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NPUMEHEHUE TEOPUM OCOBEHHOCTEW YUTHM ANA OLIEHKM
YCTOMUMBOCTM OYHKLIMOHUPOBAHMA TEXHONOrMYECKUX NPOLIECCOB
MPU BbIBOPE YACTOTbI AUCKPETU3ALIUW YNIPABNAIOLEr0 CUrHANA

M.A. PabotHukos, b.I'. Ctadenuyk, A.l'. LLymMuxuH

AHnHoTanms. [IpencraBiieHbl pe3ysIbTaThl OLEHKH YCTOWYNBOCTH (YHKIIHOHHPOBAHUS aBTOMa-
THU3UPOBAHHBIX TEXHOJIOTHYECKHUX MPOLECCOB HETPEPHIBHOTO THIA U BBIOOpa JOCTATOYHOH Ha-
CTOTBI BpeMEHHON TUCKPETHU3AIUH YIPABISIONIEr0 CHrHANA ¢ IPUMEHEHUEM TEOPUH 0COOCHHO-
creil YurHu. IIpennaraeMblil OAXOJA aHAJIW3a YCTOMYMBOCTU IMHAMUYECKOM CUCTEMBI OCHO-
BBIBAa€TCSl Ha IIOCTPOCHUU OJIHOM M3 THIIOBBIX OM(YpPKAIOHHBIX OCOOCHHOCTEH IO MCTOpUYE-
CKUM JIaHHBIM (DYHKIIMOHUPOBAHUsS YIPABISIEMOT0 00bEKTa IPH Pa3IMYHBIX YaCTOTaX JUCKpE-
TH3alMU BBIXOJHOIO CUTHalla ympasisouiero ycrpoiictBa. Ilo ¢opmupyemomy ypaBHEHHIO
0COOEHHOCTH ONpENeIISIeTCs] ypaBHEHHE KPUBBIX PABHOBECHOTO COCTOSIHUSI CHCTEMBI U HEO0XO-
JluMasi 4acTOTa BPEMEHHOW AMCKPETU3allUU YIIPABILIOIIEr0 CUTHAIA, COOTBETCTBYIOLIAS BEP-
LIMHE NMOJy4eHHOH KprBoH. C Lenblo WILIIOCTPAlMK IPUMEHEHHS METO1a PACCMOTPEHA CUCTE-
Ma YIpaBJIEeHHUS MaTEpPHAIBHBIM OaTaHCOM HMCUEPIBIBAOIIEH YacTH PEKTU(PHUKAMMOHHOW KO-
JIOHHBI OYHCTKH TOBAPHOTO CTHPOJIA MPOM3BOACTBA 3THIIOEH30J1a, CTHpOIa U noiucTuposa. Ilo
pe3ynbTaTaM KOJMYECTBEHHOT'O aHalIN3a NOCTpOeHa OM(ypKaoHHAsE 0COOCHHOCTD U OIIpee-
JIeHA JOCTATOYHAS YacTOTa BPEMEHHOW TUCKPETU3AIMU YIPABILIONIETO CUTHANIA, 00eceunBa-
I01Iasi YCTOMYMBOCTH TEXHOJIOTUUECKOTO PeKMMa (pyHKIIMOHUPOBAHHS UCCICAYEMOM CHCTEMBL.
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[Ipumenenne Teopun KaTacTpo(d MOTYUHIIO TIHPO-
KO€ paclpoCTpaHEHHE B aHAJIM3E MOBEIEHHUS HKOHO-
MHUYECKHUX U COI[HAIBHBIX CHCTEM, OIIEHKE COXPaHEHHS
KOHCTPYKITHOHHBIX CBOWCTB COOPYKEHUI W ammapa-
TOB, a TaKXK€ B HCCIEAOBAaHUM CBOWCTB U KOJHYE-
CTBEHHBIX XapaKTEPUCTHK ITUHAMHYECKUX cHUCTeM [1—
6]. CymecTByromuii MaTeMaTHYECKUN ammapar Mos3-
BOJISIET YHCJIEHHO ONKCATh SIBJICHUSI CKAYKOOOPa3HOTo
MEPEXOTHOTO TMPOIecca BBIXOIHOW BEIMYMHBI BCIE-
CTBHE IUIABHOTO M3MEHEHHUS BXOJHBIX IMapaMeTpPOB
JUHAMUYeCKON cuctembl [7]. B wacTHOCTH, NaHHBII
MOJIX0J] MOKET OBITh TPUMEHEH AJIS1 OIICHKH YCTOWYH-
BOCTH aBTOMAaTHU3WPOBAHHBIX TEXHOJOTMYECKUX MPO-
IIECCOB HeNpephIBHOTO THMa [8].

