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rËASTBÏ LTTY STLIDY OF
CCINTRO LOTANO RË CRUSHER * I\

r TUNING CONTRO t AND RËMOTË PRtcrsslNG.
SË

U. Bori-sson
R. SYding

ABSTRACT.

This report cle*c¡'Íbes ån application of a se}f tuning

negulator. The wonk was carnied out both for the purpose

of'investfEatå.ngùhef,easih¡íJ.ityofse].ftunlngregul-ators
for:' in<lust::i¿rl proce$ses and for the purpose of providing

experienceÖntheuseofrea}in<lustria]"proceÊ$esfoy'
r.esáarch and eclueåtion in Autonratic control' An One c::usher

inKir'urlawascontrolledbyte}.epr.ocessíngfromthecompu"
terattheDivisionofAutornatí.cContnolinLund.Thedata
tnansmissiondistancewasaboutls00km.Thepnocessis
cha::acterized by long trånspÕrt times and vanying types of

digturbances.Theexpeniencesofthe'selftuningresrjlator
were good, and the technique to use tele pnocessing fon

nemote contrÕl expeninents tunned out tCI be succesgüul'
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'I . TNTRODUCTlON

controi of ore crushers involves some characteristic pnob-

lems due t0 special proce$.5 dynamics and corlsiderable trån-

sporittimes.Thepu]lposeofthecontr'olistokeepthepllo-
duction on a eertairr levet, a's high as possible' without

ovepioading the ct"usher '

Theworkpnesentedherehas]:eendoneincÕÕperationwj.th
I.KAB,Kiruna"ThepurposeÌ/ùas-to,strrdythefeasibili*;yof
contnollin¡¡ an one crunher at the ore crushing plant in

in Kiruna, Kinuna Finkr,ossverko with a self tuning regula-

torandtotestthe.LechniqrreofusingtelepÏ'Õeesgi.ngfor
r-emote control exPerinents '

Beforel¿heon*lineexperimentsstarteclapÍ-lotstudywas
done. Ðata fnom the crusher plant ï^lere ::,egiste:red and ã

model of the process !,ras detennined with a maxirnum f ikeli-

hood íclentifåcation method. Thís moclel r'¡as "then used 'in

si'mulationswithtlreselftuningregulator.T}rerresultsof
the simulatj-ons lñere promising' ¡rno i-t hras decided to make

on-lineexperirnentsfromtirecompirterattheDivisionofAu-
tontatic Cc¡ntnol ín Lund"

llheselftuning]:egulat()nhasp:'evíouslybeenusedinindu-
gtrialprocesscontr-oionpapermachines,tn¡her-ethemoisture
contentofpaperhasbeencorrtrolledsuccessivelyts].4
theore.ticalbackgroundofthealgorithnis'givenil.',]and
lqll . Tïre pnactical årrangements are described in t1l' The

data signals were "i-ransmitted about 1800 km'

îhis repoï't ís organized as follows ' A description of the

cr'usherplarrtispresëntedinsectiÕn2.Insection3some
commentgontheprocessciisturbanceÉaregiven.Thehandwar^e
facilitj_es fon the experiments are shc,ntly described in sec-

tion4.ÏnsectionStheifesi.gnofthenegulator:isdiscussed.
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some expe::iments are tlescribecl. j-n sectian 6 and registr:a-

tions from the control are g:i.ven. The expeniences are Bum*

marized in section ?, and the cnncl-usj-ons are given' in section" 8'

Ïntheappendixtimeplansa-nciexperimentcostsarepresented.
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'i. i'till cFltisiirR PLAI'ì',Ï

Ïnthenj'netireOneis;fjrgtccl;.trsel.ycrushedtrllurtç,s
v,¡i-rh å tii.ickness l-ess tJhan 1t (lrt. Then it is 1-ran':pcrte<ì

ti: â c:rusher plant where 'Lt is finely c::ttshç:d to "Luni:ri

with a ti-rick¡ress -Less -than ?.5 cn]. 'l'i:€¡::e âTle six c::'ushers;

irr the ;:,icrnt. 0¡re Of these hicLS 'uis.;eci jn -lhe: e:X¡;e'r'5.mentg'

2 " i De¡;cri t icn of the cru si:er .

