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РАДИОНАЛЬНЫ1I A.Jli'OPИTIJ! :rпРАВЛЕНИЯ ТЕПЛОВЫМ СОСТОЯНИЕМ ДОIЛЕННО~~ 

ПЕЧV С ИСliОЛЬЗОЪАЕИЕМ 1ШФОРМАЦИОШIО-УПРАВШШЦИХ MAII.JVШ 

Суханов J:; .Л., Швыдкий В.С. , КИта ев Б.И., ЯрошеШ<о Ю.Г. , 

Овчинников Ю.Н., ЛИсиеико В.Г. 

(Уральский nовитехвический институт) 

Под уnравлением теnловым состоянием доменвой nечи мы nо

нимаем задачу по отыскавию и стабилизации такого температурно

го nоля в nечи, которое соответс~ует оnтимальному варианту 

ведения доменной nлавки (фораироваввый роввнй ход nри мини

мальном расходе кокса). 

При~nИаnьиой основой рассматриваеuоrо алrорит.ма уnравле

ния является теоРия теnлообмена [I] , nолучившая широкое nриз
нание. Исходвой nредnосылкой этой теории сцу8Ит nредставление 

о завершенности тешхообмева по внсо·те домеивой nечи. 

На рис. I, а nоказав характер темnературного поля в совре

менной домеиной nечи при нормальвнх условиях ее рабоm. Раэви-
• HIIX · 

тие теnло- и массообмев.;~ процессо:в меиду встречвwш потоками 

mихТЬI и газа отражено ходом кривых t.}H>- и t<H> (рис.I,б). 
Близкое совnадение этих кривых на среднем yчac'l'lte · говорит о 

существовании в средвей части nечи обвасти замедленного теnло

обмена, в nраделах которой nроцесса теnлоnередачи nрактически 

завершены. Эта область разделяет верхнпю и ВИЖНПD ~туnеви ин-

тенсивного теnлообмена со своими существенно развнми закономер

ностями [r] • 
Промежуточная область замедленного теnлообмена с nрибли

зительно nостоянной no высоте nечи темnературой шихты и газа 

. вЬIПодняет роль своеобразного деШiфера, который устраШ!е'l' взаим~ 



вое влияние кохе6авий в теnховом состоянии верха и низа nечи. 

~JIИчие тахоrо демnфера создает условия ДJIЯ относительной ав

. тоиомности теnnовой рабоТЫ :верХней и нишей стуnеней теnло -

обuева. 

А:втоиомиооть тепnо:вой работы :верха и низа nечи nодnераща

ется nрахтичесRИМИ даВВШ&а. Не редки СJIУЧВИ, коrда nроцесс до

менной пnавки :ведется при требуемом теnловом состоянии горна 

пев, во с переrревом и.пи ведоrревом ее шахты, то есть nри 

усnовиях далеких от оптимальвоrо. Такая практика ведения тех

воnоrическоrо процесса о бусловлева, :в основном, ведостаткаыи 

векоторах существ.у.ющвх методов управления теnnовым состоянием 

доменвой печи в цехом~ Эти методн ве позво.1UIЮТ :вая:влять "fеп

nовые перехосн" и оперативно воздейстDовать ва теunературвое 

поnе одной Эовн nечи, ве затраrи:вая друrую. 

Из :внs:вхеввоi а:втовоuвости тепховой работы отдельных зов 

следует, что теnnовое состояние доменвой _ печи nришuшиаJIЬно 

неверно и вевозuокво оценивать в цехом. Ддя ка1дой зоны должен 

быть свой независимsй показатеliЬ, nозвоJIЯDЦаЙ ко.nичесnевво и 

одноз.вачво оценивать ее тепловое состояние. Ilowшo этих nока

зателей ддя уnравления теnловым реzимом печи ~уины теRае эффек

тивные уnравляащие воздействия с избирательным (ыестныы) влия

нием на теn.повую работу отдеJIЬннх зов печи.-

Следовательно, вами вЬlдв~гается и отстаивается идея раз

дельного ~овтро_ля и локального уnравления теnловым состоянием 

верха и низа доменной nечи. 

Исходя из рассмотренных· особенностей доменной nечи, как 

теnлотехнического объекта уnравления, предлагается рабочий 

объем nечи делить на две зовн - верхнюю и нижнюю (рис.I,а). 
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За условную границу межд3 этими зонами nринимается изотермичес

кая nоверхность с темnературой t0 - темnературой газа в об~а
сти замедленного теnлообмена. 

Соnоставление теnловых и физико-химических nроцессов домев

ной nлавки nоказsвает, что в . nределах верхней. зовв nреимущест

венно nротекам реакции неnряыого восстановления &еле за. Ниея.я 

зона охватывает область интенсивного развития реакций nрямого 

восстановления, область Щiрмевных очагов и горн печи. Темnерату

ра t
0 

, nривятая за условную гр_авицу раздела, харахтеризует на
чало заметного развития эндотермической реакции восстановления 

двуокиси углерода: 

co.z + С = 2 •СО. 

Мокно заметить, Ч'l'О nростра~:ственвая rравица ме-.цу превмуще

ственным разви~ем реакций nрямого и веnрямого воеставовлевая 

внражева менее оnределенно, чем nредлагаемое вами деление nечи 

на д:ве эовы no вnолне оnределенной изотерме. Внбор те1111ературн 

t 
0 

за границу раздела обоснован тем, что эта тeiiilepaтypa дJIS 
оnределенных условий плавки довольна стабихьна и мо.ет 6~ най

дена заранее. Температура t 
0

- леиит, обычно, в nреде11ах от 850 

до 900°С, в зависимости от марки выплавляемого чугуна, состава 

дутья и других вnолне конкретных особенностей ра6оты nечи. 

Количественной оценко~ теnлового состояния верхвей зоны пе

чи может едужить темnература cpe~q no массе tш TOfO объема 
шихты, который заключен мецду уровнеи засыпи и граНИцей раздела 

(расе sатриваемый объем ши.х на pиc .I t а ЗВШТIJИ.ХОвав). Поскольку 

n.. и автоыатиче\;КОМ :юнтро 1 е н управлении удоовее по11Ьэоваться 

о ':'носител:ьаш4J/1 безразмерЕ .i .ш ) веш~чивами, то вместо те m.ерзт· -

1JЫ tш nредлагается другой nоказатsль - и.вдекс темnер.з тур 1oro 
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nоля ве,РХа nечи .i.8 = tш / t
0 

, который :внчисляется no формуле: 

где tl(. - · и t ш"- ·Темnература rаза и mих.тн, на колошв.ике nечи, 0С; 
]1t = О ,5,• <WliA' ;1-v'" + i ) - среднее для верхней зоны отно

шение теnлоемкостей nотоков шихты и газа; 

~~- и ~ - темnлоемкости nотоков шихты и газа на уровне 

колошника nечи, вт/rрад; 

Jt = to - tl/lo - разнос'l'Ь те.мnератур между газом и шихтоЙ 
-0 

на границе раздела между зонами, 0t;; 

А - всnомоrателышй коэqфщиент, ра:mшй 

. c,t. s.н( 
А==- · i-m}. 

Ww 

Здесь ~- средвий ДJIЯ верхней зоны . объемный суммарннй коэ~

циент теnлообмена с учетом внутреннего теnлового соnро

тивления кусков шихты, вт/(мз.град); · 

$ - · средняя nлощадь сечения шахты nечи, м2 ; 
Н - средняя высота верхней зонв nечи, м; 

Wш - средняя ДJIЯ ве~хней зоны теr,шлоемкость nотока шихты , 

вт/град. 

Индекс -l8 является коШiлексшш nоказателем, который учи

тывает влияние на теnловое состояние верхней зоны nечи многих 

nеременных факторов. Однако оnределение этого индекса не nред

ставляет больших трудностей, так как nри относительно устойчиво~ 

ра боте nечи для вычисления индекса 1.
8 

no формуле (I) достаточ-



но текущей информации о расходе загру 1!tаемой шихты G , темпе-
ш 

ратуре tlf и расходе с" уходящего колошн.икового газа, то 
есть нужны сведения всего лишь о трех переменных величинах. От 

точности и надежности nрименяемых способов контроля этих nара

метров работы nечи зависит достоверность значений вычисляемого 

индекса .,(,·~ 

Ы~тодика сбора и сnособы nервичвой обработки всей необхо

димой информации для оnределенин индекса ~в рассмотрены в 

оnубЛWtованннх ране·е работах {2-? ]. Там же nоказано влияние 
газорасnредехения на колошнике nечи на величину индекса ~8 и 
даны рекомендации no введению необходимой nоnравки. 

;rзвестно, что теnловое состояние виmей зовы доменной nечи 

мошо охарактеризовать затратами теnла Q Л/1 на qизическвй и 
хи.мичеСRИЙ наrрев nродуктов плавки: 

Q = Q t Q t Q.s· u (1) _ , 
Л.JI Ч!JГ IUII "' "'Yl, ~ · ·· КДill( Т чугуна, (2) 

где Q ч~ г - энтальnия чугуна с учето.м теплоты nлавления; 
QUJ

11 
- энта.nьnия шnака, за вычетом ·теnла образования шлака; 

Q tp - теnло, затраченное на восстановжение кремния, мap-
Si. , Mn, ... 

ганца, фосфора, титана и других элементов. 

Относительное значение веляЧИНЬI Qn.ft названо наuи индексом 

теnлового состояния низа nечи -i,., = Qn.ft/Q
011

.,.. Оnтимальные зат

раты теШiа Q0"". на нагрев продуктов nла вки оnределяется задан

ныы составом чугуна и требуем~ш свойствами шлака. Индекс ~н 

реко.мендуеТС:fi нами в r<ачест:ве однозначной количествеiШой оценки 

теплового состояния нижней зоны nечи. 

Формула (2 ) дает действительное значение индекса <н за 
e.z..o . . 

nоследний nериод работы nечи, но д~счета требуются данные, 
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которые могут быть noJiyчeнs mmь nocJI~ mшуска чугуна, то есть 

ве чаще, чем · череЗ З-4 часа раб~тs · пеЧI/1.-· .. nроме~точвые (оzи.цае

rше) значения ивдекеа ~н nре.ц.uаrается находитЬ -по . •мгновенно

му" тenJioвouy 6алавсу ниивей зовы печи с учетом основных зако

номерностей теп.поо6мева в доые~ печах [ I J .• дlш совремеивой 
домеивой печи,_ работающей на обоrащеввоu . кисnородом дутье и с 

-·~. . - . ... . 
вдуванием nриродаого rаза, оqдаемое·- зщ~1\I~ИИе ивдекса -!н вн-

чисJШется no ф)рщле: · 

[ f~t·t- 13i2}~ + (co..ta + 1840). 01 + 

+ J.i4-/0-~Cн,o · t0 !_ь -11,53~ •O,i54jн)~] t [со: С4 .,. c,..K(i -о, О/ .Л)] to -

- G912 (1 т0,4{{·n }·Г-3175·Fe
0

• Za- 104500 1-24,6·/0 
3 l , 

J:..Hl . _ :r~111 j (З) 

где Уэ - расход дутья, ы3 /мин; 
d - отнимаемое у ШИХ'l'Н количество кислорода. мз /т 'f!3rYHa; -{Уо~,} к;- расход кислорода--, :аходящеrо в состав СО, С~ и НzО 

колошвикового rаза, м8/uии; 

(Vo~)3 - расход кислорода, nocтynaщero с BJiazmш дутьем, 
~ мз/шш; 

· Г а•з/т 1:n1ryнa~ - количество инжектируемоrо nриродного газа, м ~~ • 

tд - теWiература дутья, 0С; 

$ 
о- и 

2 . 

- влажность дутья,. r/мз; 

-~ · - содержание кислорода и азота в дутье. доли; 

с _ с _и с - ередни '3 удельные теnлоемкости кислорода, 
Oz ' .N2 lf,:O 

азота и во~qных nаров для интервала темnератур от О 
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до . to , кдаt/м.Э•град; 
с~- и 1{- уасходы агломерата и кокса, кг/т чугуна; 

-CQ.. - и С~- средние удельвне теnлоемкости агломерата и кокса 

nри теШiературе f 0 , кдz/кг .град; 
- стеnень исnользования водорода; 

- содержание летучих Е коксе, %; 
- стеnень прямого восстановления; 

- содержание железа в чугуне, за вычетом железа метал-

лодобавок, %; 
(J 
У~~ - суточная nроизводительность nечи, IОз т; . 

d - диаметр горна ne~, м. 

Для выч..чсления индекса -iн no формуле (3) требуется теку

щая информация о nараметрах дутья и колошникового газа (около 

15 nере.мев.ных .величин). Трудности сбора этой: информации связаны 

лишь с надостаточной точностью и надежностью существующих си

стем автоматического контроля доменного nроизводства. Помимо 

текущей информации для расчетов no формуле (3) нуЕНЫ также перио· 

дические сведения об изменениях в составе шихты и некоторые 

сn равочные данные. 

Достоверность ожидаемого значения индекса ~н определяет

ся как качеством собираемой мнформации , так и nрипятым методом 

ее nервичной обработки. При коррю~ тнш1 ~ешении задачи следует 

учитывать Dлияние темnературного поля верха nечи н~ изменение 

состава восходящих газов и ·на изменение физико-химических 

свойств шихты за время nре бывания ее в верхней зоне. Предлагае

мый нами сnос об раздельного контроля теп:ловоrо сос тояния верха и 

низа nечи позволяет это сделать, исnользуя завис Jlldости 
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.Д (со2) /( =f/"-~); Д. (со t 112}.,: ~?t~}, Д т1 'J ( i 8 ) и другие. 
llрШJенением этих !tОрректирующих зависимостей отличается на111 ме

тод СОСТаВдеiШЯ ".МГНОВеННЫХ" ТеПЛОВЬIХ баЛаНСОВ НИЗа nечи ОТ ВСеХ 

ранее известных. Другая особенность состоит в том, что трудно

определимне коэффициенты и статьи теnлового баланса, такие как 

степень nрямого восстановления 'ld и потери тепла в окружа.к:щую 

среду, могут постеnенно nериодически уточняться путем соnостав

ления расчетов по формулам (2) и (3). То есть возможна самопро

верха систеыы контроля теплового состояния низа nечи и основан 

ное на этом самообучение информациовно-уnравляющей машины. 

Особенности работы доменвой nечи - дискретность и циклич

ность загрузки сырых материалов в nечь - вакдадыэают кесткие 
. . 

ограничения .no доnустимой частоте вычи ·леШ'...я индексов -l6 и -l н 

по форму лам (I) и .(З). Значительная разница :в физических свой

ствах и темnературе отдельных порций загружаемых материалов nри

водит к тому , что кривые изменения мгновенных значений ыногих 

контролируемых nараметров работы nечи имеют сложный nулъсирую

щи.й характер t~рис.2). Разная частота пульсадай и заметвея разни

ца в инерционноста измерительных систем отдельных :величин не 

nозволяют исnользовать их мгновенные значения ддя вычисления . . 
индексов ,(_ .8 и -t ч в nроизвольно взятые и.ли заранее установлен-

ные моменты времени. 

Анали~ особенностей доменного .. процесса и характера теку

щей ив~~Р ации о работе nечи nоказал, что за оnтимальный интер

Dс.tЛ ые:; тr:у nос:ледователъными вычислениями индексов -t.8 и -<-н 

ед •ет ринятъ время цикла загрузки - nромежуток времени ме .. qу 

5- '7 п аu.ами (в зависимости O'f nр~..нятой программы загрузки) . 

э _о в... t.~ зе nocтo::r.HH" и оnределяется интенсивностью ра6отн 
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n ечи, а точнее, скоростью схода nодач. Наnример, дliЯ доменной 

печи объемом ISIЗ мз цикл загрузки длится от-__ ?0-ЗО мин nри 
- -

быстром сходе nодач до 40-60 мин nри замеделином х~де nечи. 

Следовате.11Ъво, ддя расчетов no форму.11ам (I) . и (3) требует

ся информация, усредненная за время цик.11а заг.рузки, а находи-
. . 

не no этим форму.11ам ивдексв -- .(.,_8 и "'- 11 характер~зуют. теnловое 

состояние верха и виза nечи. за nоследний-~л загрузки, то 
-

есть, nримерно, за nооледвие ·nолчаса работы nечи. 

Всnомогательны оnерации no усреднению мгновенных значений 

контро.пи.руе.мых величин за время цикла загрузки, которое заранее 

не известно, целесообразно возлоiИТЪ ва сnцциальные аналоговые 

интегрирующие устройства неnрерывного действия [s-?J • В этом 
' -

случае цифровая инфоршщиовно-упраБJIJШЦая маmива, выполняпцая 

основвне вычисления, может работать nериодически с интервалом 

15-50 мив, · nричем темп ее работы ве устававливается заранее, а 

задается интенсивностью самого технологического nроцесса. 

Показавпая nринциnиальвая возможность разде.11Ъвоrо теплово

го ковтроJIЯ верхней и нижней зов доменвой печи позво.пяет ста

вить вопрос о реализации идеа локаJlЪИого уnравления теnловым 

состоянием этих зов. 

У современных доменных nечей среднИй уровень засыnи, давле

ние ва колошнике, расход дутья и nрограмма загрузки либо стаби

лизированы, Либо исnользуютоя для уnравления газорасnределением 
.. 

и ровностью схода шихтовых материалов. При таких условиях для 

управления тепловым режимом nечи nриходится nользоваться други

ми воздействиями, которые можно nодразделить на "воздействия 

сверху" - изменение удельного расхода кокса или nрименевие 
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сnециальных nодач - и на "возДействия снизу" - изменение ка

чественного состава дутья и расхода инжектируемого тоnлива. 

Динамика влияния отдельных уnравляющих воздействий на теn

ловое состояние верхней и нижней зон nечи, как объектов регули.

рования, дава на рис.З. _ Изменение индекса ~8 найдено расчетом 
-npY. стуnенчатом увеличении количества . горновых газов, вызванно-

го nрименением воздействий. Не6ольшое nервоначальное nохолода

ние верха nечи nосле увеличения удельного расхода кокса объяс

няется ростом т~nлоемкости nотока шихты 1Ф'ш , nоск~льку удель~ 
ная теплоемкость кокса больше удельной теnлоемкости агломерата. 

Разогрев шахты nечи вачинаетоя лишь тогда, когда шихта нового 

состава дойдет до фурм и от сгорания доnолвительвоrо~хокса воз-

астает количество горновых газов • 

..Dре.менное nадение индекса -tн nри nодаче nриродного газа 

вызвано затратами теnла на конверсию инжектируемого тоnлива. 

В дальнейшем nовышение содержания водорода в восстановительных 

газах снижает расход углерода кокса ва nрямое восстановление, 

в с лу чего доля кокса, сгорающего ва фурмах, возрастает, а это · 

ведет к увеличению темnературы и выхода горновых-газов . 

· Из-за периодичности ·вы~слений индексов <'6 и .i. н возможен 

только дискретный вн6ор локальных регулирующих воздействий с 

час тотой , кратной циклу загрузки. При .этом ми~iальный интервал 

ежду тдельн~ш управляющиМи командами не может быть меньше 

то~о отрез:а времени , за который отчетливо выявляется результат 

пред~~цеr воздействия. Поэтому (рис . З) уnравляющие команды 

м, Jo по,4авать не чаще, чем через цикл загрузки nри .исnользова

п: ~ · возде~ .-r ви 'И сни. у" , и л:ишь через I l-12 циклов загрузки 

т·:.ii, rp. r.iенени~t "nо~r-~.е' iс твий сверху". 
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Чтобы не доnускать длительных и глубоких nереходных nро

цессов, существенно затрудняющих контроль и nроцесс управления 

теnловым режимом nечи, nреддагается исnользовать только "воз

действия снизу". Как исключение изредка доnустимы изменения 

удельного расхода кокса, в тех едуЧаях ко~ оДНИХ "воздействий · 

снизу" недостаточно для стабиnизаци.и те.мпературного nоля nечи 

или ж.е дальнейшее снижение расхода ивкектируе.мого тоnлива эко

ноАшчески не целесообразно. 

На рис.4 nре~ставле.В.ы результаты расчетов [ 8 J no изучению 
с татических свойств всех регулирующnх "воздействий снизу". Ос

новная особенность вайдеВввх зависимостей состоит в том, ч~о 

р езультат влияния некоторых воздействий ва теriховое состояние 

верха и на теnловое состояние виза nечи имем развые знаки. 

Это nозволяет nодобрать ~акие комnлексы одновременно nоданных 

во~ействий, общее влияние которых о6nадает из6ирательвым (ло

кальшш) действием только ва верх иnи только ва в.из печи. 

