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PAIVIOHAJIBHEL: AJTOPUTH JIUPABIEHA TEILIOBHM COCTOAHMEM JOMEHHO
IEY ¢ MCLOJBb30LAHUEN MHOPMALYIOHHO-YTIPABIIKIMX MALLMH

CyxaHoB bL.Jd., [Bugrai# B.C., Kurtaes B.li., fipomenxko K.T.,
OpunHHEKOB D.H., Jucuenko B.T'.
(Ypanbcruil monmTeXHMUECKM# MHCTATYT)

llon ynpaBieHueM TENNOBHM COCTOAHHEM JOMEHHOE meuw MH IO-
HAMaeM 3a5ady 0O OTHCKAHMD M CTaCuIM3amUé TAKOoT'0 TeMiepaTypHO-
TO NoJiA B Iedd, KOTOpPOe COOTBETCTBYET ONTAMANBLHOMY BaDUAHTY
BeJeHNA MOMEHHO# niaBKE ((POpDMpOBaHHHI DOBHHI XON NpA MUHW-
MaJbHOM pacxolie KOKca).

[IpmHMUOManbHOR OCHOBO# paccMaTDHBAEMOTO ajrOpMTMA yIpaBje-
HUA ABIAETCH TeOopAA TemnooOueHa [ I] , mOXywsBmAS MEPOKOE NpH3-
HaHue. llcxozmHoit npennocujnoﬁ 9TO# TEopHHE CAYEAT NpeACcTaBiCHHUE
0 32BEpIIEHHOCTHE TEHAOOOMEeHa IO BHCOTEe JOMEHHO# meun.

Ha pmc.I, a noxasaH xapaxkTep Teunepawypnoro fionsd B COBpe-
MEHHO# IoMeHHO# Hmeuy Ip:m HOPMAaAbHHX JCJHOBHAX ee pacoTH. Passu-
THE Tenlo- M uaccbodueﬁganpoqeccon MEXINY BCTpPEUHHMH HOTOKaMi
IMXTH X I'a3a OTPAKEHO XOIOM KDPABHX tu(H) n T(H) (pue.I,0).
Bim3Koe coBmajieHMe 9THX KDABHX Ha CpejfHEeM ydacTKe IOBOPAT O
CyWLECTBOBAHMA B CpeXHeill JacTy Hedr OCZacTdA 3aMeLNeHHOI'0 Tello-
o6MeHa, B npefelaX KOTOPO# NpOmecCH Telionepefadud NpPaKTHYECKH
3aBepleHH. JT2 00GJaCTh pasjeldeT BePXHOD ¥ HAKHOD CTyNeHd MH-
TEHCHBHOT'O TeNJOOGMEHa CO CBOHMH CYUWECTBEHHO Da3HHMA 3aKOHOMEp-
nocramm [I] . :

Hpomexyroqnah 067acTh 3aMeleHHOr'0 TenjaooOMeHa ¢ NpuUoam-
3MTENIBHO MOCTOAHHOI MO BHCOTE IeuYM TeMIepaTypoil MEXTH E rasa

BHIOJNHAET POIb CBOESOCPa3HOTO Iemudepa, KOTODHE yCTpaHAET B3anM=
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HOe BAMAHWEe KONeCaHM# B TENZOBOM COCTOAHMN BepXa W HM3a HeTW.
Hamaume Taxoro gemujepa cosfaeT yCHOBAS AAd OTHOCHTENBHO# aB-

. TOHOMHOCTH TennoBo# padoTH BepxHeil m HuxHell cTyneHeil Temno -
oGMeHa. ;

ABTOHOMHOCTH TeNNOBO#X paGOTH BepXxa M HESA NEYd NOLTBEDEAA-
erca OpaKTAYeCKAMA NaHHHMM. Hepemkm crysanm, KOrza mporece Io-
MEHHO# NJ3BRE BeJeTCA OpH TpeOyeMOM TeOJIOBOM COCTOSHMM I'OpHA
Oesn, HO ¢ IeperpeBOoM WM HENOI'DEBOM ee MmaxXTH, TO €CTh OpH
yCIOBAAX JXaleKHX OT ONTEMANbHOrO. Tagad NpaKTHKa BefeHud Tex-—
nonbrnqecnoro nponecca o0ycnoBleHA, B OCHOBHOM, HELOCTATKaMH
HEKOTODHX CYMECTEYDIMX METOXOB yHOpaBAeHUA TeNJOBHM COCTOSHUEM
IOMeHHO! meu:m B MENOM. IOTH METONH He NO3BONADT BHABAATH "fen-
JIOBHe NEepeKOoCH" M omepaTUBHO BO3KeiicTBOBATH Ha TeMIepaTypHOE
noJe ONHOE SOHH meum, He 3aTparusas Apyryb.

s BHABNEHHOR aBTOHOMHOCTH TENNOBO# DaGOTH OTHENBHHX 30H
clefyeT, 49TO TemNOBOE COCTOAHME NOMEHHO! Medu [OPMHIMNNAAIBHO
HEBEpHO ¥ HEBOSMOKHO OIEHHMBATH B HeloM. 1A Kamnoid 30HH NONXEH
OHTH CBO#l He3aBACHMHA NOKa3aTelb, NO3BOJAADMAA KOAUYECTBEHHO H
OJHO3HAYHO OLEHMBATH €€ TelN0BOe COCTOsSHME. [IOMAMO 3THX NoKa-
3aTenell nAg ynpaBieHWd TENNOBHM DEXMMOM Nedd HYXHH TorEe s(Qgexr-
TABHHE ynpaBidApmue Bo3keiicTmua ¢ asdnpamenbﬂnh (MecTHHM) BMA-
HHeM Ha TeNNOBYyD DpacOTy OTHENBHHX 30H IeuH,

CneXoBaTeNbHO, HAME BHABET2eTCA M OTCTAaMBAaeTCA Aled pas-
HEeNbHOI'0 KOHTPOJA M JIOKAABHOI'O yIpaBleHWUs TENNOBHM COCTOAHHEM
Bepxa 7 HM3a JOMEHHOW meun.

lcxona m3 pacCMOTPEHHHX OCOCEeHHOCTEH NOMEHHOH medm, Kax
TENNOTeXHAYECKOro O0beKTa yopaBieHus, OpefpiaraeTca pacodui
oCbpeM [eud JeluTh Ha JBe 30HH — BEepXHOD # HuxHOD (puc.l,a).
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3a YCIOBHYW TI'paHAIly MEENy STUMZ 30HAMA [PEHEMAETCA H30TEpMAYEc-
Kas OOBEPXHOCTh ¢ TeMIepaTypoi to - TeMOepaTypoi rasa B o6ia-
CTH 3aMelleHHOTO TemIooCMeEa. ; |

ConocTraBneHre TENNOBHX B (M3EKO-XMMAYECKAX IpOIECCOB JOMEH-
HOM NOJABKM [OKa3HBaeT, YTO B OpeleiaX BepXHell 30HH IPEEMylecT-
BEHHO NPOTEKEBT Deaxknuy HenpaMOr'O BOCCTaHOBAEHHA Eele3a. HuxHAs
30Ha OXBATHBaeT 0CNACTh MHTEHCHEHOT'O DA3BATHA Dearnuii NpAMOTO
BOCCTQHOBNEHNUA, 00NacTh (yPMEHHHX OYaroB @ T'OPH Heur. TemmepaTy-
pa tb » OPEEATad 33 YCIOBHYD IDaHANy pasfiena, XapakTepusyeT Ha-
4Yaj0 3aMeTHOT'O DPa3BATHA SHAOTEDMHYECKOH DeaKIuds BOCCTAHOBIEHHA
IBYOKHACH yIJIepOXa:

€O + C =2 «CO.

lloxHO 3aMeTuUTh, YTO OPOCTPAECTBEHHAS I'DAHHIA MEXNy OpeEMyme- .
CTBEHHHM Da3BATHAEM peaKmuil NpAMOro ¥ HENpAMOT'O BOCCTAHOBIEHHA
Bupaxeaabuenee onpejieleHHO, 4YeM OpefjaraeMoe HaMmm XeJleHHe Iedd
Ha OBe SOHH 0O BIOJIHE ONpezeneHHOA m30TepMe. BHOOpP TemmepaTypH

to 33 I'paHUIy pasfela OCOCHOB2H TeM, 4TO 39Ta TeMmuepaTypa nad

onpeneieHEHX yCAOBMI MAaBKX NOBOJbHA CTAaCHIbHA H MOXeT OHTH Hal-
IeHa 3apaHee. Temneparypa Zb- JAEEAT, OCHYHO, B mpexenax oT 850
Io 900°C, B 33BACHMOCTA OT MAapPKM EBHIZSBAAEMOT0 YyI'yHa, cCOCTaBa
IYTES A OPYyTUX BIOOJHE KOHKDETHHX OCOCEHHOCTE# pacoTH Hmevd.

KoIMYeCTBEHHOH OLEHRCH TenJI0BOTO cocroxﬂnﬂ_fepxneﬁ 30HH Ne-
uyn MOEeT CAYRATH TemuiepaTypa Cpeirdd IO Macce tb, TOFO 0GBEMA
WIXTH, KOTODHH 3aKIDUeH MEXIy yDOBHEM 3&CHOM 4 I'Daruued pasfens
(paccMaTpuBaeMul OCbeM MEXTH H3 puc.l, 8 semTpuxoBaH). IOCKOALKY
ODH SBETOMATHYECKOM KOETDOME X yIDABNEHUE yAOCHee NOABSOBATHCH
CTHOCHTEIbHEME (OespasMepH:MM) BenruYZHAMA, TO BMECTO TeummepaTy-—

uk [ OpesiaraeTcs APYToil NOEas&TSlb - MHAEKC TEMIEDATYDHOTO
274
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nona Bepxa mewn 4g= t“ / ta , KOTODH# BHUMCHSETCH IO POPMyZIe:

: e o S {-exp(-A)  md1, ,
‘{B=1— t"—m(tm-.éto } A ZK -m/tdt-.l.]foj (1)

Tne tz- 2 tw- TemmepaTypa ra3a W MEXTH Ha KoNousake newn,’C;

m=0,5.- (WWM +{ ) - cpexHee xia BepxHed 30HH OTHO-
meHEEe TENIOeMKOCTell MOTOKOB MMXTH M Iasa;

_'u{“- z W"C - TEMINOEMKOCTH MOTOKOB MIXTH K I'a3a Ha yPOBHE
KONONHMKA Neud, BT/Tpan;

AZ;: ta - tw - pasHOCTH TeMIepaTyp MexLy ra3oM M MEXTOi

" Ha rpamame pasiena Memiy somams, °C;

/] - BCIOOMOIraTeJbHH# KOos@puiueHT, paBHHIA

sl P

3mecs O¢ - cpemEmit mia BepxHedl 30HH OGHeMHHI CyMmapHH# Koa@Gu-
[UEeAT TEnNooGMEeHA C y4eTOM BHYTDPEHHENO TEIIOBOTO CONpO-
TUBIeHNA KYCKOB mMEXTH, BT/(M3.rpan);
S - CpenHAs OIOWALD CEUeHAd MAXTH mew, M<;
H - cpemmas BHcOTa BepxHeil 30HH mew, M;
W, - cpenHas 11 BepXHell 30HH TEMINOEMKOCT HOTOKA IXTH,
BT/Tpar.
ilifexe 4 ABIIETCA KOMIIEKCHHM NOKAsaTeleM, KOTOPH yua-
THBAeT BNUSHNE HA TENNOBOE COCTOSHAE BEpXHe# 30HH Meud MHOTHX
nepeMeHHHX (axTOpoB. ONHAKO ONpefeNeHAe TOTO MHIEKca He Npem-

CTaBlAeT CONBMNAX TPYIHOCTEH#, TaKk Kak IPA OTHOCHTENHHO yCTONdMBOL
padoTe mewu A19 BHYACIEHMA MHOEKca 4 g 10 gopmyne (I) mocraTou-
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HO Texyumeid MHQODMaIMM O DAcXCLe 3arpymaemoil MmUXTH Gw , Temme-
parype i',‘ 1 pacxoje @,c yXO[siero KONOMHXKOBOI'O rasa, TO
eCTh HYEHH CBEJleHMA BCEr0 UMb O TPeX NepeMEeHHHX BeJMuuHax. OT
TOYHOCTHE ¥ HAJERHOCTH [PHMEHAEMHX COOCOCOB KOHTPOJIA STUX mapa-
METpPOB DaGOTH NEedY:r 3aBUCUT HOCTOBEDHOCTL 3HGUEHME BHUACIAEMOTO
aHgexca “Lg .

lierommxa cOopa u COOCOOH NEPBAYHOUE 00paGOTKHA BCel HeoGxo-
JuMO# MHEQOpDMAIMA IS ONpeleleHAd HHIEKca < g DacCMOTDEHH B
ooy CIMKOBaHHEHX paHee pacdoTax [ 2-’7]. TaMm ®e OmoxasaHO BIAARKE
rasopacnpelenieHnd HA KOJOMHWKEe IeYd Ha BENMUMHY HHIEKCA {; n
JaHH DEROMEHIanu| 10 BBeleHWH HeoOXONuMO# NONDaBKH.

}I3BECTHO, YTO TEIJNOBOE COCTOAHME HuXKHEeR 30HH IOMEHHO# meun
MOKHO OXapaKTepu30BaTh 3aTpaTamu Temaa Qn , Ha qusnyeckni u
XEMAYECKRA HaTpeB NPOINYKTOR HJABKA:

Qﬂﬁ o war fO"M*QS", Mu, ... wn®/T wyrysa, ()

The qu - DHTAABONA YYT'yHa C yUeTOM TENNOTH NNAaBIEHHA;
Q ya ~ OHTAIBOUA MIAKA, 33 BHUETOM Tella 00pa30BaHAd MIaKa,
Q s Mn,ﬂ..- TEnno, 3aTpPavueHHOe HA BOCCTAHOBAGHME KPEMHHS, Map-
rasna, gocgopa, TATaHa X APYyIUAX 3JEMEHTOB.

OTHOCATenbHOE 3HAYEHUE EEeIAYUMHH Qm’ Ha3BaHO HAMM MHIEKCOM
TEeNJ0BOr'O COCTOAHWSA EM33 Neul /JH = Qn " /Qo” , - ONTEMa/BHHE 3aT-
paTH Temua Qo,,,,. Ha HarpeB NPOLYKTOB NIZBKE OmpelendeTcs 3ajaH-
HHM COCT@BOM YyTyHH ¢ TpeSyeMHMZ CBOJCTBaMi WIaKa. MHIEKC 4;,(
DEeROMEHLyeTCH HaMM B Ka4deCTBEe OLHO3HEYHOE KOMMYECTBEHHOH OLEeHKH
TEnJNIOBOT'O COCTOSHUS HHUKHE! 30HH NEeuHd,

Qopuyna (2) maeT ZeliCTELTENBHOE 3Ha4YeHHE ZHAEKCA »(‘” 3a

ero
nocnenHmit mepuoX paGOTH IeWw, HO xn}/ﬁécqe'ra TpeCynTCA NaHHHE,



KOTOpPHE MOryT CHTH NOAy4YeHH AMMB IOCAe BHOYCKA YyIryHEA, TO €CTH
He dame, ueM vyepes 3-4 yaca paGoTH Hewd. -lpoMexyTouEHe (oxmpae-
MHE) 3HAYeHHd MHJEKca 'CH OpeniaraeTCA HAaXOIMTh HO "MIHOBEHHO-
My" TenjoBOMy OanaHCy HuxHe# 30HH NEeTM C YyYETOM OCHOBHHX 3aKO-
HOMEpHOCTell TenZoOGMEHa B NOMEHHHX Iedax [ I] Ing coBpeMeHHO#
IOMeHHO# nmeuu, padoTanmeil Ha odoramennon KHECIOPDOLOM LyThHE H c
BIyBaHMEM NPEPONHOr'O rasa, omaeuoe 3HaueHUe HHJEKca t nu-
qucngeTca no gopmyne:

& {(%, Vi{% )2 (c‘ﬁ't" 1312)”2*(%'@ +7840).0, +

+ 1,24-15?@,‘0-1;;@ - 1453t 157, )’fa}* [cafcal e K{t-00t]] }] t -

- 6312 ({04447, )T~ 3115 Fe; 7~ 104500 @.’%5”0 5o

Tae Va - DacxXoX AYTHA, M3/MuH;
é\ - OTHEMAaeMOe J IMXTH KOAMYECTBO KACJOPOZA, MS/T uyryHa;
(Voz ) - Dacxof KEGIOpOAa, Bxomamero B cocra® CO, COy & HZO
KOJIOMHAKOBOT'O I'a3a, M°/MHH;

( V"Ja - pacxoji KACIODOZa, MOCTYNAKero ¢ BAAKHHM IyTheM,
‘” M3/nmH;
'[! - RomMYecTBO MHEEKTMDyEeMOTo OPUPOXHOTO rasa, M3/T UyTyHa;
ta - TeMmepaTypa AyThd, °C;
‘1% - BIAEHOCT AyTRA, T/M°;
b #, = - conepanme xuciopona B a30Ta 3 .ny'rse, ROMHA;
> c iV C
? asora n BO.IL&HHX napoB IAf METEpBaa TemmepaTyp oT O

- CperHr2 yIenbHHE TeldJOeMKOCTH Kuciaopojna,
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o, to , KIR/M®-Tpan;
- 8 K- pacxoms ariomepara m Kokca, KI/T YyIyHa;

G

a
¢, - u C - cpennme yIeibHHe TENJOEMKOCTH arioMepaTa # KOKca

IpE TeMmoepaType Z‘o , KIE/KT.Tpal;

)2 4, ~— CTENeHb KCHONB30BAHEA BOXODOLA;
Jl - comepEaHme NeTyWMX B KOKCE, %;
7, - CTeneHb HPAMOTO BOCCTAHOBIEHHA;

]%Z - COIepRaHHe Xejie3a B 4YyryHe, 33 BHUETOM =ejle3a MeTal-
NONoGaBoK, %;

géw" - CyTOYHAA NPOM3BOJUTENbHOCTH meurm, 102 T;

d. - mmameTp ropEa mewm, M.

Ina BHUNMCIEHRA HHEEKCA '£H no (Qopmyne (3) TpeGyeTcs Texy-
mas BHQOpMAIMS O IapaMeTpax AYyThsa X KONOMHEKOBOTO rasa (OKOJ0
15 mepeMeHEHNX BelrwMH). TpyZHOCTE cGOpa aroﬁ'na@opuaunn CBA3QHH
JEML C HaNOCTATOUHOX TOYHOCTHD ¥ HALEEKHOCTEHN Cylle CTBYNIMX CH-
CTEM aBTOMATHYECKOT'O KOHTDOJNA JOMEHHOI'0 IDOM3BOLCTBA. LIOMAMO
Tekymeid mEQopMalmM IS DAcyeTOB IO (opMyne (3) HyRHH Takge IepHo-
IMYecKAe CBelleBuss 00 M3MEHEeHAX B COCTABe IMXTH I HEKOTODHE
COpaBOYHHE IaHHHE. ]

IloOCTOBEPHOCTh ORELAEMOI'0 3HAUEHWS HHIEKCca 4;, onpenenaseT-
Ccs KaK KauecTBOM COCUpaeMoll MHOOpPMAilMM, TAK A ODHHATHM METOLOM
ee NepBruYHOf OCpaGOTKE. [IpM XODDEXTHON DelicHUA 3aKaud cnenﬁer
YUHTHBaTh bAUAHME TEeMIepaTypHOI'0 HOJNA Bepxa Neud Ha MSMeHeHHe
COCTaBa BOCXOLAMAX Ia30B M HE USMEHERNMe (i3HKO-XAMAYECKHX
CBOICTB IMXTH 38 BpeMa [peOHWBasus ee B BepxHeil 30He. llpexnarae-
Muff HaMm@m Ccrocol pasheNbHOTO KOETPOIA TEeIJOBOI'0 COCTOAHUA BepXa M

HN3a hOeuy [O03BOJAAET 3TO CIeaaThb, HCIONb3ysA 3&8EHCIMOCTH
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g, Vla); 4/50 )= 2ls), A7y -‘_I/ ¢s) u mpyrae.
Hpnueaéﬁieu 9TAX KODPEKTHPYOIMX 33BACHMOCTE# OTAXU3ETCA Hall Me-
TOL COCTAaBNEHAA "MIHOBEHHHX" TENNOBHX CalaHCOB HAM3a Ieus OT BCEX
paEee M3BecTHHX. Jpyrag 0COGEHHOCTH GOCTOMT B TOM, 4TO TPYAHO-
onpefemmmHe KOS(MOMIAESHTH ¥ CTATHA TENNOBOTO CalaHCa, TaK@e Kak
CTeneHs OPAMOTO BOCCTAHOBISHMA Ty H NOTEPE Tella B OKPYEARMyR
CDELy, MOIYT HOCTENEeHHO NepHOJMYECKHE YTOUYHATHCA NYTEM cOmoCTaB~
neHns pacdeToB mo Hopmyaam (2) m (3). To ecTh BOSMOEHA CaMONpPO-
BEPKE CHCTEMH KOHTDOAS TenJOBOIO COCTOSHESA HE3a [edYl B OCHOBaH
HOEe Ha 3TOM CaMOooCyueHWEe HHOODMAMOHHO-yOpaBISmmed MamuHEN .,

OcoGeHHOCTE paCOTH NOMEHHOH fHedW - AUCKDPEeTHOCTE H IMKIWY-
HOCTH: 3arpyskid CHPHX MAaTepuanosB B HeYb - HAKIADHBANT EecTREAE
OTPaHEAYCHAA N0 JONYCTHMO# u©acTOTe BHUMCIEHWA RELEKCOB t', B < H
o gopmynam (I) @ (3). SHawaTensHAS Pa3HANLA B (M3AYECKAX CBOM-
CTBax ¥ TeMmepaType OTHAeNbHHX HOpPIUE 3arpyRaeMHX MaTepuanoB NOpu-
BOOAT K TOMY, 9TO KPHBHE M3MCHEHHWA MIHOBEHHHX 3HAUEHH! MHOI'EX
XCHTPONMAPDYEMHX NapaMeTpoB PaCGOTH Heud HMelT CIOEKHHE nyIbCchpym-
muid xapaxrep {pmc.2). PasHam qacrbra~nynbcaunﬂ B 3aMeTRad DpasHu-
'8 B MHEPIMOHHOCTH M3MEPUTEbHHX CHUCTEM OTHEIbHHX BEeN49InH He
OO3BONANT MCHOAB30BATH MX MIHOBEHHHE 3HAUEHMA JUIA BHYKCASHEA
KHIEKCOB 445 a 'i” B IPOM3BONBEO B3ATHE HIM 3apaHee yGTAHOBIEH-
HHE MOMEHTH BDEMEHH.

