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Symbols and abbreviations

The main symbols and abbreviations used in the text are summarized below. The section
where they appeared for thefirst time isalso mentioned.

Symbols

w, Natural frequency 4.3
A Effective area of piston side (piston area) 4.3
A Effective area of rod side (piston area-rod area) 4.3
Vc Total oil volume of piston side between valve and piston 4.3
Vk Total oil volume of rod side between valve and piston 4.3
m Mass 4.3
b Bulk modulus of hydraulic ail 4.3
D treciive Effective bulk modulus 4.3
b, Bulk modulus of hose 4.3
Vy Oil volume in hose 4.3
Fe Coulomb friction force 4.4
F., Friction force 4.4
Fs Static friction force 4.4
Vv Signed speed 4.4
Vg Stribeck velocity 4.4

F Slope of viscous friction 4.4



abbreviations

MTBF
MTTR
MTTF
FMS
LLM
PLC

POS

LD

FBD

SFC

SOP

POS
MPOS-net
Maxterm

Minterm

Factor that depends on the geometry of the application

Critical gain of delayed resonator

Critical delay time of delayed resonator

Critical (resonance) frequency of delayed resonator

Mean Time Between Failures
Mean Time To Restoration
Mean Time To Failure

Flexible Manufacturing System
Level-to-Level Minimization
Programmable logic control
Product of sum expression
Instruction list

Structured text

Ladder diagram

Function block diagram
Sequential function chart
Sum-of-product expression
Product-of-sum expression
Multilevel Product-Of-Sums net
Sum term of POS expression

Product term of SOP expression

4.4

531

531

531

311
321
321
321
321
321
331
331
34

35
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FDI

ARX

ARMAX

MD

FPP

RMS

Fault Detection and Isolation

Autoregressive with exogenous input

Autoregressive moving average with exogenous input
Machine direction in a paper machine

Free Pole Placement design method

Root Mean Square

41
4.4
4.4
5.1
5.4

5.9
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1. Introduction

Alpaperlwinder!is[athachine(thatlisisedin/the [paper(industrytoproducecustomer rolls for
printing. [Its[automation’and(control [System![is[a[combination[oflmachinelautomation/and
traditionall ‘process Jautomation. [ IModern[ ‘paper[Jwinders[ havelImany[servolcontrolled
movements, (whichlhavelreplaced the [previous/simple movements(controlled by directional
controlvalves. Theproductivity/oflalpapermachinecan/belincreased basically by reducing
downtimes/or(increasing the runningspeed. Paper windingisabatchprocess(andthe paper
winder(is[stopped[duringlalset[¢hange[whenla[set/ofl¢ustomer rollslisfakenaway [from[a
paperwinder. [ Therefore, [the [productivity[oflapaper winder [¢an(belimproved [by[speeding
up!the machineland[thelservo c¢ontrolled movements ofl machinel parts. [ Runningspeed
affects[the productivity ofl al paper winder[ inlthel same  wayl as[inlal paper[ machine.
Acceleration and deceleration[ values[ arel important[ too, becausel the paperwinder![is
stopped (and [started [continuously.

Alpaper(winder(is one[oflthe[main[¢critical [components[in/thepapermaking processand
thereforelit has[almajor[tequirement( for reliability. In[alpaper machine, the[down time
means that period (0fltime when/the [paper(thachine(does Mot [produce paper. The down[time
includesplanned(and unplanned breaks/in[production. As mentioned, in[a paper winder
there arel breaks in[ production’during[the hormalloperation, too. Al failurelinlalpaper
machine(leads quite[soon[folalsituation Where[winders[need to[belstoppedbecauselthey
havelrun(outofipaper. Thelreliabilityperformance describes(amachine’s(abilityto [perform
certain(fasks(at/certain(times. [Especiallylinpaper(winders, thereliability performancelis(a
much[ better measurable quantity[ than[ thel down[time. Mean[ Time Between! Failures
(MTBF)[¢an[beusedto (measure(the teliability performance. [IMTBFlincludesboth[Mean
Time[To[Restoration [(MTTR)[and Mean[ Time[To[Failure [(MTTF), see, [ for example,
(Kuhmonen,[1997).

Thepurpose ofl this  thesislis tol develop methods[to [ improvel thel performance and
runnability[oflalpaper(winder. Therelaretwo[basic[fields of tesearch that[¢an[belused to
improve(the[productivityloflthe paper(winder: [fault diagnosis(and Vibration[¢ontrol. [The
state[ofthelart faultl diagnosticl system[ canl be[ used[ to minimize the[ down[ timeland



improve!thelteliability performancelo0fl the[ paper winder. Vibrationlis[one ofl the[main
reasons! that[ the funning[ speed [ ofl the[Wwinder is[ limited, [ especially Wwith[certainl paper
grades.[ Thel vibration[ controll methods[ can[ belused[ to  reduce vibration[ sol that[ the
maximum/[speed oflthe[winder[¢an[belused. Bothloflthesemethods alsohavelalpositive
influence onlthelquality [0fithe lend[product. [Vibration/dontrolidan/also [Beconsidered @ fault
diagnosticthethodthat Mot/only(detects Vibration[but(also reduces/it.

Kuhmonen[(1997)(listed thel general(features ofl failure[types inFlexible [Manufacturing
Systems[(FMS)[and ¢claimed that operational [disturbances[dccurred[ 70 fimes more often
than[technical [failures.[ Alsimilar[list’ofl general[features[ofl failures/¢an[belwrittenfor(a
paperwinderas welll(see[Table[1[1). Ofl¢ourse, [theltatio between/technical [failures and
operational(disturbances(differs between [paper mills. [Anyway, [the [trendlis[congruent Wwith
the[FMSexamplelabove.

Tablel1[1:[Failure types/inpaperwinders.

Technical failure Operational(disturbance
Longldownl(time Short/downtime
MTTFIislong MTTFIisrelativelshort
Random Canlberemoved by Operators
Requires/amaintenance | Interruptslautomatic/dperations
person and(sequences
Requires[disassembly
MTTRIlisquiteTong
Sparelpartsneeded

Therelislalsolalgraylareabetween(technical failures/andoperational (disturbances. Theselare
disturbance( situations[ wherel the machinelis[ hot[ broken[ but[ the[ disturbancel removal
procedurelisisolcomplex[thatlit needs help from[almaintenanceperson. Therelhas been
continuous/development(inhelping(both[maintenance [people and operatorstosolvefaulty
situations. [Virtanen/andPaanasalo[(2000) have[¢ontributed to[this tesearch, ¢speciallylin
the[paperwinder[ environment, andhaveldeveloped(toolsfor[fault[ diagnostic purposes.
These[ kinds[0fl tools teducelthel grayl areal between!technical failures[and[ operational
disturbances[andhelpoperators[to[solve more ¢complex problems. Theylalso reduce the
repair time (MTTR), becauselthe primary/reason(oflthe fault/danbe found(faster.

Allogiclexplainer[has[beenldeveloped(tohelpmaintenancepeoplelandloperators tolfind
primary![faults, [(Huuskonen etlal.,[1995), (Plomp etlal.,[1996)and[(Plomp,[1997).[The
logicléxplainer builds(a/modelldflthe programmablelogicl¢ontrol [(PLC) [programs(of the
paperwinder(or(another machine. Maintenance [peopleandoperators/can(then(use(the iser
interfaceto[ask the(logiclexplainerwhy, for’éxample, d[certainsignallis(in(a/certain[state,



(Virtanenland [Paanasalo,2000).[A time(aspect/islinvolved/in(thelogic explainer, too.Also,
theluiser[canlask(thellogic explainer[whatl causedthel ¢changein[alsignallstate. In[paper
winders, ‘the resultswerelintroduced in'the form(o flfunctionblock [diagrams. [Therehas/also
beenmore/generalresearchlinlthisifield, seele.g. (Huuskonen,[1997).

Virtanen[(2004)has[developedanother imethod[to modify programmablellogic control
programs/ for[ fault[ diagnosticl systems. [ The[ programs[ are’ transformed[ into[two(level
disjunctive or[ conjunctivel forms. [ In[this[ form, [ veryl complex[logic! functions/ canl be
presented with[simplelgraphical(symbols. Especiallythoseloperators/whodre not/familiar
with[function block(diagrams prefer(thisrepresentation. This[method(dlsofeduces/manual
work in building upalfault[diagnostic[system. Manualwork[is[not[onlyfime[¢onsuming
and(eéxpensive, butusually leads/on[fold[situation[whereipdating/alsystem(is [very[difficult
in[practice.[Overlalthousand[binary[signalslare[used in(the [PLC[programs oflthe paper
winders, [So [the need [formew methods[is [obvious. [ The mew method [described in[thisthesis
has(been[tested [in variouslindustrial[projects, and (has the[following benefits [inaddition to
those of'the [previousmanualldonfiguration oflthe [diagnostic[systems.

e Thelfault/diagnosticisystemwork[properly fromthebeginning 0fistart up.

e Programlichanges( can[ keasily[bel lupdated in[ the system[ byl Ire[generating[ the
diagnostic[system.

Thel¢omplexityloflpaper(winders and their[¢ontrollsystemshas[beenlincreasing/so much
that’anlintelligent automatic[generatorlis meededto [producehigh quality [fault diagnostic
systems with/reasonableldosts.

Alpaper winderisthe lastunit[process/in(a/paperline, Which [@ffects/thequality [0 flthe [énd
product. Ttliswell[(known(that process or[product faults(dt[theend (o f the [productionchain
are(the mostexpensivelones. [Itlis[possiblethatcustomer(rolls[that[arelsent(to[a[printing
house!lare teturned(to [the paper mill(ifitherelare[qualityproblems(in(the tolls. This isnot
onlylexpensive, butlit/tuins(thepapermill’s teputationlasiateliable supplier. [ Theuselof
modern/processdiagnosticmethodsis still rare(inpaperwinders.

AutomaticJdiagnostic[ imethods[started to [ ldevelop [ Jlwhen[Jthe[ Ifirst[Jcomputers[ 'were
introduced. [Firstimodellbasedmethods Were[presented [inthe 1970s, and muchresearchhas
beeniindertaken(in/that(field [during [the last two [decades. [Some oflthe [recent resultsofithe
research(dan(be found(in (Isermann(and Balle,1997),(Chenland [Patton, 1999)and [(Simani
etlal.,2003).Thelcar(industry(is[one oflithe mew [@pplicationldreasofithe thodel (based fault
diagnosis,(seele.g. (Nyberg, [1999).Some0f'these hethods/are @ppliedto [d[paperwinder(in
this(thesis.

Aslmentioned above, quality”and[ capacitylarelthelkey! factors[in[paper manufacturing.
Vibration[is"al phenomenon(that "harms[ both. Vibration during winding[ might tuin[the
whole(setoficustomer(rolls.[Vibration(can(dlso [limit[the fun(speed or/dccelerationoflpaper
windersand[ limit[ capacitylin[ thatCway. Vibration[is[al common[ problem[in[totating
machines.[However, a[paper(winding [processhassomespecial (features/compared fo [0ther



unit[processes[in[the papermachine(line. A paperwinder/doesnot(rotate[withla ¢onstant
speed[butlit accelerates/to maximum/(speed and decelerates down tolzerolspeed during
production/oflevery(setlofcustomer(rolls. Henceld[paperwinderéxcites/dverywidelrange
of'frequencies.

Researchlinto [the vibration oflstructures/hasbeen activeduring the(lastidentury, andstilllis.
Altraditional method[is[tol design[structures!thatl damp[theloscillation.[Also,  damping
materialsidan/beised (between different machine [parts(Beards, (1996).

Passivel dampers[Wwork[ without externall énergy. Anlimpact/damperlisla typical[passive
damper. [Theylarelused, forlexample, [in[bridges, [see[(Ogava et.[al.,[1997).[1t[¢can[beuised
with[other typesofldampers(ds/well,[see(Collette,[1998). A [funed massdbsorber(isawell [
known/damper, which[consists (0flamass(and [a(spring. Tt(is[fastened [to the vibratingpart(of
almachineland typically hasloneltesonance!frequency. ' Whenlalmachinelis[Vvibrating[with
that[ frequency,the mass[damper! $tarts to[vibrate,[ too. [However, it 0scillates with[ 180
degrees[phasellagland thus/absorbs vibrationfrom/altmachine structure.

Olgacland[ HolmHansen[ (1995) introducedal new[ concept, [al delayed[tesonator, asla
tunablelactive[vibrationlabsorber. dts[basic structure was[thesame(as that(in[atuned[mass
damper. [However, anlexternal [ forcel element[Wwas added[to[thel system. Thel force[was
directed toalmass, and[was[¢ontrolled by means ofl almass displacement measurement,
multiplied’and[delayedwithla[gainland/d[delay/¢lement.[Advantages(ofithis[System[Wwere
that(thelexcitationfrequency(couldvary/overlawidelrange, andcould (be[tuned(in real time.
Theldelayed fesonatorwas/implemented (also lon/a(flexible beam[(OlgacandJalili, [1998).

Furtherexpansions[ofithe delayed tesonatorhavebeenlintroduced as(well. [Filipovicland
Olgac(1997)lintroduced al delayed[ speed[ feedback, [ separating[it[ from[ thel traditional
position(oriacceleration feedback. It[is[alsopossibletodamp [arange oflfrequencies instead
oflonelfrequency!(Filipovic, 1998[and[1999).Filipovicland[Schroder[(1998) alsomadela
simulated(case/studyloflvibration/suppressionoflwindingdrums with/this kind [0 flband [pass
absorber.

Theldelayland gain structurelis notthe onlypossibilitylas/alcontroller in(afeedback loop.
Forleéxample, alsingle(tfransfer [function/with/d[gain[andfime [¢onstant¢can/beused for that
purpose.Jalilil(2004)lintroduced [that kind [0 flactive resonator(absorber.

Inlthis[ thesis,[ Al new[method is[introduced! to[ configurel thel fault[ diagnostic[system
automatically.Beforethat, the work was performed anually.Themanual (configuration[is
veryl expensive,| timel¢onsuming,  thel quality[ varies, and[it[is[ difficult[ to[ changel the
configurationlafterwards. There[Wwas[ onelautomatic method[ developed earlier,  thellogic
explainer. [However, (it (was[proven(fo[be far[foo [complicated for[operators. In[the field (o f
machine/dutomation(and/programmable(logic/controllers, [therehasmot(been/anythinglike
that[‘published [ before. Thiswork [ covers hot only[ the  fault diagnosis' ofl the[‘ machine
automation, [ but(thefault[diagnosis[of the [process[variables, too. Thislidealoflcombining
thesetwolin thesame(work![is matural(in[this[¢ase because the paperWinder[contains both
themachineldautomation(and theprocess/dutomation. [In'addition(fothe fault[diagnosis, the



problems(ofithe vibration/controllare[@approached. Both theoretical workand practical ‘tests
were[carried/out. The mew theorylwas/developed(for/delayed fesonators, Wwhere [there Wwas(d
gap betweenltheoryland[practice. Experiments wereconducted withtheactuall[damper.

Theloutlineloflthelthesislis[as follows. Chapter[2deals/with[the unit processes inla paper
mill. [Oneluit[process, [the winding, [is[discussed[in detail. 'The[winding[process and/the
main[units[ofl the paperwinderandlits[ automation[ system[ are[ described.[ This[chapter
supplies/thereader(with/theinformation[thatlis meeded/inlthe following[chapters.

Fault(diagnostics/oflbinary(signals(and(logic[control[programs/arediscussedinChapter!(3.
Thel manipulation and presentation ofl logicl controll programs, [together [with[ the[logic
explainer, [are[discussed[to[give the teader the[basics/with[which(to understand/the new
methods[described Jin[this[Iichapter.[ 'The 'new [ LevelTo[Levell IMinimization|(LLM)
algorithm/based(onBoolean/algebralis/introduced(and [compared to [the methods based[on
the manipulationofltruth(tables(ofllogic[functions. It (canbelshown [that, With[certain[types
ofllogicfunctions, the minimizationwith[Booleanlaws/can[save muchcomputing time [and
memorywhencompared tothe methodsbasedon/truth tables. A movel Multilevel Product(’
OflSumsnet thodellislintroduced [in[(Chapter 3 aswell.

InC Chapter[ 4, modellbased! fault diagnosis' methods arediscussed. There[ has[beenla
tremendous [@mount [0flresearch(carried (outlin(the(field (ofimodel (based (fault[diagnosis, (but,
until mow, [dlmost mothing relating[to [paper Wwinders. [Chapter (4 [dpplies(the fault [diagnostic
methodsl(todlpaper(winder. Two [differentcaselstudies arelintroduced. The first/dealswith
tension/¢ontroloflalpaperweb, whilelthe(latter[discusses(force control ofla tider roll.CA
veryldetailed [simulation[modelloflalrider rolllis [ised[to[examine[theleffects ofl Various
types_ofl faults[inlal hydraulic[valve. Thelimodelbased [ fault diagnosticl system[is/ then
applied(to [detect [faulty/situationsand isolatethe faults.

ActivelVibration!controllis the [fopic[oflChapter(5.[Theltheories[oflthedelayed(resonators
andldctivelresonator@absorbers/are further/developed. [Thelidealistobelable(to modify [both
theléigenfrequencyland(the damping(factor.[Aldascadecontrolled [delayed resonatorlis/dlso
introduced!(to [broaden(theloperating[tange[oflactively [¢ontrolled mass dampers. Stability
issuesl are’ considered as[well. [ In[Chapter[ 5, anlactive[ damping[ application[based onla
hydraulic/actuator(is [@lso lintroduced. [This thethod was tested (with(a full[Scalepilotwinder.

Conclusionslare(givenlin[Chapter 6.
The thain[contributions[0flthe [thesis[danbe [summarized(asfollows:

o Alnew!LevellToLevel(Minimization (LLM)[algorithmis[developed(to transform
logic[¢ontrolprograms[of paper winders[tolaltepresentation suitable[forla fault
diagnosticlIsystem. [IThel Jalgorithm[ichanges[Ilogic jprograms[linto[altwo [level
minimum/(ormear minimum form(that(can/be [presented(in(a graphicallformatlin(a
user [interfaceloflalfault/diagnosticsystem.[Anovelltheoretical Multilevel [Product(]
OflSumsnet[(MPOSnet)modellisdevelopedtopresenttheinformationlofllogic
programs(oflapaper winder(ina form(thatlis[suitable[for(a fault[diagnostic[system.
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Thelmodellcontains(blocks(that(are[generated with thelalgorithm mentioned(dbove.
Thelimodellalsolincludeslinksbetweenblocksland[$ystems[outside oflal control
system.

Alpractical/Solutionlis'developed for (buildingup [automatically(the [faultdiagnostic
systeml ofl alpaper winder. Itlautomatically(teads, [ transformsland minimizes[the
logicldontrol/programs(ofithepaper winder. The resultlis[stored/in'd[databaselin/the
form oflthe[ modell presented/inlthis[thesis. Theseldatabases havelbeenlusedin
practicelin/several fault(diagnostic[systems(0f/paperwindersin[various paper(mills.
Allimited [questionnaire[studylis[¢onducted to[Survey experiences o f maintenance
peopleldoncerning(fault/diagnostic Systems/andmaintenancework/in/general.

Modelbased fault'detectionlandisolation methods areapplied(toalpaper winder.
Only[very(few[studies'have been(teportedbeforelin(literature. [ Twodifferent(cases
are[considered. [In[the(first[¢case, alneural network [modellisuisedtolsupervise the
web[ tension! control ofl al paper[ winder.[ Inthel second case, al veryldetailed
simulation[ modelofone[ key component ofl al paper winder, alrider[roll,[is
introduced. Themodellisused totestiandverifythe thodelbased fault/detectionland
isolation system/developed for(therider roll

Alnew methodlis[developed forlactively[¢ontrolled (massidampers. This[éxtended
versionlofltheldelayedtesonator[énables notlonly[the tesonance frequencyltolbe
tuned, (but[the [ damping/factorlas[well.[Both[variables[¢an[be tunedseparately. A
new [ pole[ placement method islintroduced! forlactivel tesonator absorbers. This
method alsolmakeslit[possibletotunelthe[tesonancel frequencyand(the damping
factor/separately.

Alnew[methodlislintroduced[to[shiftl thel resonancel frequencylofl anlactively
controlled'mass! damper.[ Theadvantages of’ this[ method[arel that[its  practical
implementation(is Ustraightforward[land [it[Jdoes[ not[‘need 'muchlenergy[ when
operating near [the actual resonance frequency (0 fla/system.

Alcascadelcontrollerlislintroduced/forlanlactively ¢ontrolled mass damper. [ This
novellmethodlmakes[it[possible/toluse/theldelayed|resonator and other methods
regardless[ofl thel mechanicallproperties of anlelement(that! generates anl external
forcelinto [anlactively(controlled mass/damper. [The forceélementhas (been(apart/of
thedamper’s(dynamic(properties [in the [previous/studies((Jalili,[2004).

Alhydrauliclactive[dampingmethodis introducedto[the damped Vibrations o flthe
rider [toll. [Experimental(tuns (withlafull(scalepilotwinder(are[carried [Out[to[prove
theléfficiency(0fithe thethod.
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2.[Paperiwinding[process(and(control

Thischapter(describes(the[unit[processesoflalpaperandpulpmill. [Tt[gives[the teader an
overviewoflthewhole[paper inaking [process/and(describes/thelspecial featuresoflfinishing
processes(andpaper (winding. This[work [¢oncentrates onpaper [finishing[and éspeciallyon
the[paper(winding [process. [Formorelinformation[on/thelinit processes(0f'a paper machine
seelg.g. [(Leask,[1987),(Thorp,1991),[(Roberts, 1991)[and[(Smook, 1992). [ Virtualtraining
toolslike [KnowPap(seelhttp://www.knowpap.com/english/) [provide detailed [information
about[paper thachines(and paper finishing.

2.1.[ Unitlprocessesoflpaperand(pulpmills

Themainlinit processes (0fla/pulpland papermill‘areldescribedlin Figure(l. 'WoodHhandling
consists[oflunit (processes, [ wWhich[transport[and(freat'wood materiall[in a paper mill. [Logs
are!first ' moved fologlintake(and[slashing[stations. Typically,¢hain¢onveyers(areused fo
transport [logs(to[bark handling 'where(theylare[fed to(a debarking drum. Iflthey[stay[too
longlin(the/drum it[worsens[quality andlincreases energyconsumption. Delicing/¢anlalso
takelplace[ between!loglintake and[debarking[in[the[paper millsllocated[in/the horthern
region. [Bark/is [fransported [to [Storage, Whilelogs [are[transported/to (chippingand [Screening.
Thelobjectivel 0fl thelscreeninglis[toldeliver[ chipslofl alsizelsuitablelfor[the following
processes. Thelchips/areltransportedand stored insilos for future iise.

Chipslareraw [material (for[chemicalland mechanical pulping. In(chemical (pulping, lignin[is
dissolvedfrom[chips(into[separate/fibers. [Heating[and [¢hemicals perform/theldissolving.
Thelmajor chemical[pulping[processes arelsulfate[and[sulfite[pulping. Inliechanical lor
thermomechanical (pulping (TMP), [fibers [dre[separated from¢hips withmechanical (forces
andlheat. [ Thelchips(are[first[pre processedand[then handledlin(tefiners. Typically, [these
arelsingle(disk[refiners, ordouble(disk [tefiners, in which[twoldisks rotate againstleach
other.[Refiners[¢an be pressurized toimprovefiber[separation. Mechanical [pulp[is[then
pumped [fromrefiners o furtherprocesses. [Another[option[for(the mechanical Separation(of
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fibers[is[to [producegroundwood by grinding. Inthegrinding [process, barked [and[cutlogs
(not/chips)are(pressedsideways/against/allargegrinding[stone. Themechanical [strain(and
heat(that[developslin[the[grinding process[separates the(fibers. Thelgrinding [processican
alsolbelpressurized [ when[pressurel groundwood (PGW)[is[produced. [ The[unit[processes
describedlabovelbelong(to [@lpulp mill. [The [pulpmill[canbelintegrated with the [paper mill.
Thelstocklpreparation/process/is located between the two.

woodHandling
*loglintake
sslashing
*barkliandling

U

chemical [pulping mechanical(pulping
esulfatepulping erefining

ssulfite [pulping sgrinding
stock [preparation papf:r Ehaghme
*mechanical [Pulp *wire section
«chemical Pulp |:> “pressisection
ground Wwood 'drylpg [Section .
*broke@nddip sonlline[dalendering
son(linedoating
recycling ﬂ
rbroke paper finishing
P sreeling
scalendering
scoating |:>
*winding
spacking

Figure(l:Main[unit[processesofipulpand (paper mill.

Chemicallandmechanical [pulp,groundwood, broken[(waste [ from/the[paperimachineland
finishing [tachines)and tecycled(fibers (dip)(are(transferredinto[stock preparation. From
stock, [preparation pulpis pumped intoapaper mill.

Thelfirst[processlinlalpaper milllinvolves alpapermachine. This[¢onsists[ofl three[main
parts:[dwirelsection, d[press/section/and(adrying[section. In[the WireSection, stock!is fed
onlawirefrom[dlheadbox.In'thehead box,thespeed [and direction [0 fithestockjetfed into
aforming/(sectionlis/controlled. In(the forming section,[stock [suspension/changesbecause
of'the flow[oflwater(through(thefabrics. [Shearforces/are[generated/in'the stock [becauselof
thelspeed!differences between(the(fabricland[the differentlayers/oflthelstock. Theselshear
forcesimprove(the formationlofipaperand[break [developing[flocs.[After[formationlon(the
wire[section, [the(webldrriveslin[thepress(section. IDrylcontent[oflthe[stock [is Houghly 20 (%
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when/the[weblenters the press(section. [Then[wateris[femoved ‘mechanically [fromthe web

by [pressinglit[between(d[pressfelt[and[d[rolllor between two [press(felts. [Theldrylcontent(of
the Wweblis/around[50% whenitleaves[the [press(section. It[is[technicallyand[économically

reasonabletoldry[the[Weblup[to[50%[drylcontent by meansl ofl mechanicalprocesses.

Evaporation/isused(to dry[the Wwebto[its final [dry [content. Thislis[carried [out/in/a drying

section. [Threeldifferent drying methods/areused(in/the dryingSection: [¢ylinder(drying, dir(’
drying[land[ radiation[/drying.[ Basically,[ drying[lisJal simple[process,[ but[its[ ‘energy

consumption/is'highland itshouldhavela[good [funnability. Dryingshouldnotworsen(the

paper(qualityeither, so [proper(design(oflaldrying/sectionlis verylimportant.

Afterthepapermachine, [the Weblarrives in/the [paper(finishing/area. The weblcoming from

the[paper/machinelis[reeled[0On(largemachinereels. [Thelreeler, whichlis[integrated intothe

paper[machine, [is[¢alled almachine(teeler.[However, paper is inreeled [and teeled many

times [beforelitlis[a[final[product, at[leastlin the following[processes: coater and[calender

unwindsand[teelers, unwind[sections o fl windersand telwinders, printing machinein[’
winders, [and [sheeter linwinds.

Basically, [the[reeling [process doesnot(affect [paperproperties, butlit [dlways[impairs[paper
qualitytolalcertain/degree. Smooth(reeling/on/the large(diameter [reel[spoolsminimizes/that
effect/andminimizes/also thewasteon/the(reel.

Coatinglislalpaper[finishing[process[that improves the printing[properties of paper,e.g.,
smoothness, [glossand[brightness.[Al[¢oating[¢olorlis applied to one orlbothisides oflthe
paper.[Pigments[are[the iost[important ¢components ofl ¢coating[¢olor. Thelpigments[are
usually(different[typeslofl minerals[like kaolin[¢lay and[¢alcium(¢arbonate. Thelcoating
process(dan/beldivided basicallyinto[two [phases:[dpplication(ofithe coating materiallon[the
paper, andmetering of'the coatingmateriallto @aproper coatweight.

Anotherimportant/coating methodis[surfacesizing, Wwhich/is[performed with alsize[press.
Coatingmachines can(be integrated in/the paper machine, 0rtheyldan(belo ff line thachines.
Formorelinformation(dn(coating technology, see/(Lehtinen, 2000).

Calenderingisisually(thelast process where[paper properties ¢an(still (be limproved. The
paper[weblis(pressed between/ two or[more(rolls.[Thel¢ontactarea between rolls[is/called
thenip. Foreéxample, mip [pressure, temperature(and length oflnip [Or [time [that[paper stays(in
theniplarealalllaffectthelcalenderingresult. Thebest/calenderingresult/can/belachievedlin
supercalenders. [Supercalender(is[almultinip[¢alender[¢onsisting[ofla stack[oflrolls (see
Figure(2).Calenders(can/also Belintegrated as(apart/ofithepapermachine.
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Figure2:[Coater(and [deel((upleft), multilnipcalender [(up[tight), paper winder[(down(left)
and[rollhandling[(down(tight). Photos(courtesyofMetso Paper.

Large(paper(teels ¢cannot/beldelivered to[¢ustomers. Paper winding[isthe processwhere
largepaper(teelslare cutland Swound[tocustomer(rolls.[ Thelpaper winding process|is
described/in[detaillin/the mext(section.

