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MeToa Tononornyeckoun I'py60CTVI B 3aga4vyax uccriegqoBaHus
n ynpaBrieHusaA CuHepretTu4eCKMmMmm cunctemamm

Heeunepboauyeckue ocoovie moyku

Paccmampueaemes memoo uccaedoganus epybocmu OUHAMUYECKUX CUCMEM, OCHOBAHHbIU HA NOHAmMuUuU epybocmu no Aw-
dponosy—Ilonmpseuny u umenyemolii "Mmemodom monosoeuveckoui epybocmu”. JAaunor nowamus "epybocms” u "6ugypxayus”
JuHamuveckux cucmem, cHOPMYAUPOBAHHbIE euje HA 3ape CMAHOBACHUS HAYYHO020 HANDABACHUS MAMEeMAMUKU — MOn0A0-
euu — eeaukum @panyysckum yuenoim A. Ilyanxape. opmyaupyemcs nousmue epybocmu no Anoponogy—Ilonmpseuny u
onpedensiomest yea08us 00Cmudicumocmu mpedyemou epybocmu ounamuueckol cucmemsl. I[Ipugedenst onpedesenus nowsmui
MAKCUMAAbHOU 2pyOOCMU U MUHUMAALHOU Heepybocmu OUHAMUYECKUX cucmeMm, eeedeHnvle aemopom panee. Chopmyaupo-
6AHbI COOMBEMCMBYIOUUe Mmeopembl 0 HeoOX00UMbIX U 00CMAMOYHbIX YCAOBUAX OOCMUNCUMOCMU MAKCUMAAHOU 2pybocmu
U MUHUMAAbHOU Heepybocmu, a makce 803HUKHOBEHUS OUDYPKAYUU MONOA0LUYECKUX CIMPYKMYD OUHAMUHECKUX CUCMEM,
Komopule Oblau 00KA3AHbI 8 OCHOBONOAALAOWUX pabomax asmopa, NpueeoeHHbIX 6 CRUCKe aumepamypsl. Ymeepocdaemes,
YMo MHOJNCECmB8a epyObiX U HeepyObiX cUCHeM COCMABAIOm Henpepvlehble O noKasamento epybocmu MHoxcecmea. B kauecmee
nokazamens epybocmu 6 memooe UCnOAb3Yemcs HUCA0 00YCA0BACHHOCMU MAMPULbl NPUEEOeHUs K OUALOHANbHOMY (K8a3u-
duaeonanvHomy) eudy mampuyst xodu 6 ocobbix moukax ¢pazoeoeo npocmpancmea cucmemsl. Memoo nozeonsiem ynpasaimo
epybocmbio cucmem ynpasaeHus Ha 0CHO8e meopembl, CHOPMYAUPOBAHHOU C UCNONBI0BAHUEM MaAmMPUuuHo20 ypagHeHus Cuns-
eecmpa u 00KA3auHOU 6 pabomax agmopa, KOmopas maxyce npugedena ¢ danHou pabome. OCHOGHbIE IMANBI UCCACOOBAHULL
epybocmu u 6u@ypkayuii cucmem ¢ NOMOWBIO PACCMAMPUBALMO20 Memo0a CHOPMYAUPOBAHbL 6 GUde COOMBEMCMEYHUe20
aneopumma. B pabome kpamko usnoxcenvi 60npocyl 0 cunepeemu4ecKux cUucmemax u xaoce (CMpanHblx Ammpakmopax) 6 Hux.
Memoo moxcem Obimb UCHOALI0BAH 045 UCCAe008aHUL epybocmu U OuypKayuil OUHAMUYECKUX CUCMeM, a MaKyice CuHep-
2eMuUYecKUx cucmem U xXaoca pasauyHou gusauueckol npupodsi. Bozmoxcnocmu memooa npounrniocmpupoeans. Ha npumepax
cunepeemuyeckol cucmemsl 9ya, a makoice mexHuueckol cucmemsl 6 gude HeAUHEUHO20 CEPBOMEXAHU3MA.

Karouesvie caosa: dunamuueckas cucmema, monoao2u4eckas epyoocme, CuHepeemuecKkas Cucmema u xaoc, epyoocms no
AHnoponoey—Ilonmpseuny, 6ugypkayus, MaKcumaibHas epybocms U MUHUMAAbHAS HeepyOoCcmb cucmeMm, eunepboiuteckue u

Beenenne

[IpoGaemam uccienoBaHus rpyOOCTH TMHAMMU-
YEeCKHMX CUCTEM U CHHTe3a I'pyObIX (poOacTHBIX)
CHCTEM YIpaBIICHUS yaessieTcsl OOJIbIIoe BHUMA-
HHE B COBPEMEHHON TEOpUM ITMHAMMUYECKUX CH-
CTeM U Teopuu ylpaBieHus [1—3].

B Teopun nmHAMMYECKUX CUCTEM CYILIECTBYIOT
IBAa pa3JMYHBIX IOAX0Aa K mpobiaeme rpydbocTu:
1) Ha ocHOBe moHATUS rpydooctu 1o IleiikcoTo,
WU WHa4ye "CTPYKTYPHOM YCTOMYMBOCTHU'; 2) Ha
OCHOBE IOHSTHUS rpydoocTu mo AHApoHOBY—IIoH-
TPSATUHY, KOTAAa B OTJIMYME OT NPEdbIAYIIEro Ba-
puaHTa TpebyeTcsl £-0JIM30CTh MCXOOHOI'O M BO3-
MYILIEHHOIro romeoMopdu3mos [1, 2, 4].

B pabotax [5—7] Ha 0a3e MOHATUSA TPyOOCTH 11O
AHIpoHOBY—IIOHTpSTMHY ObLIM 3aJ10XEHBI OCHO-

BBl "M€TO/a TOMOJIOTMYECKOM I'PyOOCTH", KOTOPHBIi
MO3BOJISIET UCCIEeA0BaTh IpyboCTh (PoOACTHOCTD)
U OudypkKalud AUHAMUUYECKHUX CHUCTEM pasjiny-
HO TpUPOAbI, B YACTHOCTH CHUHEPreTUYECKUX
CUCTEM, a TaKxXe CUHTe3UpOBaTh rpyoble (podacT-
Hbl€) CUCTeMBbl yrpaBaeHus [8—I11].

B nmaHHOI1 cTaTbe paccMaTpUBAaKOTCS OCHOBBI
"MEeTOJa TONOJIOTMYECKOI rpyboCcTH", a TaKXKe NMpHU-
MEHEHME 3TOr0 MEeTOJa K CUHEPreTUYECKOM CUCTe-
Me Uya u HeluHelHOMY cepBoMexaHu3My [12].

OcHOBBI METOAA

B xJnaccuueckoil MOCTAHOBKE BOIIPOCHI TI'PYy-
0ocTu 1 OudypKauuii cucTeM ObIJIU MOCTaBJIEHBI
ellle Ha 3ape CTAaHOBJICHMS TOIIOJIOTMU KaK HOBO-
ro HAy4YHOI'0 HaIlpaBJIEeHUS MAaTeMAaTUKU BEIUKUM
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dpaniysckum yyensiM A. Ilyankape [13]. B yact-
HOCTH, TEPMUH "Oudypkanus” BriepBbie BBEACH UM
¥ O3HayaeT JOCJIOBHO "pa3nBoeHue” (0T pelieHui
ypaBHEHUI TMHAMUYECKUX CUCTEM OTBETBJSIOT-
¢ HoBble pelieHus). "I'pyOocTh’ TMHAMUYECKUX
CHUCTEM IIPU 3TOM OIpenesisieTcss Kak CBOWCTBO
CHUCTEM COXPaHITh KauyeCTBEHHYIO KapTUHY pa3-
OueHus1 (a30BOrO0 MPOCTPAHCTBA HA TPAEeKTOPUU
Mpyu MajJoM BO3MYIIEHWU TOIOJOTUI IMpPU pac-
CMOTPEHUU OJIU3KUX MO BUAY YPABHEHUM CUCTEM.

B coBpeMeHHOl TepMUHOJOrnu "ondypkanus”
yHoTpeobssgeTcss KaK Ha3BaHMWE JI000r0 CKavyKo-
00pa3HOro M3MEHEHUS, IPOUCXOASIIEro TMpHU
MJaBHOM M3MEHEHMHU MapaMeTpoB B JIIOOOK cu-
creme. Takum obpaszom, Oudypkaums o3Hadyaet
nepexon MeXy MPOCTPAHCTBAMU TPyObIX CUCTEM.

[lepexon Mexay TIpyObIMU CUCTEMaMu OCY-
LIECTBJsIETCI 4Yepe3 Herpyosle obnactu (mpo-
cTpaHCTBa). MHOTME OCHOBOIIOJIATaIoINe Pe3yJib-
TaThl B TeOpUHU IrpydbocTy U OudypKalmm mnoiayye-
HBI A. A. AHIPOHOBBIM M €T0 IIKoJoi [1, 2].

B pa6ote [1] BiepBble JaHO MOHSATUE IPyOOCTHU
u chopMyaupoBaHbl KAYeCTBEHHbBIE KPUTEPUU
rpybocTH, BIOCIEACTBUM HA3BAaHHOW TMOHSITHEM
rpyboctu no AuapoHoBy—IloHntpsiruny [2].

B MHOroMepHoO# MocTaHOBKE paccMaTpUBAETCS
nuHamuuyeckas cucrema (JC) n-ro mopsimka

i=F(2), )

rae 7 € R” — BekTOp (ha30BBIX KOOpaMHAT, F —
n-mMepHas nuddepeHIupyeMasi BeKTOp-(QyHKIIHSI.

Cucrema (1) Ha3bpIBaeTCSI TOMOJOIMYECKU TPy-
0oii Mo AHApPOHOBY—IIOHTpATMHY B HEKOTOPOI
ob6sactu G, eClIv UCXOHAsSI CUCTEMA U BO3MYIIICH-
Hasl cucTeMa, ornpeaeaeHHas B nmomobdiaactu G 00-
nmactu G U onuchIBaeMasi ypaBHEHHUEM

1=F@)+ f(2), 2

SIBJISTIOTCSL  £€-TOXJCCTBEHHBIMU B  TOIOJIOTHYE-
CKOM CMBICIIE.

Cuctembl (1) u (2) &e-TOXIECTBEHHBI, €CJIU CY-
LLIECTBYIOT OTKPbIThIe 06acti D, D B n-MepHOM
ba30BoM TIpocTpaHCTBe, Takue 4to ipu D < D u
GcG 3, 6> 0:

ecmu [f(2)| <8 m |df; (2)/dZ;1 <8, i,j=1,n,
10 ||| - [12]| <=,

NJIN UHBIMU CJIOBAMU

Il e

(D,(2)) = (D, (1)), ©)

WHaue, pa3oueHust obaacteir D u D TpaeKTOpHsI-
Mu cucteM (2) u (1) e-ToXIECTBEHHBI (MMEIOT
OIMHAKOBBIE TOIIOJOTMYECKHE CTPYKTYPHI C Tpa-
eKTOPUSIMU OIU3KUMU OO €).

Ecau (3) He BoimonHseTcs, To cuctema (1) He-
rpy6a no AHapoHoBy—IloHTpSITUHY.

Tomonornueckast crpykrypa JC omnpenensieTcs
0COOBIMHU TPAEKTOPUSIMU U MHOTOOOpa3UsIMU TUTIA
oco0ObIx Touek (OT), 0coOBIX IMHMI (CemapaTpuc),
3aMKHYTBIX (IIEpUOANYECKIX) TPAEKTOPUIA, IIPUTSI-
TUBAIOIINX MHOI000Opa3uit (aTTpakToOpoB).

B paboTax [5, 6] Ha OCHOBe MOHSITUSI TPYOOCTH
o AugpoHoBy—IIoHTpATHMHY NpenaoXeHbl OCHO-
BhI "METOAA TOIOJIOTMYEeCKOl TrpybocTu” Ha Oase
Mephl I'pyOOCTH B BHUIE 4YHMCIIa OO0YCJIOBJICHHOCTH
C{M} maTtpunipl M — HOpMUPOBAHHON MaTPUIIbI
MpUBEIECHMUSI CUCTEMbl K KAaHOHMUYECKOMY OMaro-
HaJIbHOMY (KBa3uauaroHajabHomy) Buay B OT da-
30BOTO IIPOCTPAHCTBA. 3AeCh Xe BIIEPBLIEC BBEICHO
MOHSITHE MaKCHUMAaJIbHOI Ipy0OCTU U MUHUMAJIb-
HOI1 HETpPyOOCTM Ha OTHOIIEHUSIX Iaphl 8 U €.

VcnoBue 10CTUXUMOCTA MaKCUMaJIbHOI rpy0o-
CTM 1 MUHHUMAJIbHON HErpyoboCTH B OKPECTHOCTHU
OT ¢aszoBoro mpocTpaHcTBa OIPEAEIsIeTCS CIAeHy-
IOIIE TeopeMoii, JoKa3aHHOM B padboTrax [5—7].

Teopema 1. Jlna moeco umobbl Ounamuue-
cKas cucmema 6 OKPeCMHOCMU eunepoosu4eckoll
ocoboti mouku (7p) Ovira makcumanvHo epyool,
a 6 OKpecmHOCmU He2unepooau4ecKou — MUHU-
MAAbHO Heepybol, Heo0Xo0umo u 0oCcmamo4Ho,
umoOlbl Cyuecmeosan

M* = argminC{M},

ede M — mampuuya npueedenus auteiHol wacmu A
cucmemvt (1) 6 ocoboii mouke (75 kK OuazoHanbHo-
My (keasuduaeonanvHomy) b6asucy, C{M} — uucno
obycaoerennocmu mampuyst M.

3amevanue 1. Kak cienyer u3 omnpeaeneHMi
MaKCUMaJlbHOW TPyOOCTM M MUHUMAJbHOW He-
rpy0OCTH CHCTEM, a TaKXe TEOpeMbI 1, CyIIecTBy-
I0T U MUHUMAJIbHO TpyOble, U MaKCUMaJbHO He-
rpyOble CUCTEMBI, 1151 KOTOpbIX C{M} = oo. UHaue,
MHOXECTBO TpyOBIX M HETPYOBIX CUCTEM 00pa3yoT
HeTpepbiBHBIE MHOXecTBa. [Ipu 3ToM cuctemamu
¢ C{M} = o0 OyayT cucTeMBbl C XKOpAAHOBOI KBa3u-
JUaroHaabHOW (hOpMOI MaTpUIl JIMHEHHOTO TPH-
onuxenus A cuctemsr (1).

OueBuaHO, YKnCcI0 o0ycinoBaeHHOCTU C{M} Kak
Mepy TpyO0OCTM MOXHO UCIOJIb30BaTh IS KYy-
couHo-mmaakux JC, paccMaTprBasi COBOKYIHYIO
rpy0oCTb 1O 00JIaCTSAM TJaIKOCTH CUCTEMBI, €CIU
OT He HaxomsTCS Ha TpaHMIIE BTUX OOJACTEH.
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CrnenyeT OTMETUTb, YTO AJISI HETJAIKUX CUCTEM,
HMCHOJb3yS KaKyl0-T1b0 0000IIEeHHY0 NPOU3BOMI-
HYIO M3 HemIaJKOro aHajau3a IMpu OMNpeaeIeHUuU
MaTpulbl JMHEWHOW 4YacTu, MOXHO OO0OOLIMTH
3Ty Mepy I'pyboCTH.

TeopeTnyeckue pe3yabTaThl "METOOA TOIIO-
Joruyeckoi rpybocTu”, mojiyueHHble B paboTax
[S—11], TO3BOASIOT yHpaBJISATh TPYOOCTHIO CUHEP-
reTUYeCKMX CUCTEM, COOTBETCTBYIOIIAsl TeopemMa
Joka3aHa B pabotax [5, 7].

Paccmarpusaercs JIC

1=0(z,u), )

rae 7z € R", u € R" — COOTBETCTBEHHO BEKTOPLI
(ba3oBbIX KOOpPOAMHAT U YIIPABJICHUN CUCTEMBI;
Q(*) — n-MepHas HenuHelHas nuddepeHLIupye-
Mast BeKTop-(pyHKIIUSI.

Bo3MmoxxHocTH ympaBieHUsI TpyOOCThIO OIpe-
JESIOTCS YCAOBUSIMU CIIEIYIOLIEH TEOPEMEL.

Teopema 2. /las moeo umoObl 6 ynpagasemou
AC (4), onucvieaemoii 6 n-mepHom azoeom npo-
CMpaHcmee ¢ NOMOWbI MAmMpuUl, AUHEUH020 NpU-
oauxcenus A, B coomeemcmeenno 0as azosvix
KOOpOUHAmM U YNpaeAeHull Cyu,ecmeosano ynpaesie-
Hue U, obecneuusaruee 8 OKPeCcmHOCMU COOMEEm-
cmeyowen OT 3aMKHYMOU cucmemvl MAKCUMAAb-
HYI0 epybocmb UAU MUHUMAAbHYIO Heepybocmb,
Heobxo0umo u docmamouHo, 4moObl GbINOAHAAUCH
YCAOBUS HEBbIPONCOCHHOU paA3PeuumMocmu Mampu-
Hoeo ypasnenus Cuaveecmpa.

Vrpasnenue u € U uiiercd B Kjacce CUCTEM
¢ obpaTHoi1 ¢BgI3bl0 ¥ = —KXx Takoe, YTO MaTpUIla
3aMKHyTOM cucteMbl F' = A — BK B OKpeCTHOCTH
OT ynoBaeTBOPSIET YCIAOBUSIM

G(F) = G(I'), MT — AM = —BH, K= HM ',

rie I' € R™" —nuaroHanbHas (KBa3UAMAaroHalb-
Hast) MaTPULIa COCTOSTHUST KAHOHUYECKOW MOIEIN;
H e R™" — marpula, 3agaBaeMas IPOU3BOJIBHO
C OrpaHMYEHNEM Ha HabmomaeMocTh mmapsl (I, H);
A e R™ B e R™" — marpuubl KOOPAMHAT U
yIpaBlICHUSI.

B oxpectHoctu OT:

F(z)=0,7= Az + Bu,

ynpasieHue u € U cuHTe3UpyeTcsd TakK, YTOOBI 10-
CTUYbL TpebyeMoro 3HaueHMUs Tokasatenss C{M},
HUCIIOJb3yS KaKue-TM00 MeTOmbl HEJIMHEHHOIo
nporpamMmmupoBaHus [14].

MeTon TOMOJOrMYECKON TpyOOCTH TaKxKe I10-
3BoJisIeT onpenensaTh ougypkaunu JAC Ha ocHOBe

KpUTEepHEB, pazpadoTaHHBIX B padoTax [5—9]. bo-

Jiee TOro, MeTOJ, MPEICTaBSIET BO3BMOXKXHOCTHU IIPO-

FHO3MpPOBaHUs OMDypKaLMii, a TaKKe YIpaBJIeHUS

nmapamMeTpamMu Oudypkanmii. B mokropckoil numc-

cepralMy aBTopa J0Ka3aHa clieAylolas Teopema.
Teopema 3. J[a1s moeo umobw: 6 o6aacmu G MHO-
eomepnot (n > 2) JIC npu 3nauenuu napamempa

q = q* q € R? 6o3nukasa kaxkas-nubyos 6ugpypka-

Yus MonoAoU4ecKol CmpyKmypul, HeoOXo0umo u

docmamouHo 4umo0sL:

e aubo 1) 6 paccmampueaemoii oonacmu G JC cy-
wecmeyrom Heeunepboauyeckue (Heepyooie) OT,
uiu  opoumanbHO-HeyCmouyueble npeodebHble
uukavt (I1L]), 0as kKomopvix umeem mecmo pa-
8EeHCMB0

p
C{M(q*)}:minZICi{M(q)}, &)
i
ede p — uucao OT uau I11] 6 o6aacmu G:

e aubo 2) 6 obnacmu G AC umeromes Kakue-au6o
epyovie OT uau 111], 0as komopbix bitnoaHsem-
cs ycaosue

C{M(q")} = . (6)
3amevyanne 2. Tun Oucdypkalum 3aBUCUT, BO-

MepBbIX, OT TOro, Kakoe u3 yciaoBuii (5) wiam (6)

BBITIOJIHSIETCSI, BO-BTOPBIX, OT TOrO, Kakas ocobast

tpaekTopust — OT unu I11 — ynoBiaeTBOpsieT 3TUM

ycioBusaM. Tak, Hampumep, XaoTUUYECKHUEe KoJie-
6anust ('cTpaHHBIE aTTPAKTOPHI'), BO3HWKAIOILIME

M3-3a IOTEPU CUMMETPUHU, IMPOMCXOAST, KOrma yc-

qoBuio (5) ymosnerBopsitoT OT, a xaoTuueckue Ko-

JiebaHusl, BO3HUMKAOIIME 4Yepe3 TOocieaoBaTeIbHO-

cTu OudypKauuii yaBoeHUs MepUoaa, MPOUCXOAAT

B TOM cJjiydae, korga yciaoBuio (5) orsevatot ITLI.

CunepreTnka u xaoc

B coBpemeHHOI1 HayKe Bo3pacTaeT MHTEPEC K e¢
OOBEOIMHSIONIUM HAIIpaBJICHUSIM, paccMaTpuUBa-
IOIUM SIBJIGHWS MPUPOAbI U OOIIECTBA, XUBOU U
HEXMBOI MIPUPOIBI ¢ €AUHBIX TOUEK 3PEHUS B 3a-
BUCHUMOCTU OT IIPOSBIISIEMBIX UMU CBOICTB M Xa-
pakTepuctuk. K omHOMY M3 TaKux HaIlpaBJICHUI
HayKMd OTHOCHUTCS CUHEpreTuKa, KoTopast 3aHuMa-
€TCsl CaMOOPraHU3YIOIIMMUCA TIpoliecCaMu, SIBJie-
HUSIMU U cuctemMamu [15—17].

CuHepreTuka B HACTOSIIIEe BpeMsI BTOPraeTcs
BO BCe 00JIaCTH HAayKM, HAYMHASI C €CTECTBEHHBIX
HayK — uU3uMKd, XUMUU, OMOJOTHU, TE€OJIOTUU,
reo@uUsuky — U 3aKaH4YMBas HETOYHBLIMMU 00Ja-
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CTSIMU HayK, TAKMMHU KaK 3KOHOMMKA, COILIMOJIO-
rusi, IICUXoyiorus, ¢uaocodusi, pacro3HaBaHUE
00pa30B, a TakxXe B 00J1aCTU TEXHUKU U TEXHOJIO-
ruii [8§—12, 15—20].

MHorue ydeHble B HACTOSIIIEE BPEMS CTaBSIT
3a/layM HE TOJIbKO MCCJEeIOBaHUSI CUHEpPreThye-
CKMX TIPOLIECCOB M CUCTEM, HO M YIIpaBJEHUSI UMU
B LEJIX JOCTUKEHUS KeJIaeMOro Pa3BUTHUS U TU-
Hamuku [21, 22].

OnHUM W3 SBJICHUI B CHMHEPreTUUYECKUX CHU-
cTeMax, MNpHUBJEKAIOIIUX OTPOMHOE BHMMaHUeE
HccaeaoBaTee B pas3IMYHBbIX OO0JACTSIX HAYKH,
SIBISIIOTCS TaK Ha3blBaeMble CTpaHHBIE aTTPaKTO-
pbl, TIPEACTaBJSIONIME MPUTATUBAIOININE MHOIO-
oOpas3usi B (a30BOM IPOCTPAHCTBE C XaOTHUYe-
CKMM TIOBEICHMEM (XaOCOM) TPAEKTOPHMI B 3TUX
MHoroo6Opasusix [15—24]. WccnemoBaHue cTpaH-
HBIX aTTPaKTOPOB BbI3BIBAET MHTEPEC U IMOTOMY,
YTO MHOTME BUIST B M3yYEeHUM 3TOro ¢peHomeHa
KJIIOU K pasrajike TaliH Mpupoabl TYpOyJeHTHOCTHU
M Xaoca B cUCTeMax pa3jnu4yHOU Mpupoabl — u-
3UYECKUX U XUMUUYECKNX, DKOHOMUYECKUX U CO-
ManbHbIX cucremax [23, 24]. bonee Toro, akrty-
aJIbHOM CTAaHOBMUTCS Y 3a/Jaya yIpaBJIeHUS Xa0COM
B CMHEPreTMYECKMX CUCTeMax pa3inuvyHOu usm-
yecKou mpupoasbl [21].

OCHOBOIOJIOXXHUKAMU CUHEPreTUKU IO TpaBy
SIBJISIIOTCSI BbIJAIOIIMECS YUeHble — OeJbruiicKuii
xuMukK u ¢usuk, HobGeneBckuit npaypear Unbsa
[MpuroxuHn m Hemeukuit pusuk I'epman XakeH.
OrpoMHBIl BKJIaJ B CHHEPTreTUKY BHECIU MHOTHE
COBETCKME U POCCUIMCKME YUEHBIE, B 0OCOOCHHOCTH
mkona C. I1. Kypmiomosa [25].

Ilpu uccnenoBaHMM W ymNpaBA€HWU CUHEpPTe-
TUYECKMMU CHUCTEMaMU BaXXHelilee 3HAuYeHUE
WMEIOT BOMPOChl rpydboctn u oudypkaumii. On-
HUM U3 METOJOB B M3yYEHUU CBOUCTB IpydOCTU U
Oudypkanuii CHUHEPTETUYECKUX CUCTEM, a TaKXe
YIOpaBJICHUSI 3TUMU CBOHMCTBAMHU CIYXUT "METOH
TOMOJIOTUYECKOI TIpyO0OCTU", OCHOBBEI KOTOPOTO
WU3JIOKEHBI BBILIIE.

Hanee B paboTe BO3MOXHOCTU METOJa MPOUJI-
JIIOCTPUPOBAHbI Ha JBYX MpuMepax cucteM — Yya
M HEJIMHENHOro cepBoMexaHu3Ma [26].

IIpumepni

Cucmema (yensv) Uya [21]. Kak u3BeCTHO, CU-
cremMa Yya mpeacTaBisieT coO00il 3JEKTPOHHYIO
Lielb C OAHUM HEJIMHEHHBIM 3JIEMEHTOM, KOTOpas
CIocoOHa reHepupoBaTh pa3HOOOpPA3HEIE, B YaCT-
HOCTH, XaOoTHUUYECKHE KoJIeOaHusI.

T C{M}

23,8 -1,034 0,75 049 0 1,05

Puc. 1. 3aBucumocts C{M} ot napametpa g B cucteme Uya
Fig. 1. Dependency of C{M} on the g parameter in the Chua
system

Cucrema ‘{ya OIMMCBIBACTCA YPaBHCHUAMMU:

()

rae fix) = Myx + 0,5(M; — My(|x + 1| — |x — 1)).

Mpup=9,qg=143, M, =—6/7, My=5/7, B cu-
creme (7) HAOIIOMAIOTCSI XaOTUYECKMe KOIeOaHusI.
B nanHowMm cnyuae umerorcd tpu OT: OT;, (0, 0, 0);
OT, ;(£11/6, 0, 11/6).

HccnenoBaHusAMM yCTaHOBJIEHBI, YTO XaOTHYe-
CKMe IBMKEHUsSI OOHApyXKMBAIOTCS W MpU 3Haue-
Husx q. —1,034 < ¢ < —049, anpn ¢ = 3,8 u
g = 1,05 HabnomaeTca MakcuMaiabHast rpydoOCThb
nBUXeHU B cucteme (7), 4TO mokazaHo Ha puc. l.

Heauneiinotii cepeomexanusm [26]. Paccmarpu-
BaeTCs HEJWHEeWHass KyCOYHO-TJaaKas cucTtema
B BHJIe HEJIMHEIHOTO cepBOMeXaHM3Ma, 3alaHHast
ypaBHEHUSIMU

X=p(y-f(x), y=x-y+2z, 2=—qy,

®)

rae y=vy,R/ TSZ, T, = T,/yR — nocTosiHHbIE KO-
¢dunuentsl, F(c) — 00600LIeHHAas peeiiHas GyHK-
111, 00yCJIOBJIEHHAsI 30HOKM HEYYBCTBUTEIHLHOCTHU
U TUCTEPE3UCOM (pHC. 2); c — apryMeHT peJieiiHOM
GYHKIINU.

B pa6Gorte [26] npoBeneHO ucciaenoBaHNEe CUCTeE-
MBI (8) IIpM pa3IUYHBIX CIydasiX MEPBUYHBIX I1a-
pameTpoB 7}, y, METOIOM MHOTOJIMCTHOM (ha3oBoit
IIJIOCKOCTHU U TOYEYHBIX MpeoOpa3oBaHUIA.

IIpencraBum cuctemy (8) B (pa3oBOi ILIOCKO-
ctu (x, y = X):

X+x+yx=-F(o), o =x+TX,

X=y,y==vyx-y—-F(o),c=x+Tiy. (9)

B nannoit cucreme tonbko omHa OT — (0,0):
y=0,—yx— Flo)=0,T.¢e.xy,=0, y,=0.
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k)

Puc. 2. O600mennas peneiinas pynkuus F(o)
Fig. 2. Generalized relay function F(c)

£

Puc. 3. CrpykrypHas cxema cuctembl (9)
Fig. 3. Structural diagram of the system (9)

B nmpoctpaHcTBe cocTossHUi ((ha30BBIX KOOpP-
nuHat) cucteMa (9) IpeacTaBisieTCsl CTPYKTYPOI,
MoKa3aHHOI Ha puc. 3.

Marpuua JTUHEHHONH YacTu:

A:[O 1]
—y -1
CoOCTBEHHDbIE 3HAUEHUS:

7\,1,2 = —l/2i\/1—4'}//2

Tun ocoboit Touku OT — (0,0) — onpenens-
eTCsl BeIMYMHOM y. Eciu KopHU AeiicTBUTENbHbIE,
T.¢. 1 —4y >0, y < 1/4, To uMeeM

CiM} =

Orcroma minC{M} O6ynem umethb npu y — 0,
a uMeHHo C{M} — 2,4 (cucTeMa CTpeMUTCS K MaK-
cumanvhoi epybocmu), a max C{M} = oo OyneTt npu

y = 1/4, npu 2TOM cHUCTEMa CTPEMUTCS K MUHU-
MaJibHOM TpyOOCTU MM, WHAUYE, TIEPEXOAUT K He-
rpy0oit obimactu (Hepaborocmoco6Ha). Ecimu xop-
HU KOMTIJIEKCHBIE, T. €. v > 1/4, To minC{M} = 1,6
Oynet moCTUTHYT mpu y = 1,5, u cucrema Oyaet
mMakcumaavHo epyboti. MakcuMaabHOE 3HaYeHUE
C{M} — o npu y — oo (cUCTeMa CTPEMUTCS K He-
pabomocnocobHomy HETPyOOMY COCTOSIHUIO).

3akioyeHue

PaccMmoTpeHHBIN B JaHHOM cTaTbe "METOI TO-
MMOJIOTUYECKON TpyOOCTU" SIBIISIETCS METOIOM KO-
JINYECTBEHHOI'0 MCCedOoBaHUs I'pyObOCTM U Ou-
dypkammit JIC caMoro mmpokoro kKjacca M pas-
JIMYHOU (PU3NUYECKOUN TIPUPOIEL.

Bo3MmoxHoCcTH MeToda ISl UCCIAeA0BaHUI Ipy-
06ocTu M oudypkauuii CUCTEM TTOKa3aHbI Ha MTPU-
Mepax TOJBKO HEKOTOPbIX CHMHEPreTMYEeCKUX U
TEeXHUYECKMX CHCTE€M, XOTSI, KOHEUHO K€, MEeTO.
OBbLI U MOXET OBITh MCIOJb30BaH IJIs UCCIeA0Ba-
HUI OOJIBIIOIO YMCIa CUCTEM — KaK CHUHEpPIeTH-
YeCKMX CHCTeM pasnuuyHoil mpupoasl (JlopeHua,
Peccnepa, Yya u np.), Tak u JIC OoJiee IMPOKOro
KJlacca, B YaCTHOCTH, IIPU MCCIeIOBaHUM Kojeba-
TeJBHBIX CUCTeM M Omdypkanuit Xorda, arTpak-
Topa otobpazkeHuss XeHoHa [§—12, 15—17].

Takum o0Opa3oM, aaropuTM UCCIAEAOBAHUM
rpyooctu u oudypkauuii JIC METOIOM TOMOIOT A~
yeckoi rpyboctu mo OT ¢a3oBoro mpocTpaHCTBa
CIEIYIOLINA:

1. Mccneqgyemast cucremMa TIpeaCcTaBiIsieTCs] B
Buae (1).

2. Onpenenstorcs OT; cuctemsl (1) F(z(7) = 0.

3. Haxonsitcst matpuubl Akoou A; (JimHeHOro
npubauxenus) B OT;.

4. BeruucnsioTcs Matpulbl M; npuBeneHus A;
K IyaroHaJbHOMY (KBa3uaAuWaroHaJIbHOMY) BUAY.

5. BeluucasioTcss  4yuciaa  OOYCJIOBJIGHHOCTH
C{M}}, KkOTOpBIE B COBOKYIHOCTU U OMPENEISIOT
rpyoOCTh CUCTEMBI TI0 KaKUM-JTM00 BapuUpPyeMbIM
rmapamMeTpam.

6. IIpu 3HaYeHUSIX BapbUpPYyEeMBIX IIapaMeTPOB,
yIOBJIETBOPSIONINX YCa0BUSIM (5) unu (6), BO3HU-
KaloT BO3MOXHBIE OMPypKalMu B MCCIEIyeMOit
cucteme (1).
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The method of a research of roughness of dynamic systems based on a concept of roughness according to Andronov—
Pontryagin and named with "method of topological roughness" is considered. The concepts "roughness” and "bifurcation”
of dynamic systems formulated at a dawn of formation of the scientific direction of mathematics — topology, are given by
the great French scientist A. Poincare. Also the concept of roughness according to Andronov— Pontryagin is formulated
and conditions of accessibility of required roughness of a dynamic system are defined. The definitions of concepts of the
maximum roughness and minimum non roughness of dynamic systems entered by the author earlier are given. The cor-
responding theorems of necessary and sufficient conditions of accessibility of the maximum roughness and the minimum
non roughness and also emergence of bifurcations of topological structures of dynamic systems, which were proved in the
fundamental works of the author given in the list of references are formulated. At the same time it is claimed that sets of
rough and not rough systems make roughnesses of a set, continuous on an indicator. As a roughness indicator in a method
the number of conditionality of a matrix of reduction to a diagonal (quasidiagonal) type of a matrix of Jacobi in special
points of phase space of a system is used. The method allows to controling roughness of control systems on the basis of the
theorem formulated with use of the matrix equation of Sylvester and proved in works of the author which is also provided
in this work. The main stages of researches of roughness and bifurcations of systems by means of the considered method
are formulated in the form of the corresponding algorithm. In work questions of synergetic systems and chaos (strange at-
tractors) in them, founders of science of synergetics — H. Haken, I. Prigozhin are briefly stated. The method can be used
for researches of roughness and bifurcations of dynamic systems and also synergetic systems and chaos of the different
physical nature. In works of the author the method is approved on examples of many synergetic systems, such as Lorenz
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attractors and Rossler, Belousov-Zhabotinsky’s systems, Chua, "predator-prey”, Henon, Hopf’s bifurcations, etc. In this
work of a possibility of a method are illustrated on examples of synergetic system Chua and also a technical system in the

Jorm of the nonlinear servomechanism.

Keywords: a dynamic system, topological roughness, a synergetic system and chaos, roughness according to Andronov—
Pontryagin, bifurcation, the maximum roughness and the minimum non roughness of systems, hyperbolic and not hyperbolic
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AcTpaxaHCKui rocyaapCTBEHHbIN TEXHUYECKUIA YHUBEPCUTET

CVIHXpOHVI3aLWI$I CeTU HEeNTIMHEeNHbIX OOBLEKTOB C 3ana3abliBaHNEeM
Mo COCTOAHUIO B yCITOBUAX Heonpep,eneHHocm1

IIpedaoxncenvr pobacmusie aneopummbsl CUHXPOHUZAUUU CeMU HeAUHEUHbIX 006eKmoeg ¢ 3ana3zdvbleanuem HO COCMOSHUI.
Paccmampusaemces cemv 06sexmoé ynpasienus, dunamuyeckue npoyeccsl 6 KOMopsvix onucsiearomces duggepeHyuansbHoiMu
ypagHeHuamu 6 gopme Jlypve ¢ aunumuyesbiMu HeAUHEUHOCMAMU, C Y4emoM 3ana30bleanus no COCMOSHUIO 8 YCA08UAX NO-
CMOSHHO OelCMEYUUX GHEWHUX HEKOHMPOAUPYEMbIX 603MYUeHUl. Yuem HeaunelnblX U 3ana3obléarOuuUx CoCMasAsOuUX
6 Mamemamuyeckux modensx obsexmoe deaaem cucmemy O0AU3KOU K peasvHol. B kaxcoom nokaivHom oOsekme cemu ocy-
wecmensemcs caexceHue 3a evilxodom eedyujeli nodcucmemsl. JuHamuueckas KOMREHCAUUs 803MYUCHUI 6 KAWCOOM U3 006-
eKmMOo8 0Cyulecmeasemcs nymem 6bl0eNeHUs CUSHAAA, HeCYWe20 UHGOPMAayulo 00 dMux 603MyuweHUsX, a 3amem nodasieHus
€20 ¢ NOMOWbI0 BCNOMOAMENbHO20 KOHMYpa U 08yx Habawodameneil nepemenHvlx cucmemsl. [Ipumenenue Habarodamenel
nepemMeHHbIX 00YCA08AeHO HeoOX00UMOCMbI0 NOAYHEHUS OUEHOK NPOU360O0HbIX NEPeMEHHbIX CUCMeMbl, U3MepeHue KOMOopbLX
Hedocmynno. Takum 06pazom evlOpanHbie CMPYKMYpPbl YRPABAeHUN 6 KAJCOOM U3 A0KANbHbIX 006eKmM08 He MOoAbKo obecnedu-
8am 00CMUNCUMOCMb Yeal YNpagieHus ¢ mpedyemoi moYHOCMbl0, HO U NO380AAIOM 3d CHem UCHO0Ab3068aAHUS Habaodamenell
NepeMeHHbIX CUCMmeMbl CYUeCMEeHHO NOHU3UMb NOPAOOK cucmembsl. Paccmompen vucaoeoli npumep CUHXPOHU3AUUU CemU,
cocmosiwell U3 yemolpex HeAUHelHbIX 006eKmM08 YNpasaeHus ¢ 3ana30blanHuem no COCMOSHUK 8 YCA08USX HeonpedeaeHHOCmU
napamempos ux mamemamuyeckux moodesei u 0elicmeuu 6HeUWHUX 02PAHUYEHHbIX 803MYweHul. /i cemu 006eKmos npumere-
Hbl npedaodceHHble areopummol ynpasaenus. Ilpoeedeno vucasennoe modeauposarnue ¢ nakeme Simulink MATLAB, npugedenbt
epaghuku nepexoOdHbLX NPOYeCcco8 no OWUOKAM caedcenus 045 Kaxcdol uz wemoipex noocucmem. Pezysomamor modeauposanus
noomeepouau meopemuueckue 6b1600bl U NOKA3AAU XOPOULYIO PAOOMOCHOCOOHOCHb NPEOAONCEHHBIX AN20PUMMOE CUHXPOHU3A-
YUu 8 yCA08UAX NOCMOSHHO 0eliCMEYIOWUX HEUWHUX U GHYMPEHHUX 803MYUeHU.

Karoueesote caosa: cemnv, pobacmuoe ynpasienue, AUnueyeebl HEAUHEUHOCMU, 02DAHUYCHHbLE 603MYUIeHUS, MOYHOCMb, 3d-

nazoviéaHue no COCMOAHUNO, anrcopumm ynpaenieHus, Ha6/li0()aI’HE/lb, 6CNOMO2AMeNbHbLU KOHmMyp

BBenenue

BbypHoe pa3BUTHE HOBBIX BHICOKOTEXHOJIOTHY-
HBIX CE€Tel B IIPOMBILIJICHHOCTU 1 MIPOU3BOACTBE,
3JIEKTPO3HEPreTUKe, a TakKe TPaHCIOPTHBHIX Ce-
Tel U T. 1. TpeOyeT 3P (PeKTUBHBIX PELICHUI 3a1a4
yIIpaBJe€HMS CeTIMU OOBEKTOB B YCJIOBUSIX aIllpU-
OPHOM HEOIIPEACIICHHOCTU W IIpU NCUCTBUM Ha
HMX BHEUIHUX HEKOHTPOJUPYEMbIX BO3MYIIEHUIA.
Kpatkuit 0630p obyacTeii mpuMEHEHUSI CUCTEM
yIOpaBJIeHUS CETIMU 00BEKTOB MPEACTaBJICH B pa-
oote [1]. B mocinenHue gecsATUIIETUS MCClieToBaTe-
JIIMU 110 TEOPUU yIIpaBJIEeHNsI HAIIMCaHO OOJIbIIOE
YUCJIO padOT IO YIPABICHUIO CETSIMU Pa3TUUHBIX
00bekToB. K unciay 0030pHEIX paboT MO CETEBOMY
yIpaBJeHUIO0 OTHOCITCS paboThl [2—5].

B OonblIMHCTBE HCCAeNOBaHUII MaTeMaThye-
CKU€ MoIelu OOBEeKTOB YIIpaBJIECHUS COAepXKaT
pa3HOro pojga HETOYHOCTH, KOTOpHIE HEOOXOaU-
MO YyYMTBIBaTh Ha 3Talle CHMHTE3a aJrOpUTMOB
ynpaBieHus. Tak, orpaHuU4YeHUSs, CBsS3aHHBbIC
C HaJuWyuMeM 3ala3dblBaHUS B YCJIOBUSX IIOCTO-
SSHHO JeWCTBYIOIIMX BHEIIHMX BO3MYIICHUM,

! YccnenoBanne BBIMOTHEHO TpH (DMHAHCOBOI MOALEPXKKE
PODU B pamkax HayuHoro mpoekTta Ne 20-08-00610.

YXYALAIT IUHAMUYECKUE CBOMCTBA 3aMKHYTOM
CHCTEMBbI yIpaBJICHUS. 3ama3gbplBaHUE MOXKET
OBITh BBI3ZBAHO CaMbIMU PAa3JUYHBIMU IPUYMHA-
MU. WHEPUMOHHOCTBHIO HEKOTOPBIX JJIEMEHTOB,
OTPAaHUYEHHOCTBIO CKOPOCTH pPaCIpOCTpaHEHU S
CUTHAJIa, PAacCTSIHYTOCTbIO M3y4yaeMoro mnpolecca
BO BpeMEHM, BpeMeHHOM 3ajepxkoil u T. A. Kak
MpaBuUJIO, TMHAMMUYECKHE TMPOLIECChl B MOAOOHBIX
CUCTEMax OIMCBHIBAIOTCS YpPaBHEHMSIMMU C IOCTE-
nerictBueM. IlpennoxeHbl pelieHus 3aaa4 yIpaB-
JICHUSI O0BEKTaMM C YYETOM pPa3JIMYHBIX BHUJIOB
3anasapiBaHusg [6—11]. Tak, HampuMep, ¢ IOMO-
melo H -Teopur MPEAJIOKEHO pEIICHUE 3aaadyu
CUHXPOHU3ALUU IJIsI 00BEKTa C HUCKPETHBHIM U
pacnpeleieHHBIM 3amasapiBaHueM [6]. B mono-
rpadpunm [7] ¢ TMOMOIIBIO METOIa BCIIOMOTAaTENb-
HOTO KOHTypa [8] mpemjoXeHbl pellieHusT 3aaad
pobacTHOro yIpaBjeHHS OJISI Pa3MUHBIX 00b-
€KTOB C TocieAecicTBUEM. AJTOPUTM yHpaBje-
HUS JUHEUHBIMUA O0OBbEKTaMU C 3ama3dblBaIOIIM
BXOAHBIM CHMTHAJIOM MpPU HAJTUYUU BHEIIHUX BO3-
MYILIEHU# TIpeuioxkeH B ctaThe [9]. B pabore [10]
CUHTE3UpYETCs HaOaoAarelb I8 HEJIUHEHHOro
o0BbeKTa ¢ 3ama3abiBaHueM. B cTarbsax 18-ro KoH-
rpecca IFAC, moJHOCTBIO ITOCBSIIIIEHHOTO YIIpaB-
JICHU1I0 00BbeKTaMU C 3ama3ablBaHUEM, MPEACTaAB-
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JIEHBI pe3yJIbTaThl MO 3TOU MpobieMe, HEKOTOpbIE
M3 KOTOPBIX U3JIOKEHBI B pabote [11].

B HacTodleil craThe TIpemiaraeTcs peleHue
OTHOM M3 3aJa4 CETEBOrO YMpPaBJICHUS, 3a1a4U PO-
0acTHOI CHHXPOHM3ALMWU CETU HEIMHEWHBIX 00b-
€KTOB C 3ama3fblBaHUEM MO cocTostHUIO. [Ipemma-
TaeTcs pelieHue IMOCTABJIEHHON 3aJa4y C WCIOJb-
30BaHMEM METO/a BCIIOMOTaTeJIbHOrO KOHTypa [8].
HuHaMnyeckast KOMIIEHCAllMSI BO3MYIIEHUN B
KaXAOM W3 CHUHXPOHU3UPYEMBIX OOBEKTOB OCY-
LLIECTBJISIETCS C MOMOILLbIO BEIOPAHHOIO CHELMAb-
HBIM 00pa3oM BCIOMOTraTeJbHOrO KOHTypa M Ha-
OromaTelieil mepeMeHHbIX cUcTeMbl. JlaHHas pabo-
Ta SIBJSETCS pa3BUTUEM pe3yJibTaTa, MOJyYEHHOTO
B pabote [12]. OmHMM U3 TJIABHBIX HOCTOMHCTB
QJITOPUTMA SIBJISIETCS TO, YTO AJISI €T0 peaan3aluu
He TpeOyeTcss M3MEPEHUS IIPOU3BOAHBIX PETYINPY-
€MOM MEPEMEHHOM, a YIPaBJSIOIIEE BO3NCUCTBHUE
dopMupyeTcss Ha OCHOBAaHMM M3MEPEHHOIO BXO-
Ja ¥ BBIXOHA, a TaKXe IEPEeMEHHBIX, ITOJTy4aeMbIX
¢ IByX HaOmomaTenein Xamuma [13].

