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ЦИФРОВАЯ СИСТЕМА СЛЕЖ~НИЯ ЗА СЛЯБАМИ И 

УЧЕТА РУЛОННОЙ ПРОДУКЦИИ НА НЕПРЕРЫВНОМ 

СТАНЕ ГОРЯЧЕЙ ПРОКАТКИ 

· . .- . ,..., . л ·, овицки-" , с • .с . :ко··'ин '?к й , Р .В, Л.s:мбах , 

В . В . На~мченко, А . Б . Челюсткии 

В~ l~чермет, институт автоматики и телемехан~~и 

· • осква, СССР 

Повышение требований к качеству горячекатанного ли-

ста. , значительное увеличение производите.льности ставов 

привели к необходи~ости автоматизации всего технологиче­

ского процесса на широкополосных непрерывных станах горя­

чей прокатки с пр:именением управляющих вычислительных ма­

шин /УВМ/1 • 2 • 3 . 

Системы управле~ия непрерывным широкополосным ста­

ном гор.Р-чей прокатки дол~ы располагать информацией о uе­

стопо~ ожении слябов на всей технологической линии стана. 

Решение Э той задачи может быть осуществлено системой ав­

томатv.ческого слеженР...я: за продвижением слябов на стане. 

С Р.стема слежения, определяя местоположение каждого сляба , 

въ:.цает не обходимые данные в системы дистанционной пере­

стро u ки стана, регулирования толщины полосы, регулирова­

ния теплового рехима печей, учета рулонной продукции и 

т.п., для нормального функционированv~ которых требуются 

све~ени.s: о расположении сл.s:бов как в пространстве, так н 

во вре !ени . 



1. сисжеыа слежениа за слабаки 

Рассмо.триваемаа система слежениа за с..пкбаыи и уче-

а . улониой продукции относижса х непрерывному ширахапо­

лосному сжану "1700" горачей прокатки Карагандинского мет-
4 

завода • 

Функциональная схема системы показава на рис.1. 

На техн~огической ~инии стана одновременно находитса 

около 400 слабев, относащихса примерно к 70 партиам. Под пар­

тией понимаетек групnа слябов одной ппавки, начальные геоие-

трические разыеры которых и заданвое сечение прокатанной по.по-

сы одинаковы. Переход от прокатки одной партии к друrо~ требу-

ет nерестройки технологических агрегатов. 

на оnределенный промежуток времени / на Э-4 часа/ п~ограм­

ыа работы стана. В программу вводится следующая информа-

циа1- номера партии, заказа и плавки; марка стали и факти­

ческий химсо~тав; геометрические размеры и вес слаба, за­

данное сечение по~осы; количество слабев в партии; от~и­

чительный признак слаба / "короткий" или "длинный", горн­

чий или холодный/. Исходная программа подrотавливается на 

перфокартах в п.паново-распреде~Ительном бюро цеха и затеи 

передаетсЯ для ввода в УВМ . 

Ввод новой исходной · nрог~аымы в УЕМ производится в 

тот ?А:омент, когда ,останется одна парт~а предыдущей исход­

ной программы. Если новая исходная программа своевременно 

не ~одготовлена, то об зтоы сигна.пизируется старшему посад-

чику , а на посты загрузки поступает сиrнал запрета на да.пь­

н е '' !:!у~ загрузку сд.а:бов в печи после окончания эаrрузки пас-

ледне ~ партии предыдущей nроrрамыы. 
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з аранее составленная исходная nрограмма може т G · ~ 

Hapyrieнa Б СВЯЗИ С zзменением -режима рабОТЫ СЛЯб ИНГа Z 

т.п. В этом с.пучае старший посадчик со своего nульта вно­

сит изменение в програмыу подачи с.пябов на загрузочный 

р~ьганг. nоскольку о вновь nоступающей п.nавке к этому 

моменту времени не будут известны все её данные, то стар­

ший посадчик указывает .пишь номер п.nавки и количество 

слябов в ней, а УВМ пр~сваивает ей внутрисистемный номер 

партии. Ввод же остаzьных данных этой плавки в дапьнейmем 

осуществляется с поста операт~ра УВМ. 

Д.па с.пе:жения за мета.uлок .пиния стана де.пится на 

ряд зон: загрузочный рольганг, печи, приемвый ро.пьганг, 

каждый рольганг между черновыми к.петаки, промежуточный 

рольганг, рольганги между чи.стовыыи четами, отводащий 

рольганг, моталки и участок от моталок до поворо~ного 

стола / рис.2/. 

Слежение за каждым с.пабок начинается с момента по­

ступ.nения его на загрузочный рольганг. затек определяет­

ся номер печи, в которую загружен слаб и да.пее осуществ­

ляется сл ежение за с.пябоы по мере продвижениа его через 

nечь, на приемнам ро.пьгавге, на участках черновой - и чи­

стовой групп к.петей в~оть до поворотного сто.па. 

Д.пя того чтобы сократить врека nерестройки стана 

при переходе на прокатку новой nартии, сигнал в сИсте~ 

дистанционн ой перестрейки стана постуnает при пекидании 

nос.r. еднюл слябоu данного заказа ка.F.доrо механизма, тре­

буюцеrо nерестройки . В ~том случае можп о начинать про­

катку п о вого заказа до полного завершения прокатки пре­

ды;::ущеrо заzаз а . 
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я тдельных т е:;с:олог rчески:с J Частков составлеЕы 

:гоr:rт ~,!ы сле ::ен.аs за сл.в:бш.t. Еа рис. 3 в качестве ил -

. ' :) С':' радии n .rr зедена блок-схема глгоритr.rа с.:rе r.'е ния: за с я ­

х/ 
о.: на участке загрузочного рольганга. 

При составлении указ~чн ого ахгоритмя приняты еле-

,.::.ующие условия. 

1 . В зависимости от того, н~~одятся ли на заrру-

зочнои. рольганге "длинные" или "~ороткие" слябы , оnре­

д еление места загрузки слнба производится или по nе чам 'Р} 

или по рядам Rt. 
2 . На загрузочном рольганге в районе ка1::доi печи 

J к~.~ого рнда/ мо~ет находится лишь один "длинный " 

/ "короткий " / сляб. 

э • .В зависимости о направления врацени.п рольганга 

сляб :мо.:~ет nе..,...амещаться как в прямом, так и в обратном 

направленикх. 

4. Если сл.в:б остановлен в районе какой-либ о печи 

J nод остановкой сляба у nечи будем понимать нахо" дение 

сляба на загрузочных брусьях печи/ , то он мо.:.ет быт ь за-

гружен только в зту nечь . 

На приведеин ой блок-схеме приняты обозначения : 

1ФП -~ /1ФП . i 'J -срабатывание .nюбого и з датчm<ов продви­

): ения сл.в:ба · по рольгангу; 

-с аба.тыва.ние датчика реверса рольганга; 

xj Сле·:·ение з а слябами на участках з '?.грузочноrо и прием­
н аго р ОЛЬГаНГ О В ЯВЛЯеТ СЯ наиболее СЛОУ.':НЫМ, Т.К. - -.;: :ько 

н а анных участках возмо~ны nереме ения сл.а:бо в как в 

пря:. о .
1 
та· :а в обратн ~ж Еаn:;;ав е н;:нх , а ro~· е :rз ъ ене-

:нrе nel:' чалыiой n ел едо зател ьнос l! Ji .'i б O в . 
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- с .я n артия ~~~ находит ся в райоr.е 

nечи 
р · 
J /_яда R' /; 

""~ OPj (Yiv~ OR ) -сля б n nлавки Vi. ; останов.11ен у nечи "Pj 

/ р.'i.да Rt / . 
Дл.n определеюш nеремещения слябов как между зоне.-

ми ст ~qа , так и в~ · три отдельных зон, устано&пены раз­

.~~::u· :ые .цатчиr;и . В качестве датчиков вЫбраны фотореле, ре-

л е а."'т ~:э ·о о т оz:г. =рок а.·г~-ых двигателей, контакторы вклю-

чезИЕ различных механизмоR и т.n. для увелйчения надеЕНо -

сти системы в целом в каждом месте, где необходимо фикси-

ровать nрохс~дение металла, установлено по три датчика. 

В процессе работы возможны случаи, хоrда по тек 

или ИRЕМ сообраsениям слнб .j расхат/ будет саат с хакоrо-

либо технологического участка стана. ИсJtJiючение этого с.л• 

ба из програмиы работы стана производится вручну~ , путем . 
ввода сигнала с nульта соответ~вующеrо техиожоrичесхоrо 

участка. 

Проверка правилъности работы системы производится 

на участках заr;узочного и приеыноrо рольгавrа, т.х. и-

менно на этих участках наиболее вероятен сбой в работе 

систг1~~ иэ-за неверно вееденных даннох. Провер~а произ-

воАится путем ввода ручного сигнала окончания подачи на 

заrрузо~~ рольганг / аnи выдачи из печей ва приеквый 

рольгаБr / последнего сляба заказа. Ес.uи давнве УF:М и руч­

ного ввода не совпадают, то подается соответствующий си­

гнал о аеобходимости проверхи рабо~ы систеыы. 

2. Си стема учета рулонной nродукции 

чет рул овв оQ продукции производится систекой по 

ко. Е~ес-:зезньn.~ 2: каче ственньn!. показг.телsм. Вся исходная 

инф рмаиия поступает из сис~емы слеаения за сллбами и от 
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раз~ичных датчихов техиохоrическоrо v.онтро~я, в частности 

от толщинокера и ширинокера по~осы, изкерите~ей текпера­

турs 'конца прокатки и скотsи похосы, ~ивы пахосы и веса 

ру~онов. Век,отора.а учетнаа ииформацu / .цаты, номера бри­

гады~ заказа, пла•ки, химсостав стали и др./ выводител на 

печа..rъ без предварите~:ьной обра6отltИ. Другая инфорuа.цu 

выводится на печать после соответствующей обрабоr.ки ~ан-

вых. 

В частности опреде~етса теоретичесхиl вес р;у~оиа 

G т , хак произведение , ;r.це~ьиоrо веса стu• '( на т·peбye­

IQlD .ширину s·, и тожщив;у hт и фахтичесхуz .ц.иин;у по.жосв 

(~ : 

и. а.тноmение фа!tтическоrо веса ру~оиа и теоретическому 

t•~ 
' &'Т 

Кроне тоrо, опреде~аетса сумкарвак длина и относи- -

тельное распоnохение участков похосы, на которых пара-

метр /толщ~на, ширив~, текпература ионца прокатки 

или температура смотки/ выходит за заданвые преде~s. От-

счет параметра производитек через каzдые 0,5 к по си-

rн~1у от измерите~ длины поnоен. д.па :каж,цоrо отсчитавно-

го значения производитса . проверка выпохнениа иеравенства 

/2.3/ 

где: Uм<t..,\- • и Ll ~~~~ - кахсиы~ьное и . кииИК8J[ЬВое допуска-

екне значения параметра; 

- порядковЫй номер отсчета. 

Совыестное рассмотрение выпоnниыости веравенст:ва 

2.3 / nри прои'зволъном ~ и при 1. -1 позволяет выде.пит ь 

"'е но:.1ера отсчетов, n-ри к оторых зто неравенс·т:во наруш ен о 
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п указать nр ·знак ·арушениа / больше шименьше допуска/ . 

в~елен.ы1 . · о 1ерам отсчетов присваиваетс.я: признак нарушен­

ной части неравенства. 

Бапример, если в точке .t• /рис.4/ происходит от-

хлонение параметра в сторону превыmения допускаемого 

значен.и .. , н а печать неоJходимо вывести 11 OL~ t 11 • в рас-

смотриваеuом приuере на печать будет выведено: 

OL i. ~ -4. ~ + , О Ol ~н. . t ~ • ~ О 

Блок-схе~а алгоритма классификации полосы Показава иа 

рис.5. 

На основе указанной выше информации система сос­

тавляет паспорт на каждый прокатw1ный рулон. 

з . Функциональная часть системы слежения и учета 

В сист еме ел еженил за :баыи и учета рулонной про-

дукцk · пспол ьзуетсл универсальна.а вычислительная машина 

.I200 аг егатной систе}.1::I средств в:Ьl:чиСJiительной технихи 

/АСВТ/ . Приuене ние этой вычислительной машины позволлет 

не только задачи слежения за сллбаыи и учета ру-

л онно : пр о.цукцю: , ао и задачи управ~'Iения нагревом сллбов 

в пг ах и r.texa.ч .з.ма.ми стана. 

Ввод позиционных сигналов системы слежения дроиз-

вод т я ерез стройства ввода дискретной информации 

/УВ[.. .. / 1· д ее через стройство св.я:зи зти сигналы посту-

a.IJ в ы ""' сл ел ьr. ·ю • асть с лстемы . Ввод технолог иче-

с · oil ин дат ;r ов системы учета производится 

че е инди :и.r;уа ~ьн е нор! .. И ующие преобраэователи . для у -

е .:и НУ.в: 1г.д • .:.н ос :~:· с:и с ,...е ш сле:::.:енил ввод инф ормации о-

С"д"' твллетс .. nараллел ь .. о .е ез два УВДИ . В вычислитель-
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зированкый и универсаиьвый. На спецпроцессор, работающий 

совместно с ~огической системой саежения, возложены толь­

ко функции ележенка и учета, а универсальный прqцессор, 

- наряду с выпоnнением этих ze функций, используется и ~· 

решения задач управления. 

Дуб~ирование вводныz и функциональных устройс~в си­

стемы слежения вызвано повышенными требованиями к её на­

дежности, действительно при отказе системы слежения утра­

чивается информация о программе раб,оты стана и обслужива­

ющеку персонаиу не будет известно на хакие окон.чате.пьные 

размеры дОJiжен быть прокатав очередной сжяб. В то же вре­

мЯ выход из строя увиве~саиьного процессара ихи каких­

либо других. устройств связанных .пишь с выполнением фун­

кций управления, приведет .пишь к необходимости ручного 

ввода заданий в .покuьвые системы управления, а продо.п­

жение функционирования системы с.пежения и учета обеспе­

чит возможность норкальной работы стана. 

