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i"JÛîS'TURH CONTËNT CONTj{OL 0N r\ PApIli{ MACHINH AN AFPLTCAT]TON
OF A ST]LF'*îU}.]TNG RHGULATOR.I"

BorisÊon, U.

Wittenmark, B

Á,BSTP..ACT]

Results fnorn expen:i.ments with sej.f*tuning contnol of moisture
eontent on a påper machine ar* repontect. The experiments were
camierl out at the Gruvön Mirt in Gnums, belonging-ro Bílle*
rud AB. Different r{:gulå.tö1- *ctruc.tu}'es ar"e diçcussed. Ttre
expeniments on the pap€r machine ldex?e cone undeï' different
CIperiãting conditi.o*s, íncluciing great process dístunbances.
Ër'ocess vanjables and regulator parameter-s Lraùe been pl.otted
to a large extent, and they are shorçn in this repÕrt.

The expeniences of the self*tuning contr-ol were gcod.
experimente showed that the self*'tuning regrrlator ís
fu1 tool in pnocess contnoi,

The

å use*
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1" TNTRODUC]'TC¡J

The feasibir.ity of seJ.f.*i:un-ing regitia-L'+rs h¿rs l;er:n j.¡vesti*
gated in a joÌnt ploject i:ertr¡¡ee¡r Fìi-i-i<.:r'u<1 AB arid 'lhe Ilivi.sion
cf .¿{utomåt j-c control, i-und j-r¡s i-;-"t.uttr cf rechnolcrgv " 'l'he re-
sults of the investigation å.re su:ninar:ized irr lil and l4l "

Fv'omthe experiments j"-i was c{)j'rrl-udüi{l tirat t}¡e *e1.f*-tur;irrg
regulators in many cäaes rnight be co¡*¡enien"L to ì_ì$e on Ítany
industnial processe-q" Ti:e mai-r¡ arjvantð.ges ä.r,e tjra-t the aj..-
goni.thm can t"une må.ny pe¿rameters in t,he regulator withoi:t
any diffj-culties and tha-t- 'tire adapta'rion to neh/ process con-
ditions is fas'i:. Further, th* ::egulaton is simpie to imple..
ment and tÕ use.

rn t]:is repont it is dihicussed how the sel.f-tuning negulatÕr
ccin b,e applied to ën industriai plóÕcess. 'rhe process unden
coi"lsidex'atåcn is moisture control af a påper machine producing
fluling a't tlre Ës';vön Milr in Grums, sweden. The nepont is org{a*
nizeel å.s fallowe . Tn section ? the paper machine and the con*
tncl probriems are descnibsrl in detail. 'rhe algonitl.lms that
are usefl åne cliscussed in sec'tion 3 and listíngs of progrã.rr
heacls åre given in the Appenclix. Tn section 4 it ís disc1rssed
how the algonithm can be i.mplemented on the IBl"f I8û0 computer
at the G::uvðn MilI " A praogram package carlecl ppcp ( proeess
and Pncduction üont::ol P:.ogranr) is available in the cornputer.
The special. jieatunes of thís systenr are discu$sed, as wel-I as
general considerations, when self*tuníng algonithns du€ inclu*
ded i:r DÞc*packages. somej pnactica.i aspects en the regulator
design are gíven in section s. 'rhe experílnents are described
in section 6 " shorter', a.s lverl d.B longel experinents , åre
pneseritedrand the perfonmance of the prÕces* j-s evaluated.

The experinents have been p¡JÊsíbie to r¡¿ke tlranks td fj-nancial.
suppont frÕm STIJ (the Sç¡ædåsh F*ar:d for Technj-ca"L Deveì^opment,
contråct 72 * 10261us33 i *nd 'rïìe cc:mÞliance of Biif erud AB.
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'j'i.:* ciiu.îlì(ir'r:i h:i1i1 i'1 ,,: exÐ-r'eiis spe,:cia-l- thanks'to o. /i1shr:l.n,
i,, j:.. ljii.ir.esen anci O , lìravnes ¡tt the Gr.uvön M j f i j,n ür¡;.ns
,Tû::' i-h¡: j.i: he1.p arrd suppûr'r- iiur..-ing ihe experine¡iis .
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2" NESCRIPTIi:)h¡ TF TiII] F'F.C,CXSS

experimen'ts r,iere made ûn a nia,::h-i¡-;c ¡:r'cducin¿ f -'i"ut,i-ng at
Gruv.,Jn Mill. Tjhe prr:r-luction is apprcxirratel¡r -13û Ð00 ton
Vear " T'Ïre bas j.s weiglit cJ: tire f i^utir:ig is 11;¿ * 1.51 glm? .

påper machirie, as weli as -ilie ::ef ine::s ancl <1ígesters,
con"cr"oiled frr;¡n an IBM i.fitû c$rÍpu.lel:..

llhe

the
per'

The

ä.re

2.1. The refíners

T'ire ref inen$ splÍt groups of f.il:res by pressing anil rot.itj-ng
them. r¡r this w"1y tile free fibre sunface i,s incneased, ånd
the suy:face tensions get strongen

ïhe nefiner¡s har¿e grr:at infruence on the moistune'ccntr-ol,
DÍsturbances in the r"efiners generally influence the coucjr
våcurin. variations in the quality of the pulp on í.n the
fibre flow may also a.ffect the couch vacuum. Jf ther"e is no
cornpenscìtion i.n the drying sectj.ons for" these changes, the
moieitur:e af the paper will show similar variati-ons.

0n FM6 there ã.re specÍal'controi lciops to keep the specific
enêngy of the nef íner:s cÕnsta.nt. The enertgy is computed by
div;i"c1ing the ref inen powerr Ï:y the f iow of pulp. By the nef j,*
ner contr:ol it is poseible to eliminate sorne of the dÍstur"*
bances originating from the variations in the quality of ther
pulp

Tt might be poË$ible to im,prove the refj-nen control by ånclu-
di-rrg a feeciback loop fr-om the couch vê.cuum. Asthetime delay
between the nefiners and the couch vacuum pit is cor*paratively
long, such a feedback lor:p should primaril!, be used to remÕve
variations in å long tine range.
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¡. ; i.ri l.li"v...i ;;l t] 4.t,..: 'i.-, 1;lrf.;

':'he mcis:r_¡ïre !_l ,-,nï..{ìrii, úf -i:h.' ir,åper, -i s priinar,.i.iy cc,n.trJil.Érd
ui'til .r f-'ce:ba:: k -ii:+p fr:ci¡i a :i.xed ca¡-r¿çitjve mois-Lure g{iijg{-1

t-cr t Ie stÈ.ini prüssúï''e j.c thr. dr',vir:g cyl,inders: -in t*he t';c lac t
d:'yi.ng sei:tj.clis, fig" 2^'i" 'i'i:er.'e ,is ar-r:o a fee,lfor..usancj lcrp
fron'r -¡;he couch vacl¡.um. Iì: is ries.ir.abi^e tCI h.ive ä cËï.-iar'.n rirv*
ing pr:r:f ire , L.e. tt-: have a ier-tain relationship be-tween .ilie

pres sures i-n the c if f ei:ent drying seütiöns . il'henef ÕT'e , a

special- pr'ogra¡rì which is *.1;1e to acrjust the drying prcf :iie:
is incl.udecl in -tire system
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'llhr: r'cf e::el:c€ v,årìle ,:f tl"le steasi pressure F4 û6 can tl-rus be
al-r+:^cd l'.:': r-hree clif ferent i,;.lys. iL'he nrois.cure sigrrar is sicå*r*
pleci and f i.lte'ecr eveï,y g:tti secc'c. A sarnpling i:-rter.vai. o.f
J-6 seccrici¡; i"s used foï, the cÕ:',tï,oJ- af the feedbaci< roop. î,he
si'gnal i223 is compar:ed with the r,eference value of the *ojstune
conterit. rf 'there i.s a slifference, the sr.:t point of the con-
t:.o1"ler' (:3 is changecr, The co¡i"i:rorrer cr- .is basica]"ry a pr-
regulatcr with dead time cÕmpensation. il'he controlrer c?. -is;of pr':por-Liona.r. type. rt is used f or: f ee<1fonç¡ard cÕmpensåt j.on
ft'onì the ccuch vä"cuum. ãveny B;-ih secÕ¡rcl lhre couch vacilua is
samplecl and firtered, ånd the si,gnal. from c2 al.ter,s the setpoint of c3 wiflr 'the same time inte:.val., cs is a pî*neguråto'
contrclling -LÌ:e stean pressì-rre I'4û6 i.¡r ïhe rast ci'ying sec_.ti"*n" A n.¿¡'¡ contr:':i s:i-g;nai is ccmpr-r't-eci fvery B;th seconcl"
The pllesslire F4CI6 is al.l.or¿eci to var.y in the i-nte::vai. is0-1 kp/cm' belov,r the pl:eßsu.re F4ijB, rf tlie regur*,ta:: r-equånesa lowen p'esrlu'e, the 'efenence va,l-ue of Fqûg is changed. This
change is made by a pnögr¿im thrãt is cel-l.ed i"r-li*n the ii.mi.rs o.f
Fq 06 ãr'e v:'"oIatecl.