Следовательно, nутем правильно nодо6ранаых изменений в рас

ходе ~жекти.руеuого тоnnива ( r . ') и т_емnературе ( t ~ ) и ка
чественном составе дутья ( {О~)э , $Р1 ) можно осуществить целе

наnравленное локальное уnравление теnловвм состоянием как верха, 

так и низа nечи. Составление нужного коМплекса уnравJIЯЮЩИХ в з

действий связано с трудоемкиr~ и тщательными расчетами, т R как 

nриходится учитывать взаимос:в.я:эь отделышх воздействий через 

о&ъеRт реr•уJШрования и .див.аыш<у ере однш nроцессо·в . Этими 

рас ·етаt, Т(. у тоЧШliОТСЯ необ.ходv.мы .... .изz Е, :аия расхо " ду'l'ЬЯ и fiO-

СЛ6, о.аа еЛ.ЬНО'"'ТЬ :аы.nо ,шеНJ .Н т;nра ,:Щ·. • КО.Ы8н;1; 

-~се .зо зr.ю ... ь е :rщр~. ·· Е: ы кс1. лэ • .-i."' •:в ~тnра :!.НIOIЩI.LX :аоз,- е ист .tJj ~ 

ДЛЯ. КО - рета . 'С ОБZЙ .ц •• € ffiiO_ fli'' •y ' ЗB ДС'i'Б8 ! 0 .1."'., 'i 6ЫТh .;,~:1:. •• 
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нее nроочита~ и в зако~ров~нном виде введены в nамятЬ инфор

мпционно-уnравляющей машины. При работе в схеме автоматики ·эта 

машина по оnределенной логической схеме· выбирает тот комnлекс 

возд~йотвий, который является оnтимальным nри фа:ктичеоких уодо

вмщх nла:вки. Иоходшши данНьши я:вЛЯIJтоя информация об отклоне-

~ t~i :=4
8
· 1 -,{,

8
, z-Д.tн. =(t~ .~ -i·н и_ :Jt=9So-t

2
, · сведения - в { 

1 
lonr - · /мr - Э . и · 

о резервах возмовного изменения отдельных воздействий, а также 

заданные условия nредnочтения одних воздействий _ друrим, исходя 

из те~одогичеоких и экономических соображений. 

При отыскании оптимального зна·чевия индекса ( -i 4 ) оп т дзш 

сравнительно nродолжителЬного периода рабо~ ··ne~~ мо·жво nред

ложить уотановлешше · нами [ I ,4] экстремальные за:виоим<?сти между 

величиной индекса -t.'8 , nроизводительностью 9 и удельным расхо
дом ко~оа ]{ (рио. 5). Эти завиои.мости дJIЯ к~ Qой nечи и отдель
ных nериодов ее работы необходимо nериодически корректировать. 

. . 
Uри ориентировочных расчетах можно принять, что (l8 ) 0пт = 
=0,7 ~ 0,8. Оnтимальное значение индекса теnлового состояния 

низа nечи (~н >оnт= I, как это оледует из самого оnределения 

индекса. 

Таким образом, алгоритм незавиоимого контроля и локального 

уnравления тепловам состоянием верхней _и нижней зон доменной 

nечи сводится к следующему. / 

По заданной марке выnлавляемого чугуна и требуемого соста

ва шлака устанавливается ·необходимый состав шихты, удельный рас

ход кокса . К и оnтимальные затраты теnла Q оnт на нагрев про
дуктов плавки. Исходя из конкретншс условий nлавки и анализа 

ра6оты .пещr за последний период утоЧНяются все постоянные и 

)3оn оrюга тельные коэ<fфБциенты, входящие в формулы (I) - (3), а 
. . :1111-'·' : 

-~: 
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также корректируется зависимость ?=f(-is) , по которой уста
навливается ( <- 8 ) оп т· Уточняются усJIQ:вия выбора отдеJIЬньtХ уnрав

JI.ЯКIЦИХ воздействий. Все эти сведения вводятся в nаJШть ивфор.ма

ционно-уnравляющей ыашинн, которая по мере тоrо, как обновляет

ся шихта в рабочем nространстве nечи. nереходит На раочеТЬI по 

ноmш коэфfициеитам. 

с· начала цикла загрузки система контропя собирает вою необ

ходимую текущую информацию· о · nараметрах· дутья:, UЕвltтируемоrо 

тоnлива, ко.nо.ШНИRовоrо газа и эаrруzаемой шихтн. По охончавии. 

цикла загрузки (через заданное число nодач) оnредемиоя средние 

значения контролируемых nараметров и выпохвяотая все nрамеzуточ

ные вычисления (nриведевие к стацдартsым усиовиям, оnр~еиение 

отделъвых коэqфщиентов и т.n.), nосле . чеrо . по форму~е (!) рас-
. . 

считывается индекс t & • · Найденное значение индекса "'в . уточ-
няется по доnолнительним данвнм о распределении гаЗового nотока 

на колошнике nечи. 

По величине индекса -t8 корректируется ОQстав колоmвиRОво

rо газа и коэффициент 7d , а затем по формуле {З) оnределяется .. 
ожидаемое значение индекса ;(, н • С начала нового цикла загруз-

ки все оnе~ации nовторяются. После выnуска чугуна , то есть с 

интервалом в 3-4 часа, по формуле (2 ) находится действ~тельное 

значение индекса ~н за nоследний период раdоты печи. Путем 

соnоставления nолучешшх резу JIЬTa о:в у .·очня:ются отд.ельнn:е коэф

Фиw енты для nоследующих расчетов ин,;J;е оа ·н по формуле {3,. 

Одп. раз зг ЦVillJl ... а ':ру::ки , 1I OC.i1~ тог Ий.К будут наu er 
. ' 

'I' ущи е зна ешш ili~e.r: co:в .{. !j rL н о еде.hЯЮ rс.я о клене: _ 

± ~-<:5 , ± Дiн и ±Д 0 , пс заак:; ~еLИ'ШБ'е ко'l .... р1 ,. .и о .. ·ч .:· ..~~ .~ 
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доnолнительных условий по заданной логической схеме выбирается 

оnтимальный вариант комnлекса уnравляющих воздействий. Выnолне

ние найденного решения осуществлается nутем автоматического сту

nенчатого иЛИ иного изменения заданий для регуляторов-стабилиза

торов nараметров дутья и инzектируемого тоnлива. При необходи

мости изменить удельный расход кокса система автоматики работает 

как "Советчик мастера". Информация об изменениях в составе ших

ты вводИтся в nамять машины оnератором или автоматически от си

стемы загрузки сырых материалов в nечь. 

ПоясНим сказанное nростым nримером. Пусть системой контро

ля выявлено, что L1i = - 0,01, ~.i =О и tд = 950°С. в этом . -в -н 

случае, чтобы вернуть теnловое состояние верха nечи к nрежнему 

оnтимальному значению, не затрагивая nри этом теnлового состоя

ния низа nечи, можно (см.рис.4) увеличить расход nриродного газа 

на 28 мз/т чугуна И снизить темnературу дутья на ЗО0С. Если же 

учитывать динамику nервходных nроцессов, связанных 

с изменением стеnени nрямого восстановлгния (см.рис.З), то це

лесообразно nри увеличе~ расхода газа сначала несколько nовы

сить темnературу дутья и лишь nотом nостеnенно ее снижать до 

нужного значения. Могут быть и другие варианты комnлекса уnрав

ляющих воздействий. 

В качестве одного из вариантов реализации идеи раздельного 

контроля и локального уnравления теnловам состоянием верха и 

низа доменной nечи nредлагается блок-схема системы автоматиза

ции ее теnлового режима -система УПИ (рис.б). Помимо обычных 

систем контроля и стабилизации отдельных входных nараметров, в 

системе YIIИ исnользуются аналоговые усредняющие у строi1ства, са-
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моетоятельные блоки nамяти и цИфровая информационно-уnравляющая 

машина, которая выnолняет все основные оnерации nредлагаемого 

рационального алгоритма контроля и уnравления теnловаы состоя

нИеj& доменной nечи. В от.пичии от всех ранее оnро6овашшх алгорит

мов и схем автоматизации доменного nроизводства системой УПИ 

впервые отстаивается реальная воэuокность отыскания и стаоили- · 

зации оnти~львоrо температурного nоля во всем рабочем npoa~ 

стве nечи. 
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~ Кривая изменения мгновенных значений темnературы ко

лошникового газа (стрелками указаны моменты оnускания большого 

конуса загрузочного аnпарата доменной nечи): 

1' - t-"- t- '" ._к , к И к - средние значения · темnературы колошникового 

газа з а I-И , 2 -й и 3-й циклы загру зЮl. 
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Рис.З. Ориентировочные вреuе~е характеристики ддя верхней 
и нижней зон доменной nечи кцк объектов реrулировавия: 

I -при изменении расхода ин&ектируемоrо тоn~ . (с. учетом яина

мики изменения стеnени npя.uoro восстановления Ttf. ) ; 2 - nри 

изменении параметров дутья; 3 -- nри изменении удельного расхода 

КОRСЗ. 



22 

Рио.4. Стапческве xapaитepao'l'JilUI --воцейотввй онвэу• дliS 

доменвой nеча обьемом !242 м8 nри ВIШJJSВRe nepeдe.IIЫioro чугуна 

и измененu ynpaвJIЯDIUIX воздейотвd J' в c.11eдyiiQJIX n.редеJШх: 

Температура д.утъя. tд , <>с 
Влакноотъ дутья .J~ ,r/u1 ~~тu 

Содер~е каgдорQАа в 
дутье ( o~Ja , ~ 
Расход nриродаого raaa ~ • 
.,э;т чугуна 

IЩN за октябрь-ноябрь !966 r.) 

Начаnнне ава- Кокечине зваче-
чеВJIR nри IUISI nри 
J' • О J' • IOO ,% 

850 1050 

7 32 

21 23 

о 140 
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DYNAMICAL OPTI1'£IZATION OF STEEL-MAKING 
PROCESS IN ELECTRIC ARC FURNACE 

Anatol GOSIE\vSKI , Andrzej \HERZBICKI / P oland/x 

1. Introduction 

The goal of the steel-mrucing process in · an electric 

arc furnace is to obtain a high quality steel by means of 

melting selectioned steel-scrap, purifing the melted stee l 

/
11 bath"/ o:i detrimental components and adding some improvin 

components. The main source of energy in the process is the 

h eat supplied by an three-phase electric arc w·hich burns 

i n betl"een three graphi t electrodes and the scrap or bath . 

The pZDcess ~n an arc furnace is a typical charge-process; 

e ach charge, beginn~ng with loading the furnace and ending 

wi th casting of finished steel, lasts about 6 h ours for a 

f urnace of an average load /e.g. JOt/. The averag e pmver 

c onsumption amounts about 0.6. Hllh/t, the average arc pm-.rer

about J ~fifh. Each charge nan be divided into three main 

p eriods: 1/ the melt1ng period which lasts for about 0.5 of 

x/The problem of optimization of steel-mrucing process in an 
arc furnace, which is presented in this paper, has been 
investigated in a collaboration betlveen the Department ·of 
Automatic and Remote Control of the Technical Universi ty 
of Warsalv, Nowowiejska 15/.19, and the Department of 
Electrothermics of the Electrical Engineering Institute, 
·v arsalv-Hi~dzylesie, as l\"ell as the Stalo,va \v ola Foundry 
by which the re search has been supported. Toga ther lvi th 
the authors of the paper, Bohdan Frelek, Zygmunt Komar 
and Andrzej Markowski from the Department of Automatic 
Control, and Miroslawa S.lalvecka, Hieczyslaw Solecki from 
the Department of Electrothermics have participated in 
~heoretical synthesis and technical design of the optimal 
control system. Furthermore, H.Mazur, T.Skrzypek, P. Maj 
from the Department of Electrothermics and Cz.Kulruc, E.Giela
rek, Z.Dctbrmvski and R.Hernik from the Stalowa i ola Foundry 
have collaborated in different aspects of this broad pr o ject. 
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, 
t he 1vhol e charg e s time and demands about 0. 7 of' the whole , 
char g e s energy consumption; after melting, the bath is 

overh e ate d t o a g iven temperature /"overheating temperature " /, 

the f irst slag is casted and oxidating components are brought 

in the bath ; 2/ the oxidating period in co~se of' 1vhich the 

detrimental components- as coal, phosphorus _and sulphur- are 

burnt up; af't~r oxidating, t~~ next slag is casted; 3/ the 

r efining period in course o£ wh~ch oxid is reduced and the 

i mproving components - as manganium, chromium - are brought 

i n the bath; after ref'~.ni~, the steel gets overheated . and· 

t he casting ·of' finished steel follows. 

2. Setting the problem 

The notion "optimization" of' the process in an .arc 

f urnace describes here an application of' such process control 

>vhich results in minimal cost of'. finished stee.l /zl/t/, taking 

i nto consideration the cost of' .electric ·.e.nel;'gy /zl/kWh/ ~s 

tvell as the constant costs of' time /zl/h/ during which the 

f urnace is used. The problem is of' a gre~t economic . importance : 

t he energy cost for a 30t furnace amounts to 10 million zl: . 

a year and the constant cost of' an hour of' furnace's usage 

c an be estimated by 6 thousand zl. The optimization of' a charge 

i s usually related to the melting periode onl.y 1 • 2 •3 which 

dec{ des on t h e total energy consumption and influences strongly , 
the t otal charge s duration time. The periods of' .oxidating 

and refining are not included to the optimization because 

the i r duration and energy consumption depend on chemical 

processes in the bath and are strictly determined by the 

process technology. The ·optimization of' loading and casting 

of' an isolated furnace is trivial: they must be performed as 

intensively as it is possible. 

Let us consider the simplified schema of' an arc furnace 

•d t h onJy on e phase of' arc circuit shown, given in Fig.1. 

The e lec trodes a re supplied t hrough the power cable Tlv from 

the fur n a ce's transformer TP which has several taps of' 

n uinb c r j =1,2, •••• o n i ts secondary winding ; t h e t aps are set 
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by by a tap-s~tting device that determines the nomin a l 

s e condary voltage Y 2n. The. arc current I is controlled 

by the arc controller S.t. /it include.s the electrode serv o

mechanisms M which lift or lower the electrodes/ accordin g 

to the reference value I • Because the arc controller is 
0 

ac ting r a t h er quickly compared to t he duration of the charge 

w·e can assume for the first approximation - apart from 

rap i dly varying disturbances - that I:I
0

• The main controls 

of t he process are, therefore: , 
j - the tap number o£ the secondary transf'.ormer s wind ing; 

I - the arc current /exactly speaking, the given value I 
0 

,of' t he arc controllers/. 

It is easy to show2 that the secondary voltage of' the 

tran sformer should be kept as large as possible during the 

mel t ing periode. As the tap number is determined in that 

a way , the only control during the melting period is the 

curr ent I. 

Theoretical~y, the process can be divided into t'"o 

subprocesses: the electroenergetic one and the thermic on e 

/cf.Fig.2/. The electroenergetic subprocess is practica l ly 

inertialess compared to the thermic one and can be des c r i be d 

for the optimi2ation purposes by the two basic static 

r elationships 

c = c"' (I) ; 
"' 

/ 1/ 
'"here C .. is the momentary cost of' the supplied power /zl / h / , 

t aking into account the active power as well as the · reac tiv e 

p ower, a.~d ~ is the heat pow·er of' the arc. Those characte r 

istics can be determined ei-ther analytically ·- by means o f 

an equi v a lent schema of' the electric circuit - or experiment 

a l ly. Taki ng i n to consideration r a pid ly varying disturbances 

c ause d by arc burning, t hose relationships should be treated 

a s regressi ons . For approx imate considerations whi ch are 

presented i n s ec . 4, the relationshi p C,.. {I} can be assumed 
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t o be linear, t he relationship P~ (I) - t o be paraboli c • 

.An example of real characteristics /1/, determined ex

perimentally, is shown on Fig.J. 

Generally, a m-odel of the thermic subprocess should 

be formulated as a very complicated partial differentianal 

equation with respect to the temperatu~e ~in the furnace's 

space. That equation can- be approximated, ·however, by 

a system of ordinary uifferent±al equations taking into 

considerati on t hree mean temperatures as the process state 

variables: the charge /o"r bath/ temperature x
1

, the walls 

and bottom temper_ature x 2 and the vault temperature x
3

• 

The model of the t h ermic subprocess assumes then the normal 

f orm 
i :: f j (.xJ 1 x2 1 t 3·, I)= :r.r~ ) (~(I)- . ~ (~1 > x~, "3)) 
~. w~ . 

~l = £2 (x1 ' X.z J ".3) 
):.3 ""' £3 ( .XJ1 X~ j X.3) /2/ 

where W(x.i) i s t he thermic capacity of the charge)~(.x£,x2 ,x3) 
- the thermic p ower transmited from th~ charee to the 

walls, b o ttom and vault by conduct ion , radiation and 

c onvec tion . The f orms of the func·tions I~,!~, £3 -. are 

rather compli cat ed and dep~nd ~ on the kind of the heat 

exchange betw-e en walls, bottom and vaul·t' on the furnace, s 

g eometry and physical properties. It t urns out, ho,_,.ever, 

that the d~ cisive part of the thermic power Ps depends 

mainly on t he temperature .Xi and not on the temperatures 

X~ and X3 • For that reason for approximate considerat

ions - cf.sec.4 - the model of the thermi c subprocess can be , 

therefore, reduced to the f i rst from the equations /2/ 

'"hich can be further approximated by a linear equation of a. 

simple inertial element 

For a given load, the performance of the melting 

period can be expressed by the cost index 
t.t 

Q = j[Co-rC"'(I)]dt 
0 

/3/ 
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'"he r e td. i s the melting period duration 1vbi ch is n o t 

given but determined by the overheating temperature 
d. -x.~(t.J = X.4 • The constant Co signifies the constant 

cost o:f an h our of furnace's usage /z1:./h/, '"hich results 

fr om the wages, redemption and so on. 
, 

The mean power transmitted by the furnace s 

·transformer is constrained. Because the transmit ted pmvor 

is appr oximately proportional to the momentary c ost 

the constra.tnt can be expressedt as 

!c,..(I)d.t 
M = 0 ~ Mtt /4/ 

ttL 

w"l ere Mti is a given admissible mean value. 

Noli ,.,e can formulate the optimization problem: 

determine such a function of time I= I(t)J t E(O; teLl) 1·rhich 

minimizes the performance functional /J/ by the differentia~ 

condi tions /2/, the global constraints / 4/, and by the 

:final condition Xt (tcL) = x:. The solution of the 

problem can be based on the maximum principle _4 ,5• 6 • 

) . The method of solution 

Because of the existence of the special constraint 

/ 4/ let us introduce new state variables X. 0 and ~.2.G 
~-

involved- in equations of the form 

x.: = i. 
x; = C,. (I) /5/ 

Thus, the initial problem can be reformulated as the 

problem w·i th the constrained ratio of the variables 
JC1 (t4) 
x.: ( t.t) 

in the final moment It is useful, 

hm'leve :r , to reformulate the problem further by introducing 

new· cos t index 1·1i th"penal ty for vi olating the constraint" 

i uste a d of the index/J/ 

/6/ 
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1vhere K i s a s u f ficiently l a rt:"e constant; a violation 

o f' the admi s sible o e a n v a lue Md. i s a ssociated, therefore, 

'"i th a rap i a l y g r o;> t h of' the f unctional /6/. It can be 

sho•·m 
6 

that at K- 00 the re f ormulated problem /without 

constraint/ is stric tly equivalent t o the ii:i tial problem. 

The hami l t onian of the problem h as ;;h e f~rm 
3 

H = -(C0 - 'flt ) - (1-lf:t)Crn(l) +L.~((x~/':,. ,x3 ,l)+'ft /?/ 
~ = 1 

u 1e r e the c ostates 't' a re de termined b y the e quations 

• 'dH 
'+'i = - '0 "' ; 1ft :: 0 /8/ 

" 
The 

t h e 

transversal i ty conditions for o/: and 
6 

:form - · cf. 2. . 

!Y,"-- ·'()Q~ = K .!:!.(M-M4 ) 1f(M-l": 'J ~ 0 
! - d x: T:J. 

'fl1tl =- ~~; =- ~ (M-M.t)f(M-~) ~ 0 

· ~o 
2. have 

/9/ 

It follo\\' S from the form of' the ·hamil tonian / 7/ and the 

conditions /9/ that the existence of the g lobal constraint 

/4/ leads to a suppressing of' the constan t o st of' ., 
f urnace s u sag e and to . a gr01V' th of the cost o f' e lectric 

p mV'er; evid ently 

/ · ~ 
~ .... the i n equality does not ·l~ old, 

transforme r is \.;r on g ly des i t,-ne d /. 

