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BBenenue

MoaenupoBaHue - OJIMH U3 TJIABHBIX METOJIOB, MTO3BOJISIIONIUX YCKOPUTh TEXHHUYE-
CKHMU MPOTPECC, COKPATUTH CPOKU OCBOCHUS HOBBIX MPOILIECCOB.

CoBpeMEHHOE XMMHYECKOE MPOU3BOJACTBO IMPEJICTABISAECT COOOM CIOXKHYIO
XUMUKO-TexHoornueckyto cucrtemy (XTC), cocTosimryto u3 60JIbIIOr0 Koaude-
CTBa anmnapaToB W TEXHOJOTMYECKHUX CBsizel Mexay HUMU. Pa3zpaboTka u sKkc-
myartanus npou3BoactBa — XTC — TpeOyeT 3HaHUS Kak oO0IIero moaxoaa K
npobsieme, Tak U OOJIBIIOr0 KOJMYECTBA BOIMPOCOB, HEMOCPEICTBEHHO CBS3aH-
Hbix ¢ XTC.

[Tpu paszpabotke HoBo¥M XTC wminm MomepHHU3aIMU CYIIECTBYIOIICH, OCHOBHAs
3ajaua 3aKJII0YaeTcss B CO3JJaHUU BBHICOKOA((HEKTUBHOTO XUMHUYECKOTO MPOU3BOJICT-
Ba, T.€. TAKOTO OOBEKTa XUMHUUYECKON MPOMBIIIJIEHHOCTH, KOTOPBIM MO3BOJUT MOJTY-
YaTh MPOAYKLHMIO 33JaHHOIO KadecTBa B TpeOyeMOoM o0beMe HanboJiee 3KOHOMHUYE-
cku 11eniecooOpazabM myTeM. [Ipu skcmmyararmu cymectBytomeit X TC HeoOxoammo
TaKuM 00pa30M yMpaBJISITh MPOU3BOACTBOM, YTOOBI P BHICOKOW MTPOU3BOAUTEIBHO-
CTH U HU3KHUX KalUTAIBHBIX U TEKYIMX 3aTpaTax 00eCHeUHTh MOJy4YeHHUEe MPOAyKTa
Tpebyemoro kauectBa. Kpome toro, npu skcmryaranuu X TC HeoOX0AUMO HE TOIBKO
MOHUMATh MPUHIIUIBI OPraHU3alKi U GYHKIIMOHUPOBAHUS MPOU3BOICTBA, 3AJI0KEH-
HbIE B TEXHOJIOTUYECKYIO CXEMY IPU €€ MPOCKTUPOBAHUU, HO U YUUTHIBATh KoyieOa-
HUSI Ha PHIHKE CBIPbsl U MPOIYKIMH, U3MEHEHUS MapaMeTPOB ChIPbsi, TPEOOBAHUS K
KOHEYHOM MPOAYKLMH, & TAK)KE HEMPEPHIBHOE U3MEHEHUE MapaMeTPOB pabOThl 000-
PYIOBAaHMS BCJEACTBUE HEMPEPHIBHOTO PACXOAOBAHUSI €r0 PECYPCOB, BO3MOKHBIX
aBapui, MyCKOB, OCTAHOBOK U T. [I.

[Tpu pacecmorpenun 060t XTC Becerna oOHapykuBaeTcs GyHKIIMOHATbHAS
B3aUMOCBSI3b annapartoB. Tak, HanpuMmep, B XTC, BKIIo4aromeld peakTop 1 arra-
paT paszelieHHs, PEakTop, KOTOPhIM 00ecreunBaeT BBICOKYIO CTEIEHb MpeBpallie-
HUSI UICXOJHBIX MPOJYKTOB, obJjierdyaeT paboTy amnmapara pasnaenenus. OaHako pa-
00Ta peakTopa ¢ HU3KOU cTeneHbio npeBpamieHuss B X TC MOKeT ObITh KOMIICHCH-
pOBaHa 3a cYeT MHTEHCU(DUKAIMHU TIpoIlecca BhIACICHUs 11eJeBOro npoaykra. Cie-
JIOBATEIbHO, CYIIECTBYET KOMIIPOMMCCHBIN BapuUaHT B BBIOOpE OOOpYyIOBaHUS U
pexumoB paboTsl annapartoB XTC.

KnrouoM k pemeHnio mepedrciieHHbIX 3a7ay SIBISETCS NPUMEHEHHE HAYYHO
000CHOBaHHOW TEOPUH aHAIIN3a ¥ CHHTE3a XUMHKO-TEXHOJIOTHYECKUX CHCTEM.

OcHoBHOM HayudHbIM MeToA uccienoBanus XTC — MaTeMaTH4eCcKoe MOJEIHU-
pOBaHUE, anmapar - TEOPHUs CUCTEM U €€ MPHUKIaJHAs YaCTh — CUCTEMHBIN aHaJu3
(COBOKYITHOCTb METOJIOB U CPEJICTB U3YUCHUS CIIO0KHBIX CUCTEM).



1. OcHOBHbBIE IOHATHS M 001As1 XaPAKTEPUCTUKA

XUMHUKO-TCXHOJIOIrH4€CKHUX CUCTEM
1.1. IToHATHE XUMUKO-TEXHOJIOTHYECKON CUCTEMBI

Xumuko-texnonoruyeckasi cucrtema (XTC) — 3T0 COBOKYMHOCTh B3aWMOCBSI3aH-
HBIX TEXHOJIOTMYECKMMU IMOTOKAaMU U JECUCTBYIOLIMX KAaK €JUHOE LIEJIOE armapa-
TOB, B KOTOPBIX OCYIIECTBIISIETCS ONPEAEIEHHAs MOCIEA0BATENBHOCTh TEXHOIOTH-
YEeCKUX orepanuil (MoJAroToBKa ChIpbsi, COOCTBEHHO XMMHUYECKOE MpPEBpaIICHUE U
BbI/IEJIEHUE LEIEBBIX MTPOYKTOB).

OnemeHt XTC — 310 anmapar, B KOTOPOM MPOTEKAET THUIIOBOW XMMHKO-
texHonornyeckuii mpouecc. [Ipu uccnenoBanun XTC BHyTpeHHUE CBOWCTBA U
CTPYKTYypa AJIEMEHTA HE SIBJSAIOTCS MPEIMETOM HU3YyUYEHUS, a AHATU3UPYIOTCS TOJIb-
KO TaKu€ CYLIECTBEHHBIE CBOMCTBA DJIEMEHTA, KOTOPBIE ONPEIAEISAIOT €r0 B3aUMO-
nerctBue ¢ Apyrumu dniemeHtamu XTC win BIugOT HA CBOKMCTBA CHCTEMBI B IE-
JIOM.

[Tporiecc dynknmonupoBanuss XTC paccMaTpuBarOT Kak IOCIEI0BATEIIb-

HYI0 CMEHY COCTOSIHHII CUCTEMBI B HEKOTOPOM HMHTEpBajie BpeMeHH. COCTOSIHUE
XTC onpenensercs HAOOPOM BBIXOJIHBIX IEPEMEHHBIX CUCTEMBI.
BxoanbiMu niepeMeHHbIMU XTC sBIAIOTCS (PU3HUECKUE MapaMeTpbl BXOJHBIX IO-
TOKOB CBIPbSl U UCXOJHBIX MPOAYKTOB, @ TAK)KE MapameTpbl Pa3IUYHBIX (PU3UKO-
XUMHUYECKUX BO3JIEUCTBUI OKpYyXaroleh cpeabl Ha mpouecc (QyHKIMOHUPOBAHUS
XTC (Temnepatypa, AaBI€HHUE, BIAXKHOCTb U T.I1.).

Boixonubivu nepemeHHbiMU XTC cnykat Gpuanyeckue napaMerpbl MaTepruaIbHbIX
Y DHEPreTUYECKUX MMOTOKOB XMMHMYECKUX MPpOoayKToB Ha Bbixone XTC. Otu mapa-
METPBI MTOAPA3AEIAIOT Ha NapaMeTphl COCTOSIHUSA (MacCOBBIM pacxoj, KOHLIEHTpa-
UMY XUMUYECKHX KOMIIOHEHTOB, JABJICHUE, TEMIIEpATypa, SHTAJIBINS U T.J.) U [a-
paMeTpbl CBOMCTB MOTOKOB (TEMJIOEMKOCTb, BA3KOCTh, IJIOTHOCTh U T.1.). CocTos-
HHUE CHCTEMBI 3aBHUCHUT OT mapameTpoB XTC, mapaMeTpoB TEXHOJOTMYECKOTO pe-
KUMa 3JIEMEHTOB U OT Bo3aelcTBUSI HA XTC BXOAHBIX MaTE€pUaIbHBIX U SHEpre-
TUYECKUX IOTOKOB ChIPbSI MJIM UCXOAHBIX TPOAYKTOB.

[Tapametrpper XTC u mapaMeTpbl TEXHOJOTHMUYECKHUX PEKHMOB 3IIEMEHTOB
00yCIIaBIMBAIOT XapakTep Mpoliecca PYHKIMOHUPOBAHUS CUCTEMBI, T.€. HEKOTO-
PBIM 3aKOH U3MEHEHUSI COCTOSIHUM CHCTEMBI.

[Tapamerpbl XTC nonpa3nensioT Ha KOHCTPYKIIMOHHBIE WM TEXHOJOTHYE-
ckue. KoHcrpykimonHeiMu napamerpamu XTC sBASIOTCS Tr€OMETPUYECKHUE Xapak-
TEPUCTUKHU annapaTypHOro opopMiIeHHUs 31€MEHTOB CUCTEMBI (00BEM XMMUYECKO-
ro0 peaKkTopa, OCHOBHOM pa3Mep CEUEHHs amnmnapara, JMaMeTp W BBICOTA CJIOS Ha-
CaJKu B MacCOOOMEHHBIX ammapaTax ¥ T.1.). K TeXHOJIOrM4ecKkuM MapaMerpam
XTC otHOCsTCS KO3(PDUIIMEHTHI CTETICHEW MPEBPAICHUS U CTETICHEH pa3ieneHus
XUMUYECKUX KOMIIOHEHTOB, KOA((OUIIMEHTHI TEIJIO- U Maccolepeauu, KOHCTaHThI
CKOpPOCTEN XUMHUUYECKUX PEAKLIMHI U T. 1.




[TapaMeTpaMy TEXHOJIOTUYECKOTO pexkrma 3jieMeHTOB XTC Ha3bIBalOT CO-
BOKYITHOCTh OCHOBHBIX (paKTOPOB (IIapaMEeTpOB) BHYTPH 3JIEMEHTa (TeMIlepaTypa,
JABJICHUE , IPUMEHEHUE U aKTUBHOCTh KaTaJIU3aTopa, YCJIOBUSA THIAPOJAMHAMUYE-
CKOI'0 MepeMeNIeHUsI TOTOKOB KOMIIOHEHTOB), KOTOPHIE BIUSAIOT HA CKOPOCTh TEX-
HOJIOTMYECKOT'O MPOLECCa, BBIXOJ U KaYECTBO XMMHUUYECKHX NPOAyKTOB. KauecTBo
dbysaximonupoBanus XTC ompenenstoT Mpu MOMOIIM MoKazaTene 3¢ HeKTuBHO-
CTH, IO/ KOTOPBIMU NMOHUMAIOT YUCJIOBBIE XAPAKTEPUCTUKU CUCTEMBI, OLIECHNUBAIO-
M€ CTENEHb MPUCIOCOOJICHHUS CUCTEMbI K BBINOJHEHHUIO MOCTaBJIECHHBIX IEpe.
HEIO 3a]1a4.

JItobast coBokymHOCTh 3neMeHTOB ngaHHOM XTC MoXeT paccMaTpuBaThCs
KaK ee noocucmema, KOTopasi, Kak MpaBUiIo, sIBISIETCS HEKOTOPOH CaMOCTOATENBHO
(GyHKIMOHUpYIOIIEH YacThlo cucTeMbl. [IpaBuiibHOE BbIJIENIEHUWE TMOJCHCTEM B
cinoxknoit XTC cnocoOGcTByeT OOJIEr4eHUI0 pelieHusl 3a/1au UCCleIOBaHUs CUCTE-
MBI B IIEJIOM.

XTC, xoTopble COOTBETCTBYIOT XMMUYECKUM IPOU3BOJCTBAM M TEXHOJIOTH-
YECKHUM LI€XaM XMMHMUYECKUX MPEANPUITHI, CBOMCTBEHHBI BCE XapaKTEPHBIE MPH-
3HaKU OOJBIIUX WU CIOXKHBIX cucTeM. B cinoxubix XTC BaxkHYIO pojiib UTparoT
BOIPOCHI aBTOMATHYECKOTO YIPAaBJICHUS MPOIECCOM (PYHKIIMOHUPOBAHUSI CHUCTE-
MbI. YTIpaBJ€HUEM Ha3bIBAIOT Mpoliecc cOopa, mepeaayn u nepepadotku uHop-
MAal1H, PEAIN3yEMbI CIEHUAIIBHBIMUA CPEJACTBAMU — CUCTEMAaMHU aBTOMATHUYECKOIO
ynpasienus (CAY) win ynpaBisiiolMMU yCTPONCTBAMHU.

B oOwmeMm ciyyae ymnpaBieHHE MPOUECCOM (PYHKIIMOHUPOBAHUS CIOKHBIX
XTC ocymecTBasOT Ha IBYX YPOBHSX — TEXHOJOTMYECKOM M OPTaHU3AIMOHHOM.
Kaxnoe xumuyeckoe npou3BOICTBO WIM TEXHOJOTMYECKUH 1IEX, a TAK)KE XUMUYE-
CKO€ MPEANPUSITHE B 1IEJIOM MPEACTABISIOT COO0M COBOKYMHOCTD JABYX IMOJCUCTEM
— XTC u CAY, koTopble JeHCTBYIOT COBMECTHO KaK OJIHA CJIOKHAsI KHOCpHETHYE-
CKas cucreMa, 00ecleynBarollas B pe3yiabTaTe CBOEro (PyHKIIMOHUPOBAHUS IOy~
YeHUEe TpeOYEeMbIX MPOAYKTOB U MOITYIPOIYKTOB.

1.2. Xumnueckoe npeanpusitue KaK cJa0KHasA KHOepHeTH4YeCKasi cucremMa

CoBpeMEHHOE XUMUYECKOE MPEANPHUITHE MOXKHO NOAPA3IEIUTh Ha B3aMO-
CBSI3aHHBIE IOJCUCTEMBI, CONOJUYMHEHUE MEXAY KOTOPBIMU YBSA3BIBAECTCS HEpaAp-
XUYECKOU CTPYKTYPOIl, COCTOSILEN U3 TPEX-YEThIPEX YPOBHEN HEPAPXUHU.

1 cTyneHp uepapxuu — TUIOBbIE XUMHUKO-TEXHOJIOTHYECKUE MPOLIECCHI (Me-
XaHUYECKHUE, TEeIUloBble, MU((PY3MOHHBIE, XUMUYECKUE) U JIOKAJIbHBIE CHCTEMBI
CTaOMIIM3alINY;

2 crynenb nepapxuu — XTC, cCOOTBETCTBYIOIIME TEXHOJOTHUYECKUM LE€XaM
i ydactkam, CAY mpoliieccaMy OpraHu3alldOHHOTO U TEXHOJOTHUECKOTO (yHK-
LMOHHUPOBaHMS 11eX0B WK ydacTkoB U CAY XTC;



3 crynens uepapxuu — cinoxusle XTC, oTBeyaroniye XMMHUYECKUM MPOU3-
BOJICTBAM II€JIEBBIX HJIM MPOMEKYTOUHBIX MPOIYyKTOB, 1 CAY OpraHu3ainoHHOTO
¥ TEXHOJIOTUYECKOTO (PYHKIIMOHUPOBAHUS MTPOU3BO/ICTB;

4 cTyneHb UEPAPXUH — XUMHUYECKOE MPEANPHUITHE B IIEIOM M aBTOMATH3H-
poBaHHasg WH(OPMALMOHHAS CHCTEMa OPTaHW3AI[MOHHOTO YIIPABJICHUS MpPEaNpH-
ATUEM.

[lenbio hYyHKIMOHUPOBAHUS OTAENbHBIX 3JeMeHTOB XTC siBnsieTcs: onpee-
JeHHOe (PU3UKO-XUMUYECKOE BO3ACHCTBHE Ha TEXHOJOTHUECKHE TOTOKU C BBICO-
KOH MPOU3BOAUTEIHHOCTHIO U HHTEHCUBHOCTHIO.

OcHoBHBIE TOKa3zatenu 3PGEeKTUBHOCTH (DYHKIIMOHUPOBAHUS JIIEMEHTOB
XTC BbIpaxaroT B BUjie K0O3(QHUIIMEHTOB MOJIE3HOTO JEHCTBUS 3JIEMEHTOB WJIN Be-
JUYHMH, XapaKTepU3YIOMUX (PaKTUYECKUN BBIXOJ XMMHYECKOTO MPOJIYyKTa U3 3Jie-
MeHTa XTC, KOTOpBIE A TEXHOJIOTUYECKUX MPOILIECCOB COOCTBEHHO XUMHUYECKO-
r0 IPEBpAIICHUS MPEACTABISAIOT COOOM CTENEHHN MPEBPAIEHUs XUMHYECKUX KOM-
MOHEHTOB, a JUIsl TEXHOJIOTMYECKUX MPOLIECCOB MexK(pa3HON Maccomnepeaaydu - CTe-
neHu MexdasHoro rmnepexojaa (CTENeHU pasaesieHus) Wik Kod()PUIIMEHTHI U3BIIe-
YCHMSI.

[lenb pyHKIMOHUPOBAHUS TEXHOJOTHYECKHUX LIEXOB M OTACIbHBIX XUMHYE-
CKUX TIPOM3BOJCTB 3aKJIIOUAETCS B MPOM3BOACTBE YCTAHOBIECHHOTO KOJHYECTBA
HEKOTOPOTO IIEJIEBOr0 XMMHUYECKOTO MPOAYKTa WM MPOMEXKYTOUYHOTO MPOAYKTa
3aJIaHHOTO KayecTBa.

[Tokazarensamu 3pHEeKTUBHOCTH (DYHKIIMOHUPOBAHUSI TEXHOJIOIMUECKUX IIe-
XOB M OTJENIbHBIX XUMHUYECKUX MPOU3BOJICTB SIBISIFOTCS] PACXOIHBIE HOPMBI 11O ChI-
PbIO, TOIUIMBY, JIEKTPOIHEPIUHU, TPEIOLIEMY Mapy U OXJIaXKAarolleld BOJe B HATY-
paNbHBIX €IMHULIAX (HAapUMEp, B TOHHAX ChIPbs HA €IMHHUILY MPOAYKIMH). Yem
Onrke pacxoaHble KOIPQPUIHUEHTH K CTEXMOMETPUUECKUM, TEM JIy4Ille ero 3KOo-
HOMHYECKHE TTOKA3aTEIH.

Lenp GyHKIMOHUPOBAHUS XUMUYECKOTO MPEANPHUSATHS, MPEACTABISIONIETO
co00if COBOKYIHOCTh XMMHUYECKUX NPOU3BOJCTB COCTOUT B BBHIMOJIHEHUU HPOU3-
BOJICTBEHHOTO IJIaHa IO BBIMYCKY 33JIaHHOTO aCCOPTUMEHTA XMMUYECKOM MPOIyK-
IIUU B COOTBETCTBUU C TPEOOBAHMSIMH CTaHIAPTOB U TEXHUYECKUX YCIOBUU. Dp-
(GeKTUBHOCTh (PYHKIMOHUPOBAHUS XHWMUYECKOTO TMPEATNPHUSATHS OIMpenesieTcs
HSKOHOMUYECKUMU TOKA3aTEIISMHU.

1.3. Knaccupukamus moaeseiit XTC

VYcenemnHoe pemienue 3aaad uccienaoBanus XTC Ha cTaauv UX TPOEKTUPO-
BaHMs M JKCIUTyaTallUy IpeAanojaraeT Hajiuuue MareMmarnyeckon mozaemn XTC.
XapakTep TEXHOJIOTUYECKUX 3a7ad, PELIaeMbIX Ha KaXJIOU UEPAPXUUYECKOH CTyIIe-
HU XUMHUYECKOTO MPEANPUITHS, ONpPENEsieT BHJ MaTeMaTH4YEeCKOM MOJENH, HC-
MOJI3yEMOM ISl UCCIIEOBAaHUS (DYHKIIMOHUPOBAHUS 3TUX CTEIICHEH.



Mogens crnoxuoit XTC Bcerma mopkHa OBITh HEKOTOPBIM KOMITPOMHUCCOM
MEXIy JOCTATOYHOM MPOCTOTOM MpENCTaBIEHUS MPOLECCOB (QYHKIIMOHUPOBAHUS
MOJICJIUPYEMON CUCTEMBI U CIOXXKHBIMU 3(P(PEKTaMH, CYIIECTBEHHbIMU I (yHK-
LMOHUPOBAHMS PEANIbHOW CUCTEMBI. MoJienb, BKIIOYAKOIIas MPEACTaBICHUE BCEX
XapaKTEPUCTUK M OCOOEHHOCTEW, TEOPETUYECKHU MPUCYIIUX JAHHOW peanbHOU
CUCTEME, Ha3bIBACTCSI U30MOPEHHOU MOJETBIO.

CnoxHblE CHCTEMbl HM3YyYalOTCS C TOMOIUBIO HEU30MOPE@HLIX WA 20MO-
MOpGHBIX MOJENEH, KOTOPbIE HECKOJIBKO YIPOILEHHO OTpa)karoT HamboJjee cylie-
CTBEHHBIE XapaKTEPUCTHKU Mpouecca (PyHKIUMOHUPOBAHUS cUCTeMbl. OJHUM H3
OCHOBHBIX BOIPOCOB SIBJIIETCS BBIOOP YPOBHSI MPUOIMKEHUSI K JEHCTBUTEIBHOCTH,
IPU KOTOPOM €111€ MOKHO JOCTUTHYTh IOCTOBEPHBIX PE3YJIbTATOB.

[Mpn um3ydyennn XTC mpumeHsitoT roMoMop(dHbIE MOJETU IBYX KIJIACCOB:
0000IIIEHHBIE U MaTeMaTHYECKHE.

OO0001IeHHBIE MOAENIM — 3TO KaueCTBEHHBIE MOJENH, UCIOJIb3yeMbIE IS
MOJIy4eHHsT OOIIEeTO MPECTaBIEHUsI O Tpoliecce GyHKIMOHUPOBAHUS 00 3JIEMEH-
Tax U O XMMHUYECKOM COCTABE MCXOJIHOTO ChIPbS, MPOMEKYTOUHBIX U KOHEYHBIX
npoaykroB XTC. O6001eHHbIe MOJEIN MOTYT ObITh IBYX THIIOB: MKOHOTpadu-
YECKUE U ONEPALMOHHO-OMUCATEIbHbBIE MOJEIH.

Hkonorpaduueckue 0000IIEHHBIE MOJICNIH AAOT 00IIee MpeACcCTaBlIeHue 00
ucciexyemoit XTC B Buie HEKOTOPOro rpadudecKOro N300pKEHUS UITH YepTEexka.

OnepalMoHHO-ONKCATEIbHBIE MOJIENIH AAOT 00IIee yIPOIIEHHOE TPEICTaB-
nenue o npouecce ¢pynkunonupoanuss XTC B ¢opme mocieoBaTeIbHOrO CIo-
BECHOT'O OIMCAaHUS PA3IMYHBIX XUMHKO-TEXHOJIOIMYECKUX MPOLECCOB, IMPOUCXO-
JSAIIMX B 3JEMEHTaX CUCTEMBI. [IpuMepoM onepalinoHHO-ONMKCATENbHBIX MOJAEIIEH
MOTYT CIYXUTh TEXHOJOTMYECKHE pErJIaMEHTbl M pa3jinyHas MPOEKTHO-
AKCIUTyaTallMOHHAs JOKYMEHTALIHSI.

Matematuyeckas Mozaenb XTC sBusiercss aOCTpakTHBIM M (POpMaIbHBIM
MIPEACTABICHUEM CUCTEMBI, U3yYEHHE KOTOPOTO BO3MOKHO MATEMATHYECKUMU MeE-
togamu. Marematuueckue mojenu (MM) XTC noapa3aenstor Ha CHUMBOJIMYECKUE
U UKOHOTpaduyecKue.

CumMBoJIMYeCKHE MaTeMaTudeckue mojenu peanbHol XTC mnpeactaBisioT
co00l COBOKYITHOCTh MaT€MaTHYECKHX COOTHOLIEHUN B BHJE (OpMyI, ypaBHE-
HUM, ONEpaTOpPOB, JOTMYECKUX YCIOBUI WJIM HEPABEHCTB, KOTOPHIE OMPEIEIISIOT
xapakTepucTuku coctosiHug XTC B 3aBUCHMOCTH OT KOHCTPYKLIMOHHBIX M TEXHO-
norudyeckux napametpon XTC.

Ukonorpaduueckue Mmarematudeckne monaenu XTC — 310 rpaduyeckoe
oToOpaxeHue Takux KadecTBEeHHbIX CBOMCTB XTC, mo KOTOpPHIM MOKHO OMpeJie-
JUTHh KOJMYECTBEHHbIE XapPaKTEPUCTUKU CHUCTEMBI, WIH rpapuueckoe oToOpaxe-
Hue QYHKIHUOHATBHBIX COOTHOIICHUM MeX Ty apameTrpamu U nepemeHHbiMu X TC,
ABJISIIOIUXCS IO CBOEH CYIIHOCTH YMCTO MAaTEMAaTUYECKUMU. Y Ka3aHHbIE MOJAEIH
NOJIpa3JeNsA0TCA Ha 1B€ OOJIbIIME TPYIIIbI: TOMOJIOTMUECKHE U CETEBbIE MOECIIU.
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COBOKYNTHOCTh MaTeMAaTUYECKUX COOTHOLICHHMH, O0O0pa3ylouxX JaHHYIO
cuMmBomyeckyto MM XTC, B yacTHOM cllyyae IpeACTaBIsieT CUCTEMY YPaBHEHUM
Maremarndeckoro onucanus XTC. Mcnonbs3yroT ABa METO/Ia COCTABJIEHUSI CUCTEM
MO XTC. OguH MeToa OCHOBaH Ha IiIyOOKOM HM3y4eHHH (PU3HKO-XUMHYECKOU
CYIIHOCTH TEXHOJOTMYecKUx mporeccoB ¢pyHkunonupoanuss XTC u ee anemen-
TOB, APYroil Ha MPUMEHEHUH (HOPMATBHO-IMIUPUUECKUX MATEMATUYECKUX 3aBH-
CUMOCTEM, TOJYYEHHBIX B PE3yJIbTaTe€ CTATHCTHUYECKOro OOCHeoBaHUsS JEHUCT-
Bytouieil XTC. CumBonuueckue MM XTC BToporo tumna oObIYHO Ha3bIBAIOT CTa-
THCTUYECKUMH MoneisiMu. [locimenHne nMeT BUL PErPECCUOHHBIX MIIM KOPPEIIs-
LIMOHHBIX COOTHOLIEHUN MEXAY MapamMeTpaMy BXOIHBIX U BBIXOJHBIX TEXHOJOIU-
yeckux nmotokoB XTC.

1.4. XapakTepucTHKA TEXHOJOTHYECKHX ONIEPATOPOB.
IHonsitue Texnojgornuyeckoi Tomojoruu X 1I'C

[Tpu uccnepoBanuu nporeccoB GpyHkuoHupoBaHus XTC Kax bl AI€eMEHT
CHCTEMBI PaCCMATPUBAIOT KaK MeEXHOI02u4ecKuli onepamop, npeodpasyronuii ¢pu-
3UYECKUE NapaMeTPbl BXOJHBIX MAaT€PUAIBHBIX U DHEPIE€TUYECKUX MIOTOKOB X, Xz,
...,Xn B pU3NYECKUE MapaMeTPbl BBIXOIHBIX IOTOKOB Y1, Y2, -..,Yn.

ull]

K

UL
Ul

Puc.1.1. Onement XTC kak TEXHOJIOTUUYECKUHN OnIEpaTop

Tak, HanpuMep, XUMUYECKUI PEAKTOP, B KOTOPOM MPOTEKAET IK30TEPMUYE-
ckasg peakuus A+B—C+Q, rne Q — temnoBoit apdexT peakuuu, NpeacTaBiseT
co0O0M TEXHOJIOTHYECKHUI OrepaTop, OCYIIECTBISIONMINN KaKk KaueCTBEHHOE (B CO-
CTaB BBIXOJTHOTO TEXHOJIOTMYECKOTO MOTOKA BXOJHUT HOBBIM XMMHUYECKUH KOMIIO-
HEHT), TaK U KOJUYECTBEHHOE (TeMIlepaTypa BbIXOJHOTO TEXHOJIOTHYECKOTO MOTO-
Ka OoJbIlle TeMIepaTypbl BXOJHOTO MOTOKA) MpeoOpa3oBaHue (HU3MUECKUX Tapa-
METPOB BXOJHOTO TEXHOJOTMYECKOTO IOTOKA, BKJIIOYAIOMIETO J1BA XMMHUYECKHUX
KOMMOHEHTA. TermI000MEHHUK SIBISETCS TEXHOJOTMYECKUM OIEepaTopoM, OCyIIle-
CTBIISIFOIIMM KOJMYECTBEHHOE M3MEHEHHE TEMIIEpaTyp BXOASAIIUX TEXHOJIOTHYE-
CKHUX IIOTOKOB.

