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UHopmaTuKa n BblYUCIUTESNIbHAA TeXHUKA

YOK 004.4 DOI: 10.14529/ctcr200101

TEOPETUKO-MHOXECTBEHHbIVW NOAX0A K MOCTPOEHUIO
OYANbHOWU CUCTEMHON MOAENU NAK ONA NCCNEOAYEMON
OBJIACTU OEATEJIBHOCTU CO CMELLAHHbIMU PEAJIbHBIMU
U BUPTYAJIbHbIMU OB bEKTAMU

B.B. Aumonoe™" %, I.I". Kynukoe', 3.U. Xapucoea?, J1.E. PoduoHosa’

" Yebumcekuii 20cydapcmeeHHbili asuayuoHHbIU mexHuYeckul yHusepcumem, 2. Ye¢ba, Poccus,
2 Ypumckuti topuduyeckuli uHcmumym MuHucmepcmea 8HympeHHuUx den Poccutickoli
®edepayuu, 2. Yeha, Poccusi

BBenenne. B HacTosIIee BpeMsl aKTyalbHOW TEOPETUICCKOH M MPAKTHIECKOM MpoOIeMOoi SIB-
nseTcs pa3paboTKa METOAOB (pOpMATTH3AINU JIOTHISCKAX OTHOIICHUH MEXIY peallbHBIMU U BUPTY-
aBHBIMHA O0BEKTAMH M UX TePETUKO-MHOKECTBCHHBIM 3aMbIKaHUEM. Tak, HampuMep, KilacCaMu JK-
BUBAJICHTHOCTH Ha ()MHAHCOBBIX PHIHKAX MHOTHMX CTpPaH SIBJIAIOTCS pealbHble 00BEKTHI — BAIIOTA U
COOTBETCTBYIOIIME MM BHPTYyalbHbIE MH(OPMAIIMOHHBIE OOBEKTHl — KPUITOBAIIOTA, yUET IIOTOKOB
KOTOPBIX BEAETCS B MHOTOIOJIB30BATEIHCKOM CHCTEME OTHOIICHUI Oyokueiin. B ocHoBe nH(pOpMa-
LIUOHHOW TEXHOJIOTHH MPOBEICHUS TPAH3AKIMH KPUITOBAIIOTHI JIS)KAT 3JIEMEHTHl TEOPUH KPHIITO-
rpa¢un. YBeaudeHUe UIH yMEHbIICHHE MOIIIHOCTH MHOXECTBAa 0OBEKTOB yuéTa, Kak MMPaBmIo, pea-
JMU3yeTcs MyTeM MaifHHHTa, (POp)KMHIa M MHBECTHPOBAaHHUS B HOBYIO IM(poBYyIo BamoTy. Ha cero-
THSAIIHAN TeHb MCIIOJIF30BAaHUE KPHUIITOBAIIOTH BEChMa MPHUBIICKATEIFHO U Psiia MOJIh30BaTeNCH
Omaromaps CBOSH OTHOCHTEIEHOW HE3aBHCUMOCTH (CII0’)KHOCTH) OT BHEIIHUX M BHYTPCHHUX (PaKTO-
poB (B BHIC BIUSHHUS HAa TPAH3aKIUU TOCYIAPCTBEHHBIX OPTaHOB, OAHKOBCKUX CTPYKTYD, YIaCTHH-
KOB CaMOH IDTaTEKHOW CHCTEMBI), HEOOPaTUMOCTBIO TIPOBEACHHBIX OMEpaIiii Ha (PMHAHCOBOM PHIH-
K€ M OTHOCHTEJBHO TIOJIHOW B TIpe/ielic aHOHUMHOCTBIO. [lepedrciieHHbIe 00CTOSATEBCTBA SBITIOTCS
MIPUBJIEKATEIHHBIM TI0JIEM JUISI IPUMEHEHHS Pa3IMUHBIX JTOTOJHUTEIBHBIX (M3 3aMKHYTOT'O MHOXE-
ctBa onepanuii B Internet) onepamumii. LHeab ucciegoBanus. Iloctpoenne ayanbHONH CHCTEMHON MO-
JIeId TPOTPaMMHOTO AaHAJTUTHYECKOTO KOMIUIEKCAa IS HCCIEAyeMOH 00IacTH AESTeIbHOCTH CO
CMEIIAHHBIMHM PEAbHBIMU U BHUPTYaJbHBIMH OOBEKTaMH Ha OCHOBE TEOPETHKO-MHOXXECTBEHHOTO
moxxona. MartepuaJbl 1 MeTobl. IIpuMeHeHne mpaBuiIa MEXIYHApOIHOTO CTaHAAPTa CHCTEMHOMN
umkenepun ISO/IEC/IEEE 15288, a Takke mMetona cemantuueckux auddepeniuanos Y. Ocryna
U1t 00paboTKH | mipencTaBieHus nHpopMmarmu. Pe3yabTaThl. [1osgBIseTCS BO3MOKHOCTE ITPUMEHE-
HUS TEXHOJOTHH, TOCTPOCHHON Ha JEIICHTPaIN3all, — HCIIOJIh30BaHUE OJOKUYCITHA (CO3/IaHue TTOJI-
HOCTBIO JICIICHTPAIM30BaHHON ITaT(OPMBI, HA KOTOPOH BBITOTHSIIOTCS OW3HEC-TIPOIECCHI), TO3BO-
JISIOIIAsT YITYYIIATE pabodue TMPOIECcCH, a TAKKe CO3AaTh SAMHBINA S3bIK KOMMYHUKAITUH. 3aKJII0Ye-
HHe. B CBsI3U ¢ 5TUM BO3HHKAET HHTEPEC K MUCIOIH30BaHUIO AHAUTUKU OOJBITUX JAaHHBIX, KATErO-
pur “HPOPMAIIMOHHEIX O00BEKTOB — MPOTPAMMHBIX MOAYIICH, 00ECTICUMBAIOIINX PEaTH3aIHI0 CO-
€IMHEHUs PEATbHBIX M BUPTYAIbHBIX OOBEKTOB ¢ MH(MOPMAIMOHHBIMHU IPOLIECCAMHU C YYETOM HX
B3aMMHBIX OTHOIIEHHUH B IPOrPAMMHOM aHATUTHYIECKOM KOMIUIEKCE.

Kmouesvie cnosa: npoepammno-anarumuuexutl komniexc (IIAK), kpunmosantoma, O10uetin,
cucmemuas modenv, 1ISO 15288, npeomemnas obnacmo, uepapxus Xomcxoeo.

Beenenne

CBolicTBa BOWCTBEHHOCTH (IPOTHBOIMOJIOXHOCTH, IPOTHBOPEUYNBOCTH) OTHOLICHUH — TpPaH3aKLHUHI
MEXy BUPTYaJIbHBIMH 00bEKTaMU B HH(POPMAIIMOHHOHN CpeJie — ONPEENIOTCs Kak CrelnpUKON 00beK-
TOB, TaK U CBOMCTBaMHU caMOi cpefpl. Tak, HalpuMep, COTJIaCHO CTaTHCTHUECKUM AaHHBIM 3a 2018 rox,
MPaBOOXpAaHUTEIBHBIMU Opranamu Poccuiickoit @enepanuu Obio 3aperucrpupoBano 6onee 100 Teic.
MPECTYIUVICHUH, COBEPILIEHHBIX C HCTIOIb30BaHHEM HH(POPMALMOHHO-TENICKOMMYHHKALIMOHHBIX TEXHOJIOTHH.

ITo cpaaenuto ¢ 2017 rogoM KOJIMYECTBO TAaKOTO Poja MPECTYIUICHUH BO3pociio Ooyee deM Ha
33 %. 3a nocnenuue 6 et KHOEPNPECTYMHOCTh, COTJIACHO CTATHCTUKE, IEMOHCTPUPYET JECATUKPATHBIN
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poct. Taxk, B 2013 rogy nmogoOHsIX npecTymieHui obuto nopsiaka 11 Teic., B 2014 1. — 44 ThIC., B 2016 T. —
Gonee 66 ThIC.

AKXTyanbpHOCTh JaHHOW TEMBI Takke OOYCIIOBIICHa MHOXKECTBOM BBISIBICHHBIX (JaKTOB HAapYIICHHUS
LEJIOCTHOCTH M KOH(HUIECHIHUANGHOCTH JAHHBIX, B TOM 4HcJie yTe4Kod mH(popMmauuu B ceThb Internet.
Taxk, B anpene 2019 rona coriacHo cBefeHUsM nHpopManronHoro noptana «ItSec — Madopmanmonnas
0€30MacHOCThY HENPAaBOMEPHO OBLT 0OHAPOJIOBAH PeecTp JHIl, CHOPMHUPOBAHHEBIH OAHKOBCKHMH CTPYK-
TypaMH B COOTBETCTBUHM C TpeboBanusmu DenepanpHoro 3akoHa ot 7 asrycta 2001 r. Ne 115-®3
«O NMpOTUBOAEHCTBUH JIeTaIM3alMH (OTMBIBAHHIO) JOXOJ0B, MTOMYYEHHBIX IPECTYITHBIM IIyTeM, U (hUHaH-
CHPOBAHUIO Teppopu3May. CIOXKHUBILIASACS CUTYyalldsl HETaTMBHO MOXKET CKas3aThCs Ha CTaTyce JIUII, BXO-
JSIIIMX B OOHAPOIOBAHHBIN CIIMCOK, a TAKXKe MOI0PBATH SKOHOMHUYECKYIO CUTYAlLlUIO CTPAHbI B LIETIOM.

IocTpoenne gpopMaibHOI TeOPEeTHKO-MHOKECTBEHHON MO/Ie/1U NPeIMeTHO-OPMEeHTHPOBAHHOM

AeSTeJbHOCTH C BUPTYAJbHBIMH 00beKTAMM Ha MPUMepe KPUIITOBATIOTHI

[loctpoenne ¢GopManbHOH TEOPETUKO-MHOXKECTBEHHOW MOJENIH TPEIMETHO-OPHEHTUPOBAHHON
JESITEITIbHOCTH C KPUNTOBATIOTONH B Pa3IMYHBIX acleKTaXx OOYCJIOBJIEHA TAK)KE CTPEMHTEIBHO BO3pOC-
IIMM B TIOCJIeTHEE BPEMsI YPOBHEM MPECTYIMHOCTH 3KOHOMHUYECKOM HAIIPAaBIEHHOCTH C UCTIOJIb30BaHUEM
kpunToBaitoTsl [10], HanmpuMep Ha MHOXKECTBE TPOLIECCOB

Py = {pvl,pvz,...,pvn} ,
rae pv, — OOMEH TOBapOB 3alPELIEHHOIO PAcIpPOCTPAHEHUS — HAPKOTUYECKHX U ICUXOTPOIHBIX Be-
IIECTB, OPYKHs, OOCTIPUIIACOB M MHBIX IPEAMETOB [2];

pv, — JIerajau3anus 10X0/0B, I0JIy4aeMbIX IIPECTYIIHbIM IIyTeM;

PV; — PaclpoCTPaHEHUE BPEJOHOCHBIX KOMIBIOTEPHBIX IPOrPaMM JUIs UCIIOJIb30BAHUS PECYPCOB
NoJb30BaTeNeil ceTd B POHOBOM pexuMe (KPHUIITOKEKUHT);

PV, — PacIpOCTPaHEHHE 3aIPEIIEHHBIX YCIYT U KOHTEHTA;

Ppvs — GUHAHCUPOBAHUE TEPPOPHU3MA U SKCTPEMH3MA.

CocTosiHue 00BEKTa B IEJIOM B HCCIIEAYEeMOW KaTeropuud MOKEM OIPENeiUTh B TMOHSITHIX €ro
«CMEIIAaHHOT0» PeaIbHOT0 M BUPTyallbHOTO cocTosiHui (puc. 1) [9].

O0BeKT

Peaabnoe
COCTOAAHHE

BupTyajabHoe

COCTOAHHE

«PeTpaknus»

Jono/1HeHHE
BHPTYAJIBHOIO
COCTOAHHS

Jlomo.1HeHHE
peajbHOro
COCTOSIHHSA

Puc. 1. «CmelnaHHOe» cocTosiHMe ob6bekTa (aHanor Kyéurta)
Fig. 1. “Mixed” state of object (similar to cubit)

CTpeMUTEIbHOMY pacIpOCTPAHEHUIO TI0 BCEMY MHUPY TEXHOJIOTHHM BUPTYaJIbHBIX JIGHET CIIOCOOCT-
BOB&JIM YHHBEPCAJIBHOCTh NPHMEHEHHs, OTKPBITOCTh PACUETHBIX ONEpaluii M TNpeaenbHas aHOHHM-
HOCTh. ' TaBHOM M3 0COOEHHOCTEH MCIONIb30BaHHUS KPUIITOBATIOT SIBISACTCS UX ACLECHTPAIN3alus U He-
NPUBSA3aHHOCTh K KOHKPETHOW reorpadMueckoil ToUKe, MOJUTUIECKOMY CTPOIO U SKOHOMHYECKOH CHC-
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TeMe KakoW-Tubo0 U3 CTpaH, HECMOTPsI Ha BIIOJIHE peajbHYIO0 NPHUBS3KY K Kypcy Hanbojee BocTpeOOBaH-
HBIX BaJIFOT BO BceM mupe [13, 14]. B cBs3u ¢ 3TuM 00pa3oBajock MUPOBOE KPUNTOBATIIOTHOE (prHAHCO-
BOE COOOIIECTBO, YTO HAIOKHUIIO sl HEpa3pelIMMbIX PoOIeM MPH BBISBICHUH NPECTYIHBIX JCSTHUN C
WCTOJIb30BaHHEM IIH(POBOI BATIOTHI HA MEXKYHAPOTHOM YPOBHE.

[Ipumensst npaBuna MexIyHapogHoro crangapra cucremHoi umkenepun ISO/IEC/IEEE 15288, mo-
xeM (hOpMaT30BaTh OCHOBHBIE COCTABIISIIONINE 110 JIEBSITH TpyIaM (prc. 2), npencraBieHHble GopMyoit
IT = {itl ,itz,...,itn} . OTO OTKPBHIBACT BO3MOXKHOCTh B COOTBETCTBHH C MPHUBEACHHBIM CTaHIAPTOM o0ecIie-

YUTb COOTBCTCTBHEC I/IH(l)OpMaLII/IOHHBIX 00BEKTOB PCaIbHBIM 00BEKTaM ¢ YYETOM IIPOCIICIKNBACMOCTH.

3-31 — [BO.TIBII[HE nannble (big data) ]

”"2 ¢— | TexHOIOrHH HCKYCCTRBEHHOI0 HHTELIEKTA
(artificial intelligence)

i, <——» [ CHcTeMBI pacnpene/IeHHOTO peecTpa ]

it > [ COBPCI\'ICHHI;IC OpOH3IBOACTEEHHEBIE TEXHOJIOIHH ]

it > [KBaHTonue BEITHCJIECHHA ]

it ¥ [ HHayCcTPHAILHBIH HHTEPHET ]

it, <¢—> | 71eMeHTBI po6OTOTEXHHKH H CEHCOPHKA

I'IS > | TexXHO/I0THH fecHpoBOIHOH I
3'3_‘9 — | TeXHOJIOTHH OO THEHHOH H BHPTYAJILHOH PeaTbHOCTH ]

Puc. 2. OcHOBHbIe rpynnbl TEXHONIOMMA BUPTYanbHbIX AeHer
Fig. 2. Core Virtual Money Technology Groups

Takum 00pa3oM, OOBEKTHI yueTa AaHHOIo OM3HEC-Tpolecca MOTYT OBITh MPEACTABICHBI PasIvy-
HBIMU KaTerOpUsIMH HH(POPMAIIMOHHBIX OOBEKTOB, CBSI3aHHBIX MEXTy COOOH OTHOIICHUSIMH, & BBLICIISS
BUPTYaJIbHBIC H PealibHbIE OOBEKTHI, TPUXOIUM K TOMY, YTO OTHOIICHUS MEXITy BUPTYAILHBIMU O0BEK-
TaMH U peajibHbIMH OOBEKTaMH BBIPA)KAIOTCS CHMBOJIFHOM MOJIENbBIO XPAHWIIMINIA JAHHBIX U ONpeaens-
10T CTPYKTYpY. [lpryeM 5TH OTHOLICHUSI MOTYT OBITH IPEACTABICHBI B TEPMHHAX TEOPUH KaTETOpHUil.

Bce 310 1aeT BO3MOXXKHOCTh MIPUMEHEHHUS! COBPEMEHHBIX CTaHJAPTU30BAaHHBIX METOJIOB MOAEIUPO-
BaHUsI ONMCHIBAEMOTO OM3HEC-TIPOLecca, YUUTHIBAIOIINX (GopMann3oBaHHbIe (HOpPMaIbHBIE JIOTHYECKHE
CBOMCTBA, METAs3bIKH U MPaBHJiIa Il IOCJIEAYIOIIEH pa3paOOTKH IPOrpaMMHOTO 0OECTICUEHUSL.

VY4uTteIBas, 4TO AOBOJIBHO Ba)KHBIM aCIEKTOM SIBIISIETCS] YCTAHOBJIEHHE MEKIYHApPOIHOTO COTPY/I-
HUYECTBA B O0JIACTH MPOTHBOACUCTBHS KUOEPIPECTYIICHUSM C COOJIOJICHUEM HAIlMOHAIBHBIX U pe-
THOHAJIBHBIX MPaBUJI 0OPALICHUSI C KPUIITOBANIOTOW, HEOOXOAMMO YUHTHIBaTh B MOJEIH TaK 3a3bIBac-
MbI€ TpaH3aKIuu KuOepaeHer. Ha ceroaHsmauil 1eHs b psj ctpad (Hampumep, Kurai, FOxnas Ko-
pest) 3alpeTuiin aHOHUMHOCTh MPOBEJCHNUS TpaH3aKLIUi KuOepieHer 1 OeCKOHTPOJIbHOE pacipocTpaHe-
HHUE HOBBIX TOKCHOB BAJIIOTH B cTpaHe. OTYACTH PeryiaMeHTUPOBaIN (YHKIMOHHUPOBaHUE KUOEPOUPIK
Takue cTpasbl, kKak Tamnann, Cunranyp, Anonus, Ilyspro-Puko Mansra, IlIBelinapus u bepmyackue
ocTpoBa. B mpoTuBOBeC UMEIOTCs CTpaHbl «O(IIOpHON ropucIuKium» (Hanpumep, benus, Cefmenst,
JloMHHMKaHa), HE YYMTHIBAIOIIME PEKOMEHAALMH MEXIPaBUTEIbCTBEHHOW opranmsanuu Financial
Action Task Force on Money Laundering [15] (FATF) — pa3paboTtunkoB ¢puHaHCOBBIX Mep OOPHOBI C
OTMBIBaHHEM JICHET.

Pexxumbl coTpyaHMYECTBA CTpaH BCE Yalle CTAHOBATCS MPEAMETOM JUCKYCCHH MEXKTyHapOIHBIX
KOJUIETMH ¥ caMMHTOB. Tak, 3aMECTHTENb reHepanbHOro npokypopa CoenunenHsix llItatoB Amepukn
(CHIA) Pon Pozenmureiin Ha 87-if I'enepanbHoit Accambinee MHTepnona nmpr3Baji CTpaHbl K BEICTpanBa-
HUIO MEXIYHApOIHBIX CBS3eH B 00JACTH pacciieOBaHUs MPECTYIUICHUH C UCTIOIh30BAHUEM KPHUIITOBA-
moT [16], GecnpensITCTBEHHOTO MCIIOJIb30BaHUS MEXIYHAPOAHBIX MH(QOPMAIMOHHBIX pecypcoB U 0a3
JaHHBIX, 3aKPEIUICHHBIX B €IMHON MOJUTUKE PETYIMPOBAHUS HU(POBOH BaIIOTHI, B YACTHOCTH, MPU3bI-
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Basl TIOJIAraThCsl Ha MONOXuUTeNbHBIN onbIT CIIIA B 0o0macTu peryiupoBaHHs MPOIECCOB «KUOEPOTMEI-
BaHUsI» JICHeT. Y CIICIIHBIMU Ha CETONHSIIHUN JIEHb MPOSKTaMU COTPYIHUYECTBA MPABUTEIHCTB Pa3Iny-
HBIX CTpaH MOXHO cumTaTh, Hampumep, Silk Road 2.0, xoTophiii sBISIICS KpPYIMHBIM HHTEPHET-
Mara3MHOM B aHOHHUMHOH ceTu Tor mo mpojake HaApKOTHUYECKUX CPEACTB CO CPEIHUM EKEMECTUYHBIM
obopoTtoM 8 mitH nosutapos, Hydra, Cloud9 u np.

B nacrosmiee BpeMs: MeXAyHapOAHOE COTPYTHHUUECTBO, KaK MPaBUIIO, 3aKII0YaeTCs Ha YPOBHE IO-
rpaHnuHbIX cayx0 u Uarepnona. C 2018 roga B uemnsix ¢opMUpOBaHUS TPAHCTPAHUYHOTO COTPYIHHYE-
CTBa B 00JIACTH MTPOTUBOJCHCTBHS MPECTYIUICHHUSIM C UCIIONF30BAHUEM KPUITOBATIOT 3aKIIOYCHO MapT-
HepcTBO, uMeHyHMOE J5 [17], Mmexxny ABctpanueit (Komuccus mo yronoBHeM paccieaoBanmsiM ACIC u
HanoroBas cmyx6a ATO), Kamamoit (Hamorooe arentctBo CRA), Hunepnammamu (Fiscale
Inlichtingen-Opsporingsdienst FIOD), BenukoOpuranueii (KoponeBckass HamoroBas M TaMOXKEHHas
ciryx0a HMRC) u CHIA (Hanorosas ciryxx6a IRS) — Joint Chiefs of Global Tax Enforcement.

PerynupoBanue KpunTOOTpacin He OBUIO OCTaBJICHO 0e3 BHUMAHUS HA BCTPEUE MHHUCTPOB (DUHAH-
COB M I1aB OaHKOB Ha cammuTe Bosbinoii nBamuatku G20 B 2018 romy [18], ©uTOroMm KOTOpOro Ctajo
3aKJII0YEHUE O HELEeIeco0OpasHOCTH MOJHOTO 3alpeTa PhIHKa KPUITOBAIIOT, HEOOXOIUMOCTH PETyJIsi-
TOpa B MPaBOOXPAHUTEILHOW W HAIIOTOBOW 001acTsax u 1udpoBoil uaeHTHuKamu. OTHeIpHOrO BHU-
manwus 3aciyxuBaeT Komuccus CILIA mo niennsiM Oymaram u 6upxkam (SEC), pacciaenoBanust Kotopoit
B OCHOBHOM CBSI3aHBI C TIOUCKOM CBHJICTEJICH W JIOKA3aTeNbCTB Ha TPAHCTPAHUYHOM YPOBHE C YUETOM
MOJIUTHYECKUX, SKOHOMUYECKUX CHCTEM M 3aKOHOIATEIhCTBA B Chepe IKCIUTyaTallud TOKEHOB (aKIHi
Pa3IMYHBIX POEKTOB).

Otuactu Gmarogaps ombITy 3apyOekHbIX cTpad B ceHTssOpe 2019 roma Accoumanueii 6ankoB Poc-
cuu ObllIa TIOJrOTOBJIEHa KOHIEMIIVSI 110 POTHBOACHCTBUI0 000pOTa JIEIEHTPAIIM30BAHHBIX KPHUIITOBA-
JIOT, KOTOpas MpeyCMaTpUBaET JINIICHHEe aHOHUMHOCTH BIIAJICNIbIIEB BUPTYAIBHBIX IIU(PPOBBIX aKTHBOB
[19, 20]. KpoMe Toro, mpoeKT mpeaycMaTpUBaeT CO3IaHue COOCTBEHHOT'O MEXIyHAPOIHOTO OJIOKYeHHa
Ha TeppuTopun Poccuiickoit Deneparyivi ¥ HAIMOHAIHHBIX TOKEHOB B TOM YHCIIE, & TAKXKE MPeaycMat-
pUBAET BO3MOXHOCThH OTpEAENCHHs MPUHAIISKHOCTH NU(POBOH BaJrOTHI (OMpeneeHne BIAIEIbIa,
JIOTHHOB U TapoJiel KPUIITOBATIOTHBIX KOLIEIBKOB), MOMYYeHUs] HH(GOpPMAIIUK B PaMKax MpoIeayp Ha-
JIOr000JI0KEHUS (IEKIapUpOBaHUE JTOXOJOB M PACXOJ0B) U OAHKPOTCTBA, a TAK)KE HCIIOJHUTEIBHBIX
npou3BoAcTB [21]. OmHAaKO HA CETOAHANIHUN JeHb mpoekT DenepanbHoro 3akoHa «O MUGPOBEIX (u-
HAHCOBBIX aKTHUBAX» HE MPUHSIT, PACCMOTPEHHE €T0 OBUIO OTIIOKEHO Ha HEONPEICIICHHBIIN CPOK.

Kak u3BecTHO, mMeeTcs psii OOIIUMX YEPT B COBEPIIAEMBIX TPECTYIJICHUSAX C HUCIIOJIL30BAHUEM
KpunToBaidioT. C y4eTOM MX CBOEBPEMEHHOTO PACIO3HAHWS MOXKHO BBIIBUHYTH METOJHUKY IO UX pac-

CJIETOBAHHIO, COCTOSIIIIYIO U3 ITOCIICIOBATENBHBIX ATAIOB A = {A1 ,...,A4} :

— OmnpezieliCcHHe KPUITOBAJIIOTHOTO KOIIENbKa MO TPaH3aKIHUSIM (IIPOrpaMMHBIN, amnmapaTHbI Win
OyMa)KHBII KOILIEJICK, OHJIAiH-KOLIeIeK, MOOMIbHOE PHIIOKEHNE) A ;

— ompeneneHne OWPKHA KPHUIITOBAIIOTHI, KPUITOBATIOTHBIX OOMEHHHKOB, TOPTOBBIX ILIOMIAJIOK,
KapT 4, ;

— OIpeJeIeHUE CBsI3el — MMOUCK IOCPETHUKOB-YYaCTHUKOB ONepanuii 4;;

— IMOCTPOCHHUC HeﬁpOCCTeBBIX CBsI3CH — OMpeACICHNUC BAJIIOTHI, (1)I/IaTHBIX BBIBCACHHBIX OICHET A4 .

Hcnonb3oBanue TpeOOBaHUI CHCTEMHON WH)KEHEPUHM B paMmKax MPHBEJCHHOTO BBIIIE CTaHAAPTa,
IIOCTPOEHUE MOJEIHU ¢ HcIonb3oBaHueM Mepapxuii XOMCKOro ¥ IpeagaraéMoro KaTeropuiHoro moj-
xo4a [2—4] mOo3BOJIAIOT YK€ Ha YpOBHE MOAETH CHOPMUPOBATH I'PAHULBI MEXIY CEMAaHTHUYECKUMH H
CHUHTAaKCUYECKUMH OIMUCAHUSIMHU aBTOMATH3UPYEMBIX OHM3HEC-IIPOIECCOB U MPOTPAMMHBIMH MOJYJISIMH
pa3zpabaThIBAEMBIX KOMIUIEKCOB.

[Ipu 3TOM popmanu3anms JOTHIECKUX OTHOIICHUH MO3BOJISIET CHOPMHUPOBATH CEMAaHTHIECKYIO MO-
Jenb, GopManbHYIO BBIIIECTOSIIEH rpaMMaTuKi. Ha ocHOBaHMM NpUBEAEHHOTO (ONpeAeIeHNe IPaHull B
COBOKYITHOCTH C CEMaHTHUYECKOH MOJIENIBI0) MOXKEM ONPEICIUTh CEMaHTHUECKYIO Mepy, KoTopasi OyeT
BBICTYNIaTh B POJIM LIEH, JaJiee TOUKY 3peHus [8].

Hamee:

1) MoxkeM ompeZenuTh GYHKIMOHANBHOE COJepIKaHie UCCIelyeMol TIpeIMETHON 00acTu B BHJC
KOHTEKCTHOW JAMarpaMmbl, ONPEJIeSIMB B KaU€CTBE KaHAJIOB B3aUMOJIEUCTBUA C BHEIIHEN Cpe/lON BXOJ U
BBIXO[ (pUC. 3), OrpaHUYCHHUS — YIPABICHUE, PECYPCHl — MEXaHU3M (CM. pHC. 3);
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2) OTHOIICHUS] MEeXAYy MHOOPMAIIMOHHBIMUA OOBEKTaMH ONpPEAETHM KaK MAaTeMaTHYeCKyl0 KaTero-
PHIHYIO CTPYKTYpY. DTa CTpyKTypa Ha (OpMajIbHOM YpOBHE OIMCHIBAET CBOWCTBA MH(OPMALMOHHBIX
00BEKTOB U UX OTHOIICHUS (T. €. KaK MOJMHOKECTBO JIEKapTOBa MPOU3BEICHHS);

3) yXoauM OT MpOOIEeMbl CEMaHTHYECKOTO aHAJIM3a 32 CUET BBIMOJHEHHUS JBYXIIIAarOBOM MpOIEry-
pBI, 2 IMEHHO: PacllO3HaBaHUsI CTPYKTYPBI M TIOCTPOCHUSI OTIEpalliii Ha €€ OCHOBE, T. €. UCIOIb3Ys Me-
Tox, mpeokeHHbIH H. XOMCKUM, — «CHHTaKCHYeCKH OPHUEHTHPOBAHHOW TPAHCISIIUNY, MEPEXOIUM K
CHHTAKCHYECKOMY aHanu3y [4, 5];

4) NpuXoAKM K aHAIM3y U PACCMOTPEHHUIO KOHEYHOTO NEPEUHs LEMOYEK, YTO MOKET ObITh KJIACCH-
($UIHMPOBaHO KaKk MaTeMaTHYCCKHI METOJ aHaju3a MpeaMeTHOW obyiacTu. B vacTHOCTH, U paccMmar-
pHBaEMOro TpuMepa KPHUIITOBATIOTEI — 3TO ONPEENICHUS TOTIOTHUTEIBHBIX COCTOSIHUH, YacTh U3 KOTO-
PBIX SIBIIsIETCS HEHAOIIONAaeMbIM B IPSMON MOJENH, YTO MOKET MPUBOAUTH K MPHUMEHEHHIO MPOTHBO-
MPaHBIX «CKPBITHIX) IEHCTBUH;

5) npuMeHEeHHEe TaKOTO METOJa OTKPHIBAET BO3MOKHOCTh PACCMOTPEHHUSI OTHOLICHNUH KaK (YHKIIUHA
HE3aBUCHMO OT COOTBETCTBYIOIIMX HH()OPMAIMOHHBIX OOBEKTOB M B KOHEYHOM CYETE ONMHMCAHUs WH-
(hOopMaIMOHHON CHCTEMBI KaK KOHEYHOTO MHOXECTBA (DYHKIMH W OTHOIICHWI MEXIy HUMH, BKIOYAs
CKPBITBIC YaCTH OTHOLLICHUN MEXIY O0BEKTaMHU.

I\Aemmﬂ pemenus My = {A\[l‘:,...,J[ré}

MHoecTBO npecTyIIeH i ¢
HCIIOJIb30BAHEM Y
KPUIITOBAIIOTHI

Omnpezenenue
KPHIITOBAJIFOTHOTO

Pv= {pvivp":v'“vp“u KOILIe/IbKA

e

A A

Omnpenenenue
KPHIITOBAJIIOTHOTO
KOILIE/bKA

A

Y

Ompezenenue
KPHUITOBAIIOTHOTO
KOLLIENbKa

A v

MHosxecTBO

Omnpenenenue .
peleHni

KpHUIITOBAJIFOTHOI'O

KoIIeJIbKa
A4 | D=(D,....D}

A

Muoxecrso UT IT = {zr[,z'tz,.u.it }

Puc. 3. CucteMHas mopaenb KOMMIIEKCHOIO peLleHUs PackpbITUA NPecTynneHnn
Fig. 3. System model of complex crime resolution

Y4uuThIBas U3I0KEHHOE, TIOSBIISIECTCS BO3SMOKHOCTD CBEJCHHMS Tpolecca K (OpManbHOMY alrOpHUT-
My (puc. 4) 1 B pe3ysbTaTe IPUXOAUM K aTpUOYTHBHO TPaHCIUPYyeMOil rpammatuke [4, 5, 8].

O4eBHIIHO, YTO B KQ4E€CTBE CHMBOJBHOTO 0a3rca MOXKET ObITh MCIOJIB30BAHO JIEKAPTOBO IMPOH3-
BEJICHHE, KOTOPOE B JaHHOM ciyuae Oymer paBHo3HauHO OLAP-kyOy [1-4]. [IpuMeHeHue merona
cemanTudeckux auddepennuanos Y. Ocryna mo3BoiiseT ACKIApUPOBATh OTHOLICHUS MEXAY peajib-
HBIMH OOBEKTaMU KaK OTHOLICHHE OTPHULAHUs (IPOTUBOMONIOKHOCTG 1o Jlekapty). IIpu aToM BUpTY-
anbHble O0BEKTH CTAHOBSTCS, B TEPMHUHOJIOTUHU JlekapTa, yacTHBIMH onpeaeneHusaMu [5]. Ilpuxonum
K BO3MOXKHOCTH OIpe/IeNICHUS] KaUeCTBEHHON COCTABJISIONIEH Ha OCHOBAaHUH MPHUCYTCTBUA Psiia KOJIH-
YECTBEHHBIX TapaMETPOB.
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Puc. 4. PopmanbHble acnekTbl NpeacTaBreHns npeobpa3oBaHMs MHopMauum
Fig. 4. Formal aspects of information transformation presentation

(PSL, PS.PSE .
PS=(PS, PSy0)=

Mozens 3HaHMI

3TO MO3BOJISAET:

1) npuHUMATP yIpaBICHYECKHE PEIICHHS, T. €. IEPEUTH OT (HOPMATBEHON K CEMaHTHYECKOH MOJIEIH
(6, 7];

2) OTKpBIBAET BO3MOXKHOCTh MPOCKTUPOBAHHS CTPYKTYPHI MPOTPAMMHBIX KOMIUIEKCOB B BHJIE MHO-
KECTBa OOBEKTOB — KaTErOPUi M OTHOIICHUI MEXy HUMH (MMEIOIINX CBOWCTBA ()YHKTOPOB). ITO IMO-
3BOJISICT ONKCHIBATh B BHJE KaTErOPHBIX OTHOLICHUH M B3aUMOJCHCTBHE (DYHKIMOHAJIBHBIX MPOTPaMM,
U TIpaBHJIa WHTETpali MHQOPMAIIMOHHBIX OOBEKTOB MPEAMETHON 00IacTH, M yUeT U3MEHEHUH caMoi
npeaMeTHon obmacTu [6];

3) Ui CHCTEMHOT0 MOJEIHMPOBAHUS UCCIEIYeMOH MPeJMETHON 00JIaCTH MCIIOIb30BaTh (hopMaH-
30BaHHBIC INPABUIIA, MPEACTABICHHBIC B BHJC KAaTETOPHBIX OTHOLICHHH. MOTyT OBITH HCIIOJB30BaHbI
nmo0bIe 00bEeKTHBIC (Tpad0aHATUTHYECKHE) SI3BIKH.

MoskeM OoIpesenTh BUPTYaJIbHBIH 00BEKT KaKk HH(POPMAIIMOHHBIH OOBEKT, KOTOPBIN SBISIETCS pe-
3yJBTaTOM OTHOIICHUI MH(OPMAIIMOHHBIX OOBEKTOB M JOCTPOCH JI0 EKAPTOBO 3aMKHYTOH KaTerOpHH.
B wacTHOCTH, 3TO HE MPOTHUBOPEUYUT KHOSPHETUIECKOMY 3aKOHY, KOTOPBIN ObUT chopMyIHpOBaH Y Uilb-
ssmoM Poccom Dmibu [8].

Takum 00pa3oMm, pe3yabTaT OTHOIICHHS JBYX B3aMMOACHCTBYIONINX HH()OPMAMOHHBIX OOBEKTOB B
psze ciydaeB MOXKET ObITh MHTEPIPETHPOBAaH KaK HOBBIH MH(GOPMALMOHHBIA O0BEKT (peajbHBIA MM
BUPTYaJIbHBIN).

PaccmatpuBasi mory4eHHbIE TaKUM 00pa3oM OTHOIICHHS MEXIY HOBBIMH MH()OPMAIMOHHBIMH O0B-
eKTaMH, U3BJICKasi HOBBIC JaHHBIC, CHCTEMATH3UPYS UX, IPUXOAUM K BO3MOXKHOCTH BBICTPAHBAHHUS HOBBIX
OTHOIICHHH JIayKe MEXKIY BUPTYAIbHBIMUA OOBEKTaMH M TIONYUCHUS! HEPAPXUICCKON CTPYKTYPBI dTHX OT-
HOILICHUI, YTO OTKPBIBAET BO3MOKHOCTH IIOCTPOCHUS CTPATErMUECKUX TUIAHOB PAa3BUTHUSI M OTIEPATUBHOTO
HPHUHATHUS OTIEPEeKAIOIINX YIpaBieHUecKux pemieHuid. [Ipencrapnenue oTHOIIEHHH B BUIe nH(OpMaIm-
OHHBIX OOBEKTOB MO3BOJISIET PAcCCMATPHBaTh MX B KayeCTBE «IHU(POBOTO JTBOWHHKAY», YTO PACIIUPSET
<QIIEKTPOHHYIO» TIPO3PAYHOCTH BO MHOTHX aCHEKTaX, B TOM YHCIIE YIPABICHYECKUX U TEXHOJIOTHICCKUX.

10 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
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Takum 00pa3oM, CTPYKTypa MPOrpaMMHOI0 KOMILIEKCa, IOCTPOCHHAS 0 BBHIICHPUBEACHHOMY Me-
Toxy, OyZAeT coaepkaTh HH()OPMALMIO ISl PEMH)KMHUPUHTA KOMIUIEKca 06€3 H3MEHEHUS PEeabHO JeicT-
BYIOIIEH CTPYKTYpHI, HAIIPUMEP 3aMEHOM BUPTYaIbHBIX O0BEKTOB pealbHBIMU.

[IpuMeHeHre COBpeMEHHBIX TEXHUYECKUX PELICHHUM, BKIIF0OYAs AIEMEHTBI HCKYCCTBEHHOTO MHTEIUICK-
Ta, OBUIM TaKXKe MpeAoKeHbl Ha coBMeCTHOM cemuHape HoBoro Ganka passutust (HBP), EBpasuiickoit
TPYNIIBI 10 TPOTHBOJACHCTBHUIO JIETaTU3allii TMPECTYIHBIX JOXOIOB M (DMHAHCHPOBAHUIO TEPPOpU3MA
(EAT) 1 MexmyHapoHOTO y4eOHO-METOANYECKOro NeHTpa (puHancoBoro MoHuTopuara (MYMLIDOM)
«CoBepiieHCTBOBaHME (PMHAHCOBOI'O MOHHUTOPHHIA C UCTIOB30BAHUEM HOBBIX TEXHOJIOTHID» [22, 23].

B cooTtBercTBMM ¢ nekIapanueil Mo UToraM NpoBENEHHOrO0 ceMUHapa, npuHAToi B 2019 rony, Ha-
MPaBJICHHOW B TIEPBYIO OYepellb HA MPOTHBOJICHCTBHE OTMBIBAHUIO JIeHET U ()MHAHCUPOBAHUE TEPPO-
pHU3Ma, B CBS3H C HEOOXOJUMOCTHIO MOBHIMICHUS 3()(HEKTUBHOCTH «aHTHOTMBIBOYHBIX» CHCTEM TOCY-
JapCTB U JUIsSl Pa3BUTHS MEXAYHAPOJHOIO COTPYIHMUYECTBA M B3aUMOACHCTBHSA MEXTyHapOJHBIX Opra-
HU3aMKA OB MPEIUIOKEH PsIl MEP, KOTOPHIE B LIEIOM KOPPEIUPYIOT IO MPUMEHHUMOCTH C PEeKOMEHa-
LUSMH 110 YCTaHOBIICHUIO COTPYAHUYECTBA B 00JIACTH pacciel0BaHMsI MPECTYIJICHUH C MCIIOIb30BaHH-
€M KPHUIITOBAIOT, a UMeHHO [11, 12]:

— o0beAMHEHNE YCHINH 10 BBIPA0OTKE €IMHOrO MOAX0Ja K MOHMMAaHUIO PHCKOB, CBA3aHHBIX C HC-
MOJIb30BAHUEM HOBBIX TEXHOJIOTHMI Ha (PMHAHCOBBIX PHIHKAX, M BBIPAOOTKE MEp MO0 MX MUHHMHU3AIMH

(MHO>XECTBO METOJIOB PEIICHUs TTpodiaemM Mr = {Mr1 ,...,Mr6} );

— JI€aHOHUMU3alKs M0JIb30BaTeNel riobanbHo cetu (M );

— BBIPa0OTKa ACHCTBEHHBIX MEP MO 000POTY BUPTYAIbHBIX aKTHUBOB Ul YIPaBJICHUS 1 MUHUMH3A-
LIMM PUCKOB OTMBIBaHMs J€HET U (PMHAHCHPOBaHUSA Teppopusma (Mr, );

— OpraHM3anusi CBOEBPEMEHHOTO M HENPEPBIBHOIO MEXTOCYJapCTBEHHONO OOMEHa ONBITOM W WH-
dopmarmeil B paMkax paccienoBaHus pecTyrenuii (Mr );

— pa3BUTHE MHHOBAIIMOHHBIX TEXHOJOTUH KOHTPOJS PHCKOB B paMKaxX NMPOTHBOCTOSHUS IPECTYII-
JICHUSIM C UCIIOJIb30BaHUEM KpUNTOBaIOT ( Mry );

— pa3paboTka o0yJaromux HHGOPMAIIMOHHBIX PECYpCOB B IEISAX MOBBIIMICHHUS TPaMOTHOCTH Hace-
JICHHsI TI0 OOPAIIEHUIO ¢ KPUIITOBAIIOTOM, MOBHIIICHHE KBaTH(UKAIMA U TIEPETOArOTOBKA KajpoB, 3a-
HMMAIOIUXCs Paccie0BaHUEM KubeprpecTyniaeHui ( Mrs );

— TMPOBEJICHUE HMCCIICAOBAaHUN B 00JIaCTH HOBEHIINX MH(DOPMAIIMOHHBIX TEXHOJIOTHI U pa3paboTka

IIporpaMMHOI'0 obecreyeHus u armnapaTHbIX CUCTEM C HUCIIOJIB30BAHUEM HeﬁpOCCTeBBIX TEXHOJIOTHI B
OCIIAX obecreucHuUs COBPCMCHHBIMH CPEACTBAMH ONCPATHBHOI'O pPACCICAOBAHUA anCTyrmeHHﬁ C HC-

HOJIBb30BaHUEM KpUNTOBAMOT (Mrg). C uenbio yBenudyeHUs 3QQEKTUBHOCTU MEp, HAIPABIECHHBIX Ha
HpOTHBOHeﬁCTBHe KPpUMHUHAJIIBHOMY 060pOTy KpHUIOITOBAJIIOTHI, HCO6XO,I[I/IMa CTpaTterus, pecajain3dycmas Ha
MCKAYHapOJAHOM YPOBHEC, IO OCHOBHBIM HpO6J‘I6MHLIM HaIlpaBJICHUAM, 4 UMCHHO (MHO)KGCTBO peH_IeHI/Iﬁ
D={D,,...D;}):

— €[IMHOE OIPEJCIICHUE CTaTyca U HOPUAMYECKOH MNPUPOJbI KPUIITOBAIIOTHI Ha MEXAYHApPOIHOU

apC€HEC, MOCKOJIbKY Ha CeFO):[HHHIHI/Iﬁ JCHb TOJIKOBAHHC III/I(prBBIX JCHET UJCT B COOTBETCTBHUU C OIIPC-
ACJICHUAMU TOBapa, BaJIIOTHI, CPCACTBA HAKOIIJICHUA, (1)OpMLI IUIaTSKHOU YCIYyru 1 II1aTCKHOIO UHCT-

pymenta (D));

— YCTaHOBJICHHE €IUHOTO CYJOMPOM3BOJICTBA B OTHOILICHUU MPECTYITHUKOB, HCIIOIB3YIONINX KPHUII-
toBamoty (D, );

— (hopMupoBaHue 0E30MACHOTO peecTpa (PMHAHCOBBIX MOTOKOB KPUITOBAIIOT U3 YKCIIA CTPaH ¢ (-
(EeKTUBHBIMU METOJMKAMHU ITPOTUBOIEHCTBUS OTMBIBAHHUIO JieHeT U (GUHAHCUpOBaHus TeppopusMa (D;);

— HaJJa)KMBaHUE MEXBEIOMCTBEHHOTO B3aWMOJICHCTBHSI (PETYJNHPYIOIIMX W HAI30PHBIX OPraHoOB
yIpaBleHuUs], PUHAHCOBBIX OPTraHU3ALMH, IPAaBOOXPAHUTENIBHBIX OPTaHoOB, CIeHcTyk0 u np.) (D, );

— OpraHu3anys JOCTyIa B YIPOLUIEHHOM BHE K HH(GOPMALIMK O COBEPIIAEMBIX MPECTYITHBIX ACSHH-
X C UCIIONB30BaHUEM KpUNTOBATIOT (Ds);

— (hopMHupOBaHUE MEP, HAMIPABICHHbBIX HA UICHTU(DHKALMIO BIAJEIbLEB KPUNTOKOIETbKOB ( Dy );

— CO3/IaHUE JIOTIOJIHUTEIIBHBIX CHCTEM MPOBEPKH U OTCIIC)KUBAHUS TIATEKEW I MOHUTOPUHTA (BH-
HAHCHPOBAHMS U YKPEIUICHHE MEXTOCYIapCTBEHHBIX CBsi3el Teppopusma (D );
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— JUIS NICHTU(UKAIIMN BIIaEIIbLEB KOIIENbKOB, aHAIN3a JaHHBIX U pealu3alul oOMEeHa B pexXuMe
peanbHOro BpeMeHM TpeOyeTcs OpraHu3alys MEKIOCyIapCTBEHHOTO LEHTpa C MPSIMBIM JOCTYIIOM K
KPUMUHOJIOTHYECKUM MHCTPYMEHTaM M KPUNTOBAIOTHBIM 0azaMm ( Dg).

B pesynbrare nonydaeM KOMIUIEKCHYIO CUCTEMHYO MOJIEJIb!

SM ={Pv,IT ,Mr,D}.

[Tony4yeHHYI0 KOMIUIEKCHYIO CHCTEMHYIO MOJENIb MOXKHO HPEACTaBUTh, KaK MOBEPXHOCTH B IPO-
CTpaHCTBE JOCTATOYHO OONBLION pa3MEpPHOCTU (Pa3MEpHOCThH OINpeneNsieTcs, TaK KaK €CTh JACKapTOBO
MIPOU3BEICHIE).

BriBoabI

B pe3yibTare B KaXI0W TOYKE HA MOBEPXHOCTH BO3HHMKAET CEMaHTHKA CaMOi MH(pOpPMAIH, KOTO-
pas MOXET OMPEEISIThCS KaK HEONpPEeIeICHHOCTh 3HAHUN MO0 oTHomeHuH. He ydTeHHBIE B MOIETH
npeametHoit obnactu (I10) cBolicTBa mpeacTaBisitoTces B Buae otaenbHoi 110 u xapakrepusyloTcs He-
YYTEHHBIMU CBOWMCTBaMHU, IMO3BOJISIOIIMMHU paccMaTpUBaTh €€ Kak OKpY’Karollylo cpeny. B nrore xax-
nast [1O uHTerpupyeT ¢ OKpY’>KaroIIe cpesioil 1 UMEET BO3MOXKHOCTh CUMTAThCA pacipenencHHon. [Ipu-
XOJUM K BO3MOKHOCTH IPHUMEHEHUS TEXHOJOTUH, IIOCTPOCHHOHN Ha JENEHTpan3alui, — UCIOIb30Ba-
HHUe OJoKYelHa (CO3MaHue MOJHOCTHIO JACLEHTPATN30BaHHON IaT(OPMBI, Ha KOTOPOI BBIOIHSIIOTCS
OHM3HEC-TIPOIIECCH), YTO MOXKET TIOMOYb YIYUIINTh pabodne MpOIecChl, a TAaKKe CO3AaTh €AUHBIN S3bIK
KOMMYHHKauud. OOHOH W3 NMPUYMH TaKOH HOMYJSIPHOCTH SIBJISETCS CTPOras MaTeMmaTuueckas 0asa,
¢byHIaMeHTanbHOR YacThio siBisieTcs: kpuntorpaduueckuid anroputMm ECDSA — Elliptic Curve Digital
Signature Algorithm. Bce 310 mpencTaBUMO B BUIE CUCTEMbI ypaBHEHHH, TOJIYYCHHON Ha OCHOBE (op-
MaJIbHOW MOJIESTH MPOTPaMMHOTO obecrieueHrs. Tak Kak MpearnonaraeTcs pacupeeIeHHOCTh 00bEKTOB,
OyJeT UMeTh MECTO TMepecedeHre MHOKECTB, ONMCHIBAIOIINX UX CEMAaHTHUYECKHE CBOWCTBA. B pe3ynbTa-
Te oTHomreHus: 00bekToB (BI1) mpesmonaraeTcst OlEHUBATh ITyTEM BBEJICHHS KOJIMYECTBEHHON U KayecT-
BEHHOH OLICHOK.

Hcnonb3oBanue Metona cemantuueckux nuddepenunanos Y. Ocryna mist o00pabOTKH U MIpeacTaB-
neHus: nHGOPMALUU NPUMEHHTENIFHO K 3TalaM paccMaTpUBaeMoOro Impolecca 00ecreyuBacT BO3MOXK-
HOCTh MTOCTPOCHUS TPEOYEMbIX (QYHKIMIA MPUHAICKHOCTH.
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Introduction. At present, the class of equivalence in the financial markets of many countries is
a virtual information object — crypto, the accounting of flows of which is maintained in a multi-user
system of relations blockchain. The information technology of crypto transactions is based on ele-
ments of cryptography theory. Increasing or decreasing the capacity of accounting objects is usually
realized by mining, forking and investing in a new digital currency. Today, the use of crypto is very
attractive to a number of users due to its relative independence (complexity) from external and inter-
nal factors (in the form of influence on transactions of state bodies, banking structures, participants
of the payment system itself), irreversibility of transactions in the financial market and relatively
complete anonymity. These circumstances are an attractive field for applying various additional
(from a closed set of operations on the Internet) operations. Aim. The construction of a dual system
model of a software analytical complex for the studied field of activity with mixed real and virtual
objects based on a set-theoretic approach. Materials and methods. Application of the rules of
the international system engineering standard ISO / IEC / IEEE 15288, as well as the method of se-
mantic differentials by C. Osgood for the processing and presentation of information. Results. There
is an opportunity to apply a technology based on decentralization — the use of blockchain (creating
a fully decentralized platform on which business processes are performed), which allows to improve
work processes, as well as create a unified communication language. Conclusion. In this regard, in-
terest arises in the use of big data analytics, categories of information objects — software modules,
which ensure the implementation of connection of real and virtual objects with information proces-
ses taking into account their mutual relations in the software analytical complex.

Keywords: cryptocurrency, blockchain, system model, ISO 15288, subject area, Chomsky hierarchy.
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Introduction. Currently, the Industry 4.0 concept integrates modern methodologies and prac-
tices for strategic and operational management of industrial enterprises and economies into the digi-
tal economy. It involves a wide and deep digitalization of physical and virtual objects, their connec-
tions, processes with the further possibility of their analytical analysis.

Goal of the study. Analysis of the requirements for the degree of formalization of the descrip-
tion of the digital twin of the production system using graphoanalytic metalanguages classified ac-
cording to the Chomsky hierarchy. Materials and methods. It is proposed to use a set-theoretic and
categorical approach to the classification, identification, traceability and structuring of objects of
production systems and their business processes in accordance with the requirements of quality
standards.

Results. The article substantiates the relevance of using intelligent business intelligence (BI)
systems in the heterogeneous information space of a production system for analytical processing of
semantic (content), logical and quantitative information.

Conclusion. Modern organizations are complex systems, information management of which is
provided by a wide range of software, a large number of data sources makes it difficult to consoli-
date data and receive aggregated reports. The use of intelligent business intelligence systems will al-
low targeted data extraction and analytical analysis. Models of business processes are isomorphically
displayed in aggregate data accumulated in information systems. That is, these models are used to
structure aggregate data in the required context.

Keywords: system model, production content, formal metalanguages, subject area, analytical
data processing, information retrieval system, multidimensional data classifier, business process
model.

Introduction

Currently, the concept “Industry 4.0” integrates modern methodologies and practices of strategic
and operational management of industrial enterprises and economies into the Digital Economy [1-4].
It assumes complete digitalization of all physical and virtual objects, their connections, processes with
the further possibility of analytical analysis.

It should be noted that during their evolutionary development, information systems have accumula-
ted and continue to accumulate significant amounts of information that can be used for planning, fore-
casting and decision making in various IPOs, including production systems. Further, based on the avai-
lable information, a corporate knowledge base or decision support system can be built.

On the other hand, today Automated information systems of organizations use a lot of loosely cou-
pled software packages. For example, the modern motor-building production association (UMPO) ope-
rates more than 100 different software and hardware applications supporting the corresponding activities
(IPO). Most of these systems offer the possibility of local search and analysis in domain-specific lan-
guages, however, for decision-making, as a rule, simultaneous use of data from several systems is neces-
sary, which is a difficult task, for example, because of incompatibility of systems or the use of different
dictionaries data [5-8].

Fig. 1 shows the gate system of the GTE digital double, based on the CALS methodology.
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Fig. 1. Scheme of gate system of the GTE digital double

Support for the life cycle of the production of products in the machine-building enterprise is now
supported by CAE-systems; CAD-systems for automation of designing and manufacturing of working
design documentation; CAM-systems for automation of technological preparation of production; PDM-
systems, ERP-systems for managing product data and its configurations; for the automation of produc-
tion planning and management of the processes of manufacturing products, stocks, production resources,
transport, etc. [5].

1. Overview of Information Systems

To identify and describe the goals and objectives of analytical data from multiple systems, you can
use domain-specific natural language with a certain degree of formalization of syntax, for example up to
a dictionary and natural rules for constructing sentences (media appropriate syllogisms) and semantics,
as detailed and formalized further description of the business processes in the graph-analytical metalan-
guage (at a high-level programming language [5, 9, 10]). This system should be external to the object-
oriented systems and subsystems consist of search and business intelligence subsystem. Today, the mar-
ket presents the analytical search engines such as Google Search Appliance, Yandex.Server, IBM Con-
tent Analyst and Enterprise Search, Mondrian and others. These systems have come a long way of de-
velopment from simple information retrieval systems to Business Intelligence systems with built-in
mechanisms of adaptation under the IPO.

Fig. 2 shows the mimic of the system life cycle using Business Intelligence.

Consider classification, identification, traceability, structuring and analytical processing of large
volumes of unstructured, structured and semi-structured distributed using the Business Intelligence
methodology as an example.

Tasks solved by Business Intelligence in the enterprise [5].

» Measurement — Bl creates and maintains a hierarchy of performance indicators (KPI), compares
with the target value, informs stakeholders about progress in achieving business goals.

* Analytics — quantify the effectiveness of business process execution to improve efficiency and de-
tect implicit knowledge. Often includes: data analysis, process development, statistical analysis, predic-
tive modeling, business process modeling and other tools.
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* Formation of corporate reporting — creates an infrastructure for the formation of reporting used in
strategic management. Includes OLAP analysis, data visualization, decision support systems.

» Creation of a collaboration platform — creates a platform for collaboration both inside and outside
the organization, provides storage and access to data.

» Knowledge management — the formation of a decision support system based on existing experi-
ence, support for management decisions.
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Fig. 2. Mimic of the life cycle of a system using Business Intelligence

It can be noted that the business analyst community has not yet reached a consensus on the defini-
tion of Business Intelligence. Some analysts compare it with business analysis, others with competitive
intelligence systems. However, certain steps have already been taken towards standardization. So
Thomas Davenport in his work “Analytics at Work” [11], defined the main stages of data preparation for
analysis when using Business Intelligence systems: Data extraction; Forming reports and analytical pro-
cessing in real time (OLAP); Use of tools for notification of deviations from expected values of indica-
tors; Development of management decisions based on business analysis.

A distinctive feature of Business Intelligence systems is the ability to work with different data
sources at the same time at the same time. In this regard, it is important to structure the content of
sources with the potential for further processing.

The data structure of a specific information system corresponds to the model of the business process
being performed. In this regard, we will use business process models to formulate criteria for structuring
content and retrieving data [9, 12].

In order to formulate rules for structuring content, it is necessary to single out business rules from
business process models, describe them in attributive form, and present them in terms of conditions.
Then, based on the rules of interaction with data warehouses, you can perform data selection.
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A representation in the form of an attributive process model is necessary to enable automated pro-
cessing of data based on the business process being carried out with the goal of making the model avai-
lable to other systems. After the formation of the attributive model of the process, on its basis it is possible
to fulfill requests to the information space in the same language in which the model is formed. If the model
is built in Russian, then the requests are formed in a language similar to Russian. For example, the task
is to select documents for the period from January 1 to February 10. Naturally, such a query in the DBMS
can not be sent directly. Therefore, it is necessary to convert this request based on the rules of interaction
with the DBMS or any data warehouses. And, in fact, after that data can already be obtained and ana-
lyzed.

In view of the distribution and heterogeneity of the organization's information space for operational
access to data, it is necessary to form the classifier of information resources, believing that the task of
classifying, identifying and tracing the corresponding primary resources was solved earlier. The classifi-
er is formed on the basis of the linguistic analysis of the glossary of the system model of the business
process, for example, on the formal graphical analytical metalography IDEF — using the apparatus of
linguistic processing from the glossary, the terms are chosen to classify the content of a limited area of
the information space.

Fig. 3 shows the scheme of the algorithm for extracting data from the information space for intellec-

tual analysis.
QLAP reports,
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business process
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Fig. 3. Scheme of the algorithm for extracting data from the information space
for intellectual analysis
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Classification can be performed using information retrieval systems. In this case, the search index
will play the role of the classifier.

When referring to the query to the classifier, it is possible to extract pointers to information re-
sources from different systems uniformly. Representation of IPO processes and data in the language of
mathematical category theory [13-16].

Fig. 4 shows the relationship between the organization's business processes and the content of
the information space.
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Fig. 4. The relationship between the organization's business processes
and the content of the information space

Let's describe the relationship between the business process model and the content of the infor-
mation space using the apparatus of the mathematical theory of categories.

The category is: a class of ObjC objects, for each pair of objects A, B there is a set of morphisms
Homc(A, B), and to each morphism there correspond unique A and B, for each pair of morphisms

f eHom: (A B) and g e Hom (B,C) the composition f og=Hom(A,C) is defined, for each object
A the identity morphism id, € Hom (A, A) is given, and two axioms are fulfilled: the composition ope-
ration is associative: f o(goh)=(f og)ch, the identity morphism acts trivially: f cid, =idgof =f
for f eHom. (A B).

Establishment of relations between data is possible due to the fact that the system model satisfies
the requirements of the mathematical theory of categories, i.e. there is a class of objects, a class of
morphisms, the composition operation is associative, the identity morphism acts trivially. We illustrated
this in system models [17, 18].

Let's illustrate the above provisions on the example of processing incoming and outgoing docu-
ments. We see that the categories of processing of incoming and outgoing documents can be combined
into a category of a higher level — processing of correspondence.

Fig. 5 shows the processes and data in the form of a category, where on the functional model:

— class of objects — ObjC — inputs / outputs of the business process (A1, A, ..., An);

— class of morphisms — Homc(A, A;) — functions of the business process;

— the composition operation is associative due to decomposition.

On the information model:

— class of objects — ObjC — the essence of the information model;

— class of morphisms — Hom¢(A;, A;) — relations between entities;

— the composition operation is associative due to categorization.
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On a dynamic model:

— class of objects — ObjC — tasks of the dynamic model;

— class of morphisms — Hom¢(A;, A;) — transitions between tasks;

— the composition operation is associative due to partitioning into subsystems.

Representation of a functional model in the form of a
mathematical category Presentation of the information model in the form of
| a mathematical category
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Fig. 5. Representing processes and data in the form of categories

We also illustrate the natural transformation when processing documents in the organization and
transferring them to operational and archival storage.

2. Bl-system architecture

Structuring the content of the information space and selecting the necessary data are one of the main
stages of the work of the Business Intelligence system. Let's consider in addition, from what components
the typical systems consist.

At the highest level is the layer of interaction with the user, i.e. it interacts with some Bl applica-
tion, for example, a web portal. This portal can provide the user with such opportunities as: performing
business analysis, performing budgeting operations, compiling reports. This portal can receive data
based on OLAP queries, corporate reporting, and any other data sources. Data can be stored in relational
databases, on servers that contain integrated data for OLAP reports, in archives. Well, at the heart of this
architecture is a layer that deals with administration, management, security.

Consider an example based on the IBM Cognos BI system. IBM Cognos Business Intelligence is
a comprehensive solution for building an organization-wide information and analysis system.

One of the main purposes of IBM Cognos BI is data integration. The product provides the ability to
continuously create reports, analyze, scoring, create dashboards and manage events, simplifying the con-
figuration of IT and providing access to information for each employee. The result is a higher adaptation
of users, better solutions and a higher dynamics of enterprise management.

IBM Cognos solutions are based on the concept of business performance management (BPM), co-
vering the main processes of the company's management: forecasting, planning, budgeting, data consol-
idation, control, business analysis, financial, management and other reporting [http: // www.tadviser.ru/
index.php/Product: IBM_Cognos].
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The architecture of the IBM Cognos BI system is relatively simple (as for an enterprise-class sys-
tem). A key element of the system is the IBM Cognos BI server, which works with data sources using
a user-defined description (called metadata). Further, through Web access, the IBM Cognos BI server
provides access to all the main functions of the system.

3. Conclusions and recommendations

Modern organizations are complex systems, information management of which is provided by
a wide range of software.

A large number of data sources make it difficult to consolidate data and obtain aggregated reports.

The use of Business Intelligence systems will allow centralizing access to analytical data.

Business process models are isomorphically mapped into the data accumulated during the operation
of the information system, therefore, models can also be used to structure the data in the required con-
text.
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NMPUMEHEHME BI-NMPUHLUUNOB B FTENTOBON CUCTEME
YNPABJIEHUA NMPOEKTOM CO30AHUA
LN®POBOIO ABOMHUKA I'TA

O.B. JlozuHosckuii*, K.A. Puzearog?, I'.I'. Kynukoe®

! FOxHo-Ypanbckuil 20cydapcmeeHHbill yHUsepcumem, 2. YensbuHck, Poccus,
2Ygbumckull 20cydapcmeeHHbIl aguauUOHHbIL MexHUYecKull yHusepcumem, 2. Y¢pa, Poccus,
3 AO «Ygbumckoe HayyHo-npoussodcmeeHHoe npednpusimue «MonHusy, 2. Yea, Poccus

Beenenue. B Hactosiee Bpemst koHuenuus «Muaycrpus 4.0» UHTETpUpyeT COBPEMEHHBIE Me-
TOJIOJIOTUM W TIPAKTUKU CTPATETHYECKOTO U OINEPATUBHOTO YIPABJICHHUS NMPOMBIIUICHHBIMHU IIpE-
NPUATHAMH U SKOHOMHKAaMH B IIH(PPOBYIO SKOHOMHUKY. OHa HpearoaraeT MUPOKYI U TIIyOOKyI0
u(pPOBU3ALNIO (PU3NYECKUX M BUPTYaJIbHBIX OOBEKTOB, HX CBS3CH, POLECCOB ¢ HanpHeHIend Bo3-
MO>KHOCTBIO UX aHAJUTHYCCKOTO aHAIU3a.

Hens ucciaenoBanus. AHaiu3 TpeOOBaHUI K CTENeHH (GOPMAM3AMK ONHMCaHUs LU(POBOTo
JBOMHHMKA MPOU3BOACTBEHHOW CHUCTEMBI NMPU HMCIOJIB30BAaHUU TPpadOaHATUTHYECKUX METas3bIKOB,
KJIacCU(UIMPOBAHHBIX MO HePapXHH XOMCKOTO.

Marepuansl u Metoasbl. [Ipeanaraercst NCMob30BaTh TEOPETHKO-MHOXKECTBEHHBII U KaTero-
pHaNBHBIN NMOAX0] K KiIaccHU(DUKAIMU, WACHTU(DHUKALNY, TIPOCIEKUBACMOCTH U CTPYKTYPHUPOBAHHIO
00BEKTOB IPOU3BOJCTBEHHBIX CHCTEM M MX OW3HEC-TIPOLIECCOB B COOTBETCTBHU C TPEOOBaHUSIMH
CTaH/IapTOB KauyecTBa.

Pe3yabTaThl. B crathe 000CHOBaHa aKTyaIbHOCTb MCIOJIB30BAHUS HHTEIUICKTYAIbHBIX CHCTEM
OusHec-aHanmuTHkU (BI) B HeogHOpomHOM WH(OPMALMOHHOM HPOCTPAHCTBE IMPOU3BOICTBEHHOM
CHCTEMBI I aHAJIMTHYCCKOH 00pabOTKU CeMaHTHYECKOH (KOHTEHTa), IOTHYECKOW U KOJIMYEeCTBEH-
HOU MH(pOpPMAITHHL.

3akiaouenne. COBpeMEHHBIC OpraHU3alUK IPEICTABISAIOT COO0H CI0XHBIE CHCTEMBI, HHPOP-
MalHOHHOE YIpaBJeHHE KOTOPHIMU O0ECIICUHBACTCS IIMPOKUM CIIEKTPOM HPOrpaMMHOro obecre-
YeHHs1, OOJIBLIOE YHCIIO HCTOYHUKOB JIAHHBIX 3aTPYIHACT KOHCOIMAALMIO JaHHBIX M MOJyYeHHUE ar-
PErHMpOBaHHBIX OTYETOB. MCHONIb30BaHNE MHTEJUICKTYaJIbHBIX CUCTEM OM3HEC-aHAJIMTUKHU MO3BOJIUT
LeJICHATIPABJICHHO W3BJIEKaTh JIaHHbIE M MPOBOJHUTH MX AHAIMTHYECKUI aHaiu3. Mojenu OusHec-
MPOLIECCOB N30MOP(HHO OTOOPaXKAIOTCsI B arperaTHble JaHHble, HAKaIUIMBaeMble B MHPOPMaIMOHHBIE
cucteMbl. TO €CTh ATH MOJIENN MCHOJB3YIOTCS JJIsl CTPYKTYPUPOBAHUS arperaTHhIX JaHHBIX B Tpe-
OyeMOM KOHTEKCTe.

Knouesvie cnosa: cucmemmnas mooenv, yu@posou 0B0UHUK, NPOU3BOOCTNEEHHBIU KOHMEHM,
@opmanvHble Meman3biKu, npeoMemnas oodIacmy, UHMENLLIeKMYAIbHAS AHATUMUYecKas 0opabomka
OaHHBIX, UHMOPMAYUOHHO-NOUCKOBAS CUCTNEMA, MHOSOMEPHBIU KIACCUDUKAMOP OAHHBIX, MOOeb
busHec-npoyeccos.
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MOAEJNIMPOBAHUE 3JIEKTPUHECKUX CUCTEM
U CUCTEM YMNPABJNEHUA B COBPEMEHHbIX MAKETAX MATLAB

H.B. bunbgenso, KO.A. BonoduHa

lMepmcKuli HayuoHarnbHbIl uccriedosameribCKul NoaumMexHU4YecKul yHusepcumem,
GepesHukosckul ¢ounuarn, e. bepesHuku, Poccus

BBenenue. [laketsr Simulink n SimPowerSystem OONBIIMHCTBOM HCCIIEIOBATENECH UCTIONB3Y-
FOTCSI OTZIEJIBHO U3-3a MPOOJIeM ¢ B3aUMHOM Nepeaayeii JaHHBIX MEXTy (PYHKIHOHAIBHBIMH OJOKa-
MU. B "acTHOCTH, BOIIPOCHI, Kacaroliecsi UMUTAIIMOHHOTO MOJEIMPOBAHUS M IIOCTPOCHUS ANHAMH-
YEeCKUX MOJIeJIel pa3IMYHbIX CHCTEM, PEIlaroTCs C MOMOIbIo makera Simulink, a MoaenupoBaHue
ANEKTPOIHEPTETUUCCKUX, DIICKTPOCHIOBEIX CHCTEM W CHCTEM DJISKTPONPHBOJA — C IOMOIIBIO
SimPowerSystem. Leab padoThl: pa3padboTaTh CIIOCOOBI X COBMECTHOTO MPUMEHEHUE KaK B y4e0-
HOM TIpoliecce, TaK U Ha MPOMU3BOJCTBE ISl IPOSKTUPOBAHMS y3JIOB U UCCIICOBAHMUS TIOBEICHHS OT-
JIENIHBIX YYaCTKOB JJIEKTPUUCCKUX IETel C IeTbI0 UX NANTbHEHIIEro YCOBEPIICHCTBOBAHMUS, BBISB-
JICHHUS TMPUYHH HauOoJee YacTO BCTPEUAIONINXCS HEUCIPABHOCTEH, OMpeIeIeHUs] BOZMOKHOCTH 3a-
MEHBI OJTHHX Y3JIOB Ha Jpyrue u T. 1. MaTtepuajbl 1 MeToAbl. Ha npakTuke ucciieoBaHus dJieK-
TPUUYECKUX U AIICKTPOHHBIX CXEM IPOBOAATCS aHAUTHYCCKIMHU pacyeTaMy, Ha KOTOPBIC 3aTpadrBa-
€TCs 3HAYUTEIBHO OO0JIBIIe BPEMEHH, YeM Ha HMUTAIIMOHHOE MOJeTIrpoBanue. [lokazaHa HEBO3MOXK-
HOCTh HETOCPEICTBEHHONH KOMMYTAallUM CHUTHAIOB HakeToB Simulink u SimPowerSystem B cpene
MATLAB. Ha KOHKpeTHBIX IpUMepax MOKa3aHO, Kak MO’KHO COBMECTHO HCIIOJIB30BaTh JaHHBIC Ia-
KETBI, BRIXOJHBIC CUTHAJIBI, IIOJIYYCHHBIC B OJTHOM ITaKeTe, UCIOIb30BaTh B KAYECTBE BXOTHBIX CHUT-
HaJIOB B IPYroM nakere U HaoOoport. [Ipouecc oObeMHEHHS IBYX CXEM, CMOJIEIIMPOBAaHHbIX B pa3-
JIUYHBIX TAKeTaX, MOATAIHO OMHMCaH Ha CIEAYIOIINX MpUMeEpax: mepeaadya 3HaueHud w3 Simulink-
Monenmu B MATLAB, nepenaua 3Haucanit i3 MATLAB B Simulink-monens, nepeaada 3Ha4eHUH U3
Simulink B SimPowerSystem. Pe3yabrarbl. [IpuMepsl JaHbl B JOCTYIHOH, MOHATHOU (hopme, ¢ co-
OTBETCTBYIOIIMMH CXeMaMH, rpadukamu, arOpUTMOM JICUCTBUM, KOJOM, OKHIAEMBIMHU pe3yJibTa-
TaM¥, 9TOOBI YATATETh MOT MOHATh WX MPUHIINII ¥ P HEOOXOAUMOCTH MOBTOPUTH. OTHCAHBI BO3-
MOJKHBIC TIPOOJIEMBI TIPH BEITIOJTHEHUH IIPAUMEPOB U MX BO3MOXHEIC perreHus. 3akaodenue. CoBMe-
CTHOE HCIIONB30BaHUE ONOKOB Simulink u SimPowerSystem T03BONSET MOJACIHPOBATH U OYEHB
CIIO)KHBIC TUHAMHUYECCKHE CHCTEMBI, TIOBBINIAS TPU 3TOM UX (PYHKIMOHAIBEHOCTh W HATJISIHOCTH,
0COOCHHO TIPY MOJCITUPOBAHUHU IICKTPOTCXHUICCKUX CHCTEM.

Kmouesvie crnosa: mooenuposanue, MATLAB, Simulink, SimPowerSystem, cucmema ynpaéne-
HUSl, 2JIeKMPUYecKas cxemd.

Beenenne

IMaker Simulink — 310 rpaduueckas cpela HWMUTAIIMOHHOTO MOJACIUPOBAHUs, BCTPOCHHAS B
MATLAB. JlanHas cpena mo3BOJSET CTPOUTh AWHAMHUYECKHE MOJEIH Pa3NuyHbIX cucteM. Hamboee
qacto Simulink ucnonap3yeTcs A1 MOACIUPOBAHMS CUCTEM yrpasieHus [1].

[Taker SimPowerSystem — 3TO MHCTPYMEHT, CIELUUAIBHO pa3pabOTaHHBIM 1T MOAETHUPOBAHMS
3IEKTPOIHEPTETUYECKUX, STEKTPOCUIIOBBIX CUCTEM U CUCTEM 3JIEKTPOIPUBOAA.