The basi-s weight rontrol i.oop of the *$nsidererr FåÞe' machine
hras nÕr in usrc . For a n¿.ciri.ne irai¡i,l¡g; c<:ntr.c;l_ of the i:as-i sweigi:t it ir* favaur:abr* ro have ¿i fe¿l*fr:r:r¡*::.d loap fnom t:hefibre flow. One acìvantage of th:i.r is -rhat in:r.onmation of
ch*n'ges ir: basis we:Lghr- i-s r:r:ra:r-ned ea*J-y" Howeverr rhe
basi.s weigh't frur:tua'Lio*s ane aiso tå.ken into considenation
wi-ti"i a feedf*:,wa::d -ioop frçm the *cuch v*cìium.
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3" A FOjì'IRAN ALGüRITHI{ ûf THï .3EL,l'*'i.'ti,\¡1.N,.3 äËGì;i,Ê,T'01ì.

Assume that the process can be descrii:ec1 Þy

Y(t) * *tV( t-1) + +â. b u(t*k.*l) 'r" +ny{ t*n }

-, e{t*1-)

the
two

"ì
.L

+ br.,u(t-k-n) + üle{t) + c

+ dr.,v { t*t*n }

+ + cîe{t*:l)-l + ri v ('r*k* 1) +

12 "r1
\u.+/

L1

i-s

k ir:

1

+

where y(t) is the output artime t, u(t) is the inpu'i at -Lime

v(t) ic a known signal at time t, {e(t), t * ü, rl., t?r,. ,}
a sequer"rce of independent nÕrfiöi. N{ûr1) random vaniables and
the numl:er .¡f time delays.

ïn 'the

s ignal
meters

sel f *'iuning ::'eguL ator.
basical.l-y cone5.sts of
of the model

ccmputation
steps, L2i.

of the control-
First the påra-

y(t+k+l) + o"y(t) + ...
+ . ". euu(t-t )j + vrv(t)

are detenmined
a$surned that g

* o*V(t*m+l) = ßo tu(t) + ßlu( r*1)
+ ... + ypv(t-p+l) + e(t*k+l)

with a recursive l-east-squares method. Tt j.s

is known.

+

(3.2)

'Ihe new control sigrral is then computed from

u(t) l*y(t*m+l)1+ .+ ß I u(t-1) u{t-¿ )

(3.3)

ß
!"

t- î tY.V(tJul.o
+ + ^{ v(t-p+1)lp
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kire¡r 'ihe r';:guJ"at*r pa:r;rme"lers h.rve coriverged , the fc;1lowing
eûv á.T,},anf es 3I'e zeT'd)

t:
.v
{r) û" 'r x, k ¡ lr

0, r : k + :1,

S, T : k * l,

0' x > k" + 1

:k+m

,k+.t+lr. ("r )Itl ì

r'_,.,(r) =yv

whêre k
$quarës

m : llr 1 = n + k

'k+p

llandp:n*k,

i.s the numbsr of pure time cielays. If the least-
e stinlatj.on ccjnvenges and if

then the algorithm hrí1.l give the opt"imal minimum variånce cÕn-
tr'ol laç¡ that can be abtaineci j"f the pararneters ûf the prÕce$s
(3.1) are known, [?J. In this cå$e

r (r)
v

The pr4üpel:ties of the self-tuning algonithm j.s analysed in
detail in t3l ancl L7i,

The r0RTR,qN aigo:.ithrr foT- the self-tuning regulaton pnesentecl
here cc:nsists of two subroutines, TUNE and RËG. These corare-
spond to tlre two etep* discucsed above. The progrô.m heads åre
gÍven i,n Appendix.

3.1" The subr$utíne TUiqn"

TUNñ i.s

"[rl eveT:,y

& suÏ::lr:ut i.ne

såmpie polnt
for recunsíve least*squares estination.
it "tunestr the regulaton parameters.

consider" the sy$t€m ( 3,2 ) . rntroducing the vectons o anel 6
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cie-finec l-rV

ç(l:) i*5rit) "." -y{t-m*1} Sou{r*i} ß u(t-1,) v(t) r¡(t* p * ]lo

-1

rrr
.L

V{N} ei't)

Þ¿ rt
&-L

4{'r

6 lix I ß Ym I p

!,1e g* t

Yi t+¡41 ¡ Êou(t) + ç(t)g + e (t+i<+J-)

The parc*.meters are determirred by nrinimi-zing the loss funci;íon

¡i
:Ï
t3¡r

N*t II

For. time invariant systens the par.ameten l, should be equal tc>

one. By giving À å snal"ler value, it is po"çsible to de*r'ease
the influence of early obsel:vatiorrs, Fo;. instance. this cån
be done if the pröcess is slowly timi* vi*ryi-ng.

An algorithm perfor.ming thre nj-nimiz¿tion j-s, [ñ j

o(t+1) ¡ o(t) + K(t)ly{t} Êclu(r*k-1.) - {s(t*k-1")ü {t ) I

T TK(t) = P(.1)s (r-k*1) ll + $(r*k-tlp(r)$ ( t-k-r ) l

F( t+1 )
À

¿P(t) - 1((t) tl + cp(r*k*1)P(t),pT'(t*t-t)lKT(r)lI

ïn tÏ:e suï:routine TUNH the above computa.tion is done. The sub*
r*r¡ti"n* cal.i is

cAi,l, ?u¡¡ä ( ys, u, vs, T, F rRL, NA, NB, NC, K, NSlrp )

wher* Y$ j.s a vect'or cantaining (y-Vref )/ßo
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ij js; à v':cii;r' ,:r:;r-la-i l'ii-n¡r tlre pli'octess i-npu.t
Yi:' ir çi vûili-'ln lr")rt-Lclin:';-,g tl'i¿J knOwn Sig:-,ai V(t)riß.-

(J

T j * ¿ vt:*'ic:r con-l-.eirri-rig the es"L-i_nated paraneters
p is 1-he ccva¡::l,anareJ riìã r::i"x '.:f the estinateci par,ålrieters
ì{-L, "ic ihr,r i>ase r:i l.jre exporrrirÌtj-al- weiglit j-ng function (Ri,.'¿ )

liA is the ni.i;¡ii:e¡' i:Í-- c¿*pår'å¡nårï-er$

¡;B i.s 'lhe rii:mber cf ß*per.anre"t,erå;

NC -l.l¡ the rluml:e:: af y-p¿lr{iirretelrs
K is the rlumi:er of time d*i,a.¡s
i\$TliP ir the number of sanpl"e êveïì'[:$ betv;¿:err the tr-inings.

Ïf the prCIce$s is not changi-ng, tÌ:*.ralu* af RL should be one"
'Õn the otheir hant1, if the prücess .is ve.rying, ItL s}:ould have
a snnaller val.ue. If RL:0.99 the ti.¡o huncir.erä Ia*;es't sampJ"e

points a.pproximately wili inl-'luetrc.r* the i:esr.;.-i.r-. Tf RL = Cl ,g5:
only the far:tg' latest sample pcirrts l.¡:-il_ l:e ûf i,inpr;p1¿¡ç*.

l,iÂ, l'lB, NC, and K are determined u*i,ng knowlerCg¡e of
or simp"iy by testing diffe:rent va.l-ues,

-lir* prcres,s

'nhe panameten Nslt']:I, makes j-t pûssibie to chä.n$.: the 'tun5"ng

frequen*y 
"

3,2 T'he subrc¡utine F.J:G"

'Ihe subr,:rr¡'hir¡e FlgË usr*s the parameteTls 'that heçe been calcuiated
by'ruNE" T't cÕrlpui:eÉ the *cntrol *ignal accor"ding tÕ eq. (3"3),
RËG ;riusf i:e *xec:uted at every sampì-e event, T'he regulatoï, påre*
meters -i:r"[]re T*vecr-or.:ne updated by TUNH v¡ith a fr.equ.ency CIf

i{STEF sa:np1.Ì"rig in-terr¡als 
"

ï'ire subr-+*'r-ine r:a1.1 :is

clÅ.3,1, R.ËG{y5; ?LI,VS rT r¡{A TNB TNC TK,MST:[p)

wher* i"1s:ffP is the maxj"mun val.ue alj.or,i¡ed f*r- NSîEÍ;. The *the::
parcinet",*r'Ë have l:een def :ined. åbq:r¡e 

"
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ti . \,:lFiP;,;'i'.tii. :l'{i'ì,i^;¡'!l }'íitA'f iÜlì'

i\t iJle tjrui¡iil"r i"{ii".l.'tner¡: arr: tvrc IBI''1 hfìÛÛ compuTef's control.ii:ig
rijlf ferent parts cf the pålJer mi1.l" T'hey use å prÛi:ess an':1 pr*-
diic-,- l.L:j'Ì co"ll'i-::,ûl pï'Ogï'alû, Pp:F, r+Ìr,ich i s ¿ì 5ys,t-crß r:f nai, y' lii. f- e*

ï.ârrt progï'åTns ru.ftning uncler r;Ìie ::eal tj.rne cpe:r:a.ting syst*íìle l{PX.

i+ 
" i- 'ihe prÖce si! and Þr0diic i: j.Lìrl ccnt::ol prûÉïx\,1m PPCP.

r.l

!)

o

i)

0

û

()

pF'CP i.s å "fi,li"-i-n-.the-fÕr'm"
partly in FüR'IRAI'í anc'l partiy
s1:¿lndard rout i.nes availabl-e I

'ihe periacljc i-uncrtic;ns {ire
lihe níi;l*p.*ri,oi ic lunct:i-*r:s
':i'iegte':i,

pï,Õf,y:au$ìirlg Ëys-Lem, It i.i; 1¡Iri'Lten

|n {ssemlrier', Ther:e are mally

executed with ce::tain time intervals'
are executed on3"y when they âr'e re-

ner'ioclic func ti.o¡rs
t-*e

r'ea.di::g of procress i-ntr.:uts

t-r I'l-Ë]aìnrJ

conr¡ersi-on 1.o enginee:'Í.r:g un:Lls

l- imj t r:hecking
daïa ccll"ecriÕn ¿lnd redur,:i.ii-'n

::cguirit ion
gêneratiori of +utput s i.gnais

o process ûpera.Ì:Õï- cc,nsole cÛmmì-Il)i.c: a1:icn

o ar-t-i*n" in cåse cf Lim,i"t violatiç-ri
,: st'¡i.ïclrÍr-ig of f of i:he outpr-rt of a digi-ral regulator
c L:h;:r.nge cf ,3 sel*pci.rit.

