIIA ocywecmensemes no
9K8UAUCMAHMAM 8004b KOPNYCA CYOHA C 00HOBPeMeHHOU 8udeocseMKol nogepxnocmu kopnyca. Tpaexmopus deuxncenus AHIIA
paccuumovi8aemcs ¢ NpUMeHeHuemM Memooa eu3yaibHol Hasueayuu (eusyarvrnas odomempus). Pacuemnvie dannvie o nokaiuza-
yuu annapama OMHOCUMeENbHO KOPNYyca cyOHAa UCNOAb3YIOMCs 8 Memode YNpasaeHus 08uiceHueM annapama oasa obecneyeHus
ycmouiuugo2o 0eudiceHuss annapama Ha 3a0aHHOM PACCMOAHUYU Om UHcnekmupyemou nogepxrocmu. Henocpedcmeennoe ewiuuic-
aenue danHuix o aokaauzayuu AHIIA denaemcs ¢ homowbio npedaaeaemoeo OpUUHAAbHO20 AA20PUMMA, KOMOPbL pealu308aH
8 8ude npoepammHnoeo cpedcmea "cmepeodanvuomep”. Paboma cmepeodasvnomepa ocrosana Ha conocmasaeHuu 0cobeHnocmeil
Ha uzobpascerusx c nomouyvio demexkmopa SURF ¢ nocaedyrowum nocmpoenuem 3D-obaaxa mouex. Onucana memoouxa 8binon-
HeHUs. AgMoMamu4ecKoll uHcneKyuu cyona 6 yeasom. Quxcupyemoie cmepeousoopasiceHus UCHONLIYIOMCS MAKice 041 NOCMPO-
enus 3D-moodeau ocmampusaemoti nosepxrnocmu. Ilpumensemvili memood nOCMpoeHUs 2A100aAbHOU NPOCMPAHCMEEHHOU MOOeau
nogepxHocmu ocHogvléaemcs Ha o0sedunerHuu 3D-061aK06 mouek, noayuaemvix 041 10KarbHuix 6udos. Illocmpoenue 3D-o6aaka
mouek 045 omoeabH020 8U0a GbINOAHAEMCS HA OCHO8e conocmasieHus 2D-moueunvix ocobeHHoCcmel Ha U300paicenusx cmepeo-
naput (demexmop SURF/eviuucaenue koppeaayuu) ¢ nocieoyrouum npumMeHeruem memooa mpuaneyiayuu y4ei 04sa noiy4enus
npocmpancmeeHublX Koopdunam mouek. Haauuue 3D-modeau daem 603moxicHOCMb Npogecmu 0emanbHulll 8U3YANbHbIU AHAAU3
cocmosnus Kopnyca cyona. Ilposedeno umumayuonnoe moodeauposanue QYHKYUOHUPOBAHUS PA3PAOOMAHHbIX CPEOCM8 HA 8UD-
myanvHblXx cyenax. Iloayuennvie @ pesysbmame mecmupo8aHus KoauvecmeeHHvle U KauecmeeHHbvle OUeHKU dghgekmuenocmu
nokazanu npuemMaemocms npeoaoNCeHHOl MemoouKu 0451 A8MoMamu4eckoll UHCneKyuy no08o0HoU yacmu Kopnyca cyoHa.

Karoueesnvie caosa: 6uzyanrvhas uHcnekyus, no0800HAs NOGEPXHOCHb KOPNYCA CYOHA, A8MOHOMHbLI HeoOumaembli no0go-

ouvtii annapam (AHIIA), cmepeokamepa, 3D-modenw

BBenenne

3ajaya  BM3yaJIbHOTO  OCMOTPa/MHCIEKIINU
MOABOAHON YacTU KOpIlyca CydHa akTyalJibHa AJs
OLIEHKH €ro 3KCIUIyaTallMOHHON 0e30MacHOCTU U
noBblIeHUsT 3¢GGEKTUBHOCTH AajIbHEHIIeH 3KC-
miayatanuuu cyaHa. Mpaesds mnpuMeHeHUs aBTOMa-
TUYECKOTO HEOOMTaeMOro IOABOMHOIO arrapara/
po6ora (AHITA) nnasg aBTOMaTuuyecKoil WMHCIIEK-
LIMU KOPITYCOB CYIOB BO3HMKJIAa KaK aJIbTepHATU-
Ba MPUMEHSIEMOI TEXHOJIOTUM C MCIOJb30BaHUEM
BOJI0JIA30B, TEJEYNpaBIsIeMbIX HEOOMTAaeMBbIX TO/I-
BoaHbIx amnmnapaToB (THITA) [1] uiM KOHTaKTHBIX

*UccnenoBaHue BblNoaHEHO 3a cueT ['panTta Poccuiickoro Hayu-
Horo donma Ne 22-11-00032, https://rscf.ru/project/22-11-00032/.

MOOUJILHBIX TIaTGOPM (KpaysiepoB), "Moja3aoimmnx"
Mo TIoBepxHOCTH Kopmyca [2, 3]. CrneayeT oTme-
TUTh, yTo AHITA He MOXeT MOJTHOCTBHIO 3aMEHUTH
VIIOMSIHYTBIE CPEICTBA, MOCKOJBKY ITOCJICIHUE
B COCTOSTHUM BBITOJIHSTh JA€TaJbHYI0 KOHTAKTHYIO
Ie(eKTOCKOMUIO Kopryca cyaHa WM paboTarhb
B YCJIOBUSIX MYTHOI BoAbl. OMHAKO HEOCIIOPUMEIM
npeumyinectsoM AHITA gBnsieTcss ero MoOUIb-
HOCTb M OTCYTCTBHE TIPOMO3IKOro KaOeJIbHOro
o0opynoBaHNs, HEOOXOOMMOIO IJisl OOecIeueHU s
pa6otel THITA u xpaynepoB. AHITA mo3BosasieT
OIlEPaTUBHO MOJIYYMTh OOLIYIO0 BU3YaJIbHYIO Kap-
THUHY COCTOSIHUSI MOABOAHOM YacTU CyaHa, 4TO BO
MHOTUX CJIy4asx SIBIASETCS HOCTaTOYHBIM.
Hanpumep, B pabore [4] omucaH crneumaaibHO
ckoHcTpyupoBaHHBIT AHTTA nyis aBToMaTuuyeckoi
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uHcneKuuu KoprycoB cyaoB. AHITA ocHaleH
JIOTITIJIEPOBCKUM JIaTOM CKOPOCTHU M CTielMaJbHBIM
coHapoM (Dual Frequency Identification Sonar).
Cucrtema HaBuraiuu u ynpasyeHust AHITA no3Bo-
JIeT AepxXaTrh arnmapaT Ha JOJKHOM PAcCTOSHUM
OT Kopryca CyAHa U OCYILIEeCTBISTh CKAHUPOBaHNE
MO HY>KHBIM YIJIOM K TTOBEPXHOCTHM KOpHyca.

B crartbe [5] mpencTaBieHbl METOABI WHCITEK-
1IMU C UCITOJIb30BAaHMEM OHJIAaiH-MHMOPMAILIUU OT
natuukoB AHITA nng addexkTuBHOro u 6e3onac-
HOTro ymnpaBjeHusi uM. PaccmaTpuBaeMblii TpoOeKT
"CView" peuaer mpo0ieMy MHCHEKIIMM TOpTa.
Ho anroputmsbl, nipeacTaBieHHblE B 3TON CTaThe,
M0 MHEHHWIO aBTOPOB, MOXHO aJalTUPOBaTh KO
MHOTHUM JIPYyTUMM 3anadyaM uHcrnekuuu. OaHon u3
OCHOBHBIX II€JIell 9TOro MPOeKTa SIBJISIETCS MOUCK
TPEeIIMH WJIN MOBPEXACHHBIX YUYaCTKOB B TOIBO-
JHBIX MOCTPOMKAaX MJIM HAOJIOACHUE 32 KPUTHYE-
CKMMM ydJacTKaM¥ mon Bomoi. IlmaTrdopmoit mias
pa3paboTKM yIPaBISIOUIMX aJITOPUTMOB SIBJISIETCS
AHIIA "SeaCat". DToT MOOBOAHEIN anmapaTr uMe-
€T YIPaBJSIOIIYI0 MPOTpaMMy C I0Jb30BaTEJIb-
CKUM MHTepdeiicoM IS TIaHMPOBAHUSI MUCCHUMU,
CHUCTEMY YMpaBJeHUS MUCCHElN, TOUHYIO HaBMUIa-
LIMOHHYIO CUCTEMY, ONTUMHU3UPOBAHHOE YMpaB-
JIeHVe JABUraTejeM C aBTONMMJIOTOM W AaTYUKaMU
JJ1ST OOHApYXEHUSI M OCMOTpa MpensTcTBuidl. Jlns
OOHapyXeHUsI MPENsITCTBUNA U JOCMOTPOBBIX Iie-
JIEW MCITOJIb3YETCSI CKAHUPYIOIIMIA TMAPOJIOKATOP.

B pa6ore [6] mpemioxeHBl aIrOpUTMBI aKy-
CTUYECKOT0 M BU3YaJIbHOTO KapTorpadupoBaHUs
TaKUX OCOOEHHOCTEW Ha KopIryce Kopabus, Kak
JUHUYW CBApKU U OMooOpacTaHus.

B pa6ore [7] nns pelleHus 3TOA MWHCHEKLIMOH-
HOI 3ajayu TpeajaraeTcs MpUMEHEHUE MOHOBU-
neokamepbl. OCOOEHHOCTh IPEIJIOKEHHOIO MOHO-
KynsipHoro anroputma SLAM (simultaneous local-
ization and mapping) — BBeJI€HUE OPUTUHATbHOM
Mephl (saliency) m1s1 OLleHKH U300pakeHuii Ha 6ase
MeToma bag-of-words. AITOpUTM, IO MHEHHUIO aBTO-
POB, MOBBIIIAET HAAECXKHOCTh JIOKAJIU3ALIUU B yCIO-
BUSIX TIJIOXOM TEKCTYPUPOBAHHOCTU MOBEPXHOCTEM.

ABTOpHI CTaTbu [8] TIpeaIoXUIN UCIOIb30BaTh
pOOOTU3MPOBAHHYIO IIATHOPMY C CEHCOpaMU
(MoOIIHBIN JTazepHbIt 3D-cKaHep W THAPOJIOKATOD
00KOBOrO 0030pa) OJIsI CKAaHMPOBAHUS MOPCKHUX
COOPY>KEHU, KaK BbIllle, TaK M HUXE BaTEpJIu-
HuM. Kpome Toro, OblIM pazpaboTaHbl METOA U
nporpaMMHasi CUCTeMa, MCIOJb3yIolasi airopUTM
Ball Pivoting u aaroputm pekoHcTpykuuu [lyacco-
Ha AJ1s peKoHCTpyKuuu 3D-Mozeneit moBepXHOCTU
MOPCKMX COOpPYXEHMI TO0 JaHHBIM CKaHWPOBa-
Hus. [lpensiokeHHbI aarOpUTM PEKOHCTPYKIIUU

nckiawo4daer ucroiabpzoBanne GPS, DVL (doppler
velocity log) unu INS (inertial navigation system).
[IporpamMmmHoO-anIapaTHasi cucTeMa ObLIa YCIIELIHO
IIpoTecTpoBaHa B Bogax CHHTraIlypa B yCIOBHUSIX,
IJie CKOpOCTb Te€UeHHUsI cocTapsiiaa ot 1 1o 2 M/c.