After[ winding, [ the[ customer[ rolls are[ packed and[ transported[ to al warechouse. Roll
wrappingandhandling[processes [takecare/ofitheseprocedures. [Anlinternal [fransportation
system[ moves[tolls from theWwinder[ discharge deck[(see! Figure 2, downl(left) tol[the
wrapping machineland/warehouse. [ Thelinternal(transportation(system(donsists typically 0 f
conveyers,[labelingland[weighting machines/andlidentification systems. 'Winding[and toll
wrappingandhandlinglarel always off'line processes,[i.e., theylarelseparated[ from[the
paper[machine. [For[detailed [information on'¢alendering, winding and[toll'wrapping/and
handling,(see((Jokio,[1999).
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2.2.[Paperwinding[process

Alparentireellis(alargepaper machinewideroll. Its[diameter is typically from2 [to[4 heters
andlits[width from[2[to[10[meters;[it[¢can[weighlover[ 100 tons. It[is[not[reasonable[to
transport(teelsioflthis(size. Theylarelalsoltoollarge for printinghouses. Paperwinders[cut
and[Wind [thellarge[teels[coming from[the paper[machinelto[customerlrolls. Fromlone
parentteel,[severalsets[oflcustomer(tolls[¢anbelmade. Therelare[basicallytwo [fypes of
paper[winders[mowadays:[two[drum and[multi(station. [In[the[two [drumwinder, tolls[are
lyinglontwo drums[side by(side. Thelweight[oflthetolls[is[directed [onto contact[points
between!(thelrolls[and[drums. [This[¢ontact [pointlis/calledalnip. In[multilstation winders,
eachrolllis wound/independentlylin/separate/(stations.

rideroll

©
‘ paperlroll
6.9

@ @ beltldrum

rear[drum frontidrum rear[drum

airBlow

©

o
@l® 0%’

softGovered softGovered variablegeometry
rear[drum frontidrum

Figure[3:Modified[two [drum winders. [ Air[pressurelis fed [between[winding[drums (up[’
left). [Arear[drum/is rfeplaced with[a[belt [drum/(up[right). 'Winding[drums/arelcovered Wwith

soft[material[((down(left).[Winding/geometrylis[changed [with[amoving[tear [drum[(down[
right).

Therelareldifferent[varieties ofl two[drum/winders. These havebeen[developed/mainly(to
avoid[the[problems[ofllarge diameter(tolls[(Figure(3). Alnipload[¢aused by toll[weight
itselflis[sohigh(that[it[causesquality[problemslin[the rolls. Inthe[following, the most ]
typicallvarieties [arelintroduced.

Pressurizedair(is [fed between/the winding [drumsto Supportirolls/and/decreasethe mipload.
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The front/drumlis(replaced Wwith[the belt/drum. [Thebelt[supports(rollsmore and morewhen
thelrolll diameter [increases.[ Thelnip[contact[is[ much[Wwider[Wwith[the[belt[andthe hip
pressure [per'cm” s muchless compared fo @lsteel drum.

Metallwinding drums¢an(be replacedwith[soft material(covered [drums. Thiswidens the
nip(and(decreases maximum/pressure.

Thelposition ofl therear drum[canlbel controlled[in[modern[two[drum/winders.[Thel gap
between[the winding[drumsaffects/the niplload, which[¢an[bel¢ontrolled onlinelduring
winding. Ttfis[also lone wayto [decrease [the Vibrations/in [paper winders.

Figure4:Thelmain parts(ofithepaperwinder: the inwind(section[(left), the[slitting section
(middle)’andthe Wwindingsection/(right). The/drawing[dourtesylofiMetso Paper.
Thelpaperwindingprocess/danbe rfoughly/divided/into [the following parts/(see Figure(4).

Thelunwind(section'handles(theparentteel.[It[dccelerates(and (decelerates thelargeparent
reellso [that the web [tension[(unwind tension) [stays/at the[desired level.

Inlthelslitting[$ection, the [ Wide[paper[weblis[ cutlinlthe  machineldirection[so[that[the
customerrollsoflalcertainwidth(danbe produced.



17

Inlthe Windup[section, [the[customer(tollsloflalparticular (width{and diameter[are wound.
Typical windup [Sections [0fltwo [drumwinders [aredescribed in[Figure(3.

Inladdition(to [these[tainWwindingprocesses, [theredre somesub[processes/such(asmachine
reelland teel spoollhandling, (Which(transport/the mew[machine(teels to[the unwind stand
and[removethe empty(reellspools. /Aninwind[standis 'the hain(part/0fithe inwindSection;
allarge[machine(teelis[located[onlit. Therelarel¢lectrical [drives and [brakes/toaccelerate
and[decelerate/themachine(teel. [ The teellinthe inwind[stand/¢an bemoved(sideways/to
puttheWweblintolalcorrect/position. Theinwind[stand[¢anldlso[be dscillated to[decrease the
negativeleffect/ofllocalprofile variations(in'the[web. The inwind [Section(also [controls(the
unwind tension, [ whichlis[onelofl the 'main[¢ontrols ofipaper machines. In[Section(4.2,[a
method/islintroduced [fo [supervise [the inwind tension/control.

Inlthelslitting[section, [the paperweblis[¢utlin[the machineldirection. Cuttinglisusually
performed3vith shear[¢ut[totating[ blades.[ Thel customer[ defines the humber[of! §litters,
whichldepends(on/the(widthloflcustomer(rolls.[Alcut [paperweblneedsto (be Separated dfter
slitting.[ This[is[usually performed[ by D bars, bowed rolls or[sectional spreader(tolls.
Without[spreading, [paper[sheets[will[interlock[paper tolls[together in(the (Winding[section
(cf.[dldard[deckduring alshuffle).

Aslthentioned(above, the windingsection/consists 0f'winding/drums/and alrider rolllin two
drumlwinders. Inmultilstationwinders, [a[winding[drum[or[drums, stations and [fider rolls
form/the(winding section.[Aweblis threadedfrom(the unwind[section/through(theslitting
section[to 'the[winding[section.[ Afterlalsetchange, mew[c¢ores are fed onto the winding
drums. [Cores(areusually/gluedor(faped(so(thatthe paperweblis[stuck to [¢ores when[the
winding[starts.[Alrider[tolllis[lowered on[cores[sothat/they areltightly pressed[against
winding[ drums.Altider[tolllisone ofl the key components[oflthe winding[$section.[ A
detailed[simulation modello0fl the[rider tolllis[presented in[Section4.3.[ This[simulation
modellisused(fo verify/the[model(based(fault[diagnostic[system/developed to monitor the
functionsloflaltider(doll(see Section 4.4).[Roll diameter first grows[very(tapidlywhen(a
paperwinderaccelerates!tolits[maximum/[$peed. This[puts highdemandson[themain
unwind[and[winding[section c¢ontrols,[i.e.,[speed[and[torquel¢ontrols, [of winding drums,
unwind tension/controllandforce or[pressure(controls 0flthe rider roll mip. The rear[drum(is
usually[speed controlled, and[thel front[ drum,[torquelcontrolled. In[this[way, al proper
tightening effectidanbeapplied to [the(rolls.[When[the desired roll[diameter(is dchieved, the
winderlis/decelerated[dnd stopped, and/therolls[@are[pusheddway [from the winding Section
tolthewinderdischargedeck, [and [the mew [cores areloaded (into [the winder. [ThisSet (change
should be [performed(as(quicklylas[possible, because/it affects the capacity0fithe winder.

2.3.[Paper(winder[dutomation

Traditionally, [process@automation/and (machinelautomation(are(two [Separate [study(areas. A
paper[windingprocess/isd[combination(oflboth. Tthasvery[demanding [process/controlsto
producelhighlquality tolls(for[¢ustomers. Therelcan[belindependent tecipes and frims for
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everylcustomerland[paper[grade. In[practice, itlis[difficultto measure[the properties of
customer(tolls[without breakingthe structureloflatoll. ' This[puts’high[quality [demands(to
every[part[0fltheprocess.Quality [faultslin/customer(rolls/can(dause great ‘economic losses
to [ paper[mills. Until nhow, the qualitylislinspected from[outside[Wwith, [ for[éxample,[the
Smith[Needle, lor by knockingthe tolls[with[a[wooden[stick.[Recently, Paanasalo[((2005)
developed[new! methods[tol estimatel theltolll structurel by measuring[ different! winding
parameters; [inthefuture, these kinds 0 fimethodswilltindoubtedlybecome thore common.

BesidesIprocess/controllloops, therelare manyhighlspeed(servol¢ontrolleddevices/in paper
winders, 'which[¢ontrolboth[positionland[force.[Moveable[masses are heavy, and alrider
roll,[forléxample,(canlweighup(to[10[15fons/and alsetlofrolls(easily [20(25 [tons.[When[a
rider(rolllis Towered down(fo[cores, its[speed [can[be 300 mm/s. Tt mearly[stops justbefore
thel¢cores; theposition[controllerislswitched tothe force controller[When(theltider(toll
touches[thel cores. Coreslare madel ofl rather! stiffl material,[ $o[the[switching/has(tobe
performedvery/quickly/to [prevent the force fromrising toohigh. (@On/thelother hand, [@rider
rolllhastobe(veryrobust/dgainstnoise(and vibration/during[running.

Besides, the[process/and servo¢ontrolledToops, many(limit [switches [and[other binary(fype
deviceslare used[in[ paper winders. Thesel signalsarelused! for[safety purposesland[to
scheduleland[¢ontrolldifferent functions. Forlexample, al modern[paper winder  tontains
automaticl sequences! thatlarel scheduledwithlinformationl coming[ from[ sensors.[ Large
electriclandhydraulicldevices and[systems[¢ontainlalpotential (risk [of severelinjures|for
humans, and machine(failures[canlcauselsignificant[ economicllosses, too. Theselbinary
typeslofisensorsanddevices[areuised [tominimizelthe tisks mentioned above, butlare’a
complexcombination/oflanaloglandbinarylcontrols, and(so[put/agreat demand on the fault
diagnosticland/controlsystem(oflapaperwinder.

Altypicallautomation/system(ofld[paper winder[consists[0f[two [main[parts:[programmable
logic/controllers|(see Hackworthland Hackworth, 2004) land[control PCs. Devices thathave
some kind/oflintelligence and(controlcapabilities by themselves/canbeconsidered [tolactlas
althird/controllevel.
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WORKSTATION MILLSYSTEM

S

OTHERWINDER
RELATED[PROCESSES
* pulper

« roll[Stoppers

« reel[dart

* coreldutter

* etc.

INTELLIGENTOR
AUTONOMOUS DEVISES
« programmable(Servodrives
* unitdontrollers

* glueingftachines
* etc.

SENSORSAND
LIMITSWITCHES
« speed[sensors

« forcelsensors

* position[sensors

« limit[Switches

« safety limits

* etc.

REGULATINGUNITS
« hydraulicdevices

* pneumatic(devises

« electric(drives

* etc.

Figure(3:Basiclstructure(dflan/automation/system/oflalpaper Wwinder.

Typically, all time[¢ritical [ functionslare[ collected[to[the programmablellogicl controller
PLC,which handles(alll¢losed[Toop(controls. Thelprocess/dataare read fothe [PClthrough
the PLC. [Product/and [recipelinformation, [Setpointvalues etc. [are [downloaded [from(the PC,
whichlislalsolaluser[interface[fo thelprocess. [ Besides onelor[several [inain nits, the PLC
systemlconsists[0flseverallinputand [outputmodules(and, [forlexample, some[dontrolpanel
units. Inputandoutput inits[danbe distributed to [different [parts(0fithe[winder, [ortheylcan
belc¢ollected into[thelelectricalléquipment foom. [Electricaldrives arelalsocontrolled with
separate[ PLCs[or[ controllers. Al typicallstructure ofl an”automationl systeml ofl al paper
winder can(belseen/in Figure(S.

Thelmain¢ontrolled[process!parameters/in/twoldrum(winders are tension, nhiploadand
winding[ force. Thel winding[ forcel isl thel tangentiall force  originated[ from[theltorque
differential[generated by a second ' winding/drumlor(belt. [Below are short[descriptionsof
these [three process [parameters.

(Unwind) tension(control = Variation/in linwind [fension/causes web (breaks and(defects/in
thelquality, [solit[plays anlimportant(rolelin[winding. Earlier, an unwind tension[control
system[ contained only[brakes[ that[slowed[ down[thel rotation[ bfl an[ uinwind[teel and
generated[tensionlin[that[Way.[ Nowadays, [ teelslare[sol[large[(>100[tons) that[electrical
drivesldre needed!to [fotate the reels atthe beginning[ofiwinding. (Otherwise, [tensionwould
risetoa[valuelthat(was [far(too [high. (It [(would [be impossible[to [tfun[a[paper weblat high
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speed[ withoutany!tension.[ Slitting[and spreading cannot[bel performed either without
tension.[Allooseweb(breaks/easilylin(thelcutting[bladesand(the cutting[tesult[is [poor. An
unwind tensionaffects(thelénd user(rolllstiffness(and(structure byl generating/strainlin(the
webldoming/in/thenip.

Nip oad = [The force(that(is[directed fo[a[paper tollat¢ontact (pointswithlother tollsis
called[the niplload. Theweight ofl alpaperrolllitselfl¢canl createthelforce, [orlit[canlbe
generated (typically[withhydrauliclor[pneumaticlactuatorslin/a rider roll. (A [paper(tollhas
three (nips inlaltwoldrum/winder: alrear[drum, alfront[drum[andlaltider toll nip.[The
stiffness ofl thepaper[toll canlbel controlled Wwith the nipload. High nipoad increases
tension(0fld Wweblwound(on(apaper(rollland [produces|(alstifferland harder [paper(roll. [Atthe
beginning ofl winding, [the[ weight[ofl al corelorlal smalll diameter[tolllis[hot[eénough'to
produceltheltequired niploadllevel.[Alrider(roll[pressestolls'downlat(the beginninglof
windinglandproduces the required mip[loadvalue.[When(thediameter [andweight(oflpaper
rollslincrease, [this/extralforce!lis mo longer meeded [and [a[rider [folljust [slightly touchesthe
paper!(rolls to[prevent them/frombouncing [0 ffithe winder. For!amore(detailed [studyofinip
mechanicssee/(Jorkama,2001).

Winding force = Intwo [drum/winders, the[tear [drumlisusually [Speed [controlled [and the
front[drumlisforquel¢ontrolled. [A[forquelcontrolledfront[drum¢an(be used(to [generate a
torquel difference between! rear[ and[ front[ drums.[ This[ effect[ generates[ strainlin[ the
outermost(layerofipaper wound/onlalpaperroll. Highmiploads/canldamagepaper rolls; by
using/the winding force, [stiffirolls/can (be [producedwith(alower miploadevel.

Besides! thel force and positioncontrol loopsand[ process automationl controls, [ paper

winders (have many [dutomatic[sequencesand[functions. The most[typical [Ones [dre(listed [in
Table2(1.

Table2[1:[Sequencesiisedlin[paper winders.

Sequences ofipaper winders

Weblthreading/sequence
Trim[changesequence

Reellchangelsequences
Setlchangesequence
Corelfeeding/sequence
Gluing((coreslandtaillofipaper)
Taping[(cores/and|tail 0fpaper)
Splicing (unwind)
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Iniweb(threading, [the [paper/machine(wide weblis pulled [from[the feellin the inwind stand
totheldores(and windingdrums.This[¢an be [performed with, for[éxample, [fopes, dir[blows
orlspeciall felts.[ Inlaltrim[ changel sequence, [ slitters arel moved to[hew![ cross/machine
positions(according tothe desired/toll[widths. Inmultilstation[winders, [Stations[and tider
rollslarelalsolocated [to mew [positions. [Reell¢hange [Sequences take care 0flremoving [émpty
reellspoolsfrom/anunwind stand [and [bringingthe [fullfeels from(the storing places to the
unwindstand.'Whenlalsetl of tolls[is[readylonltoploflthe winding[drums, alsetl¢change
sequence temoves [paper(rolls [from(the winder[and[preparesthe winder foranew tun. A
corel feeding sequencel brings hew![ cores onl top ofl winding[ drums. It[ can[alsobela
subsequence! forlalset changelsequence. Therelarelbasically[twolplaces where gluinglor
tapinglare(uised. ‘Sometimes ¢ores arel glued [or taped sothatlalpaperweblgrips on cores
properly. Therelareldlso [devices[that[glue or tapetailsioflrolls(at/theend [0 flwinding.[When
anlempty(reellspoollisireplacedwith(dfulllone, amewweblis tapedto ‘the Webhanging[still
inlthewinder.[Thislis[called splicing.

Thelcomplex structureoflalpaper winderthakesit [feasonable to isespecial [fault diagnostic
tools[totunipaper windersleffectively.[Atlleastone fulllscale fault[diagnostic[system has
beenldeveloped[for[paper Wwinders, seel(Virtanen and[Paanasalo, [ 2000)and[(Kaistinen,
2001).

This sectionbegan(with[a[general descriptionloflalpaper machineprocess, but(sincelthen
has[éoncentrated more [ontwo [drum[winders, (because(d dider Holl [0 fla [fwo [drum winder s
chosenlas/altestbenchbothlin[Chapter(4 [and [Chapter(S. For morelinformation/oflwinding
and[multi’station winders, [see, forléxample,(Jokio, 1999).
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3.[Faultldiagnostics/[Ibinary[part

Alpaper[ winder[has[typicallyl morel[ binary[ type sensorsland[actuatorsthan’other[unit
processes(ormachines/inla/paper(mill.[The wholepapertmachinehasperhaps more(sensors
and[actuators, but[density(the mumberoflsensorlandlactuatorsper lengthlofimachine)lis
higher(inalpaper/winder. Inlalpaper machine, the[focusloflthe operationlis in[process
automation/andprocesslitselfican beldefined(as dcontinuousprocess. Thewindingprocess
islalbatchprocess;lalpaper winder has, for example, many[servol¢ontrolled movements
during mormalloperationinlikethe [paper(machine. However, [dpaperwinder has/still[some
processl¢ontrolled[parametersunlike other machines[(conveyers, (wWrapping machineletc.)
inltherollfinishing(area.

Thelgreat mumberof binary[signalsand devices|creates(alsolaneed forlafault(diagnostic
system[designed(specially [for(binary[signals. Earlier, whenla structure(oflalpaper winder
was[ much! simpler, al imanuall configuration[ 0fl thesel kinds ofl diagnostic| systems[as
reasonable. INow [the [Situationlis[different, ([and [automatic [tools [are meeded [fo [do [the (work.
In'this[chapter,(anew method/andanlalgorithm/are lintroduced to [automatically modifyand
convert[PLClprograms(based on(binary(signals/to a/graphical form/that/is[€asilylinterpreted
byloperators. In(Section 3.1, thelindustrial [state[of[the art[methods(are[covered. Results(of
al questionnairel arel alsol teported. In[ Section[ 3.2,[ currentl methods [ ofl modifying PLC
programs!forfault[diagnostic[systemsarelintroduced. [ Section[3.3[¢covers/the methodslof
minimizinglogic functions. In[Section[3.4,[a new[modellis[ presented that[clarifies/ the
structure [0f'the mew [fault[diagnostic[system o flthe [paperwinder.[Anew dlgorithm, Which
transforms(largellogicl functionslintolaform[suitable [ for[thefault'diagnostic[System,[is
introduced(in[Section(3.5.[A [practical @xamplelis[introduced(in[Section[3.6.
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3.1.[Introduction/to[common(methods

Inlthis[ section, [ methodslare introduced to displayl binary(fypel[datalin[faultl diagnostic
systems.[ This[is al verylimportant human to [machinelinterfacelissue. User[profiles and
typicallproblems arelalso[discussed. Alshort[teview oflresults’ of alquestionnairel study
carried[out(in/connection(with(the(maintenance people ofiseveral(paper mills(and(thestart[]
up [peopleoflalpaper machine manufacturer/areintroduced.

3.1.1.[] Methods

Therel existlat[least the following[ methods[to tepresent/information inlfaultl diagnostic
systems of’binary/signals: sensor [statecontrol, [sequence[charts, hask lelp, andalarmTist.

In[$ensorl[state control,[actual machineparts/likelactuators and binary[typel$ensorslare
typically monitored. [(Figure[6 [shows a[typical (machine[part(ofia(paper/winder, a[lowering
table, where thiskind[0f'diagnostic/¢an[belused. [Whenlalsetof paperrollsiisteady, these
arepushed (onto [the[lowering[table. Thetablelis turnedwithlalhydraulic ¢ylinder(and rolls
arelreleasedlonlalwinder dischargeldeck. To controlthe hovements, and forisafetyreasons,
theredre limit/switches at(both(ends oflithe[movement. If the lowering/tablelis/controlledlin
the lupper [position[to wait[for(the(rolls[to belreleased [and the ipper(limit[switchlisbroken,
the(tolls[are not(released. [Alsetchangelis[stopped [dutomaticallylandthe Winder[¢annot (be
used until(the (broken(limit[switchlis[fixed. [However, (when an(operatorlooks[dt Wwinder (he
orlshelsees|that thellowering[tablel[is[inlalcorrect[ position.[ Without[al faultl diagnostic
system, [ electrical ‘measuring[devices[or programming/ devices oflal PLClare[ heeded[to
locate thefault. This[isnot/only(time/donsuming, (but/d maintenancepersonlis(also meeded
to finish(thetask. In[sensor[state[¢ontrol, [limit[Switches[are [monitored [So [that (when, for
example, [the lowering tablelis [controlled[to [the upper[position, the upper limit[switchhas
tolchangelits[state after[alcertain/ time. 1fTthat does[hot happen, anlalarmmessage is
generated orlan’alarmlindicator(is(turned on.[ Thenlalmechanicall fault’ canlbellocated
immediatelywithoutlanylextra/devices orpeople.

Hydraulicdylinder
jg T
=3 =
we B
Aﬂ|§ﬁ J
1
|-
‘\ Limitiswitch

Figure(6:LLowering/tableloflalpaper winder wherethe [Sensor state(dontroll0flimit switches
is(used.
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Therelarelsomelindustrial [fault'diagnosticlapplications, where(this[type of diagnostics(is
performed. Inlthe @reaoflpaper (winding, [see[(VirtanenlandPaanasalo,2000).

Aslmentioned[in thelprevious[chapter, paper[winders have manysequentialltasks.[Inla
sequence program,(alset/ofltasks/or(sequencelstepslisicarriedoutsothatwhenlonelsteplis
ready(the secondlonelis[started. Ina’specialcase,tany [Steps/canbelon(at thesame/fime.
Condition[signals(indicate 'Whenlalsteplisready andlalsequence goes Onlinto [the mext[step.
Algenerall practicel in[monitoring[ the sequences/is[ to[ usel sequencel charts. Froml[the
sequencel chart, it can[belseenlinWwhich[steplalsequencelis[and[What thelstates[ofl the
condition'signalsof'thatstep(are. Step [times/canlalso [be monitored[to [determine(ifitherelare
any[problems(inthelsequence. Sequence charts arenot/only a toollto ‘monitorsequences,
butcan/beised(toldesignlandprogramisequencesasiwell. Figure[7[showsasequence chart
window, (wherethe steps/¢anbe seenlon[thelleft(side dand conditionsignals/of the ¢urrent
steplonltheright/side.

Conditionsforithelchangeover
tolthemextistep

FC 1041_%Set change sequence ) ﬂ

FC 1041_Set change sequence | StepfExit Condition | Skate | i

M — — i, @ \indup sequence: Stepping mode 0
et change sequence; Aunning @4 ; i
T45ET SEQ.RUNNING (M 1410.2) et change sequence: Cortinue

1
@Wider roll Force control; Relief mod,,. 0
€ speed < 30 mimin, from drive 0
MEH 1 Mip quard up % Set change sequence: Pause 0
1$5ET_SEQE_STEFT M 1416.1)

Active

ste ME# 2.01 Windposit start
P T$SET_SEQE_STERPZ.01 (M 1416.2)

MEH 2.03 End gluing sequence start
T$SET_SEQE_STEPZ2.03 (M 1416.3)

tEH 3 Rider rall up
1$SET_SEQE_STER3 (M 1416.4]

|MBﬂ 4 Core locks open, Cutting devices bady up

1$5ET_SEQE_STEP4 (M 1416.5]
KL
Cancel |

A ||| ||| D ||| e[ =p ||| || || AR |||
=]

El | = =1 = | = | =1 E=l| =

Buttonwhich©@pensithesequencewindow

Figure(7:Graphicallsequencedisplay. [Steps/areon'the leftiside/and [conditionsignals [0flthe
current steponlthelrightside.

Another¢common(way!(toldisplayldiagnosticldatalofl binary[signals(is theso[called ‘mask
help. In/the maskhelp, motlonlybinary/datalareshown(about actuatorsand[sensors [butlalso
valueslofl thel talculated ‘imemoryl signals. [ It[ can[bel said[that[ thel sensor[ state control
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monitors[themachinelandlalmask help[both(the machine andlits functions/and programs.
Signalistates(are typically[shownlwith/colorslin/the mask help. Usuallyagreen/color means
that(thelsignal(state(is[in[a[correct[stateland[a[ted [¢olor(that/the signallislin alprohibitive
state. The mask (helpindicates mot/onlymachinebreaks/but(also [Operational faults. Higure(8
shows[an[lexamplel]ofl Jallsimplel] PLC[]program[ | network ] and[]al]mask.[]Signal
“RR_STOP_POS”[would! generatel anl alarmlindicator, becauselits[ valuelis[ 1 [(TRUE),
while,[dccording o [mask,[its[¢orrectvalueis [0 [(FALSE). Tt[must[be [(bornin mind[thata
correctvalue[means/a/signal [valuelinthis[network. A correct valueoflthe/same(signal can
be TRUE!/inlanother[part/of'a[PLC program.

State Mask Alarm
=

1 1 no "SFEED<150
0 0 no "WU_SEQ_ST

OPFED™ =
0 0 no "HU_STOP™ = "RE_FEEN_U

P

1 0 yes "RR_STOP_P #

03" =

Figure(8:Function ofimask help. Noalarmis[generated Wwhile [the [actual(signal(value, [State,
is[thelsamelas/the mask[Vvalue.[ When(the[Valuesdiffer, thelalarm[isgenerated. In[this
example, thesignal f/RR_STOP_POS”would/generatelthealarm[(State=1,Mask=0).

Anldlarmist (Figure[9)[is[d[traditional wayl(fo represent [diagnostic [data. (It [Tooks/similar [to
thealarm/printer’s(outputused/fordecades/in/the process/industrylandfisialoglofialarms.

Alarm List T x|
Time | Symbol | Diescription | Category ﬂ
= L1$CL_H_AT_OPEN_LS FC602 Core lock horiz, move: At open, left invalid state (state = 0) 0
- 1$CL_H AT _OPEN_RS FCA0Z Core lock horiz. move: At open, right invalid state (state = 0) 0
A 2003-01-0812:10:29  L$CL_Y_REQ_UP Control: FCE00 Core lock vert, mowve: Request to up a
T 14CL_H AT_OPEN_LS FCA02Z Core lock horiz, mowe: &t open, [eft irvalid state (state = 0) 0
L L$CL_H_AT_OPEN_RS FCA02 Core lock horiz. move: At open, right invalid state (state = 0) 0
A 2003-01-0812:21:02  1$CL_Y_REQ_UP Control: FCAO0 Core lock wert, mowve: Request to up i]

L L$CL_H_AT_OPEN_LS FCA02 Core lock horiz. move: At open, left invalid state (state = 0) 0
- L$CL_H AT _OPEN_RS FCA0Z Core lock horiz, move; At open, right invalid state (state = 0) i
A 2003-01-0813:23:29  14CL_Y_REQ UP Control: FCE00 Core lock vert. move: Request to up ]
- 1$CL_H AT_OPEN_LS FCRO0Z Core lock horiz. move; At open, left invalid state (state = 0) 0
L L$CL_H_AT_OPEN_RS FCe02 Core lock hotiz, move: At open, right invalid state (state = 0) 0
A 2003-02-25 10:48:51  14RR_REQ_LF Control: FCA06 Rider roll move: Requesk to up i]
= 1 $5PEED < 150 FC921 Speed < 150 mfmin, from drive invalid state {state = 0} 0
A 2003-02-26 10:50:39  1$RR_REQ_UP Control: FCa06 Rider roll move: Request to up 0
- 1$5PEED < 150 FC921 Speed < 150 mfmin, from drive invalid state (state = 0) 0
A 2003-02-28 10:51:56  14RR_REQ_LP Control; FCAD6 Rider roll move: Requesk to up 0
= 1$5PEED <150 FCa21 Speed < 150 mimin, from drive invalid state (state = 0) ]
A 2003-02-28 16:09:58  1$RR_REQ_INTO Control: FCAOG Rider roll move: Requesk to int, position 0 (calc, up po... 0
= L$RR_STOR_POS FCA06 Rider roll mowe: Stop invalid state (state = 1) il
A 2003-02-28 16:09:59  1$RR_STOP_POS Control: FCA06 Rider roll move: Stop 0
= 1$ALM_RR._POS LS FCA06 Rider roll position Fault, left invalid state (state = 1) 0
< |
History | Clear Cancel |

Figure9:[An/alarmistlofitriggers ((black)and preventing locking(signals/(red).
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Inlalbinary! fault'diagnostic/System, thelstateslof locking[signalslare[typically monitored
onlylwhenlal¢ontrollsignal[ofl the[ functionlin[questionlislon. [ Thelcontrol signallis also
called altrigger(in this/context, becauselit[triggers(analarmlifloneofithe Tocking/signals(is
inlanlincorrectl state. However, [suchlalarm[lists[ do nottake[ full advantage ofl modern
graphical [userlinterfaces.[ Forlaldetailed [ studylofluserlinterfacesl and[their[usabilitylin
automation[systems,see(Paunonen,[1997).