AHann3 ocoO0eHHOCTeH! AOMEHHOIrO. Npollecca X XapaxKTep3 TEeRy-
me#t prdopManydy © padoTe OHewA [OKa3an, YTO 33 ONTUMANBHHEA EHTED-
PaX Mewyy nocliefoBaTeNbHHMHM BHUYMCLEHUAME JAHIEKCOB t i ¢H
CH8NyeT UDAHATH BreMd IMKIZ 3arpy3Kd -~ HPOMEXKYTOK BPEMEHE MEerLy
5~7 nonavauz (B 32BUCHMOCTA OT NPMHATOH LHPOrpaMM: 3aTpy3Kd).

3TC EDEMA He NOCTOAHEC P onpefeldeTcd MHTEHCHEBHOCTBED pPacOTH
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neuyu, a TOYHEE, CKOPOCTHD CXOZa mopad. Hanpmmep, LAd IOMeHHOi
neun o6semoM ISI3 M° mumex 3arpysks pamrca oT 20-30 MuH npm
CHCTpOM cXofZe mozau no 40-60 MmH npu séuenennnbu XOfe neds.,
CrenoBaTenbHO, Aad pacueTos oo gopuyxam (I) m (3) TﬁeOyeT-
cAd HHQOpMal#d, yCPeNHEHHAd 328 BpeMd IMKIA 3arpy3KHM, a HAXO[#-
MHE 00 9TuUM GOpMyZaM HBIEKCH  {5 u Aiu XapaKkTepa3ybT TemNoBoe
COCTOAHME BepXa ¥ HE38 Neud 38 NOCHeNHM# mUKA 3arpys3Kd, TO
eCTh, IpUMEDHO, 3a HOCHeIHEME HOoXuYaca PaCOTH Nedd.
BenomoraTenbHH Onepanus 00 JCPeXHEHMD MIHOBEHHHX 3HaueHwmi
KOHTPOAMPYEMHX BeIMUKH 38 BpeMf IMKJIA 3arDy3KdA, KOTOpPOe 3apaHee
HEe A3BECTHO, LeNecO0Cpa3’HO BO3AOKATEH HA CHEIMANbHHE QHANOT'OBHE
AHTETpApyDLUAEe YyCTPOICTBa HENpPEepHBHOTO ZefcTEAS [5-7] .« B 3TOM
crydae nugposas nnéopuannonno-yﬁpannsnman MamN@HA, BHIOJHANOIAA
OCHOBHHE BHUYHCJEHWSA, MOKEeT padoTaTh NEPHONMYECKE C MHTEDBAJIOM
I5-50 mmH, OprYeM TeMn ee paCoOTH He yCcTaHABIMBAeTCd 3apaHee, a
3afaeTCAd MHTEHCHBHOCTED CaMOT0 TEXHOJIOTHYECKOT'O IPOLecca.
orasanHas OPUHIMIUANBHAS BO3MOKHOCTH DPasfelbHOrO TEmNIOBO-
TO KOHTpOIA BepxHeil M HuEHed 30H JOMEHHO# Heum MNO3BOAAET CTa-
BATH BONPOC O peaimM3ammy UAer JIOKANBHOI'O yOPAaBIEHAA TEHNNOBHM
COCTOSHMEM STAX 30H.
Y coBpeMeHHHX JIOMEHHHX [edeil cpeXHmii ypOBeHb 3aCHIM, JaBre-—
Hpue Ha KOJONHMKE, PacxoX AYThd W NporpaMva 3arpysku Juoo crascu-
IN3APOBaHH, JMG0 HCOOAB3YDTCA NAA yupaBleHHs rasopacinpelesleHieM
4 DOBHOCTBD CXOZa MMXTOBHX MaTepuanoB. lIpM TaKUX &chonnax Ina
yIpaBleHAS TENJOBHM DERAMOM Nedy NPMXONUTCA NONB30BaThCA LpyIu-
Mi Bosneﬁcrnﬁﬂun, KOTOPDHE MORHO NOAPasieNuTh: HAa "BO3IeiicTBEA

cBepXy" - H3MEHEH;me yIeNbHOT'O0 pacxofa KOKCA MM NpUMeHeHHe
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cHemuajbHHX N0Ja49 - H Ha "Bo3jeidcTBUA CHEU3Y" - H3MEHEHHEe Ka-—
YeCTBEHHOI'O COCTaBa LYThA M DPacX0lda MHEEKTHDPYEMOI'O TOIJIMBA.

JuHamMuKa BAMAHHA OTAENbHHX YIOPaBAAKIHAX BO3JeilcTBAX Ha Ted-
nonoé COCTOSIHAE BepXHell m HnxHe# 30H meud, Kak OCHEKTOB peryid-
poBaHMA, NaHa Ha DHUC.3. l3MeHeHEe HHIEKCca ZB HaliieHo pacdYeToM
npﬁ CTYNEHYATOM yBENMUEHM! KOAMYECTBA TOPHOBHX I'a30B, BH3BAHHO-
'O IpAMEHeHHWeM BosHeiicTemit, HeGonbmoe NmepBOHAYANBHOE MOXOAOHA-
HAe BepXs Neud Nocle yBeln4YeHHA YAeAbHOT'O pacxofa KOKca 00hac—
HASTCA POCTOM TeNNOEMKOCTH OOTOKA UEXTH ]4{” » IHOCKOIBKY yHIeNb-
HAR TENN0EMKOCTS xoxca'donsme'ynenbuoﬁ TeMI0eMKOCTH ariomepara.
Pasorpes maxTH Neud HauMHaeTesd JAMB TOIKA, KOr'la MMXTE HOBOT'O
cocTasa noimeT XO @ypM H OT CropaHAA JONOJIHATENHHOI'O:KOKCa BO3-
pacTaeY KOIMYeCTBO I'OPHOBHX Ia30B.

LpeMeHHOe IaJeHHe MHIEKCa 4;, Op@ nojavde OPUPOXHOTO rasa
BHSBAQHO 3aTpaTaMid Tenla Ha KOHBEPCHD MHKEKTHDYeMOr'0 TOIJMEBa.
B narsHejimeM DOBHMEHME COILEPEAHMA BOLOPOZA B BOCCTAHOBATENBHHX
Tasax CHUXaeT pacXon yrjepola KOKCa Ha NpAMOe BOCCTAHOBIEHZE,
B Cully 4ero NOJA KOKca, Cropammero Ha QypMax, BO3pacTaeT, a 3To
BeleT K YBEIMYEHAD TeMmnepaTypH X BHXOJA T'ODHOBHX -I'a30B.

" Il3-3a NepUONEYHOCTH BHYUMCICHMI MHIEKCOR <g B iH BO3MOKEH
TOABKO IDMCKPETHHA BHOOD NOKANEHHX PETYMMPyOIOAX BO3IeldcTBMi ¢
yaCcTOTOH, KPaTHOM IUKIY 3arpyskd. [Ipa 5TOM MEHAMANBHHA HHETepBaN
MeRAY OTASABHHMA YIDABAAONUMA KOMAHIAMA He MOEeT OHTH MEeHBme
TOI'C OTPe3Ka BPEMEHE, 338 KOTOPDHA OTYeT/NMBO BHABIAETCH De3yaAbTaT
npeJuayuero posfeiicTeus, [HoaTomy (pmc.3) yrpaBidbUMe XOMAHIH
MOEHO HOf3ZaTh He 4Yame, 4eM Uepe3 IHKA 3&I'DPY3KA LIDH HCOONL30Ba—
A1y "BosAeNc?BRY cREH3Y", 7 /mmb yepe3 [I-I2 IMKAOB 3arpPy3KH

e

0N npuMeseHud "pozxedcTmmit cBepxy".
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4TOOH He AONYCKAaTh NMATEABHHX I I'IYCOKMX HEPEXONHHX MNpOo-
IIeCCOB, CYMECTBEHHO 3aTPyIHANNUX KOHTPOABL B OpOIECcC yupaBjeHnd
TenNIOBHM DERMMOM Iedud, OperlaraeTcs HMCOOAB30BaTh TOABKO "BO3-
LeficTeua cHE3Y". Kag HCKIDYeHHe K3peKa HONYCTHAMH H3MEHEHHS
yIEeIBbHOT'O pacxofia KOKca, B TeX cIydadX KOBJA3 ONHAX "BosjeicTEmE
CHE3Y" HEZOCTATOYHO JId CTAaCHIMSalldd TeMIepaTyPHOro HOJd medu
AMM ®e JalbHejillee CHAKeHWEe pacxXolla MHKEKTHPYEMOTO TONMMBA 3KO-
HOMUYECKH He I[elecO0CpasHO.
_ Ha puc.4 npepncTaBieHH pe3yAbTaTH pacdyeToB [B:Ino A3y 9eRu0
CTATAYECKAX CBOMCTB BceX perympybumux "BospmeficTemit cHmay". Oc-
EOBH2A OCOGEHHOCTH HalifeHHHX 33BACHMOCTE# COCTOHT B TOM, YiO
pesyIbTaT BANAHASA HEKOTODHX BO3JeiicTEMii Ba TenloBOe COCTOSAHHUE
BepXa # Ha TelJN0BOE COCTOSHWE HE3a8 [eYd EMeDT DasHHe 3HAKH.
9TO HO3BOAAET NOXOOCPaTH TaK#Me KOMINEKCH ONHOBPEMEHHO MNOXAHHHX
BO3feitcTruil, oCllee BAAAHAE KOTOPDHX OCIafaeT W3CHpaTeNbHHM (Jo-
KaJbHHM) JeiiCcTBEHEM TOABKO Ha BepX HAM TOJBKO Ha HAS IEedH.

CaemoBaTenbHO, OYTEM NPABHABEO NONOCDAHHHX MSMEHeHuE B pac-—
XOZe MHEEKTHpyeMoro Tommusa " ) u remmeparype ( ta) A Ra-
YeCTEEHHOM COCTaBe AYyThA ((02}3, ¢/, ) MOEHO OCYWECTBUTH Iele-
HQOpaBiEHHOE IOKANbHOE yIpaBieBre TENNOBHM COCTOAHHAEM KaK Bepxa,
TGK I HA3a OedX. COCTaBJEeHHE HYERHOTO KOMIJIEKCa yIpaBAARMMX BO3-—
HeiicTBHA CBA3AHO C TPYLCEMKUMA ¥ THaTeJbHHMM pacyeTaMd, Tax Hak
OpEXONATCS YUATHBATH B3EHMOCBE3L OTIENLHHEX Bo3ZedcTmmil depe:
OUBEKT DETYMUPOBAHUA ¥ JEBAMAXY IEDEXONHHX [POIECCOB. OTHME
pacueTaMy YTOYHAKTCH HEOOXOLVMHE M3MEeHeHHA DACXOLS XYyThA B LO-
CAEN0RaTEIBHOCTE BHOOARERM: VIDGBAAYHEX KOMAHZ.

Hoe BO3MOMME BADU&ETH KCMINEKCOB YIpaBAAOMMX BOSJEHCTEIN

LJir KOARPEeTHHX j’CJ’iOEA&E ZOMEHHOIr0 BNOASBOACTBa MOUYT OHThL 38U
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Hee NPOCYMTAHHH M B SaKOLUPOBAHHOM BAJE BBENEHH B HaMaTh nHPOD-
MaIMOHHO-yOpaBiAbme# MamuHH. [Ipm pdCoTe B CXeMe aBTOMaTHKE 3Ta
MampHAa [0 OHpeneleHHOH JIOTAMYecKO# cXeMe BHOEpaeT TOT KOMIIEKC
Boangﬁcrnnﬁ, KOTODHil SBIAETCA ONTHMAXBHHEM DM (GaKTHYECKUX yCIO-
BUASX [NaBKE. MCXONHHMA IAHHHMA SBASDTCE MHGODMAIEA OG OTKIOHE-
mﬁﬁ‘sz({ﬂ anr—'éb J ::47{.//=ﬂl'~lx,nr—{ﬁl u f_d-ta=.950 ‘ta » CBENCHAA
0 pe3epBaxX BO3MOXHOI'O U3MEHEHHWs OTIENBbHHX BO3IeilcTmuii, a Taxxe
3aaHHHE YCIOBUSA MPENNOYTEHMS OJNHHX Bo3ZeiicTeumil mpyrmm, mCXoms
X3 TEeXHONOI'MYECKAX ¥ DKOHOMHYECKHX COOCpaEeHmil.

IIpy OTHCKAHMM ONTHUMANBHOI'O 3HAYEHHI MHIEKCa (‘és)onr B
CPaBHETENBHO NPOIOARATEIHHOTO IepHofia pacoTH mewd MOEHO Ipen-
IOKATH YyCTAHOBICHHHE HaMu [1,4] 9KCTPEMalbHHE 32BUCHMOCTH MEELY
BEJIMYMHOE HMHTEKca {5, I pON3BOIUTEALHOC THD P M yEeABHHM pacxo-—
IIOM KOKCa X (puc.5). OTM 33BHCHMOCTH XA KAKHOK Mew9d m OTHENB-
HEX IEDHOZOB ee PaGOTH HEeOGXOMEMO MepHONUMIECKH KODDEKTHDOBATE.
Upn opuenTﬁposoqnux pacyeTax MOXHO NPAHATH, 9TO (l;)onT =
=0,7 + 0,8. OnTuMancHOE 3HAUYEHHE MHIEKCa TENJOBOT'0 COCTOSHUA

HH3a Oe9d (444)onr= I, RaK 9TO CHeNyeT W3 CaMOTo OmpeleleHAs

AHNEeKCa,

TaruM 0Gpa3oM, aAArOpPATM HE3aBMCHMOT'O KOHTDOIA M JIOKaJIBHOI'O
yOpaBleHAA TenNOBHM COCTOAHHWEM BepXHeill W HUKHeldl 30H HOMEeHHOi
ledd CBONUTCA K CIeLyLmeMY. -

llo 3amaHHOi Mapke BHIIIABJAEMOTO yyryHa u TpelyeMoro cocTa-
Ba IUIaKa yCTaHABIUBAeTCA HEOOXONUMHI COCTaB MUXTH, yIEAbHHI pac-
xoi kokca, K u omTuMamBEHE 3a3TPATH TeIa Q omge HE Harpes mpo-
EJKTOR IJaBK4. MCXOJA U3 KOHKDETHHX YCNOBAHA NNaBKU M aHAIuN3a
RaCOTH 1Ieyd 33 NOCIeIHMA Mepuoxn yToéﬁamTcx BCe OOCTOSAHHHE H
ponouoraTeNbHEEe KOS(ININEHTH, BXomdmme B dopMmyan (I) - (3), a

e
.
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T3KEEe KOPPEKTUDPYeTCS 3aBHCHMOCTH 9>=§ﬂ/—(:5 ) , 0O RoTOpoil ycra-
HaBMBaETCA ((:B)Ont,. YTOUHARTCA YCAOBHA BHOOPA OTHENBHHX yNpaB-
1AkIEX Bo3feidcTruil, Bece 5TM CBeJeHEA BBOJAATCA B NAMATH KHPOpMa-
IMOHHO-yIpaBidbme#i MamMHH, KOTOpad IO Mepe TOro, Kak OCHOBIAET-
cd mAXTa B padodyeM NPOCTPAHCTBE Hedl, NEePeXONUT HA pacyueTH Mo
HOBHM ROa(@HMIueHTaM. '

C nauazna nnna 3arpy3KH CHCTEMa KOHTDPOAA COCHpaeT BCD HEOG-
XOMUMyD TeKymyo HHGOpDMAIMD O HapaMeTpax AYThd, HHEKEKTEDYEMOI'0
TON/MBA, KOAOMHMKOBOI'O I'a3a ¥ 3arpyxaemoi muxTH. [0 OROBYAHEM
IEEJa 3aTpyskm (Yepes 3aJaHHOE YACAO NOZAY) ONpeXelalnTCs CpeXHuE
3HAYEHNA KOHTPONMPYEMHX NapaMeTpoB # BHIONHADTCA BCE IPOMEEYTOUY-
HHE BHUMCIEHAS (NpHBeleHHMe K CTAHAADTHHM YCIOBHAM, ONpefeleHHe
OTHeMBHHX KO9(HiMmmeHToB 7 T.O.), HOCXe |ere mo dopuyze (I) pac-
CUMTHBAETCA MHNEKC € 2 . HaiimeHHoe 3HAYEHHWE HHIEKCA 4'5 yTOu-
HfeTcA N0 NONONHMTEAbHHM NAHHHM O pacHpeleNeBdH I'aS0BOr'o HOTOKA
Ha KOJIOmMHMKE Hedd.

[lo Benm4MHEE HHTEKCA "s KODPEeKTHpyeTcd CQCTAB KONONHAKOBO-
ro rasa @ KoajpumueHRT Ty , a sarem no gopmyne (3) ompenmensercd
ORUIaeMoe 3HAYEHHMe HMHJIEeRCa »5,, . C Havaza BOBOI'0 IUKAA 3aTDy3-
Ki Bce omepanus noBTopsnTCH. [locie BHOYCKa 4yr'yHA, TO €CTh C
AHTEpBANOM B 3-4 ugca, mo ¢opuyre (2) HaxommTea HelicTBETENBHOE
3Ha4eEle NHIEKCa -4',, 33 poclemsyil nepuoXk pacoTH neun. yTeM
COLOCTaBACHAS HOIYYEHHHY PEeSyABTATOB YYOYHARTCH OTHEeNbHHE KO50-
QUIMEHTH XA DOCHeAYHUMYX PacdeToB HHEewca ’L‘H no gopmyzne (3).

Oznyd pas 32 AKX 3ar mrm, gocie Toro max OYKYT HalneHu

Teryie 3Bg4YeHna AsLerCOE 4 o B ':';H onpenerantcd OTKACHEHAS

7 & b L0008 0

UL, B 3 J: , IC SHEKXY & BeiipEe KOTODHX B ¢ YUeTol
foreed

!LB.“‘

ir
*+ 130 v 'E
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LONOJHATEIPHEHX YCHOBAE MO 3aZaHHO# HOIMYECKO# cXeme BHOUpaeTCH
ONTHMAIbHHA BapHaHT KOMIJIEKCa yIPaBAAKIUX BO3LEACTBHMA. BHIONHE-
HAe HAMJEHHOT'O pemeHMs OCymecTBAAETCHA NYyTeM aBTOMATHYECKOI'O CTYy-
IEHYaTOr'0 HAA HMHOI'O M3MEHEeHMd 3alaHmil Ijad peryadsTopOoB—CTaCUIM3a-
TODOB DapaMeTpOB AyThd M HHESKTHpPyeMOr'o TomauBa. [Ipu HeoOxomm-—
MOCTH H3MEHATH yhenIbHHE DacXOX KOKCa CACTEMa aBTOMAaTUKHM pacoTaeT
Kak "CoBeTuwK MmacTepa". lHfopmamusa 00 H3MEeHEHUAX B COCTaBe MAX-
TH BBOJUTCA B NaMATh MalMHH OIEpaTOPOM nﬁn aBTOMATUYECKH OT CH-
CTEeMH 3arpySKd CHPHX MaTeprasoB B Iedb.