Hccnenyemast mpobiieMa yCTOWIMBOTO (HYHKIHO-
HUPOBAHUS TEXHOJIOTUYECKHUX IMPOIECCOB 3aKII0YAeT-
csl B COOJIIOZICHUH PETJIAMEHTHBIX OTPaHUYEHHN peru-
CTPUPYEMBIX TEXHOJOTMYECKHX MapaMeTpoB, olecrie-
YUBAIOMINX MUHUMAJIBHBIA PUCK OCTaHOBA MPOM3BOJI-
CTBa, HapyLICHUs Ka4eCTBEHHOI'O COCTaBa TOBapHOMU

MPOAYKIIMA M MaKCUMAJIbHYI0 TEXHOJIOTUYECKYIO (-
(heKTUBHOCTH TPU HAIMYHUH PA3IUIHOTO POJia BO3MY-
[IEHWH, HOCAIINX, KaK MPaBWIIO, CIIOPAIUIECKAl Xa-
pakrep [9]. CoBpeMeHHasi TeXxHUYEeCKas 0a3a, a TakKe
CYIIECTBYIONE MaTeMaTUYECKUE TOJXOABI M allro-
pUTMHYECKHE PEIIeHUs, IPUMEHsIeMbIe B 00JIaCTH aB-
TOMATHU3UPOBAHHOTO YIPABICHUS, TO3BOJIIOT CBECTH
npo0JieMy CTaOWIIM3AIUK TEXHOJIOTHUECKOT0 Pexuma
U COOJIIOJIEHUS] PETIIaMEHTHBIX HOPM K PEIICHHUIO 3a-
Ja4yl MHOIOMEpPHOTO YINpPaBICHUS C MIPUMEHEHUEM
TEXHOJIOTMA W TIPUHIIAIIOB YIPABICHUS C TPOTHO3H-
pyromeii moxenwto [10]. [nst cucrem mogoOHOTO
KJIacca K OJJHOMY M3 MOKa3aTelel, XapaKTepu3yomux
WHEPIIMOHHOCTh YIIPaBISIEMOTO TpoIecca U CTETICHb
BJIMSIHUS BO3MYIIAOIIMX BO3JIEUCTBUA HA KOHTPOJIHU-
pyeMble TEXHOJOTMYECKHE IapaMeTpbl, OTHOCHUTCS
JIOCTAaTOYHAS 9acTOTa AUCKPETH3AIMU PabOTHl yIIpaB-
JISTIOTIIETO YCTPOMCTBA, O0eCTIeUnBArOIIas P MPOIUX
PaBHBIX XapaKTEpUCTUKAX CHUCTEMBl YCTOMYUBOE
(hyHKIIMOHUpPOBaHUE O00BEKTa B paMKax 3a/IaHHBIX pe-
TJIAMEHTHBIX OTPAaHUYCHHUN TEXHOJIOTHYECKOTO IIpO-
ecca.
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1. NOCTPOEHME OCOBEHHOCTH
YNPABNAIOWEN CUCTEMbI

Jns aHanu3a 3aBUCUMOCTH YCTOMYMBOCTH TEXHO-
JIOTMYECKOI'0 MpoLecca OT 4YacTOThl (POpMHUPOBAHUS
YIPaBISIIOLIET0 CUTHajla U OIpelesieHHs Iuara3oHa
4acToT, oOecmeynBaomnX (YyHKIMOHUPOBAHUE CHU-
CTEMBI B paMKaXx 3aJaHHbIX OTpaHHMYCHUH, paccMaTpu-
BaeTCA JUHAMHUKa KOHTPOJIMPYEMOIO Iapamerpa mpo-
recca kKak OudypkarmoHHass 0COOEHHOCTh THIIOBOTO
BUJIA.

CornacHo 3aiaHHBIM YCJIOBUSIM, 0COOEHHOCThH 3a-
BUCUT OT 4YacTOThl IUCKPETH3AaLMH YIPABIISAIOIIETO
YCTPOMCTBA W BIUSIHUS BO3MYLIAIOLIUX BO3ACHCTBUI
Ha cUCTeMY, 00Ja1asi KOpa3MEePHOCTHIO, PABHOW JIBYM.
C y4eToM HEeNpephIBHOCTH U MPHUPOJHOTO MPOUCXOK-
JOCHHUS HCCICAYEMBIX IPOLECcCOB (HYHKUHMOHAIbHAS
3aBUCHMOCTH OH(ypKanuu MoJKHA OBITH HEITPEPHIBHO
muddepeHnIupyeMa Ha BCEM MHOMECTBE OIpeaeie-
HUSL.