.*o¡i- ge {' å qrl *r:*f u n c t i c tls

t.L.
À r. i-;

T?ies *
p$s s i.i;i.e
pï'OgL'cUfLË

':Õ -interg::a ie usË.r-wri'tten
may be v¡ritten ji-n FûRTRAIJ

pr'Õgnans in PIICP "

or Assembler. 'i'here
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år'e åi.É;i.r rlei:-i:a.rn $irlir''ou"l- ine,a :üa.1.-"i-ng- i t iloçir ii;-i i:- !.çr LtsL.rr 1-(-)

get ¿lcc{is3 to the d¿i':,:r i-¿i:ie. j''1'¡'1 ¡';ii t"'¿¡v'1..:i-;1,¿'s, j . e. f -i.r:'ivti r

l:Éjmpeìråt'i-rr'ûs, etc" are ilescrii;+:,1 "i.ri, "i"{¿:i:t ll;:b"Le v*¡:j.aL:l.e

spec j-li¡:¿r'iicn fr:r-'nr.; " " ,Sucli ': !.,,,.:::; ,.-::t-i-¡ j-risl a:.L :-i.f,*'.r'¡li;.ticrl

about r:he typË c.f pri;cessir:g tha'l ;:. r,'ar.lal,l-e is sL;i: j ect to.

Ther<¿ äre s.;pe*Ìa.J. "s¡/s"lerr "lal',lestrs-fúrjTìg C.tta f.r'om lh¡.: systent
sliec"i-f icatic'n, fr.orn cêrì-¿:1 i.¡i cûmpr"¿'f;¿licns i;, FPil T'] pll()g.r''l"rts, etc,
i'her:e a-T,t: rùu.tines ¿vaj. labl*l i-ú l]$er giving å*cess-lo sü;ne of
'[hese syst*m t*rl,.ies ano:naì<ing it pr]ssjbl-e Tc¡ ¡noriify th*m. -It
i,s a,Lso posisir"bl-e -ïr: reracir'lhem via ti:e Þrocêss ûÐeratcr ccr:$o,le"

lhe following types cf si-gn,l-Ls a;.e r¡seil in executing the cÕntrol
,,:cmiua¡rcl s ;

,r r,r, j r::s 4 vr-e.] rr

(ì pulse ciuration
o ful"i;"::ra1-og
o j.ilcl:re men-t- al an;ri.ag .

4 " ?. l4a in iria"ble va:r iabi.e s ,

D*z'la. c*ncerning th* prûcess vari.able s nee.,ling î:e:rioc1j.¡: rrrocüs3-
írrg ar* str¡reci in the Main Tabl.e. llhese væ:rj-al:les are calied
f"lain Tabie var.iebles.

A prau*SS r¡¿r'iable i.* Så.id tr: be "riÌcaSuï'€dr" if its val"ue is
,Jete::minec1 frr.:m the readings Ðf onSy üné process iirput. lt
j.s sa:'.cl ta be "calcula'ied:" j.f its r¡alue "ls 'leterm.i-neci from
the r:eadi-ngs of two Õzr mor.çì. prÐces$ ,inpr:'ts üï' fr:'cni the va-iues

of r¡'tlier ¡reasured or c¿lcu].ated v¡.ri-abies"

r-l . 2 .1" Ëxecution periods ,

The pel:icdj"ci functj.ons
with executicr: peri.ocìs

i-n i'pcP a:le di-.¡-iciecl into 'lhre.* groups

*altecl Pl, rJ7, and P.3, l¡i:'"th I'fast



scånrr pl
ftultjples
nuLtipl"e

1S

^c-¡J-i'

cf

L/-.

i sec,¡ncj , ]¡v':i- tl: t'íi*riÌ:å.i. 
S.,_-ã.T1 " p j_ i.s l+ se*ondS ()t'

l+ geCOnfl$, i,,2, ,:ìS r¡Al..j" ¿i$ ;'-1 . il; t:rtr';;rl t: Ol:' A

Pi . P3 i-s avai- l-ab.'ie oni y v,,ith "nc?fii¿ I :;can " "

The gf'ûLrp executeci v¡j.tl: pcz'"ioc I]-i -l-i:c"i-i:rles jnput r"eacjing.

vati-clit5,." check, ã.r:ci cii-git,t.L f i"-i.te: -i.r:g. 'l'he g:rûup c-:xçr:u'leil

r^¡ith pericrd P? irrcii.icle s cc)r'ìv€rsic;-l t.r-: ei-igineerin¿1 unitr:,
cper";it ir:nal j-iurit chec-k, regu"lat j-on , s'toncrge , anti ð,ver'åìg*

irrg, Tne last gr'ûuË, executed v¿jt-h peri-cd F.í, i¡:cludes
f åì-irrg cf ca..r-cuiatecl values an d j-çk"

4.2 " ? Main i'a!:'l"e records,

F-iach Main Tahle variabL.e has a reco::d in the Main Tabie. Üne

p¿il:t cf the Main Tai¡le is subject to 'f fast åcanr'r where Lhe

::ecor"ds ã.re ,çcanneri a.'t a periÕci of I second. The othe:: par-t

is subject to "rro::ÍnåI scårtr" where the scanning period i.s 4

secr:nçls.

The Hain T¿rble recorcls may have diff e::ent lerrgths. TheV are
sta:red one after the Õther without any empty spðce in between'
They have th.e såme orden a$ .hhe cårds used in generating the

ið.ble,

Ä Main Table record stores
type of f il.tering, type of
c€ss Õrîtput$, etc

informa'tion of ceT'tain conÍjtål"its t

regul-aticn, process inputs, Pro*

4 "2,3 Address lable.

A special Addr'ess T'able is used in l.acating a certain Main

Table recorad, Each Add:"ess Tal:l.e word con"i:ains the al:soiute
address of the f ir'st word c'" a Main T'able reeor<l.



..¡

l.a'::"i l,lain 'iai:ie va.ri-abl.e ha: âti identificati.on numl:er" wirich is
riefincd'ay the po*<itj.r>n of "the florresponciirig word in the Address
-tla.Ì:le. Ti:us th* r:umbei: is inriependent of the orden of the cards
i:sed in generating .lhe M¿j.n Tabl-e "

4 " ?. t1 Feguiati"on ::cutines.

A process varj.able has in its I'{ai-n T'abie recox'd three bits in-
dicati.ng the type af regulatir:ri aigcrithm it is submitted tÕ.
There a::e seven different aigcr.itirms j.ncluding generai PTÐ-

r.egulators and ,ã" speci.al" PÏ-regulator',which aläo uses the two
l*test inpu"bs. Ge::eralIy, increnen-fai control signals årâ
compi:ted.

A clígital ::egul-ator
sends its signals to
sígnal fn*m a mast*r
negulators.

either a måster ür a slave " h slave
analog :.egulator in i:he ËrÕcess " A

dírected to cne öil nûrie al-her: digitat

1Ç

ân

l_g

4.3 Tntegration of the self-.tuni.ris alsaritlun i¡r PpCP.

'Ihe

the
priority ancl execu'tion frequerrc.y *f a ncutine.: cJetermine
way of implementatícn.

If tlie v'üuti-¡re
to i nc-Lude i'r
peri.odic.råiy.
Tabåe r:ec*:rds

4,3 .1" Frincipal üra.ys of impl *mentatiôn.

If the pr"icrity is hÍ-gh, the ü-or.ltj.ne must be core::esident Õr

incl-uderl j.r¡ an ånt*r:rupï *àuu }oad. . In the latter ease the
i:i.giiest frequ*ncy allowed j-s 32 seconds

iias
i,r'r a

ll'he

rnus t

low priorÍty and frequency, it is suitabl.e
'*rRåi-n 1i.ne core load, t' Thig is execu'terJ

iimi.rrg wi'bh the scanning of other Main
not be í.mportant f or thi.s type of core load.
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Tiri:r w'iy of ,impr"i.erìr,tenta'liûn

cJeniarlC .rny r:ü.i j.f ir;:.*t.j-c:l af
is eåsy to do, ås it daes nol
the ûperäting PPCP syste]ïì.