/10/ 
, 

t he n t he -rv .rnace s 

Because -c~e proce ss dyn a11 i c i s r~ <?termine d J.!ai.nly by the 

tenpera t ure .X:.1 v e c an a ssm :.e 

/11/ 

Lf:: t. e ine qua~i t ie s / 10/ allC:. / 11 / ~'l o .ld 1·re can a.p ply the 

principl e of optimizing fe edbac ~ C ~nd .... efor~ula t e t h e 

-t~c e s s ary cond i . tion o f' opti <•h li t; 

m Cl- >' H (I)= H Ci) = 0 
I 

OT a ll t G [ o, teLl / 12/ 
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1ihere · is the optimal control. We introduce, 

there£ore, the £o~lowing momentary per£ormance index 

F'= 
P, ll)- ~ (xj>x~,JG1 ) + ?("l)"lJ JG.31 t) 

c: + c"'q:) 

and then we can rewrite the necessary condition /12/ 
in the £orm 

/13/ 

F' (I) = ma.x F'(I) 
r 

£or all /14/ 

The £unction 

'l ( x, ,><,, "" t) = ~~:? [ "'· ( t) £, (><,, "•, ">) + or. (t) f/>(., ~., >])] I' 5 I 

is a correction which represents the in£luence of 

temperatures l(~ 1 )( 3 on the optimal solution of the 

problem whereas the constantu 

/16/ 

iS the normalized tonstant cost o£ . the time o£ £urnace's 

usage considering th~ constraint /4/; the equality C! = C0 

holds i£ -the constraint does not in£luence the optimal 

solution o£ the problem. It should be noted that i£ the 

in£1uence o£ the temperatures ¥.a) .IG.s on the pr-ocess 

dynamics is negligible thsn we can assume rz = 0 _. I£ the 

in£luence o£ temperatures ~1 J~S is small~ then the 

correction 'Z is small compared to P_,- Ps and can be 

d-etermined without high accuracy. Thus, determination o£ 

the dynamic optimal control I~) can be reduced to the 

peak-holding control o£ the momentary per£orm.ance index P 
only on the basis o£ the m~asurements o£ the _powers P, 1 P5 

and the cost c,_., and . of, an initial knmdedge o£ the 

normalized cost ·c; 1ii thout necessity o£ an exact knmiledge 

o£ the £unctions £,, £; 1 £3 and o£ the correction 2· 
This is the essential property o£ the optimizing 

feedback. 
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In the previous papers refered to the control of 

arc furnaces, t h e optimization problem has been treated 

as a static /steady-state/ problem only and the process 

dynaQics /2/ as well as the global constraint /4/ have 

n o t been tru~en into consideration. In that approach one 

a ssume that the arc current I is constant in time. 

This current is then determined in such a way that it 

minimizes the performance £unnti ~ 

/17/ 

u r..ich is a statical analogue to the performance function

al /3/. On the basis of' the thermic balance, we get 
. tL w-

tct [P9(I)- Pss); x.t·W; tct = P,x.li)-Pu /18/ 

w·l1.ere Pss is the mean, constant thermic . power transmi ted 

from t he charge /the losses/: The condition of' the statical 

optimality an be written, therefore, in the form 

F' = X;
4.W = P,(I) -Pss - F! (i) = rna.x ~(I) /19/ 

~ Qs C
0

i-.C,.(I)J ~ 5 I 
1-.rhere I 5 is the constant, statical optimal control. 

The conditions /13/, /14/ and /19/ are very similar 

formally but differ essentially. The dif'f'erence .between 

the m is illustrated in Fig.4. The static optimal heat 

pow·er ~(I5) can be determined graphlcal.y /cf'.Fig.4a/ 

by traceing a tangente to the plot c"' (~) from the point 

( P55 , -C.). Similarly, we ·can determine the dynamical 

optimal heat polver P,[I(t:)] - cf.Fig.4b - if' lve assume 

Ps >> ~ and trace the tangente from the point~(.t,,,/·3)J~c:]~ 
The thermic polter Ps (Jt11 )(2 , "'s) increases during the 

melti ng time; so does the dynamical optimal heat power 

P
8 

[ i(t)J l·rha t results clearly :trom Fig. 4b. Thi.s. property 

of t h e optimal solution has a s1mple physical inter

pretation: at the b e ginning of t h e melting pe r iod the 

p owe r o f thermic l os ses P~ is smail.l /the charge is cold/ 

'"hi ch implies a soall _eat power ·p_,· and a high efficiency 
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of the electrothermic subprocess; in t h e course of 

melting period ~he pow·er Ps grows and the heat power 

P, must be increased in order to shorten the period 

of large thermic losses /or to "compensate" them/. 

4. Simplified analvtic solution and approximate 

sensitivity analysis. 

Choosing a sufficiently simplified model '~e can 

solve the proble~. analitically and get qualitative 

conclusions about the main fe.ature.s and the sensi ti vi ty 

of the solution. According to the mentions made in sec.2, 

'~e · assume the equations of th.e electric circuit in the 

form 

( ) 2 p-P.. . . I C C . 
p = ~ - d.- i:. ; - . ~ ) c. = I,. ; '"'= """'. '- /20/ 

where P8,.. denot~s the maximal heat pow·er, Im. - the arc 

current 1vhich results in the maximal heat pow·er,, c"""" 
the cost of the po1~er supplied at the maximal heat pmver. 

1ie assume 1 furthermore, the simplified equation of the 

dynamics 

cL~ =X.= p(C:)-JG >' t; = ~. )G = ~ = ~ ax 'I' ' k Psm )G. .1M /21/ 

,.,here X and XJ. should be treated as increments whereas 

the differentiating is understood as with respect to 

the variable 't: ; 

the charge, k -
T denotes the time constant 

the gain coefficient, ~im 

of 

- the 

maximal increment of the temperature of the charge '~hich 

can be achieved by permanent applying the heat pmver ~m' 

Now·, the performance functional can be writt'en as 

't'.t 

~ = J (c +i.)d:r- j 
0 

Q c .. q.,=-- . c.=-c,., r , c,.,nt /22/ 

where the constant c is the relative constant cost. 

The constraint of t h e mean po,ver supplied assumes the 

f orm 
!'et 

m. = ~ f i, d.:r; ~ md. ). 
~et 0 /2J/ 
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Unde r the g iven end-po~n~ c ond i t ions 

x (0) = 0 j JG ('r4.) = x4 
; 'C'tt:.. free /24/ 

we can solve the pro b lem of' the minimization of ~ the 

f u n c t ion al / 2 2/ under the diff'erential conditions /21/ 

and the inte gral constraint /23/ analytically; the 

s o l ution can be based on the maximum ·principle. 1\' e g et 

t h en the optimal control 't ~ t ft') in the form 

"' ,I ~ -'t" 
~ = •- ~o_e ; /25/ 

1'i'here, similarly as above' c* can be interpreted as 

the relative constant cost reduced acc-ordingly to the 

i nfluence of' the constraint of' mean pm.rer supplied. Th e 

optimal temperature as a function of time,x=X('t)
1 

takes 

a f orm 

i = (i- to2.e-r:X.J.-e-'? /26/ 
" a n d t he value of' the p~rformance functional q.,J t he · 

A 
constraint functional n1 and the duration of' ; the process 

icL can be expressed as 

i = (1.+c)ir~. -t4 (1-e-~) /27/ 

. m ::: 1 - i:-(1- e-i.t) /28/ 

" [ !+c•+ V2ct'+(t*)
2 +x"' ] 

r ::: Ln '] 
rJ. ( 1.- )(.tl.) [1 + c.• -#- " 2 C.. + (C. •)2 I 

/29/ 

\i e can assume C = c!J if' the inequality ~ ( c"')/ c*= C ~ mtL 
h old s. If' the inequality does not hol9, '"e should solve 

t h e transcendental equation m (c:/") = m.A. and determine 

t he necessary value d 1 < C. • Hqwever, it is simpler 

t o assume some values of' c• ~ C and determine the 

values i,lc.*), m(c•) and q._(c,c•J accordingly to the 

e quations /27/, /28/, /29/. \f e get then not only the 

solution bu t al so the sensitivity characteristics of 
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the solution ~ith respect to the integral constraint as 

well as to the ini_tia1. current to= i- $o /it should be 

stressed, that errors in determination of t his i nitial 

current can be caused by a wrong estimation of a such 

parameters as C,.,m, ~ . or I,.. Hith that, it is use

f ul to present the results achieved as the values of the 

sensitivity measure
6 

9.,(G&-')- i (c) c) 
s~(c c•'= --. .. ( ) ·1001. / 30/ 

'"' J I __. tj., GJG 

I n order to compare t h e resul t s of dynami c a l and t r aditi onal 

s tat i cal optimization it s h ould be a s s ume d i = c onst ; 

then, accordingly to /21, /1 7/ a n d /1 8/, we g e t 

a nd 

m.s= i 

l.n d.~ (1 ~/) 2. 

't4.1=- · 1.-(1-l-) -x" 
The equation ~~,(~=0 

di. 
i s t ranscende n tal; the 

/ 31'/ 

/ 32/ 

/33/ 

/ 3L:/ 

s i mplest way to obtain t h e solu t ion i s t o assume s ome 

val u es of i and to determine t h e valu es rrls (~) and ~s (ij 
a ccordi n g l y to / 32/, / 34/. I t i s of use t o :ntroduc e the 

r ati o 

/ 35/ 

111'h ±ch s l- o111' S h ow much 11/' orse are t he r esults of stati c al 

opt imi zation t h an t hose of,dynamical optimizati on . 

The results of this corn aris on and the s ensi t i vi t y 

c arac t eri stics· .fo r a ch osen v alue of c a r e p re s ente d in 

.F ig . 5 . It is ,.,orth t o me ntion that a l though the relativ e 

profi ts of the dynami c a l optimi zation are r ather small , 

t he sensitivity of t h e dynamic nl opt i n izati on 1'/ith res _ect 

t o t _e cons t r a i n t o f mean p o··.•e:;:- s 1 p~> ie a d 1:0 t h e c h oice 
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of initial current i s muc lo ·ier t l4an the sensi t ivity 

of stat ical optimizati on . I ~ ~all ows from t~at t h e stro nger 

i s in!~luence of the average p o>rer con s t rain ·t t h e more p r o ~i t -: 

able is the application of dy~ami c al o_ t imiz~tion. 
. 6 

In a similar way-cf. - \ve can exruuine t h e s e nsj_ ti v i t_-

Qf the o 1 timal so l ution with re spect to h e cortstant error s 

'ea. o f t h e determinatiqn of optimal cous t rol as sumi n g 

/ J6/ 

or with respect t o t he amplitud e Lr. of r a pid l_- v a r yin g 

random d isturbances l.f of the arc curr e nt , asst:Lli n g 

. [+ i.4,) 
l.p= 0) 

-'~ > 

where (.. i s the mean value o f t h e current , i s t he 

random compone nt, a n d d e no t es probabili t y . 

It i s assumed here that t he 1:1e mperat 're X depen d s 

s olely on the mean value of the h e at p ow·e r p \vhich i s 

in turn d etermined by change s of t h e r.ae nn cur r ent r = l(1:). 
We get then, according to /20 / 

/38/ 

S ome resul~ s of this' s e nsitivi"Y analys i s are 

presente d in Fig . 6 . I t shoula be e mphasi z e d that during the 

melting period t he disturbances of the arc current are 

strong and the losse·s associate d ,,-i t h them can amount t o 

several percent of' the optima l performan ce - cf.Fig.6 - as 

by dynamical as by statical op t i mizat ion . It is very 

impo:t1tant, theref'ore, to assure a high performance of the · 

arc controllers which countqrac t t hese disturbances. 

The sensi ti vi t y anal _-sis . presented above is related 

to the open-loop optimal control system. An application of 

t h e optimizing feedback correspo~ds, according ly to /1 4/, 
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~ 
t o searching ~he optimal current ~ by the peru~-holding 

~ ontrol of the te~orary index 

p := p(i)- )(; 
c" + j, ) 

m~ F'(i.) = P(t) 
t /39/ 

Thu9, the optimizing feedback results in full insensitivity 

of the system \vi th respect to such parameters as Pa,;:Cmm,Im) k 
a nd T because the values p(i)J JC. and i. are det~rmined 

b y measurements, On the other hand the sensitivity with 

respect to the setting the constante C~ /the estimation 

of t h e mean power constraint's infl~ence/ and to the rapid

ly varying disturbances of the arc current /which cannot be 

suppressed by rather slO\vly acting optimizing feedback/ 

d oes not change. 

In order to estimate the i nfluence of the measurements 

i n accuracy on the optimizing feedback performance £urther 

sensitivity analysis has been carried out by means of digital 

modelling the cases lvhen the state X /corresponding to 

t; 1.e p m'ler of thermic losses P, / is measured in,directly 

t h rough an output 'signal :J \vhich is characterized by the 

t ime constant e of the measurements inertia and 

compensated by the forcing coefficient 6 

At determining the optimal control, the measured 

v a lues of the signal ~ are put in place of the state ~ 

i n .t h e index P. The state J(.. may be measured also \vi th 

a relative error A 

~= (1.+-'A)JG /41/ 
/ 

Another kind of the.performance losses in the 

opt i mi zing feedback system may be caused by finite searching 

s te ps lenght di in the - real peak-holding controller of 

t 1e inaex P. The sensitivity analysis results for t hose 

three cases are presented in Fig. ? a,b,c. It follows from them 

t h at t he optimizing feedback system as a very lo\'1 sensitivity 

t; o t h e measurements inaccuracies /in,.. a real sys t em \ve can 
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assume A < O, 1 > G < o, ~ which results in 

an d a reasonable sensitivity to the searchi·ng ·step length. 

5. Analysis of more accurate models and experimental 

veri fication of results achieved 

By applying more accurate models of the relationships 

/1/ and the dynamics /2/ eher~ several computations have been 

carried out; the purposes for them ~er_e the following: 

a/ a verification of the models accuracy b y computin s the 

melting duration as well as the energy consumption wh~n the 

usual arc currents are applied and by comparing the results 
. . 

achieved to the experimental data; b/ 'more accurate determinat-

ion of the optimal current i (t) on a basis of the maximum 

principle and the numerical algorithms related to it - cf.6; 

c/ Inore accurate sensitivity analysis of various structures 

of the optimal control. 

The results of those computations just slightly dif

fered from the results presented above , rather quantitatively 

but not qualitatively. 

In order to verify experimentally the results achieved 

the charges of JOt furnace in Stalowa Wola Foundry were run 

during 6 months according to the optimal /more strictly

sub optimal/ program of arc current changes determined in 

advance. The program was conducted by an human operator ' vho 

set the reference values of arc controllers. Then it proved 

to be that the energy consumption for melting period decre ased 

b y a b out 5'/'o /by about 3% 'vi th regard to the whole c h arge an d 

1 t of steel/ a nd the melting duration was shortened by about 

11 7· /by abou t 5~ 'vi t h re g ard to the 'vhole charge and 1t o f steel/. 

The i mprovement of t he cost index was by about 8 %. higher t hen 

i t-.-resul t ed in theoretical research; it can be explained b y 

t h e f ac t that t he furnace had not previously been operated 

QC Cordin g t o t h e static op timal conditions. 



6 . Perspecti ves of furt her re se arc . and a p nl icat i ons . 

For a te chnical implementation of t h e op t imal c ontro l 

s ys tem of the proce ss in arc furnace . the spec i ali z e d contro l 

equipment have been designed and constructed. It consists or 
a/ Hodified arc current controllers and remote c ontr ol

eel tap-setting device 

b/ Devices for automatic - measuring and trans duc i n g the 

~ emperatures and electric powers 

c/ Generator of the open-loop optimal cont~ ol 

d/ Op timizer comprising of the computing device f or 

index P a nd the peak-holding controller 

e/ Controller of the bath temperature t h at operates 

during oxidating and refining periods. 

Tile simplified block diagram of that control equi pment 

i s presented in Fig.S. 

An application of a digital computer for t h e optimal 

c ontrol o f the steel-making process in arc furnace has a ls o 

b e en c onsidered . Ho"\'lever, it has turned out that an ap _ l i c at 

i c n of a di g i tal computer exclusively for that purpose is 

unprofitable. It may be profitable in a complex solution 

~/he re t he optimal control ,.,ould be determined for the uho l e 

c omplex of furnaces in a foundry and associat ed ''~i t h prog ra:n

r;ing t 3 e optimal operative plans for such c ompl ex. 

Optimal programs for each furnace coul d be determine d 

in p r i ncipl e independnntly. Hou ever, the conunon constr a i nt s 

he re occur ~-:hi c h follow from: 

a/ admisible power supplied for the complex of furnace s 

b/ constrained transmittance of the loading devices 

f or the complex of furnaces 

c/ constrained transmittance of the casting devi~es f or 

the complex of furnaces. 

In order to consider those common constrain ts there is 

a possib~lity to apply the multilevel optimization methods. 
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On a b as i s of' those methods the numerical algorithm for 

determin i n g t h e op timal programs of' the operation of furnaces ' 

c omplex h as been proposed
6

• This algorithm is of' a iterative 

nature: in the f i rst computation /"iteration"/ the optimal 

p rogrruas for each furnace are computed independently; 

afterwards,"the penalties" f'or violating the common cons t r aint s 

are determined, the computations are repeated and so on . 

An example of' t h e results of computations according to suc _l 

a l g orithm are presented in Yig.9 where two furnaces are 

involved. In t h e first iteration /i=O/ the optimal electric 

p owers , loadings and castings for t,.,o furnaces /numerat e d 

~ an d p / are determined; the variables ~~ denote 

tl1.e co·-.states to the time adjoined ,.,hich after a s i gn chanrre 

c an b e interpreted as the cost of usage time of a furnace . 

_ f' t e r completing' the first iteration and finding the v iolation 

of the common constraints, the penalty coefficients '1T" are 

determined . These coefficients allow to repeat computa t ions 

inf luencin g ,.,i th that on a nature of "the time cost" variat i on 

-o/t and resul t ing Lri a speeding up of the operations for 

the oC - f urnace whereas in a delay of the operatiGns f or 

~ - furnace. In the subsequent iterations. the operat i on 

programs f or both f urnaces appropriately get push apar t and 

a vi olat ions o f' the common constraints a re re duced to minimum . 

Re fer e n c e s 

1 . Jefre jnm"li cz J . E .: Aw·tomati'ka dugowych s talepla,vilny c h 

pi ec zej . Netal l u rgi zdat, Hoskwa 1958 . 

2 . :-: c Ge e L ., l\ietcalf A.: Controlling arc 

J . J . of Control , October 1962. 

furnace p owe r 

J , 3 okol o1v . N.: Rac j onalnyje re z'imy raboty dug owych s t a le 

~.l a1·:i ln rch i eczej. Netal l:urgizdat, Hoskwa 1960. 

!; • Gos · e .; s'-i -'- • , I ie r zbick i A. and others: Automaty c zn a 

o1 t:y-r::al..:..zac ja p roce s u sta lmvni c z-e g o w p i ecu l:ulco1vym 

/"- t:oma-vic o 1 timi:;ati on of steel-making proce ss in a rc 

..:u r nac / . Pro cee d ' n g s o f' lt- th ' at:i onal Contr ol Confere nce 

-:~r· a:-: 0, · 1 6 ~ • 



40 

5. Pontriagin L.S. and others: Matiematiczeskija tieori ja 

optimainych pr~cessmt • Gosizdat Fiz.,.mat-lit. 1 Mosl~va 

1960. 

6. \Y" ierzbicki A.: Zasada maksimum a synteza regulator61v 

optymalnych, cz.III: 1frazliwosc i struktury regulat or61V 

optymalnych, cz.IV: Przyk£ad zastosowania przemyslowego. 

/M~~imum principle and synthesis of optimal controllers, 

part III: Sensitivity and structures of optimal controllers, 

part IV: Example of industrial application/. Archiwum 

Automatyki i Telemechaniki, No IV 1968 and No I 1969. 



41 

Et 

F ig.1. S cheme o~ an arc furnace. 

I Cm (l J 19 X 1 = ffX•;X1.;XJ;IJ 

Pg · (I) 
X2=ffXf;X1.jX5 J 
x J = f( x.,;xt.i x1J 

Fig .2. Divi ding the steel-making process into t1vo 

s u bprocesses: t .1e electroenergetic subprocess and the · thermic 

s ubp roc e ss. 
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Fig . l~ . Graphical illustration of' the statical /a/ 

and dynamical /b/ optimiza ti.on of' t h e mel tin , 

period in an · arc furnace. 
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OPTIMAL OPERATION OF BLAST FURNACE STOVES 

H. Kwakernaak, P. Tijssen and R.C.W. Strijbos, 
Department of Applied Physics, _ 

Technische Hogeschool (University of Technology) 
Delf't, The Netherlands 

1 • INTRODUCTION 

For the operation of a modern blast furnace a constant flow of 

hot blast (up to 1250°C) is required which is provided by an 

arrangement of so-called Cowper Stoves (Fig. 1). These fall into the 

category of regenerative heat exchangers and consist of a large mass 

of solid material with a great number of flues. Heat i s exchanged 

between this so-called chequerwork and gas which passes through the 

flues. The operation of the regenerator cons{sts of two alternating 

phases: a heating period during which hot gas flows through the 

chequerwork, and a cooling period during which gas of lower entrancce 

temperature flows in reverse direct~on. 

