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CUCTEMHbIVN AHANUS,

YMNPABNEHUE U OBPABOTKA MHO®OPMALIUA

YK 62-50:531.3 DOI: 10.17587/mau.22.171-180
B. B. MenexwuH, o-p TexH. Hayk, npod., pashka1602@rambler.ru,
[arecTtaHckuin rocyaoapCcTBEHHbIN TeXHUYECKUin yHuBepcuTeT, . Maxauykana,
M. B. XauymMmoB, kaHA. pu3s.-maT. HayK, CT. Hay4. coTp., khmike@ribox.ru,
depgepanbHbIN UccnegoBaTenbcknin LeHTP "MHdopmaTuka u ynpasneHue" Poccuinckon Akagemmm Hayk,
Poccuinckun yHuBepcuteT apy»x06bl Hapogos, Mocksa

WHcTpyMeHTanbHbIe cpeacTBa ynpaBrieHUsi Lieriecooopa3HbIiM NoBeAeHueMm
CaMOOpPraHU3yLWMXCs aBTOHOMHbIX MHTENNeKTyarnbHbIX areHToB*

Copmyauposatvl 0CHOBHbIE NPUHUUNL NOCMPOCHUS 3HAKOCUSHAAbHO20 YNPABACHUS UeAecO00pasHbim nogedenuem aé-
MOHOMHBIX UHMEANEKMYANbHBIX A2eHMO8 8 anpuopu HeONUCAHHBIX YCA0BUAX NPOOAeMHOU cpedbl. YMouHeHo NOHAmMuUEe camo-
0P2aHU3YIOW,e20C A8MOHOMHO20 UHMEANeKMYANbHO20 A2eHMA KAK cucmembl, CHOCOOHOU K A8MoMamu4ecKomy yeienoiaza-
HUIO NpU NOAGAEHUU 8 NPOOAEMHOU cpede onpedeieHH020 6U0Q YCAOBHbIX U (e3YCA08HbIX CUCHAN08 — 3HAK08. Pazpabomansl
npoyedypvl NAGHUPOBAHUS UeaecO00pA3H020 N0BedeHUs AGMOHOMHbIX UHMENNeKMYAAbHbIX A2eHMO08, NpedycMampusarouue
UMUMAYU0 ompadomxu npoGHsIX 0elicmeull 8 YCA08UAX HEONPedeNeHHOCMU 6 npoyecce U3YUeHUs 3aKOHOMepHocmel npeood-
DA308aHUs CUMYAUUL NPOOAEMHOU cpedbl, Mo H0360A5em U30exncams He C8A3AHHbIX ¢ 00CMUICeHUeM 3a0aHHOU yeau usmeHe-
HUll cpedvt 6 npoyecce camoodyuenus. OnpedeseHsvl epanuuHbie OYEHKU CAOICHOCMU NPEeON0NCEHHbIX NPoUedyp NAAHUPOBAHUS
yenecoobpasnoeo nogedeHus, NoomeepIcoanuue 603MONCHOCMb UX IPHeKmUeHol pearu3ayuu Ha 6OPMOBOM GvlMUCAUMENE
ABMOMAMUYecKOU cucmemsl ynpasieHus 4enecoo0pasHoi 0essmeabHOCMbi0 A8MOHOMHbIX UHMEANeKMYanbHblX aeeHmos. TIpo-
6edeHa UMUMAUUs HA NePCOHANbHOM KOMNbIOMepe NPedaoNCeHHbIX npoyedyp NAAHUPOBAHUS UeAeHANPABAeHHO20 N0gedeHU s,
noomeepoueuias 3@pexmusHoCms UX UCNOAb30BAHUS 0N NOCMPOCHUS UHMENAIeKMYAAbHbIX peuiameneli npooiem a8moHOM-
HbIX UHMEANeKMYANbHbIX A2eHMO8 6 UeasX HAOeAeHUs UX CHOCOGHOCMbI) a0anmuposamscs K anpuopu HeonucCaHHbiM yC-
aosuam Gyuxkyuonuposarus. CmpyKmypupoeaHvl 0CHOGHbIE 8UObl C8A3eU MeNCOY PA3AUYHBIMU YCAOBHbIMU U 0€3YCA0BHbIMU
CUeHaNamu — 3HAKamu npooAeMHOU cpedbl, HMo N0368045em A6MOHOMHBIM UHMEANEKMYAAbHbIM A2eHMAaM RPUCROCAONUBAMbCS
K CAONCHBIM anpuopu HeONUCAHHbIM, HeCMAOUALHbIM YCAOBUAM QYHKUUOHUPOBAHUS.

Karoueevte caosa: asmonommblii Lleefl/lekfmya/lebllZ acenm, ueﬂecoo6pa3ﬂ0e noeedeﬁue, ycaoeus Heonpeae/leﬁnocmu,

3aKOHOMepHOCMU NPOOAeMHOLU cpedbl, camoobyyeHue, 21eMeHMAapHblll AKm noeedenus

BBenenue

AKTyaJIbHOW TIpOOJIeMOM CO3MaHUS aBTOHOM-
HBIX UHTENJIEKTyaJlbHbIX areHToB (AUA) pasznuyu-
HOTO HAa3HAYEHWS, OCHAIIEHHBIX TEXHUYECKUM
3pEHUEM U PAa3BUTOU MOTOPUKOMU, KOTOPBIE CIIO-
coOHBI 3¢ GeKTUBHBIM 00pa3oM lieJieHaNpaBIeH-
HO (DYHKIIMOHUPOBATh B YCJIOBUSIX HEOMpPEACICH-
HOCTH, BJsieTCsS (popmann3ainsi MbICIUTEIbHbBIX
aKTOB HATJISIAHO-ICUCTBEHHOTO MBIIJICHUS XU-
BBhIX cucteM [1—3] m mocTpoeHue Ha 3TOM OCHOBE
WHCTPYMEHTAJBHBIX CPEICTB YIPABJICHUS IIEJe-
coobpa3HbIM TOBeAeHUeM. HarnsgmHo-neicTBeH-
Hoe MbinieHne AWUA B oTnuume, HaIlpuMep, OT

*WccnenoBaHue BBIMOIHEHO MTPU YaCTUYHOW (DMHAHCOBOW MOA-
nepxxke PO®U B pamkax HayuHbIX TpoekToB Ne 17-29-07003 odu_m ,
Ne18-07-00025 a.

HAIJISIAHO-00Pa3HOro MHILLIEHHUS, K KOTOPOMY
MOXHO OTHECTHM MpOLEeayphl BbIBOAa, 0OeCcHedYn-
Balolllie BO3MOXHOCTh ILJIAHMPOBaHUS lieJieHa-
MpaBJeHHOIO IIOBEICHMS Ha OCHOBE 3aJaHHOMU
moaenaun mnpobaemHon cpeabl (IIC) [4, 5], cBs3a-
HO C OTpabOTKOI B cpele MPOOHBIX AEUCTBUI U
orpenejeHreM pe3yJbTaTUBHBIX ACHCTBUI B Iie-
JISIX BBISIBJIEHMSI 3aKOHOMEPHOCTEN Ipeodpa3oBa-
HUS ee cCUTyaluii [6].

OnHUM U3 MOAXOA0B K PELIEHWIO TaHHOM MPO-
OseMbl ABJsIeTCs pa3padoTka 3¢ HEeKTUBHOIO 3Ha-
KOCHUTHAJbHOTO PUHIIMIIA YIIPABJIEHUS 11eJIeCO0-
Opa3HBIM TOBEIEHMEM, MO3BOJISIIOIIMM CaMOOpra-
Husyomumcss AVMA aganTupoBaThCs K alnpuopu
HeonucaHHbLIM ycioBusm TIC [7, 8].

B sTOM ciyyae posb pa3nMYHBIX MO COAEpXKa-
HUIO U CTPYKTYpE YCIOBHBIX CHUTHAJOB, IMOSIBJIE-
Hue KoTopbix B IIC Bauser Ha noBeaecHue AUA

MexaTpoHnKa, aBTOMaTH3amus, ynpasjienue, Tom 22, Ne 4, 2021
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B COOTBETCTBUU C e€ro (PYHKIIMOHAJIbHBIM Ha3Ha-
YeHWEeM M 3aJaHHOU IIeJIbl0, MOTYT UT'PaTh:
e OIpeneieHHbIE COCTOSHUS OTIEIbHBIX OO0BEK-

TOB, Haxonsuxcs B I1C;

* OTHOLIEHWS, CKJAIbIBAIOIIMECS MEXIy pas-

JInyHbIMU o0bekTaMu I1C;

* (dparMeHTBl CUTyallMii, OMUCHIBAIOIIUX TEKY-
mue yeaosus I1C u ap.

Crnenyetr OTMETUTD, YTO HaMOOJIee BaXXHOE IIpaK-
THYECKOE 3HAueHUe MJII CaMOOPIaHM3YIOIIMXCS
AWA uMeroT 3HaKu B BUIE (PParMeHTOB CUTYallHiA,
onmuchIBaomnx TeKyiue yciaosust IIC. DTo 00y-
CJIOBJICHO T€M, UYTO TaKHWe 3HAKH ITO3BOJISTIOT OITpe-
JICASTh CJIOKHBIE HEIN W TIOALIE]IN TIOBEICHUSI.

ITpon3BONABHBIN YCIOBHBIM CUTHaJ, HabJroma-
eMmblii B IIC, cTaHOBUTCS 3HAKOM, BBI3bIBAIOLIUM
y AUA onpeneneHHble MOBeJeHUYECKUE peaKInU,
€CJIM B TIpoliecce caMOOOyUYeHU s ObljIa yCTaHOBJIE-
Ha ero CBS3b C JOCTMXEHMEM 3aJaHHOI Ha TeKYy-
I MOMEHT BpEeMEHM lLieJau IoBeAeHUs. Takum
obpasom, opueHTauusg AMUA B mporecce meiaeco-
00pa3HoOro IOBEASHUS Ha YCJIOBHBIE CUTHAJIBl —
3HAKM — O0eCIIeuMBacT eMy BO3MOXHOCTh M30M-
paTenbHOTO BOCIIPUATHUSA M NepepabOTKU TOCTY-
naromeit n3 I1C nadopman.

PaznuyHble 3akOHOMepHOCTU MosBiaeHUs B 11C
CBSI3aHHBIX BO BPEMEHM M MPOCTPAHCTBE MEXIY
co0oif M 3amaHHOM Leablo 3HaAakKoB AMA Moxer
BBISIBUTh HAa OCHOBE aJrOPUTMOB CaMOOOYYEHMS,
NpeaaoXeHHBIX B padote [9]. OpraHu3oBaTh CaMO-
obyueHne AMA B ampuopud HEOIIMCAHHBIX YCJIO-
Busx IIC takxke MOXHO, MCIIOJIB3Ys POEBBIE aIro-
PUTMBI TIOBEICHMSI JKMBBIX OPraHU3MOB, (hopMaliu-
3yeMBbIe C ITOMOIIBIO Pa3IMYHOIO BUAA KOHEYHBIX
aBToMatoB [10], a TakKe reHeTUYeCKMe aJrOPUTMEI
[11]. OnHako gaHHbIE aJITOPUTMBI IIPeAyCMaTpUBa-
IOT B IIPOLIECCE OPraHM30BAaHHOIO HAa MX OCHOBE
caMOOOyUYeHU s 10 MeTOoAY Mpod M OIMOOK HEeoO0-
XOIMMOCTb HemocpeAcTBeHHON oTpaboTku AUWUA
NpOOHBIX NEHCTBUI, YTO MOXET MPUBECTU K HE-
0o0paTUMBIM M HeraTUBHBIM U3MeHeHUsIM B TIC,
HE CBSI3aHHBIM C JOCTMKEHMEM 3aJaHHOM LIeIH.
OOoiTH JaHHBIA HENOCTATOK YIIpaBJICHUS Iiejie-
cooOpa3HbeiM mnoBeaeHueM AWMA Ha oCHOBe H3-
BECTHBIX aJITOPUTMOB IIJIAHMPOBAHUST MOXHO, pa3-
paboTaB Mmpolenypbl CaMOOOYUYeHUSsI, KOTOPhIE He
TPeOYIOT HEMOCPEACTBEHHON OTPabOTKM MPOOHBIX
peiictBuii B TIC, 3aMeHUB OTpabOTKY JEHCTBUIA
MMUTALME WX BBINOJHEHUS Ha (opMalbHOM
onucaHuu Tekyuei cutyauuu I1C. B nanHoi pa-
00Te paccMaTpuBaeTCs BapuaHT pellieHUs] JaHHOM
poOJIEMBIL.

IlocTanoBka 3amaun

Ilycte camoopranusyloumiica AVUA B cooTBeT-
CTBUU C (PYHKIIMOHAJIBHBIM Ha3HAYEHUEM MOXET OT-
pabarbIBaTh MHOXECTBO eiicTBUi B = {b,}, k = 1,n,.
Ilon camoopraHu3zalnuei cieayetr MOHMMATh CIO-
cobHoctTh AUA K aBTOMAaTnyeckKoMy IIejeroiara-
HUIO NpYU BO3HUKHOBeHUM B IIC uMam B ero BHY-
TPEHHEN cpele OonpeaeeHHOIO Braa CUTHAJOB —
3HAKOB, CBSI3aHHBIX, HATIPUMEP, C OE30MaCHOCTHIO
JIesITeIbHOCTHIO [12].

IIC MoXHO oxapakTepu30BaTh MHOXKECTBOM
ycloBHBIX A ={a;},i= m, n  0e3yCIOBHBIX
C=A{c;},J =m,, CUTHAJIOB, KOTOpLIE ITOSIBJISI-
IOTCS B Hel JMOO0 B pe3ysibTare orpadbotku AMA
pa3IUYHBIX A€UCTBUI b, € B, 1ubo B pe3yibraTe
MMPOUCXOASIINX B Hell He3aBUCUMBIX oT AUA co-
obiTii D ={d,}, ¢ =1,n,.

TpebyeTcss paszpaboTaTb Takoe dopMaabHOE
onucaHue orpabarbiBaeMbix AUA neiicTBuii, Te-
kymux curyauuit I[IC §,, 7 = m, W WHCTPYMEH-
TaJbHBIX CPEICTB 00padbOTKM MH(MOPMAILIMU U BhI-
BoOJa pelleHnu, KoTophie mo3Bosai0T AUA B rpo-
lecce caMOOOyYeHMSI MMUTHpPOBATh OTPaOOTKY
npoOHbIX AeiicTBuii b, € B B IIC 1 Ha 5T0i1 OCHO-
Be (pOopMUPOBAThH YCIOBHBIE ITPOTPAMMBI 11€JIECO0-
Opa3HOro MoBeJAeHM s, UMEIolL e, HalpuMep, cie-
AYIOLIYIO CTPYKTYDY:

al &bl —»a? &b} > ... > aF &bf >

—>..oa &b —>c,

1

rae ail — YCHOBHLIfI CHUTHaJl — 3Hak, KOTOpBIﬁ

AUWA BocnipuHumaet B ucxonHoi cutyauuu I1C S
a? & bf — a**' — snmemeHTapHbBIil aKT MOBeEHMUS,
o3Hauaromui, yro ecau AUA nadmonaet B I1C 3Hak
af’, To oTpabaTbiBaeMoe UM NeiicTBUE b MPUBOIUT
K TMOSIBJICHUIO B HE 3HaKa af“; ¢; — Oe3yCIOBHbI
CATHaJ — 3HakK, BbI3bIBatolMii y AMA 6e3ycnoB-
Hble peakuuu B c B, mpencrabisouye coGoit
3aJaHHYIO0 YIOPSAAOYEHHYIO II0CJICAOBATEIbHOCTh
neictBuii b, € B, oTpaboTKa KOTOPBIX MPUBOLUT
K JOCTUKEHMIO TEKYIICH LIeJU MOBEASCHUS c; npu
BocnipusiTuu B I1C 3TOrO 3HaKa.

Crnenyer OTMETUTb, YTO TMOCJIE 3aKperieHUs
B YCJIOBHOI1 IIporpaMMe IOBEICHMSI YCIOBHBIE CUT-
HaJIbl — 3HAKU — 4; € A IPUOOPETAIOT POJIb OPHU-
€HTUPOB WY MOALE/CH ITOBEACHUS, YTO O3BOJIS-
eT AUA B miporiecce caMOOOyYeHH S CTPOUTh Ha UX
OCHOBE pa3BeTBJIEHHBIE TTPOrPaMMBI 1ieJiecooOpas-
HOW JIesiTeIbHOCTU, OXBaThiBasi pa3jiMuHble obJia-
CTH TEKYIIMX YCIOBUM (PYHKIIMOHUPOBAHUSL.
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Opranu3anus 3HAKOCHTHAJBHOrO NMPHHIHNA
ynpapjienus nopenennem ANUA
0e3 HenmocpeacTBeHHoi orpadorku B I1C
NMPOOHBIX JEHCTBHIA

Kak oTMeueHO BbIlle, HarIsIHO-ACHCTBEHHOE
MBIIJIEHUE CIYKUT 1 agantauun AUA x anpu-
OpY HEONMCAHHBIM YCJIOBUSIM (PYHKIIMOHUPOBA-
HMS IIYTeM BBISIBJIEHUSI B IIpoliecce caMooOyue-
HMS 3aKOHOMEPHOCTEe! 1X Ipeodpa3oBaHUsI, CBSI-
3aHHBIX C IOCTUXEHUEM 3aJaHHOW Ha TEKYIIUN
MOMEHT BpeMEeHHU lieIu c; noseneHus. Ha atoit
ocHoBe AUA dopMupyeT yCJIOBHBIE MTPOrpaMMBbl
1eJiecooOpa3Horo IoBeAeHMs, onupasich Ha (op-
MaJIbHOE OMUCAHUE TEKYILEH CUTYaLlMU CPENbl S,
KOTOpOE CTPOMUTCS UM B BuUIe rpada BUIMMOCTU
B Ipelesiax pa3pellalplleil cCioCOOHOCTH TEeXHMU-
4yecKoro 3peHusl. JJaHHbII BUI MBIIIJIEHUS I03BO-
nsetr AUA peann3oBaTh B alipuopy HEOTTMCAHHBIX
ycaoBusax I1C cnenyroiime nBa Brjaa 1ejiecooopas-
HOM AedTEIbHOCTU:

* MOMUBAUUOHHOe, WIU CaAMOOpeaHU3youjeecs,
noeedenue, KOTOpoOe XapakKTepu3yeTCsl aBTOMa-
TUUYECKUM 1eJierlojlaraHueM IIpU I0sSBJICHUU
mmb6o B IIC, nubo Bo BHyTpeHHe# cpene AUA
OIlpeAeeHHBIX II0 COAepXaHUIO 0e3yCIOBHBIX
CUTHAJIOB — 3HAKOB ¢; € C, MPUBOISIIUX K HE-
00XOAMMOCTHM IlepeIlIaHMpPOBaHUS TeKyllUei
1eJaecoo0pa3Hoi AesITeIbHOCTH.

ITpumepom mosiBieHuun curHajioB B IIC Moxker
ObITh Ge3ycioBHBIN cUTHAN ¢; € C, KOTOPbIA CBsI-
3aH C JIOCTUXKEHHEM COOTBETCTBYIOIIEH eMy Lienu
c;, no3possoneii AMA n3dexaTbh CTOJIKHOBEHUS
¢ mnogBuBIMMcI B IIC moOmBUXKHBIM OOBEKTOM.
B npyrom ciyyae (Iipu NosiBJIEHUU CUTHaJjIa BO BHY-
TpeHHel cpeae AMA) Ha ocHOBe JaHHBIX, MOCTYMa-
IOIIUX U3 WH(POPMALIMOHHO-U3MEPUTEIbHON IOMI-
CHUCTEMBI, B MHTEJJIEKTYaJIbHOM pellaTesie 3a1a4 aB-
TOMaTU4YeCKU (POpMYIUpPYETCs LieJib IIOBEIESHU S c;,
JOCTUXEeHHUEe KoTopoil mo3BoiysieT AMA ycTpaHUTh
aBapUiiHY10 CUTYallllO, BOZHUKIIYIO B pe3yJibTaTe
BBIXOJAa U3 CTPOsSI OMHOI U3 €ro MOACUCTEM U T.IL.;

* yenecoobpasroe nogederue, B IIPoOLECCe pealu-
3auuu Kotoporo AMA m3ydaeT 3aKOHOMEpPHO-
CTU Npeobpa3oBaHus Tekyuiei cutyauuu I1C,
CBSI3aHHBIC C TOCTUKEHUEM 3aJaHHOU eMy M3-
BHE LIeJIM MOBENCHU S c;.

B oOmieM ciyyae 1eyiecoodpa3Hoe TOBEICHUE
AWA, ocHOBaHHO€ Ha 3HAKOCUTHAJIbLHOM TNPUH-
LIMIIe YIIPpaBJIeHUSI, MOXET ObITh OPraHM30BAHO I10
CIEOVIOIIEH CXEME:

1) B MHTE/JIEKTyaJIbHOM pellaTene 3aJad Ha
OCHOBE JaHHBIX, MOCTYMNAIOINX U3 MH(pOopMaLIU-

OHHO-U3MEPUTEJIbHOI MOACUCTEMBI TEXHUYECKOTO

3peHust AUA, dopmupyercs popmaabHOe onuca-

Hue Tekylueir cutyanuu [1C S, B BUzIe HeyeTKoi

ceMaHTHYecKoil cetu [13], Ha OCHOBE KOTOpOI

3aTeM OCYIIECTBJSIETCI MMUTALUS OTPabOTKHU

MNpPOOHBIX ACUCTBUI B MpoLieCcCe CAMOOOYUYCHUS;
2) Ha OCHOBE MPUHSITOTO KpUTepHusi OTOOpa

AUNA MeTonom mpo6 M OIIMOOK BBISIBJISET MOJE3-

HbIE C TOYKH 3pEHUS JOCTUXKEHU S 3aTaHHON 1Ien

NercTBUS 0€3 HEMOCPEACTBEHHOU MX OTPabOTKU

B [IC. Ha kaxmom I11are Takoro camMooOyuyeHUsI

(opMupyeTcs ameMeHTapHbIN aKT MOBEACHMSI, Ha-

npuMep, clenylomero suaa: af & bf — a’t;

3) mpoiiecc camMooOydeHHUsT TPOAOJIKAETCS A0
3aKperuieHus: B GopMupyeMoii YCJIOBHOM TTporpam-
M€ 2JIEMEHTAapHOIO aKTa TOBEAeHUSI, KOTOPbI CO-
JEPXKUT 3aJaHHbI Ge3ycoBHBIA curHan ¢ € C,
T.6. MMEET, HANpUMEp, CJEYIOUIYI0 CTPYKTYpY:
a; &b, —c;. Tossnenne B IIC GesycmoBHOro
curHaia — 3HaKa ¢; — BbI3biBaeT y AMA cooTBer-
CTBYIOLIIME €My 0e3yCIIOBHbIE OTBETHBIE peaKInu
B; , IPUBOMIATIME K TOCTHXEHUIO COOTBETCTBYIO-
IIEH eMy LeJTH MOBEACHUS C )

4) bopmupyeMast TaKUM 00pa30M yCIIOBHASI IIPO-
rpaMma 3allOMUHAETCs ¥ UCTIOJIb3yeTCs B AaJbHEN-
1IeM B Ka4eCTBEe HAKOILJIEHHOTO OIbITa MOBEACHUS
B pa3auuHbIX ycioBusx [IC, aHaJOrMYHBIX yCO-
BUSIM, U3yYEHHBIM B MPOLIECCE CaMOOOyUeHUSI.

Monens mpeacTaBieHUsT 3HAHWI, MCMOJIb3ye-
Mbix AWMA B mpoiiecce HariasigiHO-AEHCTBEHHOTO
MBILIJIEHUSI, OMNpeneisieTcss CAeAYIOIUMN TUTIO-
BbIMM KOHCTPYKIIUSIMMU:

4 CTPYKTypUMpPOBAaHHBIM OIMCAaHUEM B BUIE He-
YETKOU CEMAHTUYECKOM CETU TMOACUTYyalUui
s’Ifl, OIpPEAETSIIONINX YCIOBUS, KOTOPBIE TOXK-
HBI BBITIONHATHECS B [IC mag ycmelrHoil oTpa-
00TKHU neiicTBUM b, € B, a TakXke MOACUTYallUU
s’ﬁ, MOJIy4yaeMol B pe3yJbTaTe UX BHITTOJTHEHUS.
TumnoBbsle 2AeMEHTBHI TPEACTABICHUS 3HAHUM
WMEIOT cleayonnii gopmar onucaHus:

<Hdenmugurxamop oeticmeus b,
"6x00 siy " & by — "gbix00 sk ">.

OTMeTHM, YTO IIOCJE 3aKpeIieHUus B (popMu-
pyeMoOM YCJIOBHOM IIporpaMme IIOBEICHUS HeH-
CTBUIi b, € B COOTBETCTBYIOLLME UM BXOLHBIE sl’fl
1 BBIXOIHBIC s’fi MOACUTYallMU CTAHOBSTCS YCJIOB-
HBIMM CUTHaJJaMM — 3HaKaMHu, CBI3aHHBIMU
C NOCTUKEHMEM 3aJJaHHOTO Ha TEKYILIUA MOMEHT
BpEMEHU 0€3yCJIOBHOIO CUrHajda — 3Haka cj;

MexaTpoHnKa, aBTOMaTH3amus, ynpasjienue, Tom 22, Ne 4, 2021

173



4 TUMNOBBIMU CTPYKTypamMu (HopmMajbHOTO OMu-
caHus B BHJE HEYETKOW CEMaHTMYECKOW CeTu
Ge3ycIOBHBIX 3HAKOB ¢; € Cu COOTBETCTBYIO-

IIMX UM Oe3YCIOBHBIX peakluii B;, mpencras-

JIEHHBIX B BUJI€ 2JIEMEHTApPHBIX aKTOB IOBe/e-

HUs ¢; & B; - c;. besycioBHBIE peaKIIuu B;

otpabatsiBaloTcd AMA B OTBET Ha MOSIBJIEHUE

B IIC cooTBeTcTBylOIIEr0 UMM 0€3yCJIOBHOIO

curHana. CieayetT OTMETUTb, YTO O€3yCIOBHbBIC

peakuuu AMA MOTYT OBITH CBSI3aHBI U C HE-
00XOAMMOCTBIO TIepernJaHUPOBAHUST TEeKylIen

JeATEebHOCTU B HecTaOMIbHbIX ycaoBusx [1C;
4 CTPYKTypUMPOBAaHHBIM OMNKMCAaHMEM TeKYyIlel

curyauuu I1C S, B BUje HEUETKON CeMaHTUYE-

cKoit cetn S, .

Takoe nipeacTaBiaeHe 3HAHUI TTO3BOJISIET peasiu-
30BaTh 3((MEKTUBHBIC MPOLEAYPHl TJIaHUPOBAHUS
11eJ1eco00pa3HOro MOBEAEHMSI ¢ MMUTAllMell oTpa-
60Tk AW A pa3inuyHbIX TPOOHBIX ACUCTBUM by, € B
B mpoiiecce camooOydeHuss. OCHOBHBIMM OTepaliv-
sIMU, BBITIOJIHAEMBIMM B TIpOLIECCE BBIBOAA pellie-
HUI B 3TOM cliyyae, SIBJSIOTCS Omnepaluu CpaBHe-
HUST MEXy CO00M HEYeTKMX CEMaHTUUYECKMX CeTei
Ha TIpeAMET OMpeaesieHNs HEYETKOrO BJIOKEHHOTO
n3oMop¢r3Ma OJHOW CETH B APYTYIO M HEUYETKOro
paBEeHCTBA CpaBHUBAaeMBbIX MEXIy co0oit ceTeit [13].

B oOmeM Bume mnpouenypsl MNJIaHUPOBAHUS
AHNA uenecoobpa3Horo rnoBeaeHuss UMEIOT ClIeay-
IOIIYI0 CTPYKTYPY.

Bxoouvie nepemennvie. 3anaHHBI 0e3yCIOB-
HBII CUTHAJI — 3HAK ¢;; Tekyuias curyauus [1C S,

Ilpomescymounvie nepemennste. Bocnpunuma-
emble B [1C ycnoBHble g; € A u Gesycioshble ¢; € C
CUTHaJIbl — 3HaKu; (hOpMUPYEMbIE DJIEMEHTAapHbIC
aKTHl TIoBeieHns af & bf — aF™' u a & b} > ¢

Boixoonsie nepemennvie. CdhopMupoBaHHaAS
YCJIOBHAS IMporpaMma MOBEIeHHUS:

sk) & by (1) — sk & b, (2) > s5(2) & b, (3) >
..o kG =D &b > ...
= 5p(1) & by + 1) = s3(n) & b (m) > ¢,

TIe j;, — WHIAEKC, COOTBETCTBYIOIIMI HOMEDY IIara
TIJTAHWUPOBAHU S TTOBEIEHUSI.

Memoo.

1. Hauano. IlocTpouth B peuiatene 3agad ¢op-
MaJIbHOE OMUCAHMUE:

— texywei cutyauuu I[1C S, B Buge HeueTkoit
CEMaHTUYECKOW CETH S,* ;

— ueneBoit cutyanuu [1C S,* " IyTeM 3aMeHBbI
B HEYETKOM CEMaHTUYECKOM CEeTH St* 3HaYeHU I

OTHOIIIEHUI Ha 3HAYeHUs OWEeKTMBHO COOTBET-
CTBYIOIIIMX UM OITHOMMEHHBIX OTHOIIIEHU# B (hop-
MaJbHOM ONMWCAHUMU 3aJaHHOTO 0e3yCIIOBHOIO
CHTHaJIa — 3HAaKa C;.

2. j; = Jj, = 1; OpuCTynuTh K NMJIAHUPOBAHUIO
MOBEACHMSI, TTO3BOSIONIETO M3YUYUTh 3aKOHOMED-
HOCTHU NIpeoOpa3oBaHus CUTYallUU S, B LEJISIX MO-
sgpiaeHusd B [IC 3agaHHOro Ha TEKYUIMH MOMEHT
BpeMeHM 0€3yCJIOBHOIO CUTHAJIa — 3HAKa C;.

3. IlpoBeputh ycioBue: "MHoOXecTBO B BKIIO-
qaeT AeiicTBue by, y KOTOporo GpopMaJbHOE NpeEJ-
CTaBJleHME BXOIHOW MOACUTYAllMH sj; HEYETKO
M30MOP(MHO BJIOXKEHO B HEUETKYIO CEMaHTUUYECKYIO
ceTh S,* , a JUIS BHIXOMHO#H MOACUTYalluy Sp CIpa-
BEIJIMBBIM SIBJISIETCSI OTHO M3 CJICAYIONIMX YCIOBUIA:

a) ceMaHTHU4YecKasi CeTb, Ompeaesiouas yc-
JIOBHBIW CUTHAJI ¢;, HEYETKO M30MOP(HO BIIOKEHA
B (hopMasIbHOE OTUCAHNE MONACUTYAIIUH Sp;

0) pacribpIBYaTBhIE CEMAHTUYECKUE CETH, COOT-
BETCTBYIOLIME OE3YCTIOBHOMY 3HAKY ¢; U TIOICUTY-
Al s’l§, HEYETKO PaBHBEI MEXIy co0o0it".

Ecau ycioBue BEITIONHSIETCS, TO TIEPEUTH K II. 4;
B MPOTUBHOM cCilydyae MepeunTu K 1. 5.

4. CoxpaHUTb B KadyecTBe (popMupyeMoil yc-
JIOBHOH TIpOrpamMMbl 3JIeMEHTapHbI aKT TOBe/e-
HUSA s][fl (1) & by (1) — ¢;, oTpaborka neicTBust by(1)
KOTOPOTO B CUTYallUU S, IPUBOAUT K MOSBIECHUIO
B Heil 6e3yCIOBHOTO CUTHala — 3HaKa ¢;. Kowney.

5. OnpenenuTh Ha TEKYLIEM j; LIare caMoooy-
YeHHUSI B YCJOBUSX HEOINPENeJeHHOCTU Clydyai-
HBIM 00pa3oM NpoOHoe AeicTBue b, (j;) cormacHo
paBHOMEPHOMY 3aKOHY pacIipeiesieHusi BeposT-
HOCTe# ero BbIOOpa BO MHOXECTBE AEUCTBUI B.

6. I1poBeputs ycioBue: "Bxon sffl( J1) BBIOpaH-
HOTO JedcTBUSA by (j;) SBJISIETCS HEYETKO PABHBIM
CTPYKTYPHO 3KBMBAJEHTHON €My 4aCcTU HEYETKOMU
cemanTHyecKoii cetn S, ". Ecu ycioBue BHITION-
HsETCsl, TO MepPerTH K M. §; B MPOTUBHOM cjiyyae
WCKJIIOUUTD AeUCTBUE by(j;) U3 4uciaa pesyJibra-
TUBHBIX I€HCTBUI Ha TEKYIIEM lIare camoodyue-
HUS, TIEPENUTH K 1. 7.

7. Ilposeputs ycaosue: "j, = n;". Ecnu yciosue
BBITIOJTHSICTCSI, TO TIEPEUTH K 1. 17; B IPOTUBHOM
ciaydae j, :=j; + 1, nepeiitu K m. 5.

8. BbIMOIHUTH 3aMeHY 3HAYEHMI OTHOILIEHMI
B HEYETKON CEMaHTUYECKOW CETU S,* Ha 3HaYeHUsI
OMEKTUBHO COOTBETCTBYIOIIMX MM OJHOMMEHHBIX
OTHOLIEHUU BBIXOHA sf,‘,( J1) TpOOHOro neucTBUs
b,(j)), cbopMupoBaB, TAKUM 00pa30M, HEUETKYIO
ceMaHTHYecKylo ceTb S/ .

9. Ilposeputh ycioBue: "YCIOBHBIN CUTHAI ¢;
SIBSIETCSI BJIOXKEHO M30MOP(MHBIM B HEYETKYIO Ce-
MaHTHYecKyio ceTb S;". Eciu ycrnobue BbIMOJ-
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HsleTcs, TO nepeidTu K 1. 10: B IpOTUBHOM cliyuae

nepeiTu B 1. 11.

10. CoxpaHutb B (OPMUPYEMOIl YCIOBHOM
nporpaMme DBJIEMEHTapHBIA aKT TOBEACHUS
sllfl(jl) & b (jy) = ¢;. Koney.

11. PaccuuTaTh CTeNeHM HEYETKOW OJIM30CTU
pi(S7,S7) m po(ST,S) [13], coorBercTBEH-
HO, IJIs1 map HEYeTKMX CEMAaHTUYECKMX CceTel
<8,,8>u <8I 8>

12. IIpoBepuTh yciioBue: "pz(S,T, S,**)>p](S,*, S:*)".
Ecnu ycioBue BBITTOMHSIETCS, TO MEPEUTH K II. 13;
B IPOTMBHOM CJly4yae UCKJIIOYUTH AecTBUE by (j))
W3 YKCJia pe3yJIbTaTUBHBIX ACMCTBUI Ha TEKYIIEM
mrare caMooOy4denus, j, := j; + 1, nmepeiitu K m. 7.

13. CoxpaHuth B (QOPMUPYEMOU YCIOBHOM
nporpaMme BJIEMEHTapHBIA aKT TOBEACHUS
siUn) & b () = s(j1)s Jo 7= Jo + 1, Tai€ jp — anic-
JIO 3JeMEHTapHBIX aKTOB ITOBEACHUS, 3aKpelJIeH-
HBIX Ha TeKYIIMI MOMEHT BpeMeHU B hopMuUpye-
MO YCJIOBHOI IIpOrpaMMe IOBEICHUSI.

14. Beibpats BO MHOXecTBe B neiictBue b (j; + 1),
Y KOTOPOTO BXOJ sffl(jl +1) coBmagaeT ¢ BHIXOOOM
s'l§ (J;) meiictBus by(j;) MOCIEIHETO 2JIEMEHTAPHO-
ro akTa MOBEAEHU S, 3aKPerJeHHOro B (popMUpy-
MOl YCJIOBHOI IporpamMme Liejecoo0pa3Hoit ae-
SITEJIBHOCTH.

15. Ecau takoe neiicteue by(j, + 1) HaiineHo, u
OHO OTJIMYAETCS OT ACHMCTBUS, UCKJIIOUEHHOI'O Ha
NpeablaylIeM Iare IIaHMPOBaHUS, TO IIPUHSTH
J1=J, 1, nepeiitu K M. 6; B IPOTUBHOM CJIyyae
nepenTH K m. 16.

16. UcknrounTs neicteue by(j;) Kak He pe3yib-
TaTUBHOE IUISI TOCTUXEHUSI 3aJaHHOM 1IeJIU ¢; HA
TeKyIIeM IlIare caMmooOy4YeHHUSI U COOTBETCTBYIO-
LM eMy dJIeMEHTApHBIM aKT MOBeaeHUs U3 pop-
MUPYEMOU YCIIOBHOU MPOrpaMMBl; j, = j, — 1.

17. TIposeputh ycnosue: "j, = 0". Ecnau ycio-
BU€ BBIIIOJHSETCS, IIEpEerTH K M. 18; B IpOTUBHOM
cllyyae mepenTu K 1. 14.

18. Y AHUA oTcyTCTBYET BO3MOXHOCTH MTOCTPO-
€HUSI HeOOXOAUMOM YCJIOBHOW IMpOrpaMMBbl liejie-
COOOpPa3HOTO MOBENCHUS, IIPUBOASINEH K TOCTU-
KEHUIO 3aJaHHOro 0€3yCJIOBHOI'O CMTHAaja — 3Ha-
Ka ¢; B Tekyuei curyauuu [1C S, Koney.

I OUEeHKU CIOXHOCTU MHPUBEICHHBIX BHILIEC
mpoueayp MJIaHUPOBAHUS 11€JIeCOOOPA3HOro MO-
BegeHus1 AUA BBeneM cieayoliye NOHSITUS:

* (yHKIMOHAJBHAd CIOXHOCTb [3; NpOLEAyp
MJaHUPOBaHMS, 3aBUCAIIASI OT OOIIEro 4yucia
nefctBuii b, € B, anpobupyembix AUA B nipo-
necce (GOpMUPOBAHUSI YCJIOBHOU MpOrpaMMbl
11eJ1€CO00pPa3HOIo MOBEICHU S,

* BpEMEHHas CJIOXHOCTb B, MPOLEAYp TIJIAHU-
pOBaHUSsI, KOTOpasi OMpeaesieTCs] YUCIOM dJie-
MEHTApHBIX OIlepalluii CPaBHEHUS MEXIY Bep-
IIMHAMHY 1 peOpaMy HEUSTKMX CeMaHTUYECKUX
ceTeil Mpu BBIBOJAE pellieHuil B mpolecce Gop-
MHPOBAHUS YCJIOBHON NpOrpaMMblI II€JIECOO-
Opa3HOro MOBEACHMUSI.