B crarse [9] omumceiBaeTcss pa3paboTKa aBTO-
HOMHOM CHCTEMBI BU3yaJbHOTO OCMOTpPa B BOJIE
U ee INpUMEHEHMHE M OO0CJedoBaHUS Kopryca
MMOJTHOpa3MepHOro Kopabiasg. PaszpaboranHas cu-
cTeMa COCTOMT M3 ammapaTHON IJIaT(OPMBI U
MIPOTPAMMHBIX aJITOPUTMOB aBTOHOMHOM pPaOOTHI
amnmapara, BKJIIOUAIOIIMX aJITOPUTMbI HaBUTALIUU
u ynpasieHus1 paboroii AHITA BOGau3um Kopmyca
Cy[Ha B peXMMe peaJibHOro BpeMeHUu. Bocnpusitue
OKpyXalolleit cpeabl pa3pabOTaHHOW CUCTEMOM
OCHOBAHO Ha U300pakKeHUSIX C ONTUYECKUX KaMmep
1 TIPUMEHEHUU aJITOPUTMOB KOMIIBIOTEPHOIO 3pe-
HUS U ONTUMU3ALUU ISl HABUTALIMM U BU3yaJlb-
HOrO KapTUpoOBaHUs. B yacTHOCTH, HA TTOABOIHOM
arnmnapare yCTaHOBJIEHA cTepeoKamepa IJIsl OLEHKU
MI'HOBEHHBIX BEKTOPOB HOpPMaJii K ITOBEPXHOCTH,
YTO 00eCHeYrnBaeT BHICOKOTOUHYIO HABHUTALIUIO U
HaJeXXHOe BHU3yaJbHOE KapTrorpadupoBaHUE HE
TOJIbKO Ha IUIOCKHUX y4acTKaxX, HO U Ha YMEPEHHO
HWCKPUBJICHHBIX YYaCTKaX IIOBEPXHOCTHU KOpITyca.

B pa6orte [10] paccMaTpuBaeTcs MeTOd BU3yallb-
HOT'O KapTHUPOBAHMSI IS TPEXMEPHON PEKOHCTPYK-
LMY TOBEPXHOCTHU KOphyca IIOABOAHOTO CyAHa
C HCIOJIb30BaHMEM MOHOKYJISIPHOI KaMephl B Ka-
YeCTBE OCHOBHOrO KapTorpa¢puyeckoro maTdMKa.
OcHoBHas ujaes MpeaaaraeéMoro Imoaxoaa 3aKJoda-
eTCSI B MOIEJIMPOBAHNHN YMEPEHHO MCKPUBIICHHON
IMOBEPXHOCTH KOpIIyca B BHUIE KOMOMHAIIMU KY-
COYHO-IIJIOCKMUX MaHeJiel U CO30aHUM I100aJIbHOM
KapThl IIyTeM BBIpaBHUBAHUS JIOKAJIBHBIX M300pa-
KeHHMI B IByMEpPHOI cucteme oTcuera. OLIeHOUHBIE
3D-maHenu, CBSI3aHHbBIE C JIOKAJIbHBIMU U300pake-
HUSMU, VCHOJB3YIOTCS IS MU3BJICUCHUS] OTHOCH-
TeJIbHBIX U3MepeHuit loop-closure B pamMKax MeToza
SLAM 151 TOYHOI OLIEHKU TPAeKTOPUM KaMephl 1
pe3ynbpTaToB 3D-peKOHCTPYKIIMH.

B crarbe [11] npenyiaraeTcs MeTod OLEHKU I10-
JIOKEHMSI Ha OCHOBE 3pE€HHS IJISI OCMOTpa IIOM-
BOJIHOM YaCTH KOPIIyca CyIHAa C MCIOJIb30BaAaHUEM
JaHHBIX TPEXMEPHOro o0jaKa TOYEK, ITOJy4YeH-
HBIX CUCTEMOU CTEPEO3PEHUS.

B pa6orte [12] obcyxkmaeTcst MeTom 00CIeI0BaHMS
COCTOSIHUSI TIOBEPXHOCTEI KOpIlyca CydHa MO MOMI-
BOIHBIM M300paxkeHHUSIM C UCHOJIb30BaHUEM ILIECTHU
U3BECTHBIX MOJIEJIEN CBEPTOYHOU HEUPOHHOW CETH.

B manHOI1 cTaThe mpeaiaraeTcs pelieHue 3aaa-
YY MHCIEKIMHU KOpIlyca CydHa C MCIIOJIb30BaHU-
eM AHIIA u opurmHajapHOro ajropuTMa yIpaB-

MexaTpoHuKa, aBTOMaTH3amusd, ynpasjienue, Tom 24, Ne 4, 2023

207



neaus nBukeHneM AHIIA. AnroputM ocHOBaH
Ha 00paboTKe cTepeou300paKeHU, NOaydaeMbiX
BUJICOKAMEPOIL, yIIpaBJISIEMON MTOBOPOTHBIM MeXa-
HU3MOM, M TIPUMEHEHUM aBTOPCKOI'0 METOAa BU-
gyanbHoOi Hauranuu (BH). [Ipennaraemsbiit moma-
xo# 0JM30K K onucaHHOMY B pabotax [9, 10]. Ot-
JIMYUE COCTOUT B pa3paboTKe aJrOpUTMUYECKOU
0aspl, peaJu3yIIEe YNpaBJIeHUE IBUXKECHUEM
AHITA (anropuT™M ymnpaBieHWsI, OPUTMHATbHBIN
SLAM-anropuT™M, cTepeojajibHOMEpP), U B pea-
JU3alMU TPEXMEPHOM PEKOHCTPYKIIMU TIOBEpPX-
HOCTM KOpIlyca cynHa (ITOCTpoeHue T00aJbHOM
3D-monmenu mo crepeon3o0paxkeHusIM B OTJINYME
OT MCIOJb30BaHUS OLEHOUHBIX 3D-maHenei, mo-
CTPOEHHBIX TI0 MOHOM300PaKEHUSIM).

1. ITocTranoBka 3agayu. Onucanue NOaxona

MHcnekiysl MoABOMHOI 4YacTH KopIlyca CyaHa
BoITIONHSAETCT ¢ ToMoinbio AHITA, ocHaieHHOro
CTEPEOBUICOKAMEPOM W CTAaHAAPTHLIM HaBUTALIU-
OHHBIM O0OpPYIOBAaHUEM, BKJIIOYAIOIIMM 3XOJIOKa-
uuoHHyw cuctemy (DJIC), monmaepoBCKUi jar u
HaBUTALIMOHHO-TIMJIOTAaXHBIe AaTduku. Crepeoka-
Mepa CMOHTHpPOBaHA Ha ITOBOPOTHOI miaaTdopMme,
YTO MO3BOJISIET MEHSITh YIOJI €€ BO3BBILLICHUS U OpY-
SHTUPOBATb KaMepy MO HY>KHBIM YIJIOM K MHCIICK-
TUPYEMOI IOBEPXHOCTU KOpIlyca IIpU IBUKEHUU
AHIIA. Muccust ”HCIIEKLIMM COCTOUT B IOCJIEI0BA-
TeJIbHOI (POTOCHEMKE MOBEPXHOCTHU KOpITyca B IIpO-
necce aeuxkeHnss AHITA Bokpyr momBogHOI 4acTu
CydHa C IMOCJCAYIOIIMM IMOCTPOCHUEM B PEXUME
off-line 3D-monenu ero moaBogHoil yactu. Hanm-
yye 3D-Momenu naeT BO3MOXHOCTD I10 3aBepILICHUN
MUCCHUM ONEPAaTUBHO OCYILECTBUTb BHM3yaJIbHBIM
aHaJIM3 COCTOSIHUS KOpITyca.

[Ipenmonaraercsi, YTO UCIOJb3YEeMBI IS
neneit mncnekuun AHITA obGmagaeT pa3BUTHIM
IBUXUTEIBHO-PYJIEBBIM KOMILJIEKCOM, OOeCIeuu-
BalOIIMM YIIpaBJICHUE, KaK MUHHMMYM, IO ISTH
CTEIleHSIM CBOOOABI (TpU IOCTYIATeJbHBIX W ABa
BpalllaTeJIbHBIX I10 Kypcy U auddepeHTy). Takke
B pacyeT MpuHUMaeTcs ToT pakT, yTo DJIC MoxeT
naBaTh coou 1pu padbore AHITA BOGau3m Mera-
JINYECKOro Kopryca cyaHa. [1o aToit mpuumHe ais
oIpeleIeHUsI OTCTOSIHUSI BMeCTO JaHHBIX oT DJIC
HCIIOJIb3YeTCsl BUICOMHMOPMAIIU.

B npeanaraemoMm momxone pellialoTcs CIEAyIO-
1IMEe OCHOBHBIC 3aJa4U:

a) pa3padborka MeTona Jjokanuzauuu AHITA 1o
OTHOIICHHUIO K KOPIYCY CyAHAa IO cTepeon3odpa-
KEHUSAM C MCIOJL30BAaHUMEM aBTOPCKOrO MeToaa

BH (BuzyanbHbiii SLAM (simultaneous localization
and mapping)) [13, 14];

0) pa3paboTKa aJIropuTMa YIIPaBJICHUS IBUXKE-
HueM AHITA no TpaeKTopuu B KOHTEKCTE BbIIIOJ-
HEHUS TOCMOTPOBOU MUCCHUU;

B) mocTtpoeHue 3D-Mojenu MOABOJHON yacTu
KOpITyca 00CIeayeMoro CyaHa;

I) MMUATAIlMOHHOE MOAEIMPOBAHNE MHCIIEKIIH-
OHHOIl MMCCHUM C HCIIOJIb30BaHMEM pa3paboTaH-
HBIX METOIOB/aJTOPUTMOB AJISI TOATBEPXKICHMS
MMPaBUJIBHOCTHU MOIXO/A.

OBuxeane AHITA Bokpyr momBOOHON 4YacTu
KOpITyca CyIHAa OCYIIECTBIISIETCS II0 TPACKTOPUH,
KOTOpasl SIBJISIETCSI MHOXECTBOM SKBUIMCTAHT IO
OTHOILIEHUIO K Koprycy cyaHa (puc. 1). Kaxmas
SKBUJIMCTAHTA HAXOAUTCS Ha OIpeAeIeHHON TIIy-
omHe. Takoit 00xom KopIryca ITO3BOJISIET IPOBECTH
BU3YyaJIbHYIO0 MHCIIEKIINIO BCEH IMMOBEPXHOCTH IO~
BoAHOI yacTtu kopnyca. [Ipu nuxenuun AHITA o
TpaekTopuu omnpenensgercd Jokaamzaums AHITA
metonoM BH u Belumcisgercd tpebyemast opueH-
Talus KaMepbl II0 OTHOIIEHUIO K TOBEPXHOCTHU
MOABOAHOI 4YacTu Kopmyca cygHa. OpueHTanus
KaMepbl BBIYUCISIETCS C YaCTOTOH, COOTBETCTBY-
IOIIel BpeMEHM OIHOKPAaTHOI'0 M3MEHEHUS yrIJja
IMOBOpPOTa IIaTPOPMBI M YUYMTHIBAIOIIEH IIPOTS-
XKEeHHOCTh cyaHa. C yyeToM 3Toii mHpopMaLlul 1
U3MEPEeHUI JaTYMKa TJIyOMHBI ajJropuTM YIIpaB-
JICHUSI KOPPEKTUPYEeT HaImpaBJICHUE IBUXKCHUS
AHIIA Ha crnenymoleM 11are TpaeKTOPUU TaKUM

Puc. 1. CkannpoBanue kopmyca cyaHa mo 3ksuauctantam. Ka-
Mepa YCTaHOBJIeHa HA MOBOPOTHO# miuardopme AHITA

Fig. 1. Scanning of the ship’s hull along equidistant lines. The
camera is mounted on the AUV turntable
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obpasom, uto0bsl AHIIA nBuracs Ha 3amaHHOM
paccTOSSHUU OT KOpIlyca M Ha 3aJaHHOMN ITyOnHe.

OTMeTHUM OCHOBHBIE MOMEHTEHI IIpeajiaracMoit
METOAMKM OCMOTpa KOpIyca CyaHa:

1. JIng BU3yaJIbHOTO MOKPBITUS MOMBOMHON 4Ya-
CTM KOpITyCa BBIMOJHSIETCS HECKOJIbKO ITPOXOI0B
Ha pasHBIX NIyomHax. YMciio mpoxomoB M IIyOWH
BBIYMCIISIETCS TIPEABAPUTEIBHO C YYETOM pa3MEpOB
cynHa. ITorpyxenme AHITA ocymiecTBiisieTcss BOIN-
31 6opTa AJ1s1 6oJiee OBICTPOro MOJAyYeHU ST BU3yaJlb-
Horo KoHrtakTa. Ilog oGHapyxxeHHeM OopTa B pam-
Kax Metona BH nmoHuMaeTcsl BBISIBJIEHHE IJIOTHOIO
o0J1aka To4ek Iocjie 00pabOTKM CTEPEOCHUMKOB.