TIoACHEM CKa3aHHOE OPOCTHM NpHMepoM. LycTh cuCTeMO# KOHTpO-
1A BHABAEHO, YTO _4¢'B= v Q0L _44.;‘=0 P fa= 950°C. B aTom
cly4ae, 4TOCH BePHYTH TENJOBOE COCTOSHME BepXa Hedud K OpeERHeMy
ONTUMANBHOMYy 3HAYEHMD, He 3aTparuBasg OPA 3TOM TENNOBOI'0 COCTOA-
HAS HE3a NedYd, MOEHO (CM.pHC.4) yBeIMUMTH PAacXOX NPUPONHOTO I'asa
Ha 28 M3/T uyryHa H CHESATH TeMmepaTypy AyTha Ha 30°C. Eom Ee
YUATHBSTH JUHAMUKY OEePEXONHHX IDOIECCOB, CRSI3aHHHX
C M3MEHEHHMEM CTeleHM NOPAMOI'0 BOCCTaHOBAcHMA (CM.puac.3), TO Ie-
necooGpassEo OpH ybennueﬂmn pacxoja rasa CHauajla HECKOJIBKO MOBH-
CHTH TeMlepaTypy LYThA X IMMb ODOTOM HOCTEOEHHO e€ CHUEATEL IO
HYKHOI'O 3H3YeHMA. MOT'yT OHTP X APyTMe BapUaHTH KOMIJEKCa ympaB-
JA0IEX Bo3feikcTrail,

B RaveCcTBe ONHOI'O U3 BAPHAHTOB pea/M3alil HOEM pa3neibHOTO
KOHTPOJIA M JIOKAJbHOTO yNDABNEHHA TENJOBHM COCTOSHUEM BepXa I
HU3a JOMEHHON meuu OpexnaraeTcs ONIOK-CXeMa CHCTEMH aBTOMATH3a-
1AM ee TeNJIOBOTO pexuMa - cucrema VI (puc.6). [HoMmMo OCHUHHX
CACTEM KOHTPOJAA M CTACHIM3aldi OTLENbHHX BXOIHHX IapaMeTpoB, B

cuctTeme YIIM uCOONB3YRTCA aHANOTOBHE yCpPEeHAMIME yCTpoicTsa, Ca-
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MOCTOATEABHHE GNOKE NaMATH M ILWPpoBas MHOODMAIMOHHO-YIpaBAAKIIAg
MaluHa, KOTOpas BHIONHAET BCe OCHOBHHE ONEpalé [peAsaraeMoro
palnEOHANBHOTO AATOPATMA KOHTDOMA U yIpaBAEHAA TENIOBHM COCTOA—
HHEEM JOMEHHO# Neud. B OTIMYME OT BCEX paHee ONPOCOBAHHHX aiI'0ODHT-
MOB ¥ CXEM aBTOMATH3aIdl IOMEHHOT'O NIpPOE3BOICTBA cucTeMoil YIIN
BIEPBHE OTCTANBAETCA pealbHad BOSMOXHOCTEH OTHCKAHAA B CTACHIM-
32IUA ONTUMAIBHOTO TeMIEPaTypPHOTO MOJA BO BCEM padodeM HpPOCTPaH—
cTBe med:.
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Puc.I, XapakTep TeMlepaTypHOTO NOJA NOMEHHOH MeuYd OGHEMOM

1242 M° Opu BHINABKE NepefelbHOr0 YyTyHa A HOPMATBHHX YCIOBMAX
padoTH: a - JgejleHde padodyero NpOCTPAHCTBA New! Ha BepXHD (3a-
WTPUXOBAHO) M HUKHKO TENNOBHEe 30HH; 6 — KpUBHE M3MEHEHUA Temne-
paTypd BCTPEYHHX OOTOKOB MUXTH M Iasa N0 BePTHKald MOMOONBHOIO

OTBEpPCTHA.
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Bpema, mun
Pnc.2., KpeBag m3MeHeHMA MI'HOBEHHHX B3HAUEHMd TemnepaTypH Ko-
NOWLHMKOBOI'O rasa (CTpeixaMu YKa3aEH MOMEHTH ONYCKaHUA GOJNBIOIO
KOHYyCa 3arpy30dYHOro amnaparta NOMEHHO# meun):
Zr _ Z_‘u Z__ﬂl
Cue; b= U L, - CpenHde 3HAYEHUA  TeMnepaTypH KOJOWHAKOBOT'O

ra3a 3a I-i, 2-it u 3-# uuxasl 3arpysKu.
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Puc.3. OpumeHTHPOBOYHHE Bpeuenm:le XapaKTepUCTHRMA IJA BepxHeil
A HARHeil 30H JOMEHHO# Ie4ld Kak OOBEKTOB peryiAupOBaHA:
I - 0pn n3mMeHeHZM pacxoia MHEEKTHPyeMOT'O TomimBa (C ydueToM ZuHa-
MUKZ I3MEHEHHMs CTelNeHN NPAMOTO BOCCTAHOBIEHEA Ty ); 2 - mpH

A3MEHEeHAN NapaMeTpoB AyThA; 3 - NpU M3MEHEHME yIeIbHOTO pacxola
KOKCa.
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DYNAMICAL OPTIMIZATION OF STEEL-MAKING
PROCESS IN ELECTRIC ARC FURNACE

by

Anatol GOSIEWSKI, Andrzej WIERZBICKI /Poland/™

1. Introduction

The goal of the steel-making process in an electric
arc furnace is to obtain a high quality steel by means of
melting selectioned steel-scrap, purifing the melted steel
/"bath"/ ef detrimental components and adding some improvinsz
components. The main source of emergy in the process is the
heat supplied by an three-phase electric arc which burns
in between three graphit electrodes and the scrap or bath.
The pepcess in an arc furnace is a typical charge-process;
each charge, beginn}ng with loading the furnace and ending
with casting of finished steel, lasts about 6 hours for a
furnace of an average load /e.g. 30t/. The average power
consumption amounts about 0.6 MWh/t, the average arc power-
about 3 MWh., Each charge ean be divided into three main

periods: 1/ the melting period which lasts for about 0,5 of

x/’I‘he problem of optimization of steel-making process in an
arc furnace, which is presented in this paper, has been
investigated in a collaboration between the Department of
Automatic and Remote Control of the Technical University
of Warsaw, Nowowiejska 15/19, and the Department of
Electrothermics of the Electrical Engineering Institute,
Warsaw-Miedzylesie, as well as the Stalowa Wola Foundry
by which the research has been supported. Together with
the authors of the paper, Bohdan Frelek, Zygmunt Komar
and Andrzej Markowski from the Department of Automatic
Control, and Mirostawa Stawecka, Mieczystaw Solecki from
the Department of Electrothermics have participated in
theoretical synthesis and technical design of the optimal
control system. Furthermore, M.Mazur, T.Skrzypek, P.Maj
from the Department of Electrothermics and Cz.Kulak, E.Giela-
rek, Z.Dabrowski and R.Hernik from the Stalowa Wola Foundry
have collaborated in different aspects of this broad project.
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the whole charge's time and demands about 0.7 of the whole
charge's energy consumption; after melting, the bath is
overheated to a given temperature /"overheating temperature"/,
the first slag is casted and oxidating components are brought
in the bath; 2/ the oxidating period in course of which the
detrimental components - as coél, pﬁosphorus and sulphur - are
burnt up; after oxidating, thg next slag is casted; 3/ the
refining period in course owahiéh oxid is reduced and the
improving components - as manganium, chromium - are brought
in the bath; after refining, the steel gets overheated. and

the casting of finiéheé'sfeei follows, :

2. Setting the problem

The notion "optimization" of the process in an .arc
furnace describes hére an application of such process control
which results in minimal cost of finished steel /zi/t/, taking
into consideration the cost of electric emergy /zi/kWh/ as
well as the constant costs of time /z%/h/ during which the
furnace is used. The problem is of a great economic importance:
the emnergy cost for a 30t furmace amounts to 10 million z%

a yvear and the constant cost of an hour of.furnace's usage

can be estimated by 6 thousand zi. The optimization of a charge
is usually related to the melting periode-only '’%’3 which
decides on the total energy consumption and influences strongly
the total charge's duration %ime. The periods of oxidating

and refining are not included to the optimization because

their duration and energy consumption depend on chemical
processes in the bath and are strictly determined by the
process technology. The optimization of loading and casting

of an isolated furnace is trivial: they must be performed as

intensively as it is possible.

Let us consider the simplified schema of an arc furnace
with only one phase of arc circuit shown, given in Fig.1.
The electrodes are supplied through the power cable TW from
the furnace’s transformer TP which has several taps of

number j=1,2,.... on its secondary winding; the taps are set
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by by a tap-setting device that determines the nominal
secondary voltage y2n. The arc current I is controlled
by the arc controller §% /it includes the electrode servo-
mechanisms M which 1ift or lower the electrodes/ according
to the reference value Io' Because the arc controller is
acting rather quickly compared to the duration of the charge
we can assume for the first approximation - apart from
rapidly varying disturbances - that IsIo. The main controls
of the process are, therefore:
j - the tap number of the secondary transformer's winding;
I - the arc current /exactly speaking, the given wvalue Io
.of the arc controllers/.

It is easy to show2 that the secondary voltage of the

transformer should be kept as large as possible during the
melting periode. As the tap number is determined in that
a way, the only control during the melting period is the

current I.

’

Theoreticaléy; the process san be divided into two
subprocesses: the electroenergetic one and the thermic one
/cf.Fig.Z/. The electroenergetic subprocesé is practically
inertialess compared to the thermic ome and can be described
for the optimization purposes by the two basic static

relationships

Ca=Cm(D; R=R() /1/
where (g is the momentary cost of the supplied power /zi/h/,
taking into account the active power as well as the reactive
power, aad % is the heat power of the arc. Those character-
istics can be determined either analytically '~ by means of
an equivalent schema of the electric circuit - or experiment-
ally, Taking into consideration rapidly varying disturbances
caused by arc burning, those relationships should be treated
as regressions. For approximate considerations which are

presented in sec.4, the relationship C".(I) can be assumed
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to be linear, the relatiomship EE(I) - to be parabolic,.
An example of real characteristics /1/, determined ex-

perimentally, is sﬁown on Fig.3.

Gemerally, a model of the thermic subprocess should
be formulated as a very complicated partial differentienal
equation with respect to the temperature x in thé furnace's
space. That equation can be approximated, however, by
a system of ordinary differential equations taking into
consideration three mean temperatures as the process stafe
1 the walls

and bottom tempepature X, and the vault temperature x3.

variables: the charge /or bath/ temperature x

The model of the thermic subprocess assumes then the normal

form

2‘? f1 (xi,xz,xs)l')= 'ﬁlex—‘)[Pg(I)_ P_‘(X”’f;,”s)]
.”2- -£2 (xi)xz)x-’)
%y = £5(% %, X3) /2/

!

where W(Xj) is the thermic capacity of the charge,ps(x,,lz,){;)
- the thermic power transmited from the charge to the
walls, bottom and vault by conduction, radiation and
convection. The forms of the functioms f,,{,, %, are
rather complicated and depend. on the kind of the heét
exchange between walls, bottom amnd vault, on the furnace’s
geometry and physical properties. It turns out, however,
that the d;cisive part of the thermic power & depends
mainly on the temperature X, and not on the temperatures

Xy
ions -~ cf.sec.lt - the model of the thermic subprocess can be,

and x3 « For that reason for approximate considerat-

therefore, reduced to the first from the equations /2/
which can be further approximated by a linear equation of a
simple inertial element ..

For a given load, the performance of the melting

period can be expressed by the cost index

tq
Q= j [Co*Cm(D]dt - /3/
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where td is the melting period duration which is not
given but de;erm%ned by the overheating temperature
x‘(t&):":'. The constant Co signifies the comstant
cost of an hour of furnace's usage /zi/h/, which results
from the wages, redempfion and so on.
The mean power transmitted by the furnace’ s
transformer is constrained. Because the transmitted power
is approximately proportional to the momentary cost

the constraint can be expressed as

d
(I)dt
jC... <My [/

ty s

where b4d is a given admissible mean value,

Now we can formulate the optimization problem:
determine such a function of time I’I(ﬂ, tGEO)hd) which
minimizes the performance functional /3/ by the differentia.

conditions /2/, the global comstraints /4/, and by the
final condition x‘(t,‘)sx:', The solution of the
problem can be based on the maximum principle,u’s’é.

3. The method of solution

Because of the existence of the special constraint
/4/ let us introduce new state variables XZ and X3

involved in equations of the form
©°
1 =1

i =G, @) /5/

Thus, the initial problem can be reformulated as the
problem with the constrained ratio of the variables

:§ (::) in the final moment t4. It is useful,
however, to reformulate the problem further by introducing
new cost index with"penalty for wviolating the constraint”

instead of the index/3/

Qa =@+ K(M-Mg) 4(M-M) /6/
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where K is a sufficiently large constant; a violation
of the admissible mean value M, is associated, therefore,
with a rapidly growth of the functional /6/. It can be
shownG that at K =9 the reformulated problem /without

cc»nstraint/ is strictly equivalent to the iritial problem.

The hamiltonian of the problem has the form
’ 3
H= —(Co-‘f’:/\— (4'%‘:}6.’1([) *Z%fg (xljxl;xSII)‘f% /7/
e=1

where the costates ¥ are determined by tlie equations
. . . H
© — . — . =
\y;‘.—-()j yz-()) ¥, = % ) ‘f*-O /8/

The transversality comditions for ¥; and ¥, have

the form -~ cf.

2 y
vp= - 20 = kAL (M-p) A(M-1g) >0

T
o ;
"’20:’%%23 = ——E:(M'Md,)d(!‘q'm) <0 . /

It follows from the form of the hamiltonian /7/ and the
conditions /9/ that the existence of the global constraint
/4/ leads to a suppressing of the constant cost of
furnace's usage and to a growth of the cost of electric

power; evidently

C.>¥ /10/

x . A L ’ ’
/if the inequality does mot bhold, then the {fvrnace s
transforimer is wrongly designed/.
Because the process dynamic is determined mainly by the

teniperature X; we can assui.e

‘vif.tl >> lwzfz 1—‘6’3f3| where f1 b O i {13

As the inequalities /10/ and /11/ hold, we can apply the
principle of optimizing feedbac! Y and reformulate the

nacessary condition of optimality

max HD=HE)=0 ror a1z telotyd  f12/
i
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V A A
where I= I(t)- 'is the optimal control. We introduce,
therefore, the foldlowing momentary performance index

5(1) % % (xd)x'z)x’s)‘*' 7("4)"2) x's)t)
cx + ClT) /13/

F=

and then we can rewrite the necessary condition /12/

in the form
F(f)= max F()  ror a1z t€[o,td] WALY,

The fungtion
?(xx,xa,xs,t) = W((,:;) [“';(t)f (x,, 2))“3)'*%(*)'{ x"s )’3)} /15/

is a correction which represents the influence of
temperatures X, 3 xa on the optimal solution of the

problem whereas the constant.

R ALY,
is the normalized tonstant cost of the time of furnace’s
usage considering the constraint /l&/; the equality C:=C,,
holds if -the constraint does not influence the optimal
solution of the problem. It should be noted that if the
influence of the temperatures X,,Xs; on the process
dynamics is negligible then we can assume =0. If the
influence of temperatures x,,x., is small, then the
correction ® is small compared to Ps- P, and can be
determined without high accuracy. Thus, determination of

the dynamic optimal control .f(t) can be reduced to the

peak-holding control of the momentary performance index F

only on the basis of the measurements of the powers Py, Ps

and the cost Cm, and of an initial knowledge of the

normalized cost C: without necessity of an exact knowledge
of the functions £, £,,f, and of the correction 0.

This is the essential property ' | of the optimizing
feedback.
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In the previous papers refered to the control of
arc furnaces, the optimization problem has been treated
as a static /steadir-state/ problem only and the process
dynamics /2/ as well as the global comstraint /4/ have
not been taken into consideration. In that approach one
assume that the arc current I is constant in time.
This current is then determined in such a way that it

minimizes the performance functi

Qs = t4[Cot Cm(D)] /17/

which is a statical analogue to the performance function-
al /3/. On the basis of the thermic balance, we get

: d
[0 R)= b b= /s

where Qs is the mean, constant thermic power transmited
from the charge /the losses/. The condition of the statical
optimality can be written, therefore, in the form
;;Jné”: RA-Ps . E(f)=maxB@)  /19/
. s Co +Cau(l) &
where I, is the constant, statical optimal control.
The conditions /13, /14/ and /19/ are very similar
formally but differ essentially. The difference between
them is illustrated in Fig.4. The static optimal heat
power (I,) can be determined graphicaly /cf.Fig.la/
by trace:.ng a tangente to the plot C (P) from the point
(Pss, C,). Similarly, we can determine the dynamical

optimal heat power P[I((:)] - cf.Fig.lb - if we assume
%>>rl and trace the tangente from the point[P(t;,x‘)lCa) C].
The thermic power (xhxz,x,) increases during the

melting time; so does the dynamical optimal heat .power
Ps[f(t)] what results clearly from Fig..ib. This, property
of the optimal solution has a simple physical inter-
pretation: at the beginning of the melting period the
power of thermic losses P, is smaill /the charge is cold/

which implies a small heat power PS' and a high efficiency
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of the electrgthermic subprocess; in the course of
melting period the power P; grows and the heat power
P3 must be increased in order to shorten the period

of large thermic losses /or to "compensate" them/.

L, Simplified analvtic solution and approximate

sensitivity analysise.

Choosing a sufficiently simplified model we can
solve the problem analitically and get qualitative
conclusions about the main fe,atures and the sensitivity
of the solution. According to the mentions made in sec,2,

we assume the equations of the electric circuit in the

form
: AL WA el
P=' i—(i"b)zs P-‘-—Pp:;" LzI_.m; Cm“‘crnm"‘ /20/

where P,,.., denotes the maximal heat power, Im - the arc
current which results in the maximal heat power, C,nm -
the cost of the power supplied at the maximal heat power,

We assume, fu.rthe-rmore, the simplified equation of the

dynamics
) ; « —i -_-,_.‘KJ_: —x—‘-
%:»:p(‘-)"ﬂ, T=py % kRm  Xam /21/

where X and X1 should be treated as increments whereas
the differentiating is understood és with respect to
the variable‘C,’ T denotes the time constant of
the charge, k - the gain coefficient, Xym - the
maximal increment of the temperature of the charge which
can be achieved by permanent applying the heat power Pgm‘

Now, the performance functional can be’ written as

.

Td Q C
= L d B -
9 J(c v-c)d.‘l:‘) q"=C,,,,,T 5 o /22/
where the constant c is the relative constant cost.

The constraint of the mean power supplied assumes the

form

2 M
i (- . g 4.
m= _L_d,!od.rg my | i Sk onad 125/
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Under the given end-point conditions
X(O)-“-O; x(n):x,“ 4 L'd—free /24/

we can solve the problem of the minimization of :the
functional /22/ under the differential conditions /21/
and the integral constraint /23/ analytically; the
solution can be based on the maximum principle.- We get

~L_DNE
then the optimal control L= L(‘V) in the form

<
A P 1 *_C—-Y
iy - ’ - P O = ~
e=1 §°e i b 4+ c*+YZ2c¥ +(c ) 1-¥ /25/
where, similarly as above, (¥ can be interpreted as
the relative constant cost reduced accordingly to the
influence of the constraint of mean power supplied. The
optimal temperature as a function of time,ﬁ =)?.(‘C)) takes

a form
2 =(-geNt-eF) /26/

~
and the value of the performance functional qv) the
constraint functional 1""; and the duration of :the process

‘E4 can be expressed as
9= (1+c)ty -;(:1-3"“) /274
m=4- '.gf'(bej“) /28/

Pl Ln{ 1+¢c*+ V2c* +*? + x¢
4= N U-x)1rcr+V 2¢* + (e? ] /29/

¥e can assume C=C‘,} if the inequality ﬁ(c‘)'c,____c s My

holds. If the inequality does not holg, we should solve
the transcendental equation ﬁx(c‘)= my4 and determine
the necessary wvalue F<e « However, it is simpler
to assume some values of C¥< C and determine the

A . A . - * &
values t,,(c )) ‘M(C) and q(c,c accordingly to the
equations /27/, /28/, /29/. We get then not only the

solution but also the sensitivity characteristics of
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the solution with respect to the integral constraint as
well as to the initial current €°= i-'§° /it should be
stressed, that errors in determination of this initial
current can be caused by a wrong estimation of a such
parameters as Cmm, %}n or Im. ¥ith that, it is use-~
ful to present the results achieved as the values of the
sensitivity neasur{k ’) 4( )

. 39 -4 (c,c

"i(c’c) -400% /390/

In order to compare the results of dynamical and traditional

sa(c,c?) =

statical optimization it should be assumed i = const;

then, accordingly to /21, /17/ and /18/, we get

x = [1-(-i))(a-€7) /317

and
gs= (c+1)T, /32/
my= & , 33/
4-(1-0)°
. -~ -t L
Ty = (n 1-(1-0)*-x* /3t/
The equation %ﬁ =0 is transcendental; the

simplest way to obtain the solution is ‘to assume some
values of i and to determine the values T, (i) and gs(d
accordingly to /32/, /34/. It is of use to introduce the

ratio

A
: g5(c,t) = q.(c,0) 00% A
5 (i) = R /25/
which stows how much ﬁorse are the results of statical

optimization than those of, dynamical optimization.

The results of this comparison and the sensitivity
characteristics for a chosen value of ¢ are presented in
Fige5e It is worth to mention that although the relatiwe
profits of the dynamical optimization are rather small,
the sensitivity of the dynamical optimization with respect

to the constraint of mean power supplied and to the choice
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of initial current is much lower than the sensitivity
of statical optimization. It follows from that the stronger
is influence of the average power constraint the more profit-

able is the application of dynamical optimization.

6
In a similar way-cf., - we can examine the sensitivity
of the optimal solution with respect to the constant errors

- »
tq of the determination of optimal coustrocl ¢ assuming

i : = A
cwgwi = dri ke /36/

or with respect to the amplitude i“ of rapidly wvarying

.
random disturbances LP of the arc current, assuming

where ¢ is the mean value of the current, LP is the

random component, and @ denotes probability.

It is assumed here that the temperature X depends
solely on the mean value of the heat power <] which is
—_— -~

in turn determined by changes of the mean current { = '@9,
Ve get them, according to /20/

F o= pi)-2C)" = 4- (-7~ 3G /38/

Some results of this sensitivity analysis are
presented in Fig.6. It shoulc be emphasized that during the
melting period the disturbances of the arc current are
strong and the losses associated with them can amount to
several percent of the optimal performance - cf.Fig.6 - as
by dynamical as by statical optimization. It is very
important, therefore, to assure a high performance of the

arc controllers which counteract these disturbances.

The sensitivity analrsis presented above is related
to the open-loop optimal control system. An application of

the optimizing feedback corresponds, accordingly to /1h/,
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P
to searching the optimal current ¢ by the peak-holding
control of the temporary index

()_ X oo "
P b ol o) 139/

Thus, the optimizing feedback results in full insensitivity
of the system with respect to such parameters as [*] ;Cmm,Im)k
and T because the values pﬁQ)x and { are determined
by measurements, On the other hand the sensitivity with
respect to the setting the constante c* /the estimation
of the mean power constraint's influence/ and to the rapid-
ly varying disturbances of the arc current /which cannot be
suppressed by rather slowly acting optimizing feedback/

does mnot change.