Until a few years ago three stoves were normally used with one 

blast furnace of which always two are being heated up and one 

supplies hot blast. By means of a cold air bypass the hot blast is 

mixed with cold air to obtain the required hot blast flow of the 

desired temperature. A recent i nnovation 1•2 •3 •4 is the so-called 

staggered parallel · :·stem of operation where always t wo stoves 

simultaneously supply hot blast, one of a relatively high temperature 

and one of a relatively low temperature. These two flows are mixed to 

obtain t he desired temperature. In princ i ple this system could 

be implemented with t hree stoves but for practical reasons four stoves 

are employed. 

It is the purpose of this paper to investigate the optimal 

operation of the st aggered parallel system. The criterion which is 

used is that of maximal thermal efficiency which is motivated by the 

fact that fue l consumption ac counts for approximately one- half of 

the operating costs of the stoves. Since the customary thr ee- stove 

ser ial system of opera~ion and t~e four - stove staggered parallel 

system are not compa~ible we shall compare the efficiency of the 

staggered par~lel sys~em with that of a four-s~ove serial t ype o~ 

operat ion . 
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The physical foundati ons of the theory of r egenerators have 

been laid through the investigations of Nusselt and others ( s ee 

Jakob5 ). and Sch:>field, Butterfield and Young6 . They have investigated 

the dynamic behavior of thermal regenerators and have provided the 

system equa~ions and physical insight which constitute the star ting 

point of thi s study. 

2 . NA!>ITCS 

The principle of the four-stove staggered parallel system of 

operation is indicated in Figure 2. Tw0 stoves simultaneously supply 

hot blast but their operation is shifted in time. Since the gas exit 

t emperature decreases during the cooling period one stove supplies 

relatively hot blast and the other relatively cool blast. The two 

flows are mixed to provide the required hot blast flow of the desired 

temperature. The time which is needed to switch over from the heating 

period to the cooling period and vice-versa i s t aken from the heating 

period. 

I n this study ~he following basic assumptions are made : 

(1 ) A constant hot blast flow rate of constant temperature is 

demanded; (2) The operation i s periodic (i.e., cyclic equilibrium ~s 

achieved); (3) The four stoves are operated identically apart f rom a 

time shift. These assumpt i ons make it poss ible to limit the 

i nvestigation to one stove only by l inking the operation during the 

f irst half of the cooling period to that of the second half. 

Regarding the heat transfer mechanism within the regenerator the 

following commonly accepted assumptions are made5 •6 : (a ) Heat losses 

to the environment are negligible (this simplication is justified 

by the fact that t he heat losses are almost independent of the 

operating conditions) ; (b) The heat capac_i ty of the gas in the 

channels of the chequerwork is negligibly small relative to the heat 

capacity of the chequerwork; (c) T:cansient phenomena at the reversals 

·can be neglected; (d ) Longitudina_ thermal conduction can be 

neglected; (e) The transversal hea~ conduction within the chequerwork 

can be accounted for by , a correction of the heat transfer 

. . 1 all6 
coeff~c~ent between gas and channe w . 
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With these assumptions the heat transfer is described by t he 
. . . . . 6 ,7 

ffo~OW1ng part1al d1fferent1al equat1ons : 

g 
T 

s 

~ ( T ( t ,y) - T ( t .y) ) 
mcs g s 

gas temperature 

solid temperature 

time 

y vertical distance coordinate 

h overall heat transfer coefficient 

a chequerwork heating surface area 

VI mass now rate of gas 

e specific heat of gas 
g 

z. he· ght of chequerwork 

u mass of chequerwork 

e
5 

specific heat of chequerwork 

( 1 ) 

( 2) 

The positive y-direction should be taken in the direction of the gas 

~- The above equations hold in both the heating and the cooling 

periQd. Qpantities, however, which refer to the cooling peri od wi l l 

'h)e primed {T', T', etc. ). 
s g 

~ese eqqations are nonlinear because of the t emperature 

ep.endenee of the specific heats of chequerwork. and gas and of the 

heat ~ransrer coefficient h, and the dependence of h upon the flow 

rate of' the gas. In this i nvestigation t he temperature dependences 

are neglected but the more important flow rate dependence of h is 

a:cCC1lll!l!ted f'or (see Section 4). 

cundary conditions to equations (1) and (2) and their 

~s during t he cooling ~eriod are 

( 3) 

(4) 

i nlet t emperature during tne heating per ' od which 

and T is the gas inl et te e t ure d~ing the gc 
;•"'J.; •;;, "' i od - i :.!:1 is constant . P i s the durat i on of he hea ing 
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period and P' the duration of the cooling period (where always P < p• 

because of the time required for reversal). 

The initial and terminal conditions are 

T (P,y) = T'(O,i-y) 
s s (5) 

T' (P' ,i-y) = T (O,y) 
s s 

(6 ) 

Eq . (5) expresses the continuity of the chequerwork temperature 

profile after reversal and Eq. (6) gives the requirements for ' 

periodicity. The distance coordinates differ because of the flov 

reversal from heating to cooling period. 

During the cooling period always the required quantity of ~ot 

blast must be supplied which yields the condition 

V'(t) + V'(t+~P') =V' o' 0,:;, t ,:;, ~P' 

where V' is the desired hot blast flow rate. To obtain the desired 
0 

hot blast temperature we must impose the condition 

V' (t )T' (t ,i)+V' (t+~P ' )T' (t+~P' , i) 

V' 
0 

T 
0 

0,:;, t ,:;, ~P' 

where T
0 

is the prescribed hot blast t emperature. The total heat 

supplied to the regenerator during the heating period is given by 

where the cold air entrance temperature during the cooling period 

T is used as ref erence temperature. 
gc 

(7 ) 

(8) 

(9 ~ 

)p • . 

The total amount of heat which must be supplied by one stove 

during the cooling per iod is prescribed and equal to Q = ~c'V ' (T - T 
c g 0 0 g 

The thermal efficiency of the regenerator may be defined as 
QC 

~ 
n (10 ) 

Since Q is fixed , maximizing the effi ciency is equivalent to minimizing 
c 

~ as given by (9) . 
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3. 

The mathemat i cal optimization probl em t o find t he optimal 

operation of the regenerator is defined by the equations of Sect ion 

2 and may be stated as follows : 

Consider the distributed~arameter syst em descri bed by the 

parti al differential equations ( 1) and (2 ) and their equivalent s 

during the cooling period, the boundary conditions (3) and (4), the 

initial and t;rminal conditions (5) and (6) and the side-conditions 

( 7 ) and ( 8). The variables which can be manipulated are the hot gas 

flow rate V(t) and the gas inlet temperature Tgh(t) during the 

heat ing period, the blast flow rate V'(t) during the cooling period 

and t he durations of heating period P and the cooling period P'. 

Det e~ne the manipulated variables such that the total heat 

supplied to the stove during the heating period~ (given by (9) ) 
is minimal. For t echnological r easons it is necessary to add the 

c nstraint: 

(j 1) 

where Tghmax is the maximal gas inlet temperature. 

I n the f ollowing we shall consider the duration of the cooling 

period P' as fixed; its optimal value will be determined by repeating 

t he optimization for various values of P'. It may be proved8 from 

mathematical considerat ions i nvolving t he maxi~rinciple of 

Pontryagin for distributed-parameter systems9 that the solution of 

the optimization p~oblem has the following properties: 

( 1) ~ne gas inlet temperature during the heat i ng period Tgh(t ) must 

be chosen equal to its maximal value Tghmax; 

(2 ) During the heating period the optimal gas flow rate V(t ) is 

independent of time, say V
0

• 

(3 ) The duration of the heating ~eriod must be chosen equal to the 

maximal possible value P = P' - S, where S is the total t i me 

required for reversal from cooling t o heating peri od and vice-

versa. 

From t his point on the probl em must be pursued numerically but 

t he three conclusions considerably simplifY it . The gas inlet 

temperature Tgh can be elimina ted as a vari able and the solution of 

the probl em reduces t o finding the mi nimal value of V
0 

f or which 
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e~uations ( 5) through (8 ) are satisfied. 

_o make the partial differential e~uations (1) and ( 2) amenabl e 

to numerical solut ion they have been discretized in a manner 

analogous to Wilmott 7 (see Appendix) . Thus the temperature profiles 

are characterized through M values along the y-direction, N values 

i n the t-direct i on in the heating period and N' values along the 

t -direction in the cooling period. For given constant hot gas flow 

rate V 
0

, hot gas inlet temperature ·. T- and cold air flow rate 

V' (t) during the c'ooling period the stationary initial and terminal 

tempera~ure distribution of the chequervork ~ be directly solved 

from ( 5) and ( 6). The detail-s or this are given in the Appendix . 

The initial -temperature distribution T (o,y) ~thus be 
s 

considered as an implicit function of V
0 

and V'(t), 0 ~ t ~ P'. After 

di s cretization the e~uations (7) and (8) constitute together 

~N'+~N' = N' equality conditions for V and the N' variables V' [1 ], 
0 

V' [ 2}, ..• , V' [ N' ] which characterize V' ( t) • The solution of the 

problem thus amounts to the solution of a set of nonlinear equations 

of the form 

·f.(V'[1], v•[2], 
~ 

... , v•[N•] v) = o, 
• 0 i=1 ,2, ... ,N' ( 12 ) 

with V 
0 

minimal. This is equivalent to minimizing V 
0 

vi th the N' side

conditions (12). It may be shown that this problem may be reduced to 

t he solution of N'+1 simultaneous nonlinear equations. An effective 

algorithm of a quasi-Newton type 10 has· been developed for this problem 

and a computer program has been written in Algol for the Telefunken 

TR4 computer of the Technische Hogeschool at Delft. Computing times 

f or the examples ;ited in Section 4 are about one to two minutes. 

4 . NUMERICAL RESULTS 

I n this Sect i on some numerical results are given of the 

optimization method previously discussed. The numerical data for these 

computations are. listed in Table I. They correspond to the stoves i n 

use wit h the new Blast Furnace No. 6 of the Koninklijke Nederlandse 

Hoogovens en Staalfabrieken N.V. in IJmuiden, The Netherlands, whi ch 

is among t he largest blast fUrnaces presently operating in the world. 
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. 2 

a = m 

m= 1351000 kg 

t = 32 m 
oc 

Tgh 1350 

T 100 oc 
gc 

h = 9.30 + 0.320V J 

h'= 6.98 + 0.309V' J 

Free flow area 13.84 

s 

s 

-1 

-1 

2 m 

1118 J oc-1 -1 c kg s 
oc-1 -1 c 1177 J kg g 
oc-1 -1 c' 1110 J kg g 

P'-P 600 s 

-2 oc-1 V ~ ~ 
-1 

m s 
-2 oc-1 V' in kg 

-1 
m s 

Flue diameter 0.04 m 

TABLE I: Numerical data for optimization computations. 

The specific heats c , c and c' have been taken at average 
s g g 0 

temperatures (650 °C, 700 °C and 600 C, respectively). The data on 

which the choice of the heat transfer coefficients is based were 

B- 11 . . 6 taken from ohm ; they have been corrected according to Schof1eld 

arid subsequently linearized. In h an extra constant term has been 

added to account for heat transfer by radiation. 

Most of the computations were performed with a discretization 

of M= 8, N = N' = 10 which induces an estimated error in the gas 

and solid temperatures of a few tenths of a degree centigrade. (Note 

that the temperatures referred to here are average temperatures during 

a time-interval in the case of gas temperatures and mean temperatures 

over a layer in the case of solid temperatures (see Appendix).) 

The following computations have been performed: 

Optimization of staggered parallel system: In Fig. 4 results are given 

for four different combinations of hot blast flow rate and temperature 

demands . I t is seen that as the load increases the efficiency 

decreases and the optimal durati;n of t he cooling period shifts from 

70 to 50 minut es. The sensitivity to variations in the duration of 

the cooling period is not very great but a reduction f rom two hours 

(a normal value i n practice ) to about one hour may yield an efficiency 

improvement of approximately 0 . 5 per cent. The dashed portions of the 

curves indicate solutions which ar e technologically inadmissible 

because near ~he end of t he heating pe~iod the exit gas temperature 
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rises above 300° C. 

A more refi ned computation was carried out for a desired hot 

blast temperature of 1200°C and a flow rate of 84.1 kg/s by 

employing a discretization in time of N = N' = 20 rather than 10~ With 

a cooling period of 60 minutes (optimal for t his case ) an efficiency 

of 0.9207 was obtained. The ~orresponUing op~ imal distr i bution of the 

gas flow rate in the cooling period is plotted in Fig . 3a . 

Non-optimal operation of staggered paralle system: Non-optimal 

solutions of the staggered parallel system: may be obtained by solving 

the equations (12) for non-minimal values of the gas flow rate V 
0 

during the heating period. In Fig. 3b a non- optimal solution is shown 

for the same case as in Fig. 3a. The non-optimal soluti on of Fig . 3b 

constitutes an extreme s.ituati.on because further reduction of the 

efficiency results in a negatiye gas flow rate at the beginning of the 

cooltng period which corresponds to a physically unrealizable situation. 

The thermal efficiency of this extreme non-optimal solution is 

0 .9199 as compared to 0 . 9207 for the optimal solution. This means that 

t here is an extremely small range of admissible stationary periodic 

solutions . We· conclude that optimization is not reall y a problem in 

t his case: Any stationary periodic solution is very close to the 

optimal solution with the same period. Only by choosing the period 

correctly some gain may be achi eved. 

Four-stove serial operation: The staggered parallel system has been 

compared to t wo types of four-stove serial opera~ion . In t he 1-3 

ser ial system onl? one stove i s in t he cooling period while the 

ot her three are being heated up. The hot blast f rom t his s ingle stove 

is mixed vi th cold blast t o obtain blast of he desired t emperature. 

I n the 2-2 serial syst em t wo stoves simultaneousl y supply hot bl ast 

w ile the other two are in t he heati g p ase . The stoves operate 

com l et ely in parallel ; he e .:. no s h:. rt · n t ·me as in the s'baggered 

parallel system. T'ne hot bla ~ t f rom t e t o st ves :. mixed vi th cold 

blas t o obta · . t " e _er e ~t t e::npeTa.,., .,.e. 

For t :s t ype o , :·J- era.t Lon El. e~ of ,;que: i ons mey e f crnru.la t ec 

·hch .!S analog" ~s -:r:, (F). ~· t . ., ·ae maa plaus : e t.h :r. f or optiJJe.l 

OJ.~.:-ation -· '[N'. 
\' J ..; - I I - ' .l.. .. jllst -or L - to ~~he :.!h ge over !.v the 
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heating period the entire desired fiow of hot blast is supplied by 

the stove or stoves in the cooling period. This extra equation 

reduces the optimization problem t o the solution of N' nonlinear 

equations with N' . unknowns. 

The results of the computations for the 1-3 and 2-2 serial 

system are also represented in Fig. 4. We note that (i) the 2-2 

system i s more efficient than the 1-3 system except for very short 

cooling periods, (ii) extremely short durations of the cooling 

period are optimal, and (iii) the sensitivity of the efficiency to 

variations in the duration of the cooling period is much greater 

than for the staggered parallel system. 

5. CONCLUSIONS 

I n this paper a numerical method to find the optimal operation 

of . the four-stove staggered parallel system for supplying hot blast 

to a blast furnace has been developed. Also the efficiency of serial 

operat ion of the stoves has been calculated. The conclusions may be 

summarized as follows: 

(a ) The efficiency of the staggered parallel system of operation is 

not v~ry sensitive to variations in the duration of the cooling 

period. For the cases investigated the optimal duration of the 

cooling period varies from 50 to TO minutes depending upon the 

load. 

(b) For any given duration of the cooling period the range of 

admissible solutions for stationary periodic operation of the 

staggered .parallel system is extremely small. This .together with 

(a) suggests that the operation of the staggered parallel system 

is not very critical. 

(c) Serial operation of the four stoves is considerably less 

efficient. The explanation for this is that the average exit 

temperature in the cooling period is much higher than for the 

staggered parallel system. The corresponding loss of efficiency 

is only very partially compensated by the lower average flow 

rate. 



57 

(d) With serial operation the sensitivity to the duration of the 

cooling period is much greater. Optimal operation is achieved 

for impractically _short durations of the cooling period (10 to 

20 minutes for the cases investigated). 

The conclusions of this investigation are quite favorable for 

the staggered parallel system of operation. Comparison with the 

customary three-stove serial system of operation would involve 

considerations concerning capital investment, depreciation, cost of 

fuel, etc., and is beyond the scope of this paper. 
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APPENDIX: Numerical Integration o~ Di~ferential Equations and 

Compu~at ion of Initial Temperature Distribution 

Co~sider M intervals of equal length ~Y spaced along the y

direction and N intervals of. equal length ~t spaced along the time

' aXi~ . Dis~retization of equations (1) and (2) according to the 

.trapezoidal method yields 

T [k,i] - T [k,i- 1] ~k 
g / =- V k a 

1 
HT [k,i] +T [k,i-1] -T [k- 1 .~ -T [k,i]) 

· y cg g g s s 

(A . l) 

T (k,i]-T (k-1 , i] ~ 
s . ~~ = h k HT [k,i] +T [k , i - 1] -T [k-1 ,i]-T [k,i]) 

mcs g g s s 

(A.2) 

with T [k,i] average gas temperature during the k-th time interval 
g 

T [k,i] s 
V(k] 

h[k] 

at y = i~y 
mean solid temperature of the i -th layer at t = kllt 

gas ~lo Tate (constant) during k-th time in~erval 

heat transfer coe~ficient during k-th time interval 

(depend~nt upon v[k]) . 

It can be shown that this representation is equivalent to that 

o~ Wilmott7 provided that T [k , i] signifi~ the arithmetic mean of 
g 

the gas temperature at t = (k- 1)~t and t = k~t and likewise T [ k ,i] 
• s 

is the arithmetic mean of the solid temperatures ~t y = (i - 1)~y and 

y = iay. From the rigtlrhand sides of the equations (A.1) and (A .2) 

T [k,i] and T [k ,i] can be eliminated. Define 
g s 

8 [ k] 
1 + ~y (A . 3) 

~ - d h[k]a 
me ~t 

y [ k ] s (A.4) 
1 + .hlili llt + 1 tJ-Nt- ay 

me 2 c V k R. 
s g 
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With these equations (A.1) and (A.2) can be reduced to 

T (k,i] g ( 1-S(kj)T (k,i-1] +S(k]T (k-1 ,i] 
g s (A. 5) 

(A.6) 

Together with the appropriate initial and boundary conditions these 

equations allow step-~-step computation of successive gas and solid 

temperature distributions during heating and cooling period. 

The stationary initial solid temperature distribution is 
(0) ( 111 • computed as follows. Let T a column vector W1th components 

T~ 0 )[o,i]) and T(~l (a co~~ vector with components T~ 1 )[o,i]) 
denote the initial temperature distributions for the heating period 

associated with two successive regenerator cycles. Since for fixed 

hot gas flow rate during the heating period and fixed blast flow 

rate during the cooling period the difference equations (A.5) and 

(A.6) are linear in T and T a relationship of the following type 
g s 

must hold 

T( 1 )= AT(O.) + b. 
so so (A. 7) 

where A is an MxM matrix and b an M-dimensional column vector. The 

elements of the matrix A and the vector b can be obtained :by 

repeated use of the difference equations (A.5) and (A.6). From (A.7) 

the stationary temperature distribution T can be found as so 
T = (I-A)-1b where I is the identity matrix. Closer investigation so 
of the difference relations (A.5) and (A.6) reveals that the matrix 

A has a rather special ·structure·. Its elements and those of the 

vector b can be found by solving equations (A.5) and (A.6) a number 

of times for different special sets of initial and boundary conditions. 
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Fig. 1: Schematic diagram of Cowper Stove. During the heating period 

combustion is maintained in the combustion chamber and hot 

exhaust gases flow through the chequerwork. In the cooling 

period the direction of the flow is reversed. 
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DEVELOPMENT AND APPLICATION OF COMPUTER 
CONTROL TO A 5-ZONE SLAB REHEATING FURNACE 

Bailey _A.J. BISRA 
Hollinwor1;h G. C. BISRA 

Jeremiah J. Richard Thomas &: Bald wins 
Binding K. Richard Thomas &: Bald wins 

Introduction 

In steelworks which have extensively automated or computer 

controlled hot rolling mills, close control of reheating furnaces is 

nec~sary in order to supply correctly heated material to the mill. 

There is, therefore, a strong incentive to apply computer control to 

these furnaces in order to exert close control over the heating of 

slabs within the furnace and to achieve closer tolerance of the mill 

e~try slab temperature than is possible under manual qontrol, thereby 

reducing fu.rnace fuel consumption and increasing the quality of the 

strip. 

Different solutions to the optimal temperature control 

problem have been presented, some using control laws derived by the 

application of Pontryagin 1 s maximum principle and others using control 

laws derived from computer simulations. 1 ' 2 ' 3 • The success of 

these and other methods depends solely on how well it is possible to 

represent the working of a fu.rnace and the way in which the fu.rnace 

responds to control actions. For this reason an investigation of 

the performance of a 5-zone reheat furnace was made by BISRA and 

Richard Thomas and Baldwins 4 with a combined objective of designing 

both a ne,w type of fu.rnace, and a computer control system for 

operating existing furnaces. 