2. IlocTaHoBKa 3a1a4m

PaccmoTrpyuM ceThb r OOBEKTOB YITpaBIICHUS,
JIVMHAMWYECKHME IIPOLIECCHl B KOTOPBLIX OITMCHIBA-
I0TCS YpaBHEHUSIMU

O,(D)y(t) = kR, (D)u,(t) + N (D)y, (¢ - hy(1)) +
+ Z Z D" WUJ(J’l(f))sz + f1(1);

i=1 j=I1
D' y,(O) =y,,,i=0,...,n=-1L1=1Lr.

(1)

rae yt), u(f) — cKaJsipHbIE peryJupyemMble Iepe-
MEHHBIC M YIpaBJAIOIIUE BO3ACHCTBUS JIOKaJIb-
HBIX 00beKTOB; D = d/dt — oneparop nuddepeH-
uupoBanus; Q(D), R(D) — HOPMUPOBAHHBIE
nuddepeHumnanbHble oneparopsl; degQ(D) = n
degR/(D) = m;, degN(D) < n; — 1; BpeM4 3ana3nubl-
BaHUs hf) — orpaHuyeHHble QyHKUMM; k; > 0,
v;i(y(H) — rnankue GyHKIUY, YIOBICTBOPSIOIINE
yesoputo Juminmia; 1, — Hen3BECTHbIE MOCTOSIH-
Hele (i =Ln, j=1,q); J{#) — BHeLIHKE BO3MYIIa-
oue Bo3aeicTeus, [ =1,r.

Benyiiasi momcucTtemMa OIMCHIBAETCS ypaBHE-
HUEeM

On(D)yn(t) = k,g(),

roe g(f) — cKajlspHOe OrpaHMYEHHOE 3amIaloliee
Bo3aeicTBue; k,, > 0, y,,(f) — OrpaHUYEHHBIN CKa-
nspHbli Beixon, degQ,, (D) = n; — m,.

2

TpebyeTcst MOJyYUThb aIrOPUTMblI CUHXPOHHU3a-
Y, 00eCTIeYnBAIOIINE BBITTOJTHEHUE CJIEMYIOMINX
LIEJIEBBIX YCIOBUM:

i@ — yu®| <3 mpn t < T, ©)
e & — HEKOTOpOe I0CTaTOUYHO MaJjioe uucio, 7> 0.
Ilpednoaoixcenus:

1. JlokanbHbIE MOACUCTEMBI SIBJSIIOTCS YIpaB-
JISIEMbIMU.

2. Koadduuuentsr oneparopos Q[D), R(D),
N{(D), M(D) u Benu4yuHbl k; 3aBUCST OT BEKTOpA
HEU3BECTHBIX MapPaMETPOB & € =, e E — U3BECT-
HO€ MHOXECTBO BO3MOXHBIX 3HAUEHU ! BEKTOpA &.

3. Bpems 3anasabiBaHus h(f) — OrpaHUYEH-
Hble (YHKIWU, YIOBJIETBOPAIOIIME YCIOBUSIM
%<1, h) >0, 1=1,r.

4. 3aparoliee BO3AeiicTBUE g(f) U BO3MYIIAIOIINE
BozaercTBus f(f), [ =1,r, JOKaJIbHBIX OOBEKTOB
SIBJISIFOTCSI OTPAHUYEHHBIMU (DYHKUIMSIMU BpEMEHMU.

5. lonuuomser R,(M), Q,(\), R, () — rypBule-
BBI, TI€ A — KOMIIJIEKCHAsI TlepeMeHHasl B Ipeod-
pa3osanuu Jlamaca; degR/(D) = m,, degQ/D) = n
degQ,(D) = n;— m,.

6. Ilpou3BomHBIC BBIXOAHBIX TEPEMEHHBIX U
YIIPaBASIONINX BO3ACHCTBUN HE U3MEPSIOTCS.

3. Pemenne 3agauu

[MpencraBum onepatopsl QD) u R(D) B Buae
/(D) = Qy(D) + AQ(D), R(D) = Ry(D) + AR(D),
rae Qy(D), Ry(D) — omepaTopbl C U3BECTHBIMHU
Ko3(pduimeHTaMu, Takue 4TOo MOJUHOMBI Qy/(1),
Ry(X) — TypBULIEBBI U UMEIOT NMOPSIAKU h; U m;
cooTrBeTcTBeHHO. Tak kak Qy(1) u Ry(A) — mpo-
WU3BOJIbHbIE U3BECTHBIE TMOJUHOMBI, TO BbIOEpEM
MX TaK, YTOOBI BBIMIOJHSJIOCH paBeHCTBO Q,,/(D) =
= Qy(D)/Ry(D).

Bocnonib3yemMcsi U3BeCTHON MapaMmeTpu3alineit
[14]. Torma ypaBHeHue (1) mpeoOpa3yercs B 3KBU-
BAaJIEHTHOE YPaBHEHUE OTHOCUTEJILHO BbIXONA y/(7):

R/(D)

Ry (D)
N,(D)

my/(f - hy(1)) +

1 »
3 3 D"y ()¢
kRy(D) S5 T

CocTaBUM ypaBHEHHWE OTHOCHUTEJIBHO OIIMOKM
e(?) = y(t) — y,,/(t), BBlUMTast ypaBHeHUe (2) U3 Co-
oTHoleHus (4):

Qi (D)y(t) = ky(uy (1) + ARD)

AQ,(D)
~ kRy (D)

u (t) -
————y,(1) + C))

kIROI(D)fI( )
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AR,(D)
Ry/(D)

- hy(1) +

Qi (D)e(t) = ky(u, () +

_AQ(D) N,(D)
klROI(D) ki Ry, (D)

u(t) -

V(@) +———y(t

©)

k/Rol(D) lzljZan :\vij,(y,(t))rﬂ +

10—

m[g[ (t) )
klROI(D)

k; Ry, (D)

CodopmupyeM ymnpapjieHre, KOTOPOE MO3BOJIUT
KOMIIEHCMPOBATh HEraTUBHOE AEMCTBUE BO3MYIIIE-
HUM B [-if moncucteMe. B ciyyae HOCTYIHOCTH U3-
MepeHus n; — m; — | IPOU3BOIHBIX yIIPaBJISIOLIE-
ro BO3IEWCTBUSA V/(f) 3alaiuM 3aKOH YIIPABJICHUS
u(t) B BUAE

u (1) = T(Dy (1), 1 =1,r (6)

Torpa ypaBHeHue (5) IpuUMeT CIASAYIOIIUNA BUI;

R, (D
O (De, (1) = sz/(D)(v/(t) + ieo ,I((D)) v/ (0) -
__Aed)  y ND)
k10" ko1, T
1

" kR (D)T;(D) rzi /Zl

b () - Bl ),zzl,r.
k; Ry, (D)T;(D) k,Ry;(D)T,(D)

Tak Kak cuctema IMPOEKTUPYETCS B MPEAIOJIO-
KEHUHU, YTO AOCTYITHBI M3MEPEHMIO TOJBKO CKa-
JISIpHBIE BXOJ U BBIXOJ, TO 3aKOH YIpaBJICHUS 3a-
JaIguM BMECTO ypaBHeHHUs (6) B BUae

\l/ijl(J’1(f))le +

u (1) = T(Dywy (1), I =1,r, ®)

roe v,(f) — oueHKa CUrHaJa, Mojlyyaemas ¢ Ha-
omromarens [13]

&) = Fou& (1) + By, (v, (1) - v,(1)),
v (t)=L¢,@t), 1=1,r.

3necy ¢,(t) e R"™™; F,, — marpuua B ¢dop-
Me DpobeHuyca ¢ HYJIEeBONH HUXHEH CTPOKOIA;

)

b b,
L, =[10,...,0]; By = i,...,% . Tapa-
u
meTpet b, ...,b, _, ~ BbIOMPAIOTCS TaK, 4YTOObI
ManI/II_[bI F, Fy, + BJL 0Obpliv TypBULEBBIMU,

[b][s ey nl ml]'
HO,I[CTaBI/IB BeIpaxxeHue (8) B ypaBHeHue (7),
MOJYYUM ypaBHEHUE

Q1 (D)e,(t) = B,T,(D)Ry, (D)v,(t) +¢,(t) +

_ (10)
+ BT, (D) Ry (D) (v (1) = vy (1)),

rac

(1) = ey =By (1) + &y ief,l((g)) V(1) -
205D Ot Ry O
I

W%%Dn I‘Vij()ﬁ(f))rﬂ +

b MDD (1) -t
Ry (D)T /(D) Ry (D)T (D)

BribepeM B /-if 1OKaJIbHOM OOBEKTE IMOJMHOM
T)()) Tak, 4yToOBl mepenatoyHasg GyHKLUUS YAOB-
!

Qm(y\‘) - }\" + aml
ypaBHeHue (10) mpeobpa3yeTcs K BULY

(D +a,)e (t) =By, (1) +9,(1),

g(1).

JIeTBOpsiJla PaBEHCTBY Torma

(11)

rac

@) = T,(D) =0, (1) + B, (v, (1) - v, (), [ =1, r.

B curnane ¢/(f) ckoHLEHTpUpOBaJach BCS He-
OTpEeNIeIEHHOCTh TMapaMeTpoB /-r0 JIOKAJbHOTO
0o0beKTa yrpaBiieHWs, UHQoOpMaIUsd O BHELIHUX
BO3MYIIEHUSIX, HEJIMHEMHOCTSIX, 3aMa3bIBAHUU.

it KoMTeHcalMu HETaTUBHOTO JEMCTBUS Bbl-
NEJEHHOro CUrHajsa ¢)f) B /-M JIOKaJbHOM O0B-
€KTe BOCMOJIb3yeMCsl METOJOM BCIIOMOTaTeIbHOTO
KOoHTYypa [8].

BBenem BcriomoraresibHbI# KOHTYP

(D +a,ei(t) =B, (1), 1 =1,r

C yuetrom cootHomeHuit (11), (12) cocraBum
ypaBHEHUE

(D +a,)C,@) =0¢,2),1 =

roe §,(f) = yl(t)—;,(t), ¢(f) — paccoryiiacoBaHue.
Takum o0pa3oMm, ecid H3MEPEHUIO TOCTYMHBI
n; — m;— 1 IPOU3BONHBIE CUTHAJIOB V(f) U IepBas
MPOU3BOJHASI PETYJIMPYEMON BEJIMYUHBI e(f), TO,
copmMupoBaB V(f) B BUIE

12)

(13)

V(1) = —Bilw caG (I =TE (14)
MOJIy4YMM, YTO 3aKOH yrnpasiieHus (6), (14) obecrne-
YMBAaET ACUMIITOTUYECKYIO YCTOMYMBOCTb CHUCTE-
Mbl (1), (6), (14) mo nepeMeHHOI e/f), a ypaBHEHUE
3aMKHYTOI cucteMbl Oyaer umers Bua (D + a,,) %
X e(t) = 0. CinenoBaTesbHO, U3 ypaBHEHUA (5) UMe-
€M, 4TO n; — m; IPOU3BOAHBIE CUTHaJa e[f) cTpe-
MaTcsd K 0. Ho mig paboTocrmocoOHOCTU CUCTEMBI
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HEOOXOOMMO TOKa3aTh, YTO CUTHaN o,(f),/=1,r,
OrpaHUYCH.
HTtak, B ciiyyae BO3MOXHOCTH M3MEpPEHUS IIe-

1
T,(P) = 0,() W
u3 (14) numeem, yto v, () = —B—(p,(t) Torz[a
I

PEYMCIEHHBIX MPOU3BOAHBIX @,(7) =

AR,(D)
Ry (D)

———y,(t = h()) +

(1) = —Bl«k,

_AQ/(D)
Roz(D)

=B u(t) + k

N,(D)
Ry, (D)

\Ifsz(yl(f))l'j/ +

(1) -

———=y, () +
15)

Roz(D) lzl ,21

Ro,w) )" )_Ro,w) &l )j

(IZOCTaBJIHIOHme ROQI ((D)) (D), 2[0’ iz)) y(t—h(2)),

———— f;(f) orpaHWYeHbl B CUJIy I'YPBULIEBOCTH
Ry(D)

nosmHoMa Ry (A) u yciosus lime,(f) = 0. Taxk Kak
f—o0

CUTHAJ y(f) OrpaHnYeH, y;(y(#) — Tiaakue GyHK-
11U, YI[OBIICTBOPSIIOH_[I/IG ycnosmo JInmuuna,
Z Z ‘I/ijl(J’/(f))le

ROI (D)l 1j=1
OrpaHMN4YcHa. KpOMe TOTO, 3aJaroliece BO3JICICTBUE

g(f) orpaHMYeHO B CHJIy IIPEIIIONOXEeHUS 4.
PazpemnB ypaBHeHue (15) OTHOCUTENBHO u(f),

MOJNYIIM
_[_ARD) AQ,(D)

)= [ Ry (D) o)+ kiR, (D)
N,(D) I

“kky ) O R D)

Xi i Dn_i‘Vijl(yl(t))le -

i=1 j=1

TO COCTaBJdIolIasa

i(#) -

(16)

1O+ gz(t)j

klR()l(D) szoz(D)

Otcrona ¢ yuetom (4) nonyvaem Q,,(D)y(f) = 0,
a U3 cooTHoueHus (15) umeem

- Roz(Z)I)z(-):(ADlz,(D) B
i [21%1(([1;)) 70~ = h0) -
k,ROI,(D) Z2 S D"y (), -
k,RO,(D) k1O, ,];0[ @) g,(t)j

Tak xak Ry(D) + AR(D) = R(D) — rypBuues
MOJIMHOM, W 1, — M, IPOU3BOIHBIE €/(f) CTPEMSTCS
K HYJI0, TO OTpaHWYEH YIPaBISIOUIMI CUTHAJ
u/?), a cIenoBaTeNbHO, CUTHAIBI ¢[f), ¢,(f), mepe-
MeHHas () u ee mpousBoaHas B cuiy (14).

B ciyyae HEBO3MOXHOCTM U3MEPSTH HEOOXO-
JUMBbIE MPOU3BOJAHBIE CUTHaa ((f) curTHaI Vv(f)
BMmecTo (14) hopMupyem B Bue

v,(1) = —BL](D +a,)C, 1), =1,r, (17)

e ¢ ,(#) — oueHKa, noiyyaemas ¢ Haomoznaress [13]

21 = Fozy (1) + By (G, (0) - €, (1)),

_ _ (18)
C](t):LMZ[(t)a I:Lra

rie z(f) € R%, matpuum F,, u B, — Takue xe,

Kak B (9), HO TOJIBKO COOTBETCTBYIOIIMX pa3Mep-

HocTel, L, =[1,0],/ =1,r. B aTOoM cayyae crpa-

BEIIJIMBO YTBEPXKIACHUE.

Ymeepoucoenue. IlycTb BBITIOJHEHBI YCJIOBUS
MpearojaoxeHuin 1—6, torma miust amwob6oro & > 0
B ycaoBusx (3) cymectByoT yucaa w, > 0, 7> 0
TaKHe, YTO NMpH w, < pg, U ¢ = T it cucteMsl (1), (8),
9), (12), (17), (18) BBIMOJHEHBI 1I€JE€BbIC YCIOBUS
(3) 1 Bce mepeMeHHBIE B CUCTEME OrpaHWYCHBI.

Hokazameavcmeo  ymeepucdenus.  BBenem
B PAaCCMOTPEHUE BEKTOPHI

sT(f) = (v,(1), Dv,(1), ...,
20 = [5,(2), DE,(1)]

D™y, (1)),

Y HOPMMPOBAHHBIE BEKTOPBI PACCOIIACOBAHUIA
() =T (c,() - &,(0)), w,(2) = T (20, (1) — 2,(2)),

34eCh Fll = diag{u7/7MI713 Sy %) 1} s 1—‘21 = diag{“]a 1}
Torma n3 cootHomeHuit (9) u (18) nMeeM

— 1 ._ _
n,(t) = M_le — by D"y (1),
/

0,() =, " L, (1),

19)
- 1 — _ —
wi(t) = ?F’W’(’) — by D*¢,(1);
!
T (1) = u Lyw)(t), I=1Lr,
rne F, = Fy + ByLy, by =10,...11, b =[0,1],

Ly =[1,0], 6,(t) = v;(t) = v, (1), ,(t) = ¢, (1) = (),
[=1r.
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[Ipeo6pasyem ypaBHeHust (19) B sKBUBaJICHT-
HbI€ YPAaBHEHU I OTHOCUTEIBHO BBIXOAOB 0,(f) U 1/(7):

() = uiFm,(r) —bDv(1);
!

0,(t) = p," " Lm, (0);

| (20)
Wi (1) = EF’W’(’) — b, D¢, (1);
!

T (#) = w Lyw (1),

bf =11,0,...,01, b7 =[1,0], [ =1,r.

YpasHenus (19) u (20) sxkBUBaJEHTHBI OTHO-
CUTEJIbHO BBIXONOB 0,(f) U 1/(f), TaK KakK SBJISIOTCS
BEKTOPHO-MATPUUYHBIMU (opMaMMU OIHUX U TeX
XK€ YpaBHEHUM:

b
[Dn—m +ﬁDn1*m1—l +m+%]61(t) = Dnzfmlvl(t),
Ky K
[Dz +Aup +@]tl(t) =D, (1), I=1r.
Ky 1230}
C yuetrom (6), (17) u (20) ypaBHenue (11) mpu-
MET BUJ

i(0) =—w, Lyw, (), [ =1,r. (21

BosbmeM pynknuio JIsnyHoBa
Vi(t) =] (O Hm (1) + w (O Hywi (1), I =1,r,

TZIe TIOJIOXUTENBHO-ONpPEAeIeHHbIE MAaTPULLBl H; 1
H|; — pelueHus ypaBHEeHUM

HF+ FHy ==2py1,
H\F +FiHy, =251, [ =1r,

Y BBIYUCINM IIOJIHYIO0 MPOU3BOAHYIO HA TPAeKTO-
pusix cuctembl (20):

Vi) = <221, (0)? - 222w, (1) -
My 29

(22)
=2 (O H Dy, (t) = 2w] ()H ;D €,(1).
3anuieM ypaBHeHus (20) B Buae
uyn(0) = Fmy (1) = nuoyby Dy (1)
nyw (1) = Fyw(t) — gy b1DC 5 23)

(D +au)y; =1y (D +ay)Lyw(1);
Hy =mys =11

Bocnonb3yemcs nemmoii [15].

Jlemma [15]. Ecnu cuctema onucChIBaeTC ypaB-
HEHUAM X = f(X, y, By), x € R, p = col(p, W),
S, 1y, 1) — HenpepbiBHAsE GYHKUMS, JIUITIIULIEBA
MO X, U TIpYU W, = 0 UMEEeT OrPAaHUUYEHHYIO 3aMKHY-
TYIO 00JacTh AUCCUTIAaTUBHOCTU Q = (x/F(x) < C},
rae F(x) — mnonoxuTeabHO-OINpeaeeHHas, He-
MpepbiBHAS, KYCOUHO-TJanKas (yHKIUS, TO Cy-
LIECTBYET L, > 0 Takoe, yTo nipu p; < py U Wy < o
HWCXOAHAsl CUCTeMa MMEEeT Ty Xe 00JacTb JAMCCHU-
MMAaTUBHOCTH Q, eCJIM AJ1sT HeKoTophix uncen C > 0,
ity >0, p, = 0 BEINOJIHEHO YCJIOBHE

sup [[aF (x))T, fx, HI,O)J <-C,F(x)=C.

(™ ox

B nanHoM ciyyae, eciu p,; = 0 B (23), TO 3TO
PaBHOCUJILHO TOMY, YTO BCE MPOU3BOIHBIE W3-
MEpSIIOTCS, W JO0ABJSIOTCS JBE SKCIOHEHIIU-
aJlbHO YCTONYMBBIE CcUCTEeMBI M, (¢) = Fm,(?),
w,(r) = F/w,(t). Kak yxe mokazaHo, B 3TOM CJIy-
yae BCe MEpeMEHHbIE B CUCTEME OrpaHUYEHbI, U
YCJIOBUSI JIEMMBI BBITIOJIHEHBI. THBIMU CJIOBaMH,
B obnactu Q y(f) — 0, [v(9)| < ky, [0)] < kyy, @ U3
(8) u (15) cnenyert, uto |DE(1)| < ky;, |Dv] < kyy
rne ky;, Ky ks, Ky — HEKOTOpPBIE MOJOXMUTEb-
Hble KOHCTAaHTHI. [lokaxewm, 4To B ciayyae py; # 0,
a TouHee npu py; < pg; ¥ pyy < pyy 00JIACTBIO AuC-
CUIIATUBHOCTHU OYyZHET Q).

[Tonoxum B cucreme (23) w; = wy; = Wy 4, MOA-
CTaBUB UX B (22), BOCIOJb3yeMCsI OLIeHKaMU

1
=2n; () H Dy, (¢) < “—|ﬂl(f)|2 + | H || D, ()] <
!
1
< —|11/(f)|2 + 1y [ H || sy
Ky

1
2w () H, D¢, (1) < u_|Wl(t)|2 + | Hy kars
/

[=1r.

IloacTaBUB 3THU OLIEHKU B COOTHOIIeHUE (22),
MOJIyYUM HEPABEHCTBO

: 1
V(1) < = Plin, (0]} = B2Lw, ()] =—(pyy - D, ()] -
Ky My Ky

1
M—I(le D))+ (H ey + [ Hoy| kg,
I=1,r.

BriOpas p;; > 1 u py; > 1, monyunm

V(1) < —%|ﬂ/(f)|2 _%|W/(f)|2 +uB, (24
/ I

rae B, = |H | ks +||H | kg, oTKYHA CHETYET
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Vi(0) <=BuVi() + By, (25)
o Pu P2 VAN _
IRB“”m%@ﬂHJMRHm}XO Haen

MajJbHOE COOCTBEHHOE YMCIIO COOTBCTCTBYIOH.[CfI

Marpuisl. U3 ycnosus (25) umeem V(r) < RiPr
1

[MpyHuMass BO BHUMAaHUEe HEPAaBEHCTBO
1
|w,(t)|2 <= V,(r) < “’—B’, U3 TPETbEro ypas-
A (Hyp) Bu

HeHus (23) umeeM |y, (1) < p, jw, (1) < fMB/B/'
il

Orcloma BUAHO, YTO MJIs J100bIX 8 > 0 B ycI0BUM
(3) cyuiecTBYeT p,, Takoe, 4YTO LesaeBoe ycaoBue (3)
OyJIeT BBITIOJIHEHO.

4. YucnoBoii mpumep

PaccMoTpuM ceTh, COCTOSIIYI0O M3 4YeThIpex
00BEKTOB yIpaBJICHUS, JUHAMUUECKHUE ITPOLIECCHI
B KOTOPBIX OMKUCHIBAIOTCA HETMHEHHBIMU qudde-
pEeHLMAJIbHBIMU YPaBHEHUSIMM C 3ama3blBAaHUEM
0 COCTOSTHMIO:

(D* +ayD* + ayD* + ayD +ay)y, (t) =
= (boD + byuy + (¢ D’ + ¢y D* + c3,D + ¢y fi (1) +
+ (a’uD3 + a’2,D2 +dy D +dy)e(y, (1)) +

+ (my D> + nyD? + nyy D + nyp)y (t = by) +

+ (my D + myD* + my D + my))py (v, (1)), =14

3ajaya CMHXPOHU3ALMU YEThIPEX JOKAJTbHBIX
00BEKTOB, KaK OTMEYEHO B TMPEAINOJIOXEHUU 2,
penaeTcsi B yCJIOBUSIX TTapaMeTpUUECKO Heorpee-
JneHHocTu. Kiacc HeonpeneeHHOCTU 3a/laH CIIemy-
IoLIMMK HepaBeHeTBamMu: 2 < a,; < 8, 20 < by, <50,
26 <by; <50, 26<c, <50, I,g=1,4. VYpasHe-
HUE  Beayllell  MOACUCTEMbl  MMEeT  BUIL:
(D +3)* V(1) =81g(r). Cnenyda npenoXeHHBIM
B JJaHHOW paboTe ajJropuTMaM yINpaBjeHUSs, BbI-
OepeM:

« monuHoMm T() = A2+ 61 + 9, B =50, p = 0,01,
a, =3;
* BCIOMoOrarejbHble KOHTYpbhl (12) B BuUIe

(D +3)e (1) = 50v,(t), =14
» ypaBHeHUs Habmomareneit (9) u (18) B Buae

%m=m®+%WW%9WM

Sy (t) = i2("1(’) —cu(0));
Ky

=14

V() = g (1),

440 = (G, (0) - (1))
My

¢ =z, =14

e ynpasisomue Bo3aeicTBus (8) u (17) B Buae

Uy (1) = g1 (1) + 66, (1) + 985 (1);
W) = =55 CL 0+ 4,0), =T

MopenupoBaHue TPEAIOXCHHBIX aJTOPUTMOB
yIOpaBJAeHUS OCYIUIeCTBJIeHO B TMakeTe Simulink
cpenbl MATLAB nng ceTu 4eTbipeX OOBEKTOB
yIIpaBJICHMSI, MaTeMaTUYeCKHUe MOICIU KOTOPBIX
MpeacTaBlCHbI B BUJE!

(D* +2D% +2D* + 2D + 2y, (1) =
= (40D +26)u; + (2D° +2D* + 2D + 2) f,(¢) +
+(2D* +4D* + 6D + D)sin(y, (1)) +
+ (4D +3D? +3D+3)y,(t - 1) +
+(2D* +4D? + 6D + 1) In*(1 + 4|y, (1));

(D* +3D° +3D% +3D + 3)y,(t) =
= (26D +35)u, +(2D> —2D* + 8D - 2) f,(t) +
+(4D° +3D* +3D + 3) In?*(1 + 2|y, (1)) +
+(2D* +4D% +6D + 1) y,(t - 8);

(D* +10D% +10D? +10D +10)y,(¢) =
= (26D +35)u; + (2D> —2D% + 8D - 2) f5(¢1) +
+(2D° +4D? + 6D +1)sin(3|y; (1)) +
+ (2D +4D% +6D + 1)y, (t - 3) +
+4D? +3D? +3D +3) In(2 + |y;(1)));

(D* +5D° +5D* +5D + 5)y,(t) =
= (26D +35)u, +(2D* +2D? - 2) f,(t) +
+(4D* +3D% +3D +3) In* (1 + 4|y, (1)) +
+ (2D +4D% +6D + )y, (1 -1).
Ha pucyHke mpeacTtaBieHbl MepeXoaHble MpPo-

LecChl Mo OLIMOKaM CUHXpOHU3aUuu e((f), e,(?),
e3(t)a e4(t)'

Tounocts & = 0,06 monyyeHa mpu 3amalolieM
Bo3aeicTBUM g(f) = 81sin37 U BO3MYIIAIONINX BO3-
necteusix: fi(f) = 10sinl,7t; f,(f) = sinl,7¢; f3(8) =
= 3sint; f4(f) = 2sin5t; f(f) = 3sinl,7¢t. HauanpHble
YCJIOBUS HYJIEBbIC.
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ITepexonnsie mpomecch N0 OMUOKAM CHHXPOHH3ANHUH e,(7), e,(7), e3(7), e4(?)

Transients of synchronization errors e;(?), e,(?), e;(?), e, (?)

3akiaoyeHue

B pabore paccMoTpeH OAMH U3 BO3MOXKHBIX
MOIXOMOB K IIOCTPOCHUIO POOACTHOI CHCTEMBI
CUHXPOHM3ALIMM CETH HEJIUHEHHBIX OOBEKTOB
yOpaBJICHUSI C 3ala3gblBaHUEM II0 COCTOSHHUIO
C KOMIIEHCAlIMEN IapaMeTPUYECKOU Heornpeae-
JICHHOCTH M BHEUIHUX OrPaHUYCHHBIX BO3MYIIE-
HUI. B KaxXaoM M3 CMHXPOHU3UPYEMBIX JIOKAJIb-
HBIX O0BEKTOB MCHOJb3YIOTCS BCIIOMOTAaTeIbHBIN
KOoHTYp [8] 1 nBa HaGmaromaTens [13] Ipon3BOTHBIX
curHasoB cucreMbl. C y4eTOM OLIEHOK BO3MYIIE-
HUM (OPMUPYIOTCS YIIPABISIONINE BO3ICHCTBUSI,
KOTOpBIE O00€CIIeUMBaIOT JOCTUXHUMOCTh 1€
yHOpaBJICeHUS C 3aJaHHOM TOYHOCTBIO. Pe3ybTaTsl
YUCJIGHHOTO MOIEJIMpPOBaHUsS B makere Simulink
cpensi MATLAB moarBepamiym TeopeTHYECKUE
BBIBOIBI M IIOKA3aJXd XOPOIIYI padoTOCIoCco0-
HOCTb CUCTEMBl CUHXPOHU3AIINN.
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Abstract

Robust algorithms for synchronizing a network of nonlinear plants with time delay are proposed. A network of control
plants in the Lurie form with Lipshets nonlinearities is considered taking into account the time delay under the conditions
of constantly operating external uncontrolled disturbances. Taking into account nonlinear and delayed components in math-
ematical models of plants makes the system close to real. In each local network plant, the input of the leading subsystem
is monitored. Dynamic compensation of disturbances in each of the plants is carried out by extracting a signal that carries
information about these disturbances, and then suppressing it using an auxiliary circuit and two observers of the system
variables. The use of variable observers is due to the need to obtain estimates of the derivatives of the system variables, the
measurement of which is not available. A numerical example of the synchronization of a network consisting of four nonlin-
ear control plants with a delay in state under conditions of uncertainty of the parameters of their mathematical models and
the action of external bounded disturbances is considered. For the network of plants, the proposed control algorithms are
applied. The numerical simulation in the Simulink Matlab package was carried out, the graphs of transient processes for
tracking errors for each of the four subsystems are presented. The simulation results confirmed the theoretical conclusions
and showed good performance of the proposed synchronization algorithms in the conditions of constantly operating external
and internal disturbances.

Keywords: network, robust control, Lipshets nonlinearities, bounded perturbations, accuracy, time delay, control al-

gorithm, observer, auxiliary circuit.
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O peanusauuu coBMmellaeMbIiX YrpaBnsaoLWUX BO3AeNCTBUMA Ha OO BEKT
B cucTemMax "yenoBek—matumHa"

Paccmampueaiomesn 3adauu peaiuzayuu ynpasasouux 6030elicmeutl Ha 006eKm 6 3peamu4eckoil cucmeme "1enoeex—
Mawuna", coemeuaemblx yepe3 OpeaH YnpaeneHus annapama 4en06eKo-maulunHoz2o unmepgeiica, 6 yeisx gghexmuenozo
pacnpedeneHus (YHKYUL ynpasaenus mexucoy 4eno6eKom-onepamopom U YApasisiomum agmomamom cucmemol. Boiseaenol
0COOEHHOCMU MEeXHUYECKOU Peaiu3ayu Ynpasisaiouux 6030eicmeull Ha 006eKm 3peamu4eckoll cucmemb. ¢ NOMOUbIO an-
napamoe co8MecmHo20 ynpaeaeHus H06020 MUNA, Yepe3 OpeaH YNPAGACHUs KOMODPLIX OCYULeCMBAAeMCs UHPOPMAUUOHHOE
e3aumooeticmeue mexcoy 4ea08eKomM-onepamopom u agmomamom cucmemolt. Ilpunyun nocmpoeHus annapamos coeMecmHo20
YIPAeAeHUs NOKA3AH C NOMOUbIO U300pa3umenvHulx Modeell annapamoe OUCKPemHo20 U HenpepoleH020 0elicmeus, UMeouux
6 c8oeM cocmaege 21eKmpomMexanuyecKoe npusooHoe YCMpolcmeo, peazupyroujee Ha CUSHAAbl OM YNPABGAAIOUE20 A8MOMa-
ma ecaedcmeue nepemeuieHus opeana ynpasienus. B annapamax npedycmampueaemes 603MONCHOCMb NepeMeuleHis Op2ana
YIPAGACHUS U MYCKYAbHbIM YCUAUEM HeN08eKA-0Nnepamopa.

s eepbanrvHoll Modeau Oelicmeull U OMEeMHbIX PeaKyull Yyea08eKa-onepamopa U MAululbl, RPUHAMOU 6 UHICEHEePHOU
ncuxonoeuu, pazpabomanvl mamemamuueckKue Mooeau cO8MeCmHO20 YNPAeAeHUs 006eKMOM 3P2amu4ecKol Cucmembl, ONUCHL-
earouue nepemeueHus opeana ynpaeienus. Mamemamuveckas mooeab 0meemuol peaKyul ynpagisiemozo 006eKma cucmemol
npedcmaegaena HOPMAAbHOU cUCMeMOol 00bIKHOBEeHHbIX U hepeHyuarbHbIX ypasueHul. B pe3ysbmame KomMno3uyuu mooenel
delicmeutl u 0meemHbvLX peaxKyull 043 cucmemvl "yes06eK—mauwuna"” NOAYHeHO KOHeYHOe MHOICECME0 HeNOAHbIX npedcmaesie-
HUL 21eMeHMAapHbIX 08UNCEHUL U300paxicaioueli mouky 6 nPoOCMpPaAHCcmee COCMOAHUL, HA KOMOPOM KOHCMPYUPYemcs ynpas-
Asemoe dsudcenue 06veKkma é ude nocAed08amesbHOCMuU I1eMeHmapHuix deuxcenuii. Onpedenensvl 6UpmMyaivHbie OUCKPemHble
CUHAAbL YNPABACHUS, COOMEEMCMEYIOULUE KOHKPEMHbIM NOZUUUAM OP2AHO8 YNPABACHUA ANNAPAMOE CO8MECMHO20 YNPAsie-
HUS 4eN08eK0-MAWUHHO20 UHmMepgelica cucmembl, N0 KOMOPbIM OCYULeCMBAIIOMCS NOCAed08amenbhble nepexoosl om 00H020
I1eMEeHMAapH020 08UNCEHUS K OPY2OMY.

Ilpusedensr pezyromamor anpobayuu cOBMECMHO20 YNPAGACHUS OBUNCCHUEM CYOHA C UCNOAb308AHUEM MAMEMAMU1ECKOU
Modeau Oeticmeuli U OMEemHbIX PeaKyull 6 HAMYPHbIX IKCNEePUMEHMAX NPU NOGbIUEHHbIX MPeb08anHusx K 6e30nacHocmu u
mounocmu deusxcenus. Chopmyauposanst 6b.600bl 00 IPHeKmueHocmu NPUMEHEeHU COBMECMHO20 YNPABACHUS 8 MPAHCHOPM -
HbIX Ipeamuveckux cucmemax "wesosek—mawuna”. Ilokazano, ymo 6 3mom cayvae 6 HauboabUeld cmenen UCHOAb3YIOMCA U
KOMOUHUDPYIOMCS 00CMOUHCMEA NAPMHEPOS N0 YNPAGACHUIO.

Karouesvie caosa: cucmema "wenosek—mawuna", 4ei068eK-onepamop, cOBMeCmHoe YnpasieHue, opean ynpasieHus, ae-

momam

BBenenue

s MoOHMMaHUS CyTH pelllaéMbIX 3ajad pac-
CMOTPUM MHpUMeEP YIIpaBICHMUSI aBTOMOOUJIEM IIpU
00y4YeHUU BOXIEHHUIO, KOTOPOE OCYILEeCTBIISIETCS
COBMECTHO O0y4YaeMbIM M HWHCTPYKTOPOM. Y4eO-
HBIII aBTOMOOMJIb OCHAllEH IOIOJHUTEIbHBIMU
TEXHUYECKMMU CPEICTBAMU, MTO3BOJISIIOLIMMU CO-
BMEILLIATh YIIPABJIECHUE NPUIIOXKEHUEM MYCKYJIbHbBIX
YCUJIMU K TeaaJyd TOPMO3a, K PYJIEBOMY KOJeCy
U T. 1. MOXHO NpUBECTU JOCTAaTOYHO MHOI'O aHa-
JIOTUYHBIX NPUMEPOB MPUMEHEHUS TEXHUYECKUX
CPEACTB U COBMELICHUS C UX MOMOLIBIO YIIpaBJIsI-
IOLIMX BO3JCHCTBUI Ha TEXHUUYECKUI 00BEKT JBYX
(unu Oosee) nulL U B Apyrux obmactsx. Bmecte
C TE€M COBPEMEHHBI YPOBEHb PA3BUTHUS HAYKU U
TEXHU KU MO3BOJISIET B HEKOTOPBIX CAyYasiX BMECTO
OOHOr0 M3 OIEPaTOpPOB, COBMEIIAIOIIMX YIIpaB-
JICHME, WCII0Jb30BaTh ABTOMATMYECKOE YCTPOU-
c¢TBO — aBToMmar. Kaxablii u3 AByX NeHCTBYIOIINX

yacTeil TaKOW IpraTruyeckoil CUCTeMbl "UyeIOBeK—
MamnHa" (CYM) nmeer cBOM JOCTOMHCTBA U He-
JNOCTAaTKM, BJIUSIONIME HAa KA4eCTBO WCIOJHEHMS
npouecca ynpapiaeHusd. [losatomy pacnpeneneHue
(GyHKUMI ynpaBaeHUsT M B3aMMOMAEUCTBUE YeJO-
Beka-oneparopa (HO) u ynmpapisiioliero apromara
(YA) 8 CUM 101:XHO OBITH OPraHM30BAHO TaKUM
oOpa3oMm, 4TOOBI HamboJiee IMOJTHO MCIOJIb30BaTh
NpeuMylIeCTBa OMOJOTMYECKOM M TEXHUYECKOM
yacteit CYM B mx B3aumopericteuu [1, 2]. Tex-
HUYECKHUE YCTPOMCTBA B3aUMOICUCTBUS HNOJIXKHBI
ObITb MPEAYCMOTPEHBI B YEJOBEKO-MalllMHHOM
uHteppeiice (YMU) cucremsnr [3, 4]. B kauectBe
TaKMUX YCTPOWCTB, KaK OyaeT moKa3aHO HUXe, MO-
I'yT WCTMOJb30BaThCsl OpPraHbl yIpaBJIeHUs arma-
paToB, KOTOpble BOCIPUHUMAIOT U pearupyoT Ha
MycKyabHBIe yeunusa YO. K HUM oTHOCATCST phI-
yaru ymnpapjeHUS, JTKOWCTUKU, KJIaBUIIU, Teaa-
JIV UJIU JpyTUE BOCIPMHMMAIOIIIME BHEIITHNUE BO3-
JEUCTBUS BJIEMEHThl ammnaparoB: BbIKJIIOYATENH,
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TMEepPEeKIIoYaTeNIM, pa3IMYHble KOMaHI0aNnapaThl,
WCIIOJIb3YEMBbIE B HACTOSIIIEE BPEMS IJISI PYYHOTO
yIpaBJICHUS.

UccrenoBanus B 0061aCT OpraHU3aliy yIipaB-
nsiemoit gesteapHocTu CUM ¢ momouiblo arnma-
paToB COBMECTHOTO YITPABJICHUS YEJIOBEKOM-OIIE-
paTopoM M YIPABISIOIIMM aBTOMAaTOM HaXOASTCS
Ha HaYaJIbHOW CTaAWU pa3BUTUS. AMIaparhl IS
COBMECTHOI'O YMpPaBJICHUS B YKa3aHHOM CMBICTIE
He pa3pabaThiBaanCh. B CBSA3M C 3TUM B HACTOS-
LIei cTaTbhe: MPEAJIOXKEHbI CIIOCOObl TEXHUYECKOM
peaqu3aluu ariapaToB COBMECTHOTO YIIpaBJie-
Hud nasg YMU; moiryyeHO MaTeMaTU4eCcKoe Mpea-
CTaBJIeHME pa3pabOTaHHOM B MHXXEHEPHOM ICUXO0-
JIOTUU MOJENU "MEeWCTBUI M OTBETHBIX peakluil’
nnast onvcanuss auHamyuku CYM B MHoromep-
HOM TNPOCTPAHCTBE COCTOSTHUW MPU COBMECTHOM
YIOpaBJICHUU OOBEKTOM; MPUBEACHBI PE3YJIBTAThI
anpobaluyy aJTOPUTMOB COBMECTHOTO YyIpaBiie-
HUS IBUXKCHUEM CYAHA.

B3aumopeiicTBue 4yejioBeKa H aBTOMATA
B COBMCCTHOM YIIpaBJICHHUH

M3zyuyeHue B3auMOAEHCTBUSI YEJIOBEKA U aBTO-
MaTa B COBMECTHOM YIIPaBJICHMU OOBEKTOM Oa-
3UpyeTcs Ha pe3yJibrarax, IoJy4YeHHbBIX B 00JIaCTH
"MPpOEKTUPOBAHMS B3aUMOACUCTBUS" KaK HAYyYHO-
ro HampaBjeHHUS Onaromapss padoram A. Kymepa
[5] 1 npyrux 3apy0exKHbIX U OT€UYECTBEHHBIX y4e-
HBIX [6—9].

OmHUM U3 OCHOBHEIX pe3yJIbTaTOB MCCJICHOBA-
HUM gBJsieTcs "HabOp MOBEACHUYECKUX 1Ia0JI0HOB —
XapaKTEePHBIX ITOBEACHUYECKUX MOJEIIei, ITOMOralo-
IIUX KJIacCCU(PUIIUPOBATh BapUAHTHI MCIOJb30Ba-
HUS OyIOylIEero MM CYILIECTBYIOIIETO IPOAYKTA'.
B HacToseit padote "LIabJIoOHBI" TPeACTaBASIOTCS
B (popMe MaTeMaTHuyecKux moxeneit aeiicteuii YO,
BBIpaXXKEHHEBIX Yepe3 IepeMelleHU ST OpraHOB yIIpaB-
nenuss YMMU. Kaxngoe neiicTBre 1 COOTBETCTBYIO-
1Iee mepeMelleHre opraHa yrpaBJIeHUsT o0y aa-
eTCsl ompeneecHHOM Lenbio. [loaToMy nposiBlIeHU-
€M HCKYCCTBEHHOrO MHTEJIJIEKTa YIIPaBIISIOLIETO
aBTOMAaTa SIBJISIETCSA IIEpeMElICHUE KM OpraHoB
yrnpasieHus YMMUM B coBMeCTHOM ympaBlieHUU
¢ YO. B pa6Gore [4] nns ctaguii ucciaenoBaHus u
MOAEIUPOBAHUS B3aUMOACUCTBUSA TEXHUYECKOW
n ouonornyeckoit yacrteit CUM BwIgeneHBI TpU
YPOBHS yIIpaBJIcHUS OObEKTOM CUCTEMBI: LIe/IeyKa-
3aHUe, MJAaHUpPOBaHUE U McHoilHeHue. KoHeuHas
(cTpaTeruyeckasi) 1ejb TaKOM CUCTEMBl — 3prama-
Ta — 3amaerca YO. DpraMaT MOXHO TIpelCcTaBUTh

KaK CHCTeMYy KooIlepaTUBHOI nmestenbHOCcTH YO
U aCCUCTeHTa — YA, T. €. YCTPOMCTBA, CaMOCTOsI-
TEJILHO BHITIOJIHSIOILIETO lieJIeHallpaBJeHHbIE aeii-
crBug [5]. Tlpm Ttakoit dopme B3amMOmeHCTBUS
spramMar ImpruodpeTaeT CBOMCTBO "eCTeCTBEHHOCTH'
(C TOYKM 3peHUSI YeJIOBeKa) — CIIOCOOHOCTH 00e-
CIIEYUTH "aHTPONOMOP(DPU3IM TEXHUUYECKOM 4YaCTH
CUCTEMBI HA KOTHUTUBHOM YpPOBHEe".

AHanu3 ucClIeNOBaHUN M TIPAKTUYECKUX pe-
aJlu3alliii COBMEILIAeMbIX YIIPABISIOIINX BO3-
IeWCTBUI Ha OOBEKT IMOKAa3bIBaeT, YTO OCHOBHOE
BHUMaHUE yAeasieTcss IpobiiemMe "coBmelmeHns"
BO3IEHCTBUII Ha HECKOJIbKO HWCIIOJHUTEIBHBIX
yctpoiictB CUM oT omHOTO opraHa ymnpaBJIeHUS.
Hanpumep, ycmemHo peaan30BaHO M XOPOIIO
3apeKOMEHI0BaJI0 ce0sI COBMEIICHHOE yIpaBlie-
Hue uctpeoureneMm CY-35 nmo nmpunuuiy HOTAS
(Hands On Throttle-And-Stick) — pyku Ha cekTo-
pe raza u pyuke ympanieHus [6]: "retunk Cy-35
Ha caMOM Jejie He YIpaBJISIET CAMOJIETOM, a C I10-
MOIIIbIO OPTaHOB yIIpaBJICHUS B KaOMHEe NH(POPMHU-
pyeT O CBOMX HaMEPEHMSIX CUCTEMY YIIpaBJICHMS,
KOTOpasl yXe cama pellaeT, KaK ONTHUMaJIbHBIM
[0 3aJJaHHOMY KPUTEpPUIO 00pa3oM peaan30BaTh
IMpYKa3 MHUJI0TA C TIOMOIIBIO MEPEMEIICHMUS a3po-
IWHAMHWUYECKNX YIOPaBISIONINX MOBEPXHOCTEH M
IMOBOPOTHHIX COIea aBurareiei’. 3agada, KOTO-
pas CTaBUTCS B HACTOSILEH CTaThe, 3aKJIIOUACTCS
B pacmiupeHnu pyHkouin YMU takum o6pasom,
4yTOOBl O cBoMX HamepeHHsIXx YC mHpopMuUpoBa-
na YO uyepes opraH ympapiaeHus. OpraHusamnuio
yepe3 opraH ynpasiaeHuss UMM ynpasasgiomux
Bo3naelicTBuil Kak HaMmepeHuit YO u YA Oymem Ha-
3bIBaTh COBMECMHbIM YNPABACHUECM.

