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CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 62-50:681.5.01 DOI: 10.17587/mau.21.555-565

I. A. PyctamoB, a-p TexH. Hayk, npod., gazanfar.rustamov@gmail.com,
AzepbarigxaHCKuin TEXHUYECKNI YyHUBepcuTET, . baky, AsepbangxaH

HeKOTOpre I'Ip06ﬂeMbl peanndyemMocCcTu
npu TOYHOM pelweHnn 3aaav ynpasneHus

Hccaedyromes mamemamuueckue 0CHO8bl Mem0o00A02UU CUHME3A 8 UHICEHEPHOU UHmMepnpemayuyu pioa NOnyAspHbIX CU-
cmem YynpasaeHus ¢ 06pamuoll c8:A3bi0 U NPUYUHBL HEPeaau3yemMoCmu pe3yibmamos u3-3a noseAeHus 8 ypasHeHusx cunmesa
onepamopos Hucmozo ougpgepeHyupoeanus u UCMOYHUKOE HApYWeHUs epybocmu pa3AuiHo20 eudd.

Tnobasvnas npuvuna éce 6oaee YCKOPEHHO20 PACXONCOEHUS MeopUU YNpaeieHus ¢ NPaKmukol cés3vlieaemcs ¢ 6030eli-
cmeueM Ha KpeamueHoe Mblulienue maKux pakmopos, KaKk Mymayus, Heco8MecmuMoCmy, CAYHAUHOCMb, HeYemKOCMb, ACUM-
MEMPUHHOCMb, AEHCAUUX 8 OCHOBE IGONOUUL CUHEP2eMUHECKUX CUCTMEM.

Kak "memodonoeuyeckuil kpusuc”, maxk u psao Ha nepeuviil 832450 HE3HAUUMBIX HICEHEPHbIX HeY8A30K NPUB0OSIM K CHU-
HCeHUI0 3a0yMaHHOU d(phexkmusnocmu pazpabamviéaemovix cucmem ynpaeaenus. Habawodaemes mendenyus pewenHus smoi
NpaKmuvecKoi npobaemol nymem ee upesmepHoi mamemamuszayuu. B pesyrsmame 6o03nukaem Honcenc — "wem 6oavuie mame-
Mamuku, mem xyxuce", umo npueooum K "mamemamuyeckomy 1adupunmy”, 045 bix00a u3 Komopozo éce 6oAbULE YCAONCHACMCS
Mamemamuueckuil annapam, 6naoms 00 cO30anHUsi HOBOU Meopuu.

Tokazano, umo ucnoavizoganue oajce "npaguibHbIX" MamemMamu4ecKkux COOMHOWEHUL, ABAAIOUUXCS OCHOBOU Memoda
cunmesa, HepedKo NPUEOOUM K HaApYUeHUI peaiuzyemocmu u epybocmu. Ommeuaemces, 4mo Heyuem AdliCHbIX NAOXO Gopma-
AUZYEeMbIX MEeXHUYeCKUX noKkazamedaell u ycaosui epybocmu (pobacmnocmu) npu OCMAaHo8Ke 3a0a4u He N0368045em NOAYHUMb
KOHCMPYKMUBHOE peulerue U 6451emcs 00HOU U3 OCHOGHBIX NPUYUH PACXONCOCHUS MeopemuUYecKux pe3yismamos U npaKmuku.

Paccmampueaemcs pa0 nonyasipHeIX HANPABACHUI KAACCUHECKOU Meopull YnpagaeHus ¢ 00pamHoli c8s13b10: UHEEPCHYLI N00-
X00 — Memod KOMHEHCayul, COCMAagAsouULl 0CHO8Y HOCMPOeHUs acCMAamU4ecKux, UH8aPUaHMHbIX, POOACMHbIX U OpyeUX KOM-
NEHCAYUOHHBIX CUCHEM; MemoObl CUHME3Ad CUCIEM ¢ KOHEYHbIM 8DeMeHeM YCMAHOBACHUS, MemoObl OYeHUBAHUS U YNPABACHUS,
OCHOBAHHble Ha KOHYenyuu "o0pammublx 3a0au OuHaAMUKuU'"; npedeavhbie cucmembl ¢ OOAbUUM KOIDDuUYUeHmOoM YyCuaeHUS.

Hapywenue pazauunbix 6udos peasuzyemocmu u epy6ocmu 0eMOHCMPUPYemcs HA KOHKPeMHbIX NpUMepax, anpooupyemoix
Ha MATLAB/Simulink. KomnoromepHoe uccaedoganue no3eoauso coeaams psio NOAOICUMEAbHBIX 8bl80008, UMEIOUUX 8AICHOE
npuKkaadHoe 3HaveHue.

Karoueeovre caosa: memoodonsoeuneckuli Kpu3uc, meopus ynpasieHus, cumouos, cunepeemuKa, peaiu3yemocms, epyoocme,

uHeepcus, puHumHoe ynpaeaenue, obpamusie 3a0a4u OUHAMUKU, NpedeabHble CUCMeMbl

BBenenne

TonukoMm K HamMCaHUIO TaHHOU PabOTHI SIBUJIACh
o0630opHag cratbsg H. b. ®unmmmonosa "MeTtomomoru-
YeCKHUI KPU3HC "BCEITOOEK IaroNIeil MaTeMaTU3alun’”
COBpeMEHHOM Teopuu yrpasieHus" [1]. B 3Toii cra-
The 00CYXKIaI0TCSI OCOOEHHOCTU METOM0JIOTMYECKO-
ro Kpusuca Mpy 4pe3MepHON MaTeMaTu3alluud CO-
BpeMeHHol Teopuu ynpasaeHus (TY), B pesynsraTe
KOTOpOI Ha TEPEeIHUIA TJIaH BbIABUTACTCS PACXOX-
JIEHWE TEOPETUUYECKUX TTOJIOKEHUI U MPAKTUYECKMNX
MoTpeOHOCTEN. AHAIU3UPOBAaHbI IPUUYUHBI BO3HUK-
HoBeHMs1 Kpusuca. OTMeyaercs, 4TO MyTeM IIpe-
OIIOJICHUSI TTOMOOHOTO KPU3MCa MOXET CTaTh "HOCTH-
JKEHME OpPraHMYeCcKOro eIMHCTBA MaTeMaTU4ecKou
(opmanuzanmu ¢ GpU3MYECKO 3aKOHOMEPHOCTHIO'.

Yrto HaM JaHO MBI IIOHUMAacEMm,
4YTO HE€ JAaHO — BbIAYMbIBAEM

[Mo-BuauMoMmy, CEromHs He CYIIeCTBYET PeLeT
Ul oIpelnesieHusT "OpraHu4YeckKoro eIxuHCTBa'.
MOXHO U1 ¢ €e1MHOM TOYKU 3pEeHMS B3IJISIHYTh Ha
MaTeMaTuuyecKuil popMaliu3M, peaanu3yeMocTb U
paboTocroco6HOCTh? CylllecTBYeT IMTOHATHE "CUM-
6uo3" (moiyie3Hass (opMa COBMECTHOTO COCYIIE-
CTBOBAHUSI YYaCTHUKOB — MYTYaJIu3M), KOTOPBIA
MOAYMHEH NMAaJeKTUYECKUM 3aKOHAM IPUPOIbI U
MOXKET SIBUTHCSI UICTOYHUKOM HIEil IPUMEHUTEIb-
HO K aHTPOIIOI¢HHBIM CHUCTEMaM.

MaremaTrKa 3aHMMAeTCs HE TOJBKO BBIYMC-
JIEHUSIMHA, HO TaKXe HEpeIKOo MO03BOJISIET pac-
KPBITb 3aKOHOMEPHOCTH, alpuOpU HEIOCTYITHbIC
MPpY MBICJIEHHOM MOJEIUPOBAHUM ITPOUCXOASIINX
npoieccoB. TeM He MeHee, Upe3MepHas MaTema-
TH3alMsl HEPEAKO MPUBOIUT K YKJIOHEHUIO OT OC-

MexaTpoHnKa, aBToMaTH3anus, ynpasienae, Tom 21, Ne 10, 2020

555



HOBHOI 1M YeJIOBEYECKOUN NesITeIbHOCTU — MC-
MOJb30BAaHUS PE3yabTaTOB Ha mpakTuke. [lpume-
HuTenpHO K TY "Marmueckass" cmila MaTeMaTUKU
ocirabeBaeT, TMOCKOJAbKY TY MMeeT MPUKIIATHYIO
HaIpaBleHHOCTb.

OmHoOlf Y3 OCHOBHBIX NPUYMH, HPUBOISIINX
K TYIIMKOBOW CUTYyallNU, SIBISIETCS TOT (PaKT, YTO HE
MpUHUMaeMble Ha TEPBbIN B3I BCEPhE3 TEXHU-
YyecKHe mokasaresiv, TakKue Kak 3KCIUTyaTalluOHHbIe
XapaKTepUCTUKU, TEXHOJOTMUYHOCTh N3TOTOBJIEHM S,
BeC U rabapuTHble pa3mepbl (OCOOEHHO IS TOMI-
BUJKHBIX M JIeTaTeIbHBIX amaparoB), paboTocro-
COOHOCTB, SHEPrHUsl, 3aTpadyeHHas Ha yIpaBjieHUe 1
MHOTO€ Ipyroe, IJIOX0 MoAfaTcs ¢hopMaan3alui,
U UX JOCTUKEHUE CKOPEE BCETO SIBJISIETCST MHKEHEP-
HOI M KOHCTPYKTOPCKOM, HEXeJle MaTeMaTUUeCKOM,
3ajayeit, ¥ MO3TOMY YacTO TaKKe 3aJa4yu pelaroTcs
otnenbHO. Ilpu 5TOM HapylaeTcs OMHO M3 OCHOB-
HBIX CBOMCTB CHCTE€Mbl — 1IeJIOCTHOCTh. Ha cerom-
HSIIIHUN IeHb IJIsS TPaIuIIMOHHON MaTeMaTUKM 3a-
TPYAHUTEIBHO OJHOBPEMEHHO YUYMTHIBATb BCE BTU
TeXHUYECKHe TpeOOBaHMSI COBMECTHO C MaTeMaTu-
YECKUMU METOJAMU, COCTABJISIOIIMMU OCHOBY TO-
CTAHOBKM 3a7auyM crHTe3a. Kpome Toro, Bo MHOrux
MOCTaHOBKAX UCTOJIb3YIOTCS pa3IMyHbIe MTPEATIONO-
JKEHMSI, HEPEIKO MCKaxkaeMble B peaibHbIX YCIOBU-
SgX. OTU TIPEANOIOXEHUS YaCTO HAIpaBJIeHbl HE Ha
yAyYLICHUE Peaan3yeMOCTH U pabOTOCIIOCOOHOCTH,
a Ha TIOJy4eHHe "SIBHOTO BHIA pEIICHUS', TEMOH-
CTPUPYSl OTUM TJIaBEHCTBYIOIIYIO POJib MaTeMaTu-
yeckoil Hayku. OOHUM U3 MHOTOUYMCIEHHBIX TMPU-
MEepOB sIBJsieTCsl padoTta [2], B KOTOPOii IJisl CUCTe-
Mbl 2-TO TIOpsiAKA TMOJyYeHHbI H -onTuManbHbIi
pobacTHbIi peryasitop umeeT 10-i1 mopsinok. Ilpu
CHHTEe3€ psijJla OCHOBHBIX KJIACCOB POOACTHBIX CH-
CTeM IIpeArojiaraeTcsi, YTO HOMMWHAJbHAsS MOJAE/b
HeoIpeaeIeHHOTO 00beKTa M3BECTHA.

Kak "MeTtomojormueckuii Kpusuc', TaK W P
Ha TIepBBLIN B3IJISII HE3HAYMMBIX MHXKEHEPHBIX He-
YBSI30K MPUBOIST K CHUXEHUIO 3alyMaHHON 3¢-
(bekTMBHOCTM pa3pabaTbIBa€MbIX CUCTEM YIIpaB-
JeHus. HabGmogaetcs TeHOEHUUS PELIeHUS 3TOU
npobjeMbl MyTeM Ype3MEepHOM MaTeMaTu3aluu
(usznueckoit mpobiaembl. B pesynabrare BO3HU-
KaeT HOHCEHC — "4eM OOJbllle MaTeMaTHuKHU, TeM
XyXe", UTO TPUBOAUT K "MareMaTH4ecKoOMY Jiabu-
pUHTY", IJIST BBIXOHA M3 KOTOPOro Bce Ooyee yc-
JIOXKHSIETCS MaTeMaTU4YeCcKMid arrmapar BIUIOTb 110
CO3/IaHUSI HOBOW T€OPUM (MMPUMEPOM MOXKET ObITh,
H_-teopust). MHorue peleHusi, cKopee, MMEIOT
TEOPETUYECKYI0 3HAYUMOCTb, HEXEIW SIBISIOTCS
TOTOBBIMU K BOILJIOIIEHUIO B CUCTEMOTEXHMYECKOM
cpene. st moaydyeHus paboTOCIIOCOOHOrO U HElO-

pOroro CUCTEMOTEXHMYECKOTO PEeILIEHUS CIOXHBIE
MareMaTh4ecKure pe3yJibTaThl 4acTO MOABEPraloTCs
pa3sAIMYHBIM YIPOLIEHUSIM, YTO CHMXKAeT MOJb3y
OT MPUMEHEHMs CJIOXHBIX OOpPEeMEHUTEIbHBIX Ma-
TeMaTUYECKMX METOJOB, MCIIOJb3YeMbIX KakK IpH
MOCTAaHOBKE, TaK W MPU PEelIeHUN 3aa4uM.

He omnwupasicb Ha cTporme mareMaTUYeCKHe
orpenesieHrsI, KOTOpble HEpeaKko SIBISIIOTCSI Oec-
MOJIE3HBIMU TIPU TTPOECKTUPOBAHUU PEATIbHBIX CHU-
CTeM, JaJUM HEKOTOpPbIC TTOHSITHbIE MHXXEHEPHbBIE
ornpeaeeHusl.

Peanuzyemocms. Ilon peannszyeMoCcTbO TOHUMA-
€TCsl BOBMOXHOCTh (DM3MYECKOTO BOTIJIOILIEHUS aJl-
ropuT™Ma ymnpaBJieHUsI, TIPEICTABICHHOTO Ha SI3bIKE
¢dopManpHBIX MMOHITUHI. OTHAKO Jaxke yIadHOe CH-
CTeMOTEXHMUYECKOe pellleHue He rapaHTUpyeT pa-
0GOTOCTIOCOOHOCTh CUCTEMBI B PEATIBHBIX YCIOBUSX,
MOCKOJIbKY MOTYT HE€ BBINOJHSTHCA IOKa3aTeau
rpy0oocTr, poOacTHOCTH (IPyOOCTh B OOJBIIOM),
aJanTUPYEeMOCTH W JAPYTMe 'KMU3HEHHO BaXXHBIE
TpeboBaHU", HE OOHapyXKUBaeMble B HOMUHAJb-
HBIX peXUMax.

Pabomocnocobnocms — crioCOOHOCTH CUCTEMBI
BBITIOJIHATh TpPEnbsBIsieMble TpeOOBaHUSI B pe-
QJIbHBIX YCJOBUSIX.

Huppepenyupyemocms. IlosiBIeHHME oIrepaTo-
poB uucTtoro auddepeHInPOBaHUS B YPaBHEHUSIX
yIIpaBJeHUS SIBJISIETCS HEYCTPaHUMBbIM (peHoMe-
HOM, TIOCKOJIbKY CBSI3aHO C METOMOJIOTMEN OIu-
CaHUS TMHAMUYECKMX cucTeM AuddepeHnanb-
HbiMu ypaBHeHussMu (M. HreioTon). [lpu Takoi
CTPYKTYpE€ YIPaBJCHUS €r0 KOMIOHEHTHl MOTYT
HETIOCPEJCTBEHHO KOMIIEHCUPOBAaTh HEYTOIHbIC
COCTaBJASIONIMEe NUHAMUKM OOBEKTa, B MOJIEIU
KOTOPOTO TakXe MMEIOTCSl aHAJIOTMUYHBbIE orepa-
Topel auddepeHInpoBanusg — "copommun'. Ta-
KO€ yJauHOe coYeTaHue MaTeMaThu4eckol opma-
Ju3aluu ¢ (pu3nveckoil 3aKOHOMEPHOCTHIO AJIs
JIMHEMHBIX CUCTEM OJHO3HAUHO MPOSIBIISIETCS MPU
pellieHUH 3a7a4 MOAAJIbHOTI'O yripaByieHus. Tem He
MeHee, M 3[IeCh TpobjieMa peajn3yeMoCTH orepa-
TOpoB nudPepeHINPOBAHUS OCTACTCS B CHUIIE.

Ipybocms u pobacmuocms. I'pydOCTH — 3TO
CBOMCTBO CHCTEMbI COXPaHSTh KaueCTBEHHbIE TO-
KazaTeau (YCTOMYUBOCTD, YIIPABISIEMOCTh, HA0IIO-
JlaeMOCTh, alaliTUPYeMOCTb U Jp.) TIPU MaJibIX Ba-
puanmsax Bo3myleHuin. OMUH M3 yHUBEPCAJbHbBIX
METOJIOB UCCJIEOBAHUSI TPYOOCTU NMHAMUUYECKUX
CHCTEM OCHOBBIBAETCSI Ha TOHSITUU TPyOOCTU MO
AnnpoHoBy—IloHTpsITMHY, UMEHYeMOM 'TOIIOJIO-
TMYecKoit rpyoocThio” [3, 4]. MeTton 6a3upyeTcs Ha
CpaBHEHUU TOMOJIOTUU (DA30BBIX TPAEKTOPUI BO3-
MYILIEHHOI W HEBO3MYILIEHHOW CHUCTEM.
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Hcnonb3yloTcsi Takue mokaszaTeau, Kak TIpy-
0OCTb HYJIEBOM CTETIEHU, TPYOOCTh B MaJIOM, CTPYK-
TypHas rpyoocTs [5]. [IepBOMCTOUHUKOM TSI CETOM-
HSIITHETo IMOHMMAaHWs IIpo0ieMbl Tpydboctn (B 00-
LIEM ciydyae pobacTHOCTU) IBJSETCS cTaThs [6].
DTa paboTa MoJOXUIa Havyauo 00CYyXACHUIO MPO-
OsieMbl pOOACTHOTO YMpaBJCHUS IJIsI Heolpene-
neHHbIX cucteMm. [log TepMuHOM "poOACTHOCTH'
MOHMMAETCS COXpaHeHUe TPedyeMbIX Mmoka3aresiei
KayecTBa M 3aIlacoB YCTOMYMBOCTU MPU M3MEHE-
HUM PEKBU3WUTOB CUCTEMBI B IIMPOKOM JMara3oHe.
OCHOBHBIM OTJIMYMEM POOACTHBIX CUCTEM OT ajar-
TUBHBIX SBJSETCS TO, YTO B HMX CaMOHAcCTpoiKa
peryjsitopa He ocyllecTBiseTcs. TeM He MeHee,
HEOOXOAMMOCTb HaJW4Wsl HOMMHAJIbHOM MOmeaun
HeompeneJeHHOro O0beKTa SBJSIETCS MeTomuye-
CKMM HEAOCTaTKOM.

BrniepBble HapyllleHue rpy0OCTU B CUCTeMax aB-
TOMaTUYeCKOTO PeryJnupoBaHUs ObIJIO OOHAPYKEHO
akan. b. H. IlerpoBbiM B 1958 1. [7]. OOGbIuHO Tipn
MPOEKTUPOBAHUN TECTUPOBAHME CHUCTEMbl HAa BO3-
MOXHbBIE HapyllleHusI TpyObOCTM He MPOBOAWTCS.
[lpy skcnayaraiMu e TMpOosIBJIEHWE HerpyoocTu
MOXET MPUBECTU K HETIPEACKA3yeMbIM pe3yJibTaTaMm.

[TprnuynHoit TpoTuBOpeunBOCTH TV, a TaKXKe apy-
TMX TEOPUi, U MPAKTUKU, MO-BUAUMOMY, CBSI3aHO
C 2BOJIIOIMOHHBIMU MPOLECCaMU, MPOTEKAIOIIMMHU
B CUHEPTreTMYEeCKMX CUCTeMaX: MyTallleil, HECOBMe-
CTUMOCTBIO, CIYyYallHOCThIO, XAaOTUYHOCTHIO, He-
YETKOCTbIO, HEOOPATUMOCTbIO, HETTOBTOPSIEMOCTHIO,
acuMmMmeTpueit u mp. [8].

B wmonorpadmu [9] yTBepxmaeTcsi, 4TO "MO-
BUIMMOMY, CBOMCTBO CUMMETPUU BBICTYTAET Kak
OIHO M3 BaXXHEUIIMX MPOSIBJICHUMN CBSI3EW MaTepU-
asbHoro mupa’. [lpyHUUN CUMMETpPUM MPUHUMA-
€TCsl 32 OCHOBY METOMIOJIOTUM TTO3HAHMUSI.

Cummempuss — 0dTO BpEMEHHOE COCTOSIHUE
(popma) mporeccoB U OOBEKTOB MaTepraIbHOI'O
Mupa, ToAAepxXuBaloliee ux kak "cucremy’. Ilo-
CKOJIbKY CUMMETPUSI — BTO BPEMEHHOE SIBJIEHUE,
TO BO3MOXHBI OoJiee ri100aTbHBIe (PEeHOMEHBI, KO-
TOpPbIE MOXKHO MCITOJIb30BaTh [IJISI TIOCTPOEHU S aH-
TPOTIOTE€HHBIX CUCTEM.

IMokaxeMm mnpuMep JOCTUXKEHUS TOJOXUTEb-
Horo 3¢ ¢exTa B pe3yjabraTe HapylIeHUSI CUMMeE-
TPUU B 3aJa4e€ PEJCUHOrO YIPaBJICHUS JBOUHBIM
uHTerparopoM j = u. Ilpu u = tk da3oBbic Tpaek-
TOPYU CHUCTEMBI SIBJISIIOTCS TPOTUBOMOJOXHBIMU
CUMMETPUUYECKMMU T1apabojaMu, KOTOpble IIpU
MEePeKTIOYEHU N TI0 OCH a0CIIMCC 3aMbIKaloTCsl, 00-
pasysl 3aMKHYTYIO TPaeKTOpulo (OTBEYaIoIIyl0 BO
BPEMEHHOI 00J1aCTH He3aTyXalolluM KojieOaHWsIM).
SIcHO, YTO TaKMM cIOCOOOM MEPEKIIOYEH ST HEBO3-

MOXHO JOCTMYb Hayajla KoopauHaT. HapyireHue
CUMMETPUU B CMBICIIE TIEPEKITIOYEHUSI HE TT0 OCH
abcrucc, a I0 WMCKPWBJIECHHOMY IIPOCTPAHCTBY
(B JaHHOM TIpUMepe — MpsiMas JTUHUS, TPOXOIs-
Imasi yepe3 Havajo KOOPAMHAT), TO3BOJSET MIO-
CTUYb Havaja KoopauHaT. [Ipym 3TOM HnBUKEeHUE
MIPOMCXOIUT B CKOJB3SIIEM PEXUMe TPU KOHEY-
HOM 3HAUeHWHU TepeKTodaeMbIX KOo3(DHUIIMEHTOB
Tk [10—13]. 3nech HapylIeHUE CUMMETPUU TTO3BO-
JINJIO PEIIUTh OCHOBHYIO 3a/1a4y CTaOWJIM3aIlny.

B maHHOIT cTaTbe UCCIEAYIOTCS OCOOEHHOCTH
peanu3aluy 3a1a4 yIpaBJieHUs, CBI3aHHBIE C T10-
SIBJICHWEM OIIepaTOpPOB YMCTOTO nuddepeHnpo-
BaHMs B 3aKOHE YIpaBJICHUS, a TaKXXe C Hapylle-
HUeM rpyboctu u podacTHocTU. PaccmaTpuBatoTcst
cJIeAyoIIue Kiaccuyeckue MeToasl TY:

a) memod uHeepcuu, SIBISIOIINICI OCHOBON
CHUHTe3a JIMHEHHBIX KOMITEHCAIITMOHHBIX CUCTEM;

0) memodsl cunmesa cucmem ¢ 0OpamHol C65-
3610 C KOHEYHBIM BPEeMEHEM CTaOMJIN3allNU;

B) MemoObl cuHme3a, OCHOBaHHbIe Ha KOHIIETI-
UM "00paTHBIX 3aJa4 TUHAMUKH |

T) Memodsl cuHmesa npeoeabHulX cucmem yrpan-
JIeHUs1 ¢ 0ONbIIUM KO3(DDUIIUEHTOM YCUTIEHUSI.

PaccMoTpeHHBIE B HTaHHOW CTaTbe METOIbI
¢ (pm3MUyecKoil TOYKM 3pEHUST MOXHO TPaKTOBAaTh
KaK OYeHb MPOCTHIE U TNIe-TO HaMBHBIE, UMEIOIIHEC
MpeCTaBJICHHbBIC HMXE COOTBETCTBYIOIIME TpaK-
TUYEeCKHEe aHAJIOTUU:

@) MeTOI UHBEPCUU — KOAANC;

0) MeTOIbl CMHTE3a CUCTEM C KOHEYHBIM Bpe-
MEHEM CTaOMIN3ALUU — MOPMONCeHUe HA AbDY;

6) METOIbl CMHTE3a, OCHOBaHHBIC Ha KOHIIETI-
UM "oOpaTHBIX 3aJa4 TUHAMUKU', — HapyuieHue
NPUYUHHO-CAe0CMBEHHOU nocaedosamenbHOCMU
UAU KOpOmKoe 3amblKaHue ungopmayuu (MaTeMa-
THUUYECKas1 aHAJIOTUS — mMoXcdecmaeo);

2) METOIIBl CUHTE3a TPeeIbHBIX CUCTEM yIIpaB-
JICHUS ¢ OONBIIUM KO3(PPUILIMEHTOM YCUJICHUS —
mMemod epyboii cunvl.

B3siTele M3 TpaKTUKM COOTBETCTBYIOIIME (DU-
3MYecCKre aHaJoruu oOpa3HO BbIpaXaloT TMOTEH-
LUAJBHBINA PUCK, CKPBIBAIOIIUNCS B METOMOJIOTUM
yKa3aHHBIX HAIPABJIEHUUN, KOTOPBIA MOXET TP BE-
CTH K HeTpeaKa3yeMbIM pe3yIbTaTaM, B YaCTHOCTH
K MoTepe peaju3yeMOCTU W paboTOCTIOCOOHOCTH.
Tem He MeHee, B HACTOSIIIIEEe BPeMST UX KOHCTPYK-
THBHBIC BapyUallid UTPAIOT BaXKHYIO POJIb B IIPO-
eKTUPOBAHUM Pa3JIMYHBIX CUCTEM YIIPaBJICHUSI.

Llenpto maHHOI CTaTbU SIBISIETCS TEMOHCTPHU-
palusl XapakTepHBIX MPUMEPOB, B KOTOPHIX pac-
KPBIBAIOTCS MPUYMHBI HAPYILICHUSI TpyOOCTU IIpU
WCTIOTb30BAaHUM YKa3aHHBIX METOIOB CMHTE3a CH-
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creM ynpanieHus. [IpeactaBieHHbIe TIpUMEPHI HE
OTJINYAIOTCS CTPOTMMHU aHAJUTUYECKUMU UCCIIe-
JOBAaHUSIMU M OOOOILEHUSMU, OJHAKO SIBJISIOTCS
o0pa3laMu MHXEHEPHON MBICIH, KOTOPbIE TTO3BO-
JISIIOT MO3HATh BaXXKHbIE TTPOOJIEMbI pean3yeMOCTH
CHCTEM yIIpaBJeHUs ¢ 0OpaTHOU CBSI3bIO.

I/IHBepCHblﬁ moaxoa — MeEToJA KOMICHCAIuA

MeTomoJioTu4ecKolf OCHOBOW MeToma WMHBEp-
cuu (00paTHOIo Mpeodpa3zoBaHMsI) SIBJISIETCS MPO-
CTOM TIpHeM OOpalIeHU s TTepeaaTOYHBIX QYHKIMH
(I1dD) ob6beKTa 1O pa3IUYHBIM KaHAJIaM CUCTEMBL.
IIpn Takoil KOHCTPYKLIMM MOXHO 0e3 0coboro
TpyAa JOOUThCS COKpalleHus peaabHoil [1M ¢ pe-
aJIM30BAHHOM B KOPPEKTUPYIOLIEM YCTPOMCTBE —
nHBepcHoi. IlomaBieHue TakuM OoOpa3oM OWHA-
MHUKM KaHaJla IT03BOJISIET TEOPETUUECKU TTOJIYIUTh
LIMPOKO U3BECTHBIC YCIOBUS aOCOTIOTHOM YIIpaB-
JISEMOCTU W MHBapuaHTHOCTH [14].

K Meromy mHBepcMM MOXHO OTHECTH U "M3-
OMpaTelbHYI0 KOMIIEHCAIIMIO', 3aKJII0Yalollyio-
ca B UHBepcuMn He camoil 1M, a HEyrogHBLIX HY-
JIeli ¥ TOJIOCOB, IIOAJIEXAIMX K COKpalleHUIO,
no H. b. ®uaumoHoBy — "ymnpaBjieHUE HYISIMU
n nomocamu” [16]. B TexHuM4Yeckoil MHTEpPIpETa-
UM "cokpalleHue" IIOHMMAaeTCsl KakK KoMHeHca-
yus. Tak, 011 HaIeJeHUs CUCTEMbl aCTaTUYECKUM
CBOMCTBOM, KOTOpPOE€ XapaKTE€PU3YETCS HYJICBOMU
CTaTUYeCKOil olInMOKoii, B 3HameHaTe b 1D pery-
JISITOpa CJIeAyeT BKJIKYUTH TOJIBKO HEYCTONYMBBIC
U HelTpasbHble nontockl (Re(s;) > 0) BXogHBIX cUT-
HaJIOB (YCTaBKM M BHelIHero Bo3mylueHus). Ilpu
3TOM MEXaHU3M COKpAaIlleHUsI COCTOUT B TOM, UTO
MOJIIOCKL PErYJIsSITOpa OIHOBPEMEHHO SIBJISIIOTCS
HYJISIMHU 3aMKHYTOM CHUCTEMBI, U IIPOUCXOIUT CO-
KkpaueHue. IlockonbKy MareMaTuyeckas OCHOBa
MeTojga "MHBEpCUM U "M30MpaTebHON KOMIIEH-
cauuun” OJMHAKOBA M YITMPAETCS B ONEpalunio "co-
KpalleHue", To COOTBETCTBYIOLINE 3aJauM LIeJIeCco-
00pa3HO OOBEAMHUTD B €AMHOM KJjlacce — "METoJe
KOMITeHcaluu",

OCHOBBHI psga KJaCCUYECKMX 3ajJad CHUHTe3a
CAP c 3agmaHHBIMU MHXEHEPHBIMU (II€PBUYHBI-
MH) TMHAMUYECKMMMU ITOKa3aTeIsIMU BIIEPBEIE 3a-
JoxkeHbl B Tpyae [15]. B pabote [16] pa3BuBaercs
METOHOJOTUSI aHAJUTUYECKOr0 KOHCTPYyHUpOBa-
HMSI KOMIICHCAlIMOHHBIX PEryJsSITOPOB Ha OCHOBE
KaHoHMuYeckoit cTtpyktypsl P. Kanmana. 3amaua
CUHTE3a OXBAThIBACT LIMPOKUI KJIACC JTUHEHHBIX
00BEKTOB, B TOM 4YMCJIE HEMHHUMaJbHO-(a30-
BbIX (0OBEKTOB, HEYCTOMUYMBEIX I10 YIIPAaBJICHUIO).

I'myOmHa aHanMM3a IPpUBOAUT K IIPOCTHIM COOTHO-
IICHUSIM, IIO3BOJISIOIIMM OOOWTHU CJIOXHBIC Ma-
TeMaTU4YeCKre TPYAHOCTH M MOCTPOUTH (pU3MUe-
CKM TIOHSTHBIM KOMIEHCALIMOHHBIN PETYJISTOP,
BOCTPEOOBAHHBINA B MHXEHEPHBIX ITPUIOXKEHUSIX.

Uccnenyiorcsa MpuYMHBI BOBHUKHOBEHUSI MCTOY-

HUKOB ITapa3sUTHONM TUHAMUKM, IIPOSBIISIONINECS

B pe3yJbTaTe COKpAIeHUS HYJIel 1 ITOJIIOCOB.
Tem He MeHee, HECMOTPS Ha "BHEUIHIOI IIPO-

CcTOTy" TpakTUYeckass peajusalus KOMIIEHCa-

IMAOHHBIX CHUCTEM HEpeIKO HaTaJKWBaeTCs Ha

MMPUHIMINAJIbHBIE TPYIHOCTH, CBSI3aHHBIE C Ha-

pYILICHUEM peann3yeMocTh. B kauecTBe OCHOBHBIX

MMPUYMH HEepealn3yeMOCTH KOMIIEHCAIITMOHHBIX

CHCTEM MOXXHO BBIICIUTH:

a) HaJIW4Me oreparopa 4yucToro muddepeHIn-
pOBaHUS pa3JIMYHBIX IIOPSAKOB B COCTaBe HAMIeH-
HOTO YMpaBJIEHUS B ClAydae OTPUIATEIHLHOIO OT-
HocutenbHoro nopsaaka I[P cucremsr, n — m < 0;

0) HETOYHOE COKpalleHUE TOJIOCOB C HYJISIMU
(mapaMeTpuyecKasi HerpyOOCTb);

B) B MHBapUAHTHBIX CUCTEMAaX 110 BO3MYILIEHUIO
KpoOMe YKa3aHHBIX BBIIIE MPUINH — HEBBIIIOJIHE-
HHE HEOOXOAMMOTO COOTHOIICHUS MEXOY BpeMe-
HaMM 3ama3ablBaHUS 110 KaHajJaM yIOpaBJICHUS U
BO3MYIIEHUSI, IIPUBOASIINEE K IIOJOXUTEIBHOMY
BPEMEHHOMY CIBUTY CUTHaJIa KOMIIEHCAIIMMN.

IIpyunHa Hepealn3yeMOCTU KPOETCS B CaMOM
METOAMKE CMHTEe3a:

e cooTHouieHue n — m < 0 (OTpUlATENbHBIN OT-
HOCUTEJILHBIN TOPSAO0K) MOJIydaeTcsl IpH 00-
pallleHuH BCEX YCTOMYUBBIX II€PEAATOYHBIX
(GYyHKIIMHA, D11 KOTOPBIX A > m;

* COKpallleHue MPOUCXOAUT C pealbHBIMU PEK-
BU3UTAMU O0OBEKTA U 3aJI0XKEHHBIMU B PETyJIs-
TOp "KOIMUAMU".

IIpy m3MeHeHUU B XoAe pPadOThl, HAIIPUMED,
ImapamMeTpoB O0BEKTa ITPOMCXOIUT HETOYHOE CO-
KpallleHUe, 4YTO SIBISETCS OOHONM M3 OCHOBHBIX
IIPUIUH HEPeaTn3yeMOCTH.

