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RESUME DE THESE

Introduction générale

Contexte de I'étude

Le secteur de I'acier est une industrie moderr@egt établie qui fournit des produits a haute valgoutée
pour des clients de plus en plus exigeants, efcpber, dans des segments haut de gamme. Sespaxgooints
forts résident dans la qualité de ses produitseghéses moyens technologiques performants. Sespaies pistes
a améliorer sont liées a la disponibilité des nmasigoremieres et aux contraintes économiques etgpect de
'environnement. En outre, la production ciblée sigr nouveaux produits a base d'aciers allégés reude
résistance doit encore accentuer les contraintd®asemble de la filiere de fabrication.

Le projet proposé par ArcelorMittal vise a fairenbéicier ses systemes de production de solutiongventes
dans le domaine de 'automatisation des lignesnptant de limiter les accés aux zones a risqd&abbutir & un
pilotage totalement automatique des outils. Le ¢udécadopté dans le cadre de cette thése est eclaiabulée
continue dont on souhaite améliorer la régulatiemigdeau afin de réduire les défauts du produitiid liés aux
variations de niveau dans la lingotiére.

La solution qui aura été développée dans le caglreette thése devra présenter un caractere géméaicgtre
facilement généralisable a d’autres procédés gigi@ues.

Ce travail de thése résulte d’une collaboratiomeelet département Mesure et Contréle d’ArcelorMiRacherche
et Développement a Maiziéres-Lés-Metz et le dépeaate Automatigue de SUPELEC a Gif-sur-Yvette dans
cadre d'une Convention Industrielle de Formation lpaRecherche (CIFRE) subventionnée par I'Assamiat
Nationale de la Recherche et de la Technologie (ANR

Description du procedé

Dans la filiére de production de I'acier, la coulEntinue occupe une place centrale et stratégqgtre
I'élaboration de l'acier liquide et le laminage. Efiet, ce procédé a su remplacer la techniquetioadelle de
coulée en lingots grace a sa meilleure productipgémettant a la fois une économie d’énergie etndén
d’'ceuvre.

Lors de sa solidification en coulée continue, Eadiquide provenant du répartiteur s’écoule via busette dans
un moule en cuivre de section carrée ou rectarrguains fond appelé lingotiere et se solidifie autact de ses
parois refroidies a I'eau (voir figure ci-apresg débit entrant dans la lingotiere est généralemmirolé a I'aide

d’'une quenouille.

Busette
Laitier - -
(poudre ou granuks)

Petite fac o
lingotiere Laitier liquide

Cordor {72 ; ! L.
de laiter LB

Come de—-
soldificatior [/

Zone de
Acier— cisaile ment

solidifé ‘ Acier liquide

Interface busette - lingotiere



Résumé de These

Tiré vers le bas par un jeu de rouleaux extractdargeau solidifiee entraine I'acier en fusion gohéve de se
solidifier. Arrivé a la sortie de la machine, I'aciest complétement solidifié et immédiatement dpéoen
trongons aux longueurs désirées appelés bramgsoHait ainsi obtenu est réchauffé ensuite dangales avant
d’accéder a I'étape de laminage. Il a été démomtréane partie importante des défauts de surfacerdduit
solidifié est provoquée par les fluctuations impotés du niveau d'acier en lingotiere qui entrafrzms leurs
mouvements le laitier et les inclusions d’aluminecaeur de I'acier en fusion (voir figure précédenbe telles
variations peuvent contraindre les opérateurs daser systématiquement la brame solidifiée cardéésuts
deviendraient visibles sur le produit final mémeeadaminage.

De nombreux phénomenes sont a l'origine des vansatidu niveau d’acier dans la lingotiere. Certaiost
déclenchés par les opérateurs et sont donc pri@gsibn revanche, d’autres perturbations commeét®uchage
peuvent survenir soudainement provoquant dansiteitas un débordement colteux. On peut citer dgaie:

¢ Les changements de points de fonctionnement coramarlation de largeur ou de vitesse de coulée qui
ont pour effet d'imposer un mode d’écoulement paliier et de modifier en conséquence certains
paramétres de la boucle de régulation. N'ayantépé@gsoncu pour fonctionner convenablement dans une
large plage de variations des conditions de couléerégulateur ne parvient pas a garantir des
performances satisfaisantes a ce nouveau poinbueidnnement. Les opérateurs ont généralement
tendance a éliminer I'origine du probléme en rem¢aa point de fonctionnement initial.

¢ |l est possible par ailleurs que le siege de laettesainsi que ses parois internes se bouchent
progressivement puis se débouchent brutalementaid®n est alors introduit a travers un circuinade
ralentir ce phénomeéne dans le but d’allonger |l&elute vie des busettes. Au niveau de la lingotiére,
cycle bouchage/débouchage modifie particuliérersentdébit entrant qui ne peut plus étre déterminé a
partir seulement de la position de la quenouilieeSprobleme est intrinsequement lié & la comjorsde
I'acier liquide, il n’en reste pas moins que sofete$ur le niveau doit étre confié a la boucle éfgutation
de niveau. De plus, il est fortement souhaitablelidposer d’'un outil de diagnostic permettant dereu
I’évolution de ce phénomene dans le temps.

¢ Le volume d’acier liquide contenu dans la brametipidgment solidifiée évolue périodiquement. Ce
phénomene appelé gonflement est directement &évaidsse de coulée et a la configuration des aoxle
extracteurs (diametres et distances inter-rouleding une influence directe sur le débit sortaatla
lingotiere qui varie alors de maniere cyclique.

¢ Drautre part, la dynamique de niveau dans la likgetest décrite par un modele dont les paramsétnats
incertains. En particulier, un retard existant ert signal de commande (c'est-a-dire la consigne d
position de la quenouille) et le débit d’acier antrdans la lingotiere n’est pas bien identifiéh&ure
actuelle. Sachant qu'il peut remettre en causetdhilgé de la boucle de régulation, il convient de
développer une méthode d’identification précisedeuconcevoir une régulation qui tienne compte des
incertitudes de cette boucle.

Etat de I'art

Depuis le début de I'exploitation industrielle duw@édé de la coulée continue, de nombreuses sububiot
été proposées pour répondre au probleme de laatégulde niveau. Dans une méme usine, chaque tigne
production utilise un systéme de régulation adapt@roduit coulé, a la configuration de la mactehau cahier
des charges fixé par le client. On peut citer pan®le le PID qui est le régulateur le plus largetmépandu, la
commande Linéaire Quadratique Gaussienne LQG €bfamande Prédictive Fonctionnelle PFC. A partir des
informations fournies par le capteur de la surflilwe de I'acier, ces régulateurs sont capablestdbiliser le
niveau en agissant sur le débit entrant dans ¢afiiére. Cependant, leurs performances sont étreiteliées aux
conditions de coulée ainsi qu'a l'état des perttiopa. Dans certains cas, les régulateurs paneégsr a
maintenir les variations de niveau dans un intévdlun millimetre. Dans d’autres cas plus frégsenes
variations de niveau dépasseraient plusieurs nétlies et seul un changement de point de fonctioanem
pourrait les amortir. C'est la raison pour laquelds sidérurgistes ont introduit également des rdesdu
complémentaires a la boucle de régulation classioug prendre en charge les variations engendraéesine
perturbation donnée comme le débouchage, le goeflemu les ondes stationnaires. D’autre part, degisns
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qui visent a estimer ces perturbations a partirstipsaux disponibles dans le but d’alerter les afeéirs en cas de
problémes majeurs, ont également été déployées.

Au regard des performances des régulateurs aateks la réalité des problémes rencontrés, il paranordial
de développer une solution qui soit robuste face difiérentes évolutions du procédé durant la segaiede
coulée afin de contrer les effets des perturbaiiaiesnes et externes a la boucle de régulation.

Objectifs et organisation de la these

La régulation de niveau n'a cessé d’étre une prgEaton majeure et constitue un élément clé pour la
qualité du produit dans la chaine d’élaboratiofalger. La recherche sur ce sujet est fortementeswe par un
besoin constant de I'industrie sidérurgique. Desple chiffre d'affaires moyen généré par une maekie coulée
étant de I'ordre d’'un million d’euros par jour, ®ucle de régulation doit étre & méme d’éviterde®ts de
production dus aux variations de niveau, d’ou l'ortpnce des enjeux qu'implique ce procédé.

Compte tenu de ce qui précéde, I'étude devra patierla modélisation du procédé, la reconstructies

informations sur 'état des perturbations, I'apation des lois de commande classiques adaptéesypeale

procédé, la conception et la validation d’'une sofuinnovante de contrdle robuste de niveau erotidge de
coulée continue, qui devra étre facilement gérsable a d’autres types de procédeés sidérurgiquees.athene a
décomposer ce travail en différentes étapes facta@dune I'objet d’'un chapitre spécifique.

Le mémoire de thése est organisé en cing chapidass le chapitre 1, nous présenterons le procéda cbulée
continue et ses interfaces avec les autres proatts la chaine de fabrication de I'acier. Nougpedprons
également quelques aspects clés de I'acier. Naergralés ensuite la téte de machine de coulée dlifi&sentes
perturbations a l'origine des variations de nivddinstrumentation associée a la boucle de réguiatie niveau y
sera notamment détaillée.

Dans le chapitre 2, nous présenterons deux modelas/eau en lingotiére. Le premier est basé sdytemique
de I'acier et évoqué ici uniqguement pour enrichitre revue bibliographique. En revanche, le deugi&st un
modéle linéarisé autour d'un point de fonctionnem&npartir duquel seront synthétisées toutes les de

commande. Nous veillerons a ce que ce modéle gffisanment représentatif de la dynamique du niveau
lingotiére en le complétant notamment par les nesiéles trois perturbations les plus courantes qotls

bouchage, le gonflement et les ondes stationnaires.

Dans le chapitre 3, le mémoire s’articule autoutrdes axes principaux. Le premier point propose oréthode
d’identification de la dynamique de I'actionneurdess paramétres du modéle de commande. Une grarike ge
ce chapitre est ensuite consacrée a la mise ereadnr outil de détection du bouchage et du gordlenpar le
biais d’'un observateur d’état. Cet outil est égaletrintégré dans une structure de compensatiorefiet [du

gonflement sur le niveau validée en simulationagtipde signaux réels prélevés sur site et enfimnsaquette
hydraulique.

Le chapitre 4 s’attache a présenter plusieursdeisommande non-adaptatives dont certaines samgli@zchent

en service dans les usines d'ArcelorMittal. Ainseront étudiées les lois de commande suivante®; PI
Commande Prédictive Fonctionnelle PFC, Commanddi@n®e Généralisée GPC, prédicteur de Smith et ses
versions modifiées et enfin la Commande par Motigkrne IMC. Afin de faciliter le choix au sidériste entre
toutes ces lois de commande en vue d'une implémentadustrielle, une étude comparative a étéiséalpour
évaluer les gains de la solution retenue en tedeesjet des perturbations et de marges de rolsestes

Enfin, le chapitre 5 sera consacré a l'applicatim la commande adaptative multi-modéles RMMAC a la
régulation de niveau. Cette architecture est ldesaupouvoir garantir des performances satisfaésastr de
larges intervalles de variation des paramétreseg\pne breve introduction des architectures mudtiétes, de la
procédure d@t synthése et de ses deux variantes, nous applitgiare approche formalisée afin de déterminer le
nombre de modéles, les régulateurs robustes dilttes de Kalman associés a chaque modéle. Plustribr
I'intérét de cette méthode, les résultats de sitfimriaeront donnés et commentés.

Ce chapitre s’achéve par la conclusion génératedaémoire de these.
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Chapitre 1 : Présentation du procédé de la coulé@mntinue

Coulée continue

L'acier liquide est élaboré selon deux filierespdeduction. Dans la filiere ‘fonte’, la fusion et téduction
des matiéres premieres (essentiellement du mim¢rdu charbon) produisent de la fonte liquide cpii aors
transformée en acier par insufflation d’oxygenegjeut d’additifs qui donnent au produit final lesopriétés
requises. Dans la filiere ‘ferrailles’ qui repréteB80% de la production mondiale, I'acier liquids ebtenu en
faisant fondre les ferrailles dans un four & atestéques.

L'acier en fusion ainsi obtenu est ensuite couldétdisant I'un des deux procédés suivants : lad@aen lingots
qui est en voie de régression ou la coulée contangement répandue a travers le monde.

Dans le procédé de la coulée continue qui nouseisgé plus particulierement dans le cadre de ttette, I'acier
en fusion contenu dans une poche est coulé dankngo&ére sans fond. Au contact de ses paroisiteaues a
une température basse par un systeme de refrotdissel’acier commence a se solidifier formant yeau
solide. Des rouleaux extracteurs disposés sougdatiere tirent le produit vers le bas de la maehiDans le
méme temps, un systeme de refroidissement secentaistitué de jets d’eau permet d’achever la iickdion
de l'acier liquide. En sortie de procéde, le prodompletement solidifié est découpé en tronconka dengueur
désirée (appelés brames) avant d’'étre envoyé weficuun (voir figure ci-apres).

Poche

Machine de coulée continue
En se référant a cette figure, les éléments pranpig’une machine de coulée continue sont :

» Le répartiteur qui est un grand récipient d’'une capacité moyere2atonnes, situé entre la poche et la
lingotiére. Son réle est d’alimenter la lingotiénm acier liquide avec un débit contrélé par unenquitle
ou par un systéme a tiroirs. Il permet d’alimergienultanément plusieurs lingotieres et de fairelerou
plusieurs poches consécutives sans arréter la meachi

» Lalingotiere
Le métal en provenance du répartiteur entre dafiadatiére par le biais des deux ports de la laset
submergée. Grace a une circulation intense d'eadefrles parois de la lingotiére sont refroidiss qui

permettra de solidifier I'acier en fusion et denfier une peau suffisamment épaisse et résistante pou

contenir le métal liquide qui n'a pas été solidifians cette zone de refroidissement primaire. Aén
protéger I'acier de I'oxydation, la surface de il&cliquide est souvent couverte d’'une poudre agpel

laitier. C’est au niveau de la lingotiere que letahést soumis & un brassage électromagnétique afin

d’homogénéiser cette phase liquide. Enfin, la ltiige est animée d’'un mouvement d’oscillation
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verticale de faible amplitude destiné & empéchec &aide d’'un lubrifiant le collage de la peauidifiée
contre les parois en cuivre.

> Le refroidissement secondaires’effectue grace a deux systemes. Le premierresysteme mécanique
composé de plusieurs rouleaux de soutien et deageidont certains sont motorisés pour faire avdacer
brame. La vitesse est imprimée par les rouleauweunstextracteurs. Elle est choisie en fonction du
format coulé, de la nuance d'acier et de l'intengiu refroidissement tout au long de la zone de
refroidissement secondaire et de la lingotiere.deaxieme systeme assure la solidification de Itacie
liquide et la maitrise de la température de surfck peau sous 'action de jets d’eau.

» L'oxycoupage permet de découper le produit solidifié a la laguvoulue et de l'identifier avant de
I'envoyer vers le laminoir chaud.

Régulation de niveau en lingotiere de coulée contie

Nous avons donné dans le paragraphe précédentuenglabale de la machine de coulée continue. Nous
détaillerons dans ce paragraphe la téte de maghirest le siége des variations de niveau d’atjeide.
Comme le montre la figure suivante, la busette atérau réfractaire plonge dans le bain de méjaide dont
on protege la surface contre I'oxydation graceatiel et a la poudre de couverture qui constitengue les
aciéristes appellent le ménisque. Le métal couleggartiteur jusqu’a la lingotiere en passant pasusette dont
les ouies donnent, selon leurs formes, une direatiojet de métal.

Laitier

&

Lingotiére

Peau solidifiée
Vue en coupe de la téte de machine de coulée congén

En cours de coulée, il est d'usage d'injecter @egbn au niveau de la busette submergée pour eepérh
bouchage de son siége et réduire les entréespdiaaspiration a travers ses parois.

Le débit de métal est toujours contrélé par unésgsta quenouille ou par un systeme a tiroirs aipermettre
aux opérateurs de faire couler I'acier a la vitdbae par la rotation des rouleaux extracteurdesimaintenir un
niveau stable en lingotiére pour une bonne qudiit@roduit final. Cette boucle de régulation pdt éortement
perturbée par des événements courants entrairstBnmtiquement des anomalies sur les brames. En gif
apparait des variations importantes et rapidesuawte la consigne de niveau, il est probable qukiteer,
initialement introduit pour conserver les propr&tde I'acier, se retrouve dans l'acier liquide. plas, les
particules présentes en surface et a proximitgedesis sont également emprisonnées lors de vars@aboutales
du niveau. Ceci se manifeste sur le produit fimalssforme de fissures et de trous. Par ailleursyffit de
procéder a une analyse de quelques échantillopsodiwit défectueux pour mettre en évidence unelifioktion
précoce liée a une forte variation de niveau oedalét la présence d’inclusions d’alumine. C'estaiaon pour
laquelle les opérateurs déclassent de maniérensytgie les barres d’acier obtenues en présencariddions de
niveau importantes.
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Il est difficile de traiter de maniére exhausties facteurs qui perturbent le niveau en lingotiiee peuvent
provenir du procédé lui-méme, de la compositionndétal, des conditions de coulée et de la configurat
choisies ou d’'un appareillage spécifique. Ains, perturbations peuvent étre classifiées selos leugines :

+ Perturbations liées a I'nydrodynamique en lingetiér

v' Balancement de jets : ce phénoméne se manifestenpiséquilibre périodique des jets issus des
ouies de la busette qui fait apparaitre une dépreds surface a proximité de la busette et qui se
propage vers la petite face la plus proche. Cettugbation est périodique de fréquence proche
de 0,17Hz. Son amplitude est d’autant plus impeetague le format du produit coulé est grand.
Néanmoins, elle peut étre atténuée en utilisanbdssttes spéciales.

v" Ondes stationnaires : elles sont la conséquenaee diariation trés importante de la vitesse de
coulée mais dépendent du régime d’écoulement étabh la lingotiére. Leur bande de fréquence
caractéristique semble étre située entre 0,6 B6H2,

v Perturbations dues a l'argon : l'injection de l'angréduit considérablement le bouchage en
coulée d’acier. Toutefois, les écoulements diphesiglans la busette perturbent I'alimentation de
la lingotiére quand le débit de gaz excéde uneuvalgtique au point de provoquer I'arrachement
de laitier de couverture. Par ailleurs, les conmexidu réseau d’alimentation en argon jusqu’a
I'ensemble busette/quenouille ne sont pas toujfiaindes et peuvent expliquer certaines périodes
de bouchage.

+ Perturbations liées aux organes de controle etatidmdu métal

v Bouchage/débouchage : ce phénomene bien connagsidErurgistes a été abondamment étudié
et est souvent référencé dans la littérature. llpgEsente sous la forme de particules qui
s’accumulent sur les parois de la busette et sacként soudainement provoquant un
accroissement important du débit entrant dans¢potiere. A I'heure actuelle, plusieurs solutions
sont adoptées pour limiter le bouchage comme tiige de I'argon, la maodification de la
géomeétrie de la busette, de son matériau et dentpasition chimique de I'acier.

v Hauteur du métal dans le répartiteur : ce paranttermine la vitesse de coulée de I'acier du
répartiteur a la busette. Il intervient dans lardééén du gain statique de la boucle de régulation
Il serait judicieux de le maintenir constant, emals des phases transitoires, pour éviter que le
systéme bascule vers un autre point de fonctionneme

4+ Perturbations liées a I'extraction

v' Risques de percée : dans certains cas, la peaiifiéelirisque de se déchirer, ce qui aura comme
conséquence un arrét complet de la machine. Eie statla lingotiére, les rouleaux sont équipés
d’accélérometres dont le réle est de déceler urigglie. La vitesse de coulée est alors ralentie
entrainant une montée brutale du niveau en lingotié

v' Gonflement : cette perturbation est liée aux défalgt géométrie des rouleaux extracteurs et se
manifeste par un mouvement périodique de la peane ées rouleaux et qui provoque des
variations de niveau a la surface de la lingotigkmsi, ce phénomene perturbe a la fois
'asservissement de la vitesse des rouleaux egtrexten bas de machine et la régulation de
niveau en lingotiere.

Une boucle de régulation efficace doit pouvoir msét et minimiser I'effet de chaque perturbatideritifiee
dans le systéme. Les éléments intervenant damshmmitle sont le régulateur, le capteur de niveédaaionneur
du débit de métal (systemes a quenouille ou agirdi existe plusieurs types de capteurs a cortaec le métal
en fusion (comme les capteurs flotteurs ou a coélactrique) et de capteurs sans contact (capéecosirants de
Foucault, gammameétrie, capteurs optiques ou thedtr@h Plusieurs aspects sont pris en compte lgacisoix
de la technologie a déployer dans les machinesulée& continue.

10
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Chapitre 2 : Modélisation du procédé

Modeéele de commande

Ce chapitre aborde la modélisation mathématiquprdoédé qui est une étape préliminaire a la syathes
des lois de commande. Nous avons étudié un prengdele décrivant la dynamique du fluide dans Igdtiere
et qui est a méme de mieux suivre I'évolution deslaface libre d’acier, en particulier, dans le cfsn
écoulement turbulent du métal liquide. Cependantmodéle nécessite des ressources en calcul caaidese Par
conséquent, nous avons opté pour un modele plydesénmettre en ceuvre et qui exprime la consenvat&ola
matiere a l'intérieur de la lingotiére. En effegnd ce deuxieme modéle, le niveau d'acier théongagen est
donné par I'équation suivante :

1
N =2 Q.- Qu)dt 1)
avec :
« Q,: Débitdacier entrant dans la lingotiere ;
* Q. Débitdacier sortant de la lingotiéere ;
e S Section transversale de la lingotiere.

Le débit sortant) . est fixé a partir de la vitesse d’extraction daduwit solidifié v comme suit :

Qo =S¥ (2)

out

Le débit délivré par la vanne de contr@e est déterminé par la position de la quenouitlest est limité par la
section transversale de la busette. La relationaste est largement reprise par la littérature ddottr les
problématiques de modélisation :

Q. (1) =G, [P(t-7,) 3)

G, est le gain de la busette et est un retard introduit pour tenir compte de lilehce de la hauteur de la chute
et des écoulements diphasiques dans la busette.
Une boucle de régulation interne, liée a la commatell'actionneur, a pour réle de maintenir la quelfe a une
position fixée par la loi de commande principalel'adde d'un régulateur souvent choisi comme unngai
proportionnel. Cette boucle ne sera pas étudiés ldacadre de cette these et sera simplement reédéar une
dynamique du premier ordre :
1

TFacuonneur 1+ Ta BS (4)
Le capteur de niveau considéré ici est de type NKIKmesure, sans contact, un niveau moyen en lérgoét
dont la dynamique peut étre modélisée par un systhnpremier ordre (d’apres les données du constm)c
En considérant ainsi tous les éléments de la baleckégulation, la fonction de transfert du moadkdecommande
s'exprime de la maniere suivante :

_ Ge™
TFmodéle(S) - S[% . (5)
[(A+7, )1+ 7,[3)
avec
e s Variable de Laplace ;
LI Constante de temps de l'actionneur ;
c G,: Gain de la busette ;
s T, Retard de la busette ;
e S Section de la lingotiére ;
L Constante de temps du capteur de niveau.

11
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Bouchage

En cours de coulée, il arrive fréquemment que desltons constitués principalement d’alumine sentrée
au niveau du siege de la quenouille, des parals€buies de la busette. Ce bouchage progressiepaléments
non-métalliques peut modifier I'hydrodynamique dén$ingotiére et ainsi perturber le niveau deudace libre
d’'acier. Il peut méme étre dissymeétrique, ce quideiit a une différence des niveaux moyens de parbatre de
la busette.

Au bout d’'un certain temps, le systéme se déboaabt@inant une augmentation brutale du débit entiams la
lingotiére et par conséquent une montée soudaineivau d’acier dans la lingotiere. En cas d'imanot$

débouchages, la boucle de régulation n’est plusesure de maintenir un niveau stable, ce qui néeeds la

part de I'opérateur une grande vigilance car legelgiprotégeant la surface libre de I'acier, psaitrouver piégé
dans le puits liquide, ce qui peut étre a I'origiteedéfauts de surface de la brame méme apresdgein

En I'absence du bouchage, le débit entrant daliisgatiere est déterminé a partir de la positiodadgquenouille.
En revanche, durant le cycle du bouchage/débouchadépbt d’alumine restreint I'écoulement deikadiquide

dans la busette. Par conséquent, le débit réehfésteur a la valeur théorique. Cette diminuticand le débit
entrant dans la lingotiére sera modélisée pargmasexogénel,,, comme suit :

Q, =G, P(t-7,)-d

clog

clog

, (6)

dclog = O
La derivee seconde dd,,, est nulle car d'une part la position de la quel®peut étre decrite par une
succession de rampes et d’'autre part le niveaundtdsse de coulée sont généralement constants.

Gonflement

Contrairement au cycle du bouchage/débouchagééegméne du gonflement se produit sous la lingotiér
en bas de la machine de coulée mais a une infllendes variations de niveau en lingotiére. Lagraission des
perturbations du bas de la machine jusqu’au méeissti assurée par la peau solidifiée et le pujtéde. En
effet, ce dernier exerce une pression sur la peldiféée dont le profil se voit imposer un mouvemainusoidal
entre les rouleaux extracteurs, en particuliesdoe son épaisseur est fine et irréguliere. Lealigaements et les
faux ronds d’un ou de plusieurs rouleaux de soyi@rvent également étre a l'origine de cette paation.

Les fréquences caractéristiques du gonflement ippaent a la bande de fréquence entre 0,03 etz0 EHes
sont plus généralement données par les formulearges :

Vv
fi,l - /1_. (7)
f.= v o]
i,2 ﬂl:Dr ( )
avec:
e V! Vitesse de coulée ;
e A: Distance inter-rouleaux ;
e D Diameétre du rouleau.

r

Enfin, il convient de signaler que, pour des nuanparticulieres (aciers ayant une certaine conipasit
chimique), le gonflement peut étre éliminé au moglem durcissement du refroidissement secondaire.

En I'absence du gonflement, le débit sortant est fiar la vitesse de coulée. En revanche, lorsguigu durant
une séquence de coulée, ce méme débit n’est phssar mais varie au cours du temps selon uneétagique
sinusoidale.

12
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Par conséquent, I'expression du débit sortant dadatiere devient :

Qout = SEV"‘ dbulge
dbulge = dbulg:-:‘l + dbulgeZ e (9)
dbulgei = _afulgei mbulgei
a‘l)ulgei = Zﬂl 1
ou d,,,. est un signal exogene a la boucle de regulatiogefreant ainsi I'effet du gonflement sur le débst ld
machine.

Ondes stationnaires

Les ondes stationnaires sont une autre perturbgioiodique qui se manifestent par des variatioms d
niveau de faible amplitude, et qui se propagemt sulface de I'acier liquide dans la lingotiéreutsefréquences
dépendent de la géométrie et des dimensions deglatiere et appartiennent a la bande de fréqusaseeptible
d’étre amplifiée par la boucle de régulation. EBest données par la formule analytique suivante :

_ 1 [grQd (10)
wavesi 2” SN
avec :
« S,: Largeur de la lingotiére ;
* g: Constante universelle de gravitation ;
o i Nombre de noeuds.
L’effet des ondes stationnaires sur le niveau paetmodélisé par un signal exogahg,.. comme suit :
1
N = EJ. (Qin Qout)dt +dwaves(t)
waves = dwave + dwave + e
. N ® (11)
CIwavesi - _a]vzvavesi Bjwavesi
a =27

‘wavesi wavesi

La figure suivante donne le schéma bloc du modelea@mmande en tenant compte des effets de ces trois
perturbations.

waves

1+7 (8

1+7, (5

Modéle de commande
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Chapitre 3 : Estimation et rejet de perturbations

En préalable a la synthese des lois de commanddédmdans le chapitre suivant, nous allons présant

module complémentaire a la boucle de régulationm pstimer et rejeter certaines perturbations. Zengui sulit,
nous commencerons par identifier le modéle de camdmgour permettre son utilisation a la fois pa le
techniques d’estimation de perturbations et daositamande du procédé.
Le deuxiéme volet de ce chapitre concerne les®ssaila maquette hydraulique qui est un outil erpEntal
permettant de reproduire le procédé de la coulégnuee en remplagant I'acier en fusion par de l'dalle sera
utilisée dans ce chapitre a la fois pour validdolection de rejet du gonflement et pour détermlasrintervalles
de variation des parameétres du modeéle de commanfimetion des conditions de coulée.

Identification du modele de commande

Les paramétres inconnus du modéle de commandelalémtction de transfert est donnée par I'équation
(5) sont le gainG, et le retardr, de la busette d’'une part et la constante de telapactionneurzr, d’autre part.
Les autres paramétres de cette fonction sont saités par le constructeur soit fixés par les opératen début
de séquence de coulée.
Classiquement la procédure d’identification peutdséser en deux étapes : application du protocdssai et
identification des paramétres en employant lesrilkgoes appropriés.
Aussi, sur site industriel, du fait des impératiesproduction et de la nature du procédé, nous ssnwontraints
de réaliser une identification en boucle fermée.bomcle de régulation est ainsi excitée par desasig
superposés a la consigne de position de la quémouibs trois mesures nécessaires aux algorithmes
d’identification sont le nivealN , la position de la quenouillB et le debit sortant de la lingotie€@ ,.
Le signal d’excitation, appliqgué autour d’'un poile fonctionnement, est une Séquence Binaire Psildéddoire
SBPA dont les propriétés rappellent celles d'unitbhlanc. Il est réglé en tenant compte du point de
fonctionnement et du temps de réponse de la béewctete.
La méthode des moindres carrés peut étre appliguéetement pour identifier la constante de temps d
I'actionneur en utilisant la consigne de positi@ld quenouilleP” comme entrée de la fonction de transfert a
identifier et la position de la quenouille comme sa sortie selon la formule suivante :

TS

P(n) =a,[(P(n-1) + (L-a) [P (n-1) avec a=en (12)

ou T, est la période d’échantillonnage.

Concernant la fonction de transfert de la busetteis avons opté pour un algorithme basé sur I'erdeu
prédiction et appliqué a une représentation d'étaicturée ou le retard a été approché par undidonde
Laguerre du premier ordre. Pour cela, nous avossiale développer un modéle linéaire du procedsus
forme :

2 .
1_58 N 0 —1/S 0 N Gn/S -1
e = —T4 X (=0 -8/r,  -16/7, | x |+|16G,/r, O (Vj 13)
1+Z”s X, 0 1r, 0 X, 0 0

ou x, et x, sont deux variables d’état internes a la fonctierLaguerre et n’ont aucune signification physique.

Estimation du bouchage et du gonflement

Le but de ce paragraphe est de présenter un noutiélde diagnostic de I'état des perturbations, en
particulier, du bouchage et du gonflement, en seasé des signaux de mesures accessibles queasposition
de la quenouille, le niveau mesuré de I'acier iguen lingotiére et la vitesse d’extraction. Ersdat référence
aux resultats présentés dans le chapitre 2, iltgdags précisément d’estimer les allures des degnauxd,,, et
d,,,e Modélisant respectivement I'effet du bouchageuegahflement sur la boucle de régulation. Pour,cedas
avons développé un observateur global d'état gumeddpour entrées les signaux mesurés et dont deux

composantes du vecteur d'état sdpj, etd, ..
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Dans le cas ou le gonflement est décrit seulemandpux fréquences (le résultat pouvant se géaéradi un
nombre plus grand de fréquences), le niveau d'asiedonné par I'équation suivante :

dclog = O
SN =G, P(t-17,) = d,,(t) ~ (SI+d,,.(t)) avec Oouige = Douiger T Aouigez (14)
Qn Qe Ghiger = ~uger Bouige

Dans cette équation, la dynamique du capteur deania été négligée car sa constante de tempdatsterment
faible comparée aux autres constantes de tem@sluritle de régulation.

Si I'analyse spectrale du niveau fait apparaitr@uttes fréquences, il suffit de modifier le vecteiétat en y
incluant deux variables d’état par fréquence déee@torrespondant respectivemertd, g, et a sa dérivée).

On obtient une représentation d’état mise sodisraze usuelle :

{X =A,X+B,U

Y=N=C, X
X'=(N iy Gy o Guge o Ghuge &) GO =GPE-T)+GPH U =(P V)
0 -¥YS 0 -YS 0 -¥YS 0 s -G,/S -1 1
o o 1 0 0 0 0 o o o0 0
O 0 0 0 0 0 o 0o o0 0 (15)
o o 0o 0 1 0 0 o o o0 - o
A, = By = Ceo =
0 0 0 -afu O 0 0 0 o o0 0
o o 0o o0 0O 0 1 o o o0 0
0 0 0 0 0 -ayp O O o o0 0
o 0o 0 0 0 0 0 -2t 4G, /1, 0 0

Ce systéme est complétement observable car sacendtabservabilité est de rang plein. La représemtal’état
continue de I'observateur de Luenberger est alerda dorme :

)2 = (Atb - ch [([:cb))2 + Bcb U + ch N (16)

ou K, estle gain de I'observateur.

Cette technique d’observation a été validée d'uaé pn simulation et d’autre part en vérifiant lenb
comportement de I'observateur lorsqu’il est souinikes signaux prélevés sur site.

Si I'un des deux phénoménes se résorbe complétetaesignal correspondant estimé sera toujourslhseérait
alors possible de simplifier le vecteur d’état distéme en supprimant les composantes de la petiturba
inexistante.

Rejet du gonflement

Etant donne l'estimation de l'effet du gonflememipdélisé pard,, ., et de sa dérivée, I'objectif de cette
section est de proposer un module complémentdadaucle principale de régulation @ méme d’anncégreffet
sur le niveau. Il comporte, en plus de I'observateleux autres éléments pour prédire I'estimatidiinatant
t+r, et calculer la correction de la commande a apetiqu
Nous commencons d’'abord par réécrire la représentabntinue de I'observateur comme suit :

)A( = (A, ~Kg m:cb))z +BLU®

. A a7)
Bcb = (Bcb ch) U

I
<
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En résolvant cette équation différentielle, la j#dn du vecteur d’état a l'instamt 7, peut étre obtenue par :

X(t + Tn) = Mcb Dz(t) + Xo(t)
A oy (18)
M W= e( Act K cfCeb) T Xo (t) = J. e( ActKcefTep)(t+7n-7) BcabU a (T)d T
t

Finalement, les prédictions dig (t) alinstantt+r, et de sa dérivée sont données par :

ulge

abulge(t + rn) = C& Dz (t + Z-n) dbulge(t + Tn) = Ca DZ (t + z-n)
(19)
c.=0 001010 0 c.=<0 o 001010
d

Ces prédictions sont indispensables pour calcaleptrection de la commande qui, lorsqu’elle s@liquée au
procédé, sera probablement retardée a traveredadgprésentant la busette.

Comme l'actionneur a été modélisé par une fonafi®nransfert du premier ordre, la correction dedemmande
Uy.e(t) peut étre calculée en inversant cette fonctiotratesfert de la fagon suivante :

-1 yelt +7,)
TFaC ubulge(t) = bIgG—

T, A
tionneur — 1+ I, % +a dbulge(t + Tn) (20)

n n

Les trois composants de la structure de compemsatio gonflement étant désormais décrits, sa vabidat
expérimentale sur maquette hydraulique fait I'objetprochain paragraphe.

Il est important de noter, en fin de ce paragrapiee ce module complémentaire ne nécessite aucune
modification de la structure de commande actuelifgree service et peut, dés lors, étre facilemetégné dans

les automates de contrdle des machines de coulée.

Maguette hydraulique

Méme si les propriétés de I'eau sont tres diffésmte celles de I'acier, la maquette hydrauliquersutil
expérimental installé généralement dans les ced&@scherche de la sidérurgie et fréquemmensétiliune part
par les aciéristes pour mieux comprendre I'hydradyigue du fluide dans la lingotiére et d’autre pgaat les
automaticiens afin de tester les nouvelles stragéde régulation de niveau ainsi que I'instrumémtaassociée
avant de les déployer dans les usines.

La figure suivante représente la maquette hydrael&t sa lingotiére.

Busettem -

Lingotiere

Maquette hydraulique
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Apres remplissage du répartiteur et de la lingetidéa circulation de I'eau dans la maquette hydgael est
assurée par une pompe qui injecte I'eau accumuldéera de la lingotiere dans le répartiteur. Leidgbrtant de
la lingotiére est ainsi fixé & partir de la vitesisela pompe.

La maquette est équipée d’'un capteur a ultrasomsrpesurer le niveau en lingotiere et d’'un capt&/dT pour

mesurer la position de la quenouille. Enfin, la oettp permet également aux utilisateurs de moddi@osition
du répatrtiteur, la largeur de la lingotiere etdaifion du capteur de niveau.

Dans le cadre de cette thése, la maquette hyduauliqété utilisée d’'une part pour valider la strrectde
compensation de I'effet du gonflement sur le nivead’autre part pour déterminer les intervallevaeation du
gain et du retard du modéle de commande en fondtola configuration et du point de fonctionnememisis.

Ce dernier point est indispensable pour montreétzessité de développer des lois de commande esbpstir ce
type de procéde.

Validation de la structure de compensation du gonfment sur maquette

La structure de compensation de I'effet du gonflethseir le niveau, décrite dans ce chapitre, a &@idée
expérimentalement sur la maquette hydraulique.
Le phénomene du gonflement a été simulé en faisardr le débit sortant de la lingotiére suivane danction
sinusoidale de fréquence 0,05Hz injectée a paetifinstant 200s. La structure de compensationéaaétivée
pendant les intervalles de temps entre 400 et 606atre 800 et 1000s. La figure suivante prédesteésultats
obtenus :

e La premiere courbe représente le niveau ;

» La deuxiéme est la correction de la commande covignt de la structure de compensation et qui se
rajoute a la commande fournie par le régulateurcipal ;

» Latroisieme courbe représente I'effet du gonflensem le débit sortant ;

* Laderniere est la position de la quenouille.

PAS _ GONFLEMENT >
S T, ON OFF ON

22
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200

180 1 1 1 l 1 1
0 100 200 300 400 500 600 700 80p0 900 1000
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2 ;
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On observe que lorsque la compensation est acle®eariations de niveau générées par le gonflemenété
réduites de £18mm a moins de +1mm. L'observatenctfonne correctement puisqu’il reproduit avec boane
précision le comportement de la perturbation siidade injectée. On peut donc conclure que cettgctstre
permet de supprimer I'effet du gonflement sur keeau tout en fournissant une estimation de son sififde débit
sortant de la lingotiere qui permettra de surveiléevolution de ce phénomene en ligne.

Intervalles de variation du gain et du retard en foction des conditions de coulée

La maquette hydraulique a été également utilisée pomprendre comment évoluent les valeurs du gain
du retard du modéle de commande en fonction deotdiguration et du point de fonctionnement choisis.
Plusieurs enregistrements ont été réalisés avebusette propre ou légérement bouchée et en farsaiet le
débit d’eau (c’est-a-dire la vitesse de la pompee)jébit d'air, la position du capteur de niveauptofondeur
d'immersion de la busette et le niveau d'eau dangpartiteur. Le gain et le retard ont été ideddif chaque fois
par un algorithme basé sur I'erreur de prédictioulisant une représentation d’'état structurédeawetard a été
approché par une fonction de Laguerre du premianeor
Nous avons démontré que le gain peut varier entfe €t 0,2s* m™ et le retard peut varier entre 0,28 et 0,89s
mais peut cependant atteindre une valeur élev@e¢lés en cas de bouchage.

Ces essais ont permis également de mettre en éeides liens suivants entre les paramétres idéstdi les
conditions de coulée :

v' Le gain est indépendant de la position du capteumnideau, du débit d'air et de la profondeur
d’'immersion de la busette ;

v Le gain augmente avec le débit d’eau et le nivé@auddans le répartiteur ;

v Le retard est indépendant du niveau d'eau dangpartiteur et de la profondeur d'immersion de la
busette ;

v' Le retard diminue en augmentant le débit d’eau’ain.d
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Chapitre 4 : Etude comparative des lois de commande
non-adaptatives

Contrairement aux techniques de rejet de pertunbstdéveloppées dans le chapitre 3 et qui opérent
comme un module complémentaire a la boucle de aégo| cette section vise & mettre en avant I'apder
certaines lois de commande utilisées comme uniggelateur principal de niveau en lingotiere de éeul
continue. Pour cela, nous présenterons, dans amgréemps, la commande PID telle qu’elle est imp#la dans
une usine et qui servira de référence par rappladuelle seront comparées toutes les autres éo@ohmande a
savoir les deux commandes prédictives PFC et GP@rédicteur de Smith et ses versions modifieesi la
commande par modele interne IMC.

Le régulateur PID possede une action proportioanétitégrale et dérivée comme le montre sa fonatien
transfert continue :

TFPID(S) = KPID 1+i + -I:js

Ts 1{;3 (21)

avec K,; =038 T =% T,=0X% £=10

La simplicité d’'implantation du PID fait que cettechnique est tres largement utilisée pour la g de
niveau mais aussi dans les schémas de controleagtess procédés sidérurgiqgues. Néanmoins, plusieurs
simulations ont révélé gu’elle ne permet pas disfaée les spécifications contraignantes en terdeesejet de
perturbations, en particulier, du gonflement etbduchage a des vitesses de coulée et des largelirgydtiére
variées. Il convient a présent de déterminer geldisle niveau de performances que I'on peut raiablement
atteindre avec d’autres lois de commande non-atilzgra

Commande Prédictive Fonctionnelle PFC

La commande prédictive PFC, introduite vers lad&s années 80 et faisant partie des commandea bas
de modéle, connait depuis de nombreuses annéeseLiessor dans de nombreuses applications et naaimm
lorsque la trajectoire a suivre dans le futur esintie a I'avance. Avant d’expliquer les principEsrentaires de
la commande prédictive fonctionnelle, il seraieutile rappeler les concepts généraux communs astdes
formes de la commande prédictive :

+ Obtention d'un modéle numérique de procédé capiblarédire le comportement futur du systéme sur un
horizon de prédiction en fonction d’un scénariccdemmande ;

%+ Minimisation d’un critere quadratique a horizoni fiortant sur les erreurs de prédiction futures ;

% Elaboration d’'une séquence de commandes futures sute la premiére valeur est appliquée sur le
modéle et sur le procédé ;

+ Réitération des étapes précédentes a la périodbatiéllonnage suivante selon le principe de I'boni
fuyant.

Le principe de la commande prédictive fonctionn®lleC se structure autour de quatre notions esHestae
sont le modéle de prédiction, la trajectoire deénefice, la structure de la commande et la compensde
I'erreur processus-modéele.

Dans le cas de la régulation de niveau, l'idée deebde la commande prédictive fonctionnelle PFCdest
développer un modele numérique de prédiction déitrelen mesure de prédire le comportement futunideau
en lingotiére. Comme ce processus est intégratecoraprend une dynamique du premier ordre, il cemvde
décomposer le terme intégrateur en deux processpeethier ordre en paralléle.
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La sortie du modele décomposig,. est donnée par :

Nere = Nprey * Npee, + Niees

a=e"
* az=e’
Neees(N) =8 INpeey(N=) + @-a) IK, [P (n-1) TRBF
Nereal) = &, (Npecs(n-1)+ (1-2) 1K, [P (1) T3 (22)
Npeca(n) =@, INpecy(N—D + 1-3a,) IN,(n-1) avec. K. = r’ %
.=
-1, S
N,(n) = N(n+r) K =1k,
S
Tn
r=|-=
4

ou 7, est la constante de temps de I'actionn@ret 7, sont le gain et le retard du processtgst la section de
la lingotiére, T, est la période d’échantillonnage™RBF est le temps de réponse en boucle fermée.

La deuxiéme étape est de spécifier la trajectoire Ipn souhaite voir la sortie du processus sujusgu’a
atteindre la valeur de la consigh& . Pour les processus comprenant un retard pugjictoire de référencs,
est souvent présentée sous la forme suivante :

N" =S, (n+h)=(N"=N,(m) "

3T, (23)
PE G

La commande est ensuite calculée en recherchantaineidence en un certain nombre de points eitre |
trajectoire de référence et la sortie prédite quesravons estimée en faisant une prédiction pkata différence
objet-modéle. La commande est exprimée a l'aiden daul échelon utilisé comme une fonction de base.
L’équation de la commande obtenue a l'issue deateutdont certaines étapes ont été omises pai sleuc
concision et pour un seul point de coincidencealess :

P'(n) =6, IN" =6, IN(n) + 6, (N, (n) + 6, N, () + 8, N (n) + 6, IN, ()
— M —ah _ah h h _
g =17H g=1"2% g =1"% g, =+ g =K "1 (24)
a a a a a

a =K, [l-a)+K, [(1-a)

Finalement, les paramétres de cette équation énégtés afin d’obtenir la méme fréquence de caupuravec
le PID c'est-a-dire 1,06rad”. Nous avons constaté au travers de plusieurs aiion$ que la loi de commande
PFC est plus performante surtout pour rejeter kessés fréquences du gonflement. Toutefois, cettmebo
performance conduit a une dégradation des margpbake et de retard.

Commande Prédictive Généralisée GPC

La commande prédictive généralisée GPC reposeesumémes points fondamentaux que la commande
prédictive fonctionnelle PFC.
Afin de prédire le comportement de la sortie ducpesus sur un horizon de prédiction fini, le niveadingotiére
Neec(N+ j) est décomposeé en réponse libre et réeponse foovéme suit :

Nepc(N+ 1) = F (@) IN(n) +H (™) AP (n=1) + G, (@) AP (n+ j =D +J,(q7) L (n+ ))

réponse libre réponse forcée

(25)
avec: A(QM)=1-q*
ou & est un bruit blanc centré.
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Les polyndmes inconnus,, G, , H, et J; sont les solutions uniques des équations de Drdgpha
AQ™") PAeec(@) DD, (g +a ' TF (@) =1
G (@) +q” H,(q™) =Beec(@™) B3,(q7)

Le prédicteur optimal est obtenu en considérantlgumeilleure prédiction du bruit est sa moyenngpssée
nulle ici :

(26)

Neec(n+ ) =F;(@7) IN(n) +H, (q™) AP (n-1) + G, (q™) [P (n+ j - 1) (27)

La loi de commande GPC est enfin calculée en maantile critére quadratique suivant qui prend enpte les
erreurs de modélisation futures et les carrésrdgéments de commande futurs :

JerelM) = Y- (Nosen+ ) =N') +7 0D (8P (n+ -

=Ny

(28)
AP (n+j)=0 for j=N,

* N,: Horizon de prédiction minimal ;

* N,: Horizon de prédiction maximal ;

* N, : Horizon de prédiction sur la commande ;

» n: Coefficient de pondération sur la commande.