2. JIBuxenue AHITA B pamMKax OgHOro IIpo-
X0Ia OCYIIECTBJISIETCS C IIOCTOSIHHOM CKOPOCTBIO
Ha 3aJaHHOH INyOMHE U ¢ (PUKCUPOBAHHBIM pac-
cTosiHMEM 10 Oopra. B oOiiem Buie ympaBieHue
JIBUXEHUEM MOXET OCYIIECTBISITBCS IO KypCy W
nuddepeHTy anmapara, B COUeTaHUU C JTarOBBIMU
nepeMelieHusIMA. OQHAKO B JaHHOM peau3aliuiu
JIaTOBBIE IIepeMelleHMs He paccMaTpuBatoTcs. s
omnpeaeaeHus Leaesoro kypca AHITA ucnoab3yer-
ca meton BH. B miporiecce nBu>keHMST BBITIOTHSIET-
Cd CheMKa C YaCTOTOM, OMPEAeIsIeMO CKOPOCThIO
nerkeHust AHITA u mojieM 3peHust KaMephl.

3. Crepeokamepa HampaBjieHa Ha OOpT cCyaHa
neprieHaAnKyasipHo apuxkennio AHITA v B HammpaB-
JICHUM HOpMaJId K KOPITYCY CyIHa B JAHHOI TOUYKE
(puc. 1). Bo BpeMs1 ogHoro mpoxoma (00xom Bcero
nepuMeTpa Kopryca) Ha (pUKCMPOBAaHHOU TTyOWHe
MOJIOXKEeHHUE YIJIa KaMepbl M3MEHSeTCs, KaK ObLIO
OTMEYEHO BHIIIE, C 3aBeAOMO (DMKCHUPOBAHHOM ya-
CTOTOM B 3aBUCUMOCTH OT BBIYUCIISIEMOM HOpPMAJIU
K MOBEPXHOCTHU Kopiryca. [Ipy cmeHe rryOuHBI 1BU-
xkeHust AHITA yron kamepsbl Tak:ke U3MEHSIETCS.

4. I'nyOuHa mpoxoda omnpenesieTcs JaTINKOM
r1youHbl. Takke OTHOCHUTEJIbHBIE MepeMelIeHU S
AHIIA no rimyOorHe MOTYT ONpeaeasiTbCs METOIOM
BH no crepeocHuMKaM.

MoaenupoBaHWe€ MUCCHUU BBITIOJHSIIOCH Cpel-
CTBaMU pa3pabOTaHHOrO aBTOpaMM MMUTAIlMOH-
HOro MoJeaupylouero kommiaekca [15].

2. MeToa MHCTIEKIIHH KOPIYCca CYy/IHA HA OCHOBE
00paboTKM cTepeon3o0pakeHmii

B nmpouecce o6paboOTKM BU3yadbHBIX JaHHBIX
HCIIONB3YIOTCS Tpu cuctemMbl KoopauHaT (CK)
(puc. 2).

Hemnocpencreenno ¢ AHITA cBg3ana tokajibHast
CKAHIA € kamepoit, ycraHOBICHHOI Ha TIOBOPOT-
Hou 1uiardopme, cesizana CK**M, B kadectBe Mu-

Puc. 2. Ucnonb3yembie cUCTEMBbI KOOPAHHAT
Fig. 2. Used coordinate systems

posoit CK (CK™"P) piopana CKAHTA 5 yayanp-
HBIi MOMEHT BpemeHU. [IpeoOpazoBaHUsSI MEXIY
CK*M y CKAHIA g qosuimm i Gymem 0603HAYATH
kak HMAHIA ©yencny CKAHTA y CKMP — kak
H iAHHA’M“p. Tpaekropust AHITA cocTtout us mo-
3UIINI, B KOTOPHIX OCYIIIECTBIISICTCSI CheMKa CTepe-
okamepoii. C KaxXJI0oil MO3WIIME CBsI3aHa CTEepPeo-
rmapa CHMMKOB. [lo3uiimu, B KOTOPBIX BBITIOTHSI-
eTCs aJropuTMuUyeckass oopaboTka BUIAECOJAHHBIX,
OyaeM Ha3bIBaTh y3JIOBBIMM mo3unusMu. Lllar —
9TO PACCTOSTHUE MEXAY Y3JIOBBIMHM IO3UIIUSIMU,
KOTOPO€ MOXHO M3MEPSITh YHUCJIOM CHSATHIX KaJIpOB
(OHO SIBJISIETCSI SKBUMBAJICHTOM BPEMEHM, MOCKOJb-
Ky M3BECTHa 4YacToTa CheMKH). Pe3ynabTupyloliue
naHHble Jokanu3zauuu AHITA mepenaroTcs B cuc-
TeMy YIOpaBJIEHUS 10 3aBeplLICHUU 00pabOTKHU Te-
Kyliero mara. K HUM OTHOCSTCS: S — BEKTOp Ha-
npasiaeHus npuxeHuss AHITA B Tekyliuii MOMEHT
BpeMEHH; N — HOpMaJjib K IOBEPXHOCTHU Y4YacTKa,
BUJIMMOIO KaMepoil Ha JaHHOM IIare TpaeKTOPUH;
R — MMHUMManbHOE paccTosSHUE 10 Kopnyca; V —
CKOPOCTB NPUOJIMKEHUS K KOPIIYCY CYIHA.

2.1. Anrzopumm 6vINOAHEHUA UHCNEKUUU

BrlnmonHeHWe MHUCCHM II0 MHCOEKIMM CymHa
BKJII0YaeT CJeNyIOolire 1Iaru:

1. TIorpyxenue AHITA Ha ouyepeaHoil 3amaH-
HBI1 YPOBEHb.

MexaTpoHuKa, aBTOMaTH3amusd, ynpasjienue, Tom 24, Ne 4, 2023

209



2. Ilouck Gopta cynHa (I Ha4aJILHOTO IIOTPYy-
KEHUST ¢ MOBEpPXHOCTH). sl 3TOro ocyuiecTBisi-
erca aBuxkeHre AHITA ¢ NOCTOSTHHOI CKOPOCTHIO,
a Kypc BBIOMpAEeTCS TOI OCTPHIM YIJIOM K OOpTY.
CrepeokaMepa OpMEHTHPOBAaHA MIePIECHINKYIISIPHO
OOpTY C YIJIOM BO3BBIIICHHUSI, COOTBETCTBYIOIINM
YpOBHIO 00xoma. B mpouecce ABUXEHUS MPOBO-
ISITCST 3aMephbl IUCTAHIIMK OO0 00pTa, KOTOPHIC BEHI-
YUCISIOTCS 110 00maky 3D-Touek, MOJIy4eHHBIX
no crepeonsobpaxeHusiM (cMm. pasaena Huxe). [lo
JOCTMXKEHMIO 3aJaHHOM IUCTAHIIUU ITPOMCXOTUT
nepexon K ¢aze 0b6xoma Kopryca cyaHa.

3. B Hauaze oOxoma Kopryca 3alioMUHaeTcs Kaap
cTepeoKaMephbl IS BBIYMCICHUS TOYKHA OTCUYETa
rajca, IpuBSI3aHHON K OOpPTY 00C/IeayeMoro cyaHa.
Pacuetr momoxenuss AHITA Bo Bpemss o0xoma BbI-
nonHseTca metogoM BH. YnpaBneHue nBUXXeHHEM
3aKJIIOYAeTCS B TOMIEPKaHWM 3aJaHHOM ITMCTaH-
MM 10 6opta 1no crepeogaibHoMepy. OnmHOBpEMEH-
HO OCylIecTBJIsIeTcs: 0030pHasi cheMKa Ooprta (T. e.
HaKOILJIECHNE KaJIpOB CTepeoKaMephl) U (PUKCUPYET-
cs1 cCOObITHE 3aMbIKaHUSI TPAeKTOPUHU (3aBepIeHUe
rajica o0xoma). 3aech BO3MOXKHEI IBA BApHMAHTA:

* BOCCTaHOBJICHME TpaeKTopuu metogoM BH mo
Mepe npoasukeHnss AHITA n netrektupoBaHue
COOBITHSI 3aMBIKAHUS TpaeKTOpUHU (HaIIpUMED,
C TOYHOCTBIO 1 M);

* HayaJbHBINM KaJp rajca U3 MpeablaAylIero myH-
KTa WCIIOJB3yeTCs KaK MapKep 3aMbIKaHUS
npu OOHApyXEHWM COBHAIeHUS HavaJIbHOTO
M TeKYILEero KaapoB rajuca. Jlajee mpoucxoaut
nepexon K ciemyiomeMmy IyHKTy. CoBrageHue
MOXHO OIIPEeNeIsITh C IPUMEHEHUEM JIeTEKTOpa
SURF (Speeded up Robust Features). Kpurepuit
COBITAJICHUSI CTPOUTCSI HA OCHOBE COIIOCTaBIIC-
HHS OIIPEIEJICHHOTO IIPOLIEHTAa OCOOBIX TOYEK
HaAvyaJIbHOTO M TeKylero Kampos. [Ipu aTom Ka-
IPHI, CAEIYIOIINe 32 HaYaJIbHBIM KaJIpoM rajca,
OyayT C HUM MEPEKPbIBATHCS, U UX HEOOXOAUMO
UTHOPUPOBATD.

4. 3aBepuieHne OOCJIeIOBAHUS Ha 3aJaHHOM
ypoBHe. Eciu crucok HeoOCaen0BaHHBIX YPOBHEN
DIYOMH ellle He UCYepIlaH, TO IPOUCXOIUT IEPEXOI
K nyHKTY 1. Ecim Bce rinyOuMHBI 00OC/IeI0BaHbI, TO
muccus 3aBepuiaercs, 1 AHITA BcruieiBaet. Jdanee
BBITIOJTHSETCS 00paboTKa MoJaydyeHHONH WHPOopMa-
oy 1 ctpoutcs 3D-Momenp KopIryca CyaHa.

2.2. Boiqucaenue ucxoonvix dannvix
0as ynpaeaenus odeuxcernuem AHIIA

2.2.1. Cmepeodaavrnomep. PaboTa cTepeonaib-
HOMEpa OCHOBaHa Ha ITIOMCKE M COIOCTaBJICHUM

0COOEHHOCTel Ha M300pakeHUsIX C IOMOILbIO
merekropa SUREF. IIpoMeXyTOYyHBIM pe3yJibTa-
TOM paboThl cTepeoaaibHOMEepa SBJSETCS 00J1aKO
TPEXMEpHBIX TOueK P(xyz) B cucTeMe KOOopAuHaT
KaMepsl (puc. 3, CM. BTOPYIO CTOPOHY OOJIOXKKH).

I[lo 3TOMy 0067aKy MOXHO TIOJYYUTh OLIEHKY
paccTosTHUS d IO MPEensITCTBUS:

n
d=3[p;|/n. (D

i=1

KacarenbHast 1MHUS K OOPTY € YIJIOM o BBIUKC-
JISIETCS B CUCTEMe KOOpAMHAT Kamepsl. JIJ1s aToro
00JIaKO TOYEK AEJIMTCS Ha IBE 4YaCTU — C IOJIO-
KUTEJbHBIMA ¥ OTPULATEIbHBIMU KOOPAMHATAMU
Y (puc. 4). dns Kaxnoi 13 yacTeil BbIYUCIISIETCS
CpedHsIsl TOYKa 1 Yepe3 HUX cTpouTcs npsimasi. Ka-
Mepa 3aKperjieHa TakK, 4YTO OCh Y CUCTeMbI KOOpAU-
HaT KaMephl napajjeibHa oceBoii TuHuu AHIIA.

