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EL PAPEL DE LA .COMPUTADORA EN EL: . 
CONTROL DIGITAL DIRECTO .DE PROCESOS: 

\Existe consenso que durante el cuarto de· siglo precedenté la 

~computadora fue el principal avance tecnológico que ·ha teoiido 

:t:rup.acto ~en· todas las ramas de la ingenier,ía y nmy particu11ar 

;eA él control de procesos. 
' 

E~n ~este campo existe todavía. una amplia po~i.bil:idad -de apl:i:car 

conceptos teóricos de control a aplicaciónes reales .. 

Desct·e luego que al considerar posibles ,aplicaciones ·es. necesario 

lomar en cuenta tanto los equipos de cont:rol (Ha~dware), c01110 

la programación necesaria para implementar l~s furiciones ·d.e 

control (software). 

' ' ··. 
EL PROBLEMA DEL CONTROL DE PROCESOS; .'.. ' 

:) 

.···· 
. Como .se ilustra en el,problema··clel .sistema eléctdco de 1p-o.tenda 

=que aparece .en el apéndic€' -de_ este ca:pítdlo, es vosible :distii-l'l,guir 

diven;as variables· al anali.z?r un :p~oceso .de -controL 

l. Variables de .control ·o· controlab'les. Son aqueHas 'cu:y-es 

valores :PUeden ajustarse :como son en -el_ caso -~el :Síi'S:te.ma 

eléctrico, 1a corri~nte..,:de.e1\Citación del generador 'Y ,,e:;I pa:r 
, .• ·• ,1 . 

l . -l 1 . b'. ap 1caL.O .a ... a tur 1na. 



f • 
! 
. 2 
¡ 
' ,, 
1 
' i 
¡ 

2. Distrubios¿ Estas variables desde luego afectan a la opera-

ción del. proceso ·6 · del sistema pero no pueden ser sujetas 

a ajustes. En el sistema eléctrico la potencia real y reac-

tiVa que demandan los consumidores eStá fuera del (;Ontrol 

del sistema. 

3. Variables controladrs" Estas variables son las que determi-. . 

._ nan la operación. de la ~planta;,. ·Son aquellas para ·las cuales ·· 

se diseüa una extrategla de control con objeto de mantenerlas 

· dentro de ciertos lírrAites. · En nuestro ejemplo de sistema 

eléctrico de potencia son éstas la tensión y la frecuencia. 

4. Variables intermedias. En diferentes puntos del proceso apa-

re recen otras variables que en caso de ser' observable el siste-

m a pueden emplearse para obtener información sobre su esta-

do de operación o 

Como ilustra claramente el ejemplo de sistemas de pmencia uno de 

los p;robleinas mas difíciles de resolver es la dete:rminadón dél m o-

deJo matemático adecuadó pan! controlar el proceso. En procesos 

o sistemas grandes el número de variables que hay que medir y en 

fundón de las cuales hay que di..:~ terminar· una estrategia de qontro.l 

es enorme. La computadora digital eón su hal:>ilidad de colectar un¡, 

gran cantidad de información, analizarla y tomar decisiónes lógicas 

basadas en estos resultados resulta la herramienta. ideal para este 

tipo de aplicaciones. 
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Sistemas de control analógico (convencional). 

Como muestra la figura la parte más importante y ca:racterfstica 

AnaltJq control ter· 

~et point 

r----- -_- --".---- --,. M<lnip•Jhlte<l 
1 1 variable 

! + F,.ror ~~c;;;,:¡1l ~~-. H--~ . CDtllroli<d -J t..aw -+ f<ctuatcr · . Process -variable c(t ------- r;~,(t ____ _j ------
1 

cc:c _________ j . . / · 

,__,__ ___ -~-~~-~ns:;f-___ _j 

SISTEMA REALIMENTADO. 

de un sistema de control es la realimentación. 

La señal de entrada marca el valor que debe· tener la variable Je 

salida o controlable. En el llamado punto de suma se comparan . . . 

ambas señales y se genera el. error que sirve- como señal de en-

trada al controlador. · 

Este dispositivo genera una: seña-t que en el caso más general en 

este tipo de controles es proporcional al error 1 a su integral y 

·a su derivada. Como muestra la fórmula siguiente: 

. •· 1 [ 1
' ·, ·. · · d e(t)} · 

m(t) = lí J e(t) + ~ e(r.) dr~+ Td -1- + mn · 
. ·l L¡,u . ji dt 

• . 1 1 

En esta fórmula las variables. son las siguient~s: 

Kc = - ganancia proporcional 

Ti = tiempo de reposición o integral 

Tct = constante de derivación 
. ~· ~ . . 

i\'1r = valor de referencia al cual se inicia .la acclón de control. 
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Si bien es posible en teoría ajustar lor: · tres paránnet:ros de la 

' 
acción de control en !a mayoría de las aplicaciones se trabaja 

exclusivamente c.oh .control proporcíonal e integral. 

En la mavo:rfa de los caros este tino de controladores han sido ¿ • 

neumáticos: po:;r: se:r eatos sumamente confiables y no presentar 

_En ~fechas · .. n.~cientes sin 
• > 

em.bargo los avan;:.~e~ en b electrónica han permitido construir 

c<;>ntroladores elect:;_·ónicos con caracte:rt~Jticas e·quivalentes. 

' Estos controles adolecen 'de un problema, son sumamente inflexi-

bles y debe existir una correspondencia uno a uno entre las fun-

dones del lazo de control y el equipo que las. implementa. La 

posibilidad de realizar estrategias complejas con· este tipo de ele-

mentas analógicos es muy limitada. 

A continuación se resumen las .principales apHcaciones de las 
-;., 

computadoras en el control de· proceso. 

·REGISTRADORAS DE DATOS. 
··. 

La aplicación más sencilla dé una computadora es siniplem~nte 

cómo un diSPQ,Sitiyo para· registrar .datos gene~alrnente con ~lgu­

na lógica sencilla que permita impr.imir un mensaje cuando algu-

na de las variables alcanza valores fuera de sus límites normales. 

Los regis~ros que genera la ·computadora son sin embargo impar-

•• 
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t~ntes para el· diseñador de un sistema de contro.l de proceses ya 

que pueden emplearse si se han recabado con una estrategia ade-

cuada para construir el modelo. 

CONTROL DIGITAL DIRECTO~ 

En este tipo de esquema de control la computadora calcula el va-

lore· de. las variables manipuladas direct?mente del valor de: los 

puntos de ajuste~· y de las variables. que· se ·miden durante eJ) pro-

ceso •. 

La figura muestra el equema básico de un control digital directo 

Manipulated 
variables 

Computer 

~--:""~. 

r __ L '· 
· .Operotor's J·. · 
~ns?\e . 

1 
1 

.Meosured 
variables 

Input 
Subsystem 

CONTROL DIGITAL. DIRECTO. 

Er:t su apli.cación. má:s· S'-:.:llcilla p~ede. implementarse digitafmen~e· 

el algoritmo de comrol proporcional, diferenGia e integral ~llliya: 



versión en este caso esta dada por las fórmulas siguientes: 

T == tiempo de m'uestreo ú::ie ·explica en el anexo :2). 

Generalmente no ¡puede justificarse la adquisidón de un equipo di~· 

gital para hacer las mismas fundones que pcdi~ra hacer un equipo 

analógico. Es necesario. como se verá mas adelante aprovechar 

plenamente las capacidades del equipo digital 'implementando con·· 

trol Óptimo. 

Si puede justificarse la adquisición del equipo digitalpor razones 
1 . . 

adicionales a las de implementación _de una ley de control propor ... 

cional, integral y diferencial, débemos mencionar que empleando 
.... 

técnicas digitales _es posible obtener con el algoritmo anterior m<::~· 

jor respuesta que cori su vérsión analógica. 

CONTROL SUPERVISOR. 

Una aplicación, Jl1UY frecueme de la computadora digitr.l se encuen-­

tra en el llamado control. supervisorio. ~s esta una solución hfbrJ.:. 

da donde ~e combina a la computadora con los controladores analó ·­

gicos. Como muestra ia. figura, estos últimos· realizan directamen- . 

te la función de control. Lá · c:omout.adora en función de variables 
L 

medidas. y de instrucciones .que le da el operador a través de la 
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1 

consola e inchrye:.ddo generalmente criterios de carácter económico 

calcula que valor deben tener las diversas acciones de control (pro­

porcionaL derivativo. e integral) que deben tomar los· controles analó-

gicos •. 

Debemos hacer incapié que la limitación principal para implementar 

este -tipo de control. es la disponibilidad de un buen modelo matemá -· 

tico· de la planta o ·sistema que se desea ·controla:~:·. 

J Computer Set -Points 

CONTROL SUPER VISOR! O. 

CONTROL ]ERARQUICO. 

. 
Analog 

Controllers 

... ~ 

Plant 

En general en grandes sistemas se recurre a un control de ·::arac~ 

t~r. jerárquico que es una .combinación de rontrol supervisorio, .. con.~· 

trol digit id directo y control analógico. 



-·-1 
. Mn::10~~~mP.~:1~ ~ 
· w,.,,,~fMO'!·-~,, 1 · 

- - i:.~~ 1-''"" u• fl wt. -~R 

Computer ! 
i 

. :. J 1l r ..... . 
~--·J ! ~~--""" 

¡-·--·~···~---~ 1 . 

l
. 5theduiinq !.¡ 

Computer· 

r ,,,.,,,,, l : . ,,, ... ,..,, 

~¡¡· . ''['":__ 
__ , ~- "··~¡ 

1 r-;;~o DDC ·~--¡ r-·-;DC ! 
¡ Compu!erj \ Computer Computer · L··· __ c~-m-~r ! 

~: 1 ~-r~. - :r~, ¿ 
L .. Plnnt 1 Pl~nt · .. l' Plll~-~ 1,· ¡ Plnnt 1 

_ L . L _____ _. L-._j 

,: ! 

CONTROL JERARQUICO. 

En el anexo 2 se explica· con mayor detalle este concepto. 

,. ,, 

8, 
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LA COMPUTADORA DIGITAL COMO ELEMENTO DE CONT~OL. 

Como se muestra en la figura la parte medular de estec disposi -_ 

tlvo es la unidad central de procesamiento. Los transductores 

convierten a las señales de carácter analógico en señales elé~tri-

cas de igual tipo. Convertidores analógicos digitales los convier ·· 
l 

ten en señales digitales- que. ya pueden ser procesadas. La infor-

mación que genera la computadora es ~ambién digital y antes de 

' 
poder ser implementadas estas órdenes tienen en general que con-

verrirse con ayuda de un converUdor digital analógico en una se-

ñal analógica. 

' -
A pesar del alto grado ·.je automatismo que se logra conestas ins-

cálaciones · es necesario preveer una interfase· con un operador 

. humano a través de tubos de rayos catódicos~ (CRT) impresoras 

téclados,. etc. 

Igualmente importantes son las rnemm;-ias donde se almacena la 

información.· 

Frecuentemente, como en el , sistema eléctrico de potencia que cu-
1 

bre una gran yxtensi9n territorÜl! es necesario hacer llegar a la 

m~quina información que se genera muy lejos y esta tiene que 

m~ndar señales de mando a lugares igualmente distantes" además 

es necesari-o que varias computadoras trabajen de manera coordi-

nada todo ello requiere de una compleja red de comunicaciones 



¡ 
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l 
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que puede ser telefónica, de micro-ondasp. por onda portadora 

sobrepuesta a líneas de transmisión. 

SEÑALES ANALOGICAS Y SEÑALES DIGITALES. 

La figura muestra una señal analógica que 'exceptuando momentos 

de conexión o desconexión gene-ralmente· es contínua. 

f(t) 

SEÑAL ANALOGICA 

La computadora digital no trabaja con este tipo de señales. De-

pendiendo del tipo de proceso, en particular de la llamada cons-

tan te de tiempo o sea de la v~locidad con que~. puede variarse una 

variable un dispositivo llamado muestreador toma cada T segundos 

una medición. 

De manera de obtener una. ~erie·,de val9res· discretos,· tal como; 

muestra la fi¿ura. 

t 
F(n T) . 

/ 
1 

--. 

7 PT SEÑAL DISCRETA. 
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Un convertidor analógico di~ital tramüonna estos valcr.es discretos 

en valores binarios~ octales o de alguna otra base según el sistema 

digit:al que se estuvi.ese ··empleando·.· 

Las señales digitalizadas y expresadas en forma hina:ria O' odal 'tie-

nen ·en prime:t lugar la ventaja de ser la·s que procésar. la máquina 

en segundo lugar, presentBn ·ventajas desde el punto de vista· de las 

comunicaciones. Coflf'j;J muestra la figu:ra debido a lia distorsión que 

se produ~e en un sistema de · c>:Ji'fl;~.micaciones es· posible que dos . se-

ñales de entrada diferentes produzca en· la salida o recepción señales 

casi iguales que resulta dificil o imposible de identificar. observan-

do la señal de salida, .cuál fué .la .señal que se transmitió? 

Si se transmiten señales binarias por eJemplo, secuenciás de ceros 

y unos (ool00100) el problema de identificacióh de la señal transmi ·· 
. . 

tida se simplifica enormemente ya que en el recepctor basta detectar 

si hay señal o no. En el primer caso, se c:onduye que se transmi '"" 

ti o un uno mientras -que,, en e 1 segundo caso se .. decide que se trans--
tió un cero. 

Como en la computadora además·! ~e, trabaja a una. enorme v~1ocidad 
. ¡. ' 

. .. 

muy superior a la de muestreo entre operaciór. de nu1estreo existe 

tiempo para realizar_ cálculos e inclusive muestrear ot1'as cantidades. 
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'SALIDA 

SEÑAL ~DE 
.SISTEMA DE 
· COMlJNIGAGION 

SALIIJA 

.. J'&~NSMISION 1DE SEÑALES ANALOGICAS. 

JDetiitlo a la distorsión producida ~por <EH sistema de comwnhcacwnes 
<.dOS ;;señales de entrada diferentes ;producen .·señales de :sa1ia'a ~GRSi 
~tgua1es ·.dificultando o imposibilitando determim,r ·óbserv.ando !a .:se-
,~f.ía'l 'transmitida, qué ,señal se env;ió,? . ' · 

< " 

.. . 

.. ~· 

'Ji;;)'• 

·PROCESNMIENifO .:BE 'SEÑALES 'DIGITALES. 

.1'3. 

A =··¡Jmer:v:a1o .d:e ··tiemp0 ·que ~se. ·-requiere para procesa·rAa~·tAffutfe.l~·mac·ión.sobr:e 

. ·· .,;pnesi0n .Y 'enviar una señal .de :telecomando 
·:B ~= ;:Jnter.v.tilO ;COrrespondiente a da ~se·ña'l•de :;te'fi1f»eratura .• 
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DIFERENCIA ENTRE CONTROL CONVENCIONAL Y CONTROL 
OPTIMO. 

La figura muestra la res.puesta de un sistema dinámico típ1co a 

una S
1
eñal de escalón. Este sistema puede ser por ejempn un 

cens.pr. La situación ideal se:rfa aquella en que la señal de sali-

da tuviese la rnis:rúa fo:nna .t!U0 l3 sef1a1 de entrada. Sin embar-
} ,¡ 

. go, 'esto no es pos:i.hJe teniendo en genera}. la señal de salida un 

carácter oscilatorio" Dentro de cie~ctos ifrnü:er; es ~)osible con 

controles analógicos· del· tipo propo:rdnai integral y diferenciéll. 

ajustand.<? las ganancias de los diferentes efectos lograr que pará-

metros de la respuesta como el sobretiro, el tí~mpo de res pues-

ta y el tiempo de asentamiento tengan determinados valores de 

diseño. Es muy-difici.l implen:tentar sin embargo, controladores 

analógicos que permitan tomar er · :uenta criterios de optimalidad 

como los siguientes: mínimo consumo de energía~ mínimo t.iempo 

de respuesta, etc. Este tipo de: algoritmos de control óptimo e·s 

sin embargo posible implemc.nr:arlos us&ndo sistemas digH:ales. 

SELECCION ENTRE CONTROL ANALOGICO Y DIGITAL. 

Una decisión d~ este. tipo d_ebe p~ctsars~ . en: ·el costo de las funcio­

nes de . control que . se realü.aÍ1, • su confiabilidad y facilidad de man-

·tenimientp. Como a.e::to _tres·factores se les. puede dar un valor 

ecqnómico, en resumen el prC?blema se reduce a seleccionar el 
·,.' .. 

sistema más económico. 

(/ 
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RESPUESTA TIPICA ·DE UN. SISTEMA DE SEGUNDO ORDENí~. 

M· sobre tiro 
T r = tiempo de respuesta 
T a == tiempo de asentamiento 

EN general la diferenci~ de costos de.I sistema de c;-3nsoF.es; y.· 

actuadores no permite decidir. en~r:~ un. sistema anal'óg¡,co~ @ clfgL- "' 

tal. Es necesario t0mar~ en. cuenta las capacldades de ua1o• y otro 

sistema. 

El argumento original de qu~·)o~. s-istemas digitales aho:r;:r.aríán · 

manó de obra resl:llto ser· falaz en general plantas de· procesm;. ya. 

Operaban aún· antes de la· introduccfón ael control_ digitaJ·,cOr1c rnf--



.. -l-6. 

' nirno personsL En gen~ra1 puede decirse- que la justificación de 

un control digital debe basarse en consideraciones de la confiabi-

lidad que le da la operación del s~stema y al ahorro 'económico 
,• . . ( 

que pueáe oi!Jrenerse empleando esql.~emas_ de com:rol óptimo qu~ 

toman en cu.snR:a. facto::ces económicos permitiendo J.~educl:r o in el u-

si ve minimizar· h)s costos Je -op0rad6n.. 

El sistema eléctrico di.;:: poten_da debido n s:L.~ complejidad no podría 

operarse sin esta tecnología~ 'Dper2.ndolo convencionalmente su 

confiabilidad ·no es adecuada y además no se obtienen los benefi-

cios de un cóntrol óptimo. En resumen pó.iemos decir que en 

los siguientes casos se justifica la instalación de un sistema digi-

tal: 

l. Plantas muy complejas. En estas plantas resulta imposible 

,. 
2. 

que· el- personál leyéndp óp_t:icarriente la~ variables tome las 

-decisiones de control adecuadas, debido ·a su enorme número 

y a 'las muy compJ.ejEJ.s reV.:tci(m~s ·.causa-efecto c.mtre variábles 

y acciones de contt9l. .r;:~sde luego se haee indfspensable co~ 
"' ¡ 

tar con un mojelo matemático adecuado para implementar es-
·~' ~ ·. 

tos esquemas de coritrol. 

Plantas--~ cOn rri~uy ··altos niveles de producc.~ón. En estas ins-
' ., 

talaciones cualquier· ahorro por muy pequeño. que resulte en 

el coqs_u.rno de. energía o en el_ despe_rdicio de rr~aterial al 

. cambiar e.gpecificaciore.s ;en· un. p1.·oq;so ·continuo repr~senta 

fuertes sumas: de dinero que. justifican -la instalación .de un sis 
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tema de este tipo. 

:3.. Plantas sujetas a distuiibios frecuentes. Estos d'istu::~bios ~pue-

den ser físicos. corno e1 ,cambio de demanda"en :el 3ij'sroema 

eléctrico o pueden ser económicos ·como ,el camoio Je tprecio 

en eJ. combustible.. En general el control de .planta ,pl!lede 

compensar por varios de estos ·disturbios ·pero resul~a .Ire~ce--

:sario .caniblar ·,¡os .objetivos de operación empleando la ·com-

~putado:r:a ·digital. 

4.. ~Brocesos de manufactura .completos. Una aplicaclóndle ~crecten 

~te importancia -es el control ·de procesos :de :maru.Jfactura idonde _ 

·él prodUCW tiene que maAtenerse dentro de estredl0S aiími;~es 
·. . 

•de tolera neta maquinándose además a muy alta. velocidad :como 

en una planta de papel o en un tren de laminac1ón.. ·_ 'f:alm.bién 

:aquí la computadora digital es un auxi1!ar indispensalile .. 

íComo .,nota final es necesario hace1· lncapié en que nó débe o1viidanse 

.los 'costos de programación -!ll evaluar un sistema de .. ~ontr0l .¡di~g'l:tal 

~directo. 

'·''.\' 



·· APENDICE 1" -

EJJ;:J'v1PLO "DE LA CONSTRUCCION DEL MODELO DE UN PROCESO · . ~· . 

A continuación se ilustra la c~nstr~cdón del rnodelo estático de un sistem4 
,de potencia múy aimplific:ndo.. 

r-·.... ' 
...-.L~I U /'l~)¡:j 

CO;? 

Con objeto de mantener el· modelo 10 más simple posible consideraremos 

que elsisten:1a tiene dos generadores, dos consumidores conectados por · 
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-
Para com¡~ruir el modelo matemático correspondlente al modelo físico 

,·. ~( .' -

anterior es necesario in::lutr y definir diversas variables. Se define como 

pdtencia neta del bus (lugar donde se interconectan generadores cargas y 
üü.eas ~ .r""' · 1! m 

. (._ - 1 1> (~. » 

::J -- A 7~~ t./ ::t. : .,;!•;¡;; . y 1; :! 

7b 1 é' ;¡{'/a :fe d / 

éoi10PIIí1(;). -f· · 

--
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' AP:ENDICE: JERARQUIZACION 

··*Los 'con~plejos sistemas de interés para el analista de sistemas 
-;:stán ¡fonnados por múltiples partes o subsistemas. oAderriás por 
muy ¡grande y complejo que sea el sistema en estudio, éste a su 
vez Xíorma ;parte de otro sistema todavía más grande ·y de mayor 
co~plejiCl::ú.t Todo análisis · de sistemas debe tomar en cuenta· 
caáfes ~la .posición del subsistema dentro del sistema _que !o inclu­
~e ;Y ·cuales ·son iias partes que 'lo fom1an. *Estas relaciones entre 
stiQ'Sistemas -con un sistema más amplio que los incluye, frecuente­
:m~n:te\són :de una naturaleza jerárquica. En esta sección sé estudia.'ll · 
diyersos ftopicos •relacionados .con este tema. . 

, La (configuraiion estructural conocida con el nombre de jerár­
q.:uica•o ile nivel múltiple es muy importante en sistemas de diversa 
ípdole, como ;pueden ser por ejemplo los de organización o los de 

). .. . .. . 
·rp~qumana y .eqwpo. · 

*ResUlta importante determinar la estructura y jerarquía de un 
Sistema y los ,niveles dentro de la jerarquía que· corresponden a 
~a ·parte integrante del mismo, ya que las variables asociadas 
a ca9a subsistema y las funciones que realiza, que fijan sus ca­
'r.act~rísticas de operación que trata de analizar o determinar el 
analista, dependen de su nivel jerárquico dentro del sistema general 
oottio se . señala· ·posteriormente. *Además la operación de· un. sis-

. teqta 'depende en forma importante de la coordinación que .e~te 
ei'(d .funcionamiento de las partes. *Esta coordinación e;ntre ·las 
pfirtes, que se basa en la información que recibe la unidad de coor-

. d,inaci6n .o -.control, depende también de la ·estructura jerárquica 
~e·todo el sistema y del nivel que ocupa dentro de esa jerar:quía el 
Sistema en estudio. .-, . 
,j 

*·En resumen, resulta imposible analizar un numero· importante 
a~ :sistemaS si ·se des<;:ouoce su estructura jerárquica y la' estructura 
j~rárqtiica del sistema mayor del que éste a su vez forma. p~rte. 

'!.tA :continuación se describirá la estructura jerárqqka de la inG 
~ilStrla eléctrica de servicio público. El objetivo de· est<t desérip~ 
~i6n es ilustrar el concepto de estructura jerárquica y señalar la 
~;elación que existe entre los niveles· jerárquicos a que corresponde 
~ .subsistema y la naturaleza de la infonnación .que maneja. · 

,.· ''~11'• . 

Hñtrodncdó~a '71 

*Todo sistema está íonnaélo ;.por _partes o sub­
sistemas. 

oTodo !istema .es -parte .de •Un :sistema mayor. 

*Entre .los subsistemas ,de 'un aiistenta ;h¡¡¡ rela-
ciones jerárquicas. · 

-~~Determinar: 

Estructura 
Niveles 

itLa ,operación conjunta de ,\m •sistema d~pen­
de de la coordinación lentre 'loo subsiStemas 

*La coordinación entre subsistemas 
se basa en h informaci6n. 

*La jerarquiuci6n ·e;¡ iin~pensállle en el aná­
lisis ·de .ciertos sistemas. 

<&Ejel'l'\pto ,de .at!!'ÍlGtW'a .~eiárguic:~: iindustria 
·eléctrica. 



Así ~Jl,is~o se ilus~ra-la forma del control y la naturaleza de la 
41íóimapión que debe manejarse pa1~a poder controhi.:r y coordinar 
. ,¡ 1 di b . : . ..J • 
.;::~~~re S.l,, os versos su SIStemas oe UliHl est."Uctura je1arqwca. 

1 

.¡~I..a industria eléctrica, como toda industria, tiene una estrucu 
tura pira.mh·.'~J.} en }a que Cs posible identificar un p:."DCt:Só fisico y 
a¡cr'f.:.il. Í\lllción de control tal como muestra l<l fig. 2.1J, 

<.:;.La función de control m¡:mup<nb. d proce<.r.n tol!l ~!fin de e:kan­
g:;;_t· los objetivos· de la industria~ q\lie en ~~e caso ron~ obtlém'!r 
mbima Clf1aiíiabilldad, m.inimi&:aw log g<"..stos de opernd6n. y maxi­
r~ la generación~ 

>!ffueden distin~e, en general~ tres funciones de control . a · 
diferentes niveles. En el primer nivel están .. aquellas funciones aso~ 
dadas con el control de las unidades de manufactura, que en 
el caso. de la. industria eléctrica corresponden a las plantas g{!ile-­

. radoras • . En el segundo nivel, las funcio!lles de control guían ·las 
actividades de producción mediante despacho de carga, operacio­
nes· de conexión, etc. En el último :r.ivel$ las funciones de control 
corresponden a la dirección empresarial e incluyen el estableci­
miento de objetivos para ser alcanzados con las restricciones del 
:P.sterna. 

