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U. A. Po3osa — marnctpaHT kadepbl KOMMNbOTEPHON MaTeEMATUKN 1 NPOrpaMMUPOBaHS
B. A. KapauH (kaHp. TeXH. HayK, 0L.) — HAY4YHbIN PYKOBOAMUTENbL

PA3PABOTKA UMUTALMOHHbIX MOLENEN ABUrATENbHOW YCTAHOBKM
AnAa TPEHAXEPHOIO KOMMNEKCA

TexHnyeckas akcnnyataums GyHKUMOHAMbHbLIX KOMMMEKCOB kopabnen BkntodaeT B cebsi Hemocpea-
CTBEHHOE WCMONb30BaHWe, TEXHUYeckoe obCryxuBaHWe 1 nogrotoBky nuyHoro coctasa [1]. Ocobyto Bax-
HOCTb MpuobpeTaeT kayecTBeHHoe 0ByyeHne nepcoHana. bonblloe 3HayeHne B NOArOTOBKE CreuuanucToB
npuobpeTaeT BOIMOXHOCTb MMUTUPOBATL U3MEHEHNE BHELLHWX YCMOBUI SKCNNyaTaLui, a Tak Xe HeLTaTHbIX
W aBapuUiHbIX CUTYaLWi, NPOSIBIIEHNE KOTOPbIX HEBO3MOXHO OpraHW30BaTh B pearibHbIX YCroBusx 6es cepb-
€3HbIX NOCNEACTBUI 4NA caMOn TeXHUKM [1, 2].

Vcnonb3oBaHue TpeHaXEePHOro komnnekca Ans 06y4eHns MMYHOro cocTaBa no3BonseT chopmMmnpoBaTh
MOTOPHO-PeCheKTOPHbIE HaBbIKW AENCTBUM B CROXHBLIX CUTYaUMsX, NoKasaTb (PU3NYECKYHO CYLLHOCTb NpoTe-
KatoLmx B 060pya0BaHMM NPOLLECCOB, UX B3aUMOCBSA3M, TO €CTb NO3BOMSET UMUTUPOBATL Pa3NNYHble PEXUMbI
paboTbl, BWSHWE BHELLHWX YCMOBUI, HELUTATHbIE W aBapuiiHble cuTtyauuy [2].

CyLLecTBYIOT pasfnyHble TPEHAKEPHbIE KOMMMEKChI, B KOTOPbIX annapaTHas Yactb MOXeT ObITb npea-
CTaBMneHa MakeTaMu pas3nuyHbIX NynbToB ynpaeneHus. B obliem cnyvae, ecnv annapaTtHas YacTb npegcrae-
neHa aucnneiHbIMM aHanoramu (BUpTyarbHbIMU NybTaMu YpaBieHNs), TPEHAXEPHbI KOMANEKC NpeacTas-
nsieT cobon KOMMNBIOTEPHBIN TpeHaxep [2].

/13 BCeX BMAOB KOMMbIOTEPHBIX TPEHAKEPOB Hanboree NonesHbIM A1 KAaYECTBEHHOTO 06yYeHns ny-
HOrO COCTaBa SBMAETCS ANHAMUYECKUI TPEHAXEP, UMEIOLLMIA B CBOEN OCHOBE MaTemMaTuyeckne Mogenu pe-
arnbHbIX U3NYECKUX MPOLECCOB, MPOTEKAKLMX B UCCIEdYeMOM CIOXKHOM TeXHUYeckom obbekTe [3]. Takom
KOMMbIOTEPHBIN TPeHaxep NpeacTasnseT coboit COBOKYNHOCTb PasfMyYHbIX MOAENeN: MOAenein MexaHu3MoB,
BXOZALLWX B COCTaB [BUraTenbHOM YCTaHOBKW, MOAENeN nyrbToB yrpaBneHus 1 MOAENer nocta pykoBoauTe-
ns obyyeHnem.

[insa pacyeta JOCTATOMHO NOSTHOW MOZENW CIIOXHOMO TEXHUYECKOro 06bekTa, B JaHHOM Cyyae fBura-
TENs BHYTPEHHErO CropaHusi, TpebytoTcs BHYLWNUTENbHbIE MaLLMHHbIE Pecypcbl. B pamkax paspaboTki kKoM nb-
OTEPHOrO TpeHaxepa 0bbl4HO He TpebyeTca HacToNbko NogpobHOe MoAenuUpOBaHWe NoBedeHUs uccnenye-
Moro obbekTa, B 3TOM cryyae nonHasi (6asoBas) maTemaTuyeckas MOLEMb YNpoLWAeTcs A0 MOAENH, cooT-
BETCTBYHIOLLEN pearnbHOMY 00BEKTY C TOYHOCTBIO, OMPEeEeNEHHOM B TEXHUYECKOM 3afaHnn Ha pa3pabatbiBae-
MbI TPEHAXEP.