Bbruncinenue  yrjaa  BO3BBIILIEHUSI  KaMepbl
B CKAHDA g tekymero momoxenust AHITA
BBITIOJIHSIETCST ciaenylominuM obpa3oMm. HavanbHoe
3HAYCHME YIJIa BO3BBILICHUSI MOXET OBLIThH 3aJaHO
KOHCTaHTOl (HampuMmep, paBHO# 0), 1 KOoppeKuus
JOJIKHA IIPOBOOUTCS TOJBKO B YCTAHOBUBIIEMCSI
pexuMe 0b6xoaa, Korjua amnmnapaT BhIICPXKUBAET 3a-
ITaHHOe paccTossHue A0 Ooprta. Koppekuus yria
BBITIOJIHSIETCS ¢ IIPEIBAPUTEILHO 3aJaHHOM 4acTo-
toii. IlycTh Ha TeKyllleM Iare cpeacTBaMM CTepe-
oJaJIbHOMepa Iojyd4eHo ooyako toyek B CK*™M p
BBIUMCJICHA KacaTelbHas IIJIOCKOCTh K 3TOMY 00-
Jnaky (puc. 5). BosbMeM HOpMaJib N K KacaTeJabHOMU
IUIOCKOCTU U yOeIUMCS, YTO OHA OPUEHTHUpOBaHA
Ha HaOmonaTess (Kamepy). 3aTeM BHIYMCIUM Ny, —

Puc. 4. O6aako 3D-To4eK cTepeogaibHOMEPA B CHCTEME KOOPIH-
HAT KaMepbl U KacaTeJbHasi JUHUA K OOPTY cyAHA

Fig. 4. 3D points cloud of a stereo rangefinder in the camera co-
ordinate system and a tangent line to the ship’s side
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\\ KacatenbHas nnoCcKoCTb K
H— o6naKy Touek GopTa cyaHa

ZI(aM

ZaHNA

AHMNA YaHna

>

Puc. 5. Boiuncienne yria Bo3BbileHNs KaMepbl
Fig. 5. Calculating the elevation angle of the camera

MPOEKIIMI0 HOpMaJIM Ha MJockocTh YZ B CK*M,
Yron n,, K ocu Z,,,, 0003HaYUM B,,,,,,.

Yron BO3BBILIECHMSI KaMepbl IJIST CIEAYIOLIErO
mara B CK*: Bi+ 1= Bi = Buorm-

2.2.2. Pacuem napamempos nosoxcenus AHITA
omHocumenbHo Kopnyca cyona. Wcmonab3yemoe
rpeoOpa3oBaHUe KOOPAMHAT MPOCTPAHCTBEHHBIX
Touex HFMAHIA  gpngerca mpeoGpasoBannem
MoBOpOTa CKAHIA BOKPYT ocu Y (HampaBJieHUue
npoaoyibHoi ocu AHITA). 3HaueHue yria moBopo-
Ta IMepenaeTcsd CUCTEMOI BU3yaJbHOW HaBUTAL[UU
B CHUCTEMY yIIpaBlIeHHUs IOCJE pacyeTa OpHeHTa-
LMK KaMepbl. BeKTOp S OTHOCUTEIBLHOIO Mepeme-
LIEHKWST KaMepbl Ha Iuare [ ONpeaenasieTcss B CBSI-
3aHHOI ¢ KaMepou cuctemoit koopanuuar CK [
kak S =P(0,0,0,1)H 7, rne P(0, 0, 0, 1) — Touka
Havana CK™ B mosuumu (i — 1). CooTBeTCTBEH-
HO, B CKAIiI A 3TOT BekTOp paBeH SH KM-AHIA
B kayecTBe MUHUMAJIBLHOIO PACCTOSTHUS MOXKHO
paccMaTpuBaTh BBIYMCJIEHHOE CpeIHee paccTosi-
Hue (cM. (1)) — sKcrepuMeHT ImoKa3sall, YTO 3TOro
JIOCTaTOYHO [IJIs HAIEXKHOIO YIpaBJIeHUS JIBUXE-
Huem AHIIA. Ipyroii BapuaHTt: d,;, = min|R,|,

Puc. 6. Boiunciaenne ckopoctu npudanxenus AHITA kK kopmoycy
cyaHa
Fig. 6. Calculation of the speed of the AUV approach to the ship’s hull

rne {R,} — MHoxecTBO TouyeK 3D-oGnaka B mo-
3ULUY [ Tocie GUIBTPalMU C YYeTOM JUCTIEPCHUU.

CKopoCTh MPUOJMXKEHUS K KOPITYCY CyHA BbI-
yuciaseTcd Kak (puc. 6)

V = Vauna(R-S)/(R[|S]), Vayna = S/t = Sf/n,

rje n — JJIVMHA 1ara B KaJapax, f — 4acToTa CheMKH.

Torma V = f(R-S)S/n(|R|-|S]).

Hopmanib n K MOBEPXHOCTM BBIUMCISCTCS IO
HECKOJIbKMM TOukaM R,, MmosyuyeHHbIM Ha 3Tare
nmoctpoeHus 3D-0061akoB (Bce TOYKM MpUHAIJIC-
2KaT IMTOBEPXHOCTH KOpIIyca).

2.3. Ynpaeaenue oeuxcenuem AHIIA
npu o6xode cyona

IIpu o6xome cynHa anmapar ABUXKETCS C ITOCTO-
SIHHOM CKOPOCTBIO Ha (PMKCUPOBAHHOI TyOMHE.
HeoOxoaumblii aas1 paboThl HyJeBo nuddepeHT
obecrneuynBaeTcs pabOTON BEPTUKAJBHBIX MOAPY-
nuBawpowux ycrpoiicts AHITA. YnpaBiaeHue ocy-
LIECTBISIETCA MyTeM M3MeHeHMs Kypca. Llenbio
SBJISIETCSl yIAepKaHMe allapaTa Ha MOCTOSIHHOM
pacctosiHuu D oT OGopTa o0cienyeMoro cyaHa.
PaccrosiHue BbIOMpaeTcss UCXOAsl U3 ONTUMAaJslb-
HBIX YCJIOBUII CBEMKM, a TaKKe M3 YCJIOBMI 00e-
crieueHus1 0€30MacHOCTH 0Oxofa.

Hng crabunau3anuy 3aJaHHOIO OTCTOSTHUS
AHIIA ot 6opTta cyaHa ucnoyb3oBajics I1J1 3akoH
peryJ1MpoBaHUS:

A = (Kd + KaajAt, 2)
rae A — YToJl KOppeKLuM Kypca; d — TeKyllee
U3MepEeHUe PACCTOSIHUS OO0 OOpTa IO CTepeoaaib-
HoMepy; D — 1ieJieBoe paccTosIHUE A0 OopTa; Af —
Nepuoa Mexay usmepeHusmu; K, — koapduuu-
€HT IIpU IO3ULMOHHON COCTaBJIAIOLIEH 3aKOoHA
yrpaBaeHus. JIJas OLeHKW CKOPOCTU M3MEHEHMS
peryimpyeMoro mnapamerpa d UCIOJIb3yeTCs Kaca-
TelibHasg K OOPTY € YIJIOM o, KOTOpasl TaKxXe BbI-
yucJsieTcd o 06aKky Touyek (cM. pasgeln "Crepeo-
nanpHOMep"). B ypaBHeHMe (2) yroj KacaTeabHOMU
K OOpTYy o BXOOUT C KO3(MDGUIIMEHTOM AeMIIPUpPO-
BaHUs MO cKopocTtu K.

IIpumep obxoma KopItyca cymHa ¢ MCIOJIb30Ba-
HUEM OIIMCAHHOI'0 3aKOHAa PeryjJvMpoBaHMs IPU-
BeJieH Ha puc. 7 (CM. BTOPYIO CTOPOHY OOJIOKKM).

2.4. Memoo eusyaavhoii nasuzauuu

Onpenenenue mapameTpoB 6 DOF (degrees of
freedom) TpaeKTOpUM BHIMOJHSETCS B KaxXJIOU
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y3noBoit mozunuu MetomoM BH (BusyanbHbIM
SLAM-anroputm) Mo AByM cTepeornapamM CHUM-
KoB. O0OpaboTKa M300paxkeHUI BHIIOJIHSIETCS II0
KJIACCUYECKON CXeMe BM3yaJbHON OJIOMETPUH:

1. ComnocTaBieHue TOYEUHBIX 0COOCHHOCTEe! Ha
yeTBEepKe M300paXeHU ABYX COCEIHUX Y3JIOBBIX
no3unuii (mpumensiercs aetekrop SURF).

2. TloctpoeHue aByx MHoxecTB 3D-Touek
(3D-061aKa) o COMOCTaBICHHBIM OCOOCHHOCTSIM.

3. BoluncieHue JOKaJbHOTO reOMEeTPUYECKOTO
npeobpasosanus H[ Y mexny CK™ nByx co-
CeIHUX Y3JOBBIX TMO3UIIMI METOAOM MMHUMMU3a-
1IMU pacxoxaeHui mexay aByms 3D-obmakamu.

CTPaHCTBEHHBIX KoopauHaT Todek. ComocTaBiie-
HUE OCOOCHHOCTE BBITIOJIHSIETCS OMHUM U3 JIBYX
peaqn30BaHHBIX CHOCOOOB: a) MCIIOJb30BaHUE
yXe TpaaullMOHHO TPUMEHSIEMOTO JeTeKTopa
SURF; 6) ¢ moMolblo HEMOCPEACTBEHHOTO TO/-
cyeTa KOppeislMKA IBYX CPAaBHUBAEMBIX OKPECT-
HOCTell TOukKM. B kayecTBe okpecTHOCTU OepeT-
Cs TIPSIMOYTOJIbHASI TIIOIIagKa BOKPYT TOUYKHM Ha
KaXJI0M CHUMKe cTepeonapbl. Ecam pabotartb
¢ "OYMIIEHHBIMU" M300paXXeHUSIMU, TO aJITOPUT-
Muyeckas o0paboTKa CylIeCTBEHHO YIpOLIAeTCsl.
B aToM cnyyae mpuMeHsIeTCSI TaK Ha3bIBaeMBbIi
aJITOPUTM pacyeTa KapThl IUCITAPAHTHOCTH.

[TocTpoeHre TOIUTOHATBHOW ITOBEPXHOCTH
OCYIIECTBJISIETCS C MOMOIIbIO paHee pa3padoTaH-
HBIX aBTOpaMU TTPOTPAMM.

2.5. Ilocmpoenue 3D-modeau noéepxnocmu
Kopnyca cyona

CylHa 1IeJecOoO0pa3HO YCJIOBHO pa3OUTh Ha 4Ye-
ThIpe 4YacTH (YUYUTHIBAsI T€OMETPUIO CydHA): IBE
OOKOBBIC, HOCOBasl M KOpMoOBas yacTu. Torga rjio-
OaJibHasg ToYeuHas MOJIE]Ab OOHOM YacTu GopMu-
pyeTtcs oobeauHeHUeM 3D-001aKoB, MOJy4yaeMbIX
Ha KaxJoM I1iare oopaboTku TpaekTtopuu [13].
O0benunenue ocyuectpiasiercs B CKM*P, Tlepe-
Boj koopauHar toyek B CKM"P ppimosnHsercs
¢ momotpio H AHTAMIP - 3ayeTym, yTo HakomIe-
Hue olmnbKku Metoga BH Ha paccTosHMU OJIUHBI
OIHOI YacTu OyaeT He3HAYUTEIbHbBIM.
ITocTtpoenne 3D-o06naka To4yeK IJisl OTAEAbHO-
ro BHUJa BBIIOJHSETCS Ha OCHOBE COINOCTABICHUS
2D-TouedyHBIX OCOOEHHOCTel Ha M300pakeHUSIX
cTepeonapsl ¢ MOCIEAYIOIUUM MTPUMEHEHUEM Me-
TOJA TPUAHTYJISALMU Jydeld IJIs1 MOJAyYeHUs Ipo-

3. BoiuncinTeibHbIe IKCNICPUMECHTbBI
n 06cy)l()1elme pe3yabTaToB

BbruviciureNbHBIE SKCIEPUMEHTBHI II0  OLIEHKE
3P PEKTUBHOCTU OMMUCAHHOTO METOJA ITPOBOIUIINCH
Ha MOJEJBHBLIX CIEHAX B Cpele MUMUTALIMOHHOIO
Mojenupyooliero komruiekca [15]. OueHuBanach
YCTOMUYMBOCTh/HAJEXKHOCTh aJITOPUTMA  yIIpaBlie-
Hus aerkeHnemM AHITA v ToYHOCTH JIoOKanu3aluu
AHIITA nipu 1BM>XXeHUU MO TPAEKTOPUM 00X0Ia.