3.1.2.[] Problems

This[ section deals[ with[ problems! concerning[ different[ types[ ofl alarm[ systems. Some
problems(are common both(toanlanalogland (a/binary fault(diagnosticsystem. Undoubtedly
demandslon(fault'diagnostic[systems/havelincreased, becausemachines, [instrumentation,
and[controllsystemshave becomemorecomplex/anddowntimes lower (Idhammar,[1997).
New[machines in alpaperlindustry[tend to be morelreliableland[their’downtimelower.
Unfortunately, ¢omplex machines/seem[to havel¢omplex faults. Forléxample,lithas been
reportedlin(thesteellindustry(Parr,[1997)(that[in[amodern[production(line thel[downtime
tends(to [bellower, [but(thatlit[is[¢oncentrated [in[ fewer, but ‘more[extensive, delays. These
complex faults[dre(alchallenge forindustrial [fault /diagnosticsystems. Unfortunately, [they
continue tohave(dertain typelofldrawback.

Below/isallistlofltypical [drawbacks ofltraditionalldlarm(systems (Hasan etlal.,[1994).
e Alarms/thatlarenot/specificlénough

e Alarms'thatlareltoo(specific

e Toolmanyalarms/during/alsystem/disturbance

e Falseldlarms

e Multiplicitylofldlarms[forthesameeévent

¢ Alarmsichanging(too(fastto (beread onlthe display

e Alarmsmot/in/dlprioritylorder

¢ Alarms(remaining/onlthe(display(afterbeinglacknowledged
Falselalarms[are(usually/caused bylaldefective fault(diagnostic/System. Either[therehave
beenl faults' from[the beginning[ or[thel controll system[ has been[changed later and[the
configuration(oflthediagnostic/system hasn’t[been(updated. Traditionally!it fequires(allot

ofmanual work[ to buildup[suchal configuration, sol changing[thel system[is[time![]
consuming/and/demanding.
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Theproblemlofltherebeing[too manylalarms(duringalfaulty situationlisquitecommon.
Much!tesearchlhas/beenlcarriedloutlintolavoiding(that problem[by[finding the so[c¢alled
primary(faults, seele.g.[(Rollo etlal.,[2004).

Thereasonfor(alarmsbeing too [specific, lor ot beingspecificlenoughisiduetothe fact/that
capabilities o flusers[folutilize[such[systems/and[toSolveltheproblems varylalgreat(deal.
Thelusers[ canl bel roughly divided[into[ threel different[levels  (Figure 10): operators,
maintenance(people, [@andexperts.

EXPERTS
[designers(ofiwinders
[process specialists

1T

MAINTENANCEREOPLE
(repairland [thaintainWinders[and
other(thachines [ih [paper mhill

OPERATORS

Cusewinders[and(dther hachines(évery(day

Figure(10: Three basic levelsoflusers(ofifault/diagnostic Systems[in[paper winder(area.

Operators[arel peoplel who ["usel the machine[ldaily. They[do[ not know[ how![to[use
programming/devicesand[their[(knowledge oflelectronicsandhydraulicslis limited. They
usually'work[onlylonlone machinelikea paper[winder, (but [Sometimes theylare c¢irculated
tolothermachines, foo.

Maintenance[peoplelarelc¢alled ipon[when[there are morelserious(faultsin/the machine.
They know [how[to [change(the[programs/and(theydrel¢apablelofitepairing electronicland
hydraulicldevices. [ Their[problem isthat usually(theylare[tesponsiblefor the wholepaper
linelor/eéven/the Wholepaper mill. [For this(reason, their knowledgeloflalsingle tinit[process
in(alpaper mill(islimited.

Thelexpertlevel uiser knows!onepartoflaprocess veryprecisely. [Experts/mayWwork[in[a
paper mill, [but more often they are(outside consultant/éngineers (or representatives ofpaper
machine suppliers. Theylareneeded whencomplex/machine faults(orprocess/disturbances
have(to belsolved.

The problemofithe alarmlisttype ofldiagnostic windowslis[thatthey[cannot serveall three
levelsloflusers.[Alstructureloflalmodern(faultdiagnostic[system/should[be like anlonion,
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with(foolsfor allitypes ofiisers. The!different levelsshouldbedrranged(so that theyldo mot
disturbleachlother.

3.1.3.[) Questionnaire study

Questionnairel studiesare used(to[¢ollect tacit knowledge fromlorganizations. They have
beenlused, for[ example, tolevaluatel expert[ systemslin[ nuclear[plants[(Seongand[Kim,
2000).[Thelaim[oflthe[study[Wwas[to[surveythelisers’ [opinions[oflthe diagnostic/systems
and(their(usability. In'this[tesearch, [questioning/Wwas|directed [(both(fo maintenancepeople
working(at[paper mills(and to [start[up [peopleoflalpaper machine supplier; however only
thelresults[doncerningthe paper mills/are[summarized(inthis/section, (because they are[the
targetsofltheldiagnostic[systems.

Alsetloflstatements/was[introduced(to [participants, [ who [Were[given the ¢chance tol¢hoose
fromfivedifferent(categories.

Thelfivedifferent categories were:
2[=ltotally/disagree
1 =[slightly(disagree
T0[=no 0pinion
Tl [=quitelagree
2[=/totallyldgree

Bar(diagrams(ofitheresults/are [summarizedin[Appendix 1. Nine maintenance [people from
three differentpaper[millsparticipatedin the study. Onepaper(mill (had Someproblems
with[their[ diagnostic[ system and[that[might havel had anleffect[onltesults. [ However,
different paper mills Wwere notclassified because o flprivacy [protection.

Maintenance! peoplel felt[ that[ theyl benefited[ from[thel diagnosticl systems[ and[that[the
systems wereladequatelyreliable(see Figure[A[l).

Onltheotherhand, (falsealarmswere[considered(as(d[problem[(seeFigure[A[2).Onelmill
thattook[partlin/this/studyhadalsystemwhere falsedlarms[were/generated [during(anormal
operation. [ Becausel ofl that, [ very[generalized[ ¢onclusions[¢annot[beldrawn[from[answers
concerningthelqualityoflsystems. However, [the conclusion/that false alarms hinder the hise
ofldiagnostic/systems/dan(beldrawn.

Questionslin[Figure[A[3 [were[chosen(toevaluatehow easy(the fault diagnostic[Systems
were[to uselandhow [ maintenance[people likedniserlinterfaces. The conclusion/was[that
userlinterfaces shouldbelsimpler[touse. Their uisability was, however, rated [Somewhat
better(thanhiserlinterfaces.
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Thelqualityloflinformation given[by(thefault[diagnosticlsystem/was[evaluated [with[two
questions((see[Figure A[4). Thelfirst[question/dealt[withalarm[messages/and(thelsecond
withhow/(easy (it (was[to find [primary(faults with[a[fault/diagnostic[system.[Answers [Wwere
distributed/quiteleévenly.

Importancelofl doperating/and(service manuals(wastanked[high[(see[Figure[A[5).Electric
andhydraulicldrawingswerelalso[considered [to [belanlimportant(toollin(fault/detection, and
especiallylin/thelclearing0fifaults.

Importanceloflexperience[waslalsolevaluated [(see[Figure[ Al6) and[was[considered [Very
important.[According to this(study, a[good knowledgeloflthe machinelitselflis[¢ruciallin
fault/diagnosis. Thelobservations of'theauthor!(atdifferent paper mills'duringthe(lasteight
years[ also[ support[ that[ conclusion.[ [For[ this[ reason, it[ ‘was[also[ ‘quite[ lobvious![ that
maintenance people(felt thattheyneeded imoretraining(see Figure[A[7).

On thebasis(0flthis[questionnaire [study, the following(conclusions(éanbe/drawn. Training,
experiencel and goodl knowledge ofl machines and[systems[arelthel bases! for working
maintenancelorganization. [Iflmaintenancel organizationlacks/these, undoubtedly(thefull
potentiall0fithe fault/diagnostic/systemwillmot beachieved.

Users!find[fault[ diagnosticsystemsan important(toollin[fault'detection and/ ¢clearingof
faults.[At[the[samefime, users [Suffer [from[faultslin/the systems.[Systems[themselves are
workingwell, (but the(deficiencies inimplementations [seemto [cause trouble.  The method
describedlin[Sections(3.4[3.6lis[developed/to [overcomethis[problem.

Great/caremust be taken(fo [ensure that/the userlinterfaces/areldlso [simplelénough to fise.
Thelresultofithis/questionnaire Wwas quitepositive[concerning/the iser [interfaces, [But users
feltthat[there (were still improvements [to (be made.

3.2.[ Methodsto modifylogic(diagrams

3.2.1.11 Background

First, logicfunctions inindustrial l@pplicationswereimplemented withrelays [and [switches.
Later, whenmicroprocessor(technologyhadbeen(developed, thelsamelogic functionswere
implemented with programmablellogicl¢controllers[((PLC). In[PLCs, [there are[mainly[five
different[ program(languages[according/tostandard [ IEC 611313 [ groupedlin textbased
languagesland/graphical languages.

Textbased languages

e IL,linstructionlist
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e ST, Istructured text
Graphicallanguages

e LD,lladder(diagram

e FBD,functionblock(diagram

e SFC,sequentialfunctionichart

Anlinstructionllistlis[ very[close[tolassembly[languagelaslalprogramming[language.[ A
structured[text[is[al higher(level programming[languagelandlit[is[based[onlthelmodern
programming | languages Pascal‘and[ C.[ Ladder[ diagrams[ are used[to[ represent! basic
Booleanfunctionslin[thelindustrial ¢ontrolllogic[$ystems. It[was[basically developed/to
present[ telaylogicl operations.[ Al similar[kind[ ofl logiclis described [ by function[ block
diagrams, [but[the functionslare mow [tepresented[as(alset oflblocks((e.g.,[ORTand[AND[
blocks)/and/donnection/linesbetween/them. SFClislalgraphicallrepresentationoflsequences
with[ steps[and[ transitions.As[ in[ computer[ programming,[ higher(levell and[ graphical
languageshavesuperseded(thelinstruction(list(asa programming toollin [PLCs. Figure[11
demonstratesthe (differencesbetween!IL, ST, FBD, and1.D.

IL ST

u( IF : Ml 0O=trus OF M1l. l=trus AND MZ_0=true AND MZ_ l=trus THEN
i} bif 1.0 M2 _0:=true;

u] Jul 1.1 ELSE

Til n 2.0 Mz _0: fal=e

u n z.1 END_IF;

= Jul 3.0

FBD LD

Hil.0—

Ml.1l— 1

Mz.0— n3.o

Hz.1— —1

Figure(11:[Thelsamellogicfunction represented Wwith[four(different[PLClanguages, IL,[ST,
FBD,land [ILD.

Boolean[ functionsare[usually[programmed[Wwith[FBDland[LD,[Whereas morecomplex
algorithms[ arewritten[ with[ ST Cor[IL, (Berger,[1998).[PLC[programs[ consist[ 0fl both
Boolean/functions(and higher [level functions, but the [following[sections [deal with[Boolean
functions(only.
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3.2.2.[1 Logicléxplanation

Therelhas[beenlallot ofltesearchlin the field[ofllogiclanalysisandlogic/minimizationlin
electronicldesign,[seele.g.[(Nam etldl.,[2004), (Chang etlal.,[2002)[and[((Mohamed etld!.,
1997),land[in[telecommunication technology, seele.g.[(Nevalainen,[1988). [ Websearch
enginesl can[ bel mentioned as’al new! field ofl technology (Yowono,[1996). Industrial
automationlapplications(are(still (farebut(tesearchhas[been(c¢arried outlin that(fieldalso.
Thellogicléxplainer(described below[isbased ‘on the[methods(describedlin[(Brayton etlal.,
1987), (Bartlett etlal.,[1988)land[(ColonBonet etlal., 1989).

Huuskonen[(1997)[divided explanation[levelslinto! four different[ categories: diagnostic
level,behavioralllevel, functionalllevel,@and program(level.

Program(levellis(thelowest level;[the machinel¢ode[part(ofithe[paper winder [programs[in
instruction[list[ format[ canbel imentioned asl anl example. Functionallevellis thellevel
represented by (the [FBD [program. [Forbehaviorallevel, there(is o [Clear[analogylin the [PLC
program[énvironment, but [SFCIc¢an[beconsidered to (belong(to [this(level. Diagnostic level
can[belconsidered as/thellevel where[PLCl¢ode!lis fransformed into[altepresentation that
helpsloperatorsand [maintenancepeople fosolve problemslin’a machine or(a process. A
reallsystem[¢anlincludelallllevelslorlonly somelof them. [(Iflalsystem[c¢onsists[oflonly(the
programlevel, [problem(solving[is very!difficult(in[practice. Debugging [assembler(dodelis
veryldemanding/eéven for(very[skillful (programmers. [In a[normallindustrial PLC[system,
therelexists[a functionalllevel also. This[provides[quitealgood tool[with[which foSolve
problems[ for maintenance(llandexpert(level users, butlit stillldemands’algoodllevellof
knowledge 0fIPLClprogramming/and machinestructure.

One [practical[solutionthathasbeen(developed/is(alogicexplainer((Plomp,[1997), which(is
basedlon(tesearch by Huuskonen etlal. [(1995[and[1997)[and[describedin[(Plomp etlal.,
1996)and[(Virtanen[and[Paanasalo,[2000). According[to theldefinition above, the logic
explainer [ belongs[to[the program,[functional and diagnosticllevel.[ Thellogiclexplainer
basically(giveslanlanswer [tolthefollowing/questions.

e Whatlcaused thelobserved signaltransition?
e Whatlshouldbedonetoachievea/transition/inalgivenisignal?

Tolbelableto [dnswer(the[firstquestion,the(system needsbothlaprogrammablelogiclcode
and (historic(dataoflprevious(signal[values. To [the second question, ‘thelanswerlis[given[in
terms oflthelsignal(states[that(are mneededto[¢changelin[the[Boolean function(to make(the
outputofithe function'to [changelits value. Thelogicleéxplainer(gives that/answer [in/a format
calledlaldependency graph.

In(the(figuresbelow, anlexampleloflalfunctionloflthelogicléxplaineris[given. [Figure[12
shows[altypical,[butlrather[ complicated, hetwork  ofl al programmable[logicl codelinla
functionblock/diagram(format. Somelinput(signals(arelin/dorrect[states, but[some[prevent
theloutputteachinglits(dorrect/value. Thellogic/éxplainer(filters/those(signals/that drelin(a
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correct/state fromthe metwork. [Itthen[showsthe result(in/aldependencygraph/format, @slin
Figure(13,whichlconsists[oflbasic[function[block diagraml¢commands[((AND,[OR,/NOT)
and lookslike a typical Togic program(network. (Thisis, however, pseudo PLCcodeand!it
is[notlequivalentto[thelactualllogicprogram/code. Aldependency(graphcanbelgenerated
fromPLCl¢ode, butloriginalllogic[code¢annot[be generated fromaldependencyl graph.
Different kindslof/dependency(graphs(will(alsobe generated from/the 'same(logicprogram,
dependinglon'thelsignallstates.

M 1772.3
M 1770.1

M 14z,
M 17702

M 17,
M 75,
M &4,
M 1781,

IQI | I_EH EI

Ly e &

I z208.0

I z20¢.
I =20a.
M 1251.
M o170,

1

4 M 17606

Figure(12:[Anlexample(oflametwork presented in/a function/block (diagram(format.

ko ba Lo ba

Plomp et al.[(1996)definel llevels of explanation[ (see[ Table[ 31)[differently from
Huuskonen[(1997)(and[mention that thelogicléxplainer belongs/to levelthree (Dependency
level). Plomp etlal.[dlsolclaim that/thelogicexplaineris/a/goodbasis/for maturallanguage
explanationsfor[dailyloperators, but[theylare[hot ¢concerned how thosenatural [language
explanationsare/generated from/the/dependency (graphs.
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Figure(13: Dependency [graphofithe network in[Figure(12 [generated by thellogicexplainer.

Thelauthorlhas[gained[allotlofl experience  oflusingthellogiclexplainer in[practice over
severallyears. Theléxperienceldertainly[supports/the fact(that(thelogic explainer is[far(foo
complicated (fordailyOperators. tlis[dssumedthat Plomp etlal. [heanby dailyoperator the
samelds(thesis[callslan operator(and ‘mean(by operatorthelsamelas(in(this'worklis(dalleda
maintenancel person. lUnderstanding[ thel dependency[ graphs(iclearly requires[Jalbasic
knowledge 0f PLC programming.

Table3[1:Different(levelsoflexplanationlaccordingto Plomp etlal. [(1996).

Level Representations User
. . Machineldiagram!/| .
Diagnosticllevel Textual Daily(dperator
Dependencyllevel \Bi%eﬁieii;y ‘graphs Internal/Operator
. LogicNetworks!//
t
Logics(level State machines Operator
Sequentiallinstruction Programmer/

PLClIevel lists[(assembly) Operator
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3.3.[Transforming[ | logicl] diagrams[] to[] minimal
representation

Inltheprevious(section, a method [Wwaslintroducedfo [filter logic programs(fo beused for
fault/diagnosticpurposes. In'the followingsections, Boolean/algebraland(other welllknown
methods(ofllogicminimization/aresurveyed. [Amewmethod(isalso(developedto transform
complex[logicprogramslandnetworks/tolalsimple[ form.[This[can'belrepresented inla
graphical format(to bBeised by/(daily) [Operators.

3.3.1.L1 Boolean/algebra

Mathematician[ Georgel Boolel introduced Boolean! algebral in[ the[ middle ofl the[19th
century,[seel(Boole, 1854).[His work![¢reated(thebasis for modern’computer/scienceland
many [0fTits [@pplications. Booleanlalgebra, [see, forlexample, (Whitesitt,[196 1), is[anlalgebra
that[ideals[ with[ binary[ isets[ land[ binary[ loperations:[a union,[Jan[ lintersection/Jand[Ja
complement. In[Appendix[ 2, basic[ Boolean[ laws[ are[ summarized[ (HillCand[ Peterson,
1968).

Altruth(tablelas[shown[in[Figure[14[is[a[¢common[Wway[fo [present/logical [functions. Truth
tableslare widelylusedlinlelectrical ¢ircuitldesign. [ First, theldesired[logicall function[of
apparatus or/circuit/is written[in[a/truth(table. Thenthe[Booleanfunction(oflthattruthtable
canlbel[Wwritten. Therelarel twol welllknown! formatsl ofl al Boolean[ function[that/ canlbe
written!from(the[truth[table Very[straightforwardly[(HilllandPeterson,[1968). These two
basic[forms[ofiBoolean/function/are: [Sum/OfProducts (SOP),land [Product O fISums[(POS).

AIBICI

000007
0mom{
0m o
ommm
110007
1m0m 1
1Mo
1mm

SEEEEEEEE

Figure[14:[Truth/tablelon(the left/andthelequivalent[PLCprogramlin[FBDformat(on(the
right.

Almintermlis/afow/in thetruth(fable, having[theoutputvaluell.[A[literallis[the[Boolean
variablelorlits(negation.  Therelare[three mintermslin[the truth(table shownlin[Figure[14;
every minterm/consists oflthreeliterals. [A[SOP [form[can bewritten from(a/truth(table by
choosing alllthose [fows[(minterms) whereloutput (has/thevalue true(=1).[Then(alliterals
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from'alsinglefow are/¢connected (withlan[AND [operatorland(finally [allLAND/¢ircuits/are
connected withlanOR [operator((seeléxamplebelow).

In[alPOS[format,[all[those[tows[(maxterms)[are ¢hosen where [output (has(the[value[false
(=0). Then(signals/are[connected with[an[OR [0Operator [usinginverted values[of'the iterals.
OR[circuits arelthen/connected (withan[ANDI(operator. Inthe [case [0 flthe [examplein[Figure
14,the[SOPland [POS [forms|are:

0=(4BC)+(4BC)+(4BC) (SOP)

O0=(4+B+C\4+B+C\4+B+C|d+B+C)d+B+C)  (POS)

When(the[Boolean[functionoflaltruth(tablehasbeenldevelopedlitlis[¢asy[to build, for
example, [an/glectricallcircuit, whichéxecutes(thatlogic[function.[Boolean functions@above
arenot, However, minimalrepresentations(ofithe truthtable.

3.3.2.11 Logicminimization

Inlthe previous[section, dBoolean(function(was/generated from(altruthltable. Asthentioned
earlier, [thesefunctions/were mot(d minimal representation. (Before[discussing minimization
onel mustdefinelal minimalllogic[function. Thelfollowing[definition (Hill[and[Peterson,
1968)(concernsithetwolevel sumlofiproductiand product/oflsumltypeBooleanfunctions.

“Alsecond ordersumlof productsiexpressionwill belregarded(ds(a minimalléxpression
if(therelexists((1)[nootherléquivalent(expressionlinvolvingfewer (products, [and[(2) 1o
otherleéquivalent/expressionlinvolvingthe'samenumber of products/butalsmaller(fotal
number [of! literals. [ Thel minimall product[ofl sums[is[thel samelWwith[word products
replacedbytheword sum,and Vice versa.”

Minimization/c¢an/be(started[either from(the [Boolean functionlitselflor from/thetruthtable.
Forleéxample, (ifithe/éxpressionfrom/thelabovelexamplelis[minimized [withDistributiveland
Complement(laws, theltesultlis QO = (Z BC ) + (A B) .[tlcanlbelseen!that therelarellesser
terms[on(theleftbut(thelogical function(isthesame. A[Booleanfunctionlcanlbe[written
alsolfrom[the PLC[program/shownlin[Figure[14 [and(c¢anbe minimized (with[the laws[of
Booleanlalgebra. Theresultlis Q = (4B)+(B(4+ C))=(4B)+ (BC). Theresults6fithe two
minimizations[wereldifferentand[there[was[one[literal[less[inlaltesultlafter/thelsecond
minimization. If thelexpressionlis minimized [with[a[different[procedure, wherelanlactual
functionlisllcanceled [ 'with[leach! product’ term[ iseparately, [ the  result[lis[ the[ Iminimal
representation Q = ( AB) + (BC ) .[Theminimization[tesults are[ how[ thel same. Another
possible[way[to[minimizelalBoolean!functionlis[to uisethe truth[tablelitself. Thatis[an
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appropriate[ method! especially[when[ al truth[tablel is/ created![ first[ to[ design!electrical
circuits, [(forlexample.

3.3.3.11 QuineMcCluskey algorithm

One/basicmethod tofind[aminimalSum[ofproduct form[from/a(truth tablelis[the [Quine [’
McCluskeylalgorithm, [(Quine,[1952,[McCluskey, [1959).Itlis[an[algorithm[that[does the
same [typeloflminimizationlas Karnaugh Maps, [(Karnaugh,1953).It/isnot/a[graphical, but
alnumerical, method, and[the[ dimensions[of’ the truth[table are not[limited[inltheory.
However,[in[practice, computer [ memory[size and thel[¢lock[frequencyloflthe processor
(CPUlspeed)limitlits[use. Tflthe[Karnaugh[Maplis suitable for up[to[4[6[Variables[in[a
Boolean[ function,[ the[ QuineMcCluskey[ algorithm[isadequate[ for imaybel up[to 20
variables. The(size 0flthe truth[table[is 2" (lineswhere nlis [the mumber (0flinputs. [Every [line

canl producel alvalue of 0L or[1[solal2" line truth/table may have 2° [different!logic
functions.

TheQuine McCluskeylalgorithm/donsistsofltwo [different[dlgorithms. These/canbelfurther
dividedlinto(three different[steps/assuming/that(the(truth tablelalreadylexists. This[is hot
obvious(in/practice unless[aldesign/procedurehas(started (from the truth[table. The prime
implicant/is [d[minimum(cover [0 fitwo [or more minterms. [Forlexample, [the[primeimplicant
for the minterms ABCD [and ABCD lis BCD . Thelessential primelimplicants are[the
minimum/cover 0flthe [prime implicants[that implements [the Original[Boolean function.

Thelthreemain/stepsofithe(Quine McCluskeylalgorithm(are:
1.[JFindalllthe[primelimplicantsfromthe truthltable’s interms.

2.[JBuild[altable[Where[the televant interms [drelin ¢olumns[and [primelimplicants(in
TOWS.

3.JFind/alminimum(cover oflprimelimplicants((essential primelimplicants).
Thelfirst(algorithm/carriesout/thefirst step landthe second algorithm(steps(2[and (3.

Figure(15shows how [the firstpart 0flthe [algorithm functions. Thefirsttablein [the figure is
the(truthtable [for (Which the (minimum [SOP [representative[is [Sought.[The next table [shows
all'thelterms [in ‘the [truth[table, which giveslan output(valueone(true)in the truthtable. All
thelterms(that[differonly(byloneliteraldre[searched[for from/thoselimplicants. (Characterx
is[putlin'the[position[whereliterals/differ/andthe(result [is written[into [the mext table. That
is[dontinued intilno (morelimplicants/canbelfoundthat [differ(only by dne iteral. Now,(all
the[ primel implicants of that[ truth[table[ havel been! found.[ The  primel implicants are
surrounded (with(dthick [black line.[The[duplicate implicants aredropped(away(during [that
procedure.
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A|B|C|D]Q A[B|C|D A[B|C|D A[B|C|D A|B|C|D
0jofojogo 0(o0|0]1 0(0|x]|1 0|lx|x]|1 x[x[x|1
ofojo|1]1 0(0]1]1 0(x]0]1 x|[0]x|1 x|x|x|1
ofofrjojo of1r|o0j1 x|0]|0]|1 0fx|[x|1 x|x|x|1
ofoj1|1]1 ofrf1rjo 0fx|1]1 x|[x|0]|1 1x|x|x
0j1{0]0]o0 o)1 (11 x[0]1]1 x|x|[1]1 Ix|x|x
of1]0|1]1 1{0(0]0 ofl]|x]|1 x|[x|1]|1 1x|x|x
of1|1]o]1 1{ofof1 x|1]o]1 x[1]x]1 ]| x|x
of1|1|1]1 1|{o0f1]0 0|1 (1]x x|1|x]|1
1jojojo]1 1{o0]1]1 x[1]1]0 x|1|1]x
1fofo|1]1 111]{0]0 x[1]1]1 x|1[1]|x
1fofr|o]1 111]0]1 110]0]x 110]x|x
1jojr|1g1 1|1({1]0 1/10[x]|0 1| x X
1{rfojo]1 1{1rf1]1 1{x|[0]0 110]x|x
1j1jo0|1])1 110]x]|1 1lx|x]|0
1|1]1|o}1 1[x]|0]1 1|x]0]|x
1|1|1|1)1 1{o|1l]x 1|x|[x]|0

1{x|1]0 1fx|x|1

1]x|1]|1 1{x|x|1

1{1]0]x 1x|1]x

1{1]x]0 1x|1]|x

1[1]x]1 1)1 |x]x

1{1]1]x 11 ]x]|x

Figure(15:[The first partof 'the Quine McCluskeylalgorithm.

Thelsecond phasel0flthel Quine[McCluskeyl algorithm! finds[the[ minimuml[ ¢over[ 0f the
primelimplicants((essential primelimplicants) from(the tesult[ofphaseone. [In(thelsecond
part, [(primelimplicants/arellocated [in[tows[and televant (minterms in[¢olumns((see[Figure
16).[Checks dre[putlon/thoselpositions(where the[primeimplicants(cover[minterms. Then
the first dolumn/(is searched for 'where there(exists(onlylonecheckand/alinelis/drawn/down
through/that/column.[A [linelis also [drawnhorizontally(through(thattow.[Then[¢ircles/dre
drawnlon[thoselindexes Where[thel theckslare onlthat! currenttow. Thel procedurelis
repeated [for(eéverycolumn/wheretherelis[only (0One [¢check [and [theindex 0 flwhichlis ot [yet
circled.In(Figure(16,dlllindexes(dre¢ircled [dt[that (point. Tfthereare(still [indexes that(dre
notlcircled, thecolumn, Whichhas[the(least [checks, [is[¢chosen. A [ine is[drawn/through/the
row, [ Which[¢overs[as[manylcheckslas[possible. That[is ¢continued (intillalllindexeslare
circled.[Atlthatpoint, [alllessential [prime [implicantshavebeenfoundand ‘theylarelon those
rows/throughwhichlines/are/drawn. [Thefinallresultlis Q = 4+ D + BC .
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Figure(16: [Second part/0fiQuine McCluskeylalgorithm/finds [the [éssential prime
implicants.