в связи с тек, что об~ее количество информации, 

которая должна сопровождать к~ый прокатываемый сляб, 

- весьма ве.пихQ /суммарное количество информации по каж­

дому слябу соотав.пяет око.по 80 десятичных знаков/, непо­

средственная . передача всей информации по системе слеzе­

ния путем сдвига массива ~рахтически нецелесообразна, 

так как такое реmе~ие влечет за собой очень больmие · ап­

паратурные затраты. 

Позтоку по логическо~ системе слежения передается 

только информация позволяющая идентифицировать отдельные 

слябы , а остальная информация, необходимая для работы 

стана, хранится в памяти сnециализированной УШ.1 . Слеже-
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ние за прохождением слабев по технологической линии, ввод 

в паrLНть необходимой информации и вывод информации на та­

бло осуществляется по условныы / внутрисистемным/ номе­

рам партий. Блоксхема системы ! реализующей зтот nринц~n , 

приведена на рис.б. ~Система слежения работает следующим 

образом. 

При поступлении на вход технологической линии /за­

грузочный рольганг/• новой nар~ии ~абов вся необходимая 

исходная информация о слябах из блока автоматического 

ввода данных /Б1/ /при автоыа~ичесхQк вво~е/ и.nи с пу~ь­

та старшего пос~чиха /П1/ /при ручном вводе/ ~~ди~са 
-

в систему. Одновременно зт~й партии автоматически при-

сваиваетса очередной внутриси~текннй номер. Вса информа­

ция вместе с присвоенвыы ей внутрисистемным номерок, ко-

торый играет роль адреса, поступает . в в~чис.nительное у­

строй ство системы учета . и запоминается в оперативной nа­

мяти /ОЗУ/, допускающей иногократную выборку. У~овннй 

номер партии nрисваиваетса каждому саябу данной · пар~ии 

и nри поступлении слаба на загрузочный рольганг nереда­

ется в блок слежения за с.nябами на загрузочном рольган­

ге /Е2/. Блок слежения за nхябами на загрузочном ро~ь­

ганге осуществляет с.nехение за положением сияба и при 

поступлении сляба на загрузочные брусья печи соответ­

ствующий сигнал вводится в приеыный регистр блока слеже­

ния за слябами на участке печей /БЗ/. Одновременно с но-

мерам nартии по системе слежения щ~ред~тся признак ела-

ба, состоящий из трех двоичных разрядов и несущий инфор­

мацv:ю о самом c.ri.Eбe / гор.ччий, холодный , "короткий", 

n д.1IИ.ННЫ:Ё " / • 
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При загрузке сла6а в печь номер его партии и ~lеду­

ющая с ник ииформациа вводитса в б~ох слежения за сляба­

ми на участке печей. При появлении на выходе печей новой 

партии происходит обращение по номеру партии в ОЗУ систе­

мы учета и вывод необходимой информации на таб~о ~rльтов 

оnераторов загрузки /П2, ПЗ/, старшего сварщнха /П4/, о­

nератора черновой группы /П5/, оператора ножниц /Пб/ и 

оnератора чистовой группы /П7/. Нокер выданного из печи 

слаба поступает на пульты операторов загрузки и старшего 

сварщика, а также пере~тся в блох слежения за слябаии 

на приёмнок ро~ьгавге /Б4/ вместе с признаком сляба. При 

выдаче из печи первого слаба новой пар~ии в блох слежения 

за слабами на приёкнок рольганге передаетса тахже информа­

ция о количестве находящихся в печах слябов данвой партии 

/или о количестве выданных из nечей слябов/. 

В блоке ележенив за слябами ' на приё:ином рольган­

ге производится слежение за продвижением слябов по nриём­

ному рольгангу, учет снатых с приёмного рольганга слябов 

и числа слабов находящихся на приёмном рольганге, послед­

нее nередает~ на пульт старшего сварщика. При поступле~ 

нии nервого ~ба новой партии на участок рольганга nе­

ред вертик~ьной клетью из блока сле>:<ени.в: за слябами по 

номе ру партии производитск .запрос в ОЗУ системы учета и 

выдача необходииой.информации на табло пультов операто­

ров черновой группы, ноюiиц и чистовой группы. Информацzл 

о н омере каж~ого слаба при постуnлении его на рол ьганг 

пе ред верт икальной клетью nередается в блок сле~енил эа 

сляба.ыи на участке черн овой груnnы . 

Елок сле.:·ения за сллба.ми на участке черновой груn­

~ы ; - 5/ об е.~ечивает с е :ение за продвиzение1 сллбов по 



черновой группе, выдачу на цу~ьт оператора черновой 

группьt инфорwа.ции о положении каждого сла:ба, а также о­

предела:ет местоположение раздела между партиями и выдачу 

сигналов на перестройку в соответствующие точки системы 

ди<lтандионной перестройки черновой группы. Блок слежения 

производит также / по номерам прохатываемых в черновой 

группе партий/ запрос в ОЗУ системы учета и вывод инфор­

мации на табло пультов операторов черновой группы, нож­

ниц и чистовой группы, а также оператора мо~алок /П8/. 

Номер каядого выходящего из черновой группы сла:ба пере­

даетСl.fl в блок слежениа: за сла:бами на про~ежуточном роль­

гааге /Бб/. 

Б.пок сJiежеБи.а за сла:бами на промеп..-уточном рольган­

ге следит за прохождением сJiа:бов через ножницы и по про­

ке~7точному рольгангу и осуществла:ет t исхлючение из систе­

мы сле4ениа: сна:тых на промежуточном рольганге сла:бов. 

этот блок по номеру первого сла:ба партии, поступившего 

на рольганг перед чистовым окалиноломателем, прризводит 

запрос в ОЗУ системы учета и внвод информации на табло 

пультов операторов чистовой группы и моталок, а также пе­

редает в систему перестройки чистовой группы номер посту­

пающих на вход чистовой группы рас~атов и номер раската 

в партии. 

Блок слежения за сла:бами на участке чистовой группы 

/Б7/ следит за прохождением сла:ба через чистовую группу, 

осуществляет запрос в ОЗУ и вывод информации на табло опе­

рат оров чистовой группы и моталок, исключение из системы 

сл е ·:~ ени.я снятых в чистовой группе раскатов и nрисвоение 

порядкового н омера за сутки выходнщим из чистовой группы 
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по~осам. При выходе полосы из чистовой группы в б~Qх ~е­

zения на участке мот~ох /Б8/ из бжоха ~ежения в чистовой 

rруппе передаетса номер партии- слаба, из хотороrо прохатана 

полоса, порадховНI номер сжаба и партии и порядковый нохер 

п~осы. эти номера также присваиваютса в хачестве адресов 

в системе учета всей полученвой о · даивом схабе инфОрмации. 

Б~ох с~ежениа ва участке котажох по номерам партий 

и номерам с~абов в партии сжедит аа прахоzдевиек пожос 

до мархироцuа. При п: . схоЖJtении первой по.аосв новой пар­

тии на участок котажох по номеру партии осуществжаетса 

вызов в ОЗУ и вывод информации иа табжо пу~ьта оператора 

моталок. При поступлении первого ружона на поворотный 

стол по номеру партии и номеру ру~она осущест~яетса вы­

зов · в ОЗУ и вывод информации . на табжо. Из б.поха с~ежения 

на участке кот~ох в бжох ~ежения на участке мархиревщи­

ка /Б9/ поступает номер партии, нокер с.паба в партии и 

номер рулона. 

Блок слежениа участха маркировЩика по полученикы 

номерам осуществлн~т запрос в ОЗУ и выводит необходимую 

информацию н~ табжо /П9/ и на цифропечать. Одновременно 

с выводом информации на цифрепечать в системе ,учета про­

исходит стирание в ОЗУ всей информации, относяЩейсн к 

данному рулону. При выводе - на цифрепечать информации о по­

следнем рулоне па~тии в О$У стирается вен информация отно­

сящаасн к · данной партии СJiнбов. 

В с.истеме испОJiьзуютса четыре печатающихсн устрой­

ства, на двух из них / скорость печати- 10 знаков/сек/, 

располоЕенных в районе нагревательных печей , фиксируют ся 

загружаеыь:е и выдаваемые из печей с.пабы, а на двух друг:ах 

r. ость ~ечат и - 400 строк/мшr . по 128 знаков в строк е / 
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расnолол<енных в nомещении УВМ, печатаются nаспорта рул онов 

с указанием их хачественных и количественных характеристик. 

Информацu ВЬiво.цимая на оrабло раз.nичнЬIХ постов, а 

также информация о заrруzенша и выданных из печей с.nяба.х 

и учетная информация о ру.nонной nродукции ооrражены в та­

б.иице. 

------------------------
Табло оператора загрузки 34 .цесяоrичных 

Табло старmегр поса.цчика 53 . десатичных 

TaбJtO corapшero сварщпа 95 .цесятичных 

Табло операоrора черновоt 
группн 85 десятичных 

Табло операоrора ножниц 34 .цесатичвнх 

Табло операоrора ~иооrо-
вой груnпн 63 .цесаоrичвнх 

Табло оператора кот~ок 63 .цесатичннх 

Табло маркировщика 8 ,цесатичннх 

Цифрапечать паспо~а 

8 двоичных 

7 двоичньrх 

·10 двоичнцх 

33 двоичных 

4 двоичных 

5 .цвоичнн:х: . 

l5 .цвоичинх 

з .цвоичннх 

ружова or 168 до 600 .цесатичвых зна-

Цифрапечать посоrа стар­

шего сварщика 1 два у­
ст ройства/ 

хов в зависимости от качества 

pyJIOHa 

окожо 180 .цесаrичннх знаков ва 

Вывод информации, необходиыой . обСJiуживающеку персо-

н~11у ,цла ведения технологического процесса, производится 

на табло расnоложенное у операторов различных участков 

стана . На табл о старшего посадчика в десатичной форме и:н­

дицируютсл но . .iера трех б.иш:айmих к загрузке Плавок и ~оли-

чест во еще не поданных на за-
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гружаемой плавки. При поступлении на загрузочный рол ьганг 

nоследнего с.ляба каждой плавки на табло появляется: сигна..п 

11 Проверка" и e,CJIИ сигнал системы. совпадает с де йствител ь­

ным окончанием плавки, то посадчик нажатием кн опки фикси­

рует его совпадение. 

для того чтqбы обеспечить выдачу всех слябов данно~ 

пдавки из печей а предотвратить несвоевре :ме Еную выдачу 

слябов другой плавки, на табло оператора загрузки индици­

руется количественное располоЛ<ен ие в печах слябов данно:i1 

плавки в текущий :момент времени. это же расnол ожение сля­

б о в индицируется и на табло старшего сварщика . Кроме т о­

г о , на табло сварщика появляется сигнал "Про ве рка" при 

выдаче из печей последнего сляба плавки. 

На таб.ио операторов черновой и чис т о вой групn, __ о::::­

ниц Р. моталок индицируются данные относящk1е ся к прокаты­

ваемой: плавке: заданное сечен ие nрокаты:вае~.юй полосы , ос­

таток непрокатанных к данн ому моменту с.irяб о в / не смо т ан ­

ньсr полос/, марка стали и т.n. Для возможн ости nодгот ов­

ки к перестройке стана к прокатке сл едующей плав н .а та­

бло также индицируются все данные не обх о и .1ые для пере ­

стройки стана. В связи с б ол ьш ой пр о тя :ен н о ст ью черн о воV 

групnы стана / около ЗОО .rj на табло оператора че н о ой 

груnnы осуществляется све 'l' овая индикацv.я пол о . ею,~ с r;. ­

б ов на рол ьгангах ртого участка стана . 

На _табл о маркировщшш .. у оно в въ в о итсл 1:-. о: ~ р р т о­

на за с.утк и ·и в nлавке, номер плавки и дата. 

Во всех блоках осу ·ее вл _ет ся кон т ОJ.Ь n ав1 1Ь .о r .: 

nе редаваемых н оме р ов no .од rлю две. . ;{ онт . ~н - ·: !)'='.JP д 

n· .. с в г.; ае тся nри вв оде н !.'Э г. 1.1".~ •ии в с:исте 
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:s оз.· с.истеиы учета вся .инфсрка.ция хранится вместе с адре­

сом. ~равненке адреса запроса выданной инфорыации позво­

~яет контролировать прав~ьность работы устройства ввода 

и вывода информации. Эти операции выполнкются блоком кон­

троля исправности системы слежения /Б10/, хоторый в слу­

чае обнару:..:ения ошибки в инфоркации,передаваекой в любо11 

из блохов слежения, nодает на табжо всех пультов / v~и 

пультов связанных с зтик б~охок/ сигвал о неисnравности 

си~темs слежения. 

• 
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AUTOMATIC PLATE ROLLING AT OXELOSUNDS 
TARNVER¥ 

Evert Uhlen 
Superinten~ent of Plate Mill 
oxel~suncb Jarnverk 
OXel'osund, Sweden 

Donald J. Fa piano 
Drive System. Operation 
General Electric Company 
Scbenectady, Rev York, U.S.A. 

INTRODUCTIOII 

On March 13, 1968 ope~ating personnel at OXelosunda Jarnverk's 3650 mm 

Plate Mill began production use of a computer directed Process Control System. 

This marked the end of a 14 11100th inatallation and check-out period and the 

beginni~ of a 3 month period of transition from manual to full automatic 

operation. 

The preparations for this change and the resulting effects on mill 

operationa and plate quality are the main subject of these remarks. 

THE PIATI MIU. AT OIELOStJlO) 

The plate mill in oXeloaund is a 3650 1IIR wide four-high mill 'lit th 925 mm 

work rolls and 1550 ma back-up rolls. The main rolls are driven by twin 

3100 kw motors, each capable of a maximum torque of 200 ton-meters. The 

acrewdown is controlled by ~ 150 kw motors. 

Slabs are heated in two pusher furnaces which provide a total heating 

capacity of 160-200 ton/hour. Each furnace is designed to' hand~e two rows 

of slabs 1700 mm to 3000 mm in length and up to 400 mm in thickness. Illus­

trated in figure 1 are the furnace depilers which accept stacks .of slabs 

from an overhead crane for charging into the four furnace rows. The heated 

slabs pass through a high pressure water descaler on their way to the rolling 

mill. 

The layout of the four-high mill is illustrated in figure 2. 