Oco0eHHOCTH TEXHHYECKOIH peau3anun
COBMECTHOTO YNpPaBJI€HHS

OCHOBHOIT 0COOEHHOCTBIO COBMECTHOI'O yIIpaB-
nenuss B CUM gBnsgieTcs nmpuMMeHEHHE B COCTaBe
UMM annaparoB yIpaBeHUS HOBOIO THUIA — afl-
MapaToB COBMECTHOIO YyIpaBjieHUsA. DTO, B CBOIO
oudepelb, BIeUYeT 3a OO0 MPUMEHEHUE IJIST OIKCa-
HUus pyHknnonupoBaHuss CUM maremaTuyecKux
MoJeJieit, KOTopble YUUThIBAIOT aeicTBUs YO, BbI-
paxaloluecss B IepeMellleHUsIX opraHa yIpaBJie-
HUs Takoro amnmapara. JIroboe 3aHSITOe OpraHoM
yIIpaBJICHUS MOJOXEHUE NOJKHO paccMaTpuBaTh-
cd Kak HeoOxommmas MHMOpMaLUsS O COCTOSTHUU
CUM, Ttak Kak MOJOXEHWE OpraHa yIpaBJeHUs
HEMOCPEICTBEHHO M 4YacTO OYEeBUIHLIM 00pa3oM
CBSI3aHO C LIEJBIO YIIpaBJcHMUs OOBEKTOM KaK Ha
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YPOBHE MJIAaHMPOBAHMS, TaK Y HA YPOBHE MCIOJTHE-
Hus [10—13]. MudopManns o mojoXeHU opraHa
yIpaBieHus armapaTta COBMECTHOIO YyIpaBJIeHMS
JOJIKHA TI0 OOpaTHBIM CBSI3IM MepenaBaTbCcsl U
K YO, u x YA. B CUM nomkHBI OBITH IPEAyCMO-
TPeHbI Takke KaHaibl nepenayud HamepeHuit YO
n YA, 0 KOTOpBIX TOBOPUJIOCH BbIlie. Ha ocHOBe
aTux coobpaxeHuii npeacraBum CUM cTpyKTyp-
HoM cxemoit (puc. 1), BbIAEIMB B CUCTEMe ammapar
coBMmecTHoro yrpasieHus (AnCY) u ero cBsizu
C IPYTMMU KOMIIOHEHTAMU CUCTEMBI.

Buewmnsas cpeoa

Cucmema « Yenosexk—mauunay

Puc. 1. ®yHKIHOHAIbHAS CTPYKTYPA CHCTEMBI "4eIOBEK—MAIKHHA" C annapaToM co-

BMecTHOro ynpasjienusi AnCY

Fig. 1. Functional structure of the human—machine system with joint control apparatus
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Puc. 2. N300pa3uTebHbie MOAEIH ANNAPATOB COBMECTHOTO YNPABJIECHHS:

a — IUCKPETHOI'o NEeUCTBUS; 6 — HENPEePbIBHOIO AEUCTBUS
Fig. 2. Graphic models of collaborative control devices:
a — discrete action; 6 — continuous operation
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Yopasnenue o0beKTOM (puC. 1) OCYyIIECTBIIS-
ercst ¢ nomoibio AnCY B pexume, korna YO u
AnCY B3auMOJeHCTBYIOT Yepe3 opraH yIrpaBaeHUs
AnCY. Kananamu B3aumMopeicTBusi (BepOaibHBI-
MU, BU3yaJdbHbIMU M apyrumu) UMMU, mo koto-
pbiM Tiepeaaetcsa uHgopmanus ¥V u Y, YO cBsazan
¢ YA. C BHeuiHelt cpenoit CUM umeet ¢pusnueckue
n uHpopMmaunoHHsie csizu D, S, L. CoBMecTHOe
(pesynbpTUpyIOlIee) yIpaBieHre 0ObEKTOM SBIISICT-
cs pe3yJIbTaToM Ipeobpas3oBaHusa (omepaTopoMm ()
YIPABJISIOIIETO BO3AEUCTBUS U, CO34aBA€MOTO
YO, u ymnpapisiouero BO3AEUCTBUS
U,, BBIpAOATBIBAEMOTO YA W BOCIpH-
Humaemoro YO kak HamepeHHe I10
u3MeHeHu1o coctossHust CYUM:

u= G, u,).

IIpyHUIMT TOCTpOEHMS ammapa-
TOB COBMECTHOI'O YIPaBJICHUS Mpe-
CTaBJ€H W300pa3UTEIbHBIMU MOIE-
JIAIMU annapaToB Ha puc. 2 [14, 15].

Ilpy coBMelleHUH BO BpeMe-
HU YIPaBJSIONIMX BO3ICHCTBUIA Ha
00beKkT opraH ymnpapieHus I AnCY
(puc. 2) crocobeH mnepeMelaTbcs
KaK TOI JEUCTBUEM MYCKYJIbHOIO
yeunusa YO, Ttak u nod AEWCTBU-
€M KOMaHAbl, BbIpabaTbIBaeMOM
YA CYM [14]. B anmapare coBMecT-
HOIO YyMpaBJIEHUS MpeaycMaTpuBa-
IOTCd TIPUBOAHOE W TIpeoOpa3oBa-
TeJbHOE YCTpoiicTBa. IlepBoe M3 HUX
MPUBOIUT B ABUKEHNE OpraH yIIpaB-
JIEHUsI TI0 KOMaHae oT YA mpu coxpa-
HEHUHW BO3MOXHOCTH I€pEMEIICHUS
opraHa yIpaBA€HUS MYCKYJIbHBIM
ycunvem YO, a Bropoe dopmMupyet
CUTHAJI yIIpaBJeHUS B BUAE (PYHKIIMO-
HaJIbHOM 3aBUCHUMOCTHM OT COBMeIIlae-
MBIX YOPAaBASIOIIMX BO3IEUCTBUNA —
CHUTHAJI, HA KOTOPBII pearupyer o0b-
€KT, UI3MEHSS CBOE COCTOSTHHE.

Hnga YO curnan v, (a;ekTpuye-
CKO€ HaIlpsIKE€HHE), ToAaBaeMblii OT
YA Ha oOMOTKU 4, 5 MOASIpU30BaH-
HOTO DBJIEKTPOMarHUTHOrO MNpHUBOIA
C OCTOSIHHBIM MarHUTOM 6 B cOCTa-
B€ MarHuTorpoBoga (puc. 2, a), siB-
JIIeTCS HaMepeHHeM YA yCTaHOBUTH
opraH ymnpaBjieHUsI [ B ONpenccH-
Hoe moyioxeHue Q uau P (B 3aBUCHU-
MOCTHU OT MOJISIPHOCTU CHUTHAJIA V,).
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Ecnau 3T0 poncxonut, To TeM caMbIM (OPMUPY-
eTCsl CUTHAJl U = u, yIpaBjleHUsI 0ObEKTOM (CM.
puc. 1), KOTOpPBI C TOMOIIBIO 3aMBIKAIOIIETOCS
KOHTaKTa, HaIlpuMep KoHTakTa 3 (puc. 2, a), Ie-
pemaeTcss Ha MCITOJTHEHWE K YIpaBlIsIeMOMY OOb-
exty. Ecniu YO, npunepxuBasi pyKosaTKy [ arra-
para, MpernsITCTBYET €€ MepeMelleHUI0, HECMOTPS
Ha HaJM4ue CUTHaJa v, TO B pe3yjbrare OyaeT
copmupoBaHn curHan u = u, ot YO. Ilpu stom
nericTBUEe YA ocTaeTcsl TOJIbKO "HaMmepeHueM", Tak
KaK He WCIOJNHSETCS ammapaToM COBMECTHOTO
yrpasiaeHus (AnCY Ha puc. 1).

ATmrapaT COBMECTHOTO YMpaBJIEHUSI ¢ MHOTO-
MO3UIIMOHHBIM OpPraHoOM ympaBieHuss [ Ha
puc. 2, 6 cHaOXeH aHaJIOTOBBIM JAaTYUKOM YIJIO-
BOTO TiepeMelleHus] 3, KOTOphIi (opmupyeT Ha
BBIXOZIC CUTHAJI V, IPOMOPIIMOHATIbHBIN BETMINHE
u =u, + u, 10 NoJoXeHno Q opraHa yrnpasJeHHUS.
[lepemelieHue u, BUIKUA 2 OT HEUTPaJbHOIO MO-
JoXeHusT N 10 U3MeHsieMoro ToyioxkeHust P co3ma-
eTCs 2JIEKTPOMEXaHMYEeCKUM TTpeobpa3oBaTeyieM 5
C YEpBJAYHOI Mepenayein 4 mo curHamsy v, ot YA.
OTKJIOHEHUE u, OpraHa ynpaBJeHUs SBJSETCS MO0
CYIIECTBY KOPPEKTUPYIOIINM YTIpaBJIeHUEM, KO-
TOpoe peanusyercss MYCKYJAbHBIM ycuiueM YO,
MPeoaoJeBalolIMM TIPOTUBOACHCTBAE CO CTOPO-
HBI TIPY>XKWHBI OTHOCUTENbHO BUIIKHK 2. braromaps
yepBsiUHOW Tiepenadye 4 (puc. 2, 6) CBA3b MEXIY
2JIEKTPOMEXaHMUYECKUM Mpeodpa3oBaTeieM S U
BIJIKOH 2 OgHOHAIIpaBJIeHHAsI — OT IIpeoOpa3oBa-
Tens K Buske. [loaTomy ympaisionine n1eicTBUS
YO npu nepeMelieHun UM opraHa yrnpaBieHus [
He BausOT Ha pabory YA CUM u He u3MEHSIOT
CUTHaJl U, peaJu30BaHHBIN B ammapare B BHUIE
OTIpe/IeJIEHHOTO TTOJIOKEHM S OpraHa YIpaBJIeHUS.

Korma YO mepxxuT pyKoil opraH ympaBieHUSI,
TO 4Yepe3 TepeMelieHre PYKOSITKU M BO3HUKIIHNX
YCUJIUN W3-3a YNPYTOCTH TPYXKWH OH IOJyda-
eT WHpOpMaALIMI0O 0O HAMEPEHUSAX YIPaBISIONIETO
aBTOMaTa M3MEHUTh TEKYyIllee COCTOSHUE OOb-
ekta. [Ipu stom YO 3a cuer mepeMelleHUsT Op-
raHa ynpapjieHus (B mojioxeHue Q Ha puc. 2, 0)
KOPPEKTHUPYET YIpaBJsioline IeHCTBUS aBTOMa-
Ta (moyoxxeHue P Ha puc. 2, 6), eclim OH "HE CO-
rnamaetca” ¢ aBroMatoMm. Ecim YO He cosmaet
KOPPEKTUPYIOIIe BO3ACHCTBUS Ha OpraH yIpaB-
nenust (u, = 0), To ynpapiieHME OOBEKTOM OCY-
LIECTBJISIETCS TOJIBKO aBTOMATOM (U = u,).

[Ipy OTKIIOUEHUM WJIM OTKa3e aBTOMATHKH
yIpaBjeHUe OOBEKTOM 3PraTU4ecKOl CHCTEMBI
He TIpepbIBaeTCs, TaK Kak ero mpompoixkaer YO,
BO3ICHCTBYSI Ha OpraH yIpaBJICHUS arriapara co-
BMECTHOTO yTIpaBJICHMSI.

MopennpoBanue JeMCTBUA H OTBETHBIX peaKIuii
CHCTEMbI "JYel0BeK—MalmuHa"

YO, peanusys ynpasiasionue aeictsust 8 CYHM
yepe3 IepeMellcHU ST OpraHa yIIpaBJIeHMs anmapa-
Ta, MOXET IPOSIBASTh ce0s1 KaK MCTOYHMK CHUJIBI
U KaK UCTOYHUK CKOPOCTU MOACIUPYEMOIO IBU-
KEeHUs opraHa ynpajeHus. Pa3zHooOpasue neii-
CTBUI NPUMEHUTEIBHO K HEKOTOPBLIM allllapaTaM
COBMeCTHOro yrpasiieHHus [14—16] MoXeT OBIThH
orpaxeHo mogensamu 2I1, 3IT u MII, npencras-
JICHHBIMU HUXeE.

Mooeaw 2II. Mogenn, peanusyemas armapaToM
JUCKPETHOI'O ACHCTBUSA C ABYMS MO3ULIUSIMU Op-
raHa yInpaBJIieHUsI, HallpMMep BBHIKJIIOYaTeJeM Ha
puc. 2, a:

1

Mopeas 3II. Mogenb, peanmndyeMmasl ammapa-
TOM IHMCKPETHOTO AEHCTBUS C TpeMsI ITO3ULIUSIMU
opraHa yIpaBJIeHUsI, HAaIIpUMep MepeKJirodaTeseM
Ha puc. 2, a:

u=1-"Bxawuwums ..."
u=0-"Bokarouums ..."|

u=1-"Veeasuyumso ..."
u=0-"He usmenams ..."

2

u=-1-"VYuenvwums ..."

Pabota anmnapara (puc. 2, @) MOXeT ObITh OMU-
caHa Mogaenbio 3IT (2), ecnu ero mpuBoOA AOIOJ-
HUTh BO3BPAaTHOM MPYXWHOM, TNEpEeBOAIIIEH Op-
raH yrnpaBjeHus [ B HEUTpaJIbHOE ITOJOXEHUE N,
koraa curHaza v, = 0, u ucrnosab3oBaTb 00a KOH-
TakTa 2 1 3 nas GopMUPOBAHUS PEBEPCHUBHOIO
BO3JIECHCTBUS Ha YHpPaBISEMbIA OOBEKT IO IOJIO-
JKEHUIO u opraHa ymnpaBiieHUsS. KOHCTpyKTHBHbBIC
rmapaMeTphl amnmnapara BbIOMPAIOTCS M3 YCJIOBUS,
yT100bl YO npu HEOOXOAUMOCTU MOT MPEMSITCTBO-
BaTh MEPEMEIIEHUIO OpraHa YIpaBJCHUS I10 CUT-
HaJIy OT YIPaBJISIOIIEr0 aBToMaTa.

Mooeav MII. Monenb, peannsdyeMasl amnmapa-
TOM HEINPEPBIBHOTO ACHCTBUS C MHOTOIIO3UIIMOH-
HBIM OPTraHOM YHpaBJICHU S, HAIIpUMEDP C 3aJaTYN-
KOM MHTEHCHMBHOCTH 3 Ha puc. 2, 6.

U=, 3)
o=1-"Yeearuuums ..."
ow=0-"He uzmenams ..."

@)

o=-1-"Vmenomums ..."

Mooeav MIIC. Monenb, pealm3yeMmasl ariia-
paToOM HEIMPEepPBIBHOTO NEUCTBUSI C PETyJIUpyeMOit
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CKOPOCTBIO TepeMellleHUs oOpraHa yIIpaBjieHUS,
HampuMep C PeOCTaTHLIM JaTYUKOM YIJIa IOBO-
pora 3 Ha puc. 2, 6:

u=w
L } Q)
d=¢

e=1-"Vseauuums ..."

e=0-"He uzmenams ..." ©)

e=—-1-"Ymenowums ..."

YnopasneHue u 1 IepeMeHHBbIE » U &€ B IIPUBE-
JEHHBIX BBIPAXEHUSIX MHpPEICTaBJICHB B OTHOCH-
TeJAbHBIX eaMHMLIaX. TouKoil Hag OyKBOH 31€Ch U
Jajgee obo3HauyeHa omepaunus nuddepeHInpoBa-
HUA 10 BPEMEHU 1.

Monenu (1)—(6) He wcuyepnbIBAlOT MHOXe-
CTBO MOJIEJIEN NEMCTBUM PA3JIMYHBIX MO YCTPOW-
CTBY 3JIEKTPUYECKMX M 3JSKTPOHHEIX aIllapaToB
COBMECTHOI'O YIIpaBJeHUS IIpU pa3HOOOpas3uu
HCIIOJIb3YeMBIX CXeM IIOAKJIIOUEHMSI almnapaToB
K DIIEKTPUYECKHMM IEMsIM ymnpaBieHus. Paccmo-
TPEHHBIEC arlnaparbl U MOAEJIW NCUCTBUU Xapak-
tepHbl 111 CUM, B KOTOpBIX Ajs IIpeoOpa3oBa-
HUS 3JIEKTPUUYECKON 3HEPruyM B MEXaHUYECKYIO
DHEPTUIO ABUKCHUS YacTell "MaIlluHbI TTPUMEH SI-
IOTCS BJIEKTPOIPUBOIBI.

KomnnekcupoBaHue Monaeiaei neicTBUM U OT-
BE€THBIX PEAKIIMU BBIMOJIHUM Ha IIPUMEPE MOAEIIEH
(I) — (6) nnst 0OBEKTA YIPaABICHUS C COCPEIOTO-
YeHHBIMM MapaMeTpaMu, AIWHAMHUKa KOTOPOTrO
OINMUCHIBAETCS OOBIKHOBEHHBIMU JudPepeHIIN-
aJbHBIMM ypaBHEHUSMHU. Bocnomb3lyemcsi Me-
TOOOM IIPOCTPAHCTBA COCTOSIHUiI, II0 KOTOPOMY
coctosHue CUM mpencraBisieTcss u300paxaio-
e TOYKOM Ha TPACKTOPUM ABUKEHUS B CUCTE-
Me (a30BbIX KOOPAMHAT U TEKYIIETO BPEMEHMU.
I[IporpamMmMupoBaHUe YIIPABISIEMOTIO IBUKEHMS
00beKTa Ha CTaAMU ILUIAHMPOBAHMS YIIpaBICHMS
BBINIOJIHSETCSI C IIPUBJICYEHHEM TUIOTE3bl IIOJI-
HoI1 ompeneneHHOCTH [17], pacmpocTpaHsIeMoil Ha
onmucaHue NeHCTBUN M OTBETHBIX peakumii YO u
"mMamuHbe" B CUM [14].

Monenb peaklinii 00beKTa YyIIpaBIeHUsI, OOBIYHO
MOoJIy4aeMY Ha OCHOBE 3aKOHOB (pM3MKH, IIpel-
CTaBUM B (hopMe HOPMAJIbHOI CHUCTEMBI OOBIKHO-
BEHHBIX nupepeHIInaIbHbIX YPaBHEHUIA:

Xl =f1(x1, X2, ...,xn, ul, U2, ""MP);
.X'2 = f2(x1, X2, ...,xn, ul, UZ, ...,uP); (7)
X, = (X1, X9y ooy X, Uy, Uy, ooylp),

Tae X;, Xy, .., X, — (a30Bble KOOPAWHATHI, Xa-
pakTepu3ylolle TeKYIlee COCTOSTHUE OO0beKTa
ynpasienuss CUM; u,;, u,, .., up — nepeMeH-
Hble YIpaBJieHW s, 3HAYEHU ST KaX 0l U3 KOTOPBIX
orpenensieTcsl TOJIOXEHUWEM oOpraHa ympasJe-
HUSI COOTBETCTBYIOLIETO armapaTta COBMECTHOTIO
yIIpaBJeHUS.

[Ipennonoxum, ajisi o6o0ieHus, yto B YMHA
CUM npumenserca P, anmaparos moaenu 2I1 (1),
P, anmapatoB moznenu 311 (2); P, anmapatoB Moznenun
MII (3), 4) u P, annaparos moznenu MIIC (5), (6).
Beenem nomnonHuTensHO P, Ga3oBBIX KOOPAMHAT
xn+1’xn+2>"':xn+Pc BMECTO uPa+Pb+1a uPa+P,,+2ﬂ cee
. Up .p.p B cooTBeTcTBUM C (3); P, mepemeH-
HBIX  COCTOSTHUSL X, p 115 Xpip i35 -oos Xpi P42 Py
BMECTO Up p.p 15 Up,sp P20 - Up W Py miEpe-
MEHHBIX COCTOSTHUSL X, p .25 Xpip s -5 Xpip 2P,
B cooTBeTcTBUU C (5). O003HaUMM uyepe3 N = n +
+ P, + 2P, o6wee yncio pazosbix koopanHat CUM
X1y X9y weey Xpy Xy 4 15 - Xy M1 00BEIMHUM BCE (a-
30BbIe KOOpAMHATHI B MaTpully-cToybew X. Hdaee,
VCTIONb3YS AJIs1 KaX0TO YIPaBICHUS Uy, Uy, ..., Up
€ro Mojiesib B cooTBeTcTBUM ¢ (1)—(6), IoTyduM us
cucTtemMbl ypaBHeHU (7) MHOXECTBO Z HEMOJHBIX
MpeacTaBAeHU dJeMeHTapHbIX ABuxeHuin CYM

Z={X=F"(X),r=12,...,s (8)

B TIpocTpaHcTBe cocTostHmit RV ={txx XXy % XXy}
(1 + N) usmepennii. 3mecb F'(X) — BekTOp-
dyHkusg ot X, oroOpaxaromiasi IpaBylO0 4YacTh
cuctembl (7) u momenu (1)—(6); r — TOPSIAKOBBII
HoMep BekTop-pyHKuuu F'(X) B MHOXecTBe Z.

MHoxecTBO (8) sIBJSIETCSI MOJEbIO IEUCTBUN U
oTBeTHBIX peakuuit CUM. Yucio aneMeHTOB 3TO-
ro MmHoxectBa s = 2%a - 3P+ Fet by,

Anpodauus 371eMeHTOB COBMECTHOTO YNpaBJIeHHS
B 3PraTHYECKoOii cucreme "CyI0BOIHTEIb—CYAHO"

AJITOPUTMBI COBMECTHOTI'O YIIPaBICHUS AJIsI 3p-
raTUYeCcKOi CUCTEMBI "CYydOBOIUTENb—CYIHO" BbI-
pabaThIBaIUCh U IIPOBEPSIINCH HA OCHOBE ITIOCTPO-
€HMS MaTeMaTUYEeCKUX MOJeJIe TeUCTBUM, OTBET-
HBIX peakKlil ¥ HAaTYpHBIX 3KCIEPUMEHTOB BBOIA
CYyIIOB B KaMepy 1IJIl03a OT IPUYaIbHOIl CTEHKU
BHe nurio3a [14, 16]. i1 onucaHus AeACTBUM IO
CBSI3M MEXIY IOJIOXCHUEM OpraHa YIpaBJICHUS
(TJIaBHBIM ABHMIaTeeM) U YIOPOM BMHTA MCIIOJIb-
3oBaJiacbk Moaenb MII (3), (4). AuHaMuKa CUCTEMBbI
"CYyIOBOIMTENb—CYIHO" TNpeICcTaBjIeHa CUCTEMOI
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nuddepeHINaIbHBIX YPaBHEHUI B YEThIpEXMep-
HOM TIPOCTPAHCTBE COCTOSTHUI. YMCIIO 3]1eMEHTOB
mHOXecTBa (8) R = 3! = 3.

[Tpu KOHCTPYHPOBAaHUM TTPOTPAMMHOTO JIBUXKE-
HUS CyAHA 10 MHOXeCTBY (8) MCMOb30BaJIC KPU-
TepUii MAaKCMMAaJbHOTO OBICTPOACUCTBUS (B LIEJISIX
TTOBBIIIICHUWST TIPOMYCKHOW CIOCOOHOCTH 1ILTIO3a),
YUYUTHIBAJIVCh YCJIOBUSI TIOBBIIIIEHHON OMACHOCTHU
U TpeOOBaHUSI TIO TOYHOCTH TO3MIITMOHWPOBAHUS
CyIHa B KaMmepe IILTIo3a.

ANTOPUTMBI yTIIpaBJIeHUs] IBUXEHUEM OIHO-
BUHTOBOTO CyIHa TIOCTPOEHBI B BUJIE TOCJIEIOBA-
TEJIbHOCTH IWCKPETHBIX CHUTHAJIOB yIIpaBJICHUSI,
10 KOTOPBIM OCYIIECTBIISICTCSI TIEPEXOM OT OJXHOTO
3JIeMEHTAapHOTO ABMKEHUS K apyromy. OHU pea-
JIM30BaHBI ¢ TIOMOIIIBIO amnapara, (yHKIIMOHAJIbHO
MOIOOHOTO armapaTry ¢ MHOTOITO3MIIMOHHBIM Op-
TaHOM YIpaBJIeHUsI, M1300paxkeHHOMY Ha puC. 2, 0.

OrpaHuymMcsl TIpU PACCMOTPEHUM aJITOPUT-
MOB YIIPaBJIEHUS TOJBKO TTOCJIENOBATCILHOCTSIMU
HETIOJIHBIX TIPEICTaBICHUII 3JIEMEHTApPHBIX JIBU-
XKeHU u3 MHoxecTBa (8), KOTOpble ObIIM BKC-
TMepUMEHTAJIbHO alpoOWpPOBaHbBI, IPUYEM B POJIU
BKCITEPTOB BHICTYTAJIN CYIOBOIUTENN.

JIBU>keHUWe CynHa HauMHAEeTCs OT MpUYaIbHOM
CTEHKHU BHE 1ILJII03a (KOOpAMHATA TIOJIOXKEHUS CY/I-
Ha x; = —a, a > 0) U3 COCTOSAHUS TOKOSI CyqHa
(CKOpOCThb NBUXEHUS X, = (), KOOpAMHATA OpraHa
yrnpasieHus x; = 4 = () 1 3aKkaHYMUBaeTCs B TpeOy-
€MOM MecTe B Kamepe 1uito3a (x; = 0) coctosHueM
MOKOS cyiHa (0e3 IBUXKEeHUS: X, = 0, x3 = 0). Otum
COCTOSTHUSIM TIOKOSI COOTBETCTBYIOT TI€PBBIi U T10-
CJICIHUI 3JIEMEHTHI MOCIeI0BATEIbHOCTH 3JIeMEH-
TapHBIX nIBUXeHU#. CamMM MocienoBaTeTbHOCTHU
ISl pa3IUYHBIX aJTOPUTMOB YIIPABIECHUS IIPO-
JOJIbHBIM IBMKEHUEM CYIHA TPeICTaBUM C TIOMO-
b0 BPEMEHHBIX TMarpaMM U3MEHEHU ST CKOPOCTHU
® TepeMelleHns opraHa yrnpaBjieHus (puc. 3) 1o
monenu MII (3), (4).

Peanuzanust peleHus] KJIacCUYECKOW 3amauyu
MaKCUMaJbHOTO OBICTPOAEMCTBHS 1O aJTOPUTMY
"MOJHBIN BOepen — MOJHBIM Hazaa" Ha mocje-
JOBaTEJIbHOCTU M3 CEMM 3JIEMEHTApHBIX IBUXE-
HMM MoKa3aHa Ha puc. 3, a (Bapuant 1). Hagao
IBUXEHUSI — B MOMEHT #,, OKOHYaHWE IBUXKE-
HUSI — B MOMEHT #;. DKCIIEPTHBIE OLIEHKU TaKOTO
yIIpaBJICHUS OTpUIIaTeNIbHBIE: HEMOCTATOYHO 00e-
CIe4eHbl 0e30MacHOCTh U TOYHOCTH MO3UITMOHU-
pOBaHMS CyIHA.

VYrpaBieHue CyTHOM, KOTOpPOE SIBISICTCSI ONTH-
MaJIbBHBIM 1O OBICTPONEHCTBUIO TIPY OTrPaHUYCHUU
CKOPOCTH NIBUKCHHUSI CyIHa TIPU BBOAE €ro B Ka-
Mepy IIJII03a TI0Ka3aHo Ha puc. 3, 6 (BapmaHT 2).

1
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Puc. 3. Bpemennble auarpaMmbl ynpaBjieHHsi TPeOHbIM BHHTOM
CylaHa:

a — BapuaHT l; 6 — BapMaHT 2; ¢ — BapuaHT 3

Fig. 3. Propeller Propeller Program Timing Diagrams:

a — option 1; 6 — option 2; ¢ — option 3

Yucno saeMeHTapHBIX OBUXeHW — 9. Hauano
JIBUKEHUSI — B MOMEHT f;, OKOHYaHHWE JBHXKe-
HUSI — B MOMEHT fg. [lpomomxutenpHOCTh BBOAA
CyIHa B KaMepy 1LTio3a yBeJnuujiock. Hemocratok
yIpaBjJeHUsI — HE TapaHTUpOBaHa HeoOXomumas
TOYHOCTb OCTAHOBKM Cy[IHa B KaMepe 111034,

Ha puc. 3, ¢ (BapuaHT 3) moka3aHo yrnpaBJieHue,
Y KOTOPOTO K MPEAbIAYIIEMY aJITOPUTMY yIIpaBJie-
HUSI A00aBJIEHO CHUXEHHWE CKOPOCTU JBMKEHUS
CylHa TIepea 2JeMEHTapHBIM IBUXKEHUEM Ha 3a-
KJIIOYUTEJBHOM YYacTKe TPaeKTOPUM aKTHBHOIO
TOPMOXEHUSI cyaHa. Yucao ajeMeHTapHbIX JIBU-
KeHuit — 11. Havyaso aBUXEHUS — B MOMEHT 1,
OKOHYaHUE IBUXEHUSI — B MOMEHT f,. [lo cpaB-
HEHUIO C ONTUMAJbHBIM TI0 OBICTPOACHCTBUIO
IBUXKEHUEM IPOJOJKMTEJIbHOCTh BBOAA CYAHA
B KaMepy 1JII03a YBEJIMYUJIACh HA TOM Xe JAJIUHE
nmytv Ha 40 %. [loBbIllIeHa TOYHOCTh MO3UIITMOHHU-
pOBaHUS CylHA B Kamepe 1r3a U 0€301acHOCTh
YIIPaBIsSIeMOro IBUXKEHHUS. DKCHepTHas OlieHKa
aJIrTOpUTMa yIpaBJeHUS MOJOXUTEIbHAs.

DKCHEepUMEHTHI MMOKa3aau, YTO TJIaHUPYS JBU-
JKEHUEe CydHa, T. €. MepPexXoibl OT OJAHOIO 3JieMEeH-
TapHOro ABMUXKEHUA K APYromMy 3JIEMEHTapHOMY
JIBUXKEHUIO, HAIIPUMEP YBEJIMYNBAs UM yMEHbIIIas
CKOPOCTb IBUXEHUSI, CYAOBOAMUTED IPEACTaBIISET,
M3 KaKOTO TOJIOKEHUS 1 B KAKOe TOJIOKEeHUE He00-
XOIMMO TIEPEBECTU OpraH yHpaBJeHUsl, T. €. 110 Cy-
IIECTBY pelllaeT AOCTAaTOUHO MPOCTYIO TEPMUHAIb-
HYI0 3aJa4y, CBSI3bIBas XKeJaeMoe IBUXKEHUE CyaHa
¢ TpeOyeMbIM IBMKEHUEM IIYyTeM MepeMelleHNs
opraHa ymnpaBJ€HHUS B ONpeAeJeHHOE MM II0JIO-
KeHue. TOYHOCTh TaKOro yIrpaBjieHUus U Oe3onac-
HOCTb MJaBaHWs MPU HAJMYUM aJeKBaTHON Ma-
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TEMATUYECKOM MO YIIPABISEMOTO ABUXEHUS
CyAHa MOTYT OBITh MOBBILIEHBI YIPABASIOIIUM aB-
TOMAaTOM Ha OCHOBE HEOOXOOMMBIX MaTeMaTuye-
CKMX BBIYMCJICHUMN 1O MOJIEJIN JCUCTBUN U OTBET-
HBIX peaKLMil C TIOMOIIbIO yITpaBisolleir DBM.

3akiaoyenue

IIpenyioxkeHHBIN crtocoO pacnpenesieHus: GyHK-
uuii ynpaieHusa mexay YO m YA B spratuue-
ckoit CUM c moMolIpio anmapaTroB COBMECTHOTO
yIpaBJeHUsI CIOCOOCTBYET IOBBLIIEHUIO 3P deK-
TUBHOCTH (0€30ITacCHOCTH, HaJeXXHOCTU, TOYHO-
CTHU) yIIpaBjeHUs AUHAMUKON coctostHusa CUM.
IIpyHUIMO MOCTpPOEHUs TaKMX alllapaToB IOKa-
3aH C ITOMOIIBIO M300pa3uTEIbHBIX MOJIEIIC arm-
MapaToB AMCKPETHOIO U HEIPEPHIBHOTO ACHCTBU S
C DJIEKTPOMEXaHUYECKUMU MPUBOIHBIMHU YCTPOM-
CTBAMU, YIPABISIEMBIMU OT YA.

MareMaTuueckoe omnmucaHue BepOaJbHONH MO-
Jenu JOEeACTBUM M OTBeTHBIX peakuuit CUM,
pa3paboTaHHOII B WHXKCHEPHON IICMXOJIOTHUH,
BbIpaXX€HO MHOXECTBOM HEINOJHBIX MpeacTaB-
JICHUU 2JIEMEHTApPHBIX IBMXEHUMN B €IMHOM [JIS
HuX TpocTpaHcTBe coctostHuit CYUM. Cucremsl
OOBIKHOBEHHBIX nUPdepeHInaTbHbIX YPaBHEHU
3TOTO MHOXECTBA SIBIISTIOTCS MCXOMHBIM 0a3mMcoM
IUIST KOHCTPYUPOBAHUS YIIPABISIEMBIX IBUKCHUA
obbekTa CUM Ha cTtagusax MJaHUpPOBaHUS U UC-
MOJTHEHUSI COBMECTHOTO YIIpaBJICHUS.

B coBMecTHOM yIIpaBieHUU peaaInu3yloTcs Ipe-
MMYIIEeCTBA aBTOMAaTUKHM ITO TOYHOCTU U OBICTPO-
JNEMCTBUIO NEWCTBUI ITO CPAaBHEHUIO C BO3MOXHO-
cramu YO. I1pu 3TOM coXpaHSIIOTCS BO3MOXKXHOCTH
peanu3anuu GyHKIWI yIIpaBaeHU KBaaIuDUIIU-
poBaHHBIM YO B CIOXHBIX UM HENPEABUIACHHBIX
CUTyallUsIX.

ITpakTHyeckoe NMPUMEHEHNE COBMECTHOIO YII-
paBJIeHUS 1IeJIeCOO0OPa3HO B JPraTMYECKUX CH-
creMax "JeJloBeK—MallliHa", KOTOpbIE SIBIISIIOTCS
CJIOKHBIMM MHOTOIIEJIEBBIMA U MHOTOPEXKMMHBI-
MU CHCTeMaMHM, padOTaloOlIMMHU B YCJIIOBUSIX M3-
MEHSIOIIENCS 00CTaHOBKM, OCOOEHHO B allpuopu
He TIpencKa3yeMOM pa3HooOpa3uu, YTO XapaKTep-
HO, HaIpuMep, IJis IMOABUXKHBIX O0BEKTOB B pa3-
JUYHBIX cpegax. IloJIOXXKUTeabHbIE pPe3yJabTaThl
MOJIy4YMJIa armpodanusi COBMECTHOTO YIpPaBICHU S
B CUCTeME "CYJOBOIMTEIb—CYIHO" MPU pelIeHUU
3a/1a4 ONTUMAaJbHOIO 10 OBICTPOAECUCTBUIO U O€3-
OITAaCHOTO MO MCIOJIHEHUIO BBOJA CYAHA B KaMepy
11111034,
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Abstract

We consider the problems of implementing control actions on the object in the ergatic system "man—machine", combined
through the control body of the human-machine interface apparatus, in order to effectively distribute the control functions
between the human operator and the system’s control automat. Peculiarities of technical realization of operating influences on
object ergatic system using the apparatus combines new type of control, through a management body of which is communica-
tion between a human operator and automatic system. The principle of construction of joint control devices is shown with the
help of pictorial models of discrete and continuous operation devices that have an Electromechanical drive device that reacts
to signals from the control machine due to the movement of the control body. The devices provide for the possibility of moving
the control body and the muscular effort of the human operator. For the verbal model of actions and responses of the human
operator and the machine, adopted in engineering psychology, mathematical models of joint control of the object of the ergatic
system, describing the movements of the control body, are developed. The mathematical model of the response of the controlled
object of the system is represented by a normal system of ordinary differential equations. As a result of composition of models
of actions and reactions for the system "man—machine” obtained a finite set of incomplete representations of the elementary
movements depicting point in the state space, which is constructed for controlled movement of an object in a sequence of
elementary movements. Virtual discrete control signals corresponding to specific positions of the control bodies of the joint
control devices of the human-machine interface of the system, which are used for sequential transitions from one elementary
movement to another, are determined. The results of approbation of joint traffic control of vessels using a mathematical model
of actions and responses in full-scale experiments with increased requirements for safety and accuracy of movement are pre-
sented. Conclusions are formulated about the effectiveness of the use of Sov-local management in transport ergatic systems
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"man—machine”. It is shown that in this case, the advantages of management partners are most used and combined.

Keywords: human—machine system, human-operator, joint control, control body, automatic machine
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NcKycCTBEHHbIV MHTENSEeKT:
MeTadpopa, Hayka U MHhopMaLMOHHAA TeXHOMOrus

B nacmosauwee épema Hayunoe Hanpaenenue 8 uHgopmamuxe, Memagopuiecku HA3bI6AeM0e UCKYCCMBEHHbIM UHMEANeK-
mom (UH), a makoice ungopmayuonnsie mexnonrocuu, NOCMpPoeHHvle HA e20 0CHO8e, NPUOGPemAarm cmpameuyecKyro 8aic-
HOCMb KaK meopemuyeckKull u mexmosoeuveckuil 6asuc yugpoesot sxonomuxu XXI eéexa. Bedywue sxonomuku mupa uneecmu-
Dpyiom oepomHble deHbeu 6 uccaedosanus u pazpabomxu no UHU. B psde cmpan, nanpumep, 6 CIIA u Eepone, nauamust pabomvt
no cmandapmu3zayuu mexnoaoeui UU. B Poccuiickot DPedepayuu I[Ipezudenmom noonucarna "Hayuonmasvnas cmpameeusn
paszeumus mexroaoeui 6 oonacmu UH".

O0HaKo HYJHCHO NPU3HAMb, YMO 00 HACMOAW,E20 8peMeHU cpedu ucciedogamenell U paspabomuuKos, 6KAOUAA CNeYUalUu-
cmoe undycmpuu HH, noka umo nem edunoeo mueHus 06 obsexme uccaedoganuii UH, o eeo yenrsx, HayuHom codepicanuu,
memodoaozuu, memodax u areopummax HH, o cywecmee eco mexnonozuil U 06 aKkmyanbHbulx HANPABACHUAX €20 PA38UMUS.

B dannoti pabome UH paccmampusaemces Kak Hay4Has OUCYUNAUHA, KOMOPAs A645emcs pa30eiom ungpopmamuku. B neil
00BeKmom Uccaedo8aHUll A6AAOMCS 3HAHUS, A HAYYHOe codepicaHue onpedensemcss Memooos0UIMU, Memodamu U aieo-
pummamu noay4eHus, opmaivHo2o npedcmasaenus, a maKice UCnOAb308aHUSA 3HAHUL 8 NPUKAAOHBIX CUCMeMax NPUHAMUS
pewenuli. Ungopmayuonnsie mexnonocuu, nocmpoenHsie Ha meopemuueckoi 6ase HHU, nazviearomesa unmennexmyaibHoimu
mexHon02UAMU, Uau mexrorozusmu UH.

Jlaa obocHoeanus 3moii mouku 3peHus 8 pabome Kpamko ONUCLIBAIOMCS OCHOGHble smansl paszeumus MU, anaausupy-
lomcesa pazauuHvie acnekmul uccaedoganuti MU u unmensekmyanvHuiX mexHono2ull, a makce pa3Au4Hvie MOYKU 3PeHUs HA
HUX 8 CMEJCHbIX 004acmaAX U 8 MelcOUCYUnAUHapHom konmeikcme. Ilpogodumcs anaaus codepicanusi 6a308bIX HAYHHbIX U
NPUKAAOHBIX NPOOAEM NOAYHEHUS, NPe0CMABACHUS U UCNOAb308AHUSA 3HAHUU, @ MAKICe KOHKPeMHbIX NPUKAaoHblx 3a0au U U,
Komopbuie, N0 MHEeHUI0 agmopoe pabombl, 00ANCHbI COCMABUMb OCHOBHOE cO0epiicanue 00POICHOU Kapmul UccAe008aHULl U NPU-
KAQOHBIX paszpabomok 6 pamkax ynomanymoii Hayuonanrvrnoii cmpameeuu pazeumus mexuvosoeuii HHU.

Karueenie caoea: LICKyCC”’lGeHHbIIZ unmenaiekm, qubOpMdleICll, 3HAHUA, noay4eHue 3HaHuﬁ, npe@cmasﬂeﬂue 3HOHu12, uc-

Nn0Ab308aHUE 3HAHUL, NPUHAMUE PeUuleHUl

BBenenue

B Hacrosiee Bpems Hay4yHOE HarmpaBlIeHUE
B uHGpOpMATHKe, Ha3blBaeMoe MeTapopudecKu
"ncKkyccTBeHHBIM MHTeMNeKT' (M), a TakxKe WMH-
¢opmanmonHsie TexHonoruu (MUT), nmocTpoeHHEIE
Ha ero OCHOBE, IPUOOPETAIOT CTPATETMYECKOE 3HA-
YeHUE KaK TEOPETUYCCKMU M TEeXHOJOIMUYeCKUit
6as3uc uudponoit sxkoHoMuku XXI Beka. Bemyuiue
SKOHOMMKM MHpPa BKJAIbIBAIOT OIPOMHBIE CpEl-
CTBa B MCCJIEIOBAHUS U pa3paboTku B obynactu N
Y MHTEJJIEKTYaJbHbIX TexHoJoruii. B psage crpaHn,
Hanpumep, B CIIA HayaThl pabOTHI 11O CTaHIAPTU-
3auuu texHonoruit UN. B Poccum IlpesuneHtom
noanucana "HanuoHalbHast cTpaTerusl pa3BUTHUS
TEXHOJIOTUI B O00JIACTU MCKYCCTBEHHOIO MHTEI-
nekTa” (manee miasg kpatkoctu — HC).

B HC MU paccmarpuBaeTcsi Kak "KOMIIIEKC
TEXHOJIOTUYECKMX PEIICHU, TTO3BOISIOIINX UMU-
TUPOBaTh KOTHUTUBHBIE (PyHKIIMU YeJIOBEKa, IO-
Jly4yasi pe3yJbTaThl, CONOCTABUMBbIE KAK MUHUMYM
C pe3yabTaTaMM WHTEJICKTYaJIbHOM ACSATEIbHO-

ctn yenoBeka” [1]. Takoit B3rnsga Ha MU, mo MeHb-
lIeid Mepe, HaCTOpa>KMBaeT, MOCKOJbKY OH SIBHO
IIPOBO3TJIallaeT 3aJa4y "MMUATAIIMN KOTHUTUBHBIX
¢GyHKIM 4YeaoBeKa' KaK caMOIlelb CTPaTeruu,
JIJIs1 peaau3aluy KOTOPOU U NOJIXKeH ObITh CO3JaH
"KOMILIEKC TE€XHOJIOTUYSCKUX PeIIeHU".

OngHako ciaeayeT NpuU3HATh, YTO B HACTOSIIEE
BpeMS$ Cpelu YUYE€HBIX 1 CIIELIMAJNCTOB B 00J1aCTHU
nHdopMmaTuku 1 UT, BKIoYast MHAYCTPUAIbHBIX
pa3paboOTUMKOB HOBEHIIMX IMPUJIOXKEHUI TEXHO-
noruit MU, vet enmHOrO0 MHEHUS 00 OOBEKTE MC-
caenoBanuii UM, o uensgx u CylmiecTBe 3TUX UC-
clIemoOBaHM U pa3pabOTOK, O HAYYHOM COAEpKa-
HUU U CcHeHn(pUUIEeCKON METOMOJIOTUYECKOil Oase
NN, 4yTto BegeT K HEOOAHO3HAYHOMY MHEHHUIO M
o cyuiecTBe TexHojoruii MN.