3.3.4.[] Other[SOP minimization methods
Inlthel previous! sections, [ two[ basicl methods[ were[ introduced[ to minimize! thelogic

functions. Tn'thissection, [d/survey 0 flother methods/is presented. Hongland Murogal(1991)
classified thedifferent methods/as/follows.

e Map,[(Karnaugh,1953)

e Tabular,[(McCluskey, 1959)(and (Hong etlal.,[1974)

e Cubelreduction,(Brayton etlal.,[1984)

e Algebraic, (Quine,[1952)

One tabularmethodwas[described inSection(3.3.3.[The[Cube reductionmethodsdreclose
to [the Map ‘methods (butare extended(to m[dimensions. For[largelscalelsystems, thereldre,
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forlexample, [the [Espresso method[(McGeer etlal.,[1993)and thelinclusionfunctionmethod
(Hongland[Muroga,[1991)[and[others,[¢.g.,[ (Rudellland[Sangiovanni[Vincentelli,[1987),
(Coudert etlal.,[1993) and[(Coudert, [ 1995). The! Espressol method[ canhandle[ larger
systems[than(the Quine[McCluskey method[¢an, butlit doesnot guaranteethe minimum
solution(and(therelis @ [frade[offlbetween(the [absolute minimum(dnd (computingtime. There
arelalsolother types[of methods[similar(to[Espresso,[¢.g.,[(Hlavicka,[2001). Thelissues
concerning [primeimplicants(in [the tabularmethodsare treated i, (forlexample, (McMullen
and(Shearer, [1986)and/(Sloan etlal.,’2005).

3.4.[ IMultilevel Product/Of[Sums net

Methods(describedlin[the[previous/sections arel developedbasically toldesignlelectrical
circuits/and[devices. Theiselofltruth(tablesis rare [in PLCprogramming. [(In[¢comparison [to
typicallelectrical circuits, [PLCprograms/oflpaperwinders arelquitelarge. Both[the mumber
of'terms/andthe mumber(of'literals(are high. ([Figure[17[showsthat there[canbeover 25000
different Binary(signals(inh uselinlamodernindustrial PLC.

type abbreviation number[6fIbits
input E 4096
output A 4096
timer T 512
flag M 16384
total 25088 Bits

Figure([17: Typical mumbers 0fisignals inuiselin/the[Siemens[S7[400series PLC.

Themumber250007is[0nlyd mumber(ofldifferent(signals, (but/the mumber ofTliterals/c¢an [be
muchlhigher, because!thel $amel signall canl occurlinlseverallplaceslin a[PLC[program.
However, notéverybitlis[inise and!it(is[éstimated [that there [dre[dbout 2040000 Titeralsin
altypical [PLCprogram/oflapaper(winder. Thelestimated mumber ofltermsis5000(10000.
The size 6f1d fruthfable 0 fithe whole PLC memory(space could be 2%*** [(~10"*?)lines, [0
it would (Belimpossiblelto [generatelitlin[practice.

Infa[PLC,inputs(dre measurements [thatlare(read with[separateinput(cards'and [outputs/dre
controllsignals(thatlare[written[out[throughloutput(¢ards.[Those 1/Ol¢cardslare(the[PLC’s
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connectionlinterface(tolalpaper(winder. Earlier, (these ¢ards [werelthe only interface(to(the
PLCbutmowadays/itispossible to[read [andwrite[signal values [through(industrial metworks
(e.g.,[Ethernet, Profibus). In[PLC[programs, output(signals/¢analsolbe inputs in/logical
functions. [Consequently, @llitypesofisignalsicanberegarded(as/alsimilar(typelofiliterals.

PClapplications! consist” ofl severall computer[ programs.’ They[ are[ built[ from  smaller
functionsl and procedures.[ Similarly, al Wwinder[ control[ program[is hot[onelhugellogic
function, (but/consists (0flseveral functions(and metworks. [Therelareltypically(differenttypes
ofl functionsin[ PLCs [ {(for[ example, al function[ (FC), al function[ block[ (FB)and[an
organization[block[(OB)). Different types[ ofl functionslare(uised tol ¢larify thelprogram
structure ofl the[ PLC, [but[their[ logic! function[is[thel same. Notelthatl thel expression
“function”(dovers (allitypes 0 f PLC programs/(in thiswork.

Thellogicfunctions(are[divided furtherlinto networks. A mnetwork consists oflonelogical
function/withlinputsland[onelor severalloutputs. In[the hetworks ofl paper winder[PLC
programs/(seeFigure(18), the mumber(oflliterals(istypically[tanges from[2to 50, but it is
possiblelto Wwrite Metworks larger than(that.

However, networks[are[ hot! totally[ separated[ from[eachlother. [ Anlinput[$ignallinlone
network [¢anlalso [beloutputorlinputsignallinlanother(network. In[fact,[onellargellogic
functioncould[cover[the[wholelcontrolllogiclof alpaper winder, butlit[is undoubtedly
clearer tohandle(theprogramlin/pieces.

Thellogicprogram(c¢an/beconsidered ds(ametwherelalsingle metwork models/ablockland
connections/between/them(arelc¢alled modes. Notationloflblocksand modeshasbeen used
alsolin[(Plomp,[1997), wherela[general descriptionofla PLCogicmodel was[presented.
TheMultilevel Product [OflSumsmet[((MPOS (net) model [(Virtanen, 2004)described (below
differs(from(the PLCllogicmodellinsome(details. There areatleast/three types[ofiblocks in
the[PLCllogiclmodell(functions, functionlblocks and programs). The[MPOS net model
containsonlylone tiypeofiblock.
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Network 22 : Control to up
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Figure(18: [Structurelofla metwork ofla (paperwinder (3 1 literals).

Blockslin/a[PLCogiclmodellare multileveldogicfunctions, ‘the[structures/0flwhich vary(a
great[deal.[In'the (MPOS et model, all[the[blockslareltransformedlinto a[POS[format;
hencelit/énables/theiriselin/graphical format infault'diagnosticisystems.

From(Figure197it[¢an/belseen(that the number oflterms((3)[is/thesamelinboth/models.
However,[the umber [ ofl literals'in the PLCllogic modellis[four, and[in the MPOS net
model, [five.[Actually, [thatis[frue[even though[the MPOS [net (hodellis[in/a[tinimum POS
formatlaccording to(theldefinitionlin[Section(3.3.2. Tt ¢an[belseen(that therelislone level
morelin/the[PLCogicmodel, (Whichlexplains[why there[¢anbe fewerliterals thanlin[the
minimum( POS[ representation. [ /This[ lsame[ Jphenomenon(is[ IstudiedJin, [ for[Jinstance,
(Perkowski etlal.,[1992).Basically,[logic[minimization[¢an/beperformed in/termsloflat
leastthefollowingthree Variables: [terms, literalsland levels,(and [their[combinations.
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Hetwork 5 = PLClogicimodel
Comment :
&
M1.0 —
=1
Hi.1 — —
&
Hi.2 — — HZ2.d

Netwark & : MPOSetthodel

(Comment =

M1.0 —
&
Mi.2 — -
»=1
M1.1—
Mi.2 — - MZz.0
M1.3 — _I B

Figure19: Networksinla[PLCllogicodel, labove, @and MPOS metmodelformat, below.
Thellogicfunctionlof’bothrepresentations/(is/the/same.

Figure20[demonstrates(the[structure 0fitheIMPOS [net. Primarylinputs(and[outputs are ‘the
onlylsignaltypes(thatlexist(inthemodel.[Intermediate(signals/(see M570.0land M571.0lin
Figure(18)/areither removed ormade into [Separate blocks. [It[is importantto[pointout(also
that(every[node between(the blockslis[alsoan outputlofithe net, (becauselitlis[possible to
read[outleverylsignallvaluelout from(the PLC.

Blocks areltransformed[tolal POS[format, Wwhichlenables[their[uiselin[ fault[ diagnostic
systems. Logicl functions/in[POS[format[¢an[be ¢onverted intola graphicalformat. That
enables( searching[ through PLC[ codelWwithout[basic/ knowledgel 0fl PLC[programming.
Signall states[ arel indicated with[ colors[Jas[ mentioned! earlier. /Al red[lcolor['means a
prohibitivesignalthatprevents/the winder(from/éxecuting[alc¢ertainfunctionland/agreen
colorimeans[that(signallis(in(d[correct state. Different[OR [terms/dre sSeparated (with[indexes
and[¢olors. [Singlelsignalslarelalso [drawn[with[a different[symbol. [ The user[¢an/¢choose
either(to look(at(all/signals/or(only prohibitivelones. 'When/the user studies only [prohibitive
signals,’anOR [term[is'shownlonly[iflalllits literals are[in a[prohibitivelstate. Figure (21
pointsioutthe difference between those two [graphical representatives. Incomparison/to [the
logicléxplainerdescribed[in[ Section3.2.2,[the basicldifferencelis[thelusel0fl graphical
symbols(instead(of/function/block/diagrams.
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MPOS [nethodel
Primary linputs Blockd Block2 outputs
A0
E2.0 > MB82 > A0
| ]
M3 > MB.2
Block3
A1
ME.0 > Al
M2
Allblocks(inPOS [format

Figure20:[TheMultilevel [Product Of Sumsiodels[donsist oflinputs, [outputs, modes and
blocksin[POS format[(Virtanen, 2004).

Prohibitive sizhals Al signals

Lowering table threader: Request o up position Lowering table threader: Request to up position

Description ==1 State || Description ==1 GState

) Lowering table threader: Ak up poskion i 0 ) Lowsering table threader: Ak up postion i 0

@ Safety gates are dosed, windup section 1 L1} ®Safet;.' gates are dosed, windup sechion 1 1]
@ Lowering tabls threader: Ak up postion 2 1}
& Light barrier ok, windup secticn (after discharge table) 2 1
@ Windup sequence; Stopped 0
& Windup Function stop 0
# Zommon shop for hydrauic devices i

[ Shaw Al Cancel [w Show Al Cancel

Figure[21:[Fault[ diagnostic[iwindow[ showing[ only[ prohibitive[ signalsandalll signals
(Virtanen,2004)./OR [circuits (>=1)areseparated with mumbered indexes [and (dolors.
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3.5.[Levellto[Level Minimization [algorithm

Inlthelprevious[section, the[MPOS net model for[PLCprograms(waslintroduced. [In[this
model, [all[blocks/arelin[product/of'sum(format. [In[this section, a[tethod[is introduced to
transform/large(logicfunctions/into [POS [format.

The(basis[for[the [fransformation(is,lhowever, [different [from[that[in[the (methods[described
in[ Section[ B.3.3.[ Minimization[ does[ hot[ start| from[the[truthltable[ but[from[the PLC
program[written[ bylal programmer. [ Thelteader(islalsolasked tolbear[in[ mind/that ' PLC
programsland[programminglis(limited ‘hereto[paper winders and[their ¢controllsystems.
Logiclprograms/ iwritten by programmers( are 'usually[ near[ Iminimum!/ representation
regarding the mumber [oflliterals(or mumberof terms((logic/gates). Onlthelotherhand, [the
number[ofllevels(is usuallyhigherthanlinthe [POS format (two [levels).

Inlotherwords, [ifl Quine[McCluskeyl algorithmlisl designedto[ generatel minimum SOP
(sumlof’products)tepresentation[ froml altruth[table ofl al small[Tor[ medium(sizel logic
function, theLevelfolLevel Minimizationlalgorithm[(LLMalgorithm) describedin[this
sectionlis/ designed to  generate[the minimumlor near minimum[POS[(product/ofisums)
representation from[ small(to[largel$ize hearminimum[ multilevell (see[ Figure[22)[logic
Boolean(functions.

Hetwork 7 : Five levels

Comment :

1 1 1 1 1 1

Mi.o L 1 1 1 1 1 1
[ 1 = 1 1 1 1 1
M1.1 14 - 1 1 1 1 1
1 1 1 1 1 1 1

1 & 1 1 1 1 1 1
MZ2.0 1 1 1 1 1 1
1 1 1 & 1 1 1 1
H2-1 T ] i i i I
I 1 M2.2 1 1 1 1 1

1 1 1 1 1 1 1

1 1 M2.3 4 1 1 1 1

1 1 1 =1 1 1 1

| 1 MZ.4 T 1 | 1

! ! ! M2.6 L il ! 1

1 1 1 [ 1 1 1

1 1 1 1 M3.0 4 1 1

1 1 1 1 1 1 1

1 1 1 1 M3.1 1 1

1 1 1 1 M3z 1 1 1

1 1 1 1 [ 1 1

1 1 1 1 M3.3 1] 1 1

1 1 1 1 1 1 1

1 1 1 1 M3.4 1 M5.0 1

1 1 1 1 1 1 = 1

1 1 1 1 M3.5 1

1 1 1 1 1 1 1

1 S.evel 1 4.evel 1 3.0evel 1 2.Mevel 1 l.0evel 1 output 1

1 1 1 1 1

Figure22: Multilevellogicfunction/in [FBD [(FunctionBlock Diagram)format.
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Thelbasic principleloflthe[LLMIalgorithml[is[to [fransform(allogic[functiontolaltwollevel
POS formatlevel by level. Minimization is[performed [every/time thellevellis temoved until
onlytwollevels arelleft.[ Al tresult[ canl be, however, in[ SOP[ format[ at[ this[time[ and
conversion from[SOP [fo[POS [formatlis(performed in(that(c¢ase. Furthermore, [if there[exist
severallbranches, inimization[is performed similarlyand(separately for/everybranch. The
algorithm(is[summarized(in[Figure(23.

| s ]

| read PLCprograms ‘—ﬁ

v

filterGtherthan Basiclbgic
operators[from[programs

»

A 4

getmextBlock

>
4
A

nextBranch

| reduce lighestIevel from CurrentBranch |

lastBranch?

no

no

twollevels?

no

POSformat?

A
| convertfrom[SOP o POS format

yes

savelresult

no

lastBlock?

Figure23: Basicfunctions0fllLevel to Level(Minimization(algorithm.



46

Minimization[is[Ibased[Jon[ Ithe [following[/Boolean[laws: [ JComplement, [ /Idempotent,
Absorption, DeMorgan’s, [@and Distributive laws.

Aslmentioned(éarlier, ILLM [algorithm(does mot[guarantee absolute minimum, (but [forthose
typeslofllogicl functions used in[paper winders[thel tesult[is, inpractice, al minimum

representation. Next, [ theldifferences/ between ILLM/[algorithm[‘and[/Quine McCluskey
algorithm/arelévaluatedmore [precisely.

Let FlbeldBooleanfunctiondonsisting(0f nthaxterms X, i=1,...,n
4 3.1
F(Xi ) = in G-
i=1

where maxterm X, includes k&, literals a,.;, ni=ny, ...,n,

Xn(ank”):an1 ta,+..+a, (3.2)

k”
Everylliteralishinique,so a, = a,,, iflandlonlylif i =k, j=m.

Quine McCluskey @lgorithm

Forfunction F(X;)inl(3.1),theldumberofllines Ny ylinthetruthltablelis
N, = o Uty k) (3.3)

where k;, k;[= k;, ..., k,, 18[the mumber [oflliterals(in maxterm X; and Ny [the dumber [0f
maxterms(and minterms. The number ofibinary(digits Noalis

Ny =Ny (ky +ky +...+ k,) (3.4)

number of literals

LLM @lgorithm

Forfunction F(X;)[in[(3.1), thelnumberofiminterms NrlaftericonversionfromPOSI>SOP
is

N, =k -k,-...-k, (3.5
andthe numberofbinary!(digits Nyzys

Ny =n-Ny (3.6)
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Example(3.1:Let FibedBooleanfunction F = (A + B)- (C + D) [solthat k;=2and k,=2.

For the Quine McCluskeyalgorithm, N,, =2%"? =16 [and[the humber ofldigits in the
truthltable N,, =16-4=64.

For[LLMalgorithm N, =2-2 =4 [andmumber(ofldigits inhinterms N,,,, =2-4=8.
Function Flafter/conversionfromPOS>SOPlis F = (A . C) + (B . C) + (A . D) + (B . D)

Tolstudyl thel memory[ requirements of! thesel twol algorithms, [ al few! testl casesl were
generated [with[different([types/of logic[functions. Thelfirst[test function/waslaltwo [ferm
POSItype Boolean/function where the mumber(ofTliterals(in [both(termswas/increased [from
1to[15.Themaximummumberofidifferent literalswas ‘therefore 30. Results arepresented
in[Figures24(and(25.

Quine-McCluskey algorithm
4500 ! ! ! ! !

o) I S SN NN S
%)W S NSNS NN S S
3000 f--eoeooe e T
) W NS SO SO S N

] S— — SRS SR N —

memory requirement in Mbytes

01— S SRS RIS TSNP SR A ]
T E— S ARG SO SRR S

] E— — SRS SR N

]
0 3 10 15 20
literals in two terms

Figure[ 24: Memory! requirement [ ofl Quine[McCluskey[ algorithm’s[ truthl table[ ‘with[a
different mumber [0flliterals.

Withlalmaximum humber[ofl 15 literalsin[both[OR [gates[(totaling[30), the truth[table
requires(almemoryl0f 4000 Mbytes. The[LLM! algorithm, however,[ can[producea[SOP
format(ofithe functionwith(onlyldmemory 0 fI56 bytes, so lthedifference is[remarkable.

Thelbenefitslof the[LLM [algorithm nevertheless bringloutjust[the best [with(this [typelof
functions. [Forthatreason, other types/oflfunction/werelalso(tested.
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Inlthelsecond test,lalsimilartypel ofl function3vaslused[ butlthe humberlofl terms[was
increased[ and[the ‘humber[ofl literals[(2)[in[¢ach[term[Ivas[ constant. Thelresult[ for[the
Quine McCluskeylalgorithmWwas/the [Same, because [0Only [the mumber [oflliterals/affects/the
memory! requirements of’ the truth[table, hotl[thelstructure 0fl the[ Boolean[ function.[In
comparison/to [the [LLM [algorithm, the result/wasdifferent.

In(contrastto the Quine[McCluskey[dlgorithm, thestructure[ofld functionhas a significant
influence onthememory(requirement(ofithe [LLM/algorithm. (Figure26 [shows|theresult (0f
alsecond(studyloflmemory(tequirements. In'the first[case, the memoryneed waslonly[450
bytes, butlinthe[second(case it[was(already[60[Kbytes. Stillimuch Tessthan[4000 Mbytes
was[ needed for[theltruth(table, butlit[shows how[strongly[the memoryltequirement(¢an
vary.

LLM algarithm
&0 : : : : :

m
o

o
[}

[}
[}

mernory requirernent in bytes
[N}
[}

10

i 2 10 15 20 25 30
literals in two terms

Figure[25:[Memory tequirement o flthe[LLM/[algorithm after([POS[>SOP[conversion/as(a
function/ofnumber (oflliterals/in terms.
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LLM algarithm
0.07 T T

0.06

o
fu]
m

memory reguirernent in Mbytes

a 5 10 15
number of terms (2 literals each)

Figure[26: Memory(requirement 0f the ILLM [dlgorithm(as[a[function[oéflnumber[oflterms
withtwo literals[each.

Minimization(ofldifferent types oflogicfunctionswas/alsolstudied [(see[Appendix[3).The
resultslarelcollected/in/Table(3(2.

Table[312:[Results[oflogicfunction minimization With[Quine McCluskey [(QM)and LLM
algorithm.

Nonlminimized/logic [function QM algorithm LLMIalgorithm

Q=D+(C(AB+AC)) Q=(A+D)(C+D) Q=(A+D)(C+D)
Q=D(ABC+~ABC+~AB~C+~A~BC+~A~B~C)  Q=D(~A+B)(~A+C) Q=D(~A+B)(~A+C)

Q=(D+AB~C)(D+BC+ABC) Q=D Q=D
Q=D(BC+~AC+AB) Q=D(~A+B)(A+C) Q=D(~A+B)(A+C)(B+C)
Q=DC(B+(A~B)) Q=DC(A+B) Q=DC(A+B)

Basically, [the[ Quine[McCluskeylalgorithm[ giveslits[tesultlinfan[SOPformat. Even![$o,
minimizing[ the maxterms[ insteadofl the minterms[and[ converting[ thel tesult[with De
Morgan ILaws[can[producethe minimum[POS [format. Results[were[similar(in(éveryother
case, exceptlin(Case4, wherethe [LLM [algorithm[did not hinimize the [function asmuchlas
thel| QuineMcCluskey! algorithm.[] ThelJ reason[] is[] that[] the[] minimization[] rule
(A+B)(~A+C)(B+C)=[(A+B)(~A+C)lismotlincludedin[the ILLM [dlgorithm [at[the homent.
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Actually[this[is[hot[alproblemlin/this[particular[Wwinder[¢ase, because(this typelof logic
functionslis[very(rarelin'alwinder[¢ontrolllogic[program; on/the other hand, (this(typelof
near[minimum/tepresentative[is/almost(as usefulas/the minimum form/(infault/diagnostic
systems. [Theltule[mentioned/aboveWwas left[out mainly[to[save computation[timeland[to
simplify’thelprogram.

3.6.[Practical léxample

Inltheprevious/sections, almodellwaslintroduced(to[represent [PLCfunctionslin the [POS
formatand(the(links/between(them and alsoltheLLMIalgorithm[Wwere used to convert(the
originalfunctions/into[that format. In(this(section, [d[practical éxample oflusingthese[tools
inlactualldustomer[projects/is/discussed.

Thel¢ontrol programloflalpaper(winder[¢consists oflseveral [functionslandevery!function
consists[of’several networks. [Thelsingle metwork shownlin(Figure(27 models oneBoolean
function. [The firststep(is to[download 'the [required [programs from/a[PLCIproject/ofiapaper
winder[ suchl[as[that shownlin[Figure[28.[ Downloaded[ sourcel codelis/thenltead tola
configuration[program, Which[convertsthe[Boolean[functionslin(the[networkslinto[POS
format withtheTLevel o Level Minimization[algorithmpresented(inFigure23.

Thelresult(is(stored/inld/database, which(canbelexamined with(d[special toolldeveloped [for
that[purpose.[Theluser interface[o0fl that/toollis[shownlin Figure[29,and(thelsignalsiofla
splicing [permit/can(beseenon theleft[side(oflthat window.

However, 'thelaim[oflthis[procedureWwas(to tepresent[PLCprograms(in(a(graphical [format
withoutlanyhumericalldata. Theltransformationof networks[to[POS [formatmakes that
possible.

Another (kind [ofluser [interface [is[uisedfo [show the [ fault'diagnostic/data(to [operators’and
maintenancepeople((see Figure(30). Inthat(system, [basically threelevels/oflindicatorsican
belseen. Thelsimplestoneshows, forléxample, the statesoflthe [safety(gatesland photocells.
Suchlsafetylequipment, [thoughlsimple, (prevents the operationlofimany(devices[in(a paper
winder. [With(theselindicators, anloperator ¢an(see thelstates of the safetylequipment(at[a
glance.

Alsecond(typeloflindicatorshows[thelstates ofl different (kindslofl permits. This[indicator
doesmotmecessarily heanthat(therelisa[faultina paperwinder, (butlit[does indicate(that(a
certain/dontrol/action/dannotproceed at(that time.
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Figure(27:[Altypical(metwork[ofla[PLC[program. Anloutputloflanetworkisalpermitto
executealsplicingsequence.
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Object name Symbolic name .| Type Authar Last m #
SIMATIC 400 Station o FCO52 1/0_COPY . Function WH_c 10,06,
-~ [fll CPUHE-2DP(1) o FO9E3 TIMER_COPY ... Furiction WH_e 17.06.
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3 FC1010 PARENT_REEL TRANSF.. 1. Function i 0311,
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o FC1014 WEE CUT SEQ. ... Function . 19,08,
3 FC1015 TaIL FETCH SEQ. ... Furiction
EAFC1016 B PLICE SEQ. Function
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< |

Press F1 ta get Help, | 150 Ind. Ethernet - = Realtsk RTLE139 F 2002 Bytes

Figure[28:[Userlinterfacel 0f! the [ programming[tooll for programming[logicl controllers.
Programs/(that(are(to belconverted to[a[fault[diagnostic[systemdare[downloaded[with(these
kinds(oflstandardtools.
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Althirdkind[oflindicator alarmsWwhenlal certain’ controllactionlislattempted/ butlsome
locking(signal[prevents[that action. Thislkind[oflalarm usually[demands(some corrective
actionsfrom/operators.

Inlthe [éxample shown(in [Figure 30, [the linwind [crawl[permit/is(missingland [that[is why it [is
not[possibletoproceed (with(thelsplicingsequence. However, thisunwind[¢rawl[permitlis
an/output(0flanother metwork. [Asidan(belseenlinthe Multilevel Product[Of Sumsmodellin
Figure(20,therelare(links[between[different nodes, i.e., networks, [in[POS format. These
links can(be used[to find the primary(causeloflthe(fault. In[practice, the operator canlgo
throughthose links [in thelalarm windows[graphically Wwith[d[computer touse. The[primary
reason!for(this/fault was[that[the unwind[gearbox il pressureWwas[too[low. Tt/can[belseen
from/thelactuall program(codeshownlin[Figure[27[that[the primary[causel(gearbox[oil
pressureltoollow[Isignal) [ofl this[fault’ ¢cannot be foundfrom[thellocking[signals oflthe
splicing/permit. [ /It[Jcan[be[Iseen from[ |Figure[ 130 Jthat[Ithe[ lunwind[Icrawl[Jpermit
(DRV_UW_CRAWL PERMIT) prevents[thel controll action.[ Now,[ byl clicking[the unwind
crawlpermitisignal Wwith[alcomputer mouse inthe [fault diagnostic window, [an[0operator(can
open(thellocking(signalslofl the uinwind[¢rawlpermit and/find[the[primary[teason oflthe
fault.
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=g CPU ”~ ‘ cpu | stepcpu | signaltype | changetime
#-0 Back splice edge kim cut off sequence_FC 1018 CE_MOTD D 1 1 Lowering anon.00
= Back splicing sequence_FC 1016 _SPLICE_MOTOR_MCC 1 1 Lowering . S000.00
=44 SPLICE_SEQ_PERM [21 COMMON_HYDR_STOP 1 1 Lowering ... 9000.00
& [31 DRV_UW_CRA&WL_PERMIT 1 1 Fiaising 5000.00
ALM_SPLICE_MOTUR_FIELD [ EJECT_SEQ_RUNNING 1 1 Lowering . 300000
% ‘é;n—;g:‘f;g’?su%g"cc [B1 L AST_AT_waT_ST1_LS 1 1 Loweiing ... 1000000
é] R [31 I_RST_AT_wWAIT_ST1_RS 1 1 Lowering ... 10001.00
3} EJECT SED AUNHING [31 REEL_SEQ_RUNNING 1 1 Lowering ... 5000.00
| RST AT WAIT 5T1.L5 [31 RSL_RC_1_AT_DOWN_LS 1 1 Raising 10002.00
RST AT WAIT STI RS [31 RSL_RC_1_AT_DOWN_RS 1 1 Fiaising 1000300
[3) REEL_SEQ_RUNNING [51 S4FE_GATE_CLOSE_SFLICE 1 1 Fiaising 5000.00
(3 RSL_AC_1_AT_DOWMN_LS [21 SAFE_GATE_CLOSE_Uw/ 1 1 Raising 000.00
B RSL_AC_1_AT_DOWM_RS [21 5PL_TAPE_ROLL_EMPTY 1 1 Lowering 9000.00
(B SAFE_GATE_CLOSE_SPLICE [31 SPLICE_SEQ_RUNNING 1 1 Lowering ... 5000.00
[A SHFE_GATE_CLOSE_UWwW [21 SPLICE_START_SPEED 1 1 Raising 3000.00
(@ SPL_TAPE_ROLL_EMPTY [31 Uw_COUPLING_AT_CLOSE 1 1 Fiaising 5000.00
[ SPLICE_SEQ_RUNNING [51 Uw_SEQ_PAUSE_REQ 1 1 Lowering ... 5000.00
(5] SPLICE_START_SPEED [3 Uw_SPLICE_OLD 1 1 Raising 10001.00
(5] Uw_COUPLING_AT_CLOSE [3 Uw_SPUCE_OLD 1 1 Raising 1000200
(5] Uw_SEQ_PAUSE_REQ [51 Uw_SFLICE_OLD 1 1 Riaising 10003.00
o ;E" ‘“W—SF‘“EE—DLD [& Uw_SPLICE_OLD 1 1 Raising 1000000
* nalog
[31 SPLICE_SEQ_PERM
#-27 Belt bed contiol_FC 507
#-£3 BJS Thiead: Machine contio_FC 253
# £ BJS: Machine control_FC 260
# £ Control voltage_FC 901
# £ Core feeding sequence_FC 1037
# 1 Core feeding FC 534 i
< >
dMvi_ghgprojectsishotton’iwindhelphshottor_pm2_thesis.mdb-CPU1-Back splicing sequence_FC 1016-SPLICE_SEQ_PERM-Digital

Figure[29:[Alspecial[toolltol examine! thel faultl diagnosticl database. Thelstructure ofl a
databasecan(beseen(ontheleft(side and correctvalues(of'single signalsiontherightsidelof
the window.