Ces quatre parameétres de réglage ont été ensugtdsjafin d’obtenir une fréquence de coupure dmigle
ouverte voisine de 1,06rasi' qui est celle obtenue avec le PID ou la commanddigive PFC. Nous avons
voulu rendre ce critere de performance commun &esoles lois de commande dans le but de réaliser de
comparaisons significatives. Nous avons constatélgummmande GPC est encore plus performante que la
commande PFC en termes de rejet du gonflementawatsune l1égére dégradation des marges de robeistess

Prédicteur de Smith

Dans le cas des systémes comprenant un retard comioiade la régulation de niveau, I'effet néfaste d
retard sur la stabilité peut étre contré par ledigtéur de Smith qui rejette le retard hors de daude de
régulation. Classiquement la fonction de transfiertmodele de commande est représentée par le paidoe
fraction rationnelle propre et d'un opérateur ambt

TR 00edS) = Ho(9) [&™® (29)

Le prédicteur de Smith consiste & introduire unxiue retour comprenant le bldd, (s)[{L-e ™) non pas a
partir du niveau mesuré mais de la consigne ddiposie la quenouille.
L'équation caractéristique du systéme bouclé eshée par :
N C(s)H, (s)
N __COM) na 0
N 1+C(s)H,(9)
ou C(s) est le régulateur principal.
Le correcteur équivalent intervenant dans la stirectéelle prend la forme suivante :

C(s)

TFR(9) =
= L @ m, (- ™) (1)
D’autre part, la fonction de rejet du gonflementidat :
N _C(9)Hy(s) e -1)-1 (32)

Qui  SIBHL+C(s)TH(9))
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On peut vérifier que I'erreur statique en réponsm &chelon de consigne est nulle car le systeimdgeedasse 1.
Cependant, 'erreur statiqgue en réponse a un écliglgerturbation ne peut pas I'étre quelle quelaaiature du
régulateurC(s) . D’autres versions modifiées du prédicteur de Bmiint citées dans la littérature pour surmonter
cette difficulté. L'objet du paragraphe suivant@stxaminer celle proposée par Astrom.

Version modifiee du prédicteur de Smith

Le probleme de I'erreur statique qui résulte derdesion initiale du prédicteur de Smith, fait quette
structure est plutdt utilisée pour les systemdslesta
Pour les autres systemes, en particulier, ceux oot une intégration comme le nétre, il est cepeh
recommandé d’envisager d’autres versions modifiegsrédicteur de Smith.
La structure proposée par Astrom permet de piltderéponse temporelle indépendamment du rejet de la
perturbation. Ceci est rendu possible au moyen @ex ccorrecteursC s( )et M (s). Plus précisément, la
réalisation d’Astrom consiste en la mise en ceuiur grédicteur de Smith classique avec une modiinasur la
différence processus-modele en vue de la compenser.
Dans le cas ou nous disposons d’une bonne connegssie la valeur du retard pur, I'équation carétigue du
systeme bouclé est toujours donnée par la reldB® montrant que le retard pur n’interfere pascalse
régulation méme s'il est toujours présent sur laeso
Cette structure induit une fonction de rejet deyreation du type :

N _ -1
Q, SHO+M H, &™)

(33)

L’intérét qui se dégage de cette version modifiegredicteur de Smith est que le rejet du gonfldrpent étre
réglé indépendamment du suivi de consigne. En, dffiroduction d’'un deuxiéme correcte s (permet de
disposer de plus de degrés de liberté.

Dans le cadre de cette thése, cette version medifiéprédicteur de Smith a été utilisée pour am&lia fonction
de rejet du gonflement et garantir une marge deddixée a I'avance.

Pour résoudre ce probleme et fournir aux utilisstewn-spécialistes des regles simples, les spatitfns ont été
reformulées comme un probléeme de synthése ol deux fonctions de pondération ont été intraduite
premier filtre a été choisi pour imposer un gakatd fonction de rejet du gonflement comme suit :

1 M avec <1 34
Y M1+a,T, ' A (34)
Le deuxiéme filtre a été réglé a l'aide du théoré&meetit gain qui a conduit a I'expression suigant
2AT (3
W,(s)=K,—— avec : K,,>1
2( ) W21+AT”& w2 (35)

ou Az, estla marge de retard souhaitée.

L’optimisation de ces deux pondérations par la wd¢hdes essaims particulaires a permis d’amélienajet du
gonflement sur toute sa bande de fréquence, pporaaux performances des autres lois de commandéeés,
tout en garantissant des marges de robustessé taitisatisfaisantes.

Le correcteurM g ) ainsi obtenu, peut également se mettre sousteef®ID, ce qui facilitera son implantation
dans les automates industriels.

Commande par Modele Interne IMC

Dans un schéma de commande par modéle internetrecteur est mis en cascade avec le modéle interne
Son réglage dans le cas de la régulation de nimegueut se faire de la fagon classique qui conaisteoisir le
correcteur comme étant le produit des composantegsibles du modele interne et d’'un filtre pasae-bous
peine de générer une erreur statique. Quelquesfinaiidins de ce schéma initial, rapportées darstéaature,
ont été appliquées sans pour autant atteindrevéaunide performance escompté.
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Chapitre 5 : Contréle robuste adaptatif — Architecture RMMAC

Au chapitre 3, nous avons démontre, a I'aide dedguette hydraulique, que le gain et le retard ddete
de commande changent de valeurs en fonction denféggaration de la machine et des conditions ddémuNous
avons déja souligné que les correcteurs classitprame ceux étudiés dans le chapitre 4 ne sontgpebles de
garantir de bonnes performances notamment en tedweesejet de perturbations sur de larges domaines
d’incertitudes sur les parametres. Par ailleurseihit impossible d’atteindre certains points alecfionnement
avec de telles stratégies de régulation. Dans agittl, nous allons présenter une approche efficasée sur une
architecture robuste adaptative multi-modeles béaptiRMMAC (Robust Multiple-Model Adaptive Control)
permettant de maximiser les performances en cafoides incertitudes sur les parametres en découpant
l'intervalle d'incertitude initial en sous-interVas et en synthétisant les régulateurs locaux a&ssgoi assurent
un niveau de performance minimal fixé a l'avance. fdus, cette structure contribue également a esuas
variations des paramétres incertains grace a sposliif d’identification en temps réel.

Architectures multi-modeles d’estimation MMAE

La structure multi-modéles d’estimation MMAE (Muplk-Model Adaptive Estimation) a été proposée pour
estimer I'état d’un systéme non-linéaire quelconquepour tenir compte des incertitudes paramétsigbte est
constituée d’'une part d’'un ensemble de filtres ddéman qui estiment I'état du systéme en différgruints de
fonctionnementx (t) (k étant I'indice du modéle) et d’autre part d’'un mledbaptisé PPE (Posterior Probability
Evaluator) qui donne la possibilité de calculeptababilité P, (t) que le systéme appartienne a un des modeéles.
Ces deux grandeurs sont ensuite liées par laagelatiivante afin de calculer une estimation globlalé'état du
systéme :

K=Y RO%O (36)

ou n est le nombre de modéles de la structure MMAE est le temps discret.
Chaque model& est représenté classiquement par le systeme diéasia

{xk(t +1) = Ax(t) + Bu(t) + Lw,,(t)

Yie(t) = Cx (1) + Vi (t) (37)

avec :
* W, : Bruit blanc gaussien d'état ;
s, . Bruit blanc gaussien de mesure.

A partir de ce modeéle, un filtre de Kalman dis@eta développé pour calculer a la fois une estimddcale de
I'état du systémex, (t) et un résidur, (t) qui sera utilisé par la fonction PPE. Le résidu (mnovation) est la
différence entre la sortie mesurée et celle préwitde filtre de Kalman.

Ainsi, soit H, une variable aléatoire modélisant le fait quetdesnodelek qui génere la sortie du processus
N(t) :

H O{H,, H,, -, H,} (38)

Les probabilitésk, (t) sont définies de facon a satisfaire I'égalité ante :

RM20 Y R(M=1

(39)
{Pk (0) =Prob(H =H,)

P.(t) =ProbH =H,Ju(0)---u(t -2, y@®)--- y(t))
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Elles sont calculées en ligne grace a la formuwarsive générale suivante implantée dans la fom&ieE :

1 - DS D)

R (t+1) =Y 277detS) R.(1)

3 P(t) e_%'i (DS ()

Z‘ J2mdetS) (40)

RO="

ou S, est la covariance du résidyt) .

Nous avons considéré dans cette équation quedesalptités initialesk, (0) sont toutes égales pour ne privilégier
aucun modéle au départ.

Cette formule est valide uniquement si la vraieemaldu paramétre incertain est celle d'un des podd
fonctionnement initialement fixés. Si tel n'est pasas, les probabilités doivent converger verndeéle le plus
proche. Dans la méthodologie RMMAC, que nous alldésrire dans ce chapitre et appliquer a la réigulate
niveau, cette convergence est assurée si ces poimigaux ont été choisis en utilisant la notiordigance BPM
(Baram Proximity Measure).

Architecture RMMAC pour une incertitude sur le retard

La commande adaptative multi-modéles robuste RMM&E€une technique qui a été introduite au début
des années 2000 par M. Athans et S. Fekri. Daligdeature, nous pouvons dénombrer de nombreugstyje
structures multi-modéles dont on peut distinguarxdedasses principales. L'une est dédiée a la camdmales
systémes tandis que l'autre est destinée a I'eBtmade ses états. L'approche RMMAC fait partie des
commandes multi-modéles mais présente [l'avantagétred’ aussi une extension de [larchitecture
multi-modeéles d’estimation MMAE (voir figure suivi).

SMS)---S1)
r.(t) .
<4— Filtre de Kalman #1
Evaluation D
des 4& Filtre de Kalman #2
probabilités °
.
PPE
Filtre de Kalman #n
Y

A

—» Correcteur#l -

L@———b Correcteur#2

u() N

N®

»  Procédé

>
»

) 4
u(t
» Correcteur#n © —>)—

Architecture RMMAC
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L'architecture RMMAC est basée sur de multiples &led autour de différents points de fonctionnement.
L’interpolation de ces modéles locaux est réalés€aide de la fonction PPE déja présentée damchapitre.

Comme dans le probleme de la régulation de nivéealjncertitudes affectent les valeurs de plusiparamétres
réels, il serait particulierement souhaitable diamper RMMAC pour permettre aux opérateurs de chanig
conditions opératoires sans avoir de modificateapporter aux réglages initiaux.

Considérons a présent le modéle du processus eapégzar le systeme d'équations :

X=Ax+Bu
y =N =Cx+V,,
x=(N P q,) =, P) d,(t) =G,P(t-7,) +G,P(t)
(41)
0 -G,/S ¥s -1s 0 1
A=|0 -1, 0 B=| 0 Yr, Cc'=|0
0 4G,/r, -2/t, 0 0 0

La mesure du niveall est entachée d’un bruit blanc additjf, dont I'intensité est définie par :
E (Vi (1) Bl (= 7)) = Vo, BB() (42)

Dans ce qui suit, nous allons appliquer la méthmglel RMMAC en considérant que le retard et la constante
de temps de l'actionneur, sont incertains d’'une part et que le g@p est constant et connu. Cette derniere
hypothése a été adoptée pour n'avoir a traiterrgphebleme a une seule dimension.

Les paramétres suivants sont fixes :

G, =1L ' nm™ S=0,3648n" V,,y = 00Imn? (43)

Quant aux paramétres incertains, seules les baungérieures et inférieures peuvent étre déterminéasne
suit :

{Tn 0 [0 2] 44)

r, 0 [0001s 0]

Dans un premier temps, nous commencons par dédirdritére de performance suivant qui n’est autie
moyenne du gain de la fonction de rejet du gonflersar sa bande de fréquence caractéristique :

TRl (45)

TR,e.(j@)|+ min

( max
@1 [0030.1Hz]

c = @1 [00301Hz]

erf
: 2

La premiére étape consiste a déterminer une b@pelée GNARC (Global Non-Adaptive Robust Compen3ato
qui représente la performance maximale que 'ort pttaindre en tenant compte des incertitudes des@etres.
L'idée de base est d'utiliser |a synthése mixte pour synthétiser un correcteur avechorne supérieure ge
telle que :

0w f(@) <1 (46)

Par conséquent, le processus est stable en beuciéd et satisfait les performances imposées. treelBNARC
est ensuite calculée en minimisant le critére (@5yju’'a ce que la borne supérieure|deérifie les inégalités
suivantes :

Ow 0<1-y,(w) <001 (47)
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Les deux filtres suivants ont été utilisés poun Eynthese :
104{s+ 0314 [(s+ 314

(s+0,0209 [{s+319 (48)
W, (s) = 001

W (s) =

W, (s) a eté introduit pour déterminer les performancesla bande de fréquence du gonflement tandis gue |
niveau est pondéré par le filtvé (s) afin de générer un bruit blanc de mesure avedniessité de 0,01.
On peut aussi reformuler le critére de performameeme suit :

1
A= {Ferm (49)

A, doit étre le plus grand possible pour un meili@jet du gonflement.

La deuxieme étape consiste a calculer la deuxiéoreebappelée FNARC (Fixed Non-Adaptive Robust
Compensator) qui représente la performance maxiouadel’'on peut atteindre si le paramétre incertainje
retard, prend une valeur fixe.

En comparant les deux bornes GNARC et FNARC, noussa constaté que les performances peuvent étre
améliorées d’'une facon importante, notamment pearfaibles valeurs du retard, en mettant en ceuvee u

commande adaptative, en particulier, I'architeciREMAC.

Delay (s)

Performances GNARC et FNARC

L'objectif est maintenant de calculer le nombre imim de modéles et les régulateurs locaux assoCiés.
nombre est obtenu de telle sorte que le critérpaitormance soit supérieur ou égal a une limitédixhoisie
comme étant une fraction de la borne maximale FNAR@artir de la plus petite valeur du retard, ograente
progressivement l'incertitude du premier modélet ten calculant avec la synthése mixte la performance
maximale que I'on peut espérer atteindre ainsilgusrrecteur robuste associé. On réitére ce clegu’a ce
que la performance calculée coincide avec la lifinkee, ce qui détermine le premier modele. Cebrdtlgme
itératif est ainsi répété jusqu’a atteindre la ualmaximale du retard a savoir 2s. Nous avons iiienqtar ce
moyen cing modeles pour obtenir une performancéalo supérieure ou égale a 60% de la borne FNARC
comme le montre la figure suivante. Une performaiuas élevée nécessitera probablement plus de smdeél
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Détermination des modeéles de I'architecture RMMAC

Reste a voir comment déterminer les points nomirdans chaque modéle pour pouvoir développer ke file
Kalman associé. En pratique, on les choisit a¢'ad la distance BPM (Baram Proximity Measure)riéfpar :

L = Iog‘Sj‘+trace(Sj‘1l';) (50)
ou la covariancé’} est donnée par :
) = E{(y®) = 9,)(y®) - 9,0) /H, # H } (51)

Plus précisémentl_‘j mesure la distance entre un modélequelconque de I'ensemble et chacun des autres
modélesi .

On définit également la quantité suivante qui repnée I'information contenue dans la sortiefavorisant le
modélek au détriment du modél¢ :

p(y(t)/H,;,Y(t 1) (52)
avec: Y(t)=u@)---ut-1,y@®---y(1)
Nous pouvons démontrer que :
Y A
(&, 1)=5 0 -1) (53)
ou le symbole * désigne la valeur réelle du retard.
Par conséquent, les deux inégalités suivantesspitalentes :
| (K,j)=0 L 2L (54)

Sil'une des deux inégalités est vérifiée, alorsdavergence des probabilités est mathématiqueassntée.
L'ultime étape consiste a déterminer les valeurminales du retard pour chaque modéle en utilisant u
algorithme d’optimisation itératif de facon a faweincider les distances BPMs avec les frontieessrdodéles
adjacents. Avec ce choix, la probabilité du modelelus proche de la vraie valeur du retard corerergers 1.
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L'architecture RMMAC a été finalement testée awdra de nombreuses simulations ou ses performamtexé
comparées au meilleur régulateur non-adaptatif (RNA qui est le seul a pouvoir stabiliser la boudée
régulation de niveau sur les intervalles d’incadés considérés. Dans le cas ou le retard estacrestmme dans
le cas ou il varie, RMMAC nous a permis d’améliosggnificativement la fonction de rejet du gonflethen
présence d'incertitudes sur le retard. Ce niveapadormance, que les autres commandes classiguesuvent
atteindre, se traduit naturellement par une conigl@ccrue de la structure de commande.

Il importe de noter en fin de ce chapitre que Emdion de cette méthodologie au cas ou le gainreparameétre
incertain est bien sir possible au prix de quelgiestements.
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Conclusions et Perspectives

La coulée continue est une étape cruciale lors'@abbration de l'acier. Chague année, plus de 500
millions de tonnes d’acier sont produites au mayerce procédé qui opére comme un échangeur thegroigse
forme l'acier solide a partir d’'une fonte liquiddne coulée réussie est la conjugaison de nhombiigUrs. En
effet, il faut s’assurer en amont de la bonne caitipm chimique de l'acier et dans la machine desnles
conditions thermiques et mécaniques. Dans le acalcette thése, nous nous sommes intéressés aatovar de
niveau en lingotiere qui sont liees a I'hydrodyngmne du fluide mais aussi a de nombreuses pertartzati
internes et externes a la lingotiere. Notre int@@ir ces variations de niveau est principalemeantepqu’elles
sont a l'origine de plusieurs défauts sur le profioal. Ces irrégularités sont dues a la captliraplretés, a la
thermique interne de I'acier comme aux pressiomsages sur le produit en cours de coulée. Afirirdigdr leurs
apparitions, il convient de controler les facteumsérents a leurs formations dont les variationsngeau en
lingotiére. C’est la raison pour laquelle toutesigachines de coulée sont équipées d’'un systemégdiation de
niveau afin de maintenir une surface d’acier stabléingotiére et contrer toutes les perturbations.

Nous avons classifié les perturbations a l'origiles variations de niveau en trois catégories. emjfare (celle
des perturbations lentes) contient toutes les gEtions qui ne se produisent pas fréquemmentret da cas, la
loi de commande devrait conserver ses performaméese si ces perturbations font évoluer le procéné un

autre point de fonctionnement. La deuxiéme (ce#le derturbations périodiques) est constituée deegodes

perturbations qui donnent lieu a des variationsogéues de niveau et dans ce cas la loi de comendeurait

permettre de réduire I'effet de ces perturbatiansles niveau (et en aucun cas de I'amplifier). Ené troisieme
catégorie est celle des perturbations brutaleeguainent une variation de niveau d’amplitude irtgote. Le

correcteur devrait minimiser I'écart de niveau eryé.

Dans cette these, aprés la phase de modélisatigpradédé, nous avons d'abord étudié les techniques
d’estimation des perturbations. Puis nous avonseamiplace un estimateur global pour mesurer lestsefle
certaines perturbations sur le niveau. Aprés l'avalidé en simulation et expérimentalement sur sigraux
prélevés sur site, nous l'avons intégré dans unetate de compensation de I'effet du gonflementisuiveau.

La maquette hydraulique nous a permis ensuite lidevd'ensemble de cette structure mais aussiaBlét des
liens entre les parameétres de la boucle de régnlatiles conditions de coulée.

Les lois de commande étudiées dans le chapitren¥meole PID, les commandes prédictives PFC et G@C, |
prédicteur de Smith et la commande par modeéleriatéviC ont fait I'objet de plusieurs analyses coragises
pour mettre en évidence les avantages et les idodemts des structures de contrble actuellemeséerice dans
les usines. Ce qui nous a permis de définir urreéfiel de performances que nous avons amélioréamiite en
appliguant la version modifiée du prédicteur detBrmproposée par Astrom a notre probleme. Cettenside du
prédicteur de Smith présente I'avantage de décoimletglage de la réponse temporelle de la fondie rejet
des perturbations a l'aide de deux correcteurs doma été congu par une synthéde standard. Ainsi, nous
avons pu développer une méthode de réglage duwpradd’Astrom afin de satisfaire les spécificati@m termes
de rejet des perturbations sinusoidales tout eangasant la marge de retard voulue et donc saois avse
soucier de l'identification exacte du retard pue torrecteur ainsi obtenu est généralement d’'atlire® mais
peut heureusement se mettre sous la forme conmestle PID comme ce fut le cas ici.

Enfin, le cinquieme chapitre a été consacré a lsengin ceuvre de la commande adaptative multi-modeéles
RMMAC qui constitue I'aboutissement de ce travailtdése. S'il est vrai que cette architecture lest gpmplexe
requérant une certaine technicité en matiére delatgn, elle est la seule structure a pouvoir it le
systéme, maximiser les performances et suivreddgations des parametres incertains sur de largemites de
fonctionnement de la machine de coulée continue.

Les approches, développées dans le cadre de et présentent de nombreux prolongements passible
Concernant la structure d’estimation des pertuobatiil importe de la rendre plus robuste face iaogrtitudes
sur le modéle et aux variations des fréquences ahflegnent. Dans un deuxieme temps, la conception du
prédicteur d’Astrom pourrait étre complétée pomirteompte des autres perturbations comme le bgechtles
ondes stationnaires. Enfin, la phase ultime camsisi implanter la commande RMMAC sur une machéee
reste une étape a franchir dans un avenir proche.
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General Introduction

Motivation for Research

The steel sector is an advanced industry which g several complex processes that need to meet
international standards in terms of product qualéguipment performance, safety, environment arerggn
efficiency. Nowadays, the vast majority of steelerakare continually looking at ways to improve ith@ustrial
machinery related to iron making, Electric Arc Faca EAF steel making and continuous casting wighalim of
achieving:

X3

8

Lower capital and operating costs,
Availability and flexibility of raw materials,
High level of innovative capacity,

Value creation,

Energy savings.

X3

S

X3

%

X3

8

X3

S

As the demand for steel grows hopefully at a caomnstate, steel companies are facing a large nurober
challenges in providing solutions to demanding @ugrs. In particular, this presents an opportutity
steelmakers to implement new technologies in otdaneasure and control the processes at existirilitiés.
Indeed, the need to improve control systems is méwp more urgent and necessary to maintain a egél lof
productivity and to cope with internal and exterdisturbances. Research in this area is as vieves

Within the project general scope aiming at develgpadvanced control techniques for its factorigs, t
work proposed by ArcelorMittal is mainly focused e mould level control in the continuous castimgcess.
The thesis is concerned with ensuring the stalilitthe mould level and improving the disturbangection to
achieve a high product quality with the final oltjee to generalize such strategies to other presessch as the
electric arc furnace or the rolling mill.

The thesis work results from a collaboration betwt#e Measurement and Control Department of Ardéilbal
Global Research and Development, Maizieres-Lés-Meiz the Control Department of SUPELEC Systems
Sciences (E3S), Gif-sur-Yvette, France.

In the continuous casting process, molten steeldlfsom a ladle, through a tundish and then a moizeb
the mould where it freezes against water-cooledldnaalls to form a solid shell as illustrated iretfollowing

figure.
St
opper\ <—Argon
Liquid steel

l‘ T -Actuator

SEN inlet i
v 1 I I
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TundishJ D

s 2
¥

[&]

Nozzle ~

Nozzle ports
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Mould

Slab

Upper part of the continuous casting process
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General Introduction

Mould level fluctuations generated by undesiredudisances such as the clogging/unclogging and tigir,
cause refractory material, alumina inclusions dad ® be captured in the surface of the solidiBedll leading
to many defects in the semi-finished product stedathe slab. The role of the control system igdatrol the
stopper position based on mould level measurennemisler to keep the free surface variations tdramum.

Contributions of the thesis

In the continuous casting process, the challengesdf by the operators are numerous. Amongst theen, o
should list:

+ Casting conditions changes such as the variatibrtheomould format or the casting speed. In most
practical situations, there are difficulties in mtaining the mould level stable because the cdetsol
currently in use have not been designed to work avarge range of casting conditions. This recuae
human intervention in a dangerous environment.Cesing is, most of the time, slowed down to have a
effective mould level control.

+« Uncertain time-delay in the control feedback attrélal to the argon flow inside the nozzle and to the
distance between the stopper rod and the mouldl leve

% The clogging is a chronic disturbance in everyingsbperation causing a variety of problems. Altijiou
much work has been done to improve the controlle&ponse to this type of disturbance, huge level
variations occur and are proportional to the clegsing the nozzle walls.

« The bulging is another disruptive phenomenon wiédtes place in the lower part of the caster butehas
major effect on the mould level. It is strengtherydan uneven and thin solidified shell but can be
weakened by changing the roll pitch configuratiathva strong cooling at the secondary cooling zone.

Since we wish to come up with a global solutiormted to handle all the above obstacles, a wordgrano
has been established to pursue the following alopsct

+« Understanding of mould level dynamics and the distnces affecting the meniscus region.

« Development of online estimators to track the ¢ffexf the clogging/unclogging and the bulging oe th
mould level control system.

+« Incorporation of these estimates into a compensasioucture which would cancel the disturbances
effects on the mould level.

+ Analysis of the relationships between the procesameters (i.e. the gain and the delay) and thingas
machine configuration (such as the flow rate outh&f mould or the level sensor position). Particula
attention will be paid to the effect of clogging these relationships.

« Assessment of classical control laws performanceseims of robustness stability and disturbances
rejection.

+ Development of a robust solution which adapts aatarally to the process parameters changes. Our
proposal is to implement the Robust Multiple-Modelaptive Control RMMAC which has been proven
to be effective in case of slowly-varying uncertparameters. Furthermore, its identification sutesys
provides useful signals to detect the process pesvariations. The RMMAC architecture is already
use in the aerospace industry and has demonsgatisthctory performance.

Organization of the thesis

The dissertation begins with an introduction to ¢batinuous casting process which remains a Vitajes
of the global steel manufacturing chain. Are coesed respectively some key aspects of the steelpther
processes which in turn interact with the contirsugasting and a full description of the casterudiig the
feeding zone, the solidification zone and the cmiing zone. Since our thesis is dedicated tartiprovement
of the flow control system in order to lower the uttblevel variations, we will describe extensivéihe mould
level region as well as the instrumentation usechfould level control.
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General Introduction

The first step in any control design is to cargfutiodel the process dynamics with the disturbaetfests.
To accomplish this, we can describe exactly thigl faehavior by mathematical models. Nevertheléss, much
convenient for the designer to only consider theringpaverage level in the mould from the differethetween
the flow rate entering the mould and the flow rm&ving it. One reason for this is that the cotgroand the
actuator are not able to maintain the entire fnredase at a constant level. Additionally, the cotreensors
measure only the average level and never the fagalations. Therefore, during casting operatiamdy this
measurement is available for the controller angl ithivhat should be taken into account in the p®oeodeling.
Thus, the two models are presented in chapter 2dytthe second one is adopted for control lansgie We
also discuss the effect of different kind of distmces in particular the clogging/unclogging cythe, unsteady
bulging and the standing waves that will be integgtan the global plant model.

The study of the disturbances will be continuedhapter 3. Emphasis will be on the clogging/unciogg
cycle and the bulging. The use of observers tonagé these two disturbances is presented leadiagglobal
observer that addresses simultaneously the clofygiolpgging and the bulging but could be appliexbab the
standing waves. The estimate of the bulging eféect its derivative are then used in a compensatiacture
whose role is to cancel the mould level variatigaserated by the bulging.

Chapter 3 is also devoted to the plant model ifleation procedure. First, we describe the expentaleprotocol
for collecting data. Then, we explain how to idgnthe unknown parameters by means of offline atgors.
More precisely, the least squares method will leppsed to identify the actuator dynamics and aigtied error
estimation method will be employed to identify tine key parameters of the plant model namely the gad
the delay.

The last part of chapter 3 is dedicated to valmptine bulging compensation structure experimegntaiid
determining the variation ranges of the gain amddilay in function of the casting conditions. @uperimental
tool is the water model designed to simulate diffetypes of flow and many phenomena in the maoedgon.

Chapter 4 is concerned with the non-adaptive coblaves currently in use in real plants or which slaobe
considered for the mould level control problem. dughout this chapter, an important focus is plamethe PID
control law, the predictive strategies PFC (Pregict-unctional Control) and GPC (Generalized Pragic
Control), the Smith predictor and its modified vensinitially proposed by Astrém and finally thetémnal Model
Control IMC. All these control laws are comparedtémms of disturbances rejection and robustnedslisia
More precisely, this comparison is carried out be basis of several performance criteria includimg gain
margin, the delay margin, the modulus margin, tleimum gain of the bulging rejection transfer fuoctover
the bulging frequency range, the maximum level @ongé generated by the unclogging and other facitngs
comparative analysis provides thus the operatdr thi#¢ means to choose an appropriate controlleshiomould
level.

In chapter 5, we consider the development of theViRRI@ architecture adopted with a view to enhancing
the bulging rejection. After introducing the mulégmodel structures and the necessary knowledget ahizedy
synthesis, we apply a stringent methodology tordetee the number of models, the local controllemd #he
nominal values for Kalman filters design. In orderevaluate the performance improvement, some atmual
examples are presented with the analysis and sgiathesults.

Finally, we conclude the dissertation with somegastions regarding future directions for this reskea
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Chapter 1: Continuous casting in the steel industry

1.1 Introduction

This chapter describes the continuous casting psoaich is an important stage of the steel praduct
chain but is unfortunately at the origin of manyaliy problems in the semi-finished product. Tteghe reason
why our thesis work is dedicated to the improvemehtthe steel flow control loop performances in the
continuous casting machine in order to lower moleleel variations responsible for several defectsthaf
semi-finished product.

Prior to the introduction of the control problemdhapter2, it appears particularly relevant to recall saspects
of steel, the main processing stages of the stewluption and the basic principles and units oftiooious

casting. This is the purpose of this chapter wiscstructured in this way. In addition, it includesection on the
instrumentation universally used for mould levetitol.

1.2 General aspects of steel

This section presents the steel which is the natatithe heart of all the developments in thiseliation.
Here, our objective is to discuss briefly the remsbehind the leading role played by this essestahent in
some of the greatest technological achievements.

1.2.1 History

From a historical standpoint, the production ohitmegan probably from 2000 BC in south west ortsaentral
Asia. It replaced gradually bronze particularlyimmplements and weapons thanks to its mechanicglepties.
Produced by large quantities for over three thodisaars, iron was the material basis in the devedy of
human civilizations in Europe, Asia and Africa.

Alloyed with a bit of carbon, iron was made harded more durable. The range of carbon contentdviesiovas
from 0.02 to 0.08% to make wrought iron and frono31.5% to obtain cast iron which makes the mesatiér
but non-malleable. In between these two proportitmere is steel with 0.2 to 1.2% carbon. Compaoetie old
wrought iron, steel is harder and at the same tmakeable and flexible unlike cast iron [68].

Prior to 1856, there was no easy and cheap wayatwfacture the steel. But after the introductiorBessemer
process, the carbon level in iron could be effitienontrolled enabling the production of large wules of steel
in liquid state. The Bessemer converter heralded the birth of modern steel industry. This groltis been
accelerated by the emergence of huge marketsder Igte railroads.

By 1930, the electric steelmaking was introducedepresented a different approach to the steelyation since
it involves the direct recycling of scrap. Howeuie industrial production has been undertaken afigr 1960 at
the same time as the basic oxygen process forritdugtion of steel from iron ore. Today, its im@onte is
growing constantly. In the European Union, the wwduof steel produced in that way rose from 19%913lto
reach 45% in 2005.

1.2.2 Composition

The focus of this paragraph is to explore the efgmef steel composition. Carbon is undoubtedly rteest
important element in steel because it allows aelaegge of tensile properties. Fig. 1.1 lists tregomfamilies of
steel classified according to carbon content.

| <0.01, ultra low carbon (automotive)

| 0.04-0.12, low arbon for pipelin

: I0.08 - 0.15, low carbon for structural applications

.0'13 - 0.23, mild steels

0.26 - 0.6, medium carbon steels

1
1
1
1
1
1
1
1
1
1
1
:
1
! >0.8 steels for wire and rope manufact
1

1

1

1

[
v
|
1
1
1
1
1
1
|
1
1
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1
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0

0.2 0.4 0.€ 0.8 1 1.2
Fig. 1.1. Major families of steel
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Chapter 1: Continuous casting in the steel industry

In addition to carbon, most steels contain sevettar elements such as manganese, phosphorug, siutkel,
chromium, cobalt, silicon, vanadium, copper and enothers. For instance, chromium is added to iserea
hardness, tensile strength and resistance to emnrdSilicon improves yield strength and deoxiditesemove
oxygen from molten steel. Besides alloying elemetfits composition of steel includes impurities dedi from
scrap but without any influence on steel properties

1.2.3 Properties

Steel is the common name for a large family of iedloys. Their properties depend on the carbon @hdr
elements they contain. In fact, the chemical corntiposas well as the cooling system used in thé#mlation

process determines the final microstructure oflstesponsible for the mechanical properties. Eggplication
has its own standard usually agreed by a grougsepting users and steelmakers. For instances sieed in the
automotive are strong, though, corrosion resistant recyclable. They contain less than 0.01% caamohthere
are many standards which specify a range of cortipof steel that will guarantee the propertieguieed for
this market. The properties of the major familiésteel are listed in Table 1.1.

In this paragraph, only some of these conceptiinauced due to space limitations. For a predselopment,
the reader is referred to e.g. [65] [66].

e Tensile properties
They indicate how the steel will react to forcesigeapplied on it. They include the modulus of By, tensile
strength, elastic limit, elongation, yield pointdasther parameters.
To determine these mechanical properties, a temsgle is performed. It consists of imposing a gedigu
increasing elongation on a thin specimen of theenwt until the breaking point is reached. This etypf
experiment is widely practiced to characterizedlastic and plastic deformation of steel.

» Corrosion
It designates electrochemical oxidation of steelkfoy other metal) in reaction with an oxidant sastoxygen. It
induces damages to the steel which tends sometimesurn to its natural state in the form of irexides. To
prevent this deterioration, the steel is usuallyteeted against corrosion by metallic coatingsartipular zinc,
aluminum and their alloys.

* Hardness
It measures the resistance of steel to deformalibis. property gives an indirect indication of tbmgproperties
but it can never replace the guaranteed valuesureghby the aforementioned test. The different esd testing
techniques can be classified in four categoriexkviare indentation, scratch, rebound tests anddestructive
methods. The first one is by far the most emplagst to measure the machinability, weldability &manability
of steel, which tends to decrease as the hardseased.

e Creep strength
This is an important issue to investigate when icEmgg elevated temperature applications such lakeg
seamless tubes and forgings. The standard procésldceapply a constant tensile on a cylindricadcsmen
placed in a furnace and to measure its elongatson function of time. This property depends esakliyton

carbon, manganese and nitrogen contents.
Table 1.1. Properties of major families of steel

Ultra low carbon Low carbon Medium carbon High carbon
Carbon content <0.01 <0.25 0.25-0.6 08-12
(%)
High strength Less strong Ductility Hardness
High toughness Cheap High toughness Less formable
Properties Formability Easy to shape, high Low toughness
ductility
Weldability
Sheet materials for Structural steels Rails Springs
car structures Sheet materials for Rods Cutting tools
Uses Offshore and automotive Forging Gardening
onshore structural Automotive equipment

applications components: gears. Wires
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1.2.4 Applications

This paragraph lists some of the many uses of. SBegisidered as a versatile material, the steelmalse to say
that nothing is manufactured, processed or tramspavithout steel. Little by little, the positioraupied by steel
has grown to cover a huge number of products dedifor low and high tech industry as well as thimgend in

our everyday life.
The steel has diverse applications which can bélefivinto the following categories also known asebkt

end-markets.

1.2.4.1 Automotive

The automotive industry is the single most impdrtaarket for steel strip. In a car, the steel aot®dior over
than 50% of the whole weight. Thanks to its streragtd ductility, it is used for car bodies, dodrsnnet, boot,
gearbox, springs, suspension, wheels, axles...

The steel producers are increasingly involved & fill automotive product cycle. In the EU, theyl ke

equivalent of more than two Eiffel towers to autdmh® manufacturers.

Fig. 1.2. Car body

1.2.4.2 Construction

The steel industry feeds the most of its productmnhe construction industry (buildings, housingsgdiums,
bridges, tunnels, suspension cables, piers, pipgdubes, harbors...). In this regard, it is veryss#ere to the
growth of this sector. The steel used in constoncts usually integrated into buildings and therefbas a long

life cycle contrary to those designed for other kats.
Furthermore, it is appreciated also for its strbnigs ability to work with other materials and itssistance to the

most aggressive corrosive environments.

Fig. 1.3. Roof of Berlin’s Olympic stadium

1.2.4.3 Packaging

Steel is also widely used as a packaging matesidiobd and beverages in order to protect them fnater, air

and light (cans, aerosols, paint and chemical domts, bottle caps...). Contrary to automotive andding
applications, strips used for packaging are muatndr (0.13 to 0.5mm). Steel packaging is 100% clabje
without loss of quality and contains up to 25% rdegl steel. In France, steel is used for more &G of
beverage cans because they do not alter the thshe @rink and constitute a cheap support for dbeg
messages. Moreover, it is also used to transpamgetaus substances in drums including chemical and
radioactive products.
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LY

Fig. 1.4. Cans to pack food, sprays and cosmetittiales

1.2.4.4 Domestic equipments

Steel uses cover also numerous domestic appliauoésas fridges, sinks, ovens interiors and micvesawork
surfaces, radiators, cutlery, razors, pins, dishews doors and drums of washing machines, tumiéesdand
many others. In 2008, domestic equipments repredet®o of the world finished steel consumption.

Fig. 1.5. Cutlery made of Fig.il.G. Kitchen sink made of
stainless steel stainless steel
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1.2.5 Steel in figures

Steel is essential to economic growth. The aimhif paragraph is to present some figures which igeov
indications of the level of the steel industry. Adant data is available concerning steel. Herefithees are
limited to steel production and consumption. FiF. dnd Fig. 1.8 display the production of crudelsby regions
over a half century and in the last decade respdgt{Source: World Steel Association). CIS is Coomwvealth
of Independent States including notably former 8bRRepublics and NAFTA designates North AmericaeeFr
Trade Agreement which includes United-States, Caaad Mexico.

Particularly noticeable is the high growth betwd®50 and 2008 where the production reaches moret8a0
million tonnes. China is principally responsibledampresents today almost 38% of the world steadiymstion.

The last decade has seen an unprecedented inorgaseduction taking place essentially in emergingntries.
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Fig. 1.8. World crude steel production over last eécade

Fig. 1.9 lists the top fifteen produces in the wdq®ource: International Iron and Steel Instituteyxge companies
have been created especially in the 1990s and 2000sgh privatizations, acquisitions and mergétst
instance, ArcelorMittal, the world’'s largest stgebducer, was created in 2006 through the mergekroglor
(created in 2001) and Mittal (created in 2004).
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Fig. 1.9. List of biggest steel companies by turmer

Fig. 1.10 and Fig. 1.11 show the current globalscomption by regions and sectors based on the stdtical
yearbook. Once more, China is the largest consumdggpn in the world with 36% followed by the Euezgm
Union and North America. In terms of sectors, cardion is by far the most important consuming sect
accounting for 27% followed by the automotive intdys

=Others m Construction
mChina . . .
“ Mechanical engineering
=Japan
Tubes
=EU 27 !
Automotive
uCIs
Shipyard
=NAFTA
m Structural steelwork
Domestic equipments
= Metalware
Other
Fig. 1.10. World finished steel consumption in 2@by region Fig. 1.11. World finished steel consumption in 2@by sector
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1.3 Steel manufacturing

The manufacture of steel is a complex industry Wwhio/olves many processes. This section describes,
process by process, the principles of steelmalking.the sake of simplification, we do not intendd&scribe in
detail its various stages but only the general espaf each step in order to understand the ragepl by the
continuous casting machine in the integrated starédsy
A steel plant includes a hot section and a coldi@ecThe objective of the hot part is to prodube steel
products with the required dimensions from the ioo@. This product serves as the starting matefitthe cold
section which includes pickling, rolling to improvkee geometry and coating to protect the surfagg. £12
shows a simplified flow diagram of the hot sectaandesigned for modern steelworks.

In short, the iron is first produced from raw médks with initial carbon content between 4 and 4.5%xt, the
steelmaking process reduces this content to thgopiion required to produce steel i.e. less th@&%lcarbon.
Thereafter, other adjustments are carried out dusacondary steelmaking in order to achieve thal fin
composition and the suitable temperature. The &dhken cast by continuous casting machine irgbssiblooms
or billets. Once in the primary forming zone, theastings are rolled to the target dimensions. adieeved steel
product leaves thus the hot section and entersdlieone where there is a variety of fabricationgesses that
mtend to glve it its flnal dlmenS|ons and promtl

Biast Fumacs Steelmakmg Electric Arc Furnace Steelmaking
Scrap
Pellats Pellets
e af
Iron Ore n e -0  lonOre
‘ N Lada Continuous casting Ladio ‘
Simer (Refining) {Refining)
S . Coal
, i
—
= i — Direct
reduct
Limestone A o
sl Electric arc fumace
(Primary steeimaking} Scrap
Coal i o (Primary steelmaking)

“ - (Iranmiaking)

Billet Bloom

I 1 || ] 1
Haot and cold strip Pale Cails Hot rolied bars Rods Tube rounds Structural shapes

e | .\‘ | | ﬂ : .. _ |
&'nﬁﬁ‘ g m\ﬂ W e : W /i

Tyra wira - Wire
Cars - White goods Welded pipas - Ships Habar Nuts and Boits Pipalines Structural profiles Train rails

* Fig. 1.12. Overview of the steel manufacturing preess (Source: World Steel Association)

\

1.3.1 Ironmaking and steelmaking

The ironmaking is the first stage in the manufatfr steel, in which raw materials such as ironaré coke are
used to produce liquid iron. The separation of iftmm iron ore is achieved through one of the tHa®wing
methods: blast furnace method, direct reductioirar smelting. At this first step, the carbon cantef the
produced iron lies between 4 and 4.5%. For thisaeathe Basic Oxygen Steelmaking BOS is applieéraove
the excess of carbon by blowing the oxygen in theverter which contains the liquid iron for abo6t minutes.
The main reaction of this process is the oxidatbthe carbon by oxygen gas. This production roafgesents
70% of the steel crude production.

Having said this, an alternative way to producecgpeguality steels is the Electric Arc Furnace EA$ed to
remelt scrap iron and steel. It represents 30%®fctude steel production. In comparison to th& firoduction
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route which is the most costly and energy intengix@cess in the whole production chain, the EAF loas
energy costs and a profuse supply of recycled scrap

Next, the molten steel emerging from both BOS add Bs placed in a ladle where a range of procegses
applied which includes powder injection, electromatgc stirring and vacuum degassing. Typical ladle
dimensions are 3m in diameter and 4m in depth. dltjective of the so-called secondary steelmakiny lma
summarized as follows:

* Adjustment of chemical composition, alloys additiand control of carbon, phosphorus, nitrogen,
hydrogen and oxygen contents which mainly deterrtiieenechanical properties of the steel.

* Removal of hydrogen, deoxidation products (Si&,03) and other impurities.

* Homogenization of steel composition and temperatgeomplished by argon stirring or injection of
reagents such as CasSi.

Ironmaking Steelmaking

iron Cre

Limsvlons Crusher Lime l.l'lul

Coka Ovani

tren
Daiulphuisation

Coal Injection siag Motten on
Focilty

Fig. 1.13. Ironmaking and steelmaking processesd@rce: sales brochure, Bethlehem Steel Corporatioi©Ghesterton)

After ensuring that the steel temperature is slétédy casting, the ladle of liquid steel at thquiged composition
is immediately transported to the continuous cgspirocess.

1.3.2 Casting

After the steel has been refined, it is then carttirsly cast into various shapes by the castinggssodepicted in
Fig. 1.14. Being at the heart of this dissertattbe,caster machine will be deeply explored inrteet chapter.

L
Fig. 1.14. Casting operations (Source: Corus)
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1.3.3 Hot rolling and fabrication processes

After being cast, the steel undergoes a furthagestd manufacturing called hot rolling which is tm®st used
process to form steel into finished products. Fitts¢ semi-finished product is reheated to reatbngerature
between 1200 and 1300°C. Next, it is passed baclsaand forwards through the same rolls in ordeetlice its
thickness. The rolls are cylinder-shaped with ausdf 350mm. They can turn in both directions vatlelocity
that would reach 600mmin™ [68].

Special emphasis must be placed on the rollingrabsystem in particular to determine the numbepadses and
the reduction rate at each pass in order to awadssive deformation. The number of passes cam réada@nd
depends on the rolled product and the target giteedinished product.

Roughing mill

Furnaces

Descaling

f : : ‘ Finishing

Sheﬁring
Fig. 1.15. Forming and finishing processes

In addition to its function of shaping the steelf iolling improves the mechanical properties alalinates the
structure defects.

Later, hot rolled products move to the cold sectiefiore becoming end products. The cold procesaifoyds
steel with the required final thickness and thalfisurface appearance and properties. It inclugesdiowing
steps:

» Pickling: it is used to clean the surface of hot rolled patsgllby means of a mildly acidic bath.

» Cold rolling: by applying a pressure on the strip, the coldmgllloes not intend to alter the shape of the
steel product but simply to reduce its thicknessrdéo 0.15mm without preheating. It improves alse t
surface quality and the characteristics of thgstri

* Annealing: the steel is heated in a furnace between 800 ad@°C2o become more formable.

» Coating: these processes can be classified as hot-dip ietaktings, electrocoating or non-metallic

coatings. For instance, galvanizing belongs tofitlsé category. It consists of applying zinc cogtiby
dipping the steel in a bath of molten zinc. Thisniended to extend the steel product life andnioaace

its resistance to rust.
After the coating has been applied, the producs gloeugh other post-treatments.
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1.4 Continuous casting machine

The continuous casting is a very important stagh@imanufacturing of steel. Since it is a wayeafahing
higher productivity with lower costs, the entireoguction of the most efficient steel plants is awnbusly cast
today. The main purpose of continuous casting essitlidification of the molten steel provided by thrimary
and the secondary refining steps in order to preduross sections of different shapes and sizesaireund
section for tubes, a square section for bars aedtangular section for sheet products. The folhgaparagraphs
of this section describe in detail all needed kmalge about this technology (Fig. 1.16).

=
+——ladle

— — stopper rod
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Fig. 1.16. Continuous casting machine

1.4.1 Historical development

It is somewhat difficult to say with certainty wiaeveloped first traditional continuous casting niaes.
Historians reveal that it was conceived initiallythe 18' century by G.E. Sellars (1840), J. Laing (1843} an
H. Bessemer (1846) [1] [68]. Since it has developely in 1960’s and reached a high degree of nstbs the
1980’s, the continuous casting is relatively a neghnology in historical terms.