OcHOBHasi OrpaHMYEHHOCTb KOMIIEHCAIIMOH-
HOTO ITOJX0Ma CBsI3aHA C BO3MOXHOCTBIO €ro IMpH-
MEHEHMS JUIIb K KJacCy YCTOMYMBBIX MHWHHU-
MaJIbHO-(a30BbIX (OTCYTCTBUE IIOJIOXMUTEIBHBIX
HYyJIell) 00BEKTOB yIIpaBJICHUSI.

Ilepeitmem K pelreHNI0 KOHKPETHBIX 3a1ay.

Hapymelme l‘pyﬁOCTI/l KOMIICHCAIIMOHHBIX CUCTEM

Hapywenue epydbocmu 6 uH8apuaHmMHbLX no 603-
myuwenuio cucmemax. IlokaxkeM OCHOBHYIO TpU-
YUHY HapylleHWsl rpyboCTH KOHTypa KOMIIeH-
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cauuu. Hamnume 3anasneiBaHuii t,, 1, COOTBET-
CTBEHHO, B KaHaJlaX yIpaBJeHUS U BO3MYIIEHU S
00BEKTa MPH T, # T MOXKET NMPUBECTU K HETIOJIHO-
MY TIOAABJICHUIO BO3MYILUEHUS W3-3a TOSIBJICHUS
BPEMEHHOTr0 CIBUTA CUTHaja KoMmIleHcauuu. Juas
peanu3yeMoCTHu KOMIIeHcaTopa MOJIKHO BBIMOJI-
HAThCS HEOOXOAMMOe YCIoBHUE T, < T5 Ty T > 0
(cMm. mpumep 1). Pusmyeckuii CMBICT 3TOTO CO-
OTHOIIEHUS 3aKJjioyaeTcsd B TOM, UYTO JJs TOJ-
HOU KOMITEHCAllu BO3MYIIEHUS KOMIIEHCHUPYIO-
LM CUTHAJ TOYHO 4Yepe3 BPEeMEHHOUM MHTepBas
T T 1, = T, HOJKEH "NepexXBaTUTh' BO3MYIICHUE
Ha BbIxoge obObekTa. [lpu HapylieHuM paBeHCTBA
BO3MOXHO MpPOSIBJIEHUE TPyOOCTU MaJIOi CTEeTIEHU.
Kpome 3Toro 10kHO BBITIONHSITCST 00I1Iee YCIOBUE
peanusyeMoctu n — m > ( mepemaroyHbIX (PyHK-
1M1, 3alaHHBIX B BUJIC PALIMOHAJILHOW IPOOHU.

IIpumep 1. Ipeamnonoxum, uyto [P ob6bBekTa
Mo YyMNpaBsgioleMy M BO3MYILAIOIIEMY KaHajlaMm
3ajlaHa B BUJE

Wi =2 e Wy L

s+1 s°+0,4s +1

IMycts Bo3myuieHue f{f) = sin(107).
1D xommeHcaropa

*T/S

i
Wk(S) :W_ = 0,5

y
u

s+1

*TkS
s2+0,4s5+1

s Tk :Tf_'fu.

Ha pwuc. 1 mpeacrtaBieHbl AUHAMUYECKHE Xa-
PaKTEPUCTUKUN KOHTYpPa KOMIIEHCALIUU.

[Tpu He3HaumTenbHOM OTKIOHeHuM +0,1 3amas-
AbIBaAaHUA IO KaHajJly YyHnpaBJIEHHUSA OTHOCHUTCIBHO
HOMHWHAJIbHOTO 3HAYCHUA T, = 0 IPOUCXOOUT HE-

i 0.03 f(t) ; i
i 002¢ 2 g i
i 001} : i
i 0 Iy I\ I'In M.‘un i
| PR A
i 001} ] i
0t |

Puc. 1. I'padmku KOMIEHCHPOBAHHOTO BO3MYIIEHMS:
I—mpurt,=0,y=1,y=1—1,=1,2—npurg,=+0,1, 1,= 1,
=1

Fig. 1. Charts of compensated disturbance:
I—aty,=0,y=1Ly=vy—1,=12—atg,=+0,1,,=1, =1

TOYHAs KOMIIEHCAIIMSI, YTO CBUIETEIbCTBYET O Ha-
JIMYUU MaJIOR CTeNeHU I'pyOOCTU B KOHTYpPE KOM-
neHcauuu (puc. 1, kpusas 2). Ilpu 1, > 1, B KOM-
OMHUPOBAHHBIX CHCTEMaX B OCHOBHOM KOHTYDE,
OXBaU€HHOM OOpPATHOM CBS3bIO, MOXET MPOU30UTHU
HEyCTpaHUMOE TYyTeM HACTPOWKHU peryasitopa Ha-
pyllIeHWe yCTOMYMBOCTHU. [IprumHOI 3TOrO SBIS-
eTCsl TO, 4TO u3-3a T, < 0 ycjIoBHE peain3yeMOCTH
KOMIIEHCaTopa He BBIMOJHsEeTCsA. B aTom ciyuae
MOXHO MCIOJIb30BaTh METOAbl CHHTE3a CUCTEM
yIpaBjieHus ¢ OoablInM 3ana3abiBaHuem [17, 18].

IIpamep 2. Hemounoe cokpawenue Hyaeli ¢ no-
arcamu (KOMHIEHCayus NoA0ICUMENbHOR0 HYAA 006-
exma). PaccMoTpuM HeMHMHUMAJIbHO-(a30BbIi KO-
nebarenbHbI 00BeKT ¢ [1D

(s+D(s-2,)
T2 +2Tes+1°

W,,(s) = 0<t<l. ()

Hymn ob6wexkra z,=-1,2,=3,=206>0.
3nech 7, — HOMUHAJIbHOE 3HAUYEHUE;, § — Bapua-
1T OT HOMMHAJBbHOTO 3HAYEHUS.

JIns KOMITIEHCAllMM BPEIHOTO BJIMSIHUS TIOJIO-
JKUTEJIBHOTO HYJsl Z, 00bekTa B 3HaMeHaTesb [1D
TN perynsitopa 106aBUM MHOXUTENIb (S — Zp).
Torma

K,s+K,
s(s=29)

W,(s) = )

31ech 7, — HOMWHAJBHOE 3HAuY€HUE IOJIOXU-
TEJILHOTO HYJISI, peaiu30BaHHOTO B PETYJISITOPE.
[1dD 3aMKHYTOI CUCTEMBI
W,W,p
1+W, W,
IMoacraBasis cootrHoweHue (1) u (2) B BeIpaxe-
Hue (3), Moay4YuM:

W(s) = (©)

M(s) _

D(s)

~ (s+D(s-2)(K,s+K,)

s(s—g) (T2 +2Tes + D) + (s + ) (s - 2,)(K s+ K,)

W(s) =

Ilpn 8=0= Z, =7y NPOUCXOOAUT TOYHOE CO-
KpalllecHUe MOJIOKUTEJILHOrO HY/IsA 00beKTa ¢ COo-
OTBETCTBYIOIIUM IIOJIIOCOM PETYJISITOPA, B pE3yJib-
TaTe Yero XapakTepUCTUYECKOE YpaBHEHUE CUCTE-
MbI IPUHUMACT BUJ

D(s)=T?s> + QTE + K ,)s* +
+(+K,+K,)s+K,=0.
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Puc. 2. Ilepexoanbie nmponecchl Npu HETOYHOM COKpPAIMIEHHHA
Fig. 2. Transients with inaccurate contraction

Bce xoadduiiveHTsl 3TOro ypaBHeHUS MOJOXU-
TeJbHbI, U HEOOXOAMMOE YCJIOBHE YCTOMUYMBOCTU
BoITTONTHsAETCA. IIpM CKOJb YyrOMHO MaJioM M3MEHe-
HUU TIOJIOKUTEIBHOTO HYJISI O0BEKTa Z, =78
COKpaIIlEHHE BBITIOJIHSAETCS HE TOYHO. B pesynbrare
B XapaKTEPUCTUYECKOM YPABHEHUM CUCTEMbI TOSIB-
JITIOTCS OTpULIATEBbHBIE KOA(MD(MUIITUEHTHI.

Ha puc. 2 nmokasaH mpoiiecc HapylIeHUs I'py-
00CTH, KOTOPBIA B JAaHHOM CjydYae BblpakaeTcsl
B MIOTEpPE YCTOMUYMBOCTU MPU CKOJIb YTOJHO MaJOM
3HaueHuu 8. MoaenupoBanue B MATLAB Simulink
BBITIOJIHEHO Mpu ycTaBke g = 1(f) (emIMHMYHBIMI
CKa4yOK) JJIS CIENYIOLIETO 3HAYECHUS MapaMEeTPOB:

T=1c6=02K,=4K,=10,
2y =3,8==0,001.

[Ipy ToyHOM cOKpallleHUU (KOMIEHCALUU I0-
JIOXKUTEJIBHOIO HYJISI) BBIXOA CUCTEMBI paBHSETCS
ycTaBke y = g = 1(¢), a IpU CKOJIb YTOAHO MaJIOoi
BapMalluM HOMMHAJILHOIO 3HAYEeHMs II0JOXMU-
TEJILHOrO HYJIsl 00beKTa HabJIIogaeTCsl HapylleHue
YCTOMYUBOCTU CUCTEMBL.

MOoXHO TIPUBECTU Psij IPUMEPOB

CUHTE3a CUCTEMBI C XeTaeMOi [T M r————=————=— == === - oo o "

mero (GpMHUTHOTO YIpaBJIEHUsSI HA OCHOBE MeTola
[-momeHTOB [19, c. 121—230] u ¢puHUTHOrO ynpas-
JICHWSI, CUHTE3UPOBAHHOTO Ha OCHOBE (DYHKIIMU
(bynkumonana) ynpapasgemoctu [20—24].

Qunumnas cmabuiuzayus Ha ocHose [-mo-
menmog. B aTux 3amavax HapylleHue rpyooctu
HaOJI0JaeTCsl MPU HAJOXEHWU Ha IepeMeHHbIe
COCTOSHUS X TIoMexHu &(f) CO CKOJIb YTOOHO Ma-
Jon gucriepcueid [25]. Ilpu a3tom KoadduumeHThI
ycuieHust B Touke paBHoBecust x(1) = 0 crpe-
MSTCSI K OECKOHEYHOCTHM M3-3a JEJICHUST Ha HYJIb
k(T = 0+¢
OJIMKEHU ST K TOUKE paBHOBECHUS 3HAUEHUE YIpaB-
JeHus OyneT GecrnpenebHO BO3pacTaTh.

IIpumep 3. B pabote [19] nns ynpaBieHUS
IBOMHBIM UHTErPATOPOM X = X,, X, = U TIOJyYe-
HO (UHUTHOE CcTabuJIM3MpYylolllee YyIpaBIeHUE
¢ oOpaTHOIi CBSI3bIO:

— oo, ClemoBaTeIbHO, 110 Mepe IIpu-

6 4

u(x,t):—(T_t)2 X _T—txz'

Ha puc. 3, a, 6 noka3aHbl pe3yJbTaThl KOMIIbIO-
TepHOro MomenupoBaHus nipu 7 =1 ¢, x, = (2 0)"
Y HAJIOXEHUE Ha KOOpAMUHATY X(f) momexu &(¥)
¢ Maoii aucriepcueiit D = 107°.

ITo mepe mpubmmxenus ¢t - 7 = 1 ¢ amIn-
Tyja yIpaBisIoliero curuaia oecrpeneibHO BO3-
pacTaeT, YTO NPUBOAUT K HEpPeaau3yeMOCTU IpU
pelieHNM OpUKIagHbIX 3amad. [Ipu HamoxeHUU
orpaHmyeHus Ha u(f) HaOJIOmAeTCs HapylIeHUE
YCTOMYMUBOCTH.

Cmabuauzayus 3a KoHeuHoe 8peMs C UCH0Ab308a-
Huem yukuyuu (ynkyuonana) ynpaeasemocmu
[20—24]. B aTux 3agavax, KaK ¥ B IPEeIbIAYILEH, T10-
TeHILIMAJIbHBIM UCTOYHMKOM HErpyOOCTH SIBISIOTCS
IpoOHBIE KOI(P(PUIIMEHTHl YCUJICHUS, KOTOpPHIC
B Touke paBHoBecus x(7) = 0 mpuBOAST K HeoIlpe-
nenenHoctu Buga u(T) = x/6(x) = 0/0. B croxacTtu-
YECKOM cJlyyae, Korjua X = X + &, B pe3yJbTare aelie-

3a/1a4 MPSIMOTO BOCCTAHOBIICHUST CO-
CTOSIHMSI, TA€ TP HETOUHOM COKpa-
IIEHUM HEYTOMHBIX COCTABJISIOIINX
HaO0JII0IaeTCsT HapyllleHre TPYyOOCTH.

Ilepexonnsie mponeccol
C KOHEYHOMH OJJHATEJIbHOCTHIO

1 x(#)

PaccmaTpuBaeMbiii B CTaThbe THUIT
HapyIIeHUsI TPyOOCTU BCTpeYacTCs
B 3a7ayax CMHTe3a CTabUIU3UpYIO-

Puc. 3. Curnan ynpasienus (@) 4 nepexofHble XapakTepucTuku (6) B Herpy0oii cucreme
Fig. 3. Control signal (a) and transient features (6) in a shallow system
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Hus Ha () yrpaBjieHUE CTPEMUTCS K 0ECKOHEUHOCTH.
KommneloTepHOE WCCIIEAOBAaHWE Ha KOHKPETHBIX
pUMepax MoKa3aJjo, YTO IpU AETEPMUHNPOBAHHOM
BapMaHTe 3HaMeHaTe b 0(x) CXOAUTCS K HYJIIO paHb-
e, YeM OJHAa W3 KOMIIOHCHT YHCIUTENTS X.
IIpn 3TOM yIpaBiIeHUE TaKXe CTPEMUTCI K 0€CKO-
HEYHOCTH.

IIpumep 4. B pabore [20] ayist ABOMHOTO MHTE-
rparopa X = Xx,, X, =u IIOJIy4€HO OTpaHUUYEHHOE
yhpaBJICHUE:

u=-4,160"x-2,530"'x,, |u<0,4, (4

F(u)-del

Z
I s )

Algebraic Constraint

Fen

Constant

o]
c

=3
-

Puc. 4. Cxema pemeHds ajaredpanvyeckoro ypaBHeHUsI C MCIOJb-
3oBaHueM 0Joka "Adlgebraic Constraint"

Fig. 4. Scheme for solving an algebraic equation using the "Alge-
braic Constraint”" block

rae 0(x) — QyHKUMS ynpaBisieMOCTH, KOTOpas
nogooHo dyHkuuu JIsmyHoBa cxoguTcs K HYIIO
Mo Mepe MPUOINXKEHUST CUCTEMBI K TouKe x = 0.

OyHk1Ms ynpasiaseMocTu nipu a, = 0,5 omnpe-
JeJsIeTCsl KaK MOJIOXKHUTEIbHOE pellieHre aaredpa-
MYECKOTO YpaBHEHU I

0% —30,160%x3 — 99,246x,x, —118,7x{ = 0. (5)

I[Ipu MomenupoBaHUM CUCTeMbl Simulink s
pelieHUs1 ypaBHeHMs (5) UCIIOAb30BaH (PYHKIIMO-
HalbHbBIN 050K "Algebraic Constraint".

Ha puc. 4 noka3zana cxema petieHust. 3aechb x;(7),
X,(f) — pewenue nudGEPEeHLIMATBHOIO ypaBHeE-
HUs 00bEKTa NPU HayaJbHOM ycaoBuu x(0) = xy,
X,(0) = x,. F(z, X) — neBas yactb ypaBHeHU (5),
z = 0. JlaHHasg cxemMa HMMEET CaMOCTOSITeJIbHOE
MPUMEHEHUEe WM MOXET OBIThb UCIOJL30BaHA IpU
pellleHur aJredpamyeckKux ypaBHEHUN ¢ Kod(-
punmreHTaMu, 3aBUCSIIMMU OT BHEIIHUX Iepe-
MEHHBIX.

Ha puc. 5 mokasaHbl pe3yabTaTbl MOAECIUPO-
BaHUsI cucTeMbl. Kak BUAHO, orpaHMYeHUE Ha
ympasjieHue BeinoaHsercs: |u| < 0,4.

B momenT Bpemen T = 3,95 ¢ ympaBieHue
cTpeMUTCsI K OecKoHedyHOocTH. IIpum HavaJbHBIX

Puc. 5. /IlunaMuyecKue XapakTepUCTHKH CHCTEMBbI

Fig. 5. System dynamic characteristics

6(t) :

yeaoBusx x;(0) = 1, x,(0) = 0 3Ha-
yenue ynpasienus u(7) = u(T) +
+ uy(T) = —1,8-10* — 1,04-10° =
= [1,0400- 10" He peannsyemo.

OT BO3HMKHOBEHUSI 4pe3Mep-
HO OOJIbllIEr0 3HAYeHUS YIIpaB-
JIEHUSI MOXHO W30aBUTHCS MyTeM
JIobaByieHUs1 B ypaBHeHUe (5) Kop-

Puc. 6. XapakTepucTHKH CHCTEMbI NOCJE Peryisipu3anuu
Fig. 6. System characteristics after regularization

pekTupyoliero 4dieHa 6. B atom
ciiydyae ypaBHeHue (5) mpu t > T
NPUHUMAET BU[I 0 — 5 =0, ero pe-
LIEHUE HE3HAYUTEIbHO OTIMYAcTCs
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OT HyJs. B pesynbrate ycTpaHseTcsl HeonpeaeaeH-
HocTh Buga u(7) = 0/0.

Ha puc. 6 pu § = 107> mokasaHbl XapaKTepH-
CTUKU CKOPPEKTUPOBAHHON CUCTEMBI.

Kak BuaHo, mocne peryasipuzaluy BCIJIECK
yIpasisiolieit GyHKIIMKA He HabaoaaeTcs.

Oﬁpanme 3aJauyu JTMHAMHKH
B 3ajJa4Yax ynpaBJ/ICHHUA

OOGOCHOBaHHBIII CUMMETPUUYHOCTBIO MaTepH-
aJILHOTO MUpa, 3TOT IOAXOJ CBSI3aH C M3MCHEHMU-
€M HanpaBJIEHUSI BpEeMEHHOro KOHTUHYyMa [9] u
MOXET BHI3BaTh HapylIeHHEe I'pyOOCTH OTHOCH-
TEJIbHO BPEMEHHOrO CABUra MEXAYy pealbHBIM
BBIXOIOM U peaju3yeMoil B peryJiiTope "Konmuen'.

Ynpasnenue na ochoee cmapuieli npouseooHoOl
[26—28]. B 3Tux 3agayax ncnoab3yeTcst IpOU3BO/I-
Hasg BBICIIETO IOpsaKa HaOJogaeMoil IepeMeH-
HOI, KOTOpas SBJISCTCS TOYHOM OLEHKOM IPaBOM
CTOPOHEI YPaBHEHU S HEOIPEAeICHHOTO 00bEeKTa.

YnopapieHue, coaepxkalliee CTaplIyio IIPOU3BO-
IHYIO0, UMEET BU/I

u=K[F(x,g)-y"1)]. (6)

Takasgs KOHCTPYKLUS OOeCIeUYMBAET UHBADU-
AHMHOCMb TI0O OTHOIICHMIO K (PYHKIMOHAJbHBIM
HeoIpeaeJeHHOCTIM o0bekTa. Kemaemble AUHA-
MUYECKHE TT0KAa3aTe/ln 3aJal0TCsI IyTeM COOTBET-
CTBYIOIIETO BbIOOpa 3TalIoHHON Momenu F(x, g),
Tlie g — BXOJ CUCTeMbI (yCTaBKa).

B npenene npu K — oo JOCTUTAaETCS XKeJIaeMoe
(?TaoHHOE) ABUXEHUE B (hopMe

y™ + F(x,8) = 0.

PesynbraTel KOMITBIOTEPHOIO  MOAEIMPOBA-
HMS TOKa3blBalOT, YTO MHpU KOHEYHOM K CKOJb

YIrOAHO MaJiasl 3alepXkKa CTapllieid MPOU3BOILHOM
y"(t — 1), peaaM30BaHHASI B PeryJsiTOpe, TPUBO-
IUT K ToTepe rpydocTru. B naHHOM MeTome Hapy-
IIEHUE TPYOOCTU MPOSBISAECTCS B TOTEPE YCTOWYN-
BOCTH BHYTPEHHETO KOHTYpa.

Ilpumep 5. 1151 IpOCTOTHI pACCMOTPUM ITapame-
TPUYCKU HEOMPEACICHHBIN 00BEKT 1-TO mopsaka:

¥(t) = —ay + bu, y(0) =0,
a=[125],b=1[124].

[TycTh uMeeTcs 3ama3apiBaHUe CTapllieil Mpou3-
BoxHoit Y(f), n = 1, peaTn30BaHHOE B PEryJISTO-
pe. Torma ympaBienue (6) mpuHUMaeT BUI U =
= K(F + y(t — 1)). Beioupaem K= 100, = = 0,0001 c.
YcraBKoli siBisieTcs "eIMHUYHBIN cKauyoK" g = 1(7).
Hns mannout ycraBku F = 1 — y. [Ipu eguHUYHOM
BXOJIE IJIs1 00ECTeYeHUs acTaTU3Ma JOCTATOYHO MC-

1
nonb3osath ITW perynarop F =—|k,e+k,[edt |,
0

¢ = g — y — omubOKa peryiaupoBaHus. [lapameTpsl
HaCTpoiiku k, = 1,41, k, = 1 COOTBETCTBYIOT 9Ta-
JIOHHOMY TToJIMHOMY baTttepBopca 2-ro mopsiaka.

Ha puc. 7 moka3aHbl TiepexoaHbIe XapaKTepu-
CTUKU cucteMbl ipu t =0c¢c (@ ut = 1074 ¢ ).

HecMotpst Ha BecbMa MaJjioe 3HaYeHHUE BpeMe-
HU 3aJepXKU T MPOU3BOAHON y(f), HCIOJb3ye-
MOIi B peryastope, HabJiogaeTcs noreps rpyoo-
CTH, YTO OTpaXaeTcs B HapylIEeHUU YCTOMUMBO-
CTU cUCTeMBbI (puc. 7, 0).

IlpenenbHbie cHCTEMBI
¢ 0oapmuM K03(hGHINEeHTOM YCHIECHHS

OmHUM W3 HaIpaBJIeHUN TEOPUM YIIpaBJie-
HUSI, OCHOBY KoToporo 3ajoxua M. B. Meepos
[31] 1 xoTOpOE He TMoaBepraeTcsl Ype3MepHON Ma-
TeMaTu3aluu, siBasercs Teopus K -poOacTHBIX
cucteM. B ocHoBe 3TOro meroda JeXUT AMaCK-
TUYecKash 3aKOHOMEPHOCTb — 3a-
BUCUMOCTb CTaTUYECKOW OIIMO-

KA OT Ko3(hp@PuUMeHTa YCUJECHUS
pa3OMKHYTOI cucteMbl [26, 32].
Tem He MeHee, pe3yJbTaT CUHTE3a
MpeaeJbHbIX CHUCTEM C OOJIBIINM
KO3(hPUILIMEHTOM YCUJIEHUSI Ha OcC-
HoBe GyHKLUMU JIsimyHOBa IPUBO-
JUT K (PU3MYECKHN HEepeaanu3yeMOMY
nponopuroHaabHO-TUGPEepeHIU-

Puc. 7. JInHaMu4YecKHe XapaKTEPUCTHKH CHCTEMbI
Fig. 7. Dynamic characteristics of the system

anproMy I1177! 3akony ympasie-
Hus [33, 34]. [TonoOHEBII peryasiTop
B ONpEACICHHOM CMBbICIEC MOX-
HO OTHECTHM K TMOJMHOMUAIbLHBIM
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perynsitopaM [35] ¢ TID W = R(s)/C(s) mpm
degC(s) 0 = C(s) = ¢, tE ) = 1/K.

Hnsa obecrnieyeHUS peaTn3yeMOCTH OIIepaToOpPOB
nuddepeHIUPOBAHNUS B OTIMYME OT M3BECTHBIX
AHAaJIOTOBBIX aIlIIPOKCUMAIINI 11eJIeco00pa3Ho MC-
MOJIb30BaTh IIYMOIIOAABJISIOIIMN OUCKPETHBINA
aHaJIOT MPOM3BOIHOI [36].

MeTtonudecku yaydllIeHHEe pealn3yeMOCTH pe-
TYJISITOpa MOXET OBITh JOCTUTHYTO ITYTEM MOI00-
pa moaxonsiei pyHKuun JIamyHoBa.

3akiao4eHue

B pabore Ha OocHOBe aHAJTUTUYECKUX M KOM-
NBIOTEPHBIX HCCICIOBAHUM MOJYYEHBI CJIeAyIO-
1l11i€ OCHOBHBIE Pe3yJIbTaThl:

* OCHOBHOI MPUYMHON Bce 00Jiee YCKOPEHHOTO
pacXxoXOCHUSI MEXOYy TEOpUEeM M IPaKTUKOM
yIIpaBJeHUs SBISETCS HapylIeHUE CUCTEMHO-
ro Ioaxojia MpU MHOCTAaHOBKE 3amayd yIIpaBiie-
HMSI, TIPM KOTOPOM HE BBIIOJIHSIETCS KPUTEpUi
"memoctHocTn". HemanoBaxkHyIO poOJIb MTrpaeT
TaKXe BO3[EICTBHUE HAa KpeaTUBHOE MbILLICHHE
TaKUX JUAJIEKTUYECKUX IIPOLECCOB 3BOJIIOLUNI
MHUpPO3AaHUSI, KAK HECOBMECTUMOCTD, ClIydaii-
HOCTb, HEYETKOCThb, XaOTUYHOCTb, aCUMMET-
PUYHOCTD;

* II0Ka3aHO, YTO MCIOJb30BaHME Aaxe "TIpaBUJIb-
HbIX' MaTeMaTU4YEeCKUX COOTHOIIECHUI, SIBJISIO-
LIMXCSI OCHOBOM MeTOAa CMHTEe3a, HEPEeIKO IpU-
BOIOMT K (DM3NYECKU HEKOPPEKTHBIM pe3yabraTaM
B CMBICJIE HapylIeHUsI I'PyOOCTH; HEYUeT TeXHU-
YeCKUX TpeOOBaHMI, HE COIJIACYIOLIMXCSI C Ma-
TeMaTUYECKMMHU KaHOHAMM He IT03BOJISET MOJIy-
YUTH aJIeKBaTHOE pelleHe U SIBJISIETCS OOHOMN 13
MPUYMH PACXOXICHUS TEOPUU U MPAKTUKU,

* TIpUBEACHBI HEKOTOPbIE aHAJIOTUU:

WHBEPCHBIM WJIM KOMIICHCALIMOHHBIA MeTOH —

Koaaanc, yIpaBiIeHWE C KOHEUHBIM BpeMEHEM

YCTAHOBJIGHUSI — MOpMOdCeHUe Ha b0y, METOI

"0OpaTHBIX 3ama4y IWHAMUKU' — KOpOmKoe 3a-

MbIKAHUe UHOpMayuy; MEeTON CUHTe3a Ipeleiib-

HBIX CUCTEM C OOJIBIIM KO3(hPUILIMEHTOM YCHUJIe-

HUST — Memod epyboil cuavl. B3sgThle U3 MpaKTUKU

COOTBETCTBYIOIINE (DM3NUECKUE aHAJIOTUU 00pas-

HO BBIpaxaroT MOTeHLMAJbHBINA PUCK, CKPhIBAIO-

LIUIACS B METOAOJIOTMM YKa3aHHBIX ITOITYJISIPHBIX

HaIlpaBJIeHUI CUHTe3a CUCTEM YIIpaBJICHUSI, IIPU-

BOISIIIUI K MX HEPeaTu3yeMOCTH.

* HapsaAy C aHAJIUTUYECKHMM aHAJIM30M Ha KOH-
KPETHBIX IpHMepax II0Ka3aHbl OCOOEHHOCTU
HapylIeHUs T'PyOOCTU: B MHBAapMaHTHBIX CH-

cTeMax KOHTypa KOMIIEHCALlUU; ITPU KOMIICH-

CcallMM MOJIOKUTEJBLHOTO HYJISI; TPU UCIOJIb30-

BaHMHM CTaplleil MpOM3BOAHONM, B (DMHHUTHBIX

cUCTEeMax ¢ OOpaTHOM CBS3BIO.

TeopeTnueckue TMOJOXEHUSI OOOCHOBAHBI Ty-
TeM pelIeHUs MOMNEJILHBIX 3a1a4 C MCIIOJh30BaHU-
eM MATLAB/Simulink. KomnploTepHoe nccieaoBa-
HHE TO3BOJIUJIO CIENIaTh P MOJOXMUTEIbHBIX BbI-
BOJIOB, UMEIOIINX BaxKHOE IIPUKJIAAHOE 3HAUCHHUE.
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There is studied the mathematical foundations of the synthesis methodology in the engineering interpretation of a number
of popular feedback control systems and the reasons for the impracticability of the results due to the appearance in the syn-
thesis equations of pure differentiation operators and sources of various types of roughness violation. The global reason for
the increasingly accelerated divergence of control theory from practice is associated with the impact on creative thinking such
as mutation, incompatibility, randomness, fuzziness, asymmetry which underlies the evolution of synergetic systems. Both the
"methodological crisis” and a number of seemingly insignificant engineering inconsistencies lead to a decrease in the planned
efficiency of the developed control systems. There is a tendency to solve this practical problem through its excessive mathe-
matization. As a result, there is nonsense — "the more mathematics, the worse”, which leads to a "mathematical labyrinth”,
to exit from which the mathematical apparatus becomes more and more complicated until the creation of a new theory. It
is shown that the use of even "correct” mathematical relations, which are the basis of the synthesis method, often leads to a
violation of feasibility and rudeness. It is cited that the neglect of important poorly formalized technical indicators and the
conditions of rudeness (robustness) when setting the problem does not allow us to obtain a constructive solution and is one of
the main reasons for the discrepancy between theoretical results and practice. A number of popular directions of the classical
theory of feedback control are considered: an inverse approach-compensation method, which forms the basis for constructing
astatic, invariant, robust and other compensation systems; synthesis methods for systems with a finite settling time; assessment
and control methods based on the concept of "inverse dynamics problems"; high gain limit systems. Violation of various types
of feasibility and rudeness is demonstrated by specific examples tested on Matlab / Simulink. Computer research has made it
possible to draw a number of positive conclusions that have important applied value.
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O. 1. Bopucos

MocnepoBaTenbHbLIN KOMMNeHcaTop B 3aga4ve
yAepXaHuAa nonoxeHunAa HaaBoA4HOro cyp,Ha1

Hacmoawas paboma noceaujena pewenuio 3a0a4u yoepiucanus noA0NCEHUs HA080OH020 CYOHA € UCNOAb308AHUEM Memo0a
nocaedosamenbHoeo Komnerncamopa. Jlnsa onucanus 08udiceHus Ha0800H020 CYOHA 8 NAOCKOCMU PACCMAmMpueaemcs OuHamuye-
cKas MoOdeab 6 NapalieabHbiX KOOpOUHAmax ¢ mpems cmeneHamu c60000bl, COOMEEMCMEYOUUMU RPOOOAbHOMY, NONEPEUHOMY
u epaujamenvHomy ogudceHuam. llpunumaemces, umo 015 obecneueHuss NOAHOUEHHO20 MAHEBPUPOBAHUS HADBOOHOE CYOHO 0060~
PYO0BAHO HECKOAbKUMU UCHOAHUMENbHBIMU NPUBOOAMU, KOHKPEMHASA KOHPUYPAUUSL KOMOPBIX YHUMbIBACMC COOMEEMCMEY -
rowum pacnpedesumenem ynopos. Takxum obpazom, 6e3 nomepu 0OWHOCMU 8 PAMKAX CUHME3A pecyiimopa npuHuUMAaemcs,
YMO MHO2OMEPHAS CMPYKMYpPa CUCHeMbl XAPAKMepU3yemcs mpems 6X00HbIMU U MPeMs 8bIXOOHbIMU CUSHANAMU, KOMOpble,
Kpome mozo, codepicam nepeKpecmubie C8a3u Melcoy nonepeuHviM U epawjamenvHsim osuxcenuamu. Ilpednosazaemces, umo
Mo0enb Ha080OH020 CYOHA codepicum napamempuieckue U CUeHaAbHble HeONPeoeAeHHOCMU, NPe0CMAgAeHHble HeU38eCMHbLMU
QuszuueckuMu napamempam Macc u 0eMn@PUPOBAHUs U HeUMepUMbIMU NPOU3BOOHBIMU Pecyiupyemblx cueHanros. Pewaemas
3adaua npednonsaeaem (QYHKUUOHUPOBAHUE HAOBOOH020 CYOHA 8 HECMAUUOHAPHOU cpede, 0KaA3bleawujell ausHue Ha 00seKm
6 gude 6HewHUX eo3myuiarouux eosdeticmeuil. [Ipuseedeno pewenue 3a0avu yoepiucanus 3a0AHHO20 NOAONCEHUS HAODBOOH020
CYOHA € UCNOAb30BAHUEM MemO00ad NOCAed08aMeNbH020 KOMNEHCamopa, KOmopuli npedcmaeasem coboli pobacmuulii pecyis-
mop no 6b1x00y, HOCMPOEHHbII HA OCHO8e NPUHUUNA CUAbHOU 00pamHuol céa3u. IIpoeeden anaau3 ycmouuueocmu cucmembol
YACMHO020 Xapakmepa npUMeHUmenbHO K pacCMampueaemMomy npuiodcenuro. B pamkax anasuza nepexpecmuoie cés3u pac-
CMAmMpUearmes KaK 0epanuienHole 03MYyueHUs, 4¥mo no360451em HOKA3amy 8 cuchmeme c80lUcmea IKCNOHeHYUAAbHOU YCmOli-
yugocmu. Ocoboe eHuManue 6 cmamoe y0eieHO NPO8edeHUI0 IKCNePUMEHMANbHbIX UCCAe008AHUL cucmeMbl OUHAMUYECK020
nos3uyuoHuposarus 6 arabopamopuu mopckou Kubepnemukxu (Marine Cybernetics laboratory, MC lab) Llenmpa aémonomHbiX
mopckux onepauui u cucmem (Centre for autonomous marine operations and systems, AMOS) Hopeedicckoeo yrueepcumema
mexnuyeckux u ecmecmeeHnvlx Hayk (Norges teknisk-naturvitenskapelige universitet, NTNU). B pamkax s3kcnepumenmanbHuix
uccnredoganui ompabomanst 08a CUEHApUs: y0epiucanue NOAONCEHUS NPU 6030€liCMEUU GHEUHUX 803MYUWeHUL U YOepICcaHue
nonoxcenus 6 "mecme uemoipex yeno8". Ilpoeedennvie sKchepumenmol UALHOCMPUPYIOM padOmMOCHOCOOHOCMb pa3pabomanHol
cucmembl OUHAMUUECKO20 NO3UUUOHUPOBAHUS NPU NPAKMUHECKOM NPUMeHeHUU K Gu3uveckol Modeau Hadeoo0Ho20 cydHa.