CeroiHsi yKazaHHBIE TTAKETHl UCTIOJB3YIOTCS BCE Yallle HE TOJNBKO B y4eOHOM Mpolecce, HO U Ha
MIPOM3BOCTBE KaK JJISl IPOEKTUPOBAHUS JIOTIOHUTENBHBIX Y3JI0B, TaK U JUIS HCCIEAOBaHUS MTOBEACHUS
OTJENbHBIX YYACTKOB DJIEKTPUUYECKUX LIETIEH, C IETbI0 MX JAIbHENIIET0 YCOBEPIIEHCTBOBAHNS, BhIsBIIE-
HUS TIPUYWUH HauOoJIee Y9acTO BCTPEYAIOIIUXCS HEHCIIPABHOCTEH, OMPEEIeHNs BOZMOKHOCTH 3aMEHBI
OJTHUX Y3JIOB Ha Jpyrue u T. 1. [2]. MoaenupoBaHre B JaHHBIX MMaKeTax TaKXKe JaeT OTBETHI Ha BOIMPO-
CBI, CBSI3aHHBIE C YCTOMYMBOCTBHIO U 3aI1aCOM yCTOMUMBOCTH HCCIEAYEMBIX CUCTEM, a TaKKe MX HaJlexK-
HOCTH.
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Jist 3NEeKTPUYECKUX M AJIEKTPOHHBIX CXEM HCCIEeIOBaHUs, KaK MPaBUJIO, CBA3AHBI C MOJYyYCHUEM
3HAYEHUH TEKYIIUX TOKOB B T€X WJIM MHBIX yJacTKax IelH IIPH KOMMYTAIIUU WIIK 3aMEHE BBILIEAIINX U3
CTpOS JIeTalell Ha CYIIECTBYIOIINE aHAJIOTH, BBIICHEHHEM BOMPOCOB O MPUYHMHAX CaMOBO30OYXICHHS U
MHOTHX Apyrux [3].

JIBa anmpTepHATHUBHBIX BapHaHTa MOJYYCHHUS OTBETOB HA MEPEYHCIECHHBIE BOIIPOCHI — 3TO aHAINUTH-
YECKHE PacueThl M MOJICIMPOBAHUE HA peaTbHBIX dJIEMEHTax [4].

B nepBoM cirydae Ha MOPSIAKKM YBETMYMBACTCS BPEMS PACUETOB M0 CPABHEHHIO C UMUTALIMOHHBIM MOJIE-
nupoBaHueM. [ BTOporo ciydasi Hy)Ha elle U MaTepuaibHas 0asa, a SKCIIepIMEHTHPOBATh HA paboTaro-
1IeM 000pY/IOBaHUHM HEJIOMYCTHUMO, TaK KaK 3TO MOKET MPUBECTH K aBAPUHHBIM CUTYaIHsIM M TPaBMaM.

B nurepatype, xak mpaBuio, maketsl Simulink u SimPowerSystem paccMaTpUBalOTCsl OTIENBHO.
B wuwactHoctu, B [5, 6] paccmarpuBarOTCS BOIPOCHI, CBSI3aHHBIE C PAa0OTOH HEMOCPEICTBEHHO B
MATLAB, B [7] u [8] moapoOHO paccMaTpuBaeTcsi MOJCIHpOBaHue B Simulink, B o0nacTi paguoTex-
HUKU ¥ aBToMaTu3anuu. B [9] mogpoOHO omricansl BOMPOCH MOJENUPOBaHUs B SimPowerSystem.

Lenp nanHOM cTaThu — MOKa3aTh HA MPOCTEHIINX MPUMEPAX, KAK MOXKHO COBMECTHO HMCIIOJIb30BATh
naketsl Simulink, SimPowerSystem 1 MATLAB. Ilog cOBMECTHBIM HCIIOIB30BAaHHUEM B IEPBYIO OUe-
penb uMeeTcs B BUY, KaK BHIXOAHbBIE CUTHAJIBI, IOJyYEHHBIE B OHOM TaKeTe, UCII0Ih30BaTh B KAUECTBE
BXOJHBIX CHTHAJIOB B IPyTOM HaKeTe, U Hao0opoT.

HomycTuM, HaM HEOOXOIMMO Ha BBIXOJE PETYISITOpPa B OMHOKOHTYPHON CXeMe yIpaBlICHUS HC-
M0JIb30BaTh KoppekTupyromyo RLC-nens, kak mokazano Ha puc. 1. Ho coenunuth Hemocpenct-
BEHHO 3JIEMEHTHI MOJIENIN HE MPEACTABISETCS BOSMOXHBIM (MECTa CXEMBbI, OOBEJICHHBIE KPYKKaMH).
Cpena MATLAB He nomyckaeT HENOCPEICTBEHHYI0 KOMMYTALUIO CUTHAOB MakeToB Simulink u
SimPowerSystem.

1
[ _
E0sE+205+1
Step transfer Fcn Scope

m@— PID

Series RLC Branch Series RLC Branchi FID Cantraller

Series HLC Branchz

e OO

Int t
Series RLC Branch  Series RLC Branch1 niegratar
- o]
_-l-_DE Waltage Source
5
F 3 - cope
Powergui
-icontinuous
i
+ —

Current Measurement

Puc. 1. UIcnonb3oBaHue RLC-uenu Ha Bbixofe perynsitopa u uHTerpatopa
B MOZEN 3NIeKTPUYECKON CXeMbl
Fig. 1. Use of RLC circuit at regulator and integrator output in electrical circuit model

AHAJOrM4HO HE YAACTCS MCIOJIb30BATh HETIOCPEACTBEHHO B AJICKTPHUYECKOM cXeMe OJIOK MHTerpa-
Topa naketa Simulink, kak mokazano Ha puc. 1.

JlommycTiM, MBI UCccieyeM padoTy peNeifHON CXeMbl CHTHAIN3AIMU TIPH HApPYIICHUH HECKOIBbKUX
TexHosorndeckux mapamerpoB [10]. Tak kak 0OMOTKH pene 00Jaaf0T HHAYKTUBHOCTBIO, TO, €CITH He-
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CKOJIBKO TIapaMeTPOB OJHOBPEMEHHO NPHUAET B «HOPMY», B LIETIM MOT'YT BO3HUKHYTH OOJBLINE KOMMY-
TallMOHHBIE TOKH, KOTOPBIE MPUBOAAT K CTOPAHHIO HCIOIB3YEMBIX B CXEME CBETOIUOIOB.

B 91011 %€ cXeme HeOOXOJMMO MPEyCMOTPETh, YTO B MOMEHT CpabaThIBAHHS CBETOAMOIBI JOIKHEI
TOpPEeTh MHTAIOUINM CBETOM, JJIS Yero HCIOJIb3yeTCs CHEeIHalbHBIA TeHepaTop MPSIMOYTOJIBHBIX HWIIH
TPEYTOJBbHBIX UMITYJILCOB.

Heo6xomumMo mperycMOTpeTh TaKyr0 CHHXPOHHU3AIMIO pabOThl TeHepaTopa, YTo0bl B MOMEHTHI HapacTa-
HHS TOKA OH ObI OTKITFOYAJ CBETOIMOI, T. €. ABTOMATHYECKH CIIBUTAJI CKBKHOCTD T€HEPUPYEMBIX UMITYIIBCOB.

CMmonenupoBath peneinyio cxemy B SimPowerSystem o4eHb Jerko u ObicTpo. CMoOAeIMpoBaTh
CJIO’KHBIM T€HEPaTOp MUIOOOPa3HOI0 HANPSDKEHUS, BKIIOYAIOIINI SJIEMEHTHI JIOTUKU U CPaBHEHUS, Ha-
MHOT0 Tipolie Ha syieMeHTax Simulink. Bech Bompoc B ToM, Kak 00bEIUHUTH 3TH JIBE CXEMBI.

1. Ilepenaua 3navenmii u3 Simulink-moneau 8 MATLAB
Wtak, HauHEeM ¢ caMoro MpocToro: Kak 3HaueHus u3 nakera Simulink nepenats B cpeny MATLAB.
PaccmoTpum mpocTeiinyio cucTeMy peryJiupoBaHus, IPUBEACHHYIO Ha puc. 2.

v - ! wl]
AOs2+ 205+

Step transfar Fon Scope

FID

FID Cantroller

Puc. 2. Mogenb ogHOKOHTYpPHOI cucteMbl perynupoBaHus (model 1.mdl)
Fig. 2. Single loop control system model (model 1.mdl)

HasBanus 6510k0B B JaHHOM MOZEIN HE H3MEHEHBI, YTOOBI YNTATEIIO OBLIO MPOIIE €€ BOCIPOU3BECTH.
Ecnu xiukHYTH 110 610Ky Scope, TO MBI yBHIMM rpadHK IEPEXoTHOTO Mpoliecca, MPUBECHHbBIIN Ha puc. 3.

Ham HeoOxoaMmo paccuuTaTh MMOKa3aTeld KayecTBa JAHHOTO MEPEXOAHOro Ipolecca, TaKhe Kak
JMHAMHUYECKasl olnOKa, CTeNeHb 3aTyXxaHus u apyrue [11].

Torma BcraeT Bompoc, Kak MepeaaTs MacCHB TOUYeK AaHHOTo rpaduka B cpenry MATLAB. Ecin y
Hac OyJIeT Takoil MaccuB, MOCTPOUTH rpaduk ¢ momotbio koman MATLAB u paccunrarh mokaszarein
KauecTBa MEePEXOTHOrO MpoLecca He cocTaBuT Tpyda [12, 13].

s nepenaun maccuBoB B cpeny MATLAB MoxHO Bocnosb3oBaThCsl 00KoM Scope. [nsa storo
KJIMKHEM TI0 OJIOKY U aKTUBU3UPYEM MUKTOrpammy Parameters (1. 1 Ha puc. 3).

B otkpeiBIIeMcs okHe BbiOepeM BkIanky Data History. Hactpoum mosist BKIIaaKy, Kak MOKa3aHO Ha

puc. 4.
J "Scope’ parameters g|§|@

S = | e
=4 dh 2 General| D ata histary | Tip: try right clicking on axes
0es [v Limnit data points ko last: | 5000
0z
018 [v Save data to workzpace
e Yariable name: |}{Y
n.o5
0 Format; |.-'l'«rra_l.J ﬂ
0.05 , _ :
01 ; . i ;
a 20 40 g0 80 100
Tirne offzet: 0 ol | B Help | Aply
Puc. 3. N'pacmk nepexogHoro npouecca Puc. 4. Bknagka Data History
Fig. 3. Schedule of transition process Fig. 4. Menu tab Data History
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B pesynprare no okonyanuu padotel Mmoaenu B cpeae MATLAB nossutcst matpuna XY. IlepBriit
CTOJIOEI] MAaTPHIBI COACPKUT TEKYIee BPEeMs, a BTOPOH SIBISETCS MAacCCHBOM 3HAYEHUH MEPEXOJIHOTO
npoliecca.

Tenepb, 4TOOBI NMOCTPOUTH TpaQuK U HOITYYUThH

02 3HAYCHUE TUHAMUYECKON OIMOKA U COOTBETCTBYIO-
02 KA el MOMEHT BpPEMEHH, HEOOXOIUMO BBIMOIHHUTE
015 pax KoMaHA B KomaHaHoM okne MATLAB.
Oparment mf01.m:
01 cle;
0.05 L=length(XY); T=XY(1:L,1:1);
0 : Y=XY(1:L,2:2); plot(T,Y),grid;
5 [D,TD]=max(Y)

405 : B pesynbraTe monyuuMm rpaduk, NpUBEICHHBIN Ha
0 i 5 i puc. 5. PacuerHoe 3HaueHHWE NWHAMHYECKOH OIMMOKH

0 20 40 B0 Gl 100

cocraBisier 0,2340, mpu Bpemenu 14 c. IlomyueHHsble
Puc. 5. Fpadpmk nepexoaHoro npouecca, 3HAYEHHs] COOTBETCTBYIOT IPUBEIEHHOMY IPadUKy.
nocTpoelHblit cpeacTeamu MATLAB Wrtak, KaK Mmosydarh 3Ha4YCHUsI U3 Mojenei Simulink

Fig. 5. MATLAB Transient Schedule
g B cpeny MATLAB, mb1 pazo6panucs. HeoOxomumo ot-

METHUTb, YTO VI 3THX Lieheh B Simulink umeetcs cnelmanbHbii 010k To Workspace, KOTOpbI HACTPaUBaCTCsI
aHaJIOTUYHBIM 00pa30M, HO JaHHEIHA OJOK HE IMO3BOJISIET 0TOOpaKaTh rpa(puKu HETIOCPEICTBEHHO B MOJIEIIH.

2. llepenava 3navenuii u3 MATLAB B Simulink-monenan
[onyware 3Hauenus u3 cpeasl MATLAB B momenu Simulink MOXHO HECKOJILKUMH CHOCOOAMH.
Ecnu 3T0 KOHCTaHTBI, TO UX HEOOXOIUMO MPOCTO MHUIMANM3NpoBath B cpeqe MATLAB, a 3atem uc-
MOJIB30BaTh B Ostokax Simulink.

Parameters HomycTuM, 4TO HAacTpOMKHU HAIIETO PETyIsTOpa UMEIOT
Proportional; 3Hauenus Kp = 8,3 u 7i = 0,9.
|Kp Torma BBegeM OTH 3HAYCHHUA B KOMAaHAHOM OKHE

MATLAB, a B HacCTpOHKax perynsaropa yKaxxeM Hx, Kak MoKa-

Integral 3aHO Ha puc. 6.

1Ti CroxHee 00CTOUT J1eI0, KOT/Ia CHTHAII B MOZIETH HE00XO0-
Derivative: JMMO U3MEHSTH B COOTBETCTBHHU CO CIIEIMAIBHON (DyHKIMEH,
[ pa3paboTaHHOM Mob30BateneM. J{Jisi 3TOro CymecTByoT 0J1o-

ku S-function 1 MATLAB Fcn. ®opmaTt QyHKIIUH, UCHOb-
Puc. 6. UcnonbaoBaHue nepemenHbix  3YEMOH B OI0Ke S-function, 1OCTATOYHO CIIOXKHBINA U 3/1€Ch HE

B HacTpoiikax perynsitopa paccMarpuBaetcs. [leno B ToM, YTO B JaHHOM OJIOKE MO>KHO
Fig. 6. Using \gart':i'bles in Regulator WCTIOJIB30BaTh He TONbKO (yHKIWH Ha sizbike MATLAB, HO 1
ettings

Ha JPYTHUX s3BbIKaX, B yacTHOCTH HA C++, Fortran u Ada. 3tot
OJIOK CUMTAeTCs YHUBEPCAIBHBIM U HCIIONB3YETCS B TOM CiIydae, Koraa (GyHKIMH TUIAHUPYETCS KOMITH-
JIUPOBATh B COOTBETCTBYIOLIUE THHAMUUECKUE OUOINOTEKH.

Oynknun s 6moka MATLAB Fen — 310 00bI4HBIE (YHKIMH, TpeAcTaBistonye M-haiisl 1 Ha-
nmicadHbele Ha s361ke MATLAB.

Hanuirem npocTeiinnyto QyHKIUIO:

Yomfun2
function y=mfun2(k);
y=cos(k),
Coxpanum dysakumto B aiine mfun2.m. O6paTuMcst K Hel, KaK IOKa3aHo Ha puc. 7.
MATLAR
ﬁu ™ Function » L
Sine Mave MATLAE Fend Scope

Puc. 7. Mogensb ¢ ncnonb3oBaHueM 6noka
MATLAB Fcn (model2.mdl)
Fig. 7. Model with MATLAB Fcn unit (model2.mdl)
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Hactpoiika 610Ka npuBeneHa Ha puc. 8.
B pesynbraTe paboThl MOAEIH NOTYYnUM rpad)uKu, IPUBEICHHBIC HA pHC. 9.

Parameters
MATLABE function:

|mfun2

COutput dimensions:
1

Qutput zignal type: | quta j

[ Collapze 2-D rezults to 1-D

Puc. 8. Hactpoiika 6noka MATLAB Fcn Puc. 9. PesynbTat paboTbl Moaenu
Fig. 8. MATLAB Fcn unit configuration Fig. 9. Result of work of model

3. llepenaua 3Havenuii u3 SimPowerSystem B Simulink
PaccmoTtpum npocreiinnyto Mmoaens B SimPowerSystem, puBeneHHyI0 Ha puc. 10 [14].

B Y Y e TIA

Series RLC Branch Series RLC Branch

. []
__|__ DC Waltage Source
& Scope Display

Paoweergui

-Continuous
i
+

Current Measurement

Puc. 10. Mogenb RL-uenu (model3.mdl)
Fig. 10. Model of a RL chain (model3.mdl)

Ha3Banus sneMeHTOB B JaHHON MOJETH OCTaBJIEHBI IO YMOJYaHHIO, KaK MX MPUCBOMIIA Cpella MO-
nenuposanusi. Hactpoiika anementa DC Voltage Source (ACTOYHUK MOCTOSIHHOTO HAIIPSKEHHUs) IPUBE-
JeHa Ha puc. 11.

Hactpoiika snementa Series RLC Branch (mocnemoBa- [ —

TENILHOE COCTMHEHNE aKTUBHOTO COMPOTHBIICHUS, HHIYKTHB- Amplitude [

HOCTH M €MKOCTH) TIpHBEACHA Ha puc. 12. B pe3ynbpraTte Ta- o

KOM HACTPOMKH MBI TIOJlyYHM TOJBKO aKTHBHOE COMPOTHBIIE-

HHE. AHAIOTUYHBIM 00pa3oM Hactpoum Onok Series RLC Measurements |None |

Branchl, Tonpko ykakeM 3Ha4€HHE CONMPOTUBIICHHS PAaBHBIM

HYJIIO, @ 3HAU€HUE MHIYKTUBHOCTH — paBHBIM 20 ['H. Puc. 11. HacTpoiika anemeHTa
Kak BuaHo u3 puc. 10, Ha AuUCIUIEe MbI BUIUM yCTaHO- DC Voltage Source

Fig. 11. Configuring of element

BHBIIICECS 3HauYeHHE Toka B menu (0nok Current Measure- DC Voltage Source

ment SIBIACTCSI aMIIEPMETPOM).

Ecnu xaukHyTh 110 010Ky Scope, TO MBI YBUIUM NPSIMYIO JIMHUIO Ha ypoBHE 2 A. Ecniu HaM HY»XHO
YBHIIETh I'pad)MK U3MEHEHHsI TOKa B IEMH, TO HEOOXOAUMO YCTAHOBUTH HYJIEBBIC HAdabHBIC YCIOBHSL.
Jis aTOro KiaukHeM 1o 010Ky PowerGui. B oTkpbIBILIEMCS OKHE HaXKMeM KHOTIKY /nitial States Setting u
B nosie Set Selected BMecTO TEKyIIEro 3Ha4YeHUs1, pAaBHOTO 2, yCTAHOBUM 3Ha4YeHue, pasHoe 0.

B pesynbTraTe, KTUKHYB 10 050Ky Scope, yBUIUM rpaduK U3MEHEHUS TOKa B Iend. MBI yKe 3HaeM,
KaK TepeaaBaTh 3HaueHus u3 61oka Scope B cpeny MATLAB, nostomy noctpouM rpaduk npuBeacH-
HBEIM BBIIIIE criocobom (puc. 13).
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Parameters 2
Rezsistance B [Ohmsz):

|5

|nductance L [H]:

—
m
'
'
'
'
'
'
'
'
T N

[ R

|':I L At Al SRR
Capacitance C [F):
o /A R e B
M easurements |Nnne j 0 : : : :
a 2 4 5] g 10
Puc. 12. Hactpowka anemeHTa Series RLC Branch Puc. 13. N'padmk nameHeHus Toka B Lenu
Fig. 12. Configuring of element Series RLC Branch Element Fig. 13. Circuit Current Change Graph

A Temneph JOMYCTUM, YTO HaM HY)KHO HPOMHTETPUPOBATH MOJYyUEHHBIH CHUTHAI. DTO yI00HO clie-
JaTh ¢ oMol Simulink-0noka Integrator. Kak ObUIO CKa3aHO paHee, HEMOCPEACTBEHHO HCIIOJIb30-
BaTh ONOK [ntegrator B cxeme Henb3s. Ho, kak BumHO U3 puc. 10, nns nepenaun B Simulink-6noku 3Ha-
YEHWI TOKOB HCIONB3yeTcs 0ok Current Measurement (amnepMeTp). AHAJOTHYHO JUIA Tiepeaadd Ha-
MPsDKEHUH HCToib3yeTcst 0ok Voltage Measurement (BONbTMETD).

Toraa Mozmens ISl HHTETPUPOBAHYSI 3HAUEHUS TOKA Oy/IeT UMETh BH/I, IPUBEICHHBIN Ha puc. 14.

Series RLC Branch Series RLC Branch1

[ I [

| +

— DC Waoltage Source s
T Integratar Scope
4 Poweergui
-Continuous
i

+ p—

Current Measurement

Puc. 14. NMepepaya curHanoB u3 anemeHToB SimPowerSystem
B 6noku Simulink (model4.mdl)
Fig. 14. Sending signals from SimPowerSystem elements
to Simulink units (model4.mdl)

B oubmmoreke Simulink nmeetcs 0onpIoi HAOOp MaTEMaTUYECKUX OJIOKOB, TTO3BOJISIFOIINX OCYIIE-
CTBJISITh 00pa0OTKY CHTHAJIOB U MpeoOpa3oBanue curHaoB. OOpaboTaHHbBIC CHTHAJIBI MOXKHO CHOBA HC-
MOJIb30BATh B DJICKTPUUCCKUX CXEMaxX KaK MCTOYHHMKH HAMPSOKCHHWN MM TOKOB, CO3/aBasi, TAKUM 00pa-
30M, JJOCTATOYHO CIIOXKHBIC THUHAMUYCCKUE MOJICITH.

Wrak, nns nepemnaun curHainoB u3 Simulink-moneneiéi B Mmonenu SimPowerSystem UCTHOB3YIOTCS
omoku Current Measurement u Voltage Measurement.

4. Ilepenaua 3Havenuii u3 Simulink B SimPowerSystem

Ocraercst pa3o0pathcsl, KaK MmepeaaBaTbh CUrHalbl U3 Simulink-010KOB B aneMeHThl SimPowerSystem.
Ecnu nnst nepemaun curnanos u3 SimPowerSystem B Simulink ucnions3yrorcss ©3MEpHUTEIbHbIE TPUOO-
PBI, TO U151 OOpaTHOM Mepeadn UCTIONB3YIOTCS CIIeHUaIbHBIC HCTOYHUKH.

s atoro B SimPowerSystem umeercs nBa onoka: Controlled Voltage Source, KOTOpBIHA ABISCTCS
perynupyemMbiM HCTOYHHKOM HanpsbkeHust u Controlled Current Source, KOTOPBIN SIBISIETCS PeryIiu-
PYEMBIM HCTOYHUKOM TOKa. Ha BX0apI 3THX OJ0KOB MOKHO MOAABaTh CUTHANBI U3 Simulink-monenei.

[ocraBuM oOpaTHYIO 3aaady: JUisl MMHAHUS DJIEKTPUIECKOM CXeMbl HEOOXOJUM HCTOYHHK THI000-
pasHoro HanpspkeHus. CPopMUpoOBaTh Takoe HampspkeHHWe Ha 0aze OJOKoB SimPowerSystem HeNb3sl.
Ho B 6ubnuoteke Simulink umeercst 6ok Repeating Sequence, BBIXOJOM KOTOPOTO SIBJISETCS CHUTHAT
nuioo6pasHoi Gopmel. Cxema Takoi MOJeNH pUBEJCHA Ha puc. 15.
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— ) A

Scope Series RLC Branch Series RLC Branch
] +
/1/1/] psanal Pavvergui EE— [
Repeating Controlled -Continuous —
Sequence Voltage
Source i
i ol—

Current bMeasurement

Puc. 15. Nepepaya curHanoB u3 6nokoB Simulink B anemeHTbI SimPowerSystem (model5.mdl)
Fig. 15. Transmission of signals from Simulink units to SimPowerSystem elements (model5.mdl)

B nactpoiikax 6noka Controlled Voltage Source MoxHO yka3aTh HadaJbHBIC YCIOBHS, OT KOTOPBIX
HAaYHET MCHAThCS HanpsbKeHue. B HalleM citydae OHU HyJICBBIE.
I'pacduk n3MeHeHus TOKa B 3TOM clTydae MPUBEACH Ha puc. 16.

0.25

02}

015 f--mn

R B S Sttt ETEERR FRRRERS SRRRES .

S VS N RS S —_—

D 1
0 2 4 B g 10 12

Puc. 16. N'padmMk n3ameHeHUs1 ToKa NPy HanpskeHUun
nunoo6pasHon hopmbl Ha BXxoAe cxeMbl
Fig. 16. Diagram of current change at sawtooth
voltage at circuit input

5. HioaHcBI COBMECTHOTO MOAETUPOBAHNS

IIpu MonenupoBaHUM MEPEXOAHBIX MPOIECCOB ANMEKTPUIESCKUX CXEM Ha BXOJ CXEMBl HEOOXOIHMO
MOJIaTh CAMHUYHBIA CKAYOK M3MCHEHHUS HANPSHKEHHS, YTO MOXKHO PEaM30BaTh C MOMOIILIO Simulink-
6moka Step.

IIpumep Takoil Mmogenu no ucciaenoBanuo RC-nenu NpuBeneH Ha puc. 17.

— "N, — |
Series RLC Branch Series RLC Branch1
il * —[
——1 zignal .
- Powergui
Step Contralled -ContinLous Scope
Waoltage
Source i
i
+ f—

Current Measurement

Puc. 17. Mogenb ansa uccnegosaHus RC-uenu (model6.mdl)
Fig. 17. Model for RC ceria study (model6.mdl)

Ha Brixoae Takoit RC-uenu chopmupyercss UMITyJbC, IPUBEICHHbIN Ha puc. 18.
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0.2 | | | |
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Puc. 18. UMnynbc Ha Bbixoge RC-uenu Puc. 19. BektopHOe npeacTaBneHue
Fig. 18. RC circuit output pulse AWHAMUYeCKOn cucTeMbl

Fig. 19. Vector representation
of a dynamic system

YacTo HCIIONB3yeTCsl CCIE0BAaHNE JUHAMUKH CUCTEMBI B IPOCTpaHCTBe cocTosHul [15]. Ctpyk-
Typa TaKOW CHUCTEMBI IPUBEAEHA Ha puc. 19.

YpaBHEHHUS COCTOSIHHS U BBIXO/1a TAKOW CHCTEMBI 3aIIMChIBAIOTCS KaK:

X =Ax+ Bu;

y=Cx+ Du.

Ctpounsble OyKBBI 0003HAYAIOT BEKTOPHI, @ 3arJIABHBIC — MATPULIBL.

e Matpuna 4 — MaTpuiia COCTOSIHUSA CUCTEMBI, pa3MEPOM 71 X 11

e Matpuna B — MaTpuia ynpasieHus (BXoaa), i X 7;

e Marpunua C — MaTpula BbIX0/1a 110 COCTOSIHUIO, M X H;

e Matpuna D — MaTpHIa BEIX0O/a MO YIPABIEHHUIO, M X 7.

Nwmes Takme MaTpUIlbl, MOXKHO HCCIEAO0BAaTh CUCTEMY Ha yCTONYHMBOCTb, IOJHOTY HAOIIOAaeMOCTH
Y YOPaBIEMOCTH U Apyrue GpakTopbI.

PaccmoTrpum npumep. HeoOxoauMo MOIy4uTh ONMKCAHHWE CXEMBI, MpeACcTaBIeHHONW Ha puc. 20, B
MIPOCTPAHCTBE COCTOSHUM, B YACTHOCTH IOJIy4YUTh MaTpHUIBl A U B.

- _ c=1
. m L=10 ||_

K

E.

(2

N

Puc. 20. NMpuHumnuansHasa cxema RLC-uenum
Fig. 20. Circuit RLC schematic diagram

AHAIMTUYECKH OIUCATh 3TY LICMb B BUJC MEPEIATOUYHON (YHKIIMH MOXKHO CJICAYIOIIMM 00pa3oM:
Z(s)=R+Ls-1/Cs = (25 +10s> +1)/s;
I(s)=U/Z(s)=10s/(10s* + 25 +1),

rae s — oneparop Jlamaca; Z(s) — MoJIHOE CONPOTUBIICHHUE LIENH B ONIepaTopHO Gopme; I(s) — TOK B Lie-

M B OIIEPATOPHOI opMe.
Co3naauM MoJieb, IPUBEACHHYIO Ha puc. 21, U coxpanuMm ee B (haiin model7.mdl.

10=
:1 10s2+25+1 -1
In1 il Dut
Transfer Fen

Puc. 21. Mogenb, nmuTupytowasa nsmeHeHue tToka B RLC-uenu (model7.mdl)
Fig. 21. Model simulating current change in RLC circuit (model7.mdl)
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Jl1s nomy4eHus MaTpHL IPOCTPAHCTBA COCTOSHUN 5 2
W3 MOJEIIN UCIIONb3YeTCsl KOMaH/a:

[A B C D]=linmod("'model7');
% opmupyem onucanue moodenu 6 npocmparncmee  UA oo
cmosaHuil (popmam ss) 0
W=ss(4,B,C,D),
% cmpoum epaghux usmeHnenus moxa
step(W),grid R
B pesynpraTte nosydnM MaTpUILBL:
0.2 -0.1 1 Puc. 22. N'pacdmk n3aMeHeHUs Toka B Lienu
A=| " l; B= Fig. 22. Circuit Current Change Graph
1 0 0
Y TIepeXOHbIH Mpoliecc, MpeCTaBICHHbIN Ha puc. 22.
A Teneph monpodyeM HOIYyYUTh T€ ke MaTpulbl u3 SimPowerSystem. [lns 3Toro codepeM Moaenb
CXeMbl, IpuBeAeHHON Ha puc. 20. Moaenb T0KHaA BBITISACTh, KaK MOKa3aHo Ha puc. 23.

[4 B C D]=linmod('ams monenn); L I e i St S S
Hanumem M-daiin (mf2.m) 15004 O T TS TP TP
% noayuaem mampuyvl u3 mooeau Simulink NI o

- ---r---7---°----F---1

[Rp——

05f------
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1

'

'

'

1
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> AT |

Scope Series RLC Branch
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Source i Soope
.t

Current Mleasurement

Puc. 23. Mogenb RLC-uenu (model8.mdl) B SimPowerSystem
Fig. 23. RLC circuit model (model8.mdl) in SimPowerSystem

B kauectBe ckauka mojanuM Ha BXoa 10 yCIOBHBIX €IUHUIIL, YTO COOTBETCTBYET 10 BobTaM. 3ammycTum
MOJIEIb U KITMKHEM 110 OJI0KY Scope. B pe3ynbrare moimyunM aHajIoTHYHbINA rpaduk, Kak 1 Ha puc. 22.

Ho ecnu Bbmonuuts M-daiin (mf2.m), i3MEHUB B HEM UMsI MOJAENH Ha model8.mdl, To nomyuum
MaTpHLIbL:

ToKa ctajo B 10 pa3 MeHblIE ACHUCTBUTENBHOIO 3HAYE- {5 [-----
HUS, TIOJIYICHHOTO B MOJICIH, TIPUBEICHHON Ha puc. 24.
Tak xe n3mMeHunIach MaTpuia ynpasieHus B. Cucrema

0.25 : : :
-0,2 0,1 -0,1 : : :
A= . B= 02 - fh-bommee- AR e -
1 0 0 ‘ ‘ ‘
. 045 - - oees oees S
1 rpaduk U3MEHEHUs TOKa, IPUBEICHHBII Ha puc. 21. : : :
Kak BumHO M3 rpaduka, MaKCUMaJIbHOE 3HAUCHUE 0k Pt Pt e

o B e Rl Rl el TR k|
O f--"a----f---r---T1---Aa----p---q

HE ITIOHUMAET, YTO Ha BXOJ MOJECIIM IIOCTYIMaeT CKa4OK B -005 [------ T ------ -------------------
10 BOZBT, a BOCHPHHMMACT 3TO KaK CAMHHYHBIA CKa- i i i

YOK. DTO OJWH M3 HI0OAHCOB COBMECTHOTO MCIIOJIH30Ba- o 10 20 30 4 5 G0
HUS TAKETOB, KOTOPBIN B OTHENBHBIX CIIydasx HEOOXO- Puc. 24. Mpadvk M3MeHeHUs ToKa B Lieny
JAMO YYUTBIBATD. npu mogenupoBaHum B SimPowerSystem

Fig. 24. Diagram of current change in the circuit,

YroOBl yCTpaHHUTh JaHHYIO NpoOJieMy, HEOOXOu-
yerp A Y p y A during simulation in SimPowerSystem

MO Ha BXOJIC€ WJIM BBIXOZE MOZEIH B OJHOM M3 OJIOKOB
Gain yctanoBuTh K03(puirient, paBublid 10, 1 MBI TOTYyYUM JOCTOBEPHBIC 3HAYCHHUSI.
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B nanHoli cTaThe MpHBEAECHB MAKCHMAJIBHO MPOCTHIE MOZETH, YTOOBI YMTATENIb MOT MOHATH HX
MIPUHLMI paOOTHI U TPY JKETTAaHUU TTOBTOPUTE.

CoBmecTHOe wHcnoib3oBaHue OnokoB Simulink n SimPowerSystem TO3BONSET MOJETUPOBATH U
OYCHb CJIOKHBIC TUHAMUYECKUE CUCTEMBI, MOBBIIAS IPH 3TOM HUX (DYHKIHOHAIBHOCTh M HArISIHOCTD,
0CcOOEHHO MPHU MOJICIIUPOBAHHUH AJIEKTPOTEXHUUYECKUX CHCTEeM. B yacTHOCTH B Mojenu Ha puc. 23 mnpu-
CYTCTBYET sIBHasl JJICKTPHUYECKask CXeMa, [0 CPAaBHEHHIO C MOJIEINIbIO Ha puUC. 21, Te NCTIONb3yeTCs TOIb-
KO mepenatoyHasi GyHKIHMS 3TOH CXEMBbl, KOTOPYIO K TOMY K€ HEOOXOAMMO CHayasa MOJyYUTh aHaIH-
THYECKH.
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MODELING OF ELECTRICAL SYSTEMS AND CONTROL SYSTEMS
BY MODERN MATLAB PACKAGES
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Perm National Research Polytechnic University, Berezniki Branch, Berezniki, Russian Federation

Introduction. Packages Simulink and SimPowerSystem are used by most researchers separate-
ly due to problems with the mutual transfer of data between functional blocks. In particular, issues of
simulation and construction of dynamic models of various systems are solved using the Simulink
package, modeling of electrical, electrical systems and electric drive systems are solved using
SimPowerSystem. Aim: to develop methods of their mutual application both in the educational pro-
cess and in production for the design of nodes and research etc. Materials and methods. In practice,
research in the field of electronic and electronic circuits is carried out by analytical calculations.
The impossibility of direct routing of signals from Simulink and SimPowerSystem packages in
MATLAB is shown. In some cases, only data packets, output signals and vice versa are used. The pro-
cess of combining two circuits modeled in different packages is described in stages using the following
examples: transferring values from Simulink models to MATLAB, transferring values from
MATLAB to a Simulink model, transferring values from Simulink to SimPowerSystem. Results. All
examples are gave in an accessible, understandable form, with diagrams, graphs, algorithm of ac-
tions, code, expected results, so that the reader can understand their principle. Possible problems
when executing the examples and their possible solutions are discussed. Conclusion. The joint use
of the Simulink and SimPowerSystem blocks allows you to simulate very complex dynamic systems,
while increasing their functionality and visibility, especially when modeling electrical systems.

Keywords: modeling, MATLAB, Simulink, SimPowerSystem, control system, electrical scheme.
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COBEPLUEHCTBOBAHUE AJITTOPUTMOB PACINMO3HABAHUA

TUNOB OB BbEKTOB B CUCTEMAX YINPABJIEHUA C MPUMEHEHUEM

HEYETKOW NIOr'MKU B YCNOBUAX HEOMNMPEQENEHHOCTHU

A.A. Konkk', B.A. Konkk', B.J. llupsiee®
"BoeHHbIl y4e6HO-Hay HbIl ueHmp BoeHH0-8030yWwHbIX cusl «BoeHHO-8030ywHas

akademusi um. npogp. H.E. >Kykoeckozo u FO.A. MazapuHa», ¢punuan 8 e. YensbuHcke,

2. YenabuHck, Poccus,
2 OxHo-Ypanbckuli 2ocydapcmeeHHbill yHusepcumem, 2. Yensburck, Poccus

BBenenne. B 0cHOBY COBpeMEHHBIX MH()OPMALMOHHBIX TEXHOJOTHH IUIS CIIOKHBIX CHUCTEM
aBTOMATH3AIlH B YCIOBUSAX HEOMPECIEHHOCTH MOJ0KECH MPUHIUI CUTYaIllHOHHOTO yIPABICHHUS.
K TakuM TEXHOJIOTHSM OTHOCATCS CIEAYIOIIME: SKCIIEPTHBIE CHCTEMBI, HEHPOCETEBBIE CTPYKTYPHI,
HeJeTKas JIOTMKAa M acCOI[MAaTHBHAs MaMsTh. Pa3BUTHE WHTEIUIEKTYaJbHBIX TEXHOJIOTHI CBSA3aHO C
00BeIMHEHNEM PA3IMYHBIX METOAOB 00paboTKM 3HaHUH. JlaHHOE HampaBieHHe oOecrednBaeT Mo-
BBIIICHHE OBICTPOEHCTBHSA, COKpaIeHue oobeMa 3HaHuH. [IpeanonaraeTcss BO3MOXKHBIM 00bEIMHE-
HUE HEUETKOW JIOTMKH U IKCHepTHhIX cucteM. ILlens mecnenoBanusi. PaccmoTpeTs 3amauy coBep-
IIEHCTBOBAHUS aJITOPUTMOB PAacllO3HABAHUS B CUCTEMax yNpPaBJICHUs IIyTeM OObEIMHEHHS METO/I0B
ONTHUMAIEHON (UIBTPALIMH U HEYETKOW JIOTUKH HA 3Talle BTOPUYHONW 00paboTku nH(popManuu o ma-
pameTpax o0bekTOB. MaTepuajbl M MeToaAbl. J{11 npeaBapuTeabHO 00paboTkn Oynem paccmar-
puBath GuiabTpel Kanmana (OK), i peanusaniy KOTOPHIX B pealbHOM BPEMEHH TPeOyeTcsl MeHb-
1€ BBIYMCIUTENBHBIX PECYPCOB IO CPAaBHEHHIO C aJTOPUTMAMU T'apaHTUPOBAHHOTO OICHHBAHUS.
B mpemnaraemom metone nmpumennM 6aHk (DK). MaremaTtndeckoe MoaeIMpOBaHHE NPOBOANMM B
nporpammHoi cpeae Mathcad 14. B nporpammuoii cpene FuzzyTECH pa3spabarsiBaeTcsi HEUETKUN
mpoekT «Pacno3HaBaHue THIa 00BEKTa». Pa3paboTka HeueTKOW MOJAENIHM NMPOXOAUT B HECKOJBKO
3TanoB. Bo-mepBeIX, MpencTaBieHHe BXOAHBIX MEPEMEHHBIX B TEPMHUHAX JMHTBUCTHYECKHUX IEpe-
MEHHBIX. BO-BTOpBIX, ONMUpasch Ha 3HAHHUSA KCIIEPTOB, OMpPENENIeM TEPMBI IS JTHHIBUCTUYECKUX
NepeMeHHbIX. B-TpeThux, co3manue Oyoka mpaBwil. B-ueTBepThIX, MCCIIEIOBaHUE CO3JaHHOTO He-
yeTkoro npoekra. Pesyabrarsl. IIpoBenennoe marematnueckoe moaenuposanue K B ycrpoiict-
BaxX CJIEKEHHS 3a IapaMeTpaMd OOBEKTOB B Ipollecce pPAcIo3HaBaHUS B IIPOrpaMMHOI cpene
Mathcad 14 noka3aio BO3MOXXHOCTb TPUMEHEHHS 0aHKa (MIBTPOB B PACCMOTPEHHBIX YCTPOMCTBAX.
Co3/1aHbI 1 HCCIIEA0BaHbl AITOPUTMBI PACIIO3HABAHUS THUIIOB OOBEKTOB C MCIOIb30BaHNEM HEUETKOM
noruku. 3akiaodyenne. Co3maHHBIE aITOPUTMbBI CHCTEMBI YIPABICHUS, OOBbEOUHAIOIINE B cede
¢unbTpanuio KajiMaHa M HEUETKYIO JIOTHKY, HOBBIIAIOT 3G (HEKTUBHOCT CUCTEMbI PACIIO3HABAHHSL.

Kniouegvie cnoea: ungopmayuonnvle mexnono2uy, pacno3Hasanue munog o0vexmos, guivm-

payus Kanmana, neuemras nocuxa.

BBenenue

B ocHoBy coBpeMeHHBIX MH(OPMALMOHHBIX TEXHOJIOTHH IS CIOKHBIX CHCTEM aBTOMAaTH3alUU B
YCIIOBUSIX HEONPEEIEHHOCTH [ 1] MOJI0KEH NPUHLIMII CUTYallMOHHOTO ynpasieHud [2]. K TakuMm texHo-
JIOTUSIM OTHOCATCS CIIEAYIOUINE: SKCIIEPTHBIE CUCTEMBbI, HEHPOCETEeBbIE CTPYKTYPhI, HEUEeTKAasl JOTHKa U
accolaTUBHAS MamsTh [3]. B 3Toli cBs3M MHTEpeC K MHTEIUICKTYalbHBIM CHCTEMaM YIpaBJIcHUs OyaeT
TONBKO Bo3pacTtaTh [3—5]. B HacTosmiee Bpems cymiecTByeT GyHIaMEeHTalbHAas TeopeTnieckas 0as3a uH-
TEJUICKTyaJIbHBIX CUCTEM yTpaBiieHus — 3To pabots! . [locmenosa [6, 7], JI. 3azxe [8, 9], T. Tapano [10],
A. Jleonenkosa [11] u ap. KoHuemnius mocTpoeHUsT HHTEIUIEKTYAIbHBIX CUCTEM YIIPAaBIEHUS OCHOBaHA

Ha TPEX KIHOYCBLIX IMOJIOXKCHUAX:
— TCOPUU CUTYALLUOHHOTI'O YIIPABJICHUS
— UCPAPXUUYCCKOM MPUHIUIIC ITIOCTPOCHUA CUCTEMBI YITPABJICHUS,

— 000CHOBAHHOM HCITOJIb30BaAHUHU YUCTBIPECX HMHTCIUICKTYAJIbHBIX TeXHOJ’IOFHﬁ, HanOoee p33p8.60—

TaHHBIX Ha CeFO,[[HHH_IHI/Iﬁ JCHb (SKCHepTHBIX CHUCTEM, HEYCTKOM JIOTHUKH, HeﬁpOHHBIX ceTeﬁ, acco-

[IMaTUBHOM mamsTH) [3, 6].
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JlaHHasi KOHLENIMS NpeArnosaracT UCIoIb30BaHUE MHTEJJICKTYaIbHBIX CHCTEM B CIIydyasx, KOTaa
JUTSL TIOBBIIICHHSI KQUeCTBa YIPaBIICHUS HEOOXOAUMO YUUTHIBATh BCe (PAKTOPHI, BIHSIONINE HA CUCTEMY,
B TOM 4YHCJe HH(QOPMAIIMOHHYIO HEOIPEIeICHHOCTh. VIHTeIeKTyalbHbIe TEXHOIOTHH TIOCTOSTHHO Tpe-
TEpPIIEBAIOT U3MEHEHUS B MpoLecce CBOETO pa3BUTHA. OJHUM U3 HANIPABJICHUH 3TOTO MpoLEcca SBISAETCS
00beTUHEHUE METOJIOB 00pabOTKH 3HAHWH. Pa3BUTHE MHTEIIEKTYAIBHBIX TEXHOJIIOTUH CBSI3aHO ¢ 00be-
JUHEHUEM Pa3InYHbIX METOJI0B 00paboTKM 3HaHWH. J[aHHOe HampaBleHHe 00eCIeUnBACT MOBBIIICHHE
ObICTpOoAeHCTBISI, COKpauieHne o0bema 3HaHui. [lpeanonaraercs BO3MOXKHBIM OOBEINHEHNE HEUETKON
JIOTUKH U 3KCHEPTHBIX cucteM [11].

OnHUM U3 HaTpaBJICHUI Pa3BUTHUS KOHIETIIINY SIBIISICTCS pa3paboTka OOPTOBBIX MHTEILICKTYaIbHBIX
cucteM Taktdeckoro ypoBHs (BUC-TVY) mist anTpononeHTprudecKkux 00beKToB (AHTP/00BekT) [5]. On-
HUM U3 3TaroB (PyHKIMOHUPOBAHUSI AHTP/OOBEKTa SIBISETCS PEIICHHUE 33/1a4H ONEPATUBHOIO LIEJIETO-
naranus. st penieHust JaHHOW 3ajjadd HeoOXOMMa TMOJIepPKKa, KOTOPYI MOTYT OKa3aTh OOPTOBEIC
OTIEPAaTUBHO-COBETYIOIINE YKCIIEPTHBIE CUCTEMBI THITOBEIX cutyaruii mojera (bOCIOC TC) [5].

BoproBbie onepatuBHO coBeTylomue 3KcnepTHble cucTeMbl TUIOBbIX cutyaiuid (BOCI3C TC) no-
JieTa JIeTaTeNIbHOTO amnmapaTa IMpeaHa3HadeHBbl IS pelIeHHs 3aJad BTOPOTo INI0OAJBHOIO YPOBHS
ynpasierus (II I'nYVY) [5,12]. H I'nYY — 310 3aga4u, ¢ TOMOIIBIO KOTOPBIX ONPENESIOTCS palliOHab-
HBIE IIyTH AOCTXECHUS TEKYILIEH Lein monéTa, T. €. TAKTHYECKUE 3a1au.

OnHo¥ M3 TaKMX TaKTUYECKUX 3a7ady SIBISETCS MpeojoieHne O0CBBIMHU CaMOJIETAMU HACHIICHHOM
I[NBO mpotuBHuka. Ha coBpeMeHHOM 3Tare pa3BuUTHS OOPTOBOTO PaJAHO3ICKTPOHHOTO 000pYIOBaHUS
coznanue OoproBoro kommuiekca o6oponsl (BKO) kak BOC3C TC skumnaxa crano 00beKTUBHON HEOO-
XOAMMOCTBIO.

[Ipumenenune uckycctBeHHoro uHTeiviekTa (MU) obGecreunBaeT Takke BO3MOXKHOCTH CO3JaHHA
cucTeM 00pabOTKU CHUTHAJIOB, CIIOCOOHBIX K caMOOOYUYECHHUIO, U IaeT BO3MOXKHOCTh OTIEPATUBHOTO BME-
IaTEJILCTBA B IPOTrpaMMy 00paOOTKH B 3aBUCUMOCTH OT CKJIABIBAIOLIEHCS 0OCTAHOBKH B MH(OPMAIH-
OHHOM IpocTpaHcTBe. HedeTkas j1oruka, Kak TOBOPUIIOCH BBILIE, SIBJISETCS OAHOW U3 HanOOJIee NCIOIb-
3yeMBIX B pa3pabOTaHHBIX UCKYCCTBEHHBIX TEXHOJOTHM, MPUMEHIEMBIX MPH pa3pad0TKe COBPEMEHHBIX
CHCTEM YNIpaBJICHUS.

OueBuaHON 001AaCTHIO BHEAPEHUS! MHTEIICKTYaJlbHBIX TEXHOJOTHH SBISIOTCS BCEBO3MOXKHBIC
JKCIIEPTHBIE CHCTEMBI, B TOM YHCJIE CaMOOOyJaroluecs: CUCTEMbI, Ha3blBaeMbIe HHAYe KiIaccU(puKa-
TOpamu.

1. [TocTaHoBKa 3a1a4un

3a/aua pacro3HaBaHUs THIIOB OOBEKTOB B CUCTEMAax yNpaBlieHHsS OOPTOBBIX KOMIUIEKCOB SIBIISIETCS
Ype3BBIYANHO aKTyanbHOU. PaboTa BCcero KoMIUIeKkca COCTOUT U3 HECKOJBKUX 3TanoB. Ha mepBoM sTare
CUTHAJIbI, TIOJYYCHHBIE JaTYMKaMHU, MPOXOJAT MEPBUYHYIO 00pabOTKy MUl JajbHEWIeill mepegadu B
CUCTEMY PaclO3HABAHHS.

Bropoii sTam (pacnio3HaBaHne) — HA OCHOBE M3MEPEHHBIX MapaMeTpOB MPUHATOTO CUTHAJNA U CPaB-
HeHHe UX ¢ 0a30ii 3HAHWH, IPUHSTHE PEUIeHHsI 00 OTHECEHUH 00BEKTa K TOMY WM HHOMY THITY.

Tpernii 5Tam — Ha OCHOBE PacHO3HABAHHS TUIA OOBEKTA, NMPHUHATHE PEIICHUs HAa pacrpe/ieieHue
PECYpCOB 10 OOCITYKUBAHUIO 0OBEKTA.

B cnyuae ecnu perienre Ha BTOPOM 3Tarie ObUIO IPUHATO HEBEpHOE (3a7aua pacro3HaBaHus HE BhI-
MOJIHEHA), TO U PaboTa Bcero KOMIUIEKCa 1Mo 00CTyKUBaHuI0 00bekTa He 3 dexkTrBHA. [1JIs MOBBIIICHUS
3¢ deKTUBHOCTH pabOThl CHCTEMBI YIIPABIICHUS HA dTale pacro3HaBaHusi HEOOXOJUMO UCKATh IyTH CO-
BEPIIIEHCTBOBAHUS alTOPUTMOB. [I[prMeHeHre NCKYCCTBEHHOTO MHTEIUIEKTA /ISl KAaUeCTBEHHOTO aHAJH-
3a MPUHATHIX CHTHAJIOB B YCIOBHSX HEOIPENEICHHOCTH SBIISETCS PealbHON Ha3peBIIeH HEOOXOMUMO-
cThio [3, 4, 6].

B crathe craBUTCS W pemiaeTcs 3ajada COBEPIICHCTBOBAHUS alTOPUTMOB PACIO3HABAHHS THIIOB
00BEKTOB B CUCTEMAax YIpPAaBIEHUS IMyTeM OOBbEIMHEHUS METOIOB ONTUMAILHOW (QMIBTPAINA U HEUYCT-
KOH JIOTHKH Ha 3Tare BTOPUYHON 00pab0oTKH HH(OPMAIUH O TTapaMeTpax 00BbEKTOB.

2. Pacno3HaBaHue THIIA 00bEKTA

Pemenwne 3a1aun MOCTPOCHUST CHCTEMBI UACHTU(UKAIMU 0OBEKTOB MPEICTABIACTCS BO3MOXKHBIM C
TIOMOIIIbIO BHEJPEHUS SJICMEHTOB HEUETKOM JIOTMKH. B pamMKkax HE4eTKOro mojaxoja mpeiaraetcs 00b-
eJIMHEeHNE METOI0B (DMIIBTPAIIMK U HEYETKOH JoTuKH [13].
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B teopuu pacro3HaBaHusl ONTHMAIBHBIC PEIICHUS TPUHAMAIOTCA HA OCHOBAaHMM 0aiiecOBCKOH mpo-
uenypsl [14].

s npensaputensHoit 00pabotku Oynem paccMmatpuBaTh K, i peanusannu KOTOpOro B peanb-
HOM BpEMEHHU TpeOyeTcs MEeHbIIIe BEIYUCIUTENbHBIX PECYPCOB 10 CPABHEHUIO C alITOPUTMaMHU TrapaHTH-
poBaHHOTO OleHHBaHus [15,16], KOTOpbIe 1eNeco00pa3HO MPUMEHSTh B clydae OTCYTCTBUSI CTaTHUCTHU-
4Yeckoil mH(opManuu O IMoMexax B INPUEMHBIX KaHajuaxX. B Hamem ciydae nmpuMeHHM OaHK (QUIBTPOB
Kanmana (®K). CtpykTypHas cxema yCTpOHCTBa paciio3HaBaHUsl 00beKTOB (00beanHeHne MetonoB ®K
u HJI) npeacraBnena Ha puc. 1.

Cucrema ynpaBneHuA

| I
[

l |
| I
| I
| YeTpo#cTBO pacrno3HaBaHus THIIOB |
| o6bextoB (ODK, HIT) |
| I
| I
[

|

I

YerpolictBo napamMeTphl
'B 00paboTKu THIIOB 00BbEKTOB
XOJIHEI{
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. [ (noentudut
I
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[
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Puc. 1. CTpykTypHas cxema ycTpoMcTBa pacno3HaBaHUA 06bekToB (06beanHeHne metogoB PK un HI)
Fig. 1. Structural diagram of the object recognition device (combination of Kalman Filter
and Fuzzy Logic methods)

Paccmotpum cnenyronnyto curyanuto. [lycTe B HEKOTOpoM paiioHe (MH(QOpMAIIMOHHOM MPOCTPaH-
cTBe) OOHapyxeHa rpymmna o0bekToB. Kax oMy TUIy 0oOBEKTa COOTBETCTBYET OIpEeNICHHBIH Habop
napamMeTpoB, KOTOPBIH co3AaeTcsl U XpaHUuTcs B Oa3e maHHBIX. baza co3maercss HA OCHOBE 3HAHHMNA HKC-
NEPTOB B IaHHOH 00JacTu.

Jns ucnionb3oBanus anmapara Guiabrpanuu Kanmana HeoOX0oauMO pa3padoTaTh MaTeMaTHIeCKyro
MOJIeJIh TIPOIlecca HBOJIOLUH TapaMeTPOB U MOJEINb Ipoliecca u3mepenus [13]. 3anuceiBaroTcs ypaBHe-
HUS TIPOIIECCa IBOIIOIUH KAXKJOTro THIA 00HEKTOB, HA OCHOBAaHHU KOTOPHIX (hopMmupyeTcs OaHK (QUIIbT-
poB Kanmana [17]. O6paboTka NpUHATHIX CUTHAJIOB MPOUCXOAUT HapalIeIbHO.

PaccmoTpumM cutyanuio, npu KOTOPOH OTHECTH HAOIIOAaeMbIi OOBEKT K OHOMY M3 U3BECTHBIX TH-
OB, O KOTOPOM 3aHeceHa WHpopMalus B 0a3y NaHHBIX (BEKTOp M3MEPEHHUs TONagacT B 00JacTH MpH-
HAJICKHOCTU JIBYX THUIIOB OOBEKTA), MPEACTABIACTCS HEBO3MOKHBIM (BO3HUKAET HEOMPEICICHHOCTD)
(puc. 2) [13].

[IpoctpancTBO HaOMOACHUS B JAHHOM CIy4ae MPEACTABICHO KOOPAMHATAMU «I1apaMeTp ¢ — mapa-
MeTp £». OLIeHHBAeM paclookKeHHE BEKTOPOB X, X; U X; KaK BUJUM U3 PHC. 2, 00BEKTBI, HAXOALIHeE-
ca B obnactax npocrpanctea O; u O, otHocsTes K Knacey K; n K, T. e. ux Tvn onpezensercss oJHoO-
3HayHO. /{711 HEKOTOPOTro i-r0 HEM3BECTHOTO 00BEKTa M3MEPEHHBIM BEKTOp X; HE MO3BOJIAET MPOBECTU
OII03HABaHUE W OTHECTH €T0 K OJJHOMY M3 W3BECTHBIX THUIIOB, TaK KaK BEKTOP X; HAXOJAUTCS B 00JIacTH
MPOCTPAHCTBA (3aIUTPUXOBaHHAS 00IACTh Ha puUC. 2), KOTOPask OHO3HAYHO HE MOXKET OBITH OTHECEHA K
KaKoMY-JTH0O TUITY OOBEKTOB.
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Puc. 2. O6nacTtu npocTpaHcTBa NPUHAANEXHOCTU TUNA OGbEKTa
Fig. 2. Object Type Ownership Space Regions

[Ipumenenue 6ankoB GuiabTpa KaiMaHa M03BOJISET Cy3uTh 00J1aCTh MPOCTPAHCTBA PACIIO3HABAHUS,
B KOTOPOE TomnangaeT BeKTop X; (puc. 3, 4). B nmepBom cirydae (cM. puc. 3) HeonpeaenEHHOCTh B KJIaCCH-
¢buKanuy He BO3HMKAeT U BEKTOp X; pacmonaraercs B obnactu O;, T. €. oTHocuTcd K kiaccy Kj. Bo
BTOpOM ciy4ae (CM. puc. 4) HEONPEEICeHHOCTh OCTAE€TCS, BO3HUKAET HEOJHO3HAYHAsI CUTYyalus, KO-
r7a IPOCTPaHCTBa MPUHAMIEKHOCTH 00bEKTa MIEPECEKAIOTCS, B TOM CIIy4ae U MPUMEHSIEM HEUETKYIO
JIOTHKY.

[IpuMeneHnne HEYETKOM JIOTHUKH JUISl JAHHOTO ciydas (CM. puc. 4) B yCIOBUSAX HEIOCTATOYHOCTH
UHGOPMAITUH O XapaKTePUCTHKAX HAOJIOIaeMbIX OOBEKTOB IO3BOJISET IOJHEE MCIIONB30BAaTh 3HAHMS,
TOJTyYeHHBIE PaHee, a TAaKXKe C MOMOIIBI0 porpammHoi cpenbl fuzzyTECH BHOCHTE OniepaTUBHYIO HH-
(hopMaruio 0 BHOBb TIOJTYYCHHBIX JaHHBIX. 3HAHUS DKCIIEPTOB HMCMOIB3YIOTCS ISl CO3JaHMS HEYETKON
MOJIETN YCTPOMUCTBA pacliO3HABAHMUS.

2
Axo(_))= t kaacc Kp
Op / Xp
kaace K,
O, %
X /
/ /
) 7 3 X%
Puc. 3. O6nacTty npocTpaHcTBa NpUHaAneXXHocTu Tuna oobekrta (PK)
Fig. 3. Object Type Ownership Space Regions (Kalman Filter)
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Puc. 4. ObnacTtu npocTpaHcTBa NpuHaaneXHocTn Tuna obbekrta (HI1)
Fig. 4. Object Type Ownership Space Regions (Fuzzy Logic)

IIpoBenennoe mMatemarudeckoe monenupoBanne ®K B ycTpoiicTBax ClieKEHHS 3a MapamMeTpamu
00BEKTOB B MPOIIECCEe pPaclo3HaBaHus B mporpaMMHoii cpene Mathcad 14 mokasano BO3MOXHOCTB IIpH-
MeHeHus 0aHKa (UIBTPOB B pacCCMOTPEHHBIX ycTpoiicTBax [13, 18, 19].

Bbutn mocTpoeHs! cleayonue MOAETH CISKEeHHUS:

— MOJIENb JJIS CISKEHHUS 3a U3MEHSIOUINMCS TapaMeTpoM (CKOPOCTh U3MEHEHHS apaMeTpa MHOTO
MEHBLIE NIePUoIa U3MEPEHHS);

— MOAETb, T/Ie U3MEPAEMBIN apaMeTp MOXKET U3MEHATHCS CKAauKOOOpa3Ho, MO CIy4aiiHOMY 3aKOHY
(cxopocTh U3MEHEHHMS ITapaMeTpa COTIOCTaBUMa C TIEPUOJIOM U3MEPEHHS);

— MOJIeTIb CIICKCHHS 33 YIIIOBBIM MOJOXKEHUEM HaO0II0aeMoro o0beKTa (MOCTyMaTeIbHOS JBHKE-
HUE 00BEKTa).

B pesynbrare mccienoBaHus MOAETEH CleKEeHHs (THIUYHBIC CHUTYalWH) MOJyYEHBI HOJI0XKHUTEINb-
HbIe pe3ynbTathl [13, 19]:

— TOBBINIAETCSI BEPOSITHOCTh TPUHSTHUSL pelieHus] 00 OTHeCEHHH HaOIr0/1aeMoro 00BEKTa K TOMY
WA UTHOMY THITY;

— MOBBILICHA YCTOMYUBOCTD CIEKEHHUS 32 IBIXKYILIUMUCS OObEKTaMMU;

— YMEHBLIAETCS] BEPOSITHOCT CPHIBA CIICKEHUS 32 MaHEBPUPYIOIIUM OOBEKTOM, & TaKKEe MPUHSITHS
peIeHus o MOsIBICHUU HOBOTO ThMa o0bsekTa [13, 19].

3. IllocTpoenne HeveTKoM Moaenn «PacnnosHaBaHue THIIA 00BbEKTa»

B mporpammuoii cpene FuzzyTECH paspabartbiBaercst HeueTkuid mpoekT «Pacmo3HaBanue THma
o0bekTa». PazpaboTka HEUETKOW MOJIEIH MMPOXOJUT B HECKOJIBKO ATAaroB. Bo-mepBrIx, npeacraBieHne
BXOJIHBIX IIEPEMEHHBIX B TEPMUHAX JINHI'BUCTUYECKUX NEPEMEHHBIX. BO-BTOpBIX, Onupasich Ha 3HAHUS
9KCIIEPTOB, ONpEAEsieM TEPMbl U JMHIBUCTUYECKHX IEPEMEHHBIX. B-TpeTbux, co3maHue Oioka
npaBui. B-ueTBepThIX, UCCIEAOBAaHUE CO3JaHHOTO HEUETKOro MPOEKTa M KOPPEeKUHUs pa3padoTaHHON
monenu [19].

OmpenenseM BXOJHBIE MEepeMEHHbIE B TEPMHHAX JHMHTBUCTHUYECKUX MEPEMEHHBIX, KOTOPHIE SB-
JISIFOTCS HapaMeTpaMu, XapaKTePU3yIOIUMH THIT HAOII0AaeMOT0 00bEeKTa. DTO CIEAYIOUINE: CKOPOCTh
oowekra (V), miomans oobekTa (S), npuHaiexkHocts 00bekTa (T), nucrannus no oobekta (D). Boi-
XOJIHOM JUHTBUCTHYECKOW MEPEMEHHON ¢ TepMaMHM, ONPEACISIONIMMU KIaCCU(PUKAIHNIO OOBEKTOB,
o6o3Hauaem «TIP». MccrnenoBanne HEUETKOTO MPOEKTa MPOBOAUM B Iporpammuoi cpene fuzzyTECH

(puc. 5).

BecTHuk HOYplY. Cepus «KomnbioTepHble TEXHONOrMK, ynpasreHue, PaauoaneKkTPoHUKay. 43
2020. T. 20, Ne 1. C. 39-50



anaBneHMe B TeEXHUYECKUX CUcTemMmax

G{g Project Editor | = ‘ = | 2
' inl
vV
SELEKTOR
D RE1
i TIP
e ™
T in4 I in/hd ax
' ind
5
4 2

Puc. 5. HeueTkuit npoekt «Pacno3HaBaHus TMNOB 06beKTOB» B nporpammHou cpeae fuzzyTECH
Fig. 5. Fuzzy project “The Object Type Recognition” in the software environment fuzzyTECH

TepMbl UIS BXOAHBIX JIMHIBUCTHUYECKUX TIEPEMEHHBIX OMpEAeIsieM HCXOJs W3 BHIOpaHHBIX Tapa-
METPOB (XapaKTEPUCTHUK), HEOOXOAMMBIX IS Kiaccudukaiumu TUIIOB 00bekTOB. Hampumep, yHkius
MPUHAICKHOCTH TEPMOB BXOTHOM MEPEMEHHON «IUCTaHIHs 10 00BhekTa» (D) umeet Bug (puc. 6).

_ E=8(E=R (5=
LUEOR S NN VTR

. 1
15000 25000 3540 5000(

357700000 Units

Puc. 6. ®yHKUMA NPUHAANEXHOCTU IMHIBUCTUYECKOW nepeMeHHon «D»
Fig. 6. The function of belonging of linguistic variable “D”

B pesynprare mpoBeaeHHOH KiaccH()UKAMM OOBEKTOB MO M3MEPSIEMBIM IapaMeTpaM, CO3IaeTCs
OJIOK MpaBuJI, ONPENeNAIOIINN 3HaUeHHEe TEPMOB BBIXOJHON NepeMeHHOH. /laHHbIe O THIAaM CyIIecT-
BYIOIIIUX O0OBEKTOB HA OCHOBAHWH 3HAHWI HKCIIEPTOB BHOCSITCS B CO3AaHHBIN OJIOK mpaBui. biok mpa-
BHJI TIPEJICTABIISIET cOOOM Jiormueckue paccyxkaenue «Ecmu ..., 1o....». B Hamewm cioydae Habopy mapa-
METPOB (MX BEJIMYMHAM (T€pMaM)) COOTBETCTBYET THI HabirogaeMoro oobekra. biok mpasun paszpaba-
TBIBAEMOI'0 HEYETKOTO ITPOEKTa MPEACTABIEH Ha PUC. 7.

Spreadshest Rule Editor - RB1 ol ===
B YyEma8aE U8 Wb ' ? n
IF THEN

# inl [ in3 ind LoS  owtd

1| D1 [ 51 1.00 [TIPT

2 |va D2 [ 54 1.00 [TIP3

3 |va D1 [ 53 1.00 [TIP2

4 |va D3 [ 1.00 [TIP4

5 |wi D3 [ 53 1.00 |TIPS

B D2 [ 1.00 [TIPS

7 D1 M 1.00 [TIP4

O — .

Puc. 7. Bnok npaBun (7 npaBun)
Fig. 7. Rule block (7 rules)
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OyHKIMS TPUHAATIECKHOCTH BBIXOJHOHN JIMHIBUCTUYECKON NIepeMeHHOH OyneT nmetsb Bu (puc. 8).

i outl [E=n Fol <~
LB R R | W ke | R
TIF1 TIFZ TIP3 TIP4 TIFR TIFE

1.0

TIPZ 0.00
TP 100
TIF4 oo 9.8
TIPS 1.00
TIPS 000

06

0.4

02

I

{ -,
00 :
n ] 05 . 1
0.6000 Units

Puc. 8. BbixogHasa nepemeHHas «TIP»
Fig. 8. Output variable “TIP”

Juist moBbIteHUs] 3QPEKTUBHOCTH Pa3paOdOTaHHOW HEYETKOW MOJIeNH (YHKUIUH MPUHAIICHKHOCTH
BXOJIHBIX U BBIXOJHBIX MEPEMEHHBIX WX BECOBBbIE KOI(D(UIIMEHTHI BEIOUPAIOTCS MCXO/S U3 MpPEAIoia-
raeMoi 00CTaHOBKH, HAJIMYMSI CYLIECTBYIOIMX THIIOB HAOIIOAaEMbIX 00BEKTOB B KOHKPETHOM PETHUOHE.

=loix|
A A S W [E e e

TIP1 TIFZ TIP3 TIP4 TIPS TIPG

0.5238 Units

Puc. 9. BbixogHasa nepemeHHas «TIP» (u3meHeHbl BecoBble KO3thhnUneHTbI)
Fig. 9. Output variable “TIP” (weight coefficients are changed)

UccnenoBanus co3MaHHON HEUETKON MOJIENH TTOKA3bIBAET, YTO BO3HUKAIOT CHTYAIlUH, KOT/Ia OJTHO-
3HaYHOE ONpe/IelIeHUe THUIa 00BhEKTa 3aTpyAHEHO. BHECeHne n3MeHeHnl B BECOBBIE KOA(PDUIIMESHTHI Ha
OCHOBaHHMM 3HAHUH KCIICPTOB O HAXOXKIACHUU B JTaHHOM PETHOHE OINPECICHHBIX THIIOB O0OBEKTOB I10-
3BOJISICT MTOBLICUTH BEPOSITHOCTH MPaBUIILHOTO pacriozHaBanust (puc. 9). s repma «TIP3» onpenensiem
koddduument 1, a g repma «TIPS» — 0,5 (cMm. puc. 9). B pesynprare HabmogaeMm, 4To T OOBEKTA
ompenensiercs kak «TIP3» ¢ BepositHocThIO 1. J{i1st moBBIIIEHUS 3P PEKTUBHOCTH pa3paboTaHHBIX ajro-
PUTMOB HEOOXOIMMO BBECTH HOBBIM M3MEPSIEMBIN TTapaMeTp, KOTOPBIA MO3BOJIUT OJHO3HAYHO OTHECTH
HaOIOJaeMbIl OOBEKT K ONPEEIICHHOMY THITYy. BBOAMM TOTIONHHUTENBHYIO MEPEMEHHYIO «priznaky.
3aTeM BHOCHM M3MEHEHUs B OJIOK MpaBmil (M3MeHsieM mpasmia 2, 6, 7, 8) (puc. 10):

IMPABUJIO 2: ECJIU ckopocth 00bekTa V2, NaJIbHOCTh 10 00bekTa D2, mpuHaIexKHOCTS I, mio-
manb S4, JOMOIHUTENBHBIA IPU3HAK «N0», TO 00BeKT oTHOCHUTCS K TIP3;

IMPABWJIO 6: ECJIN manpHOCTH 10 00BekTa D2, mprHAAIEKHOCTS |, JOMOTHUTENBHBIA TPU3HAK
TIPS, To 06bekT oTHOCUTCS K TIPS;

IMPABUJIO 7: ECJIM ckopocTh 00bekTa V2, nanbHocTh D2, npuHaie:kHOCTh 1, miomans S4, no-
nonHuTeNbHBINH npu3Hak TIP3, To 00bexT oTHOCHTCS K TIP3.

IMPABUJIO 8: ECJIN manpHOCTH 10 00BbekTa D2, mpUHAAICKHOCTh I, JOMOJHUTEIBHBIA TPU3HAK
«noy, To 00beKT oTHOCHTCS K TIPS.

IIpu cpabareiBarnny ipaBmiIa 6 MPOUCXOIUT OAHOZHAYHOE OIPE/ICIICHNE THITA 00BEKTa.
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Spreadsheet Rule Editor - RB1 o] ==
B wvIEEE ¢ UE | ihd| %] =
IF THEN

# il in2 in3 ind ing DoS  outl

1 1 o [ 51 01.000|TIF1

2 w2 D2 I 54 no Oo.500][ TIP3

3 |v2 D1 I 53 01.000][ TIF2

4 |v3 D3 I 01.000][ TIP4

5 |t D3 I 53 01.000][ TIFe

6 D2 I TIPS H1.000[ TIPS

7o |w2 D2 I 54 TIP3 01.000][ TIP3

3 D2 I no Oo.500][ TIPS

3 D1 M 01.000][ TIP4 ,

Puc. 10. Bnok npaBun (9 npaBun)
Fig. 10. Rule block (9 rules)

@yHKIMS NPUHAIISKHOCTH BBIXOJHOW JIMHTBUCTUYECKOW IEPEMEHHOW IIOCIIE BHECEHUS H3MEHE-
HU B paBuia OyzaeT uMeTh BuA (puc. 11). OnepaTuBHOE BHECEHHE U3MEHEHH B CTPYKTYPY HEUETKOTO
MPOEKTA MO3BOJISIET YYUTHIBATH OBICTPOMEHSIONIYIOCS OOCTAHOBKY KakK IOSIBICHHUE HOBBIX TUIIOB OOBEK-
TOB, HE BXOJSIIUX B KJIACCU(UKAIUIO, TAK K U3MEHEHHUE MapaMeTPOB CYIICCTBYIOIIHX.

[@out1 _ ol x|
AR & IERAEIR
Tem i TIP1 TIF2 TIP3 TIP4 TIPS TIPE

0.7143 Units

Puc. 11. BbixogHas nepemeHHas «TIP» (9 npaBun)
Fig. 11. Output variable “TIP” (9 rules)

Jis BHenpeHus pa3pabOTaHHBIX aJTOPUTMOB B CYIIECTBYIOIINE KOMILICKCHI HEOOXOIUMa TOIBKO
YCTaHOBKA JIONOJHHUTEIBHOIO MPOTrPaMMHOI0 00ECIIEUYEHHs, YTO MOBBIMIACT 3(()EKTUBHOCTh CHUCTEMBI
pacro3HaBaHuUs THIIOB HaOJII0aeMbIX 00BEKTOB U He TpeOyeT OOJIbIINX 3aTpart.

3akioueHne

Cucrembl ympaBieHHS KOMIUIEKCAMH CIIEKEHHS 32 OOBEKTaMH IIPENIONIaraloT pelieHHe 3a1adyu
pacro3HaBaHus THUTA OOBEKTA U MPEICTABISIOT COO0M CIIOKHBIE TEXHUYECKHUe cucTeMbl. Co3manue co-
BpeMeHHBIX CUCTEM praBHeHI/IH KOMIIJICKCAMU CJICKCHUA Tpe6yeT HOBBIX, HeTpa)Z[I/IIII/IOHHBIX IIoaAX040B.
[IpennoxeHupiii MeToa oObeauHEeHUs (GuIbTpanuyd KajiMmaHa U HEYSTKOW JIOTMKH IO3BOJISET PELIaTh
3a/layyl pacro3HaBaHWs. Pe3ynbTaTbl MCCIIEOBaHUS MaTeMaTwdeckux mojened ¢unbTpa Kanmana u
HEYeTKON Mojenu « Pacrmo3HaBaHWe THIIOB OOBEKTOB)» MOKA3HIBAIOT MOBKIMIEHHE Y((HEKTUBHOCTH CHUC-
TEMBbI yIpaBjicHHs. ba3a mpaBui HEYETKOro MPOEKTa MOYKET OBITh ONEPATUBHO CKOPPEKTHPOBAHA IPH
N3MCHCHUUN yCJIOBI/Iﬁ Ha6J'IIO):[eHI/IH, a TaKXKe HpI/I ITOABJICHUU HOBBIX THUIIOB O6’beKTOB, HC Imomnagarouinux
MOJT CYIIECTBYIOIIYIO Kiaccudukanuioo. CyIIeCTBYIONIME KOMIUICKCHI PACIOaraloT BO3MOMXHOCTBIO
BHEJIPEHUS] B HUX MPOTPAMMHOT0 0OecriedeHus, 00eCIIeUnBarOIIero padoTy CHCTEMBI yIIPABICHUS, UC-
MOJIb3YIOIIEH PJIEMEHTHI HEUETKOM JIOTUKHU.
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DEVELOPMENT OF ALGORITHMS OF AUTOMATIC RECOGNITION
OF OBJECTS IN CONTROL SYSTEMS USING FUZZY LOGIC
IN TERMS OF UNCERTAINTIES
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Introduction. The basis of modern information technology for complex automation systems in
the face of uncertainty is the principle of situational management. Such technologies include the fol-
lowing: expert systems, neural network structures, fuzzy logic and associative memory. The deve-
lopment of intelligent technologies is associated with the combination of various methods of pro-
cessing knowledge. This area provides increased performance, reduced knowledge. It is supposed
that fuzzy logic and expert systems can be combined. Aim. Consider the task of improving recogni-
tion algorithms in control systems by combining optimal filtering methods and fuzzy logic at
the stage of secondary processing of information about object parameters. Materials and methods.
For preliminary processing, we will consider Kalman filters (FC), for the implementation of which
in real time less computing resources are required in comparison with guaranteed estimation algo-
rithms. In the proposed method, we apply FC Bank. We carry out mathematical modeling in
the Mathcad 14. In the FuzzyTECH software environment, a fuzzy project “Recognizing the type of
an object” is being developed. Development of a fuzzy model takes place in several stages. Firstly,
the presentation of input variables in terms of linguistic variables. Secondly, relying on expert
knowledge, we define terms for linguistic variables. Thirdly, the creation of a block of rules. Fourth,
a study of the created fuzzy project. Results. The mathematical modeling of the FC in the devices
for tracking the parameters of objects in the process of recognition in the Mathcad 14 software envi-
ronment showed the possibility of using a filter bank in the considered devices. Algorithms for re-
cognizing object types using fuzzy logic have been created and studied. Conclusion. The created
control system algorithms, combining Kalman filtering and fuzzy logic, increase the efficiency of
the recognition system.