*Paralelame:ite a las jerarquías seiiáladM en el nivel de contr·:Jl, 
al ir hacia el vértice de la pirámide se puede identificar u~a jerar-· 
q~ de funciones de control: regu1aci6n, optirn.izazi6n,. adaptad&n 
y otgánizació,Á automática. ' 

., 

*Puede observarse que, a ·medida que se avanza hacia la ctl~ 
pide, el énfasis en las variableS físicas disminuye~ y aumentA· W. 
importancia de las variables económicas en el proceso.de toma de 
decisiones o funcioneS de control. El control-de las qrudades gen~­
radoras mediante gobernadores y reguladores se ·basa, exclusiva­
mente, en variables físicas, núentras que . al nivel :de ~ontrol de 
producción, el despacho econónúco se realiza en función de-varia-
bles físicas y económicas. · · · 

Industria:·. 

proceso físico + controlador 
' 

'llEl conwo!ador manipula al proceso con el fif! 
~~: ~]Ue !a i.n~wtri.a alcance sus objetivos. 

' \ 

ºrgani~aci4n~" 
; 

¡ Despacho y ~ p~ra· 
ción automática. 

del sistema 
·Control, a···· 
nivel planta 

/ =;:rol de ~;~;f.~ 
~,f . 
ii..~ .. 

_ f!g. U.l Estmctwn jerárquica del controL 

'?flt<::& ·funciones de control: -
Diteccl6n 
Control de prodúcd6n 
Control de P,rcceso 

0]ernrquiza<:i6~ de ias f.ma<"::,:mes de control: 
reguiaci6n, optAmüa.ti6n. .:\daptaci6n y orga, 
nizadén automática. 

1\'!laria!ll~s I:WJ!l&m!c~s 

\ 
lb.,-~=~-~~-~ V1:!riab!es flsicas 
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*Otra. característica del control de sistemas es la decreciente 
frecuencia de las acciones controladoras y la creciente complejidad 
del proceso de toma de decisiones al ascender a través de la jerar· 
¡guía de control. En la industria eléctrica, dentw del primer nivel 
<de control, los reguladores y generadores operan en forma con­
',tinua y basan su acción, fundamentalmente, en mediciones de. 
;!tensión y velocidad. En el segundo nivelt las· acciones de control 

:se realizan bajo crecientes condiciones de incertidumbre. *Debe 
~anotarse también que, dentro del primer nivel, los problemas de 
ccontrol son determinísticos, mier;,tras que se vuelven crecientemente 
_probabilísticos al ascender a trav61 d·: la jerarqwa del sistema 
de control, 

CoTados estos controles, ya sean máquinas o seres humanos, son 
Jirocesadores de información. Reciben ·información ·sobre el estado 
del sistema y, en función de ésta y del conocimiento de los obje­
tivos del sistema y sus restricciones, ejecutan acciones controladoras. 
*Como se ha señalado en los párrafOs anteriores el tipo de acción 
de control que debe ejercerse depende del nivel jerárquico al que 
se encuentra el subsistema en estudio. También depende -del nivel 
jerárquico, la naturaleza de la información (probabilística o. de­
tennin.ística) que manejan los controladores de sistema. 

La descripción anterior ha servido para introducir al lector 
al probiema de la jerarquización de un sistema y señalar su.i~­
partancia. 

· En la siguiente secci6n se describen diversas clases de jerarqUi­
zadón: de· nivel, tiempo y modo. Posteriormente se introduce 
un algoritmo para ~tudiar problemas de jerarquizacióu. 

El capítulo tennina señalando .la coordinación de. in.form~ión 
que debe existir entre lós elementos de un sistema, con .objeto de 
que todas sus partes operen en forma coordinada para alcanzar 
Jos objetivos operacionales del sisttma. 

· 2.2. Clases .de subdiviSiones en la jerarquización de sistema.~ 

Siempre que se analice un sistema es necesario tener prese~tte 
que éste es a su vez~ parte de un sistema mayor. *De ahí que el 
propósito de la jerarquización es el de ayudar a deterrn.iriar qué 

Acciones 
·~----~ COI!Iro!adoras 

\ 
&--""""._, ...... -=-~ ·oet~rminlstico 

*Los controladcres 'proc~an.inforx:oaci6n. 

*La acci6n de contról :i:iepenae del nivel jerár­
quico, asl como la ·naturaleza de la información. 

-&"'fodo I!ÍStem.:t e3, a :JIU"Vex, ,párte de Wl rutem¡~ 
mayor. 



,J eu-arquización 

1 
J' 

) 

i 
1 
J 

' 1 

. ~~hción guarda un sistema con a4uellos con los que interaccío:na. 
Es decir, sat.·~r cuál elemento o subsistema está subordinado a otros, 

' ' 

;kLa fom¡a· de jerarquizar los sistemas pu.eó~; ser muy varmaa, 
par lo que 1:11 ~:sta sección ún.icarnente se discutirán tres clases de 
;Sl.lbdivisiones: L; é nivel1 de tiernpo y de modo. Puede considerarse 
tJUe éstas l;On LL; más iinporta.ntes en sistemas deg:ran tamafio. 

Subdiv;: iones jerárquicas de nhrd 

.Estas sub:::'i.,iones usualmente se basan en cmisider~dones ¡rer.; .. 
gráficas, de t:.¡Jacio, por lo general implic::.1t1 desc;;:ntr:-ali:zadó~, o 
·l:'conservació;: · · ·~ la autonomía hac;ta donde sea posEb!e. ConsirJ¿. 
rese, al respec: , el ejemplo de un :>istema eléctrico de potend? 
subdividido en ires niveles: 

Nivel 1 Plantas generadoras 

Nivel ~: Sistemas individuales 

Nivel 3 Si.<:~ema interconectado 

La fig. 2.2.1 muestra la subdivisión del sistema ~léctrico de 
México (nivel 3). *El cual se halla constituido· por seis sisternas 
mayores (nivel 2); · · 

y *dos sist:::m!t:. mt!nores 

. ~ : 

\de Nivel 
*Jerarquizadón j de Tiempo 

· 1 de Modo 

;;Sizbdivisi6n de nivel 
Consideraciones; 

.geográficas 
·.de espacio 
.de autonomía 

*Si!tema.r Maypres 
I) Sonora Sinaloa 

II) Torreón Chihuahua 
HI) Falc6n Monterrey 
IV) Occidental 
V) Central . 

VI) Oriental 

JJ.Sistema.r M'e;;oreJ 
a) Baia Caüforni0. 
b) "1{~caián 

ll) B.ljlc.J<ton' .. 
l>jl,o11A 
h' 5.:rorl·51f1J'o.l 
lb rcneon·Cht::\o»~W 

m: uc::tl'f'tY 
!li Ú<C""'t" 
V¡ c..•• 
Vil'"""" 

Fig. 2.2.1 Subdivisión, en sistemas regionales, de . 
República Mexicana. 



El conjunto de los sistemas mayores constituye d ststema eléc­
trico nacional interconectado 9ue se esquematiza en la Iig. 2.2.2. 

Cla:es de subtlivi:doues 7 5 

. 

--------------------
Úl e 
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!le 

i 
n 
f 
o 
1 
m 
~ 
e 
i 
6 
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Plantas Plantas Plantu Plantas PlagiH 

Jerarquizaci6n del sistema eléctrico nadona.l pGr plantas, sistema~ 
regionales y sistema :nt~rccmectado. 

En todos los sistemas existen plantas generadoras (nivel 1 ) , 
termoeléctricas e hidroeléctricas, pudiendo contar cada una con. 
una o varias unidades. Los seis sistemas mayores se encuentran 
débilmente interconectados, aun cuando hay planes para fortalecer 
los lazos de unión entre todos. , 

*Otra subdivisión posible de nivel en los sistemas eléctricos de . 
pote.>icia, puede hacerse tomando como base el voltaje de trans­
misión ( fig. 2.2.3). Por ejemplo una red con más de 230 kv; ~ la 
vez que interconecta los sistemas, conduce energía de las grandes 
plantas hidroeléctricas (que se encuentra.'l por razones geográficas 
muy lejanas) a los centros de consumo. 

Una serie de redes .de distribución mayor (con vóltaje entre 
115 y 230 Kv), se utiliza para efectuar la distribución primaria 
de gTandes cantidades de energía eléctrica, e integrar anillos de 
reparto de carga alrede,dor de grandes zonas ml;mnas.~Por \iltimo, 
se emplean redes con voltajes menores de 115 Kv para la dis­
tribución final de la energía a los pequeños y medianos consu· 
Inidores. 

_.Subdivisión del nivel por tensiones de trans­
misión. : 

Red de. 
di1tribu6éfl 

¡n¡;yor 
V¡;: 1151\V 

ll!ll ole éil!titución V< 115KV 

*Las 5ubdivisioncs de nivel no son exclusivas para los sistemas 1-'ig. 2.2.3 Jerarq)¡li.:tación ce! sbtemz. elktrico 
eléctricos de potencia, sino también son comunes a los. sistemas . na.doncl por niveles dt: temione~ de triu•smisió1~ 

educativos. Para representar estas subdivisiont!S jerárqui~as es po-. 
sible emplear figuras semejantes a !as que se ernpl~~'On para -esistemas educativos. 

'j 
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sist~mas ~!~ctri~os. En este e as~, estas s~hdivisi~n~ j:med~ri h~'cer5~: · '· · · ¡_· 
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Fi~. 2:-2.4 .Pii-ámide jerárquica administrativa 
de la educación 
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· · ... 2·.2.2. SubdivlSlones. Jerarqu1cas de tiempo.:_ . · · · :; ~.;~:,::~:::· · · -: . ·" ., . · . . 
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' · .. *EStas subdivis!o.nes· sur'gé~kde1 ariJ.plio:rango ·de· t'iernpos::He .. ,res"· .. ,:~ - 0Los·tiem~ós.-'de relpúesta tienen diversos órde-
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, , ;, ... :· · · (usualmente·.:.-es ·9e''inüchoS':·a:ijosli.·<~l~· ~ernp9_ c;l'~·_.,res'púe~t<l: a:~Jas · 
· · dife.renéias , entre· el grado: cíe .. educaCión d~ los ~-difer~nte!3~~I).ihles,·.. . 

( usu~lrriente de ·u~ospocós áños )'·y ~~ tieJUpo' de .re5pü~~ta~ ;a·::las · ·· 
diferenciaS entre "el- gr.agó,.·,d~· -~:d·~~ación. ·obtellició'. ~ii·'.'c~l"l:~i;úío · 

... ·.(::.en:j~:loaa::··;~,;~:~l;~f¡tde_·:~~~~~:f.'~;i,,4~~:~¡ .· ., 
,.'\ :·: e ~éctricos de' pett!n~i~; :.c.~-~-i~ét.éP.Se·· "cl!v~rs:~: ~y~Cioiies ~-pr~pi_as::TQ~:.:: 

' ··· · •• .~~~'~:'~~¿~~~:~d~:":; t~'.IOs/~~Fpo¡' ~}~Jt:~f~¡·~?~~i::~: 
Planeación : .. ~>··''-:::<.·> ,. , ... : ··:· 

,' :·. ~-. . ' ~ ' . ' ·: . : .. ~~:~.·t. -:,·: 

•,t· ·.,_ 

. ,, . 

-*ConSiste en determinar Ja.S necesidades 'del' ~istema· d'uiarit~ los 
pr6~os años y tomar)lí,!S: medidas necesarias -pa:ra ~atisfacerl~. 

·. • 0¡\ños = ;.()rden de tiempo de- la planeación. 

S~ escala de tiem'p~,··~?qe.J:-:qrd~n ;de años. .· · .. : .. 
~ ~ · 

1-~~;~;~!:J;~I.~lff~--.,' ._: ¿ • 

)JespaCho 'de unidadú,; :1(, ~J? . 
ttDías :::' '.Orden· de tiempo del d¡;spach() de *Asigna las ·unida:ae~~\s~e es't~an . en' oper.adón. durante las si­

guientes x hora!3 .(x -~~-~24;t;:.'ho~~), a fin..'de ·satÍSfa:cir ·d~·'h1anera ·.· .. ,,,, '?·:{~~:;~;~¡~ ' ' ·::-/_;~ .... ·.<~·.· '>~ 
llnid~~i~s. · ·. 
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~~ni~· 
" .. ~~~E· 
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apropiada .la demanda.' Su escala de tiempo es del orden de 
bo:ras .. 

DeslHtr.ho ecQnómico 

*Sena! a qüé parte de ia generación comprende a cada unida~~ 
de tal rúan era que e1· costo de generación sea mi•1imo. Su escala 
de til"iripo es del orden de mimHos. 

,.. • • f . 1_,on.ro' · recuencza-carga 

*Ma.vitie'ne la frecuepcia de generaCión del s~tema Io más cerca 
posible de. la frecuencia nominal de operación, con lo cual se 
logra am10nizar la producción con d com;umo. Su escala de tiem­
po es dél o.rden de segtn1dos~ 

La fig. 2.2,6 muestra cómo dichas funciones se realizan en dife- · 
rentes escalas de tiempo., 

'*La subdivisión de tiempo prácticamente tiene por objeto divi.; 
dh· el problema general (concerniente a todo el sistema)· en pro­
blemas menores más fácilmente tratables. 

La subclivisión de tiempo puede realizarse paralelamente con la 
·subdivisión de nivel. En el caso de los sistemas eléctricos de po­
cencia se tiene, por ejemplo, que el despacho económico se lleva 
a cabo en los sistemas individual<>..s, la pianeación se lleva a cabo 
en el sistema nacional, y el · control . de frecuencia-carga en las 
plantas. 

2.2.3 Subdivision.es jerárquicas de modo 

Tanto los sistemas educativos como los· eléctricos de potencia 
deben ser capaces de traba.iar bajo una gyan variedad de condi­
cione-.s: unas norm.ales, otra.s de emergencia y otras preventivas. 

Por ejemplo, en los sistemas eléctricos de potencia se presentan 
frecuentemente los siguientes modos de operación. · · 

ifl'v!inutos ·- Ordcll Je tiempo del despacho 
~cooómico. 

esegundos :: Orden de tiempo del control rle 
frecuencia-carga. 

Controi·dc Despacno de 
frecu~ncia- carg¡; unidades 

.,,,¡, . . L,.., r 

. F"'" T "mpo 

Despacho !'laneaci6n 
llton6mico 

Fig. 2.2.6 · Jer..rquización por tiempo. 

itSubdivüión de tiempo: 
Simplifica ·~1 problema 



18 jerarguización 
', 

Modo normal 

1 

\ 
1 
1 
l 

\ 
*Cuando el sistema se encuen~ra en /esta<> condiciónes, las nece~ 

.~dades de todos los clientes ,se csatisfacen con la frecuencia y vol­
taje normales. Los objet~vós que deben, lograrse en el modo nor-
mal de operación so~:/ \ 

" ~ 

a) Mantener la frecuencia igual a la frecuencia nominal; 

b) Mantener los intercambios de energía con los sistemas ve­
cinos dentro de los límites establecidos; 

e) Efectuar h. generación con el mínimo costo. 

lvlodo preventivo 

'l<La diferéncia entre este mo.do de operac10n y el anterior es 
sutil. En principio, ambos son el mismo, y sólo cambia el valor 
esperado 'de la ocurrencia de una falla. En el modo normal, el.· 
valor. esperado de ocm;-rencia de una falla es pequeño; en cambio, 
en el' preventivo, es grande. El propósito de este modo de opera­
ción es tratar de evitar, mediante ciertas medidas preventivas, que 
d sistema tenga que pasar al modo de emergencia. 

Los objetivos que persigue el presente modo de operación. ~on: 

a) Mantener la frecuencia. igual a la frecuencia nominal;· 

b) Mantener los intercambios de energía con los sistemas veci-
nos dentro de los límites establecidos; , ... 

, e) Mantener ciertá cantidad mínima de reserva rodante. 

Modo de emergencia 

. *En este modo opera un sistema, eléctrico de potencia CUa!!do · 
há ocurrido una falla mayor y no es }losible satisfacer .. la demanda 
de todos los clientes. En estos casos, los objetivos 'que· se ~·bqsca 
iograr son: · · 

a) Mantener la frecuencia igual a la nominal; 

b) Tratar de proveer a la mayor cantidad posible de cl~entes. 

En compara~ión con el modo normal,. ·e1 pre\~entivo sacrifica 
parte de la economía por mantener una reserv'a todante adecuada; 
y en el de emergencia, dicho sacrificio en economía es m.ayor y 
-se hace _par~. lograr ·satisfacer el número máximo de clientes. 

' .. : 

. *Objetivo del modo normal 

a): Mantener frecuencia 
b) Mantener intercambios· 

· e) Minimizar costos 

wQbjetivos del modo preventivo 

a) Mantener frecuencia 
b) Mantener intercambios 
e) Mantener reserva 

J 

· *Objetivos del modo de emergencia 

a) Mantener frecuencia 
b) Minimizar apagones 

. 
•• 

'1 

'1 
! 

! ' 



M o do .restaurativo 

*Cuando· el sistema ha tenido una falla grave {que ha obligado 
a ernplear el modo de emergencia), es necesario reparar la falla 
e il.·Hr,ediatamente después, llevar a] sistema otra vez al modo 
nonral de. operación. Los objetivos del modo restaurativo son: 

a) Mantener la frecuencia igual a la nominal; 

b) Llevar con la mayor rapidez posible el sistema a un estado 
tal, que satisfaga la demanda de todos Ios clien~es. 

La fig. 2,2.7 muestra' los cuatro modos de operación de los stc;­
tema.s eléctricos dt potencia mencionados, así como la ma.11era 
de dectuar las transicion·es entre los diferentes modos; 

\ 

2.4. Coordinación e intercambio de información entre los ele· 
mentos de un sistema . 

Una vez que un sistema se ha descompuesto ~~-:~ario~'¡' sub~ 
si.Sterilas es necesario para que el sistema opere coordinadamen· .. ,, ' . " 
te ,q~e cad~ uno de estos subsistemas tenga cierta información 
rel~~va a los otros. La presente sección, trata sobre est~ interca¡mbio 
de • información, y de las fuentes de la in!onnación. Se señala 
~4emás cóm() ayuda este intercamb\o a:: !a coordinación en ·la 

9 0bjetivc3 del modo· restaurati~·o. ' 

a) Mantener fre~u~nda 

b) Maximizar la velpddad ci~ r~~tat~ración 

~g 
Modo _r- Mo~o :--1 

rl!St;;urativo L eme1tl~ 
Fig. 2.2.7 Jerarqu~ación de los modos ~le opc· 

_raci6n de un sistema déctric;> rle potencia. 
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qperación y de las implicaciones que tiene en la estructura ge­
,nerál del sjstema. 

2.4.1 Fuentes y formas de información 

*Existen, básicamente, dos tipos de infórmación: 

a) Numérica 

b) De estructura. 

*Por información numenca se entienden los valores .de pará-. 
metros· y -variables de estado, y por de. estructura, el conocimiento 

pe la forwa e interconexiones del sistema. *Por ejemplo, en un sis­
~ema elé.ctrico de potencia pueden considerarse como parámetros: 
_la iner.:.:t~!. de los generadores, la impedancia de las líneas de trans­
~sión, d precio del combustible, etc. En sistemas educativos los 
par;imetros pueden ser: la localización de los centros de Muca­
ción, el presupuesto anual disponible, etc. 

*Como variables de estadq en sistemas eléctricos de potencia· 
se p¡'"eden citar: voltaje en los nodos, corrientes en ·las líneas, po-:-

, tencias generadas, pérdidas, etc. En los sistemas educativos entre 
!'as 'variables de estado pueden anotarse: número de alumnos de 
c;:tda grado, número de profesores disponibles, deserción y . ad-: 
misión. 

*Ejemplo de información de estructura en sistemas eléctx:icos 
de 'potencia serían: la topología de la 'red, estructura del sistema 

. ' 

de control, mapa de carga, etc. *Como ejemplos de informació~ 
de estructura eri sistemas educativos se tiene: . mecartismo de 
transFerencia de alumnos de un grado a otro, la di~tribución geo- · 
gráfica de la demanda, etc. 

En el cuadro de la figura 2.4.1 se sumarizan los diferentes 
tipos de ·información. , , 

*Tipos de ~Numérica 
información f De estructura 

*Información l Parámetros 
numérica Yariables de estado. 
---- - ~ 

*Parámetros de sistemas eléctricos; 
inercia de generadores 
impedancia de líneas, .etc. 

*Variables de estado en sistemas eléctricos: 
voltaje· de nodo;, corriente en las Hneas, po­
tencias, etc. 

*Estructura en sistemas eléctricos: 
Topología 
Mapa de carga 

*Estructw·a en sistemas educativos: 
Transferencia de grado 
Distribución geográfica 

Variables 
TIPOS DE de 

NUMERICA estado INFORMA· -
CION _2arámetros 

i ¡..- ___;.,_ 
DE ESTRUCTURA .. 

fig. 2.4.1 Tipos de informac¡,:,¡¡, 

•• 

1 
! 



*De acuerdo con la forma, ia información puede clasificarse en: 

a) Inherente 

b) Disponible de inmediato. 

A condnuación se :!naiizan estos tipos de información, *Si se · 
cuen\a con ia inionnación pero ést<1 no se puede usar de inmedia­
to ésta r<'cibe ei nombre. de inherente. Por ejemplo, supóngase 
que en w1 .sisl.ema eléctrico de. potencia se han colocado me­
didores de corriente y ···oltaje en ciertas líneas, y que la confi­
guración del 5istema es tal que puede ca!cularsc., a partir de Jos 
valores medidos, la potencia en las líneas ·restantes. Esta infonna­
c!ón es de tipo inherente, ya que es necesario realizar cálculos 
para poder ·oht'enerla: 

Cuando en un sistema educativo se conoce el volumen de nue­
vos ing-:esos .Y el de transferencias entre los diferentes grados, 
es posible conocer los índices de deserción, los cuales constituyen 
ejemplos de información inherente, ya que no se encuentran in­
mediatamente disponibles, hay que ¡;alcularlos. 

La técnica conocida con el nomhre de "estimación de estdüo" 
· ( r~f. 5) es útil en el proceso de transformar información inherente 
a forma disponible inmediata; tamhién lo son en el mismo proceso 
el filtrado estadísticQ de datos y las técnicas d,e estimación en 
general. 

*En un sistema subdividido por una jerarquización la infor­
mación asociada a cada subsistema puede provenir de dos fuentes: 

a) Directamente del propio subsistema por. mediciones o .:.s­
timacjones en él. 

h) De otros subsistemas. (Entre los diferentes subsistemas se 
transfiere información mediante una red de comunica­
ciones). 

Cabe adarar que aun cuando no existiera una red derlica~a 
expresamente a la comunicación entre los diferenteS subsistemas, 
uno de ellos puede obtener información inherente de los otros 
por mediciones internas. Recuérdese que, a menos que los sub­
sistemas se encuentren completamente desconectados ( indepen-
dientes), siempre existe una dependen~ia mutua. · 

2A.2 Información e mce:rt!dum.bre 

Es razonable pensar que sólo ·se tiene cierto grado de certidum~ 
bre sobre la información. Po:r ejemplo, ¿hast:a qué punto puede 

Coordinación e ·intercamlno 97 

*Formas de información 

f Inherente 
l Disponible 

*Lz. información inherente debe procesarse :m· 
tes de warsc. 

,.) 

*Fuentes de {Medida .:n el sistema 
Información·:. Provenientes de ocros sisr.emas 
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confiarse en las lecturas obtenidas con los sensores?, ¿cuál es el 
grado de error que introducen los canales de telemetría?, ¿qué 
tan confiables son los censos y las encuestas?. · 

+Para designar el inverso de la cantidad de información se 
utiliza 1~ palabra incertidumbre. 

*Existen dos maneras básicas para expresar la incertidumbre~ 
a) mediante fronteras 
b) probabilísticamente 

*Se dice qile"la incertidumbre se expresa meaiante fronteraS, . 
cua:do se desconocen los valores exactos cie ciertas variables, 
pe re: se sabe que deben estar entre ciertos límites (fronteras). 
Por ejemplo, no se sabe con exactitud el número de alumnos 
que demandarán admisión en una escuela, ' pero sí que serán 
éntre 8 000 y 10 000. 

*Expresar la incertidumbre por medios probahiÜsticosse utiliza 
<;:tlando no se conoce el valor de una variable, pero se sabe 
q'ue Úene una cierta función de densidad de probabilidad**. Por 
:::jemplo, se ignora la demanda de energía de un sistema, pero 
se :.;abe que tiene una distribución gausiana con media 240 MW 
y desviación estándar de '5 MW: 

En la fig. 2.4.2 se muestra un resumen de los medios para 
expresar la incertidumbre. 

*Incertidumbre: antítesis de informnción 

*Expresión de ~ Fr~nteras 

InceJdumbre f Probabilidad 

.¡¡Incenidúinbfé por fronteras -"' 
límites ert los 

valores 

*Incertidumbre por probabilidad -? 

Probabilidad de 
los valores· 

Incertidwnbre en pará­
metros y Var. de Edo. 

Incen:idumbre en 
estructura 

.. 

l 
1 1----------- ---·----------'-"1 

Los parámetros y varia- Una serie de modelu~¡ 
con ciertos modelo:1 
como casos extremo:~. 

¡ Los patámetros y varia- !\.fodelos
0 

con caraO•'·· 1 

¡
' ~~: ~~~=~~~~ ~~~ ~~;~~ ~~~.as y probabill;~ 1 

' 

bles de estado pueden 
.tomar cualquier valor en-

1 tre ciertos límites. 

distribución~ 1 • 

i. '---------------------~------------------
! 