Tounocmv onmuuecioeo cmepeodasbHomepa ole-
HUBAJIaCh MyTeM CpaBHEHUS ITOJTyYEHHOTO CpeIHe-
ro paccTossHUS A0 O0OpTa cymHa ABYMSI METOIAMU.
[lepBoIit METON — IPUMEHEHNE CTEpPEoJaIbHOMEpPA.
Bropoit Meton — ucnonb3oBaHue Oydepa riyou-
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Puc. 8. Ouenka 3¢ dekTuBHOCTH CTEpeoaaibHOMEpa:

a — CpaBHEHHUE CPEHEr0 PacCTOSTHUS A0 OOpTa CylHa, MOJYyYEHHOIo ABYMS MeToAaMu (paccTosiHue mo 0ydepy ryOGUHBI U MO CTepe-
oIaJbHOMEDY); 6 — pacIpeieieHre OINOKN Ha TIPSIMOJUHETHOM y4acTKe

Fig. 8. Evaluation of the efficiency of the stereo range finder:

a — comparison of the average distance to the ship’s side, obtained by two methods (distance by the depth buffer and by the stereo range
finder); 6 — distribution of the error in a straight section
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Puc. 9. 3D-peKoHCTPYKIHMSA YYACTKA NOBEPXHOCTH KOPIYyca CyaHA:

a — pe3yabrar 3D-peKOHCTPYKIIMU pa3pabOTaHHBIMU MPOrPpaMMHBIMUM CPEACTBAMU; 6 — COBMEILICHHUE PEKOHCTPYKIIMU C MOJEIBIO;
6 — Mojeib. BeicoTa BeITTykItocTeit 1o 10 cm

Fig. 9. 3D reconstruction of a section of the ship’s hull surface:

a — the result of 3D reconstruction by the developed software; 6 — matching the reconstruction with the model; 8 — model. The height
of the bulges is up to 10 cm

CLIEHBI — pacCMaTpUBaJICI B KayeCTBE 3TaJIOHHO-
ro. B merone co crepeogaibHOMEPOM IIOCJIE COIMO-
CTaBJIEHUsI OCOOEHHOCTEN U TeOMETPUUYECKUX BbI-
yuCAeHU MBI Toaydaem 3D-00yako Toyek, pac-
MOJIOXKEHHBIX Ha HabJI10gaeMoi yacTu 6opTra cyaHa
(cM. puc. 3 Ha BTOpOI CTOpOoHE 0010XKH). 1o 3TO-
My 00JIaKy BBIUYMCISIETCSI CpeAHee pacCTOSTHUE 10
oopra. ITockonbKy MeToHd HEU30eXXHO IMOABEepPKEH
omrbKaM COMOCTaBJIEHUSI, OLIEHUBAJIACh MOrpell-
HOCTb B BBIYMCJICHUH 3TOrO paccTosiHUs. B MeToze
c OydepoM ImyOMHBI TTOJYYaeTCs] TOUHOE PacCTO-
SIHAE [0 KaXXJIOro IMUKCeaa M300paxkeHUsl, U TOXE
BBIUMCJISIETCS CpeIHEee PacCTOSHUE.

Hns mojlydyeHus HaOeXKHOW CTaTUCTUKHU MpU
CpaBHEHUM WCIIOJIB30BAJICSI HAO0Op KaIapoB, MOJIY-
YEHHBIX IIPU IIOJTHOM 00x0/1¢ OOPTOB CyIHA MO 3aMK-
HyTol Tpaektopuu. [lpm obxome cyaHa TOJNy4eHO
ceoiie 2500 kagpoB. Ha rpadmuke (puc. 8) npuse-
IIEHBI PacCTOSTHUS IJIST TIPSIMOJIMHEMHOTO ydJacTKa
IBUXXEHUS BIOJb 6opTa (Kaapsl 1200—1550).

CpenHekBaapaTuuHasi olIvMbOKa omNpeaeeHus
JUCTAaHLMU (B MeTpax) IJIsI Bcell TpaeKTopuu 00-
xoma coctaBuia 0,1537 m. O0mwmii xapaktep Hu3-
MEHEHUSI PACCTOSIHUSI OOBSICHSIECTCS HEYCTOMYU-
BOCTBHIO AMHAMUKHU amIiapara B Ipolecce o0xoma.
Ha rpacduke (puc.8, a) mokazaHa pa3HOCTb MEXIY
OLICHKAMU PAaCCTOSIHUS IIpeajlaraéMbiM U 3TaJIOH-
HbBIM MeTomoMmu. Ha puc. 8, 6 mokaszaHa olimbka
10 pacueTy paccTosiHus A0 6opTa Gosiee HarIsIAHO.
JIns yyacTka, mpencTaBieHHOro Ha puc. 8, cpeaHe-
KBagpaTnyHas omnbka cocrasuia 0,0215 m.

Ha puc. 9 nmokazaHo cpaBHeHVE BBIITOJIHEHHOM
3D-peKOHCTPYKIIMM Yy4YacTKa ITOBEPXHOCTU KOp-
myca cyiHa ¢ 3TaJOHHON IMOBEPXHOCTHIO (MoOe-
JIbl0) MPUMEHUTEIBHO K BUPTYaJbHOM CLIEHE.

ITonyyeHHBIE KOAMYECTBEHHBIE OLIEHKU ((op-
Ma M BBICOTa BBINYKJIOCTEI/BOTHYTOCTEl Ha MO-
BEPXHOCTU KOpIIyca) IOATBEPXAAIOT XOpollee
COBMECIIEHNE PEKOHCTPYKILMM C MOMAENBIO, a MO-

Ka3aHHas Ha puc. 9 Bu3yajam3alusl peKOHCTPYU-
pOBaHHOM IOBEPXHOCTH (pHC. 9, a) HATJISIOHO He-
MOHCTPUPYET €€ CXOJACTBO C MOJAEJbIO-3TaJIOHOM
(puc. 9, 6). Ing 60ee HaTJISAHOTO CPAaBHEHU S 11O~
Ka3zaHa BU3yaJu3allusl COBMEILIEHUS PEKOHCTPYK-
ouu U momenu (puc. 9, 6), roe BUAHO XOpOIIee
COBITaJieHNE 00EMX ITIOBEPXHOCTEIA.

3akiaoyenue

B pabote mpencraBieHO pelleHUE 3aJa4M aBTO-
MAaTUYECKOM MHCIEKIIMU MIOIBOIHOM YaCTU KOpITyca
cyoHa ¢ ucnoiab3oBaHueM AHITA u crepeokamepsl,
YIIpaBJIseMOl ITOBOPOTHBIM MexaHn3MoM. [lonpoGHo
paccMOTpeHa IipeajiaraeMasi MeToIMKa yIpaBiIeHUs
nBuxxeHnemM AHITA nipu BBINOJHEHUU MUCCUU OC-
MOTpa IOBEpXHOCTU Kopmyca cymaHa. [IpemioxeHbl
OpPUTMHAJIbHbBIC MPOrpaMMHO-aJITOPUTMUYECKUE
cpencTBa OOpabOTKM  CTepeoM300pakeHuil, 00e-
CIIEYMBAIOLIME YCTOMYMBOE, HAAEKHOE IBMXKEHUE
AHIIA 110 3KBMAMCTAaHTAM OTHOCUTEJIBHO WHCIIEK-
TUPYEMOM TOBEPXHOCTU. [IJisl OLEHKMU pPe3y/IbTaToOB
JOCMOTPOBOM MUCCHHU IIPEAYCMOTPEHO MOCTPOCHUE
3D-monenn obcenyeMoii TToBepxHOCTH cyaHa. [1po-
BEIICHHOE TECTUPOBAHME Pa3pabOTaHHBIX CPEACTB Ha
MOJIEIBHBIX CIIEHaX MOoKa3ajo IMepCIeKTUBHOCTh UX
MNPUMEHEHUS TIpY PelIeHUM IMPaKTUYECKHX 3aay.
HanbHeiiliee pa3BuTHEe pabOTHI CBSI3aHO C TIPOBEJIE-
HUEM peabHbBIX 9KCIIEPUMEHTOB.

BmecTte ¢ TeM, Ha ciaemylolieM dTamne pa3BUTUSI
paboTHl (IO TIPOBEICHUS peabHBIX SKCIIEPUMEH-
TOB) IJIAHUPYETCS MPOBEACHUE LIUKJIa MOAEIUPO-
BaHUS IJIs1 ONTUMHU3ALUKU OCHOBHBIX PELICHUIA:

— TIoucK 6osee 3¢p(PEeKTUBHOTO 3aKOHA YIIpaB-
JICHUS TBUXKECHUEM;

— WMHTAIMS TI0BOpOTa KaMephl
yIIpaBJeHUS 3TUM ITOBOPOTOM;

— aBTOMAaTMYeCKOE BBIMOJHEHUE IIOJIHOMAC-
IITAaOHOM CheMKM KOpIyca CyaHa CJIOXHON (DOPMBI.

n 3aKOH
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Abstract
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Regular visual inspection of the underwater surface of the ship’s hull to check its integrity and the degree of biofouling is
necessary to ensure the safety and efficient operation of the ship. The article proposes a method for the automated solution of this
problem using an autonomous uninhabited underwater vehicle (AUYV) equipped with a stereo camera controlled by a tilt actuator.
The movement of the AUV is carried out along equidistant lines along the ship’s hull with simultaneous video filming of the hull
surface. The AUV trajectory is calculated using the visual navigation method (visual odometry). Estimated data on the localiza-
tion of the AUV relative to the ship’s hull are used in the method of controlling the movement of the vehicle to ensure the stable
movement of the vehicle at a given distance from the inspected surface. Direct calculation of AUV localization data is done using
the proposed original algorithm, which is implemented in the form of a software tool "stereo rangefinder". The operation of the
"stereo rangefinder" is based on the matching of features in images using the SURF detector, followed by the construction of a 3D
point cloud. The technique for performing automatic inspection of the ship as a whole is described. Fixed stereo images are also
used to build a 3D model of the surface being examined. The applied method of constructing a global spatial model of the surface
is based on the union of 3D point clouds obtained for local views. The construction of a 3D point cloud for a particular view is
based on a matching of 2D point features on images of a stereo pair (SURF detector / correlation calculation), followed by the
use of the ray triangulation method to obtain the spatial coordinates of the points. The presence of a 3D model makes it possible
to conduct a detailed visual analysis of the state of the ship’s hull. Simulation modeling of the functioning of the developed tools
on virtual scenes was carried out. Quantitative and qualitative performance evaluations obtained as a result of testing showed the
acceptability of the proposed method for automatic inspection of the underwater part of the ship’s hull.

Keywords: visual ship hull inspection, autonomous uninhabited underwater vehicle, stereo camera, 3D model
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ANWHAMUKA, BATUTIUCTUKA, YITIPABJIEHUE

AOBUWXEHUEM NETATEJIbHbIX AMNMAPATOB
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H. K0. KosnoBa, acnupaHT, k.natalia.bmstu@gmail.com,
A. B. ®omunyeB, kaHA. TEXH. HayK, gou., a.v.fomichev@bmstu.ru,
MI'TY nm. H. 3. bBaymaHa

AnroputMmunsaums HaBegeHUsA U ynpaBrieHUA ABUXKEHUEM
KOCMMUYECKUM MaHUNYNSALMOHHbIM POGOTOM B 3aga4yax CepBUCHOro
06CcnyXXMBaHUA HEKOONEPUPYEMOro KOCMUYECKOro annapara*

B nacmoawuii momenm Ha opbume Haxoodumcs 601buioe YUCAO He PYHKUUOHUPYIOUWUX KOCMUYECKUX AnNapamos, Komopbole
3QKOHYUAU CBOL CPOK IKCNAYAMAYUU, 8bIDAOOMANU MONAUBO UAU JiCe GbIUAU U3 CIPOsl NO NPUHUHE NOAOMKU. B césa3u ¢ smum
cmaHoeumcs 4enecoobpasHoll KoHuenyus o0cayicu8aemo20 Kocmoca u pa3padbomKa cepeucHbvix CHYMHUKO08 045 NpoOAeHUs
CPOKA 3KCHAYAMAyUU cywecmeyowux Kocmuveckux annapamog. CepeucHvle CHYMHUKU CMO2YM GbINOAHAMb CAMble DA3HbIEe
3a0a4u: om UHCNeKYUU HeUucnpasHocmell 00CAYICUBACMO20 KOCMUHECKO20 annapama 00 6biNOAHEHUsS PeMOHMHbIX padom u
dozanpasku yeaeeo2o annapama monaueom. B dannoii cmamee npedaoxcenvt cmpameeus u areopummsl HageoeHus U ynpag-
AEHUSI 0BUICEHUEM KOCMUUECK020 MAHUNYAAUYUOHH020 poboma (KMP) na smane cbaudcenus ¢ HeKkoonepupyemuvimM Kocmu4e-
ckum obsexmom (HKO) ons pewenus 3adau cepsucroeo oocayxcusanus. lleavio pabomot seasomes pa3pabomea aieopummos
HaeedeHUs U YynpaseaeHus NOCMynamenvHulM u epauwjamenvHuoim oguxceHuamu KMP oas eeo coauncenus ¢ HKO na 3adannoe
paccmosnue. Cucmema ynpasaenuss KMP npedcmagasemcs 6 eude uepapxuueckoi 08yXypoeHegol cucmemvl "HagedeHue—
cmabuauzayusa”. Ha ypogne HasedeHnus gopmupyemcs KeamepHuoH nepexooa c8A3AHHOU cucmembl KOOpouHam 6 mpebdyemoe
nonodcenue, a makdce Gopmupyemcs ynpagieHue msa2o8biMu deueamensimu, obecneyugaroujee nocmynamenshoe 0guicenue
KMP ¢ mpebyemoii ckopocmoro. Ha yposne cmabuaruzayuu gopmupyemcs ynpaeienue 0gueamesimu opueHmayuu, Heobxo-
dumoe 045 coemeuenus cea3anHol cucmemovt koopounam KMP ¢ nanpassenuem na HKO. B cmamve npednojcenvt cxema u
Mamemamuyeckas modeab 08UeAmMeNbHOU YCMAHOBKU, yea08020 U nocmynamenvHoeo deuxcenuti KMP. B cpede MATLAB/
Simulink ocywecmeneno modeauposanue pa3pabomannbvlX ar2o0pummoe Hasedenus u ynpasieHus ogusxcenuem KMP. Pe3yab-
mamosl MOOeAUPOBAHUS NoOmeepduru pabomocnocobHocmo areopummos coruxcenus KMP ¢ HKO.