Takum o0pazom, kaxabiii sneMeHT XTC mpencraBisieT co00 MHOTOMEp-
HbII TEXHOJOrHYecKuid onepatop. CUMBOIMYECKYIO MATEMATUYECKYIO0 MOJIEIIb Ta-
KOT'0 OIeparopa BhIpaKaroT B BUjE (YHKIIMOHATBLHON 3aBUCUMOCTH:

Y=fX, U, K, (1.1)



rae X — BEKTOp (pU3MYecKux mapaMeTpoB BXOAHBIX MOTOKOB, Y - BEKTOp (u3uye-
CKHMX IapaMETPOB BBIXOJHBIX MOTOKOB, K — KOHCTPYKUIHMOHHBIE U TEXHOJOTHYE-
ckue napametpsl seMenTa X TC, U — BEKTOp yIpaBIISIIOIIMX TapaMETPOB.

N3 Bcero MHOKECTBA TEXHOJIOTUYECKUX MPOLECCOB PA3INMYAOT TOJIBKO
CEMD THIIOBBIX TEXHOJIOTMYECKUX OIIEPATOPOB, C UCIIOJIB30BAHUEM KOTOPBIX
BO3MOXHO cuHTe3upoBaTh X TC n000# CI0KHOCTH.

Tunossie onepaTopsl MOAPA3AEIAIOTCS HA OCHOBHBIE M BCIOMOTaTEIbHbIE.
OcHosHvle mexnono2udeckue onepamo-  Bcnomozamenvhvie mexnonocuyeckue
pol onepamopui

— XUMHYCCKOC IpCBpalc- — Harpcpa v OXJIAXKICHUA
HUC

> . — CMCHICHUC

. <"' — pazaeneHue — U3MEHEHHUS arperaTHoro
—

COCTOAHUA BCUICCTBA

— CXKaTHu:A U paClIupCHUA

2R

— Mex(da3HbI Maccoo0-
MeH

Paznuumus mMexay OCHOBHBIMU M BCIIOMOTaTEIbHBIMU ONEPATOPAMU 3aAKIIO-
YaroTCs B TOM, YTO OCHOBHBIE TEXHOJIOTHYECKUE ONEepaTophbl 00eCcreynBaloT QyHK-
nuonupoBanue XTC B TpeOyeMOM 1I€JI€BOM HalpaBJIEHUH, & BCIIOMOraTeIbHbIE —
MOBHIIAIOT 3(PGEKTUBHOCTh (PYHKIIMOHUPOBAHUS CUCTEMbI IMYTEM H3MEHEHUS
AHEPTreTUYECKOTO U (Ha30BOTO COCTOSHUN TEXHOJIOTUYECKUX TTOTOKOB.

Cnenyetr m006aBUTh, YTO MAaTEMAaTUYECKOE OMHCAHUE THUIOBBIX TEXHOJOTUYECKHUX
IPOLIECCOB JOCTATOYHO XOPOILIO MPEJICTABICHO B CHELHAIBHOW JUTEpaType U
noApoOHO u3yuanaock B kypce "MopaenupoBanue X TIT".

B 3aBucuMocTH OT 1enei ucciaeaoBaHUs MPOLECCOB (PYHKIMOHUPOBAHHUS
XTC xaxaplii 371EMEHT CUCTEMbI MOKHO PAacCMAaTpUBATh JUOO KaK COBOKYIHOCTb
HECKOJIBKUX THIIOBBIX OMNEPATOPOB, JUOO KaK OAMH THUIIOBOM TEXHOJIOTHYECKUUN
oneparop. Hanpumep, nogorpesaresib, B KOTOPOM MPOUCXOJUT XUMUYECKas peakx-
Usl PA3JI0KEHUSI KOMIIOHEHTOB BXOJIHOTO MOTOKA, MPEACTABISIET COOO COBOKYII-
HOCTbH JIBYX THUIIOBBIX TE€XHOJIOTUYECKHUX OIEPATOPOB — HArpeBa U XUMHUYECKOIO
npeBpaiieHus. PekTudukannontas KOJOHHAa HENpephIBHOTO nercTBus (puc. 1.2)
MOJKET OBITh MPEJICTABIIEHA COBOKYITHOCTBIO JIBYX OINEpPaTOpOB Mexk(dazHOro mac-
cooOMeHa 1 u 3, COOTBETCTBYIOIIMX BEPXHEU U HUIKHEHW YaCTAM KOJIOHHBI, U OIle-
patopom cmenienus 2. [locnenuuii oTpaxaeT Npouecc CMENIeHUs: MOTOKOB ¢Jer-
MbI U UCXOJTHOM CMECH Ha MUTAOIIECH TapeIiKe.
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Puc. 1.2. OneparopHasi cxema peKTH(PUKAIIMOHHON KOJIOHHHI :
G, R, F, Gyp, W — MOTOKH, COOTBETCTBEHHO, Tapa JIETKOJETY4ero KOMIIOHEHTA,
¢ierMbl, HICXOAHOM CMECH, TTAPOBOM MMOTOK U3 UCIIAPUTEINsI, KyOOBOTO OCTaTKa

Ha puc. 1.3 uzoOpaxkeHa omneparopHasi CXeMa BBIIAPHOTO arnapara C IeH-
TPaJIbHOW NUPKYISIIMOHHON TPyOOH, BKIIFOUAOIIAsl OTIepaToOphl HarpeBa, ha3oBoro
npeBpaiieHust u pazzaenenus. OnepaTop HarpeBa OTOOpakaeT MPOIeCcC TEIIomne-
peaadu OT TPEoIIero napa K KOHIIEHTPUPYEMOMY pacTBOpY, omneparop ¢a3oBOro
MpeBpalleHHs] — MEePEeX0/i YaCTU PacTBOPUTENSL B apoodpa3Hoe cocrosinue. [1po-
LecCy OTACJIEHUS PAacTBOpa OT BTOPHUYHOIO Iapa B CEMaparope COOTBETCTBYET
omepaTop pa3/eaeHuUs.

fw WT TGK

o I

— K

D
v G Gy

Puc. 1.3. OneparopHast cxema BBIIAPHOTO anmapara ¢ HEHTPAIbHOW HHUPKY-
JAUMOHHOM TpyOoit: D, W — motoku rperoiero u Bropuunoro napa; Gy, G, noro-
KM UCXOJHOT0 U KOHLIEHTPUPOBAHHOTO pacTBOPOB; K — KOHIEHCAT IperoIiero napa

Ha puc.1.4 npencraBnena oneparopHasl cXema BBIIAPHOIO anmnapara C Bbl-
HECEHHOM TPEIOIIEH KaMEPOH, KOTOpasi B OTIIMYUE OT IMPEAbIAYIIEH BKIOYAET J10-
MOJTHUTEIBHBIN OnepaTop pa3AesieHus, 0TOOpaKaloIIUil JeJeHue MOTOKA YIapeH-
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HOr'0 pacTBOpa Ha UUPKYJSIMMOHHBIM M MPOAYKLIHMOHHBIM, & TAKXKE OIEepaTop cMme-
LIEHUSI, COOTBETCTBYIOIIUM CMELIEHUI0 UCXOJHOI'O PacTBOpPA € LUUPKYJIUPYIOLIUM
MIOTOKOM.

W WT
G
: — L
oK |é. .
T % O 1
o LA

Puc.1.4. OnepaTopHasi cxeMa BbIIAPHOTO amiapara ¢ BBIHECEHHOMW Iperolei
Kamepou

Tonka ¢ kamepoil cmemieHus (puc.l.5) MoxeT ObITh MPEJACTaBICHA CXEMOM,
BKJIFOYAIOIICH OIepaTopbl CMEIIeHusl (CMEeIeHne TOIUTMBA M BO3Ayxa B (akemne
(bopCcyHKH), XUMUYECKOTO MpeBpaIieHus (ropeHue TOmIUBa) U BTOPOro oneparopa
CMelIeHMs, 0ToOpakarolero pa30aBlieHHE MPOAYKTOB CrOpaHUsl aTMOC(epHbIM
BO3/YyXOM JJIsl IOJIyYEHUsI FTa30BOM cMecH ¢ TpedyeMoi TemnepaTypou.

Bo3nyx
Bo3nyx l

Tommuso
Tommmuso
N — N
_ > > > - >
j = — >
—» N T"a3®r
T"a3be1 Bo3nyx
Bo3znyx

Puc. 1.5. OneparopHas cxema TOIKHU ¢ KAMEPOW CMELICHUS

B3aumopelicTBue OTIETBHBIX TEXHOJOTUYECKUX OINEepaTopoB (AJIEMEHTOB,
noacucteM) XTC ocyiecTBisieTcs: 6jaroaapsi HATUYUIO MEXYy HUMH OTIPE/ICIICH-
HBIX TEXHOJOTMYECKHUX CBSI3EH MM TEXHOJOTMYCCKUX coequHeHui. Kaxxmon Tex-
HOJIOTUYECKOU CBA3U COOTBETCTBYET HEKOTOPBIA MATEPUATIBbHBIN WM SHEPTETHYE-
CKHMHU IMOTOK, Ha3bIBA€MbIN TEXHOJOTHUYECKHUM MOTOKOM.

Xapaktep U 0coOeHHOCTH TexHoJornueckux cpsizeit XTC, T.e. cnocod co-
€AMHEHUS 3JIEMEHTOB MEXIy COOOU, HAarsIAHO OTOOpaXaroT C MOMOUIBI0 0000-
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IIEHHBIX MKOHOTPA(PUYSCKUX MOJENICH: TEXHOJOTHYECKUX CXEM, CTPYKTYPHBIX
CXEM, OTEPATOPHBIX M (PYHKIIMOHAIBHBIX CXEM.

UtoObI MoKa3aTh MPUHIMI COCTABJICHUS PA3JIMYHOTO BUAA CXEM, PacCMOT-
pUM 1iex cuHTe3a amMuaka. Ha puc. 1.6 mpexncraBiena ynmpounieHHas TEXHOJIOTH-
YyecKas cXema 11€Xa CUHTE3a aMMUaKa.

A30TOBOJIOpOAHASA CMECH (a6C) MOCTyINaeT B KOMIIpeccop 1, rae cxumaeTcs
no nasiaenus 30 MlIla. 3aTem B MHXKEKTOpPE 2 OHA CMEUIMBAETCSI C HEMPOpPEarupo-
BABILIEN a30TOBOJOPOAHOM CMECHIO, BO3BPAILLIAEMOM IMOCIIE PEAKIIUU, U OXJIAXKIAECT-
Csl CHauaja B TEMJIOOOMEHHHUKE 3, a MOTOM B HCHApUTENE XUAKOro amMmuaka 4.
IIpu oxnaxkaeHUHU a30TOBOJOPOJIHON CMECH KOHACHCUPYETCS HEKOTOPOE KOJude-
CTBO aMMHakKa, KOTOPbIi OOBIYHO B HEW MpUCYTCTBYeT. B cemaparope 5 kuakuii
aMMUaK OTJIEJIAI0T, a A30TOBOJIOPOAHYIO CMECh MOAAIOT B KOJIOHHY CHHTE3a O, T1ie
U ocymiecTBisieTcs peakuus. [lomyueHHbIH MPOAYKT — aMMHUAaK KOHIAECHCUPYIOT MPU
OXJIAKJICHUH B BOJSHOM KOHJEHCATOpPE 7 W 3aTE€M OTHACISIOT OT HEMPOPEarupo-
BaBIII€i a30TOBOJOPOJHOM cMecH B cenapaTope 8. OcTaBUIyOCsS CMECh, UMEIOUTYIO
napienue 28 Mlla, cxxumarot 1o nasienust 30 MIla B HupKyJIaIMOHHOM KOMIIpeEC-
cope 9 ¥ BHOBb BO3BPAIIIAIOT B CUCTEMY Ha MOBTOPHOE XMMHUUYECKOE MPEBPALLCHUE.

abe

NH; (%)

H—
N\
~

: to
NH; (%)

e ]
Boda H H ]

Puc.1.6. TexHonoruueckass cxema Iiexa CHUHTE3a aMMHaka (YIMpOILEHHBIA BapH-
aHT): 1- KoMIIpeccop; 2 — HHXKEKTOp; 3 — TeIMJI000MEHHUK; 4 — UCTIAPUTEIIb KUIKO-
ro aMMHaka; 5,8 — cemaparopsl; 6 — KOJIOHHA CUHTE3a; 7 — BOASHOW XOJIOJUJIbHUK;
9 — NUPKYJIALMOHHBINA KOMIIPECCOP

Takum oOpazom, TexHonorudeckas cxema XTC coaep>KUT CIEIYIOUTYI0 HH-
dopMaLMio: 0 XMMUYECKOM COCTaBE€ MCXOJIHOIO ChIPbSl, IPOMEKYTOUHBIX U KO-
HEYHBIX MPOAYKTAX; O THUIAX U CIOCOOE COEIMHEHHs 3JIEMEHTOB (aIapaToB U
MallnH); O MOCIEA0BATEIIbHOCTH OTAENbHBIX TEXHOJOIMYECKUX IpoleccoB. Tex-
HOJIOTHYECKYI0 CXeMY MOYXHO MCHOJIB30BaTh s n3o0paxkenus XTC kak Ha cra-
MU SKCIUTyaTallui, Tak U Ha CTaJuu MPOECKTUPOBAHMS, YTOOBI MOJYyUYUTh MEPBOE
MIPEICTABICHUE O IPOEKTUPYEMOI CHCTEME.
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DyHuKyuoHaIbHas cxema JaeT 00IIee MpeacTaBlIeHne o mpoiecce QyHKIIHO-
HupoBanus XTC. Ha cxeMe BBIACNIAIOTCS OCHOBHBIE Y3JIbl (TIOJICUCTEMBI), BBITIOJI-
HSIOIIHME OMNPENCIICHHYI0 TEXHOJOTMYECKYIO0 OIMEpaINio, MOKA3bIBAIOTCA TEXHOJO-
TUYECKUE CBA3U MEXTy HUMU. [Io cxeMe MOKHO ONPEeNeanTh, KAKUE ONEPalluU CO-
BEPIIAIOTCS B MMPOU3BOACTBE W B KaKOW MOCIIENOBATENbHOCTH. CBEAEHHS O THMAX
OTIIETILHBIX 2JIEMEHTOB (PYyHKIIMOHANbHAS cxeMa He AaéT. DyHKIMOHAIbHAS CXeMa

IMPOU3BOACTBA aMMHAKaA IIOKAa3aHa Ha pHUC. 1.7.
ITogroroBka Chipbs

|
|
[
| .| Cxarne . Oxnaxnenue _Otnenenne NH; ||
! asc OT asc :
asc 'y | v
| v |
: | Cunres
| Cxxarue asc : AMMMAKA
e ———
I T K
< : Pa3znenenne NH; u asc |« OxjaxneHne |¢————
NH; (k) e ———————— L L J' XHuMHU4ecKkoe
(MpoTyKT) Bh1jenenne npoayKra NpeBpalIeHne

Puc. 1.7. ®yHKUIMOHAJIbHAS CXEMa MMOJyYEHUs] aMMHUaKa

CrpykrypHas cxema XTC naet uzobpakenue Bcex aieMeHToB XTC B BUIE
0JI0KOB, HMEIOIINX HECKOJIBLKO BXOJOB M BBIXOJOB, ITOKA3bIBAET TEXHOJIOTMUYECKHE
cBsi3u Mexay Onokamu. Kak u dyHKIMOHaNbHAs, CTPYKTYpHas cXema He Cofep-
KUT UHPOpPMAIUU OO0 OTJEIBHBIX THUIAX 3JEMEHTOB, HO 3aTO TEXHOJOTHYECKHUE
CBSI3M B HEW yKa3bIBAIOT HAIPABJICHUE JIBUKCHHUS MAaTEPHAIbHBIX W AHEpPreTuye-
CKHX IOTOKOB CHCTEMBI (puc.1.8).

g o 2o 3 L 4 5 &
ASIEN M2 N3 A s 7
7} 7} L T l G6 l L, | 6
G12 Gll
9 8 7
« G10 G9 G8

< <

VLol ovL,

Puc. 1.8. CTpykTypHas cxeMa CUHTE3a aMMHUAKA:

1- koMmIpeccop; 2 — MHXEKTOp; 3 — TEIUIOOOMEHHUK; 4 — UCHapUTeNb KUAKOTO
aMMuaka; 5,8 — cenaparopsel; 6 — KOJJOHHA CUHTE3a; 7 — BOASHOW XOJIOJWJIBHUK; 9
— UUPKYJSAUHOHHBIA KoMmnpeccop; G1-Gy; - motoku rasa; L;-Ls - noToku xuakoctu

OneparopHasi cxeMa B OTJIMYUE OT ABYX MNPEAbIAYLIMX JAaeT HArjasgHOE
NpeCTaBIeHuE O (PUIMKO-XMMHUYECKON CYIIHOCTH TEXHOJIOTMYECKHX MPOLECCOB
cuctemsl. [{ns storo kaxaelii smeMeHT XTC m300pakaroT B BUIE€ THIIOBOIO TEX-
HOJIOTUYECKOTO OIEepaTopa, KOTOPBIA KauyeCTBEHHO MM KOJMYECTBEHHO mpeolpa-
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3yCT (bHBH‘-IGCKI/Ie mapamMCTpbl BXOAHBIX MATCPHAJIbHBIX W OHCPICTHYCCKUX IIOTO-
KOB.

M; 5 M,

4
> —>

A\ 4

?
\y

M4 Mi,

Puc. 1.9. OnepaTopHas cxema CMHTE3a aMMHaKa:

1- xoMmrpeccop; 2 — MHXEKTOp; 3 — TEIUIOOOMEHHUK; 4 — UCHApUTENb KUIAKOTO
aMMHakKa; 5,8 — cenaparopel; 6 — KOJIOHHA CUHTE3a; 7 — BOJSHOW XOJIOAWIBHUK; 9
— HUPKYJSILIUOHHBIA KoMIpeccop; M;-M; — pusnueckue noToku

1.5. BuabI TeXHOJIOIHYECKHUX CBs3el MeK1Y olepaTopaMu

[Ipu Bcent cnoxHocTn XTC CylIecTBYIOT TUIOBBIE COEAMHEHUS ONEPATOPOB
MEXKIy cOO0M, OOBEIUHSIONUX UX B €UHYI0 cxeMy. K HUM OTHOCSITCA: MOCae0-
BaTEJIbHOE COCIMHEHHE, MapauieIbHOe COSAMHEHHUE, TTOCIIEeI0BATEIHHO-00BOIHOE
(GaitmacHO€) CoeMHEHNE U PEUUPKYIAIHOHHOE coenuHeHue. CyIecTByeT TakkKe
PA3HOBUJIHOCTh CIJIOKHBIX COEIUHEHUHN, OOBEAMHSIIONIMX HECKOJbKO THUIIOB 3Jie-
MEHTApHBIX COCIMHEHUN OJHOBPEMEHHO.

>

k4
A 4

-

Puc. 1.10. ITocnenoBarensHoe coenuuenue 3jaeMeHToB X 1TC

[TocnenoBaTenpbHOE COEAUHEHHE SIBJISETCS OCHOBHBIM COEIMHEHUEM TEXHOJIO-
TMYECKUX OMEepaToOpoB Mexy coboi. [Ipu 3ToM coenrHEHHH BeCh TEXHOJIOTHYE-
CKMM IOTOK, BBIXOAAIIMEI U3 npeaplaynero anemMenta XTC, moJHOCThIO mOoCTyIa-
eT Ha nocneayromui snmeMeHT XTC, npuueM Kaxkablid 3JIEMEHT MOTOK MPOXOJIUT
TOJIBKO OJIMH pa3.

Puc. 1.11. [Tapamnensnoe coequnenue aneMeHToB XTC

[Ipn mapannenbHOM COEOWHEHWH, TEXHOJOTHYECKUU IMOTOK pa3JeisieTcss Ha
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HECKOJIbKO MOTOKOB, KOTOPBIE MOCTYyNaloT Ha paznuuHbie 31emeHTsl XTC, npuuem
KOKJBIM aImapar MnoToK MPOXOAUT TOJBKO OJMH pa3. BeIxonsuue u3 3J€MEHTOB
MOTOKH MOTYT OOBEIUHSITHCS B OJIUH MTOTOK, & MOTYT BBIXOJIUTh Pa3/eibHO.
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—

Puc. 1.12. I[TocnenoBaTensHO-00BOHOE (OalIIaCHOE) COSTMHCHHE

[Ipu nmocnenoBarenbHO-00BOJHOM (OallacHOM) COEIMHEHUH uepe3 psf Io-
CJIEI0BATEIbHO COCNMHEHHBIX 31eMeHTOB X TC MpOXOAUT TOJBKO 4acTh NOTOKA, a
Apyrasi 4acTb OOXOAMUT YacTh anmnaparoB, a 3aT€M COEAMHSETCS C YacTblO MOTOKA,
npomenmero yepes 3nmeMeHTsl XTC.

N

.

L 4
v

Puc. 1.13. PetupkyinsiquoHHOE COEAMHEHUE

PennpkynsnoHHOE COEIMHEHUE XapaKTEepU3yeTCs HaJU4YueM OOpaTHOTro
TEXHOJIOTUYECKOTO MOTOKA B CUCTEME MOCIEN0BATENIBHO COEOUHEHHBIX 3JIEMEH-
TOB, KOTOPBIH CBSI3bIBAET BBIXOJ OJIHOTO M3 IMOCJEAYIOLIUX AJIEMEHTOB C BXOJAOM
OJHOTO M3 Npeapaymux 371eMeHTOB. XTC ¢ MCnob30BaHUEM 3TOM CBSI3M Xapak-
TEPU3YIOTCA KOIPPUIUEHTOM PELUUPKYJSALUUHU, T.€. OTHOIICHUEM PELUPKYIUPYIO-
IIETO MTOTOKA K CyMMapHOMY (K03 HUITMEHT BCeria MEHbBIIIE €AMHUIIbI ).

[lepexpecTHasi TeXHONOrMYecKas CBA3b oOecreynBaeT Ooznee 3QexTuBHOE
ucnonb3oBanue 3Heprun XTC. Tak, Temno razoo0pa3HbIX MNPOAYKTOB peakUuu
WM OTXOJSIIMX Ta30B MOYKHO HCIOJIb30BaTh AJIA IPEIBAPUTEIBLHOTO HArpeBa Chl-
pb4, nocrynatoniero B peakrop. B XTC, rae TexHomorndeckrue npoueccsl npoTe-
KalOT TIPU BBICOKMX JABJIEHUSAX, JAJISI CHIXKEHUSI Pacxojia AEKTPUUECKON SHEPTuu,
npeoOpa3yeMoil B MEXaHUYECKYI0, BBOJSAT MEPEKPECTHBIE CBS3HM; ATO IMO3BOJISET
HCITI0JIB30BaTh HEPIUIO CHKATHIX Ta30B WIN KMJIKOCTEH, HAXOIAIIMXCS MO/ AaBJie-
HUEM.
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Puc.1.14. Ctpykrypnas cxema XTC c arperatom nBHUTraTeib-HacOC-TypOWHA:
1 — abcopbep, 2 — aneKTpoaABUTATEND, 3 — TypOUHAa, 4 — HAcOC

CymectByror XTC, cTpyKTypa TEXHOJIOTHYECKUX CBSI3€M KOTOPBIX IPEACTAB-
JseT co00i MPOCTYI0 KOMOWHAIIUIO PACCMOTPEHHBIX THUIIOBBIX CBsi3ed. Tak, BO3-
MOXHBI IIOCJIEN0BATEIBbHO-NIAPAIUIEIIBHOE U MAPAIIIEIBHO-TI0CIEI0BATEIBHOE CO-
eauHeHus snemMeHToB (puc. 1.15 a,0), mocienoBarenbHOE COEAMHEHUE HECKOIBKUX
npocThix 3aMKHYTHIX XTC (puc. 1.16, a), coueTanue nepekpecTHOM U oOpaTHOU
TEeXHOJOTh4YecKou cBsizelt (puc. 1.16, 0).
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Puc. 1.15. CtpykrypHble cxeMbl cl0kHbIX XTC:
a — MOCIe0BaTENbHO-1apaJIeIbHOE COEIMHEHUE JIEMEHTOB;
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Puc. 1.16. Ctpykrypable cxeMbl XTC ¢ mocienoBaTelbHbIM COEIUHEHUEM IPO-

CTBIX 3aMKHYTBHIX TOJICUCTEM (a) U C KOMOMHAIMEH MEepeKpecTHON W oOpaTHOU
cBs3eii (0)

Cnenyet y4ecTh, yTo nipu cuHTe3e v ontuMuzanuu XTC oObIyHO TpedyeTcs
paccMaTpuBaTh JOCTATOYHO OOJIBIIOE KOJMYECTBO BAPUAHTOB CXEM, OTIMYAIO-
IIMXCSl TEXHOJOrndecko tomnosiorueid. COKpaTuTh 3TO KOJMYECTBO, a CIIEJ0Ba-
TEJIbHO, COKOHOMUTD BpEMsI U ACHbI'M MIOMOTaeT Hapsly ¢ MHTYHUIMEN pazpaboTyu-
Ka, €ro YMEHHE MPEeABAPUTENIbHO OLEHUTH 3()(PEKT, KOTOPOro BO3MOKHO OKUIATh
MIPU Pa3INYHbIX BUJIAX COCTUHEHUN Mex Ty aneMeHTamu X TC.

Tak, npu n3zydyenuu kypca "MopenupoBanne XTII" moka3piBanock, 4To Kac-
KaJ peaktopoB uaeanbHoro cmemeHus: (PUC), npencrapnsromumii coboi psan mo-
CJIEIOBAaTEIbHO COEJIMHEHHBIX PEAKTOPOB, BCIEACTBUE M3MEHEHUs THAPOJUHAMU-
4ecKOi 00CTaHOBKM OyJeT NMpHOJMKATBCA K PEAKTOPY HACAIBHOTIO BBITECHEHUS
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(PUB). Takum o6pazom, 3amena ogHoro PUC na xackang PUC naet momoxurensb-
HbIil dpdekt. 3amena onnoro PMB na kackax PMB He nmaer Hukakoro addexra,
OJIHaKO B ciiyyae, ecnu jqiuHa PUB tpeOyercs mocratrouHo 00JbiIol, TO ObIBaeT
OoJiee 1esecoo0pa3Ho (C TOUKHU 3peHust 00ee KOMIAKTHOU MIIaHUPOBKH 000PYA0-
BaHUS) 3aMEHUTH OJUH OOJIBIIION PEAaKTOP HA KACKaJl MEHBIIINX PEaKTOPOB.