Prior to the introduction of the continuous castistgel was solidified by means of ingot mouldg(Bi.17). After
solidification, the ingot is charged for later pessing into semi-finished or finished products.

Although the continuous casting becomes the woddveitandard of the industry currently used to pcedaver
90% of steel throughout the world, ingot castingitoaues to be preferred to produce steel for |dbge
applications (e.g. power transmission) and tubjlieations (e.g. bearings and gears).

 Fig. 1.17. Ingots solidification in progress

The history of continuous casting goes back prgbabl the 1§ century when the American technician
G.E. Sellars has applied continuous casting tofamous materials for the production of lead tubamgl glass.
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The high temperatures and the low conductivity teEkwere the major technical problems which impete
emergence of the continuous casting of steel. §51Blenry Bessemer received a patent for his indiligrocess
which produces the steel from molten pig iron (aermediate product of smelting iron ore with coke)1857,
he received a second patent for casting metal legtviwo contra-rotating rollers. In 1933, the figant for
continuous casting of brass was built by Junghan&drmany whereas those dedicated to steel weledbui
Babcock (USA), Low Moor (Great Britain) and Amagkis@apan) in 1946 and 1947. The early machineg wer
totally vertical. Suffering from a considerable ditgi they evolve to the curved type which appesirthb 1965's.
This geometry is widely used nowadays.
The technological advances of continuous castimigtla@ir corresponding dates are sumed up in TaBle 1

Table 1.2. Key dates in continuous casting history

Year DeveloperSite Technological advances
1840 G.E. Sellars First tests of the casting machine but detailsnateclear
1843 J. Laing Ame_rican pater_1t N° 3023: design of the first equepinfor
continuous castir
1857 H. Bessemer Patent for casting molten metal between contraingfaollers
R.M. Daelen Patent for solidifying the steel using a water edainould open at
1887
the top and the bottc
1890 B. Atha Casting of high alloy steel but many troubles ooedirsuch as
surface cracks
1914 J.T. Rowley Casting using vertical and fixed mould
USSR » Establishment of the continuous casting conditions
1944-1949 * Introduction of various control techniques, selfirol system

» Conclusiveexperiment
First plants for continuous casting of steel batitBabcock and

1946-1947 Wilcocks (USA), Low Moor (Great Britain) and Amagks
(Japan
O. Schaeber German patent describing the casting of a bentca¢nnachine
1952 German instead of a straight vertical stre
O. Schaeber and Junghans Design of the first electromagnetic stirrer for touous casting
Germany at Mannesmann
1956 Great Britain Ver’FicaI cutting of the billet strand is replaced horizontal
cutting at Barro\
1963 Germany Design of the first vertical slab caster with aibontal discharge

at Dillinger steelwork

* Rapid changing of the ladle and the tundish

* Adjustment of the mould width

» Control of the whole casting process

» Protection of the molten steel during the flow frtme ladle to
the mould in order to avoid exposure to air whielads to
reactions with oxyge

1970-1983

1.4.2 Principle and technologies

Although the continuous casting has a higher chptst, it is the most efficient way to solidifyrége volumes of
liquid steel into a variety of sizes and shapeselgped as an alternative to ingot casting, theicoaus casting
has however a lower operating cdgany different types of continuous casting processast. Fig. 1.18 pictures
the curved one used in the majority of steel plaht® slab is bent with a radius of about 10 to 1Bris then
straightened as soon as the steel is completatyifed.

Other types exist and are distinguished by thedngetries. Vertical machines, in which the mould tblls and
the cutoff system are aligned, are used to castinlum and other metals but they are relatively reoeadays.
Horizontal casting did not gain widespread useiaratcasionally employed for non-ferrous alloysiéefly, thin
strip machines are used as well to cast steel #rat metals for special markets. They do not reqgair important
investment in rolling system.
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Fig. 1.18. Global view of he pilot caster (Crus)

The continuous casting machine adopted in thisedistgon is the curved one. Fig. 1.19 shows itgmia as
found in the plants.

Moltan
T Eleel

. Enitry hMozzle

hdald
e
" . Mam=scus

- Wietallurgical
Length

Torch Cutof

o lolal "/

Spray
Conling

.;f‘-
Supnu'ﬂ/f(_f

Rall

Fig. 1.19. Side view of the continuous casting naice

To understand the basic principles of continuowireg, one should split the caster into three zavigsh are the
feeding zone, the solidification zone and the cmding zone.
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* Feeding zone

The steel is first introduced in the caster by nseafrthe ladle from which it is poured into a twstdinitially used
as a reservoir to sustain casting while changidtgléFig. 1.20). When the ladle supplying the molkséeel to the
caster is empty, it is evacuated by the turret twiidngs in a full one. The liquid is covered wihhin layer of
furnace slag because it is essential to maintairteinperature and homogeneity. Sources of heatdome
numerous inside the ladle where the liquid tempeeatust be sufficiently high.

J..J'
-
T X -
ladle waiting for the H_ ladle supplying the

next sequence molten steel to the
I machine

Fig. 1.20. Supply of molten steel to the continusicasting machine

From the tundish, the steel flows into the watesled mould through the nozzle which plays a magpbe in the
casting process. There are various reasons whstélekis not poured directly from the ladle inte thould. The
tundish serves indeed as a metallurgical reactessel where quality can be improved. It encourades
uniformity and avoids surface turbulence and vonigx

In multi-strand machines as pictured in Fig. 1&ggel flows from the ladle into one or more tundsland from
these to the moulds from one or more nozzles. Tawe fate is determined from stopper rod or slidgage
opening and the nozzle cross section.

The nozzle used is of various compositions. Itsnggoy has an important influence on the liquid flpattern and
the characteristics of jets entering the mould.

sliding gate

o= Submerged Entry
Nozzle SEN

rotary nozzle

7 sliding éate ‘
device .

tube qw

Fig. 1.21. Feeding zone of the continuous castingachine

* Solidification zone

The key element of the caster is the mould depiictétlg. 1.22. This open-ended unit is less tham meter long.
Its section is that of the product to be casthis tegard, the role of mould is to give the sudageometry to the
solidified product.

The walls made from copper are cooled by a higledpeater flow. The purpose is to remove just enduegt

from steel to form a solid outer skin which willrgain the liquid until solidification is completed@he primary

cooling of the steel takes place thereby in thelthadnere about 10% of the heat should be abstracted
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The mould sides are carefully lubricated to deadhe friction with solid shell aided by sinusoidaltriangular

oscillations in order to ensure a continuous r@ezdghe shell. At commercial withdrawal speeds timplies to

supply a film of about 0.001 inches over mould aces [67]. As for sinusoidal oscillations, it iscassary to use
long stroke (e.g. 80mm) with low frequency (e.gz2Fbr sticker grades and short stroke with higdgtrency for

the others.

copper

broad face
3 copper

narrow face

Fig. 1.22. Mould: upper part of the solidificationzone

Control of the flow into the mould is achieved byeezzle and a stopper rod or a slide gate. Moreigely, the
standard instrumentation of process control induglsensor to detect level fluctuations, an actuatadjust the
valve opening and a software program implemented PLC to deliver the opening setpoint. This cdtgro
should perform well over the entire range of opagatconditions. This is the most common and serious
deficiency of all those currently used in the ptaiihe improvement of the control strategies, implemeted in
this software, is the main object of this doctoratlissertation.

The secondary cooling starts immediately at théobotof the mould (Fig. 1.23). In contrast with themary
cooling, here steel is cooled directly by the wgtés. They reach all faces of steel allowing thuwat extraction
of about 90%. Cooling conditions depend basicaligruseveral parameters which include the sizeeptbduct,
the poured grade, the steel quality and degreealfng already achieved at each point. Prior towpeiut by a
torch device, the solidified product leaves theliogosystem and travels downwards with the helpesferal pairs
of rolls. Their purpose is twofold. The first aspéexto grip the fully solidified bar without defming it. The

guides for
segments change

withdrawal
straightening motors

Fig. 1.23. Solidification zone of the continuousasting machine
e Conditioning zone

After the product has left the solidification zoared the withdrawal rolls, it will emerge for cutgim a horizontal
plane. Fig. 1.24 illustrates the cutoff of a slababcutting torch. The appropriate cut sectiongswed from the
customer specifications. Of importance also is thiting speed which determines the productivity tiod
machine. Important precautions must be incorporatgdhst cutting system failures.

After cutting is completed, the bar is marked fieritification purposes. Then, it is collected onKksaor removed
directly from the machine as shown in Fig. 1.24ridMas arrangements exist to discharge the bars.
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Thereafter, the product is stacked up for spraying@nd inspection or loaded for further procegdim the hot
rolling mill.

Fig. 1.24. Conditioning zone showing the cutoff ahthe discharge of the product

1.4.3 Types of products

Different configurations of casting machines existproduce various shapes and sizes of the sershéd
product. Table 1.3 gives a list of cast productsrdvspecifically, the billet has a square sectiptiou200mrf and

is rolled into long products such as bars, spriagd axles. The bloom has the same square geometty u
450mnf and is most suitable for bars and rails. Belongiogthe same products family, other shapes are
commonly produced such as round billets used imkes pipe manufacturing.

The slabs belong to the second family so-calledpiladucts, and are characterized by a rectangelzion from
150 to 300mm thick and from 900 to 2700mm wide. yThee designed for plates and sheé&tss doctoral

dissertation is devoted to this type of product.
Table 1.3. Types of products cast in continuous séing machines

FLAT PRODUCTS LONG PRODUCTS
Type SLAB BLOOM BILLET ROUND HEXAGON BEAM
yp BLANK
Shape
Picture
Dimensions 200-450 x| 100-200 x
900-2700 x 150-300 0 = 90-24
(mm2) 200-450 | 100-200 90-240mm
Heavy plates Bars Wires Tubes without welding (I - H) beams
... [Thin sheets Beams Springs
Applicat : .
ppications Strips Rails Axles
Piles
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1.4.4 Defects from level variations

The surfaces of semi-finished products suffer fipwariety of defects. Problem sources include:ethteapment
of argon bubbles and solid inclusions, entrainnoémbould slag due to level fluctuations and breakoAll these
problems are ascribed to fluid flow in the contins@asting process. Because it is the last liguodgssing step,
the caster is always equipped with a monitoringesydo detect abnormal operating conditions whiély head to
defects that cannot be eliminated after the castiage. Each of these defects will be discussagm

1.4.4.1 Longitudinal cracks

This type of cracks is generally located within d®0 from the slab axis at the bottom of a surfaqereksion,
through a thinner shell. Its length varies fromea fcentimeters to some meters. Fig. 1.25 showsxampe
where a longitudinal crack was caused by a vaniatfomould level larger than 10mm. Rapid changesasting
speed can also lead to the formation of longitudirecks. On the other hand, the influence of mqadider has

also been demonstrated.
The crystallization of mould powder is necessargvoid the production of such defects.

=

Fig. 1.25. Longitudinal crack on a slab (transveral section)

1.4.4.2 Transverse corner cracks

Transverse cracks are mainly met on medium cartewiss They are located at the bottom of osciltatizarks.
An example is shown in Fig. 1.26. Once more, vemat of the mould level appear to be the major eaus
responsible for these defects.

Fig. 1.26. Transverse cracks ona

Minimizing the sulphur content as well as the mamaince of the caster (rolls alignment, water amount
distribution in secondary zone...) tends to redueséidefects.

1.4.4.3 Internal segregated cracks

They have an important impact on the quality oéffiproduct since they reduce its toughness praseriig. 1.27

displays an example of internal defects.
Internal cracks are formed as a result of too B#eor uneven cooling by water sprays. The geomaftry
withdrawal rolls as well as the high sulphur prdjmor in the steel also contributes to internal defdormation

[65].
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Furthermore, these defects are directly relatethéoentrapment of the inclusions and the gas babiblehe
solidifying strand, especially during nozzle claggior transient operations.

Fig. 1.27. Sulphur print on transverse section neaslab small face

1.4.4.4 Axial segregated defects

They take the form of a central porosity probakdyised by an incorrect secondary cooling and dlffesito
maintain a liquid central core which is too longedally in curved mould machines (Fig. 1.28). Naly) these

defects may disappear during rolling.

Fig. 1.28. Axial segregated defects on slab longilinal section
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1.4.5 Mould level disturbances

As it has been mentioned in the caster descriptoe, of the most critical parts of this processhis initial
solidification in the mould because this is whdre surface of the final product is formed as iHatgtd below in
Fig. 1.29. A slag layer is added to the liquid feegface in order to protect it against air andutaricate the
junction between the mould and the solidified shehfortunately, mould level fluctuations are high this
region, so slag entrainment leading to surfaceatiefs likely.
solidified

slag

nozzle

mould

) slag

layer

entrainment
of liquid slag
in liquid stee
pool

liquid steel

Fig. 1.29. Schematic of the mould region showingmzle and meniscus

Level variations have many caus@sble 1.4lists the important disturbances which contribtgeocal level
fluctuations. First of all, there are the periogieents such as the bulging which takes place insdu®ndary
cooling zone but has a detrimental effect on thelthtevel. Their frequency ranges are givelfrig. 1.30
On the other hand, the turbulent nature of the flowthe meniscus region increases also level fatains.
Additionally, other phenomena disturb the hydrodyits inside the mould especially the biased flowd the
standing waves generated by electromagnetic gfirfihe second category regroups the slow distudsambich
develop progressively with time. Amongst them, rtiest disruptive one is the clogging.
The third category includes thadden problems such as the unclogging which isyitaehappen after clogging,
causing thereby significant changes in the flow itte mould. Because the control loop has alwdfiswties to
compensate for these changes, an abrupt incre#ise lievel occurs leading sometimes to overflows.

Table 1.4. Types of mould level disturbances

Periodic disturbances Slow disturbances Sudden disturbances

Unclogging
Sudden changes of casting speed

Biased flows
Bulging
Standing waves

Clogging
Argon bubbles
Change of liquid height in tundish

Mould oscillations
Actuator backlash
Containment rolls eccentricity

Breakouts

Nonlinear characteristics of the
control valve

Problems with level control

Biased flows

Frequency (Hz)

Fig. 1.30. Frequency ranges of periodic disturbares
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Chapter 1: Continuous casting in the steel industry

1.4.6 Online measurements and control systems

The continuous casting is a complex heat exchamipch must be monitored to detect abnormal conalitio
leading to defects on semi-finished product orasting incidents. A complete process control istdam the use
of a large number of sensors and actuators. Theoppate sensors are located along the casterdimgjuhe
ladle-tundish area, the mould, the secondary cg@imd the conditioning zone.

e Ladle-tundish
In this part of the caster, two parameters havsetoontrolled [70]:

+ The steel level inside the tundish, that must @ kenstant apart from transient periods such @s th
beginning or the end of the sequence.

+ The liquid slag poured from the ladle into the tishd

« Mould

Several useful measurements are collected to emisarenould monitoring activities. They are usedpag of
control systems or as indices for quality preditochemes. Amongst these signals, one should list:

L Mould steel level,

Mould vertical displacement and acceleration (messby LVDTs and accelerometers),
Stopper rod position,

Strand casting speed,

Mould cooling water temperature, water temperaiucezase in the mould,

Copper plates temperature (measured by thermocuple

Tundish weight and temperature,

Electrical current intensity of the mould oscillatootor,

Friction force between the solidified shell and theuld,

Electrical current intensity of the withdrawal mothotors.

In this research work, the idea is to develop a ralsst control structure able to stabilize the mould ével and
to lower the disturbances effect for all possibleasting conditions.

e

=

» Secondary cooling

In this region, it is important to control the theal state of steel from the mould exit until thdidification is
completed. Thus, it is a common practice to corntrel pressure and the flow rate characteristiagheifferent
spray zones.

Additionally, three measurements are performed:[70]

+ The slab surface temperature using two-color pyterseassociated with optical fibers.
+ The solidified shell thickness from the differencaultrasonic velocity between liquid and solidedte
4+ Solidified shell bulging.

e Conditioning zone

In this section of the machine, the geometry oflithdrawal and straightening rolls is of great ortance. It
impacts directly the product emerging from the eaas well as the solidification process.
The following parameters can be measured [70]:

+ Rolls position and displacement (measured by uti@ssensors),
+ Rolls eccentricities,

4 Efforts applied on the rolls (measured by loadsjell

+ Spray water distribution in the gaps between rolls.

As a matter of fact, it is somewhat difficult to nitmr the entire zone due to the large number 8é.rtn the
plants, the monitoring is focused on the regiothatend of liquid pool.
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1.4.7 Emerging developments

The above elements illustrate the technical devady achieved hitherto in the continuous castinacess. A
revolutionary technology is likely to emerge in thigort or mid-term, backed up by many advancedareke
studies and industrial experiments.

This technology so-called Hollow Jet Nozzle (HIBl)shown in Fig. 1.31. A special nozzle is instalbedween
the tundish and the mould. The objective is to ter@end maintain a ‘hollow jet’ inside. A thin layef molten

steel coming from the tundish, flows over a refoagctdome. Once in the nozzle, two sources extiaethieat
without any risk of clogging. The first one is tbepper tubes cooled by the water jacket. The seocords the
iron powder fed by means of a screw conveyor thnahe refractory dome. Its injection in the cerdfe¢he HIN

nozzle whereupon the liquid free surface takeseplscensured by the hollow jet created.

Powder container

[/ TIITTTITTTT T 'Illllllllllllll\

Tundish

Argon injection
Pra—

Refractory ring

Electrical motor Feeding tube |

S Refractory dome
Water cooling jacket

copper tube
Special SEN

Maximum steel level
\Steel level inside
the HIN

™ cC mould

Fig. 1.31. Hollow Jet NozzE(HJN) principle_

As a first advantage, this technique aims to obpaisty steel in the nozzle before its entry tortfwaild. This is
accomplished by increasing the area of thermalaxgh thanks to the dome which trickles down theenadteel
in a thin layer along the nozzle walls. The exasddseat is thus removed in the nozzle contrary batwhappens
in the case of a conventional Submerged Entry No@&@EN). Therefore, such a technique can be usestitace
the superheat of steel entering the mould. Thisreduce probably the axial segregated defectdghf barbon
steels and alloys.

Another advantage that should be mentioned cont¢kengossibility to obtain fine and homogenousditres by
creating new solidification seeds.
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1.5 Instrumentation for mould level control

In the continuous casting process, the instrumientaised for mould level control is made up of two
components as it is usually the case for all cointsues. The first device has to control the ffomm the tundish
into the mould. This task is performed by means @fiobile valve and a nozzle. The second composethiei
monitoring system used to detect level variationghe mould. The purpose of this section is to sanma the
different technologies employed in the steelworks.

1.5.1 Flow control devices

1.5.1.1 Valve

At present, there appear to be at least two schaddisought concerning the nature of the contrdvealn fact,
the flow rate is controlled by restricting the mawrpassage between the tundish and the nozzleeithibr a
stopper rod widely used in Europe or a slide gatese use is almost universal in North America. Twe
systems are illustrated in Fig. 1.32. Control usangtopper rod is more difficult since the valvesidbomerged in
the molten steel inside the tundish. Moreover, ¢ffective flow area is highly sensitive to its degement.
However, it is installed in a huge number of plaatsl is found to be of much advantage comparetide gate
especially in preventing vortex formation above thedish well and in distributing uniformly the ¥ioto both
ports of nozzle [67].

Another type is reported in literature [7] and shaw Fig. 1.32. The principle of the Vaterlaus \&ls to produce
vortexing in the nozzle in order to weaken the iliqunovement inside the mould. No further published
information is available at the time of writing ¢hdissertation.

Stopper rod (Vesuvius) Sliding gate (Vesuvius) Vaterlaus valve

Fig. 1.32. Types of flow control valves

1.5.1.2 Submerged Entry Nozzle (SEN)

Associated with the flow control valve, the nozizkes other complementary functions:
e Control of the delivery of steel into the mould,
» Protection of molten steel from reoxidation andthesses,
e Control of the liquid flow pattern inside the mould

The nozzles in use in the plants are of variouspmmitions and have for the most part simple gedesets
illustrated at first glance in Fig. 1.33 or withegter detail in Fig. 1.34.

Fig. 1.33. Different types of nozzles
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Fig. 1.34. General design of typical nozzles

The nozzles are relatively inexpensive to changkeitis thus possible to test different configuvas in order to
obtain an optimum SEN design (using FLUENT’s paekig example).

The nozzles have two ports each discharging theemateel in opposite directions along the largedaof the
mould. Their most suitable length has been estadadito lie between 0.6 and 1.3m.

Two general procedures of nozzle submergence adiged. The first consists of imposing a sine-typgation
less than 200mm with a period of about a half anrhim the latter case, the nozzle is maintained agrtain
submergence depth that the operator proceeds mgehwy a few millimeters at the end of each castergience.

1.5.2 Mould level sensor

A wide variety of methods are used to measure tletalmevel. Firstly, it is important to notice thttis
measurement should not be confused with the maasuteof level fluctuations. Moreover, the contréltioe
flow rate into the mould requires the knowledgeonfy the average liquid level measured directhydiffierent
ways, which include the NKK sensor, radioactivetsys and electromagnetic methods. As for locallleve
variations, they can be examined by combining métfon from level sensor, thermocouples signals serdi-
finished product defects.

All the methods used to measure the average lead limitations in accuracy and reliability as suaniped in
Table 1.5. The most common systems are the follgwin

» Eddy current system (NKK): It is based on the effect of induced eddy currentshe electromagnetic
field generated by sensor coils. Using this tedmmigvhich operates above the steel meniscus, it is
possible to reach a high accuracy and avoid thglaleer effect.

« VUHZ [36]: These electromagnetic devices have immunity toldhpawder and are widely used in slab
casting. They rely on primary coils which induce gmetic fields whose effect on molten steel is
measured by secondary cails.

» Radioactive sensors (Berthold) [71]installed outside the mould, radioactive soureeh sas the Cobalt-
60 ®°Co or the Caesium-137'Cs emity-rays which are attenuated as they pass througthsd level.
These sensors have a long response time and asdiv&ero slag layer. They measure indeed a
combination of steel and powder levels. Furthermibre measurement is corrupted by significant noise

» Thermocouples: The level difference near the small faces is @efifrom the temperature profile in the
copper plates of the mould.

» Other methods such as infrared analysis of thesuglace, Fakir carpet or external electrodes.

65



Chapter 1: Continuous casting in the steel industry

D

sofnsuadeIeyd [BIIUYda |

SIQS |9A3| pINOW JO SoNsualoeleyd Ul "G'T 9|qel
Angeliay ] ] Jene
10840 be|s VN VN VN 00 -0 VN G-T peT
10840 be|s VN VN VN 000¢ - 09 VN 0Z¢-590 }9duod
sinoy 000z :uoneinQg uonelpel
splal onaufew | 1snp pue Bejs ‘eyows VN VN 09T - 0¢ VN [ I"TNL
[eula1xa 0] aANISuas [J1apmod 0] Juasedsuel |
109)J0 bBe|s
aslou ybiH 9ZIS |[ews s i SE
D|geIsnlpe-uou uoneIoT 10SUaS SS9|10rIU0D M oe 001 -0 ZHNA < N Ployued
asn Jo uonneodalid
eale pjnow
Su} puhoie UoISnBUl 4 ooy Buiyoeal-apIp\
ainjeiaduia) ( uey} 191e\ 0s > 0¢T -0 00T > ¢0 ZHNA
sirem pjnow jo | YN UEY
| Ssewin G) 1S02 MO
suonelLeA 0] dANISUSS
yipimpueq moreN
suoneLea uoneoo| ajqelsnipy i i
Inteladwa) 0] aANISUSS 10SUaS SS9|10RIU0D iV 0S-0c 00c - 0 005 1 YN
wa1SAs Gﬂmcm_m_%“ (ww) abuel (sw) sawn (wuw)
Buijood ™ juswainsesly | asuodsay Aoeinooy
syoegmelq safejuenpy ainjeladwal losuas

66



Chapter 1: Continuous casting in the steel industry

1.6 Concluding remarks

The continuous casting machine has been describéd greater detail in this chapter. Likewise, its
peremptory role in the manufacture of steel hasl®veloped extensively. Summarizing the advantages
continuous casting, it can be said that it alloesdr cost production, higher productivity with leetguality.
Nonetheless, the improvement of instrumentation auntdmation existing in the machine still remainmajor
concern for steelmakers. Sometimes, the castingedhin grades is delicate because a significantben of
parameters has to be controlled in order to gueeaatsatisfactory quality of the product that emergom the
caster. Among them, those connected to the menisgisn where both liquid and solid steel coexasg critical
since they offer a direct way to monitor castingr@pions.

In this chapter, special attention was given todgad product defects caused by level variatiovithin this

region. Hence, it is of utmost importance to prewbe occurrence of such variations. Thankfullgréhare two
techniques in common use for stabilizing the mdelel which are the flow into the mould control acakting
speed control. Flow control using a stopper rodljding gate or occasionally Vaterlaus valve is tioem in the
vast majority of plants, albeit the speed contsostill in use in billet casting. For this reastime scope of this
dissertation is dedicated to the first technique.

As for mould level measurement systems, therevaoebisic types: electromagnetic and radiometrisplite of

its high cost, the first devices are preferred heeadhe measured signal is less noisy and nottedffdry mould
powder.

In the next chapter, we shall examine first théedént plant models used to design the mould lewatrol laws

with particular emphasis on the centralized mobelxt, the most disruptive disturbances will be dgsed with
particular regard to their effects on the mouldelesontrol loop.
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Chapter 2: Continuous casting process modeling

2.1 Introduction

The previous chapter has shown the necessity farddnievel control to ensure a good quality of the
solidified steel. In general, it can be stated thath stability and performance robustness are eteénl have a
stable level in the mould whatever the casting dom. The purpose of this chapter is to develomecurate
model of all important elements involved in the ttohloop including the disturbances. This modééritified in
chapter 3, will be further used to synthesize aisbloontrol law in chapters 4 and 5. The adjectieust’ means
that the control loop should remain stable and rtteetequired specifications for all configurations
The structure of this chapter is as follows. Inteec?2, a review of the most frequent models isspreed.
Section 3 describes the three disruptive disturdsiand discusses their effects on the control livofne chapter
summary, the behavioral integral model is givemngknto consideration only the static balance leetwthe flow
into and the flow out of the mould.

2.2 Process modeling
Fig. 2.1 depicts the parts of the casting macHiaédre involved in the mould level control.

P

stopper ]—1

actuator
tundish

[ o <o
Fig. 2.1. Mould level control structure

Let us first establish some notation:
« P: Stopper position setpoint,

e P: Measured stopper position,
* Q,: Flow into the mould,
* Q. Flow out of the mould,

Theoretical mould level,
Measured mould level,
Level setpoint,

Mould section,

: Laplace variable.

The local measurement provided by level senlqr is fed into a control computer which comparesoitat
setpointN”™ (set by the operator) and calculates a controladi§” able to compensate the difference. This signal
which is in reality the stopper position setpoistsent to the actuator in order to move the stoppdically to
adjust the ingoing flow into the moul@,, . As for the flow out of the moul@,,, it is set by the operator from the
angular speed of the driven rolls.

The idea is to develop the plant model betweersthgper position setpoir®” and the measured leval . This
section presents a couple of models. The firstistmsed on an analysis of liquid steel dynamite physical
phenomena taking place in the mould are therelgntékto account in the control problem. This magtekalled
‘distributed model’ captures more details as tlee fsurface motion with time, in contrast to theosecmodel so
called ‘centralized model’, which considers theefurface static and completely determined frombidance

nwnzzZzzZ

ut ?
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Chapter 2: Continuous casting process modeling

between the flow into the mould and the castingedp&rom the outset, this is the model adoptedhbyvast
majority of steelmakers to develop a controller fiaould level, unlike the first technology whoseeetfveness
has been evaluated only recently during high spasting operations in Japan.

2.2.1 Distributed model (numerical fluid dynamics method)

Most of the research undertaken to investigatdlthé dynamics in the nozzle and in the mould wasfgrmed
by steelmakers in order to better understand armmrave the solidification process. In recent yeg@mcess
control technologists are making it possible tolgppathematical models of turbulent fluid flow as additional
tool to stabilize the mould level.

The purpose of this paragraph is to provide sorsmlih into the mould level control using the nuroatifluid
dynamics method which consists in tracking the s@rs movement and maintaining the free surface at a
constant level by means of a PI controller in theshtases [4] [28]. Fig. 2.2 shows the block diaga the
control loop based on numerical fluid dynamics rodthThe Large Eddy Simulation (LES) method is uasd
turbulence model [29] and the Volume Of Fluid metH{®¥OF) is used to track the free surface [30].nfra
practical point of view, the distributed model &pecially useful in higher speed casting whereflthe is more
turbulent and the free surface is more fluctuant.

1. 3-D numerical fluid dynamics method free

2. Navier-Stokes equation, conservation of mass, surface
incompressibility

3. Finite difference method

4. Turbulence model: Large Eddy Simulation LES c P conitoller

5. Free surfae: Volume Of Fluid (VOF

Fig. 2.2. Mould level control loop based on numetal fluid dynamics method

In the mould, the steel is regarded as a non-cossjinle liquid whose flow is governed by the follogipartial
differential equations [35]:

sensor

i =0 (mass conservation equation) (2.1)
%—Ltj +000d = L OP +v, [°U+g+ Ifw (momentum conservation equation) (2.2)
where:
uu =u, Ba£+uy Ela£+uZ ﬁ
0X oy 0z
o [l Gradient operator,
« [*0O Laplace operator,
e U: Fluid velocity,
° u,u, apd gzz u comporlents along, y and z axis respectively,
e p: Liquid steel density,
- P: Ferrostatic pressure,
LI Effective kinematic viscosity,
e g: Gravitational acceleration,

« F,: Wallfriction.
The wall friction is proportional to the second pavef fluid velocity as follows:

F, = - 2310 el (2.3)
80
where:
e J: Distance from the wall in the cell,

e Re: Reynolds number.
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In the VOF method, a functiorf whose value is unity at any point occupied bydland zero otherwise is
introduced. The value of represents a fractional volume of the cell ocodifg the fluid and satisfies:

of 1\
E+D(u[lf)—0 (2.4)

First, the equations above are discretized. They, are solved using the Finite Difference MethBBN!) and
the Successive Over Relaxation method (SOR) asssre iteration solver [4].
In order to evaluate the free surface velocity,dtdy value is defined as follows:

_|u, _du,

6_yax

z

(2.5)

whereu, andu, are the velocity components along x-axis and g-aaspectively.

It measures the intensity of the vortex to enttappgowder into the molten steel. When the eddyevauarge,
free surface velocity has large variation that enages the formation of vortices [28].

Fig. 2.3 illustrates an example of results achiewét the distributed model. It can be seen thatlével is well
controlled in the white area where a sensor isigealin contrast to other zones especially nean#neow faces
of the mould or around the Submerged Entry NozAtere the flow is more turbulent (Fig. 2.4). Moregube
free surface is asymmetric with fewer variationshie controlled side and more fluctuations in thpasite side.
This tendency is more obvious in high speed casting

0

4 5 6 7 8
Fig. 2.3. Average and standard deviation of moultevel (mm)

Fig. 2.4. Distribution of velocity vector time aveage

These observations only revealed by the distribatedel are important for practical mould level cohtThey

give a clear indication on the physical phenomen#e controlled and are very useful for evaluatdrthe

controller performances as well as for an optinaifoning of the level sensor. However, this moajgbears to
be too complex for control law design purposes.

2.2.2 Centralized model

Based on the previous remark, a simple model uisedhards for control law design is detailed below.
Fig. 2.5 shows a basic block diagram for the céim&@ plant model. It will be extended subsequetdlynclude
in particular some disturbances.

Qoul

. ) N
L» actuator }—Pb nozzle Q & mould }ﬁb sensor H»

Fig. 2.5. Plant model

The development hereafter is focused on the trafigfetions of the actuator, the nozzle, the outgdiow, the
mould and the level sensor in order to determiepiant dynamics. The flow into the moufg@, cannot be
measured contrary to the flow out of the moQg, directly related to the casting speed.
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2.2.2.1 Mould

Contrary to the numerical fluid dynamics methodthia centralized model, the turbulence of molteelsiow is
ignored. The mould is regarded as a tank with opatiQ, and one outpuQ),,. The equation governing the
level N is merely given by:

d_N - Qn Qout (26)

dt S
where S is the mould section.

The resulting transfer function from the differemmsgweenQ,, andQ,, to N is:
_ 1
TFmouId - ﬁ (27)

The mould sectiorss is variable particularly during start-up stagesr istance, its width may vary from 850 to
2050mm. The current controllers are fixed and mstighed to run with this parameter variation legdisually to
low performances and at times to instability protde

Sometimes, the section used in this transfer fanas the cross section area of the free surfagehwdiffers
from the mould section.

2.2.2.2 Level sensor

In the previous chapter, the sensors used to measould level have been presented. Mould levelindeed be
measured directly in several ways, which include KNkeddy-current sensor, radioactive sources or
electromagnetic methods. Contrary to the distrithutendel, control flow loop of the centralized modetjuires
only the measurement of the moving average levéténmould. In practice, operators use to positiensensor
in the most stable regions in order to avoid tramsfluctuations. Additionally, the sensors listdgbve are known
to be influenced by noise. Therefore, it is of He#rfer control loop if the measurement is filtergalreject noise
as well as local fluctuations which are not dingctlated to the mean level. Nevertheless, it i®worthy to
mention that quality detection systems should noortite unfiltered signal because these local flaibbns are
important to surface quality.
In the sequel, the level sensor is of NKK type.dymamic response is modeled by a simple first rondmsfer
function:

1

Thewor = 7——— (2.8)
1+7.[$

wherer, is the sensor time constant.

2.2.2.3 Inflow/Nozzle

To derive a model for the flow rate into the moubthe should use the basic laws of physics. Then fldw
dynamics through the nozzle should be taken intsiceration.

Whatever the control valve (stopper rod or slidogage), Q, is governed by the following equation widely
adopted in literature [6] [35] and derived from Beulli’'s equation:

Q. = BIA 29N, (2.9)

B Coefficient of discharge,
- A Effective flow area,
g: Gravitational acceleration,
* N,,: Heightof liquid steel in the tundish.

The coefficient of discharge is related to theiliquiscosity which decreases the pouring velociijirg the flow
control zone. The effective flow areq is determined from the control valve position &nel cross section of the
nozzle.

In respect to the flow dynamics through the nozitlés important to include a delay in the transfienction,
assumed to be linked to the argon injection intaxynlacations. Furthermore, its presence is proliahbll the

with:
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more so since it may be at the origin of many $itglgproblems of the control loop often encounteiadhe
plants. In addition, one can detect it experiméntaith the help of some identification trials bpraparing the
mould level signal to the control valve positiogrsl.

A first approximation may be obtained from the News laws:

- JANM+N$Q_J2NW (2.10)
9 9

where Ng, is the height of the liquid steel from to the nezazpper well to the mould free surface in contaith
the slag (Fig. 2.6).

Nevertheless, the actual value should be identffi@th measurement signals.

All that remains is to give an explicit expressiohthe effective flow aread,. To achieve this, one should
consider the distinctive features of each contaiVve.

2.2.2.3.1 Stopper rod

Fig. 2.6 shows the geometry of the flow controletetween the stopper and the nozzle. Starting &onmitial
position which closes entirely the liquid flow pags, the actuator moves the stopper verticallydjosa the flow
rate into the mould according to the casting sp@ée. actual stopper position is subsequently mlidtdpby a
proportional gain resulting in the effective flomea. Beyond a certain positid®), the nozzle cross section limits
the ingoing flow and the effective flow area is afwo the cross section of the nozzle. This leadshe
characteristic curve illustrated in Fig. 2.7.

stopper rod
O A,

'<'<'<'<'<'<'c'<'<'<'/
LR }}}}?,""{/
<<<<<<<<<<
33T
:->r9|0 oror
L “ 144
2 PeleTer TR,
RE sy
g
,,
,>
L
2
,

»

Lv

stopper

4] closed position U
position P,

%\ozzle upper well
7 |

<<<<<<

\

Fig. 2.6. Control zone geometry Fig. 2.7. Effective flow area depending on the gbper position

Assuming that the stopper position is small comgpdcethe three radii denoteR,, R, and R in Fig. 2.6, the
actual flow area is given by the following equason

_2nR +R)R 2 ;
P RJ - 2 - P
< A, RIR) JR+R)*-(R+R) o1
P2P, A =TR]
where

+ R: Stopper radius,
* R,: Nozzle radius,

+ R: Radius of nozzle upper well.
P, can be determined by calculating the limit of fingt equation (2.11) when the stopper positionrapphesP,.
2
szﬂtcm&)ms\/]ﬂ" 2 2 (2.12)
(R+R)" - (R+R) '
(R +R)*
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In practice, normal casting conditions ensure thatstopper position does not exceled Hence, the stopper
displacement holds in the linear region leadinth&following ingoing flow equation:

Q.()=G,P(t-7,)

— 2‘2[“; +I)h)[|)§ 2 2 — 2(Ntun-l-NSEN) \/ZNtun
G, =+/2gN R+R)" -(R+R, = -

2.2.2.3.2 Sliding gate

Although the control valve adopted in this dissotais the stopper rod, the objective of this gaaah, is to
explain how another control valve (here the slidjade) impacts the effective flow rate.
In this system pictured in Fig. 2.8, there are é¢hptates. The central one is moved by means ofdaahiic
actuator to adjust the opening between the uppktcaver stationary plates. The Submerged Entry Mo&EN)
is attached to the moving plate and travels torobttie flow into the mould cavity.

i |

movin

(2.13)

___fixed plate

quuid flow . i { opening

hydraulic actuator :
Fig. 2.8. Sliding gate (side view) i L -

£
| AN

<

Fig. 2.9. Sliding gate (plan view)

Elementary trigonometric considerations show thateffective flow area is governed by the lengtioéning as
follows:

A =2R cos‘l(l—LJ —[1—

R (2.14)

where:

e L: Length of opening,

R, Nozzle radius (equal t®,/2).
The steel flow rate is thus mainly influenced by tlength of opening and the nozzle bore sizeddy ideal
conditions, it may be quantified by:

Q.0 =GO L({t-7,)

— 2 <1 _ﬂ _ _ﬂ _ _ﬂ i - 2(Ntun-'_NSEN) — 2Ntun
G, (t) = 28R/ 2gN,, | cos [1 ZRJ (1 ZRJ [1 ZRJ I, \/ . \/ .

Clearly, this exact model is non linear due togeemetry of the circular orifices. It could be mzed by a static
characteristic curve.

(2.15)

2.2.2.4 Outflow

In the absence of any disturbance, the flow ouhefmouldQ,, is determined from the casting speedset by
the operator) and the mould sectiBn It is calculated as follows:

Q,, =Slv (2.16)

These two parameters change during castinghould be considered as a setpoint and not a measnt. This
equation should be completed by disturbances aotiripe outflow, especially the bulging.
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Chapter 2: Continuous casting process modeling

2.2.2.5 Actuator

The actuator designates the transfer between titeotsignal P* and the stopper positioR which is controlled
by means of its velocity, through a proportional gain in the vast majoritgases (Fig. 2.10).

P positon | Vo | integrator | P
controller block

LVDT
sensor

Fig. 2.10. Actuator block diagram
The objective of this first inner loop is to maiimahe stopper position measured by a LVDT (Lingariable
Displacement Transducer) sensor at the stoppetiggositpoint delivered by the main controller. Ngitit loss of
generality, the position sensor dynamics has begieated. As a result, the actuator will be congidas a first
order function:
1
TR et = 77 2.17
et 4, 3 (2.17)
wherer, is the actuator time constant.
In other configurations, the actuator is modeledtsgcond order transfer function as follows:
1
TFactuator = ﬁ
1+~ g+ lag (2.18)

All these parameters appearing in the actuatostearfiunction are fixed and given by the manufaatur

2.2.2.6 Block diagram
By considering the different blocks, Fig. 2.11 aepithe global plant model.
Slv

e, 1 e, gerr 1N, 1,
1+7, SG | 1+r,

Fig. 2.11. Plant model transfer function
Therefore, as a conclusion of this section, thesfier function of the global plant model is given b

Gne—Tn@

O

TFmodel - SB;E(1+ Ta B;) Hl‘l‘ TS E) (219)
where:
« G,: Nozzle gain (Is'tmm?),
s I, Nozzle delay (s),
e S Mould section (mm3),
s T, Actuator time constant (s),

s T Level sensor time constant (s).

The identification of this transfer function wilebaddressed in the next chapter. Meanwhile, Talle@vides
some typical values coming from a real plant. Télybe considered in all the developments below.
Table 2.1. Typical numerical values of model paraeters

Parameter Value
7, 005
T, 05
T, 00k
G, 10°mm?®/s/mm
S 1600x 228nm’
Y 1.5m [nin™*

76
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2.3 Disturbances

2.3.1 Introduction

In the continuous casting process, several dishodmtake place at different parts of the machiiey have
been introduced in the first chapter. In this settihe three important ones which cause consitketadubles are
described. Another aspect being investigated is #ifects on the level control loop performancésnodel for
each disturbance is thereby derived and addedet@ldmt model of Fig. 2.11, which will be used tesign
different control strategies presented in the wlsipters.

2.3.2 Clogging/unclogging cycle

2.3.2.1 Description

Nozzle clogging in continuous casting is a seripugblem for aluminum killed steels since it increa@perating
costs and decreases caster productivity. Duringtiéne flow from the tundish into the mould, son®gs appear
as a result of alumina and other solid inclusioegadition (Fig. 2.12). They take place essentiaillyhe nozzle
wall but can occur anywhere inside the nozzle.rlciice, there are many forms of nozzle cloggirtte Tirst one

is the deposition of solid inclusions already prége the steel. The second one is attributed @otrens between
aluminum present in the steel and the oxygen corfimg inside the nozzle (i.e. refractory) or ouesithirough

cracks. Finally, the steel could also be solidifiedhe nozzle as a result of heat losses [2]. 8foee, these forms
prove that there are many factors behind the cl@ggn particular, the steel cleanness and its @lum content,

the geometry and the material of the nozzle. Intantg the heat transfer inside the nozzle mighgrggthen the
clog and help it to grow further.

(@) (b) (©) (d)

Fig. 2.12. (a): New nozzle, (b), (c) and (d): Clggd nozzles

In the plants, the clogging/unclogging follows tbgcle displayed in Fig. 2.13. It is not an instaetaus

phenomenon but it develops slowly with time. Aféer initial clog layer of some millimeters, otheog$ appear
and take the form of a uniform film generated bgrofcal reactions. The unclogging occurs after de@amperiod

generally between 10 seconds and 2 hours. The dmbtime clogs leaving the nozzle walls cannot teljwted

in advance.

No clogging Early clogging Clogging Sudden unclogging

Nozzle

I
Liquid Q % Liquid Q Liquid Q

.
%

/|
Fig. 2.13. Clogging/unclogging cycle

|
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Chapter 2: Continuous casting process modeling

In order to develop an accurate model of the cloggiffect on the mould level, it is necessary &nidy how
this cycle disturbs the control loop. It is notetiagrto mention that, initially, the clogging incsss the flow
before restricting it [2].

The caster has a control zone located betweendbe of the stopper and the entry portion of thezleozAs
shown in Fig. 2.14, the steel liquid pressure acrbge control zone drops from a value greater fiten

atmospheric pressure in the tundish to reach aemallue in the nozzle.
Pressur

Control zone
Fig. 2.14. Steel liquid pressure around the contt@one

The clogging affects the pressure profile across tbzzle. The stopper must move to compensate these
variations. Unfortunately, the controller does negpond appropriately. The resulting changes offlthve rate
generate level variations in the mould. In additittre clogging affects also the jet exiting thetpom [2], the
authors report that, in some cases, the cloggingmify the flow dynamics in the mould from twonsgnetric
swirls to a single large one. This leads to tramsiehanges in the flow which are accompanied bellev
fluctuations in the mould.

2.3.2.2 Detection

To develop an accurate clogging/unclogging indegpuld be advantageous to monitor several measursnmn
real time. To achieve this, [2] lists the followifaur parameters:

» Argon back pressure may indicate the clogging caused by air aspimtiDrops in back pressure
indicate that there are cracks in the refractolgwahg air aspiration. Increases in back pressuaie lme
related to high resistance applied by the clogséat in the nozzle against argon.

» Nitrogen: its content in the steel between the tundish wedmould gives a reliable indication of the
exposure to air and may be used thus to quangfextent of reoxidation problems in the nozzle.

» Mould level: the effect on mould level is more visible whee tmclogging occurs suddenly. The level
rises then considerably. There is also an incr@adevel fluctuations during the clogging. Fig. 2.1
compares the mould level measured in normal camditiand during the clogging or the bulging (this
disturbance will be described with greater detaitie sequel). The changes affecting the flow ggssa
shape as well as the pressure drop generate indary difficulties for the control loop to maintain
constant flow rate into the mould. However, theesy of clogging cannot be measured only from the
mould level signal since it is disturbed by othérepomena even if Fig. 2.15 reveals that variations
generated by clogging/unclogging do not have tineesaroperties as those generated by the bulging.

» Stopper position compared to the casting speed, it shows theapsaicy between the theoretical flow
rate in the absence of clogging and the measureduring the clogging, alumina clogs restrict steel
flow inside the nozzle. The control loop must irage the stopper position progressively to mairttan
same casting speed. When the unclogging occurdlalvepassage becomes larger and the control loop
brings back the stopper to an initial position whitepends on the amount of the clogs leaving taeleo
wall. Therefore, during the clogging/unclogging lkeydhe stopper position signal is a successiaarmps
whose periods are random whereas the casting sjpesdot vary. On the contrary, in the case oéartl
nozzle, each significant movement of the stoppeeleted to a casting speed variation. This analgsin
good agreement with the measurements recordedgdarinexperimental sequence characterized by
multiple cycles of clogging/unclogging (Fig. 2.16)his conclusion can be exploited to model the
clogging effect on the mould level control loop.
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Fig. 2.15. Example of mould level variations causeby the clogging

Hence, a clogging ratio can be derived and useddasure the clogging intensity inside the nozzleah also
include other factors as the tundish weight andstale width.

The method widely used to prevent clogging is ttgor injection into many locations inside the nezzl'he
argon gas may prevent indeed inclusion contact thighwall. In addition, it reduces air aspiratiamdaetards
chemical reactions between the steel and the tefsacSimilarly, other efforts have also been dathd to
improve nozzle material and design as well as sfeainness in order to provide other solutiondédogging
problem.