Torma s paccmaTpuBaeMoOd 3aJayd HCCIEIye-
Myr Oudypkaiui yao0HO MPEACTaBUTh B BUJE OCO-
OceHHocTH YWTHH THIa «cOopka» [11]. DyHKnmo-
HAJBHOE OTOOpaXKeHHE JaHHON 0COOEHHOCTH OIpese-
JSIETCSI CIeMYIOIHIM 00pa3oM:

f(x, g(®)) = x° + g(@)x,

rae f(X) — pacmpeneneHue ympaBasieMoro mapamerpa,
NPHUBEJICHHOE K HOpMaIM30BaHHO# (popme; X € [-1; 1]
— HOPMaJM30BaHHBIM CHEKTP 3KBHBAJEHTHOTO BO3-
MYUIIEHHUA, XapaKTEPU3YIOIINI pe3yIbTHUpYIOLIEe Neil-
CTBHE BCEX BHEIIHMX (PAKTOPOB CHCTEMBI Ha yIIpaBIlsi-
eMyr Benn4uHy; §(®w) — (QyHKIUS 4acTOTHOTO MHO-
KUTENS, ® — YacToTa JUCKPETH3alHNU, XapaKTepu3y-
I0IIasi BPEMEHHYIO MEPUOANYHOCTD YIPABIISIOIIETO
CHUTHAJIa.

CornacHo cBoiicTBam ocobeHHocTH Tipu g(w) > 0
YIPaBISIONIAs CUCTEMa HAXOIUTCS B HEYCTOMYMBOM
cocrostaun:  f(X, g(®)) He wWMeeT HEBBIPOKIECHHBIX
KPUTUYECKUX TOUYEK, (PYHKLHUS HENPEPHIBHO BO3pacTa-
eT Ha Bceil obnactu ompenenenwus [12]. [Ipu © = os:
0(w) =0, rme s — JAOCTaTOYHAs 4acTOTa BPEMEHHOMN
JUICKPETH3AlMH AITOPUTMOB YIPABJISIONIETO YCTPO-
CTBa, CHCTEMa MPOXOAUT Yepe3 TouKy ondypkanum S,
HaxoJsiICh B paBHOBeCHOM coctosiauu. llpu g(w) <0
cUCTEeMa NPUXOJUT B YCTOMUYMBOE MOJIOXKEHUE, 00pa-
3ysl OCOOCHHOCTH C JBYMSI CTAIIHOHAPHBIMH TOYKAMHU.

Jiis KOJIMYEeCTBEHHOTO ONMCAHMS HaOJI0JaeMbIX
peabHBIX MPOLECccOB (YHKUIUS YaCTOTHOI'O MHOMKH-
tenst §(®), He MMEoIIas CTPOrOro MaTeMaTHYECKOTO
OIMCaHMs, MOXKET OBbITh TIOCTPOCHA METOJIOM KycodY-
HO-JIMHEWHOW anpOKCUMAIMK Ha HCTOPUYECKUX JaH-
HBIX (YHKIMOHUPOBAHUS YIPABISIEMOTO OOBEKTa.
Torma ¢ ydeTroM oOpaTHOW 3aBHCUMOCTH 3araca Io

YCTOMYMBOCTH M 4YacTOThl ®, COTJACHO KOTOPOU
YCTOHYMBOCTH CHCTEMBI 00ECIIEYMBACTCS B THANa30HE
® € (o; +00), PYHKIUS YaCTOTHOTO MHOXHTENS IS
HCCIIEAyeMOr0 y4acTKa peXuMa padoOThl CHCTEMBI
MPUMET BHJ
g() =- o+ .

