
第 l8卷第6期 
2001年 12月 

控制理论与应用 CONTROLTHEORY AND A砰 【10Ns ．18No．6 

Dec ∞ 1 

Article ID：1000—8152(2001【)06一唧 6—06 

Cascade Generalized Predictive Control AppHed to 

Biaxial Film Producdon Process’ 

LI Shaa lan and Ⅺ Yugeng 

(1e．~ te of Al丑om＆ ， 阻gh缸r蜩咖廿g Univen~ty。 M 】ai，2ooo3o，P．R c ) 

CHEN Zengqi~ and YUAN Zhuzhi 

( 婵咖 肌【of Al丑ofn＆ ，Nee~elu面Ⅷ 哼·n衄j_m，300071．P R c ) 

A ct：B~xialfilm m  is a coa~31exin【t【l alixocess v劬 lar萨 豳静 捌  ，itincludestwo stretchp嘲 ses： 

l0n窑_山 曲 midlatef~y，the disturbances oftenⅨc1lriⅡthef 如加血lg part We qlosei士ll量Iis paper a casca出 硼 l- 

izod pte~ vc cc~xol(OGpC)real- 曲m developedfort c酬  加 ．The u∞ofO6pC 窘ori血Ⅱinmmd 

cla PI cascade c0曲妇 is now Ⅱapp1iedtoi al呻 面∞ duetothe ck啊咖 d the翻 d 蛳 _ 

b宣嘴 in j斌 1伽p，the皿 灯 looptakesim  ac啪 lI腻  fbfm8由n 8b the 峨 u血lgGPc to昏 the 

se呻 d血 j loop． 

1c w幢ds：窖e北咖izcd田。di甜ve c∞曲l(( )；casc丑出 c酬  咖m；∞唧I血管c0曲ol 

D0om t∞fle：A 

串级预测控制及其在涤纶片基生产线中的应用 
李少远 席裕庚 陈增强 袁著扯 

(上海交通大学 自动化研究所·上海，2000~0) (南开大学自动化系·天津，300071) 