In order to estimate the influemnce of the measuremenfé
in accuracy on the optimizing feedback performance further
sensitivity analysis has been carried out by means of digital
modelling the cases when the state x /corresponding to
the power of thermic losses e / is measured inhirectly
through an output signal Y which is characterized by the
time constant e of the measurements inertia and

compensated by the forcing coefficient §
@‘74-3 = &0 x+x /L‘O/
At determining the optimal control, the measured
values of the signal y are put in place of the state X
in the index F'. The state X may be measured also with
a relative error A

y= (1+#2) x Ju1/

o
Another kind of the.performance losses in the

optimizing feedback system may be caused by finite searching
steps lenght AL in the real peak-holding controller of

the index F, The semnsitivity analysis results for those
three cases are presented in Fig.7a,b,c. It follows from them
that the optimizing feedback system has a very low sensitivity

-
to the measurements inaccuracies /in a real system we can
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assume A< 041 ©<04 wynich results in Si< 0,5%

and a reasonable sensitivity to the searching step length.

5. Analysis of more accurate models and experimental
verification of results achieved

By applying more accurate models of the felationships

/1/ and the dynamics /2/ there several computations have been
carried out; the purposes for them were the following:

a/ a verification of the models accuracy by computinsg the
melting duration as well as the energy consumption when the
usual arc currents are applied and by comparing the regults
achieved to the experimental data; b/‘more accurate determinat-
ion of the optimal current féﬂ on a basis of the maximum
principle and the numerical algorithms related to it - cf.6;
c/ more accurate sensitivity analysis of various structures

of the optimal control.

The results of those computations just slightly dif-
fered from the results presented above, rather quantitatively

but not qualitatively.

In order to verify experimentally the results achieved
the charges of 30t furnace in Stalowa Wola Foundry were rum
during 6 months according to the optimal /more strictly-
suboptimal/ program of arc current changes determined in
advance. The program was conducted by an human operator who
set the reference values of arc controllers., Then it proved
to be that th; energy consumption for melting period decreased
by about 5% /by about 3% with regard to the whole charge and
1t of steel/ and the melting duration was shortened by about

11% /by about 5% with regard to the whole charge and 1t of steel/.
he improvement of the cost index was by about 8% higher then

it .resulted in theoretical research; it can be explained by

the fact that the furnace had not previously been operated

according to the static optimal conditions.
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6. Perspectives of further research and applications.

For a techriical implementation of the optimal control
system of the process in arc furnace the specialized control
equipment have been designed and constructed. It consists of

a/ Modified arc current controllers and remote control-
ed tap-setting device

b/ Devices for automatic measuring and transducing the
temperatures and electric powers

c/ Generator of the open-=loop optimal control

d/ Optimizer comprising of the computing device for
index F  and the peak-holding controller

e/ Controller of the bath temperature that operates

during oxidating and refining periods.

The simplified block diagram of that control equipment

is presented in Fig.8.

An application of a digital computer for the optimal
control of the steel-making process in arc furmace has also
been considered. However, it has turned out that an apvplicat-
ion of a digital computer exclusively for that purpose is
unprofitable., It may be profitable in a complex solution
where the optimal control would be determined for the whole
complex of furnaces in a foundry and associated with program-

niing the optimal operative plans for such complex.

Optimal programs for each furnace could be determined
in principle independently. However, the common constraints
here occur which follow from:
a/ admisible power supplied for the complex of furnaces
b/ constrained transmittance of the 1oéd1ng devices

for the complex of furnace; '
c/ constrained transmittance of the casting devices for

the complex of furmnaces.

In order to consider those common constraints there is

a possib;lity to apply the multilevel optimization methods.
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On a basis of those methods the numerical algorithm for
determining the optimal programs of the operation of furnaces'
complex has been proposed . This algorithm is of a iterative
nature: in the first computation /"iteration"/ the optimal
programs for each furnace are computed independently;
afterwards, "the penalties" for violating the common constraints
are cetermined, the computations are repeated and so on.

An example of the results of computations according to such
algorithm are presented in Fig.9 where two furnaces are
involved. In the first iteration /i=0/ the optimal electric
powers, loadings and castings for two furnaces /numerated

o« and B [/ are determined; the variables ¥, denote
the co-states to the time adjoined which after a sign change
can be interpreted as the cost of usage time of a furnace.

After completing the first iteration and finding the violation
of the common constraints, the penalty coefficients M are
determined., These coefficients allow to repeat computations
influencing with that on a nature of "the time cost" variation

- Y and resulting in a speeding up of the operations for

the o€ -furnace whereas in a delay of the operatidéns for
8 -furnace. In the subsequent iterations the operation

programs for both furnaces appropriately get push apart and

a violations of the common constraints are reduced to minimum,
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Fig.1.
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Scheme of an arc furnace.
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Mg.9., A simplified example of the coordinating procedure

of optimal solutions for two:arc furnaces, Symbols: i - the
number of coordinating iterationj; o, p - the furnace s
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equivalent cost of time; p - the heat power; @& - the cast-

ing;; V - the loading.
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OPTIMAL OPERATION OF BLAST FURNACE STOVES

H. Kwakernaask, P. Tijssen and R.C.W. Strijbos,
Department of Applied Physics, .
Technische Hogeschool (University of Technology)
Delft, The Netherlands

1. INTRODUCTION

For the operation of a modern blast furnace a constant flow of
hot blast (up to 1250°C) is required which is provided by an
arrangement of so-called Cowper Stoves (Fig. 1). These fall into the
category of regenerative heat exchangers and consist of a large mass
of solid material with a great number of flues. Heat is exchanged
between this so-called chequerwork and gas which passes through the
flues. The operation of the regenerator consists of two alternating
phases: a heating period during which hot gas flows through the
chequerwork, and a cooling period during which gas of lower entrancce

temperature flows in reverse direction.

Until a few years ago three stoves were normally used with one
blast furnace of which always two are being heated up and one
supplies hot blast. By means of a cold air bypass the hot blast is
mixed with cold air to obtain the required hot blast flow of the
desired temperature. A recent innovation 1,253,k is the so-called
staggered parallel :-stem of operation where always two stoves
simultaneously supply hot blast, one of a relatively high temperature
and one of a relatively low temperature. These two flows are mixed to
obtain the desired temperature. In principle this system could
be implemented with three stoves but for practical reasons four stoves

are employed.

It is the purpose of this paper to investigate the optimal
operation of the staggered parallel system. The criterion which is
used is that of maximal thermal efficiency which is motivated by the
fact that fuel consumption accounts for approximately one-half of
the operating costs of the stoves. Since the customary three=-stove
serial system of ope;azion and the four-stove staggered parallel
system are not compatible we shall compare the efficiency of the
staggered parallel system with that of a four-stove serizl type of

operation.
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The physical foundations of the theory of regenerstors have
been laid through the investigations of Nusselt and others (see
Jakobs) and Scipfield, Butterfield and Young6. They have investigated
the dynamic behavior of thermal regenerators and heave provided the
system equations and physical insight which constitute the starting

point of this study.

2. STOVE OPERATION AND DYNAMICS

The principle of the four—stove staggered parzllel system of
operation is indicated in Figure 2. Two stoves simultaneously supply
hot blast but their operation is shifted in time. Since the gas exit
temperature decreases during the cooling period one stove supplies
relatively hot blast and the other relatively cool blast. The two
flows are mixed to provide the required hot blast flow of the desired
temperature. The time which is needed to switch over from the heating
period to the cooling period and vice-versa is taken from the heating

period.

In this study the following basic assumptions are made:
(1) A constant hot blast flow rate of constant temperature is
demanded; (2) The operation is periodic (i.e., cyclic equilibrium is
achieved); (3) The four stoves are operated identically apart from a
time shift. These assumptions mske it possible tc limit the
investigation to one stove only by linking the operation during the
first half of the cooling period to that of the second helf.

Regarding the heat transfer mechanism within the regenerator the
following commonly accepted assumptions are made5’6: (a) Heat losses
to the environment are negligible (this simplication is justified
by the fact that the heat losses are almost independent of the
operating conditions); (b) The heat capacity of the gas in the
channels of the chequerwork is negligibly small relative to the heat
capacity of the chequerwork; (c) Transient phenomena at the reversals
can be neglected; (d) Longitudinzl thermal conduction can be
neglected; (e) The transversal heat conduction within the chequerwork
can be accounted for by a correction of the heat transfer

coefficient between gas and channel walle.
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With these assumptions the heat transfer is described by the

following partial differential equations6’7:

3T (t,y) il
-—‘;;"— s WTg(t,y) - T (t,y)) (1)
3T_(t,y)
s ha
M ;c: (Tg(t,y’) - Ts(t,y)) (2)

5,
&

i) =N
L P LA R I

gas temperature

solid temperature

time

vertical distance coordinate
overall heat transfer coefficient
chequerwork heating surface area
mass flow rate of gas

specific heat of gas

height of chequerwork

mass of chequerwork

specific heat of chequerwork

The positive y-direction should be taken in the direction of the gas
flow. The above equations hold in both the heating and the cooling
period. Quantities, however, which refer to the cooling period will
be primed (T;, Té, etc.).

These equations are nonlinear because of the temperature
dependence of the specific heats of chequerwork and gas and of the
heat transfer coefficient h, and the dependence of h upon the flow
rate of the gas. In this investigation the temperature dependences
are neglected but the more important flow rate dependence of h is
accounted for (see Section U4).

The boundary conditions to equations (1) and (2) and their

equivalents during the cooling period are

Tsft,J) = Tgh(t) < t'= P (3)
15(_3 g gizit < P ()

T . (%) is the gas inlet temperature during the heating period which

e3y vEry witi time, and Tgc is the gas inliet temperature during the

constant. P is the dursation of the heating
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period and P' the duration of the cooling period (where always P < P’
because of the time required for reversal).
The initial and terminal conditions are

T (P,y) = T1(0,2-y) D=y <2 (5)

K

T (P',2-y) = T_(0,¥) 0 ) €)

A

¥y

A

Eq. (5) expresses the continuity of the chequerwork temperature
profile after reversal and Eq. (6) gives the requirements for
periodicity. The distance coordinates differ because of the flow
reversal from heating to cooling period.

During the cooling period always the required quantity of hot
blast must be supplied which yields the condition

V'(t) + V'(t+3P') = v, 0<t < ipt (7
where Vé is the desired hot blest flow rate. To obtain the desired

hot blast temperature we must impose the condition

V'(t)Té(t,£)+V'(t+§P')Té(t+%P',Z)

= =T, ‘ogvgir 48
o]

where To is the prescribed hot blast temperature. The total heat

supplied to the regenerator during the heating period is given by

B
Q = cq é V(t)(Tgh(t)-Tgc)dt ‘ (9)

where the cold air entrance temperature during the cooling period

Tgh is used as reference temperature.

The total amount of heat which must be supplied by one stove
during the cooling period is prescribed and equel to Qc=%céVé(To-Tgh:F "
The thermal efficiency of the regenerator may be defined as

Q
fe =8 g (10)

%

Since Qc is fixed, maximizing the efficiency is equivalent to minimizing

QF as given by (9).
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3. OPTIMIZATION METHOD

The mathemafical optimization problem to find the optimal
operation of the regeﬁ;rator is defined by the equations of Section
2 and may be stated as follows:

Consider the distributed-parameter system described by the
partial differential equations (1) and (2) and their equivalents
during the cooling period, the boundary conditions (3) and (k4), the
initial and terminal conditiomns (5) and (6) and the side-conditions
(7) and (8). The variables which can be manipulated are the hot gas
flow rate V(t) and the gas inlet temperature Tgh(t) during the
heating period, the blast flow rate V'(t) during the cooling period
and the durations of heating period P and the cooling period P'.
Determine the manipulated variables such that the total heat
supplied to the stove during the heating period Qh (given by (9))
is minimal. For technological reasons it is necessary to add the

constraint:
0 ) T : 0<t <P 1)
gh = “ghmax °’ — (
where T is the maximal gas inlet temperature.
W 8 mpe

In the following ;e shall consider the duration of the cooling
period P' as fixed; its optimal value will be determined by repeating
the optimization for various values of P'. It may be proved8 from
mathematical considerations involving the maximum—-principle of
Pontryagin for distributed—-parameter systemsg that the solution of
the optimization problem has the following properties:

(1) The gas inlet temperature during the heating period Tsh(t) must
be chosen equal to its maximal value Tghmax;

(2) During the heating period the optimal gas flow rate V(t) is
independent of time, say V .

(3) The duration of the heatlng period must be chosen equal to the
maximal possible value P = P' - S, where S is the total time
required for reversal from cooling to heating period and vice-

versa.

From this point on the problem must be pursued numerically but
the three conclusions considerably simplify it. The gas inlet.
temperature Tgh can be eliminated as a variable and the solution of

the problem reduces to finding the minimal value of Vo for which
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equations (5) through (8) are satisfied.

To make the partial differential equations (1) and (2) amenable
%o numerical solution they have been discretized in a manner
analogous to Wilmott7 (see Appendix), Thus the temperature profiles
are characterized through M values along the y-direction, N values
in the t-direction in the heating period and N' values along the
t-direction in the cooling period. For given constant hot gas flow
rate Vo, hot gas inlet t;empera.tx:nre_'.l';dmﬁ_x and cold air flow rate
V'(t) during the cooling period the stationary initial and terminal
temperature distribution of the chequerwork may be directly solved
from (5) and (6). The details of this are given in the Appendix.

The initial temperature distribution Ts(o,y) may thus be
considered as an implicit function of V_ and V'(t), 0.<t < P'. After
discretization the equations (7) and (8) comstitute together
IN'+3N' = N' equality conditions for x and the N' variables V'[1],
v'[2], ..., V'[N'] which characterize V'(t). The solution of the
problem thus amounts to the solution of a set of nonlinear equations
of the form

ri(v'[1], vz2l, ..., v{¥], V) =0, i=1,2,....W (12)

with Vo minimal. This is equivalent to minimizing Vo with the N' side-
conditions (12). It may be shown that this problem may be reduced to
the solution of N'+1 simultaneous nonlinear equations. An effective
algorithm of a quasi-Newton typew has been developed for this problem
and a computer program has been written in Algol for the Telefunken
TRY computer of the Technische Hogeschool at Delft. Computing times

for the examples ;:ited in Section 4 are about one to two minutes.

L, NUMERICAL RESULTS

In this Section some numerical results are given of the
optimization method previously discussed. The numerical data for these
computations are listed in Teble I. They correspond to the stoves in
use with the new Blast Furnace No. 6 of the Koninklijke Nederlandse
Hoogovens en Staalfabrieken N.V. in IJmuiden, The Netherlands, which
is among the largest blast furnaces presently operating in the world.



a = 43400 m c, =118 7 %" xg!
m = 1351000 kg By, % ML 3 S
2=32 m et =10 J % xg!
T = 1350 °% ' P'-P = 600 s

T = 100 °c

h=9.30+0.320V Js 'm2%" V inkg s

n'= 6.98 + 0.309V' T s 'm 2% ' V' inkg s '

Free flow area 13.84 m? Flue diameter 0.04 m

TABLE I: Numerical data for optimization computations.

The Specific heats ¢_, ¢ and c' have been taken at average
temperatures (650 oC, 700 °C and 600 °C, respectively). The data on
which the choice of the heat transfer coefficients is based were
taken from B5hm11; they have been corrected according to Schofield6
and subsequently linearized. In h an extra constant term has been

added to account for heat transfer by radiation.

Most of the compﬁ%ations were performed with a discretization
of M=8, N=DN' = 10 which induces an estimated error in the gas
and solid temperatures of a few tenths of a degree centigrade. (Note
that the temperatures referred to here are average temperatures during
a time-interval in the case of gas temperatufes and mean temperatures

over a layer in the case of solid temperatures (see Appendix).)
The following computations have been performed:

Optimization of staggered parallel system: In Fig. 4 results are given

for four different combinations of hot blast flow rate and temperature
demands. It is seen that as the load increases the efficiency
decreases and the optimal duration of the cooling period shifts from
70 to 50 minutes. The sensitivity to variations in the duration of

the cooling period is not very great but a reduction from two hours

(2 normal value in practice) to about one hour may yield an efficiency
improvement of approximately 0.5 per cent. The dashed portions of the
curves indicate solutions which are technologically inadmissible

because near the end of the heating period the exit gas temperature
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rises above 300°C.

A more refined computation was carried ocut for & desired hot
blast temperature of 1200°C and = flow rate of 8k4.1 kg/s by
employing a discretization in time of ¥ = N' = 20 rather than 10. With
a cooling period of 60 minutes {(optimal for this case) an efficiency
of 0.9207 was obtained. The corresponding optimal distribution of the

gas flow rate in the cooling period is plctted in Fig. 3a.

Non-optimal operation of staggered perallel system: Non-optimal
solutions of the staggered parallel system may be obtained by solving
the equations (12) for non-minimal values of the gas flow rate Vo

during the heating period. In Fig. 3b a non-optimal solution is shown
for the same case as in Fig. 3a. The non-optimal solution of Fig. 3b
constitutes an extreme situation because further reduction of the
efficiency results in a negative gas flow rate at the beginning of the
cooling period which correspondé to a physically unrealizable situation.

The thermal efficiency of this extreme non-optimal solution is
0.9199 as compared to 0.9207 for the optimal solution. This means that
there is an extremely smell range of admissible stationary periodic
solutions. We conclude that optimization is not really a problem in
this case: Any stationary periodic solution is very close to the
optimal solution with the same period. Only by choosing the period
correctly some gain may be achieved.

Four—-stove serial operation: The staggered parallel system has been

compared to two types of four-stove serial operation. In the 1-3
serial system only one stove is in the cooling period while the

other three are being heated up. The hot blast from this single stove
is mixed with cold blast to obtain blast of the desired temperature.
In the 2-2 seriel system two stoves simultaneously supply hot blast
while the other two are in the heating phese. The stoves operate
completely in parallel; there is no shift in time as in the sbaggered
parallel system. The hot blast from the two stoves is mixed with cold
blast to obtain the correct temperature.

o

tion a set of squations msy be formlated

‘nich iz analogous to (12). It can be made plausible that for optimal

operation V'[N'| = V', i.e., just prior to the change-over tc the
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heating period the entire desired flow of hot blast is supplied by
the stove or stoves in the cooling period. This extra equation
reduces the optimization problem to the solution of N' nonlinear

. equations with N'! unknowns.

The results of the computations for the 1-3 and 2-2 serial
system are also represented in Fig. 4. We note that (i) the 2-2
system is more efficient than the 1-3 system except for very short
cooling periods, (ii) extremely short durations of the cooling
period are optimal, and (iii) the sensitivity of the efficiency to
variations in the duration of the cooling period is much greater

than for the staggered parallel system.

5. CONCLUSIONS

In this paper a numerical method to find the optimal operation
of the four-stove staggered parallel system for supplying hot blast
to a blast furnace has been developed. Also the efficiency of serial
operatioﬁ of the stoves has been calculated. The conclusions may be

summarized as follows:

(a) The efficiency of the staggered parallel system of operation is
not very sensitive to variations in the duration of the cooling
period. For the cases investigated the optimal duration of the
cooling period varies from 50 to TO minutes depending upon the
load.

(b) For any given duration of the cooling period the range of
admissible solutions for stationary periodic operation of the

staggered parallel system is extremely small. This together with

(a) suggests that the operation of the staggered parallel system

is not very critical.

(c) Serial operation of the four stoves is considerably less
efficient. The explanation for this is that the average exit
temperature in the cooling period is much higher than for the
staggered parallel system. The corresponding loss of efficiency
is only very partially compensated by the lower average flow

rate.
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(d) With serial operation the sensitivity to the duration of the
cooling period is much greater. Optimal operation is achieved
for impractically short durations of the cooling period (10 to

20 minutes for the cases investigated).

The conclusions of this investigation are quite favorable for
the staggered parallel system of operation. Comparison with the
customary three-stove serial system of operation would involve
considerations concerning capital investment, depreciation, cost of

fuel, etc., and is beyond the scope of this paper.
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APPENDIX: Numerical Integration of Differential Equations and
Computation of Initial Temperature Distribution

-

Consider M intervals of equal length Ay spaced along the y-
direction and N intervals of equal length At spaced along the time-
axis. Discretization of equations (1) and (2) according to the
trapezoidal method yields

k.3 25
Tgkk,l]—Tg[k,]. 1] sk

By P 3z [x,i]en [,i=1 =1 [e=1,4 -1 [k,i])

(A.1)

Ts[g,i]-'rs[kﬂ »i] ; M

;(Ts [x,i] +Ts[k,i-1] -’I's[k-l ,i]-Ts[k,i] )

At mc
s
(A.2)
with Tg[k,i] average gas temperature during the k—th time interval
at y = iAy
’I‘s [k,i] mean solid temperature of the i-th layer at t = kAt
v{k] gas flow'rate (constant) during k-th time interval
h(k] heat transfer coefficient during k=th time interval

(dependent upon v[k]).

It can be shown that this representation is equivalent to that
of Wilmott7 provided that T [k,i] signifiés the arithmetic mean of
the gas temperature at t = (k=1)At and t = kAt and likewise Ts[k,i]
is the arithmetic mean of the solid temperatures gt y = (i=1)Ay and
¥y = idy. From the righrhand sides of the equations (A.1) and (A.2)

Tg[k,i] and Ts[k,i} can be eliminated. Define

hik ja
e vk 2

5[k1=1+,hlkagAt+1 hikia a (A.3)
2 Thme 2. Vik]e ¥ :
s g
and hi kx la At

mc
(A.4)

sd

s
hikla hikla
R i s 7 7 DR
S 3
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With these equations (A.1) and (A.2) can be reduced to

Tg[k,i] = (1-B[k_])Tg[k,i—1] +B[k]’1‘s (k-1,i] (A.5)
7 [k,i] = (1-{x])T [1-1,1] ﬂ[k]’l‘g[k,i-ﬂ (A.6)

Together with the appropriate initial and boundary conditions these
equations allow step-by-step computation of successive gas and solid

temperature distributions during heating and cooling period.