"tf ther stru*ture ö!'. the sei"f*tun5-ng regulator can be chosen
L* be tlie sclrne as j.rl r"i:rc r¡f ille standard reguLåtör,c in I'PCP ,
"the su"bt'ou'T-ine RIIG nered no-r be usecl . Trl this cåsethe r€gu-.
lar:or par:ameters s'tÕr'ect in lhe Maj.n TablÊ àl:e turred by usen.
Tlhe subroutj-ne TUNII delj.ve:rs the r:esr:lting rûgulator påra-
me'rers di.rec'tl.y "Lo tì:e Ffain Table. At every sanple event the
cofitrol si-gnat is tlien caiculateC liy ihe PPCP standard routine"

4 .3 "'2 Impiementation ¿1urínq tï:e nr-e-i i¡ni-n á.1,v invest i"s.a'l: 10ns

A maín line core lo¿lc1 was used curir;g ther '*y'<i1,:iriinary j-nvesti*
ga't-ions. This way of implementatloir w¡rs the ncst fl.exible üne

with. respect to testing of cli.îferer:t r.e61u1.a"ror strilctures,
f,lhen tÏ:e pnogram was executed, it r'equ,;sterl ãi. lt*w *xecution åt
å tine corresponding c'ne s;rmpl-i-ng i:-rt<*::,çaL l"e1 er,

I:"r I"he beginni.l-ig rlf the program the la'îest prûces$ c;',r.tput h/as

fetcl:ed" T?le subrouti.nes Tl.lN"il anC Rï:{.ì \ar€r'€ the"n r.:aJ-J.eEi. Be*

fone the caicgla-i;ed c:oTrtrÇ:i. s.'rgn;rl Þ/*.$ p-Lac*ri i¡r tllrr Mein

Table, it. va.ls checkea *¿hat neith*::: tTt';: ji"ncv'emen-L¿1, veiue nt:n

the absolu',t:e v¿llue LJ,"rÊ too i:igh" In o,:tse of Lj-n-i.t viala-tj"on
the calculated i.nput r¡Jå".ç decrea$r".ri sû ti"rat ihe sne*j.i'ied l-irn*
:¿-ats ülere nclt exceeded.

,q speci.al ,areå ¡,;f the ci;1.çk rrJa* r{}serv*d, where tempof'ar:"V re; *

sul-ts 'wêÏ:e stored. A¡raicher årea hras reserved for lagging of
regulator pcrramet*ru ancl process var.j.ables relevant for tire
exper.imen't 

"

A nei;a.rate pr'ûgr1ê.rri rÀras written -f o haridle the data" l'lean vaiues
a.r:d stanciard cievia.tio¡rs caulC be craicuS-ated, and the data ce:ul-rl

be 1"istec1 on line*printer, and punched ün cards"
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Ås tlie pr:'oËr'åril was :ìöt j-nciudecl in the PPcp system on iiiter*
r"Ì-rË't ic'.,r':1. äJnong the o-t-her'r'e-gu1;rti.r:rl routi¡res, the time
bstv¡**n twû execr:.tj.ons lvas ¡lot always exactly the såme. Hc-rw*

eiJet'u t-l:e srnall devi.ati-ons ttrat occurreC clid not seem tr:
c.ìLiij€,ã.ny p::,ohlem.

5. PÏiA.:'1',r{'ÁL AIipEfi'IS rJN TI-1Ë REGIJi,ATtûR iläSI(ìt.I

binen th* rJegulator structur â j-s chnsen 3 -[he ptrr;p*::ti.es of "the

prace$s mlist be tal<eri into cori,çj.d*r:¿L-tiûn, llere sÕrrte eomments
a¡j-ll l:e giv*n ¿:n the regular;cr, <lesigrr for PM6.

Tn f j"g' 5.1 i."t is si:heniaticailv sl"i,¡wri iri:w the self*tuning regu-
Lator w.ls ccnnected to the pr'ûfeÉs" Tire self*tuning regr:l-atoy.
replaced the tT^¡û ccntroJ-ler,s CI and C?, in f ig. '2 "1,.

üæYrf{G sËüiltN$
1 z t It

$?ËAF4
s

Ê

i

å

T

*lo
cûrjçiJ
VÅCUUf'l
tAiJ6Ë

TFYII.¡6 PÊ6F}LË

pc

t40tsfunÉ
6rúJgË

Fig. S. i.. Connectåon of the self*tuning negulator tö the process.



'i'Ìr¿ rr;ii iï'i-\-1". ..; ignã-L 'vJr=i.$

crf "lhe i:iilil i' cÕn'l-.i:ö -t. i *.i:,

.-i,iì J lLi, , ¡- ¿ -l- j

iiç:liver,ed via the t{ain ia'h}e record
irr the feedbaclc loop (contncilc:: Cl-

lr)

I
^uit-1,)t

(5.r)

:; . i T'he v'eie¡:,1.a-t.or g'Lruc'.tur"e

Tj.me cie"l"eys anci ti:ne cor:stani:n of the pT'Õcess play ån impr;¡*
't.artt x'ole ðt the choice *f t'egul¿-"úor s;t:."uctune' Ûn pl'{{ì the
'tranrpcrrt 'rirre bêT!,reen the *ouch vacuurn pit and the last
clrying secl:i.or¡ was 6û * B0 seconds. The tj.me constant tf tl:e
Ët*arn syËtem r^¡¿is somewha"c i-ong*r'.

The sampling intenr¡al af the sei-f*tuning regulator was 16

seconcls. Experiments were n¿de r"¡ith 3 "* 5 pure ti*:e delayr i'n
thel subroutines TUNE and Rgç. In li:e x'egulatar s*¡'ucture the
time delay sf the feedfcrwand'm'i-gnal. f.r:om the c*uch vacltum h¡ås

assumed "to be 'fhe såm* ¿ås for the ccrrt:r'çl si"gnai.

The cÕntrol sígnai computeci i-n the sT;llrüutine R.EG was

Àu(t)
1

=; Lü.v(f i
É J-"

+ + u*V( t*¡:i) i ¡,utt*1")É I

"l

Ê IrrÂv{t} av(t*p+l)1+
ftr

where
År: * incnemental ccntr"ol signal
y a di.fferünce betweer'¡ th¡e set pcint of the moistu*e cor¡tent

c?Il€l the measurei va.l-ue

Áv * incr-emen"tai couch vacüum signal.

5.'; Farameters in the subroutine ïUNE,

Pr"eliminany expeniments had shol^rn thåt

ß () t0
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T.úA S a. gocd, v¿l l-uù . 'lne :',ríi :ng .,; lr;r-; '*lc*i..ecl i'''e :l l¡i rl": 3 
r..

* Õr"l

5or
* (:)

Çener'.rll"y, ihe ini-tia: v¿¡.ii.re. cf ¿he cil\r'år' j,.a¡ice ;ï'iïT. j"x was

P = l-0 T or F , T,r whe"re f ,Ì-s the ur,i",- nat:-ix. /:s the regulatt:r'
påï'd.mêter's v,leï'e trl,tnec dt ,;:iû:! v s;;rnp1,,: ev¡lit L I 'Litc: i-)åÏ'åìnetei:'
NSTIIP of the sub:routj-ne Tl-thJ¡; 

"".u 
I'iS'i'Xir : 'l.

5,3 The eta:'t-up proceCure,

If "[i"ler.e are e.* ;*ilci S*parameter-É available from €arlier experi*
ments, these mðy often be gclcct å.s inj,tial vaiues for the *.Igo*
ri.thm. An appropriate val-ue of tl:e covariar¡ce naatrix rnust 'E.lsc>

be prav j"ded .

If noth j"rrg is known j-n advance, the start-up pr"ocedure wil-l
wcr.k ç¡el""l, ';¡ith e"g, ue:roes aÊi initial panametens. Tn this
cå.sie i.t is sr¡i'table "to have a limit on tlie contr:ol signaJ-"
Lin FM6 thre limit Tdås

i¿"1 r ü.5 engineening un:its"

If there is already solne kind of regulåtor" c*ntr"olling tltr:
pr.,:cess, i"t ås often advantageous -to irsc this cluring tlie sl-.l¡'t
up. 0n PF16 .e stendar"d regulatar ï¡äs u$ed in the i:eginní.ng .)f
the turring. 'I'he çubroutine TUI'iE '"ras then i,ipdat*d with tire
Ínputs that ?r€y1ê sent to the px,Õc**s fiy thç standerd t'egltlatüt'.
The para.meter.s resulting from t:his runing wo::ked r"¡e11" ¿ts start
values when the seii'*tuning reguiai:o;. tcclk over: tlie üor-rtrûl,

5.4 Tests during nor.mel lJTì(}üeS g ç:L''*r:at i.r:r; .

Regulato:: insr"all-atj-o¡:rs ¡'rìus-l *f-re'n be r*.¿ii,.* r:uri,::ig rior-nia,1 prCI-

ces$ Õperat j"c¡n. L'h j-s fiìi:ry gi v+ *pe ci*1. ¡:r.ob1.en9: anri pr'*cauti"ons
shori,:LrJ be taken. Tlhe computed c*ri'lpo1- ci-gnels shau.Lcl be tested
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b:y

that tiiey ar'e

the opera.tors

:LB

re*sonable:, Process aC ju:.;1-nen'i.s thai: are made

shi:ulcl i:e r.e¿¡i $'ieï'êC,

Cr¡r PM6 "Lhe cl.rying $ ect:1.-ìns lj-ni te,: i:T:e ci:J:ìâ.(: I :ir of 'l,he nach j.ne 
"

The meximum stean Fressure L'ias abc,uï I kp/c.m2 " 0n sÇìm€ ccca.
s j-ons a h j-ghei: presisì-lre r,/ås relqurr:'-*cl to tteep i,he n'ia j s-lure con*

tent at the des,irr:d ieval. $urjng the experi-nents '::he toÌ:ål-

ccnirol- aÍgnal \.i w{¡.s checkeci, anC jt r¡as never allowed tci

exceed 'i .l kp/cn2 "