53

EA Operator WindHelp
= = a ?
Alarm List | Acknowledge Save Load DigiScope | WindHelp E

Back splicing s

e Description ==l |50 |
@ B33, Suction motor, starter Fault a
@ B3, Suction motor, field Fault o
? € Unwind crawl permit 1]
& Unwind coupling oscillation request 1 1
— & Parent: reel coupling engage (ds) 1 1

. @ Parent: reel coupling bo close 1 b
- @ @ - J'l_’@ /_E;_ : }’ @; @ Locking device at closee 1
/—??_ € Unwind gearbox oil pressure low 1

@ Common stop For hydraulic devices 1] s

[ ] [ ] [ | [ | | [ ¥ &l Signals Cancel ]
|Back splicing sequence_FC 1076 |

Figure30: [Userlinterface of the[ fault[diagnostic[System developed!for[theloperatorsand
maintenancel people. Yellowlis[anlindication[ ofTalfaultlor thatlal certain permit[islin
prohibited state.
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4.[Faultldiagnostics/[Tanalog part

4.1.Introduction/to [dommon methods

Thelmethodsfor fault/diagnostics of binary[signals/described [in[Chapter[3 [are only one
partlofithe field (of'the fault/diagnostic [researchlin/thelareaofpaper winders. Much/research
has[been( carried[ out/ concerninglanaloglsignalsl and[systems. The Fault Detectionl and
Isolation[(FDI)methodshave [been(researched actively [during [the Tast/decade. In[largeland
complicated[ systems[ it is[ difficult to[ observel single! faults without[ some[ systematic
methods.[ThelWworst[caselis[that[the[process seems[to[continue normallyafter(alfaultbut
there (are still[Ssome [quality [problems/(in theénd [product. In/thepaper winder[case, there are
certain quality parameters anddefectslinlal paper(tolllthat[ cannot[be measured[ without
breaking(a'paperroll. [Themosttypicallones/arelisted below.

e Radialtension/profile

e Tensionlprofile/at(lateralldirection

e Crepelwrinkles((seeHigure(31)land/corrugation
e Puckers

Thesekinds(ofldefects/inrolls[an¢ause[significant économic lossesfor[paper mills. Tflthe
defectivelrollsdre(notmoticed [untillat/the[printing (house, [the rolls(are [returnedback [to the
paper[mill. Tt[is[not[onlyexpensive, (butlit[lowers the[paper(mill’s feputation/as(areliable
deliverer, [too. [Foréconomic reasons, printing houses keep[@[verylsmall(storelofipaperrolls,
soldefectivelrollsdauseproblems(in/their[productionveryrapidly.
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Figure31:[Crepewrinkleslinlpaperweb(photo [courtesylofMetso [Paper).

Whenlarticleswrittenlabout/faultdetection(and [diagnosis/arestudied, (it ican (be[seen that(the
terminologyuised[is[far[from[uniform. [ The TFAC[Technical {Committee[SAFEPROCESS
has(tried to[define[¢commonlyaccepted/terms. Somelbasic/termslare[tepresented below,
(Isermann/and Balle, 1997).

States/and signals

Fault' - An[unpermitted deviation[ ofl at[least[Jone[ characteristic [jproperty[ or
parameter(ofithesystem/from/acceptable/isuall/Istandard condition

Failure=-[ Alpermanent[interruption[oflthe[system’s[ability[to[performlaltequired
functionunder(specified(operatingconditions

Error(#[Aldeviationbetween ameasured or[computed(value [andthe true, [Specified
orltheoretically[correct, value

Residual (3-[A [fault[indicator, [based Lon[the [deviation[between measurements and
modellequationbasedcomputations

Functions

Fault[detection[3-[ Determinationofl thel faults[ present[in’al systemland the[time
detection

Faultlsolation = [Determination[oflthe (kind, Iocationdndtime [0 flithe [detection[0fld
fault. Followsfault(detection
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Systemproperties

e Reliability +[Ability[ofl al system[to[perform[thetequired function under( stated
conditions, within/algiven/scope, [during/algiven period ofltime.

e Availability+Probability(that(alsystem(oréquipment Will 0perate[satisfactorily[and
effectivelylatany/pointlin/time.

Reliability and[ Availability[ seem[Very[straightforward to [¢calculate, butlin[practiceltheir
calculation/isnot(soclear. Inlcontinuousprocesses/like[thoseloflpaper machines, [a situation
issimpler(than(in/batchprocesses. Thepaper winding[process/canbe considered aslabatch
process, because(d(set 0frollslis produced from(a(largepaper(reel. Twolexamplesare(listed
below wheretheavailability/oflalpaperwinder[is Mot so well defined.

1.[0Therelis always spare[time between the teell ¢hanges, so[if thewinder(is tepaired
during that/time, [is [it @vailableor mot?

2.[0Therewill[Belalshutdownlonlapapermachineand winders aremot meededto run/for
that(reason. Thelpapermillldecides(to(do[some maintenancednd repair Wwork [on'the
windersduring[thatshutdown. Now/[the windersare notlavailable; they are shut
downlinlanyl(dase.

Automatic/c¢alculations[ofl Reliabilityland[ Availability are(difficult, [foo, (because winders
arel standing[idle[ for[many(teasons. Thelauthorloflthelthesishasl developed onelsemil’
automatic[system/for(apapermill. [Somelalternative[downtime [reasonswere:

e Normallset/change

e Nolpaper

e Controlivoltageproblem

e Instrument(Airproblem

e Hydraulic/problem
Thelsystem[was installedlinto[a[te[Wwinder,i.e., a[small[winder(that/¢anbeused to[rewind
small(tolls[coming [from[the mormallwinders. [Apop up window [Was [0pened[eévery fime[a
re[winderwas/started. [ Thelsystemlautomatically[suggested[some choicesOr(operator(could

choose reasons(hanually.Operators/could(alsoladd[commentsmanually [on/downtime[data
messages.
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4.2. Monitoring[ofltension/control

One basic[FDImethod!isto iselalprocess mhodelltoleéstimate the [system/outputand icompare
it[fothemeasuredvalue.Basicsontheiselof neuralmetworkslin[process fault[diagnosis
canl[ belffoundin[(Sorsa et[al.,[11991), for[example. 'Allcasel studyl ofl webl tension
measurement(is! treated 'here.[ Different typeslofl faults[in[paper[winders[ causel different
types[ ofl errors[ betweenl the[ actualand[ estimated[ tension. Al multilayer! feedforward
network[was[used[ds[a[process/imodel/output/éstimator((see Figure[32). It consists[of one
hiddenayer(with50 modes(andanloutputlayer(ofionemode. The mumberofl50nodesWwas
selected by!frialland erroriandgave alsatisfactory result. The training[oflthe network [Wwas
achieved with[al backpropagationalgorithm. Therel are,[ ofl course,[ imorel sophisticated
algorithms, (butthescopeloflthis study(wasto[determine(whether(these kinds oflmethods
arelsuited[for[FDIlin[paper[winders[in[ general.[Altan[sigmoid/function(was[uised in(the
hidden[layer[andlallinear!transfer functionlin[theloutputllayer. The measurement data
consisted[ofl fiveldifferent test (tuns. [ Theltests[¢arried [outWith[the[full[scalepilot [ winder
locatedlinthe[Winding/Technology[Centerlin[Jarvenpéé((see Figure(33). Everylset/ofldata
consisted [0flfivetheasured [parameters, roughly400(datalpoints(ih(each.

UWitorque

UWIdiameter

WU diameter

estimated Web [fension

Figure[32:[Structureofimultilayer feedforward network ised ih(webtension/estimation.



58

Figure[33:[The[Winding Technology!Center. [ The[multilstation(winderinfrontand two ]
drumlwinder(used [in tests inback ((photo [courtesylofiMetso Paper).

Figure[34[(down[right)[demonstrates(alsimulation(tesult(0f'the webtension éstimator. The
most[ demanding|[ task[vas[toladjustthel estimator[to  work[during[the accelerationland
deceleration[ 0fl al paperwinder.[ The[ differentl defectslin[ the[ measurements[ orin[the
machinelitselflwere[simulated. Faults/¢canbedivided into[two [basic[categories (Simani et
al.,[2003).[Additive[faultslaffect/the[ system! byl summationand multiplicative faults(by
multiplication.[Summation(types oflerrors/werel generated [in inwind, [tear[drum and belt
drumltorques/in/the(following[simulations. Results/ofithese three[simulations [dre/shown/in
Figure34(andldorresponding @stimation errors(inFigure35.

Whenbeltdrum/torque heasurement(is[S00 Nm/mhigher(than(the [actualvalue (Figure 34,
uplleft), [thelestimated web[tensionlis higher[than[imeasured 'web tension. [Extralfrictionlin
the(belt[drums, forexample, (¢an/belthe reason for this'kind[6fiphenomenon. (Onlthelother
hand, liflunwind [forque 'measurement [is [ 1000 [Nm/mlhigher, thelestimated 'webltension is
lower(than[thelactuallmeasurement[(Figure[34, up(tight). Also, when[the measured tear
drum(torquelis (500 Nm/m'higher(than(theldctual [value, thelestimated Wwebltension(is Tower
than(measured value(Figure34,left[down). Theéstimated web(tension without [any [faults
isl shownlin[(Figure(34, down'tight). It[can[bel seenl that[therelarel disturbances!inlthe
estimated [ tension[ value during[acceleration and [ deceleration ofl the[ winder. Alllthree
estimationlerrors, i.e., the(differences between/éstimated and measured [ values, [are [shown
together(inFigure(35.[The init[0fimeasurement Nm/mlis the [torque per Wwidth[oflthe [paper
web.
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Figure[34:[Differences/between(the actual andléstimated tensions, [ when[simulated faults
arelin[belt drum(torquel(upeft), inwind[torque (up[right)andtear drum (down(left).

Estimated[tensionWwithout[any[fault(¢an(belseenin/the down(rightfigure. [Measured web
tension[(N/m,[black), simulated [ webltension (N/m,[ted), unwindtorque (Nm/m,[ green),

rear[drum[torque [(Nm/m,[¢yan), (belt[drum[torque[(Nm/m, magenta/pink) andweb[speed

(m/min, blue).
Figure(35: [Estimation errors/in/different/simulated fault[situations ((belt[drumlerror=red,

unwind error =[greenlandrear drum(error = blue).
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Inlthisléxample,(éstimation erroris (dalculated fromthe teasured andlestimated [Outputs.

e(k) = y(k) - y(k) (4.7)

Thislerror[Vector is[used[ for[faultldetection byl calculatingtesiduals fromlit. [ The[basic

structure[0flthe odelbased [FDIlofltension[controllis[shownlin[Figure 36.[Residuals/are
variables(orvectors(aslin(this(dase, whichlare [dalculated [as(d function(ofleérrorvector

r = fe(k) (4.8)

f, = meanlvaluelofle(k)[duringlinitialldcceleration

f, = meanlvaluelofié(k) between initiallaccelerationland [decelerationat [thelénd
f; = standard!deviation(ofle(k)[during initiallacceleration
/., = standard[deviation(ofle(k)between [initiallacceleration’and(deceleration atlénd
u;(k)
(k) y(k)
. Process
u, (k) .
Y e®) | residual 1() residual Fault(i)
generation | evaluation
Lp]
Neural (] ~
— network (k)
estimator

Figure(36:Scheme [for/almodelbased FDIfor the fension/controlloflthe [paperwinder.

Afterltesidualvalues/are(calculated((see Table(4[1), the[values(are thresholded[so that(the
final(residuals(dre’signed/binary vectors. Examples/ofbinary [residual(vectorslare shownlin
Table4(2.[The threshold[valuelwas[20 for thefirst fwo columnsand 40 for[the lasttwo.

Table4[1:[Actualvalueslofiresiduals.

mean(acc. mean(steady std.[dev.lacc. std.[dev.[steady
r1 3.2078 0.4534 16.404 10.6525
r2 [3.455 [37.9153 18.2181 19.6096
r3 55.7911 90.1354 21.5492 82.9839
r4 (44.4121 [37.4404 14.4584 23.7921
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Table4[2: Threshold binarylresidual valueslandequivalentfault/types.

mean(acc. mean(steady(] std.ldev.lacc.l] std.ldev.[steady
r1 0 0 0 0 no(fault
r2 0 M1 0 0 faultlin(beltidrum
r3 1 1 0 1 faultiatiunwindIst.
r4 M1 M1 0 0 faultlinrearidrum

Itlis [straightforward(to [mask different [faults [from the (binary(tesidualtable. In[a[practical
application, the main(issues(are the fobustness/oflthe [System/and [the chosen threshold Timit
values. [Fuzzyteasoninglalgorithms[¢ould [be onelsolutionto [the threshold [problem. By
theselsimulationsl(it(can(belsaidthatlit is[possibletoldetect and[isolate faultsin[the web
tension controllsystem(with[the[system based on[neural hetworks. Long/term[testslin[the
paper[mills[Wwere not!possible within[this[tesearch, solit[¢annot[belsaid how difficultit
would(be to [applylthismethodto [practical [problems.

4.3.[ Simulationmodel [0flrider(roll

Simulationlis[d widelyhisedtoollinthe field[oficontrolléngineering. Tt hasbeen/uised [to [test
new/c¢ontrollalgorithms andsimulate’different types ofl processes and/their[controls. (At
first, [Simulation[wasused ‘mainlylin[the[process industry. [Simulation[has[also [spreadlinto
the(field [0fimechanicalland(servo [mechanicalsystems. Tnmodern/simulation[systems, [it[is
quite(straightforward[to modelldifferent types/ofinonlinearities/and/discontinuities, 'which
areltypicallin/servo mechanical(systems.

Plant[wise/simulation[is, in addition, uised fo [éxamine[flexible manufacturing[systems, for
example.[ I Therel Jarel lalsol]simulation tools[Ifor[studying[factoryllevellJconditioning
monitoringandmaintenance, [see¢.g.[(Honkanen, 2004). [Almodel based FDI system for
therider rolllislintroduced(in'Section4.4.

Alriderroll presses paper tolls'during[winding. Atlthe beginning dfilwinding,[it[¢an[press
theldores(and the small[diameter rolls[quitehard[to [generate the [fequired mipload. [Atlthe
end [0flwinding, (it [presses high[diameter rolls lightlyand just prevents/them/comingout(of
alwinder.[Riderrollsmighthave electricalldrives/fo makelit [possiblefo ¢ontroltheforque
and/orrotation/speed. [Rider rollshave anlimportant(rolelinthe winding [process;this[is[one
of'thelmain(teasons(it(Wwas/selected as[altarget oflsimulation. Thelsimulationmodelldoes
notl¢ontainl only mechanical [partslofl the tider toll, [butlit[ containslalso [its contact with
paperlrolls, Thydraulicparts, [ electrical[ partsand[ software[ ‘components. For[general
information(ofisystems/suchlas/these, see(Norvelle,2000).
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Figure37: Mainlparts(ofithe fider foll[that[pressespaper rollsduring winding[(1=riderroll,
2=rider/rolllbeam(and3=hydraulic/cylinder).

4.3.1.11 Spool

Therelare Variouskinds[oflhydraulic[valves, but when[fastland[daccurate[¢ontrollof Speed,
position/and/or(forcelisneeded, (high [tesponselservo [valves(areusually(selected. Response
frequencies oflproportionallvalves(areltypicallyless/than[10Hz, although(they can belas
highlas400Hzlin[servovalves.[Alspoollisthepart(inahydraulic valvelthat'guides(oil flow
into [the hydraulic(cylinder.Characteristics[0fld[Spoollandlits(control'€lectronics very much
affect/thevalveproperties.

Figure38: Exampleloflahydrauliclvalvelspool(Tonyan,[1985).
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amplitude /dB
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angle / degrees

-60

20 25
frequency /Hz

Figure[39:[Frequency tesponses ofithespoollofialhydraulic/valve[(measured data*[solid
line, [spoolimodel =dashedline).

Altypical frequencyresponsecurve oflalhydraulic(valvelis'[shown FigureA[13 in[Appendix
4.[Thelamplitude(curve(teachesla=+3 [dBlevellat[70Hzwith afull valveopening [(Ug=+/[]
100%).[Alfrequency(tesponseloflthe spoollwaslalso measuredlatthe[Winding[Research
Center, [Jarvenpad. [A[chirp(signal (from[2 [to 45 [Hzwas(fed to[thevalve. Thespooliposition
was[measured (with(afrequency 01512 [Hz.[Ameasured[phase curvelwas!quite similar(to
the manufacturer’s(data, but/thelamplitude[curveldid[teach[the+-3[dBllevellatlallower
frequency.

Inlthelsimulation/model, the'spoollcharacteristic 'was modeled Wwith(a[secondorder [transfer
function. Thelfrequencylresponselofithe[spoolmodel(isalsoshownlinFigure39.

4.3.2.[] Valve

Thebasic(structure/oflalhydraulicvalvelis[shown in [Figure40. A spoollisin/the tiddle[of
thevalve and/it/controls/the flows/to [lines/Aland B from[pressure(lineP. From/lines A land
B, theflow [continues(into atank lineT.[When(a[spoollislin[the [Zero [position[in the tiddle,
there(are(small leakageflows[from [P fo[AlandB.[When[Aland B [dre(blocked, therelis(the
sameamountofloilleakagelinto ‘the tank [line[T from[Aland [B.Pressurelisdivided so [that[if
Plis[100 Bar there will be[50bar [pressurein/both(lines/AldndB. Pressurelin/the tank line[T
isthen(0 bar. In[practice, [therelisusuallyalsmalllpressure(also [inthe tank [line. Tf'the [spool
is[moved [to [the(left, the[pressurestarts [to [grow [inline A.[Atthe[same [time, [pressurelin [line
Blstarts(fo[drop, (becauselthat [side(opens morelin(the(tank line(T. Thelvalvecharacteristics
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canlbe presented [With[a[pressure[gain[¢urve. Bothlleakageland [pressure/gaincurves ofla
valvelareusuallylpresented (in'the data'sheet0fithe valve.

%/W
/%
»

Figure40: Basicstructurelofla/servo valve(Q =lleakage [flow).

Thelvalvelusedlin[thelsimulation has[the following[pressure[gain according/to thelvalve
manufacturer. [When'alspoollis(4%!lopen, there shouldbela full pressurelin/lineAlor[B.
Measurements haveshown, however,[that,[in[practice, the[pressure shown[ by thel gain
curvelismot(as(optimallas/inFigure4 1, butvaries between(differentvalves.

A\ Paz8 [%Pp]

111111 2 3 4| Uell%]

Figure41: Pressure(gain/curveofithe hydraulicvalve.

4.3.3.[] Hydraulic/cylinder

Alhydraulic/dylinderlis[often(presented(as(anlintegrator [in[sSimple[simulation(todels. This
isfalgoodlapproximation!/if'the(system’s[dynamic [behavior(does/not/need(to (be éxamined
morelprecisely. Inlaltider(roll[Simulation, [a[relativelylarge masslismoved [withhydraulic
cylinders, [dnd 'thefrequency response [0flthe[system[is[@an[important[topic to be considered.
Therefore, @ more(specificmodellis fequired. A lhydraulic(c¢ylinder(consists0f three basic
elements: [the [cylinder, (piston, [and [piston(rod.
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Alhydraulicl¢ylinder(is[alnonlinearactuator, ‘the matural frequencyland[characteristics[of
whichldependlon(thelcylinderlength, thel¢ap(sidelareal(4.), the head sidelareal(4}), the
lengthland(theldiameter [0f pipesland[hoses, [thebulk (modulusloflhydraulicloill( B )land

hoses[( B,, ), theposition/0flpiston, and the hovingtass m. Thebulk modulus(ofipipesland

cylindericasings(alsolplaylalsignificanttole withlhigh[pressures, see, forlexample,[(Rivin,
1987).

Themnaturallfrequencylofla hydraulicl¢ylinder(is [basicallya[function[ ¢ flthe mass(and the
volume/(oflthe0illin/the [¢ylinderland (between(the cylinderand [@[valve. Tt(is (calculated with
the(followingéquation[(Merrit,[1967). V. [isltheloil volumelin'the cap(sidelofithelcylinder
and V), /inlthe head side.

oy = 42 B)v.m)] +[(4:8)(7,m)] (“.0)

Thelvolumelincludes(the[volumelin'al¢ylinder/and [the volume 0 fipipes/and hoses between
alvalvelandlal¢ylinder. The volumelofl pipesandlhoses haslalremarkableleffect on(the
natural frequency((hydraulic)lofla rider[toll. [Thelsimulatednatural(frequency o flthe dider
rolllwithland[Wwithout pipesiandlhoseslis[shown[in Figure(42. Theldifference[between the
respective(results/oflthehoses beingused(andnotbeing usedlarises from(the(fact(that[the
effectivebulktodulus(depends/on(the (bulk 'modulusiofithehoselalso. Thelcalculus/oflthe
effectivebulk moduluslis[showninMerrit((1967).

Effectivebulk thodulus/is[given/by[theequation

11,71 (4.2)
ﬁ effective ﬁ I/total ﬁ H

When'hoses(existlin[the system, the effective bulk modulus/must beusedlinstead [oflthe
bulk modulus(oflthe hydraulicloil. Here S [is[the bulk imodulus(ofithe hydraulicloil, S, [is
thebulk hodulus(ofithehoses, Vi, lis[the total'oil volume inlthesystem/(cylinderhoses)
and Vylis(theloillvolumelin(the hoses. Thellengthloflthehoses!is [relatively shortlinld[rider
rolllcase,solits[effect on(the naturallfrequencylis tather(small. [ Kajaste et[al.[(2005)and
Nykénen etlal. [(2000)have[shown [that(the air(in the hydraulic/cylinder(also has(anleffect
onlthebulk modulus, éspeciallywithlsmallpressures.
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Figure42: Naturalfrequencies(hydraulic)/oflalrider [foll with[(green(line)and Wwithout [(red
line) [volume [ofpipes. Thelhaturall frequencyWhen[pipes arelteplaced [ with[hoses[(blue
line)lisalso shown[inthe figure.

Frictionloflthelcylinder(is hodeled(as(a[pressure [tesisting[movement [that[is[proportionalfo
theldylinder(speed.

4.3.4.1] Rider(roll dontactwith(paper roll

Alridertollniplisimodeled as(a/spring/¢onstant. Thisiwork[doesnot/¢oncern/detailednip
models;[thelsimulation/modellisWised toltest(the fault[diagnostic[system oflthe[tider[toll.
Thelnipland paper(rolls’generateldisturbanceslin[theltider toll[butlthe toll structure’and
winding[ process[itselfl is[hot alsubject ofl this[work. That[subjectlisexamined[in,[for
instance, (Jorkama, [ 2001)[and[(Paanasalo,[2005). Inlal Wwinding[ process, [ paper[is first
woundaroundlalcore.[ Thelhardness[ ofl thel corel affects[its[spring[constant. [ When[toll
diameter(increases, [paper qualitylandwindingparameters [affect(roll hardnessandlits[spring
constant.[Usually, [the spring[¢onstant[decreases when/roll diameter increases. It[is quite
difficult/to define'thelspring(constant [for/different/diametersand(different rolls, [So [d[static
spring constant [valuewas(usedlin[the[simulation. [There/¢annot/belany negative forces!in
the mip.  Thereforethe nip [forcelis limited[to zero[if altider[toll fisesdabovelthe Surface o f
the [paper roll.

Figure43 shows/alllthe springconstants(ofithe winding [section. [Thelspring/donstants(oflithe
rider(rollnipand/the hydraulicldylinder/arelincluded inthe[simulationtodel.[Thismodellis
two[dimensional; [dynamicphenomenaloflthe [third [dimension, [such(as(deflection(ofla rider
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rolllin[¢crossdirection,l arenhotlincluded.[Thel fastening oflalhydrauliclcylinderlis[also
assumed belinfinitelyrigid.

hydraulic[spring[constants
piston —»

piston(rod

«— rider(roll
spring[constant
oflrider [roll mip

o Paper (roll
spring[donstants
ofldip -
reardrum front[drum

N s

spring(donstants

Figure(43:[Spring(constants/oflsimulated [rider roll 'System.

4.3.5.1 Programmable LLogic/Controller

Thelautomation|(system(that(dontrols/therider folllislincludedin[thesimulationmodel. [The
rider[tolllis[ controlled Wwith[ al PLC. Control[ programs[arel calledin[time[tolinterrupt
programs[0f'the PLC,[So(the logic[partlofithe simulationmodellislin[discrete[time[format,
which(corresponds!to the[cycleltimelofla[PLC. Theldiscrete Pl controller(is/used(as(a[force
controller.

Theloutput(signallis/quantized [to [be[equivalent [to [the [resolutionoflthednalogoutput/card.
Alcyclicldisturbance¢an(be seenlin/thelcontrolled [force, [iftesolutionlis insufficient. That
phenomenon(dan(beseen Bothlin[practiceand with(the/simulationtodel((see Figure47).

Thesekindslof hybridiodels, which[¢onsist[ofl both[¢continuousand[discrete parts, are
useful when/fast/servo systems(dre/simulated, (because(thecycletime(0fithe control/system
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isfonellimiting[ factor(in/thel¢control. Thelflowchart[that presents[different’ modules and
signalsbetween(them/lis[shownlinFigure 44.

spool
setpoint

D/A («—|Pldont. l¢«—{ A/D

f

A

force feference
spool piston
osition pressureldnd rod
p oilflow position nip load/force

Uin

vy

p valve/spool —p| hydraulics —» cylinder |—» riderfroll

rider roll [position

Figure44:[Aflowchartofldifferent hodules [andsignalsincluded(in(the simulation(thodel.

4.3.6.[ ] Modelvalidation

Realldatal fromlalpaper[ winder wereluised to[validate[ the model. [ Theltider(tolllmodel
described[dbove [wasbuilt from/models of)physical machine [parts. Measureddataldnd[data
sheets/wereuised [to[setparameters/oflthosemodel (parts. The[whole rider(toll 'model 'was
then(built from[these parts, (basicallylin'the[same [Wway(ds(inla/tfeal machine. Thelweightof
theltider(toll[was[2800kglandthe diameter[oflthe hydraulicl¢ylinders/was 80 mml[(rod
diameter(40 mm/and/length(2100mm). Measureddatawere0Onlyuised(fo verify/themodel
validity.[Some figures, [ Wherelactuallmeasurements/and[simulation(tesults(arecompared,
arepresented (below.[Actuallandsimulated forces @nd(forcereferences are shownlin Figure
45.[Simulation(started from[105 mm/c¢ores and(was/¢ontinued to(a roll[diameter[of 1150
mm. [At[ first, the diameter[ of! the[ paper tolllincreases! tapidly,l because!thel winderlis
accelerating, [and (Because, Wwiththe[samepaperweblspeed, morelayers Wwrap [found [the [roll
with(the(smallldiameter [than[with[the larger one.[Some dvershooting éxists[when the(roll
diameter [ is[ growing/ fast.[Forcelreference!is[alsolhigher[atlthe beginning[ oflwinding,
becausel stiff bottoms[of paper rollslareusually[preferred. [ When[toll[diameter[increases,
rolls(start(to[generatenip [load[between[the winding drums[and(the(toll, [So less tider toll
forcelisneeded.
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rider roll force / N

150 200 250 300 350 400 450 500 550 600

Figure(45:[Actualltider foll force[(dashed(line), force referencel(dotted line) and [Simulated
rider rollforce (solid line).

Actuallandsimulated  valvelspools openinglarel shownlin[Figure 46. Atlthe end[oflthe
simulation, [the[differencelisincreasing.[On(the[otherhand, therelare(a lot ofl differences
between!differentvalves, [éven(ifitheylareoflthe[Samebrandand(type. [Atthebeginninglof
thewinding, 'the [valve 0peninglis[larger (because 'the roll[diameter [increasesfaster @nd also
becauselthe(force referencelishigher.

Theloutput resolutionleffect/on/theladjustment [érroriofithe/controller/canbelseen in[Figure
47.Thelamplitudelof'the(force[Vibrationlincreaseswhenloutput¢ard(resolution/decreases.
That[phenomenon(wasfirst[discovered/in(d/real winder.[Withthesimulationmodel, (it (Was
possible(to[find[the[primaryl causelto[this low[frequencyloscillation. Theltuning[oflthe
controller(alsolaffectsthis(oscillation/and(these simulationswereperformedwith the tuning
used(in/thelreal winder.
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Figure46:Actuall(dashed)and simulated(solid) valvelspooliposition(during winding.