2.3.2.3 Modeling

In the absence of clogging, the flow rate into theuld is determined from the stopper position rdigas of
casting speed. During the clogging, deposition idegethe flow. Therefore, the actual rate, meastrad the
casting speed, is less than the theoretical vdlhe.reduction of the flow rate will be modeled by additional
exogenous signab,,, to the theoretical rate (Fig. 2.173l,,, models thereby the effect on the flow and
subsequently on the mould level variations. Siheestopper position is described by a successioanaps,d,,,

will have the same behavior because the castingdsp@d the level are generally kept constant. Feom
mathematical point of view, the plant dynamics e¢iqua will considerd,,, as a state variable whose second
derivative is zerod,,, = 0) as developed in the next chapter.

Otherwise, an alternative way to model the cloggfigct is to consider the nozzle gai as variable. Since
this gain is influenced by several other factdns, first model will be adopted.

To complete this model, one should take into actadmer considerations. More precisely, the depositnly
made of aluminum oxide\l,O, takes place at many sites inside the nozzle bilnt avfferent proportions leading
to an asymmetry of the flow between the both poftthe nozzle. Instead of monitoring one level nieasent,
an accurate plant model should consider the twessid the nozzle and two level measurements ondidds of
the mould. In this new model, the block ‘mould’ thie initial linear model is substituted by two btec'half
mould’. The same operation is performed for thecblmozzle’. Furthermore, connection between the tvalf
mould is modeled by an additional flow (determirisan the difference between the two levels) intarehalf
mould. For the sake of simplicity, this featurelwibt be incorporated in the plant model.

clog

Py

* N N
P, actuator » nozzle —» —y,

mould > sensor

Fig. 2.17. Clogging effect integrated in the plantnodel
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2.3.3 Bulging

2.3.3.1 Description

Contrary to the clogging/unclogging cycle, the limdgoccurs at the lower part of the caster, in sheondary
cooling section. Due to increasing pressure indidestrand carried out by the liquid steel heigfn, volume of

liquid steel inside the solidified shell varies aulits profile varies too (Fig. 2.18).

The bulging increases in severity when the shehiis and its formation is uneven especially in tipper levels
just below the mould. In the worst case, it makesdasting operations impossible to manage. Thetate of the
casting machine has thus an important preventilen €@verall, the bulging can be divided into staticdynamic
and steady or unsteady (Fig. 2.19) as follows, e/lris the ferrostatic pressurg&, the strand temperaturd,

the roll pitch andv the casting speed [28]:
» Static: the maximum of bulging is located at the centehe roll pitch.

» Dynamic: the maximum of bulging moves from the centerhef toll pitch according to the movement of
the solidified shell.

» Steady neither the shell profile nor the liquid steelwe inside varies with time.

» Unsteady this is the most disruptive type since it affeatser parts of the caster. In this case, the shell
profile varies with time and so the mould leveligartoo.

No bulging Static & Steady Dynamic & Steady Dynamic & Unsteady%

« >
- +S

P, T=const, v=0 P, T, v=const P, or T or v#const

200 mm

%+

Fig. 2.18. Example of

bulging defect on slab face Fig. 2.19. Types of bulging

2.3.3.2 Unsteady bulging effect

During unsteady bulging phenomenon, mould levadtflations increase all the time with a magnitudeetdeing
on the movement of the solidified shell. Its mecbalinteraction with the rolls impacts directlyetflow out of
the mould. Because of its complexity, no model icantude all of the considerations at once. Manyagshers
have proposed different models based on high teatyrer creep and elastic bending behavior anal@8k For
control purposes, it is assumed that the shellilpraf described by a sine function at each sitk.thfe initial
phases are supposed to be the same. The effeostafaaly bulging depends then on how the phasegelveth
time. If they follow the same trajectory, a lardecfuation of the mould level occurs. In fact, whbe convex
part of the shell profile is located between the twils, the mould level falls. On the contraryitifs the concave
part which is located between the rolls, the molelk| rises (Fig. 2.20). On the other hand, it $tidoe
mentioned that if the sine waves are in antiphémechange in the liquid volume at each site ispemsated by
another one from another site resulting in smalttfiations of the mould level.

A spectral analysis of shell profile displacemeas hevealed that there are two kinds of frequent@ies first one
depends on the roll pitch (2.20) whereas the second one is related to theotation (2.21).

f

\'
i1 =7 (2.20)
\

f,=
= (2.21)

r

where D, is the roll diameter.
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However, only the first kind affects really the nieblevel. The effect of the second kind is negligibecause its
associated phases are random [32]. The disrupteegiénciesf, ; depend thus on the configuration of the caster
and the casting speed but they are generally baet@©&3 and 0.1Hz.

Lowest level n Highest level
Mouldy, ) *

Casting@ @

Fig. 2.20. Unsteady bulging effect on mould level

To simplify calculations, we assume that the atenge of shell profile is a triangle. Under thisuaaption, the
amount of mould level variations generai®, can be expressed using the following equation:

AN, (S :-252/‘_5@?@@“2% () (2.22)

with:
 AN,: Mould level variations caused by bulging,
- S Slab thickness,
e A Roll pitch of sitei ,
* B: Shell movement magnitude at site

« f.,:  Shell movement frequency at sitgfirst kind),

et Time.
The shell profile magnitud® can be measured using special equipment (desanbie following paragraph)
or determined by the model of a two dimensionatiomous beam structure with multi-roll supportspasposed
in [33].
In order to weaken the bulging, the methods gelyeuakd are the strong cooling at the secondarlingpaone
and the enhancement of roll pitch configuration.

2.3.3.3 Measurement

In some plants, the equipment used to measuréntiiepsofile or the bulging displacement is showrFig. 2.21.
More concretely, the change in bulging magnitudedsrthe guide rod to move vertically. This disglaent is
measured by a LVDT sensor. Sometimes, the drivibs str because of unsteady bulging and this mayupt

the measurement.

The bulging magnitude is a function of casting shderrostatic pressure, roll pitch, shell thicksestrand
temperature and time. It is steady when all thes&@bles remain constant in time but it is rarblg tase during
real casting conditions. Using this equipment,as been verified that the bulging is strongly afddoy the roll
pitch and slightly by the cooling system. The badgimagnitude is particularly high at segments whkeeroll
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pitch is large. Moreover, it increases with thetiogsspeed. For instance, in the case of a rotlhpgqual to
340mm, the maximum of bulging displacement is adou2mm at 1.4mmin™ and 0.7mm at 2mmin™ [34].
Bulging

displacement o
s
44 44
Liquid
<~ T

Fig. 2.21. Bulging measurement equipment

2.3.3.4 Modeling

In the absence of bulging, the flow rate out of theuld is calculated from the casting speed. Dutingteady
bulging, it is assumed that the shell movementeiscdbed by a sine wave at each site between tiig Tdis
displacement induces changes in the theoreticdloautrate, which must be included in the plant mode
Similarly to the model adopted in the case of clogfunclogging phenomenon, this alteration of thiflow rate
will be modeled by an additional exogenous sigdg),. to the theoretical rated, .. is a sum of several sine
waves (Fig. 2.22). The frequencies can be detednliryeselecting the most significant magnitudeshia level
signal spectrum belonging to the bulging frequerange ([0.03 0.1Hz]). In the state space formalisath sine
wave ofd,,,. and its derivative are state variables. In thaiskgvithout loss of generality, only two frequesi
are considered but the conclusions remain valideviea the number of frequencies.

* N N
L» actuator }—Pb nozzle mould H sensor H»

Fig. 2.22. Bulging effect integrated in the plantodel
According to Fig. 2.22, it comes:

Qo =SV +d,,4
o = s ¥ s+ (2.23)
dbulgei = _(%zulgei mbulgei
Wy gei = 27t

2.3.4 Standing waves

The standing waves are another periodic disturbantet acts directly on the meniscus surface @gtto the
previous ones which disturb the flows into and @fuhe mould. Its effect can be integrated in tlpmodel by
means of an exogenous sigmg), .. as depicted in Fig. 2.23.

Qout =Sy dwaves

. , N
L’ actuator é—PV nozzle Q N2 M’é—’ sensor }—Vm

Fig. 2.23. Standing waves effect integrated in th@ant model
The causes are various. For instance, it appeascassequence of the very high variations of tmicg speed
and depends on the prevalent flow regime in thelthdts frequencies depend on the mould geometdytahong
to the frequency range (between 0.65 and 0.85Hmhwhay be amplified by the control loop (Fig. 2.24

ves
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_ Standing
Bulging waves
— —
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Frequency (Hz)
Fig. 2.24. Frequency ranges of bulging and standinvaves

In the case of a mould format equal to 18a@0mm?, the frequency is around 0.7Hz. More gehertiese
frequencies are well known and described by thatmu (2.24).

waves =i w (224)
2\ S,
with:
e g: Gravitational acceleration,
e i Number of nodes (typically about 5 to 6 nodes),

« S, Slab width.
The surface waves can be generated experimentiilg & specific experimental set-up. For instafeg, 2.25
shows 2-nodes and 4-nodes symmetric waves on ¢besfirface of the Siemens VAI water model testifiaci
The asymmetric waves (1-node, 3-nodes ...) cannekbited.

Fig. 2.25. Standing waves in the water model (Siems VAI)

Other studies about the standing waves are repantéle literature. In [5], a mathematical modebdi on
theoretical considerations is presented. Firse@umtion between the pressure on the surface andetbcity at
the surface is established. Then, the formaticsudfice waves is expressed from the pressurebdigon.
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2.4 Chapter summary

This chapter has attempted to summarize the diffem@dels currently used by steelmakers to design
mould level controller. Since the distributed modehot well documented and still requires furtdevelopment,
this work has focused on the centralized modebk&foom the outset.

With regard to all the considerations discussed/@ptine following block diagram of the global planbdel can
be drawn:

waves

1+7, (5 1+7. [$

Fig. 2.26. Global plant model

S: Laplace variable,
* T Actuator time constant,
Nozzle gain,
Nozzle delay,
Mould section,
Casting speed,
e T.: Level sensor time constant.

The disturbances which have huge effect on the snagiregion are included by means of three exogenou
signals such as:

dbulge = dbulgel + dbulge2 e dwaves = dvvave& + dvvaveﬁ e
dclog = 0 dbulgei = _afulgei mbulgei dwavesi = _a}vzvavesi mwavesi (225)
ajoulgei = Zﬂl 1 a)vvavesi = 2ij:vvavesi
where:
dyg: Clogging effect model,
d,.e: Bulging effect model,
* d,.. Standing waves effect model.

Therefore, as a conclusion of this chapter, thérakred model, as illustrated in Fig. 2.26, wi the starting
point for the development of control strategiese@gl care has to be taken to cope with the vanatof the plant
parameters, in particuld®, andr,, which are highly correlated with casting condigo
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Chapter 3: Estimation and rejection of disturbances

3.1 Introduction

As discussed in chapters 1 and 2, various distgdsateke place in the casting machine and impact th
mould level stability. One common strategy widetiopted nowadays is to tune the control system deroto
handle the worst case conditions. Based upon aperakperience, the process may vary over a lagger of
casting conditions. Therefore, this approach camuatrantee the best performances in terms of bestges
rejection. Effective control systems should accomate indeed the process changes as well as diffelasses
of disturbances. This is the main goal of the thdsat will be achieved by using RMMAC architectdeveloped
in chapter 5.

In this chapter, we plan to explore other techrsgo@sed on observer design that allow the opetatestimate
the disturbances and to reject them through a canmgahtary module to the main feedback control. Tise $tep
is to identify the plant model that will be usedtibdn disturbances rejection and in control lawsigie.
Furthermore, this chapter provides a range of tiaria of key parameters depending on casting ciondgit This
will convince the reader of the necessity to impemrobust control techniques and will introduce tiext
chapters.

This chapter is organized into four sections. Thst fone describes step by step the complete pooeed
classically undertaken to collect data that will used to derive the unknown values of the plant ehofiiso
examined are the offline identification algorithriifien, we move to the estimation and rejectionistudoances
which are the heart of this chapter. The disturbanconsidered here are the clogging/uncloggingecytble
bulging but these strategies could be also tramshde the standing waves. This result will be \atkdi
experimentally by means of the water model in #s $ection. Using this experimental tool, we @emonstrate
that the values of the gain and the delay appeanmitige centralized model change when the castargmeters
vary greatly.

3.2 Plant model identification
Let us consider the transfer function of the glgilaht model developed in the previous chapter:

. Gem
TFrose = SE‘B[ﬂl+ 7 Bl;) [Ql+ 7 Eﬁ) (3.1)

On the one hand, the mould sectiBnand the sensor time constamtare known. The first one depends on the
desired product geometry and is set by the operdtee second value however is a product specifinatiata
provided by the manufacturer.

On the other hand, the gai@,, the delayr, and the actuator time constant are unknown and should be
identified before designing controllers. This sewtipresents all needed steps to do this. Firststag by
collecting data delivered by the available sensarsording to an experimental protocol. Based orsehe
measurements, the identification algorithm is tapplied to determine the unknown values.

3.2.1 Data acquisition protocol

3.2.1.1 Identification scheme

In this subsection, we suggest an identificatiorthme able to extract a mathematical model of theeador and
the nozzle dynamics from measurements of inputsatpluts of the mould level control loop.

First of all, it is worthwhile to mention that tidentification trials may be conducted in open laolosed loop.
We know, however, that the stopper position is neat manually in real plants and the level conloob is
consequently always turned on. For this reasonshedl focus only on the second setup becausetiteionly
configuration which can actually be deployed inl gants.

The mould level control loop is thus excited byomputer generating excitation signals which aresddd either
stopper position setpoint or level setpoint (Fig.)3The dynamic responses measured by the dedisatesors,
are then recorded for processing at a later tir@g [7
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After turning on the level control loop, it is nesary to wait until the stationary regime is essdiagld i.e. the
level fluctuations are damped enough. Of courseintreduction of the excitation signal will caudeetfree
surface to move periodically what cannot be easiigomplished during casting operations. Such vanstwill
degrade indeed the quality of the cast product évms process is not supposed to generate lboetuations
but only to disturb the liquid level average.

To reduce the costs of the identification trialse @hould limit their number and duration.

QUU[
N* P’ 1 P 7,3 Qn 1 N 1
— n —
controller —>@T —> 1. E Ge sk 1+7, 5

excitation

N’ P 1 P e | 1N 1
Py — > n =
controller A Ge SE 1+7, (5

excitation

Fig. 3.1. General structure of offline identificaton scheme

Without loss of generality, the excitation is asedno be applied, from now on, on the stopper jpwsgetpoint.
Several kinds of system excitations may be usestep movement of the stopper, a harmonic excitatioa
Pseudo-Random Binary Sequence (PRBS).

For the step excitation, the stopper position $etps suddenly lifted to a lower or higher levamending on the
flow rate out of the mould. The controller is themgaged to keep the free surface at the targatisetpor the
harmonic excitation, a sinusoidal stopper movemegiiit constant amplitude and frequency is required.
Because it covers a broad frequency range, the FRIBEI will be preferred. In addition, the measueats data
base collected in this way can be handled by varidentification algorithms contrary to measuremethieved
by means of the two first methods which need speaifjorithms. As a consequence, they will be djarded
thereafter.

During each recording, the plant configuration #émel casting conditions should not change. As wdl ska in
the last section of this chapter, the identificatiesults depend on them. So, if they are modifiedy trials are
needed.

3.2.1.2 Pseudo-Random Binary Sequence (PRBS)

The PRBS signal is a sequence of several bits, @oiynused for identification problems as an appration of
a discrete white noise. The generation of such esemps is well known and is ensured through the drine
Feedback Shift Registers (LFSR) as described ihdi8 illustrated in Fig. 2.5.

—> Bl Bg Bg B4 B5 Bs B7 >

:

()
Fig. 3.2. Generation of a sequence of 127 bits

PRBS generator consists of multiple binary elem8nso-called stages connected in series and one rar logic

gates to compute the ‘exclusive OR’ of the outmiftat least two register stages. It is importanhdtice that at
least one stage of the PRBS generator should havatel value different from 0. In practice, aflitial values

are set to 1.

Table 3.1 lists the selected bits for the exclusirggunction operation, associated to each sequengéh.
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Table 3.1. Pseudo-Random Binary Sequence generator

NumbeNr of stages) Sequence lengtf] gy o gition
PRBS 27PReS —]
2 3 B:® B
3 7 B:® B
4 15 B;® B,
5 31 B:® B
6 63 Bs® B
7 127 B.® B
8 255 B, B, B, B;
9 511 Bs® By
10 1023 B, ® By

The excitation signal is then generated from th8 ®Requence according to Fig. 3.3.

fPRBS

!

Zero-order |Y(t) ' Mould level
1> Ages e hold control loop

/L\ 0> -Aorac
N

Fig. 3.3. Generation of the excitation signal

Encoding u, (k)

A 4

—» B, B, Bs

The spectral density of the excitation sigoalis given by:

rue(f) - A:Z;RBS S(f)+ AgRBS(’\iPRBS‘i'l) Z[Sin(i DZ/NPRBS)\J o(f _%) (3.2)

PRBS PRBS i#0 I DT/ NPRBS PRBS

e O(): Dirac impulse,

*  Nggss: Number of stages,

A Amplitude ofu,,

* foresr Sampling frequency of the zero-order hold blat&ssically tuned according to both time response
of the control loop and operating point.

Small values ofA,..; should be chosen to minimize disruptions to cgsprocess. However, they must be
sufficiently greater than the instrumentation noise
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3.2.2 Offline algorithms

A significant number of identification algorithmsave been reported in the literature for both discrand
continuous systems [37] [38] [39] [72] [74]. Of #tlese methods, we shall present two identificadilgorithms
in this paragraph. We recommend using the leastregumethod to identify the actuator transfer fiomcand the
iterative prediction error minimization method wentify the gain and the delay. For both methoady the
measurements of the level, the stopper positiortlaélow rate out of the mould are used by thewtlgm. After
eliminating the instrumentation biases and scat®ofa, the parameters to be identified have tohasen so that
the predictions generated by the model are in ggpdement with the experimental measurements.

We stress that neither the controller nor the axioit signal is explicitly involved and that is atyy another
major advantage of our identification approach.

3.2.2.1 Least squares

3.2.2.1.1 Principle

For the sake of simplicity, we consider a quiteibasocess completely unknown. We denote the iyyuti(t)
and the output by t( s shown in Fig. 3.4.

u(t) Process y()

Fig. 3.4. Process to identify
Assume that this process is represented by:
AG™) y(k) =g B(q)u(k) + (k)
Ag?)=1+aq’+-+a.q™ (3.3)
B(a™)=hg™ +-+b g™

whereq™ is the backward shift operator andis a white noise. This can be rewritten as:
Ny N
y(k) == ay(k=i)+ > hu(k —r =i) + ax(k) (3.4)
i=1 i=1

Some notation will be as follows. Le¢t contain all the unknown coefficients of the pracasnsfer function and
¢(t) regroup many past samples of the input and thpubwip to timek—1. Their numbers depend on the
degrees of the two polynomial&(z™") and B(z™) . Given these notations, we can write:

y(k) = 8" gk =1) + a(K)
{w:(al - a, b - b)) (3.5)
gk-D=(-yk-1 - -yk-n) uk-r=1 - uk-r-n))

Let us further suppose thatsamples are available. The unknown ve@tois then determined by minimizing the
following global error criterion:

Jsm=1> (k)

£(k) = y(k) = ¥(k) (predictian error)
Y(k)=¢'@k-1) (predictedoutput)

¢ = arg¢minJLS(n) (3.6)
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¢’ is also the solution of the following equation:

A - g{i(y(k) ~§ otk —1))}¢(k -9=0 @37
¢ nlig
Then, it is easy to show that:

¢" Lk -Dpk -1) =gk - )¢ (k-1 (¢ (3.8)

Substituting (3.8) into (3.7) yields:
[i_co(k -3¢ (k —1)} ¥ = k=D y(K) (3.9)

On the other hand, one can readily see that thexm@y is non-singular because its columns are independen
As a result, an estimate ¢f may be obtained by:

¢ =[i¢(k—1)¢f(k —1)} Y Ak =Dy (310)

3.2.2.1.2 Application
The least squares method can be directly applieideotify the actuator transfer function using thasition
setpoint as the input and the measured positidheasutput based on the following finite differeremguation:

_Ts

P(n) =a, (P(n-1)+ (L-a) [P’ (n-1) with: a=e”™ (3.11)

wherer, is the actuator time constant aidis the sampling time.

As for the nozzle transfer function, attempts tplgphe least squares algorithm considering the flate into the
mould as an output and the stopper position as@ut were not successful in particular becausesstienate of
the flow rate from the level measurement, accortiingguation (3.12), was cumbersome.

() =Q, (1) ~Quul®) (3.12)

In fact, we had to find the derivative of the lewaid this operation is extremely sensitive to noiEke
differentiation is not consistent indeed when thisnmeasurement noise.
To overcome this difficulty, two solutions may beite effective:

» Use of the autocorrelation of the position as tigut and the cross-correlation between the poséiuh
the flow into the mould as the output.

* Instead of calculating the derivative of the lewek propose to integrate equation (3.12) in order t
calculate the integral of the flow rate into theuttb | Q, (t)dt according to equation (3.13). Then, the
least squares method may be applied consideriagritgigral as the output and the integral of thetjpm
as the input.

[ Q. (hdt= SN + [ Q, (te (3.13)

Nevertheless, we shall use the least squares methipdo identify the actuator dynamics.
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3.2.2.2 Structured state space formalism

3.2.2.2.1 Principle

This approach is based on Prediction Error Mett{B&dM) applied on a structured state space reprasem{75].

It uses the same algorithm as other parameter astimmethods but differs in the computation ofdicgon
errors and gradients.

Let the input and output of the system be denabed, again, byu(t) and y € ) respectively. They have been
sampled at discrete time points agk (s)assumed to be generated according to:

y(k) =G(q™)u(k) + H (g™ axk) (3.14)

The PEM method uses optimization to minimize tHeWwing cost function where k( jepresents the difference
between the measured outppk @nd the predicted outp@(gq™)u(k):

T =Y £(K)

&(k) = H™(z") Ly(k) - G(z")u(k))

with n the number of data samples.

The optimization is carried out using the dampedg$SaNewton method.

As with any identification algorithm, we should nal@scribe the plant dynamics. In the sequel, itwillfully be
expressed by means of a structured continuousdiate space equation. With that choice, we neéartoulate,
once more, an approximation of the time-delay oteoto develop a linear model.

(3.15)

3.2.2.2.2 Time-delay approximations

Time-delay systems are present in a wide rangeadfsirial processes [72]. Communication systememital
processing, heavy machinery, aircraft and tranatiort systems are typical examples that exhibietdalays. In
such dead-time systems, the control input takesrtaio time before it affects the measured outgvtseover,
the time-delay is a source of instability which ndgrade drastically the performances of contretesys [77].
In the continuous casting process, the delay intced in the plant model is a function of time whiws been a
source of difficulty to many control engineers, thik more so because its cause is not well knoweneitheless,
most of them believe that it is related to thedlfiow through the nozzle before entering the moattipled with
the argon injection.

Because the plant model is not linear in the tirakexyl parameter, we shall use a rational approxenat derive
a linear model. A number of such approximationspaoposed in literature [8].

Using the Taylor series expansion of the exponkfutietion, the Laplace transfore ™ can be written as:

o K 2 (er\3 4
e—rns =Z( STn) =1-sr + (STn) + ( srn) + (STn) +... (316)
2 "o 3 a

Therefore, many equivalent frequency domain tranffactions may be formulated. A first simple apgeb
consists of regarding ™ as ]/e’"S and then using equation (3.16). This leads tditeeorder and second order
functions defined in Table 3.2.

Initially proposed by Padé, another approximat®iikewise widely used and provides a better fitntla Taylor

series [40]:
T r.\
1_7ns+7n S—
L3

e = >
1+iS+ i S+-...
2 2

(3.17)
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Yet, another approximation based on the followiagulerre Formula is ubiquitous in literature [41]:

(3.18)

Jk

R
2k
1+ Lo g
2k
Table 3.2 shows some of the rational approximatmnssidered in this section to calculate a lindantpmodel

for identification purposes.

|

wherek is a positive number so-called the order.

(7,9)

Ly

Table 3.2. Time-delay rational approximations

Transfer function

Model

1+7.s

First order

Padé first order

Second order

Laguerre second order

By examining the bode diagrams of these rationpt@pimations in case of a time-delay equal to ig.(8.5), it

can be seen that the Laguerre function has thestidszquency response to the time-delay Laplaaestorm

response. Similar conclusions were reached forr athleies of the delay.

T TTTTT

T TTTIT I

Magnitude (dB)

[ |
- First order

10

A135-- - -

10

10

10

Frequency (rad/s)
Fig. 3.5. Bode diagrams of rational approximationsn case ofr;,

=1s
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3.2.2.2.3 State space representation of the plant model

Using a rational approximation of the time-delaye wan derive the following continuous-time statecsp
representations wheng are state variables without any physical meamti@duced to model the approximation
andyv is the casting speed:

N A

T, )
L TS N (o 1/SJ[NJ [—Gn/S _1J[PJ
o = Y= + (3.20)
1+L X1 O _Z/Tn Xl 4Gn/rn O v
2
1 N} (0 1S 0 N o -1,
e = 5 Ll
rrstlng % |= 0 02 1 | x|+ O 2 0 (VJ (3.21)
2 %) \0 -2/t -2t \x,) \2G,/r; 0

[EnY
|
5
(%]
=
o

-1/S 0 YN G,/S -1

T
e = ;1 X |=|0 -8/r, -16/r,| x |+|16G,/r, O L j (3.22)
n . v
1+ 7 %] |0 yr, 0 Jx 0 0

For each representation, the two parametgfsand 7, appear both in state matrix and input matrix. The
identification algorithm should take into accoum trelations between the coefficients of theserivatrices. For
example, it is made possible through the systemtiiigation toolbox of Matlab software by using @fBox
models instead of Black-Box models.

3.2.2.3 Concluding remarks

In this section, two offline identification algdnihs have been presented. The first one is basetieoteast
squares method and will be utilized in the seqoiédi¢ntify the dynamics of the actuator of the wat@del. The
other one is based on the iterative predictionreggtimation method applied to a linear structustate space
formalism. The delay term will be thus approximat®da first order Laguerre function in order to el®p a

linear model of the process. The outcome of thi®id algorithm is to be used in synthesizing theeokers as
well as to establish a correlation between theatiaris of the plant model parameters and the watedel

configuration.
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3.3 Disturbances estimation

During casting operations, it is important to monithe different parts of the caster machine ireortd
detect, when it is possible, the disturbances whirehdetrimental to product quality. In this secfitwo of them
are examined. The first one is the clogging/unaloggvhose effect on the level control loop has bewudeled
by an additional exogenous sigrdi),, in chapter 2. The second one is the bulging lachemeath the mould. As
discussed in the precedent chapter, its effecthenflow out of the mould may be modeled by an ikl
exogenous signa,,,. to the theoretical rate imposed by the castingdp&his section explains how to estimate
d,, andd, .. from the available measurements.

clog bulge

3.3.1 Clogging/unclogging

In this subsection, it is assumed that the onlytudimnce acting on the level control loop is the
clogging/unclogging phenomenon.

3.3.1.1 Principle

All details about clogging/unclogging disturbanes de found in chapter 2. The important point tallehere is
its effect on the flow into the mould. In the cadea clean nozzle, the flow rate is determined etiog to the
curve plotted in Fig. 3.6. When the clogs appesidimthe nozzle, the actual rate is then reduceda fesult, this
curve is shifted down by an unknown function oféiso-calledd,,, (t) -

Inflow > Clogging
4 » Sudden uncloggir

clean noz
A
G Clogged nozzle
n

d

cl

Q

P Stopper positTon
Fig. 3.6. Effect of the clogging/unclogging cyclen the inflow

Therefore, the online estimation df,,(t) can help d monitor the clogging/unclogging evolution. Foritely,
this can be achieved using Kalman or Luenbergeerobss [72] [79]. Other recent estimation schemes a
reported in the literature. Representative refezsrare [9] [10]. Since they rely on the same bpsitciple as
Luenberger observer, all the estimators developélis chapter will be based on this technique.

The plant model with thel (t) signal is shown in Fig. 2.26.

clog

Qinmax 1 N —l N

—
S 1+7, B

d

clog

Fig. 3.7. Plant model with clogging effect

The flow rate out of the mould, as well as the lgieegenerally kept constant
behavior as the stopper position (i.e. in the fofmamps).

Without loss of generality, the level sensor dyreaias been overlooked in the following calculatideocording
to the previous figure, it comes:

SN(t) =G, P(t=7,) = dyo, (1) - ST(t)
H/_/
Qn Quut (3.23)
with d, =0

clog —

(t) will have thus the same

clog
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To derive a linear model from this figure, the tidwlay was approximated by a first order Padé fanct

1-5s
e s—2 (3.24)
T
1+ 10
2

Therefore, the linearized continuous-time statesgmuation for the system can be written as:

{Xclog = A\: Xclog + BCU

Y=N=C_ X,
x;:rlog = (N dclog C]clog qp) qp(t) = Gn P(t - Tn) + G” P(t) u T= (P V)
(3.25)
0 -YsS 0 s -G, /S -1 1
0 0 1 0 0
A= B=| o o cl =
0 0 0 0 0 0 0
O 0 0 -27r, 4G [T, 0 0

The flow rate g, (t) has been introduced to include the Padé approximdtia it does not have any physical
meaning.

Since the stopper position is measured, it is noesgary to include the actuator dynamics in thetsou above.

It will require indeed an additional state variaklghout providing any further information. It isoteworthy to
mention that this approach can be implementedithuarious plants whatever the actuator could be.

To check the observability of the system, one shoalculate the observability matri3, :

C. 1 0 0 0
C 0 -1/S 0 S
o, =" DDE = / Y (3.26)
C.N| |0 0 -Ys -2/(sm,)
c.¥) \o 0 0 4/(S@)
O, has full rank 4 and the system is thereby comlyleteservable.
The Luenberger observer is thus given by the faligveontinuous-time equation [79]:
X o = (A ~ K [C,)X 0, + B,U + K, N (3.27)

where K, is the observer gain chosen so that the eigenvalud, — K_[C, are strictly negative and to achieve a
desired dynamics. This choice is made possibleusecthe system is completely observable.

The clogging observer delivers thus an estimatiowl g, (t) from the three available measurements: the mould
level, the stopper position and the casting speed.

Mould leve
Stopper position
Casting speed

Clogging A
observer

clog

Fig. 3.8. Inputs and outputs of clogging observer

The equation (3.27) should be converted from cowotiis to discrete-time model to be implemented in an
industrial PLC. For example, one can use zero-ordier ¢n the inputs and a sampling time of 0.01s.
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3.3.1.2 Simulation results

In the mould level control simulator developed gsihe typical values of Table 2.1, the flow inte ttmould has
been disturbed by a succession of ramps in orderoituce the clogging/unclogging cycle.

The level is maintained at -100mm from the top e mould by means of a PID controller whose transfe
function is the following:

1 Ts
TFPID(S) = KPID 1+T_+ g|-

S 1+-4g

(3.28)

The parameters of this transfer function are givemable 2.1. Such PID controller is currently iseuin a real
plant.
Table 3.3. PID parameters

Parameter Value
Kep 038
T %
T, 0>
B 10

The eigenvalues of the clogging observer have hewd t0-0.6,-0.63,—-0.57 and-0.65.
Results are illustrated in Fig. 3.9. In the lefatiaside, the inputs of the observer, which arentbeld level and
the stopper position, are represented. In the-tighd side, four signals are plotted:

* The disruptive signati,,(t) and its estimationﬂclog(t) (observer output),

» The maximal flow rate into the mould determinedrirthe stopper position,
+ The actual flow rate calculated by deductithg, (t) from the maximal rate.

0 ' ; ; 1 1 ; ; ' ' 6 » \ \ \ I w
Level (mm) | | | | | | Stopper position (mm) (59 | | | | derog®
| | | | | | | | | | | | | m—— dmog(t) estimation
A R N S T N S R 2° | R : [ Qusx®
| | | | | | I I I | Qir®
| | | | | | | | | 4
| | L L L L B --=--- T T T T T T T T T T | T LT [ 1
| | | | | | | | | | |
B e O B 7 |
| | | | | | | | | (
| | | | | | | | | ¥
| | | | | | | | !
| | k | k | | | | |
100 I ! | L L L 1
| | | | | | | | | !
| | | | | | | | | !
| | | | | | | | |
| | | | | | | | | +
Ll L1 _L___L______1p ! |
| | | | | | | | | ! !
| | | | | | | | | | !
| | | | | | | | | T I
| | | | | | | | | ! !
| | | | | | | | | ! !
| | | | | | | | | ! !
| | | | | | | | | | | I | |
| | | | | | | | | | | | | )
| | | | | | | | Time (s) I I I | | Time (s)
200 L L L | | L L L L 0 15 I | I I I
0 10C 20C 30C 40¢ 50C 60C 70C 80C 90C 100¢ 0 100 200 300 400 500 600

Fig. 3.9. Simulation results showing inputs and dputs of clogging observer compared to flow rate ito the mould

The clogging observer performs well because itaepces accurately the behavior of the disruptigmai
dy, (1) . It is also able to detect the unclogging instaRtgthermore, by comparin@, (t) and Q. (t), it can
be seen clearly how the clogging restricts the fibmugh the nozzle.

Similarly, other simulations have been done foreotplant parameters and disruptive signals with dhme
positive results.

Therefore, the clogging observer affords the opesawith needed signals to monitor the cloggingekand the
amount of clogs leaving nozzle walls at uncloggimjants.
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3.3.2 Bulging

In this subsection, the mould level is assumedetaffected only by the bulging.

3.3.2.1 Principle

In chapter 2, the bulging effect on the mould les@htrol loop has been modeled by an additionaberous
signal d,,. to the theoretical rate of the flow out of the ab(Fig. 3.10). Based on the same methodology @s fo
the clogging estimation, this sinusoidal functidrime will be estimated using a Luenberger observe

P, 1

- - 1 v 1
1+7, 18

- —>
SE 1+7. 3

Fig. 3.10. Plant model with bulging effect
Neglecting the level sensor dynamics, the govermiggation of the mould level is given by the follog
differential equation:
SN =G, P(t-7,) = (S +dy,(1)
NI I/

Qin Qout
. dbulge = dbulgel + dbulgez e (329)
with < ..
bulgei = _afulgei |]jbulgei

Once more, the time-delay was approximated bysa dirder Padé function (3.24) to calculate a limaadel. As
a conseqguence, the continuous-time state spacé@yta the system with bulging effect is:

{Xbulge = & Xbulge-i- Bb U

Y = N = Cb xbulge
t-)rulge: (N dbulgel dbulgel dbulgé dbulgeZ qp) qp(t) = Gn P(t - Tn) + G” P(t) U ! = (P V)
0O -¥Yys 0 -¥Ys o0 1s -G,/S -1 1 (3.30)
0 0 1 0 0 0 0 0 0
&zo -~ Wy O 0 0 O B = 0 0 CT=o
o 0 o0 o0 1 o© 0 0 |0
0 0 0 -afye O 0 0 0 0
0 0 0 0 0 -2/, 4G,/r, O 0
Recall that the actuator dynamics has not beenidemnesl in this representation for the same readistexd
previously.

Only two bulging frequencies have been introdudkthe level spectrum analysis reveals other fregies, this
structure remains valid. All the designer has tosdo add two additional state variables per fesopy.
The observability matribQ, is classically calculated as follows:

C, 1 0 0 0 0 0
C,A | |O -1/s 0 -1S 0 1S
_|em|_|o 0 -'s 0 -ys  -2/(sm,)
Ob B Cb W B O ('q)zulgel/s 0 ('q)zulgez/s 0 4/(S|j'§) (331)
Cb W O O aﬁulgel/s O a‘ﬁulgeZ/S _8/(Sm-n3)
Cb W 0 - a'gulgel/s 0 - a);ulgez/s 0 16/(S|j-:)
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Q, has full rank 6 because the two frequencigsand «, are different, and so the system is completely
observable.

The Luenberger observer is designed consideringttiygper positionP and the casting speed as inputs, and
the mould levelN as output according to the following continuousdiequation:

Xpuige = (A = Ky (€)X e + By U + K, N (3.32)

bulge

where K, is the observer gain chosen so that the eigenvaitié, — K, [C, are strictly negative. It is adjusted
afterwards to achieve an appropriate dynamics kmgwhiat its stability decreases with increasingaagits.

The equation (3.32) should be converted from comtits to discrete-time model to be implemented in an
industrial PLC. For example, one can use zero-dndkt on the inputs and a sampling time of 0.01s.

The estimations ofd,,,(t) and d,,,.(t) are thus provided by the bulging observer from ttiree available
measurements: the mould level, the stopper posinaithe casting speed.

Mould leve
Stopper position
Casting speed

Bulging
observer

bulgel

O, Oy

bulge2

Fig. 3.11. Inputs and outputs of bulging observer

Finally, an estimation of the global bulging effett, .(t) is expressed as the sumcigf,,ga(t) and abulgez(t) :

3.3.2.2 Simulation results

Based on the same previous simulator with the sRBifecontroller, the disruptive signal,,(t) has been
removed and the flow out of the mould has beemudisd by a sum of two sine waveg,.,(t) andd,,,(t) as
shown in Table 3.4.

Table 3.4. Sine waves parameters

Peak to peak value [ [3")

Sine wave - Frequency kiz) First case Second case Third case
dbulgal(t) 0.1 4 0 4
Ooiges (1) 0.03 0 10 10

The eigenvalues of the bulging observer have beeedt to-0.6, —0.57, —0.54, —0.48, —0.45 and-0.66.
Simulation results are graphed in Fig. 3.12, Fi$33and Fig. 3.14 where the six following signais plotted for
each case:

The mould level and the stopper position (obseirvauts),
Oypuga () @ndd,,,(t) estimations (observer outputs),

-40

The disruptive signatl

bulge

(t) and its estimatiord,(t) .

5C

6

Level (mm)
|

-60

-160

Time (s)
L L L r ! ! I

dbmgel(t) esti\‘mation
dbu\gez(t) esti:mation
dbu\ge(t) estimation
e

Time (s)
I

|

|

|

|

1
58C

20 6
64C 66C 68C 70C 50C 51C 52C
Fig. 3.12. Bulging observer results in the firstase
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-40 T
Level (mm)

T T .
: ———— dbulg o0 estl:manon
.......... dbulgez(l) isnimgtlgni B

----- dbulge(t) estimation

— dpuge®

Time (s)

| | |
| | |

| | | |

| | | |

160 I I I 0 10 I I I I I
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Fig. 3.13. Bulging observer results in the secorzhse

In the first and second case, the flow rate ouhefmould is disturbed by a unique sine wave. Gletre bulging
observer is able to detect the disruptive frequeitythe third case (Fig. 3.14), the two disruptiuequencies
with the correct amplitudes are detected separaelgxpected. Furthermord, .. (t) is confounded with its
estimation calculated as the sumdyf,, (t) andd,,,(t).

These results, with some others not presented tienepnstrate the ability of the bulging observeevaluate the
bulging effect on the flow rate out of the mould.

Therefore, the operators may take advantage okstismation scheme to pinpoint the sites betwebs wierein
the bulging of the solidified shell takes place.
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Fig. 3.14. Bulging observer results in the third ase
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Chapter 3: Estimation and rejection of disturbances

3.3.3 Global estimation

The previous clogging and bulging observers wemggted separately to estimate the clogging andtilging
respectively when only one disturbance takes pthoeng casting. However, when the two disturbarmesur
simultaneously, the two observers should be meigeda single global one whose objective is toneste
dye(t) andd,, () individually.

bulge

3.3.3.1 Principle

As shown in Fig. 3.15, botH,,(t) andd,,.(t) are now taken into account in the plant model.
. 1 1
P P -7, N N,
S E— Ge'™r
1+7,[5 " 1+7.[$

Fig. 3.15. Plant model with both clogging and buigg effects

Neglecting the level sensor dynamics, the new éguaf level variation is given by:

dclog = 0
SN = Gn P(t - Z-n) - dclog (t) - (S DV + dbulge(t)) Wlth CIbulge = dbulgel + dbulgeZ +-- (333)
an Qout d = - m

bulgei ulgei bulgei

The overall continuous-time state-space repregentancluding both clogging and bulging effectecbmes:

{X =A, X+B,U

Y=N=C, X
X' = (N dclog dclog dbulga dbulga dbulgeQ dbulgcg qp) q, (t)=G,P(t-r,)+G,P(t) u'= (P V)
0 -YS 0 -¥YS 0 -1YS 0 IS -G,/S -1 1
0 0 1 0 0 0 0 0 0 0 0
o 0o 0 0 0 0 0 O 0o 0 o| (334
0 0 0 0 1 0 0 0 0 0 ;|0
%0 0 0-af. 0 0 0 O %= o o =l g
0 0 0 0 0 0 1 0 0 0 0
0O 0 0 0 0 -dy 0 0 0 o0 0
o 0 0 0O 0 0 0 -2r, 4G /T, 0 0
In this case, we obtain the observability matrix:
1 0 0 0 0 0 0 0
0 -1/S 0 -1/S 0 -1/S 0 1S
0 0 -1/S 0 -1/S 0 -1S  -2/(SMt,)
o.=|° 0 0 @fafS 0 /S S S
“ 0 0 0 0 Wuga/S 0 WGuge/S  —8/(SIE7) '
0 0 0 - a)gulgﬂ/s 0 - a'fulgez/s 0 16/(8 lj:)
0 0 0 0 _msulga/s 0 _m:ulgez/s _3W(S|}:)
0 0 0 a'fulga/s 0 afulgez/s 0 64/(8 lj—:)

100



Chapter 3: Estimation and rejection of disturbances

O, has full rank 8, and so the system is completbBeovable. Based on equation (3.34), the globahberger
observer, depicted in Fig. 3.16, is given by tH®Wing continuous-time equation:

)2 = (A\':b - ch []:cb)x + Bcb U + ch N (336)

where K, is the observer gain.

MOUId le.v.e GIObaI | dclog
Stopper position b "
Casting speed R | dbulge

Fig. 3.16. Inputs and outputs of global observer

3.3.3.2 Simulation results

Among the numerous simulations done, two repretigeataesults of global observer are presented ia th
paragraph. In the first case, the flow out of theuld has been disturbed by the sum of the two pusvsine
waves whose properties were given in Table 3.4addition to this disturbanced_ (t) was reintroduced to
model the clogging/unclogging cycle.

The eigenvalues of the global observer have beeedtto-0.6, -0.63,-0.51,-0.57,-0.54,-0.48,-0.45 and
-0.66.

Simulation results, plotted in Fig. 3.17, indicateat both d . (t) and d,,.(t) are confounded with their
estimations. The global observer is thus capablearditoring each disturbance without any interfeseeffect
between them.

clog

T

d CIug(t) estimation

T T 6C
Level (mm) Stopper position (mm)

1
90C 100¢

T
puige®) cénfounded

aith its estimation

IS

N

-8
50C
Fig. 3.17. Global observer results in the first cse
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-40

has been removed arttj,,(t) was introduced only between 0 and 250s and betd@@rand 750s. Once more,

the global observer yields good estimations ofuflisve frequencies, bulging effect intensity, uggmg instants

and progress of clogging severity (Fig. 3.18).

In the second case, a new sigagl, (t) was generated to simulate another clogging/unahgggycle. d, g (t)

-120

-140

Fig. 3.18. Global observer results in the seconadse



Chapter 3: Estimation and rejection of disturbances

3.3.3.3 Experimental validation

The previous global observer is now applied on grpmntal data collected during a casting seque#dce.
spectrum analysis of the level has identified thbedging frequencies 0.084, 0.095 and 0.082Hz rerxe
decreasing intensity (Fig. 3.19).

The plant model is then described by the contindmos state-space representation:

{X =A,X+B,U

Y=N=C,X
X' :(N dclog dclog dbulgel dbulgel dbu|ge2 dbulgez dbu|ge3 dbulgéS qp) u'= (P V)

0 -YS 0 -¥YS 0 -YS 0 -YS 0 ¥S ~G,/s -1 1

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

0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 0 0 0 0 0 0 0 0 (3.37)
a0 0 0 -al, 0 0 0 0 0 0 6o 0 0O o |0

0 0 0 0 0 0 1 0 0 0 0 0 ¢ 0

0o 0 0 0 0 -afp, O 0 0 O 0o 0 0

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

0 0 0 0 0 0 0 -aie O O 0o o 0

o0 0 0 0 O 0 0 0 -2r 4G, /1. 0 0

This system is completely observable because gsrghbility matrix has full rank 10. The chosenegigalues
for the observer werel.5,-1.57,-1.27,-1.42,-1.35,-1.2,-1.12,-1.15,-1.6 and-1.05. _

In Fig. 3.19, we visualize the results of the glatiaserver applied on a first data recodd,(t) is compared to
the maximum flow rate into the moul@, .. (t) calculated from the stopper position. It appehas d,,,,(t) does
not possess ramp components and this means tiedgmng phenomenon is detected in this record.

In reference to the same figura,,.(t) is compared to the flow rate out of the mould eited from the casting
speed and the mould sectiad,,,(t) should be added td,,.(t) to determine the actual bulging effect. From a
control point of view, it is not critical to havhe d,..(t) average included il (t) . For instance, the control
structure, developed in the next section, usesstim of the two estimations to compensate the bglgimd
clogging effects.

In summary, we conclude that this casting sequbaséeen disturbed only by the bulging.
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Fig. 3.19. Results of global observer applied onfast data record

The same global observer is now applied on a sedatairecord coming from a real plant (Fig. 3.20), (t)
clearly indicates multiple clogging/unclogging o] i.e. ramp variations during the clogging fokaiby sudden
drops at the unclogging instants. The actual flate into the mould, (t) is then calculated from the difference
of Quuax(t) andd,,(t). Itis three times smaller than the maximum rdtioed in the absence of clogging. On
the other hand, it seems th@,.«(t) is ten times greater thad,, . (t) whose effect on the actual flow can
thereby be neglected. In short, it may reasonaelinferred that this second casting sequence haaimgrnot
been disturbed by the bulging phenomenon.
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Fig. 3.20. Results of global observer applied onsecond data record
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Chapter 3: Estimation and rejection of disturbances

As stated before, this experimental validation dest@tes, once again, that the global observdilésta provide
valuable insights about the disturbances affedtiegneniscus region.