Slabs may be turned on either aide of the mill by tapered rolls located 

between sideguides which open to accommodate a maximum diagonal of 4750 mm. 

Finished plates under 40 mm are hot levelled in route to one of the 

three cooling beds, which transfer plates up to 30 meters long to the finish­

ing area. 
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PURCHASE DECISI<MS AND OBJECTIVES 

Since the start of OKeYosund'• plate mill operation. in April 1960, 

operating management had been conaidering mill automation. Some results 

and experiences with automated mill• were published in the early 60'•· 

Oxelosunds' first positive action was the appoinbaent, in 1963, of an out­

side consultant charged to investigate and report on what could be auto­

mated and in what fom. 

The result of that report was a decision to concentrate on the plate 

rolling area and, specifically, to investigate further the possibilities 

of on-line process computer control. Two main alternatives were considered: 

Oxelosunds Jarnverk could form a process control group charged to prepare 

detailed specifications and to coordinate the manufacturing and installation 

functions; experienced vendors could be invited to propose their versions of 

an appropriate turnkey offering. After some evaluation, it was decided that 

the second alternative would produce the best result in the shortest time. 

Proposals were solicited in 1964 and the balance of that year and 

early 1965 were spent in discussions and evaluation of the competitive 

offedngs. 

In parallel with this activity, an OKelosunda study team visited most 

of the hot mills in the u. S. and Europe which had at that time achieved or 

attempted any significant degree of automation. Though not always encourag­

ing, the information gained during these visits was very useful in evaluating 

the vendors as well as the functional alternatives. In spite of the evident 

risk, several funct~ons looked economically attractive and prompted a decision 

to invest about 1.0-1.5 million dollars in a process control system. It 

appeared essential, however, that the supplier guarantee his system's produc­

tion rate and gauge and width control accuracy. 

Comparison of the guaranteed performance with the corresponding manual 

performance permitted calculation of the economic return. If the guarantees 

on gauge and width could be met, slab to plate yield would be raised 1-2~, 

and the investment returned in 2 to 4 years. 

But how would production be affected? Lacking useful experience from 

other mills, Oxelosunds' study team w~s forced t9 rely on sample rolling 

schedules submitted for typical products and on an evaluation of several re­

lated factors. It appeared that process computer control could give higher 

production, probably not on a short time basis. Higher production of 
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salable plates would be the result of: 

- less downtime because of improved treatment of the mechanica l 

equipment 

- fewer rejected plates 

- fewer passes on the heavier gauge plates 

The final major decision involved the main mill pulpit. Although it 

was possible to add the computer related devices to the existing desk 

arrangement, a complete redesign of the mill operator's station was chosen 

as, by far, the most desirable solution. Installation of the new pulpi t , 

illustrated in figure 3, thua became a critical point in the hardware 

installation phase. Oxelosunds' staggered vacation system provides only 

five days of downtime twice a year, and the installation bad to be phased 

into one of these periods. The full changeover was successfully completed 

without production loss. 

SYSTIM DESCBIPrlml 

The Process Control System employs a GE/PAC 4060 Computer which per­

forms both supervisory and direct control functions. The Central Processor, 

peripheral devices, and associated control equipment are grouped in five 

locations as illustrated in figure 4. The primary source of slab identities 

and processing instructions is punched cards submitted by the furnace opera­

tor during slab charging. Manual corrections to slab dimensions and identi­

ties can be made through an Auxil~ary Input Panel in the mill pulpit. In 

the photograph of the mill op~rator's station (figure 3) this panel is the 

central insert in the left desk. The station is arranged for one man con­

trol of all drives. The display panel at his right (figure 5) indicates 

the state of all drives and sensors associated with automatic operation. 

The flow of processing information through the system is illustrated 

in figure 6 . A primary data card is pfepared for each slab at the Data 

Processing Center. The cards arrive at the furnace pulpit along with the 

scheduled slabs. The furnace ope~ator submits these cards in groups as the 

corresponding slab stack is lowered onto the depiler. A record of slab 

identities and dimensions is typed on charging. 

Each slab's progress through the designated furnace row is tracked and 

displayed on ita arrival at the rolling area, at which time all primary data 

are typed on the mill operator's typer. Vital process data are added to 

this log on completion of each plate. Summary information is printed on 



demand and at s~ft changes on the same typer. Punched tapes duplicate .all 

typed information and supplement it with greater detail on productivity and 

delays. 

These data flow back to the Data Processing Center where they serve as 

the basis for reporting and changes in pxoviding standards. 

Figure 7 lists the major control functions performed by the system. 

Width Control 

The width control function relies on the initial sideguide aeasurement 

to identify variations from planned slab width. While variations in ~ast 

slab widths are negligible, rolled slab width variations of 20 to. 30 milli­

meters are common. Predictive control based on measured incoming width is 

adequate where table speeds ·are well matched to the mill and between sections, 

particularly at the tapered roll turning tables. Slab skewing due to poor 

table synchronization reduces the elongation resulting f10m the planned 

reduction. The length gage provides in-process correct · • of these errors. 

Remaining negative errors are caught by the post broads~ae squeeze measure­

ment and corrected if excessive. The entire sequence, including slab turn­

ing, is automatic. 

Pattern Control 

The pattern, or plan view, of the plate after broadside rolling is 

dependent on rolling force level, and on the position of the cross-rolling 

phase within the rolling schedule. The force level is calculated to pro­

duce an approximAtely rectangular pattern after cross-rolling. The operator 

notesdeviations and informs the control system by coded manual inputs which 

adjust the system's choice of force target. The operator may elect, in an 

alternative mode, directly to specify the broadside force target. On 4-high 

mills pattern is· influenced more by the position of the broadside phase than 

on force level. In this system, cross-rolling is deferred until further pre· 

broadside elongation would exceed the roll face width. 

Gage Control 

Final plate gage is controlled by proper setting of roll opening to 

reflect in-process variations in · temperature and resulting deformation re­

sistance. Variations in mill dimensions resulting from thermal and roll 

wear effects are monitored by plate thickness measurements following the 

last two forward passes. This feedback is essential where badly worn rolls 

may present mill dimension variations exceeding 0.5 millimeters across the 

rol l fac e . 
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Crown Control 

F.inished plate profile is established by the finishing roll force 

and the effective roll crown. The finishing force is set by the system 

to reflect desired plate crown, roll crown, and mill and plate deformation 

characteristics. The finished plate is traversed by the plate thickness 

gage to provide a crown measurement. Corresponding adjustments are made 

in tbe roll crown data to correct the force target selected for subsequent 

plates. 

Flatness Control 

Plate flatness is controlled by the choice of plate crown relation­

ships during the final rolling passes. Coded flatness observations sub­

mitted by the .tll operator are the source of feedback. In response, the 

syste. changes the finishing phase drafting pattern. To illustrate, figure 

8 indicates the planned force pattern before and after the operator had 

submitted a .. center buckle" verdict for one milli,meter plate. In this case 

two such observations were made by the operator before the condition was 

completely corrected. 

SYS'l'Eil DESIGII AIID SDIJLATICII 

Although the systea was fuuctionally specified prior to the transac­

tion's close, additional system definition was required to relate these 

functional objectives to specific OKelosund operating practices. This, 

and the related task of defiDtng the hardware interface with existing con­

trols, waa essentially comple~e after three meetings totalling 20 days. 

Unfortunately, systea requirements are dyna.ic and vary with changes in 

the user'• market, plant, and organization. Thus, minor changes continued 

through the entire project. 

To verify the accuracy of supplier-user communications in the design 

phase, two techniques were used: preliminary off-line rolling schedule 

generation and factory simulation. The rolling schedules, covering a large 

group of typical products, were evaluated by OKelosund operating personnel 

for reasonableness and for compliance with operating rules . previously esta­

blished. The factory tests included methods of data entry and simulation of 

all operating sequences includ~ng the time shared position regulators. 

Oxelosund personnel participated in the si~lation testing and in the system 

check-out which preceded it. The simulation equipment was shipped with the 

system to assist in field installation. 
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TRANSITION PR(»{ MANUAL TO Atrr<lflTIC OPERAnOII 

The first try in aut omatic took place llovember 2, 1967 vbeB 13 plates 

were finished successfully. During this first phase of operations, t~ 

auxiliary input panel and all peripheral devices were couaected iD the 

computer room. Thus, actual control of operations was frcm the cc.putar 

room, with management actively iavolved in ca..unicatioas betweea tbe com­

pu_ter room and the mill pulpit. After a few 110ntta., when 110st of tbe nec::ea­

sary modifications in the software had been .. de, the auxiliary equ~paent 

was moved to its final location in the pulpits. Shortly after that. eard 

flow arrangements were completed and the tracking function kept operatina 

24 hours a day. 

Automatic rolling for the first fev 80Dtha vas lildted to plate. over 

15 11111 final gauge. The gauge liait was cradually lowered as 8Ddel adjuat­

ments permitted processing thinner plates without rejects for flatDees. 

Operator Training 

Training of the operators started shortly after the aystea specifica­

tions were resolved. At that tt.e, the .. iD principals of operation were 

introduced and discussed. Courses on the theory of operation started juat 

before the computer hardware waa installed .. king it po88ible to study and 

try some of the equipment in conjunction with the theoretical presentationa. 

These courses occupied ten 2-hour periods. 

Complementing these courses wer e visits by all operators and fora.eD to 

another mill with several automatic features. As the ca.puter hardware and 

software were installed and the sensors and displays ccxmected in the pulpit. 

the operators could begin to follow the information flowing to and fro. the 

computer during manual operations. In thac phase and throughout the whole 

project , the operators and mill aanagement met ft·equently to cliaeuas those 

steps last completed and next planned. 

Perhaps the most important part of the operators training is the infor­

mation given him in the pulpit dur~ng actual automatic rollins. Every new 

system functi.on was reviewed just prior to testing. Taking one s .. n step 

at a time, the operato~s gradually became familiar ~th the auta.atic opera­

tion and leaned how and when to intervene, make corrections and return to 

automatic . 

Support Personnel Training 

Suppor~ personnel include two maintenance engineers and two programmers 

who attended Genera l Elec ric Company training courses in t he United States. 

Course timing was planned t o permit t heir participation in hardware and soft­

Pare checkout of che fact:ory . 
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Duriq the entire field iutallatiou period, Oltelosuncls' support 

?ersonnel actively participated in aolutioaa to hardware aDd software 

?robl._.. 

The pruent -inteG&DCe staff iDclucles 2 eqiDeers &Del 2 technicians 

who work tbe day shift but are "OD call" 24 hours a day. 

Operatiaa Practice CbanS!f 

Pro. the . operatora' point of Yiew the traultlou fr• .anual to auto­

matic operatloca baa required few cbaaaea", DODe of which va• drastic. 

'lhe furnace operator did uae a card reader nen before trauition 

to auto.atic rolllq. !he card reader _. part of u IBII-357 sy8t- com­

prising tvo typevritera, ~- ea~h in the __ -in pulpit aod the lev~ler pul­

pit, and a card punch la the plamalaa cleparwent. For each alab puahed 

the operator subm.ttecl the corrupondiq card throuah that card reader. The 

card contaiaed rolliq and leveliq iutructiona and providecl a record of 

what bad be~n rolled to tbe plamalna clepart.ent • . Card& were read after the 

slab vas succeaafully puabed and .oviog toward& the .tll to avoid false 

documentatioa in caae the slab bad to be lifted off the table for reheating. 

Preaeat pcactice ia to read the carda ~ the alaba enter the 

furnace and give a puah ca.plete signal when the slab allclea dawn OD 

the roller table or before. Wbea he haa uaed the card& to aubm.t primary 

data to the ca.puter, the operator puts th- into a file arranged for manual 

trackiaa. 

After the completed read~q cycle, a type-out of alab identity aod 

dimeuions indicates in vbich order and in which furnace row the slabs 

were entered. The procedure 1a tbua to: 

1. lead idenUtiea froa dabs 

2. Sort the carda in right order &Del enter tbea through 

the card reader 

3. lead the t7Pe-out and check that the order agrees with 

the phyaical order of the slaba 

The push ca.plete signal initiate• typeout of
1 

the identity of the slab 

just pushed, which the operator uaea to check that his unual tracking agrees 

with the coaaputer tracking. The procedure has conaiderably illproved relia­

btlity with little increaae in operator effort. 

The ~ll operator bas several new routines to follow, which are associat­

ed with initialization, record keeping, aod feedback functiou. · Before every 

shift the operators .uat: 
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a) e~ter .date/turn/crew identification 

b) check the calibration of the sideguides (this is of vital 

importance for accurate width control 

After every roll change they must: 

c) enter new roll diameters and crowns 

d) calibrate the roll opening 

e) enter draft limit (if changed) 

f) enter finishing force targets (if in force target mode) 

g) enter plate crown limit 

h) run a display test 

During operations they must: 

i) enter delay reasons for delays exceeding S minutes 

j) enter reasons for slab or plate rejections 

k) enter occasional manual thickness measurements when 

the thickness gauge is unavailable 

Leveling operations are essentially unchanged, but information trans­

mittal is improved. Previously, the plate data were typed when the slab 

was . pushed from the furnace. Since two or three slabs could be pushed be­

fore the first reached the leveler, the situation in case of rejections 

could be confusing and result in incorrect plate marking. 

The present system transmits data to the leveler pulpit as the com­

pleted plate leaves the mill. 

SYSTEM PERFORMANCE 

Width Control 

It was apparent early in 1968 that the basic width measurement approach 

was suitably accurate and reliable. Minor sideguide modifications were re­

quired to insure· contact at the slab's bottom edge when squeezing. Prior to 

this, 15 to 20 mm width measurement errors resulted from variations in in­

coming slab ·thickness. The calibration procedure duplicates the normal width 

measurement sequence thus eliminating the effects of sideguide wear and 

changes in the applied thrust at stall. 

Underpowered feed.rolls presented the only serious width control problem. 

The feed roll drives were unable to match the front and rear table accelerat­

ing rates. This . resulted in occasional severe skewing as the slab was passed 

from tapered turning rolls to multiple disk feed rolls. · The skewing reduced 

the useful elongation resulting in underwid~h plates. This deficiency was 

partially compensated by the combining of reduced mill speed and increased 
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table speeds to provide some squaring on impact. Zero entry speed, effective­

ly employed for squaring at some plate mills, was considered detrimental to 

the mill bearings. 