Karueenvte caosa: pobacmruoe ynpasaenue, nocaedosamenbHulili KOMneHcamop, Ha0800Hoe CYOHO, ydepicarue 3a0aHH020

NOA0JMNCEeHUA, JuHamuueckoe no3uyuoHuUpoearue

BBenenue

Vioepxxanue CcygHOM 3aJaHHOTO TIOJIOXKEHUS
MOCPEICTBOM AKTUBHOM TSATW OBUXUTEIIEU SBIISI-
€TCS YaCTHBIM CJIyyaeM 3aJayd AUHAMUYECKOTrO
no3umoHupoBaHusa [1, pasgen 1]. Bta nmpobiaema
COXpaHsieT CBOIO aKTyaJIbHOCTb IJis1 CYyOdOB, Xa-
pakTep BBIMOJHSIEMON pabOTHI KOTOPBIX MPEIIIO-
JlaraeT cOXpaHeHUe 3aJaHHOTO IOJ0XEHUS B Te-

I Paspen "Cunres 3akoHa yIpaBjieHUs" HACTOSIIE padOoThI
BBITIOJTHEH TpU (pruHaHCOBOM MoaaepxKe Poccuiickoro HayyHOro
donma (mpoekt Ne 19-19-00403). Pasgensr "AHanu3 ycTOHYMBO-
CTH 3aMKHYTOM CHUCTeMBbl" M "DKCHepHMMEHTaJIbHbIE HCCJIEI0Ba-
HUS" HACTOSAIIEC pabOThI BHIMTOJIHEHBI MPU (UHAHCOBOM IO~
nepxke MccremoBarenbckoro coBeta Hopsernu (RCN) B pamkax
nporpaMmbl "Mopckue u Oeperoseie omnepainuu”’ (MAROFF),
npoekT 210670 (D2V). DkcrepuMeHTalbHbIe UCCISIOBAHUS BbI-
nonHeHbl B Llentpe AMOS NTNU, nopaepxkuBaeMoM RCN
B pamMkax (uHaHcupoBaHus LleHTpoB mepemoBOro OIbITa,
npoekT 223254 (AMOS).

YeHHUE IPOJOJKUTEIHLHOIO BpEeMEHM (HAIpUuMep,
odduIopHBIe cyaa, TAHKEpPHI, CyaHa o0ecreyeHUu s
BOJOJA3HBIX PabOT M Ap.) MJAU CMEHY IOJIOXKE-
HUSI ¢ BBICOKOM TOYHOCTHIO (HaIlpumep, ApeaxKe-
pbl, cyda-KabeleyKiaaauuku u ap.) [2, pasgen 2].
I[Ipn peuieHun 5TOR 3ama4y BaXKHO YYUTHIBATh
psaa pakTOpoOB, MPUCYILIUX OKpYXKalollieil cpene u
ycIoBUSAM (YHKILMOHUpoBaHUs. Hampumep, us
BHEIIIHUX BO3MYIIEHUI, NeACTBYIOIIMX Ha CYyIHO,
JOCTYIHBI M3MEPEHUIO TOJbKO XapaKTEPUCTHU-
KM BeTpa (CKOPOCTb M HaIlpaBJIEHUE), B TO BPeMsI
KaK TeYeHHEe, MOPCKOE BOJHEHHE, KOHTAKT CY.I-
Ha co JbI0oM [3], Kauka MU Apeid BHIYUCTSIOTCS
W3 OMIHUPUYECKUX XapPaKTEPUCTUK C YYETOM CO-
OTBETCTBYIOIICH NMHAMUYECKOM MOMAENU IBUXKE-
HUS HaaBogHoro cynHa [4]. TlocinenHsist, B CBOIO
oyepenb, OTIMYACTCS MHOTOMEPHOM CTPYKTYpOU
C MEPEKPECTHLIMU CBSI3SIMU MEXIY MOACUCTEeMa-
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MU, TapaMeTPUYEeCKOW HEeOINpPeaeJeHHOCThIO U
HEIOCTYITHOCTbIO M3MEPEHMI TPOU3BOAHBIX pe-
ryJupyeMbix TepemeHHbIX. [Ipu paszpaboTke cu-
CTeMbl YMpaBJeHUs HeOoO0XOMMMO, KPOME TOTO,
obecreuyuTh ynobCTBO U MPOCTOTY HACTPOMKY TTa-
paMETPOB peryasaTopa U y4ecTb HEOOXOAMMOCTh
SKOHOMHOTO MCMOJIb30BaHUSI BBIYMCIUTEIbHBIX
pecypcoB 6OPTOBOro KOHTPOJJIEpa.

B crarbe mpenjaraercs pelieHue 3aJadyu yaep-
JKaHUS TIOJIOXKEHMsI HAaJBOJHOTO CyAHA C MCIOJb-
30BaHMEM METO/A TOCJeI0BaTeIbHOTO KOMIIEHCA-
Topa [5], KOTOpBIi OCHOBAH Ha TEOpeMe O MacCH-
dukamuum [6, 7] 1 mpeactaBisieT cOO00 poOACTHBIM
PEryJsiTOp IO BBIXOAY C BBICOKUM KO3 GUIIMEH-
ToM ycuJieHus. Hacrosiiee uccienoBaHue siBisieT-
csI TIPOIOJIKEHEeM paboThI [§], rme It onmMcaHus
JIUHAMMKKM HAABOAHOTO CyAHAa MCIOJb30BaJIach
JVHeapu3oBaHHasl monedb HomoTo mepBoro rmo-
psaka. B Hacrosiueil pabote paccMoTpeHa GoJiee
CJIOXHas JMHAMMYECKasi MOAEJb, XapaKTepu3ylo-
11asicsl MHOTOMEPHOM CTPYKTYPOIi C TTepeKpPeCcTHbI-
MU CBSI3IMM TI0 TIONEPEYHOMY U BpallaTebHOMY
JIBUXKEHUSIM, KPOME TOTO, B pabOTe MPOBEACH aHa-
JIN3 YCTOMYMBOCTU CHUCTEMbI YaCTHOTO XapakTepa
MPUMEHUTEJIBHO K paccMaTpMBaeMOMYy MPUJIO-
XeHuo. B pamkax aHanmza mepekpecTHbIE CBS3U
paccMaTpuBalOTCS KaK OrpaHUYEHHbIE BO3MYIIE-
HUSI, 4TO TIO3BOJISIET MOKa3aTb B CUCTEME CBOM-
CTBa JKCIOHEHIMAJNbHOU ycToMumMBoCcTU. Ocoboe
BHMMaHUE B CTaTbe YACJECHO TMPOBEIECHUIO IKCIIe-
PUMEHTAIbHBIX UCCJIEAOBAHUMN CUCTEMBI TMHAMMU-
YeCKOTo MO3UIIMOHUPOBaHUS B 1aOOpaTOPUU MOP-
ckoit kmbepHeTnku (Marine Cybernetics laboratory,
MC lab) lleHTpa aBTOHOMHBIX MOPCKHMX OIepanni
u cucteM (Centre for autonomous marine operations
and systems, AMOS) HopBexckoro yHuUBepcuTe-
Ta TEXHUYECKUX U ecTeCTBeHHbIX HaykK (Norges
teknisk-naturvitenskapelige universitet, NTNU)
[9, pasmen 3.2; 10, pa3men 2.2; 11, pasgen IV.A].

ITocTanoBka 3amauu

Jst penieHUs 3afavyy yAepXaHUS IOJOXEHUS
HaJBOIHOIO CyIHA BBEIEM COOTBETCTBYIOLIUE TO-
MYIIEHUS O MaJIbIX CKOPOCTSAX U O MaJIOM 3Haye-
HUU yTJia PBICKAHUS, B CUJY KOTOPBIX PacCMOT-
pUM IMHAMMYECKYIO MOJIEIbh HAJBOIHOIO CyaHA
B MapaJjJieIbHBIX KoopauHartax [12, pasgen 7.5.3]:

u; (1)
v; 2
r 3

< o=
Il

<
Il

Q)
®)
()

rae (x, ¥) — KOOpAuWHAaThl CMEIEHUS CyIHa B IPO-
IOJBHOM M TOIIEPEYHOM HAaMNpaBJICHUSX;, y —
KYPCOBOU yroj CyoHa; U, v, ¥ — COOTBETCTBEHHO
CKOpPOCTHM MNPOAOJBHOIO, MOIMEPEYHOTO M Bpalla-
TEJILHOTO IOBUXEHWUW; my, Myy, Myz, M3y, M33 —
napameTtpel Macc; X,, Y,, Y, N,, N, — napame-
Tpbl aeMmriupoBaHusd; X, ¥, N — COOTBETCTBEHHO
CUJIBI MU MOMEHT TATH, CO3JaBacMble WCHOJIHHU-
TEJIbHBIMM MPUBOJAMU [JISI IIPOMOJBHOTO, TOIIE-
pPEYHOTrO M BpalllaTEbHOTO JTBUXKCHU.

®dusnyeckue mnapamMeTpbl 00bEKTa MPUHMMA-
IOTCS HEW3BECTHBIMU. WM3MepeHu10 MOCTYMHBI
TOJIBKO PETYJIMPYEMBIE TIEpEMEHHBIE X, ¥ U . Lle-
JIBIO YIIpaBJIEHUS SBJSETCSI OO€CleYeHue BBIITON-
HEHUS CJIEIYIOIIETO LEJEBOTO YCIOBUS:

myu=X,u+ X,
MyV+mysF =Y v+ Y.r+Y;

m32\'}+m33’;:NvV+Nrr+N,

limn(f) = ny,
t—>w

e n =[xy w]"un; = [x; y; vi" — BekTOpHI,
coaepxKalue, COOTBETCTBEHHO, TEKYIIIME U KeJla-
eMble KOOPAMHATHl HAJBOMAHOI'O CylHA B MJOCKO-
ctu. [nsg peuieHus TOCTaBJICHHOW 3adadyu BOC-
MOJIb3YEMCS METOIOM TIOCJIEMOBAaTEIbHOIO KOM-
neHcaropa [3].

CuHTe3 3aKOHA ynpaBJieHUs

3ameTum, uTo Monesb (1)—(6) coCcTOUT U3 ABYX
He3aBUCUMBIX moacucteM: (1), (4) — mJist mpoaob-
Horo aBuxkeHwus; (2), (3), (5), (6) — nnas momnepey-
HOrO W BpallaTeJbHOI'O JIBUXKEHWI, CBSI3AHHBIX
MepeKpecTHbIMU CBI3sIMU. PaccMoTpuMm Kaxayio
W3 HUX OTIEJbHO.

BbinosiHUM CUHTE3 yIpaBjJeHUs] TPOAOJIbHbBIM
IBUXeHUeM cynHa. 3anumeM wMoaeab (1), (4)
B BUJIE

mllx:XuerX,

OTKyZma, pa3pellasl YpaBHCHHUE OTHOCHUTEIILHO );' u
MIpUMeHsIs onepaTop AU hepeHLIIPOBAaHUS p = e
MOJIYYUM MOJIECIh !
1 b
X=—— x =2y 7)
myp°—X,p a,(p)
B KOTOPOil OTHOCHMTEJbHAsI CTENEHb IlepeaaToy-
b.(p)

HOM (YHKLMU paBHa p, = 2. CoracHo pa-

X
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oote [5, BeipaxxeHue (7)] BbIOEpeM 3aKOH yMpaB-

JICHUA BUOA

)

rae o,(p) — NPOU3BOJIbHBIA T'YPBULEB IOJIMHOM
crernneHu p, — 1 = I; p, — Koa3p@uULMEHT, BbI-
OpaHHBIN U3 YCJIOBUS TYPBMIIEBOCTU MOJMHOMA
a,(p)+u.b.(po,(p); €, =x—X — HeBsI3Ka Ha-
oJrromaresss BUIa

X = —O‘x(P)Hx(X - gx),

©)

rae k, — ko3(hGULMEHT, BBIOPAHHBII UCXOOST U3
0o0ecrieyeHUs aCUMITOTHYECKON YCTOMYMBOCTHU
Habmoaaresst (9) OTHOCUTENIBHO X ; G, — KO3(d-
(uumeHT, BBIOPAHHBIN AJIS1 JOCTUXXKEHUS BKCIO-
HEHLMAJLHOW YCTOMYUBOCTU U3 YCIOBUA G, > W,
U, cormacHo pabore [5, BboipaxeHue (24)], BbINOJ-
HEHUS COOTHOIICHUS

X =o.(-k X +k.X)=0kek,,

AAze, +

1 1
—2”xkx0+g+g”>2ccx Ay

(10)
2.1 T

+nyebbic, +1<-R;,
rie n, — KOHCTaHTa, YAOBJIECTBOPSIOLIAA CKaJlAp-
HOMY ypaBHeHUIO JIgnmyHoBa

2n,(-k,) = 0. (1)

0; >0 u R; >0 — NoOJOXUTENbHBIE KOHCTAHTBI;
Ay, b,, ¢, — MaTpuLIBl MOJIEIN 3aMKHYTO CHCTe-
MBI (7)—(8) B TIpPOCTpaHCTBE COCTOSIHMIA; KOH-
CTaHTa § YIOBJIETBOPSET PaBEHCTBY

~Q, +38Pbb'P, +31 =-R,, (12)

rie R, =R >0 — MNOJOXMUTEIbHO-OMPEIEICH-
Hag marpuua u P, — marpuua, yaOoBJIE€TBOPSIO-
mas ypaBHeHuIo JIsimyHOBa

A'P,+ P A, = -0 (13)

X

rae O, = 0y >0 — MoJOXUTENBHO-ONpeaeIeHHAs
MaTpula.

Ilepeitmem K cuHTEe3y yIpaBieHUsS MOMeped-
HBIM M BpalllaTeJbHBIM IBUXEHUEM CymHa. 3aIu-
meM Mozeib (2), (3), (5), (6) B Buze

m22\5‘=YvV+Yr1’+Y—m23I;;

mysf = N, v+ N, r+ N —my,v,
OTKYyJa, paspelias ypaBHEHUSI OTHOCUTENIBHO y U
Y ¥ CHOBa NpPUMEHsA onepaTop 1uddepeHpo-
BaHWS p = e MOJIYYMM JIBE MOACUCTEMBI C Iepe-

KPCCTHBIMU CBA3AMMU

1 1
Y+|Y,-my3—N ]p\y—mBN
[r my M3 _

y:

1 1

[mzz —My3 mmszjl’2 _[Yv —m23va]P (14)
33 33

_by(p)
a,(p)

¢,(p) L] .
a,(p)  a,(p)

N +[Nv —m321YV]py—m321Y
My my;

Ve 1 ) 1
m33—m32m—m23 P - Nr_m32m7Yr P (15)
22 22

b,(p) ,, ¢,(p) 1
= + Y
a,(p)  a,(p)" a,(p)
1 1
BKOTOPBIX dy = —My; — N n dy =-m3; —Y —
33 My,

B3aMMHbIC BO3IEUCTBUSI OOHOW IOICHCTEMBI Ha
IPYTyI0 TIpU MPUBEICHUM MX B IBUXEHUE. DTU
MepeKpecTHhIE CBSI3W  paccMaTPUBAIOTCS  Kak
orpaHMYeHHbIe BO3MYyIIeHUs. OTHOCUTEIbHBIC
b, (p)

a,(p)

PRXD)

CTEeNeHHU MepeIaToOuHbIX (yHKIINU
a,(p)

paBHbI p, = 2 ¥ p, = 2.
AHanorn4dHo (8) BeIOepeM 3aKOHBI YIIPABICHU S
cornacHo pabore [13, Beipaxenus (3)—(7)]:

Y = _ay(p)(uy + Ky)(y_gy); (16)

N =-o,(p)(n, +x,)(v-g,), (17)
rae o, (p) ¥ o,,(p) — MPOU3BOJIBHbBIE TYPBHULICBBI 110~
JUHOMBI cTeneHed p, — 1 =1unp, — 1 =1, n, —
K03 PUILINEHTHI, BBIOpAaHHBIE W3 YCJIOBUS Typ-
BUIIEBOCTU TMOJMHOMOB a,(p)+u,b,(p)a,(p) u
a,(p)+u,b,(p)o,(p); K, Kk, — KOIDOULUECHTDI,
KOTOpbIe OYIyT OINpenesieHbl MO3AHee; &, = Y -9,

€, =V — VY — HEBSI3KM Habionarenei Buaa

y = Gy(—kyj/ +kyy) =0c,ke,;

(18)

v =o,(-k,y+k,v) =0k, (19)
rae k, k, — K03bGbUILMEHTbI, BBIOPAHHBIC UCXO-
51 U3 00ecreYyeHUsT aCUMIITOTUYECKONM YCTONYM-
BocTu Habmomareneir (18), (19) oTHOCUTENBHO Y
u vy, o), 6, — KO3(QOULMEHTHI, BBIOpaHHbBIE s
JOCTUXKEHMS SKCIIOHEHIIMAJbHOU YCTOMYMBOCTHU
U3 YCJIOBUII G, > W, G, > W, U BBIIIOJTHEHHUSI COOT-

y
HoureHu# [13, BoipaxeHus (38) u (39)]
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—2n,c ,k, + l(py +K,)+ %c cyn§
+ Kyc;byb;cyny +(1y, +Kk))cpe,n Jz/ +  (20)
+(uy, +x,)byb, +x 0y cynﬁ <-Ry;

1 1 2
-2n,0,k, +—(pw +K,) +§C Yy +
+ ch$bwb$cwnw +(uy, +x )cw v f, + 2D
+(n, +K )b b, + chwcwnw RA

rie ny, 1, — KOHCTAHTBI, YAOBJIETBOPSIONLINE CKa-
JSIPHBIM ypaBHeHUSIM JIsimyHOBa
2n,(-ky) =-0;; (22)
2n,(-k,) = -0, (23)

QJ; >0, Q\T, >0 u R; >0, R\T, >(0 — IIOJIOXXUTENb-
HBIe KOHCTaHTHI; 4, b, ¢, q, u A, b,, ¢, q, —
MaTpUIbl MoneJiell 3aMKHYTHIX cucTteM (14), (16) n
(15), (17) B mpocTpaHCTBE COCTOSTHUI; KOHCTaHTA
d orpannyeHa 0 < 8 < 0,5 1 COBMECTHO ¢ KO-
bunneHTaMu K, U K,, YIOBJICTBOPSIET PABEHCTBAM
[13, Berpakenus (35) u (36)]

—Qy + 6((uy + Ky)cyc; + AyTAy) +

1 (24)
+—(Pyq,q9, P, +c,q,q,c,) =R,
]
-0, +38((n,, +x,)c,c, + Ay A,)+
1 (25)
+—(P,qyq, Py +cya,4,¢,) =R,
y
rae R, = RyT >0, R, = R“Tj >0 — MOJIOXUTEIBHO-
onpeneneHHble Mmarpuusl; P, P, — Marpulbl,
yIOBJIETBOPSIONINE ypaBHEHUAM JIsimyHOBa
AP, + P A, = -0,; (26)
A, P, + P,A, =-0,, (27)
rne Q, = QyT >0,0, = QJ >0 — IIOJIOXUTEABHO-

OIIPpC€ACICHHBIC MaTpUIIbI.

Ananu3 YCTOYUBOCTH 3aMKHyTOI71 CHUCTEMBI

bes moTtepu OOLIHOCTM TIpoaHAIU3UPYEM
YCTOMYMBOCTb 3aMKHYTOH CHUCTEMbI IO MpO-
JOJBHOMY JIBUXKEHMIO B IOJOXEHUM PaBHOBECUS
(x,Xx) =(0,0) [14, pasnen 4.1; 15, pasnen 3.1]. [ox-
CTaBJIsAs 3aKOH ynpaBieHus (8) B moaenb (7), mo-
JIYyYUM 3aMKHYTYIO CUCTEMY

_ b (pa,(p)
a,(p)+pb (pa,(p)

KOTOpasl 5KBHBAJCHTHA MOJACIU B IIPOCTPAHCTBE
COCTOSIHUM

2y = A2, (28)

(29)

+b.e;

X =CyZy

rle Z, — BEeKTOP COCTOSIHMUSI.
Breruucianm mpon3BOAHYIO HEBI3KM HAOIIOmATEIS

¢, =x-o,(-k,x+kx)=x-o,k.e,., (30)
KOTOpasi OyeT UCIOIb30BaHa IO3IHEE.

Bribepem ¢pynkuuio JIssrmyHoBa u3 KJjiacca KBa-
IpaTUYHBIX (OPM B BUJIE

V.=7'Pz, +ngs’. (31)

Buibop yHKIMM yIOBIETBOPSIET TpeOOBaHMU-
SIM, IPEABSBISIEMBIM K KaHAUAAT-PyHKUIMSAM JIs1-
nyHosa [14, riasa 4; 15, onpenenenue 3.7; 16, pas-
aen 5.3.1]: V., = 0 npu (x,X) =(0,0), MOCKOJBKY
npu z, = 0 B cooTBercTBUU C (29) umeem x = 0,
a npu si =0 umeem x = Xx. Kpome toro, V, > 0 nipu
(x,Xx) # (0,0) B cuy KBagpatudHo ¢hopmbr V..

BbruuciauM mpou3BOAHYIO MO BpeMeHU (PYHK-
uuu V, ¢ yuetom cootHolueHui (28)—(30):

V=2 (AP, + P.A)Z, +2- 2P, -6, +

(32)
e, —2n koe?,

T T
+2-ne.c A -7, +2-nech,
e U1 BTOPOTO, TPEThEro U YeTBEpTOro ciarae-

MBIX HCIIONb3yeTcs HepaBeHCTBO FOHra [17] Buga

2ab &

2 2

b 2 b
0<|Véa-——| =6 ——

[I Jéj “T

b2

o 2ab < 8a’ + —

(33)

OTHOCUTEJIbHO KOMIIOHEHTOB, pa3le/IeHHBIX 3Ha-
KOM yMHOXeHUs B dopmyne (32). B pesynbrare
MOJyYUM

V.<-2'0,z, + 8z P.b.bIP 7

+é82 + Elsn e2cTA Alc, + 870z, +

(34)

+nle2clh blc, +e2 - 2n ko &2
rae BeipaxkeHue (13) momcraBjieHO B MepBOE ciara-
emMoe, a 8 = 1 — B 11IecTOe U CeNbMOE CIaraeMble.
Haxkonewn, noacrasisist (12) B cnaraeMble IpU 7,7,

u (10) — B cmaraemble Tipu sfc, MOJAy4YUM
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R.g2 < -

Vx < _Z)Tcszx - Axex Vxﬂ (35)

min
TO€ Apin ~> 0 — HavMeHbllIee U3 COOCTBEHHBIX YH-
cel R, m R;. V3 HepaBeHCTBa (35) CIEAYET, UTO
CHUCTEMA BKCIIOHEHIIMAJIbHO YCTOMYMBA.

[IpoananuzupyeM YCTOMYMBOCTh 3aMKHYTBIX
CHUCTEM TIO TIOMEePEYHOMY M BpalllaTeIbHOMY JBU-
XeHUsM. HauHeM ¢ ympolieHHOro ciaydas, mpe-
HeoOperasa B (14) u (15) B3aMMHBIMU BO3JEMCTBU-
sIMW OITHOW TIOACUCTEMBI Ha IPYTYIO MPU TPUBE-
JEHUU WX B ABUXeHUE, T.e. Ipu dy = 0 u dy = 0.
IMoacrasnss 3akoHbl ynpasiaeHus (16), (17) coor-
BeTCTBeHHO B Moaenau (14), (15), momydyum 3am-
KHYTBIE CUCTEMBbI

_ by(p)a,(p)
a,(p) +u,by(p)a,(p)
¢, (p) _
+ v;
a,(p) +u,b,(p)a,(p)
v b, (p)o,(p)
a,(p)+uw,b,(pa,(p)
¢, (p)
a,(p) +u,b,(p)o,, (p)

(_Kyy + (My + Ky)gy) +

(kv + (n, +1x,)8,) +

Y,

KOTOpPBIC SKBMBAJICHTHBI MOICISIM B HPOCTpPaH-
CTBE€ COCTOSIHUU

2, = Az, +b, (-, y+ (1, +x,)e,) +q,y; (36)

y=¢,2,; (37)

2, = A,z + b, (k¥ + (1, +x,)e,)+q,y; (38)

T
VY =Cy2y, (39)
TIe Z,, 2, — BEKTOPBI COCTOSTHUSI.
Bourumcaum mmpousBogHBIE HEBSI30K HaOIr0ma-
TeJICH:

g, =y—0,(-k,J+k,y) =y -oc,k,e,; (40)

&, =V -o,(-k,v+k,y)=y-oc,k.e, @)
KOTOpBIE OyIyT MCTIOJIb30BaHbI MO3IHEE.

BribepeM dyHk1mio JIsimyHoBa 13 Kjiacca KBa-
apaTudHbIX (hopM aHanmorndHo (31):

_ T T 2 2
V = zyPyzy + Z\uP\uZ\u +nyey + 1,8,

42)

CrnenoBatebHO, (42) yooBIeTBOpsiET TpeOOBa-
HUSIM, IIPEABbSIBISEMBIM K KaHAMIAT-(QYHKIUSIM
JlanyHoBa, aHajoruuyHo (31).

BeruucauM MpoM3BOAHYIO MO BpeMEHU (yHK-
uun V¢ yuerom (36)—(41):

V= 2, (AyP, + P, A))z, — 27k, +
+2-zp¢, - (u, +x,) 8, +2-2,Pq, -y +
+ Z\T,(A“T,PW +P,A,)z, - 2Z“T/CWKW\|I +
+2-z,0, (0, +x,)-8, +2-2,Pq, ¥ -

- 2nycsykysi +2-ne 0y Az, — @)
—2-nue,c0b, Kk, Y+
+2-nme,0p b, (0, +x,) €, +
+2-n,8,0), -G, — 2nwcwkwa\2v +

T

T
+2-n.e,0, Az, —2-n.e,0,b, x, g+

+2-ne,c.b, - (u, +x,) -8, +2-n.8,0,-9,),
€ MCIHOJIb30BaHbl COOTHOWEHUs Pb, = ¢, n
P,b, = c¢,, KOTOpbIE BBHINONHSIOTCI B COOTBET-
ctBUun ¢ JemMoil AkyboBnmua—Kammana—Ilo-
noBa [14, meMMa 6.2], TOCKOJBKY IepeaaTOUYHbIe
dynkuum (14)—(15) cTporo mojoXuTeabHO Bellle-
CTBEHHBI B pe3yJibTaTe OOecreueHusl TypPBUIIEBO-
CTH TIOJIMHOMAa 3HaMeHaTens. [lamee, mpuMeHsIsI
BoipaxkeHust (37), (39) u HepaseHnctBo (33) ¢ mapa-
METpaMU K, U K, BMECTO 3, TIOJIyYUM

V<- 7,0,2, - 21<yy2 +8(y, +K,)2,€,6,2, +

1 1
i E(Hy + Ky)si +K_Z;quyQ;PyTZy T K\VWZ -
v

T 2 T T
- Z‘VQWZ‘V - 2Kw\|’ + 8(”\41 + K\v)z\vcwc\vzw +

1 1
+5 0y ey P ay Pz, -
y

2.2 T AT
yOykyey yyey +32,A,A7) +

1
~2n,6,.k,e> +—clc
S y
T T 2.2 2 T 2.2
+ KyCybybyCyl’lySy +K, )y + (My + Ky)CyCynySy + 44
T 2 T 2.2
+ (py + Ky)bybySy +K,CpC NEY +

1 T,T,T 2
+ K_Z\ucwquycwz\v - 2n\v0\vk\v8\v +

y

1 T 2.2 T AT
+ gc\vcw”\vgw + SZWAWAW

T T 2.2 2
+1,c,bbye ey +x,u +
T 2.2
+ (“w + K\V)C‘VC\Vn\VS‘V

Ty t

+(u, + Kw)b;bwgfu n

+ K‘VC‘IT/C‘I/n‘IZ/S‘%/ + %Z;C;q\?q\ucyz}”
v
rae (26) u (27) moncTaBiieHbl B IIEPBOE U CEAbBMOE
ciiaraemble, a 6 = 1 — B 18-e, 19-e, 27-e u 28-¢
claraemble.
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HakoHelr, cokpaluast ciaraeMslie Ipu y> u y> u
noactasissa (20), (21), (24), (25) cOOTBETCTBEHHO
B cllaraeMble TIpu si, s\zu, z;zy u ZvT/Z\u’ MOJIYYUM

V<-z'R

2 2 2
vRyzy — 7y Rz, — Ryey — Ryey < —¢32°, (45)
rne C3 = min(}“min(Ry)axmin(R\y):Rj;:R\T,) n

z=lz, z, &, &,]". U3 (45) cnenyer, uro cu-
cTeMa 0e3 ydeTa MEePEeKPECTHBIX CBA3EH DKCITO-
HEHILIMAJbHO YyCTOMYMBA.

Jlanee 3aMeTUM, UTO

cllzll® <V < el

rae ¢ = mMin(A iy (Py), Ain(Py), 0y, 1,),
¢y = MaX(A oy (Py), Aoy (P, 1y, 1m,), W

oV

2 <l @)
0z

rae ¢, =2-max(A pax(Py)s iy (Py), 1y, 1)
[lepeitneM K MOJHOLEHHOMY Clyyar, YUYMUThI-
Bas B (14) u (15) B3auMHBIE BO3ACHCTBUS OAHOM
MOACUCTEMbI Ha IPYryl0 MpU TPUBEACHUU HUX
B ABUXeHME, T.e. Ipu dy # 0 u dy # 0. IIpoana-
JIM3UpYyeM OrpaHUYeHUs: Ha dy U dy C yYETOM Cy-
1IECTBOBaHUSI (GDU3NYECKUX TPEAEJIOB HACHIILEH U ST

Yiax U1 Npax Ha UCTIOTHUTEIIbHBIE TPUBOJIBIL:

2
1
il s |

2
1
”dN“ < m32_Nmax .
myy

Torma mpousBogHass 1O BpeMeHU GYHKIUU
JIsanyHoBa (42) mpumeT BUI

oV
V< —C3||Z2||+ a_z dmax:
rae d, . =||dyll +|ldy|| — BepxHsist rpaHuIa CyM-

MBI BO3MYILIEHUI, 00YCIOBJIEHHBIX NEPEKPECTHHI-
MU cBs3siMU. BBoast koHcTtaHTy 0 < 6 < 1 M mox-
craBisia (46), moJIyduM

V <=(1-0)csllzll’ ~0csllzll® + callzlldmay

[Tpu BeiONHEHWU ycaoBus (47) nmeem

V <~ (1-6)cslzll%

OTKYyJa cJieyeT JIoOKajbHasi 3KCIOHEHIUabHasI
YCTOMYMBOCTb CUCTEMBI. TpaeKTOpuM Z OrpaHU-

YeHBI KaK
”Z(t)” < S |2 M
c3\¢p 6

B IIpeAeiaxX KOHEYHOIo MHTepBaja BpemeHu [14,
nemMa 9.2].

3KcnepnmeﬂTaJ1mee HCCICA0BAHUA

ArnpobGanmg pa3pabOTaHHOW CHCTEMBI JOWHAa-
MHWYECKOTO  TMO3UIIMOHUPOBAHUSI  TIPOBOAMJIACH
C WCIOJb30BaHUEM (PU3MYECKON MOAEIN HaIBO-
nHoro cynHa "C/S Inocean Cat I Drillship" (puc. 1)
B AMOS, NTNU. Monenb, BEIIOJTHEHHAsI B Mac-
mrtabe 1:90, umeer gnuny 2,578 M, mmpuny 0,44 M,
maccy 124,65 xr [18]. CynHO OCHAlEHO WIECThIO
a3MMYTaJIbHBIMU TIOAPYJIUBAIOIIMMH YCTPONCTBA-
MU, TPHU U3 KOTOPHIX PaCMOJIOXKEHB B HOCOBOM Ya-
CTH U TpU — B KopMmoBoii [10, rnaga 2].

[MapameTpsr Monenu (1)—(6) MPUMEHUTEITBHO K
paccMaTpuBaeMOMY CYIHY IMPUBEICHBI B TaOJIHIIE.

Puc. 1. ®u3uveckas moaeab HagsoaHoro cyana "C/S Inocean Cat I
Drillship” 8 AMOS, NTNU
Fig. 1. Physical model of the surface vessel "C/S Inocean Cat I
Drillship” at AMOS, NTNU

ITapameTpsl pu3uyeckoil Moge T HAABOJAHOTO CyAHA
"C/S Inocean Cat I Drillship" 8 AMOS, NTNU

Parameters of the physical models of the surface vessel
"C/S Inocean Cat I Drillship” at AMOS, NTNU

Mapamerp 3HayeHue Mapametp 3HaueHUe
OTKyAda BHMIAHO, YTO CyMMa IIOCJICAHUX ABYX YJIC- Macc neMn@upoBaHUS
HOB OTPMIATENbHA B TOM CJIy4ae eCiIn s 124.658 X, D233
my, 99,030 Y, —4,673
cd s —0,525 Y, ~7,250
[|z]| > —4—max. (47) My ~0,157 N, 0,000
fc; my, 47,987 N, ~1,657-102
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ChopmupyeM cUCTeMYy IWHAMUYECKOTO TIO-
3ULIMOHMPOBaHUS Ha 6asde peryagropoB (8), (9),
(16)—(19). TMomMHOMBI peryIsITOPOB BHIOPAaHBI KakK
o (p) = a(p) = a,(p) = p + 1. TlapameTpsl pery-
JIATOPOB BBIOpaHbI KaK k, = k, = k, = 1, o, = 6, =
=o, =10, un, =15, p,=p, =20, x, = x, = 0.

B pamkax sKcrepruMeHTaIbHBIX UCCIIeIOBAaHU I
OoTpaboTaHBI JABa CIIEHAPUS: yAep:KaHHWE ITOJIOXe-
HUS TIpU BO3ACHCTBUM BHEITHUX BO3MYIICHUN U
yaepxXaHue TOJIOKEHUST B "TecTe YeThIpex YIJoB".
Bupeosanuck 3KCIIepuMeHTOB IIpuBeaeHa B [19].

WmuTanmss  BO3MYIIAIOIIETO  BO3ACHCTBUS
OCYIIIECTBIISIJIACh B BHUIE TOJIYKA B KOPIYC CYI-
Ha C TIOMOIIBI0O OTIMOPHOTO Kpioka. Pe3ynbrars
BKCIIEpUMEHTA IIpelcTaBIeHBl Ha puc. 2. 3amaH-
HOE TIOJIOXeHUe BhIOpaHo Kak n, = [1,5 —1,5 0]
BoITIoTHEHBI TPY TOJYKA B pa3Hble YacTU CyIHA:
HOCOBasl, CpeIHsIsl 1 KopMoBasi yactu. Ha puc. 2

— — —3apawne Bo3RERCTENA
1 = ParynupyeMbi NiEpEMEHHbN

COOTBETCTBYIOIIME TEPEXOAHbBIE TTPOLIECCHl pa3je-
JIEHbI BePTHUKAJbHBIMU IITPUXOBBIMU JIMHUSIMMU.
Kak oxwumanoch, XelaeMoe IIOJIOXEHNWE CymaHa
BOCCTAHABJIMBAETCS TMOCTE KaXIOro BO3MYIIE-
Husi. Kpome Toro, Ha rpadpukax MOXHO 3aMETUTh
XapaKTepHYIO B3aMMOCBS3b MEXIY MOIMEPEeYHbIM
1 BpalllaTeJIbHbIM JABUKEHUEM CyAHA.