Ymeepycoenue 1. DyHKLUMOHAIBHAS CIIOXK-
HOCTb 3;, IPOLEAYP MJIAHUPOBAHMUS 1e1eco0bpas-
Horo moBeaeHust AMA, B o0lueM ciayyae, omnpe-
JeJISIeTCS CIASAYIOIMMY TPAHUYHBIMM OILIEHKaAMU:

my < By < myny,

TI€ m; — YUCJIO 3JE€MEHTAPHBIX aKTOB MOBEACHUS,
3aKpeIIeHHBIX B CGOPMUPOBAHHON YCJIOBHOM
MporpaMme LEeJeco00pa3HOro IMOBEAEHUS; Hy —
YKCJIO CUTHAJIOB, XapaKTepU3yIOlIUX 3aKOHOMED-
HOCTH IIpeo0pa30BaHUs TEKYIIeH CUTyalluH IIPO-
0JIeMHOW cpenbl S; 1y — YUCIO Pa3IUYHbIX NEii-
cTBUii, kKotopele AMA crocobeH oTpabareiBaTh
COIJIACHO CBOEMY Ha3HAYEHMIO.

Jlokazameavcmeo. CripaBeaInBOCTb CPoOpMYy-
JIMPOBAHHOTO YTBepXAeHUS | BBITEKAeT U3 Clie-
JVIOLIUX COOOpakKeH .

1. CornacHo nn. 5—7 u nn. 14—17 mpouenyp
¢dopMupoBaHHUsI YCIOBHBIX IIPOTPaMM lIeJIECO-
00pa3HOro IIOBEACHUS BIIOJHE BEPOSITHO, YTO
B JIYYLLEM CJyYyae Ha KaXxJIOM j, 1iare njiaHupo-
BaHUS NEPBBIM BbIOMPAETCS pe3yJIbTaTUBHOE JCK-
ctBue by (j;), a 3aTeM MPOUCXOAUT €ro orpadboTka.
CrnenoBaTeIbHO, HUXXHEE TPAaHMYHOE 3HAYCHHE
OLEHKHM CIIOXHOCTHU f3;, B OOlLEM Ciyyae, MOXET
OBITb HE MEHEE BEJIMYMHBI, PABHOW m),.

HcknroueHueM sIBASIETCSI YACTHBIM cayyail (cMm.
nn. 3, 4 npouenypsl IJIAHMPOBaHUS), Korna m; = 1,
KOTOPBIIA COOTBETCTBYET YCJIIOBUIO, UYTO 3aJaHHas
LeJIb MOBENCHUS ¢; MOXKET ObITh IOCTUTHYTA B Te-
KYIIUX YCIOBUSAX (DYHKIIMOHUPOBAHUS B pe3yiib-
Tare OTpadoTKU AeUCTBUS by(l), BBISIBJIEHHOTO
AHMA Ha mepBoM IIare caMoOOy4YeHUS.

2. B xyaiiem ciydae pe3ynbTaTUBHOE IEeiCTBUE
b,(1) Ha KaxzaoOM j, 1are NJAaHUPOBAHUS LEJe-
COO0OpPa3HOTO MOBEICHUSI MOXET OBITh BHIOpAHO
B IMOCJeAHI0 ouepenb. OTCI0Na Ha KaxKJIOM Iare
IUIAaHUPOBAHUS  11€71eCO00pa3HOTO  TOBEAEHU S
anpobupyeTtcsi He 6onee n; aercTBuii bi(j;) € B.

B stom cnyuae mas BkitouyeHus: B IIC HeoO-
XOIMMOTO Ge3yCIIOBHOTO CHTHAJA ¢; B Mpolecce
BBISIBJICHUSI KaK pe3yJbTaTUBHBIX (cM. mim. 5, 14
MpoLenyphl MJIAaHUPOBAHUS), TaK U HEpPe3yabTa-
TUBHBIX (CM. T. 16 mpolenypbl NMJaHUPOBAHUS)
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BJIEMEHTAPHBIX AKTOB TMOBEICHUS YHCJIO BHITION-
HsaeMbIXx AWMA 11aroB mnjaaHUupoOBaHUSI HE MOXET
MPEeBbILIATh YUCJIA CUTHAJIOB H,, XapaKTepuU3ylo-
mux Tekyuue yciaosus [1C.

CnenoBaTeabHO, QYHKIIMOHAIbHAS CIOXHOCTD
B, mpoluenypbl MJIaHUPOBAHUS LieJecO0OpPa3HOTO
noBeneHuss AVA B XyniueM ciaydae MOXET ObITh
He 0oJiee BEIMYMHBI, PABHOU n,yn,.

3. Y3 nin. 1, 2 mpoBeAeHHOro AoKa3aTeJlbCTBa
C OYEBUIHOCTBLIO CJIEAYyeT CIpPaBEAIMBOCThH yT-
BepxXaeHus 1.

Ymeepucoenue 2. BpemeHHast CIOXHOCTBH P,
MPEAIOKEHHOM MpOoLeAyphl INIAaHUPOBAHUS 1IejIe-
coobpasHoro noseneHns AMA omnpenensieTcs cie-
OYIOIUIMMU TPAHUYHBIMU OLICHKAMMU:

2 2
2mimitcp < By < 2nynymitcyp,

rJ€ M, — YUCJIO BEPLIUH B HEYETKOI ceMaHTUYe-
CKOI ceTn S,* ; Icp — CpelHEE BpeMs BBITIOJTHEH U ST
OMHOU B3JIEMEHTApHOI ONepallMu CPpaBHEHMS IIPpU
COMOCTAaBJICHUM MEXIY COOOI pa3IMUHBIX HEYET-
KUX CEMAHTUYECKUX CETEN.

Jlokazameavcmeo. CrnipaBeaMBOCTb YTBEPXK-
JEeHMS 2, C YIETOM I'PaHUYHBIX OLIEHOK (PYHKIIHO-
HAJIBHOW CJIOXHOCTH f3;, MOXHO OOOCHOBATb, IPO-
Bens cleAyloliue pacCyKIeHus.

1. CornacHo yTBepxXAeHUIO 1 B JydlieM ciaydae
B IIpoliecce (DOPMHPOBAHUSI YCIOBHOM IIporpam-
Mbl 1I€J€CO00pa3HOro TOBEAEHUSI COBEPIIAIOT-
cd m; 1IaroB IUIAaHWUpOBaHWsA. Ha KaxxmoM Takom
1Iare BBIMOJHSETCS OTHO CpaBHEHWE HEUYETKHX
CEeMaHTMYECKMX CEeTeil MeXIy CcO0Oi B IIpolec-
ce BBIOOpa pe3yJIbTATUBHOIO NEUCTBHUSA (CM. II. 6
Mnpoueayp IJIAaHUPOBAHKS) U OOHO CpaBHEHUE IJIS
MpPOBEPKM YCJIOBHUSI AOCTHKEHUS 3aJaHHOro 0Oe3-
YCJIOBHOTO CUTHAJA ¢; (CM. I. 9 TIpoleayp niaHu-
poBaHMs). YUUTHIBaAsI, YTO B MpPOLIECCE BbIBOAA pe-

IIEHWI B KaXXJIOM PacCMOTPEHHOM BEIIIIE CIydae
CPaBHUBAIOTCA MEXIY CO0O0I IoMeYeHHBbIe rpadbl
(cm. . 11, 12 mpouenypsl MIaHUPOBAHMS), YUCITIO
COMOCTaBJEHUIN MeXOy COO0Oi CTPYKTYPHO 3KBH-
BaJICHTHBIX 2JIEMEHTOB HEUETKHUX CEMaHTUUYECKUX
ceTeil Ha KaxXXKJIOM IIare TNIaHUPOBaHU S TIOBEACHU S
MOXET OBITH HE MEHEee BEIMUMHEI, paBHOU m22

Takum obpa3oMm, HMXKXHSS TpaHUYHAS OIEHKa
BPEMEHHOW CJIIOXKHOCTH [, NMPOLENYPHI MJIaHUPO-
BaHMS LieJiecooOpa3Horo nmopeaeHuss AUA He Mo-
KET OBITh MEHEE BEJIMYMHBI, PABHOU 2m1m22tcp.

2. CornacHo yTBepxXAeHMIO | B Xy/lleM ciydae
B IIpoOlleCC€ MOCTPOEHMS YCJIOBHOM ITPOrpaMMBbI
1eJecoo0pa3Horo MoBeAcHUs TpedyeTcs anmpoou-
poBarb n,n; AecTBuil. B mpouecce kaxnoi Tta-
KOI armpoOaiuy BBHIIIOJHSETCS IO ABa CPaBHEHM S
MEXIy CcO0Oi HEYEeTKMX CEMAaHTUYECKUX CeTel.
CrenoBaTeIbHO, BEpXHSISI TPAaHUYHAS OLICHKA Bpe-
MEHHOI CJIOXHOCTU P, MPENJTOXKEHHON MPOLENY-
pbl MJaHUPOBAHUS 11€JeCOO0Pa3HOTO IOBEACHU S
AHWA ompenensieTcss Ha OCHOBE CJIEAYIOIIErO BbI-
paxeHus: 2n,mmitcp.

3. 3 nm. 1, 2 mpoBeneHHOTO A0Ka3aTesbCTBa
C OYEBUJHOCTBIO CJIEAYET CIpPaBEIJUBOCTh YyT-
BepKASHUS 2.

IlonydyeHHBIE TakuM 0Opa3oM TI'paHUYHBIE
OLIEHKU ITO3BOJISIIOT B IEPBOM MPUOJMKEHUHN Olle-
HUTH TPeOYeMYIO IJIST pealiu3alii MPeaIOKEHHBIX
Mpoleayp MIaHMPOBAHUS 11eJeCO00pa3HOro MoBe-
JeHus uian camooOyueHuss AVMA mpou3BomuTeNb-
HOCTb €ro OOPTOBOI BBIYMCIUTEILHON CUCTEMBI.

PaccmorpumM IIC, B KOTOpOIi CBSI3b MEXIY OT-
pabateiBaecMbiMu AUA neiictBusamu b, € B u no-
SIBJISTIOIIIAMMUCS B HE B pe3yJIbTaTe 3TOro pa3inyd-
HBIMU cUTHanamu q; € A u ¢; € C onpenensiercs
MIpUBEeICHHBIMU B TaOJIM1e TAaHHBIMU.

CornacHo »tuMm gaHHbBIM IIC xapakTepusy-
eTCs TIOSIBJCHMEM B HEil 15 yCIOBHBIX CUTHAJIOB

3akonomepHocTH nosisjaenus B IIC pa3aMyHbIX CHTHAJIOB B pe3yibrate oTpadarbiBaeMbix AUA neiicTBuil

Regularities of the appearance in the problem environment of various signals as a result
of the actions performed by the autonomous intelligent agent

a;

by

a; a as ay as dg az ag ag a an apn as ayy ais
b, as a; as a, as dg dgy apn as ais a; ag Cj ais )
b, ag a; as a, as asz ag apn ags ayy ais ais agy a; dg
bs a; as a4 de de a3 de a3 ag a3 ap a4 ay dg ap)
by as ¢ aj as ag ap ag ap ap ap ags ap a ap ap
bs ay ay ay ay ay asg asg ais ag Cj ay G dg ajs a3
bg as as as as a) ap) ap) ais ap i ag a3 ay i i
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a; € A,i =1,15, u omHOro 6€3yCJIOBHOTO CUTHANA
¢, Cmena curnajioB B I1C poncxoouT B pe3yiib-
Tare MIecTU oTpabarTeiBaeMbix AWA  meiicTBuit
b, € B,k =1, 6. TlepeceueHue CTOJOLIOB U CTPOK
TaOJUIBI OMpeAcnseT 3aKOHOMEPHOCTH (OpMU-
poBaHusg AVA sneMeHTapHBIX aKTOB MOBEACHMS.
Hanmpumep, mnepecedyeHue ceabMoro crojidla u
yeTBepTOil CTpOKM obecriedunBaeT AUA chopmu-
pOBaHUE CJEAYIOIETO 3JIeMEHTapHOTO aKTa MoBe-
neHus a; & by — ag.

Ha ocHoBe mnpuBeaeHHBIX B TabjaMle AaH-
HBIX Ha IIEPCOHAJILHOM KOMIIBIOTEPE IIPOBEICHO
MMUTAIlMOHHOE MOIEIMPOBaHUE IIpoliecca caMo-
ooyueHusi AUA no mpeasoXeHHbIM Mpoleaypam
MJaHUPOBAHUS  1IeJecO00pa3HOro  IOBEICHUS
(npu ynajaeHUM U3 HUX NYHKTOB IJIAHUPOBAHUS 3
" 4) Kax 1epexo] KoOHeuHoro aBromara Q co ciy-
yallHBIMU peakKuusMu [14] oT UCXOTHOTIO COCTOSI-
HUS, XapaKTEePU3YIOLIETOCsI YCIOBHBIM CUTHAJIOM
a, € A, K HEOOXOIMMOMY COCTOSIHUIO, KOTOPOMY
COOTBETCTBYET O€3yCIOBHbII CUTHAT ;.

B pesyabrare NpOBENEHHOTO 3KCIEpHMEHTA
Oblj1a IoJIydYeHa CIeIyollas ycJIoBHasl mporpaMma
11eJ1eCO00pa3HOro MoBeAEHUS:

a, &by —>a; &by > ag &by — a;, &bs —c;.

B miponiecce ¢popMupoBaHMs JaHHOM ITpoOrpam-
Mbl AWMA mpoBepus 1enecoodbpa3HocTb 0TpadboT-
ku B I1C 21 mpo0GHoro neiicTBusi. Takum o6pa3om,
MoJlydeHHas] Tpd MPOBEACHUM SKCIIEPUMEHTa
OLICHKA CJOXHOCTHU [; MPEAJOXEHHON MpoLeay-
phl ILJIAaHUPOBAHUS 1IeJIeCOOOPa3HOro IOBEICHUS
AWA He mpeBbIlIacT HAWJEHHOTO aHAaJIUTHYE-
CKUM TIyTEM €€ BEepXHero rpaHu4yHOro 3HavyeHUs,
paBHOTO nyn; = 96.

ITocyie BoccTaHOBJIEHMS B TIpOLIEAype TIJIaHUPO-
BaHU# pelarolux npasuia mnim. 3, 4 AMA B npo-
lecce MMMTALMOHHOTO MOACIMPOBAaHUS cdop-
MUpPOBaJ YCJIOBHYIO MHpOTrpaMMy liejecooOpa3Ho-
ro TIOBEACHUS CIEAYIOLIEro BUAA: ap & by — ¢,
anpoOMpoBaB B MPOIECCEe CaMOOOYyUYeHU ST OTPaboT-
Ky 4eThIpeX NeMCTBUI, UTO 3HAUUTEbHO MEHBIIIE,
4yeM B MIEPBOM CJIyvae.

Takum oOpa3oM, HalilecHHbIE aHAJTUTUYECKUM
MyTeM TpaHUYHBIE OLEHKMU CJIOXHOCTU IIpel-
JIOXKEHHOM IIpOoLeAyphl IIAHUPOBAHUS LIEIECOO0-
Opa3HOro MoOBeACHUSI, a TakXke IMpOBeACHHbIE Ha
MEePCOHAJIBHOM KOMIIBIOTEPE IKCIIEPUMEHThI MO~
TBEpPXKAa10T 9PPEKTUBHOCTL €€ MPUMEHEHMSI IS
co3maHus pematens 3amad AUA, cmocoGHoro 1e-
JIeHaAIIpaBlIeHHO (QYHKIMOHUPOBATh B aIlpUOpU
HeonucaHHbIX ycrnoBugx IT1C.

CTpyKTypa OCHOBHBIX 3aKOHOMEPHOCTE#
npeodpa3oBaHus CHTyanMil MpoOJIeMHOI cpeabl

[To anasoruu co CTPyKTYpOil CUTHAJIOB, 3aKpe-
TUISIEMBIX B YCJIOBHBIX pedJiekcaxX KMBbBIMU Opra-
Hu3MaMu [15], aneMeHTapHbIe aKThl TMOBEICHUS,
Bxoasue B ¢popmupyembie AVIA yclnoBHBIE TTPO-
rpaMMBbl 11eJIecCOO0pPa3HOro IMOBEAEHMSI U IIPOKC-
xonpsiue B [IC camMonpou3BOJIbHBEIE M3MEHEHUS,
MOTYT UMETb CJIEAYIOLIYIO CTPYKTYDY.

1. DnemeHTapHbIe aKThI OBEACHMSI TUIIA "TIPO-
CTO€ 3BEHO", MMEIoIINE CIEAYIONIYI0 CTPYKTYpY:
a; &b, —»a! win a; & b, — C//'i- OTtaenbHBIE YyC-
JIOBHBIE CUTHAJbl a; € A, BXOLSLIUE B CTPYKTY-
py IIPOCTOTO 3B€HA, KaK IpPaBUJIO, OMNpPEdeIIsIOT-
CS OTHEJNBbHBIMU (parMeHTaMu §; < S, TeKyllen
cutyauuu cpeasl S, 3akoHomepHoctu [1C BHna
"IpocToe 3BeHO" mo3BojsaioT AUA dopMupoBarhb
MporpaMMbl YCJIIOBHOIO IIOBEAEHHUS B BUAE IPO-
croit uenu (1).

2. AKTBl TIOBeAEHUS, BKJIIOYAIOIIME CyMMap-
Hble KOMTJIEKChl 0€3YCJIOBHBIX BCIIOMOTATEIbHBIX
curHanoB — 3HaKOB <c;(1) Acy(2) A...nc;(])>,
HMEIOIIE CIEAYIOIIYIO CTPYKTYpY:

(c;(D) A cyQn,...,nei(d)) & by — ¢y,

IJie ¢; — OCHOBHOM 0e3yCJIOBHBIN CUTHAJl — 3HAaK,
koTopsiit niosiBasercs B [1C B pedynbrare oTpabot-
knu AUA peiictBust b, TONBKO TMPU OXHOBPEMEH-
HOM TIPUCYTCTBUM B HEll BCIIOMOTaTeNbHBIX Oe3yc-
JIOBHBIX CUTHAJIOB — 3HAKOB ¢(f3), j3 = 1, 2, ..., d,
A — CHUMBOJI, O3HavYalol1ii HEOOXOAMMOCTh OTHO-
BpemMeHHOro npucytctsug B IIC cBsA3aHHBIX UM
CUT'HAJIOB — 3HAKOB.

ITpy HaAMYMMU TAaKOro BUAA 3aKOHOMEPHOCTEMH
nmpeodOpaszoBanus cutyauuii 11C s mocTrkeHUs
OCHOBHOTO 06e3yCJIIOBHOTO CHTHajla — 3HaKa ¢; —
IIpY OTCYTCTBUHU B CpeJlie BCIIOMOTraTeJIbHbIX O€3yCc-
JIOBHBIX CUTHAJIOB — 3HAKOB ¢(1), ¢(2), ..., ¢(d) —
AUNA dopmupyet pa3BeTBICHHYIO YCIOBHYIO IIPO-
rpaMMmy IIOBEIAEHHSI, COCTOSIIYIO u3 / o J3 = 1,d,
MPOCTHIX Leneit. OTpaboTKa Kax 10 TaKoi j; Tpo-
croif nenmu AMA mpuBoauT K mosiBiaeHuio B I1C
COOTBETCTBYIOIIETO €1 BCIIOMOraTeJlbHOro 0e3yc-
JIOBHOTO CUTHasa — 3HaKa ¢{(j3). Takum obpasom,
mpu ogHoBpeMeHHOM Hanuuuu B IIC Bcmomora-
TEJIbHBIX YCJIOBHBIX CUTHAJOB — 3HAaKOB, BXOMS-
mux B KoMruieke <c;(1) Ac,(2) A...Anc;(1)>,
oTpabatbiBaecmoe AWA pneiictBue b, NPUBOLUT
K TIOSBJIEHUIO B Cpele OCHOBHOro 0O€3YyCJIIOBHOIO
CUTHalla — 3HAKa ;.
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3. DneMeHTapHbIe aKThl TOBEAEHM S, CBSI3aHHbIC
C yCTpaHEeHVEeM BO3HMKaIIUX B HecTabuiabHoi [1C
TOPMO3HBIX CUTHaJIOB — 3HAKOB a,-T, KOTOpBIE UME-
10T CIEAYIOUIYIO CTPYKTYpY: (a; A a,T) &b, —> a;k ,
(a[/\ﬁa;)&bk%af, (a,-/\a,-T)&bk—>c_j u
(a; nal) & b, — ¢

30ech  DIeMEHTapHBI  aKT  IOBEIEeHMS
(a; nal)& b, — a; o3Hauaer, uTO paHee 3aKpe-
IUJICHHBIX B YCJIOBHOM MpPOrpaMme 3J1€MEHTapPHbIA
akT ToBeneHusi (a;) & by — a; mepecTaeT ObITh
pe3yabTaTUBHBLIM nociie nosiBieHus B I1C Topmo3-
HOTO CuTHaJla — 3HakKa a,T. Ilocne BBIKIIOUEHMS

TOPMO3HOTO CHUTHaJja aiT B TEKYyIIel CUTyaluu
7T % *
[IC (oGosHauaercss Kak (a; ra;a;)& b, —a;)
o £
3JIEMEHTApHBIA akT mnoseneHus (a;) & b, — q;
BHOBb CTAaHOBMUTCSI PE3yJbTaTUBHBIM. AHaJIOTrU4-
HbIM 00pazom MHTCpHpCTI/IpyeTCﬂ v DJIeMeHTap-
HBIM aKT NoBeAeHUs (a; A a; & by > ¢;
CrpykTtypa nosgpisiomuxcs B I1C TOpMOSHbIX
CUTHAJIOB a,-T onpenensercs AMA crnenyoimmum
obpa3om:

F=58/s;,

raue St* " — HedeTKas CEMaHTHYECKasl CETh, OIMM-
chIBalomias Tekyiyo curyauuio [1C § ,T » B KOTO-
pOi1 2JIeMEHTapHBI aKT NOBeAcHUS (g; ) &b, — a
MOTEPsSII CBOIO PEe3yJIbTaTUBHOCTD; S — HeueT-
Kasg ceMaHTHYecKas CeTb, COOTBETCTBYIOIIAS CU-
tyauuu [1C S, B KOTOpOil 3JI€eMEHTapHBIN aKT
noseaeHus (a;) & b, — a; OblT  c(OpPMUPOBAH,;
/ — TEOpeTMKO-MHOXECTBEHHasl ornepaius, 000-
3HayaIlas pa3HOCTh HEUETKMX CEMaHTUYECKUX
ceteit S, M S,, KOTOpas BHITIONHSAETCS C y4ETOM
TMOMETOK CTPYKTYPHO 3KBUBAJICHTHBIX B HUX Bep-
LIKUH U pedep.

HApyrumMu cjaoBaMu, TOPMO3HOM CHTHaJ a,.T
ornpenensercsds (GparMeHTOM HEYEeTKON CceMaHTH-
YecKOM ceTn S,* " a,.T - S,* ", KOTODBIil COCTOWT W3
BEPIIUH U pedep, NUMEIOIIMX ITOMETKH, OTINYalo-
1uecss OT TMOMETOK CTPYKTYPHO 3KBMBaJIEHTHBIX
MM BepLIMH U pedep B CeTH S,*.

Taxkum o6pazom, npu nosieaeHuu B IIC Topmo3s-
HOro curHazia a,T 1 HaJUYUU YCIOBHOM Mporpam-
Mbl IIOBeldcHUS, OOecIeuyrBalolIeil JOCTUXECHME
B CUTyaluu S, 3aJaHHOro 0e3yCJIOBHOIO CUTHaja
¢, AA bopmupyeT HOBYIO YCIIOBHYIO TIPOrpaMMy
MOBeJIeHUsI, OTpabOTKa KOTOPOil IIO3BOJISIET BhI-
KJIIOYUTh B CPele CUTHAI a,-T B pe3yJbTare ycTpa-
HEHUS Pasjiuuuii MEXNY cuTyauusimMu S, u S tT.

HanHas nporpamma 1ejaecoo0pa3Horo moBe/e-
HUSI CTPOUTCS B JOTOJHEHUE K paHee chopMu-
POBAHHOM pPE3yJbTaTUBHOM YCJIOBHOW IIpOrpam-
Me, colepxXKalllell 3JI€eMEHTApPHbIM aKT ITIOBEICHUS
(a;)& b, - a; W 3amaHHBIA Ge3yCIOBHBII CHI-
HaJl — 3HaK ¢

4. CaMonpou3BOJIbHbIE U3MEHEHN S YCJIOBU 1

(IJYH}(]_[I/IOHI/IDOBaHI/IH AHWA Buma a,-H —>d, > af u

a,»n —d, —>c;, OTpaxamouue MPUIMHHO-CICA-

CTBEHHBIE CBSI3M MEXAY pa3JIMYHBIMM CHUTHaja-
MU — 3HakKaMu HectabuiabHoi TIC ¢ ycToiuymBO
TMOBTOPAIOMMMHKCS B Hell cobpiTusamu d, € D, Tre
a; — YCJIOBHBII CUTHaJl — 3HaK, 3aKperJeHHBII
B paHee c(pOPMUPOBAHHON YCIOBHOM HporpaMmme
11eJ1eCO00Pa3HOro  IMOBEASHUSI. TE)JIeMeHTaprIﬁ

aKT NOBCACHUA, HAaIIpUMED, ain —)d(p —C; O3Ha-

yaeT cienytouee. Ilocie mosiBIeHUS ITYCKOBOTO
YCJIOBHOT'O CHMTHaja — 3HakKa ain — TI0 HCTeve-
Huio npoMexyTka BpemeHu 71 B IIC mpoucxogut
cobbiThe d,, KOTOpOE, B CBOIO ouepe/lb, BKII0YaeT
B cpele yCJIOBHbII/I CUT'HaJl — 3HAK a . AHajorny-
HMMT 00pa3oM MHTEPHPETUPYETCSI U COOBITHUE
all —d, >c;.

HanHOro BMAa 3aKOHOMEPHOCTHU IIpeoOpa3oBa-
Huit cutyauuit I1C onpenensiiorcst AMA B mpouec-
ce IMacCHMBHOI'O HAOJIIONECHUS 3a ITPOM3BOJHHBIMU
YCTOMYMBO TTOBTOPSIOLIMMUCS B CpeAe COOBITUSIMU
d, € D crenyrounm obpasom. Ecin AUA HeonHo-
KpaTHO HaOJogaeT, 4yto mocie mosBiaeHus B I1C
CUTHAaJa aH MPOMCXOIUT COOBITHE d,,, KOTOPOE
MPUBOIUT K TIOABJICHUIO B Heit HCO6XO,Z[I/IMOFO
YCJIOBHOTO a WIX 3aJaHHOTO eMy 0e3yCJIOBHOIO
CUTHAJIa ¢;, TO NaHHash 3aKOHOMEPHOCTH 3aIlOMU-
HaeTCsI M MCIOJIL3yeTCsI B IIpolecce AaJIbHeilie-
ro 1eiecoodopasHoro nopenenus. Ecnu xe y AUA
BO3HUKAET HEOOXOOAUMOCTh B MOSIBJICHUHU ITYCKOBO-
ro CUrHaja a,.“ B M3MEHUBLIUXCS YCIOBUSIX (PYHK-
LIMOHUPOBaHMS, TO OH (GOPMUPYET YCIOBHYIO TIPO-
rpaMMy TIOBEIEHHUS, ITO3BOJISIIOLIYI0 OOECIeUUTh
ero BKJIIOUeHMe B TeKyImux yciousx I1C.

Pe3toMupyst BEIIIEN3I0XKEHHOE, CJIEIyeT OTME-
TUTh, YTO HEOOXOANMOCTE B pa3paboTKe TIPOLIEeaYP
IUIAHUPOBAHUS  LIeJIECOOOPAa3HOIO  MOBEACHUS
AHA B ycnoBusIX HeonpeaeJeHHOCTH 00yCIOBJIEHO
TE€M, UTO alpuOpH OMUcCaThb IOAPOOHBIM 0Opa3oM
MOjie/Ib peaJbHOM IPOOJIEMHOM cpedbl, MO3BOJIS-
I011Ie# OpraHM30BaTh LieJIEHANIPABIEHHYIO AeTeb-
HOCTh Ha OCHOBE M3BECTHBIX IIPUHIIMIIOB IIOCTPOE-
HUS UHTEIEKTYaJIbHBIX peluaresiei 3agad [16—19],
MPaKTUYECKU He IIPEICTAaBISICTCI BO3MOXKHBIM.
CrnenoBaTeIbHO, aBTOHOMHbIC MHTEJUIEKTYaJIbHbIC
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CUCTEMBI Pa3JIMYHOTO HA3HAYEHUS CIEAYET HaJIe-
JIUTh BO3MOXXHOCTBIO TIOIMOJIHSITH CBOU 3HAHUS ITY-
TeM u3ydeHus1 3akoHoMmepHocTel IIC B mpomecce
AKTHMBHOIO C HEM B3aUMOACHUCTBUA.

3akJoyenue

1. IIpoBeneHHBIE UCCAEAOBAHUS TTOKA3adu, YTO
NnpeaiokeHHbIe TIPOoLeAyPhl IIJTaHUPOBAHUS 1ieJie-
coobpasHoro noseaecHusS AUA B armipuopu HEOMU-
caHHbIX ycioBugx I1C, cormacHo yTBep:KASHUSIM
1 1 2, 061a7a10T MOJTMHOMUATBHON CJIOXHOCTBIO
BTOPOro IIOpsiiKa, 4YTO oOOecreyrBaeT BO3MOX-
HOCTh MX 2(MEKTUBHON peanu3alid Ha OOpPTO-
Boii DBM pa3iuuHBIX 1O Ha3HAYEHUIO aBTOHOM-
HBIX MHTEJUJIEKTYaJlbHBIX CUCTEM, O0JaJarollei,
KaK IpaBUJIO, OrpaHUUYEHHBIMU BBIYMCIUTEIbHBI-
MU pecypcamu.

2. PazpaboraHHbIe MpoLEAYpHl MJIaHUPOBAHUS
11e71ecO00pa3HOTO MOBEEHUS 1 MHCTPYMEHTaJIbHbIE
CpeACTBa, MO3BOJISIONINE OIPEALIITh CBSI3b MEXIY
pasnnyHbIMK HaOmiogaeMbiMu B IIC curHazamm,
HanensioT AMA cIocOOHOCThIO U3y4yaTh 3aKOHO-
MEPHOCTM MpeoOpa3oBaHUS CUTyalUH CIOXHOMR
anpuopu HeomucaHHo#, HectabunbHoit IIC u Ha
3TOI OCHOBE OPraHM30BBIBATh I(PHEKTUBHBIM 00pa-
30M LIeJICHAIIPaBJIEHHYIO ACSITeIbHOCTh B peabHbIX
I[IC. DTo, B CBOI0O OYepenb, ITO3BOJISIET CO3aBaTh
ABTOHOMHBIE MHTErpajbHble POOOTHI HA3EMHOIO
¥ TIOIBOTHOTO Ha3HAYEHMSsI, a TaKxKe aBTOHOMHBIC
OCCITMJIOTHBIE JIeTaTeJIbHbIE ammapaTbl, OCHAIlEH-
HBIE MAaHUMYJISITOPOM, KOTOPbIE MOTYT BBHITIOJIHSITH
JIOCTaTOYHO CJIOXHBIE 3agaHus B peasibHbIX T1C.

3. lanpHeiilee pa3BUTHE TIOJYYEHHBIX B paboTe
pE3yJIbTaTOB MOXET OBITh CBSI3aHO C pa3pabOTKOM
aJITOPUTMOB CaMOOOyYeHHsI, 001aJaiolIuX, B OT-
JIMYME OT U3BECTHBIX aJIrOPUTMOB [9], UHCTpYMEH-
TaJbHBIMU CPEICTBAMU, 00SCIICUNBAIOIINMU UMU-
TallMI0 OTPAOOTKU MPOOHBIX NEUCTBUI B MpoLecce
u3ydeHus1 3akoHomepHocteir IIC, xapakTepusyro-
IIUXCS Pa3TIAYHBIMU CIOXHBIMH (DOpMaMU B3au-
MOCBSI3 MEXOy CO0OI YCIOBHBIX M 0€3YCIOBHBIX
curHajoB. llenecooOpa3HO TakXe pPacCMOTPEThb
BO3MOXHOCTh OpraHM3alluM Ha OCHOBE MpPeajo-
KEHHBIX IIpOLEnyp NJaHUPOBAHUS WHCTPYMEH-
TanbHOM AesitenbHOCTH AUA B cmoxHBIX T1C.

4. ®opmanuzanus MBICIUTEIbHBIX aKTOB Ha-
IJISIAHO-IEeICTBEHHOIO MBIIILJICHUS XUBBIX CUCTEM
Ha OCHOBE 3HAKOCUTHAJIbHOTO MPUHLIMIIA YIIpaB-
JICHUSI 1IeJiecoOOpa3HbIM IOBEICHUEM SIBISIETCS
OMHUM W3 TIEPCIEKTUBHBIX HAMpaBJICHUI cO31a-
Hus1 AVA pa3nudyHOro Ha3HayeHUS, CITOCOOHBIX

3¢ GeKTUBHBIM 00pa3oM NECTBOBATh W pellaTh
MOCTaBJICHHbIC TIepel HUMHU 3aJauyy B HECTAOUIIb-
HBIX, alpuOpM HEONMMCAHHBIX YCIOBUIX (QYHK-
LIMOHWPOBAHUSI.
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Abstract

We formulate the basic principles of constructing a sign-signal control for the expedient behavior of autonomous intel-
ligent agents in a priori undescribed conditions of a problematic environment. We clarify the concept of a self-organizing
autonomous intelligent agent as a system capable of automatic goal-setting when a certain type of conditional and uncondi-
tional signal — signs appears in a problem environment. The procedures for planning the expedient behavior of autonomous
intelligent agents have been developed, that imitate trial actions under uncertainty in the process of studying the regularities
of transforming situations in a problem environment, which allows avoiding environmental changes in the process of self-
learning that are not related to the achievement of a given goal. Boundary estimates of the proposed procedures complexity
Jor planning expedient behavior are determined, confirming the possibility of their effective implementation on the on-board
computer of the automatic control system for the expedient activity of autonomous intelligent agents. We carry out an imita-
tion on a personal computer of the proposed procedures for planning purposeful behavior, confirming the effectiveness of
their use to build intelligent problem solvers for autonomous intelligent agents in order to endow them with the ability to
adapt to a priori undescribed operating conditions. The main types of connections between various conditional and uncon-
ditional signal — signs of a problem environment are structured, which allows autonomous intelligent agents to adapt to
complex a priori undescribed and unstable conditions of functioning.

Keywords: autonomous intelligent agent, purposeful behavior, conditions of uncertainty, patterns of problem environ-

ment, self-learning, elementary act of behavior
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ABTOMATU3ALUNA U YIIPABIIEHUE

TEXHOJIOT'MYECKAMU NMPOLIECCAMU

YK 681.536.5:510.644.4 DOI: 10.17587/mau.22.181-190

M. 0. PA64yuKoB, KaHg. TeXH. HayK, Aou., mr_mgn@mail.ru,
E. C. Pa6uukoBa, kaHa. TexH. Hayk, gou., C. A. ®MnunnoB, CTy4eHT,
MarHuToropckumn rocynapCTBeHHbIN TeEXHUYeckuin yHusepcuteT um. . . HocoBa,
r. MarHuToropck, Poccuinckas ®egepauns

Cucrtema ynpaBrneHus TemnepaTtypomn napa
nocrie naponeperpeBaTesibHON YCTAHOBKU C MPUMEHEHNEeM He4YeTKOMN NOrnKu
Ana ynpexpaarowen KomneHcauum Bo3MyLLieHUN

Paccmompena 3adaua peeyaupoeanus memnepamypsl napa Ha vixode naponepeepesamenbHol YCmMaHo8KU NPU G03MYUaI0-
WUX 8030eliCMBUsX, C6A3AHHBIX C PE3KUMU U 3HAYUMEAbHVIMU USMEHeHUAMU meMnepamypsl 6xo0Ho2o napa. Ha npumepe napo-
nepeepeeamenvHol ycmanoeku MaeHumo2opckoeo Memaiiypeueckoeo KoMOUHAmMa nOKA3aHo, 4mo MedieHHoe peazuposanue
Ha makue GO3MYWeHUS CUCMeM De2yAUPO8AHUs NO OMKAOHEHUI NPU8OOUM K HedlceramenbHviM KOAeOAHUSM meMnepamypbl
6bIX00H020 napa. Betnoanen 0630p uszgecmuolx npedaodiceHull 6 00aacmu peeyaupo8arus memnepamypsl napa Ha evixode napone-
pecpesamenvHol YyCMaHo8KU U onpedeneHsl OCHOBHbIe NPUHUHbL CHUNCCHUS KA4eCmed pe2yauposanus, 00yCci06ieHHble Haiuduem
3HAYUMENbHO20 3aNA30bI6AHUS U HENOCMOSIHCMBOM XAPAKMePUCMUK 006eKma ynpasaenus, 4mo 3ampyonsem ynpescoarujee
ynpasaenue no 803myujeruro. Jns ynpasienus ¢ no00OHbIX YCA08UAX NPEOA0ICEHA CUCIEMA ¢ 08YMS CIeneHAMU C80000bl, KOM-
OUHUPYOUAS NPONOPUUOHANBHO-UHMESPANbHBLL Pe2YAamop U pe2yisimop, OCHOBAHHbII HA HevyemKol no2uke. B npedioxcennol
cucmeme U3MeHeHUe YNPasasiemoe0 napamempa 6 3a8UcCUMOCmU Om 3a0AHH020 3HAYEHUs Pe2YAUupyemcs 6 0CHOGHOM KOHmYype
€O CIMAHOAPMHBIM Pe2YAAMOPOM U OMPUUAMENbHOU 00PAMHOU C653b10, A 603MYUjeHUe YCMPAHAEMCs ¢ NpUMeHeHuem 0ONOAHU-
MeabH020 KOHMYpa, maKce ¢ OMpuyamensHol 00pamuoll ces3vi0, pe2yisimopom HA OCHO8e HeHemKOoU A02UKU U MOOeabio 005~
ekma 6e3 KOMNOHeHma, yuumolearoweeo 3anazovieanue. Jas cayuas mouHou uHgopmayuu o ceolicmeax o0sekma onpedesensl
0cobeHHOCMU 83aUMOOelicmeus KOHMYpPO8, Npu KOMOPbIX KOHMYP Ompabomku 3a0anus He Gydem peazupoeams HA 603MYUjeHUs]
no memnepamype 6xo0H020 napa, 4mo obecneyusaen §03MOICHOCMb pa30eabHOU HACMPOUKU pe2yaamopos KoHmypos. Tlpu smom
eAUsIHUE 3aNA30bI6AHUSA HA KAYECMBO PeeYAUPO8AHUs NPU 603MYUEHUAX NO MeMnepamype 6x00H020 napa NPos8ASemcs MoAbKo
6 CMeljeHUU 80 8peMeHU MpPaeKmopuu nepexodHo20 npoyecca Ha GeAuvUHY 3anasdbléanUs, YmMo coomeemcmeyem udee npedu-
kmopa Cmuma. Cucmema opueHmupo8ana Ha CUHmMe3 npasul HeHemKoi 102UKU U YMOUHEHUe NAPpAMempos8 UCNOAb3YeMOU npu
pe2yauposanu Mooeau Ha OCHO8e Pe3yabmamos A8moMAmu3upo8aHH020 KOMHbIOMEPHO20 UMUMAUUOHHHO20 MOOeAUPOBAHUS
ynpasaenus. [lpednoxcena cmpykmypras moou@uKkayus cucmemsl YNpagieHus, N03604a0uds KOMREHCUPO8AMb OCMAMo4Hble
OwuUOKU pecyaupo8aHus, CEA3AHHbIE ¢ HeAUHEUHOCMbI) HeHemK020 pecyisimopa, Ymo ymeHvuiaem mpebo8anus K 4ucay napa-
Mempoe HACMPOUKU, 3HAYEHUs KOMOPbIX NOOOUPAOMCS HA OCHOGe 3AMpAamH020 8 BbIYUCAUMENbHOM NAAHe UMUMAUUOHHO20
modeauposanus. [lpedcmaenenvi pe3yrbmameol KOMAbIOMEPHBIX GbIMUCAUMENbHBIX IKCHEPUMEHIMO8 N0 CDABHEHUI dhdexmug-
HOCMU YAPABACHUS C UCNOAb30BAHUEM HPEeONONCCHHOU CUCMEMbl, a MAKICe CUCMEMbl C NPUMEHEeHUEeM MOAbKO CIMAHOAPMHO20
peeyaamopa. Komnvromeproe moodeauposanue ocywecmensisocy 6 cpede MATLAB Simulink. [lokazano, ymo KkomOuHupoeanuas
cucmema pecyaupo8anus memnepamypsl napa umeem Ayuiue noKazameau Kavecmea.