At tl¡e evaluation of the experiiltents j.t
fv'aii*ns of rei.evant pr{Jces$ vd"r¡Íables.
vJeije gener'.ili y reg-ì g'ïened :

is good 'to have

The fnllov;ing
re.grfã-

variables

c ¡írc.i s'ti.i::'e *rnten 1: I9o j
lr irrc::eiiren-t--tj- cc:ntrcl si-gnal { 

^u} 
[engineening unif s ]

a
ü Ëte ¿ni pr.epÍiurå i:: ti¡e foui:th dr:ying section (u) lkp/ crn.'J

o ,$te¿un pressLi;'e :i-r: the t]-:ird rlrying section lt<plcm'- J

r: *ouch våci¡uÏn (v) lffr Ii..,0 J

Whenthe pro{:e*s operåtcr aj-tered the *et poirrt of the specí*
f í* anenfy cf the ref iners, ii: !ü"ås often posÉil:le ta notice
'liri.s in the cq:ucll våcliurn registra.lion"

ïf the control signal , í,æ " the steam presrure, j"* to be stud-
ied tl-re pressure f 4fl8 ('ref " våJ..Lie ) i"n "ri:.¡: tiijrrL cix'yÍnç; section
gi"ves a good understandirig cf *¿he c*ir-lrol ar:-L j.cn" Asr lhe ac*

tual cont::nl signal , Í'4û6 in Tiie for"l::''rlt dr";i"ng .q*ct iún gets
its ref erence level cha:ige<l by "lhe '::r:y5.ng praf i-.ie pl'ügrräm r rt
infornation about lorrg trends år: 'tl"ie $Tç:c¿ßr p3"cs$'"tre j"s *btained
frorn this si"gnal

Ðuning the nr:rmal *p*:r'atj-or-r of ïh* i]:rc,cçi, $ tir*r€ dr* .sÐmetimes

interuupts in the m* j"stu::e registral:j-c'r;, 'li:*se rn*i' d*pen¡:l an

cleani.ng of the moj.sïure g¿iuËe (r:ccu::'s abou.l every h*..1.f:*hour')
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on i-rúIier bi.¡*.rk Í *tn:. i¡Jhen å Þ.tp€y, brea.lç ha:; ûccut'.t"ec1 , .-t spec.i-a-i-

system program ,õtal: ls ciei:r'ç:esing th* sl.earii pr'r3s¡;i;¡¿¡ " Ûihen -t?:e

FrocÊ$s is re.:dy tc arål:.f ilp agair:, the $åme prL'grän j.rlcreases

the steam preßsure-lü the rr.;i::e :l.t hari irel.o;:e t.he påpell -b¡'e¿¡k,

B " I]XPE¡ì.ÏMËNïS

In this crecticn sùme exp€rirner:ts l+i't-h d.i.ff'eren't regulator strllc*
-tì.lre5i rvil-i be ciisr:us*e,jr" ï'he proccss wa.ii subject to varying
Õpereting conditions dr-ii:ing these exp*ri,ments, and nachine
speed. chernges, as well ås basj.s r.rei-gh.t changes, have been studied"

Iri tire figures
i-nci. i *.r f" eC vr i th

showj-r:g mcistLrre .Jontent the set poirrt has been

cl. i i.ne

ô,.1 Ccn-r:ri:"1 e"-rç:er'im*rit öî1 0cr¿oT:er' 23 , Lg1 2.

J-rr llrj".'; exper-iruer:u ti'ie f':ilowi¡rg regulator structure wå;3 used:

Numl:e:: of e-pmpametÊrs
Number cf Ê-par'.rneterß
lríu¡aber of, y*pãr-a]Teter$

llumber of 'ti¡ne delays
Base of weí.ghtir-rg functj"on
Scaie facr:or g

2

?.

n

4

fl.9!l
1^.,LU

The 1.ength of the experiment r¡rcrs '¿4 hcur$.

Figure 6.1 shCIh¡s registrä.ticn,s fr*¡n tire fj:'st pa:rt" ilhe L:asj-s

raeighî r'h-ås 12? g/ntz. Af; 2L,12 the arn:rrta'ry reglu.iatars were

disconne.cted, ancl the se"Lf*tr:¡r.i"ng :'r*gui.ato:: nt¿r'-iecl to contr$}.

At 2),.,4? thie speciíl.c energy of Lhe r-ef ine::s t"rås iìec:'easerl
f:.om 2û k!rÌ/ton to 1B kþl/ton. 'lilis r:]:ange i¡rÍluenced, i:he ccuch
våcuum, urhicl"i was get"ting snial-len, f ig. û.1.e" 'Io keep the rnois*
ture cc'nten't at å cÇnstant ]"ev¿i the regu-l.ator had" 't-c eiecrease
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t.he s-rcám pr'€i.süure, f i,g " tì. l. . C. i ig, ö " l. .,¡ :liir-)b'* tii¿r j: tileï'¿:
r,Jas ¡r sui-lden disturb.rn*e -i ii-i.ile lnci.s-lur'* ci,rilr,eiì.i ¡;tt the iine
of the enerË:y cha irge of i-he r.ef : lre:rs ,

A-t 22 "2 B lhe specS.f i* energy i,",4.5 jlnr:reased arid f j.g. fi " 
j. a shows

that the mcistu::e r:ontent su<irlenly got high" In fig. 6"3. e å
cÕrr'ÊspÕndÍng cha.ng* i.rr the couc!: I'acu'ü¡n cãn be seen, The

self*tuning r:egulator marraged -fo inclea$e the steam Þr'essure
quickly , f ig " i] ,l-. d , .rnd the rLarsture cöntent r.eturneci to the
*rdinarv i evel" .

/qt'24.L8 an,*l âr ç:.4"47 ther-e lrey'e ai.so significant disturbances
i.n th* mçj¡:ture *onten1., fig, 6.1"a. F::om fig, 6"I.e it å.ppeårs
-th¡:t "Lhere î^¡*re gr"u*t dj-sturbances in the couch vacuum ¿t the
sårilÊ pain'i of t j-mes . Hûwever, the self -tuning regula'bcr" man-
å.geri tö charrge the stçla.m f low quickJ-y enough to elinrinate the
d i"stur'l:ar'ìceÍi 

"

Thei :.egu3";ì't,il1' par¿r:ilÉfiers did nCIt vdry much. T'he disti-rr"b¿nceË
i"n tne :ROis-l-i:.y'e cor¡ten't &+J 2:L " 42 i 22 .28 , 24 . 1.8 , anrJ ?"4 ,L+7 were
hci,,reve::' not j-ceal:1e o eÊiçlec:í-aJ-J"y j.n the registnation of the y-
par'amet ers .

l'ig. 6,2. shcws the same experiment be'tw*en 2.4ü an<l 6 "40 on

Ûctaber" ?"4 ¿ The lrencl of th,* cou¡h vê.cuum changeci duri-ng this
periad' fig. 6.2.e. The self*turzir'gregulnt*r cornpen*ateci f*r
thj s l:y 1ncneasing the steam pr{rssure ¿.-f, ,?bl:ut 03 " +tl, f ig. 6,2,d.
Except for sûme sudCen distur,l:anct:s, the ËlÕ j-sture r:r;nternt is
then satisfactony, fig, 6,2 "a.

The díp of the maistu::e conter:.'t at fi3"31 was t:ã.L:sed by a.small
change in machine speed - The regula"Lor pãralneters were aiso
inf iu*nced. At 116,ú6 the specåf ic {rnergy of tire ref åner-q i^ras
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,riiilrìg{:'4 i:y The r,pe:r';1-c'r-" 'ihis j"ntrroduceil a Cjstu::'bance in ï-he

rrl:i.r:i"[ì:i.e it:nien1. a;iC in the rìegu].aicr parameterg 
"

'i'i;e st¿¡nilarri devi-¿tion of tlle rLoistur.e cc-.n-ten't is i) "'j'Ìe, f *r-'
fjg. ti,i-..¿ ;ir':ci ü,44*o fcs:r fjg. 6.2.a.

Tii yí&:. ír"3.,;r the estimated covariar:ce fæ t]:e moiÉt-ur.e
'l"cnt, r'.,(r ), has been plotteo f.ar the Í-irst parI of the

v
r'j.nient" l"ig- 6"3.b shows'Lhe crcss r*vår'-:-ance l:etween
rtois"rure cüntent antl the incre¡ilen'tal. contnol signal, r",,,

:t
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f igure* j-nci:'-cate a l)5eo conf idence

The degihed

i.n iervai fa:"
l- i.rre s in t he

r f r"

r {r}v
Êyu(rl

1"û

0.5

ü

I,G

i'ig. 6,3. 'l'he *:stima-tecl

f:o;' r,lre first payt of the
&.rices lrave been no¿.'a:aîi,zed,
regula-[r:r..

t.

0

b

c{ivå"r:t¿lncês
J

expeï'.iment ( f
('r ) and iorrtr ) corupute,J

ig, 0 ,1) . The co'.¡ari*
fouí time del.:ys in the

Lï
1ß 5 '¡0

,J

r

The::e weTae



¿-')

'i:' fiiì.
liie j¡,¡. i¿r

, 1- L -,, l¿E-'

r,i ,l¡l

'3 5 f. : jjì; 1.. iÌ {.J

ô . 4 irav'<:

r--íivri.i ances r,
been p"ìotted.