Keywords: information technologies, object type recognition, Kalman filtering, fuzzy logic.
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9KCNEPTHAA CUCTEMA AUATHOCTUKK NPUYUH OBPA3OBAHUA
OMACHbIX MUKPOAE®EKTOB B KABEJIbHOU U301ALINN

WU.E. XKuzanos, O.U. MoHo2apoe

Bnadumupckul eocydapcmeeHHbil yHusepcumem umeHu AnekcaHdpa lpuzsopbesuya
u Hukonas puzopbesuya Cmonemossix, 2. Bnadumup, Poccusi

BBenenmne. PaccMoTpena mpobiema TUarHOCTHUKU HPUYHH 00pa30BaHUS OMACHBIX MHKPOJC-
(exToB B KabeiapHOI n3oisnun. JJaHHBIH BOMPOC SBISACTCS BEChMa aKTyalbHBIM, TaK KaK Ka4eCTBO
ANEKTPUUYCCKON M30JLIIIMY OKA3bIBACT HEMOCPEACTBEHHOE BIMSHIE Ha HAJCKHOCTh U 0E30IaCHOCTh
Bcero m3zenus. [ onpenencHus M yCTpaHESHUS IPUYUH TOSBICHUS OMACHBIX MUKPOAe(EeKTOB Ha
MPEIIPUATHIX BHEAPCHBI CUCTEMBI YIIPABICHUS Ka4eCTBOM, b pa0d0Ta OCHOBaHA HA ITUKIMICCKUX
MeXaHU3MaX M COMpPsDKEHA ¢ IKOHOMHYCCKHMU H3/ICPKKaMH, BEI3BAHHBIME MIPOBEACHUEM TEXHOIIO-
TMYECKUX DKCIIEPUMEHTOB. [Ipu 3TOM Taroke 00JblIOe 3HAYEHHE UMEIOT ONBIT U KBATH(UKAIHS Tep-
COHaJla, aHAJIM3HMPYIOIIEro MOCTynarlyo nHpopmMaimo. CI0KHOCTh MPOBOAMMOIO aHaiu3a 3a-
KJIFOYaeTCsl B OTCYTCTBHU OJIHO3HAYHON B3aMMOCBSI3M MEXKAy 3HAUCHUSMH TOKa3aTesiel KadecTBa U
NPUYUHAMU MUKPOJAE(EKTOB, B pe3ysbTaTe 4ero (GopMHUpYIOTCS OMIMOKH IPU PEryIMPOBAHUH TEX-
HoJornueckoro mpouecca. Llean nccienoBanusi. Pazpaborka 3KCepTHOW CHUCTEMBI Uil OKa3aHUsI
MOJIICPKKH B TIPUHATHU PEUICHUN MO TUArHOCTUKE MPUYHH 00pa30BaHUs OMACHBIX MUKPOJC(PEKTOB
B KaOenmpHOU m3oismuu. MaTtepuajbl M MeTOAbL. 3ajada JUArHOCTHKH MPHIUH MUKPOJC(PEKTOB
MOXKET OBITh TpEACTaBICHA KaK 3ajada HEYCTKOW KiIacCH(UKAIMH WM Paclio3HaBaHUsS 00pa3oB.
Jlns ee pereHus HaMu ObLTa pa3paboTaHa IKCIIEPTHAS CUCTEMA, aKKYMYIHPYIOIIAs OIBIT CHCIIHAITH-
CTOB BBICOKOTO YPOBHS BEIYIIHX MPEANPUITHI oTpacii. OCHOBHRIMH KOMIIOHEHTAMH CHCTEMEI SIB-
JIFOTCSL MAIIFHA HEYETKOTO JIOTUIECKOTO BRIBOJIA M MIPOMYKIIMOHHAS 0a3a 3HaHWHA. MeXxaHH3M BEIBOJA
OCHOBAH Ha ajJropuTMe Mam/JaHu C BKIIIOUSHHUEM JOTOJIHUTEIbHBIX AJIEMEHTOB, OTBEYAIOIIUX CIICIH-
¢uke 3anaun. baza 3HaHMil M GYHKIMK PUHAIIGKHOCTH pa3pabOTaHbl AJIs CUIIOBBIX Kabemnel ¢ n30-
JSIIMel U3 CHINTOrO MOJMATHIICHA Ha HampsbkeHue oT 6 1o 35 kB BkirountensHO. Beixomom sxcmept-
HOI CHCTEMBI SIBIISIETCS HEYETKHIA 00pa3 BO3MOXKHBIX MPHYMH 00Pa30BaHHsl ONACHBIX MUKPOIE(EKTOB.
Pe3yabTarsl. [1o pe3ynbraTamM TeCTUPOBaHUS IIPH UCIIOIB30BaHUU Pa3pabOTaHHON HAMM CHCTEMBI H3-
JIEP)KKY Ha TPOBEJICHUE DKCIICPUMEHTOB COKpaTIIMCh Ha 24 %. 3akiiouenue. Takum oOpa3oM, co3-
JTAaHWE CHUCTEMBI IO3BOJIMJIO YMEHBIIUTH YHCIIO OMIMOOK IPH JHATHOCTHUKE MPUYHH OOpa30BaHUS
OTACHBIX MUKPOJC(PEKTOB B KAOCTHHOIN H30JSAINH, IIOBBICUTH CTETICHh aBTOMATH3aIUN TEXHOJIOTH-
YEeCKOT0 TPOIIECCa U YBETHYUTD dPPEKTHBHOCTh CUCTEMBI YIIPABICHUS KA4SCTBOM.

Kouesvie cnosa: kabenvras uzonsiyus, MUuKpooe@exmuol, OUAZHOCIUKA, SKCNEPMHAS CUCHeMA,
MAWUHA HEYemKO20 JI02UYECKO20 8b16004.

BBenenue

TeXHOOTHST M3TOTOBJICHUS W30JSIIIMA BHICOKOBOJIBTHBIX CHIJIOBBIX KaOeled MpecTaBiseT coOoi
CJIOKHBIN Tporiecc, 00YCIIOBIEHHBIA OTPOMHBIM MHOXECTBOM (DaKTOPOB, CBSA3aHHBIX C YCIOBHUSIMH IIPO-
W3BOJICTBA, HACTPOMKOH 00OpyIOBaHUS, Ka4eCTBOM HMCXOJHOTO ChIPbs, KBAIU(QHKAIMEH MepcoHala u
npyrumu. [Ipu 3ToM K KauecTBY MPOAYKIIUHU MPEABIBISAETCS TOCTATOYHO XKECTKAs CHCTeMa TPEOOBaHUHA,
rapaHTUPYIOIIas i KOHEYHOTO MOTPEOUTENs HAISKHYI0 M O€30MacHYI0 IKCIUTyaTaluio KaOembHBIX
uzgenuii [1]. B cBsA3M ¢ 3TUM KOHTPOJIb Ka4ecTBa MPOAYKIMH Ha MPEIIPUSTHAX KaOeIbHON MPOMBIII-
JIGHHOCTH MMeeT OO0JIBIIIOe 3HAYCHUE U HEIIOCPEACTBEHHO CBSI3aH C MPOIleCCOM Ipou3BojicTBa. O6pazo-
BaHHE OTACHBIX JePEKTOB B OOJBIIWHCTBE CIIy4aeB CBSA3aHO C HEMPABIILHBIMU HACTPONKAMH TEXHOJIO-
TUYECKOTO TpoIlecca, PeryaupoBaHUe W aJanTanus KOTOPBIX K YCIOBHSM IPOHM3BOJICTBA OCYIIECTBIIS-
IOTCA B paMKaX CUCTCMbI YIIPABJICHUA Ka4€CTBOM HaA 3TaIlC TEXHOJOTMYECKOM IMOATrOTOBKHU IMMPOMU3BOACT-
Ba [2-4].

OpHo#t 13 TpobIeM yIpaBlIeHUS] KAY€CTBOM MPOIYKIUH SBISETCS MISHTHU(PUKAIUSA MPUIUH 00pa-
30BaHUs T€X WIH UHBIX Ie(EKTOB, OCOOCHHO 3TO KacaeTcsl MUKPOAS(EKTOB, CTEIICHb OMAaCHOCTH KOTO-
PBIX CBSI3aHA C TEHEPUPYEMBIMH HMH YaCTHYHBIME pa3psaaMu. Pemenne nanHOH npoOiieMbl TpedyeT oT
MIPOM3BOCTBEHHOTO TIEPCOHAJIA BEICOKOTO YPOBHS KBATU(UKAIMU U ONBITA, KOTOPbIE YacTO HE COOT-
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BETCTBYIOT CJIOKHOCTH IOCTaBJICHHOH 3afauu. B pe3ynbrare npeanpusiTue TEpIUT YOBITKH, CBSI3aHHBIC
C pacxoJI0BaHHEM PECYPCOB, PAaCTATUBAHHEM BO BPEMEHH TEXHOJOTHYECKON MOJTOTOBKH MPOU3BOACTBA
1 Hed(D(DEeKTUBHON HACTPOMKOM MapaMeTPOB TEXHOJIOTMYECKOro mpoiiecca. Jis pelieHus aHaIOTHUHBIX
3a7a4 B APYrux cdepax HApOAHOTO XO3SHCTBA — CTEKOIBHOH [5] miu oOpabaThIBaroIell MPOMBILUICHHO-
cTH [6] — pa3pabaThIBaIOTCsI MHTEIUIEKTYILHBIC SKCIIEPTHBIE CHCTEMBI, aKKyMYJTHPYIOIIUE B ce0e HAKOI-
JICHHBII OMBIT CHIEIUATICTOB BEICOKOTO YPOBHSI, YTO MO3BOJISIET CYIIECTBEHHO TOBBICUTH 3Q(EKTUBHOCTh
nporecca TUarHoCTHKH. Pa3paboTka momoOHBIX CUCTEM IUIsl KaOelbHOH MPOMBIIUICHHOCTH TO3BOJIMIIA
OBl MOBBICUTH CTEIICHb aBTOMATH3AL[MH TEXHOJOTHUYECKOTO IMpoIecca MPOU3BOACTBA BHICOKOBOJIBTHBIX
Ka0eJeil, CylecTBEHHO YIYYIIUTh JUATHOCTHKY NPUYHUH 00pa3oBaHMs OMACHBIX MHKPOJIC(EKTOB U TEM
caMbIM 00eCTeYnTh NOBBILICHHE 3((HEKTUBHOCTH MPOHU3BOACTBEHHOTO MIpoliecca B JaHHOU cdepe.

1. MaTemaTn4ecKkasi NOCTAHOBKA 3a1a4H

[ycTh mociie npoBesieHus TpeOyeMbIX U3MEPEHUI W UCIIBITAHUN KOHTPOJISI KAYeCTBA M3TOTOBIICHHSI
Ka0eJIbHOH M30JILMN UMEETCS MHOKECTBO 3HAUCHUII ITOKa3aTesel kauecTBa X, IpUUeM BCe MOKa3aTenu
3a UCKJIIOYEHHEM YPOBHS YaCTUYHBIX Pa3psAI0B HaXOIATCS B HOpMe. Takke MMeeTcss MHOKECTBO Tpe/-
nojaraeMbIX TPUYHMH 00pa3oBaHUS MHKPOJAC(PEKTOB V, BBI3BABIIUX MOSBICHUE OMACHBIX YaCTHYHBIX
paspsnoB. B cBs3u ¢ Tem, uTo B 00IIEM Ciydae JaTh OAHO3HAYHYIO OLICHKY ITOJYYEHHBIM pe3yjbTaTaM
KOHTPOJISI KauecTBa HE MPEICTABISIETCS BO3MOXKHBIM, OIpEleSiCHHE NPUYMH OOpa3oBaHMS OIACHBIX
MUKpPO/Ie()EKTOB CBOAUTCS K 3ajaue HEUSTKOH KiacCU(PHUKAIMW B MHOTOMEPHOM IPOCTPAHCTBE WM
pacro3HaBaHus 00pa30B, B pe3yjbTaTe PELIeHUsI KOTOPOH HEOOXOAMMO MOTYUIUTh OTOOpaKEHHE:

X— D, D= {(d; W(d) | di € V}, (1)
r7ie d; — Kiacc MpUYUHBI MHKpoJedeKTa; } — MHOXKECTBO BO3MOXKHBIX NPUYWH; W(d;) — CTeTIeHb IPUHA/T-
JISKHOCTH MUKpozedeKTa Kiaccy d;.

2. MeTonoJsiorusi pemieHust
Hns perenns 3agaqn (1) Oputa pazpaboTaHa MalMHA HEYETKOTO JOIMYECKOTO BBIBOAA, (PYHKIHO-
HaJIbHasi CXeMa KOTOPOH MpecTaBiieHa Ha puc. 1.

basza

3 3HaHMi
{xixiex) {Zj1(zplziEZ}
» ®dassucbukartop
— HeuéTkuit D={d,(d)dEV} D={d;,u(d})|deV}
Bep6anbHbiii 06pa3s ( N\ Knaccudukartop
TUNa MUkpogedexTa Bep6anbHbilil {upp(uy)|uel} =
chaaanchmkarop
| N
WcknioyeHus,
OONONMHUTENbHbIE = %
e .| dopmuposarens | E-{Ei(é)IéEvH
" uekniouenuin

Basa
3HaHWIA

Puc. 1. ®yHKUMOHaNbHasA cxeMa MallMHbl HEYETKOro JIOrM4yecKoro BbiBoaa
Fig. 1. Fuzzy logic output machine functional diagram

[Iponeaypa HEYETKOTO JTOTHYECKOTO BBHIBO/Ia OCHOBaHA Ha anroputMe MammaHu [7] U COAEPKHT B
ceOe OMONMHHUTENNbHBIE (DYHKIIMOHATBHBIE 3JIEMEHTHI, OTBEUAIONINE CieIM(UKE MPHHATHS PEUICHUN B
JMAarHOCTHKE MPUYUH MHKPOJIC(PEeKTOB KaOeIbHON H30ISIIUH.

BxonHbIMEH JaHHBIMH MAaITMHBI HEYETKOTO JIOTUYECKOTO BBIBOJIA SIBIITFOTCS: MHOXKECTBO 3HAYCHHMA
nokasateliell kauecTBa X (cM. puc. 1), 00pa3 HanboJee pa3BUTOIO MOBEPXHOCTHOIO MUKpO e eKTa, UC-
KITIOUCHUS ¥ JIOTIOJTHUTENbHBIC YCIOBHS, a BBIXOAHBIMU — HEUETKHI 00pa3 D MpHYMHBI 00pa3oBaHMUs
OITACHBIX MUKPOAE(EKTOB.

[Ipeobpa3oBanue yrcieHHON MH(pOpMAIK K HEYETKOMY BHIy TPOU3BOAMTCS B (pazzudukarope ¢ mo-
MOIIIBIO 33JIAHHBIX HA OCHOBE 3KCIIEPTHOW HHOpMAaIK (PYHKIHH MPUHAIISKHOCTH CIIETYIOIIETO BU/IA!
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Xueanoe U.E., MoHozapoe O./. AkcnepmHasi cucmema duazHOCMUKU NPUYuH o6pa3oeaHusi
onacHbIX Mukpodeghekmoe 8 kabenbHolU uszonsyuu

ISl OTPAHMYEHHBIX ClIeBa IOKa3aTeNel kauecTna:
ax+b mnac <x<c,,

pu(x)=-+1 s x < ¢,

0 UL X > Cy

JUIsl OTPAaHMYEHHBIX CIpaBa MoKa3aTeseil KauecTBa:
ax+b mnac <x<c,,

u(x)=40 s x < ¢,

1 UL X > Cy,

riae a, b — Ko3pPUIMEHTH QYHKIIUN TPUHAIICKHOCTH, C1, C; — TPAaHUIIBI 00JacTel onpeaeacHus GyHK-
LMY IPUHAUIeKHOCTH. [Ipnyem Ha Bbixoze (aszudukaropa Mbl IMEEM MHOKECTBO {(zj, I(z;)) | z; € Z},
rne Z — paclMpeHHOe MHOMKECTBO ITOKazaTelied kKadecTBa X; i — HOMEp MPOAYKIIMOHHOTO IMPaBHIIA;
j — HOMep mokazarens kadectBa u3 X*. CocraB mokazarenell KadecTBa TaKKe PACIIMPUIICS B CBS3H C
yTO4YHEHHEM TUNOB #; € U (cM. puc. 1) MOBEpXHOCTHBIX MUKPOAE(HEKTOB 110 ABYM MOCICIHUM MTO3HIIU-
ssm. HoBBIH cocTaB mokasarenei kauyecTBa X * mpecTaBiieH Ha puc. 2.

X: X*

1. TaHreHe yrna AuanekTpuyeckux noTepsb; 1. TaHreHc yrna AManekTpu4eckux noTepb;

2. copepmanuve renb-chpakunm; 2. copep¥aHue renb-thpaxkumu;

3. OTHOCUTENBHOE YANMHEHWE MO, HArPY3KON; 3. OTHOCUTENLHOE YONWHEHWE MOA HArPY3KOM;

4. ocTaTto4HOE OTHOCHTENbHOE YANMHEHWE NOCNe CHATWA Harpy3KkK1; | 4. ocTaTouHoe OTHOCUTENLHOE YASMHEHWE NOCHe CHATMS Harpy3aku;
5. ycapka; 5. ycanka;

6. BogonornoweHue; 6. BogonornolleHue;

7. BENM4MHa BbLICTYNOB Ha 3NEeKTPONPOBOAALLEM 3KpaHe; 7. BENUYMHA BLICTYNOB HA 3MEKTPONpOBOAsLLIEM 3KpaHE;
8. TonwuHa HanBonbLuero NOBEpXHOCTHOTO MUKpoaedeKTa; 8. TONLLUMHA TPEeLLMHBI;

9. BenW4uHa HanbonbLUEero NOBEpPXHOCTHOTO MUKpodedekTa. 9. TONWMHA YCAA04HOI PaKOBUHBI;

Vi U: 10. TonwwMHa TBEPAOM YacTULbI;

1. anactudeckasn TypbyneHTHOCTE; 1. TPELUMHSI; 11. ToNwwHa nopsl;

2. anacTv4eckoe BOCCTAHOBMEHWE; 2. ycapgo4Hble 12. TonwwHa obnacTuy Harapa;

3. ycagka; pPaKkoBUHbI; 13. BENWYKUHA TPELLMHBI;

4. cunbHOE TPeHWe B MaTpuue; 3. TBépAable YacTuukl;| 14. BENMYKMHA yCcago4HON pakoBUHbI;

5. rpsiaHoe CbIpbE; 4. nopsl; 15. BenuuKuHa TBEpAOW YacTHLbI;

6. BnaxxHoe cbipbé; 5. obnactu Harapa. | 16. Benu4uHa nopsl;

7. NPOAYKTbI XMMUYECKUX peakuni; 17. Benn4mHa obnactu Harapa.

8. NOBEPXHOCTHLIE AedheKThl IKpaHa.

Puc. 2. MHoxecTBa X, V, U, X*
Fig. 2. Sets X, V, U, X*

Juns nomydenust GopMallbHOTO TIPECTaBICHHS THITA MAKposiedekTa {(u;, Wu,)) | u; € U} Ha BBIXONIE
BepOabHOro (haz3uduKaTopa MPUMEHICTCS METOJ APHBIX CpaBHEHUH [8], B KauecTBE OLIEHUBAECMOIO
MpU3HAKa HCIIONB3YeTCsl CTENEHb Pa3IMYMMOCTH Tuma MUKpoxedekra u; € U. HbIMH clloBaMu, MpH
COTIOCTABJICHUH JIBYX KJIacCOB MHKPOJePEKTOB W3 MHOxecTBa U JHII0, TMPUHUMAIOIIEE peIICHHE,
JOJKHO OTBETHTH Ha Bompoc: «Kakoil u3 kimaccoB (THIIOB) U B Kakoi Mepe Ooiiee y3HaBaeM B UMEIO-
meMcst 00paze?». OLueHnBaHUe MEPhl Y3HABAEMOCTH MTPOU3BOJAMUTCSI HA OCHOBE ISATUYPOBHEBOM IIKAJIBI,
B KOTOPO# paHr | COOTBETCTBYET OTCYTCTBUIO NPEHMYIIECTBA B Y3HABAEMOCTH DPaCcCMaTPHBAEMbBIX
KJIaCCOB MHUKPOJIe(PEKTOB, paHr 3 — c1aboMy MPEUMYIIECTBY, PaHT 5 — CYIIECTBEHHOMY IIPEUMYIIECCTBY,
paHr 7 — OYEBHIHOMY NPEUMYIIECTBY U PaHr 9 — HECOMHEHHOMY NpeumyinecTBy. COOTBETCTBEHHO,
MOCJIE 3aBEPIICHUS MPOLICAYPHI paclio3HaBaHHUs UMeeM 00pa3 tuna Mukponaedexra {(u;, Wu;)) | u; € U}.

Ha cnenyromem stane B HeueTKOM Kinaccu(pukaTope Ha OCHOBE IpaBuJl 0a3bl 3HAHUI ONpeaessieTcst
npooOpa3 NpUYUHBI 00pa30BaHUs OMACHBIX MUKPOAE(HEKTOB £, MEXaHU3M MOIYYEHHUS] KOTOPOrO BKJIIO-
YaeT: BBIYMCIICHUE CTCTICHH BBIMOJIHECHHS TIPABWII, aKTUBU3AIMIO NCXOJIOB MTPABUII U AKKYMYJISIIHIO.

Brruncnenue cTeneHy BBITOIHEHHUS MIPaBUII TIPOM3BOAUTCS ¢ Mcnonb3oBanueM f-HopM MIN, PROD u
t-kOHOpMBI MAX; KOHBIOHKIIMS BO BCEX CITydasx BBIOTHSIETCS C UCTIONB30BaHUEM f-HOpMBI MIN, 3a HCKITIO-
YEeHHEM CIIy4yaeB, Korja CBs3bIBAaIOTCS 3meMeHTH u3 U u X*; 3xeck ucnons3yercs oneparop PROD, orpa-
KAIOIINI 00JIee TECHYIO B3aMMOCBSI3b, IPUCYTCTBYIOIILYIO MEXKTY THIIOM MHKPOJIe(eKTa 1 ero 3HaUCHUEM.

OyHKIMN PUHAATIEKHOCTH UCXOAOB NPaBUII ((V;) v; € V ABISIOTCS CUHITIETOHAMHU, PAaBHBIMH EAMHULIC.
B pesynbTaTe Mx akTHBaIWM MONTydaeM (YHKIWMH TPUHAUICKHOCTH, PaBHBIE CTENICHH BBIMIOJHEHHS JICBOM
yacTu npaBil. [lociemyromias akKyMyJIsiiiis OOBEUHACT UCXOABI MPABWII C UX aKTUBHPOBAHHBIMH (DYHK-
LUSIMU TIPUHAUICKHOCTH B ITPO00OPa3 MPUUMHBI ONAaCHBIX MUkpoedexros D = {(d;, W(d)) | d; € V}.
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E1me oquH KOMIIOHEHT MalIMHBI HEYETKOTO JJOTMYECKOTO BBIBOJA — (POPMHPOBATENh UCKIIOYEHUH —
MIO3BOJIIET OTCESTH YK€ OMPOBEPTHYTHIE MPEATIONIOKEHUSI O IPUIMHAX 00pa3oBaHus MUKPOJedeKToB, a
TaKXe y4ecTh JOMOJIHUTEIbHBIE CBEJCHUS O MPOBE/ICHHBIX MCIBITAHUIX, HAPUMED, MOSIBICHHE OIac-
HBIX YaCTUYHBIX Pa3psioB MOC]E BO3JEHCTBUS LUKIOB HarpeBa U oxjaxaeHus. [IpaBuia, ucrnonb3ye-
Mble B (popMHpOBaTeNe NCKITIOYCHUM, HOCSAT YETKUH XapaKkTep, COOTBETCTBEHHO M (DYHKIIMU MPUHAIIIEHK-
HOCTH BBIXOIHOTO MHOKeCTBa E = {(é;, W(é,)) | é; € V} GyayT npuHEMATh TOIbKO ABa 3HadeHHs — 0 1 1.

B 3aBepnaromeii craguyn HEYETKOTO JIOTUYECKOT0 BHIBO/IA ¢ IOMOIIbIO orepatopa MIN BBITIONHS-
eTcs omepanus NepecedeHus MHOKecTB D 1 £, Ha BBIX0JIe KOTOPOil IMeeM HCKOMOE MHOKECTBO D.

Jnst paboThl MalIMHBI HEYETKOrO JIOTHYECKOTO BBIBOJA HA OCHOBE TEXHHYECKOH JUTEpaTyphl U
JKCIIEPTHON uH(popMmaruu Obuia chOopMUpOBaHa MPOAYKIMOHHAs 0a3a 3HaHui. COOp IKCIEPTHON WH-
(opmanuu MPOU3BOIUIICS C TIOMOIIBIO OYHOTO aHKeTHpoBaHUs. CocTaB KCHNEPTHOHN TPYIIBI MOAOU-
paiicsi ¢ yueToM (hopMalibHBIX TpeOOBaHUHM, B3aMMHBIX PEKOMEHIAIMA M CAMOOLICHOK PECIIOHICHTOB.
B3anMHbIe OLICHKM YYHUTBHIBATHUCH HE(OPMATIBHO — Yepe3 PEKOMEHIALNH, AaBacMble APYT APYTy 4dieHa-
MU MPO(HECCHOHATBHOr0 coodmecTBa. [Ipr 3TOM KaXkIbplii U3 YYaCTHHKOB UCCIICIOBAHUS JIOJDKEH OBbLT
COOTBETCTBOBATH ONPEIEICHHBIM TPEOOBAHMSIM:

1) Hamuuue NpoUILHOIO OYHOTO BRICIIETO 00pa30BaHUs;

2) 3aHMMaeMasi JI0JDKHOCTh JI0/DKHA OBITh CBSI3aHa C IIPOM3BOACTBOM HIIM MIPOBEACHUEM HCIIBITAHHUIMA
Ka0ebHON M30IISIMH (TEXHOJIOT, HHXKEHEP OTJeNla TEXHUYECKOTO KOHTPOJIS,, MHXKEHEP HUCTBITATEIbHON
nabopaTopuy ¥ IPOU3BOAHEIE);

3) cTaxx pabOThI B 3aHUMAEMOM JODKHOCTH (IOJDKHOCTSAX) AOJDKEH COCTABNIATh He MeHee 10 JeT.

[MpunsiTHE pelIeHns: 0 YUCICHHOCTH TPYIIIBI U €€ KBATU(HUKAIIMK POU3BOAMIOCH Ha OCHOBE TIOKa-
3aresiell SKCIEPTHBIX M IPYIIOBBIX CAMOOLEHOK IO MOATOTOBKE CHIPHS, SKCTPY3HMH M BYJIKaHHU3ALUH
KabenbHOH n3ossanuy. LleneBbiM nmokazaTesnaeM ObUla yCTaHOBIICHA IPYIIIOBAs CaMOOILICHKA He HIKE 8 TI0
10-0aTbHOM HIKaJe B KaXKI0H peaMeTHOH o01acTtu. B pesynbTarte Obuia chopMupoBaHa pabouas SKc-
nepTHas rpymnna u3 12 yenoBek, UMeEoLIas CIeAYIOIINE IPYIIOBbIC CAMOOLCHKH:

e B 00J7aCTH IOJTOTOBKH CHIphs — 8,75;

e B obnactu 3kcTpy3un — §,05;

¢ B 00yacTu BynkaHuzanuu — 8,05.

3nmech cieayer OTMETHTh, 4TO coriacHo [9, 10] umMcineHHOCTh 3KCIepTHON paboyeil rpynmbl U3
12 genoBek MPUHAICKUT PEKOMEHIyEMOMY AMAaIa3oHy oT 5 10 15 yenoBexk.

OcHoBHas aHKeTa 10 cO0py SKCHEPTHOIH HHMDOPMAIIMK COCTOUT M3 OMUCAHUS CIIOKUBIICHCS CHTYa-
uu 1 10 Bompocos, Ha puc. 3 MpencTaBieH MAOJOH aHKETHI.

Ankema
Onucanue cumyayuu:
Ilycmo 015 uzeomognenno2o oopasya kabensa eblnoIHAIOMC gce mpebo8aHUs N0 KAUecmsy
U30NAYUU KpoMe mpebOo8aHus K YPOGHIO HACMUUHBIX pa3pa0os. Tpedyemcs onpedenums
NPUYUHY 00PA308AHUSL ONACHBIX YACMUYHBIX PA3PA008, UCNONb3YS PE3VIbIMANbl KOHMPOJis
opyeux nokazameneii Kayecmed, KOCGEHHO YKA3bLGAIOUJUX HA 603MOJICHYIO NPUYUHY.
Cyumamo npu 2mom 060pyoosamiie npouseo0CmeeHHO TUHUY UCTPAGHBIM.
Bonpocui:
1 - 8. Kax 6wl cuumaeme, kaxue noxazamenu Kavyecmed u3eomosieHust KabenbHol u30sayuu
U 8 KaKoll Mepe céa3aHbl ¢ 00pA308aHUEM MUKPOOeDeKmos, CnocoOOHbIX Gbl36amb 6
U30NIAYUU ONACHBLE YACMUYHbLE PA3PAObL 6CIe0CmEUe <NPUYUHA V,, V; € V>7?

Hepequb nokasameieil kasecmeda

9. Vkaoreume 013 kadicooeo nokaszamens xavecmea npeoeivbHoe 3HaueHue, HaA4uHas ¢
KOMOpo20 OH HAYUHAem YYumvleamvcsi npu OUACHOCMUKE NPUYUHBL  00PA308aHUSA
MUKPOOehermos, cnocoOHbIX 8b136aMb ONACHBLE YACMUYHBLE PA3PAObLL?

Hepequb nokasameieil kasecmeda

10. Vkaowcume 0na kaxcooeo noxazamens Kavecmea npeoenvHoe 3HaueHue, HayuHdas ¢
KOMOpo20 OH OKasvléaem CUNbHOE GIUAHUE NpU OUASHOCMUKE NPUYUHbL 00pPA308aHUS
MUKPOOepermos, cnocoOHbIX 8b136aIMb ONACHbIE YACMUYHbLE PA3PA0bL?

Hepe'-leHb nokasameieil kasecmea

Puc. 3. AHKeTa 3KCnepTHOro onpoca
Fig. 3. Questionnaire of expert poll

54 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 51-59



Xueanoe U.E., MoHozapoe O./. AkcnepmHasi cucmema duazHOCMUKU NPUYuH o6pa3oeaHusi
onacHbIX Mukpodeghekmoe 8 kabenbHolU uszonsyuu

OmnpefeneHre Mepbl B3aMMOCBSI3H TI0Ka3aTeliell KauecTBa ¢ MpUIMHAMH 00pa30BaHUS MUKPOAC(EK-
TOB, CITOCOOHBIX BBI3BATh OMACHBIC YaCTHYHBIC Pa3psIbl, OCYIIECTBISIIOCH HA OCHOBE IIKAJBI JIMHT'BUC-
TUYECKUX OIICHOK, MPEICTaBICHHOM B Ta0. 1.

Tabnuua 1
LLikana oueHOK Mepbl B3aMMOCBSAI3M NoKa3aTernen KayecTsa
M NPUYNH 06pa3oBaHUA MUKpoaedeKToB
Table 1
Scale of assessments of the relationship between quality
and causes of microdefects

Panr JIuHrBuCTHYECKAs NEPEMEHHAS
0 «OTCYTCTBYET»
1 «O0YEHb HU3KAs»
2 CHU3KAs»
3 «CPEITHSISDY
4 «BBICOKAS»
5 «OYEHb BBICOKAsD»

[Ipu mocnegyromeii 06paboTKe MONMYYEHHOH SKCHEPTHOM MH(POpPMALUHM PELIAIHCh TPU 3aJauu:
1) onenka kadecTBa MH(GOPMAIMHY; 2) ONpeAeIeHre NapaMeTpoB (PyHKLIMI NPUHAIIEKHOCTH; 3) COCTaB-
JIEHUE MPOAYKIIMOHHBIX MTPABHII.

s pemienuns nepBoii 3amaun ObUT MPOU3BEACH pacyeT KodpduuueHToB Bapuanmu ky [11] oTBeToB
Ha IOCTaBJICHHBIE BOIPOCHI, HAUOOJIbIICE 3HAUEHHE TaHHOTO K03 duipenTa okaszaiock paBHeM 0,201,
cpennee — 0,098. B coorBercTBuH ¢ [12] moTydeHHBIE OLICHKH XapaKTEPHU3YIOT MPOBEIACHHOE HUCCIIEIO-
BaHHUE B 1I€JIOM KaK MMEIoIllee HU3KYIO BEPOSTHOCTh HEBEPHOT'O ONpEAETICHHS HCCIelyeMbIX BEINUHH, B
HanOoJiee HEOTHO3HAYHOM BONPOCE — KAaK YMEPEHHYIO, YTO CBHIETEILCTBYET O BBICOKOM ypPOBHE Ha-
JeKHOCTH IPUHMUMAEMBIX CUCTEMOH peILeHHH.

Bropas 3anaua pemaercst Ha OCHOBE MH(POPMAIIMU O Mepax B3aUMOCBSI3U MOKa3aTelei KauecTBa ¢
NPUYMHAMH 00pa30BaHUs OTIACHBIX MUKPOAEC(EKTOB M JaHHBIX 00 MX NpeAebHbIX 3HaueHusX. Ha mep-
BOM JTalle €€ PELICHHs PACCUUTHIBAIOTCS KOA(P(PHUIUEHTH KOMIIETEHTHOCTH SKCIIEPTOB, ONpElesiCHHE
KOTOPBIX COTJIACHO MpUBeJeHHOMY B [13—15] onmcanuto sBiseTcs cinabo CTPYKTYpHUPOBaHHOM 3a7auei,
B pe3yJbTaTe 4ero Jrodast olleHKa KOMIIETEHTHOCTH Oy/IeT HOCUTh BEChMa yCIIOBHBIN Xapaktep. B cBszn
C 3THM IO PEKOMEHAALMH TeX K€ UCTOYHHUKOB CJIEAYEeT MOJb30BATHCS KOMOMHUPOBAHHBIMU METOAAMHU
OLICHOK, YYUTHIBAOIIUX KaK (pOpMabHbIE XapaKTEPUCTHKY KBATU(PHUKAIINN YKCIIEPTOB, TaK U CTATUCTH-
Ky uX orBeTOB. [yt popManbHON ONEHKH 3HAHHWN SKCIEPTOB Oy/IeM YYUTHIBATH MX CTaXX paboThI, CBSI-
3aHHOW C MPOM3BOJACTBOM W KOHTPOJIEM KayecTBa KaOeNbHOW H3O0JILMHU, JODKHOCTH U OO PHIHKA
npennpustus [16]. [kana oueHky JaHHBIX (aKTOPOB IMpeAcTaBieHa B TaOmI. 2.

Tabnuua 2
LLikana oueHOK hopMarnbHbIX XapakTepPUCTUK 3HAHUIA IKCNEpTOB
Table 2
Scale of assessments of formal knowledge characteristics of experts
Ctax, kepax JIOmKHOCTD, ko Hons peiHka, ky,
Ot 10 oo 15 et 1,5 Wcnonnurens 1,5
Ot 15 go 25 et 1,75 | Yopasmsronuii C3 1,75 1 + ®/®pax
Bonee 25 ner 2 Ynpasnstonuii B3 2

IIpumeuanusi: C3 — cpeaHee 3BeHO (HaYaIbHUK OT/AENA, I1eXa, 3aBeAyIONINi
naboparopueii, ...); B3 — BbicIIee 3BeHO (TJIaBHBII HHXXEHED, TTIaBHBIA TEXHOJIOT,
JUPEKTOP TIO0 KAYECTRY, ...); ® — 3aHUMaeMasi MPeIIpUiITHEM JIOJIT POCCHUCKOTO
pBIHKA.

s cTaTHCTUYECKOW OLEHKH OTBETOB HCIIONB3YeTCs] KOA(Q(HUIMEHT OTKIOHEHUS CYKIACHUH JKC-
MIEPTOB, PACCUUTHIBACMBIN B COOTBETCTBUH ¢ [15] mo popmyie

A
ky =—1,
Amax
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rae A; — abconoTHOE 3HaYeHUE OTKIOHEHHUS CYKIACHUS /-T0 3KCIEpTa OT CPEAHETO, Ay — MAKCUMAIIb-
HOE OTKJIOHEHHE OT CPETHETO.

Toraa pe3ynbTupyOmui KO3(PGUIMESHT KOMIIETEHTHOCTH /-T0 KCIepTa k, 10 HEKOTOPOMY OLICHH-
BAacMOMY IOKa3aTeI0 PaBeH

ke = keran * Knomn = kinp = (2 = k).

Jiis pacuera ko3 duIMeHTa k. BBIOPaH MYJIbTHILIMKATUBHBIA MEXaHU3M 00pa30BaHMs, TaK KaK OH B
HanOOJIbIIEH CTENIEHN COOTBETCTBYET JIOTMKE OLIEHUBAHHS KOMIETEHTHOCTHU ITOCPEACTBOM onepaiu «».

Tenepp paccMOTPUM MHOKECTBA 3KCIEPTHBIX OLEHOK 1Mo 9-My u 10-My BonpocaMm Cy; u Cy,, BKIIO-
yarorue B ce0si COOTBETCTBEHHO JIEBbIE M TpaBble TPaHHILI (PYHKIHMNA MPHHAAICKHOCTH. DYHKIUH
NPUHAIKHOCTH, MOCTPOCHHBIE MO JTAHHBIM OLCHKAaM, MPEJCTaBISIOT cO00H OpUTHHAIBHBIE 0TOOpa-
KEHHUs, KOTOphIe TpeOyeTcsl afanTupoBaTh K KOHKPETHOMY NPOAYKIMOHHOMY mpaBuiy. s 3Toro mo
ocu OX OTKIIQ/IBIBAIOTCS 3HAUEHHS HEKOTOPOTO j-T'0 MOKa3aTessl KauecTBa i-ro MPOAYKIIHOHHOTO TpaBH-
na, a mo ocu OY 3HaueHUs ero (YHKIUHN NMPUHAUISKHOCTH, ¥ BBIOTHIETCS CIEAYIONas MOCIea0Ba-
TEJILHOCTD JE€HCTBUH:

1) HaxonsITCA OpUTHHAJIbHBIC 3HAYEHHs KO3((HULMEHTOB dy U by JIMHEHHOTO ydacTka yo(x) = agpx + by
(yHKIMY TPUHAUICKHOCTH 110 TOUKaM (Xo1, 0,2) U (xpp, 1) ((xo1, 1) 1 (x02, 0,2) 17151 OTpaHUYCHHBIX ClIeBa
NOKa3aTesel KauecTBa);

2) ompenensieTcs X-KoopAuHaTa ¢; (¢, Ul OTpaHUYECHHBIX CJIEBa MOKa3aTesell KauecTBa) TOUKH Iie-
peceueHust PyHKIUU yo(x) ¢ ocbio OX;

3) paccuuThIBatoTCs KOIPPUIMEHTH! QYHKINH Y;(X) 110 popMyIam:

a.
g=20 M

s b=yo(xg1) —a-xg; (b=yy(xpp)—a-xp,),

max
I7ie 1] — Mepa B3aMMOCBSI3H MOKa3aTeNs KauecTBa W MPUYUHBI 00pa3oBaHusl MUKpoaedeKTa, paccunuThI-
BacMas KaK CpPEIHEB3BCILCHHAs OLIEHKA II0 OTBETaM JKCIIEPTOB C YUYETOM BECOBBIX KO3((HUIMEHTOB
KOMIIETEHTHOCTH SKCIEPTOB k;

4) ompenensercss X-KOOpJuHaTa ¢, (¢ JUIsl OTPAaHHMYCHHBIX CIIeBa MOKA3aTeIed KadecTBa) TOYKH, B
KOTOpOH (QyHKIMSA y;(X) NpUHUMAET 3HaYeHue 1.

[locne ompenenenus (yHKUMH NPUHAATICKHOCTH MOCIEAHEH 3amauell octaercs (HOpMHpPOBaHHUE
mpaBuiI 0a3bl 3HAHUN, KOTOPOE MPOM3BOAUTCS Ha OCHOBE OTBETOB Ha BOIPOCH 1-8. B cooTBeTCTBHU C
YHCIIOM JJIEMEHTOB MHOXKECTBA V' MiMeeM 8 MPOIYKIIMOHHBIX MPaBI (151 KOMIIAKTHOCTH 3aIHCH yCJI0-
BUMCSI, YTO JJISl IOKa3aTesiell KayecTBa U3 MHOXKECTBa X * nMeeTcss B BUAY MPUHAAJTICKHOCTh UX 3HaUe-
HUI K KaTErOpuH BBICOKHX, a JIJISl DIIEMEHTOB MHOXKeCTBa U — CTeleHb MPUHAJIKHOCTH K OTpe/eNieH-
HOMY THITY MUKPOJIC(EKTOB):

1. ECJIM ((U(1) 1 X*(13)) WM (U(1) N X*(8))) U ((U(2) N X*(14)) WIN (U(2) 1 X*9))),
TO M(1);

2. ECJIM (U(1) U X*(13)) UJIN (U(1) U X*(8)), TO M(2);

. ECJIM X*(5) U X*(6) U ((U(2) 1 X*(14)) WIN (U(2) 1 X*(9))), TO V(3);

. ECJIM (U(5) N X*(17)) WJIN (U(5) U X*(12)), TO V(4);

. ECJIM X*(1) U ((U(3) 11 X*(15)) NIIN (U(3) 11 X*(10))), TO M(5);

. ECJIN X*(1) U ((U(4) 11 X*(16)) NI (U4) 11 X*(11))), TO V(6);

. ECJIM X*(2) 1 X*(3) U X*(4) 1 X*(6) U (U(4) U X*(16)) UJIU (U(4) U X*(11))), TO W(7);
. ECJIM X*(7), TO M(8).

OTMeTHM, 4TO MONyYeHHBbIE HaMU (DYHKIWMU MPUHAIICKHOCTH M TPOIYKIIMOHHBIC TpaBHia 0a3bl
3HaHUH OBUIM pa3paboTaHbI ISl CUCTEM YIPABICHHUS KaueCTBOM IIPOU3BOJICTBA Kabesel ¢ u30mauuei u3
CIIUTOrO MOJMATHICHAa Ha HampsbkeHue oT 6 mo 35 kB u oTpaxaioT cneunuKy WX H3TOTOBIICHHA.
B kadecTBe 00BeKTa MCCIENOBaHUSI HAMU OBUIM BHIOpaHBI Kabenu NaHHOTO Kilacca, TaK Kak OHM sIBJIS-
I0TCSl HanboJiee BOCTPEOOBAHHBIMU M UX MPOU3BOJICTBO cocTapisieT 6oiee 90 % poiaka. [Ipu HeoOXxo-
JUMOCTH CHCTEMa MOXET ObITh paciiupeHa Ui Kabeneld APYrHX HOMHUHAJIBHBIX HANpsDKEHHH W THUIIOB
W3OJISIIAN TyTeM J00aBJIeHHUs B 0a3y HOBBIX MPABHUI U COOTBETCTBYIOMINX (DYHKIIUH MPHHAIIICKHOCTH.

01N DN bW

3. Hayunast HoBM3HA
B nanHoii pabote Ha OCHOBE SKCHEPTHOH MH(pOopManny OblIH pa3paboTaHbl 0a3a 3HAHUI U MaIIWHA
HCYCTKOI'o JIOTMYCCKOT'0 BbIBOJAA SKCHepTHOﬁ CHUCTEMBI, HOSBOJIS[IOIHeﬁ BBIABJIATE ITPUYMHBI o6pa3013a-
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HUS ONACHBIX MUKpOAEe(EKTOB B KaOeJbHOW M3OJSILMU M MPEeIHa3HAYCHHOW IJIS1 UCIOJIB30BAHUS B CO-
CTaBE aBTOMATH3HPOBAHHBIX MPOU3BOJICTBEHHBIX CHCTEM Ha MPEANPHUATUAX KaOeIbHON MPOMBIIIIICHHO-
cti. OTIIMYUTENFHONR 0COOEHHOCTRIO TIPEIaracMoil CHCTEMbBI HEUETKOTO JIOTHYECKOTO BBIBOJIA SIBIISICT-
csl MexaHu3M (HOPMHUPOBAHHS QYHKIMHA MPHUHAIIC)KHOCTH C MOMOIIBIO TpaHCPOPMAIMH HEKOTOPOH HC-
XOAHOM (PYHKIIMM HA OCHOBE SKCIIEPTHBIX OLIEHOK MEPHI B3aMMOCBS3U PACCMATPHBAEMOI0 MTOKA3aTeNs ¢
3aKJIIOYEHUEM NMPOAYKIIMOHHOTO MIPaBHUIA.

4. Pe3ynbTaThl TECTHPOBAHUS

TectupoBanue pa3pabOTaHHOM SKCHEPTHON CHCTEMBI MPOBOJAMIOCH HA OCHOBE apXUBHBIX JAHHBIX
OTJeNIa TEXHUYECKOTO KOHTPOJISI OJTHOTO M3 MPEANPHATHIA KaOeTbHOH MPOMBIIUIEHHOCTH, COJIEPKAIIIX
pe3yabTaThl UCTIBITAHMHA KaOeTbHOH HM30JISIIMM M YCTAaBKM MapaMeTpPOB TEXHOJIOTMYECKOro Ipolecca.
Jist kaxzporo kabess, UMEIOLIEro NpodiieMy, NOAXOIIIYIO IO ONMUCAHUE U3 AaHKETHI SKCIIEPTHOTO OI-
poca, OblIa MpoBe/eHa MPOIeaypa paclo3HaBaHUs 00pa3a MPUYMHBI OMACHOTO MUKpoaedeKTa c Hc-
MOJIb30BaHUEM pa3pa0dOTaHHOW HAMM JKCIIEPTHOHM cucTeMbl. Beero Obuto mporectupoBano 44 kabdeds,
JUISl IUATHOCTUKH KOTOPBIX CIIEHUANIMCTaM MPEeINpHUsITUs MOTpeOoBaToCch NPOBEACHUE 75 3KCIIEPUMEH-
TOB ¢ 00Opasuamu Kadesei, a Mpy UCIOIb30BaHNH HaIlIeH cucTeMsl — 57.

5. AHAJIM3 MOJIy4YeHHBIX Pe3yJIbTaTOB

AHanu3 pe3yJabTaToOB TECTHPOBAHUS IOKa3al, YTO C HCHOJIb30BAHHEM pa3pabOTaHHOW HAMHU JKC-
MEPTHOI CHUCTEMBI YHUCIIO MPOBEACHHBIX IKCIIEPUMEHTOB U COOTBETCTBEHHO 3aTpaThl HA WX MPOBEACHUE
YMEHBIIWINCH Ha 24 %.

BriBog

Takum o0pa3om, pa3paboTaHHas KCIEPTHAs CHCTEMa, NpeaHa3HAYCHHAs IS TUArHOCTHPOBAHHMS
MPUYUHBI 00pA30BaHUS OMACHBIX MUKPOJE(PEKTOB B KaOEIBHON MPOAYKIIUU TIPU €€ HCIIOIE30BaHUU B
COCTaBe CHUCTEMBI YIIPaBICHHS Ka4eCTBOM KaOeIbHOTO MPOU3BOACTBA, MO3BOJISIET MMOBLICUTH d(h()EeKTHB-
HOCTBb TCXHOJOTHYCCKOI'O HpOHGCCﬂ HpOMBIIH.HeHHBIX HpeI[HpI/ISITI/Iﬁ JAHHOT'O HpO(i)I/I.HH.
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Introduction. In the article the diagnostics problem of the reasons for dangerous microdefects
in cable insulation is considered. This issue is very actual, since the quality of electrical insulation
had a direct effect on reliability and safety of the whole product. To identify and address the causes
of dangerous microdefects companies have installed a quality management system, whose work
based on cyclic mechanisms and linked to economic costs caused by technological experiments.
In this the experience and qualifications of personnel, analyzing incoming information, are very im-
portant. The complexity of the analysis is to lack of unequivocal correlation between values of quali-
ty indicators and causes of microdefects, resulting in regulatory mistakes of technological process
are formed. Aim. The development of the expert system for decision support in diagnosis of cause
for dangerous microdefects in cable insulation. Materials and methods. The task of diagnosis can
be represented as a fuzzy classification task or pattern recognition. To solve it we developed the ex-
pert system, accumulating an experience of high-level specialists from leading industry enterprises.
Main components of this system are fuzzy inference machine and knowledge base. Inference tech-
nique is based on Mamdani algorithm with additional elements for the task. The knowledge base and
membership functions are developed only for power cross-linked polyethylene cables for rated vol-
tages from 6 up to and including 35 kV. Output of expert system is a fuzzy pattern of possible causes
for dangerous microdefects. Results. According to the results of testing by using our developed sys-
tem experimentation costs were reduced by 24 %. Conclusion. Thus, our system has enabled to
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reduce number of errors in diagnosis of cause for dangerous microdefects in cable insulation,
increase the level of technological process automation and enhance the effectiveness of the quality
management system.

Keywords: cable insulation, microdefects, diagnostics, fuzzy inference machine.
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K HACTPOWKE AITTOPUTMA BbIYUCIIEHUA
BAPOMETPWYECKOM BbICOTbI NIETATEJIbHOIO AMMAPATA
CUCTEMOMU BO3AYLWHbIX CUTHAJIOB

B.W. MNangpepos™ %, H.A.TpeHuH', C.B. MaHgepoe?,
A.M. XatomuH', [1.B. Maykoe’, K.C. Xandur®

" BoeHHbill yyebHO-HayyHbIl ueHmp BoeHHO-8030ywWHbIX curl « BoeHHO-803dywHast
akaldemus um. npogh. H.E. XKykoeckozo u FO.A. lazapuHay, punuan e 2. HensbuHcke,
2. YensabuHck, Poccusi,

2 FOxHO-Ypanbckuli 2ocyOapcmeeHHbIlU yHusepcumem, 2. YensbuHck, Poccus,

% Targem Games, uyeHmp paspabomKu KOMIbIOMepPHbIX ugp, 2. Ekamepurbypa, Poccusi

BBenenne. B ycrmoBHusx TOBBIIICHWS TPeOOBaHWKA K TOYHOCTH OIPEACICHUS BBICOTHO-
CKOPOCTHBIX ITApaMETPOB JICTATEIBHBIX alapaToB 3a/lada HACTPOWKH alTOPHUTMHYECKOTO oOectie-
YEHHS MX CHCTeM BO3AyIIHBIX curHanoB (CBC) mo peanbHBIM MOJIETHBIM JaHHBIM SBISETCS BIIOJIHE
akryaspHOH. Ileap ucciegoBanus. PaccMoTpeTs 3aauy OLIEHKM peajbHOIO 3HAYEHMs I'paJueHTa
TEeMITepaTyphbl 0 BBICOTE aTMOCc(epsl ISl 1ejeil ONepaTHBHOM MOACTPOUKH IITATHOTO aJITOPUTMH-
yeckoro obecniedeHnss CBC. MaTepuanabl M MeToAbl. TpaauIOHHBIN TOAX0]] 3aKII0YaeTCs B UC-
MOJIF30BAHNU YHUCICHHOTO 3HAYCHHS TpajueHTa TEeMIIEpaTyphl, NMPHHATOTO AN MEXIYHapOIHOM
crangaptHoit armochepbl (MCA). OcoOeHHOCTh MpeTaraeMoro Mmoaxoaa 3aKifouacTcs B TOM, 9TO
TPaJMeHT TEMIIEPATypPhl IO BBICOTE OMPEACACTCS MO TEKYIUM U3MEPEHUSIM aTMOC(HEPHOTO JaBie-
HUS U TEMIIEPaTyphl, a He BBICOTHI U TeMIepaTyphl. Pe3yiabTaTsl. Pa3paboTaHpl aganTUBHBINA U He-
aJanTUBHBIN alTOPUTMBI IMapaMeTpuieckoil uneHTuukanuu. [IpeanoxeH ycoBepIICHCTBOBAHHBIN
BapHaHT aJalTHBHOTO alTOPHUTMa, OOECICUMBAIOMIMK JODKHYIO HACTPOMKY ero (GMIBTPYIOMIHX
CBOWCTB Ha KOHKPETHYIO CTaTUCTHYECKYIO 00cTaHOBKY. [IpoBeneHa anmpoOanus anaropuTMOB Kak 110
xapakrepuctukaM MCA ¢ npUMEeHEeHHEM KOMITBIOTEPHOIO T€HEPUPOBAHMS CITyYaHHBIX IOMEX, TaK U
10 M3BECTHBIM B JINTEpPAType pe3ybTaTaM pealbHbIX U3MEPEHHUH, MOTyYeHHBIM C IOMOIIBI0 METEe0-
pOJIOrHYeCcKOl pakeThl. BhINOJHEHO cpaBHEHHE CBOWCTB aJalTUBHOIO M HEANANTHUBHOTO AJTOPUT-
MoB. Iloka3aHo, 4YTO MHOTOKpaTHAasl «IIPOTOHKa» OJHUX M TeX K€ SKCICPUMEHTAIbHBIX JTaHHBIX Ye-
pe3 aJanTHUBHBIA aJTOPUTM IPUBOAWUT NPAKTHYECKH K OJWHAKOBON TOYHOCTH OIICHKM I'PAJMEHTA,
YTO W TPH WCIIOJIF30BAaHUM HEaJalTHBHOTO alropHTMa. 3aK/iouyeHue. Peannsanns aaropurMoB CIo-
COOCTBYET MOBBIIICHHUIO TOYHOCTHU OIpeACTIeHUs OapoMeTprdecKoii BRICOTHI Bo3ayImHOTO cyaHa (BC),
He TpedyeT KakoW-mmbo MoaepHu3anuu ammapatHod yactd CBC, HE0OXOOMMO TOJIBKO HEKOTOPOE
JIOTIOTHCHHE aJITOPUTMHYECKOTO OOCCIICYCHUSI CHCTEMBI. ATANTUBHBIN aITOPUTM PEKOMEHIIYETCS K
MPUMEHCHHUIO B CIIydae CYIIECCTBCHHOTO Jpeiia XxapaKTepuCTHK aTMoc(epsl s OepaTUBHON MO~
CTPOUKH CUCTEMBL.

Knrouegvie cnosa: bapomempuueckas gvicoma, cucmema 030VUIHBIX CUSHALO08, 2PAOUEHI MeM-
nepamypbi, Aneopummbl UOEHMUGUKAYULU, IKCEPUMEHMATbHbLE OaHHble, PUTbMPYIoWUe CEOTICMEA.

ITocTanoBka 3amaun

UzBectHO [1], 9TO I TOCTaTOYHO TOYHOTO OMpPEENIEeHHUs BRICOTHI Bo3ayIHOro cynHa (BC) 6apo-
METPHUECKUM METOJIOM HEOOXOMMO 3HaTh, KAK PEaJIbHO IO BBICOTE aTMOC(EPhl H3MECHSETCS e¢ TeMIlepa-
Typa. 3BeCTHO TakXke, 4TO B pealIbHBIX YCIOBHSAX 3Ta TEMIIEPaTypa OOBIYHO YOBIBAET C POCTOM BEICOTHI.
IIpryem cKOpOCTH 3TOrO YOBIBaHMS HEMPENCKa3yeMO MEHSETCS KaKk B TEUCHHE CYTOK, TaK U B TCUCHHUE
roJia, a TAKXKe OHA pa3jIiyHa B Pa3HBIX MYHKTAX W HA Pa3HBIX BhICOTaX. KpoMe Toro, B HEKOTOPBIX CITydasx
B ONpPE/ICICHHOM JHaIla30HE BBICOT TEMIIEpaTypa MOXKET He yObIBaTh, a, HAOOOPOT, BO3pacTarh. Takum
00pa3oMm, 3aBUCUMOCTh TeMIiepaTypbl 1 OT BBICOTHI /1, To ecTth 1 =T(h), moutn Bcerja HEM3BECTHA, Ja
W HEMpepbIBHO MeHseTcs. [103ToMy Ipu MOCTPOSHUH TEOPUU OAPOMETPHUCCKUX BBHICOTOMEPOB HCIIOJb-
3YIOT TaKoe IOHSTHE, Kak MexayHapojHas craHmapTHas atmochepa (MCA). DTo yciaoBHOE MOHSTHE.
B MCA cunrtaetcs, 9To TeMIiepaTypa o BeICOTE aTMOC(ephl H3MEHSIETCS B COOTBETCTBUH C (POPMYIIOH

T=Ty —y(h-h), (1)
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rae T, — TeMmeparypa BO3ayXa Ha HEKOTOpoil BeicoTe /y, y=0,0065 K/M — rpagueHT TemmepaTypsl
1A cranaapTHoi atMocdepsl. Takke B MCA mpuHsTO, 4TO Ha YPOBHE MOpsl aTMOc(hepHOE 1aBICHHE
cocrasisier Bceraa 760 mm prt. cT. (1013,2 rlla), a remnepatypa pasna +15 °C (288 K), T. e. cuuraet-
csl, 4TO

T =288-0,0065(/—Ahy), 2
a ecyi mpu 3toM /1, =0, 10 BeicoTa BC B 5TOM Cityuae Ha3bIBaeTCs aOCONIOTHOM.

3aMeTHM, 4TO UMEHHO (opmyia (2) «3aJ0KEeHa» B KOHCTPYKIHMIO MEXaHHUECKIX 0apOMETPUIECKUX
BeIcOTOMepOB [1]. Kpemanbepa npubopa no3BossieT KOHKPETH3UPOBATh TOJIBKO BEJIUUMHY /i, C IOMO-
IIBIO YKa3aHMs TOTO JaBIEHHA p,, , Kakoe ecTb B MCA Ha ypoBHe /. Takum ob6pa3oM, TemMreparypHas
MOTPEIIHOCT MEXaHMUYECKUX BBICOTOMEPOB 00YCIIaBIMBACTCSl KaK TEM, YTO €r0 KOHCTPYKLHUEH «CUuTa-
€TCs», 4TO Ha YPOBHE MOps TeMIlepaTypa Bcerna pasHa 288 K, Tak u TeM, 4TO 3Ta TeMIepaTrypa yMeHb-
maercd Ha 6,5 rpagyca Ha KaKAbIi KHJIOMETP BBICOTEHI.

B coBpemenHbIx cuctemax Bo3aymHbeix curHanoB (CBC) ucmonbsiyeTcs cienyromias 3aBUCHMOCTb
[1-10]

T =T,—0,0065(h—hy), 3)
T. €. UIMEeTCs BO3MOKHOCTb yKa3aTb 10 (akTy Temneparypy 7;,, KOTOpas HMEET MECTO Ha ypOBHe A
(hy , KaK ¥ B MEXaHUYECKUX BBICOTOMEpAX, 3a/laeTcsl JaBlIeHUEM p, ). Takum oOpa3oM, MeToaudecKas
MOTPEIIHOCTE omnpeneneHus BbicoTsl CBC Oynet 3aMeTHO MeHbIIEe TOM MOTPEeIIHOCTH, KaKasi eCTh Y Me-

XaHUYECKUX BBICOTOMEPOB. TeM He MeHee OCTaeTcs MOTPELIHOCTb, 00yciIoBiIeHHas TeM, 4to B CBC mo-
npexHeMy «cuuraercs», uto y=0,0065 K/M, 4T0 B pealbHBIX yCIOBHUSIX MOXKET ObITh COBCEM HE TaK.

ITosToMy BO3HHMKAET 3a/1a4a Pa3pabOTKH aIrOpPUTMa OLEHKH PEaJbHOTO 3HAUCHUS IapaMeTpa y I0 TeM

JAHHBIM, KOTOpBIE JOCTATOYHO HAJEKHO M3MEPAIOTCS B MPOIECcCe MOJeTa ¢ IeNbI0 ONepaTUBHOM MOoA-
CTpoiiku anroputmmudeckoro obOecrneuennss CBC, 3amaya COBEPIIEHCTBOBAHUS KOTOPOTO SBISETCS
BIIOJIHE aKTyalbHOH [2—10].

Pemenne 3agaun
UzBectHo [1], uTo 6apomerpudeckas Beicota BC omnpeznensiercss B COOTBETCTBUH ¢ POpMyIIon

_ _Y(h_ho) g
p=py4l B T R @)

3)1605 3HaK T 03Ha4acT BO3BCACHUC B CTCIICHL, @ g U R — cOoOTBETCTBEHHO YCKOPECHHUE CBO6OJIHOFO

IMagcHUs U ra3oBasd IIOCTOAHHAA aTMOC(l)epHOFO BO3ayXxa. y‘lI/ITBIBaH, YTO UMECT MECTO 3aBUCUMOCTH (1),
JaHHY0 (HOpMYITy MEpEeIuIleM B BUC
T
yin| 2 |=€m| —|. 5)
Po R T

Jlanee mpeanonokuM, 4TO €CTh IKCIIEPUMEHTANbHBIE TOUKH ( p? ; Tia) — 3TO OIpeeNICHHbIE B IPOLIEC-

CC 110JI€Ta PCAJIbHBIC 3HAUCHHUA NaBJICHUA U TEMIICPATYPhI Ha PA3HBIX BBICOTaX. OTta 3agada B€CbMa IIpo-
cro pemraercs ¢ momoinsio CBC. TTocie 3Toro pemmm clieIyomyro 3a1ady OnTHMA3AINN:

5 2

n 2 T

Izz yIn Pi | &)l || min. (6)
i=1 Po R Ty !

31ech 7 — KOMUYECTBO SKCIIEPUMEHTANBHBIX ToueK. Takum 00pa3om, TpeOyeTcst HAaWTH TaKkoe 3HAaUCHHE

napaMmerpa Yy , IpH KOTOPOM CyMMa KBaJpaTOB HEBSI30K MEXIY MpaBOi W JIEBOW YacTIMHU YPaBHEHUS

(5) c moacTaBIeHHBIME B HETO KCIIEPUMEHTAIBHBIMU IAHHBIMH OYIeT MHHUMAJIbHOM.
Pemas 3amauy (6), onpenenum, 4TO ONTHMAIBHOE 3HAUEHHUE MapaMeTpa ) CJeayeT BBIUUCIATH IO

COOTHOIIICHUIO
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n D 2
Z In ? In Pi
i=1 0 Do
y=4 o (7)
i nl Pi-
i=1 Po

PaccmoTpenHas 3amada — 3TO 3ajava MapaMeTpU4ecKor MaeHTH(UKAMH (TapaMeTpUUECKOn Ha-
CTPOWKH) MOAETIH 3eMHON aTMOC(epsl Ha SKCIIEPUMEHTAIbHbBIC TaHHBIC [0 TAKUM €€ XapaKTePUCTHKAM,
KaK Temrieparypa, aasieHue u Boicota (ypaBHenus (1), (4) (5)). Pemenne (7) — 310 pemenue naHHOH
3a/1a4y HeaJanTHBHBIM MeToJ0M HanMeHbIuX kBajapatoB (MHK) [11]. Ognaxo npeacraBisieT HHTEpeC
pelleHne 3a7a4u U aJaTHBHBIM METOJJOM HAaMMEHBIINX KBaJpaTOB, KOTOPBIH MO3BOJISIET YTOYHSTh 3HA-
YeHHE UACHTUQHUIMPYEMOTo TlapamMeTpa Y Mo Mepe MOJMy4YeHHUs] HOBOH dKCIIepHMEHTaIbHON MH(OopMa-
ruu [11-14]. CymiecTBo aqanTHBHOTO METO/Ia 3aKITI0YAETCA B CIEAYIONIEM.

ITycTs M3BECTHO 3HaYEHME WECHTH(QUIMPYEMOrO NapameTpa y; Ha - M Iare uaeHtupukanuu. ITycrs

MOJTy4eHa HOBasl SKCIIEpUMEHTalIbHas To4uKa ( pil; 7}?]) . TpebyeTcst onpenenuTh «HOBOE» OTKOPPEKTH-

POBaHHOE 3HAYEHME NapaMeTpa y,,, Yepe3 v, u ( p?H; 7}21) . @opMabHO 3a/1a4a 3alUChIBACTCS TaK:
CISic
(pi+1: 7:'4-] ’ Yi) > Yis1- (8)
3anumieM BeIpaKeHUE IS KBaJpaTa JOKAIBHONW HEBS3KH MEXTY MPABOM U JIEBOH YaCTSIMHU ypaBHE-

HU (5) — JIOKaJIbHOE 3HaYeHUE KpuTepus / .
2

©) 6)
; T.
Ly =|y,In| 2L |- Eqp| 2L ]| )
Do R T
Bpruncinum npou3BOgHYIO
6) 6] )
a]H-] =2 Y, In Piti —éln h In Pi (10)
oy; Po R T Po
1 OyZIeM OTIpeJIeNIsTh «HOBOE» OTKOPPEKTHPOBAHHOE 3HAUEHHE MTApaMEeTpa I0 CIISTYIOIEMY COOTHOIIICHHIO:
ol
Vi1 =Yi—Si+1aY—ljla (11)

rae S ;,; — HeKoTopbli ko3 uimenT. OnTuManpHOe 3Ha4eHHUE 3TOro Ko3QGUIMEHTa HallIeM U3 YCIIOBUS

JOCTIKEHHS MUHIMYMa JIOKaJIbHON HEBSI3KOM 1OCJIe TIOACTAaHOBKY B ee BeIpaxkeHue (opmyisl (11), 1. e.

1
Sionr = ————=~ (12)

2| In p’—?'l
Po
Ecnm ucnone30BaTh MONTYy4EHHOE ONTHMAabHOE 3HadeHHE Kodpduumenta S opr, TO OKaKeTcs,
YTO aJTOPUTM KOPPEKIIUH OyIET UMETh BU]T

€]
T.
Y, In Pin §1n i+1
Po R Ty
Yier =Yi~ 5 . (13)
In Pin
Po
Ecnu ynpocTUTh 3TO COOTHOILIEHHUE, TO MOIYYHUM
€]
§ In ];'4—1
R | T,
Vi = — 5 (14)
ln pi+1
Po
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Kak Bugno u3 gopmynst (14), anropuT™M KOPpEKLUH HE UMEET «IaMATH» U C TOUYKH 3PCHUS TTOMe-
XOyCTOWYMBOCTHU Takoe CBOWCTBO anroputMma (14) cuntaercs mnoxum [11-14]. Jannyo opmyny Mox-
HO OBLIO OBl MOYYUTh, U HAPSMYIO OTBICKMBAsI MUHUMYM JIOKaIBHON HEBsI3KH (9), OZIHAKO NPOJIeTIaHHbIe
BBIKJIQJIKM TIO3BOJISTIOT C(OPMHPOBATH CTPYKTYpPY ITOPUTMA, MUMEIONIYIO OOJBIIYIO MOMEXOYCTOWYH-
BOCTb. JIJ151 3TOT0 HECKOIBKO OTKOppeKTUpyeM dhopMyiy 1us S;,, U OyaeM noiaaraTb, 4To

0,5
S = -, (15)

€]
pi+1
Po

I7Ie 0. — HEKOTOpHIi mapamerp, 0<o<oo — MCHOIB3YeTCs Ui MOBBIIMICHUS TOMEXOYCTONYNBOCTH ajl-

a+|In

ropuTrmMma. B sToMm CJIydac aJilrOpUTM KOPPCKIUHN 6yz[eT HUMCETDb BUJ

Py R T Po
Yie1 =Yi— 2 : (16)

D
Pisi
Do

Ecnu cpaBuuTh cootHOmenus (13) u (16), To BroiHE OYEBUAHO, YTO 10 anroputmy (16) mapamerp
y OyaeT UCIpaBJIATHCS OT Iara K Iiary 3aMeTHO OCTOpOKHEee. B HOBOM BBIUMCIIEHHOM 3HAYECHUH 3TOTO

e} el 2
Pit _gln ];'-H In Pit

o+| In

nmapamMeTpa ;. 6y/:[eT COACPIKATHCA I/IH(l)OpMaLII/IH KakK O IIpEXKHEM €ro 3HAa4CHHUU 7Y, , TaK U «HOBAsI»

nHpOpMAIU 00 IKCIIEPUMEHTAIBHBIX 3HAYCHUSIX JABIICHHUS U TeMIepaTypsl ( PBAQ 7;?]) .

OcoGeHHOCTH MpeIJIaraemMoro nojaxoaa

Ecnu uckate penieHue 3a4ady ONpeneeHus: IpaJueHTa TEMIIEPaTyphl 110 BBICOTE Y IO 3KCIIEpH-
MEHTAIIEHBIM JaHHBIM, KaK TOBOPHUTCS «B JI0O», TO B TIEPBYIO OUYEpEb BOSHHUKACT UAES HANPSIMYIO HC-
N0JIB30BaTh A 3Toro ypasHenue I =1, —y(h—hy). OqHako 3TO ypaBHEHHE B JAHHOM CIly4ae HENpH-

rOAHO AJid pCHICHUSA 3ada4d, TaK KaK IJIS1 3TOTO H€O6XOZ[I/IMO HUMETb NOCTATOYHO TOYHBIC SKCIICPUMCH-
TaJbHBIC 3HAYCHUS BBICOTHI /1 , UTO B MPUHIUIIC HCBO3MOKHO, ITOCKOJIBKY BCS TCOPHUA U3MCPCHUA 6ap0—
MeTpH‘IeCKOﬁ BBICOTBI OCHOBAaHa Ha MPCAIOJOXKCHUHU O TOM, YTO 7Y YKC H3BCCTHO. Pa,I[I/IOBBICOTOMep

IUISL 3TOH LeNN TaKKe HETPUIOJIeH, TaK KaK Jake MPU TOPHU30HTAIBHOM I0JieTe OH OyleT BhIAABATh Iie-
PEMEHHBII CUTHAII M3-32 U3MEHEHUs penbeda mnposietaeMoil MecTHOCTH. OCOOEHHOCTh MPEaIaraeMoro
MOJXO0/a K PEIICHHUIO 3aJaull 3aKJII0YaeTcsl B TOM, YTO AJS MACHTU(HUKALNU IapaMeTpa Y , Heo0Xoau-

MOTO JUIsI TIOACTPOMKH anroputMudeckoro obdecnedeHust CBC, ncnonb3yroTcsi U3MepeHHbIE TOH ke
CBC 3nauenus naBieHHsS U TEMIIEpaTyphl HA pa3HBIX BbIcOTaXx. KpoMe TOro, Takoil moaxo[ mo3Bosiser
He HapylaTh cBOHCTBO aBTOHOMHOCTH CBC.

Anpobanus aaroputMoB uaeHTUGUKAIINU

Juns anpobanuy aganTHBHOTO U HEAJANTUBHOTO alTOPUTMOB HICHTU(DHUKAINN ObUTH pa3paboTaHbl
CTeLUAIbHBIE KOMIIBIOTEPHBIE IPOTrPAMMBI.

Ecnu ¢ nomorsto anroputMa (7) o0paboTath JaHHBIC, conepikaiiuecs B xapakrepuctukax CTA, To
BBIUMCJICHHOE 3Hau€HHE Y B TOYHOCTH PaBHO €ro 3asBICHHOMY B JuTeparype 3HaueHuto ansi CTA.
Kpome Toro, ecnu 3T xe JaHHbBIE MCIOIB30BaTh AJs anpodauuu anroputMa (13), To cpa3y ke Ha mep-
BOM UTEpaluy OMIMOKA B 3aJaHUHM HAYaJIbHOTO 3HAUYEHHs Y HCHPABISACTCS M MOCIEAYIOIINE BbIYUCIsIe-
MbI€ €ro 3Ha4eHUs B TOUHOCTH paBHbI 0,0065 K/Mm .

[anee mpu uccienoBaHUuM CBOWCTB MpeAIaraéMblX aJrOPUTMOB HACHTU(UKALIMN HA 3TH K€ JaHHBIC
HaKJIaJIbIBAINCH TIOMEXH, TEHEPUPYEMbIC TATYMKOM CITYYallHBIX YHCel, Ka4yecTBO padoThl anropurMa (7)
B 3TOM CITy4yae MOoJy4aeTcs TakKe MPAKTHYECKH yIOBIETBOPUTENBHBIM. Tak, MpU MaKCUMaJIbHON ITOMe-
xe B onpenenenun nasneHus B +50 [la u momexe B onpeneneHnu temneparypsl B £5 °C morpentHocTs B
oIpeneNieHuy Y He mpeBbicuia no moxyito 0,000022 K/m , uTo BecbMa yAOBIETBOPUTEIBHO.