The stationary initial solid temperature distribution is
computed as follows. Let T( 0) (2 column vector with components
(0)[0 i]) and T(” (a colmm vector with components T“)[O i])
denote the 1n1tn.al temperature distributions for the heatmg period
associated with two successive regenerator cycles. Since for fixed
hot gas flow rate during the heating period and fixed blast flow
rate during the cooling period the difference equations (A.5) and
(A.6) are linear in '1‘g and Ts a relationship of the following type
must hold

(1) (0) :
- A (A.7)

where A is an MxM matrix and b an M-dimensional column vector. The
elements of the matrix A and the vector b can be obtained by

repeated use of the difference equations (A.5) and (A.6). From (A.T)
the sta.t:.onary temperature distribution T can be .found as

LA (1-a)" 'y vhere I is the idemtity mtnx. Closer investigation

of the difference relations (A.5) and (A.6) reveals that the matrix

A has a rather special structure. Its elements and those of the

vector b can be found by solving eguations (A.5) and (A.6) a number

of times for different special sets of initial and boundary conditions.
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DEVELOPMENT AND APPLICATION OF COMPUTER
CONTROL TO A 5-ZONE SLAB REHEATING FURNACE

Bailey A.J. BISRA
Hollinworth G.C. BISRA
Jeremiah J. Richard Thomas & Baldwins
Binding K. Richard Thomas & Baldwins

Introduction

In steelworks which have extensively automated or computef
controlled hot rolling mills, close control of reheating furnaces is
necessary in order to supply correctly heated material to the mill.
There is, therefore, a strong incentive to apply computer control to
these furnaces in order to exert close control over the heating of
slabs within the furnace and to achieve closer tolerance of the mill
entry slab temperature than is possible under manual control, thereby
reducing furnace fuel consumption and increasing the quality of the
strip. ;

Different solutions to the optimal temperature control
problem have been presented, some using control laws derived by the
application of Pontryagin's maximum principle and others using control

;’2’3' The success of

laws derived from computer simulations.
these and other methods depends solely on how well it is possible to
represent the working of a furnace and the way in which the furmace
responds to control actions. For this reason an investigation of
the performance of a 5-zone reheat furnace was made by BISRA and
Richard Thomas and Baldwins 4 with a combined objective of designing
both a new type of furnace, and a computer control system for

operating existing furnaces. -

Control studies were undertaken to determine the type of
temperature disturbances arising in normal operation, their magnitude,
the type of control system that was required, and the way in which
éontrol should be implemented. The result of these studies was the
construction of a linear difference equation model of the furnace
incorporating the main disturbances, and the successful application

of this model on line. More recently work has started on the
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construction of a model which is a closer representation of the
physical furnace and which potentially offers greater flexibility
of control. The difference - equation model and the resulis of
its application to fu;nace control are described in this paper.
The alternative model which is being developed and the way in

which it can be used for control purposes is discussed.

The Furnace and Planning of the Project.

The 5-zone reheating furnace is shown in cross section
in Figure 1. The main heating and control zones are termed pre-
heat and tonnage zones. The soak zone is used primarily to
remove temperature non-uniformities which are caused by water-
cooled skids supporting the slabs in the preheat and tonnage
zZones. The furnace has instrumentation and analogue egquipment
to enable fuel and cpmbustion air flows, steam/oil ratioing,
furnace pressure, and zone temperatures to be controlled. In
addition the control system required the installation of radiation
pyrometers at the exit of the main heating zones to measure slab
surface temperatures. The control variables used are the zone

temperature set points in each of the main heating zonmes.

The complete project had a broad objective to improve
furnace design and control, and was planned in a number of stages.
First, a data logging exercise was mounted to provide information
for the formulation of a mathematical model to represent the
heating of a slab in the furnace, and to obtain data about the
performance of a production furnace. For control model investi-
gation and the evaluation of control algorithms a comprehensive
data logging program and control.programs were written for on-line
use in the GE 412 hot strip mill computer. The final stage which
has not yet been reached is to develop the control system to the
point where all the reheat furnaces in the mill can be autématically

controlled under all conditions of operation.

The Initial Stages

The first stage of the project was data logging of the
furnace performance during normal production. The data logging

involved the recording of approximately 140 sensors each minute to
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give information about roof and hearth temperature profiles, fuel
and combustion air flows, waste gas temperature, skid cooling
losses and slab temperature at the exit of the preheat, tonnage
and soak zones. In addition thermocouples were placed in certain
slabs to measure slab internal temperature during their passage
through the furnace.

The collection of these data enabled the relation between
zone temperature and zone roof and hearth profiles to be established
so that a simlation model  could be built. This similation model
allowed computations of slab temperature to be made at different zone
temperatures and throughputs. In this way it was possible to examine
the magnitude of slab temperature variations which resulted from
changes from one steady state level of throughput to another, and from

one steady state zone temperature to another.

Preliminary Data Analysis and Construction of the First Control Model.

To be able tc control a distributed parameter process in
which long time constants occur, it is necessary to use a predictive
form of control. Tﬂis requires the construction of a model of the
process so that the temperature variations caused by frequent changes
in slab sizes and throughputs can be predicted in advance and the
requisite control actions taken in time to correct them. To con-
struct such a model the type of response and dynamic effects known to
exist in the furnace were expressed in a suitable mathematical form.
These effects were then combined to yield a statistical model, re-
lating output slab temperature to the inputs of zone temperatﬁre set
point and furnace throughput.

If a change in zone temperature set point U is made at
time t the response of the zoné temperature U to the new level
approximates to a lag followed by an exponential rise or fall to
the new level. If the lag is represented by a finite number of
sample intervals p and an amount less than a sample interval then it
is possible to represent this form of response by a simple difference
equation of the form: -

(l+a1V)Ut+p - g (1+b17)fr,G (1)
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If the response of slab temperature X to a change in zone
temperature U is represented in a similar way a difference eguation

of similar form results: -

n

3 o {
(1+clV)Xt+q_g2(l+d1V)Ut (

To represent the response of slab temperature to z change in
zone setpoint the two equations 1 and 2 are combined. This is done
by putting t equal to t + p in equation 2 and substituting for Ut

i P
from equation 1. This gives an equation of the form: -

AT T REYEY UL R e (3)

r

A change of throughput in the furnace will alsc result in =
variation in slzb temperature. To account for this, the mass flow of
steel through the hottest section of the zone is calculated, znd its
disturbance effect incorporated in the equation by an additional

difference term. The final model, therefore, takes the form: -
— 2 2\ =
(1+§1\/ +§2V )xt+r=k+Gl(] +7IV+727 >Ut

+ G, (1 48,V +52V2)Mt (4)

2
It is necessary to point out that this form of model is linear
and at best an approximation to the rezl plant. In order to provide
some form of adjustment to allow the model to cater for unmodelled
effects an adjustment model was used of the form: -
o0
B g Lo e1:+1:'.Yl i € (5)
i=o0

N

t-i+r

The relationship between the actual slab temperature Tt S

and the model prediction Xt prar and Zt G is

o8 O A e o 2 +T (6)

In practice the aim of the control is to obtain a fixed

output temperature TD from the zone so that equation (6) becomes

Xt E rED k. % (7)
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Since, as indicated earlier, a prediction of futurs output
temperature is necessary to enable effective control action to be
taken, it is necessary %o use the latter equation (7) in predictive

form. This may be achieved simply by equating the wvalues of

€4 +1? Gt P e Et i not yet measured to zerc 10. If this
is done a simple control algorithm results. The derivation of

this is given in the appendix.

To determine whether a model of the type constructed is
adequate it is necessary to try fitting it to data obtained from
the furnace. This preliminary fitting was carried out by using a
standard regression analysis program and examining the residuals of
the model fit. The results of this preliminary fitting were satis-
factory. The model and control equation were then implemented on
the Number 2 furnace using the GE 412 process computer already
installed on the Spencer Works hot strip mill.

Application of the Control Computer

The hot strip mill computer has an 8K, 20 bit word cbre
store, a 56K drum and a cycle time of ZO)n secs. It is primarily
concerned with material tracking through the mill and with control

of hot strip width, thickness and temperature.

The information demanded for the control system on the
velocity and on the distribution of thickness of slabs along the
furnace length required the tracking of each slab through the furnace

from the moment it was charged.

The rolling schedule is fed into the computer on paper tape
and includes slab identity and sizes (which can vary betwesn 12 to
25 cms in thicknmess and between 76 to 152 cms in width) and other
data pertinent to each order. Just prior to a particular slab being

charged into the furnace, the computer displays the slab identity

in the charging pulpit, and the operator informs the computer, via his

manual entry station, to which furnace the slab is being assigned.
All the information relating to each slab is stored on drum in a2
furnace tracking table. In this way the sequence of slabs in the

furnace and their time of entry into the furnace is recorded.
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Slabs are sensed dropping out of the furnace ty z mercury

inertia switch.On receipt of a signal from this switick the displacement

of steel through the furnace and mean thickness in zones is computed.

Many furnace variables are logged ané may be output on a typer
or punch every 4 minutes if the appropriate compuier output routine is
selected. For the logging program fuel and air flows, zone, slab.
and air temperature are scanned every 2 minutes, and alarms are printed
if walues go out of limits. Current values of velocity, thickness in
zones, identity and thickness of slabs under the pyrometers, and terms

computed in the control equations are scamned svery 4 minutes.

Control calculations in which new zone setpoints are computed,
converted to analogue signals and transmitted to the approprizte
controllers take place at 4 minute intervals.

In all, 2K words of storage are used for furnace logging

and control calculations.

Preheat Zone Control.

The validity of the model parameters estimated was initially
tested by comparing the setpoints computed with those conventionzlly
applied by the’operator. This test showed that the model coefficients
were not correct. The preheat zone was then logged contimuously and
the model refitted. The coefficients were checked and the control
again compared with manual practice. The setpoints calculated were
now in fair agreement with those used by the operator. Some adjustment
was made to the constant k in the control equation prior to implementing
the control system on line. Improved slab temperature control was then
achieved under closed loop control at furnace throughput rates up te
approximately 80% of the rated design capacity. At higher throughputs
{in excess of 190 tons per hour) full fuel flow limit was reached in the

preheat zone and adequate temperature control could not be maintained.

Feedback control via the adjustment model has not proved
suitable for on line use in the preheat zZone under fuel limit conditions.

This is because the feedback is intended only as 2 small correction to

[

the set points calculated using the difference eguation model and it is
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sssential that these setpoints are implemented. Also during mill
delays a lower limit of 1230°C is placed on preheat zone temperaturs,
the computed set points cannot be applied, and slabs heat up beyond
their desired value. Therefore, feedback is inappropriate and pre-—

dictive open loop control only has been used.

The Tonnage Zone Model.

The tonnage zone model was developed aloag lines similar
to those used for preheat control. In this model, however, it was
necessary to make provision for feedforward temperature deviations
from the preheat slab exit temperature demanded. This type of
correction is necessary even when the preheat zone is being controlled
since the slow response of this zone to control actions means in
practice that deviations from this temperature will inevitably occur. .
When due to the conditions described in the preceding paragraph,
temperature control of the preheat zone cannot be maintained, the

feedforward correction is essential.

The model used in this zone is, therefore, of the form: -

(V3 & oo PRt cmag Bl M LR ERm
te) 44, W ALY A
w8y (1+8,V 4+ 5,V %Lu (1), (8

where T is the temperature of the slabs leaving the preheat zone.

The temperature T is measured by pyrometer or, in the absence
of this measurement, predicted from past heating history, and tracked
with the slabs as they proceed along fhe furnace. The tracked
temperatures are then used to ;ompute the correction value when the
slabs reach the control point in this zone. The form of adjustment
model used in the preheat zone was proposed so that the form of control

equation was very similar to that used in the preheat zone.

The estimation of the parameters_of the tonnage zone model
proved to be more difficult than for the preheat model. Existing

manual practice is to use full firing rates in the preheat zone during
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normal running and to heat slabs to rolling temperature during delays.
Under these conditions the tonnage zone acts rather like a soak zone
and small correlation exists between output slab temperature and the
control parameters. In order to identify the model a period of
logging was selected in which continuous operation was maintained

and in which slab entry temperature was controlled. This enabled an
initial identification of the parameters of the model to be made.
There were doubts about the accuracy of the parameters since the
estimated gains 8 in the model were lower than simulation evidence
suggested. The control program for the tonnage zone was written and
the setpoints compared with those normally applied. This confirmed
that the parameters of the model were not correct. The parameters
of the model were then re-estimated and checked. Final adjustments
were made to the control coefficients prior to implementation on line

and improved slab temperature control then resulted.

'

During the course of the campaign further attempts were
made to improve the estimation of the parameters of the tonnage zone
model using a constrained hill climber T, e §; ,U; and g,
parameters varied little but some variation occurred in the other
parameters. Investigation of these parameters showed that no benefit

in control would result.

Estimation of the Parameters of the Models.

In order to estimate the parameters of the difference equation
models it was necessary to make use of normal operating records, since

it is undesirablé to perform special experiments on a production furnace.

A number of different methods were investigated in order to
obtain estimates of the parameters. Several methods are available for

£ivhting hile Aypl br whlay, 1 NARELL,

The application of such techniques
in practice has not been very satisfactory. Our general experience has
shown that care must be taken to ensure that good initial estimates of
the parameters are available and that these are constrained so that
stable and physically sensible models can be estimated. In addition
the data has had to be checked in order to ensure that correlation

between the input and output variables exist. If these precautions
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are not taken then it is impossible to guarantee successful estimation
of the parametees. Where poor initial parameters have been used it
has been found that eitner the rate of convergence has been very slow
or with some methods, for example with Astr8m & Bohlins method, it is
possible for the method to diverge.

The procedure adopted to estimate the models was as follows: -
First, a standard multiple correlation method was used in order to
identify the delay required on the parameters. When this delay was
determined the parameters were then estimated by a standard least
squares program. To determine the adequacy of the model the error
sequence was investigated by making a time plot of the residuals to
detect if any trends were present 12. This is usually more in-
formative than the autocorrelation function, although this was also
used in the initial stages to determine if the model was adequate 6’10.
Finally, a constrained hill climbing apprcach has been applied to

improve the estimates of the parameters .

The models calculated have been checked to ensure that they
were physically sens%ble and that the gain factors g; were comparable
to those expected from simulation evidence. If these tests were
satisfactory the models were tested on line and the final adjustment

and tuning of the parameters made on the furnace.

The Results of the Control Trials.

Experience of using the statistical type of control model is
currently limited, but it is possible to see a distinct improvement in
the control of slab temperature which has resulted from the implementation
of the control system. This is illustrated in the histogram in
Figure 2 which shows the contrast between manual and automatic control in
various stages of its implemen%ation. The last histogram represents a
13 hour control period in which the preheat pyrometer was used to measure
slab surface temperature for feedforward correction. The control system
maintained a mean temperature of 1287°C with a standard deviation from

the tonnage zone of 13%0,

As discussed above, the preheat zone is unable to respond to
rapid control actions, so it is only possible to exert coarse control

over slab temperature in this zone. Some control is essential to allow

e,

the tonnagze zone control to function in a2 correct manner, viz. to
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compensate for small deviations in slab entry temperature to ihis
zone. At high throughput (in excess of 190 tons/hr.), a design
constraini of the furnace is encountered in which full fuel limits
are reached in the preheat zone. This means in practice that no
control of temperature can be achieved from this zone at high
throughput and the tonnage zone is required to correct for large

deviations in slabd temperzture.

The tonnage zone control is far more responsive than the
preheat zone sc that rapid control actions are possible. The
application of computer control has improved slab température control
from this zone and at throughputs less than 190 tons/hr. good results
have been achieved using the preheat zone pyrometer to measure slzt
temperature for feedforward correction. When the preheat zone is
operating at its maximum output and slabs cannot be controlled there
is heavy dependence on this measurement, and further practical
difficulties have been encountered. Due to the reverse flow design
of the furnace, when the tonnage zone uses high fuel input there is
flame interference on the preheat pyrometer measurement of slab
temperature. This problem has resulted in further work being
initiated along two paths. One to develop a successful temperature
predictor to replace this measurement at high throughput, and the

second to improve the siting and reliability of the pyrometer.

The predictor in use at the present time has been derived
from numerical solution of the Fourier Equation for heat conduction
using finite differences. The results of off-line simulations using
this method have been adapted for plant use by computing the mean
slab temperature from curves which relate this quantity to thickness
of slab, time spent in the preheat zone, and the average zone tempe-
rature. The results of this technique are proving satisfactory and
it is now felt that the pyrometer readings will be used mainly for

off-line analysis.

£11 tests of the control models have been made without the
addition of feedback control. Nevertheless it is expected that feed-
bacic would make some improvement to the control of the tonnage zone.
Since for reasons sizted earlier the preheat zone cannot always be

adequately controlled feedback is inappropriate and will not be used
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Further Modelling Work.

) In order to obtain a clcser representation of the physical
furnace under the wide range of operating conditions which occur in
practice and to represent the operation of the preheat zone when set-
points are not obeyed, further modelling work has been carried out.
This has resulted in a model which uses recorded zone temperature,
time spent in different portions of ‘the heating zone, and slab thick-

ness.

Each main heating zone is divided into 4 equal sections
(Fig.3). For each sectién, information about zone temperature U and
time spent in each section ti for each slab is recorded. At the
exit of each section, the temperature rise Ti of the slab is computed

by an equation of the form:s -

-P.t.
s Tl
where TIN is the entry temperature to the section anq f(i and P ; are

constants appropriate to the section.

This equation ensures that slab temperature can rise only to
a fraction of the zone temperature appropriate to that particular section.
It also ensures that a complete record of heating history is maintained
for each slab in the furnace even when fuel limits are reached and set-

points cannot be obeyed.

When a slab leaves the heating zone its surface temperature

may be computed by adding its entry temperature to the temperature rises

(Tl, T, e T4) it experiences in each section, so that
(th) = Tgyopy *+ T + T+ Ty + T4 (10)
calc

' This temperature, in the case of the preheat zone, may be fed

forward to the tonnage zone or a measured value used in its place.

13

to minimise the sum of

)

the parameters of this model have been

Using a hill climbing technique

squares of the errors between the calculated temperature (T

out’ calc

and the measured temperature Tout

{iitad. The application of this method using different sets of furnace
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data has given valid consistent estimates of the parameters.

Use of the Alternative Model for Control.

This model may also be used for control purposes. The passage

of slabs through the earlier sections 1 and 2 is recorded and their tem—
perature rises T1 and T2 computed. The set point T is calculated so
that the slabs will reach the demanded exit temperature TDEM after their

passage through sections 3 and 4.

At the time of control the slabs in section 3 will have
reached a temperature T given by

T o= Tgppy + T + T (11)

The temperature rises T3 and ‘I'4 through sections 2 and 4

will depend on the residence times t3 and t4 and the zone temperature U.

It iz necessary to predict the temperature rises using equation (9) so
that

. !
- (XF-m)(-€ ) (12)
- t
/ PR o e i P4 4
and T, 2 ((0-1-m) - ¢ ) (13)
The temperature rise required is T]JEM - T so that
Toge =T = T3+ T4 (14)

If T, and T4 from equations (12) and (13) are now placed in
equation (14) the control setpoint may be obtained. This gives: -

-1 € Baty - P3%
o4

.00 e TSR RGeS . ap)

To use this egquation the residence times t3 and t4 need to be
predicted. For greatest accuracy in prediction it is best to know what
the future pushing interval will be, and then to use this with the
knowledge of the dimensions of the =labs to be discharged from the furnace
to estimate t, and t,. If the future pushing interval is not known,
then the best that c

(99)

n be done is to predict this from the most recently

observed push intervals.
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Conclusions and Future Work.

The work dgscribed in this paper has demonstrated that
it is possible to control slab temperature. The application of
the difference equation models has brought improved temperature
control and has justified the use of this technique for modelling

and control.

The result of applying control to the No.2 furnace at
Spencer Works has clearly revealed some limitations in furnace design
since the prehéat zone fuel flows are inadequate for the control of
slab temperature at high throughput. This is a problem which is
likely to occur on similar 5-zone furnaces which are operated close to
their design limits. Further experimental evidence is required to
assess whether it is possible to lower the desired output temperature
from the preheat zone. This has not yet been done at Spencer Works
since the automatic control system has been designed to follow closely
the present manual practice of furnace operation. It has certainly been
demonstrated that temperature control can be achieved with the furnace

operating within the constraints imposed by the preheat zone fuel limitis.

-

The identification of the parameters of the difference -
equation models have been found to present practical problems. This
may be explained by the fact that the method is seeking a linear
approximation to the plant and that,not unnaturally, non-linearities
cause difficulty 14. Certainly, great care has to be taken to get good
initial estimates of the parameters, to submit the models to careful
off-line analysis and to have a clear understanding of the dynamics of
the process. Only in this way has it been possible to obtain satisfactory

models.

The problems of estimation, the wide range of operating
conditions met in practice and the problems posed by the fuel limits in
the preheat zone have made the alternative model an attractive propo-
sition. In concept it offers a more flexible type of control and early
work in identifying the model parameters has been very encouraging.