Karueenie caosa: uepapxuveckasa cucmema ynpaeaierHus, cepeucnbtd CNYmMHUK, HelcoonepupyeMbuZ Kocmuveckuu annapam,

KOCMUYeCKUl MAHUNYAAUUOHHBLI pOOOM, cOAUNCEHUEe C NACCUBHBIM CNYMHUKOM

BBenenne

Pa3paboTrka KocMUUYECKMX MAaHUMYISLIMOHHBIX
po6oroB (KMP) gapnsieTcss ogHUM U3 HauboJjee
MepCHeKTUBHBIX HAIpaBICHUN pa3BUTUS KOCMMU-
yeckoil podboTorexHuku [1, 2]. Pa3Butue KoHIeI-
LU OOCIY>XKMBAEMOIO0 KOCMOCA MO3BOJIUT 3HAYU-
TeJIbHO MPOMJIMTh CPOKM 3KCILIyaTalluu padoTaio-
IIMX Ha OpOUTE CIYyTHUKOB, a TaKXe coOMpaTh Ha
opOMTe KOCMMYECKUE alnapaThbl, CTAaHLIUKU U (ep-
MEHHBIE KOHCTPYKILMHU II0 pa3Mepy B AECATKU pa3
OoJIblIINEe, HEXEIU CYILIECTBYIOIIME ceityac.

K 3apayaMm cepBUCHOTO OOCTYKMBAHUSA KOCMU-
yeckux amnmnapartoB (KA) Ha opOuTe MOXHO OTHe-
CTH 3aMEHY BBIIIEAIINX U3 CTPOsI OJOKOB, COOPKY
Ha opOuMTe, BHINOJIHEHUE PEMOHTHBIX paboT, 103a-

*WccnenoBaHue BBINMOJTHEHO MpU (UHAHCOBOM ToOAAEepKKe
PO®U B pamkax HayuHoro npoekTa Ne 20-38-90261.

npaBKy obcnyxkuBaemoro KA, Kkoppekunio opou-
Thl CITyTHUKA-KJIMEHTA WUJIX BBIBOM €ro Ha OpOUTY
3axopoHeHus [3].

Jannag paboTta mocBsIeHa pa3paboTKe CcTpa-
TerMHU YIpaBJCHUS Ha 3Tare AaJIbHEr0 HaBeIeHMS
KMP Ha uenesoit KA.

Oco0ennocTn, npodJieMbl H MOCTAHOBKA 321241
ynpaBJjieHHs ¥ HABEJAEHUsI CBOOOIHOJIETAIOMIETO
KOMHYECKOro MaHMNYJAIUOHHOIO poﬁoTa

B Hacrosiueit cTathe paccMmaTrpuBaeTCd 3ajada
comuxkenuss KMP ¢ HekoorneprpyeMbIM KOCMUYE-
ckum obobekToM (HKO) Ha sTame ganbHero Habe-
JeHus. HekoonepupyeMbIM OydeM CUUTATh OOBEKT,
C KOTOPBIM HE MOXET OBbITh YCTAHOBJIEHA PaIUOCBSI3b.

KMP gBasiercsa ceobogHoneTaromuM KA u co-
CTOMT M3 0a30BOroO ammapaTa C yCTaHOBJEHHBIM
Ha HEM OJHUM MJIM HECKOJbKMMHU MaHUMYJISTO-
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HasemHbii
Inumnnem:

Onepatop

B crarwe [8] paspaboraHa cTpaTerus
aBTOHOMHOIO COJIMXEHUS U 3axBara
nmaccuBHOro KA.

B ncrounuke [9] ucnonb3yercst MeTon
commxenust Fly-by, a Takxke pazpabotaH
METOJ, ONTUMU3ALIMY TPAEKTOPUU COIM-
KEHHM Ha OCHOBEC YMCJIICHHBIX METOIOB.
B craree [10] paccmaTpuBaeTcsl anro-
PUTM YIIpaBJICHUSI CBOOOTHOJIETAIOLINM
KMP nang 6Ge3onmacHOro COMMXKEHUS
C LCJIEBBIM CIIYTHUKOM C OOHOBPEMCH-

Puc. 1. ®ynknuonaipHas cxema cuctemsl ynpasienas KMP

Fig. 1. Functional scheme of space manipulation robot control system

pamu. KMP nonxeH obGecrniednBaTh BO3MOXHOCTh
o0ciyXMBaHUS Kak Koorepupyemoro KA, Ttak u
HEKOOIIE pUPYEMOTO.

Ha puc. 1 npeacraBieHa (yHKIMOHabHAs
CXeMa CUCTEMBI HaBEIEHUS 1 YIIPaBICHUS ITOCTY-
naTrejbHbIM U BpallaTeJdbHbIM ABMXeHUEeM KMP.

3necy 3Y — 3amaloinee ycrpoiictBo, MY — mc-
MOJHUTEIBbHOE YCTPOMCTBO (MaHUIYAsATOp), KOHTD.
MY — KOHTposIep UCIIOTHUTEIBHOIO YCTPOMCTRA,
OY — oObexkT ymnpaBienusa (0aza KMP), 1Y —
JIBUTATEIbHAsI yCTaHOBKAa, KOHTp. — KOHTpPOJJIED,
BUYC — 06710K u3MepeHUusl YIJIOBBIX CKOPOCTEM,
Oneparop — uenoBek, ympasistiomuin 3Y, Okp.
cpefa — yaaJieHHasl cpela, ¢ KOTOpOW B3aMMONEH-
cryer MY, HKO — nHekoomnepupyeMblii KOCMUYe-
CKM1 OOBEKT.

OCHOBHBIMHU 3TalnaM# JIO00M MWUCCUU OpOM-
TaJILHOTO OOCIIYXXWBaHUS SIBJISIOTCS ATaNbl Halb-
HEro HaBeNeHUs, ONMXKHEW HaBUTAllMU, CTaOu-
Juzauuu KMP, 3axBaTta u cTabMIM3alMU CBI3KU
KMP u obGciayxumBaeMOro CnyTHUKAa, BBITIOJIHE-
HUS cepBUCHBIX paboT, otaeneHuss KMP or HKO
WM UX JajibHElIIee COBMECTHOe NBUXeHue [4].

B pabote [5] mpuBeaeH AOCTATOYHO IMOJHBIA
0030p pa3paboTaHHBIX METOJOB W TEXHOJOIUM,
MPUMEHSIEMBIX Ha KaXJIOM 3Talle CEPBUCHOTO 00-
CITy>)KABaHWUS.

B HacToseil ctarbe paccMaTpuBaeTCs STall
commxenust KMP ¢ HKO.

B pabGote [6] mpemioxeHa cTpaTervsi HaBe-
neHus u ynpaiaeHus KMP npm 3aBepuieHun
€ro COJMXKEHUS C BpallaloIIUMCId MaCCUBHBIM
KOCMUYECKUM OOBEKTOM B JaJIbHEM KOCMOCE.
B cratbe [7] paccmaTpuBaeTcs 3agadya yIpaBJe-
HUSI OTHOCUTEJbHBIM IBUXEHUEM IpU CcOIMxke-
HUUA C BpallalOIUMCI KOCMUYECKUM MYCOPOM.

HBIM pa3BepPTHIBAHNEM MaHUITYJISITOpA.

Jnst perieHus 3aa4M OTHOCUTEb-
HOIl HaBMTallUM B ctaTbe [11] mpume-
HEH HEJIWHEUHBIA METOH ONTUMAJb-
Horo ympasieHus. B pabore [12] mnsg
yIIpaBJIEHUSI Ha JTamnax HaBeACHUS U
CONMVXXEeHUsT UCIOJb3yeTcsl JIMHEeMHO-KBaapaTuy-
HbIi perynsaTop (LOR). B crarwe [13] ipencraBieH
METOJ OHJIAMH TeHepaluu O0e30MacHBIX U OITU-
MaJIbHBIX MO PAcXoay TOMJKMBA TPAEKTOPUU cOMU-
KeHMSI C ITTACCUBHBIM KOCMHYECKHMM OOBEKTOM.
B paborte [14] o HaxoxXI€HWS ONTUMAJILHON Tpa-
exTopuu conuxenuss KMP ¢ naccuBHOI Bpaiuaio-
IIEHCS LEIbI0 IIPUMEHSICTCS IPUHIUI MUHUMYMa
IToHTpsirnHa.

B nanHoii pabGote cuctema ynpasiaeHus KMP
MpejcTaBjieHa B BUIIE UePAPXUUYECKOW JIBYXYpPOB-
HEBOW cHcTeMBl "HaBeaeHNe—cTadounusanus” [15].

Hnst peumieHus1 3aga4yu COMUKEHUST UCTIONb3Y-
I0TCS XKecTKo cBsizaHHasa ¢ KMP cucrema koop-
nauHat (CCK), a Takxe uHepliMajibHasi cucTema
koopauHat (MCK), HemoaBukKHasi OTHOCUTEIBHO
neHTpa 3eMyii M 3auKCUpOBaHHAsT B MOMEHT
BKJIIOUEHHUSI pexkmma. B HayanbHBIA MOMEHT Bpe-
MeHU 3amycka pexuma commxkenuss CCK coBme-
meHa ¢ UCK u venonBuxxHa B UCK.

Cucremy ynpasiaenuss KMP mnpenmaraercsa
paccMaTpuBaTh Kak MepapxXmuecKylo CUCTEMY, CO-
CTOSIIIIYIO U3 YPOBHSI HaBeIEHUSI U YPOBHS CTaOu-
quzanuu (puc. 2).

[TycTp A) — KBaTEpHUOH TEKYUIETO MOJTOXKEHU S
cBsizaHHON cucteMbl KoopauHat KMP B MCK,
A" — tpebyemoe nonoxenne CCK B UCK, Torna
A" = AyoA, oTkyma A = Ay o A" — KBaTepHUOH
nepexoga CCK k Tpedyemomy monoxenuio CCK,
HaBEJAECHHOW Ha OOCITY>XXWBAaEMBIA CITYyTHUK.

Hnst ocyliecTBIIeHUsI OPUEHTAllMM Ha YPOBHE
CTabMIM3alIMU UCTIONb3YETCS JBUTATEIbHAS yCTa-
HoBka (/1Y), peanusyeMass BOCEMbIO BJIEKTpOpE-
aKTUBHBIMU JBUTATEISIMU opueHTanuu. s pea-
JIM3allMU MOCTYMATeIbHOTO ABUXEHUS UCTIONb3Y-
eTCS TSITOBBI IBUTaTelb W YETHIpE IBUTATEIS
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Puc. 2. ®ynkunoHadbHAS CXeMa HepapXuuecKoil cuctemsl ynpasienns KMP
Fig. 2. Functional scheme of hierarchical control system of space manipulation robot

topmoxeHuss. Cxema Y mpencrasiieHa Ha puc. 3,
rne P, .., Pg — [BuUrareiu OpuEHTaLUW,
P!,...,P{ — topmo3Hble nBurareau, P{ — map-
1eBbIii aBUTraTeTb. CTpeiKaMu Ha cxeMe IToKas3a-
HbI HAIIpaBJICHUS TST JBUTATEJICH.