3.4 Bulging rejection

The vast majority of control techniques implementeéeep mould level fluctuations to a minimum, éav
only a single controller which calculates the cohsignal from the difference between the averagelland the
target setpoint. Chapter 4 will be devoted to sstcategies which are used currently on many phaitts varying
degrees of success.
The aim of this section is to develop ways of réferdisturbances effect with a view to enhancing tmould
level stability. The disturbance, used as an exanmplhis section, is the bulging.
Knowing that controllers currently in use at besh control only the average level, bulging rejectshould be
addressed, in our view, through a complementaryubeotb the main control loop with the help of bulgi
estimation technigues. Moreover, our proposed madit tool, fully presented hereinafter, can beilgas
integrated in the industrial casters since it dasequire any change or tuning of the existingticd scheme.

3.4.1 Bulging effect compensation principle

The idea behind the bulging compensation structdescribed in this paragraph, is to include botlgihg

estimation techniques and feed-forward actionshiem mould level control loop. It consists of threejon

components which are the global observer aforemesd, the prediction block and the actuator ineersas
illustrated in Fig. 3.21, wherel,, () is the_estimation of the bulging ?effe(rﬂbu,ge(t) the estimation of its
derivative, d,, . (t +7,) its prediction at +7,, d,,(t+7,) the prediction ofd,,(t) att+z, and finallyu,,,. is
the feed-forward signal. This should result in ategn which is capable to cancel the bulging eféecthe level
and to estimate its effect on the flow out of theukd.

Sundt*1) Dot «P
Q\C/t:r?ga «— Bledicticn «— oﬁls(:alﬁ(ler >
1) ) ‘_Nl
X ubulge
N +_ Controller Plant [

Fig. 3.21. Bulging effect compensation structure

The global observer has been presented with greletail in the previous section. Due to the preseoica
time-delay in the plant model, a prediction stepttad bulging estimation is needed because the fieegrd
signal calculated from the bulging estimation Wil most probably delayed through the nozzle bibaially, the
prediction of bulging estimation cannot be immegliatsent to the real process. An additional conimplt is
calculated because the only input available inréa process is the stopper position setpoint. Tisulation is
performed by inverting the actuator transfer fumetihat is made possible thanks to the observepestiction
blocks which estimate both the bulging effect aadierivative.

3.4.1.1 Prediction of the bulging effect estimation

The purpose of this step is to predict the bulgasgmation att+7, because the plant model incorporates a
time-delay and the feed-forward signa|,,. should be added to the main control signal whidh bve delayed
afterwards through the nozzle block. To do so,pfremliction block uses only the estimations delidely the
global Luenberger observer (Fig. 3.22).

t | Oyygelt + 7
bulge( ) Prediction Abulge( n)

bulge(t) dbulge(t + Tn)
Fig. 3.22. Inputs and outputs of prediction block

d
d
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In [11] and [12], a simple prediction method is poeed taking advantage of the periodicityc]gjge(t) . Since the
two periodsZIT/ Wy @Nd 277/ W, are greater than the time-delay, it is then easy to predict future values as
follows:

c’jbulgd (t + Z-n) = d\bulga(t + Tn - Zm%ulgd) d\bulgeﬁ (t + Tn) = c’jbulgez (t + Tn - 277/%u|g92)
. . . . . (3.38)
dbulge(t + Z-n) = dbulg(—zl(t + Tn) + dbulg<=2 (t + Z-n) = dbulga(t + Tn - Zm%ulga) + dbulg<=2 (t + Z-n - Zm%ulga)

From our point of view, this attempt may succeely dnthe amplitudes of the sine waves are constdnth is
not usually the case. For this reason, we propgoshe sequel, another approach based on the poedmf the
state vector.

First of all, equation (3.36) should be rewritten a

)A( =(A,— Ky m:cb))z + B U*®

3.39
B(?b = (Bcb ch) U = v ( )
N
Solving this linear differential equation, we olptai
X(t+7,) =My DR (1) + X,(t)
- o (3.40)
Mcb = gl AcmKetCen)Zn Xo(t) = J'e( et~ KetfCeb) (t+70=7) BcabU a(T)dT

t

M, may be calculated using for instance Matlab safwaCalculation of)zo(t) is however much more
complicated. Fortunately, it is frequent that remains constant over the integration intervalaAesult, one can
approximate the vectoX,(t) as:

t+75
Xo(t) = [ ¢ “Cb‘“m‘”"‘”drj BLU” (1) (3.41)
t
Finally, using the Taylor series expansion of theomential function, we can write:
A . 2 (A, ~ Ky [Cy) 1)
X (1) =| | @At 7 |IBEU 2 (1) = ((Atb e —“eb/ —n/ |R2J2(t .
0( ) [}[ TJ ch ( ) Tn EE; (| +1)| cbh ( ) (3 42)

This sum is calculated offline and truncated tonad order for practical reasons.
Thus, the prediction of the state vector may beegggrd using equation (3.40). In particular, thedjotion of the
bulging estimation and its derivative can likewlisederived as follows:

Oougelt +7,) =C3 X (t+7,) Gouge(t +7,) = C; DX (t+7,) (3.43)
c.=0 001010 0 c.=0 o 001010
d

3.4.1.2 Inversion of the actuator dynamics

The final step is to obtain the additional coningut u
mould level.

buge WhOse function is to cancel the bulging effecttiog

~

dbulge(t + Tn) Actuator ;
dbulge(t + Tn) nversion 1

Fig. 3.23. Inputs and outputs of actuator inversin block

ubulge(t)
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To do so, U,.(t) can be considered as the input of the actuatockplevhich generates the output
Ooelt +7,)/G, (Fig. 3.24).

~

dbulge(t + Tn)
G

n

Upyige(t) actuator

Fig. 3.24. Relationship betweeny, , (t) and d (t+7,)

bulge

According to chapter 2, the actuator dynamics sgesyatically modeled using a first or second ofdection. In
both casesy,,(t) may be computed only using,(t+7,) andd,,.(t+7,) with possiblyd,,.(t+7,) and
dyugeolt +7,) delivered by the prediction block, as:

ulge bulge

= 1 a u e(t + Tn) T, 5
Factuator - 147 [& ubulge(t) = blgG— +Eadbulge(t + Tn)
“ . . (3.44)
1 _ cIbulge(t + Tn) 1 1 Ta -
TFactuator - 1—7.2 ubl"ge(t) - Gn + GnGa dbulge('t + Z-n) + @ dbulge(t + Z-n)
1+ G s+ G—a S . A A
é é dbulge(t + Z-n) = _afulgeldbulgel(t + Tn) - afulgezdbulgez(t + Tn)

3.4.2 Simulation validation

This paragraph reports the efforts to assess ttierpgnces of the proposed control structure.

In the mould level control simulator, the levehmintained a-100mm by means of PID controller (Table 2.1).
The flow out of the mould has been disturbed by dbm of two sine waves whose parameters are given i
Table 3.4. Because our purpose is to test the flggjection only, it is not necessary to take otfteenomena
into account. Another point to be tested was th#uence of the prediction step on the compensation
performances. In this respect, the compensatiarttsiie is activated at the instant 150s withoutuitiog the
prediction block. At the instant 250s, this resioic is lifted and so the entire structure is ngremting.

Fig. 4.4 shows the results of this analysis. Iipalar, it can be seen the following:

* Thanks to the whole compensation structure, theldniewel variations have been significantly reduced
from £15mm to less than £1mm.

» The global observer performs quite well after asiant phase.

» If the prediction block is not active, this degradbe performances. Therefore, it is an indispdasab
component of the compensator.

* The time-shift between the bulging estimation asdprediction is equal to the time-delay of thenpla
model. This means that the prediction block prowitteus the required signal to the actuator invarsio
block in order to calculate the feed-forward action

Other aspect to be checked is that the input veldtdrof equation (3.39) should remain constant over the
integration interval.
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Fig. 3.25. Relevant signals of the bulging compeaitton structure during a simulation test
In summary, this compensation structure combinindging effect estimation and feed-forward actiores h

proved to be effective for reducing unsteady buygffect on the mould level. An experimental vaiida will be

conducted in the next section confirming the saigk performances.
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3.5 Experiments

Even though the properties of water differ from soof the steel, the water model is a valuable
experimental tool often used to understand the flegimes inside the mould, as well as to test mestruments
or equipment designs. In the framework of this ithethe water model has been used to validate tiging
compensation structure described above and tondigkerthe ranges of values reached by two key pdaeamn
all possible configurations. As we shall see lathis second outcome is crucial for the mould lesehtrol
problem.

3.5.1 Water model description

The schematic diagram of the 1:2 scaled water maskdl hereinafter for testing purposes is showfign3.26.
It includes a tundish, a transparent nozzle, asprarent mould made of Plexiglas and a suction purhg.
dimensions are given in Table 1.1.

5 — stopper roi tundish
4 —
3 —
-
1— \J
nozzle
mould
water
|
[ : o
|
| ]
(]
! 1
: pump
ol |

Fig. 3.26. Water model

The water used in lieu of steel flows from the tishdnto the mould through the nozzle. The stopgpesition
permits to vary the inflow to the mould. In order ¢nable the testing of various mould dimensiohss t
experimental rig is equipped with a mobile walleabb move horizontally to adjust the desired mowidth. It
allows also the testing of different Submerged ¥EMozzles (SEN) that we place in a support rigfided to the
sliding tundish. To model the slag layer effecte should use silicone oil.
Water circulation is sustained by a pump whichw#ef water from the collector located at the bottofiihe
mould to the tundish. Thus, the flow rate out @& thould can be easily set from the pump speed.
To avoid water overflows in the mould, a pipe |lechat the top of the mould, is provided to draihtibé excess
of water. Finally, air can be injected at differeates through the SEN to mimic argons gas.

Table 3.5. Tundish and mould dimensions in the wat model

Dimension Tundish Mould
Width (mm) 1000 1000
Thickness (mm) 360 100
Height (mm) 990 2000

The stopper position is measured by a LVDT senBle. mould level can be measured either by an ohias
sensor or a pressure sensor submerged in the Whtefirst one is a contactless device which haadjnstable
response time with limitations in accuracy wherhssecond delivers a noisy signal and is abledaclr a high
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accuracy. The water model allows also the ultrasdevel sensor to move horizontally above the wétee
surface by means of a linear positioning unit.

Other measurements are available that includeittil®wa rate, the air pressure and the flow raté afithe mould.
In addition, this system allows the setting of puspeed as well as air flow rate and stopper positibhen the
mould level controller is turned off.

As mentioned earlier, the water model is also usedimulate different types of flow and many pheeom
encountered in real situations (Fig. 3.27). Theilanity with the real conditions will be addressiedthe next
paragraph.

Although it is not easy to model the clogging/umggimg cycle, its effect on the mould level or teelpaving the
nozzle could be simulated by acting on the nozakspfor instance (Fig. 3.27 (b)). As for the balgi it can be
simulated merely by varying the pump speed accgrtiiran appropriate sinusoidal wave as we shallageein

this section.
(a) - (b) ©

Fig. 3.27. Effect of nozzle geometry on the typé flow inside the mould
Fig. 3.28 shows the free surface interface at Ind/tsigh flow rates with or without oil. This confis that mould
level is more fluctuant at high rates and thestabilities can be captured by the water model, whkehe interest
of this experimental setup.

Without oil

With oil

Fig. 3.28. Free surface shape at two different florates
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3.5.2 Similarities with real situation

The water model should fulfill the Froude similgrivith respect to the real flow situation on thetea [80]. The
dimensionless Froude number is defined as:
Fr=r—" (3.45)
= .
(9S./2)
The similarity based on the conservation of theuBeo number is the most appropriate to represent the
hydrodynamics phenomena in the nozzle as well #simould. Additionally, this approach guarantaesmilar
viscosity, similar turbulence and similar free sied fluctuations.
Table 3.6 summarizes the rules of transpositioh wie real caster and the necessary formulas evrdiete the
configuration of the water model.

Table 3.6. Similarity rules between the water modeand the site

Parameter Site Water model
Thickness S| ™
Proportional factor for length s™/s
Mould width 3, (g™ /s)s,

Nozzle diameter D, (s™/s)m,
Proportional factor for casting 12
oo v (™ /s)
Liquid flow rate Qe (s™/s)* m,,
Temperature (°C) Toee =1550 Toaier =20

WM 52 Tsteel +173
Gas flow rate Qurgon (3 / 51) Qugon Toarer +273

3.5.3 Mould level control loop

The part of the water model, which is under corsitien during these real-time experiments, is thoailoh level

control loop. It was designed to have the samectstre as those encountered in real situationrisists of the
level sensor, the actuator, the controller, thel®mand the mould.

The dynamics of the level sensor has been overtbdRe the other hand, the dynamics of the actussrbeen
identified using the least squares method basestjoation (3.11). The actuator time constant wasdda be too
small and can fairly be neglected resulting inuke of a basic block diagram, as seen in Fig. 312@,should be
extended to include the disruptive phenomena.

In our experimental setup, we decided to chooséapef the mould as the level measurement origie level

increases consequently with increasing flow ratstfary to the plant models already presentedhieratections,
the level is calculated here from the differencéhef outflow and the inflow. A few sign changesthe matrices
of the plant model equation, are necessary towligalthis chosen level origin.

v

: P =p |
N> P 28 g L N

Fig. 3.29. Mould level control loop of the water radel
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Measurements of the mould level, the stopper mositihe flow rates of water and air are fed intooatrol
computer through the software environment dSPACKH). (B.30) which contains the following real-time
hardware:

4+ DS 1005 microprocessor,

+ DS 2003 card provides 32 analog input channels,

+ DS 2102 card provides 6 analog output channels.

Generated by three PI controllers, the setpointadggare then sent out to actuators in order tosadpe stopper
position, the pump speed and the air flow rate. GBRACE is wired to the PC via Ethernet connection.

PC — Position setpoint
|—»| Actuators |—> Speed setpoint

ControlDesk Isolation — Air flow rate setpoint

dSPACE &> )
interface amplifiers < Mould level

<+— Stopper position
— i <+— Water flow rate
< Air flow rate

Fig. 3.30. Connections between the control interé@ and the water model

A
A 4

As the water model provides voltage signals inrthmge of 10V or £5V for each of the physical qitieg, some
proportional gains should be used, in the Simusiobkeme, to convert these voltage signals into Hesipciated
values expressed in the appropriate units.

3.5.4 Water model identification

Using this setup, several experiments have begiedaiut to identify the gain and the delay of tent model as
a function of the flow rate out of the mould (Martthe air flow rate (vaj, the level sensor position (garthe
nozzle submergence depth (yaand the water level in the tundish @afFig. 3.31 and Fig. 3.32). For each
function, we vary only one parameter while keepheyrest at their default values.

i =1 stopper roi tundish
3 =] var I
2 ] 5
1 — \/ |
nozzle I
mobile wal mould l
1
nozzle sensor v A
Bk o
8 |
v

1

1

|

0 varg

Fig. 3.31. Mould level top view showing the levekensor position

Fig. 3.32. Default mould level in the tundish

3.5.4.1 Experimental conditions

All the experiments have been carried out usingreeeshaped nozzle. The utilized configuration & water
model, outlined in Table 3.7, has been determimefiilfill the Froude similarity with respect to threal flow
situation in the caster.
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Table 3.7. General configuration of the water mode

Parameter Value Real situation
Flow rate out of the mould var 3.55ntth?  1.08m min*
Air flow rate vap (NIt min™) 0
Level sensor position vamm) 91
Nozzle submergence depth y&nm) 68
Water level in the tundish (vr 3
Mould section (mm?) 724100
Tundish position (mm) 333

Level 3 in Table 3.7 corresponds to a half-fulldistn.

To collect data, we followed the procedure describbethe first section of this chapter. An exterR&BS signal

is added to the stopper position setpoint as showang. 3.33.

N+ Pl PP Gene 2 Slms

exciting signal

Fig. 3.33. Acquisition protocol for water model iéntification

v

The PRBS signal is classically tuned accordinght dperating point and the control loop response.tiThe
chosen tuning parameters of the PRBS signal andiskiecte PI controller are listed in Table 4.1.

Table 3.8. Pl and PRBS parameters

Parameter Value
k) Ke 0.3
o
‘g’ T, () 12
(&)
o Sampling time (s) 0.01
%) Register length 5
@ Amplitude (mm) 0.5
o Sampling frequency (Hz) 0.5

The following signals are recorded at sampling ey of 100Hz:
+ Timet,

Mould level N ,

Mould level setpointN”,

Stopper positiorP,

Stopper position setpoirf?,

PRBS signal,

Flow rate out of the moul®,,,
Casting speed setpoint,

Air flow rate Q,, ,
Air flow rate setpointQ,, .

FEEEE e

Each recording lasts about two minutes (i.e. twosegutive sequences) and is repeated at leasttthre® to
compare identification results. Data were collected different water and air flow rates. The wataodel
configuration as well as the casting conditionsuthmot be changed during recording because thdifbation

results depend on them.
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3.5.4.2 Results

3.5.4.2.1 The gain and the delay as a function of the flow ta out of the mould

In the real flow situation aforementioned, the iraptspeed lies between 0.9 and 1i4mn™. In order to
investigate the tendency of the gain and the dieldlgese conditions, the flow rate out of the masieuld vary
from 2.95 to 4.59f h™ in the water model according to Froude similarityis made possible by changing the
speed of the pump. Moreover, two high flow ratesudl 6miLh™) lying outside this variation interval have also
been considered. Meanwhile, the other parameteams set to their default values.
We stress that the record must be repeated mapyg tiosncompare the identification results. It shdaédcautioned
that experience has shown that the measurementseadgometimes to erroneous conclusions. Theagairthe
delay have been identified using the iterative jotéxh error estimation method applied to a streedustate space
formalism where the delay is approximated by d @irder Laguerre function.
The results are summarized in Table 3.9 and platt€édy. 3.34.

Table 3.9. The gain (U s*L mm™) and the delay (s) as a function of the flow rateut of the mould

?"“{1 Record 1 Record 2 Record 3 Average ?0“‘_1 Record 1 Record 2 Record 3 Average
(m°Lh™) (m°Lh™)
2.95 0.16 0.159 0.16 0.16 2.95 0.746 0.854 0.814 0.805
3.1 0.163 0.163 0.162 0.163 3.1 0.764 0.72 0.756 0.747
3.3 0.167 0.167 0.164 0.166 3.3 0.551 0.536 0.536 0.541
3.55 0.168 0.168 0.168 0.168 3.55 0.611 0.67 0.662 0.648
3.8 0.172 0.173 0.172 0.172 3.8 0.447 0.452 0.43 0.443
4 0.176 0.175 0.175 0.175 4 0.615 0.63 0.591 0.612
4.2 0.179 0.179 0.179 0.179 4.2 0.618 0.585 0.573 0.592
4.4 0.183 0.183 0.183 0.183 4.4 0.446 0.485 0.407 0.446
4.59 0.186 0.186 0.185 0.186 4.59 0.319 0.427 0.318 0.355
5 0.191 0.191 0.192 0.191 5 0.461 0.419 0.403 0.428
6 0.205 0.205 0.205 0.205 6 0.241 0.392 0.378 0.337

The two following graphs clearly show that both gaén and the delay vary depending on the flow. rEbe gain
varies from 0.16 to 0.2056" L mm™* and the delay from 0.805 to 0.337s. The highérésflow rate, the smaller is
the delay and the larger is the gain.

0.25
k3
g 0.2 S
- o <
‘n o (3 S
3 op o & °
= 0.151
s
(O]
0.1 T T T T
2.5 3 3.5 4 45 5 5.5 6 6.5
Qout (M*-h™)
1
%
0.8 <%
— X
L 0.6 X £ %
z X %
° X%
2 04 X o
X
0.2 B
0 T T T T
2.5 3 3.5 4 45 5 5.5 6 6.5
Qou (M-h)

Fig. 3.34. Effect of flow rate on gain and delay
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To understand this behavior, several PIV (Partitiage Velocimetry) measurements of water flow patteside
the mould have been carried out. Unfortunatelyregh@as no obvious relation between the flow regime
established and the plant model parameters.

These identification results confirm that the floate out of the mould has a great influence ongtia and the
delay. The next step would be undertaken to deterrtiie controller performances over the gain aeddéday
variation intervals and to design, if necessargtlaer one leading to the required performances.

3.5.4.2.2 The gain and the delay as a function of the air flo rate

In the real plant, considered for this experiméatatthe flow rate of argon ranges from 3 to 6MIn* and that

of air should vary consequently from 2.79 to 5.59Nih™ as determined using Froude similarity. It is made
possible by means of an air flow rate control loop.

Here, the trials have been performed at the sarterflaw rate (3.55r h'Y).

The results, obtained using the same identificadigorithm, are presented in Table 3.10 and pladttdeg. 3.35.

Table 3.10. The gain (Ll s*1 mm™) and the delay (s) as a function of the air flowate

Qaif_ Record 1 Record 2 Record 3 Average Qaif_ Record 1 Record 2 Record 3 Average
(NI'L min') (NI'L min'™)
0 0.168 0.168 0.168 0.168 0 0.611 0.67 0.662 0.648
1 0.165 0.165 0.165 0.165 1 0.573 0.575 0.575 0.574
2 0.164 0.164 0.164 0.164 2 0.467 0.492 0.473 0.477
2.79 0.166 0.167 0.166 0.166 2.79 0.468 0.416 0.421 0.435
3 0.167 0.167 0.167 0.167 3 0.372 0.329 0.344 0.348
3.5 0.167 0.166 0.167 0.167 3.5 0.264 0.207 0.259 0.243
4 0.166 0.166 0.166 0.166 4 0.247 0.263 0.254 0.255
4.5 0.166 0.165 0.166 0.166 4.5 0.275 0.216 0.256 0.249
5 0.165 0.165 0.166 0.165 5 0.231 0.228 0.224 0.228
5.59 0.166 0.166 0.166 0.166 5.59 0.282 0.281 0.283 0.282

The gain is approximately constant over the awflange. This observation is different from theefgation in
the case of water flow change, where the gain &s&e with increasing flow rate.
As for the delay, two trends should be highlightgthrting from usual conditions without air injextj the delay
decreases from 0.648 to 0.243s with increasinficairrate from O to 3.5NImin. Then, it becomes stable.
Specific finding of this experimentation is thaetthow rate of gas hardly affects the delay untileatain limit is
reached. Here, the delay decreases by a factarAd a result, this variation should be taken imtocount when
designing controllers.

0.2t

o
IS

0.15

Gain (L-s‘l-mm‘l)

0 1 2 3 4 5 6
Qair (NI-min™)

Delay (s)

0 T T
0 1 2 3 4 5 6
Qar (NI+min”)
Fig. 3.35. Effect of air flow rate on gain and dely
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3.5.4.2.3 The gain and the delay as a function of the levekssor position

In this paragraph, our objective is to relate #weel sensor position to the gain and the delayesaltihereby, the
sensor position is the variable subject to chaiipes is made possible by moving the sensor acros sides of
the nozzle with the help of a positioning unit. Toter variables are kept constant and equal to tleéault
values. The results are listed in Table 3.11 arglayed in Fig. 3.36.

Table 3.11. The gain (L. s*L mm™) and the delay (s) as a function of the level sarsposition

varz(mm) Record1l Record2 Record3 Average varz(mm) Recordl Record?2 Record3 Average

-250 0.168 0.169 0.169 0.169 -250 0.588 0.592 0.539 0.573
-200 0.168 0.168 0.168 0.168 -200 0.755 0.716 0.732 0.734
-150 0.169 0.169 0.168 0.169 -150 0.815 0.854 0.789 0.819
-90 0.168 0.168 0.168 0.168 -90 0.643 0.593 0.612 0.616
91 0.168 0.168 0.168 0.168 91 0.611 0.67 0.662 0.648
150 0.168 0.168 0.168 0.168 150 0.707 0.758 0.717 0.727
200 0.168 0.169 0.168 0.168 200 0.783 0.87 0.812 0.822
250 0.169 0.169 0.169 0.169 250 0.955 0.853 0.855 0.888

It appears that the gain is independent of leve$@eposition. On the other hand, the results g §i36 quantify
how changing sensor position tends to modify tHaydén the right side of the nozzle (positive smmgositions),
the delay increases slightly as the sensor movey #w@m the nozzle axis. In the other side (negatiensor
positions), the delay increases to reach a peak wWesensor is located at 150mm from the nozzke Burther
increase in the sensor position causes the deldga@ase until it reaches its initial value. Thera discontinuity
between the two sides because the level sensootcggach the zone close to the nozzle axis.
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X
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[
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Sensor position (mm)
Fig. 3.36. Effect of level sensor position on gaand delay

3.5.4.2.4 The gain and the delay as a function of the nozziibmergence depth

In real plants, it is usual to impose a few vaoiasi to the Submerged Entry Nozzle. Therefore,waghwhile to
study the relationship between the plant modelpatars and the nozzle submergence depth. In peathis
variable can be modified in the water model by gjagnthe mould level setpoint.
The identification results in Table 3.12 and Fi@73suggest that the nozzle submergence depth hagligible
effect on the gain as well as on the delay.

Table 3.12. The gain (Ll s*1 mm™) and the delay (s) as a function of the nozzle saiergence depth

vars(mm) Record1l Record?2 Record3 Average vars(mm) Record1l Record2 Record3 Average
45 0.169 0.169 0.169 0.169 45 0.676 0.625 0.669 0.657
68 0.168 0.168 0.168 0.168 68 0.611 0.67 0.662 0.648
95 0.166 0.166 0.166 0.166 95 0.612 0.599 0.607 0.606
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Fig. 3.37. Effect of nozzle submergence depth omig and delay

3.5.4.2.5 The gain and the delay as a function of the wateeVel in the tundish

The latter aspect to be investigated is the efféthe tundish level. During casting, it changeseasially at the
beginning or at the end of the sequence. The wmatelel allows the tundish bath depth to vary onbnfrievel 1
to level 4 (Fig. 3.32). The gain and the delay tdexdl for each tundish level are given in Tablé3and plotted
in Fig. 3.38.

Table 3.13. The gain (Ll s*L mm™) and the delay (s) as a function of the water leli the tundish
vars(mm) Record1l Record2 Record3 Average vars(mm) Record1l Record2 Record3 Average

1 0.151 0.151 0.151 0.151 1 0.499 0.527 0.543 0.523
2 0.16 0.161 0.16 0.16 2 0.527 0.557 0.583 0.556
3 0.168 0.168 0.168 0.168 3 0.611 0.67 0.662 0.648
4 0.177 0.177 0.176 0.177 4 0.744 0.653 0.727 0.708

Relatively small changes can be observed in batbscalhis may be explained in part by the fact tiatevels
of the tundish are close to each other.
0.25
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Fig. 3.38. Effect of tundish level on gain and day
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3.5.4.2.6 The gain and the delay as a function of the flow dawf the mould in case of a clogged nozzle

Even though the clogging effect on the mould les@itrol loop has been modeled by an additional emogs
signal to the theoretical flow rate into the mouldseems particularly relevant to examine how phevious
functions are modified in case of a clogged noZziem a practical point of view, the nozzle poran® the level
sensor has been partially closed to produce thggitlg phenomenon. We varied only the flow rate afuthe
mould from 2.95 to 6/ h™. The results are listed in Table 3.14 and compaiiéd those of a clean nozzle in
Fig. 3.39.

Table 3.14. The gain (Ll s*1 mm™) and the delay (s) as a function of the flow rati case of a clogged nozzle

?"“t_l Record 1 Record 2 Record 3 Average ?0“‘_1 Record 1 Record 2 Record 3 Average
(m°Lh™) (m°Lh™)
2.95 0.151 0.152 0.152 0.152 2.95 0.537 0.529 0.49 0.519
3.55 0.162 0.162 0.162 0.162 3.55 0.45 0.486 0.452 0.463
4 0.168 0.168 0.168 0.168 4 0.445 0.472 0.446 0.454
4.59 0.175 0.175 0.175 0.175 459 0.491 0.452 0.514 0.486
6 0.186 0.186 0.186 0.186 6 0.494 0.457 0.494 0.482

The gain is clearly lower than for a clean nozaleeach flow rate. This result agrees with the fihett the
clogging reduces the flow rate entering the mobMlevertheless, the same behavior is preserved,roung that
the gain increases with increasing flow rate. Gndther hand, these experiments show, in contriéistthe first

observations, that the delay remains relativelystamt even at high flow rates.

¢ Clean nozzle

Fig. 3.39. Effect of flow rate on gain and delaynicase of a clogged nozzle
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3.5.4.2.7 The gain and the delay as a function of the air flw rate in case of a clogged nozzle

Within the same conditions as that of the previpasagraph, the air flow rate has been varied dverrange

2.79 - 5.59NI min™. Meanwhile, the flow rate out of the mould is kephstant at 3.55tmh™.
The identification results are given in Table 3atfl graphed in Fig. 3.40.

Table 3.15. The gain (LL s*1 mm™) and the delay (s) as a function of the air flowate in case of a clogged nozzle

Qai( Record 1 Record 2 Record 3 Average Qai( Record 1 Record 2 Record 3 Average
(NI'Lmin™) (NI'Lmin™)
0 0.161 0.161 0.161 0.161 0 0.522 0.494 0.472 0.496
1 0.161 0.162 0.161 0.161 1 0.386 0.402 0.383 0.39
2.79 0.16 0.16 0.16 0.16 2.79 0.351 0.385 0.352 0.363
3.5 0.16 0.16 0.16 0.16 3.5 0.365 0.377 0.353 0.365
4.5 0.159 0.159 0.159 0.159 4.5 0.37 0.407 0.405 0.394
5.59 0.157 0.157 0.157 0.157 5.59 0.449 0.446 0.46 0.452
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Similarly to the results achieved in case of arleazzle, the gain is approximately constant oklerair flow
range considered. As expected, its value has bedoced as an obvious consequence of the clogging
phenomenon.

As for the delay, the experiments show that itsi@aloes not decrease beyond a certain air flowwhieh is
probably somewhere between 2.5 and 13Nh™. Furthermore, the delay reaches its initial valuken no air is
injected, at high flow rates.
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Fig. 3.40. Effect of air flow rate on gain and dely in case of a clogged nozzle

3.5.4.2.8 The gain and the delay as a function of the sensposition in case of a clogged nozzle
Another parameter that has been varied in casecloiggied nozzle is the level sensor position. Tdseilis, listed
in Table 3.16, reveal that the gain is, once mioaigependent of sensor position.

Table 3.16. The gain (L. s*L mm™) and the delay (s) as a function of the level sarsposition in case of a clogged nozzle
varz(mm) Record1l Record2 Record3 Average varz(mm) Recordl Record?2 Record3 Average

-250 0.162 0.161 0.161 0.161 -250 1.25 1.22 1.21 1.23
-150 0.161 0.161 0.16 0.161 -150 2.15 2.15 2.18 2.16
-90 0.161 0.161 0.162 0.161 -90 0.554 0.548 0.569 0.557
91 0.162 0.162 0.162 0.162 91 0.45 0.486 0.452 0.463
150 0.162 0.162 0.162 0.162 150 0.493 0.491 0.449 0.478
250 0.162 0.162 0.163 0.162 250 0.453 0.466 0.47 0.463

On the other hand, the sensor position greatlyctsftne delay in the left side of the nozzle witare parameter
reaches its highest value of 2.16s as shown in Figl. An explanation of such finding still needstlier
investigations.
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Fig. 3.41. Effect of level sensor position on gaand delay in case of a clogged nozzle

3.5.4.2.9 Conclusion
With regard to these experiments, the following atosions were drawn in the presence or absencéeof t
clogging:

» The gain is independent of sensor position, nozztemergence depth and air flow rate.

* The gain increases with increasing flow rate outhwf mould and with tundish level. Under normal
process conditions, its value varies between 0.181Lmm™ and 0.205Ls™ | mm™.

* The delay is independent of tundish level and regabmergence depth.

* The higher the flow rate of water or air the lowss delay whose value varies between 0.888s aB2%.2
During the clogging, it may reach 2.16s.

3.5.5 Experimental validation of bulging effect cancellaion

In this paragraph, the water model is used to ewalthe performances of the bulging effect compensa
structure described in the previous section (Fig1)3 The utilized configuration of the water modethe default
one summarized in Table 3.7.

The mould level is maintained at 200mm from the abthe mould by means of the same PI controllae flow
rate out of the mould is set to 3.55m™ and no air is injected.

In these conditions, the retained values for thie gad the delay are 0.168&" mm* and 0.65s respectively.

In order to simulate the bulging effect on the nddielvel, the flow out of the mould has been purpodesturbed
at the instant 200s by a sine wadig,.(t) whose frequency is 0.05Hz (i.e. at the middlehefltulging frequency
range) and magnitude is 2ni™* leading to visible mould level variations (Fig42).

_P> G e'rnB |

n

Fig. 3.42. Integral plant model of the water model
The mould level variation is governed by the lindidfierential equation:
SN = (S w + dbulge(t)) - (Gn P(t - Tn) - dclog (t))

Qout Qin

(3.46)
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Using (3.46), we can write the overall continuoinget state-space representation including both @hoggnd
bulging effects:

X=A, X+B,U
Y=N=C,X

. . q,(t) =G,P(t-7,) +G,P()
XT :(N dclog dclog dbulge dbulge qp)

u'=(P v)
(3.47)
0 S 0 -YS 0 IS -G,/S -1 1
0O 0 0 0O 0 O 0 0 0
0 0 0
A:b=0 0O 0 0 0 O B, = cl =
o 0 0 0 1 O 0 0 0
0 0 0 -y O O o 0 0
O 0 0 0 0 -2r, 4G, /r, 0 0

The global observer and the prediction block hagenbdeveloped following the methodology presentethé
third and fourth section of this chapter. The obeergain K, has been chosen so that the eigenvalues of
A, -K, [T, are—0.85,-0.95,-1.05,-0.9,-0.8 and-1.

Since the actuator dynamics has been neglecteaitnator inversion block is needed,.(t) is thereby merely
given by:

abulge(t + Tn)
G

n

Upyge(t) = (3.48)

The adopted scenario was the following. The comg@ns structure was activated only during the weés
between 400 and 600s and between 800 and 100fsedtnot operate otherwise. The most useful signaits

the water model have been monitored and analyzethrgst them, the mould levé , the feed-forward signal
Uy.ee(t) , the bulging effect estimatiod,,,,(t) and the stopper positioR are depicted in Fig. 3.43.

During the periods where the compensation structsiractive, it can be seen clearly that level \aoies
generated by the bulging have nose-dived from tl1&mress than t1mm. Meanwhile, the magnitude of the
stopper position has increased from +1mm to maaia #2.5mm. Furthermore, it can be noticed thabthserver
works pretty well because it reproduces the bemagfothe disruptive sine wave independently frone th
compensation actions.
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Fig. 3.43. Relevant signals during the experimentian

According to this online test, it can be asserted the whole control structure is able to comptngee bulging
effect on the mould level and to estimate its aftecthe flow rate out of the mould. This experitawalidation

corroborates what was observed in simulation tests.
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3.6 Chapter summary and conclusions

In this chapter, we presented, in detail, the dinde for the plant model identification. In a deatied
section, our objective was to describe the expeariaigrotocol for collecting data that will be useddetermine
the unknown parameters. Because the excitatioralsigas significant influence on identification riésspseveral
factors are taken into account to select such kigt@pular excitations include step, sinusoidalcfions and
Pseudo-Random Binary Sequence (PRBS) whose righdney content has motivated its use in this work.
Next, we introduced two offline identification alithms. The first one is based on Least Squarekadednd is
designed to identify the actuator transfer functibime second is based on Prediction Error Estimatiethod and
is intended to identify the two key parameters tlee gain and the delay. To accomplish this, asomati
approximation describing the time-delay system khdie used to derive a linear model. Many equivialen
frequency domain transfer functions have been mega@and many of them have been implemented, ircpiant,
the Laguerre second order approximation which gidletter results. In fact, numerous simulations pnesented
in this dissertation, prove that the identificati@sults are more accurate using the Laguerreitursct

The second part of this chapter was devoted t@stination and rejection of disturbances. Our dhjeavas to
provide an estimation strategy that can help im@roasting inspection. Thus, we proposed a globsgmer that
addresses simultaneously both the clogging/unahaggycle and the bulging but could be applied atsthe
standing waves. More precisely, an online estimbés been developed to track the behaviors of kegenous
signals modeling the disturbances effects on theldnievel control loop using only three measurersgwhich
include the level, the stopper position and the/ftate out of the mould. Furthermore, the estinaditine bulging
effect has been integrated in a compensation steigthich would allow a much more stable level bgiucing
drastically the fluctuations generated by the mggilntensive simulations and water model experis\drave
been used to illustrate the usefulness of thisiecle.

The last part was concerned with validating thegimg effect cancellation structure experimentaliyd a
determining the variation ranges of the gain areldblay depending on the water model configuraitiothe
absence or presence of clogging. In both casessttity findings reveal that the gain is independdrgensor
position, nozzle submergence depth and air flow it increases with increasing water flow rate aith
tundish level. Concerning the delay, it can beestdhat its value decreases with increasing flaesraf water or
air. However, small changes have been observed whanging the level tundish or the nozzle submergen
depth.

Further improvements may consider robustness tcemattertainties and changes in bulging frequergigsto
casting speed variations. This can be achievedxpjoeng robust observer theory based on Linearridat
Inequalities (LMI) optimization [42] [43].

On the other hand, other estimation methods argestigd in literature and should be mentioned Hdre.most
notable examples are the bulging estimate fromatle¥age current of the drive motors [11] and tlegging
percentage used to prevent nozzle clogging asasdth optimize argon flow rate [44].

In the next chapter, we shall examine the perfogearof numerous control laws for continuous castivogild
level. Namely, we shall consider two predictiveattgies PFC and GPC, the Smith predictor and itdifiad
version proposed by Astrom and the Internal Modeht@®l IMC. Each of these will be compared to tH® P
control law, introduced in this chapter, accordingeveral performance criteria including robustnesrgins and
disturbances rejection performances.
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Chapter 4: Comparative analysis of non-adaptive control laws

4.1 Introduction (specifications)

Within the thesis general objective trying to degelrobust control techniques for continuous casting

mould level, this chapter presents a detailed stdadyassical control laws currently implementedeal plants or
which should be reasonably considered for suchgsocThus, we shall focus on the PID control ldwe, tivo
predictive strategies PFC and GPC, the Smith pidénd its modified version proposed by Astrom éndlly

the Internal Model Control IMC. Each of these isatissed in turn below. In particular, its perforsemare
compared with those of the PID control law introgldidn chapter 3 and considered here as a referg@ihie.
comparison is conducted according to several pedaoce criteria including the gain margin, the detaargin,
the modulus margin, the maximum gain of the bulgiegction transfer function over the bulging freqay
range, the maximum level amplitude generated bytiodogging and many other factors.

By means of this comparative analysis, one shoeldiie to describe the advantages, limitationspatential of
various control systems. Given the crucial impareanf disturbances rejection and robustness dtaliilithe
mould level control problem, we will examine notabl

Stability of the closed loop,
Bode diagram of the open lod-,,,

Direct sensitivity functiono, given by (L+TF,,)™. It represents the transfer between the lever egro
and the level setpoiritl” .

Complementary sensitivity functioa, given by TR,  [{L+TF,.)™. It represents the closed loop transfer
between the measured levd|, and the level setpoirltl” .

Level and stopper position for a step variatiosetpoint,
Bulging rejection through the transfer functionveeen the flow rate out of the mould and the level,

Clogging rejection through the level behavior witlea flow into the mould is disturbed by a succassio
of rampsd

clog *

First of all, let us recall the plant model useddasign control laws in Fig. 4.1 where the actudias been
modeled by a first order function and the levelssemynamics has been overlooked.

Qout

N £ p’ 1 =) e Qn 1 N=N,_
— - n —>
—»@—» controller P G.e =

n

Fig. 4.1. General structure for control law design

From this figure, we can derive the following treerdunction of the plant model:

—7n[S ]
TFmodeI(S) = ﬁ* = Gne = KmOdep
P SBE+r, 5 sl+r,¥)
G (4.1)
K -_—

=_n
model
S

or by using the Z-transform:

K

-1\ — _ 1 TFmodeI(s) - _ 51 Kmode S e _ 51 model
TFra(2) = (1- 2 )EZ[—S j -z )EZ{—} 2" 12 )EZ[—SZ qires @)J

s L+7, 3
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_ _ _ _ -1
TFmodeI(Z_l) = Kmodel Q_(Hl) DTS Ta (1 al) : (Ta (1 al?l Tsal)z
1-z7)W-3z")

Ts

a=e" 4.2)
2]
r=|-—=
TS

whereT, is the sampling time.

To get the transfer function of the open loop, sheuld multiply TF, .., by the transfer function of the controller
as shown in Fig. 4.2 where ADC is an Analog-to-BibConverter which converts continuous signaldiscrete
ones and DAC is a Digital-to-Analog Converter whirforms the reverse operation.

N controller P: DAC »  Process ADC N

A 4

v

Fig. 4.2. Generic structure for digital control

4.2 State of the art (PID controller)

4.2.1 Transfer function

The control law considered as a reference for tmparative study is the Proportional Integral
Derivative (PID) controller already presented ire tprevious chapter. It is the most common controlle
implemented by engineers in particular in the imod steel industry and the standard tool widelyluséuild the
automation systems.

As indicated by its name, the PID control law inxed three separate parameters: the proportionallggi , the
integral time T, and the derivative tim@, leading to the following transfer function expredsusing Laplace
transform:

1 T.s
TRp(s) =Kpp 1+T_ + EI- (4.3)
S 1+-9s
By considering the Z-transform, it becomes:
y § TF,5(9) y 1 T. z* £
TR \ZH)=@1-z") 72 2~ |=K 1-z* +=0 +
PID( ) ( ) ( s j PID H ) 1_ Z_l .I_I (1_ Z_1)2 —ﬂ$ .
l1-e “z
and
i T -z 1-7*
TFPID (Z l) = KPID 1+=0 -1 + ﬁ T (4.4)
Tz 1-¢ 7

The third term in (4.3) is called the “approximaterivative” and is used to limit the derivative iantwhich is
always sensitive to measurement noise. Sometinissnierely removed leading to the Pl controller.
The discretization method used here preservedepaasponse.
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Chapter 4: Comparative analysis of non-adaptive control laws

Summarizing the key features of the PID controitezan be said that the proportional term has pmniapact on
the closed loop response time. In other wordseemsing the proportional gain tends to increasebérewidth
and to reduce the phase margin. To eliminate #edgtstate error at least for step variations, iiath necessary
and sufficient to include the integral part. Figathe derivative action is used to reduce the shast magnitude
and therefore to improve the overall stability. fieally, damping increases with increasing deiwa time
until a certain limit is reached.

For comparison purposes with other control laws, Zihransform of the PID control law is convertatbi RST
form which is a generic structure for digital camtas illustrated in Fig. 4.3 where ADC is an Argto-Digital
Converter which converts continuous signals tordiscones and DAC is a Digital-to-Analog Convertrich
performs the reverse operation.

= = = = = = = = = = = = = = =

I
| 1 P
N, T(z) — h Rl bac »  Process » ADC N,
I Sz7) |,
! I
! I
! I
: I
: Rz™) T
I
fRstform o L

Fig. 4.3. RST form

The control signaP’ is thus expressed using three polynomRls , S,, andT,,, as follows:
S0(Z) P (D) =T (Z7) IN' () =Ry (2) IN(2) (4.5)

Equation (4.4) can now be rewritten as:

_5Ts _5Ts

[Ti M- z'l)[l— e_ﬂT:z‘l]]P* (2) = KPID[Ti ML- z-l){l—e Eszﬂ] +T, [El— e Esz-lJ + BT - z‘1)2](N*(z) - N(2))

Therefore,R,,, S, andT,, are given by:

Rop (Z_l) =Ten (Z_l) = KPID|:Ti [@- Z_l)(l_ e ﬁTZZ_lJ +T, z* EE]-_ e_ﬁ?j Z_lJ +B T [@a- 2_1)2]
(4.6)

Sho(2) =T 11 z'l)(l—e"*?z'l}

Several tuning methods are reported in literatliftee most known examples are the Ziegler-Nicholgnaite
sensitivity method and the Ziegler-Nichols stepoese method [80].

In case of mould level control, one should retume PID parameters whenever the casting operatibasge.
This change having the effect of modifying the plarodel parameters according to the conclusiorchapter 3.

4.2.2 Performances

Given the transfer function of the plant model J48d the RST form of the PID controller (4.6), thygen loop
transfer function is:

TFBO(Z_I) = % |:n:model

By using the numerical values of Table 2.1 and &&b8, we get:

s 0011- 0011z -0.00937z % + 0.0096&°
1-3.422"+4.35272 -2.422° +0.52™*

where the sampling tim&, is chosen equal to 0.01s.

()

TRo(z1) =2 4.7)
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The stability and the robustness of the mould lesyedtem controlled by the PID can be assessed tisang
diagrams of Fig. 4.4. In particular, the stabilgyensured with a gain margin of 8.7dB and a delaygin of 1.1s.
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Fig. 4.4. (a) Poles of the closed loop
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(c) Open loop Black diagram
(d) Direct and complementary sensitities magnitudes

Fig. 4.5 shows the level and the stopper positanaf step setpoint variation of 10mm. We can notied the

overshoot is about 1mm and the response time igsalegual to 25s.
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position setpoint

position
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Fig. 4.5. Setpoint response for a step level vatian of 10mm
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between the level and the flow rate out of the madsldrawn in Fig. 4.6. Regarding its high magniuder the
even more obvious in the following time-domain siatiwn where the flow rate out of the mould hasrbee
disturbed by an exogenous signal having a frequen@yl1Hz and peak to peak amplitude ofi L This causes
the mould level to vary

In order to evaluate the PID action against theyibgl the bulging rejection function i.e. the tramsfunction
bulging frequency band, we can mitigate the PlCgrerances in terms of bulging rejection. This cos®n is

ally from abott6 to—14mm.

periodic

|
|
+

L e a t aatt e

20C

19C

Bulging rejection performances

Fig. 4.6.

to reject efficiently this disturbance. The high#attuations occur at 100, 300 and 700s i.e. atuhclogging

of ramps in order to model the clogging/unclogginygle as depicted in Fig. 4.7. Once more, the BlBat able
instants.

Furthermore, the flow rate into the mould has bdisturbed by an exogenous signal in the form afiession
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Fig. 4.7. Clogging rejection performances

10C

results in a number of situations with disturband@e believe that these poor performances are swibad to

As a partial conclusion, this study reveals that pnevious PID controller is not able to guarardegsfactory
the tuning method but to the controller structure.
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The performances of the PID controller are sumredremd compared with the specifications in Takle 4.