Cpenu y4yeHBIX W CIICIMAJMCTOB B 3TOH 00Ja-
CTU Hepeako BCTpevaroTcss MHeHus o6 MM kak
00 aJIbTepHAaTUBE €CTECTBEHHOMY WHTEJIEKTY,
pealn30BaHHON B BRIYMCIUTEILHON cpene. 3aMe-
TUM, 4To Touka 3peHus1 HC mo cyuiecTBy Ipo-
BO3TJIalllaeT IMIPaKTUYECKU Ty Xe TOUKY 3peHUs Ha
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ypoBHe odulimaibHOro MHeHMs. [Apyrue mnpen-
CTaBUTEJM HAYYHOI'o cooOllleCTBa HACTANBAIOT Ha
"Belylleil poji KOMIIbIOTEPHBIX HAYK B PA3BUTUU
WCKYCCTBEHHOI'O MHTENJIEKTa" U YTBEPXKIAIOT, UTO
"OcHoBHasl mpoOJjieMa pa3pabOTKM "KOMILJIeKCa
TEXHOJIOTUYECKMX peIIeHUN", O KOTOPOM WAET
peub B HC, npexae Bcero, B apXuTeKType u "Mpo-
rpaMMHOM O0OecIeuyeHUn" caMuX "MHTEJIEeKTyalb-
HBIX" Berumciuresei” [2]. CylIecTBYIOT U ApyTHe
TpakToBKHU cyuiectBa MU, koTopbie B OOJBIIUH-
CTBE CBOEM pacCMaTpUBAIOT COAEpXaHUE U Lenu
NN nubo ogHOOOKO, MO0 BHe KoHTekcTta MT.
K coxaneHu1o, B IMCKYCCHSIX Ha 3Ty TeMYy Hepel-
KO OCHOBHBIE YCUJIUSI PacXoayloTcsl Ha (unocod-
CKy10 TpakToBKY MU, M 3HAUUTENBHO pexXe 3a-
TparvBaloTCs JeTald ero Hay4yHOro CoAepKaHMUSs.
KpoMe Toro, 3ToT Iiopaivu3M MHEHUH CUJBHO
YCJIOXHSIETCSI TPAAULIMOHHBIM HEBEXKECTBOM XKYP-
HaJIMCTOB, CO3AAIONIMX WH(POPMALMOHHBIN 1IyM,
3ariylamiMii MHEHUS CIIeIMaJIMCTOB U aKTUBHO
MpOABUTAEMbIii B OpraHbl MCIOJHUTEIbHOW Bja-
ctu. B pesynabrare Takoro pazHooOpas3usi B MOHU-
manuu cyti MU kak Hayku, 9MOLMOHAJIbHBIX U
4acTO MCKaXXEHHbBIX OLEHOK MOSIBJASIOTCS BeCcbMa
onHOOOKMe TpakToBKM 1eneit u 3anay HC. Cnen-
CTBHMEM 3TOr0 MOXET OBbITh MPOBaJI BCeX Mepeao-
BBIX mexHoaoeuueckux HamepeHuii HC.

[lpencraBisieTcsi, 4TO KJIIOUEBOE COAepXaHUe
HC npeacraBneHo TepMUHOM "KOMIIJIEKC TEXHOJIO-
TMUYECKUX PElIeHN", 1 COBEPIIEHHO OYEBUIHO, YTO
pedb UIET O TAKUX PELIEHUSIX B 00J1aCTU MHTEJJIEK-
tyanpHbiX UT. B 3TOM cocToMT TparmaTuyeckas
nenxb HC, xotopast B cBoeli IipeamOyiie SIBHO acco-
LIMUpYyeTCs ¢ TAKMMM TIporpamMmamMu, Kak "Crpare-
rusi pa3BUTHS MH(pOpMAIIMOHHOTO obIiecTBa PP
Ha 2017—2030 rompl', HaUMOHAJILHASI IIPOrpaMMa
"ndpoBasi skoHomMuka P®", mopoxHble KapThl
"HammoHabHOM TEXHOJIOIMUYECKONH WHUIIMATUBHI
W C IPpyTUMU IIporpaMmamu, "3¢p¢GEeKTUBHOCTh pea-
JI3aIMU KOTOPBIX MOXET ObITh TMOBbBIIIIEHA 332 CUET
ncrionbp3oBanud Texnonornii UU" [1, cTp. 2].

B nanHoit paboTe HayyHOe HaIlpaBJieHUE C Ha-
3BaHMEM "MCKYCCTBEHHBIM WHTEJJICKT TPaKTy-
eTcsl ¢ TMparMaTuyeckuMX TO3UIUK KaK OAUH U3
paznesoB MH(POpPMAaTUKU, B KOTOPOM TPUHSITHUE
pelleHuit OCHOBBIBAETCSI HA 3HAHUSAX, & €T0 Hayy-
HOe colepxKaHue ONpeaessieTcs] MeTOI0JI0OTUSIMU,
METOIaMUu U aJTOPUTMaMU HOAY4eHUs, KOMIIbIO-
TEPHOTO npedcmasaeHuss U UCNOAb308AHUS 3HAHUU
B TIPUKJIAJAHBIX CUCTeMax NPUHSTUS PEIIeHU.
B cBoro ouepenb, uHTe/mnektyaabHbie MT pac-
CMaTpUBAIOTCSl KaK "KOMIJIEKC TEXHOJOTUYECKUX
pemeHuit", o KoropoM uaet peusb B HC.

MU xax pasgen nHGOpMaTUKY HE CTaBUT LEIN
BOCIIPOM3BEICHNSI €CTECTBEHHOrO0 MHTENJIEKTa C
KakKon-TO MEpPOM aHAJOTMMU M HE MNPETEHIAYET Ha
co3MaHue aJIbTepHATUBHEI E€CTECTBEHHOMY WH-
tesekty. HC Toxe He IpeTeHIyeT Ha CO3JaHue
"cunpHOTO MUN", MOTHOCTHIO peai3yIolero Bo3-
MOXHOCTH €CTECTBEHHOIro HWHTeajdeKTa. B Onu-
Xamlluee BpeMs, KOTOPOE OXBAaTbIBAET BPEMEHHOM
ropu3oHT peanusauuu HC, ato Oymet aGcoiior-
HO HEBO3MOXHO, U B 3TOM aBTOpPBI JAHHOW pa-
OOTHl COMMIAPHBI C MHEHHWEM aBTOPOB PadOThI
[2]. B xoHTekcTe coBpeMeHHoro nonumanuss MU
€ro CBSI3b C €CTECTBCHHBIM MHTEJIJICKTOM BUIMWT-
ca B ToM, yTo MU BKIIIOYaeT B CBOW METOHOJIO-
rMYeCcKUii 0a3uCc METOABl MPUHSITUS PELICHUI Ha
OCHOBE 3HAHUI, KOTOPHIE B YEM-TO aHAJIOTMYHBI
WJIM CXOXU C METOIAMM, IIPUMEHSIEMbIMU YeJI0BE-
KOM, KaK OHM MTOHMMAIOTCS ceiryac.

OnHakoO OCHOBY METOHOB IPUHSATUS PEIICHUM
B cuctemax MM, BKitouass 1 MeTOAbI, pacCMaTpu-
BaeMble KaK aHAJIOT'U IIPOLIECCOB IMPUHSITUS pelle-
HUI 4YeJIOBEKOM, COCTABJISIIOT BCEe-TaKM 3HAHWS,
a He KOHKpPETHBIE M TeM 0oJjiee 00s13aTeIbHO 4Ye-
JjoBeueckue mexaHusmbl. B pamkax UT TepmuH
"MCKYCCTBEHHBII1 MHTEJUIEKT MCIIOJIb3YyeTCsl B Ka-
yecTBe MeTadophl, YOOOHOH s HO3UILIMOHUPO-
BaHUS METOAOB, aJITOPUTMOB, MHCTPYMEHTOB U
texHoyioruit U B KoHTeKcTe 6ojiee oOIIei HayKu,
Ha3biBaeMoil "W H@opMaTuKa" M TEXHOJIOTUI, Ha-
3piBaeMbIX "MH(MopMmammonHele TexHomoruu". Ta-
KOW IparmMatuyeckuii B3risia Ha M, ouniueHHbIA
oT GuI0CcO(GCKUX aCIEKTOB, OTASACHHBINA OT IIPO-
01eM (GU3MOJIOTMM MO3ra M 3allMINEHHBIA OT MH-
¢dopMalIMOHHOrO IIymMa '"CIelraIncTOB", HEOOXO-
IUM IJIs TOro, 4To0nl paccMmaTpuBarb HC ¢ mpar-
MAaTUYECKMX TO3UINI, TUKTYIOIIUX aJeKBaTHYIO
JOPOXHYIO KapTy HCCIEHOBAaHMNM U pa3paboTOK
B MHTEpecax CO3MaHUs LIEJIEBOro "KOMILIEKCA TeX-
HOJIOTMYeCKMX pelneHui” Ha ocHoBe MU n ux mo-
CJIEAYIOIIETO MCIIOJb30BaHUS IJ1s1 3(P(PEeKTUBHOrO
pelreHus 3ama49 HUGPOBOIl SKOHOMUKMU.

s [DOCTMXKEHUSI IIOCTaBJICHHBIX  IIejei
B JajJbHEHIleM MaTepualie padOThl CHayajga Kpa-
TKO XapaKTEePU3YIOTCS OCHOBHEIE 3TaIlbl Pa3BUTHU S
MU n unTennextyanbHbix MT, aHanusupyrotcs
paszanuHble pobiemsl MM u pa3Hble TOYKHU 3pe-
HUS Ha MX peaJin3alliio B BUIE MHTEIJICKTYyaslb-
HBIX TexHoJjoruii. OCHOBHOE coaepxkaHue padoTh
KacaeTtcs xapaktepuctuku M v nHTeIIeKTYyanb-
HbIX M'T Kak HEOTbeMJIEMbIX KOMIIOHEHTOB WH-
¢dopmaTtuku. B 3TOM KOHTEKCTE MPUBOAUTCS aHa-
113 6a3o0Bbix npobisem MU, ompepensiomux co-
BPEMEHHBIE TEXHOJIOTHMYECKHE TPEHIbI, PEIICHUE
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KOTOPBIX, IO MHEHMIO aBTOPOB, AOJIXKHO OMpese-
JISITh CYIIECTBO JOPOJCHOU Kapmsl UCCIEIOBAHUN
U IPUKJIaIHBIX pa3paboOTOK, U KOTOPbIE MO3BOJSIT
co37aTh 1IEJEBOM "KOMIJIEKC TEXHOJIOTUYECKUX
pelreHnit" Kaxk pe3yasrar BeinmoaneHus HC.

Hemmnoro HUCTOPHH

CTporo o4epTuTh Kakoe Obl TO HM OBLJIO Ha-
Y4YHOE HampaBjieHHe HEBO3MOXHO B MPUHIIMIIE, U
JI0KA3aTeIbCTBOM TOMY CJIY>KAaT MHOTOYMCIICHHBIE
Oe3yCIlellIHbIe IONBITKM IPEACTaBUTh HEpapXu-
YeCKyI0 KyaccupuKalio HayK1, BCTPOUTH B HEe
HOBBIE MEXIVCIUTIMHAPHBIE TPOOJIEMBl M HOBBIC
Hay4HbIe HAIIPaBJICHMsI, KOTOPbIE TOSIBIISIIOTCS pe-
ryaspHo. Enie cioxHee ObLIO OBl OnucaTh KakK-TO
CTpOro HayyHoe HampaBiieHue "McKycCTBEeHHBIN
WHTEJIEKT", B Ha3BaHNWE KOTOPOTO BXOAUT TaKOM
COBCEM YyXe HeOoIlpele/JeHHbI KpPOCC-IOMEHHBIN
TepPMUH, KaK "MHTEJJIEKT", UCIIOJb3yeMBbIil B psiae
HayK 4 B OYeHb pa3HOOOPa3HOM CMBIC]IE.

BaxXHO OTMETUTB, YTO B IEPUOJ 3aPOXKICHUS
MU xax pasgena KWOEpHETUKU €ro OIMCaHME He
ObLJIO CBSI3aHO HAIIPSIMYIO C MHTEJIJIEKTOM YeJIOBE-
ka. Cornacno JIxx. Makkaptu UU-ucciaenoarenun
BOJIbHBI "HMCIOJIb30BaTh METOAbI, KOTOpPhIE HE Ha-
OI0JaI0TCs Y JI0[EH, eCIU 3TO HeOOXOAUMO IS
pelIeHnsT KOHKpPETHBIX npobiaeM” [3]. B aToit n-
TaTe CaMbIMU BaXHBIMU SBJISIOTCS CJIOBa — "IJIS
pelleHus] KOHKPEeTHBIX MpobjeM”. DTO MogYepKu-
BaeT TOT (aKT, YTO caM TEPMUH "UCKYCCTBEHHBIM
MHTeJUIeKT" I ocHoBateaen M kak HaydHOTO
HampaBJICHUS HE SIBJISIJICS BaXXHBIM, BaKHee OBLIIO
colepXaHue, KOTOPOe OHU B HEro BKJIAJAbIBAJIH.

B mpouecce 6omee yeM 60-I€THUX UCCIEA0BAHUIA
M pa3paboTok B oonmactu U naMeHs1och comepka-
HUE €ero 3ajady M CyIIeCTBO €ro MeTOJOB, MHCTPY-
MEHTHBI JJIsl UCCIEAOBAaHUI U MPUOPUTETHOCTh pa3-
neiaoB M. CoOTBETCTBEHHO M3MEHSIJIOCh COOEP-
)KaHWEe U MHOXMJIOCh YUCJIO TPAaKTOBOK TepMHHA
"MCKYCCTBEHHBIN MHTEIEKT". DTa ITMHAMUKA UMe-
€T MeCTO ceifyac, 1 OHa COXPAHUTCS B OyAyILEM.

OnHako GONBLIIMHCTBO "TIPOTUBOPEUMiA" B TpaK-
TOBKE TOHSITUS "MCKYCCTBEHHBIN MHTEJJICKT O0Yy-
CJIOBJICHO pa3inyueM 0a30BOr0 CMbICTA, KOTOPBIN
BKJIAJIBIBACTCSI aBTOpaMM TPaKTOBOK B 3TOT Tep-
MUH. Eciy roBopUTh KOPOTKO, TO 3TU "MPOTUBO-
peunst” oOyCJIOBIEHBI NN TPAAULIMOHHON OMOHM-
MHEl — MHOXECTBOM Pa3IUYHBIX CMBICJIOB TEp-
MWHA, ¥ TOTJA IIPOTHBOPEUMS] €CTECTBEHHBI, WJIN
OHU OOYCJIOBJIEHBI KPOCC-TOMEHHOI CYIIHOCTBIO
TepMUHA "MCKYCCTBEHHBI MHTENJIEKT .

ABTOp TepMHHA "UCKYCCTBEHHBIM WHTEIICKT'
J>x. MakkapTd omnmcaa ero KakKk MHTEJUIEKT "BO-
o61re” — 3To "BBEIUMCIMTEIbHAS COCTABJISIONIAS
TOTO, YTO ITOMOTAE€T CyOBEKTY HOCTHIaTh 3aJaH-
HBIX HeJieil. DTO 3HAYUT, YTO IJISI CO3MaHUS WU
pa3BUTHUSI MHTEJIEKTYaJIbHBIX WH(GOPMAIITMOHHBIX
TexHoJoruit m cucremM MU demoBeky, ¢ TOYKHU
3peHud Jxx. MakkapTu, 1 He Hago pa3doupaTbCs
B TOM, KaK UMEHHO paboTaeT ero Mo3T.

OmnucaHHOE BHIIIE TIOHUMaHWEe OBLIO JAaHO "OT-
mamu" MU, xoTopele OBIIM crieIaIMCTaMH B 00-
JIACTM KOMITBIOTEPHBIX HAYK M BBEJIU 3TOT TEPMUH
Kak MeTaopryecKoe Ha3BaHUE OIIPENeICHHOTO
KJIacca METOIOJIOT Ui, METONOB M aJITOPUTMOB BBI-
YUCJICHUM, MCIOJIb30BaHNE KOTOPHBIX IT03BOJISIIIO
UM pelraTh HOBBIC, 00Jiee CIIOKHBIE KJIAaCCHl 3a1a4
A IIPOrpaMMHPOBATh HOBBIC KJIACCHI ITPUJIOXKE-
HUM. DTa TOYKa 3peHUS, MO CYIISCTBY, OTBEUaeT
B3rsAny Ha MU u ero TeXHOJOTMY KaK Ha pa3fen
nHpopMaTukKu. B HacTosiiee BpemMs 3Ta TOUYKa
3peHHs pa3aeiseTcss MHOTMMH CIIeIMaInuCcTaMu
B obnactu MM, KoTopble 3aHUMAIOTCI MUCCIEI0-
BaHMSIMH M pa3paboTKaMM WHTEJUIEKTYaJIbHBIX
TEXHOJIOTUI 1 MIPUJIOXKEeHU [4].

BaxXHO OTMETHUTH, YTO MCCJIeIOBaTeNIN B 00Ja-
CTU HEHPOOMOJIOTUM, TICUXOJOTrUN U ¢uaocodun
CO3HAHWSI WCMOJb30BaJU TEPMMH "MHTEIIEKT"
3aJI0JITO IO MOSIBJICHUSI BEIYMCIUTEILHOTO B3IJIS-
Ja Ha 3TOT TEPMUH B KOHTEKCTe MH(MOPMATUKH
u M. EctecTBEHHO, YTO 3TOT TEPMUH U ceilyac
HCIIONIb3yeTCsI UMM B "CBOeM" CMEICIC, a UMEHHO
KaK "JeJIOBeUeCKWU MHTEJUIEKT", T. €. KaK Ha3Ba-
HUE IJIS TOTO, YTO OIpeaesieT MOTHMBAIIMIO, I10-
BeICHME, IIPUHSTHE PEIICHUI, SMOLIUN YeJ0oBeKa
1 MHOTOE JIpyroe, CBOMCTBeHHOEe eMy. Ilpu sTom
OHU paccMaTpHUBAIOT MO3T KaK (PM3NYCCKUI HO-
CUTEJIb CTPYKTYp W TMPOIIECCOB, OTBETCTBEHHBIX
3a nposiBlIeHne nHTeanekTa. [loaToMy nosiBneHue
Hay4yHoro HamnpajeHuss MM, skcnayaTupyromero
CJIOBO "MHTEJUIEKT", cIlelmajJnucTaMi Ha3BaHHBIX
HayK CTajJ0 acCOLUMHPOBATHCI C MeXaHM3MaMU
paboTbl Mo3ra uenoBeka. M1 Ha HayajJbHOM 3Ta-
e cTaHoBJeHUSA U pa3BuTusa MU 310 HEe BEI3BAJIO
KaKUX-T100 BO3paXXeHUI CO CTOPOHBI CTOPOHHHU-
KOB BBIYHMCJIMTEIBbHOIO B3risiaa Ha MM, mockomnb-
KY OHM YBHICIW B 3TUX aCCOLUALIUAX IMOTCHIM-
aJbHBII MCTOYHUK TOIOJIHUTEIBHBIX MOIEIEH,
METOHOB M aJITOPUTMOB [IJISI pacIIMpeHUs IIpak-
TUYECKMX BO3MOXHOCTEH yKe IMPOBO3TIAllICHHON
MU BeIuucauTebHON mapagurmel UA. Tlo cytu,
3TO "MOJIYaJIMBOE corjlacue” IOPOIMIIO KpPOCC-
JTOMEHHOE Hay4YHOEe HallpaBJieHHEe Ha CTBHIKE Heil-
poouonoruu u UT.
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DTO0 Ka3aJIOCh €CTECTBEHHBIM, ITOCKOIBKY IpaK-
TUUYECKHM B 3TO K€ BpeMsI ObLIa IpemioxeHa (op-
MajibHasI MOZENb IIepCeNTpOHa, KOTopas BBella
B 00MXxod KOHLENMUUIO HeilpoceTn. M1 oHa mokasza-
JIach IIPUBJIEKATEIBHON IJIST CIIELIAIUCTOB B 00JI1a-
ctu MU He TOABKO KakK HEKOTOpasi HOBask MOAEIb
00y4YeHM S paclio3HABAHMIO M IIPUHSITUIO PEIICHUI,
HO M Kak lIar B HampaBiieHUM oborameHuss MU
(dopManbHEIMU (AJITOPUTMHUYSCKUMM) MOIECIISIMH,
VUMUTHUPYIOIINMHA, XOTh U COBCEM OTHAJICHHO, Me-
XaHU3MBbI OOYYECHMS Y IPUHSITHUS PElIeHNI YeIOBe-
KOM M, KaK TOrJa Kas3ajoch, Ipyrue GyHKUUU €ro
TOJIOBHOT'O MO3ra. B mocienyioinem 3Ta KOHLEI LS
pa3BuBajach creuuanuctamu MM B pamkax ero Ha-
MpaBJIeHUsI, HA3BAHHOTO KOHHEKUUOHU3MOM (AHTIL.
connectionism), B KOTOpoM ¢opMaIbHasE MOICIb MO
Ha3BaHMEM "HEMpPOCEeTh', 3aMMCTBOBAHHBIM y HEli-
pOOHOJIOTOB, CTaja OCHOBHOM.

Yenexu 3TUX HayK, a TaKXe HOBBIE BO3MOXK-
HOCTH 3JIeKTpOoHUKHM, UT M KOHHEKIIMOHMUCTCKHUX
(metipoceteBbix) momeneii M mpuBenm B Hauvase
2000-x TOmOB K MOSIBICHWIO Ha CTHIKE HEipoOMO-
Joruu U MU Kpocc-IOMEHHOro Hay4yHOIro Ha-
npapjeHus noa HazBanueM "Muadopmaruka mosra”
(aurn. Brain informatics) [5]. C Tex mop B 3TOM Ha-
MpaBJCHUY IIJIONOTBOPHO U aKTUBHO COTPYAHMUYA-
IOT CHIELMAIMCTH 000MX HalpaBJICHU. 3aMETHBIM
MPaKTUIECKUM PE3YyJIBTaTOM 3TUX pabOT K HACTO-
SIIeMy BpPEMEHM SIBJISICTCSI CO3JaHHME HEWPOMH-
TepdeiicoB, KOTOpBIE IO3BOJSIOT MCIIOJIb30BATh
CUTHAJIBI, CTPYKTYPBl M MEXaHU3MBbI YIIPaBICHUS
TOJIOBHOTO MO3ra IJISI yIIPaBIeHUS (PU3NIECKUMU
YCTPOMCTBaMU, IJIABHBIM 00pa3oM MpPOTE3aMMU.

HoBoe 3ByuaHue mpoOjieMbl BBIYMCINTEIBHOTO
UUN nonyuunu ¢ cepenunbl 2000-x romoB B CBSI3U
C JOCTMKCHUSIMUA B OOJIACTM CEMAHTHMYECKUX BBI-
YUCJIEHUI U TEXHOJIOTUM, KOTOPBIE, MOXKHO CKa3aTh,
"ouenoBeunan” BeruucauteabHbii MU [6, 7]. 3ame-
THUM, UTO BBIUMCJICHUS HA3bIBAIOT CeMaHMU4ecKumi,
€CJIM OHU BHITIOJIHSIIOTCS C KOHTEHTOM, CEMaHTH-
Ka KOTOPOTO YeTKO OIlpelesieHa B TepMUHAX ecTe-
crBeHHoOro s3bika (Efl), m pesynbrar Takxke MoOJIy-
YaeTcs C YETKO 3aJaHHOW CEMaHTUKON. B yacTHO-
CTH, 3T BBEIUYMCJICHUS PEIIalOT 3aJa4l BEIYMCICHU S
CMBICJIa KOHTEHTa, CEMAHTUYECKON WHTerpanuun
TeTepOreHHBIX 3HAHUM M JaHHBIX. OHU peaTn3yIoT
CEeMaHTUYECKHe MHTEP(PEICHI, TTOIb30BaTeIbCKIE 1
MalllMHOYMTaeMble, MpenocTtabiasioT Ef-cpeactsa
IJTST B3aUMOICHCTBUS POOOTOB M YeJIOBeKa U T. II.

[losiBIeHMe Momenu eay6okoeo o0yuenus Kak
HOBOTO 3Tama Pa3BUTHUSI HEMPOCETEBBIX TEXHOJO-
ruii U mpumepno x 2010 romy mpuBeiro K HO-
BOU BOJIHE NTOCTUXEHU HA OCHOBE HEMPOCETEBBIX

mogneneit UM [8]. B yacTHOCTH, 3TO KOCHYJIOCH
IIAPOKOr0 CEerMeHTa TPYAHBIX 3adady 0OpaboOTKU
n300paxkeHni, 00pabOTKM peun n TeKcToB Ha ESl.
K coxaneHuto, 3To BbI3BAJIO HE BMNOJHE alIeKBaT-
HYIO 31i(OpUIO0 CPEeIM arooreToB HEeMPOCEeTEBbIX
TexHojJoruii. HekoTopble n3 HUX YBEpEHBI B TOM,
yTOo Bce IpobiaeMbl MU pemraeMbl ¢ ITOMOIIBIO
HEWpoCceTeBbIX MoJeJiell TIIyOOKOro oOydyeHus, U
OHHU aKTUBHO MPOABUTAIOT 3TO MHEHUE "B MacCHI .

O0606mast mpuBeNeHHBIN KpaTKuii U (parmeH-
TapHbIA UCTOPUYECKUI 0030p pe3yabTaTOB U TEH-
JeHuuin B obnactu MM, ero KOMOOHEHTBHI MOXHO
MIPOMJITIIOCTPUPOBATh rpadudecku (puc. 1, cM. BTO-
pyio cTopoHy 00J0XKH). CoBpeMEHHbBIC MOACIN U
texHosoruu MMM MOXHO pa3neluTh Ha TPU YACTU.
OnmHa 13 HUX, KOTOpasl BHIIIE MO TEKCTy OblLjIa Ha-
3BaHa KOHHEKILIMOHU3MOM, IPEACTABISIET Ty 4YacTb
Mogeeid u TexHojoruiit UM, kotopyto vaiie Ha3bl-
BalOT HelipoceTsMU. B HacTosiiiee BpeMsl €€ OCHOB-
HBIMHU MpeaMETaMU MCCIEHOBAHUI SIBISTIOTCSI MO-
JIEJIU CTPYKTYP U METOMIbl OOyUEHHUsI [TyOOKMX HEW-
poceTeil. DTOT HOBBII1 BUI HEMPOCETEH OTIIMYACTCS
OT CBOMX IMPEIIIECTBEHHUKOB HE TOJBKO YMUCIOM
CJIOEB, HO U 00JIee CIOXHOU TEXHOJIOTMYECKOM ap-
XUTEKTYPOM, KOTOpasi MCIOJIb3YeT MHOIOCIOMHYIO
CUCTEMY HEJIWHEWHBIX (PUIBTPOB IJISI IIpemoopa-
0OTKM JAHHBIX OOy4YEHMSI, IJISI IOMCKA MPU3HAKOB
B pPasHBIX CJIOSIX U IJISI MX IpeoOpa3oBaHUS B He-
papXuYecKyl0 CTPYKTYypy C HpU3HAKAMU pPa3Ind-
HOTrO ypOBHS aOcTpakiuuu. Momeiab I1y0oKoro oo-
YUYEHMsI HEPOCEeTH CHOCOOHA MCITOIb30BaTh OIHO-
BpPEMEHHO 00a MexaHM3Ma OOyYeHHUSI — C YUYHUTEIeM
u 0e3 yunTesas. 3aMeTUM, UTO YCIIeXy 3TOM MOAEIN
MW Bo MHOrOM CIOCOOCTBOBAJIM YCIIEXW B CO3/1a-
HUM BBICOKOCKOPOCTHBIX KOMITBIOTEPOB.

K »TuM mcciemoBaHMSIM IpUMBIKAOT (CIipaBa
Ha puC. 1, CM. BTOPYIO CTOPOHY OOJIOKKHU) HCCIIe-
JIOBaHUS B 007aCT MHPOPMATUKM MO3ra, HEMpo-
OrojoruM W Opyrue, KOTOphle MHOTAA Ha3bIBalOT
KOTHUTUBHBIMU HaykKamu [9]. K HuM 4yacTto OT-
HOCSIT TaKXe M HeHpOoCeTeBbie MOMENIHM, OIHAKO
C 3TUM MOXHO COINIACUTBCS € OOJIBIIOI HATSIXKKOM,
IMOCKOJIBKY KpoMe OOIIIero cjioBa "HeipoceTh', hc-
MOJIb3YEMOr0 B HMX B Pa3HbIX CMBICJIAX, UX MaJo
yTo 00benuHsgeT. I1o KpaitHeil Mepe, Moeab CETU
[1yOOKOro o0y4yeHU s IOSIBUJIaCh HE B pE3yJIbTaTe
KaKMX-TO JOCTUXEHUN B 00J1aCTU U3YYEHUS MO3-
ra yejoBeka (IOSBJICHME 3TON MOIEIM OTHOCST
K 1980 r.), a B pe3yiabraTe COBEpPIICHCTBOBAHMS
HEHPOCEeTEBhIX MEXaHU3MOB OOpabOTKM HAaHHBIX
B obmactu MU. PeanpHO HeiipoceTu nIyOOKOro
00y4YeHM S UMEIOT MaJIo OOLIEro C peaibHbIMU HEM-
poceTsIMHu rojioBHOro mosra. OmHaKO MOCKOJbKY
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KOHIEIIIMS HeHpOoceTH MOTHUBUPOBAIACh W3-
HavyaJbHO KaK TIONBITKAa MOJEIMPOBATb 3TU Me-
XaHU3Mbl, TO OTHECEHHE MOIeIU IJyOOKOro o6-
y4eHUs] K KOTHUTMBHBIM HayKaM H€ BBbI3bIBAeT
ocoboro Bo3paxeHus HU B MU, Hu B cpene cne-
IIMAJIMCTOB KOTHUTUBHBIX HayK.

K monsipHOil B HEKOTOPOM CMBICIE O0JacTU
MU xax HaydyHOTro HampaBJeHUSI B MH(POPMaTUKE
CJIeAyeT OTHECTH BBIYMCIMTEIbHBINI WHTEJIEKT,
KOTOPBIM OYE€Hb AAJIEK OT KOTHUTUBHBIX MOAEIEH
M KOTOpPHIM aKILIEHTUPYET BHUMaHHUE Ha 3ddek-
TUBHOI peaju3allMy BBIYMCIUTEIbHBIX MOAeIei
MW ¢ moMoipio IMporpaMMHO-aNIIapaTHEIX pea-
JIN3allM U CYNEePKOMIIBIOTEPOB. [[eCTBUTEIBHO,
HCIIOJIb30BAHUE BBICOKOCKOPOCTHBIX KOMIIbIO-
TepPOB U IIPOrpaMMHO-aIlIIapaTHBIX peaau3aluii
MU npenocTaBiseT HOBbIE TEXHOJOTMYECKHE BO3-
MOXHOCTH II0 CPaBHEHMIO C BapWaHTaMM IIpO-
rpaMMHON peanusauuu Moaeneir MM Ha oObIU-
HBIX KOMIIbIoTepax. XOpoIlIo M3BECTHO, YTO Mobe-
IbI, OJep>KaHHBIE IIaXMAaTHBIMU IIPOTpPaMMaMU U
nporpaMmmamMu urpel B ['o Hag mpodeccrnoHanamu,
OblIM Obl HEBO3MOXHBI 0€3 HCIIOJb30BaHMUS CYy-
MEPKOMITBIOTEPOB, M 3TU IOCTUKECHUSI IPUHSITO
oTHOocuTh K aoctuxkenusim MU. Crnenyet Takxe
OTMETUTH TIEPCIEKTUBY CYNEPKOMITHIOTEPHBIX
TEXHOJOTUi B 00paboTKe 00JAbIIUX OOHEMOB ChI-
PBIX MHaHHBIX, MOCKOJBKY HX MOCjeAayoliass o0-
paboTKa IJIs M3BIIEUCHUS 3HAHUN M MAIIMHHOTO
00y4YeHUST TIPeabsIBIsICT YK€ 3HAUMTEILHO Oojece
cJlabble TpeOOBaHUS K MOLIHOCTH KOMIbBIOTEpA.

OnHako OCHOBHAas1 o0JIacTb 3a1ad, MojeJieil Me-
TOIOB, aJITOPUTMOB, MHCTPYMEHTOB U TEXHOJIOTHUIA
coBpemeHHoro MW HaxomuTcs MeXny AByMS Ha-
3BaHHBLIMU BbIlIe KomnoHeHTamMmu MH (puc. 1, cM.
BTOpPYIO0 CTOpOHY 0010xkKu). CucteMsl MU, koTo-
pbIe OTHOCSITCS K 3TOI 00JIACTA ¥ KOTOPhIE OXBATHI-
BalOT OOJIBIIYIO YAaCTh TOTO, YTO IMIPUHSATO HA3BIBATh
metonaM MU, yacTo Ha3bIBaIOT TaKXke CUCTEMaMM,
OCHOBaHHBIMM Ha 3HaHUsIX. B cpene cnennaancToB
YK€ OTHOCHUTEJILHO IaBHO 00a 3TU Ha3BaHUS OTO-
KIECTBIISTIOT, a caM TePMUH "3HaHUS dYallle BCETo
HCToNb3yeTcs crenuanucraMmu MMM ¢ MoMeHTa ero
3apOXAEHMSI 1 110 HacTos11Iee BpeMs. [1o-BuaumMomy,
MMEHHO 3HAHUS SIBJISTIOTCS KJIIOUEBBIM ITOHSITHEM
MW n HyXgaeTcd B OTACTIBHOM OOCYKIEHUM.

3Hannsd, ceMaHTHKA 3HAHHI,
CeMaHTHYECKHE TE€XHOJOTHH

3HaHUS KaK 00bEeKT UCCIIeIOBAaHUM, pa3paboToK
M UCIIOJb30BaHUS BCeraa IPUCYTCTBYIOT B IIpU-

KJIAOHBIX cUCcTeMax 1 TexHojorusx M, B otmmanme
OT CUCTEM U TEXHOJIOTHI Apyrux Tumnos. I1pu aTom
3HAHUS COCTABJISIOT SIAPO J000M MHTEIIEKTya b-
HOI CUCTeMBbI, I UMEHHO 3HaHUS (UX 00BbeM, KOp-
PEKTHOCTb, TIOJIHOTA U JIP.) U UCIIOJIb3yeMbIe METO-
bl pabOThl ¢ HUMU OINPEEsSIIOT OTeHIMAIbHbIE
BO3MOXHOCTU KOHKPETHON MHTENIeKTyaJIbHOU
cucremMbl. Bmecte ¢ TeM TepMuH "3HaHUS" SBIS-
€TCSI KJIIOYeBBIM CJIOBOM M IIPU ONMCAHUM WHTEI-
JIeKTa JejioBeka. B padore [10] onmH 13 ee aBTOPOB,
H. A. TlocrienoB, HauboJiee aBTOPUTETHBIN CHEL M-
anuct MU B CCCP u Poccun, B paznene "CraHOB-
JeHue uHpopMatuku B Poccum” paccmarpuBaet
MU xaxk pasgen MHQOPMATUKU U XapaKTEePU3YeT
ero Kaxk "IpeacTaBlieHVe 3HAHWM, BHIBOA Ha 3Ha-
HUX, OOyuyeHue, IKCHepPTHbIE CUCTeMbl W T. IL."
(ctp. 8), 1 UM — 31O "TeXHOJIOTUM pelleHUs 3a-
Jlay, OIMpAlIOIIMECS Ha MO0 WCIIOJIb30BaHMS 3Ha-
HUI o0 mpeaMeTHou obOmactu” (ctp. 37), 1O CyTH,
OMHO3HAYHO BBLAESS MpeaAMeT ucciaenoBanuii M1
1 ero 0a30BbI€ 3a1a4YM.

DTO Xe, XOTS U KOCBEHHO, HO OJHO3HAYHO yT-
BepXkaaeTcs u B padote [11]: "...mpu ompeneneHnun
HWCKYCCTBEHHOIO WMHTEJJIEKTAa CJAEAYEeT OTTaJIKH-
BaThCSd OT OINPEIEJICHUSI €CTeCTBEHHOIO WHTENI-
JIeKTa, TO €CTb "CIIOCOOHOCTM MO3ra uejoBeKa
pellaTh WHTEIJEKTyaJbHbIE 3amadyd MyTeM IIpu-
0o0peTeHNUs, 3alIOMUHAaHKUS U 1IeJIeHAaIlpaBJICHHOT O
npeodpa3oBaHMs 3HAHUI U UCITOJb30BAHMUS 3TUX
3HAHUI AJ18 yIpaBieHUs cpenoii”. 3aMeTuM, 4To
B 3TUX BBICKA3bIBaHUSIX HE TOBOPUTCSI O TOM, YTO
MU nonxeH B 4eM-TO MOBTOPSITH €CTECTBEHHBIN
WHTEJUIEKT. B HUX, KaK 1 B IPUBEICHHOM BBICKa-
3pIBaHMHM JIX. MakKapTu, aKIIEeHTUPYETCS BHUMA-
HUE JIMIIb Ha cxodcmee 3aday, pellaeMbIX 4Yeslo-
BeKOM M mporpammoil MM, HO He yTBepxXnaeTcs
00s13aTe€IbHOE CXOACTBO METOHOB HX pPELICHUS.
M uMeHHO B 3TOM CMBIC/IE TEPMUH "UCKYCCTBEH-
HBI MHTEIEKT" sBJseTcs MeTtadopoii, KoTopas
roxKasajach Co3AaTe/sIM 3TOr0 HayYHOI'o HalpaB-
JIeHUSI BeCcbMa YIO0OHOI B KayeCTBe Ha3BaHUsI, HO
He OoJiee TOro, U 3Ta MeTadopa cpa3y Obljia MPU-
HsITa B COOOIIECTBE CHELMATUCTOB.

KowoueBast ponb 3HaHUIT B MTH(OPMAILIMOHHBIX
TexHojorusix MM cocTtouT B TOM, YTO MMEHHO
Oiarogapsi MX MCIOJb30BAaHUIO CTajlO0 BO3MOXK-
HbIM 2(PPEKTUBHOE pelIeHHWe MHOTMX BbIYMCIU-
TeJbHBIX 3ajlady, KOTOpbIC SBISIOTCS 3amadyaMu
SKCIIOHEHILIMAJbHOM CIIOXHOCTU M AJSI KOTOPBIX
J1000e KpaTHOE YBEJIMYEHUE MPOU3BOAUTEIHLHO-
CTU BBIUMCIUTEIbHBIX MAllMH HE B COCTOSIHUU
rapaHTUPOBaTh IIOJYyYEHHUE OITUMMAJIbHOIO pellle-
HUSI 3a pa3yMHOe BpeMs. 3aMeTHM, 4YTO MHOrIa
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MOXHO BCTPETHUTh YTBEPXKIECHMS O TOM, UTO 0OJIb-
1asi 4acTb OOCTUXEeHMI B obmactu MU Hamps-
MYIO CBsI3aHa C pPOCTOM TIPOM3BOAMTEIBHOCTU
KOMITBIOTEPOB. DTy CBSI3b OTPHUIIATh HEBO3MOXK-
HO, HO JaJieKo He Bce mpooneMbl UM MoryT ObITh
YCITeITHO M 3P (PEeKTUBHO pelIeHbl TOJIBKO 3a CUeT
aTOro (akTopa, a MCIIOJb30BaHWE 3HAHUK CO-
BMECTHO C POCTOM IIPOM3BOIMTEIBHOCTH KOM-
NMBIOTEPOB MO3BOJISIET 3TOTO OOCTUYb. XOPOIIO
M3BECTHO, UYTO YEJIOBEK YCIEIIHO pelllaeT MHOTHE
BBIYHMCJUTENBHO CJIOXHBIC 3aJaud C ITOMOIIBIO
KOTHUTHBHBIX 3BPUCTUK. MeXaHW3M NPUHSITHUS
pelIeHUId Ha OCHOBE ITPaBWJI SIBJISICTCSI OMHUM M3
caMBbIX pacCIPOCTPAaHEHHBIX MEXaHU3MOB pelle-
Hug 3amay UU. N stor mexanunsm U gaBiasger-
csl aHaJIOTOM KOTHUTWBHBIX 3BPHCTUK YeJIOBEKa.
MHorue BBIYMCIMTEIBHO CIIOXHBIE ITepeOOpHEIS
3aJa4M YCIEUIHO PElIaloTcs C MCIT0Jb30BaHHEM
3HAHU# U MPUHLIMIIA OrPAHUYEHHON pallMOHaJIb-
HOCTH, KOTOPBIiI OPUEHTUPYET MCCAEAoBaTesI Ha
MOMCK "xopomnx"' pelIeHWi BMECTO OITUMAallb-
HBIX, HO 32 pa3yMHO€ WJIM 3aJaHHOE BpPEMSI.

YacTo BO3HMKAET BOIIPOC O TOM, a MOYeMy IO
OTHONICHUIO K OJHOMY THMIy WHMOpPMAIUU MbI
WCIIOJIb3yeM TePMUH "HaHHBIE", a TT0 OTHOIIEHWIO
K IpyroMy — "3HaHWs", U MOYeMy MMEHHO 3Ha-
HUS, a HEe JaHHBIE, MO3BOJSIOT PEIIaTh CIOXHBIC
3aJlauM, KOTopble MeTadopruuecKy Ha3bIBalOT UH-
TeJUIeKTyaJdbHbIMU. KOHEYHO, OAHO3HAYHYIO TI'pa-
HULY MEXAYy 3TUMHU TUIIaMU MHOpMaAIMU IIPO-
BECTH BpsA JIM MOXHO, OJHAKO CEMaHTUUYECKUE
UX MOJEJIN, KOTOPbIe TBEPAO BOLLIM B OOMXOJ MC-
cienoBartenieit U padpadborurkoB M B nmocnegHue
rofbl, ITO3BOJISIIOT 3TY IpaHULY HaMeTuTh. [logB-
JIeHWe CeMaHTUYeCKUX Mojejiel 3HaHUN U JaH-
HBIX — 3TO HACTOJIbKO BaXXHBIM 1IAar B pPa3BUTUU
WU, 4yTo MX mpakTUUeCKOe UCIIOJb30BAHUE CJC-
JIyeT TpaKTOBaTh KaK HOBBII 3Tall ero pa3BUTUS,
1 00 3TOM clenyeT cKka3aTb 0co0o0.

CeMaHTHUYECKHME BBIUMCIEHUS — 3TO 00JIACTh
WU, koTopast uMeeT Leiblo UCCIeI0BaHUS U pa3-
pabOTKM KOMIIBIOTEPHBIX TEXHOJOTUM IJIs1 pe-
LIeHMUs 3a7ay IoMcKa, co3gaHus, (GopMajbHOIO
MpeAcTaBiACHUS, MaHUMNYJIUPOBAaHUSA U UCHOJb-
30BaHUS KOHTEHTA U JOCTYITHBIX KOMIBIOTEPHBIX
pecypcoB, a UMEHHO Pa3JM4YHBIX JaHHBIX, TECTO-
BBIX JOKYMEHTOB, U300pakeHWUI, BUIEO- U ay-
IMOoMHOOPMAIMM, MHCTPYMEHTAJILHBIX CPEACTB,
JIIofeil, YCTPOMCTB, areHTOB U T.O. B TEepMHUHAaX
EA [7, 12—16]. OcHOBHBIE 3aJa4/ CEMaHTUYECKUX
BoluMciaeHud B UM BKro4aior B ceos:

— CeMaHmu4ecKuil — aHaius BBIYHCJICHUE
CMBICJIa KOHTEHTA, IPEACTaBJIECHHOIO TEKCTOM, U30-

OpaskeHHeM, ayaIno- U BUIACOMH(pOpMaLIel, aHaInu3
CEeMaHTUKN KOHTEHTAa COLIMAJIBHBIX CETEl, padoTy
C KOHTEHTOM B CEMAaHTHUYECKOM CTUJIE U Op.;

— cemaHmu4eckas uHmeepayus 3HAHU N JaH-
HBIX, HaIlpyuMep, AJISI CO3IaHUs eAUHOTO CEeMaH-
TUUYEeCKOro MH(GOPMAIIMOHHOTO NPOCTPAaHCTBA Ha
MHOXECTBE pacHpele/leHHbIX 0a3 JHaHHBIX, 3Ha-
HUM U OHTOJIOTUIA,

— cemanmuueckue unmepgetico! (IOJIb30BATEIb-
CKME M MalllMHOYWTaeMble, CpeICTBa B3aMMOICH-
CTBUSI POOOTOB U UEJIOBEKA);

— cemaHmuyeckue npuaoxcerus (IIOMCKOBBIE
MAaIllMHBI, CEMaHTHYECKHE BeO-CepBUCHI, 0a3bl
3HAHUI TEKCTOB, U300pakeHUli, BUACO-, ayauO-
WH(poOpMaLUU U OD.).

Pabota co 3Hanusmu B TepmuHax Efl aBuger-
cst GPOKYCOM CeMaHTUYECKUX TeXHOJornit. OCHOB-
HBIE pellleHus B 00JJaCTU CEMaHTUYECKMX BBIUMC-
JICHUM M CEeMaHTUYECKMX TEXHOJOIMI CTPOSTCSI
C TIOMOIIBID OHTOJOTMYECKUX MOJIEJIE 3HAHUU
U OaHHBIX. TeopeTUYecKre OCHOBBI OHTOJIOTHIA,
SI3BIKOBBIE CPeNCTBa MX (POPMaAJIBHOTO OIMMCAHMS,
a TaKXXe CEMaAaHTUUYECKUE PECYPChl U MHCTPYMEHTHI
IJI X MPaKTUYECKOTO MCIIOJb30BaHUSI Pa3BUTHI
B HacCTosI1lIee BpeMsl JOCTaTOYHO xopoiio [14—16],
1 OHM TPOJOJIKAIOT aKTUBHO Pa3BUBAThHCSI.