Width control accuracy has met objectives in spite of this compromise. 

Figure 9 indicates deviations from target width for plates rolled in June 

of 1968. The measurement used is that made by the sideguides . after broad-

side rolling. The allowance for shrinkage and spread is included in the 

target width. Its accuracy has been verified by comparison of hot and cold 

meas~rements. The observed standard deviation of 10 mm is les s than 1/ 4 the 

standard deviation experienced on ·this mill when under manual control. The 

di.stribution is asymptotic to -30 mm, since greater negative errors automatical­

ly call for an additional turn and correcting pass. At this setting only 

about one piece in 50 requires correction. 

Pattern Cont-E"ol 

The effect of deferred broadside rolling is . illustrated by the photo­

graphs in figure 10. The slab in figure lOa was rolled manually following 

conventional practice of starting to cross roll after one scalebreaking 

pass. The slab of figure lOb, rolled automatically, received 2 added passes 

before cross rolling began. 

The pattern superiority is evident in the straighte.r sides and squarer 

corners. 

Gage Control 

Accurate control of plate gage requires the ability to predict rolling 

force and the associated mill· deformation. Errors in these predictions are 

the major source of . gage inaccuracy. Uncertainty concerning mill dimensions 

is largely removed by the caLibration procedure and by feedback of plate 

thickness. Where work rolls are · badly worn, however, the effective rol l 

opening will vary across the roll face. Fortunately, uneven .roll profile 

presents no problem at this installation. The demand for minimum gage 

variation across the plate width has forced Oxelosund gradually to lower 

the number of tons rolled between grindings. 

The gage control function has been evaluated on the basis of compari-

sons between ordered thickness and the final thickness measured manually. 

Figure 11 indicates the distribution of gage errors for plates · rolled in 

June of 1968. The distribution indicates that 951. of the sample was within 

0.3 mm of target gage. Prior sampling of manually produced plates had indi­

cated a standard deviation of 0.25 mm, or 957. within 0.5 mm of target gage. The 



distribution exhibits a .08 .. bias, reflectina the tendency of the aaae to 

read low by that a.ount. 

Crown Control 

Thickness measur ... nts are made at the center and edae of each finished 

plate. These measur ... nts are made near the plate end, so that processina 

of the next plate may start before the aaaina sequence is finished. 

The measured plate crown is ca.pared with that calculated _for the 

measured force and the difference attributed to a chanaa in affective roll 

crown. A low pin h applied to the roll crown correction since chanaes are 

slow and since some attentuation of the aaaina inaccuracies is neceasary. 
-s The system attempts to obtain a plate crown of S x 10 .m per mm of 

plate width, or about 0.1 DD crown on a two meter plate. If this would 

require too low a force, due to the current roll crown condition, the 

taraet crown is automatically raised, but not above the crown limit which 

is dictated by the operator. When the crown limit cannot be met with the 

current roll crown, the system sianals the operator to raise the crown limit 

or switch to manual operation. 

Thus, the taraet crown chanaes with roll condition as well as plate 

width. The measure of the system's ability to control crown is the devia­

tion from taraet crown rather than the crown produced. In fiaure 12, 

deviations from target crown are plotted. The distribution exhibits a 

standard deviation of about 0.09 mm, and a mean deviati~n of -0.04 mm. Ro 

comparable statistics exist for manual operation. 

Flatness 

Flatness, the absence of edge or center waviness, is the most elusive 

of the controlled characteristics. Such distortions result from unequat 

elongation across the plate's width. Maintaining a constant percentage 

crown during finishing would prevent these distortions but would increase 

the average number of finishing passes. The extent to which a plate can 

accommodate unequal elongation acrosq its width depends largely upon its 

thickness, width, and deformation resistance. 

During finishing, .this system attempts to utilize the steepest possible 

descending force pattern which will not violate limits which have been esta­

blished for various combinations of plate dimensions and hardness. 

Lacking a flatness sensor, tb~ system relies on operator feedback to 

close the flatness control loop. His coded defect observations are used to 



adjust the slope of the finishing force pattern so as to prevent defect 

recurrence in the next plate. 

There is DO convenient index of systea effectiveness in controlling 

flatness. Our experience indicates that the results are roughly comparable 

to those obtained manually. In critical situations, however, an experienced 

operator is often better able to assess the current plate condition and 

choose an ap~ropriate correction strategy. 

RELATED IDinTS 

Although it was yield improvement which made th 1a systea economically 

attractive, several related benefits are worth mentioning. 

Reduced Slab Identity Errors 

When defining the data input procedures, a major objective was to mini­

mize the risk of assigning the wrong card to a charged slab. If the dimen­

siona on the card and the slab were different the exchange would be discover­

ed in the dimensional check prior to rol~ing, bu~ if the dimensions are 

approximately the same the situation is more critical. 

The following procedure was selected: 

a) Only the depiler selected by a 4-position switch can be 

operated 

b) Limit switches indicate when each depiler is raised to 

accept a new slab stack 

c) Card reading is ' initiated by one o! four ''aead Card" 

pushbuttona de~ignating w~cb row is being charged 

d) The "Read Card" pushbutton, depiler limit switch, and 

depiler selector switch positions must correspond 

before data can be entered. When this condition is met, 

the cards corresponding to the slabs on the depiler are 

read. 

This system has virtually eliminated the two most common manual track­

ing errors: charging the wrong row and charging in reverse order. Com­

bined with the pre-rolling dimensional check, it has reduced the incidence 

of mixed orders to a negligible level. 

Improved Providing Practice 

The system tests several dimensional relationships before accepting an 

item for automatic rolling. Changes in production planning practices can 

thus be monitored. For example, current providing practice dictates that 
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cross-rolling be limited to 200~ elongatton. If the system notes that p~anned 

plate ~idth exceeds 3.0 times slab width for a double turned item, this fact 

will be alarmed at the mill operator's typer. A full tecord of deviations 

from proper providing practice is, thus, immediately available. 
Improved Mill Capacity and Scheduling Information 

In order to minimize elepsed time from~input of material in one end 

of the prod~ction line to output of finished product at the other end, it 

is of vital importance to know accurately the capacity of each processing 

area. Capacity of the rolling mill is particularly important at Oxelosund, 

since it is the limiting facility for most products. Mill capacity varies 

with dimensions, weight, and steel grade.. Typically, mill capacity estimates 

are based on simple relationships involving one or more of these factors. 

Oxelosunds Jarnverk uses relatively complex mathematical models for 

scheduling its roduction facilities. The addea complexity is only justified, 

however, where sufficient data are available for model adjustments. The GE/ 

PAC system provides off-line as well as on-line generation of rolling times 

for all products, permitting precise adjustment of the production scheduling 

models. 

Increased Heating Capacity 

Although the process control system does not include any direct control 

of the furnaces, it has helped raise furnace productivity in a very simple way. 

Duri ng the years of manual op~ation, push rate had been defined by a 

relationship which expressed the minimum time between consecutive pushes 

from one row as a function of maximum slab thickness in that row. IFor 

simplicity, the function employed 20 to 30 mm steps of slab thickness. The 

computer, by substituting a continuous function fo r the previous step func­

tion , has removed some of the remaining conservatism. "ROW READY" lamps 

indicate ~~hen the calcul ated time has elapsed since the last push of each 

row. These assist the operator in obtaining maximum capacity from each 

furnace and in balancing the loading between furnaces. 

CONCLUSION 

The closer toleraqces of width and gage as a result of the automatic 

rolling have made it possible to review the providing practice system. As an 

average Oxelosunds Jarnverk have been -able to raise the slab to plate yield ~. 
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''Furnace depilers accept slabs from an overhead crane for 

charging into the four furnace rows 11
• 

Figure 2 "The plate mill is seen here ·as viewed by the operator". 



Figure 3 "Both right and left operators desks were redesigned for 

automatic operation". 

t 
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Figure 5 ·"This dispLay panel indicates whether drives and sensors 

· are in manual or automatic mode". 
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CONTROL FUNCTIONS 

. WIDTH CONTROL 

PATTERN CONTROL 

GAGE CONTROL 

CROWN CONTROL 

FLATNESS CONTROL 

Figure 7 ''The process control system performs these major fuN-..tf one". 
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OPE RA TOR FLATNESS OBSERVATIONS 
INFLUENCE ROLLING FORCE PATTERN 
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figure 8 '~he operator's flatness observations directly affect 

the planned force pattern". 

~ 



35 
DEVIATIONS FROM TARGET WIDTH 

30 ~FOR PLATES ROLLED AUTOMATICALLY 

:X: 
25 .... 

0 -~ ·20 

.... 15 L&J 
.C> 
a: 10 et .... 
~ 

5 
0 . ·, 0 
a: 
LL 

z -5 
0 
t= -10 

· <I > -15 
L&J 
0 -20 
~ 

GAGE RANGE: 5 TO 31.4 MM 
~ WIDTH RANGE: 1660 TO 3535 MM 

/ 
/ 

I V 
V 

~ 
V 

V 
~ 

/ 
~ 

~ 
/ 

/ 
,. 

-~ 
2-25 

-30 ·-

-35 
. 0.1 10 20 30 40 50 60 70 80 90 

PERCENTAGE OF SAMPLE 

99 

llpre 9 ·~• auta.atlc vldth control function va• parforalna at 

th~!__ lavel by March 196JI" . 

I 

99.9 



39 

Figure lOa,lOb "Pattern after cross rolling is improved by automatic 

operation11
• 
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It is generally accepted that the aeasurement should be most important 

in the process control. The richer the ae&aurement is, the simpler is the 

control required for the same performance. On a real distributed process 

where the measurement is poor, however, excellent control performance has 

been realized using a unique dynamic simulator. 

As shown in Pig. 1 which illustrates the coiling temperature control 

of a 6-tandem hot strip mill, the strip after rolling in the mill is cooled 

down ~o the target coiling temperature by water sprays which are laid up 

along the hot run table. 

Difficulties are involved in this control because of the necessity of 

distributed sprays to insure adequate cooling effect, difficulty of temper­

ature measurement in and near the spray owing to the limited thermometer's 

accuracy, impossibility of strip speed maueuver which is busy in mill 

control, and quick and large transient distrubances to the strip speed and 

the target coiling temperature. 

In the past, a skilled operator switched on and off the spray valve 

from experience vith reference to the chart of temperature measurement. 

Vith unavoidable misoperatious and technical limitations, such manual 

control vas acceptable only for those running schedules under which the 

mill operation vas not so diftic~lt to control. 

Recently, however, speed-up of production with higher quality has been 

required and this neceslli tates compute_r control. In most cases, the pro­

cess control computer is pure digital, and usually the hot strip coiling 

temperature control is performed by digital computer1 • To the best of our 

knowledge, however, it has never been seen that the control by pure digital 

provides adequate dynamics of control. 

The reason may be in the fact that the automation and speed-up of a 

given control scheme by digital computer i s one thing and r at ionalization 

of the control sche e itself is another. Avoiding to wrestl e wit the 
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control difficulties mentioned above, the past pure digital first applied 

rough control on assumption that the process is a concentrated parameter 

system, and then corrected errors resulting from the approximation. 

Such &_practice of control, however, was not enough for the purpose 

even with superior flexibility and large memory of the digital computer. 

In order to insure high accuracy, progr&llllled strip speed was needed. 

From this point of view, it is necessary to obtain a simple but 

effective method of ~ontrol which is suited to the real process as a 

distributed parameter system. We dared to clo it and were led to the 

concept of "analog simulation• which is the key to the method. 

The analog cooling simulator for a piece of strip is shown in Pig. 2. 

Given the temperature at the mill outlet as initial value, the simulator 

indicates the temperature variation of the strip accurately and conti­

nuously with time &a the strip moves on. 

It a number of such simulators are installed in parallel correspond­

ing to vario~s points on the strip and driven in real time, the temperature 

at each point can be measured vi th no use of thenaometers. 

Since the measuring difficulties are eliminated, excellent feedtorward 

control becomes possible. This means reduction in burden and dead time of 

feedback control. Thus, adaptive control can be pertoraed simply and 

effectively. The need of progr~ing o~ strip speed is eliminated, and 

even wtth such expanded flexipility, control dynamics is better. This 

method is not an 1.mprovement of measuring hardvares and their enviromaents, 

but is software which effectively uses all the past measured values 

concentratively. 

Of course, the digital computer is in a sense allmighty and can 

operate similarly to the analog simulator, but its exclusive use for such 

control is not economical and its shared use for mill set-up is difficult 

by its computing time. 

Ve have embodied the method of dynamic simulator by a mixed hybrid 

computer. The mixed hybrid computer is sui table for this .method and can 

realize a control system of higher performance, reliability and economy 

than pure digital. 

This control system has been completed by close coordination of user 

and maker and is a fruit of overall efforts of manager, process researcher, 

system engineer, device engineer, device inspector, production engineer, 

measuring instrument engineer and so on. 

The research of the control system was started in April 1965 and the 

control experiment was completed in the plant in March 1966. The control 



system has been in practical operation since October 1967. 

Layout of the plant 

Pig. 1 shows the layout of the plant. Rolled in a 6-tandem f i nishing 

mill consisting of 6 stands, Pl, P2 ••• P6, a strip is cooled by water spray 

deTices which are laid up along the hot run table and divided into six 

b~ of equal intervals, an~ t a wound by the dovncoiler. Measurements 

include; winding speed V m/s oy a tachometer of the last r olling s tand ( 6 

in most cases), thickness of strip h mm by an Xray gage at the out let of 

P6, and strip temperature Tf °C at the outlet of mill and wi nding t emper­

ature Tc °C before the dovncoiler by radiation pyrometers. 

Each baDk of water sprays is composed of many spray nozzles and their 

pipings, and each group of spray- nozzles is manipulated by a va lve. 

Because of reliability, response, and linearity of water quantity t o 

valve opening, the o~ff T&lTe vas applied in stead of the continuous 

control valTe. 

The water spray pressure is controlled constant so as to hold t he 

spray cooling ability of each T&lTe constant. 