T'he

Fie.
crushev' is of coni-cal
2,1 cÌescribes how i'l

t-vPe anrj the
'uuÖl'kS .

m;:t'k" is ttSYÍtolls"'

crus her
ro0rl

ore

C

0re

I'ig. ?l] Schematic figure of the crusher'
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T,he crusher axis penfor.ms a circling movement with almost

no rotation at atl. The goods Ís spnead in the cnushen

röom, wheï.e the üre lunps are cnushe<l between the jacketn'

ïn the lower pa::t of the crushen room the jackets åre pa::al*

lel and the <1iS-fance betrn¡een them ís 2.5 cm. The jackets

must be r'eplacecl by new ones at intervals of about three

months, aÊ they get wÕrn*out' There is a speeía1 sIíp

couplingwhich]-imitsthemr:mentofthecrusheraxis.Tf
themomentbecomestoogreat,theerushenmotorísswitc]ìed
off.

Ablockciiagranrofthep}antisgiverrínfig'?-.2.Afeeden
of vibnating type tnansfers the ore to a transpÕrt band'

whi.ch passes ¿l l¡elt scal-e' At screen T smal1 Õre lumps åre

separated. The rest go€Ë "to the crusher:' lo*p' Tire maximum

capacity of the feeden is al¡out 20Ûrj ion/h" 'ilhe tr"arlspor'l

time between feeder,and crusher is 42 secOnC'so anc it takes

74 seconds for the Õl:e 'tû pa$s around''the crusire:' loop' The

oreremaínsinthisloopuntilitiscrushedsom'uchtliat
it is seParaterl at scr€en TT '



5

ORE BIN T

ORË BIN TI

Fig. 2.2 - flc¡rr chårt of tåe ore crushing plant'

FEEDER

SCRËEN NSCREEN I
SCALE
BEL

REGULATO CRUSHER
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Plant Dvnam ics '

An experiment was made to study the step response of the

cnusher. The result is shown ín fig' 2'3' The r"eference vå.-

1ue of the feeder was changed as a step. The one flow f:ront

thefeeder-isgiveninfig.2.s.a.Thefeedermaybeã.pprÕ.
ximatecl by a first order system'Í'ig" 2'3"b shows the resul*

tingcrushe::power'.Ïtindicaiesthatthesystemwj"ththe
referencevalueofthefeederaSi.nputandtlrecrusheref*
fect âs olJtput may be approximatecl by a second onder- system

withatimedelaythatisa.littlemorethan40seconr.ls-
îhecr,ushet?j-tselfcanthenbedescri}:edbyafj.rsto:rcler
system. Ïts time constant is about 2Ü seconds ' The time

constant of t'he feeder' j-s shorter ' about 12 seconds '

SometÍrnestheprocessbehavesdifferently'e'g;'i'ftheore
is hard. Fig. 2.4 gives an exampie' Tlhe olre floç¡ fr:our the

feeder has been i-ncreased, ancl the crusher rloes not manage

tocnushitfastenoughtoavoidt}rat.theOreaccumulates
in the c::usher: i-or:p' llhe poî^¡er then becomes very high'

2 3 The ore.