Kak BUIHO M3 MaTepHaJIOB JAaHHOIO pasieJa,
3HAaHUSI — 3TO KJtouyeBoe nmoHstue MM, u pabora
CO 3HAHUSIMU SBJISETCS OTIMYUTEIBLHOU 4YepTOU
cucteMbl UMW 10 OTHOIIEHUIO K KOMITBIOTEPHBIM
CHCTEMaM JIPYTUX KJIACCOB. DTO TO3BOJISET YT-
BepXIaTb, YTO MMEHHO 3HAHUS SIBISIIOTCSI OC-
HOBHBIM 008eKmoM uccaedoeanuli 1 pa3paboTok
B oonactu MU. bonee Toro, aHanu3 HayYHOU
nuTepaTypsl B o6inactu MM nmokaskiBaeT, 4To oc-
HOBHBIE UccaeaoBaHus U pa3padorku B MU koH-
LIEHTPUPYIOTCS BOKPYT Tpex IpobdieM, u B poKyce
KaXXJIOM W3 HUX HAXOOITCS Pas3IMIHBIC acIleKTHI
TEXHOJOTMHU PadOTHI CO 3HAHUSIMU, & UMEHHO:

* TIOJIyYCHME 3HAHUM,
e TIIpeacTaBlIeHHE U IIpeoOpa3oBaHME 3HAHUN U
* KCIIOJIb30BAHUE 3HAHUM.

PaccMoTpuM KpaTKo Hay4yHOE ColepXaHHUe
3TUX IpoOJieM M IMOKaxKeM, YTO OHM OXBaThIBaIOT
MMPaKTUYECKH BCE 3aJadM, KOTOpPBIC IIPUHSITO OT-
HocuTh K UN.

Ilonyyenue 3HAHHUIH

Hns peleHUs 3amad noAy4eHus 3HAHUU TIpU-
BJIEKAIOTCS caMble pPa3HOOOpa3Hble MCTOYHUKU
TaHHBIX M 3HaHWM. Hnsg 3Tux 1eneit paspadbora-
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HBI pa3HOOOpa3HbIE METOIBI, aJITOPUTMBI U IIPO-
rpaMMHBIE MHCTPYMEHTBI, M3BECTHBIE M3 MaTe-
MaTUKM M MaTeMaTW4ecKOl craTuctuku. Mc-
ciemoBatensaMu B objgactu MM co3maHbl CBOM
cneunuYecKre METONBI, aJITOPUTMBI M1 MHCTPY-
MEHTHI IJIS1 pellieHus 3aJad W3BJICYCHUS] 3HAHUM
W3 Pa3JNYHBIX MCTOYHWKOB. DTO HampaBlICHUE
B MM 0OBbIYHO Ha3BIBAIOT "MHXEHEepUEH 3HAHUN'.
K HuM, Hampmmep, OTHOCSITCS cHelM(pHUUIESCKHNE
METONBl M MHCTPYMEHTHI IOJIYyYeHUST 3HAHUM Ha-
MPSMYIO OT BKCIIEPTOB, a TaKXKe U3 JaHHBIX C I10-
MOIIBI0O METOIOB MAIIMHHOIO OOy4YeHWsT (aHTJI.
Machine Learning) wnu MeTOAOB OOHapyXeHUS
3aBUCUMOCTEN B NaHHbIX (aHTI. Data Mining). Pu-
CYHOK 2 (CM. BTOPYIO CTOPOHY OOJIOXXKHW) HJIITIO-
CTPUPYET OCHOBHBIE MCTOYHWUKM JAHHBIX M 3HA-
HUM, UICTOYHUKHW 3HAHUMA O CEMAHTUKE MOHATUI
M TEKCTOB, a TakKXe TUIBI MHCTPYMEHTOB, KOTO-
pble K HACTOSILIEMY BPEMEHM AOCTYIHBI CIElra-
JIMCTaM JJIS1 pelleHrs 3aaa4 UHXECHEePUM 3HaHUMA.

BaxXHO OTMETHTb, YTO COBMECTHOE WCIOJb-
30BaHME METOJOB, M3BECTHBIX M3 MaTeMaTUKU, U
METOIOB WHXXKEHEPUU 3HAHUI OOBIYHO HACTOJIBKO
€CTECTBEHHO W IIPUBBIYHO, YTO MHOI'ME HCCJIENO-
BaTeIM, a OCOOEHHO pa3pabOTYMKHU IIPOrpaMMHO-
ro o0ecrneYeHWsl aBTOMAaTUUYECKHA MPUYHUCIISIOT MX
K MeTodaM MaluHHoro oodyuenusi UN. fApkumu
npuMepaMud TakKOro OTOXIAECTBJICHUS "TO TIpU-
BbIUKE" SIBJISIIOTCSI MHOTOYMCJIEHHBIE METOIbI MPU-
OJIMKEHHOM ONTHMMM3AllMM Ha OCHOBE CIy4YailHOTO
TMOMCKa, HAIpUMep, TEeHETHMYECKUE aJIrOPUTMBI,
AJITOPUTMBI CIyYaifHOrO IMOMCKa Ha OCHOBE MeTa-
3BPUCTUK, 3aMMCTBOBAaHHBIX y IPUPOOBI (Mypa-
BbUHbBIE AJITOPUTMbI, IMYEJIMHBbIE U APYyTUE ajro-
PUTMBI U3 3TOM cepuun) u Ap. CTporo ropops, croaa
K€ clemoBajo Obl OTHECTHM W METOAbl MAalllMHHO-
ro oOy4eHUs C MOAKPEIUICHHEM, a TaKXKe METOIbI
ONTUMM3ALIMM Ha OCHOBE CJIy4YallHOrO IOMCKa,
KOTOpblE aKTHBHO pa3BMBaJuCh BHe 3amady MU u
MHOIAA 3aJ0JI0 10 MHXXKEHepuM 3HaHuil. OO 3ToM
4acTo 3a0bIBAIOT 1 CTyI€HTaM YMTAIOT UX B Kypcax
WHXeHepuu 3HaHuit UU.

OnHako HEKOTOpbIE BapUaHThI CIYyYaliHOTrO I10-
WCKa ObLIM CO3JaHbl MMEHHO [JII MAallUHHOTO
00yueHHUs 10 IpUMepaM, U UX CJIeIyeT OTHOCUTH
K UN. 3ametuM, 4TO MeTOObl OOy4YeHMSI Helpo-
ceTeit, HaIpuMep, METOAbl IJTyOOKOIro OOYy4YeHUMs,
SIBJISIFOTCS. METOAAMM CIy4YaiHOro moucka C IOMI-
KpeIUIeHHeM, HO UMEHHO IS perneHus 3agad UA,
U IIOTOMY X IPaBOMEPHO OTHOCUTDH K MHXKEHEPUU
3HAHUM.

PesynbraTamu 3amay MHXEHEPUM 3HAHUM SIB-
JISIIOTCSl MaTTepHbl 3HAHUN MO0 ¢ CeMaHTU4e-

CKOM MHTepIIpeTalleil (HampuMep, B BHUAE IIpa-
BUJI, NPEIMETHBIE TEPEMEHHBIE KOTOPBIX SIBJISI-
I0TCSl MOHSATUSIMM OHTOJIOTMM), JMOO B YHUCTO
CUHTAaKCUYeCKO ¢opMe, B KOTOpPOW Takas WH-
TeprnpeTauus ssBHO OTCyTcTByeT. IlociemHuii Ba-
pUAHT XapakTepeH Jisd pe3yJabTaTOB OOyYeHMUS
HelipoceTeil. 3aMeTUM, YTO OHTOJIOTMSI cama IIo
cebe — 9T0 ogHa U3 POPM 3HAHUIL C SIBHBIM IIpea-
CTaBJICHUEM CEMAHTUKU, IIO3TOMY IIOCTPOEHUE
OHTOJIOTU OTHOCUTCS K MOJIYUYCHUIO 3HAHU M.

OTMeTHUM, YTO BHIIIE IIJIa pedb 00 OMHUCAHUU
3HAaHMI Ha KOHILENTYyaJbHOM ypoBHe. WX Ha3biBa-
IOT TaKXX€ KOHLENTYaJdbHBIMU MOJEASIMU 3HAHUIA.
s nux onucaHusi 0OLIYHO UCIOJIB3YIOT pa3InuyHbIe
CpeNCcTBa €CTeCTBEHHBIX U/MAU (OPMaJIbHBIX SI3bI-
KOB, KyJla OTHOCSIT TaK>Xe (pOpMYJIbI, TAOJIHUIIBI, Tpa-
b1, TeKCTH U TIpodyee. Ha 3ToM ypoBHe omucaHus
3HAHMUS ellie He TOTOBBI K UCTIOJIb30BAHUIO KOMITbIO-
TEPHBIMU IIPOrPAaMMaMM, IIOCKOJbKY MAalllMHHbBIA
SI3bIK CHMJIBHO OTJIMYAETCS OT S3bIKOB OINMCAHUS
KOHLIENTYaJIbHbIX Mojeaeil 3HaHui. MckiaoyeHue
COCTaBJISIOT pa3Be UTO MOJEM 3HAHWM, MPEACTaB-
JIeHHble B (hopMe HelipoceTd. OHU HE SIBISIOTCH,
CTPOTrO rOBOPS, MOIEJISIMU 3HAHU KOHLIENTYaJIbHO-
IO YPOBHS, TOCKOJBKY YK€ TPEICTABJISIOTCS BUIIE
BBIYUCIUTEIBHBIX CTPYKTYP B OUTOBOM (hopMme.

IIpeoOpa3oBaHue 3HAHUI U AAHHBIX K (op-
MaJIbHOM MOJEJU, €€ TPAHCHAALMS HAa MAIIUHHBIA
SI3BIK — 3TO 3aJaya CJIECAYIOIETO 3Tana padboThl CO
3HAHUSIMU.

IIpeacTasienne U npeodpasoBaHue
3HAHMI ¥ JaHHBIX

Kak yxe oTmeyanoch, KOHIENTyajJbHas MO-
JIeJIb 3HaHUI He MOXET ObITh MCIOJIb30BaHA KOM-
IMBIOTEPOM HAIPSIMYIO, IIOCKOJBKY MaIIMHHBIN
SI3bIK — 3TO S3bIK OMHApPHBIX MOCJIEI0BATEIbHO-
creii. IlpeacraBieHne 3HaHUU KOHIIENTYaJbHOTO
YPOBHSI B BUAE CTPYKTYpP, KOTOPHIE MOTYT OBITh
manee ¢GopMasbHO IIpeoOpa3oBaHBl K MAaIIWHO-
YUTaeMOU (opMe, — 5TO OMHA W3 3a4a4 BTOPOW
rpynnsl TUINOBbIX podaeM MU. Brillie oHa Oblia
Ha3BaHa Npo0JieMoil npedcmaesieHus 3HAHUU, TIPU-
YeM IT0f IIPEeACTaBIeHNEM 3HAHUI MOHMMAETCS UX
cneunuKannusg B TEPMUHAX KOHKPETHBIX CTPYK-
TYp, OIMCBHIBA€EMBIX Ha HEKOTOPOM (hOopMalbHOM
s3biKe. [locTpoeHHbIe CTPYKTYpPhl 3HAHUN U AaH-
HbIX MOTYT Jajiee MCIIOJb30BaThbCs B KayecTBe
BXOHa IJISI IPOrpaMM, BBITTOJHSIIONINX WX TPaHC-
JIAuuo B GopMy, HNOHSATHYIO KomIbioTepy. He-
CKOJIbKO YIIpolllasi, MOXHO CKa3aTh, YTO 3ajaya
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JaHHOTO B3Tala — 3TO MpeoOdpa3oBaHUWE 3HAHUM
u3 (popMaabHOTO MPEACTaBICHMSI, TIOHSITHOTO Ye-
JoBeKYy, B (dopmy, TOHATHYIO KoMmbloTepy. Ha
ATOM 3Talle 3HaHWS W JaHHbIe, ONMCAaHHbIE, Ha-
npumep, Tekctamu Ha ESl mnm mpeacraBiaeHHBIE
B JIpyToii ¢hopMe, MOHSITHOW YeJOBeKYy, Mmpeodopa-
3yI0TCSl B MallIMHOYMTaeMylo (opmy.

PaHee oTMeuasoch, UTO B HacCTosIlee BpeMs
B KauecTBe MOJEIM ONMWCAHWSI 3HAHUU KOHILIET-
TYaJIbHOTO YPOBHSI OOBIYHO paccMaTpuBaeTCs MO-
JIeJTb OHTOJIOTU Y. B Hell MOHATUSAM 0HmoA02UU CO-
OTBETCTBYIOT peajibHble WJIM BUPTyaJbHbIE OOB-
€KTHhI (KJTaCChl) TAKCOHOMUWHU MTPEAMETHOM 00JIACTH
pa3HBIX ypoeHell 00606wenus. Kaxaplii Kiacc Imo-
HSITUI (EMy OTBeYaeT MHOXECTBO KJIACCOB O0b-
€KTOB peaJIbHOrO UJIM BUPTYaJIbHOTO MUPOB) OIK-
ChIBA€TCS KOHKPETHOU cmpyKkmypoii, MHOXECTBOM
ampubymos, a TaKXe HEMYCTbIM MHOICECMBEOM
npumepog (B IIPUIIOXKCHUSIX).

Takoe mpeacraBiieHue 3HAHUKM U JTaHHBIX MPU-
HATO Ha3BaTb CEMAaHTUYECKMM MPEICTaBIECHUEM.
XopoII0 U3BECTHO, YTO CEMaHTHUKA JII0OOro TepMu-
Ha ESl u B TOM unciie ceMaHTHKa TTOHSTUSI OHTOJIO-
TMM HE MOXET ObITh OlMcaHa TOYHO. 1 Hee MoTyT
ObITh OMNpeneaeHbl TOJIBKO HEKOTOPbIe Pa3MBIThIC
rpaHuubl. B onmoaoeuu npunoscenuss ceMaHTHKa
TIOHSITUSI OMIPEIEISIETCS MHOXECTBOM €TI0 NPUMEPO8.
IIpu sTOM 4YeMm OGosibllE TPUMEPOB MOHATUS WME-
€TCs B OHTOJIOTMM, TeM TOUHEE OIpesesieHa ero ce-
MAaHTMKA, TaK KaK KaXIbliA HOBbIA MPUMED TIOHSI-
TUS yTOUHSIET (PacuIupsieT) ero CMbIC, CHUXKas TeM
CaMbIM €r0 CMBICJIOBYIO HEOMPEIeIEHHOCTb.

IIpencraBieHue 3HaHW B (OpMe OHTOJOTUU
MPUHSTO ellle Ha3biBaTh (hopMaan3aiueil KOHIEI-
Tyaauzauuu. JIeicTBUTENbHO, OHTOJIOTUST KOHILIETI-
TYaJIbHOTO YPOBHS B MOJIEJIU MPeACTaBICHUS CHa-
yaja OMUCHIBAETCSI HA HEKOTOpPOM (opmanibHOM
s13bIKe, Harpumep, Ha RDF, OWL nnn Ha KaKoM-
TO APYTOM $I3bIKE, HO 3TO Moka ¢opMa, MOHsITHAs
yenoBeky. [locie TpaHCasALIMM Takoe MpeacTaBe-
HUe Tpeobpa3yeTcsl B CTPYKTYPbl JaHHBIX W 3Ha-
HUM, YUTAEMBIE KOMIIBIOTEPOM.

YenoBek mnpeArnoynTaeT BBOAUTL 3HAHUSA U
JaHHbIE B KOMIMbIOTEP B (popme, MOHITHOU eMmy.
B Toii ke (popme OH mpeAnoynTaeT nojayyarsb nNpo-
MEXYTOUHbIE U KOHEUYHBIE Pe3yJbTaTbl pelIeHUs
3agaun. Ho xommpioTep "moHMMaeT" TOJBKO Ma-
LHIMHOYUTaeMyo Gopmy maHHbIX M 3HaHu#. [lo-
ATOMY Ha 3Tare mpeAcTaBieHus] 3HaHUN paccMa-
TpuBalTcs 00e GopMbl 3HAHUUN U AAHHBIX U UX
npeobpa3oBaHue B 00¢ cTOpOHHI. PucyHok 3 (cM.
TPEThIO CTOPOHY OOJIOKKU) WUITIOCTPUPYET OIMH
U3 CIy4YaeB UCTOJb30BAHUS, KOTIA BHITIOTHSIOTCS

mpeoOpa3oBaHUs 3HAHUM W JaHHBIX U3 (POPMHI,
MMOHSITHOI 4Yea0oBeKy, B (popMy, IOHSITHYIO KOM-
nploTepy, U1 HaobopoT. Bo Bcex aTux mpeobpa-
30BaHUSX MCIIOJIB3YETCA MOACIDb IIPCACTAaBICHUA
3HAHWI B OHTOJIOTMUYECKOI (popme.

Hcnonp3oBanue 3HAHUM

OOparumcs K 3ajadye WCIIOJb30BaHUS 3HAHWUM,
T. €. K mexHoaoeuam paboThl CO 3HAHUSM, IPUHSI-
TBIM B Pa3JIMYHBIX IPUKJATHBIX WHTEICKTYallb-
HBIX cucteMax. Hcnoavzoeanue 3uanuii B U1 — 310
MpUMEHEHUEe KOHKPETHBIX TexHojoruit U m nH-
CTPYMEHTAJIbHBIX CPEICTB MX IPOrpaMMHOI IIOI-
nepxku. Texnomoruu MM, Hanmpumep, MHOTOAareHT-
HbIE€ TEXHOJIOTUM, TEXHOJIOTUU T1yOOKOro 00yYeHUSI
U T. [.,  UTHCTPYMEHTBI UX IIPOrpaMMHOM HOAAEPXK-
KM CUJIBHO 3aBUCAT OT KJlacca npuioxeHuil. UmeH-
HO Ha 3TOM 3Tame gopoxHas kapra HC poikHa
pa3anyaTh KJACChl IPUJIOKEHUI, TaKUe KaK KOM-
MbIOTEPHOE 3pPEHUE, MHOIOMOIAJIbHBIE MHTepdeii-
Chl, aBTOHOMHbIE POOOTHI M T'PYIIIOBOE YyIIpaBlie-
HUE B pa3jMYHBIX CIydYasiX, CLIEHApUSIX U MUCCHU-
SIX UCIIOJIb30BaHMs, pacIpeacjcHHbIE CUCTEMBI U
ceTu KJlacca MHTepHeTa Belllell u/uiu Kubeppu-
3UYECKUX CUCTEM, MHTEIICKTyalbHble CEHCOpPHBLIC
ceTu M "yMHBIe" 00JlaYyHble CEPBUCHI B Pa3IMYHBIX
MPUJIOXKEHUSAX, CUCTEMBbl ITOAICPXKKHW IIPUHSITUS
pelieHMi (B IPOM3BOICTBE, HAa TPaAHCIOPTE, IJIs
obecrnieyeHns1 0€30MacHOCTU B KUOEPIPOCTPAHCTBE,
¢uHaHCOBOI cdepe, OMojoruu, papmaleBTUKE U
T. 1), pPEKOMeHIATeJIbHbIE CUCTEMBI, HampuMep,
MEePCOHAILHBIC PEKOMEHIATEIbHbIC CUCTEMbI B Me-
IULMHE, B YIPaBJICHUU aKTUBAMU U T. 1.

B kauyecTBe OOHOrO M3 KJIACCOB 3a7a4 UCIIOJIb-
30BaHUS 3HAHUM CJIeAyeT TaKXe paccMaTpuBaTh
3aJa4yu ooMeHa MHMopMaleit MeX1y KOMIIOHEH-
TaMu (pachpeieeHHOro) IPUJIOKEHMSI, peau-
3yeMble KOMMYHUKALIMOHHBLIMU TEXHOJIOTUSIMMU,
B KOTOPBIX COIEp:KaHUE COOOIICHUI OIMMCAaHO Ha
sI3bIKaX MpeACTaBICHUS 3HAHUA.

Oo0cyxaeHne: BaxHbIe 3224 JOPOKHOI KapThl

IIpencraBiaeHHas dakTopus3auus 0a30BBIX 3a-
nay MM Ha 3amaum monydeHus, IpeacTaBICHUS
Y MCIOJb30BaHUS 3HAHUI MO3BOISIET CTPYKTYPH-
poBaTh paboOThI MO CO3JaHUIO "KOMILIEKCAa TEXHO-
JIOTMYECKUX pelleHui", 3anaannpoBaHHbiXx B HC.

B HacrosieMy BpeMeHM TEOPUSI M TEXHOJO-
rusi UMW AoCTUINIM BBICOKOTO YPOBHSI 3pEJIOCTH,

U OHU IO NOCTOMHCTBY OLICHEHbI MHAYCTPUECH. 3a
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LIECTHACCIAT C JUIIHUM JeT pa3BUTHUSI HaykKa 00
yOpaBJ€HUM Ha OCHOBE 3HAHMM yXe MpeomoJie-
Jla 3Tan HavyaJbHOW sidopuu, Korma crenuaiu-
CThI BCEPbE3 FOBOPUJIM O BO3MOXHOCTHU OBICTPOro
coznaHusl MMM kak anbTepHaTUBBLI MJIM AaXe Kak
pacIIpeHus eCTeCTBEHHOTo nHTeaekTa. Ceifgac
9T0 HanpaBiaeHue MU octaeTcs obiacTbio Mpo-
(eccrnoHanbHON NESITEIBHOCTH HEWPOOMOJIOTOB,
CTIELIMATIUCTOB B 00JIacTU (priocodum CO3HAHUS
n WHpOpMaTHKU Mo3ra (cM. puc. 1 Ha BTOpOH
cTopoHe 00J0kKM). OH ocTajcs TakxXe 0071aCThbIO
npodecCuoHaIbHON OesITeTbHOCTY CIIEIINaINCTOB
B 00J1aCTUM KOTHUTUBHBIX HayK, KOTOPbIE U3Yy4YalOT
KOTHUTHUBHBIE MPOLECCHl TOJOBHOIO MO3ra 4eJyo-
BeKa B MHTepecax MO3HaHWsS, MOASIUPOBAHUS U
HMCHOJb30BaHUS MOJyYaeMbIX 3HAHUM.

MHN xak HampaBieHue B MH(pOpMaTUKe 00JIe3-
HEHHO 1 ¢ OOJIBLION MOTepeit BpeMEH! Mpeoaoiel
3TaIl BCeoOlIell YBEPEHHOCTH BO BCeCHIMM (hop-
MaJIbHbIX JIOTMYECKMX MOIEJeil M JIOTMYECKOTO
BbIBOJA KaK YHMBEPCAJbHOIO CPEICTBA PELICHUS
npoonem M. Ceituac yxxe Majio TeX, KTO MUCIIOJIb-
3yet Ilposlor 1 MexaHW3MBbl NPUHSITUAS PEIICHUMN,
MOCTPOEHHBbIE HA €ro OCHOBE. B uctopuu pa3BuTus
NN onpeneneHHblE OOCTUXEHMSI CBSI3aHbI C MeE-
PHUOIOM aKTUBHOI'O Pa3BUTHUS UICH U TEXHOJOTUM
SKCHEPTHBIX CUCTEM KaK 3aMKHYTHIX CUCTEM IIpH-
HSITHUSI PEIICHUI, MOCTPOSHHBIX Ha 3KCIIEPTHBIX
3HaHUIX. OQHAKO BCE 3TO yKe OTOIIJIO B IIPOIILIOE.

B HacTosiee BpeMs nmajJuTpa aKTyaJdbHbIX Ha-
YUYHBIX UCCJIEIOBAHUI U IPUKJIATHBIX pa3paboToOK
B obnmactu UM pgoctaToyHO OOIIMpPHA W pa3HO-
obpasHa. OmHako ee HanboJIee BaxkHBIE, HAUOoOICce
MPOAYKTUBHBIE U HaMboOJIee TPOOJIEMHBIE HATIPaB-
JIeHU s, KaK U Ha HayaJbHbIX 3Tanax pazsutusa M
M UWHTEJJIEKTYyaJlbHbIX TEXHOJOTU, OTHOCSTCH,
npexae BCero, K noayuenuro 3Hanui. UMeHHO Ka-
4YeCTBO U IIOJTHOTA 3HAHUWU, UCIIOJIb3yEMbIX TOW WU
WHON MNPUKJIAJAHONA WHTEJUIEKTYaJIbHOM CUCTEMOMH,
NpaKTUYECKU OAHO3HAYHO OMPEAEISIIOT €€ BO3MOX-
HocTU. TemMaTuKa NMoay4YeHUs 3HAHUI OCTAETCS aK-
TyaJjibHOI1 yxke O0oiee 40 yet. B pa3HbIe mepronbl oHa
KOHILIEHTPUPOBAJIACh BOKPYT Pa3HbIX UCTOYHUKOB,
METOHOJIOTUI 1 aJITOPUTMOB M3BJICUCHUS 3HAHUU
M IPOTrpaMMHBIX CPEICTB MX MHCTPYMEHTAJIbHOMI
nognepxku. Ceityac B 3TON MO-TIpEeKHEMY Be-
nyuiein 1 Haubomee TpymHoit obmactm MU mpe-
BaJIUPYIOT OBa HampaBieHus. OOHO — 3TO ce-
MaHTH4Yeckass oopaboTKa OOJbIIMUX HAHHBIX IS
u3eneveHuss 3HAHUU W TIOCTPOCHUS MEXaHU3MOB
MNPUHSTHUS PELICHUIA, a BTOPOE — 3TO II1y0OoKoe
0o0yJeHre HelIpOCETEBBIX CTPYKTYP IIPUHSITUS Pe-
IICHW HAa OCHOBE TeX XK€ MaHHBIX. DTHU ABa BO

MHOI'OM aJIETEPHATUBHBIX IMOAXOAA K PELICHUIO
OJHOM U TOU Xe MpoOJieMbl, TEM HE MEHee, JI0-
MOJIHAIOT APYT ApyTa.

M3BaedyeHre 3HaHU U3 OOJBIIMX AAHHBIX MME-
€T LICJIBIO TIOCTPOCHUE MOMACJIEN MaHHBIX U 3HAHUM,
B KOTOPBIX CeMaHTHKa npeacrasyieHa Ha EA. Meto-
JIOJIOTHSI TTOTyYeHMsI 3HAHUH B TaKOi1 (hOpMe HUCIIOb-
3yeT CTPOrMe MareMaTh4ecKrhe MOCTAHOBKHW 3ajad,
METONbl M aJTOPUTMBI MX DPEIICHUS. DTU METOMBI
MIPUHSTO HA3BIBaThb CHUMBOJILHBIMU, XOTS IIOHSITHC
"CMMBOJI' B COBPEMEHHBIX SI3bIKAX IIPEICTaBIICHUS
W UCIOJb30BAHMS 3HAHUM 3HAUYUTEILHO OTJIMYACT-
csg ot a”HajormyHoro mioHsaTuss MU, ckaxewm, 30 et
ToMy Haszan. OTiImyaeTcs OHO, IIPEXIe BCEro, Iepe-
XOIIOM OT YKMCTO CMHTAKCUYECKON (DOPMBI CUMBOJIb-
HBIX SI3BIKOB K ceMaHTmueckoil. Eciim 30 ner Tomy
Ha3aJ OCHOBHBIE MeXaHM3MbI (hOPMaJIBHOIO IIpPE.I-
CTaBJCHUS 3HAaHUW KOHLEHTPUPOBAIUCH BOKPYT
SI3BIKOB (POPMAaJIbHBIX JIOTMYECKUX MCUMCIICHU, TO
ceifyac 3TV MOZAEJIM VIIUIM B IIPOIIIJIOE BBUIY CJTA00
BBIPA3UTEIBHOCTH U BEIYUCIUTENHHOI HEA(PPEeKTUB-
HocTu. HacTosiiiee BpeMss — 3TO BpeMsI CEMaHTUKMU,
CEMaHTUYEeCKMX BBIUMCIIEHUM, CEMAaHTUYECKUX TEX-
HOJIOTMM Y CEMAaHTUYECKUX TMPUIOKEHU [7], B KO-
TOPBIX KaxkJasi CTpOKa CMMBOJIOB (IIepeMeHHAsT WJIn
KOHCTaHTa) MMeEEeT YeTKO 3aJaHHYI0 M (popMaabHO
"BbIYMcIsgeMylo’ cemMaHTuKy B TepmuHax Ef. Ce-
MaHTU4Yeckue BbluuciaeHus B MM — »T0 ceituac
OIIMH M3 CaMBbIX 3aMETHBIX 1 JOJTOBPEMEHHBIX TPEH-
noB B obnactu MT, a cemaHTHYeCcKHe TEXHOJIOIUU
JOJKHBI CTaThb COCTABJISIIONIECH OOIIEro "KOMILIEKCa
TexHoyornyeckux pemrenuii’ HC.

B otnuume oT 3TOr0 HEMpOCEeTEeBbIE MOACIU U
3HaHWUS, IIPEACTaBICHHbIE B HEHPOCETAX, IOKa
OCTAIOTCSI YUCTO CHHTaKcudeckuMmu. IayGokoe
00yUYeHUEe €CTh YIIPaBJIIEMbIii MEXaHU3M Ciyvani-
HOTO ITOMCKa C MOIKPEMJeHUEM, U HE CTOUT CTPO-
UTh WIIIO3UI OTHOCHUTEIBHO €ro BCECUJIBHOCTH.
MHTYUTUBHO 3TOT IOAXOH SIBIISIETCS ITOIBITKON
BOCITPOU3BEACHU S MEXaHMU3MOB OOyUYeHUSI IIPUHSI-
TUIO pelIeHUIi, KOTOpPbIe Peaan3yloTCsI B KOTHU-
TUBHOI MoIeau Mo3ra 4enoBeka. Ho moka gocro-
BEPHBIX 3HAHUIM 00 3TMX MEXaHMU3MOB HET, a II0-
TOMY HE BEI3BIBAIOT JIOBEPHS YTBEPXKACHUS O TOM,
YTO 3TM MEXaHM3Mbl aHAJOTMYHBI MeXaHU3MaM
€CTECTBEHHOTO MHTEeJJIEKTa. TeM He MeHee, yCIie-
XU COBPEMEHHBIX HEMPOCETEBBIX MOAEJICH NIPUHSI-
THUS pelIeHU OYeBUAHBI M 3HAYUMBI JJIS1 IPaKTH-
K. OHU ITO3BOJIUJIN PELIUTh PSIJ BEIYUCIUTEIBHO
TPYAHBIX 3amad OOYy4YeHMSI CTPYKTYp HIPHUHSITHUS
pelleHN I Ha OCHOBE pa3MEYeHHBIX JaHHBIX.

Ho »tu ycmexm, Kak 1 BO3MOXHOCTHU COBpE-
MEHHBIX MEXaHU3MOB ITTyOOKOI'0 O0Yy4YeHU ST, CUJIb-
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HO TIpeyBEIMYECHBI TEMHU, KTO PEIUTHMO3HO BEPUT
B HUX. [JIaBHBINM HEZOCTAaTOK TEXHOJOIUU TIIy0O-
KOro oO0y4eHHusI — 3TO KaTacTpoduueckKue Tpedo-
BaHUS K 00beMY OOyYaIOIIMX TaHHBIX, YTO CBOM-
CTBEHHO BCEM MeXaHM3MaM CJIYYalfHOTO ITOMCKa.
N xots 3T TpeOOBaHUS MOTYT OBITh YACTUYHO
OCJIa0JIEHBI 32 CYET MEXaHM3MOB IIPeaoOopadboTKu
o0yvJamIInX JaHHBIX (HallpuMep, 3a CYeT MeXa-
HHM3MOB HEJIMHEWHON (PUIBTpalluM), HO OHM ITOKa
BCE PaBHO OCTAIOTCS BEICOKUMMU.

Breicokre TpeOoBaHUSA K 00BEMY OOydaroIIMX
JaHHBIX IS TIyOOKOro oOy4YeHHs B TOCIIeIHEe
BpeMsl BBHI3BAJIM ONpEICIICHHBI KPH3UC B 3TOH
00acTH, XOTS OOJIBIIMHCTBO CIIECIMAJIMCTOB 3a-
KpPBIBAIOT Ha 3TO Ijla3a. DTU TpeOOBaHUS CTUMY-
JINPOBAJIN TIOSIBJICHUE CPEACTB MHXKMHUPUHTA 00-
YYaIOIUX JaHHBIX C ITOMOIIBI0 MaTeMaTUUeCKOTO
MonenupoBaHus. Ho 3To Bcero nump momaymepa,
BeAylass TOJABKO K BPEMEHHOMY OCJIA0JICHUIO
ocTpoThl npobjseMmel. I[lo Mepe ycimoxxHeHUST 00b-
€KTOB M CHCTeM, IJIsS pabOTHl ¢ KOTOPHIMU MC-
TMOJIB3YIOTCS MEXAHU3MBI T[IIYOOKOTO OOy4YeHWS,
MOTPEOHOCTH B O0BeMax pa3MEUECHHBIX HaHHBIX
OyayT pacTH, u IIpodeMa 00s13aTeIbHO OOOCTPUT-
cst cHoBa. OYEeBUIHO, YTO HEHPOCETHU TOJIOBHOTO
MO3Ta YeJIOBeKa OMMPAIOTCs B 3HAYNTEILHON Mepe
Ha CEeMAaHTUKY U Ha KOHTEKCT IPUHSITHUS pelle-
HUH, a TIOTOMY NYTHU IJIS TIPSOAOJICHUS IIPO0IeM
nedunnTa pasMeYeHHBIX OOyYalolMX JTaHHBIX
clIefyeT MCKaTh TaKxXe B WX OOOTallleHUM CeMaH-
tukon EA.

B obnacmu modeneii npedcmaesenus 3HaHUU
OCHOBHOI TpOOJIEeMOI SIBJISIETCS aBTOMAaTH3aIlMs
MOCTPOSHUSI OHTOJIOTUM, B YAaCTHOCTH, OHTOJIO-
TMU JAaHHBIX. DTO HAIIPaBJICHUE YK€ ITOCTATOUHO
JIOJITO OCTaeTCsl OMHUM M3 KJIIOYEBBIX B 00JacCTU
MU, u B 5TOM HanpaBJICHUU YK€ UMEETCS 3HAUU-
TEJIBHBIN IIPOrPECcC IO CO3MAHUI0 CEMAaHTUUECKUX
PeCypCOB M TUIIOBBIX OHTOJIOT M1, KOTOPHIE IIPEI0-
CTaBJISIET CEMAaHTUUYECKHUI BeO M CEeMaHTHMUYECKHE
pecypchl ipoekTa Linked Data Web [15, 17], o yuem
paHee yxe 1jaa pedb. OOHAKO CYIIECTBYIOIINE
MHOTOUYMCIIEHHBIE MHCTPYMEHTHI mpoekTa Linked
Data Web 1 ncionb3yeMble B HUX CEMaHTUUYECKUE
pecypcHI IoKa ellle He 00J1aJaloT Hy>KHOM TOYHO-
CTBHIO TI0 CEMAaHTUYECKOMY aHaJau3y AAaHHBIX IIPU
BBISIBJICHUY MOHSATUM M UX CTPYKTYpPHU3ALUMN.

[pyras rpynmna mnpo0jieM IpeacTaBieHUs 3Ha-
HAM W CEMAHTUYECKMX BBIUYUCIICHUI, KOTOpas
YaCTUYHO MOXET OBITh OTHECEHAa M K MHOXECTBY
npobJeM MCIIOJIb30BaHUS 3HAHMI, CBSI3aHA C pe-
LIeHWeM 3aJa4 TpaHchopMaluyd 3HAHWM W HaH-
HBIX M3 4YeJIOBEKOIIOHSITHONW (opMbl B dopmy,

MMOHSTHYI0O KOMIBIOTEPY, U HA000pOT (CM. IIpH-

Mep Ha puC. 3, CM. TPETBbIO CTOPOHY OOJIOXKH).

B Hacrosiee BpeMsi, K COXaJICHUIO, OTCYTCTBYIOT

appexmusnblie MEXaHU3MBI, IIPUTOAHBIC ISl BBI-

MOJIHEHU S TAaKMX NpeoOpa3oBaHU 3HAHUI U JaH-

HBIX ¢ OOJIBIIMMHU 00beMaMu 0a3 3HaHui. OgHaKO

MMEIOTCSI HOBBIE pa3pabOTKM B 001aCTU IpadOBBIX

0a3 JaHHBIX, PeaJM30BaHHBIX HOBBIMHU CHUCTEMU

yIIpaBjeHUs 0a3aMy TaHHBIX, Hampumep, Neodj u

OrientDB ¢ 00JBIINM MMOTEHIIMAJIOM JIJIS 3a1a4 ce-

MaHTHYECKOrO IIPEACTAaBICHUS W MCIOJIb30BaHUS

3HAHUM.

Yrto kacaercsa mpoOyieM MCIIONAb30BAHUS 3HAa-
HUI B npukiaagHbix cucreMax MM, To 3aech MOX-
HO KOHCTaTHUPOBAaTh HAMOOJIbIIIEE YMCIIO OCTPHIX U
BeCbMa CJIOXKHBIX MPOOJIEM, TPEOYIOLIUX COBMECT-
HBIX YCMJIMII HAy4YHOTO COOOIllecTBa M OM3Heca.
B 3T10li 06/1aCTM TEHAECHLUU OIPEHESIIOTCS HO-
BBIMU MPUJIOXKEHUSIMU, B YaCTHOCTHU, IIPUJIOXKE-
HUSIMM KJacca MHTEpHeTa Bellleil n Kubeppusn-
YeCKMX CUCTeM. bynylilee 3TUX cuCTEeM HPUHSITO
CBSI3bIBATh C UX peajam3alueil B BUJE SKOCUCTEM
YMHBIX cepBHUCOB. lleHTpaJbHBIM KOMIIOHEHTOM
TaKUX peanus3aluil sBisieTcs (paclpenereHHas)
nndponasg miaardgopma, KoTopasd HUTpaeT poJib
IIPOrpaMMHO-KOMMYHHMKAIIMOHHON MHQpPacTpyK-
TYpPBI, TPaHC(HOPMUPYIOIIEH MHOXECTBO €€ Te-
TEPOreHHBIX KOMIIOHEHTOB (pacIpemeicHHbIX
MIPUJIOKEHMI, CEHCOpPOB, OOJIAUHBIX PECYpCOB U
CEepPBHUCOB, pa3lIelsIeMbIX PECYpCOB M CEPBHCOB,
KOTOpbIE€ pean3yloTcss Hu¢poBoi naaTrdopMoil u
T. I.) B eIuHYI0 "cucteMy cuctem” [18—20].

KpaTtko 3amaum 3KOoCHUCTeMbl YMHBIX CEPBHCOB,
MHTEIJIEeKTYaJIbHOTO SIpa IIPOLIECCOB KOOPANHA-
UM ¥ YOPaBJIECHUS, HOJXHEI COCTOSTH B TOM,
4TOOHI (pucC. 4, CM. TPETHIO CTOPOHY OOJIOXKKN):

e "MOrpy3uTh' BCE KOMIIOHEHTHI B €IMHOE KOM-
MYHUKAaIlMOHHOE, MTHPOPMALIMOHHOE U CEMaH-
TUYECKOe MPOCTPAHCTBO 3HAHUIM M HAHHBIX U
obecrieunTh MHTEPPENCH HOCTyHa K HUM CO
CTOPOHHBI IIPOTPaMM U MOJIb30BaTEICH;

e 00ecneynTh COBMECTUMOCTH KOMIIOHEHTOB
9KOCHCTEMEI 110 (popMaTaM IaHHBIX W 3HAHUN
IIpY pellIeHNH 3a1ad KOoIepalu 1 KOOpauHa-
LI TTOBEICHMS;

* TIOAJEpXKMBATh pelIeHWEe 3adad pacIipenese-
HUsI, TUIAHUPOBAHMUSI M OINEPAaTMBHOTO YIIpaB-
JICHUSI OOIIIMMU pecypcaMy 3KOCUCTEMBI B pe-
aJbHOM BPEMEHU,

e 00ecmeYynTh Y3JIbl CeTU KOMIIOHEHTOB 3KOCH-
CTEeMBbl OHJIAMH-TOCTYIIOM K OOJIAUHBIM PEeCyp-
caM M CepBHCaM U K BHEIIHMM MCTOYHUKAM
nHOpMaALIUHU U
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e 0o0ecneuynTh HAKOIUICHNE W XpaHeHUE OJaHHBIX,
TeHEPUPYEMBbIX MPUIOXKECHUSIMM, IJISI MaIlWH-
HOTO OOy4YeHHUS B LIEJISIX MOBBLILIEHUSI KauyecTBa
UX pabOTHI.

OnHa M3 0COOEHHOCTE COBPEMEHHBIX IPUJIO-
JKEHUI Kjacca MHTepHeTa Belledl u Kubephusu-
YEeCKUX CHUCTEM COCTOMT B TOM, UTO B HMX OOBIU-
HO OOBEKTOM YIpPaBJICHUS SIBJISICTCS T'PYNIIOBOE
MOBEICHUE MHOXECTBAa aBTOHOMHBIX OOBEKTOB,
M BTO BaXKHBIM HOBBIM KJIacC OOBEKTOB yIpaBJie-
HUS. YIpaBjieHUE I'PYIIIIOBBIM ITIOBEACHUEM B 3TOM
KJIacce OOBEKTOB HA3bIBAIOT ePYNNOBbIM YNpasie-
Huem. B Onumxxaiiiliee BpeMsl ciieayeT OXUIaThb BU-
PYCHOTO pacIpoCTpaHEeHUS MPUJIOKEHUM, B KOTO-
PBIX TpeOyeTcs pelaTh 3a4a4y TPYIIIIOBOTO YIIpaB-
JeHusa. DPp@eKTuBHbIE pelleHuss B 3TOM 00JIacTU
MOTYT OBITh IIOCTPOEHBLI HA OCHOBE CETEil areHTOB
M areHTCKMX TEXHOJIOTMi, BaXXHOIO0 KOMIIOHEHTAa
B "KOMIIJIEKCe TexHoJjornuecknx pemenuii’ HC.

3akiaoyenue

AcHoe moHmMaHue cyTH mpodisem MU m mH-
TEJIJICKTYaJbHBIX TEXHOJOTUI HOJKHO CIIOCO0-
CTBOBAaThb YCKOPEHHOMY BHEIPCHUIO pamguKalb-
HO HOBBIX MT, mo3Bongiomux pemraTh HaydHBIE
M TeXHWYECKME 3aJauyl COBpEeMEHHON LM(ppOBOM
apbl. B paboTte mokazaHa KJro4yeBasl pojib 3HaHUK
B UM u B untennektyaabHbix UT. ITokazaHo, 4TO
NN crnenyeTr paccMarpuBaTh KakK Hay4YHYIO JMC-
LUTLINHY, O0BEKTOM M3YYeHHUSI B KOTOPOI SBIISI-
IOTCSI 3HAHUSI, & METOMOJIOTMYECKYI0 OCHOBY CO-
CTaBJISIIOT MOACIM, aJTOPUTMbI U IIPOrpaMMHEIE
MHCTPYMEHTBI U3BJICYEHUSI, TIPEACTABICHUS U HUC-
MOJIb30BaHUS 3HAHWI B MPUJIOKEHUSIX.

B paboTe nmpoaHaln3upoBaHO CYIIECTBO 6a30-
BhIX 3aga4 MU u caenmaH BEIBOI O TOM, UTO TOPOXK-
Has Kaprta pa3Butusi UM m mHTENIEKTyaabHBIX
TeXHOJOTHUI IJIs1 CO3AaHMUS "KOMIIJIEKCa TeXHOJIO-
rnyeckux peweHuit” UM MoxeT OBITH CTPYKTY-
pUpoOBaHa B COOTBETCTBUM C 3TUMM TpeMs 0a3o-
BbIMU npobjemamMu M. B KoHTeKCTe 3THUX 3amad
TMEPEYUCICHBI TPOOJEMBl 1 OCHOBHBIE TPEHABI X
3BOJIIOLIMM, CYIIECTBEHHEBIE IJISI TOJTOBPEMEHHOMN
crpareruu pa3BuTusd MW M MHTENJIEKTyadbHBIX
TeXHOJOTUIl B Pa3IMYHBIX MPUIOXKEHHUSIX, B TOM
yucyie B LUPPOBOI IKOHOMUKE.
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Abstract

To the present days, the scientific direction of computer science metaphorically called "Artificial Intelligence” (Al) as well
as corresponding information technologies is becoming of strategic value as the theoretical and the technological basis of digital
economy of the 21-th century. The leading economies of the world invest huge money in R&D of Al area. In many countries,
e.g. in the USA and Europe the standardization effort in Al scope are initiated. In Russia, the President issued a decree "On
development of artificial Intelligence in the Russian Federation"” dated 10 October 2019. One must acknowledge, however, that
up to the current days there is no common opinion, among Al scientists and engineers, on what is the research subject of Al
which are its R&D goals, scientific contents, methodology and technologies. In the paper, Artificial Intelligence is considered as
a scientific discipline that is a section of Computer Science. In it, the knowledge acts as the main research subject and its scien-
tific contents is composed of methodologies, methods and algorithms of the three Al subsections those are knowledge acquisition,
knowledge representation and knowledge usage for decision making. This point of view is justified in the paper by analysis of AI
historical issues, composition of its scientific topics and technologies. The aforementioned analysis is underway with regard to the
basic R&D problems that should be in the focus of the Al roadmap of the Russian scientific and industry communities in context
of the Presidential decree on the strategy of the development of Artificial Intelligence in Russian Federation.
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System for Measuring of Radial Clearances in Gas-Turbine Engine
with Self-Compensation of Temperature Effects on the Sensor

Abstract

The paper presents the description of developed hardware, algorithms and software of the system for measuring of radial
clearances between stator and blade tips in the compressor of gas-turbine engine. The measuring system implements the method with
self-compensation of temperature effects on the eddy-current single-coil sensor with a sensitive element in the form of a conductor
segment. Due to the self-compensation the number of used sensors and related mounting holes in the power plant stator was reduced.
The core operations of the self-compensation are realized in real time on hardware-and-software level. This makes it possible to
use the system for the detection of dangerous states of gas-turbine engines during power plants operation. The previously unexplored
phenomenon of "not-complete compensation” of temperature effects is considered. The phenomenon is related to the special features
of the conversion of the single-coil eddy-current sensor’s informative parameter in the measuring circuit. It manifests in the difference
of conversion functions of the system’s measuring channels under normal and nominal temperatures. The paper provides the way of
the effect elimination by means of program correction. The results of experimental researches of the working model of the measuring
system are given. They characterize the metrological appropriateness and efficiency of the system. The experimentally obtained
calibration characteristic approximated by polynomial function was used to determine the systematic part of the error as a difference
between the given and the calculated radial clearance. The random error was evaluated by the deviation of measured codes from an
average value in the sample that was obtained at the specified value of radial clearance for the fixed blade’s position relatively to the
sensor’s sensitive element. The efficiency of the working model was evaluated on the laboratory equipment during the rotation of the
electrically driven compressor wheel. The quantitative estimates of speed and accuracy of the working model of the measuring system
were obtained during experimental researches. They confirmed the possibility of using the system for the detection of dangerous states
of gas-turbine engines applied in the electrical power industry.