*Se señaló anteriormente que con frecuencia és necesario rea~ 
lizar ciertos cálculos con la información para convertirla de in­
herente a disponible. Estos cálculos pueden reducir el nivel de 
incertidumbre de la información. 

**Estos conceptos se definen en el apéndice B, sección B.2 , . 

Fig. 2.4.2 Medios de expresar la. ÍllCert~clumb;rL 

*Cálculos púeden reducir el nivel de incer· 
tidumbre. 

,. 
. "''¡ 



2.4.3 Infom1ación, coordinación y control. 

*Cuando se toman una serie de medidas para que un sistema 
a.lcance ci!!rtos objetivos, se dice que se le está controlandO. 

El prqpósito de esta sección es establecer la relación que exis-: 
te entre el control y la coordinación de la información. Con­
sider•~ al respecto, un sistema compuesto por dos escuelas fig. 2.4.3. 

El costo por alumno para cada. escuela se muestra en la 
fig. 2A·A:. 

Coor:linadón e inte!J"cmlllJio · 99 . ' 

*Controlar para alcanzar objetivo. 

Escuela A Escuela O 
Fig. 2.4.3 Dos eswelas. 

Miles de pesos 
por aiumno 

4 

3 

2 

1 

*Supóngase que las escuelas A y B.se encuentran en el mismo 
vecindario y que en el plantel A se inscriben 2 000 alumnos }' al 
B 4 000. Si ambas no coordinan informaéión, oper~rán con un 
costo total de: 

Si intercambian información y deciden que la escúela ,c9n 
4 000 alumnos transfiera 1_000 a la ql.,le tiene menos, ambas ope~ 
rarán con un costo de: 

*Como se ve en el ejemplo anterior, cuando los diferentes sub .. 
sistemas tienen ei mismo fin, es conveniente que exista una gran 

2 3 4 5 

Fig. 2.4.4 Costo por alumno como función de 
la población. 

*Plantel A 2 000 alumnos 
Planta B 4 000 'alumnos 
Costo si no hay intercambio de información: 

2 ·JOO X 1 250 + 4 000 X 1 500 = 8 500 000 

3 000 X 1 000 + 3 000 X 1 000 :::: 6 000 OOU 

*Coordinación 
Aumenta eficiencia 
(Disminuye costos) 
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coordlnación entre ellos. Esta coordinación se ba5a en el ínter· 
cambio d~ información, y aumenta la eficiencia del sistema. . 

*Hay dos maneras de coordinar sistemas, las ·cuales· se mues­
tran en las figs. 2.4.5 y 2.4.6 apreciindose la diferencia entre el 
método de intercambio de información directa y mediante el 
centro de información, respectivamente. · 

Sistema 
1 

Sistema 
1 

*El método de intercambio de información directa consiste 
en co~tar c,on· uqa red de comunicaciones que conecta, uno con 
otro, todos los subsistemas. 

*El método· de centro de intercambio de irlformación c~nsiste 
en cre;:.r un subsistema que está comunicado con todos los demás 
y se encarga de coordinar los intercambios de informar:ión: 

*Dicho· método suele ser más apropiado para sistemas jerar· 
. quizados, ya que usualmente el sistema de mayor jerarquía toma 
a su vez el papel de centro de intercambio de informac!ón. Sin 
embargo, esto no es necesariamente cierto·; pt1édc · cxl~tir. una 
jerarquía en el sistema de coordinación de información, y ésta 
ser completamente independiente de la del sistema principal. 

El grado de coordinación de un sistema puede \·ariar 'cleS:de 
sistemas no. coordinados a sistema¡; cornpletamente coordin~dos. 

*En .un sistema nó coordinado, la falla en uno de los subsis­
- temas no implica falla alguna en los demás, ya que en este 

caso los subsistemas están desconectados. Estos sistemas ~Qn muy 
confiables, pero poco eficientes. · 

*2 .formas de coordin¡¡r sistemas 

Sistema 
3 

Sls!ema 
~4 

L--------------------------~ 
Fig. 2.4.5 Intercambio de infonnacion directa. 

----, 
Centro de intercambio de información 1 

..J 

Sistema ' Sistema Sistema 
2 3 '4 

Fig. 4.2.6 Intercambio de informacíón medi;mte 
centro de información. 

*Intercambio directo 
Una t~d comunica todos los subsistc111as. 

*Con el centro de interca¡11bio un subsistema 
se encarga de la comunicación. 

. *El método de intercambio 
información 
se utiliza principalmente en sistemas jerar­
quizados. 

~Poca coordinación 
gran confiabilidad . 
.J:>aja eficiencia 

~· 
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eh optar 2 
The C mp ter 

Control· System 

'Phe-ohje.ctive of thi& ch~pter is to- briefly discuss the hardware 
· (bQth .. computer .and ·computer/process interface) and software 

generally. found in a process computer conJiguration. Since other 
texts are available, we shall not give a very detailed discussion of 
subjects sucli ~s how a digital_ computer w?rks. Furthermore, .«em­
pute.r .. hardware has hist.orically clumged very·rapidly, s<?.an~:~ls~us-

. siords likely to become obsolete very quickly. ~:- this_~E.li~~r~ur 
'\ !1Wu .. objective is to. try t~ s_~~-~ _the_~e~~ol~s?JP ~~ _vli!~l?.~~}~~~dware . 

\
anf.~_of_t_!\'3\I'.-e~~ªt~re.s. ~.:._th~~~p. -~l?i_l!t.~ of the·computmg system to 
perform in a p_roce~s. c<;m!f.I?.Le!!.~i!()~-t~~~}· · 
-. · bi~cussion of specific systems is intentionally avoided. 

2·1 NUMBER SYSTEMS 

Thc smallest storage unit in a digitru computer is called a_~. a 
co•1tractioÚ of "binary digit." It can assume only two states-:...an or 
t<ff-and thus can represent only the numbers zero and one. The base 
two or binary number systei:n is most conveniently and efficiently. 
use·d in such compuf.ers, wh!.ch are frequently r~ferred to as .!?in~ry 
machines. 
·~--~.While the machin.e may conveniently work With binary numbers, 
·programmers do ~"':.<?.~.f~nd __ this r.~presf!~~~tion esp_ecia!_ly C_?nvenient. A 
t~a"'SlliJexaminatlon of the first column of Table 2-1 should reveal the 
rearon: too many_ ones .. and __ z_e..J:~S_ ~~~~~-~-c-~nf~~i<?.n. 'YEfortunately • 
conversióñ. u; the comÍnon decimal 9r base 10 ~-~-~~r ~;vste~~-E_Ot 
especiii1y easy. -íñstead, convers~on to tlleo-ciál (base 8) or hexadeci------- " --- ··~------· 

~-

lheCompuferConlrol.-tstem J'l 

TAULE 2·1 
. - . . J . .;.: 

. ;. -~ ., . . :;·Num~ef~Sy.S~~.mS_( .. . ! 

'-\~Bina~y~~o~l.;!~~imá!~• Hcxarlccim;¡ 
;, '' {base.2) ;;·(base S) (base lO)· ·(base 16) 

-.-o--·-< o o o 
1 . 1 1 ~· 1 

10 . 2 2" ·. 2 
11. •. 3 _-,_ 3. ... 3 

... too·: '·· 4 4 4 
101 5 . 5 . 5 
110 6 6 6 
111 ·¡ 7 7 

1000 10 8 8 
1001 11 9 9 
1010 12 10 A 
1011 13 tl B 

1100 14 12 e 
1101 15 13 D 
1110 16 14 E 
1111 17 15 F 

10000 20 16 10 

~~ lbase 16) system is q':l!te d~~ct .. For e~~~pl;, ~o-~~:mve~~Jrom¡ 
gmary · to, oc.J:._iil, s2_m l~!;r_ @:~l! p _ _t_!l_~ l].I_~ary _ _Q_~¡p_t.§..lfl_ID"..Q.!:lJ?LOf · three 
from..~h~_rigl;t., _an~_sonvet:t .~ach gr~~P. __ t~octal.:-Th~ bi!la,.r)'_~~ber. 
1oóll0111010 is cori\-;e!t~d-~sJo!lo~s: . --·--

100 110 lll . 010 l 
'i 6 7 2 

Similarly, ít is converted to hexadecimal as foUows: 
~--ww-..ca 

1001 1011 1010 
9 B· A. 

Conversion from octal or hexadecimal to binary is equally as casy. 
For the beginner, Table 2-1 is a useful aide, but it becomcs unneces· 
sary vrith a little practice. . 

Another charactcristic that should-he-..noted about _th~ _binary 
n u~i?~~. ~;_'.5~!---i!ib~-~~g~~st,_d C?Íj;~Lñ"i;·~l ¡;~~ Ü~a_fc~!;_ b ~~ rei)réseri %d 
bY 2-!5-1~Y~':2~9.~E:2L!?.!.% ~~ich -i~ gi_v~~- i,n,_'E;b:~ _2-2 io(.~.~-~.i!· 
te;;n mts. Tne fust four entnes can be vcnf:ca from Table""2"~ne 
Oth'erruüries can be compufed as foÜows: ..... ----· 

--------------
· Largest decimal number = 2" - 1 
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.TABIJE--2~2 

Numbe'r ü'r S tates per Number of Bits 
Number .. Largest DeCimal ··Number·of 
of Bits · Numbcr Sta Les 

1 1 2 
2 3 4 
3 7 8 
4 15 16 
5. 31 32 

6 63 64 
7 127 128 
8 255. 256 
9 511 512 

10! 1,023 1,024 

H 2,047 2,048 
12 4,095 4,096 
13 8,191 8,192 

14 16,383 ·16,384 
15 32,767 32,768 

·16 65_,535 65;536 
--··---··-------~---··-··------

where n· is the ¡~umhe:J;" of bits. For ex·ample, .. computers that store 
data as. oú~:~i~.!:.§\~Je..f.!l.h~t.~.ai~9-ffi!l12n. · ~~jñe l?it for 
1-he sígi'i:'the largest number that can be stored in the remaining fif-. 
\:een bit~ is 32, 7G7. Another way of looking at this is tü"SüYTI'látthe 
·m;_;,;~uni.resofuuo.E.._C!fJ~u;; •.. !l~.ta..i~J>h.~.í)~.ii~(r1:'0to:oó~fp;r-
c~~~'"':'"p.- . . ·.. -'-l:fJ ~~ 

..,_, In óther ápplications, the number of states that can be repre­
sentec;l by n: binary bits is ofimportance, which is also given in Table 
2-2. This is simply oné more' ti: m the largest decimal nu,mber. ''· 