At the time of writing, this model is being evaluated to determine what
extra benefits in control can be expected and how sensitive the model is
likely to be to variation in its parameters. I these tests are

satisfactory, it is likely that future examples of furnace control will

he based uvpon this model.
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The results of the experimental work carried out on this
furnace have shown that improved controllability will rzquire im-
provement in design, and design studies for new types of furnace are
now being carried out in BISRA 15. If our conclusions to date are
generally valid existing furnaces could benefit by increased firing
capacity in the preheat zone to allow control of slab temperature

under the highest throughput conditions.

Other factors also affect temperature control. In particular
it is necessary carefully tc control slab scheduling so that a smooth
transition in slab thicknesses occurs, since otherwise it is impossible
to heat adjacent slabs of differing thickness correctly without re-
stricting throughput. The control of mill pacing so that the furnace
is pushed at regular intervals will reduce throughput disturbance and reduce

the temperature variations this would otherwise occur.

Finally, future work by RTB will be directed towards the
development of the existing finishing mill temperature model, the
development of a roughing mill temperature model, and the linking of these
to the furnace control model. By these means RTB expect to develop an
optimal control system for complete temperature control of material from

furnace entry to ceoiler.

A.J.D. Bailey.
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Appendix 1.

Notation
Ut Measured temperature of the zone
{sidewall thermocouple).
Ut Set point of the heating zcne.
Xt Slab surface temperature predicted by
the model at the exit of the heating zonme.
Tt Measured slab surface temperature at the
exit of the heating zone.
€, error
4 ¢ Error between the measured temperature
and the model temperature.
TD Demanded slab temperature at the exit
of the heating zone.
M, Mass flow of steel through the hottest
3 section of the heating zone.
v Backward difference operator.
G.l, g, Gain constants.
n 'S 4
gi’ 750350 Si’ Yl Constants
k Level constant

Other Notation is described in the text.

n AEEen/ix 2.
Derivation of the Control Algzorithm
The difference egquation model is
SRR A Rl TENEEN T S s S TS M 0 R

3.V -LS?VZ\'L.‘: (16)



81

The adjustment model is

oo
e et+r * Y1 iZO € tar - i an)
The connection between the two models is found by measuring

the output temperature Tt+r so that

Tt+r v xt+r or zt+r (18)

The purpose of the control is to obtain a constant temperature
TD from the zone.

ey
D 2 SNy th.g. (19)

Since the control action taken at time t has— to cancel out a

predicted error it is necessary to predict the error in the adjustment

" model. This is done simply by equating the values of Gt ol

et L0 et Gt ik not yet measured to zero. The estimated error is
then given by

A o0
L T Yl 2 Et—i 7 ~ (20)
i=0

Ther=fore from (19) using (20) -

Tter = Tp- Y‘. Z et—i (21)

Substituting (21) in (17)

-

(+19+87) (- %Z €)= 54%.('+é.1+7;776,*6,(o+;v+;v7~, (22)

Solving equation (22) for ﬂt, the required set point, the control algorithm
resulting is

Dt T Bo% * ’7""‘")*;0_] -l Ut-z

G;(uq.or].) 147+ é 1+, + 7
_60808)y 6828 ) oGy M,
G (enem) G (e o) TG Gemes)

(235

o R e A S
6(1emem)  &len 1) 6 (1emem,)
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CLOSED-LOOP TIME OPTIMAL CONTROL OF A
SUSPENDED LOAD
A DESIGN STUDY

by
J.W. Beeston, B.Sc. (Eng.),
Department of Electrical Engineering,
Queen Mary College,
Mile End Road,
London, E.1l
England.
1) Introduction.

The time optimal control of a suspended load has particular
practical importance in the unloading from ships, by bridge
crane, of bulk cargo such as iron ore. The minimum time control
strategy is a good approximation to the actual economic
requirements and gives accurate positioning of the load,
avoiding damage. An open-loop non minimum time scheme was
outlined by Alsop, Forstér and Holmesl in 1965. This was
followed up by Dodd52 and a minimum time calculation by
Anselsimo and Liebling3 in 1967. All these schemes were open
loop, giving a fixed control pattern for some assumed initial
conditions. If the ini;ial conditions vary these schemes
produce load swings and trolley position errors at the end of
the motion which can be unacceptable. It is the purpose of this
work to calculate the time optimal control, describe two means
of implementing this as a demonstration of multiple nonlinear
regression analysis and to compare them with conventional linear
feedback. It should be stressed that although the techniques
developed here are for a particular application, they could

rezdily be developed for other control problems.
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2) Equations.
A simplified diagram of a bridge crane is shown in
figure 1. :
X, Horizontal position of centre of gravity.
X, Horizontal velocity of centre of gravity.
Xy Position of load relative to trolley.
X4 Velocity of load relative to trolley.
M Effective mass of t;olley, including referred inertias.
of motor and gearing.
m Mass of load.
£ (“iT#ﬁW*) Feedback of trolley velocity, which may be
nonlinear.
u- Force applied to trolley by motor drive. ummn £ W £ umax
1 Pendulum length. ! Hoist acceleration.
The equations of motion are, assuming small angles of load
swing:
X = X

2, = (u-fl= ‘(.\—':ra)%))/(M+m) (1)

xX; = X4

so- (3D -a)o) - ot @y

The pendulum length ii a function of time, depending on
a pre-programmed hoist motion. The nonlinear velocity
feedback could represent a velocity limit for the traverse
motor. The control problem is to transfer the system
represented by the above equations from any initial conditions

in the range of interest to the origin in minimum time.
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3) Maxmimum Prinéiple.

Pontriagins Maximum Pr:l.nc:i.ple4 may be used to calculate
the open loop contx:ol for specified intial conditions.
Following Pontriagin, we form the Hamiltonian:

4
H= Zp% -1
=1
(2)
PR 5 T pz( u—-F("z'ﬁ)"w))/(M-vm)

snm —p((aed)(F ) xfy + (- fla-gnioll) -

The response of the adjoint vector is given by:

ALy =l to
Bis 3t for- i =1 t ' (3)

The control input u is chosen to maximise H:

> 0 then W = umax

: 4
< O then. u = wmin W

Therefore the minimum time control is 'bang-bang'. The
number of switches of the control input cannot initially be
assusmed for this nonlinear oscillatory system. We may
however, bzaring in mind the results for linear systems,
consider it probable that three switches will be required.

The vector of unknown initial conditions:

g = { B, ple), plo), T} (5)

has now to be chosen so that integrating the eguations from
the known initial state fx.(t’), X, (0), X3(6), x«,(o)} and stopping

at the time T satisfies the required final state -‘-_C(T) Ao
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4) NUMERICAL SOLUTION OF THE BOUNDARY VALUE PRQBLEM
5
The Newton-Raphson method may be used to correct an

initial estimate 6f €, giving changes in ¢ of:

Ae = —k[ Bbz( 7 x(T) (6)

c

A digital computer program of this method gave good
convergence for an initial guess of ¢ which produced three
switches of u. In this problem and many others, however, the
solution may already be known for a siﬁilar system. For
example the problem may have been initially tackled for
linearised dynamics, or a previous scheme may have been
designed having different numerical parameters in the equations.
A modified sensitivity technique‘has been developed to solve
the two point boungary value problem for systems sf similar
structure. Let the change from the initial system to the
required system be represented by a scalar s such that s = s,
gives the initial system and s = s, the required system. The
technique calculated the changes in ¢ with s, the specified
boundary conditions x(o) and x(T) remaining satisfied. It is

straightforward to show that the required changes in ¢ are given

by: 5
b 3;(1') b:_t.'("') As
o< e e ds (7

Since these changes were based on first derivatives, the

new value of ¢ was in error resulting in errors in x(T) from
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the required value of zero. These errors were reduced using a -
Newton-Raphson method, as equation 6, but with unity
acceleration factor~k. Thus the size of the step As in s was
limited to keep the errors in x(7T) within the range from which
the Newton—-Raphson method with unity acceleration  would
converge. A numerical example of the application of the method
is given in figure 2. This was for obtaining the solution

for lowering of the load, starting from the given solution for
a constant pendulum length. The graphs of locad position and
control input against time show that the response had no
overshoot and that there were three switches of the control
input. This was typical of the minimum time responses over the
range of initial conditions. The same results could be
obtained, without using the adjoint system of equation 3, by
changing the three switching times and the final time directly.
In this case the vector ¢ is given by:

L !
e =14, t, ts, T -

The sensitivity method was alsc used for the introduction of a
motor velocity limit, different masses of trolley and load and
different limits of u.
5) Regression Analysis

The nonlinear multivariable regression analysié progx:am-"a
described here is used in the next section to produce two

possible control schemes based on data from the minimum time

trajectories obtained using the Maximum Principle. Consider

the problem of representing a dependent variable y as a linear
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function of p independent variables Z,%;---- Zp. A stepwise
linear regression of the variables =,....Zp, on y proceeds as
follows:

1) Form the equation y = a, + a,2Z; where a, and a, are

chosen in the least squares sense and z¢ is the most significant
single variable in explaining the variations of y.

2) Find another variable z; which, of the remaining independent
variables, most explains the residual variation of y.
Calculate a new set of coefficients;

i
Yy = a, + az: + a,z;

Further steps continue in a similar manner, adding more
independent variables to the expression for y. The stepwise
procedure is terminated when either the number of independent
variables in the expression has reached a specifiéd iimit, or
when there are no further variables of sufficient significance
remaining. It is possible that a variable previously entered
into the expression is made less significant by the addition of
further variables. A test is therefore included to remove a
variable which falls below a given significance level. A flow
diagram of this stepwise regression procedure is given in
figure 3.

Consider now the problem of determining a nonlinear
relationship between n indeﬁendent variables x,...X, and y.
Define another set of variables z,...zpsuch that z; = f;(x,..x,).
That is, we replace the original set of variables X,...X,by a
set z,...2p, each of the z variables being a separate function
of one or more of the x variables, e.g:

Z, = X, X, z2,= X, X etc.
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Each of the z variables is defined as a TERM, each term
contains one or more FACTORS, the number of factors being the
INTERACTION ORDER of that term. In the program each factor

may be one of four FUNCTION TYPES:

1) positive powers xjk
2) negative powers x,fk
3) inverse powers =ﬁuk
4) inverse negative powers “{”K

Where k is a positive integer, the ORDER of the facgor,
and j is the VARIABLE NUMBER of the factor. Each factor is
defined by the three numbers VARIABLE NUMBER, FUNCTION TYPE
and ORDER. A term is defined by its INTERACTION ORDER
together with the definition of each of its factors. A step-
wise linear regression of z,...zp on y will produce a nonlinear
relationship y = £(%,..X) . The number of z variables increases
very rapidly with the interaction order and order of the
factors. A learning mechanism is therefore included in the
program so that only a small number of® the total z variables is taker
for one trial of the stepwise regression and, based on the 2z
variables chosen at that trial, the selection of them is modified
for succeeding trials. The selection of terms is by a selection
tree, figure 4. Initially there is an equal probability of going
from a node of the tree down any of the adjacent branches, and
thus the initial selection of, say, twenty z variables is at
random. After the stepwise regression the probability of going
down branches corresponding to variables in the equation is
increased and for variables not in the equation it is decreased.
In this way the program gains information on the sort of terms

which best explain y, and convergence to a good fit may be
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.expected after sampling a relatively small number of the z
variables (typically under 100 from about 10000). The basic
program flow chart is shown in fig. 5

6) Application of regression analysis

The range of initial conditions in this problem is too
wise to use techniques based on updating the control using
first deriv = .ves of the errors.

Two possible means of designing a control scheme based on
the minimum time trajectories produced in section 4 are:

1) A nonlinear feedback controller

u = f(x,, x,;,%5%) (9)
where the function f is determined by
regression analysis on the data from the
minimum time trajectories.

2) A controller defined by the three switching
times of the control input ¢t,, t, , tywhere
the relationships

t, = £ (x(9) t, = £,(x6) t;= f(x=) (10)
are determingh again by the regression
analysis technique. Since in this case the
control is determined by the initial state
only, it is essentially an open loop scheme.

The relative advantages of the two schemes depend partly
or. the disturbances expected during the dynamic response and
partly on the fact that the regression equation for the closed
loop scheme would be more complex and require more data for its
design. In either case it is unlikely that the regression
esgnation cculid be simulated by analogue techniques, so that a

I 1
1&4.4

cn~line digital computer would be essential.
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The latter method, applied to ‘the system of figure 2, with a
maximum order of 5 and interaction order of 2, produced the

following equations:

FE = 2.12 - oc.0238x,0) + 5.35( 0.001 x.lo)x,ta\\s-Aoq:xﬂ(o_,,‘(,,\s'

5
+ 6.32 x.,Lo)I,‘-}b) <~ aai3 ot x,(oh"'/,,_.w\ -12.9 ":“’)/lo.\x.(o\\"'

+ 17.9 xi(o\l,‘?(,)

s 4 3
E,= 3.69 — o0.0283x.l0) 16,9 ( 0.m1 Xy x500)) + 129 3600) | x 6)

S o
- 0.6 xp(o.lx..m\s + 1.4\ x,Lo)/(oJ ><.cn\)“' 4+ 163 X;(o)’(o.\zllo\‘>

3 3
t3— l_‘_')_g - 0033 x‘l.d - o:l..f) x-;.(-o) ’x‘Lp) g t'ql.' X)(O)I(OJX.(‘))

4+ €.68 o\ o.omh X, La)Y’

(1)

Each eguation was produced in less thon five trials, in which
about 40 of a possible total of 1800 terms were sampled. The
typical residual standard error of y was 0.05. When used in a
digital computer simulation this controller produced responses
almost indistinguishable from the minimum time responses for
initial conditions within the design range. The addition of a
small linear feedback region near the origin of the'state space
would procduce a usable scheme. A écmparison of the minimum

time control with conventional linear feedback is useful to

detarxmine th

o

0sS

30
20

n

ikle performance advantages. The comparison
is complicated, however, by the choire of the regicn near the

nrigin of the state space within which the response is considered
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to have terminated. The size of this region would depend on
accuracy considerations. Figure 6 shows comparison of
minimum time and linear feedback analogue simulation
performance averaged over the range of initial conditions
for different values of this final error region.
7) Conclusions

This paper_has outlined the design of a control scheme
using multiple nonlinear regression analysis with a learning
mechanism. For the minimum time control of a suspended load
the technique of obtaining the switching times as a function
of the initial state gave good performance. In other problems,
however, particularly where the optimal control is not 'bang-
bang, the first method of obtaining nonlinear feedback
throughout the response could be used. The learning mechanism
included in the regression program overcomes the problems
previously met in applying multiple nonlinear regression
analysis. With no prior information on the analytic form of
the function convergence to a good fit is obtained whilst
sampling only a very small number of the total available

nonlinear functions.
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i. Berymnenme

B HeCcTOsliee BpeMA HOXOAUTCA yE6 GOraTam JMTEPaTypPa OTHO=
CUTEIBHOONTHMBNBHOTO YUPSBISHAA U NOCTOAHHO MOABIAVTCA HOBLE
OTpacuiu,

EONBOMHCTBO 9TUX NYCAHKANUid, 3TO TEOpPEeTHYECKME U3N3HIA,
¥ U3 DeZKe ABIACTCH NPEACTABICHUE KAKOT0 IUGO MPEXUYECKOTO
PemeHus,

lipeznareseune B JIUTEPaType MeTOZH OCYKHOBEHHO BEAyT X
CIOKHYM DEemeHUAM, KOTODye HYRASDTCA B YNOTPEONEHUM EjulCIUTEIE=
HHX M8WMH, WIA OCA3ATENBHO TPECGYDT COBEPUEHUA MHOTUX H3uSDeHUI,

3T8 CT8THA ABIAETCHA NONNTEOR PEmEeEMA BPEMEHHO-CYCONTUMEIE-
HOTO YNPOBIGHUA KOHKPETHHM NPOLECCOM, C MOZPOCHEM JUETOM MDP3H-

TUYESCKOd pesnu3anuu,

P OnicaEue Nnpoueccs

39UMEMCA 38NMPOSKTUPOBSHUEM CUCTEMH X ONTUMSJALHOMY - B 3He-
YeHUN "MUHUMYM BpPEMEHM" - JUIDPSBIEGHHD D8CoTod xpaHa. UM OrpeHu-
HYUMCHA [0 OTHCKUBSHMA ONTUMAIBHOTO YHPIBICHUH MOCTOBHX KDSHOB,
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T.6. T6KUX, B KOTODHX ZNA HEepEeMEeNEHUA T'Pys38, MH DaCHOLSrSEM
TPEMH CSMOCTOATENBHHMM NDUBOZR3MZ, KexAHM U3 HMX nepeMeinser
Ipys Bron®s uHOU OCH HpAMOyTOonBHOH# CHCTEMH yNpeBIeHHA, CHTYalLus
3TOT0 THNAG OPeZACTSBICHS 8 puc, I. I'Dys MOZHS NEpeMemsaTs B
BEPTUXKaIBHEOL NIOCKOCTH /ZABUEEENE C/ M HmepeuecTH: B J0O0e
[OJICESHNEe B I'OPU30HTANBHO# NIOCKOCTH, HDk NOMONM IPUBOZOE A

i B . I'Dys MOEeT OHTH NEpEeMEHEeH OAHOBPEMEHHO B TDPEX HaNpsEBne-
HUAX, YeM YaCTO NONB3YyEeTCH ONEep8TOD. ONEePSTOPH IDHEMMALT MSIYD
CKODPOCTH €3ZH = YTOOH CIMNKOM EE€ DaCKeUUBaTh I'pys3s. He cMOTpH
H3 3T0 = IOCHE NEepeMemeHHf I'pys8 HeZ BHODSHHHM nynurdu Tpy3
OyzeT Eoneberch ¢ Toxoll sumzuTyzodf, KOTOpS8s HE NO3BONKT ONYyCTUTH
ero 0es yCHOSOSHUA KOINEGEeENs.

B ciyuae NOCTOHHHOTO HCHONB30B8HHA P8GOTH KD8HS, HSNDUMED B
JYPEEACGHUAX, KOTODHE 33HUMBDTCH Neperpysxoil ToBapoB, KaK NOPTH -
CIEA0B3NOOH NOAYMaTH H8Z BOSMOZHOCTHD MOZEPHU3SNUM YNPSBICHUHA,
NepeMEeHH YNDPSBIEGHHA OTHOCHTENBHO yMEHBINEH:s BPEMEHHM NPOAONRUTENE—
HOCTH OpoHecca, NepeMemeEMR Tpysa, 8 TOKXe 00Jee -NOIHOT'O HCIOoAb~
30BSHHA CYHECTBYDUAX MOWHOCTEH,

Biguane MH 38MHTEpecyeMcs Gonee Sonee TPOCTHM CIyvaeM, Ve
npeaNzyuuil, NPEeANOEMM, UTO I'pPy3 ZUCHT NOZ Teaexzxoli, H8 HEBSCOBHM
XSHOTE NOCTOAHHOHE ANMEH ¥ MMESET LEXyD M8CCY COCDEAOTOYEHHYD B
ozHoM NYyHKTE Ha8 psccToAEmE "/[" OT TOUKK NMOZBEC8, T.€. COCTBBISET
METEMaTIUeCKU MBATHMK, iE OU'DSHEEYUM YNDSBICHHE ABUXSHUA TEIGEXKU
TONBKO A0 HempszieHusa "X" /puc.2/. JOKanU33IUA NPUBOAS TENEERM
H8XOZUTCA 38 Telexkoil #8 cTadunbHOX ocHOBE, B COCTAB NMPUBOZS
BXOZ¥T ¢ ABUTSTEND C DETYNKDOBSHHHEE OCODOT8ME B HEKOTOPHX mpe=-
AeIsx, DSLYKTOp H CIENIeEMe, YSDE3 KOTOPHE — KE8H8T TAHyMUH Tenex-
Xy - cuennfercs ¢ zellCTBYOIUM NDUBOZOM HIN TOPKO30M. KpoMe 3TOTO

OpEenJIORVM, YTO M3CC38 TENEXKH EMUTCZHO M818 IO CP3BHEHUD C iHepnei
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M8CC HOXOASWNUXCH B ABUXCHAM, [[HDHEMHMEHAE TOYKM 38LEILICHHE OT HE
KOTOPOT0 NePBOESYSNBHOrO NOZOXEHUA, 0G03HAYWM uepes "y ", 8 me-
peMemeEde rpyss Baoxbs ocd " X" uyepes "x" /Puc.3/.