B kauecTBe mpuMepa pacCMOTPUM HEKOTOPBIE OCHOBHbIE IBPUCHUKU TIO TIPU-
MEHEHUIO Pa3IMYHBIX BUJIOB CBA3EH MEXIYy PEAKTOPAMU:

— 3amena ogHoro PUC na kackag PUC, T.e. mociie1oBaTeILHO COSTUHEHHBIX
arnmapatoB (06€3 u3MeHeHHus: 00IIero BpeMEeHM KOHTaKTa), MO3BOJISET J0C-
TUYb OOJBIIEH CTENEHU MPEBPAICHUS 32 CUET U3MEHEHUS THAPOJUHAMHU-
9YeCKOM 00CTaHOBKHM U YMEHBIIINTh KOHCTPYKTHBHBIM pa3sMep Kaxaoro pe-
akTopa. 3ameHa ogHoro PMB nHa kackag PYB no3BosisieT TOJIbKO COKpAaTUTh
KOHCTPYKTHBHBIN pa3Mep KaxJa0ro peakTopa;

— 3ameHna ogHoro PVIB unu PUC Ha psin napanienbHO paboTaroumx peakTo-
POB HE CHUXKaET 001y10 3P(HEKTUBHOCTh, HO YMEHBIIAET KOHCTPYKTHUBHBIC
pa3Mepsbl napauiesIbHO paboTaIOIUX PEAKTOPOB;

— TapaiesIbHOE MOJKIIOUEHUE AOMOJHUTEIBHOrO anmnapara mo3BOJSET yBe-
JUYUTh HArpy3Ky MO ChIPbIO MPH COXPAHEHUM HEU3MEHHOW CTENEHU Ipe-
BpAIlICHUs] UM, BO3MOXKHO, JOCTUYb OOJiee BBHICOKOM CTENEHU MpeBpalle-
HUs (0€3 U3MEHEHHS] CKOPOCTH MOJIau ChIPhs) 3a CUET YBEIIMUCHUS BpeMe-
HU NpeObIBaHNUS;

— TOCTeA0BaTEeNIbHOE COCTMHEHHE TIPUMEHSIIOT, KOT/1a HEO0X0IUMMO MPOBECTU
XUMUYECKOE IMPEBPAILCHUE B HECKOJIBKO CTaJAWM JJIsl 3HAO- WIH 3K30Tep-
MUYECKUX peakiuii (0COOEHHO 00paTUMBIX ), MPOTEKAIOIINX B agrnadbaTuye-
CKHX pPEaKTOpax, T.K. OHO TMO3BOJISET Ha KaXJOW CTaJAUM TMOIJACPKUBAThH
ONTUMAJIbHYIO Temreparypy (Hanpumep, okuciaenue SO, B SO; win CUHTE3
aMMHMaKa B KaTaJIMTUYECKUX PEAKTOpPaX,);

— TOCJIEeI0BATENFHOE COCTMHEHNE MMPUMEHSIIOT, KOT/1a HE0OX0UMO MPOBECTU
TEXHOJIOTUYECKUN TPOIIECC C BBIIEICHUEM KaKOrO-THOO KOMITOHEHTA IO-
clie KaXJoW cTaauu (HarmpuMep, B MHOTOCTYIEHYATOM BO3YIIHOM KOM-
MIpeccope Mocie KaKA0W CTYIEHHU CKATUS MPOUCXOIUT OXJIAKICHHE Ta3a U
BbIJICJICHUE KalleJIbHOM BJlary );

— TmapajuleibHOE COCAMHEHHE MPHUMEHSIOT, Korjga HEoOXOJUMO ONTHUMAalb-
HBIM 00pa3oM pachpenenuTh Harpy3Ky MEXAy MapauieqbHO paboTaromu-
MU JIMHUSMH, OTJIWYAIOUIUMHUCA TIO TPOU3BOAMUTEIILHOCTH, HalpUMED,
BCJICJICTBHE TAJEHUSI aKTUBHOCTH KaTajau3aTopa, 3arpsi3HEHUsS Teri000-
MEHHOM ITIOBEPXHOCTH U IIp.;

— TapajieNbHOE COCIMHEHUE PUMEHSIOT, KOT/1a HEOOXOIMMO YBEIUYUTh Ha-
JEKHOCTh MPOU3BOJICTBA U 00ECTIEUUTh BO3MOXKHOCTH €ro paboThl C MUHU-
MaJbHOW TPOU3BOJAUTEIHLHOCTHIO 0€3 CHIDKEHUS 3((HEKTUBHOCTH PaOOTHI
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o0opynoBanus (B ciaydae HEOOXOJUMOCTH, MapajUIeNbHBIE JIMHUU MOTYT
OBITh OTKJTIOYEHBI IO SKOHOMHUYECKUM COOOPAKEHUSIM WU I PEMOHTA);

— 1pu OaiflmacHOM COEIUHEHUU BCJEACTBUE YMEHBIICHUS MOTOKA, UIYIIETO
4yepe3 peakTop, YBEJIUUYMBACTCS BpeMs MPEObIBaHUSI B PEAKTOPE U YBEJH-
YUBAETCS CTEMECHb MPEBPAILCHUS ChIPbsSI B MPOAYKTHI (B pEAKTOPE);

— OaiirmacHoe COeIMHEHUE MPUMEHSETCS MPU KOHCTPYHUPOBAHUHM PEAKTOPOB
JUTSI IPOBENICHUS OOPATHUMBIX SK30TEPMUUYECKHUX PEAKIINI MyTeM CMEIICHUS
"ropsiuero" MOTOKa IMOCje peakTopa ¢ "XONOMHBIM" OalIacHBIM MOTOKOM,
YTO MO3BOJISIET JOCTUYb BBICOKOM CTENEHU MPEBPAIICHUS U ONTUMAIbHBIX
TEMIIEPATyP U, CJIEAOBATEIBHO, BBICOKMX CKOPOCTEN XUMHUYECKUX PEAKLIUI
(KaTaTUTHYECKHE PeakTopbl, Harpumep, okuciaeHuss SO, B SO; win cuHTe-
3a aMMUaKa);

— PpEUUpKYJISAIUs TPUMEHSETCS B ClydasiX, KOrja HeoOXOAMMO YBEJIHYUTH
3¢ ()EeKTUBHOCTH HCHOIB30BAHUS ChIPbsl U 000PYIOBAHUS 32 CUET yBeJIHYe-
HUS BpEMEHU MPeObIBaHUS B PEIUPKYIUPYEMBIX allnaparax 0e3 u3MeHEeHUs
pazMepoB 000PYyI0BaHUS U THAPOJIUHAMUYECKON OOCTAaHOBKU;

—  PELMPKYJIALUS TO3BOISET JOCTUYbh MAKCUMAJIBLHOTO HUCTOIb30BAHUS CHIPHS
(ocoOeHHO AJ11 00paTUMBIX pEakKiMii) U YBEJIMYUTh CKOPOCTH Ipoliecca 3a
CYET YBEJIMYEHUSI KOHIICHTPALIUU UCXOAHBIX PEAreHTOB, KOTOPAasi JOCTUTAET-
Csl TP BBIJEJICHUH 1I€JIEBOTO NPOAYKTA HA JIMHUU PELUKIIA U BO3BPATOM HC-
XOJHBIX peareHToB B "TOJOBY" mpoluecca (HanpuMep, UK CUHTe3a aMMua-
Ka);

— PEUUPKYJSAIUsS TO3BOJISIET YMEHBIIUTH TMOJHOTY MPOTEKAHUS MOOOYHBIX
XUMUYECKUX PEaKIUi MOCPEACTBOM Pa30aBICHUS CHIPbsl IPOIYKTaMU pe-
aKIMHU, MOCTYNAIOIMMU B "TOJOBY'" TIpoliecca o JIMHUU PeLUKIIA.

Kak ObU10 yKa3zaHo, JaHHBIE 3BPUCTHKM OTHOCSTCS K peakTopam, T.€. BO3-
MO>XHO COCTaBUTh MOJOOHBIE CHUCKH 3BPHUCTHUK i Apyrux snemeHToB XTC.
Kpome Toro, cnucok 3BpHUCTHK ISl PEAKTOPOB MOKET OBITh PACIIMPEH 32 CYET 3B-
PHUCTHK, KOTOPBIE SABJISIIOTCS CJIEICTBUEM YKA3aHHBIX BBIIIE.

1.6. ITocTanoBka 3axa4 aHaau3a u cuare3sa XTC

3amaun anammza XTC — 3To 3amaun U3ydeHUs CBOMCTB U 3(PHEKTHBHOCTH
(GYHKIIMOHUPOBAHUS CHUCTEMbI B 3aBHCUMOCTH OT CTPYKTYPhl TEXHOJOTHYECKUX
CBSI3€M MEXY DJIEMEHTAMHU U MOJACUCTEMaMHM, a TAKKE€ B 3aBUCUMOCTU OT KOHCT-
PYKIIMOHHBIX U PEKUMHO-TEXHOJIOTUYECKUX TAPaMETPOB.

Jlnst 3TOTrO pa3padaThiBalOT U PACCUUTHIBAIOT MOJHYI0 MATEMAaTHUYECKYIO MO-
nenb XTC Ha OCHOBE MaTeMaTHYECKUX MOJCICH OTICIbHBIX 3JIEMESHTOB M TEXHO-
JIOTMYECKOM TOIOJIOTUHU C IEIBI0 ONpPEEICHUsI MapaMeTPOB BBIXOJHBIX TEXHOJIO-
TUYECKUX MOTOKOB MPU 3aJaHHBIX TEXHOJOTHMYECKHUX YCJIOBUSX W TapaMmeTpax
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BXOJIHBIX MOTOKOB. JIJIsI Ka)KJI0ro M3 BO3MOXKHBIX HcclienyemMbix BapuaHToB XTC
BBIUHCIISIIOT COBOKYMHOCTh TOKa3aTenel 3¢pGeKTUBHOCTH (YyHKIIMOHUPOBAHUS
cucteMbl. ComocTaBisisi 3HAYEHUS ITUX IOKa3aTelel, MOJIy4aroT IEPBOE MpE.-
CTaBJICHHE O HETOCTAaTKaX M JTOCTOMHCTBAX TE€X WJIM MHBIX BAPUAHTOB CHCTEMBI.

3anayu cuHte3a XTC cocTosT B BBIOOpE CTPYKTYpPbl TEXHOJIOTMYECKUX CBSI-
3€M, 3HAYEHUN IMapaMeTPOB CHUCTEMBI U IIAPaMETPOB TEXHOJIOTMYECKUX PEKUMOB
AJIEMEHTOB, UCXO/s U3 3a/IaHHBIX CBOMCTB W mokasarened 3pexkTuBHOCTH (DyHK-
unonnpoBanus XTC.

C cuntezom XTC TecHbIM 00pa3oM cBs3aHa 3a1aya ontumuzanuu XTC, ko-
TOpasi KaK pa3 CBOJAUTCS K HaXOXKJIEHHUIO SKCTPEMAJIbHOTO 3HAYEHHsI BHIOPaAHHOIO
kputepus 3GHEeKTUBHOCTH (YHKIIMOHUPOBAHUS CUCTEMbI. B KauecTBe KpUTEpHEB
s dextuBHOCTH padoThl XTC HCMOIB3YIOT, KaK MPaBUII0, IKOHOMHUYECKHE KPUTE-
puu (cpenHsisa npuObLUIb, TPUBEACHHBIN J10XOJ], MPUBEICHHbBIE 3aTPaThl, C€0ECTOU-
MOCTh M T.I.). IHOT1a MCHONB3YIOTCS TAKXXE U TEXHOJOTMYECKUE KPUTEPUU (-
(PeKTUBHOCTH, HAIIPUMEP BBIXOJI IOTYyYaEMOTO MPOIYKTa.

W3 onpenenenus 3aaad aHanusa, cuHTe3a U ontuMuzaunu XTC BUIIHO, 4TO
BCE ATHU ATallbl OPraHUYECKU CBsI3aHbl APyr ¢ ApyroM. OOmiee y HUX TO, YTO BCE
OHU BBIIIOJHAIOTCS Ha OCHOBEe MateMarndyeckol moaenn XTC. B To e Bpems s
Kaxxoro stana cozganus XTC M0OXHO copMyIHpOBaTH OCHOBHYIO €r0 LIeJb: MpU
CO3JJaHUHM MATEMAaTUYECKOM MOJEIIH — ITO MOJyYEHUE 3aBUCUMOCTH MEXIy mapa-
METpaMHU CUCTEMBI ; Ha ctaauu aHann3a XTC — n3ydeHue ¢ MoMOIIbIO ATOM 3aBU-
CUMOCTHU CBOMCTB cucTeMBI; Ipu cuHTe3e X TC co3Mar0TCs, paCCUUTHIBAKOTCS U OII-
TUMU3UPYIOTCS anbTepHaTHBHbIE BapuaHThl X TC U3 KOTOPBIX BBIOMPAETCS OKOH-
YyaTeIbHbIA BApUAHT CUCTEMBI.

[Ipu co3maHum XMMHUYECKOTO MPOU3BOJCTBA UCMOJb3YIOT HECKOIBKO MPUH-
numnoB cuaTe3a X TC.

Jexomnozuyuonnslii npunyun — 3TO MaTeMatuyeckas Gopmann3anus MeTo-
1a (QPYHKUMOHAJIBHOW JEKOMIO3ULMU, KOTOPBIA MHTYWTHBHO HPUMEHSJICS MpHU
MPOEKTUPOBAHUU U paHblie. M3-3a CII0KHOCTH pa3pabaThIBa€MbIX CUCTEM IMPOEK-
TUPOBLIMK BBIHYKJEH OCYIIECTBIIAThH MOCIEA0BATEIbHYIO JEKOMIIO3ULIUIO UCXOA-
HOM 3aaumn Ha psij Oosee mpocThiX 3a1ady. CHayana Bce XMMUYECKOE MPOU3BOACT-
BO JICJIAT Ha Psii PYHKIMOHAIBHBIX MOJCUCTEM, @ 3aTEM Ka)KJasl Takas MOJCUCTEMA
pazzensieTcs A0 ypOBHS OTAENbHBIX annapaTroB (3JIEMEHTOB).

Bmecto o6mieit 3amaun cuntesa XTC pemraercs psia moazaaad, U g HUX
OTBICKMBAIOTCA ONPENEIICHHBIE TEXHOJOTMYECKUE PEIICHUS, COOTBETCTBYIOLIUE
COBPEMEHHOMY YPOBHIO aIllapaTypHOTro OQOpMIIEHUSI XUMHKO-TEXHOJIOTMYECKOTO
nporecca. M3 pa3nuyHbIX BApUAHTOB TEXHOJIOTHYECKON TOMOJIOTMU MTOJACUCTEMBI U
anmnapaTypHOro opopMIIEHHUs HEKOTOPOIo Mpolecca BEIOUPAIOTCS TaKhe, KOTOpbIe
00ecreynBalOT ONTUMAIbHOE 3HauYe€HHE KpuUTepus >PGEeKTUBHOCTH CHUHTE3UpYe-
mon XTC.
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Depucmuueckuii NPUHYUN — 3TO TOXKE MaTeMaTU4ecKas (hopmanu3anus Iu-
POKO HCIOJIb3yEMOT0 MPOCKTUPOBIIUKAMU MUHTYUTUBHO-IBPUCTUUYECKOTO METO/A,
KOTOPBIN MO3BOJISET CHEHHAINCTaM IPH TEXHOJOTMYECKOM MPOEKTUPOBAHUU XU-
MUYECKHUX MPOU3BOJICTB MHTYMTHBHO BBIOMpATh HamOoJee yJauHble BapUaHThI
pelieHus 3a1a4du, 0e3 MOJHOro nepedopa BCEX BO3MOXKHBIX aJIbTEPHATHBHBIX Ba-
PUAHTOB.

[Tpu 3BpHUCTHYECKOM MeTOjie, Oa3UpyIOIIeMCsl Ha UHTYUIIUHU, IPUHSTUE pe-
[ICHUS POUCXOIUT 0€3 000CHOBAaHHUS €ro ¢ MOMOUIbIO A0Ka3aTenabcTB. Ho 310 He
CHW)XKAET €ro UEHHOCTH, TaK KaK OH HCIOJIb3yeT UHTYUTUBHbBIE (PAKTOPHI U MpaBU-
7a, 00001IaroIe 3HaHU ¥ OOJIBIIION MPAKTHYECKUNA OIBIT BHICOKOKBAIU(PHUITUPO-
BaHHBIX CIEIMAIMCTOB — MPOEKTUPOBIIUKOB.

Unumeepanvro-eunomemuueckuii PUHIUIT OCHOBaH Ha MOCIIEIOBATEIbHBIX
pa3paboTKe, aHaIu3€ U ONTHUMH3ALUUU THIOTETUYECKOM OOOOILEHHON CTPYKTYpbI
cuntesupyemoir XTC, mpencrasistomei coboil (pyHKIHOHATBHOE OOBEAUHEHUE
BCEX BO3MOXKHBIX aJTbTEPHATUBHBIX BAPUAHTOB TEXHOJOTUYECKOW TOMOJOTUU W
anmnapatrypHoro opopmieHus.

IIpu s6o0yu0HHOM NpUHYUNe CHAYAJIA CO3MACTCSA NMPOCTEUIINN UCXOIAHBIN
BApUAHT TEeXHOJIOTHYECKOM Tomosiornu XTC, SBISIOMMNACS MPOU3BOJIBHBIM NEP-
BOHAYaJIbHBIM PEIICHUEM MOCTaBICHHOM 3anayu. llocie aToro npomsBoautcs He-
KOTOpO€ M3MEHEHHe (MoAuduKalus) anmnapaTypHoro oGpopMiIeHHUs U KOPpPEKLUs
CTPYKTYpPBI TEXHOJIOTMUECKHUX CBsi3el, onpenensercs kodPduiueHTt 3¢hPpexTuBHO-
CTH (DYHKIITMOHMPOBAHUS BHOBb MOJYYEHHOI'O BapuaHTa. 3aTeM OMSATh UAYT TaIlbl
CUHTE3a, aHaJu3a U ONTUMHU3ALUU MOAU(PUIMPOBAHHOTO BapHaHTa U T.JI., IOKa HE
OyJeT ToJy4eHO ONTHMAJIbHOE 3HaueHue Kputepus 3hHEeKTUBHOCTH (yHKIIMOHU-
poBanusa XTC.
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2. Pacuer MaTepuanbHO-3HEepPreTu4eCKnX 6anaHcoB
XUMUKO-TEXHOJIOT'M4eCKUX CUCTEM

OCHOBY NPOEKTUPOBAHUS HOBBIX M aHaIW3a (DYHKIIMOHUPOBAHUS AECHCTBYIOLIUX
XTC cocraBisieT pacueT MaTepUaIbHBIX U SHEPreTUUECKUX OalaHCOB CHUCTEMBI B
YCJOBUSIX CTAlMOHAPHOT'O TEXHOJIOTUYECKOT0 PEXUMA. DTOT PACYET BKIKOYAET JBA
NOCJIEIOBATENbHBIX 3Tana: 1) MOCTaHOBKY 3a/layd U COCTAaBJIEHHE CUCTEMbI ypaB-
HEHMM 0alaHCoB; 2) pelIeHrue CUCTEMbl YPAaBHEHUN OanaHCOB.

B pe3ynbrarte pereHusi CUCTEMbl YpaBHEHH OATaHCOB HA CTAa MU MPOEKTUPOBA-
Husg XTC onpenenstoT MaTepUalIbHbIE M TEIJIOBBIE HArpy3KH M MPOU3BOAUTEIIb-
HOCTh 371eMeHTOB XTC. DTH KOJWYECTBEHHBIE XAPAKTEPUCTUKHU MPEACTABIIAIOT
co00l UCXOHYI0 MH(POPMALIMIO JJI pacdyeTa TEXHOJOTMYECKUX MOJENIeH OTAeIb-
HBIX 3JIEMEHTOB, a TAKXKE I TEXHOJOTMYECKOTO U KOHCTPYKLIMOHHOI'O PacyeToOB
AJIEMEHTOB CUCTEMBI. B ycioBusx nmpomsinuieHHoON 3kciyaTanuu X TC Ha ocHOBe
pacdera CUCTeM ypaBHEHHI OallaHCOB BBISBIISIIOT HEYYTCHHbBIC MOTEPHU BELIECTBA U
Teria.

2.1. O0mmii BUA cUCTeMbl YPAaBHEHHH 0aJIaHCOB

B3aumoperictBue Mexay snementaMu XTC, MeXIy CUCTEMON M OKpYKarollei
CpPeAOH NPOUCXOIUT YEPE3 OINPENEICHHOE YHCIO MATEPUAIBHBIX M DHEPreTHYe-
ckux (pusmdeckux moTokoB. B XTC BeIIENSAIOT MOTOKU JIBYX BUIOB: TEXHOJOTHYE-
CKH€ U YCJIOBHBIC. TexHonocuueckue nomoky 00ecreuynBaloT B3aUMOCBSI3b 3JIEMEH-
TOB MEXAY COOOM, B3aUMOJIEUCTBHE MEXYy CUCTEMOUN M OKpy:Karouleil cpenoit u,
cieaoBaTeNbHO, 1eneHanparieHHoe Gyukinuonuposanue XTC. Vcenoguvie nomo-
Ku OTOOpaKaroT paccenBaHue (IOTEpH) BEIIECTBA U SHEPTHH B OKPYKAIOIIYIO Cpe-
Iy U Pa3IuYHbIE MAaTEPUAIBHBIE U SHEPTETUYECKUE BO3MYLIAIOIIME BO3ACHCTBUSA
BHelTHeH cpenbl Ha pyHkimonuposanue XTC.

CBoiicTBa 1-r0 U3NYECKOTO MOTOKA XapaKTePU3YIOTCS p; HAOOPOM CIIETYIOIIUX
I1apaMeTpPOB COCTOSHHUSL:

Py ={my, X, X, Xyt Py Hyg,
rae m;- oOuMid MacCOBBIM PAcX0/ BEIIECTBA; Xj - A0JA K-ro XUMHYECKOro KOM-
IIOHEHTA; t; - Temnieparypa; P; - maBnenue; H; - pacxon Teria.

[Ipu wuccnenoBanuu mpoieccoB (yHkiuonupoBanus XTC paccMaTpuBaroT
BHEIIHUE U BHYTPEHHHE WCTOYHHKHU (CTOKHM) BEIIECTBA WJIM SHEPIHH CHCTEMBI.
Buewmnue ucmounuxu BemectBa unu sHeprum XTC cOOTBETCTBYIOT MaTepHuaib-
HBIM M SHEPreTUYECKUM (PU3UUYECKUM MOTOKAM, KOTOPHIE MOCTYIMAIOT B CUCTEMY.
Buewnue cmoxu Bemecta win 3Heprur XTC oTBe4aroT MaTepHalbHBIM U SHEP-
reTH4eckuM (U3HUYECKUM MOTOKaM, 00pa3ylomuMces B pe3yJibTaTe (yHKIIMOHUPO-
BAHUS CUCTEMBI.

BuyTpenHue uCTOYHMKHM (CTOKM) BHOCSAT Kay€CTBEHHbICE M3MEHEHHUSI B MPOIIECC
¢pynxuunonupoBanuss XTC u oroOpaxkaroT 3PPeKTbl GU3HNUECKUX U XUMUYECKUX
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MPEBPAIECHUN, MPOUCXOASIIINX BHYTPHU IJIEMEHTOB CUCTEMbL. BHympennuii mame-
PUATbHBLL UCMOYHUK (CMOK) COOTBETCTBYET KOJMYECTBY KOMIIOHEHTA, BCTYIIHB-
IIEro B XMMUYECKYI0 PEAKIINIO, WJIU KOJIMYECTBY KOMIIOHEHTa, 00Pa30BaBIIErocs B
pe3ysbTaTe XUMHYECKOTO NPEBPALLCHUS. BHympeHuuuu menio8ou UCmoyYHUK
(cmox) OTBEYaeT KOJUYECTBY TEIUIA, BBIACISIOMIEMYCS WA MOTJIONIAIONIEMYCS B
pesynbTaTe mporekaHuss BHYTpU dsieMeHTOB XTC xumuyeckux u (U3HUECKUX
IIPEBPALLCHUMN.

KaxxnoMy BHYTpeHHEMY UCTOYHHUKY (CTOKY) BEIIECTBA COOTBETCTBYET (PUKMUB-
HblU MAMepUualbHblii NOMOK, 4 KAKJI0OMY BHYTPEHHEMY UCTOUYHUKY (CTOKY) Teria —
PUKMUBHBIL MeNni08ot NOMOK.

Jis xaxgoro snementa (moacuctembl) XTC Ha OCHOBE 3aKOHOB COXpPaHEHMS
MaccChl M SHEPTUU MOXHO COCTaBUTh CUCTEMY YPAaBHEHHI MaTEpPHAIbHBIX U TEIIO-
BbIX 0aJIaHCOB, BKJIIOUAIOIIUX CJICAYIOIINE HE3aBUCUMbIC YPAaBHECHMUS:

a) MaTepHaIbHOrO OajlaHca 1Mo 00IIeMy MacCOBOMY pPacxojy BellecTBa (puznye-
CKHX IMOTOKOB:

imj =0, 2.1)
j

0) MarepuasbHOro OanaHca MO MacCOBOMY PAacXOAy KOMIIOHEHTOB (XMMHUYECKHX
AIIEMEHTOB) (PU3MYECKUX U PUKTUBHBIX MaTEPUATHHBIX IIOTOKOB:

n €
ijxjk +ZGi ZO, (22)
j i

B) TEIJIOBOro OajiaHca Io pacxoay TCIlIa (1)I/I3I/I‘I€CKI/IX )41 (bl/IKTI/IBHBIX TCIIJIOBBIX
IIOTOKOB:

j i

n (]
ijccpjtj + ZQI = 0, (24)
] 1

rae Juid J—To (PU3UYECKOro IMOTOKA m; - OOIIMI MAacCOBBIM pacxoJ]| BENIECTBA; Xik-
1ol k—TOo KOMIIOHEHTa B €IMHMIE OOLIEro pacxoja BeHIeCTBa; hj - SHTANBOMA:
Cepj- CPENIHSS y€IbHAs TEINIOEMKOCTS; t; - Temneparypa; G - MacCOBBII Pacxon i—
ro MarepuajbHOro (PMKTUBHOTO MOTOKa; Q;- pacxXoj Teruia i—To TEIIOBOTO (HK-
TUBHOT'O TIOTOKA.

B ob6mem ciyyae Kaxaoe U3 ypaBHEHUW MpEACTaBIsieT cOOO0M OMIMHENHHYIO
dbopMy HEM3BECTHBIX MmapaMeTpoB pusnyeckux motokoB XTC, a cucrema ypaBHe-
HUN OalaHCOB SABJIACTCS CUCTEMON HEIMHEHWHBIX ypaBHeHUH. OqHAKO C TTOMOIIBIO
CJIEIYIOIUX JTONYIIEHUN TI00YI0 CUCTEMY ypaBHEHUH OalaHCOB MOHO MpeJcTa-
BUTH B JIMHEHHOU (hopMme:

a) eCliM m; 3aJaHbl, TO CUCTEMA YPAaBHCHHUN OaTaHCOB JIMHEHHA OTHOCHTENBHO
NEPEMEHHBIX Xjk U h; (nnn t));
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0) ecnu Xj ¥ (MaM) h; 3agaHbl, TO cUCTeMa ypaBHEHMH JIMHEWHA OTHOCHTENIBHO
IIEPEMEHHBIX 1M;.

Korna 4nensl ypaBHeHHI CHCTEMBI YpaBHEHHI OalaHCOB SIBISIOTCS OWMIMHEH-
HBIMU (DOPMaMM HEU3BECTHBIX MapaMeTPOB (U3MUYECKUX MOTOKOB, a MEPEUNCIICH-
HBIC BBIIIE TOMYIICHUS MPUMEHUTh HEBO3MOXHO, CHCTEMY YPaBHEHUH MPUBOISAT K
JUHEHHOMY BHIy, UCIIONIB3Ys moHATHE 0000meHHbx nmotokoB XTC. O600mien-
HBIE MMOTOKHU MPEJCTABISAIOT COO0N MaTepUalbHBIA pacxoj WK pacxo Tera, co-
OTBETCTBYIOIIUI P-My MapaMeTpy i-ro (GuU3M4ecKoro moToka Wik napamerpy ¢u-
3uyeckoro noroka XTC. Beigensator Tpu Tuna o00OIIEHHBIX MOTOKOB: 0000IIEH-
HBII MaTepHabHBIA MOTOK; 000OIIEHHBIN MaTepUaIbHBI MOTOK, COOTBETCTBYIO-
I MAaCCOBOMY pacxo/ly XUMHUYECKOTO KOMIIOHEHTa; 0000IIEHHBIN TEII0BOU 1MO-
TOK, OTBEYAIOIIMIA pacxoy Teria (U3M4ecKoro moToka Wid GUKTUBHOMY TEIIO-
BOMY TTOTOKY.

Jiist 1 —ro anemenTta (moacucrembl) XTC cnpaBeyinBo TWHEHHOE ypaBHEHHUE Oa-
JIaHCa KaX70ro j-ro 0000IIEHHOTO TTOTOKA:

n
ZWji =0. (2.5)
j=1
[Ipu pacuere MarepuanbHbIX U TerIoBbIX OanancoB XTC cucreMy ypaBHEHHI
0anmaHcOB O00OOIEHHBIX MOTOKOB OMOJHSIOT YPaBHEHUSIMH (DYHKIHOHATBHBIX
CBsI3eU. Vpasnenus ghynxkyuonanvhvix cesszeii ONPENEsIOT MOKOMIOHEHTHBINA CO-
CTaB (PU3NYECKHUX MOTOKOB; BETUYMHBI UICTOUHUKOB (CTOKOB) XUMUYECKUX KOMIIO-
HEHTOB, COOTBETCTBYIOILIMX PEAKIMHU; BEIUYMHBI UCTOUHUKOB (CTOKOB) TEIIa, CO-
OTBETCTBYIOIINX (PU3UKO-XUMUYECKUM IMPEBPALICHUSIM; YUUTHIBAIOT B3aUMOCBS3b
MEXy MOTOKAMH MPHU U3BECTHBIX KOdPPUIIMEHTaX (PYHKIIMOHAIBHBIX CBSA3CH WIN
KIIJI »neMeHTOB; 3aBUCUMOCTDh BEJIUYMH MOTOKOB OT 33/JIaHHBIX MAapaMeTpPOB TEX-
HOJIOTUYECKUX PEKHUMOB, MPOU3BOAUTENBHOCTH XTC MO BBIIYCKY TOBapHOIO
MPOAYKTA U T.J.
B oOmem crmydae ypaBHEHHS (DYHKIIMOHAIBHBIX CBS3EH MPEACTABISIIOT COOOM
HesiBHbIE (DYHKLIMM MHOTUX [IEPEMEHHBIX BUJA!
F.(m;,n,0,v,K,D)=0, (2.6)
I T; — MapaMeTpbl COCTOSIHUS du3nueckux notokos; 1- KI1/ snementoB XTC;
0. - MOJIBHBIE COOTHOLIECHUS KOMIIOHEHTOB, Yy4YaCTBYIOLIMX B pEAKUHUHU; V -
CTEXHOMETpUUECKUE KOIPPUIMEHTHI U PU3UKO-XUMUYECKHE KOHCTaHThI; K - KOH-
CTPYKLMOHHBIE U TEXHOJIOrHYeCcKHe mapaMmeTpsl anemeHToB XTC; D - mapameTpsl
TexHoJornueckux pexxumon XTC.
B o6miem ciygyae cuctemoit ypaBHeHHit maTemaTudeckoro onucanus X TC Ha3bI-
BAIOT KAaK CHUCTEMY YpaBHEHHUU OalaHCOB, TaK U CUCTEMY ypaBHEHHI MaTeMaruye-
ckor mogenu XTC.