Keywords: gas-turbine engine, radial clearances, measuring system, hardware, algorithm and software, self-compensation of
temperature effects, real-time processing, detection of dangerous states, systematic and random errors, efficiency
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Cucrtema uamepeHus pagmarnbHbIX 3a30pOB B ra3oTypoMHHOM ABUrarerne
C caMOKOMIMeHcauueun TemnepaTypHbIX BO3AENCTBUN HA AaTUYUK

Ilpueodumcs onucanue paspabomMaHHbIX MeXHUUECKUX CPeOCmE, aA20pUmMOo8 QYHKUUOHUPOBAHUS U NPOPAMMHO20
obecnevenus cucmembsl U3meperus paoudibHblX 3a30p06 Meyucdy CMamopHol 000404KO0U U Mopyamu 10namok paboueeo Koieca
Komnpeccopa 2a30mypOuHHo20 0gueamens, 8 KOMOPoU peaiu3oean Memod usmMepeHus ¢ CaMoOKOMNEeHCayuel memnepamypHsix
6030elicmeull Ha 00HOBUMKOBbLI BUXPEMOKO0BbLI 0AMUUK C 4YECMBUMENbHBIM AeMEeHMOM 6 eude ompe3ka nposodHuka. baa-
200apsi NPUMEHEHUI0 MeXAHU3MA CAMOKOMNEHCAyuU y0aioch MUHUMUSUPOBAMb YUCAO UCNOAbIYeMbIX 0AMYUKO8 U COOMEem-
CMEYHUUX YCMAHOBOUHBLX OMEEPCMULL 8 CMAMOPHOU 000404Ke CUL080l ycmaHoeKku. OCHO8HbIe Onepayuu, npedycmompeHHble
CamMoKoMneHcayuei, 0OCywecmeasilomes 8 peaibHom 6pemMeHl Ha ANNAPAMHO-APOPAMMHOM YPoeHe. DMo OmKpbieaem 603MOoHc-
HOCMb NPUMEHEeHUs CUCMeMbl 045 OUASHOCMUKU ONACHbIX COCMOSAHUL 2a30MYPOUHHbIX 08ueameneli 8 npoyecce IKCHAYaAMayuu
CcUn08bIX ycmauno8ox. Paccmampusaemces parHee He uszyyerHulll dppexm "Hedokomnencayuu" memnepamypHoix 6030elcmeull.
Dphexkm ces3an ¢ ocobeHHOCMAMU NPeoOPA308AHUS UHPOPMAMUBHO20 NAPAMEMPA 00HOBUMKOB020 BUXPEMOK08020 0amMUYUKa
6 U3MepUmMenbHOU yenu U nposeasiemcs 8 HecO8nadeHuu YHKYUl npeo6pas08anus U3mMepumenbHolX KAHAA08 cUcmeMbl npu
HOPMAAbHOU U HOMUHAAbHOU memnepamypax. B cmamoe npedarazaemcs cnocod ycmpanenus 8AUsHUS YKA3AHHO020 3pdexma
nymem npoepammHoi koppekuyuu. [lpueodsmcs pe3yibmamol SKCHePUMEHMAAbHBIX UCCAC008AHUL Oelicmeyoueco mMaKema
cucmembl U3MepeHUsl, XapaKkmepusyujue e2o Mempoi02uteckyro cCoCmosimeabHocms U pabomocnocobnocme. Jlas onpedesenus
cucmemMamu4eckoi cocmasasioueli no2peuHocmu 0elicmeyoueco MaKkema cucmemsl KaKk pasHocmu 3a0AHH020 U 6bIHUCACH-
H020 paduanbHo20 3a30pa UCHOAb308ANACH IKCNEPUMEHMANLHO CHAMAS 2Pa0yUpOBOYHAs XaAPAKmMepucmuKa, annpokcumupo-
8aHHAS NOAUHOMUANbHOU yHKyueld. CayuaiiHas noepeuHoCms OYeHU8alach N0 OMKAOHEHUAM K0O08 Om CpeOHUX 3Ha4eHull
6 6blOOpKe 045 PUKCUPOBAHHOU NOZULUU NONAMKU OMHOCUMENbHO YYECMEUMEAbHO20 IAeMEHMA 0amYUKa npu 3a0aHHOU 6e-
AuUUHe paduanvHozo 3asopa. OyeHka pabomocnocoGHoCmU Oelicmeyioueco MaKkema npou3600ULaAcs HA CHeYUAAUZUDPOBAHHOU
Aa60pamopHoil ycmanosKke 6 npoyecce epauwjerus padboueeo Koieca peaibHo2o0 KomMnpeccopa om snekmponpueoda. B xode sxc-
nepumenmoe Obiau NOAYUEeHbl KOAUHECMBEHHbIe OYeHKU OblcCmPOOdelicmeus U MOYHOCMU pa3pabomanH020 MAKemHo2o 00pasua,
nodomeepicoaroujue 603MONCHOCHb UCHOALI0BAHUS NOOOOHO20 POda cucmem umeperus: 045 OUACHOCMUKY ONACHBIX COCTOSHUL
2a30mypOuHHbIX 0gueamenell, NPUMeHAEMbIX 8 IHepeemuKe.

Karoueeote caosa: 2030myp5llHHblL7 deueameﬂb, paduaﬂbﬁble 3a30ps6l, cucmema usmepeHusd, mexHuveckKue cpe()cmea, an-
eopummuvecKoe U npoepammHoe 06@6‘}’1@'{61'”46, CaAMOKOMNneHcauua memnepamypHblx 8030@1}6‘}7’!81“}, 06pa60ml<a 6 pealbHOM

eépeMenu, duaeHoCMuKa OnacHblX COCH’ZO}IHMZZ, cucmemamuuveckue u Cﬂy’{aﬁHble noepeuwHocmu, pa6omocn0c06nocmb

Introduction

According to [1, 2], the main indicators of the
reliability and cost-effectiveness of gas turbine en-
gines (GTE) used in transportation vehicles, elec-
trical power systems, and gas transmission are de-
pends on the radial clearances (RC) between the
stator and the blade tips of the rotor wheel (RW)
of the compressor and turbine. It is obvious that
this dependence is the cause of multi-year interest
of GTE developers for measuring RC and using the
results of such measurements in control and diag-
nostic systems of GTE [3—6].

There are lots of RC measurement methods
based on different physical principles [7, 8]. But
their implementation is limited to the harsh condi-
tions in the gas-air-duct, such as those relating to
the temperature which reaches 600 °C in the com-
pressor and 1000 °C in GTE turbine.

At the same time, RC measurement systems
using single-coil eddy-current sensors (SCECS) with
a sensitive element (SE) in the form of a conduc-
tor segment have been successfully tested in bench
tests of GTE. The sensitive element of the sensor is
connected through noninductive conductors to the
volume coil of a matching transformer (MT); the
equivalent inductance of the primary winding of

this transformer is an informative parameter which
depends on the RC. The SE as well as the other struc-
tural components of the SCECS (current conductors
and the volume coil) is made of the same heat-resis-
tant alloys as blades. The SE is inserted through a
mounting hole directly into the wheel space, where
it interacts with the blade tips. RC changes are con-
verted to changes in the equivalent inductance of the
primary winding of the MT. The MT of the SCECS
is located outside the stator shell of the GTE under
favorable temperature conditions [9—11].

The temperature effects on the SCECS compo-
nents in RC measurement systems are reduced by
means of additional witness SCECS, which SE is in-
serted through an additional mounting hole into the
wheel space so that the temperature conditions are
identical to the conditions of the SE of the working
SCECS and there is no electromagnetic interaction
with the blade tips. The witness SCECS is connected
to the general measuring circuit (MC) with the wor-
king SCECS, where it performs compensation func-
tions. This method was widely used in experimental
studies of gas turbine engines under bench conditions
[9—11]. However, the use of additional SCECS (and
additional mounting holes) in the normal operation
of GTE is extremely limited. There are also difficul-
ties with selection of a pair of SCECS with identical
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parameters associated with the existing manufactu-
ring technology of the sensors.

The RC measurement method described in
[12] does not require using an additional witness
SCECS because of the fixation of extreme values of
the equivalent inductance of the MT primary wind-
ing of the SCECS, which depends on the RC and
temperature, when a controlled blade passes by the
SE (position RWI) and only on temperature when
a blade-to-blade gap passes by the SE (position
RWII), with the calculation of the difference of the
measured values, which is determined only by the
RC. Using models of the electromagnetic interac-
tion (EMI) of the SE with the compressor blade tip,
families of conversion functions (CF) of SCECS
and MC were obtained [13] as well as the influence
functions (IF) of a number of the disturbing factors
(DF) on the difference of the extreme code values
[14—16]. Moreover, the structures and the operation
algorithms of the system for RC measuring with
self-compensation of temperature effects on SCECS
are considered in [17].

But the above-mentioned papers [12—17] do not
contain any information about experimental studies
that confirm operability and effectiveness of the
RC measurement method with self-compensation
of temperature effects on the sensor and illuminate
the ways in which they can be realized. The paper
is written to eliminate existing gaps. For this, we
give a description of the developed hardware, algo-
rithms and software of the system for RC measu-
ring with self-compensation of temperature effects
on SCECS. The previously unexplored phenomenon
of "not-complete compensation” of temperature ef-
fects and the way of its elimination are considered.
The results of the experimental studies of the wor-
king model of the measuring system are given. They
characterize the metrological appropriateness and
efficiency of the system. The specific example of
the application of the developed system for the de-
tection of dangerous states of GTE compressor ap-
plied in the electrical power industry is given. The
quantitative estimates of the speed and the accuracy
of the working model of measuring system were ob-
tained during the studies and are given too.

System’s hardware, algorithms and software

The system consists of both standard and non-
standard technical facilities (Fig. 1).

The non-standard facilities include SCECS with
two thermocouples (TC, & TC,) intended for addi-

STM32F4
Discovery

]

Fig. 1. Technical facilities of RC measurement system

tional temperature correction', transducer (Trans.)
which is the MC, containing differential scheme on
the input with SCECS and its imitator, a "current-
to-voltage" converter, a scaling amplifier and ten-u-
nit ADC on the exit [13]. The transducer is plugged
in the communication line between SCEDS and the
device for preprocessing of digital data (DPD).

The standard facilities are composed of RPM sen-
sor, normalizer (Norm.) of the signals of TC and RPM
sensor; the standard block STM32F4Discovery on the
base of microcontroller STM32F407VGT6B [18].

DPD is linked with PC through USB-channel.
The voltages corresponding to signals of TC, and
TC, come from output of the normalizer to the
analog input of ADC plugged in microcontroller
and the normalized sequence of pulse signals from
RPM sensor comes to the discrete input of micro-
controller for measuring of RW rotation period.

According to [19, 20] the preliminary digital
data processing (DPD, Fig. 1) includes the set of
operations which on account to their content, im-
portance, goals and tasks separately or in combina-
tion (in algorithms) can be presented as three me-
thods for determination of:

e averaged extreme code values of blade-to-blade
~ext .

gaps Cyj;

e extreme values of the difference of averaged
codes of blade-to-blade gaps and codes corre-
sponding to each blade during one period of RW
rotation AC®;

e averaged extreme value of the difference of codes
for several (V) periods of RW rotation corre-

N
sponding to each blade L > ACH! j
i

lAccording to the method in [7], the thermocouples TC; & TC,
provide a higher accuracy of the temperature measuring in GTE
flow section. This temperature is used during data processing in
the measurement system and allows to reduce the temperature ef-
fect on the controlled and adjacent blades and as the result — to
increase the reliability of information about RC.

296

MexaTpoHnKa, aBToOMaTH3anus, ynpasjienue, Tom 21, Ne 5, 2020



The first method for determination of the code
Ci¥ and the algorithm, corresponding to it, are
implemented at one of the initial periods of RW
rotation. They include a number of operations re-
lated to the construction of the statistical distribu-
tion (histogram) of ADC codes and fixation of the
most probable code value C&" found on the basis
of the histogram. This value of code is used on the
next period of RW rotation?.

The second method involves a combination of
several algorithms during one period of RW rota-
tion and their implementation in real time in mi-
crocontroller. The algorithms are:

« calculation of codes difference AC(t)=Cf" - C(1),
where C" is determined on the previous period
of RW rotation and C(f) are current code values
from ADC output;

 searching for extreme code values AC® cor-
responding to each blade by a brute-force ap-
proach;

» redefinition of averaged extreme code values
Ci™ on the current period of RW rotation for
use them on the next period.

The third method and the algorithm, corre-
sponding to it, are intended to reduce a random
component of the measuring error through the ave-
raging of the extreme values of the difference of
codes AC % corresponding to each blade during a
fixed number of completed periods of RW rotation.

Listed in the methods for preliminary data pro-
cessing algorithms are implemented within the exis-
ting resources (hardware and software) of one mi-
crocontroller: timer, ADC, floating point unit and
interrupt controller. The timer is used in "capture”
mode for measuring of the period of RW rotation
by signals of RPM sensor. The signals case inter-
ruption after each period of RW rotation. These
interruptions are used for synchronization of the
algorithms corresponding to each method.

The operations of codes processing correspond-
ing to each blade during one period of RW rotation
are presented in the methods and the implemen-
ting algorithms. Such operations are carried out by
interrupts with other priority. The initial signals for
the interrupts are produced adaptively after the fact
when each blade passes by the SE SCEDC and the
extreme difference code AC® is firmly fixed. The
operation of accumulation of the averaging sums

N
of the extreme difference of codes [Z ACH j for
i1

ext

The most probable code value C{' is taken for its averaged value.

several (V) periods of RW rotation corresponding
to each blade is carried out in this interruption han-
dler. So, the operations intended by methods and
relevant algorithms are executed comprehensively
and in real time. Thanks to periodicity of the RW
rotation process all blades pass by the SE SCEDC
in turn on each period of the wheel rotation. This
provides easy access to the averaged extreme code
values of the complete ensemble of the RW blades
during several periods of the wheel rotation in real
time. The resulting array of averaged codes relevant
to the blades is transferred to the upper level in PC.

The specified in the working model of the mea-
surement system PC (Fig. 1) is used for RC calcu-
lating in the same way as it was done in the mea-
surement systems for experimental studies of GTE
under bench conditions [9, 10].

Study results

The main attention is given to the experimental
studies of the working model of the RC measure-
ment system. The studies include the definition of
the meteorological parameters of the measurement
system and the evaluation of its efficiency. At the
same time the section starts with examination of
vital and unexplored phenomenon of "not-com-
plete compensation” of temperature effects on the
SCECS. The phenomenon manifests in the diffe-
rence of CF (or calibration characteristics) of the
system’s measuring channels in the form of the de-
pendencies AC®* on RC under normal and nomi-
nal temperatures. The quantitative estimates of the
speed of the working model of the measurement
system and the possibility of the random error re-
ducing on several periods of the RW rotation are
considered in the final part of the section.

Temperature effects on the CF of RC measure-
ment system and the way to reduce it. Even with the
working model of the RC measurement system the
calibration device for experimental research of tem-
perature effects is needed. It should provide guaran-
teed accuracy for RC settings (<0,01 mm) within a
specified range 0,5—2,5 mm under normal (20 °C)
and nominal (620 °C) temperatures in compressor’s
gas-air duct.

In the absence of applicable calibration device
for experimental research of temperature effects the
well-known model of the EMI of the SE with tur-
bine blade’s tips can be used [11]. The model should
be adapted to the blade used in GTE compressors.
The similar model was used in [12—16], where the
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required for simulating data are given (including the
reference frame OXYZ which origin (point O) is
located in the center of SE, the X axis is directed
along the RW axis, the Y axis is directed radially
(the RC value is characterized by the y coordinate)
and the Z axis is in the direction of RW rotation).
The simulation results make it possible to deter-
mine the CF of SCECS — the dependences of ex-
treme values of the inductance of the MT primary
winding on RC (y) under the normal temperature
(L5 (»)) ; the value of Lﬁ%‘yﬁw (LY., = Ly) , and

the changes of AL, = L, — Ly{t (v) [13].

It should be noted that changes of the equivalent
inductance of the primary winding of the MT due
to the temperature changes up to 600 °C were de-
termined experimentally for the three SCECS sam-
ples of one type and size. The SE of SCECS were
placed in hot air steam and the volume coils of MT
were cooled by the water. The inductance changes
(ALg) averaged to 0,03L, (3 %) under temperature
changes up to 600 °C. This led to obtaining CF at
a temperature 620 °C [13].

The detailed description of the MC? is given in
[13]. The same literature source presents the CF of
MC in the form of dependences of codes Cf" and
Cf in positions RWI and RWII on the inductance
changes AL, and ALg

C;}Ct = KchE (ﬂ +
Ly

1
; (D
e

AL
cot = KoK E| Loy Ao 2Ly )y
Ly Ly L

1 2

X
_ALy ALy L
Ly L Ly

where E is a supply voltage of the scheme, Ky is a
scaling coefficient and K is a coefficient with di-
mension 1/Volt.

The difference of codes Cfi" and C{* in (1), (2)
corresponds to the extreme value of codes differ-
ence AC %" calculated in the measurement system.
Taking this into account:

Ly

3The SCECS is connected to one branch of the differential cir-
cuit with pulse supply (pulse time is 0,1 us, frequency is 1 MHz).
The SCECS simulator (SSCECS) is connected to another branch
of the circuit (it inductance is equal to Ly—L,, where L, is usually
chosen to AL, ). The currents in circuit branches are converted
to the voltages on current-to-voltage converters (CVC) outputs.
The voltages difference is amplified in scaling amplifier and fur-
ther is converted to digital code on the output of 10-digit ADC.

Acext — Clelxt _ Clext, (3)

and then after substitution of (1) and (2), the
difference of the codes becomes

AL
Acext:KSKCE y><
Ly
8 AL l ’ @
-85 Aoy AL
L L Ly
or
ext ALy 1
A C = KchE L AL ’ (5)
0 K® [KG) _ Yy J
Ly
where Kg =1+ Al
L AL
Under the assumption that © <1 and

A
—2 <1 the coefficient Ky — 1 and the codes

0
difference AC® is determined only by the RC ()

AL
[ACexr = KchE L Y

j and the temperature chan-
0
ges do not affect on it. In other words, the full self-

compensation of temperature effects on the SCECS
is achieved.

But in real conditions the coefficient K, depends
on the temperature and the phenomenon of "not-
complete compensation” of temperature effects has
taken place. According to the simulation results of the
EMI of the SE of the SCECS with the blade used in
the GTE compressor, and also taking into account
the experimental data, the quantitative estimates

of —2 as a dependence on y-coordinate (RC) and
0

© for temperature drop per 600 °C (from normal to

nominal) were obtained.

Fig. 2, a shows the system CF obtained under
normal (20 °C) and nominal (620 °C) temperatures.
The CF demonstrate the "not-complete compensa-
tion" effect about 20 code units or more than 6 %
from code deviation in RC range from 0,5 to 2,5 mm.

To reduce the "not-complete compensation” ef-
fect the method that involves the multiplication of
calculated in the system difference code value by
unitless number, defined by:

AL 1
° L, 1 AL,
Ly

(©)

[Ké—](

is offered.
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then a manual search of the extreme

: AC 00 AC !

| 300 '\ code value Cf* (along z coordinate).
! 400 400 ! The procedure is repeated with a given
o X\ < 300 - E— ! step Ay, in the full range of the RC
| \\\{S %C ' (0,5—2 mm). When y > 2,5 (y > )
| 200 S 200 ! the code C{&" is fixed and the desired
| 620 °C | === 620 °C ! de L ;

| 100 Sl 100 i code differences AC *¥(y) are calculated.
i . y,mm| ¥, mm i However, to analyze the systematic part
Loos 1,0 1,5 2,0 2.5 0,5 1,0 1.5 2,0 25 | of the measurement error the inverse of
! a) b) I the CC function AC®(y) seems to be

Fig. 2. Dependences of AC(y) under normal (20 °C) and nominal (620 °C) temperatures

with "not-complete compensation” effect (¢) and without it (b)

In the first approximation the expression (6) is

equal to KGQ, when the impact of changes —2% is
not taken into account. Meanwhile, the coeffiocient
Ky is equal to 1,03 for nominal temperatures
(620 °C) in the flow section of GTE.

The calculations show that the proposed meth-
od allows to reduce the "not-complete compensa-
tion" effect by more than two orders and the "not-
complete compensation” effect is mostly invisible
on Fig. 2, b. Indeed, if y is equal to 0,5 mm the
"not-complete compensation” effect is only 0,2 code
units (less than 0,1 % from the deviation of codes
difference and it decreases with RC (y) increasing).
The calculations also show that the changes of "not-
complete compensation” effect are insignificant and

do not exceed 5-107'2 codes unit, taking into ac-

AL,

count the changes of in the same RC range.

Metrological indicatoors. Two indicators are dis-
cussed — the systematic and random parts of the
error of the working model of the RC measurement
system.

The calibration characteristic (CC) is needed
for quantitative evaluation of the systematic part of
the measurement error. It is like a CF AC®(y), but
obtained by an experimental way with the help of
three-dimensional calibration device equipped with
mechanical timepiece indicators with a resolution
of 0,01 mm. The indicators are used for the control
of the displacements of the blade which is fixed to
a movable platform.

more convenient:

I
¥ :F(Acext): ZAiACeXta
i=0

(7)

where A; are the coefficients of the polynomial
and [ is its order.

Meanwhile, the approximated CC are used as
a "supporting" functions for the determining of
the systematic part of the measurement error as a
difference of the given RC and the RC calculated
after approximation (y,) according to (7):

t)

It should be noted that the experiment in the
normal temperature conditions is enough for
obtaining of the CC (the functions of type (7)) of
the working model of the RC measurement system.
The distinctive features of the experiment are that
the function C{*(y) is determined with a small
step 0,2 mm during the calculation of the difference
AC™ =Cf" —Cf* at each y position and the
repeating of the listed operations at least 10 times
with further averaging of the obtained results AC .
The averaged CC of the system is given in table 1.

This averaged values (AE”"( y)) are used for the
approximation function (7) obtaining. The result of
the approximation is the polynomial function
ya(Afm). For the polynomial order / = 6 the
polynomial coefficients are: A, = 4.2255955938;
A, = -6.1557237945-10"%; 4, = 6.1365638609-10*;
Ay = —3.7526730997-10°¢; Ay = 1.3236791821-107%;
A = —2.4719351918-107"1; 4, = 1.8893005772-107 4.

The reduced systematic part of the error is:

A=Y=V,

The methodqlogy for CC obtaining at fi'rst provides 5, = Ay | 100%, )
the pre-installation of given RC (y coordinates) and AY max
Table 1
Averaged CC (AC ™ (y))
y, mm 0,5 0,7 0,9 1,1 1,3 1,5 1,7 1,9 2,1 2,3 2,5
AT (yy| 340.27 | 26075 | 203,91 162,78 | 130,35 | 105,30 85,87 71,00 59,16 49,42 41,37
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Table 2

(AC " (y)) values in the centers of the intervals between CC "nodes"

y, mm 0,6 0,8 1,0 1,2 1.4 1,6 1,8 2,0 2,2 2,4
AT (y) | 29761 231,34 182,88 144,82 116,97 94,47 77,99 64,81 53,84 45,16
where Ay is calculated according tothe 1,y 1

expression (8) and Ay, = 2 mm is
the largest possible RC changing. Ay

is calculated according to the given
values of RC (y) in the nodes of the

table 1 and the values y,, found through

the expression (8)*. The calculations
show that the systematic part of the

error 8, is small in the full range of RC

(») changing and its maximum value
doesn’t exceed 0,06 %.

It is known that the approximation
errors between the "nodes” can be much
more than in the "nodes" when the order polynomials
are used. To evaluate these errors the values of the
difference AC™" were obtained experimentally (they
are given in the table 2 at the RC (y) selected in the
centers of the intervals between y coordinates given
in table 1). After the calculation of the y, value for
the same y coordinates the errors 5, were obtained.
They are much more than the errors in the "nodes",
but their maximum value does not exceed 0,26 %.

The experiment on the estimation of the random
part of the error is carried out in fixed position of
the blade relatively to SE of SCECS when the RC
(») is 0,5 mm. The analysis of the sample fragment
with the size 105 codes C{* shows that the most of
the codes are within 5 digits of dispersion (standard
deviation is 1,11 digits). The random error of codes
Ci¥' is virtually eliminated in the RC measuring
system due to the statistical techniques by means of
the histogram. That is why the standard deviation of
codes AC “" will be the same as of codes C{. At
the same time the reduced random part of the error
is determined by the ratio of standard deviation to
changes of the differenced code in the RC range
from 0,5 to 2,5 mm. According to the table 1 these
changes are about 300 code’s digits and when the
standard deviation is 1,11 code’s digits the reduced
random part of the error is estimated in about 0,3 %.

Referring to the codes sample C{* it should be

noted that for known Cf the AC®" can be cal-

“As such the systematic part of the error is in fact an
approximation error.

EZIZZ P

Fig. 3. Sample of the calculated RC (y) to a given value of y = 0,5 mm

culated and then AC %" can be converted to RC ()
according to (7). The results are given on fig. 3.

When AC ' is converted to RC the random error
is substantially reduced because of the curvature
of the AC®" (y) function in the neighborhood of
y = 0,5 mm. The RC () standard deviation is
0,00184 mm and its relative value led to the range
of 2 mm is about 0,1 %.

The evaluation of the efficiency of the working
model of the measuring system. The evaluation is
carried out by the experimental comparison of the
given RC between SE of SCECS and the blade tips
of the real RW of the compressor with an electric
drive (during its rotation) and the RC obtained after
data processing in the measuring system (the RW
speed is constant during the experiment). The
changes over time of the C(f) codes on the exit of
the transducer, the difference of the codes
AC(t) = Cf" - C(t), its extreme value AC® and
the histogram that illustrates the obtaining of Cf;
code for one period of the RW rotation are fixed
during the experiment too.

Fig. 4 shows a schematic of the RW with a blade
row and SCECS which SE is located at a distance
of RC from the controlled blade tip.

The displacement of SCECS along Y axis of the
reference frame OXYZ which simulate possible RC
changes during the compressor operation is carried
out by a special equipment. The compressor wheel
is driven by direct current electric motor with
controlling of its rotational speed up to 500 rpm
(rotational speed is limited owning to safety reasons).
The RC changes are monitored by the mechanical
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Displacement$
along Y axis

Fig. 4. Schematic of the RW with a blade row and SCECS

timepiece indicator with resolution 0,01 mm (the
indicator is not shown in Fig. 4).

It is obvious that the listed equipment makes it
possible to obtain the CC not only in static mode
of RW, but also in the dynamics (i.e. during its
rotation). Of course, the use of dynamic mode
of obtaining the CC cannot rely on the official
certification and guarantee the metrological validity
of the experimental results. But its possible use for
the evaluation of the measuring system hardware
and software is unquestionable.

In order to obtain the CC target values of RC
(y coordinate) are set in the limited range from
0,75 mm to 2,25 mm with step 0,5 mm. The extreme
values of codes difference AC“ are defined for the
blade no. 1 for each y value during RW rotation.
The obtained CC as the function y = AAC *) are
approximated by the polynomial with the order
downgraded to 3. Its coefficients are entered into the
system for use in special procedure for calculation
of the desired RC (y).

Then the intermediate y values between "nodes”
of the CC table are set and the calculation of the
RC takes place in the measuring system.

The difference between the given and the
calculated values of RC (y), expressed as a percentage
of the RC measuring range was approximately
about 1 % RC 1,5 and 2,0 mm and about 5 % for
RC 1,0 mm. The obtained results confirm the
operating capability of the hardware and software
tools of the working model of the measuring system.

Fig. 5, a shows the changes over time of the
codes on the transducer exit (C(f)) when the blades
no. 1, 2, ..., 6 (minimum) and corresponded blade-
to-blade gaps (maximum) (1) pass the SCECS.
The changes were obtained on the working model
of the measuring system during the RW rotation
and they illustrate the operation of the system (tem-
perature changes (A0 =~ 600 °C) are simulated by
additional coil with inductance L, = 0,03L, con-
nected in series to the primary winding of MT).
There the changes over time of the codes difference
AC(t) = Cf" —C(t) and its extreme values which
are defined in the system (they are shown by a dots)
(2) are presented.

The averaged extreme values of the codes were
found on the previous period of the RW rotation as
a result of the statistical processing with the help of
the histogram (Fig. 5, b). The vertical line sets the
array g|C|, where symbol "C" corresponds to the
value of the registered code and the value of the ar-
ray element g|C| is a frequency of its appearance in
the sample. The global extremum of the histogram
corresponds to the desired averaged value of the
code Cf [20]. The averaged value of the code
CF¥ is shown by a horizontal dashed line.

About the performance of the system and the
possibility of reducing of the random part of the
error. The frequency of the codes on the exit of
the transducer is defined by the frequency of a
pulsed power supply of SCECS which
equals to 1 MHz (at a constant and

Fig. 5. Dependence of the code on the transducer exit C(?) (1), codes difference AC(?) and
its extreme values (dots) (a), the histogram for averaged values of the code C{i* (b)

| |

Doaoo S0 g 8l | very short duration of the pulses
i 200 ARVAR Y SAT iR YERY 350 i At=10""s) and limited to a marginal
oo 1—g—N— A KD a0 I capabilities of the selected microcon-
A1 |

L o ’ ' o I troller.

U 400 150 : It should be noted that when deter-
p o300 ﬁ ﬁ, I'l ﬁ I'l ll’ll 100 f i mining the desired extreme values of
o N T 1 1 [ ¥ | the differenced codes corresponding

100
¥ £ Ams . . .

i 0% - k"fou L;OU '\.,;0 0 “F‘"""“""f - i to each of n blade their updating is
i 2 %6 50 HZ; 5 5 i happening with time intervals equal to

the period of RW rotation. Assuming
a compressor is an object of the diag-
nostics of dangerous states and GTE
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is applied in the electricity industry, providing the
rotation of the generator rotor with constant speed
3000 rpm, the period of the RW rotation will be
20 ms. That time is enough, for example, for detec-
tion of the engine surge that can be fixed on the
changes of AC®Y, to be exact — on the RC changes
related to the beginning of oscillations in the gas-
air duct (if the number of blades is # = 100 and the
frequency on the exit of the transducer is 1 MHz
then the extremes of the codes difference appear
through 0,2 ms and the number of codes is 200 per
blade). Unlike the existing systems for RC measu-
ring with SCECS where data processing is done in
PC, the proposed working model provides the data
processing in real time in the microcontroller du-
ring one period of RW rotation [20].

In the same literature source [20] the opportu-
nities for reducing of the random part of the er-
rors are considered. At the same time, it is pointed
out that the discretization process and unremovable
noise in MC (transducer) are the main reasons for
the random errors. It is obvious that the sampling
step depends on the frequency of a pulsed power
supply of SCECS and the RW rotation speed. With
the increase in the frequency the sampling step de-
creases (at a constant rotation speed) and increases
with the increase in the rotation speed (at constant
frequency of a pulsed power supply). The changes
of the sampling step at the given frequency of a
pulsed power supply can be a source of the error of
a random nature. To quantify these errors the well-
known model of the EMI of the SE with the tur-
bine blade tip, adapted to the compressor blade, was
used [20]. Computational experiments showed that
at the frequency of a pulsed power supply equals to
1 MHz and RW rotation speed equals to 3000 rpm
the reduced error is only 0,012 %. This means that
in the example the sampling error can be ignored
(especially in view of increase of the frequency of a
pulsed power supply and using the microcontroller
with higher performance).

However, there is still the random part of the
error related to the unremovable noise in MC. As
it was shown earlier (during studies of the metro-
logical indicators) the standard deviation at RC (y)
0,5 mm is 1,11 units of code and the relevant part of
the error normalized to the maximum possible de-
viation of the codes difference AC ® is about 0,3 %
and that is far above the sampling error at the rota-
tion speed 3000 rpm.

Then the averaging of the extreme values of dif-
ferenced codes corresponding to each blade at seve-
ral periods of RW rotation will reduce the random

part of the error by VN times [20], where N is the
number of the periods of RW rotation. It means that
at rotation speed 3000 rpm and N = 10 the error
0,3 % will be less than 0,1 %. The duration of the
conversion will be 0,2 s.

Conclusion

The hardware, algorithms and software of the sys-
tem for the RC measuring are developed. The wor-
king model of the measuring system for experimental
studies of the metrological indicators and the effi-
ciency of the system is made. The distinctive feature
of the system and its working model is the self-com-
pensation of temperature effects on the SCECS. The
operations envisaged for the self-compensation are
executed in real time in microcontroller.

The phenomenon of "not-complete compensa-
tion" of temperature effects on SCECS is conside-
red. The phenomenon is related to the special fea-
tures of the conversion of the SCECS informative
parameter in MC with ADC on its output and the
method of its elimination is given. Using the self-
compensation coupled with the proposed method
ensures the minimization of SCECS and related
mounting holes in the compressor stator and makes
it possible to use the system for detection of dange-
rous states of GTE during its operation.

The results of the experimental researches of the
metrological indicators of the measuring system were
carried out. In order to define the systematic part
of the measuring error the CC was used. It was ap-
proximated by the polynomial function and the error
was found as a difference between the given and the
calculated RC (y). It was shown that the reduced sys-
tematic part of the error in the range of the RC from
0,5 to 2,5 mm does not exceed 0,06 % in the "nodes"
of the calibration table but it equals 0,26 % between
the "nodes". It is also shown that the reduced value of
the random part of the error that was determined at
the minimum RC (0,5 mm) as the ratio of standard
deviation to changes of the differenced code in the
same RC range is about 0,3 %. The error decreases
to 0,1 % when the standard deviation is converted to
RC (y) changes using the CC approximated by the
polynomial function (due to the increased slope of
CC when RC is 0,5 mm).

The efficiency of the working model was evalu-
ated on the laboratory equipment during the ro-
tation of the electrically driven compressor wheel.
The CC without claiming to metrological validity
was obtained according to the simplified method.
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The CC was entered into PC and used to compute
the RC physical values. It is shown that the diffe-
rence between given and calculated values of RC (),
expressed as a percentage of the RC measuring
range, does not exceed some percentage units and
this confirm the system’s efficiency.

The quantitative estimates of speed and accuracy
of the working model of the measuring system are
given. They confirmed the possibility of using the
system for detection of dangerous states of GTE ap-
plied in the electrical power industry. It is shown that
at the constant speed of the compressor RW rotation
equals to 3000 rpm, the updating of the information
about the RC to each blade tip is happening in one
period of RW rotation (i. . 20 ms) by applying the
microcontroller. This time is enough for using the
system for detection of the engine surge in gas-air
duct. It is also shown that the random part of the er-
ror can be reduced three times over 10 periods of RW
rotation to which corresponds to 0,2 ms.
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THUW mexaHuku MY, Mockea,
2 UHcTutyT npobnem mexanuku um. A. 0. NwnuHckoro PAH, Mocksa,
3 HaumoHanbHbIN yHuBepcuteT YeH KyH, TanHaHb, TaneaHb

anaBneHMe BHegpeHuemMm MHOeHTopa B BA3KOYNPYryro TKaHb
C ncnosfib3oBaHneM Nbe30INIeKTPN4YeCKoro npuneoaa

Cmepeomarcuueckue onepayuu akmueHo NPUMEHSIIOMCS 8 COBPEMEHHOU MAN0UHBA3UBHOU Meduyune. [Ipu 5mom 6o eénympenHue
opeaHsvl 6600UMcs 2ubKas ueaa, ¢ NOMOUbIO KOMOPOU 0Cyuecmeasemcs OUOnCUs Ul npoeooumcs A0KatvHoe Aeverue. l[lpumenenue
Nn0000GHbIX N00X0008 8 Helipoxupypauu mpedyem obecneueHus MmoyHo20 NO3UUUOHUPOBAHUS KOHYUKA U2abl 68 yeaegoi mouxe. Hacmo-
Auee uccae008anue Ce3aHo ¢ CO30aHueM pooomomexHUecKol cucmembl, 00CMagAAWel U2ty 6 3a0aHHYI0 MOYKY U UCHOAb3YIOWel
npueodvl, cogmMecmumble ¢ ANNAPaAMam MAeHUMHO-PE30HAHCHOU MOMOePApUU, BU3YANUSUPYIOUUMU NOA0NCEHUEe Ueabl. B dannoi
pabome npedaoNCceHa KOHEYHOMEPHAS MAMEMAMUHECKds MOO0elb MEXAMPOHHOU CUCMEMbl, UCNOAb3YIOUWel Nbe3031eKmpu4ecKull
npueod (I1911) oas nepemewenus ueavl (Kauwau) 6004b 3a0aHHOU NPAMOU. i onucanus KOHMAKmMa KaHwoau ¢ MA2KOU MKAHbIo
paspabomana mamemamueckas modeas ux e3aumooeiicmeus. Pewena xonmakmuas 3adaua, onucsiéaiowas 08a npouecca, npome-
Kanowux é xode 6HeOpeHUs U2abl 8 OUOA02UUECKYI0 MKAHb. GHEOPEHUe JHCeCmK020 (N0 CPABHEHUI) ¢ MKAHbIO) UHOeHMOpPa U e2o yoep-
Jcanue Ha onpedenennoi eayoune. I[lpu smom yuumoieaiomes peaakcayuonHoie ceoticmea mranu. Ilogedenue mikanu onucoleaemcs
¢ NOMOWBIO (DEHOMEHOA02UUECK020 N00X00d, 0CHOBAHH020 HA MOOuguuuposannol modeau Keaveuna—Dotiema. Dmo nozeoauso
ceecmu peuieHue KOHMAKMHOU 3a0a4u K UHMeZPUPOBAHUIO CUCIEMbl 00bIKHOGEHHbIX OUPHEpeHUUANbHbIX YPABHEHUIL.

OO0HuM U3 NPUBHAHHBIX CROCO008 PaspabomKu U OMAAOKU MEOUUUHCKUX POOOMOMEXHUMECKUX CUCIEM A8ASAeMCs MeCcmuposa-
Hue ux QYHKYUOHUPOBAHUS C NpUMeHeHUeM panmomos ouosoeuveckux mrkanetl. C 5moil yeavto U320Mo8aeH YPaHmom cUHO20 20-
A08H020 M032a Ha 0CHoGe azap-azapa. TIpogedervl sKcnepumeHmol N0 UHOEHMUPOBAHUIO CMAHOAPMHOU KAHIOAU 8 MeA0 PaHmoma.
Ha ocnose noayuenubix sKcnepumMeHmanbHulXx 0aHHbIX npogedena udeHmuguxkayus napamempos modeau konmakma. Ilpedroxncen
aneopumm ynpaenenus wacmomoui 1211, obecneuusarowuii 6Hedpenue KAHOAU 8 MASKYIO OUOA0SUHECKYH) MKAHb HA 3A0AHHYIO
eaybuny. IlIposedeno uucnrennoe modeauposanue GHEOPeHUs KAHIOAU 6 MACKYI0 MKAHb ¢ UCNOAb308AHUEM 3M020 areopumma. Hc-
CAe008aHO 6AUAHUE KOIDOUUUEHMO8 00PaAMHOU C83U NO NOAONCCHUIO U CKOPOCMU UHOEHMOPA HA XAPaKmep npouecca 6HeOpeHusl.

Karuegwie caosa: cmepeomaxkcuveckas onepauu, nbe303/1elcmpur4ec1<uﬁ npueoa, mMamemamuveckas MO()e/lb, KOHmaxkm-

Hble Xapakmepucmuku, aieopumm ynpaeienus

BBenenne

OmHUM U3 COBpPEMEHHBIX HAIIpaBJICHUM MaJlo-
VHBa3WBHON MEIUIIMHBI SIBISIOTCSI CTEPEOTAKCH-
YyecKMe omepaluu, IMpU KOTOPHIX BO BHYTPEHHUE
OpraHbl BBOAUWTCSI TMOKas WIJa IJISI IPOBEICHUS
onpeaeneHHbIX mpouenyp. OMHUM M3 BaXKHBIX U aK-
THBHO Pa3BUBAIOIINXCS BUIOB TaKHMX OIEpaIINii SIB-
JISIETCSI BBEICHUE UIJ B TOJJOBHOM MO3T IJIsl B3SITHUS
OMoIcuM WA TPOBEACHMS JIOKAJIbHOIO JICYEHUS
(HampuMep, INIYOMHHON CTUMYJSILIMU TOJIOBHOTO
MoO3ra IIpH JICYEHUM TaKuX 00jie3Hel, KaK 00JIe3Hb
ITapkuHCcoOHa, sIUJIercus U T. M.). B pa3HbIX cTpaHax
MUpa CO3[AIOTCS U COBEPILIEHCTBYIOTCS CelMab-
HBIE POOOTU3MPOBAHHBIC CUCTEMBbI, IIpeAHA3HAYCH-
HBIE JJIST TIPOBENCHUS TaKux onepanuii. OCHOBHOM
3aja4yeil IIoI00HOM CUCTEMBI SIBISIETCS 00ecIeueHre

I PaGora BbImonHEHA Opd 4YacTHYHON Tmoaaepxkke Poc-
cuiickoro ¢oHma ¢GyHIaMEHTaJIbHBIX HCCAENOBaHUU (IPOEKT
19-58-52004) n MuHHcTepcTBAa HayKM M TexHojoruu TaiiBaHs
(MOST 108-2923-E-006-003-MY?3).

TOYHOT'O MO3UIIMOHMPOBAHUS KOHUYMKA MIJIBI B 1Ie-
JieBoii Touke. Hanboree nepcneKTUBHBIM CIOCOO0OM
BU3yaJIN3allN 1 TIOJIOXKEHUST UTJIBI OTHOCUTEIBHO IIe-
JIEBOM TOYKHM B Tejie YeJIOBEKA SIBIISICTCSI MATHUTHO-
pe3oHaHcHas Tomorpadpus (MPT) [1, 2], naromas
MOrpelIHOCTD B Tipeneax g0 1 Mm. Cepbe3HOi TTpo-
OieMoli saByIsIeTCsSl pa3pabdoTKa poOOTOTEXHUYECKOM
CHCTEMBI, HAIIPABJISIONIEN NIy B 3aJaHHYIO TOUKY
1 WCIIONB3YIONICH MPUBOIEI, He HapyIIalolIue pa-
6oty ammapara MPT. OgHuM U3 TUIIOB MPUBOIOB,
coBMecTUMBIX ¢ MPT, aBisgioTCS TTHE303JIEKTpHUUC-
ckue npuBoabl (IIBI1). B pabdore [3] s mpuBo-
Jla poOOTU3UPOBAHHOrO nMuHLeTa npuMeHeH T1DI1,
pa3MeIIeHHBI B UCITIOJTHUTEIBHOM 3BEHE XUPYPIU-
yeckoro pobora. B pabGore [4] aBTOpBI MCIIONIB30-
BaJim npenusnoHHbI [1DI1 B kayecTBe JMHEHO-
ro JIBUTATENs] POOOTU3NMPOBAHHON XUPYPTrUYECKOM
CHUCTEMBI 111 OMOIICMM TOJOBHOrO Mo3ra. biaro-
Japss CBOMM IOCTOMHCTBaM, TaKMM KaK OBICTpPBIA
OTKJIMK, MOCTaTOYHOCTh YCUJIMS, O€30MacHOCTH
(GpUKIIMOHHOI Tlepenaun, B nocieguue rogsr 11911
BCE yallle IIpeaJiarajoTcs B KauyecTBE IOBUTAaTesIei
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JUISl Pa3IMYHBIX OMOMETUIIMHCKUX ITpUOopoB [3, 6].
[NapanneabHO pa3BUBAIOTCSI W METOOBI MOICIMPO-
BaHMUS MTbe303JIEKTpHUUeCKUX ABuraresieii. B. Bypnrc
u J1. Teuden [7] npenyiokujiv MoaeaupoBaTh TaKOH
JIBUTATEIb C MOMOIIBIO OCHMJLISTOPA C IBYMS CTe-
NeHsIMHU cBoOoAbl. [1omoOGHBIN TOmXoa OBIT pa3BUT
B paborax [8, 9]. HekoTophle acleKThl yIIpaBJIeHUS
MeXaTpOHHBIMU crucTeMaMu ¢ nomoinsio [19I1 pac-
cMOTpeHHBI B padoTe [10].