Anroputwm (13), niu uto T0 ke camoe (14), B JaHHOM CUTyallMd HaCTOJIBKO HEMPUEMIIEM, HACKOIb-
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KO BCJIMKU IIOMCXHU B CUTHAJIAX HABJICHUA U TCMIICPATYPhI. Hpnqu NOrpeHOCTL B ONPCACICHUN TCM-
IepaTypbl OKa3bIBACT OoJipllice BIIMSIHHAE HA IOTrp€UIHOCTL OLICHKHU 7Y, YEM IIOI'PCHIHOCTH M3MCPCHUA

JaBieHud. Tak, NP MakKCUMaJIbHOW CITydallHON MOTPEIIHOCTH B onpeneneHur nasieHusd B £20 [la u
CIIy4aiHOI ImoMexe B OmpenesieHnu TeMieparypsl B 1 °C MakcuMalibHas MOrPEMIHOCTh OLIEHKH Y IO

Moy coctaBmwia 0,0023 K/m . [lpu yBenndeHnu cirydaiiHON MOMEXH B U3MEPEHUH TEMITEPaTyphl J0
42 °C MakcuMaibHas MOIPEIIHOCTh OLEHKH Y 1O MOIyJiro Beipocia 10 0,0046 K/m . Ecnu ke ciyyaii-
HYIO TIOTPEUTHOCTh B U3MEPEHUH TEMIIEPATYPhl OCTaBUTh Ha YpoBHE +1 °C, a cinydyaliHy!0 MOTPEIIHOCTD
B M3MEPCHUH JIaBlIeHUs YMEHbITUTE ¢ £20 10 £10 I1a, To mOrpentHoCcTh B ONPEACIICHUN Y TPAKTHICCKH
HE H3MEHHUTCS — 6¢ H3MEHCHHE COCTABHIIO Beero b 9-1077 K/m .

Pa6ora anropurma (16) witoctpupyercs puc. 1.

7,5

[\ [\

¥*103, K/m
w

—

)

o\

4
3,5
3
0 2 4 6 8 10 12
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Puc. 1. OTcnexuBaHue YMCIIEHHOTO 3Ha4YeHUs rpagueHTa Temneparypbl
Fig. 1. Tracking the numerical value of the temperature gradient

Ha puc. 1 kpuBas, oTMEUECHHAs «TPEYTOJIBHUKAMM», — 3TO OLIEHKA I'paJleHTa TEMIEPATypsl 1O aj-
roputMy (13), unu 4ro TO ke camoe 1o aaroputmy (14), wiu 9to ToO ke camoe 1o anropurMmy (16), mpu
napamerpe o=0; Tpu Apyrue KpUBBIE — 3TO OLIEHKH TpaJiueHTa TeMIepaTypsl 1o anroputmy (16), npu

9TOM [Jisl KpUBOM, OTMEUEHHOM «Kpyxkkamm», o0=0,25; A KpuUBOM, OTMEUEHHOH «KBaJpaTUKaMM»,
0.=0,5; s kpuBoit 6e3 orMerok (Mapok) a=1,0. 371eCh MOrPEIIHOCTh B U3MEPEHUSIX JaBJICHHUS H
TEeMIepaTyphl TeHEPUPOBAIACH C IIOMOIIBIO JATYHKA CIy4YaiHbIX Yrcen B nuana3zonax [—50, +50]la u
[-L, +1] K cooTBeTcTBEHHO.

Kak BuaHO u3 puc. 1, moaOupas 4uCACHHOE 3HaYCHUE MapaMeTpa O JJIsS KOHKPETHOW CTaTUCTH-

YEeCKOW OOCTaHOBKHM, MOYKHO TOOUTHCS yIOBIETBOPUTEIBHOIO KauecTBa pabOThl aJalTUBHOrO alro-
putmMma (16). Kak Buano u3 puc. 1, anroput™m (16) ¢ a=0,25 BrosHe mpuemieM Ijs OTCISKUBAaHUS Ta-

pamMeTpa Y B HMemmeﬁCH CTATHCTUYECKOH 00CTAaHOBKE. YBEINUCHUE YUCICHHOTO 3HAYCHHUS napameTpa
O IIPUBOJUT K 3aMCIAJICHUIO CKOPOCTU OTCJIC)KUBAHUA ITapaMeTpa vy .

st anpo6anuy aNropuTMOB HIeHTA(DUKAIMKA OBUTH UCTIONB30BaHbl TAKXKE U SKCIICPUMEHTAIBHBIE
nmauHble padotsl [15]. [lo stum manHbIM HalineHHOe HeamantuBHBIM MHK (anmroputwm (7)) uncienHoe
3Ha4YeHUE TpagueHTa Temreparypsl coctaBmwio y= 0,00693 K/m, 4ro monTBepkIaeT BO3MOXKHOCTh OT-
TIWYMs peaybHBIX 3Ha4YeHWH 3Toro mapamerpa ot 3HaueHus MCA. Kpome Toro, skcrieprMeHTaJIbHbIC

JaHHBIE 3TOW ke paboThl 00pabaTHIBATHCH TAKXKE M JaNTHBHBIM anroputMmoM (16), pe3ynbTaTsl mpen-
CTaBJICHBI Ha pHUC. 2.
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Puc. 2. OTcnexxuBaHue YMCIIEHHOrO 3Ha4YeHUs rpagueHTa Temneparypbl
no 3KCnepumMmeHTanbHbIM AaHHbIM
Fig. 2. Track the numerical value of the temperature gradient from experimental data

3aech TaKKe A7l KpUBOM, OTMEUEHHOU «KpykKaMu», o0=0,25 ; 1511 KpUBOM, OTMEUEHHON «KBaJipa-
tukammy, o=0,5; ma kpuBoi 6e3 oTMeTok (Mapok) a=1,0.

Kax BumHO 13 pHC. 2, 371ech cTaTHCTUYECKass 00CTAaHOBKA TaKOBa, YTO OIMUOKA B 3aJaHUH HaYallb-
HOTO 3HAYEHUS MapaMeTpa Y MPaKTUUYECKU YAOBICTBOPUTEIBHO UCIPABISAETCS YXKE MO 6 TOUKaM, MpHU-

YeM JIydinasi CKOPOCTh OTCIICKMBaHusA HaOmomaercs npu o.=0,25. Kak usBectHo [16], oOmumx peko-

MEHJALMH 10 BEIOOPY MapaMeTpa o JaTh HEJb3s, He00X0AUMa «...TIOATOHKA €ro K KOHKPETHOH CTaTH-
CTHYECKOH 00CcTaHOBKe» [16, ¢. 64].

B pabore Taxke uccienoBaicsa TOT (HakT, YTO MHOTOKpATHAs MIPOTOHKA OJHHUX U TEX K€ HKCIIEPH-
MEHTAJIbHBIX JAHHBIX Yepe3 aJalTUBHBINA AITOPUTM MO3BOJIAET JOOUTHCS TOTO e KauecTBa HACHTU(U-
Kallud, YTO W TIPU HCIIONB30BaHUU HeadanTuBHOro anroputma [11]. B ganHOM ciydyae mpuMeHSIHUCH
JBYKpaTHasl U TPEXKpaTHasl NPOTrOHKA 6 3KCIIEpUMEHTANbHBIX ToueK. Ha puc. 3 mpuBeneHs! pe3ysibTaThl
JIBYKPaTHOM MPOTOHKH SKCIIEPUMEHTAIBHBIX JaHHBIX.
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Puc. 3. [IBykpaTHaA NporoHkKa akcnepMMeHTanbHbIX AaHHbIX Yepe3 afanTUBHbINA anropuTm
Fig. 3. Double run of experimental data via adaptive algorithm
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Kak BugHO U3 puc. 3, npu Tex 3HaUYEHUAX IapaMeTpa o, YTO U AJS ciydaeB Ha puc. 1 u 2, Bce Tpu
KPHBBIE K KOHILY YK€ BTOPOW MPOTOHKH MPAKTHYECKH «CIMBAIOTCS», & OTCICKHUBAEMOE 3HAUCHHUE Mapa-
MeTpa Y MPaKTUYECKH MOJHOCTHIO COBMAZAET CO 3HAYCHUEM, HaliieHHbIM HeagantuBHeIM MHK.

Ha puc. 4 npuBeneHs! pe3ynbTaThl TPEXKPATHON MPOTOHKH SKCIIEPUMEHTABHBIX TaHHBIX.

7,5
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Puc. 4. TpexkpaTHasi NPOroHka aKCnepuMeHTanbHbIX AaHHbIX Yepe3 afanTUBHbIW anropuTMm
Fig. 4. Three-fold run of experimental data via adaptive algorithm

Kak BuanO U3 puc. 4, TpexkpaTHas MPOroHKa 3KCIIEPUMEHTAIbHBIX TJAHHBIX Yepe3 aJalTUBHBINA ajl-
TOPUTM yXe MaJIo 4To AaeT. O4eBUIHO, YTO YAOBIETBOPUTEIbHASI TOYHOCTh OLIEHKH TOCTUTAETCS U pa-
Hee, a M0 CYILIECTBY YX€E B KOHIE IEPBOU ITPOTOHKHU.

[IpoBan KpuBBIX B TOYKaxX CTBhIKA Pa3HBIX MPOTOHOK OOBSCHAETCS, OYEBUIHO, MOBBIIMIEHHOW IO-
TPEIIHOCTHI0 HAYANbHBIX JaHHBIX B UCIIOJIB3YEMOM 3KCIIEPUMEHTATBHOM HA00pEe WK KAaKUMHU-TO aTMO-
chepHBIMU aHOMANHSAMH, UMEBLIIMMHU MECTO BO BPEMS KCIIEPUMEHTA.

BriBoabI

Pa3paboTraHbl aganTUBHBIN U HEAAANTUBHBIA QJITOPUTMBI OLIEHKH I'PalieHTa TEMIIEPaTyphl IO BBI-
coTe aTMOC(Eepbl, KOTOPhIE MOT'YT OBITh MCITOJIb30BaHBI JIJIsl OTIEPATUBHOMN MTOJCTPONKHY IMITATHOTO aJro-
putmudeckoro obecrniedennsi CBC. OcoOeHHOCTh MpengaraeMoro IMoJxoja 3akiodacTcs B TOM, YTO
IPaMEHT TeMIIEPaTypPhl ONPEAeAeTCA M0 TeKYIIMM M3MEPEHUSIM aTMOC(QEPHOro JaBiCHHUS U TeMIepa-
TYpBHI, @ HE BBICOTHI U TeMIepaTyphl. Peanuszanus anropuTMoB He TpeOyeT KaKoW-InO0 MOACPHU3ALNH
ammapatHoii gactu CBC, HeoOXoauMo TOJIBKO HEKOTOPOE JIOTIOJHEHUE alTOPUTMHYECKOro obecrede-
HUSI CUCTEMBI.
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Introduction. In conditions of increasing requirements for the accuracy of determining the alti-
tude and speed parameters of aircraft, the task of tuning up the algorithmic support of their air signal
systems (SHS) based on real flight data is quite relevant. Aim. Consider the task of assessing the real
value of the temperature gradient along the height of the atmosphere for the purpose of operational
adjustment of the standard algorithmic support of SHS. Materials and methods. The traditional ap-
proach is to use the numerical value of the temperature gradient, adopted for the international stan-
dard atmosphere (ISA). A feature of the proposed approach is that the temperature gradient in height
is determined by current measurements of atmospheric pressure and temperature, and not height and
temperature. Results. Adaptive and non-adaptive parametric identification algorithms are developed.
An improved version of the adaptive algorithm is proposed, which ensures proper tuning of its filtering
properties to a specific statistical situation. Algorithms were tested both according to the characteris-
tics of the ISA using computer-generated random interference, and according to the results of real
measurements known in the literature obtained using a meteorological rocket. The properties of
adaptive and non-adaptive algorithms are compared. It is shown that repeated “running” of the same
experimental data through an adaptive algorithm leads to almost the same accuracy of the gradient
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estimate, as when using a non-adaptive algorithm. Conclusion. The implementation of the algo-
rithms improves the accuracy of determining the barometric altitude of the aircraft (AC), does not
require any modernization of the hardware of the SHS, only some addition of the algorithmic sup-
port of the system is necessary. The adaptive algorithm is recommended for use in the case of a sig-
nificant drift of atmospheric characteristics for the operational adjustment of the system.

Keywords: barometric altitude, air signal system, temperature gradient, identification algo-
rithms, experimental data, filtering properties.
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Introduction. In many physical processes, the spectrum of the modulated signal is transferred
to the low-frequency region, which also manifests itself in active dielectrics in radio sound. In the ge-
neral case, the analysis of the spectrum transformation process is a very difficult task related with
solving a system of nonlinear differential equations. And in the accepted form, the principle of super-
position is not applicable here, since the parameters of the output signal cannot be determined by alge-
braic summation of the signals received separately from each source. The spectrum of an input ampli-
tude-modulated signal is nonlinearly related to the spectrum at the output. Aim. The conversion of
the current spectrum under supplying an amplitude-modulated voltage to an active non-linear element
with a non-linear current-voltage characteristic is considered. Materials and methods. In the analysis
of the spectral transformation, a power approximation of the current-voltage characteristic in
the form of a polynomial of the third degree with trigonometric functions is used. In the examples,
spectrum transformations for a mono signal, amplitude-modulated signal, and beats are considered.
Application of amplitude modulation methods is essential for transferring the spectrum of the signal
to the low frequency region. Results. A graphical representation of the dependence of the current
function on time for an AM signal and beats, as well as their spectral representation, is given. Con-
clusion. The paper analyzes the transformation of the signal spectrum for the current when applying
any, but amplitude-modulated voltage on the ohmic nonlinear element. The carrier signal is repre-
sented as a harmonic trigonometric function of the cosine of the current time. However, signal spec-
trum conversion has not related with detection.

Keywords: nonlinear element, current-voltage characteristic, amplitude modulation, beats.

Introduction

In many physical processes, the spectrum of the modulated signal is transferred to the low-
frequency region, for example, in the occurrence of radio sound in active dielectrics [1] or the appear-
ance of an acoustic signal at the beats frequency during the interaction of signals from two ultrasonic
sources [2]. In the general case, the analysis of the spectrum transformation process is a very difficult
task related to solving a system of nonlinear differential equations. And in this case, the principle of su-
perposition is not applicable. Nevertheless, research and analysis can be carried out using relatively sim-
ple methods if the form of the current-voltage characteristic (CVC) for a nonlinear element (NE) in
the dynamic mode is the same as for a constant voltage (or in static mode). Such a NE is called a resis-
tive inertialess element [3, 4]. Physically inertialess NE means the appearance of a response in the form
of a function of time from the current i(f) after the input action as a function of time from the voltage
u(f). Formally, there are practically not inertialless NE. At the same time, many modern circuit elements
are perfect in their frequency parameters and can be idealized from the point of view of their inertialess.
Such elements are called not only resistive, but also active or ohmic [5].

In order to effectively transmit signals in any environ, it is necessary to transfer the spectrum of the-
se signals from the low-frequency region to the region of sufficiently high frequencies. This procedure is
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called modulation in communication technology. The frequency o for the physical information carrier is
selected taking into account the peculiarities of the propagation of oscillations in communication lines or
in the environ of radio communication. But in any case, the frequency @ is much higher than the highest
frequency Q of the primary signal, which performs modulation [5, 6].

Under these conditions, the parameters of the modulated oscillation change slowly compared to
the rate of change of the carrier oscillation. In one period of the modulating signal 7= 1/F = 27/ usu-
ally contain hundreds, thousands and more periods of high-frequency oscillations. Consequently, during
several periods of the last 7= 1/f= 2n/®, only slight changes in the parameters of the modulating signal
occurs [7, 8].

1. The concept of current-voltage characteristics (CVC)

CVC — a special case of the transfer characteristics that determine the dependence (function) of
the output quantity on the input for a given specific device or circuit. CVC is a graph of the current
through a two-terminal circuit versus the voltage at this two-terminal circuit. CVC characteristic de-

scribes the behavior of a two-terminal circuit in static mode. Most often, the analysis of nonlinear ele-

ments by CVC degree of nonlinearity, which is determined by the coefficient of nonlinearity K = %.

For linear elements, CVC is a straight line and is not of particular interest [7, 8].

While analyzing the spectral transformation under the influence of harmonic voltage, for example,
a power-law approximation in the form of a polynomial with trigonometric functions is used:

i(t) = by + by Uy, cos wt + byUZ cos? wt + b3U3, cos® wt, (1)
where we limit ourselves to a polynomial of the third degree. Here b; — dimensional parameters; by —
constant component is not of interest in the work.

Example 1.
1. If =0 c, R =1 Ohm, then based on Ohm's law from (1) we obtain:
I1=U, ()

where CVC (and below in the example) is represented in dimensionless form.
2.1fby =1,b, = 0,b; =1 of (1) we get:

L, =U+US3. 3)
3.If b =1, b, =0,5, b =1 of (1) we get:

I, =U+0,5U%+ U3. 4)
4.1fby =1, by =1, b3 =10f(1) we get:

I;=U+U?+US3. ®)
5.1ftby =1, by =2, b3 =1 of (1) we get:

I, =U+2U?%+ U3 (6)

CVC for example 1 in dimensionless form are presented in Fig. 1.
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Fig. 1. Dimensionless form of CVC for example 1
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2. Spectrum transformation for a mono signal

Consider the analysis of an example of a current spectrum under supplying a harmonic voltage.
When the element is linear, then receive harmonic current (one component). When the element is non-
linear, then receive a lot of components [6].

For the spectrum concept, it is important to find the amplitude spectral components and initial pha-
ses. The frequencies of all components will be multiples of the fundamental frequency or the frequency
of exposure [7-12].

The best choice of approximation method depends on the type of nonlinear characteristic, as well as
on the mode of operation of the nonlinear element. One of the most common methods is power polyno-
mial approximation [13—15].

In the analysis of the spectral transformation under the influence of harmonic voltage, for example,
a power approximation in the form of a polynomial with trigonometric functions is used:

i(t) = by + b Uy, cos wt + b,UZ cos? wt + b3U3, cos® wt + -+ + b, UR cos™ wt, 7
where U,, [V] — voltage amplitude; b, [A] — constant current component; b; [Ohm™'-V '], b, [Ohm >V ... —
dimensional coefficients.

When using the cosines of all the initial phase is zero. In this paper, we mainly limit ourselves to the
polynomial of the third degree (1).

Example 2.

Given: by =0, by =1, b, =0, b3 =1, U, = 1. Determine the current.

Solution. If b, = 0, then applying the degree reduction formula

3 cos 3wt+3 cos wt
cos"wt = —.

4
From (1) we get the expression for current:

3 3
i(t) = (3%# + by Um) coswt + %% cos 3wt. ®)

The result is shown in Fig. 2.
I(t) |
02 ! | | /_\ | |
L 2
\ / I"., fl
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Fig. 2. Current function versus time for example 2

3. Spectrum transformation for amplitude-modulated signal

Under AM, the spectrum of the modulating signal is transmitted to the region of the carrier frequen-
cy, forming the upper and lower side components of the spectrum. Since such a transformation creates
new frequencies, the modulation procedure is a nonlinear transformation. But since the AM spectrum of
the modulating signal does not change, but is transmitted only to the high-frequency region, AM is con-
sidered a type of linear modulation. In many cases, the spectrum of the AM signal is relatively simple
and can be determined from the spectrum of the modulating signal, which is noticeably simpler than its
direct calculation. The basic relationships required for this can be relatively easily obtained using the
example of the AM signal when the AM signal is performed by a harmonic signal [9—-13].

Carrier frequency, frequency of harmonic oscillations subjected to modulation by signals for trans-
mitting information. Low-frequency oscillations are sometimes called carrier oscillations. The oscilla-
tions with the LF themselves do not contain information, they only “carry” it. The spectrum of modulat-
ed oscillations contains, in addition to low frequencies, side frequencies, which contain the transmitted
information [4].
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Every modulated oscillation is non-sinusoidal and has a complex spectrum. Consider an amplitude-
modulated signal in the simplest case where the modulating function represents a sinusoidal character.
The voltage acting on the NE:

u(t) =U coswyt + %U (cos(wg + Q) + cos(wg — Q) t), )
where U — is the amplitude; m — is the modulation depth; @, — is the carrier frequency; Q — is the modu-
lation frequency.

We apply by analogy the substitution «(¢) in (1). The analysis of the validity of this formal substitu-
tion is not discussed in the work, but in the field of LF is not in doubt. So, we get:

i(t) = b (U cos wyt +%U(cos(m0 + Q)t + cos(wg — Q)t)) +

2
+b, (U cos wyt + %U(cos(mo + Q)t + cos(wy — Q)t)) +

+b; (U cos wot + %U(cos(wo + Q)t + cos(wy — Q)t))3. (10)
Next, we use the following formulas to reduce the degrees:

cos?ot = %; (11)

cos3pt = ST (12)

For current i(t) because of substitution, we obtain:
2 2
i(t) = 3bU2 + 2= b,U? + mbyU? cos Qt + - b, U? cos 2Qt +
m am om?3 3 9m?
+ (;blU + ?b3U3 + ?b3U3) cos(wg — Q)t + (blU + Zb3U3 + Tb3U3) cos wot +
3 2
+ (20U + Z2byU3 + 22 b3U) cos(wg + Q)t + 2 byU3 cos(wg — 2Q)t ... (13)

Here and below, the low-frequency components of the spectrum are of interest.
Example 3. Given- m =1, by =0, by =1, b, =1, b3 =1, U = 1. Determine the low frequen-

cy current.
Solution. From (13) we get the current LF:
2 2
LF: i(t) = 5b,U% + - b,U? + mb,U? cos Qt + = b, U? cos 2Q. (14)

There is a constant component and there are two harmonics. For Fig. 3 and 4 the results are presen-
ted as reamers of the signal and its spectrum.

Ith

2

15

1

I{m) 0.5
0 t

Y @
Q 2Q -0.8
Fig. 3. The spectrum of the signal Fig. 4. The dependence of the function of current
with amplitude modulation for example 3 on time for example 3

Example 4. In the dimensionless form, it is given: m = 1,by = 0,b; = 1,b, =0, b3 =1,U = 1.
Determine the low frequency current.

Solution. If b, = 0, then (14) results in the absence of a low-frequency current and a constant com-
ponent.
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4. Beat Spectrum transformation

Beats occur due to the fact that one of the two signals is linear in time lags the other in phase, and at
those moments when the oscillations coincide in phase, the total signal is the maximum, and at those
moments when the two signals are not in phase, they mutually suppress each other. These moments pe-
riodically replace each other as the lag increases [4].

If at the same time two tuning-forks with slightly different frequencies are slightly excited, the re-
sulting sound periodically oscillates and decays. These modulations are called beats; their frequency is
equal to the difference in frequency of the initial tones. Beats are obtained when electrical signals from
the outputs of two generators are mixed and fed to the speaker. On the other hand, these same signals
can be simultaneously applied to two different dynamics and also hear beats [5].

Beats relate to amplitude modulation, but without a carrier frequency. Consider the addition of two
high-frequency oscillations:

u=1u; +u, =U; cos(w— Q)t + U, cos(w + Q)t, (15)
where the difference frequency Aw = 2Q.

To analyze the spectral transformation of beats we write an approximating power polynomial with
trigonometric cosine functions in the form:

i(t) = by (U; cos(wg —Q)t + U; cos(wg + Q) t) +

+b,( Uy cos(wg — Q)t + U; cos(wg + Q) £)? +

+b5(U; cos(wg — Q)t + Uy cos(w, + Q) t)3. (16)

We use the formulas for lowering the degrees (11) and (12) below to transform. We obtain

i() = 3byUZ + 5b,U3 + byUy Uy cos 2Qt + (byUs + 2 b3UR + 2 b3Uy Uy ) cos(w — Q)t +

+ (ble + %b3U23 + %bgU]_Uz) cos(w + Q)t + b,U; U, cos 2wt +

+%b2U12c052(oo—Q)t+%b2U22c052((o+Q)t+--- (17)

In Fig. 5 and 6 shows the results in the form of a sweep of the signal and its spectrum.

I(©)
2 L—_\
\'u
15 \
1 I|
I(m) \ /
05 "\/
0 o 0
Q 20 1 2 3 4 5 6 7 8 t
Fig. 5. Low-frequency spectrum Fig. 6. The dependence of the LF current
for beats: constant component on time for beats

and frequency 2Q

If we substitute b, = 0, in polynomial (17), then we obtain for the current:

i() = (byUs +2b3U5 +2b3U,U, ) cos(w — Q)t +

+ (b1U2 + %b3U23 + %b3U1U2) cos(w + Q)t + %b3U1U2 cos(w — 3Q)t+

+%b3U1U2 cos(w + 3Q)t + %b3U1U2 cos(3w — Q)t + %b3U1U2 cos(3w + Q)t +
+%b3U130053(oo—Q)t+%b3U130053((o+Q)t. (18)
There are no low frequencies and no constant component in this polynomial.

Conclusion

The transformation for the current spectrum under supplying a modulated voltage to an ohmic non-
linear element is considered. Transformation for any type of amplitude modulation to the low-frequency
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region is observed when there is a quadratic nonlinearity of the CVC. Similar transformations can be
observed in active dielectrics, for example, in piezoceramics. In the presented examples, the transfor-
mation process has nothing to do with signal detection.
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Beenenne. Bo MHOTHX (hnzmueckux mporeccax HaOMogaeTcs MEpeHoC CIeKTpa MOAYIHPOBaH-
HOTO CHTHaJla B HU3KOYaCTOTHYIO 00JIacTh, YTO MPOSIBISIETCS U B aKTUBHBIX JIUAJIEKTPHUKAX IIPH pa-
Io3ByKe. B obmiem cimydae aHann3 mporiecca MpeoOpa3oBaHMs CHEKTpa SBISETCS OYEeHb CIIOKHOU
3aaueil, CBSI3aHHOM C pelIeHHeM CUCTEMBI HeJTMHEHHBIX MU hepeHInaIbHbIX ypaBHeHUHA. 1 B ipu-
HATO# (opMe MPHHIMI CYNEpIO3ULMH 3/1eCh HE MPUMEHHM, IOCKOJIBKY MapaMeTpbl BBIXOJHOTO
CHTHaJIa HE MOTYT OBITh OIpEAEIEHBl aNreOpanuyecKiM CYMMHPOBAHHEM CHUTHAJIOB, ITOJIY9aeMbIX pa3-
JIETBHO OT KaXXIOTO MCTOYHHKA. CIIEKTp BXOJHOTO aMIUTUTYIHO-MOXYJIHPOBAHHOTO CHTHAja HEIH-
HEHHBIM 00pa3oM CBs3aH CO CIieKTpoM Ha Bbixoze. Llesan uccaenoBanusi. PaccmarpuBaetcs mpeoOpa-
30BaHUE CIIEKTPa TOKA IPH MOJAYe aMIUIUTYIHO-MOAYJIUPOBAHHOIO HANPSDKEHUS HA aKTHBHBIN HEITH-
HEHHBIN 3JIEMEHT C HEJIMHEMHOM BOJIbTaMIIEpHON XapakrepucTukoil. MartepuaJibl M MeToabl. B ana-
JM3€ CHEKTPaJbHOTO NMpeoOpa3oBaHUsl MPUMEHSETCS CTEeIeHHAs anlpOKCHUMAIM BOJIbTAMIICPHOM
XapaKTEepUCTUKH B BHUJIE TIOJIMHOMA TPEThel CTENEHN C TPUrOHOMETpHYecKuMH (QyHKuusMH. B npu-
Mepax paccMaTpHBaIOTCs MPeoOpa3oBaHus CIEKTPa JUIi MOHOCHTHAIIA, aMIUIUTYAHO-MOIYJINPOBaH-
HOTO curHajia ¥ OueHuil. [IppuMeHeHne aMIDIMTYIHBIX METOI0B MOAYJISIIIMM HEOOXOAMMO JUTA TIepe-
HOCa CIIEKTpa CHI'Haia B 00JacTh HU3KUX 4acToT. PesynbraThl. [IpuBoautcs rpaduueckoe mnpen-
CTaBJICHUE 3aBUCUMOCTH (YHKIIUH TOKa OT BPEMEHH JUIsI aMIUIUTYTHO-MOIYIMPOBAHHOI'O CUTHAJIA U
OueHuil, a TakKe X CIIEKTPaJIBHOTO MpeICTaBlIeHN. 3ak/o4eHue. B padore ananmu3upyercs mnpe-
oOpa3oBaHHe CHEKTpa CHI'HAjJa Ui TOKa MPH I0Ja4e aMIUIUTYIHO-MOIYINPOBAHHOTO HANPSHKEHUS
Ha OMHMYECKOM HEIMHEUHOM 3yieMeHTe. Hecynuil cursan npeacTaBieH B BUIE FTapMOHUYECKUX TPU-
TOHOMETPHUYECKUX (PyHKIMI KocHHyca TeKymiero BpeMenu. OHako npeobpa3oBaHHE CIICKTpa CHT-
HaJla HUKAK HE CBSI3aHO C JIETEKTHPOBAHUEM.

Kniouegvie crosa: nenumeiinvlii d1emenm, BONbIMAMNEPHAA XAPAKMEPUCMUKA, AMIIUNMYOHAS.
MOOynAyUsl, OueHus.
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AHAIN3 MEXMNEPUOOHOW OBPABOTKU NPU HECTALIMOHAPHOM
BO3AENCTBUN NACCUBHOU TAYCCOBOMU NOMEXHU

WU.E. Yyxnomun', H.A. ®aiisynuH’, B.B. Masnuk®

" AO «Hayy4Ho-uccrnedosamensckuli UHCMUMYM 110 U3MepPUMebHOU MexHUKe —
paduomexHuU4YecKue KOMrieKkcbly», . YensbuHck, Poccus,
2 Yenss6uHcKuli eocydapcmeeHHbIU yHusepcumem, 2. YenabuHck, Poccus

Beenenune. AnantuBHas 00pab0OTKa CUTHAJIOB B IIPUCYTCTBUU MOMEX SIBIISICTCS AKTYaJIbHOH 3a-
Jladel Ui pa3iuYHBIX PAJAMOTEXHHYECKUX CHCTEM. ANanTaiys OCHOBaHA Ha ONTHMH3AIUU AJro-
puTMa 00pabOTKH B 3aBHCHMOCTH OT ITapaMETPOB ITOMEXH, NP 3TOM alPHOPHO HE3aBHCHMBIE Mapa-
METpBI IOMEXH 3aMEHSIOTCS UX OLEHKaMH B COOTBETCTBUHU C METOOJIOTHEH alallTHBHOTO T'ayCCOBO-
ro noaxona. OueHka mapaMeTpoB IMOMEXH MPOU3BOAUTCS IO KIacCH(HUIIMPOBAHHONW BBIOOpKE, TPU
3TOM HpeArojaraeTcs CTallMOHAPHOCTh MOMEXH B mpefenax oOydaromiero okHa. Ilens mecienosa-
Husd. [IpoBecTn aHAMN3 BIMSAHUS HECTALMOHAPHOCTH IIOMEXH Ha PEIIAIOIIyI0 CTaTHCTUKY aJanTHB-
HOW MeXIepHOAHOH 00paboTku. OnpeneauTs 3aBUCUMOCTD OLIEHKH KOPPEISAIIMOHHON MaTpHUIbI HO-
MEXH M pEIIAIoIIeii CTATUCTUKU OT ITOJIOKEHUS W MHTCHCUBHOCTH IIOMEXHM B OOY4YalOIeM OKHE.
ITpoBecTn aHanmM3 BIMSHUS HECTAIIMOHAPHOCTH ITOMEXU Ha YPOBEHbB JIOKHBIX TPEBOT IPH MEXIIEPH-
oJtHOIt 00paboTKe ¢ ajanTanyeil K KOppeIsIHOHHON MaTpuIle TOMEXH. BBIMOJIHUTD OIIEHKY YPOBHA
JIO)KHBIX TPEBOT MPHU CKadyKe IOMEXH ISl MOCJIEACTEKTOPHON MeXnepronHod oOpadoTku. Mare-
puansl U Metoabl. [IpumeHenne oTHomeHus Peres mo3BosisieT ompenesuTh XapakTep M3MEHEHHS
pemaroniell CTaTUCTHKN MEXIIEpHOAHOW 00paboTku. B kauecTBe MCXOMHBIX AaHHBIX MCIOJIB3YETCS
MOJIeJIb CKauK0OOPa3HOT0 U3MEHEHUsI MOIIHOCTH ITOMEXH B oOydarorieM okHe. Mccienyercs nzme-
HEHHE BBHIOOPOYHONW MATpPHUIBl MOMEXH IPHU IPOU3BOJIHHOM DPACIIONOXKEHWU CKauka TIOMEXH U ee
BIHMSIHAE Ha DEIIAIONIyl0 CTATHCTUKY. Pedyabrarbl. IlomyueHo oOrmiee BbIpa)keHHE A OTHOCH-
TEIbHOTO U3MCHEHHUS pelIaroiieil CTaTUCTUKH U NIPOBEACHBI PACUEThl A KPalHUX IMOJI0XKEHUH IMo-
Mexy B okHe. OmpeneneHsl Npenenbl H3MEHEHHs pelIaromieil CTaTHCTHKY, MOKa3aHo, YTO MAaKCH-
MaJIbHOE YBEIMYCHHE €€ OTHOCHTEIBHO CTAIIOHAPHOTO YPOBHS HE IPEBBIIIACT 3HAYEHHS /Ba, a
MHHHAMAaJIbHOE YMEHBIIEHHE 00paTHO NMPONOPLUHOHAIBHO MOJIOBMHHOMY 3HAYCHHIO CKAauyKa MHTEH-
CHUBHOCTH NoMexH. [lJIst citydasi HOC/e IeTEKTOPHOM MEXIEepHOoJHOM 00pabOTKH NpUBE/ICHA YHCIICH-
HAasl OLICHKA 3HAY€HHIl BEPOSTHOCTHU JIOKHOU TPEeBOTH. 3aK/arouenue. [loaydyeHHbIe pe3yabTaThl MO-
Ka3bIBaIOT, YTO OTHOCHTEIIFHOE N3MEHEHHE peIIafoNiel CTATHCTHKY IPONOPIHOHAIBLHO CKAa4yKy HMH-
TEHCUBHOCTU IIOMEXH U COOTBETCTBYIOIIEMY M3MEHEHHIO BEPOSTHOCTHU JIOKHOM TPEBOTH W IPUBO-
JIUT K HEOOXOANMOCTH NPHUHSITHSA Mep 110 €€ CTA0MIN3aIiH.

Kniouegvie cnosa: medcnepuoonas obpabomka, HecmayuoHapHas NacCUeHAas nomexda, 6eposm-
HOCMb JIOXHCHOU MPeGozuU.

Beenenne

[Ipu oOHapyKeHHH CUTHAJIOB Ha ()OHE KOPPEIMPOBAHHBIX TACCUBHBIX MTOMEX MEXKIEpUOIHas 00pa-
6otka (MIIO) ncnonb3yeT MaTpUUHYIO QUIBTPAIMIO UCXOMHBIX OTCYETOB. MaTpU4HbIH QUILTp Mpe-
cTaBJsieT co00i GUIABTP ¢ BECOBBIMU KO3 PHUIHEHTaMH, ONpeNesiieMbIMI 00paTHON KOPPEISLUOHHON
matpurieit momexu [1-3]. s agantusHO MIIO B KadecTBe OIEHKH KOPPEISITUOHHON MaTPHITHI IIOMe-
XM UCTIONB3YeTCsl BBIOOPOYHAs MaTpHia, chopMupoBaHHas U3 00ydaromux BekTopoB. OOyyaromue BeK-
TOPBI PaCIONaralTcs Ha BPEMEHHBIX MO3ULHAX, OTCTOSIIUX CUMMETPUYHO OTHOCUTEIHHO aHAJIH3HpYye-
Moii nosunuu. [lonydeHHass MaTpuLa sSBISETCS OLEHKOH MaKCHMaJbHOI'O MPaBIONON00HUs KOPPEsIu-
OHHOU MaTpHIlbl 001ero suaa [4].

BxogHoe BO3jeiicTBHE MTOMEXH YaCTO CTAIIMOHAPHO TOJIBKO HA OrPaHUYEHHOM BPEMEHHOM HHTEP-
Baiie. B cBs3M ¢ 3TUM OTCcUYeThl 00pabaTHIBAIOTCS B «CKOJB3AILIEM» OKHE KOHEUHOW MPOTSIKEHHOCTH.
[Ipu ananuze xapakrepuctuk MIIO, kak mpaBuio, mpeanogaraeTcs CTallMOHAPHOCTH MPOLecca B aHaIH-
3UPYEMOM OKHE M OTMEYAeTCsl BayKHelIIee JOCTOMHCTBO afanTuBHbIX MIIO — obecriedeHne mocTosIHCT-
Ba BEPOATHOCTH JIOXKHOH TpeBoru F. B To e BpeMsi UMEHHO HECTallMOHAPHOCTH IMPOLECCa B «CKOJb3sI-
meM» OKHe BbI3biBaeT m3MeHeHue F. Tak kak BeiOopounas matpuna MIIO dopmupyeTcs o otcueram
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9TOT0 OKHa, TO MPEACTABIISICT MHTCPEC aHaIu3 HOMGXOYCTOﬁQHBOCTH MIIO Opru HECTAIMOHAPHOCTHU
IIOMCXH B «CKOJIB3AIICM» OKHE.

1. [TocTaHoBKa 3a1a4un
O6o00mmenHast cTpykTypHasi cxema agantuBHoit MIIO curHanoB menu Ha GoHEe KOppEeTHMpOBaHHBIX
MIPOTSIKCHHBIX MTACCUBHBIX MOMEX MpHBeneHa Ha puc. 1 [5].

N
K2 Kr2

Y,

A -y

Y,

VA
BOr

S,

Puc. 1. CTpykTypHas cxema agantuBHon MIMO:
BOIN — 6nok oueHkn napameTpoB nomexu; AP — agantueHbli punbTp; MY — NOporoBoe ycTpomncTao
Fig. 1. Structural diagram of adaptive IPP (Interperiod processing):
BOIM (IPEU) — interference parameter estimation unit; A® (AF) — adaptive filter; MY (TD) — threshold device

MIIO npousBoauT 006pabOTKY MOCTYNAIOIIUX C MEPUOAOM IMOBTOPEHUs 1|y B OJHOM 3JIEMEHTE

JaJIbHOCTH M I_II/I(l)pOBBIX OTCYCTOB U; IMaCCUBHOM MOMEXH U COOCTBEHHOT'O arymMa npuceMHOro YCTpOﬁ—

M
crBa. Otcuersl u#; 0o0Opa3yloT B N 3JeMEHTax JalbHOCTH M -MEpHBINi BEKTOp-CTONOEL] u={uij}, 1
iif -

C KOpPEJSALUMOHHOW MaTpuileil <I)=csf>-{ pij}-i-Gi/ Iy, THE G% — JIMCTiepcHsl TACCUBHOM TOMEXH,

{ sz} — MaTpHLa MEKIYNEPHUOAHBIX KO3()(PUIIMEHTOB KOPPEILHNY, 012\, — nucnepcus myma, Iy, — enn-

HUYHAA AuaroHajibHas MaTpula.

)

K/2
3amTpuxoBaHHBIC 001aCTH, M300paKeHHbIE Ha puc. 1, comepskatr K/2 cMexHbIX mauek Y, = { Vi }

9

i=1

K/2
HpeIeCTBYOMUX HeHTpanbHoi Y, n K/2 cMmexHbIX mauek Y, = { yfz)}_il , CIIE/IyIOIINX 3a HeH, 00-
pa3yoInux 00yJamInyr BHIOOPKY o0bemMa K :
K M
Y={Y],Y2}={yl-}l_=1; yiz{ygj}j=1~ (D

B pesynbTaTte 00paboTku B Os10ke onenku napamerpos (BOIT) hopmupyercs: BBIOOpOYHAs MaTpHIia
K
o=K"'-> YY" )
i=1
e YT — 3PMUTOBO-COIPSDKEHHAS MaTPHIIA.
OOpatHas mMaTpuia ®! ompezaensieT kKodhHUIMeHTH ananTuBHOTO GuIbTpa (AD).
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OO0pazoBaHHas pelrarpias CTaTUCTHKA
H &-1
E=Y, @Y, 3)
UCTIBITBIBACTCS HAa MOPOT &p; B moporoBoM ycrpoiictae (I1Y).

3areHeHHbIe 00JIACTH, N300paKeHHBIE Ha pUC. 1, MPEACTaBISIFOT OO0 3alIUTHBINA MHTEPBa, KOTO-
pBIi HEe YYacTBYET B BEIYUCICHHAX BEIOOPOYHON MaTpPUIIBL.

[lomexoli mpencTaBieH KOPPETUPOBAHHBIA TayCCOBBIA CHUTHAN C W3MEHEHHEM HHTEHCHBHOCTH
«KPOMKa TOMEXH», IPU 3TOM pa3Mep 00bEKTa, SBISIOMIErocs MCTOYHUKOM MAacCUBHON MOMEXH, Ipe-
BBIIIAET Pa3Mep «CKOJIB3ALIET0» OKHA.

B o0mmem cimyyae cKob3siiiiee OKHO SIBIISIETCS ABYMEPHBIM (10 JANbHOCTH U a3UMYTY) U UHTEHCHB-
HOCTh TIOMEXH MOXKET U3MEHATHCS B JIIOOOM U3 3TUX nm3Mepenuil. [Ipu sTom 6e3 yuera coOCTBEHHOTO

o 2 2 o
IrymMa BBUAY €TI0 MaJIOCTH 11O CPABHCHUIO C IIOMEXOU (GP > GN) , UTO COOTBCTCTBYCT PCaJIbHOU CUTYya-

MU, KOPPETAIMOHHAs MaTpuIia BXogHoro nporecca MIIO npuanMaet Bug ® = c?, { pij} .

Jns aHamM3a UCHOIb3yeM CIeayIOIUe Oy ICHNUS:
a) KoppensuuoHHas Matpuia ® u3BecTHa;
6) o6bem K 00yuaromieil BBIGOPKH JOCTATOYHO BEIUK U BJIEMEHTBI P;; KOPPEISLMOHHON MAaTPULIBI

BHEIIHUX Bo3JeiicTBuii @ W BEIOOPOUHON MaTpulpl @ paBHBI MEXIY COOOH;
B) HHTEHCUBHOCTb 0'%3 MIOMEXHU U3MEHSETCSl CKAYKOM B JIIOOOM 3JIEMEHTE AaJbHOCTHU MPU MOCTOSH-
CTBE P; .

[Ipn mpUHATHIX JOMYLICHUSX PACCMOTPUM HM3MEHEHHE PELIAIOIIeH CTAaTUCTHKH & NpH OTIMYUHU

KOppelsuoHHoN MaTpuubsl D, mponecca Y, OT KOppenanuoHHON MaTpusl @ .

DTO W3MEHEHNE MOKHO BBIYMCIIUTH Yepe3 OTHoIeHUE Peres, KoTopoe B MPUHATHIX 0003HAUCHIIX
HMeEET BHU]I

H &£-1
_Yy @ Y,
R= H g1
YO N QO N Y0
" NpEaACTaBIIACT c000¥ OTHOCHUTEJILHOE U3MEHEHHE é, KOTOPOC€ ITPU U3BCCTHOM 3aKOHE PACTIPECACIICHUA

“

& MOJKHO MepecYNTaTh B 3HAUEHNE BEPOSTHOCTH JIOKHOU TpeBorH F.

2. PesynbTaThl aHaH3a
B3aumHOe MPOCTPaHCTBEHHOE PACIIONIOKEHUE «CKONB3SIIET0» OKHA M CKadyKa MOMEXH MPHUBENCHO
Ha puc. 2.

[Ipumem, 9TO 10 CKayKa IOMEXHU UMEETCS TUCTIEPCHUS TIOMEXH, PaBHAS 63 , a [I0CJIe CKayKa JucIep-
cusl IOMEXH paBHA ('512 =7- GS . B cooTtBeTcTBHY € (2) U y4eTOM MPUHSATHIX TOMYIIEHUN BBIPAXKEHHUE IS

A

@ 3anumem B BUIIE

=K—‘-(n-[Y-YH]O+(n—K).[Y-Y“]J, (5)

rac n — HOMCEP STYCHKU JAaJIBHOCTH OTHOCHUTCIIbHO Hadajla CKOJB3AIICTO0 OKHA IO JaJJbHOCTH, HA KOTOpOfI
IIPOU30MICT CKAYCK ITOMCXU;

[Y- YH] 0= cﬁ { pl.j} — KOppEJSALUOHHAS MaTpHUIa TIOMEXU J0 CKavKa;

[Y-Y"] = 03 { Wij} — KOppeJsILMOHHAsl MAaTPHULIa IOMEXH IOCIIe CKaUKa,

A B
W= { W} = D — ONoYHas MaTpHIIa;
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L P Pr - Pu
A=J ... ... .. ;Bz\/;- 03
Ppt 1 P p;,lfm
Py - p 1 p;,[_m_l
PmM-1 -+ PM-nm PM-m-1 - 1

I,— Al

L+ Al

Puc. 2. NpocTpaHCTBEHHOE PacnoOJIOXXEeHUEe «CKOJb3ALEero» okHa U CKadyka NoMexwu:
[y — NonoxeHwue LIEHTPa «CKOMb3SILLEro» OKHA; / — MOMNOXeHWe ckadka noMexy no AansHocTy; 2-Al — paamep «cKosb3si-
Lero» okHa no ganbHocTu; M — pa3mep «CKOMb3SILLEro» OKHA MO a3uMyTy; m — NOSIOKEHWE CKayka NoMEXM No asuMyTy;
[p — NPOTSHKEHHOCTH NMOMEXY MO AANbHOCTU
Fig. 2. Spatial location of sliding window and interference jump:
Iy — position of the sliding window center; / — position of interference jump by range; 2-Al — the size of the “sliding” window on

range; M — size of “sliding” window in azimuth; m — position of interference jump in azimuth; /, —length of interference by range

Tak kak 3HaueHus n u K B (5) IpOoNMOpHHUOHAJIbHBI JIIMTCIIBHOCTU COOTBCTCTBYIOICTO MHTCPBAJIA,
I/I306pa)K6HHOFO Ha puc. 2, TO MOXKHO 3aIlliucaThb JJid NCPEAHCTO (1)p0HTa IMOMCXHU BBIPAKCHUC!

Dy = @A) (1-lo 4 8005 {py |+ (1 + A= 1)-5 - { W, | | ®)

Gé -{pij}, npu [ > [,
0 =

Gé { Wij}, npu [ <.
Jisa 3agHero GppoHTa IOMEXH:

@, =(2-Al)’ .[(1—10+Al)-c5§ ‘{W,-j}+(10+Al_l)'c’§'{pij}]; ?

o — G%-{le},HpI/IZZIO,
’ GS-{pij},npﬂl<lo,

rac (DO — KOppCIMIUMOHHad MaTpulia OTCUCTOB B HEHTPE CKOJIB3AIICTO OKHA.
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B cootBercTBum ¢ (6) u (7) orHomeHue Penes (4) ans ykazaHHBIX CIydaeB UMEET BHI

Yi.ol.y Y.l y
_ 0 1 0. R, = 1] 2 1] (8)

1= _ ’ 2= _
Y(?'(I)OI'YO Y(P'(I)OI'YO
1 IrpaHUYHbIC 3HAUYCHUA R1,2 ONPEACTIAOTCA U3 XapaKTECPUCTUICCKOI'0 YpaBHECHUA [6]:
det((i)l_,ll —A (I)l;] ) =0; 7\‘min = R1,2 = ;‘max : (9)

3navenns R no Beipakernsam (8) u (9) B oOrieM Bre Py MPOM3BOIBHBIX 3HAYCHUSX M U [ aHAIUTHYe-
CKOMY pacyeTy He MOIaI0TCsI U MOTYT OBITh MOJTYyYeHBI YMCICHHBIMU pacueTamu. OIHAKO JUIs KpalHUX 3HA-
YEHHH MOJI0KEHHS IIOMEXH B «CKOJIB3SAIIEM)» OKHE BRIPKEHHS R CBOJATCS K 3HAUMTENBLHO 00jIee MPOCTHIM.

IIpu m = 0 u mobOoM / B ipeienax «CKOJNB3SIIET0» OKHA IO JAIBHOCTU (BCEe a3UMYTalbHEIE TTO3U-

LMY TIOPa’KeHbl IOMEXOH) oryuuM U3 (5) { le} =v- { pij} U COOTBETCTBEHHO U3 (6):
&, =) [(1-ly+ )4y -y + Al =D)]-02-{ py ]

03-{pij},npnl>lo,

D, = ,
y-co-{pij},npnlslo.
Orcrona
-1 )
o @A)py) o
[(I=1y+AD)+y-(ly + Al = 1)]
_ -1
B 602‘{%} ,apul >,
D, = »
y_l‘caz-{pij} ,npu [ <.
Hanee u3 Beipakenus (10) momy4anm
24 '(Dala l>l(),
. (I=Iy+Al)+y-(Ip+Al-1)
Q= (11)
2 ALy @, 1<,
(I=Iy+Al)+y-(Ip+AI=1)

Taxkum 06pa3OM, (i)fl OTIINYacCTCsA OT (I)al TOJIBKO CKaJIIPHBIM MHOXKHTCJICM U, CJICAOBATCIIbHO,
3HA4YCHHUC Rl PpaBHO 3TOMY MHOXKUTCIIIO
2-Al
R, (I-ly+Al)+y-(ly+Al=1) 12
2-Al-y /
(I-ly+Al)+y-(lh+Al-1)

[IpoBens ananoruyHple BEIYUCICHUSA AJIS 3a1Hero GppoHTa nomexu (7), morydynum

[>1,,

Slo.

2-Al-y ]
(I—ly+AD) -y +(lg+Al=1) "~
R, = (13)
2-Al
1<l

(I-ly+Al)-y+(ly+Al-1)
Ipu n06bIX m B Ipenenax «CKOIb3SMIEro» OKHA M0 a3uMyTy U [ </, —Al (Bce mo3uLuM 10 Jallb-
HOCTH TIOPa)KEHBI CKAYKOM TTOMEXH) MOIyIuM u3 (5)

[Y-Y']o=[Y-Y"] =05 -{ W, }
Y COOTBETCTBEHHO U3 (6)

: 2

®,=®;=c;-{ W}, R, =1
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W3 Beipaxkenuii (12) u (13) cnemyer, uTo B Touke /, (cepelHe «CKOJb3AIIEroy» OKHA) 3HaueHus R,
u R, menstores ckaukom ot BenuuuHbl R, =2-v/(y+1) o R;, =2/(y+1).

Ha puc. 3 npusenens! 3aBucumoctd R, R, u R; =1 npu ckauke y = 10 nb.

R
1.8 -
s
1U / : \“'
' s
14 W ! ML
-
// ‘h"s-.
il._ / “‘-‘
R2 }r(’ vz
= 4
-.-D.O \\\
LY
0.6 \\ :
S~ N
0.5 “s b /
“-“--‘ _-—-‘-_-—-
02 e
Z{)'AZ Zg Zg‘l‘AZ

Puc. 3. 3aBucumoctn R;, R, u R; =1 npu ckauke y =10 ab

Fig. 3. Dependencies R;, R, and R;=1atjump y =10dB

TakuMm 06pa3oM, Mo pe3ynbTaTaM MPUBEACHHBIX PACYETOB MOXHO C/IETAaTh CIEIYIOIINE BHIBOIBI:

— TIPY CKadKe TIOMEXH Ha JIF0O0M yJacTKe TAbHOCTH C ITOPAKSHUEM MTOMEXOH BCEX a3UMYTAIBHBIX T10-
3ULMNA «CKOJB3AIIET0» OKHA Ha ATOM Y4acTKE peliaroiiasi CTaTUCTUKA U3MEHSETCA B COOTBETCTBUU CO CKa-
JIIPHBIM MHOXHUTEJIEM HE3aBUCHMO OT MOILITHOCTH U BUJIa KOPPEISIMOHHON MaTpHIIbl BXOAHOTO HpOIIecca;

— IpU CKauyKe IMOMEXHU Ha JIF000H a3uMyTalbHOW MO3UIMH C TOPAKEHUEM IMOMEXOH BCeX NajibHO-
MEPHBIX MO3ULUN «CKOJB3ALIEr0» OKHA PEIIAIOIIasl CTATUCTUKA HE U3MEHSIETCS. HE3aBUCUMO OT MOIIHO-
CTU U BUJIa KOPPEIALIMOHHOM MaTPUIIbl BXOJITHOT'O MPOLECCA;

— MOJTy4eHHBIe 3HaueHud R, u R, MO3BOIAIOT IpOBECTH OLIEHKY 3HAYEHUH BEPOATHOCTH JIOKHOU

TpeBoru F 115 paccMaTpuBaeMBbIX MTOJIOKEHUM CKauKa IIOMEXHU.

3. Biausinue «KpoOMKH» MOMEXU HA BEPOSITHOCTh JIOKHOH TPeBOrU mocjeaerekropHoiit MITIO
BeposTHOCTB JTI0XXKHOU TPEBOTU ONPEAEISeTCs IIIOTHOCTBIO PACIPEACICHUS PEIIAIOIIECH CTaATUCTUKA
& B orcyrcrBue curHana. IIpu stom usmenenue & B coorBercTBUU ¢ R, R, Moxer ObITb yuTreHO

-1 p-l
MHOkuUTeneM R, R, B moporosom yposHe & mpu pacuere F.

B wgactHOcTH, mns mociemerekTopHOW MIIO MIIOTHOCTE BEPOSITHOCTH & OIMMCHIBACTCS JIOTHOP-

MaJIbHBIM 3aKOHOM, MapaMETPbl KOTOPOTO MPHU OTCYTCTBHUU CUT'HAJIA 3aBUCAT TOJIBKO OT M [5]
JIJU{ JIOTHOPMAJIBHOT'O 3aKOHA pacrIpCaACICHUA IIJIOTHOCTh paBHa

2
expl—HRX =R [ (14)

1
(x)=
P xXoN 27 262

rae |\, o — HapaMeTpsl pacipeaeaeHus, IpUBeJeHHbIC B Ta0. 1.

JU71st 3TOro 3aKOHA BEPOSITHOCTD MPEBBILICHUS opora &y onpeessieTcs U3 BbIpakeHus [6]

FZI_Q(MJ, (15)
(0}

X t2

[ezar.

—00

rae © =

1
V2:m
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3Hauenus moporossx yposueit mpu F=10", F=107, F=10" mua M=3, 5 u 8 npuseneHs! B
Tabm. 1.
Ta6bnuua 1
3HayeHus NOPOroBbIX YPOBHEN
Table 1
Values of threshold levels
In(&ry)
M Ho ©0 F=10" F=10" F=10"
3 0,62 0,81
5 1,53 0,72 1,28:Gp+ Lo 2,35:Gp+ Lo 3,1:60+ 1o
8 2,1 0,53

Jns noraopmansHoro pacnpenenenus (14) npu ymaoxkennu & Ha R BepositHOcTh F paBHa

lnﬁf]—uo
F=1-0| ————

Op

(16)

y‘II/ITLIBaH, 4qTo RMAX /RMIN =Y, MOXHO CACIAaTh BbIBOJ, UYTO KOJINYCCTBO JIOXKHBIX TPCBOI' CyILIC-

CTBEHHO M3MEHSCTCS IPU MPOXOXKICHUM CKadyKa IMOMEXH Yepe3 «CKoJb3siiee» okHo. [lepenuuit ppoHT
MIOMEXH, TMPUONIKASICh K MEHTPY «CKOJB3SIIET0» OKHA, 3aHMKaeT F, mpu MpoXoKICHUH Yepe3 IEeHTP
«CKOIIB3SIIIET0» OKHA MPOUCXOAMUT pe3kuil pocT F ¢ majapHEHIIMM MOHMKEHHEM A0 CTALlMOHAPHOTO
ypoBHs Fy. 3amauii GpoHT momexw, mpuOImKasch K EHTPY OKHA, MOBbImAeT F, mpu mpoxoxkaeHuu
IIEHTpa «CKOJB3AIIEI0» OKHA MPOUCXOIUT PE3KOe MOHMKEHUE F ¢ manpHeHImmM MOBBIICHUEM JI0 CTa-
HMoHapHOro ypoBHs F,.

Uucnennsle pacuetsl 3Ha4eHUH Fyax 1 Fyy st M =3, 5, 8 my = 10, 100 npuBeneHs! B Tad. 2 u 3.

Tabnuua 2
YucneHHble pacyetbl F npu v =10
Table 2
Numerical calculations F at ¥ =10
FO 1:MAX FMIN
M=3 M=5 M=38 M=3 M=5 M=38
10" 3-10" 3,9-107" 4710 4-10* 10 <10°
10° 6-10° 71072 13-10° 10* 10° <10°
10° 10° 1,6:10° 3107 <10° <10° <10°
Ta6bnuua 3
YucneHHble pacyeTtbl F npu y =100
Table 3
Numerical calculations F at v =100
FO 1:MAX FMIN
M=3 M=5 M=38 M=3 M=5 M=38
10" 3,410 3,8:10°" 5,3-107" <10° <10° <10°
10° 7-10°° 9-10° 17-10° <10° <10° <10°
10° 21072 2,7-1072 41072 <10° <10° <10°

Janubie u3 Tabn. 2 U 3 MOKa3bIBAIOT, YTO BeIMYMHA Fyax c1abo 3aBucuT oT M U v, IPUBOJIS K

YBEJIMYCHHIO JIOXKHBIX TPEBOT HE OoJiee 4eM Ha MOPALOK, B TO BpeMs Kak Fyy MOKET U3MEHHUThCS Ha
3—4 nopsiaxa.

[IpoBeneHHbIe pacdeThl MOKA3BIBAIOT BBHICOKYIO HecTaOMIBHOCTh F mpH ckauke moMexu Ha BXOJe
MIIO. 3T 06CTOATENHCTBA BRIHYKIAIOT K MPUMEHEHHUIO CHENHAIbHBIX MEp MO Peajn3aliy aJanTHB-
HOTO MOPOrOBOro ycTpoicTBa M crabunuzanuu F. B paborax [7-10] npuBeneHs! anropuTMsl agan-
THUBHBIX TOPOTOBBIX YCTPOHCTB, KOTOPBIE MOTYT OBITh EPCIICKTUBHBI JJIS1 PEIICHUST 3TOU 3a7a4H.
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3akaoueHune

B pe3ysibTare mMpoBEeIEHHOrO aHAlW3a MOJTYYCHBI OOIIME BBIPAKCHUS /IS BHIOOPOYHON MAaTpPHIIBI
agantuBHOM MIIO, ompenenensl BHIOOPOYHBIE MATPHIIBI TS TPEAETBHBIX IMONIOKEHNH CKauKa IIOMEXH B
«cKounb3suiemM» okHe. C UCMONb30BaHUEM OTHOIICHHUS Penest onpeneneHbl MHOKUTEIU peIIatoiei cra-
THCTUKH, OOYCIIOBIEHHBIE CKaykoM moMmexu. s mocneneTexkTopHoil amantuBHOW MIIO mposeneHa
OlIEHKA 3HAYEHU I BEPOSTHOCTH JIOKHOU TPEBOTH.
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Introduction. Adaptive processing of signals in interference is an actual task for different radio
systems. Adaptation is based on optimization of the processing algorithm depending on interference
parameters, at that a priori independent interference parameters are replaced with their evaluations
according to the adaptive Gaussian approach methodology. The interference parameters evaluation is
carried out by classified sampling, at that interference stationarity within the training window is sup-
posed. Aim. To analyze effect of interference instability on adaptive interperiod processing decision
statistics, to determine dependence of interference correlation matrix evaluation and decision statis-
tics on location and interference intensity in the training window, to research evaluation of false
alarm level at interference jump for postdetection interperiod processing, to analyze effect of inter-
ference instability on false alarm level at interperiod processing with adaptation to the interference
correlation matrix. Materials and methods. The Rayleigh ratio is applied as an interference instabi-
lity research method. Applying of the Rayleigh ratio allows to determine character of interperiod
processing decision statistics change. A model of interference power stepwise change in the educa-
tional window is used as reference data. By means of the Rayleigh ratio, change of sample interfe-
rence matrix at random location of interference jump and its effect on decision statistics is re-
searched. Results. A common expression is received for relative change of decision statistics, and
calculations for the interference extreme positions in the window are carried out. Limits of decision
statistics are determined, and it is demonstrated that its maximum increase relative to stationary level
does not exceed the value of two, and minimum decrease is inversely proportional to half value
of interference intensity jump. For postdetection interperiod processing case, numeric evaluation
of false alarm probability values is given. Conclusion. Received results show that relative change of
decision statistics proportional to interference intensity jump and to corresponding change of false
alarm probability necessitates taking measures on its stabilization.

Keywords: interperiod signal processing, non-stationary clutter, probability of false alarms.
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AN APPROACH TO FAULT DIAGNOSIS OF GEARBOX
BASED ON AN INSTANTANEOUS ANGULAR ACCELERATION.
EXPERIMENTAL STUDY
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A.L. Shestakov, a.l.shestakov@susu.ru

South Ural State University, Chelyabinsk, Russian Federation

Introduction. Gears are important parts of almost every operating mechanism in many indus-
tries. The gear condition monitoring is an important unit of condition monitoring of a mechanism as
a whole. The vibration is one of the most used sources of information for equipment technical diag-
nostics. Traditionally, vibration is measured by accelerometers which are fixed on the mechanism
body. Analyse of the measured data from the accelerometers requires applying the special methods
and the staff with developed analytical skills. On the other hand, a novel approach to the accelerometer
fitting location allows receiving extra diagnostic information and facilitating diagnosis. Aim. The pre-
sent study shows the application of the novel approach to the accelerometer fitting location and
the analyse of extra information for gearbox diagnosis. Materials and methods. The novel acceler-
ometer fitting location is a rotating shaft of the mechanism. The extra diagnostic information is an
angular acceleration of the rotating shaft. The theoretical base for the angular acceleration as diagno-
sis information is shown in the study. Results. The study contains experimental results of fault
detecting such as the 'chipped tooth' and 'broken tooth' of a pinion. In addition, the study contains
the proposed criteria for the detection of the local fault. Conclusion. The experimental results and
the applied criteria show that the proposed approach allows detecting the pinion local defect on
the first pinion rotation frequency clearly at various rotation frequencies.

Keywords: diagnostics, accelerometer, wireless acceleration sensor, rotating shaft, rotating
machinery, angular acceleration.

Introduction

Gears are widely used in operating mechanisms in many industries. Variable loads and speeds lead
to gear wear. Moreover, the growth of the defect rapidly evaluates and can be a factor of irreparable
harm. In addition, the diagnosis of the gears is highly important but it is a difficult problem because of
non-steady-state operations, as previously mentioned.

The most common method of gears diagnosis is vibration diagnostics [1, 2]. Nevertheless, even
a defect-free gear pair has some work vibration, which has a wide frequency band. The vibration is
the result of key factors: cyclic variation of gear teeth stiffness in a meshing phase and manufacturing
and assembly errors [3]. The cyclic variation and constant meshing tooth error excite oscillations on
a gear-meshing frequency f,

f,=0f =21,
where z;, z, are teeth number of pinion and gear, respectively. The f;, f, are rotation frequencies of
the pinion and gear, respectively [4]. The variable meshing tooth appears on the rotation frequencies kf;,
kf, (k =1, 2, 3, ...), and the modulated frequencies mf, £ nf;, mf,£nf, (m,n=1, 2, 3, ...) [5]. At the same
time, the frequency spectrum has components that are associated with cutting error of pinion and gear fq

fg=kzyf, k=12,...,
where z4 is the number of teeth of the gear wheel of the gear cutting machine. Operating defects of gears
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mating surfaces (such as wear, microchipping, sticking, crack, chipping, broke and related) are an ad-
ditional consideration of frequency spectrum change. Moreover, a broken tooth is the most dangerous
type of defect in view of rapid growth from crack to broke. Operational defects of gear at an early stage
have a low energy contribution in the frequency spectrum that makes more complicated detecting them.
Furthermore, commonly gearboxes are operated with other mechanical nodes, which also make high-
level noises [6, 7]. That fact is challenging to methods of gearbox diagnosis and successfully fault detec-
tion [8, 9].

Traditional source of information about condition gearbox is accelerometers which are fixed on
the gearbox body. Moreover, various methods, criteria, and indicators are used for gearbox diagnosis
in the time-domain, frequency-domain, and time-frequency domain. The time-domain diagnosis is
the poorly-successful and problematic approach. That fact was shown in studies [10-12]. On the other
hand, diagnosis in frequency-domain and time-frequency domain are more successful approaches.
The commonly conditional indicators in the frequency-domain are the kurtogram [13, 14], kurtogram
with TSA [15], adaptive SK filtering method on the grounds of Morlet wavelet [16] et alii. The com-
monly conditional indicators in the time-frequency domain are Hilbert-transform based methods [17, 18].

The author in study [19] describes the 8-DOF dynamic model of a gearbox in detail with a local de-
fect of the pinion. The function of gear tooth meshing stiffness varies according to the modelled defect
type (chipped or broken tooth). The pinion has z; = 19 teeth; the gear has z, = 48 teeth. The frequency of
pinion rotation is f; = 30 Hz. The result shows a spectrum changing of gear linear accelerations with
various local defects, which corresponds to the “canonical” non-monotonic behaviour described in
the literature. However, focusing on the traditional measurement methods, the author considered the be-
haviour of only the linear acceleration spectrum. On the other hand, analysis of the spectrum of an angu-
lar acceleration gear allows for increasing possibilities of a gearbox diagnosis.

The approach of the shaft acceleration measuring from the rotating shaft, including angular acce-
leration, studied in [20]. Moreover, the mathematical model one of the design versions of the WAS-
Technology sensor described in [21]. That design allows measuring angular acceleration, two linear ac-
celerations in the diametrical plane and the turning angle of the shaft.

1. Method for processing of angular acceleration

An analysis of the gear angular accelerations changing (dynamic model from Ref. [19]) under
the influence of local defects shows that the changes of the spectrum discrete components are associated
with harmonics of the gear frequency is close to monotonic (Fig. 1).
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Fig. 1. Frequencies spectrum of the gear angular accelerations with a local defect:
a —without defect; b — chipped tooth; ¢ — broken tooth
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At the same time, a modulation index of the angular acceleration spectrum around harmonics of
the gear frequency increases in the same way as the linear acceleration spectrum. Moreover, defects de-
tection based on a comprehensive analysis of discrete components, which are associated with harmonics
of the gear and rotation frequencies, by the Prism-method was studied in [22, 23]. On the other hand,
the first pinion harmonic f; of the gear angular spectrum increases by increasing local defect, in other
words, the level of harmonics of the frequency meshing defected tooth increases (Fig. 2).

The first pinion harmonic. Angular acceleration
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T ——=8—— Chipped
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240+ ——&—— Broken
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ED 20
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0 | L 1 ‘_ 1 1 1 ]
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Frequency of the pinion rotation, Hz

Fig. 2. The first harmonic angular acceleration of defected pinion with various defects

Thus, the level of the first pinion harmonic can operate as a criterion for the detection of local de-
fects, such as a chipped and broken tooth.

2. Test equipment

2.1. Experimental rig

The applicability of the proposed crite-
rion for the diagnosis of gear transmission is
considered on the example of a single-stage
gearbox of the experimental rig (MFS-
Magnum from SpectraQuest) with bevel
gears (Fig. 3).

The motor of the experimental rig is op-
erated by the frequency drive that allows set-
ting any motor rotation frequency in the ope-
rating range.

The pinion of the gearbox has z,= 18 teeth;
the gear has z; = 27 teeth. The design of
the studied gearbox allows for the simulation of the pinion defects such as the chipped tooth (Fig. 4) and
the broken tooth (Fig. 5).

Fig. 3. Gearbox with mounted the WAS-Sensor

Fig. 4. Pinion with the chipped tooth Fig. 5. Pinion with the broken tooth

Simulating the pinion defects due to pinion experiences more wear than the gear because pinion has
fewer teeth and makes more revolutions.
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2.2. WAS-Sensor

The applicability of the proposed criterion for the diagnosis of gear transmission designed the proto-
type of a WAS-Sensor based on WAS-Technology. The WAS-Sensor contains three MEMS-accelero-

RF-receiver

NAND

Accelerometers

Fig. 6. The prototype of the WAS-Sensor

Microcontroller

meters (ADXL001-70 from Analog Devices) (Fig. 6).
Each accelerometer has a measurement rate +70g,
resonance frequency 22 kHz, sensitivity 24.2 mV/g
at 100 Hz. The mathematical model of the Sensor
is described in the study [21]. Also, the WAS-
Sensor contains ADC (AD7609 from Analog De-
vices) which samples of accelerometers signals at
39.4 kHz. Moreover, the WAS-Sensor contains
microprocessor (STM32L476 from STMicroelec-
tronics) which controls accelerometers and ADC,
makes pre-filtering signals and writes data to
NAND. Also, the WAS-Sensor has lithium batteries
for power.

3. Experimental results

The WAS-Sensor was fixed on output shaft of
their gearbox. The gearbox was diagnosed in a quasi-
steady operation. The simulator motor rotation fre-
quency had 12 Hz. Thus, the output shaft was ro-
tated with 8 Hz in accordance with gear-ratio
k, = 1.5. The measured linear accelerations of the

output shaft by the WAS-Sensor contain periodic high-frequency vibrations for the chipped tooth situa-
tion (Fig. 7). The frequency spectra of the accelerations measured by the sensor contain many compo-

nents, including discrete peaks (Fig. 8).

Comparison of the power spectrum of each acceleration ¢, X and y for each gear defect (Fig. 9)
clearly shows the change of the vibration signals — the change in the energy ratio of the spectrum com-

ponents.
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Fig. 7. The measured angular and linear accelerations by the WAS-Sensor.
The pinion with the chipped tooth. Time domain
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Fig. 8. Separated angular and linear accelerations. Pinion with the chipped tooth. Frequency domain

Moreover, the power spectrum grows around multiple of the tooth ripples fz (214 Hz, 428 Hz, 642 Hz,
856 Hz), for the case 'the chipped tooth pinion'. Furthermore, the levels of discrete components of linear
acceleration x are significantly lower in the region of multiple f, frequencies for broken tooth case than
for the chipped tooth case. On the other hand, the depth of modulation around the multiple of the tooth
ripples substantially increased (Fig. 9). Thus, the paradoxical behaviour of the spectral characteristics for
the different size of the tooth defect is clearly shown.

As previously mentioned, the presence of local defects affects a change of the stiffness gear-
meshing function. A change of stiffness effects on a change of the force in the tooth contact pattern and
a change of the angular acceleration of the gears. Moreover, a local defect affects a change of the magni-
tude of the frequency components which are related to the frequency meshing defected tooth.
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Fig. 9. The power spectrum for defects of the pinion. ‘Broken’ — broken tooth,
‘Chipped’ — chipped tooth, ‘Normal’ — without defect

1000

The growth of a local defect (from chipped to breaking) leads to an increase in the amplitude of the
first harmonic of angular acceleration A® due to a reduction of the stiffness gear-meshing. Thus,
Alormar = 7,6 1adis?; Ao =10,7 rad/s®; Al e, = 22,9 rad/s?,
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where A® . — the pinion without defect Aéﬁ’hipped — the pinion with chipped tooth, Af .., —the pinion

with broken tooth.
As a result, the grown of the local defect leads to a monotonic increase magnitude of the A®. More-
over, that trend continues at other rotation frequencies of the pinion (Fig. 10).
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Fig. 10. The magnitude of the first harmonic of the pinion in angular acceleration for various local
defects. ‘Broken’ — the pinion with broken tooth, ‘Chipped’ — the pinion with chipped tooth,
‘Normal’ — the pinion without defects

The amplitude of the first rotation frequency component in angular acceleration is increased with the in-
creasing rotation frequency of the pinion. Moreover, the amplitude of the first rotation frequency component
for the faultless case has an almost linear dependence on the rotation frequency from 8 to 18 Hz (Fig. 11).
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Fig. 11. The magnitude of the first harmonic of the pinion in angular acceleration for various local

defects. ‘Broken’ — the pinion with broken tooth, ‘Chipped’ — the pinion with chipped tooth, ‘Nor-
mal’ — the pinion without defects, L}, — the linear function between the lower and the upper

rotation frequency

Moreover, the amplitude of the first rotation frequency component is below the corresponding value

of the bounding function LG, ( foinion ), Where fyiiq, is frequency of the pinion rotation (Fig. 12).

The function

pinion _
I-Normal ( fpinion ) - I(normal ’ fpinion +D

where K.oma — Slope coefficient of the bounding function, b, — constant displacement of
the bounding function.

For the experimental case

I(normal =1,3898, bnormal =—7,9864.