24



2.2. CoBMeCTHOCTB M 00yCJIOBJIEHHOCTH CHCTEM YPaBHEHM
o0anancos XTC

Cucrema ypaBHEHUN MaTE€pHAIbHBIX WM TEIJIOBBIX OAJIAHCOB ISl DJIEMEH-
ta, noacucremsl win XTC B 11es10M npeAcTaBisieT co00M cucTeMy HESIBHBIX (DYHK-
1y (m#n):

01(X1,X5,.,X) =0
0r(X[,X9,005X) =0 . (2.7)
O (X1,X9,0,X,) =0

Bce ypaBHeHus, BXOJAIINE B CUCTEMY, JOJKHBI ObITh He3aBUCHMBI. DyHK-
1A O, Qp,..., O, HA3BIBAIOT 3aBUCHMBIMU, €CITU XOTS OBbI OJIHA U3 HUX MPEJICTAB-
nsieT co00i HEKOTOPYIO (PYHKIIMOHATIBHYIO 3aBUCUMOCTD OT APYTUX (DYHKIIHIA.

[Ipu cocTaBieHUU CUCTEMBbI HE3aBUCHUMBIX ypaBHEHUH MaTepuaabHOTO Oa-
JaHca He0OXOIMMO YUUTHIBATh, YTO OaJIaHC MO OOLIUM MAcCCOBBIM pacxo/iaM paBeH
CyMMe 0aJlaHCOB 10 MAacCOBBIM pacxojaMm Bcex KOMMIOHEHTOB. [Ipu oTcyTcTBUU B
XTC XuMUYECKUX MPEBpAIEHUN COCTABIICHUE AJIEMEHTHBIX OajJaHCOB W3JIHIIIHE,
MIOCKOJIbKY 3JIEMEHTHBIE 0aJaHChl BXOAST B TIOKOMIIOHEHTHbBIE OaJIaHCHI.

CucremMa ypaBHEHHMI Ha3bIBAETCSI COBMECMHOU, €CIU CYUIECTBYET XOTs Obl
OJIHO PELIEHUE ITOM CUCTEMBI, B IIPOTUBHOM CIIy4ae CUCTEMA HECOBMECHHA.

['oBOpAT, YTO 3a7aya WM BBIUYMCICHUSA IUIOXO OOYCIIOBJICHBI, €CIM OHHU
Ype3BbIYAMHO YYBCTBUTEIBHBI K OIMMOKAM MM K HEOIPEACTICHHOCTH HCXOHBIX
naHHbIX. Bee nioxo obycnosnennvle vluucieHus SBIASIOTCS PE3yJbTaTOM MpPUMeE-
HEHUS YUCNIeHHO Heycmouuusvlx ancopummos. Ecin 3amadya mioxo oOycioBIIeHa,
TO HMKAKHE yCWJIHS, IMOTPAYEHHbIE HA OPTraHU3ALMI0 M3OIIPEHHBIX BBIYMCICHHMH,
HE MOTYT J1aTh MPaBUJIBHBIX OTBETOB, MCKIIIOYAsl CIydyaHOCTU. B ciyuae nioxo
00YCN067IeHHOU 3a0a4y PEUIeHUs] CUCTeMbl YPaBHEHUN HE3HAYUTEIbHBIE BO3MY-
mieHus: (u3MeHeHus1) K03 OUIIMEHTOB TPU HEU3BECTHHIX U (MJIM) CBOOOJHBIX 4JIC-
HOB MOTYT IPHUBECTH K CYIIECTBEHHBIM U3MEHEHUSIM PE3YJIbTATOB PEIICHMUS.

2.3. MeToabl peuieHust cucTeM ypaBHeHuii 0anancos XTC

CoBpeMeHHas BBIYMCIUTENbHAs MaTeMaTHKa pacroyiaracT OOJIbIIUM apce-
HAJIOM METOJIOB, @ MaTEMAaTUYECKOE 00ecrieueHne KOMIIBIOTEPOB — MHOTHMU TaKe-
TaMH TMPUKIAJHBIX MPOrpamMM, MO3BOJSIOMIMX PEIIaTh Pa3IMYHbIE BO3ZHUKAIOLIUE
Ha MpPAKTUKE JUHEHHBbIE U HETMHEHHbIE CUCTeMbl ypaBHEeHUH. YTOOBI OpueHTHPO-
BaTbCsl B 3TOM pPA3HOOOpa3Mu METOAOB U MPOTrpaMM M CHAENaTh MPABUIbHBINA BbI-
00p, HY>KHO pa30UpaThCsi B OCHOBaX MOCTPOECHUH METOIOB M AITOPUTMOB, YUUTHI-
BAIOIIUX CHENU(UKY MOCTAHOBOK 3aJ1a4, 3HaTh X CUJIbHBIC U CJIabble CTOPOHBI U
IPaHULbl IPUMEHUMOCTH.

2.3.1. IIpsiMbIe MeTOABI PELIEHUS CUCTEM
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JIMHEHHBIX ajire0panvyecKux ypaBHeHU

[Ipsimbie MeTOABI (TOYHBIE METOJbI) MPUBOAAT K PEIICHUIO 32 KOHEYHOE YHUCIIO
apupMETHIECKUX ONepaIni.

MeTox 00paTHOM MaTpPHUILbI

C ucrnonb30BaHUEM MOHSATUS MATPHUIBI U MAaTPUYHBIX ONEpalMil cucTeMa JIUHEH-
HBIX aJIre0OpandecKuX ypaBHCHHI

aj1X] +apXy +...a1,X, =by

a71X] +ayXy +...a5,X, =by

(2.8)
apX] +ay0Xy +...a,X, =0y
MOJKET OBITh 3aIMcaHa B MAaTPUIHOM BHJIC:
Ax=D, (2.9)

rae A — Marpuna KodpHUIMEHTOB CUCTEMBI, X — BEKTOp HEU3BECTHBIX, b — BeK-
TOpP CBOOO/IHBIX YJICHOB:

a;; ap iy X b,
= |a a .. a — |x — |b
21 2 2 2 2
A= ", X = , b=| . (2.10)
_anl an2 ann_ _Xn_ _bﬂ_

=1
Pemenne cBOAMTCS K HaXOXKJACHUIO OOpaTHOM MAaTpUIlbl A U 3aTeM BBIYHCIIC-

HUIO MPOU3BEICHUS dTON MaTPHUIIBI HA BEKTOP b.
-1 —

x=A b. (2.11)
OTOT MeTo/ yIOOHO MPUMEHSTh B TEX CIIydasX, KOT/Ia HECKOJIBKO pa3 peraeTcs

CUCTEMA C pa3sHBIMU IIPAaBbIMU YacCTAMU. B 3TOM cirydyae JOCTATOYHO OJMH Pa3 BbI-
—_1 _
YUCIUTh OOPAaTHYIO MaTpUIly A U 3aTEM YMHOKaTh €€ Ha pa3Hble BEKTOPHI b.

Henocratkom MeToma SIBISIOTCS TPYAHOCTH BBIYUCICHHUS OOpaTHOM MAaTPHIIBI,
O0COOEHHO €ClM MaTpuila OOJBIINON Pa3MEepPHOCTH, JHO0 ecliu e€ OINpeaAenuTeTh
OJIN30K K HYIIIO.

Mertoa I'aycca

DTOT METOJ MU3BECTEH TAKXKE KaK METOJ| UCKIIFOYECHHH, MOCKOJbKY Ha Iep-
BOM 3Tane MeToja («IpsMOH X0J1») MPOUCXOJIUT MOOYEPEAHOE UCKIIOUEHUE OHO-
r0 U3 HEU3BECTHBIX BO BCEX YPABHEHHSX, KpOME OJHOTO. Pe3ynpTarom «mpsiMoro
X0JIa» SIBISIETCS TPUBEICHUE MATPHUIbl KOI(PHHUIIMEHTOB HCXOIHON CUCTEMBI K
BEPXHETPEYTOJIbHOM, BCE JJIEMEHTHI KOTOPOM, pACIOJOXEHHBIE HHUKE TJIaBHOU
JIMaroHalld, paBHbI HYJIIO.
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Bropoii atan («0OpaTHBIN X0/1») COCTOUT B OTHICKAHWN HEM3BECTHBIX MyTEM
NIOCJIEIOBATENBHON MOJACTAHOBKH OIPENEsEMbIX 3HAUEHUN HEU3BECTHBIX B YpaB-
HEHUsl, HAUWHAS C TIOCJIEHETO, BBIIIEPACTIOIOKEHHBIE.

IIpumep. Metonom ['aycca pemnth cucremy

X]+ Xy +Xx3=4;

2X; +3x5 +x3=9;

X] — Xy —X3=-2.
IIpamoii xo0. Ha nepBoM 11are yMHOXaeM MEpBOE ypaBHEHUE CHayaia Ha -2 |
CKJIaJbIBAEM €T0 CO BTOPBIM, MOJIy4aeM MpeoOpa30oBaHHOE BTOPOE ypaBHEHUE. 3a-
TEM IIEPBOE YpPAaBHEHHME YMHOXKaeM Ha -1 M CKIIagbIBaeM C TPETBbHUM, IIOIy4YaeM
npeoOpa3oBaHHOE TPETHE ypaBHEHHE:

X| +Xy +X3= 4,

Xy —X3 = 1,

—2X,y —2x3 =—6.

Ha BTOpOM 11are monyuyeHHOE MpeoOpa3oBaHHOE BTOPOE ypaBHEHUE YMHO-
KaeM Ha 2 U CKJIAJbIBAEM C TPETHHUM, MOJIYyYaeM 3aHOBO NMPEOOPa30BAHHOE TPETHE
YpaBHEHUE:

X| + Xy +X3= 4,
Xy —X3 = 1,
- 4X3 =4,

B pesynprate nmpeoOpazoBaHMil MOTYUYHUIN TPEYTOIBHYIO CHCTEMY ypaBHE-
HUM, pABHOCWIIBHYIO UCXOJHOM pEIIaeMON CUCTEME YPABHEHUN.
Obpammulil xo00. VI3 mociaeHero ypaBHEHUs OrpesensaeM, 4to X,=1. 13 BToporo u
MIEPBOT0 YPAaBHEHU HAXOIUM:

X=1+ X3, Xo=1+1=2; Xx;=4- X,- X3, x;=4- 2- 1=1.

Meton I'aycca-Kopaana
B ocnoBe metona nexar anroput™ JKopaaHa oOpaliieHust MaTpuIl U cTpaTe-
rusi MeToa uckiodeHus (meron ['aycca). OgHako JjIst IOJyYEHUs PELISHUs CHUC-

=—1 —

TeMbl X =A b, cOrIacHo 3ToMy MeToy, 0OpaTHas MaTpHIla HE UILETCS B SBHOM
BUJE, a Cpa3y HAXOJUTCS MPOU3BEACHUE OOpaTHOM MaTpuUIlbl HAa BEKTOp CBOOOJ-

—1_

HbIX 4ieHOB A b. [Tostomy anroputm JKopaaHa mpumeHsieTCS K pacUIupeHHON

marpuiie (A:b). B pe3ynbrarte seMeHTapHBIX MPeoOpa30BaHmii ClIeBa MOIYIacTCs

eAMHUYHAs MaTpuLa, cipaBa — BEKTOp Hen3BecTHhIX (E:X).

Pacmmpennas marpuna
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_all a1 aln_:—bl_
=_ |a a w. @np |3 b
A App .. Apy by

C TOMOIUIBIO JTOMYCTUMBIX 3JIEMEHTAPHBIX MpeoOpa3oBaHuil (YMHOKEHHUE CTPOKHU
HAa KOHCTaHTY U CJIOKEHHUE €€ C APYTUMH CTPOKAMHU) IPUBOJAUTCS K BUIY:

(1 0 .. 0][b,

=~ |0 1 .. 0/b

(Eib) = : b2 (2.13)
0 0 .. 1Ji|b,]

qTo COOTBCTCTByeT CUCTCMC ypaBHeHI/Iﬁ

x;=by, X, =b2,..., Xp =by.

B 9TOM cnyqae oTriagacTt HeO6XOI[I/IMOCTL BBIYUCIICHUSA 3Ha‘{eHHﬁ HCU3BCCT-
HBIX TIPU «OOPATHOM X0]1€», KOTOPhIE OKa3bIBAIOTCS PABHBIMU 3HAYCHUSIM CBOOOI-

HBIX YJIEHOB B IIPEOOpPa30BAHHON MaTpHIIE.
IIpumep. Meronom I'aycca-KopaaHna pemmTe cucteMy ypaBHEHUI

2X1 - 7X2 =3.5 )
3X1 — X2 = 10
CocraBnsgem PaClIUPCHHYIO MaTpuny H3 KOS(b(I)I/IHI/IeHTOB CUCTEMBI H

cT0JI011a CBOOOTHBIX YJIEHOB pa3mepa 2x3:

1 II
1.75
%
4.75

2 —713.5 1 -35]1.75 1 -3.5
, — —
3 1 J]10 3 -1 10 0 95
111 v
1 —3.51.75 1 035
—> .
0 1 0.5 0 11505

B pesynbrare mosiydaem cieBa €IUHUYHYIO MATpPHILy, a ClipaBa — MpeoOpa3oBaH-
HBI cTOJIOEI] CBOOOIHBIX YJIEHOB, 3HAUEHHS] KOTOPBIX COOTBETCTBYIOT MCKOMBIM

KOpHSM cucTeMbl. Takum oOpasom, x,;=3,5; x,=0,5.

2.3.2. UTepaniuOHHbIE METO/bI PelIECHUS CUCTEM
JIMHEMHBIX aJire0panvyecKux ypaBHeHU

[Ipu pelieHUn CUCTEM JIMHEWHBIX anreOpandeckKuxX YpaBHEHUN UTEpaIlioH-
HBIM METOJOM MOKHO BBIJIETIUTH TPH ATaIa.

1. IlpuBeneHne UCXOAHOM CUCTEMBI BUJA K;:E K MpeoOpa3oBaHHOU (UTe-
panuoHHo) hopme x=Cx+d .
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2. AHanu3 cucTeMbl Ha XOJIUMOCTb METO/IA.

3. Pemenue npeoOpa3oBaHHOM CHCTEMBI OJJHUM M3 METOOB IOCJIEIOBATEIIb-
HBIX TPUOJIMKEHHI, B OCHOBE KOTOPBIX JICKUT Ta WU HWHASl CTpaTEerus Io-
JyYEHUS BEKTOPA PEIICHH 110 €ro MPEAbIAYIEeMY TPHOIHKEHUIO.

MeTtoa npocCThIX UTEPAIMA
Merton mpoCThIX WUTEpALMM OTIMYAETCS MPOCTOTOM BBIYMCIMTEIBHOTO IPO-
[Iecca ¥ BO MHOTHX CIIy4asiX JA€T XOPOLIYIO CXOAUMOCTb.
[IpencraButh cucteMy U3 Tpex ypaBHeHUN Buua (2.8) B HTEpallMOHHOM
dbopMe MOXKHO MyTEM 3alUCH KaXKJIOr0 €ro YpaBHEHUSI B BUJIC PEIICHUS OTHOCH-
TEJIbHO OJTHOTO U3 HEU3BECTHBIX, HAIIPUMED:

X, = +Cp,X, +C;3X; +d,
X, =Cy X, +CpX; +d, . (2.14)
X; =Cy X, +CyX, +d,

WNnu, B MaTpU4HOM BHUJIE,

x=Cx+d,
rae
R _ 0 ¢y ¢ B d,
X=X, |; C=lcy,y, 0 cp; d=|d, |. (2.15)
X3 C3; ¢; 0 d;

DOnemenTsl MaTpulibl C ¥ BekTOopa d BBIYUCISAIOTCS 1O (hOpPMYJIaMm:
Cij:'aij/ aii, di=bi/ay, 1,J=1,2,3.
[Ipu uconb30BaHUM UTEPAITMOHHOTO METO/Ia PEIICHHUS HEOOXO0IUMO OLICHUTh
CXOJIUMOCTh METOJIa JIJisl JaHHOM CHUCTEMBI, KOTOpas 3aBUCUT OT MATPHUIIbl KOA(-

¢unuentoB C. IIponecc cxoautcst B TOM ciydae, eciii HopMa MaTpuilbl C MeHb-
e €AUHUIIBI, T.C.

(2.16)

OTO yclOBHE SBISETCA AOCTAaTOYHBIM IS CXOAUMOCTH Meroxaa. g ero
BBINOJIHEHNUS HEOOX0IMMO, YTOOBI Ha 3Talle MPUBEJICHUS K UTEPALMOHHON (opMme
KKJI0€ YpaBHEHUE CHCTEMbl PEIIAjJOCh OTHOCHTEIHbHO TOM HEU3BECTHOW Iepe-
MEHHOM, KOTOpas UMeeT HauOOoIbIIUi 1Mo Moy Kod(duiuent. Iloatomy mops-
JIOK PACIIONOKEHNS YPABHEHUM B CUCTEME MMEET BaXKHOE 3HAUCHHUE.

CrpaTterust MeTola NPOCTBIX HTEpAlMii OCHOBAaHA HA IOCIEAOBATEIIBHOM
OpUONIMKEHUN K MCKOMOMY DPELIEHUIO CHUCTEMBI, IIPU 3TOM KaXKJ0€ CIIEAYIoIee
(k+1) npubnuxkeHne mojiy4aeTcs B pe3yJbTare MOJICTAHOBKU B MPABYIO YacTh Mpe-
00pa30BaHHON CUCTEMBI MPUOIUKEHUS, TIOJTYYSCHHOTO Ha mpeabayiei k-it utepa-
L[1H, T.€.
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—k+) T (k)

x =Cx +d. (2.17)

B kadectBe HadajabHOTO HpI/I6JII/I}K€HI/I}I 0OBIYHO IMPUHUMAKOT BCKTOP-

. ()
croyiberr CBOOOJHBIX YJICHOB IIpeoOpa3oBaHHOW cuctembl: X =d. YciaoBue
OKOHYAHHUS UTEPALIMOHHOTO TIpoIiecca IS MOJyYCHHUS PEIICHUS MPUHUMACT BU/I;

A P (2.18)

58] 051

—(k+1) —(k)
Xi

max |Xi -

<e. (2.19)

IIpumep. meem cucteMy ypaBHEHHM
—7x, —2x, +x; =1
8x, +3x, +3x; =2 .
X, +6x, —x; =3
Jns monmydeHus: mpeoOpa3oBaHHONW CHUCTEMBl YpaBHEHUN HEOOXOIUMO Clie-
JIaTh JIOMYCTUMBIE MPeoOpa30BaHMs HAJl UICXOIHOM CUCTEMOM ¢ TeM, YTOObI Juaro-
HaJbHBIC KOA(PHUIMEHTHI MATPHIIHI OBLT MaKCUMATBHBIMH 110 MOYJT0. JIJIsT 3TO-
0 BTOPO€ YPaBHEHHUE CAEIAEM IEPBLIM U B KQUECTBE BTOPOI'0 HUCIIOIb3yEM TPEThHE.
CloXMB TIEpBO€ M BTOPOE ypaBHEHUS MCXOJHOM CHCTEMBI, MOJYYUM TPEThE:
X1 tX,+4x3=3. Torna B uTeparimoHHON opMe UMEEeM CUCTEMY:
x, =—(3/8)x, —(3/8)x, +2/8
X, =(1/6)x, +(1/6)x;+3/6
x; =—(1/4)x, -(1/4)x, +3/4
[TpoBepsieM ycaoBHE CXOIUMOCTH:

HEH=J(—3/8)2 1 (=3/8)2 +(=1/6)% + (1/6)> + (1/4)? + (—1/4)> =~/266/576 <1

TaK Kak IC |I<1, TO pemieHne MOXKET OBITH MOTYUYEHO METOJOM MPOCTHIX UTE-
panuii.

Mertopn 3eiinens

Merton 3eiiaenst mpeAcTaBiseT co00i MOAUPUKALIMIO METO/A MIPOCTHIX UTE-
pauii. B atom mMerone npu Boruuciennu (k+1)-ro npubnrmkeHns HEM3BECTHOM X;
UCIIOJIb3YIOTCSl )K€ paccuuTaHHble Ha Tekyuledl urepauuu (k+1)-e mpubnmxeHus
HEU3BECTHBIX X|, Xy, ... , X; U k-€ IPUOIMKEHUST HEU3BECTHBIX X, Xi+1, ... » Xn. PaC-
yeTHas popmyra 3enienss uMeeT BUI:

i-1 n
(k+1) _ (k+1) ®
Xp ) =dp i epx T+ ey, =120, (2.20)
J= J=1
Meton 3eiifens B OOJIBIIMHCTBE CIIy4YaeB JaeT 0ojiee ObICTPYIO CXOAUMOCTb,
9YeM METOJI MPOCTHIX UTEPAIHil.
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2.3.3. CucreMbl HeJIMHEHBIX YPABHEHUI

[Iycts 3amana cucrteMa HEJIMHEWHBIX YPAaBHEHUM BUIA:

fi(x1, X2, ... , Xy)=0, 1=1, 2,..., n, (2.21)
rae f; - HekoTopble NeHCTBUTENbHBIE (DYHKIIUU apryMEHTOB X1, Xy, ... , X, , IPUYEM
OJIHA WJIM HECKOJbKO, WA BCE SIBJISIFOTCS HEJIMHEMHBIMH OTHOCUTEIIBHO OJHOIO
(W11 HECKOJBKHX, UM BCEX apTYMEHTOB X1, X2, ... , Xy ).

B marpuuHoii popme 3Ta cuctema ypaBHEHUN UMEET BU/L:
X, —
f,(x)
- — — X, - — .
f(x)=0,rne x=| . |; fx)=| : |. (2.22)
£, (%)
_XH .

TpebyeTcst HATH TaKyr0 COBOKYIMHOCTh 3HaYEHUH X;, 1=1, 2,..., n, KoTopas
YIOBJIETBOPSIET BCEM YPABHEHUSM CUCTEMBI.

B oOmem cimydae perieHre CHUCTEMBbl HEJIMHEHWHBIX YpPaBHCHHN HE MOXKET
OBITH TTOJIYYCHO B aHAIMTHYECKOM BHUJE. Perenue, kak MpaBuiio, MIMETCS YHUCICH-
HBIMH METOJIaMH, JUISI KOTOPBIX aHAJIU3 CXOJWMOCTH OKAa3bIBAETCS 3HAUYUTEIIBHO
CJI0’KHEE I10 CPAaBHEHUIO C JIMHEMHBIMU CUCTEMAaMM, a IIOPOU CTAHOBUTCS NPAKTHU-
YECKH HEBO3MOKHBIM. KpoMe Toro, cieayer OTMETHUTh, UTO CXOJUMOCTh METOJIOB
CYIIECTBEHHO 3aBHUCHUT OT 3aJIaHUS HAYaJIbHOTO MPHUOIMKEHUS, T.€. OT TOro, Ha-
CKOJILKO HadaJIbHOE MpHOJIKeHne OJIM3KO K UICKOMOMY peleHuto. [loatomy npu
BBHIOOpE HAYAJIBHOTO NPUOIMKEHUS HEOOXOAUMO HCHOJb30BaTh MaKCUMyM
uMerolencss tHPpopMaluu 00 KHCKOMOM pEUICHUU.

MeTtoa npocCThIX UTEPAIMA
[Ipu McmosIb30BaHUU ATOTO0 METOJa CUCTEMa YPaBHEHUM MPUBOJIUTCS K UTE-
parmoHHoi popme Buaa:

Xi=Qi(X1, X2, ... 5 Xp), =12, ...,n, (2.23)
JUTsl KOTOPOU UCTIONb3YyeTCsl pacueTHast popmyna:
(k+1) _ (k) (k) (k) s
X; =0;(x77, X3 ,...X,), 1=12,..n, (2.24)
I7ie BRIpOKCHUS IS QYHKIUH Oi(X|, X3, ... , X,) TOJYYAIOTCA U3 CUCTEMbI UCXO]I-
HBIX YpaBHEHUU AHAIMUTHUYECKUM PEIICHHUEM KaXKJOTO0 ypaBHEHHUS OTHOCHUTEIIHLHO
COOTBETCTB L, i=1,2 - x, & X0 k+1) -
VIOIIETO HEU3BECTHOIO X;, 1=1,2, ..., n; X;© 7, Xj 3HaueHus (k+1)

ro 1 k-ro npuOnmkeHust i-ro HEM3BECTHOTO.
C ucrnonb30BaHUEM MaTPUYHON (GOPMBI 3aITUCH pacdeTHas popMmysia METoa
UMeeT BU/I;
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M (k+D) ] B —(k) ]
X o (x )
(k+1) —(k)
—(k+l)  — —(k) —(k+1) X — —(k) X
R e R L R e ROl
(k+1) —(k)
RS 9, (x )]

HpOHCCC I/ITepaHI/Iﬁ 3dKaHYHUBACTCA IMIPU BBIIIOJIHCHHUHN Ha O‘IGpG,IIHOﬁ UTcpa-

MU YCIIOBUS Max|X (k”) i(k)‘ <e¢ gnai=1,2, ..., n, TAe € — 3aJaHHAS TOYHOCTb.

Mertoa Herotona-Pagcona
CymHocts Metoga Herotona-Padcona ynoO6HO paccMOTpeTh Ha MpUMeEpPEe CUCTEMBI
JBYX HEJIMHENHBIX YPABHEHUM.
f1(x1, x2)=0, £(x1, x2)=0. (2.25)
Jlonyctum, uto nmeercs k-e npubmmkenne k pemennio x; ", x,*. Bemnuu-
na ronpaskn Ax; ", Ax," 11 momyaenns HoBoro (k+1) - TO IPHOTIKEHNS MOKET
OBITH OmpezeNieHa U3 YCIOBHUSA, YTO HOBOE MPUONIMKEHHE OyAEeT COOTBETCTBOBATH
PELICHUIO:
fi(xi+ Ax, Y, x+ Ax,)=0, £(x1+ Ax; Y, xo+ Ax,)=0. (2.26)
IMonaras, uto Ax; ", Ax," — Bemmunne! Massie, GyHKIMM ypaBHEHUI cHCTe-
MbI (2.26) MOXXHO MPEICTAaBUTh B BUJAE pa3jokeHus B psja Teisiopa mo creneHu
AX € TOYHOCTBIO /10 WIEHOB IEPBOTO NOPSAIKA MAJIOCTH:
00X PO

(k) (k) _
f(x;7,x,7)+ Ax, =0,
of ( (k)1 (k)) of ( (kj (k)) (2'27)
X X X X
(k) (k) 2\A&y 5 A&y KAy 5 &y _
f, (x| )+ AX, + Ax, =0.
Ox
[epenecs mepBbIe cllaraeMbie B yPaBHEHUSIX B MPABYIO YacTh, CACTEMY MOXKHO 3a-

MMcaTh B MaTpuuHOM (hopme:

OX

1 2

e O NP (S NI(S

Ixax" = £ ™), (2.28)
rac

af(“") af(“")

i 6x1 axz |

- MaTpUIla YaCTHBIX NMPOU3BOJHBIX, Ha3bIBaeMas Matpulel SkoOu (orpeaenurens
ATOM MATPUIIbI HA3bIBAETCS IKOOUAHOM),

k k k
A;(k) = AXI( ) . f(_(k)) fl(Xl( )7X2( ))

; ) (2.30)
sz(k) fz(Xl(k)sxz(k))
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C mpumeHeHHEM MeToJa OOpaTHON MaTpUIlbl CHUCTeMa JIMHEWHBIX YpaBHEHUUN

(2.28) umeet cnenyroriee pemeHHe'
(S N ()

Ax =-J x )f(x ), (2.31)
=1 _
rae J (x ) MaTpuila, ooOpatHas marpuiie SIKoou.
—(k+l)  —(k+)  —(k)
C ygetom Toro, 9T0 AX =X —X ', COOTHOIICHHE IS OMpPEaeNICHUs OYe-

PEIHOTO MPUOIMKEHUS MOKET 6I>ITI> 3aIllCaHo B BHUJIE:

—(k+1)

- =, ()
X . ( )f(x ). (2.32)
Takol WTEpPalMOHHBIA METOJ PEUICHUS CUCTEM HEJIMHEHMHBIX YpPaBHEHUU

MPUHATO Ha3bIBaTh MeTo10M HrtoToHa-Padcona.
B xauecTBe KpuTEpUsL OKOHUAHHS PEIICHUS UCIIOIb3YETCS YCIOBHE:

(b — x| <e . (2.33)

max|Xx
1<i<n

Jns ynydiieHus: CXOAMMOCTH METOJa MOYKHO HCIIOJb30BaTh KOPPEKTHPYIO-
mmit napametp A. Toraa pacuernas dhopmyna moaudunrpoBanHoro metoja Horo-
toHa-Padcona HpI/IBOILI/ITCH K BUIY:

—(k+1) — =1 —k) =

X W (XHE"), roe 0<A<l. (2.34)

[Ipornecc nrepanuii 3akaHYMBAETCS IPU BBITIOJIHEHUH TOTO ke ycyioBus (2.33).