[ns MogennpoBaHns (OYHKLMOHMPOBAHUS CMOXHOTO TEXHWYECKOro 0BbekTa, Takoro, Kak ABuraterb
BHYTPEHHEro CcropaHusi, co3aaetcs H6a3oBas mMatematuyeckas mogenb. ba3oBas matemartuyeckas Mogesb
(DYHKLMOHUPOBAHUS ABUraTens BHYTPEHHErO CropaHus SIBNSETCS MaTeMaTU4eCcKOW MOZENblo, NOCTPOEHHOM
Ha OCHOBE MCXOLHOW TEMaTU4ECKO Mogenu (MoLenu-onnucaHns) u COOTBETCTBYIOLLMX anrOpUTMOB, BKITOYa-
towmx B cebs hopMynbl, anrebpanyeckne u TpaHCLEHOEHTHbIE YPaBHEHUS, HEPABEHCTBA, JIOrMYecKue yCro-
BUS 1 MHoroe fpyroe [4]. BxogHbiMu napametpamu X, rae N — YUCNO BXOAHLIX NapameTpos, MOMUMO Mo-

CTOSIHHbIX BENIMYWH, XapaKTepU3yIOLLMX KOHCTPYKTMBHbIE 0COOEHHOCTW, AMs TaKo MaTeMaTU4eCcKo Mogenn
SBMNAOTCS NapaMeTpbl CrieayoLmx rpynn:

— napameTpbl BHELWHKX ycnosuii BY (napameTpbl aTMOCepHOro Bosayxa u 3abopTHO BOAbI);

— NapameTpbl TEXHNYECKOro cOCTOsIHUSA TC (KO3hULMEHTbI TMAPABINYECKOrO CONPOTUBIEHNS, TEP-
MUYeckue KoadhuLMeHTbl TennooBMeHHbIX annapaTos, 3a30pbl 1 Ap.);

— napameTpbl pexumMa (OYHKLMOHUPOBAHUS (YacTOTa BpaLLEHWNS KONEHYaToro Bana u Harpysaka).

BbixogHbIMK napameTtpamu Y, , A€ M — YWCIO BbIXOAHLIX NapaMeTPOB, MEHbLLEEe, YEM YUCHO BXOS-
HbIX (M<N), ABNAIOTCA TEPMOra3ofnMHaMU4eckne 1 3KCnIyaTaLmoHHbIe nokasaTenu, xapakTepusylowme pa-
Boty gsuratens (puc. 1).

B 3aBucumocTy OT cTeneHn aetanusaumm 6a3oBas MatemMaTyeckas MOAerNb MOXET paccMaTpuBaThbCs
Ha [BYX Pa3nuyHbIX MepapxuM4eckux ypoBHsX [4]. Ha nepBom ypoBHe MOAEnNb OMWUCLIBAET [BWraTeslb BHYT-



PEHHEro CcropaHus kak efuHoe Lenoe, 6e3 paccMOTpeHUs (PYHKLMOHMPOBAHUS OTLAENbHbIX arperaTos, BXO-
AALLMX B ero cocTap. Llenb Takoro npeacTtaBneHus 3akmoyaeTcs B CO34aHUM MOJENU, U3yYatoLlen CrOXHbIN
TEXHWYECKNA OBBEKT B €ro B3aUMOAENCTBUAWN C YNPaBRAKLMMA U KOHTPONMPYOLWMMI BO3AenCTBUAMK. Ha
BTOPOM YpoBHE GasoBas MaTemaTuyeckas MOAEMb OMWUCbIBAET ABUraTeNb Kak COBOKYMHOCTb MOAEMEN OT-
[enbHbIX arperaToB, BXOASLMX B €r0 COCTaB. Ha 9TOM ypOBHe U3y4aloTCH BHYTPEHHEe (PYHKUMOHUPOBaHME
9NEeMEHTOB W UX B3aUMOCBSA3W. B aTOM cryyae, BXOLHbIE NEpeMeHHble OAHOro arperata MoryT ObiTb BXOAHbI-
MW NepeMeHHbIMK Apyroro arperata (puc. 1).