"Tect gernipex yrmoB" ("4 corner test") mpemrio-
JlaraeT TocjeAoBaTebHbI 00X0A HAaABOAHBIM CY-
HOM 3aJJaHHBIX TOJIOXEHUN IS TTPOBEPKU UYMCTO
MPOAOJIBHOTO, MOMEPEYHOro U BpallaTeJbHOTO JABY-
JKEeHMI, a Takxke nx KomOuHaimii [20]. Pesynsrarhl
SKCIepMMEeHTa TipvBeneHbl Ha puc. 3. Kak BumHO
13 rpaKoB, MEPEXOAHBIN MPOLECC YCTOWYUB IO
BCEM peryaupyeMbiM TepeMeHHbIM. KomnebaHus
B OKPECTHOCTU TMOJIOKEHUI PaBHOBECUSI MOTYT
ObITh OOYCJIOBJIEHBI TAKUMU (PU3NUYeCKUMU (hakTo-
paMu, Kak IIYMbl U3BMEPEHU, HEPETYJISIpHbIE BO3-
MYILEHUSI, TepPeKPEeCTHbIC CBS3U,
HeyuYTeHHasi AMHAMWKa W OrpaHu-
YEeHMsI MCTIOTHUTENbHBIX TTPHUBOIOB,

OJHAKO MX aMILJIMTyJa MpeHeope-
KIMO Maja.

B Hacrtosiiieit pabote paszpabo-
TaHa CUCTeMa NMHAMMYECKOIO II0-
3UIMOHMPOBAHUS Ha 0a3e MeToma

Puc. 2. Ynep:Kkanue noJioxeHusi PH BO3JeiiCTBUM BHEIIHUX BO3MYIIEHHU

Fig. 2. Station-keeping under external disturbances

"80 85 90 95 100 105 110 115

120 125

MocJaea0BaTeIbHOr0 KOMIIEHCAaTopa
UL pelleHusT 3aJauyu yAepKaHUs
MOJIOKEHUS HAJIBOJHOIO CyIHA.
IIpoananu3upoBaHa yCTOMYUBOCTH
CUCTEMBI B YaCTHOM BHJE IIpUMe-
HUTEJIbHO K IWHAMHWUYECKON MO-
JIeJI1 HaJIBOJHOIO CyIHA C YYeTOM
MEPEKPECTHBIX CBIA3E MEXIY MOJI-
cUCTeMaMM IOIePeYHOTO M Bpallla-
TeJIbHOTO ABUXeHUil. Paborocrmo-
COOHOCTB pa3pabOTaHHONW CUCTEMBI
MOATBEPXKIAeHA pe3yJibTaTaMU 3KC-
MEPUMEHTAJIbHBIX  MCClIeTOBaHUI
B AMOS, NTNU.

B panpHeiilieM MOryT ObITH MUC-
cJIeIOBaHbI TaKMeE 3aJa4l, KaK BIIU-

|
|
|
|
|
|
|
|
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|
| 3ak.oueHue
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|

Puc. 3. Yaepxanue mojioKeHuss B "TecTe YeThIpeX YINIOB": TPAEKTOPUS IBHIKEHHS
CyIHA B 1eKapTOBbIX KOOPAHHATAX (a) U rpaduKu nepexoaHbIX NPONECCOB KOOPAUHAT

cyana (6)

Fig. 3. Station-keeping in the "4 corner test": the movement trajectory in Cartesian
coordinates (@) and the transient response plots of the vessel coordinates (6)

150 200 sSIHUE HETIPEeKpalllalolIerocsi BO3MY-
ILIAOLLEr0 BO3ACMCTBUSI, B3aMMOCBSI3b
MEXAy MapamMeTpaMu peryJsiTopa
U KOMIICHCAlME€ BO3MYILECHUMN,
a Takxe 3(@deKTbl HeyYTeHHON aU-
HAaMUKW U OrpaHMYEHUI MCIIOIHU-

TCJIbHbIX ITPUBOAOB.
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baazooapnocmu

ABTOpBI 0OjaromgapHbl BeAYyIIEMY WHXKEHEPY
Topreiip Ban (NTNU), acnupantam IOH bbep-
He 1 Mukken Ecke Hoprop Copencen (NTNU),
a Takxe crtyaeHTy benemukte Onuze @uerym
(NTNU) 3a copeiicTBUe B IPOBEASHUU IKCIEPU-
MEHTAJIbHBIA UCCIEeTOBAHU.

Hacrosiiiemy MexXayHapomgHOMY Hay4HOMY CO-
TPYAHUYECTBY coaelicTBoBag HopBeXcKuit yHU-
Bepcuterckuii ieHTp B CankT-IlerepOypre (Ilpen-
CTaBUTENBCTBO YHUBepcuTera OcCio), GuHAHCUPY-
MBI ¥ pabOTAIOLIMT ITPU TTOAAE PXKKE HOPBEXKCKUX
yHuBepcuteToB IT. Ocno, bepren, Tpomce u
TponxeiiM.
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Abstract

This paper addresses the problem of station-keeping of a surface vessel by means of the consecutive compensator
approach. The horizontal motion of the vessel is described by a dynamic model. The model is set up in vessel parallel
coordinates, with three degrees of freedom: longitudinal, transverse and rotational motion. It is assumed that the vessel
is fully actuated, i.e. there is a sufficient number and type of actuators and a thrust allocation system to ensure full ma-
noeuvrability. Thus, the control can be designed with the assumption of three independent inputs and three output signals.
The longitudinal motion can be considered separately, but a cross-coupling exists between the transverse and rotational
kinetics. There is uncertainty both in parameters and signals, due to the vessel mass, inertia, and damping, as well as the
unmeasured derivatives. The proposed control ensures station-keeping when the vessel is subjected to external disturbances.
The consecutive compensator, which is based on high-gain feedback, provides robustness. Stability analysis is presented
considering the cross-terms as limited disturbances. This allows proof of exponential stability. Experimental results are
included from the Marine Cybernetics Laboratory (MC lab) at the Centre for Autonomous Marine Operations and Systems
(AMOS) at the Norwegian University of Science and Technology (Norges teknisk-naturvitenskapelige universitet, NTNU).
Two scenarios are investigated: the scaled vessel is subjected to external disturbance, and the vessel executes the "four
corner test”. The experiments illustrate the applicability of the method.

Keywords: robust control, consecutive compensator, surface vessel, station-keeping, dynamic positioning.
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ABTOMATU3ALUNA U YIIPABIIEHUE

TEXHOJIOT'MYECKAMU NMPOLIECCAMU

YK 681.5.015.3 DOI: 10.17587/mau.21.575-583
C.P. U.laKVIpOB1‘2, KaHg. un3.-maT. Hayk, ShakirovSR@ict.nsc.ru,

A. T. KBawHUH", KaHa. TexH. Hayk, a.kvashnin@nsu.ru, A. B. I'IucapeB1, acnupaHT, pisarev@tecon.ru,
denepanbHbIi ccnenoBaTENLCKMUI LIEHTP MHPOPMALIMOHHBIX 1 BEIMMCTINTENBHBIX TEXHONOMIA, . HoBOCUBMpPCK,
2Hosocm6v|pC|<m71 rocy4apCTBEHHbIN TEXHUYECKMI YHMBEPCUTET, I. HoBOCMBMPCK,
3Hosocm6v|pcr<m7| HaLUMOHanNbHbIN NccnegoBaTenbCKNA rocyqapCTBEHHbIN YHMBepcuTeT, 1. HoBocmbupck

3

Pa3paboTtka n nccnegoBaHme matemaTu4ecKMx moaernen
3NeMEeHTOB ra3oBo34yLIHOro TpakTa Afifa co3aaHus
ACY T yctaHOBKM No nepepadoTke opraHU4eCKUX OTXoA0B

Ymuauzayus opeanuveckux omxo0o6 s164semcs KpaliHe 8AXCHOU U aKmyanibHoU sKoaoeuueckol 3adaueti. OOHumM u3 nep-
CNeKMUBHBIX HANPABACHUI 6 OAHHOU 00aacmu A8A5eMmcs CO30AHUE MHO20PENCUMHBIX (COcueaHue, NUPOAU3 U 2A3UPUKAUUS)
YCMAHOB0K N0 nepepadomke 0p2aHu4eckux omxo006 ¢ NoOAYyHeHUeM Ha 8blx00e NOAe3HbIX NPOOYKMO8 6 ude HenocpedCcmeeHHO
mena080U 3Hepeuu U IHepeoHocumenell (6uoyzoab, OuoHehmov, NUPOAUZHBIE CMOAbL, CUHMeE3-2a3 U m.Nn.) U y0obpeHuil. OcHo8-
HbIMU npobaemMamu npu co30anuu N0OOOHbIX YCMAHOBOK ABAAIOMCA HECMAOUALHOCMb CEOLICIE UCXOOHO20 CbIPbS, €20 BbICOKAS
6AANCHOCMb U 304bHOCMb. IMO 8 C80I0 ouepedb 3acmagisem nPpUMeHsms HeCMmaHoapmuoe 060py00eanue U Hemunogvle an20-
DPUMMbL YRpagaeHUus, npoyecc co30anus Komopsvix mpebyem nposedeHus 60abulol dKcnepumeHmanvHol pabomel. Ilpu smom
npoeederue HAMYPHbLIX IKCNEPUMEHMO8 ABAAEMCS 00PO2UM, CAONCHBIM U 00A2UM NPOUECCOM, YMO NPUEOOUM K HeoOX00umo-
CcmU WUPOK020 NPUMEHEHUS MAMEMAMUHECK020 U KOMAbIOMEPHO20 MOOCAUPOBAHUS.

B pabome noayuenvr mamemamuueckue mooeau 31eMeHmos ea3zo6030yunozo mpakma (I'BT) ycmanoexku no nepepabomke
opeanuveckux omxo0os. Onpedenenvt xapakmepucmuxu I'BT ycmanosxu kax o0sexkma peeyiupoeanus no 0aeieHUuI0 6 HulC-
Hell U pa3pedceHur) 8 GepxXHell Yacmu Kamepbl CHCULAHUS.

I'BT ycmanoeéku, cocmosawutl u3 dbeimMoxoda u 6030yx0600a, 8binoAHAem QYHKUUU yOaieHUs U3 Kamepsl Coucueanus oblmo-
8bIX 2A308 U n0dayvu 6030yxda, HeoOXo0umo20 0458 noddepicanus npoyecca 2openus monausa. Ilpu paspabomie HO8bIX cucmem
aA8MoMamu3ayuu MoOesUposanue no3eonsiem 00CMamo4Ho MOYHO OYeHUMb NPUMEHAEMbLe DeUeHUs, YRPOCMUMb U yOeulegums
npoyecc ux co30aHus, peuwums 0NPOCy YCMOUMUBOCMU CUCIEM, ONMUMU3AUUU nepeXo0HblX npoyeccoé u np. [lpu modenu-
DPOBAHUU 2A308030YUIHbLI MPAKM YCMAHOBKU YCA08HO pa3oum Ha psd y4acmkos, 045 KOMOPbIX NOAYUeHbl MameMamuyecKue
MoOeau. OnpedeneHbl HeAUHEUHOCMb NOAYHEHHbIX MamemMamu4ecKkux mooenei no Kaunaram "daéaenue cpedvl Ha 6x00e N-20
yuacmka I'BT — daeaenue cpedwr Ha evixode n-2o0 yuacmka I'BT", necmayuonaprHocms 06seKkmoé peeyiupoeanus u 3aeucu-
MOCMb UX OUHAMUYECKUX XAPpAKMepucmuk om peycuma padbomot ycmanoeku. Ilo pazpabomanuvim mMooessim ebis6aeHa 08YX-
CMOPOHHAS 83AUMOCEA3b 24308020 U 8030YULHO20 MPAKMOSE.

Iloayuennvie mamemamuyeckue modeau yuwacmrkoe I'BT ycmanogku Heo6x00umbl 045 CUHME3A 8CEPEHCUMHBIX PeeYAImOpOs
paspedicerus ObIMOBbIX 2A306 6 6epXHell yacmu U 0asAeHUs 6030yXa 68 HUNCHeU Yacmu Kamepwvl CHCUAHUSA YCMAHOBKU U pacC-
Yema KOMNEHCAmopo8 MedCKaAHANbHbIX C8S3ell 2308020 U 8030YUHO20 MPAKMOB.

Karoueevie caosa: mamemamuueckoe modeauposanue, OuHaMuvecKue xapaKmepucmuky 006eKma pe2yiupoeanus, agmo-
mamuueckoe peeyaupoganue, ACY TII, 2a306030yunblii mpakm, ycmano8Ka nepepadomku 0omxooos

HbIe [5]. DTO TpebyeT UCMONb30BAHUST HETUIIOBBIX
000pyIOBaHMS U AJITOPUTMOB yIIpABJICHMUSI.

BBenenne

B ®enepanbHoM MCCIeO0BAaTEIbCKOM ILIEHTPE
UHGOPMALIMOHHBIX M BBIYUCIUTEIBHBIX TEXHO-
Jjoruii BeayTcsl padboTsl no cozgaHuio ACY TII
ONBITHO-IIPOMBIIIJIEHHOTO 00pa3iia YCTAHOBKM 10
nepepaboTKe opraHuuyeckux orxomoB [1—4]. He-
PEIAKO ChIphE MJIsI BO3OOHOBISIEMOI 3HEPreTUKH,
B YaCTHOCTU OuoMacca, o0JiajaeT CylleCTBEeHHOM
HeCTaOMJILHOCTBIO CBOMCTB [5, 6]. Takxke B Kaue-
CTBE TOILUIMBA MOTYT MCIIOJIb30BaThCsl "CIOXHBIC"

BUObI OTXOOOB — BbLICOKOBJIAKHbIC M BBICOKO30JIb-

Jnst HOBBIX TEXHOJIOTUI, 00OpyIOBaHNE KOTO-
PBIX HAXOOUTCSA B CTAIMU Pa3pabOTKU M OCBOCHMSI
M HET JIOCTaTOYHOro 00beMa BKCIIepUMEHTAIbHBIX
JAHHBIX O IIPOTEKAHUU TEXHOJOTMYECKHUX IIPOLEC-
COB, MPUXOAUTCS NMPUMEHSITh TEOPETUYECCKUE M-
TOMBI JJISI ONpeAesIeHUST XapaKTepUCTUK STUX IIPO-
1eccos [7].

Panee B pabGote [7] OblIM mpencTaBieHBI pe-
3yJbTaThl pa3pabOTKM MaTeMaTUYEeCKMX MOIesei
razopo3ayuHoro tpakta (I'BT) ycranoBku 110
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rnepepaboTKe OTXONOB. MaTeMaThuyeckue MOIEIn
ObIIM PacCMOTPEHBbI YKPYITHEHHO AJIS1 BO3AYI-
HOTO ¥ Ta30BOrO TpakToB. B HacTosiieir pabote
OMnpe/ieJIeHbl MAaTEMaTUYECKUE MOJEIN JIEMEHTOB
BO3IYIIIHOTO M Ta30BOrO0 TPAaKTOB YCTAHOBKM M
MpeaCcTaBJIeH YMCIOBOM MPUMEP pacyera.

0030p MaTeMaTHYECKHX MOJeJieil ra30B031yIHBIX
TPAKTOB TEILIOTeHEPHPYIOUINX YCTAHOBOK

B HacTosiiee BpeMs M3BECTHHI MaTeMaTU4e-
ckue moaenu I'BT u3 obiacTu TemJIO9HEPTeTUKM.
Huxe npeacrtaBieH aHaIW3 MaTeMaTUYECKUX MO-
Jeyieii, orMcaHHbIX B padboTrax [§—12]. MaremaTu-
YeCcKue MOJEIM B HUX MOCTPOCHBI HA OCHOBAHUU
3aKOHa COXpPaHEHUSI Macc.

B moHorpadusx [8, 9] paccMoTpeH peryaupy-
MBIl Y4aCTOK, B KOTOPOM 3aJaH pacxoi Ha IIpu-
TOKE, a JaBJICHUE B OMpeAcICHHOM TOUKE MOaIep-
KMBAeTCA IyTeM Bo3acicTBUs Ha cTOK. [loTokm
BO3IyXa U TOIJIMBHOI'O Ta3a IOMNajaaloT yepe3 ro-
peJIKM B TONKY KOTJa, TAe IPOUCXOAST IIpolec-
Chbl OKMCJICHUSI TOIJIMBA. 3aTeM M3 TOIKHU 4yepes
ra3oxoibl IbIMOBBIE Ta3bl MOCTYIAIOT B IBIMOCOC,
KOTOPHII BEIOpAChIBA€T UX B OKPYKAIOLIYIO CPEy.

B pa6ore [10] mMaTemaTuuyeckasi MOJENb MC-
MOJIb3YeTCS B LIEJISIX BBISIBJICHUS NMPUYMH MYJIb-
calMii pa3pexeHMs] B TOIKe KoTjia. B kadyectBe
peryivMpyeMblX BeJIMYMH pacCMaTpPUBAIOTCS pac-
XOJ BO3AyXa, Pacxoi rasza v pa3peXxeHue B TOIKE,
a B KayecTBE YNPABJSAIOIIUX BEJIUYUH ITPUHUMA-
IOTCSI CKOPOCTb BpallleHUsI IBUTATes] AYTheBOIO
BEHTUJIATOpPA U AbIMococa. [IpeacraBiaeHbl mepe-
XOOHBIE XapaKTEePUCTUKU II0 pacxomy BO3ayXa,
IBIMOBBIX Ta30B U pa3peXeHUs B TOIKE KOTJa.
B cratwe [11], kak u B pabotax [8§—10], pa3pabo-
TaHbl MaTeMaTU4YeCKHe MOJIECIM ra3oxola U BO3-
nyxoBoaa I'BT kotna. B kauecTBe peryinpyemMbIx
BEIMYMH TNPUHUMAIOTCS: pa3pexXeHue IbIMOBBIX
ra3oB B BepxHEil 4acTU TOIOYHOI Kamephl (pas-
pexxeHue B TOMKe) U M30bITOK Bo3ayxa (ero omnpe-
JEISIOT 10 COACPXKAHUIO KHMCA0POda B IBIMOBBIX
rasax), KOTOpblii xapakTepu3yeT 3KOHOMHYHOCTh
npouecca ropeHus. IlonyyeHHas B pabote [11]
MHOropexuMHasa auddepeHIunanibHass MOIeIb
I'BT xoTna nuHeapu3oBaHa B OKPECTHOCTSIX BO3-
MOXHBIX PEXUMOB (DyHKIIMOHUPOBaHUS. B kave-
CTBE YIPAaBJSAIOLIMUX BO3ACICTBUI NMPUHUMAIOTCS
M3MEHEHUS TOJOXEHU HampaBsSONIUX anmapa-
TOB ABIMOCOCA Y IYTHEBOTO BEHTUJISITOPA B LIEISIX
M3MEHEHMSI MAaCCOBOI'O pacxoja AbIMOBBIX T'a30B U
BO3IyXa COOTBETCTBEHHO.

B pabore [12] matematmueckasgs momeinb I'BT
KOTJIa TIpUBeAeHa IJIT OomHO(a3HBIX M AByxdas3-
HBIX YYaCTKOB KaK COBOKYIIHOCTb B3aMMOJEH-
CTBHUSI CTaTUYECKUX, IMapaMETPUUYECKHX M ITWHA-
MUYECKUX MOEJIeH, KOTOpast COCTOUT U3 ypaBHE-
HMI MaTepuraJibHOro OajgaHca.

AHann3 MaTeMaTnueckux mopaeieit [8—12] mo-
Ka3aJ, 4TO NP aHAJIUTUYSCKOM OMNMCAHUU TeX-
HOJIOTMYECKUX IIPOIECCOB MUCIIOIb3YIOTCS YpaBHE-
HMU4 OajaHca Macchl U Terjaa. Moaeau onuchiBa-
oTcs B 1uddepeHInaabHoi dopme.

B pa6otax [8, 9] mpruHUMAIOTCS NOITYILEHMS, YTO:
* B OJHOM O0BEME COCPENOTOUYEHA aKKyMYJIHUpPY-

olIasi EMKOCTb Beex a1eMeHToB ['BT;

* B OJHOI TOYKE COCpEIOTOYEeHA APOCCEIUPYIO-
mag cnocobHocts I'BT;

* Ta30X0[ IIOCJIe ABIMOCOCA OUeHb KOPOTKHIA (T.€.
00bEM IBIMOBBHIX Ta30B B TOIIKE BO MHOTO pa3
0oJbIlIe, YeM B IBIMOXOJE), U BIMSIHUE U3MEHE-
HUS JaBJIEHUS B TOIIKE KOTJIAa Ha PACXOM IBIMO-
BbIX Ta30B IIPEeHEOPEXK MO MaJIo;

* U3MEHEHHME pacxola Cpelbl Ha NPUTOKE pac-
CMOTPEHO B Ka4eCTBE BHEIIHETO BO3MYIICHUSI,
U BIMSIHUE HA €r0 BEJIMUYMHY JaBJICHUS B TOII-
K€ KOTJIa He paccMaTpuBaeTCs.

B pa6ote [10] maTemaTrrueckas MOAEIb COOEP-
KUAT IPUHIUAIIAAIBHOE TOMYIICHUE, YTO MHEPIH-
OHHOCTH 3JICKTPOIIPMBOAA IIPEHEOPEXKMMO Maja
10 OTHOIIEHWIO K MHEPLUMOHHOCTSIM adpoauHa-
MUYECKNX MPOLECCOB M JUHEWMHOCTH 3aBUCHUMO-
CTell maBJICHUS W pa3pexkeHMsl OT YacTOT Bpallle-
HUSI TATOOYTHEBBIX MEXaHU3MOB.

B crarbe [11] ucmnonb3yioTcs OOMYIIECHUS, yKa-
3aHHBIE B pabortax [8, 9], KpoMe TOro cumraercs,
YTO BO3OYXOBOI MaJIOM IJIMHBI (00bEM IBIMOBBIX
ra3oB B TOIIKE BO MHOIO pa3 0oJblle 00beMa BO3-
JyXa B BO3IYXOBOIE) pPACIIOJIOXEH 3a IYyTheBHIM
BEHTUJISITOPOM.

B pabote [12] npu cocTaBleHMM YpaBHEHUIA OU-
HaMUKHM TexHojJorndyeckux napamerpoB I'BT mpwu-
MEHSIETCSI METOH JIMHeapu3alluK, II03BOJISIOIINI
HCIIOJIb30BaTh P UCCIIEAOBAHMSIX MajIble OTKJIOHE-
HUS OT CTAallMOHAPHOIO pexXruma. MaccoBast aKKyMy-
JISIHYST B Ta30BO3AYIIHOM TPaKTe HE YUMTHIBACTCS.
JaBneHre TbIMOBBIX Ta30B IMIPUHSTO MOCTOSHHBIM.

B nactoseii pabote mmpu pa3paboTke Marema-
Tuueckoi Moaeaum I'BT ycTaHOBKM AOmMylLIEHMS,
IpuBeAeHHbIC B paboTax [§—12], He UCHOIB3YIOT-
cs1. [lockonbKy MHEPLIMOHHOCTH 3JIEKTPOIIPUBOIOB
1 a3pOAMHAMUYECKHUX IPOLIECCOB COU3MEPUMBI, TO
YYTEHBl MTHEPLIMOHHOCTHA YaCTOTHO-PEryJINPYyEeMbIX
npeobpaszosareneit (YPIT) anexkTponpuBonos (au-
HaMWYECKME XapaKTePUCTUKM IS aHAJIOTMUHBIX
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YPII onpenenennl B padote [13]) 1 KBagpaTU4YHbIC
3aBucMMOCTH [14] naBneHus1 (pa3pexeHus) Ha Ha-
rnope (Bcace) 1yTheBOTO BEHTUJISITOpA (IBIMOCOCA)
yctaHoBKU. Tak ke, Kak u B paborax [8—10], B ka-
YECTBE YMPaBISIOIIUX BEIUYUH TPUHUMAIOTCS
CKOPOCTb BpAIIEHUSI TBUTATENS TYTh€BOTO BEHTH-
amsitopa 1 gpiMococa. [Tockonbky 00beMBI KaMepbl
CXXKUTaHUS, BO3AYXOBOJOB M ra30X0l0B YCTAHOBKU
COU3MEPUMBI, TO TIOTEPU NABIECHUS OT CKOPOCTU
BO3AYLIHOrO (ra3oBOro) MOTOKA OMPEAETSIOTCS
KBaIpaTUYHBIMUA 3aBUCUMOCTSIMU WHIWBUIYaJIb-
HO i Kaxpaoro ydyactka I'BT ycTaHOBKM, U y4u-
TBIBAETCS B3aMMHOE BJIMSTHUE Ta30BOTO Y BO3AYIII-
Horo TpakToB. IIpyu pa3zpaboTke MaTeMaTH4eCKOH
monenu I'BT ycTaHOBKM B Ka4e€CTBE PETYIUPYEMBIX
BEJIMYMH TPUHUMAIOTCA NABJIEHUWE B HUXHENH U
pa3pexXeHne B BEpXHEW YacTU KaMepbl CKUTAHUS,
T.K. OHU SIBJISIIOTCSI KOHTPOJUPYEMBIMUA TEXHOJIO-
TMYECKUMHU TapaMeTpaMu. DTO MO3BOJSIET OoJiee
NETAJBbHO YY€CTh (paKTOPHI, BIAUSIONIME HA PabOTy
I'BT ycTaHOBKM Ha 3Tamax CAHTE3a KOPPEKTHUPY-
IOIIUX YCTPOMCTB CUCTEM aBTOMAaTUYECKOTO PETY-
JIMPOBAaHUS TEXHOJOTUYECKUX TMapaMeTpoB, IMPO-
ekTupoBaHus u BHeapeHus ACY TII.

MaremaTnyeckas MOJaeJb
ra3oBo3JymiHoOro Tpakra yCTaHOBKH

I'a30BBINT TPaKT yCTAHOBKM, M300paKeHHBIN Ha
puc. 1, CIyXUT sl yaajeHWs ALIMOBBIX Ta30B,
00pa30BaBIIMXCS B IPOLECCE OKMUCICHUS TOILIU-

|
|
|
|
|
|
|
|
|
|
| L.
I >
|
| Kamepa cxuranua
: gas
| comb W e e |
| 0 .
: ’_,' ‘\_‘2-“ BuxpeBasn cywHnka
| " air - = = = )
| ! pmmb; ‘
: ] s ~,
w7 N
| I I 1
N i
[ .
[ | [
P L
HILE ST _> D -
| i j. P2 .
= b _Dq_._ I-
|
: === Bo3gyx =‘+=' [bIMOBbIE rasbl @ SnekTponpueog,

CTpyKTypHas cxema rasoposaymnoro tpakra ycranosku (IIIP1, IIIP2 — mmbGeps

perympyiomue)

Flow chart of the gas-air path of the organic waste processing plant

BEHTUNATOP
-4 - — Boanyx

Ba B KaMepe CKuraHusi. Bo3myuiHslil TpakT ycTa-
HOBKM HEOOXOAWM JJisl MoJayu BO3IyXa B KaMepy
CXXMTraHUs ycTaHOBKU. K 000pynoBaHUIO ra30BOTO
W BO3AYLIHOTO TPAKTOB OTHOCSITCSI BO3AYXOBOIBI,
ra3oxojibl, KaMepa CropaHusi, cylmaka. /JIBuxeHue
BO3/yXa M ra30B MPOUCXOAWT BCJIECACTBUE TIepernana
JaBJICHUI, KOTOPOE CO3JaeTCs TATOAYThEBBIMU Me-
xaHuzmamu (TIAM): BEeHTUISATOPOM U JBIMOCOCOM.
HytbeBoit BeHTUAATOp (JIB) HarHeTaeT Bo3ayx
co3gaer m30bITOYHOe maBieHue. Jwimococ (JIC)
yaaisieT yXoAsiiue radbl, co3/1aBasi pa3pexkeHue.

Hnst ynpaBieHUSI TITOAYTbEBBIM PEXKMMOM
YCTAaHOBKM HEOOXOAWMO CTaOMIM3UPOBATh [BA
TEXHOJIOTMUECKMX MNapaMeTpa: AaBieHue por .
B HUXKHEIl U paspexeHue ps. B BEpPXHeEH 4acTu
kamepbl cxkuranusi. ConmepxaHue kuciopona O,
B JILIMOBBIX T'a3aX XapaKTepu3yeT M30bITOK BO3IY-
Xa B Mpoliecce ropeHus TOTJIMBA.

PaccmoTpum Bce yyactku I'BT B Buage eMKo-
CTeil, CIOCOOHBIX aKKyMYJIMpOBaThb cpeny (BO3-
IyX, AbIMOBBIE Tradbl). K eMKOCTH n TOmABOAUTCS
notoxk Q,,;., 1 OTBOAUTCSA NMOTOK @, ,, 00beM
€MKOCTH paBeH V,, m, — KOJIMYeCTBO aKKyMYJIU-
POBaHHOW cpenbl 1 n-ro ydyactka I'BT.

B npouecce pabotsl BeMUIUHBL Qs Qoirno
m, TMOJy4aroT MaJible MPUPALLIEHUSI OTHOCUTEIBHO
CBOMX pabounx 3HaueHmit QUo* = Quork - prork
KOTOpbIE COOTBETCTBYIOT PeXMMY pabOThl ycTa-
HOBKM C HOMHWHAJIbHON MPOM3BOAUTEIBHOCTHIO:

_ work _ work
AQentr.n - Qentr.n — Xentr.n> AQexit.n - Qexit.n - Xexit.n>
wor

Am, =m, —m,; "

N3meHeHHUsT OTBOAMMOIO TMOTO-
Ka He SBJSIIOTCS MPOW3BOJBLHBIMU U
3aBUCIT OT M3MEHEHMSI KOJIMYecTBa
aKKyMYJMPOBAHHOW CPEJIbI:

AQexit.n = km.nAmn' (1)

|

|

|

|

|

|

|

|

|

| toe k,,, — KoadGUIMEeHT Mponopuu-
| oHanbHOCTM n-ro yuactka I'BT; m,
i [Kr] — KOonnM4ecTBO aKKyMYJIMPOBAaH-
! HoM cpenbl 1 n-ro yyactka I'BT.

! Yem OoJsbiiie (MM MEHbIIE) TPU-
| palleHue aKKyMYJMPOBAHHOM Cpenbl,
| Tem Oosbliie (MM MEHbIIIE) OTBETHBIC
| NpUpalIeHUs] OTBOAMMOIO TIOTOKA,
i T.e. EMKOCTb 00nagaet 3¢p(heKTOM JIn-
| HETHOTO CaMOBBIPAaBHUBAHUS [15].

: HpI/IpaH_[eHI/IH AQentr.m AQexit.m
| Am,, KaK U aOCOJIOTHbIE 3HAYECHUS
BEJIMYMH, CBS3aHBI YpaBHCHUEM Ma-
TepuajbpHoro OamaHca [15] (3akoH
COXPaHEHMUsI Macc):
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dAm
dt L= pentr.nA Qentr.n - pexit.nA Qexit.n’ (2)
TO€ Peptrn [kr/M%] — TIOTHOCTB cpenbl Ha BXoIE
n-ro yvyactka I'BT; p., [kr/M’] — mIOTHOCTB

cpenbl Ha Bbixonae n-ro yyactka I'BT.

Jlanee B pacyeTax BMECTO Py p> Pexitn NCTONb-
3yeTcsl IUIOTHOCTh MIOTOKAa Cpedbl A-TO ydacTKa
I'BT p,. MeTtonnl onpeneneHus p, pa3jinuyHbl 1
pa3Hbix yyacTtkoB I'BT:

* IS KamMepbl CXUTaHUS p, IPUHUMAETCS paB-
HO1 TIJIOTHOCTU JBIMOBBIX ra3oB [8, 16];

* I BO3AYXOBOJOB, I'a30XOI0OB M CYLUMJIKU p,
OIIpeAeasieTCs MO CPeAHel TeMIepaType Cpeabl
Ha Bxoje U Beixonme ydactka I'BT [16].
Beipasum B ypaBHeHuu (1) BenmuuHy Am, U

MOJACTaBUM B ypaBHeHUE (2):

1 dA Qexit.n
p nkm.n dt

1
pnkm.n
eKTa peryaupoBaHusi (n-ro ydactka I'BT), omu-
chiBaeMoro nuddepeHnaglbHbBIM ypaBHeHUEM (3).

CoortHolieHue (3) cnpaBeaJIMBO HE TOJIbKO IS
npupalleHnuii, Ho U A a0COJTIOTHBIX 3HAYeHUH
BennyuH [15]. Beipasus u3 popmyinsl (1) koaddu-

LIMEHT K, ,, TIOJYyYUM

)

=A Qentr.n -A Qexit.nﬂ

rae =T, [c] — nocTosiHHas BpeMEHU O0b-

1 m
T, = =M )
" pnkm.n anexit.n
3ameHuM m, B hopmyie (4):
m, = ann . (5)

Torma ¢ ydyetroM BeIpaxeHus (5) MOCTOSHHAs
BpeMeHHU n-ro yyactka I'BT 7, Oyzet onpenenarsb-
cs1 1o popMmyire

V
T, =—n_. (6)
Qexit.n

Ilepenatounasi ¢pyHKIUS OOBEKTa PEryanupo-
BaHUA 1O KaHany "pacxon (maBjeHUE) Cpedbl Ha
Bxoae yuactka I'BT — pacxon (maBieHue) cpenbl
Ha BeIxone yuyactka 'BT" ¢ yueTom ypaBHeHUs (3)
OyIeT MMeTh BUJ

,
Wals) =75

n

(7)

rae s — oneparop Jlamaca; k, — koapduuneHT ycu-

JIEHU TIepenaTouHoi pyHKIMM #-ro yyactka I'BT.
Kosadduuuentr ycuneHus k, mnepenarouHoit

dyuknun (7) mo KaHany "pacxol Cpembl Ha BXOJIE

yuactka ' BT — pacxon cpenbl Ha BBIXOE yyacTKa
I'BT" onpenensierca mo dpopmyiie

k9 = AQeitn
n )
A Qentr.n

e AQ,,,, [M>/c] — n3MeHeHMe pacxona cpeabl Ha
Bxoze yuactka I'BT; AQ,;,, [M>/c] — usmeHeHue
pacxona cpenbl Ha Beixoae yyactka I'BT.

IlockonbKy B yCTAaHOBUBIIMXCSI pexXmMax pa-
60t1bl ycTaHOBKU AQ,.;;, = AQepir s TO 1O GOP-
myne (8) k2 =1.

KosdppunueHT ycuneHuss sl mepegaTodHOMR
¢dyukaum (7) mo KaHany "maBjeHUE Cpedbl Ha
Bxoae yuyactka I'BT — gaBieHue cpeabl Ha BbIXOIE
yuyactka I'BT" OymeT 3aBHCETh OT adpoamHaMUYE-
ckoro comnpotuBiaeHus [17] n-ro yyactka I'BT u
OIIpeAcasiThCs 1Mo ¢hopmyie

®)

kP :M’
Ape’ltr.n

TOE ADepy, [11a] — M3MEHEHME NaBIEHUS CPELbl HA
Bxozne n-ro yyactka I'BT; Ap,,;; , [[1a] — nsmenenue
JlaBJieHUs cpedbl Ha Bbixonae #-ro yyactka I'BT.