TheÐre,whichmainlyconsistsofmagnetite,ist:ransponted
to ol.e bin f in batches. T¡lhen the þin is filled' small ore

lumps " gather: at the bottom' This va:'iatíon in the sízes of

theoy"e}umpemakesthecrushermoredifficulttocontrol.
îhere may also be a variation in the composition of the

Óre.Some.timesíteorltðinsntuch!üastenock,andthenitis
har^d to crush.
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3. PRÛCËSS DTSTURBANCËS

The punpose of the cr:ushen control is to make it pos$ible

to get a high prodr:ction' Ðj-fferent k'inds of distuv'ï:ances

alwavs influence the proces$ ? and the regulator^ h¿rs to cÛm*

pelrsatefor'these",I}recrushe::getsover].oadetjirïhepobrer
istoohi.glr.Thenitisstoppedautorre*;ically,andt}ieoTle
in the crusher: must be removed' hlherr the proce$s :Ls står"'ted

rlp a.gain r it talces soffie ti'me 'l-refore full product-lon can be

achi-eved.

The var.iatj.ons in the r,åi^I materiai callsr'] special problems

atthecontrol.Togetânidea.aftheclistunbaneesalìexpe.
riment was made with a constant reference r"alue to the fee-

der, lio ::egulator was ccnnected to the Pl?Öcess' The result

of the expeniment is given i.n Fig. 3 . 1 , wher:e- the totar o::e

flowfnomL}refeeder,theoÏ]ef]-owintothecrushenanrlthe
crusher power ere shown ' One p::oblem i's that it is never

known how much of the ore that witl be separated at screen

I (see Fig. 2.2)' The or-e flow i"nto the c::usher is thus vâ*

ryinganclthisi'nfluencêsthepCI\^ter"Othe::disturbanÛesin
the pol^ler <lepend on var'j'atir:n in the sLzes of the ore lumps

and inhomr:gerrities in the ore composition' In Fig' 3'lc

the mean value of the power is 161 k'!f' while tile minimum

vaiue is 92 kl¡l and the maximum value is 228 kw' The highen

the set point of the porder is' the harder will it l:e tçr

control the PrÕceËs '
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4. HARDWARE TACTLTTTËS.

A schemati.c descr.iption of the ÐDC loop j.s sl"rown in Fig'

4.1, A detailed presentation i.s given 'in t 1l'

L UND K IRUNA

TELEPHONË LINË

Fis,4.1 - The DDC looP.

The self-tuning algonithm was j-mplemented on a PDP 15 com-

puter in Lund. Low speed modems and a pubS.ic telephone line
r^tere uged for the data tr:ançmission. The processj intenface

includes a renote contnol terminal wher:e Ð/A eonvension \¡las

penformed.

MODEM
PROCES
INTER-
FACË

t

COMPUTER CRUSHER
PLANT
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5. RËGULATOR ÐËSÏGN

The crusher is usual.i-y controlk:d
'Lor. As the transport time j-n the
anci a.$ special problerns sometj-mes

mulating j-n the crusheï' .Lr:op . 'tl:e

r^råys give a goad ?esult.

by an ;rna]-r:g F'I reg';la.-
piant is cÕnside:r¿bl.e

ariiSe. v¡hen ore í.s ac:cli-

lll regul.aton cånnot a}-

With a digital regulator" it is erasier fo ccrnpensate for
tile cle¿d tj.rie in the p:rocesB. It.:i.5 also easi,er: to choose

.i. structu::e of the l"egulðtor that is be'tter suited to the
prope::ties.; of tiré prÕcess. One pnobiem with a mÕlre eomp-

1ex r'*g'.rlat¿'n is 'to fincì proper Darameters" Tn a situati<¡n
ij-ke th:i.s a self, tuni-ng negulaton may be useful' This rae*

guiator: tìirìes its; 'Þaraine'Ler$ automatically on--Lj.ne and tire
stT'ucture carr l-¡e chr:sen ar-bitrarily. Ïn Section 6 some l1e-

sults frr:ri¡ tl're experiments with f;he self tuning regulat.on
are Ðr€isc¿nte d.