Karoueevie caosa: naponepeecpeeamenbHasd yCmaHoeKka, aemomamu4eckKoe peecyiupoeadue, memnepamypa napa, Heuemekas
A0cUKa, UmMUumayuoHHoe Man/lLlpOS(lHLle ynpaenernus

Bsenenue

Temneparypa BBIXODHOI'O Mapa IapoIleperpe-
BatenbHoOi yctaHoBku (ITITY) gaBnsieTcss omHOI
U3 KPUTHMYECKU BaKHBIX TEPEMEHHBIX, KOTOPYIO
HEOoOXOAMMO KOHTPOJIMPOBATh U TIOAJAEPXKUBATH
B 3aJaHHBIX IIpeleiax MCXOOsl M3 COOOpakeHUM
0€30I1aCHOCTH, C OMTHOUW CTOPOHBI, M 3KOHOMUY-
HOCTHM pabOTHI ITapoBOW TypOWHBI, ¢ Apyroil. Ilpu
CHUKEHWUM TeMIlepaTyphl Meperperoro rnapa 3Ko-
HOMMYHOCTh CHUXKAETCSI, BO3HUKAET OIIACHOCTH

TOBBLIIIIEHUSI BJIAKHOCTU B TIOCHAEIHUX CTYTCHSIX
TYpOUHBI U 3PO3UU JIOIIATOK, YTO IIPUBOIUT K YBeE-
JIMYEHUIO yIeJbHOro pacxonma mapa [1]. Upesmep-
HBIIA POCT TEMIIEpaTyphl IIEPErpPeTOro mapa MoXeT
MPUBECTM K aBapuM M3-3a TOJ3Yy4YeCTH MeTajja,
a TaKXe CHUXXCHUSI HaJeXXHOCTU TypOMHBI BCIIEO-
CTBHUE HEAOMYCTUMBbIX TEIJIOBLIX paciuupeHuii. I1o
yKa3aHHBIM NpPUYMHAM PEKOMEHIyeMbIil auarna-
30H M3MEHEHUSI TeMIIEpaTyphl IeperpeToro Iapa,
KakK IIPaBUJIO, IIPUHUMAIOT JOCTATOYHO Y3KUM, UYTO
TpeOyeT BBICOKOIO KayeCTBa PEryIMpOBaHUS.
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VYnpasneHue Temnepatypoil MeperpeToro rapa
OCJIOKHSIETCS OOJIBIIOW TEMJOBOW WHEpLUEH
YCTaHOBKM. BcienacTtBrue 3TOro BO3MYILIEHUS IO
napaMeTpaM BXOMHOTO Tapa WJIW TOMJIWBA MO-
TyT TMPUBECTU K CYIIECTBEHHBIM OTKJIOHEHUSIM
TeMIEPATypPhl BBIXOMHOTO TMEPETrpeToro Iapa oT
pexoMeHayeMoro auamnazoHa. Kpome Toro, Tpe-
00BaHMS K MapaMeTpaM MEeperpeToro napa MOryT
W3MEHSTHCS TPU BapbUPOBAHUM MOIIHOCTHU, Te-
HEPUPYEMOUN BJIEKTPOCTAHLIMSAMU, YTO OOYCJIOB-
JINBAET HEJIMHEUHOCTh OOBEKTA YIIPABJICHUS.

BosMyuieHns Mo mapaMeTpaM TOIUIMBA Xapak-
TePHBI I TPEenNpusaATuid, ucnoiapsytomux IITY
B KadyecTBe Oy(epHBbIX MOTpeduTeeii BTOPUIHBIX
TOIJIMBHBIX Ta30B. B mapocumoBomM nexy Mar-
HUTOTOPCKOTO METAJIJIyPru4eckoro KOMOWHAaTa
(ITAO "MMK") na ITITY ucnonab3yioT NpUupOIHbIA
ra3z. OmHako M3yuyeHHe KayecTBa peryJvMpoBaHUS
B T€UYCHUE MOCIECIHUX JIET MOKa3aJlo CYILIeCTBEH-
HBIC TIEPUOAUYECKHUE KOJICOAHUS TEeMIEpaTyphl
BeixogHoro napa IIITY m3-3a HemocTOgHCTBA Ta-
paMeTpoOB BXOAHOTO Mapa.

ITeperpetriii map ot IIITY moctymaer Ha Typ-
OGoreHepaTtopsl W OOIIYI0 CETh MPEANPUATHUS, TTap
KOTOpOW TOCTYMNaeT Ha MapO3XEKTOPHBIE HACOCHI
YCTAHOBKM ULMPKYJISIIMOHHOTO BaKyyMUWPOBaHUS
CTajJli KMUCJIOPOIHO-KOHBepTepHOro iexa. Pabora
HacocoB TpeOyeT momaepXaHWsi MWUHMMaJIbHOIO
JaBjieHUsT B ceTH. YTOOBI He OOIYCTUTH Kojeba-
HUW JaBJIEHUS CETEBOTO Mapa, MOIIIHOCTh TypOore-
HEPATOPOB KOPPEKTUPYIOT. [Ipr 3TOM BXOMHOM TIap
nocrtymnaet Ha ITITY ¢ peanyKuMoHHON YCTaHOBKHU U

[OpiMoBbie rasbl
Naposoii konnexkTop
BbIXOAHOTO Napa

Bo:f 1
K notpebuteno @
| ; | I'I:ngg&uhm ras .
naponeperpesaresb

<

K, %

o
¥ TNaposon KoAnexkTop
BXOAHOrO Napa

rMm-10

TonouHan
xamepa NNy

oprax

0o01IMX ceTeil. YKazaHHbIe 0COOEHHOCTH MTPUBOAST
K TOMY, YTO TIpA CTAaOMJIBHOM MAaBJICHUW BXOTHO-
ro rmapa BO3MOXHBI CYyIIIECTBEHHBIEC KOJIEOaHUS €ro
TeMImepaTypbl. DTO MOXET IIPUBECTHM K HexXesa-
TEJIbHBIM JJIsI TypOOIreHepaTopoB mpobieMaM CTa-
ouaM3al My TeMIepaTypbl BeixogHoro napa ITITY.

Oco0eHHoCcTH 00bEKTA yNPaBJIEHHUS

[TaponeperpeBarenpHass  ycraHoBka  I1AO
"MMK" cocTouT M3 TONMOYHOI KaMephl, a TaKXKe
MOJBEMHOIO ra30xo/ia, B KOTOPOM pa3MelleH KOH-
BEKTUBHBII MaponeperpeBaTeb U BO3AYXOMNOI0-
rpeBarenb. Ha puc. 1, a nmpuBeneHa CTpyKTypHas
cxeMa 00BeKTa.

BosnyxononorpeBaTenb BBIITOTHEH M3 IBYX Of-
HOXOMOBBIX TPyOUaThIX KyOOB, YCTAaHOBJIEHHBIX MO-
clienoBarenbHoO. TpyObl BO3MYXOIOAOrpeBaTeIsl pac-
MOJIOXKEHBI BEPTUKANbHO. BHYTpM TpyO TIpoxomsT
ToIo4YHbIe Ta3bl. [logorpeTsiit BO3AYX UCIOIB3YeTCS
U1 cxkuraHus tonauBa B ropenke ITITY. I'azoma-
3yTHas ropenka I'M-10 yctaHoBjieHa Ha (DPOHTOBOM
CTE€HE TOIIOYHOI KaMepbl. I'opesnka mpeaHa3HayeHa
IS CXXMTaHUSI TIPUPOIHOrO ra3a B TOIOYHOM Ka-
Mepe I1I1Y, HarpeBa mapa 10 HEOOXOMMMOI TeMIIe-
parypel. Ilap mocTymaer B paguManiOHHYIO YacTh
naporeperpenaresisi, 3aTeM IO MepernyckKHOMY Tia-
pPOIIPOBOAY B NIBa ITaKeTa KOHBEKTMBHOI'O MapoIle-
perpesaresisi, KOTOpPble BBINIOJIHEHBI IO IPOTUBO-
TOYHOM CXeMe, 3aTeM B OOIIMIA MapOBOI KOJJIEKTOP,
OT KOTOPOro MUAET Ha TypOOreHepaTophbl U B OOLIYIO

Myckosoe
ycTpoidcTeo

PaaMaLMOHHaA YacTb
neperpesarena

MepenyckHOM
naponposoa

—
Nap k notpebutenio

Puc. 1. CtpykTypHble cXeMbl NaponeperpeBaTe/ibHOi YCTAHOBKY (@) M CHCTEMbI PEryJIMPOBAHUS TeMIepaTypsl neperperoro napa (6):

1, 2 — natuuku TCITY-100IT

Fig. 1. Structural diagrams of the superheater (a) and the superheated steam temperature control system (6):

1, 2 — sensors TCITY-100I1
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ceTb. PerynupoBaHue TeMIleparypbl Iapa, KOHTPO-
mupyemoit gatumkoMm TCITY-100I1, ocyiecTsisi-
eTCs IyTeM HM3MEHEHHUS KOJMYEeCTBAa IMPUPOAHOro
raza, nocrymnatomero Ha I1ITY (puc. 1, 6). Unep-
LIMOHHOCTb M 3ama3IblBaHUE OOBEKTA YIpPaBJICHUS
BbI3BaHbl OOJILIIMM OOBEMOM TOMNOYHOM KaMephl,
a TakXe HaJWuYheM MHOTIOYMCIEHHBIX MapOBbIX
KOJIeKTOpOB. CBOICTBA 00BEKTAa MOT'YT OBITH IIPE/I-
CTaBJICHBI TIePeAaTOYHON (QYHKIINCH:

Koy e—1:3s
(Tis +1)(Tps +1) ’

rae 3amas3ablBaHue MOXET ObIThb IMPUHSATO Ha I0-
CTOSTHHOM YpPOBHE T, = 3 MUH.

TemrmepaTypa BXOIHOTO Iapa TaKXe KOHTPO-
JIUPYETCsI, HO MCIOJb3YeTCsI TOJBKO JUIS pacyeTa
M yyeTa MacCOBOTO pacxoia Iapa.

Whny(s) = (1)

IIpo6JeMbl CyIIECTBYIOMEH CHCTEMbI
peryJupoBaHus

He Bcerma map, moctymatommii Ha Bxon ITITY
OT PEOYKIMOHHON YCTaHOBKH, COOTBETCTBYET TpE-
OyeMOMYy KayeCTBY, BCJIECIACTBME YETO IMPOMCXOIST
aBapuiiHbIE CUTYallMM, KOTJa TeMIIepaTypa BXOIHO-
ro mapa pe3Ko W 3HaYUTENIbHO U3MEHsETCS. Takue
BO3MYIIICHUS SIBIISTIOTCS CEPbE3HOU MPOOIEMON TS
TEXHOJIOTMYECKOTO TpoIlecca, TaK KaK BCJIEACTBHE
3aMa3abIBalOIINX U MHEPLIMOHHBIX CBOMCTB OOBEK-
Ta CHCTEMA PETYJIMPOBAHUS TEMIIEPATYPhl BBIXOMI-
HOTO T1apa He CMOoCOoOHa OBICTPO OTpearupoBaTh Ha
M3MEHEHME TeMIIepaTyphbl BXOTHOTO I1apa (puc. 2).

300

290

280
270 \ /
260

250

240 T - -
0 10 20 30 40 50
Bpems, MuH

Puc. 2. IIpumep peryiupoBaHusi TeMIepaTypbl Hapa Ha BbIXOJe
u3 IIIIY B cymecTBylomeii cucreme
Fig. 2. Example of adjusting the steam temperature of steam exiting
a superheater in the current system

Ha naHHBIIE MOMEHT cHCTeMa peryjivMpoBaHUS
TeMIlepaTypbl BbIXOMHOTO Mapa BKJIIOYaeT B CBOM
COCTaB CTAHIAPTHBIM TPOMOPLUMOHAIBLHO-UHTE-
rpanbHblii (ITN) perynaarop. M3yuenue paboThI cy-
IIECTBYIOLIEH CUCTEMBbI PeryJIMpoBaHMs MoKa3aJo,
YTO MPU XapaAKTEPHbBIX [IJISI CUCTEMbI BO3MYILIEHUSIX
Mo TeMrmepaType BXOAHOIO Mapa Ha BbIXOAE CHUCTe-
Mbl BO3MOXKHbBI OTKJIOHEHU ST TEMIIepaTyphl 1apa oT
3aJaHHBIX 3HaYeHui mopsaka 20..25 °C, npuuem
yCTpaHeHWE BO3MYILIEHWI B CYyIIECTBYIOIIEH CHU-
cTeMe peryaupoBaHus IiauTcsa a0 30 MuH.

CoBpeMeHHOE COCTOSIHME MPO0JIEM YNpaBJICHHS
TeMnepaTypoii mapa

CHHTe3y CHUCTEeM aBTOMAaTUYECKOTO Peryaupo-
BaHMSI TeMIepaTypbl I1apa IIOCBSIIEHBI pabOThI
[I—11]. ABTOpnl mpenjaralOT pas3jiUu4yHbIC pellie-
HHUSsI, KaK IIpaBUJIO, OCHOBaHHbIE Ha IIPUMEHEHUU
VIIpEXIaIOIIero YIpaBJIeHUs 110 BO3MYIIEHUIO.

B pabote [1] mpeayoxeH KacKagHbIiA peryasTop
TeMIiepaTyphl Hapa IIyTeM U3MEeHEeHUs KOJMYeCcTBa
BIIpbICKMBaemMoro oxjaautesns. Tunosoit TN pe-
TYJISITOP MIPUHKMMAET B Ka4eCTBE BXOMHOI'O CHI'HA-
JlJa CyMMY CHMIHajla paccorjacoBaHMsI M CHMIHaJa,
XapaKTepU3UPYIOIIETO CKOPOCTb M3MEHEHUSI TeM-
mnepaTypsl Iapa 3a BOPBICKOM. B cuctemMe MCIOJb-
3yeTCsl aBTOIOACTPONKA ITapaMeTPOB peryasropa
B 3aBUCHMOCTH OT pexXuMa padoThl KoTia. OqHaKo
mapaMeTpbl PeXXMMOB PacCCUMTHIBAIOTCS BPYYHYIO
1 TpeOyIOT MepUoAMYEeCKO KOPPEKTUPOBKU B 3a-
BUCUMOCTU OT U3MEHEHU S AUHAMUYECKUX CBONCTB
o0bekTa. Cxoxee pelleHue MPeasokeHo B padboTe
[2], Tne mo sKcnepuMMeHTaJdbHBIM JAHHBIM Obla
HAcTpoeHa TMHaMUYecKasi MOIeJIb IIpU pa3IndHON
Harpyske, OJHAKO HE YyKa3blBaeTCs, HACKOJIbKO
CTaOUJIbHBI HaliIeHHBIE 3HAYEHU S apaMETPOB I1e-
penaToyHbIX (PYHKIUI 10 pa3IuYHbIM KaHajlaM.

ABTOpoM paboThl [3] mpenJjiaraeTcss MCIOJb-
30BaHME KaCKaJHOW CUCTEMbl peryJiupOoBaHMS
TeMIIepaTyphl Mapa ¢ KOHTYPOM MPSIMOIO pa3oM-
KHYTOI'O PEryJupoBaHUS MO BO3MYIIEHUIO. DTO
MO3BOJISIET CHUCTEME pearupoBaTh B MOMEHT Ha-
HECEHU S BO3MYIIEHMS, HEe TOXMUIasICh U3MEHEHU S
peryaupyemoro nmapamerpa. OqHaKo 1Jisd TOYHOTO
MPOEKTUPOBAHMS KOHTYpa MpPsSMO CBSI3M HEOO-
XOJIMMO 3HaTh 3aBUCUMOCTh MEXAY BO3MYIIEHUEM
U PErYJIMPYEMOM BEJIMUYMHOMN.

B paboTe [4] pa3paboTaH HOBBII 3aKOH peryau-
pOBaHUS TeMIIEpaTyphl IIeperpeToro mapa U CUH-
Te3MpoBaHa CcHUCTeMa yIpaBieHUs. KommeHcalus
WHEPILIMOHHOCTU CUTHAJOB TepMOIap M MHEPLH-
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OHHOCTHW KaHajla BJIWSHUS pacxofa Iapa Ha TeM-
nepaTypy napa Iocje maporeperpeBaressi Crocoo-
CTBYET COKPAIICHUIO 10 MBYX pa3 MPONOJIKUATENb-
HOCTU TIEpPEeXOAHBIX MpoleccoB. OTMeuyaeTcs, 4To
MOBBILIEHWE TOYHOCTHU TOAJCP>KAHMUS TeMIIepaTy-
pbl Tapa Ha BbIxome maporneperpesarens a0 2 °C
(mpu HOpMe 110 4,5 °C) 1O3BONSAET CHU3UTDH PACXO[
TOIJIMBA MpPU paboOTe KOTJAa 3a CYET YMEHBIIEHUS
MNEPUOJOB BPEMEHM, MPU KOTOPBIX IPOUCXOOUT
CHUXXEHVE TeMIIepaTyphl Mapa HUXE TOMYCTUMOTO
3HauyeHUd. s peanmzanMd CUCTEMBI HEOOXOMM-
Ma JOCTOBEepHass WH@OpMauusd O TUHAMUYECKUX
CBOMCTBax OOBEKTa YIPABJICHUS, KOTOpBHIE Ha
NpPaKTUKE MOTYT ObITb HEOIPEACACHHBIMU.
[TpoGiiemMa HeomnpeaeIeHHOCTH AMHAMUYECKUX
nmapaMeTpoB OOBEKTA paccMaTpUBaeTCSd B paboTax
[5, 6]. ABTOpamMu TIpemIOXeH CIOCOO IOCTpoe-
HUS TUOPUOHON CHUCTEMBI IIPSIMOTO agallTUBHOTO
YHOpaBJIEHUS C CYIIECTBEHHBIM 3ala3iblBaHUEM
B OCHOBHOM KOHTYp€ Ha NpPUMEpPE YNPABJICHUS
TEMIEPATYPHBIM PEXUMOM TMapomneperpeBaTens.
Y1ob6bl NMpUAATh JUHEWHON 4YaCTU CUCTEMbI XKe-
JJaeMbl€ CBOMCTBA, NPEIJIOXKEHO BKJIIOYWTH Ta-
payieIbHO ¢ OOBEKTOM YIIPABJIEHUS CTaOUIU-
3UPYIOIIEE YCTPOWCTBO C KOPPEKTUPYEMBIMU TIa-
pameTpamMu. [eiACTBUTENbHO, MOJOOHBIN MOAXOMI
JIOJIKEH CITOCOOCTBOBATh COXPAHEHUIO YCTOMYU-
BOCTH, TIOTEPS KOTOPOW MPUMEHUTEIBHO K O0B-
€KTaM YIIpaBJIEHUS TEMIEPATypHOrO TUTIA B 3HA-
YUTEJbHOW CTENEeHU MOXET ObITh OOYCJIOBJEHA
W3MEHEHUEM COOTHOIIECHUS MEXIY MEpOU MHep-
IUHA YU YUCTHIM TPAHCIIOPTHBHIM 3ama3IbIBaHHEM.
OnHako Takoi MOAXOA HE CIIOCOOCTBYET MOBBIIIIE-
HUIO OBICTPOAECUCTBUS PETYJIUPOBAHUS.
ABTOpamMu paboThl [7] OBIIO M3YYEHO BIIUSI-
HUE 3amMa3fblBaHUS Ha KAYE€CTBO PETYJIUPOBAHUS
TeMIEPATyphl Tapa MPU HACTPOUKE PETYISTOPOB
pa3aIUYHBIMU CcIlocOOaMU. bl OTMEYEeHBI 0CO-
OEHHOCTM HACTPOWKHU, a TaKXKe TOT (PakT, 4TO J0-
CTUYb 3HAYMMOTO MOBBILIEHUS KauyeCTBa MOXHO
OpU yOpaBICHUM C MNPUMEHEHMEM MNpeauKTopa
Cwmura. llemecooOpa3HOCTh NMIPUMEHEHUS IIpeau-
ktopa CMuUTa ISl ynpaBjieHUS OObeKTaMu TMO-
JTOOHOTO THITAa OTMeYaeTcs Takxke B padborte [8].
ABTOpOM paboTH [9] mpemsiokeHO MCIOIb30-
BaTh HEUECTKUU PETYNATOpP B KadyecTBe OJioKa af-
JTUTUBHOW KOPPEKIIUU CUTHAJa PacCcoriacoOBaAHUS
B CUCTEME C TUTOBBIM peryisitopoM. B kadecTse
BXOIHBIX CUTHAJIOB OJIOK HEYETKOU KOPPEKIIUU
WCIIOJIb3yET CUTHAJ PACCOTJIAaCOBAHUS U CKOPOCTh
ero uameHeHus. I[lpu aTom napameTpsl O6J0Ka He-
YETKOW KOPPEKIUU ObLIM OMNpeeseHbl C MpuMe-
HECHHWEM aJallTUBHON HEMPOHEUYETKOM CTPYKTYPHI.

B 10 Xe BpeMs aBTOpOM MpeajioxkeHa KOMOWHa-
LIMS UCIOJAb30BaHUS 0JI0KA HEUETKON KOPpPEKLMHU
C TUIOBBIM PETYISITOPOM, HO IIPUYNHA TAKOTO pe-
LIIEHWS HEesICHA, TaK KakK HET 000CHOBaHM I BbIOOpA
cTpyKTypHEl. B pabote [10] mpemraraeTcst UCIIONb-
30BaTh MCKYCCTBEHHY1O HelipoHHYyo ceTb (MHC)
JUISI MPOrHO3a TeMIepaTypbl BBIXOAHOrO mapa U
yOpexXaaleil KOppeKLWU 3adaHus CUCTEMBbI
yHOpaBJICHUS TeMOepaTypoi mapa 1o OTKJIOHEHUIO
¢ [TN]I perynsitopoM. I1pu a3TOM HesICHO, Kak 06e-
CIIEYUTH aAeKBaTHOCTh Moaeu, rmoactpouts MHC
MOJ M3MEHSIOLINECS] CBOMCTBA 00BEKTA U KaK CO-
IacoBaTh yIIpexkaarollee yrpapieHue ¢ audde-
PEHLUMPYIOLIMM KOMITOHEHTOM 3aKOHa PEryJimpo-
BaHusa. B pabGore [11] mmsa cunTe3a momenu IIITY
Ha OCHOBE TEXHOJIOTMYECKMX NAHHBIX MCIOJb3Yy-
eTCsI MEeTOH WIASHTU(PUKALMKU MOAIPOCTPAHCTBA
(SID), uTo mo3BossIeT M30eXaTh MHOTMX MpobJieM
HAcTpOMKM Moaeu. Tak Kak MeTod NpeaHa3HauYeH
JUIS JIMHEMHBIX CHUCTEM, aBTOpaMM MPEAJTOXEHO
MNPUMEHEHUE HEUYETKOM JIOTUKU AT KOMOMHMPO-
BaHUS pe3yJbTaTOB HAOOpa JIMHEWHBIX MOJIEJIEH.
Mogenu UCIoab3yOTCs AJId NPOTrHO3a COCTOSSHUS
00BbeKTa, OJHAKO aBTOPHI HE pacCMaTPUBAIOT OCO-
O0eHHOCTU (POPMUPOBAHUS YIPABJISIOIINX BO3ICH-
CTBUM U HE U3y4yaloT pabOTy CUCTEMBI B YCIIOBUSIX
3HAYMUTEJILHOTO 3ama3ablBaHUsI.

BrinmonHeHHBI 0030p MO3BOISIET BBIACIUTD IBE
OCHOBHBbIE 1IEJIM, KOTOPbIE, KaK MpaBUJIO, Ipeciie-
IYIOT aBTOPBI paboT B cpepe yIIpaBICHUS TeMIepa-
TYpOI Iapa: ynpexmarolias KOMIIEHCAIUs BO3MY-
LICHUI; TPUIAHUE CUCTEME YIIPABJIEHMUS CBOMCTBA
HEUYYBCTBUTEJIBHOCTU K HEIOCTOSHCTBY IMHAMM-
YEeCKMX CBOWCTB oObekTa. Ilpm sTOM B paccmo-
TPEHHBIX paboTaX aBTOPHI JOCTUTAIOT TOJBKO OIHY
U3 yKa3aHHbIX Leaei. IlpyuyuHOi SBsieTCS TOT
daxT, uTo ynpexmaioas KOMIEHCAILIS BO3MYIIIE-
HUI caMa 1o cebe TpedyeT mH(pOpMallMU O AUHA-
MUYECKHUX CBOMCTBaX 00beKTa ympaBjieHUs. B To
2Ke BpeMsI IIJIST pacCMaTpPUMBaeMOro TUIla O0OBbEKTOB
yIIpaBJICHUS TOJIBKO TPAHCIIOPTHOE 3aIla3IbIBaHUE
SIBJISETCS B 3HAYMTEJIBHOU CTENEHMW ITOCTOSTHHOW
BEJIMYMHOM, a KOO(MDPUIIMEHTHI epeaayn U 3Hade-
HUS MEp MHEPLUU MOTYT OBITh HEITOCTOSTHHBL.

IIpu HEOIIpeaeIeHHOCTH JIUHAMUAYECKUX
CBOICTB 00BEKTa yIIPABJICHUS aHAIMTUUECKOE pe-
IIEHWE 3aJa4yyd BHIOOpa pallMOHAJIBbHOIO YIIpeXaa-
IOIIETO BO3ACHCTBUSI MOXET OBITh 3aTpymHeHo. On-
HOI1 13 BO3MOXHBIX aJIbTePHATUB SIBJISICTCS BEIOOD
HACTPOEK CHCTEMBbI YIIPEXIAIOIIEH KOMIICHCALIUHU
BO3MYIIEHU C TPUMEHEHHEM KOMIIBIOTEPHOIO
MMUTALlMOHHOIO MoAenupoBaHus. B kadecTtBe Ta-
KO CUCTEMBI YIIPEXIAIOIIEH KOMIIEHCALIUN MOXET
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WCIIOJIb30BaThCA OTHEIBHBIN KOHTYP YHpaBJICHUS
C OTpuIaTeIbHON 00paTHOM CBsI3bI0. OmMHAKO pas-
paboTKa CUCTEMBI C ABYMS CTETIEHSIMU CBOOOIHI,
B KOTOpPOW ONWH M3 3aMKHYTBIX KOHTYPOB C OT-
pUIIATEIBHON OOpaTHOU CBSI3bIO OPUEHTHUPOBAH
Ha OTpabOTKy BO3MYIIEHWU MO KaHAJy 3aJaHUs,
a Ipyrol — Ha yOpexXIalolylo oTpaboTKy BO3MY-
IIEHWI TI0 TeMIepaType BXOMHOTO Mapa, TpeOyer
000CHOBaHMA.

BbIOOp CTPYKTYpPbI CHCTEMBI PETYJTHPOBAHUS
C IBYMS CTENEHSIMH CBOOOIBI

B mpennaraemoii cTpyKType cucteMbl (puc. 3)
MOXHO BBIIEINTh JBa 3aMKHYTBIX KOHTYypa. Ilep-
BBIM KOHTYD, BKJIIOYAIOIIMH peryastop 1, mpenHa-
3HAYeH AJIs O0ecrneyeHus KejlaeMOol peaKIUyd Ha
M3MEHEeHME CUI'HaJjla 3agaHus1. Bropoii KoHTyp, co-
JepXaluii peryasaTop 2, GopMHUPYeT BO3ACHCTBIE
IUISL yIIpeXxaalolieil KOMIeHCcaluy BO3MYIllIeHus F.

CpoiictBa oObekTa ympasiaeHus (OY) mpen-
CTaBUM JPOOHO-pallMOHAJILHONM TepenaTOuHOR
dyukuumein Wyy(s) u nepenaToyHor QyHKUMEH
W,(s), XxapakTepu3yIOLLEei 3ara3ablBalolIne CBOM-
cTBa 00beKkTa. KOHTYyp mJisI KOMIIEHCAllUU BO3-
MyluIeHUus F comepXUT COOTBETCTBYIOIINE MOIEIN
Woy(s) m W,(s). Ilepenarounsle pyHKUMU pe-
ryssiTopoB 1 u 2 o6o3Hauum kak W (s) u Wi(s).
CBolicTBa MCIIOJHUTEIBHOIO YCTpoOiicTBa (Mexa-
HuzMma) (MM) npeactaBuM IepegaToOuyHON (YyHK-
uueir Wiv(s). KoHTyp miisi KomneHcaluum BO3my-
HeHUs conepxxuT monenb UM Wiy (s).

JlokaxkeM, 4TO CTPYKTypa CHUCTEMBI Ha puc. 3
COOTBETCTBYET HJE€ YNpaBJIEHUSI C HCIOJb30Ba-
HueM npenukropa Cmuta. I3 cxemsl cieayeT, 4To
BTOPOM KOHTYp (KOMIeHcauuu F) oKa3blBaeT BO3-
JICMCTBUE HA IIEPBBIN KOHTYP NOCPEIACTBOM CUTHA-

JgoB U' u M. Beipazum nzobpakeHus 1o Jlamnmacy
9TUX CUTHAJIOB 4yepe3 u3obpaxeHue no Jlamnacy
L{F} BoamyiueHus F. C aToli L1eJIbIO AJ151 BTOPOTO
KOHTYpa 3amnuIlIeM:

(LU Wim(s) = LIFDWoy (W (s) = LU} (2)

_LiMj
Wi(s)

WiGs)

LiM) [ W (W ipna () - L{F}j Wiy (s), )

OTKYyJIa Iocjie MpeoOpa3oBaHU MOJYyYUM:

Woy ()W (s) _
1+ Wi (W oy (W (s) “)
= L{FW,(5);

LU = L{F")

Wi (sWoy (5) _
+WamOWoy (W (s) — (5)
= —L{F\W,(s).

LM} = ~L{F}

st ocHOBHOTO TepBoro KoHTypa npu Z = 0
MOXKEM 3aIlrcaTh:

(LY} = LMW (s) = LU DW ym (s) +

(6)
+ L{FY)Woy ()W, (s) = L{Y}.
IlonctaBuM BeipaxkeHus (4) u (5) B ypaBHEHUE
(6), a Takxe mopenuM obOe 4acTu ypaBHeHUS (0)
Ha n3obpakeHue no Jlammacy Bo3myuieHus F:

(((WM(S)_Wy(S))Wp(S)_ (7)

~ W)W () + DW oy (W, (s) = W, (9),

rae Wi(s) — XxapakTepusyeT BO3IEWCTBUE BO3MY-

1eHus1 F Ha peryjiupyemMylo repemMeHHyio Y.
IlonctaBuM B ypaBHeHUe (7) pa3BEepHYTHIE BbI-

paxenus aist W, (s) u W, (s) u npuBenem ero K o0-

meMy 3HaMCHATC/IIO IIpn YCJIOBHMM pPaBCHCTBaA
Wi(s) = W, ()

I
I
I
I
i Perynsarop 2
I
I
1 Wy() Woy ()" Wy (W im(s)
1560 Peryamop L+ Wi (W oy (W (5)
I
| =W (W, ()W oy (W, (s) - ®)
I
S S WA(Woy () Wi (sW i s)
uc. 3. [IpeasaraeMpiii BADHAHT CTPYKTYPHI CHCTEMbI yIpaBJie- - ; ; ;
HHUS C ABYMS CTENEHAMH CBOOOIbI 1+ WI/IM(S)WOY (S)Wp(s)
Fig. 3. Proposed control system structure with two degrees of + W, ( W ( S) =W ( S)'
freedom oy 3 ye
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W.(8)’Woy (5)*Wo ()W (5) + Woy (W, () + Wa (W oy (8)* Wi (Wit (5) = Wo (W oy () W (Wi (s)

L+ Wim ($OWoy ()W (s)

=Wy () A+ W, (W yum (Woy ()W,(5)),

)

OTKYyJla TIOTyYyaeMm:

Woy (YW, (5) (W (Woy (W (W ym(s) +1)
L+ Wi (W oy (W (s) (10)
=Wy (8) (1+ Wo(Wum(Woy (W, (5));

Woy(s)
L+ Wiam($OWoy ()W (s)

CornacHo cootHomeHuto (11) BausHUe 3amas-
apiBaHUsl W,(s) Ha KaueCcTBO PeryJlnMpoBaHuUs MpU
BO3MYILIEHUSX TT0 KaHay F MposIBIASIETCS TOJBKO
B CMEIIEHUHW BO BPEMEHU TPACKTOPUM IePEXOJ-
HOTO Tpollecca Ha BeIWYMHY 3ala3ablBaHUSs, YTO
COOTBETCTBYeT ujee npeaukropa CMura.

B cocTaBe KOHTYpa 2 Il YIIpeXaaroieil KoM-
TMeHCAIlMM BO3MYIICHUN MOTYT MCIOJIb30BaThCS
pPeryasiTopbl pa3IMIHBIX TUTIOB. OXHUM M3 CIO-
cO00OB peanu3aluy yIpaBJIeHUs SIBJISIETCS TPUMe-
HeHMe HevyeTKoi soruku. [Ipm 3ToM mapaMeTpsl
HACTPOMKM IMPaBUJI HEYETKOM JIOTUKU MOTYT OBITh
copMupoBaHBI KaK Ha OCHOBE OIThITa 3KCITepTa,
TaK M MogoOpaHbl B XOI¢ aBTOMAaTU3MPOBAHHOTO
SKCITEPUMEHTAa Ha OCHOBE KOMITBIOTEPHOTO MMHU-
TAIlMOHHOTO MOJETUPOBAHUSI.

W,(s) = W.(s). (11)

Moauduxkanus CTPYKTYpbl CUCTEMBI AJs
NpUMEHEHHUs] HEYEeTKOro ynpaBjieHus

ITprMeHeHre HeUeTKOM JIOTUKHU 1151 YITPaBACHU S
00bEeKTaMU Pa3JIMYHOrO THUMA B SHEPreTUKE U Me-
TaJUIypruy JOCTAaTOYHO pacipocTpaHeHo [12—17].
ABTOpPBI YKa3bIBAIOT Pa3IMYHBIC IIPEHMYINEeCTBA U
NPUYMHBI UCITOJb30BAHUS TAKUX CUCTEM: BO3MOX-
HOCTb CMHTE€3a CUCTEMbI C TpeOyeMbIMU CBOMCTBA-
MU Ha OCHOBE pellIeHM ST ONTUMM3ALMOHHON 3a1a9n
nogdoopa IapamMeTpoB HacTpoiiku [12—14]; cuHTe3
0as3bl 3HAHUM [JISI YMEHBIIEHUST BO3AEUCTBUS CIy-
YaWHBIX BHYTPEHHUX M BHEIIHMX BO3MYIICHUI
[15]; HanuuMe HEAECTEPMUHUPOBAHHOIO OOBEKTa
[16]; pe3kue ckaukooOpa3Hble U3MEHEHUST 3HAYCHU I
BXOOHBIX MapaMeTPOB IIPU HEJIMHEMHOCTU OOBEKTa
ynpaiaeHus [17].

OcobeHHOCTM CHHTe3a IIpaBUJI peryasTopa
Ha OCHOBE HEYETKOW JIOTMKU IIYTEM CpPaBHEHUS
pe3yJabTaTOB MHOXECTBA BBIYMCIMTEIBHBIX JKC-

MePUMEHTOB 10 KOMIIBIOTEPHOMY MUMHUTAIIMOHHO-
MY MOMAEJIMPOBAHUIO YIIPABIEHUS PACCMOTPEHBI
B pabote [12]. brina nmpoaeMoHCTpUpOBaHa Mpo-
OseMa HACTPOMKM HEUYETKOro PEryjasitopa, CBS-
3aHHas ¢ TeM, YTO HacTpoliKa JAOJIXKHa OCYILECT-
BJIAATBCSI C YUETOM ONHOBPEMEHHOIO JOCTMKEHUS
HECKOJIbKMX lIeJIeil yIIpaBiacHUS.

HomycTtuM, 4TO 3aJaHbl OTpaHUYEHMUS, OMpe-
JeSI0IIMe YCJIOBUS JOCTUXEHUS LieJieil yrpaBiie-
Hug. Torma ajst Toro 4ToObl peryasaTtop obdecrne-
yMBaJ AOCTMXKEHHE OJHOBPEMEHHO BCeX lieseil
yIpaBleHMsI, TpeOyeTcs OoJbllee YUCIO Bapbu-
pPYEMBIX B BKCIIEPUMEHTaX MEPEeMEHHbIX, 110 CpaB-
HEHUIO C CUTyallMsIMU, KOrma TpeOyeTcs JOCTUYb
TOJIBKO HEKOTOPBIX U3 Heneil. Ecnu orpannyeHus,
OIpelesiiolIMe YCIOBUE MOCTUXKEHUE Ieaeii, He
ornpeneseHbl, TO MPOo0JeMy HACTPOMKH MOXHO
chopMyaupoBaTh Kak HEOOXOAMMOCTbh KOMIIPO-
MHucca MEXIY 3HAUCHUSIMHU Pa3IUYHBIX OLEHOK
3(pHeKTUBHOCTU NMpU GUKCUPOBAHHOM UYMCIIE Ba-
PbUPYEMBIX MEPEMEHHBIX, KOTOPOE OMpeAcasaeTcs
JOCTYNHBIMU BBIYMCIUTEIbHBIMU pecypcaMu Ha
MMUTALIMOHHOE MojeaupoBaHue. Tak, B paboTe
[12] moka3zaHo, YTO KOMOMHMPOBAHME CUCTEMBI Ha
OCHOBE HEUETKOU JIOTUKU C CUCTEMOM CKOJIb3SIIIE-
ro peryJaupoBaHus IMPU PaBHOM YMCJIE HACTpau-
Ba€MbIX IEPEMEHHBIX IO3BOJISIET AOCTUYH OOJb-
1IEero OBICTPOAEMCTBUS MPU OTCYTCTBUM Iepepe-
IyJIUPOBAHMS, YeM Y CHUCTEMbl Ha OCHOBE OJHOMU
TOJIbKO HEUETKOM JTIOTUKMU.