In turn, all values of the amplitudes of the first harmonic for each rotation frequency of each defective
case are more than the values of the bounding function L& ( f oinion ) . In addition, the values for both de-
fects cases are close to direct dependence on the rotation frequency as well as for the defect-free case. Thus,

pinion

a diagnostic criterion for detecting a local defect of the gearbox pinion is function L. The function

normal
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pinion __ . _ _ chipped
I-chipped - kborder ) fpinion + boordew kborder - knormal ’boorder = Dnormal + bshift

where kyqer — Slope coefficient of the criteria function, by, — constant displacement of the criteria

function b;’,?iif‘t’ped — constant displacement of the criteria function relatively the bounding function

Llellgrlﬁwgl ( fpinion ) :
For the experimental case (Fig. 12) b{PP*! = 0,5,
The difference between the values of the amplitude of the 'chipped pinion' and the value of the crite-

ria function LE°0 vacillates between 1 and 3.2 rad/s’ for different rotation frequencies. The difference

pinion

between the values of the amplitude of the 'broken pinion’ and the value of the criteria function L e

are between 10.6 and 14.3 rad/s® for different rotation frequencies.
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Fig. 12. The magnitude of the first harmonic of the pinion in angular acceleration for various local
defects at various rotation frequencies. ‘Broken’ — the pinion with broken tooth, ‘Chipped’ -

the pinion with chipped tooth, ‘Normal’ — the pinion without defect, Lo, — the criteria function

detecting of a ‘chipped tooth' defect at various rotation frequencies

The ICP-accelerometer (by PCB Piezotronics) was mounted on the gearbox body for comparing the
proposed approach with the traditional approach receiving diagnosis information (from a gearbox body).
The ICP-accelerometer has a 3-axis with a sensitivity of 100 mV/g. The linear accelerations were meas-
ured at the same rotation frequencies and with the same defects such as the proposed approach. How-
ever, the results show the magnitude of the first harmonic of the pinion in linear accelerations does not
depend on the rotation frequency and the defect (Fig. 13).
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Fig. 13. The magnitude of the first harmonic of the pinion in linear accelerations measured by the ICP-accele-
rometer (a — horizontal axis, b — vertical axis) for various local defects at various rotation frequencies. ‘Broken’ —
the pinion with broken tooth, ‘Chipped’ — the pinion with chipped tooth, ‘Normal’ — the pinion without defect

Moreover, the value of the magnitude for a ‘normal’ case is more than the values of a ‘chipped’ and
a ‘broken’ cases at some rotation frequencies.
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Discussion

The proposed approach allows clearly detecting the pinion local defect on the first pinion rotation
frequency. On the other hand, the local pinion defect information is hidden in data from the traditional
approach (from a gearbox body). Hence, the measurement angular acceleration from a shaft allows re-
ceiving extended information about the behaviour of the mechanical system. The application of the pro-
posed approach diagnosis allows detecting a local defect of the pinion, for example, ‘chipped tooth' type
easily. The approach dispenses without special signal processing methods unlike with the traditional ap-
proach. Nevertheless, the proposed approach requires an additional extended experimental investigation
for various types of gearbox with various mechanical loads. It will be the topic of the future research.
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nogxoa K AMArHOCTUKE 3YBYATbLIX NEPEOAY
HA OCHOBE MFHOBEHHOI'O YI'NIOBOI'O YCKOPEHUAA.
OKCNEPUMEHTAJIbHOE UCCNEOOBAHUE

B.B. CuHuyuH, A.Jl1. LLlecmakoe
FOxHO-Ypanbckuli 2ocyOapcmeeHHbIlU yHUsepcumem, 2. YensbuHck, Poccus

Beenenne. 3y0uarsie nepenaun ABISIIOTCS BAXKHBIMH YacCTSIMM NMPAKTHYECKH KaXKIOTO HCIOJI-
HUTEIFHOTO MEXaHW3Ma BO MHOTHX OTPACISAX MPOMBIIUIEHHOCTH. B CBSI3M ¢ 3THM MOHHMTOPHHT CO-
CTOSIHUS peAYKTOpa SIBISICTCS BaKHOW YaCThIO OOIIEro MOHUTOPHHTA COCTOSHHS MEXaHH3Ma B Ie-
oM. B cBoro odepenp BuOpanus — HanboJiee MPUMEHSIEMBIH UCTOYHUK JHATHOCTHYECKONH HHPOpMa-
U O TEXHHYECKOM COCTOSHHH HCIIOTHUTEIBHOTO MeXaHu3Ma. TpaIulIMOHHO BHOpAIUs U3MepseT-
Csl TIPH TTOMOIIIH aKCEIePOMETPOB, KOTOPHIC 3aKpeIUieHBl Ha Kopityce MexaHu3Ma. OHAKO aHAIH3
N3MEPEHHBIX CUTHAJIOB TpeOyeT NMPUMEHEHHs pa3sHOOOpasHBIX Pa3BHTBIX METOJOB 0OpabOTKH WH-
¢dopmaru. C 1pyroil CTOpOHBI, IPUMEHEHNE HOBBIX MOAXO0JI0OB K MECTY 3aKpEIUICHHS aKCelIepOMeET-
POB TIO3BOJIAET MOTYYHUTh JOTONIHUTEIRHYI0 HH)OPMAIHIO 0 TEXHMYECKOM COCTOSIHHH, a TAaKXKe YyII-
pocTuth mporiecc obHapyxeHus aedexkroB B MexaHmMax. Llesasn. IToka3aTs BO3MOKHOCTH IpUMe-
HEHHs HOBBIX ITOJXOJOB K MECTY 3aKpEIJICHHS aKCeIePOMETPOB U M3MEpSEeMON PaCIIMPSHHOW WH-
(dbopmanmu I TMArHOCTUKH KOpOoOKH mepenad. MaTepuasasl M MeToAbl. HoBOE MecTo KperieHus
aKCeIepOMETPOB — BPALIAIONINICA BaJl MEeXaHW3Ma. B cBOr0 ouepenb, JONOTHUTEIHEHBIH UCTOYHUK
nHGOPMALIUU — YIIIOBOE YCKOPEHHE BpAIIAIOIIeTocs Bajla. B mccineoBaHNM IPUBEACHO TEOpeTHYe-
CKOoe 00OCHOBAaHHE YTIIOBOTO YCKOPEHHs B KayecTBE MCTOYHHKA JMAarHOCTHYECKOH HMHQOpManuu.
Pesyabrarsl. VccienoBanue coepXUT SKCIEPUMEHTAIBHBIC Pe3yIbTaThl OOHAPYKEHUST HEUCTIpaB-
HOCTEH, TAKMX KaK «CKOJIOTBIN 3y0» M «clIOMaHHBIN 3y0» miectepHu. bosiee Toro, nccienoBanue co-
JICPKUT TPEIII0KCHHBIC KPUTESPHUH TSl BBISIBIICHUSI JIOKAJFHOW HEHCIPABHOCTH MICCTCPHU. 3aKJIK0-
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MpnbopocTpoeHne, MeTPONorus...

yeHHe. Pe3ynbTaThl SKCIEPHMEHTa M NMPUMCHEHHBIE KPUTEPHH ITOKA3BIBAIOT, YTO IIPEIjIaracMbIi
TIOJIXOJT TTO3BOJISIET YETKO OOHAPYKUTH JOKAIBHBIA Ne(eKT BEAyIIEro 3y0yaToro Kojieca Ha 4acToTe
BpaIllCHHS IEPBOTO 3y0UaTOro Kojeca Ha Pa3InYHbIX YaCTOTaX BPAIICHUS.

Kniouegvie crosa: ouaznocmuxa, axceiepomemp, 6ecnpo8oOHOl 0amyuK YCKOPEeHUs, 8pauarn-
wuticst 8an, pomopHoe 060pyoosanue, y2i080e YCKopeHue.
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3KCMEPTHO-TECTOBbIA MEXAHU3M KOMMNEKCHOW OLIEHKHU
KAHOWOATOB NP NOABOPE NEPCOHAJA

10.B. BoHdapenko™ %, U.B. Mopowko®, E.B. Bacunbyukosa’

" BopoHexckuli 20cydapcmeeHHbIlt mexHuyecKull yHusepcumem, 2. BopoHex, Poccus,
2 BopoHexckutli 2ocydapcmeeHHbill yHusepcumem, 2. BopoHex, Poccus,
® Ynusepcumem nipokypamypsi Poccutickoli ®@edepauuu, 2. Mockea, Poccusi

BBegenne. B ycrioBusiX HHTEHCUBHOTO MEPEX0/1a K BHICOKO MPOU3BOAUTEIbHBIM TEXHOIOTHSIM
PYKOBOJUTEII COBPEMEHHBIX KOMIAHUK 0c000¢ BHUMAaHHE YACISIIOT BOIpocaM (popMUPOBaHHS KO-
MaHJbl KOMIETEHTHBIX, TPAMOTHBIX COTPYIHUKOB. B 3TOH CBS3M aKTyalbHOW CTAaHOBUTCS 3aJadya
(hopMupOBaHHS aBTOMATH3MPOBAHHBIX MEXAaHM3MOB KOMIUICKCHOH OIICHKH KaHAWIATOB Ha BaKaHT-
HYIO JOJDKHOCTh KOMIIAaHHUH, TIO3BOJISTIONINX OKa3aTh pealbHYIO MOACPKKY B IPHHITHH 000CHOBAH-
HBIX KaJpoBbeIX pemieHui. Lleab uccaenoBanusi. Pa3paboraTh MeXaHU3M KOMIUIEKCHOW OIICHKH
KaHIUJIATOB HAa BaKaHTHYIO JOJDKHOCTh, OCHOBAHHBIM HAa CHHTE3€ DKCIEPTHOW MH(POpPMAIUU U pe-
3yJAbTATOB TECTUPOBAHHUS IO CIIEIUATBHO TOJOOPAaHHOMY JUISI KOHKPETHOW JOJKHOCTH MAaKeTy Tec-
TOB. MaTepuaJibl U MeTOAbIL. [Ipenmaraemprii MeXxaHU3M OCHOBBIBAETCS HA MCIIOJIb30BAHUH MaTeMa-
TUYECKUX METOJIOB ONTUMM3AIMH M 00paOOTKM HEYETKOW dKcrmepTHOW mHpopmanuu. Ha mepBom
JTare MexaHu3Ma (OPMHPYETCs MAKET TECTOB, 0OCCICUMBAIOMINAN ITOKPHITHE TPEOYEMBIX KadecTB
BAaKaHTHOW JOJDKHOCTH. sl ero peaiusaluu NpeajaraeTcs IBYXKpUTEpHalbHas 3ajada co clie-
JIYIOIIUMU KPUTEPUSMU: MUHUMH3ALUS KOJMYECTBA BKIIIOUEHHBIX B MAKET TECTOB M MAaKCHUMM3ALIHs
CYMMBI CTENIEHEH COOTBETCTBUS MAKETa TECTOB KayecTBaM JOJLKHOCTH. PelleHue 3a1auu ocyIiecTB-
JETCS METOJIOM B3BEIICHHBIX CYMM M MOAU(HUIIMPOBAHHBIM METOJIOM BeTBel U rpanuil. Ha ocHOBe
penieHus 3aaa4u GopMHUpyeTcs MaKeT TECTOB, MPOBEIEHUE TECTUPOBAHUS MO KOTOPBIM MO3BOJSET
c(hOpMHPOBATh YACTHBIC OLICHKH KAueCTB KaHIAMIATOB B PA3IMYHBIX JIMHTBUCTHUYCCKUX IIKajax.
B mensax monydeHuss KOJIMYSCTBEHHOTO 3HAYCHHS KOMILICKCHOM OICHKH dKCIepTamMu (HOPMHPYETCs
eZIMHasi TUHTBUCTUYECKAs IIKaJIa, TIO3BOJISIONIAs MEPEBECTH PE3YNIbTAaThl TECTUPOBAHUS B HEUETKUE
yucna. s (opMupoBaHHMsS KOMIUICKCHOW OIICHKM BBIOpaHa HeYeTKas MOAU(GHUKAIUS METona
TOPSIS. PesyabraTsl. Ha ocHOBEe (opMaIr30BaHHOTO OMHUCAHMS 3aJa4d MPUBOJUTCS DKCIEPTHO-
TECTOBBIH MEXaHW3M KOMIUIEKCHON OLEHKHM KaHIWJATOB, I Ka)KIOrO dTama KOTOPOIro OMMCAaHbI
0COOCHHOCTH W MIPEJCTABICHBI MaTEMAaTHICCKUE METOIBI peann3anun. i1 BHEIPCHNS MeXaHU3Ma B
MPaKTUYECKYIO eATCIFHOCTh KOMIAHHN pa3paboTaH MpOrpaMMHBIA KOMIUIEKC Ha s3bike Python.
3akmiouenue. [Ipeamaraemerii B paboTe MeXaHW3M BHEAPEH B NEATEIBHOCTH onHOU M3 UT-komma-
Hu# ropoja BopoHexa u moyiydus Xopolyro OLIEHKY CO CTOPOHBI ClieHUanucToB. PaccMoTpeH mpu-
Mep pabOTHI MPOTPAMMEI JUIS IOJDKHOCTH aHAJTUTHKA JaHHBIX.

Knouesvie cnosa: nodbop nepconana, KOMNIEKCHASL OYEeHKA, MeXAHUsM, mecm, mamemamuye-
CKUe Memoobl, HeuemKas UHGoOpMayusl.

Beenenue

B ycnoBusix BBICOKOM KOHKYPEHIMH U MHTCHCUBHOTO Pa3BUTHS UU(POBON SKOHOMHKH B yIpaBiie-
HUU COBPEMEHHBIMU KOMITAaHUSMH 0cO00€ BHHMaHHUE yHeJsieTcs KauecTBY TPYAOBBIX pecypcos. IIpo-
(heccroHaNM3M COTPYIHUKOB, TPAMOTHOCTh, BBICOKAs TMPOU3BOJUTENHHOCTD SIBISIOTCS (PyHIAMEHTOM
YCIICIIHOTO Pa3BUTHSI JIIOOOTO MPEINPUSATHA U OCHOBOHW €ro CIOCOOHOCTH OBICTPO agamTUpOBATHCS K
MEHSIFOIIUMCS YCIIOBHSM PBIHKA. B 3TOM CBSI3M akTyanbHOW cTaHOBUTCS 3a/ada (hopMUpoBaHUs dPQek-
TUBHBIX MEXaHU3MOB OIICHKH KaHIHMIATOB NpU TMOoAOOpe TepcoHana, CocOOHBIX OKa3aTh peallbHYIO
NOJ/ICPKKY PYKOBOACTBY KOMITAHUH B IPUHATHN OOOCHOBaHHBIX KaJpOBBIX pemenuit [1-5].

Kak npaBuno, k kaHanaaTaM Ha BaKaHTHYIO JOJDKHOCTH IPEABSBIAIOTCS ONpEACIeHHbIE TpeOoBa-
HUS, a CTENIeHh COOTBETCTBUA i KaHuIaTa ONpeaesseTcs WIM Ha OCHOBE Pe3yJIbTaTOB TECTHPOBAHMUA,
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BoHoapeHko 10.B., Nopowko U.B., AkcrnepmHo-mecmosbili MexaHU3M KOMIT/IEKCHOU
Bacunb4ukoea E.B. oueHKu kaHoudamoe npu nodbéope nepcoHana

WJIM JK€ Ha OCHOBE 3KCIIEPTHBIX CYXICHUH IO pe3ynbrartaMm cobecemoBanus. CUMTAETCS, YTO UCTIONH30-
BaHHE OOOCHOBAHHBIX, MPOBEPEHHBIX HA MPAKTUKE TECTOB 3HAYUTENHHO IOBBIMAET OOBEKTUBHOCTH
OLICHKH U SIBJISICTCS PKOHOMHYECKH 11€1eCO00pa3HbIM [6, 7].

Cpenu TecTOB, HCIONB3YyEMBIX TIPU TOAOOpE MepcoHasa, BRIACIAIOTCS TECTHI JOCTHXKEHUM, MpeaHa-
3HAYEHHBIE JJIs1 OLIEHKU YPOBHEH 00samanus mpo(ecCHOHATbHRIMY 3HAHUSIMU, HABBIKAMU U YMEHUSIMU, U
TICHXOJIOTHYECKUE TECThI (MHTEIUIEKTya bHBIC, TECThI CIIOCOOHOCTEH, CONMATBHO-TICHXOJIOTHYECKUE, JIHY-
HOCTHBIC). TeCThl TOCTIKEHHH, KaK IMOKa3bIBACT MPAKTHKA, B OCHOBHOM pa3palaThiBalOTCS BHYTPU Opra-
HU3aIM{ ¥ YHUKAIBHBL. [Icuxomorudeckue TecTbl, HA0OOPOT, TOAOUPAIOT U3 YKe U3BECTHBIX U allpoOupo-
BaHHBIX, COCTABJICHHBIX ONBITHBIMH TIcHXoioraMu. Cpeny HUX HarOoJiee MOy IIpHBIMU SIBIISTIOTCS [7]:

— T€CT Ha MBIIIJIEHUE U KPEaTUBHOCTH 1o MeToay Jxk. bpyHepa;

— MeToJuKa criocoOHocTH K camoynpasienuto H.M. Ileiicaxona;

— 1ect «KoppekrypHas mpoday» u T. II.

Ha ceropnsiinuii geHs pa3zpaboTaHO AOCTATOYHO OOJIBIIOE KONMYECTBO TICUXOJIOTHIECKUX TECTOB,
MHOTHE U3 KOTOPBIX OLICHUBAIOT KaHIUAATOB IO MEepeceKaroleMycsi Ha0Opy Ka4ecTB WM KOMIETCHITHIA
[7]. Berbop Takoro Habopa TeCTOB, C MIOMOIIBI0 KOTOPOT'O BO3MOYKHO C MUHHUMAaJIbHBIMU BPEMEHHBIMU H
SKOHOMHUYECKHUMH 3aTPaTaMU IMOIyYUTh OOBEKTUBHYIO OIICHKY COOTBETCTBHUS KAa4eCTB KaHIUIATOB Tpe-
OyeMoli TOJDKHOCTH, SABJSCTCS aKTyaabHOW, HO BMECTE C STHUM CIOXHOH 3amadei. Ee addexruBHOE pe-
menne TpeOyeT MPUBIICUSHUS MaTeMaTHUECKAX METO/IOB, @ BHEIPEHHE B MPAKTUKY YIIPABICHUS KOMIIa-
HUEH — pa3pa0OTKU MPOrPaMMHBIX MPOAYKTOB. PazpaboTke SKCHEPTHO-TECTOBOTO MEXaHW3Ma, MO3BO-
JSIOIIEro copMUpoBaTh KOMILICKCHYIO OIEHKY KaHAWAaTa Ha JOJDKHOCTh Ha OCHOBE (POPMHPOBaHUS
ONTUMAJILHOTO TaKeTa TECTOB M IMOCIEIYIONIeH MaTeMaTHUeCKol 00pabOTKH Pe3yNbTaTOB TECTUPOBa-
HUS, U TIOCBSIIICHA HACTOSIIAS CTAThsI.

1. Onucanue moaxoaa

Ilepeiinem x ¢opMalM30BaHHOMY ONMHCAHUIO 3a/la4yd. byneM mpeirnoiaraTh, YTO IS HEKOTOPOM
OTKPHITON BaKaHCHUU B KOMITAHUU C(HOPMUPOBAH MepeueHb 71 Ka4eCTB, KOTOPBIMH JOJDKEH 007a1aTh Co-
TPYAHUK, TAe [=1,...,n — TIOPSAKOBBI HOMEp KauyecTBa. MHOXECTBO KauyecTB OOO3HAYMM depes

K ={ky, ky,....k,} . Cpenu kadecTB MHOXeCTBA K MOIYT 3HAYMTHCS TAaKHe, KaK aOCTPAKTHOE MBIIILIC-

HHE, HHTEJUIEKT, yCTOHYNBOCTD U T. II.

ITycTs Ha JOMKHOCTH NPETEHAYIOT S KaHAUIATOB, TAe s =1,...,S — mopsakoBslii HOMep KaHIU/a-
Ta. 3aMETHM, YTO CPeJM KaHIMJAaTOB MOIYT OBITh KakK YK€ paOOTaloIlue, TaK M HOBBIE COTPYJHHUKH.
MHOKeCTBO KaHMAaTOB 0603HadunM depes H = {h, hy, ..., hg}.

W3Becten IEPEUCHb m TCCTOB, Ka)KI[bIﬁ N3 KOTOPBIX MOXKET OBITH MCITOJIL30BaH JJI1 OLICHKH COOT-
BCTCTBHUA KAa4YCCTB KaHauJgaTa BaKaHTHOM JOJDKHOCTH, j = 1, N (e HOpHI{KOBBIﬁ HOMCp TCCTaA. Mmno-

JKECTBO TECTOB 0603HaumMM depes T ={1,,,,..., 1, }.

Kaxzplii TecT 7; MOXET OLCHUBATD WM HE OLICHUBATH TpeOyeMoe kauecTBo ;. [Ipu sTom monara-
€M, YTO Ha OCHOBE MHEHUSI CIICIUATUCTOB OPTaHU3alUH (IKCIIEPTOB) MOKET OBITh c(hOPMHUpPOBaHA MAT-

pULla CTETEHEH COOTBETCTBUSI TECTOB KayecTBaM JIOJKHOCTH Dz(dij), rne i=1,...,n, j=1,...,m.

OneMeHT Matpulibl 0 < dij <1 moka3bIBaeT, B KaKO#l CTEIICHH TECT ¢ ; TO3BOJIACT OLEHHTH Ka4eCTBO k;.

Taxk, ecnu Tect ¢ , He IpeJHa3HAYCH JUIsl OLCHKM KayecTBa k;, 1O dij =0, a ecnu mpegHa3HAYEH, TO dl-j

MPEACTaBiIsIeT CO00M KOJIMYECTBEHHYIO OLIEHKY CTETIEHH JOBEPHS IKCIIEPTOB pe3yiIbTaTaM TecTa.

Tpebyemcs chopMupoBaTh MEXaHHU3M KOMIUICKCHOM OLICHKM KaHIUIATOB HAa BAaKAHTHYIO JOJIXK-
HOCTh, OCHOBaHHBIN Ha 00pabOTKe Pe3yIbTaTOB TECTUPOBAHUS T10 MTAKETY TECTOB.

Jannas 3aa4a o0saaeT UENIbIM PSIJIOM OCOOCHHOCTEH, CPeI KOTOPBIX BBIICIIAM CIIETyOIIHe:

— YHCJIO0 TECTOB, MO3BOJISIOIIMX OLEHUTHh Ka4eCTBA KaHAWIATOB, JOCTATOYHO BEJIMKO, U pa3HbIE Tec-
TBl MOTYT OLICHUBATh IIEPECEKAIOIINECS MHOXKECTBA KadecTB. [Ipn 3TOM KaKIbli TECT COAEPIKUT BHY-
MIMTEIEHOE YUCIIO BOIIPOCOB, OTBETHI Ha KOTOPBIC TPEOYIOT BPEMEHHBIX 3aTPaT U YCHIINHA KaHAUIaTOB;

— pe3ynbTaTOM TECTUPOBAHUS SIBJIAIOTCA JUHTBUCTUYECKHE OLICHKH KaHIWAATOB, YTO YCIIOKHSET
(opMHpOBaHNE KOJIMYECTBEHHON MHTETPaJIbHOM OLICHKH, HA OCHOBE 3HaYCHUH KOTOPON OCYILECTBIISET-
Cs1 IOCJIEAYIOIIMM ITPUEM HAa BAKAHTHYIO JOJIKHOCTb.
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[IpencraBnenHbie 0COOEHHOCTH MBI TIPEJIaraéM y4ecTh B IpeJiaraeMoM dKCIEPTHO-TECTOBOM Me-
XaHU3Me KOMIUIEKCHOM OLICHKH KaHAWJAaTOB, BKIIFOYAIOMIEM CIICAYIOMUEC YKPYITHCHHBIC STallbI.

Oman 1. DopMuUpOBaHHE MTAKETa TECTOB, 00ECIIEUNBAIOIIETO TTOKPHITHE KAYSCTB BAKAHTHOM JTOJIXK-
HocTH. [Ipy 3TOM YMCIIO TECTOB B MakeTe JOHKHO OBITh MUHUMAJBHEIM, 2 CyMMa CTEIIEHEH COOTBETCT-
BUs ITIaKE€Ta TECTOB Ka4yeCTBaAM JOJIZKHOCTH — MaKCHUMaJILHOM.

Oman 2. IIpoBeneHre TECTUPOBAHUS 110 KaXKIOMY M3 OTOOpPaHHBIX B MMAKET TECTOB, MOJIYYCHUE pe-
3yJBTATOB B PA3JMYHBIX JIMHTBUCTUYECKUX IIKAJIAX.

Oman 3. GopmupoBaHre 0000IIEHHONW JTUHTBUCTHYECKOH IIKAJBI, IEPEX0]] K HEYETKUM OICHKAM
Ka4yeCTB KaHAUAATOB.

Oman 4. PacueT KOMIUIEKCHOHW OIIEHKH COOTBETCTBHUS KaHIWAATa BAKAHTHOM JOJDKHOCTH, UHTEp-
NpeTalus pe3yabTaToB.

[IpakTHdeckyro peanu3amuio TEepBOrO 3Tana ajlropuTMa IMpeiaraeTcsi OCYIIECTBISATh HA OCHOBE
PELICHUS O8YXKPUMEPUATLHOU 3a0adl hOPMUPOBAHUSI NAKEMA MeCO8.

s hopManbHOTO ONMMCaHUS 33]Ia4H BBEJIEM IUCKPETHEIE IEPEMEHHBIC

1, ecnmu TecT j BKIIIOUAETCS B MAKET,
/=10, uHaue.

Torpa ABYXKpHUTEPHAIBHYIO 3a1auy (GOPMUPOBAHMS MAKETa TECTOB MOYKHO 3aIlUCATh CIIEAYIOIINM
o0Opa3om:
m

_lej — min, (D
j=

m n

Elzldij -X; —> max, 2)
m

Zlay.'ijI, i=1,...,n, 3)
j=

x; €{0,1}. (4)

Orpannuenue 3agauu (1)—(4) o3HauaeT, 4TO KaXKJ0€ KaYECTBO JODKHO OBITH MOKPHITO (OIIEHEHO)
xots Obl oxHuM TecToM. [Ipn sTOM mapamerp a; = 1, ecin TecT f; OUCHMBACT KavecTBO k;, U a;=0
WHave.

Pemenne nByxkputepuanbHoil 3amaun (1)—(4) mpemmaraeM HCKaTh METOJIOM B3BEIICHHBIX CyMM
[8, 9]. st aTOTO BBEAIEM B PACCMOTpPEHHE MapaMeTp o — KOA(P(GUIMEHT BaXKHOCTH NIEPBOTO KPUTEPHS
3agaun (1), rme 0 < o <1. COOTBETCTBEHHO BaYXHOCTH BTOPOTO KPUTEPHSI COCTaBIsIET B =1— L.

Torna pemenue 3amaun (1)—(4) CBOAUTCS K PEIICHUIO CIASAYIOMEH 0THOKPUTEPHATLHOM 3a0a9n:

m m n
@Y x,~(1-a)- X Y d;-x; - min, )
j=l j=li=l '
m
Zaij~xj21, i=1...,n (6)
=l

3anaya (5), (6) sBIsAETCS B3BEIICHHOM 3aaueii 0 MUHUMaJIbHOM NOKpBITUH [10], u st ee pemieHus
npejiaracTcs aaropuT™, MPEACTaBIAIONIME Moau(UKAIMI0 MeTona BeTBed W rpanuil. OcoOeHHOCTH
peal3anyy alropuT™Ma 3aKIIF0Yar0TCs B CICIYIOIIEM.

1. Cpeau cTONOLIOB, HE MMEIOLIUX HMHIEKCA, HAXOAMTCSA CTOJIOCIH, OOIagaroIiuii MaKCUMallbHOU
MOIIHOCTBIO p; . MOIHOCTS CTONONA B JAHHOM Cily4ae NPUHAMACT 3HAYCHHE

n
pj:adij‘

3HaveHHE WHJIEKCA YBEIMYMBACTCS HA €IUHUILY, a TAKXKe CTOJIOITy MmpucBanBaeTcs MeTka. [IokphI-
BaeMbI€ UM CTPOKH 3aHOCATCS B MHOXECTBO MOKPHITHIX CTPOK.
2. HaxomuTcs oligHKa TEKYIIEeTo pemeHus:

L=a-Sx,~(-0) 5 d; x;,
J

ji=l
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rZe j — HoOMepa CTOJOLOB, MMEIOIIUX METKY, U CTOJIOLIOB, HEOOXOIUMBIX ISl IOKPBITHSI HEMOKPBITHIX
ctpok. [locnenHue BEIOMpPAIOTCS MO MpaBHly: MUHUMAIbHOE YUCIIO CTOJIOIOB, HE UMEIOIINX HHAEKCa, B
KOTOPBIX KOJIMYECTBO IIEMEHTOB d;; >0 0OJIbIIE UM PABHO YMCITY HEIIOKPBITBIX CTPOK.

3. IlposepsieTcs, ecnu oueHka L, > L, rae L, — OLEHKa IPEIbIAYIIEro PeUIeHus, TO MEPEXOJAT K
IYHKTY 4, MHa4e, €CIIM HE BCE CTPOKHU IOKPBITHI, BO3BpaIlarTcsa K myHkTy 1. Ileponagansno Lj =0.
Ecnm sxe L; <L, M BCe CTPOKHU IOKPHITHI, TO (POPMHPOBAHHE OYEPEHOTO JOMYCTUMOIO PELICHHS 3a-
KOHYEHO. B 9TOM cilydae 3allOMHHAIOT HOMEpa MOMEYEHHBIX CTOJIOLOB U OLEHKY L, M NepexomsT K

MIPOBEPKE PEIIeHUs Ha ONTUMAIILHOCTb.

4. IlpoBepseTcs, UMEET JTU METKY CTOJIOCII, BKIIFOUEHHBIN B pellieHue nocineqauM. Ecnm na, To mMet-
Ka C HET0 CHUMAEeTCs, COOTBETCTBYIOLINE CTPOKU CUHUTAIOTCS HEMOKPBITHIMHU, U MEPEXOAAT K MyHKTY 2.
Ecmm CTOJ'I6eIl, BKJIIOUEHHBIN B pemCHUC MOCICAHUM, HC UMECT MCTKH, TO C HCTO CHUMACTCA MHACKC.

5. [IpoBepsieTcst HanMuue CTONOIOB C WHACKCAaMH. ECITU TakuX HET, TO UCCIEIyeMOe pelieHHe OTl-
TUMAaJIbHO, HHAYE — MEPEX0] K MyHKTY 4.

Pesynbrarom pemenus 3amauu (5), (6) (COOTBETCTBEHHO, 3Tana 1 AKCIEPTHO-TECTOBOTO MEXaHU3-

Ma) SBJISCTCS ONTUMAIbHBIA IaKeT TeCcToB 1 '= {tl, tyyeuos tG} c T, tne G — 9UCIO TECTOB, OTOOPAHHBIX

HadTame 1, G < m.

Kaxxprif mpeTeHIeHT Ha BAKAaHTHYIO JOJDKHOCTH IPOXOJIUT TECTHPOBAHKE IO TeCTaM MHOXKecTBa 1.
[To xaxxgoMy TecTy KaHAWAAT HAOWpaeT OIpeeNIeHHOEe KOJIMYECTBO OalioB, KOTOPHIM JIAeTCs WHTEp-
MpeTanus B JMHTBUCTHYECKOI 1mKkane. [IpudeM gucio rpagamuii mkaia B pa3InyHbIX TECTax, Kak MpaBH-
1o, otnuuaercs. Hanpumep, B Tecte [x. bpyHepa ypoBeHb KpeaTUBHOCTH U 0a30BOTO MBILUICHHS Pa3-
OuBaeTcs Ha TpU MHTEpBaja: HU3KUH ypoBeHb (0T 0 1o 5 6amioB); cpennuil ypoens (0T 6 10 9 6annos);
BbICOKHH ypoBeHb (0T 10 mo 15 6amioB). B Mmeroauke ciocobHocTH K camoympasienuo H.M. Ileiicaxosa
pe3ynbTaThl AENATCA IO TSITU TpajalisM: HU3KUN, HIDKE CPEeIHEero, CpPeJHHI, BBIIIE CPEIHEro, BhICO-
Kuid. ECTeCTBEHHO, YTO IUIsl BO3MOXXHOCTH IMOCTPOEHHS KOJIMYECTBEHHOM HHTErpalbHON OLIEHKH Ka-
YecTB KaHAWaTa pe3yabTaThl TECTUPOBAHUS B PA3IMYHBIX IIKATaX JODKHBI OBITh MPUBEICHBI K €TUHON
mkane uamepenus [11, 12].

Bynem momarate, 4TO 3KCHEPTHl MOTYT CONOCTAaBUTH PE3YJIbTaThl TECTHPOBAHMS TPEOOBAHHSM,
MPEIbABISIEMBIM K KaHIUAATY Ha JOJDKHOCTB, M MIPEJICTABUTh OLIEHKY COOTBETCTBUS Ka)KJIOrO JIMYHOTO
kauecTBa k; € K kaHaunarta h, € H B NIMHrBUCTHYECKOM mKane CaaTu ¢ rpafalMsaMHu: CIMIIKOM c1a0o;
c11ab0; HeMHOTO c1a00; yIOBIETBOPUTENLHO; HE OYEHB XOPOIIIO; XOPOIIO; 0YeHb Xopoo [12].

JanpHeiimas oOpaboTKa pe3yabTaToB TECTUPOBAHUA (3Tan 4 MexaHn3Ma) IpearnosaraeT mpeodpaszoa-
HHE JJMHTBICTUYECKUX TIEPEMEHHBIX B HEUETKHUE TpareneBruaHbIe uncia [ 13], aro mpeacrasieHo Ha puc. 1.

o) 4 O4eHb
CITMILIKOM HEMHOT'0 HE OYEHb
cnabo cnabo X0po1Io XOpoIIo
crabo Y/IOBJIETBOPHTENBHO Xopouro

L

0
0 1 2 3 4 5 6 7 8

Puc. 1. peo6pa3oBaHne NMHIBUCTUYECKUX NEPEMEHHbIX B HEYETKME Yncna
Fig. 1. Converting linguistic variables to indistinct numbers

\4
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Takum oOpa3oM, OyJeM CUMTaTh, YTO KaXJIOMy KayecTBY k;, KaHAuara A, 1O pe3ynbTaTaM TecTa ly

IMOCTaBJICHA B COOTBETCTBUE OLICHKA, BbhIpaKxacMas TpalCuE€BUIHBIM HEYETKUM YHCIIOM
s _ {8 s K K

Rl-g = (al-g, bl-g, Cigs dl-g )

HOCKOHBKy OIHO U TO K€ Ka4e€CTBO MOXKET OLITH OLICHCHO II0 pa3IMYHbIM TECTaM M 3TH OLCHKH B
caMOM 06H_I€M cJiyda€ MOT'YT pa3jin4arbCsa, TO MHTCTPAJIbHYIO OLICHKY Ris KayeCcTBa ki KaHauaara hs
npeajaaracM pacCUuThIBaTh 110 CHeleIOHleP'I Q)OpMyHei

DS —S .S =S 78§

R =(al- b ,c L d; ),

1
—s g K} 7.8 g K} =5 g s 7S g s g
a4 = 2 Vig g, b = 2 Vg 'biga G = L Vg Cigo di =% Vig 'diga Vig :dig 2 dy.
g=l1 g=1 g=l1 g=l1 I=1

®opmupoBaHNE KOMIUIEKCHOM OIEHKH KaHIWAATOB MpeangaraeM ocymecTsaars merogoM TOPSIS,
MoJIUpUKAIUS KOTOPOTO MPUMEHUTENHFHO K TpobJeMe OIIeHKH TepCoHaa moapoOHO omucana B pabo-
Te [14].

[IpuBeneM OCHOBHBIE IIATH aIropuTMa HedeTkod Momudukaunu meroga TOPSIS ¢ yderom oco-
OeHHOCTEH penraeMoi HaMu 3aJJauH.

Illaz 1. DopMupoBaHUE IKCIIEPTHON KOMHUCCHEN BEKTOPa BECOB BaXKHOCTH KPUTEPHUEB (KAUECTB):

w=(w1,w2,...,wn),

n
rae Y w; =1.
i=1
Hlacz 2. [1ns KaXX0Tr0 3HAYEHUS (=1, ...,n PACCUUTHIBACTCS B3BEIICHHAS OLICHKA:

Ris = (ais’ bis’ Eis’ dis)’
roe a; =a; -w, b’ =b"-w;, ¢; =¢ -w, d; =d; -w,.
Illaz 3. Hopmanu3zaius B3BEIIICHHBIX OLICHOK Ha ocHOBe MeToAa Hsu u Cehn [15, 16]:
R =(a.5:.¢ .4 ),
rie @ =a' [df B =b'[d}, & =¢'[d}, d} =d; [d} , df =max{d}}.
s
Ilaz 4. PaccunThiBatoTCs:

— WJeanbHOE HeraTuBHoe pelenue X, = min{dis } ,i=1...,m
S

— njeanbHOE MO3UTUBHOE peleHne X, = max {df} =1.
S

Iaz 5. Pacuer pacCTOSIHUM OT OLEHKHU KaXKJI0r0 KaHJAuAaTa A0 UJ1ealIbHOTO HETATUBHOTO PELIEHUS:

e 5= (81 i e (- )

Ilac 5. Pacuer paCCTOHHI/Iﬁ OT OLCHKU KaXXAO0T'0 KaHAuAaTa 10 UACAJIbHOTO ITO3UTUBHOI'O PCHICHUA!

rie p; = l((ﬁf —X,f)z +(5is _X"Jr)z +(EI'S _X"Jr)z +(sz _X;r)zj'

4
Illaz 6. PacueT KOMIIJIEKCHON OLIEHKH COOTBETCTBHS Ka)KI0I0 KaHIUAaTa BAKAHTHOMN JOKHOCTH:
D-
— S —
(p(S) = =0 S—l,..., S.
Ds - Ds

IHllaz 7. PamxupoBaHue KaHIUAATOB 10 BO3PACTAHUIO KOMIUIEKCHOHN OlleHKH. BpIOOp Hammydiero
KaHIWJaTa, UHTErpaJIbHAst OLEHKA KOTOPOI'0 MaKCUMalIbHA.
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2. IlpakTH4yeckne pacyeTsl

Jnst mpakTryeckoil peanu3aluy OpeaIaraéMoro 3KCIepTHO-TECTOBOI'0 MeXaHu3Ma pa3paboTaH
MPOrpaMMHBIN KOMIUIEKC, TO3BOJISIIOIINN aBTOMAaTH3UPOBATh BCE 3Talbl MexaHusma. s peanusza-
MK MPOrPaMMHOTO KOMILJIEKCa MCIOJIb30BaH sA3bIK Python u mHTErpupoBaHHas cpena pa3pabOTKH
PyCharm 2.3.

PaccmoTpum npumep pa®oThl porpaMMsl Ui 0TOOpa KaHAWAATa Ha AOJDKHOCTD aHAJTUTHKA JaH-
HbIX ogHoi n3 UT-komnanuii r. Boponexa.

OT10op KaHAUAATa HA JOJKHOCTh B KOMIIAHWHU OCYLIECTBIISCTCS HA OCHOBAaHUH OLICHKH CIEAYIOIINX
TPYII Ka4eCTB:

— MHTEIUIEKTyalbHbIe (BHUMAaTeIbHOCTh k11, cTpykTypupoBanHOe MbluieHne k12, ananuTiuyeckue
criocooroctr k13, naTtemiext k14);

— nenoBble (moOpocoBecTHOCTH k21, HaxomumBocTh k22, oTBeTcTBeHHOCTH k23, TpeboBaTenbHOCTh
k24, opranmuszaropckue criocoOHoctu k25, HactoitunBocts k26, kpearuBHOCTh k27);

— SMOIIMOHANBHO-BOJNIEBbIe (BaymMunBocTh k31, pasapaxkurensHocTh k32, arpeccuBHocTh k33,
ctpeccoycToiunBocTh k34, acceptuBHocTh k35, paccymurenbHocTh k36);

— KOMMYHUKAaTHBHbIE (KOMMYyHUKaOenbHOCTh k41, ymeHue yeTtko ¢opmynupoBarh Mbicau k42,
ymenue yoexnats k43, numiomatuanocts k44);

— MMYHOCTHBIE (00BEeKTUBHOCTH k51, panmoHansHOCTh k52, cucremMatudaHoCTh k53).

[omHbI# CITUCOK TECTOB, TO3BOJISIONINX OIICHUTH KadecTBa KaHHU/aTa, PUBEJICH Ha pHC. 2.

[NonHbIA cnucok TecTo

1 TecT «KoppekTypHaa npoba»
2 TecT «Tabnuua lNopboea-lUyneTe»
3 MeToguka «nepenyTaHHbIE NUHWUAD
4 MeToauka «paccTaHOBKA YWMCEn»
5 MeToguka MioHcTepbepra
6 KpaTkni oTOopodYHeii TecT KOT
7 TecT cTpykTYpL! MHTeNNekTa (TSI) P. AmTxayapa
8 TecT Ha MLILLMEHWE W KpeaTUBHOCTL No meToay [k BpyHepa
9 MeToaunka cnocobHocTh K camoynpaeneHuo (H.M. lNefcaxos)
10 MeToaunka MHOrogakTopHoro nccnenoBadna nudHocTH P .KetTtena (16PF - onpocHUK)
11 [lporpeccHBHeIe MaTpULULl PaBeHa
12 OnpepneneHwe ctuna obyyeHWA W oBLLEHWA MO ONPOCHUKY ToppaHca
13 TecT MHTENNeKTYansHoro noTeHuwana (. Pxudyan)
14 MeTognka onpefeneHnA NCHUXONOrMYeCKol XapakTepucTUKM TeMnepamMeHTa
15 OuarHocTMKa BONEBOro camoKoHTponAa Al 3eepekoea W E.B. 3igmaHa
16 MeToOvka NWYHOCTHAA arpeccMBHOCTL W KOHNMUMKTHOCTE (MnbuH ET1., Koeanes IM.A )
17 MeToguvka NMYHOCTHOrO anddpepeHumnana
18 MeToawka «BrIABNEHWE KOMMYHUKATWBHBLIX M OPraHW3aTOPCKWUX CKMOHHOCTEN?
19 TecT «CounansHeli MHTENNekT? [ngopaa
20 TecT "KpeatuBHocTs" (BuluHAKoBa H.)
21 OnpocHWK KpeaTWBHOCTK [DKOHCOHA, B Moguukaumn E. TyHMK
22 MeTognka MMNYNECUEHOCTh
23 MeToOvka auarHoCcTUKKM arpeccuBHOCTA A. AccuHrepa
24 OnpeneneHne MHTerpaneHblX (DOPM KOMMYHWEaGTWBHORW arpeccuBHocTH (B.B. Boiiko)
25 MeToguvka onpefeneHnA cTPecCoyCTORYMBOCTH M COLMansHoOW ananTtauun Xonmca U Pare
26 MeTogwka «[lnarHocTuka puraHocTu® ([ AR3eHK)
27 MeToavka OWarHoCTUHM OLEHKWM CaMOKOHTponA B obweHnn M. CHalpepa
28 TecT Bekcnepa
29 MeToOwka OWAarHOCTUEM NMAYHOCTW HA MOTHUBALWID K yenexy T. 3nepca
30 MoTueauua npodpeccrnoHansHoi geaTensHocTH K. 3amcup B mogudmkaunmn A PeaHa
31 MeToOuka QWarHocTUKM YPOBHA 3MOLMOHansHoro Beiropadua B B. Boliko
32 OnNpoCHWK 3MOLUWOHANEBHOMO BeliropaHiuA Macnay MBI
Puc. 2. MonHbIM cnucok TecToB
Fig. 2. Complete list of tests
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Ha puc. 3 mokazaHsl pe3ynbTaThl paOOTHI MIEPBOTO 3Talla MEXaHW3Ma M, COOTBETCTBEHHO, IIPOTpaM-
MEI. [IpoBeneHHbIe pacueThl MOKa3aiH, 9To U3 32 TECTOB JJIA TECTUPOBAHUS KAaHAMIATOB HA TOJDKHOCTD
aHAJINTUKA JaHHBIX 0TOOPAaHO 6, YTO CYIIECTBEHHO MEHbIIIE UCXOIHOTO KOJIUUECTRA.

TecT «KoppekTtypHasa npoba»

TecT cTpykTYpbl MHTENNekTa (TSI) P. AmMTxayspa

TecT Ha MbIWNEHWe U KpeaTUBHOCTL No MeToay k. bpyHepa

MeTopuka MHorodakTopHore uccnegoeaHua nudHocty P.Kettena (16PF - onpocHuk)
[warHocTuka BoneBoro camokoHTpons A.l. 3Bepbkoea u E.B. 3iigmanHa

MeToguka nuyHocTHOro guddbepeHymana
MeToauka «BbiABNeHWE KOMMYHUKATMBHBIX M OPraHM3aTOPCKUX CKNOHHOCTEN»

QOueHka = 101

Puc. 3. PesynbTathbl BbiGOpa naketa TecToB
Fig. 3. Test Package Selection Results

Ha puc. 4 u 5 npuBeneHs! pe3ynbTaThl TECTUPOBAHMS OJHOTO U3 KaHAWAATOB 10 MAKeTy U3 6 TeCTOB
B (hopMe JTMHIBUCTUUECKUX 3HAUYCHUN M HEUETKUX TPAICLEBUIHBIX YHCEL.

I3 hl
f OueHkn KaHINZaTOE MO 0TODPAHHEIM TECTEM (IMHTEMCTHHECKME 3HAHEHWA) . —_— lilﬂlg
-

HE QYeHb XopowWwo Xopowo - o - - -

HE O4eHb X0powWwo HemHoro cnado o

He OYeHb XOpOLWD OUEHE XOpOWo

HemHaoro cnabo
OUEHE XOpOWO
- X0powo
HE DYeHb X0powWwo - XOpaWo
- HeMHora cnafio XOpOLWo

- - - XOpoWo
¥opowo Xopowo
HE OUEHb XOpOWD -
HE 0YEHb XOpoWa - -

|
|
|
|
|
|
|
|
|
|
|— - - - - XOpowo
|
|
|
|
|
|
|
|
|

Xopowo
- HE DUEHb XOpOoW D Xopowo
OUYEHb XOPOWD - - OUEHE XOPOLD
Xopowo
HE QYEHE XOpOwWo - HE QUEHE XOpOW D HeMHore cnade
Xopowo HE OUEHb XOpOwWa -

- XOpOWO
HemHaoro cnado
0YEHb XOPOLWO X0powo - - 04YEHb XOPOLD
HemHoro cnado - -
0UEHb XOPOWO HEMHOro cnado HeMHoro cnado

= - 4

Puc. 4. PeaynbTatbl TECTUPOBaHUA KaHAMAATOB B (hopMe JIMHIBUCTUYECKUX 3HAYEeHUN
Fig. 4. Results of testing candidates in the form of linguistic values

Ha ¢uHanpHOM 3Tane paboThl IPOrpaMMbl BEIBOIATCS PE3Y/IbTaThl 00Pa0OTKH HEYETKUX PEe3yJIbTa-
TOB MPOXOXKICHUS TECTOB, BKIIOYEHHBIX B ONITUMANIBHBIN HA0OP, BEIOPaHHBIM KaHIUAATOM (CM. pHC. 5).
Ha ocHOBe MOJTy4eHHBIX Pe3yJbTaTOB MOKHO CIeNaTh BBIBOJIBI O NMPEAIMOYTHTEILHOCTH KaHAMAATa Ha
JOJKHOCT.
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@ CueHkwn kanamaaTa =11= Y

PaccroAHue 00 ugeanbHOro Hamny4uwero peweHua: 3001.61
PaccrofHue 00 ugeanbHOro Hauxyauwero pewexnus: 410.58
Ko3dhruymeHT npeanoYTMTENbHOCTH: 0.12

Yem bnuxe kKoagghuyueHm npednoymumensHocmu K 1,
menm npednoymumernsHee kaHoudam

Puc. 5. BbiBogbl 0 npeanovTuTenbLHOCTM KaHaMApaTa B uMcnoson oopme
Fig. 5. Conclusions on candidate's preference in numerical form

Takum oOpa3om, B pe3yibpraTe padoThl MPOrpaMMBI MOJTy4eHa KOMIUIEKCHAsl OIleHKa KaHIuIaTa mo
HAaKeTy TeCTOB, 3HaYeHHe KoTopoi coctasisieT 0,12. [TockobKy JaHHOE 3HAYECHHE SIBIISIETCS JIOCTATOY-
HO 6.HI/13KI/IM K HYJIIO, TO MOXXHO CACJIaTh BbBIBOJAbI O HU3KOM COOTBCTCTBHMU Ka4C€CTB KaHAHWJaTa BaKaHT-
HOM JTOJDKHOCTH aHAJHMTHKA JaHHBIX.

3akiouenune

B HacTosImei cTatbe mpeanaraeTcs SKCIEPTHO-TECTOBBIN MeXaHn3M (OpPMUPOBaHHE KOMILUIEKCHOM
KOJIMYECTBEHHON OIICHKH KaHIUIATOB HAa BAaKAHTHYIO IOJDKHOCTh KoMmnaHuu. OCOOSHHOCTBIO MPEIIo-
JIaraeMoro IMOJX0Ja SBJSETCS HCIOIb30BaHHE MAaKeTa TECTOB, YTO IMOBBIMIACT Ka4eCTBO M IPPESKTUB-
HOCTb OIICHKH. /{151 BhIOOpa ONTHMANBHOIO IaKeTa TECTOB OLICHKH KaHIUAATOB COPMHUPOBAHA JBYX-
KpuTepuanbHas 3a/1a4a, KOTOpas CBOAWTCS K B3BEIIEHHOH 3amave o panie. lanpHeiimas o6paboTka pe-
3yJIBTAaTOB TECTUPOBAHUS OCHOBAaHA HAa TCOPHH HEUETKUX MHOXKeCTB. KoMriekcHas OIleHKa KaHIUIaTOB
dbopmupyetcss MoaupunupoaHHeiM MetogoM TOPSIS. [l npakTuyeckod peanu3alMd MeXaHU3Ma
pa3paboTaH mpOTrpaMMHBIN KOMITIEKC, MO3BOISIONINN aBTOMATU3UPOBATh IIaru aaroputMa. [Ipakrude-
CKOE€ MPUMEHEHUE MPOrpaMMHOI0 MPOAYKTa B AearenbHocTH U T-komnanuu r. Boponeka mo3Bosuio
ceNaTh BBIBOABI O MPAKTHUCCKOW 3HAYMMOCTH IIPEjIaraeMoro MoAX0/da W BBISBHIO HAIpPaBICHUS €r0
JanbHEHIIETo pa3BUTHSL.
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EXPERT-TEST MECHANISM FOR INTEGRATED ASSESSMENT
OF CANDIDATES IN RECRUITMENT OF PERSONNEL

Yu.V. Bondarenko™  bond.julia@mail.ru,
1.V. Goroshko®, garrygo@mail.ru,
E.V. Vasilchikova', evasiltikova@vgasu.vrn.ru

" Voronezh State Technical University, Voronezh, Russian Federation,
2\/oronezh State University, Voronezh, Russian Federation,
3 University of the Prosecutor of the Russian Federation, Moscow, Russian Federation

Introduction. In the context of an intensive transition to highly productive technologies,
the leaders of modern companies pay special attention to the formation of a team of competent,
competent employees. In this regard, the task of creating automated mechanisms for the integrated
assessment of candidates for the vacant position of a company, which allows providing real support
in making informed personnel decisions, becomes urgent. Aim. To develop a mechanism for
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a comprehensive assessment of candidates for a vacant position, based on a synthesis of expert in-
formation and test results for a test suite specially selected for a particular position. Materials and
methods. The proposed mechanism is based on the use of mathematical methods of optimization
and processing of fuzzy expert information. At the first stage of the mechanism, a test package is
formed that provides coverage of the required qualities of a vacant position. For its implementation,
a two-criteria task is proposed with the following criteria: minimizing the number of tests included in
the package and maximizing the sum of the degrees of compliance of the test package with the quali-
ties of the position. The problem is solved by the method of weighted sums and the modified method
of branches and boundaries. Based on the solution of the problem, a test package is formed, testing
on which allows you to formulate private assessments of the qualities of candidates in various lin-
guistic scales. In order to obtain the quantitative value of a comprehensive assessment, experts form
a single linguistic scale that allows you to translate test results into fuzzy numbers. To form a com-
prehensive assessment, a fuzzy modification of the TOPSIS method was chosen. Results. Based on
a formalized description of the problem, an expert-test mechanism for a comprehensive assessment
of candidates is given, for each stage of which features are described and mathematical methods of
implementation are presented. To implement the mechanism in the practical activities of companies,
a software package in Python was developed. Conclusion. The mechanism proposed in the work
was introduced into the activities of one of the IT companies of Voronezh and was well appreciated
by specialists. The paper considers an example of the program for the post of data analyst.

Keywords: personnel selection, integrated assessment, mechanism, test, mathematical methods,
fuzzy information.
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MATEMATUYECKUE METOAbl MHOIMOKPUTEPUAJIBHOI'O
OUEHUBAHUA NPUBJEKATEJNIbHOCTU NPOEKTOB

C.A. bapkanos, A.FO. Nywkos, C.1A. Moucees
Boponexckuli cocydapcmeeHHbil mexHudeckul yHusepcumem, 2. BopoHex, Poccus,

Beenenue. YpasineHue NpeJIpUATUSIMHE U OPTaHU3ALMSIMU IIPU IIOMOILU IIPOEKTOB — 3TO CO-
BPEMEHHBIN ITOJX0J B MEHEKMEHTE, KOTOPBIH MO3BOJIUT COBPEMEHHBIM MPEAIPUATHIM 3P eKTrB-
HO pa3BUBaThCs. B pe3ynbpTaTe NpOEKTHOM AEATEIbHOCTH IPEAIPUIATHS OJHUM U3 OCHOBHBIX 3TallOB
SIBISIETCSI OIIEHKAa M 0TOOP JIyHIINX NPOeKTOB U3 uMmetomuxcs. Lleas uceaegosanus. Onncanue Ma-
TEMAaTHYECKHX MOJENEH M CIIOCOO0B MX pealn3aluy Ul MOJYYEeHHs MHTETPAIBHBIX OLIEHOK IpH-
BJIEKAaTEJILHOCTH NpOoekToB. MaTepuaibl U MeTo/bl. B paboTe onmcaHbl METOIBI MHOTOKPUTEPH-
aNbHOIO OLICHUBAHMS MPOEKTOB. PaccMOTpeH TpaaAWIMOHHBIN afAUTUBHBIA METOJ, KOTOPBII MIMPO-
KO PacnpOCTpaHEH IpPU OLEHKE MPUBIEKATENBHOCTU MPOEKTOB. AJIBTEPHATHBHO aJAUTUBHOMY Me-
TOMY NPEACTAaBICHBI 1BA OPUTHHAIBHBIX MeToAa. ONMH U3 HUX OCHOBaH Ha TEOPUSAX JIATCHTHBIX IIe-
PEMEHHBIX, IPYroil OCHOBaH Ha TEOPUHM HEUETKUX MHOKECTB. MeTOo/l OLICHUBAaHUSI IIPUBJIEKATEIbHO-
CTU IIPOEKTOB, OCHOBAHHBII Ha TEOPUM HEUYETKUX MHOXKECTB, IIPUMEHSETCS NPU HEBO3MOKHOCTH
OLICHUTDH MPOEKTHI 110 KPUTEPUSAM, HUCIOJIB3YIOIUM HaTypallbHbIE IIKaJbl. MHOXECTBO IIPOEKTOB C
TOYKH 3PEHHUs NIPUBJIEKATEIbHOCTU IPOEKTOB M0 KaXI0MYy KPUTEPHUIO PACCMATPUBAETCS KAaK HEYeT-
KO€ MHOXECTBO C 3aJJaHHOW (yHKUHEH MpuHaIIe)XkHOCTH. Pe3yabTartshl. [IpuBeneHa metoauka mo-
JIy4€HHS OLIEHOK, TPOAHAIM3UPOBaHbl UX cBoicTBa. [loka3aHo, UTO METO/l, OCHOBaHHbI Ha TEOPUU
JIATEHTHBIX IEPEMEHHBIX, UMEET PsAJ] IPEUMYILIECTB NEPEN aAJUTUBHBIM METOJOM: JTHHEHHOCTb MO-
Jy4EeHHBIX OLCHOK, UX HE3aBHCHMOCTH OT MHOXKECTBA IIPOEKTOB M Habopa kputepuen. IIpuBenena
METO/IMKA MOJYYEHHs YUCICHHOTO PEHICHHs ONITUMU3AIIMOHHON 33/1a41, HEOOXOJUMOU TIPH UCTIOJb-
30BaHMM METOJa, OCHOBAaHHOTO Ha TEOPUU JIATEHTHBIX NEpeMEHHBIX. [IpOBeAeHbI BEIYNCIUTEIbHBIE
JKCIEPUMEHTHI, KOTOPbIE NMOKA3alM, YTO METOJ, OCHOBAaHHBII Ha TEOPHH JATEHTHBIX MEPEMEHHBIX,
JIaeT aleKBaTHBIE OLICHKH IPUBIEKATENBHOCTU MPOEKTOB. [l MPaKTU4ECKOH peann3aluyu METOJUK
NpUBEJIeH pUMep opranu3anuu Beruucienuii B MS Excel. 3akiaouenne. [IpenioxeHHbIe METOIBI
MTO3BOJIAT Oosee 0OBEKTUBHO OIEHUBATH U OTOMPATh MPOEKTHI, M03BOJIAAA 3 (PEeKTUBHO pa3BUBATHCS
XO3AHCTBYIOUTUM CyOBEKTaM.

Knioueswie cnosa: npoexmul, oyenueanue, lamenmusle nepemennvie, Heyemxue MHOHCeCmaa.

BBenenue

VYnpagnenue NpeanpUsaTHsIMHU U OPraHU3alUsIMU IIPY [OMOIIY IIPOEKTOB — 3TO COBPEMEHHBIN MOJ-
XO0Jl B MEHEDKMEHTE, KOTOPBIA IMO3BOJIUT COBPEMEHHBIM HpPEeanpUATHSAM 3(PPEKTHBHO pPa3BUBATHCS.
Ha mo6oM npeanpusTHi MOCTOSITHHO HEOOXO UMbl HHHOBAIIMH: 3aITyCK HOBBIX HM3JIEHNA B IIPOU3BOICT-
BO, BHGIIpeHI/Ie HOBBIX TeXHOJIOFI/Iﬁ KakK HpOI/ISBOI[CTBeHHBIX, TaK U ynpaBnqueCKHx. BCG 3TO Tpe6yeT
pa3paboTKu 1 BHEJPEHUS HOBBIX MIPOEKTOB B Pa3IMyHBIX chepax (HyHKIIMOHUPOBAHUS MIPEATIPUITHSL.

B pesynbTaTe MpoeKTHOU AEATEABHOCTU NMPEANPUATHS OJHUM U3 OCHOBHBIX 3TAIOB SIBISIETCS OLICH-
Ka ¥ 0TOOp JYYIIHNX MPOEKTOB M3 MMEIOIIMXCS allbTepHaTHB. Llenbio naHHO# paboThI sBIISIETCS Omuca-
HHUC MATCMATHUUYCCKHUX MO)Z[eHeﬁ nu CHOCO6OB nux peannsaupm JUISL nonyquI/m I/IHTeraJIBHBIX OLCHOK
MPUBIIEKATEIBHOCTH MPOEKTOB, @ UMEHHO, TPAJIHLIMOHHOTO METOJA OLCHUBAHUSA U IBYX OPUTMHAJIBHBIX,
OCHOBAHHBIX Ha MaTEMAaTHYCCKOM annapaTe TeOpI/II/I JIATCHTHBIX HepeMeHHBIX, nu TeOpI/II/I HCUCTKUX
MHOXCCTB. TanKe 33}13‘{6171 JAHHOT'O UCCJICAOBAHUS ABJISICTCS aHAJIN3 HOJ’IyT-IeHHBIX OLICHOK U CpaBHeHI/Ie
Ppe3yJIbTaTOB OLICHUBAHMS C pe3yJIbTaTaMU, ITOJYYEHHBIMH TPAIULIMOHHBIM METOIOM.

MHOrokpuTeprajibHOE OLICHUBaHUE NIPOCKTOB

s ouleHMBaHUS MPOEKTOB OOBIYHO MCIOJIB3YIOT MHOTOKPUTEPUANBHBINA MOAX0[, KOra KaueCTBO
MPOEKTa ONPEAEISIETCS yTeM CPaBHEHUS JaHHOTO MPOEKTa C OCTAIBbHBIMU [0 MHOXECTBY pa3padoTaH-
HBIX KPUTEPUEB.

Br16op kputepueB 00yCIOBIIEH JACATEIFHOCTHIO IPEIPUSITHS U THIIOM TpoekTa. Hanbonee Tumuy-
HBIMU KPUTEPHUAMU OLEHKU IIPOECKTOB SIBISAIOTCS:
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® HOBU3HA M aKTYaJIbHOCTb IIPOEKTA;

e TEXHMYECKAs U MPaKTHIeCKas 3HAYMMOCTh;

e CIIOKHOCTb peali3alluy;

® HHBECTHUIIOHHAS IPUBJIEKATEIbHOCTE;

¢ HAIMYKE KBATH(PUIIMPOBAHHBIX HCIIOTHHUTENCH MPOEKTa;

e BpeMsi peai3alliy MPOeKTa;

® YPOBEHb KOMMEpIHAIN3ALINY;

® COIIMANIEHO-)KOHOMHUYECKOE 3HAYEHUE PE3yJIbTaTOB MPOEKTA;

e NTOTEHIIMAT UMITOPTO3aMELIEHHS U APYyTHE.

Kpurepun MoryT OBITH KaK KOJMYECTBEHHBIMH, TaK M KauyecTBEHHBIMH. OIEHKU MPOEKTOB IO KO-
JUYECTBEHHBIM KPUTEPUAM BBICTABIAIOTCS B HAaTypalbHBIX IIKajdaX, MO KAYECTBEHHBIM KPHUTEPHIM
OIIGHKH TIOJIy4aloTCS Ha OCHOBAHMHU 3KCIEPTHOTrO oueHuBaHUs. [1o KakIoMy KpUTEpHIO MPOBOAMTCS
OIICHMBAHUE KAXKIOTO MPOCKTa U HA OCHOBAaHHMHU YACTHBIX OIICHOK (DOPMUPYETCs] WHTErpaibHas OlCHKa
KaKA0T0 IPOEKTa.

PaccMoTpuM HEKOTOpBIE METOTBI TOTYYEHUS HHTETPATbHBIX OL[EHOK IPUBJIEKATEIbHOCTH IIPOEKTOB.

MartemaTuyeckasi Mo/ieJb MOJYyYeHUS] HHTEIPAJIbHBIX OLIEHOK M0 aJUYIUTUBHOMY METOXY

PaccmoTpum cHavana KiacCHYeCKUd METO OLICHUBAHUS IIPOEKTOB, a IOTOM OINHUIIEM METOM, OCHO-
BAaHHBIN HA JIATEHTHBIX IEPEMEHHBIX, IPOBEJIEM CPABHEHUE MOJTYUYEHHBIX OLICHOK.

ITycts umeercs n nipoextos 11y, I, ..., I1,, KOTOpbIie OlIeHUBAIOTCA IO M KpuTepusMm K, Ky, ... K.
O6o3Ha4MM yepes Xj; 4aCTHYIO OLIEHKY i-r0 NpoeKTa 1o kputeputo ¢ K. Takxke, B cllydae pasHON Baxk-
HOCTH KPUTEPHUEB JIIs1 HTOIOBOM OIIEHKH IPOEKTOB, HEOOXOMMO 331aTh BECA KPUTEPUEB W).

[kansl U3MEpPEHHsI MPOSKTOB TI0 KPUTEPUSAM MOT'YT ObITh Pa3HOr0 BHJA: TUXOTOMHUYECKHE, MOJIH-
TOMUYECKHE, HEMIPEPHIBHBIC HHTEPBAIBHEIE U MOTyHHTEpBaIbHEIE. KpoMe TOTo, KpUTEpUH MOTYT UMETh
pasHy HaIMpaBIEHHOCTh 10 CTEMEHHW IMPHUBICKATEIHHOCTH IMPOEKTOB: MPSAMYI0, KOTJa 4eM OOIbIle
OIICHKA II0 KPUTEPHIO, TeM 0oJiee MPHUBJICKATENICH MPOSKT, U 0OPaTHYIO, KOT/a MPOCKTHI MPUBJICKATEIIb-
HEE C MEHBIICH OLIEHKOM 10 KpuTepHio. UTOOB! a/IeKBaTHO MOIy4YaTh HHTEIPaIbHBIC OIICHKH IIPOCKTOB,
YaCTHBIE OIEHKH 10 Pa3HBIM IIKaTaM He0OXO0IMMO HOPMAITU30BaTh HA €AUHYIO IITKATY.

B xauecTtBe mpouenypbl HOpMaau3allMd MOXHO HCHOJIb30BaTh NMPUBEACHUE YACTHBIX OLICHOK Ha
MPAMYIO eIMHUYHYIO mKamy [1]. s kputepues ¢ mpsiMOi MIKaI0W HOPMATHN30BaHHBIC YACTHEBIC OIEH-
K [IPOEKTOB 10 KPUTEPHSAM X;; MOKHO MOIYIHUTh 10 hopMyIie

Xy —min(X;;)
xi‘ = : . B (1)
v maX(Xl-j) — m;n(Xij-)
a JIJIsl KpUTEPHUEB ¢ 00paTHOM mIKajaon — o opmyiie
max(X;) - X;
’ ()

X; = . .
v max(X;) —min(X;)

B TpagunnonHOM moaxoje MHTErpajibHasl OlIEHKa KauecTBa MPOEKTa MPOBOAUTCS MO aTUTUBHOMY
meroay [1], korma unTerpanbHas oueHka AP; mpoekra II; OymeT ompeaemnsTbes Kak CyMMa YacTHBIX
OIICHOK, YMHOKEHHBIX Ha Beca:

m
Ap; =2 wix; . 3)
J=1
[lepeiinem Teneppb K OMMCAHUIO MOJICIIN MOJIYUCHUSI HHTETPAJIbHBIX OIICHOK MPOEKTOB, KoTopas Oa-
3UpYyeTCs Ha TEOPUH JIATEHTHBIX IEPEMEHHBIX.

MareMmaTu4yeckasi MoJeJb OJy4eHHs OLIEHOK [0 METO1Y,

OCHOBAHHOMY Ha JaTeHTHBIX NepeMenHbIx (MJIII)

JlaHHBIM METO OCHOBaH Ha MaTEMaTHYECKOM almapaTre Mojeilu Paiia oLieHKU JaTEeHTHBIX Iepe-
MEHHBIX, OCHOBAHHBIX Ha METOJEC HAUMEHbBIIINUX KBaapaToB [2—4].

Jl1a ucronbp30BaHusA METOAA JAOMYCTUM, YTO MHTETpalbHas OLeHKa AP; mpoekTa sSBiseTca HEKOTO-
poii BEKTOpHOM JIaTeHTHOU nepemerHoil. MJIIT mpeanonaraer Hainu4ue eile OJHOW BEKTOPHOU JaTEHT-
HOH TniepeMeHHON AKj, KoTopas XapakTepHu3yeT OLEHOYHbIC KpuTepuu. Ilepemennbie AK; UMEIOT CMBICH
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BBITIOJTHUIMOCTH MJIM CTPOTOCTH KpUTEpHs K; HA BCEM MHOKECTBE OLIEHMBAEMBIX IIPOEKTOB. Uem Goibiie
oleHKa AK;, TeM MEHBILE yIOBJIETBOPSIOT BCE IPOEKTHI B COBOKYITHOCTH YKa3aHHOMY KPUTEPHIO.

B cootBercTBHH ¢ [4] 115 TOITyYeHHs OLICHOK JTaTECHTHBIX NepeMeHHbIX AP; n AK; Heodxoaumo pe-
IaTh ONTHUMHU3ALMOHHYIO 33][ady BHJIA

AR—A4K; 2
e A

n m

2 X Wy Xy ——— e | —>min, 4)
i=1 j=l1 1+e ! J

KOTOpyIO MO>XKHO OJOIIOJHUTH yCJIOBI/IeM HeOTpI/IHaTeJH)HOCTI/I JIATCHTHBIX HepeMeHHLIX:

AP, > 0; AKjZO;izl,Z,...,n;j=1,2,...,m. ®))

MeTto/1, OCHOBaHHBIN HA JIATEHTHBIX MEPEMEHHBIX, UMEET Pl MPEUMYIIECTB IO CPaBHEHHIO C Tpa-
JTUIIMOHHBIM aJTUTUBHBIM MeToA0M. [lepedncirM OCHOBHBIE TPEUMYIIIECTBA 3TOT0 MeToa [5].

1. lHTerpanbHble OLEHKN MPOEKTOB SIBISAIOTCS UX YHUKAIBHBIMU XapaKTEPUCTHKAMH U HE 3aBHUCST
OT MHOXKECTBA MIPOEKTOB 1 Habopa KpUTEPHEB.

2. VHTerpanbHble OLECHKH IMPOCKTOB M3MEPSIOTCSA IO JMHEHHOM Oe3pa3MepHO IIKaje, KOTOPYHO
MO>KHO JIETKO TIEPEBECTH B JIIO0YI0 APYTYI0, HATPUMED, BEPOATHOCTHYIO OLICHOUHYIO IIKATY.

3. Kpome MHTErpaabHbIX OLEHOK IPOEKTOB YAAETCS IMOJIYYUTh OLEHKU BIMAHMA KpuTepueB AKj,
KOTOpBIE TAK)KE JIMHEHHBI. DTH OLIEHKH MO3BOJISIIOT MPOBOAUTH AHAIU3 KPUTEPUEB IO Pa3IMYHBIM IPyT-
Mam MPOEKTOB, BbIICISISI HAanOoJiee BaKHbIC U3 HUX.

OcHOBHBIM HefocTaTkoM oueHkH o MIJIII sBnsiercs HEBO3MOXKHOCTh aHATUTUYECKOTO PEIIECHMS
3aJlauM HeJMHEWHOro nporpamMMupoBanus (4) u (5). OqHako ee MOKHO PelIUTh YHCIEHHO, HAllpUMED, B
TabmmuHoM nporeccope MS Excel ¢ ucrionszoBannem Hajactpoiiku «llouck perenuii.

[anee npuBeaeM METOIMKY YHCICHHOTO PELICHHUs ONTUMHU3aunOoHHON 3ana4u (4), (5) B cpene Excel
Ha HEKOTOPOM NIpUMEpE.

Mertoauka nojay4eHust YMCJIEHHbIX OlleHOK MpoekToB mo MJIII

[IpuBeneHHpli HIKE MpUMEp (IAaHHBIE CTEHEPUPOBAHBI CIIyYailHO) MO3BOJIUT OMHMCATH METOAMKY
YHCIEHHOTO PEIIeHHs] ONTHUMH3AIMOHHON 3a/1a4i, HEOOXOAUMOM IS MOJy4YeHUS! WHTETPAbHBIX OIle-
HOK mpoekToB 1Mo MUJIIL. Kpome sToro, mpoananu3upyeM IMOJydeHHBIE Pe3yJbTaTbl U CPaBHUM HX C
OLIEHKAMH, IOJTYYEHHBIMH 110 TPAAULINOHHOMY aJIUTHBHOMY METONY.

[pennonoxum, uro umeercss 10 MPOEKTOB, KOTOPHIE OIEHUBAIOTCSA MO 8 KputepusiM. B Tabm. 1
MPUBEACHB HOpMaAJIM30BaHHBIE 10 GopmynaM (1) u (2) Ha eqMHUYHYIO KAy YacTHBIC OIIEHKH MPOEK-
TOB MO KPUTEPHM.

Ta6nuua 1
YacTHble OLeHKN NPOEKTOB MO KpUTEPUAM AN npumepa
Table 1
Private project evaluations by example criteria
Kpurepuit
Tpoexr K K K K, s K, K Ky

11, 0,29 0,19 0,22 0,68 0,14 0,38 0,61 0,04
11, 0,01 0,76 0,09 0,05 0,31 0,41 0,10 0,15
115 0,41 0,10 0,55 0,44 0,77 0,31 0,78 0,42
I, 0,44 0,79 0,80 0,09 0,73 0,87 0,25 0,06
11 0,71 0,33 0,34 0,07 0,88 0,94 0,04 0,41
11, 0,91 0,10 0,52 0,66 0,33 0,45 0,56 0,19
11, 0,47 0,48 0,99 0,65 0,85 0,54 0,08 0,61
I1g 0,68 0,48 0,94 0,41 0,41 0,23 0,82 0,65
11, 0,90 0,60 0,16 0,96 0,47 0,38 0,67 0,27
Iy 0,92 0,33 0,18 0,83 0,47 0,25 0,38 0,96
Bec W; 0,61 0,31 0,34 0,88 0,82 0,47 0,98 0,59

Ha pat6ouem nmucre MS EXCEL BBoguM nanHbie u3 Ta0i. 1 B quana3on sueek A2—I114, kak 3To
nokaszano Ha puc. 1. [lox maTeHTHBIC TIepeMeHHbIE AP; BEIAesseM nuana3on ssueek A17-A26, a mox
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JaTeHTHbIE epeMeHHble AK; nuana3oHn s4yeek B16-116. B >Tu Aueiiku BBOAMM HadaabHOE NPUOIIH-
JKEHUE 3HAYCHHUI NIEPEeMEHHBIX, HalpuMep, B Buje Hynell. B auamazon B17-126 BBogum Gopmyisl,
MO3BOJISIIOIINE PACCYUTHIBATH cllaraemble lejeBoi ¢yHkuuu (4). Beomum B B17 dopmyny
=B$14*(B4-EXP($A17-B$16)/(1+EXP($A17-B$16)))*2 1 ¢ mOMOIIBI0 aBTOMAaTHYECKOTO 3aTOTHCHHUS
pacrpocTpaHseM ee Ha BeCh IUana3oH sueek. B sueiiky E27 BBoauMm cymmy (4) B BuIe (GOpPMYIIBI
=CYMM(B17:126). Pe3ynwsTaT moka3an Ha puc. 1.