{ r ) ¡::i,j I \ i J f ùr,

)

I
I

I

iy tvl,

u.b

'ffü

-Y¡J

*¡æ¡*

iyutvl
x

tþ

t

û5

0

Ï'ie. 6.1"
ltave been
riel"ays :i'-n

ï:r f ig" 6

lr'':n îlie

r
a-:* --r.r¡t: ÊS f _InAted

normaiized. I¡r
'Ì-Ìr a r eËu_Lð,r*Or.

cc-li¿.tr--iall<_:e$ r-, ( r )
vLnf$ experirne¡:t

Ttu
T$

*qq'

. rj .Lhere is a
whc,..r e exper.imeï: 

til:;';; af the
houz-s,

af t._l -1.ì I .. \
-v-u'''" i j]ey

ther,e wctôë th:.ee tirne

mo:'" stur.e cc:n.len.l.



\o
çi\

{¡i¡-
j

$
Õã

\e
GÈ

ÉJ

¡
.s
Õä

t

I

û

.G

6f
t_
5

'Ë
ä

10

'L'

{ i'ì
IU

TimE'f8"SS

Tirrç

Time S*.*t

?fi.$*

fiã.#s 0¿.û0

î
Sei purånt ndjusfment

1t"üt

Ccni;::ai exp*ri¡ç¡if on tctcl,en ?$, jÊ??.
moístr:p* contejlr for ä.Loui: ;_| h*u;:,s,

3?.S$

1? üt

24.üü

q

t6.üfr

1¿.üü

(}
iig, S " Lq Regisi:r-,å:iÕn'r.i'ihe



ii " :ì i; c: n. t _r. r: .j- experini*r:t $r' üctcber. ?-7,L972.

31.

a-f v *Parå*

the weight*

lcmp*.;:*d lvLth tl¡e prëviorrs expey.i:nent the number
a*tel-:l wð.S nC'ø dec¡.easeii to ones ;¡n,J the base of
ing f unc rion r¡¡ås :Lncreas e<j tc û . g g g .

I'lu¡r'rbe¿" of rx *pär'¿ríieiel:.ç

ldumi.;cr ,:f il *par',åneters

ldr:rnb*'¡. r:f y -pa,r'ameters
l'Ju:mbex' .;f t_l'-n:e delays
[iæ.se ¿¡f "^r*iglirirrg function
Sca-Le f ar:.yçy 3..

T}re experi-men"; " w]:ich was l-ll
we Í.ght arj; ustmen t , f ::o¡n 1.5 íJ

:r+ 1ri f nsç ¿4 å çlU.

Ï'¡r:urs l*ng " i_¡tclu<les å').
'Lg/ln* to f .}2 E.!ut": r¿]r.ir:lr

':,
Ç

.1

-t
¿

?

û. *gg
.LU.

bas is
w¿s made

ihe results from The finsc i)å,ï.t cf th* expe::i.ment-arre giv,ãn
in f ia, 6 .7 , Tire seif *tunÍng r.egulat*r, w¿rs ccnnecteci at ûû .3 ü 

"Tlre registration r:f the ce¡r¡ch vcrcuum, f ig " 6,'l ,e, indjcates
that th€,lre T¡¡€re r¿ther great eii"qt-ur,bances in the prÕüêsg ¿t
the time of the experimernt " The piot çf' t]-ie rroåstupe ccnten.L,
f iS" 6.7 'a, shot"iË rhat th€ d-iffev'sncb betç.¡een the ðctuðrl mois-
lufie conter:t and the ::eferaence value wag sometimes great, ê1-
thaugh the me¿n v*.rue seened to J:e satisfactony.

Thc* reg:i*rrati,ûns ä.re cünrinuecr ån fig, s,g. At ts.s2 the
c*uch vai'.''um decr'*ase*rÌ., fig, 6.g.e" Thenefore, the serf*
tun.irig regulator.' dec:reased the steam presßur:e, f ig. 6.8..d,
tc i<*ep thç: ;noistrlrð ð"t ã cçn$tant level-.

At û7 "2.11 the machir¡e speed was changed firom 30g m/min to 32CI
nrl;riin by the Õperå'for". Th j-s speed change intnoduced a sudden
distu]:;lence inthe mr:ísiure cor:tent, fíg. 6.0.a. About ten
mj"nutes after the speed cì:ange the moj.sture level þias satis-
factrry ag*.in "
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The r.r':sLrlts from the -l.a.s; t jjaï_.u
f ig. 6 . g , Three îJ,*p*.ï, b::,e ai<s
iy at 1t.Sû, ,12":ìJ, and iS,_16"

cf thr: ëxp.er-l-iF.(:-,ti.i_ are .giicwn
c;cci:r¡-,*¡J di;::,.i.i-i,q tft_ ¡,; Ier,.i c;cl *

3tì.

f,-¡l

nåìïe-

ifhe *econ<ì Ë1¡lper b.r¡:ak ,*as *aused j:,/ ¿¡ *rrsil"cce$sír¡j. ãttemp.ftû cirange th* l:as.j,s'weighi. ¡¿t- -.;?"buÌ the i:,:siË we:r,Êht had beensuccessfuiiy clci-1u:;t*d t.a i-'j z g!r*l " Dur-i:r¡{ i;}i* ch;rnge ti:e ma*
':hine speedharJ bee* j-i:creas*.':l frc,ni il2û nir-aj-r:. tc q.3ü m1nin, år:cjtire ii¡: ope*i-;rg ii,*ri been rlei:¡:easeci frcn¡ :?g ,Lm tc ?s rnm, ,I,he_
fi'bre f l-*w antr' i:,e hea.c' bcx pï'r:r5iärlre h¿*c ar-** been *r-,u,rg,*o,"

lfhe trr*ce$s rlynarnir:s see:rrec tô c:hang<z at -Lhe b¡¡sis weigh.tacji-ircLriEI)r, anrl the paranetef, estim¿¿tes obtained ner,J. v;r.iLr*s,:in a.sh*rt rin:e. Âfter" thc thir:d på.p€ï. bneak the opera.ting
i:o¡d;¡.'.¡i¿,¡, * *eeili*cJ lc, be nÕr,¡nêl again, etnrl the möis,ture cün_tenT: üÕr'-fr,oL. wcrkecl 

"¡ei.ì- "

'Ihås exp*:riment ir:cåuiled Ërëåt prûces
speed changels, and a basis r*eight aei j
r:'ëgu}æ-tor- Iir¿ïs corrner:te:rj i:o the Fr,*cês
;llat? tn¡'.'k1 --^qiiy Lr'(ruDreS, ï'he S.tandarCi devi..:.¡:i*n
r-rr r ag " b. / .a ctfld û " 8.a is û.519o îtÍ1ú

i.n the f igr_rre* 6. i0 ancl
.J-r--i.rdtçt ln lne f lgul"eS 6,7
¡fruri t¡af ir:nCe .r::egUiatOf

s d'i.sturhances, rirachin*
ustment . The se_L.t *tuning
s a.l"l- rhe tine withnut
of the noiiture corite:-tl
0 . 5tr eo 11É.spective j-y.

$ .11 ri:* c_:s î:imi:ted cor¡ari.ances f,¡r, the
anrJ 6. fi h¿ve heen platted . Ëcï. a ¡nir.r j-*

ûT
J

þ (r1

L1

T>l-[rJyu

if ti"te distu:,bance* d.re
9íeo conf iclence inter.vaj,.

í

I

gau*si¿*¡1" Tli* ia¿ir*d j-i:l¿:s incijc¿te a



r {r}Y Ëyq¡{t}

39.

?t

1.0 1.ü

t.5

,,l rr¡¡.,

0.5

b{3Ts

1ü

*.5

1ü

Í.0

0.5

Ëio',. 6.1i, The es-ri¡nateC c{,jvat:ianr:e" r,_r,{,)
puted for' .L.he seccncl par:t *f r-he experii,er:t
côvarianceg have been nor.rnal-i:.,r¡c1 

"

5s

F,i g. r--,.1.ij. 'i'lir:. es-l j.natec,'. ccv.:!-;_;rnc,,::.; t,.,( r ) ar,¿ i1.... i, i corp*
r*t*ii f,it' ri"rc .firEir pciï'i ,;f :ii,.,: €xpr-1r'ioår. (f ig. Ëitl. T'he
cc¡v¿ir"ia.nces ïiave lree¡i norma j--j:lecJ. lfnere {/üere thr.ee ti¡ne
i.ì tl"ayr; Ij: i.ie r'Êj[]i,jr.ia;i:r'

Ëo{r} þ{t}

tlt(r0

tts5 1t

aird r' (r)yrl" '

(fi¡¡. 6.8)"
com*

T'Ïre



4íi "