摘要：涤纶片基拉膜生产线是一个太滞后的复杂工业生产过程，包台纵拉仲区和横拉伸医，生产中的扰动经常 

发生在诗片过程中．本文为此提出一种针对该类生产过程的预测控制算法，与典型的 PI控制器相 比，可以有教地克 

服内环的扰动，外环的预测控制器可以充分利用系统信息给出内环的设计值． 

美键词：预测控制；串级控制系统；计算机控制 

1 Introduction 

Like IIl趾 丘 }fb曲血lg pI删 control systems，one 

stagein pam ofthe Biaxjalfilm pr0dIlc曲 n pr0cess 

control st日n dt舡：nnjn 廿le film ’s final p芏q rd鹤 ， 

mmis，thin．ms and p】∞eness．Thefilm-fomfing p∞一 

0e 鹤 00Ine丘切卫dif 瑚 t dusI工ics．yet are structurally 

similar and benefit advanced contro1．Similar con— 

0lproblems arise alsointhe prod~ on of papeI，呲 脚 

slabs andfobs~ 
． Itisworthwhileto point out o~ler re． 

oent work -m the砌 of sheet-and film-c~ntro1． aria- 

el'stone et al[2j疆圈m a model for a typica1 circular 

btownfilm process and then focus on iden~fymg the 

modelforthe pI珥，0se ofcontro1．Theyproposethat poor 

performance'm industrial s ∞d fiLm-control efforts 

are doe to model n 岛na把h and in particular in∞rr0cI 

identification of the signs ofthe model gains．Dave et 

al_3l useLPmelilo~to solvelarge-scale sheet-andfilm- 

control problems． 

In contrast to pr~ ous work，we develop a cascade 

generalizedptedlcfive control systeiBfortheBiaxialfilm 

DID由|c 傩 process．Cascade controlis 0ne ofthemost 

snccessf~ methods for enhancing smgle-locp control 

per~omm ce perbcuL~]y when the dismrbenees are asso— 

ciat~ wi山 the manipulated variable or when the final 

control dement exhibits nonlinearbehavior．This ililpor- 

rant benefit hasledtothe e~tensive use of cascade COil- 

trolin chemical industrial ixtr．ess．Biaxial film 砌 lc— 

tion process control systml is a eomple~ industrial pro— 

cess~ with1aIg} andmany disullbsllces，Itisim- 

possibletoworkwellwith atraditional singlefeec~ack 

开 帆 i啪 ： 咄dby d NationalNmnal scieⅡ。e u d 衄 ofc (圆934020＆60町4∞4)扭d Shu-Ge~ Phf。c~shanghai Bd 岫 吐 

CbⅡ∞ 

P．ec~ ed date：2000—06—26；Revisedd耻e：2001—03—26． 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com
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loop．~ zialII】 Ⅱg sld协 show ltlattheCGI：'C al- 

鲥 血n is ve this film thickn~6 oontxol pro． 

Cess． 

Today，modelined~'ve conta-ol(MPC)[4-6]is not a 

单 eonta-ol strategy but moIe of a very ample range 

of eolata-ol methods dc l0p耐 around cemlin coltH11Otl 

ideas．The ideas叩 嘲 in all the predictive eontrol 

family aIethe e~plieit use of amodel幻 pl~dictthepro- 

oI州 atfⅡnlrctime horizon．the calculation of a 

eontrol SeClUet~eminimi五ng a cemlin objectivefllnctiotl 
andthe u∞ ofa recedi】Dg strategy，s0that ateachinstant 