He rpys B ABUECGHHH, AelCTBYDT cleiyomre CWIH ; CHI8 THXECTH
"GY® , cuns uHepmuE " B" | CONPOTHBIEHUE ZUHSMUYECKOTO TPEHUH
"T" ¥ cHNg peaRuuM KsE8T8 "R"™ , HanumeM yCIOBUA DOBHMBECHSR
NPOGRIMHE CHUX Ha HODM8IBHOE HONP8BIGHME K IYTU ABUESHHA T.E. BAOIB

K3H8TAa,
G -R=0 2.1.

rae : G = [OPOSKOuf CHIH TAXECTH " G " H8 HOPM3JIBHOC HSID8BICHUE
K OIYyTH ABUXCHHA ;
R .= DPEsKImud B K3H3TE ;

HeNUmeM cIezyvillee YCNOBUE DIBHOBECHf CHXI H8 Hampamiexue "x"

wBy - 'J.‘x + Gs ¢ COSCX = Gn sinx+ R sine= 0 220

3, = COCT3BIADNSA CHN3 WHEDPLHE K HSNPaBICHUD "x" . Ous
IPONOPLJOHANBHS Macce I'pysa "G " ¥ yCKOpEeHUD B
HempaBNeHuu sTodk ocwH,

BX = 0. x" 2. 30

I, . = COCTaRIADNAH conpoTuRNeEul ABMEEHWA NDPONOPIUOHSIBHIH
K CKOPOCTM rpy3a B HeNpaBneHdu ocu "x"

TX =r x? 2040

rze "r" - Koe{(UOMEHT CONMDOTUBNECHUF ABULKCHUS

Gy = cOCTSBIADMAA CHUNH PTARECTH "G " K8CaTENBHSA K OyTH

ABUECHUA

i
|
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GS = G sinex 2¢5e
YUeTHBasA yPaBHEHHE Z.2, H 38BUCHMOCTD 2.l. = 2.5, MOEEM

H8IIUC3TH

- mx" - rx’ + G sino, cosoc= 0 246
AnA ManHx yruzoB " " MOXHO IDHHATH

cosoc= 1 : ; 2eTe
C pHUC.3. BHZHO ¢

sin = l—%—x— 2.86

CISZAOBSTENBHO AN MBIHX OTRIOHeRuE 2.6, mpuliuéT Buz :

-M"-I'X"I'G.'Li—x =0 2090
B NOCICACTBLEHM HNOIYYHM @
x" + %X’ + ﬁ-r— /x=-y/ = 0. 2.10.
Tax k8K @
G=m.g 2.11.
33TEM % 2.12
” - x? ! = . °
0003Ha349a8 : e Tl % i % ’
=
; = ; % - b 20130
NOnyvyuM
x" + ax’ + bx = by 2,14,

Tex K8K MH yUPaBISEM CKODOCTHD TENSXKH "x" , 38THM €€ mnepememe-
HHEe D@BHAETCH 3

y=/v.at 2,15,
CKODPOCTH €3ZH TENeXKU MOEeT NDUHEMSTH BEIUYHHy B Opezenax OT
0 - v usx=u 0, yuurdssa B 2.l4,

x" + ax’ + bx = j bv dt ; 2.16.
JuddeperLUpYys 0o0e c%oponu 2.16. OTHOCHTENBHO "t " momywuM:

X + ax"'+ 'bx' = bv

2.17.
Dile v 'S vmax =1

BHICYKS 38HHHX 00BEKT H8AO NEepeHeCcTH C NEepPBOHSUSABHOT'O COCTOAHHSA
x" JO/ = x'/0/ =x /O/ = O 2.18,

R MOMeHTE + . N R OKOHUSTEXBHOMY COCTOSHHD
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X' /tkj = x? /tk/ =0 3 x/%/ =x 2.19.
B MOMGHTE “ﬁk" , B BO3MOXHO KODOTKOE BpEMf.

3, llpuMeHSHEe "NDMHLUNS MOKCHMyM"

lpz nueeilHoM ypeBEeHu:m 2,I7., = yOpaBufeMas QyHKUUSA /4TOC
NOIYYHTH MPOLECC BPEeMEHHO-ONTHUMANBHHHA/ Z0M%XH8 OHTP = COTZACHU
¢ "NpUHLUNOM MSKCHMYM" - IOCTORHHSA MHTEPBANSMH, U AONZH8 NpU-
HUMSTH HQ CMEHY KpailHhe 3HaUeHHd, "[IpUEOUN MBKCHMyM" COCTSBIBE-
eT, B 3TOM CIyuse, HEOOXOZUMOE YCIOBUE ONTUMSIBHOCTH B CMHCIE
MUHAMYM BPEMEHUNM, 4

JpaBHEHHEe 2.17. TPETHETO HOPAAKS IPEBPAMSEM B CUCTEMY
NepBOT'0 NOPAZAKS8. MH 3TO NONYYHM NOACTIBIAA

xl =X H x2 = 3 H x3 = x" 3.10
H NONyYuM
B-%
e = 3.2,
2= 05
] ol o L
x - Ths D o X3 ax3 + bv
QyHKIUA T'8MUNTOHS
2 a
¥ ]gﬁl s 3.3,
€CIM BO3MEM BO BHUM3EME 3,2, MH NOAYYAM
H=0/ « % + Yé. Xz + 7% /=bx5 -aXz + ov/ 3.4,
Sra QyHKUMUA ZOCTUIHET MOKCHUMYM NpH YNDPSBISHUU, B KOTOPOM
v =sign/ b )"3/ 3e50

970 B HameM cxyuse npuiiver BuUZ
u xofza ¥ 3>0
VvV =

0 Rorza¥ 3 £0
Jing O3HIYEHHR ¥ B QyHKImIM BpeMeHMM MH BOCHONB3YyeMCA 33BUCH-
MOCTHD :

346

-d—t-— =-Ta__:{—i /r’;=l,2,3/ 3070

N ZAONAHH DPEUNTPH CUCTENy ypaBEeHuid
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)‘"1 =0
y”a e yl + b y} 3
\yﬂi S - )"2 + a )“3
CIEeA0BETEABHO
My g
P"Z e yﬂa + a y’; 3090
Dot e ol g
OKOHY3TENHHO MH AOIXHH PENHTS yYPSBHEHUE
753'8P3+by5=°1 80100
QYHKIHA fg nocne pemeMua ypaBHeHMs 3.10. BHpsxaerca Qopmynoit :
2 s, t
8 103 + 8102 - 51303 +* cl 1
}3 o 332 - 2as, + b 5 "
s2 ol + 8 cl - s,ac g Qszt =2
+725 22‘72}'0' _1_. +-b— 3.11.
s 2&32 + b
TAS : :
1/2
oy = )u} /0/ 5 = a_+_,3._:ﬂ>_
TR 8.12,
g = V3~ -

[peanoxud a = 0 , Toras QysErumua \//} npuliugr Goxee mpoCTYD
fopuy, B HameMm cayvae, MH MOEXEM 3TO CAEI8Th CMENO — HOTOMY UTO
SMODTH33IUA ABUECHHS Yepes CONPOTUBIGHNE BO3AYX8 = MUHHAMSIBHAA,.
c
)"3 It/ = Tl /1 —cosVo t/+ cscosV’E' t"’°2"\71'5' sinVb t S 18,
0603H8Yag

V—b‘ =00 3.140

c
)"3/1:/ = E%Z /1 =coscut/ +cicoswt +c2-?lo- sincot . 3.15,

He ocHoBouwu ypssHeHull 3,8, ¥ 3.I5, HH MOXEM ONDEAGIUTH
OCTaIbHHE BCOOMBI'8TENBHHE (QyHEIHAM

$=0
c
Y. = /e - '53‘1 / sincwt +c.ccs Wi
A ol . : 3.16
7’3 ='QT§+ /03 -Oﬁ/ cosCu‘f;--c2 T sin cot +40e _
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CucreMy ypeBHeHmR 3,164 MH MOXEM NPEACTEBUTH @
yé =coR sin /ot + &« /
[+
)03 = 11‘— + R cos /oot +x/

3 3.17,
e B = 2 V/ogw= 2/2 + o7,
: %
& = arc tg T
OBC;J"CZ' ’

[lapaueTpuYeckoe YP8BHERH® 3,17 NpPEACTIBAAST B IPAMO-
yroasHO# cucTeMe ocH y« ' s )" 3INUNC HAXOAAmuica B mep-
NeHAXKYASpEOL nnocxocrn X OCH /1 + ST8 IIOCKOCTH NEpeceKaer
OCh B T09Ke ¥, =o¢ y ¥3 Boaumkaer KpyT
39uEprEyTHit paziycou "R"™ [OEHTP KOTOPOr0 H3XOAUTCA H3 OCH
/o Toqxe}3=cs% s PHC.4.

BHIeyKo3gHHHE PS8CCYXA6HHA JK33WB3DT KaKoll XapaxTep uMeeT
QyHRIUA ¥z e Basrozapa STOMY MH 3H8EM XapaKTep NepexanuseMoft
QyERIEM "v" o K COZaleHHD METOZ NOHTPATMHA HE TPHACTABIAET
HOM Z0CTaTOYHNX umdopMemuit o BenuuMHEe MEPBOHIYSABHHX yCIoBul
©1905105F M TAK MH 3HaEM UTO dyukmuag "v " Oyzer moBTapAlCA
c mepuozoM "T ™ , HO He 3H3EM ANMHH i“repBaNa BKADYEHuH, 3
TSKEE BPEMEHHU, HOCJNEe KOTOPOr0 HACTEYUKT NepBOEe H MOCISAHEE
nepeRIVYeRue,

Mo xapaxTepy yupabageMoil QyHKIUM BUAHO, UTO MOKHO €& HmpH-
HATH K3K CYMMy NepeMEeNSHHHX BO BPeMsd NOCTOAHHHX BHHYXxeHull
croumocT® "u" ,

¥CIM IEePBOHOUANEHHG BENWUUHH DABHADTCHA HYID - TO YIPSBIAE~:
uaf BeIWYMHA x/t/ DOBHAGTCA CYMMe OTBET8 Ha KaxzHit Bxozgm-
yuii cursem,

Hs ocHoBeEME (Qopuymy 2,17, uOEeM BHUMCIAUTD OTBET CHCTE-
M H8 CTYTEHBUATOE NPUHYZEZEHHE

0 KK £<0
vV = 30186
tu Kak t 2 0

parHAETCA
( b /t/

’L h*/t/ = u /1 - coswt /

u /- 2—‘: sinwt/

o]
h" /t/=Ww.Uusinct 3.19,



107

OTBeT CHCTEMH H8 ynpaBisomuii cuUrsam, CHOXHHE ¢ HHTEPBaNOB
NOCTOAHHO (QyHyNUM, KOTOpes DaBHAeTCH, mapepesmer "u® y wOw
- OyAe? NPEeACT3BAATCH :

n
x /t/ =uy /-1/5. b/t - 5/ 3.20.
k=0
4, OnTMMaNBHOE yUpaBICHUE

s omezeNeHUR ONTHMA3ABHOT'O YUPSBICHUA HYXHE Z0O8BOYHSH
uHQOpMAIMS, B CIyYae X3PaKTEPUCTHYECEOr0 YPOBHEHHA BTOPOTO
nopszxa, yAOGHO pPaccMOTPeTs PacoBHE TPASKTOPHM Ha3 MIOCKOCTH
X, X, B cayuse ypaBHEHWA TDPETHEr'0 NOPAAKS, CIEZOBAIOCH pac-
CM3TDHBTH 2TU TDPAEKTODUM B NPOCTPSHCEBE X,X',X', HO 3TOr0
MH He CMOZEeM ZOCT3TOYHO ACHO IPEACTaBUTH HS8 ILIOCKOCTH,

JpaBHEHHE ONMUCHBIDIEE DICCMAITPHBIRMYD CHCTOMYy HE NONHOC,
160 3H3YEHUE X03(QUIUEHTa HPE X . PaBHOE H¥nn; QIaronapn qeMy,
Ha0IDZ3f NOBEZEHUEe CHCTEeMH Ha IIOCKOCTH X ,X MH HMMEeM
NONHYWw UHQOPMAUUD O BCEX NPOKM3BOAHHX ¥ H3MCHCHWM 3HOYCHUA
Qyuxuma, Mg R A

Ha mnocrocT¥ Xx , %5— s TPEeETODMN pacc¥§tplnaeuon CHCTEMH
ARIADTCA KPYTEMH C LEHTPOM B TOUKE X =V 4 === 0 ,

D ONTUMBNIBHOM JNPSBISHHM NPUHUMSOT yUSCTHE TOINBKO TPIGK-
TOPMM C HEHTPOM Vv =0 H Vv = U , 8 C HaYGIBHHX ¥ OKOHUATENH-
HHX ycIoBuil BO3HMK3ET, UTO NPOUSCC HEYKHSETCA M KOHYSETCA Tpa—
e§mog§?ﬁ, KOTOpaa OEepexXOAuT Yepe3 HeYaN0 CHCTEMH KOODPAUHAT
X , T3 s+ 3 X Uepexoaur oT X, K Xy o Yero yse He BUAHO
H3 DUC,.S.

Ecnu v noxBeprieM cucTeumu zeficTBuv BxozHoR BeauuusH =
TO ysnn¥¥; UTO uepes BpeuA ¢ =T , TOYKA COCTOSHUA H8 INOC—
KOCT¥ T , X , Ha3liA0TCA BTOPUYHO B LEHTPE CHUCTOMH KOODPAMHE-
TOB., ['py3 GyZeT HEXOAUTCA BEPTUKSNHO NOA Tenexkoft, TeX KoK B
MOMEHTE CT3PTa, llepe7BUECHHE TEIGXKM ¥ TPy38 OyZeT P8BHO OAHO
APyTOMY '

xT=xT=u.T‘ 4,1,

i3 3TOr0 BUZUM, UTO AIA NEPEABUKGHUA I'Dy33 H8 DACCOAHHE
4.2,

. B e P T T WA

HEOOX0ZMMOE YUpsBNeHUe OyZeT OrPSHUUEHO ZO OZHOTO NEPUOAd
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BRIOYGHHA, STOT UTOT COTNAceH C De3YARTATOM NONYYSHHHM C NO-
MONBY METOZ8 nonrparuna. 5To0 ocoGeHHu# ciyuali, rae Uepuozn
BKIDYGHHMA DSBHAGTCA NEPUOAY QyHKLUM, 8 BpPEMEHa IOCTOA Tejlez—
KH COKD8TUAMCH K HYZID,

Kozmmyec?Bo mepexmoyeHuit BO BpeMD ONTUMSNBHOI'O yUIpaBie—
HAS DOBHAETCH:

i-a[m /x—k—/+2] 443,
He pHC.5. npencranneno B K@YecTBe NpuMepa (Has30ByD TPASKTODUD
AJa xT>Ig>0 °

BU8roA8ps CymeCTBOBHMD 38BUCHMOCTH :

X =wt ] 4.4,
u Haﬁnﬁneanﬂ, 9YT0 COTrXN3CHO C HePBOHSUYSJNBHHMU ¥ OKOHUATCIBHHMUI
JCIOBUAME NYTH NEPEABUXKSHUA IDY38 PaBHA OyTH NEDEE3A3 TEICHKH,

@ BpeMA 637 COOTBETCTBYeT BPOMEHE MEPEMENSHAs TOUKE COCTOR-
HHA 110 KDYrOBOR TDBGKTODMM C LOHTPOM X =1 , MCTHHHO :

xk =0 /Tl + T3 - T2/ 4050

o< =’$T—b“ = 4,60
8 NPUHUMSH BO BHUM3HME 4.4,

T,-T=8-T

P 4.7,
- Nl
NOAUCHHM 00 pa30M
—2 LASE J
Ry g e
OKOHY3TENBHO NOAYYaEM
pit ol X
(1’2}5
| T2 =72 4.9,
X

| T T
L RN T2
onpenel{eﬂﬂe ONTVM3JALHOr'O Npomecca AnfA ZXT> XE > XT
MOXXHO NepeBecCTH H8 OCHOBIHUHU ’333030“ XOPAKTEPUCTHKHA [OJAr3fcCh

%/ g /z/ = 0G03E34367 UeayL uacTh yucaa "z ",
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npuodpeTErHod psusme UHPOPMAIEH. LIDEHMED NPEACTS8BISHO HE DHC.6,
OcHOZHDE yX938HUE NDH ONpeZeNSHUD ONTMMaIbHO# TpaexkTopMu, -
3T0 UHQOpM3IUg 4T0 UCKIDYEH NepEuil ¥ mocnezsuil pOoMEXyToR Gpe-
MEHM CYMM3 ZBYX OYEPEeZHHX NepexaDuyeHHl COPN8CHO C METOZAOM
[IOETPATUHE DP3BHHAETCH NEPHOAY T
He OCHOB@HHM DHC.6. MOXHO BHBECTH 33BaCHMOCTS YTIa
oz & :

2 - P
X = l? arc ctg —s_i%'o_?\—_ 4,10,

@ And X HBXOZANETOCA B MHTEPBaNE /n-1/ Xp £ X = n.Xg

L n - cos ¥
%, = 5 arc ctg “gip » 4,11,
3HaA 3HaYeHHe yria o< COOTRBETCTYywIee OTPS3KOM BPEMEHH NOCTOA
¥ 5 COOTESTCTEyOLUEe NePBOMY M NOCHeAHEMY OTDE3Ky BPEMEHM

e374, HE TPYAHO BHUMCIHTS BDEMEHS OYEPeHHX nepermvyenuit, fon-
HOe BDEMA UCIOJHEHUR ONEPaUMM DSBHASTCH

Tpp = 350 [28+ o+ /m - 1/. 360° ] 4,12,
B 9TO-K€ BPEMA rDy3 NEPEMECTHTCH H8 38A8HHRS DaCCTORHEE
X
X, = 3—g-o-o [2 &+ /n -2 / /360°-<¥/] 4,13,

ECIV 3878HHOE DBCCTOAHHE yBeIUYUBaETCA /BO3PaCcCTBET WHCIO
"w"/ PO o¢ CEPEMUTCA K HYMD, 8 BPEMd MCIOXZHEEMS ONEpPaIHH

CTDEMUTCH K CYMM3DHOMYy BPSMCHE €37H Tj KOTOPO€ EBHHOCHT

. TJ = x% 4.140

TeK XK 3TO C3MOE KP8THKOe BpeME B KOTODOM TONEXKS CMOXeT
IepeexaTs 3879EHOe DaccTofHUEe HE3BUCUMO 0P KOIEGSHHES Tpysa,
BOSMOXHOE CUMUETDUUYHOE OTpsHUYeHUe ynpsaugvued QyErmuu -u <
£V £ U npid CONBNOM DSCCTORHMM X, HE COKDANaNOCH BPEMEHH
UCIIONHEKNA HPOLECCa.,

¥BeruyuBag X, - BPOMA NOCTOA COKDSM@eTCH, 8 3TO NPUBOAMT
X HEBO3UOZHOCTY DEsIu38I7d BPEMEEHO-ONTUMBIBHOI'0 YN8BIGEHHA.

Kpolue TOrO BCTPEUSDTCHA SHAUUTENHHHE TDYAHOCTH, 6CIH H8Z0
BBSCTM MOMP8BKI., NPOTPSMMY, KOTOPHE YUUTHBAINT HETOYHOE HCHOI-
HeHEue Npeanozexull, :

Se  BDSLEHHO=-CYOONTUM3IBHOE YN3BISHUE

us HPSE’EET‘ZEC}:O‘B TOYKY 3DEHIsS B HEKOTODHX CAYU3AX CTOUT
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OTCTYHUTH 0T CTPORO ONTUMANBHOT'O JUPSBICHNA ¥ JAOBIAETBOPATCH
JUpSBIGHUEM YOTyUaOMUM HEMEOTe, B CMHcIe GHcTpoaeidcTBus, om-
TUMSIBHOMY, HO 33T0 CoXee CHOCOGHOMY IO NpaKTUUYecKod peanmaa-
OUd., KpoMe TOr0 CIeAyeT OCpATHTH BHUMSHHE HE BOSMOXHOCTH De%
SIM33NUK YNaBICHHA, KOTOPOE OTPEHMYUBSNOON O3I8HCHDPOBIHUS
T'py38 BO BpEMHUs €ro €3zH, a8 OCOCEHHO MpH MPEOZOJEHUD GOIABMOI0
PaCCTOAHNA, YOPaBICHUE KOTOPOe 0GEeCneyuBaeT IPH IPEOZOICHHED
GOABWOr0 PACCTOFHUA 31y dea KoneO8HUik, NEIrK0 OCOBHAUUTH M3
$830B0#t mIOCKOCTH 3&;—. X' pHC.7.

[oaT0My H8A0 CKODOCES I'Py38 CPaBHATH CO CKOPOCTED Telex-
Kd, KoTOpasa paBHfeTcHE " u" . Toury Ha (§230Bo#t TpaexkTopun
H870 NPOBECTH CHAYaNa8 COCTABIEHUA KOODAUHAT B TOYEKYy "u" Ha
ocu "x"., 3To cocTomTCA 33 HallKpaTmee BpEMA €CIM MH OPUMEHUM
KDyTOBYD TP8EKTODHD KOTOpafg NEPEXOAUTH Yepe3 HaYalo COCTaBIE—
HUA KOODAMHAT, U CEpeAMHa KOPOopodd HexozuTca B Touxe "u ™
8 OOTOM U3 MOK333HHOX HS DUCYHEE TDIEKTODHM 33UEDKHYTOX BOKDYT
H3Ya5n8 COCTABICHMA KOODAMHET M COBnazavmed B TouKy "u " ,

I3 39BUCUMOCTH OUEBUAHHX C DUCYEK3, § TaK C D3aBEHCTB3
CTOPOH TPEYTONBHUKE BOSHUK3ET, YTO JTOX

0‘]_:0%:%2’1? 5.1.
8 3T0 OTBEY3ET

I, =T, -T =%1T 5424

TaxuM 00pa3oM ynpaBnenne B KOTODOM CD8BHUB3ETCH CKOPOCTH
TIepeMeneHNs I'Dy38 CO CKOPOCTEHD €3ZH TSNexKH, OYZAeT MONarsTCH
H3 BKIOYEHNN MpUBOA@ B mepuoze T3 = lp , [OTOM 337€DXIHMH
ero B Nepupzue TZ -1 = Tl = % T , 1Hocne 4Yero H3CTYymaeT
CTOKOMHHA mpoe3z TeNexkM B ING0E NPOZONXKEHUE MEPUOA3 BpEMEH
13 =Ty o C 1ENBD 337€DIKE TPy38 HAM HBZO NEPEBECTU Ty-ke Ca-
MyD onepaudo T.e. 334€PE3TH TEAEIKY B NEPUOAE T4 - T3 = é i Y
o NMOTOM eWé OAWH P33 NEPEMECTUTH €€ C MAKCHM3IBHOA CKODOCTHW
" u" B0 Bpeuds Ty - T, = £ T . I'Py3 OyaeT cmoxofiso sazepxes,
& IOYyTh KOTOPYD OH pnoexan OyZeT DIBHATCH

i /TK—T4/+/T3—T2/+T111 503.