B dopmyite (9) Apexitn = APenir.n = APresist.n > €1€-
JIOBaTEJIbHO

&)

kP =1 MPresistn
n 5
Apentr‘n
TOE AP,ein 111a] — WM3MEHEHUME a’ponMHaMHye-
CKOro comnpotuBjaeHus n-ro yyactka I'BT.
B cTratnuyeckoM pexxrume paboThl yCTAHOBKM ypaB-
HeHus1 MaTepuabHoro 6anaHca I'BT umeroT Bua

(11)
. gas gas

gas air
comb + Presist.1 T Presist.2 T Apa’ryer + DPeombs (12)

(10)

air  _ air gas .
Peomb = pfan ~ Dresist T Pcomb>

Pexn =
rne pSe ., [Ia] — asponmHaMuyeckoe CONpOTUB-
JleHue 1-ro yyacTka ra3oxoja oT KaMephbl CXKUTaHUsI
no cywunku; pie o [[la] — aspogHaMuyeckoe
COIPOTHURJIEHUE 2-TO yyacTKa razoxofa OT CYIIWJI-
ku 10 IAC; Apyy,, [[1a] — asponmHammuyeckoe co-
MPOTUBJIEHUE CYIIMIKU; pra, [[1a] — asponmHa-
MUYECKOE COMPOTHUBJICHUE yYacTKa BO3AyXOBOAA
I B—kamepa CXUTAHUSL; Prpexs [11a] — naBiaeHue
(pa3pexeHue) Ha Hamnope (Bcace) AB (HC).
Ananusz cdopmyn (11), (12) no3BoysieT ompene-
JINTh JBYXCTOPOHHIOIO B3aMMOCBSI3b Ta30BOTO U
Bo3ayurHoro tpakToB [10, 18], Tak Kak B popMyJie
(11), onuceIBarolleii 6angaHc JaBJAEHU A BO3AYITHOIO
TpaKTa YCTAHOBKM, CONEPKUTCS BeJIUMYMHA p5%°

comb>

a B ypaBHeHUHU (12), sABasoIEeMcs 0ajJaHCOM TaB-
JICHW Ta30BOTO TPAKTa, — BEJTUIMHA Poor -
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B Beipaxenusx (11), (12) Benrnunna p,, < 0.

Benmnunna pyog,, B BeIpaxkeHusix (10),

ompenaensiercst mo dopmyae [10]

(11)

air  _ y,.air 2
Presist = kres[sthntrﬂ (13)
tae ki, — KO3(DOUIMEHT adponrmHaAMUYEeCKOTO
CONpPOTHUBIEHUS Bo3nymHoro tpakra I'BT.
Benmnuuna p,. ., B BbipaxeHuax (10), (12)

orpeaensiercst mo dpopmyse [10]

gas

_ 1,.8as 2
presist.n =k

resist.n=<entr.n>

(14)
e kS, — KO3(MOUUMEHT a3poIrMHaMIYECKOro
COIPOTUBJIEHUSI n-TO ydyacTka razosoro Tpakta I'BT.

Bennuuna Apg,,., B BbipaxeHusx (10), (12)
onpenensiercs o gopmyue [10]

2
Apa’ryer = kdryerQentr.n’ (15)

TIe Kgpyer — KOIDOUIMEHT a3POAUHAMUYECKOTO
COMPOTHUBIICHUS CYLIUJIKU.

Koadbduunenter kjy;, A1 BO3LyxoBOoma u
k&, » LIS Ta30X00B onpenessieTcs no dbopmyse
Hapcu—Beiicbaxa [14, 19], nng cylmimjiku Koagd-
GULUEHT Py, OTIPENETISETCS IO COOTHOLIEHHUSIM,
npuBeIeHHBIM B padote [20].

BennuuHsl py,, u p,,, B Beipaxenusx (11) u (12)

orpenaensieTcs no dopmye [14]:

2
P fan(exn) = k;an(exh)wfan(exh)a (16)

rae k}’an(exh — KO3(@ULMEHT B3aMMOCBSI3U Ia-
paMeTpoB ﬁB (AC) mo xaHany "dacTtoTa Bpallle-
HUS — nOaBiieHue (pa3pexeHue) Ha CTOPOHE Ha-
THETaHUsSL (BCACA)", Opp(exn) [c™!] — wacrora Bpa-
wenus B (AC).

ITo dopmynam (13)—(16) onpeneneHa HeJTUHEN-
HOCTh MaTeMaTWUYeCKOM MOAENV Mo KaHaay "HaB-
JleHue cpenbl Ha Bxoae ydvactka I'BT—maBieHue
cpenbl Ha Beixofe yuactka I'BT". U3 ¢popmyn (13)—

air as
(16) cienyeT, UTO BEMMYMHBL Procicrs Dlgsistn> Maryer

CBSI3aHbI KBaJIPaTUYHOM 3aBUCUMOCTBIO C BEIUYM-
HOU Oy s @ Prap(exny — € BETTHUUHOM 0 oxy-

B dopmyne (3) samenum AQ,,;,., HA BEIUUYUHY
O fun(exny» KOTOpPAS OTIPEIEIAETCS 10 YPaBHEHUIO [14]

(17)

e Qfun(exhys M3/c — pacxon Bo3myxa (IBIMOBBIX
rasoB) yepes B (IC); k/%n(exh) — Ko3¢dPULMEeHT
B3amMocBsa3u mnapametrpos B (AC) mo kaHanmy
"yacToTa BpalleHUSA—pacXol Bo3ayXa (IBIMOBBIX
rason)".

Ilepeiinss K aOCOMIOTHHIM BeJIMYMHAM, IIOJIY-
YyuM TiepegaTouyHyto pyHkuuio (7), Kotopas oynaet
OIUCHIBATh OOBEKT pEryJiMpoBaHUSA IIO0 KaHaJy
"yacTora BpameHus B (JC)—pacxonm cpeabl Ha
BBIXOJI¢ YUaCTKa BO3IYIIHOI'O (ra3oBOro Tpakra)'.

B ¢opmyne (10) mpu MCIoJb30BaHUU BMECTO
Denirn YpaBHeHUST (16) mepemaTounHast GyHKUUS
(7) OynmeT omuchIBaTh O0BEKT PEryJupoBaHUS MO
KaHaJty "yactora BpaumeHus B (J1C)—maBnenue
cpeabl Ha BBIXOJE Yy4acTKa BO3AYILIHOTO (Ta30BOr0
TpakTa)".

_ 10
Qfan(exh) - kfan(exh)mfan(exh)ﬂ

Pacyetr TMHAMMYECKMX XAPAKTEPUCTHK
I'BT ycranoBku

KOHCTpYKTUBHBIE XapaKTepPUCTUKU 3JIEMEH-
ToB I'BT ycTaHOBKM, HEOOXOAMMBIE IJisl pacue-
TOB IMHAMUYECKMX XapaKTePUCTUK, MPUBEICHBI
B Tabi. 1 (B Tabn. 1 1 ganee B Taba. 3, 6 UCHONb-
3yl0Tcs cheayloume odbo3zHayeHus: KC — kamepa
CXKUTaHMSsI, CYyIl — CYIINUJIKA).

B dpopmynax (16), (17) nnsa onpeneneHus Kkoadp-
dumeHToB k}’an, kb, k/%n, keQxh HCTIOJIB30BAJINCh
KOHCTpYKTHUBHBIe xapakTtepuctuku B u JIC. Ha
OCHOBaHUM KOHCTPYKTUBHBIX XapakTepuctuk JIB
[21] u AC [22] cocTaBieHa Tabiu. 2.

B Tab6n. 2 ucnonb3yroTcd clenylomue o003Ha-
YeHUs: Q fneoxn) [M3/c] — MakcuManbHast IPON3-

BonuTeabHOCTD JIB (JIC); pfienny [T1a] — Maxcu-

Tab6numa 1
Table 1

KoHcTpyKTHBHBIE H TEXHOJOrHYEeCKHE XapaKTepucTkd y4acTkoB BT B padouem pexmnme ycTaHOBKH

Design and technological characteristics of sections of the gas-air flow path sections in the operating mode of the plant

YyacTok Muna [, v Muamerp d,. v IMnomane Oo6bem V,,, Temmnepartypa IInoTHOCTH

I'BT n Py ceyeHus S, M2 M3 cpensl ¢,, °C cpensl p,, 1<r/M3
JAB—KC 11 0,3 0,0707 0,78 20 1,2

KC 1,3 (Beicota) | 0,15 (uu3), 0,78 (Bepx) | 0,465 (3xkBUBaJ. pagnyc) 1 850 0,23
KC—cym 10 0,3 0,0707 0,7 850 0,23

Cyu 1,5 (BbIcOTA) 0,8 0,5 0,75 500 (cpenHsis) 0,45
Cyur—/J1C 2 0,3 0,0707 0,14 150 0,83
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Tabnuna 2
Table 2

KoncrpykTususie xapakrepuctTuku TJIM

Structural specifications of mechanisms of the gas-air flow path

TI[M Q}erﬂh) ’ p}[c]zi)((exh) > k;an(exh) k%m(exh) w%ﬁexh) s
M3/c ITa ¢!
JIB 0,64 2900 0,03 | 0,002 314
JAC 0,61 2100 0,021 | 0,0019 314

MaJIbHOe maBjeHue (paspexeHue) Ha Hamope /1B
(AC); ® Fun(exn) [c™'] — MakcuMmanmbHas uyacToTa
BpaueHus B (IC).

MuHuManbHasi MOPOU3BOAUTENBHOCTL B u
JC onpenensieTcsl yCIOBUSIMU yIIpaBJeHUs ycTa-
HOBKU B ITYCKOBBIX pexxnmax [1]. B myckoBoM pe-
JKMMeE YCTAaHOBKM HauyajibHasl yacToTa BpallleHMs
anextpoasurares IC o34 moaxHa cocTaBisITh
62,8 ¢! [1]. CiremoBaTesibHO, TPON3BOIUTEIBHOCTD
B Q%" nonxHa paBHATHCS MPOU3BOAUTEILHO-

a
ctu IC npu mycke Q4" . TIOCKOJIbKY B ITyCKOBBIX

AspoauHamMuyeckue xapakrepuctuka I'BT

The aerodynamic characteristics of the the gas-air flow path

peXuMax yCTAaHOBKU CpPeoii, MPOTeKalolleil B ra-
30X0[axX, KaMepe CKMTaHM s M BUXPEBOU CYLIUJIKE,
SIBJSIETCSI BO3AYX, TO €ro IJIOTHOCTbh OJMHAKOBa
o Bcemy I'BT u pasHa 1,2 xr/m> nipu 20 °C.
AsponnHamuueckue xapaktepuctuku BT,
3HAYEHUSI OCHOBHBIX TEXHOJOTMYECKUX Mapame-
TPOB YCTaHOBKM B ITYCKOBOM M padoyeM pexumax,
TexHoJormdyeckue napameTpbsl TIM, Heobxomm-
MbIe AJIS1 onpeaeaeHus KoadpduumreHToB nepeaa-
TouHO# yHK1MHU (7), MpUBEAEHBI B Ta0a. 3—5.
[To dopmynam (6), (10) u maHHBIM, TTPUBEICH-
HBIM B Ta0J1. 3—5, oIpenesieHbl ITapaMeTphl IIepeaa-
TouHoi ¢yHKuMu (7) mist yaactkoB I'BT (tabur. 6).
W3 aHanu3a JaHHBIX, IPUBEICHHBIX B Ta0OJ. 6,
n ¢dopmynsl (6) ompeneneHa 3aBUCUMOCTb 1, OT
Oexitns T-€. peXMMa pabOTBl yCTAHOBKM. 3JHaye-
HUE TUIOTHOCTH p,, IJIS1 y4aCTKOB Ta30BOT0 TPaKTa
YCTaHOBKM B TIpoliecce paboThl MOXET HEKOHTPO-
JIMPYEMO M3MEHSITbCS M3-3a Pa3JM4YHbIX (haKTO-
pPOB (3JIEMEHTHOTO COCTaBa TOMJMBA, BJIaXHOCTHU
TOMJMBA TOCJE CYIIKW W TeMIepaTyp ABIMOBBIX
rasoB [3]) u ompenensieTcs 10 3aBH-
CUMOCTSIM, TPUBEACHHBIM B paboTax
[23, 24]. Ot p,, 3aBUCHT P,p5isr, 119, 20]

U COOTBETCTBEHHO K03bduuueHT k)

Ta6nauna 3
Table 3

[lycKOBOIi PeXUM yCTaHOBKH PaGouuii peXUM YCTaHOBKH (ompenesnsiercst o opmyie (10)). dto
U OIpeNeIsieT HECTALIMOHAPHOCTD KO-
c Koap- Cormpo- c Koap- Comnpo-
VdacTok 01221) duiment |  TuB- 0122]) duiment | Tup- 3(POUIIMEHTOB YCUJIEHUSA U MOCTOSH-
I'BT (I:)pCI[LI COIIpo- JIeHuEe (I:)pem)l conpo- JIEHUEe HbIX BPEMCHHU MAaTEMAaTUYECKUX MOIC-
TUBJICHWS | Dresist.n> TUBICHUA | Presist.ns Jieli 00BEKTOB PeryJupoBaHUs.
Vi M/C Ma Vi M/C Ma
resistn resht Ilo dopmynam (7), (10) u maHHBIM,
AB—KC 1,85 264,8 3.9 7.9 264,8 714 MPUBENEHHBIM B Ta0j. 6, 171 BO3IYII-
KC—eymr | 185 240 3,6 34,7 46,3 16,5 HOTO TPaKTa YCTAaHOBKM O KaHay "IaB-
Cyuw 0,26 13,4 0,2 3,36 3,6 2 JIEHWE HAa BXOJE—IaBJIEHUE Ha BBIXOIE
Cymw—JC | 1,85 48 0,72 13 33,4 11,9 "
BOBIYIIIHOIO TPAKTa YCTAHOBKHU" MOXKHO
TaGgﬂbLia i MOJIYYUTH CIEAYIOLIAI BUJ IEPENATOY-
able

HOU (PYHKILINU:

3HaYeHNs] OCHOBHBIX TEXHOJIOTMYECKHX nmapaMeTpoB YCTAHOBKH

Values of the main technological parameters of the plant w ( ) pg(f’;n b kair (18)
air ’
i1 air as pfan (Tairs + 1)
TeXHOJOTMIECKHI TapaMeTp plir . Tla pgs.. Ta
IlyckoBO#l pexXuM yCTaHOBKU 77,5 -2 rne k‘”’ - KUOS(I)(DI/IHI/ICHT yCHJ:[eHMH
PaGoumnii pexXXuM yCTaHOBKU 1837 -2 HnepenaToTHon (I)YHKHI/II/I (18)3 7ZII'r
o 5 [c] — mocTossHHasA BpeMEHU Tiepena-
abauima .
Table 5 TOUHOM GyHKIMM (18).

Texnonornueckue napamerpsl TIIM

Technological parameters of mechanisms of the gas-air flow path

3HaueHue 71, IJs TepenaToyHOn

dynkuuu (18) mameHseTcs B auana-

30oHe or T/ = 73 ¢ mis mycKoBOro
ITyckoBoii pexkuM yCTaHOBKH PaGouwnii pexkuM yCTaHOBKU pexuma paGOTbI YCTAHOBKH JIO Tu_)ork —
air

TOM | ¥ty | Qlmiexiys | Pluntexhys | ©fimexnys | Qlantexnys | Plamexny» | = 1,9 ¢ — 171 paboyero pexuma ycra-
¢! M/e Ma ¢! M/e Ma HOBKMW. 3HaUeHUe k ;. 7151 IEPeIaTOYHON
1B 52,6 0,107 81,4 255 0,519 1909 dyHKLMM (lgzﬂmMeH"eTc’fv 5 Aataso-

hi(e 62,8 0,122 84 296,3 0576 | -1869 | HE 0,95=4ky" <k, <kg™ =0,96.
580 MexaTpoHnKa, aBTOMaTH3aNnus, ynpasienne, Tom 21, Ne 10, 2020



ITapameTps! nepenarounbix ¢pynknumii yaactkos 'BT
no KaHajam “pacxoj (AaBjieHHe) cpeabl HA BXOJA€E y4acTKa

I'BT—pacxon (naBaeHune) cpeasl Ha Boixone yyactka [BT”

Parameters of transfer functions of sections of the gas-air flow path on the

Tabnuma 6

[TonydyeHHBIEe MepenaTouHble PyHK-
Table 6

uuu (18) u (19) HeoOXOMMMBI 1T CUH-
Te3a BCEPEXUMHBIX peryasiTopoB 'BT
YCTaHOBKM.

3akioyenue

«flow (pressure) of the substance at the inlet of the gas-air flow path section — flow

(pressure) of the substance at the outlet of the gas-air flow path section» channels

1. IlonyyeHBl MaTeMaTUYECKHUE MO-

HYCKOBOfI PECXKUM YyCTAaHOBKU Pabounii PEXKUM YyCTaHOBKU 'H‘CHH SJICMCHTOB FBT yCTaHOBKM o
rnepepadboTKe OpraHMYeCKUX OTXOIOB,
Yuyactok n HocTos H- Kosdppuuuent ITocTo- Koadpdpuument HEOOXOMMMbIE IS CHUHTE3a peryins-
I'BT YCUJICHU S SHHas YCUJIEHUA

Hasl BpeMe- BpeMEnH TOPOB pa3peKeHUs TBIMOBBIX Ta30B
o, T kg ki T, c k? Ky B BEPXHEI YacT U JaBJIEHUs BO3AyXa

NB—KC . 73 | 0.95 15 ) 0.96 B HUJKHEW 4acTU KaMepbl C)KI/Il:aHI/IH.
KC—cym | 1 57 1 0.95 12 | 0.99 2. IlonyyeHHble B HacTosIel pado-
Cym 2 6,1 1 0,99 1,3 1 0,99 T€ MaTeMaTU4YECKNE MOACIU MO3BOJISAIOT
Cym—/JIC | 3 1,1 1 0,99 0,24 1 0,99 ONPENEIUTh ABYXCTOPOHHIOIO B3auMO-

B cootBerctBUM ¢ popmyaamu (7), (10) u maH-
HBIMM, NPUBEICHHBIMU B Tabj. 6, I ra3oBOro
TpaKTa YCTAHOBKM IT0 KaHaly "pa3pekeHHe Ha BXO-
Je—pa3pexeHre Ha BbIXOIE Ta30BOr0 TpaKTa ycTa-
HOBKHU" TiepeaaToyHasi GyHKUUs OyAeT UMETh BUJI

gas

_ Peombp _
Wgas(s)—ﬂ—

exh
(19)
_ _kgas. lkgas.2kgas.3
(Tgas.ls + 1)(Tgas.2s + 1)(Tgas.3s + 1) ’
TAC Koy 15 Tyasy [€] — xOODULIMEHT yeueHus,

MIOCTOSIHHAsl BPEMEHM 1-Tro yyacTka TIa30BOro
TpaKTa yCTaHOBKM (Kamepa CXMUTaHUS—CYLINJI-
Ka); Kgys2, Tyan [€] — KOBGDGULIMEHT yeueHus,
MIOCTOSIHHAsl BPEMEHM 2-TO yyacTKa TIa30BOro
TPAKTa YCTAHOBKU (CYLIMIKA); Kgyq3, Tgq53 [C] —
KO3 OULMEHT YCUIEHHUS, TOCTOSIHHASI BPEMEHU
3-ro yyacTka ra3oBoro TpakTa YCTaHOBKHU (Cy-
mwuiaka—/1C).
3HaueHus 7, T,

gas.1> 1gas.2> 7igas.3 1 NPOU3BCACHUC

Kogs.1Kgas 2Kgqs 3 MUl Tiepenatouron dyHkuuu (19)

N3MCHAIOTCA B JMAalla30Hax:

5,7 = Tg%?r{ < Tgas.l < Tgvrz(;f’{c =L2c¢
6’1 = T;;?g < Tgas.2 < Tgv:z(;f‘g = 1! 3 C
L1= Tgsat?ré < Tgas.3 < Tguc;?vfé{ =0,24 ¢
0,93 < kgys.1kga5. 2K gas.3 < 0,97.

Ilepenatouynble GyHKIIMU OOBEKTOB PETYINUPO-
BaHus (18) u (19) onpeneneHsl AJs1 caydasi, Korma
BO3IYIIHBIA M Ta30BbIi TPakThl YCTAHOBKU pac-
CMaTpUBAIOTCS OTAEJIBHO.

CBSI3b [A30BOT0 1 BO3IYILIHOIO TPaKTOB.

3. YcTaHOBJIeHA HEJIMHEMHOCTD Ma-
TeMaTHYECKMX MOJeleil Mo KaHajaM 'maBJICHUE
cpenbpl Ha Bxome n-To ydactka I'BT—naBieHue
cpenbl Ha BBIXOJE #-TO YYacTKa ra30BO3AYILIHOIO
TpakTa".

4. YcraHoBJIeHA HECTAallMOHAPHOCTh OOBHEKTOB
peryJaInupoBaHUs U 3aBUCMMOCTb UX TUHAMUYECKUX
XapaKTEePUCTUK OT pPeXrMa paboThl YCTAaHOBKMU.

5. C momomipio pa3paboTaHHBIX MaTeMaThye-
CKMX MoOJeJiell MoKa3aHa paboTOCITIOCOOHOCTh 000-
pynoBanus I'BT ycTtaHOBKM TIpu BBIOpAHHBIX KOH-
CTPYKTUBHBIX PEUICHUSIX (XapaKTepUCTUKAX) IJIsI
3aJaHHBIX PEXUMOB PabOTHI, YTO ITO3BOJIUT B AaJIb-
HEMIIIeM CYILLIECTBEHHO COKPATUTh O0BEM BHIITOTHSI-
€MBIX 3KCIIEPUMEHTAIbHBIX PA0OT Ha OIBITHO-IIPO-
MBIILIJIEHHON YCTaHOBKE.
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Recycling of organic wastes is an extremely important and challenging environmental task. One of the promising trends in this
field is the creation of multi-mode (combustion, pyrolysis and gasification) plants for processing organic wastes with production of
such useful products as thermal energy and energy carriers (biocoal, bio-oil, pyrolysis resins, synthesis gas, etc.) and fertilizers.

When creating such plants, the main problems include instability of the properties of a source material, its high water and ash
content. This drives the developers to use non-standard equipment and atypical control algorithms, the creating of which requires
a lot of experimental work to be done. At the same time, conducting field experiments is an expensive, difficult and long process
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that highlights the need for extensive use of mathematical and computer modeling. In this paper, mathematical models of elements
of the gas-air path of the organic waste processing plant are obtained. The characteristics of the gas-air path of the plant as of
an object of regulation for pressure in the lower and vacuum in the upper part of the combustion chamber are determined. The
gas-air flow consists of the flue and the air ducts and serves to remove flue gases from the combustion chamber and supply air
needed to maintain fuel combustion. When developing new automation systems, modeling allows assessing the applied solutions
accurately, simplifying and reducing the cost of their development, solving the problems of system stability, optimizing transient
processes, etc. The nonlinearity of the obtained mathematical models on the "the pressure at the inlet to the n-th section air-gas
flow path — the pressure at the outlet of the n-th section of the air-gas flow path” channels, the nonstationarity of objects of
control and dependence of their dynamic characteristics on operating mode of the plant are determined. Due to developed models,
the two-way relationship of the gas and air paths has been revealed. When modeling, the gas-air flow of the plant is divided into
several sections for which the mathematical models are obtained. They are required to synthesize controllers of flue gases vacuum
in the upper part and the air pressure in the lower part of the combustion chamber.

Keywords: mathematical modeling, dynamic characteristics of the object of regulation, automatic control, process con-

trol system, gas-air flow path, organic waste converting plant
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CVIHXpOHVI3aL|VIﬂ 3HeKTp03Hepl'eTVI‘-IeCKOVI cetun
B yCNoBUSAAX BbICOKOYACTOTHbLIX NOMeX Msmepeva1

Paccmompena 3adaua pobacmuoll CUHXPOHU3AUUU IAEKMPOIHEPSEMUUECKOU cemu ¢ Heu3eecmHulMu napamempamu. H3-
MepeHUur 00CmynHol yeavl HAPY3KU KaA#cA020 2eHepamopa cemu ¢ HAA0NCEHHOU a0OumueHol 6biCOKO4aACMOMHOU NOMEXOU.
Cunme3upoean anecopumm, NO3GOASHUUL YMEHbUUMb BAUSHUE NOMEXU HA CUSHAAbL UBMEeDeHUs U 0becneuums CUHXPOHUZAUUI)
cemu 6 HOPMAAbHOM pedcume pabomol U A8APUUHBIX CUMYAUUAX, CBA3AHHBIX C BHE3ANHbIM U3MEHEHUeM NPo8ooUMOCMU NUHUL
anekmponepedau. Ilpusedenns pe3yromamosl MOOCAUPOBAHUSL, UAAOCMPUPYIOWUE IPPeKMUBHOCMb PaA3PAbOMAHH020 al20pumMma.

Karoueente caosa: snexmposnepeemuueckas cems, NOMexu UMepeHus, 3anazobiéanie, a8apuiiHas CUumyayus

Beenenne

B Teopuu aBTOMaTM4ecKOro yIpaBieHUS HE
TepsieT aKTyaJbHOCTM 3a/aya TOBBIIIEHUS HalIexX-
HOCTU 1 3¢ GEKTUBHOCTH YIIPaBICHUS MpolieccaMu
reHepaumnu saeKkTposHepruu. CorymacHo pabdore [1]
00111as1 HaJeXKHOCTh (PYHKIIMOHUPOBAHUSI SHEPro-
ceTh oOecreurBaeTcs 3a CUeT HAJCKHOCTU 3SHEp-
rocHaOXeHusI, IJs 4ero HeOOXOAMMO TMOAAePXKU-
BaThb OECIepeOOMHOCTh MOCTABKHU 3JIEKTPOIHEPTUU
KOHEUYHBIM TOTPEOUTENSIM U CUHXPOHHOE B3aMMO-
JENCTBUE BCEX COCTABISIONIUX BJEKTPOIHEPreTH-
yeckoil cucTeMbl. D¢(eKTUBHOCTh pPabOTHI CETU
MOXHO TIOBBICUTb IIyTeM YJIYUIlEHUs KayecTBa
peryaMpoBaHusl KOMIIOHEHTOB CETH, B YaCTHOCTH,
BJIEKTPUYECKUX T€HEepaTOpoB. DTO MO3BOJUT CHU-
3UTh TPeOyeMble pe3epPBbl MOIITHOCTEN U YMEHBIINUTh
BEPOSITHOCTh BO3HUKHOBEHUST OyaKayTa (blackout).

Ha cerogHsmHuii neHb TpeAoXEHO A0CTa-
TOYHO OOJblle YMCJIO TMOAXOAOB, PeaJu3yIOLIUX
Ka4eCTBEHHOE YIPaBJIEHUE CEThIO DJIEKTPUUECKUX
reHepaTtopoB. PaccMoTpeHHBbIl B pabote [2] AetieH-
TpaJIM30BaHHBIN aJrOPUTM YIPaBJICHUS MCIOIb-
3yeT JIMHeapu3aluio o0paTHON CBS3bIO U POOACT-
HBII aJTOPUTM YIpaBAeHUS [JIsI CTaOMJIM3aluu
ceTu reHepaTopoB. Pabora [3] mocBsiieHa cTabm-
JIM3alMU DJIEKTPUYECKOro reHeparopa IyTeM CHU-
JKeHMUsI TIOJTHOM 3Heprum cucteMul. B cratbe [4] mc-

'PesynbraThl pasmena "AJNTOPUTM (GUIBTPALUM BHICOKOYA-
CTOTHOI TOMEXU M3MEpEeHUs" MOJYYeHBI MIPU MOANEPKKE TPaH-
Tta Ilpesumenta Poccuiickoit @enepauuu (Ne MJ1-1054.2020.8,
Cornamenune Ne 075-15-2020-184) B MIIMawr PAH. Pesynb-
TaThl pasgena "CHHTE3 ajropuTMa yrpabjieHHs" IOJYYEeHBI B
NIMMaw PAH npu noanepxke Poccuiickoro HayyHoro ¢doHna
(mpoekT Ne 18-79-10104).

MOJIb3YeTCSl CHHEPIeTUYECK U MOAXOI 1JISI CHHTE3a
HEJIMHEITHOro afAalTUBHOIO yIIpaBJCHUSI, KOTOPOE
obecreynBaeT IMoaAepKaHUe YPOBHSI BbIpabaThiBa-
€MOr0 HaIpsIKEHUSI He3aBUCUMO OT Pacxoja d3JIeK-
TPO3HEPTUH, BHI3BAHHOI'O M3MEHEHMEM HArpy3KH.
ABTOpHI B paboTe [5] MpoBOASIT aHAJIOTUIO MEXAY
reHepaTopaMu, MOAKJIIOYEHHBIMU K OOIIEH LIUHE,
Y CBSI3aHHBIMM MasiTHUKaAMU U MPEIJiaraloT ajaro-
PUTM CUHXPOHM3ALUU CETU 3a CYET OTpaHMYCHMUS
pPa3HOCTU IIOBOPOTa YIJIOB POTOPOB, OCHOBAHHBIM
Ha 3HepreTudeckoM mnoaxoxe. B crarbax [6, 7] pe-
IIeHa 3aJla4a CMHXPOHU3AIIMY CETH B YCIIOBU X T1a-
paMeTpUUYECKON HEOMPeIeIeHHOCTU M U3MEPEHUS
TOJIBKO YaCTU BEKTOpPa COCTOSIHUS T€HEPaTOPOB.

OmHako ajaropuTMbl, PACCMOTPEHHBIE B pado-
Tax [2—7], MoryT okaszarbcsl Mano3(@OeKTUBHBIMU
B YCJIOBUSX ne(pULIMTa U3MEPUTEIbHON NH(pOpMa-
Uy u momex usmepeHus. [Ipodaema 3akarouaeTcs
B TOM, UTO MPHU pacyeTe CUTHaja yrpaBieHMs HUC-
KOMO€ 3HAYeHUWE OLIEHKM MPOU3BOMHON PETYyIUpPY-
eMOli epeMEHHON MOXET CYIIECTBEHHO OTJIMYaTh-
cs OT ee UCTUHHOro 3HaueHus. [1pu sToM omnbka
HaKarjauBaeTcs MpU MNOCIeAYIOIIEH OLIeHKE TTPOr3-
BoOHLIX. JlaHHas nmpobaeMa cBs3aHa Kak ¢ gudde-
PEHIIMPOBAHUEM BBICOKOYACTOTHOTO IIIyMa, TaK U
C HaJInM4ueM OOJbIIOro Ko3(pGUIIMEHTAa YCUIIEHU S
B CHCTEeMe yIpaBJeHMUs MPU MNOCTPOSHUU POOacT-
HBIX CUCTeM yrpaBiieHus [8—13].

B xauecTBe YaCTMYHOTO pelleHUsT JaHHOM MPo-
6a1embl B padotax [8, 10, 11] mpenyarajoch agamn-
TUBHO HacTpauBaTb KOI(MDQOUILUEHT yCUICHUS
HaOrogarens. B HayanbHbIA MOMEHT (DyHKLIMO-
HUPOBAHUS CUCTEMBI B LIEJSIX YBEJIMYCHUS CXO-
JTUMOCTH MPOLIECCOB KO PUIIMEHT HaOI0maTens
BBICTABJISIJICA OOJIBIIMM, TOTAA KaK K YCTaHOBUB-
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LIeMycsl peXXuMy OH yMeHbImajcs. B crarpsax [12,
13] mpenjoxeH HOBBIM HaOMOmaTeIb, KOTOPBIM
SIBJISIETCSl PACHIMPEHUEM KJIACCMUYeCKOro HaobJio-
gateisi ¢ OonbIIUM KO3(DGUIITMEHTOM yCUICHUS
[14] Ha cmyyail HaaWuusl BBICOKOYACTOTHBIX TIO-
Mex uaMmepeHusd. Ilpy 3ToM pa3MepHOCTb HOBOIO
HaOJtoaressi B IBa pa3a OOJIbIIEe MO CPaBHEHUIO
c paboroii [14]. VYBeamueHme pasMepHOCTH Ha-
Omromarelisi, pacCMOTpeHHOro B paborax [12, 13],
CBSI3aHO C BBEIEHUEM IONOJIHUTEIBHEIX mudde-
pEHIIMANBHBIX YpPaBHEHUH, KOMIICHCUPYIOIINX
BIWSHAE BBICOKOYACTOTHHIX IIOMEX M3MEPEHUSI.
OnHako mjis1 pacyera IapamMeTpoB HaOJromaTess
B pabotax [12, 13] HEOOXOMMMO pa3pelInTh ajare-
Opanueckoe ypaBHeHUE CTereHu 2y — 2, rae y —
OTHOCUTEJIbHAsI CTelMeHb OO0beKTa YMpaBJIeHUs
[15], mpuyeM OT pelueHWs JAaHHOrO YpaBHEHUS
OIHOBPEMEHHO 3aBUCUT KaueCTBO OLEHKW TpO-
M3BOMHBIX M KayeCTBO (PMIBTPYIOLIMX CBOMCTB.
Takoi1 moaxon yao0OeH Ajis 1oKa3aTrebCcTBa padboTo-
CIOCOOHOCTHU CUCTEMBbI yIIpaBJIEHUSI, HO HE MJIsI ee
pacueta M TexHUYeckoil peanmzauuu. OcoOEHHO
JaHHas TpoosieMa CylleCTBeHHa MpU yIpaBAeHUU
OOJILIIIMM YMCJIOM B3aMMOCBSI3aHHBIX OOBEKTOB.

B pa6ote [16], B omimume ot pabor [12, 13],
ObLJIO TPEMJIOXEHO pa3faeauTh (QUIBTPYIOIINE U
oleHMBalomue ¢GyHKIUM Ha OBAa HE3aBUCHMBIX
asroputma. B pesynbrare, 1Mo cpaBHEHWIO C pa-
o6otamu [8, 10-13], a3T0 MO3BOAMIIO: 1) YyAYUYLIUTH
KauyecTBO (PMIBTpAlNy BICOKOYACTOTHON MTOMEXMH;
2) chenaTb HE3aBUCMMBIM pacyeT IMapamMeTpoB
¢dunbTpa M mapamMeTpoB HaOomarens; 3) O
OLIEHKM TIPOM3BOAHBIX WCIIOJb30BaATh JIOOOW M3
cyllleCcTBYIOIIUX Habmogareneii. Takum obpa3om,
MPUMEHEHHWE aJrOpuTMa, MPEJACTABICHHOrO B pa-
6oTe [16], ynpollaeT pacyeT ¥ peajn3alio CUCTe-
MBI YIOPaBJICHUS U TOBHILIAET KA4eCTBO YIIpaBJe-
HUSI TI0 CPABHEHUIO C aJITOPUTMaMU, PaCCMOTPEH-
HBIMU B paboTax [8, 10—13].

B Hacrosiiieit ctarhe CMHTE3MPOBAH aJTrOPUTM
poOACTHOIM CUHXPOHU3ALIMU BJEKTPOIHEPreTU-
YEeCKOM CeTH C HEU3BECTHBIMM ITapaMeTpaMu U
B YCJIOBHUSIX M3MEPEHUS TOJBKO YIJIOB HArpy3KHU
C aQIAUTHWBHO HAJIOXXEHHOU BBICOKOYACTOTHOM
nomexoit. [lns cuHTE3a CUCTEMbl YTpaBIEHUS
WUCTIOb3yeTCs MOAXO0H, PACCMOTPEHHBI B pabo-
Te [16], MO3BOJAIOIINI HE3aBUCUMO YIIPaBISATh
KauecTBOM (PUIABTpALIUM IIOMEXWM U KauyeCTBOM
OLIMOKM CTaOUIM3ALIUU BBIXOAHOUW TMEpPEMEHHOM.
Ilony4yeHbl yca0BHSI, TapaHTHUPYIOLIME YCTONYM-
BOoCThb cuctembl. [lpuBeneHBl pe3yabTaThbl MOJE-
JIMPOBAaHUS, WINIOCTpUpPYIolIne 3(PGEeKTUBHOCTh
pa3paboTaHHOI'0O aJropuTMa.