B sTOM ciydae ocoOeHHOCTE peodpa3yeTcst K BUAY

f(x, ®) = X% + (05 — @)X
ITytem mpusenenus pacnpenenerus f(X, ) o HOpMma-
JM30BaHHBIX BEIWYMH K BEIWYHMHAM, BBIPKCHHBIM B
HCXOJHBIX EAMHUIAX U3MEPEHUS,

y(X, ©) = af(x, ) + M,
rae o — koddduuueHt Hopmanuzauuu, M, — matema-
THYecKoe oxuaaHue Y(X, ®), MOIy4eH KOHEYHBIH BUJ
MIOBEPXHOCTH:

y(X,w)=a(x3 +(o)S —(D)X)+ My. (1)

Ipoexrust co6opku Y(X, ®) Ha MIOCKOCTH (Y, ®) 00-
pa3yeT MHOXKECTBO KPUTHYECKHMX TOUEK Ys C BEpIIH-
HOH B HayanbHOU Touke Omdypkammuu S. Paccmarpu-
BaeMoe Ou(ypKalMOHHOE MHOXECTBO (HOPMHPYET
T'paHHuIbI BeTBEH KPHBBIX PaBHOBCCHOI'O COCTOSAHUS,
JUTSL pacyeTa KOTOPBIX, COTJIACHO ONpENeNICHNI0, He00-
XOUMO  TPHUBECTH K  HYIIO  INPOH3BOAHYIO
yx(x, ®) [13]:

X +o,—0=0.

IlyreM ©OACTaHOBKM IIOJIY4EHHOI'O YCIOBHS B
¢dopmyny (1) ompezaensiercss oOLIMA BUJI ypaBHEHHUS
On(ypKaMOHHOTO MHOXKECTBA HCCIEIYyeMOH yIpaB-
JISFOLIEH CUCTEMBI:

®— o,

3/2
Y, (0)=M, iZ({TJ ,020,. (2)

I'padmueckas xapakTeprCTHKa MOIYyYEHHOH OCO-
OCHHOCTH IpejcTaBjeHa Ha puc. 1.

3HaueHUs TAPAMETPOB s U 0, XapaKTePH3YIOIIHE
YCTOHYMBOCTD YIPABIISIOMIEH CUCTEMBI, ONPEAEIIIOT-
Csl SMIMPHUYECKH TI0 UCTOPUYECKUM JIAHHBIM TIOBEJe-
HHSl 3aMKHYTOTO KOHTypa IMpH Pa3IMYHBIX YacTOTax
®. CoriacHo MPHHIMITY COOTBETCTBUSI YHUCIA CTele-
Hel cBOOO/IbI HEOOXOAMMOMY KOJIMYECTBY YpaBHEHHH
JUTSL MICHTU(HKAIIMK TApaMETPOB s U 0L HEOOXOMMO
U JIOCTaTOYHO IMOJYYUTh CTATUCTUYECKYIO BBIOODKY,
cojiepKallyr0 HaOOpbl HCTOPUYECKUX TaHHBIX LIS
JBYX PEXKHMOB pPa0OTHl TPH Pa3IUYHBIX YacTOTaxX
(YHKIIMOHUPOBAHHS YIPABJISIOUIEH CHCTEMBI M1 U 3!
Y1(X1, ©1); Ya(X2, ®©7), TAC Y1 U Y, — PErHCTPHPYEMBbIC
COCTOSIHMSI KOHTPOJIMPYEMOTO MapaMeTpa MpH BHEII-
HUX BO3MYIIAIOIINX BO3JICHCTBHSAX X; M X2 COOTBET-
CTBeHHO. B 3TOM ciyuae obOpasyeTcsi cucrtema ypas-
HEHUH

y1=OL(X13+((Ds _Col)xl)+My’

Y, :a(x23+((x)s —wz)x2)+ M,.
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Puc. 1. O0muii Bux 0cO0EHHOCTH YNIPABJISIIONIEH CHCTEMBbI: S — Touka oudypkauuu, | — 06macts HeycTORUHBOrO cocTositus, || — 061acTs ycToitunBoro

COCTOSAHUSA

IMocne psima mpeoOpa3oBaHMd M3 ATOW CHUCTEMBI
HECJIO)KHO TMOJYyYUTHh BBIPAXKEHUS AN ONpeeseHUs
3HAQUEHHUI MapaMeTPOB Ms U 0L COOTBETCTBEHHO:

(Y1 - My)(X2w2 B Xzs)_(yz - My)(ximl B X13)
o, = )
(yl - My)XZ _(y2 - My)xl
(yl_ My)xz _(YZ _My)xi
o= — : (4)
X1X2(X1 X oy 'H’Jz)