I[IpuMeHUTENEHO K paccMaTpyBaeMoOil 3ajmaye
YIIPEXAAIOLIEH KOMIIEHCALUY BO3MYLUIEHUN MOXHO
BBIJICJIUTD JIBE LIEJIM, TIepBasi U3 KOTOPBIX 3aKJioua-
€TCsd B TOM, UTOOBI HE AOMYCTUTh KPaTKOBPEMEH-
HBIX, HO 3HAYUTEIbHBIX OTKJIOHEHUM PETyIMpyeMOi
MepEMEHHOM BCJIEACTBUE BO3MYIIICHUH, a BTOpast —
B TOM, YTOObI 00€CHEUYNTh OTCYTCTBUE YCTAHOBUB-
1meics OMMOKM PeryaMpoBaHUSI B JOJTOCPOYHOM
nepcriektuBe. KoHTYyp KOMIeHcaluuy BO3MYILEHUI
F, ocHOBaHHBII1 Ha UCITOJIb30BAHUN HEYETKOM JIOTH-
KM, OTHOCUTCS K HEJIMHEHHBIM cucTeMaM. bricTpas
peakiys Ha 3HAaYMTEIbHbIe OTKJIOHEHUST OT CUTHA-
Jla 3aJaHusl HE O3HAyaeT HaJMyue OoIpeaesieHHOMN
peakiuy Ha MaJjible OTKJOHeHHus. B To Xke Bpems
u3 Buaa cootHouweHus (10) cieayeT, YTO PeryasiTop
OCHOBHOT'O KOHTYpa MPU COOTBETCTBUM CBOWCTB MO-
JeIn U 00beKTa YIpaBJeHMUs He ydyacTByeT B (pop-
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Heuerxuit
perynstop

Perymarop 1

N

Puc. 4. Cucrema ¢ ynpexiaomei KOMIeHcanuei BO3MyUIeHUii
HA OCHOBE HEYETKOW JOTHKH

Fig. 4. Fuzzy logic-based system with preemptive compensation
for perturbations

MUPOBaHUM BO3JAEHCTBUI, HANIPaBJIEHHBIX HA KOM-
MneHcaluio Bo3aMyllueHus F.

M3b6exaTh HEOOXOMMMOCTM HACTpauBaTh He-
YETKMI peryasiTop BTOPOro KOHTypa Ha yCTpaHe-
HUE MaJIbIX OTKJIOHEHWI BO3MOXHO, €CJIM TaKue
OTKJIOHEHHUSI OyIyT yCTpaHEHBI 3a CUeT yIpaBJie-
HUSI OT peryastopa MepBOro OCHOBHOTO KOHTYpa.
B kauectBe Takoro peryastopa NPUMEHUTEIBHO
K 3aJa4ye YyIpaBJieH!sI 00beKTaMM TEMIIEPATYPHOIO
TUMa meaecoodbpasHo ucnoyib3oBaTh 1M peryns-
Top. PaccMOTpuM CTPYKTYpy CUCTEMBI Ha puc. 4.

OTCyTCTBUE BO3JEUCTBUS BTOPOrO KOHTYypa
Ha TIepBBI MOCPEACTBOM cuUTHajia M TpUBOAUT
K Tomy, 4yto IIM peryasiTop OCHOBHOrO KOHTypa
OyleT KOMIIEHCUPOBAaTh OTKJIOHEHUS OT 3aJaHus,
BbI3BaHHBIE IEWCTBMEM BO3MyllueHus1 F. OmHaKo
cleAyeT y4YWUThIBaTh, YTO K MOMEHTY BpPEMEHH,
KOrjga OTKJOHEHHE BbIXoJa 00beKTa OT 3aJaHusl,
BbI3BAHHOE JEUCTBHMEM BO3MYIeHUS F, MOXHO
OymeT HaOJIOJATh C yYeTOM 3ara3ablBaHUs IMPO-
lecca, ympexaaloiiee BO3ACHCTBUE Ha OOBEKT
BTOPHIM KOHTYPOM OyJeT yXXe B 3HAUMTEJbHOM
cTereHu cpopmupoBaHo. TakuM oOpa3om, 3amas-
JIbIBaHUE 00BEKTa yIpPaBJCHUS MO3BOJISIET pas/e-
JIUTh BO BPEMEHHU YIPEKAAIOIIYIO KOMIEHCALIUIO
BO3MYIIEHNSI BTOPHIM KOHTYPOM M YCTpaHEHMUE
MaJibIX OCTaTouHbIX OTKJOHeHuil [IU perynsto-
POM OCHOBHOTO NEPBOro KOHTYpa.

NzydyeHue paboTsl MOmeaM CUCTEMbl Ha puc. 4
MOATBEPAMUIO PAOOTOCIIOCOOHOCTh MPEIJIOXKEHHOM
CHUCTEMBI TIPU OTHOCUTEJILHOW IMPOCTOTE HACTPOM-
KM HEYEeTKOro peryiasTopa, AOIycKalollei Ipu
HEOOXOMMMOCTH BBIOOP MpPaBUJI YEJIOBEKOM-3KC-
neproMm 0e3 MpUBJICUEHUS 3aTPATHBIX B BBIUYMCIIHU-
TEJIbHOM IlJIaHE aBTOMATU3MPOBAHHBIX BBIUMCIIU-
TeJIbHBIX 3KCIIEPUMEHTOB sl BbIOOpa mapaMeTpoB
HACTPOMKHW HEUETKOM JIOTUKH C MPUBJICYCHUEM T10-
HWCKOBBIX METO/IOB.

CTpyKTypa HE4eTKOro peryistopa

IIpuHsTast cTpyKTypa HEYETKOIO peryjsiropa co-
OTBETCTBYET pacCMOTpPEeHHO# B padote [12]. B kaue-
CTBE BXOOHBIX IEPEMEHHBIX MCIIOJIb3YIOTCS JUHER-
HO-MaclITaOMpOBaHHbIE 3HAYEHMSI CHUTHajJda pac-
COIJIaCOBaHUSI e¢ U CKOPOCTU €ro M3MeHeHus de/dL.
B xauecTBe TMHIBUCTUYECKUX MEPEMEHHbBIX MPUHSI-
Thl YpOBHU curHana {A5, A4, A3, A2, Al} u ¢pyHk-
LIMY TIPUHAIJIEXXHOCTHA B COOTBETCTBUU C PUC. J.

Hnsg paboTwsl peryasgtopa Obla cHOpPMUPOBAH
Habop IpaBuJ, B KOTOPBIX MCIIOJb30BaJICSI Orpa-
HUYEHHBI HA0Op BapuaHTOB 3HAYEHU N YIIpaBJIsi-
olux Bo3aeiicteuil Bl, .., BS:

. IF (e is A5) and (de/dt is A5) then (U’ is BS);
. IF (e is A5) and (de/dt is A4) then (U’ is BYS);
. IF (e is AS) and (de/dt is A3) then (U’ is B4);
. IF (e is A4) and (de/dt is A5) then (U’ is B4);
. IF (e is A4) and (de/dt is A3) then (U’ is B4);
. IF (e is A4) and (de/dt is A2) then (U’ is B3);
IF (e is A4) and (de/dt is Al) then (U’ is B3);
. IF (e is A3) and (de/dt is AS5) then (U’ is B3);
. IF (e is A3) and (de/dt is A3) then (U’ is B3);
10. IF (e is A2) and (de/dt is Al) then (U’ is B2);
11. IF (e is A2) and (de/dt is A3) then (U’ is B2);
12. IF (e is A2) and (de/dt is A4) then (U’ is B3);
13. IF (e is Al) and (de/dt is AS) then (U’ is B2);
14. IF (e is Al) and (de/dt is A3) then (U’ is B2);
15. IF (e is Al) and (de/dt is Al) then (U’ is Bl);
16. IF (e is A1) and (de/dt is A2) then (U’ is Bl).

O 00NV AW N —

B xayectBe mpuMepa pacCMOTPUM MEPBOE
npaBujio. Ecin Ha BXome HEYETKOro peEryssitopa
nosiBuiack omnoka AS ("Boiblasg orpuuareiab-
Has'"), U CKOPOCTb M3MCHEHMS OILIMOKU TaKxKe
MaKcHMajlbHa B CTOPOHY €€ YBeJIMYeHU s, TO pop-
MHUpYyEeM MaKCHUMaJIbHO€ BBIXOAHOE BO3JAeiiCTBUE,
B HaweM ciaydyae BS5 ("Bbonblioe orpuiiarenpHoe”).
®opmMupoBaHUE YIPABISIOUIETO BO3ACHUCTBUS MO
COBOKYITHOCTM MpaBua Iipu jAedas3upukanmnu
OCYILIECTBIISLIOCHh METOAOM LIEHTPa TSXKECTH.
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Puc. 5. IlpuasTbie TUNOBbIE (PYHKIUH NPUHAIJIEKHOCTH
Fig. 5. Standard membership functions adopted in the study
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Fig. 6. Control system model in MATLAB Simulink environment

IIpumep pe3yabTaToOB MOJEJIHPOBAHUS

[Ipy KOMIBIOTEPHOM UMUTALIMOHHOM MOIEIM-
pOBaHUY MHEPLIMOHHBIE CBOICTBA 00BbEKTA YIIPaB-
JIEHUs TpeACTaBJeHbl C IPUMEHEHHWeM Iiepena-

b
(6,45 +1)(1,53s +1)°
a 3ala3abIBalolliie CBOMCTBA OOBEKTAa — IIepe-
natoyHor dyHkuuu W,(s) =e . B xome Mmoxe-
JUPOBAHUSI YIIPaBJIEHMUS pacCMaTPpUBAJINCh CHU-
Tyallud C HETOYHBIMU 3HAYEHUSIMU IapaMETpPOB
MoIenu O00beKTa.

TOYHOW GyHKUUU Wy (s) =

I Y,°C :
| |
| 300 |
| |
| N |
I 280 — —
| .7 | "] |
| = |
| N —T! |
I 260 |
| |
! 5 15 25 35 !
| Bpemsa, MuH |

Puc. 7. Ilpumep peakuuu cucrem Ha Bo3mymeHue F:

1 — 6e3 KOHTypa ymnpexaamolieil KOMIIEHCAlluU BO3MYILEHUI;
2, 3 — B KOHType yhpexmaallineil KOMIEeHCAIlu BO3MYIIEHU I
MCIIOJIL3YIOTCSI COOTBETCTBEHHO [1M peryastop u He4eTKUI pe-
ryJsTOp

Fig. 7. Example of the systems’ response to perturbations F:

1 — without the preemptive perturbation compensation loop;
2, 3 — a PI controller and a fuzzy controller within the preemptive
perturbation compensation loop, respectively

Mopnenb cucteMbl Oblila peajiu3oBaHa B Cpele
MATLAB Simulink (puc. 6). Ha puc. 7 moka3aH
MpUMep peaklMy pa3HbIX CUCTEM Ha BO3MYIIEHNE
no kaHany F.

N3zyueHre BAMSHUSA TOYHOCTH yuyeTa B MoJe-
JIM CBOMCTB MHEPLUMM M 3ama3fblBaHUs O0bEeKTa
yIpaBjJeHUs 10Ka3ajo, YTO MPU UCMOJb30BAaHUU
B KOHTYpe ympexaarouiei KOMIEeHCAIMU BO3MY-
IEHW HEYeTKOIo peryasTopa KauecTBO Mpoliec-
ca U3MEHSIETCS B MEHbBIIIEH CTEIEeHU, YeM B cliydae
rcnoab3oBaHus I perynsaropa.

3akioyeHue

IIpennoxeHHass cucTeMa C yIIPeXIArolIei KOM-
MEHCAlMEX BO3MYILECHUI IO TEMIIEPATypPe BXOIHO-
ro napa J0J>KHa CHU3UTh Harpy3Ky Ha o0opyaoBa-
HUE 3a CYET YCTPAHEHUS OOJIbIIUX TIePENaaoB TEM-
neparyp U yJayylldTh 5KOHOMUYECKHUE MOKA3aTeNIn
00BbeKTa 3a cueT oOecrevyeHusl BedeHUs Ipolecca
Py MUHUMAaJIbHO TpeOyeMoil TemmepaType Harpe-
Ba Iapa, YTO MO3BOJISIET CHU3UTh PacXo rasa.

I[IpuHsATass CTpyKTypa CHUCTEMBI YIIPaBJICHUS
MMO3BOJISIET O0ECHeYUTh YCTpaHEHMHE MaJlbIX OT-
KJIOHEHUU pETyJIUPyeMON TEPEMEHHOM OT 3ana-
Hus ¢ npumeHeHueMm I1M peryiasitopa oCHOBHOro
KOHTypa. DTO YIIpOIIaeT HACTPOHKY HEYETKOro
pEryasiTopa, IOCKOJbKY MNPU TaKOW HACTPOMKE
Ipecjienyercs TOJbKO OOHA 1Liedb — ObICTpast pe-
aKLMs Ha 3HAYUTEIbHbBIC BO3MYILICHHUS TI0 TEMIIE-
paTtype BXomHOro napa. I1pu aToM ucnonb3oBaHue
IUISL YIIpeXAalolleid KOMIOEHCALMU TONOJHUTEb-
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HOTO KOHTYypa C OTpMIIATEJIbHOM OOpaTHON CBS-
3bl0 TIO3BOJISIET CUHTE3WPOBATh PETYJISTOD s
(bopMupoBaHUs  yHNpeXAAOIIEro BO3ACUCTBUS
MpU HEOMpeAeJeHHOCTU HEKOTOPbIX UX AUHAMMU-
YeCKMX CBOMCTB 00BbEKTa yIpaBieHUS.

[MpenyioxeHHasi cucteMa MOXET ObITh MpUMe-
HeHa K Pa3jIMYHBIM OOBbEKTaM C CyIIECTBEHHBIM
TPAHCIIOPTHBIM 3ara3IblBaHUEM JJis1 OpraHu3a-
LIMW YOpaBJEHUS 10 BO3MYILEHUIO.
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Abstract

This paper discusses the issue of adjusting the temperature of steam exiting a superheater in an environment that is af-
fected by perturbations due to the sudden and significant fluctuations in the inlet steam temperature. Using the superheater
at the Magnitogorsk Iron & Steel Works as an example, we highlight that a slow response to the aforementioned perturba-
tions in the systems that adjust for deviations leads to undesired rises and drops in the outlet steam temperature. We review
the current suggestions on adjusting the temperature of steam exiting a superheater and determine the main reasons behind
the drop in adjustment quality. These reasons are related to a significant lag and the variability of the control object’s fea-
tures, which make preemptive perturbation control difficult. In order to control such environments, we propose a system with
two degrees of freedom, which combines a proportional-integral controller and a fuzzy logic-based controller. In the system
that we are proposing, the changes in the controlled parameter (depending on the input value) are adjusted within the main
loop that has a standard controller and negative feedback, while the perturbations are removed by using a secondary loop,
which also has negative feedback, a fuzzy logic-based controller, and a simulation of the object without the component that
accounts for the lag. For situations when the information on the object’s features is precise, we describe the specifics of the
loops’ interaction, specifically in cases when the task processing loop does not respond to the perturbations in the inlet steam
temperature, thus allowing for setting up the loops’ controllers separately. In situations when the inlet steam temperature
is experiencing perturbations, the impact of the lag on adjustment quality only becomes evident when the trajectory of the
transition process shifts along the time scale by a lag value, which is completely in line with the Smith predictor principles.
The system is focused on synthesizing the fuzzy logic rules and refining the parameters of the simulation used for adjustment
purposes, based on the results of automated computer-aided control simulation. We propose a structural modification of
the control system that makes it possible to compensate for any residual control errors caused by the non-linear structure of
the fuzzy controller; this reduces the number of requirements for those set-up parameters where the value selection is based
on the needs of simulation modeling, which requires a lot of computing resources. We demonstrate the results of simulation
experiments that compare the efficiency of control using the system suggested and the efficiency of control using a system
with a standard controller only. The computer simulation was performed in the MATLAB Simulink environment. We reaf-

firm that a combined control system performs better when adjusting the steam temperature.
Keywords: superheater, automated control, steam temperature, fuzzy logic, control simulation

For citation:

Ryabchikov M. Yu., Ryabchikova E. S., Filippov S. A. A Fuzzy Logic-Based System for Controlling the Temperature of Steam Exiting
a Superheater for the Purpose of Preemptive Perturbation Compensation, Mekhatronika, Avtomatizatsiya, Upravlenie, 2021, vol. 22, no. 4,

pp. 181—190.
DOI: 10.17587/mau.22.181-190

References

1. Konkov D. I., Zakharkina S. V., Vlasenko O. M. System
of effective automatic control of the steam temperature at the out
of boiler, PNRPU Bulletin. Electrotechnics, Informational Technolo-
gies, Control Systems, 2017, no. 23, pp. 159—166 (in Russian).

2. Kuzishchina V. F., Ismatkhodzhaevb S. K. Controlling the
Superheated Steam Temperature during Buffer Consumption of
Gaseous Production Waste through Adjusting the Injection and
Flame Position, Thermal Engineering, 2020, vol. 67, pp. 43—51,
DOI: 10.1134/S0040601520010048

3. Nurtazin A. S. Development and modernization of an auto-
matic control system for the temperature of the superheated steam
boiler BKZ-420-140-5, Actual problems of our time, 2016, no. 4,
vol. 14, pp. 155—158 (in Russian).

4. Zhuravlev A. A., Shit M. L., Poponova O. B., Shit B. M.,
Zubatyj A. L. Automatic control system for the temperature of the
superheated steam drum boiler, Regional energy problems, 2006,
no. 1, pp. 16—29 (in Russian).

5. Eremin E. L., Telichenko D. A., Chepak L. V. Discrete-
continuous system for adaptive control of the superheater tempera-
ture, Computer Science and Control Systems, 2004, no. 1, vol. 7, pp.
117—129 (in Russian).

6. Siddikov Isamidin Xakimovich, Bakhrieva Xurshida
Askarxodjaevna. Designs Neuro-Fuzzy Models in Control Prob-
lems of a Steam Heater, Universal Journal of Electrical and FElec-
tronic Engineering, 2019, vol. 6(5), pp. 359—365, DOI: 10.13189/
ujeee.2019.060506

7. Kulakov G. T., Harelyshava M. L. Investigation of relative
time constant influence of inertial part of superheater on quality of
steam temperature control behind boiler in broad band of loading
variations, Energetika. Proceedings of CIS higher education institutions
and power engineering associations, 2008, no. 5, pp. 53—60 (in Russian).

8. Karppanen E. Advanced control of an industrial circulating
fluidized bed boiler using fuzzy logic. Oulu: Oulun Yliopisto, 2000.

9. Vladyko A. G. Designing and studying the models of con-
trol systems for adjusting the boiler unit parameters, based on the
mathematical concepts of the fuzzy set theory, Diss. Cand. Tech.
Sci.: 05.13.18, Komsomolsk-on-Amur, 2000 (in Russian).

10. Liangyu Ma, Wenjie Liu, Tingting Chen, Qiangian Li.
Intelligent Compensation for the Set Values of PID Controllers to
Improve Boiler Superheated Steam Temperature Control, Proceed-
ings of the 39th Chinese Control Conference, 2020, pp. 5707—5712.

11. Xiao Wu, Jiong Shen, Yiguo Li, Kwang Y. Lee. Fuzzy Mod-
eling and Predictive Control of Power plant Steam Temperature
System, [FAC-PapersOnLine, 2015, vol. 48, no. 30, pp. 397—402.

12. Ryabchikov M. Yu., Ryabchikova E. S., Kokorin I. D.
System of Temperature Stabilization in a Heating Furnace Based
on Sliding Mode Control and Fuzzy Logic, Mekhatronika, Avto-
matizatsiya, Upravienie, 2020, vol. 21, no. 3, pp. 143—157, DOI:
10.17587/mau.21.143-157.

13. Meysam Gheisarnejad, Mohammad Hassan Khooban. Design
an optimal fuzzy fractional proportional integral derivative control-
ler with derivative filter for load frequency control in power systems,
Transactions of the Institute of Measurement and Control. 2019. P. 1—19.

14. Ryabchikov M. Yu., Parsunkin B. N., Andreev S. M.,
Polyko P. G., Logunova O. S., Ryabchikova E. S., Golovko N. A.
Maximal efficiency fuzzy logic based extremal control system, Vest-
nik of Nosov Magnitogorsk State Technical University, 2011, no. 4,
pp. 65—69 (in Russian).

15. Savin D. V., Drozdov V. G. Modern approach to systems
automatic control heating building, Tekhnicheskie nauki — ot teorii
k praktike, 2014, no. 30, pp. 51—56 (in Russian).

16. Hizhnyakov Yu. N. Fuzzy control of the heat-carrier tem-
perature, PNRPU Bulletin. Electrotechnics, Informational Technolo-
gies, Control Systems, 2016, no. 20, pp. 5—12 (in Russian).

17. Shtepa V. N., Prokopenya O. N., Kot R. E., Puha V. M. The
microprocessor control system of the dosing reagents based on the
fuzzy logic, Vestnik Brestskogo gosudarstvennogo tekhnicheskogo uni-
versiteta. Mashinostroenie, 2015, no. 4 (94), pp. 60—64 (in Russian).

190

MexaTpoHHKa, aBTOMaTH3aNusd, ynpasjaenne, Tom 22, Ne 4, 2021



VK 620.9: 658.011.56 DOI: 10.17587/mau.22.191-199
T. T. OMoOpoOB, 4n.-Kopp., A-p TEXH. HayK, Npod., 3aB. nab., omorovtt@mail.ru,
B. K. Takbip6aweB, kaHA. TEXH. HayK, CT. HAy4. coTp., b.takyrbashev@gmail.com,
T. Ox. Konbarapos, acnupaHT, koibagarov@bk.ru,
HauunoHanbHas akagemusi Hayk Keipreiackon Pecny6nvku, MIHCTUTYT MalWMHOBEOEHMS U aBTOMATMKM,
r. buwkek, Keipreidckas Pecnybnvka

YHpaBneHMe noTepAMMU INIEeKTPOIHEPIrnn B pacnpegernintesibHbIX ceTAaX
B COCTaBe aBTOMAaTU3NPOBAHHbLIX CUCTEM KOHTPOJIA U y4YeTa INeKTPOo3Heprmm

Paccmampueaemcs 3adaua ynpaeieHus NOMepamMu dAeKMPOIHEPUU 6 pachpedeiumenvhulx srekmpudeckux cemsax (POC),
DYHKYUOHUDYIOWUX 8 YCAOBUSAX HECUMMempuu mokKos u HanpsceHui. Kak uzeecmuo, hakmop nHecummempuu npueooum K 3Ha-
YUMeAbHbIM NOMEPAM AKMUBHOU MOWHOCMU, U, KAK ciedcmeue, CHUNCAemcs 3(P@PeKmugHocms U mMexXHUK0-3KOHOMUYecKue no-
kasameau POC. lleavio ynpasienus s16as1emcs MUHUMU3AYUS mexHu4eckux nomeps snepeuu 6 POC na ocnoge cozdanus cucmemol
aemomamuueckoeo ynpasaenus (CAY) npoueccom cummempuposanus mpex@asHoi cemu 6 cmpyKmype ag@moMamu3up0o8aHHbLX
cucmem KoHmpoas u yuema anexmposnepeuu (ACKYD). [locaeonue 6 nacmosujee 8pems WuUpoKo eHeOpamcs 045 agmomamusa-
yuu ungopmauyuorusvix npoyeccoe 6 POC. Odunako é cocmase ACKYD omcymemeyrom mexnonozuu, npeoHaznauenHvle 045 peueHus
paccmampugaemou npobaemol. Ilpednazaemes memod nocmpoenus yugposoeo peeyiamopa CAY, ochoeHas QyHKUUS KOMOPO2o 3a-
KAruaemcs 6 N000epICaHuu a3nHbiX MoK08 Ha 6X00e cemu Ha 3a0aHHOM YPOGHe 8 pedcume peanbHo2o epemeHu. Konyenyus memo-
0a 0CHOBAHA Ha udee JHceaaemozo nepepacnpedeserus NOMoKo08 sneKmpodnepeuu mexucdy gasamu PIC nymem coomeememayoue2o
nepekaoyeHus 00HOasnbvix nompebdumenei (a60Henmos8) mak, 4mooOsvl 00eCneHuealcs MUHUMANbHbLU pa3opoc Pa3HblX MOK08 om
ux 3a0anH020 ypoeHs. /s docmudicenus yeau ynpagieHus nOCMpoeHsl Kpumepuaibhsie QYHKUUU, onpedeiaoujie KauecmaeHHble
nokazameau gyukyuonuposanus CAY. Pazpabomansi areopummsl GYHKUUOHUPOBAHUS UUPPOBO2O pe2yasimopa U (GopmMuposanus
ynpasagowux eo3zdelicmsaull Ha ob6sekm. Ilocaednue npedcmasasiom coboll yupposoii Koo, codepicawjuli OaHHble 0 KOOPOUHAMAx
CUEMUUK 08 dNeKMPO3Hep2UU AOOHEeHMO08 MpexpasHoll cemu, NOOAeICAUUX NePeKAOHeHUI0 Ha Opyeyio a3y.

Karoueevie caosa: mpexgasznas pacnpedeaumenvHas cemov, HeCUMMEMPUUHBLI DedlcUM, ynpasaenue nomepsamu 31eKmpo-

Hepeuu, YUGposol peeyaamop, a120pumm ynpaeienus

Bsenenue

B Hacrogiee Bpems B 1e1s1X aBTOMaTU3alluU 1
“HGOpMaTU3aL MK TPOLIECCOB B paclpeae/uTeb-
HBIX aJekTpudyeckKux ceTssx (POC) akTMBHO BHe-
IPSIIOTCSI HOBBIE LIU(POBBIC TEXHOJOIMU B BUIE
ABTOMAaTU3MPOBAHHBIX CUCTEM KOHTPOJISI U ydyeTa
anekTposHeprun (ACKYD) [1], koTopble SIBISIOT-
cs snemMeHTaMu TexHojoruu Smart Grid [2]. Ana-
Ju3 (QYHKIMOHAJIBHON CTPYKTYpPbI CYIIECTBYIO-
mux (rpamuuuoHHbIX) ACKYD nokasslBaeT, 4TO
OHHU, TJIABHBIM OOpa3oM, BHINOJHSIIOT (YHKIUU
U3MEPEHUI U KOMMEPYECKOIO ydyeTa »BJIEKTPO-
SHEPIUM U OTHOCSTCSA K Kj1accy MHOOPMaIlMOHHO-
U3MEPUTEJbHBIX CUCTEM, B COCTaBE KOTOPbIX HET
CPEACTB, MpeIHa3HAYEHHBIX AJsl PEIIeHUs IMpPo-
OneMbl cuMmMmeTpupoBaHus TpexdasHbix PHOC.
B 10 Xe Bpems OonbmmHcTBO POC HampsixkeHu-
eM 0,4 xB GyHKIMOHUPYIOT B YCIIOBUSIX HECHM-
METPUU TOKOB M HaMpsiKeHUi [3—35], uTto mpu-
BOIUT K HEONTUMAJIBHOCTU UX PEKUMOB paOOTHI.
HecummerpuuHnocts POC sBnsieTcs ciaencTBuem
pa30anaHCUPOBKM HArpy30K M HEPaBHOMEPHOTO
uX pacrpeneneHus 1o ¢aszam Tpexda3HON ceTH,
YTO SBJSICTCSI OMHUM M3 TJIaBHBIX ()aKTOPOB, IIPU-
BOOSIIMX K TMOBBIIIEHHBIM IOTEPSIM aKTUBHOM
MOILIHOCTY B CETU U Ha TpaHC(HOPMATOPHBIX MO~

cranuuax (TII) [6, 7]. [Ipu sToM yxymoinaeTcs Ka-
YeCTBO BJICKTPOIHEPrUH, a TaKKe YyBeIUYMBaeTCS
BEPOSITHOCTH BBIXOAA U3 CTPOSI OBITOBOI TEXHUKU
1 NPOMBILIJIEHHBIX YCTaHOBOK [8]. JIs1 peimeHus
npobyseMbl cuMmeTpupoBaHuss POC mpeaioxeH
psan TexHosioruit [9—12], KoTopble He HAIIIW IIU-
POKOTo IMpPaKTUYeCKOro TNPUMEHEHUS H3-3a X
CJIOXKHOCTM M HEJOCTaTOUYHON 3>((EeKTUBHOCTH.
B pabotax [13—15] npenioxeH OgUH U3 BO3MOX-
HBIX TTOAXOA0B K €€ PEIIeHNI0 Ha OCHOBE CO3/IaHU s
HUGPOBOIl CUCTEMbl aBTOMaTUUYECKOro yMpasJe-
Hus (CAY) mpoueccoM CUMMETpPUPOBAHUS CETHU
B cocTaBe KoHUeHTpaTopa gaHHbIX (KI) ACKYD.
Kak m3BectHO, B TpamumnuoHHbIXx ACKYD KIJI,
B OCHOBHOM, peaiM3yI0T QYHKIUIO COOpa JaHHBIX
C TPYMIIbI CUETYMKOB 3JCKTPOIHEPrUuM, YCTAHOB-
JICHHBIX Y aDOHEHTOB CETH, a TaKKe BBITIOJHSIOT
BBIUMCJIUTEIbHBIE OINEpalluu, CBI3aHHBIE C KOM-
MEpYECKUM yYeTOM 3JIeKTpodHepruu. PaccMarpu-
BacMbIil IIOAXOA MpeaycMmaTpuBaeT, 4yTo Ha KJI
BO3JIaraeTcs JOMOJHUTENbHAass QYHKIMS TUdpo-
BOrO ympaBJjieHUs, o0ecreynBaloliero Tpedyemoe
rnepepacripenesicHie II0TOKOB  3JIEKTPOIHEPTruu
Mexay ¢azaMu ceTH MyTeM IepeKII0YeHUsT OJHO-
(ha3HBIX Harpy3ok c 0Oojee HarpykXeHHoOH a3bl
Ha MeHee HarpyxkeHHy1o. [Ipu 3Tom HeobOxonumo,
YTOOBI CYETUMKU DJIEKTPOIHEPIUU B CBOEM COCTa-
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Be MMean KoMMyTaTtopbl (a3HbiXx TokoB (KDT).
Cosnanue takux KOT gpnsgercs peajabHOR 3ama-
yeid, TaK Kak COBpeMeHHbIe OqHO(pa3HbIE U TPeX-
dasuble cuetumkm [16, 17] umelOT pene ¢ MOII-
HBIMM KOHTakTaMu 1m0 100 A, KOTOpbIE MOXKHO
WUCIIONb30BaTh ISl TIEPEKJIIOYEHUST 3JIEKTPOIpPU-
€MHUMKOB ¢ OmHOM (pa3bl Ha aApyryio [14, 15].

Ilenp0 MaHHOW pabOTHI SBISETCS pPa3BUTHE
YKa3aHHOTO TOAX0Aa AJIs pelleHus 3a1ad yrnpas-
JIeHU S TTOoTepsIMU 2J1eKTpodHepruu B POC.

ITocTanoBKa 3a/1a4um ynpaBJjieHUs

PaccMoTpuM Tpexdha3Hyo YeThIPEXITPOBOAHYIO
pacnpeaenuTeIbHYIO0 CeTh, K KOTOPOU MOAKJIIOYE-
HbI TUTaIoIas TpaHc(opMmaTopHas TMOACTaHIIUSI
(TIT) u rpynna u3 n CYETYMKOB DJIEKTPOIHEPIUU
{Cu,,}, yCTaHOBJIEHHBIX Y OAHO(A3HBIX NOTPEOU-
TeJieil. YCJIOBHAsl cxema IokKa3zaHa Ha puc. 1, rae
k, v.— WHJIEKCHBIE MEPEMEHHBIE, 0003HAYAKOLIIE
coOTBeTCTBeHHO HoMmepa pa3z A, B, C (k=13) n
Harpy3o0K (3JeKTpONprUEeMHNKOB) AOOHEHTOB CETHU
(v=Ln); I x — CHHYCOMIAJbHBIi MTHOBEHHBII
TOK Ha BXome k-it dasel, Z;, — obO3HaUYeHUE Ha-
Ipy3ku ¢ koopauHartout (v, k); I,,U, — MrHo-
BEHHBIE TOK M HalpPsKEHUE Ha Harpyske Z; J —
MTHOBEHHBIA TOK B HEUTPAJbHOM ITPOBOIE;
K®T,, — kommyTaTop a3HbIx TOKOB cueTynka Cu,y.

Hanee mMpUHUMAIOTCS CJEAYIOLIME TPEANoJio-
KEeHHUS:

1) TpexdaszHast ceTb (PyHKIUOHUPYET B YCIIO-
BUSIX HECUMMETPUU TOKOB U HATIPSI)KEHUI;

2) B cOCTaBe CYETYUKOB JIeKTpoaHepruu (Cu,,)
UMeEIOTCsl KOMMYTaTopsl pa3Hbix TokoB (KDT,,);

3) koHnueHtparop (KJI) B nuckpeTHble MOMEH-
Tl BpeMeHU f = f. (§ = 1, 2, ..) mepuoanmyeckn
ONpallvBaeT TOJOBHOW Tpex(asHblii CcUeTYnK
anekTposHeprun (Cu™) M psaAx cuyeTYMKOB abo-
HEHTOB, IOAKJIIOUYEeHHEIX K da3zam A, B, C u 3a-
nucbiBaeT B 6asy maHHbix ACKYD neiicTByloiiye
3HAYEeHUS TOKOB [; 1 [, MPOTEKAIOLIUX HA BXOAAX
POC u yepe3 Harpy3ku aOOHEHTOB CETH.

3ajgaya 3akJ04aeTcsl B CHUHTE3€ aJITOpUTMa
11u¢poBOro ymnpasjeHUsI MPOLIECCOM CUMMETpPH-
poBanusi POC, T.e. B onpeneaeHuu 3akoHa HyHK-
LIMOHVPOBaHMS LIU(PPOBOTO peryiasitopa, ¢hbopMu-
PYIOLIETO YINPABASIOIIMI CUTHAJI U HA OOBEKT.

Pemenue 3amaun yYnpaBJjaeHHUA

Pemrenuie copmynupoBaHHON BHILIE 3a7auyu
yIIpaBA€HMSI BKJIIOUAET CJEIYIOlMe OCHOBHBIC
STaMBbl;

1. BeiOop KpuTepust ONTUMU3ALMHT peXXnuMa pa-
6otel POC.

2. CuTyalilMOHHBIT aHaJIn3 00BbEeKTA.

3. ®opMupoBaHUEe KPUTEPHUATbHBIX GYHKIIMIA.

4. IMocTpoeHue aaropuTMa MUHUMU3ALUU KPH-
TepuaabHBIX (PYHKIIUA.

5. @opMUpOBaHKE YIIPABIIAIOLIEro CUTHANA Ha
O0BEKT.

6. OnpeneneHue CTPYKTYPHl LHUMDPOBOTO pery-
nsaropa CAY.

Buibop kpumepus onmumuzayuu pexcuma pado-
mot POC. Kak u3BecTHO [3, 18], ycioBueM cumme-
TPUYHOCTU Tpex(da3HOil YeThIpex-
MIPOBOOHON pacrpencauTeIbHON
CeTu SBISIETCSI OTCYTCTBME TOKa

B HyJeBOM IIpoBoae. B HecuMmme-
TPUYHOM peXuMe OeHCTBYIOLIee

3HAYCHUEC YKAa3aHHOIro TOKa MOXET

JOCTUTaThb 3HAYUTEJbHON BeJINYU-
HBI U3-3a pa3bajaHca ¢pa3HbIX TOKOB

I w0 (k= 1,3). TIpu 5TOM 4eM MeHb-
11Ie 3HaYeHUe ACMCTBYIONIEro TokKa J,
TE€M BbIllIE YPOBEHb CUMMETPUYHO-
CTU CETU U HUXE aKTUBHBIC MMOTEPU

MOILIHOCTA B Heil. CiemoBareibHO,
KadyecTBO M 3P (PEKTUBHOCTHL (PYHK-
nuoHupoBanuss POC MoxHO olie-
HUTH C TIOMOIIBIO CIEAYIOLICH 1iesie-

| 2

Puc 1. YcaoBuas cxema POC
Fig. 1. Conditional scheme of the distribution electric network

BOI1 (KpUTepHaJIbHON) (PYyHKLIUU:

E=1J. 1)
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TakuM oOGpa3zomM, MUHUMU3UPYST 3HAYEHUE T10-
KazaTensa KadecTBa £, MOXHO NOOWUTHCS ONTUMMU-
3allMy pexrma padoThl pacnpeaeuTebHON CEeTH.
s 3To Leau 1eaecoo0pa3HbIM SIBISETCS MO-
ctpoenue mugposoro peryasitopa CAY B cocrase
K. Ero ocHoBHasi (pyHKIIMS COCTOUT B ONpeaesie-
HUM KOOPAMHAT TaKMX HArpy3oK (3JIeKTpOrnpueM-
HUKOB), TIEPEKJIIOUEHN ST KOTOPBIX C OMHOM (ha3bl HA
JIpyrylo obecrieyrBaeT MMHUMHU3ALUIO KPUTEPHU-
anbHOl (pyHk1Mu E. B pesynbraTe Takoi mpouemy-
pbl (popMupyeTcs yrpasisioliee BO3AeHCTBUE U HA
TEXHOJOTUYECKNI OOBEKT, BKIIIOYAIOIIWMI TPYIITY
Harpy3ok {Z,,} aOOHEHTOB CETH, K KOTOPBIM MOJ-
KJIIOYEHBI CYETYMKU 2J1eKTposHepruu {Cu,,}. [1pu
3TOM CHUTHaJI yIpaBJIEHUsS U TIPEACTaBIsCT COOOM
KOMaHIHBIN TUDPOBOI KO, KOTOPBII (hOPMUPYET-
Cs1 HA OCHOBE BEKTOPOB ® = [@;, D,] u B, rie D), D, —
HoMepa (HamMeHOBaHMUsI) Taphl (a3, B KOTOPhIX He-
00XOAMMO OCYIIIECTBUTD NepeKIioueHe aDOHEHTOB
ceTu ¢ Oosiee HarpyxeHHou (asbl (O;) Ha MeHee
HAarpyXeHHy1o (D,); B — BEKTOp, COCTaBJIEHHBI U3
aapecoB (HOMEpPOB) aOOHEHTOB (ha3bl @, MOJJIEXKA-
LIMUX TIEPEKTIOYCHUI0. DTOT YIPABISIOIIMNA CUTHAT
U TIO KaHaJly CBSI3M TepenaeTcss COOTBETCTBYIOIIUM
A0OHEHTCKMM CYETUYMKaM BJIEKTPOIHEPTMU, KOTO-
pbie B CBOEM COCTaBE MMEIOT KOMMYTATOPhI (ha3HbIX
ToKoB (K®PT), mpenHazHaueHHBIC TSI OCYIIECTBIIC-
HUS TpeOyeMbIX MEPEeKITIOYeHN T Harpy3oK ¢ OIHOM
dasel Ha npyryio. KOT g9BisioTcs MCIOITHUTEIb-
HBEIMHM OpraHaMM B CHCTeMe yIipaBjieHud [14, 15].