ITocTanoBka 3azaum

bynem paccmarpuBaTh MOAEb 2JIEKTPOIHEPIe-
THU4YecKoi cetu [2, 5—7, 17], B KOTOpOi1 371eKTpO-
MEXaHMYeCKasl MOAEJb CETU F€HEPATOPOB ONMUCHI-
BAETCA CIECAYIOILIE CUCTEMOM YPaBHECHUIA:
* ypaeHeHus 08UICEHUS PONOPOE.

AS(1) = w; (1), 2H,;0;(t) = —D;o0;(1) — 0yA P, (1),

i (1)
i=1k
* ypaeHeHUs KOHMYPOE 8030y HCOeHUS:
r@#%«)=EM0—E;a»wmﬁﬁm»uxn,(D
U0 By () = —Ei(t) + (xg; — xy) (1), i=1k;
* YDAGHEHUA CMAMOPHbLIX KOHMYPOE:.
1,(t)=E,(1)G; + Ey;(1)B; +
+ ZN (ELj(1G; + Ej(1)By) cos(3,(1) -8 (1)) +
JEN;
+ 2 (E,(0)B; — Efi(1)G ;) sin(3,(1) - 8,(7)),
I 3)

14(t) =-EL;(O)B; + E4(1)G; +
+ 3 CEy 0By + Ey(0Gy) cos,()~5,0) +
JjeN;

+ ZN (Ej; (NG + Ey(t)By)sin(s,(t) - 8 (1)),
JEN;

Vat) = J(Eq(0) = L (0)x)? + (i (0%,
Efi(t) = kciufi(t)a APei(t) = Pei(t) - Pmi(t)s
Pi(t) = Eg;(0)1 (1) + E; (1)1 (1),
Qi (1) = E4; (1)1 4;(t) — Egi(1)1 (1) —

— () + 15;())xy;, i=1k.

3necb kK — 4HCIO reHepaTopoB B ceTu; N, —
MHOXECTBO T€HEPATOPOB, CMEXHBIX C i-M reHepa-
TopoM. Crnenymoliue 0003HAYEHUS MPEACTaBACHBI
IJISl KaXJ0ro i-ro reHeparopa: Ad;(f) = 9;(t) - 8?;
3;(f) — yroa moBopoTa poTOpa OTHOCUTEJIBHO €ro
CUHXPOHHOI ocu BpalleHHusl (YToj Harpyskwu),
pan; 8? — YroJ Harpy3Ku reHeparopa B padbouyeM
pexume, pan; of) — OTHOCHUTEIbHAsi CKOPOCThb
poTopa, paj/c; o, — CKOPOCTb POTOPA B CUHXPOH-
HOM pexume, pan/c; H; — koadbuiueHT nuHep-

uuu, c; D; — xoapduuueHT neMndupoBaHus,
OTH. en.; P,(f) — aKTUBHas 3JIEKTPUYECKas MOLL-
HOCTb, OTH. en.; P,(f) — MexaHuyeckas MOLL-
HOCTb, OTH. €/1.; T, — IepexoJHasl MOCTOsSTHHAsI

BpPEMEHHU BOJb IMPOIOJIBHON OCHU MPU Pa30OMKHY-
TOM CTaTOpe, C; Ty — MEPEXOAHAsH TOCTOSHHAs
BpPEMEHHU BIOJb MOMEPEUHON OCU MPU Pa30OMKHY-
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TOM crarope, ¢; Ej;(f) — nepexonHast 9/1C Bronb
MONEPEYHON OCH, OTH. el.; E);(f) — mepexonHas
SJIC BOOJb MPONONBHOW OCH, OTH. ell.; En(f) —
skBuBajeHTHass BJIC Bo030yXIeHWsS, OTH. €I.;

[,(f) — TOK BIOJb MOINEPEYHON OCH, OTH. €Il.;
1;(#) — TOK BIOJb NMPONOJIBHON OCH, OTH. en.; Gy
U B; — cOOCTBEHHBIE AKTMBHAasl M pEaKTUBHas

NPOBOAMMOCTH i-TO Te€HepaTopa, OTH. el.; G; u
B; — B3aMMHBbIC aKTUBHAsi ¥ PEaKTUBHAs MIPOBO-
OIUMOCTH MEXIYy i-M M j-M TeHepaTopaMu, OTH.
el.; Xy — MEePEeXOJHOe PEaKTUBHOE CONPOTUBJIE-
HUE BJOJIb IPOJOJIBHOM OCH, OTH. €l.; X, — peak-
TUBHOE COMPOTUBJICEHUE BIOJb MPOJOJIBHON OCH,
OTH. €]I.; X,; — PEAKTUBHOE COMPOTUBIICHUE BIOJb
MONEPEYHON OCHU, OTH. el.; V,(f) — HampsxeHue
Ha 3aXMMax CTaTopa, OTH. el.; k,; — Koahpuuu-
EHT YCUJICHWs HampskeHWs BO30yXIEHHWS, OTH.
ell.; ug(f) — HampsiKeHUWe Ha OOMOTKe BO30yXIe-
HUS pOTOPA, OTH. en.; Q,(f) — peaKTUBHASI MOLL-
HOCTbh, OTH. €.

OtmetuM, uto ypaBHeHusi (1)—(3) momyue-
HBI C YYEeTOM psiJa MOIEAbHBIX MPEANOJOXEHUMI
un ynpouueHuit [17]. Ha mpakTuke nuHamMuka pa-
0OTHI TeHEepaTOPHOTO arperara MOXET OKa3aTbCsl
CJIOXKHEE, HEXeIW ONMChbiBaeMasi YpaBHEHUSIMU
(1)—(3). Tem He MeHee, CyLIECTBYeT psig padoT
(cMm. Hampumep [1—7, 17]), TOCBSILLIEHHBIX pellie-
HUIO aHAJIOTUYHBIX 3a7a4 YIIPaBJICHUS U UCMOJIb-
3yIOIIUX TIPU TECTUPOBAHUHU pa3padaTbiBaeMbIX
anropuT™MoB mozaeab (1)—(3).

B otnuume ot pabor [2—7] paccMOTpUM CITy-
yaii, KOrma B 3JEKTPOIHEPreTUYeCKO CEeTH I0-
CTYMHBI U3MEPEHUIO 3alllyMJICHHbIE YIJIbl HATPY3-
KM TeHEepaTopos, T. €.

e (1) =8,(1)+9,(1), i=1k, @)

rae 9,(f) € R — orpaHu4YeHHas BBICOKOYACTOTHAs
moMexa u3MepeHus.

TpebyeTcss pa3paboTaTb ajJropuTM yIIpaBiie-
HHUS, KOTOPBIA OOECIEYMT ITOACTPOUKY padOThI
KaXJI0ro reHepaTopa IMOI CBOl y4YacTOK CeTH,
yTOOBl MCKJIIOYUTHh UX Teperpy3ky. C sToii 1e-
JIbIO TIpeaJiaracTcsl MCIIOJb30BaTh HEMPEPbIBHBIM
JeLIeHTPaJM30BaHHBII 3aKOH YIpaBJieHUsI, KOTO-
pBblil 00ECIIEYUT BHIMOJHEHUE CIEAYIOLIeTO liesie-
BOTO YCJIOBUSI:

;L_rg|A8i(t)| <Ay g mobbix i =1k, (5)
rae A; > 0, 39 € (—n/2, n/2). Kpome Toro, octasb-
HBIE OCHOBHBIE XapaKTepPHUCTUKM TEeHEpaTOpPOB
JIOJIKHEI JIEXATh B TOMMYCTUMBIX Mpeaesiax.

CdopmynupoBaHHas 3amaya peliaeTcs ¢ yde-
TOM CJIEAYIOIIMX MPEANOJOXKEHUIA.

IIpeonosoxncenue 1. HensBecTHbIE TapameTpbl
D;, H, Tg0i> Tgois Xai» Xgis Xai» Kei» Gy By Momenu
(1)—(3) mpuHaaIekaT U3BECTHOMY OI'pPaHUYCHHO-
MY MHOXECTBY =.

IIpeononoixncenue 2. ABapuiiHble PEXUMbI CBSI-
3aHBbI C BHE3AITHBIM M3MEHEHWEM ITPOBOIMMOCTH
JIMHUA TIepenayu.

Ilpednonsoxucenue 3. Oprpad, accoummpoBaH-
HBIN C CEThIO, UMEET OPUEHTUPOBAHHOE OCTOBHOE

NepeBo.

IIpeoGpa3oBanue Monean
3JIEKTPOIHEPreTHUECKO# CeTH

BeinuuieM ypaBHEHMsI NMPOU3BOAHBIX AKTUB-
Hoii AP,(f) u peaktuBHoi Q,(f) MOLLHOCTEN CO-
rnacHo ypaBHeHusM (2), (3) [2, 5]:

/1 + /l APei (t) +
Ta0i  Tq0i

APei(t) ==

ek Ou )+ B (1) +
Tdoi
+ By (1)1 4;(8) +v,;(1);

Qei(t) == !

(6)

1
——+ 5 |Qei (1) +
Ta0i  Tq0i

1 S
# k(O (0) = QL (0 + Egp(0) (1) -
d0i

~(214(Ox}; = Eg(0) 4;(1) +75:(1),

rIe
|- |
V() = — Egi (01 4 (1) + —— E4; (1)1 (1) -
Tdoi Tq0i
X — X Xgi _X','
—| S D8 S ] (0 (1) -
Td0i T40i
o P
Ta0i  Tq0i

1 ., |
Voi(t) = ———E4i (01 (1) + —— E4; (1)1 4() -
Td0i Tq0i

X, X
d1+d

. X, X'
2 qi d 2
- =15 () - ——+ =4 Iq,-(t).
Ta0i  Tq0i Tq0i  Tq0i

BBenem o603HaueHUS

(1) =[A8,(1), 0; (1), AP,;(1), Qi (D]';
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[0 1 0 0 ]
_Di _ %0 0
2H, 2H,
Ui=lo o _[;+Lj o |
Ta0i  Tq0i
0 0 0 {;LJ
L Td0i T40i

V(1) =10, 0, kil 4 (0)/(40:) O1';

V5i(#) =10, 0,0, ki 1 4 (1) /(P01
W =11,0,0,0];

SHOES I%:jd—‘?ii(n[Eé]i(t)jqi(t) + Ef(D1 4:(0) + 7, (0]
Cy(t) = %[—(2qu<r>x:ﬁ + Ep(O) (1) -

— (21 4 (D) xg; - E(}i(t))jdi(t) +79;(D].

IIpyHumas Bo BHUMaHHE COOTHolueHue (4),
nepenuireM ypasHeHus (1) u (6) B popme
;1) =U;z;(0) + V,;(0) (u g (1) + §;(1) +
+ V() (u (1) + 8y;());
AS; (1) = Wz;(1); (1) = 3,() + 9,(t), i=1,k.

)

[lepenuiem ypaBHeHue (7) B oOIepaTOpHOM
dbopme Ha 6a3e Tpoiiku matpuu (U,V,,W):

Q;(p)AS (1) = Ry (p, 1) (u (1) + &y;(2));
e (t)=8,)+9,(t), i=1k

3necb Qi(p), Ri(p,H) — nubddbdepeHnATBHBIE
ornepaTopbl, MOJyYeHHBIE TIPY MEPEX0ie OT ypaBHE-
Huil (7) K ypaBHeHUSIM (8) pu (PUKCUPOBAHHOM ¢
[6, 7], deg Q(p) = 4, deg Ri(p.) = 1, p=d / dt —
ornepatop auddepeHInpoBaHNS.

3ameuanue. TlpeacraBieHue ypaBHeHUs (7)
B oIepaTopHoil ¢opMe Ha 0ase TPOMKU MaTpPUIL
(U, V5,W) mnpuogut Kk auddepeHInalIbHOMY
onepartopy R,/(p,f) = 0, moatomy GyHKUUA C)(7)
WUCKJII0YeHa 13 PaCCMOTPEHUSI.

Paznoxum R;;(p,f) Ha ciaenyolme COCTaBIIsAIO-
mue [6, 7]

®)

Rli(p’t):RiO(p)+ARi(pst)s i:L_ka (9)

rie Ry(p) — nuHelHbIl nuddepeHanbHbIil
omnepaTop IMepBOro Mopsaka, Takoh 4To R;y(h) —
TYPBULEBBINA, A — KOMILJIECKCHAs IIEpEMEHHAas,
kooppunuent. IlomcraBuB cootHomeHue (9)
B ypaBHeHUS (8), MONy4YUM

Qi (p)AS; (1) = Rig(p)u (1) + B; (1),

_ (10)

e;(t)=08,(1)+9,(1), i =1k,
rne B;(1) = ARi(p,Dus (1) + R (p,1)C; (1) — dyHk-
us, coaepxaniasi B ce0e HEONMPEAeIEHHOCTU MO-
I i-TO TeHeparopa.

Anroput™ puabTpanun
BbICOKOYACTOTHOI NMOMEXH H3MepPEHHUs

Panu nmpoctoThl 060CHOBaHUS PabOTOCIIOCOO-
HOCTU (PUIILTPa BHLICOKOUACTOTHBIX IOMEX M3ME-
pEHUS MPEATIONOXKUM, UYTO 8,(f) — OrpaHUYECHHBII
curHal. /s BeigesieHuss nHGOPMALIMU O CUTHAaJIe
3;(t) u3 curHana e[f) pacCMOTPUM aJTrOPUTM BHUAA

& (1) = Gi&g;(1) + Bie;(1);
e;(t) = L, &i(0); €0)=0, i= L &,
rae i.,-_= (€1, Eais - E)r,;]T§

(11)

—; 0 0
-1 -1
o2 o3, O
Gi=| 0 o3 -o3 ... 0 0 |
0 0 0 .. o} -}

6; >0, j=Lr; B =[o0},0,..,0]"; p,> 0 — ma-
Jbli mapameTp. 3nech W jgajnee marpuua L,; =
= [0, ..., 0, 1] uMeeT COOTBETCTBYIOIILYIO pa3mMep-
HOCTb.

Ymeepaucoenue 1. I[lycmov cuenan () — oepa-
HuueHHblll, U 015 9,(f) 6vlnoaHeHO caedyoujee co-
OMHOUleHUe:

— |t -

u;'Tim|[e" G Bg (s)ds| < Ay, i=1,k, (12)
t—o0 0

ede Ay > 0 — docmamourno manoe uucao. Toeda

cywecmeyem 1, > 0 makoe, umo npu p; < p, 68bi-

NOAHEHO yCcao8ue

limle, (1) -8,() < As, i=1, k. (13)
—o0

3decv A; > 0 — docmamouno manoe vuco.

LHokazamenbcmeo ymeepucoenus 1. PaccmoTpum
cuctemy (11), Ha Bxom KOTOpOil BMECTO CHUI'HaJja
e(f) momaeTcs curHau (?):

W (1) = GE, () + Bd,(1),

s 3 _ (14)
&0 = L&), E0)=0, i=1 k.

Hns ananuza cucteMbl (14) Bocmojib3yeMcs
Jemmorn 1 [19].
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Jlemma 1. Paccmompum cucmemy

hx(t) = f(x(1),u(?)),

2de x(t) € R®, f(x(0), u(t)) — Qpynxyusa aunwmuyesa no
x(®) u u(®), u(t) — oepanuuenuwlii cuenanr, h > 0 —
docmamouno manoe uucao. Ilycme cucmema (15)
acumnmomuuecku ycmouyuea npu u(f) = 0. Pac-
cmompum mHoxcecmeo Q ={x: f(x,u)=0}. Toeda
015 awboeo € > 0 cywecmeyem hy, > 0 makoe, umo
npu h < hy eévinoaneno caedyrouee ycaogue

15)

lim dist(x(7), Q) < e.
11—

30ecw dist(*) — pyrkuus paccmosHus.

[IpoBepuM ycioBus jgeMMbl 1 11 cCUCTEMBI
(14). IIpu 6(r) = 0 cucrema (14) acumnroruye-
cku ycroiumsa. IloagcraBus p; = 0 B (14), no-
ayanM  GiE; (1) =-Bd,(t) wmm & (1) =8;(1) u
£, (0)=E,,,,(0), j=Lr-1, 1 e ¢&()=35,1).
Torna cornacHo emMe 1 cywectsyer p; > 0 Takoe,
YTO MPH W; < Ly BBIIIOJIHEHO YCIOBUE

lim [6,(5) = 8,(1) < Ag, i=L Kk, (16)

rae Ay > 0 — IOCTaTOYHO MaJioe YUCIIO.

PaccmoTpum curnHan e,(f), KOTOPBI COCTOUT U3
curHaJja 3,(f) u nomexu 9,(r). Haitnem yciosue, npu
KOTOpOM OyzeT BoinosiHeHO yciaoBue (13). [TpuHu-
masi Bo BHuMaHue (11) u (14), coctaBuM OLIUOKY
paccornacoBanus ;(f) = &;(t) - &,;(f) B Bume

;) = L.Gic.u'(t) +$Bi9i(f);

(17)
e () -¢&(t)=L, (1), i=1k.

Haiinem pemenne mnepBoro ypaBHeHus (17)
B opMe

-1 ! -1
Ci(1) = e 91, (0) + ;' et G B (s)ds =
. v (18)
_ H;l,[e“i G"("S)B,-S,-(S)dS, i=1, k.
0

Ecnu BbinmosiHeHo yciosue (12), To uz (18) cie-
NyeT, 4TO

lm|c; (1) < Ay, i=1 k. (19)
t—o©
PaccMOTpUM ClienyoLue COOTHOLIEHUS:
le; (1) = 8, (1) <e;(t) — &;(1)] + &, (t) - 3;(1)| < 20)

<|g; )]+ e ) - 8,(0)|, i=1 k.

OueBngHo, uTO mJisT yeaoBus (13) Oymer crpa-
BEIJINB CJICAYIOMINIA TIpeIeTbHBIN TIePEXO/:

limle, () - 8,(n)| < lim [¢;(1)] + lim [&;(r) - 8,(r)
0 t—o© t—o0

b

(21)
i=1, k.

Ilycts Ay + A4 < A;. IlpyHKMMag BO BHUMaHUE
(16) u (19), monyuum oueHky (13) u3 HepaBeHCTBA
(21). YrBepxxneHue 1 nokasaHo.

[lycte momexa 9,(f) mpencraBieHa MyJbTUTap-
MOHUYECKUM CUTHAJIOM

\4
9;() = 21 Aj,i Sin((‘)j,it + (Pj,i): (22)
Jj=

rae A;;, o;; ¥ ¢;; — aMIUIMTYy/a, YactoTa u dasa
Jj-i1 rtapmonuku. Hanpumep, dpopmyna (22) Mmoxet
OBITH TMOJyYeHa TPU Pa3JIOKEHUU OrpaHUYEHHOMU
nomexu B psaa Dypbe ¢ MOCASAYIOUIUM U3BJEYE-
HUEM YaCTMYHOU cyMMBbI psana. [laHHas TeXHUKa,
HaIpuMep, UCTONb3yeTCs AJsl pelleHus psiaa 3a-
nad B anekTporexHuke [20], uHdopmatuke [21],
TeOpUHU yrpaBiieHUs [22] u T.n.

Cnedcmeue 1. Ilycmo ebinoanernvt ycaosus npeo-
noaodcenutl, pynkyusa 3t) — oepaHuveHHas, u no-
mexa 3,(t) npedcmasaena coomnowernuem (22). Toeda
cywecmeyem y, > 0 makoe, ymo npu p; < , 6binoA-
HEeHO COOMHOUIeHUe

limle, (1) - 8,(1)] <
f—o0

. 23)

I 2 22
=11+ 0} ,uicq;

Ouenka (23) cnenyet u3 BoipaxeHus (18), eciu
MOACTABUTh BMECTO 9,(f) BbIpaxeHue (22) u npo-
WHTErpupoBaTh ero 1o 4actam 7 pa3. [lompoOHO
JaHHas Ipolienypa omnucaHa B pabore [16].

v
< ZlAj’i +Ay.
j:

CuHTe3 aJaropuTMa ynpapJjeHus

s panpHEHMIIeTo CHMHTE3a CUCTEMBI YIIpPaB-
JICHUSI BOCIIOJIb3YEeMCSI aJITOPUTMOM paboTHl [8§].
CorylacHO MOCTaHOBKE 3alayd NMPOU3BOAHBIE e,(f)
He JOCTYITHBI M3MepeHuio. Torma 3amagnM 3aKOH
yIpaBjieHus B (popMe

— —( (2
up(t) = —o(dy 2 (1) + dy 2V (1) + dy 22 (1)),
i=1,k,

e a; > 0, kooppuuunentsr d, ;, d, ;, d, ; BBIOUpAIOT-

¢ TaK, 4To0bl monmuHoM D;(A) = d) A° +d; A +d ;

ObLT rypBUlleB (A — KOMIUIEKCHasl MepeMeHHas

B IIpeoOpa3zoBaHuu Jlammaca); E,-(k)(t) — OLIEHKa
k-it mpousBogHON curHana e;(t), k=0, 1, 2.

(24)
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[ToactaBuB cooTHoieHue (24) B (10), monyuum

Fi(p)AS,;(t) = a; Ry (p)g; () +
+ o Rig(p)D;i(p)y; () + fi(2), i=

rie F(p) = Q(p) + o R(p)D(p), g =
= D@k@—Z%,Wm,wﬂF&m—Mm

f[i@®)=B;(t)—a d0,8, 3HayeHue curHana g7 3a-
BUCUT OT KayecTBa OLEHMBaHUS ITPOU3BOIHBIX
curHaja e;(t), 3HaueHue curHaja y,(f) — oT Kaue-
ctBa ¢uabrpauuu anaroputMma (11). TTockonbky
M3BECTHO MHOXECTBO Z (MpenrojioxeHue 1), To
BCErJa CYLUECTBYIOT YMUCJIO o; U MOJAMHOM Di(A),
TaKkue 4TO MOJMHOM F;(A) OyneT rypBULIEBBIM.
s peanu3zanuu 3aKoHa yrpasiaeHus (24) Boc-
MOJIb3YEMCS CACAYIOUIMMU BhIPAXKCHUSIMU:

(25)

(1) =2,(t); g"(1) = w

My m (D (s
ey =& ; C=h i 1%

IMoacrasus (26) B (24), moay4yuM

ug(t) = —o ,z{ z( 1) C’e(t—lh)} i=1,k,Q27)

R L
g -n

Ymeepaucoenue 2. [lycmov 6binoaHeHbl yca08us
npednoaoxcenuil 1—3, cuenan 9,(t) oepanuuen, ecau
r > 2, u oepanuvern emecme c e20 2 — r NPOU3-
600HbiMU, ecau r < 2. Toeda cywecmeyrwm uucia
o >0uh >0 makue, ymo cucmema ynpaeaeHus,
npedcmaeaeHHas an20pummom Puabmpayuu nome-
xu (11) u 3axonom ynpasaenus (27), obecnevyusaem
ebinoaHeHue yenegoeo ycaosus (5) u oepanuueH-
HOCMb 8CeX CUCHAN08 8 3AMKHYMOI cucmeme.

Lokazameavcmeo ymeepocdenus 2. Cnenys pa-
6ote [6], B moka3aTenbCcTBE OyaeM paccMaTpuBaTh
WHTEPBaJbl BPEMEHHU IITATHOIO peXuUMa padOThI
BJICKTPOSHEPTeTUYECKOM CETH M TIOCe aBapuii-
HBIX cutyaumuii. Ilpeobpasyem ypaBHeHHe (25)
K cleaymoleii popme:

roe C

+ o By () + By f; (1),
AS;(1) = J3,8,(1),i = 1, k,
e g = [e; &y &30", e (1) =¢;,,(1), i=0,1,2,

Marpuibl A;, By; B,; B;; TOdyYeHbl NpU IMepe-
xome ot (25) k (28), J5, = [1, 0, O].

(28)

[Mepenuiem cuctemy (11) B Bume nuddepeH-
LMaJabHBIX YPAaBHEHU:

ﬁl(“’o LpEDE () =), =Tk  (29)
i

[IpeoOpasyem nuddepeHInaIbHBIC YPaBHEHUS
(29) x Buny
0.(t) = M,8,(t)+ N,e

i(0);

30
0.(t),i =1, k, G0

rIl

e 6; = [0, ..., 0,1 e = 0,1, j=0,r-1, ma-

Tpuua M; v BeKTop N, OJy4YeHBl IPU MEPEXoe OT
(29) x (30). 3mech u manee J,; = [1, 0, ..., 0] — ma-
TpU1Ia COOTBETCTBYIOIIEH Pa3MEPHOCTH.
PaccmoTpum aBa ciayyasi, KOTOpbI€ 3aBUCIT OT
pasMmepHocTu puabrpa (11).
1. Ilycte r < 2. Ilepenuiem omneparop D;(p)
B BUJIE

Di(p) =pi,lp* ... p"1+p2lp " 110 =1, k,(31)
TIe p;; U py; — BEKTOPHI C COOTBETCTBYIOLIMMHU
koapduumenramu onepatopa Di(p). [lpuHumas
BO BHUMaHue (25), nepenuiiemM GyHKUHUIO gi(7)

B BUIC

8i (t)_ ZP1(4 —-r- j)ILrl i )(t)"'

2 d,;
S A, 0,00) -

Jj=0 1

i hf’ z( D/CiJ, 0,0 -

Jj=1 io1=1

+p2,0;(5) - (32)

lhl) Ji:m

e p; ;; — j-f KOMIIOHEHTa BeKTopa p; ;. [TpuHu-
Masi Bo BHUMaHue (30), HaiiaeM j-10 IPOU3BOIHYIO
(I <j<3)or6() B BHUAE

. ) -1

951)(1) = Mijei(t) + jz Mij_l_lNiei(l)(t) =
- M70,(t) + z M7INSO (0 +

. Z M7IN8D () = M0, (1) +

/=0

j-1 . j-1 .
+§MT“MLﬂmm+%Mr“MWWx

33)

i=1,k.

rae K;; — marpuua pasMepHoOCTH 1X3 ¢ HyseBbI-
MM 3JIEMEHTAMU 34 UCKJIIOYEHUEM /j-TO, KOTOPBIA
paBeH 1.
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[Toactasus (33) B (32), moayyum

3-r .
g;i(t) = Z Pra—r—jy.ilri (Mijei(t) +
+ z M{TINK () + z M/IN, 8(/)(t)j+
[=0
dz 4 (34)
+p5,i9i(t)_z }l Jrl z(t)
=0 h

i

2(d,; ! ‘
ST AT

i J=1

m»}, T

N3 (34) cnenyer, uto mpu r < 2 Tpedyercs
OTPaHUYEHHOCTb MPOU3BOAHBIX PYHKIIUU 9,(f) 1O
2 — r BkawuuteabHo. C yuetoM (34) mpeobpasy-
€M ypaBHeHUe (28) K BUAY

3-r
(1) = Aig;(t) + o; B, ; ( Zl Pl d—r—jy,ilri X
Jj=

. i—1 .
X (Mijei(t) + IZ MIJ_I_INI'KM,I'S,'(’) +
20

R
T lzo MI'JHN:'SEI)(t)j T

2 d,,
+p;,iei(t)_1§) hl} ']rl t(t)j (35)

i

- a,B; {i “L, ﬁ (-1)/C{J, 0,01 - jh,.)} +
=k 3
+ 0By i3 e () — 0By i 10,(1) + By fi(1),
i=1k.
BBeneM o0o3HaYeHUS:

ei(1) =[ei (1), 6; OI';

3-r
4 i = A; + aiBl,i _Zl pl,(4—rfj),iL
j:

. X
r,i

-
j-1-1 .
X [Z;,) M{77NK, 1 +0;By 055

2 Pr—r—jyilriMi +

A12,i = (XiBl,i

QU ( \

3
T I .
+ P — Z _Jr,iJ - aiB2,iJr,i3

|: Alll A12lj|

. d, .
0 (—l)ﬁlaiBliL}lCljJri
F/jsf = ' h ’ ’

1

0
0/(1) = {N}\%(r) '

B]lpl(4 r-j), ertM /- 1N
0

B;; y 3
{0 }f,-(), i=

3nech ¢[(f) — orpaHuyeHHass QyHKUMS B CUILY
OrPaHUYECHHOCTU XapaKTEPUCTUK CETH B HOP-
MaJIbHOM pexXuMe paboThl U MoCacaBapuiHbBIX pe-
xumax [6]. C yuyeToM 0003HAYEHUI IMEpPEIUIIEM
cuctembl (30) u (35) B BUIE

pil) = Apie, (1) +

2 S
+/ZZ 1€ pi(t = Jh) +0,(2), i =1, k.

}SE”(r) +

(36)

PaccMorpuM ¢dyHKuumoHan JlsnyHoBa—Kpa-
COBCKOTO BHja

k
= ; e, () Pe, (1) +

. (37)
2
+ 2 X | epi(t+ )Ny e, (t+5)ds |,
i=l=1 j=1 —jh; P ’ ’
rne P =P"'>0 — pemeHue ypaBHEHUS

BSHB oT ¢)yHKu1/10Hana (37) npou3BOAHYIO IIO Bpe-
MEHHM BJOJIb TPACKTOPUI cUCTEMBI (36), MOIyUYUM

. k
V=3[ -65(0Q8,,() + 2}, (NP, +
i=1

2
+20 2 Fy g, (= jh) + 26 () P, (1) +
=1 j=1 (38)

/
2 pi(t)Nlj,igp,i(t)_

I Mw

ey (t = Jjh)Ny &, (t - jhi))j|-

OueHuM cBepxy ciaaraembie B (38):

25}, (0 i Fye it - ) <
< 3y,e5 (P, (1) +
+ X;lé jgl e, i(t = jh)Fj i Fy e, (8= jhy);
2e, /(1) Pio; (1) <

i=1,k,

2 - 2
1€ i (VB e, 1 (1) + 27 o, (0],
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rae y; > 0 — manoe yucno. C yyeToM OLEHOK Iie-
penuiem (38) B Buue

. k
V< gi _SE,i(t)VI/iSp,i(t) -
_ (39)
2
- lgljglgz’i(t - jhi)RI}j,ile',isp,i(t - -]hl) + T,

rae

Wi =0 —41,P} - ZZN/,,,

_1]_
-1 . | 2
Rji=Ny,—xi Fle,iFlj,iJ T= sgp 21 Xi |(Pi(t)| .
i=

OueBUAHO, YTO CYIIECTBYIOT o U y; TAKUE, YTO
W;>0wu R;; > 0. Ouernum (39) B Buze

k
- Zl hmin(Wie, i(De, () +1. (40)
3nech Ay (W) — HauMeHbliee COOCTBEHHOE

yucyo Marpubl W, CnenosarenbHO, BBIOOPOM a,
x» Qi u Ny, Takumu uro W; > 0, R;; > 0, MOXHO
o0ecrneyuTh BBIMOJHEHUE 1ieJeBoro yciaoBus (5).

2. Ilycte r = 2. IlepenuiweM oneparop D;(p)
B Buae D;(p) = pf[p2 p 1]. IlpuHuMasi BO BHUMa-
Hue (27), nepenuuiemM GyHKUMIO gi(f) B BUIE

T 2 dli
8i(M)=p;0;(t) - > —-J,,0;(t) -
=0 h;
(41)
Z{ Z( D/ClJ, 8, - jh)} 1, k.
hl J=1

C yuerom (41) mpeoOpasyem ypaBHeHUe (28)
K BULOY

2 d,.
éi(t):Aigi(t)+aiBl,i(ptTei(t)_z h/}' J,i9 l(t)J
=0

2 / .
- a’iBl,l |:Zd_/ Z I)JC/J” z(t jhz):|+
=1 - 42)

+ o By S5 8i(1) — By i, 10,(1) + By (1),
i=1k.

Ilepennuiem cuctemsbl (30) 1 (42) B BuIe

pi(0) = Ap e, i (1) +

2/ -
+ IZ:l Zl F}jaisp,i(t _jhi) + (Pl(t): = 15 ka
=1 j=

43)

rae
A
2 d,;;
Ai+ 0By iy, aiBlz[ Z—, r,,J—aiBz,iJr,i ‘
NiJn,i
0 .
9;(1) = 0,(t) + By, fi(t) — orpaHuuyeHHas
N, 0

GbyHKIWS; CTPYKTYpa MaTpUilbl F;; COOTBETCTBY-
eT CTPyKType Mmarpuubl Fj; B (36). ITockoabky
CTPYKTypa cuctembl (43) nmomodbHa CTPYKTYpe CU-
cteMbl (36), To JanbHellllee J0Ka3aTeabCTBO BTO-
poro ciydass aHaJOTMYHO J0Ka3aTeJbCTBY MEePBO-
ro ciyuasi. YTBepxKaeHue 2 1oKa3aHo.

IIpumep

PaccMoTpuM 2/1eKTPO3HEPreTUYECKYIO CETh .S,
COCTOSIIYIO U3 TPEX DJIEKTPUYECKUX TEHEPATOPOB
(puc. 1, cM. BTOpyIo cTOpoHyY 00yoxkKu). Ha puc. 1
I'; — reneparop, T; — tpaHcdopmarop, K; — BbI-
KJIo4yaresib Guuepa reHepatopa, K; — BBIKIIOYA-
TeJb IUHWUHU Tiepenauu; i, j = {1, 2, 3, u}, H — Ha-
rpyska.

ITpu MogenpoBaHMM PACCMOTPUM aBApUINHYIO
CUTYallMIO, CBI3AHHYIO C U3MEHEHUEM COTIPOTUB-
JICHUS JIMHUM 3JIEKTPOIepeaay, pa3BUBAIONUIYIOCS
MO CJIENYIOLIEMY CLIEHAPUIO:

1) 1o MOMEHTa BpeMEHHU #; = 5 ¢ MaTpULbl aK-
TUBHOU Y peaKTUBHOM IIPOBOAMMOCTH CETH PaBHBI

(0,846 0,287 0,210
0,287 0,420 0,213 |,
10,210 0,213 0,277
22,988 1,513 1,226
1,513 -2,724 1,088 |;
| 1,226 1,088 -2,368

G° =

B’ =

2) B MOMEHT BPEMEHHU #; = 5 ¢ IPOUCXOAUT 00-
PBIB TMHUH 3JieKTporepeaayd, NpuBOASIINIA K KO-
pPOTKOMY 3aMBbIKaHUIO; CeTh pa3OMBaeTcsl Ha JBe
MOACETU — S, COCTOSIIYIO U3 reHepaTopoB [ U
I';, 1 §,, KOTOPYIO COCTaBsIET reHeparop [:

(0,657 0,000 0,070
0,000 0,000 0,000 |,
10,070 0,000 0,174
-3,816 0,000 0,631
0,000 —5,486 0,000 |;
| 0,631 0,000 -2,796

G'=

B' =
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3) ciycTs OeBSITh IIEPUOAOB OOpallleHUsI pOTO-
POB I'eHEPaTOPOB B aBapMIHOM PEXMME B MOMEHT
BpPEMEHHU #, = 5,18 ¢ MIPOUCXOAUT BOCCTAHOBJIEHUE
WCXOHOM TOMOJIOTUM CETU MyTeM BKJIIOUEHUS pe-
3epBHOM JIMHUM KiItoyaMu Ky 1 K3,:

(0,181 0,138 0,191
0,138 0,389 0,199 |,
10,191 0,199 0,273
22,229 0,726 1,079
0,726 —1,953 1,229/
1,079 1,229 -2,342

G? =

B* =

MaremMaruyeckre Moaeau reHepaTopoB [,
i=1, 2, 3, cetu S omnpeneneHbl ypaBHEHUSIMU
(1)—(3), my1sa KoTOpBIX KJIacC HEOIIPeAeIeHHOCTEeH
Z 3ajaH HepaBeHcTBaMu: | < D; < 5 OTH. en;
1 < H;<25¢5< 1ty <9c¢ 0,001 < 1y <07
¢; 0,1 < xz; < 1,5 orn. en.; 0,05 < x,; < 1,5 oTH.
en.; 0,05 < x;; <0,2otH. en.; 1 < k,; <3 oTH. exn.;
0 < G,.j? < 1 oTH. en.; —6 < Bi/j‘. < 2 OTH. en.;
iLj=1,2,3k=0,1,2.