'lt;: r-.i.)ija: j'j v{.ii,:ijijriì r.,irg-i rj i. jr¿ i-,: i-;;., i*.:., j:_h* .f'.ir-s i p.lr, 1: oT r. j:r¿ i)_!iljí;ì*
r'':"i"tc:!:':-.' .i' jçì' il=i ',:1 :lii{)vjs Ii:i¡:ti i:].,t C j-stl-lr'L:a.riccs !¡Jet-,Ë] uï.]Lr.çr..t a.i_L.,,
'ül'r:Ì::ìï" ii: l-,ig" íi"iíi it js s*{*Jr ti.¡.i "¡:i¡e r-esu.1 til:¡l {-r*v¿ilj-i:r1cr¡s
i;:-r:'i ì-"1ì :r::r:"\i) ñìci'¿:ì i;-r,i:'"'.¡iv r.rr"¿ii e x¡;*r:r,r,:ii " l_i*r,-irig ïiir: sir¡:c;nc
í-)'ì j'' ' ;-i 'ij'ìe eir-pet:'i *:ei:t {-}ie i-i j.sïi:y..beÍceLl sç:*:ïlecj ,;.j i,-e nolcìl
l:,--rt'iì'L,i.l: .íig, ô.ij.¿:, {lc;is*¿luç:;,,.-j-y= l.'iit *i.i,¡.,i¡iar:ces r_erd i.lt,
r:.:ríri-i j.ci sì:er' -i-n i:hj.s i:¿ls€, i.i¡¡. íi".; -i- Rç:.':..1:-er.::egrir"¿to-::", l._:¿íìi:l-
Ìi1E:ií:r:' e s't-ini;ltes måy a1s* h¡rve :.ir:pi..r:velci î:hÉ: r-ç:su.1 t,



41.

i; . it clxpcr rïien t ebruarv 2Ln LY/ 1

I
o j'ì I'

Ì{uitrb.e :: cr 1' ,r *på.f,dne 
ïÉl_.S

J'li¿mbe:r of ß*pa::ameî€ìs
ith.¿¡nirer of y*parametens
Numher of t:1.me Ce.l.c?VÉ

3::: 
*f weishri"ns fun*ticn

"JLjrl-Le fACtOT- B,

if'he fi:,f l¡r+i¡g ?:ypÊ

or *6,

cf r.egu].ð.tÕr, i,üas used:

a

1

I
5

û. $B

lf1

?he self -tuninç, ,^*_,r ï *.r -
the þesínnins ;: ï:'ï;:î:J:i,_...:::recj. to the p'oces* fr.om
på"l:'ametËT.s were "'*¿¿L ! tJìÊ :nitiai" values of the

* u,r¿
oz * 3,

{
1

I l]' Ê¿

i
J

I

I

I

I
I
I
I

i

and the *cva¡.iance matr.ix wås t, jj *,
F:ig. Ë.tz st

;k;:'ä ;ff,ffi;ïË:ï:i:.J;:;.;;ï:,.;j.::; 
;;i.-

;:#ï:,;îi"*î 
.;:;,:;-;Ji_,,. *cu*h väcuu* ör

rev*i " i,his acur.¡m haEi .t";i,T;TJïi-:trï-ií;

;ï,";f;ä'ff':jåääï:::"#î:1,:**$ur'É, ris 6 Lz d

cê.ïl ]s* s**ï¡ .:_;::_:î:l_: 
J:*=uun, u**o*u**, 

by tire clrnnge in rhe

en<r h. 
spec j-alåv ån fi';e Ê* ancl ,-;.:;:*;, 

ti; * o' rj:is
g. ä.11.g

l
¡

i

i

J

i
i
I

.tr Lrr¡e St*rf:daT.Ci

:'.s t.?5,È,.,
devÍati-on of the noieture (:ontent in fig, 6.12"a



Ë Tia)!:i ;)esi Lr-t i+ 'in>*s..:.,;:cj |iII?;r;Sl _ p l-Ëu;l tú .lC),_.r:¡ilL:j

+ì ì.iOl -l lít5 LI:. A.ly", r. ir,a Ì,;I ¡¡¡n.r - ,1 . O iLl Ð_f UC;-.ì e.:_i\1.!t : , j¡nj

'?:Lti ''T?, Á;Ë:ï-r,'ríí:-ij Lii.: li_;eulî,ìí}dxo ,ioJ:lu..r.i .i, l"ii "l.:,.,r;

00'Ê1 m'uI #t'år

#ü'fiå

#*'äå ffi

rÍ'1

l)

Ðn¡gI

ü0"r

*r¡Jlå

fr$'?L

Ðr¿J!¿

ffi

år¿J lå
&$?å

ffiti
td

d"¡J

trB
Fã,

3
"n

lltrt

Ë
s

tu
#

:t

+7

h

q

ffi'Ir

o

þ

TJ

l7* r}

*
{#

1&,ã
"r

t

Lr li

**ZL ffirt
.Þ-

{&

frj

"&a
"{+

€..*

få

rl

¿

I



6ñt
:Ê

E;t5(,I
ü
.E

13.00

1300

r3.00

14.00

Time

r400
Tirne

14.W

14.00
Time

G, I

1r00 12.00

12.00

12ffi

5

cLz

0.

T1.00

r1.00

1100

I'ig . 6 .L2 ( cr:nt td )

Tirne

-0.5

-q

Út

0,
ü,

e
H
Ð-
t

¡F¡

rl¡D
i!.
r(þ

,E
g
(t
(¡,
I

-11

e

î
Couch vacuum

û, -parameters
I -parameters
Y -p,:il:ameter:s

$;
h



4lt .

T'he egtinated i-toVåt..ianr:*$ r.,( c ) ar',;.1 :',,., ( I ) ìr¿v,,: þtjÊ.n pì_c.tltliyyu
r-il r¿¡1, b.i.3.

I

o*

0T0

(")

*r

?tu tr)

t

\

)

)

I

l

)

)

Ì

ì
I
I

I

I

I

i
I
\

,l

I

)

I
{

I
I

T

Fie. 6 .13 . T'he .esti¡nated
They have been normalized.
five tinie delays in the régulator.

covaniå.nces r_-(t) and r, (r).y yu'
.In this experiment there r^/ere



45.

7 , RËT}-JRENCí]S

AlshaLmo 0., Bor.isson, u", stavnes, 0., and rdittenna'k;, B. :

A Feasibilir-y study of seJ-f-rfuning Regurators, Repont 73Jir,
l''lot¿enber 197J, Lund rnstitute of Technorogy, Division of
Autor¡:at-ic Control

lr ILLI

l?1
L4J

r?'l
L9J

l4l

t5l

r6l

LI J

A*vidsson, B., Ericsson, 8., Morsk, 8., Mäkipåei, V., pinna,
4., Sangnegonio, G., Save, 8., and Stnand.beïager,, R.:
Pt'ocess and pnoduction contnol program, rBM Eunopean Fro-
gr"amrning Libr:any, 1'ype rrr No. rBrl0*23.s.?CIg, June rB, rg7t

.Astnðm, K. J., and h/i.ttenmark, B.
tor"s, Automatica p, pp IBS lgg,

0n Self*Tuning Regula-
1973.

Borisson, u', and ïdittenmank, B,': An rncluet,ia.J' Applica*
tion of a se]-f-Tuning Regurator, Report 73r-û, Lun,J ïnsti*tute of Technology, Ði'¡ision of Autornatic ccntrol.

Mäkipåä, v., and cronhjont, B. T,: ,ppcp, A Frocess and
ProrJuction contnor progranr. Gener"al Descniptior: ancr con:trol in a MultÍvaniabte case , T.rAClrrrp 3rd intennational
confenence on Digitar computen Applications to pr*cess
Control , Helsinki., Finlilnd, June Z - S, lg?1.

I'{f es}anden , J. : Rear rime Tdentif ication - pant ï, Repo't
6I08, Novemben rg6g, Lrrnd rnsti.tute of Technology, Ili-visiûn
of .âutor¡ratic üontrol .

''{íttenmank, 
B.: A self-Tuni.ng Regulaton, Repont z3rr, Ar-.r,ir_

1973, Lund Tnstitute of Technorogy, bi,rision of Autamati-c:
Control.

i

'lI



AFFËl.JDTX

P::'og r.am$



SiJu¡ltu T T ;'"t: TtJ¡.¡Ë I Y$ r i.; r V5 I T r P r RL r f-t& r l.¡B r f{t I K r ¡¡ST[P ]

Pñi{Ftti'uiS T;rf, ¡grrIrl{.r IN Tt{E EäLF TUf¡I}.t6 RFGULAT0R

,{Lj.l t"lüii ,,t " iJCIli i S5û:; lç iA-üF-0e

f{äF¿.îi{rr,,tË - ,\51it$þtp K oJ" r rlITTFir;14Ai{K r B. I o:\¡ sgtr I JNINü RËGrJLÀTsídf;
rii:f-'?r.{Ì ?LLr y i ii} r l¡ÂY 7il¡ LUi.jD If,JSTITIJTñ OF TÊCHNtrûüv
itI v lsIür¡ {,r nijT;"r,rrA Í;c cti¡T¡qr",L

T'ith" l\Lç')¡i1f t;ri I3 B,XStiil 0f.i Tt{Ë i'lCÊËL

Y ( I +l(*i I *Yu¡-Xr t :. ) t { Y { T } * Y0 } +, " r *A ( t.lA},r ( y ( T,tjn+I } -y0 }::'ìU * t tJ ( i ,} *r,, t 1 ) *, t { T-1. } 4,. n o +} { }.1-d } *{J { T-Ng } } +fr{l}+rJil }*.,o"*.;{f,ti.}*vt i*tjt+l1*.Ë{T} (*}

$Jii{"fu Y{ì Ib T¡if, RüF;:R¡;SlI VÂLt,ä OF y

Tþl[ TuNi,'¿û ls í].r¡.il;,;ITH Å RgFËÅTËt] L[ÂsT sûuARËs ËsrrMATI0N tF îHÊ
ñ4*Jfr L P,r.iiA.,*,Ë TËl?ii

T¡ìr. i'.:tJ;"tiiC.Fl i:F 5;ir{Puä IN!.ËÊUr,L$ f¡ËT,¡EE¡¡ THE TUNI\tS IS tËi,,tOTËú åyr'¡sTäp. T¡iË i.ÎÂxIidu:., v¿:-u¿ r;Ë iisTHp T5 *ri"toTgt By qsïËp.