IIpn ympaBieHUM WIJIOM HEOOXOAMMO YUYMUThI-
BaTh MHOTMe (DaKTOPBL: XKECTKOCTb UIJIbI, MEXaHU-
YyeCcKHe CBOMCTBA OMOJIOTMUECKNX TKAHEH, pa3imy-
HBIe MEIWIIMHCKWE AacCIIeKThI, TaKue, HaIlpuMmep,
KaK JIOIyCTUMAasl CKOPOCTb BBEICHMS UIJBI, MPU
KOTOpOi B TKAHM He BO3HMKHET HEIpUeMJIEMbIX
noBpexaeHui, u T. A. CucTeMa yIpaBJIeHMs TH0-
KOW WTIJIOM, BHEAPSIEMOM B IOCTATOYHO IIJIOTHYIO
TKaHb, MpeajoxeHa, B YaCTHOCTH, B padote [11].

BBemeHne HOBBIX NPUOOPOB B KJIMHUYECKYIO
MPaKTUKY TPeOyeT AIUTEIbHBIX IIPEABAPUTEILHBIX
TecToB. OOHUM U3 MPU3HAHHBIX CIIOCOOOB OTpa-
OOTKU 1 TECTUPOBAHMSI MHHOBALIMOHHBIX METOIOB
M MEXaHM3MOB SIBJISIETCSI SKCHEPUMEHTAIBHOE KC-
cliefloBaHMe MIPMMEHEHMS TaKNX MHCTPYMEHTOB Ha
(panTOMAaX OMoOJOrMUEeCKUX TKaHewu [12, 13].

B psage pabot (B yacTtHocTH, [14]) mpoiecc BHe-
JIPEHUS UIJIbI B MSITKME TKaHU MOIEIUPYETCs C I10-
MOIILIbIO METOJAa KOHEYHBIX 3j1eMeHTOB. OmHaKo Ta-
KO croco® He TMo3BoJisieT 3PMOEKTUBHO CTPOUTH
aJITOPUTM YTIpaBJICHUS IBUXKEHUEM UIIILL. st 3TO-
ro 1legecoo0pasHo pa3paboTarb (PeHOMEHOJOrnYe-
CKYI0 MONEJib, B KOTOPOU B3aMMOIEWCTBUE TKAHU
C UIJIOW OMMCHIBAJIOCH Obl IMHAMUYECKOM CUCTEMOM
(10 BO3MOXKHOCTH HEBBICOKOTO MOPSIAKA).

M1 co3maHusl MOAEIM B3aMMOAECHCTBUS WIJIbI
¢ haHTOMOM OHOJIOTMYECKOM TKAHU CJEAyeT pe-
IIMTh KOHTAaKTHYIO 3aJady, ONMCHIBAIOIIYIO IBa
mpolecca: BHEAPEHUE XECTKOro MHIASHTOpPa B OC-
HOBaHME U yAepXKaHUE €ro Ha OIpeNesIeHHON ITy-
oune. [Ipy 3TOM HEOOXOAMMO YUYUTHIBATh pejlakca-
LIMOHHBIE cBoiicTBa daHTOMa. B pabGotax [15, 16]
MOJIYUYEHO pellieHe 3aJa4X O Harpy>KeHUHW OCHOBA-
HUSI ¥ TIOCJENYIOIEM ero CBOOOJHOM BOCCTAaHOB-
JleHuu. [is onmcaHus MeXaHMIeCKOTO ITOBEISHUS
OCHOBaHMSI MCIIOJb30Bajach MOMENIb CILJIOIIHOMI
cpenbl, MO3BOJISIONIAsl OLUEHUTh TOJIBKO MaJble Ie-
(opManum ocHoBaHMS. B 1ieisiX onmucaHusl Ipo-
M3BOJBHEIX AeopMaliii OCHOBAHUS C YIETOM €TO
pelakCcallMOHHBIX XapaKTePUCTUK B HACTOSIIEM
HUCCIeAOBAHUY, aHAJIOTUYHO padoTe [17], ucIoib-
3yeTcsl YIPOIUeHHAas] MOJEIb MEXaHMYECKOIro IO-
BeleHUsl (paHTOMa, MO3BOJSIONIASl IIPOaHATIU3U-
pOBaTh 3KCHEPUMEHTAIBLHO UCCIEIYEMBII ITPOIIECC
BHEAPEHUS UTIBI B GaHTOM OMOJIOTMUECKON TKaH!
" ee yaepKaHUs B TKaHMU.

B naHHo¥# paboTe npenaoxeHa KOHEUHOMEpHas
MaTeMaTuyeckasi MoJejlb pOOOTOTEXHUYECKOUN CU-

CTEeMBI, NepeMellalolel KaHIoII0 BAOJb 3alaHHOMN
npssMoil 1 ucnonab3ywouiein [19I1 B kauecTBe mpu-
BO/la, B KOTOPOU MJIsi ONMMCAHUSI KOHTAKTa WTJIbI
C MATKOI TKaHbIO MCMOJb3YETCs pellieHrue 3a1a4yu
O BHEIPEHUM U YIAEPXKAHUU UIJIbl B BS3KOYIPY-
rom tene. M3rotoBnaeH ¢paHTOM TOJIOBHOTO MO3Ta
cBuHbU. [IpoBeaeHBl KCIIEPUMEHTHl ¢ MHACHTU-
poBaHUeM KaHwoyiu B Teno ¢daHToma. Ha ocHoBe
MPOBEIEHHBIX 3KCIMEPUMEHTOB BBIMIOJTHEHA IPO-
Leaypa MAeHTUGUIIMPOBaHUSI MapaMeTpOB Mojie-
au koHTakTa. [IpenyioxeH ajaropuTm ynpapJieHUs
yactoToir [IBII, obecneynBarolinMii BHEApPEHUE
KaHIOJIU B MSATKYI0 OMOJOTMYECKYIO TKaHb Ha 3a-
naHHyo ryouHy. I[lpoBeneHo uucieHHOe Moje-
JUpPOBaHUE BHEAPEHUST KAHIONIU B MATKYIO TKaHb
C UCIOJIb30BAHUEM TAaKOro aJropuTMa.

Onucanue m MaTeMaTHIeCKas MOJeJb CUCTEMbI

PaccmaTpuBaemasi MmexaHuuyeckasi CUCTeMa CO-
CTOUT U3 TOHKOI'O MHAEHTOpa (KaHIOJIN), KOTOPHBIH
YCTAHOBJICH B HANpPaBJISIONIMX M MOXET COBEp-
1IATh ITOCTYIATEJbHOE IBUXEHUE BAOJb IIPOAOJIb-
Hoit ocu, u IIBIT (puc. 1). BBenem HenmoaBUXKHYIO
cucteMy koopamHaT OXY, ock abcumcc KOTOpPOit
HampaBMM BIOJb HaNpaBJICHUS IBUKEHUS WH-
IeHTopa. bygeM cuurtaTh, 4TO cucTeMa HAXOOUTCS
B TOPU3OHTAJIbHOM IIOCKOCTU. TpeHHeM B Ha-
MpaBASIOLINX UHIEHTOpa OyJdeM IpeHeOperaTh.

Torma, oyeBMAHO, ypaBHEHHE AMHAMUKU WH-
JEeHTOpa B MpoeKUUKU Ha oCb OXY BBITJASAUT TaK:

1)

3nech m — Macca uHAeHTOopa; P — cuia, aei-
CTBYIOLIAsI HA UHACHTOP CO CTOPOHBI TKaHU; F —
cuja, AEHCTBYIOLIAs Ha MHACHTOP CO CTOPOHBI
TOJIOBKU IPUBOJIA.

mx =F - P.

Puc. 1. Moneab nbe303JeKTPHYECKOT0 MPUBOAA
Fig. 1. Model of a piezoelectric drive
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bynem monenupoBath auHamuky I13I1 c mo-
MOIIbIO B3MITMPUYECKOTO TOAX0Aa, OIMCAHHOTrO,
B yacTHoOCTH, B paborax [7—9]. Ilon aeiicTBueM mne-
PEMEHHOTIO 3JIEKTPUUYECKOr0 HATIPSIXKEHUSI ¢ YacTO-
TOlt ®, npujoxeHHoro K IIOII, rojoBka nmpuBoga
coBepllaeT KojaebaHus, MPU KOTOPBIX TPACKTOPUU
JIBUXKEHU S ee ToueK Onm3Ku K aanuricam. [pumewm,
YTO KOOPAMHATHI X;, J, CEPEAMHBI OCHOBAHMUS TO-
JIOBKH 3aBHUCSIT OT BpeMEHHU CJIeAYIOIIMM 00pa3oM:

xp = Ay sin2not, y, = Ay + A, sin(Qrot + ©).

IIpenmonoxum takke, yto rojioBka I19I1 npu-
KMMAaeTCsl K IpUBOAY C HEKOTOPOM cujioit N.

B pamkax wucrnonabzyemMoro ¢peHOMEeHOJOorrnye-
CKOro IoAxoAa AMHAMUKa FOJOBKM ITPUBOAA OIU-
CBIBAETCS C TIOMOIIbIO OCIUJISITOPA C ABYMSI CTe-
neHsIMu cBoOoas! (puc. 1).

O003HaYUM COOTBETCTBYIOIIME OOOOIIEHHBIC
KOOPIMHATHI X,, y,. COCTaBUM ypaBHEHUSI IBUXKE-
HHUS 3TOTO OCLUJLIATOpA:

maxa = _kx(xa _xb) _hx(xa - xb) - Fa

maj}a _ky(ya_yb)_hy(ya_yb)_kcya_hcya-
3meck m, — Macca OCUMILIATOPa; Ky, k), k. —

K03 PULIMEHTHI KECTKOCTU MPYKUH OCUUJLISTO-

pa; hy, hy, h, —koabbUIMEHTHI IeMTIDUPOBAHMSI.

Cuna F, pazsuBaemas IIDII, ompenensercs cie-
JIYIOIIMM COOTHOIIEHUEM:

2

F =psgn(x, -V)(k.x, +h.x,).

3nech V' — cKOpoCTb TOYKM MOBEPXHOCTH, € KO-
TOPOI KOHTaKTUPYET roJIOBKA MpUBoAa (B JAHHOM
ciydyae V =Xx).

Cpennee cmenieHue A, HaidgeM U3 yCIOBUIA
paBHOBeCHS:

0= _ky(yaO - AyO) - kcyaO;
ky(yaO - AyO) =N,

rae y,) — MOJIOXEHUE OCLUJIISATOPA B COCTOSIHUM
paBHOBecus. OTcioga mojiyyaeM:

Vao = -N/key Ay =-N(/k, +1/k,).

ITockonbKy 9acTOTa », KOTOPYIO TpeOyeTCs 1mo-
maBath Ha I1DI1, moctaTouHo BeamMKa, YMCIEHHOE
MHTETPUPOBaHUE CUCTEMHI (2) 3aHMMAaeT CpaBHU-
TEeJbHO H0Jroe BpeMs. BMmecTe ¢ TeM xapakrep-
HO€ BpeMsl IBMXXEHUS MHIASHTOpA CYIIECTBEHHO
00JIbIlle XapaKTEpPHOro Ilepuoaa KoJiebaHUI oc-
LUJJISITOpa, TIOTOMY IIPWM aHajJIW3e OWHAMHUKU
ronoBku [IOI1 MOXHO cuMTaTh, YTO B TEUYCHUE
nepruoga CKOPOCTb V' MHAEHTOpa HE MEHSETCS.
COOTBETCTBEHHO, P MOJEIMPOBAHUU NUHAMMU-
KUY BHEIPEHUS MHACHTOPA B KOHTYpE YIpaBIeHU
1IeJ1eCO00pa3HO MCIIOJb30BaTh Pe3yabTaThl Mpe-
BapUTEILHOTO pacyeTa CpeAHEero 3HAaUYSHUsI CUJIHI,

pa3BMBaeMoOil MPUBOAOM IPU Pa3JIMYHBIX 3HAYE-
HUSIX YaCTOThI BO30OYXKACHUS.

I1py MHAEHTUPOBAHUM B TOCTATOYHO "MSTKYIO"
WU/UJIA YYBCTBUTEJbHYIO TKaHb CHUJIa, pa3BUBac-
Masl IpUBOAOM, IOJKHA ObITh MaJjia (MHaye BHE-
JPEHHE OKAXXETCS CIUIIKOM OBICTPBIM, YTO MOXKET
MPUBECTU K MOBPEXJAeHUIO TKaHU). B aTOi1 cuty-
allMy OKa3bIBaeTCs CYIIECTBEHHOM 3aBUCUMOCTh
STOI CHJIBI HE TOJIBKO OT YaCTOTHI BO30OYXICHUS,
HO M OT 3HAYeHMUs] CKOPOCTU V TOYKU MOBEpX-
HOCTU, C KOTOpOH KOHTakKTupyeT royioBka IIDII
(B JTaHHOM cJIy4ae OT CKOPOCTH MHIEHTOPA).

[IpoBenemM uucieHHOE MOJAEAUPOBAHUE OU-
HAaMHMKHM CHUCTEMBI (2) IIpu pa3HBIX 3HAYCHUIX V
U o, UCIIOJB3YS CIEAYIOlIe 3HAUYCHUS Mapame-

TPOB MOACIMN:
k,= 10" H/m;

m, = 04107 kr; k, = k,
he=h,= 0,6 H-c/m; k, = 10° H/u;
h,=2H-c/M; n=0,28, N=4 H;
A, = 0,41 mxm; 4, = 0,76 Mmxm; @ = 0.

Ha puc. 2 mpeacraBieHbl 3aBUCMMOCTU CpElI-
HEro 3a Iepuoj 3HayeHMs cuibl F or V. BumHo,
YTO MPU MaJIBIX CKOPOCTIX cuja (IIpu (PUKCUPO-
BaHHOM 9aCTOTE) YOBIBACT IIPAKTUICCKHU JTUHEHHO
¢ poctoMm V. JlanHbI# 3¢ PeKT onucaH, B 4aCTHO-
ctu, B padote [18]. OTMETUM, YTO CKOPOCTh 3TO-
ro yobIBaHUS pacTeT (M0 adCOJIOTHON BeJIUYUHE)
C POCTOM YacCTOThI ®.

MakcumanbHasg cuna, pazsuaeMas [19I1 npu
JaHHBIX 3HAYCHUSIX ITapaMeTpOB, paBHA IpHUMEp-
Ho 0,56 H (mocturaercd npu o = o* ~ 26 400 I'a
u V=70).

PesynbraTel MomenupoBaHUs OydeM B IIOCJe-
IYIOILIEM HCIIOJb30BaTh MPU ONpPEAEIEHUMN 4acTO-
Thl BO30YXJAEHU S, HEOOXOAUMOM 1JI peaau3auunu
TpebyeMoli cuibl, pa3BuBaemoii 11DI1.

Hccnenyem, Kak OymeT IIPOMCXOAUTH MPOLECC
BHEIPEHUSI MHACHTOpa B BSI3KOYNpPYI'yI0 TKaHb

0,10 \n:'m\ca"zo &

: AF H I: =264kl !
| 061 ° 1 2 ©=27,0«Tu |
| \ 3 0=280«T |
| 04 2 40=290n |
! \ 5 ©=30,0&Tu !
: 02 6: =310l :
: , 3\ 72w=32,0ln :
I V, m/e |
| |
| |
| |
| |
| |
| |
| |
| |
| |

Puc. 2. 3aBucumocth cuiabi, pazsmBaemoii [IDII, ot yacToTsl
BO30YKJEHHS M CKOPOCTH MHIEHTOpA

Fig. 2. Force generated by PED vs. Excitation frequency and in-
denter speed
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npu (PUKCMPOBAHHOM YAaCTOTE BHEIIHErO HaIpsi-
KeHus, nmomaBaemoro Ha IIBI1. [Ins sToro HeoO-
XOOIUMO ITIOCTPOUTH MOACJb, OIMMCHIBAIOIIIYIO B3a-
UMOACHCTBAE TKAHU C UHIACHTOPOM.

Moaenb KOHTAKTHOTO B3aMMOAEHCTBHSA

PaccmarpuBaeTcss oceCMMMeETpUYHAsT KOHTAKT-
Hasl 3a/Ja4a 0 B3aUMOIEHCTBUM XKECTKOI'0 MHIACHTO-
pa, ¢opMa KOHTAKTUPYIOIIEH ITOBEPXHOCTU KOTO-
poro omnuckiBaeTcs pyHKLMen f{r), ¢ BI3KOYIIPYTUM
CJIOEM TOJILIMHEI A, JIeXKalllUM Ha XeCTKOM OCHOBa-
Huu (puc. 3). Marepuas cjosl MpeanoaaracTcsi of-
HOPOIHBIM M30TPOITHBIM JIMHEMHO BS3KOYIIPYTHM.
CKOpOCTb HarpykeHusi OCHOBaHMSI V| MOCTOSTHHA.
TIpu BHempeHuM cdeprdecKoro MM UUINHIPUYC-
CKOTO MHJEHTOpa 00JIacTh KOHTaKTa OyIeT Kpyrom
panuyca a. [TomecTuM Havya 0 HUIWMHIPUIECKON CU-
CTEMbl KOOPIMHAT B LIEHTP OOJAaCTH KOHTaKTa, OCh
OX HanpaBUM BHOJIb OCU CUMMETPUU WHIACHTOPA.

Bynem cunTarh, 4TO IIpoLIeCC HATPYKEHUS BSI3-
KOYIIPYTOro CJIOSI BKJIIOYAET ABE CTaAuM: BHEIApE-
HUE C IIOCTOSHHOMU CKOPOCThIO 10 HEKOTOPOM Iy~
OMHBI, a 3aTeM MOAAepKaHUE TTOCTOSHHON T1yOu-
HBl BHeApeHUS. VIHBIMU CJIIOBaMU, 3aBUCHMOCTH
BHEIPEHUSI OT BPEMEHHM BBIpaxkaeTcs ClemyIolieii

dopmyiItoir:
Vit, t<t;
x(t)={ 1 1

3
Vit,, 1 <t. )

Hu1st onmrcaHus MOBEACHUS BI3KOYIIPYTOTO CJIOS
WCIIONb3yeM 0000I1IeHHYyI0 Monuenb KenbBmHA—
®oiirra. MexaHMYeCKUil aHaJOr MOAEIM IIPE.-
cTtaBjeH Ha puc. 3, 6. OHa COCTOUT U3 M DJIEMEH-
TOB, KaXJblil U3 KOTOPLIX UMEET CBOM XapaKTepHU-
CTUKHU. BepTuKanabHOE NepeMelleHre ug’) (r,t) mpu
ne(OpPMUPOBAHUN TaKOM MOIEIN OINMHAKOBO JJIS
KaXXJIOr0 3JIEMEHTa WM PaBHO CMEIICHUIO TPaHUIIBI
CJI0s, a KOHTAaKTHOE [aBJICHHE Ha IIOBEPXHOCTHU
clos1 p(r, f) orpeneisieTcss CyMMUPOBaHUEM JaBJie-
HUI B KaXIOM 3JEMEHTE, T. €.

() = ul(r0) 1 p(r0) = 3 pi(r0). (@)
i=1

OHpC)J,C.HHlOLLlGC COOTHOLUCHUE OJId KaXAao0ro
3JIEMEHTA B 3TOM MOIEIU UMEET BUJL

1 > (e dt (5)
:Liz I/Iz(r,t)"‘Tg(i)M . i:l,..,n,

rae E; u v — MOAyJIb YIIPYTOCTU U KOS(DOUUUEHT

S :
%J’%Efn’i% :
X L[ E;r’ i
ST
| l

) ) ¥ |

|

I.___________al__________________g) _________ 4
Puc. 3. Cxema KOHTakTHO# 3agaum (a); 00oOmeHHAs MoOneib
KeabBuna—®Poiirra (El('), Eé') — XKEeCTKOCTb NPYXKHH; 1); — BA3-

KOCTb AemindepHOro 3aemenTta) (6)

Fig. 3. Scheme of the contact problem (a); generalized Kelvin—
Voigt model (El(’), Eé’) — spring stiffness; n; — viscosity of dam-
per element) (6)

o EfI)Eél). - M oo M

YCEPD+EYC EVDEYDT T ED

Pemium cucreMmy ypaBHeHu# (5) OTmeNbHO IS
KaxXJI0M CTaguu Mpolecca.

Hnst ctanyy HarpykeHMsl YCJIOBHME KOHTaKTa
3alMIIEeTCS CAEAYIOIIUM 00pa3oM:

ur, ) = Vit — fln), r<a, t< 1. ©)

C yuetoM ycioBus (6) pelreHue ypaBHeHUS (5)

MOXHO 3anucaTtb B BUJIEC

pi(r, 1) = -0 t-T+T) -

E;
(1-v?)

i (i)
—f(r)+Ce 1" p<a t<t,.

(7)

Mocrosinnas C{” maxonuTtes M3 HayaibHBIX
yCIOBUH, 4TO p(r, ty(r) = 0, rae 7f,(r) — MOMEHT
BPEMEHM, KOIla Ha TOYKY C KOOPAMHATON 7 Ha4Yu-
HaeT JAeMCTBOBATh MHIEHTOD.

Jlna ctanuy yaepxkaHus yCJIOBUE KOHTaKTa Oy-
JET CAEAYIOLINM:

ur, ) = Vity = fir), r<a, t; < t. ®)

Pemienue ypaBHeHus (5) ¢ yyeToM yciaoBus (8)
OyIeT UMEThb BUJ

pi(r,t) = SVt = 1)) + C{e /s

d —vlz)

r<at; <t

©)

[TocTossHHas C;” HaxXOINTCA U3 YCIOBUA, UYTO
B MOMEHT # = f; JaBJICHUS, BBIYUCJICHHbIE T10 dop-
mynam (7) u (9), coBnagaor.

Harpy3ka, npuiaoxeHHass K MHASHTOPY, Haxo-
JOUTCS U3 YCJIOBUS paBHOBECUSA, a UMEHHO

P(t) = 2n] rp(r, 1)dr = 20] S, py(r, 1) =
0 0 i

! ; = 10

Ilyaccona; T, G(’ u TS(’ — BpeMeHa peakcaluyd 1 4 (10)
nosnsyuyectd. Yepes mapaMeTpbl MOAEIU 3T BEJIU- =21y [ rp;(r,t)dr.

YMHBI ONMPEAENAIOTCH CIEAYIONIMM 00pa3oM: i=10
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HauanbpHBle yCIIOBUS UM pasMep
0o01acT KOHTaKTa 3aBUCAT OT ¢op-

Mbl KOHTaKTUPYIOIIEeil MOBEPXHOCTHU
WHACHTOpA.

PaccmoTpuM uHAeHTOp B (dopme
LUJIMHIpAa C IUIOCKMM OCHOBaHUEM
pamuyca R. B aToMm citydae pagnyc 00-
JJaCTU KOHTaKTa TOCTOsIHEH (@ = R),
a JaBjeHUWEe pachpenesieHo Mof Io-
BEPXHOCTBIO MHIEHTOPA PaBHOMEPHO,
T. €. pi(r, 1) = pi(t) (r < R). HauanbHoe

0,015
0,010

»

0,005

0,04

0,024/

YCJIOBUE JII KOHTAKTHOTO JaBJIEHUS
pi(0) = 0. Orcrona HalaeM, 4To

CY = EN(T =TO) /(1 =v)h
u Y =V(TP -TO)(1 - e/ "),

b e

Puc. 4. I/IIleHTMd)l/[Kalll/[ﬂ napaMeTpoB MOA€JH KOHTAKTHOIO B3aMMOJEHCTBUA:
a — 3aBUCHUMOCTDb I‘J'[y6I/IHbI BHEAPECHUSA B SKCIIEPUMEHTE OT BPEMECHU, 6 — 3aBHUCHU-
MOCTDb CUJIbI CONIPOTUBJIICHU S TKAHU OT BpEMECHU (CH."IOLL[HbIC JIMHUU — BKCIEPUMEH-

TaJbHbIE JaHHBIE, IITPUXOBAsT — PE3YIbTaThl pacyeTa)

Torma, kak cienyeT M3 COOTHOIE-
Huii (7) u (9), pacupeneiieHue KOH-
TaKTHOTO JaBJICHUSI B IIPOM3BOJIb-
HBIi MOMEHT BpeMEHU UMEET BU/I

E;

— X
(1-v>)h
i i _ (i)
N (T =T A —e 1), 1 <13
Vilt, — (T9D - Ty e/ 7" —1)e /7"y, 1, <1,

Takum oOpa3om, sl CUJbI, ACUCTBYIOLLIEHA CO
CTOPOHBI TKAHW Ha WHIEHTOP B MpPOILIECCE HArpy-
xKeHus (3), noayuyuM 13 cooTHolueHus (11) creny-
I0le€e BbIpaXKeHUE:

P()

pi(t) =
an

2
R iEix

Y=
Vit~ (@O -TO) (A - 1)) 1 <1
Vit (T T @/ ™" —1ye /%), 1y <1.

(12)

n
OTtmeTuM, 4TO BeaMYMHA . E; COOTBETCTBY-

i1
eT JUINTETLHOMY MOJYJIIO YIIPYTOCTH, a BEIMYNHA
S ETY /T — mraosenHomy. Yncio n aneMeH-

i=1
TOB B BSI3KOYIIPYTOM CJI0€ HEOOXOAMMO BLIOMPATH
C YYETOM JAaHHBIX DKCIIEPUMEHTOB.

DKcnepuMeHT 1 uAeHTH(PUKAIMS NapaMeTPoB
MOJ€eIM KOHTAKTHOTO B3aMMOAEHCTBUS

Hnst  waeHTUPUKALMKM I1apaMeTPOB  MOICIU
B HamwmonaneHoM yHuBepcutete Yen KyH ObLI
M3rOTOBJIeH (DaHTOM TOJOBHOTO MO3ra CBUHBH,
MPENCTABISIONINI COOOI TOyIIap paguycoM h =
= (0,065 M, U3rOTOBJICHHBII U3 arap-arapa ornpeue-
JICHHOI KOHIIEHTpallMu. B Xome sKcriepuMeHTa B
(aHTOM, JNEXallMit Ha 3KECTKOW ITOBEPXHOCTH,
IO €r0 OCU CUMMETPHUU C 3aJAHHOM ITIOCTOSHHOM

Fig. 4. Identification of contact interaction parameters:
a — indentation depth in experiment vs. time; 6 — tissue resistance force vs. time (solid
lines: experimental data, dashed line: calculation results)

CKOpOCThIO (pucC. 4, a) MHAEHTUPOBAJIaCh KaHIOIS
paguycom R = 0,0009 m. Ilocne mocTuxeHus 3a-
JAaHHOW TITyOWHBI BHENPEHUS TIOJIOXKEHNE KaHIOIU
(uKCHpOBaIOCE.

B mpouecce skcnepuMeHTa C IOMOILIbIO JaT-
YyKMKa YyCUJIMS peTMCTpUpoBaiach oceBasi cujia co-
npoTtuBieHUus TkaHu P(f). [Ipumep skcrepumeH-
TaJIbHBIX 3aBUCUMOCTEN OCEBOM CUJIBI OT BDEMEHU
MpeacTaBjieH Ha puc. 4, 6 YepHOU U CEPOM CILIOLI-
HBIMU KPUBBIMU.

Hns pacuera P(f) Bocmoib3yeMcsa (QOpMYIIOi
(12). MeTomoM BKCMEPTHOUM OLEHKHW (aHAJIOrny-
Ho pabortam [19, 20]) OblIu BBIOpAHBI ClEAYIONINE
rnmapaMeTpbl NPeaJIOKEHHONW MOAEIN KOHTAKTHOTO
B3aumMoneicTBus (n = 2):

E, = 5000 ITa; E, = 23 000 ITa; 7" =9 ¢;
T =0,7 ¢; T® =5TV; TP =15T2.

Ha puc. 4, 6 mTpuxoBoil TMHUEH MoKa3aH pe-
3yJIbTAT pacyeTa OCEeBOW Harpy3ku P(f) o1 BbI-
OpaHHOIro Habopa rmapaMeTpoB.

BuaHo, uTo mpy BeIOpaHHBIX 3HAUYCHUSIX TTapa-
METPOB pe3yJbTaThl pacyeTa JOCTATOYHO XOPOIIIO
COIJIACYIOTCSI C DKCIEPUMEHTAIbHBIMM JaHHBIMU.

YuciaenHoe MoAeJIMPOBAHHE

Tenepp mpoBeneM YKUCIEHHOE MOIEIMPOBAHUE
nmpoliecca MHIASHTUPOBAHUSI B MSITKYIO TKaHb.
Ilenpto MHAEHTUPOBAaHUS OyAeM CUMUTaThb JOCTU-
JKeHUE HEKOTOPOM 3aJaHHON IIyOMHBI X* MOIpy-
JKEHUSI UHASHTOpPA B TKaHb.

Ilpn pelieHun 3TOMH AMHAMUYECKON 3agauyu
BOCIOJIb3yeMcCsl ypaBHeHUSIMU (5) 1Jisg ompenese-
HUSL BEJIMYUH P 5.
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Kak oTmedasioch BBIIIE, IIPU BHEAPEHUU WH-
JeHTopa B hopMe LUMIMHIApPA C IJIOCKMM OCHOBa-
HUEM BEJIMYUHBI p; U U, HE 3aBUCAT OT 7, IPUYEM
a = R. CoorBeTcTBeHHO, 13 BhIpaxkeHus (10) mo-
JyyaeM cieaymollyio Gopmyny ais cuisl P:

P=nRp, + p)). (13)

[TockobKy B 3TOM ClyYae u, = x, ypaBHeHus (5)
NPUHUMAIOT CJICAYIOLIUIA BUI:

TOp; =—p; +——(x+TV%), i =1,2. (14)

(1-v)h

Cuna, co3maBaeMas I19I1, apagercsa ympanie-
HueMm. bynem 3amgaBaTh ee B BUJe 0OpaTHOM CBSI3U
0 TEeKYyIIeH IyOMHE IOrpPYy:KEHUS U CKOPOCTH
WHACHTOpA, YYUTHIBasl, 4TO CHUJIa, pa3BHBaecMas
TIBI1, He MmoxeT mpeBbIIATH (IO ADCOJIIOTHOM Be-
JIMYMHE) YKA3aHHOTO paHee 3Ha4eHUs F,,:

_Fmaxa nmpu F*—K(x—x*)_HX<_ A
F. — K(x — x«) - Hx, npu

_Fmax <Ek_K(X—x*)—HX<
F

max>

s )

max>
npu F. — K(x —x«)— HX > F,,.

3nech F« — cuja, COOTBETCTBYIOIIAs BHEApe-
HUIO Ha IeneByio riayomHy. OHa ompenensieTcs
ypaBHEHUEM

2 2
(1-vHhio

bynem BrIOMpaTh Y4acTOTy @ TakK, YTOOBI 00e-
CIIEYUTh HEOOXOOMMOE 3HAauYeHHUE YIpaBJISIOLICi
cunbl. C y4eTOM BBEICHHBIX OTPAaHUYEHMI 3TO
BCerma BO3MOXHO caejaTh. Torma AMHaMuKa CHU-
cTeMbl "MHASHTOp + BSI3KOYIIpyrass TKaHb' OITU-
ceiBaeTcs cuctemoit (1), (14) BMecTe ¢ COOTHOIIIE-
Husmu (13), (15).

Hccnenyem BaustHue Ko3PPUIIMEHTOB 00Opar-
Hoi1 cBs3u K 1 H Ha mipoliecc BBIXOJa Ha LIEJEBYIO
IIyOMHY TOTPYKEHUS.

Ha puc. 5 npencraBieHbl 3aBUCUMOCTH T1yOU-
HBI BHEAPEHMS OT BPEMEHM IIPW pPa3HBIX 3Hade-
HUSIX 1eJIeBOM MIYOMHBI X+ M Pa3HBIX 3HAUCHUSIX
napametrpoB Ku H.

BumgHo, uto yBenuueHue K BeoeT K YCKOPEHUIO
Impolecca BbIXola Ha 1eaeBoe 3HadeHue x. OgHa-
KO IPU 3TOM BO3HUKAIOT KOJeOaHUs, TaK UTO Ha
OIIpeeACHHBIX YyYacTKaX TPaeKTOPUM MOXET Ha-
OstofaThes Jaxke JABMKEHUE WHIEHTOpa B oOpart-
HOM HarpaBJIeHUU. AMIUIUTYJA 3TUX KOJieOaHUH
pacTeT ¢ POCTOM X.

Kpome Toro, BO3MOXXHO BO3HMKHOBEHHE IIepe-
peryjiuMpoBaHMsl, KOrJa MHACHTOP MPOHUKAET Ha
ryOuHy, TIpeBbIlIalonyoo ueneByo. Ilpu peanb-
HOU 3KCIIyaTalluM 3TO HeXejlaTelbHO.

o Xa=0,05M |
H=20kr/c !

Puc. 5. 3aBucuMoCTb IIyOHHBI BHEJAPEHHS OT BPEMEHH NMpH pas-
HbIX 3HAYEHUAX KO3((PUIHEHTOB 00PATHOM CBA3M:

1 — K=100 H/™m; 2 — K= 250 H/™m; 3 — K= 500 H/™m; 4 —
K=1000 H/M; 5 — K= 5000 H/m

Fig. 5. Indentation depth vs. time for different values of feedback
coefficients:

1 — K=100 N/m; 2 — K= 250 N/m; 3 — K= 500 N/m; 4 —
K=1000 N/m; 5 — K= 5000 N/m

VYBenuuenue H Mo3BOJSIET YMEHBIIUTD aMILIN-
TYAy TAaKUX KOJIEOAHWUI WU BOOOIIE N30eXKaTh UX
BO3HUKHOBEHUS, HO IIPU 3TOM HECKOJIBKO BO3-
pacTaeT BpeMs BbIXOZa Ha LIeJIEBYIO TJ1yOUHY.

BriBoasl

PaccmoTpena pobGoToTexHuueckasi cucCTeMa,
BHeApSOIasg Uy (KaHIOII) B MATKYIO OHMOJIO-
rMYecKylo TKaHb. B KauecTBe mBUraTessl UCMHOJIb-
syetcsa [1D9I1.

[IpennoxeHa KoHeYHOMepHasi MaTemaTuye-
cKasi MoJesib cUCTeMbl. 1151 onmucaHus KOHTaKTa
KaHIOJNM C MSTKOW TKaHblO pazpaboTaHa MaTeMa-
TUYecKasl MoJeidb UX B3aumopaeiicteusi. M3roros-
JieH (paHTOM TOJIOBHOTO Mo3ra cBMHbM. [IpoBene-
Hbl 9KCTIEPUMEHTBI C MHAEHTUPOBAHUEM KaHIOJIU
B Tejo ¢aHToMa. Ha ocHOBe MpOBEAEHHBIX 9KC-
MEepUMEHTOB pa3paboTaHa Npoueaypa uaeHTubu-
KallMy ImapaMeTpoOB MOJAEIN KOHTAaKTa.

[Mpennoxen anroput™m yrnpasienus [19I1, obec-
reyuBaoUii BHeIPEHUE KaHIOJIU B MITKYIO OMO-
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JIOTMYECKYIO TKaHb Ha 3aJaHHY1O Tiyouny. Ilpo-
BEIEHO YHCJICHHOE MOACIMPOBAHME BHEOPECHMS
KaHIOJNHM B MSTKYIO TKaHb C MCIOJb30BaHUEM Ta-
KOIo ajJropurma.
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Stereotactic operations are actively used in modern minimally invasive medicine. During such operations, a flexible
needle is inserted into the internal organs, with the help of which a biopsy or a local treatment is performed. The applica-
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tion of such approaches in neurosurgery requires the accurate positioning of the needle tip at the target point. The present
study is related to the creation of a robotic system that delivers the needle to a given point and uses drives compatible with
magnetic resonance imaging devices that visualize the position of the needle. In this paper, we propose a finite-dimensional
mathematical model of a mechatronic system that uses a piezoelectric drive (PED) to move the needle (cannula) along a
given line. To describe the contact between the cannula and the soft tissue, a mathematical model of their interaction is
developed. The contact problem involving two processes occurring during the introduction of the needle into the biological
tissue is solved: the introduction of a rigid (compared to the tissue) indenter and its retention at a certain depth. Relaxation
properties of the tissue are taken into account. The behavior of tissue is described using a phenomenological approach
based on a modified Kelvin-Voigt model. This allowed for reducing the solution of the contact problem to the integration of
a system of ordinary differential equations. One of recognized ways to develop medical robotic systems is to test their func-
tioning using phantoms of biological tissues. For this purpose, a phantom of a porcine brain based on agar-agar is made.
Experiments are carried out to indent a standard cannula into the phantom body. Based on the obtained experimental
data, the parameters of the contact model are identified. An algorithm is proposed for controlling the PED frequency, which
ensures the introduction of the cannula into the soft biological tissue to a given depth. Numerical simulation of the insertion
of the cannula into the soft tissue using this algorithm is performed. The influence of feedback coefficients on the position
and speed of the indenter on the nature of the implementation process is investigated.

Keywords: stereotactic operation, piezoelectric actuator, mathematical model, contact characteristics, control algorithm
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CTapoOoCKONbCKU TEXHONOrMYecknin MHCTUTYT UM. A. A. YrapoBa (ounuan) degepanbHoOro
rocyaapCTBEHHOro aBTOHOMHOro 06pa3oBaTenbHOMo yuYpexaeHus Bbicluiero obpasoBaHns
"HaumoHanbHbIN nccnegoBaTenbcku TexHonorndeckun yunsepcutet "MUCKC", r. Ctapbin Ockon

Pa3paboTka aganTMBHOW cUCTeMbl yripaBrieHUs1 6anaHCcUpyoLWUM po6oToM
Ha oCHOBe BTOporo Metoga JIsinyHoBa ¢ NepeMeHHbIM LaroM HacTpoiku'

Pewaemcs 3a0aua ynpaenenus dgyxxosechoimu barancupyrouumu pobomamu. Paccmampueaemolii kaacc 006exmoe xapakme-
pu3yemcs HeyCmouuU8OCMyio U HAAUMUeM 8 MAMeMamu4ecKom ONUCAHUU HEeCKOAbKUX U008 HeAUHelHOCmell 3a cHem 6036e0eHUs
(azo6bix KOOPOUHAM 6 CMENeHb U NPUMEHEHUS K HUM mpu2oHoMempuveckux Qyuxuui. bosee moeo, npu npukaadnom ucnonv3oea-
HUU NOOOOHBIX 006eKMO6 NPOUCX00AM U3MEHEHUS 3HAYEHUL UX Napamempos (Maccol, NOAONCEHUS UeHMPA MAacc U K03 guyuenma
mpenus Koaec 0 00PONCHYI0 NOGEPXHOCMY), MO 8 UeAOM U onpedessem HeoOX00UMOCMb NPUMEHEeHUs A0ANMUBHBIX AA20PUMMO8
ynpasaenus. Cywecmayoujue Ha ce200HAWHUL 0eHb CUCMeMbl YAPasAeHUs Oaiancupyowumy pobomamu (a 6 6oavuiuHcmee ciay-
yaeg smo onmumanvuvie LQ-aneopummor u ITUJ] peeyrsmopul) He cnocobHbl obecneyums KOMNEHCAYUIo CyueCmeeHHblX napame-
mpuyeckux 803mMyuleHull, xoms u 064adarom onpedeseHHol poobacmHoOCmMbio N0 OMHOUIEHUIO K HUM. Jlas peuieHuss 5motl npooaemol
6 pabome npeoaazaemcs cucmema d0anMUEHO20 YAPAGACHUS, OCHOBAHHAA HA 8MOpom Memode JIAnyHoea u ucnoav308aHuu sma-
AOHHOU Modeau. [lns nocmpoeHuss maKozo adanmueHo2o pecyismopa 6 ucciedoganuu: 1) noayueno mamemamu4eckoe onucanue
IMANOHHOU OUHAMUKYU poOOMa (NPU HOMUHANbHBIX 3HAYEHUSAX e20 Napamempos); 2) co0eAacHo meopuu OnMUMaibHo20 YNPaAeHUs
BbINOAHEH pacuem pe2yisamopa cOCMosAHUL; 3) Ha 0cHoge emopo2o memooda Jlanynosea paspabomarn KOHmMyp adanmayuu napame-
mpoe8 NoAyHeHHO20 pe2yasamopa, He mpedyrouui 6 npouecce pabomot 3Hanus moodeau obsexma. Ioayuennviii Konmyp adanmayuu
dononHex nepemenHol CKOpOCmblo NOOCMPOUKU K03pduyueHmos, Komopas nepecuumsléaemcs Ha 0CHOBAHUU UHGopMayuu o me-
Kyuem u npeovloyuem 3HaYeHUsxX 3a0anus no KoOpoOUHAmam cocmosHus poboma. DKcnepumMeHmaibHas npoeepka a0anmueHo20
pecyasimopa nposedena Ha Mamemamu4eckoll u usuueckoi moodeanx barancupyroueeo pooma. Ilpu nposedenuu sxcnepumenmos
Ha Mamemamu4eckol modeau macca poboma 6uiaa yseauvera om 08yx do 13,5 pa3s, na gusuueckoii modeau macca 6viaa yeeiuveHa
6 dea paza. Pezynbmamol 3Kcnepumenmos noKasvlearom sQphexmusHocms paspabomanHol CucmeMbl N0 CPAGHEHUID ¢ ONMUMANb-
Hotm LQ-peeyasamopom ¢ mouKu 3peHus UHme2paibHo-Ke8aopamu4Ho20 noKazamens Ka1ecmed.

Karouesote caoea: 6arancupyrowui pobom, adanmueHoe ynpasienue, napamempuueckas adanmayus, LQ-peeyismop,

2MmanoHHasA Moaé’/lb, emopoﬂ Memod ]I}myﬂoea, uae Hacmpoﬁicu, unmeepa/tho—Keadpamulmbtﬁ nokaszameinb kavecmea

BBenenne

PaccmaTpyBaeMbIM  OOBEKTOM YIIPaBIICHUS B
HCCJICIOBAaHUM SIBJISIETCSI TBYXKOJICCHBIN OajaHCH-
pyIoLIMii poOOT, TpeICTaBUMBIN B BHAE IIEpeBEpP-
HyTOTrO MasiTHMKa Ha Tejexke. [Ipm moctpoeHum
CHUCTEMBI YIIpaBJIeHUST TIONOOHBIMU OOBbEKTaMM He-
00XOOMMO YYWTBHIBATH WX OCOOCHHOCTH, a MMEH-
HO: MHOT'OMEPHOCTb, HEYCTOMYMBOCTh, HEJIMHEN-
HOCTh M HeCcTallMOHapHOCTE [1, 2]. CyluecTBylomye
CITOCOOBI YIIpaBJIeHUSI IBYXKOJECHBIMU poOOTaMu
B MOAABJISIONIEM OOJIBIIMHCTBE CIy4aeB CTPOSITCS
Ha OCHOBE €ro JIMHEApU30BAaHHOW MOIEIN METOHa-
mu ontuMaibHoro nau ITW yrpasnenus [3, 4],
MpU 3TOM KOI(MDPUIIMEHTHI TaKWX PETYISITOPOB B
npolecce padboTel He mepeHacTpauBawTcs [5]. Ta-
KM€ MOAXOAbI CIIOCOOHBI rapaHTUPOBATh JOCTHUXKE-
HUE LEJIEN YIIPaBJIEHUS TOJIBKO B HEKOTOPOM MaJjion
OKPECTHOCTH TOYKHU JUHEeapu3aluu (Kak MpaBulio,
€10 ABJIETCS TOYKA HEYCTOMYUBOIro paBHOBecUsI) [6].
Kpome Toro, Takue peryasiTopbl He CHoCOOHbI 00e-

'PaGora BbIMOMHEHA NpM Moamepxke Poccuiickoro donaa
GyHIaMeHTaJIbHBIX UccaenoBaHuil (rpauT 18-47-310003-p_a).

CIIEYUTh OJMHAKOBO BBICOKOE KayeCTBO II€pEeXOid-
HBIX IIPOLIECCOB IIpU 3HAYUTEIBHOM WM3MEHEHUU
napamMeTpoB ooObekTa [7]. OgHako A1 WCIOJb-
30BaHUS OaJaHCUPYIOLIUX POOOTOB M MOJOOHBIX
HEYCTOMUMBBIX OOBEKTOB B IIPMKJIAJAHBIX 3adadyax
YeJIOBEUYECKOM AESITEIbHOCT HEeOOXOMMMO o0ecIe-
YyuTh 3PPEKTUBHOE yIpaBJieHUe B 0ojiee IIUPOKOM
JIvana3oHe U3MEHEHU nmapaMeTpos |8, 9].
JoOuThcst 3TOro BO3MOXHO MyTeM MPUMEHEHU S
METOIOB adalTMBHOIO ympaBjieHus. MCKIouuB
M3 PaCCMOTPEHMS TOAXOAbI, TpeOyIolle HaIuuus
TOYHOI Monesn 00beKTa yIpaBJeHUsI, TIOCKOJIbKY
IUJIS1 HEYCTOMYMBOI'0 00bEeKTa MpPOBeIeHUE UACHTH-
¢ukanuy B pexuMe peaabHOTO BpEMEHU SIBJISICT-
Cs1 HETPUBHUAJIBHOM 3a/1a4eil, paCCMOTPUM METOIBI,
OCHOBaHHBbIE€ Ha UCIIOJb30BAaHUM 3TAJJOHHOM MOJIEe-
qm [10, 11]. Tak kak paccMaTpuBaeMbIii poOOT SIB-
JIsIeTCS MU3HAYyaJIbHO HEYCTOMUMBBLIM OOBEKTOM, TO
BOIIpOC OOECIleUYeHUsI €ro CTaOMIM3aluU SIBJISIeT-
Csl IEPBUYHBIM. B CBSI3M ¢ 3TUM IEepPCHEKTUBHBIM
MPEACTaBISIeTCSl MPUMEHEHUE I'PYIIbl IOAXOIO0B,
OCHOBaHHBIX Ha BTopoM MeTozne JIsmyHona [12, 13].
ITpoBeneHHBIN aHaIM3 pabOT MO3BOJIMJ OOHapy-
KUTh HCCJENOBaHMUS, IOCBSIUICHHBIE WX IIPUME-
HEHUIO I CTaOMIM3alUU JOCTAaTOYHO CJIOXHBIX
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00BEKTOB — JieTaTeJIbHBIX alllapaToB, B YaCTHO-
cTH, nJs peureHus 3aaadn Wing Rock [14, 15].