WNuorna nmpumMensieTcst apyras MoauduKaius, KoTopas OTIMYaeTCs OT BBIIIE
paccmoTpenHoro Meroaa Hrerorona-Padcona tem, uro marpuna Sxkobu u obpatHas
€l BBIYMCIIAIOTCS TOJBKO JUIsi HAYaJIbHOTO MpuUOIkeHus. PaccumTaHHash Takum
oOpa3om oOpaTHasi MaTpuIila YACTHBIX MPOU3BOJAHBIX MCIIOIL3YETCS 3aTEM Ha BCEX
MOCJICTYIONTUX UTepanusaX. Takas MoauduKaIms cokpamaer 00beM BBIYHCICHUN
Ha KaXJOW UTepaluu, OAHAKO CXOJUMOCTh MTEPAIMOHHOTO Ipoliecca MpU 3TOM
MOKET OKa3aThCsl MEJICHHEE, YeM B JIBYX MPEBITYIINX METOIAX.

[TocnenoBaTenbHOCTh PEIICHUS CUCTEMbl HETMHEWHBIX YPABHEHUI 110 METOLY

HBIOTOHa—Pa(l)COHa COCTOMUT B BBIINTOJIHCHWH CJIICAYIOIMIUX OTAIIOB:

—(0)
1) BEIOOp BEKTOpa HAYAJILHOTO MPUOIMKEHUSA X

2) BBIYMCIIEHHE MAaTpULbl SKOOU J u skoGHana ‘J ;
=1
3) HaxoXkAeHUE 0OpaTHOM MAaTpHIlbl J
4) pacuetr o4yepeaHOro npudImkeHus no popmyse (2.32);
5) mpoBepka yciaoBusi OKOHUaHUs utepauuid (2.33);
Ecnu 3amannas creneHb TOYHOCTH €1IIe HE JOCTUTHYTA, TO MPOLIECC BHIYHCTIE-
HUW TTOBTOPSAETCS HaYMHAsS C TyHKTA 2.
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2.4. O0mast MeTOAMKA COCTABJICHHSI M PellieHUsI
cucreM ypapHenuii 6anancos XTC

Jlnist pacyeTa MaTepUaIbHBIX M TEIUIOBBIX Harpy3ok Ha aneMeHThl X TC HeoOxo-
MO BBITIOJIHUTH CJIETYIOUIUE ONEepaLlUu:

1) u3yunTh PU3NKO-XUMUYECKYIO CYITHOCTH TpoieccoB XTC, a Takxe mpuH-
bl (PYHKIMOHUPOBAHMSI CUCTEMBI U €€ 3JIEMEHTOB;

2) cocTtaBUTh NOAPOOHYIO cHenu(UKaIUI0 BEIMYMH, OTOOpa)Xarolux Iepe-
MeHHbIe U napamerpsl XTC, 3amaHHbIE TEXHOJIOIMYECKUE YCIOBUSA U KOH-
CTaHTbI, XapaKTepHU3ylollue (PU3NKO-XUMUYECKHUE CBOMCTBA U COCTOSIHHUE
BELIECTB, YYAaCTBYIOIINX B TEXHOJIOTMYECKUX IIPOLIECCAX;

3) BbIpa3uTh (PYHKIMOHAIbHBIE CBSI3U MEXIY NEPEMEHHBIMU M NapaMmeTpamu
XTC B BUJE ypaBHEHHI MaTepUaIbHbIX U TEIJIOBBIX OAJIAHCOB U YpABHEHUHN
(YHKIIMOHATBHBIX CBSI3EH;

4) BBIIEIUTh U3 MHOXXECTBA HEU3BECTHBIX, BXOJAIIMX B CHCTEMY YpPaBHEHMIA
0aaHCOB, B COOTBETCTBUU C TEXHOJIOTMYECKUMH YCIOBUSAMH U (PU3UKO-
XUMHUYECKON CYIIHOCTBIO TEXHOJIOIMYECKUX MPOLECCOB MOJAMHOXKECTBA HE-
3aBUCUMBIX (CBOOOJIHBIX) U 3aBUCUMBIX (0a3UCHBIX ) IEPEMECHHBIX;

5) ompenenuTh, COTIACHO TEXHOJIOTHUYECKUM YCIOBUAM M (PU3NKO-XUMHUYECKOM
CYLIHOCTH TEXHOJIOTUYECKUX IMPOILIECCOB, YUCICHHbIE 3HAUYE€HUsI CBOOOAHBIX
[IEPEMEHHBIX;

6) MpeACTaBUTh C MOMOILIBIO CHEUANbHBIX JOMYyUIEHUH W NpeoOpa3oBaHUN
CHUCTEMY ypaBHEHHUU OalaHCOB KaK COBOKYIMHOCTh JHMHEHHBIX YpaBHEHHI.
CocTtaBuTh MpOrpaMMy pelIEHUs] CUCTEMBI ypaBHEHU Ha DOBM;

7) OLIEHUTH MOPSIOK OIIMOOK U PE3yJIbTaThl PEIICHUS CUCTEMBbI YpaBHEHUH Oa-
naHcoB Ha OBM.

Nudopmanuio o napaMerpax NOTOKOB U O HAarpy3Kax Ha 3JIEMEHTbl CUCTEMBI ,
MOJIyYEHHYIO B PE3YJIbTATE PELICHUS CUCTEM YpaBHEHUU OallaHCOB, MPEACTaB-
JSIIOT CIIEAYIOMKUM 00pa3oM: a) CBOJAHOM TaOIHMIIe MaTepHaIbHOTO U TEIJIOBOTO
OanaHCcoOB; 0) CTPYKTYpHOM CXEMOH ¢ TabJuMLaMu MOKOMIIOHEHTHOI'O COCTaBa
(u3MUECKNX MOTOKOB; B) CTPYKTYPHOI CXEMOW C MOKOMIOHEHTHBIM COCTaBOM
(u3HUECKNX MOTOKOB; T) JUArpaMMOi OaJIaHCOB.

IIpumep. CocraBieHue U pelIeHUE CUCTEMbI YPAaBHEHUN MaTEpHAIIBHOTO Oa-
JIAaHCA IPOU3BOJICTBA CEPHOM KUCIIOTBHI.

Ha puc. 2.1 npuBeneHa ynpoIleHHAs OlepaTopHas CXeMa MOJyYeHUs CeEp-
HOM KMCJIOTBI U3 DJIEMEHTAPHOU CEpPBI.
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Xla X(n X77 X9 *
L >
Xl) X6
X
Xl) X29 XS 7 8 9 + 13 X75X9 10 + 12
—
: Ly
X1, X0
1 X1, X2
’7 \
X > —
3 11
X,+X,
J Xi4
KOHJICHCAT Xi4tXi6
<4 Xi6
——_ e
X4t X6
15 14 13

Puc. 2.1. OneparopHasi cxema MPOU3BOACTBA CEPHOM KHUCIOTHI U3 3JIEMEHTapHOU
CepBI:

1- ceporuiaBuTelnb;, 2- mMedb CHKUTAHUS CEPbI; 3- KOTEN - yTHIU3aTOp; 4- BEHTHU-
JSATOp; S- cymvibHas OaiiHs; 6- TETIOOOMEHHHK JJIsl ToJorpeBa Boznyxa; 7,11-
koHTakTHbIC Y316l | u Il ctyneneit; 8,10- TemmooOMEHHUKH JJIsi OXJIAKIECHUS 00-
KUTOBOTO Ta3a mepen adbcopommeit; 9,12- abcopbepur I m 11 crymenei; 13,15-
CMEIIIEHHUE MOTOKOB KUCIOTHI; 14- 0TOOP KUCIOTHI HA CYIIMIIBHYIO OAlIHIO

KomoBas cepa mocrymaer B IUIaBUTENb CEPBI |, B KOTOPOM NOA IEHCTBUEM
TEIUIOTHl HACBHIIIEHHOTO BOJsHOrO napa gasieHueM 0,7 Mlla, koHaeHcHupyrole-
rocsi B 3ME€eBUKaxX U pyOallke, NEPEXOIUT B KUIKOE COCTOSHUE U MOJOIPEBAETCA
110 Temmepatyp 140 - 150 °C.

PacninaBnenHas cepa QuibTpyeTcs JUisl yialeHuss MEXaHUYECKUX MPUMecen U
MOJIAETCS C TOMOIIBIO MOTPYKHBIX HACOCOB Yepe3 POPCYHKH B MEUb CKUTAHUS CE-
pbl HUKJIOHHOTO THMA 2, pacnbuisieTcss (pOpPCyHKaMH U Cropaer ¢ oOpa3oBaHHEM
JUOKCHUJA CEpPbl U BBIJCICHUEM 3HAUUTEIBHOIO KOJIMYECTBA TEILIOTHI, YTO IPHUBO-
JIMT K TIOBBIIICHHIO TeMmepaTypsl Tasa g0 1000-1100 °C. HeoGxoaumslii mis ro-
pEHUsS BO3IyX BEHTHWIATOPOM 4 MOJAETCA B CYLIMJIbHYIO OAIlHIO 5, B KOTOPOH U3
HEro, MPHU OpPOLIEHUM KOHIICHTPUPOBAHHOM CEPHOM KHUCIIOTOM, YAAISAIOTCA Hapbl
BOJIbI, TIOJIOIPEBAETCS B TEIUIOOOMEHHUKE 6 3a CUET TEIJIOTHl 00XKUIOBOTO raza u
IIOCTYIIAET B I1€Yb.

OOGxuTOBBIN ra3, oOpa3yrIUMNACS B TIEYM 3a CUET CTOpPaHUs CEphl, COAepKa-
i 9 - 9,5 00bEMHBIX MPOLIEHTOB nuoKcuAa cepsl U 11 — 11,5 00BEMHBIX mpo-
LEHTOB KHUCJIOPOJa MOCTYNMaeT B ra3oTpyOHBINH KOTEN-yTUIU3aTop 3, B KOTOPOM
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oxXJIaKaaeTcsa 10 Temmeparypbl 560-570 °C.B KOTJIe-yTHUIIM3aTOpe 00pa3yeTcs Te-
perpeTsIii BogsiHO# map gasinennem 4 MIla u temmeparypoii 450 °C. Iocne kotna-
yTUJIM3aTOpa ra30Basi CMECh MPOXOAUT BO3AYIIHBIN TEINIOOOMEHHUK 6 U C TEM-
neparypou 430 °C MOCTYIAET Ha | CTyneHb KOHTAaKTUPOBAHUA 7, COCTOSIILYIO U3
TPEX CIOEB KAaTaIM3aTopa, KOTOPbIE ra3 NPOXOAUT MOCIEAOBATENBHO, OXJIAKIASCh
MEXIY CJIOSIMU B BEBIHOCHBIX TETNIOOOMEHHHKAX.

[Tocne TpeTbero cinos KaraauzaTropa ras, coaepxamuii okoyo 7,5 % TpUoKcu-
J1a Cepbl, OXJAXKJAETCs B TEINIOOOMEHHUKE 8 M MOCTYNAeT Ha NEPBYIO CTYNEHb a0-
copObuuu B Hacalo4HbI abcopbep 9 mist nornowmenus SO; pacTBOPOM CEPHOM KU-
ciotel. Jlamee ra3oBasi cMech, coaepikaiias He 6onee 1 % AMOKCHIa cepbl, TOCIIe-
JI0BaTeNIbHO MOAOrpeBaeTcsl B TeriooOMeHHrukax 10 1 8 u moctynaer Ha BTOPYIO
CTYTIEHb KOHTAaKTUPOBAHUS — YETBEPTHIN U MATHIM CJIOM KaTalu3aTtopa KOHTAaKTHO-
ro arnmapata 11. Ilociie KOHTaKTHOrO anmapara, ra3 oXJaXAaeTcs B TemI000OMEH-
Huke 10 1 mocTynaer BO BTOPYIO abcopOLnoHHYI0 OamHio 12, B KOTOpO# U3 rasa
norJomaercs Bech Tpuokcuy cepol. Conepskanue SO, B raze, BbIOpaChIBAEMOM B
aTMocdepy, HE MPEBHIIIAET CAHUTAPHBIE HOPMBI.

Cepnas kucnota u3 OauieH 9 u 12 o0benuHaeTCs B OJMH MOTOK U MOCTYMAET
Ha CKJIaJl TOTOBOM MHPONyKIMU. YacTh KUCIOTHI OTOMpAETCs Ha OPOIICHHUE CY-
IWIBHOM OAlllHU 5 ¥ MOCJe MOTJOIIEHUsI BOASHBIX MApOB BHOBb MPUCOEIUHSIIETCS
K OCHOBHOMY IOTOKY KHCJIOTHI.

st oOnerdyeHusi COCTABJICHHS CUCTEMbl ypaBHEHUU OallaHCOB HAa OCHOBE
OIEepPAaTOPHON CXEMbl COCTABJISIEM CXEMY MaTepUaIbHBIX TOTOKOB (pHC. 2.2).

Xlsl Xlsl
> X6 X6 X 10 >
X2 X4 > > — X0
— 1 » 2 X 5 3 X5 4 X1 5 L 5
X3 XS X > X > i Xll
> ! 8 9 X1 L
P 4 —

X 14 l X 16 l

Puc. 2.2. Cxema MatepualbHBIX TTOTOKOB (ITOSICHEHUS K cxeMe B Tadsmiie 2.1)

HcxonHbie JaHHBIC:

* COACPKAHUE SO B MEUHBIX TABAX . .evernnrreeeenniiieeeennnnneenn 9,5 00%;
* CTENIEHb KOHTAKTUPOBAHMS Ha | CTymeHH............... ......... 95%:;

* cTernieHb a0COPOIMHU Ha I CTYMEHU. ....c.ovvviiiiiii i 99,9%:;
* CTEIIEHb KOHTAKTUPOBaHUsA Ha Il CcTymeHu.......................... 99.,7%;

* crenedb adcopOunu Ha Il CTymeHu. .......ooovviiiiiint, 99,9%;

* KOHLICHTPALHS MTOTYYAEMOM KACITOTBL. .. uuttteeeeniineeennnnnnen 94,5%:;
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® COCTAB BOBMIYXA: @) @30T etnnurreeeeannnreeeeannnneeeeannseeeenns 76,7 macc%;
() 57 (o1 (0] o 10 )1 S ...23,3 macc%.
Jliist pacuera GanaHca COCTaBIIIEM CUCTEMY JIMHEMHBIX YpaBHEHHM, U3 KOTO-
PO HAXOJUM BCE BEJIMYMHBI, TOKA3aHHBIE HA puc. 2.2. DTa cUCTEMa JIETKO pela-
ercsd ¢ noMmouipio DOBM.
YpaBaenus 11 1-ro 0y10ka (1Me4b CKUTaHUS CEPBI).
VYpaBHeHue MaTepuanbHOro OajgaHca:

X2 + X3 :X4 + X5. (235)

CyMMa macc BXOZSIIMX KOMIIOHEHTOB JOJKHA PAaBHATHCA CYMME MacC Bbl-
xomsuux. Tak kak a30T X; HE pearupyer HU B OJIHOM PEAKTOpE, TO €ro macca 0y-
JIET IOCTOSTHHOW BO BCEX PEAKTOPAX.

YpaBHEHHE COCTaBa BO3AyXa:

X, _ 233
X, 76,7

OTHOIIEHHE MAacC KOMITIOHEHTOB PABHO OTHOIIEHUIO X MPOIEHTHOIO CO-
JIEp’)KaHus B COCTaBe BO3/yXa.

CTrexruoMeTpuuecKOe COOTHOLIEHHUE:

As = 64 . (2.37)
X; 32
OTHoOMIEHNE MAacChl TUOKCUIA CEPBI MOCIIE MeUn X5 K Macce CEPhI 10 ey X
PaBHO OTHOILIEHUIO MOJIEKYJISIPHBIX MACC 3TUX BELIECTB.

YpaBHEeHHE cocTaBa 00KUTOBOTO ra3a:

(2.36)

%
64 =0,095 . (2.38)

X X X4
%4* %8 +273)

OTHollleHHe Macchl JUOKCUIA cephl Xs K CBOEH MOJIEKYJSIpHOM Macce Jie-
JIGHHOE Ha CYMMY OTHOIICHUHN BBIXOJSAIIMX M3 MEYU Tra30B K CBOUM MOJICKYJISIp-
HBIM MaccaM OyJieT paBHITHCS KoandecTBy SO, B COCTaBE BBIXOJSAIIUX T'a30B, BbI-
YUCJIEHHOMY B MOJISIX.

VYpaBHeHue BToporo 0j10ka (1mepBasi CTyleHb KOHTAKTUPOBAHUS ).
YpaBHEHUE CTENIEHN KOHTAKTUPOBAHUS:

X=X
S 1=0,95. (2.39)
5
OTHO1IEHNE PA3HOCTH MAcC BXOAMIETO Xs M BRIXOIAMIETO X7 JUOKCHIA CEPBI
K Macce 3TOro rasa, BXOJSLIEr0 Ha NEPBYI CTYNEHb KOHTAKTUPOBAHMS, OyJIeT
PABHATHCS CTENEHU KOHTAKTUPOBaHUs SO,, BBIPAXKEHHOM B T0MSX.
VYpaBHeHHE MaTepUaIbHOTO OanaHca:
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X6 + X7 + Xg = X4 + X5 . (240)
CyMMBI Macc BXOJSIIUX B PEaKTOP KOMIIOHEHTOB JIOJKHBI PABHATHCS CyM-
MaM MaccC BBIXOJISIIHNX.
YpaBHEHHE XUMUYECKONW PEaKIMN KOHTAKTUPOBAHMS:

80
Xg=(Xs - X;)—. 2.41
s =(Xs =X9), (2.41)

KonunuectBo SO;, ob6pa3oBaBiierocs mnocie | cryneHn KOHTaKTUpOBaHUS, OY-
JIET PaBHATHCS Pa3HOCTH MOCTYMAIOMIETO Xs M BBIXOJSIIET0 X; U3 MEPBOM CTyTIe-
HU SO,, yMHOKE€HHOM Ha OTHOILIEHUE MOJIBbHBIX Macc SO; u SO,.
YpaBHeHHE TpeTbero 0yioKka (mepBas CTyleHb abcopouun).
VYpaBHeHue crenenu npepamienus SO;:

s =Xy _ 0,999 . (2.42)

8
PasHocth Bxogsmero Xg M BbIXOIAIIETO X9 TPUOKCUIA CEpbl, OTHECEHHAS K
BXOJIAIIEMY €ro KOJIMYeCTBY OyAeT paBHa cteneHu abcopounu SO;, BhIpaKeHHON
B JIOJISIX.
YpaBHeHUE MaTepuaIbHOro OanaHca:
Xg+ X3 =X 4+ Xo. (2.43)
KomnuectBo moctynaromux BemiecTB (SO3; 1 BoAbI X3) OyAeT paBHATHCSA KO-
JIMYECTBY IMOJIYUYEHHOU CEPHOM KUCIOTHI X4 U HEMpopearnposasuero SOs.
YpaBHEHUE XUMUYECKOU PEAKIINU:
Xg — X, _ 0,945X,,
80 98
Pa3nocTps Bxogsuiero u Beixoasuiero SOs;, OTHECEHHAas: K CBOEUW MOJIEKYJISp-
HOU Macce, OyJIeT paBHATHCA KOJIMYECTBY MOJIYYEHHOW CEpHOM KUCIIOThI, OTHECEH-
HOM K MoJieKyJisipHOr Macce H,SOy.
VYpaBuenue uerBepToro 6oka (Il crynenb KOHTAKTUPOBAHUSA).
VYpaBHEHUE CTENIEHH MPEBPAIICHUS:
(X5 -X,,)/X5=0,997. (2.45)
OTHO1IEHNE PA3HOCTH BXOJSIIETO HA MEPBYIO CTYNEHb KOHTAKTUpOBaHUs SO,
(X5) u BeIXOASAIIET0 CO BTOPO cTymneHH (X;;) K KOJIMYECTBY MocTymnaromiero Ha |
ctynenb SO, paBHO 0O1el CTENEeHN KOHTAaKTUPOBAHUSI, BEIPAXKEHHOMN B JOJISX.
YpaBHeHUEe MaTepuaibHOro OanaHca:
X+ X7 +Xg = X0+ X1 X2 . (2.46)
CyMMa macc BEIIEeCTB, BXOSIINX BO BTOPYIO CTYIIE€Hb KOHTAKTUPOBAHUS
paBHA CyMME MacC BBIXOASIIUX BEUIECTB.
YpaBHEHUE XUMUYECKOU PEAKLINU:

(X6 — X0 )/16 = (Xlz - Xy )/80- (2.47)

(2.44)
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OTHoIIIEHHE PA3HOCTU BXOJSIIETO M BBIXOSIIETO U3 peakTopa Kuciopoaa K
€ro MOJIEKYJISIPHON Macce OyJIeT paBHITHCS OTHOIICHHUIO PA3HOCTH BBIXOJSIIETO U
Bxozsuiero B annapaTt SOz K ero MOJIEKyJIsIpHOI Macce.
VYpaBuenue nsitoro 0j0ka (BTopasi CTyneHb abcopOoium)
Cymmapnas macca H,SOy:
X4+ X6 =1515. (2.48)
CymmMma macc kucnoTsl, Beixonsmen u3 I u Il abcopbepoB Oyner paBHIATHCS
3aJJaHHOM MPOU3BOAUTEIBLHOCTH.
YpaBHeHHE MaTepUaIbLHOIO OajaHca:
X12 + X15 = X16 . (249)
CymmMma Macc SO;3 1 BOJBI, BXOASIIMX B a0copOep, OyAeT paBHIATHCS KOJIUYE-
CTBY CEpHOM KHUCIIOTHI.
YpaBHEHHE XUMUYECKOW PEAKIUH
X, 0945X,

80 98

Otnomenue noctynaromieit SOz (Xj,) K CBOEl MOJIEKYJIIpHOM Macce Oyner
PaBHATHCS KOJIMYECTBY MOJTYYEHHOM BO BTOpOM albcopOepe cepHOM KHUCIOTHI X,
YMHOXEHHOW Ha KOHIeHTpauuio H,SO,4, BbIpaK€HHYIO B JOJSAX U OTHECEHHYIO K
MouekyspHoil macce H,SOy.

[Tocne Toro, kak ypaBHEHHUsI COCTaBJICHbI, UX HAJ0 MpeoOpa3oBaTh TaKUM 00-
pa3oM, 4ToObl OHU ObUIM 3alMCcaHbl B OAHY CTPOUYKY U B MPAaBOW 4YacTH ObUIN OBbI
yucia 0e3 nepeMeHHbIX uiau Hyiad. [IpeoOpa3oBaHHas cucteMa ypaBHEHUN Marte-
puanbHOro 0ajaHca UMEET BUJ:

Xt X3—X4—X5=0,

23,3x; — 76,7x, =0,

64x; — 32x5 =0,

2,286x; + 2x4 — 9,526x5 =0,
0,0SXS — X7 :0,
X4+X5—X(,—X7—Xg:0,
1,25X5 - 1,25X7 —Xg = O,

1 xg - 1000 x9 =0,

(2.50)

Xg—X9+X13—X14:0, (251)
Xg — X9 — O,7714X14 = 0,
3X5 - 1000X11 = O,

Xg X7+ X9 - Xj9— X1 —X12 =0,
5X6+X6- 5X10 — X112 = 0,
X14+X1(,: 1515,

X2 + X15— X6 =0,

X12 —0,771X16 =0.

Cucrema ypaBuenuit (2.51) pemaercs na [I9BM. Hanpumep B makere MathCAD
MMeeTCsl BCTPOEHHas npoueaypa Isolve peliennst cucteMbl TMHEHHBIX YpaBHEHUH.
Bun nokymenta MathCAD, peanusyroiiero pelieHue BbIIIEPUBEICHHON CHCTE-
MBI YPaBHEHHUM, IPUBEICH HUXKE.
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JIuctunr rokymenta MathCAD

Matpuia k03QPUIHEHTOB CUCTEMbI YPaBHEHUI MaTepuaibHOro OanaHca

0
233
0
2.286

(=]

S O O O O O o o o o o

BekTop cBOOOTHBIX YIEHOB CUCTEMBI YpaBHEHHMA

0

S O O O O o o o o o <o o<

0
0

151510

1

1

-76.7 0
0 64
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

)

)

1 -1 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0
0 32 0 0 0 0 0 0 0
2 95260 0 0 0 0 0 0
0 005 0 -1 0 0 O 0 0
1 1 -1 -1 -1 0 0 0 0
0 125 0 -125-1 0 0 0 0
0 0 0 0 1 -1x1000 0 0
o 0 0 0 1 -1 0 0 0
0o 0 0 0 1 -1 0 0 0
0 3 0 0 0 0 0 -1x10° 0
o o 1 1 0 1 -1 -1 -l
o 0 5 0 0 1 -5 0 -l
o 0o 0 0 0 0 0 0 0
0 0 0 0 0 0 0o 1
0O 0 0 0 0 0 0o 1

CucrteMy ypaBHEHUI MaTepUaNbHOTO OaaHca
pemaeM ImyTeM OOpalieHus: K BCTPOSHHOU
(YHKINU pEeIIeHus] CHCTEMBI JIMHEHHBIX
ypaBHeHUH - 1solve(M,V)

X :=lIsolve(M, V)

- o O O o o o o o

S O O o o o <o

S O O o o o o o

|
—

-0.771

- O O

S O

—_ O O O O O O o o o o o o o <o
—_ O O O O O O O o o o o o <o

-1

(=]

Bexkrop pemenus

3.412 x 10°

1.036 x 10°
468.863
567.501
937.727
344.791
46.886

1114 x 10°
1.114
333.773
2.813
56.205
329.664

1.442 x 10°
16.694
72.899

[Tomyyaem BEKTOp MaTepuaIbHBIX MOTOKOB X M 3amoJiHAeM Ta0uiry 2.1.
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Tabmuma 2.1

PesynbraThl perieHusi CUCTEMbI YpaBHEHU MaTepuaibHOro OanaHca

3nauenue
[lepemenHas TOHH B CYTKH KWJIOTPamMM B
qac

Xj — Macca a3oTa B BO3JyX€ U 3411,565 142148,54
00kuroBoMm rase (0.1.)
X, — Macca KHCIIOPOJa B BO3LyXeE 1036,369 43182,04
X3 — MacCOBBIH Pacxoj cephl 468,892 19537,17
X4 — Macca Kuciaopojia B 0.T. Mo- 567,476 23644,83
CJIC TICYH CYKUTAHUS CEPhI
Xs - macca SO; B 0.1. ocjie euu 937,78 39074,17
COKUTaHUS CePBI
X6 - Macca O; B o.r. nociue | cry- 344,572 14364,67
TIEHU KOHTAKTHPOBAHUS
X7 - macca SO, B o.r. mociue | 46,879 1953,71
CTYIIEHU KOHTAKTHPOBAHUS
Xg - macca SO3; B o.r. mociue | 1113,619 46400,79
CTYIICEHU KOHTAKTHPOBAHUS
Xo - macca SO3; B o.r. mocie I 1,114 46,42
CTyneHu abcoponmm
Xio - macca Oy B o.r. mocae II 333,733 13905,54
CTYNICHH KOHTAaKTUPOBAHUS
X1 macca SO, B o.r. mocue 11 2,813 117,21
CTYNICHU KOHTaKTUPOBAHUS
X2 - Macca SO3 B o.1. mocie 11 56,208 2342
CTYNICHH KOHTaKTHPOBAHUS
X3 — pacxoq BoabI Ha | cTyneHp 329,631 13734,63
abcopOiuu
X4 —macca monoruzapara HySO4 1442,137 60089,04
nocie | crynenu abcopbuuu
X5 - pacxon BoabI Ha Il ctynens 16,654 693,92
abcopOiuu
X6 Macca moHoruapata H,SOy 72,863 3035,96
noce Il ctynenu abcopOiuu

[IpoBepka:

Xi+ X+ X3+ X3+ Xis = Xio T X + X1+ Xia + Xie, (2.52)

3411,565+1036,369+468,892+329,631+16,654=333,733+3411,565+2,813+1442,137+72,863

5263,111=5263,111.

MaTtepuasibHbIi OaJlaHC PACCUMTAH MPABUIIBHO.
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3. Onpenesienune creneHei cBOOOAbI
XUMHKO-TEXHOJOTHIECKHX CUCTEM
3.1. IlousaTue crenenu cBoooabl XTC

Jlig pemienust 3a1a4 mpoeKTUpoBanus U 3kcruryaranuu X TC HeoOX0AMMO UMETh
MaTEMaTHYECKyI0 MOJENb CHUCTEMBl B BHJEC COBOKYMHOCTH HE3aBUCHUMBIX (PYHK-
LMOHAJIbHBIX COOTHOLIEHUI MEX Ty nepeMeHHbIMU U nnapamerpamu XTC.

Ilepemennsie n mapamerpsl XTC, BXoadmue B MaTeMaTHYECKYI0 MOJEIb CUCTE-
MBI, Ha3bIBAIOT UHDOPMAYUOHHBIMU nepemeHHbIMY. DYHKINOHANIbHbBIE COOTHOIIIE-
Hus marematruaecko moaenu XTC, nnu nHPOPMALIMOHHBIE CBSI3U, MPEACTABIISIIOT
co0ol cuCTeMy N HE3aBUCUMBIX HESBHBIX (DYHKIIMI m WHOOPMAIMOHHBIX TEepe-
MEHHBIX.