In t.hr: i sc'cond gencration .. computing .. machines ·(IBM 7094 and 
simil~-;sf:síx .. níti wii-esüiTicieñCl(/ représe'Dt_the _charact~.r · set, 
(lettérs of the· arp¡~;b~t, tlie'"ú:;ll (u'g¡t5;-áí1'd.' sp'eCiafsymbols su eh as 
the decimal point, comma~ parentheses, etc.). Two octal digits could 
represent the six bits, and the use of the octal number systetn was 
corrimon. With the i_~q~~.g,~_Q.f the ~~~~E~!ion of com.12uters 
@M_3RQ.~·md sin:!la~ .. S.C.!~~..:'J!..t.h~ c~1~~a,ctc~i!_~t_~~~~-xpandcdt.l'.:~SU,ir­
~~~~ .. U;~_i!~Jor !_e~)res~ntat}_on. The term "~!'te"_~?_s_~!? ... !~.!er. t~_a -" 
gro~ ... ;>!.. ~i_gh~'!Jits, __ !:!:~-~U.~~ ,~9!1JP@.cf~:wen.L0t.Gn.J:qf9tr~~LJ.Q. as 
bYte:o-rientéd machines. As two hexadecimal digits are required to 
repiestú1'f the "eíglú; bits in a b'Yte~-tliiSnumber -systerñ'i)egán tó"'))e 
üSed ín P1a~:ttllt'@FlY.iliii~'·1~~áTI'ñ1lli-7tíf'áCfll!ér·s·~áa·óp-t-e~rü~ 
expane1e"c:f"Character set. s~ the ;:;ctal system still énjoy.s some use< 

\ 
••• ':;-·;o· • - -~·--- ~---
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2-2 CENTRAL PROCESSING UNIT 

. The central proces~ing unJ.h often designated!.,.f:PÜJ fo;\hort, is 
the head of the computer, a<> illustrated in Fig. !r-1. Ar'nong its 

Core . " 
Storage 

Central 
Processing 

Unit 

Operator's 
Console ' 

Peripherals 

I/0 
Bus 

FIG. 2-1. 'schematic rcpresentation 
· of a cor:nputer. 

primary functions are the followingl .· 
l. Keeps tr:'lck of the r.ulTent location in thl.' seqmmr.e of instruc~ 

t.)on~-via th0. _in_~_Ú.;tcti~;? __ ;ddl~ess régi.~ier~ whidi gé;}er~lly,.~;rí~· 
tains the aéidress o{ the .next instruction'tü'be"executed: . --

2: Retrievés instn.i.c:tiom_ froin core· storage; .. C1e'codes them, and 
éxecuies ti1em .. The CPU cÓnfains hard-wired logic to ·per~ 
fórm a r.ert.ain number of operations, which -comprise · the 
irisin.iction set -for the cornputer. These instructions might 
entail storage or retrieval of data from core storage, arith~ 
metic operations, logic operations, or .shift operations. · · ' 

3. Ii"i simp!er machines the CPU is responsible for the transfer of 
data between core storage arid. the periph~ral units: In in¿~e 
sophisticated machines the CPU only directs these operatioris, . 
a pnint we ¡;hall examine more closely in asubsequent s~ction. 

The 'wo:r:d .len_g_~ of th.e___s.Qmp_\.!ter.._g_ener~lly corresro.l1c!S_j9~tbe 
number óf bits which the E!:Qc~_S.OLStQ:r_e_u!LQr retriev~§__fr9_m_ col§_ 
~~w~·:i.n,g~l:! __ read/VI-rrit~ 9P.~:,?.ijon. w_orp _leng~l}s _vary _from in achine 
to machine, 'Nith 8-bit, 12-bit, 16-bita and 24-bit word lengths com-
------·---···-·----->-~·-~---~·. '--·--··-·-· _____ ... _ .. ·-- ··. 

! / 



monly us<'d in prun•ss úllllrol compulcrs. Of thcsc, the lG-bit word 
fé"ñgth'is n\o~t comn~on. . .. . .. ---- . . - -----. --·--

--- Tlw addn·ss of a . word dcsignates its location in core storage. 
GiveñJllC, adil~~ss:t"h-~ ··cPl{can: r~t~ieve_its ~~ñtentS fr~m -_~ore stor­
age:· Ho\vevcr, thc contents of the word generally give no clue asto 
the address from which it came. · 

The cycle time of th2 machine is the time required for the CPU 
to n:~ad one word from core storage andrestore the contents.' The 
cyclE; tinle' is basically determined by the size of the ferrite rings used, 
in_ the c~re storage on currcnt. computers. Tl)_~smaller_these rings the 
faster. the machine. But as the ringt;_b~~orñ~LsmaHe~ •. _th~--~nergy re­
quiréd to cnergize or-de-energize them be comes smaHer, and tbus. 
íaster core·¡~-more-sÍ•bject"to noise-induced errors. Cycle times on 
curient-machines range from~ slightly less than one microsecond 
(¡..sec) to ~bout 4 psec. -· ·-~·:· ·- • ·· · ··· .... · - · " 

As we shaH see, the ~ele time ¡_s not the sole determinant ~f how 
f_~~t_!:l_!L~~omput_~!-~~-~~~c~!~-~ _gi_~~.!l-.!?.~~ of códe. For exarnple, not 
all inst.mctions can be executed in one éycle time. Furthermore, the 
in~t~cÜ~~ ~~ts dfffer--coñsíderabfY fr'oñ1 one machine-toihe next. 
Therefore a task that one maéhine could accomplish by exec~ting one 
or íwo-mstrÜctioñ"s"-might require four or five on ·another machine. 
~ven thoügh the second inachine ~ight hay_~. a shorter cycle time, it 
may not perform the desired opera_tion as fast as the first macl}ine. 

'fo_a~~i~tj~ p~.f2_T!J1in_~-~~c:?~~-?.P_~a~io!l~.th~ .. 9.~Q_'i}_l:\S.~U}~mber 
Q.Lr~gisters, one of _which~ the instruction address register, has been 
mej-ltioned already. Earlier mac\)ines had separa te registers for dü­
ferent purposes, such as an accurnulator to store the results of arith­
metic operations, index registers for modifying addresses, and other 
registers for various purposes. Current machines tend to have general­
purpos_e regist_~r~ _..yt_lic\1.can_bd :usec[f9~_m::ts-JicaÍly ~my _ _purpos~~~th 
féw restrictions. In this way, the registers are of more general utility ' 
ft~1d'é.~~bi~ · the pro@-a!:llme~ _tQ_pr~pare a more efficient program. _All 
other 'thÍÍ'lgs-"being equal, a éomputer"' with -mon;·· re~sters will 
gcnemliy pedorm a· givcn tásk faster . thari. ~ .. -ñ-.achine with fewer · 
rcgistcrs. . · · ·- · · · · . · · --- - ·- --- · -

¡~ .. •· f'refcrabiy, the registers are impicmcnted as flip-flops in the CPU 
¡ itseXf. An alternatíve is to reserve a f_ew storage locations in the lower 
!\ part of core storage for use as registers. This leads toa less-expensive h CPU but alsci to slower executíon speeds. When a register is part of 

\
i core, one mcmory cycle time Ís :required to retrieve its contents, 
1 whereas considerably less time ( on tl).e order of 200 nanosec (0.2 

¡.¡sec) or less) is required when the registers are part of the CPU .. 
A feature now enjoying consider~Ele po~larity i~ the read-only 
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memory (~OM),_ a medium ~n which inform~t10n is ston~d i~J>erma-­
nent luoncrasable) form. Thts type ofstorage óffet" ti · . d ._;,_a·. 

d/ 't ... - .. . .. . . . . .... . ., . 11 N a vanl4.,es nvPr rea wn e core. · · 

1
1. Fasí.er by a factor of about 10. 
2. Less expensive, 

• 3. s:?red information i;; perm~nently protected,from erasure by 
a run-away" program. 

. ~· 

Current practice is for the ROM to b d · .,. . ... . .. . ; . . .. . - . . . e prepar~ .at the factory wtth 
fteld , mod¡f¡catlon vrrtually 1mpossible, but field-programmable .. f 
ROM s are expect.ed. · · 

f~s an example of an 2.pplication of an ROM, a common!y used 
r(lU ... ne su eh as the s~uare root couid be impiemen ted in ROM to 
~ke advan~ge of the mcreased speed of execution. In other applica­
tlOns, spec1~l ~athematical routines such as the fast Fourier trans-
f_orm could be 1mplemented via ROM. · ·•· .. · 

.. ~icroprogramming is another feature that increases the flexi­
~~!~ty __ and_ decreases the costs of the central processor, making it 
qtllte popular. for use in smalJ computers In th · h a · . . . . · 1s a_p_eroac,:a. 

mtcropr~gram Is prepared giving the elcmeñ~ -s~ence of 
~t~~-~-q~d to yerform the same instruction that otherwise 
would have been 1mnlemented b d · d · ·-------.... --·---··-----------· :---:r ... ________ ~ a ar -wrre mstruction. In 
th1s ~pproach, mtcroprograms could be prepared t()··;nable on~ 
machme to execute the instructions of another machine (i e t~ 
~mula te. the ~econd _machine). Use of an ROM in which .to ~ode. these 
mstruct10ns IS certamly advantageous. 

2-3 RELATIONSHBP OF WORD LENGTH TO 
PERFORMANCE . 

\~hen s~lecti~g a compúter, the user can choose betwecn various 
machtnes With dt:ferent word Iengths. For process control, the 12- 6 
¡e~, 18-, or 24-~tt_ w~rd lengths are all frequently used. The word .li{ 
~_ngth has a deflmte. lmpact on the performance or the computer, v 
and thus_ becomes !lll 1mportant factor in machine selection. 

. . _t\§_~ttl}/~l a d~ta en_trv or an instmctio!l cán he stored in a WQ.r.\L 
Q_f mem-:Ol'l , ccnstderatwn must be given to both, We shall first con­
Slder da.a storage, then the instructions. 
. Pro~~ss data, gene::_aHy enters the computing system in integeror 

fJxe?"pumt fom.at . .i:'~r example, supposc the input is a voltage sig-
nal m the O to 5 volt et-c range If we use .,.,., 11 b1·t "ID f 

• . • ~ • ..... . - .1\ conver .)f~r. · :m mput or O vclts would correspond t.() all ~its being sct at zero; aq 
mput of 5 volts would correspond to all bits being set to 1, givin¡:r 1..,l' 
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(
. bi"naryccrepres(mtrltion of the decimal number 2047 (rder t

2
o
0
';

7
able 

2~2). Since the resolution of this arrangemcnt is 1 part in 'i- or 
·slightly bet.ter than 0.05 ·percent; this is entirely adequate for most 

· proccss · tratisducers, ·whose accuracy is usually ~bout 0.1 percen~. 

\ 

Adding a. bit for .the si.gn gives a total of ~2, a~1d therefore a 12-~lt 
word .lcngth would bé adequate for stormg_ most proccss data m 
integer format.-~ Usé of a lohger-word·length ~ould be wasteful. . 

' · ·· When working··with· process data; it is g~ncrally more convement 
to first convert it tb engineeiing units. The integer or fixed-point 
r:ei'iresentation Ís not especially conveniert for this purposc, the ~cal 
(floating-point or expóncntial) forl'nat bcing mu·ch more attracbve. 
In this · approách, a certain number of bits are rcserved- te> ~epresent 
Úie ·c11aracterísHc (induding sign) and·a certainnumber of b1ts are re­
sé·ved. to ;epresent an integ~r exponent (including sign). The mini· . 
írili-rrt workabíe· combination is tq reserve about, 18 bits f,or the char­
acterisüc (gfving Irom four to five· decimal digits of. pr~cision) and 

(

. about 6 bits for the exponent (which is sufficient to. represent num­
bei's ·l)et~·/een apph>ximately 10'" 9 a\}d 10• 9). This requires a total of 
'24 bits. "' · _, \ . 
;~ : Alth~\.i.gh f~ur digits is generally·suffic~erit to represent the raw 
pr()cess d~t.a~ ~ljis 'relat.iv'ely lbwprecis~on coupled With ~he round-off 

:'charád,é'fistics ofibinary machines often leaqs };o numencalpr.oblems 
'fiveil. in relatively simple mathemaJ,ical. proéedures. U~ing a_tqyal of 

l : 3~! '~i't$·; givin¡(seven or ~ight•digits of precisio?, to representa ~eal 
,1 nuirthEti· circ1.l'mvents thése probléms in móst process control apphca-
\ tioñ:'g,: · ·· i · · · ·· · 
' · ::'ins~far ,-8.s proces's co11ttoi applicat1ons are concerned, the follo'_'V-

intf ~eneral"statemerits appiy· to the ~election of the word length m 
iighiof-th~ data storage aspect. . . . . . . . _ 

:: . 12-bii word . . · Si.ncé two ·or · three. words would be requned, to 
\ ré~resl~n_t a. floating-point n':~nber, _virtually ~ll data ~ust be s~ored 
\ ii'i. integ6:r: form:· _In fa:t, fl?a"mg-pomt operatwns sh~uld beav01d;p. 
Theréfore~ maGmnes m thts category could be cons1dered ~nly 10r 

1 those _~pplicatiom in which little or no floating-point, operatlons are 
. expected. · .· · · . . .. 

16~ or 18-bit word. In these machmes, the use of two words to 
store a floating-point number makes thcir use a bit inconvenient bu,t 
yet quite· feasible. Storage ·of dat3.' in integcr format, redu.~es the . ..­
word¿ of core :storage required by a factor of t.wo. 1V1ampu1a·uons of 
floating-point data will also be inherently slow?r becat:se t;vo mem-

ru C'rc·'~~ ,..,.- "'e<"~";f8"'' ,cO rc.irit>w:. .;, f1n,.tin9-nomt nurD.i:>e:r :,::[·_·,•:;:¡ CO:te OAJ .:J le!.-, ~e:.. "-,í,u.~ · :o.A. ... '.t ... :;I,J~-4- .... ~'IL· _ ....... ~.............. "-' r 

storage as (;o.mnared to oDe cyde to retrieve an.integer m .. \ii1he:r. . 

24·uit :_=.'· In ~~he:r-e :rn:.H::hinef~- fh.et('i i1 no pe'nalty for stormg 
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. ::,~·"!··: 
dat;i in fioabng-¡,omi, Iorreat. Howcver, the relativc~Y.~.Jow precision 
of ihe flóating-p<?il'!t n\¡mber may require the use of do'üb!e precision 
-in sorne' ópcrations. 

O( course, thc cost to i)erformance -ratio is rcally thc ntimbcr of 
imporiance. Currént!y (1971), core storagc costs about onc dollar 
per byte (8 bits). Naturally, the 24-bit w.or'd lengih i_s the more ex-
pensive. \ . . 

Virtually all pr6cess contr~l computers in u~~ to~ay cmplo.y sorné 
variation of the single-address instruction formaL As illustrat.ed in 

' . . . \ . ~ 

Fig. 2-2, the instruction is divided into three fields, the operation 

~------~~--~-----~~---=~~----~-----.---~ 

1-'-----·-X-va_l_ue---"----t--- ___ r_v,..,al-ue ____ ·l-----R-, v-.-a-fue: ~ -~ J· 
O to 7 O 1 O · · · -i . 4 

Identify · 
index reqister 

10 for no i ndei l 
Direct · Indirect · 

address address 
Absolute · '-_Rel~tlve]: ' 
address address 

FIG. 2·2. Format of a singk·-address instruction. (Reproduéed -
- by permis!;ion from Ref. l.) 

code, the address m6de, and the address itself. The purpose of these 
fields ·are as follows: . 

Operation code. This field specifies the ·operation to be per·· 
fu~~- . . • 

Address. This fikld contains the address ~tilized in ·e,xe~uting the 
instructi.on. . 

Address mode. _ This field designates what modíficatibns are to be 
made in the add~ess contained in the~ a·ddres~ field befare the 

. instruction is executed. · 

Disr~garding the :address 'modifi~~ti~ns for the m.oment,.consider 
the following examples of instructions: · 

I~eft-Shift m· Right-Shift. This instruction causes the contents Of 
the :a.ccumulator to be shifted to the left by one bit o the rigllt4:. 
by 011!?. hit ..... fhe address field is 11ot used. 
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Store-Word. This instmction stores the cont€mts of the accumu­
lator int.o the word whose addrcss is in the address ficld. The con-
verse of this opcration is "load word." · 

Unconditional 'l'ransfer. Aftcr execution· of this instruction, the 
next instruction cxecuted is the one whose address is in thc ~ddress 
field of the transfcr instruction. ·Execution of the transfer mstruc- , 
tion simply requiresplacing the contents of the addresr. field intO _ 
the imtrudion address register. 

Load Immediate. Sorne instructions treat the co1;1tents of ihe 
address fieid as if it were data. For example, the "load imrnediate,. 
instruction transfers the co.n~ents of the addre~.s field into the ac­
curnulator. 

Thfs Iast instruction illustrates an_example of the _effect of the ínstruc­
tion set on the machine's performance. On machines with an a.bbre-

. th "l d · d. t- " • truc viated instruction set not contaimng e oa 1mme lat.e ms -
tkm a: word of core storage must be reserved for the data a~d a "load 
word" instiuction used instead. This "wastes" a word of core 
storage. . . 

ln direct addressing, the ~ddress field contains the actual address 
of the information to be accessed. In proce;;s co!ltrol computers, 
three comm01~ ~pproaches to modifying this address are used:_ 

1. Relative Addressing. The contents pf_, the_ addres_~ f1el~ are 
added to the cont.ents of -th~ program-locabon reg¡ster to ob­
tain the address to be used; In computers without this fea­
ture, a program is written (or compiled) to be executed_ from _a 
predetermined location in c.ore stor~ge.. Incorporat:n_g t~1s 
feature permits a program to be loaaed mto any_positlon. m 

· core sturage and executed, a feat~re called dyn?mrc a~locatwn 
of core storage. As we sha.U see m a later se~t10n, th1s can-.b~ 
done only with the aid of a mass-storage dev1>:ee such as a d1s'k 
or dr .. .un. Therefore, _this fe~ture is of little v~ue on all-core 

machine::.. : . · . . . . 
1 2. Jndírect Addressing. In 1ts s1mplest forro, the ad~ress :1~-d 

contains the address of a \'ttord in core storage that coih~l~S 
the address to be u;,ed in executing the instmction. 'fh1s lS 
known as single-level indirect addressing. This procedure can 
be nested to. give multileuel . !ndirect addressing. ~n e~tra 
memory cycle is required for eách level of in~i.rect ad~ressmg. 

a. Jndexed Addre~si:tg, The contents of an mdex_ regtster are 
added to the contents of the address field to obtain the ad­
dre;;s to be used in executing the ínstruction. If the index 
register i., irn.plémented as a word in core storage, a memory 
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eyde is requir.ed to í'Ctricve its contents. · lmph·menting the 
indcx rcgistcr as .Q.ip-flops in thc CPU savcs this l.inw. _ 

,All of lhese. types of address modificationa may be us('d simulta­
neou,;ly. 

To illustrate the effect of word length on the computcr's per­
formance, suppose we ar:e considcring a 16-bit machine with three 
index rcgist.crs and the capability to perform rclative and indírect ad­
dressing. This means that the address mod•:! field must contain four 
bits-two bits to designate the indcx registers, one for rclative ad­
dressing, and one for indirect addressing. This leaves t.weh·e bits for 
the othcr two ficlds. 

Furthermore, dppose four bits are t:escrved for the operation 
code. · Table 2-2 indicat·~s that four bits can designat.e only 16 dif­
ferent instructions, a rather paltry number. Hov;_,ever, ingcnious. 
schemes have bccn devised to circumvent this problem. For exam-­
ple, all instructions 1;ot utilizing the address· field are given .the sume .. 
opcration code. Then the contents of the address field are used to 
specify the specific operation to be performed. _ 

Reserving four bits for the operation code ami ÍO\lr bits for the 
address mode leaves eight bits for the address field. Table 2-2 indi­
cates tha~ eight bits would be sufficient to direct address only 256 
words of' core storage. This fact indica tes that indircct addressing 
must be used extensively on these machines, thcreby reducing the ef·· 
fective speed with which they can execute a program: 

On 24-bit machines the address field is sufficier;t to direct-access 
about 16K (K = 1,024) words of core storage. Thus indirect address­
ing is used iess frequently. On 32-bit machines, the address field is 
generally sufficient to direct-access all of core storage. 

On machines. with word lengths short~1: than 16 bits, double­
word instructions must frequently be used, thereby offsetting the_ 
advantages of using the shorter word. 

As the final point in this sectioh, 1t should be noted that the 
word length essentially fixes the maximum c~re sto:rage av'lilable on 
a 16-bit m-achine. As the maximum address that can be represented 
.by 16 bits ís 65,535, thl.! maximum core :waihtble on most 16-bit 
ma(:hines is 64K. 

2-4 CPU OPT!ONS · 

In this section~ we shall define a CPU option as any feature of 
the CPU that i.c; i)ptional on some {riot all) computers th~.t are fre-
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' ' 

q~ently considcrcd for proéess control. That is, somcLof-our--"op-

~i~hs" a_re standa~d featu~cs 011 sorne computers. 

~ Haraware-Muhiply/Divide (Also Called Fixed'Point fl;rithmetic) 
.1 . '··' " ·' 

· Virtually air CPU'~>have an .in-struction to/add thc contents of a 
rhemory locatíon to;,.the conte,rits of the ac'cutnulator (i.e., a fixed­
point add insiructiqp). While multiplicatipn of two fixed-point num­
bers can be' accomplished by,'successive a'dditions and shifting opera­
tions, this erltails two penalt1es: 

l. Execution~~·speed .is r'~duced dué to the large number of opera-
tions rcqúircd. , . 

2. The instructions r,équired in~this procedure must be stored at 
least once (usually ás a subróutine) in core storage. 

Division can pe accomplished in .á similar fashion, and the software 
routines for this purp6se are. cdmmonly 'referred' to as fixed-point ' 
software. ' ' j ' ' 

.An alte~native pr~ced~re is to implement hardware to perform 
fixed-point ,í:nultiplications and divisions: This eliminates the need 
for the soft:Ware and 'also increases execution speeds significantly, the 
order of magnit~.Hle being as follows: · 

~···O: 

Multiply 
Div.ide 

. Haroware · ;~: -.:''Software , · 

- 1 Q::psec 
. 20 ¡.tsec 

200 pse<:, ·· 
500 J1Sec 

As the co¿ti§ also reasonably lo~ (about $2;000 in 1971 prices), this 
· featu¡:-e is found in most process_control cornputers. However, in 
COlnpuicrs used · for bther ~urposes (e.g., in COI'!lffilinications net­
works), this feature is not so hnportn11

1
t. . ·· 

Hardware Floating-Point ArithmcJ.ic -· 

In the minimal configuration, few.CPU's have the capability to 
perform any floating-point operation,' Just as in the case of fixed­
point mÚltiplyidivide, eithcr s0ftware routines rnay··be~~used or ad­
ditional hardware can be purchased. In either case, the functions 
that must .be suppiied include addition~ subtraction, multiplication, 
division, and other floating-point ni.anipulations. Orders-of-magni­
.tude comparison of execution speeds of hard,/v-ar8 vs. software are ./ 
. as follovi1s: 

Add and 'Subtract 
Iviultiply 
Divide 

Hardw~.re Softwllre 

15 p.sec ' 400 psec 
20 [lWC 400 ¡.i~é . 
30 ps.ec 1000 fJ-52~ 
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This ft'ature is not commonly found on proccss cotnput.crs becaüse 
l) thc price is subst.antial. (about $20,000 or more irí~i:H)71 figures}, 
and 2) floating·v<?~'-'-L_op.~~ations can be avoided to a :rlfrge cxtent ón 
process control computers. _ · 

-·' 

Storage Protect 

In ~rocess control éomputcrs, it is frequently dcsir:íhlc to protnét 
a certam segment of the programs frorri -bc1ng""aceidentally wiitten 
over by a runaway program outside this segment of programs. ·· Or'lé 
approach to implement this is by including a protcct bit with eacli. 

· w~rd of core storage. In t.his vvay a protcctcd Jocation of core storage 
can be written into only by an instruction whose protcct bit is on. 
This fcature in sorne form is found on most proccss ('Ontrol com• l. 

puters. 
Because of the eJcpense of adding a bit to each memory locatión, . 

sorne manufac.turers have adopted the paging concept for storage 
protect. In th1s approach, a single protect bit is providcd for a ség­
ment of core storage generally consisting of about256 or 512 word.s, 
otherwise known as 

1

a page. ·. · · 

(;~~ .· .... ·.-
..__ u.ity) $1 . .· . . 

. 111--or~er to_ provide sorne error-detection and correction capábil­
lty, a par1ty b1t can be added to each _word of core storage and tu 
words of inforrnation transferred between peripheral devices. To il­
lustrate the. functioning of parity, suppose the parity bit is set "on~· 
when the n,umber of "on" bits in the word is odd. If an even nurnbér­
of .bits .ar,e "on," the parity bit is set "off." Then including the -~ 
par1ty bJ~i t~e numb~r of ?its ~hat are "on" should always be even. 
If an er~or. 1s made mvolvmg any one bit, the numbcr of "on" bits 
would be od<;l, indicating an error. If two errors are-made they would 
not be detected, b4t the probability of this happening is extremely 
remote.. · 

. Several mariufacturers, corit;;1ding that · their core stprage is so 
rehable that parity checking is riot needed, do not even offer itas an 
optioh. However, .reripherals are riot so reliable, and data trans­
ferred to and from peripherals should alway.s be accompanied with a 
parity bit. ··· 

Real-Time Ctock- ·-
• :1 ; ' ' " 

Virtually all pro'cess control·computers require a real-time clock 
in orde1· to coor.dinate the computer's operation With the real world;· . ~ 
tune schedule. · 

il •• 
.. ~. 

• -"«<> ~t -~- ·-----

'• 

. < ... ~ ' 
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\\ 
" Power Faii-S.ate 

In thc event of loss of power to the computer, this option pro­
vides the. capability of executing a set number of instructions before 
the machinc becomes inoperable. These insl_ructions may genérally 
~e used forwhatever the specific ap~lication requires. 

~~\ Automatic Restart . -

With loss and resumption of power, the contents of core storage 
are not altered. However, the contents of the working registers imple­
rnented as flip-flops in the CPU are lost. But if sorne of the instruc­
tions availabie from the power fail-safe opiion are used to store the 
contents of the working registcrs, program execution can proceed 
when powcr is resumed. The fu-i1ction of thc automatic ~estart op· 
tion is to reload thé working registen; with their contents at the time 
of wss of powcr and resume program execution. 

Watchdog Tírner or Operations Monitor 

If for any re~on a progra~ became "hung up" in a never-ending 
loop, thc process control computer would effectiv~ly ccase to per­
form all needed :functions. To provide protection against this, the 
watchdog tirner -- rnust be reset within a cert«iÍ_I! allottetl time period 
(e.g., 15 sec) by whatever program7 or programs are being exec'\lte?~ 
Failure to do this sen:es as an indication of a problem somewhere m 
the sofhyare. 

2-5 i/0 STRUCTURE 

As indicated previously, input/output (I/0) operations in earlié~' 
computers were accomplished vía the CPU. In this way the CPU~as 
committed to the I/0 operation while it was in progress, and there­
fon~ was not available for other functions. 

The I/0 performance was improvcd by adding an I/0 processor 
· whkh opcraterl independentiy but yet through the CPU on a cycle­

S;tealing basis. That is, the CPU instructed the I/0 processo~, as to 
what operations were nceded, and these were performed by steal­
ing" memm-y cydes from tlie CPU as 'the peripheral device could.re­
ceive or transmít infonnation. This frees the CPU so that the re­
maining mernory cycles c.&'1. be used for computational pUrposes. 

By using a multiple port to memory or direct memory access 
chanm:l as mustrated in Fig. 2-3, the _CPU is completely free of·the 
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CPU 

I/0 
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FIG. 2·3. Direct memory access channel. 
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major I/0 functions. The direct memory access channel essentially 
consists of a satellite CPU whose functions are basically limited to 
I/0 operations .. When high data-transfer rates are expected, this ap-
proach is extremely attractive. · 

The use of multiple ports to. memory can produce a vai'iety of 
computer configurations, even involving multiple prócessors as il­
lustrated in Fig. 2-4. Each CPU has its own privat~- memory in addi .. 

CPU 

Priva te 
Me mor y 

~:r~. CPU 
1 ~·~~~~ ~ 

FIG. 2·4. Multiple processor configuraHon. 

tion to t;.;e sháred inemory, which enables the two processors to · 
coi:nrnúnicate with each other quite readily. · Peripherals with or 
without a direct memory access channeJ can be added to each CPU. 

, 
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2-6 PERIPHERAL D~VICES 

In this section. we will be concerned only with the classical data­
processing pcripherals.;_teletype, paper tape, and similar. devices. 
Process-or1ented I/0 devices are discussed in a later section. 

Teletype 

Virtually all computers have a teletype or typer in the computer 
room for communications with the computer operator. In addition, 
rnany process control computers have additional teletypes or typers 
out in ·the field for. operator communications. Th.ese devices are 
rather low spced (10 to 15 characters per second), but their low cost 
11iakes them quite attractive wh~:e theoutput ~?lume is low. 

CRT Display Units 

''The. low-speed ou.tput from the teletype detracts from its u~ility 
· for operator comm unications. When a hard copy is not necessary, the 
cathodq~ray tube (CRT) di!)play units can accept a rather high data 

. rate, and thereforé are becótning quite p_opular fqr operator com­
munications. One approach is to display inforrnatiori to the operatót 
via the <;::RT, obtaining a hard copy of the desirable information via 
the telety_pe or line printér jn~th~4!omp\iter r.oom. The al,.phameric 
CRT.'s are h:asonabiy..,.'Cost--competitive . with the teletypes. N.({ctor­
dmwing CRT's are considerably more expensive and therefore used 
more sparingly.' 

Paper Tape Reacl/Punch 

\\1hile a slovl-speed (10 characters/sec) paper tape read/p1,1nch 
can be .added to a teletype for a nominal expense, the input/output 
speeds are too slow for all but a few applications. A high-speed paper 
tape pnit (200 charact.ers/sec reader; 100 charactersfsec punch) has 
sufficient speed for normal program preparation, program debugging, 
ami" system maintenance. This unit is substantially less expensive 
than an equivalent card read/punch, but is not nearly as convenient 
for program prepaíation and debugging. 

-Card Read/Punch .. 

While the high-speed paper tape unit was rather standard on 
eaily process control computen;, the card read/punch has replaced it 
on practically all systems on which a significant program develop­
ment effort is anticipated. Typical speeds for card re!Ild./p\..ílru:h units 
on pro;,.:es.s Cf .. ~., .. fl:6l éo-mputerg are. 200 card/min ree.dir:;g~ 80 card/min 
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p~nchíng. A card ,,I¡O unit generally costs at least,~;..·jce that of a 
~omparablé' paper tape unit. .e::·:,·.· . 

·Une Printer 

The volume of .printed output from a process control computer 
is seldom sufficien.t to justify the cost of a line ¡)rinter. But for 
systems on which a large program development effort is expectéd¡ 
consideration should be given to renting a line printer during thé 
initial programming stages when the volume of output is high. 

Drum 
. ~ . . 

·A drum is a 1nass~storage device on which information is ston~d 
on the magnetized surface of a rotating drum. This surface is divided 
into tracks · with a read'/write. head over eac~ trae k. The rot.ating 
speed of the dnim is such that one revolutio11.is madc every 33 milli­
sec. If the ítem. of'information to be read ft;om the drum has just 
passed under the.read/write head, the computer must wait 33 milÜ~ 
sec for tne drum to make a complete revolu_tion. This is the worst 