the horizon is di： aced toward the futt~ ，which in- 

volvea the applicationofthefirst oontxol sign,~ofthe se— 

quence calculated at each st印 ．So，MPC isl~gardcd as 

0∞ of model-based and optlmiT~tion-based conta-ol 

method．Unlikethe wadillorlal op[Jll3~l eontro1．1lae suc— 

oe of 蛐 ve eontrol stallsfrom its basic principles 

恤 c∞ be sullmlallzed in【7 J model In．diction． 

rotti~ htxizotl 0】坩r on and erl'Ql-feedback c0 rec- 

don．The conta-ol action at eachis solved由 p - 

eteT op)imiTationwith finite hOl~On whilethe realtime 

information is used幻 reinitialize the 01)dmiz 。凸in a 

Inovi】喀 style．Such ameehani．~ make~llae conta-ol law 

optimizafi~-based combined with feedback and l~ tieu- 

la由 suitable幻 illdm'(rial~virotmaentwith disturbanees 

and time-delay， 出 ．In 0IⅡ cascade corm-ol~chclnc， 

GPC alg~ithm is usedinthe slaveloop andmasterloop 

to reject di蚰 ) ccs effectnally and avoid d岫 ． 

2 Desa-~ lJin offile process 
Fig．1 showsthemainfeatu~ ofthe孽 film pro- 

duction proee~ ．The 0 Ve proee~ involve~ four 

parts．① Fluxproee~．Polymers a∞added幻the hop- 

per and heatedmtomelt，thenthemeltflowsintothedie 

lip由 the exll1．1~ andfillertrader cemlinpressta~． 

Thetl~ pcral1．we andpressta~ am coQlrolledby additioml 

loo1~．② Ftlm-forming proee~．The sheet of flowing 

liquid is exllll~ 由 the die lip，whidl is like 

“

rn眦 ’s tip with smile” la ，and pinned to the cast 

drum whichisfilledwith coolwater，sothe hi
_ gla-tem- 

perature liquid is cooled immediately and formed the 

film ．whichis named“lttiek sb嘲 ”．The ca*o6s shape of 

the film is also like the tip．③ Longit,xiiml 

st~dlprocess．Inthis zone，lhea'e a twoiol_I~~，O∞ 

is slow roller， the other is fast roller， and there is a 

h~,tlbox between two ∞ll∞ ．the film is reheated and 

stretched longitadinally when it is forward．④ 

Lal~-al slzetchproee~．Inthis zone，thefilm is rdaeated 

and stretchedlaterally．folmlngthe“thin ∞t，’relative- 

ly．then it is rolled up 0n a drum as the final pIⅨhlc· 

don．0 with the paper，metal slabs and foils 

0由 processes，lhea'e aIe two slzeteh proee~ in 

theBiaxialfilm produaion． 

Fig．1 Biaxial film production process 

Besides the conta-ol of temperatt．1~， pressta~ and 

， which aIe all direct digital conta-ol(DDC)，the 

Ix~itioll conta-ol of die-lip a咖 a雠 and the“血 conta-ol 

ofcast drum am twoilltpOlt~t process conta-ol problems 

血m dc~elmine final 0 ve pIDp es in large de一 

∞．In the mm-folming process，the die is a large 

衄 ofmetalltlat caⅡbe stiOltlydefomaodbythe跏 - 

at．ors．The conta-ol of ca*o6~-film 吐l叩e vaziafitya，rather 

tlum the conll'o1 ofthicknessitself．is notthemain 0b— 

jective ofthis paper，and sothe conta-ol ofthe die-lip 

potion is llegieet~ here． 

In this paper，assllIne that the ∞pc∞nlIe，pressta~ 

and a∞ eontroll~ well acco,d~ to D‘hll 

condilion，and the ero~ film dlapc coQlrolled by the 
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die-lip aC：tll~ salisfi~ the need of nkn-fomling，in 