Pacder 3nadeHMT mapamMeTpoB Ms U 0 YAOOHO TIPO-
M3BOAMTH B TOUYKaX MAaKCHMAaJILHOT'O BBIOpOCA peryiu-
pyemoro mapametrpa: Yi, Y, AN COOTBETCTBYIOLIUX
YacTOT M1 U M,. JlaHHBIE OTKJIMKHU BBIXOJHOTO CUTHAja
COOTBETCTBYIOT 3HAUEHHUSM TPAaHHUI] HEPETUCTpUpYye-
MOT'O CIIEKTpa PEe3YyJbTUPYIOLIETO BO3MYILAOIIErO
BO3JICUCTBUS CHCTEMbl B HOPMAJIM30BAHHOM BHJIE:
[X10] = 1. 3HaK X;, OMpemensieTcss B 3aBUCHMOCTH OT
MOJIO’KEHUSI COOTBETCTBYIOIIEH TOYKM BBIOpOCa pery-
JTUPYeMON BETHMYMHBI OTHOCHUTENIFHOTO MaTeMaTh4e-
CKOT'O O>KuJiaHus BbIOOpKH M.

2. MNIPUMEP NOCTPOEHUA OCOBEHHOCTH ANA
PEAJIbHOIO TEXHOJIOTMYECKOIO OB HEKTA

B kauectBe mpumepa mocTpoeHus: OudypranuoH-
HOH OCOOEHHOCTH M OLIEHKH JOCTaTOYHOH YacTOTHI
JMUCKPETHU3alUN YIPABISIONIETO CUTHAJIA aBTOMATH3H-
POBAHHOM CHCTEMBI PACCMOTPEH TEXHOJIOTUYECKUHN
NPOIIECC MCUEPIBIBAOINIECH YacTH peKTH(PUKAITMOHHON
kosioHHBl K-2 y3ma  paszgeneHuss TpOM3BOACTBA
stunben3ona, crupona u nonuctupoina (II3CII). Uc-

CJIeTyeMBIi y3el COCTOUT X TpeX kojoHH — K-1, K-2,
K-3 — mpennasHa4eHHBIX IS pa3[elieHus] yTrIeBOIO-
ponuoro kouaerncara (YBK), nocrymatomero ¢ 6moka
JETUAPUPOBAHUS STHIOCH30JIa Ha CTHPOJ-CHIpEN U
OEH30JI-TOITyOJI-3TUIIOCH30IBHYIO (PPAKIUI0, OYUCTKH
TOBapHOTO CTHUpOJia OT Ooyiee THKENBIX (pakuuid —
KyOOBBIX O0cTaTKOB pektudukaunu crupona (KOPC) —
U pazzeneHuss OEH30J-TONyO0I-3THIIOEH30IbHOHN (ppak-
UM Ha BO3BPAaTHBIM OTHIOEH301 ¥ OEH30I-
TONYONIbHYIO (pakiuio (0eHTOoI) cooTBeTCTBEHHO. Ha
puc. 2 oTpaxkeHa o0IIas cxeMa OCHOBHBIX MaTepUaIb-
HBIX TOTOKOB PEKTH()UKAIMOHHOTO Y371a IMPOU3BO/I-
CTBa 3THJIOEH30JIa, CTHPOJIA U TTOJIMCTHPOIIA.
[MpoGiiema moyiepKaHUsI TEXHOJIOTUYECKOTO PeXUMa
HcUepnbIBaloNIel YacTH KooHHBI K-2 3akimodaercs B
pelleHNH 3a7a4ydl MHOTOMEPHOTO YIIPaBICHUS — CTa-
Ounmzanuu ypoBHs Kuakod ¢aszsl B kybe (L1001) c
OrpaHUYEHHEM TI0 TIPE/IEIBbHO JOMYCTUMOMY 3Haue-
HUIO TemrepaTypHoro mpoduias koioHusl (T1001),
00yCJIOBIIEHHBIM Ha4ajiOM peakUUH MOJUMEPH3ALUH
ctupoia. OCHOBHBIM YIPAaBISIIOIIMM BO3JEHCTBHEM
SBIISETCS IoJada IEeperperoro mnapa B TEMIOOOMEH-
ueiil anmmapar T-2 (FIC001), npennasHaueHHBINA [Ist
noJiorpeBa KyOOBOH (pakiuu; OTKa4Ka BBICOKOKHITIS-
IIMX KOMIOHEHTOB u3 KybOa kosonnbl (FIC002) 3a-
(¢uKcupoBaHa Ha MUHMMAaJIbHOM 3HAYCHUH BBHUIY CO-
MTCTBYIOIIMX TIOTEPh TOBAPHOTO CTHPOJA, COMEpKa-
mierocst B cMec. KimioueBbIM BO3MYIIIAIOIIMM BO3/ICH-
CTBHEM JIJISI pacCMaTpUBAEMOW CHCTEMbI aBTOMAaTHYe-
CKOT'O YIpaBJICHUsI SBIISIETCS KOJIHMYECTBEHHO HEperu-
CTpPUPYEMOE HM3MEHEHHE COCTaBa IOCTYMAIOIIEro yr-
JIEBOAOPOIHOTO CHIPHS.
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Bexson-romyon-smntbeHsonbHAA (parma Benron
Cmipon
Brok :
Smmbenson T YBK e >
sTiTb eHzona
K-1 K-2 K-3
Cmpon-
chIpen KOPC
Bosepartsent smimberson
Puc. 2. Cxema pekTH(PHKAIHOHHOTO 0JI0KA
[ToBeneHNE TEXHOIOTHYECKOTO 00BEKTa OIUCHIBA-
eTcs cucTeMon AU QepeHIaTBFHBIX YPaBHEHUN I i
v AL(L) o
a;; T = Crupon-cepen s K-1
— :
T1
a‘AF t-t @ *AQ(t—t {00y K2
—Zb“ AR () + D Cy TaQ(t-m,) k 12). MPC|
k=0 6t ‘LI ’
(5) 001
L O'AT (t)
az- —_— =
i=0 Lot (FIQ)
i k 001
zibz' 0'AF (t__T21) +§“C2k 0 AQ(t_TZZ), Teperpersinap| |
2 ot! — otk OxnaxaeHHbIH
o KOHIEHCAT ;
rae L — yposens sxkuakoit ¢asel B kojnonune K-2; F — < E’{I}C
<
pacxon mapa B ammapare T-2; Q — KOJTMYeCTBEHHBIH | KOPC
COCTaB NMHUTAaHUS KOJOHHBI, T — Temmeparypa Kyba B ;