possible case, and is known as the maxim'um access time. On the 
average, the comp{¡ter. would ha ve Jo vÍ~it for the drum to make one 
half .revolution or 17 millisec, which is · reíerred to as the auerage ac-­
cess time.. The read/write c_ircuitry is.·fast·enough so that ~ords cán. 
be rea~ from or written onto the drum sequentially as it rotates. 

The advantages and· disadvantages of a drurn relativt toa disk are 
discussed. in the next section. ' e-

Disk 

A disk is similar te a drum except for two aspccts. First, t~,::: 
magnetic coating is on the surface of a flat, circular plate which ro· 
tates at about the same specd as the drum. Second, most disks are 
equipped with a single head that can be moved from track to track 
to obtain the desired information. The average access time of the 
disl~ is essentially dictated by the speed of the positioner. Disks with 
very slow mechanical positioners ha ve ~n average access time of abou t 
500 millisec anda maximum access time of about t.wice·thís. Diskfi 
with the very best positioners have average access tjmes-~t around 
100 míllisec. Recently. disks hiwe appe~ed with a read/wrlte heacl 
per track. With an average access time oLahout 1,7 milliseé~ Úiese 
disks are virtually equivalent to drums, and are often referred to as 
drisks. 1 

The relative-advantages and disadvantages of a movable head ~!si 
over a drum or dri.sk are 

l. Since the read/write heads are quite expensive, th~ disk i: 
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generally less ·expensive than a drum _ of the same storage 
capacity. 

2. As evidcnced by the average acccss times l_isted previou~ly, the 
drum is fastcr. 

3. Mcchanical components havc historically been the Ieast reli­
able portian of a cornputer systcm. Thus by elirninating the 
nícchanical positioner the dr\.!.m is generally more reliable. 

4. M::-'-'1Y disks pcrrnit disk surfaccs to be interchanged, which per­
inits a copy of the information on the disk t.o be stored off-

-line as a backup. This is not possible with drums or drísks. · 
Maximüm storage capacity is gcnerally not a factor, since very large 
disks and very large drums are available. For process control, a míni­
mum of a million words is general_ly required. 

Magnetic ~apes 

l)ue to the comparat!vely long access time of the rnagnetic tape, 
these units are rarely found on process control computers. 

2-7 TYPICAL CONFIGURATIONS 

Process control cbmputers come in a wide variety of configura­
tions, depending he:avily on the applitation .. ~Jrt this sectión we shall 
give t:ypical co-nfiguratlons of .thrce-dasses of computers. Fór 'each 
of these we shall give an approximate cost breakdown based on 1971 
prices. 

Minicomputer 

Usually installed as a dedícated computer to perform a relatively 
simple task, the configuration, as illustrated in· Fig. 2-5, is practically'' 

[::~ 
FIG. 2°5. Configuration of a minicomputer. 

., 
the ::Ülf.oh!te rninimt:m. These machines are generally programmed in 
assembly language or1 a once-for-al! basiso For this to be practical, 
the task the computer is to perforin must be well-defined beforehand. 

Most writers tend to define the minicomputer in terms of its cost 
(2). A typícal definition of a minicomputer is one costing less than 
$25,000, again in 1971 prices. The configuratn in Fig. 2-5 could 
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be purchascd in 1971 for less tluin $15,000 even with a 1 6 bit word 
lcngth. 

Direct Digital Control. 

Figure 2-6 illustrates a typical configuration of a computer used 
for direct digital control. Because fast response is generally the basic 

r-=-1 
1 11:~1etype 

Core 
Stornae 

(16KÍ 

CPU 
Paper 
Tape 
I/0 

FIG. 2°6. Typical configuration of a direct digital 
c.ontrol computer. 

requirement of a DDC system, an all-core (no disk or drUJn} machine 
is illustrated. Programmi,ng would generally be in assembly Janguage, 
although several standard DDC packages are available. Since rela­
tively little programming effort is anticipated after the system once 
becomes operational, a paper tape I/0 is frequently us~d on these 
machines. 

Based on 1971 prices, the cost of the configuration in Fi_g. 2-6 is 
approximately as follows: 

CPU (16 bit) with hardware muitiply{ 
divide, storage protect, real-time , 
clock, power fail·safe .. o • , ••••.•••• o •. • o •• $20,000 

Core storage o •• o ••••••••••••••• o :· • • • • • • 32,000 
Teletype ........•. o • • • • • •• • • • • • • • • • • • • • 3,000 
Paper tape l/0 ...... o •••••••••••• o •••••• __ f!,OOO 

$63,000 

A machipe of this corifigur.átion would probably be adequate for no 
moi·e than 100 loops with a reasonable complement of feedforward, 
cascarle, .and other advanced controlstrategies. 

Supervisury Systerm: 

On the configuration of the supervisory system illustrated in Fig. 
2-7. most of the programming could be done in a compiler level 

• .. 
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Costs of Selected Process Computer Systems in Survey Pla~ts with·.Purchased Computers. (Reprinted from 
"Outlook- for-.Computer Process Control", U.S: Department of Labor Bulletin 158, 1970.} 

Computer and ·- installation añd 
Auxiliary Progrnming and 1 ·Additional ; Train·;~g4 

Equlpment1 Systems Analysis1 lnstrumentation3 j, 

Percent Percent Percent '· 'Pe.rcen't. 

'lyp<¡ oC Application " 
Total. 

Amount 
or total 

Ainount or total Amount or total Amount o !total 
•. cost· system system system system 

cost cost cost cost 

~ultienrnpu ter system ·contr.olling - .. 
all major proce-...ses iñ large - ~- - - ~ -- - -· 
chemlcal plant .............. $t5oo,ooo $1,125,000 75.0 $225,0005 15.0 $150,000 10.0 - -

Complex system for control of an 
electr!e g.:ilerating station ••••• 850,000 400,000 47.1 190,000 . 22.4 250,000 29.4 10,000 i.2 

oper..tor guide control over a 
majo~ process in a steel plant .•• 810,000 290,000 35.8 300,000 37.0 200,0QO 24.7 20,000 2.5 

Operatór guide control of electric J 

generating station ••• ' _._-••••.• 720,000 300,000 41.7. ~49;000 19.4 275,000 38.2 5,000 0.7 
Dire~t digi~ control o! a' chem· ,• 

'75,000 ¡ len! process · .••.••....•.•• 500,000 275,000 55.0 15.0 150,000 30.0 -· -
C~ntrol ove.r'a key portien of a . , ... 

-~hemical process (early insta!- ·' 

_•-.J~üon) ••••••••.••••••••• 453,00p 258,000 57.0 75,000 16.6 110,C00 24.3 10,000 2.2 
Contrc! of analytical instruments 

lñ chemical plant laboratory ••• 235,290 160,000 68.0 58,820 25.0 16,470 7.0 - -
Expenmental direct_ digital control ... 

aystc·m uslng 2 computers in a '. 

t:hemical plant • o. o ••••• o •• 222,00,0 157,000 70.7 50.000 22.5 10 000 4.5 5,000 2.3 -- , 
1 c~ntral processor, auxiliary memory, analog/digital signa! convert~rs, and input/output equipment such as operator console. 

ty~-.,WTiters, and tape equipment. · · · · · .. · 
1 Analysis of process, preparaUon of proce&s model, programing for process control, and system operation:· .. : .... 
3 New instrumentation needed for process control installation of computer equipment, and instrumentation including site.pr<:!pará• 

u~ . .. 
4Instructing employees in programing, computer technology, maintenance,and oystem operation. 
5 lncludes training . 

' ··-·- ;"'-~ .... ··-·- -



36 The Computer Controf System 

ptócess computcr systems. Note t.hat the cost of the computer and 
aú>::iliary equipment varies from 35.8 to 75 percent of the total sys­
tem cóst. As in all aspects of today's economy, the trend in process. 
control systems is that the hardware costs are tending to decline and 
the people-related costs are tending to rise_. 

¿.3 PROCESS INTERFACE 

In order to function properly, the computer must receive certain 
data from the· process and transmit other data to the process. The 
computerfprocess-interface, often caBed the analog front end. must 
somehow accomplish these · functions.. The data involved generally 
fall into one of the followíng three ci.tegories: 

l. Continuous or analog data. 
2. Discrete data involviñg only two levels (i.e., on-offtype infor­

mation). 
3. Pulse ,data. 

These catagories apply to both input and output data .. 
Figure 2-8 il!ustrates the typical ru:rangemeñt for reading analog 

p~ 
- S 
~ e 
e n 
e s 

• 5 ~ - .. _, 

SignCll 
c~ndi­

fionin~ 

FIG. 2-8. Analog input syslem. 

values from the process. These sígnals can be classified as follows: · 
L Low-level signals, generally considered to be tho¡;e whose 

voltage leve! is less than 100 microvolts (¡;.v),' include the out­
puts of thermocouples, strain gauges, resistance thermometers, 
and similar transducers. 

2. High-level signals, generally considered to be those .· wh<;>se 
voltage level i.s greater than 100 ¡;.v, emanate from tran,,ducers 
~ith a built-in amplifier of sorne type. 

Due to the popularity of thermocouples for measuring temperatures, 
low-levei signals are commonly encountered in process control sys­
tems: Natmally, these sigr.als are most succeptibie to dístortion, thl):s 
requiring special precautions. The ieads generally consist of a 
twisted, shielded pair. The leads should not be carried in the same. 
tray as r:-c power circuits, and in general should not come in clase 

' proximity of large electrical motors or generators. 

-
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Improper grounding can also be a potential source of distortion 
of low-level signals_ In general, the circuit should be grounded "'ht 
·only one point, preferaf>ly at the computer. Figure 2-9 illustrates a 

Amplifier 

·-High 
irnpcdance 

F!G. 2-9. Circuit susceptib}e to common-mode noise. 

circuit grounded at two points, one at the computer (specifically, at 
the amplifier) and the other at the transducer. The impedance of the 
amplifier is very large (cm the order of 106 ohms), so negligib!e cur . 

. rent flows around the loop. However, the two grounds are likely te 
be a considerable distance apart, and therefore probably at slig-htls 
different potentials. Therefore, a CUI,"l'ent ic t called the common· 
mode current, flows in one of the leads and not the other (due te 
the impedance of tpe amplifier). The voltage drop due to this cur 
rent causes a bias (which may vary with time) to appear in the read 
ing. This bias is referred toas the common-mode noise. As this nois• 
cannot be removed by filtering, steps should be taken to avoid it 
The easiest way is to avoid grounding at the transducer. 

As rather detailed discussion of good w!ring practices are avail 
able, they will not be repeated here (3 ). 

The function of each of the elements in F)g. 2.8 is as follows. 

. Signal Conditioning. This may encompass a variety of el.·zment 
depending upon the sensor itself. When the output of the hansduce· 
is a voltage signal, the signal conditioner generaily c:onsists of only a 
RC filter. But if the output of the transducér is other than a voltag· 
signal. the signal condit\oner generally transforms it t.o a voltag 
sigila! prior to t.h.e mult.iplexer. For exarnple, if the output of th 
tra~sducer is a current sígr..al, the signa} conditioi:iÚ gen2rÚlly COI 
tains a résistor acn"lss which the voltage "input to ·the multiplexer : 
taken. 

Multipiexeif. The multiplexer provides the mechanism bywhic 



one.. of severa!_ SÍb'l1als is connected to the A/D converter through 
the amplificr. For high-level signals, solid-st.aie electronics (fic!d-ef· 
fect transistprs) are used in the switching· circuits. Sampling rates of 
1 0,000 points per second and highcr are readily accomplished. For 
low-level signals, the. distortion of the field-effect transistors cannot 
be tolerated. Reed- or mercury-wetted relays must be used, result­
ing in a much slower sampling rate (about 200 points per second). 
Sorne systcms contain two distinct multiplexers-one for high-level 
signals and one for low-level signals. 

Multiplexers range in size ~rom about 32 input points up to 
2,048 input points or more. The sampling sequence on sorne multi­
plexers is fixed to a certain sequence, yielding what is called a 
sequential sean. Other multiplexers_permit selection of the point to 
be read, enabling the points to be read in random order. Of course, 
this latter multiplexer is m<;>re expensive. 

Both types of multiplexers are found in process control systems. 
Wheri the compU:ter controls the analog sean, the·multiplexer must be 
•:::apable of reading the points in random ordér. On other systems, 
however; control of. the' sean may-reside largely outside of the CPU. 
Üsing a sequential sean and a direct. memory a.ccéss channel to store 
the data in preassigned storage locations relieves the CPU of the 
burdeh 'of sunervisinlz t.he analof! s~an. -~~;;. · 

· Amplifiers. The function of the ·~~1plifier is to scál.e the ·proéess 
signal either u·pward or downward so that the resulting range matches 
that of the A/D converter, typically 15 volts. Sorne systems utilize a 
fixed-gain amplifier, in which case voltage-divider circuits often ap­
pear in the signal conditioner. In other systems, a programmable-

: gain amplificr permits the computer·to specify which one of sever:al 
available gains is to be used. This latter alternative provides more 
flexibility, but the amplifier is more expensive and also requires sorne 
outputdata (i.e., the value of the gain) from the computer. · 

·· A/D Con verter, · Conversion of the signal from analog ( contin- · 
uous) form to digital (discrete) form is accomplished by tbe A/D 
converter. The resolution of. the A/D converter is related to the 
nurriber of bits in the digital output by the e.quation 

1 
. 1 ! 

Reso utlon = 2~ 

where n is the number of bits. ~7or process control, a.n ll··b';: Gi.m­
verter is f'".tirel•· '-'deq;.,:ate, giving a resolution of about ü.ü5 pereent. 

• • • 4 b"+ !- "t" , ti 1> For ·soffi;-o ~·.P~: ,:10n4 an·¡ e1g~t'" l<· cor:~·¡¡ener Wl m ~ ~esom on OA 
r about 0.4 ~J~rcent is a\8,-;~i:ptabl~. 

~ . 
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The time rn.¡uiré'.ó for •.he di'git:ü output oi' the A/,P,~·onvertcr to . . .. . \ 

rcach a const.ant value after a ncw input is applied is .. ~l;own as L1e 
sctlling time. For ·solid-state A/D convcrters, the settling time is 40 
psec ór less, whlch: beeomes significant only at high dat.a-transfer 
rates. 

Cqmparator. In order to relieve the CPU. of s·ome Of its burden, 
the· input ·data can be compared to high and low limits outside the 
CPU: This feature is very attractive on systems-using t.he sequential 
sean coupled with a: direct memory. access channel to st.ore the input 
data in preassigned :'storage locations. The .high;a~p..low ~!imits are 
retrieved via the direct memory access channel:from'prea~signed loca· 
tions in ·core·storage.. If cither limit is violated, an interrupt is gener­
ated, calling fói:"·:t.he :CPU's attention. Thus the it1put scm1' proceeds 
_independeritly of th~ CPU until a limit is violated~ . . .. · . 
· Althoilgh input~ w,hich can assm;he only twó' states could be 
entered via the route described in the ~bove paragraphs, ibis .condi­
tion placés an undue burden on the anhlog inpüfsystem. Most pro­
cess control systems permit the states 'of input~ ·of. this type, known 

·.as discrctes, to be read 'in groups. Normally each.di~crcte is assigned 
: to a bit in a word.' In ·one cycle time, mo!¡t comput~¡;"s can read a · 

word containing the stat~s of a ri.umber of dis.creté;,- e'::¡ual to the 
·WOrd length. The capability to manipulate-the bits in ·a· word in order 

. to ascertain which bits are on or off becomes extremely •m portan t.· 
.. j)jscretes ate:-cbm.rriOl~ly. US!"Q.JO indicate the staf.us of Í'~lays, .. 

. . · which may· be found in anything from 'electrical switches to ·high.: 
pressure alarm~. lnthe convential operator's console, the. position of 
the thumbwheel switch es and other devices.fór data entry isindicated 
via a· bit ~attern.entered intQth~~~omputer via discretes, .. · . . - -. 

· Th~ output of ¡::ertain measuring devices ·such as tachometers or 
turbine meters is often in the form of pulses. Although the c·on:1puter 
can:beíeadily programmed to count puJsesfor l.l given length of time, 

·tbis tends·to consume too much of the CPU's 9me:. Instead, external 
pul~~ co~nte¡s are generally preferred. ~I~)i.hes.e devi,ces; the CPU 
loads a registedn tbe pulse counter with ,t-he n!i,mber óf pulses to be 
counted. With the re,c;_~ipt~ of eat;:h~.p,u.lse, this register is "down­
countcd •·· .. (i.·:o ., one !t·""subtrt\~!.ed-;·:•(fñtib,:,tb,e.,_rsgister reaches zero; at 
~hich tin:e an in,>.;;;'f~B.~tó-tbe CPU is generatéd). To d~termine the 
tl.me requ~red fgt the g1ven number of pulses to occur, the CPU needs 
only to s\ibt:r,:,;ct th<;,time when the pulse counter w'as iriitialize~ f!om 
the cu:rrent..~-l'me. -:Thus 'the CPU has little to do. · _- ., 

.TlH~·,j.í6'tpu~·/~í!' d'ata to the process is generally by one of the 
foHow>:.'g tbreE(means: 

1/DiSfti!,i-to-an¡ilog (D/A) cbnverter, which ct rts a digieál 
.rr.J"·. . - - .· 11 

_,.,f/_': ;• :-.':c.¡. • . •·· "-- ~ 
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value (in intcger format).to .. an.analog signal. ·A multiplexer 
could be __ used to Óbtain several outputs from a single D/A 
c_?!l.verter as illustrated in Fig. -2-10. But wi-th the addition of 

Computer -4-

~~----~~~- . 
Multiplexer =_¡--

FIG. 2·10. Multiplexing the output of a D/A 
convertc• 

. the hold Circuits to maintain the value between sarnples, the 
ecqnollli<;s_tend to favor individüal D 1 Aconverters. 

2. Púlse gene.rato.rs, whi¿l)--gei1er~e the n~~her of pulses sPeéi­
fied by the computer. In rnost systems the pulses are of pre· 
determined amplitude and duration and wíth a predetermined 
time between pulses. The outputs. of pulse generators are 
common1y used to drive stepper motors. . 

3. Contact closures, which can assume only two states-on or 
off. In additiori to simple applicatio.ns such as túrning pumps 
or lights on or off, a contact can be closed (or opened) for a 
period of time to obtain a pulse output of variable duration. 

To illustrate the use of these devíces, consider the output of a 
quanti.ty such as a valve position or set point for an analog controlJ.er. 
Perhaps the most direct approach is to use a D/ A converter as illus­
trated in Fíg. 2--lla. Pertinent points are:· 

1. Since most valves are pneumatic, a current-to-pneumatic (I/P) 
kmsducer is required. 

2. The output of the D/A converter can be displayed so that the 
operator can readi!y ascertain the va!ve position. 

3. As the output is the ·actual va.lve. position, some m~chanism 
must be prov:ided so that the computer can read the initial 
valve position. 

AitemaUvely. a pulse generator can be used in the configuration iii 
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D/ A converter 

Computfr i O/A > Va_,.l.-ve_:p'T'"o_sit_io_n ________ EJ-l_ 
1 al D/ A cr.l'lverters 

Oisplow of val ve 
position for operator 

Comp~_.:.ge_in_v_oJ_ve_:_po_s_it_io_n ________ , 

Pulse 
Ge.,ero.tor 

B-·-----Valve position 

Display 

\ bi Pulse generator Nitll ~t~pper moto• 
. . --- --·-------·---· --------. 

Integmting 
Amplifier 

Val ve 

Val ve 

Compu_!~_j-----._ }-_C_h_a_n.:..ge_i_n _ ___, 
-l_ valve position 

Plllse 
Generator 

l~l 
L__:_j 

v~~'"it~ 

Oi:;play VoJve 

{el Pulse generotor with integrati~g amplifier 

FIG. 2·11. Uses of D/A converters.anci pulse generators. 

Fig. 2-llb. Relevant points are: 
l. Current/pneumatic ·transducer is replaced by the step¡ 

motor, V{hich -inhercntly integrates the input. 
2. As the computer output is a ·change in va)ve position,' it is 1 

necessary that the computer be a:)le to ascertain the va 
position (unless ít must be verified that the desired cha.nge' 
actually made ). 
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3. In arder that the opérator be able 'to readily ascertain the 
valve position, a signal must be transmitted to the control 
room, thus entaiJing another signal Jead. 

This approach is commonly used for set points of analog cc1trollers. 
Anothér alternative is to use an integrating ampiífier located in 

the control roótn as illustratcd in Fig. 2-llc. This is similar to the _ 
configuration iil.Fig.:_2-llb except for the following: 

l. The valve position can be readily displayed to the operator. 
2. An 1/P transducer is required, although this could be incorpo~ 

rated into·the integrating arriplifier. 
3. The satura:tion limit of. the integrating amplifier inay not 

exactly correspond to the -valve ftill-open or full-closed, which 
may present sorne problems when using the velocity control 

. algorithm. - . . 
Although a pulse generator is ilhistrated in J<'ig. 2-llc, a_ contact 
dosure maintained for variableduration-could be used iri.stea<:L 

. ,· :. : 

. ~ . ~· -:! 

.. 
. ·. 

·In :'<m~ sense, ~he cómputer conÚoJ _systcm, c~n be. con~idered' as 
co~posed'oftwo ~·ª-sse.s of elements.- The first of these is called the 
h.arCiware which ·has been ·described.:up to this·~,p9int. '!'!le second is 
:.hi;''soft;are, -..víirch can be define~ ~'everythíng over and_ aoove tpe 
::-,ar-dware required in arder for the cornputer control system to func­
:jotJ... This is perhaps the most encompassing definition, ·more re-. 
r;tríct~ve defihitions being available. · . _ _ ... _. 

Basically there are two sources · of software.· The computer 
::11anufatturer generally supplies certain program packages with the _ 
eomputer system .. SOrne of these are generally- jn'cluded in the basic . 
pi-ice of the syst.em. Others tnay t)~ __ purchased at the option of th;~-· 
tiser. In either case, this software is termed vendor-suppliedsoftwm:e;>: 

- Whereas the vendor-supplied software is genérally usable irf cf 
r\elatively wide class of applications, each user . will require certain 
j,rograms specifically for his own installation. He has the option of 
:·ither writing them himself or retaining a:n outside firm to write them 
:or a ·negotiated fee. Software in this category is generally termed 
.;.ser-supplied software. Of course; the '?ser would like to minimize 
~'.;he ámount of software he must develop. · 
. For a computer control system, the_ software required can be 
,~ategorized as follows: . · . . · 

l. The opera:ting system, monitor, or executive. This software 
supervises or directs the ope:rati9n o(the computer control 
system, scheduling programs l'or execution, transferring pro-

• ... ; 

¡ 
1 

1 
. ~ 

., 
1 

• 1. 
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grams Jrom disk to core, etc. This package is gr·nerally avail­
able from thc computer manuf<lcturer. 

2. Supporti;¡g ~ottwnre packages, indudi;-¡g comi'¡iJers; · loadeis, 
disk e di Lor~, diagnosi.ic routines, ·etc. Most óf 'tries e· are avail-

. able. ffoih; .. th·e vendar~ ,:'". -:. · 
3. ,.A,ppii.tt%ÚQ~_.5- ~p'r~~a¡ps.;,(Lé"., those · directly cot1cemed with 

·, i~ple!'Jlf11}ií1~(th~" ~~l~cted control stra:tegy }, Most of these 
:tiiust ·be~ ·s.l..lpplied:.:.tJy.the user, although_:some parts such as 

____ ope'r~t:~é·~',~¿onsole :service routin.es, therJ:B:oc_ouple conversion 
. . ... -. rd'utines, ánd the like may be avmlable from .the.vendor. 
With thi~ overView of the software fb~ _a ·-control' COtnput.er' a few of 
the indiVidual elements will be consic:ÍerE!.d more clósely._-: 

. ... ;,;-·: ',1,. '. . ••· ~-_:·;~- • ··: . .., . ·. 

~ :·: .:_~:,·. :~' .', .... ~- .- ..... 
2-10' THE ASSEMBLER ·. - .. 

• O <' • • <;?; r • .· 

; •• '._:;~::);:;.·::;1~ • .:. .~·-:¿:.~f: t~ --~ . . ~ - . . .. -.. ·, -~- \' -.... 
Earlier in thk chapter we ~ii~cussed the b.a.,si~ máchine language • 

and . indicated hov,i". cert~in'-operatl"óhs co'~ld- Qd, obtained wlth the 
. appropria_Ú'! 'in~truction~. · At_ this level prograr_rüj}~~g-" is very tedious, 
and the progra~nmer must remember the bin·áry: codes for each in­
struction as well as the .addresses. where each .piece of informati.on is 
stored. Programrning in assernbly language offer~ two advantages: 

1. Mnemonics are used to indicate the instruction to 9e per­
----~fórmed. · For example, STW may indicate the: "store word'' 

instruction.. . . · 
2: Variables are used in the pl~ce of absolute stprage ·.locations_: ' 

The assembler collects the names of all variabl~s.used in the:·. 
program anq assigns storage Jocations to thÉmi,:ill:_r_rruch thé.-

,; same mánner as_-the well-kriown Fortran cb!Tipiler. · -
JFhr example, the instruction · , _ ... · ":· . :~~ 
' . 

··-'STW, X 
--~··.-- ~--: 

·thay instruct the n~achine to store th~ contents of the accumulator 
ih the storage iocation corresponding to variabl¡:; X. · 
. : In .. most ba'sic assemblers, · there is a one-to-one correspori.dence 
betwéen assembly language statements and maqhine language instruc­
iions; These assemblers will frequently run o~ aS smáll a system as 
.one wiÍ.h only 4K words of core. Many manyfacturers offer an ad­
vanced ao;sembler which. permits the use of 1'macros," which are : 
certain a<>sembly laqguage statements or "instructións" that require ., 
the execution óf more than one machine language instrudion. A . .' 
more éxpanded system is generally required for assemblers of thi-5~.: 
type, . . ) 

As this is. not a text on. progra:mrning per se, we will not del ve' •. .. 
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into the details of assembly language programming. Besides, an 
a'lsembly language is generally specific to a specific machine, differ­
Íf!g from;. one model to another even if made by the same rr.anu-
facturer. . . . . 

We shall defer discussion of the advantages and disadvantages of 
programming in assembl.y language until after our introduction to 
Fortrail. 

2-11 PROBLEM·ORIENTED ~LANGUAGES 

Although modifications of other problem-oriented languages'such 
as BASJC have been used for programming process control com­
puters, Fortran is currently the nlost common problem-oriented lan­
guage used in process control. As we shall enumerate shortly, the 
;·act that Fortran has its shortcomings has given rise·to sorne interest 
to abandoning the use of Fortran in process controL However, there 
is considerable inert.ia in the general use of Fortran, probably because 
most current tec.hnical graduates have been ex.posed to ·it. Conse­
quently, we shaU ba5e our discussion in this section around Fortran, 
pointing out its advantages and limitations. 

Fortran entírely abandons the one-to-one correspondence of 
... statements to máchineclanguage.Jnstructions<,J!lstead, synta}{ Í$ used 
, te indicate procedures to be executéd using desired infor:maBon';.,.Por 

1 

example, the statemenc ... -~·-- .. __ ,_ .. 

C =A+ B, 

· indicates that A is to be added to B and the results stored in C. This 
statement would be equivalent. to the following assembly language 
statements: 

LDW B 
ADD A 
STW C 

(load B into th~ accuinul~tor), 
(add Ato the contents of the accumulat9r) 
(store contfmts of the accumulator i.n C) 

As most readers are certainly familiar with Fortran; there is ~o neeri 
to go into the details of Fortran programming, 

It should,. howéver, bé pointed out that the FC!rtr::m availabie on 
proeess control cornpnters does not generally have as· many f¿atures 
available as the Fortran available oo the tyr;ical. data processing 
machine. Notab\e exccptions include the ábsence of logical variables 
(ínciuding logicru IF) and the ability to selectively define the pre­
cision used in· the calculations. In general, single precision or double 
precision is used t.hroughout the program, not just in selected places 
where it is needed. The same applies to variables. For example. all 
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in tq,;~:r variabks <.•re stort'd onc per \vord or all are sl(lrccl one pcr two 
wcnls ( dou blc predsiori). · • 

Since the Fortran available on process control computers is 
really just a carryover of the Fortran available on data-processing 
machines, severa! needed features are· not general! y available. A 
prime example is the ability to directly perform bit mvnipulations. 
The status. of process equipinént· is often indicated by the state of 
contact closures, which are read into the machine one word at a time. 1 

That is, in a 16-bit machioé, the status of 16 contad closures would 
be indicated by one word. Therefore it is often necessary to de­
termine if a certaii1 bit Ís "on" or "off." This is readily accomplishe!J. 
in assembly language, but not in Fortran. 

To · provide cápabilities like this, the usual approach has been to 
resort to subroutine calls to assembly-language subprograms th11.t per­
form the needed manipulations. In additíon to bit manipulations, 
most real-Eme functions su<:h as initiating A/D GOnversions, initiating 
D/A convérsion:s, generating pulse outputs, .and the like are handled 
in t.his manner. This resu!ts in a certain amount o{overhead in trans­
ferring control to and from the subprograrp. .. 

One approach to circumvent this drayvpaqk is to pcnnit the i.n­
sertion of assembly statements into. a Fort.ran source program, a 
feature called in-line assembly. Now the pr<?grammer has dir~ct 
ac~ess 'to the basic machine ·capability whenever the needed opera­
tíonca.n.nofbe r-¡adily riccompHsneawítnFOrírari: .. --.--.-· -~---

- · Basically;-the-decision to use assembly or Fortran involves a de> 
dsion. of which· resourcé is .scarcer-man hours. or mnchine capaciÍ;y. 
Certainiy a Fortran program can be preparE?d quicker- than can an 
assembly-laaguage program: However, the assembly-language pro­
gram will run faster and will require less core st.orage. Thus asome­
what large.r machine wm tisually· be needed in arder thatthe bulk of 
the programmirig can be doné in Fortran. Qther. pert,inert factors aie 