Control studies were undertaken to determine the type of 

temperature disturbances arising in normal operation, their magni tu.de, 

the type of control system that was required, and the way in which 

control should be implemented. The result of these studies was the 

construction of a linear difference equation model of the fu.rnace 

incorporating the main disturbances, and the successful application 

of this model on line. More recently work has started on the 
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constru.ction of a model which is a closer representation of the 

physical furnace and which potentially offers greater flexibility 

of control. The difference - equation model and the results of 

i t s application to furnace control are described in this paper . 

The alternative model which is being developed and the way in 

which it can be used for control purpos es is discussed. 

The Furnace and Planning of the Project. 

The 5-zone reheating f'u.rnace is shown i n cross section 

in Figure 1. The main ' heating and control zones are termed pre-

heat and tonnage zones. The soak zone is used primarily to 

remove temperature non-uniformities which are caused by water

cooled skids supporting the slabs in the preheat and tonnage 

zones. The furnace has instru.mentation and ana logu.e equipment 

to enable fuel and combustion air flows, steam/oil ratioing, 

f urnace pressure, and zone temperatures to be controlled. In 

addition the control system .requ.ire~ the installation of radiation 

pyrometers at the exit of the ~in heating zones to measure slab 

surface temperatures. The control variables used are the zone 

temperature s.et points in each of the main heating zones. 

The complete project had a broad ob~ective to improve 

furnace design and control, and was planned in a number of stages. 

First, a data logging exercise was mounted to provide information 

for the formulation of a mathema~ical model to represent the 

heating of a slab in the furnace, and to obtain data about the 

performance of a production furnace. For control model investi-

gation and the evaluation of control algorithms a comprehensive 

data logging program and control programs were written for on-line 

use i n the GE 412 hot strip mill computer. The final stage whi ch 

has not yet been reached is to develop the cont rol system to the 

point where all the reheat furna ces in the mill can be automatically 

controlled under all conditions of operation. 

The Initial Stages 

The first stage of the project was dat a logging of the 

fu rnace performance during normal production. The data logging 

inv olved the recordin- of approximately 140 sensors each minute to 
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give information about roof and hearth temperature profiles, fuel 

and combustion air flows, waste gas temperature, skid cooling 

losses and slab temperature at the exit of the preheat, tonnage 

and soak zones. In addition thermocouples were placed in certain 

slabs to measure slab internal temperature during their passage 

through the furnace. 

The collection of these data enabled the relation between 

zone temperature and zone roof and hearth profiles to be established 

so that a simulation model 5 could be built. This simulation model 

allowed computations of slab temperature to be made at different zone 

temperatures and throughputs. In this way it was possible to examine 

the .. magnitude of slab temperature variations which resulted from 

changes from one steady state level of throughput to another, and from 

one steady state zone tempe~atuxe to another. 

Preliminary Data Analysis and Construction of the First Control Model. 

To be able to control a distri bu.ted parameter .process in 

which long time constants occur, it is necessary to use a predictive 

form of control. This requires the construction of a model of the 

process so that the temperature variations caused by frequent changes 

in slab sizes and throu.ghputs can be predicted in advance and the 

requisite con.trol actions taken in time to correct them. To con-

stru.ct such a model the type of response and dynamic effects known to 

exist in the fu.rnace were expressed in a sui table mathematical form. 

These effects were then combined to yield a statistical model, re

lating output slab temperatu.re to the inputs of zone temperatUre set 

point and furnace throughput. 

If a · change in zone temperature set point U is made at 

time t the response of the zone temperature U to the new level 

approximates to a lag followed by an exponential rise or fall to 

the new level. If the lag is represented by a finite number of 

sample intervals p and an amount less than a sample interval then i t 

i s possible to represent this form of response by a simple difference 

equa tion of the form: 

( l + a 1 V ) Ut + P ( l ) 
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If the response of slab temperature X "tO a. change in zone 

temperature U is repr esented in a similar way a differ ence e~uation 

of simi lar form resul"ts : 

( 2 ) 

To represent the response of s lab tempera~Jre t o a change in 

zone setpoint the two equ:ations 1 and 2 are combined . This is done 

by putting t equal to t + p in equat ion 2 and substituting :.'or U 
t + p 

f rom equation 1 . This gives an equation of t he form : 

( 1 + S 1 V + ~ 2 'iJ 
2

) xt + r Gl ( 1 + 1J 1 V + 2 'J 2 
) u . ( 3 ) 

A change of throughput in the furnace wil- also result in a 

variation in slab temperature. To account for this, ~he mass flow of 

s teel through the hottest section of the zone is calculated, and i s 

distu.rbance effect i n corporated in the equation by an addi tional 

diffe rence term . The final model, therefore, takes t he fo rm: 

(l + ~l V + s 2 \1 2
) xt + r = k + Gl (J + ~1 \] + ~ 2 V 2

) - t 

2 
+ G2 (1 + s 1 'V + s 2 'V ) Mt (4 ) 

It is necessary to point out that this form of model is linear 

and at best an approximation to the real plant. In order to provide 

some fo rm of adjustment t o allow the model to cater for unmodelled 

effects an adjustment mode l was used of the form: 

€ + y 
t + r 1 € (5 ) 

i = 0 

The relationship between the actu.al slab temperature Tt + r 

and the model prediction xt + r and zt + r is 

(6) 

In practice the aim of the control is to obtain a fixed 

output temperatu r e TD from the zone so that equation (6) becomes 

TD - z t + r (7 ) 
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Since, as indicated earlier, a p~ediction of future outpu t 

t emperature is necessary to enable effective cont r ol action to be 

t aken, i t is necessary t o use the latter equati on (7 ) in predictive 

form. This may be achieved simply by equa ting the values of 

€t € t • •• Et not yet measured to 
10 

If this 1' + 2 
ze r o 

+ + r 
is done a si~ple control algorithm results. The deri vat ion of 

t his is giYen in the appendix. 

To determine whether a model of t he type cons tru.cted is 

adequate i t is necessary to try fitting it to data obtained f rom 

t he f'u mace . This preliminary fitting was carried out by using a 

standard regression analysis program and examining the r esidual s of 

t he ·model fit. The results of this preliminary f itting Here s a tis -

fa ct ory. The model and control equation were t hen implemented on 

the Number 2 f urnace using the GE 412 process comput er a lready 

i nstal l ed on the Spencer Works hot strip mill . 

Anplicat ion of the Control Computer 

The hot st:r_:ip mill computer has an 8K, 20 bi t word core 

store, a 56K dru.m and a cycle time of 20 ./" secs . I t i s pr i marily 

conce rned wi th material tracking through the mill and vTi th contr ol 

of hot s trip width , thickness and temperature. 

'I'he i nformation demanded for the cont rol s ys t em on t he 

ve l ocity and on t he distribution of thicknes s of s l a bs a l on g the 

furnace length required t he tracking of each s lab t hrou gh t he furnace 

f r om the momen t it was charged. 

The rolling schedule is fed into the compu.t er on _paper t ape 

and i ncludes s lab identity and sizes (which can vary between 12 to 

25 ems i n thickness and betwee~ 76 t o 1 52 ems i n widt h ) and other 

data pe r tin en t t o each order. · Just prior to a par ti cular slab being 

charged i n to t he fu.rnace, the compu.ter displays t he slab ident ity 

i n the charging pu.lpi t , and t he ope r ator informs t he compu ce r , v ia hi s 

manual entry station, to whi ch furnace t h e sla b is being assigned . 

All the i nfor mation relating t o each slab is stored on dru.m in a 

furna ce t racking table . In chis way the sequen ce of s labs in the 

furnace and thei r time of ent ry into t he furna ce is reco r ded . 
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Slabs are sensed drop~ing out of the furnace cy a mer cur y 

inerti~ switch.On receip t of a signal from this swi ~ ch the displaceme t 

of steel through the ~.mace and mean thickness in zones is comput ed • 

. Many furnace variables are logged and. may be outpu t on a typer 

or punch every 4 minutes if the appropriate computer output routine i 

selected. For the logging program fuel and air fl~~s, zone, slab, 

and air temperature are scanned every 2 minutes, and alarms are printed 

if :values go out of limits. Cu.rrent values of velocity, thiclmess in 

zones, identity and thickness of slabs under the pyrometers, and terms 

compu.ted in ~he control equations are scan..>1ed every 4 minutes. 

Control calculations in which new zone setpoints are compu t ed, 

converted to analogue signals and transmitted to the appropriate 

controllers take place at 4 minute intervals. 

In all, 2K words of storage are useC. for fu.rnace logging 

and control calculations. 

?reheat Zone Control. 

The validity of the model parameters estimated was initially 

tested by comparing the setpoints compu.ted with those conventionally 

applied by the operator. This test showed that the model coefficients 

were not correct. The preheat zone was then logged contirru.ously and 

the mode ~ refitted. The coefficients were checked and the control 

again compared with manual practi·ce. The setpoints calculated we~e 

now in fair agreement with those used by the operator. Some adjustment 

was made to the constant k in the control equation prior to implementing 

the con t rol system on line. Improved slab temperature control was then 

a chieved under closed loop control at furnace throughput rates up to 

approximately 80% of the rated design capacity . At higher throughputs 

( in excess of 190 t ons ~er hour ) full fuel flow limit was reached in the 

preheat zone and adequate temperature control could not be maintained. 

Feedback control via the adju~tment model has not proved 

suitable fo r on line u se in the preheat zone unde r fuel limit conditions . 

This is because the feedback is intencied only as a small corre ct i on to 

the se~ points calcu_ated. using the ~iffersnce e ~uat ~ on model and it is 
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esseniial that thes e setpoints ar e implemented . Al so da ring mi _l 

de l ays a lower l imi t of l230°C i s pla ced on pr eheat zone t emperatt1.:r·e . 

the computed set point s cannot be app l ied, and slabs heat u.p beyond 

their des ired val ue. Therefore, f eedback i s i napp r opr i ate and pre-

di ct ive open l oop cont ro l only has been used . 

The Tonnage Zone Model. 

The t onnage zone model was developed along lines Slmilar 

t o t hos e used for prehea t con trol. In this model, however, i t wa s 

necessary t o make provi s ion for f eedf orward t emperature devi ations 

f r om the preheat slab exi t temperatu r e demanded. This type of 

correction is necessary even when the preheat zone is being control led 

since t he s low r espons e of this zone t o control actions means in 

pr a ctice that deviations from this temperature will i nevi tab l y occu r . 

When due t o the condit i ons descr ibed in the preceding paragraph, 

te mper ature contro l of the preheat zone cannot be maint a ined , the 

fee dforward correct ion i s essential. 

The model used in t his zone is, t her efore , of t he f or m: 

( l + s 1 V s 2 v 2) xt + k ( l + 71 V ry 2 v 2 , 
ut + +gl + ) s 

+g2 ( l + ~ 1 v + ~ 2 v 2 ) Mt 

( l +S1v + ~ 2 v 2 
M (T- TD )t +g3 

where T is t he t empera ture of t he slabs leaving t he prehea t zone . 

The temperature T is measured by pyrometer or, i n t he absence 

of this measu rement, predicted from past heating history, and tra cked 

with t he slabs a s they proceed a long the furnace. The tracked 

tempe r a tures a r e then u.sed to compute the correction value when the 

s labs reach t he control point i n this zone . The form of adjustment 

model us ed in the preheat zone was proposed so that the form of cont rol 

equation was v ery simi lar t o that used in the preheat zone . 

The estimation of the parameters of the t onnage zone mode l 

p roved to be more difficul t t han f or t he pr~heat model . Exist i ng 

manua l p r ac tice is t o se full firing rates i n the pr eheat zone du r ing 

(8 
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normal running and t o heat slabs to rolling temperatQre during de l ays . 

Under these conditions the tonnage zone acts rather like a soak zone 

and small correlation _exists between output slab temperatQre and the 

control parameters. In order to identify the model a period of 

l ogging was se lected in which continuous operation was maintained 

and in which slab entry temperature was controlled: This enabled an 

initial identification of the parameters of the model to be made. 

There were doubts about the accuracy of the parameters since the 

estimated gains gi in the model were lower than simulation evidence 

suggested. The control program for the tonnage zone was written and 

the setpoints compared wi~h those normally applied. This confirmed 

that the parameters of the model were not correct. The parameters 

of the model were then re-estimated. and checked. Final adjustments 

were made to t he c~ntrol coefficients prior to implementation on line 

and improved slab temperature control then resulted. 

During the couxse of the campaign fuxther attempts were 

made to improve the estimation of the paramete~s of the tonnage zone 

model using a constrained hill climber 7 The ~; , 1]; and g1 
parameters varied little but some variation occu.rred in the other 

parameters . Investigation of these parameters showed that no benefit 

in control -.rould r esult. 

Estimati on of the Pa rameters of the Mode ls . 

In or der to es timate the parameters of the difference equation 

models it wa s necessa ry to make use of normal operating records, since 

it is undesirable to perform special experiments on a production furnace. 

A number of different methods were investigated in order to 

obtain estimates of the parameters. Several methods are available for 

f itting t his type of model. B,9,ll. The application of such techniques 

i n practice has not been very satisfactory. Our general experience has 

s hown that care must be taken to ensure that good initial estimates of 

t he parameters are available and that these are constrained so that 

s table and physi cally sensible models can be estimated . In addition 

t he data has had to be checked in order to ensure that correlation 

between t he input and output variables exist. If these precautions 
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are not taken then it is impossible to guarantee successful estimation 

of the parameteps. Where poor initial parameters have been used it 

has been found that Qither the rate of convergence has been very slow 

or with some methods, for example with Astr8m & Bohlins method, it i s 

possible for the method to diverge. 

The procedure adopted to estimate the models was as follows : -

First, a standard mul~iple correlation method was used in order to 

identify the delay required on the parameters. When this delay was 

determined the parameters were then estimated by a standard least 

squares program. To determine the adequacy of the model the error 

sequence was investigated by making a time plot of the residuals to 
12 

det~ct if any trends were present This is usually more in-

formative than the autocorrelation function, although this was also 

used in the initial stages to determine if the model was adequate 6 ,lO 

Finally, a constrained hill climbing apprvach has been applied to 

improve the estimates of the parameters 6 • 

The models calculated have been checked to ensure that they 

were physically sensible and that the gain factors g. were comparable 
• 1 

to those expected from simulation evidence. If these tests were 

satisfactory the models were tested on line and the final adjustment 

and tuning of the parameters made on the furnace. 

The Results of the Control Trials. 

Experience of using the statistical type of control model is 

currently limited, but it is possible to see a distinct improvement in 

the control of slab temperature which has resulted from the implementation 

of the control system. This is illustrated in the histogram in 

Figure 2 which shows the contrast between manual and automatic control in 

various stages of its implementation. The last histogram represents a 

13 hour control period in which the preheat pyrometer was used to measure 

slab surface temperature for feedforward correction. The control system 

maintained a mean temperatu.re of 1287°C with a standard deviation f rom 

the tonnage zone of 13°C. 

As discu.ssed above, the preheat zone is unable to respond to 

rapid control actions, so it is only possible to exert coarse con t rol 

over slab ~;emperatu.re in this zone . Some con t rol is essential to allow 

the tonnag9 ~one control t o ~unc~;ion in a corre ct manner, viz . to 
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c~mpensa~e for small ueviati ons in slab entry temperature to thi 

zone. A-r. high throughput (in excess of 190 tons/hr :) , a design 

constraint o: t ne furnace is encountered in which full _fuel limits 

a=e reached in the preheat zone . This means in practice that no 

control of temperature can be achieved from this zone at high 

throughput and the tonnage zone is required to correct for large 

deviations in slab temperature. 

The tonnage zone control is ·fa~ more responsive than the 

preh~at zone so that rapid control actions are p~ssible. The 

application of computer control has improved slab temperature control 

from this zone and at throughputs less than 190 tons/hr. good r esults 

have been achieved using the preheat zone pyrometer to measure slab 

temperature for feedforward correction . When the preheat zone is 

operating at its maximum output and slabs cannot be controlled there 

is heavy dependence on this measurement, and further practical 

diffi culties have been encountered. Due to the reverse flow design 

of the fu~ace, when the tonnage zone uses high fQel input there is 

flame interference on the preheat pyrometer measurement of slab 

temperature. This problem has resulted in fQ:rther work being 

ini"iated along two paths. One to deve lop a successful temperature 

pr edictor to replace this measurement at high throughput, and the 

second to improve the siting and reliability of the pyrometer. 

The predictor in use at the present time has been derived 

f =om numerical solution of the Foprier Equation for heat conduction 

U3ing finit e differences. The results of off-line simulations using 

t his method have been adapted for plant use by computing the mean 

slab temperature from curves which relate this quantity to thickness 

of slab, time spent in the preheat zone, and the average zone tempe-

ratu re .• The results of this technique are proving satisfactory and 

it is now felt that the pyrometer readings will be used mainly for 

off-line analysis. 

All tests of the control models have been made without the 

addition of feedback contro~. Nevertbeless it is expected that fe ed-

baci: v.-oul<i make some improvement to the control of the tonnage zone . 

Since for r easons s"a"eQ earlier the ~reheat zone cannot always be' 

ade _u.ate l;v cont r o_l e C. feedbc. k is i.!:J.a p_ r opriate an:! >iill not be ·Jsed. 

on this Z'J!1S . 
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Further Modelling Work. 

In order to obtain a closer representation of the physical 

furnace under the wide range of operating conditions which occu.r in 

practice and to represent tne operation of the preheat zone when se t 

points are not obeyed, fUrther modelling work has been carried out. 

This has resulted in a model whi ch uses recorded zone temperature, 

t .i me spent in different portions vf ·the heating zone, and slab thick-

ness. 

Each main heating zone is divided into 4 equal sections 

(Fi g.3) . For each section, information about zone temperature U and 

time spent in each section t. for each slab is recorded. At the 
l. 

exit of each section, the temperature rise Ti of the slab is computed 

by an equation of the forma 

T. 
l. 

(~u - TIN) (1 - e- Pi ti) 

whe r e TIN is the entry temperature to the se tion an~ 

constants appropriate to the section. 

(9) 

11( . and are 
• l. 

This equation ensures that slab temperature can rise only to 

~fraction of the zone temperature appropriate _to that particular section. 

It also ensures that a complete record of heating history is maintained 

f or each slab in the furna ce even when fuel limits are reached and set

poi nt s cannot be obeyed. 

When a slab leaves the heating zone its surface tempera ture 

may be computed by adding its entry temperature to the temperatu r e rises 

(T1 , T2 T4) it experiences in each section, so that 

(10) 

' Tnis t empera ture, in the case of the preheat zone, may be f ed 

fo rward t o the t onnage zone or a measured value used in its place. 

Us ing a hil l climbing technique 13 to minimise the sum of 

s q ares f t he errors between the calcu.lated t emperature ( Tout) calc 

.a r,d. t h'i:l measured temperatu re Tout t he parameters of this mode l have been 

·[' it<3ri . Th application of this method using di f ferent ·sets of furnace 
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data has given val id consistent estimates of the parameters. 

Use of the Alternative Model for Control. 

This model may also be used for control purposes. The passage 

of slabs t hrough the earlier s ections 1 a nd 2. is recorde i and t heir tem

peratu.r e rises T1 and T2 computed . The set point U_ is ca.lcu lated so 

that the slabs wi ll r ea ch the demanded exit temperature TDEM af te r their 

passage throu gh sections 3 and 4 . 

At the time of control the slabs in section 3 will have 

reached a temperature T given by 

T (11) 

The temperature rises T
3 

and T
4 

through sections 3 and 4 

will depend on the residence times t
3 

and t
4 

and the zone temperature U. 

It i s necessary to predict the -temperature rises using equation (9 ) s o 

that 

and 
- B t 

a< U - T - T ) (1 _ e 14 4) 
4 3 

(12) 

(13 ) 

The t empe r ature rise required is TDEM - T so that 

(14) 

If T
3 

and T
4 

from equa~ions (12) and (13) are now placed in 

equat ion (14) the con t r ol setpoint may be obtained. This gives: 

(15 ) 

To use this equat ion the residence times t
3 

and t
4 

need to be 

pr edicted. For gr eatest accu.racy in prediction it is best to know what 

the f'u tu.r e pushing interval will be, and then to use this with the 

knowledge of the dimensions of t he s l abs to be di scharged from t he furna ce 

to estimate t
3 

and ~L . If the futu r e pushing interval i s no t known , 

then t he best that can be done is to predict t his from the mos~ recently 

observed push intervals . 
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Conclusions and Future Work. 

The work de scribed in this paper has demonstrated that 

it is possible to control slab temperature. The application of 

the difference e~uation models has brou ght improved temperature 

contro l and has justified the use of this techni~ue for modelling 

and control. 