kosonne K-2; a, b, ¢ — xoaddurtmentsr quddepenim-
QIBHBIX YpaBHEHHIA; N, M, K — HOPSI0K MHOTOYIEHOB
(n>m, n>K); T — BpeMeHHOE 3ama3pIBaHNe THHAMH-
YECKUX KaHAJIOB.

Jlns momiepikaHus TEXHOJIOTHUECKOTO PEKUMA B
3aJJaHHBIX PErJIAMEHTHBIX OTPAHUUCHUSIX PEaM30BaHa
CHCTeMa aBTOMATH3MPOBAHHOTO YIIPABIEHHS C IPO-
raosupytomeir  Moxensio (anri. Model Predictive
Control, MPC) [14]. Tlpumensemass Mozenb Ipea-
cTaBlieHa B (popMe MaTpUYHOU TepenaTodyHol (QyHK-
IIMH, alIPOKCHMHUPYIOIIEH pealbHOe MOBEACHHUE TEX-
HOJIOTHYECKOT0 TMPOIecca COTJIACHO SMITHPUYUECKUM
MEPEXOHBIM XaPAKTEPUCTHKAM HCCICTyeMbIX KaHa-
qoB mepenaun (5). OOmas (GyHKIHMOHAIBHAS CcXeMa
ABTOMATHYECKOTO YMPABICHUS TEXHOJOTHUECKUM pe-
>KUMOM HcuephbiBaroniel yactu koynoHHsl K-2 npen-
cTaBJicHa Ha puc. 3.