Crenensto cBo6oasl F XTC HazpIBaloT pa3HOCTbh MEXKAY YUCIOM HMH(pOpMaIu-
oHHbIX nepeMeHHbIx (MII), koTopoe HE0OX0aUMO ISl COCTaBIEHUS MOJHOM MaTe-
MaTHYE€CKOW MOJEIN CHCTEMbI M YMCIOM WH(GOPMALMOHHBIX CBs3ed (WK ycCIo-
BUI), KOTOpbIE CYIIECTBYIOT MEX]Ty MH(POPMALIMOHHBIMU [TEPEMEHHBIMHU:

F=m-n. (3.1)

Bce cBoboanbie UIT nomxHbl OBITH HE3aBUCUMBI MEXy co0oii. Hucio crenenei
CBOOOJIbI COOTBETCTBYET UMCIY YNPABISEMbIX NEPEMEHHBIX U ONPEIEINISIET YHCIIO
PEryJIATOPOB WJIM YHUCIO CHUCTEM aBTOMATHUYECKOTO YIIPABJICHUSA, HEOOXOIMMBIX
i o0ecrieyeHrs 3aJlaHHOr0 KauecTBa Mpoliecca GyHKIMOHUPOBAHUS CUCTEMBI
WIH TTOJCUCTEMBI.

PersiaMmeHTHpPOBAaHHBbIC M ONTUMHM3HPYIOLIHE
npoexkTHbie nepemenubie XTC

Bce undopmManronasie nmepeMeHHbIe, MOJHOCThIO XapakTepusyromme QyHKIOo-
HUPOBAHHUE CHUCTEMBI, MOJIPA3/ICIIAIOT Ha MIPOCKTHBIC (3aJJaHHbIC) U pacueTHbIC (HC-
KOMBI€) TepeMeHHbIe. B kadectBe cBoOOaHBIX MII cucTeMbl M3 BCero MHOXKECTBA
UH(OPMAITMOHHBIX TIEPEMEHHBIX MOTYT OBITh BBIOpaHbI TOJBKO JIMIb MPOEKTHHIE
nepemennble XTC.

IIpoekTHbie IepemenHble 3TO Takue MHII, KOoTopbeie XapakTepu3yrOT OCHOBHYIO
nenb pyaknuonupoBanus XTC, Bo3melicTBrE HA CUCTEMY WM TIOJICUCTEMY BHEIII-
HEW OKpY>Karollel Cpelbl, B3aUMOCBsA3b AaHHOU cucteMbl ¢ ApyruMu XTC u BO3-
MOKHOCTH ONTHMHU3AIMHU MPOILIECCOB €€ (DYHKIIMOHUPOBAHUSI B COOTBETCTBUM He-
KOTOPBIM KPUTEPUEM KadyeCTBa.

Pacuetnbie (uckombie) nepemennbie — 310 UII, onpenenenue KOTOphIX MpeacTaB-
nsieT co0O0M 11e)Ib MPOSKTUPOBAHUS U UCCIICIOBAHUS CHUCTEMBI.

Cpenn MpOEKTHBIX MEPEMEHHBIX BBIJEISIOT PETrJaMEHTHPOBAHHBIE U ONTHMH3HU-
pytomue nepemennbie XTC.
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PernameHnTupoBaHHbBIE NIEPEMEHHBIE ONPEAEIAIOT OCHOBHYIO LI€Nb (PYHKIIMOHU-
poBanust XTC, BIusHHE BHEIIHEW CpeAbl HA CUCTEMY, B3aUMOCBS3b JAHHOW CHC-
TEMBI C JPYTUMH CUCTEMAMH.

bosnpias 4acTh 3TUX NEPEMEHHBIX HAXOAWUTCS MO JAHHBIM IPOEKTHOTO 3aJaHUs
U TpeOOBaHUSAM TEXHOJOTHMUECKUX yciaoBui. Hampumep: maccoBblil pacxon, co-
CTaB, TEMIIEpATypa U JIaBJICHHUE IIOTOKOB CHIPbs; TUIl U AKTUBHOCTh KaTaJIM3aTOPOB
XUMHYECKUX MPEBPALICHAN; KOHCTPYKIIMOHHBIN THII allllapaToOB; AUAMETP U BBICO-
Ta CI0S KaTaJIn3aTopa.

OcraBmmecsi CTeeHu CBOOOMBI CIEAYEeT OTHECTH K ONTUMH3UPYIOIIMM Tepe-
MEHHBIM, BAPbUPOBAHUE YHCIECHHBIX 3HAYEHUN KOTOPBIX IPH 3aJaHHBIX peria-
MEHTUPOBAHHBIX MEPEMEHHBIX 00€CIeUnBAET ONTHUMH3ALMIO Tpolecca (HPYHKIIHO-
HUPOBAHMS CUCTEMBI B COOTBETCTBUH C HEKOTOPOM 1eneBoit ¢pynkuueit. Kax mpa-
BUJI0, 3Ta (DYHKIIMSI HOCUT SKOHOMUYECKUH XapaKTep.

Peanbublit mpouece ¢pynkimonnpoanus X TC npoTekaeT MpH HAJTUYUHU OIpeie-
JIEHHBIX OTPAaHUYECHHUI HA 3HAYEHUS TEXHOJIOTMYECKUX U KOHCTPYKLMOHHBIX Iepe-
MEHHBIX cucTeMbl. /{151 obecrieueHrs KOPPEeKTHOCTH MMOCTAHOBKH 33J]a4Ml UCCIIE10-
BaHus nporneccoB GyHkiuonupoBanus XTC U pe3koro cokpaiieHusi 00bEMa BbI-
YUCIUTEIBHBIX MPOLEAYP MO ONTUMHU3ALMN JAHHOU CHCTEMBI B KAYE€CTBE ONTHMH-
3UPYIOIIUX MPOEKTHBIX MEPEMEHHBIX HEOOXOJUMO MPEXJEe BCEro BbIOUpaTh HH-
(opMaIMOHHbIE IEPEMEHHBIE IBYX BUJIOB:

1) mpuHUMAaIOIIKME COTJIACHO MPOEKTHOMY 3aJaHUI0 M TEXHOJIOTMYECKUM YCIIO-

BUSIM, JTUCKPETHBIE 3HAUE€HMs (HAIpUMeEpP, KOHCTPYKIMOHHBIA THUIT amnmnapa-

TOB; CTaHAAPTU30BAHHBIE WJIM HOPMAJIN30BAHHBIE TEOMETPUUYECKHUE PA3MEPHI

000py10BaHUs; AOMYCTUMBbIE TUIIbI KaTAJIN3aTOPa WM PACTBOPUTENS U T.11.);

2) KOTOpBIE MO TPEOOBAHUSAM MPOECKTHOTO 3aJIlaHUS U TEXHOJIOTHYECKUX YCIIO-

BUW WM BCJIEJICTBUE B3aMMOJCHCTBUSI AJIIEMEHTOB CUCTEMBI MEXay coO0M
MMEIOT Y3KO OrPaHUYEHHBIN AUANa30H BO3MOKHBIX 3HAYECHUM.

Ecnmu yucno creneneit ceoooasl XTC nocne BbIOOpa ONTUMUBUPYIOIINUX MPOEKT-

HBIX MEPEMEHHBIX YKa3aHHBIX BBIIIE ABYX THIOB MH(GOPMALMOHHBIX MEPEMEHHBIX

€lle HE TMOJHOCTBhIO M3PACXOJ0BAHO, TO ONTHUMHU3UPYIOUIMMHU BBIOMPAIOT TaKUE

NII, n3ameHeHne 3Ha4eHUN KOTOPBIX B IIMPOKOM JHMaNa3OHE MPHU 3aJaHHBIX peria-

MEHTHUPOBAHHBIX TPOEKTHBIX NEPEMEHHBIX 00ECIIEYNBAET ONTUMHU3ALMIO CUCTEMBI.

Onpenesienne yucia crenede csoooant XTC

Panee oTrmeuasnock, 4To cTeneHb cBOOOABI F cHCTEMBbl HaXOAMUTCS Kak pas3-
HOCTh MEXJIy YMCJIIOM HWH(GOPMAIMOHHBIX NEPEMEHHBIX U YUCIOM HHGOPMaIIMOH-
HBIX CBSI3EH.

F=3F;-3F. (3.2)



rae F,i— umcio creneneit cBOOOABI KaXI0ro 1— ro OTAENBHOIO dIEMEHTa, F; - uncio
MH()OPMAIIMOHHBIX TTEPEMEHHBIX, COOTBETCTBYIOIIMX Ka)XIO0W j —M TEXHOJOTHYE-
CKOM CBSI3U MEXY COCETHUMU 3JIEMEHTAMH.

Kak y»xe ormeuanoce, ¢ TOUYKH 3pEHHS MPAKTUUECKUX 3a7a4 MTPOEKTUPOBAHUS U
skcrutyartanun XTC aiis yucna creneHeil cBOOOIbI CUCTEMBI CIIPABEAJIUBO COOT-
HOIIICHHUE:

F:FH:Fp+F0, (3.3)

rae F— oblee 4nucino NpoeKTHBIX MEPEMEHHBIX; Fy- 4MCI0 pernaMeHTupoBaHHbIX
IIPOEKTHBIX IIEPEMEHHBIX; Fo- UMCIIO ONTUMU3UPYIOLIUX IIPOEKTHBIX IIEPEMEHHBIX.

Nugpopmanuonnsie notoku XTC U UX CTpyKTYypa

CpoiicTBa kaxpaoro ¢usudeckoro noroka XTC xapakTepusyroT HaboOpoMm
rnapaMeTpoB, Wiu UH(POpMaMOHHBIX NepeMeHHbIX. Ecnu kaxayro UII nmomarate
HEKOTOPBIM UHGOPMAYUOHHBIM HOMOKOM , TO TIPU MATEMATHIECKOM MOJIEIUPOBA-
HUU CUCTeMBbI oJlHOMY ¢usndeckoMmy 1nmoToky XTC Oyaer cooTBETCTBOBATH COBO-
KyITHOCTh MH(OPMALIMOHHBIX MOTOKOB. HampaBieHue Kaxaoro m3 3TUX MOTOKOB
npu MojenupoBannu XTC Ha cTaguu ONTUMHM3ALUU U MPOEKTUPOBAHUS B 00IIEM
cllydae HE COBMAJaeT C HampaBiIeHHEM (PU3MUECKOro MOToKa cucTembl. Kaxmyro
HNII, oTBeyaroIyr0 HEKOTOPOMY MapaMeTpy CHCTEMBI WIIM 3JIEMEHTA, TAKKE MPeJl-
CTaBJISIOT B BUJE BHEIIHETO BXOJHOI'O UM BBIXOJHOTO MH(GOPMAIIMOHHOTO MMOTOKA
XTC.

[Tpu matematuueckom MmopaenupoBanuun XTC COBOKYNMHOCTh WMH(pOpMaLU-
OHHBIX CBS3€H, 00pa3yIOIMX MaTEeMaTHYECKYI0O MOJENb KaK0ro 3JIeMeHTa (Ioj-
CUCTEMBI), PACCMATPUBAIOT KaK HEKOTOPBIA UHDOpMAYUOHHDBIL onepamop, TIPeoo-
pasyroluid BXoaHbIe WH(OPMAIIMOHHBIE TTOTOKH 3JIEMEHTa B €r0 BBIXOJIHBIE MH-
(dopManoHHble MOTOKU. [Ipu 3TOM 6x00HbBIE UHGOPMAYUOHHBIE NOMOKU KaXKIOTO
OTZIEJIBHOTO 3JIEMEHTA COOTBETCTBYIOT ero cBoboausiM UII, a evixoonsvie ungop-
mayuonusie nomoku — 6azucHeiM UII. Cumurator, uTo BXOAHBIE HHGOPMAIIMOHHbBIE
noToku XTC mnau 371eMEHTOB BBIXOIAT U3 ONPENEIICHHBIX HE3aBUCUMBIX UCTOYHU-
KOB MH(pOpMAIINK, & BEIXOJAHBIEC CBSA3aHbI C HEKOTOPHIMH MIPUEMHUKAMHU UH(OpMa-
UM,

[Ipn pemieHnu 3amad NpoeKTHPOBaHUA onNTUMaNbHbBIX XTC mms Kaxaoro
OTIIETILHOTO AJeMeHTa (TIoJicucTeMbl) cBOOOIHbIE U OazucHbie UII MoryT B 0011emMm
clly4ae OTBeYaTh Kak MH(POPMAIIMOHHBIM NEPEMEHHBIM BXOJIHBIX, TaK U BBIXOIHBIX
(¢u3nUecKX MOTOKOB 3JeMeHTOB. [103TOMy HampaBieHue MH(POPMALMOHHBIX TO-
TOKOB, OTOOpa)alolIMX MapaMeTpbl HEKOTOPOTO (PU3UYECKOr0 MOTOKA, MOXKET
COBIAJAATh U (WJIM) HE COBIAJATh C HAIIPABJIEHUEM 3TOI'O MOTOKA CUCTEMBI.

Ha puc. 3.1 npeacrasnena crpykrypa HH(GOPMALMOHHBIX TOTOKOB JIJIs TEll-
nooomennuka XTC, Ha BXOAbI KOTOPOTO MOCTYNAIOT (PU3NUYECKUE OTOKU ropsiuei
KUAKOCTH U XJ1a/IareHTa.
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Puc. 3.1. CtpykTypa nH()OpMaAIMOHHBIX TTOTOKOB TEIJIOOOMEHHUKA HEKOTOPOU
XTC:

F - moBepxHocTh TemnoooMena, KT — KOHCTpYKTUBHBIN THIT TemsIooOMeHHMKa, K - kKo dumm-
eHT Terutonepenadn, Wi, W, - MaccoBble pacxoabl OXJIaXAAeMOU JKUIKOCTU U XJIAJAreHTa, ty - t4
- TEMIIEPATYPBI TEXHOJOTHYECKUX ITOTOKOB

4. MaTtemaTu4ecKkue MO/ieJIM TEXHOJIOTHYECKUX ONEPATOPOB

Ha navanpubix sTanax npoektupoBanus XTC cozpmatorcs Oosnee MpocThbie
MareMarnyeckue mojenu TO, obecneynBaromie COXpaHEHUE KEIaeMOoro ypoBHS
roMoMoppu3Ma CYIIHOCTH (U3UKO-XUMHUECKUX IPOIECCOB, MPOUCXOMAAIIUX B
aneMenTe. Ha 3aBepiiaromux 3Tamnax NpOEKTUPOBAHUS HEOOXOJUMO NPUMEHATH
0osee TOuHbIE U CiIOXKHBIE Moaenu TO, KoTopbie Oosee MOTHO YUUTHIBAIOT KUHE-
TUYECKHE XapaKTEPUCTUKHU TEXHOJOTUYECKUX MPOIECCOB U HAauboJee peasbHO OT-
paXaroT BIUSHHUE NTAPAMETPOB TEXHOJOTHUECKUX PEKUMOB U ITAPAMETPOB DJIEMEH-
ToB Ha pynkunonupoBanue XTC B memom.

Jns mosyueHust ynpouieHHbIX MaTteMatuueckux mozenein TO ucnonb3yroT-
Csl METOJIbI JINHEAPU3alUU, TEOPUU MPUOIMKEHUN QYyHKUIUNA, METOIbI TUIAHUPOBA-
HUSl DKCIIEPUMEHTA, 4 TAKKE€ METOJBI alllPOKCUMALMN HENPEPBIBHBIX DJIEMEHTOB C
pacIpeneneHHbIMU TapaMeTPaMH TUCKPETHBIMU 3JIEMEHTAMH C COCPEIOTOYECHHBI-
MH [TApaMETPAMH.

4.1. ®opMbI NIpeCTABJICHUS CUMBOJIUYECCKUX MATEMATHYECKUX MoeJiei
TeXHOJI0ru4eckux oneparopos XTC

B cinydasx, korga JaHHBIX O KMHETHYECKHX XapaKTEPUCTHKax IMPOLIECCOB
¢yHkroHupoBanus 31eMeHToB X TC HeI0CTaTOuHO WIIM OHHM TMOJHOCTBIO OTCYT-
CTBYIOT, CUMBOJIMYECKYI0 MaT€MAaTHYECKYIO MoJenp Kaxaoro TO MoxHO mpen-
CTaBUTh B (pOpMe JMHEHHBIX ypaBHEHUH C KodhdUIMEHTaMH (YHKIHMOHATBHBIX
cBs3ell B BuJE kKod(ppuuneHToB pazaeneHus (paxkropos pazaeneHust) niau KITJI.

s snementa XTC, B KOTOPpOM HE MPOUCXOAUT XUMHUYECKOIO IpEeBpaILle-
HUS IMEET MECTO YPaBHEHHE MaTepUaIbHOro OajaHca:

n
ik = 2 Cisk (4.1)

s=1
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/i€ Aix — MAaCCOBBIM PacXxoJl XUMHYECKOTO KOMITOHEHTa k Ha BXO/E B 1 —i DJIIEMEHT;
Zisk - MACCOBBIN pacxoa k—TO KOMITOHEHTa B S-M TEXHOJOTHYECKOM ITOTOKE MU S—
i (ha3e Ha BBIXOJIC M3 i-TO DJIEMEHTA.

Koadpdunuent paznenenus Ogx A7 K-ro KOMIIOHEHTa B KakA0H  s-il Qasze
OTIPEIEISIIOT KaK

Seix = g;,k . (4.2)
ik

B peanbHBIX yCHOBHSX TEXHOJOTMYECKUE MPOLECCHI, MPOTEKAOIINE B AJIE-
MeHTax XTC, HaxoAsTcs JajdeKo OT COCTOSIHUSA paBHOBecus. OHUM M3 BO3MOXK-
HBIX CIIOCOOOB OIIEHKH TeXHOJOTHYeCcKON 3 dexTuBHOCTH deMeHTOB X TC sBis-
erca npumeneHue nousatusa KII/[ TexHomormyeckoro omeparopa, KOTOPBIM MOKa-
3BIBACT CTEIEHb MPUOIMKEHUS MPOTIecca K PAaBHOBECHIO.

KIIJI xuMHA4ECKOTO peakTopa MOKHO OLIEHUTh CTEIICHBIO MPEBPAILICHUS HE-
KOTOPOTO 1-Ir'0 XUMHUUYECKOTO KOMITIOHEeHTa. CTeneHb MpeBpalieHus i-ro KOMIIOHEH-
Ta B TOMOT€HHOM IPOTOYHOM PEAKTOPE 3aBUCUT OT THUIIA amnmaparta. [[yisg peakropa
MOJTHOTO CMENIEHUs, KOTJa MPOUCXOAUT HeoOpaTUMasi peakiys MepBoro nopsaka,
CTEIIEHb MPEBPALCHUS

c.=1-(1+k;0)7, (4.3)
a JUIs peakTopa MOJIHOI'O BEITECHEHUS
c, =1-exp(-k,0) , (4.4)

rjae k; — KOHCTaHTa CKOPOCTH XMMUYECKON peakuuu; 0 — Bpemsi mpeObIBaHMUS.

KIIJ] nmu 3¢ deKTHBHOCTh TETUIOOOMEHHMKA paBHA OTHOIICHUIO TEWCTBH-
TEJIBHO MEPEJAHHOI0 Tella K MaKCUMaJIbHOMY TEIULy, KOTOpO€ MOIJIO Obl OBITH
nepesaHo B OECKOHEYHO JUIMHHOM TETJIO00OMEHHHUKE:

_ (Wc)rop (TFOp,BX o TFOp,BLIX)
(Wc)min (Trop,Bx - TXOJ'I,BX)
E= (Wc)xon (TXOJI,BBIX - TXOJ'I,BX)
(Wc)min (Trop,Bx - TXOJ'I,BX )
Ucnonb3oBanne moHATHS 3(Q(PEKTUBHOCTH HCKIIOYAET MPOOJIEMYy HEU3BECTHBIX
BBIXOJHBIX TEMIIEPATYP U MO3BOJAET OTHOCUTEIBHO JIETKO aHAJIM3UPOBATH CIOXK-
HBIC TCITI00OMEHHBIC TTocucTemMbl XTC.

Jlnst abcopOrmonHbix anmaparoB X TC OCHOBHBIM TOKa3aTeleM TEXHOJIOTH-
yeckoit addextuBHocTu sBrsgercs KII/] B Buae korddunrienTa nzpneueHus, onpe-

npu (Wc)min = (Wc)ropv (4‘5)

mpu (We)pin =(We)xop- (4.6)

NEJIIEMOTO YPaBHEHHUEM:

C,..—-C
Nag =— % > (4.7)
CHr - Cr
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rae Cyr, Cyr — KOHIIGHTPALIMM TIOTJIOIAEMOI0 KOMIIOHEHTA B rase, MOoCTYIAalolleM B
*

amnrmapar U BeIXOJdIIeM U3 Hero, C, - KOHUEHTpalys MOorjonaeMoro KOMIOHEHTa

B ra3e, paBHOBECHAsI C HAYAJIbHOW KOHUEHTPALMEN €TO B KUIKOCTH.

4.2. Marpuusbl npeodpa3zoBaHus TeXHOJIOTMYECKHX ONEPATOPOB

Eciu 1151 j-ro TeXHOIOrH4eckoro omneparopa XTC BBIXOAHBIC HepeMEHHbIE [Yy]
SBJISIFOTCS INHEWHON (PYHKITMEH OT BEKTOpA MapaMeTPOB BXOTHBIX TTOTOKOB [Xjnl],
TO CUMBOJIMYECKAs MOJIEJb AJIEMEHTa MOXKET ObITh 3alucaHa B CIEIYIOLIEH Mat-
puuHOi (hopme:

Yo 1=[RLIXG T (4.8)
riae [Rln,] — MaTpuia npeobpa3soBaHMs WM ONMEPALHOHHAS MATPHIA, j-TO TEXHO-
JIOTUYECKOTO orepaTopa; m(n) - YUCJIO MapaMeTPOB BBIXOJAHBIX (BXOJIHBIX) MOTO-
KOB.

DNeMEHTBI MaTPUIIbI MPE0OPa30BAHUS OTPAKAIOT CBSA3b MEXKITY BXOAHBIMU U
BBIXOJIHBIMU TI€pEMEHHBbIMH. Matpuiia mpeoOpa3oBaHUs COCTOUT U3  CTOJIOIOB,
OTBEYAIOIINX KaXJA0W BXOJHOM IEPEMEHHOW, U U3 CTPOK, OTBEYAIOIINX KAKIOU
BBIXOJTHOM mepeMeHHO. Kakaplil 371eMeHT MaTpuIlbl MpeoOpa3oBaHus MPECTaB-
JsieT o000 COOTBETCTBYIOMMMA KOAGOUIIMEHT (HYHKIIMOHATIBLHOM CBS3U B BUJIE KO-
s punmenton paznenenus win KIIJ[, 3HaueHre KOTOPOro HE 3aBUCUT OT MapameT-
POB BXOJHBIX IMOTOKOB.

Martpuia mpeoOpa3oBaHusl TEXHOJIOTHYECKOTO OIEpaTopa pa3ieieHHs], CO-
OTBETCTBYIOIIETO PA3CIUTEIIO MOTOKA, B KOTOPOH T'11=T2=...=I,=a=const, Oyaer:

R, ]=a[E,], (4.9)
npuueM [E, ] — eauHuuHas Matpuna.

OyHKIMOHAJIbHAS CBSI3b JIJIS1 pa3/IeNIuTeNs TIOTOKOB UMEET CICAYIOIIUN BUI:

[Y),1=a[E,, 1[X},]. (4.10)

JInsi TEXHOJIOTHYECKOTo omnepaTopa pasJiefieHUs,, COOTBETCTBYIOIIETO HEKO-
TOpOMY cemapaTopy (OTAETUTENIO MOTOKA), (PYHKIIMOHATBHYIO CBSI3h MOXHO BHI-
Pa3uTh CIAEAYIOMIMM 00pa3oMm:

r, 0 -« 0
j 0 r, - 0.
[le]: : : : [an]' (4'11)
_O O rmm |

[Ipuyem sneMeHThl MaTpUlbl MPeoOpa30BaHMS HE PaBHBI MEXIy COO0OM U mpes-
CTaBJIAIOT pa3auyuHble PyHKIMK napameTpos saemenTa X TC.

@OYHKIMOHAIIBHYIO CBS3b MEXKIY BEKTOpaMU MapaMeTpoB BXOAHBIX [X] U
BBIXOJHBIX [Y ]| TEXHOJIOIMYECKUX TOTOKOB XMMHUYECKOT0 PEAKTOpa MPEACTABIISIOT
B CJIEYIOILEM BHJIE:

[YI=(EH[CI[SDIX], (4.12)
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rae [E] — equnnunas marpuna; [C] - MaTpuia KOHCTAaHT CKOPOCTU XUMHUYECKHUX
peakuuii; [S] - MaTpHIla CTEXHOMETPUUECKUX KOIDPHUITUEHTOB.

Marpuynas maTeMaTtuueckas Mojesib abcopOepa MOXKET BBITJISICTh Clie-
IYIOLUM 00pa3oM:

G
L
YBbIX all a12 a16
— YBX
BBIX | a21 azz aze X . (413)
BX
BBIX a31 a32 a36 t
1

CneBa — BEKTOp-CTOJIOCI] BBIXOJHBIX IEPEMEHHBIX; CIpaBa — BEKTOP-CTOJIOEI]
BXOJIHBIX TEPEMEHHBIX (eAuHHIa AoOaBiieHa [JIsi ydyeTa CBOOOIHBIX YJICHOB B
YpaBHEHUSIX MOJIEIH); B CEpEeIMHE — MaTpulla mpeoOpa3oBaHusi (HEKOTOPHIE €€
AJIEMEHTHI MOT'YT PaBHSTHCS HYJIIO).

XoJ nporecca OnpeessioT CAeAyoIue napaMeTpbl BXOIHbIX MOTOKOB: G -
MAaCCOBBIM pacxo/l raza; L - MacCOBBIN pacxoi >KUJIKOCTH; - TEMIIepaTypa BXO/I-
HOTO ITOTOKA XKUIKOCTH, Vpx, Xpx — KOHIIEHTPALMU MTOTJIONIAEMOT0 KOMIIOHEHTA BO
BXOJHOM TOTOKE raza W UJKOCTH, COOTBETCTBeHHO. Habop 3THUX BEJMYUH CO-
CTaBJIIET BEKTOP BXOJHBIX MTapaMeTPOB.

BekTop BBIXOJIHBIX MapaMeTpPOB, XapaKTepHU3YIOMIMX paboty abcopOepa,
BKJIFOYAET CIEAYIOIINE MOKA3ATENM: Ypyx, Xpux — KOHIIEHTPAIMU MOTJIOIMIAEMOTO
KOMIIOHEHTA B BBIXOJAIIEM MOTOKE Ta3a U HKUIAKOCTH, COOTBETCTBEHHO; tyyx- TEM-
repaTypa BbIXOJHOTO MOTOKA KUJIKOCTH.

Martpuunas gopmMa TpencTaBICHUS MOJACIU TMO3BOJSET HETOCPEIACTBEHHO
PacCUUTHIBATh BBIXOJHBIE TAPAMETPhI, €CJIA U3BECTHBI BXOIHBIE.

Jns trexHonornueckux omneparopoB XTC ¢ pacnpeneneHHbIMU apaMmeTpa-
MU, K KOTOPBIM OTHOCSITCSl ammaparThl, TJI€ TPOTEKaOT MPOTUBOTOYHBIE MacCO00-
MEHHBIE€ MPOIIECChI, HAXOXKECHUE IJIEMEHTOB MaTpPHUI] PEOOpa30BaHUs MPaAKTHYE-
CKHM CBOJMTCS K CBEPTKE 30HHOW STYECYHOW MOJENH IO MPOCTPAHCTBEHHOU KOOP-
JIMHATE U €€ JIMHEApU3allMi B HEKOTOPOM JIMana30He U3MEHEHUs apaMeTpPOB BEK-
TOpa BXOJHBIX MOTOKOB. [lo/100Has cBepTka MareMaTU4eCKOW MOJIEIU MPUMEHS-
€TCsl TAKXKE B TEX CIyyasiX, KOTJla XUMUKO-TEXHOJIOTHYECKHUE MPOIIECChI PACCUUTHI-
BAIOT Ha OCHOBE CPEHUX JABMKYIIUX CHJI WJIM PABHOBECHBIX 3aBUCUMOCTEH.

Jlist onpenenenuss MaTpuil peoOpa3oBaHUs TEXHOJIOTUYECKUX OMEPATOPOB
XTC ucnons3yroTcs aHaiumuyeckul U Cmamucmuyeckuii METOAbl. AHaIUTHYE-
CKHMII METOJ OINpPENEEHUSI JIEMEHTOB OINEPALUOHHBIX MATPHULl TEXHOJIOTMYECKHUX
oneparopoB XTC OCHOBaH Ha NMOJYyYEHUM AHAJUTUYECKUX PELICHHUN YpaBHEHUU
Marematudeckod mozaenu TO. DTOT METOJ MCHOJIB3YeTCs, KOT/la MPOLEeCcChl OIH-
ceiBatoTCst MM C coCpeoTOYEHHBIMU MapaMeTpamMu (PeakTopbl MOJIHOTO CMeEIlIe-
HUSl, TETUIOOOMEHHUKY CMELIEHUS U T.J1.).
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CraTucTHYeCKUN METOJT MOKET ObITh UCIOIB30BaH AJISl OTYUEHUS IPOCTHIX
MaTeMaTHYeCKUX MOJIeJel MPOn3BONIbHBIX deMeHTOB X TC mpakTudecku ¢ Jro00ii
CTETICHBIO CIIOKHOCTH WX MCXOJIHBIX MAaTEMAaTUYECKUX MOJICIICH.