The result of applying control to the No.2 furnace at 

Spencer Works has clearly revealed some limitations in fu.rnace design 

s ince the preheat zone fuel flows are inade~uate for the control of 

slab temperature at high throughput . This is a problem which is 

likely to occur on similar 5-zone furnaces which are operated close to 

thefr design limits. Further experimental evidence is re~uired to 

assess whether it is possible to lower the desired output tempera tu re 

f r om the preheat zone. This has not yet been done at Spencer Works 

s ince the automatic control system has been designed to follow close ly 

the present manu al practi ce of furnace opera-tion. It has certainl·r been 

demonstrated that temperatu.re control can be achieved with +.he furnace 

operating within the constraints imposed by the preheat zone fuel limits. 

The identification of the parameters of the difference -

e~uation models have been found to present practical problems. This 

may be explained by the fact that the method is seeking a linear 

approximation to the plant and that,not unnaturally, non-linearities 

cause difficulty l4 Certainly, great care has to be taken to get good 

initial estimates of the parameters, to submit the models to carefu l 

off-line analysis and to have a clear understanding of the dynamics of 

t he process. Only in this way has it been possible to obtain sat i sfactory 

models. 

The problems of estimation, the wide range of operating 

conditions met in practice and the problems posed by the fuel limits in 

the preheat zone have made the alternative odel an attractive propo-

'3ition . In concept it offers a more flexible type of contro l and ea .ly 

wor k in identifying the model paramete rs has been very encouraging. 

At +.he t i me of writing, this model is being evaluated to determine what 

extra be~efits · n control can be expe cted and how sensitive t he model i s 

likely to e to varia tion in i ts parameters. I~ these tests are 

sati-:3f actory, i · i.s likely that futu.re examples of furnace control wil l 

h~~ bas ed u:po:o t.:t.i model. 
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The results of the experimental work carried out on thi 

furnace have shown that improved controllability will rsquire im

provement in ~esign, '¥ld design s tudies for new types of furnace are 

now being carried out in BISRA l 5 If our conclusions to date are 

generally valid existing furnaces could benefit by increased firing 

capacity in the preheat zone to allow control of sla temperature 

under the highest throughput condi t ions. 

Other factors also affect temperature control. In particular 

it is necessary carefully to control slab scheduling so that a smooth 

transition in slab thicknesses occurs , since otherwise it is impossiole 

to heat adjacent slabs of differing thickness correctly without re-

s tricting throughput. The control of mi ll pacing so that the furnace 

is pushed at regular intervals will reduce throughput disturbance an d. reduce 

the temperature variations t his would otherwise occur. 

Finally, future work by RTB will be directed towards the 

development of the existing finish~n mill temperature model, the 

deve lopment of a roughing mil l temperatu.re model, and the linking of these 

to the furnace centrol model. By these means RTB expect to develop an 

optimal control system for complete temperature ontrol of material from 

furnace entry to coile r . 

A. J .D. Ba iley . 

AJD ( eo. 

17 /7 /'3 . 
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Appendix l . 

Measured temperature of the zone 
(sidewall thermocouple ) . 

Set point of the heating zone . 

Slab surface temperat"t,;.re pr~dicted by 
the model at the exit of the heating zone. 

Measured slab 3urface temperature a t the 
exit of the heating zone . 

error 

Er!:'or between the measured temperature 
and the model temperature . 

Demanded slab temperatu re at 1;he exit 
of the heating zone . 

Mass ~low of steel through the hottest 
section of t he heating zone . 

3ac~Na!:'d difference operator . 

Gain constants . 

Constants 

Level constant 

Other Notation is described in the text . 

Appendix 2 . 

DeriYation of t he Contro l Algorithm 

?he diffe rence equati on model is 

(1 + 5-v .~ ~ V ~ xt +r 
, _ 

+ Gl ( l +1 l v .!-'?2 v 2 ) u .. + 
" 

(· - ~ l 'V )> V ? w. ... - + ::> 2 - (16) 
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The adju.s tmen t model is -
zt+r = €t+r +. '(1 2.. E 

i i-0 t+r- (17) 

The connection between the two models is found by measuring 

the output tempera~re Tt+r so that 

(18) 

The purpose of the control is to obtain a constant temperature 

T~ from t hs zone. 

(19) 

Since the control action taken at time t has to CB.llcel out a 

predicted error it is necessary to predict the error in the adjustment 

. model. This is done simpl y by equating the values of et + 1' 

€ t + 2 •••• Et + r not yet measured to zero. The estimated error is 

c;hen given by 

'( 
1 €t-i (20) 

Ther ef ore from (19) using (20) 

€t . -l. 
(21) 

Su bs t itu.ting (21) in (17) 

' (22) 

Solving equa t ion (22) for Ut, the the required set point, control algorithm 

resulting is 

= 1;-{ 

Gj ( I+'J, +') .. ) 

t~ "'I, VE.-
G-,(•+'11•1).) ' 
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LOSED-LOOP T IM.E OPTUviAL CONTROL OF A 
SU SPENDED LOAD 

A DESIGN STUDY 

by 

J.W. Beeston, B.Sc. (Ehg .) , 
Department of Electrical Engineering, 

Queen Mary College, 
Mile End Jbad, 

London, E41 
England. 

Introduction. 

The time optimal control of a suspended load has particular 

practical importance in the unloading from ships, by bridge 

crane , of bulk cargo such as iron ore. The minimum time control 

strategy is a good approximation to the actual economic 

requirements and gives accurate positioning of the load, 

avoiding damage. An open-loop non minimum time scheme was 

outlined by Alsop, Forster and Holmes1 in 1965. This was 

followed up by Dodds2 and a minimum time calculation by 

'.nselsimo and Liebling3 in 1967. All these schemes were open 

loop , giving a fixed control pattern for some assumed initial 

conditions. If the initial ~onditions vary these schemes 

produce load swings and trolley position errors at the end of 

the motion which can be unacceptable. "rt is the purpose of t hi s 

work to calculate the time optimal control, describe two mean s 

o . imp~cmenting this as a demonstration of multiple nonlinear 

regress i on analysis and to compare them with conventional lin -· ar 

feed.bac!<- . It should be stressed t hat although the techniques 

c· e -=lo uS here: are for a particular application, t hey coul d 

r''"~-:i:!.1 :_ be d velopeC: for other control roblems. 
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2) Equations. 

A simplified diagram of a bridge crane is shown in 

figure 1. 

x, Horizontal position of centre of gravity. 

~ Horizontal velocity of centre of gravity. 

x~ Position of load relative to trolley. 

x+ Velocity of load relative to trolley. 

M Effective mass of trolley, including referred inertias. 

of motor and gearing. 

m Mass of load. 

f (~ 1.:~~) Feedback of trolley velocity, which may be 

nonlinear. 

u · Force applied to trolley by motor drive. u. mtn. ~ u.. ~ u.max 

1 Pendulum length. l Hoist acceleration. 

The equations of motion are, assuming small angles of load 

swing: 

:x:. = Xz 

X~ = (u. - + ( Xz -("::M)~))/( M +m) (1) 

x3 = .x:+ 

±+ = - ( 9 + 1){ ~ + ~ ) x3h 

The pendulum length i~ a function of time, depending on 

a pre-programmed hoist motion. The nonlinear velocity 

feedback could repres~nt a velocity limit for the traverse 

motor. The control problem is to transfer the system 

represented by the above equations from any initial conditions 

in the range of interest to the origin in minimum time. 
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3) Maxmimum Principle. 

Pontriagins Maxamum Principle4 may be used to calculate 

the open loop control for specified intial conditions. 

Following Pontriagin, we form the Hamiltonian: 

4-

H = ;f_ p~ x.: - I 
t=l 

= p, x 4 + p~ ( LC. - .f ( x2.- (~~))/(M-+--....) 
(2) 

+ p3 x4 - p
4 

( ( s -t- i)( ~ +-A-) x 3 /1 + ( LC.- -ff~ -C:-)4))/M) -I 

The response of the adjoint vector is given by: 

The control input 

if ( fi -
(M+m) *) 

oH 
dxl 

u. is chosen to 

> 0 tAut 

< 0 tl.ot . 

maximise H: 

u. = umax: 

u = umi71. 

(3) 

( 4) 

Therefore the minimum time control is 'bang-bang'. The 

number of switches of the control input cannot initially be 

assusmed for this nonlinear oscillatory system. We may 

owever, 2aring in mind the results for linear systems, 

consider it probable that three switches will be required. 

The vector of unknown initial conditions: 

(5} 

ha s now to be chosen so that integrating the equations from 

the known initial state { x,(o) , xt ( o), x 3 ( o), ~(o)} and stopping 

at the time T satisfies the required final state :x: ( T) = O. 
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4) NUMERICAL SOLUTION OF THE BOUNDARY VALUE PROBLEM 

S' 
The Newtdn-Raphson method may be used to correct an 

initial estimate of £ 1 giving changes in £ of: 
_, 

f.£. : - k [ ~~:(TJ ;!!;(T) (6) 

A digital computer program of this method gave good 

convergence for an initial guess of £ which produced three 

switches of u. In this problem and many others, however, the 

solution may already be known for a similar system. For 

example the problem may have been initially tackled for 

linearised dynamics, or a previous scheme may have been 

designed having different numerical parameters in the equations. 

' A modified sensitivity technique has been developed to solve 

the two point boundary value problem for systems of similar 

s tructure. .Let the change from the initial system to the 

r equired system be represented by a scalar s such that s s 0 

gives the initial system and s s 1 the required system. The 

t echnique calculated the changes in £ with s, the specified 

boundary conditions ~(o) and ~(11 remaining satisfied. It is 

st raightforward to show that the required changes in £ are given 

by : 

(7) 

Since these changes were based on first derivatives, the 

new value of £ was i n error resulting in errors in ~(1} from 
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the required value , of zero • . These errors were reduced using a · 

Newton-Raphson method, a~ equation 6, but with unity 

acceleration factor k. Thus the size of the step As in s was 

limited to keep the errors in ~{11 within the range from which 

the Newton-Raphson method with unity acceleration· would 

converge. A numerical ex~ple of the application of the method 

is given in figure 2. This was for ootaining the solution 

for lowering of .the load, starting from the given solution for 

a constant pendulum length. The graphs of load position and 

control input against time show that the response had no 

overshoot and that there were three switches of the control 

input~ This was typical ·of the minimum time responses over the 

range of initial conditions. The same results could be 

obtained, without using the adjoint system of equation 3, by 

changing the three switching times and the final time directly. 

In this case the vector £ is given b y : 

£ = t t. > t 2- .. t ~ , T } {8) 

The sensitivity method was also used for the introduction of a 

motor velocity limit, different masse s of trolley and load and 

different limits of u. 

5) Regression Analysis 
78 

The nonlinear multivariable regression analysis program ' 

described here is used in the next section to produce two 

possible contro l scheme s based on data from the minimum time 

~rajectories obtained using the Maximum Principle. Consider 

the problem o f representing a dependent variable y as a linear 
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function of p independent variables z , :z.z • • • • Zp. A stepwise: 

linear regression of the variables z, . . .. z,. on y proceeds a s 

follows: 

1) Form the equation y = a 0 + a,zi where a 0 and a, are 

chosen in the least squares sense and ziis the most significant 

single variable in explaining the variations of y. 

2) Find another variable ~ which, of the remaini ng independent 

variables, most explains the residual variation of y. 

Calculate a new set of coefficients: 

Further steps continue in a similar manner, adding more 

independent variables to the expression for y. The stepwi se 

procedure is terminated when either the number of independent 

variables in the expression has reached a specified limi t , or 

when there are no further variables of suf ficient signifi cance 

remaining. It is possible that a variable previously enter ed 

into the ~xpression is made less significant by the addition of 

further variables. A test is therefore included to remove a 

variable which falls below a given significance level. A flow 

diagram of this stepwise regression procedure is given in 

figure 3. 

Consider now the problem of determining a nonlinear 

r elationship between n independent variables x, ... x~ and y . 

efine another set of variables z, .•• Zp such that z i = f.,: (x, .• x,_ ) • 

l'hat is, we replace the original set of variables x , ... x11 by a 

set z, ••. zp, each of the z variables being a separate function 

~ one or more of the x variables, e.g: 

z, = x,x.t. 2 -s 
z2 = x, x3' etc. 



91 

Each of the z variables is defined as a TERM, each term 

contains one or more FACTORS, the number of factors being the 

I NTERACTION ORDER of that term. In the program each factor 

may be one of four FUNCTION TYPES: 
k 

1) positive powers Xj 

-k 
2) negative powers x· ,j 

l(k 

3 ) inverse powers x· ,J 

4) inverse negative powers 

Where k is a positive integer, the ORDER of the factor, 

and j is t he VARIABLE NUMBER of the factor. Each factor is 

defined by the three numbers VARIABLE NUMBER, FUNCTION TYPE 

and ORDER. A term is defined by its INTERACTION ORDER 

together with the definition of each of its factors. A step-

wise linear regression of z, ... z, on y will produce a nonlinear 

relationship y = f (x, .• ~ • The number of z variables increases 

very rapidly with the interaction order and order of the 

factors. A learning mechanism is therefore included in the 

program so that only a small number o~the total z variables is taker 

for one trial of the stepwis~ regression and, based on the z 

variables chosen at that trial, the selection of them is modified 

for succeeding trials. The selection of terms is by a selection 

tree, figure 4. Initially there is an equal probability of going 

from a node of the tree down any of the adjacent branches, and 

thus the initial selection of, say, twenty z variables is at 

random. After the stepwise regression the probability of going 

down branches corresponding to variables in the equation is 

increased and for variables not in the equation it is decreased. 

In this way the program gains information on the sort of terms 

which best explain y, and convergence to a good fit may be 
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.expected after sampling a relatively small number of the z 

variables {typically under lOO from about 10000). The basic 

program flow chart is shown in fig. 5 

6) Application of regression analysis 

The range of initial conditions in this problem is too 

wise to use techniques based on updating the control using 

fi r s·t deriv .ves of t he errors. 

Two possible means of designing a control scheme based on 

the minimum tL~ trajectorie s produced in section 4 are: 

1) A nonlinear feedback controller 

u (9) 

where the function f is determined by 

r e gr ession analysis on the data from the 

minimum time trajectories . 

2) A coptroller defined by the three switching 

times of the control input t 1 , tl. " t 3 where 

the relationships 

analysis teclmique. Since in this case t he 

control is determined by the initial state 

only, it is essent;ial l y an open loop scheme . 

The relative advantages of t e t wo schemes depend partly 

or. t he di s turbances e xpecte d during th8 dynamic r e sponse and 

part y on the f ac t t hat t he regr e ssion equat ion f or t he closed 

loop s ,n - L, e \'lOu.ld be more compl e x a .d require mo r e data f or its 

desig1. In either case i t i s unlike l y that t he regr essio 

e~uatio~ co~ld be simulated by analogue te l i ques , s o that a 

:· -ta.l. l o,_ · 1. .e d :l. ·; i tal comput r would be e s sential . 
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The latter method, applied to "the system of figure 2, with a 

maximum order of 5 and interaction order of 2, produced the 

following equations! 

t .:. 
I 

t =. 
l 

z. 1,<. 0. 02..38X,lo) 

, 
"'" o .t 32.. Xc.,Lo) / x.~to) 

+ S" .35 { o .001 >t:,Lo) X·io\)S - b09 X31{ O.l x,(a))S" 

'\'3.2 (o.t X 1 lol)'+-/x,lo) - i2.'f x;lo)/(o.tx.
1
to\\l+ 

4 \'1.\ X~ to)/ x~lo\ • 

"3.~~ o.o2.i'3~.Lo\ *L,.4 t O·b'OI X,l..o)X.slo))~ 4 tl..'\ xito) l:x;lo\ 
- O.t)..'x./4(0.t)(.-.Lo)l'G -+ \.4-\ :JC.~C.o)/(o.l>~,(u))C+- ~ \b3x;lo)({o.IX,lu))~ 

t
3

: L;. .l.8 0 d> ~ \1. x, Lo) -4- {) ,4-6 x~Lo) J x,Lo) 

-+ (.'i x.._.C.o\( D .aa\ x, lo))'l. 

{H) 

Each equation was produced in less th~n five trials, in which 

about 40 of a possible total of 1800 terms were sampled. The 

typical residual standard error of y was 0.05. When used in a 

digital computer simulation this controller produced responses 

almost indistingui s hable from the ninirnum time responses for 

initial condi t ions wi thin t he d·~sign range . The addi ticn of a 

sral l lin ar feedback ·egion near the origin of the s tat e spac 

woul d ?roC.•.1ce a usable se er c.::. ,..c.mparison of the mi .in:um 

t i ~ contra with eo. ve!Yl.:l.Otv:1l ~. J.. n1·ar feedba k · s use ful t:o 

he possi:tl0 p3r.fo .. , ·· .<"e :ivan "'ge:-. The (~ornF- l:i .so:~ 

is eo nplico.t ::1 , 1ow "Ver i b t.l:e .:;.:;0ir,;e o f the re. icn nea t . P-
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to have terminated. The size of this region would depend on 

accuracy considerations. Fi gure 6 shows comparison of 

minimum time and linear feedback analogue simulation 

performance averaged over the range of initial conditions 

for different values of this final error region. 

7) Conclusions 

This paper has outlined the design of a control scheme 

using multiple nonlinear regression analysis with a learning 

mechanism. For the minimum time control of a suspended load 

the technique of obtaining the switching times as a function 

of the initial state gave good performance. In other problems, 

however, particularly where the optimal control is not 'bang

bang, the first method of obtaining nonlinear feedback 

throughout the response could be used. The lear~ing mechanism 

included in the regression program overcomes the problems 

previously met in applying multiple nonlinear regression 

analysis. With no prior information on the analytic form of 

the function convergence to a good fit is obtained whilst 

sampling only a very small number of the total available 

nonlinear functions. 
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мrр. Инж . Роман Гурецки 

Кафедра Автома~ики и Рпокышленной •лектрон1ти 

горно - металлургическвн Академия 

Вреыенно-субоп~умальное управление работой 
=====================================~==== 

кранов с подробным учётом практичесЕой 
=================~==================== 

реализации 

---~----~----
-----~....._ _____ _ 

I . ВСтуnление 

В настоящее :вреJUI ;;находится уже богатаи литература отно

сительнооnтималъного . управлении и постоянно поя~w~тся новые 

отрасли . 

Большинст~о этих публикаций, это теоретические щ эдан~я , 

и иэ редка является пре~ста:вление какого либо пракического 

решения. 

Пре~~аrаеиые :в литературе методы обукно:венно :ведут к 

сложнук решениИУ, которуе нуждаются :в употреблении ьучислито.ь

ных машин, и..11и - обязятел:ьно требуют совершения 1lНоrих из ерею.r~· . 

Эта статья является nрп~ткой решения :вреuенно-субопт ·малъ

ного уnравления конкретным nроцессом, с подробнык учёто прак

тической реализации. 

z. описание процесса -----·--
заимёuся эапроектиро:ванием елетемы к оптимал:ьноt - в зна

чении " 1 ·нимуи - :времени" - упраВJ1ен ию работой крана. ' ы огрэни

ч .rся до о ~.::.скивания опт ~ эл:ьнаго уnравления мосто:вых кранов . 
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т.е. ~аких, в ко~орых для nервмещении груза, мы располагаек 

тремя саuос~овтелъныки nриводами. кажАый из них nереuещает 

rpyQ вдол:ь IШой ocii прJU(оуrол:ьной сис~еw управлении. ситуация 

этого типа представлена ва рис. I. Груз можиа nеремещат:ь в 

верт~~ал:ьвой плоскости /движение С/ и nepeuec~и~ в любое 

nоло~ение в rориаовтал:ьиой плоскос~и, прь поuощи приводов А 

и Е • Груз коже~ быть переuещен одновременно в ~рёх направле

ниях, чек часто пол:ь3уетсв onepa~op. операторы привикаюж uалую 

скорость еахы - чтобы слишком Ее раскачива~:ь груза. не сuо~ря 

на это - после nервмещения rpyaa над выбранным пунк~ок груз 

будет колебатон с такой акnnитJАой, которая ве позволит опустить 

ero беа успоеоенив холебенив. 

В случае пос~овиноrо жспользованин рабо~ крана, веnример в 

учреждевиих, · которые завикаю~св перегрузкой товаров, как пор~

следовало6ы подумать над воаuожностью модернизации управления, 

перекевы управления отиоси~ельво уиен:ьшения времени продолжитель

ности процесса, переuещения rpyaa, а также более · поnноrо испол:ь

аования сrществующих мощностей. 