fact．the ad a虹，Is oft~l hold unvaryiag becamelimited 

m0、日W n ofthe die-Hp allows fine-ttming ofthe film 

lhiekness．itis difficultin real-time oontro1． 

1hetwo seana~ sa1s0rs(in F ．1)consist of a ra— 

diatiot~emitting SOUI*C~ and a detector．1he sensof is 

mounted 013 aframe，sc锄sback andforthOVerthefilm ， 

andprovidesmcasI】 TI呲 in a z -ragpattern alongthe 

sheetlength．The秘舶鲥 Ⅱ 日吼Ⅱen divide~the film 

intolanes，and onlyone ofthelanesismeasured at each 

time step．1he seinedmeasurements Call beused to esti- 

matethefilm thiclmess a口螂 the sheet。andthe CS[Jlnatc 

cⅡ be usedin a predictive controllerto )ve distur— 

banc~ ． 

Fig 2 Cascade corttro[structure 

1hekey control objectiveistokeepfinalpr~ucdon s 

deviation tolea'aa~ce of the lengthways lhickness within 

l％ ．thisthickne~ ismainly effected bythe rate ofthe 

cast．1he fasterthe cast r0恤tes．the thinnerthe film ’S 

flli~l~essis．Becamethe s证l蛐ch speedincl【ldingthe】Oll— 

gitudina]and lateral are proportioned to fills rate，we 

choosethe rate oflhe cast asthe nl趾 a∞edvariablein 

the control system ．1heproductiveline’slengthis about 

2130 meters flora the hopper to the terminal roller，the 

喑血 from die east drum to scaImil培 SC12,．~0r 1 is about 

15 me ．wt 犯鹤 the distallcl~betweenthetwo sensol~ 

is about150meters，SOthisis alarge~me-delay oontrol 

system ．Intheme,~time，the distm'o~ cesoften OCClL~in 

the丘lnf0mling pan，it is essential to reject the effect 

of disnⅡb锄瑚 quickly．Based Oilthe above views，wc 

developed a cascade control scheme as Fig．2fbr Bi- 

axial film productive process．In the masl~ 】o0p，the 

errorbetweenthe set-ooint ofthethin sheet’sthickness 

1 andthemeasured value y1istheinpllt ofGPCI，the 

output u1isthefllickness ofthelhick sk ，柚dthis val— 

ticis asthe~ -poi．t ofthe slaveloop，i．e． l= W2， 

吐le哪 rbetwee． 2 and血emeasuredⅥIlllcy2isthein- 

put 0fGPc2，the 0u叭 t ofGPC2is d1e rate of d1e cast 

as吐le IⅡ{|njpI】la虹d v~iable“2．1k  inner loop is the 

l0 ldi删 st鼬  ，and d1e ex mallo0pisthe 

lateral stretch pmce~．The cascade GPc alj 甜n will 

be describedin d1efo】10wing section． 

3 C碰 ade GPC algoritl~  

3．1 c GlPC al~ thm 
GPC 1坶 姐 j血 tmr~ ． 叩痂 】al咖 ol s廿锄 

with a qI】ad枷 c pc D1m舳。巳ai忙ri肌 ．We usc吐lefol- 

l0wiIIgCARIMAmodel ofthe plant： 

A(q。)y(t)： 

q一啮(q一 )u( )+c(q一 )}( )／△(q )， (1) 

w} reA，B，C aIe pc nc血 出 in d1e backward sh摄 op_ 

er~lor q一 and A(q一 )= 1一 q～．In most c鹤 ， 

c(q一 )=1． 

The j-step pIecIic of the system is give．by the 

equati~  

f 

( + I E)=∑毋△Ⅱ( + —f) ，(2) 
I = 

wim =∑g ZXu(t+ — )，as atn吐terof cI， 

is simplythe response the 皿t I珈面唱 the如nlIe 

control values equal tothei~ olls controlⅡ(t— 1)． 

it dd be∞叫 酣 efj |衄Ⅱyl】s the diffl~r- 

e‘ 撕0Ⅱ： 

A(q一 )△y (f+ )=曰(q一 )△u (f+J—d)， 

(3) 

wl， △ (t+ —d)：0，forj≥ d． 

Tile cri~ ion wewantto nd ze here．in 0出 to 

obtainthe optimal controllaw，is give．by吐lewei曲t。d 

飘Ⅱn of ares of predictive如nlIe system 豇IDr埘(t+ 

)一 (E+ )andin口期mns of eontml V ucs： 

J(／Vl，Ⅳ2，帆)= 

∑[ (t+J)一 ( + +̂ ∑ZXu2(~+卜 1)， 
』= ． ， 1 

(4) 

mthe as轴【珥 0n：△u(t+ )=0for)'≥ ，where 

Ⅳlis廿lem 删m c0 ng 瑚 ，Ⅳ2_坶them祥im啪 

c0 丑g 瑚 ， is吐 control h0d瑚 ， ．坶the con。 

tml jg1 ng factor， (t+ )is the future seq：x：fi~t or 

future value ofthe refere~  ec协ry． 

The j-~ VC equation c∞ be put into a vector 

fc~ra asfollows： 

： 西 +P， (5) 

with 

= ( ( +Ⅳ1)，⋯， ( +Ⅳ1+Ⅳ2—1)] ， 

= [△Ⅱ(E)，ZXu(t+1)，⋯，△Ⅱ(E+ 一1)J 
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P-[ I， ，⋯， 一 。一I] 

C = 

gNi-1 

gJrt 

O 

O 

gNt gNU-1 ⋯ gNr N
．
“ 

咖ng eqm (5)into oc~ Oll(4) v 妇 

vc bDfform of00武 矗瑚 曲 ： 

J (西 +P—w)T(西 +P—w)+ 护̂ ， 

(6) 

where is妇 sc~ Ylnt V咖 ： 

=  

[ (t+N1)， (‘+Nl+1)，---， (t+Nl+N2一1)] ． 

Tl1e sOlUtiOn wh／ch produces the 0p血 1al control se· 

m  is obtained by c0ns cfing the relation：3J／3u 

= 0．we have： 

打 =[GTG+ ] GT[ 一P]． (7) 