ABTOHOMHasI arpernpoBaHHasi MaTeMaTtnyeckas
MOZernb ra3oBo3ayLWwHoro Tpakta BT

lMapameTpbl Bo3ayxa (rasa),
[MabameTobl DabOThI ABUraTENs!

Y,.,m<n

lMapameTpbl Bo3gyxa (rasa),
MapameTobl nexuma. TC. BY

X,,n>m

F:X Y, VyeYdxeX:y=F(X)

Puc. 1. Cxema (hyHKLMOHNPOBaHHS! aBBTOHOMHOTO arieMeHTa (arperata) koMGuHUpoBaHHoro 1BC — razoBo3ayLUHOTO TpakTa

basoBas MaTemaTiyeckast mogenb yHKUMOHMpoBaHua ausens (BMM), kak n nobas gpyras matema-
TMYeckas Mogenb YAOBNETBOPSET criedytolmm TpebosaHusm [4, 5]

— a/ieKBaTHOCTM — COOTBETCTBME MOLENN PeanbHON UCXOHOM CUCTEME M y4YeT Haubomnee BaxHbIX
CBSI3E/ W XapaKTEPUCTMK, TO eCTb a[eKBaTHOCTW AMs pearibHbIX AuanasoHOB N3MEHEHMUS NapaMeTpPOB BHELL-
HUX YCTOBWN 3KCNyaTaLumu AnU3ensi, TEXHUYECKOTO COCTOSIHWS 1 Harpy3oK BO BCet 06nacT 4onyCTUMbIX pe-
KUMOB paboTbl An3ens. ALeKBaTHOCTb JOCTUraeTCs NPW YAOBNETBOPUTENbHBIX PE3yrbTaTax CPpaBHEHWS pac-
yeToB Ha BMM (byHKLMOHMPOBAHIUS ABUraTENS BHYTPEHHETO CroOpaHnsi C COOTBETCTBYIOLMMM AaHHBIMW CTEH-
[I0BbIX 3aBOACKMX MIi kKopabenbHbIX UCMbITaHNIA;

—  YHMBEpCarnbHOCTY — MPUMEHMMOCTI MOLENM K aHanu3y psiaa OAHOTUMHbLIX CUCTEM (B AaHHOM Criy-
Yae, OHOTUMHBIX ABUraTENEN BHYTPEHHETO CrOPaHIs) C Y4ETOM WX pasnnyHbIX MHANBUAYANbHBIX 0COOEHHO-
cTen. JT0 NO3BONSET pacluMpuTb 06NacTb NPUMEHEHUS MOAENN ANs pelleHns Bonbluero kpyra 3agad. [a-
Hoe TpebGoBaHWe JOCTUraeTCs Ha aTane OTNaaku NPUMEHUTENBHO K 3aAaHHOI BEPCUM UMK TUMY ABUraTENS);

— BO3MOXHOCTMW 3a[1aHWsl CTENEHU JeTann3alUmumn Ans yyeta TEXHUYECKOro CocTosiHMS arperatos BT
W OTAENbHbIX ONOKOB An3ens;

— obecneyeHre YMCNeHHOro MOAENMPOBaHMS BbIXOAHBIX MoKasaTenen yHKLUMOHMPOBAHNS An3ens
Ha 3aaHHOM pexuMe ANarHoOCTMPOBaHUS C 3aAaHHON TOYHOCTBH.

[MoCKONMbKY OAHOM M3 CaMblX BaXHbIX 3aday MOAENMPOBaHUA sBMseTcs obecrneyveHne TOYHOCTH [5],
HeobXxoaNMo NPOBEPSTL aLeKBAaTHOCTb MOMYYEHHON MOAENM AKCMEPUMEHTANbHbIM AaHHbIM. [ns 0Tnagku
6a30Boit MaTeMaTU4eCKon MOAENK, NPOBEPKU ee paboTOCNOCOOHOCTH W OLEHMBAHNS B3aUMOCBSA3EN MEXOY
napameTpamit OyHKLMOHMPOBAHMUS MPOBOANTCS BbIYMCTIUTENbHBIN SKCNEPUMEHT, Pe3ynbTaThbl KOTOPOrO CpaB-
HWBAKTCA C AAHHBIMW CTEHAOBLIX UCMbITAHWA — ONpeaenseTcs 0THOCUTENbHAA OWKOKa MogenupoBaHns [4]
(puc. 2). MpeononaraeTcs, Y10 ANS peanbHoro obbekTa M Ans ero MateMaTUiecko MOAEnM OAHO3HAYHO
onpefeneHsl oTknkn Y., n Y, AN 3a4aHHbIX 3Ha4eHnn BxoaHoro curHana X, . OTHocuTenbHas olwmbka
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Puc. 2. Cxema npoBepku agekBaTHOCT MaTEMaTUYECKON MOAENN PeanbHOMY OB BEKTY.
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Puc. 3. Mpacpuk n3meHeHust AaBneHmst BO3ayxa nocne komnpeccopa A p_ B 3aBUCMMOCTM OT MOLLHOCTH Ne
(a — peanbHble faHHble, 6 - pe3ynbTaTbl BbIMUCIINTENBHOTO 3KCNEPUMEHTA)