A B C D E F G H
1 HHTerpaabHAasi oneHKA npoekToB mo MUITT
2 Kpnartepnii
3 Ipoekrt K1 K2 K3 K4 K35 K6 K7 K8
4 II1 0.29 0.19 0,22 0,68 0.14 0.38 0.61 0,04
5 112 0,01 0,76 0,09 0,05 0,31 0.41 0.10 0,15
6 113 0,41 0,10 0,55 0.44 0,77 0,31 0,78 0,42
7 114 0,44 0,79 0.80 0,09 0,73 0.87 0,25 0,06
8 II5 0,71 0,33 0,34 0,07 0,88 0,94 0,04 041
9 II6 0,91 0,10 0,52 0,66 0,33 0.45 0.56 0.19
10 117 0,47 0,48 0,99 0,65 0,85 0,54 0,08 0.61
11 118 0,68 0,48 0,94 0.41 0.41 0,23 0.82 0,65
12 119 0,90 0,60 0.16 0,96 0,47 0.38 0,67 0,27
13 1110 0,92 0,33 0,18 0.83 0,47 0,25 0,38 0.96
14 BecW 0,61 0,31 0,34 0,88 0,82 0,47 0,98 0,59
15 JIaTeHTHBIE TepeMeHHbIe
16 API/AKj 0 0 0 0 0 0 0 0
17 0 0,026 0,030 0,027 0,029 0,106 0,006 0,012 0,126
18 0 0,144 0,021 0,055 0,177 0,028 0,003 0,154 0,073
19 0 0,005 0,048 0,001 0,003 0,059 0,018 0,076 0,004
20 0 0,002 0,027 0,030 0,144 0,042 0,063 0,062 0,117
21 0 0,028 0,009 0,009 0,159 0,119 0,092 0,205 0,005
22 0 0,101 0,048 0,000 0,024 0,023 0,001 0,003 0,056
23 0 0,001 0,000 0,079 0,020 0,101 0,001 0,172 0,008
24 0 0,019 0,000 0,065 0,006 0,006 0,033 0,098 0,013
25 0 0,098 0,003 0,038 0.186 0,001 0,007 0,028 0,033
26 0 0,109 0,009 0,034 0,097 0,001 0,028 0,014 0,125
27 IMeaeBasa pyHKNHA (4) 4,032

Puc. 1. UcxopHble aaHHble B MS Excel ans nonyyeHus oueHok no MIIM
Fig. 1. Source data in MS Excel for latent variable ratings

3amyckaeM HancTpoiky «llouck pemenuit» (Solver), ycraHaBnMBaeM CChUIKY ONTUMM3ALUU LiEJIe-
Boii (yHkiu Ha E27, B kadecTBe U3MEHSAEMbIX MepeMeHHbIX ykasbiBaeMm: $A$17:$A$26; $B$16:$1$16,
JIOTIOJTHATENbHBIE OTpAaHWYCHUS] HE BBOJMM, YCTaHABIMBAEM HEOTPHIATEILHOCTh MEPEMEHHBIX Oe3 or-
pannuenuil. B nquanasone A17-A26 nomy4yaeM 3Ha4eHHs JIATEHTHBIX NIEPEMEHHBIX AP;, a B AHala30oHe
B16-116 3nauenus nepeMeHHbIX AK;.

Pe3ynbrarel oneHHMBaHMS WHTETPAIBHBIX MOKa3aTeseil MPUBIEKATeIbHOCTH MPOEKTOB Ui JaHHBIX
u3 Tabn. 1 mpeacraBneHsl B Ta0M. 2.

Tabnuua 2
OueHku npoekToB AP;, nony4eHHble NO AaHHbIM U3 Tabn. 1 pa3HbIMKM MeToA4aMMU
AP; project evaluations obtained from Table 1 using different methods Table2
IIpoexT 111 112 113 114 115 116 117 118 119 1110
ﬁé‘fggm{“ﬁ 1,821 | 0,959 | 2,632 | 2,141 | 2,161 | 2,484 | 2,728 | 2,869 | 3,006 | 2,896
MJIIT 0,997 | 0,001 | 1,692 | 1,288 | 1,307 | 1,566 | 1,761 | 1,898 | 1,989 | 1,898
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s cpaBHEHMs] MHTETPaJbHBIX OLCHOK MPOEKTOB IO TPAIULMOHHOMY AJAIUTHBHOMY METOLY H
MJIIT HopMHpYEM HX Tak, YTOOBI CyMMa OLICHOK BCeX MPOEKTOB paBHsIAach eaunule. [ paguxku HopMu-
POBaHHBIX OLICHOK, MOTY4YEHHBIX Pa3HBIMU METOJaMH, IPUBEICHBI HA pUC. 2.
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Puc. 2. HopmupoBaHHbIe OLleHKU NPOEKTOB, NoNyYeHHbIe NO AaHHbIM U3 Tabn. 1
pasHbIMKU MeToaamMu
Fig. 2. Normalized project estimates obtained from Table 1 using different methods

U3 puc. 2 BugHa BBICOKAs COTIIACOBAHHOCTH OLIEHOK, KO3 GUIMEHT napHoi koppessiuuu [lupcona
g 3toro npumepa paseH 0,995. CormacoBaHHOCTE OLEHOK, ModydeHHbIX o MIIII, ¢ onenkamu 1o
anpoOUPOBAHHOMY aATUTHBHOMY METOAY TOBOPUT 00 a€KBaTHOCTH OLIEHOK, MOIy4eHHbIX 1o MJIIL

MaremaTnyeckasi MOJeJIb MOJTYy4YeHHsI OIIEHOK M0 METO.Y,

OCHOBAHHOMY Ha He4yeTKUX MHo:kecTBax (MHM)

JlaHHBI METOA OCHOBAH HAa HECKOJIBKO MHOM IIOAXOAE MHOTOKPUTEPHAIBHOTO OLICHUBAHHS MPOEK-
TOB. 37IeCb MHOXKECTBO IIPOEKTOB PAaCCMaTPUBAETCSl KAK HEUETKOE C TOUKU 3PEHHs IPUBICKATEIbHOCTH
MPOEKTOB O KaxJoMy Kputepuio. [Ipeamnonaraercs, 4To KaKA0My KPUTEPUIO COOTBETCTBYET HEKOTO-
pbIii IIOKa3aTenb y, MHAMBUIYalIbHBIN JUIA Kaxaoro npoekTa. Kaxaomy nokasarento kpurepus K; Oyzaer
COOTBETCTBOBATh HEYETKOE MHOXKECTBO ¢ (DYHKLMEH NpUHAIIEKHOCTH L (Xx). Ecin puis nmpoekra I1; 3Ha-
YEHHUE HTOrO IMOKA3aTeNsl PaBHO );, TO JUIS YACTHBIX OLEHOK MPOEKTOB MO0 KPUTEPHUSIM MOKHO HCIIOJNB30-
BaTh (popMymy

X = B). (6)

Torma nnasi OLEHUBAHMS HWHTETPAIbHOM NPHUBICKATEIBHOCTU IMpPOeKTa AP; MOXXHO HCHONb30BaTh
bopmyiy

m m
AP =2 WX = z Wjuj(yi)- (7
J=1 J=1

PaccmoTpuMm ocHOBHBIE BHABI (PYHKUMHA NPUHAIICKHOCTH, KOTOPBIE MOYHO HCIOJIB30BaTh IPHU
OLICHMBAHWH JIJIsl pa3HBIX BUJOB IMoka3zarens y. [lonpobyeM paccMOTpeTh OCHOBHBIE THITBI TAKUX KPUTE-
pHEB U TO00paTh GYHKIUK MPUHAIICKHOCTH JJIsl HAX B 00IIEM BHJIC.

Juxomomuueckuii noxazamenb — NPEACTABUTEIb YETKOTO MHOXKECTBA, KOT/Ia TIPOCKT MOXET JIHOO
COOTBETCTBOBAaTh KPUTEPHIO, THOO HE COOTBETCTBOBaTh. DYHKIMUS NPUHAJICKHOCTH P COOTBETCTBUU
MPU3HAKA 3HAUYCHHIO C €CTh
1, eciu MPOEKT COOTBETCTBYET KPUTEPHIO;

H(y) = 0, ecnu MPOEKT HE COOTBETCTBYET KPUTEPHIO.

THonumomuueckuii noxasamensb OTAMYAECTCA OT JUXOTOMUYECKOIO TEM, YTO IIOKA3aTeNlb ) MOXKET
coJiep’KaTh HECKOJIBKO Tpajlalliil U3 €IMHUYHOTO OTPE3Ka, a KPUTEPUI COAEPIKUT HECKOIBKO aTpHOyTOB
C pa3HbIMH NIPUBIIEKATETHHOCTIMH.
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[Ipumep Taxoro kputepus — «CioxxHocTh npoekTa» (1 — Huskas, 0,5 — cpennsis u 0 — BbICOKas).

Pasnomeprno pacnpedenennuiii mokazarenb B HEKOTOpOM UHTepBalie. Kputepwii BHIMOIHIETCS, €CITH
NoKasarelnp y MoMajacT B MHTEpBal oT a A0 b. Hanpumep, eciiu TpedyeTtcs, YTOOBI BpeMsi BHITTOTHEHHUS
NpoeKTa ObUIO He MeHee ¢ AHEH u He Oosee b aHel. DYHKIMS MPUHAATICKHOCTH €CTh
u(y) = 1, mpu y [a;b];

0, mpu y ¢[a;b].

Jluneiino so3pacmarowuii Ha MHTEPBAJC MOKa3aTeib. VICIONb3yeTCs, €Ciu IoKa3aTeib y ObLI B
uzeane o6onee b, HO He MeHee a, HanpuMep, peHTabeIbHOCTh MPOEKTA JI0JIKHA ObITh b pyOiel u Ooee,
€CJIM MEHBILIE — XyKe, HO He MeHee @ pyOieid. DyHKUus NPUHAIIICKHOCTH OyIeT
0, mpu y<a;

y—a
b—a
1, mpu y >b.

wy) = , mpu y €[a;b];

Jlunetino yovieaiowuil Ha MHTEpBAJe TIOKa3aTellb. AHATOTUYHBINA MPEbIAYIIEMY, HO JUIsi 0OpaTHBIX
(MHHUMI3HUPYIONIHX ) KpUTEpUEB ¢ (GyHKIMEH MPUHAIIC)KHOCTH BUIA

I, mpu y<a;

2, npu y e[a;b];
b-a
0, mpu y >b.

wWy) =

DKCnoHeHyuanvbHo o3pacmaiowjuli IOKa3aTeslb IPUMEHETCS, KOTrAa He0OX0JUMO, YTOOBI 3HAUEHHUE
y OBUIO MaKCHMAIBHO OOJNBIINM, He MeHee a. Hanprmep, HHBECTUIIMOHHAS MPUBIICKATEIBHOCTD MTPOEK-
Ta I0JDKHA OBITH He MeHee a. Toria GyHKIUS MPHHAIIIC)KHOCTH PaBHA

I—ex (—MJ npu y > a;
n(y) = T pmeree
0, mpu y<a.

OxcnoneHyuanbHo yovlearowuli TIOKA3aTeNnb aHAJIOTHYCH MIPEABIAYINEMY 1 IPUMEHSETCS, KOoraa He-
00Xx01MMO, YTOOBI 3HAYCHHE ) OBLIO He Oojiee b, HAIpUMeEp, 3aTPAThl HA MPOCKT HE JTOJIKHBI ITPEBBI-
math b. Torna GyHKIWS IPUHAIEKHOCTH OyneT

y—b
1—exp| —= |, npu y<b;
wy) = P Y
0, mpu y>b.

TpeyzonbHbiti IOKa3aTeNb UCIOIb3YETCs, KOTJa 3Ha4eHHE ¥ JOJKHO OBITh M3 MHTEpBaAJa OT a 10 b,
HO HaWJIydlllee ero 3HaYeHue — B ceperHe nuTepBana. OyHKUUs NPUHAICKHOCTH paBHA

| 2|(a+b)/2—y|
wy) = h—a
0, mpu y ¢[a;b].
Hopmansho pacnpedenennviti NOKa3aTeNb aHATOTHYCH MPEIBIAYIIEMY, HO UCIIONB3YETCs B Cliydae,
KOTJa y MPEJCTaBIseT cOO0M CIydailHyr0 BEJIHUYHMHY, pacnpeiecHHyto 3akony ["aycca. @yHkus mpu-
HaJUIKHOCTH OyaeT
2
( y—(a+b)/ 2)
(b-a)’
Cremyer OTMETHTh, YTO JUIsl BBIYHCIICHUS HHTETPATbHBIX MOKa3aTelNel MPUBICKATEIbHOCTH MPOCK-

TOB BMECTO aJJIATHBHOTO 1Moxo/a (7) MOXKHO MCIIOJIb30BaTh MOAX0M, ocHoBaHHEIM Ha MJIII (4), (5), HO
C UCXOJHBIMH JTAHHBIMH, ITOJTYICHHBIMH 110 (6).

, mpu y €[a;b];

n(y) =exp| -8

3akioueHne

Takum 06pa3oM, ObLTH PACCMOTPEHBI HEKOTOPBIC METO/IBI.

AIII[I/ITPIBHBIﬁ METO ABJISICTCA Tpa,Z[I/IIlI/IOHHBIM, €ro OCHOBHBIM JOCTOHUHCTBOM SBJIACTCS HpOCTOTa B
BBIYMCIIMTEIIFHOM IIJIaHE.

116 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 111-119



Bapkanos C.A., (nywkos A.H1O., Mamemamuyeckue MemoObl MHO20KpUMepUanbHO20
Mouceee C./. oueHueaHus npuesiekamesibHOCMU MPOEKMoe

Merton, ocHOBaHHBIN Ha MoAEH Parla OLEHKH JaTEHTHBIX IEPEMEHHBIX, IMEET Psifi IPEUMYIIECTB
nepes alJUTUBHBIM: JIMHEHHOCTD MOJIYYEHHBIX OLEHOK, UX HE3aBHCUMOCTb OT MHOXECTBA MPOEKTOB U
Habopa kpurepueB. Ero HeIOCTaTOK — HEBO3MOYKHOCTh aHATUTHYECKOTO PEIICHUS MPU MPAKTHIECKOM
MpUMEHEHUU MeTosia. B paboTe mpuBelieHO OmMMcaHWe METOJMKA TONYyYEHHs YHUCIIEHHOTO PElIeHUs B
cpene MS Excel.

CrnenyeT Takke OTMETHTH TO, YTO OI[EHHBAHHE HA OCHOBE TEOPHHM JIATEHTHHIX TIEPEMEHHBIX T10 MO-
nermu Pama, ocHoBanHoit Ha MHK, nponuto anpo6amuio 1 B MHBIX cdepax HAYYHOW W MPAKTUYECKOU
JesITeNbHOCTH. B yacTHOCTH, 110 3TOMY METOy MPOBOIMIACH OLICHKA O0BEKTOB HEABHKUMOCTH [0], Ka-
YecTBa MPOrpaMMHOTro obecredeHus [7] 1 mpopIpUroIHOCTH COTPYAHUKOB OpraHu3anuii [§].

MeTto/1, OCHOBaHHBIN Ha TEOPUU HEUETKUX MHOXECTB, OTIUYAETCS TEM, UTO MHOKECTBO MPOEKTOB
paccMaTpuBaeTcs Kak HEUEeTKOE C TOUKH 3PEHUS MIPUBIEKATEIBHOCTH MMPOEKTOB MO KaXIOMY KPUTEPHUIO
U XapaKTepU3yeTcsl HEKOTOPOH (hyHKUKEH NPUHAATIECKHOCTH.

Kakoii MmeroJ crieyeT mpuMeHSTh TIPY OLIEHUBAHUK MPOEKTOB, 3aBUCHUT OT CHENU(UKH TIPOCKTOB, a
TaK)ke BUIa KPUTEPUEB U TUTIA OLEHOYHBIX LITKAI.
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MATHEMATICAL METHODS OF MULTICRITERIA EVALUATION
OF ATTRACTIVENESS OF PROJECTS

S.A. Barkalov, barkalov@vgasu.vrn.ru,
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Voronezh State Technical University, Voronezh, Russian Federation

Introduction. Management of enterprises and organizations with the help of projects is a mo-
dern approach in management, which allows modern enterprises to develop effectively. As a result
of the project activity of the enterprise, one of the main stages is the evaluation and selection of
the best projects available. Aim. Description of mathematical models and methods of their implementa-
tion to obtain integral estimates of the attractiveness of projects. Materials and methods. The paper
describes the methods of projects multi-criteria evaluation. The traditional additive method, which is
widely used in assessing the attractiveness of projects, is considered. Two original methods are pre-
sented as an alternative to the additive method. One is based on the theories of latent variables,
the other is based on the theory of fuzzy sets. The method of evaluating the attractiveness of projects,
based on the theory of fuzzy sets, is used when it is impossible to evaluate projects by criteria using
natural scales. The set of projects from the point of view of the attractiveness of projects for each cri-
terion is considered as a fuzzy set with a given membership function. Results. The technique of ob-
taining estimates, the analysis of the properties of estimates. It is shown that the method based on
the theory of latent variables has a number of advantages over the additive method: the linearity of
the estimates obtained, their independence from the set of projects and a set of criteria. A technique
for obtaining a numerical solution of the optimization problem required when using a method based
on the theory of latent variables is presented. Computational experiments were carried out, which
showed that the method based on the theory of latent variables gives adequate estimates of the attrac-
tiveness of projects. For the practical implementation of the methods, an example of the organization
of calculations in MS Excel. Conclusion. The proposed methods will allow for a more objective as-
sessment and selection of projects, allowing economic entities to develop effectively.

Keywords: projects, estimation, latent variables, fuzzy sets.
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ABTOMaTI/I3I/IpOBaHHbIe cCunctemMmbl ynpaerneHus
TexXHOJNMorm4eCKuMu npoueccamm

YOK 681.5 DOI: 10.14529/ctcr200112

CHWXEHMWE SHEPTETUHECKUX 3ATPAT MNPU YNPABJIEHUA
YCTAHOBKOU PEKTUPUKALIUN HEDTU

J1.. Tyzawoea’, A.B. 3amoHckuii’

" AlbMembescKul 2ocydapcmeeHHbIl HeghbmsHoU uHcmumym, 2. AribMembe8cK, Poccusi
2 lMepmckuli HauuoHanbHbIU uccriedogameribCKUl rnoaumexHuU4ecKul yHusepcumem,
GepesHukosckul ¢punuan, e. bepesHuku, Poccusi

BBenenue. B HacTosmee BpeMs HEIOCTATOYHO Pa3paOOTaHBI METOMIBI OLICHKH YHEPTEeTHYCCKOM
3¢ (eKTHBHOCTH MalbIx HedTernepepadaThBAIOMKX 3aBOA0B. Lleqb Mcciaeq0BaHHUs: ONTUMH3ALINS
JHEPreTUYECKUX 3aTpaT Ha pas3aeicHue HedTH. MaTepuaasl U MeTOAbL. [IpencTaBicH alnroputM
pacdeTa CeKIIMOHHON MoJien aTMOc(hepHOTO OJIOKAa YCTAaHOBKU PEKTHU(PHUKAIMK HE()TH MAIOH MOII-
HocTd. [lonydyeHHast MOZIEIb JOMONHEHA pacyeToM ammnapaTa BO3AYLUIHOTO OXJIAKICHHUS U KOXKYXOT-
pyOHOrO TemiooOMeHHUKa. BrIOpaHbl (pakTOpHI, BIUAIOMINE HA HEPTETHUYCCKHE 3aTPATHI: PaCXO.l
MIEPETPETOTO BOASHOTO Mapa B aTMOCHEPHYIO U OTHAPHYIO KOJOHHBI, (DIErMOBOE YHCIIO, PACXOJ ChI-
pbs. s BEIBOJIA 3aBUCUMOCTH BBEIOPAHHOTO KPUTEPHS OT MEPEUNCICHHBIX (aKTOPOB MPUMEHEH Me-
TOJI OPTOTOHAILHOTO LEHTPATLHOTO KOMITO3UIIMOHHOTO TUIAHUPOBaHUSA dKcriepuMenTta. CocTaBieHa
MaTpHIla TNIAHUPOBAHUS YETHIPEX(PAKTOPHOTO IKCTIEPUMEHTA C IPUMEHEHHEM CEKIIMOHHON MOJIETH.
Tlonmyuens! pe3ynbTaThl NPOBENCHUS IKcIiepuMenTa B mporpaMMHoM nakete MATLAB. BrinonHena
OIICHKAa HE3HAYMMOCTH KO3 (HUIIMEHTOB B MOJIYYC€HHOM YPaBHEHUHU PETPECCHH BTOPOTO TIOPSIKA, U3
MOJICJTH UCKITFOUEHBI He3HAUYnMBbIe Kod(¢umueHTH. [IpoBeneHa nmpoBepka axeKBaTHOCTH MOJCIH C
nmoMoIIbsi0 Kputepus dumrepa. YpaBHEHHE PETpecCHH, MPEICTaBICHHOE B (PH3MUYCCKUX BEIHIMHAX
(hakTopoB, siBisieTcs 1eneBol GpyHkuei. Pesyabrarhl. [locTpoeHa MOBEpXHOCTh BBIXOJHOTO Mapa-
MeTpa B 3aBHCUMOCTH OT YIPABISIOMUX (PAKTOPOB ((PIErMOBOTO YUCIA U PACXOAA IIEPETPETOTO BO-
JTHOTO TIapa B aTMOC(EpPHYIO KOJOHHY) IPH ITOCTOSHHOM PAacXoJe CHIPhS M IIOCTOSHHOM pPacXoje
MEPEeTpeToro napa B OTMapHYIO KOJOHHY. [lokazaHo, 4TO BbIOpaHHBIE (AKTOPHI BIHUSIOT HE TOJHKO
Ha SHEPreTUYECKHe 3aTpaThl, HO ¥ Ha MOKa3aTelu kadecTBa HedrenpoaykToB. [IpuBeneHs maTema-
THYECKUE MOJICIIH [ OTPEACICHNUS MOKa3aTeliei kKauecTBa He()TEIPOIYKTOB (TeMIIepaTyp Havaga u
KOHIIa KHUIeHWs) Ha HedTenepepabaThIBaloNIell YCTAaHOBKE, HCIOJB3YIONIUECS KaK OTPaHUYECHHUS.
IIpennoxxeHo npuMeHeHne NOJIy4eHHON 3aBUCUMOCTH ISl ONTUMU3ALMHI YHEPreTUYECKUX 3aTpaT Ha
YCTaHOBKE PEKTH(UKAIIMU HE(TH B YCIOBHIX MEHSIOIICTOCS pacxoa Chiphsi. 3akiawodyenue. [Tory-
YCHHBIC ONTHMANBHBIC 3HAYCHUS (PaKTOPOB MOTYT OBITh HCIIONB30BAHEI KaK 3aaHUS PETYJIATOpaM
Ha JIeHWCTBYIOLIECH yCTaHOBKE.

Knioueswvie cnosa: smepeemuueckue 3ampamol, pekmupurayus Hegpmu, pacxoo nepezpemozo
80051H020 napa, greemosoe Yucio, CeKYUOHHAs MOOeb, ONMUMU3AYUS, NOKA3AMENU KA4eCmed.

Beenenue

B nestensHOCTH HedTenepepabaThIBAIOMIEro MPEANPHUITUS BaXXHBIM (akTopoM sBisiercs: dhdek-
TUBHOCTH MPOLIECCOB PEKTU(UKALNH YCTAHOBOK NMEPBUYHOI nepepaboTku HepTr. OCHOBHBIMHU MOKa3a-
TessiMU 3G (HEKTUBHOCTH TIpoliecca PeKTU(UKAIMH SBISIOTCS: TEXHUKO-)KOHOMHYECKHE, TEXHOJIOTHYE-
CKHE, IKOJOTUYECKUE, TTOKa3aTeNI KauyecTBa PeryIupoBaHus JHHAMUUYECKUX MporieccoB U Jp. CreneHb
3 PEeKTUBHOCTH OLICHUBAETCSI HEKOTOPHIM BBHIOPAHHBIM KPUTEPHEM, KOTOPBIH OOBIYHO HA3BIBAIOT LiEJie-
BOW (pyHKIMEH MM KpUTEpUEeM ONTHMU3alMU. B HacTosimee BpeMsi OCHOBHBIMHU KPUTEPUSIMU SBIISIFOTCS
OTOOPBI CBETIBIX HEPTENPOIYKTOB MPU OIPAHUYCHUSX B BUJIC 3a/IaHMI HAa MX Ka4eCTBO WU SHEPTeTH-
YecKHe 3aTpaThl Ha pa3ZeieHue MPH 3aJaHHBIX 0TOOpax.

[Iponecc pexkTuuKaMKU XapaKTepU3yeTCsl BBICOKMMH SHEpPreTHYecKMMH 3arparamMu. C IIeJbo
CHIDKCHHS DHEpPro3arpar Ha QpakOHUPOBAaHUE HA YCTAHOBKAX He(TernepepabOTKH MPUMEHSIOTCS clie-
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Tyzawoea JI.I'., 3amoHckul A.B. CHU)XeHue 3Hep2emuyYyecKux 3ampam
npu ynpaeseHuu ycmaHoeKol pekmudpukayuu Hegopmu

OYIOIINE CHOCOOBI: PEKOHCTPYKLUS I 3aMEHa KOHTAKTHBIX YCTPOUCTB JAJISl TIOBBILICHUS Pa3aeIuTeIIb-
HOW CIIOCOOHOCTH KOJIOHHBI, ONTHUMHU3ALHsI TEXHOJIOTHYECKHX cxeM [ 1-3], mpruMeHeHue TeIIoBbIX Haco-
COB B COCTaBE TEXHOJIOTUYECKUX YCTAaHOBOK [4], mMHY-aHaiu3 [5, 6], moa00p oNTHUMaIbHBIX TapaMeTPOB
mporiecca [7, 8] u ap. 3agada CHUXKCHUS SHEPIro3aTpaT MOXKET ObITh PELICHAa HE TOJbKO BBIIICIIEPEYHC-
JICHHBIMU CIIOCO0aMHM, HO TakKe IMyTeM NMPHUMEHEHMs CHUCTEM YIpaBJICHHs MpolLeccaMu Hedremnepepa-
OOTKHM U METOJIOB MAaTEeMAaTHYECKOTO MOJICTTHPOBAHHUSL.

B pabore mpemiokeH crnoco0 omnpesieieHus] 3aBUCUMOCTH MapaMeTpoB Ipoliecca peKTUPHUKAINT
HedTenepepadaTbIBaoLIel YCTaHOBKH ((pIerMOBOT0 4KCia, PACXOA0B MIEPErPETOro napa) OT SHEPreTH-
YECKHX 3aTpaT B YCIOBHAX IIEPEMEHHOTO PACX0Aa CHIPbS.

Pa3pabotka gaHHOTO cr1ocoba COCTOUT U3 CIEAYIONIUX 3TAIOB!

1. Beibop o0BekTa wHcclieOBaHUS, MOCTPOCHHE MaTeMaTHYecKoil Monenn o0bekTa, pa3padoTka
MMHUTAMOHHON MOJIENH B MPOIPAaMMHOM IaKeTe.

2. Ocy1iecTBiIeHHE METO/Ia TUNIAHMPOBAHUS SKCIIEPUMEHTA C YYaCTHEM MOJTYYeHHONW UMHUTAIIMOHHOM
MOJIEJN C LENbI0 (POPMUPOBAHHS 3aBUCHMOCTH SHEPr0O3aTPaT OT BEIOpaHHBIX (haKTOPOB Mpolecca.

1. IlocTpoenune Moxesin 00beKTa

OOBEKTOM HUCCIIeIOBaHUS SBISIETCS aTMOC(EpHas YCTAaHOBKA peKTU(PHKANNU HeQTH (MOIIHOCTHIO
MmeHee 500 Teic. TOHH B rox). OCHOBHBIM allliapaToM yCTAaHOBKH sBJIsieTcsl atMocepHas kojnonHa K-1, k
BCIIOMOTATEJIbHBIM ammapaTaM OTHOCSTCS ammapar Bo3AymHoro oxiaxiaeHus ABO, draermosas em-
kocth OE, otnapuas xomonna K-2, koxxyxoTpyOHsIii TermooomMeHauk T-1 (puc. 1).

MaremMaTrueckasi MOJICNIb UCCIIEyeMOro 0OBEKTa OCHOBaHA HA YPABHEHHSIX MaTEPUANBHOTO U Tell-
noBoro 6amancoB. s ympaBieHus mpoueccoM peKTH(UKau HepTH Ha aTMOC(EpHON yCTaHOBKE Ma-
JIOW MOITHOCTHU UCTIONIL3YETCSl TEMIIEpaTypa He Ha BCeX Tapeskax, a TOJILKO Ha Tapesikax oToopa OeH3u-
HOBOM, IW3€IbHOU ()paKIiuid, a Takke Ma3yTa. IMEHHO B 3THX TOYKaxX HM3MEpsETCs TeMIepaTypa Ha
obbekre. [103ToMy JOCTATOUHO MCIOJIB30BAaTh CTATUYECKYIO MOJICNb, YUUTHIBAIOIIYIO TEMIIEpaTypy Ha
OTOOPHBIX TapejKax ¥ BBEPXY KOJOHHBI.

[Mony4ensl ypaBHeHHs MaTeMaTuaeckoid Monenu [9, 10], aist 9yero oOBbEeKT pasiesicH Ha OTICIbHEIC
CEeKLMH, Ul KOKIOH U3 KOTOPBIX OmpeesseTcs TeMiepaTrypa. Takke HeoOX0AUMO ONpenenuTs Gppak-
LUOHHBIN COCTaB CHIpbsl (AEBOHCKON He()TH), MOCTYMAIOIIEro Ha YCTaHOBKY. DpaKIMOHHBIN COCTaB
He(TH OTIpe/IeicH M0 METOAMKE, PUBECHHOM B padote [11].

CekunoHHast MOJIeNb, IpUBeIeHHas B pabotax [9, 10], yacTH4HO M3MEHEHA U JIOTIOJIHEHA PacyeToOM
TEINIO0OMEHHBIX almaparoB. TeMmepaTypbl BEpXHEro M LUPKYJISUUoHHBIX opowenuit (LT, LC1, LC2)
OIIpe/ieNieHbl M3 CHCTEMBI YPaBHEHHH TEIJIOBOTo OanaHca U Teruionepenauun anmapara ABO u koxyxot-
pyOHOTO TEImI000MEHHHKA.

TenmoBas Harpy3ka ABO:

Onpo = LS1-(hyy3 =y )+ Z - (hiny = hip ), (1

hiyy =4,187-(606,5+0,305-TK +0,5-(T23 - TK)),
rne LS1 — pacxon GeH3mHOBOU (pakuuu, kr/c; TK — Temreparypa KOHICHCAIIMH BOASIHOTO Tapa, °C;
123 — remmepatypa Ha Tapenke 23, °C; Z — pacxol IeperpeToro BoAsSHOro napa (cymma Zay, Zok, Zs3),
Kr/c; h — yaenbHas sHTanbmus, kKJDK/Kr; BepxHHE MHACKCH: V — mapoBas ¢asza, L — xuakas Qasa,
Z — IeperpeThId BOASHOM ap.

Martemaruueckas Monaeib ABO B cocTaBe yCTaHOBKH PEKTH(HUKAIMH HEPTH MajOi MOITHOCTH
YUUTBIBACT clieAyromue oco0eHHOCTH. JKunkas ¢asa mocTynaeT B OCHOBHYIO KOJIOHHY Ha TapesKy Iu-
TaHus1, mapoBas (aza — Ha Tapenky Beimie. 110 BbIcOTe KOJOHHBI KOHACHCALMU BOASHOTO Iapa He mpo-
ucxoaut. TemnepaTypa KOHAEHCAIMK TTapa MEHbIIE, YeM TeMIepaTypa Ha BepxHel Tapenke. Ciemo-
BaTeNbHO, KOHACHCAIM MpoUcXoauT Toibko B ABO. KonuuecTBo oTBenEHHOro Teruia ¢ Bepxa Ko-
JIOHHBI OoTpeaenseTcs u3 TemioBoro 6aranca ABO. U3 ¢pnermoBoii emxoct OE oTBOAMTCS BOASHOU
KOHJIEHCaT.

s HaxoXKIeHHs TeMIIEpaTypbl KOHAEHCAMU BOASHOTO napa 7K cHaydana Hy>KHO HaiTH €ro mnap-
HUalbHOE AaBiieHHE. Tak Kak map OTBOAMTCS C BEpXa KOJOHHBI, TO ONPEAEIHM €ro JOII0 B COCTaBe
BEPXHET0 NMPOAYKTA KOJOHHBI. MonbHas 1oy BoAsHoro napa cocraswia 0,33. JlaBneHue Bepxa KOJIOH-
Hbl paBHo 0,25 MIla. 3gaunr, nmapuuaneHOe JaBleHHE BoasHoro mapa P, = 0,33:0,25 =0,0825 Mlla

(wmm 627 MM PT. CT.).
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Puc. 1. Cxema noTokoB aTmocdepHON YyCTaHOBKU pekTudukaumm HedpTun
Fig. 1. Flow diagram of atmospheric oil rectification plant
Temneparypa konnercauuu (°C) onpezaemnsiercst popmynoi [12]:
1
()

K = -273
0,00397 —0,0004455 -1g(P,,)

JAnist HaXOXKACHUS TeMIIepaTypbl OeH3MHOBOH (pakuuu Ha Beixoje ABO u Temreparypbl HUPKYIIsi-
IIMOHHOTO OPOLICHHS NPUMEHSETCS METOJ HOCJIEA0BATEIbHBIX NMPHOMKEHUH, A1 Yero B Havyalje pac-
YyeTa HeoOXO0AMMO 33]1aTh TIEPBOE NMPUOIIMKEHHE BHIXOIHOW TEMITEPATYPHI TOPSIUETO TETIOHOCUTEIISI.

Omnpenenenue TeMrepaTypbl KOHACHCAIMU MTPOUCXOIHT 10 (popmyne (2). 3aTeM BBIYHCISIOTCS JH-
TaJIBIIUK NAapoBOH (a3bl OCH3MHA IPU TEMIepaType Bepxa, PH TeMIlepaType BO (hJIerMoBOi eMKOCTH,
SHTANBIIMHN BOASHOIO Mapa MpH TEMIIEpAaType Bepxa U BOJABI IPU TeMIIepaTrype Bo (IerMOBOH €MKOCTH
[12, 13]. st pacdera SHTANBINI HEPTEMPOAYKTOB MIPUMEHSIOTCS ypaBHeHUs Kpara (st skuakoi da-
3bl) U Yoiipa — UToHa (11 mapoBoii ¢assl) [14]. U3 ypaBHenus teroobmena anst ABO omnpenensercs
TeMIIepaTypa BO3AyXa Ha BbIXOJIE. 3aTeM M3 ypaBHEHHS TeIUIONepeaays He0OXOAUMO ONPEaeTUTh pac-
YETHYIO TIOBEPXHOCTh TEMJI000MEHA M CPaBHUTH €€ C 3aJaHHON. Y paBHEHHUS TEIJIONepelaul, CPETHErO
TEMIIEPaTypHOTO HATopa, TeEMIepaTyphl KOHAECHCAINH UCIIOIB30BAINCH M3 UICTOYHUKOB [12—-14].

3amaHHas MOBEPXHOCTh TEMIOOOMEHA MPHUHSATA U3 TEXHOJOTMYECKOTo PerijamMeHTa ACHCTBYIOIIEH
yCTaHOBKH. HepaBeHCTBO 3THMX MOBEPXHOCTEW O3HAYaeT, YTO Temieparypa HedTenpoayKTa BhIOpaHa

122 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 120-132



Tyzawoea JI.I'., 3amoHckul A.B. CHU)XeHue 3Hep2emuyYyecKux 3ampam
npu ynpaeseHuu ycmaHoeKol pekmudpukayuu Hegopmu

HeTouyHO. Pacyer nmponomxaercs 10 TeX Mop, NOKa pacX0KJIEHUE pacyeTHOHN U 3aJaHHOM NOBEPXHOCTEN
He Oyzer coctaBiiaTh MeHee 3—5 %. Cucrema HeMMHEHHBIX YpaBHEHUM TEIUIOBOro OanaHca U TerJiorne-
penaun g ABO pemranace 8 MATLAB ¢ npumenennem QyHkimu fsolve.

B pesynbraTe BHIMONHEHHOTO pacyeTra MOJyueHo, YTO TeMIepaTypa OCH3WHOBOW (paKIuu Ha BbI-
xoJe u3 anmapata coctasisgeT 42 °C, temneparypa KoHaeHcanuu — 77 °C, 4TO MeHbIIe TeMIEPaTyphl
Bepxa kooHHHI (136 °C), cienoBatenbHO, KOHASHCAMHU T1apa BBEPXY KOJOHHBI HE MPOUCXOAUT (TIpH-
HATO yCJIOBHE, YTO KOHJIEHCAIIMH BOASHOTO Mapa 1o BHICOTE KOJIOHHBI HE TPOUCXO/INT).

Ha texHonmormueckoil ycTaHOBKE AJISI OXJIXKICHHS CBHIPOM HE(PTHU LUPKYISALMOHHBIM OpPOLICHHEM
LC2 npumenseTcst KOKyXOTPYOHBIH TeMI000MEHHUK.

Pemenne cucrems! ypaBHeHHIT ABO U K0XXyXOTpyOHOTO TEINIOOOMEHHHKA BBITIONIHSETCS MO CXO-
xeMy anroputMmy. Ha puc. 2 nmpuBezena 0J10k-cxema ajlropuTMa pacueTa CeKIIMOHHON MOJIEIH C Y4eTOM
BBINOJIHEHHBIX TOTIOJIHEHHH.

Hauano
Pacuer ABO
v 7
PacueT Qpu3nko-xuMHUECKHX
CBOHCTR CBIPbA M pacyeT i Y
OJIHOKPATHOTO HCIAPEHHUA Onpenenenue MOJIBHBIX
ChIpbA 1 Joreil 1 napuHaAIbHEIX 8
¢ JIABIEHMIt
HadanbHOE MpHOTHKEHHE
TeMIepar 2
I patyp Her
Onpejenerue npoguis
JABIECHHS 3
. ¢ PaBHoBecHbIe
e B reNmEpaTYpi. Tefonas
napa, oTOOpoB (hpakLmii, 4 narpyska ABO 10

[]JJ'[EI"MOBD]"O HHCIAa

Pacuer koxyxoTpyOHOTO
TENI00OMEHHHKA 5

'

Brruncnenue Temmeparyp,
Pacxo/10B BHYTpEHHEH
iermer

Puc. 2. Bnok-cxema anroputma pacyeta CeKLUMOHHOM Mogenu
Fig. 2. Flow chart of section model calculation algorithm

B Gnoke 1 paccuuThiBaroTcs GU3NKO-XUMHUYECKUe cBoiicTBa ¢pakuuii [11]. 3agaroTcs HavanbHBIE
npubnmkenus temneparyp (6sok 2). B 6moke 3 onpenensercs npoduias nasneHus. B 6moke 4 3agarorces
pacxojipl MEPErpeToro BOSIHOTO Mapa, 0TOOpBI HEMTAHBIX (Ppakiuii, pacXo/ ChIpbs, (IErMOBOE YHCIIO,
pacxopl IUPKYJSIIIUOHHBIX OPOIICHUH W OCTPOTO OpolleHHs. PacdeT KoXyXoTpyOHOTO TeriooOMeH-
HUKA BBINIOJIHACTCS B OJIOKE 5 aHAJIOrMYHO anroputmy pacyera ABO.

B 6n0ke 6 u3 pemeHus cucTeMbl ypaBHEHUH 0alaHCcOB sl CEKIMN OCH3HMHA, AU3ETIBHOTO TOILIHMBA
Y ra30iiisa [9] ompenensatoTcs TeMrepaTypbl Ha OTOOPHBIX Tapenkax, Bepxa aTMOc(epHOH KOJOHHBI U
pacxosl BHyTpeHHEH (hierMbl TU3eIbHON, Ta30MHIeBOM CeKIMIA. 3aTeM omnpeaeiseTcs: pacXxon (ierMsl,
MOCTYMAIOIIEH B OTTIAPHYIO CEKIUIO.

Temmiepatypa Oen3uHOBOHM (pakiyu Ha Beixone ABO onpenensiercst B O10ke 7. 3atem B Onoke 8
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ompezesnsieM MOJIbHBIC T0JIM He(DTAHBIX Ppakuuii B mapoBoi ¢asze Y; u mapuuaibHOE JaBICHUE KaKION
otOupaemoii ppakiuu P;.

PaBHOBecHBIE TeMIIepaTypbl HaXOIATCS U3 YCIOBHS, MPHBEICHHOrO B Ojioke 9. JIODKHO BBITOJI-
HATBCS YCJIOBHE: CyMMa MOJIBHBIX JIoJiel BeceX He(TsaHbIX ¢pakiuii NC B mapoBoi (hase paBHA €IUHUIIC.
Ecnu ycnoBue B G1ioke 9 He BBITIOTHSIETCS, TO PACUET MTOBTOPSETCA.

[MapameTpbl TEXHOIOTHYECKOTO TPOIecca, ONpeieeHHbIE M0 CEKIIMOHHON MOJICIH B CPABHEHHH C
HOMHHAJIBHBIM PEXUMOM (II0 POSKTHOMY PEIICHHIO ), TPUBEeHBI B Ta0M. 1.

Tabnuua 1
I'Iapameprl TeXHOJTOrn4YecKoro pexuma aTMOC(*)epHOﬁ YCTaHOBKU
pekTudrKaumm HecpTm Manom MoLHOCTH
Table 1
Parameters of the process mode of the atmospheric oil rectification plant
HomunanbHbI#M
Ha3BaHue TeXHONIOrn4ecKoro napaMerpa N CeknoHHas MOJIENTb
CTaTUYCCKUN PEKUM
MaccoBbIil pacxoJ1 CHIPBS, KT/c 12,84 12,84
Temnepatypa cbipbs, °C 354 354
JlaBnenue Bepxa KOJIOHHEI, Kre/em” 0,6 0,6
[TnotHOCT HEdTH, Kr/M° 872,2 873,5
Temmnepatypa ¢iermsl B KOJIOHHY, °C 43,3 42
TemnepaTypa Bepxa KonoHHbI, °C 134 136
Temneparypa T B 0THapHyI0 KOJIOHHY 216 221
Temmepatypa razoiins, °C 314 312
Temnepatypa mazyTa, °C 331 329

ANIEKBaTHOCTb MOJENU OLECHUBANACH [0 OTHOCUTEIBHOM MOTPEIIHOCTH IPU CPABHEHUU HOMUHAIb-
HOTO CTAaTUYECKOrO PEXKHMMa M pe3yjbTaTa MOAEIUPOBAHMS MO CEKUMOHHOW Moaenu. Onpenensioch
pacxoXxaeHUe 3HaUYCHUH TeMIIepaTyp, MOJyYCHHBIX Ha MOJENH, U 3HAYCHUH TeMIIepaTyp IO BBICOTE KO-
JIOHHBI (TeMIIepaTypbl OCH3MHOBOM, AU3CIILHOM (PPAKIUH, Ma3yTa) HOMUHAIBHOTO PEXKUMAa.

OTHOCHUTENbHAS OTPEIIHOCTh MOTYYCHHOW CEKITMOHHOW MOJENH 10 TeMIleparypaM He IMPEeBbI-
maetT 4,3 %.

2. [InannpoBanme 3KCIepPAMEHTA
OmnpenenyM 3aBUCHMOCTb HEPreTHYECKUX 3aTpaT OT BIusomux ¢axkropos. [Ipennonaraem, uro Ta-
Kasl 3aBUCUMOCTb HOCHUT HEJIMHEHHBIN XapaKkTep, MO3TOMY ITOCTPOUM KBaIpaTHUIHYIO0 MOJICb Bua [15]:

k k=1 k k
) 2
y(x) = Zbl-xl- + Z z bl-jxl-xj +Zbl-l-xl- s 3)
i=0 i=l j=i+l i=I
rie b; — Ko3PUIMEHTH! BIMAHUA OAUHOYHBIX (AKTOPOB; by — KOIPPUIMEHTHI B3aUMHOIO BIMSHHSA T1ap
dbaxropoB; b; — K0d3pOUIMEHTH BIUSAHUA KBagpaToB (DaKTOpPOB; X;, X; — KOAUPOBAHHBIE (AKTOPHI;

V — BBIXOJIHOM mapameTp; k — 9uciio akTopos.

Jia cokpaiieHusi 4uciia ONbITOB MPUMEHSEM METO]] OPTOTOHAJIHHOTO IEHTPAIBLHOTO KOMITO3UITHU-
oHHoro TutanupoBaHus skcnepumenta (OLIKIT) Broporo mopsaka. [lomydeHHas CeKIMOHHAS MOJEINb
o0bekTa HeoOxonuma ans ocymectsieHuss Metoga OLIKIL. Ilpu mocTpoennn miaHoB BTOPOro Mopsiika
UCIIOJIB3YIOTCS OPTOTOHAJIbHBIE ITUIAHBI IIEPBOTO MOPSAAKA MOJHOTrO (akropHoro 3kcnepumMenta (I1D3),
Ha3bIBaE€MbIC B 3TOM CJIy4Yae siAPOM KOMIIO3UIMOHHOTO IutaHa. K siipy mimana no0aBisitoTCs TOMOJTHH-
TEeJIbHBIC TOYKH (PAKTOPHOTO MPOCTPAHCTBA: B LIEHTPE IJIaHa (HyJieBas TOUKa) M Ha HEKOTOPOM PacCTOsi-
HUU d OT Hero (3Be3AHbIe TOUKH). BennunHa d Ha3pIBaeTCs 3BE€3THBIM ILIEYOM.

OHepreTuyecKue 3aTpaThl HA pa3feleHUE COCTOAT U3 IOABOJA BHEPruM IJI CO3/laHMs IIapOBOTO
IOTOKA U 3aTpaT Ha OXJIAXJCHHWE M KOHAEHCAIMIO TI0TOKA opouleHus U HedTenpoaykTa. Ha atmocdep-
HYIO YCTAHOBKY (CM. puc. 1) moctymaeT TeIo ¢ meperpeTsiM BOISHBIM I1apoM, a OTBOAUTCS TEIUIO B
ABO. IIpumeM B KauecTBe BBIXOZHOTO Mapamerpa (Kpurtepusi) TemnoByto Harpy3ky ABO QOapo (KXx)
(dpopmyna (1)). Ha BeixogHoit napametp y = Qapo BIUAET pacxo]] MEPerpeToro BOASHOIO mapa, MmocTy-
MAIOIIET0 B aTMOCQEpHYIO (Zxk) U OTHapHYIO (Zok) KONOHHBL, (uermoBoe uucio @. Tak kak mporecc
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npu ynpaesieHuu ycmaHoekol pekmugpukayuu Hegpmu

pexTuduKanur HeTH UAET B YCIOBHUAX U3MEHEHHS PACX0/a CHIPbs, TO B KAUECTBE YETBEPTOro (akTopa
ydTeM pacxojl HeTH, TOCTYMAoIeH Ha yCTaHOBKY (F).
Takum 00pa3oM, 3aBUCHMOCTh DHEPTeTUYECKHUX 3aTpar OT BIUSIOMNX (akTOpOB MPHHUMAET Clie-
YOI BUJ
QABO = f(ZAK’ ZOKv D, F). 4)
[TpuBenem nocnenosateabHOCTh ocTpoeHust OLIKIT yeThipexhakTOPHOTo SKCIEPUMEHTA 10 IIIaraM.
Llae 1. llepexon ot ¢pusnveckux GpakTopos {Z k> Lok P, F } eX x KOZIUPOBAaHHBIM (pakTopam X;.

Heo6X0MMO ONpeIeNnTh HEHTp IUIaHa X';, IIar BapbUPOBAHHS /1;, 3BE3THOE IUIEUO d, CMEIICHHE 3HAUe-
HUH KBagpaToB GakTopoB ¢, ypoBuu (—d, 1, 0, +1, d).

Illaz 2. TlocTpoeHre MaTpHULb] INTAHUPOBAHUS.

Llae 3. Onpenenenne b-koddpuimeHToB KBagpaTHUHOTO MosMHOMa Brja (15).

Llae 4. TlpoBepka 3HAUUMOCTH H-KOXIPPHULNEHTOB M UCKIIOUCHUE U3 MOJEIH HE3HAYUMBIX KO-
(UIEeHTOB.

Llae 5. TlpoBepka aieKBaTHOCTHU MOJYYEHHON MOJEIIH.

Llae 6. Ilepexon k pakTopaM B (U3NICCKUX BEITHMUNHAX.

Brimomaum nmoctpoenne 3asucumocty Buaa (4) meromgom OLKII o BIIeniepedrciIeHHbIM IIaram.

Ha wace 1 onpenensieM cBsi3b KOIUPOBAaHHBIX M (hr3rueckux (hakTopos [16]:

X, - X}

X; = T, (5)
IZie X; — 3HAYCHUE i-r0 KOIXUPOBAHHOTO (akTopa; X; — 3HaUeHHe i-ro (pakTopa B GU3NIECKUX BEIUUHHAX;
X°; — cpennee 3nauenue i-it gusnyeckoro dakropa (LEHTP IIIAHA); /; — AT BAPUPOBAHKS i-T0 DH3MUeE-
cKoro (axkTopa.

Jlnst kaxoro (akropa X; ienTp riana X'; onpesensercs BrpaxenueM [16]:

max min
X0 X TN ok (©)
' 2
Iar BapbupoBanus i-ii GU3NUECKON IEPEMEHHOM:
Xl_rnax _Xmin
h = %)

Hns cnydas getsipex ¢axTopoB 3Be3nHoe mieuo d = 1,414; mapamerp cmemenus ¢ = 0,8; gucio
Touek ¢akTopHoro npocrpancTea N =25 [15]. CneayeT oTMETHTh, YTO JAUANa30H 3HAYCHUH (aKTOpOB
MIPUHST JUIS1 JIETHETO pekuMa ycTaHoBKH. Berarcnennsie mapamerpbl OLIKII npuBenens: B Tabm. 2.

Tabnuua 2
MapameTtpbl OLIKN
Table 2
OCCP parameters
Ob6o03HaueHne HaKTOpOB Zow % Zow. % @ F. x1/100 kr
B (DU3MYCCKUX BEIMUHNHAX
I'panuiisl hakTopoB [2,1;2,7] [4,1; 5,5] [1,1;1,5] [92; 96]
O6o3HaUCHHE
X1 X2 X3 X4
KOJMPOBAHHKIX (haKTOPOB
[Iar BapsupoBanws /; 0,2121 0,495 0,1414 1,414
YpoBHU:
—d 2,1 4,1 1,1 92
-1 2,1879 4,305 1,1586 92,586
0 2,4 4.8 1,3 94
+1 2,6121 5,295 1,4414 95,414
d 2,7 5,5 1,5 96

CornacHo wazy 2 BbILIENPUBEISHHON MOCIEI0BATEIFHOCTH C yUeTOM HalWJeHHbIX Ha mare 1 mapa-
meTpoB OLIKII cocraBnsiem miiaH MpoBeACHUS 3KCIIEPUMEHTA U MaTpHLly IJIaHupoBanus (Tadum. 3). 3Ha-
YEeHMsI BEIXOAHOTO MTapaMeTpa ) ONPEAEIIAIOTCS 0 CEKIIUOHHOW MOJIETH.
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Ha waece 3 onpenensiem b-xo3(hGUIIMEHTH! YpaBHEHUS PETPECCUU B BHUJIE KBaIPAaTUYHOTO ITOJIHHO-
Mma, HOCTpoeHHoro o ,Z[aHHBIM OL[KH [17]‘

y(x)= bo+2b1x,+2 Z byx;x; +Z (7 -0) )

i=l j=i+l
Koaq@nune}nm ypaBHEHUs perpeccui (8) BBIYUCIIAEM IO HopMyTIam:

N N
. ZXOuyu zxiuyu

bO _ u=l : bi _u=l :_k
v N 20 N 9)
inuxjuyu Z( )
ij :11:1—; iij; bii —1—.
' 16 8

Paccunrannbie 3HaYCHHS KOADGHUIIMCHTOB TIOJICTaBUM B ypaBHEeHHE (8):

y(;c) =12890,33 4+ 346,09x; +296,66x, —...—122,06x; + 212,58x, — 26,2(x12 - (p) -

~26,81(:5 —0)+2372,04(x] — ) +...+25,20(x] —0) - 2,87x,x, +34,00x.x; +

+8,50x,x4 —0,63x,x3 +0,88x,x, —3x3x,. (10)

[To u3BecTHBIM Qopmynam [18] BBIIONHSAEM MPOBEPKY HE3HAYMMOCTH H-KO3(h(GHUIMEHTOB C IIOMO-
b0 Kpurepus CThIOCHTA:

5]
tbi :_<tTa6n’ (11)
Sbi
TJIC S5 — CPEAHEe KBaIpaTnIeckoe OTKIOHeHHEe Ko3dduuuentos (i =0, 1, ..., 15).

B ciyuae BeinonHeHus HepaBeHeTBa (11) b-K03(PPHUIMEHT CUMTAETCS CTATUCTUUCCKUA HE3HAYMMBIM.
Tabmuuynoe 3nauenue kpurepuss CtoroneHta B MATLAB MOXXHO ompenenuTh ¢ MOMOILBIO (PYHKIHH
tinv(a, f1). CpeaHee KBaipaTHYeCKOe OTKIIOHEHUE Pa3HbIX b-KOA(P(DHUIIMCHTOB Pa3IUIHO:

S*—61 ,05; Sy, =76,88; s, =192,21; s, =96,10.

by b;

Ha wace 4 no ycnosuto (11) xoadduuentsr by, by, byy, bay, by, b5, b4, bys, by, by, OKazanuchb
HE3HAYUMBIMH, TIO3TOMY HUCKIIFOYaeM UX OJHOBPEMEHHO U3 ypaBHeHU (10).
3areMm Hepexo;u/IM K ypaBHeHmo perpeccnn B cTaHAapTHo# dopme [17]:

( ) bO'xO +Zblxl +Z Z bljxlxj +Z i i > (12)

i=l j=i+l

by —boxo (PZ i »

i=1
y(}) =12890,33 + 346,09, +...+ 296,66x,+212,58x, +2372,04x.

Tak KaKk dKCIIEpUMEHT MPOBOIMIICSA HE Ha OOBEKTe WM IKCIIEPUMEHTAIHHON YCTaHOBKE, a Ha KOM-
MBIOTEPHON MOJENH, TO MPOBEACHHE MapajUIeNbHBIX OMBITOB MPHUBOIUT K OJWHAKOBBIM pe3yJIbTaTaM,
MO3TOMY NPUHUMAEM, YTO MAPaICIbHBIX ONBITOB HET.

B sTom cityuae npoBepky azekBaTHOCTH MoJienu (12) ¢ HCKITFOUeHHBIMH HE3HAYMMBIMH KO3 GHULIN-

SHTaMU BBITIOJIHAEM I10 W3BECTHOU (hopmyrte [ 18] ¢ momomipio kpuTepust Ouiepa:
2

N
cp
2 >Frragn> (13)
SR
2
rac SCp — OUCTIEPCHU CPECIAHETO, S]ze — OCTaTO4YHasA AUCIICPCH.

TabnuuHoe 3HaueHHe KpuTepus Duiepa MOXKHO ONPEACIUTL ¢ IOMOINBI0 QYHKIMH finv(a, fi, ).
Pesynbrarsl BRINOIHEHUS widea 5 caenyromue. Fis, = finv(0,95; 3, 20) = 3,0984. PacueTtHoe 3HaYCHHE
OTHOIIEHUH Aucnepcuid coctarisieT 63,4124, Ycnosue (13) BRIMONHICTCS, CIIEIOBATEIEHO, MOJICTH ajie-
KBaTHa.
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[locne ompeneneHust ageKBaTHOCTH MOJENH € y4eToM ¢opmynsl (12) mepexoauM K ypaBHEHHIO
perpeccun B pusnueckux dakropax [15]:
. k k=l k k )
Y=By+Y BX,+Y > B;X,X,+) B, X} (14)
i=I i=l j=i+l i=1
Takum 00pazoMm, B pe3yabTaTe MPOBEIECHHOTO KCIIEPUMEHTA MOyYCHA 3aBUCUMOCTbD CIIEITYIOIIETO
BUJA (JUIS JIETHETO peXrmMa paboThI):

Y(?) —192436,01+1631,76X, +599,32X, +..+150,341.X,, +118637,82X > —308458,35X;  (15)

i B 0003HaYeHUAX (4):
Oxpo =192436,01+1631,76Z sy +599,32Z +...4+150,341F +118637,8207 —308458,350.

Kak Buanm u3 3aBucumocteii (12), (15), HanOomnbIiee BIUSHIE Ha SHEPTEeTHYECKUE 3aTPAThI OKa3bl-
BaeT QuierMoBoe yucio. Ha puc. 3 mpuBeneHa MOBEpXHOCTh BEIXOJHOTO Mapamerpa Y mpu BapbUpOBa-
HUH JBYX (DaKTOPOB — pacxoia MeperpeToro BOJTHOTO Mmapa B aTMOc(epHyIo KOJOHHY X U (JIerMOBOTO
yrcia X; Mpy MOCTOSIHHOM pacxojie chipbsi X; = 94 xr/100 KT U pacxoje meperperoro BoJsSHOTO Mapa B
OTMapHYyIO KONOHHY X; = 4,8 %.

¥3 ' ¥1

Puc. 3. NNoBepxHOCTb BbIXOAHOIO NapameTpa NPy NOCTOAHHbIX 3HAYEHUAX
X4s=94 kr/[100 kr u X2 = 4,8 %
Fig. 3. Output parameter surface at Constant values X; = 94 kg/100 kg and X2 = 4,8 %

[Mony4ennast 3aBucUMOCTh (15) MOXET NPUMEHSATHCS JAJISl HAXOXKICHUS 3HA4YEHUH (akTopoB X,
o0ecrneynBaoUINX MUHUMYM QyHKIMH Y.

Ot 3HaueHus: GrerMoBOTo YKCa, PACX0a MEPETPETOro Mmapa 3aBUCIT KaK SHEPreTHYECKHE 3aTpa-
TBI, TAK U KA4ECTBO BBIPAOATHIBAEMBIX HE(TEIPOAYKTOB, IIO3TOMY HEOOXOAUMO YYUTHIBATH OrpaHHue-
HUSI, OTIPEJICIISIFOIIIE 3aBUCUMOCTh TIOKa3aTeNIe KauecTBa OT TEXHOJIOTHUEeCKUX mapameTpoB [19]:

Lo =ks + ke - Zox — k7 -T13; (166)

i€ Tiwe> L i — TEMIIEPATYPHl Hadaja KUICHHS, KOHIA KUIEHUs OCH3WHOBOM, MU3eIbHON (pak-
uuid, °C; Fs, Fr, Zox — pacxosl OEH3UHOBOM, qU3eabHON (paKiMii, IeperpeToro BOASHOrO napa B oT-
NapHYI0 KOJOHHY, Kr/c; LT, LC2 — pacxoa OCTPOro U MUPKYISIIHOHHOTO OpOIIeHUH, Kr/c; T, — TemIe-
paTypa Bepxa konoHHbI, °C; T13 — TemnepaTypa Beixojia au3enbHoi (pakiun, °C; ki—ki, — koadhduim-
SHTBI, OIIPeIeTsIEMbIC METOIOM HauMEHbITUX KBanapatoB (MHK).

Takum 00pazoM, MUHUMYM SHEPreTHYECKHUX 3aTpar (TemioBoi Harpy3ku ABO) Y (15) moxHO om-
pelenuTh IpH 331aHHOM Pacxoie Chipbs (HeTr) F mpu BeINOIHEHUH orpanndenuil (16a)—(168) Ha mno-
Ka3aTelnu KavyecTBa HePTENMpOoayKTOB. 3a/lada ONTHMHU3AIWU C OTPAHUYCHHUSIMU MOXET OBITh peIleHa
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B MATLAB, nanpumep, ¢ nomomsto pynkuuu fimincon [20]. [lonydennsie 3HaueHus: (HakTOpoB MO-
I'yT OBITh UCTIOJIb30BAHBI B KAUECTBE 33/IaHUH PEryJIsITOpaM PacXOJOB HA YCTAaHOBKE pEeKTH(HKAINH
He(TH.

BoiBoabI

Takum 00pa3oM, ¢ IPUMEHEHHEM YCOBEPIICHCTBOBAHHON CEKIIMOHHOW MOJEN OJIOKa YCTaHOBKH
pexTudUKaIuy HeQTH MaIOH MOIITHOCTH MOJIy4eHa 3aBUCUMOCTh SHEPIeTUUYECKHX 3aTPAT OT BIIMSFOIINUX
(dakTopoB ((herMOBOro 4MCia, PACXOJOB IMEPErPETOro BOASHOTO Mapa B aTMOCHEPHYIO M OTIAPHYIO
KOJIOHHY, pacxojia ChIpbs). [[si BEIBO/Ia BHINIEHA3BAHHOW 3aBHCHMOCTH MIPUMEHEH METOJ OPTOTOHAIb-
HOTO IEHTPaJbHOI0 KOMIO3UIIMOHHOIO IUTAHUPOBAHUS 3KCIIEPUMEHTA BTOPOrO MOpsiaka. BrimoiaHeHa
MPOBEPKa aJIcKBATHOCTU TIONYYCHHOM Mojenu. Tak Kak BHIOpaHHBIC (haKTOPhI BIMSIOT HE TOJBKO Ha
SHEPreTHYECKUE 3aTpaThl, HO U Ha MOKa3aTeIM KauyecTBa HEPTEMPOIYyKTOB, HEOOXOIUMO UCIIOIb30BATh
BEIpXSHHS JJIs TIOKa3aTesnel kayecTBa He(pTermpoayKToB B KadecTBe orpaHndeHuil. [lomyuenHas 3aBu-
CHUMOCTbh MOKET OBITh MCITOJIb30BaHa JIJIsl PEIICHHS ONTHMU3AIMY SYHEPIeTHYSCKUX 3aTpaT Ha YCTAHOBKE
pexTudUKaud HePTH B YCIOBUSAX MEHSIOMICTOCS PAcXOAa ChIPbsS W IOCJICIYIOIIEr0 HCIOIb30BaHHMS
HalJICHHBIX 3HAYeHUH ()aKTOPOB B KAUECTBE YCTABOK PETYIIATOpPAM.
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REDUCTION OF ENERGY COSTS
BY OIL RECTIFICATION PLANT CONTROL
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1Almetyevsk State Oil Institute, Almetyevsk, Russian Federation,
2 perm National Research Polytechnic University, Berezniki Branch, Berezniki, Russian Federation

Introduction. Methods for assessing the energy efficiency of small oil refineries are not suffi-
ciently developed currently. Aim is an optimizing the energy costs of oil separation. Materials
and methods. An algorithm for calculating the sectional model of the atmospheric unit of a low-
power oil distillation unit is presented. The resulting model is supplemented by the calculation of an
air-cooling apparatus and a shell-and-tube heat exchanger. The factors affecting energy costs were
selected: the consumption of superheated water vapor in the atmospheric and stripping columns, re-
flux ratio, and the consumption of raw materials. To derive the dependence of the selected criterion
on the listed factors, the method of orthogonal central compositional planning of the experiment was
applied. A planning matrix for a four-factor experiment using the sectional model is compiled.
The results of the experiment have been obtained in the MATLAB software package. An estimation
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of the insignificance of the coefficients in the obtained second-order regression equation is carried
out; insignificant coefficients are excluded from the model. The adequacy of the model was verified
using the Fisher criterion. The regression equation represented in the physical quantities of the fac-
tors is the objective function. Results. The surface of the output parameter is constructed depending
on control factors (reflux number and flow rate of superheated water vapor into the atmospheric co-
lumn) with a constant flow of raw materials and a constant flow of superheated steam into the strip-
ping column. It is shown that the selected factors affect not only energy costs, but also the quality
indicators of petroleum products. Mathematical models are given for determining the quality indica-
tors of oil products (temperatures of the beginning and end of boiling) at an oil refinery, which are
used as limitations. The application of the obtained dependence is proposed for optimizing energy
costs at an oil distillation unit with a changing consumption of raw materials. Conclusion. The ob-
tained optimal values of the factors can be used as tasks for the regulators on the current installation.

Keywords: energy costs, oil distillation, consumption of superheated water vapor, reflux ratio,
sectional model, optimization, quality indicators.
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3KCMNEPTHASA CUCTEMA OLEHKWU TEXHUYECKOIO COCTOSAHUA
Y310B 3NEKTPOLEHTPOBEXXHbIX HACOCOB

HA OCHOBE NPOOYKLUMOHHOIO NPEOCTABNEHUA 3HAHUNA

N HEYETKOW NOIMUKKU

[.A. UIcmomuH’, B.FO. Cmon6oe’, [.H. Mnamon*

! lMepmckuti HayuoHarnbHbIU uccrnedosamernbCKUl NoaUMexHU4YecKuli yHusepcumem,
e. lNepmb, Poccusi
2000 «Hagpma dkcnepmy, 2. [Mepmb, Poccust

BBenenne. OileHKa COCTOSIHHUSL Y3JIOB JJIEKTPOIICHTPOOEKHBIX HACOCOB SIBIISETCS OJHOW W3
MHOJKECTBa 3a/la4, KOTOPhIC HEOOXOAWMO PEIINTh IS TMOBBIIICHUS 3()(HEKTUBHOCTH OHM3HEC-
nporieccoB HerenoObun. IloBbiieHne 3G(HEKTUBHOCTH MPOLECCOB MOHHUTOPHHIA COCTOSIHHS H
MIPOTHO3UPOBAHUS OTKA30B AJIEKTPOLCHTPOOCSIKHBIX HACOCOB 3a4acTyI0 TpeOyeT pa3pabOTKH CIICIIH-
aJBHOTO MaTeMaTHYECKOTO U WHpopMannoHHOTO obecmedcHus. Lleas nccaenoBanus. [IpopaboTka
BOIIPOCOB MPUMEHEHUS SKCIEPTHBIX CHUCTEM JJISl OLIEHKH TEXHUYECKOTO COCTOSIHHS Y3JI0B 3JEKTPO-
LIEHTPOOCIKHBIX HACOCOB HA OCHOBE ITOJIYUCHHBIX 3HAaHWH. MaTepuajbl M MeTOAbl. DKCIIEPTHAS
CHUCTEMa pPacCcMaTPHUBAETCA B KAadyeCTBE BCIIOMOraTENbHOIO HHCTPYMEHTA, MHUHUMU3HPYIOLIETO
OIIMOKY, CBS3aHHBIC C JIOXKHBIM cpabaThIBAHHEM NPEIUKTUBHON aHAUTHKH. JKCIIEPTHAs CHCTEMa
Ha OCHOBE TPEHIIOB MO KXKJIOMY MOKa3aTelllo AJIEKTPOIIEHTPOOSKHOTO Hacoca (JaBieHue, BHOpa-
WS, CUJIa TOKa U T. J.) (OPMHUPYET OIEHKY TEXHUYECKOTO COCTOSHHS, HAMpPUMEP, AUATHOCTUPYS
OIpEe/IeJICHHbIN BUJ HEUCIIPAaBHOCTU. [[1s1 XpaHeHUs 3HAHUN B AKCIEPTHOM CHCTEME paccMaTpHUBa-
torcst ppeiiMbl U poaykiud. JIeTaabHO PacCMOTPEH MPOAYKIIHOHHBIN CIIOCO0 MPEACTaBICHUS 3HA-
HUM U NpeJIoKeHa BO3MOKHOCTh MPUMEHEHUSI HEUETKOT0 JIOTUYecKoro BoiBoja. Pesyabrartsl. Vc-
cJIeIOBaHbI BO3MOYKHOCTH JKCTIEPTHBIX CHUCTEM, OCHOBAHHBIX Ha 3HAHUAX, BKIIOYAs MOJETH Mpe.-
CTaBIICHUS 3HAHUH C y4ETOM HEYCTKOCTH MH(POPMALWHU M aITOPUTMBI JOTHYECKOro BeiBoga. Oboc-
HOBAHO NPUMEHEHUE MPOAYKIHMOHHOM MOJENN NMPEACTaBICHUS 3HAHUI SKCIEPTOB, IIOKA3aHO MpH-
MEHCHHE TCOPUH HEYCTKHX MHOXECTB JJIsI 00paOOTKU 3HAHUH dKcnepToB. [IpemioskeHa KOHIICTIUS
HWHTEIUICKTYyaTbHOH HH(GOPMAIIMOHHON CHCTEMBI, BKIFOYAOIICH IKCHEPTHYIO CHCTEMY MOIICPIKKU
MIPUHATHUS PEIICHUH, OCHOBAaHHYIO Ha 3HAHUSX, a Takke OJOK MpeaBapUTEIbHON U TIIy00Koil oOpa-
OOTKM JTAaHHBIX, BKJIIOYAs KOMIIOHEHT MPEIUKTUBHON aHAIWTHUKH, OCHOBAaHHBIM Ha HEHPOCETEBBIX
TexHoJorusx. IIpencTaBieH AEMOHCTPAallMOHHBIA MPUMEp MPUMEHEHHWs OJKCIEPTHOHW CUCTEMBI, a
TaKXe PacCMOTPEHBI 0COOEHHOCTH ee peanu3anuu B obonouke FuzzyCLIPS. 3aknouenne. Vccie-
JlyeMble METOJIbI U MOJETH apoOUPOBaHbl HA PEATbHBIX JAHHBIX, YTO MOJATBEPKIAET BOZMOKHOCTh
HX MCIOJIh30BaHUS MPH Pa3pabOTKE HHTCILICKTYaIbHOW HH(GOPMAIIMOHHOW CHCTEMBI.

Kniouesvie cnosa: snexmpoyenmpobedxcHulll HACOC, MeXHUYecKkoe COCMOsAHUe, IKCNEePMHA
cucmema, npedCmagieHue 3HAHUl, NPOOYKYUOHHbLE 3HAHUS, Qpelimbl, T02U4eCKUll 861600, HeyemKue
muoxcecmsa, CLIPS, FuzzyCLIPS.

Beenenne

ABTOMaTH3UPOBaHHAsI OLEHKA COCTOSHUSI Y3JIOB 3JIEKTpOoLeHTpoOexkHbIX HacocoB (DLIH) aBnsercs
OJTHOM M3 BAXHBIX 3a/1a4, KOTOpbIe HEOOXOIUMO PEUIMTh JJs MOBBIIIeHUS 3(pdekTnBHOCTH OU3HEC-
nporeccoB HedremnoObuu. [loBeimeHne 3pQGEKTHBHOCTH MPOIECCOB MOHUTOPWUHTA cOCTOsiHUS [1] M
nporHo3upoBanus otkazoB DIIH 3auactyio TpeOyeT pa3paboOTKu CHEIHATBbHOIO MaTeMaTH4ecKoro H
UHGOPMALMOHHOTO 00ECIICUCHHUSI.

B HacTosmiee BpeMs B MuUpe OypHO pa3BHUBAIOTCS METOIbI MCKyccTBeHHOro uHrtemiekra (M),
BKJIIOYas IPEIUKTUBHYIO aHAIMTHKY [2], OCHOBaHHYIO Ha IiTy0oKoil 00paboTke nanHbIX (data mining) ¢
MOMOIIBI0 MAIIMHHOTO O0YYEHUS! U HEHpOCeTeBBIX TEXHOMOTHIH. OHAKO KOJINYECTBO MOJOOHBIX METO-
JIOB, BBEJICHHBIX B ITPOMBIIIUIEHHYIO SKCILTyaTaIlHIo, JOCTATOYHO HEBEJIHKO [3, 4].

B cosnmanun uHTEIUIEKTyanbHbIX WHQOpManuoHHbIX cucteM (MWC) 3amHTepecoBaHbl M MHOTHE
KpYIHBIE poccuiickue HedTerazoBble KoMnanuu. Kpome Toro, Assi BBISBICHUS! BO3MOXKHBIX aHOMAJIMH B
pabote 06opya0BaHUS HEOOXOIMMO C MOMOIIBIO IKCIIEPTOB HAKOIIUTH HEOOXOAMMBIC 3HAHUS, HA OCHO-
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BE KOTOPBIX MOKHO c(hOpPMHPOBATH KPUTEPUU HACTYIUICHHS Pa3IMYHBIX aHOMAIUH MO MHOTro(hakTop-
HOMY aHaJIM3y JaHHBIX, TOCTYMAIOIINX C JATYMKOB 32 ONpe/IeTICHHBIN TIePHO/ BPEMEHH.

Lenbio HACTOSIIETO UCCIIEAOBAHMUS SBIISIETCS MPOPaOOTKa BOIPOCOB MPUMEHEHUS SKCIIEPTHBIX CHC-
TEM JJIS1 OLCHKH TEXHUYECKOTO COCTOSHHSA Y3JI0B AJIEKTPOLIEHTPOOSKHBIX HACOCOB HA OCHOBE MOJIy4EeH-
HBIX 3HAHUH [5].

JUJ1st TOCTHXKEHUSI TOCTABJICHHOH 1IeTM HEOOXOMMO PELIUTh CIIEAYIOIINE 3a]auu:

1. UccnenoBath BO3MOXKHOCTH SKCHEPTHBIX CHCTEM, OCHOBAaHHBIX Ha 3HAHUSX, BKJIIOYAs MOJICIH
NpEeACTaBICHHUs 3HAHUM C Y4€TOM HEYETKOCTH HH(POPMAIMK U aJIrOPUTMBI JIOTHYECKOTO BBIBOAA.

2. AnipoOupoBath UccieryeMble METOIbI M MOJICII Ha PEATbHBIX JJAHHBIX.

3. Ilpennoxuts u anpobupoBaTh BapuaHT peanmzanuu MM C, BKIIIOYAIONIYIO 3KCIIEPTHYIO CUCTEMY
NOJACPKKU NPUHATHUS PELICHUN, OCHOBAaHHYIO HA 3HAHUAX, MHTETPHUPOBAHHYIO C OJIOKOM MpenBapH-
TEJIbHOU ¥ ITyOOKOH 00pabOTKU JTaHHBIX.