3．2 C髂∞ deq  al nⅡn 

It sc黜 nOw ．加把 sdJlg to develop a casrade 乜uc· 

眦 ，usingtheh idea ofG$C．This蛐[Il舳 垂V 

the p0ssi吼  toa~xoltwo叫缸 ent variablestogether， 

in ord= to satisfy a啪】s廿ai 晦叫 tofollow spec~ tra- 

icdⅢ妇． 

For this n nlod．the plant is assun-s~d to be divided 

intotwo pgfftg：theaIlp吡ofthefirst parI，which caIlbe 

calledtheiIlncr system ．isthefirst variableto be oo11- 

Irolled．and representstheinput ofthe second p咀 ，or 

ex咖 I system ． 

The OUtlmt ofthe second partisthe second vadable 

that Inllst be ctmm,lled．To do that，two G algo- 

dthms must be c~at,uted．as shown oil the fo~wing 

ge∞ral diagram as瞰 ．2． 

The pI i∞s scheme has shownthatthetwoloops of 

the cascade structureimplythedefinition oftwoGPc al· 

g0IitIIms and censequently the minimization of two 

l 血 costf1．mcliff／l~． 

alleywill be globally definedinthe smm way asfor 

0 GPc algorithra： 

Jl(ⅣlI'N21．肌I)= 

- 

∑( I(I 4- )一 I(‘+ ))2+A1∑△“i(I+J一1)， 
J= 】 J l 

(8) 

^(Ⅳl2，Ⅳ丝，̂ )= 

N 

∑(fz(t+，)一 (̈ ，" + 2∑△H；(E+J—1)， 
i |=1 

(9) 

withthe assmnption：△Hl(t+ )i 0for ≥帆l aad 

AU2(t+ )；0forj≥％ ． 

The resolutionmustthen be done asfollows： 

‘ Firstthemi~imirafion ofJtwill providethe 0l 

sequeace{ I{defined betweenthe htaSnmsNnto ； 
’

It will representthe se啡 that Inllst be followed 

by“I betweenⅣl2toⅣ ； 

。

Then J2will beminimized．酉 1gthe 0p se- 

quence1“2}，thefirst value ofthis sequencewill be ap- 

pliedtothe system． 

Itis easyto adlllitthatthe cascade structureispossible 

ifthe rela血m Ⅳ ≤ Iis verified． 

Equations(8)and(9)c．．ml bewrittenin amanix 

form．Considerfirstthetwol：~edi~liv~。【lIlat Is(which 

缸e similarto(5))： 

G !~U1

仙

+ P1

，

, (10) l 
： c2 +P2， ¨ 

with 

I = [ I(‘+Nl1)，⋯， l(t+NIl+％ 一1)]T' 

= [ 2(‘+NI2)，⋯， 2(t+Ⅳl2+Nzz—1)] ， 

uI=[Au1(t)，⋯，△ l(t+肌l一1)] ， 

如 =[Au2(t)，⋯，Au2(t+N,a一1)IT, 

= [ 2(I+N )，⋯，w2(‘+Nl2+Ⅳ丝一1)] ， 

W1=[ l(t+NI1)，⋯． l(‘+Nll+N2l一1)] ， 

Pl=[P1II P12'⋯，P1 

P2=[P2l， ，⋯，P2 ] ， 

andwl ∞ GIisthe step-lr,SpOl~ matrix ofthea 

system (ass,rn~ that the∞ algodt~ ∞ cⅡy 

works sothat y2=”2，and c2isthe step《 0n∞ilia- 

缸ix ofthet埘ncr system ． 

Substitming 曲i肌 (10)into矗 蚯0ns(8)and 

(9)．we obt~m： 

J1= 

[Gl ul+PI 1] [GI ul+PI ]+ l占 ul， 

(11) 

and 

J2= 

[c2地+P2 ] [c2U2+P2 ]+ 2嵋 ． 

(12) 
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The opdr~ solution is finally give~by considering 

0Ji／9UI=0 and nm wjn1山is resulta．，2／aU2=0： 

f =(G G-+ 1 ，)-iG}( 一PI)， 

l u =(岛c2+ 2 ) cj( 2一Pz)． 

(13) 