Figure[47:[Analog/outputicard’sresolutionhas @nleffecton/dccuracylofiregulation. [(actual
forcel(N)Zdark Blue, [forcelsetpoint value [(IN) =[green, [dontrollerGutput (+/[132768) F1ight
bluelandquantized (13 bit) loutputSignal(++/[132768) [lred).
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4.4. Faultldiagnostics(ofltherider(roll

Thelfollowing [faults(are selectedas/simulated|test/dases:

Stickand slip/oflvalvelspool
Electricalldisturbancesinlvalvelspool/control
Wearing0flhydraulicvalvelspool
Abnormalfriction(in/cylinder(piston

White moise theasurement disturbance in/force heasurement

Process disturbancel(vibratingrolls)

Sometimes dirt, [foreign(particles[inthydraulicloil[orlother [faults[inhydraulic[valves/might
causelthestickland[sliploflalyalvelspool.[Theleffect of this[phenomenonlonlthel force
controlloflaltider(rolllis[simulated. Two [different [fypesofisticking are tested[(see Figures
48[and[49).Inthefirst(test, therelissticking[lasting[0.1[s[onceléverylsecond and, in[the
other, therelis[sticking[ofl1 [Sloncelinlevery[10[s[(Figure[50). Shorter, (but more(frequent,
sticking[ disturbs[the[ forcel controllless[ than[thelonger, [but nhot[so[frequent, one. The
estimated [forcelis/also [presentedin/figures; (its[calculation(is[shownlaterlin/this/section.
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Figure(48:[ValvelspoollsticksTasting (0.1 [$[Wwithin(alone[second [period[(force teference +
red, [Simulated [force measurement = blueland [éstimated [force =green).
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InCimodern[servol¢ontrolledvalves, [ the spoolhas[its own[ controll electronics, which
positions[thelspoollaccording/tolthe position teferencelgivenlaslalsetpoint/for(the(valve.
Fastl¢lectrical disturbances are[possible[(buttare)lin thesel¢ircuits. [Theleffect(0fTa[50 s
longland[10[V highdisturbancelis[simulated. It[disturbs/the forcelcontrolVery(seriouslyand
makes theltider[roll[pushlagainst(tollsiwithlits[full(power. This kind[of force will[¢ause
paperrolls(to breakand make hard[demands(on(the rider [rollimechanics/aswell.

Valvelspoolistick[(1/sec)

20001 — — —!
|

Rider(rollforce/IN

Figure[49:[Valvelspoollsticks(lasting[1.0[s[withlalperiod[0fl10[$ (force teferencel+[ted,
simulated [forcemeasurement = bluelandeéstimated force = green).
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Figure(50: Thevalvelspoollis/sticking for(1[s(210>2111s).
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electricallshock

Rider(rollforce/IN
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timel(/[s

Figure[51:[Electricallshock, havinglanlamplitude 0f 10V [and[lasting[50ms, affectedthe
valvelspooll¢ontrollelectronics/every[100[seconds(starting[at [t=200[3. (force[reference [+
red, [Simulated [force measurement = blueland [éstimated [force =green).

Its[seenlin(Figure(51 thatlan/électricalishock(in[valvelélectronics has[serious/éffects(on/the
rider [follforce[control. Hydraulic [Valves also have [Some[safety functions/and!itlis[possible
to/choose(thekind[0fla[valve(that(controls(its/Spoollfolzero[positionlin[caseoflalfault[Such
aspower(failure. This kind[oflsafety(featurecausessmaller forcepeaks [in[comparisonwith
electricallshocks[(Figure[52).For!(thisteason, [it'would[not/damage[paper tolls(that much.
Thelfact(thatlit[¢an(stillTharm[the[structure of the tolls'évenlif the machine seems totun
trouble(free justifies/dlarmingin(this/situation.

safety(zerolposition

Rider(rollforce/IN

timel/s

Figure[52:[Valvelspoolpositions/itselflto[safety(zero [position(every200(s[(forcelreference
—[red,simulated force theasurement =(blueand éstimated force =green).
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WhenlalValvelhas/beenlin[use for(severallyears!its/spindleland[Vvalve eénclosure Wwear out.
That(willichangelthe [pressure(gain(curve 0flthe valve. Theresult/ofithe wearing/is[shownlin
Figure[53.[Tt[can[ be[ seen( that[ the forcel controll stillT works[ quitel normally. In[the
acceleration[ phasel starting[ at[ t=15005,[the[used[ valve[tesponds[ slower.[ Thel average
difference between(thevalvelspool openingswas[0.7%. ThisWwill(belseenlasquite(d(large
differenceliflone (bears/inmind [that the normal/pressure [gain(curve varies Within [+/[14%/[of
the(valvelopening.
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Figure[53:[Valvelspoollwithsevere[Wwear[(spoollopeninglaverage difference[0.7%)(force
reference 3 [red, [simulated force measurement = blueland [@stimated force = green).

Thelmeasurement and [process(disturbances|also havelanlinfluencelonthe force/control;the
simulation[results areshownlin Figure[54.
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Figure[54: Measurement [ disturbance[(left[ figure) and [processdisturbancel(right[ figure)
effect/onlactualland/estimatedforces((force reference = Ired, [simulated [force measurement =
bluelandlestimated(force=green).

Thelmeasurement disturbancewas [White noise [Withamplitude[0f1250 N [andlit Wwasadded
to[the[force[measurement. The[process disturbancewas[Vibration oflthelridertoll[with[a
frequencylofl12Hz. The Vibrationamplitudewas/0. 1 [hm.

Theleffectof'thelcylinder friction/isalso [Simulated.[A[common modelfor(dylinder friction
(Olsson etlal.,[1998)lis[shown[inthe followingequation. Keskinen et(d/. [(1993)havedlso
studied [theleffect/ofltheseal [frictionlin the hydraulic(¢ylinders. Thelfriction[forcelin[the
graphical [format[¢anlalso([belseenlin[Figure A[14[in[Appendix (4. The friction/forcelis(a

functionloflCoulomb(friction(( F. ), [static friction force[( F ), [signed[speed[( v ), Stribeck
velocity[( v, ), thefactorthatdepends/on/the geometry oflthe dpplication((d ), @nd [Viscous
frictionforce((F,v).

F(v) = Fo +(F, —F)e ™™ 4 F v (4.3)

Thel effectl ofl thel friction[ can[bel seenl in[ Figure 55. Al very[ strong' stick[land[ slip
phenomenon/occurs/in/thesteady state[situationBefore [ winding starts.
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piston friction

Rider(rolliforce/IN

timel/s

Figure[55:[Simulation(result[with[piston[frictionforce (forcelteferencel+ red, simulated
forcelmeasurement = blueland @stimated(force +green).

Almodelbased fault’diagnostic[systemlis[ developed toldistinguish theldifferent! faulty
situations. [Aflow[chart[demonstrating [the[structure[oflthe [System[is[shown[in Figure[56.
Processldisturbances(can/occurlin[differentplaces. There might be[problems/in(a hydraulic
valve,in[al hydraulicl cylinder[ or[inl thel winding[ process'like  bouncing[ or[vibration.
Measurement [disturbancesdanalsobefound(in/the [forcemeasurement.

Aslthelprocessimodel,[the[ARX [(autoregressive with[éxogenous input) model shown in
(4.4)(dsused.[ThelARMAX modellwaslalsol[évaluated, [(but[the[ARX [imodel[was ¢hosen
eventually. Thelstructurelofl the [ ARX ' modellis[ quite[simpleland[ ¢can[be uised whenl[the
system[ hasonlyonel[ loutput[signal. [[The iweakness ofl the [ J/ARX[modelllis[ that[ithe
disturbances(are part[ofithe(sSystem/dynamics/in[¢ontrast(to, forlexample,(the BoblJenkins
model. However,lin(thiscase,[thesimplest[modelthat/gave anldcceptablesimulation[result
is(selected. [Parameters oflthe modellarelestimated (with[Identification[toolbox[ofTMatlabl[
Simulink. [Thelidentification[datalare[generated [With[the [detailed modellof the rider(toll
introduced(in/Section(4.3.

(n) (4.4)

,(n)

where u,lis[the[setpoint valuelofithe[spool, u;(islthelincrease/in/speed(of’therollldiameter, y
isestimated hip[ load/force, el islthel disturbance! signal, and(q[is thelshift[ operator
backwardsl(in/time;/theSampling[period was20ms.

A(q)=1-3.701¢™" +5.226¢> —3.339¢ " +0.8146¢ (4.5)

Aq)y(n) =[B,(¢) B(q)] B } +e(n)
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B,(q) =520.6¢"' —661.7¢7> +197.2¢7 —55.91¢* (4.6)
B,(q)=-1.814-10°¢™" +1.843-10°¢> +1.828-10°¢ ™~ —1.857-10°¢™* 4.7)
Gsuance
V forcelsensor
I
Fmeas spool SPPS)I pil‘s(:(‘l)n
0 setpoint position position
Fref e nipload
4 controller |——>| valve l—‘—>| cylinder l—A—>| rider(roll l_‘ﬁ

process process process

disturbance disturbance disturbance
Ul
growth(rate0froll[diameter —’I Festim Fmeas
| processihodel |—> ——
vz Fref residual (generator
—>

fault(i)

Figure56:[ABasic structure0f [FDI/system(for [rider roll.

Thelmodel has[two [inputsignals,[alspoollsetpoint[andlincreasel speed oflroll[diameter.
Outputlis/thelestimated[force. [ Inlalsteady!(statelsituation, [thespoollsetpointlis(the only
variable(that(affects(the forcelinthe mip [between/thepaper rollland [drum(dr(drums. During
winding, (however, [growing [paper tolls [push the rider [Hollupwards. Depending ‘on/the(roll
diameter, ‘the [paper(thicknessand [the[speedoflthe paper(web, the(rolls pushthe rider roll
upwards [with[different speeds. This[¢reates(alsituationlinWhichthe [required(nipload or
force needs(aldifferentvalvelopening. [ Thelmodellis tested [ with[different (niploadlevels
(forcelreference)and [ with different 'winderspeeds[(speed[factor). Simulation/tesults are
introduced/in/Figure(57.
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Figure[ 57:[Simulation[tesultsWith[ different/ running[parameters! (forcel setpoint[+[blue,
simulated force (measurement +[green, éstimatedforce(+(red). Force teference 500 N [and
speed(factor[0.7[(uplleft), forcelteference 1500 Nland[speed factor[1.0[(top(right), force
reference[ 1500 Nland [speedfactor[1.3 [(middle(left), force teference [ 1000 Nland[speed
factor[1.0[(middlelright), forceteference[2000 N and[speed[factor( 1.0 (downleft), and
forcelreference3000 N (andspeed factor(1.0(down right).

Alsetpointlérror(and(anlestimation(errorareparameters that/are uisedto ¢alculate(tesidual
values.[Calculations were[performed with[six [different functionsthat 'werebased[on[basic
statistical functions like minimum, maximum, mean value/and [standard[deviation.

e(k) = y(k) —r(k)
fi(e(k)) = min(e(k))
f1(e(k)) = max(e(k))

Fyle(k) =13 (k)

n k=
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fa(e(k)) =

n =

1ie(k)‘

n

fi(e(k)) = \/LIZ(e(k) —e), wheree= lZe(k)
n

[ (e(k)) = max{ |e(k +1) — (k)| |
and(with

y(k) = y(k) = y(k)

f1(¥(k)) = min(y(k)) letc.

Inlother[words, twelveldifferent keyl figures'arel¢alculatedlafteralproduced(setlof paper
rolls.[Those key figures formed thresholds(to [the Binary[valueswhere[Zero meant [amormal
situation.[ A [fault[threshold [valuelis(set(at’a20%[difference from[mormal[Values.[Alsingle
faultthresholdliswised[in[this[experiment, (butlit[is, ofcourse, possibleto uiselindividual
threshold[Values[forleverykey(figure. From/thelpractical(point(oflview, [it(is, however,[dn
advantage/ifl alsingle[ valuelis[sufficient, becauselitlis alproofl ofl the tobustness/ 0fl the
system.

Table4(3:Binaryresidual values/ofldifferent typelofifaults.

fi(e) fr(e) fi(e) fi(e) fi(e) fo(e) £i(¥) f,(¥) f5(3) fu(D) S5 (V) fs ()

Nolerror
Sticking[spool
Flatipressurelgain
Pistonfriction
Safety(zero
Electricalshock
Measurementidist.[]
Process!dist.

_ a2 2 00000

0
1
0
1
0
1
1
1

NNy oo RoRoNo)
A~ aaaao0o0o0
SN N o JI QUGN
A aaaaaao

0 0
0 0
1 1
1 1
0 0
1 1
1 1
1 1

O~ 00 ~-~~0O0
O~ 00 ~-~~0O0
RN o R o R G o
A A A a0 0

Alresiduallévaluation/block lisisedto[classify/the faults. Table 43 [showsl[the fesiduals(that
arelcalculated(for(different types(ofl fault(situations. This(table formsthe 'maskthat(c¢anbe
used!to [classify[the faults.
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4.5.[Summary

Theluseloflamodelbased(orother(typeloflfault diagnostic(method is[still rarelin[the paper
industry, [especiallyin[the[paper[finishing[area. [However, in[this chapter, two [different
methods[that[canbe used[in[paper winders/werelintroduced. The ARX[modelland(the
neural metwork ‘'modellareused(as(almodelland statistical (methods were[usedfor(residual
generation. [The thresholded (key[figures [formed the table o flthe (binary [values(that(is lused
for(the(faultisolation.

Themultilayer feedforward metwork [0flone hiddenlayer with[50 modes/and anloutput layer
oflonenodeis ised [to monitor the tension controll0fithe [paperiwinder. [The simulated faults
areised/to verifytheSystem.

Themodellbased FDImethod!isintroduced.[The method[is[based [on[the[ARX 'modeland
is[tested [ with the[detailed[ simulation[modellofl the[rider roll.[ Thelsystemlis[capablelof
detecting/andlisolating(different types(ofifaults. Alstatistical residual generationmethodis
used folclassify(the faults.[ Thebasiclidealoflstatistical fesidual [generationlis(quite/Simple
and(is[oneloflthemain teasons|forlits beingused in/this[¢ontext. This[simple methodlis
chosento marrow the/gap (between theoretical research land [practicala@pplications.

Therelarepros(and(dons(foboth/methods, i.e., theneural metworkand /AR X model, being
usedlin[fault/diagnosticsystems. Thestructure(of'the meural metworkis more[complicated,
butlitlis[suitablefor[systems withmultipleinputs[(and (outputs). The[ARX modellisiore
intelligible [to mon[experts/than the meural networks dndit(is [éasier to [usewith/smalllScale
systems,[ile.,[12[inputs(dnd[1 [output. Theneural network ‘and imodelbased imethods Wwere
applied[ toltwol different[ cases and[it[is difficult to[sayl anything[ about[thel order[ of
superiority ofl the ‘methods. However, [ the ' model based ‘methods[canbellconsidered
somewhat(easier(fo uselin[practice. [Anyway, this[depends/on(the backgroundlof the user
andmore(or(less holdsforisimple [SISO(systems. Atlthe homent, [there(is hardlyany 0 flthis
kindloflapplicationlin(the paperwinders, soit(isd[promising[studyarea.
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5.[Vibration[dontrollofpaperwinder

Alsurveylofl somel basicl vibration damping[methodsis discussed/ firstlin[ this[ chapter.
Methods(tolactively[dampvibrations are[demonstrated(in(detail. Vibration|¢ontrollmeans
thelactivel ¢control[ofl structural[¥ibrations[in[this[work.[For[morelinformationonlactive
methods, [Seel(Fuller etlal., 1996).

5.1.[Vibrations/in[paper(winder

Basically, [paper[Wwinders[ suffer[from[the same[Vibration problemslas[thelother totating
machines.[Compared[with[basic[totating imachines, [the paper winding[process has[some
speciall features, whichl makel it anl evenl morel demanding[ process.[ Thel paper[ winder
accelerates(and/decelerates from(zero [speed/to [the maximum [during[évery(set(it[produces.
Thatlwilllexcite[the naturalfrequencies oflstructures ofla very widefrequency(rtange. A
paperwinderproduces/smallercustomer rolls from(large parentreels so[during [the winding
theldiameter and ‘mass(0f customer(rollslincrease. This[situation/differsfrom, for(example,
alpaper(machine(wherelalllthe productionlistun/with[¢onstant/speed and [ where totating
masses stay(thesamel((except/in/thelreeler). Figure 43 [in[Section(4.3.4[shows [the vibrating
parts(ofithe [paper(winder. Massdampers[cannot/bemountedon[paper rolls, solthebearing
housesloflthe windingdrumsand(the riderrolllbeam/(see Figure37)arepotential [places for
mass/dampers.

In(fact, thelproductlitself, [a[customer toll,[is[one [Source oflvibration. Properties oflpaper
vary verymuch. [Atlleastpaper friction, MD (machinel(direction) caliper(variation, hardness
and [thickness might[cause(vibration problems(during (winding. Paper rolls/canbecome(out[
ofltoundlin’shape, Which ¢auses[vibrationbecauselrolls arelin touchWwith[the drumlor
drums(throughlnhips.Furthermore, the ¢core[¢canbecomeeéccentriclin[theltoll. [This is[hot
alwaysalproblem(in[alwinder, (but[¢auses[Vibration[problemslater[in(the [printing house.
Smalllscalelvariation[in/theMD [caliper(canlalso [generatevVibrating rolls.
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Inladdition[to [the vVibration modesmentioned(above, therelislafurther [phenomenon(that has
tobel mentioned [here: toll bouncing.[Thisloccursonlylin[two [drum[Wwinders. In[multi]
stationwinders, éach(rolllis[Supportedindividually from(the(roll[énds[so [tolls[¢annot[start
bouncing. [Inlatwo[drum/winder, the whole[setlis[Supported [only from[the set/ends. In[a
rolllbouncing situation, 0nelorhore(tolls'become unstable/and(start to [swing. Rolls might
loose contact with[onelor[both drumsand[causelqualityproblemslin(thelset. Inlalmore
severe[ bouncing! situation, [ the winder[ can[throw[ outl rolls, in[which[casel there isla
possibility[0f'serious/damage to machine/components. [Especiallylin/olderwinders, there!is
alsolaltisk[ ofl humaninjuries. However,  it[is[hot[ possible[to[ prevent bouncing with
traditionall vibration damping methods. [ It[is[ best[to[use[ suchlwinders[wherel accurate
controll of” different winding parameters( suchl as thelrider roll and[ corellock[ forces is
possible. [ Inlone winder[type, it[is[évenpossible[to[¢ontrol the gapbetween(the tearand
front drums.Besides[that, [ great attention[must[bepaid(to the properlsettingofl process
parameters!(tension, nipload[étc.)and[paperweb [profile, which[¢an[be ¢ontrolled (during
theldarlier(stages(ofithe paper(process.

5.2.[Vibration[dampingtethods

5.2.1.00 Overview

Damping/means/dbsorbingénergy from/the vibrating[system, @smentioned(inthe [previous
section. [Onlthelotherhand, iflanlexternal forceWwiththe[0pposite [phasereducesvibration, [it
is[technicallyhot[damping[becauseltherelis[nol[énergylabsorption. [ Thelenergyl[from the
vibrationlis[just moved[to another[placelin[thelstructure. Itlis[Wwell known![thatlactive
dampingmight Sometimes(cause lindesired vibrationlin/another [partoflamachine.

Vibration'dampingmethods/can(bedividedinto three categories: [passive, semilactive and
active[methods.Passivemethods are(donsidered dstraditional [damping/methods. Theylare
still [very lusefulland(are(thebasiclapproach(to[vibration/¢ontrollin[tachineldesign. 1f the
frequencies oflexcitation[forces are known,[like[totation frequencylinlalpaper winder, a
design[can/beldchieved(solthatthe natural (frequencies(oflthe machine parts(are(outofithat
range.[ ThelJprinciplelis[simple,[ but, in[practice,[ thelldesign[ procedurel s’ far[ imore
complicated. Lowering[the[haturall frequencyl0fl machinelpart canlbelachieved[ by, for
example,adding more massto the'system. This(is motthe mostcosteffectivelway, [because
oflextralmaterial [Costs[dnd because d heaviermachineneeds more firmfoundations(and!its
energyl¢onsumptionlis’higher.[Thel¢ostloflfoundations[inla [paper machine line[forms[a
remarkable partofithe/dveralliéxpense.

Thelmaterialitself, [ suchlas[steel,[ usedin[paper[Windersland[ other large machines has
typically[ very[littlel damping. Therefore, most damping[that occurslinmachinelparts
basicallyhappens/instructuraljoints. A[systematicuse 6flthis[phenomenonin[dampingis
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stillCquite[tare. Onel major[ probleml[is!that[thel damping/ properties[ ofl structuralljoints
greatlyldependon/thel¢clamping[pressure[(Beards,[1996).[With[allow[¢clamping[pressure,
actuall movement[ canl occurl inl structuralljoints;  friction[islal phenomenon!that[ causes
dampinginlaljoint.[ Highl clamping[ pressure allows nolimovement[inlaljoint; higher
clamping[pressureltypicallylcauses[less dampinglin(joints.[Most[oflthe dampingfollows
from/the material [deformationlin/the(joint.[Material 'technology!lis, however, (beyond the
scopeloflthisiwork, o, /inlthe [following [sections, (onlyldynamicabsorbers [dre studied (more
closely.

Jorkamal(1996)[Thas[studied thel vibrations lof twoldrum[winders. [Some[targets(lof
applicationsJofl lactivel damping methods  described [ in[this[ chapterarel presented in
Jorkama’s[study.

5.2.2.[] Impact/damper

Anlimpactldamperlislalsimple(did[to feducingvibrations.[Ahangingchain(or(dmetal balllin
al¢chamberlare[the twol[most(typical lexamples oflimpact dampers[(Figure[58). Hanging
masses!arelalsousedldasimpact/dampers, [forleéxample, linbridges (Ogava etlal.,[1997).

| [ ———
@)
E—

Figure(58: [Threetypes(oflimpactdampers: [rollingball, hangingchainland (hanging thass.

Thelfunction oflthe impact(damper(isbased[0on(the [phenomenonwhere(the primary mass/is
vibrating land the mass/ihside(achamber/ofithe impact/damper(is Bumpingagainstthe walls
ofl the chamber. Everyl collision[ takes out[energy from[the system[ and[ decreases!the
amplitudelofl the[Vibration.[ Anlimpactdamper[¢an[beused/together[with[other types of
dynamicmass/dampers((Collette, [1998).

5.2.3.[] Tuned/mass/damper

Altuned[mass[damperlis[alpassive[ damping[ method, Wwhichhas[been uised [ for[$everal
decades.[Anlextralmass spring(systemlisddded tothe primary/system/(Beards, 1996). The
natural frequency! ofl this extral mass[ spring[is[ tuned[sol that[it[fis[ the same[as[the
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natural/resonancel frequencyloflthe primarylsystem, the[$ystem[to[be damped. Now![the
combined[ system![ has[ two[ resonancel frequencies! linstead [ lofl lone. IThesel resonance
frequencies drelatbothlsides ofltheoriginalfesonance(frequency. A mass/tatio [0f the [fwo
masses[ determines[ how!( far[“away[ from[ theloriginall resonance! frequency' thosel two
frequenciesare(located.

Itlis(alsolpossible[toladd dampinglin(the[system[to[shape[the[frequency(tesponseloflthe
wholelIsystem.[ /A ‘tuned [ Jmass[Jdamper[Jis[ usuallylused[Jto[ damp[ periodicl ‘types of
disturbances. [In[practice, [it[is important(thatthe two fesonantfrequencies arenottoo [¢lose
totheresonant/disturbance [frequency. Iflthe frequencies are Very!close(to [€achlother, [it[can
lead [tolalsituationwherela minor [inaccuracyintfuning(causesthe damper toincrease the
vibrationlinstead l0of'damping/it.[The followinglexample [demonstrates [this [phenomenon(and
the function ofltuned ass/dampers/in/general.

Example(5.1:[Figure 59 presents asituationwherela tuned [mass/damperlisladded(tothe
vibrating [primary [System.

primary (system k, l F

tuned thass(damper | m,

Figure(59: [System(with/altuned mass/damper. th; [is[thass/ofithe [damper [and m, (mass 0 fithe
primaryass, 'k; lis[the [Spring[¢onstant[of the damper[andk;the[$pring[¢onstant[oflthe
primary(mass. Flis[theleéxternal force[directed(to [the[primarymass, [and[x;[and[x; are[the
positions 0fithe masses.

The [followingléquations(ofithe motion(dan(be writtenfor [the [System.

myi, +kyx, +k (x, —x, )= F (5.1)

and

m i, —k (x, —x,)=0 (5.2)
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TakingILaplace transform/of'Equations((5.1)[and[(5.2)land [Solving X(s)[gives:

2 5.3
s*+k /m, F(s) (5.3)

X, (s)=
:(5) (s> + &, /m, fmys® +ky + k)= k2 I m,

Figure[60shows/the magnitude curves oflthe system(with(two [different Sizes[oflthe[tuned
mass/dampers. Themass[ofltheprimary system/ism, =100 kgland thespringdonstant [k, =
100000] kg/s>.(] Thell resonancel| frequencyl! ofl] thel] primary[l system(] is

®, =+k,/m, =10 rad /sec.

Thelbasictuning ¢riterionlis setlas w,/w, =1.[This ¢riterion canlbelfulfilled[With[two
different funedmass/dampers:

1.[damper: [ [ =1 Kglandk; =100 [ﬁg/sz, [(weight [ratio m;/m, =[0.01)
2.[damper: (] [y [Z50kgland k; =5000 kg/s”, (weight(ratio m;/m, =(0.5)

From(the thagnitudelcurves,(it[canbelseen(that thesmaller Wweight[ratio [gives [@[verymarrow
frequencyband[where the[tunedmass/damper/works(correctly. [However, a larger weight
ratio [ ¢ertainly[gives[alwider[frequency band[and alfariore tobust/designagainst/small
variations/in/theresonancefrequency.

Magnitude(dB)

Frequency(Hz)

Figure(60: Magnitude(diagrams(withtwo [different Wweight [ratios: (h;/m, [=(0.5 = [red, (m;/m;
=[0.01bluelcurveland no/damping=green/curve.
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5.3.[Semilactiveland dctive vibrationabsorbers

Inlsemilactivelvibration absorbers, the system/characteristics (0flabsorbers are changed with
external energy. Thel power[ consumption[ ofl this[ typel bfl absorbers[is[ farl less[ when
compared! tolactivel damping absorbers. Aslanl example, al tuned[ mass/ damper’ canlbe
mentioned [(wherelthe[spring ¢onstant[ofl theldamper[is[controllable. Aldelayed/tesonator
demonstratedlin[the[hext[sectionlis, in[principle, this'typelofldamper. Nevertheless, its
spring[c¢onstant/anddampingfactor[are/¢ontrolled¢ontinuously,(solit/¢an be(classified as
anlactive/damping/method, [too.

5.3.1.[1 Delayed(resonator

Olgacland Holm[Hansen[(11995)introduced(aldelayedfesonator, Seelalso [(Filipovic,[1999),
whichlislaltuned [ massldamper[Wherel anlexternall forcelis/ connected/tolalmass[of an
absorber. [Thisexternal[forcelis[calculated (byldelaying/and multiplyingposition, speedor
accelerationmeasurements(see Figure(61). Furtherinformation(on/current [fesearchican(be
foundlin[(Olgacland [ Holm[Hansen,[1995)for[design[principles, (Filipovicland[Schrdder,
1998)[and (Filipovic, 1998)for[bandpass/absorptionand [((Olgacland(Jalili,[1998),[(Jalili
and[Knowles,[2004)and[(Filipovicand[Olgac,[1997)forlalgenerallintroductionand the
basics.

controller
delay
speedisensor N
Xy
gain delayed[resonator
m,
=+F klél—l—' C1 A X2
primary (system m,
k2 J' G T Fais:

Figure[61:[Delayed tesonator/withlalspeed measurement. Thelspeedmeasurement(is/first
delayed(and/thenmultiplied By gain. Thelresult[is(anexternal force F(directed [0On/the(mass
of'theresonator(m; mylis(the primarymass(tobe damped. k; andk, dre[spring[¢onstants
and/(c, [and(c; [damping factors.
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Forlthelsystemlih[Figure[61 [above, the following/équationof motion/canbe Written:

mx, () +c,x,(t)+kx (@)-F(@)=0 (5.4)

where

F(1) = gi,(t - 1) (5.5)

Externall force[ Flislalfunctionofl the delayed velocityland[the multiplier gainlg. The
characteristic[polynomial (CR(s) oflthe systeml/is:

CR(s)=m,;s* +c,s +k, —ge ™s (5.6)
Thelroots(oflthelsystem/without theldelayedresonator are:

—c, t+Jef —dmk, (5.7)

S =
1,2
2m,

Thelbasicprincipleofithe delayed tesonatoristoluselan eéxternal [force to[movelthe two
poleslofithelimaginarylaxis/toltheldesired location.

Theldelaylandgain, which[satisfy[the design principle mentioned[above,[canlbelsolved
from/thecharacteristic polynomial.

Bylsubstituting
s=jo, (5.8)
tolthe(characteristicléquation/andsolving forthe(critical/gain/and [the[delayfrom
Re{CR(jw,)}=0 (5.9)
Im{CR(jw,)}=0 (5.10)

Theldelayland[thel¢ritical ‘gain[derived from[theléquationsabove placelthe poles of the
system/(on[thelimaginary(axis.

1
7. (w,) = —atan|
o, 0

c

(kl—mla)fj nrw (5.11)
— |+
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K —m o} (5.12)

(0] =
g.(e.) o, sin(t,m,)

Because 0flthe periodicnaturelofithe tangentfunction, ‘therelarelinfinitely many/solutions.