LlenTp Macc KA HaxomuTcs Ha pacCTOSHUM
+500 MM Brosb ocu X OoT Touku Occk CBA3aHHOMN
CHUCTEeMBbI KOOpIWHAT.

Ha ypoBHe HaBemeHus1 HeobxomuMo chop-
MUpPOBaTh KBaTepPHUOH Iepexona A OT TEKYIIeTo
nonoxenuss CCK B MCK k TpebyemoMy mosoxe-
HUIO, a TaAKXKe TaKoe yIpaBJIeHHUE TSTOBBIMU JIBU-
raTeIiMM, KOTOpPOe OOECIeYMT IOCTYyIaTelIbHOe
aBuxeHrue KMP ¢ TpedyeMoit ckopocThlo. Tpely-

Puc. 3. Cxema aBuraresibHOi yCTAHOBKH
Fig. 3. Thrust engine system scheme

eMmbIM TIojoxkeHneM CCK sgBasgercss coBmellieHue
oCcu Xcck C HalpaBJIEHMEM HA LIEJIEBOI CIYyTHUK.

Ha ypoBHe cTrabunuzauuu HeoOXoauMo chop-
MUPOBaTh aJTOPUTM YIIPaBJIeHUs ABUTATEISIMU
OpMeHTallMM, obecrneuyuBalo it HaBegeHue KMP
Ha HKO, T. e. KkBaTepHMOH Ilepexoda MEXIY Te-
kymuM nonoxenmemM CCK u TpeOyeMbIM DOIKEeH
ctpeMuThcsa K 1 (A — 1).

MaremaTuyecKas MOJ€Jb ABUKCHHUA

rer KOOPIMHATHI
cnytiuka B UCK, r=|[r,r,r]
KOOPAWHAThI KMP B HNCK,
Ar=r,, —-T= [drx,dry,drz].

YrinoBoe OBUKEHUE OMNMCBIBAETCS
ypaBHEHUEM BpallleHUSI U YpaBHEHHEM

KNMHEMaTUuKM:

tar :[ tar tar tar]

Ilycts r
LIEJIEBOTO

2A = Ao w;
o=J"'~oxJo+M).

3pecwy J =diag{/,,J,,J,} — TeHsop
uHepuun KMP; M =M, , M, M | —
CyMMapHble YMNpaBsSONIe MOMEHTbI
JBUTaTEIeil OpUEHTALINMN.

KBarepHuoH nepexoma CCK K Tpe-
OyeMOMY TMOJIOKEHUIO OIpeaesisaeTcs
cooTHomeHeM A = Ay o A"

C ucnoab3zoBanueM koopauHat HKO
B MCK MOXXHO BEIYUCIUTh MaTpULLy ITO-
BOPOTA, XapaKTepU3YIOLIyIO TpeOyeMblii
MOBOPOT [JIsI COBMELUEHUsI OCU Xcck
C HampaBJieHHMEM Ha OO0CIy>XXHBaeMbIii
CIIYTHHUK. 3aMETHM, YTO TaK Kak 3ajaya
COCTOMT B HaBeleHUM OocU X cx Ha
HKO, To4yHO ornpeneseHHOro YrjioBOro
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nonoxennss KMP Bokpyr ocu Xocx He Tpebyercs,
a 3HAYUT, JOCTATOYHO IBYX MOBOPOTOB. Hampuwmep,
MOXHO OCYILIECTBUTh HaBeneHue ocu X-cx Ha HKO
IYTEM TTOCIEAOBATEIBHBIX 3JIEMEHTAPHBIX MOBOPO-
ToB CCK BOKpYT ocu Xccx U Zcx Ha yIibl Dije-
pa —B M —y COOTBETCTBEHHO (puc. 4).
Pe3yIpTUpyIOIIyI0 MaTpuily HampaBISIOUIAX
KOCHHYCOB, KOTOpasi OIPENENsIeT ITOJOXECHUE
MNCK ornocutensno CCK, HaBegeHHoit Ha HKO,
MOXHO HalTH TYyTeM TMEPEMHOXEHHUS MaTpull
C OTpULATEIBbHBIMM yIJaMu Diijiepa B MOCENO0-
BaTEJIbHOCTH BBITIOJTHEHUSI TIOBOPOTOB:

Apckoeck = RB)R(v).

Marpuua HanpasJSOLIMX KOCUHYCOB, OIlpe-
nensmiomas Tpedyemoe mojoxenne CCK oTtHocu-
tensHo MUCK, paBHa

Acckouck = Aickscek = R (V)R (-B),

OTKYyAa I10Jay4yacMm

a4y 4i3
Acckouck =| @y Gy Gy |=
d3; 4z dsz
cosy sinycosP sinysinf
=|-siny cosycosp cosysinf|.
0 —sinp cosp

Puc. 4. Hasenenne CCK KMP na HKO
Fig. 4. Aiming the associated coordinate system of the space ma-
nipulation robot to the non-cooperative spacecraft

Ha puc. 4 BumgHoO, 4TO
dr

X

2 2 2’
\/drx +dry +dr;

. /a’ry2 + a’rz2

2 2 2’
\/drx +dry +dr;

cosy =

siny =

dry

1/dry2 + drz2 ’

dr

Z .
. /a’ry2 + a’rz2

Marpuua noBopota Acck_pck O HM3BECT-
HBIM COOTHOLIEHMSIM IEPECYUTHIBAETCS B KBa-
TEPHUOH A’ KOHEYHOTO TIOJOXEHUSI CBA3AHHOM
CUCTEMBI KOOPIMHAT:

CosP =

sinf =

l+a;,+ay,+a
[0, AL5 2 5
dy = dy3 — a3 hy = a3 — 43 g = dip a3
4x, 4x 4x

Tpaexktopuio conmxkennss KMP ¢ HKO moxHo
pa3nenuTh Ha HECKOJIBKO YYAaCTKOB:

1) conuxeHue 10 paccTosiHUS Ar = {; C TTOCTO-
SIHHOM CKOpOCTBIO Vv = 2v,,., TA€ V,,. — CKOPOCTb
HKO. Ymnpasnenue peanmsyeTcsl IBUTATEIHLHON
YCTAaHOBKOM, BKJIIOYAIOLIEi B ceOs TSATOBBIU IBU-
raTejib U YeThIpe TOPMO3HBIX IBUTATENSI;

2) crabuausalus Ha paccTOSsHUU Ar = (; OT
HKO u npoponkeHue ABUXKEHHSI CO CKOPOCThIO,
paBHoli ckopoctu HKO, v =v,,,;

3) IBUKEHUE C OCTOSTHHOM CKOPOCTBIO V = V,,,
Ha pacctossHuu Ar = §; ot HKO.

HanpHetimee commxenue n 3axpatr HKO ¢ mo-
MOIIbIO MAHUTTYJIITOPOB B JaHHOU paboTe He pac-
cMaTpuBaloTCA.

Ha ypoBHe HaBeneHusi TpedyeTcsi chopMUpO-
BaTh BEKTOP TATW, HEOOXOAMMBIN AJIS TOAAEpXKa-
Husg Tpedyemoit ckopoctu KMP v mpu conmxe-
HUU Ha 3agaHHoe pacctosHue ¢ HKO.

ITycte KMP umeer mMaccy m, a B pe3yabraTe
pabotsl nBurateabHolt yctaHoBku B CCK dopmu-
pyerca BekTop taru P,. Bektop ckopoctu KMP
B MCK monyuyum myTeM MOBOpOTa BEKTOpa CKO-

P
poctn B CCK u = [~%* Ha KBaTEPHMUOH TEKYILETO
m

nosioxeHus CCK B UCK, T. e. v=A)oucA,.
Takum oOpa3om, IOCTyNaTeJbHOE IBUXKECHUE
KMP onpenensieTcs clienyolUMU YPABHEHUSIMU:
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r=y,;

Pdv

VZAO 0_0;\0_&
m

R

3aech p — rpaBUTALMOHHBIN mapameTp; R —

BEKTOp paccTossHUS OT LeHTpa 3emau 1o KMP;

P
~4v. —a, — BEKTOpP YMNPABJISIOUIETO YCKOPEHMUsI

m
KMP otHocutrensno CCK.

Vupapienne Ha YPOBHAX
HaBeJEHHS ¥ CTAOMIM3AINHA

Ha ypoBHe cTabunusanuu Heobxogumo cdop-
MHUPOBaTh YCTOMUYMBOE YIIpaBJCHUE, 3alalolice
yrjaoBylo ckopoctb KMP ®, Tpebyemylo nast co-
BMEILIEHUSI CBSI3aHHOU CHCTeMbl KOOpPAMHAT C Ha-
npasienueM Ha HKO. Ha ypoBHe HaBeneHMs He-
ob6xonuMo copMUPOBaATh yIIPaBJICHUE TATOBBIMU
JIBUTATENISIMU, KOTOPO€ OOECIEeUYUT MOCTYyIaTeb-
Hoe aBuxxeHnne KMP ¢ TpebGyemoii ckopocThio.

VYrnpaBneHue NOCTYIaTeAbHBIM JIBUKEHHEM
KMP npu conuxenun ¢ HKO ocyuectBasiercs
0 CKOPOCTM M peaju3dyercs peJedHBbIM 3aKo-
HOM yHpaBJIeHUS ¢ TUcTepe3nucoM (puc. 5). 3mech
P, — HOMUHaJbHAS TSATa MaplIeBOrO IBUTATENS;
—P, — cymMMapHas HOMUHaJIbHAsl TATra TOPMO3-
HBIX IBUTATEICH.

YrpaBneHue OBUTATEISIMUA OPUEHTAIIMH TaKKe
OCYILECTBIISIETCS II0 peJIeiHOMY 3aKOHY C THCTe-
pe3UCOM.

MMycTs P ={0,1},i=1,...,5, —  npu-
3HAKM  BKJIOYEHWS  TSATOBBIX  JIBUTATEIICH,
P, ={0,1}, j=1,...8, MPU3HAKU BKJIOUCHUS
IBUTATENIel OpUEeHTALUuU, Toe 1 COOTBETCTBYET
BKJIIOUEHMIO aBuTaTelsi, 0 — BBIKJIIOUYCHUIO.

CdopmynupyeM 3aKOH YIpPaBJICHUS BKJIOYE-
HMEM TSITOBBIX ABUTATEJICH:

P! =1,ecnu o, > p,,

P! =0, ecnu o, <p,,

| P = P{"™" unaue;

(Pl =1k=1,...,4 ecin o, <—p,,
Pl =0,k=1,..,4ecan o, <—p;
| P} = P["™ k =1,...,4, unaue.

3nech py, p — 3alaHHbIE IOPOrM cpabaThiBa-
HUS JIBUATATEJICH.

Ynpasnsmouiee BO3NEHCTBUE G, ONPENENSACTCS
CJIeIYIOIIMMU COOTHOILIEHUSIMU:

T

Puc. 5. Peneiinblii 3aKOH ynpaBJeHUs ABATATEISAMHA
Fig. 5. Relay engine control law

o, =K,(v

2V, ecanr >y,

v !
req — v) + Kd(vreq -v),
Vieg = | 0,5V, €CTH F > £,
V0, AHAYE,

C;» §; — 3amaHHbBIE TTOPOTOBLIE PACCTOAHUSA MEXIY
KMP u HKO, v,,, = |77,

PeneiiHplii 3aKOH yHOpaBJIeHUS BKJIIOYEHUEM
JIBUraTeJiell OpUEHTALIMU UMEET BUJL

P6,8 = 1, eCciiun O ox > izx, P5’7 = 1, €cin O ux < —izx,
P6’8 =0, ecnu o, <&, P5,7 =0,ecau o, >-&,,

Feg = Pé’g’eﬂ, MHaue; P, = 5?79“‘, nHavye;

Py =l,ecmuoc,, >¢,,, | P =1ecmo,, <-¢,),

Py =0,ecmuc,, <§,, |P=0ecauo,, >-E,,

P, = P;'*", unaue; P, = P/’ unaue;

P =lecmmoc,,>¢&,, |=1emnoc,, <-E,,

P =0,ecmuo,, <&, |P=0,ecmnoc,, >-,

| = "™, unaue; Py = P/'°%, nHave,

rne o, =[o,y,0,),,0,,] — ynpasisiolee BO3eii-
CTBME; &, & — 3aJaHHbIE NIOPOrU CpadaTbIBAHUA.
Ynpasismwoluee Bo3aeiicTBUE HA YPOBHE CTaOMIIMU-
3alUU UMEET BUJ

6, = K (Aw) + KjAo.