BBHIy OTHOCHTENBLHO MajBIX Ta0apUTHBIX pa3Me-
POB KOJIOHHBI U BBICOKOW CKOPOCTH MAacCOOOMEHHBIX

Puc. 3. Cxema ynpaBieHns HcuepnbIBaOIIel 4acTbio Ko1oHHBI K-2

mporeccoB pekTuuKanronHas kojgoHHa K-2 obnana-
€T HU3KMMM MHEpLIUOHHBIMH cBolcTBamu. Ha puc. 4
0TOOpaXeHO M3MEHEHHE YPOBHS KyOOBO JKHIKOCTH B
KOJIOHHE IPH Pa3lMYHbIX YacTOTaX IWUCKPETH3ALNU
yIpaBieHUsS TEXHOJOTHYECKUM peskuMoM. Ha yacrore
®; = 0,1/MUH HaONIONAIOTCS CKAYKOOOpa3HbIE H3Me-
HEHUS YPOBHSA KyOOBOH >KHIKOCTH CO CPEIHHM KBaJ-
patnuabiM  oTkioHeHueM (CKO), paBueiM 7,29%,
OTIPEAETSIONINE BO3MOXXHOCTh aBAPHMHOTO OCTAaHOBA
MIPOM3BOCTBEHHOTO y4acTKa: OTKIIOYEHHE HACOCHOTO
000pyZOBaHHS NpPHU MOJHOW OTKauke KyOOBOHW (pak-
UMM 13 KOJIOHHBL llpum mpoumx paBHBIX 3HAYEHUSX
apaMeTpoB CUCTEMBI Ha 4acToTe ®; = 1/MUH QIyKTY-
anuy ypoBHA XuaKoi ¢assl B kojgoHHe ¢ CKO, pas-
HbIM 4,33%, HOCAT JONYCTUMBIN XapakTep — TEXHOJIO-
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TUYECKUN IPOLECC HAXOOUTCS B YCTOMYMBOM COCTOSI-
HUH.

s moctpoenust OMypKaMOHHON OCOOCHHOCTH
CHCTEMBI TI0 paccMaTpuBaeMOMy HaOOpy HCTOpHYe-
CKOTO MaccCHBa, OOpa3yoIIero MOKa3aTelNbHYIO BbI-
0OpKy, ompeneneHbl HEOOXOAWMBbIE HavyaJbHbIC HaH-
Hple. C 3TOM IIeNbI0 pacCMOTPEHBl MaKCHMalbHbIE
OTKJIOHEHHS YpPOBHS KHUAKOW (a3sl B KomoHHe K-2
OTHOCUTENFHO 3HAYEHUS] MaTEMAaTHUYECKOTO OXKUAaHUS
My = 88,75% mnpu (GyHKIMOHMPOBAaHMH CHUCTEMBI C

4acTOTaMM o1 = 0,1/Mua " ™, = 1/MuH:
y(X11 (Dl) = 55!29%1 X1 = _11 y(X21 (02) = 82132%1
Xo = -1

A.s

CornacHo moaydeHHbIM panee (opmynam (3), (4)
OTIpeIesICHbl 3HAYCHUS TapaMeTPOB, 3aJal0Ilue KOJIU-
YeCcTBEHHBIC CBOICTBa paccMarpuBaeMoil Oudypka-
o o = 0,22/MuH, o = 30,03. Torma KOHEUHBIH BHI
0COOEHHOCTH YNPaBJIAIOUICH CHCTEMbI HCUYEPIIBIBAIO-
el yactu peKTUUKarOHHON KOMoHHBI K-2 U coot-
BeTCTBYIOIIAsl (GYHKUIUS OUPYpPKALMOHHOTO MHOXKeE-
CTBa MpUMYT BuA (puc. 5):

y(x, ©)=30,03(x° +(0,22-w)x) +88,75,

3/2
. () =88,75J_r60,07(0'22T_mj L, ©>0,22.

YactoTa mguckpemsapm yrpasmnerna = (1 mum™

YacToTa OMCKPeTHSALN VYIIPaBIeHHA = | MHH

2

s & &8
|

IWHAKOCTH, %

3

Vposenn kyGoBoii

Vo

oapss s s -+

o Y

X NN
L A A 2

peMA, Of. MM. IT. U

~
O

Puc. 4. Yposennb Ky0oBoii knakoctn B Kyoe K-2

YposeHs KyG0BOH
wuaxoct s K-2, % 100 _—2 i

@, MMH |

0.1

il |
03 }

04 |

0,5 |

06 |

Jt 0

08 } !
09 |

y.(@)

84 86 88 90 92 94 9 98
VposeHs KyOoBOil
smaxectd 8 K-2, %

Puc. 5. BudypkannoHHasi 0co6eHHOCTb HCYEPNbIBAIOLIEl YacTH peKTH(UKaHOHHOI KostonHbl K-2: S — Touka Oudypkaru, | — 061acTh HEYCTOHYHBOTO