Y$*VECT{.;it ."rF Sc,rLEü pR0i-jñs5 oUTFt,Ts ûr üIMãF¡$I0N NA+K+t!5TgF+t
YS I5 ilr¡T cfi¡"N{.ii.; li.i Trjj'lH Ar'¡ü ã5 Õftçef,¡ÍzEu À5 FãLLt}ú/s
YS(1,iä(fgTl*y0¡1.,ûyg(äl:( r {T*å¡-yû}/gC

:'
t,l-VËCT&fq fiË pR{iC[55 Ilitp:rTg ;F *ãr4gf{gT$f*¡ frl#r.K.Ê-tït$fff.}+i

u I5 ¡\iuï cHÂ¡vcäü If,¿ T;_r¡¡fl ANü ls i)ftüAf.tÏã[; r\s Ëti-l..ttrs
U(1)=U{T-i}
ut"E.\ ãU ( T*e,

:
vs*sc_ALtrr vËCToiì {iF Klls,i{ f}û0ü[$s åiTsTt]f+6¿f{cäE 0F }f MEN$Iü"J NB+H++þ{grËp+¿. v5 I5 i,¡*T iH¿iuöEil üru TU¡qg Âñü ig oncn,çiaän-sg'rgt-Lôr{s

vs(1!ËvrT! /ß1
[tS Id ];\f { T-t } /gû

,
T-VÊtf*Ë SË ËSTt¡¿Âfä* p,ìAÂ¡rfHTEf{S tF t}IttÉhtsÍûi\¡ NA+N*+fsC At¡t üRËû_fi¡I¿Eå r+fi FCrLr*'¡rg (eä(:¡ tENÕTËs THr-Ègrlr,rÀrru vnlun ûF Atllr[îc,]T{1}rå¿{¡¡

T(äl:Ât-{¿}
*
a

T { F¡å } ;¿rä t:¡A }
T(NA+3.}:-EE¡¡

:
? { t'üÂ+t:u } :f,Ë ( ¡¿,¿ }
T (Flfr+Í;*+¿ l:çE t 1¡
*

t

T { l,¡Â+;.,rr+;rç };Ce (l'lc }
P*t*vÂRI,ìrJüË rÂTRIx oF rHË FARA¡,TÊÛËR EsTI¡.fATgs oF ûRnER {NA+¡\¡Bruc}** { liA,+à,ig ùi ¡û }
ñLITHä #/r.SU OF THE E'XPOIJENTIAI. FORËETTTI.16 FUT.ICTIü¡{
t{Â-r.JuM8Ë_rl ûF A-PAñ*,,;ËTã*S tr|J {+}
ñtü-lrlfJliÈãr{ úF BTPARAþ:ETI,ìS I¡t t*]
l{Ç*t¡go'OU'ri rjF C*pARÀilETEÌ5 I¡l f *}
K*f*,"jl4rrb.R 0Ë FURË TIHË D[LtyS If¡ THL PROCESS

SUBROUTI I,¡Ë iìEGUIREü
il0l,.it:



5l'Jlrl{Ui; Ì' I ;,,;,' l{ä ii { 1 Ii I u r V 5 r "i' I l¡A r FIB r l.rç r r., r þ15THP }

Ci:i;i'Llî¿,; litti Xtui.TRür 5I..il/.rL 0tr THË 5ft"p TUlr;ltr¿ç QË6"rLr\T0f{

Å.jTttilFt .-! t :i{i,{.:-$Si,ri-" 1$:.?*l:;-ûa

R[:fiiif;,¡rr åSiili1i¡¡i{¿J.r "*ITTf;;rt¡1itKrl.: ûti SEUr TJ¡{Itr6 RËGULAfSllg
it:ii";ii{'f ?;,.ìti:"rlp T¡iY 7î.ç Lut,''i.. I;{SfITUTf 0F TfCHN0LCiiy
ilTt,TÍiùr l,r 4"JT,,'.1ÅI iC t;l;Tr{; L

Ti",L Cui;T;i;"" 5is:¡1L T{i fr;:,t¡'}LI-' AT TTefË 1 t5 CSllpJtgir F;{ü{t

LJ { 1 } î { r\í- ( å } r ( T { ¡'} -Tü }.* " n o *Al {il¡{} * t y {T*NA+I} -yû } I /rri}-flr t f } *U ( T-l } *" , .*31. ti.r¡l*U( T*it,i)- {C,: ( 1}*,V (Ti+. ".*Ç[([tC] *V(T-t¡C]l ] ]/qü eq

!'il-ltlTã y() T¡ T,¡; REFî"ft[NCr V.,LUI $F yn ÅE{I}rtsf{T} Ä\D Cr(I} ARE TrtË
tärl.Sf Sfun'r[!i L;TI¡¡AI[5 f:tì0,r T¡'l[ StJrTRüUTINT fUNÊ

YS-vfCTtn JF SC.1LËú F'RÕif55 0U'rptlTS CIF tllll[¡'r5I0u l¡A+K+iuisT[p+t
Yg I5 5,rIFïE¡ 0Nf, $T:P Ii, RË$ A¡.¡D IS BËFr¡ltä Tr{L, SHTFT üitûnNlZEO
f\S FilLL.i{5
YS(rl;t¡(T)*yo'ttt,ü
Ygt ä) ; { r t T*t l -Yti } /;iù
t

U-våcl.¡rr cË F,;tücËsb li,lpr.lîS
u 15 rliiTËT[c :¡NH STËp trN
,iS F0LLû,,5
tr ( 1) Ëi.l{ T-t }
U(äl:utT-el

¿'iË

'1 L

a

vslscnlr
+MSTI
ORûÂi]
u5tll
v5(a)

l /B¡t
*1 ¡ /ß0

cTt
u5
AS

U þL
i-)+1"
¡ Z¿}
Ë\jtT
frtI(T

;Ji 34cfusl tl,t Nli+4+þrsTäP+ I
G As'{Ð ÏS ffËF0;ìË T¡-lË Srifff 6RËAN¡ZE1

;i 0F KNO,.N Pt"öC[sS üISTURSA|JCIS tF tIME[',¡SION tlg+¡tr+
Ig SHTFTTÛ riNÊ STEP lil EE6 ANÐ I5 T}IFORT TþfE SHIFT
F0LLOF¿S

T*trfcToq cf.r [5Trs4lEo P.rRA¡rl:TER$ 0F ÐIMENSI0N ¡{A+Nð+,,¡c ANÐ' üRGÁ*
NI¿Ëü Â$ rtl¡¿,¡¡5 (AË(I' üfNoTËs Tt{E ESTI$¡TE0 vnLuE 0F A(ItrEïC.}T(t!;ri[(¡]
f(â):¡,L(¿l

t

T { r.¡A }:Åi t;\A }
f{tIR+1}îirË(Xl

G

T ( i*Â+1.:¡¡ Ì ãi-tl t Nt !
Ttl'¡*+:li*+i)=çgtIt

T (lIÂ+n.ip+,rç l;ç¿ {t{C )
'NÅ-Ntlr1.;*[R JF A.*pAftA , ETE;.S I
f'JB-llurtcÍR vF 3*í,ArtA:.iETË15 I
F¿e-¡JU:Ì$fii vË C-¡fiR¡\t4ËTEfS I
K-t¡tjþIíjå.ít 0r¡ puRI TIME tel_rly

SU¡}ROUTTNË q[.çUÍREO
. I't0ire

rl
rl
:å¡

i¡

r¡

N

{
t
{
I N ÏHE PqOCESS



Ë

â,\

;)
dT

$
fr.

4rr
¡ r",

-fx q

t.\;

r8.Ë¡t 1S"ûS

fs.**

Ì*.#û

IË.**

2*.#ca

âfr.ü*

?0.ûCI

afr"*ü

râi.*# 
T'ime

ã'l"tü Tirne

2?.üt! Tirn*

21"t* Tårn*

*

I

ffi

,*

r*.flü

'*ü.t;t-l

r#.$#

* *eJ'

friur- houz-s

6"ä

t4

Cont::r.:l experinir:nt Ðij ijc.i.."¡1,i,:;, :1 .1 ,' l. -;'i': ¡ ihe: f it.st

cl

1¡v

(:

Cì

l"lo is'f une conte¡l-l:
Control- s-ì gnal
Steain Ðr:e$Ë.llfìe :-n Íi€c,Ci-,1i1 ¡i

Steam pressìj¡ae j,n se ct j_on

T



* 
{.J.

-û.52

*15

-b

'ì !l

n

18.0$

!8"t*

r8.0*

r8.t0

fig. ô.4 (r:c¡rt'd)

Couch vå.cuua
**parå.meterß
É *paname"f cI.Íl
Y*p.1i1åne-[ens

Îs.$t

rs.*t

TS.tü

rs.ûû

2*.**

ät.üü

20.00

?CI.oü

?1.tû Tirrre

ä1.ü0 Tinne

21.00 Timc

fi.00 '[ime

f
g

ir



26.

6.2 Cantrol ûx erimcnt û1"1 'ictcbe.r" 2Ë L3t1..

Thís experriment was mad.e with an -i-ncr-easecl number of regulrrtor
panamete::s and lhree tine de1-ays.
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