B manHOM wucclemoBaHMM yKa3aHHBINA BEIIIE
nmoaxof OblI aAanTUPOBAH M YCOBEPIIEHCTBOBAH
JJIST JajibHEMIlero mpuMeHeHWsl Ha OaJlaHCUPY1O-
eM pobore. B wacTHoCTH, perynsiTop, nmpeaiara-
eMblii B JAHHOM cTaThe, CNOCO0eH paboTaTh C U3-
HavyaJbHO HEYCTOMYMBBIMU OOBEKTAMHU, IJISI CBO-
el paboThl He TpeOyeT 3HAHUSI MOAEIU O0BEKTa,
a TaKXKe BBIIIOJIHSICT KOPPEKIINIO KOADPUIIMCHTOB
peryJisitopa He TOJIbKO B peXHUMe CTadMJIM3aluu,
HO U B peXUME CJIEKEHUS.

[TocTpoeHue npeajiaraeMoii aTanTUBHOMN cUCTe-
MBI BKJIIOYaeT B ceOs1 ciemyromine 3Tamnbl: 1) pac-
YeT MO0 U3BECTHBIM (PU3NUCCKUM XapaKTePUCTUKAM
poboTa ero MareMaTMueckoi MOAEIN B NIPOCTPaH-
CTBE KOOPIMHAT COCTOSIHWI; 2) oIlpelesicHue Ha
ee OCHOBe mapameTpoB LQ-peryastopa masi HO-
MWHAJBHOTO COCTOSHUSA poboTa; 3) pa3paboTka
MOACUCTEMBI HACTPON KM MapaMeTPOB TaKOTO pery-
JsITOpa (HauWHASL C YIIOMSIHYTHBIX HOMMWHAJIBHBIX)
C WCIOJIb30BaHMEM BTOporo Mertoaa JIAMyHOBa;
4) mocTpoeHME aJTopyMTMa pacyeTa CKOPOCTH Ha-
CTPOMKM C MOMOIIBI0 MHPOPMAIINU O TEKYIIEM U
MpeabIaAyIeM 3HauUeHUSIX 3afaHusl MO0 KOOpAMHa-
TaM COCTOSIHUSI poboTa.

Onucanne 6ajancupyomero pooora

KunemaTnyeckass cxema 0aJaHCUPYIOLIETO PO-
0oTa, AJIsI KOTOPOro B paboTe CTPOUTCS adalTHB-
Hasl CUCTeMa yIIpaBJIeHU s, IpeAcTaBieHa Ha puc. 1.

MaremaT4ecKoe ONKMCaHUE paccMaTpUBaeMOro
OaJlaHCHPYIOLLIEr0 poOoTa ObLIO IIOAYYEHO C HC-
MOJb30BAHUEM  TIPUBEAEHHOM KMHEMATU4YECKOW
CXeMbl C TOMOIIBI0 BTOpPOro meroma ditaepa—Jla-
rpamxa [16]. Ilociae nuHeapu3alluy B TOYKE HEy-
CTOMYMBOIO ITOJIOKEHMSI paBHOBECHSI CUCTeMa IU(-
(bepeHIIMATBHBIX YypaBHEHMI, OMNUCHIBAIOIIUX Oa-
JIJAHCUPYIOLIUIA poOOT, MOXET ObITh 3allMCaHa B BUJIE

(Qm+ M)R* +2J,, +2n°J,)6 + (MLR - 2n*J )iy =
=y +v,) = 2B+ £,)0 + 2B;
(MLR-2n’J,)8+(ML* +J,, +2n°J )i - MgLy =
=a(v, +v,) + 286 - 2BV;

1

2 w? 2
EmW +J¢+W(Jw+n J) |6 =

ey

w w? .
=—a(,+v,)—-— B+ )
R (l r) 2R2(ﬁ fw)(p

3nece o U B BbIUMCHAOTCH Kak a = nK/R,;
B = nKK,/R, + f, B nanpHeiiliem onbITbl Oy-
IYT TIPOBOAWUTHCI Ha OaJaHCHPYIOIIEM poodoTe
Ha mratgopme LEGO EV3. IlosTtoMy onmcanue

Puc. 1. KunemaTuyeckas cxemMa 0ajlaHCHpYIOIero pooora
Fig. 1. Balancing robot kinematic diagram

MapamMeTpoB TPUBOAUTCS C KOHKPETHBIMU 3Ha-
YeHUSIMU A8 yKazaHHOro poborta; R — paauyc
koneca (0,027 m); m — macca koneca (0,024 xr);
L — paccTtosiHMe OT OcH KoJjieca 10 eHTpa Macc;
M — wmacca tena po6ora (0,8 xr); H, — BbIcOTa po-
oota (0,21 M); y — yroJy OTKJIOHeHHUS Tejia podboTta
OT HOpMaJIH; 6, — YroJi MOBOPOTa KoJieca (JIeBoro/
paBoro); 6, , — Yroji MoBOPOTa 3JIEKTPONPUBOIA
(J1leBoro/mpaBoro); ¢ — yroj moBopoTa Teja podoTa
oT HopMain; W — mmpuHa pobora (0,105 m); J, =
= 0,083M(W? + D?) — MOMEHT MHEpLIMH TeJa Po-
oora; J,, = 0,33ML* — MOMEHT WHEpPIIMK TAaHTaXa,
J,, — MOMEHT WHEPLUN NBUTATENS] MOCTOSIHHOTO
Toka (107> kr-m?); J,= 0,5mR? — MOMEHT MHepLIIH
KoJieca; n — nepeaaToyHoe yucio (oauH); K, — mo-
CTOSTHHAs MOMEHTA JBUTATEJISI TTIOCTOSTHHOTO TOKa
0,317 H-m/A); K, — mnoctossHHasg npotuBodC
aBuratessi noctosiHHoro toka (0,468 B-c/pan); f,, —
KO3 GUIIMEHT TPEHUS MEX Ty TE€JIOM U JBUTATEJIEM
noctosiHHoro Toka (0,0022); f,, — koadduumneHt
TPEHUST MEXIY KOJECOM U IMOBEPXHOCTHIO (HOJIb);
R, — COIpOTUBIIEHUE ABUTATENSI TOCTOSTHHOTO
Toka (6,69 OM); v,, v, — HampsiKEHUST HA JIEBOM U
MPaBOM 3JIEKTPOIBUTATEIISIX.

O0600I1IECHHBIMU KOOPAMHATAMU, KOTOPHIMU OITH-
cbIBaeTcsl 6amaHCUPYIOUIUT poOOT, SIBASIIOTCS 6 —
cpenHuit yroa mosopora kojec (6 = 0,5(6, + 6,));
0 — CKOpOCTBh ITOBOPOTA KOJEC; \y — YTOJI OTKJIO-
HEHUS Teja podoTa OT HOpMaJu; \y — CKOPOCTh
OTKJIOHEHU S Teja poboTa OT HOpMaJu; ¢ — yToJ
MOBOpOTa poOOTAa OTHOCUTEJBHO HOpMAJu;, ¢ —
CKOPOCTh MOBOPOTa poOOTa OTHOCUTEIBHO HOP-
Manu. 3ajada ynpaBjieHusI 0aJlaHCUPYIOIIUM PO-
0OTOM 3aKJIIOYAETCS B CTAOMIM3AIIMU HEYCTOMYN-
BOM IWHAMWUKU IO KOOpAWHATAM Wy W TIpH
ONIHOBPEMEHHOM OpraHM3alluK CIEXEHUA 3a 3a-
TaHWAMM IO KoopauHatam 6, 6 n ¢, ¢.

BeimonHuB TiepeBon cucTeMbl auddepeHIu-
anbHbIX ypaBHeHu# (1) B dpopmy Koiu, mpeacra-
BUM MaTeMaTU4yecKylo0 Mojejb OajaHCHUPYIOIIETro
po0oTa B MPOCTPAHCTBE KOOPAMHAT COCTOSIHUIA:

{x = Ax + Bu;

)= Cx 2
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e A e R®, B e R¥? C e RO, camm marpuipl
npuBeaeHbl B padorax [17, 18]. C ucnonb3oBaHUEM
MOJYyYeHHON Moeau OajaHCUpYIOIIero podoTa B
MIPOCTPAHCTBE KOOPAMHAT COCTOSTHUM (2) BHITTOTHUM
TMOCTPOCHUE aAANITUBHOM CUCTEMbI yIIPaBICHUS.

HOCTpOCHl/le aJalTHUBHON CHCTEMbI YnpaBJjCeHHA

IlocTpoeHne amanTUBHON CHUCTEMBI IIpeiaja-
raeTcsl BBIIIOJJHUTH B COOTBETCTBUM C TPYIIOH
METOIOB YIIPaBJCHUsS C MapajljieIbHONH 3TaJIOH-
Hoii mopenbio [10, 11]. B Takoit cucteMe ajuro-
PUTM aganTaluum Ko3(pPUIIMEHTOB HEOOXOTUMO
MOJIYYUTh II0 BTOpOMY MeTomy JIdrmyHoBa, Tak
Kak TpeboBaHME K OOECIIEUCHUIO YCTOMYMBOCTH
OaJaHCHUpPYIOLIETO po0OTa SBISETCS IepBUY-
HbeIM. CTpyKTypHasl cxema IIpeAjiaraeéMoil CUCTe-
MBI aJaIllTUBHOI'O YIpaBJIEeHUS IIpeACTaBleHa Ha
puc. 2. OHa cocToUT U3 0JIOKA 3TAJOHHOI Moje-
1, o0beKTa yIpaBjieHHUs, OJ0Ka ajaITepa, pea-
JIN3YIOLIETO0 aJTOPUTM BBIYUCICHUS KOPPEKIINU
K03(pGUILIMEHTOB peryiasitopa, U 0J0Ka peryiasiTo-
pa, BBIUMCISIONIEI0 HAa CBOEM BBLIXOIE YIIpaBJIs-
Iollee BO3AelCTBUE IS 00beKTa yHpaBICHUS IIO
OILIMOKE CJIEXXEHUS 3a YCTaBKOI.

.

Adanmep -5

Puc. 2 CTpykTypHasi cxeMa aJanTHBHOM CHCTEMBbI YNPaBJIeHHUs
Fig. 2. Adaptive control system block diagram

3aech r — BEKTOp 3aJaHUs II0 KOOpAMHaTaM
00beKTa; X — 3HAYeHUs KOOPAMHAT COCTOSHMS
poboTa; x,, — 3HAYEHUS KOOPAMHAT COCTOSIHUS

A~

3TAJIOHHOM Monenu; k, — KoppeKUunuu Koaphuum-
€HTOB PeryasiTopa; kx — TeKyliue KoadppuirueHTh
peryasaTopa; e — paccorjiacoBaHMe MEXIY BbIXO-
I0M O0OBbEKTa U 3alaHUEM; e, — PACCOIIaCOBaHUe
MEXAY BbIXOJZaMMU 00bEKTa M 3TaJOHHOM MOMIEIU;
U — yIIpaBIsIOlIe BO3AEUCTBUE.

Haee pacCMOTpUM TIO3TAITHO pacyeT OCHOBHBIX
COCTaBJISIOIIMX aIalTUBHON CUCTEMBI YIIPABJICHMS.

Dmaaonnaa modeav u LQ-pecyaamop. Pacuer
9TaJIOHHOM MOJEIM TPAJULIMOHHO BBINOJIHSETCS
MyTeM pacloJIOXKEHUSI KOPHEil XapaKTepucTuye-
CKOTO IOJIMHOMA 3aMKHYTOM CHCTEMbI MCXOAS M3
MpeabsIBIAsIeMbIX TPEOOBAaHUI MO YCTOMYMBOCTU U
Ka4yeCTBY IEPEXOAHBIX MPOLIECCOB 00BEKTA yIIpaB-
seHus [19]. Insg 6ataHcUpyIOIIero poooTa, MHOIO-
MEpHOro 00BEKTa, OIMMCHIBAEMOIO IIECThIO KOOP-
JUHATaMM COCTOSIHUSI U JABYMS yIIpaB-

TaKuX TpeOOBaHMII cpa3y IO BCeM KOOp- =

pacyeT 3TaJIOHHON MOJEIN YKa3aHHBIM CIIOCOOOM.
B manHoOli paGoTe OHa MOJIlydeHa WHBIM TTYTEM.

HauanbpHble mapameTpsl poboTa B ypaBHEHUU
(1) u3BMepeHsBl ¢ JOCTATOYHO BBICOKOW TOYHOCTBIO
U ABISIOTCS AJsS HEro HOMMHadbHBIMM. Torma
MepexXoJHble TTPOLIECChl, BOZHWKAIOIIUE B CUCTEME
MpU TaKuX mapaMmeTpax, SBISIOTCS 3TaJOHHBIMU
MO OTHOIIEHUIO K JI0OBIM IPYrMM TEPEeXOAHBIM
npoueccam. OgHako OajaHCUPYIOIIUIT POOOT SB-
JISIeTCSI HEYCTOMYUBBIM OOBEKTOM M TpebyeT cTa-
ounuzanuu. [loaTomy B KauecTBe 3TaJOHHON MO-
Jeau poborta mpuUMeM 3aMKHYTYIO CUCTEMY, CO-
CTOSIIYIO M3 MaTeMaTU4yeckoi Mojaeau podota (2)
MpU HOMUHaAbHBIX MapamMeTpax u LQ-perynsaropa,
paccCyMTaHHOTO [JIsI CTaOMIM3ALMU  CUCTEMBbI
¢ TakuMu napametrpamu. McxonHasi Monesib 00b-
eKTa B MPOCTPAHCTBE KOOPAMHAT COCTOSTHUI (2)
OIKCBIBAETCS TPEMs yriaamu 6, y, @ U UX MPOU3-
BOAHBIMU O, \y, p. COOTBETCTBEHHO, PETYJSTOP
COCTOSTHU S, TIOCTPOEHHBIN AJIs1 9TUX COCTOSIHUM,
SIBASIETCSI  CTaTM4YeCKUM  (MPOIMOPLMOHATIBHO-
auddepeHnmanbHbiM). JIJ1s1 TOBBILIEHU ST IOPSIIKa
acTaTu3Ma 3aMKHYTOM CHUCTEMbl B MaTeMaThye-
CKO€ OoImMcaHue 00beKTa Oblaa Jo0aBJIeHA MTOMOJ-
HUTEJIbHAsl KOOpAMHATa 0, ABJISIOLIasCsI UHTE-
rpajoM oT 6 mo BpemeHu. [loaromy BekTOp cO-
CTOSTHMI UMECT BUA X = X, Xo X,, Xy Xy X, X,]-
COOTBETCTBEHHO, MMEETCS BEKTOP 3ajJaHWl TI0
KOOpIMHATAM F = [Fy s Fo 1y Ty Ty Ty Tl

Pacuer maTpuuHoro koadduumneHra ycuieHus
LQ-peryastopa mpoBeleH Ha OCHOBAaHUU MOJAEIHU
00BbeKTa B MPOCTPAHCTBE KOOPAMHAT COCTOSIHMU
(2) myTeM MUHUMU3ALIMA KBAAPATUIHOTO KPUTEPH S

1< .
J == [(e"Qe+u"Ru)dt — min. 3)
25
BeKTop paccoriacoBaHMil MMeeT BULL
e=r—x=leg;, e e, e e, e, el
3nech O € R”7 u R € R¥? — nonoxurenb-

HO OmpeAcieHHbIe eNMHUYHBIE MaTpUlbl. 3aKOH
yIIpaBJIeHMSI, YIOBJIETBOPSOIIMUA Kputepuio (3),
MOHO 3aIlicaTh B BUJIE

u=-R'B"Pe = Ke, )

e ee R — BEKTOP paccorjacoBaHus IO CEMU
KOOpAMHATaM.

Matpuua P HaliieHa W3 pelleHUsT ypaBHEHUS
Puxkxkatu

PA+A"P+Q-PBR'B"P=0. )

Taxum obpazom, matpuua K e R¥7 u umeer Bux

JICHUSIMU, HEOOXOIMMO TIPEIbSIBICHHE {0,6437 1,2418 59,3784 1,3906 7,1009 0,6770 0,1790}

JUHaTaM, 4TO 3HAYUTCIBbHO YCJIOXHACT

0,6437 1,2418 59,3784 1,3906 7,1009 -0,6770 —0,1790
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Toraa sTajnoHHast MOJIE/Ib OTTMCHIBACTCS MPEICTaB-
JIEHHBIM HUXKE YpaBHEHUEM JJ151 3aMKHYTOM CHUCTEMBbI
"00BEKT + PEryyisiTop’, BHIXOAOM KOTOPOIl SIBJSIETCS

BEKTOD X,y = (X ins Xmo Xy Xy Xomip Xmo X |

{xm = Ax,, + Bu; N {xm = Ax,, + BKe, N

Y =Cx,, Y =Cx,,

(6)
) = (A-BK)x, + BKr; (%, = A%, + B,r:
:{xm ( )X, + r,j{xm X + B

Vm =Cx,, Vm =Cx,,.

3akon ynpaeaenusa u adanmauus ezo napame-
mpoe. JIns BBoma uAealbHBIX M peajbHBIX KO-
3G QULIMEHTOB PEryjasTopa MOJYyYUM ypaBHEHUE
B OTKJIOHEHUSX. JIJIs1 9TOro BBHIUTEM M3 YpaBHE-
HUS 3TaJOHHOM Momenu (6) ypaBHEHHE 00beKTa
ynpaBieHus (2), 3aTeM 100aBUM U BBIUTEM BeJU-
ynHy A4,x. BexTop e, umeer BUA:

€ =X —X=1€n0in €mo Cmy € Emiy €

my “mb Cmjy “me em¢]; (7)
e, =A,x, +B,r —Ax — Bu+(A,x — 4,x).

Ilocne rpynmnupoBKU BbIpaxkeHue (7) MOXKHO
3anucaTh B BUIE

e, =A,e, + (4, — A)x+ B,,r — Bu. ®)

YcnoBuem pa3pelimMoCTy 3aJa4u CUHTE3a SIB-
JISIETCS COBIAJCHUE MEPEXOJHBIX MPOLECCOB PO-
00Ta M MEPEXONHBIX MPOLECCOB €ro 3TaJOHHOM
Moxenu, T. €. e, = 0. Torna BbIpasum U3 ypaBHe-
Hus (8) ynpaBjieHue u:

Bu = (A,, — A)x + B,r;

. . . 9
u =B"(A,-Ax+B" B,r=kx+k,r, ©

rne BT = (B"B) ' B" — marpuua, ncesrooGparHast
marpuue B; k, = B*(A,-A) w k, = B*(B,) —
ujacalibHble IMapaMeTphbl peryjasitopa. 3akKoH YII-
paBieHus (9) Gpusnvecku Hepeaan3yeM BBUAY He-
00XOAMMOCTH TOYHOI'O M3MepeHMUs MaTpull A u B
B KaXJblil MOMEHT BpPEMEHM pabOThl CHCTEMBI.
BBenem peanbHbI 3aKOH YIIpaBJIeHUS

~

u=kx+k,r.

(10)

IToactaBuM peanbHBI 3akoH yrpasiaeHus (10)
B YpaBHEHMHE B OTKJIOHEHUSIX (8) M BbIHECEM 3a
CKOOKM MaTpuuy B:

é, = Aye, + B(B" (A, - A)x+ B"B,r- l;xx - l;rr)
0 (11)

e, = Ane, + Bk x+k.r).
3necy k, =k, -k, n k, =k, —k, — pasHuna
MEXAy HAeaJbHBIMM U peaibHBIMU KO3(hGUIIN-
€HTaMU peryJsiTopa.
BribepeM ¢pyHkuuio JIssmyHoBa Kak (pyHKIMIO
OT IapaMeTPUUECKOro BO3MYIIEHUS (OIIMOKHU

MEX/Y BBIXOJOM OOBEKTa W ATAJOHHOW MOIEIIN)
e, U Pa3HULBI MEXIY UCAJIbHBIMUA U PEAJIbHBIMU
K02 GUILIMEeHTaMM perysiTopa:

V=elHe, + |B|(%l€;l"1/€x +%1€;r21€,]. (12)

3nech '} u I') — MOJOXUTENBHO ONMpeaeaeHHble

OuaroHaabHble Martpulbl. Matpuuy H Haiizem,
pelnB ypaBHeHue JIsimyHoBa

A'H + HA, = -1, 13)

rne A, — TypBULIEBa MaTpuua, a / — eqIMHUYHas
MaTpula.

Torma mpousBomHyl ¢yHKUuM JlsmmyHoBa
MOXHO 3aIucaTh Kak

V =el (HA, + A"H)e, +
+ 2ey, HB(k,x + k,r) +|B| (E;Tlléx + IE,TFZkL,).

IIpousBogHas ¢yHkuum JIgmyHoBa OymeT OT-
pULIATEeILHON TOTHA W TOJBLKO TOTrAa, KOrga CIIpa-
BEIJIMBO PaBEHCTBO

(14)

2e! HB(k x + k,r) +|B|(KIT k. + kI Tk,) = 0.(15)

_VYpaBHenue (15) comepXWUT IBE NEPEMEHHBIE

(k, u k,) u, crenoBaresibHO, CTAHOBUTCS pa3pe-
IIMMBIM, B YaCTHOCTH, €CJIM OHU coBnanaior. [1o-
STOMY [IJIS1 JaJIbHEHIIero CMHTe3a KOHTypa aaall-
TalUMK IIPUMEM CJICAYIOLINE TOIYICHUS:

DIE=T<hh . .

2) k, =-k, v k, =-k,,Tornau k, =k, .

C y4yeToM BBEIECHHBIX JONYILICHUIA BbIpaxkKeHUE
(15) MoxxHO mpeoOpa3oBaTh K BUIY

—2e, HBk .e + 2|B| kiTk, =0, (16)

a peryJsTop M 3aKOH HacCTPONKU ero Ko3dpduim-
€HTOB MOXHO OITMCaTh YPaBHECHUSIMU

a17)
(18)

A

i =k.e;
k,=-sgnB-

I e’ He.

3nech k, = —k . TakuM 06pa3oM, peaausys 3a-
KoHBI ynpaBiaeHus (17) u agantauuu (18), MOXHO
rapaHTUpOBaTh YCTOMYMBOCTb OaJlaHCHUPYIOLIE-
ro po6ota (BBUAY OTPULATEILHON IMPOU3BOMTHOM
¢yHKUMM JISMyHOBA) U CXOAUMOCTD OIIIMOKU CJie-
KEHUsl e, K HYII0 Npu t — o (BBUIY aImpok-
cUMallM{d MJeajibHOro 3aKoHa yIpaiaeHus). Kak
BUJIHO U3 ypaBHeHUs (18), aJropuTM HacTpPOMKU
peryiasTopa He TpeOyeT 3HaHUSI MOAeNn O0BbeKTa
yIIpaBJ€HMS B TEKYIIMI MOMEHT BPEMEHMU.

IIpu peanuzauuu 3akoHa ynpaiaeHus (17) u
amantauuu (18) mpeamosiaraeTcsl, YTO B Hayajlb-
HBIAI MOMEHT BpeMeHM OajJaHCUpPYIOIIUi poOOoT
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OINMUCHIBAETCSl yPaBHEHUSIMU [JII CBOEro HOMMU-
HaJILHOTO pexXnma paboTtsl. Toraa B KayecTBe Ha-
YaJabHBIX 3HaYeHUH KO3(DUIIMEHTOB peryisiTopa
OyzeM MCIoJib30BaTh MmapaMeTpol LQ-perynsitopa,
KOTOpPbIE OBIJIM PACCUUTAaHbI TPU CUHTE3€ ITAJOH-
HOW MOMEIH.

Ilepemennntii maz nacmpoiiku napamempog pe-
eyaamopa. 11po yclioBrSI CXOMMMOCTH TOJyYEeHHOTO
anropuTtMa aaantauuu (18) M3BeCTHO JUIIb TOJTBKO
TO, 4To MaTpuia [ [oXKHA GbITh AMATOHATBHONM 1
TIOJIOXKUTEILHO onpeneaeHHon. [1py mpakTryeckomn
peanu3aiu pa3pabOTaHHOTO ajropuTMa 3TOTrO
OKa3bIBaeTCsl HemocTaTouyHo. BO3MOXHO, YTO BbI-
OpaHHOE 3HAUEHME Il1ara OKaXKeTCs MJIW CIAWIIKOM
OOJIBILIMM TSI TEKYIIMX PACCOIIACOBAaHUN e U e,
WK, HA00OPOT, CIMILKOM MajbiM. B mepBom ciy-
yae 3TO MOXET MPUBECTU K KojiebaTeJbHbIM Mepe-
XOIHBIM TpolieccaM IO KOOpAWHATaM COCTOSTHUS
OayJlaHCUpYIOLIEero poboTa, a BO BTOPOM — K CJIMIII-
KOM 3aTSHYTBIM T10 BpeMEHM MpolieccaM IpuoiIun-
KEHUST OLIMOKM CJIeXeHUs e, K Hymo. s pere-
HUS 3TON MpoOJieMbl B paboTe TpenyiaraeTcst ajiro-
pUTM mepepacuyeTa Marpuilbl ™ ', OCHOBaHHBIN Ha
nHpopMalMM O TEKYyIIeM 3aJaHuu JJis poboTa u
3aJaHMM Ha MPOIILJIOM TEPEXOAHOM Tpoiiecce. 3a-
JaHueM Ul poOOTa IPU 3TOM ABJISIETCS CKOPOCTb
ero IBUXeHUs — KoopauHata 0. g peanuzauuu
aJIropuTMa pacyeTa Ilara aganTaluyd METOAOM pyY-
Horo mepebopa TpW MPOBEACHUU SKCIIEPMMEHTOB
Ha MaTeMaTUYeCKOW MOJEIN poOOoTa OBIIO paccuu-
TaHO HayaJbHOE npudnvxenue I ! 1ara, mpu ko-
TOPOM 1ieJib YIPAaBJAEHMS BBITIOJHSETCS IJIsI HYJie-
BOTO 33/IaHUSI TIO CKOPOCTHU IBUKEHMST poOOTa:

0 0 0 0 0 00

009 0 0 000

0 0 251000 0 0 0 0
ry'=10 0 0 0,043 0 0 0] (19

0 0 0 0 150 0

0 0 0 0 0 40

0 0 0 0 0 0 4]

Hanee Takxke BKCIIEpUMEHTAJbLHO OBLI ycTa-
HOBJIEH BUJI 3aBUCMMOCTU MaTPHUILLI l"_'1 OT pa3s-
HMIBI MEeXOY TeKYLIUM 3aJaHMeM mo 0 u 3a;a-
HHEM Ha IIPOIIJIOM IEPEXOIHOM IIpoliecce:

l—*fl — r61 =
Y(r = To1q)

rae r — TeKyllee 3aJaHue 0 CKOPOCTH IBUXKECHU S
poboTa; r,,; — 3aJaHuUe MO CKOPOCTU JBUXKEHUS
Ha IIPOIIJIOM IIEPEXOAHOM IIPOLEecC; y = 5 — KO-
3 PULIMEeHT MOACTPONKHM (3HAUCHUE BEIOPAHO 3M-
MUPUIECKN).

AnroputM BbIOOpa 3HAYCHMS IIara agalTaluu
paboTaeT ClemyOIIUM O0pa3oM: €CIU IePexOm-

(20)

HBI Mporiecc 6aaHCUPYIOIIEro podoTa SIBISETCS
TepBBIM TIOCJIE ero 3aIrycka, TO B KayecTBe Iara
ucnonbsyercss o', Bo Beex Apyrux cayyasx pas-
Mep 1Iara HacTPOMKM pacCUUTBLIBAeTCd Mo (op-
myie (20). BaxkxHOIT 0COOEHHOCTHIO 3/1eCh SIBJISIECT-
cs TO, YTO 3HAUYEHME IIara pacCYMTHIBACTCS OOUH
pa3 B Havajie KaXI0ro MepexXodHOro Ipolecca u
najee He MEHSIeTCS.

DKcnepuMeHTaIbHAS POBEPKA
aJlalTUBHOM CHCTEMBI

DKCHEepUMEHTHI, 1IeJIblI0 KOTOPHIX SIBIISIIACH
IMpoBepKa paboTOCIOCOOHOCTU U aHaIu3 3ddek-
TUBHOCTHU pa3pabOTaHHON aJaNTUBHOW CUCTEMBI
yIIpaBjeHMs], ObLIM BBIIIOJHEHBI 1 HA MOIEIU PO-
6ota B MATLAB Simulink, n Ha peaiqbHOM po60-
Te Ha 1iatdopme EV3. CpaBHeHue pa3paboTaH-
HOI cucTeMbl mpoBoauiu ¢ LQ-peryiastopom 6e3
KOHTYpa ajanTaliy ¢ IapaMeTpaMH B BUJE Ma-
Tpullbl K, pacCUNTaHHOM IIPU CUHTE3€ 3TAaJIOHHOMI
Monenu. KadyectBo paboOTHI peryiasiTopoB OLEHU-
BaJIM IO MHTErpajy KBaJapara OIIMOKU CJEKEHUS
e,, 32 BpeMsl IKCIIepUMEHTA.

Hmumauyuonnoe mooeauposanue ¢ MATLAB
Simulink. Ha MaTemaTtumuyeckoili mopenau pobora
ObLJI0O IPOBEACHO JBE CEPUM SKCIIEPUMEHTOB.
B niepBoii cepuum macca poboTa Obljla yBeJIMUEeH Ha
0,8 xr (B ABa pa3a) OTHOCUTEIbHO HOMUHAJIbHOM,
a Bo BTopoii Ha 10 kT (B 13,5 pa3). OnucaHHas 1o-
CTaHOBKA 3KCIEPUMEHTOB HeoOXoauMa [Jis Ipo-
BEPKU CIOCOOHOCTU aJalTUBHOII CUCTEMbI CBO-
IUTh IIEPEXOAHBIC IMPOLECCh POOOTAa K IEPEeXO-
HBIM IIpolleccaM 3TaJJOHHON MoIelu U IIpu
MaJjbIX, U IIpU CYLIECTBEHHBIX M3MECHEHUSIX Mac-
Chl. JIIMTENBbHOCTh KaXXIOI0 SKCIIEPUMEHTa CO-
cTaBuia 4 ¢, IpU 3TOM MEPBBIE ABE CEKYHABI PO-
00T PYHKILIMOHUPOBAJI B pexXUMe CTaOMIM3alUH,
a TIOCJIEHUE JIBE CEKYHBI — B PEXUME OTPabOT-
K1 €AMHUYHOTO 3aJaHMs 10 KOOpAuHaTe 0.

B Tabn. 1 mpuBemeHbl 3HAYCHUST MHTETrpaja
KBaJipaTa OLIMOKU CJIEeXEHUs e, M0 KOOpIAUHATaM
pobora mox ynpaBiaeHueM LQ-perynsgtopa u
alalITUBHOM CUCTEMBI IIPY U3MEHEHUU MACChl PO-

Ta6auua 1
Table 1

3HayeHMe IToKa3aTessl KayecTBa

Koop- Crabunuzanus CrnexeHue

JOUHAaTa

LQR ApnanTuBHas LQR ApnanTuBHas
CUCTEMa cCUucreMma
0 9,089-1077 | 8,126-1077 |5,809-107° | 2,359-107°
8 1,737-107%| 1,729-107* | 1,345-1073 | 1,335-1073
v 4,083-107° | 2,867-107° | 7,222-107% | 1,787-1078
W 6,137-107% | 6,280-107° | 3,084-107° | 4,859-107>
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Tabnuna 2

Table 2

3]—13‘16}1146 ImoKa3aTeid KadecTBa

Koop- Crabuinuzanus CiexeHue

OUHara

LQR AJnanTuBHas LOR AJanTuBHas
CUCTEMa CUCTEMA
0 1,143-107%| 8,709-107 | 5,71-1072 | 5,191-107*
0 1,319-1072 | 9,643-107> | 1,402-107" | 2,471-1072
v 1,087-107° | 3,214-1077 | 1,511-107° | 5,924-1077
v 3,67-107% | 3,546-107* | 2,421-1073 | 9,145-107*

6ota B aBa pasza. [lokazaTesb KayecTBa OTAEIbHO
paccumMThIBAJCS OJISI pexXuMa CTaOMIu3aluu u
LUl PEXMMA CJIEXEHHUsI 338 YCTaBKOM IO KOOPAM-
Hate 0. KadecTBO ympaBieHUS IO KOOpAMHATaM
¢ U ¢ He OLEHWBAJOCh BBUAY MaJIOro TMOpsaKa
aMIUIUTYJ TIEPEXOIHOTO mpolecca (10_16).

CpaBHeHUE OaHHBIX, IIPUBEISHHBIX B TaOJ. 1,
MOKa3bIBA€T, YTO II0 OOJBIIMHCTBY KOOPAMHAT
COCTOSIHMSI 3HaU€HUE MHTErpajbHOro IoKa3aTes
KadyecTBa CHUXKEHO 3a CUeT IPUMEHEeHU S aJallTUB-
HOTO peryjasTopa Kak B peXuMe CTaOMIM3alluwu,
TaK U B pexuMme ciexeHus. IlepexogHple Ipo-
LIECCHI IO KOOpAMHAaTaM poOOTa B JAHHOM ClIydae
OTJIMYAIOTCA OPYT OT Apyra HECYLICCTBEHHO U MO-
3TOMY B TEKCTE€ CTaTbU HE ITPUBOISITCS.

B Tabi. 2 3aHeceHbl 3HAUCHUSI MHTETpaia KBa-
Jpata OLIMOKM CIEXEHUS e,, IO KOOPAUHATAM CO-
CTOSIHUS IS 0OOMX PEryasiTOpoB MIpU IIPOBele-
HMM SKCIEPUMEHTa Ha MOJeNu po0doTa C yBEIU-
yeHHOI B 13,5 pa3 maccoii.

3HaueHMs TOKas3arejs KavyecTBa IMOKa3bIBaloT,
YTO TpUMEHEHUWE aJalNTUBHOTO peryiasTopa Io-
3BOJISIET MOBBICUTH KAUY€CTBO YIIPABJICHUS C TOUKHU
3peHUsI MHTErpajbHO-KBaAPAaTUYHOTO KPUTEPUS
1 TIpu OOJIBIIIOM U3MEHEHUM MacChl 00OBEKTA.

Ha puc. 3 n3o6paxeHo cpaBHEHHUE ITEPEXOTHBIX
MPOLECCOB JTAJJIOHHOW MOJenn, OoObeKTa TIoJ
ynpasienueM LQ-perynsitopa u o0ObeKTa ¢ agan-
TUBHOW CHCTEMOU MpU yBEeJIMYEHUU Macchl B 13,5
pa3. BunHo, 4To amanmTuBHas cUcTeMa yMpasJe-
HMS YMEHBIIAET C TECYEHUEM BPEMEHU OLINOKY e,,,
MPUBOISI TEM CaMbIM TEePEXOAHbIE TMPOIeCChl Oa-
JIAHCUPYIOILIETr0 Ppo0OTa ¢ M3MEHEHHOW Maccoi
K TIEPEXOAHBIM IIpolleccaM 3TaJOHHOW MOJIENH.
B TO XXe BpeMs1 KaueCTBO MEPEXOAHBIX MPOIECCOB
poborta mon ympasiaeHuem LQ-perynsiTopa 110
CPaBHEHUIO C 3TaJOHHBIMM 3aMETHO YXYyIIIAeTCs,
YTO BBIPAXXEHO B YBEJIMYEHUM aMIUJIMTYAbI KOJe-
0aHUI OTHOCHUTEJBHO 3TAJTOHHOW AWHAMUKHU U
B pEXMME CTaOMJIN3ALNM, U B PEXUME CIEKEHUA
(na 0,07 pan o v, Ha 0,5 pax mo 0 u Ha 0,07 pan
o ).

Hnst mpoBepKM CIOCOOHOCTU aAanNTUBHON CHU-
CTeMbl paboTaTh B PEXUME CIEXKEHUS B LIIMPOKOM
JMana3oHe yCTaBOK Ha Mojeau poboTa Jjis Macc
1,6 n 10,8 Xr ObLIM MPOBENEHBI 3KCIIEPUMEHTHI,
B KOTOPBIX 3HaY€HWE YCTaBKM IO CKOPOCTHU JBU-
KeHUs ObLJIO HE €IMHWYHBIM, a COCTaBJSJIO OT
JIBYX OO CTa paauaH 3a ceKyHay. Tak:ke ObLIU
MPOBEACHBI SKCMIEPUMEHTHI, B KOTOPBIX Macca po-
0oTta usMeHsach B 3...13 pas. Pe3synbraTsl Takux
SKCMEPUMEHTOB aHaJOTMYHBI TIPUBEICHHBIM Ha
puc. 3.
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Puc. 3 Ilepexonnsie npoueccsl s MOAe N OajaHCHpYIOlero po6oTa Mo KOOPAHMHATAM COCTOSHHSA
Fig. 3. Transients of state coordinates obtained from model of balancing robot
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Puc. 4. CpaBHeHHe NepPeXOAHBIX MPOIECCOB 0AJAHCHPYIOLIETO
pob6oTa mox ynpaBjieHHMeM aaanTuBHoil cuctemsl (adapt) m LQ
peryasitopa (Iqr) — mepemennbie 0 u y

Fig. 4. Comparison of transients of balancing robot controlled by
adaptive (adapt) and LQ (Igr) regulators — 6 and y coordinates

Puc. 5. CpaBHeHHe mepexOJHbIX NPOIECCOB 0aJAHCHPYIONIErO
poboTa moj ympaBiieHHeM aaanTuBHoil cuctembl (adapt) u LQ
peryasitopa (Iqr) — mepemennbie 6 u

Fig. 5. Comparison of transients of balancing robot controlled by
adaptive (adapt) and LQ (Iqr) regulators — 6 and y coordinates

O06e cepun 3KCIIEPUMEHTOB Ha MoJeau OajgaH-
cupymouiero pobora CBUAECTEIbCTBYIOT O paboTO-
CIIOCOOHOCTY aJalTUBHON CHUCTEMbl B peXMMax
CTaOMIM3ALMU U CICXKEHUS U TIPU MaJIOM, U TIpU
CYILIECTBEHHOM M3MEHEHUU Macchl poboTa.

Peaauzayua adanmuenoii cucmemvt Ha pe-
aavHom Oaaancupyrouwem pobome. TecTupoBaHue
CHCTEMBbl Ha peajbHOM OajJlaHCUpPYIOIleM poOoTe
HEOOXOAMMO JJis1 MPaKTUUYECKOro TMOATBEPXK/IE-
HUSI pe3yJbTaTOB, MOJYYEHHBIX B OKCIIEPMMEHTAX
Ha Mozeau. [lpu mpoBeneHUU IKCIIEPUMEHTOB Ha
peanbHOM poboTe Ha tatdgopme LEGO EV3 ero
Macca Obljia yBeJr4yeHa B JBa pa3da OTHOCUTEIBHO
HOMMUHAJIBHOW MyTeM 3aKperjeHus rpy3os. dnu-
TeJIBHOCTH 9KcnepuMeHTa coctaBuia 400 ¢, mpu
5TOM BCE BpEeMS IKCMEPUMEHTA OOBEKT padboTan
B pexuMe crabunu3anuu. Ha puc. 4, 5 mpeacras-
JICHO CpaBHEHHE TMePEeXOMHBIX MPOILIECCOB pobdoTa
nofd ynpapieHueM LQ-perynsaTopa u aganTUBHOU
CHUCTEMBI.

Kak u B skcmepuMmeHTax Ha MaTeMaTU4eCKOM
Mofenn po0oTa, OLEHKY KadyecTBa YIpaBJeHUS
MPOBOAMJIM MO WHTErpajbHO-KBaJAPaTUYHOMY
rnmokasaTeno KadyecTBa. B Tabi. 3 mpuBeaeHbl ero
3HAYEHUs AJIS1 peaJibHOro 0ajaHCHUPYIOIIETO Po-
6ora mon ympasiaeHueM LQ-perymsropa m aman-
TUBHOW CHUCTEMBI.

O1neHKa nmokasareJisi KayecTBa ypaBJeHUs pe-
aJIbHBIM OaJIaHCUPYIOIIUM POOOTOM TMOATBEPXKAa-
€T pe3yabTaThl, MOJyYeHHbIC B OKCIIEPMMEHTaX Ha
MOJIE/IN: 32 CYET MPUMEHEHM I alali TUBHOM CHUCTE-
Mbl y1aJ0Ch MOBBICUTb KAa4€CTBO YIIPAaBJICHMS TO
BCEM KOOpAMHATaM COCTOSIHUS poborta. Ha puc. 3
MOXHO YBUAETh YBEJIMYEHUE CTAOUIBHOCTU O0B-
eKTa 1o yIpaBJeHUEM aJallTUBHOTO peryasitopa
Mo KoopAuHaTaM 0 1 \, BIpaX€HHOE B YMEHbIIIE-
HUUW aMIUIUTYAbI KOJeOaHMIA.

Takxke ymajoch JOOMTHCS CHUXKEHMS TIEPBBIX
MUKOB MEPEXOJHBIX MPOLECCOB MO BCEM KOOPAU-
HaTaM COCTOsIHUS: Ha 2,7 paa no y u Ha 0,04 pan
Mo y. OTU pe3yabTaTbl O3HAYAIOT BBHIMOJHEHUE
MOCTaBJICHHON LIeJIM PEeryJIMpoOBaHMsI, 3aKJII0Yal0-
LIEiCsl B CBEAEHUU K HYJIIO OLUIMOKM CIEXEHUS €,,.

Tabnuua 3
Table 3
3HaueHUe TToKa3aTeyiss KayecTBa
KoopnuHara Crabunuszanus
LQR AnanTuBHAs CUCTEMA
0 415,8 148,7
0 6018 1789
] 0,4298 0,2096
] 26,74 23,49
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3akJoueHue

B uccnepoBaHuMuM BBINIOJIHEHA pa3paboTka
aIalITUBHOM CHUCTEMBI YIIPaBJICHUS IJISI TBYXKO-
JIECHOTO 0ajaHCHpPYIOIIEro podoTa. DKCIepUMEH-
TajibHasl MpPOBepKa pabOTOCHOCOOHOCTU CUCTEMBI
MpoBeJeHa U Ha MOIEJIM, U Ha peaJbHOM po0O-
Te. O0Oe rpynIbl 3KCIIEPUMEHTOB IeMOHCTPUPYIOT
CIIOCOOHOCTh CHCTEMBI KOMIIEHCHMPOBATH IIHPO-
KU Ouama3oH IMapaMeTPUUYECKMX BO3MYILIECHUWM,
obecrieunBasl IIpu 3TOM YMEHbIIIEHWE WHTerpaia
KBaJpara OLIMOKM CJIEXEHHUS 3a 3TAaJIOHHOM Tpa-
eKkTopueil. B yacTHOoCTH, B CepMM BSKCIIEpUMEH-
TOB Ha peaJbHOM poOOTEe 3a CYeT MPUMEHEHUS
aIalTUBHOM CHCTE€MBI YHAJOCh YMEHBIIUTh Iep-
Bbl€ MUKU NEPEXOIHBIX MPOLIECCOB IO CPAaBHEHUIO
¢ ynpasiaeHueMm LQ-peryastopa: Ha 2,7 panx 1o 0
u Ha 0,04 pan no .
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Abstract

Accepted on Desember 16, 2019

The problem of a two-wheeled balancing robot control is the scope of this research. Such plants are unstable, and
their mathematical description includes several types of nonlinearities: rising to the power of the robot state coordinates
and the trigonometric functions application. Moreover, such objects are non-stationary, i.e. they change the values of their
parameters (mass, position of the center of mass and the coefficient of friction of the wheels on the road surface). The
existing control systems of balancing robots (in most cases, these are optimal LQ algorithms and PID controllers) are not
able to provide compensation of significant parametric disturbances, although they have a certain robustness with respect to
them. All above mentioned problems make it reasonable to apply adaptive control algorithms to such plants. So we propose

MexaTpoHuKa, aBTOMaTH3aMusd, ynpasienue, Tom 21, Ne 5, 2020

319



an adaptive control system based on the second Lyapunov method and the use of a reference model. To build such an
adaptive controller in this study: 1) a mathematical description of the reference dynamics of the robot (at nominal values
of its parameters) is made; 2) the LQ regulator parameters are calculated according to the theory of optimal control; 3)
an adaptation loop of the parameters of the obtained controller, which does not require the plant model, is developed on
the basis of the second Lyapunov method. The resulting adaptation loop is supplemented with a variable step size, which
is recalculated on the basis of data about the current and previous values of the reference of the robot state coordinates.
FExperimental validation of the adaptive controller is made with the help of both mathematical and physical models of the
balancing robot. Considering the experiments with the mathematical model, the mass of the robot is increased from two to
13.5 times. As for the physical model, the mass is doubled. The experimental results show the efficiency of the developed
system in comparison with the optimal LQ-regulator in terms of the integral quadratic transient quality index.

Keywords: balancing robot, adaptive control, parametric adaptation, LQ regulator, reference model, second Lyapunov
approach, step size, integral quadratic transient quality index
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