outlined in Table 2-4. . 

2-82 . FILL-IN-THE-FORMS 'SYSTEMS 

Viheth~r usiríg assembly 'lánguage or-' Fortran, the p~ogramming 
burden on th~,_user is s1,1bstantial. One · approach to reducing thit 
burden on tG~ \i-~er'·i~ vi~··fill-in-.th'-·for·ms packagcs, where the uset 
designa.tcs by d;:.t;a cards what funetions are to be performed. In es· 
sence, the master. prograrP; m::1ke¡; ·available to the mer a.number o1 
·functions. Via the tnput data deck, he vresc.iibes what operations 
are to bé pedormed on designated inputs to produce design.ated out 
puts. 
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TABLE 2-4 
Assembly Versus Compiler Languages 

(Rep.roduced by pennission from Ref. 5) 

. Explariation 
--~--------+-----------

Ability io use different 
:-c!a.<;SCs of codes · 

Fewer instructions to convcrt into 
machine code. decreases execu­
tion time . . . 

Assembly code can take advantage 
of memory-cónserving features 
of modern control computers 

Assembly code offersmore flexi• 
bility in specifying program lay­
out and.data slorage 

Programmer can take advantage· of 
bis detailed computer knowl· 
edge to write more effective 

. control programs 
Calling up subroutines and sliifting 

control párameters is simpler 
- Reentraryt routines for servicing 

p~iority inlerrupt are facilitated 
.} -- ~Cofl1p_iler ~~!lch!(l_e ~~dependent and ':; · 

' .. standard.:Zéd ~- . -. - · .,..._. 
1} limited advant.age 

'. 1 

'"- -· ·s·elf-documenting ·-· 
· . Easier to leam . -
; Quicker, less tedious to 

'Y,ríte or modify 
. : . 

Easier·to debug-self­
ch~king 

Yes~b:~-:~ust be suppf~~~~d -· 
'(_es, for a sdentist or engineer 
Y es, provided the program writer 

knows when to provide control 
alternatives . 

Prevenfs. sorne programmer errors 

·:;_.·· ,.._ .. 
·;-...; 

The functions normally l'OVered by languages' of this type in elude 
the input séan routine, alarm scanning, conversion of input data to 
engineering units, · three~mode control calculations, feedforward 
control ctdculations, cascade control, and similar functions. In 
genenil, all of the basic. functions common to most control systems 
are providCd. . . . . . . .·. . . . . . . 

· .The . fill-in-the-forins system runs in what is called the in ter-
. pretive mode. ·Tl1e input data is stored somewhere irÍ the system, and 
the;fill~in~the::form:uystem searches through the input data to ascer- · 
tain ':\vhat .functiom are to be performet;l. This entails considerable 

--oveihead as-cümpated-:to'·efther assembly or Fortran programs writ­
ten to accomplish 'tb·e:S'al11t!task, ·wh1ch necessitates a more expanded 
computer tem ·to p:erform ·the same task. The fill-in~the-forms 

... __ lanauaue is ... uta comoiler. 
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As it is \mrcasonable to expcct any fill-in"the-fonns systcrn to 
provide aH:. thc functions required of a computer control systein, 
provision is generally made ·in these systems for the user to add 
routines ·as necessrry to augment the system . 

2-13 DOCUMENTATION .. ' _~ .~ 

No matter which programming .language is used,'preparation.bi 
adequat~ .docurhentation requires ·.considerable effort, bu t is a- ta~1 
that must be undertaken while"':·preparing the programs thcmselves 
rhat is, it is. not feasible to delay preparation of docurnentation un ti 
the prograq1ming taskis completed. · 

j ln preparing docúmentation, the objective should be to enabl• 
sbmé~nk YJho is.:totaliy urifamiliar with the program to quickly an1 
Eia5ilY understaru:Í. its purpose and how. it works. The following ítem 
dre ésseh tial: · · · · 

. 1:. Ai,written statemEmt of the fun~tion thi.!'i ·: "'. · 
. :i .· .. íd,rm. as well as the details of the ápproach ' : 
'. ·, the desired function. 

, · ?; A flowch~t of t,he progr:.\m. 
.· · 3~ .An up-to-date· program listing. . . 

. . · ·.•:>·~·. D~fin,itions of all variables used in the progi"af11. ;:. . . . 
. ·. :~~:~hl~~should;be·;augmented ason~<;;~~~~Y. ~Jlrgyjge_~~mplete' coy~raé 

· ~-~ ·. In regru:a tb: defining variables, a ~tandardnamirig d>nveftfí<5ri'''·f, 
aH. variable~ in the various programs in the systerri,.has some ·m~ril 
I~·. this appfoach, each character in the variable n~é d~signates ¡i~)rr, 
thihg about its meaning. This method should leád to more consiste: 
variable n~ming, but a list of variable definitlcm~Jor _cach program 
still desira.ble. .· · · · . .. .. ~- . · · · . . · 

.. -::· .. · 

.. 2-1~ FQR ÉGROUND/BACKGROUND·,:·OPERÁ TI ON 
'.í 
-~h~e,'progr~s executed :by a typical~process computer are.ger 

ally ~~v~ded into· two types: foreground··tasks and baclzground tas 
The fóreground :tasks are g~nerally those directly involved in cont1 
ling the, process; The baCl_cgtoimd tasks -include many of the t8 

. req~if~~' to súpport,the COJriputer control system. For example; 
· . progt'!l'm: \used to compile programs, whether forcground or b~ 

ground, i~ runas a-backgroúnd·task. Therefore if it is dcsirable ti; 
able ~? cq,mpile· while the' computer is on-line (i.e., controlling, 

. proc~ss), tpe operatjpg system or executive must,.be capable of sí~ 
tane9usly supporting foreground ·and background tasks on tf!i:VSi 
¡:nachine. This does. not mean that both taskS::áre execute<f' sií 
táneous1y. Instead, lh~ background task is-executed only whÜe . 
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computcr has no forcground task to per:form. Systems that cannot 
sup~ort background tasks while on-line are commonly refcrred to as· 
dedzcateq systems: · 

Ba_sically, thrce different arrangements could be proposed to ac­
comphsh all the tasks necessary in the operation and support of a 
comput~·r control systcm: , 

· 1. F'orcground/baclzground on the same machine. This dual 
function places an added burdcn on the monitor or executive 
syst.em, thercby incrcasing the overhcad. A rather exparided 
system is requircd to support both functions. Also, sorne con 
sideration must be given . to the possibility of a background 
program going astr'ay and interferring with the control pro­
grams operating in the foreground. This. requires wme forro 
of protcction, either h::udware or software." 

2. Foregroundlbacl<ground ón. separate machines. Ii two ma­
chines ~e purchased from .the same manufacturer one can be 
dcdh:ated tó the control functions v.;hile the sedond is used 
off-line for program development. · ·Each of the two systems 
will be of smaller configurations than a machine on which 
both fu!lctions are implemented. f?eparation of the tw6 
functions ¡also climinates the possibility of background .pro­
grams in~erfering,~lV.Lth:JQ¡_eground programs. Since one back­
ground computer can supporfseveral de(licated control'com­
puters, this approach. can be-:-very attmctive wheñ ·mor~ than 
one control computer is involved. 

3. 0{{-line support by data-processing nwchines. Tne general 
idea bchind this approach is ·t.hat a central computer or time­
sharing sy.stem can be used- to provid_e Fortran compilations 
and similar functions. As the central computer is most likely 
of a different makc than the control computer, its compile;s·· 
~e not u sable. Instead, a compiler is required that runs on the 
centr&l computer yet produces code executable by the control 
compute:r. In the case of Fortran, this removes the i:estrictions 
cm coré made available by the control system to the compiler, 
and could conceivably perrnit the development of mme ef­
fid<mt. compilen; that aiso provide sorne extra functions 
needed in process .::óntrol. As for assemblers, an assembler 
':'Yitten in Fortran c.ould be ruri' on virtually n:ny data-proces-
smg machine. · ·' 

2-15 iNTERRUPTS 

The purpose of an interrupt is tv permit the normal flow of 
execution of instructions to be altered to permit the computer to 
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r11 '.end to sorne urgen t. or higher priority function. Interrupts a:l'e 

basically of three typcs: 
1. System inle:rr!.f.PlS. These interrupts oi:iginate within the 

computer system itself and play n.n integral part. of the func­
t~oning oí thc system. An ex~mple i.s whcrc t.he output typer 
s1gnals the system that it has finished typing t.he previous 
chamctcr and is ready for anothcr. 

2. Timer interrupts.- These synehronizc t.he operations of the 
systcm with thc real world. Timer inlcrrupls are gencrated at 
prescribed intervals of time, and their occurrencc can be used 
to initiat.e t.he 'cxecut.ion of control programs (such as al­
gorithm calculat.ions) at. regular intcrvals of time. 

3. Process inierwpts. These originate from tiw proce.;s and 
either signal alarm conditions, request tbat somc function be 
performed by the computer, indicate compleUon uf sorne tnsk 
within the process, or similar purpose. For cxample, a high­
f'ressure limit switch could be ti.ed into the interrupt syst.cm to 
mdicate alarm conditions in sorne part of the process equip­
ment. The "request" button on the operator's console is ti~d 
t.o the interrupt system, thereby perrnitting him to request· 
the · computer- to perform certaín functions. On-stream 
~nalyzers often' indicate completion of the analysis via a.'1 
;n~rrupt. , . 

In m_ost process c:>ntrol systems the )nterrupts play a P"lnsf important 
role m the operatlon of t..~e system. . 

The interrupt structure varies considerably frorri ohe c"mputer 
¡system to the ne..xt. The sequence of events étfsociat~cf with the oc-
currence of an interrupt is tyopically as Iollows. . 

l. The interrupt occurs. 
2. Instead _of exec~ting the very ncxt insLructioi1 in sequence, 

control lS transferred to, a designated lo,~ation in core storage 
and the iristruction contained therein is executed. If the 
interrupt can be serviced by this one instruction, control then 
reverts back to the progr.am being·exer.uted at the time the 
intern1pt occmTed. 

3" U execution ofseveral instn1ct.ions is required, the instructicn 
. executed due to the interrupt is generally a special instruction 
that stores the current contents 'of the adclress register and 
loads · into the· address register the location of !,he next in­
structión to. be executed. 

4 .. The iJ1stru.ctio:ri located at the addresB now Ll the addrr2ss 
register is the frrst instruction in a ,program called the 
interrupt service routiné. However, the information in the 
working registers pertains to the program in execution. when 
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the i;1tcrrupt. oécurrcd. In order to resume execution of that 
prograrn, their t.:ontents must be stored. The initial instruc­
ti~ns of the interrupt service routine must accomp1ir;h this 
task. : · 

5. The iri'structions w accomplish the.function reiative·to servic-
ing the interrupt are. executed. . /:' · 

6. The contents of the Working registers are _iestored to their 
val u es .at the time the -intcrrupt occurred. ::; 

7. The cor\tents of the. address register is restored to its val u e at 
the thne the interrupt occurred. .· 

· After the last step, the program in progress when ~he interrupt oc­
curred is resumed from the poin~ at which it was interrupted. 

Process computers come in sevcral different "styles" in regard to 
their interrupt !;tiucture .. In one. style, th~re is essentially only one 
interrupt priority; · U pon initiation of the servicing of any interrul?t, 
all other interrupts are "inhibited" (i.e., servicing is not permitted 
untii'thé one currently bei'ng processed is completed). In this type of 
system the interrupt service routines .ll1ustgei1erally be .short. 

In another variation, interrupts<'are_.grouped inty leyels of dif­
ferent priority; \Vith several· ir~terrup·ts behig i.\~d into each level. In 
this system; inte_rrupts :occurring on;:high-pridrity _levels will interrupt 
the · servicíng ó'f interrupts'· on lowi'.!r~pdority )evels. Bowever, an 
interrupt willlriot interrupt the servicing of ánot..l;.er interiupt-ori;. the 
Game leve l. · · ·: ·.~· ~:' .' :·:· . . ' ; · 

In. yet a{lother vanation each. inteiTúpt is provided its own dis­
~inct priority, and interrupts th~ servicing of interrupts of lower 
.oriority. · ' · · · ,. '·. · ~ · . · 
- Sorne degree of progfam controUs pfóvided-'by inhibit commands. 
which prohibit the recogniti01. of all o~::s~lected interrupts until the 
machine is returned, under progr~rr<c9ritr9l~·to the uninhibited stat~~. 

. 2-16 THE EXECUTiVE 

The operation of the process control computer is under the 
supervision of t.he executive, wh1ch is altcrnatively referred toas the 
operating system or monitor. One of its primary functíons is to 
schedule the execution of controlprograms. Somewhere within the 
system is located all control programsrwhich can be e:{ecuted by th~, 
computer. Soq¡e .of these ·may be located in core at all times, and 
are termed core resident . . Others m ay be located on the disk or drum, 
if avrulable. In this ·case, .. the· m\m1ior ·mu.st supervise the transfer of 
the ·programs from 'the disk or ·dnan ta core storage., . 

The scheduling ·of .execution of coñtrol:pro·grams is 8.·ccomplished 
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\vith thc aid of a tahle callcd QUBUE, wl1i'ch cont.ains tlw name of all 
progfams 'YJ)ose cxt!cution has becn. requcstcd but. not fulfillyd. 
Along with eaeh prograrn is nn associated priority, which is aS.,ign~d. 
under pragrarn con)xql <!t the time the prowam's namc is placcd in 
QUEUE. Píogrm.n pames. art: placed into QUEUE mainly by one óf 
the followíng ways: ·· 

l. A control program may place the name of another program 
inw QUEUE, thereby permittíng a train of successive pro­
grams to accomplish a given task rather than one large pro-
gram. ·.·· ·. . 

2. An interrupt service routine may place the name of a program 
into QUEUE. In many cases, this is the only function of the . 
interrupt service routine. 

Once a: program's name is placed into· QUEUE, it is removed only 
wh~n the program is executed. , Highest-priority programs are exe­
cut~d befare low-priority prognims. Programs having the same pri-

. ority are executed on a first-in, fird-out basis. 
. . On systems operating with' a disk. or drum, the layout of core 

storage is as illustrated in Fig: 2-12. The e~ecutive generally resides 

\ 

E xecutive 1 
i 

' Core-
resident 
Progrnms 

Disk or Dr.um 

' COMMON 
·. ' . 

. Working 
·Space 

FIG. 2·12. Disk·oriented operating 
system. 

1 . 

l.n tl)e loWer portion of core storage. An area of core storage callE 
COMMON is reserved for the storage of frequently used data. Cor 
resid.erit to'utines remain permanently in core storage. The remaind, 
of core storage is called working·core. It is into.this arE'!a that t1 
programs residi~g on the disk are loaded'for execution. 

When the. ~xecution of a control program residing on disk 
scheduled, the program is copied from the disk into working cc-.ie 1 
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llie l~xecu L1ve. Note the word copied-the original version on the disk 
is not altcred. After cxecution of this program has been completed, 
the next prognim is copied into the same area of working <.:ore (i.e., it 
overlaps· the original program). This means that lhe .program is not 
ret'urned to disk after exccution is completed. Therefore, the same 
program is exccuted each time, only the data being differcnt. Si':lce 
the completed program is not copied back onto the disk, any data 
tlúJ.t ma:; he nccded next time thc program is to be executed must be 
stored cithcr in COI\1MON orina file on thc disk. 

Depending upon the executive, the working core arca msy con­
tain either ohly one program ata time, a specified maximum number 
of programs, or howevcr inany can be accommodated in thc space 
available. In systems that can accommodate only one program at 
any given time in working core, the procedure is as follows: 

l. QUEUE is consulted te determine which control prograrn is 
to bé executed .. 

2. The control program is loaded. 
3. The control program is executed. 
4. Retum t9 step l. 

That is, QUEU~ is consulted only at the completiory of execution of 
a program. But as interrupts can be serviced while tbe control pro­
gram is being:,executed, it is cons;:~ivable th~!· an interrupt :service 
routine could place the name ~~a control program into QQ,EUE 
whose priority exceeds that of the program now being executed. In 
most cases this program would not be loaded until execution of the 
program currently in working core has been completed. 

The capability of ~ultiple programs residing in working core 
storage at any one time is referred to as multiprogramming . . When 
these programs may reside only at certain locations in core; thi.s 
bperation is said to be usíng qxed partitions, as illustrated in Fig: 
2~13. Control programs are generally assigned to a particular parti-

. tion and will oilly be executed in this partition. The term dynamic 
storage allocation is applied to the case when the program may 
reside in any area of working core. As illustrated in Fig. 2-13, this 
ieads to a more efficicnt utílization of. working core, but is more 
dermmding on the executive and also requires sorne supporting hard­
ware features (prograrn location regis~~r) in the CPU for efficient im-
pleméntution. · 

Although mere than one program rnay reside in wor_king core at 
any one time, only one program is actually being execuied: The 
others are said to .be in the suspended state. . 

Multiprogramming systems genera1ly check QUEUE bot.h upon 
comple1.;ing execution of a control program and u pon completion of 

The Computer Cont.ol5ystem 

{ 

Proqr~ 
Partition l -~ . 

Proqram B } 
Pnrtition 2 

Partilion 3 { !.roqram C :l 

Proqram A 

Fi~ed Partitions Oynamic Storage Allocation 

•FIG. 2·13. Cote allocation in mulliprogramming syr.tcms. 

' 1''· 

s: 

an interrupt service routine. Thus, if a high~priority program na1. 
been entered·into QUEUE, the executive loads it for cxccution pro· 
víded space is available. In fixed partition systems, this generally 
means if the partition assigned to the program to be Executed is not 
currently in use. For executives using dynamic storage allocation, 
this mcans if the unused area of working Gore is large enough to ac· 
commodate the program. 

Sorne systems using. dynan¡;- sLorage allocatíon wíll remove 1ow-
. ~riority progx.ams to make room for high"priority ones. This is. a 
rather ambitious undertaking. One approach is to not rernove the 
program, but to store on disk the address in the program .at which 
execution was termiriated, the conter'.ts of the working registe:rs, and 
the current vaiues of all data used in the program. Trie program· it­
self is then overlaid. When space is available .for resumpfion of ex~­
cution, a fresh version of the program is copied into working core, 
the working registers and.data va1ues are restored, and execution re­
sumes. 

2-17 FeRMWARE 

'l'he executives described in the prev1ous seetion have one 
property in common-they all contain "bugs.;' Even with "consider­
able effort. on the part of both vendor and user, a few bugs ~till show 
up from time to time. In arldition, the software executives also en­
. tail a certain amount of computational overhead to perform the de­
sired duties. The executives also require considerabie core storage, 
often as mucb as 50 percent of the .available core. 

One approach t.o drcumventing these dráwbacks is via a firmware 
executive, i..e., one that is hardware-implemented rather than soft­
ware-implemented. 'l'his approach, however, has the dimdvantagP of 
generaUy being inflexible. 
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. 6.2.4 Método de búsqueda 

. En la sección 6.2.1 se estudió el método de optimización por 
diferenciación y en la sección 6.2.3 el de los multiplicadores de 
Lágrange. 

*Estos métodos reqUieren para poder ser us'~dos que la función 
por optimizar f ( x) sea continua y diferenciable. En mu'chos proo 
blemas prácticos es muy düícil determinar si se cumple esta con-
dición. · · 

*Los métodos de busca directa que se exponen· en esta sección 
para funciones de una sQla variable independiente y en la sec­
tió? 6.3.3 para funci?~es de v~rias ~ariabl~ no ~quieren· 11fP: · 
aplicarse que la func10n sea diferenqable ;ru contmua. La fun­
ción tiene que ser solamente computable; es decir, 'debe poderse 
calcular el valor de la variabl!! dependiente, si se conoce el · .vaa 
lOr de las variables independientes. ·. 

*Todos los métodos de búsqueda directa que se' exponen en 
esta sección para funciones de una variable indepl!ndiente y en 
la sección 6.3.3 para. funciones de varias variables son aplicables 
a problemas sin restricciones. 

., 

• ~ t 

*La diferenciación directa o los multiplicadores 
de Lagrange ·requieren de funciones continuas 
y diferenciables. Estl!S condiCiones son difícilt:s 
de checar.· 

iiLos · métodos de búsqueda ctiieda requieren 
que la función sea sólo computabl~· · 

<tflúsqueda directa para prob!ema;; sin restric-
ciones. · 



6.1. INTRODL'CCION 

6.1.1 FWlción objetivo y restric~iones 

El objetivo de este capítulo es describir las técnicas de optimiza­
ción que :;e emplean con mayor frecuencia en el análisis de siste· 
m~. Se ha señalado en el capítulo 1 que durante la síntesis de 
sistemas es necesario ma.ximizar o minimizar una cantidad, que 
es la medida de efectivi~ad de una determinada operación. 

No se pretende cubrir en forma exhaustiva este tópico que es 
sumamente amplio. Solamente se darán a conocer las técnicas de 
optimización más importantes. *Se haiá hincapié fundamental­
mente en los aspectos de aplicación. Al lector interesado en cono­
cer las bases teóricas de estos procedimientos se le refiere a la 
bibliografía que aparece al final del capitulo.-

*La formulación matemática general de estos problemas es la 
siguiente:· 

EncuéntYese el valor de las variables (xt, X2 ••• x..) que maxi­
micen (o minimicen) a !a función M llamada *función objetivo. 

*Su jeta a las siguientes r~tricciones. 

*:ftor razones que se señalan en la sección sobre programación 
lineal es deseable que todas )as restricciones sean igualdades, . e5 ·. 
decir, del tipo 

En las siguientes secciones de este. capítulo se. representan di­
versos ejemplos que sirven para aclarar al lector la naturaleza de 
los problemas· de optimización. 

*Para la solución de este tipo de problemas exiSten funda­
mentalmente. dos estrategias. En la primera se emplea un cierto 
proee~miento de gradientes (hillclimbing) similar al que se estu­
dia en la .sección 6.4 al tratar el problema del análisis margin~~ 
La segunda estrategia consiste en enumerar e~ forma explícita di­
versas combinaciones. posibles de variables, y seleccionar entre. ellas 
la mejor. Este camino es el seguido por la programación dinámica, 
tema de la sección 6.6 de este capítulo. En ambos,cpi"ocedimientos 

Introducción 2S.t 

0.~pectos de ap!!caci6n. 

. °Formulaei6n matemática. 

°Funci6n objetivo. 

M = M(xu X2, ••• , x,) 

*Restricciones. 

(6.1.1) 

C..(x1,x2, .... ~) = Oparai= t, ... p 

el (xl, ~ ..... x,) < o para i = p -+· 1, ... r 
,' (6.1.2) 

*Restricciones de igualdad. 

el (XJ 1 x3, ••• , X11 ) = 0 paraÍ = 1~2, ... m 
(6.1.3} 

. *Dos estrategias de optimi7.:~ri6n. 
por gradiente y por enumeración. 
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se realiza -una i:n1squeda,de ~cuerdo cbntletenmnadas reglas que 
permiten detectar el val~'r óptimo, cuari~o éste se ha encontrado. 

*Entte las técnicas de, ~·~timiiadón, !~'-programación lineal es 
la más émpldda, yil que ~at'·.no stt: una técnica de enumeración 
de posibles solu'ciories y postetipr bÓs,queda 'entre ellas de la óp­
tima, no requiere de la gran ···caP,acidaa de memoria que se nece­
sita para los probiemas ; de prbgt~adon dinilnica. Además re­
sulta ·m método computacionalixu!hte muy eficiente (rápido) . 

*Como se veri en ;;st~ dpítulo :.lü'\ratar el problema de pro­
gramación Ibeal y el de programación dinámica, cada una de la.'l 
téc;IÍcas de optimizadón impone:• tanto a ·1<1 función objetivo como 
a .las restriccioneS, detennin:Ídas\condiciond. Entre más estrictas 
son estas condiciones, tahto niás·.~fiti~nte es la ié~nica de optimiza­
ción correspondiente. La \:prografnac.ióll lineal al· imponer coridi­
cio.nes sumamente estrictas, es Una de l~s técnicas'-más rápidas y 
po~erosas de optimización. 

i 

, Como se verá en los ejemplos'·ae las ~iguicn~es seccio~es. la na­
triralei~ del problema de optimización fija el tipo de técnica que 
debe emplearse para su solución. Si un problema no cumple\con 
las ~ondiciones que impone alguna de ifu; técnic~s de pptimiiadon, 

1 •. ·,- - • '· \. 

es-posible, frecuentemente, refonnularlo pa.:ra que curilpla con lrut 
restricciones de determinada técnica de optimización. 

' ·., . 
. ' 

Antes de proceder con el primer método de opt,imizaci9n; 'e~ del 
cálculo diferencial se introducen algunos conceptos prelimin:ues 
adicionales. 

: ' 

6.1.2 . Solución factible 
' \ 

*Probablemente el lector no esté familiarizado con el con~epto 
de punto ·~n un espacio de N dimensiones, donde N es un n(unero 
que puede ~er mayor de tres. En este capítulo al hablar de las coor­
denad,as de un punto, éstas no necesariamente se restringirán a tres. 
Es d~cir, se '·hará una extensión del concepto geométrico de tres 
coorqenadas de un punto del espacio; a N coorden~dás. *S_e em­
plearan en forma indiferente los términos de ccordenadas de un 
punto o variabl~ (x1, X:l, ••• xo). Se designar! _.con R la región 
del espacio de N . dimensiones, cuyos puntos satisfacen todas -las_ 

.restricciones ( 6.1.2). Para poder ilustrar t'-'ite concepto, considere-
mos las siguientes condiciones: · · 

0 La programación lineal es ia más empleada. 

11La función objetivo y las restricciones dehen 
cumplir determinadas condiciones. 

0 Espacio de N dimensiones. 

.,Coordenadas de un punto = variahles 
{x¡, Xz, . · .. , Xa) . 

(6.1.4) 
(6.1.5 i 
(6.1.6) 
( 6.1.7) 



El lect.:.>r no debe tener problema en encontrar que los puntos 
que satisfacen la restricción 6.1.4 son los situados en el área an­
churada de la Fig. 6.1.1, es decir, el área situada a la izquierda 
de la ·recta AB. 

Los puntos que satisfacen la restricción ( 6.1.5) apa.r~cen en 
. la Fig. 6.1.2, y están situados a la izquierda de la recta CD. 

.. , 

ffn.troduccion 255 

Fig. 6.1.1. Zona donde se cumple la restricción 
Xt + "t < '4, 

.. 
~1 

Fig. 6.1.2. Zona donde se cumple la ~tricci6a 
2x1 + x: ·~ 6. 
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Finalmente los puntos del plano donde se cumplen las rest..-ic­
ciones x1 > O y x2 > O están Situadas arriba del eje ·de las abs­
cisas y a la· derecha del de las ordenadas, tal como muestra la 
Fig. 6.1.3. 

Fig. 6.1.3'Regi6c donde se- cumplen laa rectric­
ciones x1 > O y xt >-O~ 

Para determinar la zona donde se cumplen las 4 restricciones Xa 

( 6.1.4) a ( 6.1. 7) es necesario encontrar la región del plano, don .. 
de se satisfacen simultáneamente las 4 restricciones. Para visualizar 
e5ta zona se sobreponen las zonas mostradas en las Figs. 6.1-.1 
a. 6.1.3 tal como aparece en la Fig. 6.1.4. 

Para las restricciones ( 6.1.4) a (6. L 7) la Fig. ~·6J .4 muestra 
la región R. Todo punto de esta región, por ejemplo el (2,1.) 
satisface las condiCiones señaladas. En efecto: Sustituyendo 
X1 = 2 y X2 = 1 en las fórmulas (6.1.4) a (6.1.~) se obtiene: 

Lo que muestra que el punto ( 211) c,n efecto pertencc~ a la 
región R, cuyos. puntos satisfacen tod.W las restricciones d.;;l pro­
blema de optimización. *Recibe el nombre de solución factible 
de un problema de optimización, cualquier punto o conjunto de 

1 

Fig. 6.1.4 Región donde se cumplen las ·res· 
trlcciones x1 + x: ~ 4, 2 x1 + x2, $; o: 

2 + 1 < 4 
2.2 + 1 ~ 6 

2 :>'o 
1 > o 

0 Una solución factible es aquella que satisface 
todas las restricciones. 



~n las secciones 6.5 y 6.6 se exponen diversos métodos de op­
timización .que ·requieren en geneml del uso de la computadora . 
digital para su mlpleme'ntación y s::m aplicables a problemas con 
r{!St.cicciones. · 

V arios de los principales métodos qe búsqueda directa apare­
cen en la tabla 6.2.2. 

Op~imiim::ión por diferenciación 

Tabla 6.2.2 Prir.icipales métodos de búsqu~da. directa. 

267 

A. Métodos de búsqueda unidimensi!lnales (una sola variable independiente) 

a). Métodos simultáneos 
l. Búsqueda e.xhaustiva 
2. Búsqueda aleatoria 

b) • Métodos secuenciales · 
l. Método de la trisección 
2. Método de Fibonacci 

l . . . . 

J 
á'.l] 
!::.O . o ~ ....... u ::S . 

· § S' } Funciones unimod;lles 
f.l..o . 

y 

B. Métodos de búsqueda multidimeusional (varias variables dependientes) 

a). Métodos simultáneos 
l. Búsqueda exhaustiva . 
2. Búsqueda. aleatoria 

b). Métodos secuenciales 
l. Bfuqueda de -rejilla 
2. Búsqueda uni..-ariada 
3. Métodos de gradiente 
4. Métodos de Fletcher-Powell 
5. Búsqueda de patr6n. 

n 

l 
§ 
u 

Funciones un.imodales. 

*~ métodos de búsqueda determinan el máximo o mínimo glo-. 
bal de 1'~ función en un determinado intervalo, omientras que los 
método~ de optimizaCión por diferenciación expuestos e~Ja sección 
6.2.1 permiten encontrar ·máximos o mínimos locales. · · 

0 La búsqueda directa encuentra máximos· 
mínimos globales • 

1 . 

Se dice qué la función f ( x) tiene un. máximo (o mínimo) globa~ 
en el intervalo a $ x :::; b en el punto x :r :X,o,!' a~ Xo ~ b si f(x) 
es mayor (o menor) ·en x - -Xo que en cualquier pl,l_nto dd inter~ 
valo [a, b]. 

aLos métodos de düerenciaci6n encuentran má­
ximos o núnimos locales. 

,, 

.:. ~ .. 
; ~·:·,... . 

. ~ 
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f(x) 

B 

. 1/ /111 1 d 1 
1 1 1 1 • 1 

1 -4 t' 1--t--1 ' 1-+-