To .aintain favorable environments for each ther mometer, devices to 

eliminate water splash and vapor are provided. It is difficult to set 

thermometers in the water spray or in the section between the wat er spray 

and just before the dovncoiler. • 

0peration of the plant, and the target of control 

Hot strips are supplied intermittently from t he finishing mil l and 

after winding of each strip's head, the winding speed is r a i s ed i t her 

quickly or slowly. The former is for preventing rol l i ng t e per ture drop 

and increasing production speed: the latter is for ho l din t e ro lling 

temperature constant. 

In order that the wound strip may have homogenious qua lit for dif­

ferent carbon contents from the ~~ad to the tail .end, the t arge t coi l ing 

temperature Tco is changed as the strip moves on . 

The quantity of cooling spray is decided mainly by Tco, h , Tf and V. 

h is held nearly constant by automatic gage control. It is difficult to 

obtain proper distribution of cooling spray a t every i ns t ant of chanoi n 

V, Tf and Tco. Rapid change of Tf is due to change of V. 

I t would be convenient if V could be anipulated t o contr 1 c , but 

this is impossible because V mus t Jc mani pulated fo r rolli g t em erature 

control, et c. 
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The target of control is an error of the order less than 1~, l0°C 

over the total length of strip under the conditions as mentioned above. 

Cooling process equation and macro model control 

There is a fairly long distance between sensor (Tc thermometer ) and 

actuator (water pray device). It is, therefore, impossible to reduce the 

control error below the required value if it is attempted only by such 

feedback control as PID when rate of change of V, Tf or Tc is large. 

In such a case, it is effective to apply feedforward control by a 

model, if possible2• To build the model, it is necessary at first to 

express the strip cooling process in a numerical form. 

The cooling process equation for a point on the _strip is shown by 

Eq. (1). 

c!T- _l {dK ·T + !S:(T + Z7~)+} c:Lt - h dL .3 

vhere T: temperature of a point on the strip (°C) 

t: time (sec) 

K: cooling ability of the spray (mm • m • sec -l) 

L: dist~nc e from inlet of No. 1 bank toward downcoiler (m} 

K': cooling coefficient of radiation (mm· sec -l • 0 c-3) 

(1) 

Eqs. (2) and (3) of the .model for feedforward control are derived by 

limited integral of Eq. (1). These equations apply to the macro-point ­

ode ls ·hich neglect the distribution of sprays, temperature distribution 

in t e thicl01ess direction of the strip, heat transfer in the horizontal 

dire tion, i mpossibility of uperposition of spray cooling and radiation 

cooling, and other nonlinearities. 

"·here i: No. of the spray bank 

~ 
h·V 

\ 

j: ro . of t he a lve in the same spray bank 

ij: qut..Iltity to ~how on or off of No . j valve in No. 

on , 0 for off 

ri j..: s ray cooling ability when .No. j valve in No. i 

(2) 

(3) 

i bank, 1 fo r 

bank is on 

I 
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(-. • a • aec-1 ) 

Lo: distauce between inlet of No. 1 bank and Tc thermometer (m) 

Since spray density across the ridth of the strip is nearly the same 

for each valve, aagoitude of Kij ia independent of the width of the strip 

aDd is nearly proportional to the quantity of spray water it the water 

pressure is constant. 

Bqs. (2) and (3) suppose that all sprays are concentrated at the 

in~et of No. l baDk and from there up to Tc thermometer, there is only 

radiation cooling. 

If, however, valves of No. 6 bank are aanipulated when V aDd Tf rise 

rapidly, there yields a large neeative tranaient error of Tc as shown in 

Fig. 3. 

To eliainate this error, manipulation of each valve should be given 

a proper delay. However, the value of the delay should be varied vith the 

position of valve and changes of V and Tf. 

Though a digital computer is suitable for such compensation because 

of its flexibility in programming, if it still difficult to obtain strict 

compensation in all cases. In practice, programmed V is needed and this 

dim~ishea the controlling flexibility. 

Control by dynamic simulator as a kind of micro model 

To eliminate troubles of the macro .udel control, ve have applied a 

dynamic simulator, a kind of micro model. The dynamic simulator consists 

of many unit simulators shown in Pig. 2 and expressed by Eq. (1). 

The dynamic simulator is expressed by Eq. (4) 

~T ""bT , r~l( I<' ( 41 -+V·-=--· -(l)·T+- · T+Z73) 
~t 3L · h C>L 3 

(4) 

vhere L = a·- (Lo-L2), T = Tf when L = O, T = Tm when L = Lo-L2 

L: distance of a point ~n, the strip from No. 1 bank inlet to ard 

dovncoiler (m) 

L2: distance from No. 6 bank inlet to Tc thermometer (m) 

Tm: strip temperature at No. 5 bank outlet and No. 6 bank inlet (°C) 

K 
-L- (L): density of spray cooling in the winding direction 

(mm • sec -l) 

The block diagram of the control system using the real time dynami c 

simulator is shown in Fig. 4 . This dynamic simulator simul ates strip 
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temperatures in 5 spray banks and indicates strip temperature Tm at the 

outlet of No. 5 bank where thermometer can not be set. 

Using Tm as Tf, feedforvard control is possible by Eqs. (5) and (6) 

similar to Eqs. (2) and (3) for macro models. 

(5) 

(6) 

where K6: cooling ability required for No. 6 bank (mm· m • sec-1) 

Because No. 6 bank is close to Tm, macroscopic ~saumptions of Eqs. (5) 

and (6) similar to Eqs. (2) and (3) approach the reality. Because L2 is 

slightly smaller than a half of Lo, transient error due to variation of V 

is smaller than in Eqs. (5) and (6). Error due to quick disturbances is 

thus eliminated, and such transient error as in Pig. 3 is diminished 

significantly. 

Feedback control and model modification (adaptive control) eliminate 

the error remaining after the feedforvard control. The feedback control 

is expressed by Eq. {7) and the model modification is expressed by Eq. {8). 

Eqs. (7) and {8) are derived by partial differentiation of Bqs. (5) and 

(6). 

where d.. : constant 

Kc: cooling quantity by feedback (mm • m • sec -l) 

Ka: cooling quantity by model modification (mm • 111 • sec -l) 

t: elapsed time from winding of strip head (sec) 

(7) 

(8) 

Kao: integrated value of Ka up to previous strip (mm· 11 • sec -l) 

Manipulation of No . 6 bank's valves is expressed by Eq. (9) which 

distributes the sum of feedforward cooling, feedback cooling and model 

modification cooling to spray cooling of each valve. 

I~,j·l<6j-=:. Kb+Akc+AKo.. 
j 

(9) 



The feedback is expressed in an integral form according to Mr. A. 

Haalmann. It holds next suitable dynamics at some constant ratio of the· 

open loop integral time constant to its dead time. cl is selected accord­

ing to the same opinion. 

The block diagram of a feedback control loop is shown in Pig. 5. The 

response characteristic, non-dimension&lized for step disturbance and 

winding speed, is shovn in Pig . 6 . 

The model modification reduces average error at the head of the strip . 

In the operational schedule where ha, Tfs, Tcos and Vs are nearly same, 

equation's errors are also nearly equal. So the cooling quantity which 

just eliminates the error of the strip head can be used as the initial 

compensation cooling quantity for the next strip head. 

Error of the strip head becomes a step disturbance and is detrimental 

to the feedback control vi th a long dead time. By the above mentioned 

model modification, except for the first strip in the schedule, the strip 

head error can be decreased significantly and the following feedback 

control made smooth. 

In this way, in the real time dynamic simulator, each control func­

tion, feedforvard, feedback or model modification, deals with the 

disturbance manaceable by itself most effectively. 

If the di sturbances dealt vith are arranged in ~be order of rate ot 

change, the arrang .. ent corr~ 3ponds to that of control functions just 

listed above . 

All the control actuation except for the preset aentioned next , teed­

f orward, feedback or model modification, is gathered to No. 6 bank as shown 

in Eq . (9). The purpose is not only for simpli fying actuating devices but 

for diainishing the feedback loop dead time. 

Each valve of No. 6 bank has ..aller size and deals with less spray 

quantity than other bank~ . The intention is to reduce quantizing error of 

Tc a~d to shorten the response tiae to match the feedforvard control. 

It is necessary to hold the_prescribed cooling quantity of No. 6 bank 

below its capacity in order to insure normal control. Por this purpose, 

Nos. 1 through 5 banlul are JB&D.ipulated properly by preset technique. The 

athematical model of the preset is expressed by Eq. (1) similar to Eqs. 

(2) and (5}. 

In addition to the actual valves, the preset is performed on the bank 

model in the dynamic simula-: .• , ;1 ntioned later. 

I 0 ) 
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where K.60l a half of No. 6 bank capacity {mm· m • sec-1) 

Eqs. {2) and (5) a.re used also for multiple regression analysis to 

identify the cooling ability of each valve. 

As mentioned above, the real time dynamic simulator control supported 

by the micro model is free fro many troubles involved in the macro model. 

There is a bright prospect for a control system with high flexibility and 

excellent dynamics. 

Quantitative evaluation of control methods by simulation 

The dynamic simulator control vas compared by analog simulation with 

manual control and macro model c.ontrol. The comparison in terms of 

typical values of h and V is shown in Table 1. 

From this table, it is seen that the transient error of manual control 

and macro model control is over t1o0 c with ~~ and 50% rise of V in 10 sec, 

while the dynamic simulator control shows the maximum error within +6° and 

-5°C under the same conditions which well meets the control target 

mentioned above. 

Computing controller of mixed hybrid fora 

Nowadays, the process computer control is the summary control by 

single digital computer in most cases. It is not necessarily proper, 

however, to treat all the co~tent of control by pure digital alone. Por 

the realization of control by dynamic simulator already mentioned, we have 

applied a mixed hybrid controller of single purpose, called "Spray 

controller", because of higher performance-to-cost ratio and reliabil ity, 

as well as ease of handling like industrial measuring instruments. 

If the control of such a purpose were accomplished by pure digital 

alone, the computing time would be critical as both the mill set-up and 

the spray control should be taken care for by a single comput·er. The 

performance-to-cost ratio is high in the case of the spray control alone. 

The mixed hybrid is not a common hybrid system which is a parallel 

combination of analog computer and digital computer connected together by 

AD converter, DA converter and linkage device. But, it expands the 

operational control of analog computer to such an extent that some analog 

circuits are switched by logic and some logics are determined depending on 

whether an analog signal is higher than another analog value or not. 

By the ixed hybrid, functions difficult to be realized by analog 

only, digital only or both paralleled can often be realized easily. 

Examples are pac& circuit, dynamic simulator circuit and valve 
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selecting circuit in "Spray Controller", &Dd will be explained in the 

following. 

In the pace circuit shown iD Pig. 7, input is the strip speed LDd 

output is the clock s i gnal generated by a unit progress of the strip equal 

to the baak inter.al. !be output of the pace circuit controls the dynaaie 

simulator circuit shown in Pig. 8 &Dd is the basis for each ti•ing signal 

of feedforvard, feedback and 80del modification. The T&riable interT&l of 

the clock signal is in contrast to the constant iDterTal with digital 

computer. The T&riable interTal makes the control intiaate with the pro­

cess behavior, simple LDd effective. 

The dynaaic simulator shown in Pig. 8 conaists of a strip model, a 

bank model and a switch matrix . The strip model consists of 7 integrators 

and simulates te.peratures of sampled points on the strip tor each bank 

i nterT&l. The bank model conaists of 5 nonlinear circuits &Dd simulates 

superposition of spray cooling and radiation cooling in each of 5 ~. 

The .witch matrix ia switched by lo1ical outputs of a rina counter in the 

pace circuit and simulates the relative position of distributed spray and 

strip by shifting the connections of integrators and nonlinear circuits. 

Such a clear construction is given because all-points on the strip are at 

the same speed at any ti... An integrator and a nonlinear circuit are 

connected u shown iD Pig. 2 and their combined operation is expressed by 

Eqs. (1) aDd (12) iD integral fora. 

T = Tto _.l_ rt{lK(l)·T + !S.'(T + 2'73 >+} dt h)
0 

~L .3 (ll) 

(12) 

where Tfoa simulated temperature of a sampled point at outlet of mill (°C } 

tl elapsed time from the instant when the sampled point enters 

into No. 1 bank (see ) , 

At an instant, each of 5 out of 7 integrators simulates the sampled 

point iD computing mod~ under e~ch of 5 banks, another one t racks Tf in 

resetting mode and remainding one holds Tm in holding mode . 

Pi g. 9 shows the valve selecting circuit. It dist ribut es r equi red 

cooling quantity on the right aid' of Eq. (9 ) or (10 ) t o quantized cooling 

ability on the left side of t he same equation. Selection of va lves is the 

result of this distribution . I t may be cal l ed ~device of distributing 

continuous quantity and se l ecting quantized quantities or "general 
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converter " i n which the order of selection and each quantized value can be 

set arbitrarily, The valve selection order is prescribed from the metal­

lurgical view point. 

Experimental results of the plant 

An experimental "spray controller" was manufactured and operated in 

Vakayam& Steel Plant, Problems noted in completing of the practical system 

ar e; superposition of spray cooling ability of each valve, measurement of 

winding speed after rolling, environment &Dd response of each thermometer, 

magnitude and deviation of valve response time, working frequency and life 

of valve, saturation of control bank (No. 6 bank), residual heat of hot 

run table in down time, eq~ion's error on strip thi~knesa and so on. 

None of these problems, however, was not so serious as to deny the 

dynamic simulator control. 

Completed practical system and its expa.nding 

After studying the problems encountered in the plant experiment, 

function and reliability were improved, and the practical system vas 

completed by adding such a new feature as varying the target winding 

temperature with time (taper cooling). 

Vith this system, control accuracy over the total length of strip 

except for thick strips over J mm vas 20°C, 95%, as contrasted to the past 

skil led manua l control which attained only lo-, 20°C under easier schedules. 

By fur t her improvement aad exp&DSion of the system completed in 

Wakayama, a plan for Kashima Steel Plant is now in preparation. The 

Kashima system is generally larger and more complex than Vakayama. It 

wil l have such features as 4 dovncoilers, 2 blocka of spray device, faster 

winding , wider range of schedules, but essentially it may be based on the 

same control princ i ple as Wakayam&. Participation of digital computer is 

under cons i deration for long and high accuracy memory and complex arith­

metic required by improved preset and model modification. 