Hnst puapTpaliuyv BBICOKOYACTOTHON TMOMEXU
ucrnoabzyem anroputm (11)

1
~0,01p+1)*
Mycts o; = 04; dy, = 2; d;; = 3,5, dy; = 1;

i=1, 2, 3. Torma 3akoH ynpasyieHUs (24) MOXHO
3amnucaTh B BUJIE

é;(e) e, (t),i=13.

up(1) = -0,4Q2e;(t) + 3,52/ (1) + 22 (1)), i = 1,3.

Huns peanusauuu Habmogatens (26) BoIibepeM
napameTp A = 1/50:

e (1) = ¢;(1);
e"(1) = 0,02le;(r) - & (1 - 1/50)];
e?(1) =0,02(e" (1) - " (1 - 1/50)],
i=1,3.
3aganuM napaMmeTpsl reHeparopos [, i=1, 2, 3,
cetu S: o0t — o) = 314,159 pan/c v oTnenabHbIE:
1) reneparop [;: D, = 2 otH. en.; H; = 23,64 c;
Tyo1 = 8,96 ¢; 10, = 0,001 ¢; x; = 0,1460 oTH. en;
Xy = 0,0969 orn. en.; xy = 0,0608 orH. en.;
k, = 1 oru. en.; P, = 0,7169 orH. en.; P, (0) =
=0,7169 otH. en.; E;,(0) =1,0563 oTH. en.; E;(0) =
= 0,0242 otH. en.; §,(0) = 3,5859°; w,(0) = 0 pan/c;
2) reneparop I,: D, = 2 otH. en.; H, = 6,4 c;
Ty02 = 6,00 ¢; 59, = 0,535 ¢; x4, = 0,8958 oTH. en.;
X, = 08645 orH. en; x;, = 0,1198 orH. en.;

ko, =1 otH. en.; P,, = 1,6294 otH. en.; P,(0) =
=1,62940tH.en.; E,(0) =0,7887otH. en.; E;»(0) =
= (,6934 otH. en.; 5,(0) = 61,0532°; 0,(0) = 0 pan/c;

3) reneparop I5: D; = 2 oTH. en.; Hy; = 3,01 c;
Ta03 = 3,89 ¢; 105 = 0,600 ¢; x5 = 1,3125 oTH. en;
X3 = 1,2578 otH. en.; xy; = 0,1813 oTH. en.; k3 =
= 1 ortH. en.; P,; = 0,8506 otH. en.; P;(0) =
=0,8506 0TH. en.; E5(0) =0,7688 0TH. en.; Ey3(0) =
= 0,6657 oTH. ex.; 8;(0) = 54,0626°; w;(0) = 0 pan/c.

ITomexa U3MepeHUs MPEACTaBISIET COOON CUT-
HaJ CJIeAYIOIIeTO BUIA:

9,(t) = 0,5sin(10°¢) +
+0,5c08(10°¢) +0,05n;(r), i = 1,3,

rae ni(f) — curHama, moneaupyembolii B MATLAB
Simulink ¢ momouibkio 670ka "Band-limited white
noise” €O CHEKTPaJbHOW MJIOTHOCTBIO S,; =
= 107 pag?/TLL.

Ha puc. 2 u 3 (cM. BTOPYIO CTOPOHY OOJIOXKKM)
MIPUBEACHBI TTIEPEXOIHBIE TTPOLIECCHI MO yIJaM po-
TOPOB 3,(f) (pUC. 2, a), OTHOCUTEIBbHBIM YIJOBBIM
CKOpOCTSIM o,(f) (puc. 2, 6) M HamNpsSIKEHUSIM Ha
3axumax cratopos V,(r) (puc. 3), i =1, 2, 3.

B TeueHue nHTepBana BpemeHu ¢ t; = 20 ¢ mo
t, = 25 c MomeaMpoBaHUE MPOBOAMJIOCH MPU OT-
CYTCTBUM MoMexu u3MepeHus 3,(f). B MomeHT Bpe-
MEHM t, = 25 ¢ CHOBA MOSIBJISIIOTCS] IOMEXH, CONEP-
Xallle TOJIBKO TAPMOHUYECKYIO COCTaBIISIONIYIO,
T.e. 9;(f)—n,(f). Y3 puc. 3 BuaHO, 4to nipu n,(¥) = 0
yJIydIlaeTcsl KaueCTBO HAMpPSKeHUST Ha 3axkMMax
cratopa V,(f). Takxe BuIHO, 4TO 3(PpDeKT HaMu-
YU TAPMOHUYECKOU TTOMEXH YCIEIIHO YCTPaHEeH.

Pesynpratel MomeaupoBaHUS ITIOKa3aju, 4TO
CUHTE3WpOBAaHHASI CHUCTeMa YIIPABJICHUS CEThIO
BJICKTPUYECKUX TEeHepaTOpoB, Korga Hu3Mepe-
HUIO JOCTYITHBI TOJIbKO 3alllyMJICHHBIC ITOKa-
3aHUS YIJIOB HArpy3ku, oOecreuyuBaeT JIy4Ilue
MoKasaTejln KadyecTBa IIEPEXOMHBIX IIPOIECCOB
10 CpaBHEHMIO CO cxeMaMu pabor [2, 5], roe mu3-
MEpPEHUIO TOCTYIIEH BECh BEKTOP COCTOSTHUS U
JaCTMYHO M3BECTHBI IapaMeTphl MOICIU TeHe-
paTopoB. MonmenupoBaHUe TaKXKe ITOKa3ajio, YTo
anroput™m (11), (27) obecrneunBaeT yCTOMUYUBOCTh
3aMKHYTOM CHCTEMBI TIpU HAJIMYUU B CHCTEME
(1)—(3) HemomenupyeMoil IMHAMHWKM, TaKOW UYTO
degQ;(p) —deg R;;(p,t) <3 B (8). Takxke oTMe-
THM, YTO B YCJIOBUSIX CIIYYalHBIX ITOMEX M3Mepe-
HUS HEJIb3sl TApaHTUPOBATH 1IeJIb yIpaBieHUs (3)
B CHJIy HEOTPAaHMYCHHOCTU TOMEXHU, OTHAKO pe-
3yJIbTaThl MOACJIMPOBAHUS WJITIOCTPUPYIOT YIOB-
JIETBOPUTEIbHBIC KauyecTBa MEPEXOMHBIX IPOIIeC-
COB IMPU HEHYJIEBBIX CAYYalHBIX CUTHaJIaX 1,(7).
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3akJoueHue

B cTatbe cMHTE3WpPOBaH POOACTHBIN aJrOpUTM
CMHXPOHU3ALMN DJIEKTPOSHEPIeTUUECKOM CEeTH
B YCJIOBUSIX MHapaMeTPUYECKOU HEOIpeAaeIeHHO-
CTU U BBICOKOYACTOTHBIX IIOMEX B M3MEPEHUSIX
BbIXOOHOM mnepeMeHHoil. Ha 06aze paGotbl [16]
MpeNJIOKEHHBIN IIOAXO0H IT03BOJISIET HE3aBHUCHUMO
YIPaBJISITh Ka4eCTBOM (DMIIBTPAIIMM IIOMEXT 1 Ka-
YEeCTBOM OIIMOKU CUHXPOHM3ALIUU BJICKTPOIHEP-
retuyeckon cetu. IlpuBeaeHbI pe3yabTaThl MOIE-
JIMPOBaHUS, MIUTIOCTpUpyole 3P(PeKTUBHOCTh
pa3paboTaHHOro ajaropuTMa.
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The problem of robust synchronization of the electrical power network with unknown parameters is considered in
the present paper. The load angles of each generator with superimposed additive high frequency noises are available for
measurement. An algorithm has been synthesized to reduce the influence of noises on measurement signals and to ensure
synchronization of the network in normal mode and in emergency situations associated with a sudden change in the con-
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ductivity of power lines. To synthesize the control algorithm, the new approach is used which makes it possible to indepen-
dently control the quality of noise filtering and the quality of the stabilization error of the output variable. The conditions
guaranteeing the stability of the system are obtained. The simulation results have shown that the designed control system
of a network of electric generators, when only noisy indications of load angles are available for measurement, provides
better transient quality indicators compared to schemes of R. Ortega (France) and D. Hill (Australia), where the entire
state vector is available to measurements and the parameters of the generator model are partially known. Modeling also
showed that the proposed algorithm ensures the stability of a closed-loop system if there are unmodeled dynamics in network
model. We also note that under conditions of random measurement noises, the control goal cannot be guaranteed due to the
unlimited nature of the noises, however, the simulation results illustrate the satisfactory quality of transients with nonzero

random signals in noises.

Keywords: electric power network, measurement interference, delay, emergency
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Y NcToKOB OTe4EeCTBEHHOU POOOTOTEXHUKU U MEXATPOHUKMU:
EBreHun UBaHoBu4 lOpeBUY B XXKU3HU N HayKe

gomonuka

Paccmampusaemes HcusHeHHbll NYymMb 0CHOBAMENS HAYYHO-UCCALO08AMENbCKO20 UHCMUMYMa POOOMOMEeXHUKU U mex-
Huueckou kubepnemuku (LIHUH PTK) FEeeenus Heanosuua IOpeeuua 6 konmekcme pa3eumusi CO8emMcKOU U 4ACMUYHO
poccutickoli mexampoHuku u pobomomexuuku. I[lokazan eco auunsill 6KAa0 6 POpMUPOBaAHUE HAYHHO-NPAKMUYECKOU U NPOU3-
6odcmeernHol 6a3bl pobomomexnuku 6 Cosemcxkom Corosze u Poccuu.

Karoueevie caosa: mexamponuka, pooOMomMexHuKa, IKCMpemMatbHas pooomomexHuKa, KOCMu4ecKkas pooomomexnuKka,

Teopus — 3mo Kozda éce uzeecmHo, Ho HU4e20 He pabomaem.
Ilpakmuxka — smo Koeda ece pabomaem, HO HUKMO He 3HAem NoYem).
Mot xce 06sedunsem meopuro U npaKmMuKy: Huuezo He pabomaem...

U HUKMO He 3Haem nouemy!

3 uroHs 2020 r. B Bo3pacTe 93 JeT yluea u3 Xus-
HU BUJIHBIA COBETCKMM W POCCUMCKMU YUEHBIN,
KPYITHBII OpraHu3aTop HayKd B 00JacTu pobOTO-
TEXHUKM U TEXHUYECKOU KMOEpPHETUKH, OCHOBA-
TEJIb W MEPBbIA AUPEKTOP-TIABHBIA KOHCTPYKTOP
T'ocymapcTtBeHHOro Hay4yHoro ueHtpa P® llen-
TpaJbHOIO HAyYHO-UCCIEI0BATEIbCKOIO MHCTUTY-
Ta pOOOTOTEXHUKHU U TEXHUUYECKOU KMOEPHETUKU
(IIHNUUM PTK), onuH U3 ocHoBaTesell u OeccMeH-
HBII YJIEH PeIKoJJIeruy XypHajia "MexaTpoHUKa,
aBTOMaTH3allus, yIpasjeHue", mpogeccop, 10KTOp
TexHuuyeckux Hayk Erenmii UBanosuy IOpeBuny.

Bcs Xu3Hb 3TOro 3aMedyaTebHOTO YeJIOBEKa
ObLJIa CBSI3aHA ¢ HAy4YHOU M MHXKEeHEepHON cpenoit
COBETCKOI 3IOXM BTOPOM MOJOBMHBI XX Be€Ka U
MEPBBIMU  JECATUIETUSIMU TOCTIEPECTPOCYHOM
Poccun. D10 OBLIO CIOXHOE UM OJHOBPEMEHHO
TparuyHOe BpeMs COILMAJbHBIX pedopM, paspy-
IIIEHUSI HayYHOM TKaHM COBETCKOM HAayKu W IO-
SIBJIEHUSI €€ HOBBIX PbIHOYHBIX ¢opM. Pedopmu-
pOBaTh MOXHO BCE 3a MCKJIIOUEHUEM HAyKW — OHa
NorubaeT BMECTE C OOILIECTBOM, MOPOAMBIINM €€
NeUCTBUTENbHYIO (hopMy. B 3TOM OTHOIIEHUH CO-
BETCKasl HayKa OblIa HEOPAWHAPHBIM SIBJICHUEM,
€€ OOCTUXXEHHUS OBbLJIM IPU3HAHBI BO BCEM MMpE.
IleHTpanuzanus ymnpaBjieHMsS HayKoi TpeOoBaia

AnpOepT DUHIITEHH

MOSIBJCHUS JIMUHOCTE COOTBETCTBYIOIIETO paH-
ra, CoCOOHBIX B35ITb OTBETCTBEHHOCTh Ha ceOs,
1 OHM TOSIBUJIUCH, TOPOAUB (PEHOMEH COBETCKUX
YUYEHBIX-OpraHu3aTopoB Oouiblioil Hayku. Cpeau
HuX poab EBreHuss MUBaHoBuuya FOpeBuua 6e3yc-

Esrennii Usanosny I0pesna
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JIOBHO BbICOKa M Heocriopuma. Ero HayyHas ka-
pbepa MOXeT ObITh pa3iejieHa Ha JBE 4acTU — 10
M TIOCJIE TIEPECTPONKU. M B KaXIOM ITEpUOJIE TTPO-
SIBUJIUCh €ro JIMYHBbIE W YeJOoBeYecKre KayecTBa
YUYEHOro-TpakTHKa, OpraHu3aTopa U pyKOBOJIUTE-
JIST ¢ OONBIIOK OYKBHI.

E. U. IOpeBuu ponuics 25 HosOpst 1926 1. B Jle-
HUHTPaZe B CEMbE BBIITYCKHUKOB JICHMHIPaJACKO-
ro megaroruyeckoro MHcTutyta um. A. U. T'ep-
ueHa EBrenun TuxoHoBHbl DenopoBoit 1 MBaHa
Nnbnya KOpeBuya, BClO XW3Hb MpopabOTaBIIMX
B cMCTeMe HapomHoro obpasoBaHusd. lo Havasa
Benukoit OreuectBeHHol BoiiHbl E. M. IOpeBuu
yCITeJI OKOHYUTH 7 KJjlaccoB, a B 1941 1. GBI 3Ba-
kyupoBaH u3 JleHuHrpama cHauyana B SIpocias-
CKYI0 0bJyacTh, a 3ateMm B T. SnyTtopoBck (Omckast
00JlacTh), TAe OAHOBPEMEHHO YYMJICI U padboral
B KoJjixo3e. YBiekaJics dororpadueit m pucosa-
HHUEM, OYeHb MHOI'0 YMTaJ, CUMTAJICI XOPOILIUM
pacckazuyMkoM, 00gafa OTIMYHON MaMsIThIO, UTO
cospaajio 6a3y 1Sl JaJbHEWIIMX YCIIEXOB B yueoe.

ITocne Bo3BpaleHus B O6JI0KaaHbIN JIeHUHTpan
B 1943 1. moctynuia B JICHMHTpaACKUI TTOTUTEXHU-
YyeCcKMii MHCTUTYT (B HacTtosiee Bpemss — CaHKT-
IleTepOyprckuii  MONMTEXHUUYECKUM  YHUBEPCHU-
teT IleTpa Benmkoro), 6611 cekperapem BJIKCM
WHCTUTYTa, OPraHU3aToOpoOM II€pBOTO B CTpaHe
CTYyIEHYECKOro CcTpouTeabHoro otpsaa. Ilocie
oKOHYaHUS B 1949 1. ¢ oTnmumeM dJEKTpoOMeXxa-
Hu4yeckoro ¢axkynasrera (kadeapa "ABToMaTuka u
TeJleMexaHnKa', Kotopoit pykoBonus A. U. Jlypse,
a 3arem b. W. JlomaHckuii) mopadotan B OKb-283
U TmocTynui B acnupaHTypy IlomuTexHuveckoro
WHCTUTYTA.

B 1952 r. E. W. IOpeBuy 3amuTua KaHAMIAT-
CKYIO TMCCepTalMIO MO TEOPUH aBTOMATUYECKOTO
VIIPaBJCHUSI CBEPXMOIIHBIMU OOBEAMHEHHBIMU
BJIEKTPOSHEPTeTUUYECKUMU CUCTEeMaMU U MPUCTY-
Nnui K paboTe B Ka4yeCcTBE MJaIIero HayuHOTro Co-
TpynHUKA Ha Kadeape "MaTeMaTUYeCKUE U CUYET-
HO-pellalole ycTpoicTBa" paguoTeXHUYECKOIo
(hakynbpreTa MHCTUTYTA, INIe Ha €r0 CTAaHOBJIEHUE
kak yueHoro noBausia T. H. CokoioB, BHocaen-
crBuu cospatesnb HIIO "Umnynbsc".

OnHako yxXxe B CIedyIOleM romy Io IpocbOe
pyKoBoauTes Kadeapbl "ABTOMaTHKa W TeJieMe-
xaHuka" mpodeccopa b. M. Jlomanckoro EBreHunii
HMBanoBMY OBIT mepeBeleH Ha Kadenapy oOparHO,
IIe OH YMTaJ KypChl IO YCTPOMCTBAM aBTOMaTUKU
U TEOPHM aBTOMATUUYECKOIO yIpaBIeHMs, y4acTBYs
B Hay4YHO-HMCCeA0BaTeIbCcKOM padoTe. IIpopaboran
TPHU rojia aCCUCTEHTOM, 3aTeM IIEeCTb JIET JOLIEHTOM
Kadenpsl. B 1964 1. 3a1iM T JOKTOPCKYIO JUCCEP-
TaluIo, B KOTOPOI ObIJIM Pa3BUTHI UAEU M TTOJIOXKE-
HUS$I, BBIABUHYTHIE B KAHAUAATCKOM AUCCEPTALIMH.
B 1966 1. E. . IOpeBn4 mojay4yus IOJXKHOCTb U
yuyeHoe 3BaHue Ipodeccopa, a B 1971 r. Bo3rmaBua
Kadenpy "ABTOMaTUKa U TeJeMexaHuKa".

B cepennne 1960-x rr. E. U. IOpeBuu u rpymima
M3 TpeX ero aclnupaHTOB, ABYX MEXaHUKOB U JIECs-
TU CTYAEHTOB BKJIIOUMJIMCH B PabOThI MO KOCMMYE-
CKOM TemaTuKe. MIMeHHO Torma ocTpo BCTasl BOIPOC
o0ecreyeHusI TOUHOTO U3MEPEHMSI BBICOTHI CITycKae-
MOTO arnrapara o OTHOILIEHUIO K 36MHOM MOBEPXHO-
CTU 1151 obecriedyeHrsT paboThl aBTOMATUKU MSITKOM
MOCAJKY IKUIAaXKEH KOCMUYECKUX KOpaoieid mpu ux
BO3BpallleHur Ha 3emiio. TpeGoBajicsi COOTBETCTBY-
IOIIUIA M3MEPUTENBHBIN TIPUOOpP, KOTOPBIA W OBLT
paspaboran rpynmnoii E. WM. FOpesnya. 'amma-nmyye-
BOI BBICOTOMED, TOJYYMBIINN HaWMEHOBaHUE "M3-
memme 101", mmdp "Kakrtyc', okazancs cToib yoad-
HBbIM, YTO MOJIEPHU3UPOBAHHBIC BApUAHTBI 3TOTO
YCTPOMCTBA 10 CUX TOP MCIIONb3YIOTCS Ha MHUIOTH-
PYEMBIX KOCMUUYECKNX Kopabnsax cepun "Coros".

Pa6oraBmas mmon pykosonctsoM E. M. FOpeBu-
ya rpynmna Obla mpeoOpa3oBaHa BHavaJie B Cell-
J1abopaTopuIo MO0 TEXHUYECKOW KHUOepHeTuKe, a B
aBrycte 1966 r. — B HayYHO-MCCJIEIOBATEIHCKOE
otaeneHue Texuuueckoit kubepuetuku (HMOTK).
21 auBaps 1968 1. mprKa3oM MHHUCTPA BBICIIETO
U CpemHero crenuajbHoro oopazosanuss PCOCP
Ne 15 6p110 co3maHo Ocoboe KOHCTPYKTOPCKOE
o1opo TexHuueckoii kubepHetuku (OKb TK) npu
JleHUHTpaACKOM TONUTEXHUYECKOM MHCTUTYTE
yucjieHHoCcThIo 127 yenoBek. Ceituac ato IIHUU
pOOOTOTEXHUKM M TEXHUYECKONW KUOEPHETUKU
(HHHUUA PTK). JIupekTopoM-TJIaBHBIM KOHCTPYK-
TopoM mpennpusaTus Obu1 HazHayeH E. M. FOpe-
Bud. [lo 1973 1. on coBmeman padory B OKb TK
¢ paboroii B [loluTeXHUYECKOM MHCTUTYTE, SIBJISI-
SCh 3aBeAYIOIIUM Kadeapoii "ABTOMaTUKa U TeJle-
MexaHuka". Ho 3ateM B CBSI3M ¢ pocTOM oOBbema
pabotr B OKb TK u unciaeHHocTH mpeanpusiTus,
pocturireir k 1976 r. 1000 yemoBex, MOJTHOCTBHIO
MepeKIIoUnIIcsS Ha paboTy Ha HOBOM MpeANpus-
tuu. OxoHyatenbHoe Ha3zBaHue ILHHHWUM PTK
ob1710 mosyyeHo B 1981 1. Torna ke ObLJIO TOCTPO-
€HO HOBOE OCHOBHOE 3/1aHUE UHCTUTYTA.

CozpaHue raMma-ay4eBOro BBICOTOMEpa CTa-
JIO TEpPBOM, HO AAJIEKO HE MOCJemHel pabdoToit
E. W. IOpeBnua B naHHOM HampaBiaeHun. Cienyio-
IIMM HaMpaBJIEHWEM CTaJio CO3JlaHNe HayKU O CBe-
Te — (POTOHUKMU. YHUKAJIbHBIE KaueCcTBa (POTOHHBIX
CHCTEM IPUBEIU K OBICTPOMY paclIMPEHUIO Chephl
WX TIPUMEHEHM s, TIPEXJe BCEro B OOOPOHHBIX OT-
paciisix mpoMbliiieHHOCTH, B BoopyxkxeHHbix Cu-
sax CCCP, B MB/I 1 apyrux cUjIOBBIX CTPYKTYypax.
bouiny co3maHbl, OCBOEHBI MPOMBIIIJIEHHOCTHIO U
BBEIECHBI B BKCILIyaTallii0 B COCTAaBe BaxKHEUILIMX
00BEKTOB OOOPOHHOI TEXHUKU ACCITKU (HPOTOH-
HBIX CUCTEM, OOJIbIlIasi YaCTh KOTOPBIX OO HACTOS-
IIIETO BPEMEHU HE UMEET aHAJIOTOB B MUpE.

Elie onHUM HampaBJIeHUEM AE€ATEIBHOCTH KOJI-
JleKTuBa, KoTtopblit Bo3rmaBiasia E. M. KOpesuu,
craim paboTel Mo poboroTexHuke. CaMoO CJIOBO
"poboroTexHuka' npuaymaHo Eprenuem KBano-
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BuueM: «B mMupe ucnonb3yercsi 6osiee KOPOTKUIA
TepMHUH "po0OOTHKA", a MHE OBIJIO HYKHO CTaHIapT
BBITTYCTUTD, SI MPEIJIOXKUI CJIOBO "pOOOTOTEXHMKA"
10 aHAJIOTUU C "paguOTEeXHUKA", "TEIJIOTEXHUKA"».

ITo 3aka3zy MHcTuUTyTa okeanonoruu AH CCCP
B OKb TK B mHuUIIMaTMBHOM TOpsiaKe Oblga CO3-
JaHa CUCTeMa CYyIEepBUM3OPHOIO YIIpaBJEeHUS Ma-
HUMYJSITOPOM TJyOOKOBOAHOTO pobOTa-reosora
"Kpa6-02". B 1972 1. BbIlLIO TTOCTaHOBJIeHUE ['OCy-
napctBeHHoro komuteta CCCP 1o Hayke U TexHU-
ke "O co3maHuu MPOMBIILJIEHHBIX POOOTOB B CTpa-
He", kotopeiM E. M. FOpeBuu OblT HazHayeH Ha-
YYHBIM PYKOBOIMTENIEM-TJIABHBIM KOHCTPYKTOPOM
MO JaHHOMY HallpaBJeHWI0, OTBETCTBEHHBLIM 3a
pa3paboTKy M peaau3alivio COOTBETCTBYIOIIMX TO-
CYIapCTBEHHBIX MATUJICTHUX HAYIHO-TEXHUIECKUX
nporpamm. B maneHetimem (1977 r.) atu pyHKLIIUM
ObLIM pacrpoCTpaHEeHbl Ha CHeMaJbHYI0 POOOTO-
TexHuky. B 1982 1. E. M. FOpeBuu Obl1 Ha3HauYeH
TreHepaJbHbIM KOHCTPYKTOPOM MO pPOOOTOTEXHU-
ke B cTpaHax-yyacTHukax COB, mnpeacemareisem
coBeTa MIaBHBIX KOHCTPYKTOPOB 3THUX cTpaH. Om-
HUM 13 HauOoJiee BaXKHBIX HAyYHBIX PE3yJbTATOB
E. N. IOpeBuua B objact poOOTOTEXHUKHU CTajia
pazpaboTka MOAYJBHOTO TIPUHIIMMA TOCTPOEHUS
pO0OTOB, BKJIIOUEHHOIrO B Iporpammy COB 10 po-
0OTOTEXHMKE B KaueCTBEe YHUMDUIIMPOBAHHON OCHO-
Bbl JJIs OpraHU3allii COBMECTHOTO IPOM3BOJACTBA
po6otoB. B 1985 1. 8 IHMM PTK 3aBepmimiuchk
paboThl O CO3AAHMUIO CHUCTEMBbI OOPTOBBIX MaHU-
MyJASTOPOB AJiSI MHOTOPa30BOr0 KOCMUYECKOTO KO-
pabns "bypan". beiiu co3maHbl YHUKAJIbHBIE CTEH-
bl C UMHUTaLMel HeBecoMOCTHU. s pa3MeleHus
OIHOTO M3 HHUX MOTPeOOBAJIOCh CTPOUTEILCTBO
noJjioii 6amHu BeICOTOM 70 M M IHMAMETPOM OKOJIO
30 m. B pganbpHeiiiem 3TO 3JaHUE CTajlo CUMBO-
Jom ITHUHM PTK 1 ogHMM 13 CUMBOJIOB CEBEPHBIX
okpauH Caunkr-Ilerepbypra. B 1986 1. E. U. IOpe-
BUY JIMYHO BMECTE CO CBOUMU COTPYIAHUKAMHU TTPH-
HUMaJ y4yacThe B JIMKBUIAIIMU TIOCJIEACTBUI aBa-
puu Ha YepHoObuibckoit ADC. Beero 0b110 co3gaHo
¥ HaIIpaBJIEHO Ha CTaHIXIO 15 poOOTOB, C MOMOIIBIO
KOTOPBIX GbLIO 06caenoBaHo 15 000 M2, ouHILeHO
oT Mycopa 5000 M? 31aHWIi U TEPPUTOPUH CTAHLIMHL.
Pa3paboTaHHBIE M U3TOTOBJIEHHBIE TPU 3TOM pOOO-
TOTEXHUYECKHME YCTPOMCTBA 3aJI0KUJIM OCHOBY s
HOBOI'O Hay4YHOT'O HaIlpaBJIEHUSI POOOTOTEXHUKU —
3KCTpeMaJibHOM POOOTOTEXHUKMU [2].

B nexa6pe 1986 1. mo moctuxxkeHuu 60-i1eTHEr0
Bo3dpacta E. M. FOpeBuu ocraBui 1mo coOCTBEH-
HOMY KeJJaHMIO TOCT AMPEKTOpPa-TJIaBHOTO KOH-
crpyktopa IITHUM PTK wm uemukom mepexiio-
yuJjcs Ha NpobjieMy MOArOTOBKM KaapoB. Haua-
Jach BTOpas CTaAusl €ro XXU3HU — OCMBICICHUE
MepexXnuTOro, repeaada onbiTa.

3nech oH cHOPMYIHPOBAJI IPUHIIAIILEI CBOETO
PYKOBOJICTBA U TBOPYECTBA, KOTOPBIX OH MPUAEP-
KUBAJICS BCIO XKU3HB:

— TMocje TMOJYyYeHMs TOJOXUTEIbHOTO pe-
3yJibTaTa Mo pelIeHUI0 KaKoW-TO 3afadyu IoJe3-
HO 3aJaTh ceOe BOIMPOC: a YACTHBIM CIy4YaeM Yero
MOXXET OKa3aTbCsl 3TO peleHue? DTO MO3BOJISIET
0000IIUTh U PACIIMPUTD TTOJYUYEHHOE pElIeHNE;

— mocJie KaxJa0u Heyaauyu TMoJe3HO TTOCTaBUTh
nepen co0oi 3aauy HEMPEMEHHO MPEBPATUTD BTy
Heyaady B yCIIex;

— TIpY pElIeHUM CIOXHOU 3a1a41 HEOOXOIUMO
JIOBECTU ce0s 10 UCTOLIEHM S, Y TOT/IA TOSBISIETCS
cracuTebHOe "o3apeHue";

— TJIaBHBIM TpPU3HAK TBOPYECKOU OpraHusa-
MU — KOrja BeAylMMu (GUrypaMu B Heil OKa3bl-
BalOTCs HEe HayaJlbHUKM TOApa3eeHuil, a pa3pa-
0OTUMKM, co3aaTenu HOBOM TexHuKu. HavanbHu-
KU JIMIIb OOCIYXXHWBAIOT CBOMX PAaOOTHUKOB;

— MOJIOJble PYKOBOAMUTEM, YTO Obl BBl HU JI€-
Jlanav, 3amaBaiiTe cebe BOIMPOC: a 3a KOro s 3TO
nenawo? WM torma Bbl He MpeBpaTUTECh B 3arHaH-
HOTO JucIeTyepa, a OyaeTe BBIMOJHATh QYHKIIMU
PYKOBOAUTENS;

— B OpraHu3aluUy BaXeH ONTUMHWCTUYECKMI
HacTpoii. biraromapHoOCTei 1 TTOOIIPEHUN JOJIKHO
OBITH BCceraa 0oJibliie, YeM BHITOBOPOB;

— PYKOBOJAMTb — 3TO 3HAYUT HE MellaTh XOPO-
LM JIIoasIM padortats [1].

E. . KOpeBuu MHOro cui otgaa pa3BUTUIO
BY30BCKOI HayKH, MOATOTOBKE HAay4YHBIX KaJIpOB.
OH Bo3maBsia MexXBYy30BCKMI yUeOHO-HAYUHbIA
LIEHTp, SBISICA 3aBeaymoinuMm Kadenpoit "Po-
0OTOTeXHUKA M TeXHMYeckKass KubepHeTuka', Ha
OO0IIIECTBEHHBIX Havajax padoTana peKTopoM Bric-
IIel IKOJbl MHXEHEPHOTO TBOPYECTBA B CUCTEME
AxamgeMun TexHudeckoro tBopuectBa. C 1992 1.
W 10 TOCJIEeAHUX THEW CBOEH XU3HU OH SIBJISIICS
[ToyeTHBIM TJIaBHBIM KOHCTPYKTOPOM MHCTUTYTA.

IMocnennue roawl kusHu EBrenusi MBaHoBuua
WHTepecoBayio Oyaylee poboToTeXxHUMKH. OH Ha-
nucaj MHOXECTBO cTareil (puiaocohCcKo-MeTOI0II0-
TMYECKOro TJIaHa C aHAJIM30M HampaBjeHUI pa3Bu-
TUS pa3yMHbIX cucTteMm [3, 4]. B ux ocHoBe OH BU-
JieJT TMPOLIECCHl 3BOJIIOLIMOHHONM CaMOOpraHu3aluu
cucreM. "llpenanaraercs: mpouecc 3BOJTIOLMOHHOIO
pa3BUTUsI MCKYCCTBEHHOTO pa3yMa peaJu30oBaTh
Ha MHOXECTBE BO3MOXHO JaXke ITOCTAaTOYHO ITPO-
cThix poboroB. [lo-Buaumomy, Mo KpaiiHeil mepe
Ha MepBOM 3Tarne, 3To OyayT MUHUPOOOTHI, Ha Oa3e
KOTOPBIX YK€ BEAYTCS MHTEHCUBHbBIC UCCJIEIOBAHUSI
MPOLIECCOB IPYIIOBOM cCaMOOpraHU3alliu, KOTOPhIC
Ternepb HaJO0 JOMOJHUTh CAMOYCOBEPIIIEHCTBOBAHU-
eM IyteM obyuyeHus" [5]. PoGoT Oymyimiero — pas-
YMHBI po0OT. HampaBieHue najibHEWIETo pas-
BUTUS POOOTOTEXHUKM — 3TO COBEPIICHCTBOBAHUE
YPOBHS "pa3yMHOCTHU" POOOTOB MyTEM TEXHUUYECKO-
IO OCBOCHUS HAPSIAY C MHTEJICKTOM UHTYMTUBHBIX
TBOPYECKMX CIIOCOOHOCTEl YeIoBeKa.

Csou ugeu E. M. IOpeBuu n3naran Ha KoHbpe-
peHLIMSAX MO TMpobjieMaM YMpaBJeHUS M BKCTpe-

MexaTpoHnKa, aBToMaTH3anus, ynpasienae, Tom 21, Ne 10, 2020

597



IIpod. H. B. ®naumonos, npod. E. W. IOpeBuy,
npog. C. ®@. CepreeB na myabrukondepennun "MKITY-2011"
(Tenennxuk, c. J/InBHOMOpPCKOE)

MaJbHOW POOOTOTEXHUKHU, HETIPEMEHHBIM Y4yacT-
HUKOM KOTOPBIX OH SIBJISLIICS.