Alslightlcriticism/oflthe basiclidealoflthe(delayed tfesonatorlis(that!itisbased [on the fact
that(the[system/poles(areplaced(on/the(imaginary(axis to hakethe [damper(atrueresonator.
From/amathematical point/ofiview, @ true(resonator(is (basically iinstablelifithe[input 0 f'the
systeml(is [a/sinusoidal[signal. [From/the practical point(ofiview,thereare(dlso [Some [risks. [A
system(with[poles/on/the imaginarylaxisorverylclosetolit[ishighly[sensitive to [€ven/thinor
changes/in[the system[parameters.[ Undoubtedly, [ the tisk[that thelsystem[will become
unstablelis(high. In[fact, [a[true(resonator[is[stable[and[dlso ILiapunovIstable,lile., it [is[stable
forlalllinitial values, butlit(is Meither [@asymptotically stable nor[BIBOstable. Theoutputofia
BIBOlstablelsystem[is[bounded!for alllboundedlinputs, but altrueltesonator is[unstable
when [ thelinput[signal[is[al bounded[(constantl amplitude) sinelsignal. Ofl course, it[is
probablyldassumed that aldelayed(resonator dampsthevibrationland[this/problem(does not
exist/and/or(that, [in practice, the outputsignallis(electronicallylor[mechanically (bounded.
Therelis(clearlylaigap between/theoryland[practice in/thisicase.

Anew [designmethod[tosolvelthis [problem(is [introduced(in/the mext section.

5.4.[Freel polel placement[ designimethod[ for[active
damper

Asl[mentioned[in[ the[ previous[ section,  tobustness might[belal problemlinltheldelayed
resonator. Therefore, [it[is[possible toteduce!thel criticall gain[toimprove!lthel stability
margin(oflthe(system.[However, [that(affects[the natural frequency(asiwell[asthe[damping
soltheldamper/does motWwork[atthe desired resonance(frequencylanymore.

Thenew free [poleplacement (FPP)(designprinciple(foran/active dampershownlin[Figure
61islintroducedin(this/section. It[makes!it[possibleto [fune[the[delayed tesonator(so that
bothltheldamping/and[thelresonance frequencycanbelchosenlindependently.

Instead oflsubstituting s = jw, [use s =a+ jb

Thenltherealpart/ofithe(characteristic polynomial(0fl(55.6) becomes
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Re{CR(a+ jb)}=ma* —mb* +ca+k —g,e " cos(t b)a (5.13)
—g e “bsin(t,b)
and [theimaginarypart
Im{CR(a+ jb)}=2mab +cb+g.e sin(z,b)a—g.e ““bcos(z,b) (5.14)

By/setting the right[sidesin[(5.13)[d@nd [(5.14)[equallto zero, the critical (gain[and [the delay
can(belsolved:

—atan(b(m,b” —k, + m,a’)/(c,b> + ma® +c,a’ + ak, + am,b*))+nx  (5.15)
b

,n=0,1,2,...

7.(0.,6) =

—(ma® +mb*> —ca—k,) (5.16)
e’ “(cos(r b)a + bsin(t b))

gc(a)c’é,):

where a=-w.¢ [and b=w,1-¢°

Thelnaturallfrequency @, [and[damping(factor { [¢orrespond tolparametersioflalsecond(’
order [transfer function:

2
(4]

G(s) = <
(<) s+ 20w, s+ o

These equations  make[ it possible[ to[ tunel thel damping[ and[ thel resonancel frequency
independently.

In[Figure[62,[theamplitudecurvesoflfour(different [Systems/are shown.[Alpassivelytuned
mass/damper[has[ithel following[Iparameters: m, = 20 kg [land[Iresonancel frequency

f. =120 Hz .[Therefore, k, =27 f,)m, =1.14-10" N/m . The damping|factor(is 5% s0
the damping/donstant(c; becomes ¢, = 2m,{+/k, /m, =1508 Ns/m.
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Figure[ 62:Magnitudel curves[ ofl mass' damper[ withdifferent[parametervalues[(passive
damper(=+(blue, 125 Hz[tesonancefrequencyland 1% damping(=+(green, [125[Hzresonance
frequencyland[ 5% damping[+[ted,[ 125 Hz[ tesonancel frequencyland[10%![ damping[+
magenta).

Anlamplitudel ‘curve[ ofl thel passivelsystem[ lis[ drawn[in[blue;[lit[lcanl bel seen! that
amplification(is[10(atthe resonance(frequency[0fl120Hz. Anléxternal force ¢lement[Wwas
added [tolalpassive damper. Theldctive damper(was[tuned [fo the[tesonance frequency f. [0f
125Hzatthree different damping[factorivalues £ [(see(Table[5[1).

Table(5(1:/Gain g.land(delay 7, Values(for(different'damping factorivalues ¢ .

4 n /. g. T,
1% 2 125z 1633.7 0.00699
5% 2 125Hz 1001.5 0.00600
10 % 1 125Hz 1377.8 0.00495

Thelamplitudecurve withthe damping(factor { =[1%/is[drawnlin(green. Itcan(belseen that
thelamplificationlisover(40[at/the[tesonance frequency. Thelamplitudecurvelofltheldctive
damper (with/damping factor { =5%lisldrawnlin(red. Theldamping factor(is/thelsamelas/in
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thepassive/damper. [However, the amplification(is mow/alittle Tower (because [0 f'the higher
frequency. [Thelamplitude [curveloflthelsystem[with[damping factor { =[10%lis[drawnlin

magenta.

Thelrequired(external forces for(systemswith  =[1%land ¢ =[5%!areldisplayedinFigure

63.During(the(30[s/period, the frequency [0 f'the chirp[signalfed totheinput/changed from
100to[150[Hz. Thelamplitudelofithelsignallis (0.1 mm.

6000
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0

force (N)

-2000

-4000

-6000

0 5 10 15 20 25 30
time ()

Figure(63:Requiredeéxternal (forces, { =[1%l(blue)and ¢ =[5%(green).

In(this[section,[alnew method/waslintroduced tocalculate(the delayland[gain[values for
actively/controlled (mass/dampers, [so[thatboth[damping[dnd [fesonancefrequency(couldbe
controlledindependently.[In[the earlier[studies, only thelresonancelfrequencylcouldbe
adjustedand[the/damping factor was(always zZero.

5.5.[Resonance/frequency shiftioflactive[damper

Inldertain(¢ircumstances, [the[sSystem/might (have(a limited ¢apacityfo produce an(external
forcelor(itlislaldesirablel featurel of thel $ystem![that[the[controlled[system[ has thel$ame
damping/as(d[passive[mass(absorber. In[theprevious section,(amethodWwas/introduced for
thelactivel[damper[of Figure[61,[which[madelit[possible to placethe system[poleslin/the
desired[positions/in/frequency/domain.[ A mew and[practical 'method [to [funethe fesonance
frequency, [butkeep(the[damping tatiothe[sameas/the damping[ratio[ofl a[passive mass
damper, lislintroduced in/this(Section.

Thel¢ontrollerlis(based ‘onlalsimilar(typelof transferfunction’as/that/introducedlin((Jalili
and Knowles,[2004),where(an/acceleration measurement [is [@pplied.
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2 (5.17)
F(s) = %X(s)

F(s)lis[thelexternal forcelin/ILaplace[domain, X(s) [theposition, glis[thelgain, dnd 7the(time
constant.[Now, [instead oflanlacceleration measurement, 'alspeed measurement(is applied
(seeFigure(64).

s (5.18)
F(s)= li Ts X)
Taking[(55.18)linto l[account, [Equation(5.4)ismodified fo:
m,s> X (s)+c,sX(s)+ kX (s) -~ X(s)=0 (5.19)
Ts +1
Thelcharacteristic/polynomialltakesthe form:
CR(s) =Tm,s’ +(Tc, +m,)s” +(Tk, + ¢, — g)s + k, (5.20)

Nowlthelgain gland[the(timelconstant 7Tare notlused to[placelthelsystem[polesionlthe
imaginaryaxis/to [create(arfesonator. Theseparametersdreused [instead [to (move the[system
polesfrom(thelactual/passive mass(a@bsorber’s/poles/inisuchla/direction/thatthe damping(of
thelsystem/stays/thesame.

Theltimel constant[is/ised[ to[leave the openlloop[poles, Whichl arelthel originalmass
absorber’s[poles, [in/such(alposition/thatthe System’s/dampingfactor(stays inchanged, but
thelresonancelfrequencylchanges.

i controller IJJ
1+17s speed (sensor 1x
ml mass/damp
& Han
m2

e

Figure(64:[Afirstlorder(controller(in the feedback Toop.



93

Figure 65 [demonstrates|theeffect ofl the fime constant [T lin[the controller. Two [different
rootlocus(diagrams(are/drawn/with[fwo [different[timeconstant values[T; [and T,. Forl(the
system[with time(constant [T, [the resonance frequency[oflthe[systemlincreases, while[the
damping factor(stays ¢onstant, [ when!gain/glincreases. Forthesystem/with time¢onstant
T,,l[damping(decreases whenlgland resonance frequency/increase. Bothroot Tocus/diagrams
start [from(the[poles ofithenon ¢ontrolled 'massdamper[(g=0).Onlylonepolelis'shown in
Figurel65.

After(the[proper(timeconstant(Value has[been(chosen, the ftesonancefrequencyvaluel¢an
belset[with(gain(g. [Figure[66 shows[thetesults/oflthree[different/simulations Wwherethree
gain(valuesldreiised[to[controlltheresonance frequencyoflthe [ damper(fo[117,[120and (122
Hz,[respectively. Timelconstant T=0.025[s[inlall cases.

Thelfollowing(gain values(areised: g, =—1.0-10*,(f. =117Hz), g, = 0.0,(f. =120Hz),
and g, =1.0-10*,(f, =122Hz).

Withigain(g=0, the[system/behaveslike[a[passivelytuned thass/damper. (Gain gs [is[tuned so
that(thetesonancefrequencyloflthesystemlis[122 [Hz.[Allower[tesonance frequency((117
Hz)istuned by(choosinganegative valueofigain(gs.
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Figure[65:Partsl ofl rootlocus diagrams[ofl actively[ controlled mass dampers[Wwith two
different fime[donstant (values[T; [=[0.025[S[(blue)and [T, [=[10[s[(brown). QOriginal [System
polelismarkedin/red.
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amplitude

frequency((Hz)

Figure[66: Bodeldiagrams(oflanldctively/controlled ass/damper Wwith[threedifferent [tuned
resonance(frequencies g, =—1.0-10", £, =117Hz [(red); g, =0.0, f. =120Hz [(blue);[and

g, =1.0-10", £, =122 Hz [(green) and ¢onstant/damping[factor. Time constant T=0.025's
inlalllcases.

Figure[ 66/ shows! that, when! thel relative damping[is[ constant, [ the[ amplitude[ ofl the
resonatingsignall varies lwith[different[Jresonancel [frequencies.[ /OnlJthelJother[hand,
amplitudes/can/belkept/constant, [if[funing[parameter[T [is[selected so[that/the[distancelof
theltootTocusfrom/the imaginarylaxislis/constant. Then(the telative[damping changesits
valuewhen/the/gainvaries.

5.6.[Pole[placement method forlactivelytuned[imass
damper

Thelcontrollerlintroducedlin/theprevious/section(c¢anbeisedlin[danother Wway, [too. System
polesican(belas/wellllocatedlin[the[desired positions(in/thelcomplex plane. Thismakes[it
possible[ to choose thel system’s damping[ifactor ¢ [and[theltresonancel frequency f..

However, therelare[Some[restrictions, [which [are(discussedlater in/this(section.

Now,linstead[0fltheldelayland(the gain, [the tuning[parameters/are(thegainland the time
constant.[Standard (poleplacement methods(aremot [suitablefor [Systems [Wwith [fime[delays;
thereforeladifferent method(isisedlin[Section[5.4.[Actually, mow it would [be [possible fo
usel polel placement methods/ to[ tunel the controller. Designing[ controllersl with[ pole
placementtoolsrequiressomelsystemlengineering [backgroundlon/thepartofithe(designers.
Hence/dlmore[practicallmethod/islintroduced.
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F(s) + 6.0) Xl(sz

F(s)

G(s) |«

Figure67: The blockdiagram(ofithe System/shown in[Figure(64.X(s)is[the position[0fithe
damper(mass,[F(s) is[the external forceldirected onlthe damper[mass, F,(s)is[the force
created by vibration, G4(s)isthe fransfer function/oflthe[damper[without(a forcelelement,
and(G(s) [is[the transferfunction/ofithe(controller.

Thefollowing [fransfer function[¢an[belderivedforthe 'massdampershownlin[Figure[64.
Theblock(diagram/ofithe SystemIcan/be seenin

G, (s (5.21)
Gdamper (S) = #
1-G,(s)G, (s)
where
5.22
Gv (S) = XI(S) = 3 1 ( )
‘ F(s) ms” +cs+k,
and
G.(s)=10) __8s (5.23)
X,(s) Ts+1
SO
X () (m,s* +c,s + k) (Ts +1) (5.24)
damper F,(s) Tm,s’ +(Tc, +m,)s’ +(Tk, +c, — g)s + k,
where

£y (8) = ¢, (X, (5) = 5X,(5)) + k; (X, (5) = X, (5))

Thel¢haracteristic[polynomialis(thesamelaslin[Section[5.5, wherelit[is[used to [draw the
rootllocus/ofithe system/and [to[place the [poles(ofithe [Systemldlong therootlocus. [Thesame
idealis[ how[used[to[place[thel system[ poles anywhere in[the complex[plane. System
damping/and resonance frequency(can/bechosen/in(the 'samewaylas(in[Section(5.4.
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Substituting s = a + jb [into(5.20),thelcharacteristic[polynomial becomes:
CR(a + jb) =Tm,(a+ jb)’ +(Tc, +m,)(a + jb)* (5.25)
+(Tk, + ¢, —g)a+ jb)+k,
Computing/thereallandimaginary/parts/ofithecharacteristic/polynomialigives
fRe{CR(a + jb)} =-Th’c, +k,+ma’ +ca—ga—mb’ (5.26)
+Ta’m, +Ta’c, + Tak, —3Tamb’
Im{CR(a + jb)}=b(Q2ma —Th*m, + Tk, + ¢, — g +3Ta*m, +2Tac,) (5.27)

Now theltimel¢onstantland[the[gain[of thel forwardloop ¢controller[ canlbe solved[from
(5.26)[and[(5.27) by setting [the right[sides to [Zeros.

Thelfinal €xpressions/for(thetime(constant T[and the[gain(g[are:

T —(mb* +ma’ —k,) (5.28)
b’c,+2ma’ +ca’ +2mb’a
_ Tak, —mpb* +Ta’m, + Ta’c, + k, — Tb’c, + ma’ + c,a — 3Tamb’ (5.29)
a

Example(5.2:Mechanical [parameters [0f'the tuned mass/damper [(=[passive damper) [dre the
samelas/inltheleéxamplelin/Section(5.4.

m, =20 kg, ¢, =1508 Ns/miand k, =1.14-10" N/m

Anlactivemass/damper(is[tuned(atthreeldifferent(operating[points. Tuned[damping £ [and

resonance(frequency f.Values(and(thelcorrespondingfimedonstant 7and/gainvalues glof
theldontrollerare(shown/in/thefollowingtable.
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Table[512:[Gainland timeconstantvalues(calculated for(different[dampingland resonance
frequency(values.

4 f. g T
1% 115Hz 2543 0.00146
5% 115Hz 2466 0.02742
5% 125Hz [25573 0.02569

Thelsystem[behaviorlisstudied (bylsimulation. A [chirpsignal(withthe[frequencylincreased
from[100Hzto 150 Hzduring 30(s/is[fed [into [thesystem/input. Thelamplitude (o fithe chirp
signallisiconstantduring that/period.

Amplitude(curveslin(the frequencyldomain(areshown(in[Figure[68. [ The[results[show(that,
with thiskind[ofimethod, [t [is[possiblefo [change[not (only the fesonance frequency o flthe
passiveldamper, butlits/dampingaswell. Thelrelative[damping 0 fithe [passive [damper is (5%
andlitsresonance frequency120Hz[(blueicurve).

The Imethod[ldescribed[above[has[Jits[/limitations, which[lare[Idiscussednext.[]The
characteristic ‘polynomiallofl thelactive[ massldamperlis[althird[degree polynomial. [Only
two [polesare(placed(above, hencelthe(third[polehasto belinvestigated, foo. [It(is [€nough/to
study 'whether [the[polelis[stable(ornot. [ The Routh[Hurwitzcriterion (Gantmacher, [1959)[is
thebasisloflawelllknown(methodoflstudying[the stability [0 flthe [system. TheRouth array
of'thelcharacteristic[polynomiallofltheldctive mass/damper(canbewritteninthe following
symbolicform[shown(in(Table5(3.

Table5(3: Routhlarrayloficharacteristic[polynomial/dflactive ass/damper.

s° Tm, Tk, +c,—g

S ml-i-TC1 kl
| (m, +Tc))(c, + Tk, — g) —Tmk,
m, +TI¢,

0
s ki

The[Routh[Hurwitz[criterion[says[that/thesystemlis(stable, i.e., therelare[no [polesin the
righthalflplane, When(therelare molchanges in(the sign/oflthe elementsin(the first[column
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of'theRouthlarray. [In[fact, [onlythe[third[¢lement[¢anbe hegative,[solit[can/beused to
study whether(theSystem/is[stable.

____________________________________________________________

magnitude
r]

frequency (Hz)

Figure[ 68: Amplitude’curveslofl anlactive mass damper[ with[differently tunedltelative
dampingland[resonancefrequencies, { =1%, f.=115MHz(green), { =15%, f.=115MHz[(red),

¢ =15%, f=120Hzl(blue), { =[5%, f.=125[Hz[(magenta).

Im[G(s)]

b
%00 700 600 500 400 (300 200 100 O
Re[G(s)]

Figure[69:[Stability[tegion oflthe System[¢ontrolled 'with(a[first'order controller.[Original
poles(ofithe [System(are[shown(as/red [dots; the (blue arealis [the [stable region where[the [poles
can(be(located.
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Toldemonstrate the[stabilityloflan(active mass/damper, thelstabilityregionlof'thesystem[is
drawnlinFigure[69.[Roots[shownlas[ted[dotslindicatetheloriginal[polesloflthel$ystem
without[dany eéxternal [forcelandlactive control.[Thebluelarealis[thelstablelareawhere[the
poleslofithe/damper(canbelplacedwith/the[dontroller.[White[illustrates [thearea where[the
poles(cannot(bellocated [without(the third [pole[becoming unstable. By [proper(designlit(is,
however, [possible(fobuildlaldamperimechanicallyso[thatthepoles/can/belocatedin the
desired[positions.[ Theldesignmethod[is[tested[also [by[simulation; onelof thelsimulation
results/is[shownlin[Figure[70. The non/controlled/system[parameters/are mass m=[20kg,
resonance frequency f.=[147Hzlanddampingfactor { =2.9%.

160
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Figure[70:Magnitudel¢urvel[ofithe system(that/includes(the[controllerin [Equation[(5.23).
Thelsystemwas|[tunedwiththe [pole placement methodtodresonancefrequency(of125 Hz
withlaldamping! factor[0fl 0.2%.Parameter[values[of’ the controller werel g=36973and
T=0.00762.[Parameters weredalculated with[Equations(5.28) [and((5.29).

5.7.[Cascadelcontrol [0fldctive ass/damper

Inlthe(previous(sections, [the forcelis[generated in/the[system[with[anlideal force e¢lement
withlinfinitelyfast/tesponseltime. In tealapplications, the force mustbesupplied to [the
system[with[somelkind[0flactuator. [ Thelactuatorlhaslitslown[stiffness[(spring[¢onstant),
damping/ factorand [ mass,[asl seenlin[ Figure[71.[This[sectionl dealswith[activel imass
dampers/controlled with/true forcelactuators.
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Figure[73: Magnitudelcurves ofl systems[with(green[line); without[(bluelline), external
forcelelement.[Without(the forceelement,the [fesonancepeak is(at[120 [(Hz, (while With(the
forcelélement, lit[i8[@t(395 Hz.

From[Figure[ 73, it ¢can[bel seenlthat[theincontrolled[ force element[ stronglylaffects/the
system/[characteristics. [ Theltesonance frequencyis taised [(from[120Hzuptoalmost[400
Hz.[tlis,(however, [ possible[to use this[kind[ofl forcel element[to controllthe system,[as
described(in[previous/sections, butlit[requiresdmew[controlstrategy, [as/explained below.

Atlfirst, [it[looks as!iflit[isnot [possible[to [fune the[system[characteristics 'with this kind (o f
external[force e¢lement.[However, (this[is[not[the[case, as[¢anlbelseen morel¢learly[when
Equation((5.30)lis[studied ‘more[precisely. Thelsystem/characteristics (can/be teturned [back
toltheloriginal value By setting:

F,. =0 =>A&x=0 =x,—-x+x,=0

Thelbasiccontroll principleoflthel delayedtesonatoris[ that[thelcontroller outputlislan
external [forceldirected [fowards the mass[oflthe[damper. [It[is[not always[possible[to[feed
that(measurement(signal(straight to [thelexternal force ¢lement. [However,[it[is/possible fo
designlanother((secondary, [ihner) controlloop [and feed [that(delayed heasurement[signalas
alteferencelvaluelto(that. This'kind[oflsetup of twolcontrolloops is[¢ommonly c¢alledla

cascadecontroller, see(é.g. [(Astromland Higglund, 1995);[the whole setup/can/belcalled(a
cascadelcontrolled/active mass/damper.

Thelmainreasons tolusethe/dascade(controliare, in/general:

e Disturbanceslinla’secondary(loop dan/beleliminatedso [that(theyldo mot[disturblthe
primary(loop.

e Nonllinearities/etc. can/besolvedlin'theSecondaryloop.
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Aldascadecontrolled ' damper(wasltested alsolin[practice. Atest([damper(consisted [0f120 kg
massand(d[spring. [ Theresonance frequencyloflthepassive[damperwas 145 [Hz Wwithout [an
external [force élement. Resonancelfrequencylisimeasured (by[the(hammer!(test,(ile.,[da[short
forcelimpulselis(directedonto 'themassandmeasured/with(the speedsensor connected(to
the mass. [Thelrelative[damping(ofithepassive/damper was(0.5%.

Whentheltests[Wwithlalpassiveldamper were performed, anlexternalforcelactuatorland(a
forcelsensorwere mounted (0n/the[damper. The/sametests were repeated for the niew [Setup.
Theltesonancel frequencylof’ thel systemlis[raised andlit[3was 338 Hz. and the telative
damping/was(2.9%. With(the(traditionaldelayed [rfesonator, ‘the [fesonance [frequency(could
belcontrolled at around 838 Hz. However, [ with[ thel cascade/controlled[ damper, the
resonance frequency/canbelcontrolled (atlaround theloriginal resonancefrequency (145 Hz)
of'thelpassiveldamper.

Thelcontrollsystem[Wwas[then[ connected[to[the ¢ascade controlled damperaccording/to
Figure[74.[In[theory, theresonance frequency [oflthe(cascadecontrolled[damper shouldbe
thelsame as[the[tesonance! frequencyloflthe passiveldamper[without[any[forcelactuator,
when!(forcelsetpoint(valuelis(set(to[Zero. Thiswas(fested in[practice by[setting[the gain[of
thelouter [dontrollloop [to [zero. Thelcontrollsignal [of the outer looplis[a reference value for
thelinner[¢ontrollloop,li.e., the force controller andthelteference valuelis thus(zero. The
hammer [fest[showed [thatthefesonance frequencylis[147[Hz, Solitlis[2[Hzhigher(than(the
original(tesonance(frequency.[However, the actual [forcewas not[exactly(zero, éven when
thelteferenceValue[was(zero, solthat[alsmalllsetpoint errorlexplains[why the[tesonance
frequenciesweremot precisely [the [Same.

delay

gain speedisensor MAass [damper

m,

)i
~  force
: sensor
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Forceldontroller

¢
> F k1
u primary [System
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e 1
k, ) Fgist

Figure[74:[Cascadelc¢ontrolledactive(tass/damper.



104

Thelcascadelcontrolled [damper(is(tested [ with[different delay(times 7, [and[¢riticallgain
values g..[Valueslused, and/¢orresponding resonance(frequencies f.[,[¢can/belseenlin[Table

5[4(and(Tablel5[5.

Table5[4:Resonancelfrequencies with different(delay(times/and(positivelcritical/gain

pairs.
T, [(ms) 2. /. (Hz) dualfrequency
2.15 1.79E+04 104.5
2.60 2.42E+04 91.5
2.85 2.79E+04 86.0 257.5
3.10 2.63E+04 85.0 245.5
3.60 1.89E+04 216.0
4.10 1.37E+04 194.0
4.60 9.46E+03 177.0
5.10 6.31E+03 165.5
9.85 1.05E+04 120.5 182.0

Table[5[5:[Resonance! frequencies Wwith[ different[delayltimesland[hegativel criticall gain

pairs.

T, [(ms) g /. (Hz) duallfrequency
2.15 [6.84E+03 162.5
2.60 [4.73E+03 155.0
3.10 [4.21E+03 150.0
3.60 [3.94E+03 145.0
4.10 [4.21E+03 140.0
4.60 [4.73E+03 137.5
5.10 [6.31E+03 130.0
5.60 [7.36E+03 125.0
6.10 [1.05E+04 117.5
6.60 [1.26E+04 110.0 192.5
7.10 [1.16E+04 105.0 185.0
7.60 [9.46E+03 180.0
8.10 [7.89E+03 167.5
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Itican(beseen/from/the above tables [thatlit[is[possible [to/controllthe fesonance frequencyof
aldascade(cdontrolled[damperl(atleastfrom(85Hzip [to 216 [Hz. [Dualfrequency/meansthat,
with[certain/delay/andgain(values, there weretwo [fesonance peaks(in[frequency [desponse
instead [ ofl one.[ It[ Wwas[ shown[ earlier[in[ Section[ 5.3.1[ that[the[ delayed[ resonator has
infinitely (many/solutions, [¢f.[(5.11)[and[(5.12).[At[¢ertain[points, two [different [Solutions
givelthe[same(delaytime and(gain, [but(aldifferent fesonance frequency. With(this kind [0 f
parameter values, (both[frequencies/(start/to [fesonate.  That [phenomenon/can(also (belseenlin
theléxperiments. Dualfrequencylis/dpproachedinthenextsection/also, Wherelthestability
oflthelactiveldampers/isistudied.

In[Summary, [two[mainladvantages ofithel¢ascadelcontrolled [ damperlover(theltraditional
delayedresonatorican/belisted.

1.[IStiffnessloflaforceldctuator [doesmotlaffect the resonancefrequency/ofithe damper.

2. Inner[¢ontrollloop[(force[¢controller) [ compensates[possible nonlinearities  or[time
varying[properties(oflithe forcelactuator.

There arenotanymajor disadvantages, butthe [controllsetupis hore complex.
5.8.[Stabilityloflactivemass/dampers

WhenlEquation[(5.7)lisstudied hore closely, lit ian[beSeen(that, when the[gain[valuelis [Set
tozero,the[poles[ofithe(system!are(thepoles/ofithe passivemass/damper. Delay timelhas
no [effect(onthelsystem[characteristics(dt(that [point.[Witha[smallgain(value, the[System[is
still[stablelandhas[two [poles mear the polesiofithe original (passive[damper. However, the
system(has[mnow [infinitely [manylother[stable[poles[also.['When the[gain[valuelg[starts to
increase, lone [pair[0flpoles reaches/the imaginarylaxis. This/is'thesolcalled[dritical/gainand
the[poles onlthelimaginarylaxis/determine(theresonance frequency.Iflthel gain/valuelis
furtherlincreased, [another (pair(oflpoles reaches/theimaginary(axis, but(the previous(poles
are[now [on(the(tight(halfiplane, [causingthe [System[fo becomeunstable. Ttlis/also [possible
that, [Withlalcertain[ gainland[ delay[time, [ the two[branchesloflthe[toot[locus/teachlthe
imaginaryaxis[ at[ different[locations. This[is[ called[ the duall frequency; the delayed
resonatorhasmow [two resonance [frequencies.

Thel¢ritical frequencyland(the(critical [gain[¢an[beldrawn(as(a functionofltheldelay time.
Thellcascadelcontrolled[Jdamper[tested[ in[]practicel ThadJal[1200 kgl Imass, 1145[1Hz
eigenfrequency,and(2.9% relative[damping. [The(critical frequency [and [corresponding(gain
valuesfor(6[different[(n=0..5) brancheswerelcalculateddccordingto [Equations((5.11)and
(5.12).[Curves/for(positivelcritical [gain[values/¢an[belseeninFigure[75[and fornegative
critical gain[Vvalueslin[Figure76.For[éxample,[the first[¢ritical[gain[Vvalue[(n=0)[starts to
increase whenthedelay timelincreases/(seeblue/curvelin[Figure75). [However, thesecond
critical[gain[(green[curve)[starts(to[decrease[when(the delay/timelincreases. With[delay
time(tc=2.8 [ins, thesetwo [branches[¢ross eéachlather. [Iflthe critical gainlis[stilllincreased
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alongthe(bluelcurve,the system/ becomes unstable becauselthel¢ritical [ gain[valuelgoes
over!(thelsecond[c¢urve. The[point[where[the[two [curves ¢rosslislalso(theldualfrequency
pointimentioned[above. [ Atlthat[point, therelis hot[one, buttwo, tesonancel frequencies,
f=86Hzland f.=257Hz.Thelseconddual frequency/point/can/belseen(dt/thepoint where

delay/timelis 7,=09.8(sl(f.=120Hzland f.=182Hz). The values oflthe teasured critical/gain
gclandldelay 7, [shownlin[Table[5[4[and Table[5(5 arelalsoladded to Figures 75[and(76.