basoBas maTemaTnyeckas Moaenb (YHKLUMOHUPOBaHUS An3ens Bbina npoBepeHa Ha MHOXECTBE 9KC-
NepUMEHTaNbHbIX JaHHbIX, YTO MO3BOMMIO YCTAHOBUTL YPOBEHb afeKBAaTHOCTW MOAENM peanbHbIM AaHHbIM C
norpeLuHocTbio He 6onee 5% [4].

Ha ocHoBe 6a30Boit MaTemMaTh4eckon modenu bbina nonyyeHa ynpoLieHHas Mogenb (yHKLMOHMPOBa-
HUS OBUraTens BHYTPEHHEro CropaHus Ans KOMMbTEPHOTO TpeHaxepa. [aHHas Moaenb yOoBNeTBOPSET
YCINOBUAM TEXHWYECKOTO 3afaHus Ha pa3paboTky TpeHaxepa u npencTasnsieT coboit PerpeccuoHHy Mo-
nenb.

PaccmoTpuM MOCTPOEHME PErpeccOHHON MOLENW ra3oBO3AYLUHOTO TpakTa ABWraTens BHYTPEHHEro
CropaHust Ha npuMepe MoMyyYeHUs YpaBHEHUS MHOXECTBEHHOW perpeccun Ans AaBreHus Bo3gyxa nocne
komnpeccopa A P ,.

Mo pesynbTaTaMm WUCCNEOOBaHWA BbINO YCTAHOBMEHO, YTO JaHHbIA NapamMeTp 3aBUCUT OT U3MEHEHM
TaKuUX BEMUYMH, KaK addekTnBHas MolHoCTb ausens Ne, Temnepatypa atMocdepHoro Bosayxa T, , Brnax-

HOCTb aTMOC(EPHOTO BO3ayxa ¢, , U Temnepatypa «3abopTHoi» Bogpl T, .

[insi NOCTPOEHNS: PErpeccuoHHoN Mogenu HeobxoauMo NpUBECTM UccrneLyeMble NapameTpbl K OTHOCH-
TeNbHbIM BEMMYUHAM.

Hanpumep, oTHoCUTENbHOE N3MEHeHe [aBreHns Bo3ayxa nocrne komnpeccopa, oP,, Onpeaensercs
no copmyne (2):

P, =L~ Lus 400, 2)

KAO
roe P, — Tekyliee 3HayeHue [aBreHus Bo3ayxa nocne komnpeccopa A; P, — 3HaYeHue [1aBneHns Bos-

Ayxa nocne komnpeccopa A Ha «ba3oBom» pexume paboTbl, paBHoe 2,59 Kr/cm2,
[ns nocTpoeHust ypaBHEHWS] MHOXECTBEHHOW PErpeccun WUCMomnb3yeTcs MEeTon MoLaroBoW perpec-
CuK [6], KOTOPBIN NO3BONSET NOCNEAOBATENBHO BBOAWUTL KaXAbIM M3 (DAKTOPOB U OLIEHWBATL €ro BIMSHME Ha
noBefeHNe UHTErpanbHOro nokasaTens, B JaHHOM Cllyyae, M3MeHeHVe JaBreHns Bo3ayxa nocmne KoMnpecco-
paA P, (3):
P, =2,37+1,02MNe—-1115T, +0,010p,+1,774T,, (3)



[ins oueHKW aaekBaTHOCTH NOMYYEHHOW PErpecCMOHHON MOAENW NPUMEHSAOTCS CReayoLme KpUtepum:
KoacppuumeHT petepMuHaumm, kputepnin CtorogeHTa n kputepun dulepa.