coctostHus, || — obnacTb yCTOHYHBOrO COCTOSTHUS
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Pesynpratel moctpoenus: OuypKalMOHHOW OCO-
OCHHOCTH ISl ONpEACTCHUS] JOCTATOYHOW YacTOTHI
JMCKPETH3ALUH YIPABISIOMIET0 CHI'HAlTa KOCBEHHO
NOATBEPXKAAIOTCS JUHAMHYECKUMH XapaKTepUCTHKa-
MU paccMaTpUBaeMOW peallbHOW CHCTEMbI CTaOMIIn3a-
MM MaTEepHAIbHOTO OajlaHCca MCUYEPIIBIBAIOIICH YacTH
pextudurannonHoi kosonnsl K-2. [lo xanamy ymnpas-
JISIOILETO BO3ACHCTBUS (CM. pHUC. 3) BeIWYUHA 3armas-
JBIBAHUS Te = 5 MHH, TO3TOMY IOIYCTUMas 9acTOTa
JUCKPETH3allUU AMIIMPUYECKA OMpEAeisieTCs] BbIpa-
JKCHHEM ®; = To - ~ 0,2 MHH . AHAIUTHYECKOE pellle-
HUE, TONy4YeHHOE METOJOM Ou(ypKallMOHHBIX IHa-
rpamM, ONpeAeinO 3HaYeHUE JOCTATOYHON YacTOTHI

JIUCKpETU3anuu s > 0,22 MUH .

3AKNIOYEHUE

[IpencraBieHHBI METOJ TOCTPOCHUS OH]ypKaIH-
OHHBIX OCOOEHHOCTEH NHUHAMHYECKHUX CHCTEM Ha OC-
HOBaHUM UCTOPUYECKHUX JAaHHBIX IPUMEHEH Ul OLICH-
KA YCTOHYMBOrOo (YHKIHOHUPOBAHUS CHCTEMBI
yIpaBlieHUsT MaTepUATbHBIM OaTaHCOM HCYEPIBIBAO-
mel 4YacTh PeKTU(GUKAIMOHHOW KOJOHHBI OYHCTKH
ToBapHoro crupoia npouspoactsa IIICII. Jocrarou-
Has yacToTa AMCKPETH3aIH YIIPaBIIAIONIEro CUrHANa,
obOecrnieunBaromas pabOTOCTIOCOOHOCTh CHCTEMBI B
paMKax JOIYCTHMBIX PpErJaMEHTHbIX OrpaHUYCHHUN
MapaMeTpoB TEXHOJIOTMYECKOTO MPOIlecca, COCTaBuiIa
0,22 MUH 1.

[IpennoxeHHbIN MOAXO K HOCTpOeHUIO Onypka-
OUOHHBIX oco0eHHOCTEN YHOpaBJIAKOIMHUX CUCTEM U
pacuera 00JaCTH YCTOHYMBOIO COCTOSIHUSI XUMHKO-
TEXHOJIOTHUYECKOTO O00BEKTa SIBISIETCS OICHOYHBIM U
IMMO3BOJIACT HPOBECTU NPECABAPUTCIIBHBIC BLIYHUCICHUA
JUI ONPEAEICHUS] ONTHUMAJIbHOTO BPEMEHHOI'O TaKTa
(YyHKIIMOHUPOBAHUS YIPABISIONICH CHCTEMBI C yde-
TOM JMHAMHYECKHX CBOMCTB YIPaBIsieMOro 00beKTa.
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ESTIMATING INDUSTRIAL PROCESS STABILITY BY WHITNEY'S SINGULARITY THEORY
WHEN CHOOSING A SUFFICIENT TIME-SAMPLING FREQUENCY OF THE CONTROL SIGNAL

M.A. Rabotnikov*, B.G. Stafeichuk?, and A.G. Shumikhin®
Perm National Research Polytechnic University, Perm, Russia

'54 rabotnikovma@gmail.com, *54 bgstaf@mail.ru, *54 shumichin@gmail.com

Abstract. In this paper, we estimate the stability of continuous-type automated industrial pro-
cesses and choose a sufficient time-sampling frequency of the control signal using Whitney’s
singularity theory. The proposed stability analysis approach is based on constructing typical
bifurcations for the historical data of a technological object under different time-sampling fre-
quencies of its control signal. The singularity equation serves for obtaining the equation of the
equilibrium state curves of the system and a sufficient time-sampling frequency of the control
signal corresponding to the vertex of the resulting curve. As an illustrative example, the devel-
oped method is applied to the control system of the mass balance stripping section in the purifi-
cation process of a styrene distillation column of the ethylbenzene, styrene, and polystyrene
plants. Based on the quantitative analysis results, we construct a bifurcation and determine a
sufficient time-sampling frequency of the control signal to ensure system stability.

Keywords: catastrophe theory, bifurcation, dynamical systems, stability criteria.
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