Measured[ values! correspond[ tolthe  calculated[ values welllandtherelis onlylalslight
differencebetweentheactuallandthelcalculated igain(values.

critical frequency!/IHz

gain

delayiime s

Figure[75:[Stability regionlofl the[delayed resonator[and[¢orresponding frequencies with
positive[ gain[ values' (g.( @, )>0). Critical frequency f. aslalfunctionlofl delay[time r,
(above)land[critical gain g.[aslalfunctionlofl delay time 7, [(below). Dark(blue curve

corresponds/to[h=0,[ green[curveton=2landred[ curvelton=4.[Black[¢rosses tepresent
measured values.



107

In(Figure[76, the megative/gainvalues/ofithe(delayed(resonator(can(be [seen. Therelareldlso
twoldualfrequencypointsdnd, (withnegativegain Values, the resonance(frequencylcan(be
raised tolover[ 500 Hz.[ Similar[types[ of calculationlarelalso[performed( for the twol]
parameter” damper [ with[ 20 kgl mass, 147 Hz[ resonancel frequency,[2.9%mechanical
damping/factorland[5%/tuneddamping[factor.[Thesel[¢urves are not, however, stability
regions, butregions(of the(system(with(a[5% damping[factor. Tolensure(that[solutions(dre
stablelthelstability[tegions[presented abovel must[beluised. [1t[ ¢can[bel seen!that the!first
frequency/gainl¢curvelin[Figure[ 77 crossleachlother.[At[that[point, there[islalsolaldual

frequency/point/with(delay 7 ,=0.00287sland[g.~=17400.Theldelayvaluelisthesamelas/in

theldelayed[tesonator, (but/the(gainlis[smaller. [However, [the delay valuelis[not[always [the
samefor(thelsame frequency. [Forexample, theldelay resonator/reaches 198 Hz resonance

frequencywithldelay 7,=0.00134s[and[gain[g.=[11198,but the FPP[damper(reaches this
withldelay 7,=0.0012[sland[g.=[10462. The simulatedfrequencylresponse of the FPP

damper (Withthesedual frequency [parameters canbelseenlin Figure79.[Stabilitylissues/of
the[polel placement methodland[ dampers[controlledWwith[the[firstlorder  controller have
been(studied alreadylin/Section(5.6.

[

critical frequency!/IHz

Figure[76:[Stability tegionlofl the[delayed resonatorland[¢orresponding[frequencies with
negativel gainl values'(g.( w, )<0).[Critical [ frequency f.[aslalfunctionlofl delay[time r,
(above)land(¢riticall gain g.laslalfunctionlofl delay[time 7, [(below).[Light'bluelcurve

corresponds(ton=1,magentalcurveto m=3 [and black[curvelto M=5.Blackérosses represent
measured values.
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Figure[177:05%[ relative damping[ region[ ofl the FPP[damperand[ thel corresponding
frequencieswith/positivegain values(gc(wc)>0).
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Figure[ 78: ¢ =[15%[Idamping[ factor[ region[ ofl the [FPPdamper[land[ corresponding
frequencieswithnegative gain[values((g.( @, )>0).[Critical frequency f. ds[afunction of'the
delay(time 7, [(above)landlcritical/gain g ldsld[functionloflthe/delaytime 7z, [(below). Dark
bluelcurve/corresponds to 1i=0, green(curve [to =2 [and red (curve [to m=4.
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frequency/iHz

Figure[79: Magnitude(diagram(0fithe FPP [damper(with(gc=17400(and [tc=0.00287s.

Thelstability loflthedelayed resonatoris[dlso [studied Wwiththe Nyquist [plot(and [the N yquist
stability(¢riterion. TheNyquist[plot[can[belusedtolstudy(thelstabilitylofl the ¢losed Toop
controlisystems((Jacobs, [1974). The Nyquist method [canlalsobe ised[to [study/the[gain(and
phasemargins(ofithe(closed [Toop[System.
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Figure[80:Nyquist(diagram[(blue) oflalstable[system(with(gain[Value[0f10.9 fimes(dritical
gain g..[Thelwholediagram(is(on thelleftland the Zoomed[figurearound critical [point =1 [on
theltight.[Magental contours are mappingsfrom[thelstable[s[plane(left halfTplane). The
closedloop system/is stable because [the Nyquistcontour does Mot éncircle point=1.

Thelstability[of'the delayedtesonator(usedlin(the [Taboratoryfestslis[studied (with INyquist
diagrams.[Thelsystem parameters arelthe/samelas above,(i.e.,[mass m=20kg, [tesonance
frequency f.[=[147[Hzland[damping/factor { =[2.9[%.Theldelayed tesonator!is/tuned to
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125 Hzwith(controller [parameters/ofidelay time 7 =[0.00178sland critical/gain g.=6110.

Two [differentNyquist(diagrams(dre drawn(with[two [gain[values,(i.e., g. =[5499((0.9[times
criticallgain, [alstableSystem)/and g.=[6721[(1.1 times critical [gain,[dn hinstable [System). 1n
practice, [it[is[Sometimes![difficult/to [see 'whether[the Nyquist [contour [éncircles[point[+1 [or
not.[Because 0flthis, Nyquist/diagrams/are motonly/drawn By substituting s = jo ,butlalso

s =a+ jo ,lintolthelopenllooptransferfunction.

_g .ei‘ws

G(s)H (s) =
) = T 0715117107

withthreedifferent Values(ofla, [a=[10,a=[20, and[a=[30.

Withthis[substitution, [the transfer functionbecomes:

—ge “(cos(tw) — jsin(tw))(a + jw)
20(a + jo)> +1071(a + jow)+1.7-107

Gla+ jo)H(a+ jo) =

TheNyquistldiagram oflthe stable[system[¢an[belseenlin Figure[80. Thelactual Nyquist
contour [is[drawn in[blueand (mapped values from[the eft halflplane(inmagenta. Now,the
magentalcdontours mustcover(the point=1to [show [that(the system(isstable. [1t[is, 0flcourse,
alcongruent/demand 'with(the[Nyquist[stability[criterion,[so the Nyquist'¢ontour(in[Figure
80[does motlencirclelthe point =1.

Figure[81:[Nyquistldiagram/(blue) oflanuinstable[system[with gain[Vvaluel1.1[times the
critical(gain(g..[The[whole!diagram[is'shown(on the eft/andthe[zoomed figurearound the
criticallpoint (41 [on'the tight.[ The magentacontours are mappings from(thelstablepart of
thel s planel(i.e.,[left(halflplane). Thel¢closed Toop[systemlis[how unstable, because the
Nyquist/contour eéncircles/the[point =1.

The[Nyquist[diagram[oflthe[unstable[system[can[belseenlin[Figure[81. Now, thelstable
magental¢ontours/do motlcoverpoint+1and[the[Nyquist contour(also[éncircles point[+1.
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With(thelcriticallgain(valuelg., the[Nyquist/contour[goes exactlythrough(thepoint -1, ile.,
thelclosed looplsystem has/poles/on/the imaginary(axis.

5.9.[Activeldamping with/hydrauliclactuator

Inlthe[previous sections, methods for(vibration/damping/arelintroduced. These arebasedon
thetunablemass(absorber(andits variations/(passiveland(dctive). In(this(section, @ method
basedl onl thel damping[with[ al hydraulic actuator(isl studied. For[ other[ studiesl ofl the
hydraulic[vibration[controll6flmechanical[Structures, [See, [ for[éxample, (Heiskanen etlal.,
2003).Hydraulic [dctuators/arelalso lisedto actively [damp ‘the [vibration[oflthe cable[stayed
bridges[(Helduser[andBonefeld, 2001) and, [ for[ example,[in[the[suspensions!for heavy
vehicles(Kitching etlal.,[2000).

Activelvibration/damping isuallymeansproducing(alcounterforcelagainstvibration. In(this
case, [the[counterforcelis[produced withla hydraulic/cylinder. Tt[is[an dctuator, in[which/the
natural frequency(¢hanges aslalfunctionlof thel position[oflthel¢ylinder. The  methodis
tested (with[the tider tollloflthe pilot[winderlocated[in[the ' Winding[ Technology!Center,
Jarvenpéi((seeHigure[33).

Thelfrequency(tesponse ofltheltider[rolllis[measuredin different[positions without[nip
contact, li.e.,[in(thelair.[Al¢hirp[signal from 5 [Hzto (50 Hzlis[fed [into [the system[and the
responsemeasured (with[anlaccelerationtransducer. Threepositions/that/correspond (to [roll
diameters(301 imm,[895 mm/and[1200mm/((see[Figure(82)[arelused. It ¢an[belseen that,
with[301 mm/(and 1200 mm(diameters, (thenatural(frequencylis(alittle (higher(than with[an
895 mmldiameter. Inlthehydrauliclcylinder, the matural frequency/is lower in[the middle (o f
thel¢ylinder [piston(strokeland (higher[inboth ends. Of course, [in'this[measurement, all[the
mechanicallnaturallfrequencies mustbepaidlattention(to [also, but(the [tesult[Supports(the
fact(that(it[isthehydraulic/natural frequency(that[¢an[be[seenlin/these measurements. It
must [dlso (be[femembered [that[the minimum[frequency!is mot(reached [in[the(middle 0flthe
cylinderstrokebecauseloflthe[dsymmetrylcaused by [the cylinder fod[diameter. Theloverall
stroke(oflthe Hydraulic(dylinderiwas(2.16 eters.
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Figure([82:[Amplitudecurves(ofitherider(rolllin(different[positions without/the mip[contact.

Thelposition[is(presented as(equivalenttoll[diameters(blue 171301 imm, [ green 11895 mm,
magentallll1200 hm).

Thelsimulation'modelloflaltider toll describedin[Section[ 4.3 calculates/ the hydraulic
natural(frequencyloflthe(tider(roll also. Thelcalculated matural (frequencylasalfunctionof
cylinderistrokelis'shown(in[Figure[83.It/can/belseen/that/the minimum(value[0flthe Matural
frequency/lisireached/in'the [same region as(inthe[measurements.

Thelsameltypes[ofimeasurement aredlso [fepeated (withthe mip[closed,lile.,[the(dider foll[is
pressinglagainst(thepaper(rolllas(inthe mormaloperation. Tt must(be [(keptinmind that(the
properties(ofithe paper(tolll(stiffness/and[damping)are/¢changing(as/a[functionloflthe toll
diameter.[ Al usuall situation[is[ that( stiffness[ s lowering[ and[ damping/ properties| are

increasing [ when(the(toll[diameterlincreases. [ Test[tesults[in [Figure[84 must/belinterpreted
with(this in mind.
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Figure(83: [Calculated hydraulicmatural frequency(ofithe [rider folllas/a functionloflthe(rider
rolllposition.
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Figure[84:Frequency tesponses of thelrider(roll Wwith[different [foll ' diameters with[the nip
contact/(blue 3310mm, green =591 ihm, [red Z1159 hm).

Itican(belseen that, with[the two(smallest/diameters, [frequency responseshave two[peaks. [t
is[possible that the paper rolliworks(ds/aldamperlin/these(dases[(comparedwiththe[results
with[ass/dampers) and[¢cuts[the ' maximum[peaks. However, another[possibility[is[that,
with[smaller[diameters, ‘two[different [resonance! frequencies/¢canbe observed. Overall, it
can/belseen/that(thematural(frequencies|arehigher Wwhen(therider rolllis/in[contact Wwiththe
paper[roll.
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Vibration[c¢ontrollis firsttested[in[a non(rotating [winder. [In(this(test,[a[12.5Hz[vibration
excitationl is[ fedinto[thel rider[toll.[ Vibration[ isl then measured [ withland[Wwithout[the
controller ((see (Figure(85). Theltest(is[performed (so(thatthe[tider toll[is[lying mormallylon
thel core.[ Thel controller[islal feedback[ controller[ fromthel speed measurement ofl the
acceleration/transducer 'shown(in'(5.35).[Thelcontroller[parameters(arel¢alculated (with(the
poleplacement method. Tnput ulislthe(vibrationmeasurement(and ylthe/control'signal(to[the
hydraulicvalve. Theltestsproved|(that thelactive hydraulicvibration damper(could/decrease
vibration/oflthelriderrollloversome frequencyrange.

) 0.12 —0.0447 1.0 (5.35)
X= X+ u
0.0447 0.0 0.0

y=[-0.693 4.58]x+0.7u

mm/{s
;

20 30 40 50
time/s frequency (Hz)

Figure(85:Riderrolllvibrationwithalcontroller((red)andwithout/(blue)lintimeland
frequency/domains.

Vibration(controllistested under mormal rfunning (¢onditions(also. Results[ofleight(different
testruns [dre(represented in Table5(6.Thesamedolllisised[over/and [0Over(again. Because
thevibration/propertyoflapaperroll depends on(the [direction oflthe run, [the [testshad(to (be
organized[so[that[the tesults[Were[ comparable (see numbers|inl$et[columnlinltheltable
below).

Itl¢an(belseen(that the[RMS[(Root[Mean[Square)values droptoughly(to halfilwhen the
vibration/dontrollisused/(seeFigure86). This tiypeoficontrollerlis, however, funed to [damp
al particular[ frequency! tange, andlitlincreases!thel vibrationlatl somelother[ frequencies.
Because0flthis,[the[controller(is[switched [0 ffilwhen(the[rotating [speed [0 flthe paper toll[is
outside[ofltheloperating[tange oflthe ¢ontroller. [As[mentioned [earlier, [thiskind [oflactive
damping/methodbased[on(thelcounterforceldoesnot/actuallylabsorblany eénergylfrom/the
vibrating[ system. [ Vibration energyl must[belabsorbedlinl structures, $o hoise andother
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issues must[bel considered carefully. [ It[islalsoltypical [ for[ hydraulicl systems!that[their
natural frequencies are quite low, which(limittheir [uselinVibration/damping.

Table36: MaximumRMS values withland (withoutdontroller.

set max.RMS controller

1 26.78 OFF

3 14.40 ON

4 22.47 OFF

2 12.46 ON

5 25.58 OFF

7 14.00 ON

8 23.84 OFF

6 13.88 ON

Rider roll RM5 imax.) values during run

Figure[86:Maximum RMSvalues(ofithe rider foll[during[the test run. Results[without/the
vibration(dontroller/are 'shown(onthe left(side(and [withthe[controller/on/the right[side.

5.10.]  Summary

Two  different[ active damping! structures arel studiedin[ this section.[ Thel first[typelof
dampers!(is/based[ond[passive damper, altunable(mass(absorber. Tunablemassabsorbers
have been(uised over[alhundred[ years, but[they can[be changed to activeldampers by
directing[ additional force onlthe mass. Therelarel several possibilities[to[ calculatethis
controllforce.

Theldelayed[tesonator(is[thel basicl setup Wwherel thel external forcelisl calculated from
acceleration, [Speed or[position/measurement(0f mass. Thelforcelisld delayed/measurement
multiplied by(a’gain. Thelgainland/delay(values(are(calculated bylsetting[onepair(ofipoles
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on[thelimaginarylaxislon(theldesired[location. Other[poles mustlalsobelin[thelleft Thalf
plane(toguarantee [thatthe System/is stable.

WithEquations((5.15)[and[(5.16),it(is, lhowever, [possibleto locate[dominant [Systempoles
anywhere(inthellefthalflplane. Bylmeans oflthesel equations, itlis[not only possible to
controlthelresonance frequency, (but also the[damping o fithe(system.

Itfislalso[possiblelto¢ontrolltheldadditional force by [substituting the delayand[gainloflthe
delayed(tesonator/with[the first/order fransfer function. Other[types[ofl transfer[functions
havelbeenl studied[as[welllin[literature. In[thoselpapers, polesloflthe system have been
located[onlthe limaginarylaxis. Equations((5.28)[and[(5.29)enable, however, the poles/to (be
located lanywherelin/theleft halfiplane, With/certainrestrictionsdiscussed(in/Section(5.6.

Inlthelearlier[papers, [theresonance frequencyis[controlled [dround 'the natural frequencyof
the wholelsystem. In(that(case, thelstiffness0flthe forcelactuator affects/the Operation range
ofl thel damper. AT hew! cascadelcontrolled damper[is[ introduced[ in[ Section[5.7.[ This
algorithmmakes(it[possible[to[design[the passive[partlof theldamper[with the desired
natural[frequency. Now, [tegardless o flthe [stiffness of the[forcelactuator, it (can[beladded
onto! thel system[and[ the damper[ can(still operate around!the samel briginal[natural
frequency.[Actuators (with different/stiffnessican(also[beusedwithout having anleffectlon
thelresonance [frequency. [It(isdlso [possible that(the forcelactuator has[certain Monlinearities
or(thatlits[properties ¢change [due(fo [Some[éxternal [¢onditions, i.e., temperature(etc. These
factors[¢anbel¢compensated, however, with[aninner ¢ontrollooploflalcascade controller.
Thelmethodlislalso [Verified Wwith[tests ofl anlactual damper;[the tesults[can belseenlin
Sections(5.7(and(5.8.

Thelactive damping/methodbased [onlahydrauliclactuator(is(alsolintroduced. Thelmethod
is[ testedwith[al fulllscale[ pilot winder; it decreased! the[ wibrations  during[winding
considerably.[The[main[disadvantagel oflthelsystem[is[its low[natural frequency, Which
limits[itsisefo[disturbances withfrequencies lower(than10[15Hz.
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6. Conclusions

Designing alpaperwinder(is very muchlan/interdisciplinaryprocess. [It fequiresstate [of art
competence! lin[ the fields[ lofl 'mechanics, [ hydraulics, Jpneumatics, [ Jelectronics, Jpaper
technology, [(winding[processes, [ controllengineering and[servolcontrol, [ fault  diagnostics,
maintenance, andlow[Tand [ high(level programming.  In[this[thesis, new[imethods[are
introduced(for/controllabilityloflalpaperwinder, especially(in/the(fields 0 fvibrationcontrol
and[fault/diagnostics.

Onel oflthe[main[ contributions  ofl this[thesis is[the[ method[to [automatically[ modify[the
controllprograms(oflalpaper winder(tobeluisedlinlalfault’diagnostic[system. Until[now,
therehave been/nolsuchmethods available, because,in[practice, the problem becomes
unmanageable. The PLC programs[dontain/thousands ofllines [0flcode, [and, with/traditional
methods, the[¢computingtime needed is[sollarge[that/they[¢cannot belused. Onlthelother
hand, 'the 'work[¢an/be[performedmanually, (butthislis[verylexpensive, time[consuming,
andlithas(other/disadvantages, ds(discussed(in[Chapter(3. Theldeveloped methodhasbeen
testedlin[practiceland[it/has saved[expenses ofl the faultdiagnostic/systems!/to beused in
paperwinders. [The [quality [0flthe [diagnostic [System[has[become [better, [too. [After the [PLC
programs/havebeen(changed, it[is[easy to lipdatethe diagnostic/system so ‘themew method
reduces/the tisk (0fl faultyalarms(also. Thislis[teally [a[win[win[Situation for [paper winder
manufacturers/and for their/customers((paper tills).

Conditioning[ monitoringand[ imaintenance are under[ constant researchlin[ the[ paper
industry.[ Theldeveloped ! fault diagnosticlmethodslarelcloselylrelated[to this[ field.[The
binary/partpresentedalmethod for the operator and (maintenance[people. Thelanalog[part
describes/amodellbased fault/detectionlandlisolationmethod/that/can beused ds abasis for
conditioning ‘monitoring.[AtSome point, it[is[possible[to raise the productivityofla paper
winder[bylincreasing/the maximum(speed o flthe winder. It[is, however, [important [fo (bear
in[mind [that[the[reliability[and lusability [0 fla [paperWwinder are [importantfactors,[too. An
issue notlincludedlin(this(thesis, buthavinglalgreat impactlon the[productivity oflpaper
winders, [is[the[servo c¢ontrolled movement(ofithe(winder. Paper(windinglis[d[batch[process
andlalwinderlis[stoppedlaftereverylset for alsetl change. Everylsecond, [ whenlalpaper
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winder[/is[ not[ running, [ Thas[Jan[Jinfluencelon[ productivity, Iso[fast[Iservo ¢ontrolled
movements|arelimportant.

Thelrunningspeedloflapaper(winder haslincreased/temarkably/during(the last/few years.
Anlincreased [tunning/ speedandlaccelerationl éxcites tesonancel frequencieslover alVery
wideltange. ThelVibration[¢ontrol[part ofl this thesisldeals[Wwithlactive[Vibration[ control
methods.Mass[dampers(areseparate(devices that(canbelattachedtothe structure(to [damp
its [ vibration.[ Theltesonancel frequencyl ofl al imass damper has to[belthe samel aslthe
resonancel frequencyloflalstructure, sotheltraditional tuned ‘massdamper,alsol¢alled/a
passive damper, [ canl bel used to[ damponly[ onel frequency. [ In[ thisl thesis, al delayed
resonator andother damping methodshave beenldevelopedfurther. Now, itlis[notlonly
possibleto[controlitheresonancefrequencylofld[damper, butlits'[damping aswell.[A[Simple
method [to [shiftla fesonance frequency ofia/damper/isialsolintroduced. Itidoes Mot require(as
muchl external energy when[ thel operating point[ is near[ the[ damper’s[ ‘own! physical
properties, lile., fits fesonance(frequencyland [damping. The frequency(dan/also (be ‘tuned Wwith
one(linear(parameter, [Solits uselis Verylsimplelin[practice.

Besides/activelydontrolled ‘mass/dampers,[another(dctive[damping method(is studied. This
method(is[basedonlalhydrauliclactuator. Ttlisused(to [damp the vibration/dflarider roll. [The
system[directed[al counter( forcelagainst[the Vibrating[toll[ by means of anlacceleration
measurement. [ This(dctive vibration/controllmethod is[fested with(a [full [scale[pilot winder.
One/problem/concerning(such(alsystem/isthe[phenomenon(thatVibrating/énergy fromrolls
is[transformed[into[structures ofl the[ paper(winder[through thelrider toll. (Al method[to
eliminatethat(énergymneeds tobe/developed.

This(thesis[ covers[ severall fields[oflresearch. Al futurel themelofl interest is[thelfurther
development oflvibration[dontrol. [Thelactively/dontrolled thass/dampersdught to (Be tested
in[practice[ with[ thel full(scalel paper[ winders.[ There[ are  alsol severall possibilities of
applying[activelmethods[tol damp[ structural [ vibrations in Wwinders. Another[ interesting
subject would be(to bind [the fault/diagnosis(ofithe binary/and @naloglsignals more(c¢losely
together. It (was not [possible[fo [test dnalogfault[diagnostic imethods in[practice within[the
limits[oflthis[work. [lLongterm tests in[papermills (would throw(light [onthe [donceptofithe
functionality0flthese methods.
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Appendix(1

Results(oflthequestionnairestudylintroducedin/Section(3.1.3.
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FigurelA[1:[Statements [concerning ‘the isefulness(andreliability(oflfault[diagnostic

systems.

"Imperfectionsinisystemshinder(theiruse"

100%

80%

60%

40%

20%

0%

100%

80%

60%

40%

20%

0%

"Falselalarms hinderithe [use of(diagnostic/systems"

FigureA[2:Influenceloflfalse/alarms/ontheiisability o flsystems.
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Figure[A[3:[Simplicityand usabilitylofldiagnostic[systems/and ‘their user(interfaces.
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Figure[A[4:[Quality(0flinformation/givenbyfault/diagnosticsystems.
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"Operatinglandiservice manuals(are greathelplin
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Figure[A[5: Importance 0 flwrittenmaterial.
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FigureA[6: Importancelofléxperienceland/good knowledge o fimachine.
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TableA[1: Basiclawslof' Booleanlalgebra.

BOOLEANIDENTITIES

Complement ILaws

A*~A=0

A+~A=1

Law/ofldoublelcomplement

~(~A)=A

Idempotentlaws

A*A=A

A+A=A

Identitylaws

A*1=A

A+0=A

Dominancelaws

A*0=0

A+1=0

Commutative laws

A*B=B*A

A+B=B+A

Associativelaws

A*(B*C)=(A*B)*C

A+(B+C)Z(A+B)+C

Distributive laws

A*(B+C)=(A*B)HA*C)

A+(B*C)=(AB)*(A+C)

DeMorgan’s/laws

~(A+B)=2A*~B

~(A*B)==A+-B

Absorption laws

A*(ATB)=1A

A+H(A*B)=A

Table[A 2: (OtherBooleanlidentities[(Wiatrowski, 1984).

OTHERIDENTITIES

(A*~B)+B=A+B

(A+~B)*B=A*B

(A+B)*(~A+C)*(B+C) =(A+B)*(~A+C) [

A*B+~A*C+B*C=EIA*B+~A*C
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Appendix(3

Thisappendix/contains Boolean function/testdases[usedin[Chapter 3.

Casell

Thistest[caselis/designed to study[minimization[oflthe Boolean functionwhere thesame
literalslappearin/differentplaces/in/thefunction.

Network 1 : CASE 1.

Comment :

-
v

e
e

Figure[A.8:[FBD [format(representation fortest/case!(1.

Table[A.3:[Truthtable (maxterms)loficase!(l.

Al B CO D Q=D+(C(AB+AC))
00 0J 0 0 0
00 o0 1 0 0
00 10 0 0 0
00 10 1 0 0
10 00 0 0 0
10 10 0 0 0
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Case2

This(test/caseis [designed|to [study(the inimization0f'the Booleanfunction/with(the [same,
butlinverted, literals(in(different terms.

Network 2 : CASE 2.

Comment =

AL L

g

wow | |

"y _D
L) AL

wow | L

A =y
vpe |
ucu_{} —

e
vBY g

AL L —

u"u_{]
uBu_{}
ucu_D I I "y

ol B B

Figure[A.9: [FBD format representation/fortest(case (2.

Table[A.4:[Truthtable (imaxterms)oficase 2.

All BUJ
0dl
0dl
101
101
0dl
0dl
0dl
0dl
101
101

@!
]

Q=D(ABC+~ABC-+~AB~C+~A~BC+~A~B~C)

—| =] = =] =] = O O O O
ol o |~ o o ~| o~
e =l =l K=l =1 =] k=1 k=] f ]
ol o|ololo|olo ool

>
>
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Casel3

This(test([caselis/designed[to[study theminimization oflthe[Boolean[functionwherelthere
are[mear(similar terms/in/different branches.

Metwork 4 - CASE 3.

Comment :

==1
Ilcll —

gt — —

v
vpy |
e _{} I "y

oo ] - [ ]

Figure[A.10:[FBD [format[representation for[test/case 3.

Table[A.5:[Truthtable (imaxterms)[oficase(3.

AL B CU D Q=(D+AB~C)(D+BC+ABC)
00 0J 0 0 0
00 o0 1 0 0
00 10 0 0 0
00 10 1 0 0
10 00 0 0 0
10 00 1 0 0
10 10 0 0 0
10 10 1 0 0
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Caseld

Thisltestcaselis[designed to [study(the minimization/ofithe[Boolean function thatlincludes
theterm(A*B+~A*C+B*Cl(see/table[A3(2).

Network 5 : CASE 4.

Comment :

==1

FigureA.11:[FBD[format[representation for(test/case(4.

Table[A.6:[Truthtable/(imaxterms)(ofidase 4.

A B C D O=DBC+~AC+AB)
0O 0 0 o o
0O 0 0 1 o0
0O 0 1 o0 o
0O 1 0 o0 o
0O 1 0 1 0
0O 1 1 0 o0
1 0 0 0 o0
1 0 0 1 o0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 0
1 1 1 0 0
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CaselS

This(testcaselis[designed to study(the minimization ofithe[Boolean function thatlincludes
thelterm[(A*~B)+B(seeTableA2[inAppendix2).

Network & : CASE 5.

Comment :

vy

L 1L _{} I

Figure[A.12:[FBD[format[representation for(test/case5.

Table[A.7:[Truthtable (maxterms)[oficasel(S.

Al B CO D Q=DC(B+(A~B))
00 0J 0 0 0
00 o0 0 1 0
00 o0 1 0 0
00 00 1 1 0
00 10 0 0 0
00 10 0 1 0
00 10 I 0 0
10 00 0 0 0
10 00 0 1 0
10 00 I 0 0
10 10 0 0 0
10 10 0 1 0
10 10 1 0 0
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FigureA[13:Manufacture’s/datasheet/oflahydraulic valve (Bosch).
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FigurelA[14:[Afriction(forceoflahydraulicicylinder.
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