Conclusion 

A contro l sys t em which is effective even with poor measurement 

i nformation has been complet ed using a real time dynamic simulator. The 

dynami c simul ator per mits exact gr asping of process dynamics, and each 

control func t ion can treat t he disturbance manageable by itself most 

effectively . 

The mixed hw·brid computing control device is most suited for this 
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system and pro~idea excellent dynamics, high reliability, low coat and 

ease of handling. 

Though the dynamic s~ator control is just suitable for such pro­

cesses where simulated objects are rigid, it is also expected that the 

same concept .. y also be applicable to other processes. vith distributed 

character. 

Not sentioned in detail aboTe, identification of cooling ability of 

each spray T&lTe and radiation, and statistical on-line model modification 

aa contrast to the deterainatiTe dynaaic simulator, are interesting as 

the••• of modern control theories. Ve are continuing studies on them. 

The authon viah to thank Mr. lshii, Dr. Okallloto, Mr. Machida, 

Mr. Mitsuya, and Mr. Ono of Suaito.o Metal Industries, and Mr. Hirakava, 

Dr. Miura, Mr. Magara, Mr. !altl.a, Mr. Kaahivagi, Mr. I&~~~&d&, Mr. lamiyama, 

Mr. Haruna and Mr. Raaiki of Hitachi Ltd. and other . aany persons for their 

many adTicea and cooperationa. 
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Table 1 Transient Error of Tc by Speed up 

(CQmpa r1 on of Methods by Simulation ) 

Man ual M a ro model Dynamic simulator 
> 

= 7 -.. 8.4 m/s 
+10°,- 10° 

=7- 10.4 m/ V = 7 --. 10.4 m/ s 
+33° .-20" +So 00 

V= 8.4-+ 10.1 m/s 
+20, - 20 

= 8.4 -+ 12.6 m/s =8.4-+ 1 2.6 m/s V= 8.4-+ 12.6 m/s 
+30°.-1 s~ +30° .- L c. +60' -20 

\ =4. 2_,. 5.] m/s V=4.4 _,. 5.3 m/s 
+18°,-] 0° +30, 00 

V=4.4-+6.6 m/s =4.4...,.6.6 m/s 
+37'. 0° +t', -1: 
V-=4.4 - - m is =4 .4 ..... :).3 m/ \1=4.4_,. 5.3 m/s 
·d2c. - ] (lc +30°. QC oo. -50 

\1=4 .4...,.(,(, Jl1/S I -r4c __ ?2" 
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A A A LYSl. INTO T HE DYNAMIC BEHAVIOUR 
OF TANDEM COLD MILLS BY A DIGITAL 

COMPUTER AND ITS APPLICATION 

b y T .Arimura, M. Kamata, and M . Sa ito 

Nippon Kokan K . K . 

Kawasaki , Japan. 

Introduction 

In recent years the automation of tandem cold r:nills has been making 

a big stride into the age of computer control. In order to promot e the 

productivity of such equipment, maintain the quality of the products , and 

carry out safe operation, the excellent capability which computers poss es s 

should fully be utilized. The authors develo ,-' -• the technique to simula e 

the complicated dynamic behaviour of colci t andem mills, by which a 

variety of valuable knowledge was gained. From this a guidance to de­

velop a new computer directed control system out of the conventional 

local feed back system was obtained. 

Nomenclature 

H Thickness of ingoing strip. 
h Thickness of outgoing strip, or gauge. 
Sr Roll opening, , or screw setting. 
K Rigidity of mill stand. 
P Roll force per unit width. 
G Roll torque per unit width. 
G Torque generating function. 
tf Forward tension per unit area. 
tb Backward tension per unit area. 
f Forward slip . 
£ Backward slip . 

Vo u t Speed of outgoing strip. 
Vi n Speed of ingoing strip. 

Vi, i + 1 ; Speed of strip btw. i th and i + l th stands . 
V · Peripheral speed of roll, or speed of stand. 
L · D i stance btw. stands. 
Lx ; Distance b tw. a stand and an X- ray gauge meter. 
E Young ' s m odulus o f steel. 
D Torque characteristic of main motor. 

Suffix for number oi s t and. . 
J S ·mbol whi c h de notes t he small deviation . 
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Description of .the mill system 

1. Mathematical Expression of the System 

Concerning the transient state of rolling by tandem mills, analyses 

were made by R .A . Phillips, 1 Sekulic and Alexander2 and 8. M WuToBA, 

VI. A KYBIUUHOB. and E.~. CaenyWI(IIH 3 . . In this paper, these analyses 

~vere developed further and using a digital computer the dynamic behaviour 

of .a 5 stand tandem mill was investigated in details. In general the thick­

ness of outgoing strip is determined by the roll opening and the elastic 

elongation of the mill as follows. 

h- Sr+~K. (1) 

Taking the thicknesses of ingoing and outgoing strip, forward and back­

ward tensions, and roll opening as variables in rolling, equation (1) is 

linerarized for the small deviation of the variables as 

.6 h-~Sr·lY(K-*)+AH·(*)/(K-*) . 

+ .Lit.t · CiG-)/(K-if)-t Ata,·(*) /(K-if). (2) 
The speed of ingoing strip is slower and that of outgoing strip is faster 

than the periph.eral speed of roll. 

lfout. - c 1+f) V. 
Vin -= ( 1 + £ ) V. 

This relationship is expressed as 
(3) 

(4) 

Taking the thicknesses of the ingoing and outgoing strip, and the forward 

and backward tensions as the variables which influ,ence the forward and 

the backward slips, equations (3) and (4) can be linearized as 

~ lfout- v{afr).t1Ht'~)Aht'(*).t1tb.+ (*)Lltf }-+Cl+f) 41 V. (5) 

.6l/in = V{(1ft-)41H+(ft)Ah + (1f;)41tb -t(-lt;)Att }-t (l+E )6 V. (6) 

Also, the rotational speed of the roll · varies with the torque. This 

characteristic of the motor can be e xpressed as 

AV= 041G. (7) 

The variation of the torque is c.a.used by the variations of the thicknesses 

of the ingoing and outgoing strip, and the forward and backwa r r -. n s ions . 

Ther e fore the deviatio~ of the torque .is expressed as 

.6G- G (~H. Ah, A~. Atb) . 

= (*)AH +(*)Ah +(~)Att +(~)Atb (8) 

T en s ion i s appl ied on the s_tr i p betw e en stands, and d e f orms i t elastically . 

The deviation of t h e i nter - s t and t e n s i on i s d ete r min e d by the spe ed of t h e 

out o i ng st:: ip at on e s t a nd a d th a t o f t h e i ng oing str i p at th e n ext stand 
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as follows . 

t 
· ~tti- ~! (AVifh i+1- Alfewt,i)d.t, (9) 

The relationship between the thicknesses of the outgoing strip and th 

ingoing strip is expressed by using the Laplacian operator as 

H. - h· e-'~/vl. i•J.) 1+1 l. (10) 

The partial derivatives were calculated from rolling theorie s4 • 5. F i ure 

1 shows the block diagram of the mill system which includ e s the torq e 

generating function (block G i}, and the Automatic Speed Regulatio n s stem 

(block Di). The system contains more than .one hundred elements which 

makes the simulation by an analogue computer impractical. In vi w of 

he multiplied capacity and calculating speed of digital computer , th e 

imulation technique of the continuous system by such a computer wa s 

de veloped6. 

System dynamics of the mill 

To analyse the dynamic behaviour of the cold tandem mills the step 

c hange of th e hot band gauge, the peripheral speed of the rolls, and the 

roll openings were !'Uf: into the mill system, and the response of th e 

system was investigated. The rolling schedule used in the calculation i s 

shown in Table 1. The results of the simulation are shown in Figure 2 -

Figu re 7 for the cases of the small deviation of hot ba'nd gauge of roll 

opening s at the first and th fifth stands, and of the peripheral speed o f 

the rolls at the first, the third, and the fifth stands. The results f rom 

the analyses are sum marized as follows. 

( l) The abrupt increase of the hot band gauge decreases the interstand 

tensions. When the gauge deviation arrives at one stand, · the for­

ward tension decreases, and it decreases further when the deviation 

arr ives at the next one. 

(2 ) The outgoing strip gauge increases the most by the increase of the 

ingoing strip gauge. However it is further increased by the d -

crease oi the tension between the stand and the next stand caus ed by 

the arrival o f the th i - ·ne ss ·ncrease at t he next stand . 

(3 ) B th d ecrea s of th roll openin g o f the fi rst stand, the gauge a 
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all stands and all the inter stand tensions decrease. 

(4) By the decrease of the roll opening of the fifth stand, the finisned 

gauge decreases. But at the same time the tension between the 

fourth and the fifth stands decreases to a large extent, causing the 

increase in the gauge at the fourth stand. And after certain moment 

only small deviation is observed as for the finished gauge. 

(?) By the increase in the speed of the first stand, all the interstand 

tensions decrease by which all the gauges decrease. 

(6) As for the stands between the first and the final one, the increase of 

the speed causes the decrease of the forward tension and the in­

crease of the backward one. The finished gauge deviates to a small 

extent after a trans.ient change. 

(7) The increase of the speed at the fifth stand increases the tension 

between the fourth and the fifth stands, decreases the gauge at the 

fourth stand and finally the finished gauge. 

(8) The backward effect of the rolling conditi~ns of one stand through 

· interstand tensions is limited to the preceding stand and affects the 

stand before the preceding one to negligibly small extent. 

(9) Accordingly the factors which influence the finished gauge &re the 

change in the speed of the first and the fifth stand, the roll opening 

of the first stand, and the hot band gauge. The other factors c hange 

the finished gauge temporarily, but have small effect on it finally. 

The Analysis of ~he AGC System and its A pplicati on 

1. Improvement of the conventional AGC system 

To analyse the complicated dynamic behaviour of the AGC (Automat i ­

Gauge Control) system, the simulation was applied to a tand em cold mill 

whic h is equipped with the conventional AGC system. The block diagr a m 

of Io .l STD . AGC, and the No.S .STD . AGC are shown in Figure 8 and 9 

re spec ively . The gauge deviation at the fi rst stand will be fed back to 

the se rew down motor at the stand when i s over the range o f a dead 

zone . The motor continues runnin g during a nON-TIME which i s supposed 

to be the ti m e to cancel the gau e deviat.i on and pa use s during an OFF­

TIME which is t h e time req ;.;. · red for strip to travel from the fi r st stanc 
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to an X- ray gauge m e t er. 

The present value of t h e gai n of the system is too small to settl e . he 

deviation in a short while. So the simulation was made for the for merl y 

used and the increased (X3) motor speeds, as shown in F i gure 10, a c­

companied by the experiments with the motor speed l. 44 times as fast c._ 

the formerly used one, as shown in Figure 11. In both cases the respons e 

to the step change of the hot band gauge was observed with th e disti nct 

reduction· in settling time . Figure 12 shows the comparison of the effects 

of the difference in s-crew down motor speed on the skid marks of hot band 

on the daily run. As shown in the figure the increased motor speed d i ­

minishes the deviation of gauge without hunting. 

Concermng the No.S STD. AGC, the finished gauge c ontrol is don e 

by the tension between the fourth and the fifth stands. The change in 

tension is generated by the control of the speed of the fifth stand actuated 

by · the gauge deviation signal resulted from the comparison of the set 

value and the signal from an X-ray gauge meter. The result s of the 

simulation for the various control modes are summarized in Figure 13 . 

It was clarified that the present control system is based on the propor­

t ional control principle and hence the offset, _in the finished gauge is in­

evitable, but that by using the P + I control this offset can be cleared out. 

2. A new AGC system 

In view of the speed-up of the response of the AGC system, the 

authors developed a new system in which the signal from an X-ray gauge 

meter located at the entry side of the first stand is fed forward to t he 

screw down of the stand. To evade the gauge variation caused by th 

c hange of the tension btw . the first and the second stand, the · change i n 

the forward slip of the first stand i s also predictively adjusted with th e 

X- ray signal to maintain the constant speed and the tensions . The cont rol 

equa tions for the adjustment of the screw settings and the peripheral 

speed of th e roll i s obtained from above equations by nullifying .6h1 a nd 

compensating the speed deviation caused by the variation of the forw ard 

sli p se e F i Qure 1) as 

( 11 ) 

( 12J 



The partial derivatives and the forward slip are 5elected according to tbe 

pass schedules. Further, as the monitor an X-ray cauge_meter is in­

stalled at the delivery side of the first stand to feed back the measured 

value to the No.1 STD. AGC. As for the deviation of the finished 1auge 

caused by the disturbances after the first stand, the conventional No. 5 

STD. Tension AGC is utilized. The block diagram of the n~w control 

system is shown in Figure 14. The simulation results of the comparison 

between the responses of the conventional system and the new system are 

shown in Figure 15. 

Gauge Alteration in Rolling 

In order to enlarge the productivity of tandem cold mills the bot 

band coil s ould be as bulky as possible. The coil w~ight of the hot band 

i s usually limited by the size of finished coils or of orders. If it is pos­

sible to alter the finished gauge freely, or to roll ~everal kinds of finished 

gauges out of a hot band coil, the productivity of the mill will be cons'ider-

ably magnified. 

1. Theory oi gauge alteration in rolling 

When the r .oll openings are changed with the purpose of altering the 

finished gauge, the inter-stand tensions will be varied. With the increase 

oi the extent of the gauge alteration, t he change of the inter-stand tensions 

is enlarged finally to the point where the smooth runnin& of the mill be-

comes impossible. Therefore it is necessary to maintain the inter-stand 

tension constant. In order to nullify the deviation of t he tens ions ~t 

follows fro m equation 9. 

~ Jlin, i-t-1 • ~ lfo.t, i . (.13) 

The r ~ ~ure referring to equations 5 and o the following .equation should be 

satisfied for the control of the s.p-eed of each stand. 

Ll. Vi-tt •{ (*)i AHit:{lt)iAhi}. Vi/ct+fi+t)-t( r!."'l~,)AT; 
-{(!f.)· ·AH'+t+ (if.) ··Ah· }·'Vi•l..,....... ~H 1+1 I ~h i+l t+l ...........-(1-tEi.Tl). 