1 1 1 1 1 1 1 
1 ~d~ 1 .. !el--
1 1 1: 1 - 1 1 1 .\( 

=" --+ l. ~ . 1 . L +~-.. .L. 121> 
' 

XA xu Xc 'XD 

Por otra parle, ·ta función f ( x) tiene un máximo (o mínimo) 
local en X '::- ~X11 a < Xl < b SÍ solam¡;:nte se cumple que f(x) es 
ml;lyor (o menor) en x = Xt, que en cualquier otro punto de la 
vecindad ,de XJ., Donde esta vecindad puede estar tan próxima del 
punto X1 como .. se quiera. La figura 6.22 ilustra estos conceptos. 

. Punto A: mfnimo global f(xA) ~ f(x) 

*Antes de describir algunos métodos de búsqueda directa es 
neeesaric;> aclarar la düerencia que existe entre métodos de b\lS­
queda $nultánea y métodos de búsqueda secuencial. 

En los primeros, al iniciar ·}a búsqueda se determinan todos 
los puntos x donde se va a evaluar la función. 

*En los métodos secuenciales, los puntos x donde se va a· efec­
tuar la determinación de f(x) no pueden determinarse a priori 
y dependen de los valores de f(x) que se hayan observado pre­
viamente. 

En esta sección se estudian algunos métodos de búsqúeda uni­
dimensional que se emplean directamente en düerentes proble­
mas de análisis de sistemas y en ciertas etapas en ti' búsqueda 
multidimensional . 

.¡}En el método de búsqueda exhaustiva se subdivide el intervalo 
[a, b], se evalúa la función f(x) en los puntos.,centrales de cada 
intervalo, o en sus extremos, y se bw¡ca el máximo· o mínimo entre 
!os valores de f(x) encontrados. 

XA ~-X< ~D 

Punto B: máJdmo·local f(x8 } ;::: f(x8 ± e) 

Pooto C: mlnimo local f(xc) ~ f(xc ± e) 

Punto D: máximo global f(x0 ) ;;:: f(x) 
XA < X < '! D 

Fjg, 6.2.2 Funci6n con mwmos y múlimos locales 
y globales. · 

>~~Búsqueda simultánea ... selección .a Rriori de 
todos loS valores de x. 

*Búsqueda secuencial -+ el siguiente valor x de­
pende de valores~ previos de f(x)'. 

*Búsqueda exhaustiva. · 

.:¡• 
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Este método requiere de un gran número de evaluaciones, y 
ia precisión del resulta'do depende ,del tamaño del intervalo que 

. se hay~ ~eccionado,, ehtre más ,ÍU.LO sea éste es mayor la preci­
~Ón pero también mayor el tiempo de cálculo. La figl.lra 6.2.3 
ilustra cómo se procede en e5te método. · 

f(x) 

a. X1 Xs 

1 
! 

. 1 l . 
1 1 

1 1 

1 1 
1 1 
1 1 

1 . 1 

1 1 
1 1 

·.l.. 1 X 

Xe lGatl 

(Se evalúa f(a), f(x1 ) f(x2 ) ••• f{Xaa) ... f{:x¡,)· y se selecciona el mayor {o menor). 

En el método de búsqueda·- aleatoria se genera un número 
aleatorio*"*· en el intervalo [a, b] y. se evalúa la funCión para 
ese número aleatorio. El procedimiento se continúa hasta ún . nú-: . 
mero predeterminado de veces. En cada etapa de cálCulo se-.re~ 
tien~· el valor. más grande que se haya encontrado. La figura 
6.2.4 muestra el diagrama de bloque para este método ·de bús-

. que'da directa. y simultánea para un problema de optimización 
con N evaluaciones . de f (X) • 

"" \"er sección 5·2 y programa AS . 

Fig. 6.2.3 Búsqueda unidimensional y exhaustiva. 

·, 

. \ 
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En el programa A.14 del apéndice A se ha incorporado el 
p¡pgrama A.8 de generación de números aleatoriqs para buscar 
~. tnáximo global· de una funci6n por el método de b~queda 
a1~atoria. 

Este progr~a se ha empleado para encontrar el máximo de. 
la función: 

'· 
;¡. 

Los resultados del método de búsqueda aleatorio para dife-
rentes valores de N, aparecen en la tabla 6.2.3. *El lector puede 
~ndontrar fácilmente por diferenciación-directa que el .máximo de 
~ta fu~.ci6n es: 

Genere un 
nO mero 

aleatorio x' 

-·calc:ule. 
f(X') 

. ; 

Fig; · 6.2.4 Diagrama de bloque. para el método de 
búsqueda aleatoria. 

y ·= - 0.4 x• + 4x 

0 Por diferenciación ,.directa: 

;.', 

mh: f(x) = 10· 

X= !i· 
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--··Tabla ·6.2;3 F.valuación--del·.máximo·global de r=·- -

*Los méwdos de b\lSqueda simultánea, a pesar de su ineficien­
cia encuentran aplicación en aquellas situaciones donde no existe 
sUficiente tiempo para realizar secuencialmente los cálculos. El 
tiempo disponible reducido ·tiene que emplearse para efectuar 
lps cálculos ert fonna simultánea. 

A continuación se estudian dos métodos de búsqueda simul­
tánea, el de trise~ción y el de Fibonacci. 

*Todos los métodos de búsqueda secuencial requieren que la 
función sea unimodal dentrO del intervalo de búsqueda, es decir, 
debe tener un solo máximo o mínimo en el. intervalo de búsqueda 
[a, b]; Si se· trata de una función unimodal con un máximo 
en [a, b], d valor de la función debe incrementarse a partir 
de x = a, hasta llegar a un máximo .en x = Xo y decrecer después. 
Desde luego el máximo puede encontrarse tanto ert x ::::: a, como en 
x = b, es decir, en los extremos del intervalo. La figura 6.2.5 
~uestra 3 funciones unimodales. 

a b X 

*El primer método de: búsqueda secuencial que se estudia en 
e>ta sección es el de trisección. En . este método se ·subdivide · ~1 
intervalo de búsqueda [a, b], ·en tres subintcrvalos iguales y se 

· - 0.4 x2 + ,4x en el intervalo (0,, . 
. 1 O) .• por el método de b-.ísqueda alea: :: 
.toria. . 

t· 

Númerock : . ~· 
·núntcros· aleat.orios "'. ·.f(x) 
' generados 

25 4.9051 9.9964 

100 4.9051 9.9964 

250 ¡ 4.9091 9.9966 

·soo l_ 5.0088 9.9'99'9. 

iiLos métodus de búsqueda simultánea son ine· 
ficicnies. 

0 Los métodos de búsqueda secuenciales ·.·~quie­
ren que la función ·sea unimodal. 

-~ ... 

f(x) f(x) 

a b X a b X 

Fig. · 6.2.5 Tres funciones unimodalcs en el inter-
valo [a, b;J · 

•En el método de la trisección se subdivide e-1 

... intervalo .en 3 partes iguales. 
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evalúa la funci6n al centro del ler. y 3er. interval~s (puntos 
-t y x.), tal como muestra la figura 6.2.6. Los valores calculados 

de la función se comparan. 

f(x) 

f(x,) > f(xa) 
máximo entre 

(a, Xa) 
b+-Xa 

De esta comparación _se concluye que el máximo se. encuentra 
o en ( ~ XJ) o -( x1, b) , tal como ilustra la figúra 6¡2.6. El proce­
dimiento continúa empleando (a, x:) o (Xt, b) como nuevos 
intervalos de búsqueda, hasta llegar a un intervalo de longitud 
suficientemente pequeño para la precisión que se desea~ la fig\lra 
.6.2.7 muestra el diagrama de bloque para este procedimiento 
de búsqueda. *Nótese que en cada etapa de la búsqueda se re­
duce la longitud del intervalo donde puede encontrarse el má­
ximo. *Además,. es necesario calcular . en cada etapa el valor de 
1~ funci6n en dos puntos Xt. y ~. -

.· , En funciones complicadas estos cálculos toman más tiempo 
qbe todas las operaciones restantes del procedimiento dc

1
1 bús­

queda. Un proceditl'lento de búsqueda que necesita una solal eva- · 
luaci6n funcional por etapa ahorrarla tiempo de computación. 
*El método de búsqueda por números de Fibonacci tiene esta ca-
. racteristica. 

.. 

f(x) 

a·x, ·x. b 
f(xs) < f(xs) · 
máximo entre 

(xs; b) 
a+-Xt 

Fig. 6.2.6 Primer paso en la búsqueda del máxuno 
por el. procedimiento de trisecci6n. 

¿En cada etapa se ~ucé: la· ion~tud dei Últer­
valo. 

•se calcula en cada etapa el valor de la ÍW1· 
ci6n ·en dos puntos. 

•En la búsqueda con números de Fibonac:;i s·~ 
hace una evaluaci6n funck:::tl por ctap•L 

1 
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.!lfr:!l·núnkros~":der:ffh0nacci· fueron descubiertos por Leonardo 
de Pisa ( 1180-1250), llamado Fibonacci o hijo de ."Bonaccio". 
Fibonacci, el mejor matemático de la época medieval en ·Europa, 
popularizó el empleo de los caracteres . numéricos arábigos en. 
el rp.undo occidental y en su obra principal Liber abaci plante::~ 
el siguiente problema : 

~ -~ Limoso problema da lugar . a la secuencia de *números 
de.,_f!Jlql)~~~~- f.~ 9.,U,~ ... ~~~ec.en en la .tabla -~.2.4. 

- · •· • .,,)!.·-··'~:;_:.e .. " •&:. , •- • .\; ,,t"' " •.r-. • •. 

~;:.).s··q {~~~ .. l::" ... ~t,~_ .. , ¡_-:: · 
<- t~ -.: :;~:l~~ .;_-(:':t: t.~-~ -;:_,~; •. ~ .... 

._,,_:-
.• t:,.. 
v·.•, 

Estos números se forman de la siguiente manera: ··· 

\ 
Es decir, cada número de · la serie es i~al .a la suma de los 

.... . . 
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--1· . . .· 

x1 =a+L/6 
f1 =f(x1) 

x2=b-l/6 
f2=f(x2) 

Si 

Fig. 6.2. 7 Diagrama de flujo para la búsqueda de 
un máximo por el procedinúento de tri­
secci6n. 

"Cuántas parejas ~.de conejos :;e producir4It en 
un año, empezando con una sola pareja, si ca­
da mes cada par.eja tiene una nueva . p,¡~.reja, 
que a su vez tiene una pareja a p~rt~ .d.~Ue· 
gundo mes". !! . 

iiNúmeros de Fibonacci F0 • · _.!·· · 
. ' . " 

Tablá 6.2.4 N~~etos de Fl$on:a_cci_., :,::: 

o i? 3 4 ... :5 '[6··.7 .8-' __ 9 'id-:;11 
r .. t 2 3 ·s · á '1~ 12'·i ·g'.f·s5 · 8'91'144 

'·. 
-->---·-. 

F
0 
~ 1 

F1 = 1 
F0 = Fo:r?o :+ Fo~a 

. . 

dos Fmínieros precedentes. J••. • .. ; 

• !, .;-__¡ '!'~--·· 

O'..!t t..:.:c::.:· . ·, ... 

6A::tonti'nuaci6n se verá cómo se emplean,'l~~ p~rp~i?~-,-Á~·:th'\~.: 
·''·:.·· 



.. 

l_ 

274~ Optimi:;ación 

bonacci para buscar el maxuno o Irummo global en el intervalo 
~a, b] de una función unimodal. 

Sea Lt"la longitud del interval,o (a, b]: 
*Al iniciarse el procedimiento de búsqueda se calcula la fun­

dón unimodal f ( x) en los dos puntos siguientes: 

donde' A2 es igual· a: 

Obsérvese q:ue el cociente de los números de Fibonacci en la 
relación es: . 
por lo que .el intervalo· Aa definido por la relación (6.2.28) cum~ 
pie con: 

. *Al igual que en cl procedimiento de la trisección se empieza 
comparando los siguientes valores de la función f(x). 

" . 

*y de acuerdo con el resultado de la comparación y por cum-
. b-a · ·. 

plirse .6.2 < -
2
- se descarta cualquiera de los dos intervalos ·si-

. \ 
gwentes: 

0 Empleo de los números de Fibo~acci eh un 
proceso de búsqueda secuencial. · 

l.,.=b-a 
·o 1~.r. cálculo fWlcional 

x1 :b a + Aa . 
1 
1' 

X, :: b- A2 

L F"'-a 
.6.a = 1--­

Fo 

Fn-a 1 .. 
-<-· 

F11 2 

b-a !:J..<--•- 2 

itEtnpiece comparando 
f{x1 ), f(x1 ) 

*Se descarta por ser 
. b-a A,<-·­- 2 

(a, a+ .6.2) . 
6 

(b-I:J.2 , b) 

í6.2.27) 

(6.~.28) 

. (6.2.29) 

{'. 

(6.2.30) 

La figura 6.2.8 aclara este primer paso para un posible caso. f(x) 

¡. 

"Observe que el intervaio en el que puede ·encontrarse el má­
ximo (o mínimo) después de la primer etapa (y dos evaluacio­
nes funcionales) tiene siempre por longitud 

a Az +a b-.:la 
0 

' f(x¡) < f(x2 ) 

a+-oa+Aa 

b 

~ig. 6.2.8 Primer paso ea una búsque'éla. lleC:\lcn· 
:; :,ciaL '·.ji 

0 Longitud del intervalo después del ler. paso: 
. ..._·· 



ÓTal como lo. ilustra la figura -15,2.9; 

. t . 
Cfeniendo presente el valor de Az: 

y sustituyendo en la nueva longitud La del intervalo 
. , 

·se obtiene 

~-ele Ja regla de generación de los números de Fibonacci 

*A -continuación se define de manera similar una distancia Aa 
para-di~idir el intervalo que ha quedado después del fer paso · 

Optimización por diferenciación ~75 

L:¡ =·b- (a+ .c:. 2) = b- a- t.. 2 

~ 

'a.-1 -x•l l. 
b 

Lcb-h -a:::ob-a-62 
.., • 1 2_ 

-~ J ¡ . 1 Xz 1 
a 

Fig. 6.2.9 Intervalo~ resid1mle5 L 2 después del 1 er. 
paso • 

o (6.2.28) 

en . 

(6.2.31) 

: 
""Para dividir intervalo residual 

(6.2.32) 

( 

*Véase ahora qué relación guarda la distancia Aa con la dis- o Relación entre .a
8 

y x
1 

y Xz 
tancia entre los puntos X1 y x2 •. 

La distancia entre estos dos puntos es: 
a a· + Az b - A2 b 

X¡...:... x1 = b- A2·- (a-.6.2) 

= b- a- 2 A: 

= ~·T 2A2 

·., 
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y por la forma de generación de !os números de Fibonacci 

pero de la relación (6.2;31) 

sustituyendo en ( 6.2.33) se obtiene 

A continuación se señala la importancia que tiene el resulta­
r:io anterior en el método de búsqueda secuencial propuesto. Su­
póngase que en la ler. etapa se descartó el intervalo [a, a +·~a), 
tal como ilustra la fig. 6.2.1 O. En esta etapa además se calculó 
la función en X1 y X2. Al pasar al 2do. paso de cálculo se tiene el 
intervalo de longitud reducida que aparece en la parte inferior de· 

· la figura donde se ha hecho la equivalencia a' = a + ~2. En el 
· 2do. paso se deben conocer los valores de la función en los puntos 

x'1 y x'a. Pero por tenerse que x:~- X1 =·As, los puntos X2 y x'i. 
coinciden, y para hacer la comparación funcional en la segunda 
etapa hay que evaluar solamente en este caso f ( x' 2). 

Si se hubiese descartado en el l er. paso (b - A2, b J, se hubiese 
tenido que evaluar en el 2do. paso solamente f ( x; 1). *-En resumen, 
a diferencia del método de la trisecci6~ donde en cada paso hay 
que realizar dos evaluaciones funcionales, en este método sólo 
hay que hacer a partir del segundo paso, unct sola evaluadi~n 
funcional. · 

*Para el t~rcer paso puede demosuárse como se hizo anterior­
mente, que la long¡tud del intervalo habrá quedado reducido a: 

.'-': 

(6.2.3l~ 

(6.2.31 ¡ 

o· 

a a+ Aa b 
Intenralo residual a' 4- a + Aa . · 

r rsl ¡x'a ~· 
. a' ·a + A3. p ~ A1 b 

Intervalo · pará el.,. ~egundo paso 
1 

• 1. 

Debe conoeerse: 

f(x'¡) y f(x'1 ) 

pero: f(x'1 } :: f(x_) 

F'zg; 6.2.10 Evaluaciones funcionales en la 2da 
etapa. 

0 Método de· la trisecci6n: 2 evaluaciones fun-
cionales por paso. · . _, 

Método ~e Fil:!pnacci: 1 evaluaciqn~Iuncional 
por paso. ' 

0 Longitud en el 3er. paso: 

(6.2.35) 



Continuando con este procedimie.~tto, puede llegarse d~pués de 
n · pasos a la relaCión 

*Esta última relación permite determinar cuántos pasos de eva­
luación deben de ejecutarse· para que la relación entre el último 
intervalo y el primero, que es una medida de la precisión desea-

da, tenga un ciert~ valor. *El cociente Í; es una medida de "la 

precisión del procedimiento de búsqueda, ya que después de n pa­
sos; el valor del máximo se encuentra en un entorno de longitud 
k ·alrededor de un punto Xo. Esta relación sirve para . calcular 
el núine,ro de ·etapas que se necesitan, para una determinada 
precisión. Por ejemplo, si se quiere maximizar .}a función 
y :- ~.4 X2 + 4x en el intervalo [0, 10], la longitud Lt es de 10 
'i si". se..· desea que el resultado esté en un entorno de longitud 
L~- ·. · 0.1, debe tenerse: 

d,e la- *tabla 6.2.3 se encuentra que Fn = 100 corresponde a 
1{) < ·n < 11, es decir, debe tornarse n = 11. 

L"á:' fig~. 6.2.11 muestra el diagrama de bloque para obtener 
el_ máximo de una función con el· método de Fibonacci. El pro~. 
grama A.:5 del apéndice A permite encontrar el máximo de una 
función por este procedimiento._ Se ha empleado este programa 
para obtener el máximo de la !Únción: · 

Ctm r:uña' nrecisión de 
• -· - ! 

es q~.·r.on n 

Los result-ados de que se· obtienen aparecen.--en la tabla 6.2.5. 

Opiimi;;aci6n por diferenciación 

Ln =;Lt (~o) 

~'(2) Lt FD 

(6.2.36) 

""Lu ed'd d . ., -- es una m 1 a e preciSion 
L1 del procedimiento de búsqueda. 

L 
-*-.- es una medida de la prccisi6n del pro-
~ cedimicnto de búsqueda. · 

FD = 100 

9 
55 

y = -0.4x2 + 4x 

[O, 10] 

11 

lt Punto de . 
_/ máximo o 

/ 1 mínimo valor 

10 
-¡'89 

11 
144 

de f (x) 
. 
. 

1 

.12 

.233 
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--, 
f(N)=f(N-l)+F(N-2) · 

,.,.~· 

[~ Xl=A+(B-A) !F(J~2)/f(J)J 

[ X2uB-(B-A) [F(J-2)fF(J)J 
1 

A=Xl 
FM=F2 
XM=X2 

Terminar el proceso 
FM =valor máximo 
XM =abscisa~para FM 

s ... xz 
>;FM=Xl . 

XMmXl 

.'.f 

~ ~ ; 

Fig. 6.2.11 · Diagrama de flujo para la b-6sque~ de I.Ul ~mo global de una funci6n númeiou de FibQ.¡;acci . . , ''·.· 

. . ;b 
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Tabla. 6.2.5 Res~tados del programa :_de maximizaci6n A.l5 con la funci6n y '= -'- o.~ :;¡:2 + 4x. 

FN DELTA 

1 1.44-000E + 02 ' 3.81.944E+ 00 
2 8.90000E+OI 2.36111 E+ 00 
3 5.50000E+OI 1.45833E+OO 
4 3.40000E+OI 9.02778E+ 01 
5 2.10000E+OI 5.55556E+ O 1 
6 t!- 1.30000E+OI 3.47222E-OI 
7 . 8.00000E+OO 2.08333E-Ol 
8 S.OOOOOE+OO 1.38889E-OI 
9 3.00000E+OO 6. 94444-E-02 

10 . 2.00000E+OO 6.94444-E-02 

ITERACIONES EMPLEADAS = JO 

COTA INFERIOR DEL INTERVALO FINAL = 5.00000000E+OO 

COTA SUPERIOR DEL INTERVALO FINAL = 5.06944444-E+OO 

F(xl) 

9.44252E+OO 
9.44252E+OO-
9.96914E+OO 
9.96914E+OO 
9.96914E+OO 
9.99807~+00 

9.99807E+OO 
9.99228E+OO 

. 9.99807E+OO 
I.OOOOOE+Oi 

VALOR MAXIMO ENCONTRADO DE tA FUNCION = I.OOOOOOOOE+OI 

'COTA PARA LA QUE SE OBTUVO EL VALOR MAXIMO = 5.00000000E700 

· ~.q la sección 6.3 sé estudia un método de búsqueda secuencial 
p~~: funciones de varias variables independientes, que en cada 

· p.J¿ !-hace uso del programa A.l5 para maximizar. 

1 

:i , 

6.3~ TECNICAS DE GRADIENTE 
t·: . 

6.3~1 Inicialización 
l :··., 

. En la introducción al presente capítulo se señaló que los mé· .· 
todos· de optimización pertenecen a dos ·tipos básicos, los de gra· 
diente y los de enumeración. Los primeros tienen la siguiente 
c:;arac~tica. Dada una ft.inción: 

¿)Encuentre primero M(Xc,). 

F(xa) 

9.44252E+OO 
. 7.2145lE+OO 

9"44252E+OO 
9.96914E+OO 
9.84375E+OO 
9.96914E+OO 
9.99807E+OO 
9.99807E+OO 
I.OOOOOE+OI 
l.OOOOOE+OI 

(6.Ll) 

que hay que maximizar o minimizar, *se empieza encontr?ndo 
para un punto Xo = (x1o, X2o, ••• Xno) el valor de la.,función 
y~ gradiente en este punto. Este paso se conoce con el nombre·. 
de inicialización del problema. *Posteriormente se ,encuentra la· 
di.I;eCci6n para la cual la función M (x) tiene el má..xi.mo aumento 

9Encueritre la dirección para la cual la fW1ción 
M(x) varía más rápidamente de valor; 

~· yalor, si el problema es de ma.ximización o la mayor dismin'jf~ 
ci6n en ~ valor para problemas de mi~imizttción. En un prQ-< 
blema de i maximización debe tenerse por ro tanto : . . 

'., 
1 ,. 
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Las t~cnicas de búsqueda permiten encontrar valores dé 'áX1, 

AXJ, .... , A~ para los cuales la función M(x) varía más rápida­
mente. Con el objeto de poder ilustrar gráficamente diversos con-

. ceptos que. se ~mpleari en esta sección considera que ·.Ja._función . 
M(x) solamente tiene dos variables independientes Xt y X=. · - . 

Sea 

y 

Lás derivad~ parci~es de ·la función · M'( x1, xa) pueden esti­
marse en el punto (~to,-x2o) de la siguiente manera. Para calcular 

BM 1 . . l 1 d' . , 
8X1- x.. se mcrementa e vruor e~~ en Ax1 y se mantiene constan;. 

te la Variable x~. El valor de la derivada parcial está dada .ajiro-
ximadamente por:. · · · 

La figurá 6.3.1 ilustr~ la evaluación de esta derivada. En esta 
1 figura · 

M 

· .. } 

8M 

. (6.3,2) 

!M 
Ytg. 6.3.1 C::álcul9 · de la derivada parcial -;---

. oX1 



Para el cálculo de la deriv~:da parcial 
8
.,M se é'mpiea la si-
oxz . 

guiente relación: 

La ,figura 6.3.2 ilustra el cálculo de esta derivada parcial. En 
esta última figura . 

En la figura 6.3.3 aparecen los tres puntos A, B, C de las figu­
ras 6.3.1 y 6,3.2. Estos tres puntos defiñen un plano. Si los in­
crementos Ax1 y Ax2 de las variables Xt y x: disminuyen, él plano 
ABC tiende a ser tangente a la superficie M-=M(x1!- x:) ·en el 

· punto ( Xto, X20) • 

'·"'·r~ 1·~. .·: , ~~ ' -·~ _..... ·•· ... ~ 

'l'écnicas de gY"adiente · 281 

3M 1 , ~ M(x1o. X2o + Ax3 ) - M(x10, x20 ) 

Bx. ~ ~ 
' • ( 6.3.3.) 

... AMU 
=-

. &M 1 
tg ~ = 8M 

~ 

AMM", 

·. 8~ 
Y¡g. 6.3.2 Cálculo de la derivada parcial -

. . BXa 

, ... 
,, 
,•' 



' 

282 Optimiuldón. 

M 

. A continuación se estudia cómo puede .deienninarse la ~u~ión 
de .dicho plano. . .··• · .·. : · _ ·. . · . 

"La ecuación de un plano en el espacio. de tres climensi?nes 
está dada por: 

·:' 
1 •. 

!Ap~c~do esta ecuación a los tres puntos A, B y e de la fiFa 
6.~.3 se tiene: i'. 

Restando. la 2da. ecuación de la Ira. se obtiene: 

y rfStando la 3ra. de la lra. 

; 

De la relación (6.3.6) y recordand.:· ia figura 6.3.1 ~e obtiene:_ 

.~,;. \ 

Yag. 6.3.3 Detenpinaci6u del pluo taa¡en• a 
. . UDa sUperficie. . 

*F.cuacl6u -1iel piaDo. 
~ 

(6.3.4) 

(1) MA ::,; m0 + m1 x1o + ma x.o. 
(2) M8 = m0 + m, (Xío + A.x1) + m1 Xao 

(6.3.5). 

(3) Me = mo + m¡ Xao + m~ (xto + Axa) 

Me¡,~ }.(A = m2 Axs 

M8 ~M_, 
ml = 

~M' 
=-·--

Axlix> 

(1)·(2) 

•. (6.3.6) 

(l) ·(3) 

(6.~.7) 



. ,·: 

--Por lo tanto de acuerdo con la relaci~n ( 6.3.2) se tiene: 

De la iórmula (6.3.7) y de la figur~ 6.3.2- se llega a: . 

y de acuerdo con la n!lación (6.3.3) se 'tiene: 

~P<mt nü tener que evaluar en la relaCión ( 6.3.4) la constante 
rito ccjnviene emplear como variable independiente los incremen~ 
tos de )a fW1ción M ( XJ., X2). . 

Para un punto D en la vecindad del punto A, con· coordena­
das ~1o + A.x1; - X2o + Ax2 s:: tiene: 

Ti4:nic!!8 de g'U'culiente 283 · 

1113 = ----...,- - --
Ax, Ax2 

m _SM 1 
-~-Bxa & 

-I)Evítese el cálculo de m0 
... · .:1•,1 .. 

M 0 = m0 + m1 (x10 + Ax1 ) 

+ m2 (x2o + ó.x:) -

(6.3.8) 

(6.3;9) 

(6.3.10) 

Restando esta t:cuación de la c~rrespor~diente al punto A· se 
tiene:~- AM = M0 - MA = m1 Ax1 + m2 AX2 

:;: 

E,sta ecuac10n permite"' éalcuhr el incremento de la función 
·M,{~,-X'2'')-··que corresponde a incrementos arbitrarios Axt, Ax: de 
.1~ variableS' independientes Xt, Xz. La figura 6.3.4 ilustra esta 
+dea. pe las fórmulas (§.3.8) y (6.3.9) se sabe que los coeficien­
,tes m; y m2 son precisamente los gradientes de la función M(xt, 
-~). ~ustituyendo estos valores en ( 6.3.1 1) se tiene: 

M 

;;: .:; }' ., :· 

Xt 

-~. ·,· 

'. ;~·, 

(6.3.11) 

8M SM 
AM = -- Ax1 + -- ~~ 

axl. ax2 
( 6.3.12) 

~ & 

A ·j_ 
- r----

·1 D . AM 

1 ~-~r 
1 

1 . 
• 1 
1 1 
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El lector reconocerá de inmediato, en esta relación los plime· ¡;, 

ros dos términos del desarrollo de una serie de Taylor, 9e acuerqo 
con la relación ( 6.2.15) . . · 

.• .. ,L. 

.o 

.QM (Axu Axa) = M (xlo, + Axu Xao T Ax2) - M (xlo• Xao) · 

*En cálculo se define con el nombre de gradiente, de· la .fun­
ción M ( Xl, X:l) y se representa con \l M al siguiente vector de 
renglón: 

... suf · · sM: / . =·-·- AX1 + -- Axa . . . a'í !o ... ~ sx. ·. ~ · 
(U.t5) 

*Si además se qefine el vector de· columna "incremento de las 
variables independientes" Ax: 

_*La fórmula ( 6.3.12) para el ·cálculo del incremento de la 
función. M(x1, xz) puede escribirse de la ·siguiente forma com­
pacta, si se introducen los dos vectores preViamente definidos: 
. ~ . 

. 0 Gradiente de una funci6ri;· . . 

~6.3.13) 

9 Vector incremento. 

. Axt] Ax = .. 
'. ~ ~' 

(6.3.14) 

*Cálculo del incremento· de ~~ funci6n. 
t ' ' ' ·~··: ~ •• :· 

(1.3.15). 

Esta rel~ión es igualmente válida para el cálculo qe incre~ 
mentas AM de funciones de más de dos variables. Si n es....:eJ_-·'----------------------·,--­
número de variables_ de la función objetivo ( 6.1.1). 

*el gradiente \l M de la función ·se detme como: 

*y el incremento de las variables independientes como: 

La fórmula (6.3.15) 

permite calcular ·el incremento de una función alrededor de un 
punto _xp. *Es decir, si se conoce M(x1o, X2o, •· •• , Xao) y si se 
desea M(x1o + Axt, ••• Xno + AXn) este valor puede calcularse 
·de la sigwente manera en forma aproximada:· ~- · · . 

j '' f 

donde AM 1 está dado por la relación '( 6.3.15). 
lx,,; 

M (xt, x., ... ,Xg) =M (xu Xat ... ,x_) (6.1.1.) . . . ~ . . 

•Gradiente de la funCión. 

VM = (..!!...~. -~) 
8x1 3Xa -~ • , ~Xa 

. . ' " .. 
·*Vector inr¡emento. 

• AxJ. 
Axt 

A¡= ..• 

~ 

' AMf~ = VMIL Ax 

*Cálculo dé~M (x0 + Ax) 

(6.3.13a) 

,. ' 

(8~~14al 

(6.3.15) 

a partfr de M (x0 ) 

M (.. + ... , .... ,. +"... +' .:.i:>··-X1o ..... xú Xa . ...x., ••• , Xu -;~~ . -

M Cxto• Xto, ~ .. , Xa) ~ é~~~!o 
. ~·:. ';J . 

J!: 
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*Desde luego que es ~lecesaJ:io evaluar el gradi~nte de la fun. 
ción. Este puede evahüi\"Se recordando 1~ relacipnes (6.3.2) . y 
(6.3.~). Estas e~presiond: señalan que la derivada parciai de la 
furicj6n :M(.K) / 

con respecto a la i' si ;una variable está dada por: . 
! 

'j f. 

lf'étmicas de gradiente 285 

0 Para evaluar el gradiente hay que calcu!:u de• 
rí~ad~s parciales. 

BM \' M(xlO• "20• • : ., xt-t>o> xlo + &x¡; Xj+t'"' • :. ÍCu) -- M(xlO• ••• Xlo• ••• Xuo) 
8x1 (' Ax1 

·ÉSta fórmula. scliala que la i'sima·· derivada pardal puede obte­
nerse calculandq, ~1 incre.mento de la función M(~) si solamente 
aume~ta de valor la i'sirna vari.able y dividiéndolo· entre el valor 
de es~ incremento. El siguiente ejemplo sirve para ilustrar el cálculo 
deLincremel1tO de una función ·empleando el concepto de gradiente. 

*Pada la función y.= XJ.2 X:l3 calcule el valor de la .función 
para ypwm 

xL.. . ~•]- . X ·- l.Q5J 
:_., '· 1 - 1.1 

.... ·~ ·: 

''1~~~:.·.:}\');: t<~ ·;-:¡ ;';("'.· (•'\,;. ----·~ ., -~ 

empleando la relación (6.3.15) y directamente por susti~ción. _ 

. /.t: .. ~t~.:;¡;~ :.'~-- ~:·~~~-~· . 

·El valor de J0:0iw.cron en el puniD ¡¡, = : ] 
es: t 

· ' .. ~ i.l ftM9t -~~;; 1~ ";, d,erivadas parciales de la funci6n puede calcu­
larse empleando la relación (6.3.16). Para la ler. derivada par-
cial se tiene: .. ·;.;: · 

: ~ist9s valo.·es s~n ;~'}~mente aproximados, el valor exacto de estas 
derivadas es: 

. ; ... ·~: . 

' ~ . ·.: ·:~ '1':.:: ~ .. ' ' ' .. 1 ... ' • ~ .¿ • 

C9mo el lector puede apreciar da dife~t:ncia-0; .entr<; ~~ valor · 
. a~~:~~do y ~. yalor. real: :~e.)~;~ dervadas es pequeño y ~e~. ; 

(6.3.16) 

Ejemplo 6,3.1 

By 

8x1 

8y 

8xe 

y= xl 'xzs 

calcUle 

Y¡· y y,. . 
(1t1) (1.0~,1) 

., ;:.tit.S:·l 

. y {1,1) 

... ,. 

Solución 

'(6.3;17) 

( 1.05) B( 1) 1_:( ~ya( 1) a ' = 2.05 = . . 0.05 • 
- (6.3.18) dSo 

(1.)::(1,1)3- (1)2(1)3 _ n 

:: - .:~.31 
0.1 

dSo (6.3.19} 

= 2x1 x3 8 = 2.1.1 3 := 2 

!o. 

"<.'i,'' ·. ·.•· 

-~ · .. ~ .: . ·. '·. 

:: 
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tanto menor cuanto más se disminuya el valor de los incremen­
tos. (Ver Problema 6). 

El valor :aproximado del incremento de la función de acuerdo 
. ::;on la fórmula (6.3.15) y empleando como vector de incremento a: 
_; 

y el valor de la función en 

será: 

Este valor es solamente ap:oximado ya que el valor real es de: 
.. 

Este.,ejemplo ilustra el empleo de la relación (6.3.16) para. el 
cálculo' de las derivadas parciales, de la fórmula (6.3.13} para 
la determinación del gradiente de una función y finalmente de 
la expresión ( 6.3.15) para la evaluación aproximada del incre­
mento. Como ilustra el problema· 6, estas· fórmulas son tanto más 
exactas, cuanto menores son los incrementos. 

*Para el problema de optimización que nos interesa en esta sec­
ción, la utilidad de la fórmula (6.3.16) pára el cálculo de las 
derivadas pardales estriba en que permite su cálculo sin necesi­
dad de tener que realizar la operación de derivación. _Ésto cons­
tituye una gran ventaja, sobre todo si se emplea la computadora 
digital para realizar los cálculos, como es lo más probable, o se 
desconoce la expresión algebráica de la función por optimizar~ 

Con el cálculo de la función M ( x) en el punto arbitrario ~ y 
el cálculo del gradiente en este punto termina la fase de inicializa­
ción del problema. A continuación se señala cómo debe proce­

-derse para encontrar el ·máximo o el mínimo de· la función . 

.... "2 B' ed 't'·"· • usqu a 

" Una vez inicializado el problema, es decir, conocido M(x1o, x20, 
•.• , Xao) y el gradiente 'V M 1 es necesario *encontrar qué incre-
. lx.o . . 

mento *A:! debe dársele a las variables i_ndep,endientes, que son Ia5 
componentes del vector:! paia que la funci6n objetivo "mejore" :de 
valor (aumente en un problema de maximización o disminuya en 
uno de minimización). · 

. ... , .. :rr.; .. 

·.:., .... ;.. 

0.051 
. ;!'·•:· 0.1 ' ., . 

;~ .· J' : ';. •. J: ;'·t ... ';) 

y 1 = y 1 +''A'!,,,.~ ' .. = J + 0.433S j .~)~4335 
~ !o Xo 

)''!o = (1.05)11 (1.1)• = 1.4674 

eNo es necesario encontrar derivados pardales 
para evaluar el gra-:l.;ente .. 

econ la evaluación de M (.!Q) y V'M\!l. 

t~ la inicialización. 

"Encuentre~ f:!..'"3 que M(l) "mejore"de 
vaior. 
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*En el cálculo se demuestra que ia función M (1í.J v·aria. más rápi~. "'Vade ~ en dirección del gradiente. 

damente si ·la variable independitiíte se incrementa en dirección 
del gradiente. :A continuación derr.:.~straremos esta aseveración em-
pleando multiplicadores de Lagrl'.:Oge introducidos en la sección 
6.2.3. 

Para ilustrar e5ta demostración se volverá ·a emplear una fun­
ción de dos variableS. La extensión de la demostración a funcio- . 
ne5 de_ n variables e5 inmediata. 

*El problema consiste en deteiminar en qué dirección deben 
incrementarse las·variables Xt y X2 para que le_ función M(x1, X2) 

tenga su mayor rapidez de variación. Volviendo a hacer refe­
rencia a la figura 6.3.4, el problema consiste en determinar si el 
nuevo ·valor de :K debe estar sobre la recta A' B" C", A' D" ó 
cualquier otra qtie parta del punto A', para que la funCión 
M(~, xs) varíe más rápidamente de valor. 

M 

. ' 

0 En qué dirección debe variar 25 para que la ra­
pidez de variación de M(~) sea máxima. 

~~..::=-1..,._ ... 
~-:-D AM .. .._......., //' r---r , 

1 
1 1 

X¡ 

n~..Para-medir rapideces de variación,1 se funita la variación de 
Jál~áñable independiente y se miden los incrementos correspon­
oientes de. la función. Para aclarar pta idea, considérese .que se 

1 1 

Fig. 6.3.4 Ilustración del cálculo del incremento 
d~ l.¡¡ func:i6n M(X¡, ~) (repetición). 

!~ . 
0 Para comparar variaciones de M(.lÜ mantenga 
constante la · variación de &-

... ·~ 
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~tán comparando velocidades, que sori la rapidez con q.qe se re- . 
corren 'Hstancias. 

Un vchícuio tiene mayor velocidad que otro, o si en igual tiem­
pQ (variable independiente constante) recorre más distancia. La 
·:fig. 6.3.5 ilustra esta idea de comparaci6p. de variaciones de un;¡ 
determinada función. o o 

.... ...,.:.. - . 

~0-0 _____ ii_,;;_l --~ 

1 1 o 