The r'eg"":iator desi"gn is baseel upon the available informa*
ticn a.t¡ou't the process. .Inr¡eçtiga't:'-on of the process dyna-

mics shr:ws 'that 2A seccnds rnay be a suitabl.e sampling in-
tervaf . A detailed descript:ion of the self tuning :'egula*
tor is given i-n 12I ancl t4l. Some aspec'ts on the practical.
use are a"l-so given :'-n t3l. Thr: get:eral s;tr"uctune cf the
negulato:: can be wr"itter¡

Au(t) + .t

where åu(t) is the i.ncremental"
the output from the process. Pû

dny(t-*l l- sråu(t-r) ß o,au( t- s )

contrcl signal. anci y(t) j-s

i-lr rr. ccns'tarLt,

The algorithm requi-nes j-nformati,on ab<;ut the nunl-ir:r of
alfa and beta p¿ìrametet s arrd the numben of t j-ne clei-ays in
the pnÕcess. Then it estimate s the *p't-i-¡nal- values of "fhe
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al.fà and be,ta pa::amete:.s. The nate of convengence in the

begÍnning of the estimation is influenceci by a weighting
factÕl" which is an exponenti-al function nith the base l.
Nonrnai válues of tr ane 0.95 - 1. The closer I is to 'l r the

sîìaller wj-ll the step length at the parameter estination
be.

As wa$ pöintecl out in sectíon 2 the transpont clelay is 42

seconds Ì:etween feecler and crushên aIltJ 74 seconds in the

crushen loop" htifh a sampling interval of 2t seconds ther:e

rlre 2 - 3 tj.me delays between feeder and crusher and 3 - 4

time delays in the crUsheT' loop. Dif fer"ent r"egulator stTruc-

tunes hrene tested dur.ing the expenimerits. A negulator with

thnee tirne ,jelays, f,-oun alfa parameteTas and thre'e l:eta pa-

ï'ametens gåve a goocl ï.esul.t. The. choÍce of "the numhler Ôf

alfa and. beta panameters w¿ìs not crucial " F{ovreven o due tÕ

th.* iong time delays in the process, the regulator: seemed

to benefit from a ccrtpara.ti.vely large number of aifa' arrd

beta parametens. Aften about tbtenty minutes; from the sta::t
<¡f the setf tuning contrc¡i the L'egul¿ftor påÏ'ameters had g€"

ner¿rIly stabilized at cer:tâin values.
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Û " NXPËRÏMNNTS.

TheÛ]le*rusheruiasinnormatoperatiorlwhenthecontr.o].
expetriments with the sel-f turri.ng regula.tor were rrade' 'Ïlhe

ccntroi}oopfrc.:lnT,undwasconnecterl-|othec:'usherplatnt'
l:y a switch, whích hacl i:een installed in Kir.una'

Twoex;.:nplesofselftuningcontnolwitlnowbe<liscusned'
In both cases the r:egulator harl thr:ee time delays, four.

alfaparåmêîersanclthi:ee}:etapararnetet's.Thavreighting
facto:r L was 0.99.

Exesp

Ïn the begirrning of the exper,itrten--r. -r;h(: get po:.-nt of the

c::ushe:: poh'er l^Îas 17t kI¡]. ].-i was -tJile:^r increal;e,J to 2tÛ kf¡í,

andÏ'igune6.lshowsregigtr,ãr:ionsfr-oirr-thi.spcirtofthe
exper'in*nt "

ThemeanvaiuecfthøcÏ'usheL¡'awt:'r'i'nFig'6"'1äis198.3
k!ü,whichisne¿1rt}iegetpr.rinti20t]ki^I).Tireestim¿iteei
sta.ndar,rJ cleviation for thj-s regj.sî-na"lian is 19"7 kl^Tr which

i.s a good r"esul-t ccmpareld wj-th c.onventional ccntro'L 'lt
this pöweï' level ' Abou"r 30 minute-s after the sT¿lr't of the

regi.rtration the c.:rusher ¡:ower is getting high. ïhe seJ-f

tuning reguj'útór decreases the ore fior¡ j'nrrnecliatelV' Tig''

6.lb.rig"6.l.eshowsthecontrolsignal(inm}.)tot.hevj.h-
r'¿11-! ng f r:e<ler" .