As i s clearlv show n in Equation 14 i n order to maintain the constant inter­

stand te ns t ns in case o f :h alteration of roll openings, the speed o f 

1 th · t a.~· d sho•.1ld be c 0 .• t ro lled in co rr e sponde r1ce to the devtation of 

th e ga ug e oi i - l th , th, :1. d i l th sta nds and hat of th speed f i th 
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stand . For th i s kind of control, it is proper to apply the programm 

control in use of a computer. First of all the patterns of the speed of 

each ·stand according to the ~lapsed time for the compensation of t he 

variation of the tensions are c alculated for the case of the chang e in screw 

setting of a certain stand by a unit length (O. l mm). F i gu r e 16 is shown 

for the case of the change in screw setting of the first stand. These pat­

terns are memorized in an on-line computer. Whe n the roll openings of 

the stands are required to alter in a certain mode, the speed pattern s 

will be calculated by the linear combination of the original speed pat ­

terns as is shown in Figure 16. Figure 17 shows the speed patterns of 

all stands for the case of an unanimous change of the roll openings at all 

stands. The se rew setting alteration order and the speed pattern alter-

ation order are given to the screw down control system and the roll 

speed contrpl system of each stand respectively .through I / 0 INTERFAC E 

as shown in Figure 18. The minor variation of the tensions w ill be con­

trolled by the conventional feed back system. By such constant tens ion 

control, the G.A.l.R. (Gauge Alteration in Rolling) can be realized. 

2. An experiment on the conventional tension control sys~em 

To judge how smooth the G.A.l.R. can be done by the conventional 

feed back system, an experiment was done on a tandem cold mill. In this 

system the tensions are co~trolled by screw settings and the speed of 

stands both actuated by the signal from tension meters' over a range of 

dead zone as shown in Figure 19. In rolling, the screw settings of all 

the stands were lowered by 300 ll i9 8 seconds, with the reduction of the 

finished ga'uge by 14011 . Some of the tensions were drastically dimini sh­

ed, especially the one between the second and the third stands as shown 

in Figure 20. This seems to be due to the slow response of the control 

system and the main motor. 

Conclusively, the present system cannot compensate the abrupt 

change of the tensions sufficiently and safely. And f or the G.A.l.R., on­

line computers should be used in the programme control of the speed of 

stands in correspondence to the change in t he screw setting. 

3. Possible future application of the G . A . I. R . sys tem 

l n orde r t o a utomati z e the o pe ra ti o n of a t a nde m col d mill c o m ple t ely , 
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d yna mic c omput er control syste m should be introduced . The follow -

i ng are a few exam?les of the future application of the G . A. I. R . s y stem . 

( 1) Modification of finished gauge 

Due to the complexity of cold rolling phenomena, the pre-set value 

of pass schedules selected by operators, or by an on-line computer 

may not put th~ finished gauge in the control range of AGC. Such 

adjustment -can eaAily be done by the G. A.I.R . system . 

(2 ) Reduction of off-gauge 

Off-gauge is the increase of strip gauge caused by the speed charac­

te ristic of the bearing iilm thickness of back-up rolls, and the co­

efficient of friction in rolling in the acceleration and the decelera­

tion of a mill. The change is too rapid to be followed by fe ed back 

control systems. A program control by the G.A .I. R. system can 

compensate the off-gauge without the breakage of strip o c obbles 

(failure of rolling by lapped strip). 

Conclu sion 

By the simulation of 5 stand tandem cold mills the dyna mi c be­

haviour of the mill was known, which give rise to new control systems by 

the programming and the direction of on-line co~puters. 

When tandem cold mills are to be fully automatized, the investment 

will not be justified if simply the function of human operators is replaced 

by computers without the cost reduction ·by the development of dynamic 

control systems. 
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OF ROLL ( m;s ) 

9. 62 
12.35 

15.44 

19.30 
. 22.00 

Hot bond gouge ; 3;2 mm 

Distance btw. stands ; 4600mm 

Rigidity of mill ~ 470 ton/mm 

Rod ius of work roll ; 273 mm 

Coefficient of fri er ion : 0.07 

Wid·~h of strip~ 930mm 

Tabl~ The pass schedule used in the simulation 
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Go~e alteration order tor hot band gauge and 
finished gc:lJOe. 

On-line computet r------------'L.-------..... · !. · 

Calculation of pass schedule 
alteration. 

Decision of ~Sri and ~Vi patterns. 

Figure 18 Block d:agram of the G.A.I.R. system 
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- Figure 19 Block diagram of the preaent inter-stand tenaion control 
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T HE OPTIMIZATION OF CUTTING PROCESS IN. 
CASE OF UNCOMPLETE INFORMATION ABOUT 

PROCESS 

Jer zy Br omirski - Technical University of Wrc;>cl_aw, Institute of 

Engineering Cybernetics, Poland, 
Jan Po trz - Industrial Institute of the Automat~on and 

Heasurements, Wroclaw Division, Po1and. 

1. Introduction. 
!n many branches of industry there oceur situations when the 

mi nima lization of the material waste resulting from cutting in­
duGtr i a l mate rial becomes i mperative. In the basic branches of 

i ndustry and especially in the metallurgical industry, the cut­
ting processes that result in the physical parting of material 

consist , among others, in dividing the variable - length bands 

into the l eng ths belonging to the set of the permiss~ble lengths 

defined by tectnological aspects. The length of the last piece of 

material resulting from the dividing of the band may not belong 

to t he 8e v of t h.e permis8ible lengths and the last piece cons i­

t t e t hen a ~ aste. The ~et of numbers expr~ ing the permiss i-

le len~ths o the pieces of material into which the band is t o 

be 'iv i de- con i tute8 of.ten a numerical interval defined by t he 
oi niwum permissible length b and the tolerance S .The division 

0 . 
of a b3n o~ the total length 1 into pieces of the lengths from 
t ' e se t [b

0
, (b

0 
+b)] , in such a way that the length of t he 

last pi ce ei t her belon s to the set of permiss ible lengths or 

·s min i mum - co!lsti u tes actua 1ly a trivial problem. The techni­

cal rea1.it r i 8 towever in many cases more corrq>licated.During t he 

cu t::.in processeE we often meet a <>ituation whne Wt- know the per­

mi ss i l e l eng ths into wh ich the band is to be divided but the 

l ehg th of the devi ' e ban d is unknown. 

uch a si tuation occurs , among others, in the cutting proces­

ses in the continous opera tion t pe rolling ~i ll i n the metallur­

bica ·~ ustry . n the cutting process in t be con tinous opera -

tio. t ' Pe _ ol j ne oi lL thE: rolled material i s being cut i nt 

en ti:Js "'UC CeE: s i •e l i .. ev r~ · time af ter the .pi ece of ma ter· a_ 
hav.:.. .. c vt:~ er.,:tt c 12~~ C: ing t t e requ.:. r e l en gth 1 ave t te 

~2: r e.:.:!:.; c9~c. ..... . t~.i::: case th is cu t ef ore tb eo. t -
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tion of the t echnological process for~ing .he final shape of . L~e 
band and then we may say that the band does not exist physically. 
The diagram of t~e cutting process on the co~tinuous operation ty­
pe rolling mill is shown in fig.l. 

The cutting process on the continuou~ operation type rolling 
mills may be considered as an illustration of the process in which 
~e length of the band to be cut cannot be determined with an suf­
f icient accuracy because its direct measurement is not po~=ible. 
2. C0n trolling of the cutting processes. 

During the last years, at the same time as the digital devices 
and machines appeared in the automation systems of technological 
processes, a number of systems for thr automatic controlling of 
t he cutting processes have been developed 1 • Their purpose was 
to minimize the waste. The basic operations of~these systems are 
the following : the automatic measuring of the quantities permi­
tting to determine the length of the band, determination of the 
permissible lengths of pieces minimizing the lengt h of the waste 
or g~ving the wasteless dividing of the band and the controlling 
the operation of the shears that realize physically the dividing 
of the band. 

Denoting by U a set of the controlling and measuring devices 
in the control system and b" P - the cutting process itself, . the 
ontrol system structure can be represented as below - fig.2. 

On the input of the control device an information re &ard i ng 
the l ength 1 of the band together with some disturbance 0C that 
we shall define in future as an estimation error) are given . 

This disturbance characterizes an error ·when estii!l3ting the 
length of the band. The output of t he control device determi -
nes lengths of pieces into ;vhich the band of a total length 1 

~hould be divided, optimal~~ regards the minimum of vraste .Cp­
timal lengths of pieces are defined by a quantity b - that v:e 
s h9ll call a controlling vector. The components of t ' e con trol­
ling vector determine the lengths of successive pieces i nto 
which ~he band .should be divided. 

~he variable c is a vector the components of which e ter­
wine the actual len t hs of pieces r esultinB from Le di vid i ng 
o~ t e band . The components O- the vector c exc t 

t:: c; la ~ t co1 9on , t , ar e equal to the re pec .. i v f 
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The c.u tt ing process control sys terns used in the industr y are re­

allze_d, gener ally speaki ng, by us ing the spe cialized i e i tal devi­
ces, or- in some cases- by using the universal computers 2 • In 
the control s~· stem the lenf;ths of the band and pieces can be t !':e 
expressed as inte gers. It is so because these quantities are al­
·ways characterized by a whole number of electrical pulses ,and one 
unit length, invariant for a given cutting process, corresponds 
to each of the pulses. If we assume that 0 = 0 then a full infor­
mation of the band length exists and the algorithm of the opti­
mal c~ntrolling of the cutting process is the following. 

Algorithm I 

1. E/+/ = n 
0 

2. n/b + &! - 1 =-0 

J.t et ~0 

E/x/ - denotes the function 
entier of x 

ol. < 0 
.t 

:;. T. t e( - nE/0 / =f J .2. t b + i for i=1 ••• n; 
0 

{

/b + i I - U cJ. I + 
0 n bi_ 

/b +SI - E/..!£.1 
0 n 

for 1 = 1 , 2, •• ·• ~ ; 

for i =/~+1/ ••• n; 

For tl.)o the length of waste is l-'1 , and in case if ~( 0, the 
division is wasteless. The computations according to the given 
algorithm are being p€rformed in the controlling device of the 
control sys tem. The above algorithm of the optimal controlling 
of the cutting processes makes sense only in such a case if the 
band length is kno~~ i.e. when there exists a full information 
of the cutting process. 

1;;e shall assume in further consideration that t.f'! band lengths 
satisfy the inequal~ty : 

b 
1 ~ E/ - T' ./ - b0/ + 12 b0 + b jL /1/ 

In wucb a case the wastelesc- division of the band is alv:ays pos-
sible. 
). Control with the uncomplete information. 

'I'he controll ing variables in t he cutti g process are the compo­
nents of t .te control v . _ Jr which mau be chosen arbi traril;y froo 

the se t f ,e ~ issib l~ lenr~ s . The - elec ion of t he va lueE f 

o;; tr e or c-:- •. ::; ne. tf · e i C:ee , of eo r~e, of the 1nagni t u-
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de of waste resulting from the dividing of the band. To every 
band of tqe length 1 satisfying the inequality /1/ corresponds 
a control vector constituting· a sequence of natural numbers : 

o= I b1
, b2 

••• bn/; b1f[b
0

,/b
0 

+b!] ; /i = 1,2 ••• n1 
such that the value of an expression 

{,..)l = {- ~=l bi /2/ 

satisfies the inequality : 

- b0 ( Wl < b0 
IJI 

The value UJ1 we shall call the deviation of the control vector 
from the band length. Of course, for ever.y band length there ex-
ists the control vector for which the deviation GJl 
the i~equality /2/. 

satisfies 

The uncomplete information regarding the process may be e~­

pressed in the form of t he presenceof the prediction error when 
estimating the band length. The inf ormation about the band leng­
t h, acceseible in the control system, we shal l call an anticipa­
ted band length and we shalldenote it by L. Let us asslli~e tha t: 

L = 1 • n /4/ 
Sesides, let us assume that the r andom variable n can take on va­
lues being integers from the i nterval: [ -?, ~ J where 

?'> 0 . and >-> 0 and ~ ·~ < bo - s /5/ 
In the cutting process the devia tion of the control vector 

from the actual band length should satisfy the requirement / J/ 
be cause other~ise the cutting process w/ould end either before 
the band is cqmpletely divided up, or some number of superflous 
"fictive" cuts would be perf or:ned in the si Luation when the com-
lete division on the band has alrea y been made. 

In connec tion with tha t and on the basis of the relations /4/ 
and /5/, the deviation of the control vector from the anticipa -
ted ban len; th - that e shall denote by GJL - s hould satisfy 
the inequality : 

- /b
0 
-~/( CUL ( /b0 - '2 / / 6/ 

T' e len th of a v;aete caused in result of corresponding the an -

ticipated len-th t~ t he control vec to~ L : 
o = / b1 , b2 , ••• bn I 

fur 'lhi ch tne dev .:.ation WL atisfies t .e inequa ity / 6/ depends 

n t he r1alue 0 .: e estimati n e.rro n as VIel- as On the V 1 e 
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of tr-e deviation UJ ~ and on the l ast bomponent b0 
.LJ 

of t he ccntr 
vector b. 

A function defining the length of waste for every three inte -

gers /bn, WL, n I \'Jhere : bnE-[bo,/bo + 3;] ; ne[-~, A] fu"":d 

~L satisfies the inequality /6/ will be called a loss functi on. 
From the analysis of the cutting process it results t hat the le­
function has the following form 

1f.or n(wL 
for ~ ( f\ ( G.JL + /bn /7/ 

0) WL ~ /bn 

The loss function can takes values being integers from the range ro, /b - 1/] • 
o n 

Values ~L end b are "controllable" variables and thus, for eve-
ry band .of a length satisfying the inequality /t/ these values 
can be determined a priori and the control vector b = /b1 ~ •• ,bk/ 
for wrich: 

k 

L- L bj = WL 
j=l 

exist in every case. 

and 

,_, __ ,_ ... 
A control vextor for which ~L ~ 

on the basis of an algorithm I. 
Thus the problem 9f the controlling 

and bn = b' can be found 

of the cut.ting process can 
be redu ced to the selection o~ the deviation and of the last com­
ponent of the control vector, in conditions of the existence of 
the non-controlled disturbance in the form of the estimation error. 
The quality of t he control, i.e. the consequen<::e ofselecting the 
concrete values of the pair "dev~ation, last component" - is defi­
ned for every value of the estimation error by the loss function. 
The problem of controlling of the cutting processes with the un -
complete information of the process can be considered as a discre­
t e controlling of the object of the follov ing form, (fig.J). 