KoadhdpmumeHT aetepmmHaumm R nokasbiBaeT CTeneHb JOBEpWst K JaHHOW MOZEenM Ha ToM obbeme
AKCNEPUMEHTaNbHbIX AaHHbIX, KOTOPbIE ObIn NONYYeHbI, @ TaK Xe Kakoin 06beM MHopMaLMK, coaepxallen-
CA B 3KCMEPUMEHTarNbHbIX JaHHbIX, KOTOPbIA MOXET ObiTb OnucaH AaHHOM moaenbio [6]. KoaddomumeHT ge-
TepMUHaUmM R , paBHbii 0,97, roBOPUT O BLICOKOW CTeNeHu JOBEPUS K NOMNyyYeHHon mogenu, u, 4to 97% aak-
HbIX OMKCBIBALOTCA JAaHHON MOAENbio. CrneayeT OTMETUTb, YTO, NOCKOMbKY MOZENb NOCTPOEHa Ha 0cHoBe Da-
30BOW MaTeMaTu4eckoi Mogdenu, HeobxoauMo yuuTbIBaTb Tak Xe MOrpeLlHOCTb MOAENMPOBaHMS, KoTopas
yCTaHoBmneHa Ans 6a3oBor MatemaTuyeckon mogenu, To ectb 5%. Takum 06pa3om, NonyvyeHHon perpeccu-
OHHOW MoZenbto onuckiBaeTcst 92% UCXOLHbIX AaHHbIX.

ALeKkBaTHOCTb CTPYKTYPbI YpaBHEHUS NPOBEPSETCS Kputeprem duilepa [6]. Tak Kak pacyeTHoe 3Haye-

Hue F~ oka3amnoch Bbillie MOPOroBoro F , ypaBHeHWe NpU3HaeTcs aaekBaTHbIM UCXOAHbIM AaHHbIM, C YPOB-
HeM 3HauumocTn 10% (C y4eToM norpeLHoOCTY MoAenMpoBaHus 6a30Boi MaTEMaTUYECKON MOLENH).
MpoBepka 3Ha4YNMOCTW (hakTOpPOB MPOBOAMIIACE C MOMOLLLIO KpuTepust CTbioAeHTa Ha YPOBHE 3HaYU-
MocTu 5%. Tak Kak Bce (hakTopbl OKa3anmcb 3Ha4MMbIMK, AaHHas MOAENb NPUroaHa Ans NporHo3a 3HayeHuit
[aBreHus Bo3fyxa nocne komnpeccopa A P, B cpeagHeM, npu 3TOM olwmbka NporHo3uposaHus He Byget

npesbiwatb 10% (C y4€TOM NOrpeLIHOCTM MOAENMPOBaHNS 6a30B0oI MaTeMaT4eckon Mogen).

Takum 06pa3som, nonyyeHre ynpoLLEHHON Mogeny YHKLMOHMPOBAHNSA ABUraTens BHYTPEHHETO cropa-
HWS ONS KOMMBIOTEPHOrO TPEHaXepa CBSA3aHO C uccregoBaHuem boree nonHon, 6a3oBoit MaTeMaTUYeCcKon
MOZEnN 1 pe3ynbTaToB ee (hyHKLUMOHNPOBAHKS. YNPOLLEHHas MoZenb (YHKLUMOHUPOBAHNUS ABUraTens BHyT-
PEHHEro CropaHuns NpeacTaBnseT cobomn perpeccyoHHy0 MOAENb, MOMYYEHHYI0 METOAOM NOLLIAroBON perpec-
cun. [ins aaHHon mogenu Gbina npoBeaeHa NpoBepka afAekBaTHOCTW peasnbHbIM AaHHbIM, B pesynbTaTe KOTo-
POV YCTaHOBIEHO, YTO MOAENb YAOBNETBOPSET TpebOBaHMAM TEXHNYECKOTO 3afaHust Ha pa3paboTky TpeHa-
Kepa, CBSA3aHHbIM C ONpeseNieHHON TOYHOCTU MOLENUPOBaHUS (hyHKLMOHMPOBAHWS ABUraTenst N BO3MOXHO-
CTbi0 MPOTHO3MPOBAHUS 3HAYEHWUN KOHTPONMPYEMBIX MapaMeTpoB B cpeaHeM. lMonyyeHHas Moaenb npeao-
CTaBNSIET BO3MOXHOCTb MPU MPOBELEHWM TPEHUPOBOK B PA3NNYHBIX PeXMax 1 Mpu pasnuyHbix 0brnacTsx
LONYCTUMBIX 3HAYEHMI OLiEHMBATH NapaMeTpbl (DYHKLMOHMPOBAHUS ABUraTENS.
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