CyImHOCTh CTAaTUCTHYECKOTO METO/a 3aKII0YaeTCs B HaXOXKACHUU KOd(pu-
[IUEHTOB MAaTPHUILIbI MPEOOPA30BAHMS TEXHOJIOTHUECKOT0 orepaTopa MmyTeM MpHuMe-
HEHHs] METOJOB IUIAHUPOBAHMSI SKCIIEPUMEHTa Ha MaTeMaTHMYeCKON MOJenu, OT-
pakaromiel (U3UKO-XMMHUYECKYI0 TpPUpOAy mpouecca. Mcmonb3oBanue MeTtona
TUTAHUPOBAHMSI DKCIIEPUMEHTA HA MaTEMaTHUYECKONH MOJIETH TTO3BOJIET 3HAUNTEIb-
HO COKpaTUThb pacueTHbIC MPOLEAYPHl U MOIYYUTHh TOCTATOYHO KOPPEKTHBIE pe-
3yJbTaThl B 33/1aHHOM JIMaNla30He U3MEHEHHUH BXOHBIX MTapaMETPOB.

Hawubonee pacrpocTpaHeHbI MOJHBINA (PaKTOPHBIN AKCIEPUMEHT U €ro Apo0-
Hble peruiiku. KoppensiuoHHble YpaBHEHHUs, BBIBOAUMBIE C TIOMOIIBIO ATOTO Me-
TOJ1a, UMEIOT CIEAYIOIIAN BUJ:

yj=ag +Xai'x; + %ai(ﬁ)xixk " %ai(ﬂ)exixkxe e (4.14)
i 1, L,k,e
() o0

- KOO(pGuuMeHT npu JHHEWHBIX WIEHAX; aj , A - KOdQUIMEHTsI npu

e ai(J)
s dexTax B3auMOICHCTBUS.

Jns HaxoxaeHus: Kod(pUIIMEHTOB YpaBHEHUH METOJIOM MOJHOTO (hakTop-
HOI'O DKCIEpUMEHTa TpeOyeTcsi MPOBECTH 2" pacuyeToB Ha MOJAEIH (N — YHCIIO
BXOJIHBIX MapamMeTpoB). HeoOXoMuMo OTMETUTh, 9TO 3HAYMMOCTh d(H(PEKTOB B3an-
MOJICMCTBHUS, YUYUTHIBAOIIUX HEIUHEWHOCTh MATEMATUYECKOW MOJICNH, ITOJHO-
CTBIO OMPEACIIICTCS UHTEPBAJIOM BapbUPOBAHUS MIEPEMEHHBIX, B KOTOPOM IOTyYe-
HBbI KOPPEJISIITMOHHBIC ypaBHEeHUs. [Ipu J0CTaTOUHO MalIbIX WHTEpBaJIax BapbUPO-
BaHMs B3aWMOJICHCTBHUS CTAHOBSTCS HE3HAUYMMBIMHU, a YpaBHECHHs (PYHKITMOHAIb-

HOU CBSI3HU — JIMHEUHBIMHU.

4.3. MaTpu4HBbIil ¥ IeTEPMUHAHTHBIA MEeTOAbI AHAJIU3A
XHMHKO-TEXHOJOTHYECKHX CHCTEM

Mampuunsiii memoo ananuza XTC OCHOBaH Ha TOM, YTO MaTeMaTHYecKas
mozenb XTC moxkeT ObITh MoTydeHa 0ObETMHEHHEM MaTPHI] MPeoOpa3oBaHUsI OT-
JEJIbHBIX TEXHOJIOTUYECKUX OMEPATOPOB B COOTBETCTBUHU C TEXHOJIOTHMYECKOU TO-
MOJIOTHEH U CTPYKTYPHOH OJIOK-CXeMOM cHCTeMbl. Takod MOJAXO0J K aHaIu3y
(GYyHKIMOHUPOBAHUS WU MOMHOMY pacyeTy XTC mo3BOJSIET MONYYUTh pEIICHHE
Oe3bITepallMOHHBIM METOJIOM M COYETAeT B c€0€ TOUHOCTh U BO3ZMOKHOCTH MOJIHOM
dbopManuzanuy pacyeTHBIX IPOIIETYP.

Pacuer u ontumuzamnuss XTC ¢ mOMONIBIO ONEPAIMOHHBIX MAaTPUIL 3aKIIO-
YalOTCsl B COCTABJICHUM 9KBUBALEHMHOU MAMPUybl npeobpa3o8anus CUCTEMBbI, KO-
TOpas BbIpaXaeT 3aBUCUMOCTh BceX nepeMeHHbIx X TC.
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Komno3unus onepanimoHHBIX MaTpull OTAEIbHBIX 3J1eMeHTOB X TC mpou3BoauTCS
Ha OCHOBE aHaJM3a CTPYKTYPHOU OJIOK-CXEMbl CUCTEMBI, U BBIPAKEHUE €€ HKBUBA-
JICHTHOM OINEpallMOHHON MaTpHLIbI [S] yepe3 onepalMoOHHbIE MATPUIBI TEXHOJIOTU-
YECKHUX OMepaTopoB [Ay] sIBISETCS OTPAXKEHUEM CTPYKTYPHBIX OCOOCHHOCTEHN CHC-
TEMBL.

PaccmotpumM, B KadyecTBe IMpUMeEpa, MOCIEIOBATEIBHOE COEIUHEHHE JIBYX
saneMeHToB XTC, nmeronux onepauroHHbie MaTpuIlsl [A] u [A,].

x© x® X

Ay

—>A1

A 4

Puc. 4.1. Onpenenenue 3KkBUBAJICHTHON MaTPUIIbI TPe0Opa30BaHUs
MOCJIEA0BATENBHOTO COEqUHEHHUS ABYX 31eMeHToB XTC

J1J1s1 IepBOTO 37IEMEHTa CBSI3b BXO/A M BBIXOAa MOYKET OBITH 3alMcaHa CJIeIYONIM
oOpazom:

X=[A;] X© . (4.15)
AHaJ'IOFH‘-IHO, HJIsL BTOPOI'O 9JICMCHTA!
X@=[A,] X (4.16)

CBepTKa 3THX ABYX JIEMEHTOB K OJIHOMY PaBHOCHWJIbHA HUCKIIOUCHHUIO W3
BbIpaxkeHuii (4.15) u (4.16) npoMeKyTOUHBIX TEPEMEHHBIX BEKTOPA.
XAl [A] XS] X (4.17)
B aroit dopmyne [S]= [A,] [A] — omepaniuoHHasi MaTpuIia JIBYX MOCJIEIOBATEIIb-
HO COeIMHEHHBIX d1eMeHTOB X 1C.

B Tex ciyuwasx, korga 3agada aHanuza X 1C cocTOUT B pacyeTe MaTepuaib-
HOro OajaHca Kakoro-aubo OJAHOrO0 XMMHUYECKOrO0 KOMIIOHEHTA, JJI €€ PElIeHUs
MOKHO MPUMEHUTh 0emepMUHAHMHBIN MemOoO aHaau3a. ITOT METOJ OCHOBAH Ha
MPEJICTABJICHUM MaTeMaTH4YeCKOW moAenu Kaxpaoro snemeHta XTC B Buae nu-
HEHHOro ypaBHEHHUS ¢ Kod(h(dUIMEHTaMU pa3iesieHus], UMEIOIUMHI MOCTOSHHBIC
3HAYEHHUS, U HCIOJIb30BAHUM TEOPEM JMHEHHOW anreOpsl. JleTepMUHAaHTHBIA Me-
TOJI AABJIIETCSI YACTHBIM ClIy4aeM MaTpHU4HOro Meronaa ananuza XTC.

GiOk Xik Xik ( 1 'Siik)xik

A —» 1 L »

\ 4

6iik}hik

Puc. 4.2. CtpykrypHas cxema npoctoil KontypHou XTC
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Hust i-ro anementa XTC, KOTOpbIi 0XBaueH OOpPATHBIM (PEIMKINYECKUM)
TEXHOJIOTHYECKUM TOTOKOM (puc. 4.2), U3 pelnieHus ypaBHEHUS MaTepUaTIbLHOTO
OanaHca k-ro XuMH4IeCKOro KOMIIOHCHTA:

GiokHOiikAik=Aik (4.18)
OTIPEIEISIIOT MACCOBBIM PACXOJ] 3TOTO0 KOMIIOHEHTa BO BXOJHOM ITOTOKE OOIIETO
MMUTAHUS Ay

}Lik: Gi()k/(l-siik), (419)
rae Gjpx — MacCoBBIN pacxo/i KOMIIOHEHTAa k B CBEKEM MUTAHUU 1-TO JIEMEHTA; Ok
- penMKIHYecKuil Ko GHUIMeHT pa3aeneHus s k—To KOMIIOHEHTa B i—M dJIEMeH-
TE.

5. Tomojioruyeckuu METOd aHaJIHU3a H TOIMOJOINICCKHE MOACTIHN
XHUMHUKO-TEXHOJOTHYECCKUX CUCTEM

Tononorundeckuit Meroy anammza XTC mo3Bossier dhopMaabHBIM 00pazoM
YCTaHABIMBATh (DYHKIIMOHAIBHYIO CBSI3b MEXIY TEXHOJOTMYECKOM TOMOJOTUEH U
KOJIMYECTBEHHBIMH XapaKTEPUCTUKAMH (DYHKITMOHUPOBAHUS CHCTEMBI B BHUJIC Ma-
TEpUAIBbHBIX U TEIUIOBBIX Harpy3ok Ha 3nemMeHThl X TC. C noMouipo Tomnojaoruye-
CKOTO METOJIa aHaJIn3a MOXKHO pa3pabaThiBaTh ONTHMAJIbHBIC AJITOPUTMBI pacueTa
MHOTOMEPHBIX CUCTEM ypaBHEHUU MatemaTuueckux moneneit XTC, BbiOupath or-
TUMAJIbHYIO CTPATETHI0 pelIeHus 3aa4 aHain3a QYHKIUOHUPOBAHUS W ONTHMHU-
3aLMH CIIOKHBIX CUCTEM.

Tononornueckuit meton ananuza XTC OCHOBaH Ha pacCMOTPEHHH MaTeMa-
TUYECKUX UKOHO2PAPUYECKUX (MONOI02UYecKUX) MOACIICH CUCTEM, KOTOPBHIMU SIB-
JISIFOTCSI TIOTOKOBBIE U CTPYKTYpPHBIE rpadbl, HHPOPMAIIMOHHO-TIOTOKOBBIE MYJIbTH-
rpadsl, nHpopMaloHHble U curHaiibHble Tpadbr XTC.

Kunaccudpuxkanus romosoruyeckux mMoaened XTC. g pemwenus 3amad
ucciegoBanus XTC Ucnonb3yrOT TP KIlacca TOMOJIOTUYECKUX MOJIEIICH.

K mepBoMy Kiaccy TOINOJOTHYECKUX MOJIEIEH OTHOCATCS HOMOKO8ble U
cmpykmypHule epagvi. ITH Tpadbl 0TOOPAKAIOT 0COOEHHOCTH TEXHOJIOTHYECKON
TONOJIOTMM CHUCTEMBI M JAlOT BO3MOXXHOCTh yCTaHAaBIMBATh HENOCPEICTBEHHYIO
CBSI3b MEXIY W3MEHEHUSMHU TEXHOJIOTUYECKOW CTPYKTYphl M KOJUYECTBEHHBIMU
xapakrepuctukamu XTC.

Ko BTOpoMy Ki1accy TOMOJIOTMUECKUX MOJIETeH MpUHAMNIekKAT UHpopmayu-
OHHO-NOMOKOBble MYIbmucpaghol u ungopmayuontvle epagvi. It Tpadsl OTO-
OpakaroT XapaKTePUCTHUYECKHE OCOOEHHOCTH CHMBOJMYECKMX MAaTeMaTHYEeCKHX
MoJieNiel U TO3BOJISIOT pa3padaThiBaTh ONTUMAIBHYIO CTPATETHIO PEIICHUS 3a7a4
ncciaenoBanug X TC.

K Tperbemy Kiaccy TOMOJOTMYECKUX MOJIENEN OTHOCITCS CUCHANbHbIE 2pa-
¢@bi, KOTOpBIE Tpapuuecku N300paxaroT (YHKIHMOHAIBHBIE CBS3UM MEXIYy Iepe-

51



MEHHBIMH CUMBOJUYECKUX MarteMmatudeckux mojerneit XTC. CurnanbHbie rpadbl
MOYXHO IPUMEHSATH U1 ONPEACIICHUs IUHAMUAYECKUX U CTAaTUYECKUX XapaKTepu-
ctuk XTC, pacuera (pyHKIMI 4yBCTBUTEIbHOCTH XapaKTEPUCTUK CUCTEM K H3Me-
HEHUSIM HUX NapaMeTpoB, a TAaKKe€ JUIsl OLEHKH YCTOMYMBOCTH MPOLECCOB (PYyHK-
uuonupoBanust XTC.

5.1. OcHOBHbBIC IOHATHUS U ONIpeeIeHUs] TeOPUHU rpados

I'pad — sr0 durypa wim xoHdurypaius, oOpazoBaHHAs COBOKYITHOCTHIO
TOYEK (BEpPIIWH WJIH y3JI0B); HEKOTOPHIC U3 HUX MOTYT OBITh COCIMHEHBI OTpE3Ka-
MU TIPSIMBIX, JOMAHHBIX WA KPUBBIX JHHWHN. JIMHUM MOTYT MMETh HAMpaBIICHUE
(Tornma oHM HA3BIBAIOTCS JTyraMH) WK HE UMETh €ro (pedpa).

Puc. 5.1. I'pad, onpenensiemblii MHOXXECTBOM BepIIMH X={a, b, ¢, d}

JIBe TOYKHM HA3BIBAOTCS CMEXHBIMH, €CIIA OHU OMIPENIETISIOT pedpo Uiu AyTy
rpada. C kax10ii HEM30JIUPOBAHHOM BepiMHOM 1 rpada G CBSI3aHO OJHO WIIM HE-
CKOJIbKO pebep (myr). DTu pebpa Ha3bIBAIOTCS uHyuHOenmuvimMuy BepuimHe 1. Tak,
BEpIIMHE a Ha puc. 5.1 MHUUHACHTHBI pedpa 1, 4, 5, BepmmHe ¢ — pedpa 2, 3, S u
T.JI.

JIBe pa3nuyHbIe AYTU CMedICHbl, €CIIM OHU UMEIOT 00IIyto BepiuHy. [locre-
JNOBATEJNBHOCTD AYT, IPU KOTOPOM KOHEL OJHOM JIyI'H SIBJISETCS HAdalloM JIPYrou,
Ha3bIBaeTcsa nymem. I1yTh, B KOTOPOM HUKAaKasi BEpILIMHA JIBAK]bI HE BCTPEUYAETCH,
Ha3bIBAETCS 271eMEHMAPHbBIM.

Ecnu HavanpHas W KOHEYHas TOYKHM MYTH COBIAIAIOT, 00pa3yeTcs KOHmyp.
OH Ha3bIBACTCS 21EMEHMAPHBIM, €CITH BCE €T0 BEPIIUHBI PA3IMYHBI (32 UCKITIOUE-
HUEM Ha4yaJbHOW U KOHEUHOM BEPIINH, KOTOpPbIE COBMANAIOT). [nuna nymu (Kow-
mypa) — 3TO YUCIIO AyT, KOTOPBIE €ro 00pa3yrorT.

[TeTneit Ha3pIBaeTCSI KOHTYP €IWHWUYHOW JJIMHBI; TETIS CBSA3BIBACT TOUKY
camy ¢ coboii (puc. 5.2).
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1, X Ko
X, X2 X; X
O »C Oo— > »O

X4
Xs

Puc. 5.2. IlyTh, KOHTYp U NETISI OPUSHTUPOBAHHOTO Tpada:

yTh — MOCJIEIOBATEIBHOCTh BEPUINH X|, X2, X3, X4, X5, Xg, X4, X7; DJIEMEHTAPHBIN
NyTh - X1, X3, X3, X4, X7; KOHTYP - Xp, X3, X4, X5, X6, X4, X3, X3 ; DJIEMEHTAPHBIA KOH-
TYD - Xs, X6, X4, X5; TIETIIST — |;

['pad Ha3bpIBaeTCA C8A3HBIM, €CIIU AN KAXKIOW Maphl BEPIIUH CYLIECTBYET
coenuHsoNas ux uensd (puc. 5.3, a). Heceaszuwiii Tpad COCTOUT U3 HECKOIBKHX
OTEJIbHBIX CBS3HBIX T'Pa(oOB UM €ro KOMIOHEHTOB (puc. 5.3, 0).

a b . ; d

b
O QO
7
a 1<2> 5 /4
O
2 O

Puc. 5.3. Cs3Hblii (a) 1 HECBA3HBIH (0) rpadbl

['pad sBisieTcst HE reomMeTpUUECKOi, a Tomojoruyeckon ¢urypoit. [locnen-
HEell Ha3BIBAIOT TaKyr (QUTypy, OMpECICHHbIE CBONCTBAa KOTOPON MHBapHUAHTHBI
IpH B3aUMHOHETIPEPHIBHOM M B3aUMHOOJHO3HAYHOM IMPOCTPAHCTBEHHOM MPE0o-
pazoBanuu. OAUH U TOT ke rpad MOXKET ObITh U300paXKeH pa3IMUHBIMH CIIOCO0a-
MU: BEPILHUHBI MOXHO pacrojarath B MIPpOU3BOJILHOM HOPSIKE, @ COSIUHSIONINE X
pebpa (ayru) IpoBOAUTH B BHJE MPSAMBIX WM JOMaHBIX JTUHUN. BMecTe ¢ Tem He-
3aBUCUMO OT crioco0a n3o0paxkeHus, nHpopmaius, coaepxauniascs B rpade, ocra-
eTcsi oJlHOM U Toil xe. [[Ba rpada Oynem Ha3bIBaTh U30MOpGHLIMU, €CITA OHU UME-
0T OJIMHAKOBOE YHCIIO BEPILIWH, €CJIM KaXI0i mape BEepIUINH, COSAMHEHHBIX peo-
pPOM B OJIHOM Ipade, COOTBETCTBYET TaKas K€ Iapa BEPIIUH, KOTOPbIE COCTUHEHBI
pebpom B Apyrom rpade.
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Puc. 5.4. Ucxonusriii rpad u uzoMmopdHbiii eMy rpad
[IpencraBnenne rpadoB C TOMOIILIO MATPHI]

Nudopmarus, comepkaiiasics B rpade, MOXKET ObITh MpeCTaBIeHa B anredpanye-
CKOM BHUJIE€ TIOCPEJICTBOM MaTpPHII.

Mampuyeii cmedxxcnocmu, cOOTBETCTByIOIIEH HekoTopoMy rpady G=(X,Y),
KOTOPBIN cocTouT U3 n BepuuH X; (1=1,2,...,n), Ha3biBaeTcs Marpuiia [H] mopsiaka
(nxn) ¢ aIEeMeHTamu :

h;j=0, ecnu BepIMHA X; HE CBA3aHA AyTOM C BEPIINHOM X; ;

hji=1, ecin BepinHa X; CBA3aHa AyTOW C BEPIIUHOM X;

Hanpumep, matpuiia rpada

X, = X;
G » O O »O
X
Xs !
MMEET CIENYIOIIUN BU:
[0 1 0 0 O]
O1 100
[H]=/0 0 0 1 O
0O 0 0 01
_O 1 0 O O_

3aMeTHM, YTO AMAroHaNbHBIA 3JIeMEHT hy; =1, 4TO COOTBETCTBYET HAIMUHUIO
IIETIU IIPU BEPLIMHE 2.

Martpuiieit MHIMIEHIUNM, KOTOpas COOTBETCTBYET HEKOTOpOMY rpady
G=(k,q), cocrosamemy u3 n BepmmH k; (1=1,2,...,n) u u3 m ayr q; =1, 2, ..., m),
Ha3bIBaeTCs Matpuia [S] mopsiika (nXm) ¢ dJIeMeHTaMu

Sij=-1, ecm nyra qj BRIXOQMT U3 BEpIIUHBI k; ;

Sij=+1, ecnm myra q; BXOIUT B BEpIIKMHY K; ;
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S;i=0, ecin 1yra q; HEMHIUIEHTHA BepIIUHE kK; .
Martpuity [S] Ha3bIBaIOT TaKXKe cmpykmypHot mampuyeti Tpada.
s rpada

HUMCCM:

a[-1 0 0 1 0-1

bl 110010
[Si]=

¢/ 0-1-1 0 0 1

d 0 0 1-1-1 0]

CBolicTBa MaTpUIl MHIIMACHIIMA OTPaKarOT TOMOJOTUYECKUE OCOOCHHOCTHU
COOTBETCTBYIOIIUX TpadoB.

5.2. XapakTepuCcTHKA U NPUHLIMIIBI MOCTPOEHUS
Tonmosornyeckux moaesnein XTC

Ilomoxkossie epaghol

Kaxnoit XTC MOXHO MOCTaBUTh B COOTBETCTBUE NOMOKOBbIU 2pagh, TOMO-
MOp(HBII paccMaTpuBaeMOUl CHUCTEME M SIBISIOLIUICS HEKOTOPOH TOMOJOTHYE-
CKOM MOJIENIbIO OJTHOTO THIIa 0OOOIIEHHBIX WU (PU3UYECKUX TTOTOKOB JIAaHHOM CHC-
TeMbl. [I0TOKOBBIE Tpadbl CTPOSAT VISl YCTAHOBUBILIETOCS TEXHOJIOTHYECKOTO pe-
xuma XTC.

BeiensiroT Tpu THIa TOTOKOBBIX rpad)oB: MaTepHAbHBIE, TEIUIOBIC (dHEP-
TETUYECKHE) U MApAMETPUUECKHUE.

Mamepuanvrvlie nomokossie epagur (MII') cocTaBnsoT o 00IIeMy Macco-
BOMY pacxoay (U3HUYEeCKHX MOTOKOB MJIM M0 MacCOBOMY PacxXojy HEKOTOPOIO XH-
MHUYECKOI'0 KOMIIOHEHTA.

BepimHbl MaTepuaibHOTO TOTOKOBOTO rpada mo oliieMy MaccoBOMY pac-
xony ¢pusnueckux notokoB (MIII'O) coorBeTcTBYIOT 251eMentam XTC, r/1e MeHsI-
€TCsl BeJIMYMHA MAaCCOBOI'O Pacxojia, HCTOYHUKAM U CTOKaM BEIIECTB (PU3NYECKUX
moToKoB. [lyru atoro rpada oTBeuaroT 0000IIEHHBIM MaTepUabHBIM IMOTOKAM.

BepumHbel MaTepranbHOrO0 MOTOKOBOrO rpada 1mo MacCoBOMY pacXxoay He-
KOTOPOI0 XHMHYECKOIO0 KOMIIOHEHTa COOTBETCTBYIOT anemeHTamM XTC, TpaHc-
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(GbOpMHUPYIOIIIUM MacCOBBIE PACXOJbl XMUMUYECKOTO KOMITIOHEHTa, MCTOYHHKAM H
CTOKaM 3TOr0 KOMIIOHEHTA B CUCTEME.

Bepuiunsl mennosozo nomoxosoeo epagha (TIII') cOOTBETCTBYIOT 3JEMEH-
TaM CHUCTEMBI, KOTOPhIE U3MEHSIOT PAacXO/bl TeIia (PU3MYECKUX MOTOKOB, BHEIII-
HUM U BHYTPEHHUM MCTOYHHMKaM M crokaMm Teria XTC. [{yru TeminoBoro moToko-
BOro rpad)a 0TBeYarT 0000IIEHHBIM TEIIJIOBBIM ITOTOKAM.

OcHoBHbIe xapaktepHbie ocooeHHoctu MIIT'O u TIIT XTC:

1) OpMeHTUPOBAHHOCTh, TAK KaK JABUYKEHHE MOTOKOB BEIIECTBA U DHEPTUU B CHC-
TEeME MPOUCXOAUT B CTPOTO OMPEICTICHHOM HANPABICHUU;

2) aCUMMETPUYHOCTh, TIOTOMY YTO HE BCE COCEIHUE AJEMEHTHl CUCTEMbI CBSI3aHbI
Mex1y co00M 00paTHBIMH TEXHOJIOTMYECKUMHU MTOTOKAMU;

3) CBSI3BHOCTb, TaK KaK BCE DJIEMEHTHI B CUCTEME B3aMMOCBS3aHbl €IMHOMN 1IETIbIO
MMOTOKOB BEIIECTB WU YHEPTUHU.

XapakrtepHble ocooeHHocTr MIII o MaccoBoMy pacxojly HEKOTOPOIO XH-
MHUYECKOT0 KOMIIOHEHTA B OCHOBHOM COBIIanaroT ¢ ocodennoctamu MIIT'O u TIIT
(OpUEHTUPOBAHHOCTh W ACUMMETPUYHOCTH). OTJIIMYME COCTOUT B TOM, YTO O3THU
rpadsl MOTyT OBITh KakK CBSI3HBIMHU, Tak M HecBA3HbIMH. HecBsasznocts MIIIT mo
KOMIIOHEHTaM 00YyCJIOBJIEHA TEM, YTO 00pa30BaHKUE, XUMUYECKAsl yObLIb WIIH 1I€JIe-
BO€ BBIJICJICHUE JAHHOIO XUMUYECKOTr0 KOMIIOHEHTA MPOUCXO/ST JIUIIb B HEKOTO-
poix neMmenTax X TC npy HaTUIUKU HEOOXOJUMBIX TEXHOJIOTUYECKUX YCIIOBUM.

[Ipeanonoxum, HEOOXOIUMO MOCTPOUTH TOTIOJIOTUYECKUE MOJEIHU JJisl TPO-
1ecca CUHTE3a aMMHaKa, OrepaTopHas cxeMa KOTOpOoro mpejcrarieHa Ha puc.1.9.
B oneparope 1 npoucxoauT ckaTue MoJaaBaeMoOro MoToKa ChIpbs (a30TOBOAOPO-
HOM CMecH), B OIEepaTrope 2 — ero CMENIEHHWE C MOTOKOM HENpOopearupoBaBUIETO
CBIpbS, YK€ MOOBIBABILETO B pEaKTOpe, B onepaTopax 3 u 4 — oxJIaXKIeHUE a30TO-
BOJOPOJHON CMECH, B ONIEPATOPE 5 — BBIAEIEHUE CKOHACHCUPOBAHHOIO aMMHUaKa
13 a30TOBOJIOPOJHOM CMECH; B omeparope 6 — XUMUYECKOe IpeBpalieHue; 7 - 0X-
JaXJCHUE BOJIOU, 8- OTAEICHUE MPOAYKTa — aMMHUaKa — OT [IOTOKa HEMPOopearupo-
BAaBIIIETO ChIPbs, 9 — cxKaTHE a30TOBOIOPOTHON CMECH.

Kaxxnpiit 1-i pu3nyeckuii mOTOK CUCTEMbI (JI TaHHOW CUCTeMBbI nMeeM 17
MMOTOKOB) XapaKTepHU3yeTcs HaOOpOM CIIEIYIOIIUX MapaMeTpoOB: m; - OOIIUH Mac-
COBBII pacxoi (pU3MUECKOr0 MOTOKA; Mjj - MACCOBBIA pacXo]] j—T0 KOMIIOHEHTa ( B
JAHHOM clTydae 3 KOMIIOHEHTa — aMMHaK, BOJIOPOJI, a30T) B i—M (PU3UIECKOM TIO-
TOKE; Cjj - KOHLIEHTpaLus j—TO KOMIIOHEHTa B 1-M moToke; T; - Temmeparypa i-To
noroka; H; - Teruiora pusnveckoro noToka.

['pad, oToOpaxaromuii 00IIMe MaTepUalibHbIe TTOTOKH MEXIY dJIeMEHTaMu
MIPUBEJICHHOW CUCTEMBI, MIOKa3aH Ha puc. 5.5. J{ns moctpoenus rpada B3ATHI TOJb-
KO T€ 3JIEMEHThI CUCTEMBI, II€ MEHSIETCSI BEJIMUMHA MAacCOBOTO MOTOKA. DTO U €CTh
BEpIIUHKI Tpada.