The purpose of the cutting process consist~ in the minimizatio 
of the waste measured by the loss function. A random variable 

is a..o independent variable of the l oss f unction . In connection 

vvitl t hat the l os<> f unction for every pair of fixed values . ~ L 

and n ·is a r anoom var · able. 

If the probav ; lit~ distribu ion of t he estimation error is 
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unknown, the conception of the game agains: "nature" is assumeo 
for the analysis of the problem. As the optimization criterion 
we choose then the minimax criterion consisting in the minimiza­
tion of the value of the expected value of the loss function in 
the situation in which "nature" tries to maximize that value.Be­
fore atteapting to define the model of the game let us note that 
th.e loss function and the values bn, W L and n take values of 
the finite set of integers. 

Consequently the values of the loss function can be treated 
as elements of a matrix. VIe shall introduce, because of that, 
the following denotations that will facilitate the further ana-

4fsia : 
(..) = -/b - ~/ + 1 L 0 

" = /~ + 1 I -k /8/ 
bn = bo + j 

and 

,\ + '? + t = m ; b
0

, ~ , '2 = const. 
The variable "i" characterizes the devi~tion of the control 

vector from the anticipated band length L, the variable "j" de­
fines the difference bettieen the value of the last component of 
the control vector and the value of the minimum permissible 
length of the pieces, 'l!hi le "k" is a random variable of discrete . 
type characterizing th~ value of the estimation error. 

From the definition of the components of the control 
and t he set of values of the estimation error as well 
the inequality· /6/ it becomes : 

vector 
as from 

i C. [ 1 ,2, ••• ' ,/2b
0 

- m/} 
j ~ {o,t, .. ,41 
k ft 1,2, ••• , m} 

/9/ 

/10/ 
/11/ 

The loss function expressed through! variables /i,j,k/ has 
the f orm : 

for i+k > b +1 
0 

f or /b +1/-j ~ i +k~b +t 
0 ' 0 

for i+k (/o +1/-j 
0 

·:'ho roo lem of ccn tr 1 in P.: of the cut tin f orocesses in • he 
c ::-.- of :.1 : .:-:o·~-ple-'-e -:..n: :- --a.ti . .:1 of he proces ~ can :. Uf' e ~ r:ve -
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lt "has 'bee.n aesumed t hat the .contr.ol device U plays against 

a fi.ct·iQn aav-ersaey. P, . ~o charcterize.s the process. The U-plcy­

_. ean select 5QY -palr ,of numbel"s /j,i/ o'f elements "j• and "i'" 

satist'yln.g the rel&tions/10/ and /3/. Eftry pait' of numbers/j,i/ 
u ~ pure stl"at~s:r of the U-pl,.y-er. The .P-player can make selec­

tioo bet.ween atl numbers •k" .saU.st'ying the.relation /11/. 
The quentitie• •k- are pure slrate6)· of ?-player. Had tt .. e 

0-play~r selee~ a etrategr 13~11 and the ·P-player - a strate­
gr k. tbe loss o£ the U-pl&¥e~ or the gain of the P-player will 

be determt.De.d bJ the value r,j,t.,kt. The :Selection of a strate­
Q /j,i/ ~ the U-pl'aler and a strategy k by the P-player means, 
that i~ the control sy.et.em. the antl-elpatedbalid length L sytisf'y­

ing the c-onGi tl~ /1./ corre-sponds the ·control vector of the last 

c.om_ponent eqUal to /b-o +j/ .ana Df the deviation [ -/b
0 
-~ /+1] in 

the situatioo when the Htimation error value is [I~ +1 I - k] • 

the cbotse or the eontro~ vector is made ~ the control devi­
ce tor whieh the inf'o.rma~ioo regarding the value of . the eatima -

tion error 1s not aeces~l-ble. 

The matri:~ ~ tame ror the U-player ,containe 10 +t/ .12b-41 li­
ne:s and "nf' colUDID8. V-alues of t~ lose tunction with a 11minus • 
si.gD constitute elements ·of tbe game matrix. U we arrange the 

elements ·of tbe set or strategies of the U-plQer lexicographi -

cally and mark them with .the eucceeive cardinal numbers and if' 
w arran,ge the elements of the set of -strategies of the P-player 
at"'t:er the minori'Q' relat1on, then ·the play matrix ean be written 
in tbe form : 

·C = 

c -
0 

c~ 

cs 
wl'Jere C j denotes the matrix : 

ej=l _cr'kl1 ti=1,2, ••• ,/2?-rnl; k=t,2, ••• ,m 1 

ll'JI 



where : 

c~ =- r/j,i,k/ /j = o,t, 'b f 
The strategy "k" corresponds to the c·olumn wit~ n#umber "k" 

while the strategy /j,i/ which is the sth ele~€nt of the srran -
ged set of U-player strategies, corresponG~ to the line with num­
ber "s" . Jl'umbers expressing the gain of the U-p layer /length of 
th~ waste with minus sign/ for different pairs of strategies 

r /j ,i/,k are the elements of a game matrix. 
n the basis of the dominance principle known fr om the theory 

f games, the game matrix /lJ/ can be reduced to the m-dimensio­
nal 5ankel's matrix of a form 

/s = 1 ,2, ••• ,m; k = t ,2, ••• ,m/ / 14/ 
where 

ask = - r [ ' ; /b 0 - s - m + s/ ; k 1 
? om t is and from /8/ it results that the opt imum value of the 

last component of the control vector /from the point of view cf 

.e was te mini mi zation/ is a consta\ value 
bn = b + S 

0 
and tljat ~he "advantageous• from that point of view deviat ' ons 

are deviations of the values from the set of integers : 

{ -1 G + 2 I, ... , -1 , o" + 1 , • • • , + 1 ~ - ~ 1 } 11 5/ 
_he way of selection he deviations W L f . om the set / 15/ de­

ines the s olution of he game A. If the dia~eter o~ the interva­

e of the change s of the estimation error i _ not greater than the 

olerance 0 , then the game A has a sad le point an the :m::rber 
/ ,\-51 is an .opti um value of t1e eviat'on. lil r: c a case ti:e 
-~,i ion a~ the ban is always · a teles • n he _or. r r · en 

~-e iameter of t he inte al f ~e cha ~the est imation er-

~er i~ greater than t e c er nee, he ga 
· ize a~ t he opti~um - in . a rn i i ma serse 

he 
- 0 :: P["-'-i L-

y 

" <1 va .. t evus" 

:·:red :,:,· tr." oaiJe val e I 

-e -ausP of :: e spe"ia1 "o m of 

c ~P '~ely r~nGo 

xp~ ·c.:. te - · : t:.a t r -:.c 

is :n . e ... e · 

- ~ec if:i n r ul 

-1~_+0 + 1 /+ i] 
e ._ ~ e o'f 

1 I'! -,:~ tE- s 

a 

L 

he 

i< ~ n .. t n t r.d 

, e 
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:n the case i v:-.icb t:._e pr ba .:..li ty is t "bution of t he eE 

• mat ion erro_ is known anc 6.ef · r:e v .e vec tor : 

'! = /Yl ,Y2 , .•• ,Yk , ••• ,Ym/ y k = p ( n =/ A +.1/ -k] 
the p oblem of minimizing the expe cted value of' the lo c:c: func -
tion can be formulated as the solution o the a e given t~-

single-column mat-rix a 1.orm 
B = I bstl 

/s = 1 ,2 I ... ,m! ; / f:/ 
where: 

bsl = c ask• Yk 
k=t 

It is evident that such a· game has always -a non-ran o i ze 

timum strategy, easy to be determined by comparing the e l e ent r 
of the matrix /16/. 

Besides of the minimax principJe and the cri terion of t he c : ­

nimization of the expected value - to the selection of the devia­
tion can also be applied oti.er decisive criteria, e . g . Hu~vic'~ 
criterion, Laplace's criterion etc. 
5. Digital structures for the cutting control with uncomplete in­

for:nation. 
On the basis of L~e derived stratigies, the algorithms of t he 

optimal control of the cutting procesEes can be formulated for 
such a case when the probability distribution of the estima t ion 
error is unkno~n as well "ac: for a case when this .distribution is 
a priori kno\·m. The comparison of the minimax strategy and- t he 
strateg:.• minimizing the e .:~ ected yalue of loss function leads t 
cone] us ion that t he respective algorithms differ only by t he ey 

of selecting the va ue of deviat:on . ~he basic scheme of the con­
trol al~ri tl"'.ms if' i en tical for both cases that are being anal··­

z~d . Its form ic the fol~o ing : 
~1 orithm II 

L - Ct.tL = ~ ... 
I 

.:;: . t 1 - / b +&! = t2 

). E/+1 = n -
0 

+El n ~~ ; _ - t :::: t 
4 

I - ; . ~ .....:1_ 
~ . 3 

I ' 4 n-



t 

{

/b +b/ - E f~/ + t 
0 T-" 

= /b + 6; - E /~ I 
0 --n::r 

/b +61 
0 

for 1 = l,2, ••• ,t4 ; 

f9r 1 = /t4+t/, ••• ,/n-t/; 

for 1 = n 

If we use the minimax algor! thm, then every time before the di­
vision of the anticipated band length L, we make the random expe­
riment in which we divide the set of possible results into m mu­
t ·ally inde_pendent events the probabilities of which are !Xf ... ~ 
and to which we allocate deviations -l'l +f> I ... f). -J I, reap.ec­
tively. 

The result of the experiment may. be o-nly one definite value ..,1. 
from the set· of advantageous deviations. This value we subtract 
from the anticipated leng~ of the band and we divide so obtained 
length without the remainder into the pieces of the length~ from 
the set of permissible lengths. 

The algorithm minimizing the expected value o~ the loss func­
tion has the forme identical to ttdlt of the minimax algorithm 
•:11 th that difference that from the anticipated band length 1e in 
every case subtracted a constant value ~L correeponding to the 
optimal deviation. 

The digital structure reali~ing the minimax algori~ of the 
control consists of : the computst!on block, the generating block 
of r~dom numbers and the storage block. The functional connec -
tion between the parts listed above and the remaining parte of 
the control system is illustrated in Fig.4. 

In the computing block, operations are performed according to 
the minimax algorithm. The anticipated bandlength and the ~via­
tion of the control vector are determined for _every band subject 
to be cut respectively in the bandlength prediction block and in 

the generation block of rarrdom numbers with a distribution cor­
re sponding to the m:-nimax etrategy. The minimax strategy compo -
nen ts -and other parameters necessary for the realization of the 
a l. .or ithm are stored in the storage block. Signals of the star -
t ing and ending or the cut ting are generated in the real time 
b:.. ck . Ontimal components of the control vec.tor are sent from the 
co:£pu tation block to the shears control block. The bandlength 
re6 ·c~ion block, the real time block and the shear~ con trol block 

r v ·, e s;;,· te :ns t.t:e str 'Cture Of '!Jhich depends on the ty ~e Of 
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the co~s ete cutting process . 7he structure of remaining parts is 
defin~d b,y t he control minimax al; orithm . 

The computation plock can be built on the typical l ogic e lemen~ ~ . 

The storagE block can be realized ·as t he memory of the concotar:ts 
becauee at the process con trolling t here is no necessi ty of char.=-­
ing the contents of the storege cells. For t he generation of r an­
dom numt~rs, typical signal generating deviceF can be use6 on t he 
basis of the physical phenomena of the random character suet as 
noises in the electronic valves, decay of radioactive ma te ria l e tc . 

These d~vices generats in general signals with the uniform di­
stribution s.o t:.at when using them then arises the necesei t j of 
transfor ming the probability distribution of 't he generated sig­
nals. This transfor mation can be per ... ormed in the di gital way in 
the structure computation block. The digital structure tha t rea­
lizes the ·algorithm minimizing th~· eXpected value of the loss 
function consists only of two blocks : the computation block end 
the storage block. The construction of the computation block is 
the same as th&t of the computation block of the minimax structu­
re. The storage block can also be resolved as · the memory of con­
stants the ca?acity of storage being however in that case much 
smaller. 
6. Conclusions. 

The minimax algorithm.and the algorithm minimizing the expec­
ted value of the lose function can be ·used in the' systems con 
trolling the cu t ting processes when the information is uncomple­
te. The sys tem controlling the cutting processes based on the a­
bove algorithms are namely characterized by much greater con­
trol efficiency t..'lan the deterministic systems · based on the al­
gorithm I. As , uming the uniformity of the probability distr.ibu­
tion of the estimation error, the dependance of the average 
length of the waste /when cutting one single band/ on the die­
mater of the range of variations of the es timation error is , 
for the particular algorithms, the following (fig. 5). 
Alrea~ at relativel y small estima tion errore, the average 

length . of \'iaste occur i ng when appl yi ng ale,ori t hm I is severa l 

t imes greBter than t te average lengt h of wa~te for t he minimax 
a16orithtr . I t if a l eo \O~tb- ;hiJ e to point eut. tha t th e l osses 

occurinc w~en ap _ yin the mi.i ax glgorithm are in~epe.cent of 



the probability distribution of the e stil!!a.ti en error so ~t . in 

the properly designed control sy~tem the losses cannot be grea -

ter then those for the minimax algorithm. 
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~1 _ . • - 3;r~~ f t he cutting pr ces on t e continu us 
~- ~ati ~ rol ng mill. 

~ - . : n~.~~n p~oces ~ control eys tem structure. 
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Fig.4. Control system. 
Denota tions : PC ~ cutting process, BPD- bandleng t h predic -
tion block, B:m - actual time block, BS l - shears control block, 
SC - digital structure, BO - computation bloc~ , B~ - ~e~era -
tion block of random numbers, BP - s torage block , P - o ~ erator's 
cesk. 
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