1. Apxurextypa HUC

Ha puc. 1 npuBonutcs crpykrypHas cxema MUC, mo3Bomsionieil oneHnBaTh TEXHUYECKOE COCTOS-
HHe 000pyJOBaHUS B Ipoliecce IKCIUTyaTanuu. JlaHHas cucTeMa BKIIOYAaeT HECKOJIIBKO Moayiel (mof-
CHCTEM), CBSI3aHHBIX MEX1y co00i nHopMaMoHHEIMU noToKkamu. K ocHoBHEIM Mozaymsim M C moxkHO
OTHECTHU: OACHUCTEMY MOHUTOPHHTA, IOACUCTEMY IIPEABAPUTEILHON 00pabOTKY NaHHBIX U SKCIEPTHYIO
CHUCTEMY, OCHOBAaHHYIO Ha 3HaHHUAX. OTMETHM, UYTO HAa OCHOBE COBPEMEHHBIX METOJO0B MCKYCCTBEHHOTO
unremekta (M) MoxHo pazpaboTaTh MoJeNnu, CIOCOOHBIE 10 MHPOPMALMH, TOCTYNAOLIeH ¢ 000py-
JIOBaHHS B PEKUME PEATLHOIO BPEMEHHM, OINPENENATh €r0 TEXHUUECKOE COCTOSHHE M NpeACKa3bIBaTh
BO3MOXXHBIC TTOJIOMKH Y3JIOB M OTKa3bl B Oymkaiiiem OyaymieM. OIHAKO JUIS MOCTPOCHHUS MOJOOHBIX
MoJielieii, OCHOBaHHBIX, HAlpHMep, Ha HEHPOCETEBBIX TEXHOJIOTHSIX, HEOOXOIUMBI OOJBIINE MAaCCUBBI
JaHHBIX, TOJYYEHHBIX C JATYUKOB 3a JJIUTEIbHBINA IEPUOJT BPEMEHH IKCIUTyaTalllH, a TAKKE CBEIECHUS O
NPOM30LICAIINX MTOJIOMKaX M MPOBEACHHBIX PEMOHTaxX obopynoBanus. 13 puc. 1 BuaHO, uTo popmupo-
BaHUE yIpaBieHdeckoro pemeHus ¢ nomoiursio MMC u nepenada ero JIITP BO3MOXKHBI ABYMS IyTAMU: B
PEKUME peanbHOro BpeMEeHH ¢ MOMOIIbi0 KomroHeHTa «lloacucrema o6paOOTKK M aHAIN3a TAHHBIXY,
OCYIIECTBIISIONIETO NMPEANKTUBHYIO aHAIMTHKY, U C 3alla3/IbIBAHUEM 10 BPEMEHH I0CJIE aHaIu3a MOCTy-
MAKOIIKX U 00pabOTaHHBIX TAHHBIX C MOMOIIBIO KCIIEPTHON CUCTEMbI, OCHOBaHHOH Ha 3HAHUSX.

Onepartop (/INP)
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Fig. 1. Architecture of lIS
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Koneuno, nepBblif myTh sBIsieTcs: Ooniee MEepCleKTUBHBIM, HO TpedyeT oTpaboTtku meromoB MU (na-
npUMep, OOyYeHHUsI 1 HACTPOMKU CHEHUAIBHBIX TTyOoKuXx Herpoceteit). IloaTomy Ha mepBoM 3Tame paspa-
6otku UMC 1ienmecooOpa3HbIM SBISIETCS. HCTIONB30BaHKE JIBYX CIIOCOOOB BBIPAOOTKH YIPABISAIONINX PEllie-
HUIA, YTO MOBBICUT TOYHOCTH IPOTHO3a U CHU3UT BEPOSTHOCTD OIIMOKK 1-ro posa (JIookHOe cpabaThIBaHKUE).

[Ipenrmonaraercs, 9T0 CyIIeCTBYeT MOAYJb HH()OPMAIMOHHON CHCTEMBI, OCYIIECTBIISIONINNA TTpe/I-
BapUTEIbHBIA aHaau3 rmokasatenerd DIIH ¢ moMolpo cTaTUCTUYECKOW 00pabOTKU JTaHHBIX WM HEHpO-
CETeBOI'0 MOJICTHPOBAHMS U TO3BOJIIOMINN ONPEAETATh TPEHAbI MOCTYMAIOUINX JAaHHBIX HA 33JJaHHOM
WHTEpBaJie BpeMEHHU paboThl 000pynoBaHus. PaccMOTpHM BO3MOXKHOCTh peai3aliy MOLYJIsl SKCHEepT-
HOW CHCTEMBI, KOTOpas ObI MO3BOJISIA XPAHUTh M UCTIONH30BATh 3HAHUS KCIIEPTOB IS OIEHKU TEXHHU-
yeckoro coctosHus. Hanmuue gannoro moaynsa B cocraBe MMC mo3BOMUT AOMOTHUTENBHO JOCTUTHYThH
CJIEIYIOIIUX MOJOXKUTENbHBIX CICACTBUM:

1) coxpaHHOCTh 3HaHHI PKCIIEPTOB B paMKaX MPEIITPHUSITHS;

2) MoBBILIEHHAS JOCTYITHOCTh SKCIIEPTHBIX 3HAHUI;

3) moBBILIEHHE JOBEPUS K IPUHATOMY PEIICHUIO;

4) BO3MOXHOCTH TOJTYYHTh AeTalbHOE 00BSICHEHUE IPUHATOTO penieHus o Heronaake DI[H;

5) BO3MOXKHOCTB HCIIOIB30BaTh B 00yUEHNH IepcoHaa.

Cunraercs, uto B MoAyids OC MOCTyMaioT JaHHBIE MO aHATU3UWpyeMbIM mokaszarensm OLIH. Ha-
MpUMep, TaHHBIC TI0 HANIPSDKEHUIO, CHJIE TOKAa, BUOpAINH, JaBICHUIO U T. 1. B MOIyih NaHHBIE MOTYT
MOCTYMAaTh B Pa3IMYHON Qopme:

1. Madopmarus mo nmokasaTensM, almpoKCHMAPOBaHHAs PSMOW HAa HEKOTOPOM MHTEpBaje BpeMe-
HU, — TUHEHHBIN TPeH, T. €. 0 KAKIOMY TMOKa3aTel0 W3BECTHO HAIlpaBlIeHHne W3MEHEHUs (pocT, maje-
HHUE, HEU3MEHHOCTh) M CKOPOCTh IaHHOTO U3MEHEHHMS (TaHI€HC yTiia HAKJIOHA JAaHHOTO TPEHA).

2. Uudopmanus mo mokaszarensm, anmnpoKCUMHPOBaHHAs Mmapaboioi (Win Ipyrod KpuBoii), — Ha
paccMaTpuBaeMOM HHTEpBaJe BPEMEHH M3MEHEHHE Ka)KIOro IMOoKa3aTeNsl MOXET MPOUCXOAMUTH Hellu-
HEIHO, HaIlpuMep, CHavyalla pocT, a MOTOM majeHue. Jannas napopmanus No3BoIUT Ooiee TOUYHO yUH-
THIBAaTh XapaKTep U3MEHEHHsI JaHHBIX Ul (POPMHUPOBAHMS 3aKIIIOUEHUS O BO3MOXKHOM Henonaake D1H.

2. AHAJIU3 c10Cc000B NMpeaCcTABICHUA 3HAHUIM

Ha nmepBonayansHOM 3Tane Ha OCHOBE AAHHBIX, IIOJIyYCHHBIX OT 3KCIIEPTOB, HETPYAHO CHOPMHUPO-
BaTh TaOJIHILy, OMMCHIBAIOIIYIO KaXIyI0 HETOJIaJKy COBOKYITHOCTBIO N3MEHEHUH KaXXI0T0 U3 TIOKa3are-
neii paboThl obopynoBanust [6]. [IpuMepbl BOSMOXKHBIX HEMONAA0K 000pyI0BaHUS IPHUBEJICHBI B TA0IHIIE,
B KOTOPOH MCIIOJIb30BaHbI cienytonme odoznauenus: P — pacrer, I1 — napaet, H — Heu3menHo.

N3meHeHMs nokasaTeneun, NpMBoOAALMX K HeucnpaBHocTam ALH
Changes in parameters leading to failures of electric centrifugal pumps

< < <
gl 8] 2| 8
o 3 gl B | =8 <
= = o 2 & = &
[okazaresnn/Ciyyaii - § % e2|2g 3 |EB8|24|580

£ e |EglEE S8l K a|lga

=] & s |[EA|2E| £ |EE|25|E268

S| 5| E|2E28 ¢ |55|22/52

s | o | O |88 q |e 880 8
HopMmanbHoe yBennyeHrne 4acTOThl P P P I1 P P P P P
‘YMeHblIeHUE AuaMeTpa ITynepa H H I1 P P 11 P P 11
Orpanndenue Boie J1[H, HO 10 ycTheBOrO H H n P P H P N N
MaHOMeTpa — 3aKpHIT KJIAaH OTCEKaTeIh
HerepmMeTH4HOCTh IepenyCKHOM MPOOKH H H H P I1 I1 P H 11
YBenuuenne 00BOJHEHHOCTH (uIron 1a H H P P P 11 P I1 H
Brigenenue raza H H | P/II|PII| I 11 I1 I1 11
Pasrepmeruzanus HKT H H I1 P 11 11 P I1 11
3axphITa 33IBHKKA HA JIMHEITHOM TpyOOIpoBoIe H H I1 P P I1 P P 11
Ilafnenuie yacTOTHl HM)KE MUHUMAJIbHOM 11 11 I1 P 11 11 P I1 11
ITonananue TBEpIBIX H9acTHL (mecka) H H P P N N P N N
v (ironia ¢ BBICOKOM BS3KOCTBIO B HACOC
Pa3pymienue Bana Hacoca H H I1 P 11 11 P I1 11
M3Hoc Hacoca H H I1 P 11 11 P I1 11
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Hannas tabnuna 6e3 oco0oro Tpyaa MOKeT OBITh IpEACTaBlICHA B BUAE JepeBa MPHUHATHS perie-
Huil. Ho B nanpHeliieMm, no Mepe HaKOIUICHUS 3HAHWH O HETIOJIAAKaX, MOJKET IOSIBUTHCS IOTPEOHOCTH B
OTIEPUPOBAHKUH 00JIee CIOKHBIMU CYKICHUSIMH C IMTPUMEHEHHUEM MPOMEXYTOUYHBIX TUNOTe3. Takxke Mo-
JKeT MOTPeOOBaTHCSI BO3MOKHOCTh 00JIee CIIOKHOTO ONMCAHUS MPUYUH U CUTYAIMHA, IPUBOJISAIINX K TOH
WM nHOW HencnpaBHocTy DITH.

PaccMoTpuM BO3MOXHOCTH HCIIONIB30BAHUS PA3IMYHBIX CIIOCOOOB MPEACTABICHUS 3HAHUM IS pe-
HICHUS TaHHOM 3anaun. Kak mokasan npeaBapuTeNbHbIN aHAU3, Haubolee MepPCIeKTHBHBIMU MOJICIISIMA
MIPEJICTABJICHHUS 3HAHUH B pacCCMaTPUBACMOM Cllydae SIBJISIOTCS IPOAYKIUHU U ppeiimbl [7].

1. Ilpooyxkyuu. HerpynHo npeoOpa3oBath HHGOPMALHMIO O HEMoJaAKax (CM. TaOIuIy) B MPOIYyK-
UOHHBIE npaBuia Buga «Ecnu — toy». Ha puc. 2 npencrasien npuMep npaBui 0ojiee CIIOKHOTO BHIA,
COJIepKaIIUK BBIBOJ MMPOMEXKYTOYHON THIIOTE3BI 10 HEIMOCPEICTBEHHOTO BBIBOJA THUIIOTE3Bl O HETO-
JajKe.

Ecnn «Hacrora» = «PacreTr» U «HanpaxeHme = «Pacrer» U
«Cuyia TOokKa» = «PacreT»
TO «OJleKTpMUEeCKMe [oKaszaTelJnm» = «BO3MOXHEE HeNOoJlaiKu C
BIIEKTPUKOM»

Ecnu «JlaByieHme Ha npueMme Hacoca» = «llamaer» U «JaejieHue
Ha BHIKMIEe Hacoca» = «Pacrter» U «JlebuT Ha yCcTbe =
Pacrer» U «Temnepatypa znemuraressda Hacoca = PacTter» U
«JlaByieHre Ha ycTbe = Pacrter» U «Temneparypa Ha yCcTbe =
PacTeT»
TO «MexaHMueckMue nokaszarenm» = «Hopma»

Ecnu «OJekTpUUecKHMe IoKaszaTeln» = «BO3MOXHBE HEeIOoJaIKU
C sJekTpukom» U «MexaHMUuecKkHKe IIokaszaTenm» = «Hopma»
TO «Crnyuam» = «HopmMmasibHOe yBeJIMUYEeHMEe YaCTOTHD»

Puc. 2. Mpumep NpoAyKLMOHHbLIX NPaBUN C NPOMEXYTOYHOW rMnoTe3omn
Fig. 2. Example of production rules with intermediate hypothesis

Tarxke MOMUMO OOBIYHOTO TPSIMOTO JIOTHYECKOTO BBIBOJA C HCIIOIH30BAHUEM IPOAYKIIMOHHOTO
croco0a mpeCTaBIeHUS 3HAHUIA MOTYT OBITh TIOJE3HBI:

a) oOpaTHBIN JTIOTUYECKHU BBIBOJ — MpU paccMoTpennu Hemonanku DIH moxHO mpoanamusupo-
BaTh, KaKUe eIlle CXOIHbIe ()aKThl MOTYT K HEel TIPUBECTH;

0) HEUYETKHI JJOTMYCCKUH BBIBOJ — UCIIOJIb30BAHNE HEUETKOM JIOTHKHA COBMECTHO C KO3 PHUIIMEHTOM
yBepenHoctu (CF, certainty factor) mo3BONHMT yduTBIBaTH OOJIbIIIE ACHEKTOB MPEIMETHOW 00jacTu B
(haktax u mpasmwiax. [[puMEHIMOCTH JAHHOTO JIOTHYECKOTO BHIBOJA OYAET pacCMOTpPEHa HIKe Ooiee
nopoOHO.

2. @petimer. Kaxayio CTEpEOTHIHYIO CUTYaIMIO, OMHCHIBaromlyto Hemonanky OL[H, MoxxHO
MpeACTaBUTh B BUjC QperiMoB-cuTyanuii. Kak cienctsue, 1aHHbIC HEMOJIAJIKH MOTYT 00pa30BhIBATh
uepapxun. Takxe MU MOMOIIN MPUCOSTUHEHHBIX MPOIEAYP MOKHO B MOMEHT Pa0OTHI JIOTHIECKO-
T'0 BEIBOJIA TPOU3BOJAUTH JOTIONHUTEIBHEIE BRIYUCICHUS, HAIPUMED, BBIYUCIATH BPeMsI U CTOUMOCTh
MPOrHO3UPYEMOTO peMOHTa, oOpamiasch kK BeO-cepBrucaM u bJI. /laHHas JIoTHKa €CTECTBEHHBIM 00-
pasoM JoKHTCS Ha (peiiMOBBIN crioco0 mpejacraBieHus 3HaHui. [IpuMep ¢peirima mpepcraBieH Ha
puc. 3.

Ha texymuii MOMEHT HccleqoBaHUsl KOJMYECTBO 3HaHMM O Hemomaakax DIH, orpaxaromux
NPUYMHHO-CIICJCTBEHHBIE CBA3W, HeOombmoe. [ToaToMy mpemaraeTcs OMHCHIBATH 3HAHHS B BUJC
MPOAYKIIMOHHBIX BBICKa3bIBaHUH «ECIM — TO», KOTOpBIE SABISIOTCSA 00Jiee MOHATHBIMH VIS DKCIIEP-
ToB. PaccMoTpuM Goree mopoOHO MpenMyIecTBa HEYETKOTO JIOTHYECKOTO BBIBOAA IS peniaeMoi
3a7a4H.
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«YMEHBIICHHE TUaMeTpa IMTYyIepar
AKO «MexaHnueckasi HEIOIAIKa
Yacrora Hewnsmenno
Hanpsixenue Hewnsmenno
Cuna Toka ITanenue
JaBneHue Ha mpueMe Hacoca Poct
JlaByieHre Ha BBIKHMJIE Hacoca Poct
Jlebur Ha ycThe ITanenune
Temmepatypa nBuraresis Hacoca Poct
JlaBiienue Ha ycThe Poct
TemnepaTypa Ha yCThe [Tanenue
JnAuTensHOCTh peMOHTA IF NEEDED: Duration()
CTOMMOCTh PEMOHTA IF NEEDED: Cost()

Puc. 3. Kpatkuin npumep c¢perima-cutyauuu, onucbisatowero Henonagky LUH
Fig. 3. Brief example of frame situation describing the problem of electric centrifugal pumps

3. Ucnoab30BaHMe HEYETKOTI0 JIOTHYECKOI'0 BHIBOAA

B Hedrera3zoBoii oTpaciu HeYETKHE MHOXKECTBA [8] paccMaTpUBarOTCs, HAIIPUMEP, IS UCIIOJIb30-
BaHHUS B OIICHKE W MpEJCKa3aHUs KOJMYECTBA U KayecTBa JOOBIBaeMbIX MCKomaeMbix [9—13]. Taxxe u
NPUMEHUTENBHO K MPEACKA3aHUI0 HEMOIaA0K HacocoB [14].

B pamkax cymiectBytoriei coBokynHocT HE-akTopos [15] paccMoTpum Ooliee eTaJIbHO JBa U3
HUX U OMHUIIEM BO3MOKHOCTH UX y4€Ta MPHU OLIEHKE TEXHUYECKOTo cocTtosiHus D1IH:

1. Heuemxocme. 1lpu cocTaBIeHHWU MPaBHUII SKCIIEPT MOXKET ONEPHPOBATH HE(POPMAaTN30BAHHBIMHU
MIOHATUSMH, HAIIPUMEpP, UCIIOIB30BaTh MOHATHE «CHIIBHBIA POCT JABJICHUS HA YCThE HACOCA», T. €. HC-
MOJIb30BaTh JIMHTBHCTUYECKHE MepeMeHHble. s ycrpanenus aanHoro HE-¢akropa ompenenstorcs
(hYHKIIY TPUHA]IEKHOCTH, KOTOPBIE OYIYT paCCMOTPEHBI HIDKE.

2. Heonpeoenennocmo. 1lpu omucaHuy MpaBUJl SKCIIEPT MOKET BHIpAKATh HEKOTOPYIO HEompee-
JIEHHOCTH B BhICKa3bIBaHMsIX. Hampumep, «BeposTHee Bcero CHIIBHBIN POCT JaBJICHUS HA YCTHE HACOCAY.
Jis onvicanust qaHHOTO (hakTopa ucmonb3yercs ko3ddumnuent yBepenaoctu (CF). B pamkax pemaemoit
3aJla4d HEOTIPEICICHHOCTh MOXKET IPUMEHSATHCS KaK K caMuM (DaKTaM, TaK U K IPaBHiIaM.

4 1 4 ™ e
Dyaxnun dyaxnun
Y [IpaBuna Y
MPUHAJIEKHOCTH MPUHAJIEKHOCTH
\ J \ J \
4 A 4 p e
—> Fuzzification » Vcnonuenue npasui > Defuzzification
\ y \ J \
Puc. 4. Cxema paboTbl He4EeTKOro JlIorM4eckoro BbiBoaa

Fig. 4. Fuzzy logic output operation diagram

Torma mpsiMoii HEYETKUI TOTUYECKU BHIBOJ IS BhIABIEHUS Hemoxanku DIIH Oyner BeIrnsmersh
cieayromum obpaszoM (puc. 4):

1. TTomy4yeHue AaHHBIX [0 KAKIOMY [TOKa3aTelro (JIaBlieHue, BUOPAIHs U Jp.) ¥ IpeoOpa3oBaHue ux B
HeueTkre MHOKecTBa (fuzzification) mpu oMoy 3apaHee onpeieieHHbIX (QYHKIUA TPHHAIICKHOCTH.

2. Paboma mexanuzma (Mawunsl) 102U4ecKo20 6bl600a U noayyenue 3axmodenus. llomydeHnoe 3a-
KITIOUEHUE MOXKET cojiepkaTh kodgduuueHT yBepenHoctd (CF). BeiBeneHHBINH pe3ynbTaT MOXKeET ObITh
KaK «9eTKHM», TaK U TPEJCTaBIATHCS TNHTBUCTUYECKOIN IIEpEMEHHOM.

3. Ilpeobpa3zosarnue 3naueHuli u3z Heuemrko2o mMHodcecmea 6 seujecmeennvle (defuzzification). Jlan-
HBIH IIar MOXKET OTCYTCTBOBaTh. Hampumep, B paMKkax pemaemoil 3aJauu AaHHBIM mar MoxeT Tpedo-
BaThCs, €CNIM C KaXIOW BBIBOAMMOM Hemonaakoil DL[H acconuupoBaH ypoBeHb KPUTHYHOCTH JaHHOU
HETOoNaKH (HU3KUH, CpeIHUH, BBICOKHI, OYeHb BBICOKUHN U T. A.). Torma npu Hanmuauu QyHKIHUN TpH-
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HAJJISKHOCTH JTaHHBIM YPOBEHb HETPYIHO MpeoOpa3oBaTh B BEIIECTBEHHBIC YHMCIA, YTO MOXKET YIPO-
CTHTh UHTETPAIIUIO C BHEITHUMHU HH()OPMAIIMOHHBIMHA CHCTEMaMHU.

PaccmoTpum Bo3MoKHBIE BUABI (PYHKIHNA TPUHAIIC)KHOCTH TSI 00paOOTKU BXOJHBIX JaHHbIX.

1. Mcrionp30BaHuE MOPOTrOBBIX 3HAYEHUH.

[pu ucnonp30BaHUM CTYMEHYATHIX (QYHKIWH MPUHAUICKHOCTH HEYETKUI JIOTUUECKUN BBIBOJ B Iie-
JIOM CBOJUTCSI K OOBIYHOMY YETKOMY JIOTHYECKOMY BBIBOJY. Ha BXOJ 1O KaJIOMy MOKa3aTelro MOJIaeTCsI
umcio B uaTepBasie [—1; 1], Ha BbIXo/e — pe3ynbrar GyHKINH MprHaLIekHOCTH 160 0, 1160 1 (puc. 5).

I'Ia,u,aeT MocToAHHA PacrteTt
-0,0002 -0,0001 -0,0002 -0, 0001 0,0001 0,0002 -0,0001 0,00010,0002

Puc. 5. Mpumep ctyneH4aTbix hyHKUNIA NPUHAATIEXKHOCTU
Fig. 5. Example of Step-by-Step Accessory Functions

2. Yd4eT HEeYeTKOCTH B CKOPOCTH U3MEHEHHSI TapaMeTPOB.
Jnst Toro 4roObl y4ecTh CKOPOCTh HM3MEHEHHS IapaMeTpoB, MOXHO TNPEIIOKHUThH CIIEAYIOIIUe
(yHKUMHU IPUHAIICKHOCTH (puUc. 6).

Mapaet MNocToAHHA Pactet
1 1 1
0,5 ‘—\' 0,5 / \ 0,5
0 0 0
> S >N > S &N NS >N
Q \) O O ‘ Q Q
o 9\0 99 Q\Q Q‘QQ Q\Q

Puc. 6. Mpumep hyHKLMI NPUHAANEXKHOCTU AN y4eTa CKOPOCTU U3MEHEHUN
Fig. 6. Example of Accessory Functions for Account for Change Rates

3. Y4er cMeHBI TpeHaa

Ormnucanue cMeHBI TPEHAA Ha UCCIIeyeMOM WHTEpBalle BPEMEHH OCYIIECTBISIETCS alMPOKCHMAIIUEH
napabonoif a - x2 + b - x + c¢. Takum 06pa3om, Ha BXOJ SKCIIEPTHON CHCTEMBI HOAAKOTCS TPH KO3 QHIH-
€HTa M0 KaXIOoMy M3 paccMarpuBaeMbiX nmapamerpoB padotsl DLIH. Ecamn xoadduument a < 0, 3Hauut
CHaJaja MPOUCXOJUT POCT MapaMeTpa, 3aTeM najenue. M Haobopot: ecnu a > 0, To cHavana majcHue,
notoM poct. HeTpynHo BeIUUCIACTCS ¥ MOJTY/Ib a0COJIFOTHOI'O M3MEHEHMSI 3HAYCHUS mapameTpa (puc. 7).

BbinyKknasn BorHyTasn Cka4ok
Y S AN QQQ\’ U
Q‘Q Q o N -0,002 -0,001 0,001 0,002

Puc. 7. Mpumep yHKLMIA NPUHAANEXKHOCTU ANA yYeTa CMeHbl TpeHAa nokasatens
Fig. 7. Example of accessory functions for accounting for trend change of key figure
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Ha puc. 8 npencrasnen npumep mpaBuia AJsl ydeTa CMEHBI TpeHAa. B nanpHeiimem BbIBeneHHOE
3HAYEHHUE TOKa3aTesl MOXKET OBITh €CTECTBEHHBIM OOpPa30M HCIOJIB30BAHO B HEUETKOM JIOTMYECKOM
BBIBOJIE.

Ecnn «dyHkLuMAa BuOpaumm» = «Benykjnaa» U «lVzmMeHeHMe» = «CKadok»
TO «Bubpauma» = «PocT c nocyenymomuM IaleHUEM

Puc. 8. Npumep npaBuna gnsa yyeta cMeHbl TpeHAa
Fig. 8. Example of rule for trend change accounting

3. IIpumep peanusanuu IC 1 anpodauusi NPUMEeHEeHU

B kauecTBe JAEMOHCTPAIMOHHOTO MPUMeEpa PacCMOTPUM 00pabOTKY JAaHHBIX M MPOTHO3UPOBAHUE
COCTOSIHUSI 000pYTOBaHUST HA CKBaKHMHE. [N HAMISAHOCTH COKPATUM YHCIIO PAacCMaTPUBACMBIX Mapa-
METPOB 10 IBYX: «Bubparws» u «JlaBiaeHne Ha ycrbey. CUMTaeTCs, YTO B 6a3e 3HaHUH CYIIECTBYET CO-
OTBETCTBYIOIEE IpaBuio (puc. 9) ¢ koaddumumuentom CF = 0.9.

Ecimn «JaBjieHre Ha ycCcTbe» = «PacTter» U «Bubpauma» = «PacTeT»
TO «Crnyuail» = «YMeHblleHMe ImameTpa wmryliepa» CF=0.9

Puc. 9. Npumep AeMOHCTPaLMOHHOro NpaBuna
Fig. 9. Example of the demonstration rule

Ha manaoM miare st BHIOpaHHOM CKBaKMHBI IMEIOTCSI IPOTHO3HEIE 3HAYEHUS TI0Ka3aTeseH, momy-
YeHHBIE Ha OJTHU CyTKU. KakIbIil 13 mokasareneil mpecTaBiseT coO0H YnCiIo (JIMHSWHBIN TPeH 1) — TaH-
TEHCHI YTJIa HAKJIOHA 3HAYCHMS TOKa3aTels Mo BpeMeHH. PaccMaTpuBaeMbie 3HAUCHHS B TAHHOM CIIy-
qae: «/laBnenue Ha ycree» = 0.0008; «Bubparusa» = 0.0015.

[Ipumensist GyHKIIME TPUHAIIEKHOCTH (CM. puc. 6), moixy4aeM BBIBOA 3akitoueHus «Ciydai» =
«YMeHbllIeHne fuaMeTpa mrynepay» ¢ CF = 0.7.

PaccmoTpuM neranbpHO, Kak ObUT BeIYHCICH Koddduruent CF:

CEv.aKmoquHe = min(CEaaBneHHﬂ Ha ycTbe CFBH6paLum) ' CanaBmIa .

CF moxa3zaTeneil BRIYUCISIETCS UCX0As U3 (DYHKUMH MPUHAAISKHOCTH. TakuM 00pa3oM, B JAHHOM
ciydae CFiagnenns nayerse = 1, TaK Kak npu 3Hadenuu 0.015, QyHKUMs NPUHAIEKHOCTH UMEET 3HAYe-
nue 1, a CFyugpaqun = 77/99, Taxk Kak manHOe 3HaUYeHUE (QYHKIMS NMPUHAIIEKHOCTH TOCTUTAET MPH
3nauenun 0.0008. Mtoro oba mokaszarens onpeesstoTcs JMHIBUCTHUECKON TlepeMeHHol «PacteT», HO ¢
pasHo pyHKIMel npuHamiexkHoCTH. [lomydaem:

. 77 77 9
CEaxmouenne = Min (1; E) 09 = % 10 0.7.

Takum oOpa3om, Ha OCHOBE CIIPOTHO3MPOBAHHBIX TAHHBIX B BUJE JTUHEHHBIX TPEH/IOB IO MOKa3aTe-
nsm «Bubparusa» u «JlaBienne Ha ycThe» ObUIO MOYICHO 3aKiaoucHue 0 HeucnpaBHoctu DL[H B BUae
«YMeHbLICHUE TUaMeTpa ITyLepay ¢ KodQPUIUEHTOM yBEpEeHHOCTH, paBHbIM 0.7.

OnucaHHYIO BBIIIIE JJOTHKY MOYKHO PEalIn30BaTh, BOCIIOIB30BABIINCH TOTOBOM 000J0YKOM 3KCIEPT-
Hoit cuctemsl FuzzyCLIPS [16]. JlanHas cucTreMa UMeeT OTKPHIThIE HCXOIHBIE KOBI, 8 TAaKXKe SBISIETCS
MOPTUPOBAHHON Ha MHOTHE ONEpaluOHHBIE cucTeMbl. OOOCHOBaHME BHIOOpPa KOHKPETHOH OOOJIO0YKH
(mopaboTKa CyIIECTBYIOIIECH MM CO3JaHHE COOCTBEHHOM) IS MPOMBILUIEHHOTO MCIIOJIb30BaHHUs HEOO-
XOJMMO YYHTBIBATh C UCIOJIL30BAHUEM CIICIUATUCTOB 0 HHPOPMAITMOHHBIM TEXHOJIOTUSAM U KOHKpET-
Horo UT-nanamadra npexnpusTus.

s peanuzanuu Tpedyercs:

1. Onpenenuts Bce GyHKIUH MpUHAATICKHOCTH (puc. 10).

(deftemplate frequency
-11
((increasing (.0001 0) (.0001 1) (1 1))
(constant (-.0001 O0) (-.0001 1) (.0001 1) (.0001 0))
(decreasing (-1 1) (-.0001 1) (-.0001 0))))

Puc. 10. NMpumep dyHKLUUM NPUHAANEXKHOCTU ANA YaCTOThbl TOKa
Fig. 10. Example of accessory function for current frequency
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2. Onmcats Bee npaBuna B b3 ¢ ykazanuem CF (puc. 11).

(defrule choke-well-back "YMeHbweHmMe nmameTpa mrynepa'
(declare (CF 0.9))
(frequency constant)
(voltage constant)
(amperage decreasing)
(pressure_in increasing)
(pressure_out increasing)
(debit decreasing)
(temp_engine increasing)
(pressure_source increasing)
(temp_source decreasing)
=>
(assert (failure choke well back))

Puc. 11. NMpumep npaBuna c ykasaHuem CF
Fig. 11. Example of rule with indication CF

3. OmnucaTh npaBuIIa BEIBOJIA PE3YJIbTaTa: IPY HATM4YKMK (haKTa ¢ ONpeIeICHHBIM UMEHEM B pabodeii
namste (puc. 12).

(defrule print-result-main
(failure ?f)
?cf <- (failure ?)

=>
(printout log "Failure is: " ?f crlf)
(printout log "Certainty Factor is: " (get-cf ?cf) crilf)

Puc. 12. NMpumep dpurHanbLHoro npaBusa ¢ BbLIBOAOM pe3yrbTarta
Fig. 12. Example of final rule with result output

4. OnpeenuTh BXOJHBIE ITOKa3aTeNd (IOMECTUTH B pab04yro MaMsTh) (haKThI IS JIOTHIECKOTO BhI-
BOJIa B BHJIe HEYETKNX MHOXKecTB. Ha puc. 13 mpencraBneHo onvicanue (hakTOB MPHUBEIESHHOTO BHIIIIS
JIEMOHCTPAIIMOHHOTO TIpUMeEpa.

(deffacts my facts
(pressure_source (.0008 0) (.0008 1) (.0008 0))
(vibration (.0015 0) (.0015 1) (.0015 0))

Puc. 13. NMpumep npaBuna c ykazaHmem CF
Fig. 13. Example of rule with indication CF

5. 3anyCcTUTh JIOTHYECKUM BBIBOJ.

3axkioueHue

B pesynbpTaTe mpoBeneHHbIX UCCIIEA0BaHNI ObLTH PEIISHBI CIeAYIOINE 3aauu:

1. UccnenoBanbl BOBMOKHOCTH 3KCIIEPTHBIX CHCTEM, OCHOBAHHBIX Ha 3HAHMSX, BKJIIOYAs MOJEITH
NpPE/CTABICHUS 3HAHUH C yY4EeTOM HEYETKOCTH WH(POPMAIUH U alTrOPUTMBI JIOTHYECKOTro BhiBoaa. Oboc-
HOBAaHO NMPUMEHEHHE MPOTYKIIMOHHOW MOJIENIN MPEACTaBICHNU 3HAaHUI SKCIEPTOB, MOKa3aHO MpHUMeEHe-
HHE TEOPHU HEYETKUX MHOXKECTB /1J1s1 00paOOTKM 3HAHUI SKCIIEPTOB.

2. UccnenyeMplie METOABI M MOAEITH allpoOMpOBaHbI Ha peabHBIX JaHHBIX, YTO MOATBEP)KIACT BO3-
MO>XHOCTb UX HCIIOIB30BaHuUs MpH pazpadotke UHUC.

3. IIpennoxena konuenuusa MNC, Brimroyaronieil SKCIEPTHYIO CUCTEMY MOAAEPKKH NPUHATHS pe-
HICHUH, OCHOBaHHYIO Ha 3HAHUSX, U OJIOK IpeABapUTEIILHON U ITyOOKOH 00pabOTKH AaHHBIX, BKIIIOYas
KOMIIOHEHT NMPEAUKTUBHON aHAJUTUKH, OCHOBAaHHBIN Ha HEHPOCETEBBIX TEXHOJIOTHIX
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Introduction. Condition assessment of the electric submersible pump units is one of the many
tasks that need to be solved to increase the efficiency of oil production business processes. Improv-
ing the efficiency of condition monitoring processes and failure prediction of electric submersible
pumps often requires the development of special mathematical and software engineering tools.
Aim. To research the use of knowledge-based expert systems for technical condition assessment of
the electric submersible pumps units. Materials and methods. The expert system is considered as
an auxiliary tool that minimizes errors associated with the false positive errors of predictive analy-
tics. The expert system, based on trends for each indicator of the electric submersible pump (pres-
sure, vibration, amperage, etc.), makes an assessment of the technical condition, for example, diag-
nosing a certain type of malfunction. To store knowledge in the expert system, frames and produc-
tion rules are considered. The production rules knowledge representation is considered in detail and
the possibility of using fuzzy inference is proposed. Results. The application of knowledge-based
expert systems, including fuzzy knowledge representation models and logical inference algorithms,
is investigated. The use of a production-based rules for representing expert’s knowledge is justified,
the application of the fuzzy inference is shown. The concept of an intelligent information system is
proposed, which includes an expert knowledge-based decision support system, as well as a prelimi-
nary and deep data processing unit, including a component of predictive analytics based on neural
network technologies. A demonstration example of the expert system application is presented, and
the features of its implementation in the FuzzyCLIPS shell are also considered. Conclusion. The me-
thods and models under study were tested on real data, which confirms the possibility of their use in
the development of an intelligent information system.

Keywords: electric submersible pump, technical condition, expert system, knowledge represen-
tation, production knowledge, frames, inference, fuzzy sets, CLIPS, FuzzyCLIPS.

References
1. Application of Remote Real-Time Monitoring to Offshore Oil and Gas Operations. National
Academies of Sciences, Engineering, and Medicine. Washington, DC: The National Academies Press,
2016, 139 p. DOL: 10.17226/23499

142 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 133-143



UcmomuHn J.A., Cmon6oe B.I0., AkcnepmHas cucmema OUyeHKU mexXHU4YeCKo20 COCMOSsIHUS
Mnamon [.H. y3s108 351eKmpoueHmMpobexxHbIX HaCOCO8...

2. Bruskin S.N. [Models and Instruments of Predictive Analysis for Digital Corporation]. Vestnik of
the Plekhanov Russian University of Economics, 2017, no. 5, pp. 136—139. (in Russ.)

3. Lipatov A. [First in Russia Predictive Analytics Suite for Energy and Industrial Equipment].
Exposition. Oil. Gas, 2016, no. 4, pp. 82—84. (in Russ.)

4. Stolbov V.Yu., Gitman M.B., Sharybin S.I. Aplication of Intelligent Technology in Functio-
nal Materials Quality Assurance. Materials Science Forum, 2016, vol. 870, pp. 717-724. DOL:
10.4028/www.scientific.net/ MSF.870.717

5. Giarratano J., Riley G. Expert Systems. Principles and Programming. Hardcover, Course Tech-
nology, 2004, 842 p.

6. Bermudez F., Carvajal G.A., Moricca G., Dhar J., Md Adam F., Al-Jasmi A., Goel H.K., Nasr H.
A Fuzzy Logic Application to Monitor and Predict Unexpected Behavior in Electric Submersible Pumps
(Part of KwIDF Project). SPE Intelligent Energy Conference & Exhibition, 2014. DOI: 10.2118/167820-MS.

7. Roberts R.B., Goldstein I.P. The FRL Primer. Massachusetts Institute of Technology, Cambridge,
MA, 1977, no. AI-M-408.

8. Zadeh L.A. Fuzzy Sets. Information and Control, 1976, vol. 8, pp. 338-353. DOL:
10.1016/S0019-9958(65)90241-X

9. Martin Vilela, Gbenga Oluyemi, Andrei Petrovski. Fuzzy Logic Applied to Value of Information
Assessment in Oil and Gas Projects. Petroleum Science, 2019, pp. 1-13. DOI: 10.1007/s12182-019-0348-0

10. Fatai A. Anifowose, Jane Labadin, Abdulazeez Abdulraheem. Prediction of Petroleum Reser-
voir Properties using Different Versions of Adaptive Neuro-Fuzzy Inference System Hybrid Models.
International Journal of Computer Information Systems and Industrial Management Applications, 2013,
vol. 5 (20132), pp. 413-426.

11. Anifowose F., Abdulraheem A. A Functional Networks-Type-2 Fuzzy Logic Hybrid Model for
the Prediction of Porosity and Permeability of Oil and Gas Reservoirs. Proc.of the 2nd International
Conference on Computational Intelligence, Modeling and Simulation, IEEEXplore, 2010, pp. 193-198.
DOI: 10.1109/CIMSiM.2010.43

12. Fang J.H., Chen H.C. Fuzzy Modeling and the Prediction of Porosity and Permeability from
the Compositional and Textural Attributes of Sandstone. Journal of Petroleum Geology, 1997, 20 (2),
pp. 185-204. DOI: 10.1111/j.1747-5457.1997.tb00772.x

13. Shahvar M.B., Kharrat R., Mahdavi R. Incorporating Fuzzy Logic and Artificial Neural Net-
works for Building Hydraulic Unit-Based Model for Permeability Prediction of a Heterogenous Car-
bonate Reservoir. Proceedings of the International Petroleum Technology Conference, Doha, Qatar,
7-9 December 2009. DOI: 10.2523/IPTC-13732-MS

14. Grassian D., Bahatem M., Scott T., Olsen D. Application of a Fuzzy Expert System to Analyze
and Anticipate ESP Failure Modes. Society of Petroleum Engineers, 2017, SPE-188305-MS. DOI:
10.2118/188305-MS.

15. Narinyani A.S. [NOT-Factors and Knowledge Engineering: from Naive Formalization to Natural
Pragmatics]. Sbornik trudov 1V nacional'noj konferencii po iskusstvennomu intellektu [Compilation of Works
of the IV National Conference on Artificial Intelligence]. Rybinsk, 1994, vol. 1, pp. 9-18. (in Russ.)

16. Orchard B. FuzzyCLIPS Version 6.10 d User’s Guide. National Research Council of Canada,
2004, 82 p.

Received 1 November 2019

OBPA3EIl IUTUPOBAHUS FOR CITATION
Hcromun, JI.A. DkcniepTHasl CHCTEMa OLICHKH TEXHH- Istomin D.A., Stolbov V.Yu., Platon D.N. Expert
YECKOTO COCTOSHHSI Y3JI0B 3JIEKTPOIICHTPOOSIKHBIX HACO- System for Assessment of Technical Condition of Elec-
COB Ha OCHOBE MPOJYKIMOHHOTO IPECTaBICHHUS 3HAHUM tric Centrifugal Pump Assemblies Based on Productive
u Heuerkoit moruku / JI.A. WUcromun, B.IO. Cromn6os, Presentation of Knowledge and Fuzzy Logic. Bulletin of
JI.H. ITnarown // Bectauk FOYpI'Y. Cepust «KoMITbIOTEpHBIC the South Ural State University. Ser. Computer Technolo-
TEXHOJIOTHH, YIPABICHUE, PATHOdIICKTpoHNKay. — 2020. — gies, Automatic Control, Radio Electronics, 2020, vol. 20,
T. 20, Ne 1. — C. 133-143. DOI: 10.14529/ctcr200113 no. 1, pp. 133-143. (in Russ.) DOIL: 10.14529/ctcr200113
BecTHuk HOYplY. Cepus «<KomnbioTepHble TEXHONOrMK, ynpaBreHue, PaauoaneKkTPoHUKay. 143

2020. T. 20, Ne 1. C. 133-143



KpaTkue coobLieHus

YOK 53.084.855 DOI: 10.14529/ctcr200114

UCIMNMOJIb3OBAHUE ONTUYECKOI'O BOJIOKHA G-652
AnA KOHTPONA FOPHOIO MACCUBA YIOJIbHbIX LUAXT

A.[l. Mexmues” % A.B. IOpyeHko?, E.I'. HewuHa? A.[l. AnbkuHa®

" KapazaHAuHckul 20cydapcmeeHHbiIll mexHuYecKull yHusepcumenm,

2. Kapaearda, Pecnybnuka Kasaxcman,

2 HayuoHarnbHbIil uccnedosamensckuii TOMCKUL MOMUMexHUYecKull yHusepcumem,
2. Tomck, Poccus

BBenenue. AKTyalbHOCTh HMCIHOJB30BaHUS BOJOKOHHO-ONTHUYECKUX JATYUKOB IUISI KOHTPOJIISI
TeOMEXaHMUYECKOTO COCTOSHHMS MacCHBa TOPHBIX BBIPAaOOTOK YroJNbHBIX MIaxT KaparaHIMHCKOTO
YroJapHOTO OacceliHa KpaifHe BBICOKA, IIOTOMY KaK OHH OTHOCSTCS K CBEPXKATErOPHYHBIM M OIIac-
HBIM I10 BHE3aITHOMY B3pbIBY YTOJBHOHM NBbUIM M Ta3a MeTaHa IPH MPOBEICHUHM TOPHBIX paboT B
OIIACHBIX YCJIOBUSIX LIaXT. BOJOKOHHO-ONTHYECKHE NaTYUKH OOJIAIAlOT PSIOM JOCTOMHCTB: B3pHIBO-
0€30MacHOCTBI0, BBICOKOM TOYHOCTBIO, CKOPOCTBIO U3MEPEHHUS U MIMEIOT XOPOILIYIO JMHEHHOCTh XapaK-
tepuctuk. Leab ucciaenoBanus. Vcmnons3oBanue ontuyeckoro BosokHa ctangapta ITU-T G.652.D
Kak JIaT4UKa JUisl KOHTPOJISI FEOMEXaHHYECKOTO COCTOSIHHS MacCHBa TOPHBIX BBIPAOOTOK YTrOJBHBIX
IIaXT, YTO SIBJISICTCS] BECbMa MEPCIEKTUBHBIM B IUIAHE CO3JIaHMs PACIIPEIeNICHHOW CHCTEMbl MOHUTO-
pHHTa, CHOCOOHOH CBOEBPEMEHHO CUTHAJIM3UPOBATh MEPCOHAN 00 OMACHOCTH BHE3AITHOTO 00pyIe-
HUS BbIpaOoTKH. MaTepuajabl M MeTOAbI. J[11 0TpabOTKH METOIOB KOHTPOJIS X U3MEPEHHUS T'e0TeX-
HUYECKHX MapaMeTPOB BBIPAOOTOK ObLI pa3paboTaH UMUTALMOHHBIN JTa00PaTOPHBIH CTEH/ Ha OCHO-
BE BOJIOKOHHO-ONTHYECKHUX JTATYMKOB. ABTOPaMH HCIOJIB30BaJIOCh KBAPIIEBOE OJJHOMOIOBOE ONTH-
yeckoe BosoKHO 9/125 mkMm (OS2) Corning SMF-28e+®. B crartbe mpeuioxKeHbl CHCTEMBI B IBYX
BapUaHTaX WMCIOJHEHHS B 3aBUCHMOCTH OT IIOCTaBJICHHBIX 3a/lad M (YHKIMOHAJIBHOCTH. B mepBom
BapUaHTE HCIIOJIB3YETCsl M3BECTHBIH MeTox omnruueckoil peduexromerpun OTDR (Optical time
domain reflectometer). Bo BTopom BapraHTe KOHTPOJUPYIOTCS 3HAYCHUSI IOTIOJTHUTENBHBIX MOTEPb,
BBI3BaHHBIC MEXaHUYECKUM BO3JIEHCTBHEM Ha ONTHYECKOE BOJIOKHO. PesynbraThl. [Ipn Mexanuue-
CKOM BO3JICHCTBMM Ha ONTHYECKOE BOJIOKHO BO3HUKAIOT MUKPOTPEIIMHBI, TIPUBOMSIINE K U3MEHE-
HHIO CBOWCTB CBETA U YBEJIMYEHHIO JIOTIOJHUTEIBHBIX MMOTEPh CBETOBOI BOJIHBI, MPOXOISILEH 10 He-
My. YKa3aHHbIC TOTEPU MOXKHO M3MEPUTh U YCTAHOBUTH 3HAYCHHS NAaBJICHUS HAa ONTHYECKOE BOJIOK-
HO, TaK)Ke MOXKHO OIPENEeNUTh BEIUUUHY CMElleHHs. 3aKiaodyeHne. Vcrnoab30BaHHEe ONTHYECKOTO
BostokHa ctangapta ITU-T G.652.D ams KOHTPOJsl FEOMEXaHUUECKOTO COCTOSHUS MacCCHBA TOPHBIX
BBIPA0OTOK YTOJIBHBIX LIAXT SIBJISICTCS] BECbMA MEPCIIEKTUBHBIM, TaK KaK pa3paboTaHHBIE Ha €ro Oc-
HOBE BOJIOKOHHO-ONTHYECKHUE JAaTYMKN 00JIaal0T JOCTAaTOYHO BBICOKOM TOUHOCTBIO, CKOPOCTBIO U3-
MEpEHHUS U IMEIOT XOPOIIYIO JITHEHHOCTh XapaKTEPHCTHK.

Kniouegvie cnosa: samyxanue, nomepu, UH@pOpMayUOHHO-UsMEPUMENbHAS CUCIEMA, ONMUYECKoe
8010KHO, De30NACHOCMb, 20pHble pabomul, OeheKmbl MACCUBA, 80TOKOHHO-ONMUYECKUN OAMYUK.

Beenenue

[IpoexkTrpoBanne W IIAHUPOBAHUE IMOJ3EMHOI IIaxXTHl HAIEJIEHO Ha CO3JaHHe HMHTErPHUPOBAHHON
CHCTEMBI, B KOTOPOH J00bIUa U NepepadoTKa MOJIEe3HBIX HCKOMAEMBIX OCYIISCTBISIETCS sl ONpeIeIieH-
HOT'O PBIHKA NP MUHUMAaJIbHBIX SKCIUTyaTallMOHHBIX PACX0/aX U BBICOKMX TPEOOBaHHUAX OE30MaCHOCTH.
lopHas cuctema TpeOyeT MEXIUCIMIUIMHAPHOW WHKEHEPHOH CTPYKTYpPHl U KOOPAHMHAIIMH €r0 padoThI
[1-9]. OnHuM M3 BaXKHBIX acTeKTOB ()YHKIIMOHUPOBAHUS CIOKHOW CHCTEMBI IAaXThI SABJIsIETCS Oe3omac-
HOCTh IPOBEJCHHS FOPHBIX paboT. HecoMHEeHHO, MOA3eMHbIE aXThl MPEACTABIAIOT CO00W OAHY U3 ca-
MBIX CJIOHBIX M KECTKHX cpen i paboTel moael. HecMoTpst Ha To, 4To 6€30MacCHOCTH paccMaTpHUBa-
eTcsd KaK OJlHa W3 KIIFOUEBBIX MPOOJIEM, OTPaHUYEHHS B BO3MOXXHOCTH TEXHOJOTHYECKOTO PEIICHHS,
CTOMMOCTH U CaMOM MPUPOABI MOJ3EMHBIX IIaXT OTPAHUYHBAIOT BO3HHKHOBEHHE €IMHOTO MEXaHH3Ma
oOecrieyeHus MOJHON 0€30MacHOCTH AJIsl TOPHOPAaOoUnX B JI0OOH 00JacTH, YTO OUYEHb BAXKHO JUIS BBI-
COKOKa4eCTBEHHOM PabOTHI.
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1. ITocTaHoBKa 3a1a4n

C y4eToM MpOBEICHHOTO aHANIN3a HEOOXOAMMO TIIATEIbHOE MCCIEA0BAaHUE, YTOOBI JydIle HOHSITH
reOMEXaHNYEeCKOe MOBEJICHNE TOPHBIX MOPOJ U 00ecleunTh 00Jee BBICOKYIO TPOU3BOAUTENHLHOCTD CO-
BMECTHO ¢ Oe3omacHoi paboueid cpemoit g padouynx U MexaHu3MoB. OJIHUM W3 BaKHBIX MOMEHTOB
SIBIISIETCS. KOHTPOJIb TOPHOTO JTABJICHUS HA CTEHKH BHIPAOOTOK M MPOTHO3MPOBAHHME MX BHE3AIHOTO 00-
pyuieHusi. B xadecTtBe 00BeKTa UCCIENOBAHUSI pAaCCMOTPEHA MOJIENb TOPHOW BhIpaboTKU maxThl Kapa-
TaHJMHCKOTO YTOJBHOTO OacceiiHa. AKTYallbHOCTh UCIIOJIb30BAHUSI BOJIOKOHHO-ONTHYECKUX JATYHUKOB
(BOJ) nmnst KOHTpOJSI TEXHUYECKOTO COCTOSIHMS TOPHBIX MAIIMH YTOJbHBIX LIaxT KaparanmmHckoro
yrospHOro 0acceliHa KpaifHe BBICOKa, IOTOMY YTO IIPU MPOBEJCHUU T'OPHBIX PA0OT B OMACHBIX YCIOBHUSIX
IIaXT, OTHOCSIIIIUXCS K CBEPXKATETOPHYHBIM, ONACHBIM TI0 BHE3aITHOMY B3pBIBY YrOJBbHOM MBUIH M Ta3a
MeETaHa, TpeOyIOTCSl HaJle)KHbIE CUCTEMBI U3MEPEHHS, KOHTPOJISL I MOHUTOPUHIA COCTOSIHUS TOPHBIX BbI-
paboTok 1 000pYIOBaHMS C MOBBILICHHBIMH TPeOOBaHMSIMU K UCKPO- M B3phIBoonacHocTH. IIpenedpe-
XKEeHHE dTUMH (PaKTOPaMH MOXKET NMPHUBECTH K BOZHUKHOBEHHIO CEPHE3HBIX aBapHUi CO 3HAYUTEIHHBIMH
YeIOBEYECKUMHU JKepTBaMU. MHGMOpMaIMoOHHO-U3MEPUTEIbHBIE CHUCTEMbl Ha OCHOBE BOJIOKOHHO-
ONTUYECKUX JATYUKOB OTBEUAIOT BCEM MpaBHaM 0€30IacCHOCTH M MOTYT OBbITh HCIOJIb30BAHBI HA IIaX-
tax Kaparangunackoro yronsHoro 6acceiina [10].

2. JIaGopaTopHbIe HCIIBITAHUA

ITepBeIM 3Tammom pa3paboTku WHGOPMAITMOHHO-U3MEPHUTEIFHON CHCTEMBI HAa OCHOBE BOJIOKOHHO-
ontudeckux naraukoB (MUC BO/) sBiseTcs mpoBeeHNne aHATUTHIECKOTO UCCISIOBAHUS UMEIOIIUXCS
JIOCTI)KCHHUI B JAHHOW 00JaCTH HAa OCHOBE CHCTEMHOTO IOAX0/a U pEeIIeHHS 3a71add B 1eloM. Pe3yib-
TaThl aHAJHN3a JIUTEPATYPHI TO3BOIIIN MUCIOIH30BATh HAKOIICHHBIN OIBIT JUIsl pa3paboTKu WHpOpMa-
IIMOHHO-U3MEPUTEIILHOM CUCTEMBI Ha OCHOBE BOJIOKOHHO-ONTHYECKUX TATUYHUKOB, CIIOCOOHBIX 3 dek-
THBHO paboTaTh B YCIOBHSIX IIAXT, OMACHBIX TI0 BHE3AIMHOMY BRIOPOCY MeTaHa M MbUIH. {15 0TpaboTKu
METOJIOB KOHTPOJIS U M3MEPEHHS T€OTEXHUYECKUX MapaMeTpOB BRIPaOOTOK Oblia pazpaboTana abopa-
TOpHAasi MOJIENb AJIsl IPOBECHUS UCCIIEIOBAaHUMN, IPEeICTaBICHHAs Ha puUc. 1.

KELTYLIII{EL C OIITHYECKHM
BOJIOKHOM

OnTHYCCKHHE KOHHEKTOPEL
Tma FC |

IsmepuTens onTHYecKuH
smomHocTH VIAVI (TDSU)
SmartPocket OLP-38

Hetounnr uaTydeHHA
VIAVI (JDSU)
SmartPocket OLS-34/35/

Puc. 1. BHewHui BuAg nabopaTtopHoro creHaa ANA NpakTU4YHOW anpobauun
TeopeTUUYECKUX pe3yribTaToB UCCneaoBaHus
Fig. 1. Appearance of laboratory stand for practical testing
of theoretical results of research
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B peanbHBIX yCIOBHSX KENATENFHO WMETh MPOTrpaMMy WHTCHCHBHOTO MOHUTOPHHTA JaBICHHS
MOJICPKKH C MCIIOJIb30BAHUEM COBPEMEHHBIX CHUCTEM HEMPEPHIBHOIO MOHHUTOPHHrA Ha 3JICKTPOHHOM
rajipkere, YToObl OCYIIECTBIIATh OLICHUBAHKE M XPAaHCHUE JTAHHBIX Yepe3 TPeOyeMbIe HHTEPBAJIbl BPEMCHH.

CoBpeMeHHasi crucTeMa CBSI3U IS TMOA3EMHBIX IIAXT MOXKET OBITh MPOBOAHON HIIM OECIPOBOJTHOM.
O0a Thma CUCTEM MOT'YT BBIMTH M3 CTPOS, KOT/la CTAJIKHBAIOTCS C MOXKapaMH, MaJCHUEM KPBIIIH, B3PbI-
BOM M COOEM ITUTAHUSI.

Peanu3arysi MUHAATIOPHBIX WHTETPAIBHBIX CXEM, HOAXOASIAs KOHCTPYKIHS O€30TaCHBIX CUCTEM
AIIEKTPONUTAHUS ¥ MUKPOIJIEKTPOHUKH JIJISi XPAaHEHHUS U Tepefadd JaHHBIX MOTYT OBITh MOJIE3HBI TPU
pa3paboTKe SKOHOMHUYECCKHU 3D (PEKTHUBHBIX CHCTEM HENPEPHIBHOIO MOHUTOPHHTA.

OnTHyeckoe BOJIOKHO SIBISETCS UCKPOOE30MMacHBIM, €CITH CBETOBAsl SHEPTHsl, TiepeaBaeMast 1o BO-
JIOKHY, HaXOJWTCS Ha YPOBHE WM HUXKE OIPEIEICHHOT0 YPOBHS MOIMHOCTH. OHU HE TOJBEPIKEHBI
BIMSHHIO IIyMa, MOJHHH, TToMeX oT BU, D/IC, a/eKTpOMarHuTHBIX MOMEX, PaCIpPOCTPAHCHHBIX B TOP-
HO# mpoMeItuieHHOCTH [11-15]. Mcnonp3oBaHne BOJOKOHHON ONTHKY JUIS HAJEKHOW CBSI3U NMPU MOHU-
TOPWHTE, aHAJM3e W yIpaBlIeHHH 000OpyIOBaHHEM W OOBEKTAMH B XOJE TOPHOTO MpoIlecca MOBBICUT
0e30macHOCTh M 3(PPEKTUBHOCTh MPOU3BOJCTBA. BOJOKOHHO-ONTUYECKAs CBS3b YHUKAJIBHO IOIXOMMT
JUISL TIOAKTIOYCHUS TAHHBIX B PEXKUME PEAIbHOTO BPEMEHH OT JAaTYUKOB OKPYXKAIoIIeH cpeasl U 0060py-
JIOBaHUA ISl OOecTieUeHnsT MaKCHUMAaJbHOW MPOU3BOAUTEIHLHOCTH TPU COONIOJCHUU CaMbIX BBICOKUX
CTaHIapTOB 0€30MacHOCTH. BOJIOKOHHO-ONTHYECKHE Ka0elu OIKHBI OBITh COOTBETCTBYIOIIMM 0Opa-
30M OpOHUPOBAHBI, YTOOBI OHU OCTABAIHMCh PA0OOTOCIIOCOOHBIMHE TIPH CIEMTYIOIIUX YCIOBUSIX: JBHKEHHE
MOJI3EMHBIX TPAHCIIOPTHBIX CPEICTB, OOpYIIEHHE MOJ3EMHON KPBIIIHM, 3aTOIDICHHE TOJ3EMHBIX BOJ,
BO3/ICICTBHE BOJIHBI JABJICHUS, BOSHUKAIOIICH B PE3yJIbTATe MOA3EMHBIX B3PHIBOB.

Hamu pa3paboTaH MMHTAIIMOHHBIH 1a00PaTOPHBIN CTEHIT sl OTPaOOTKH KOHCTPYKIIMH WH(pOpMa-
IMOHHO-U3MEPUTETHFHOM CHCTEMBI Ha OCHOBE BOJIOKOHHO-ONITHYECKHUX AATUYHUKOB (cM. puc. 1). Mcmoms-
30BaJIOCh KBapIIEBOE OAHOMOJI0BOE onTrdeckoe BOIOKHO 9/125 mxm (OS2) Corning SMF-28e+® ¢ Hu3-
kM «BoAHBIM TKoM» (ctaHmapT ITU-T G.652.D). He »kemarenpHO HCIIONB30BaHUE BOJOKHA CEPHUU
Ultra, Tak kKak OHO UMeeT 0osiee HU3KYI0 YyBCTBUTEIBHOCTD K M3THOY. ONTOBOIIOKHO UMEET NMEPBUIHOE
NoKpeITHE 245 MKM (C BHEIIHEeH 000109Koif). J{s onpeneneHns 3Ha9€HUI MOITHOCTH ONITUYECKOTO H3-
JMy4eHHs] U MOTeph HCIONB30BaJICS m3MepuTenb ontudeckuii MomHocTH VIAVI (JDSU) SmartPocket
OLP-38, paboraromuii B AMHaAMU4eCKOM auamna3one ot —50 g0 +26 nbM, ¢ Auana30HOM JJIUHBI BOJHBI
780—1650 HM. B xauecTBe HCTOYHHMKA U3IyYeHHS HCToNb30Baics SmartPocket OLS-34/35/36 co BcTpo-
eHHBIMU ommmsMu Auto-A u Multi-A, SmartPocket OLP-38 mMoskeT aBTOMaTHYeCKH H3MEPSATh YPOBEHb
MOIITHOCTH U BHOCHUMEIE TTIOTEPH B OJTHOMOJIOBOM M MHOTOMOJIOBOM ONTHYECKOM Kaberne. [loaxiroueHue
K ONTUYECKOMY BOJIOKHY NMPOMU3BOAWIOCH uyepe3 yHuBepcanbHblii UPP 2.5 MM agantep u onTudeckue
koHHeKkTophl Tuna FC. JInmHa KOMIIEHCAIIMOHHOW KaTYIIKW COCTaBISeT 2 KM ONTHYECKOTO BOJIOKHA
(crarmapt ITU-T G.652.D) (puc. 2a).

) Towka mpHIOES- Todka OpHIcHEe-
Kounercampos- O - KommeHcamHoH- .
TITHISCE 02 — HHR J2EISHHR : Qnraveckoe — HHA JaBIeHHA
Had KaTVIIEa C . . -
g !‘- sonormn G-632 Hafd KaTYIIKa C BoMOKHO G-652
TITEHECRED ONTHIECKHM
EQIOKEOM -
BOIOKHOM

Onrudeckoe
BornokHO G-652

sonorEe G-632

| [ ] T

OnremecksE
OITHEECKOTO BaTTMETP
! — )
A HITYIEHER OnTHYecKHE
/_peq::iemone-lp
Ommmeckos T
somosEe G-632
a) 6)

Puc. 2. CTpykTypHas cxema nabopaTtopHoro creHga MHOpMauMOHHO-U3MepPUTENIbHOW CUCTEMbI HA OCHOBE
BOJIOKOHHO-ONTUYE€CKUX AAaTYMKOB: a — C ONTUYECKMM BaTTMETPOM; 6 — C ONTUYECKUM pedpneKToMeTpoM
Fig. 2. Structural diagram of the laboratory stand of the information-measuring system based
on fibre-optic sensors: a — with optical wattmeter; b — with optical reflectometer
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Bropoii sKcnepuMeHT NpPOBOAWICA C MCIOJIB30BaHMEM ONTHYeCKOro pediexkromerpa Yokogawa
AQI1200E (puc. 20).

3. Pe3yabTaThl YHCJIAEHHOTO MOJAETHPOBAHUS

C nmomo1kio pa3paboTaHHOIo 1abOPaTOPHOTO CTEHAA ObUT MPOBENEH PsA SKCIIEPUMEHTOB II0 OIpe-
JIEJIEHUIO TIOTEPh ONTUYECKOTO BOJIOKHA MPU PA3TNYHOM 3HAUEHUU J1aBIICHUS.

Uncnennoe wuccnegoanue wmozaenn BOJl cuctemMbl TpOBEAEHO C IOMOIIBIO IPOTrpaMMBbl
Wolframalpha, koTopas siBIsieTCS HHTEpAaKTUBHON CHCTEMOH IJIsl BBIIOJIHEHUSI 00pabOTKK pe3yIbTaToB
SKCIEPUMEHTOB U OPUEHTUPOBaHA Ha PabOTy C MaCCHBAMH JIaHHBIX.

I'panuunoe yciaoBue: 2HEpTHS AaBieHUS Ha BOJIoKHO oT 0 mo 15 H-m, maTepsan mara 2,4 H-Mm,
Bcero 7 miaros, TeMIeparypa B momeuieHuH Jiabopatopuu 25 °C. Ilepememienue mo ocsaM 10 OpH-
noxenus pasineHus OX =0 m; OY =0 wm; OZ =0 M. B pesynpTaTe aBTOMaTU3UPOBAHHOW ANIIPOKCH-
Malliy JAaHHBIX TMOJYYEHbl O0JHO(QAKTOPHBIE MaTeMaTH4eckue Monenu. Kaxmoe namepeHue mpoBo-
nunochk 10 pas.

UccnenoBanucey ontudeckrue BoJiokHa ¢ jimuHOW BomHBI 1310 u 1550 um. ['paduk 3aBucumocTn
3HAYEHUS! NTOTEPh ONTHUYECKOTO BOJIOKHA C AMMHOM BOoMHBI 1310 HM mpu MOIIAaroBOM yBEJIWYECHUH AaB-
JICHUS TIPE/ICTaBJICH Ha puc. 3.

z, dB
264 .
"'
262 -
’_,—"" == linear
26.0 -
~ w cubic
258 -
2% 6 > quadratic
254 ~
' -
252
P. Nm
0 5 10 15

Puc. 3. 3HauyeHne noTepb ONTUYECKOro BONTOKHA C ASIMHOM BOJHbI 1310 HM
Npw NOLIAroBOM yBenu4YeHun gaBneHus
Fig. 3. Value of optical fiber loss with wavelength 1310 nm
at step-by-step pressure increase

[Ipu npoBeieHHN AaBTOMATHYECKOM aNIPOKCUMAIIHN OBLITH MOTYYEHBI CICAYIOIINE PE3YIbTATHI:

1) 0,0718438P + 25,2616 = & anmpoKkcuManus JIMHEHHAs,

2)0,000022611P3 — 0,000522694P2 + 0,0749118P + 25,2589 = ¢ afmpoKCUManusi TpeTeu
cTeneHu (Kyoudeckas);

3) 0,0000237653P% + 0,0721934P + 25,2609 = ¢ anmnpoKCUMallMsl BTOPOH CTerneHu (KBajapa-
THYHAs).

Tak xKaKk HaWaydlled MaTeMaTHYECKOW MOZETBbI0 CUMTACTCA MOJENb C HAaUMEHBLIMM 3HAUCHUEM
kpurepus AIC (MubopManmoHHbI KpUTEpUil AKanKe), 3aBHCUMOCTD 3HAYEHUH MOTEPh B ONTUYECKOM
BOJIOKHE Jy4lle MMPEACTABUTh KBaAPAaTHYHON ammpoKCUMaLUel, Ipu KOTOpord MH(DOPMAIMOHHBIN KpH-
Tepuil Akauke cocTaBiseT —53,6639.

I'paduk 3aBHCUMOCTH 3HAYECHHUS TTOTEPh ONTHYECKOTO BOJIOKHA C JUIMHOW BONHBI 1550 HM mpu mo-
[Iar0BOM YBEITMUCHHH JIaBJICHUS TPEJICTABIICH HA pHC. 4.

[Ipu npoBeneHNK aBTOMAaTHUECKOM alNPOKCUMALNH OBLIH MOTYYEHBI CICAYIOIINE PE3YIbTATHI:

1) 0,109018P + 22,1951 = ¢ anmnpokcuManus JUHEHHAS;

2) —0,0000395923P3 + 0,00181238P2% + 0,0904493P + 22,2269 = ¢ anmpokcuMaius TpeTei
cTenieHu (KyOudeckas);

3) 0,000938742P2 + 0,0952092P + 22,2234 = £ annpokcuMalus BTOpO creneHu (KBajpa-
TUYHASA).
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Puc. 4. 3HayeHMe NoTepb ONTUYECKOro BOJSIOKHA C ASIMHOW BOMHbI 1550 HM
Nnpyv NoLaroBoM yBeNM4eHUn AaBneHus

Fig. 4. Value of optical fiber loss with wavelength 1550 nm
at step-by-step pressure increase

OneHuBas pe3ynbTaThl, MOXKHO C/I€aTh BbIBOJ, YTO 3aBUCUMOCTb 3HAUEHUN MOTEPh B ONTHUYECKOM
BOJIOKHE JIy4Ille MPEACTaBUTh KBaJAPATUUYHOW alNpoKCHManuei, mpu KOTOpoi WHGOPMALMOHHBIN KpU-
Tepuit Axanke cocrapisier —24,11.

Jlns ompeneneHust pacCTOSIHUS IO MECTa HapyILIeHUs] OXpaHbl EpUMETpa UCIIOIb30BaJICs pediiek-
tomeTp YOKOGAWA AQ1200 OTDR. Ha pedaexrorpamMme (puc. 5) 4eTKO BUIHO, HA KAKOM Y4acTKe
ONTUYECKOTO BOJIOKHA IPOUCXOIUT U3MEHEHHE TIOTEPb.
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—
D06 508 L
007,500 —

Ll
anditor i
131 umSM = |
w0 4

2 m

1.960C0

0.00 dE
2290 é
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Puc. 5. Peconekrorpamma
Fig. 5. Reflectogram

Ha pedunexrorpamme nokaszano, uro B auanasone 1,989-2,03079 kM Bo3BpaTHbIE OTEPU ONTHYE-
ckoro BosokHa coctaBwid 0,066 nb, 9TO CBUAETEILCTBYET O TOM, YTO HA 3TOM MPOMEKYTKE TaBICHUE
Ha ONTHYECKOE BOJIOKHO BBIIIE HOPMBI.

4. PazpadoTka nHGOpMalMOHHO-U3MEPUTEIBLHOMH CHCTEMbI

HA OCHOBE BOJIOKOHHO-ONTHYECKHX JATYMKOB

[Ipu MexaHWYECKOM BO3JEHCTBHH Ha ONTHYECKOE BOJIOKHO BO3HHUKAIOT MHUKPO- M MaKpOW3THOBI,
MIPUBOSINIKE K JONOJHUTEIHHBIM MTOTEPSAM ONTUYECKOT0 CUTHalla B BOJIOKHE. YKa3aHHbIE IOTEPU MOXK-
HO M3MEpPUTh U YCTAHOBUTH 3HAYCHMS IABJICHHS Ha ONTHYECKOE BOJIOKHO, TaKK€ MOXKHO OIPENEIHUTh
BEITUYHHY CMelIeHHs. BaKHBIM MPEeNMyIIeCTBOM TaHHOW CUCTEMBI U3MEPEHUH OyIeT ee ToTHas HCKPO-
U TI0Kapo0e30MacHOCTh. DHEepreTHUecKas MaCCHBHOCTh JNAaTYMKOB ITO3BOJIIET UCKIIOUUTh UCTOYHHUKH
MUTaHKS, HETIOCPEICTBCHHO HaxosIuecs B 30He g00brun yrist. MMC BOJI criocoOHa KpyriioCyTOYHO
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OCYIIECTBIISITh MOHUTOPUHT TOPHOU BBIpaOOTKH. CHCTEMa MOXKET OBITh NMPECTaBICHA B JBYX BapHaH-
Tax B 3aBUCHMOCTH OT ITIOCTaBJICHHBIX 33/1a4 U ()yHKIMOHAJIBHOCTH. B 1mepBoM BapHaHTEe MCIIOIB3YETCS
W3BECTHBIN MeToa onrudeckoi pedekromerpun OTDR (Optical time domain reflectometer). Bo Bro-
POM BapUuaHTC KOHTPOJJUPYIOTCA 3HAYCHUA NOIMOJTHUTCIIBHBIX IMOTEPb, BHISBAHHLIC MCXaHNYCCKHUM BO3-
JelCTBUEM Ha ONTHYECKOE BOJOKHO. Ha OCHOBE MpoBEIECHHBIX JIaOOPATOPHBIX OMBITOB OBLIO MPEIJIO-
skeHo nee cxemsl UMC BO/] (puc. 6).

MpaAmon

CMTHB]’I ﬂﬂT‘*MKH YeCKoe BOJNMOKHO
Jmp_ﬂ & i

OTpaxeH HI:I w

curHan O O O

AHanusarop

Komnetotep

OTONPUEMHWK
YeTrpoieTeo

O O O e nepsu4HONM

OnTHYeckWit paseeTBuTenb obpabotku
curnana

Mpamoi

curHan I
< aTHHUKK OnTUHecKoe BOMOKHO AHanuaarop

OG0 WA

Komnelotep

doTonpreMHNUK

OO0 .