Table 4.1. PID performances

Criterion PID Specifications
>
e 2%,
o O |
= 1.06
35E
2
g OK YES
n
% Step setpoint variation (mm) 0 0
U) = . .
_§~ % Step outflow variation (mm 0 0
i Clogging occurring between
@ 300 and 700s (mm) 0.36 0
) Gain margin (dB) 8.7 >6
L w0
% % Phase margin (degree) 66 >45
é & Delay margin (s) 140T, >T,
Modulus margin 0.63 =05
0
2 maxa,| (dB) 4 lo,|< 6
=
2
<
8 maxo,| (dB) 0.79 lo|<3
> 5 Maximum gain (dB) 9 As low as possible
> 0
S .0 . . .
m o Minimum gain (dB) 8 As low as possible
.8 % Maximum level amplitude 15 As low as possible
o O (mm)
o O
o~
o = ;
S ®© Time to reach 95% of the .
) steady-state value (s) 23 As fast as possible
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4.3 Predictive control laws

In this section, another control strategy, beloggto the family of predictive control techniques, i
investigated. It aims at creating an anticipatiffeat using the explicit knowledge of the trajegtan the future. It
can be summarized as follows:

» Definition of a process model able to predict thieife system behavior,

* Minimization of a quadratic cost function over aité prediction horizon using the future predicted
errors,

» Elaboration of a sequence of future control vallmsyever, only the first value is applied both be t
system and on the model.

* Repetition of the whole procedure at the next samgpderiod according to the receding horizon ppfei

Especially the Predictive Functional Control PF@ #me Generalized Predictive Control GPC are inftices of
interest.

4.3.1 Predictive Functional Control PFC

4.3.1.1 Principle

This subsection is dedicated to the Predictive fonal Control technique. Originally developed byRichalet, it
has had great success in the process industrissasuthemical plants and oil refineries. As illastd in Fig. 4.8,
the control variable is calculated to cause thelipten of the process output to reach the fingectve (i.e. the
setpoint) by following a pre-defined path so-calikd reference trajectory. In the sequel, we ghraent briefly
the procedure but complete details may be fourjé2h

Setpoint

Reference
trajector :
Predicted level | AN
1

pred

I
I
Y >

Process output

PFC

e - == — -

v

Predictive model output

Control variable I___________'___
n n+h :AN pred = ANF’FC :

Prediction horizo
Fig. 4.8. Predictive Functional Control principle

4.3.1.1.1 Prediction model

This model, also called the internal model, isnidied to calculate a prediction of the process dufpue PFC
algorithm is then implemented using this predicsrshown in Fig. 4.9.

133



Chapter 4: Comparative analysis of non-adaptive control laws

i- T .P_F;:_ II _!
B

v

N* E. ;Pl* 1 P ) -7,y [8 Qin 1 N
'@ —» PFC C1+r, (B Gie SlE

Fig. 4.9. Predictive Functional Control scheme
The model of the process is represented, in théataglomain, by:
— 73
TFmodeI(S) = KmOdele = HOe_TnB
s+, [3)
H = N, - Kioga (4.8)
° P s[l+r,[3)
N, () =N(t+7,)

where H, is the delay free part of the plant model.
For reasons of implementation and initializatiore should develop a stable predictive model. Becdhse
process is an integrator system, one solution wbalto decompose it into three stable procesdes M, and
M, as illustrated in Fig. 4.10 where is an auxiliary time constant chosen arbitraryeylare subject to the
inputs P* and N, .

M

1

Kl NPFCl
1+7, [$

a

. K
. = p 2
P —» PFC model }—PNPFC -_ 1+7[% NPFCZ é! N
H, —— E) > Neee

N 1 NPFC3
1+7[%

Fig. 4.10. Partial fraction decomposition oHg

The gainsK,; and K, are chosen so that the two models of Fig. 4.1@quévalent i.e.:

{NPFC = Nprey + Npee, + N = (M + M) P’ +M,;IN, =(M; +M, +M,[H,) P’

N, =H, [P’ (4.9)
Hy,=M,+M,+M,I[H,
Specifically,
Z.2
K2 = -7 Kmodel
. (4.10)
Kl =7 |:IKmodeI - K2
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Finally, the transfer functions of the process&s, M, and M, give rise to a model of the form:

Npec = Npeci + Nprey + Npeey

Noes(n) =8, INpre,(n=1) + (- a) 1K, [P (n-1) -
Norea(1) = 8, [Ny (1= + (1=,) K, TP (n-1) s w1y
Npeea(N) =8, INp;(N-1) + @—-a,) [N, (n-1 with: Ja,=e ’
Z-I’1
N,(n)=N(n+r) r {iJ

4.3.1.1.2 Reference trajectory

This trajectory is considered as the desired behnafithe process output. Theoretically, the laggiredicted to
reach the setpoint value over a receding horizdi] fllowing this reference trajectory (Fig. 4.11)

Setpoint

Reference
trajectory S,

Predicted leve N,

Process output

v

n n+h
PAST FUTURE

Fig. 4.11. Reference trajectory

In the PFC design, the reference traject@y is usually given for time-delay systems in theldwing
exponential form:

N =S, (n+h) = (N = N, () 1"

L (4.12)
[ = eCLRT

where CLRT is the Closed Loop Response Time in the casecoinatant setpoint (which should be the case in
the mould level control problem).

4.3.1.1.3 Cost function

The PFC strategy minimizes a quadratic sum of srimtween the predicted levél, ., and the reference
trajectory S, calculated at certain coincidence points:

cp
‘JPFC(n) =Z(Npred(n+h)_sref(n+h))2 (413)

with:

* N :the number of coincidence points,
* h: the coincidence points over what is called tredfmtion horizon.

At times, a second term is added to the cost fangti order to restrict the magnitude of the cdrgignal.
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4.3.1.1.4 Base functions

One of the distinguishing features of the PFC de@ghe structure of the control law. It is assdrredeed that
the control sequence is composed of a set of hastidnsu,, chosen according to the process feature (with or
without an integral term) and the target setpoattire:

NBK

P*<n+j):2m(n)mBK(j) 0<j<h (4.14)

with:
* N, : the number of base functions,
» y.: the coefficients of the linear combination.

U, are chosen among the following functions: stemprar parabola. For example, in the mould levelti@bn
problem, by considering a step setpoint, only dap base function is required to cancel the stesalg error. In
this case, only one coincidence point is taken &mmount to determine the control law.

According to the receding horizon principle, orhe ffirst value of the control sequence is effedyiepplied, that
is:

NBK

P'(n) =Z%(n) () (4.15)

4.3.1.1.5 Control algorithm

The control law is computed to cause the predidea@l to coincide with the reference trajectory thé

coincidence poinh:
Npred(n + h) = Sref (n + h) (416)

There is a need therefore to calculdg,,(n+h). Let us introducedom(n) which is the error between the
predicted level and the prediction model output i.e

dorr(n) = Npred(n) - NPFC(n) (417)

dom(n) is usually approximated by a polynomial functiocls as:
de

dor(n+h) = don(n) + > g (nh
i=1

whered, is the degree of the approximation.

(4.18)

The PFC algorithm most often considers that theaibje increment is equivalent to the model outpatement
introducing a flat prediction:

dom(n+h) =dom(n)

Npog(N 1) = Ny (n+ ) + dom(n + h) = Ny (n+ ) + dom(n) = Ny (n+h) + N = Ny () 19

By making use of (4.12) and (4.19), the computatibtine control law reduces to solving:
Nore(n+h) + N() = Nore (M) = N* = (N' = N, (n) /" (4.20)
Given equations (4.11) and using the unit stepadvase function of the control sequence, it fatlow
Nore,(n+ 1) = & Npee,(0) + 1- ) (K, TP’ (n)
Neeca(N+ ) = 8; g, () + (L-23) IK,, TP ()

NPFCB(n + h) = ag DNPFCB(n) + (1_ a'zq) |:|Na(l’l)
NF'FC(n +h)= NF'FCl(n +h)+ NPFCZ(n +h)+ NPch(n +h)

(4.21)
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Chapter 4: Comparative analysis of non-adaptive control laws

By substituting (4.21) back into (4.20), we obttia explicit expression of the control law:
P'(n) =6, IN" =6, IN(n) + 6, N, (N) + 6, Npee, () + 6, Ny (n) + 6, IN, ()

— _ah _ah h h _
g =1"H 61:1 & 92—1 % g =1 gazw (4.22)
a a a a a

a= Kl ul_a;) + Kz ql_a;)

All the terms appearing in equation (4.22), exchit, are measured or have been determined previdustiie
sequel, we shall present two versions of PFC wtlitfer only in the way they generaté, .

4.3.1.2 Performances

4.3.1.2.1 First version
In this case, the delay is not taken into accoutthié model. This means that:

N,(n) =N(n) (4.23)
By making use of (4.11) and (4.22), the Z-transfofrthe control law is given by:
P*(Z) = gw EN* - gN EN(Z) + (92 D-l PFC3 + ga) EN(Z) + (gl EH PFC1 + 92 D-l PFC2) DD*(Z)

NPFCl Z) _ 1- [Kl i _ _
P*(Z() ) - ( 1ai) qz—l - HPFCl(Z l)

Nereo(2) _ A-3,) K, 27 _ H (4.24)
P*(Z) 1- 822_1 PFC2

NPFC3 Z) _ 1- i _ _
N (i)) - (1_322)2—1 = Hpee(Z l)

This equation can also be written in the RST form:
Sorc(Z) P (D) =Tore(Z) IN' =R (Z) IN(D) (.25
4.25
A-6MHp, =6, Ho,) [P (2) =6, N +(6,Hp; +6, - 6,) IN(2)

Finally, the RST form of the PFC control law is:
Ruc(z) = - az") 6, -6,- (6, 01-a,) +a, 16, -6,)x?)
Swc(z) =1-(a +a,+ 4 [1-2) (K, +6, [1-a) K,) " +(a (&, + 6, [, (1-a) (K, +6,8, [1-3,) K, ) Z" (4 9g)

Torc(z7) =6, [0~ az") [~ aZ")

To make fair and meaningful comparisons with thB ontroller, the PFC parameters have been chasen t
achieve the same cutoff frequency i.e. 1.06s4dThis leads to the tuning listed Trable 4.2.

Table 4.2. PFC parameters (first version)

Parameter Value
T, 005s
CLRT 5.65s
T CLRT/3=18%

h 5s
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Chapter 4: Comparative analysis of non-adaptive control laws

Given these values, it is now possible to calcutaeRST form of the PFC controller as follows:

0.3882-0.525%* + 0.1409%°*

Spc(z) =1- 1352 +0.3501z

Roec(Z7)

0.1941-0.2604z* + 0.0695% *

TPFC (Z_l)

Using the PFC control law, the open loop trangf@cfion becomes:

+0.0051z"°
2 +0.12¢27"

1-2.72z27" + 256272 —0.9752
The stability and the robustness of the systemrothed by the PFC control law can be analyzed tghotlhe same

diagrams as used previously for the PID control (Big. 4.12).
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(d) Direct and compleentary sensitivity functions magnitudes

(b) Operolp Bode frequency response

(c) Open loop Black diagram

Fig. 4.12. (a) Poles of the closed loop

Fig. 4.13 shows the level and the stopper posifitwra step level variation of 10mm. We can notibat tthe

setpoint response is faster in case of PFC colatnobnd does not introduce an overshoot contrathigaesponse

138



(4.29)
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z-1

0

N'(z%)
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| 1-29Q,,(zY)

U

) (Rore (27) ~Tore ()

1+TR,(27)

-r':model(z_:l
Sorc(Z7)
) Quui(z7)

z-1

1+

lim £(n) =lim (z=1) L& (2) +1im (2-D) [£,(2) = Ropc Q) ~Tpec @ +0=0

T./S
=) [+ TF,0(2

() +£4(n)

£y(z7) =N'(z")-N(z")

£z = @

&(n)

generated by the PID control law. Moreover, thadyestate error is equal to zero and this can bbeodstrated

rigorously by considering the following equations:
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Fig. 4.14. Bulging rejection performances
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Chapter 4: Comparative analysis of non-adaptive control laws

Concerning the clogging/unclogging disturbance, ¢hme scenario introduced previously to evaluateRiD
action, has been tested. As expected, the leveesymne again, with high magnitude at the unclaggistants
and reaches a steady-state value after severaldseco

2

T
PID !
PFC 1™ version

Level (mm)
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Fig. 4.15. Clogging rejection performances

setpoint ! !
1 1

4.3.1.2.2 Second version

In the second approach, the following hypothesigdposed, which assumes a flat prediction at of the error
between the measured lewg(n) and the prediction model output calculatedhatr i.e. N,..(n—r):

N, (n) =N(n+r)=N(n)+ Ny (N) = Npec (N -T) (4.30)
By using the Z-transform, equation (4.30) becomes:
N,(2) = N(2)+ A~ Z") Nore (2) = N@) + 1= Z7) [H pey(27) P (2) + Hopeo 27) TP (2) + H ppea(2) IN, (2))
That is:
N (2) = N@+ 07 Z) UHeres(2) + Heres ) P (2)

- = 4.31
1- (1_2 )DHPFC?,(Z 1) ( )
Calculating the Z-transform of each term in them@ontrol law equation (4.22), we obtain:

P* (Z) = Hw EN* - eN EN(Z) + (02 (H PFC3 + Ha) |:Na(z) + (91 [H PFC1 + 92 (H PFCZ) EP* (Z) (432)

Therefore, the PFC control law can also be writtefollows:

(6,™ +6)[{1-z")qH +H,..,) Lo . 6. H +6
1-8H -6.™ +\% PFC3 a PFC1 pec2) | P'(2) =8 [N -| 8. + 2 PFC3 a IN(Z
( 1 PFC1 2 PFC2 (1_ Zfr) D" prcs _1 ( ) w N (1_ Zfr) I:I" prcs _1 ( ) (4.33)

This form can also lead, after some simplificatidnsa standard RST form.
The previous tuning is modified in order to obtir same cutoff frequency i.e. 1.06rad (Table 4.3).

Table 4.3. PFC parameters (second version)

Parameter Value
T, 005s
CLRT 4.9s
T CLRT/3=18%
h 5s
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Chapter 4: Comparative analysis of non-adaptive control laws

Following the same methodology, we have examinad the stability of the closed loop, the Bode diagof the
open loop (Fig. 4.16), the setpoint response fetep level variation of 10mm (Fig. 4.17) and thstulbances

rejection performances (Fig. 4.18 and Fig. 4.19 Tesults point out that the second version ofPRE€ control

law is comparable in terms of performances with fire one. However, the computation of the contes/

requires more time and resources owing to the poesef the time-delay.
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Chapter 4: Comparative analysis of non-adaptive control laws

4.3.1.2.3 Synthesis

In addition to the first and second versions, asotidea has been tested. It consists of usingsh dirder
approximation of the time-delay and neglectingdbtuator dynamics to have the same level of contglekhis
third version has been studied following the sams¢hadology.

All the performances of the three versions of tHeCPcontroller are summarized and compared with the
specifications in Table 4.4.

Table 4.4. PFC performances

. First | Second| Third e
Criterion . . . Specifications
version | version | version
>
o
R
2 35 1.06 1.06 1.06
Cg¢g
2
3 OK OK OK YES
&
% Step setpoint variation (mm) 0 0 0 0
7
e Step outflow variation (mm 0 0 0 0
T O
g Clogging occurring between
n 300 and 700s (mm) 0.15 0.11 0.13 0
@ Gain margin (dB) 8 8.1 8.5 26
[SN)]
% .% Phase margin (degree) 41 40 45 >45
g & Delay margin (s) 136T, | 132T, | 15T, >T,
Modulus margin 0.52 0.54 0.57 =05
0
< maxo,| (dB) 54 | 54 | 49 o< 6
g mavjo,| (dB) 35 | 34 | 27 lo|<3
25 Maximum gain (dB) 10 11 10 As low as possible
°%
@ [ Minimum gain (dB) 4.6 2.7 3.7 As low as possible
E’ %) Maximum level amplitude 17 17 16 As low as possible
DO (mm)
o O
o~
o = i
e ®© Time to reach 95% of the .
) steady-state value (s) 8.9 5.7 7.1 | Asfastas possible

By means of this work, it is interesting to obsettvat there are no strong differences betweenhites tversions
of the PFC control law. In the sequel, we shalb®our attention on the second version only becaumes been

used in a real plant.
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Chapter 4: Comparative analysis of non-adaptive control laws

4.3.2 Generalized Predictive Control GPC

4.3.2.1 Principle

4.3.2.1.1 Prediction model

Fig. 4.20 depicts the conventional version of tten&alized Predictive Control law GPC as initigdhpposed by
D.W. Clarke [45]. Compared to the PFC control lalae GPC is based on the same architecture butdliffiea
few important computation details. In the next sdbi®n, we shall outline extensively the main defeces
between the two techniques.

I GpPCc

I predictor |
| .
" NGPC !
! | Qout
) P 1 ) 1
N 1, gpc —f P, gens — N_,

S[s

Fig. 4.20. Generalized Functional Control scheme

The GPC control law uses an external input-outpptesentation form so-called CARIMA model [75], givby
the following relation wheréA,. and B, are two polynomials given in the backward shifeigtor g™ :

40

pc (A7) IN(t) = Bype (@) P (t -1 +—=
Asec(q7) EN(t) ()P (t-1) A (4.3

A(q™h)=1-q*

with:

. q’l: the backward shift operator,
« A(g™): the difference operator,
e £ acentered white noise.

The GPC predictive strategy requires the definitbran optimalj-step ahead predictor which enables to predict
the behavior of the process in the future ovendefihorizon. The predicted output is most ofterigieed under
the classical form:

Nepc(N+ ) = F (@) IN(N) + H () AP (n=1) + G, () AP (n+ j D + I (q7) LE(n + )

freeresponse forcedresponse

(4.35)

The unknown polynomial§;, G, H; and J; are the unique solutions of the following Diopliaetequations:
A Pepc(@) DD, (@) +a7 TF (@) =1
G;(@")+a ' H,(q™) =Beec(q™) LI;(a7)

The optimal predictor is then calculated considgtimat the best prediction of the white noiSeis its average
assumed to be equal to zero:

Nepc(N+ 1) = F (@) IN(n) + H; (@) AP (n=1) + G, (q7) [AP (n+ | = 1) (4.37)

(4.36)
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4.3.2.1.2 Cost function

The GPC strategy minimizes a weighted sum of sqpaediction errors (between the predicted level tred
setpoint) and square control signal incrementsnddfas follows:

Jore(M) = 3 (Negeln+ ) = N)* +7 D (8P (n+ | -1’

=Ny

(4.38)
AP (n+j)=0 for j=N,

with:
* N;: the minimum prediction horizon,
* N, : the maximum prediction horizon,
* N, : the control horizon,
* ] the weighting factor.

The GPC control law is usually given under its RSinfas described in Fig. 4.21. In case of the mdeNel
control system, the setpoirii” is always set to a constant value. As a result,ptiignomial T(z*) can be
replaced by the sum of its coefficients.

P e e e e e e e e e e =

|
« | "
1 [
Nl 1@z — Py pac | Process —» ADC [N

I ASZ7) |,
I

| |

: I

| -

| Rz™) 1

Ggerform o L]

Fig. 4.21. Modified RST form

4.3.2.2 Performances
By using the values of parameters given in Table the plant model transfer function can be represk in the
Laplace domain, by:

K

N 274
TFE §)=—= ___ ‘model @B = g 05’
mialS) = 5 s[L+7, [3) s+ 0055 (4.39)

Given this transfer function, the tuning parametdrthe GPC control law have been adjusted to nbdacutoff
frequency of the open loop close to the one ofRRi2 controller i.e. 1.06rads™. Using the values listed in
Table 4.5, we were able to achieve a cutoff frequergual to 1.08rads™.

Table 4.5. GPC parameters
Parameter T, N, N, N, n
Value 005 10 40 1 3200

On the basis of these values, the RST form of tA€ Gontroller can be formulated as follows:
R.o(q™) = 0872- 11607 + 03119
Sepc(a™) =1+0.05027™ +0.0526772 + 0.0551° + 0.05751 ™ + 006q° +0.06249° + 0.0648] " +0.0672
+0.0697° +0.0721y™° + 0.03067 ™
T..c(q%)=00178

(4.40)

Terc(@™), returned by the GPC algorithm, is a polynomialdefgree 40. As explained previously, it is not
necessary to consider all the termsTgf.(q™*) fortunately because the level setpoint is alwatst® a constant
value. For this reason, only the sum of its cogffits has been taken onto account.
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The lengthy details of the calculations have bemitted but the reader is encouraged to refer toftitle

development in the reference [83], in particuldme tsection dealing with the resolution of the Diapime

equations.

Finally, the performances of the GPC control lanterms of stability robustness and disturbancegtien, have

been evaluated and compared to the PID and thesB&@hd version as illustrated in the following déags. The

simulations have been performed using the samecdhewut! control simulator.
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Fig. 4.22. (a) Poles of the closed loop
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Fig. 4.25. Clogging rejection performances
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We can observe that the bulging is noticeably tepein case of GPC controller especially for loeginencies.
As we shall see in Table 4.7, one related conseguisrthe deterioration of the delay margin. Astfer clogging
phenomenon rejection, no improvement has beenaheompared to the PFC second version performances
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4.3.3 Key notions

To complete this comparative study between the pwedictive strategies, the key notions employeceach
design are tabulated below to explain the spetidibf each control law.

Table 4.6. Structural comparison between GPC andfC designs

GPC

PFC

Error between the process and the prediction
model

This notion does not exist in the GPC desi
There is no distinction between the outputs of
process and the predictive model. Errors, cal
by the modeling, are assumed to be counts
thanks to the control law robustness.

gm the PFC design, the error between

isbefined as:
ared

dOfT(n) = Npred(n) - NPFC(n)
It follows:

N req(N+ ) = No . (n+h) + dom(n + h)

dom(n + h) is usually given by:
de _
dom(n+h) = N,,4(") = Neee (N) + Y& (Mh
i=1

with d, the degree of the extrapolation.
The adopted approach consists of
however, a flat prediction that is:

dorm(n +h) = dorm(n) = N,..,(1) = Nprc ()

us

Reference trajectory

This notion does not exist in the conventio
version of the GPC control law.

nahe future process output is predicted to re
the setpoint following what is called th
reference trajectory, introduced thereby
describe the desired behavior of the proc

constant setpoint, the reference trajectory
generally given in the following exponenti
form:
N =S, (n+h)=(N" - N,(n) "
3T,
Iu:e_CLRT

N,(n) =N(n+r)

where T, is the sampling time an@LRT is the
Closed Loop Response Time.

Control law structure

There are no constraints imposed to the cor
law structure.

tidie control sequence is a linear combination
set of base functionsg,, chosen among the ste
ramp and parabola functions according to
process feature (with or without an integral tel
and the setpoint nature.

P (n+ 1) = 310 e ()

y, are the unknown coefficients that need to
determined.
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Cost function

The GPC control law minimizes a weighted s
of square prediction errors (between t
predicted level and the setpoint) and squ
control signal increments:

JereM = (Nepe 1+ ) ~N')? 477

=Ny
AP (n+j)=0 for j=N,
with:

D (@ (n+ ) -1y’

e N,: minimum prediction horizon,
* N, : maximum prediction horizon,
* N, : control horizon,

e 7 weighting factor.

uithe PFC control law is computed by minimizi

ng

hee weighted sum of square future errors (between
ahe predicted process output and the refer¢nce

trajectory calculated at certain coincidence po
h ) and square control signal:

Jore (M =Y (N (n+) = Sy (+R)) 47 TP (1))’
with:

* h: coincidence points,
* N : number of coincidence points,
* 77:weighting factor.

Only the first value of the sequence is really eggphccording to the receding horizon principle.

Tuning parameters (SISO systems)

e« CLRT: Closed Loop Response Time used
adjust the sampling time if necessary.

(T,

* N;: minimum prediction horizonN, [T, is

chosen, most of the time, equal to the time-delay. ug, :

* N, :maximum prediction horizonN, [T is
bounded byCLRT. Recall that the largeN, is,
the more the system is stable and slow.

* N, : control horizon generally set to 1 whid
simplifies the calculations significantly and dag
not affect the stability margins.

e 77:control law weighting factor. Its optima
value is given by [83]:

Do = trace(Hg H...,)

step’ ' step.

where H
the step response.

nts

t0 CLRT: Closed Loop Response Time used
here also to adjust the sampling time. It appe¢ars

likewise in the reference trajectory equation.

base functions used to synthesize
PFC control law.

* N, : number of base functions.

* h:coincidence points over the predicti
fnorizon.

s N, - Number of coincidence points.
e n7:control law weighting factor chosen equ

Ito zero in our proposed design.

e T:auxiliary time constant introduced, when

the

al

it is necessary, to decompose the process trapsfer

arbitrary.

Controller

form

is the matrix of the coefficients Offunctlon into stable systems. It could be chosen

The two control laws can be expressed using the l@8i (Fig. 4.21). In case of time-delay systems,

it is noteworthy to mention that GPC design gemsratolynomials of high degrees contrary to

PFC algorithm.
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4.3.4 Performances comparison

As a conclusion of this section dedicated to tredigtive strategies, Table 4.7 summarizes the pedoces of
the PID, the PFC second version and the GPCintpsrtant to stress at this point that, prior tg¢ anmparative
study, all the control laws have to be tuned ineor achieve at least one pre-defined performamiterion.
Here, we opted for the cutoff frequency to make ¢amparisons.

Table 4.7. Performances comparison between PID, BFsecond version and GPC

Criterion PID PFC GPC Specifications
>
o g
B&9
= 5 4 1.06 1.06 1.08
Ogg
2
3 oK OK oK YES
n
% Step setpoint variation (mm) 0 0 0 0
[
_é 2 Step outflow variation (mm 0 0 0 0
T O
Q Clogging occurring between
n 300 and 700s (mm) 0.36 0.11 0.07 0
@ Gain margin (dB) 8.7 8.1 9.2 >6
()
,UE) % Phase margin (degree) 66| 40 32 =45
g S | Delay margin (s) 110, | 132T, | 104T, >T,
Modulus margin 0.63 0.54 0.53 >05
(%]
;f‘;_’. maxo,| (dB) 4 5.4 5.5 lo,|< 6
<
g mao,| (dB) 079 | 34 5.4 lo|<3
25 Maximum gain (dB) 9 11 10 As low as possible
5%
@ [} Minimum gain (dB) 8 2.7 -1 As low as possible
g % Maximum level amplitude 15 17 16 As low as possible
D0 (mm)
o O
o~
o = ;
e © Time to reach 95% of the .
) steady-state value (s) 23 5.7 6.5 | Asfastas possible

From the results given in this table, it can beiirédd that the predictive control laws are moreadive in terms
of bulging rejection especially for low frequencidie cost of this good performance is a deterimmapf the
phase and delay margins.
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4.4 Smith predictor control

The Smith predictor is widely used to control sgsdehaving a time delay. It converts the time-delay
control system to a delay free problem provided tthe time-delay is well known [46] [84].
In this section, two versions of the Smith predicioe investigated with a view to enhancing theudimnces
rejection, in particular, the bulging. Indeed, wels demonstrate that the classical version of3héth predictor
cannot be used for controlling an integrator prec&ince our plant model has an integral term, llfazus our
attention on a second version which extends theepties of the conventional scheme with the cajtalof
shaping the frequency characteristics of the distiuce rejection transfer by means of an additiooatroller.

4.4.1 Initial version

4.4.1.1 Conventional scheme

The problem of designing controllers for process#h time delay has been addressed over the ygass\eral
authors with varying degrees of success [47] [48]e control scheme attributed to Smith so-calledtism
predictor, introduces an additional feedback aratimedcontroller with the purpose of eliminating theday effect
from the closed loop equation.

Let us recall the plant model transfer function:

-7, 3

TF o9 = 2 = (g
sl+r7,[3)

G (4.41)

=_n
model
S

where H,(s) is the delay free part of the plant model.
Fig. 4.26 depicts the conventional scheme of thé&fSpredictor. If the plant model is precisely itiéad, the
closed loop transfer function is given by:
N __COMH() v e
N 1+C(s)H,(s) '

where C(s) is the controller transfer function.

v

N’ P Ge™ Q, N
—@—» C(s) > 1
Ar 1+ Ta K3 S K3

— Hy(9)

1-e™® <—>(§§+ )

Fig. 4.26. Block diagram of Smith predictor convetional scheme
It can be checked that the Smith predictor equntadentroller is given by:

C(9)
1+C(5)H, (9[- ™) (4.43)

TFSP(S) =

By removing the delay effect from the dynamics bé tclosed loop, the tuning of the controller become
noticeably easier. Furthermore, the closed lodpilgtacan be examined using conventional methods.
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On the other hand, the bulging rejection trangfecfion is given by:

N _C()H,(s)e™ -1 -1
Qu  SBOL+C(S) Hy(9)

(4.44)

The presence of an integral term within the plaatieh is necessary to cancel the steady-stateiartbe setpoint
response. However, the steady-state error, impbgedconstant flow rate out of the mould, cannotgqeal to
zero whatever the controller is. This disturbancedpces indeed an obvious non-zero offset as shiovihe
following equation where, (s) is the Laplace transform of the level error:

-C(s)H, () e ™ -1 +1

EQ(S)zo_N(S): S+ C(s) H,(9))

Qui(8) &) T—S”Qout(S) (4.45)

This deficiency of the Smith predictor, in regatdsdisturbances rejection, has been extensivelgieiuand
sometimes effectively tackled [51] [52]. Severathamus have suggested modifications to the origiBiith
predictor. In the following, some of them will bescussed.

4.4.1.2 Smith predictor modified version

In [13], the authors propose an extension of thgiral Smith predictor to cancel the steady-statereAs shown
in Fig. 4.27, it is based on the introduction ofeattlitional feedback containing the bloGk[7, and connected in
parallel with the inner feedback of the Smith petati.

QOU[

N * P* Gn e*an* Qin
—)— () >
i 1+7, (%

v

1
S|is

—> H,(s)

Fig. 4.27. Block diagram of Smith predictor modifed version
According to Fig. 4.27, the closed loop transferchion is given by:
N _ C(s)[Hy(9) e
~N € (4.46)
N 1+C(s)H,(s) -G, 1, [C(9)

and the bulging rejection transfer function is givsy:

N _C(S)H,(s) e ™ -1 -1+G, [, [T(s)
Q.  SBOL+C(S) H,(s) -G, T, [T(9)) (4.47)

Although this structure cancels the steady-stater.eit does not allow the designer to shape tlsudbances
rejection transfer function which is a key elemehthe mould level control problem. The followinglsection
describes the solution proposed by Astrom to oveecthis obstacle with the capability of shapingfileguency
characteristics of the bulging rejection [49].
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4.4.2 Astrom’s modified version

4.4.2.1 Principle

The Astrom’s modified Smith predictor is depicted Fig. 4.28. Compared to the conventional versem,
additional feedback from the difference betweenstfstem and the model outputs is introduced.

Altogether, there are two controllers for differefjectives. The first on€ is primarily intended for shaping the
setpoint response. The second dvie is specifically designed to handle the disturbande literature, other
complex structures have been proposed where manettfo controllers are utilized.

v

m‘l_\
knl

Bulging
rejection loop '

Fig. 4.28. Block diagram of Astrom’s modified Smit predictor

Therefore, the Astrom’s modified Smith predictocdeples the setpoint response from the disturbagjeetion
which can be thereby independently optimized.

By the merit of the Smith predictor scheme, therdsts modified version removes also the time-détayn the
closed loop characteristic equation and the setpesponse is thus always given by equation (4A23. benefits
of the original Smith predictor are thus preserved.

On the other hand, the disturbance rejection tearisfcomes:

N _ -1
Q, SHEOL+M MH,E™)

(4.48)

This structure provides more freedom in choosirgttansfer functiorM . Namely, in the presence of an integral
term in the plant model, the designer should inelah integration mode withitM in order to cancel the
steady-state error aforementioned as can be dediwradkquation (4.48).

In this dissertation, the Astrom’s modified Smittegictor is used to reduce the influence of thegimgl on the
mould level. The next paragraph proposes a desigihodology based on thd, framework for shaping the
frequency characteristics of the bulging rejectramsfer function.

As for the controllerC, the simplest solution is to choose it as a singgli@ which is sufficient to tune the closed
loop response time.

4.4.2.2 Design procedure

Before starting the design procedure, various foofmll (s) have been tested including the first and secoddror
functions but with varying degrees of success5lt],[it is suggested to use the scheme represémtéig. 4.29
where M (s) is the transfer function that needs to be tuned.
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_— — Mo (s)
- Ho(9)
TFmodeI(S)
Fig. 4.29. Possible scheme fod(s)
Using this scheme, the bulging rejection trangfiecfion becomes:
N(s) 1 B
——=——(M,(s)[&™" -1
Qe s ) (4.49)

Therefore, the bulging rejection response couldlibectly adjusted from the poles & ,(s). Some tuning rules
are also given with a view to eliminating the sieathte error produced by a step disturbance vamiat
Unfortunately, this form was not able to improve thulging rejection. In our view, this issue maydftciently
resolved through thid,, framework. This is the focus of the next paragraph

4.4.2.2.1 M design based o, control theory

For the sake of simplicity, we decided to seledy dhe bulging rejection loop of the Astréom’s madd Smith
predictor as depicted in Fig. 4.30.

Qout 1 N
S[&

v

Gne—rns
1+7, (8

M (s)

Fig. 4.30. Bulging rejection loop

Our goal is to use thel_, control theory as an alternative for shaping thiging rejection transfer function while
ensuring a delay margin fixed in advance.

To do so, a second disturbardé was added to the bulging rejection loop to be éblsolve theH_ problem
which requires several conditions to be met inipaldar W enables the rank of the transfer between the iaput
the controller i.e.N and those of the process i;(@Out W) to be 1 [85]. More preciselWV is an additional
disturbance to the mould levé\ and may model thereby the standing waves distagodrig. 4.31 shows the
augmented plant of thel control problem where two weighting functiod¢ andW, have been introduced in

order to reduce the bulging effect on the level @adachieve robust stability under delay unceriamt

respectively.
] e !
QOUt
W NW P* Gn -7, 3 1 N
> —> > € —
M(s) 1+7, 5 Sk

Fig. 4.31. H., control scheme
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According to Fig. 4.31, it follows:

{Q(S) =Wi(9)B,,(8) [Q,,(S) +Wi(9)By,(s) W(s)
&(S) =W,(9)B,(8) [R,,(S) +W,(9)B,,(S) W(S)

-1 1 B 1
Wlth Bll(S) B S K3 (1+ M (S) D_Fmodel(s)) Blz(S) a 1-M (S) D-Fmode|(s) (450)
B,(5) = ) Ho(9) B (9= C M(S)
1+ M(8) TF, (9 (1+7,15) Q= M(8) O F0e(S))

The general control configuration depicted in Fdg1 is then represented in LFT form as shown @ &i32

[86].
& } {Qom
—
e, Process w

N P’

A

> M
Fig. 4.32. LFT form ofH., control scheme

Therefore, theH  algorithm consists of synthesizing a controllerichhstabilizes the closed loop internally in
such a way that the following inequality holds [14]

Z(s)

Wi(S) [By,(s)  Wi(s) By, ()
W,(8) By, (8) W, () EBzz(S)J

(4.51)

0

To improve the bulging rejectioVy, is chosen so thaB,; has a small magnitude over the bulging frequencies
Furthermore\V, should have a high gain at low frequencies in otde@liminate the steady-state error. A suitable
transfer function could be a phase lead filter:

1+T, 3

W_:L =K, —2—
1+a,Tl,[$

| with: a, <1 (4.52)
Secondly,W, is selected to ensure robust stability under det@nges with the help of the small gain theorem
[87]. Indeed, let us consider the interconnectibowa in Fig. 5.6 and suppose that both the compi¢ang
sensitivity functiong,_(s) and the multiplicative uncertaint(s) are stable. The closed loop is stable if and only

if the following robust stability criterion for auitiplicative uncertainty is satisfied:

loz(9) A, <1 (4.53)

A(S)

A

— 0.(9)

Fig. 4.33. Interconnection of a stable transfer faction and an uncertainty block

The complementary sensitivity functioa,(s) has been introduced because the delay uncerthadybeen
modeled using a multiplicative uncertainty as iftated in Fig. 4.34.
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A(s)

Y

1 TFmodeI (S)

M(s)

Fig. 4.34. Multiplicative uncertainty representaton
We can then verify that the complementary sengjtivinction is given by:

- M (S) |:n:model(s)
7 LM (9 TFa(9 (4:54)

Therefore, the bulging rejection loop is stablthé following relation is satisfied:

|| B M (S) D—Fmodel(s) A(S)
||1+ M (S) |:rFmodeI(S)

<1 (4.55)

o

The multiplicative uncertaintyA(s) is defined in(4.56) where the time-delay changes are bounded by a value
Ar, assumed to be known.

TFrr?odel(S) :TFmodeI(S) ql+ A(S)) = TFmodeI(S) @Afn@ (456)
and so
A(S) =™ -1 (4.57)
We also know that:
TR ee(S)] =[Ho () &% =[Ho ()
Therefore,
-M(s)OTF__,.(S —M(s)H,(s
|| ( ) model( ) A(S) =|| ( ) 0( ) A(S) =|||321(5) |1(S)||oo
||1+ M (S) ErFmodel(s) 0 ||1+ M (S) |:n:m«:)del(s) o
(4.55) is thus equivalent to:
|B.A(s) ()], <1 (4.58)
By using a rational approximation of the expondtitiaction, we can prove that(s) satisfies the inequality:
. 201 Ow
ANiw) <|—r—=—
A(jo) At Djw‘ (4.59)
W, could be chosen such as:
. 201 OQw
W. (i) > —2——|
W, (ja)| Tvar Djw‘ (4.60)
For example, let us adopt this model:
_ 2AT, [$ -
W, (s) = szm with: K, >1 (4.61)
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4.4.2.2.2 Robust tuning based on the Particle Swarm Optimizabn

The optimization of the weighting functions paraemstis crucial to achieve optimal performances.eBas the
transfer functions of\, and W, defined previously, the contribution of this paiggh is to provide a simple
design methodology using a sort of randomized &lguos. It is based on the Particle Swarm Optimara{iPSO)
technique which does not need any gradient or dtvir of the objective function. Its algorithm imple, easy to
implement with only a few parameters to adjust. &theless, it is backed only by several simulaggamples
and it remains difficult to guarantee its effectigas from a theoretical point of view [15] [16] [53

The Particle Swarm Optimization is mainly inspitgdsocial behavior patterns of organisms thatéind interact
within large groups of autonomous individuals mavin random directions as flocks of birds, schailéishes,
swarms of bees and colonies of ants (Fig. 4.35)s Titelligent model, initially proposed by Eberhand
Kennedy [17], has shown good performances in a wadge of applications during recent years, esfeda
non-convex problems.

Fig. 4.35. Social behavior of some populations

The general optimization problem is mathematichynulated as follows:

minni]r)pize f(x) (4.62)
The PSO algorithm uses a swarmmf,, ., particles in order to find an optimal solutionesfuation (4.62). Each
particle is considered as a point in the searchespa. It adjusts its movement according to its own eiqmnee as

well as those of the other particles both in itgyhieorhood and in the entire swarm on the bastiefollowing
update law [16], represented graphically in Fi§64.

Vik+1 =c, Wik +c, lei m)ﬂ kbest _ )ﬁk) +C, Ezlfi mxlib‘:as,tm - )ﬁk)
Xik+1 - Xik +Vk+1 (463)
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with:

=

: position of theé™ particle at iteratiork ,
- velocity of the™ particle at iteratiork ,
. inertia factor,

: cognitive scaling factor,

: social scaling factor,

, I, - random numbers uniformly distributed in [0 1],

Kest: hest previous position of thi8 particle,

Kest - hest previous position of particles of ilgarticle neighborhood.

iswarm *

L[] L]
< X

TR

[ ]
e

°
x

°
X

Fig. 4.36. Graphical representation of movementspaate law
The PSO algorithm consists of the following steispldyed on a chart in Fig. 4.37:
[step 1] Initialize the particles positions and velocitweish feasible random values.

[step 2] For each particle, evaluate the objective funcéibaurrent positionf (x*) (fitness value).

kbest and X.kbest

iswarm *

[step 4] If the stopping criterion is satisfied, the algom terminates with the solution:

X =arg‘kmir{f(>§k)ﬂi i} (4.64)

[step 3] Update X

Otherwise, update the positiox$ and the velocities/ according to (4.63) and go to [step 2].

Start

|

Initialize particles with random positions
and velocities

|

= Evaluate fitness value ]

|

Compare and update fitness value with ]

K, best k. best
xi & xi _Swarm

; nati VES
Meet I:Cl'll-lllliholl End
criterion?
N(j»l
Update velocities and
positions

Fig. 4.37. Particle Swarm Optimization algorithm

158



Chapter 4: Comparative analysis of non-adaptive control laws

The number of tuning parameters in the PSO alguridppears to be limited. Many studies have beetighelol
about the tuning rules [54]. This aspect is beytmel scope of this dissertation, aiming only at gsihis
optimization method for control purposes. Amongkttiae parameters, the important ones and theircyp
values, validated by Kennedy [17], are listed ib[€a.8.

Table 4.8. PSO parameters

Parameter Value
Pswarm 10+ ,/dim(X)
G ¥(2In(2)
(o} 05+1In(2)
c, 05+1In(2)

where dim(X) is the dimension of the optimization problem thee number of optimization variables (equal to 5
in our case).

In addition, other options may be set, such assthpping condition or the maximum number of itemas, the
maximum duration of the optimization algorithm ahd ranges of particles velocities.

4.4.2.3 Performances

4.4.2.3.1 Simulation results

First of all, the two filtersA,(s) andW,(s) should be calculated according to equations (4a58)(4.61). To do

this, we propose to use the PSO method in ordeptionize the unknown parameters \&f(s) and W,(s) i.e.

Kus T, @, K, and Az, in such a way that the delay marght, is greater than 0.5s and so tHg{}** and
™" respectively the maximum and the minimum gainthefbulging rejection transfes,,(s) over the bulging

frequency band between 0.03 and 0.1H, are chosem@5 and 2dB.

Other criteria as the gain margin or the overslobdihe step response may also be included if disire

The optimization problem is then mathematicallyniatated as follows where the matri(s) is defined in

(4.51):
|zes)l.
+exp(1000{Ar, - 05
minimize Pt Az, ))
Kwi.Twi 8wt Kwz ATn +exp(_1000|15_ maX))

1

+exp(1000{2 - B™))

(4.65)

The objective function does not have any analytsgiression. It can be computed only through sitiaria and
this is allowed in the particle swarm techniqueeTH_ norm is calculated using the Glover-Doyle algarith
[55]. Finally, this optimization problem was solvading Matlab-Simulink software and takes aboutrtenutes
on a Pentium 4 3.2GHz to return the following weiigd functions:

1+ 084s 082s
Wi(S) = — Wo(8) = —
0.31+1.75s 1+0.82s

Based on these weighting functions, the contrdifigis) synthesized by thel algorithm is given by:

113[{s+20) [{s+4) [s+1.2) [{s+ 06])
(s+1282 [(s+13 [(s+1.3) s+ 018

M.(s) = (4.66)

Due to the chosen control scheme oy synthesis (Fig. 4.31M (s) cannot incorporate an integral term leading
to a small steady-state error.
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In order to overcome this problem, the least oftladl poles inM, is replaced by zero. Thél_ controller

becomes:

113[(s+20) s+ 4) s+ 12) [{s+ 06])
s{s+1282 [(s+13 [(s+13)

M,(s) = (4.67)

ConsideringM, , the other controlleC was set to 1 to adjust the closed loop response trig. 4.38 presents
the step response for a level variation of .0mmmg@ared to the other control laws, the Astrom predienables
a faster response without introducing an overshabtt generates, however, a stopper position ggtpoth high

magnitude.
8 ' { { T rp | { { { { 20 ' \ { \
Level (mm) | | ' | | | | | Stopper position (mm) | | PID
tpoint
| : : SEPO:” : | : : : | : —— PFC 2" version
'1O””‘F”’r”"* AS‘rﬁmsz I ‘ ‘ ‘ ‘ i P : 7777777777777 ; 777777 ‘ AS‘rOTMz o
| I | | \',’ | | | | | | | |
. ¥
sepint | l o l l l l l l l
Az PID o T !L7777PFCTdversi0n777777777 ! ! ! !
—— PrC 2 version | H | ; | | 16k - - - ——— [JNSR | PR JENR [
. i
Astrom M I ! I I | | I I I |
2 | |! | | | | | | | |
A4 - - -k - -k ——F ——— == - — | | | |
I I I I i I | | | I I I I
I I I I i I I I [ I [ | | I L ]
| | | | 1 | | | | 14 | | | |
I I I I i I | | | I I I I
'16777777777777\7777\7777’;77777777777777777777 | | | |
I I I I ] I | | | I I I I
I I I I ] I | | | I | I I
I I I I 3 | | | | Lr--===- [ I””’T ””” [ [
v [ I I
! | | | | | f PID  prc 2 version |
! | | | | | 1 b | |
| | | | | 1A | | |
I I I | 10 - - - - - - ——— === R e i F-——-== ——=—=-—-
-20= i B e A S, I
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I I

| | | |
| | | |
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Fig. 4.38. Setpoint response for a step level vation of 10mm

The enhancement of the bulging rejection is cleaxlgibited in Fig. 4.39 where the Bode diagramshefPID,
the PFC second version and the Astrom predidigr are drawn. The performances have been improvdud bot
over the bulging frequency band and at low freqiemdn the right-hand side, we can examine thestiess of
the Astrom predictor under delay changes in thegsree of bulging. Usind, , the level variations have been
reduced by half and the delay value does not afpdsve any effect on this performance.

T
Level (mm) |

15 T T T 1T N T T T
I I
[ [

SRR
Magnitude (dB) || PID

———— prC 2 version
Astrom M,

T pID T T Astrtom M- - - -
|

|
|
|
|
|
|
I R e T I e R
| | | | | | |
----- I .
Astrom M, | | I I | delay I
I ! | | | | | |
| | | | | | | | Time (s)
-80 1 L L 1 L 1 L L
0 50 100 150 200 250 300 350 400 450 500

Fig. 4.39. Bulging rejection performances

On the other hand, the clogging rejection has remnbtaken onto account in the Astrém predictor giesi
Therefore, its performances in this area are coafgarto those of the PFC second version as illestran

Fig. 4.40. One perspective is to include other udisinces in the design process, in particular, the
clogging/unclogging phenomenon and the standingeg/av
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18 T T
I I ! I
Stopper position (mm) | PID .
: : : —— prc 71 version
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|
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24
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Fig. 4.40. Clogging rejection performances
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Finally, the controllerM, can also be approximated by the following PID oointaw which would be useful
from a practical point of view because the PID fasmvell known by the operators and already impletaé in
the industrial PLCs (see Fig. 4.41 for the Bodgdiens ofM,, M, and M ).