The regul.ator: parameters arle shown in Fig' 6"1-d' Tn the h''e-

ginnirr.g oí' the registration 'lhey clo not vary much' !ühen

ti:e var:ia-ri*ns in the power become gneater at the end of

the ::egistnation I 'the p¿iralneters are changi'ng more '

}e 1.
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a^i,xamnte ¿

îhis example s3rows what ma5r happe$ when or"e bin T is filled'

ûften there åre many Ore lunps that already å''le vel:y small'

These tend to gather at the botton¡ of one Ï:in I \¡lhen 'they

arrive at screen Ï, 'they are separ^atecl anci go dir:ectiy tCI

bin II. Ïn this situation the feede:: has to increase ti:e

ore f-l-ow to keep the crusher poi^terr a't a constant leve-L'

ïn Ftg. 6.2t1 the ore fLov¡ is shÕwn.'Þ,bout 40 mj-nutes âfter
the s.Lart of 'the negistration bin I j-s filled r'¡ith new Õre'

îhe feeden :irrmediately increases the one ftow r s0 tha"t the

crusher" pÕÌ^¡e:r can be kept on aboutthe sclme leve3-o FÍg. 6.2q

,IhemeanvalueofthecrusherpÖI^'erislgg.skWandtheêg-
timdteci stan,Jard deviation is 13' 3 kW'
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7 . T:XFERTE}'ÏCË]S.

The fe¡:sibil'i'ty stucv *norçr,:r-l "ti't;-i'i, iì sel-f luni'i'ig r"egu-l-e."i:Ûr

."rith good contr:cl- prcp¿r=ti.es cc'.:i<J be cesi-,g;rerÌ' :lr:r.' "llie ÖT'Q

crrls?ìer. It r¡/as püsi$ible to Lis* ¿* higir Ëet irci-n'r' fr:r:'ille

cru$her pol'er r aîounc ?-ÚÐ kLl r :Ìiu:,; gi,v-i-ng ;l hip;ii pnÕcucr*

tion capecit5l . 'r,{hen a f,;Îea'i: .distu:ri;¿rnce i-nf }r';ei:'i¡::crj i-h¿r prÕ*

ces$rtheselfturii.agregui-i'"i-fo:rg'eVeaqui-c-:kr'*Ê!:1pÛíi$cl'

The analog PJ, ccn'trol-ler' "Lh;r't usua'Li-v !îove'r'ns Ihe Ër'ÕCeiis

h;rs fjx narameter$, These car: be cha;:geci íliarrì]ãi1''/" rrr pi::r::-

ti-ce.,hûtr*:r7s¡ririç;nÕtpousil-;ie"i:ar¡iak'ear:er¡¡r:"La::'turii-rrg
of the paî.åms'l-ers ¿rcconcl j..trg tc -Ltie con'li tions i'n tlic ¡;-1"ålrt '
s.ince it v,roui-d be too ti-r:¡e ccr:surni.trq' A sel-f tuni"ng reo;u1i-r*

tor' ås 'r:h+refor'* 'valuabie"

îll¡e set i:oint c,¡f the .inalr:g PÏ cc.¡n"tv'ol f e:: is usr"lally a'bci"tt

1?t) l(,,¡J. The stand.ard deviation cf tJ:e crushe:: pol'rer' 'ì-s ge'*

ner.al-Lr/ r:ot as gooci a..': with seif tuning regrrii'Ltor cn the

s¿rrne polder level. A rletailed conpar'í.son' is ' however' ha:rd

-Ì:o rlo, ¿ì$ it a-l-sc¡ shoul"c j-nc-l-ude exptrri'nrenls rçith -Longe::

11lln ti.mes .fhan was ÐÛßsib-l-e "L-o Ìiave r^¡i.thin the scO¡:e cf

this stuiclY.