вначале кы заинтересуемся более более простык случаем, чек 

предыдущий. nредложим, что груз ~исит nод тележкой, на невесовыu 

канате постоянной длины и иuеет целую кассу сосредоточенную в 

одном nункте на расстоянии "~ 1' от точки nодвеса, т.е. составляеж 

:ыэтеУатический маятник. чы :>граничим управление двuения тележки 

то~:ько до нэnраменив "xn /рис.2/ . Jокали:заци..q nрывода теле)I'tКИ 

находится за тележкой на стаоtш:ьной основе. В состав привода 

входит двигателъ с регулированн-~и оборотвыи в некоторых пре-

делах, редуктор и сце .. ление , чере з которые - канат тянуЩий тележ

ку - сцеiUiяется с действ,mщ 1! пrш:водоu или тормозоu. Кроме этого 

nредлоzим , что масса тележки ничтоЕно мала по сравнению с ~lliepцeй 
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масс находящихои ~ движении. Пнрнuнщение точки заце~1ения от нЕ 

котороrо первонвчапъноrо nоложении, о6означиы через "У", а пе

рекещение rpyaa вдол:ь оси "Х" через ":х:" /Рис.З/. 

На rpya в движении, действуют следующие силы : сила тяжести 

" G ~ , oua иверции n вn 
. ' сопротивление динамическоrо трения 

" . т n и 008 реакции К8Н8~8 n а n • Hanиmeu условия ревнивесия 

прое~ции сиn на норкальвое направление к пути движения т.е. вдоль 

К8Н8!8е 

G - R = О n 2.1. 

где : G - проекцив силы жижеежи "G 11 ка норуэльное направление 
n 

х п~и д~ижении ; 

R - реакции в ханате ; 

напишем оледующее условие равновесии сил на наnравление "х" 

-В -Т + G • oosoc- G sinoc+ R sincк= О 2.2. 
х х s n 

вх - ооота:влиющаи cua инерции к напра:влению ":х:" • Она 
пропорЩ~онал:ьна кассе rруэа " G " и ускорению :в 

направпенак э!ой оси. 

г.з. 

т - сооrавпsющаи оопроtи:влений движении проnорционэльнаи 
х 

к окоросtи rpyaa ~ направлении оси "х" 

Т = r х' 2.4. 
х 

rде "r" - коеффициен! сопротJОJiения движении 

G5 - соотавлиющая оизш '!яаеоти "G " каоател:ьная к пути 

движении 
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G
5 

= G sin"" 2.5. 

JЧетьшая уравнение ~.2. и зависИIIОС!Ъ .·· 2.18 - 2.5. коаек 

написат:ь : 

- mx" - rx• + G sin .ot. oosoc = О 

Дnи каша уr.пои 

cos ос: 1 

с рис.з. видио 

sin 1- х = i 

а а IIODO ПРИВИ~Jt 

следовательно АПИ каnых откхоиенкl 2.6. приlкё~ в.д 

- mx" - rx' + G • у-х l 
в последствки похтчик : 

= о 

х" + i х• + m : l /х - у/ = О . 
Так как 

затек : G = m • g 

: 
х" + ~m х' + .& х = & у 

обозначая I 1 

nо.пуч1111 : 

r ;n=a 

х" + ах' + Ь:х = Ьу 

в:-ь 1 -

2.7. 

2.8. 

2.9. 

2.IO. 

2.11. 

г.:rг. 

2.IЗ. 

2.I4. 

. так как мы уnравляем скоростью тележки "х• , за!ИII её nервмеще

ние равняется : 

у = /v . dt 2.15. 

скорость езды тележки коае! принака!ъ величкну в пределах от 

0 - v MSX = u 0 , 1ЧИ!ИВ8В В 2.14. 

х" + ах' + Ьх = ) bv dt 2.16. 
о 

Дифференцируя обе стороны z.I6. относите~ьво ·"t" · получим: 

х' ' ' + ах" + Ьх' = bv 
2.17. 

О ~ v ~ vmax = u 

вышеуказанных объект надо перенести с nервонача.пьноrо состояния 

х" /0/ = х' /0/ = х /0/ = О 2.IB. · 

F м:о q те к окончательному сос~оянию 
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х" !tJ! = х' !tJ! = О ; ·х /tkl = xk ~ .19 . 

в кокевtе •t~ , в возыохно короткое время. 

з. Применввив "принципа максикуu" 

При линейном уравнении 2.17. - управляемая функция /чтоб 

подучи~ь процесс временно-оnтимальный/ должна бы~ъ - согласни 

с "принципок ыаксимуы" - постояннаа интервалаu, и должна !Iри
НШiать на смену крайвые значения. 11 Принцип мaкcИJlYlln составл:ьа

еt, в этом случае, необходимое условие оптимальности в скысле 

MИВИJIYII времевии. 

Уравнение 2.!7. третьеrо порядка превращаек в систему 

первоrо порядка. iibl это получим подставляя 

х1 = х ; ~ = х' х3 = х" 3.I. 

и получ_им : 

[

Xi = ~ 
х'2 = х3 
х• 3 = -Ь • ~ - ах3 + bv 

з.г. 

Функция rакилтова : 
3 d~ 

H=L ~O't 
k=1 

3.3. 

если ооiыёк во внимание 3,2. u:ы nолучим 

Н = 1'1 • ~ + ~2 • х3 + t'3 /-Ь~ -ах3 + bv/ 3.4. 

Эта функция достиrве~ каксиыуи при управлении, в которок 

v = sign 1 Ь ~31 
Это в нашем спучае прийыет виж 

v = {u коГда 'f' 3 > О 

о когдаJll 3 .f о 

для означения ~3 в функции времении мы восnользуемся 

uостью 

d~i а н 
~ =-д xi 1 '/' i = 1, 2 ,3 / 

мы до~Iны решить систе~J ураЕнений 

з.s. 

3.6. 

за :вис и-

3.7. 
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"[ )t-t 1 = о 
jt-t 2 = - )"1 + ь 1'3 

r 3 = - 1'2 + а у.-3 
3.8. 

з. э . 

з.Iо. 

Э.IО. выражается формулой 

r"e . 
02 = )IA3 /0/ 

с3 : 13 /0/ 
-.1 2 ' 

а - rэ - 4Ь 
s2 = 

stt 
е + 

З.II. 

.1.12. 

IlpeAJIODII е = О , for.-a функции · t.f7 прийкё~ бов_ее пpoc~JI) 

ФОРКJ• В вашем СХJЧ&е, КЫ· кохек ато сдела~ъ смево - по~ОКJ ч~о 
емор~иаациа АВиаениа череа . сопро~ивление воадуха ~ uивикальная. 

>'3 /t/ = ~ /1 -c.os vЪ' t/+ c3cos VБ' t+c2-fs. sinVЬ' t э.rз. 
обоавачаа 

З.I4. 

с 

~3/t/ = ~ /1 -cos c.vt/ +c3cosc,.;t +с2 ~ sinc.ut . 3.15. 

В& ОСНОВВНИК Jр8ИВ8ВКЙ 3.8. К 3.!5. ИЫ КОЖ8М ОПредеЛИ!Ь 
осталине вспомаrе~еJiьные функции ·· 

[ ~~ : ;~3 - ~ 1 sinM +c2 ccs cut 

у-3 = ~2 + /с3 -::2 1 cosc.ut-c2 2J sinц,t 3.16. 
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сис~еку уравнепай 3.!6. кы кожек предстаэи~ь 

у.-1 · = 0 1 

)"
2 

= <AJR sin 1 cv t + ot: 1 
с 

~3 = + + R oos /u.Jt +о.:./ 
1 

1 1 °1 2 2 rJte R = c::J V /с 3 w- c.v / + о 2 
с2 

~ = arc tg 1 
о3с.;-ё:7 

3.!7. 

Параметрическое уравнение 3ei7 преJtс~авляет в пряыо

уrоJI:ьной сис~еке оси ~1 , }1-'2 , >3 эuипс нахо;1tящийся э пер

пеидикулярной плоскосtи к оси ; 1 ; ~а плоскос~ь пересекает 

ос:ь в точке ~1 = с 1 • В системе оси ~ ·, '?3 :возникает RPYI' 
зачёркнутый pa;!J.lfl.COII n R n центр Rоторого нахоJtиси на оси 

1
3 

в точке->3= c;j , .Рис.4 с 
вышеуказанные рассуждеиии указывают какой харэR!ер имеет 

фунRция У3 • Блаrодари этому мы знаек характер перекхючаекой 
фун1щии ''v" ~ К сожалению ые!од noи~pяriiНa не ·nридс!авляет 

нак достаточных инфоркаций о величине пер:воначал:ьных условий 

с 1 ,с 2 ,с 3 ; и таR JШ знаек что функция n v " будет nовтаря:~ся 

с периодом "т" , но не знаек ДJIИНЫ ~~ ~: жервала вКJiючений, э 

~акже времени, после Rоторого нас~уПи~ первое и последнее 

переКJП)чение. 

По характеру управляемой функции видно, что можно её при
нять как сумку первмещенных во время постоянных вынуждений 

СТОШIОСТИ n u 11 • 

Если nервовачальвые величшш равняются нулю - то упра:вляе !:~: 

~ая величина x/t/ раваяется сумме ответа на каждый входящ

чий сигнал. 

на основании фориулы · г.I7. 

w на ступен:ьчате>е nринужденив 

v -={о как t <о 

... и ка. к t ~ о 

рэ :вняетса 

( h /t/ = u /t- ~ sinwt/ 

'l h'/t / = U /1 - COS C-Jt / 

h" /t/=w.U.sinc.vt 

кожек вычислить ответ систе-

3. rв • 

з.rэ. 
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ответ сис~екы на управляющий сигнал, сложный с интер»аnов 

постоянно фунуции-, которая равние~са, - пареремен n u " и "0" 
- будет представии~са : 

-n -
х /t/ = u [ /-1/k. h /t- t~ 

k=O 

. з.ао. 

4. Оптикальное управление 

для опеделении оп~имап•но~о JПравпении нужна добавочнаа 

информация. В случае характерис~иЧесвоrQ _уравиения второго 

порядка, удобно рассмотреть фасовые ~раектории . на плоскости 

х, х'. Е случае уравнении ~ре~ьеrо порядка, следовалобы рас
сматривать эти траектории в пространс~ве х,х',~'• но этого 

кы не сможем достаточно асно предс~ави~ъ на пnосхос~и. 

Уравнение описивеющее рассматривай~~JЮ cиc~eUJ не попноо, 

ибо значение !tоэффициен~~ при х _ равное н~ 1 ~лаrодаря че~q, 
наблюдая поведение системы на пnоскос~и х ,х кы имеем 

nолную информацию о всех произвоАИЫХ и изменении значения 

функции. ' t -

На плоскости х', х~ , траехто~ии расс~~триваемой системы 
являются хруrаы:и с центром в точхе х = v , ~ = О • 

В оnтимальном управлении привикают учас~ие только траек

тории с центрок v = о и v = u , а с вачал:ыm:х и охоичятель ... 
ных условий возникает, что процесс нsчииае~си и хончаетои тра

екторией, которая переходит черва начало сисrемы коордиваt 
' Х' t 

х , ~ , а х nереходит о~ х0 к Хх , чеrо J36 ве видно 

на рис.s. 

Если мы подвергнем системы дейс~вию входной вехичинн ~ 

то увидШ4, что через время t =т , tочка состояния не мос-
Х' t t 

кости ~ , х , найдютси вторично в центре сис!екы хоордина-
тов. Груз будет находится вертикално под телехкой, тек как в 

моменте старта. nередвижение тележки и rpJ38 б7деt равно одно 
другому 

ХТ = х·Т : U • Т _ 4.1. 

Из этого видик, что для nередвижения груза на рассоянив 

х = n • xt n = 1, 2, 3, ••• 4.2. 

необходимое управление будет ограничено до одного nериода 
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включения. Э~о! И!оr cornaceн с резупА~а~ом полученным с no-.. 
мощью ке~о~а · пон!ряrина. э~о особенный случай, rде nериод 

вхпючевив равняется nериоду функции~ а времена постов телеа
кв сократаиась к нулю~ 

Кохачесtво перекхючений во врекю оптимального управле- . 
вив равняется: 

i = 2 [ Е 1< / ~ / + 2] 4 • 3. 

На pac.s. преАставлево в качестве примера фазовую траекторию 
дла хт '> Ха > о • 

Благодери сrществовению зависимости : 
oC=wt 4.4. 

и набхюдению, что согласно с первоначальныки и окончателъныии 

условиями nуть передвижении груза равна nути nереезда тележки, 

а вреки езды соответствует времени nереuещения точки состоя-

' нии по круговой ~раектории с центром х =u , истинно : 

и 

а принимая во внимание 

. [т2 - :1 = i - тl 
т2 = 2 

подобным образок 

т 
Tk - Tl = 2 

0КОНЧS!еЛЬНО nоnучаек 
х 

= 2u 
т 

=т 

rтl 
! т2 
l Tk = 2~ + ~ 

4.4. 

4.5. 

4.7~ 

4.9. 

Оnределение оптималъного nроцесса для zхт > ~ > хт 
мо:кно перевести на основапни фазовой характеристики полагаясь 

х/ Е /r. / - оdознэчае~ цел~г~ часть числа "z" • 
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прио6ретённой раньше информации. Пример предс~а3Пено на рис~6. 

Ос~овнае ~аэание при опреде~ввию оп~имахьиоl tраекsорик, 

это инфорuацип что _ исключав первый и посnеАКий рпокеSJ~О& бре

иени сумм~ двух очередных перекnочевиl cornacвo с меtо~ом 

nонтряrина равняется перИОАJ т • 
На основании рис.s. кохво вывести аавасиuост~ yrna 

О! 15'" : 

1 t 2 - cos ~ 
ot: = 2 ar c с g sin ~ 4.10. 

а ддн х находнщеrосв в интерваnе /n-1/ хт ~ х ~ n.хт 

1 n - cos & 
~n = 2 arc .ctg sin ~ 4.II. 

8иая значение угла ос соотве~стующее отреаком ирекепи постоя 

и о- сооrветст:ву-&щее первоuу и nocжeAUeiiJ отреав:у времени 

езды , не трудно вычислить времена очере;цннх переХJШчевd. пол-

ное :время исnолнения операции ра~ветса : 

Tkn = 3~0~ [ 2 2t+ ()(+ /n - 1/. 360° J 4.12. 

в это-же время груа перекеститса ва за~авВDе раостоавве 

х'Т' [ о l ~ = 360о 2 6'-+ /n -* 1 /360 - ~1 _ 4.Iз. 

Если зsданное расстояние увеnичивеетса /воарастеет чвсnо 
" 'Y'I "1 то О' сiL:реыится к нулю, а вреки испопенва операции 
стрншtтся 1t cywapнouy времени еады тj в:оторое JЫНосит 

xk 
• Tj = -u- 4.14• 
так как это самое хратцое врека в которок ~enezкa скоsет 

nереехать заданное расстофние независико от коnебанив груза, 
:во зможное сшшетричное ограничение ynpa:вnJII)Щel функции - u ~ 
~ v f: u. при большок расстоянии Хк не со:кращаnобн времени 

исполнения процесса. 

У:вел-~чи:вая Хх - вреu.в nостои сокращается, а зто приводит 

к не:воз~озности реализации :врекенио-оптkшаnъного упавnения. 

кроuе того :встречаю~ся значительные трудности, если надо 

:ввести поnра :вк~~ - програииу, которые учитывают · неточное испол

нение nредложений . 

Ъре • енно-vубоnтrruальное упа:вление 

--------------------------------
из прак~ ической точки зрею~я в некоторых случаях стоит 
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отступить о~ с~ропо оптима~ьноrо управnения и удовлет~оритса 

jправлевиек устJПающик JC!QIФr.e, :в смысле быстродействиЯ, оп
тимальному, во зато более способному по практической реа~иза

ции. кроке ~oro c~e.Q'ef обра·тит:ь :ввиканае на :во эможность ре~ 

ализации упавлекиа, которое оrраничи:ва~обм балансирование 

rpyaa :во :врекия ero езды, ·а особенно при преодолению большого 

расс~ояния. Управnение которое обеспечивает при преодолению 

бо~~шоrо расстоявки езду без колебаний, легко обоеначить из 
v Х' t t 
~азо:вой плоскости --- , х рис.?. 

(,..) 

Поэтому надо скорое~• груза сраЕНить со скqростью тележ-

ки, которая раmиетса "u" • точку ва фазо~ой траектории 
надо провести евачала составления хоордиват :в точку " u '' на 

оси. ~х" .• Это состоится за нейкратшее время есnи кы примениw 
круrо~ую траек!оркю которая переходить через _ начало составле-

ния координат, и середива ко~орой находится :в точке "u 11 , . 

а потом из показавной на рисунке траектории зачёркнутой :вокруг 

начала составления координат и совпадающей :в точку "u n • 
Из зависимости очевидных с рисунка, ' так с равенства 

сторов треугольника возникает, что yro~ 

12r.--
cxl = ~ = ь lt 5.1. 

а это отвечает 

т1 = Т2 - т1 = t Т 5.2. 

таким образок управление в котором сравни:ваетоа скоуость 

первмещения rруза со скоростью езды тележкиt будет nолагатоя 

на включении привода :в периоде Т1 = lт nоток задержании 
б 

его в периаде т2 - т 1 = т = ~ т , после чего настуnает 
спокойный проезд тележки :в 1любое продолжение nериода :времеи 
1 3 - т2 • С целью задержки груза /нам надо nеревести ту-же са
мую операцwю т.е. задерЕат~ теле~ку в nериоде т4 - т 3 = t Т, 
а nотом ещё один раз первместить её с максИУальной скоростью 
11 u" во времия Тк - т4 = ~ Т • Груз будет спокойно задержен, 
а путь которую он рпоехал будет равнятся : 

х = 1 Tk - ·r 1 + 1 т3 - '11 1 + т1u 5.3. 4 -2 

; rли 

1 '11 1 5.4. х = - 3 т 1 u k -k 

З'I уравнение мы мо:~ем применят:ь ТОЛЬ!\: О для: 
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s.s. 
можем оцеви~ь _ч~о расвица кezny продожженвек ~рекева про

цесса а оnтиuа~ьвом т0 » вайбо~ее ~охок СПJЧ&е равна »ремеви 
з&дерхки, согхасво с ураивеввек 

. 1 
Tk - ТО = ) Т 5.6. 

В случае бохьшого ресс~оsвиа проеа~а • вебохъаоrо перао~а соб
с~~евиых хо~ебавка зто со~авх&ет вич~оzиыl процев~ поtери вре~ 

мени. на рис.s представлево ~ отвоси~ехьвых »ехичивах ~peUIЯ 

сущест~о~авив nроцесса при сJбопжвкахьвом JПР8»И8В88, • опtи

мальнок управпевии с сИКUеtрическик и весиккеtрическик ограни

чением функции управлении. описаввое упре3Пекве в коtором че

тыре из nяти отрезков времени раВRЫ ке~ собой и авпвютсв 

только функцией одной ~еличивы •т• 1 а пвжый otpeaox lремеви 
~ыражаетсв прос~ уравв~виек 

Xk 1 
т3 - т2 = u + ) т 

будет очень простое в техвичесхоl . реахоаацак. 

5.7. 

соrлас~и ~ рис.г. сдехаио » nабореtории Кефе~рв Авtокаtи
u и ПрошtШJiевной электроипи, ropвo-Мeteuyprnecxol АКедвМIIИ 

~ Кракове - устройство rпавлеииа дelctВJOщero cornacвo с вы~е 

оnисанной nporpawoй. rpya 4:,5 кг ПОJ.:ВеmеВИЬII иа сцепке -длина 

которого I,~s к -перемещаеtсв ва рассtоsвии до з,s к с как

сиvэльной скоростю те~еzхи 0,25 м/с&х • по досtиаевии точки 
целии эмnлитlда колебании не _ пре:вышае' 0,5 см. Управпев ручно 
рnоцессок очень трудно усмирить колебанив с оА&о:времеввым о

кончением процесса ~ оnределёвной ~очке. потери времвив в срав

нении с оптиuалъныы по быстродействии управnевием, зависит от 

опыта оператора, по обыкно:вевно превышает звечвtеъво двукрат

НJЕ nотерю времени в случае проrраквоrо упревиекка. 

1штересно отиетить что коsио ве иаыsииаь прог~аккы J слу

чэе необходимости обхождении ~ертика~ьвой nperp&AЫ если верти

калыше дiЗ 1Sезия 1 в :верх и :вниз 10 пер:вовачаJI:ьвоrо сос~ооия:/ 

бу~ут ре лизиро эnы во вреки езды коrдв отсутствуют хохебения 

'! ~-= J ;штерва'"rе в-~ емени от .ь? до Т§, • ECJII&: ~очхэ :цеп нз
ходu~сn а ~ругои уровне, or~~ ~о~~аточвQ ~вs последние от

ре э:· .- в ~r. о.ни n Шiят:ь рз:nнъш 3 ЛО})О!'О перао~а сабстве IО.тг.r 
1-сслебани~ • .Ее.;,~ ~л:r n Рvд:вил_:,.:.~mя _ fоЭ необх"';циио иcnonэoifST:II 
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Есхи ~xs передвижения rруза необходимо исnохьзовать два 

при»О~а . А & в jpиc.I./ ~о проrракка сохранит nростую форму 

в nро2ивопо~оавос~• к врекевво-оптима~ьной nporpsыыe, в кото

рой JПР8ВХевИе оАВоrо ка приво~ов зависи~ от характера др~ 

rп дваевdё 

Л к ' е р 8 ' 1 р 8 

1 Anselm1no Е., L1eЪ11ng т.м.: Ze1topt1male Regelung der 
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Randpunkten. 12 AICA-Vortrage. Lausanne 1967. Institut 
fUr Automatik und Industrielle Elektronik der. ЕТН. 
ZUrich iю OctoЪer 1967. 