50

40

30

20

10

012s

037 N
1+ 0.000%

M,(s) = O.8E€O.8+

(4.68)
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Fig. 4.41. Bode diagrams of the three versions tife Astrom predictor M;, M, and M3

4.4.2.3.2 Global comparison

The performances of the two versions of the Astgiedictor M, and M, are summarized and compared to
those of the PID and the predictive strategies abl@ 4.9. It can be reasonably deducted that thebs
predictor, designed using the_ framework and the Particle Swarm Optimization rodttoutperforms the other

control laws.
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Table 4.9. Performances comparison between PID, BFsecond version, GPC and Astrom predictor

Criterion

PID

PFC

GPC

Astréom predictor

steady-state value (s)

Ml MZ
>
o
R
£ 54 1.06 1.06 1.08 1.33 1.34
Og¢g
2
3 oK OK oK oK OK
n
% Step setpoint variation (mm) 0 0 0 0 0
(2N
_f'J>~ = Step outflow variation (mm 0 0 0 6.7 0
Cc O
2 Clogging occurring between
N 300 and 700s (mm) 0.36 0.11 0.07 <11 0.06
@ Gain margin (dB) 8.7 8.1 9.2 9.9 9.7
Q
% é Phase margin (degree) 66| 40 32 50 42
g S | Delay margin (s) 110T, | 132T, | 104T, | 0.65 0.55
Modulus margin 0.63 0.54 0.53 0.92 0.92
(%]
= maxo,| (dB) 4 5.4 5.5 4.1 4.4
=
z
g maxa,| (dB) 079 | 3.4 5.4 2.1 3.6
2 5 Maximum gain (dB) 9 11 10 6.8 7.5
IS R3]
S .9 - ,
m o Minimum gain (dB) 8 2.7 -1 0.38 -2.4
.g " Maximum level amplitude 15 17 16 13 13
DO (mm)
o O
o~
2 Time to reach 95% of the
5 23 5.7 6.5 3.8 3.7
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4.5 Internal Model Control IMC

We conclude this study by outlining the InternaldébControl IMC strategy. This section is not irded
to give an exhaustive description of this methotldnly a cursory view of its possibilities. The nvation for
considering such technique is that it is alreadyse in a few plants.

4.5.1 Principle

The Internal Model Control (IMC) strategy relies thve internal model principle [18]. It has the genestructure
depicted in Fig. 4.42. The process output is coegbavith the model output, resulting in a signal eahwill be
subtracted from the setpoint. Similarly to the camtional scheme of the Smith predictor, an additideedback
is thus introduced around the controller. Theyediffinly on the block to be included in this feedbache IMC
scheme utilizes the entire model whereas the SpnéHictor, dedicated especially to processes \itle-tielay,
incorporates, in addition, another feedback withdblay free part of the plant modd},(s) (Fig. 4.43).

QOUt

. . 1,8 .
_N,@_> C(s) P, Ge Q. 1 N
3 1+7, 05 S[&

A

v

TFmodeI (S) —>®

\ 4

Fig. 4.42. Schematic of the Internal Model Controkcheme

v

A

* N -7,3 )
N @ o P’ Ge Q. 1 N
i 1+7, [ S

> TRl »X)

> H,(s) =®

Fig. 4.43. Smith predictor block diagram
We recall that:
TR o0e(S) = Ho(S) (& (4.69)
From Fig. 4.42, we can see that, if the plant maglekactly identified, the closed loop transfemdtion is given
by:

*

Nﬁ = C(S) EI-Fmodel(s) (470)
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and the disturbance rejection transfer functiorafperfect model is given by:
N — C(S) |:rFmodel(S) _1
Qo Sis

(4.71)

In order to improve the robustness of the IMC gtres a low-pass filter is usually added to minienithe
discrepancies between process and model behaviors.

4.5.2 Tuning

Considering the process model given in equatiodl{4.it is a common practice in the IMC design tthe
following factorization into invertible and non-iextible components respectively=" . (s) andTF_..(S):

K _
TF, o (S) =———mdel__eg™®=TE" (s)(TF. (S
model( ) SH:L"‘ Ta |})) model( ) model( )

K

model

S[L+7, [3) [€1+T2nsj

TFn:odel(S) = (472)

_ T,
TFmodeI(S) =1- E S

where the time-delay term was approximated bysa dirder Padé function.
The controllerC(s) is usually designed as the inverse of the processtehin series with a low-pass filter of
appropriate order. Here, the order is chosen tgpel to 3 to guarantee a proper transfer fundaoIC(s) :

1

H e (8) = W

(4.73)

whereT is the filter time constant.
Thus, the controllecC(s) is composed of two terms, the inverselét,, .(s) and the low-pass filteH ., (S) :

C(8) = (TFoua(S) ™ H 4, (5) (4.74)

In practice, the IMC scheme of Fig. 4.42 can bereeged to the following classical form:

TR T = Q.
* g -7, \
N o) PP Ge Q. 1 N
| s S
|
I TFmodeI(S) I
’ N L = s ommos ommos o - )

Fig. 4.44. Other form of the IMC Control law
Therefore:

C(s) _ (TFoe(9) ™" H . (9)
1_ C(S) ErFmodel(s) 1_ TFn: deI(S) EH filter (S)

0

TRy (8) =

(4.75)
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In this case:

s+, [3) E€1+T"sj
TRy (s) = 2

- (4.76)
Kmodel[(zn + 31-2) 5+3r DSZ + T3 st

Note that the IMC controller, designed in this walges not contain an integral term. As a resulstep
disturbance variation will generate a non-zerodyestate error as was proved earlier in case oinitial version
of the Smith predictor. To overcome this difficyliy is convenient for the designer to proceedd®ws. The
integral term in the plant model should be replaogd first order system having a large time camsta. The
same procedure is then applied on the basis diwhequations (4.73) and (4.74).

. Kmodel e—TnB :TFn:;
L+7 B)[A+7,09)

TFr;odel(s) = del(s) D—Fr;(;del(s)

K

model

L+7 ) [{L+7, [3) E€1+T2”sj

TFmodel(S) = (477)

TFrr*\;del(S) =1- T_2n S

Using equation (4.75), it can be checked easily tiia modified model enables the IMC controllerhave an
integral term, which is needed to cancel the stestale error aforementioned.

It is important to notice at this point that thisdification of the model tends to alter the setpo&sponse and the
disturbance response previously given in (4.70)(dndl) respectively.

Based on the same philosophy as that of the Agtn@aictor, other modified versions of the IMC systajiving
rise to two-degree of freedom control structures,raported in literature [88]. One controller esijned to reject
the disturbance while the second one is designesthdpe the response to setpoint changes. Thehanever,
outside the scope of this study.

In summary, it can be said that the initial versadithe IMC control, which is classically used &iable processes
but has serious limitations with the others, tetodserform poorly in case of the mould level cohpmblem.
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4.6 Chapter summary

By exploring the mould level control techniques, we@ encounter two schools of thought. One is based
disturbance estimation and feed-forward action$ sigcthe strategies developed in chapter 3. Tlapteh deals
with the other techniques focusing on the desigmain control law from the error between the meaduevel
and the setpoint. Specifically, a large selectibreantrol laws has been considered, including thg, Fhe two
predictive strategies PFC and GPC, the Smith pidénd its modified version proposed by Astrom éndlly
the Internal Model Control IMC. All the control lawhave been examined in terms of closed loop #tabil
frequency characteristics of the open loop, dir@etl complementary sensitivities functions, steppaese,
bulging and clogging rejection. Additionally, thegve been compared to the PID control law consitleeze as
a reference.

The most striking finding of this comparative studythe functionalities offered by the Astrom’s nfcetl Smith
predictor. Indeed, this structure has the majoraathge to decouple the setpoint response fromigterisance
rejection by using two controllers. In other wordsavoids degrading the setpoint response in fafothe
disturbance response. In this chapter, it was bs#d to lower the bulging effect on the level andyuarantee
appropriate robustness margins. In order to ressiadh a design problem and to provide simple domestto
non-specialist users, the specifications have beéormulated as a multipleH, constraints problem and
optimized using the swarm intelligence techniqii&e controllersM returned by theH_ algorithm are
somewhat cumbersome but reduction-order methodshmaytilized to reduce the order. At times, they ba
approximated by a PID transfer function and cas theieasily implemented in the industrial PLCs.

It is necessary to recall that our approach is detaly different from the other ones developediif][or [56]
where theH_ framework has been employed to design the mainueigue controllerC. In our proposed
method,C was set to a constant gain which is sufficieradjust the closed loop response time.

Compared to the other control laws, it has beenotstnated, through exhaustigemulations, that the Astrom
predictor yields better performances to a greatrext

Another point to be noted is that it is commonlyplum that the stability properties of the Smith peeat could be
degraded when there is an uncertainty in the dedagmeter. Our proposed tuning method providedudico to
this issue because it may satisfy the requiremeitkén a certain delay margin without having to dmncerned
with the exact identification of the time-delay.

However, it should be implemented if the freques@éthe bulging taking place on the machine ateknown
precisely or are frequently subject to change. @ilse, we recommend using the compensation techaiased
on the estimation of the bulging effect on the lara its prediction.

In the next chapter, we shall examine another kindontrol strategies that is more robust but @®gous than
most of the ones presented in this chapter. Indeedemonstrated in chapter 3, the gain and tlag délthe plant
model depend on the water model configuration amtbably on the caster configuration in real sitmtiFor
example, the delay may vary from 0.1 to 2s. Asm@sequence, all the studied control laws would moalble to
stabilize the mould level over this variation iM&t The proposed solution based on the so-calletMRC
architecture would not only make it possible, goaprovides the operators with some useful sigimatsder to
pinpoint accurately the gain and the delay vanetio
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Chapter 5: Robust adaptive control - RMMAC architecture

5.1 Introduction

This chapter introduces adaptive methods for desigmobust controllers to deal with the uncertain
parameters and to counter the effects of distudmatiwat arise in the continuous casting processlefAmnstrated
in chapter 3, the gais, and the delay, of the plant model change with the machine coméigan. The aim of
this chapter is to develop an adaptive control kaawing that all the control laws considered intiea 4 are not
able to stabilize the mould level over the entmegmeters uncertainties.

In order to place our discussions within a geneoaitext of robust control, we are going to reminche of the
most useful definitions in the robust control thedn the first place, the word ‘robust’ refersthe capability of
the controller to meet the posed performance spatiins in the presence of process-model mismancteed,
this may happen if the process is not accurateiptified or when the process moves to another tipgrpoint.
The word ‘adaptive’ refers to the controllers desid in such a way that the control law is modifietienever
necessary, to cope with changing conditions. Thepat need, however, a priori information aboutetivarying
parameters.

The first stage of robust control design is to eadoth nominal stability and nominal performarnice, that the
controller will stabilize the process model andiacé the desired performances. The second stagestoof
verifying the robust stability and the robust pemiance features before applying the controllerhe teal
process. The cost for stability robustness is taély poorer performance.

There are several approaches for robust adaptiveotoThe vast majority of them deal with the caseonstant
uncertain parameters. In the case of mould levetrab the plant model parameters are uncertainraag vary
depending on the caster configuration as demoestat chapter 3. Such control problem has beeneaddd
efficiently by M. Athans and S. Fekri through a usbadaptive control method so-called Robust Migtiodel
Adaptive Control RMMAC [20] [21] [90].

In this chapter, we shall apply the RMMAC structtmeenhance the bulging rejection function. Weiaterested
in this architecture because it deals with slovdyying parameters. More importantly, it answersa systematic
way, the classical issues related to the need aptae control, the number of models, the contrsllend the
identification part synthesis.

This chapter is organized as follows. Section 2oghices the multiple-model structures for desigrnstate
estimators and feedback controllers. Includedisef description of the RMMAC architecture.

In section 3, relevant background material abobusb stability and robust performance is given.sT¢gction
also contains the complgxsynthesis which synthesizes a robust controllartiie D-K algorithm used when
there are no real parameter uncertainties and tkedq synthesis based on tieG-K algorithm dealing with
combined real and complex uncertainties.

Since it is central to our control strategy, theige of the RMMAC structure will be fully treated section 4. We
will present also different representative simalatresults in order to evaluate the usefulnesh®RMMAC
compared to the best non-adaptive control law.

Finally, this chapter concludes with several sutiges and some critical issues related to the RMMI&Gign.
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5.2 Multiple-model structures

In this section, we present a literature overviewnaltiple-model control structures that are attieart of
the main technical results of this doctoral disgeh. In analyzing these structures, it is esplgcisseful to
distinguish between two types: the first one isglesd to estimate the state of the system whileother is used
as the main controller of the process. Therefdrg, dnalysis is carried out in two subsectionshesowhich is
devoted to explaining one of the two types.

5.2.1 Multiple-Model Adaptive Estimation MMAE

From the outset, the MMAE architecture has beemodhiced to address the state estimation problems
characterized by a significant parameter uncestaj@®]. It provides indeed an adaptive estimatidnttee
uncertain parameters by means of a sat distinct Kalman filters and a Posterior Probaypilitvaluator PPE.

This subsection explains briefly the fundamentalospts of the MMAE. The reader is referred to [88] an
exhaustive coverage of the literature in this field

The general block structure is given in Fig. 5.aughly speaking, the Kalman filters generate théeststimates

X (t) for k=12...,n, which are combined with the posterior probaletiP (t) computed by the Posterior
Probability Evaluator PPE in order to calculateeatimate of the overall plant state through theesgion:

n
X(t) =D R X () (5.1)
k=1
SMSM--- S
* P r(t)
Posterior
Probability €2
Multiplicati ti
® Multiplication operation ey —— .
& Addition operation PPE *
PRAV
ROIRM)] - - - R.(t)
A NN ()
Kalman filter #1

() éé R A NN %,(t) <«
Kalman filter #2

A

b 4 %,(t)

< nY

D Kalman filter #n L

A

LP@—» Controller u(t) —> Plant N(t) >

A

Fig. 5.1. MMAE architecture
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The probabilities P, (t), corresponding to the fact that the model generates the plant outpwi(t), are
computed from the residualg(t) and the residual covariance(t) (Fig. 5.1). In Kalman filter theory, the
residual or the innovation is the discrepancy betwthe actual and the predicted values of the messunt.
P (t) are also used to select the right model or theeslpbone if the true plant does not belong to thdaiset.

Let us suppose that discrete-time plant models are known:

{xk(t +1) = Ax, (t) + Bu(t) + F W, ()

(5.2)
Yie (1) = CoX (1) + Vi (1)

with:

» k: the model index,
* W, the Gaussian process white noise,
sV, the Gaussian measurement white noise.

w,,(t) and v, ), whose covariances are given in (5.3), are assumdzk independent of each other and
uncorrelated withx, [ ) Oj <t.

{E(WNN () T (07) = Q,

() Fy07) = R &9
Additionally, we will make use of the following ratton:
% (t1) = E(x (0Ju©)---u(t -1, y@--y()

{mk(qt) = E((x (0~ %, () 1040 ~ % {0 U ©)---u(t =, Y-+ y(1) &4

The problem of synthesizing a steady-state Kalriter fs, most of the time, fully solved throughdwycles. The
predict cycle estimates the state at titnel, denoted byx, (t +]jt), and the associated covariance matby
using the measurements collected up to tin@d the control inputs available up to titnel.

% (t+1t) = A (t]t) + Bu(t)

Y (t+1t) =C X (t +1t)

rk(t +1) = yk(t +1) - 9k(t +1|t) (5.5)
cDIE—l = AchkA-(r + FkaFkT
S, =cov(r, (t+1),r(t+1)) =C®? C; +R

During the update cycle, the objective is to corapilite Kalman gain, the a posteriori state estiraatkthe a
posteriori error covariance estimate via (5.6).

K¢ = q)lf—lckTS:l
R+t +1) = X (t+7t) +K,r, (t+12) (5.6)
ch = chf—l - q)lf—lCl-(r Sx_lckq)lf—l

Fig. 5.2 illustrates this algorithm.

YD S+ R+qt+D) % ()
» » K » 7 —>
ik(”m o R+

u® » B :!{9: A

Fig. 5.2. Discrete-time Kalman filter block diagran
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Let us now model the fact that tk& model is the one generating the plant outNit) by a hypothesis random
variableH, :

HkD{HliHZ"”’Hn} (5.7)

The posterior probabilitie®, (t) are defined in such a way that they satisfy:

P.(t)20, Zn:Pk(t)=1

{PK(O) = Prol(H = H,) (58)

R.(t) =ProbH =H,|u(0)---u(t -1, y®)--y(t))

Using Bayes rule and assuming that the model skidas the true plant, we obtain the following fateawhere
p(y(t +1)|u(t),Y(t)) is a conditional probability density function [89]:

_ PYEIUOHYO)
PYE+Du®.Y®) (5.9)

P (t+1)

with Y (t) = U(0)---u(t -1, y@--- y(t))
Using the marginal density and Bayes rule once nveeecan prove that:
P(y(t+DJu(®),Y () = Zl: R.(t) Cp(y(t +Dju(t). H,. Y (1)) (5.10)
By substituting (5.10) back into (5.9), it follows:
b (141 = PUEFDUO.H, YO)
2R Caly(t +Bju(®). H,. Y ()

RO (5.11)

There is a need therefore to calculgtgy(t +1)|u(t),Hk,Y(t)) . It turns out that this density function is Gaassi
with mean:

E(y(t+Dut), H,, Y()) = C, % (t +1) (5.12)
and steady-state covariance:
cov(y(t+1, y(t +Du(t),H,, Y(t)) =C,®JC{ +R =S, (5.13)
We deduce that [89]:
p(y(t + 1)/u(t)' Hk ,Y(t)) = me‘zm (DB E (t+1) (5.14)

In closing, we conclude from the equations (5.14¢l 5.14) the general recursive formula of the gt
probabilities, implemented in the Posterior ProligtiEvaluator PPE:

1 - % e (441) S 20 (t+1)
e

 Jameeis)
Pk (t +1) ) ipii(t)e_%ﬁ (DS (t+1)

~ [2rrdetS) (5.15)

RO="

P.(t)
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We stress that the above results are valid ontlyeftrue plant belongs to the model set. If itdas the case, the
identification subsystem should converge to theesb model of the set in an information metric sefi$is can
be accomplished using either the Baram Proximityaddee BPM [95] or the Kullback information distaree

reported in [20] and [94]. Nevertheless, our pectipe is to implement the RMMAC architecture whighies on

the first distance to identify the nominal valuesdéach subset.

5.2.2 Multiple-Model Adaptive Control MMAC

This subsection reviews the literature on multipledel adaptive control. We shall give a brief dggim of the
most common structures including the Robust Mudtiilodel Adaptive Control RMMAC which will be
extensively described in the fourth section of tiapter.

5.2.2.1 Classical Multiple-Model Adaptive Control CMMAC

The classical MMAC architecture combines procesntification and control as shown in Fig. 5.3. dkds
advantage of MMAE strategy benefits coupled with tinear Quadratic Gaussian LQG design. More pedgis
it is composed from a set of Kalman filters and ¢dptrollers.

S S®)-- - S(1)

Kalman filter #1

A

Posterior

Probability Kalman filter #2

A

Evaluator .
[ J
L]
PPE
Kalman filter #n

RO+ RO

'—>——p LQ-gain #1

u() N

—> Plant —Mb

L>—» LQ-gain #2

v
L—» LQ-gain#n (0 —(——

Fig. 5.3. CMMAC architecture

Each local controller generates a local controutny, (t) by multiplying the state estimate of each Kalmiterf
by the LQ-gain, i.e.:

u (t) =-G X, (t/1) (5.16)

The global control inpuu(t) is then calculated by weighting each local consighal u,(t) by its associated
posterior probabilityR, (t) as follows:

u) =Y RO b0 517)

These equations show that there exists no separfagioveen the identification part and the contant.pindeed,
the control input applied to the process stronglgehds on the probabilities computed by the ideatibn part.
Furthermore, the local control inputs are derivearnfthe state estimates.
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Finally, it is important to notice that there egist switching version of the CMMAC where one unidoeal

controller, corresponding to the largest postepia@bability, is selected as the global control ingtor a more
detailed exposition on this subject see [91] [92].

5.2.2.2 Supervisory Switching Multiple-Model Adaptive Control SMMAC

Unlike the CMMAC architecture, the SMMAC is not axtension of the MMAE architecture even if it is
composed of an identification part. In referencd-ip. 5.4, the SMMAC utilizes a set of estimatoeséd on
Luenberger observer and a set of controllers of stnycture. In addition to these two banks, the SAOM
incorporates a monitoring signal generator and &lleime switching block. The first block generattdse
monitoring signals from the estimation erroeqt) while the second provides the signal used to selex

appropriate controller. It is worthwhile to noteatte, (t) are the equivalent of the residualgt) in the MMAE
architecture.

Detailed analysis and discussions may be foun@Qh[p1].

&(t) .
4— Estimator #1
Monitoring | ¢t .
<€4— Estimator #2
signal <+«—
[ [ ]
. generator °
[ ] L]
&,(t) <+
<€—— Estimator #n L
\A f F
Dwell-time
switching
-t
w(t) | .
—» Controller #1 . 1
SRR : u(t) N
|
” ' : N(t
L@———P Controller #2 L »  Plant ®) >

———— Controller #n

Fig. 5.4. SMMAC architecture

The dwell-time is introduced to avoid rapid swittdpibetween the controllers by maintaining a corspatput
over a period of time.

Because the signal generated by the switching isgiot explicitly taken into account in the glolahntrol input,
we can assert that the SMMAC architecture perfarseparation between the identification part aedctntrol
part contrary to CMMAC and RMMAC.

In [62], it is suggested to use the hysteresischivig. It consists of enabling the switch to anotduantroller when

the monitoring signal, corresponding to the coteraturrently in use, exceeds the smallest momigpsignal by a
pre-defined factor.
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5.2.2.3 Robust Multiple-Model Adaptive Control RMMAC

The third MMAC architecture so-called RMMAC is &etheart of this chapter. It has the same blocyrdia as

the CMMAC but fundamental differences exist betw#entwo structures, in particular with regardhe tontrol
part (Fig. 5.5). Indeed, the local control inputee enot computed from the state estimates but using
the p synthesis. This has profound implications for RMMAC performances. Moreover, with the help of a
precise definition of robust performance requiretsethe number of models, estimators and conteoléae
readily derived. More importantly, the RMMAC combm the robust non-adaptive mixgdsynthesis and the
stochastic hypothesis testing concepts.

The notation and the notions we will present altimg chapter are essentially taken from [90] whaliethe
material about RMMAC can be found.

SOSO -+ S0

t
<L Kalman filter #1

Posterior

Probabilty  €—=2— Kalman filter #2

(R

Evaluator

PPE

t
<L Kalman filter #n

A

Yy

— Controller #1

Lb@———» Controller #2

) 4
\ () > Plant N (t) >
A

v
L—» Controller#n  —2® >)—

Fig. 5.5. RMMAC architecture

In the RMMAC design, the Kalman filters are onlyedso generate the residualgt) . The state estimates are
not needed contrary to the CMMAC which calculates tocal control inputs on the basis of them. Other
distinguishing features of the RMMAC lie in its bilyi to address efficiently the issues about thec®n of the
number of models and the development of KalmaerfltNamely, the RMMAC designer proceeds as follows

* The number of models is determined using the Gldlmad-Adaptive Robust Compensator GNARC and
the Fixed Non-Adaptive Robust Compensator FNARGghssand the mixed-synthesis as we will see
in the third section of this chapter. During thtage, the mixeg@- synthesis generates also the set of
controllers so-called the Local Non-Adaptive RobDstmpensators LNARCs in RMMAC terminology.

* To implement the Kalman filters, nominal valuesttué uncertain parameters should be chosen for each

model. They are identified using the Baram Proxinhteasure BPM to ensure the convergence of the
posterior probabilities.
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5.3 Structured singular value

As we shall see in the next section, the RMMAC rodtiogy hinges upon the so-called mixedynthesis
to determine the size and the boundaries of eaehader subset as well as the associated controhes section
summarizes some important elements of the struttsiggular valugu currently employed in modern robust
control. Included is a description of both the ctempu synthesis and the mixad-synthesis. Because the
parameter uncertainties of the mould level cordyaitem are real, the complpxsynthesis can be conservative
and therefore the performances of the controlidesigned using this technique, would be inferiar.overcome
this shortcoming, one needs to utilize the migedynthesis, which deals with both real and complex
uncertainties, in order to maximize the performance

5.3.1 Uncertainty representations

This paragraph presents the underlying concepts which thep synthesis methodology is based. First, we need
to establish some notations and definitions. In rbleust control literature, the uncertainties emtered are
represented in two different forms: unstructured atructured uncertainty. In the first form oftesed to take
into account unmodeled dynamics of the systemderoio derive simple models, all the uncertaintiesmerged
into a single complex uncertainty matri(s) leading to a conservative uncertainty descriptidfith the
structured uncertainty however, all the uncertamiire represented separately and merged intagle ditock
diagonal uncertainty matrix as defined in equaf{mi8).

A _{A =diagQ,,.... A0l 01 a el ) DCka}

5.18
AiDC‘“ki ;oo ; g0OC ( )
with:
« A, : stable matrix of any structure,
« C**:the field of complex matrices witk rows andk columns,
e [I: the set of real numbers,
» C: the set of complex numbers.
The scalare) ande¢ are repeated andc times respectively.
Most of the time, the uncertainties are normaligech as:
lal <1 = o, <15 jof<1 ; fel<1 (5.19)

Henceforth, we will restrict our attention onlyttoe structured uncertainty description upon whia ¢tructured
singular value is based. Indeed, when the strugtuneertainties are specified, the structured $argtalue may
be used as a measure of the stability robustnebshanperformance robustness of a system. Morasgigcas

we shall see in the next paragraph, to test thiellisfaof a system is equivalent to test a non-eaative

condition on the structured singular value of aiparof the transfer function matrix.

The definition of the structured singular valye depends only upon the block structure of the uaodies.

Namely, the structured singular value of a mathkix with respect to a block structur® is given at each
frequency by:

#s(M) =(inf @ @):de(l ~ATM) =0))™*

5.20
#,(M)=0 if OAOA dei(l ~AM)#0 (5-20)

with:
e (o the largest singular value of a matrix,
* M :asquare complex matrix,
e det: the determinant of a square matrix,
e | : the identity matrix.

The notation used is fairly standard as may bedadnrihe literature.
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The remaining question is how to computéM). We can note that the formula given in (5.20) ¢ nseful
except for low dimensional problems. A practicdusion consists of determining an upper and a loarmnd. In
some cases, they are guaranteed to be quite figh& genergh problem, tightness can be severely degraded.

5.3.2 Stability and performance robustness

5.3.2.1 Robust stability

In order to evaluate robust stability using theiared singular value function, the model musirbéhe LFT
form as illustrated in Fig. 5.6 wherg is the performance outputy is the model input which includes the
setpoint and the disturbanceg, andv, are the input and the output of the uncertaintgehd respectively.

— A(S)

ZA VA
‘ Model
Y — — W

Fig. 5.6. LFT form of the uncertain model

Assuming that the nominal systelh(s) , which corresponds to an uncertaiftyequal to zero, is stable, the only
source of instability in the LFT form may come froine matrix feedback interconnection depicted o Bi7.

A(S) <

——» M(9)

Fig. 5.7. General structure for robust stability analysis

We can then use the following theorem, also knowm @nalysis, which provides a necessary and sufticien
condition for robust stability [23]. Namely, thestgm shown in Fig. 5.7 is stable for @&l with a H_, norm
bounded by 1 if and only if:

O p#,(M(ja))<1 (5.21)

This theorem could be interpreted as a generabpaall gain theorem, already presented and useHldpter 4,
which takes onto account the structurefof Thus, we can evaluate the robustness propettidesystem by
analyzing the frequency characteristicspofThe peak value gfi determines the size of uncertainties we can
tolerate without destabilizing the system. In otiverds, the structured singular value can be usepiantify the
robustness margins. More precisely, its upper bauatantees stability for a given range of uncetites while
its lower bound yields a sufficient condition fgistem instability.

As mentioned above, the computation of the exaccstred singular value is not necessary. Onlyupper
bound is needed.

Efficient software is available for the computatinthis bound. The routines developed by G.J. 8hkve been
found to compute tight upper bounds and have bkereby widely used. They are based on an optimizati
problem subject to several Linear Matrix Inequalityl constraints [93].

5.3.2.2 Robust performance

We now wish to consider the problem of robust penince which is another property of the closed leygiem.
Indeed, after ensuring the stability of the systéme, next step is to check the performance objestior all
possible uncertainties.

First, we place the problem in a standard robudbpmaance framework as shown in Fig. 5.8 wheéteis a scalar
transfer function introduced as a weighting functio order to shape the frequency characteristitkeotransfer
function between the model outpytand the inputw.
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— A®S)

Z, VA
Yoy W(s) y Model W

Fig. 5.8. General block diagram for robust performance analysis

Therefore, robust performance is achieved if thieviong inequality holds for allA with a norm bounded by 1.:

Ow o(TF,(jw) < Do oW, (je) EFFyW(J'w))Sl (5.22)

B
W, (ja)
According to the small gain theorem, this conditisrsatisfied if and only if the system depictedHig. 5.9 is
stable for allA, with a norm bounded by 1 whefe is a full complex matrix of appropriate dimensions

— A(S)

ZA VA
y
Yoy W,(9) Model < w

» A (9)

Fig. 5.9. Block diagram for testing robust perfornance

The structure of the uncertainties is now given by:

f {Af =diagd,A, ) }
é =

» 5.2
AOA ; A OCH™ (.23)

The robust performance scheme of Fig. 5.9 candmeanreged into the following block diagram:

Yu > (A.(s) O w
—> 0 A

Z, Vv,

A

le(s) y Model |

Fig. 5.10. Block diagram for testing robust stabity

A

Therefore, equation (5.22) is equivalent to:
0w 4, (M(ja)) <1 (5.24)

Thus, through simple rearrangements, we can comebtist performance problem into the standarahalysis
setup of Fig. 5.10.

In control theory, the structured singular valuerse to be an adequate tool for evaluating bothstostability
and robust performance.
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5.3.3 Complex+u synthesis

Prior to considering the mixedsynthesis problem, we begin with a brief revieviths problem of synthesizing a
controller to meet the posed performance spediioatin the presence of uncertain parameters $edcal
1 synthesis problem. Such controller guaranteeshhbtisstability and performance robustness.

Let us place the problem in a standard setup asrsioFig. 5.11 where the uncertainty blogks) contains the
uncertain real and complex parameters as wellasrimodeled dynamics. The model is assumed he@ntain
all the appropriate weights for the problem (&§.in Fig. 5.8).

—  A(9)

—» K(9)

Fig. 5.11. p synthesis setup

As in the analysis of the robust performance, ttodblem can be converted into a standarmhalysis problem as
shown in Fig. 5.12 wherd, is a full complex matrix. This is accomplished dysorbing the controlleK(s)
into TF,,..(S) to define the transfer functioR (TF,,,..(S), K(S)) .

— A(S)

Z, V,
_f\__> Af (S) M
€ W
Model <
y u
——» K(s)
I:I (I-Fmodel(s)’ K(S))

Fig. 5.12. Standard framework forp analysis

Accordingly, theu synthesis problem is equivalent to finding a coligér K(s) achieving:
Do p (F(TRa(ia), K(ja) <1 (5.25)

Rather than solving the complaxsynthesis, we consider in practice the problenaiobtl by replacing by its
upper bound given in (5.26).

Dy (R (TR @), K (j @) < 0(D(@) T, (TF g0 @), K (j ) D (@) (5.26)

Equation (5.26) holds for any matr®,, that commutes with the structuse .

This modified problem is then solved by means oitarative algorithm so-calle@-K iteration for which Matlab
solvers are available [93]. Such a procedure atesconvex problems and standétd problems.

In reference to Fig. 5.13, if we fix the transfeatnx D(«), finding K(j«) is a standardH_, problem. On the
other hand, if we fix a real rational proper coli&o K(j«), then the problem of findind(«) reduces to
calculate theu upper bound using (5.26) for a setd{c) matrices at certain frequency points and fit d&lsta
transfer matrix to them.
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D(s) ' D™(s)
<4+—— Model <+——

<
<

YL K() u

Fig. 5.13. H., standard problem for complexy synthesis

We obtain thus the followin®-K iteration scheme [25] [96]:

[step 1] Find an initial set of the scaling matricBgc) pointwise across frequency. For instance, onausarthe
identity matrix.

[step 2] Find a stable transfer matri@(s) fitting the scaling matrice®(«), so thatD(ja) approximatesD(«)
and D(s) is stable.

[step 3]Find the optimal feedback controll&r(s) solving theH_ problem:
|D(8) T (T 0e(9), K () D 7(3)|

<1 (5.27)

odel

[step 4] At a set of frequency points, find a mat|ﬁ3(a)) minimizing the i upper bound i.e. solving:

inf 7(D(&) [F, (TF 0} ), K (@) D7 (a) (5.28)
which is a convex problem and can be efficientlyesd.

[step 5] Comparef)(a)) with those obtained in the previous iterationthiy are close, the algorithm terminates,
otherwise return to [step 2].

Note that theD-K iteration algorithm is not guaranteed to conveiméhe global optimum albeit thg upper
bound and theH_ control problems are convex. However, it has shgead performances in many design
problems [26] [27]. Another point to be noted h&ethat this methodology does not allow specifyiegl
parameter uncertainties. All the uncertain pararsetge considered to be complex, which may lead to
conservative conclusions and so inferior perforreaingprovement. This is the reason why we shall $agpion

the mixedp synthesis which removes this restriction.

5.3.4 Mixed-u synthesis

In this paragraph, a summary of the key conceptheofmixedp synthesis is presented. References [23] [24] [64]
contain however extensive theoretical details.

We are interested in this algorithm because oumtptzodel includes three real uncertainties respelgtiin the
gain, the delay and in the actuator time constéaicordingly, the complext synthesis would provide
conservative controllers. The mix@dsynthesis however offers the designer the poggibal distinguish between
real and complex uncertainties and hence to syiatheentrollers with enhanced performance.

As we shall see in the next section, the mipgeslynthesis is central to the RMMAC architecture avilll be
carried out, whenever necessary, using the advasufedare provided to us by G.J. Balas [22].

In the mixedp framework, the uncertainty block contains repeated real scala¥s, repeated complex scalars
o and full complex blockg\;, and this defines the set of allowable uncertasraie follows:

n, Kn+ng 7717

diag@; 1,07 L OFl o0l A,
D: ne ny+1 c

goo ; FOC ; ADCTw v (5-29)
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Similarly to the complext synthesis, the mixed-procedure exploits the fact that the valueppfwhich is
difficult to compute, is close to its upper bound.
First, let us recall some fairly standard notations

diag@,.....Dy .o Al ooy b )
D, = o (5.30)
d0Cd #0 ; D,OC™,detD)#0
diag((;l""’Gl"lr ’Olk +1"”’Olkn+ +q)
G, = o o e (5.31)
G oc*™ ; G =G

where G’ is the complex conjugate transposeGf

By introducing G,, the mixedd synthesis takes advantage of the presence olineairtainties contrary to the
complexy synthesis which approximates them by complex ones.

Now for any complex matriM , we have:

uM)Y< inf  inf {ﬁ:g((DMﬁD_l—jGjml+Gz)_iJs1} (5.32)

DD, GG B00,B>0

Therefore, the mixeg-problem can be replaced by the following synthesiblem whereK is the set of real
proper controllers which nominally stabiliZd-

model*

inf  sup inf inf  {B(w):T <1

KOKg W0 D(@)ODs,G(w)Gs B(@)D,A(w)>0

with:
(5.33)

- =;[(D<w>w (TP 0), K (j ) D)
A

It follows that if we fix K(j«), the problem of findindD(«) , G(«) and S(«) is essentially theu upper bound
convex problem. On the other hand, for fixed G and 3, finding K is merely a standar#éi, problem. This
leads to the followindp,G-K iteration scheme [97]:

- jG(w)]Eal +GZ(w»'2J

[step 1] Find initial estimates of the scaling matricB$«.), G(«) and the scalag(«) . For instance, one can
chooseD(«) as the identity matrix(«) to be the zero matrix and equal to unity B=/).

[step 2] Find the transfer matriceB(s) and G(s) fitting respectively the scaling matric€{«) and G(«) ;
ReplaceD(s) and G(s) with appropriate factors so th&, D™, G, and GG, are all stable satisfying:

(1+GG)* =G,G, G(5)=G' (-9) (5.34)

Augment D and G, with identity matrices and with a zero matrix so thad, G and G, are compatible with
TF

model?

Define the state space system as shown in Fig: 5.14

T Pe _(DD-Fmodell:D_l_lB* |E)|ZBh (535)

model —

[step 3]Find the optimal feedback controll&(s) minimizing theH problemHM (TFRS K)Hm.

model’
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[step 4]Compute” such as:
B =sup inf inf  {B(w):T <1}

w0 D(w)IDg,G(w)1Gs AB(w)I0,B(w)>0

with:
(5.36)

r=o ('5@) M (TF (i), K (j@) D) _ jé(a))J 1+ G (w)
(@)

[step 5] Solve the minimization problem:

" ;[( B(e) M (T (10, K (16) ID7(@) _ jé(w)J o éz(w))‘zJ 537

D (@)0Ds,G ()G ﬁ

pointwise across frequency.

[step 6] Comparef)(a)) and é(a)) with those obtained in the previous iteration. &lgorithm terminates if they
are close, otherwise go to [step 2].

- B G(s)
z D(s) «—! «—— D(s) G,(s) «—Ww
Model
YL 5 k(s u

Fig. 5.14. H,, problem in the D,G-K iteration algorithm

Similarly to what was noted in case of complegynthesis, th®,G-K iteration algorithm, as described above, is

not convex and so is not guaranteed to convergietglobal optimum of the equation (5.33). Furttemhnical
discussions can be found in [97].
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5.4 RMMAC architecture for a delay uncertainty

In this section, the RMMAC methodology is descrilzed applied in the case of the mould level control
In such control problem, it is highly desirablettktze controller stabilizes the system and alsotsnée posed
performance specifications whatever the parametarmtions. Our interest in the RMMAC architectuse
motivated by its ability to deal with slow changd#ghe plant parameters. As stated in chaptere8g#inG, and
the delayr, of the plant model change with the machine coméigon and it is particularly instructive to examin
the RMMAC performances knowing that all the contest's considered in chapter 4 are not able to lstakihe
mould level over the entire parameters uncertanfs a consequence, these controllers do not dtlewaster to
reach certain operating points such as high cassgtagities.
In the sequel, the step-by-step RMMAC algorithngimally presented in [21] and [90] is outlined amgplied
assuming that the delag, and the time constant of the actuatgrare unknown and the gai@, is fixed and
known. 7, is an uncertain parameter white and G, depend on the operating poi, is set to a constant value
in order to consider only a one-dimensional problem
Let us recall the transfer function of the plantd®loin Fig. 5.15.

Qoul VWN

1 1 %
P P 5 Qn N
BETT A R S

Fig. 5.15. Plant model

Using the first order Padé function as an approtionaof the time-delay term, the continuous-timatetspace
equation of the plant model is given by:

X= Ax+Bu
y =N =Cx+vV,,
x'=(N P q u' = P q,(t) =G,P(t-7,)+G,P(t)
( P) (Qout ) P (538)
0 -G,/S Ys -1s O 1
A=|0 -1t 0 B=| 0 1r, Cc'=|0
0 4G, /r, -2/t 0 0 0

It can be seen that the actuator dynamics has eew taken into account in the state space repeggent
The level N is corrupted by an additive sensor white noisg) whose intensity is defined as:

E (Vi (1) Vo (= 7)) = Vi [3(0) (5.39)
where d(r) is the Dirac symbol.
The following parameters are fixed and known (dwspter 2):

G, =1L 3" [m™ S=0.3648n? Vi = 00Imm? (5.40)
As for the uncertain parametey, only the upper and lower bounds can be identdig@ghown in chapter 3:
7,0 [03 X] (5.41)

The upper and lower bounds for the uncertain astuathe constant, are:
7,0 [0001s 0.15] (5.42)

The performance variable is the levidl and from now on, we focus our attention on thebjfgnm of bulging
rejection. As explained in chapter 2, the bulgimgutbance has a frequency range between 0.03.4htz.0The
bulging effect on the level can be thus ‘measuteiihg the average magnitude of the transfer fundbietween
the flow out the moldQ,,, and the levelN over this range. From a performance point of viévis average
magnitude should be as small as possible.
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Prior to design the identification and the conalts, we need to examine the potential benefitmilleobtain
using adaptive control in particular the RMMAC atehbture. In addition to performing identificatiamd control
functions, the utility of this control structureegts also from the fact that it provides the desigmith necessary
framework to understand and predict the performahegacteristics. This is accomplished during ttst §tep of
the RMMAC methodology.

Next, if it appears that there is a potential inyerment in performance by using adaptive contra, RMMAC
algorithm continues with the second stage whospqgadr is to find the number of models and their bavies
(Fig. 5.5). At the end of this iterative proces$® local controllers are also synthesized.

Another question covered in the design part is howelect the nominal values of the uncertain patars in
order to ensure the convergence of the postermvatilities and the correct model selection. Theait to use
the Baram Proximity Measure method which will béirtkd later.

Finally, the development step integrates the isgeésted to the design of Kalman filters, the modeder
reduction to avoid controllers of high dimensions the implementation of the Posterior ProbabHitsaluator.

In short, the RMMAC methodology is carried outlimee steps as illustrated in Fig. 5.16.

Step 1 What do we gain
ANALYSIS =) Dby using adaptive
control?
Control part Identification part
Step 2 - Number of models - Nominal values for
DESIGN ==D| . performances ==D! Kalman filters design
- Controller: - PPE equation
Step 3 - Kalman filters

DEVELOPMENT | [mmp| - PPE subsystem

Fig. 5.16. RMMAC methodology

The next subsection defines the performance paesnaeid analyses the potential benefits of usingtada
control. Next, we describe the proper way of divglithe initial parameter uncertainty range into ltana
parameter subsets and designing the local robusradlers. Afterwards, the concept of Baram Proxymi
Measure is made precise and employed to specifpdhd@nal values of the uncertain parameter in eadiset.
Finally, the simulation results are presented comfig thus the positive aspects of the RMMAC assttitre.
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5.4.1 RMMAC benefits

Contrary to the non-adaptive control laws, the RMMéesign always begins with the performances aisatysp
which provides the designer with the informationdicide whether or not to implement adaptive cénirbe
complexity of the RMMAC architecture can be jugtifionly by a performance improvement.

In [20], the idea is to compute the upper and lob@inds of the performance parameter achieved aslagtive
and non-adaptive control respectively. Thus, thevelo bound so-called Global Non-Adaptive Robust
Compensator GNARC represents the highest perforenaeccan obtain fahe entire uncertain parameter set
with a unique controller. Since our plant model entainties are real, it is recommended to use thedw:
synthesis rather than the compjesynthesis which deals only with the complex uraisties and may provide
conservative results if it is used here. The otherformance bound so-called Fixed Non-Adaptive Rbbu
Compensator FNARC corresponds to a robust contréflat can be used to understand the best possible
performance achieved wheine real parameter is exactly identified Similarly to the GNARC controller, it is
computed using the mixgdsoftware.

Afterwards, careful comparison between the upperthe lower bounds should be performed before nga&in
final decision on using adaptive control.

For both GNARC and FNARC designs, the designerlshoansider the following elements in the plant mlod

» Parameters uncertainties and unmodeled dynamics,
e Sensors noises,

» Performance requirements in the frequency domairordler to achieve superior bulging rejection, we
introduce a frequency weight on the level whichpgsathe magnitude of the bulging rejection over the
bulging frequency range. The derived scheme cacobepleted by frequency weights on the control
signal, the level error and other disturbances.

5.4.1.1 GNARC design

The GNARC is designed using the mixedynthesis. We should first extend the plant madeifiguration to
include model uncertainty. Fig. 5.17 depicts theguneed diagram for the mixegsynthesis. The generalized plant
includes the nominal plant dynamics. The blak{s) incorporates the normalized real parameters usoggs
and K(s) is the stabilizing controller which guarantees fiesed performance specifications for the entire
uncertain parameters intervals.

A(s)

. PJ—>
\\— K(s)

Fig. 5.17. Plant model for the mixed+ synthesis
The GNARC is designed for the entire uncertain yleat and by taking into account the bulging repect
performance, the actuator time constant uncertaistyell as the sensor noise. The correspondinigatien must
maximize the performance and guarantee both raalsility and robust performance.
The bulging rejection criterion used here to eviduhe quality of bulging rejection, is definedfakows:

TR

A

TFbnge( ] w)‘ + w [Qg:ingz]

( max
_ \ &1[00301Hz]

perf — 2
where TF,,..(s) is the transfer function between the flow rate aft the mould and the level

__N(9
TF, = :
( bulge(s) Qout (S) )

c (5.43)
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The basic idea is to find an initial weighting ftioo so that the mixed-software generates a controller with an
upper boundy,, («) such as:

Ow  py(0) <1 (5.44)

Therefore, the control loop is guaranteed to bblestfor all the parameters uncertainties. Moreottes, posed
performance requirements are met.

GNARC is then determined by minimizing the bulgnegection criterionC . until the x(«) upper bound is just
below the unity. More formally,

Ow 0<1-y,(w) <001 (5.45)

GNARC is thereby the best possible robust perfonaame can expect in the absence of adaptation.
To carry out the mixeg-synthesis, two weighting function®, (s) andW,(s) have been included as shown in
Fig. 5.18:

104 s+ 0314 [{s+ 314)

(s+0.0209 [{s+319 (5.46)
W, (s) = 001

W (s) =

W, (s) is intended to determine the potential performareefit in the bulging frequency region whilé (s) is
introduced to produce a sensor white noise witbrisity of 0.01.

A(S)

K(s)

A

Fig. 5.18. Plant model with weighting functions fothe mixed-u synthesis

In order to agree with the notations already intiatl in [90], the performance parameter is fornealaas
follows:

1
A) :W (5.47)

Based on this definitionf, should be as large as possible for superior bglgrection. It is maximized until the
H(a) upper bound satisfies the inequality (5.45). Tdrgést value of the performance paramétgmwas to be:

A, = 0212

C,.; =135dB (5.48)

perf

(@) = 0993
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5.4.1.2 FNARC design

Prior to making any decision on using adaptive @nione needs to compute the other performanca&dou
so-called the Fixed Non-Adaptive Robust CompendaddhRC assuming that the uncertain parameter, tinere
delay 7, takes a known value in the range uncertaintyit I implemented in a multiple-model adaptive
architecture, the FNARC performance supposes amtanhumber of models. Therefore, the FNARC isupper
bound while the GNARC is the lower bound on rolpesformance.