?his ',¿ork aiso gave sonte usefui informa'tiorr about the

cy,usÌ1e1,. Àt some occ¿1s jons wher¡ the Ûl:'e f 10w is ia'r:ge* tj:e

crushe* room {see Fig. 2"1) na.y be ,fi-j-leci to the top' 'Iite'

tlrecrusherj,sau"tomaticaltvswitchedcff.,Ihighaclno-t
beenarealprobLembefonectsthr':I']Ïcon'+:roilenmosl-ly
worked r^¡j."Lh sm.riler o::e flows than the s;elf "tuning lregìJ-

.i-ator. Ït woulcl be <lesin¿rbie to häve ån ;1"::'rangement sÖ

tlratthe onê f].ow is de'cr-eaeecl befo:re the crrushe.r. rcom is

fitll"

The "technique of using tele
wo:rked we1l. Thj-s s.tucl¡¡ has

Þrocesses *imPlY can be usecl

matic Cont::o-l-.

Ðr0r.le e s; í- rrg for
- L-i.^ - +

S l1Of¡jIì :- j:d. L

tct

remo le r:r:ilt.nol-

real. inclr:stri-al'

fr:r applied :lesearch j'n Auto-
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B. CÛNCLUSTCIi\T$ "

Dur"irig ï,ecent years I,KAB tras s'tudjed ri:lffe::crl"li: posBi'bifj.*

ties to j-nc::ease the *¡¡iç16:ncY r:f sÕnie of i--i:s prodr:ctioll

p:tclcesses by use of smal-i cÕmpuì:*lr$ - ccnccrnirig the crush'-

ing tlan.t it has been üonilide::ed pclss.i.bl"e tc irrcr'eaËe the

pi:c,duction capa.c::.1.y by ccniputer coirtrci' Å' l¡etter supenvi*

sicn of so$ì-e cy.iticat process variabJes shoulr] tltus r"educe

the nüînbeï, cf prorluct j on stops ¿lnrl ct corltnol atgorithnt acle-

quate tc; the process should allo'w an increase of the level

of the r:i'usne:r povter-, A computer gliould also make it pcls*

sible i:() get a shcrter s'tð.rt*up tj-me to ful.I produc't'ion af*

ter. cì s-i:,cP in the Pl-ant

Ti:e s1-udY cj.escriÌ:e¡l in thi.s report has concerned the cÕn-

troj aigor:i-ilim for the crushe.r. The r:esults have shr:wn that

ê, ¡¡eif t.urring regrilator i.s well suited to handle ì:he cha"

ra*h'ieristic featuv'eg of the pïìocess' A híp;h set-poi-nt of

t]ìe cr",.¡sher: pÕv.rer can be lrE;ed wi.'fh good resul.t'
The *elf I'uning ::eguiator j-s "Lherefore recclmmended as con-

tr.o1 a'lgo::i'ihrn fgr- 'che crr:ehen'
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APPTNÐÏX

TTME PLANS AND ËXPËRTMËNT CÛSTS.

The project with self tuning ,:ontnoi af the ore crushen
in Kirun"r followecl the foil-owing time plan.

Star"t of softwar"e development:
Stant of on*line expei:iment*:
Completion of the pnojeüt:

15 November:'' 1972
'1 Decemben, 197 2

15 Febnuany' 1973

3¿ consuq¡Ëliss.

Constructi.on of Remote Contnol Tenrninal: 0. 5

Software developnent and on-line expeniments
Lund: 1 . 5

Kiruna: 0,5

man month

man

man

I0 hotrns

month

month

Computer- time ( software rlevelopment
and on-line exi:e:r'iments) :

Modem costs ( two modems , each of
thern 440 kn,/monthi:

Cost for telephone line:
264û

24Cr0

kr
kr