Bxnan E. Y. OpeBuuya B co3gaHue HOBOI TeX-
HMKU OBIJT BBICOKO OLIEHEH obOmiecTBoM. OH Ha-
rpaxpaeH AByMms opiaeHamMu TpymnoBoro KpacHoro
3HaMeHu, opraeHoM OKTsa0pbcKoit Pepononuu,
MHOTUMU APYTUMU TFOCYAAPCTBEHHBIMU Harpaua-
MU, YAOCTOEH MOYETHOro 3BaHUS "3acily>KeHHBII
nesatenb Hayku Poccmiickoit @enepann’”, sSTBIISIII-
cg IloyeTHBIM paOOTHHUKOM BBICIIETO OOpa3oBa-
Hus Poccuu u IMoyetHbIM mpodeccopom Ilonu-

TeXHUUYECKOro yHuBepcutera. EBrenuit UBanosuu
KOpeBr4 mpoxXMJI JOATYIO M JOCTOMHYIO KM3Hb.

B xu3nHu EBrenunit UBaHOBMUY OBIJT 4EJIOBEKOM
CKPOMHBIM, UCKJIIOYUTEIBHO JOOpOXEIATEIbHBIM
1 MOJb30BaJCSd OOJBbLINM yBaXE€HUEM COTPYIHU-
KOB U KOJIJer.

Bcst muororpannas gesarenbHocth E. M. FOpe-
BUYA SBJISIETCS SIPKAM IIPUMEPOM CiaykeHHs: Po-
JMHE, OTeYeCTBEHHOI HayKe, BbICIIEH 11KOJE, 00-
pa3LoM BBICOKOIrO JI0JITa YYEHOro M IrpakJaHWHA.
CpeTrnasts maMsTh O HEM HaBCerma COXPaHUTCS
B HallIMX CEepALIaXx.
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Investigation of a Rotor Speed Controlling of a Promising Wind-Driven
Power Plant Using Several Variable Elements of its Geometry

Abstract

Variants of the rotation frequency stabilization of a promising vertically axial wind-driven power plant consisting of a doubly
connected stator and a rotor with blades are considered. The stator as a whole is part of the construction, axisymmetric with the rotor,
and the rotor is slightly buried in the upper part of the stator — the bell. This plant can be included as an element in a complex power
plant for additional and emergency power supply of both stationary and mobile objects, for example, surface robotic systems. The paper
proposes to use an aerodynamic method of the rotor angular speed stabilization by controlling the positions of two variable design elements
of the plant with respect to its stator. As such elements, a lower guide structure (one of the stator elements) and an aerodynamic brake
flap can be used. The rearrangement of both elements positions relative to the stator changes the effective cross section for the interaction
of the wind flow entering the installation with the rotor. The method of controller synthesis by the angular speed of the rotor rotation is
considered in detail. A feature of this controller is the presence of two control channels with one state variable. First, it is necessary to
determine the dynamic ranges of torque control on the rotor shaft for each of the variable geometry elements. This allows to correctly
select the switching condition between the two control channels depending on the degree of deviation of the desired flow rate from the
current speed. Based on the second-order control error equation, the desired control law of the angular rotor speed is obtained. Using
the example of the problem solving of angular speed stabilization with given quality criteria, we simulated a synthesized control system
for various initial data. It is shown that the constructed controller is capable of effectively countering the influence of wind disturbances
in a wide range of deviations of the current speed from the frequency desired for a given target value.

Keywords: vortex type wind-driven power plant, aerodynamic torque, variable geometry elements, regulation error equation,
reduced disturbance observers, rotation frequency stabilization
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UccnepoBaHue perynnpoBaHust 4acToTbl BpalweHUst potopa
nepcnekKTUBHOW BETPO3HEpPreTM4eCKOU yCTaHOBKU
C UCMNOSNIb30BaHUEM HECKOSIbKMX NepeMeHHbIX 35IeMEeHTOB ee reoMeTpum
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Paccmampusaromes éapuanmel cmabuiu3ayuu 4acmomsl 6pawjeruss pOmopa nepcneKmueHoil 6epmuKaibHO-0cesoll 6empo-
SHepeemu4eckol YyCMmaHoeKu, cocmosuell u3 08ycesa3Ho20 cmamopa u pomopa c aonacmamu. Cmamop 6 yeaom 16151emcs oce-
CUMMEMPUHHOLL C POMOPOM YACMbIO KOHCMPYKYUU, a POMODP HEMHO20 3a2ay0ieH 6 8epXHION uacms cmamopa — pacmpyd. Ima
YCMaHo8Ka Mocem 6xXx00Umb 8 Kauecmee 31eMeHma 8 KOMNACKCHYI0 CUA0BYI0 IHEPLeMUYECKYI) YCMAHOBKY 045 OONOAHUMENbHO-
20 U ABAPULIHO20 INeKMPONUMAHUS KAK CMAUUOHAPHBIX, MAK MOOUAbHBIX 006eKM06, Hanpumep, HA080OHbIX POOOMOMEXHUYECKUX
Komnaexcos. B pabome npedsazaemcs ucnoab3oeams aspoouHAMU4ecKuil Memoo cmabuiu3ayuu yea080t cCKopocmu 6paujeHus
DpOMopa nymem ynpasgieHus NOA0JICEHUAMU 08YX UBMEHAEMbIX INeMEHMO08 KOHCMPYKYUU PACCMAMPUBAEMOL YCMAHOBKU OMHOCU-
meavHo ee cmamopa. B kauecmee makux snemenmoe mocym 6vims UCHOAb308AHBL HUICHSS HANPABAAIOWAS CIMPYKMYPA — 00UH
U3 21eMeHmoe cmamopa, u a3poouHamMu4ecKas mopmosnas 3acrouka. Ilepecmpoenue noaoxceHul 060ux s1eMeHmo8 OMHOCU-
meabHO cmamopa usmensem sQhheKmuenoe ceverue 63aumMooeiicmeus 6xo05ue20 8 YCMaHo8Ky 6empo8o2o HOMOKA ¢ POMOPOM.
I100po6HO paccmompena memoduka cunmesa pecyasmopa yea06oil ckopocmu epauerus pomopa. OcobeHHOCmbIo 3mMo2e0 peey-
ASAMOPA A6AAEMCs HaAUuYUe 08YX KAHAN08 YNPAGAeHUs NPU 00HOU nepemMeHHol cocmosHus. Buauane Heobxodumo onpedeaums
OJuHamuuecKue OUANA30HbL PeeYAUPOBAHUS KPYMAWE20 MOMEHMA HA 644y POMOPA 04 KAWCA020 U3 USMEHSEeMbIX INeMEeHNO08
eeomempuu. Imo no3eoaaem KOppeKmHuo 6blopamy ycaosue nepekaouerus mexcoy 06ymsa Kanaiamu ynpasieHus 6 3a8Ucumocmu
Om cmeneHu OMKAOHEHUS JHceaaemoll ckopocmu nomoka om mekyueli ckopocmu. Ha ocHoéanuu ypasnenus owubku peeyiupo-
6aHUS 8MOPO20 NOPAOKA U NPOYedYpbl CUHME3a PedYUUPOBAHHbIX Habao0amenell 03MYUWeHUU 8pauaue20 MOMeHMAa NoAy4eH
UCKOMbIU 3AKOH YNPAGAEHUA Y2A080l CKOPOCMbl0 8paujeHus pomopa. Ha npumepe pewenus 3adauu cmabuausayuu yenogou
CKOpOCMU ¢ 3A0QHHbIMU KPUMePUSMU Ka4ecmea npogedeHo Mooeiupogarue CUHMe3UupO8aHHoU cucmembsl ynpasieHus npu pas-
AUMHBIX UCX0OHbIX 0aHHbX. Tlokasano, umo nocmpoenHblil peeyasimop cnocober I(heKmueno napuposams eAUsHUE emMPOGbIX
603MYUeHUL 8 WUPOKOM OUANA30He OMKAOHEHUI meKyujeli CKOpoCmU 0m Jceaaemoi 043 0AGHHO20 Yeae8020 3HAYEHUS YaCOMb.

Karoueevie caoea: euxpeeas eemposnepzemuveckds yCMaHo8Kkd, aspoOUHAMUUECKUL KPYMAUWUL MOMEHM, U3MeHAeMble
DAeMeHMbL 2e0MeMPUL, YPAGHeHUe OWUOKU Pe2yAupo8anus, pedyyuposanHsle HAOA00ameniu 603MyWe Ui, cCmadulIu3ayus 4a-

cmomol epauieHuA

Introduction

Currently, there is a large group of facilities, sta-
tionary-based and mobile, including robotic systems,
in need of auxiliary autonomous energy sources.

For example, many international companies are
developing and implementing alternative energy
sources on marine surface platforms to reduce their
total fuel consumption is carried out by [1, 2].

One of the approaches that allows economically
tangible (more than 10 %) to reduce the consump-
tion of conventional fuel is the use of a complex
power plant (CPP), consisting of a wind-driven
power plant (WP) and a solar power plant.

The key problems in this case are: 1) to choose
a WP type, suitable for installation on a stationary/
mobile platform as an element of the CPP; 2) the de-
velopment of CPP electromechanical control system,
allowing to optimize its operation according to the
criterion of maximum power generated under severe
restrictions imposed by the safety requirements and
reliability of operation of all carrier systems [3].

Complex power plants can be used as a source ele-
ments that are part of a distributed electric network,
providing a controlled transfer of energy from such
sources to consumers — load elements. This transmis-
sion occurs under conditions of perturbations of these
elements, various external influences on the network,
and, as a result, various modes of its operation, in-
cluding emergency ones. For stability and robustness
of the control system of such distributed power sys-
tem, strict restrictions must be imposed not only on
the upper level of this control, which is responsible

for the correct assessment of the characteristic elec-
trical quantities of the system and control of the key
state variables of the sources, receivers and transmis-
sion lines themselves [4]. Big demands must be made
on the local control systems of source elements. The
last requirements are reduced, firstly, to coordinated
work with the upper level of control and, secondly, to
sufficiently accurate stabilization of the characteristic
output values of these sources in accordance with the
specified current operating mode of the entire system.

This article discusses problem of WP rotor angu-
lar speed stabilization due to the regulation of the
aerodynamic properties of this plant.

Such regulation in the general case can be car-
ried out using variable geometry elements (VGE) of
WP construction [5—7].

A variable geometry element of the horizontally
axial WP construction, as a rule, is the total angle
of their blades installation. A striking example here
is a 600 kW guided modernized research turbine
(CART?2) operated by the National Renewable Energy
Laboratory (NREL), pc. Colorado. The rotor speed
controller of this WP takes into account both tur-
bulent wind disturbances and significant paramet-
ric uncertainties of the rotor motion model with a
maximum value of 20 % [5]. These uncertainties
are caused, first of all, by the blades considerable
flexibility of modern WP, as well as by the mass
variability and inertia characteristics of the rotor,
generator and the corresponding error in their es-
timation, which increase with increasing diameter
of the rotor. The paper [6] analyzes a much simpler
controller that controls the specified CART?2 plant
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for a number of modes with almost the same qua-
lity of work.

However, VGE using for vertically axial WP is
currently very limited. Since, for example, the use
of a wind wheel for this WP type with an adjustable
angle of rotation relative to a certain axis will lead
to more complex and much less predictable changes
than in the case of a change in the overall pitch of
the propeller of a horizontally axial WP. The reason
for this is that the theory of the screw is much more
studied than the aerodynamics of the corresponding
rotors used for vertically axial plants. Nevertheless,
publications are known where a controlled change
in the aerodynamic properties of a vertically axial
vortex type WP is considered by using a VGE lo-
cated on the stator part of the installation [7].

For the vertically axial WP aerodynamic control
of rotor speed at the present stage of drive mecha-
nisms development as well as theoretical and compu-
tational dynamics of continuous media is additional
to the existing electrical control. At the same time,
controlling the aerodynamic properties of such WP
can significantly reduce the requirements for a num-
ber of system elements for electric control of the gen-
erator frequency and amplitude, such as a rectifier,
battery, inverter [8]. This becomes possible due to
a significant reduction in the changes range in the
speed and amplitude of the output signal of WP gen-
erator through such aerodynamic regulation.

The development of precision mechanics, including
actuator drives of WP elements and the technology
for manufacturing precision parts, together with an
increase in the efficiency and depth of aerodynamic
analysis of processes occurring during WP operation,
can eventually make the method of angular speed
aerodynamic control the main for some WP types, or,
according to at least by backing up the existing stabili-
zation method. The consequence of this development
is the appearance in the future of two WP classes.

Installations can be attributed to the first, the de-
sign of which will allow more efficient control of the
angular speed using the VGE. For example, for WP
with high rated power, appropriate expensive equip-
ment for electrical control is required. However, if
there are sufficiently fast-acting VGE for some of
them, it will become possible to completely eliminate
a number of elements of the specified equipment.

The second class will include WP, the design of
which will not allow the introduction of effective
control using VGE. This may be due to the com-
plexity of aerodynamic regulation by such VGE,
which can lead, especially for low power plants, to
the inefficiency of aerodynamic regulation accor-
ding to the price / quality criterion.

For a number of WP with an increased demand
for output characteristics and reliability of opera-
tion, both stabilization methods can be applied.

In the present work, the vertically axial vortex
type WP with one VGE is taken as a basis [3, 7, 8].
The necessity of introducing an additional variable
geometry element for the possibility of the rotor an-
gular speed controlling in a wider dynamic range
of wind loads is substantiated, and the correspon-
ding modernized plants design is proposed. Next,
the regulator of this control system is considered.

The design and operation principle
of the original WP

The wind-driven power plant, which is taken as
the basis [3, 7], contains a moving part — a rotor
with blades, as well as a doubly connected part of the
structure — a stator. The latter includes a bell, which
is a vertical channel with the possibility of air passing
inside it — a bell, and a lower guide structure made
in the form of a cone-shaped rotation figure. The
stator as a whole is axisymmetric with the rotor part
of the structure, and the rotor is slightly buried in the
socket (see Fig. 1, a, see the third side of covered).

The operation of a vortex type wind-driven pow-
er plant is based on the principle of useful aero-
dynamic interference between the static and rotor
parts of the plant [7, 9—13], as well as the use of
special-shaped rotor blades that effectively perceive
both horizontal and vertical ascending flows [7, 13].
The vortex resulting from the rotor rotation is con-
centrated inside the diffuser and over its upper part.
The formed areas of reduced pressure cause the ad-
ditional traction effect — the average pressure in
the lower part of the rotor (p,) is much higher than
the average pressure in its upper part, as well as
above the edge of the upper part of the stator (p,);
this effect increases the rotor rotation moment. The
vortex structure arising above the rotor additionally
energizes the rotor, being in dynamic equilibrium
with it (Fig. 1, b, see the third side of covered).

A possible application of considered WP [7] as a
part of the complex power plant small displacement
boats are shown in Fig. 1, ¢ (see the third side of
covered), and as a part of a wind power station of
several combined WP, in Fig. 1, d (see the third side
of covered).

In works [3, 7], the aerodynamic advantages of
such plant are shown, both in terms of the gener-
ated power and in terms of minimizing the noise
level, in comparison with analogues [13—19]. The
design of this plant was obtained as a result of aero-
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dynamic optimization according to the criterion of
maximum torque on WP rotor shaft.

A need for modernization of the aerodynamic
control system of the angular speed of WP rotor

Consider the problem of the rotor rotational speed
controlling of a vertically axial vortex type WP, de-
scribed above (Fig. 1, a, see the third side of covered).

The position of the stator, lower movable part,
characterized by the 4 magnitude, can vary verti-
cally relative to the rotor (Fig. 1, b, see the third
side of covered). Therefore, this part of the stator is
a variable element of WP geometry [3, 7]. Deviation
of the position of this element leads to a change in
the aerodynamic properties of the plant. By adjust-
ing the value 4 depending on the wind load, which
is within certain limits, it is possible to stabilize
the rotor angular speed o, if the dependence of the
rotor aerodynamic moment on the wind speed, an-
gular speed and on [7] is known.

However, stabilization o in the entire range of
wind loads using the value 4 considered in [7] is not
possible, since the dynamic range of the change in
the rotor aerodynamic moment due to the change
in value 4 is not sufficient to achieve this goal.

In this paper, we consider a system for controlling
the rotor angular speed o using two variable geometry
elements of the plant design: the lower guide structure
and the aerodynamic brake flap. The combined use
of these two VGEs makes it possible to increase the
dynamic range in terms of the rotor acrodynamic mo-
ment so that it becomes possible to adjust o for any
average value of the wind load and arbitrary amplitude
of the wind disturbance in a certain range of rates of
change of this disturbance over time.

Fig. 2 (see the third side of covered) shows the
principle of vortex type WP operation with an addi-
tional element on the construction — an aerodynamic
brake flap (ABF). Such flap regulates the effective
cross section of the incident wind flow interaction
with the rotor in the range of values from the maxi-
mum — when the flap does not overlap the incident
flow at all, to almost zero — when the flow is almost
completely blocked, as a result of which the rotor ro-
tation is slowed down. At the same time, it also gen-
erates significant turbulence, which complicates the
aerodynamic analysis and its accuracy. To compensate
for the inaccuracy of determining the moment on the
rotor shaft at various ABF positions relative to the
stator bell, a torque perturbation observer on the ro-
tor shaft can be introduced into the developed control
system. Thus, the proposed plant contains two VGEs,
which are characterized by values 4, and 4.

Synthesis of a controller of a modernized
vortex type WP with two VGEs

Lets perform synthesis of the regulator of the
proposed WP. For such synthesis, it is necessary,
first of all, to have a dependence o, = f,(V,) of the
steady-state value of the angular speed w, on the
unperturbed uniform wind flow speed V.

In the general case, the target value of the ro-
tor rotation speed o, differs from o, that corre-
sponding to the current average wind speed V}
without taking into account possible wind distur-
bances therefore, Automatic Control Sistem (ACS)
with a VGE must not only fend off these distur-
bances, but also fend off the difference Vy, — Vj,
where V;, = fo’l(oog), fo’l — function inverse
to fy. Thus, it is necessary to fend off the difference
AV (t) =V (t) -V,, between the full free wind speed
M) and the desired value V;,; we will proceed from
the following law of change in the speed of the in-
coming air flow during gusts of wind:

Vt)=V"(t) =

1

where A,— wind amplitude, o, Q;, — constant pa-
rameters, one of which can be equal to zero; ¢, —
initial phase of the process of increasing distur-
bance.

Now it is necessary to determine to what extent
the difference AV(¥) can vary in order to control the
angular speed with a given quality.

We establish the required quality of the regu-
lation process with the given parameters of the
transient process AT, and degree of overshoot
Ny = AOyax /0, relative to the permissible Aw, de-
viation from the nominal target value w,. For exam-
ple, let Ao, =0,050,, AT, =5s, n, = 50 %. Next,
find out in which range the difference M) — V|, the
control system considered in [7] is capable of sta-
bilizing the angular speed o with specified quality
parameters. The analysis shows that such stabiliza-
tion by means of VGE of the lower guide struc-
ture of the considered vortex type WP is possible at
‘V(t) - V0g| N /Vog <81ymax =0,3. Here the case
1s admissible when W) < Vg if the nominal de-
pendence V;, = fo‘l(oog) obtained for the normal
intermediate position of the lower guide structure.
Its deviation up from the indicated normal position,
i.e. a decrease in the parameter A, (Fig. 1, b, Fig. 2,
see the third side of covered) leads to an increase in
the rotor torque, and a downward deviation leads to
its decrease [3, 7].

The introduction of an additional VGE — ABF
leads, as mentioned above, to the expansion of the
upper limit of the allowable range in speed, therefore,

602

MexaTpoHuKa, aBToMaTH3anus, ynpasienue, Tom 21, Ne 10, 2020



in the end, the dynamic range of regulation of the
flow rate for the developed ACS is:

_6V1maxV0g < V(t) - VOg S Vkr - VOg’ (2)

where V), the maximum allowable wind speed for
the integrity of WP construstion and its functioning
in normal mode; this speed, as a rule, is obviously
greater than the upper limit of installation operat-
ing speed range.

Let the equation of WP controlled object is giv-
en, which is an equation of the rotational motion of
its rotor with an angular speed o:

792 MW 0.y hy) + M (o),

T ©)
V' — wind speed, the changes of which in this prob-
lem represent external disturbance; 4, h, — control
value of two VGEs determining their current posi-
tion relative to the bell stator; J — reduced moment
of the rotor inertia; M(V, o, hy, h,) and M (w) — use-
ful aerodynamic moment on the rotor and moment
of resistance, determined by the following empirical
dependencies [7]:

MV, 0,h,hy) =Viay +a,(V =V)olf,(h), @)
M (o) = —bo, )
Julhi b)) = fia () fia(hy), (©)
ash™" +ay, forh e [y, hygpls
Ju() = hying, fOrh < Byjop (7

hygup» fOTh > By g0

Additional aerodynamic analysis showed that the
function of the influence of the second VGE on
the rotor torque can be approximately approximated
exponentially:

|
: rad
! ? yaussenne
I S P
| 30 &7 |—u(t) at VO=2 mis
| i w(t) at VO=5 mis
| B w(t) at VO=10 mis
I H
| 20
| H
[ i
[ 15}
| :
! H
| H
! 10
! H
I q
| 5 =
|
|
0
|
! 0 2 4 6 8 I,S
| a)

Fig. 3. To the definition of static dependence o, = £y (V)

Jur(hy) = [exp( = 1y / hyy,) —11/(exp(1) - 1), ®)
for hy < hy,.

Here a,, a,, a3, a4, b, V — constant coefficients
hiines Mysyp — lower and upper boundary limit val-
ues of the control quantity 4,, determined by WP
design features, #,;, — upper limit value of 4,. The
cases of the control variables values exit 4, /4, from
the admissible ranges and the corresponding cutoffs
considered in (6) and (7) are necessary only for the
correct programming of the corresponding compu-
tational problem in finite differences.

For numerical aerodynamic calculations, the
Ansys Fluent software package was used; in this
case, methods for analyzing unsteady flows in rotat-
ing domains based on the approximation of moving
grids implemented in this software product were
used. For the correctness of the results obtained,
two turbulence models were used: k—e- and RNG
k—z¢, the use of which in each particular calculation
depended on the Reynolds number.

The indicated methods are widely used in stu-
dies devoted to the aerodynamics of modern verti-
cally axial WP [15, 16, 19—22]. In particular, in [19],
the authors analyzed the twist effect of Dorier type
WP turbine blades, and in [21], the possibilities of
increasing the aerodynamic quality of the same type
blade by using hollows of a special shape on its pro-
file were considered. Article [22] is devoted to the
study and modeling of the process of starting a verti-
cally axial WP.

Note that, based on equation of state (3), the
above static dependence o, = f,(V,) can be found,
if equation (3) is solved sequentially for a number
of values of the speed of the unperturbed flow V}
and, in the limit, the corresponding steady-state
values ®, are obtained. Fig. 3, a shows the time
dependences of the rotor angular speedes for wind
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speedes V, = 2, 5, 10 m/s, tending to the indi-
cated steady-state values; figure 3 b shows the cor-
responding dependence o, = f,(V}).

The actuators of two VGEs will be approximated
by first-order aperiodic links [23], i.e. using equations:

dh »(1)

+ () = f5(), )

where ¢, and r, — constant coefficients,

fl (1) = ¢ 2h1 20 +n Shy () and here the first low—
er indices correspond to the actuator of the first VGE,

and the second to the second VGE. The solution of
equations (9) in the general case has the form [24]:

- t
h () =(1/q,,)e (ra/@2)t o
’ (na/qi )t o*
X Ie BT (OdE + gy ol o | =
0

= h1*,2(t) +[hy 50 — h1*,2(0)] exp[—(r /4,211,

where h{i ,(#) are corresponding dependencies for
two VGE without taking into account the response
time of the specified actuators; A 5., = h,(0) — set
initial values of control actions hl 5.

In the synthesis of the desired controller we will
proceed from the following error equation [23]:

q,

(10)

2
%m%u}g:o,

where ¢ = o, — o — regulation error; o, — angular
speed target value w; A, B — some constant coef-
ficients that determine the nature of the transition
process in terms of angular frequency, in particular,
the decay time of this process and the degree of its
overshoot.

A feature of the synthesized control system is the
presence of two control channels with one state vari-
able to be regulated. In addition, these channels are
distinguished as follows. The use of the lower guiding
structure for regulation, as shown by aerodynamic
analysis [3, 7], does not introduce significant tur-
bulent fluctuations in the flow in the rotor vicinity,
however, the use of the aerodynamic brake intro-
duces significant turbulence, which can reduce the
quality of control due to the impossibility of accu-
rately accounting for them. Therefore, the ABF use
is justified only in high deviation modes V(r) — V,,
when the dynamic range of torque changes on the
rotor shaft due to the displacement from the nor-
mal position of the first VGE, the lower guide struc-
ture, is not enough to solve the problem. Therefore,
the simultaneous use of two VGEs at once on the
same regulation cycle is impractical. Based on (2),
we introduce the following rule of switching between
modes of using two VGEs:

(11)

if V(1) = Vog| < 1 maxVogs
then only VGE 1 is used;

if V(©) — Vog > 8VimaxVog
then only VGE 2 is used;
if V(1) = Vog < =6V maxVoe

then aerodynamic regulation is not possible with the
help of VGE data and o stabilization is carried out
only by electric means.

In this case, based on the equation of state (3)
and the error equation (11), the following expres-
sions can be obtained:

1 ’ 7 ’ !’ g ’ ;
7(MVV +(M,+ M, )i+ Mhl,zhl,Z) + ,
(12)
+§(M+Mc)+Bm:f(t),

where f(f) = ®, + Ao, + Bo,,
responding partial derivatives of the moment
MV, o,h,hy) by V, 0; M, =dM, |do; Mj, |
partial derivatives w1th respect to the first and sec-
ond control variables:

My, M, — cor-

Mj, = Vasla) + ay(V =V)olh ™ f,5(hy), (13)

Mj, =~V [hy)ay +ay(V =V )e]

(14)
X fu(h)exp(=hy/hy,).

If we express the hl , derivatives from (12) and
add equation (3), then the desired system of equa-
tions with respect to the state variable ® and two
control variables 4, h, takes the form:

d

d_‘f = [MV,0,h, )+ M. (0)]/];
M—{BJs—F(V V,o,h )},

dhy” _ |

dt if G = |V(f) - V0g| < 5V1maxV0g’
0, othewise; ()
if G,

dh;

dt Mh2 { ’ ( ' 1 2)}
othewise.

Here h;, h, characterize the values of control
quantities without taking into account the inertia of
their actuators; and function F(V,V, o, h*) defined
by the expression:
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FWV.,V,o0,h ) =
= [a, + a0V = V)£, (hy , 1) WV + (16)

+§[a2V(V V) f,(h b))+ AT —b](M + M ).

If we take into account the inertia of VGE trig-
gering according to (10), then we obtain the follow-
ing estimates for the desired control quantities:

51,20)3 ifﬁl,2(l‘) € [hl,Z;inf; h1,2;sup] ’

hy 5 (8) = Y1y giings 1T Ay 2 () < Py g
My 5.5up> Othewise.

(17)

where /¢ = 05 hy.qyp = Py, values /1 ,(¢) defined
by the expressions:

By (1) = B (1) +[hy 2.9 — B 5 (0) | expl-ri 51/ 4y 5]. (18)

To compensate the inaccuracy of moment deter-
mining on the rotor shaft at various ABF positions
relative to the stator bell, we introduce the corre-
sponding observer of the rotor torque perturbation
into the developed control system. Let us describe
the synthesis process of a reduced observer accord-
ing to a well-known technique [23, 25, 26].

The adjusted equation of WP rotor state taking
into account the unaccounted disturbances on the
moment is

Here S(o) — not yet defined smooth function of
a variable o, and z — the desired function of time,
which will go into the general system of equations
and will determine the properties and work of the
synthesized observer.

Require that the estimation error g, satisfy a
first-order differential equation:

éM+aM8M =0, (22)
where a,, — positive constant characterizing the
speed of the observer.

We will first consider a constant perturbation
AM. Tt is easy to see that if you impose a restriction
on a function S():

dS(w)/do =ayJ, (23)

then from equations (20)—(23) immediately fol-

lows the equation of the observer in the approxima-
tion of constant perturbation AM:

t=—ay [M(V,0,h, )+ M (o) +ayJo+z]. (24)

According to the equations (21) u (23), distur-

bance assessment AM can be represented as:
AM(0,2) = ayJo+ 2. (25)

Then the regulator, including the torque pertur-
bation observer constructed here, is characterized

J % = MV, 0, hy, hy) + 1) by the following system of equations:
+ M (0) + AM(M, A0, AV, A4), o =[MV,0,h,h)+ M (@) + AM]/J;
where M — the structural representation error of the 1 (BJs - F(V V.o hl* h;)}
moment dependence on the right-hand side of (3) on e M,
all variables and parameters (the error of the form of ' Tif 6 = B <
the function M); Aw, AV — scalar errors in estimating irG= |V‘(t) Vo | < Svimaxog>
the angular speed and the module of the flow speed 0, othewise;
vector at the entrance to WP sensors; AA — vector 0 if G (26)
value of the error of estimation of all parameters in- ’ ] ’
cluded in the above dependencies (3)—(9). /z; =1—{BJe- F V.V, o, hl* , h;)},
Let’s introduce the error of perturbation estima- M},
tion AM: othewise,
5 Z:—aM[M(V,(D,hl,hz)‘l'
ey =AM - AM, (20) + M (o) +ayJo+z],
where the disturbance assessment AM of AM imag- where
ine in the form: FO.V.0.0 1) = F.V 0. h 13) +
3 1 . . - (27)
AM = S(0)+ 2. 1) + 7[an(V -V fu(hy )+ AJ — DIAM.
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Fig. 4. The functional diagram of the stabilization system of the rotor angular speed

The last three equations of the system (26) in-
dicate that the law of the control variables change
h{i , includes an estimate of the moment from (25).

Then the resulting control system using two
VGEs will include equation (19), the observer equa-
tion (24) and the last two equations in (15).

The functional diagram of the stabilization sys-
tem of the rotor angular speed is shown in Fig. 4.

The master device generates the target law of the
rotation angular speed o,(#) changing taking into ac-
count the current and voltage at the load and the tar-
get setting values of the operator about the required
nature of the power supply of this load. Further, on
the basis of w, and output o' of the rotor angular
speed » meter (encoder), an error signal is generated
£=0, -0 ~o, —o, Which arrives at the control-
ler. The latter also receives a signal z from the rotor
moment perturbations observer; this observer works
according to the last equation in (26). The control-
ler generates control signals hl* 0, h; () for two WP
variable geometry elements under consideration in
accordance with the second and third equations of
the system (26). These signals are fed to the corre-
sponding actuators, which change the position of two
VGEs, thereby fending off changes in wind speed in
order to stabilize the angular speed .

Modeling the operation of the synthesized controller

Consider the results of modeling the synthesized
controller of the rotor rotation angular speed.

Fig. 5, a (see the fourth side of covered) shows
the time dependence of the angular speed at a con-
stant component of the wind speed V, = 5 m/s,
target rated rotor frequency w, = 3n rad/s and vari-
ous amplitudes Av of this disturbance: Av = 1 m/s,
2 m/s, 2,5 m/s, 3,35 m/s, for a controller with sys-
tem of equations (15) without taking into account
the observer of perturbations of the torque. Other
parameter values:

a, =0,0716,a, =1,704-107*,
a; =0,202, a; = 0,692,
bh=0,0019,0, =-0,157",

Qp =2nrad/s, hy, =0,3 m;

actuator transient convergence parameters MI-1,2:

P12/ dn =35 c .

Fig. 6, aand 7, a (see the fourth side of covered)
show the time dependences of control variables 4,(¥)
for VGE-1 (b) and h,(#) for VGE -2 (c) correspond-
ing to the above values of the amplitudes Av per-
turbations.

From the dependences shown in Fig. 5, a, 6, a,
7, a (see the fourth side of covered) it follows that,
starting from some characteristic time instants, the
first VGE ceases to be involved by the control sys-
tem, since condition G introduced in (15) ceases to
be fulfilled starting from these instants. Obviously,
the larger the amplitude of disturbances Av, the later
such a moment occurs, since the longer the current
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wind speed will fall into a given corridor relative to
the desired wind speed, which is equal in this case
Vog = fo‘l(oog) =3,4 m/s. It can also be seen from
this figure that the angular speed enters the permis-
sible corridor for a time of less than 3 with over-
shoot of less than 50 % for all considered Av values,
which corresponds to the initial data on the quality
of regulation Ao, =0,050,, AT, =5s, n, = 50 %.

Fig. 5, b, 6, b, 7, b (see the fourth side of co-
vered) shows similar relationships to Fig. 5, a, 6, a,
7, a, only for a controller with system of equations
(26), which includes an observer in the constant
perturbation approximation, in this simulation with
the value AM = const = 1 Nm; observer speed set
equal a, = 3 s.

A comparison of the graphs shown in Fig. 5, a,
6, a, 7, a with the corresponding graphs presented
in Fig. 5, b, 6, b, 7, b (see the fourth side of covered)
shows that the introduction of an additional con-
stant unmeasured disturbance to the right side of the
equation of the state AM = 1 Nm can be effectively
counterbalanced using a reduced observer with pre-
servation of the transition time process and a slight
increase in the degree of overshoot — by 4 %.

Thus, the constructed controller is capable of ef-
fectively counteracting the influence of wind dis-
turbances in a wide range of the current speed de-
viations from desired for a given frequency target
value, and arbitrary excesses of the current wind
speed over the desired speed V), are permissible,
since the aerodynamic brake flap is able to vary the
torque on the shaft up to a complete stop rotor. On
the other hand, the lower limit of the wind speed
acceptable for the considered control system is giv-
en by the first condition in (2), which is determined
by the dynamic range of regulation according to
the first VGE: =8y 1, Vo, <V (#) = V(. in this case
6Vlmax = 073

Therefore, the proposed speed controller of WP
rotor, changing the position of WP construction
control elements depending on the measured speed
of the wind disturbance, can increase efficiency and
reliability of the plant work as well as quality of
electric power generated by it.

Such aerodynamic speed control at the current
stage of development of precision mechanics, ac-
tuators of WP components actuators and manufac-
turing technology of precision parts can work in
conjunction with conventional methods of electrical
stabilization of the generator frequency. Such joint
work significantly reduces the quality requirements
of the corresponding electrical equipment by reduc-
ing the dynamic range of the generator frequency

control by preliminary aerodynamic speed control
of the wind-driven power plant rotor speed.

Conclusion

In the paper, a regulator that stabilizes the rotor
rotational speed of a vortex type wind-driven power
plant using two variable elements of its geometry
was synthesized. Based on the reduced observers,
an additional loop for estimating rotor torque dis-
turbances in the approximation of the constancy of
these disturbances was introduced.

This regulator is able to maintain the value of the
rotor angular speed in a sufficiently small permissible
corridor (not more than 5 %) with wind disturbances
limited from above only by structural strength re-
quirements imposed on the installation elements.
This is achieved by introducing an additional control
element — the aerodynamic brake flap.

The application of the proposed method for WP
rotor speed controlling will significantly increase
the control system adaptability of its output charac-
teristics; significantly expand the dynamic range of
torque control on the wind-driven power plant ro-
tor, as well as increase the robustness of these char-
acteristics to external wind and internal structural
parametric disturbances.

The use of vertically axial vortex type WP with
the rotor speed aerodynamic control discussed in
this article as part of complex power plants can sig-
nificantly increase the efficiency of the latter.
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