Ty -

»
]

X :,"I‘,—%-I‘/u Seds

3TC YPaBHSHMUE MH MOXEM NDHMEHAT® TONBKO AAA:
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= % PR 5050

UoxeM OLGHUTH YTO D3CHUIS MEENYy IPOAONZEHHEM BDEMeHE NIpo-
1eCCa 3 ONTUMSIBHOM Tp B HaillGoznee NIOXOM CIyY8e DP8BHS BPEMEHU
387ZEDEKH, COrAACHO C YPSBHEHMEM

Tk - To = % i ; : Sebe
B ciydYae COXBWOT'O PS8CCTORHAA NPOE3AS8 M HEeGONBHOTO HEPHUOAS COG-
CTBEHHHX KONECSHUR 3TO COT3IBIAET HUYTOXHHE NPONEHT NOTEpH Bpe-
MEeH#, He pUC.8 NPEeACTORICHO B OTHOCHTEABHHX BEIUUHHSX BpeMdd
CYUeCTBOB3EUA NIPOLECC3 OPH CYCONTHM3IBHOM YUDSBHGHHN, M ONTH~
M3NBHOM YNDAIBICGEMM C CHMMETDWYSCKHM ¥ HECHMMOTDUYECEKMM OTDSHU-
YeHUeM QYHKUEM yUPeBICHUA, ONUCSHHOE YOPSBIGHHE B KOTODOM Ue—
THDe U3 NATE OTPE3KOB BPEMEHHM D8BHH MEXAy coGoff m gmuAvTCA
TonbK0 Qynxmuefl ozHo#k Beawuwmw "T" , a mATHE O0TPE30K BpeumeHu
BHPOX2eTCA OPOCTHM YD3BHEHUEM

T3 s T xk %- T ; SeTe
SyaerT oqens npocroe B TexEUYecKod pesumosaIMH,

COT7aCHU C DHC.2, CACISEO B Ia00P8TOPHH Ka@expu ABTOMS TU~
KM ¥ [IpoMHmneHHOR SASKTPOHMKHE, ['OpHO-MeTeIAypruvueckofl AxazeMuu
B KpakoBe = yCTPoiCTBO yUABICHHA ASdCTBYDLEro COrI8CHO ¢ BHIe
onucaHHoll mporpsumoit. I'pys 4,5 kI’ NOABemEEEHA H8 CIENK® -ANMHS
KoTopore I,75 M -mepeMemaeTcs H8 DICCTOHHME A0 3,5 M C MR-
cuMansHOR cropocTy TeneEKH 0,25 M/csk o [10 ZOCTHRSHEM TOYKK
UeN¥Hd SMINUTYZAS KONCOSHWE HE NpeBHHee* 0,5 CM. YOPSBIA8H DYWHO
POONECCOX OUEH® TPYAHO JCMUPHTH KOJEGSHHE ¢ OAHOBPEMEHHHM O~
ROHYEHUEM OpOUEeCcCc3 B ompeAencnHOd Fouxe, [loTeps BPeMEHM B CPaB-
HEHUH ¢ ONTUMAABHEM N0 OHCTpoZeHdcTBHM YHpD2BUGHHEM, 39BHCHT OT
OTHT@ ONEepPaTOpPé, HO OCHKHOBEEHO NDEBHNSET? SHAUHUTEBHO ABYKPAT-—
Ey® NOTEPOY BPEMEHE B CIyI86 NPOTPEMHOTO YHIDPSRECHES,

{(IETE€DECHO OTMETETH YTO MOXHO He W3MSHAND DDOTPSMME B CIy-
Yee HeoOXOZMMOCTH OCXOHZCHHR BEPTENAIBHON IperpsiH eciu BepTu-
KAN:IHENe ABUSEHMS /B BEpX ¥ BHHS 20 NeDPBOHEUAABHOTO COCTCAHMA/
6JZ¥T DeanusUDOR3EH BO BPEMS @3AH KOI'A8 OTCYPCTBYDT KONGOSHES
T.G, 3 JHTEDBANE EUCMOHE 0T T-» ZO T3 s ECO¥ TOYES IE6JH HS=

5<-Jm 1%

XOZUTCH 38 ZPYTOM YPOBHE, TOPA8 ACCU3TOYHO XB8 loCIenHEe 0T~
PG 2K BPCMOHY NDUAATD PSPEHM ¥ HOBOIO HEDHOZd COGCTBERHEX
ZoneCsHul, ECTY EIR NepeiRE&eHNs T

DY33 HEOOXOAUMO KCHONBIOEITS
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Ecax aAXd mepezBMREHHEA Tpy38 HEoOXOZHWMO UCIONB30BaTh AB3

OpuBoAs, A ¥ B /puc.l./ TO mporpsMMa COXPSHUT HpocTyw Qopuy
B NPOTUBONOAOEXHOCTE K BpPEMEHHO—ONTHMaIbHOZ HporpsuMe, B KOTO-

po#t yupaBieHHe O0ZHOTO M3 NPUBOZOB 33BUCUT OT X3DP3KTEpa ADYy+
TUX ABERCHU,

larTeparTyps

1 Anselmino E., Liebling T.Ms: Zeitoptimale Regelung der
Bewegung einer hangenden Last zwischen zwei beliebigen
Randpunkten. 12 AICA-Vortrige. lLausanne 41967. Institut
fiir Automatik und Industrielle Elektronik der ETH.
Zirich in October 1967.

2 BoaraEckufl B.I'e : Ma8TeM8THYECKHE METOZH ONTUMBNBEOIO
yupeBueHua. WsA. "Mayra™, MockBa 1966.
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COMPLEX AUTOMATION OF THE DEPARTMENT
BLAST FURNACE - SINTERING PLANT - RAW
MATERIALS .DEPOSITS, OF THE INTEGRATED
IRON WORKS GALATI, BY MEANS
OF COMPUTER CONTROL

Scripcaru G., Pdiug C., Stoicovieci 0., Popescu M.

Institute for Metalurgical Design IPROMET :
Bucharest, S. R. of Romania

The blast furnace department of the Integrated Iron
#orks Galatl operates in the first stage with a 1700 cub.m
blast furnace and a 150 sq.m sintering strand. It is under-
stood that at the end of the year 1969 the capacity of the
department should be doubled.

For the supply with raw materials of the blast furnace
department, a raw materials deposit with facilities for
depositing, sorting, crushing and homogenizing the raw mate--
rials for the blast furnace and the sintering plant, has been
provided.

Taking into account the complexity of the installa-
tions of the blast furnace department and the necessity to
ensure an efficient control of the operation of its main
sub-units, a solution has been chosen, which provides the
introduction of an electronic computer, capable to carry out
in principle the following functions:

- data logging for the operation of the transports
in the raw materials deposit, the establishing of the stocks
and the printing of the reports for transports and stocks.

- data logging for the analysis of the charge and the
charging operation of the blast furnace with the printing
of tre charging report.

- data logging for the measured values of the process
parametersythe limits control and the computation of the
ween values with printing of the corresponding reports for
the blast furnace: and the sintering plant.

- correction of the raw materials quantities charged
into the blast furnace.
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- optimization of the thermal operating conditions
of the process of production of pig iron in the blast furnsaes

- optimization of the speed of the sintering strand.

In order -to obtain the achievement of these targets
and the improvement of the general activities of the blast
furnace department, an electric computer has been installed
during the year 1968, its main characteristics being as
follows: 3

Length of a word: 24 bits
Length in time of a cycle: 33 pe for a word
internal storage: with ferrite cores

capacitiy 16384 words

Number of external channels: 6

Number of instructions: 31

The volume of the peripheric equipment connected to the
¢ external channels includes:

- an input-output unit for the analog and digital data
an external storage unit with magnetic drum
two electric typewriters (3o") with 330 characters
for a line. -
a punched tape uhit, equipped for reading and
punching.
two typewriters (lo") with lo4 characters for a
line (an extension up to four is possible).

The configuration and situation of the system is
shown in Fig.l. 3 %

The computing equipment carries out the automatic
management of the activity of the whole department on the
basis of distinct functions which include data logging and
optimization computations as described further below.

1. Data logging and limits control
" As part of this‘function, the computer establishes
the following reports:

a) Report on the displacement of the raw materials of
the dsposits of the blast furnace department including the
indication of the quantities displaced, the sort and the
dispatching and receiving point.

These data are printed, together with the hour and
minute of the closing of the operation, in a report called
“the transport report". ;
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The quantities of displaced raw materials are printed
on the basis of the information deliversd by a number of 14
electronic belt weighers which transmit the information to
the computer under the form of impulses (1 impulse =

The other data are introduced manually by zeans of a

decimal keyboard, mounted on the desk of the raw materials
dispatcher. These data include: number of the belt weigher,

code number of the dispatching point, code number of the
receiving point, code number of the scrt and the quantity
of raw materials which is to be displaced.
The manually intiroduced data are displayed at the
desk of the raw materials dispatcher and at the desk of an
operator, who is charged to build up the sequence of belt

cenveyors, which is necessary for carrying out the desired
The constituted telt conveyor sequence is also display;

transport.
d on the light panel of the raw materials dispatcher, whe is

le to verify in this way the correspondance between the
rmed belt conveyor sequence and the desired sequence, as

w

ab

If the Iormed sequence is equal to the desired se-

<
E of

(8]

eviously formulated.

uence, the dispatcher pushes the button for data input,
and the consequence is the taking over BY the computer of

he introduced data and the lightening up of a lamp on the
erator's desk wnho receives subsequently the information

that he may start the transport of raw materials on the belt

conveyors sequence, previously formed. Irom this moment, the

al

!

+
v

op
n

ipulses transmitted by the belt weighers are interpreted
Ly the computer together with the manually introduced data.

1L

All the data concerning the transport request are

printed in red in the transport report,while the data concern-

ing the actual transports are'pfinted in black, at the moment

when the transport is completed (this moment is marked by the
programmed belt

stopping of the conveyor on which the
b) On the basis of the data accumulated during a
riod of eight hours, the computer draws up the report for

weigher is mounted,
a report, called “the balance report" draft in a

tocks of raw materials according to sorts and guantities
-
eacnh depositing point. The corresponding data are

in
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forz of chess board, which permits the identification of all
quantities of raw materials, received,dispatched or in stock,
for each sort and for each depositing point.

This balance report is automatically printed at the
end of each period of eight hours. It is also automaticelly
printad in a cumulative form at the end of each day (3 shifts
of 8 hours) and at the end of each month (totalizingen 28,
29, %0 or 31 days agcording to the length of the months).

c) Data logging for the charging of the blast furnace

and RLiming of the charging report.

For the weighing of the raw materiale charged intoc the
5last furnace, 7 bunker weighers have been provided, with the
fcllowing destination: ¢

- 2 bunker weighers for iron ore (left and right)

- 2 bunker weighers for coke (left and right)

- 2 bunker weighers for sinter (left and right)

- 1 bunker weigher for charge additives, which is able <o
peur out either in the left or in the right skip car, by means
of'buttérfly valve with remote control.

Each bunker weigher is Provifled with one or more index
setters, intended to prescribe the value of the weighed
guantity, the number of index 8etter being equal to the number
of the weighed sorts. -

The bunker weighess farore. have three index setters,
thie one for additives has two and those for coke and sinter
have only one index settef.

The bunker weighers can operate in two conditions,
which are established by means of a two positions selector:

- manual operation {(without correction by computer)

- automatic operation (with correction by computer).

In the case of the manual operation, the index sette:
is firstly settled at the guantity which is to be weighed. This
is transmitted to the electronic weigher in tetrsdic cods,
sther with the actual value of the quantity of raw materiels

losd cells which transmit & signal properticnal to the
% 1 eguipment,

lue of the weight is egual to th

o

is emitted which is used for sicpp-

TOL the Dunker.
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time the raw material existing on the conveyor is emptied inte
the weighing bunker, a second signal is emitted, which is in-
tended to make the computer to accept the actual value of the
weighed quantity.

The computer utilizes these values for the printing of
the charging report of the blast furnace, in which are printed
the weight of the raw materials charged by sorts in each skip
car, together with the time (hour and minute), the number of
the skip car, the position of the skip car {(left or right), the
type of the charge and the total weight of the materials char-
ged into a skip car.

A cumulative report is also printed, at the end of
each shift and at the end of each day.

" d) Data logging of the analog values for the blast fur-
nace and the sintering plant and printing ef the mean values
report.

The computer receives from the blast furnace the folow-

ing analog signals:

- temperature of the hot blast in the main aduction pipe
(1 measuring point)

- temperature of the hot blast in the ring pipe

- temperature in the blast furnace at the blow in points
(4 measuring points)

- temperature of the top gas before cleaning (4 weasur-
ing points) .

- pressure in the blast furnace (4 measuring points)

- humidity of the blast (1 measuring point)

- analysis of the top gas CO,, CO, H, (3 zeasuring
points)

- cold blast flow rate (1 measuring point)

- methane gas flow rate (1 measuring point)

- top gas flow rate (1 measuring point).

The data logging of the folowing analog signals is pro-

vided for the sintering plant:

- temperature in the wind boxes (4 measuring pcints)

- depression by the exhauster (1 measuring point)

- water flow rate at the primary and secondary mixing
drum ( 2 measuring points) '

- speed of the sintering strand (1 measuring point).

-

For all the above mentioned measuring points, the com-

- |

uter cslculates the mean values, which are subsequently printed
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in the mean values report.

Some measuring points which are ot particular interest
for the normal operation of the technological eguipment are &lso
controlled from the pocint of view of the admissible limits.

The values which are over the superior limit or under
the inferior limit are printed in an alarm report, together
with the emitting of an acoustical and optical signal which may
be interrupted from the coantrol deske.

The coming back of the controlled parameters within the
range of the admissible values is also printed in the alarm
report.

For the totalizing of the consumptions of air, water,
methane gas, top gas etc., a range of impulse iRputs are provided
which totalize the impulses émitted by the flow rate counters
of the installations. The totalized values over a period of 8
hours are printed in a report. Cumulative reports are also prin-
ted for pericds of a day and a month.

It is also provided the possibility for introduction of
numerical data by means cf a keyboard. In this way are introduced
for example some data concerning the analysis of the pi@-iron,
the analysis of the slag, the weight of the pig iron and soue
data necessary for the mathematical model.

For the individual control of the different analog measurw
ing points,an optical display device has been provided. After
choosing the desired measuring point by means of a decimal key-
voard, the numerical value of the last measurement is displayed
on a panel with light digits.

2. Correction of the raw materials quantities to be
charged into the blast furnace:

if'or the weighing of the raw materials charged into the
clast furnace, a number of 7 electronic bunker weighers has
been provided, their operaticn being previc y.described. It is
easy to remark that the quantities of raw materials charged into
the blast furnace, allways differ from the quantities settled
oy the index setters due to the different position of the bun-
zers as related to the weighers and to the fact that the con-
veyors feeding the weighers are to be emptied at each weighipg
process.

For the compensation of. this error sthe difference is fed
intc the computer, which adds it., with the corresponding sign,

t5 the value fixed by the menual index setter, at the next

v
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weighing process, programmed for the same sort and on the
same bunker weigher.

The calculation of the corrected prescribed value is
made by means of a list in which are memorized the differences
between the prescribed and measured values of the last weigh-
ings for the different sorts and bunker weighers.

The established difference for a determined sort and
bunker weigher is added to the manually fixed value, being
emitted in form of digital signals 12 V, loo ma, which operate
on the relay sets existing in the panels with electronic
equipment of the bunker weighers. When the equipment of the
weigher establishes the equality between the new prescribed
value emitted by the computer and the measured value, a signal
is emitted which is used for the closing of the bunker valve,
which stops the delivery of the material. The conveyor conti-
nues to discharge into the bunker weigher, until the existing
zaterial is evacuated. After 30 seconds from the stopping of
the delivery, a signal is given for the blocking of the measur-
ing disc of the weigher and 3 seconds after this signal, the
zeasured@ value is taken by computer which uses it for the
2stablishing of the new difference according to the list and
for the printing of the charging report of the blast furnace.

3. Optimization of the thermal condition of the elabora-
tion pfocess in the blast furnace.

The utilization of the electronic computer for data log-
sing, may be considered as the first step in the direction of
the automatic control of the process in the blast furnace. The
second step is accouplished by connecting the computer to the
process, for the purpose of improving the operation of the
blast furnace, on the basis of the data continuouslylcoming
from the process and of a mathematical model of the technologi-
cal process which periodically works out the data received

o,

Zrom the process and produces index values for the automatic
M
il

00
COl

rol of some process variables.

The mathematical model utilized for the blast furnace
nr.l from the Integrated Iron Works Galafi is delivered by
the contractor of the electronic computing equipment and con-
sists in ;rincipleoa set of thermal and chemical balances by
eans of which the thermal regime and the characteristics of

Fi

ot

he slaborated charge may be predetermined.
The blast furnace is considered for this purpose as
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beinz divided intc & superior zone, where the indirect reduc-
tion process is predominant, and an inferior zone, whers the
direct reduction process takes place.

In the case of the mathemetical model offered by the
contractor, the following elements are utilized for the con-
trol of the thermal regime of the blast furnace: the enthalpy
of the hot blast, the humidity of the hot blast end the blown
in methane gas flow rate.

The indirect reduction process is especizlly influenced
by the quantity of hydrogen contazined in the humidity addsd
to the hot blast and in the blown in zethane gas, which leads
to a reduction of the quantity of coke utilized in the reduc-
tion process. This aspect has a considerable eccnomic signifi-
cance; especially for the countries showing a deficit of coke
and it is expected that the investments made should be smortiiz-
ed in & few years.

On the basis of the data deliversd by the gas =nelyzers,
the following balances are drawn up:

- the oxygen balance

- the hydrogen balance

- the carbon balance

- the nitrogen balance.

The accuracy degree of these balances depends in & deci-
sive degree from the accuracy of the results obtazined from the
top gas analysis. For this reason the zas analyzers are very
cartiously inspected and verified before being put intoc opera-
tion and the measuring elements of the analyzers are placed
in & thermostate. The gas analyzers zre alsc periodically cealie.
brated with standard gases, utilizing the control signals
emiited by the computer. The results of the analysis are direct-
ly transmitted to the computer zs analog signals of unified
current.
under <+t is necessary that the measuring errors’ should remain

% in order to avoid that the balances drawn up by the compu-
er should lead to incorrect conirol values for the process.

The thermal balance of the inferior part of the blast fur.
nace is based on the supposition that the direct reduction of
the iron oxides takes place exclusively in this Zone and that

-
-~
+

“

in the upper part of the considered zone, the tempersture is.
aproxim. 1l000°C, pratically the same for the gases and for the
solid materials.

This thermal balance considers on the one side the heat
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lcontributed by the enthalpy of the hot blast and by the inte-
gral utilization by burning of the O2 quantity contained in the
hot blast, and on the other side the quantities of heat.neces-
sitated by the evolution of the thermal process in the blast
furnace, including the enthalpy of the final products (pig iron
and slag) and the heat losses.

For the control of the quantity of heat available at the
lower part of the blast furnace, the computer puts at the dis-
posal of the automatic control equipment of the blast furnace,
three prescribed values (temperature of the hot blast, humidity
of the hot blast and the quantity of the blown in methane gas)
on the basis of the data calculated from the thermal balance
and of the results obtained in the last three charges, by in-
troducing in the equations of the deviations of the silicon
contents in the slag as compared to the prescribed values,

4. Automatic control of the speed of the sintering strand

It is well known that the sintering process evcluates in
a progressive way in vertical direction, due to the air which
penetrates through the material layer in all the length of the
sintering strand, from the burner up to evacuating end.

The experience has shown that of great importance in the
evolution of the process is the conduct of the burning process
along the sintering strand so that it should develop regularly
and te finished at the evacuating end of the strand, because in
that case the best utilization index of the installation is
obtained.

Because of the fact that it is not possible to ensure pere
manently constant characteristics of the material on the strand
(humidity, granulation, chemical analysis etc.), a permanent
variation results of the place where the sintering process nay
.be finished.

In order to avoid this inconvenience, the idea

of the variation of the speed of the s intering
strand has been adopted, which should automatically follow the
variations of the physical and chemical conditions of the matz-
rial on the strand, so that the place of the ending of the sin-
tering process should be kept constant at the very evacuating
end of the strand.

This thing is perfectly achievable if as leading elemsnt
is taken the temperature of the material on the strané, which
is properticnal to the temperature of the flue Zases which can

ce easily measured.
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It is experimentally proved that when the sintering pro-
cess is optimal (when it is ready at the evacuatinz emd of the
strand), the curve of
Laxisum value opposite the last but one =mzspiration chamber.

It has been possible to draw up a curve of the temperatures

the temperature of the flue gases has a

_n the aspiration chambers and to estaclish the relations for the
positioning of the maximum of this curve.

In fact at the computer arrive continucusly as standard
signals, the values of the temperatures in the last aspiration

hambers, and on this basis the computer determines the position

(¢

¢T the maximum of the curve of the temperatures and the diffe-
rence between this point and the optimal position deduced in an
experimental way. This difference constitutes the perturbing
serror of the controller for the speed of the sintering strand so
that the controller acts with theaim of making- this error
egual to zero.

In this way the computer creates the pessibility of ob -
taining an optimal speed of the sintering strand anéd in the
same time a growth of the general productiwity of the sintering
plant.

It has been mentioned above the way in which has been de-
sizned the installation for complex autcomation of the blast fur-
nuces department of the Integrated Iron Worke Galaii for the
stage of 2,5 million tons steel/year.

Because of the fact that at the time of the drawing up
this report, the computer was on the way of being installed,
Tullows that during the period IV guarter 1968 - Ist guarter
9, it will be possible to verify in practdice all the conside-~
ions which have stood at the basis cf our project.
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