CumyayuoHnHublil anaaus obsexma. AHaIN3 TIOKa-
3bIBAET, YTO MCIIOJIb30BAHUE MATeMAaTU4YeCKOW MO-
neau POC [5, 14] mns onTUMHU3alMU €€ PeKMMOB
paboThl HA OCHOBE KOMIIJIEKCHOTO IMPEACTaBACHUS
WX TMEepPEeMEHHBIX MPUBOAWUT K YCJIOXHEHUWIO IIPO-
LHeAypbl peieHus: chopMyaMpOBaHHON BbIlIEe 3a-
nadu. B cBsi3u ¢ aTUM 1S yIIPOILEH S ee peleHus
11eJ1ecO00pa3HbIM SIBISIETCSI UCITONb-
30BaHUE TOJBKO M3MEPUTEIbHBIX
JAHHBIX O JEHUCTBYIOIIMX 3HAYEHUSIX
TOKOB [, 1 [, MPOTEKAIOLINX Ha BXO-
nax POC m yepe3 Harpy3ku abOHEH-
ToB cetu. [Ipu 3TOM OTmagaeT HeoO-
XOMMMOCTb MACHTU(UKALIMY MOJAETU
oobekTa. Temepp BBemeM B paccMo-

Iy= 0 + L, + I)/3. (3
OTMeTHUM, YTO BEJIMYMHBI €, ONIPEAECTSIEMBbIE BbI-
paxeHueM (2), O CYIIECTBY IIPEACTABISIOT COOOI
OIIMOKM YIIpaBJICHUSI, KOTOPBIE B IIPOIECCe YIpaB-
JIEHUSI OJKHBI CTPEeMUThCS K Hymo. Ilpu sTom
JEWCTBYIOLE TOKU [;, MPOTEKAIOIINE B FOJIOBHBIX
y4JacTKax CeTH, OIpeAeIIsIIoTcs 1o popMyiam

[k :Io+ek,k:1,_3.

Otcrona BUAHO, 4TO 1pu ¢, — 0 dasHble TOKU

I, - I, 4TO MPUBOAUT K MUHUMU3ALUU IEHCTBY-

IOIIETO TOKa J, MPOTEeKaloIIero B TOJIOBHOM y4acT-

K€ HYJIEBOIO MpoBoaa Tpexda3Hou cetu. Takum

0o0pa3oM, 3ajaya ONTHMMU3ALUMKU pEeXKMMa pabOTHI

pacIpeneTuTeIbHOI CeTH B KaXXJIOM WMHTepBaJie

[#:, . + 1] cBOmMTCS K MMHMMM3ALMU OLIMOOK

yIpaBJieHUs (HEBS3OK) ¢, rae k =1,3.

[To pe3ynbraTamM BbIUMCIEHUS HEBSI30K €, MOX-

HO BBIJCJIUTH CJICIYIOIINE CIyUYan:

e Cumyayus 1. OnuH 13 KOMIIOHEHTOB BEeKTOpa
OIIMOKM YMpaBJIEHUSI MMEeT TIOJIOXUTEIbHOE
3HaueHue e = [e|, e,, e3], a Apyroit — orpu-
LateJbHOe, TPEeTUi — paBeH Hymo. Hampu-
mep, e; > 0, e, < 0, e3 = 0, yTO MOKa3aHO Ha
puc. 2, a. B manHoM cirydae mieperpyxeHa daza A,
cJIemoBaTelIbHO, HEOOXOMMMO TIEPEKIIOUUTh €€
a0OHEHTOB Ha a3y B, 4To B JajbHENHIIIeM 000-
3HauuM A - B (®; = A, ®, = B). [lpu 3Ttom
daza C moixHa COXpaHSITh IIPeXHEe COCTOSI-
HUe, TaK Kak e; = 0.

e Cumyayus 2. ]IBe KOMIIOHEHTHI BEKTOpa HEBSI3-
KU e TIOJIOKUTEIbHBI, a TPEThsI MMeeT OTpHuIla-
TeapHOEe 3HaueHue. Hampumep, e; > 0, e, > 0,
e; < 0 (puc. 2, 0).

a) b) c)

oy

TPpEHUE CJIICAYIOIINE Pa3HOCTU:

e, =1, -1y, k=13, Q)

rae [, — neicTByiollee 3HAYCHUE
Toka [,; [, — cpenHee 3HaueHUE
TOKOB Ha Bxojax a3z, onpeaeasieMoe
dopmynoit

___________________________.‘
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Puc.2. UnmocTpanus BO3MOXKHBIX BADUAHTOB OIIHOOK peryjiupoBaHus
Fig. 2. Illustration of possible control errors
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B nanHoMm ciydae meperpyxeHbl ¢assl A U B,
cliefoBaTeIbHO, HEOOXOAMMO OCYILECTBUTH Iepe-
kntouenue Buga A - Cu B — C.

e Cumyayus 3. On¥H U3 BJIEMEHTOB BeKTOpa e
MOJIOXKUTEJIEH, a OCTaJbHbIE OTPUIIATECIbHBI.
Hanpuwmep, e; > 0, e, < 0, e3 < 0 (puc. 2, ).
B sTOM ciiyyae HeoOXOAMMO IIPOBECTHU IIepe-
KiaoueHue suga A - Bu A — C.

Takum obpa3om, 1Ig UAEHTUPUKAIIUUN Tpeoye-
MBIX nepekmodeHuin ¢az POC HeoOXommmo BHI-
MOJIHUTh CUTYallMOHHBIN aHAJIM3 3HAKOB BEIUYUH
e,, k =1,3. TIpu 3ToM ¢ (a3, UMEIOUINX TOTOKHU-
TEJIbHBIE 3HAYEHMSI OUIMOOK €, HEOOXOAMMO psiJL
norpeduTeseil nepekyaoyaTbh Ha (as3bl, UMEIOLINE
OTpULIATEIbHBIE 3HAKW OIIMOOK YITPaBJICHUS.

B pe3ynbTaTe CUTYallMOHHBIM aHAJINU3 O00BEK-
Ta NpeAyCMaTpUBAET BBIMOJHEHHE CIEAYIOIIMX
oIepanuii:

1. Onpoc roJioBHOro Tpexda3HOro cyeTyruKa
ayieKTpo3Hepruun (C4) U 3agaHHOro Habopa cyeT-
YUKOB, YCTAHOBJICHHHBIX Y A0OHEHTOB CETH, IIOMI-
KJIIOUYeHHBIX K ¢a3am A, B, C, u 3anuch ux gaH-
HbIx B 610K mamsatu (BIT) KJI ACKYO3.

2. ®opmuposanue Bektopa I = [1,, I,, I;], co-
CTOSIIETO M3 ACUCTBYIOIIMX 3HAYCHUIW TOKOB Ha
Bxomax a3 A, B, C.

3. BeluncieHue CpeaHero JeMCTBYIOIIErO 3Ha-
yeHusd ToKa [, Ha Bxoxe TpexdasHoi ceTu, orpe-
nensiemoro opmyioi (3).

4. OnpenenaeHue 3HAYEHUI U 3HAKOB KOMITOHEH-
TOB BEKTOpA OLLIMOOK YIIpaBJIEHUS e = [e;, e,, €3] Mo
dopmynam (2).

5. Ha ocHoBe aHalm3a 3HAaKOB KOMIIOHEHTOB
BEKTOpa OLIMOOK YIIPABJICHUS e = ey, €,, €3] NIeH-
TUDUKALUS CTPYKTYpPbl MeX(da3HbIX MepeKoye-
HUW, ONPENEsIeMO BEKTOpoM @ = [D, D,].

QDopmuposanue  KpumepuasbHuiX  QYHKUUILL.
B nmensgx maeHTMPUKAIMKU KOOPAMHAT HArpy30K
MepeKkaoYaeMblX abOHEHTOB CETH HEOO0XOAUMO
BBIIIOJIHATHh COOTBETCTBYIOIIYIO (hOopMaIn3alinio
3aJa4yu yrnpaBjaeHMs. s 3Toll Liea1r BHaYajle Mc-
XOIHbIE JaHHbIE 3a4a4M, IIOJYUEHHBIE CO CUETUYU-
KOB a0OHEHTOB COOTBETCTBYIOLIUX (a3, mpencra-
BUM B BUJIE CJIEAYIOLINX BEKTOPOB:

I =18, 1,
1P =11P,17,. 1],

1€ =15, IS,

da KOOpAMHAThI UX 3JIEMECHTOB 3aaaAM BEKTOpaMuU

B =IB{,B3,- . B 1,
B2 =IBF.B3,- B,
B

€ =IB7,BS,... By, ],

rae ny, Hy, N3 — YKUCIO AEUCTBYIOIIUX TOKOB I,
CHSITBIX CO CUETUYMKOB 3JICKTPOSHEPTrUU abOHEH-
TOB, TTOAKJIIOYEHHBIX K COOTBETCTBYIOIINM (hazam
A, B, C.

COBOKYITHOCTb 3JIEMEHTOB yKa3aHHBIX BEKTO-
POB COCTaBJISIIOT COOTBETCTBEHHO MHOXecTBa (4,

QB9 QC:

O = n O = U s O = I -

HeTpynHo moka3arbh, 4TO HayaJlbHOE COCTOSI-
HUe o0beKTa IO KOMIIOHEHTAM BEKTOpa OIIMOKM
yIpaBlieHUs e = [e|, e,, €3] YIOBJIETBOPSET CIeny-
I011[EMY YCJIOBUIO:

e te +e3=0. (@)

Tenepp 0e3 moTepu OOIIHOCTU PACCMOTPUM
cllydyail, COOTBETCTBYIOILIMI cUTyauuu 1 Ha 00b-
ekTe. CHUHTE3UpPYEeMBbIil peryasiTop B paccMaTpu-
BaeMOM CJIydae J0JKeH OTpadaThiBaTh HAYaJIbHOE
paccorjiacoBaHue pT, KOTOpOE OompeaeisieTcs U3
yciaoBus (4). Tak Kak B COOTBETCTBUM C CUTYyallU-
OHHBIM aHaJIMU30M ownoka e; = 0, yciosue (4) 3a-
MUIleTcs B BUIE

e; = leyl.

Otciona monyyaem, 4T0 p; = |e,|. Termepp 06-
pa3yeM IOIMHOXECTBO ¢, COCTOSILIEe U3 HEKO-
TOpOro Habopa >5JeMEHTOB MHoxecTBa (4, T.e.
q; € Q4. B yacTHOCTH, g; MOXET COCTOSIT TOJIBKO
13 onHoro sjeMeHTa. O603HaYMM R; MOAMHOXe-
CTBO, COCTOSIIIee U3 UHACKCOB (HOMEPOB) KOMIIO-
HEHTOB BEKTOpa BA:RI =1L, 2, ..., n}.

Tenepb BBeaeM cienyouyo GyHKINIO:

Fi(q) :‘51(91)—97

; ©)

rae S(q;) — nuckpeTHas GyHKUMS, ONpeaesie-
Masi CyMMOW 3JIEMEHTOB MOJMHOXECTBA ¢:

Si(q) = Y I

leRy

194

MexaTpoHHKa, aBTOMaTu3anus, ynpasienune, Tom 22, Ne 4, 2021



Oyukuuio Fi(g,), ompenensiemyio GhopMmynon
(5), MOXHO MCITOJIB30BaTh MIJISI KOCBEHHOI OILIEHKU
KpuTepuaibHON ¢GyHKUMU E, ornpenensieMoil BbI-
paxenuem (1). IIpu 9TOM MOmIyJIb OLINOKY |e,| BbI-
CTyIaeT B KauecTBe 0a30BOr0 3HAUYEHUSI, K KOTOPO-
MY HEOOXOIMMO CTPEMUTBCS TPU MEePeKII0UEeHUU
OoJiee HArpy>XKeHHbIX MOTpeOuUTeNel, MOAKIIOYeH-
HBIX K MepBoii daze (pase 4). AHaIM3 MOKa3bIBAET,
yto nipu Fi(q;) — 0 olunOKM ynpaBieHUs e, TaKXKe
CTPEeMSTCS K HYJIIO, T. €. ¢, —> 0, k = L,2.

Ilocmpoenue aseopumma MUHUMUIAUUU KpUume-
puanvubix @pyuxyuil. Takum obOpa3oM, B paccMa-
TPUBaEMOM cJjydae IS UACHTU(UKAIUU KOOp-
JMHAT Harpy3ok aboHeHTOB ¢da3bl 4 HeOoOXoAUMO
PeLIUTh CAEAYIONIYIO OKCTpeMalbHYIO 3a1a4y:

min F(¢) = F(4)), (6)

4104
rae qf — ONTUMAJbHBIN HaOOp ACHCTBYIOLIMX
3HAUEHUI TOKOB Harpy3ok ¢asbsl 4 (k = 1), KoTo-
pble HEOOXOMMMO TEePEKIIOUnTh Ha da3y B. Haii-
JEHHBII TakuM oO0pa3oM Habop ql* COAEPXKHUT
MOJIHYI0 MHOPMAIIMIO 0 KOOpAMHATAaX HAarpy3okK,
MojJIexXallX NepeKkITI0YeHnIO.

3agaya MUHUMU3AUK (6) ©MeeT TUCKPEeTHBIN
XapakTep, €€ MOXHO pelIuTbh METOA0M Iepedbopa
BapMaHTOB, UTO MPUBOAUT K TPYAOEMKUM BbIYMC-
JUTEJIbHBIM OMepalusiM M HeI0CTaTOUYHOU 3¢-
(exTuBHOCTU MpoLeAypbl GOPMUPOBAHUS YIIPAB-
JISIIOIIMX BO3ACHCTBUI HAa OOBEKT. AHAIM3 TTOKa-
3bIBAET, UTO AJISI MOCTpPOeHUS 0OoJjiee MPOCTOM M
5 PEeKTUBHON CXEMBI PEIIEHUS 3KCTPEMaJbHOU
3amauu (6) uesiecoodbpa3Ho npeodpa3oBaTh UCXO-
HblEe JaHHBIE 3aAa4u U (QOPMUPOBATH KPUTEPU-
aJbHble QYHKIMM TaK, YTOOBI B MpoOlEecce ee pe-
LIeHWs1 OOeCIeYynTh IeJeHaIlpaBIeHHOe IBUXe-
HHE B HAMpaBJeHUM K ONTUMYMY IO aHAJOTUM
Cc rpaaueHTHbIM MeTomoM [19]. [Ias sToit nenu
Jajee MpeajiaraeTcsl COOTBETCTBYIOIAST BBIYMCIIH-
TeJbHasl Tpolieaypa. BHavyane BBIITOJTHUM Ipe-
BapuTeJIbHOE NMPeoOpa3oBaHNe UCXOAHBIX JaHHBIX
3aJ1a4M, MPEACTABICHHBIX BEKTOPAMU TOKOB IA, %
u I¢. Takoe mpeoGpa3oBaHMEe COCTOMT B COPTH-
POBKe TOCJHeIHUX TAKUM 00pa3oM, YTOOBI pacHo-
JIOXKHUTb MX 3JIEMEHTBI 10 BO3paCTaHUIO. ng 9TOM

¢dopmupytorca HoBble Bektopel I , [ wu [
MMEIOLIME T€ XE€ Pa3MEePHOCTHU, UYTO U UCXOAHBIE:

~A ~A ~A ~A
1 :[11,12, ..,1”1]7
~B ~B AB ~B
I :[11,12, ")1”2]’
~C ~C ~C ~C
:[11,12, ..,I}’l3]5

rac

~A ~A ~B ~B A~C ~C
Iva<Ily,le1<Ileg, <1,

V::2,nb §::2,H2,K::2,ny

IIpn >ToM (popMUpPYIOTCSI HOBBIE KOOPAMHATHI
BJIEMEHTOB YKa3aHHBIX BEKTOPOB:

~A ~A ~A ~A
B :[Blaﬁla'“’BnJa
~B ~B ~B ~B
B :[B]JBZJ‘”)BnJ)

AC  AC AC AC
B :[615325~H5Bnﬂ'

IIpocToii aHanu3 mokasbIBaeT, 4yTo IJas (op-
MupoBaHusl GyHKUMIA Fi(q;) B 3aBUCUMOCTU OT

CUTyallUM Ha 00BeKTe OoJiee Ieaecoo0pa3HbIM
SIBJISIETCS MCTIONb3OBAHNE KOMIOHEHTOB HOBBIX

BekTopoB I , I wu I . Terepb pacCMOTPUM Cly-
yuit, Korga Ha o0beKTe HabirogaeTcs cuTyauus 1,
u HeBsA3KM e; > 0, e; < 0, e; = 0. IIpu aTOM KpU-
TepuanbHylo QyHKUM0 Fi(q,) HeoOXonMMO 3ana-
BaTh B BUIE

roaA
Fn(q1)=F1(r)=llel, (7)
Iae r — HEeKOTopoe liejoe yucio (r = 1).
B pesynbrare 3amaua (6) 3amuileTcs B BUIE
min F(r) = F(r). ®)
reR

Takxum o6pa3zoM, ucxomHas MpooOIEeMa CBOTUT-
Csl K OIIpelNeIeHUIO TaKOro LIeJOro yucia r = r*
IpY KOTOPOM JOCTUIraeTCsl ONTUMYM KpUTepua-
Hoii pyHKuMM Fi(q).

B pesynbraTe pemeHus 3amauu (8) HIOEHTU-
dunupyercs BekTop P*, cocTosdluil M3 ampe-
COB Harpy3oK aO0OHEHTOB (a3bl A, Toaiexalnx
nepekjoueHno Ha ¢da3ly B. HalimeHHBITT TakuMm
myTeM BeKTop P* ABNAETCA yciequHAoﬁ YaCThIO
VICXOHOTO BeKTopa f = [Bl,Bz,...,Bnl], T. €.
B’ =[B,B3,..-»B,*]. IIpm 3TOM HMCKOMBIN BEKTOp
yIIpaBAeHUS u* MUMeeT CICAYIOIINi BUI:

w* =[A, B,p*] = 1,2, By, Bas -..r Bl

M3noxeHHYI0 BBHIILIE CXEMY pPELICHUS 3aldadyu
yIIpaBJI€HMUSI MOXHO HCIIOJb30BaTh U IJI1 CAydYa-
eB, Korma (YHKIMOHMPOBAaHUE OOBEKTa Xapak-
TepusyeTcsl cutyaumein 2 u cutyauuein 3. Pac-
CMOTPUM OCOOCHHOCTHU IIOCTPOCHUS aJITOPUTMOB
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(pyHKkuMoOHUpOBaHUS LIUGPOBOrO peryasaTopa AJis
3TUX CJIy4YaeB.

[Iycte B 0OBEKTE yIpaBICHUS HaOIIOMAETCS
cutyanus 2. be3 morepm OOIIHOCTH IIPEAIIONIO-
KMM, 4YTO OlIMOKM yrnpasieHus e; > 0, e, > 0 u
e; < 0. IIpu sTOM ycnoBue (4) 3anuiueTcs B BUAE

e+ e = les.

B 3TOM cirydae HEOOXOOAMMO OCYILECTBUTH IBa
nepekawodeHus suga A - Cu B —» C. CienoBa-
TeJibHO, U3 0a3bl JaHHbIX ACKYD Oynem ¢dopmu-
pOBaTh JiBa BEKTOpPA MCXOAHBIX JaHHBIX:

A 1A A1 1B
=15, Iy ]

=181, 1),

1 ABa BEKTOpPA OJId UX KOOpAWHAT:

A A A A B B B B
B :[BlsBZ’---JBmllaﬁ :[B15B2a---JBm2]>
rae my, m, — PAa3MEPHOCTU COOTBETCTBYIOLIUX
BEKTOPOB.

Hanee oCyIlIeCTBISIETCS COPTUPOBKA BJIEMEHTOB
BEKTOPOB M u I® ananornuHo npeﬂbmymel\/g[y cn;g—

yalo, T. €. POPMUPYIOTCS HOBbIE BEKTOpLl I U I,
3JIEMEHTHI KOTOPBIX PacIOJIOXEHbl B BO3pacTaio-
1IEM TOpsSIaKe:

~A

~A A4 ~B ~B ~B
=U1,12,...;,0m], =[U1,12,...,1m].

Tenepb, Kak U paHee, BBOIASITCS ITOAMHOXECTBa
Ry Ry 011 MHIEKCOB BEKTOPOB BA " ﬁB COOTBET-
CTBEHHO, T. €. R, = {1, 2, .., m;} mu Ry = {1, 2, ..., m,}.

B COOTBETCTBUMM C YCJIOBUEM (4) ypoBHHU pac-
COTJIacCOBaHU p2 " p3 JIJIsl TOKOB IepeKJjryac-
MBIX a3 A 1 B 3amaguM ClIenylolM o0pa3oMm:

* *
Py = €1, p3 = €.

Tereps B LIeIsSIX HAXOXICHUSI MCKOMBIX KOOpP-
IWHAT Harpy3oK a0OHEHTOB CETHM HEOOXOOMMO
OCYIIIECTBUTH ABa BUIa nepekiaodeHuii: A - Cu
B — C. Ilpu aToM QOpMUPYIOTCS CIEAYIONINE ABE
KpuTepraabHble QYHKIINN:

Fy(@y) =|S2(a2) - p3),

(q5) = ‘53(613) - Pz‘,

TaAC ¢q,, 43 — HO,I[MHO)KECTB&BCOCT&BJ’ICHHBIC ns3

3JIEMEHTOB BEKTOPOB / U [ COOTBETCTBEHHO,
T. €. ¢, € Qy, g3 € Qp. [lpu 3TOM DyHKLIMU S,(q,)

n 83(¢3) OMPENeSIOTCS, ¢ MCIONTB3OBAHUEM KOM-
nouneumoe BeKTOpoB I u I aHAJOTMYHO TIpe-
IBIAYIIEMYy ciaydato (cutyauus 1) mo cxeme ¢op-
MyJsl (7):

LNy
S55(q) = 8§,(\) = [;11 s
0 .5
S3(q3) =850)=> 1.

<
Il
—_

Hanee a1 OTHICKAHWS MCKOMBIX KOOPIMHAT
Harpy3ok, MOAKJIIYeHHEIX K ¢azaM A u B, pelia-
IOTCS IB€ DKCTPEeMaJibHbIE 3a0auM:

gg6m=&@m ©)
gga®=ﬂw1 (10)

rme A* u 0¥ — onTUMaJIbHOE YUCIO ASHCTBYIOIINX
TOKOB Harpy3ok aboHeHTOB (a3 A m B cooTBeT-
CTBEHHO.

Hns pemenus 3amad (9) u (10) mcnonb3yercs
MU3JIOKEHHBIMA BBILIE AJTOPUTM MUHMMU3ALNU
KkputepuaibHoil dyHkuuu Fi(g,). Tak Kak B pac-
MaTpHBaeMOM CJIy4yae HeOOXOAUMO OCYILUECTBIISTh
nBa Buga mepekioueHns 4 - Cu B —» C, 10
B pe3yabraTe pemeHus 3amad (9) u (10) moayyaem
BEKTOp YNpaBJeHUs u* = [u;, u,],
rae

u, =[A,C,B11, u, =B, C, B5l,

«  AA ~A ~A « AB B ~B
Bl = [Bl ) BZ: [EED) Bk*]a B2 = [B] ) B29 cees Be*]-

B cinyuae, kornga Ha oObeKTe HaOIIOIAETCS CU-

Tyauus 3 v, Hanpumep, ownOku e; > 0, e, < 0,

e; < 0, ycinoBue (4) npuHUMAET BUL
1 = leal + lesl.

I[Ipy 3TOM HEOOXOAMMO OCYILIECTBUTH IIepe-
kmoueHust sBuga A - Bu A — C. CnenoBareiabHO,
13 MHoXecTBa O, GOpMUPYIOTCS 1BA BEKTOpA:

A 1A A1 FA _[FA 7A 7 A

=00, L LT = I, ],
a TaKXe BEeKTOPHI BA u BA COOTBETCTBEHHO IS UX
koopauHat. [Ipu 3TOM BEKTOpBI Mu I gonxHbl
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O0BbeKT ynpaBJieHHs

Puc.3. Crpykrypa uudposoii CAY
Fig. 3. Structure of the digital automatic control system

MMETh pa3InYHBIe KOMIIOHEHTHI. M3 KOMITOHEH-
TOB 3TUX BEKTOPOB COCTaBJISIIOTCS MHOXecTBa Q)
n O, COOTBETCTBEHHO, KOTODPbIE TIPU 3TOM HE
nepecekatorcs. Janee popMupyeM MogMHOXECTBA
gy € 04 1 gs eQA.Ha OCHOBE BTHUX HCXOIHBIX
JaHHBIX OJISI OIIpeAeeHUsT MCKOMOTO BeKTopa
VIIpaBJeHUS U WCHOJb3YeTCsl M3JI0XEHHasl BBILIE
BBIYMCIUTENbHAS cxeMma. BHauane myrtem copTu-
POBKU KOMITOHECHTOB BeK’”ngOBVIA u I dbopmu-
pytotcst HoBble BekTopsl I u I7, anemeHTHI KO-
TOPBIX pacIiojiaraloTcd B MOPSIKE BO3pacTaHUS.
Hanee ompenenstoTcsa KpuTepualbHbie (yHK-

unu Fy(qy) u Fs(gs):

3

Fy(q4) = ‘S4(Q4) - PZ

, F5(q5) = ‘SS(QS) - p;

e py=le)| mops=les|, a dynkuunm Sy(gy) u
S5(g5) onpenessoTcs aHAJIOTMYHO MPEAbIAYLIUM
cayvasm. Kak v npeablaymnx caydasx, MCKOMBIN
BEKTOpP YMpaBJICHUS U OMNpPEesieTCs Ha OCHOBE
MUHUMU3ALUU KpUTepUadbHbIX QYHKUUN Fy(q,)
u F5(gs). Illpy 3TOM MCNONAB3YETCS AJITOPUTM pe-
LIeHUM ST BKCTpeMaabHOU 3amgadu (8).

g TOro 4ro0bl OrpaHUYUTh (MUHUMM3UPO-
BaTh) YMCJIO IIEPEKJIIOUCHUM 3JIeKTPONpPUEMHMU-
KOB, lIeJIecOO0Opa3HO BBECTU HEKOTOPOE YCJIOBHE,
KOTOpOe oIlpenesisieT TpedyeMblii pexkuM paboTh
PBC. B yacTHOCTH, MOXHO CYUTATh, YTO TPeOYy-
€MBbIi YpOBEHb CHUMMETPUYHOCTH (KBa3UOIITH-
MaJIbHOCTH) Tpexda3Hoi CEeTH AOCTUTAETCS, €CIU
BBITNIOJIHSETCS CIEAYIOlIee YCIOBUE:

3
> lex () <8,
k=1

rae & — TOJIOXKUTEIbHOE YUCIIO, ONPENEIAIoNIee
MaKCUMAaJbHO NOMYCTUMBIA YPOBEHb CYyMMapHOW
OLIMOKM yTIpaBJIEHNSI B MOMEHT BpEMEHU { = Iy.

[ [
| |
i Iudposoii peryisTop (narpy3skn norpebureneit) i
e e e 0 [
| I |
! D B* : u* qu"mnvl(u 1oTpe- IA, B !
) L 1 | 6ureneit {CUvE} | '\
| MCA || MIO [ M@ [ssp] Sirerett (CHVE} oy ;
! : {KDTvk} Ic !
l ITmTTmmmmmmmmmomoommees l
[ [
[ |
[ [
| |

Onpedenenue cmpyKmypuol yugpoeoeo peeyiamo-
pa. TlonydyeHHbIe pe3yabTaThl IO3BOJISIIOT OIpEe-
JIUTh O0OOIIEHHYIO CTPYKTYPY CUCTEMBI yIIpaBJe-
HUS npoleccoM cuMmMeTpupoBaHust POC, kotopas
rokasaHa Ha puc. 3, Ilie KOMIIOHEHThl BEKTOPOB 1,
VA I€ ¢ 6obLIOl YacTOTON U3MEPSIOTCS TOJIOB-
HBIM CUETYUKOM BJIEKTPO3HEPIUU (CqTH) U TpyIl-
noit cyeTyukoB {C4,}, yCTAHOBJIIEHHBbIX Y aOOHEH-
TOB Tpex(a3Hoil ceTH, W IMOAAIOTCSI Ha BXOJ LuU(-
poBoro peryastopa. Ero crpykTypa BKJOUYaeT
MporpaMMHBIE MOIYJIM CUTYallMOHHOIO aHaau3a
oobekTa (MCA), undponoit ontumuzauuu (MILO)
1 GOpMUPOBAHUS BeKTOpa yrpasiieHus u* (MOY).
MCA sBkmouaetr 0mok mamsatu (bIl), B kKoTopom
XpaHTCSI KOMITIOHEHTHI BEKTOPOB 1, IA, i I€. Oc-
HOBHasl (PYHKIIMS JaHHOTO MOIYJSI — 3TO UICHTH-
duKaus CTPYKTYPHhl Mexk(a3HbIX TTEPEeKITIOUESHUH,
ornpezaenaeMoil Bektropom O = [®;, ®,] Ha OCHOBE
aHaJiu3a 3HAKOB KOMIIOHEHTOB BEKTOpa OILIMOKU
yIpaBiieHUs e = [e;, e,, e3]. MLIO oGecneunBaer
BBIIIOJITHEHUE CJICOYIOIIMX OCHOBHBIX (DYHKIIWIA:
(bopmupoBaHue KpUTEPUAIbHBIX GyHKUMI
F,(q,),v= 1,5; pelleHMe SKCTpeMAajbHBIX 3amad
(8), (9) u (10). PopmupoBaHUE BEKTOpa yIIpaBie-
HUS u* opraHU3alus ero rmepeaadyr Ha 00BbEKT OCy-
mecTBiaseTca B MOY.

Yopapasiomuii cMrHajl u* mepegaeTcs Mo Ka-
HajaM CBSI3M Ha COOTBETCTBYIOIIME CUCTYMKU
BJICKTPOIHEPTUU, UACHTUGUIIMPOBAHHBIE B OJIOKE
MIIO, u yepe3 nx KOT peanusyiorcs HeoOXomu-
MbI€ OIlepallMy MEepPeKJIOUEeHUs] Harpy30K abOHEH-
ToB TpexdasHoii cetu. IIpu 3TOM Mo cyiiecTBy Oy-
JeT obecrneYynBaThCsl KBa3MONTUMAIbLHOCTD peXXrma
pabotel POC. TlocTpoeHHy10 TakKuM 00pa3oM Lud-
poByto CAY MOXHO paccMaTpuBaThb KakK CUCTEMY
¢ TIepeMeHHOI cTpyKTypoi [20], TaK KaK IIpu 3TOM
OyzeT obecrnieunBaThes aganTauus Tpexgas3Hoi pac-
MpeIceTy K YCIOBHUSIM, KOTOpPBIE BO3HMKAIOT IIPHU
HEKOHTPOJIMPYEMBIX CIy4YallHbIX M3MCHEHUSIX €¢
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HArpy30K IyTeM aBTOMAaTHUYEeCKOM CaMOHACTPONMKU
€€ CTPYKTYphI B PeKMME peajlbHOro BpeMeHM. Tex-
HUYecKass M IIporpaMMHasl peajn3alus CUHTE3M-
POBaHHOIO IU(MPOBOTO PEryasITOpa OCYIIECTBISCT-
C Ha OCHOBE MUKPOIIPOLECCOPHOrO KOHTPOJIIepa
B cocTaBe KOHLeHTpaTtopa gaHHbIX ACKYD.

3akiaoyenue

BoabimmHcTBO Tpexdazubix POC u3-3a paszda-
JJAHCUPOBKM HArpy30K U HEpaBHOMEPHOTO X pac-
npenejieHus mo dazaMm GyHKIMOHUPYIOT B YCIIO-
BUSIX HECUMMETPUU TOKOB M HampsikeHuil. Pax-
TOp HECUMMETPMU MPUBOAUT K TMOBBIIIEHHBIM
MOTEPSIM aKTMBHOM MOILIHOCTH B CETAX U TpaHC-
(popMaTOpHBIX IOACTAHLIMAX, YTO 3HAUUTEILHO
CHUXXAeT TEeXHUKO-3KOHOMUYECKHME I10KAa3aTelu
pacrnpeneauTeNbHbIX KOMOaHUA. B To Xe Bpems
B coBpeMeHHBIXx ACKYD He pemiailoTcsl 3amauu
OITUMM3ALUU PEXKUMOB pabOThl paclpencereii,
CBSI3aHHBIC C YIpPaBJICHUEM TEXHUUYECKUX IOTEPh
BJICKTPOSHEPTUU U UX MUHUMMU3ALUCH.

[MpennaraoTcs MeToaMyYecKue M ajaropuTMU-
YyeCKHWe OCHOBHI ITOCTPOEHUST LUM(PPOBOI CHUCTEMBI
YIIpaBJCHUSI IpoleccoM cuMmeTpupoBanust POC
B cocraBe TpamunuoHHoit ACKYD. OcHoBHas
ujaes Ipu 3TOM COCTOUT B pacipenesieHU MTOTOKOB
BJIEKTPO3HEPTUU MEX Y (ha3aMM CETH ITyTEeM Tiepe-
KJIIOYeHMsI ee aDOHEHTOB C Harpy>KeHHoM (a3bl Ha
MeHee HarpyXxeHHyo ¢asy. [l olleHKU KadyecTBa
MPOLIECCOB YIPaBJIEHUS BBOASITCSI KPUTEpHAIbHbIC
byHKIIMU, XxapakTepusylouire MOTEPU 3JIEKTPO-
sHeprun B POC. TlpennoxeHbl BbBIUMCIUTEILHBIE
cxeMbl ux (popmupoBaHusi. CHUHTE3UPOBAHbBI aJr0-
pUTMBI (PYHKIIMOHUPOBAHUS LIUPPOBOTIO peryis-
TOpa CUCTEMbl YIpaBJIEHUSI, KOTOPHIE OCHOBAHBI
Ha CUTYallMOHHOM aHaJn3e 00beKTa U MUHUMU3a-
UK KpuTepuaabHbix QyHKIUM. [TonyyeHHbIe pe-
3yJBTAaThl Jal0T BO3MOXHOCTb COBEPIICHCTBOBATh
tpaguunoHnHeie ACKYD, oTHocsuecss K KJaccy
MHAOPMAIITMOHHO-U3MEPUTEIBHBIX CUCTEM, W IO-
cTpouTh Ooiiee 3(pdekTuBHBIE MHGOPMALIMOHHO-
YIPaBASIONIE CUCTEMBI.
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Abstract

The problem of electricity losses management in distribution electric networks (DEN) operating in conditions of asym-
metry of currents and voltages is reviewed. As it is known, the asymmetry factor leads to significant losses of active power
and, as a result, decreases the efficiency and technical and economic indicators of the DEN. The purpose of the control
is to minimize technical energy losses in the distribution network based on the creation of an automatic control system
(ACS) for the process of balancing a three-phase network in the composition of automated meter reading and control sys-
tem (AMRCS). The latter are currently being widely implemented to automate information processes in DEN. However,
AMRCS does not include in its composition technologies designed to solve the problem under review. A method is proposed
Jor constructing a digital ACS controller, the main function of which is to maintain phase currents at the network input at
a given level in real time. The concept of the method is based on the idea of the desired redistribution of electricity flows
between the phases of the distribution network by appropriate switching of single-phase consumers (customers) so that the
minimum spread of phase currents from their specified level is ensured. To achieve the goal of control, criterion functions
are constructed that determine the qualitative indicators of the functioning of the ACS. Algorithms for the functioning of the
digital controller and the formation of control actions on the subject have been developed. The latter are a digital code con-
taining data on the coordinates of electricity meters of consumers of a three-phase network to be switched to another phase.

Keywords: three-phase distribution network, asymmetrical mode, electricity losses management, digital controller,

algorithm management

For citation:

Omorov T. T., Takyrbashev B. K., Koibagrov T. D. Electricy Losses Management in Distribution Network as a Composition of Automated
Meter Reading and Control System (AMRCS), Mekhatronika, Avtomatizatsiya, Upravlenie, 2021, vol. 22, no. 4, pp. 191—199.

DOI: 10.17587/mau.22.191-199
References

1. Yakushev K. V. Automat system of the commercial account of
the electric power for the retail market Information and control systems
in the industry, Tht Young scientis, 2009, no. 3 (23) (in Russian).

2. El-Hawary M. E. The Smart Grid—State-of-the-art and Fu-
ture Trends. Electr. Power Compon. Syst. 2014, vol. 42, pp. 239—250.

3. Kosoukhob F. D., Vasilev N. V., Filipov A. O. Reducing loses
from current unbalance and improving electric-energy quality in 0.38-Kv
networks with municipal loads, Russian eletctrical engineering, Allerton
Press, Inc. (New York), 2014, vol. 85, no. 6, pp. 350—353.

4. Omorov T. T. Assessment of the influence of unbalance of
currents and voltages on power losses in the distribution network
using ASKUE, Electricity, 2017, no. 9, pp. 17—23 (in Russian).

5. Czarnecki L. S., Bhattarai P. D. Currents’ physical compo-
nents (CPC) in three-phase systems with asymmetrical voltage, Przeglad
Elektrotechniczny, 2015, no. 6, pp. 40—47, doi:10.15199/48.2015.06.06.

6. Ponomarenko O. I., Holodinov I. H. influence of asym-
metrical modes on capacity losses in electric networks of the dis-
tributed systems of electrosupply, Energetic, 2015, no. 12, pp. 6—8
(in Russian).

7. Mahmoud K., Yorino N., Ahmed A. Optimal Distributed
Generation Allocation in Distribution Systems for Loss Minimi-
zation, IEEE Trans. Power Syst., 2016, vol. 31, pp. 960—969.

8. Harutyunyan A. G. On the calculation of additional power
losses in three-phase four-wire networks, Electricity, 2015, no.10,
pp. 55—58 (in Russian).

9. Samokish V. V. The patent Ne 2548656 (Russian Federations).
Sposob of balancing of phase currents of a three-phase four-wire line
and the device for its realization, Biul, no.11. 27.12.2013 (in Russian).

10. Bolshanin G. A. The patent Ne 2249286 (Russian Federa-
tions). A way of the automated active control of level of asymmetry
of pressure and currents, Biull, no. 9. 27.03.2005.