2 Бохтпсхий в.r. : катекеtичес.кве методы оптикажяоrо 
1JIР&вхевив. иа~. •иаJКа11 , москва 1966. 
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CONtPLEX AUTOMATION OF THE DEPARTMENT 
BLAST FURNACE - SINTERING PLANT RAW 
MATERIALS .DEPOSITS, OF THE INTEGRATED 

IRON WORKS GALATI, BY MEANS 
OF COMPUTER CONTROL 

Scripcaru G., Paiu~ C., Stoicovici 0., Popescu M. 

Institute for Metalurgical Design IPROMET 
Bucharest, S. R. of Romania 

The blast furnace department of the Integrated Iron 
Works GalaU,. operates in the first stage with a 17oo cub.m 
bl as t furnace and a 15o sq.m sintering strand. It is under
stood that at the end of the year 1969 the capacity of the 
de part~ent should be doubled. 

FoF the supply with raw materials of the blast furnace 
department, a raw materials deposit with facilities for 
depositing, sorting, crushing and homogenizing the raw mate- , 
rials for the blast furnace and the sintering plant·, has been 
;:>rovided. 

Taking into account the complexity of the installa
tions of the blast furnace department and the necessity to 
ensure an efficient control of the operation of its main 
sub-~~its, a solution has been chosen, which provides the 
introduction of an electronic c~mputer, capable to carry out 
in principle the following functions: 

- data logging for the operatian of the transports 
in the raw materials deposit, the establishing of the stocks 
and the printing of the· reports for transports and stocks. 

- data ~ogging for the analysis of the charge and the 
charging operation of the blast furnace with the . printing 
of t l".e charging report. 

- data logging for the measured values of the process 
parameters~the .limits control and the computation of the 

ean values with printing of the corresponding reports for 
t he blast furnace ·~ and the sintering plant. 

- correction of the raw materials quantities charged 
i nto the blast furnace. 
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- optimization of the thermal operating condi tion.s 
of the process of production of pig iron in the blast furnadQ 

- optimization of the speed of the sintering strand. 

In order -to obtain the achievement of these targets 
and the improvement of the general activities of the blast 
furnace department, an electric computer has been installed 
· uring the year 1968, its main characteristics being as 

follows: 
Isngth of a word: 24 
Length in time of a cycle: 
Internal storage: 

bits 

'' ~a for a word 
with ferrite cores 
capacitiy 16,84 words 

Number af external channels: 6 

Number of instructions: '1 
The volume of the peripheric equipment connected to the 

6 external channels includes: 
- an input-output unit fo.r the analog and digital data 
- an external storage unit with magnetic drum · 

- two electric typewriters (}o") with '~ characters 
for a line. -

- a punched tape unit, equi_pped for reading and 
punching. 

- two typewriters (lo"l with lo4 characters for a 
line (an extension up to four is possible) • 

The configura.tion and situation of the system is 
shown in Fig.l. ....... 

The computing equipment carries out the automatic 
management of the activity of the whole department on the 
basis of distinct functions which include data logging and 
optimi zation computations· as described further below. 

1. Data logging and limits control 
As part of this .function, the computer establishes 

the f ollowing reports: 
a ) Report on the displacement of the raw materials of 

the ds osits of- the blast furnace department including the 
indi cat ion of the quantities displaqed, the sort and the 
di s patching and receiving point. 

hese data are printed, together with the hour and 
minut e of the closing of the operat~on, in a report called 
"the ~ra sport report ". 
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~he quant :;. ti es of _isp~C@d raw materials are pr in-ied 

on the basis of the information delivered by a nuobe r of 14 
electr~mic belt ·~ eighe-rs which transmit the information to 
the computer under the form of impulses · 1 impulse = loo kg ) 

he ther data are irt o uced manually by ~eans of a 
deci al ~~y~osrd, mounted on the desk of t he raw mat rials 
di spatc~ar. These data include: number of the belt weigher, 
code number of the di s patching point, code number of the 

receiving point, code number of the scrt and the qua~tity 

of raw materials which is to be displaced. 
he manually introduced data are displayed at the 

·esk of the raw materials dispatcher and at the desk of an 

pe ·ator, who is ~harged· to build up the sequence of belt 
co~veyors, which is necessary for carr1ing out the desired 

t . sport • 
.1.he consti tutnd belt conveyor sequence is also display

ed on ~he light panel o the raw materiala _dispatcher, who is 

a · le to verify in this way the correapondance between the 

fo me d belt conveyor sequence and the desired sequence, as 

?revi us ly formulated. 
I the ~a rmed £equenca is equal to the desired se

uen e, the dis~atcher pushes the button for data input, 
d the consequence is ~he taking over ~~ the computer of 

t he introduced data and the lightening up of a lamp on the 

?erator's desk who receives subsequently the inf ormation 

t hat he may start the · transport of raw materials on the belt 

c0nvey rs sequence, ~reviously fo~med. ~rom this moment, the 
· --r:: ·..:lse s transmi ti:ed by the belt weighers are interpreted 

y the co puter to0ether with the manually introduced data. 

A 1 the data concerning the transport request are 
·' i n t ed in red in the transport report, whi_le the data concern
i n0 t ' actual transports are ·printed in black, at the moment 

when the transport is completed ( this moment is marked by the 

ato i. of t e conveyor on which the programmed belt 
weigher is ooun~ed. 

b) n t e basis of the data accumul ted during a 
~ ri i ei ~ ' ours, the computer draws up the report for 

stocKs of r aw mat erials a ccording to sorts and . anti t ies 
f r ea 

!) i::xe d 

e p iting . oint . The corre pending data are 
a p t , called ~the balance report~ d~a~t in a 
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= ~ o~ chess ~card , w.i ch pe rmi t s the identification of a ~ 

~~~~i~ies of raw ~a~erials, rece i ve d ,di spatched or i n stocL 
f o eacb sort and for each depositing point. 

This balance report i s auto~atically printed at the 
end of each period of eight hours. lt is also automa~ically 
~rir-~e d i n a cumulative f orm at the end of each day (3 shifts 
of 8 hours) and at the end of each mort't-h (totalizing on_ 28' 

29 , ) o or 31 days according to the length of the months). 

c) Data logging for th& charging of the blast f urnace 
and R..,_ :i,rrti p,g of the charging report. 

For the weighi~ of the raw materials charged into the 
bl as t furnace, 7 bunker weighers have been provided, with the 
fol lowing destination~ 

- 2 bunker weighers for iron ore (left and right) 
- 2 bunker weighers for coke {left and right) 
- 2 bunker weighers for sinter (left and right ) 
- 1 bunker weigher for charge additives, which is able t o 

pc~r out either in the left or in the right skip car, by means 
of butterf ly valve with remote control. 

Each bunker weigher is prev.ijred with one or more index 
se ~te rs, intended to prescribe the value of the weighed 
qu · ntity, the number of index setter being equal to the num· er 
~ the we i ghed sorts. 

The bunker weighe~s :fcrore_ have three index se tters, 
~~e ne for additives has two and those for coke and sinter 
have nly one i ndex sette~. 

:r·:le bunker weighers can operate in two condit i ons, 
N ic are establi shed by means of a two posi t ions selecto :c' : 

- manual operation (without correction by c ompu~e ) 
- automat ic operation (with correction by comp ~er . 

n the case of the manual operation, t he index se~~e 
is .:' irstly settled at the quantity whi ch is to be weighed. "" •. .i s 
v · e i s transmi~ted to the e l ectronic we igher i n tetra '· c eo e , 

t o ~e ~he r i· ith the actual value of t he quantity of raw ste i al s 
·~;· e i e:;. ed · n the bunker weigher . Each bunker weigher eo sist f 

u .. r e e _o a 6 cells whi ch t ransmi t a s ignal propc rt i nal t o !:.c: 

·· · :.:it:~~ - -.v n e: le c~r ic equipment • 

t.: e 

•. .:-. s r-! t he s c -r. '....a ... value of ~he eight is e _ua t tr.e 

-.. 
...... - ...... -.. · 

:nat e:-ia::.. fr 
o secor! 

51. · p~ -

· ri ;; ., . c. 
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~ime the raw mat erial existing on the conveyor is emp~ied intQ 
the weighing bunker, a second signal is emi tted , which is in

. tended to make th9 computer to accept the actual value of the 

weighed quantity. 
The computer utilizes these values f or the printing of 

t he charging report of the blast fu~nace, i n which are printed 
the weight of the r aw materials charged by so rts i n each s kip 
car, together with the time (hour and minute), the number of 
the skip car, the position of the skip car ( left or ~ight), the 
type of the charge and the total weight of the materials ·char
ged into a skip car. 

A cumulative report is also printed, at the end of 
each shift and at the and of each day. 

d) Data logging of the analog values for the blast fur
nace and the sintering plant and printing ~ the mean value s 
report. 

The computer receives from the blast furnace the folo· -
ing analog signals: 

temperature of the hot ~at in the main aduction pi pe 
{1 measuring point) 
temperature· of the hot blast in the ring pipe 

- temperature in the blast furnace at the blow in points 
(4 meastiring points) 

- temperature of the top gas before cleaning (4 easur-
ing points) 

- pressure in the blast furnace (4 ceasuri ng points) 

- humidity of the blast (1 measuring point) 
- analysis of the top gas co2 , CO, H2 (3 ~easuring 

points) 
cold blast flow rate (1 measuring point ) 

- methane gas :flov• rate ( 1 measuring point) 
- top gas flow rate (1 measuring point). 
The data logging of the f olowing analog signals is ~ro

vided for the sintering plant: 
temperature in the wind boxes ( 4 measuring points ) 

- depression by the e~~auster (1 measuring point ) 
- water flow rate at the primary and seco ndary mixing 

drum ( 2 measuring points) 
speed of the sintering strand {1 measuri ng point). 

For all the above e ntioned measuring points, the co -
put er cAlculate s the mean values, whict. are subsequently pri. ed 
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in tne mean va l ues re~ort • 
.:3ome measuring points which are o1.· parti.cular interest 

for the normal operation of th~ technological equipment are also 
controlled from the point <t' :'V:tew: of the admissible limits. 

The values which are over the superior limit or under 
the inferior limit are printed in an alarm report, together 
with the emitting of an acoustical and optical signal which may 

be interrupted from the control desk. 
The coming back of the control~ed parameters within the 

range of the admissible values is also prlnt~d j n the alarm 
report. 

For the totalizing of the consumption& of air, wate~, 
methane gas, top gas etc. a range of impulse inputs are provided 
which totalize the impulses ~ emitted by the flow rate counters 
of the installations. The totalized values over a period of 8 

hours are printed in a report. Cumulative reports are also prin
ted for periods of a day and a month. 

It is also pr·ovided the possibility for introduction of 
numerical data by means of a keyboard. In this way are introduced 
for example some data concerning the analysis of the p_,~iron, 
the analysis of the slag, the weight of the pig iron and some 
data necessary for the mathematical model. 

For the individual control of the diff~~ent analog measur
ing points ,an optical display device has been provided. After 
choosing the desired measuring point by means of a decimal key
board, the n~erical value of the last measurement is displayed 
on a panel with light digits. 

2 . Correction of the raw materials quantities to be 
charged into the blast furnace: 

l or the weighing of the raw materials charged into the 
~last furnace, a number of 7 electronic bunker weighers has 
been provided, their operation being previ( Y.described. It is 
ee.s.-y to remark th~t the quantities of raw materials charged into 
"the blast furnace, allways differ from the quantities settled 
.-y the index setters due to the different position of tl-.e bun
Z:ers as rela.ted to the we ighers and to the fact that the con
veyors ~eeding the wei5~ers are to be emptied at each weighitig 
process. 

For the co.mpensa"tion o:f. t n;.s error ,the dif.:~erence is fe d 
int the com u.:e r, which adds i-:t_ , wi th the corres;:;onding sign, 

t~ the value .:'i ::. e d ~.-y -;:he .:::anual i n de x ..: e t te r, at 1: :1e next 
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wei ghing process, programmed f or the s ame sort and on t he 

same bunker weigher. 
The calcul;at i on of t i:1e corrected prescribed value i s 

made by means of a list in which are memorized the di f ferenc es 
between the prescribed and measured valu~s of the last weigh
ings for the different sorts and bunker weighers. 

The established difference for a determined sort and 
bunker weigher is added to the manually fixed value, be i ng 
e:!:i t ted in form of digital signals 12 V, loo m.A., which operate 
on t he relay sets existing in the panels with electronic 
equipment of the bunker weighers. When the equipment of the 
weigher establishes the equality between the new prescribed 
value emitted by the computer and ' the measured value, a signal 
is emit t ed which is used for the closing of the bunker valve, 
vihich stops the deliyery of the material. The conveyor conti
nues to discharge into ·the bunker weigher, until the existing 
~aterial is evacuated. After 3o seconds from the stoppiqg of 
t he delivery, a signal is given for the blocking of the measur
ing disc of the we.igher and 3 seconds after this signal, the 
~e asured value is taken by computer which uses it !Or the 
astablishing of the new difference according to .the list and 
f or t he printing of the dbarging report of the blast furnace. 

3. Optimization of the thermal condition of the elabora
tion process in the blast furnace. 

The utilization of the electronic computer for data log
~ing , may be considered as the first step in the direction of 
t he automatic control of the process in the blast furnace. The 
s e cond step is ·accomplished by connecting the computer to the 
pr ocess, for the purpose of improving the operation ~f the 
b l ast furnace, on the basis of t he data continuousl¥·:_coming 
rrom t he process and of a mat~ematical model of the technologi
cal pr ocess wh ich periodically works out the data received 
f r om t he process and produces i ndex values for the automa tic 
c ~t ro l of some process variables. 

The ma themati cal mo del utili zed for tne blast furnace 
r . l f rom t~e Inte gra ted Iron Works Gala~i is deliver ed by 

t ~ e cont r act or of t he electronic computing equipment and con-
. . . . of 

s1 ~ s 1n p 1nc1~le a s e t of t hermal and chemical balances by 

~ea, s of whi ch t he t he rmal r e gi me ond the characte r is t i cs of 
t :.e e_abo_r a t ed charge may be pre ~et ermined. 

·he bl as t furnace is considQred for t his pur pose as 
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ein~ · ivided in~c a supericr zone, where the i~direct r e· ·c
tion process is predominant, and an inferior zone , w.e e t~e 

di rec~ r eduction pr ocess takes place. 
In the case of ~he wathe.metical .model o:fere by the 

contr ctor, the ·followi ng ele ents are utilized ~o r t ·J.e ccn
~r0 o: the the~cal re gime of ~he blast ~Jrnace: t e ent.alpy 
of the hot last, t he humi dity of the· hot blast end t .. e · low 

in me thane gas flo~ rate. 
The indirect re duction process i s espe cia_ly in~l·encea 

oy the quantity of hydro.ge~ contained in t ·.e .umici y &d ::ed 
to the ho t blast and in the blown in ~ethane gas , ~h · ch eads 
to a reduction of the quantity of coke ut i _ized in t he re c
tion r cess. This aspect has a consi era le econo~i c 5· gnifi 
cance, especially for the countries s howing a defici t f coke 
and it is expected that the investments made should be amor i z
ed in a few years. 

n the basis of the data j elivere · by the gas analyzers , 
the following balances are drawn up: 

- the oxygen balance 
- the hydroge~ balance 
- the ·carbon balance 
- the nitrogen balance. 

The accuracy degree of these balances depencs in a deci
sive degree from the accuracy of the results obtained fro~ t: e 
top gas analysis. For ·this reason the gas analyzers are very 

<l!Jtiously ir:spected and verified befor e being put into o;>er·a
ti n an - the measuring elements of t1.e ana l yzers are .l cec 
in a thermostate. The gas analyzers ~~e also periodica-ly cali· 
brated with standard gases, utilizing the con~rol signals 
e~~t - c by the computer. The results of the analysis a re di re c t 
ly trans : t~ed to t he co~puter as analog signals of unified 
current. 

under :t is necessa~y that the measuring errors · should remain 
l <;.:; i.. order to avo i d that the balances dra>m up by the compu
ter should lead to incorrect control values f6r the process. 

The thermal balance of the inferior part of t he _ast fur. 

nace is based on t he su~?osition ~hat the direct re du c ~i on of 
the iron oxides takes ;>l ace exclusively in this tone and that 
in the upper part of t he considered zone, the temperatu.e is . 
aproxim. looo°C, pratically t he same for the gases and for t t.e 
solid materials . 

This thermal balance consi 'ers r: t e o~e side the heat 
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l co~tributed b~ the enthalpy of ·the ho t blast and by the inte
gral utilization by burning of the 02 quantity co ntained in the 
hot blast, and o~ the other side the quantities of heat .ne ces
sitated by the evolution of the thermal process in t he blast 
furnace , including the enthalpy of the final ?roducts (pig iron 
and slag) and ~he heat losses. 

For the control of the quantity of heat available at the 
lower part of the blast furnace, the computer puts at t he dis
~o sai ~t the automatic control equipment of the blast _furnace, 
three ?rescribed values (temperature of the hot blast huu i dity 
of the hot blast and the quanti ty of the blown in methane gas) 
on the basis of the data calculated from the thermal balance 

and of the re sults obtained in the last three charges, by in
troducing in the equations o[ t he deviations of the silicon 

contents in the slag as compared to the prescribed valu~s. 

4. Automat~c control of the speed of the sintering strand 

It is well known that the sintering pro cess evcluates in 
a progress i ve way in vertical direction, due t o the air whi ch 
pene trates t hrough the mate rial layer in all t h e le~gth of the 

sintering strand, fro~ the burner up to evacuatin0 end. 
The experience has shown that f great importance in the 

e vol ution of the process is the conduct of the bur nin0 pro ce s s 
~lO :ii; the sintering strand so that i~ should develop re ,:Sul arly 
and be finished at the evacuating end of the strand, be cause in 
~hut case the best utilization index of the installation is 
obtained. 

2e c use of the f act that it is not possible t o ensure per .. 
!!! ' ent ly cons tant characteristics of the material on the str and 
(humidity, granulation, chemical analysis etc.), a permane nt 
variation results of the place where the sintering process may 
.be fi nished. 

I n order to avoid this inconvenience, the i dee 
of the variati on of the speed . pf .the -s i : n ·t- e 'r i n g 

s and has been adopted, which should automatically follow ~he 

vari a i ons or the phys ical and chemical conditions of' the wi:lta 
rial on the strand, so that the place of the endin

0 
of t he sin

taring process should be kept const~~t at t he very evacuatin
0 

end of the s trand. 

Thi s thing is pe rfectly achievable if as lea~ing elewen c 
is ~en the t emperature of the material on the s t rand, whi ch 

i s .,..ro _ or~ i onal to the tem_ erature of the flue ,gase s ·Nhi ch can 
:e es~i~y ~ea~ ' re C. 
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t is experiruen~ally proved tha~ when t he sintering pro

ce ss is optimal (when it is reacy at the evacuat~J end o~ the 
~ trand ) , the curve of tne temperature of the flue gase s has a 
... ax i u.um value opposite the last but one :aspiration :::hamber. 

I t has beEn possi ble to draw up a curve of the temperature s 
the aspiration chambers and to est&~lish the r elations for t he 

osi tioning of t he ~aximum of this curve. 
In fact ,at the computer arrive continuously as standard 

s ignals, the values o~ the temperatures l n t he last aspiration 
chru:::bers, and on this basis t he computer determines the posi tin. 
c~ the ~ximum of the curve of t he tempe r~~ures and the diffe
r e nce between this point and the optimal position deduced in an 
e x~e rilliental way . This difference constitutes the perturbing 
error of the controller for the speed of the sintering strand so 
that t.he controller acts with ~he aj.m, of .r::.a_kip.g- this error 

equal to zero . 
In t his way . the computer creat es the possibility of ob 

taining an optimal speed of the sintering strand anc in the 
same time a growth of the general productivity of the sintering 
;::1 nt. 

It has been mentioned above the way in which has been de
sig:led the installation for complex aut omation of the blast fur

: ~ ces department of the I n tegrated Iron Works Gala ~i for the 
stage of 2.5 million tons steel/year. 

3e cause of the fact that at the time f the drawing up 
of this report, the computer was on th way of being installed, 
it .::' ::> llows that during the period TV lilarter 1968 - Ist quarter 
1969 , it will be possible to verify in practice all the conside
rs.ti ons ·nt.i ch have stood at t ·.e ::> as is of our p~oject. 
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