3．3 GpC pE哪哪e ttmln~ 

Thereisinfact∞ p c山盯 talethat enables anop吐一 

rml c cc ofⅣl，N2， md̂ ．M∞ itis possible 

to咄 妊 fourf0I10 ng pc曲ts： 

‘ Itis b妇 协 d100seNt s0吐lal atleast 0ne element 

of吐le first IDw of G is D(1n姗 ；ttIat implies thatⅣI 

sh~ld be greater n磕n曲 Ⅱ坷工h舢 expected dead-time 

of吐le p1ocess； 

。 Nz蚰 uld becb0s鼬in orl~r幻satisfyN2T eqllal协 

吐le time他叩彻∞of吐le pIo。ess(T sampIiIlg peIiod)； 
‘ Veiy 0胁 凡 is ch0s鼬 SOtlIat 《 Nz aIld we 

I~viovsly sh f M =lis interstmg； 

· Itis Oftl~lllaTdto det既【njllĉ a pri0ri．If raauix 

C Cis revertible itself．eⅧ  = 0 gives a solution． 

Butin1∞ st c娟 ．it se锄 sh啪盯幻 ck)ose very s玎【lall 

but D0l1zI舯 ．s0 tlIat the matrix G G + I becomes in— 

vertible． 

4 hI血 s application results 

Thisis atedmlealIecc 衄Ilc 0n pI j0ct，砸 the咖 一 

tml of伦mpc嘲嘶 ， 髑sIl ，sp0。d，and吐le die-lip ac— 

nl粕 Ⅲe cc~tmlled by a&lifioml lo0ps．In山is sec— 

d0n．we show 吐le~．iclmess 0Dn旺ol results by 吐le cas— 

cadeGI：t2in p c山 ． 

We却  st印 m削 协 enable the system 

mnning．Inthe血髓 st印 ，them~terloopis 0pened砌  

曲 i珊crloop o0n廿on盯 is nln。d withthein．tel"umtin 

manIlaI I∞de．In 山is Dc ，the rnas嘧 loop is 

0p∞ed，the set of thick sheetis V∞ by oper- 

a缸 ，the_煳 l00p’sm0ddisidentiS~ bythe ad印 e 

RLS algorithm wiIh a fbfg她 f~tor， rate of 

castis cab止∞d by GPcl n~dules，m thel~l-arllo 

eters of GI：t21 is turned．In山is 10叩 ，吐lc sample arId 

cc~tml 捌 is15 seconds，whichis eqllalto ‘ 

血ng pcdodof恤 鸵凸sofl k一袖d ． the second 

s卸 ，aftertheinner controlleris恤n。d，thein．tel"con— 

trolleris setin c0nnDImode砸 ad帅删 ．Inthis proce_ 

dlm ，themas嘧 l0叩 呦 t embedded I舳 loop as 

p审吐 0fthe Ocessmodd柚dthemas讶 loopmodelc龃 

be identifiedl坶ing intmt-ot~tmt data． calculated 

删 t ofGP( isthethickness of吐le廿Ijn sheet．越 as 

set of inner l l0叩 ．In master 

l00p，吐le sample periodis als0 15 seconds，whirlis e— 

qI】al to sca 吨 耐 od，s0 tlIat sample sigIIal 

啪 bekept s)n吐啪吡j置 帆 ，the cc~tml odis2m-m— 

utes．曲 average value of 8 set of datais as曲 thick— 

ness of曲 恤 sheet． 

Now， 、，e吐le realtimeIl】ich s e~mtml results 

in Fig．3，4． 

盹 3 椭  rcsullofth Ⅲm 

se~oim：85 

938 

936 

934 

932 

93tl 

928 

∞吕古_暑 

维普资讯 http://www.cqvip.com 

http://www.cqvip.com


No 6 ca5础  咖i2ed PI w Ce~rolA ∞ BiaxialFilm Pl'Od~ cIIl B81 

work well with tr．~litional single feedback loop
．
The 
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