11. Naumov I. V., Ivanov D. A., Podjachih S. V. The patent
Ne 2490768 (Russian Federations). The symmetrizing device for
three-phase networks with a zero wire, Biull, no. 23. 20.08.2013 (in
Russian).

12. Kiselyov M. G., Lepanov M. G. Simmetrirovanie of currents
in electrosupply networks a power electric regulator of inactive capa-
city, The Electrical engineer, 2018, no. 11, pp. 63—70 (in Russian).

13. Omorov T. T., Takyrbashev B. K., Osmonova Ch. K. Syn-
thesis of the managing director of the subsystem for optimization
of the operating mode of the distributive electric network, Engi-
neering Studies, 2016, no.3, pp. 606—615.

14. Omorov T. T. Balancing of the distributed electric network
a method of digital regulation, Mekhatronika, Avtomatizatsiya,
Upravlenie, 2018, vol. 19, no. 3, pp. 194—200 (in Russian).

15. Omorov T. T. Synthesis of a digital controller for balancing
the distribution electrical network, Instruments and systems: Man-
agement, control, diagnostics, 2019, no. 11, pp. 51—56 (in Russian).

16. Available at: http://www.mir-omsk.ru/stuff/career/vacancies.

17. Tanveer A. Non-technical loss analysis and prevention us-
ing smart meters, Renewable and Sustainable Energy Reviews, 2017,
vol. 72, pp. 573—589.

18. Demirchjan K. S., Nejman L. R., Korovkin A. V. Theoretical of
a basis electrical engineers. Vol. 1, SPb., Peter, 2009, 512 p. (in Russian).

19. Aoki M. Introduction to methods of optimization, Mos-
cow, Science, 1977, 334 p. (in Russian).

20. Emeljanov S. I., Utkin V. 1., Taran V. A. The theory of systems
with variable structure. Moscow, Science, 1970, 592 p. (in Russian).

MexaTpoHHKa, aBTOMATH3aNus, ynpasjienne, Tom 22, Ne 4, 2021

199



POBOTbIl, MEXATPOHUKA
N POBOTOTEXHUYECKUE CUCTEMbDI

DOI: 10.17587/mau.22.200-207

P. S. Sorokoumoyv, petr.sorokoumov@gmail.com,
NRC "Kurchatov Institute", Moscow, Russian Federation

Corresponding author: Sorokoumov Petr S., Research Engineering, NRC "Kurchatov Institute",
Moscow, Russian Federation, e-mail:petr.sorokoumov@gmail.com

Accepted on January 12, 2021

Formalization of Tasks for Robotic Manipulators: Review and Prospects

Abstract

This overview of the problems formulations for robotic manipulators at different abstraction levels can be used to find the causes of
troubles with some types of control systems. For many variants of manipulators, for example, biomorphic ones, it is not yet possible to
achieve the required quality and universality. Nevertheless these tasks are solvable, which is proved by the natural movement control
systems of biological organisms. One of the reasons of the difficulties is the complexity of the formalization of motion control, which
prevents the development of universal approaches. The existing formalizations were separated by functional level to facilitate analysis.
The high-level problems (the division of complex motor tasks into stages) are successfully solved by general planners or logical inference
procedures. The middle-level problems (the trajectory tracing according to an abstract motor task) are so far solved less efficiently. Some
existing tools, as linguistic methods, can greatly facilitate solution, but require significant and very laborious formalization of conditions.
Inverse problems of kinematics and dynamics, conjugation of trajectory sections and direct control of the manipulator motors with error
handling are further stages of processing, the quality of known solutions is usually acceptable. Based on the data collected, it can be
argued that the development of methods for solving medium-level problems, i.e. constructing the trajectory of the robot according to the
description of the action, is the most important domain for the successful creation of new types of manipulator control systems.

Keywords: robotic arm, inverse kinematics problem, motion definition language
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dopmanusaums 3agaHuin ansa poooToB-MaHUNYNATOPOB:
00630p U NepcneKTMBbI Ppa3BUTUA

Boinoanen 0630p memodog gopmarusayuu 3adau ynpaeienus pooomamu-maHunyismopamu, 603HUKAOWUX HA DA3HbIX
YPo8HAX npedcmasaeHus. Jasi MHOUX 6U008 MAHUNYASMOPO8, Hanpumep OUOMOPPHbIX, 00CMUUL HYICHO20 KAYecmeda ynpaeg-
AeHUs 8 COHeMaHUU C YHUBEPCAAbHOCMbIO NOKA He YOaemcs, XOms 603HUKalowue npu 3mom 3a0a4u NPUHYURUAAbHO DeulaeMbl,
Ymo 00Ka3bl6aemcs YyCHewHoU pabomotl cucmem KOHMPOAs 08UdNCeHUS OU0A02UYeCKUX 0peanHu3m08. OOHOU U3 npU4UH 3ampyo-
HeHUll A645emcsa CA0NCHOCHb POPMAAU3AUUU 300aU YNPABACHUS O8UNCEHUEM, NOIMOMY Ueaeco00pasHo NPOAHAAUIUPOBAMb
Haubonee pacnpocmpaHneHHbvie N0OX00bl K HOCMAHOBKe SMUX 3a0aH 8 Ueasx NOUCKA NepCneKmugHbIX 6apUaHmos pa3eumus.

AHaau3z cywecmeyouwux memooog peuleHus nposeder omoeasHo no Kaxcoomy GyHkyuonaisHomy ypoguw. Haubonee oi-
COKOYPOBHEBAs U3 PACCMAMPUBAEMbIX N003a0ay — paszdeneHue KOMNACKCHbIX 3A0aHUll HA 2Mansl — 00bIMHO YCHEUHO pea-
AU3YEMCS 00WUMU CPeOCMBAMU OeKOMNOZUUULU CAOICHBIX NPOUECCO8, HANpUMep Memooamu NAGHUPOBAHUSL UAU N02UHECKO20
evi600a. Obpabomka nodzadau cpedrHezo ypoeHs NPedCcmasieHus — NOCMPOeHUe MPAeKmopuu no 08ueameabHoMy 3a0AHUI0 —
ocywecmensemcs noka meree agppexmueno. Ilokazano, umo umernujuecs cpedcmea, Hanpumep AUHSBUCMUYECKUE ONUCAHUS
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umernuwumucs cpedcmeamu C npuemaemsvim Ka4ecmeom.

deudicerHull, Mo2ym 3HA4UMeAbHO 00ae24uums pabomy ¢ mum yYpoGHeM, HO mpeOyiom 3HaA4UMmMeAbHoU U mpydoemKolu Gopma-
ausayuu. JasvHedwue cmaduu o6pabomku — peulenue 00pamHubiX 3a0a4 KUHEMAMUKYU U OUHAMUKU, CONPAJICEHUe YUaACMKO8
mpaexkmopuil, a maksjice HenocpedcmeeHHoe ynpasieHue 0gueamenamuy MaHUnyiamopa ¢ 06padbomroil omubok — peularomcs

Hcxo0s u3z coOpannbiX 0AHHBIX MOJCHO Yymeepicoamb, Ymo pazeumue mMemooos peuieHus cpedHeyposHesbix 3adau, m.e.
nocmpoeHue mpaeKkmopuu 08UNCCHU MAHURYASMOPA HO ORUCAHUIO mpebyemoz2o om Hezo Oelicmeus, aeasemcs Hauboaee
BAJCHBIM ONS YCNEUWHO20 CO30AHUSA NePCNeKMUBHbIX MUN0E MAHURYAAMOPO8, CROCOOHbIX 08UAMbCA MOUHO U PA3HOOOPA3ZHO.

Karouegnie caosa: pobom-manunyasamop, o6pamuas 3a0aua KUHeMAmMuKu, s3blk onpedenenus 08UNCEeHUL

Introduction

Robotic manipulators are now widely used, and
they usually work not in isolation, but as part of
complex systems. Ideally, the formalization methods
of motor tasks should be well suited for both the
robot and the human (developer). For that they
should combine rigor and unambiguity with sim-
plicity of human perception, versatility, and ease
of making changes. On practice these requirements
are often too hard. Therefore often too primitive or,
conversely, overcomplicated approaches are used. It
is necessary to analyze the methods used at dif-
ferent stages of the process of setting tasks for the
robot manipulator to find better approaches. The
results of this review can be useful both for choo-
sing methods of practical implementation of control
systems and for planning further research. Since the
successful operation of the manipulator requires the
solution of a huge number of diverse tasks, it is nec-
essary to consider their existing classifications and
decompositions before the analysis..

Hierarchical structure
of the manipulator control task

The complex nature of the problem of manipula-
tor control has long been known. So, in the classi-
cal work [1, p. 6—10] the following main stages are
distinguished:

1. Solving the problems of kinematics and dy-
namics of the manipulator, i.e. a mathematical de-
scription of the geometry of its motion, forces and
moments acting on it;

2. Tracing of trajectories and control of move-
ment along them, that is, the use of knowledge
about kinematics, robot dynamics and sensory in-
formation for smooth movement of the working tool
in compliance with the restrictions;

3. Programming tasks for the manipulator as se-
quences of trajectories;

4. Setting tasks for the manipulator, in particu-
lar, the use of machine intelligence for this.

Other suggested hierarchies differ from the one
given mostly only in fine details or naming of stages.
For example, in [2] for a robot interacting with hu-
mans trajectory smoothing is considered as a separate
processing stage in order to reduce the stress arising
in people with sudden movements of the manipulator.

Decomposition of a manipulator control task into
hierarchical levels is very important in practice. Of-
ten in new systems only some parts are created anew,
while others are used ready-made [3]. The analysis of
control systems, for example in security audits, is also
often carried out separately at levels [4]. Below in this
work some proposed methods for solving problems are
described for each of the levels. Special attention paid
to the using them as an interface tool for the deve-
loper of the system as a whole, allowing to choose the
required behavior of each level. In practice, adjacent
levels sometimes may merge; also if obvious errors are
recognized, it is possible to repeat processing with
new input data. At the end of the article, control sys-
tems that work on many stages are briefly described.
Conclusions contain a summary of the review.

The gripping problem is not addressed in this
work, because it is too complicated an a domain. In
general an exact solution can not be found because of
the difficulties in modeling of friction and deforma-
tions of a captured object [5] but there are approxi-
mate solutions for many practically important cases.

Statement of problems of kinematics and dynamics

Quite often kinematic modeling of the manipu-
lator uses the Denavit-Hartenberg representation. It
connects the Cartesian coordinates of the links with
the generalized coordinates that determine the posi-
tion of the robot’s degrees of freedom. To take into
account the dynamics the Lagrange equation [1] can
be used. The transition from Cartesian coordinates
to generalized ones, or solving the inverse kinematics
(IK) problem, can be performed by various methods.
An exact solution of the IK problem exists for all
manipulators with a small number of links (two or
three) and for many models with up to six links. For
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more complex systems the solution is usually found
numerically. There are many rather full reviews of
methods for solving inverse problems of kinematics
and dynamics both in general and special cases [6, 7]
and the conclusions generally coincide: the available
methods most often solve IK problem quite well,
difficulties are encountered mainly when working
with dynamic effects and when interacting with ob-
stacles in the environment. There is a large number
of ready-made software tools for solving IK problem,
including free and open source solutions, for exam-
ple Movelt! [8] or RoBoy [9]. The inverse problem
of dynamics in practice is often solved by them also
by adjusting the control signals transmitted to the
manipulator according to the sensor data. Because
of the mentioned difficulties in obstacle processing it
is sometimes preferable do not solve the 1K problem
directly. In particular, to move the manipulator in
a close environment, it was proposed to use neural
networks [10,11] trained on a sample collected from
its sequential positions when moving along permitted
trajectories. This method is capable to some extent
of ensuring the continuity of the solution of inverse
problems, since the sample includes only examples
from admissible (i.e., continuous) trajectories, but it
is not possible to strictly guarantee the quality of
solutions because of the uncertainties inherent in

Fig. 1. An example of neural network architecture of ENSO modules for a four-legged
robot [12]: one module, connections between modules and a complete network

neural network approximations. Therefore, to en-
sure safety, the trajectories generated by such systems
must be later checked for constraint compliance and
continuity.

Another option for using a neural network ap-
proach for low-level control of multi-legged limbs
is the ENSO (Evolution of Network Symmetry and
mOdularity) architecture [12]. It was originally pro-
posed to increase the reliability of adaptive control
of multi-legged platforms [13]. Each limb in ENSO
is controlled by a separate neural network module
connected with the rest (Fig. 1). Initially, the syn-
aptic coefficients of all modules are the same but
during the learning process they receive random
small deviations which are considered as symme-
try violations. There are many ways to train such a
network; the authors of the original work used a ge-
netic algorithm, but it is possible to apply arbitrary
methods of reinforcement learning.

The value of the ENSO approach is that the cre-
ated system is able to learn purposeful movement, as
experimentally confirmed by the authors of the origi-
nal work. Stable synchronizations of movements of
different degrees of freedom in an initially symmetric
system can be obtained. This property can be useful
for controlling manipulators with excessive degrees of
freedom — for example, simulating human limbs.

It is obvious that the modern
methods of this level are numerous
and well developed, but for many
applied problems direct interface to
them by explicitly indicating the de-
sired link position turns out to be too
low-level and therefore undesirable.
These methods are often used in in-
terfaces indirectly.

Trajectory motion controls

The most common concept of con-
structing a trajectory from segments
of a set of simplest lines (straight lines
or arcs) connecting points located on
the trajectory. In this case, it is re-
quired to match the segments with
the provision of acceptable smooth-
ness of the overall curve; it, firstly,
must be smooth to a certain order
and, secondly, not include high-fre-
quency vibrations. Implementations
of this concept differ mainly in the
properties of the resulting mates. It
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Fig. 2. Examples of geometric primitives used for conjugation of trajectory segments:
a — straight line; » — NURBs curve [16]; ¢ — hyperbola [15]

was proposed to use various geometric primitives
for conjugation, for example, quadratic optimiza-
tion [14], conical sections [15], NURBs [16] (Fig. 2).
The choice of a specific option is usually justified
by solving some optimization problem or by the
compliance with some restrictions on the smooth-
ness of the trajectory.

One of the most common approaches to the con-
jugation problem is fuzzy logic [17,18]. It is espe-
cially often used when there are significant non-
linearities in the joint, for example, when there are
flexible sections [19] or springs. At the same time,
for a two-tier system the problem of fuzzy control is
solved in a completely straightforward and accurate
manner. There is even a simple hardware imple-
mentation [20]. This method does not work for sys-
tems with a large number of links.

There are also approaches that to a greater extent
use the physical properties of the manipulator. For
example, in [21] the energy consumption by motors
leading to their heating minimized numerically.

Most of the proposed tools do not take into ac-
count the specific requirements for the manipulator
associated with the need to hold objects. Among
the exceptions are the trajectory tracing for working
with flexible objects [22] and the construction of
trajectories for two jointly acting manipulators for
grabbing one rigid object [23].

To control and correct movements, various
methods can be used. Their applicability depends
on the feedback signals available on this manipula-
tor and on the requirements for the temporal and
spatial characteristics of regulation. Information
for correction can be obtained from various types
of encoders or from external sensor devices, like a
video camera [24].

Motion control based on data on the real and de-
sired position of the manipulator can be formalized
as an optimization problem. When describing the
dynamics of a robot using the Lagrange equation,
it is possible to use any common types of control-

lers, for example, a PID controller or a controller
based on a computable torque. In this case, the PID
controller can be used directly with a non-linear
model of the system; the controller for the calculated
torque requires preliminary linearization. In [25] it
is proposed to take into account the uncertainties
of the parameters of the robot to correct the solu-
tion obtained by the controller of the computable
moment using additional optimization. This process
formalized as a differential game with a quadratic
functional of quality; simulation showed that the ro-
bustness of the resulting system with respect to the
uncertainties of the parameters of the robot’s motors
increased. Adaptive control (the change in control-
ler parameters over time) was also extensively used
[26, 27] but since this approach has problems with
stability, its application to this area remained lim-
ited. The review shows that this problem has been
studied very well, and the considered tools comple-
ment well the means for solving IK and ID problems.
It is highly desirable to be able to explicitly describe
the conjugations in individual but practically impor-
tant cases as for fragile objects or near obstacles.

Tools for constructing the trajectory
of the manipulator

This stage is not always implemented in practice: if
the number of different required trajectories is small
(as in many industrial manipulators designed to per-
form a small number of operations), then the trajec-
tory is often set simply by a list of points. This list is
formed either analytically or by holding the manipula-
tor along the desired path in manual or weakly auto-
mated mode. If these capabilities are not enough, then
more complex tools are used, for example, planning.
One of the classical approaches is to create a finite
connected graph that covers the state space of the ma-
nipulator (Fig. 3). Graph nodes correspond to admis-
sible states, and an edge between a pair of neighbor-
ing nodes is drawn only if the transition between the
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Fig. 3. Discretization of the working space of the robot manipulator by the combined method [28]:
a — random filling of large free areas with points with a partition into polyhedra; b — the addition of discretization with points of a narrow

zone located at the nodes of a regular lattice

corresponding states is safe for the given robot, i.e.
does not lead to a collision with obstacles, other links
of this manipulator, or to the parameters exceeding
the permissible limits. If the geometry of the feasible
regions is fully known then methods of optimal space
partitioning can be applied, for example, by construct-
ing a Voronoi diagram. In practice, these conditions
are often not met; therefore, non-optimal partitions
by regular lattices or their hybrid with a stochastic
approach can be used [28]. On the graph obtained by
any of the indicated methods, the problem of finding
the shortest path from the initial state to the desired
one is solved; the final plan becomes the required tra-
jectory of movement.

In addition to those described, there were also
proposed tracing tools that are more often used in
other branches of robotics as the presentation of tar-
gets as sinks, and obstacles as sources of potential
fields [29]. Many ready-made implementations of
scheduling methods are contained, for example, in
the Movelt! [8] package.

Another option for constructing a trajectory,
which makes it possible to more fully take into ac-
count the capabilities of specific robots, is described
by linguistic models of permissible movements. Thus,
methods were proposed based on the language of de-
fining movements [30—32] or (as their development)
on the technology of modular movements [33]. The
language for describing movements is a formal lan-
guage according to Chomsky, described by context-
free grammar. The symbols of this language are sets
of actions on the controlled system at a given time.
The language interpreter program plays the role of an
intermediary between the discrete language descrip-
tion of the system’s actions and continuous signals

to executable devices. In other words, the control
process is described as the execution of a sequence
of control actions that are symbols of a certain "al-
phabet". At each moment of time only one symbol
is executed. Complex movements are described with
character strings. A formal language called mo-
tion definition language (MDL) can be constructed
from the valid sets of strings. These publications and
subsequent works of the authors describe numerous
examples of applications of this approach both to
manipulations and to other control problems.

The advantages of this model include the ver-
satility of presentation and ease of implementation
on a particular selected system. Individual parts of
the trajectories in the state space are represented
by separate small changes of several degrees of
freedom at once. They are combined according to
the laws fixed in the formal grammar, forming in-
tegral movements. In some cases, it is possible to
reduce such systems to finite state machines [34].
Character sets can be quite small, making it easier
to work with. The disadvantages of this approach
include the need for manual assignment of grammar
for a specific task, because it is very difficult to
automatically generate adequate inference rules for
characters described in such a form. Translating
characters from representing one manipulator to
another is also nontrivial.

In [35] another linguistic representation of the
tasks of manipulating objects is proposed. It is a set
of diverse actions, consisting of functions, each of
which determines its trajectory from the initial to the
final state. In this case, the domain of each action
is not all possible states of the robot, but only those
obeying some known a priori formal constraints. For
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example, the following five primitives are used as a

set of heterogeneous actions suitable for describing

typical manipulation tasks for a mobile manipulator:

e transit, i.e. movement of the robot without load;

* rigid transfer, i.e. moving with the held object;

» pushing an object with a closed manipulator;

e approach / retreat of the manipulator in open
view for gripping or releasing an object;

» picking up an object lying on the floor.

Further, if the trajectory is considered as a func-
tion that transfers the robot from the initial state to
the final state, then the problem of path tracing can
be posed, and each stage of the path will correspond
to one of the actions. For a known robot and for each
of the primitives of this method (DAMA — diverse
action manipulation algorithm) the domain and the
tracing method can be defined, i.e. they are in prin-
ciple determined. However, in these calculations, in
addition to the parameters of robots, it is inevitable to
take into account the properties of manipulated ob-
jects. This concept is limited, for example, by the fact
that a plate lying on the floor will be captured by the
pickup action, and the one standing on the table — by
approach action; perhaps the pickup action was intro-
duced due to the difficulties in solving this particular
problem by the more common action. Although, in
general, this method is of great interest, its applicabil-
ity is therefore limited.

The paper [36] also proposes a joint use of the
DAMA method for motion decomposition and the
ENSO architecture for training a control system.
The set of primitives differs from that described
in the original work [35], which again shows the
limitations of the approach to dividing motion into
components in DAMA. Nevertheless, the final sim-
ulated system was able to successfully learn how to
solve manipulation problems, although exact infor-
mation about stability is not given.

Some types of linguistic models use simpler ab-
stractions to describe the motor tasks — the de-
scription of the trajectories of movement of manip-
ulation objects in the form of alphabet characters
[37]; the movement of the robot outside the contact
with the controlled system is not described. This
allows the developer to focus on the most impor-
tant aspects of manipulation, providing solutions to
auxiliary problems at the lower hierarchical levels.
However, taking into account in such systems the
desired orientation of the robots’ grippers, as well
as the synchronization of movements between sev-
eral simultaneously operating manipulators, is very
complicated, requiring the use of poorly developed
formalisms, for example, parallel grammars.

In some particularly critical cases (for example,
in the maintenance systems of nuclear power plants),
approaches are used that leave the choice of trajec-
tories for most free motions to the operator [38]. In
this case, only individual fine manipulation opera-
tions are subject to automation, the commands for
starting which are also given by the operator. In
general, we can say that the means of this level are
very developed and have significant potential, but
of all the possible options, as a rule, only planning
methods in the state space are widely used. The
reason for this, apparently, can be considered the
significant requirements for the formalization of the
description of movements characteristic of linguistic
models, which lead to complex models with difficult
to measure, often unstable parameters.

Methods of manipulation decomposition

In general, the methods used to solve this stage
of the problem do not differ from the tools for de-
composing complex problems used in any section
of artificial intelligence. Rule-based systems, ex-
pert systems, planning and other formalisms can
be applied. A detailed review of training methods
for robotic manipulators using the listed and other
approaches is given in [39].

Manipulation problems are classic examples for
demonstrating inference from its inception. Given
an accurate and complete description of the situa-
tion, this approach is still the most visual and com-
putationally simple. The initial state of the manipu-
lator and the environment is represented in it by a
set of true statements; permissible state changes —
by the rules for forming new true statements from
the existing ones. Recently, approaches have been
actively developed that allow working with factors
that are difficult to take into account in the clas-
sical formulation of the problem. For example, the
dynamic nature of the environment can be taken
into account using the means of fuzzy logic [40] for
which the authors use the description of the prob-
lem in the specialized FLOPER language [41]. To
take into account possible changes in the environ-
ment, facts are placed in the so-called lattice — a
special algebraic not completely ordered structure
that allows the simultaneous presence of mutually
exclusive facts in the knowledge system.

The depth-first search from the initial state is
another approach to the planning that builds the
trajectory of movement explicitly. The set of ac-
tions permissible for the manipulator can be ini-
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Summary of the survey

Method Hierarchical level Features Examples

Classical IK and ID problems 1 Well developed and used frequently, but there may be problems with [8]
continuity of solutions in complex environments with many obstacles

ENSO and other neural 1 Able to learn complex movements, including synchronous, but poorly [12]

network approaches interpreted

Regulatory control of 1-2 Applicability strongly depends on the operating conditions of the [45]

trajectory passing system, requires careful testing

Planning on covering graphs 2 Well-known and frequently used method that poorly adapts to the [28]
particular manipulator

Motion Definition Language 2—3 It takes into account the specifics of a particular manipulator well, [30—32]

(MDL) but requires significant formalization of the task and is not universal

Diverse action manipulation 2—3 Similar to the previous [35]

algorithm (DAMA)

Logic systems, incl. rule-based 3 Decisions are easy to interpret [41]

Copying movements 2 Universal approach, easy to prototype, but requires operator control [43]

Playing back recorded 2 Universal approach, easy to prototype, but not adapted to changing [44]

movements conditions

tially specified as a finite list (for example, a set of
DAMA primitives) to facilitate interpretation.
Simpler solutions are also used, for example,
simulating the states of the robot using an expli-
citly defined finite automaton, while the transition
between states is carried out after performing the
movements with the receipt of confirmation of the
successful manipulation from the operator [42]. In
general, the tools used at this stage have no specific
features in comparison with those used for similar
tasks (for example, planning) in other subject areas.

Manipulator control without
explicit hierarchical levels

Simpler and straightforward but widely used in
practice methods fall into this category. These are
various kinds of copying controllers for humanoid
robots whose task is to repeat the reference move-
ments of a person. They can be used for complete
copying of human movements if the robot’s limb
is arranged similarly to a human. Reproducing the
movements of only some parts of the hand, for ex-
ample, the hand [43] is also possible.

There are also systems that reproduce recorded
forced movements (movement players). Their ap-
plicability is limited due to the need to constantly
monitor the operating conditions of the manipula-
tor. When these conditions are violated its behavior
becomes unpredictable. These methods are often
applied if it is too difficult to formally describe the
problem or in especially critical systems that require

an operator for safety, for example, in the space [44]
and nuclear [38] industries.

Conclusion

From the review, we can conclude that a very
large arsenal of tools has been accumulated for all
the main manipulation problems. The main find-
ings of the review are summarized in Table.

An analysis of the survey results shows that the
areas of application of different approaches and the
problems they solve differ significantly. For com-
plete automation of manipulation, common software
packages have ready-made tools of all levels. From
the development prospects the linguistic approaches
(MDL and DAMA) are of great interest, since they
provide an interpretable formal connection between
high-level tasks (level 3) and direct control (level 1)
by specifying a formal language for the operator. At
the same time, higher-level and lower-level prob-
lems of automatic control are acceptable to existing
off-the-shelf systems. This makes further research
of linguistic models of manipulator control prob-
lems very promising.
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MUcTouHNKN rapMoHun4eCKux cuibl U CKOPOCTU B MeXaTPOHHbIX
dBTOMaTU4YeCKNX CUcCtemMax

Mas uccaedosanus pe3oHAHCHbIX U OKOAOPE30OHAHCHBIX A8ACHUL UCNOAb308AH CUMBOAUYECKUT (KOMNACKCHBLI) Memood, no-
360AAOWUL CYUECMBEHHO NOBbICUMb NPOOYKMUBHOCMb, YNPOCMUMb U (OPMANU30EAMb MameMamuyecKue npeodpas08aHus.
Paccmompenvt napaaneavnoe u nocaedosamenvhoe coeOUHEHUS INEMEHMOE MEXAHUYECKOU CUCMeMbl ¢ UCPOYHUKOM 2APMOHU-
YecKol cunvl, AUOO UCMOYHUKOM 2APMOHUYECKOU CKOPOCMU 8 Kavecmae UCMOYHUKA GHEUHe20 MeXAHUYECK020 eapMOHUYECK020
6030eticmeus. Anasumuveckue ONUCAHUSA PE3OHAHCA 6 KYpCax meopemuvecKoi MexaHuku cOOmeemcmeyom napaiieibHoMy
coedunenuio. Cyuwecmeyiom ycmpolicmea, 6 y008AemeopumesbhoM RPUOAUNCEHUU CROCOOHbIE GbINOAHAMYb QYHKUUU UCMOYHUKOG
2APMOHUYECKOU CUAbL U UCTMOYHUKOS8 2APMOHUHeCKoU ckopocmu. McmouHuKom 2apMOHUYecKoU cKoOpocmu MOJcem 6biCmynamso
npueod ¢ KpuGoOUWUNHO-KYAUCHbIM MEXAHUIMOM U MAXOBUKOM C OOAbWUM MOMeHmMOM uHepyuu. HcmouHukom 2apMoHu4eckol
CUAbL MOJCEM GbICMYNAMb WMOK NHEEMOUUAUHOPA, NOAOCHb KOMOPO20 CO00Waemcs ¢ NOAOCMbI0 0py2020 NHeEMOUUAUHODA,
duamemp KOmMOpP020 HeusmMepumo @vluie, 4em y Nepeoco, a NopuieHb cogepuiaem eapmoHuueckue koaebaunus. Mexanuyeckue
2apMoHUYecKue 6030elicmeus, ONUCbIBaeMble 8 Kypcax meopemuveckoi Mexanuki, cOOmeemcmeyiom UCMOYHUKY 2apMOHUYe-
ckoll cunvl. Onucanol Hemoipe pexicuma — Pe30HAHCH U AHMUPE30HAHCH cua U ckopocmeli. Hcnoav3oeanue cumeonu4eckozo
(KOMNACKCHO20) Memo0a CYu,ecmeeHHo YNPOCMUA0 UCCAeD08AHUEe PEe3OHAHCHbIX U OKOAOPE30HAHCHbIX 6AeHUl, 8 YACMHOCMU,
Nn03604UA0 2AYO0KO YHUDUUUPOBAMb U HOPMAAUZ0EAMb PACCMOMPEHUE PAZAUMHbIX MeXxaHuveckux cucmem. Ipomoszokue u mpy-
doemKue onepayuu, CA3aAHHbIe C COCMABACHUEM U peuleHuem Oup@eperyualbHblX YpagHeHull, 3aMeHeHbl nNPOCMbIMU al2ebpau-
yeckumu npeobpaszosanuamu. B ocnoee memoda aexncum mexanuueckuii ananroe zakona Oma 6 KOMNAEKCHOM npedcmasieHuu u
noHsmue 0 MEXAHUYeCKUX peaKkmance, pe3ucmance, umneoance, caccenmance, Konoakmarnce u aomumance. Kraccuueckoe pac-
cMompenue docmasgasem 00HY AMAAUMYOHO-YACMOMHYIO XAPAKMEPUCMUKY, CUMBOAUYeCKUl (KOMNACKCHbIIL) Memod — 60CeMb
npu 3HaA4UMeNbHO OoAbUEM HUCAe XAPAKMEPHbIX MOYeK U XapaKkmepHvlx omHoueHui. OnpedeneHbl pe30HAHC U AHMUPE3OHAHC
CU, Pe30HAHC U aHmupe3oHanc ckopocmetl. Pesonancel 603nukaom npu couemanusax napaiieabHo20 cOeOUHeHUs INeMeHmMo8 U
UCMOYHUKA 2APMOHUYMECKOU CUbL, AUOO NOCAC008AMENbHO20 COCOUHEHUS INeMEHMOE U UCMOYHUKA 2aPMOHUYECKOU CKOPOCMmU.
AHMUPE30HAHCH BOZHUKAIOM NPU COYEMAHUAX NAPANNENbHO20 COCOUHEHUS INeMEeHMO8 U UCMOYHUKA 2aPMOHUYECKOU CKOpOCmU,

Aub0 nocaedosamenvHo20 cOeOUHEHUS INeMEeHMOo8 U UCTMOYHUKA 2apMOHu’16CICOIZ CUNbL.
Karwueeote caoea: peakmadc, peucmanc, umneaaﬂc, caccenmanuc, KOHaaKmaHC, aomumanc

BBenenne

Pexxumbl BBIHYKIEHHBIX KojiebaHUIl agocTa-
TOYHO IIUPOKO PacIpOCTPaHEHBI B MEXaTPOHHBIX
cuctemax [1—3]. [ToaToMy KOpPpPEeKTHBIH ydeT pe-
30HAHCHBIX M OKOJIOPE30HAHCHBIX SIBJICHUI TIpe/-
cTaBJisieT co0O0ii aKTyaJbHYIO 3a1auy.

Kpome Toro, ognHuM M3 HauboJjiee yIoTpeOu-
TEJIbHBIX PEXMMOB, MCIIOJIb3yeMbIX MJISI OLEHKU
TOYHOCTU CHCTEM aBTOMATMYECKOTO PEeryiIupo-
BaHUS, SIBISETCS IBUXXEHUE IO TapMOHUYECKOMY
3akoHy. [Ipu aTOM 111 MeXaHMYECKUX CUCTEM 3a-
JAIOIIMM BO3AEMCTBUEM MOXET ObITh KaK CUHYCO-
uaajabHas cuja, Tak U CMHYCOUIaJibHAsl CKOPOCTh,
YTO MpEAIoaraeT UCIoab30BaHUE, COOTBETCTBEH-
HO, UCTOYHUKOB CUJIbI 1 UCTOYHUKOB CKOPOCTH.

B ycTaHOBUBIIEMCSI peXXUMe MPU rapMOHUYE-
CKMX BO3AEUCTBUSAX YIOOHO MCHOJb30BaTh KOM-
MJIeKCHOe MpeacTaBaeHue BeauduH [4, 5]. Tlpu
3TOM CHMBOJMYECKHUI (KOMIIJIEKCHBIN) METO.
CYLIECTBEHHO YMPOIIAeT HCCIeIOBaHUE PE30-
HAHCHBIX Y OKOJIOPE30OHAHCHBIX SIBJIeHUI [6—13].
B oTanuue oT KJaccMYeCcKOro MeToja 31ecCh He

BO3HMKAEeT HEOOXOAMMOCTb B COCTABJICHUM U PE-
meHuu auddepeHuaabHbIX YPaBHEHU.

Ilo aHasoOruy ¢ 3JIEKTPOTEXHUKOM rapMOHUYE-
CKYIO BEJIMYMHY MOXHO IIPEACTaBUTh B BUJIE

a = Asin(ot + ¢) = Im[4e" 9],

rie Ae’®*® _ ppamaommiicss B KOMIUIEKCHOI
IIOCKOCTH BEKTOp, ® — IMKJIMYecKas 4acToTa,
¢ — HadaJbHas da3sa.

BexTopbl B KOMILJIEKCHOH TIJIOCKOCTU MPUHSITO
n3o0paxaTh OJs HYJEBOrO MOMEHTa BPEMEHM.
[pu stoM Bennunua Ae' "™ = 4e’® = 4 HazwI-
BAeTCsl KOMHACKCHOU AMNAUMYOOU.

B ocHoBe wucciaenoBaHMs MEXaHUYECKMX CH-
CTeM JICXKUT AyaJbHO-UHBEPCHBINM aHAJIOI 3aKOHA
OmMma aJis1 yyacTKa 2JIeKTPUUECKOM e

)

rae V u F — KoMIJIEKCHbIE AMIIJIUTYyObl CKOPO-
CTU ¥ CUJIBL, T U Y — MEXaHWYCCKHNC MMIICAAHC
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(impedance) u agMuTtaHc (admittance) B Kom-
JICKCHOM TpeacTaBiaeHuu [4, 5].

Haa xoMIJIeKCHBIMU BeJIMUMHAMMU, HE SIBJISIO-
LIMMHUCS M300paXeHUSIMA CUHYCOMAbI, TOUKA HE
CTaBUTCS, TaAKME BEJIMUYMHBI TTOIUYEPKUBAIOTCS.

Hanee paccMaTpuBarOTCs napaJijieibHOE
(puc. 1) u mocnenoBatenbHoe (puc. 2) coeauHe-
HUS 3JIECMEHTOB MEXaHMYEeCKOU CUCTEMBEI [14].

AHaJluMTUYeCKHWE OMUCAHUSI pe30HaHca B Kyp-
caXx TEOpeTUUYECKON MEXaHWKU COOTBETCTBYIOT
napaJuieJibHOMY COeAMHEHMUIO.

HMcTouHMKaMu BHELIHEr0 MEXaHMYECKOro rap-
MOHMYECKOI0 BO3JIECHCTBUS HA CUCTEMY BbICTyMa-
10T 1100 MCTOYHWK CHUJIBI, JUOO MCTOYHUK CKO-
poctu [14].

CyliecTBYIOT YCTpPOWCTBA, B YIOBJIETBOPU-
TEJILHOM TIPUOJMXKEHUU CIIOCOOHBIE BBHIMOJHSTH
(PyHKUIMM MCTOUHUKOB CUJIBI U UICTOYHUKOB CKO-
poctu. MCTOUHMKOM TapMOHUYECKOW CKOPOCTHU
MOXKET BBICTYIIaTh IMIPUBOJ C KPUBOIIMITHO-KYJIMC-
HBIM MEXaHU3MOM M MAaxXOBUKOM C OOJIbLIMM MO-
MEHTOM MHepuuu. MICTOYHMKOM rapMOHUYECKOM
CUJIBI MOXET BBICTYTIATh IITOK MHEBMOLUMIMHAPA,
MOJIOCTh KOTOPOI'0 COOOIIAETCS ¢ MOJIOCThIO APY-
roro MHEeBMOLMJUHApPA, AUAMETP KOTOPOTro Heu3-
MEpPUMO BbIIIIE, YeM Y MEePBOTo, a MOPIIeHb COBEP-
1IIaeT rapMOHMYeCKue Kojaebanus [14].

HcToyHMK cuyibl XapakTepu3yeTcsi KOMILJIeKC-
HOW aMIUJIMTYAOM CUJIbI

F = Fe',

Puc. 1. IIapaiienbHoe coeanHeHne
Fig. 1. Parallel connection

O

HNcTOouHUK CKOpOCTM XapaKTepu3yeTcsl KOM-
IJIEKCHOM aMIJIUTYJIOU CKOPOCTH
V =ve". Q)
MexaHn4yeckue rapMOHMYECKKE BO3ACHCTBUS,
OIMCBhIBa€Mble B Kypcax TEOpETHUYECKON MexaHM-
K1, COOTBETCTBYIOT UCTOUHUKY CUJIBI.
IlapanienbHOe COENMHEHUE XapaKTepu3yeTcs
cllenyoluMu BeauunHamu [4, 5]:
e WHEpPTHBIN peakTaHC (reactance)

X, = ome'™? = xmei”/2; ()]
* VIIPpYyTUMU peaKkTaHC
x; = Ko/ 2 x e, 5)
N — - Nk ’
()

e MexXxaHMUYeCKHUI pe3ucTaHc (resistance)
r=rel’ =r,

roc r — KOB(l)(bI/IL[I/IeHT BA3KOI'O COIMPOTUBJICHM A,
* MEXaHMYECKUI MMIIETAHC

z= Ze'™®,

(©)

X,y — X
rne Z = \/r2 +(x, - x;)?, @=arctg=m_—k
r
[loceoBaTENbHOE COEMHEHNE XapaKTEPU3y-

eTcs ClelyIOIUMU BeaudynHaMmu [4, 5]:
* MHEPTHHII caccenTaHc (susceptance)

Le—m/z _ b e )
om

b:

=m

* YIpYTHii caccenTaHC

®)

(D . .
ék :_eln/Z _ bkeln/Z;

* MexaHMUYecKHUii KoHaaKkTaHc (conductance)

g- g = g.
Hns snemeHTa (MHEPTHOIO, YIPYIroro, pe3u-

CTUBHOTO), pacCMaTpMBaeMOro BHE CBSI3U C ApY-

UMW MEXaHWYECKMMM 3JIeMeHTamu, b, =1/x,,

b, =1/x,, g =1/r. B cucreme, BKIIOYarolei He-

CKOJIBKO 3JIEMEHTOB, COOTHOILEHUS MHBbIe [4];

* MEXaHMYECKMU aaIMUTaHC

— Yelo
r k y="re®, )
m
U —— ’ g by — by,
Puc. 2. INocaenoBarenbHoe coenuHeHne rae Y = g+ (bk - bm) , ¢=arctg———-—.
Fig. 2. Serial connection &
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1. ITapanieibHOE coeMHEHHE U MCTOYHHUK CHJIBI.
Pe3onanc cua

KommiekcHas ammiutyaa ckopoctu (cm. (1))

v-E_Eeio_peio (10)
A4
KommiekcHas aMIIJINTyaga I/IHepTHOﬁ CHJIbI
: : o o
E, =x,V =x,Ve' ™0 — F e@2-0  (]])
KoMrmiekcHast aMIuJIMTyaa yIpyrou CUibl
F = x,V = x, Ve (V20 = F e W0 - (12)

KomnnekcHast aMIJIUTyOa pGSHCTHBHOﬁ CHUJIbI

F =rV=rVe ™ =Fe™. (13)

Pazymeercs,

F,+F +F =F. (14)

M3 3akona I'yka, coornomenuii (12) u (5) cie-
JIyeT BbIpaxkeHHUe IJISI KOMIUIEKCHOM aMILIUTYAbI
OTKJIOHEHMUSI:

Fk kae—i(n/2+(p) kVe—i(n/2+(p)
Tk k T ok
_ Y e iw20) _ yo-ita/2v0)
()]

X

15)

M3 BTOpOro 3akoHa HploTOHA, COOTHOLIEHMIA
(11) u (4) cnenyeT BbIpaxXeHUE JJIsI KOMIIJIEKCHO
AMILIUTYIbl YCKOPEHUSI:

A Fm meei(“/z’(") om Ve #2-0)
“m m N m

= o Ve!™W2-0) — ge!(W2-¢)

(16)

Pazymeercsi, A=V =wo’X.