YeTpoicTeo

epBUYHOW
‘/(1)6 paboTkn

curHana

Puc. 6. CTpyKTypHble cxeMbl UH(HPOPMaLUOHHO-U3MepPUTENbHbIX CUCTEM
Ha OCHOBE BOJTOKOHHO-OMTUYECKMX AAaTYUKOB
Fig. 6. Structural diagrams of information-measuring systems
based on fibre-optic sensors

3ona geiicteus MMC BO/I — okono 50 kM, 4TO BIIOJIHE JOCTATOYHO AJIS NIEpEJadl CUTHAJIOB B IIpe-
JeniaX TOPHBIX BEIpabOTOK M mofauu ux Ha nosepxHocts. MMC BO/| MoxeTt numeTs OoJiee cTa KaHAJIOB U
Touek usMepenus. BOJ] pacmnonoxkeHbl HENOCPEICTBEHHO B TOPHOH BhIpaboTke. [lonkimoueHue ocyiie-
CTBIISIETCSL Yepe3 ONTUYECKUE KOHHEKTOPBI K MarucTpajJbHOMY ONITHYECKOMY KaOenro, a GoTonpuéMHH-
KH, JIa3ep U aHaJIM3aTop HAXOJATCs B 0€30MacHON 30HE OKOJOCTBOJIBHOTO JABOpA MM Ha MOBEPXHOCTH.
HNHNC BO/] Ha puc. 6a pabotaeT ciaeayrolmuM o0pa3oM: UCTOYHHMK CBeTa (TIOJIyIPOBOIHUKOBBIN J1a3ep)
(dbopMHpYyeT KOPOTKHE 30HIMPYIOILINE HUMITYJIBCHl HEOOXOAMMOM AnuTenbHOCTH (0T 5 He A0 20 MKC),
mmHa BosHBL 1310 u 1550 aM. MMmynec npoxoauT depe3 pa3BeTBUTENb 110 ONTUYECKOMY Kabemo 10
BO/Jl, pacnionokeHHBIX B TOpHOH BbIpadoTKe. IIpn MexannyeckoM BO3AEHCTBUM Ha ONTHYECKOE BOJIOK-
HO JIaTYMKa BO3HUKAIOT JOMOJHUTENbHBIEC TOTEPH, U YaCTh CUTHAIA OTPAXAeTCA U 10 TOMY K€ MPOBOJI-
HUKY Trorajaet B poTonprueMHHK. Pa3BeTBUTENh 00eceunBaeT MPOX0XKICHHE OTPAKEHHOTO B BOJIOKHE
CBeTa K MPUEMHHKY ONTHYECKOTO M3ITyYCHUs JIJISl €T0 PETHCTPAllK U u3MepeHus. UyBCTBUTENBHBIN (o-
TONPUEMHHUK UMEET YCTPOUCTBO IS MEPBUYHOI 00pabOTKM CHUTHAja U TOYHO M3MEpSeT YPOBHU U 3a-
JEPKKU TI0 BPEMEHHU BCEX OTPAKEHUH, MOSIBIAIOINXCSA MO MEpe MPOXO0XKACHUS 30HIUPYIOLIETO CBETO-
BOTO MMITyJIbCa BJOJb BOJOKHA. V3MepeHHe Bcex OTpa)X€HWH OT OJHOTO 30HIUPYIOIIETO CBETOBOIO
HMMITyJIbCa HE TO3BOJHUT MOJYYUTh JOCTOBEPHYIO KapTHUHY AABICHUI M IEpEeMEIIeHHUH MOopoj TOpHOU
BBIPAaOOTKH, TaK KaK Jia3ep cO37aeT UMIYJIbC MAIOH MOIIHOCTH U TIPU €ro OTPAKEHUU CO3/1aeTCsl 0OJb-
[I0€ KOJMYECTBO CIIYYAHHOTO ITyMa, TIO3TOMY HEOOXOJIMMO BBHIMTOHATH u3MepeHus B TeueHue 10-30 c,
OTIIPaBUTh B BOJIOKHO THICAYM 30HIUPYIOMIUX CBETOBBIX UMIIYJIHCOB U M3MEPHUTh OTPaXKEHHE KaXKIOTO
n3 Hux. [locime dero BHIMOJHSETCSA YCpPEAHEHHE, aHAIN3 U OTOOpakKeHHE Pe3yJIbTaTOB NMPHU MOMOIIU

BecTHuk HOYplY. Cepus «KomnbioTepHble TEXHONOrMK, ynpasreHue, PaauoaneKkTPoHUKay. 149
2020. T. 20, Ne 1. C. 144-153



KpaTtkme coobLieHus

aHAIM3aTopa U KOMIIbIOTEpa, Ha KOTOPOM Oy/eT coXxpaHeHa B WHGopMaIus 00 H3MEepEeHUH JaBICHUS
Y CMEIIEHUH, TIPOUCXOIUBIINX B TOPHOM BHIPAOOTKE B TEYCHHE YCTAHOBICHHOTO BPEMEHHU (CYTOK, Me-
caneB). BaxHBIM MOMEHTOM SIBJISieTCS paboTa aHAIHM3aTOPa, KOTOPBIH PACCUUTHIBAECT BPEMs MPOXOKIC-
HUS 110 ONTUYECKOMY BOJIOKHY IMPSIMOTO M 00paTHOTo (OTpa’keHHOI'0) UMITYJIbCa CBETA, MIPH U3BECTHOU
CKOPOCTH CBETa PACCUUTHIBAET PACCTOSIHUE 10 TOUYKHU NPUIIOKEHUS JaBiaeHus. 110 ypoBHIO aMIUIUTY bl
OTPaKEHHOTO CHUTHaja ONPEIEISAIOTCS JONOJHUTEIbHBIE IIOTEPU U COOTBETCTBEHHO 3HAYEHMSI IPUIIO-
skenHoro nasienus k BOJ. UMC BO/I npexacrasieHa Ha puc. 60, 0oJiee yIPOILICHHAS B TUIAHE UCTIOb-
3yemMoro o0opymoBaHus (POTONMPHUEMHHKA, ONITHIECKOTO Pa3BETBUTEINS) U UMEET MEHBIIIYIO CTOMMOCTD,
TaK Kak aHaJM3aTop BBINIOJHEH 00Jiee MPOCTHIM C MEHBIIMMU BBIYUCIUTEILHBIMA MOIIHOCTSMH TIPO-
ueccopa. JlazepHsblil JIyd OpoxXoauT Mo HpsIMOMY ONTHYEeCKOMY BOJOKHY 10 BOJI u Bo3Bpamaercs mo
oOpatHOMY K (hoTonpuémuuky. [Ipu MexaHuueckoM BosneiicTBur Ha BOJI, HanpuMep, IIpH MOBBIIIICHUN
JIABJICHUSI HA KPETlb WM CMEIIEHHUH IUIACTOB, YBEIMYUBAIOTCS JOMOTHUTEILHBIE TIOTEPH, KOTOPBIE (PHK-
CHUPYIOTCS AHAJIU3aTOPOM.

N3mepenne ropHOro JaBieHUs M NEPEMEILICHUN TOPHBIX MMOPOJ — JIBa BAKHEUIIUX IIapaMeTpa, Ko-
TOpPBIE MOTYT WUCIOJB30BAThCA I KOJIMYSCTBEHHOUN OEHKH 3()()EKTUBHOCTH TOACPKKH KPOBJIH TOP-
HOW BEIPa0OTKH B 33JJAaHHOM COCTOSIHUW T€OMHKEHEPHH.

O0cy:kneHue 1 3aKJII0YEHUE

HcnonrsizoBanne ontudeckoro BosnokHa craunapra [TU-T G.652.D myig KOHTpOIIs TOPHOTO MaccuBa
YroJIBHBIX MAXT SBISETCS BECbMa MEPCIeKTUBHBIM, TaK Kak pa3paboTaHHble Ha ero ocHoBe BOJI o6na-
JTAIOT JTOCTATOYHO BBICOKOW TOYHOCTBIO, CKOPOCTHIO U3MEPEHHUS U IMEIOT XOPOIIYIO JTUHEHHOCTh Xapak-
tepuctuk. He xenarensHo ucnons3oBanue BonokHa cepur [TU-T G.652.D Ultra, Tak Kak OHO HMeEeET
Oonee HU3KYIO 9yBCTBHTENIBbHOCTH K M3rn0y. MMC BOJl mo3Bossier o0ecniednTh BHICOKHE TpeOOBaHMS
0e30MacHOCTH NpU MPOBEICHUU TOPHBIX Pa0dOT B OMACHBIX YCIOBHUSX IIAXT, OTHOCSIIUXCS K CBEpPXKaTe-
TOPUYHBIM 110 BHE3AITHOMY B3pPbIBY YTOJIBHOM MBUTH U T'a3a MeTaHa, TpeOYyI0TCA HaJeKHbIE CHCTEMBI U3-
MepeHHUsI, KOHTPOJISI 1 MOHUTOPUHTA COCTOSIHUS TOPHBIX BHIPA0OTOK M 00OPYIOBAHHUS C TOBBINICHHBIMA
TpeOOBaHUSAMH K HCKPO- U B3PBIBOOE30MIaCHOCTH.
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Introduction. The relevance of using fiber-optic sensors to monitor the geomechanical state of
the mine workings of coal mines of the Karaganda coal-mining field is extremely high, because they
are super-categorical and dangerous in a sudden explosion of coal dust and methane gas during mi-
ning operations in hazardous mines. Fiber optic sensors have several advantages: explosion safety,
high accuracy, measurement speed and have good linearity of characteristics. Aim. The use of opti-
cal fiber of the ITU-T G.652.D standard as a sensor for monitoring the geomechanical state of an ar-
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ray of coal mines, which is very promising in terms of creating a distributed monitoring system ca-
pable of timely signaling to personnel about the danger of a sudden collapse of a mine. Materials
and methods. To develop methods for monitoring and measuring the geotechnical parameters of
the workings, a simulation laboratory bench based on fiber-optic sensors was developed. The authors
used a quartz single-mode optical fiber 9/125 um (OS2) Corning SMF-28¢ + ®. The article proposes
systems in two variants, depending on the tasks and functionality. In the first variant, the well-known
method of optical reflectometry OTDR (Optical time domain reflectometer) is used. In the second
variant, the values of the additional losses caused by the mechanical action on the optical fiber are
controlled. Results. During mechanical action on an optical fiber microcracks occur, leading to
a change in the properties of light and an increase in additional losses of the light wave passing
through it. Conclusion. The use of ITU-T G.652.D standard optical fiber for monitoring
the geomechanical state of an array of coal mine workings is very promising, since the VODs deve-
loped on its basis have sufficiently high accuracy, measurement speed and good linearity of charac-
teristics.

Keywords: attenuation, loss, information-measuring system, optical fiber, safety, mining, array
defects, fiber-optic sensor.
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Introduction. Autonomous mobile robots must be able to plan global and local motion paths.
The A-star path planning algorithm allows us to calculate the shortest path between the starting and
end points on a map with known static obstacles. In real conditions, when additional information
about the area is entered (difficult or dangerous sections, areas with speed limits) and the cost of
overcoming them is taken into account, A-star can lead to a non-optimal, for these conditions, solu-
tion of the problem. Aim. Consider options for optimizing the A-star path planning algorithm for use
in various conditions with restrictions on the number of turns, linking to critical points on a map of
the area, difficult and dangerous areas and assess the quality of the optimization. Materials and
methods. Research is carried out by computer simulation of the A-star algorithm and options for its
optimization in the MATLAB environment. The criteria for evaluating the quality of optimization
are focused primarily on computational time and the path optimality with respect to the selected pa-
rameters. Results. The results of path calculation performed using the A-star algorithm before and
after optimization are presented. In both cases, the following are estimated and compared: calcul a-
tion time, number of analyzed polygons, number of turns and path length. Conclusion. In most
cases, the optimization of the algorithm increases the path length and calculation time, but not sig-
nificantly. Moreover, the new path corresponds to the given conditions, is the shortest in these
conditions and, therefore, is optimal. The considered optimization options allow you to calculate
the path taking into account additional information, estimate the path length and computational
time. On the basis of these evaluations, it is possible to choose path planning method suitable for
individual scenario.

Keywords: path planning, A-star algorithm, motion path optimization, mobile robotic, path
cost, model.

Introduction

Today, mobile robots are engaged in various tasks related to the delivery of goods, reconnaissance,
automated patrol, and search and rescue operations. Autonomous mobile robots must be able to plan
global and local motion paths, create a three-dimensional model of the environment, determine its loca-
tion in space and control actuators to keep motion along the planned path [1].

The path planning is an important and non-trivial task. Therefore a lot of studies are currently un-
derway in this area. Various algorithms are being developed for calculating the path both in a static envi-
ronment with known obstacles and in unknown and dynamic environments where it is impossible to
have prior complete information that can be given to the robots before operation [2-8].

One of the most effective path finding algorithms in a static environment, widely used in practice, is
the A-star algorithm [9, 10]. It is a modernized version of Dijkstra's algorithm. A-star allows us to calcu-
late the path at the lowest cost from the initial peak to the final in a weighted directed graph. The least
path cost in the algorithm means the shortest distance between the selected points.

However, if we are dealing with real objects that have some limitations (kinematic, controls, etc.) or
when introducing additional information about the map of the area and taking into account the costs of
overcoming them (the cost of maneuvering, overcoming hills, etc.) — the considered algorithm can lead
to a non-optimal solution of the problem for given conditions [11, 12]. Therefore, for practical applica-
tion, the algorithm must be optimized for real conditions including a number of restrictions [13]: kine-
matic restrictions (maximum speed, minimum turning radius, etc.), control limitations (remote control
along the motion path), restrictions on the degree of danger of the chosen path and others.
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1. Implementation of A-star algorithm in MATLAB

For research, the A-star algorithm was implemented as a computer model in the MATLAB mo-
deling environment [14, 15]. The model’s interface is a 20x20 polygon field where the starting point
“Start”, the end point “Finish” are marked and obstacles are set (Fig. 1).

Obstacles
. A N
yavi AN
. / N
//
Starting point E
“Start” N End point
“Finish”
i
\ - Path found
6 //
Polygons \/ =
analyzed 4

2 4 6 8 10 12 14 16 18 20

Computational time, ms 31.3

Polygons analyzed 126
Path length (in polygons) 19
Number of turns 3

Fig. 1. Example of path calculation

The path calculation algorithm works as follows.

1. In the first step, two lists of polygons are created: a) pending analysis, b) analyzed. A starting
point is added to the list of pending points.

2. For all neighboring polygons that are no obstacles, the coefficient F, is calculated:

F,=G, + H,, @
where G, is the cost of transitions from “Start” to the current point, H, — the remaining distance from
the current point to “Finish”, and the number of the parent polygon from which the transition was made
is remembered.

3. All enumerated polygons are recorded in the list of pending analysis. Next, from this list, the pol-
ygon Prinen With the lowest value of F, is selected.

If Prinen is the final polygon, then the route is found and the algorithm is finished. If not, Ppingn iS
moved from the pending analysis list to the analyzed list.

4. Then, for each of the P; ranges adjacent to it, with the exception of obstacles, the conditions are
checked:

a) if P; is included in the list of analyzed polygons, then skip the calculation, if not, go to point b);

b) if P; is not included in the list of pending analysis, then we add it there by calculating F,; and re-
membering the link to the parental polygon Pinen, if P; is included in the list of pending analysis, then
compare the current Fy; with the resultant F; for this polygon. If F, < Fy;, then a shorter less expensive,
path to the current polygon was found, therefore, replace F,; with Fy;.

5. Repeat steps 2 to 4 until the end point of the route is reached.

6. If the list of fields awaiting the analysis is empty and the endpoint is not reached, then the route
does not exist.
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2. Optimization of algorithm for the number of turns

A-star is optimal in terms of finding a path with a minimum length. The algorithm is modified by
adding optimality to the minimum number of turns in the path. For this purpose additional cost coeffi-
cients W, that increase the cost of the path when turning are introduced. In this case, the formula for cal-
culating the cost of the path will be:

Fo= Gy + Hy+ W, )
The simulation results without optimization are shown in Fig. 2a, with optimization in Fig. 2b.

2| 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 11 18 18 20

Computational time, ms 46.0 Computational time, ms 62.5
Polygons analyzed 177 Polygons analyzed 251
Path length (in polygons) 19 Path length (in polygons) 19
Number of turns 5 Number of turns 3

a) results without optimization b) turn-optimized results

Fig. 2. Calculation of the optimal path

The results obtained show that, after optimization, the number of turns was reduced from five to
three, while the path length, measured in the number of passed polygons, did not change. At the same
time, the number of analyzed polygons increased and, as a result, so did the computational time, but not
critically.

3. Optimization by complexity or time of the path

This type of optimization is carried out by introducing weighting factors that increase or decrease
the cost of passage of the indicated polygons in the field. In practice, the increase in the cost of crossing
the polygon corresponds to the complexity of the path along this route (mountainous or marshy terrain,
or dangerous area) or the time taken to overcome the path (busy track). Increasing the cost of passage
through such areas will allow us to find another way that these areas will avoid, the more the higher
the cost of their passage.

Fig. 3b shows the results of a path search in the case when the cost of passing the polygons located
in the lower part of the modeling field is doubled compared to Fig. 3a.

As a result of the simulation, the path along the upper part of the field was calculated for polygons
with less cost. At the same time, the number of analyzed polygons decreased and, as a result, the calcu-
lation time.
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16 16

2 4 6 ] 10 12 14 16 18 20 2] 4 6 8 10 12 14 16 18 20

Computational time, ms 15.6 Computational time, ms 14.8
Polygons analyzed 124 Polygons analyzed 97
Path length (in polygons) 19 Path length (in polygons) 19
Number of turns 3 Number of turns 7

a) results without optimization b) turn-optimized results

Fig. 3. Calculation of the optimal path

4. Algorithm optimization based on critical points

The inverse solution of the previous problem can be used in cases where it is necessary for the path
of the mobile robot to passes through certain areas on the map, even if the path increases. This may be
suitable if the mobile robot must constantly keep in touch with control centers or collect information
through relay stations installed in predetermined positions. In this case, when planning the path, it is
necessary for the mobile robot to be in the coverage area of these stations (Fig. 4).

) ! NI T
(it 1 VAN
16 16 \\‘/

2 4 L} 8 10 12 14 16 18 20 2 4 6 8 10 12 “ 16 18 20

Computational time, ms 10,7 Computational time, ms 16,8
Polygons analyzed 76 Polygons analyzed 124
Path length (in polygons) 19 Path length (in polygons) 23

a) results without optimization b) turn-optimized results

Fig. 4. Calculation of the optimal path
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This can be achieved by adjusting weights. That is by significant increase in weights in the areas of
the map (remote from the station by a distance exceeding the range of radio communications with a mo-
bile robot).

Fig. 4 shows the calculations of the optimal path in the presence of two relay stations indicated on
the modeling field by the symbol “T”. As a result of the calculation, we obtained a path (Fig. 4b) that
deviates from the calculated shortest path (shown in Fig. 4a), however, this path passes through the pol-
ygons which are least distant from those allocated with radio coverage and therefore being more optimal
for these conditions.

Conclusion

As a result of the studies, options for optimizing the A-star path planning algorithm for its applica-
tion in conditions with a limited number of turns, linking to critical points on a map of the area, as well
as difficult or dangerous sections are proposed. In most cases, as a result of optimization, the path length
and its computational time increase, but not significantly. Moreover, the new path corresponds to the given
conditions, is the shortest for these conditions and, therefore, is optimal. The developed model allows us
to estimate the time and necessary computing resources spent on calculating the path. On the basis of
these evaluations, it is possible to choose path planning method suitable for individual scenario.

Of further interest is the task of optimizing the algorithm with incomplete reliability of a priori in-
formation or its absence in some parts of the analyzed terrain map.
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ONTUMUIALNA AIITOPUTMA NIAHUPOBAHUA MNMYTU A-STAR

A.C. Muckopckuti, ®.X. A6dynnuH, A.P. Hukonaeea
HOxHo-Ypanbckul eocydapcmeeHHbil yHusepcumem, a. HensbuHck, Poccus

Beenenne. ABTOHOMHBIE MOOUIIBHBIE POOOTHI AOJKHBI YMETh CaMOCTOSTENBHO IUIAHHUPOBATH
II100aIbHYI0 M JIOKAIBHYIO TPAeKTOPUU CBOETO JIBIKEHHUS. AJITOPUTM IUIaHUpOBaHMA myTH A-star
NI03BOJIIET BBIUMCIUTh KpaT4yaillui IyTh MEXy Ha4aJIbHOM M KOHEYHON TOYKaMU Ha KapTe MECT-
HOCTH C M3BECTHBIMU CTaTUYHBIMH MPEMATCTBUAMHU. B peanbHBIX yCIOBUSAX IPHU BBEJCHHUU JOMOJ-
HUTEJIHLHON MH(OPMALUK O KapTe MECTHOCTH (TPYZIHONPOXOANMBIE MM ONACHBIE YYaCTKH, YUaCTKU
C OTpaHMYEHUEM CKOPOCTH) M ydeTe 3aTpaT Ha UX IPEOJ0JICHHE aJTOPUTM MOXKeET MPUBOJUTH K He-
ONTUMAJILHOMY AJISl JAHHBIX YCIOBHH pemeHuto 3agadu. lean nccaegosanusi. Paccmorpers Bapu-
aHTBI ONTUMHU3AIMN AITOPUTMA IUIAHUPOBAHMSA MyTH A-Star Ui MpUMEHEHHS B Pa3JINYHBIX YCIOBHU-
SIX, IMEIOIIUX OTPAaHUYEHHs 110 KOJIUYECTBY MOBOPOTOB, IPUBA3KY K KDUTHYECKUM TOYKaM Ha KapTe
MECTHOCTH, TPYAHONPOXOJUMBIE U ONACHBIE y4acTKH. OLEHUTh Ka4eCTBO MPOBEIECHHON ONTHMU3a-
nuu. Marepuaisl 1 MeToAabl. VccrienoBanus NpoBOAATCS IIyTeM KOMIBIOTEPHOIO MOAEIUPOBAHUS
anroputMma A-star u BapuanToB ero ontummsanuu B cpere MATLAB. Kpurepusmu oneHKH KadecT-
Ba ONTUMM3ALIMY aJITOPUTMA SBIISIIOTCS CKOPOCTh pacdeTa IyTH U €10 ONTUMAJIBHOCTh OTHOCUTENBHO
BBIOpaHHBIX mapaMeTpoB. PesyabTarsl. [IpuBOASTCS pe3ynbTaThl pacdeTa IyTH, BBIIIOJHEHHBIE C
MIOMOIIBIO anropuTMa A-star 1o u mocie onTUMH3anui. B 060uX ciydasx OIEHHUBAIOTCS U CPaBHH-
BAIOTCS: BPEMs pacuera, KOJIMYECTBO IPOAHAIU3UPOBAHHBIX IIOJUTOHOB, YHUCJIO IOBOPOTOB U JJIMHA
myTd. 3akaouenue. B GoJbIIMHCTBE ciy4asx B pe3yilbTaTe ONTUMH3AIMU aJrOpUTMa yBEIUYHBa-
eTcs JUIMHA IyTH U BpeMs pacdera, HO He3HAYMTeNbHO. IIpu 3TOM HOBBINA IyTh COOTBETCTBYET 3a-
JAHHBIM YCJIOBHSIM, SBISIETCS KpaT4alIllUM B STHX YCIOBHAX M, CIEIOBATEIBHO, ONTHMAIbHBIM.
[IpennosxeHHbIE B CTaThe BAPUAHTHI ONTUMH3ALMY MO3BOJSIOT BBIYUCIUTD ITYTh C YYETOM JOMOJIHH-
TeJIbHON MH(OpManuy, OLEHUTD JUIMHY ITyTH U CKOPOCTH pacuera. Ha 0CHOBE 3THX OIEHOK MOXHO
BBIOpATh METO/] INTAHMPOBAHMS ITYTH, TTOIXO ISIINH TSI OTACIBHOTO CLEHAPHSI.

Kniouesvie cnosa: nnanuposanue nymu, arcopumm A-star, onmumuzayus mpaexkmopuu 0gudice-
HUsL, MOOUTLHBLU POOOM, CHOUMOCTb NYMU.
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DIGITAL SPECTRAL ANALYSIS ON THE PLANE OF COMPLEX
FREQUENCIES OF TRANSIENTS OF THE HEART RHYTHM
AT SCHOOLCHILDREN AT PERFORMING A PROOF TEST
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Introduction. The method of processing experimental data obtained in the form of a time-
varying non-stationary signal is described. In the experimental study of transients associated with
changes in the heart rate of schoolchildren during a proof-reading test, it became necessary to de-
velop a new effective method for processing the results of dynamic measurements. Purpose of
the study. Consider the main points of this methodology, which is based on the Prony method, and
the possibility of its use in the field of studies of changes in heart rate variability (HRV) in response
to various functional test influences. Materials and methods. Traditional approaches related to
the calculation of power spectral density (PSD) and based on classical spectral methods are currently
very widespread. The model of constant rhythm is not applicable for non-stationary dependencies of
HRV. For spectral analysis of time dependences of HRV reflecting transient processes (non-
stationary processes) it is proposed to apply spectral analysis on the plane of complex frequencies
(PCF). PCF is a generalization of the usual spectrum. The calculation of the PCF is based on
the Prony procedure, based on parametric modeling. Results. PCF reflects the frequency structure of
oscillations of unsteady physiological signals, therefore, can be used to classify them. It is shown
that the use of spectral analysis on the plane of complex frequencies for transient processes of
the heart rhythm makes it possible (according to the parameters of the PCF) to calculate, for diagnostic
purposes, the numerical values of the parameters characterizing the reactions of various regulatory
mechanisms of the heart rhythm in response to various functional test influences. Conclusion. The best
results, as compared with the methods of classical spectral analysis, for the analysis of transients
in the form of a HRV signal were given by approaches based on the use of spectral analysis on
the plane of complex frequencies.

Keywords: heart rate variability, Prony’s method, spectrum on the plane of complex frequen-
cies, physiological signals, heart rhythm, parametric model.

Introduction

Traditional methods for analyzing heart rate variability (HRV) using the spectrum on the plane of
complex frequencies (SCF), which can be represented as physically realized signals and time series ge-
nerated by complex (multimodal) dynamic systems, are mainly based on various spectral correlation
methods. Moreover, due to the statistical approach to the analysis of signals, the dynamic nature of
the processes that generate them, as a rule, goes by the wayside. Only a dynamic approach to the analy-
sis of changes in heart rate in schoolchildren during a proof-reading test allows to consider signal analy-
sis as a process of identifying dynamic systems based on the results of an analysis of experimental data.
In contrast to Fourier spectral analysis, spectral analysis on the plane of complex frequencies allows to:
1) to perform without spectral effects spectral estimation of time series segments in time windows of limi-
ted duration; 2) to use a non-stationary time series model; 3) to determine the own frequency spectrum and
the spectrum of modal damping of the system modes that are manifested in this segment of the time series.
The Prony's method lacks a number of limitations inherent in the fast Fourier transform (FFT).
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Problem statement

The work is devoted to the experimental study of transients of the heart rhythm in three types of
state when the heart rate changes in schoolchildren during a proof-reading test. As a research tool,
the method of spectral analysis on the plane of complex frequencies is used. The parameters for con-
structing the spectrum of complex frequencies are: f, o, p — harmonic frequency [Hz], coefficient of
harmonic amplitude change according to exponential law [s™'] and harmonic power [unit of measure-
ment?]. The method expands the possibilities of studying the physiological regulation of transients in
the body of children and teenagers during the educational process.

Studying the student’s functional capabilities when performing stress tests is of great practical im-
portance for determining the level of functional tension of the child’s regulatory systems, which is de-
termined by the degree of physiological maturity of the body and environmental conditions. Change in
heart rate — a universal operational response of the whole organism to any environmental impact. One of
the important links of this mechanism provides a balance between the sympathetic and parasympathetic
departments of the autonomic nervous system [1, 2]. Heart rate variability indicators reflect the state of
the autonomic nervous system, the degree of tension of regulatory mechanisms, therefore, it is important
to study them in children of different ages in conditions of adaptation to school loads, which plays an
important role in the prevention of diseases [3, 4]. Transitional states of the physiological system pro-
ceed with a pronounced activation of some regulation rthythms and suppression of others, which is mani-
fested by a change in the nature of the structural-temporal organization of vibrational activity [5]. Thus,
it is required to show that a deep assessment of the state of the autonomic nervous system is possible
through the use of spectral analysis of HRV [6—14].

Solution

It should be noted that when using spectral analysis, the action of the regulation mechanisms during
the registration of the heart rhythm should remain constant (stationary observation conditions). The tem-
porary recording of HRV should be the implementation of a stationary random process, that is, the pro-
cess on average is uniform in time (the variance and mean are constant over time). The transient pro-
cesses of HRV caused by the influence of a functional test are non-stationary processes and therefore are
excluded during the spectral analysis. To analyze transient processes of heart rhythm, the technology of
spectral analysis on the plane of complex frequencies is used [15-23].

The calculation of the SCF implies the representation of the studied HRV dependence as the sum of
a certain number of sinusoids (harmonics), characterized by a phase, frequency and amplitude, which
changes in time (constant oo = 0), increasing (o> 0), or decaying (a <0), by exponential law (e").
The basis for the algorithm for calculating the SCF is the Prony procedure. The investigated time pro-
cess of HRV is represented as a set of rhythms with different frequencies, initial phases, but with va-
rying intensities by exponential law. The set of harmonics into which the process under study decom-
poses must correspond to its nature. The harmonics varying in amplitude reflect the adjustment process
and the change in the frequency composition of the process under study. The adjustment process can be
observed separately by the generally accepted frequency ranges [16].

The parameters for constructing the SCF HRV are: f — harmonic frequency [Hz], o — coefficient of
variation of the harmonic amplitude according to the exponential law [s'], P — harmonic power [ms?].
SCF is displayed in the form of lines with height P, placed on the plane of the complex frequency (f, o).
If the time dependence of the HRV is strictly stationary, then the harmonics into which the studied
dependence of the HRV is decomposed will have constant in time amplitudes (o = 0) (intensity) and
the SCF takes the form of a usual spectrum [16].

The information content of indicators considered on the basis of the SCF is shown in [16]. The tran-
sition process of insertion is based on the activation of the sympathetic and suppression of the parasym-
pathetic departments of the autonomic nervous system, which leads to an increase in the number of heart
contractions (HC) and a decrease in heart rate variability (HR). This means that changes in the vibra-
tional activity of the heart rate observed during the transition process of working in should occur in at
least three frequency ranges: low-frequency trend (deviation), oscillations at low frequencies (activation
and suppression) and at frequencies of respiratory arrhythmia (suppression). In solving the problem of
the present work, 71 healthy third-grade students were examined. Heart rate variability was recorded:
one minute at rest, running in and exertion while performing a proof test. To study the quantitative and
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qualitative characteristics of the transition process, spectral analysis was applied on the plane of com-
plex frequencies [15-23]. The energy (E) of increasing and damping oscillations reflects the overall
energy balance of the transition process, and the nature of the transition process is quantified by the in-
stability and periodicity indices [15-23]. The instability of the vibrational process refers to the intensity
in time of the easing or increasing fluctuations. The instability index (ANN) is calculated as the ratio of
the magnitude of the observation period of the transient to the time interval of the change in vibrational
energy (attenuation or amplification of the oscillations) e times (e is the Euler number equal to 2.72 ...).
The periodicity index (PI) of an unsteady process shows the number of periods that fit into the time in-
terval of a change in vibrational energy by e times.

The greater the module of the instability index, the more pronounced the aperiodic nature of
the transition process. Conversely, the larger the module of the periodicity index, the more the trend of
the transition process appears to be oscillations that are stable in amplitude. The sign in front of the indi-
ces of instability and periodicity indicates the decaying or increasing character of the dynamics of
the transitional oscillatory process.

Thus, these indicators obtained using spectral analysis on the plane of complex frequencies contain
important information about the structure of the transient oscillatory process and can serve as indicators
of the quality of the regulatory system.

The boundaries of the frequency ranges in the spectrum of complex frequencies, from 0 to 0.05 Hz
(VLF), 0.05 to 0.15 Hz (LF), 0.15 to 0.6 Hz (HF), reflect generally accepted ideas about the mechanisms
of manifestation of the sympathetic and parasympathetic parts of the autonomic nervous system. Heart
rate transient indicators: Eyir (ms?) — transient integrated energy in the frequency range from 0 to
0.05 Hz; E;r (ms?) — frequency transient integrated energy from 0.05 to 0.15 Hz; Eyr (ms?) — the integral
energy of the transition process in the frequency range from 0 to 0.6 Hz; Ply r — periodicity index in
the range of frequencies from 0 to 0.05 Hz; INSy.r — heart rate instability index in the range of frequen-
cies from 0 to 0.05 Hz; PI ¢ — heart rate index in the range of frequencies from 0.05 to 0.15 Hz; INS;r —
heart rate instability index in the frequency range from 0.05 to 0.15 Hz; Plyr — heart rate index in
the range of frequencies from 0.15 to 0.6 Hz; INSyr — heart rate instability index in the frequency range
from 0.15 to 0.6 Hz; Depending on the ratio between the values of Eyig, Eir u Eyr we distinguished
three variants of heart rate dynamics in children. The first option, in which the integrated transient ener-
gy prevails at the lowest frequencies, so that the ratio of EVLF to the sum of ELF and EHF is greater
than or equal to 0.5. The basis of the transition process of this option is the oscillation represented by
the low-frequency decaying cosine wave. The spectrum on the plane of complex frequencies has a pro-
nounced peak at the corresponding low frequency (Fig. 1).
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Fig. 1. The first option is the transition process: a) heart rate dynamics,
b) the spectrum of heart rate transition on the plane of complex frequencies
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In the second option, the integrated low-frequency LF energy dominates, where the ratio of ELF
to the sum of EHF and EVLF is greater than or equal to 0.5. This transient process appears to be several
low-frequency cosine waves, both fading and increasing. Their power and character are reflected in
the spectrum on the plane of complex frequencies (Fig. 2).
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Fig. 2. The second option is the transition process: a) heart rate dynamics,
b) the spectrum of heart rate transition on the plane of complex frequencies

In the third option, the ratio Eyr to the sum Eyir u Eir is greater or equal to 0.5. This means that
most of the transient energy is in the high frequency range HF. As a result of the analysis, this heart rate
dynamics is represented in the form of a high-frequency, highly decaying cosine wave, whose power
prevails over the low-frequency components of the transition process (Fig. 3).

trend analysis

1200.0
1000.0
800.0
600.0
400.0

e en BTORE M

0 10 20 30 40 50 60 70 200.0 s
w——= Signal === Trend eee Approximation 0.0 EEEE —
0.000 0.200 0.400 0.600

Model parameter: a1 Error : o=

0.05

0.08
sec-1 o4
0.15

-0.2

-0.25

0 10 20 30 40 S0 60 70 0.000 0.200 Oﬁl:ll:l 0.600
z

a) b)

Fig. 3. The third option is the transition process: a) heart rate dynamics,
b) spectrum on the plane of complex frequencies

Thus, according to the variants of heart rhythm dynamics, three groups were formed: group 1 was
represented by children in whom EVLF — 37 children prevailed, group 2 — 19 children, ELF dominated
in them, and group 3 — children in which EHF — dominated by 15 people (Table 1).
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Distribution of children into groups, depending on the severity Tabled
of the energy transition process (M * SD)
Group 1 n=37 Group2n=19 Group3n=15
Evir 0.54 £0.13* 022 +£0.11 0.21+£0.11
Eir 0.23+0.11 0.52+0.11* 0.24 +£0.13
Eur 0.23+0.12 0.26 £0.08 0.55+0.11*

Note * P < 0,05

In all groups, during exercise, a significant transition to a new, higher level of functioning of
the cardiovascular system was noted. It was manifested by a more frequent and less variable heart rate

(Table 2).
Table 2
Characteristics of the heart rate of schoolchildren during the transition process (M+SD)
Group 1 Group 2 Group 3
Concentration
of attention (proof test) o1 =84 36+ 177 32+ 51%~
Eyir 1479 + 1247 659 £991* 631 £473*
Plyr —-0.45+0.93 —0.52+2.02 -0.53+1.21
INSvyir —7.65+9.14 —2.21£5.57* -5.29+9.66
Er 682 + 787 1276 + 1166* 625 + 556~
Pl 0.72 +£9.49 1.19+£ 991 —12.76 + 40.23
INS ¢ -1.52+3.8 —2.68 £3.2 —0.36 + 3.84~
Eur 570 + 747 635+ 633 1676 £ 1419*~
Plyr 5.29 +23.55 5.74 + 84.42 —11+33.86
INSyr —4.42 +7.51 —1.82+4.09 —4.39 4+ 10.65

Note. Differences with P < 0.05.
*Second and third groups from the first.
~Third group from the second.

When considering the characteristics of the transition process, it turned out that in the first group
INSVLF is significantly higher than in the second. This was the only significant difference that we
obtained as a result of a statistical analysis of the research results. According to the periodicity index,
the groups did not differ from each other. Thus, the first group of children, which turned out to be
the largest, showed a transition process with a pronounced aperiodic character at the lowest frequencies,
while the energy value (EVLF) was the largest. This corresponds to the concept of a high-quality transi-
tion process — deviation and fast stabilization at a new level of functioning, that is, a stable type of phys-
iological regulation (Fig. 1). On the contrary, the second variant of the transition process relative to
the first reflects a low level of quality with unstable regulation at the frequencies of the LF band (Fig. 2).
The highest transient power of the third option is concentrated in the decaying high-frequency compo-
nent, and with a significantly lower EVLF in terms of the INSVLF indicator, it does not significantly
differ from the first (Fig. 3).

When comparing the results of the proofreading test, significant differences were revealed in terms
of attention concentration (AC). In terms of AC, the first group was significantly ahead of the second
and third, while the AC in the second group was the smallest among all the studied groups.

Conclusion

The method of spectral analysis on the plane of complex frequencies is an informative method for
assessing the parameters of transient processes of physiological regulation of the human body.

The indicators obtained by spectral analysis on the plane of complex frequencies contain important
information about the structure of the transitional oscillatory process and can serve as indicators of
the quality of the regulation system of the human body.
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The revealed variants of transitional states of the heart rhythm made it possible to identify the rela-
tionship between the characteristics of the dynamics of the heart rhythm and the indicator of concentra-
tion during the proof test by schoolchildren, which is relevant in assessing the adaptation of children to
school loads.
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BBenenne. M3noxeHa MeToauKa 00pabOTKN SKCIEPUMEHTAIBHBIX JaHHBIX, [TOJYYCHHBIX B BU-
JIe U3MEHSIOIIErocsi BO BPEeMEHH HECTAIMOHApHOTO CUrHaja. IIpu sKcnepuMeHTaTbHOM H3y4eHHU
MIEePEXOJHBIX MPOLECCOB, CBA3aHHBIX ¢ N3MEHEHHEM CEP/ICYHOI0 PUTMA Y HIKOJIBEHUKOB, IIPH IPOBeE-
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JICHUM KOPPEKTYpPHOH MpoOBl BO3HMKIIA HEOOXOMMMOCTE B pa3paboTKe HOBOH 3(EKTHBHOI MeTO-
VKA 00pabOTKM pe3ynbTaToB JUHAMHUYECKuX m3MepeHuid. Llean mcciaenoBanus. Paccmorpers oc-
HOBHBIE MOJIOKCHHS YKa3aHHON METOJMKH, B OCHOBE KOTOPOH JIEKUT MeToI IIpoHH, 1 BOZMOKHOCTH
€e HCIIOJIB30BaHUA B 00JIaCTH HCCIICIOBAaHUHM M3MEHEHUH BaprabeabHOCTH cepaednoro putma (BCP)
B OTBET Ha pa3iUyHble (PYHKIMOHAJIbHBIC MPOOHBIC BO3/eiCcTBUA. MaTepuaibl 1 MeTOAbI. Tpaau-
IIHOHHBIE MTOJIXO/IbI, CBA3aHHBIC C BEIUNCIIEHHEM CIIEKTPaJIbHOM IutoTHOCTH MoutHocTH (CIIM) 1 oc-
HOBaHHBIC Ha KIACCHYECKUX CHEKTPAIbHBIX METOJaX, MOJyYMIN B HACTOAIIEEC BPEMs OYCHb IIHPO-
Koe pacmpocTpaneHue. /s HectarmoHapHbIX 3aBucuMocTeil BCP Mozenb MOCTOSSHHBIX PUTMOB He-
npuMeHnMa. J1s CIeKTpanbHOro aHanu3a BpeMeHHBIX 3aBucumoctel BCP, oTpakatomux nepexon-
HBIE MTPOIIECCHl (HeCTallMOHAPHBIE MTPOIIECCHI), IpeUIaraeTcs IPUMEHSTh CIIEKTPaIbHBIN aHaN3 Ha
rockocty kKomrmiekcHbIX 9acToT (CKY). CKY sBisercs 0600meHneM 00BIYHOTO CIieKTpa. B ocHOBe
pacuera CKY nexxut nponenypa IIpoHu, ocHOBaHHasl Ha MapaMeTpUYECKOM MoJenupoBaHuu. Pesyin-
Ttatbl. CKY oTpakaeT 4acTOTHYIO CTPYKTYPY KOJICOaHMH HECTAI[MOHAPHBIX (DPU3MOJIOTHUECKUX CHTI-
HAJIOB, ITO3TOMY MOJXKET HCIIONIb30BaThcA Il MX Kiaccudpukarmu. IlokasaHo, 4yTo mpuUMEHEHHE
CIEKTPaIbHOTO aHaJN3a Ha TUIOCKOCTH KOMIUICKCHBIX YacTOT JAJIS MEePEXOJHBIX MPOIECCOB cepaey-
HOTO pUTMa JeflaeT BO3MOXKHBIM (10 mapamerpam CKY) pacder B LesisX AWAarHOCTHUKH, YHCIOBBIX
3HAa4YCHUH MapaMeTPOB, XapaKTEePU3YIOMUX PEaKINH Pa3INYHBIX PEryIATOPHBIX MEXaHU3MOB PUTMa
cep/lla B OTBET Ha pa3jM4Hble (pyHKIMOHAIBHBIC TPOOHBIC BO3ACHCTBUS. 3ak/wouyeHue. Jlydmue
pe3yIbTaThl, 10 CPABHEHUIO C METOAAMHU KJIACCHYECKOTO CIIEKTPAIBHOIO aHaIM3a, AJIS aHaInu3a Ie-
pexoaHsIX npoueccoB B Buae curtana BCP ganu nmoaxofs!, OCHOBaHHbBIE Ha MCIOIb30BAHUU CIIEK-
TPaJIbHOIO AHANK3a HAa MIOCKOCTU KOMITJIEKCHBIX YacTOT.

Kmiouesvie crosa: usmeneHus cepoeunozo pumma, memoo IIpouu, memoo cnekmpaibHo-
20 QHANU3A HA NIOCKOCMU KOMNIEKCHBIX YACMON, (DUUOL0SUYECKUEe CUSHATbI, CePOeYHblll
pumm, napamempuieckue Mooeu.
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O NOHATUU «BbIPYYKA OKYINAEMOCTWU» 5
AnA NPOEKTHO-OPUEHTUPOBAHHbLIX OPTAHU3ALIUU

O./N. [JpaHko

UHcmumym npobnem ynpaeneHusi um. B.A. TpanesHukosa Poccutickol akademuu Hayk,
2. Mockea, Poccusi

Beenenue. Ilonstue «Toukn Oe3yOBITOUHOCTH» YacTO NMPUMEHSIETCS Ul aHalM3a TEKYIIEro
(YHKITMOHUPOBAHUS OpTaHM3AINi, HO HEJOCTATOYHO IS aHAJIM3a PA3BUTHS OPTaHHU3AINHA C IIPOCKT-
HBIM TIoaxon0M. Llens uccienoBanus. B paboTe BBEICHBI HOBBIC TIOHATHS «BBIPYYKH OKYTTACMOCTI
U «BBIPYYKH OKYIIAEMOCTH C YIETOM AWCKOHTHPOBAHMS», aKTyaIbHBIE I POSKTHOTO YIIPABJICHUS B
Pa3BHUBAIOIINXCS OPTaHU3ANMAX TIPH TUIAHUPOBAHUH CIIOXKHBIX TEXHHIECKUX KOMIUIEKCOB. HoBBIE 1m0-
HATHS JTOTIONHSIOT KITaCCHIECKOE MOHATHE «CPOK OKyIIaeMOCTH». MaTtepHuaibl U MeToabl. Paccmat-
PHMBAOTCS] aHATUTHICCKUE MOJIEII PAaCCMaTPUBAEMBIX MOHATHN. J[J11 WX MCCIIeIOBaHUS MOTYT TIpUMeE-
HATHCSI TapaMeTpUUYEeCcKre pacueThl U aHAJMTUIECKHE pelieHus 00pa3HbIxX 3a1ad. PesyabTarel. Paspa-
00TaHbl HOBBIC MOHSTHS, OPUEHTUPOBAHHbIE HA aHAIN3 Pa3BUTHs opraHu3auuid. [IpoBeneHsl pacueTs
MoKazaTesiel /I IpHMepa OJJHOTO MPEANPUATHS, a TaKXKe MapaMeTpUUeCKHe PacueTsl s OTAEIbHBIX
napameTpoB. [TokazaHo paziauune npeioskeHHbIX MoKa3aTeneil OT KJIaCCHUYECKOro MoKa3aTens «Touka
0e3yObITOYHOCTHY, SIBIISIOIIETO XapaKTEPUCTUKON OpraHu3allii B CTAOWJIBHBIX YCIIOBUSIX (DYHKLIHO-
HUpoBaHMs. 3akio4yeHue. HoBele paccMaTpuBaeMble MOHATHSA IO3BOJIT 00Jiee TOYHO ONPENCTIHTH
TapaMeTphl Pa3BUTHS OpPraHN3aIi, OPHEHTHPOBAHHBIX Ha MIPOCKTHOE YIIPaBIICHUE.

Kuouesvie cnosa: mouka 6e3y0bimoyHoOCmu, 8bIpYYKA OKYNAEMOCHU, YAPAGLEHYeCKUll yuem,
obpamuas 3adaua.

Beenenue

[IporHo3HO-aJanTHBHEIN MOAXOJ] K YIPaBISCHUIO MPOMBINIICHHBIME MPEIIPHUATHIMHU B yCIOBHIX
rI00aabHON HecTa0MIbHOCTH [1] MOKa3bIBaeT, UYTO B YCJIOBUAX TIII00ATM3allMd MUPOBOT'O pPhIHKA, yC-
JIO)KHEHUS XO3IUCTBEHHBIX KOOIEPAIMOHHBIX CBS3CH, HApacTaHUS CKOPOCTH (DMHAHCOBBIX U COIMAJIb-
HBIX TIpeoOpa3oBaHuil 3ajaua YIpaBlIeHUs POMBIIIICHHBIME MIPEATIPUATHIMHA YCIOXKHAETCS.

Knaccuueckne MeTo/bl yIpaBJieH!s, OCHOBaHHBIE Ha TPAAWIIMOHHBIX IIKOJIAX U MOJEISIX yIIpaBie-
HUS, CTAHOBATCS MaNO3(P(GEKTUBHBIMUA. VI3MEHSIONIMECS YCIOBUS XO3SIMCTBOBAHUS TPU BO3POCIIMX
TeMIIaX W3MEHEHHWH HEeJOCTAaTOYHO OMHCHIBAIOTCS NMPEKHUMH TOKa3aTreldsMHu. B dacTHOCTH, K TakuM
«IPEBHUM» TIOHSATHSIM OTHOCHTCS «TOYKa 0€3yOBITOYHOCTH». ABTOpP HE HAIIeN JlaKe Juara3oHa Jar
MEPBOr0 MPUMEHEHHS TOUYKH 0€3yObITOUHOCTH.

TpaauIMOHHBINA BApHAHT pacueTa CPOKa OKYIaeMOCTH MPEIoJaraeT ONnpeIeIeHHOCTh B (hOPMUPO-
BaHUU NIPOTHO3a JACHEXKHBIX TIOTOKOB NMpoeKTa. Takoil BapuaHT (B TOM YHUCIIE CIIEHAPHBIN) MOXKHO cop-
MHPOBAThH JIJIS MTPOJIAK MAaCCOBOM TIPOTYKITHH.

OCHOBHOE TIPEIIIONIOKEHNE pacyeTa TOUKH 0e3yOBITOUHOCTH KakK TOKa3aTels JOCTATOYHOCTH 00beMa
MPOIaX JIIs O0ECTIeUeHUsI IEITeTbHOCTH MPEANPHUSITHAS OCHOBAHO HAa TOM, YTO TPEANPHUATHE (PYHKIIUOHH-
pyeT B Oolee Wil MeHee CTa0IITBHBIX YCIIOBUSX, PAa3BUTHE OPTraHU3aIllui U HHBECTHUIIUU OTCYTCTBYIOT.

s ycnoBuii HEMPEPHIBHOTO PA3BUTHS C MPOCKTHBIM MOIXO0J0M TpeOyeTcsl yUUTHIBATH HHBECTH-
MU ¥ HEOOXOAMMOCTh OKYIIAeMOCTH MPOEKTOB. B yCIOBHSIX HEOMPEICIICHHOCTH M CIOXHOCTH TIJIAHH-
poBaHHs 00bEeMa MPOJIAX 10 MEPHoaaM OyJIeM MPe/oaraTh, YT0 MOXKET OBITh ONpe/IeeHa 00Ias mo-
TpeOHOCTh (EMKOCTH) PBIHKA B COOTBETCTBYIOIINX H3MICTHUSIX, HO PacHpe/EiCHIE TI0 IIePUOIaM MOXKET
oTnnyaThcs. K mpuMepam Takod TPOIYKIIMA MOXKHO OTHECTH OCHAIICHHWE CIIOXHBIM METUITAHCKAM
000pyIOBaHNEM BCEX PETHOHOB CTPaHBI: KOJIMYECTBO OMPEIETICHO, HO CPOK U IIeHa — HET.

B pabore BBOAATCS HOBBIC IIOHATHSA: «BBIPYYKA OKYIIAEMOCTH» U «BBIPYUYKa OKYITAEMOCTH C YUETOM
JIACKOHTHPOBAHIS .

1. Mogesb TOYKH (BBIPYYKH) 0€3y0OBITOYHOCTH
IMousiTue ToYKH 6€3yOBITOYHOCTH OMKCAHO B PA3IMYHBIX HCTOYHHKAX [2-5].

! Mo amanmoruu ¢ AMCKOHTHPOBAHHBIM CPOKOM OKYMAEMOCTH 3TOT IOKA3aTe/b yAOOHEE HA3BIBATH «IHCKOHTHPOBAHHOM
BBIPYYKOH OKYIIaeMOCTH.
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Touka 6e3yOBITOYHOCTH — O/IHA U3 TIPOCTHIX MOJIENEH, HCIOIb3YEMBIX JUIS OLIEHKH YKOHOMUYECKOM
JesITeIbHOCTH MpeanpusTys. JanHas Moaens GopMyaupyeTcs Ipy HEKOTOPBIX MPeanoI0KeHUSIX:

® BHEIIHSS cpefa CTaOMIIbHa,

® IHBECTUPOBAHHE Pa3BUTHUS OTCYTCTBYET;

® BEIPYUKa JHHEHHO 3aBHCUT OT KOJIMYECTBA MTPOAaBAEMBIX TOBAPOB;

e J1eiicTBYSI KOHKYPEHTOB HE IIPHHUMAIOTCS BO BHIMAHUE;

® [IeHa OCTAeTCsl HOCTOSIHHOM;

® CTPYKTYypa BBIITyCKa MPOIYKINHI HE MCHSCTCS;

® 3aTpaThl MOXKHO Pa3/eNIUTh HA MIOCTOSIHHBIEC U IEPEMEHHBIE;

® IPOM3BOACTBEHHBIX MOIIHOCTEH JOCTATOYHO ISl BBITYCKA MIPOAYKIIH.

Touxou b6e3ybbimounocmuy Ha3pIBalOT 00bEM MPOAAXK, IIPH KOTOPOM IpHOBLIb paBHA HYymO. To ecTh
3TO TMOPOT, MPH MPOAAXKax HUKE KOTOPOro OyAyT YOBITKH, a BBIIIE — MPUOBLI.

[TpuObLIE ompenenseTcs pa3HOCTHIO BBHIPYYKH M MOJHBIX 3aTpat. [omHbIe 3aTpaThl BKIIOYAIOT Ie-
PEMEHHYIO 9acTh, KOTOpasi MPOMOPIMOHAIBLHO 3aBUCHT OT BBIPYYKH, U IIOCTOSHHYIO 9aCTh.

MaremaTH4ecKy0 MOAENb MPUOBUIN MOXKHO 3aIicaTh B CIEAYIOIEM BUJIE:

Pr=N-p—-N-v—F,
rie Pr — npubbLib; S — Beipyuka (00beM mpoaax); N — KoIn4ecTBo; P — 1eHa; V — IepeMEeHHBIE PacXo/Ibl
Ha | enunMIy; F — mocTOSTHHBIE pacXObl.

[TokazaTenb TOUKH 0e3yOBITOYHOCTH B CTOMMOCTHOM BBIPQXEHHH OTIperessieTcs popMyInoi u3 yc-
JIOBUS, YTO MPHOBLIL paBHa O:

S% = p-N¥=F/(1 —v/p).

2. MoaeJsb BbIPYYKH OKYIIA€MOCTH

[lo ananorum ¢ ToYKoW O€3yOBITOYHOCTH BBEACM TOHATHUS 6bipyuku oxynaemocmu [6]. Beipyuka
OKYIaeMOCTH — MpOCTasi MOJEIb, KOTOpasl TI03BOJISIET MEHEeKepaM PUHUMATh YIPaBIeHYECKHE pelie-
HUSL O peaii3allii HHBECTULIMOHHBIX TPOEKTOB.

Bripyukoii (Toukoil) okynaeMocTu Ha30BeM 00BbEM MPOJAaX, IPH KOTOPOM CPOK OKYNAaeMOCTH pa-
BeH HOpMaTuBHOMY. [1o cyTH, 3TO MUHHMAaJBHBIN MOPOT MPH MPOAAXKaX, HIKE KOTOPOTo CPOK OKyTae-
MOCTH OyJieT 60JIbIIIe HOPMATHBHOTO,  BBIIIIE — MEHBIIIE HOPMATHBHOTO.

[Ipy oneHKe MHBECTUIIMOHHBIX MIPOEKTOB MPENIOIaraeTcsi, YT0 PacCUUTHIBACTCS ICHEKHBIN MOTOK
NPOEKTa, U Jajiee — nmokaszareib 3¢ GeKTUBHOCTH (TpsMas 3aaa4a). Ho pa3paboTku mpoeKTa UMEIOT AeJI0
C Heollpe/ieNieHHbIM OyaylmuM (B OTJIMYME OT TEKYIIeW AeSTENbHOCTH, Ui KOTOPOM PacCUUTHIBACTCS
TOYKa 0€3yOBITOYHOCTH). 3a4aCTyI0 MapKETUHIOBBIC UCCIICAOBAHUS HE TPOBEICHBI MU 00hEM BO3MOXK-
HBIX OyAyIIUX MPOAAX ONpPEEsICH C HEBBICOKOH CTEIEHbIO JOCTOBEPHOCTH. B 3TOM cityuae Moxer mo-
MoYb 0OpaTHasl 3aj1a4a: ecy IpeAroaracMplii 00beM MPOAaX BbIlIE (MM HIKE) HEKOTOPOTO MOpora,
TO MPOEKT OYJeT OKyNaThecs (MM HE OKYIIAThCs) B 3a/JaHHBIE CPOKH.

Tax kak Touka 0e3yOBITOYHOCTH M TOYKA OKYNAeMOCTH — HEKOTOPBIE MOJIEIH, TO €CTh C HEKUM JI0-
MYLIEHUEM ONKCHIBAIOT 3KOHOMHUYECKUH MPOLIECC, U1 MOAEIN TOYKU OKYIIaeMOCTH OyAEeM CUUTATh, YTO
MHBECTHUIIMU B IPOEKT OCYIIECTBIAIOTCS HA HAYAIBHOM 3Talle pean3alii MHBECTUIIMOHHOTO MPOEKTa,
a Cco CIEIYIONIEro MeproJia MPOUCXOUT pealTu3alus MPOEKTa C BBIXOJOM Ha MPOEKTHYI MOIHOCTb.
Takoil TUIl MPOEKTA HA30BEM «CHIAYUOHAPHBIM.

Cpok OKymaeMOoCTH OIPeeTM 0 COOTHOIIECHHIO, YTO 38 HadyaJIbHBIN (IEpBBIN) HEpHOA TPOHCXO-
JIUT MHBECTHUPOBaHUE (PMHAHCOBBIX CPEJICTB, & CO BTOPOT'O — BBIXOJI HA MPOEKTHYIO MOIIHOCTh, TO €CTh
BpeMsi «3apabatbiBaHus cpencTs coctaniseT (T — 1)-meproos.

JleHeXHBIH IOTOK CTAlMOHAPHOTO MPOEKTa onuineM GpopmMyioi

CF —IC, B HavyaJIbHBIN IEPHOI,
" |S-(1- v/p)- F+a-IC, Bnocrenyromume nepuosbl,
rae |C — BeMuMHA WHBECTUIHI; @ — HOPMA aMOPTH3AIUU HAYAIBHBIX WHBECTHUIINH C YUETOM «HAJIOTO-
BOT'O» IIUTA; I — MHIIEKC BPEMEHM.
Torma OCHOBHBIM TpeOOBaHUEM TSl OKYITAEMOCTH ITPOEKTa OyIeT HEPABEHCTBO

(s-(1 —v/p) ~F+a-IC)-(T-1)=IC.

Orcrozia onpeaenM BEIPYYKY OKyrnaeMocTd S°°:

172 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 1, pp. 171-177



Apanxko O./. O noHsimuu «ebipy4Kka OKyrnaemocmuy
On1s1 NPOEKMHO-OpUEeHMUPOB8aHHbIX Op2aHu3ayul

S 2(F +1C-(Y(T —1)—a))/(1 -v/p).
Paznuia Touku 0e3yOBITOYHOCTH M BHIPYYKH (TOYKH) OKYIAaeMOCTH OMpECsAeTcs] HeoOXO0auMOi
JOTNOJHUTENBHON BBIPYUKOM 711 OKYITA€MOCTH MHBECTULIMI U COCTABIIAET

s —s¥=IC-(1/(T-1)-a)/(1 —v/p).

Ipu T=1/a+ 1 Touka 6e3yOBITOYHOCTH U BBIPYYKa OKYIIaeMOCTH COBIIQJIAIOT.

3. Moaeab BHIPYYKH OKYNAeMOCTH € Y4€TOM JMCKOHTHPOBAHUS

Ilo amamornm ¢ AMCKOHTHPOBAHHBIM CPOKOM OKYIAeMOCTH W ISl YIIPOIIeHHWS Oy/leM Ha3bIBaTh
«BBIPYYKY OKYMaeMOCTH C YY€TOM JUCKOHTHPOBAHHs» 00JI€€ KOPOTKUM TEPMHHOM «OUCKOHMUPOBAH-
HOU MOYKOU OKYNAeMOCIU.

JI1st cTalmoOHapHOTO MPOCKTA KCIIONIb3yeM (hOpMYJTy aHHYUTETHBIX JIOXOJIOB B CIIydae PaBHOMEPHO-
ro noctyruienns 10xon0B st (T — 1)-mepuomos:

.
CE=IC.— "
1-1/(1+r)

ITocne noacTaHOBKH ()OPMYJIBI EHEKHOTO MTOTOKA MOTY4aeM

r
st 1-v/p)-F+a-IC=IC- ——F————,

1-1(1+r)

— BBIPYYKa OKYIIaeMOCTH C YYETOM JUCKOHTHPOBAHHSI.
[Tocne npeobpazoBanuii UMeeM

roe S

Fic| — " _a

T-1
1-1/(1+7)
SHI/ICK —
1-v/p
Pa3HI/IHa TOYKHN OKyHaeMOCTI/I U TOYKHU OKyHaeMOCTI/I C yquOM HHCKOHTHPOBaHHﬂ OHpeZ[eHHeTCH

HEOOXOIMMOH JIOTIOTHUTENBHOM BBIPYUKOH ISl OKYITaeMOCTH HHBECTHUIUH C YUETOM AUCKOHTHPOBAHHS
U COCTaBJISIET

r 3 1
1-1/(1+1r)' " T-1
1-v/p
Tak xak BbIpYYKa B CJIy4a€ aHHYHUTCTHBIX BBITIIAT PACCUUTBHIBACTCA B IIOCTOSAHHBIX LICHAX U HE Y4YH-

ThIBACT MHQIAIMIO, HEOOXOAMMO IPUMEHATh 3HAUCHUE CTABKU JMCKOHTHPOBaHMs 0e3 uH(usauuu. [ns
3TOTO B &JIMTUBHOM (hOpMyJie CTABKH JUCKOHTUPOBAHUS BHIYUTACTCS 3HAUCHHUE MHOIISIINH.

IC.

SI[I/ICI( _ Sco _

4. Ilpumep pacueTa TOYKH 0e3yObITOYHOCTH H BBIPYUYKH OKYIIAEMOCTH

s onpesieneHus IEpEeMEHHBIX 3aTpaT PACCMOTPUM 3aBUCHMOCTH IMOJHBIX 3aTpaT OT BBIPYYKH He-
kotoporo npeanpusatus (puc. 1). [lo ocu X oTioxkeHa BEIpyYKa 3a COOTBETCTBYIOIMINI KBapTall, 1o ocH Y —
COOTBETCTBYIOIIAsl CTaThsl 3aTpaT. XapaKTepHCTHKA CPEJHEKBAIPATHYHOTO MPHOIMKEHUS paBHA
R%=0,9018, 4TO MOKA3bIBACT JOCTATOYHO XOPOLIEE TPHOIIDKCHHE MONHBIX 3aTPAT OT BHIPYUKH JTHHEH-
HOM 3aBHCHMOCTBIO.

B npumepe nonHbIe 3aTpaThl MOTYT OBITH ONMCAHBI YpaBHEHUEM

3arpatsl = 0,713 - Beipyuka + 6257.

COOTBETCTBEHHO,

[pu6stb = Beipyuka — 3arparst = 0,287 - Beipyuka — 6257.

Touka 6e3yOBITOYHOCTH paBHA IJIsl JAHHOTO IPUMEpa

S% =6257/(1 —0,713)=21801.
Touka (svipyuxka) oxkynaemocmu nis storo npumepa npu umusecturmsx 1C =20 000 teic. pyo.,

HopMe amoptuzanuu a = 10 %, HopMaTHBHOM CpOKE OKYMaeMOCTH 1 = 5 JIeT paBHa

6257 +20000- (51 -01

SCO —

0.287 j = 32 254 TrIC. pYO.
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Touka (evlpyuka) okynaemocmu ¢ yuemom OUCKOHMUPOGAHUA ]IS TIPUMEpa TPH WHBECTHITUIX
IC =20 000 TbIC. py0., HOpMe amopTH3anuu a = 10 %, HOpMATHBHOM CpPOKE OKyMmaemocTd | =5 JeT,

craBke quckoHTHpoBaHus I = 20 %, paBHa

0,1
6257 +20 000 { s —0,1}
JIMCK __ 1_]/(1+0’2) _
S = = 41752 TBIC. pYO.
0,287
- *
Bcero 3atpar TbIC.pVG 3arparel = %27%30 g;;pqua +6257
35000 -
Pt
P
30 000 p
X /
25000 X, 7
7 X Bcero 3atpaTt
20 000 X TCpy6
%%
15000 ’ e= = [IUHENHbIN TPeHA,
10 000
5000
0 - - - ' BblpyuKa
0 10000 20000 30000 40000

Puc. 1. 3aBUCMMOCTb NOMHbIX 3aTPaT OT BbIPY4KU
Fig. 1. Dependence of total costs on revenue

5. IlapameTpuyecKue pacyeTbl

HpOBeZ[eM napaMeTpuiICCKUEC paCuCThbl TOUKH OKYIIA€MOCTHU JIA UIIJIFOCTPAIUU TOBECICHUSA BBIPYUKHU

OKYIIa€MOCTH.

PaccMoOTpuM 3aBUCHMOCTB BBIPYYKH OKYIIAEMOCTH OT JIOJIM MEPEMEHHBIX 3aTpar. Pe3ynbTathl pac-
YETOB BBIPYYKH OKYITAEMOCTH MPHUBECHBI B Ta0N. 1 U HA pHC. 2 AJIs TApaMeTPOB: TOCTOSHHBIC 3aTPaThI
F = 6000 Tbic. py6., uuBectumu IC = 20 000 ThIC. py0., HOPMATUBHBIA CPOK OKYNMaeMoCTH | =5 JeT,
HopMa amoptu3anuu a = 10 %, craBka quckontupoBanus r = 20 %.

Tabnuua 1

3aBucumocCTb BbIPY4YKM OKynaemMocCTU OT A0JIN NepeMeHHbIX 3aTpaT

Table 1

Return Revenue Dependence on Variable Cost Share

Jlons nepeMeHHbIX Touka Bripyuxka BrIpyuka okynaemoctu
3arpart, % 0e3yObITOUHOCTH OKYNIaeMOCTH C YYETOM JTHCKOHTHPOBAHMS
50 12 000 18 000 23 452
55 13 333 20 000 26 057
60 15 000 22 500 29 314
65 17 143 25714 33 502
70 20 000 30 000 39 086
75 24 000 36 000 46 903
80 30 000 45 000 58 629
85 40 000 60 000 78172
90 60 000 90 000 117 258
95 120 000 180 000 234516
99 600 000 900 000 1172578
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Aparko O.U.

O noHssIMUU «ebIPyYKa OKynaemocmu»
Ons1 NPOeKMHO-0pUeHMUPOB8aHHbIX op2aHu3ayuli

140 000

120 000

100 000

80 000

60 000

40 000

20 000

0

Bbipyuka okynaemocTtu

Bblpyyka
OKynaemocTu ¢
y4eToMm

ONCKOHTUPOBAHUA
== Bblpyyka

OKynaemocCTu

—&0— Touka
6e3ybbITOYHOCTH

_ Aons nepemeHHbIX 3aTpart

50% 60% 70% 80% 90% 100%

Puc. 2. 3aBUCMMOCTb BbIPY4KU OKYyNnaeMoCTU OT AOSM NepeMeHHbIX 3aTpaTt
Fig. 2. The dependence of payback revenue on the share of variable costs

Ha puc. 2 BuseH «CHHXPOHHBIM» POCT BBIPYYKH OKYMAEMOCTH IO CPABHEHHUIO C TOYKOH 0e3yObl-
TOYHOCTH, YTO ONpeAemseTcsi GUKCUPOBAHHON «MHBECTUIIMOHHON HArpy3KOW» K MOCTOSIHHBIM 3aTpaTaM
1 yMEHbLIAIOWIEeHc Map KoH (Pa3HOCTBIO LIEHBI M IEPEMEHHBIX 3aTpar).

Pe3ynbTaThl pacyeToB TOUKH OKYITaeMOCTH IS IO HepeMeHHbIX 3arpat V/ P = 70 % npuBeaeHb!
B Ta0u. 2 1 Ha puc. 3. BumHo nocrenenHoe NpuOIMKeHne BEIPYYKH OKYITaeMOCTH K TOUYKe 0e3yOBITOYHO-
CTH TIPHU YBETUYEHHH HOPMATUBHOTO CpPOKa OKYIaeMOCTH, M OHHM CpPaBHMBAIOTCS MpH cpoke T = 11 ner.
Bripyuka okynaeMocTu ¢ y4eTOM JUCKOHTHPOBAHMS 3HAYUTENIFHO BBIIIE BHIPYYKHA OKYNAeMOCTH U TOY-
K# 0€3yOBITOYHOCTH.

Ta6nuua 2
3aBMCUMOCTb TOYKM OKynaeMoOCTU OT HOPMaTUBHOIO CPOKa OKynaemocTH
Table 2
Point of return dependence on target payback period
HopmaTusHBIi cpok Touka Bripyuka Bripyuka okynaeMocTu
OKYIIaeMOCTH 0e3yOBITOYHOCTH OKYHaeMOCTH C Y4ETOM JUCKOHTHUPOBAHHU
5 20 000 30 000 39 086
6 20 000 26 667 35 625
7 20 000 24 444 33380
8 20 000 22 857 31 828
9 20 000 21 667 30 707
10 20 000 20741 29 872
11 20 000 20 000 29 235
12 20 000 19394 28 740
13 20 000 18 889 28 351
14 20 000 18 462 28 041
15 20 000 18 095 27793
16 20 000 17778 27 592
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Puc. 3. 3aBUCMMOCTb BbIpY4YKW OKYNaeMoCTM OT HOPMaTMBHOIO CPOKa OKYnaemMocTu
Fig. 3. The dependence of the payback revenue on the prescriptive payback period

3akioueHune

BricTpo n3MeHstonmecs ycIoBusl SKOHOMUYECKON NIEATENIbHOCTH TPEOYIOT BBEICHUSI HOBBIX METO-
OB U IIOHSTHIA.

B paGote pa3paboTaHbl MOJICIM HOBBIX MTOHATUH «BBIPYYKH OKYIIAEMOCTH» U «BBIPYYKU OKYIaeMo-
CTH C YYETOM JUCKOHTHPOBAHHS. DTH IMMOKA3aTeIN XapaKTepU3YIOT IpeAelbHbI 00beM IpoIax, HeoO-
XOJTUMBIN TSl OKYTIAEMOCTH MPOEKTOB C YUI€TOM MX pa3pabOTKU W MHBECTUPOBAHMUS, a HE TOIBKO TEKY-
1ero QyHKIIMOHUPOBAHUSI.

BriBenens! ananmuTrueckue GOPMYITBI IS YACTHOTO CITy4Yasi «CTAI[HOHAPHBIX TPOEKTOBY.

Bripyuky okynmaemMocTH 1e51eco00pa3Ho TPUMEHSTh JUIS IIAHUPOBAHUS pa3pa00TOK CIOXKHBIX TeX-
HAYECKUX U3JICINA U KOMITIEKCOB C OTPAHMYCHHBIM 00HEMOM PBHIHKA.

[TapameTrpudeckue pacueTsl Ha JaHHBIX, TUMOBBIX ISl TPOMBIIUICHHBIX MPEAIPUSITHHA, TOKa3aH,
YTO BHIPYyYKa OKYITAEMOCTH B pa3bl MOXKET MPEBHINIATH 3HAYCHNE TOYKU 0€3yOBITOYHOCTH.

Hcnonp30BaHue MPOCTHIX TOHATHI M UTHOPUPOBaHKME (DAKTOpPa MHBECTHUIIMKA MOXKET HMPUBECTH Op-
TaHU3AIMIO K HEBEPHOMY PEIICHUIO O €T0 IKOHOMHUYECKHUX ITapaMeTpax.
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ABOUT THE CONCEPT “PAYBACK REVENUE”
FOR PROJECT-ORIENTED ORGANIZATIONS

O.l. Dranko, olegdranko@gmail.com

V.A. Trapeznikov Institute of Control Sciences of Russian Academy of Sciences,
Moscow, Russian Federation

Introduction. The concept of “break-even point” is often used to analyze the current functioning
of organizations, but not enough to analyze the development of organizations with a project ap-
proach. Aim. The new concepts of “payback revenue” and “payback revenue taking into account
discounting”, relevant for project management in developing organizations when planning complex
technical complexes are introduced. New concepts complement the classic concept of payback period.
Materials and methods. Analytical models of the concepts under consideration are proposed.
For their study, parametric calculations and analytical solutions of inverse problems can be used.
Results. New concepts are developed, oriented to the analysis of the development of organizations.
Calculations of indicators for an example of one enterprise, as well as parametric calculations for in-
dividual parameters, are made. The difference of the proposed indicators from the classical indicator
“breakeven point” is shown, which is a characteristic of the organization in stable operating condi-
tions. Conclusion. The new concepts under consideration will more accurately determine the deve-
lopment parameters of organizations focused on project management.

Keywords: break-even point, payback revenue, management accounting, inverse problem.
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NHOOPMAIUA IJIAA ABTOPOB

1. TemaTuka. B xyprane myOIMKyIOTCSl CTaTbU 0 CIIEAYIOIIMM HayYHBIM HAIpPABIICHHSM: yNpaBJICHUE B pas3-
JIMYHBIX OTPACIIAX TEXHHUKH, a TakXKe B aJMUHHUCTPATHBHOMN, KOMMEpUECKOM 1 (UHAHCOBOI! cepax; MaTeMaTHIECKoOe,
AITOPUTMHUYECKOE, TIPOrPaMMHOE U allllapaTypHOe 00ecIeueHne KOMITBIOTEPHBIX TEXHOJIOTHiA, B TOM YHCIIC KOMIIBIO-
TEPHBIX KOMIUIEKCOB, CUCTEM U CETEil; N3MEPUTEIIbHBIE CHCTEMBI, IPHOOPOCTPOCHHE, PATNO3IEKTPOHHUKA U CBSI3b.

2. Crpykrypa cratbu. Crates comepxutr Y/IK, HazBanue (ue 6omee 12—15 cioB), cnucoK aBTOPOB, aHHOTA-
1o (200-250 cnoB), CIMCOK KIIFOYEBBIX CIIOB, BBEICHNE, OCHOBHOM TEKCT (CTPYKTYPHPOBAHHBIN 10 pa3zaenam), 3a-
KITIo4YeHHe (00CyKIeHne pe3yIbTaToB), IUTEpaTypy (B nopsake uutuposanus, mo I'OCT 7.1-2003). B kone cratbn
CJICITYIOT SJIEMEHTHI HA aHTJIMHCKOM sI3BIKE: Ha3BaHWE, aHHOTAIMs, CIIMCOK KIIIOUEBBIX CJIOB, JIUTeparypa (references).
BymaxxHas Bepcus CTaThH MOAIHMCHIBACTCS BCEMH aBTOPAMH.

3. lapameTpsl HaOopa. Pa3mepsl nosneit: neBoe — 3 cM, npaBoe — 3 cM, BepXHee U HUKHee — 10 3 cM. Teket
crarey HaOupath mpudrom Times New Roman pasmepom 14 nt. BeipaBauBanue ab3anes — no mupuae. Oteryn
nepBoii crpoku adzana — 0,7 cM. MexaycTpOYHbIN HHTEpBAT — MOIYTOPHBIA. BKITIOUUTE PeXUM aBTOMAaTHYECKOTO
nepeHoca cioB. Bce KaBBIUKH TODKHBI OBITH YIIIOBBIME («»). Bee CHMBOIIBI «THpE» TOJKHBI OBITH CPEAHETO pas-
Mepa («—», a He «-»). KiroueBbIe 3JIeMeHThI CTaTbU — IIaITKa, 3ar0JI0BKH Pa3feiioB — CIEAYET BBIACISATH MOTYKUP-
HbIM. 3HaK pa3felieHus LEeJIOW M JACCATUIHOW YacTH 4Huclia — 3amsaTas. Mexay 4uciioM U eJUHHIICH U3MEpEeHHS
JOJDKEH CTOSITh Hepa3phiBHBINA poden (Ctrl + Shift + [Ipoben).

4. ®opmyabl. Habupatorcs B pemaktope ¢Gopmyn MathType mm6o Microsoft Equation ¢ otcrymom
0,7 cm ot sieBoro kpast. Pasmep oOBIYHBIX CHMBOJIOB — 11 1T, pa3Mephl HHIIEKCOB MepBoro nopsaka — 71 %, mHaeKkcoB
BTOpOro mopsiaka — 58 %. Homep dopmysner pasmenaercs 3a npenenamu (GopMysibl, HEIOCPEACTBEHHO OCIIE HEe, B
KPYIJIBIX CKOOKaXx.

5. Pucynku u Tadauusbl. Pucynkun umerot paspemienue He MeHee 300 dpi. PucyHku HyMepyroTcs U UMEIOT
Ha3zBaHus (Puc. 1. 3mecy cienyer HasBaHWEe pHCyHKa). TaOmuisl HymepyroTcs M uMeloT HaszaHus (Tabmu-
na 1. 3neck cinenyeT Ha3BaHUE TaONUIIBL).

6. Anpec pemakumonHoii kosuterun. 454080, r. YensaOunck, mpocnekt Jlenuna, 76, kopm. 30, 4-i sTaxk —
JupeKuys Beiciiel 1IKOJbl JIEKTPOHUKU U KOMIIBEOTEPHBIX HAayK, OTB. CEKpETapro K.T.H., nou. IlnotHukosoil H.B.
Anpec 37eKTpOHHON MOYTHI OTBETCTBEHHOTO CEeKpeTapst KypHaia: plotnikovanv(@susu.ru.

7. Hoapo6usbie TpedoBaHus K odopmiaeHuro. [lonHyro Bepcuto TpeboBaHUi K 0QOPMIICHHIO CTaTeH U TpH-
Mep ohOpMIICHHSI MOXKHO 3arpy3uTh ¢ caiita )xypHana http://vestnik.susu.ru/cter.

8. IlmaTa 3a myOIUKaIUIO PyKOITUCEH HE B3UMAECTCS.
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