TpeOyemble ynpasistowe moMeHTsl M(P(o,))
nsurareseil opueHtauuu u taru P, (P(o,)) TATroBbIX
JIBUTATENEN (OPMUPYIOTCI B 3aBUCUMOCTH OT TEKY-
IIETO BEKTOpA MPU3HAKOB BKJIIOUEHU S IBUTATEIIEH.

Marematuueckass MOMENb NBUTATEIbHON yCTa-
HOBKM YUUWTBIBAET 3aepKKy Ha TMepeKoueHue
JIBUTATeNiel U BpeMsl HapacTaHUs U Ccraja.
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3amep:XKa Ha IepeKJIoYeHue ABUTraTesieil BbI-
YUCIIAETCS 110 hopMyIie

I Pygy (i) = Pdv_nom(i)P(i):

C, () =0,
Ca(D) = eciu Cy, (i) > %,
Ty
| C iy (D) = Cpyp (i) + 1, mHaYE.
3neck Py, yom(i) — pacueTHas Tsra i-ro IBU-

rateas B ycraHoBuBIIeMcs: pexume (H); P(i) —
MpU3HAK BKJIIOUEHUS i-TO ABUTATENIsI, paCCUMTaH-
HBI B COOTBETCTBUU C IIPUHSITBIM PEJICHHBIM 3a-
KOHOM ynpasJyieHus; P, (/) — pacuyeTHas Tsra i-ro
IBUTATEJISI C YYETOM 3aJepPXKKU Ha MepeKIrUYeHUe
nsurarens (H); C,,(7) — c4eTUMK TaKTOB 3aepX-
KM Ha nepekoyeHue i-ro asurarens; 11, — Bpe-
Ms 3aJepXKU Ha IepeKJIIoUueHue i-ro ABUTaTess
(c); Ty, — TaxkT BbI30BAa MaTEMATUYECKON MOIEIHU
JIBUTATEJILHON YCTAaHOBKMU.
YueT BpeMeHU HapacTaHUs/cana TATH:

. T . .
Ptdv(l) + Wopdv(l)ﬂdv(l) - Ptdv(l)):

ecan Py, (i) =0 1 T2upy, = Ty;

P )= B 0) 5 B = P )
ecan Py, (i) =0 1 T2upy, > Ty;
| Puay (i), mHaue,
rne P, (i) — pacuyeTHag TdAra i-ro IBUTaTeNs

C yYeToM BpeMeHU HapacTaHus (criaga) taru (H);
T2up,, (i) MOCTOSIHHAS BPEMEHU HapacTaHUs
TATU i-ro asurarens (c); T2dn, (/) — nocToaHHas
BpPEMEHU claja TSATH i-ro ABurareins (c).
CyMMapHbIl BEKTOp TATU ABUTaTEJIbHON ycTa-
HOBKM BBIYMCJINM IO clenyoouiei popmye:

Pdv = ZPtdv ()R dv ().

3neck R, ()" = [Rdvx (i); Rdvy (i); Ra,vZ (i)] — 3a-
JaHHBIN €IMHUYHBIM BEKTOP HOMMWHAJILHOTO Ha-
MpaBJCHUS TATU j-TO ABUTATEN.

CyMMapHBIli yTpaBISIOIIUNA MOMEHT JIBUTA-
TeJIbHOW YCTAaHOBKM:

Mdv = Z(Ldv(l) - Dcm)Pdv(i)a

rae Ly, ()" =[Lgy (), Ly, (0), Ly, ()] 3a-
JAHHBIII paguyCc-BEeKTOp HOMMWHAJIBbHOH TOY-
KM  TIpUJIOXEHMsST  TITWM  [-TO  JBUrarens,
D, =Dy Depys Doyl — 3amannbiii pagmyc-
BekTop ueHTpa macc KMP B cBsizaHHOII cucteme
KOOpAMHAT.

Pe3y.IIbTaTbl MOAC/IMpPOBaAHUSA

MonenupoBaHue OCYLISCTBISLIOCH B cpene
MATLAB/Simulink nns KMP maccoit m = 1000 xr
¥ Ter3opom rHeptmu J = diag{600, 600, 600} kr-m>.
Kaxnplii 13 BOCBMM 3JICKTPOPEAKTUBHEIX [IBU-
rarejicii OpMEHTAlMU MMEET HOMUHAJIbHYIO TATY
P,=0,5H,i=1, .., 8, maplueBblil ABUTATENb — TATY
P! =50 H, Kaxnaplit TOPMO3HOM IBUTATENb TATY —
P/ =10H, k =1,...,4. HanpaBieHus 1 IUleun TAT
JIBUTaTesIell OpUeHTallMM MoKa3aHbl Ha puc. 3. Tlo-
CTOSIHHBIE BpEMEHU HapacTaHMs TSATH KaxKI0TO IBU-
rarenst T2up,, (i) = 0,3 ¢, Bpemenu ciana — T2dn (i) =
= 0,7 ¢, TaKT BBI30Ba MaTeMaTUYECKOI MOIEIU IBU-
raresibHoi ycraHoBku 7, = 0,1 c.

HKO nBuxercd mocTynarejJbHO C ITOCTOSIH-
HBIM BEKTOPOM CKOPOCTH V,,. U B HaYaJIbHbII MO-
MEHT BPEMEHU HAaXOAUTCS B MOJIOXEHUU T, OTHO-
cutenbHo Hauvasia kKoopauHat MCK. PaccrossHue
1o KMP cocraBisier Ar:

0 500
V.r =10,008 | [m/c], 1, =|-100 |[Mm],
0,006 0
Ar =510 [m].

[IpyHATHL chaeayolIue IIOPOTOBbIE 3HAYCHUS
YIIPaBJISIONINX ITapaMETPOB:

pl} 4:1073
p= - -3
P2l [5-10
_ i _ 5-107 . .
&= ém]_ 3102 TN
[¢7 [50
¢ = cj‘ Lo | -

Ha puc. 6 mpencraBieHa TpaeKTOPWST IBUKeE-
Huss KMP npu conuxenun ¢ HKO. Ha puc. 7
npeacTaBieH TpadukKk M3MEHEHUS KOOopAuHAT
KMP u HKO B UCK.

B navanbhbili MomeHT Bpemenu CCK KMP
comelieHa ¢ MCK u nenonBuxHa B MUCK. Ha
MEepPBOM y4YacTKe TPAeKTOPUM TIPU COTUKEHUU OO
paccrosiHust p = {; = 50 M (Touka r; Ha puc. 6)
KMP paBuxeTcs MOCTynaTelbHO C IMOCTOSHHOM
CKOpOCTBIO V =2V, =2-|f,|=0,02 M/c.

Ha BTOpOM yuacTke TpaeKTOpuU IMpPU ABUXKE-
HUU Ha pacctosHuu r = ; = 50 M or HKO KMP
MMEET MOCTYINATEIbHYI0 CKOPOCTb, PAaBHYIO CKO-
poctu HKO v=v,,, =|f,|=0,01 m/c.

[Tocne coBMmelleHMsI HampaBleHWs BeKTOpa
ckopoctu KMP ¢ nanpasinenuem asuxenust HKO
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Puc. 6. Tpaekropus nuxenns KMP npu coanxennn ¢ HKO

Fig. 6. Space manipulation robot trajectory in rendezvous with a
non-cooperative space object

n crabunuszauuun KMP mnpogonxaer |
JBUXCHUE HA TOCTOSIHHOM paccrosi- !
nuem ot HKO (touka r, Ha puc. 6). !
TpebyeMble W peanbHblE HW3MEHe- |
HUA yIIoBbIX ckopocreit KMP Ha |
YPOBHE CTAOMIM3allMM TOKa3aHBI Ha i 0.05

puc. 8. !

l
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|
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|

Ha puc. 9 BugHo, 4TO KBaTepHU- e

OH TIepexofa OT TeKYILUEro MOJIOXKEHU
CCK KMP k TtpebyeMoMy mnoJjioxe-
HUIO CTPEMUTCS K 1, a 3HAYUT, MOX-
HO cIejlaTh BBIBOHA, UTO YIITpaBJICHHE
yriaoBeIM nBuxeHne KMP ocymect- !
BJISIETCSI BEPHO.

PesynbraTel MomenupoBaHUS II0-
Kazalln pabdoTOCHOCOOHOCTh Tpe-
JIO(KEHHBIX aJTOPUTMOB COJMXKEHU S
KMP ¢ HKO.

0.05

3akiaoyenue

B nmanHoii pabore paccMoTpeHa
cucrteMa ynpasieHusi KMP Ha srane
conuxenuss ¢ HKO. Cucrema ynpas-
JICHUSl IIpeacTaBlieHa B BUIE OBYXY-
POBHEBOI CHUCTEMHBI "HaBeleHUE—CTa-
ounmzanus”, pazpaboTaHbl CTpaTeTus
M aJITOPUTMBbI YIIPaBJIEHUS HA KaxKI0M
YpOBHE, IIpeACTaBJieHa MaTeMaThye-
cKas MOJEJb JBUraTeJlbHON YCTaHOB-
Ku. PaboTocrmocoOHOCTh MpeaiokKeH-
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Puc. 7. Ilepememenune KMP u HKO

Fig. 7. Coordinates of space manipulation robot and non-cooper-
ative space object
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Puc. 8. YraoBbie ckopoctu KMP
Fig.8. Space manipulation robot angle velocities

Puc. 9. Ksarepuuon nepexona CCK KMP B nanpasiaeann na HKO
Fig. 9. Transition quaternion of the associated coordinate system of space manipulation
robot in the direction of the non-cooperative space object
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HBIX aJITOPUTMOB YIIpaBJICHUSI OATBEPXKICHA pe-
3yJIbTaTaMU MOJEJIHUPOBAHUSI, OCYIIECTBICHHOIO
B cpene MATLAB/Simulink.

PazpaboTaHHbIe aaropuTMbl MOTYT ObITH IPU-
MEHEHBI NIl TPOEKTUPOBAHUSI CHUCTEMBI YIIpaB-
JeHnust KMP, npegHazHaueHHOro AJI51 MPOMJICHUS
CpoOKa 3KCILIyaTalluM KaK BHOBb pa3padaThbiBaeMbIX
KA, Tak 1 GyHKIMOHUPYIOLIUX B HACTOSILIUI MO-
MEHT M He TIpeaHa3HaYeHHBIX IJIS1 OOCITY>KMBaHMSI.

B pamkax panbHelilieid paboThl MHpeamnoJjara-
eTcsl pa3paboTaThb U NPUMEHUTH METOAbI MHOIO-
KpUTEpUAbHON ONTUMU3ALUU IBYXYPOBHEBOM
nepapxmyeckoi cucrteMmbl ymnpapieHus KMP Ha
atane conmxkenns ¢ HKO.
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Abstract
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Nowadays there are many non-functioning spacecraft in orbit that have run out of fuel, or have failed due to breakdown.
Therefore, the concept of a serviced space and the development of space manipulation robot for extending the spacecraft service
life are becoming expedient. Space manipulation robot will be able to perform a variety of tasks, from inspecting malfunctions of
a serviced spacecraft, to performing repairs and refueling the target vehicle. The article proposes a strategy and algorithms for
the guidance and motion control of a space manipulation robot at the stage of rendezvous with a non-cooperative spacecraft to
perform maintenance tasks. The purpose of the article is to synthesize the control of the translational and rotational motion of the
space manipulation robot for its convergence with the target satellite at a given distance. The control system is presented in the
form of a hierarchical two-level "guidance-stabilization" system. At the guidance level, a transition quaternion of the associated
coordinate system to the required position is formed, as well as thrust engine control, which ensures the translational motion of
the space manipulation robot at the required velocity. At the stabilization level, a control is formed that superpose the associated
coordinate system of the space manipulation robot with the direction to the served satellite. The article proposes a scheme and
a mathematical model of the propulsion system, angular and translational motion of the service satellite. The modeling of the
developed guidance and motion control algorithms in the SIMULINK environment has been carried out.

Keywords: hierarchical control system, service satellite, non-cooperative spacecraft, space manipulation robot, rendez-

vous with passive satellite
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