N3 cootHowmenmii (10)—(16) u (4)—(6) caenyior
BBIpaXKEHUS IJIsI aMIJIUTYAHO-YaCTOTHBIX Xapak-
TEPUCTUK

kF
b :
k(@) or + (om - k/w)?
F
X _ b
(©) oyr? + (om - k/o)?
. _ rF ,
(©) 7+ m—k/o)’ (17)
V(o) = ;

Jr? +(om—kjo)®

omkF
F, (o) \/rQ +(om—k/o)? )
Alw) = of .
Jr2 +(om —k/w)?
Pazymeercs,
F =\[F?+(F, - F,)’, (19)

I'papuku dyHkuuit X(o), Mw), A(w) Beayt
cebsl KaueCTBEHHO TaK e KaK, COOTBETCTBEHHO,
Fi(®), Fi®), Fy(o).

Yacrora oy, Ha KoTOpoi GyHKUMU X(®) U Fi (o)
MMEIOT MAaKCUMYM, OIpeaessieTCsl U3 YCIOBUS

a’i{@_l[(k@_l - mw)® + 1?71} = 0.
(Q)

Pelienue 3Toro ypaBHeHUS:

o) = \/%«/1 —r?/Qkm) =
= 0yl -2 /(2x2) = w1 - d? /2,

rae x, =~km — 60aH060e conpomueseHue (CH-
CTeMBbl), d = r/x,, — 3amyxanue.

kaax :Fk(@k): \/13172/41:;
Q F 0

Xmax = X((Dk) =

L X
J1-d?/4 k  \1-q%/4

rae Q = 1/d — dobpomnocmes, X, = X(0) = F/k —
CTaTUUYECKOE OTKJIOHEHMUE.

Yacrora o,, Ha KoTtopoit pyHK1IMU V(o) u F.(o)
MMEIOT MaKCUMYM, OYEBUIHBIM 00pa3oM paBHA

o, =Jk/m = o,

F, =F.(0g) =F, Vi :V(coo):ﬁ. (20)
r

rmax

Yacrora o,,, Ha KoTOpoil PyHKLIMU A(®) U F, ()
WMEIOT MaKCUMYM, OTPEIeseTCs] U3 yCJIOBUS

j—m{w[(kwfl —mw)? +r2] 2y =0.

Pemienue storo YPaBHCHU !

_ |k I - % 21
om J;\/l—rz/(zkm) J1-a/2’ b
0
meax:Fm( m :—F’
“m) J1-d?/4 @)
Amax:A(O)m): Q F Q

£_ y
Ji-a?am Ji_a?/a”"
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rne Ay = A(0) = F/m — NOCTOSIHHOE YCKOpPEHUE
(mpu HYJIEBOI YacToTe).

[pu d*/2 > 1 dyukunmn X(o), A(), Fi (o), F,(0)
He MMEI0T MAaKCMMYMOB B BEILLIECTBEHHOM JMarna-
30He yacToT. [IpumeuarenbHO, YTO

Wp @y = 0)(2); kaax = meax; Amax = C02/Ymax;
Amax max (23)
—at = (DkX
O " —da

Ilpyrne XapaKTCPHBIC TOYKMU:
F (o) = Q=42 p

J1-a? /4
Q-d/2
1-d*/4

24)
Aloy) =

F(o,) = Q- dz/ F;
1-d?/4

0-d/2 4

e,

F(0g) = OF, A(og) = QAy;
Fi(0g) = OF, X(wg) = QX;

g2
1-d%/2
J1-d?/4
1-d*/2

T e

XapakTepHbIE OTHOLLECHUSI:

Fi (o) _ F(©y) _ F (o) _

F, (o)  F(o,) F((o,)
_X(op) _Alw,) 1
C X(o,) Ale,) 1-d2/2°
F(og) _ Fulo,) 0
Foy)  F(o,) f1-42 72

Fk(wm) — Fm((’)k) — Q Il_d2/2.
Fr (mm) Fr((’)k)

Ha puc. 3 npexacraBieHbl nodauHHble PE30OHAHC-
HBIE KPUBBIE IJII CUCTEMBI C MapaMeTpamMu: F =
=100 H, m = 10 kr, k =40 kr-c 2, r= 10 kr*c .

Ha ToM ocHOBaHWM, YTO aMIJUTYJa OTKJIOHE-
HUS X UMEET MaKCUMYyM Ha 4actoTte oy (o, < ),
OHa (w;, a HE ®)) CYMTAETCS PE30HAHCHOW 4acTo-
Toit [135].

D10 ObUIO Obl CUJIBHBIM pEIlIeHHeM, eciau Obl X
ObLT €IWHCTBEHHBIM 3HAYMMBIM KWHEMAaTUUYECKUM
mapaMeTpoM. OmHAaKO He MeHee 3HAYMMBbIMU Tia-
paMeTpaMu SIBJISIOTCS aMILUIMTYIbl CKOPOCTH V n

(25)
X((Dm) -

(26)

Fr((’)k) = Fr((’)m) =
(27)
Viog) =V(o,) =

Fp(0n) _

Fm(wk) - (28)

(29)

Puc. 3. Pe3onanc cua
Fig. 3. Resonance of forces

yckopeHust A. Ilpu sToM nepBast UMeeT MaKCUMyM
Ha 4acToTe g, a BTOpasi — Ha 4acToTe ®,, (®,, > ®).
Takum 00pa3oM, m;, HUYEM HE JIYULLE, YEM ) U O,
EnnHCTBEHHBIM apryMeHTOM MPH BEIOOPE pe30HaHC-
HOM 4YacCTOThI OCTaeTCs COOoOpaxkeHHe CUMMETpPUU
(ycuneHHOe TIepBbIM BblpaxkeHueM (23)), B COOTBET-
CTBUU C KOTOPBIM PE30HAHCHAS 4aCTOTa — 3TO .

DTOT BBIOOp CTAHOBUTCS ellle OoJiee OYeBU-
HBIM, €CJI1 PacCCMOTPETh CHUJIbI.

AMIuUIMTYna ynpyroi cuisl F, ©MeeT MakCUMyM
Ha YacCTOTe ®y, AaMIUIMTYJa UHEPTHOWM CuJbl F,, — Ha
4yacToTe o, OTaaTh NpeanoYTEHUE TOM UK APYTOi
4acTOTe HEBO3MOXHO. OMHAKO MMEHHO Ha 4acToTe
®) UMEET MECTO PEe30HAHC CUA, NPU KOMOPOM DeaK-
mueHsle cuavl Fy u F,, paénel u npomueonosodxcHel,
a ux cymma, coomeaemcmeeHHo, pasna Hyao [14].

Bmecte ¢ TeM, uMIlegaHC MeXaHUYECKOH CH-

CTeMbl Z = \/,,2 +(x, - xk)2, XapaKTepU3yoLInii
€€ CBOICTBO OKa3blBaTh CONMPOTUBJICHUE IIPUBOMY,
MOHYXJAIOIIEMY €€ COBepllaTh KojieOaHUsI, Ha Ya-
CTOTE ®;, UMEET MUHUMaJIbHOE 3HayeHue. [pyru-
MU CJIOBAMU, UMEHHO Ha 4aCcTOTE ) CUCTEMa OKa-
3bIBaeT MPUBOAY MUHUMAJIbHOE COIPOTUBJICHUE.

Takum o6pa3oM, pe30HAHCHOU YaCTOTOM SIBJISI-
€TCSI UCKJIIOUUTENBHO .

2. IlapannenbHoe coeqHHEHHE H HCTOYHHK
CKOPOCTH. AHTHPE30HAHC CHJI

KOMI'[J'[GKCHaH aMl'[J'[I/ITy,Z[a I/IHepTHOI/I CUJIbl —
F,=x,V =x,Ve™* = F ™
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KomIuiekcHast aMnauTyna ymnpyrom cuiabl —
Fk = sz = kae_ln/z = er_”[/z.
KommiekcHast ~ aMILUIMTYyza
cunsl — F, =rV =rVe'’ = Fe”.
Pasymeercq, F, + F;, + F, = F.
KomIiekcHast aMIanTyna OTKJIOHEHUS

PE3UCTUBHOMN

F,  x Ve ™ kve >

X ="k -
_ Ke—in/2 _ Xe_i“/Q.
()
KoMIutekcHast aMIUIMTYOA YCKOPEHU ST
i Fy _x, )™ omVe™
m m m (3D

= oVe™ = fe'?.

KomnnekcHass ammnautyga cuibl (cm. (1)) —
F =Vz =Vze" = Fe™.

AMIIIUTYTHO-YaCTOTHAS
F(o) = V\/r2 +(om—k/w)?.

IIpy ® » 0 1 ® — «© KpuBas Flo) ycrpemisier-
cs1 B 0OeCKOHeUHOCTh. [Ipu cBepxmalibIX 4acToTax
ycaoBue (3) mMopoxXaaeT Ype3MepHbIe AepopMann
ynpyroro 3neMmeHTa (30), compoBoXaaeMbie, COOT-
BETCTBEHHO, YPE3MEPHBIMMU CHJIaMU YIIPYTOCTH.
IIpu cBepxBBICOKMX YacToTax yciaoBue (3) mopox-
naeT ype3MepHble yckopeHus (31) m ype3MepHbIie
WHEPLUMOHHBIC CUJIBI.

IIpn ®; rpaduk NPOXOOUT 4YEPE3 MUHUMYM

XapakKTCpUCTUKaA

F.in = F(og) =Vr = F,.. Umeer MecTo anmupe3o-
| A |
| |
IF |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| F |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| |
| | |
| : |
| 1 I
| 1 |
| ! |
| : |
I 1 |
| 1 |
| ! |
| L > |
| |
0 w, O

Puc. 4. AHTHpE30HAHC CHJ
Fig. 4. Anti-resonance of forces

HaHc cua, npu Komopom peakmuenovie cuavl Fy u F,
DAGHbl U NPOMUBONOAONCHbL, A UX CYMMA, COOM-
6€MCMEeHHO, PAGHA HYAIO.

JIns aHTUMpe30HaHCa Pa3HOUYTEHUId CO CMelle-
HUEM AHTUPE30HAHCHOM YacTOThI (OHA Xe pe30-
HaHCHas1) He BO3HUKAET.

Ha puc. 4 npencrasieHa nodaurHas aHTUPE30-
HAHCHAsl KpUBas AJIsI CUCTEMBbI, OTJIMYAIOLLENCs OT

ormcaHHoi B 1. | TeM, uto V= 10 m-c L.

3. IlocienoBarebHOE COeIMHEHHE
H NCTOYHHK cKopocTH. Pe3oHaHc ckopocTeii

IMopsmoxk paccykaeHM Tako# ke, Kak B II. 1.
KommnnekcHast ammiutyna cuisl (cM. (1))

F:K:Ke’i
y

KommnekcHas aMIIJINTyaga CKOPOCTU MHEPTHO-
ro 3JIEMCHTAa

¢ = Fe o, (32)

V,=b

m =m

F = b, Fe ™20 =, e /(¥270) - (33)

KommnekcHas aMILJIuTyga CKOpOCTH HU3MCHEC-
Hud OJJWHBI YIIPYIroro sJeMEHTa

Vi = b F = b Fe'™0 =, e/W0 (34

KommnekcHas aMIInuTyga CKOpPOCTH HM3MCHC-
HuAd JJIWHbBI pC3UCTUBHOIO 3JICMCHTA

V,=gF =gFe ™ =V,e"™. (35)

Pazymeercs,

V., +V,+V, =V. (36)
M3 cooTHomeHus (33) cienyeT BhIpaxkKeHUe s
KOMIIJIEKCHOM aMIIJIUTYAbl UMITyJbCa:
P=mV, =mb, Fe (V29 = m—1 Fe i(®2+0) —
m m om
_F o-iw2+0) _ pe-itni2+o)
()

37)

M3 cootHolienus (34) cienyer BbIpakeHUE AJisI
KOMITJIEKCHOM aMIUIMTYIbl TMPOU3BOAHOM CHUJIBI
(cmeuranbHOrO Ha3BaHUSI HE MMEET, MPUBOIUTCS
31ech KaK AyaJbHbI aHajor mpeodpa3oBaHus (16)):

b _ Ly — i(1)2-0) _ o @ poi(n/2-¢) _
B=kV, = kb, Fe kkFe (38)

— o Fe!(™2-0) _ pei(®/2-0)
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3T10 COOTBCTCTBYCT Hp€O6pa30BaHI/IIO

kv=k@=m=d—F=B. 39
dt dt dt
Pazymeercs,
B=oF =o’P. (40)

N3 cootHowmenuit (32)—(38) u (7)—(9) caeny-
10T BBIpAXXEHUS IJIS1 aMIJIMTYAHO-YaCTOTHBIX Xa-
PaKTEepUCTHUK:

rne Fy=P0)=Vm — NOCTOAHHBIA MMIYJIbC
(IIp1 HYJIEBOI 4acTOTe).
Yacrora »,, Ha KoTopoi GyHKUMU Fw) u V(o)

HMEIOT MaKCHMMyM, OUYe€BUIHBEIM OOpa3oM paBHa

®, = wlk/m = (DO:

V
Vrmax =V, (('00) v, F max — F((’JO) = E (47)
YacToTa w;, Ha KoTOpoil pyHKLMU B(w) 1 V(o)

HUMCIOT MaKCMMYM, ONpcaciadacTCAad N3 yCJIOBUA

Ltk o —m o) 2112 0,
()

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
v |
Vm(m) = \/l 2 i1 > 5 i
omyl/r +I£(D/ ~1/(@m)] @1) i PeliieH1e 3TOro ypaBHEHUS:
P(w) = \/1 > P = i 2 1 oy
oy1/r +o/k -1/(om)] ! o, == — - —; @)
B B R
r - s |
JI/r? + [o/k =1/(@m)]? | d
“2) Viemax = Vi(0g) = ——==V;
F(o) = v _; | J1-0%/4 )
J1/72 +[o/k ~1/(@m)] | d d
| Bmax = B((Dk) = 2 Vi = 2 BO’
o) - oV | J1-0%/4 " (1-0%/4
() =
k\/l/ r°+lo/k-1/ (ﬂ)m)]2 13 | tme By = B(0) = V, — nocTosiHHas IPOU3BONHASL
Bo) oV 43) i CUJIBL (IIPU HYJIEBOM 4acTOTE).
®) = : | Tlpu 042 > 1 byskuwnn Po), Bo), V, (), V(o)
2 2 pn y D P > ''m s> Vk
‘/1/ r+lo/k-1/(om)] i He UMEIT MaKCUMYMOB B BElIECTBEHHOM JMara-
Pasymeercs, ! 30He yacToT. [IpuMeuaTenbHO, YTO
|
V=yWiiW,-Vv,)" @4) |
\/ « " i W0, = OL)(2);Vk max — Vm max> Bmax = OL)OPmax’
I'pajukn pynkumnit Pw), Fo), B(w) Beayr | B,y _ Faax (50)
cesi KaueCTBEHHO TaK Xe KakK, COOTBETCTBEHHO, | o, = ®p Proax - 0%/a
V(@) Vo), Vi(w). |
Yacrora o,,, Ha KoTOpoi PpyHKIUK P(0) 1 V, (0) | JIpyruie XapakTepHble TOUKH:
UMEIOT MaKCUMYM, OIpeiessieTCs U3 YCIOBUS !
I f— f—
y Vo) = 2222y poyy = 2292 i)
Lo ko -m o) 2T 0 | J1-0%/4 -0%/4
() 1
I
PellIeH e STOTO YPABHEHH: ' Vio,) = -22922 . B,y - -42922 p . (5
| 1-0%/4 1-0°/4
|
(Dm =\/qu—mk/(2r2) = 4 i Vm((Do):dV; P((Do):dpo; (53)
n . ® Vi(wg) = dV: Bog) = dBy;
= o\l - x2/(2r%) = o1 - 07/2; |
. 1-0%/2
d : V(00 = V(o) = W=L 2y
meax Vm(wm) = | QZ/ : 1—Q2/4 (54)
46) | 2
Py = P(oy) - — B, i Flog) = Fo,) = =22 poy),
1-02/4 | 1-0%/4
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XapaKTeprIe OTHOILICHU S

Vi(o) _ V(@) _ Vi(og) _ V(@) _
Vilog)  Vi(oy,) Vi(w,) V(o)

Po,) By 1
~ P(oy) B(o,) 1-d*/2’
Vk((")k) — Vm(mm) — d .
Vo) Vi(on)  J1-02)2 56)

Vk(wm) _ Vm(mk) -d }1 _Q2/2-
Vo,) V.(o)

AMnnauTyna umnyibca P mMeeT MakKCUMyM Ha
4acToTe o, (0, < ©g), aMIUIMTy1a cuibl F — Ha
4acToTe ®;, aMIUIUTyAa MPOU3BOAHON CUJIbl B —
HA 4acToTe oy (0 > ©).

AMOIUTYyIa CKOPOCTM MHEPTHOTO 3JIEMEHTA
V,, IMeeT MakCUMyM Ha 4acToTe ®,,, aMIUIUTyAa
CKOPOCTY U3MEHEHUS AJMHBI YIPYTOro 3JeMEHTa
V), — Ha yacrore oy.

Ha yactoTe ®, umeer MecTto pe3oHanc cKopo-
cmell, npu Kkomopom (peakmuerbvie) ckopocmu V,, u
V) paéHul u npomu8onoa0ICHbL, a UX CYMMA, COOM-
eemcmeerHo, pagHa Hyaw [14].

ADMUTAaHC MEXaHMYECKON CUCTEMBI Y =
=4 g2 + (b, - bm)z, XapaKTepU3yILIU ee CBOIi-
CTBO He 0Ka3bl6amb CONPOTUBIIEHUE MTPUBOAY, I10-
HyXJalollleMy €€ COBepllaTh KojeOaHWs, Ha 4Ya-
CTOTE ®; UMEET MMHMMAaJIbHOE 3HaueHue. Jlpyrumu
CJIOBAaMM, UMEHHO Ha YacCTOTE w,; CUCTEMA OKa3bl-
BaeT NPUBOLY MaKCUMaJbHOE COIPOTUBIICHUE.

Taxum oO6pa3oM, pe30HAHCHOM YaCTOTOM SIBIISI-
€TCSl UCKJIIOYUTEIBHO .

Hnsi cucteMbl ¢ IapaMeTpaMu, OTIMYalolIv-
MUCS OT ITapaMeTPOB CUCTEMBI, OIIUCAHHOM B 1. 2,
TeM, 4To r = 40 KF'C_I, noodauHHble PE30HAHCHBIE
KPUBbIE NOAHOCMbIO CO8NA0AOM C N300paKeHHBI-
MM Ha puc. 3 npu 3ameHax F, » V,, F,, > V,,
F.>V, o> 0, 0, > o

4. ITocaenoBareabHOE COEINHEHNE H MCTOYHHK
CHJIbI. AHTHPE30HAHC CKopocTeil

IMopsinok paccyxaeHuit Takoi Xe, Kak B 1. 2.
KoMmmuekcHast aMIIMTyaa CKOpOCTU MHEPTHO-
ro dJeMeHTa

V,y =b,F =b,Fe ™ =V, e ">

KommnnekcHass aMIIMTyga CKOPOCTU H3MEHe-
HUS AJWHBI YIIPYTOTO 3JIEeMEeHTa

Vk = l_)kF = bkF‘eiTc/2 = Vke_in/2.

KommnaekcHas aMIlInTyga CKOpPOCTHU HM3MCHC-
HUA JJIWUHBI PE3UCTUBHOIO 3JICMCHTA

V, =gk =gFe” =V,e".

Pasymeercs, V, +V, +V, =V.
KoMmiekcHas aMnianTyna uMIyJibca
: : p 1 p
P=mV, =mb,Fe"™? =m— Fe '™? =
om

57)

=£e—in/2 _ Pe—in/2'

®
KommnnekcHast aMIIMTyna IpOU3BOAHONA CUJIbI

D _ ;o inf2 _ O o in/2 _
B=kV, = kb, Fe k A Fe (58)
_ (oFe[“/z _ Bein/Z-
KomnnexkcHas amrmiutyaa ckopoctu (cM. (1)) —
V= FZ = Fye™® = Ve,

AMIIUIMTYIHO-4aCTOTHAs XapaKTepUCTUKA

V(o) = Fyg” +(o/k - 1/(om)’.

IIpy ® — 0 U ® — oo KpuBas V(w) ycTpemasieT-
cs B 6eckoHeyHOCTh. IIpu cBepxMasbiX 4acToTax
yciioBue (2) MOpOXAaeT 4Ype3MEpPHbBI HMITYJIbC
(57), compoBoOxXaaeMblii, COOTBETCTBEHHO, UYpe3-
MEpHOI CKOPOCTbIO MHEPTHOro 3jemMeHTa. Ilpu
CBEPXBBICOKMX 4YacTOTax ycjioBue (2) mopoxaaeT
Ype3MEPHYIO MPOU3BOAHYIO CUJbI (58) 1 upe3mep-
HYIO CKOPOCTb U3MEHEHUS IJIMHBI YIIPYTOro 3Jje-
MeHTa. [Ipy o) rpaduk NpoXoauT Yepe3 MUHUMYM
Vinin =V(0y) = Fg =V,. Umeer mecto anmupe3o-
HaHC cKopocmell, npu Komopom (peaKmugHole) CKo-
pocmu V,, u V, paénvl u npomueonoaoxicHsl, a ux
CYMMQ, COOMBEMCMBEHHO, PABHA HYAIO.

Hnst cucteMbl, OTIMYAONICICI OT OT ONMKMCaH-
Hoif B 1. 3, TeM, uto F = 100 H, nodsunnas an-
TUPE30HAHCHASI KPUBAsI HOAHOCMbIO CO8nadaem
¢ U300paxxeHHOU Ha puc. 4 npu 3ameHe F — V.

3akiaoyenue

Hcnonb3oBaHMEe CMMBOJMYECKOTO (KOMILJIEKC-
HOro) MeTofa CYLIECTBEHHO YMPOCTHUJIO HCCe-
JIOBaHWE PE3OHAHCHBIX M OKOJOPE30HAHCHBIX
SIBJIEHW, B YaCTHOCTH, MO3BOJIMJIO TJIyOOKO YHU-
¢puumpoBare M ¢dopmann3oBaTb pPacCMOTpPEHUE
pa3IMUHBIX MeXaHWYecKux cuctem (m.ar. 1 um 3,
2 u 4 ABISIOTCS AyallbHO WHBEPCHBIMM). I'po-
MO3JKHE U TPYJAOEMKHUE OIepalluM, CBSI3aHHbBIC
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C COCTaBJICHMEM M pellieHueM andhepeHInalb-
HBIX ypaBHEHUI, 3aMeHEHBbI MPOCTBIMU ajaredpa-
MYECKUMU MPeoOpa3oBaHUSIMH.

B ocHOBe MeToma JIEXKUT MeXaHUYeCKUil aHa-
jor 3akoHa OMa B KOMIUJIEKCHOM IpeACTaBICHUM
(1) 1 TIOHsITHE O MEXaHUYECKUX peaKTaHCe, Pe3U-
cTaHce, MMIIeaHCe, caccernTaHce, KOHAaKTaHCe 1
aJMUTaHCe.

C momoIpi0 3TOr0 METOAa TMOJYYeHbl HOBbBIE
pe3yabTaThl, B TOM 4YMHcJe cooTHoueHus (14),
(17)—(29), (36)—(56).

B nomonHeHMe K KJacCMUYeCKOMY METONYy pac-
CMOTPEHBI MOCJIeA0OBaTEIbHOE COCIUHEHUE MeXa-
HUYECKUX BJIEMEHTOB U UICTOYHUK CKOPOCTENA.

Kiaccuyeckoe  paccMoTpeHHe  JAOCTaBISIET
OIHY aMIUIMTYAHO-YaCTOTHYIO XapaKTEePUCTHUKY,
CUMBOJMYECKUM (KOMIIEKCHBIN) METON — BO-
CeMb IMpPHU 3HAUYUTEJbHO OOJIbIIEM YHCJE Xapak-
TePHBIX TOYEK M XapaKTEPHbIX OTHOIIEHU.

YcTaHOBNIEHO, 4YTO BOMPEKU KJACCUUYECKOMY
TOAXOAY PE3OHAHCHOM YaCTOTOM SIBJISIETCS UCKJIIO-
YUTEJIBHO ®©) (a HE ). JpyruMu cioBaMu, pe3o-
HaHCHa$ 4acToTa HE CABUTAETCSl OT YaCTOThI CBO-
OOmMHBIX KOJeOaHMI. DTO OOYCIOBJICHO TEM, UTO
MPU KJIACCUUYECKOM PAacCMOTPEHUM HE yCTaHOBJIE-
Ha cuMmMeTpus yactot (23), (50) (mepBble BbIpake-
HUSI), a IPY CUMBOJIMYECKOM OHA OYEBUIHA.

OnpeneneHbl pe30HAHC M aHTUPE30HAHC CHUI,
pPE30HAaHC M aHTHUPE30HAHC CKOPOCTEil, KOTOpPHIE
He ObIIM OmpenejeHbl KJIACCUYEeCKMM METOAOM.
Pe3oHaHChl BO3HUKAIOT MPU COYETAHUSIX Mapai-
JIEJIbHOTO COEIMHEHUSI DJIEMEHTOB M WMCTOYHUMKA
CUJIBI, OO IOCIEeN0BATEIbHOTO COEAMHEHUS U
WCTOYHMKA CKOPOCTH. AHTUPE30HAHCHI BO3HUKA-
0T TIPU COYETAHUSIX MapalyIeIbHOIO COeAUHEHUS
U MCTOYHMKA CKOPOCTH, JUOO MOCIea0BaTEIbHO-
0 COEIMHEHUSI 1 UICTOUHUKA CUJIBI.

JInst Bcex OMMCaHHBIX ClydaeB gazouacmom-
Hble XapaKTePUCTUKHU OCOOOI OPUTHMHATBHOCTHIO
HE OTJMYAIOTCS U MO3TOMY HE paccMaTprBaloOTCH.

CHnmncok aureparypsi

1. Tpaneukunii B. T., Yamyxun B. I. VccregoBanue nuHa-
MUKHM MUHUATIOPHBIX BHYTPUTPYOHBIX POGOTOB BUOPALIMOHHOTO
tuna // MexarpoHuka, aBToMmarusauus, ynpasiuenue. 2018. T. 19,
Ne 6. C. 396—401.

2. Tomuupina M. B. OntumanbHbIi BBIOOP YCKOPEHMSI MasiT-
HMKa B 3a7]a4ax yrnpasjieHUsl BUOpaLIMOHHBIM poboToM // MexaTpo-
HMKa, aBTomMaru3auus, ynpasiaenue. 2018. T. 19, Ne 1. C. 31—39.

3. Kunugi K., Kojima H., Trivailo P. M. Modeling of tape
tether vibration and vibration sensing using smart film sensors //
Acta Astronautica. 2015. Vol. 107. P. 97—111.

4. Tonos U. II. [TpuMeHEeHUE CUMBOJMYECKOTO (KOMIIJIEKC-
HOTrO) MeToJa [Jisl pacyeTa CJIOXHBIX MEXaHMYEeCKUX CUCTEM
MpyU rapMOHUUYECKUX BosueicTBusix // IlpuknagHas ¢pusuka u
Maremaruka. 2019. Ne 4. C. 14—24.

5. Tlomos M. II. UMnenaHchl 1 aAMUTAHChl MEXaHUYECKUX
cucteM // OyHaaMeHTaJlbHbIe ¥ TIPUKJIAIHbIE TPOOJEeMbl TEXHU-
K4 U TexHojoruu. 2020. Ne 5. C. 3—11.

6. Byppan 10. A., Ilanaii B. B., 3yoapes A. B., IToas-
koB C. H. /luHamunyeckasi KOMIEHCAllUsI BUOPOAKTUBHBIX CHUJI
B KoJiebaTelbHOM cucteMe // MexaTpoHMKa, aBTOMAaTU3allus,
ynpasienue. 2017. T. 18, Ne 3. C. 192—195.

7. Toayo A. II., Cemouxmii 0. JI. /IByX3BeHHBI MasiTHUK
B ynpyrom noapece // MexaTpoHuKa, aBTOMaTU3alMsl, YIIpaBJie-
Hue. 2018. T. 19, Ne 6. C. 380—386.

8. Cemenos M. E., Marees M. I., Mexnemenko II. A.,
CoaoBbeB A. M. JIuHamuka aemr@upyolero ycTpoicTBa Ha
ocHoBe Matepuana MuuimHcekoro // MexaTpoHuKa, aBToMaTU3a-
uus, ynpasienue. 2019. T. 20, Ne 2. C. 106—113.

9. Popov I. P. Free harmonic oscillations in systems with
homogeneous elements // Journal of Applied Mathematics and
Mechanics. 2012. Vol. 76, Iss. 4. P. 393—395.

10. Uzny S., Sok K., Osadnik M. Free vibrations of the partially
tensioned geometrically non-linear system subjected to euler’s load //
Vibrations in physical systems. 2016. Vol. 27. P. 399—406.

11. Permoon M. R., Haddadpour H., Shakouri M. Nonlinear
vibration analysis of fractional viscoelastic cylindrical shells //
Acta Mechanica. 2020. P. 1—18

12. J drysiak J. Free vibrations of medium thickness
microstructured plates // Vibrations in physical systems. 2016.
Vol. 27. P. 169—174

13. Legeza V. P. Dynamics of vibration isolation system with a
ball vibration absorber // International Applied Mechanics. 2018.
Vol. 54, N. 5. P. 584—593.

14. Ilomos U. Il. AHTUpPE30HAHC — pE30HAHC CKOpocTel //
MexarpoHuka, aBToMatusanus, ymnpasienue. 2019. T. 20, Ne 6.
C. 362—366.

15. SIBopckmii b. M. Jletna A. A. CnipaBoYHUK 10 (pusuKe.
M.: Hayka, 1980. 512 c.

Sources of Harmonic Force and Speed in Mechatronic Automatic Systems

I. P. Popov, ip.popow@yandex.ru,
Kurgan State University, Kurgan, 640020, Russian Federation

Corresponding author: Popov Igor P., Senior Lecturer, Kurgan State University,
Kurgan, 640020, Russian Federation, e-mail: ip.popow@yandex.ru

Abstract

Accepted on December 05, 2020

To study resonance and near-resonance phenomena, a symbolic (complex) method was used, which makes it possible
to significantly increase productivity, simplify and formalize mathematical transformations. Parallel and sequential con-
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nections of elements of a mechanical system with a source of harmonic force or a source of harmonic speed as a source
of external mechanical harmonic action are considered. The analytical descriptions of resonance in theoretical mechanics
courses correspond to parallel connection. There are devices, in a satisfactory approximation, capable of performing the
Sfunctions of sources of force and sources of speed. The source of harmonic speed can be a crank-yoke drive and a flywheel
with a large moment of inertia. The source of the harmonic force can be the rod of the pneumatic cylinder, the cavity of
which communicates with the cavity of another pneumatic cylinder, the diameter of which is immeasurably higher than that
of the first, and the piston performs harmonic oscillations. The mechanical harmonic influences described in the courses of
theoretical mechanics correspond to the source of the force. Four modes are described — resonances and antiresonances
of forces and velocities. The use of the symbolic (complex) method has significantly simplified the study of resonance and
near-resonance phenomena, in particular, it has made it possible to deeply unify and formalize the consideration of vari-
ous mechanical systems. The cumbersome and time-consuming operations associated with the preparation and solution
of differential equations have been replaced by simple algebraic transformations. Resonance and antiresonance of forces,

resonance and antiresonance of velocities are determined.
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WHcTnTYT Nnpobnem To4HOW MexaHuku n ynpaesneHus PAH, r. CapaTtoB

KBaTepHUWOHHbLIN anropMTM HavyanbHon BbictaBku BUHC
C ncnonb3oBaHuem metoga perynsapusauum A. H. TuxoHosa*

Paccmampueaemcs 3adaua HauaavHoU ebicmasku becnaam@opmeHHol UHepyualbHol HagueayuornHol cucmemsvl (BUHC)
Ha 0CHOBe Memoda 8eKmopHo20 coenacosanus. CywHoOCmb e20 cocmoum 6 onpedeieHuu 63auMHOU OpUeHmMayuu npudopHo2o
(Y) (céa3anno020 ¢ 6a0K0M uyscmeumenvrolx snemenmos bUHC) u onopuoeco (X) mpexepanHukoe no pezyiomamam usmepeHui
npoexkyull He MeHee uem 08YX HEKOAAUHEAPHbIX 6EKMOPO8 HA OCU 0060UX mpexepaHHukos. B cmamoe c@opmyaupoeano onpe-
defeHue HA4AAbHOU OpUeHMAayuu 006eKma ¢ NOMOWbI0 Memooda 2upoKOMNACUPOBAHUSA, ABAAIOUE20CH PAZHOBUOHOCMbIO Me-
moda 6eKMOPHO20 CO2AACO8AHUS. DMOm CNOCOO HAYAAbHOU 8bICMABKU OCHOBAH HA UCHOAb308AHUU UHDOPMAUUL O NPOEKUUAX
B8EKMOPO8 KAdNCYWeeocs YCKopeHUus U abcoaomuol yeao8ol ckopocmu obsekma 6 cucmemax koopounam X u Y. Bdoaw oceil
C8A3aHHOU cucmembl Koopounam Y ycmanoaeHbl mpu 0OHOOCHbIX AKCeAepoMempa u mpu 2upockona (60o0we 2080ps, mpu
uzmepumens a6CONOMHOU Y2A080i ckopocmu 060l pusuueckol npupodst), usmepsioujue NPOEKYUl 6eKmopos Kalcyuecocs
YCKopenus u abcoatomuoi yeaogou ckopocmu obsekma. Ecau npu smom 6ydym useecmmusl npoeKyuu Smux jce 6eKmopoe Ha
ocu cucmembvl KOopounam X, mo MONCHO YCMAHOBUMb 83AUMHYI0 opuenmayuto mpexeparnnukos X u Y. B cmamoe pewaemcs 3a-
daua nauanvHou evicmasxku BUHC 6 cayuae HenodeuicHozo 0CHOBAHUSL, K020a aKceAepOMempPbl U3MEPAOM NPOeKUUU 6eKmMopa
YCKOpeHUs CUuAbl MAdCcecCmu, a 2UPOCKONbL U3MePAIom NpoeKyul 6eKmopa yea080i CKOpoCmu epaueHus 3emau Ha C653aHHble
¢ o6sexmom ocu. Tlpoexyuu smux xce 6eKmMopos HA OCU HOPMANbHOU 2eoepaduyeckoi cucmemst Koopounam X maxkwice onpe-
deasromces no uzeecmuoim popmyasam. Cea3b medcoy npoeKuuamMu 6eKmopos 6 cucmemax Koopournam X u Y ycmanaséausaemcs
U36eCMHbIMU KBAMEPHUOHHLLMU COOMHOWEHUAMU. B smux coomnowenusx neuseecmuoli eAutuHol 161s1emcs K6amepHUOH
opuenmayuu oosekma ¢ cucmeme Koopounam X.

3adaua nauaavuou evicmaeku bBUHC mamemamuuecku ceodumcs K peuleHut0 HeoOHOPOOHOU cucmeMbl AUHEUHbIX anee-
Opauyeckux ypagHeHull, Mampuya Kodgpouyuenmos Komopoi moxcem 6bimov naoxo ooycaosierna. C ucnoav3osanuem memooa
peeyaapuzayuu A. H. Tuxonoea peuwenus HeKoppeKmHuiX 3a0a4 nPed0dcet K@amepHUOHHbLI AN20PUMM HAYAAbHOU 8bICMABKU
BUHC. Ilpusodsmcs npumepsl pacuemos u npoeedeH anaius nOAYHeHHbIX Pe3yabmamos.

Karoueevie caoea: FUHC, keamepHuoH HA4aAbHAs 6bICMABKA, MeMOO 2UPOKOMAACUPOBAHUS, Memo0 pe2yAipusauuu

A. H. Tuxonosa

BBenenne

Hnst  (QyHKIMOHUPOBAHUSI aJTOPUTMOB HHEP-
1IaJIbHOM OpHMEHTAllMM M HaBUTalluM OecraTdop-
MEHHOW WMHEPLMAJIbHOW HABUTALIMOHHOM CUCTEMBI
(BMUHC) HenocpeACTBEHHO Iiepel padOTOi 3TUX
aJITOPUTMOB TpebOyeTcsl MpPOBOAUTH MaTeMaThye-
CKy10 HaudanbHylo BbicTaBKy BUMHC. BddexkTun-
HBIM METOJOM MaTeMaTUYeCKON HayaJIbHOM BBI-
craBku (He kanuodbpoBku!) BUHC cuutaeTrcs mMeTon
BEKTOPHOTO coriacoBaHus. CyIIHOCTh €0 COCTOUT
B OIpPEIeICHUN B3aMMHOW OpUEHTAllMM MpUOOp-
Horo (Y) (cBsi3aHHOTo C OJIOKOM 4YBCTBUTEJILHBIX
anemMeHToB BUHC) 1 omopHoro (X) TpexrpaHHU-

*PaboTa BhITIOTHEHA TpU (uHaHCOBOW monanepxke POOU
(mpoekTt Ne 19-01-00205).