From a practical point of view, we use the samegehas the one previously employed for the GNARSge
(Fig. 5.18). We begin by defining a dense grid te# tlelay denoted by, (i) . For each fixed value, (i), the
bulging rejection criterionC . is minimized and so the performance paramegris maximized until the
inequality (5.45) is satisfied in order to attais large a bulging rejection as possible. The FNARGhus
determined as the best possible performance thahayeexpect if the uncertain parameter is exadniified.
Since we still must consider the real actuator timestant uncertainty, the FNARC design is caroetusing the
mixedy software. To make fair comparisons, one shouldyape same weighting functiond/ (s) andW,(s) as
previously used for the GNARC i.e.:

K,, [{s+ 0314 [(s+ 314)

(s+0.0209 [{s+314) (5.49)
W, (s) = 001

W,(s) =

where the gairK,, has to be adjusted in function of the delay vati() .
Each of the resulting FNARC designs and their ofz&h 1/(«.) upper bounds are summarized in Table 5.1.

Table 5.1. Best FNARC performance

7,0)(s) Kw, Cper (dB) A Hyp(@)
0.1 77.8 -1.55 1.19 0.994
0.2 65.6 -0.0657 1.01 0.993
0.3 58.3 -0.984 0.893 0.995
0.4 51.2 2.12 0.784 0.994
0.5 46.3 3.14 0.696 0.993
0.6 41.8 3.82 0.644 0.99
0.7 38.2 4.64 0.586 0.994
0.8 35 5.4 0.537 0.993
0.9 32.9 6 0.501 0.999

1 30.1 6.66 0.465 0.989
11 27.9 7.33 0.43 0.986
1.2 26 7.96 0.4 0.986
1.3 24.3 8.78 0.364 0.993
1.4 22.8 9.33 0.342 0.993
1.5 215 9.84 0.322 0.993
1.6 20.3 10.3 0.304 0.985
1.7 19.2 10.8 0.287 0.985
1.8 18.2 11.2 0.274 0.991
1.9 17.2 11.8 0.257 0.991

2 16.4 12.1 0.248 0.998
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5.4.1.3 Performances analysis

This step is vital before deciding to implement @oe control which could lead most often to comple
structures.

The bulging rejection criterio& ., of the GNARC and FNARC as functions of the deleyzlotted in Fig. 5.19.
Clearly, if we know the delay exactly, we can imgcsignificantly the bulging rejection performanitem
13.5dB to a range betwee.55 and 12.1dB. This agrees with the engineeringtion.

Furthermore, the performance improvement seeme toidher if the delay is near to its lower bountisO.The
benefit of using adaptive control is obvious instihegion. However, it decreases when the delapdseased
where the best expected performance is 12.1dB whicloser to the GNARC value.

14

. (@B)

Crer

Delay (s)

Fig. 5.19. Comparison of the bulging rejection cterion Cpers for the GNARC and FNARC in case of uncertain delay

By considering the performance paramefgr, the GNARC becomes the performance lower boundevthe
FNARC provides the expected upper bound. Fig. sRBOws that the performance may be improved about
12 021=57 times by using adaptive control in the low delegion.

1.2

0.8

0.6

0.4

0.2

0

Delay (s)

Fig. 5.20. Best GNARC and FNARC performance for day uncertainty

To summarize the underlying results, the analybisva reveals that there is a meaningful benefitising
adaptive control in particular the multiple-modettdtecture. It is noteworthy to mention that thBlA&RC and
FNARC curves are to be used as the performance awop basis as well as a helpful tool to obtaia th
RMMAC models which cover the whole initial unceriyi set.
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5.4.2 Control part design

The previous subsection indicates that the moulalleontrol system will benefit from adaptive caitr
strategies. By decreasing the lack of knowledg¢hendelay value, it is indeed possible to imprdwe lbulging
rejection. Our choice, in this thesis work, is magplement the RMMAC architecture which utilizes ateynatic
approach to determining the number of models armigdmg the local controllers and the Kalman fdtem
reference to Fig. 5.16, this subsection deals #ghcontrol part design which initiates the secstep in the
RMMAC methodology. As reported in [90], the numbmr models can be obtained using the Brute-Force
approach or the % FNARC method. In the sequeltwte methods are presented but only the second ©ne i
utilized for models selection.

5.4.2.1 The Brute-Force approach

In the Brute-Force approach, the designer fixestiraber of models in advance in opposition to thEIRARC
method where it cannot be known precisely untilehd of the optimization process.

Fig. 5.21 illustrates a Brute-Force selection géfmodels. The performance in each subﬁget k= 12345 is
thus maximized using the mixedsynthesis applied on the same scheme as the eneysly used for GNARC
and FNARC designsAﬁ should be as large as possible to allow optimaktion of the bulging. The mixed-
software also generates the Local Non-Adaptive Rblilompensators LNARCs which represent the local
controllers associated to the models. At the endhif iterative process, if the performancé§ are not
satisfactory, one should adjust the number of n@detl the boundaries of each model.

0 I I I I I I I I I

L1} 0.2 04 (LX) [LF] 1 12 14 L& 18 2
Delay (s}

Fig. 5.21. Determination of RMMAC models using théBrute-Force approach

In closing, we stress that this approach definesbthundaries of the models, the associated perfaresaand the
local controllers as shown in Table 5.2. The coxipteof the RMMAC architecture related to the numiod
models is however decided by the designer.

Table 5.2. lllustration of the definition of five models using the Brute-Force approach

Model Lower bound  Upper bound AE
1 7, 7 A
2 7, T A
3 I, re A
4 r, s A
5 I, I, A
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5.4.2.2 The % FNARC approach

Instead of fixing in advance the number of modetyuired by the RMMAC architecture, the % FNARC noeth
provides an alternative way to determine it witd belp of the FNARC and GNARC curves as well dsrd bne
which represents the lower bound of the RMMAC pemniance. More precisely, the designer imposes d mi
the RMMAC performance. The number of models is tbemputed in such a way that the achieved perfotman
in each model is equal or exceeds this limit. SiteeFNARC is the performance upper bound of argptide
control law, the limit is most often specified te K% of FNARC. Thereafter, we wish the level offpemance
to be:

X% =60% (5.50)

Following the algorithm described in [90], we stiidm the lower bound of the delay 0.1s where tNARC is
maximum. We increase then slowly the uncertainty afethe first model and we calculate the maximum
performance parameted, in this interval using the mixed-synthesis. This leads to the dashed curve in
Fig. 5.22. We iterate this process as long as émopnance parameter is greater than the maximutheo60%
FNARC curve. As a result, the upper bound of th&t Bubset lies at the intersection of the dasheceowith the
maximum of the 60% FNARC curve. The first modethigs defined as follows:

M#1=[0.1 0.24] Al =0718 (5.51)

Needless to say that this procedure yields botlirtstesubset (M#1) and the associated controll&/ARC#1).
Next, the same process is repeated starting frenupiper bound of the first subset. The second taiogy set is
thus increased until the performance parameteculzed using the mixed-software, is equal to the maximum
of the 60% FNARC curve over this new uncertainty $his leads to the second model:

M #2=[0.24 0.45] A2 = 0577 (5.52)

Then, three other iterations have been performddrdeeaching the upper boundary of the delay uairgy
interval 2s.

At the end of this iterative process, five subbetge been identified as necessary to achieve arpahce greater
than 60% of FNARC over the whole initial uncertgiset (Fig. 5.22).

14

1.2

0.8

0.6

0.4

0.2

Delay (s)
Fig. 5.22. Determination of RMMAC models using th&s FNARC approach

It is tempting to impose a higher performance, 886. This will require undoubtedly more models. Gheuld
recall that the FNARC requires an infinite numbérnaodels while the GNARC requires only one model.
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Accordingly, the larger is the performance paramétg the more the RMMAC architecture is complex arid, th

of course, agrees with the intuition.

In our design, the whole delay uncertainty is ceddny five modeldM#k, k= 12345. Table 5.3 compares the
expected performance in each model with that ofo&t non-adaptive GNARC design. Clearly, we cgreek
better bulging rejection especially for low valudghe delay.

Table 5.3. Comparison between LNARCs and GNARC pé&rmances

Controller Subset A U(a)
1 [0.1 0.24] 0.718 0.994
2 [0.24 0.45] 0.577 0.995
3 [0.45 0.76] 0.444 0.991
4 [0.76 1.23] 0.333 0.988
5 [1.23 2] 0.215 0.988

GNARC [0.1 2] 0.212 0.993

Fig. 5.23 depicts the five-model RMMAC architectulidne control part has been completely designethim
paragraph. All that remains to do is to designKhéman filters of the identification subsystem. g the issue

of the next subsection.

NE)

S S S,(1) S,(t) Si(1)
n(t) )
<4——— Kalman filter #1
r,(t) .
. <4——— Kalman filter #2
Posterior <
Probability L)
<4——— Kalman filter #3
Evaluator <
PPE 4& Kalman filter #4
A0) ) N
<4——— Kalman filter #5 L
R[D R[t) R[t) RI) R[)
t
u() N
w(t) ) 4 y [
L » LNARC#2 —»@—f\—f\—fjp}———» Plant
) 4
L » NARc#s 20 R
y
- > inaRcea LuO & A
us () b4
——> LNARC#5 >—

Fig. 5.23. RMMAC architecture for mould level contol
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5.4.3 Identification part design

The second important issue in the RMMAC design eame the identification part including the Posterio
Probability Evaluator PPE. Since the RMMAC can basidered as an extension of the MMAE architectalle,
the development related to the Kalman filters dredposterior probabilities as presented in thersmksection of
this chapter still applies. In this paragraph, vigeuass the proper way of determining the nominélies of the
delay 7 that are needed to design the Kalman filters. dagdeal of care must be taken to satisfy some
theoretical assumptions in order to enable the RMIVikchitecture to converge to the closest modéh@fset if
the true plant delay does not belong to the nomiahles set. At this stage, it is necessary to imerthat the
strategy consisting of choosirf at the centers of the subsets leads to unpretickathaviors of the posterior
probabilities. In [89] and [90], it is suggesteduse the Baram Proximity Measure BPM in order tecter .
This real function measures the stochastic distheteeen the residualgt) andr, (t). The BPM theory is too
dense for a review in the framework of this diss@oh. In the sequel, we shall provide only a sumnad the
main conclusions and the key equations for calimgdhis distance. Full details can be found howav¢95].

We stress that the design of the identificationt panst be carried out after that of the controlt pahich
establishes the number of models and their boueslari

Recall that our process is governed by the lingaaton:

{xk(t +1) = AX, () + BU) + F, (1) EWon (1) s (0)7) = Q,
Yo (1) = CX (1) + Vi (1) Ef (©) B )7)=R, (5:53)
and the posterior probabilitie (t) are given by:
R.(0) = Prob(H = H,)
R.(t) = ProbH = H,Ju(0)---u(t -1, y@)--- y(t)) (5.54)

where H, is a random variable modeling the fact thatkhenodel is the one generating the plant output.

Let M" denotes the whole model set which includes theimainvalues7’ and the true plant delay denoted by
L. The convergence of the posterior probabilitiesnade more precise by the following fundamentabitbm
[95].

Theorem Under the following assumptions:
[x(t)] is stationary i.e. for ever§ belonging to thes - algebra of Borel sets of1® x 0° x..., we have:
Px(®,X().,....x(t) OF] = P[x(l +1),x(1 +2),...,x(I +t) OF] (5.55)

[x(t)] is ergodic i.e.
. 1 ¢ T2
im 3 2 [EC@ e+ =0 (5.56)

ForiOM ", the residual covariancg§ exists and has a finite positive definite value,
ForiOM, the residual sequen@(t) -V, (t)] is ergodic.
If the BPMsL(7,,)) satisfy the inequality:

Ok#i L(r,,1)<L(r,,TY) (5.57)
then the posterior probabilities converge almostiguo the correct model i.e.
imP(t) - 1 imR. () -~ 0 (5.58)

As an illustration, two BPMs are plotted in Fig2%. The delay of the true plamf has been arbitrary chosen so
that L(7,,72) <L(7,,7}) . As a result, the theorem will guarantee that:
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T, T, 2 Delay

L 4

BPM

Fig. 5.24. Baram Proximity Measure BPM

All the stationarity and ergodicity conditions amgortant and must be satisfied [98] [99]. If itnet the case, one
can use a fake white noise to robustify the Kalffilgars [78] [100].

In the rest of this subsection, we shall providenatessary equations to compute the BPM distdrateus first
establish some notation. Figrf M, define:

=y -5, )00 5,07 /H #H ] ¥)(1)= E{{‘“)J(‘“)j }

X, () | X, (1)
(5.60)
i — A O i — Fl 0 i — QI O i — _
“'(Am A(I—KJCJJ F"'(O AKJJ S N IR
It can be shown thew} t (s generated by:
Wit+) = AW A +L QL) (5.61)

Its steady-stateIJ} is finite if and only if the matrixA} has all its eigenvalues inside the unit circlecdh be
readily calculated by solving the Lyapunov equation

i— AW AT i T
Wi =AYA +LQL (5.62)
lP} permits then to calculal‘é} through the expression:
i it
M =CGWC +R (5.63)

Fork, M, we denote the mean information yiit) favoring modelk against modelj by:

” j):E{,og p(y(t)/Hk,Ya—l))}

p(y(t)/H,,Y(t-1)) (5.64)
with: Y (t) = (u(0)---u(t -1,y () y(t))
By making use of (5.14), we see that:
E{log p(y(t)/H,, Yt -1)} = —%Ioan—%log|SK| —%trace(SKlF;) (5.65)
It follows:
L) =%|og13j\ +%trace{8j'1rj*) —%IOQSJ —%tracegs;lr;) (5.66)
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This equation gives rise to the Baram Proximity Blea BPM of the"jsubset denoted byj :
OiomM™ L = Iog‘Sj‘ +tracdS ) (5.67)
The BPM measures the distance between one mod&aamdof the other ones forming the identificapant. By
substituting (5.67) back into (5.66), we have:
I R
ln(k,J)=§(L,» -L) (5.68)
Therefore, the following equations are equivalent:
Ik, j)=0 Li=L, (5.69)

If such modelk exists, this means that the true plant is closehé K' model. Hence, the associated posterior
probability should converge to 1. Since the condit{5.57) is satisfied, this convergence is enstwednately
thanks to the theorem aforementioned.
Finally, the Kalman filters nominal points are deted through an iterative optimization routine that the
BPMs agree at the boundaries of adjacent modedsa@sn in Fig. 5.25.

L 4

BPM

L =L(,.77)

: T’ Delay

M#1 M#2 cee
Fig. 5.25. Determination of Kalman filters nominalpoints using the BPMs

From this figure, it follows:
., OM# = [imw Pt) -1 (5.70)
Thus, the posterior probability of the closest middehe true plant (i.e. having the smallest BRMI) converge

almost surely to 1.
The nominal values of the delay calculated in thaner are summarized in Table 5.4.

Table 5.4. Nominal values of the delay for desigmj the Kalman filters

Model Subset r

M#1 [0.1 0.24] 0.15
M#2 [0.24 0.45] 0.3
M#3 [0.45 0.76] 0.65
M#4 [0.76 1.23] 1
M#5 [1.23 2] 15
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5.4.4 Performance evaluation

Because of its advanced structure, many aspectieoRMMAC architecture should be investigated. This
subsection presents some representative simulatibich evaluate the benefits of using RMMAC in glresence

of delay uncertainties. Several scenarios have testad to examine the behaviors of the posterisbgbilities

as well as the bulging rejection performance ofRMMAC compared to that of the best non-adaptiveARK
design. We stress that the other controllers stuoiechapter 4 or currently implemented in realnpdaare not
stable over the whole delay uncertainty and cabaaompared thus to the RMMAC.

Based on the same simulator used on several oosasimughout this dissertation, the bulging is eled by a
sine wave whose frequency is 0.03 or 0.05Hz. In big6, the true delay is equal to 0.15s and sodtwest
model is the first one. As expected, the correspmnprobability converges to 1 in a few seconds.
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Fig. 5.26. Posterior probabilities when the true [ant delay belongs to the nominal values set

In Fig. 5.27, we assess the performance of the RI@MdAtained with the first local controller agaitisat of the
GNARC control law. The improvement in bulging rdjen is obvious and is in a good agreement with our
expectations highlighted in Table 5.3.
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Fig. 5.27. Bulging rejection performance when th&ue plant delay belongs to the nominal values set
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We next evaluate the RMMAC performance when the plant delay is equal to an arbitrary constantejasay
0.8s which does not belong to the nominal valuedtseelongs however to the fourth model valuds Big. 5.28
confirms that we have convergence to model 4 atbeitEuclidean distances indicate the oppositeedddit is
easy to check that:

r,-r|<|r -1}

(5.71)

This is because the convergence of the posterairghilities is based upon the BPM measure. Indage, the
convergence to subset 4 occurs because the caaglahow that:

L(r,,7)) <L(r,,T)) (5.72)

Fig. 5.29 illustrates that the RMMAC yields, oncerm superior bulging rejection. It is also of &t to notice
that the performance improvement is much betteldfervalues of the delay and this agrees with threctusions
of the subsection dealing with the RMMAC benéefits.
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Fig. 5.28. Posterior probabilities when the true fant delay has an arbitrary constant value
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Fig. 5.29. Bulging rejection performance when thé&ue plant delay has an arbitrary constant value
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In a real plant, the delay changes with time adogrdo the operating point. Fig. 5.30 shows a re@néative
simulation result where the delay is assumed ty mcording to a sequence stair chosen arbitrarhén
uncertainty set. In this case, the true plant taledges in{ 065,155 15 0. with a period of 250s. This set
contains two nominal values, namely 1s and 1.5s.

During each period, the appropriate model is idietiwithout any serious problems. The convergeoicthe
posterior probabilities is achieved in about 53. dtber values of the uncertain delay especialbg¢hclose to the
models boundaries, one could expect a long pefiitiche for the probabilities to converge.
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Fig. 5.30. Posterior probabilities when the true fant delay varies according to a specified sequenséair
Fig. 5.31 shows the RMMAC response to the levelati@mns generated by the bulging superimposed thih of
the GNARC control law. We see that the RMMAC oufpens truly the best non-adaptive robust strat€iher
simulations have revealed similar conclusions.
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Fig. 5.31. Bulging rejection performance when th&ue plant delay varies according to a specified sgience stair
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5.5 Chapter summary

In this chapter, we examined a robust solutiorhtorhould level control problem, which hinges uploa t
most recent progress on adaptive control. Conttaryother multiple-model strategies, this methodglog
so-called Robust Multiple-Model Adaptive Control RMC, uses the mixed- synthesis to design multiple
controllers for smaller parameter uncertaintieshed the adaptive performance is equal or grelar & certain
limit fixed in advance. We are interested in thishitecture also because it may provide the opesatgth
valuable insights about the flow phenomena in talchregion thanks to the Posterior Probability [Hator PPE
of its identification part which pinpoints the lawas of the process parameters.

Furthermore, the RMMAC architecture enables thedipten of the potential performance benefits irchea
subset. More precisely, the designer should deterrfirst the upper and the lower bounds achievadgus
adaptive control. In the RMMAC terminology, we ref® these bounds as the Fixed Non-Adaptive Robust
Compensator FNARC and the Global Non-Adaptive Rbbtiempensator GNARC respectively. Then, we
impose a limit on the RMMAC performance as a fumtidf the FNARC performance. The models are derined
such a way that the performance obtained in eda$esuis guaranteed to meet or exceed the posed limi

In our approach, we have considered two uncertaiarpeters which are the delay and the actuatordonstant.
Since the RMMAC methodology is well documented dilly a unique scalar parameter, the models have bee
determined by decreasing only the delay uncertaiityguarantee 60% of the FNARC performance, tit@alin
delay uncertainty ([0.1s 2s]) yields five modefsldive local controllers so called Local Non-AdaptRobust
Compensator LNARCs. Needless to say that five nmigethe smallest number to achieve this desireghtack
performance. If one is willing to have superiorfpenance, the optimization process will calculaterenmodels
with better performance and greater complexity.

We have presented some representative simulatmrgemonstrate the RMMAC performance improvement
compared to the best non-adaptive control law GNARCase of a constant uncertain delay or in piEsef
delay variations. Similar conclusions were arrigdrom other simulations where the uncertain déddgpcated
inside the subintervals or close to the models Haties.

Future directions for this research should include:

* Performance comparison with other adaptive cotdres. Indeed, the RMMAC architecture performance
has been compared only to that of the best nonti@dapbust strategy GNARC. Because the RMMAC is
an adaptive control law, we should consider otheltiple-model adaptive structures to make meaningfu
comparisons.

* Integration of the gain uncertainties in the RMMAEsign. In such multiple uncertain parameters ¢ases
the GNARC and the FNARC performances as well aBtils distances become surfaces. Although the
calculations are somewhat burdensome, the samesphphy still applies to determine the minimum
number of models and in the definition of the namhimalues for designing the Kalman filters. This
integration may imply numerous subtleties whichwii not go into here. The reader is referred t0][9
for more exhaustive details.

The ability to include the gain uncertainties i tthesign process would provide a more complete and
global solution to the mould level control problem.
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Conclusions

Steel casting process is of vital importance indtel manufacturing chain to mass-produce sersHau
products with consistent quality in a variety afes and shapes. Although it has higher capitabctist operating
costs are lower. As a consequence, the entire ptioduof the steel plants is continuously cast yodaabling
large volumes of steel to solidify. The essencearitinuous casting is that the solidification shitalke place on
a continuous basis with minimal disruptions. Uniodtely, several factors influence the performaot¢his
process and have a significant effect on both sarfpality and internal quality. This thesis focusa the level
variations in the mould region. Due to their magdé and frequency, current mould level controleayst are not
always able to compensate the mould level fluabmati In a number of situations with disturbancdes,dperators
are forced to change the casting conditions (esfirtg speed changes, increase of secondary cpetng or to
interrupt the casting sequence. These actions @rdasirable since they slow down the productidmer&fore,
new control design methods must be developed toumtcfor process disturbances and casting condition
changes. Specifically, when the unclogging of tbezte occurs, the control system should react &kiguas
possible to compensate the mould level fluctuagjenerated. In situations where periodic disturbam@eise such
as the unsteady bulging or the standing wavesmihdd level control system should bring a solutiapable to
weaken the effect of the disturbance on the moeNelland in no case to strengthen it. On the dthed, the
control system should improve its response wheiptbeess moves to another operating point.

In the context of this thesis, a great deal of ¢are been given to different kinds of process distoces.
Increased disturbance activity causes importantldntevel variations and it is particularly helpfédr the
operators to monitor the disturbances evolution.afér 3 was devoted to the estimation of the
clogging/unclogging cycle and the bulging. We depeld a global observer that addresses simultanethede
two disturbances by tracking the behaviors of twogenous signals modeling the disturbances efiactthe
mould level control loop. This online monitoringategy could improve casting inspection. Furtheenahe
estimate of the bulging effect has been used ionapensation structure which cancels the bulgingcefbn the
mould level. The proposed structure was found tohighly effective to reduce drastically the mouksél
variations generated by the bulging in the watedeho
In chapter 3, we examined also techniques forreffidentification of the gain and the delay of finecess. These
two key parameters vary with time due to many fieecémd in such situations the feedback contrass Eeffective
leading sometimes to instability. The water moded heen used to investigate the links betweenghes of the
model parameters and the casting conditions inatbeence or presence of clogging. Intensive watefeino
experiments were carried out to determine the traniaanges of the gain and the delay in functibthe casting
conditions. Thus, the study findings reveal tha gain decreases with increasing water flow raig \&ith
tundish level. Concerning the delay, it has beemdothat its value decreases with increasing flates of water
or air. Therefore, these variations should be taketo account in the controller design, which wolddd to
improved control.

In chapter 4, a large selection of control laws baen considered, including the PID, the Predictive
Functional Control PFC, the Generalized Predic@amtrol GPC, the Smith predictor and its modifiexsions
and finally the Internal Model Control IMC. Test$ such control systems indicate generally good robnib
normal casting situations. However, they are nde @b reject efficiently the bulging disturbance thre
clogging/unclogging phenomenon. This comparativalyesis shows the need of incorporating the spetifios
in terms of disturbances rejection and robustnesgims into the control problem formulation. Fouitely, this is
made possible in thel , framework. Based on the modified version of thaét®mpredictor proposed by Astrém,
which has the major advantage to decouple the is¢tpEsponse from the disturbance rejection with hielp of
two controllers, the specifications have been ratdated as a multipled  constraints problem and optimized
using the Particle Swarm Optimization techniquee Tstrom predictor, designed in this way, yielddtdre
bulging rejection within a certain delay marginmBlations have been used to show that changinglétesy
parameter, as a result of many factors, has noeinfle on the Astrém predictor performances. Thezefee do
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not have to be concerned with the exact identificadf the time-delay which is a serious issue witiealing with
the Smith predictor. Finally, the Astrom predicsmheme can be easily implemented in the indusRtigls since
its controllers can be expressed using the PID form

The results, presented in this chapter, will aid gnide steelmakers in the selection of the apptgpcontrol
law.

Finally, our attention was turned to the use ofédaptive control law. Chapter 5 examines, in aesyatic
way, the application of the Robust Multiple-Modetigptive Control architecture RMMAC to the mould dév
system in order to enhance the bulging rejectiaur. @imary interest in this control and estimatgiructure is
because it deals with large parameter uncertaintieed, our successful water model tests have levdlaat the
gain and the delay may vary depending on the cheosafiguration, which would render a vast majority
control technigues unsuitable for mould level cohtAdditionally, the RMMAC architecture integratbsth the
stochastic hypothesis-testing concepts and thestoban-adaptive mixef- synthesis. More importantly, it
answers all the classical issues related to thebrurof models, the local controllers and the Kalnfiters
design. Nevertheless, this approach is constrdgexth increasing complexity in terms of the numifezlements
necessary for the implementation.

In our design, the models have been determinedaking into account only the delay uncertainty inlesrto
consider a one-dimensional problem.

We concluded this chapter by presenting some stinnlmwhere the delay was varied in a predefineg, waile
the flow rate out of the mould was disturbed byree svave modeling the bulging. The RMMAC performesc
have been assessed compared to the best non-adatiist controller. As expected, the improvemeiidulging
rejection was obvious and in a good agreement thélpredictions.

From an operating point of view, the feature cdirgjsof tracking the parameters variations madeRMMAC
architecture so attractive to operators.

Extensions and Suggestions for Future Research

Continuous casting represents one of the majorsacéatechnological development within the steel
industry. New technologies are under rapid deveklgrand are driven by many factors including lowitz and
operating costs, strict environmental regulationd eustomer satisfaction. Future developments beldirected
largely towards process control which presents nwopportunities for casting improvement. Given tlghhcost
associated with surface defects, continued advasspcially in the area of mould level control wibintribute to
remove such defects, improve the quality, redustscand ensure compliance with markets requirembrteed,
our work on mould level control has raised a hugelper of issues that merit further research. Mbghetime,
operators do not have an online information abbetdisruptive phenomena when operating a caster abhity
to monitor the fluid flow in order to be able tkéathe corrective actions if necessary is essefatiad successful
casting operation. Other needs include the impleatiom of an efficient diagnosis system in ordeimiprove the
defects detection and to establish links with tioeileh level fluctuations.

On the other hand, the ability to develop a rolamttrol system, taking into account the most sigaift
uncertainties of model parameters, will diminiske tmterventions of operators. Such issue is becgmin
increasingly critical and current research showaldu$ on the use of robust control tools such asixedy
synthesis.

Finally, more training on the engineering princgpiavolved in the mould level control, is neededdperators in
order to enable them to solve any problems thatiroead consequently to expand the use of such addan
control schemes. Other area that should be lookdd the extraction of a set of rules from the apears
knowledge and experience to be considered in theaalesign.

In this thesis, we provided innovative solutionsthe difficulties aforementioned but other challesig
remain. Future directions for this research shndtiide:

= Use of advanced fluid flow models, which include tlquid free surface inside the mould, in the ooint
scheme design could be beneficial to help undedstaancauses of mould level variations.
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» The identification methods, developed in this disg@®n, are able to identify the process modehvait
good accuracy and do not require any informatiautithe controller. A major disadvantage, howeiger,
that the stopper position setpoint needs to beetkéeading to large mould level variations. Fumthere,
if we apply smaller setpoint variations in order @eoid this unwanted behavior, there will be less
information available for identification purpos@herefore, it is convenient to perform an idenéfion
of the process parameters without external pertiorioén order to avoid the production of surfacéedes
during casting.

= Apart from the gain and the delay of the procdssret may also be other process parameters that vary
with time such as the mould section. Advances imllchéevel control should evolve in response to such
variations.

= Sophisticated control strategies require the inctusf multiple parameters, not yet fully exploredich
as the steel level in the tundish, the argon flate,rthe nozzle submergence depth, the level sensor
position, the average current of the drive motdie secondary cooling flow rate, the mould
displacement, etc.

= The water model has been used to highlight theioekhips between the process parameters and the
casting conditions. It turns out that the delayd&to decrease with increasing flow rates of wateair.
We believe that further research is needed to giy#hysical interpretation to such behaviors. Irs thi
thesis, we performed several PIV (Particle Imagesimetry) measurements in order to track the water
flow pattern inside the mould but no obvious catieh, between the process parameters and the flow
regime, has been established.

= Further improvements of the disturbances estimagohniques and feed-forward actions should conside
robustness to model uncertainties and changeslgmigurequencies. Indeed, this may occur partidyla
as a result of casting speed changes. One solatioild be to explore robust observer theory based on
Linear Matrix Inequalities (LMI) optimization th& well documented in recent literature.

» Inclusion of other disturbances in the design meathagy of the Astrom’s modified Smith predictor, in
particular, the clogging/unclogging phenomenon duedstanding waves. The derived control scheme will
likely improve the disturbances rejection and branglobal solution to the mould level control peril
To the best of our knowledge, the state of thecantrol methods never take them simultaneously into
account.

» Inclusion of the gain uncertainties in the RMMAGsim. The methodology becomes more complicated
since the GNARC and the FNARC bounds as well aBfiels distances become surfaces but the same
philosophy still applies.

= RMMAC performances comparison with other robusttipld-model structures or adaptive control laws.
Indeed, the RMMAC has been compared here onlydd3NARC controller using extensive simulations
essentially because the other control laws areabtt to stabilize the mould level over the entire
parameters uncertainties. It is of interest to riba significant work has already been undertaicen
compare the SMMAC and RMMAC architectures appliecabh example that comes from the aerospace
industry.

= Full controlled automatic start and restart of theuld level control system is desired to facilitéte
casting operations.

The above suggestions will probably enhance thipeances of the mould level control system toeagr
extent and can be applied to other iron and steelegses as well. Hopefully, this will have profdumplications
for the performance of the entire steel productibain.
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l. Key figures

The aim of this appendix is to provide some kewffigg about the steel industry. Table A.1 and TAkbZdetail
the production of crude steel by region over a batftury and in the last decade respectively.dukhbe noted
that China is currently a significant contributorthe world steel production. Its economic expamsiod demand
growth will reinforce further its position in théadpal market.

Table A.1. World steel production by region in a llf century (million tonnes)

NAFTA 91.107 134.47 110.88 123.69
CIS 25.785 115.43 154.77 114.38
EU27 62.075 192.78 191.73 198.17
Japan 4.775 93.415 110.11 118.37
China 0.573 17.85 66.99 502.74
Others 6.685 41.055 135.52 272.65

Table A.2. World steel production by region in lasdecade (million tonnes)

NAFTA 134 118.7 121.6 124.8 132.7 126.4 130.2 130.1 124.2
CIS 98.5 99.7 101.2 106.5 113.4 1132 119.7 124 114.1
EU27 193.3 187.5 188.3 192.5 202.3 195.5 206.9 210.3 198.6
Japan 106.4 102.9 107.7 110.5 112.7 1125 116.2 120.2 118.7
China 127.2 150.9 182.2 222.4 2828 3524 423 489.2 502.74

Others 188.3 190.8 203.1 213.3 225 242 2435  269.2 272

The steel industry is dominated by a few multinaiocompanies created through acquisitions and enerdhe
largest are ArcelorMittal, Nippon Steel, POSCO, Btéel, Tata Steel and ThyssenKrupp as shown iteFaB.

Table A.3. List of biggest steel companies

ArcelorMittal 103.3 80.9
Nippon Steel 36.9 27.3
POSCO 34.7 23.9
JFE Steel 33.8 23.1
Tata Steel 24.4 22.4
ThyssenKrupp 16 21.8
Baosteel 35.4 16.2
U.S. Steel 23.3 16.1
Nucor 18.2 15.7
Gerdau 19.6 15.6
Severstal 19.2 15.2
Evraz Group 17.7 12.2
Sumitomo Metals 13.9 11.8
Voestalpine 7.7 11.4

Riva Group 16.9 11.3
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Table A.4 shows global consumption in 2008 by regiehina is the largest steel consuming regionaadunts

for 36% of the world consumption, followed by thgZ and the NAFTA region.

The steel industry primarily supplies the consinrctsector, the automotive sector and the mechhlnica
engineering sector as shown in Table A.5.

Table A.5. World finished steel consumption in 208 by sector (%)
Table A.4. World finished steel

consumption in 2008 by region (%)

Construction 27

NAFTA 11 Mechanical engineering 14
CIS 4 Tubes 12
EU27 15 Automotive 16
Japan 6 Shipyard 1
China 36 Structural steelwork 11
Others 28 Domestic equipments 4
Metalware 12

Others 3
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II. PIV measurements

Several PIV (Particle Image Velocimetry) measureenwater flow pattern inside the mould have besmied
out. In Table A.6 and Table A.7, horizontal velgcivertical velocity and velocity amplitude are givas a
function of the distance from the narrow face @ thould when the flow rate out of the mould is 35 and
6n- h* respectively. The results are plotted in Fig. A.1.

Table A.6. Liquid velocity as a function of the ditance from the narrow face of the mould@.,=3.5n7-h%)

. Horizontal component | Vertical component of |  Velocity amplitude
Distance of velocity (m/s) velocity (m/s) (m/s)
(mm) 1% record | 2™ record | 1% record | 2" record | 1% record | 2" record
4.34 0.003 -0.002 0.017 0.011 0.017 0.011
9.51 0.159 0.136 0.017 0.001 0.160 0.136
14.95 0.162 0.124 0.015 -0.008 0.162 0.124
20.44 0.136 0.115 0.007 -0.005 0.136 0.115
25.96 0.167 0.141 0.005 -0.002 0.167 0.141
31.48 0.155 0.134 0.002 -0.001 0.155 0.134
37.01 0.164 0.138 0.003 -0.002 0.164 0.138
42.54 0.156 0.137 0.000 -0.003 0.156 0.137
48.08 0.163 0.162 0.001 -0.008 0.163 0.163
53.61 0.168 0.137 0.005 -0.018 0.168 0.138
59.15 0.182 0.151 0.005 -0.013 0.182 0.151
64.69 0.166 0.137 0.003 -0.004 0.166 0.137
70.22 0.135 0.131 0.008 -0.005 0.135 0.131
75.76 0.136 0.102 0.003 -0.007 0.136 0.102
81.30 0.149 0.134 -0.005 -0.011 0.149 0.134
86.84 0.153 0.154 0.004 -0.021 0.153 0.155
92.38 0.159 0.156 0.005 -0.024 0.159 0.157
97.92 0.155 0.154 0.002 -0.022 0.155 0.156
103.46 0.144 0.147 0.003 -0.025 0.144 0.15¢
109.00 0.140 0.141 0.006 -0.020 0.140 0.142
114.54 0.136 0.133 0.000 -0.021 0.136 0.134
120.08 0.143 0.124 -0.006 -0.024 0.143 0.1271
125.62 0.114 0.096 -0.004 -0.011 0.114 0.097
131.16 0.095 0.068 -0.007 -0.014 0.095 0.07¢
136.70 0.116 0.115 -0.010 -0.021 0.116 0.117
142.24 0.114 0.128 -0.019 -0.028 0.116 0.131
147.78 0.102 0.131 -0.007 -0.033 0.103 0.135
153.32 0.107 0.118 -0.011 -0.027 0.108 0.121
158.86 0.097 0.123 -0.014 -0.034 0.098 0.128
164.40 0.092 0.111 -0.012 -0.034 0.093 0.114
169.94 0.091 0.103 -0.015 -0.035 0.092 0.109
175.48 0.087 0.081 -0.015 -0.032 0.088 0.087
181.02 0.087 0.076 -0.017 -0.028 0.089 0.081
186.56 0.083 0.081 -0.013 -0.033 0.084 0.088
192.11 0.079 0.082 -0.013 -0.040 0.080 0.091
197.65 0.073 0.061 -0.007 -0.041 0.073 0.073
203.19 0.053 0.040 -0.008 -0.042 0.054 0.058§
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Table A.7. Liquid velocity as a function of the ditance from the narrow face of the mouldQ,,=6m°*-h?)

Horizontal component

Vertical component of

Velocity amplitude

Distance of velocity (m/s) velocity (m/s) (m/s)
(mm) 1 record | 2" record | 1 record | 2°record | 1% record | 2" record
4.34 -0.003 0.007 0.000 0.039 0.003 0.039
9.51 0.214 0.248 -0.002 0.002 0.214 0.248
14.95 0.206 0.247 -0.011 0.000 0.207 0.247
20.44 0.232 0.209 0.002 0.001 0.232 0.209
25.96 0.226 0.238 -0.011 -0.004 0.227 0.238
31.48 0.202 0.311 -0.013 0.003 0.203 0.311]
37.01 0.188 0.318 -0.011 -0.002 0.188 0.318
42.54 0.182 0.283 -0.015 0.011 0.183 0.283
48.08 0.223 0.309 -0.011 -0.023 0.223 0.309
53.61 0.239 0.318 -0.023 -0.004 0.240 0.318
59.15 0.221 0.295 -0.038 -0.002 0.224 0.295
64.69 0.224 0.308 -0.023 -0.003 0.225 0.308
70.22 0.198 0.199 -0.006 -0.007 0.198 0.200
75.76 0.151 0.142 -0.017 -0.010 0.152 0.142
81.30 0.208 0.263 -0.006 -0.010 0.208 0.263
86.84 0.242 0.281 -0.019 -0.017 0.242 0.281
92.38 0.203 0.302 -0.010 -0.024 0.203 0.303
97.92 0.204 0.282 -0.016 -0.035 0.204 0.284
103.46 0.206 0.281 -0.027 -0.047 0.208 0.285
109.00 0.181 0.243 -0.011 -0.033 0.182 0.246
114.54 0.189 0.230 -0.020 -0.025 0.190 0.231
120.08 0.175 0.208 -0.014 -0.036 0.176 0.211
125.62 0.133 0.181 -0.011 -0.035 0.133 0.184
131.16 0.102 0.141 -0.009 -0.037 0.102 0.145
136.70 0.174 0.160 -0.029 -0.059 0.176 0.17d
142.24 0.180 0.196 -0.033 -0.080 0.183 0.2172
147.78 0.190 0.186 -0.025 -0.080 0.192 0.207
153.32 0.167 0.178 -0.046 -0.062 0.174 0.189
158.86 0.168 0.178 -0.054 -0.077 0.176 0.194
164.40 0.149 0.163 -0.057 -0.061 0.159 0.174
169.94 0.142 0.152 -0.054 -0.058 0.152 0.167
175.48 0.095 0.102 -0.048 -0.043 0.106 0.111
181.02 0.104 0.090 -0.055 -0.045 0.118 0.10d
186.56 0.116 0.100 -0.078 -0.043 0.139 0.109
192.11 0.104 0.101 -0.064 -0.039 0.122 0.108
197.65 0.078 0.079 -0.070 -0.037 0.105 0.087
203.19 0.063 0.056 -0.066 -0.025 0.091 0.062
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Fig. A.1. Distribution of velocity at two different flow rates
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The distributions of water velocity at 3.8m™ and 6rmih™ are compared in Table A.8 and Fig. A.2.

Table A.8. Comparison between both velocity disthutions

. Horizontal component | Vertical component of | Velocity amplitude
Distance of velocity (m/s) velocity (m/s) (m/s)
(MM) 6@ hT | 3507k | 6mPth? | 3.5nPih™ | 6nfih? | 3.5mPih’
4.34 0.002 0.001 0.019 0.014 0.021 0.014
9.51 0.231 0.147 0.000 0.009 0.231 0.148
14.95 0.227 0.143 -0.005 0.003 0.227 0.143
20.44 0.221 0.126 0.002 0.001 0.221 0.124
25.96 0.232 0.154 -0.007 0.001 0.232 0.154
31.48 0.257 0.145 -0.005 0.001 0.257 0.145
37.01 0.253 0.151 -0.006 0.001 0.253 0.151
42.54 0.233 0.147 -0.002 -0.001 0.233 0.147
48.08 0.266 0.163 -0.017 -0.004 0.266 0.163
53.61 0.279 0.152 -0.013 -0.006 0.279 0.153
59.15 0.258 0.166 -0.020 -0.004 0.260 0.164
64.69 0.266 0.151 -0.013 -0.001 0.267 0.152
70.22 0.199 0.133 -0.006 0.002 0.199 0.133
75.76 0.146 0.119 -0.014 -0.002 0.147 0.119
81.30 0.236 0.141 -0.008 -0.008 0.236 0.142
86.84 0.261 0.153 -0.018 -0.009 0.262 0.154
92.38 0.252 0.158 -0.017 -0.009 0.253 0.158
97.92 0.243 0.155 -0.025 -0.010 0.244 0.155
103.46 0.243 0.146 -0.037 -0.011 0.246 0.147%
109.00 0.212 0.140 -0.022 -0.007 0.214 0.141
114.54 0.209 0.135 -0.022 -0.010 0.210 0.135
120.08 0.191 0.134 -0.025 -0.015 0.193 0.135
125.62 0.157 0.105 -0.023 -0.007 0.159 0.104
131.16 0.121 0.082 -0.023 -0.010 0.124 0.087
136.70 0.167 0.115 -0.044 -0.015 0.173 0.114
142.24 0.188 0.121 -0.056 -0.024 0.198 0.123
147.78 0.188 0.117 -0.052 -0.020 0.197 0.119
153.32 0.173 0.113 -0.054 -0.019 0.181 0.115
158.86 0.173 0.110 -0.066 -0.024 0.185 0.113
164.40 0.156 0.101 -0.059 -0.023 0.167 0.104
169.94 0.147 0.097 -0.056 -0.025 0.157 0.10d
175.48 0.098 0.084 -0.046 -0.023 0.109 0.0871
181.02 0.097 0.082 -0.050 -0.022 0.109 0.085
186.56 0.108 0.082 -0.060 -0.023 0.124 0.086
192.11 0.102 0.081 -0.051 -0.027 0.115 0.086
197.65 0.078 0.067 -0.053 -0.024 0.096 0.073
203.19 0.060 0.047 -0.045 -0.025 0.076 0.056
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Fig. A.2. Comparison between both velocity distribtions

Fig. A.3 shows the flow patterns obtained using Ri®asurements in the middle plane of the mouldsat’3h™
and 6niLh™.
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Fig. A.3. Velocity vectors in the middle plane atwo different flow rates
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Résumé

La coulée continue est une étape importante dastsalime de fabrication de I'acier. Ce procédé amitme
un échangeur thermique qui permet de solidifi@i¢aen fusion. De nombreuses études ont révéléngupartie
importante des défauts de surface du produit $iélidst provoquée par les perturbations du nivéaciet liquide
en lingotiere. Chaque ligne de production dispos@ dystéme de régulation de niveau dont I'objeesit de
maintenir un niveau stable d’acier liquide. En pri&e de certaines perturbations ou lors des pli@sestoires,
les performances de ces systéemes de régulatictgsadnt fortement.

L'objectif principal de la these est de dévelopges solutions de contréle robuste de niveau afiregxer
les perturbations internes et externes a la balek&gulation quelles que soient les conditionsaigée. Un outil
d’estimation a été développé pour diagnostiqueejeter certaines perturbations. L'activité de sxche a porté
également sur le recensement et I'évaluation dissde commande utilisées actuellement dans leesisin
proposées par les fournisseurs dans le but d'étahliréférentiel de performances que nous avonsitens
amélioré en mettant en oceuvre de nouvelles stratédee régulation. Enfin, une commande adaptative
multi-modeéles combinant a la fois les fonctiongélgulation robuste de niveau et d’identificatiors garametres
a été implantée. Une maquette hydraulique a dtééatia plusieurs reprises pour reproduire le fonoement de
la coulée continue sur site afin d’évaluer le gamnperformance de la solution retenue. Les solsitippnposées
présentent un caractére générique et peuvent gjappla d’autres procédés sidérurgiques avec seutem
quelques ajustements.

Mots clés :Sidérurgie, Coulée continue, Régulation de nivdgaichage, Gonflement, Ondes stationnaires,
Maquette hydraulique, Modélisation, ldentificatioDbservateur, Commande prédictive, Prédicteur déhSm
SynthéseH.,, u synthése mixte, Commande multi-modéles, RMMAC.

Abstract

During the continuous casting of steel, severaludismnces occur and affect all the parts of theecas
including the mould where the molten steel haseaatable for good quality of the final product. &splly at
high casting velocities, it is difficult to achievesing the conventional control schemes, bothilgtaland
performance robustness because of different clafseéisturbances and parameters uncertaintieseirptbcess.
Therefore, improved process control techniquesaeeled to cope with such obstacles.

This thesis focuses on developing methods for desigcontrollers to force the level to respond in a
desired manner to a setpoint change and to cotheesffects of disturbances. An online monitorifiggome of
the most disruptive phenomena is also develope@dusec more information is needed to improve casting
inspection. In addition, particular attention isidp#o reject some disturbances with the help ofeatimator
module. Since the process is prone to importanabdity, other needed developments include rolmgsitrol
design methods that incorporate other casting petens such as mould section, tundish weight andnafigw
rate. The water model is used to validate the #teal developments and to investigate several itapbissues
related to mould level control.

The combination of these techniques is used apligirated control tool for the continuous castingchine as
well as for other iron and steel processes.

Keywords:Iron and steel processes, Continuous casting,|loewerol, Clogging, Bulging, Standing waves, Water
model, Process modeling, Identification, Obser®redictive control, Smith predictoH,, synthesis, mixegk
synthesis, Multiple-model control, RMMAC.