B oneparopax 1, 3, 4, 6, 7, 9 He u3MeHsr0TCs 00I1e MacCoBbIe pacxoibl. (B
oneparopax 1, 9 mpoucxoauT M3MEHEHUE NaBJIEHHUs, B oneparopax 3, 4, 6, 7 —
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TEMIIEpaTyphl; B onepaTope 6 UAET XMMUYECKOE IPEBPALLEHNE, MEHSAIOTCS COCTaB
U TEMIIepaTypa NoTOKa, HO OO MacCOBBIN pacxoj ocTaeTcsi Hen3MeHHBIM. ) [To-
ATOMY Ha Trpade OTCYTCTBYIOT BEPIIMHBI, COOTBETCTBYIOIIHME IEPEUUCICHHBIM
onepatopaMm. Ho 3aTo B HEM JOJKHBI OBITH OTpa)KeHbl (DaKThl MOJAYU CBHIPHS B
CHUCTEMYy U BBIBOJA MpoaykTa. [losTomy rpad momonHsercs BepUIMHAMH 1, COOT-
BETCTBYIOIIMMHU MCTOYHHKAM BEILECTBA, U BEPIIMHAMU S, OTOOPAKAIOUIMMH CTOK
BemecTBa. MICTOUHUK 1 COOTBETCTBYET 00IIEMY KOJIMYECTBY ChIPhS, M0/1aBAEMOMY
B cUCTEMY C TOTOKOM M, . CTOK S| COOTBETCTBYET KOJIMYECTBY MPOIYKTA, BBIBO-
JUMOI'0 M3 CUCTEMBI C IMMOTOKOM M4 ; S; - KOJMYECTBY aMMHAaKa, BBIBOJUMOMY C

MMOTOKOM Mg.
/\
m

4

‘ - Q -
Ms

Puc. 5.5. MarepuanbHbiii ToTOKOBBIN Tpad mo o6mum pacxogam XTC

Ha puc. 5.6 nmpuBeseH TemaoBOW MOTOKOBBIN Trpad sl paccMaTpUBaeMOM
cxeMbl. [lomumo BepmuH rpada, COOTBETCTBYIOIIHMX OINEPaTOpaM CXEMBI, T
TpaHC(HOPMUPYIOTCSI TEIIOBBIE MOTOKH, B Ipad BBEIAEHBI BEPIIMHBI, COOTBETCT-
BYIOIIME UCTOYHUKAM U CTOKAM TEIUIOTHI.

Puc. 5.6. TemnoBoii motokoBsii rpad XTC:

2-8 — HOMEpa BEpIINH, COOTBETCTBYIOIIME HOMEPAM OMEPATOPOB HA OTIEPATOPHOU
cxeme, n300pakeHHOU Ha pwuc.1.5; i, i, iT" — HCTOYHHKH, COOTBETCTBYIOIIUE TI0-
CTYIUICHHUIO TEIUIOTHI ¢ puznueckuMu notokamu M, Mg, M,; it — HCTOYHHMK, CO-
OTBETCTBYIOIINI BBIJCICHUIO TEIIOTHI MPU MPOTEKAHUH dK30TEPMHUYECCKON peak-
1107078 STI, S, , STIH, SV - CTOKH, COOTBETCTBYIOIIHE OTBOAY TEIUIOTHI C (pr3mde-
ckuMH nmoTokamMu M;, M3, My, M4; H;- H ¢ — TE€TIJIOBBIEC TTOTOKH.
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Ilapamempuueckue nomokosuwie epaghot (I1I1IN). Takoit rpad sBisieTcst TOMO-
JIOTUYECKON MOJIENbI0, OTOoOpaxkarouieil mpeoOpa3oBaHUE 3IIEMEHTAMH CHCTEMbI
napameTpoB (usndyeckux norokoB XTC. Bepmunel IIIIIT oTBedaroT 3meMeHTaM,
MIPEACTABIIAIONIMM COOOM TEXHOJOTHMYECKHE ONEepaTOpbl, KOTOPbIE KAYECTBEHHO U
(M) KOJMMYECTBEHHO MpeoOpa3yloT mapaMeTpbl (U3MUYECKHUX MOTOKOB, a TaKKe
UCTOYHUKAM U cTOKaM ¢pusnueckux nmotoko XTC.

Jyru rpada cooTBETCTBYIOT (PU3NYECKUM MOTOKaM cucteMbl. Kaxnoi myre
[IIII" conocTaBieHO HEKOTOPOE HEOTPULIATEIBHOE YHCIO P; — HAPAMEMPUUHOCD
ATOW JIyTH, KOTOPOE PaBHO YMCIY MapaMeTPOB COOTBETCTBYIOLIETO (PU3UUECKOIO
notoka. B o0miem ciiyyae Bce Ayru mapamMeTpuyecKoro moTokoBoro rpada ciox-
Hoi XTC pa3HonapamMeTpruyHBI.

OnucaHHbIe BBIIIE MAaTepUATIbHBIE M TEIIOBbIE TOTOKOBBIE Ipadbl OTpaka-
IOT TONOJIOTHYECKHE OCOOCHHOCTH CaMUX TEXHOJOTMYecKHuxXx cucteM. Ho MOxHO
MOCTPOUTH M Takue rpadpl, KOTOPbIE YUUTHIBAIOT TOIMOJIOTHYECKHE OCOOEHHOCTH
CUCTEM YpPABHEHHUI CHMBOJIMYECKON MATEMAaTHUYECKON MOJENIU. ITO CUSHATbHbIE
epaghei. X cTposT 1U1sl TOro, 4ToObl rpaduyeckd M300pa3uTh (GyHKUIHUOHAIbHBIE
CBSI3M MEXAy HH(POPMAIIMOHHBIMH IEPEMEIIECHUSIMHU, BXOISAIIMMUA B ypaBHEHUS
cuMBoJinueckoil Marematudyeckor mojenu XTC. DTy nepeMeHHbIe Ha3bIBAIOT Cle-
Hanamu, OTCIoJa 1 Ha3BaHue rpada. CUrHaNbHBIN rpad COOTBETCTBYET CHCTEMaM
ypaBHeHu#l matemaTtuueckol monenu XTC u oTpaxkaer (QyHKIIMOHANbHBIE WIIU
MPUYMHHO-CJIEICTBEHHbIE CBSI3U Mex Ay nepeMmeHHbiMu X TC.

Bepmmnbl curnanbHoro rpaga COOTBETCTBYIOT CUTHAJaM, T.€. MH(pOpMaIm-
oHHBIM NtepeMeHHbIM X TC (mapamerpaM COCTOSIHUSI U CBOMCTB cUCTEMBI). Bepiiu-
Hbl UCTOYHHMKHU U300pa)katoT He3aBUCUMBIE (CBOOOIHbBIC) MEPEMEHHbIE, BEPIIUHbI-
CTOKH — 3aBHUCUMBIE NEPEMEHHBIE, OTHOCUTEIBHO KOTOPBIX CUCTEMA YpPaBHEHUU
paspeniaercsi B IBHOM BHJIE.

Hyru rpada cooTBEeTCTBYIOT KO3 (HULIMEHTAM WU MEePEAATOYHBIM (PYHKIIH-
SIM, XapaKTEPHU3YIOITUM CBS3b MEX Ty HHOOPMAITMOHHBIMU ITEPEMEHHBIMHU.

[ToMuMO OMHMCAHHBIX CYIIECTBYIOT M JApyrue pasHoBuAHocTU rpadoB. K

APYrUM MOATrpyINIaM HKOHOTpaUUEeCKHX MaTEeMaTUYECKUX MOJENed OTHOCATCA
CTPYKTYPHBIE OJIOK-CXEMBI 1 CETEBBIE MOEIIH.
Cmpykmypnas 010K-cxema — 3TO HUKOHOTpaduyecKkas MaTeMaTH4ecKas MOJEIb,
KOTOpasi COOTBETCTBYET CUMBOJIMYECKOM MaTeMaTu4eckou moaenu. Ha cTpykryp-
HOM OJIOK-CXeMe KaXKbIi TEXHOJIOTHYECKUI onepaTop n300pakaroT B BHjIe OJI0Ka,
moJ00HOIr0 MOKa3aHHOMY Ha puc. 5.7.

X Y
— [K] ——— >

Puc. 5.7. Biaok cTpyKTypHOU OJIOK-CXEMBI:
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X 1 Y — BEKTOpHI apaMeTPOB COCTOSIHUSI BXOJAHOTO M BBIXOJHOTO TEXHOJIOTMYE-
ckux notokoB; [K] — Habop ko3 duiineHToB nepenayu, NpeiCTaBICHHbIN B BUIE
MaTpUIIbI

Kaxxapiii 610K TIpencTaBiseT MaTEMAaTHICCKYIO MOJIETh TEXHOJIOTHYECKOTO
omnepartopa (Habop K03(h(PUITMEHTOB Mepeiauyn U MepeIaTOYHbIX (PYHKIIHMA) U CBSI-
3BIBACT BEKTOP MApaMETPOB, SIBJSIOMIMXCS BXOJAHBIMH JJISI TaHHOTO OJIOKa, C BEK-
TOPOM BBIXOJHBIX TTapameTpoB. biok-cxema Beeit XTC mpencraBiseT Toraa COBO-
KYITHOCTh TaKUX OTAEIBHBIX OJIOKOB, a CBS3h MEXAY OJOKaAMHU OCYIIECTBISETCS
BEKTOpaMHU NapaMeTPOB COCTOSHUS COOTBETCTBYIOIIMX TEXHOJOTHUYECKHX IMOTO-
KOB CHCTEMBI.

N cTpykTypHBIE OJIOK-CXEMBI, U CHUTHAJIbHBIC Tpadbl OTpakarOT 0COOCHHO-
CTU CHMBOJIMYECKON MATEMaTUYECKOM MOAENU. Mexay HUMHU UMEETCS B3aUMHO
OJTHO3HAYHOE COOTBETCTBHE: HAINIPABJICHHAS BETBh OJIOK-CXEMBI OTBEUACT BEPIITUHE
CUTHAJILHOTO rpada (B 000uX ciiydasx — 3To HabOp mapaMeTpoB COCTOSIHUS TEXHO-
JIOTUYECKUX TIOTOKOB CHCTEMBI), a Kbl OJIOK CXeMBbl COOTBETCTBYET HaIlpaB-
JIEHHOW BETBU CUTHAJILHOTO rpada (B 000oux ciryyasx — 3To Habop KodhPUImeHTon
(YHKIIMOHATBHON CBSI3H).

Cemesvle moOenu — 3TO UKOHOTpadUUIECKUE MOJIEITH, OTOOpaKaroue opra-
HU3AIMOHHBIE TIPOIIECCHI MPOEKTUPOBAHUS, IKCILTyaTanuu u yrnpasieHus X TC.
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O01mme nmosoxKeHust
CamocrosTenbHass padoTa CTYJEHTOB IO AUCHUILIMHE «MeToabsl pacueTHOU
XUMMU JJI1 MOJIEIUPOBAHUS XUMUYECKHUX MIPOLIECCOBY HAIIPABIICHA HA 3aKPEIICHUE
U yriyOJieHue 3HaHUH, TOJIyYEHHBIX Ha JICKIIMOHHBIX U JIAOOPATOPHBIX 3aHATUSX, a
Takke Ha (POPMUPOBAHHE YCTONYMBHIX HABBIKOB NPUMEHEHHS] HEHUPOCETEBBIX

MCTOAOB I pCICHHA PCaJIbHBIX XUMHUKO-TCXHOJIOITMYCCKHUX 3aaa4.

Leau CPC:

3akperieHue U yriryOJaeHne TeOpeTUIECKUX 3HAaHU M.

dopMHUpOBaHUE MPAKTUUECKUX HABBIKOB (paboTa ¢ JIUTEpaTypoOil, pacyeTsl,
aHaJiu3 JaHHBIX).

PazBuTre mo3HaBaTeIbHON aKTUBHOCTH U OTBETCTBEHHOCTH.

[TonroToBka K TEKyLEMYy KOHTPOIIO U 3K3aMEHAM.

MeTtoanka paboThI C TUTEPATypPOi

Hns sddextuBHOM pabOThl ¢ TekcTamMu wucnoib3yiiTte anroputm PQ3R
(Preview — Question — Read — Recite — Review):

e [Ipocmotp (Preview): 6eryio u3yuure oriiaBjieHUE, BBEICHUE, PE3IOME.

e Bompoc (Question): copMynupyiTe, YTO Bbl XOTUTE Y3HAThb W3 3TOrO
TEKCTa.

e Urenue (Read): BHUMaTenbpHO ynTalTE, J€asi IOMETKU KapaH 1allloM.

e Ilepeckas (Recite): mocie naparpaga 3akpoiTe KHUT'Y U IEPECKAKUTE CYTh
CBOMMH CJIOBaMHU.

e [loBTopenue (Review): yepes 1eHb NPOIUCTANTE KOHCIIEKT, BOCCTAHOBUTE

JIOTHKY.

IHoaroroBka K NpakTU4eCcKUM H J1a00PATOPHBLIM 3aHATHUAM
AJITOPATM MOJATOTOBKH:

VYTouHUTE TEMY M BOIPOCHI K 3aHATUIO (00b14HO B PITJI).



Haiinute cooTBEeTCTBYIOIME Pa3/ieibl B YUEOHUKE / JICKIIUU.
[Ipouwnraiite, cocTaBbTE KPaTKUl KOHCIIEKT (OMOPHBIN CUTHAI, CXEMY).
Ecnu 3apanbl 3a1aun — pemnte 2—3 aHAJIOTUYHBIX U3 METOAUYKHU.

ChopmynupyiiTe BOpOChl, KOTOPHIE OCTAIUCH HEMOHSATHBIMU.

Pedepar
Ortan 1. BeiOop u hopmynupoBka TEMBI
Tema nomkHa ObITH Y3KOM.
[IpoBepbTe: O TEME €CTh HE MEHEE 5—7 UCTOYHUKOB (KHUT, CTATEH) 3a MOCIETHUE

10 ner.

Ortan 2. [Touck u otO0Op IUTEpPATYPHI

HcTouHrKY 110 yOBIBAHMIO HAJEKHOCTH:

VYyeOHuku u yueOHbie mocodus ¢ rpudom YMO.
Mounorpaduu u COOpHUKH Hay4YHbIX CTaTEH.

Cratbu u3 peuensupyemsbix xypHaiei (BAK, PUHL).

ABTOpedepaThl JuccepTaruil.

He pexomenayercsa: Bukunenus, cryneHueckue pedepatel € CaiTOB,

HEIPOBEPEHHBIE OJIOTH.

Kak nckarts:
KiroueBsle cioBa + «site:elibrary.ru», «site:cyberleninka.ru», Google Knuru.

bubnuoreunslil katanor By3a.

Ortan 3. CocrtaBieHue paboyero miaHa
[Ipumep nnana pedepara no ryMaHUTApHON AUCLMILINHE:
Brenenue (1-2 c1p.)

AKTYyaJIbHOCTh TEMBI (IIOYEMY 3TO BaXKHO ceivac).



enp u 3agaum (3—5 3agay).

O0630p UCTIOJIL30BAHHBIX UCTOYHUKOB.

I'naBa 1. TeopeTuueckue acneKTsl podsiemsl (3—5 c1p.)
1.1. Onpenenenrie KIFOYEBBIX TOHATHUH.

1.2. Uctopus n3ydenus Bompoca.

I'maBa 2. Ananu3 KOHKpeTHOTro Marepuana (4—6 cTp.)
2.1. IIpumepsl, 1aHHbIE, TAOINLIBI.

2.2. CpaBHEHHME TOYEK 3PEHUS PA3HBIX aBTOPOB.
3akmouenue (1-2 ctp.)

BriBoap! o kaxx1ou 3a1ave.

[IpakTnueckue pekoMeHaaluuu (ecii ecTh).

Cnucoxk nutepatypsl (10—20 UCTOUHUKOB).

Oran 4. Hantncanue yepHOBUKA

He penaktupyiite cpa3zy — numuTe ObICTPO, (PUKCUPYS ITIABHOE.

Kaxnpiii ad3an — ogHa mbiciib. O0beM ab3ana — 3—7 CTPOK.

[IpsiMoe muTUPOBaHME 3aKITFOYAUTE B KABBIUKU U YKA3bIBAUTE CTPAHUILY:

Kak ormeuaetr UBanos U.1., «oOpazoBanue — 310...» [7, c. 45].

Ilepecka3 cBoumMu cioBamu Takxke TpeOyeT cchuiku: [lo muenuto Ilerpona ILIL.,

KJIFOYEBBIM (DaKTOpOM siBisietTcs. .. [3, c. 12—-15].



Otan 5. Odpopmnenue no 'OCT (kpaTko)

pudt: Times New Roman, 14 kerus.

WNutepsan: 1,5.

[Tonsa: neBoe — 30 mm, npaBoe — 15 MM, Bepx/Hu3 — 20 MM.

Orcryn kpacHOM cTpoku: 1,25 cM.

Hywmepauus ctpaHull: BHU3Y 0 LIEHTPY, HAYMHAS C TUTYJBHOI'O JIUCTA (HA TUTYJIE

HOMEpP HE CTAaBUTCHA).

3aroyIoBKU: MOJY>KHUPHBIH, IO LEHTPY, 0€3 TOUKU B KOHIIE.

CchUlKM Ha NHUTEpaTypy: KBaJpaTHbIEe CKOOKM C HOMEPOM HMCTOYHHMKA M3 CIIHCKA.

Cnucok nuTepaTypsl — B alN(paBUTHOM HOpPSJIKE.

Ortan 6. [IpoBepka Ha anTUIIaruaT (eciiu TpedyeTcs)

VYuukanbHocTh He MeHee 50—70% (B 3aBUCHUMOCTH OT By3a).

YT0oOBl MOBBICUTh YHHMKAIBHOCTh: MepeopMynHpyiTe oOIIMe MecTa, 3aMEHSTe

CUHOHMMAaMH, MEHINUTE CTPYKTYPY HPEIIOKEHUN.

3anpeneHo: TEXHUYECKUE YXUIIPEHUs (3aMeHa OYKB KUPWILITULEH, MUKPOLIPU(THI)

— CUCTCMA UX BUOUT.

Yek-n1uct roroBoro pedepara

TutynbHbIM TUCT (Ha3BaHue By3a, Tema, GO, rpynna, roxn).

Ornasnenue (C HOMEpaMu CTPAHHUIL).



BBeneHue, OCHOBHAsI 4aCTh, 3aK/IFOUYEHHUE.
CchUIKM B TEKCTE Ha BCE 3aMMCTBOBAaHHBIE UJCH.
Cnucok nutepatypbl (MUHUMYM 8 HCTOYHHUKOB).
[Iposepka opdorpacduu (F7 B Word).

@aiin Ha3BaH: *Pedepar MBanoB bY-22 ®unancel.doc*.

BOITPOCHI IJIsI CAMOCTOSATEJIBHOI'O KOHTPOJIA
VYposenb 1. ba3oBelil (3HaHNE TEPMUHOB U OMPEACICHUN)
Jlaiite ompenesieHue HEUPOCETEBOIO MOJAEIUPOBAHUS TEXHOJIOTHYECKOTO

nporecca.

Yem HelipoceTeBass MOJAENb OTJIWYAETCA OT TPAAULMOHHOW PETPECCHUOHHOU
158105 JNEeTEepMUHUPOBAHHOM MOJEIIN (manpumep, OCHOBAaHHOM Ha

nuddepeHunanbHbIX YpaBHEHUSX)?

HazoBuTe Tpu OCHOBHBIX THIIA APXUTEKTYpP HEUPOHHBIX CeTel, Hauboiee

qaCTO NPUMCHACMBIX IJII MOJACIIUPOBAHUA TCXHOJIOIHMICCKUX IMMPOUCCCOB.

Yro Takoe «oOydaromiasi BEIOOpKa» U «T€CTOBasi BEIOOPKa» MPUMEHUTEIBHO
K TEeXHOJIOrM4eckoMy mnpoueccy? KakuM [NOKHO OBITh HMX THUIHYHOE

COOTHOIIIEHUE?

Kaxkue nmapaMeTpbl TCXHOJOIHMYCCKOIro Iponccca OOBIYHO BBICTYIIAIOT B

Ka4y€CTBC BXOO0B HCprOCCTPI, a KaKHM€ — B KQ4CCTBC BBIXOI[OB?

Yro takoe «mepeolOyuenue» (overfitting) HelpoceTeBOM MOJEIU U MOYEMY

OHO 0COOCHHO OITACHO IJI1 MOJACIIMPOBAHUA TCXHOJIOI'MYCCKUX l'IpOI_IGCCOB{.7



Kakue QyHKIIMU aKTUBAIMM Yallle BCETO MCIOJB3YIOTCS B CKPBITBIX CIIOSX
(ReLU, tanh, sigmoid) u B BbhIXOAHOM cioe (JiuHEiHas, softmax) s 3amau

perpeccuy U KilacCu(pUKaluu COCTOSIHUM Ipouecca’?

Yro o3nauarot metpuku MSE, MAE, R? npu o1ieHke KauecTBa HEUPOCETEBOU

MOJIENIN TeXIpoliecca?

Kakum oOpa3zom HeijpoceTeBass MOJENb MOXET YUYUTHIBaTh JIUHAMHKY

npoiiecca (3ama3bIBaHusl, IEPEXOAHBIE PEKUMBI)?

[lepeuncnure HE MEHee TpeX MPOrpaMMHBIX HHCTPYMEHTOB (OMOIMOTEK,
cpenl), MCMONb3YEMBIX JII HEHPOCETEeBOr0 MOJAEIUPOBAHUS TEXHOIOTHYECKUX

HPOLIECCOB.

VYposensb 2. [IponBuHyTHIM (aHAINU3, CPAaBHEHHE, OLIEHKA PUCKOB)
B kakoM ciydyae HelpoceTeBOE€ MOAEIUPOBAHUE TEXHOJIOTMYECKOIO

nporecca NpeAnoYTUTENbHEe PUZHUKO-XUMUYECKOTr0?

KakoBbl OCHOBHBIE oOrpaHudeHHsl «depHoro smmuka» (black box) mus

TEXHOJOTHYECKOT0 MPOIecca ¢ TOYKH 3PEHUS] MHXKECHEPHOH 0e30macHOCTH?

Kaxoif 00beM JaHHBIX (IPUMEPHO) CUUTAETCS MUHUMAIBHBIM JJI1 O0y4EHHUsI
MHOTOCJIOMHOM HEWPOCETH, MOJACIUPYIOLIEH TeXHoJornyecku mpouecc ¢ 10

BXOJaMHU U 3 BeIXOgaMu?

CpaBHuTe TOAXOABI: OOyueHue c yuutenem (supervised) u 6e3 yuutens

(unsupervised) mpu aHanu3e 0Tka3zoB oOopyaoBanus. Kakoii u korjna npuMeHum ?

Uto Takoe «apeid konuenuum» (concept drift) B TexHomoruueckom mnpoiecce

M KaK 4acTo HY’KHO MepeodyyaTh HEHPOCETEBYIO MOJENb?



Kak mnpoBeputh, 4YTO HEHpOCETh HE NPOCTO 3alOMHUIA OOydaroliue

MIPUMEDBI, a AEUCTBUTEIBHO 000011IMIIa 3aKOHOMEPHOCTH Tpo1ecca?

Kakum oGpazoM o0pabaThiBaloTCs MPOIMYCKU JaHHBIX (missing values) B

JaTYMKaX TEXHOJIOTMYECKOro Impouecca nepes nojadei B HeMpoceTh?

HO‘ICMY IJI1 MOJACTIMPOBAHHA B3PBIBOOITACHBIX WMJIM XHUMHUYCCKUX ITPOUCCCOB

HeocTaTouHo oaHOoM MeTpuku MSE u HeoO6xoaum ananus octatkoB (residuals)?

Yro Takoe «ruOpuAHOE MOJENMpOBaHUE» (HehpoceTh + (U3HUECKHUE

YpaBHEHMS) M B KAKUX CIy4yasiX OHO OMpaBaaHo?

Kakoit apxutexktypoit (CNN, RNN, Ttpanchopmep) 1einecoodpa3zHo
MOJICTTUPOBATh MPOIECC C CHIBHBIMH BPEMEHHBIMH 3aBHCHMOCTSMH (HATpUMED,

pexTu(HUKaIMOHHAs KOJIOHHA) U ToueMy?

VYposens 3. [Ipaktuueckuii (3aga4u, CUTyaIuu, KEUCHI)

3ajaya Ha BEIOOP apXUTEKTYPHI:

TexHonornyeckuii mpouecc — MpokKaTka Metaia. JlaTuvku (QUKCHpYIOT
TEeMIIepaTypy, AaBI€HHE, CKOPOCTh MPOKATKH, TOJIIMHY 3aroTOBKH Kaxjbie 0,1
cexkyHabl. Hy>)kHO nipesicka3zaTh KauecTBO FOTOBOI'O JIMCTA Yepe3 5 CeKyH.

Bormpoc: kakoii Tun "eitpocet (FFNN, RNN, LSTM, CNN 1D) BbI BoiOepeTe

U noyemy?

3anaya Ha OOHapyKEeHUE MepeoOyUEeHHUS:

Brl 00yuunu HeipoceTeByl0 MOAENb Mpolecca arjioMmepanuu pyasl. Ha
oOyuatoieit Beioopke MSE = 0,002, na tectoBoit MSE = 0,45.

Bompoc: o uwem 310 roBoput? Ilpennoxkute Tpu cmocoba HCHPaBUTh

CUTYaLHUIO.



Curyanus (HOpMUPOBKA JAHHBIX):

Bxoansie mapametpsi: Temneparypa (800-1200 °C), pacxon pearenta (0,1-
0,5 kr/c), konnentparus (0,1-10 %).

Bonpoc: HyxHO n1u HOpMupoBaTh naHHble? Ecin nma, ToO Kakoil MeTon

HOPMHPOBKH (mMin-max, z-score) IpUMEHUTE U noyemMy?

Keiic (nedpunut naHHpIx):

[Iponecc penkuit (aBapuiinble cutyanuu). Becero 50 3amucei aBapuitHOro
pexxuma u 10 000 3anuceit HOpMaIbHOTO PEKUMA.

Bomnpoc: kak mocTpouTh HEMPOCETEBYIO MOAENb AeTeKuuu aBapui? Kakue

MeTO/1bl O0PBHOBI C AUCOATAHCOM KJIACCOB MPEANIOKUTE?

3amaya Ha pa3feneHre BbIOOPKHU:

VY Bac ecTh JaHHBIE HEMPEPHIBHOT'O TEXHOJIOTUUECKOTO mporiecca 3a 30 cyTok
¢ yacrorou 1 I'm.

Bonpoc: KOppekTHO I TepeMemuBaTh BCe HAOMIOJCHUS CIydailHBIM
oOpazoMm rmepen pazOueHreM Ha oOydeHue/Banuaanuio/Tect? Eciu HET, TO Kak

MPaBUJIBLHO Pa30UTh BPEMEHHOM psia?

Ommbka MOIETUPOBAHMUS:
Heiipocets Ha TecTOBOM BbIOOpKE MoOKa3bpiBaeT R* = 0,98, HO pu BHEApEHUH
Ha peajbHYI0 YCTAaHOBKY OLIMOKA IPOTrHO3a OKa3aaach B 3 pa3a BbIIIIE.

BOHpOCI NEPEUNCINTC HC MCHCC TPCX BO3MOKXHBIX IIPUYIUH 3TOI'O ABJICHHA.

NHxenepHast uHTEpIpeTaLIUS:

CKPpBITBIN CIIOM HEUPOCETH, MOAETUPYIOIIEH NPOLECC IKCTPY3UH MOJIUMEPA,
nmeeT 100 HeHpOHOB.

Bomnpoc: MOXET a1 TEXHOJIOr HCHOJIB30BaTh 3Ty MOJIENb IS HOHUMAaHUS

¢busuku npotecca? UTo npeasioxKuTe sl TOBBIIICHUS HHTEPIPETUPYEMOCTH?



3amaya Ha BEIOOP YaCTOThI JUCKPETU3ALINH:

IIponiecc nMeeT NOCTOAHHYIO BpEMEHH 2 CEKYH/BI. J[aTUNKK ONpaIMBaroTCs
kaxable 10 mc.

Bomnpoc: HyxHO 5 mnpopexuBath JaHHble? Cdopmynupyiite KpUTepuii

BbIOOpA I11ara JUCKPETU3ALINH.

Keiic (oOHOBIIEHHE MOMIEIN):

Mopnenp pabortana noiroaa, Ho Ha IPOUUION HeleNe 3aMEHIUIN KaTaau3aTop
Ha 0ojiee aKTHBHBIN.

Bormpoc: noctaTodHo Jid mpocTo MpOoaoIKuTh 1o00ydyeHue (fine-tuning) Ha

HOBBIX JaHHbIX? Kakue pucku?

IIpoekTHas 3anava:

Chopmynupyiite 3Tambl  NOCTPOEHUS  HEMpPOCETEBOM  MOJENH s
IIPOTHO3UPOBAHUS HM3HOCA PEXYIIETO HHCTPYMEHTAa Ha TOKApPHOM CTaHKE I10
JaHHBIM BUOpAIMM, TOKA JBUTATENsl U aKycTHuecKol samuccuu. Kakue npusHaku

(features) U3 BpeMEHHBIX CUTHAJIOB BbI U3BJIeUeTE?

Pexomenayemas ureparypa:

[lanpunoa E. B. HeiipocereBoe MoIenMpOBaHHE MPOU3BOJCTBEHHBIX
IIPOLIECCOB B HAHOTEXHOJOIUAX: y4yeOHO-MeToandeckoe nocooue. — M.: M3a-Bo
MI'TY um. H. O. bBaymana, 2025. — 44 c. — ISBN 978-5-7038-6681-8.

[Tonkosckas M. H. HeueTkast noruka u HepOHHbBIE CETH: yueOHOE mocoOue.
— HUpl'AY, 2023. — 116 c.

bopucos B. B., Kpyrnos B. B., ®enynos A. C. HeueTkne monenu u cetu :
y4yeOHoe mocobue. — 2-e uzj., crep. — M.: ['opsiuas nunusi-Tenexkom, 2012, — 284

C.
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