KOB TI0 pe3yJibTaTaM M3MEPEeHUI MPOeKInii He Me-
Hee 4YeM IBYX HEKOJJIMHEapHBIX BEKTOPOB Ha OCU
000MX TpEeXIpaHHUKOB. B crathe paccMarpuBaet-
cs OIpedc/ieHUe HadaJbHOW OpUEHTAllUM OOBEeKTa
C TOMOIIbI0 METOoJa T'MpoKoMmIacupoBaHus [1, 2],
SIBJISIIOLIETOCS  PA3HOBUIHOCTBIO MeTOoAa BEKTOp-
HOTO COIJIacOBaHUS. DTOT CHocod HayaJIbHOM BbI-
CTaBKM OCHOBAaH Ha MCIOJb30BAaHUM WHGOPMALUU
0 MPOEKIIMSIX BEKTOPOB KaXKyIIErocs YCKOPEHUS a
1 aOCOJIIOTHOM YIJIOBOM CKOPOCTU @ OOBEKTa B CHU-
cremax KoopnuHaT X u Y. Cuurtaercs, 4TO BIOJIb
oceil CBSI3aHHOI CUCTeMbl KOOPAMHAT Y yCTaHOBJIE-
HBI TPY OMHOOCHBIX aKCeJIepoMeTpa U TPU TMPOCKO-
na (BooOllle TOBOpsI, TPU U3MEpUTENIST a0COTIOTHOMN
YIJIOBOM CKOPOCTH J1000 (pU3NYECKON MPUPOIbI),
HU3MepSIOIIe MMPOSKIIMK BEKTOPOB a U ®. Eciu npu
5TOM OyAyT M3BECTHBI IPOCKIIMU 3TUX K& BEKTOPOB
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Ha ocy 0a30BOM CHUCTEMBI KOOPAWHAT X, TO MOXHO
YCTAaHOBUTh B3aMMHYIO OPHEHTAIIMIO TPEXI'PaHHU-
KOB XU Y.

B craTtbe pemaercst 3aga4ya HayaJbHOW BBICTAB-
ku BUHC B cinydyae HENmogBMKHOI'O OCHOBAHMSI,
KOrJa akceJiepOMeTPhl U3MEPSIIOT MPOEKIIUU BEK-
TOpa YCKOPEHMSI CUJIbI TSIXKECTU g, a TUPOCKOIIbI
U3MEPSIOT MPOEKIIMU U; BEKTOPA U YIJIOBOW CKOPO-
CTM BpallleHUsT 3eMJIM Ha CBSA3aHHBIE C OOBEKTOM
ocu. Tlpoeklimm 3TUX X€ BEKTOPOB HAa OCHU HOP-
MajbHOW reorpacpuyeckoil CUCTEMbl KOOpPAWHAT
(HI'CK) X Tak:ke ompenmesiioTcs MO M3BECTHBIM
dopmynam. CBs3b MeXIy MPOEKIIMSIMU BEKTOPOB
u U g B cucremax KoopauHat Y m X ycraHaBiu-
BaeTCs M3BECTHBIMM KBAaTCPHUOHHBIMU COOTHO-
meHusIMU. B 3TUX COOTHOIIEHUSIX HEM3BECTHOM
BEJIMUYMHON SIBJISETCS KBaTePHUOH OpPHEHTALIUU
00BbeKTa B cUCTeMe KoopauHar X.

Beigensia B ypaBHEHUSX CKaISIpHYIO U BEK-
TOPHYIO 4YacTW, IOJy4yaeM IepeonpeacieHHYIo
CHUCTEMY JIMHEMHBIX ajire0panvyeckux ypaBHEHUM
(CJIAY), rme Hem3BECTHON BEIMYMHON SIBIISIETCS
BEKTOpP KOHEYHOro IMOBOpOTa 0, COBMEIAIOLIETO
cucteMbl koopauHaT X m Y (OTMeTHM, 4TO IIpU
MOJIyYeHUM ypaBHEHUI MpearojaraeTcsd OTCYyT-
CTBHME IMOJIyOOOpOTa CUCTEMBbI KOOPAUHAT X OTHO-
cutenbHo Y). Takum oOpa3oM, mareMaThdecKas
MOCTaHOBKA 3aJauyy HadyajxbHOM BbicTaBKM BMHC
Ha OCHOBE T'MPOKOMITACMPOBAHMUS 3aKJtoyaeTcs
B HaXOXJIEHUW HEUM3BECTHOTO BeKTOpa O M3 Moy-
yeHHoI nepeonpenenerHHoit CJIAY.

[lpy HaxoxaeHWU BeKTOpa 0 HEmocpeaCcTBEHHO
n3 CJIAY ("anroputm 1") m Ha OCHOBE JAHHBIX, CO-
JepXKallrX IMOTPEITHOCTH N3MEePEeHN I, KOMIIOHEHTHI
BeKTOpa 0 HaxomsTCAd TaKXKe C MOrpelrHocTsIMU (B
0COOEHHOCTM KOMITOHEHTa BEKTOpa 0, oTBevaoias
3a Kypc 00BeKTa y). B 3aBUCMMOCTM OT anprOpHO
3aJaHHBIX B XO/I€ YMCJCHHBIX DKCMIEPUMEHTOB 3Ha-
YEHUU yIJIOB Kypca y, KpeHa 9, TaHTaxa y 00beK-
Ta W TIOTPELIHOCTE JaHHBIX 3a7adyu (MOKazaHUM
TMPOCKOIIOB M aKCEJIEPOMETPOB) MOrPEIIHOCTh Ha-
XOXKJIEGHUS yIia Kypca o0beKTa Ay MOXET OTJIu-
4yaThCs B 1IEJIOM psijie CydaeB OT MOrpelrHocTell Ha-
XOXIECHW YIJIOB KpeHa AS ¥ TaHTaXa Ay Ha IBa-TpU
(B OCHOBHOM) M 0o0Jiee TTOPSIAKOB. DTO OOBSICHSIETCS
TeM, 4yTo Marpuiia Koadpduinuento CJIAY mioxo
00ycJIoBJIeHA, a cama cucTteMa HeycTtoiuunBa. [Toato-
MY, 9TOOBI CIIaguTh 3TU 3(PPEeKTHI, K 3amade Mpu-
MeHsica Meton peryiasipusannu A. H. Tuxonosa [3]
("anroput™m 2"), KOTOPHIM 3aKJII0YAETCSI B YMHOXE-
HUM JieBor 1 npaBoi yacteir CJIAY Ha TpaHCITIOHU-
poBaHHYIO MaTpuily KoapdunneHtoB 3toil CJIIAY
U mpuOaBleHUM K dJeMeHTaM TIJIaBHOW JuaroHa-

JI1 MaTpULBl KO3(P(PUIIMEHTOB BHOBb ITOJTYYEHHOMN
CJIAY (B crydyae HEOOXOOUMOCTU, B 3aBUCHUMOCTH
OT 3HAUEHUS OMIpeAeNIMTENIs] 3TOM MaTpUIIBI) Mapa-
MeTpa peryispu3alnu cucteMbl. PaHee aTot mmomxon
OB YCIIEITHO IPMMEHEH aBTOpaMU IIPU I0CTUPOBKE
KOCMMWYECKOTO MaHUITYISIIIMOHHOTO KOoMIIJIeKca [4].
AJIbTepHAaTUBHEIE TTOAXONBI K PEIIEHUIO MOIO0OHBIX
3aJa4y MpeaCcTaBJICHBI, HAIPUMED, B padote [3].

AHanmu3 pe3yjbTaTOB YHCJICHHBIX OJKCIIePH-
MEHTOB II0 HayajJbHOM BHICTAaBKE ITOKa3aj, 4TO
MMOTPEIIHOCTA HAXOXICHUS YIJIOB OpPHEHTALlUU
o0BbekTa Ay, A3, Ay ¢ MpUMEHEHUEM ajaropurma 2
CTajli HOCUTb MEXAY COOOI COIOCTaBUMBIN IO
mopsiaky (0ojiee peryasipHBIil) XapakTep.

B craThe mosrydeHBI aaropuTMbl 1 u 2 Hadadb-
Ho#t BeicTaBKM BUMHC nist MrHOBeHHOI BXOTHOI
nH(GOPMAILIUY, KOTJAa M3BECTHBI IIPOEKIIMU BEKTO-
POB ® 1 a (u ¥ g) Ha CBSI3aHHBIE OCU. TakxKe pelle-
Ha 3aJaya HayaJbHOI BHICTABKM Ha OCHOBE MHTE-
rpaabHOil nHpopMmanmu BMMHC mo nmpupamieHusm
WHTErpaJioB OT IPOEKILMI Ha CBSI3aHHBIE KOOPIH-
HaTHbIE OCU BEKTOPOB aOCOJIIOTHOM YTIJIOBOM CKO-
POCTHU U KaXyIIErocss yCKOpeHMUsI 00bEeKTa.

1. ITocTanoBka 3azaun
HavyaabHO# BoicTaBku BUHC

PaccmoTpuMm 3amayy HadajabHOM BBICTaBKU
BMHC Ha HenmoaBMXXHOM OCHOBAaHUMU, KOTJa ak-
ceJIepoMETphl U3MEPAIOT mpoekuuun g; (i =1,2,3)
BEKTOpa YCKOPEHUS CUJIbI TSIKECTU g (TOYHEe 13-
MEpPSIIOT MPOEKIUU -g; BEKTOPA -g), & TUPOCKOIIbI
M3MEPSIOT NMPOEKLMU U; BEKTOPA U yIJIOBOM CKO-
pocTu BpallieHUsI 3eMJIM Ha CBsS3aHHbIE ¢ OOBEK-
TOM OcH cucTeMbl kKoopauHat Y. [lpoekum sTux
Ke BEKTOPOB gf , uf Ha ocu HI'CK X 6ynem cum-
TaThb U3BECTHLIMU U PaBHBIMU

* * ES
gl :O’ g2:_g5 g3 :09 (1)
* * . *
U =UcCosQ, U, =using, u3 =0,

rae ¢ — reorpaduyeckasi IMPOTa TOYKA HAXOXK-
neHust oobekta, u = 7,29-107° ¢! — yrioBast cko-
pPOCTh CyTOYHOI'O BpallleHUsI 3eMJId, g — yCKOope-
HUE CHUJIBI TSIXECTH B 3TOM TOUKE, ONpeaessieMoe
M0 MOKa3aHUsIM akcesnepomMeTpoB g; (i = 1, 2, 3):

2 2 27172
g=(g +8& +&%) 2,
CBs13b MEX 1Y IIPOEKLMSIMU BEKTOPOB U U & B CU-

creMax KoopauHat Y u X yctaHaBiaMBaeTCs Cleay-
IOIIMMHY KBaTePHUOHHBIMU COOTHOIICHUSIMMU:
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()

Uy :‘N/ou/\’ov,g)’ :{logxov,

[Ie KBATEPHUOH V =V + V{i| + Voiy + V3i3 = vy + v,

ornpeensieT B3aUMHYIO OpUeHTaluio 6a3ucoB Y u X
(KOMTIOHEHTBI 3TOro KBarepHuoHa v; (j =0, 1, 2, 3) —
nmapaMmeTphl Diiepa, XxapaKTepusyrollue 3Ty Opu-
EHTalMI0); "°" 03HAYaeT KBAaTCPHUOHHOE IIPOM3-
BEICHUE; Uy, 8y U Uy, &y — OTOOpPaXEHUs BEKTO-

poB u, g Ha 6a3ucel Y u X:

Uy =iy + Uyl + usis, By = g1l + &1y + &3i3; 3)

Uy =ucosoi, +usinoi,, gy = —gi,.

B xBaTepHMOHHBIX ypaBHEHUSX (2) HEU3BECT-
HOI BEJMYMHOM SIBJISIETCS KBaTEPHUOH V OpUEH-
Tauuu o0beKTa B CUCTEME KoopAuHAT X.

Boigensisg B ypaBHeHUSX (2) CKaASIPHYIO U BeK-
TOPHYIO YacTU (B COOTBETCTBUU C METOIOM pellie-
HHUS TaKOro poja YpaBHEHUI), MOJYYUM

(u™,0) =0, )
[u,0]=u"; ()
(87,0)=0, (6)
8", 0]=8", (7)

rae

U =uy-Uy,u’ =uy +uy,
- +
g =8y 8x.8 =8x +8y.

3nech © = (1/vy)v,, — BEKTOpP KOHEUHOTO MOBO-
poTa, COBMEIIAIOIIEr0 CUCTeMBbl KoopaAuMHAT Y u X
(OTMETHM, UYTO MPU MOJYYEHUU YpaBHEHUH (4) us
(2) monaranoce, 4TO vy # 0, T.e. YTO OTCYTCTBYET
MOJIyOOOPOT CUCTEMbI KOOPAMHAT Y OTHOCUTEIb-
HO X); "[. , .]" m "(., )" o3HAYalT BEKTOPHOE U
CKaJIsIpHOE MPOU3BEIACHUS COOTBETCTBEHHO.

Marematuueckasi IOCTAaHOBKA 3a/Jauyy Hadaslb-
Hoit BeicTaBKkM BMHC Ha ocHOBe rmpoKoMmItacu-
pOBaHUS 3aKJIOYAETCSI B HAXOXACHUM HEU3BECT-
Horo BekTopa 0 us CJIAY 4)—(7).

2. Aaroput™ 1 HavaiabHoii BeicTaBku BUHC

Hns onpenesieHUs: 0 yMHOXKUM 00€ 4acTu ypaB-
HeHus (7) BEKTOPHBIM CIIOCOOOM Ha BEKTOp U U
C YYETOM COOTHOLICHUS (4) MOIyYUM

0=[g,u]/(u,g"). ®)

AHaJIOTUYHO, €CU ypaBHEHHE (5) YMHOXHUTh
Ha BEKTOp € , TO C YYeTOM COOTHOIIeHUS (6) Tmo-
JIy9uM

0=[u,g]/(u’,g"). ©)

Pemenns (8) m (9) paBHO3HAYHBI, TaK Kak
(U, g) =—@u,g"), u OTHO3HAUYHO ONpEETIIOT
BekTOp 0, ect (', g7) = —(u, g") = 0. B ckansip-
Holt popMme pemienus (8), (9) UMeOT BUI;

o ___ &Uy — gl
T oot +o— + =
grup +8rUy +83U3
83U —& Uy .
62 T + - +.,= (10)
g1y +8Uy + 83U
0. 8ity — g
37T 4 - + - + =
grup +8rUy +83U3
0 uigg —nggi
L=y - + - +, -
upgy tur8r +u383
Us g1 — U1 &3
92_ + - + o + = (11)
gy tur8r +u383
0. Uig& —urg;
3T - + - 4+, -
upgy +tuy8, +uz8;3
CkasnsipHoe mipou3BefeHue (U, g) SABISIETCS WH-

BapMaHTOM OTHOCHUTEJBHO MTOBOPOTA CUCTEMBI KO-
opnuHat. MMHBapraHT MOXHO WCIIOJb30BaTh OIS
HOPMHUPOBKM JAaHHBIX OT 3JIeMeHTHOM 6a3s1 BUHC
MpU pelIeHUU 3a7a4u HayaJbHOM BBICTABKM.

Ecu (', g )=—@u,g")=0,T0[u, g ] =0, tak
KaK CHUCTEMbl JMHEWHBIX YpaBHEHUH, pEHICHUSIMU
KoTopbiX sBisitoTcst (8)—(11), ABASIOTCA COBMECT-
HbIMU. B 5TOM ciiydae KOMOMHUPYIOTCS MPOEKIIAN
ypaBHeHuit (5) u (7): U3 oAHOTO ypaBHEHUs OepyTCs
JIBE MIPOEKIINH, a U3 APYroro — ofgHa. B pesynbrare
rnepedopa pas3IMYHBIX KOMOWHAIIMA CUCTEM YypaB-
HEHVI MOXHO TMOJYyYUTh TPU BapuaHTa (QopMyi
IUTSL OTIpENESICHUS MPOEKIINI BEKTOpa 0:

S 4
0, = U3 &) — U 83 .
+ .t + .+
U g — U8

e
0, :%; 12)
Uy gr — U8

Sy
Us 83 U383 _ .
b

63: + + + +
U gy) —Urg
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w4
91:”23’1 U 8.
+ .+ +,t
Us& — U1 83

S e .
_ W8 s .
0, =202~ 7202

+ o+ +ot (13)
Us gy — U &3
93 — le_g; _u;g2_ =0
us gy —ui g3
o, — 8 —Ug
Uy 83 — U3 g
.
92:”1g2—”igl+; (14)

+ ot
U8z —Uz38»
w4

63:u1g3 “U381 _
+ + + .+ .
Ur83 —Uz8H

3uameHarenu B popmynax (12)—(14) asasirorcs
MPOEKINSIMHI BEKTOPHOTO Tpou3BeacHus [u', g'].
Ecnu xoTd Obl ogHA M3 MPOEKLMM 3TOr0 MpOU3-
BEICHUS OTJAMYHA OT HYJS, TO AJS ONpeneeHus
BEKTOpa KOHEYHOTO MOBOPOTA MOXXHO BOCIOJIb30-
BaThCS COOTBETCTBYIONIEH (POPMYIION M3 COOTHO-
weHuit (12)—(14).
Ecin ', g) =—@w,g) =0 [u,g]=0
u [u*, g] = 0, To @1 onpeneneHUs] KOOPIMHAT
BEKTOpa KOHEYHOTO ITOBOPOTA M3 ypaBHeHUI (5) U
(7) ¢ yueTom TOTrO, 4TO 6; = 0, MOXXHO MOJYYUTH
cleAyIolue COTHOIICHUS:
0, =uy /u3; 6,

=-uy /uy; 03=0;  (15)

— Jot- - Jot-
0,=8,/83, 0,=-8/83; 0;=0. (16)

Taxkum obpa3om, 18 pelieHU s 3a0a4yu Havyalb-
HOI BBICTaBKH MOJYYEHBI (DOPMYJIIBI, OTIPEIEIISIO-
1II1e KOOPAMHATHl BEeKTOpa KOHEYHOTO ITOBOPOTa 0
MpU Pa3IMUYHBIX B3aUMHBIX PACIOJI0XEHUSIX BEK-

TopoBu ,u ., g, g .

3. Anroput™ 2 HavaabHo# BeicTaBkn BUHC

Kak nmokazanu 4ucieHHbIe SKCIIEPUMEHTHI (CM.
pasn. 4 cTtatbu), IIPU HAXOXIEHUU BEKTOpa O He-
nocpenctseHHo u3 CJIAY (4)—(7) o anroputmy 1
U JAHHBIM, 3aJaHHBIM C IIOIPELIHOCTSIMU, OAHA
M3 KOMIIOHEHT BeKTopa 0 (KoTopasi oTBeyaeT 3a
KypC 00beKTa) HaXOAUTCS TaKXe C CYyILIeCTBEHHOM
MOTPEIIHOCThI0 (B CPaBHEHUU C APYTMMU ABYMS
WCKOMBIMU KOMIIOHEHTaMu BekTopa 0). IlosTo-
MY, YTOOBI CIJIaIUTh 3TU 3 (EKThI, ObIJIO PElIeHO
NPUMEHUTH K 3amadye HayaabHOM BeicTaBKU BUHC
Mmeton peryiasgpudauuun A. H. TuxoHosa.

C yyeToM BBeACHHBIX 00O3HAUYEHWI METOIN pe-
ryJsipu3anuu i nepeonpeneneHHoin CJIIAY (4)—
(7) umeeT BUA B BEKTOPHO-MATPUUHON (hopMme

(A"A + oE)0 = A"B;
0=(A"A+aE)"'A™B,

17)
(18)

rne E — enmHu4YHasg maTpuna pa3MepHOCTH 3X3;
o = 0 — HEKOTOPBIN MaJIbli mapaMeTp (mapaMeTp
peryiasipu3aiun);

B"=[0 0 u u, uy g & &
uy & 0 —u3y wu; 0 —g3 g
A"=lu; g w3 0 —u g3 0 —gf}|,
uy gy -u; u 0 -g; g 0

nTn
n—]n

0003HayaeT TPAHCIOHUPOBAHME MAaTPUIIHI,
— oOpallieHre MaTPULIbL.

Cnenyetr OTMETUTb, UTO MaTpulia Koaphuim-
entoB B CJIAY (17) monyuyaeTcss cUMMeTpUYe-
ckoii. OKOH4YaTeJbHO, IOCJIe BCEX MPOBEIEHHBIX
npeoopazoBanuit CJIAY (17) mpunumaer B 6e3-
pasMmepHoli (popme ClaenyIommnii BUI;

Z+Q0/2+a M N
M F+0/2+a H X
N H K+Q/2+a
/ (19)
0, H
X 62 = —N;
05 L
Z:gf—g—ﬂcosqwﬁsin(p;
gMCK u
M:—gzl—g—ﬂsincp—ﬁcosw;
gMCK u u
F:__g22g +ﬂcoscp—u—2sin(p;
gMCK u

Ho—88 By
gMCK

u U, .
K = ‘%Lg+—1c03(p+—251n(p;
gMCK u

u
N =-Z3cosg;
u

U

u, .
L:gzl—g+—‘sm(p—7coscp;

gMCK

Q=——||g|| +M+g—2+l;
Saex U €3
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||u||—u1 +”2 +u3,||g||—g1 +gz +g3:

TI€ 8ok = 9,8154 M/c? — YCKOPEHHE CHIIBI TSIKECTH
B paiioHe TI. MockBbl. OTHOCUTEJIBHO MapaMeTpa
peryasgpusaiu o OTMETUM, YTO €CJIM BJEeMEHTHI
Marpulibl A 1 BekTopa B 3agaHbl C HEKOTOPBIM
e-TIpUOAMKEHUEM, TO TMapaMeTp peryJsipu3alunu
MOXeT OBITh BBIYMCIIEH (CM., Hampumep [6]), 10
dopmyne o =0, 5Jne, toe n — MOPSIAOK UTOrOBOI
KBagpaTHol Marpulibl koadduumneHto CIIAY
(17). Boipaxenus (18), (19) obGpa3yioT ajroputm
HauyaibHol BeicTaBKM BMMHC Ha ocHOBEe MTHOBEH-
HOI MHGpOpMaIUK, MOJyYaeMOl OT YYyBCTBUTEb-
HbIx 371emMeHToB BMHC.

CrnenyeT OTMETMTb, YTO Ha OCHOBE BbIpaxe-
Huit (18), (19) MOXHO TOJY4YUThb AJTOPUTM Ha-
yanbHoO# BeicTaBKM BMHC Ha ocHOBe mHTerpaib-
Hoil mHpopmanmu. JIJasg 3TOro MpoOUHTErpupyeM
(4)_(7tk)' IIpu aTOM O =ti:0nst, u, > wh, g, — gk

«= | udt=v, g .= [ gdt=m h=t, -1, —

u =

[ T
1Iar cbema MH(popMany ¢ YyBCTBUTEIbHBIX 3JI€-
meHToB BMMHC. Torna nng CJIAY (19) nonyymnm:

hZ+0Q0/2  hM hN 0, hH
hM  hF+Q/2  hH 0, |=| -hN [;(20)
hN hH  hK +0/2)\0; hL
7 = ngg Y1 cose+~2sing;
gMCK u
M =- mg Vising -2 coso;
gMCK u
K = ﬂzg + L cose+~2sing;
gMCK u
H = n3g -V sing;
gMCK
L= mg + Ysing - Y2 coso;
gMCK u u
N =-Ycosg;
u
0- ||2|| ||V||+h %2 i1
MCK M gMCK

BexTop 0 u3 cooTHomeHus (20) HaXOOAUTCS 110
dopmyne (18).

®opmynsr (18), (20) 06pa3yloT alropuT™M Ha-
yasbHOM BeicTaBKM BMMHC Ha ocHOBe mHTErpaib-
HOI MHOpPMALIUH, ITOJyYaeMOl OT YyBCTBUTEIIb-
HBIX 371eMeHTOB BHC.

4. UnciaeHHbie mpuMepbI

Huxe npuBomsiTcs pe3yabTaThl YHUCICHHOIO
SKCIEPUMEHTA, IIPOBEACHHOIO IO aJropurMam 1
u 2 HavyanbHON BhicTaBKM BMHC Ha HemomBuK-
HOM OCHOBaHWH, BHIOpaHHBIE U3 OOJBIIOTO Mac-
CcHMBa IIPOBEACHHBIX BbIUMCIeHMI. PacueThl mpo-
BOJIMJINCH IJISl CICAYIOIIMX 3HAYEeHUM MECTOII0JI0-
KeHUsT o0beKkTa: Joirora 37,57°, mmpora 55,7945°
u BbicoTa Hajg ypoBHeM Mops 1000 m.

B xome yucnenHoro skcnepumeHTa u3s CJIAY
(19) mo 3amaHHBIM 3JeMEHTaM MaTpULbI KO3(]-
(pULMEHTOB M BEKTOpa IpaBOi YacTU HaXOAUIU
BEKTOp 0, U3 KOTOPOro najee OINpPENeISIA YIJIbI
opueHTallMu o0bekTa. Ilpu 3TOM 3J€MEHTHI Ma-
TpULIBI KO3(PGUIIMEHTOB U BEKTOpa MpaBoOi 4YacTu
CIAY (19) cTpouau IO alpuOpPHO 3aJaBaeMbIM
yrjlaM OpUEHTalUMM O0bEeKTa U M3BECTHBIM IIPO-
ekuusM BekTopoB u u g B HI'CK.

[Ipu HaxoXIeHUU BEKTOpa O HEIOCPEACTBEHHO
u3 (4)—(7) o aaroputmy 1 (tadiu. 1), B 3aBUCUMO-
CTH OT allpUOPHO 3aJJaHHBIX 3HAYEHUM YIJI0B OpU-
eHTallu1 00bEKTa \y, 0, Y 1 BHOCUMBIX ITOIPELIHO-
CTell JaHHBIX 3aJayM (IMoKa3aHUI TMPOCKOMNOB U
akceJepoMEeTpPOB 00BEKTa), MOrPEIIHOCTh HAaXO0XK-
JIEHUS yTa Kypca 00beKTa Ay MOXKET OTJIIMYAThCS
B LIEJIOM psife c/lydyaeB OT MOTPELIHOCTE HaXOX-
JeHUS NIPYTUX YIJIOB OpUeHTAllud 00beKTa AO, Ay
Ha ABa—TpU (B OCHOBHOM) U 0ojiee MOPSIKOB.

AHanu3 pe3ylbraToB YUCJIEHHOIO OSKCIIEpHU-
MEHTa II0Ka3aJl, YTO MHOTPEIIHOCTU HAXOXICHUS
VIJIOB OpUEHTAllMU 00beKTa Ay, AO, Ay C mpUMe-
HEHUEM METOJa peryjisapu3aluy o ajJroputmy 2
(Tabj1. 2) cTaaum HOCUTH MEXAy cO0Oi COMmoCTaBu-
MBIT TI0 TOpS Ky (0ojiee peryasipHbIii) XxapakTep.

OTMeTUM MoapoOHee HEKOTOPhIe 0COOEHHOCTH
aJITOPUTMOB.

1. TIpy HaAMYUU TOTPELIHOCTEl B TOKa3aHU-
SIX aKCEJEPOMETPOB U I'MPOCKOIOB B 000MX aJIro-
pUTMax XyXe OBYX APYTMX YIJIOB HAXOAUTCH YTOJI
Kypca o0beKTa .

2. C y4eToM JeTepMUHUPOBAHHBIX MOTPELIHO-
cTeil B mokazaHusax rupockonoB 0,01 °/4 u oTcyT-
CTBUU MOTPEIIHOCTEN aKCeJIepOMETPOB YIoJ Kypca
00bEKTa \y HAXOAUTCS IO aJropuTMy 2 € IOrpel-
HOCTSIMM, jJexaliumu B uHTepBaie (0,01...0,087)".

3. [Ipy HaAMUUUM OETEPMUHUPOBAHHBIX I10-
IrpelIHOCTel B IMoKa3zaHusX rupockomnos 0,01 °/4
(omMHAaKOBasl MOTPELIHOCTb AJS BCEX T'UPOCKO-
MOB) M HaJIUYUU JOETEPMUHUPOBAHHBIX aKcese-
pomerpos 0,00005 m/c? wam 0,0001 m/c* (ommHa-
KOBasi IOTPEIIHOCTh IJISI BCEX aKCEeJICPOMETPOB)
yIoJl Kypca 00beKTa y HAXOAUTCS II0 aJrOPUTMY
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Ta6nuua 1
Table 1

Pe3yabraTsl HayaabHo# BoicTaBku BTHC no aaroputmy 1

Results of the initial alignment of SINS according to algorithm 1

Vbl IMorpemHocTu [MorpemrHocTu IMorperHoCTU BBIYUCIEHU ST
opueHTaluuu, ° TUPOCKOIIOB, /4 aKCeJIepPOMETPOB, M/c2 YIJIOB OpUEHTALUU,
vy 9 Y IIpoxn. ocs | Bepr. ock | [lonep. ocw | Ilpon. ock | Beprt. ock | Ilonep. ocb Ay AS Ay
0,1 0,2 0,3 — — — 0,001 0,001 0,001 0,024 0,014 0,0098
0,001 0,001 0,001 — — — 0,014 1071 1071
0,01 0,01 0,01 0,001 0,001 0,001 0,032 0,027 0,0149
2 0,3 20 0,01 0,01 0,01 0,001 0,001 0,001 1,83 0,008 0,2
1 3 2 0,01 0,01 0,01 0,0001 0,0001 0,0001 0,091 0,0014 | 0,00017
8 10 20 0,01 0,01 0,01 0,0001 0,0001 0,0001 0,145 0,0098 0,0007
20 30 2 0,01 0,01 0,01 0,0001 0,0001 0,0001 0,02 0,0009 0,0001
0,2 3 2 0,02 0,02 0,02 0,001 0,001 0,001 0,22 0,014 0,00006
1 1 20 0,02 0,02 0,02 0,0001 0,0001 0,0001 2,6 0,001 0,009
Tabnuua 2
Table 2
Pe3yabTaTsl HayaibHo# BoicTaBku BUHC no aaroputmy 2
Results of the initial alignment of SINS according to algorithm 2
Vbl [MorpemHocTu ITorpeurHocTu ITorpenrHOCTU BHIYUCIEHU ST
opueHTaluuu, ° TUPOCKOIIOB, °/4 aKCeJIePOMETPOB, M/c> YIJIOB OpUEHTALlUHU, °
\% 9 Y IIpon. ock | Bept. och | [Tonep. ock | [1Ipoa. ock | BepT. ock | [Tonep. ock Ay AS Ay
0,1 0,2 0,3 0,01 0,01 0,01 0,00005 | 0,00005 0,00005 0,00354 0,00143 0,00287
0,005 0,005 0,005 0,0001 0,0001 0,0001 0,0297 0,00166 0,000585
0,01 0,01 0,01 0,0001 0,0001 0,0001 0,00537 0,000567 0,000587
2 0,3 20 0,01 0,01 0,01 — — — 0,079 0,00684 0,000227
1 3 2 0,001 0,001 0,001 0,00005 | 0,00005 0,00005 0,006 0,0003 0,000296
0,01 0,01 0,01 0,00005 | 0,00005 0,00005 0,006 0,0017 0,000278
8 10 20 — — — — — — 0,4-107" | 0,52-107" | 0,1-10710
20 30 20 0,01 0,01 0,01 0,00005 | 0,00005 0,00005 0,00388 0,000086 0,000086
0,02 0,02 0,02 0,00005 | 0,00005 0,00005 0,086 0,00099 0,00046

2 ¢ MOrpelIHOCTSIMM, JeXallMMW B WHTEpBalie
(0,0035...0,006) °. Bo Bcex mepe4ynCIeHHBIX CIyda-
SIX TIPEABIAYILEro U JAaHHOTO MyHKTOB YIVIbI KpeHa
9 ¥ TaHTaxa y HaXOmSATCA ¢ MEHBIIMMU ITOrPEIIHO-
cTaMmu, nexamnMu B nHTepnaie (0,0001...0,001)°.

4. OT™MeTUM mapajJoKcalbHBIN (PakT: eciau Tu-
pOCKOMBI 00bEeKTa MMEIOT IMOTPELIHOCTU paBHEIE
0,01 °/4, TOo HaIMYMEe MaJbIX ITOrPEIIHOCTEN B I10-
KazaHusax akcenaepomeTpoB (0,00005 M/c2 UK
0,0001 M/c2) MOJIOXKUTEIbHO BIIMSIET HA TOYHOCTh
aJropuT™Ma 2 ¢ METOIOM peryjaspusalnuu (3To, BU-
IMMO, MOXHO OOBSCHUTH TEM, YTO BXOAHAS WUH-
¢dopmalus aaropuTMa CTAaHOBUTCS OoJiee cOaaH-
CUPOBAHHOW).

5. B 1ie710M yriibl opyeHTaluuu 00beKTa HaXOmSIT-
¢4 TI0 aJITOPUTMY 2 JIy4Yllle, YeM I10 aJropuTmy 1.

6. Kak ObLIO OTMEUEHO paHee, IPU MOJIYYSCHU U
ypaBHeHUIT (4)—(7) u3 BeIpaxkeHus (2) monara-
JIOCb, 4TO v; # 0, T. €. YTO OTCYTCTBYET MOJIYOOOPOT
CUCTEMBbI KOOpAUHAT Y oTHOCUTeNbHO X. Tak Kak

vy = cos(y/2)cos(06/2)cos(y/2) +
+ sin(y/2)sin(6/2)sin(y/2),

TO aJTOPUTMHBI 1, 2 HavYaJILHOM BBICTABKU OyIyT
colepXaTb 0coOble TOYKU (DECKOHEYHOE YHUCIIO,
HO JIOKaJIM30BaHHBIC B ONpeICICHHBIX ITPeaeaax).
Bo3MmoxHBIE OOHOBpEMEHHBIE 3HAYEHMUSI OCOOBIX
ToueK (YIJIOB) TIpUBEAECHBI B Ta0J. 3.
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Ta6numa 3

Table 3

Ocoo0bie Touku (yrasi) pazsoporos BUHC

Singular points (angles) of SINS reversals

Y .
3HaYeHus,
OpUEHTALIUU
\} JIio6oe | JIio6oe | 180 0 +180 0
+180 0 JIto6oe | JTioGoe 0 +180

% 0 +180 0 +180 | JIro6oe | JTto6oe
Tab6nuna 4
Table 4

Ocoo0bie Touku (yrabi) passoporoB BUHC — utor

Singular points (angles) of SINS reversals — finally

Yrabl opueHTaUKU 3HaueHusI, °

1 +180 +180
JIro60e 0
% 0 JIio6oe

Tak>xe u3 BeipaxeHus (21) caenyet, 4to vy = 0
MpU 3HAYEHU SIX

v =+90° 0y = +180°, 0 = £90°,
w—y=+180°y=290°, y — 0 = +180".

Tak kak HauanbHyl BbicTaBKy BMHC, koto-
pasg ycTaHOBJIEHa Ha OOBEKTE, MPEnIoaracTcs
MPOBOAMTHL HA MIPUOJU3UTETBHO TOPU3OHTATILHOM
(c TOl MAM WHOW CTENEeHbIO TOYHOCTHU) HEMOJ-
BMKHOM OCHOBAaHHWM, TO U3 (PU3UUYECKUX COOOpa-
KEHU# "TONMYCTUMBIMU' TIOJIYYAIOTCS CIEHYIONINe
3HaYeHUsT 0COObIX TOYeK (YIJIOB) Kypca, KpeHa U
TaHTaxa 00beKTa, KOTOpblEe CBeAEeHbI B Ta0JI. 4.

Takum 06pa3zoM, HEOOXOOAUMO UCKITIOYUTH I10-
nagaHue oObeKTa B yKazaHHbIE TOYKM U UHTEPBa-
JIBI Ha BTane HadaJibHO# BeicTaBkKM BMHC.
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For the functioning of algorithms of inertial orientation and navigation of strapdown inertial navigation system (SINS),
it is necessary to conduct a mathematical initial alignment of SINS immediately before the operation of these algorithms. An
efficient method of initial alignment (not calibration!) of SINS is the method of vector matching. Its essence is to determine
the relative orientation of the instrument trihedron Y (related to the unit of SINS sensors) and the reference trihedron X
according to the results of measuring the projections of at least two non-collinear vectors of the axes on both trihedrons.
We address the estimation of the initial orientation of the object using the method of gyrocompassing, which is a form of
vector matching method. This initial alignment method is based upon using the projections of the apparent acceleration
vector a and the absolute angular velocity vector o of the object in the coordinate systems X and Y. It is assumed that the
three single-axis accelerometers and the three gyroscopes (generally speaking, the three absolute angular velocity sensors of
any type), which measure the projections of the vectors a and o, are installed along the axes of the instrument coordinate
system Y. If the projections of the same vectors on the axes of the base coordinate system X are known, then it is possible
to estimate the mutual orientation of X and Y trihedrons. We are solving the problem of the initial alignment of SINS for
the case of a fixed base, when the accelerometers measure the projection g; (i = 1, 2, 3) of the gravity acceleration vector
8, and the gyroscopes measure the projections u; of the vector u of angular velocity of Earth’s rotation on the body-fixed
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axes. The projections of the same vectors on the axes of the normal geographic coordinate system X are also estimated
using the known formulas. The correlation between the projections of the vectors u and g in X and Y coordinate system is
given by known quaternion relations. In these relations the unknown variable is the orientation quaternion of the object in
the X coordinate system. By separating the scalar and vector parts in the equations, we obtain an overdetermined system
of linear algebraic equations (SLAE), where the unknown variable is the finite rotation vector 0, which aligns the X and
Y coordinate systems (it is assumed that there is no half-turn of the X coordinate system with respect to the Y coordinate
system). Thus, the mathematical formulation of the problem of SINS initial alignment by means of gyrocompassing is to
find the unknown vector O from the derived overdetermined SLAE. When finding the vector © directly from the SLAE
(algorithm 1) and data containing measurement errors, the components of the vector © are also determined with errors
(especially the component of the vector ©, which is responsible for the course y of an object). Depending on the pre-defined
in the course of numerical experiments values of heading y, roll 8, pitch y angles of an object and errors of the input data
(measurements of gyroscopes and accelerometers), the errors of estimating the heading angle Ay of an object may in many
cases differ from the errors of estimating the roll AS and pitch Ay angles by two-three (typically) or more orders. Therefore,
in order to smooth out these effects, we have used the A. N. Tikhonov regularization method (algorithm 2), which consists
of multiplying the left and right sides of the SLAE by the transposed matrix of coefficients for that SLAE, and adding the
system regularization parameter to the elements of the main diagonal of the coefficient matrix for the newly derived SLAE
(if necessary, depending on the value of the determinant of this matrix). Analysis of the results of the numerical experiments
on the initial alignment shows that the errors of estimating the object’s orientation angles Ay, AS, Ay using algorithm 2 are
more comparable (more consistent) regarding their order.

Keywords: SINS, quaternion, initial alignment, method of gyrocompassing, A. N. Tikhonov regularization method
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