~~~o o;;):t:.---:---~----'~0 
~ !~h 

Despu~ de t>.;;•a a.daración puede comprenderse fácilmente por 
qué hay que mantener constante la variación de x si se desean coro 
parar varia6ones de una función de x, como en este caso M ( x) . 

Supongamos que esta variación es tal que todo valor de x se 
encuentra sobre el círculo del plano (X1 1 Xz) mostrado en la fi­
gura 6.3.6. La magnitud de cualquier ~o sobre este círculo y la 

M 

C" 

J : i . ~ :1 {¡: ~1. 
como t1 =t2 y d2>d1, V2>V1 

r'ig. 6.3.5 Comparación de las velocidades de 
dos vehlculos, v2 > v1• 

,•':· 

Fig. 6.3.6 Búsqueda por rradíente. 

•:rr: 
<bL 



... 
. ,•:i 

magnitud de ~ difieren precisamthte. en el radio r del círculo, 
como ilustra la figura 6.3.7. · 

EI problema consiste ·en cntoiltrar la d'irección 'en que ·debe 
variar x a partir de x.. para qu'é la vari<~:cióh A.M de la función 
M ( x1, x:), s~a máxima restringiendo a que el extremo ·del -\lector 
x se encuentr~ sobre el círculo de radio r y ceiitro en A. 

' ~ . -

í Li formulaci6n matemática del problema es pór lo tanto. 

Ciad~. que 

.donde( . 

\ '· 

*~n general el símbolbl~l representa la magnitud' del vector x_. 

Aunque es Posible deflniilé!- de varias maneras, en esta obra se 
empleará como expresión para ·la magnitud ~e un vector, a la 
raíz cuadrada de la suma de ·Jos cuadrados, es decir: 

Para resolver el problema de maxmuzac10n propuesto/puede · 
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Figura 6.3.7 Variaciones del vector .t. 

máx A.MI = vM¡~ 
lSo ?!o 

'6.3;15) 

(6.3.20) 

x-~ =A 2::. .. · 

* 1 X 1 es la magnitud del vector ~· 
. 111 . 

Raíz cuadrada de la suma d'e los cuadrados 
de las componentes del vccto~,.·~. 

Si 

Xn 

su magnitud es: lxl == ~i "12 (6.3.21) 

i=l 

emplearse el método de los multiplicadores de *Lagrange introd-q- *Restricción 
cidas en la sección 6.23. La restricción del problema es{ 1~1 = 'r. 

que puede escribirse también de la siguiente forma: 
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. El · lagrangiano pone este . problema, de acuerdo con la rela­
ción (6.2.23), es: 

Igualando a cero las derivadas parciales se tiene 

t! ··:._.~: 

De las pri¡peras relaciones se obtiene de inmediato: 

Recordando la defmición de gradiente (6.3.16) se tiene: 

Esta relación indica que los· componente del vector Ax deben · 
. . . 1 

ser proporcionales, con tma constante de -- a las componentes 
2~ 

del vector gradiente, transpuesto, V'MT caiculadacs en 2S,o. 

Falta por determinar el valor de ,\, A continuación se preSenta 
la teoría previamente estudiada (',.n forma de una serie de pa50:ip 
un llamado algoritmo, para su programación digital. 

6.3.3 Algoritmo de búsqueda 

· L<>S pasos que deben seguirse para buscar el má~imo o mínimo 
de una función ( Mx) por él método descrito en las seccione'> 

L (x~,x1,,\) = \l.M Ax- ,\ {Ax3 -r~} 
\ 

bL !)M· 

aA~ = bx1 1 
.~ 

- 2,\ Axl ;: o 

5L · l).t'vl 

/),.lx,j - &xz 
--- 2,\ Ax:¡ = O 

!o 

8L = - Ax,:e- Ax2' + 1: = o 
8..\ . 

Ax1 :::: -
1
- !)~~ 

2,\. ax. 

. __ 1_ BM 1 
.!ÍX!I - 2,\ ~X: 

&, 

. í~ 

, .. 

(6.3.22a) 

.. 
! ... ~ 

• •7 J ·. 

t '. • ~- •• . 
'-~i'í 

.t~¡i[.; . 
. .-rb.· .. 

6.3.1 y 6.3.2 son: Paso 1: 

Seleccione un punto ~ para inicializar la bús-
queda. · · 

..... 
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Paso 2: 

Evalúe el grjdiente en ese punto empleando 
la.> relaciones ( 6.3 .l3a) y ( 6.3.16) . 

. 'iJM 1::: {. .aM ()M 8M) 
. . \ 8x1 ' a:x: .... , ()X¡¡ ( 6.3.13a) . 

~~ ';¡¡q 
' . ' 

8Mi 

8xt 1 

= M(Xto•. • .'xl-1•0• X¡o + ÁXL> X¡, X¡t-¡•O• • • • :r,.) - M(xtO• • • •, X¡o, • • • Xno) 
Áxt 

cf~tl: encontrar los valores de Qo que proporcionan el maxxmo 
incremento de la función M(~) en ~ = Ko, es necesario expresar 
a -la variable dependiente ( M.K) como función de Qo. Sustitu-
yend.o al incremento A"!. por la relación ( 6.3~22b) se tiene: · 

La iguaidad ( 6.3.24) señala que es posible expresar a la' varia­
ble ·dependiente M(:!) como función ~e la variable escolar Q,. 
Median fe· una búsqueda es posible determinar el valor ·a e Qo que 
ma.Jcimic.e M' ( Qo) • . 

~Este .valor se emplea en la ecuación (6.3.22b) para encontrar' 
'I.J \- ',. • 

el mtremento A~. · 

(6.3.16) 

Paso 3: 

Calcule el incremento de la variable indepeti· 
diente de acuerdo con la relación 

T 

~ = Q 'iJM 
2So 

- donde el factor Q0 tiene por valor 

1 
Qo=~ 

1 

(6.3.22b) 

(6.3,23 j 

Sea n 0 t~ei valor --· que maximiza la función 
1::' • • 2~ .. 

Paso 4: 

Encuentre un nuevo punto X1, para el cual se 
tiene que · . 

T 

MCx) ::: M(!.,) + Qo 'iJM 

(6.3.24 .1 

en un problema de :raximi:zación X1 .:Sla d.!-
do por . · 

xl. = ~ + eo 'VMIT 
. X, 

! ~ •. j 
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Este procedimiento puede programarse y en el apéndite A apa­
rece el programa A 16 que realiza este tipo de búsqueda. 

.. ~.. ' 

Para fami!Íiúizár al lector con este procedimiento de búsqueda 
se le aplica en el'siguiente ejemplo: 

Obtenga eJ mínimo de función 
por diferenciaciqn, y empleando 
gradiente. 

' . .. 
el método de búsqúeda de 

. De acuerdo con la fórmula ( 6.2.1 ) ei mínim6 (o máximo) de 
la funci(>n debe encontrarse para aquellos puntós (xt, x:~) para 
los cuales 

Efectuando estas operaciones se tiene de inmediato: 

Este sistema de ecuaciones tiene como solución: 

Para este punto el valor de la función es: 

Empleando ei método iterativo la solución se obtiene de la si~ 
guiente forma: · · · 

Paso 1 

Se inicia el problema con 

por ejemplo 

Paso 5: 

Calcule el valor de la función para ( x¡ ) . Si en 
un , problema de max.imización M(x1 ) > 
M(x

0
) continúe al paso 6, si no pare el proce­

dimiento. El punto (Xo) será e! mejor que (lcr­
. mite calcular e5te>~prcx;edimiento. 

Paso 6: 

· Considere. al punto X1 como nuevÓ punto inicial 
y welva al paso 2. 

,{ 

Ejemplo 6.3.2 

Solución.: 

·' # • ~ ... 

'8y 2x . "' . r,x,-. ~ 1 + les ~·. 1 =. O . .. 
8y .• 

- = 2x:! + Xi + 1 ·==· 0 i):<a. 

Ym!D(l,-1) :::;: - 1 
. -''i3 



\ 
1 

l 
' 

Paso 2 \ 
\ 

' . 1 . 
Se calcula .el gradiente de la funcióp en este punto. En este caso 

·f 

~ 

' '. 
Paso 3 

' 
Se calc:ula el incremento de. la variable indepengiente de acuer-

do con la relación · 

donde Qo se -encontró por búsqueda aleatoria, su valor fue 

Por lo ,,que en -la primera iteración del programa del apéndice 
· Al6 _s_e obtuvieron los siguientes incrementos 

Después del ler. :ido de iteración se ha encontrado que en el 

punte_ 

la función tiene un valor menor que en el punto inicial 

En efecto 

mientfa.s: que 

Siguiendo con las iteraciones se ilega al punto deseado .de 

para et~ la función y(xt, X:t) vale; 

; Al Íl~gar a este punto el lector forzosamente tendrá que pretub- · 
farse ~~les son las ventajas de este método de optimización· por 

"(('. • J -·~' tá).l93. 
A ecvuccw u.e gruu.um.te ·- .• 

\/y 1 = [éi.7;· ··1-.3) 

1 !o 
1 

Qo = - 0.895643 

. . [ 0.627087 ] 
~= 

. -0.96459 

- [0,7227087 ] 
Xt- --

-1.06459 . 

&o= 
~.1] 

. 0.1 

y(x1) = - 0.903719 

. 'Y (~o) = 0.03 

(x) = 1] 
-1 

y(l, -1) =- 1 

¡ 

(6.3.22b) 
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búsqueda con respecto a Ja aplicación de la relación ( 6.2J). La 
solución de las. ecuacio¡j.es ( 6.2:1 ) en general no es tan "fácil como. 
en este problema, donde las ecuaciones (6.2.25) resultaron linea-­
les. *En general el sistema de ecuaciones al que dan lugar las ecua­
ciones ( 5.2.1) son no lineales. C.otno para su solución también se 
requieren métodos iterath·os, siriillares al aquí presentado, no tiene 
nir1gún caso obtener primero. las derivadas parciales para después 
aplicar· un procedimiento iterativo. 

*.\ntes de terminar con este tema es necesario indicar que est~ 
procedimiento en u1:1o de los p_asos de iteración puede ''brincarse" 
el máximo. Si .en_ un momento :determinado M (Xo~ = M (Xt) 
puede suceder que el máximo (o mínimo) se encuentre entre los 
dos puntos, o qtie ·entre !.o y 2io la función no cambie para seguir 
creciendo· po_sterionnente. 

Para determinar' si se ha presentado el 2do. caso, puede hacerse 
una búsqueda incrementando d valor de Qo en una cantidad me­
nor que el valor dado en el paso 3. 

·' 
Si la función sigue .creciendo (o decreciendo) se emplea este 

último punto para inicializar una nueva iteración. 

En caso de encontrarse el máximo (o mínimo) entre .!o y Xl pue· 
de recurrirsc a una interpolación.* 

El siguiente ejemplo ilustra la aplicación del método descrito a 
un problema de localización de una planta para minimizar los 
costos de instalaiión. 

Determine la localización más adecuada de una planta, den­
tro de la zona mostrada. El terreno es horizontal. Es necesario 
tender tuberías de agua, gas, drenaje y combustible y una línea 
eléctiica, desde los puntos que muestra la fig. 6.3.8. Además, es 
necesario construir un camino de acceso a la fábrica desde la carre­
tera que pasa al frente del predio. 

La ~unción objetivo por minimizar incluirá solamente los cos­
tos qué dependen de la locali:zación de la planta. Se tendrá para 
este problema: 

3M O u. --= ,-rl 
8lC¡ .. 

*Las ecuaciones {6.2.1) en general son no 1\- .. 
neales. 

-uEt máximo o mínimo de la función puede en­
contraste entre el punto Xo y el ~1 . 

Ejemplo 6.3.3. 

:f .. 

Solución: 
, ~-~' ;~.! r.~~~:t ::~. ~·1; ~: .. 

;·.·-:.L: ,.: - '•' 

; - - t'·' -~ t~ : :- ¡-..~' 

·¡,. 

y{x¡, Xa) = 50 1x21 + 15. {x12 + {~,.~- 300)=pfl + 50 {x1 8 + (1300 ..:..,._ Xa)~)'~' + 
. ~~· •• :.' 1 .~:" ¡' ~··· 

~ .\ '\¡' 

n;e_¡ 

o Ref. 1, Cap. 10. 

,, .. 
í:UT' 

r 
4•~· 

..,, 
. " 
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- El lector puede proceder a calcular las derivadas parciales con 
respecto a x1, y xa e igualarlas a cero. Para la solución del sistema 
de ecuaciones algebráicas no lineales resultantes, es necesario em­
plear un método también iterativo. 

La tabla 6.3.1 muestra los valores de las coorde11adas x1 y xz 
y de la función costo para diversas iteraciones a partir del punto 
(500, 500). Para obtener estos resultados se empleó el progra-. 
ma A.16 que ejecuta una búsqueda por gradiepte. En cada etapaJ 
el:valor del parámetro Qo se encuentra por búsqueda aleatoriai 
Para· esta minimización el programa A.16 emplea como subru-

4 . 
tina un programa basado en el A.14. 

··t:.~... . ' 
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Camino 
de acceso 

$50/m 

¡...---- 1 300 m-----.li 

Carretera 

1000 m 

Fig. 6.3.8 Plano de localizaci6n de la fábrica del 
ejemplo 6.3.3. 

t. 

'¡· 
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,Tabl;¡ 8.3. ~ Resultados del progr.ut~a A.16 para el ejemplo 6.3.3. 
.~· ... : .~~~r1.tJ e •;r-J..::. :- .• 

,1_';. 

. ,:_2.371 !9662E+OO · 

· ..:...-4.24713455E.;._Q2 

3.77092041 +-01 
. .,;. .. ~ ' .: ' 

-,.B.! 3736 i ISE--03 . 
. ~sJ373oi,I5E~3 · 

3. 77092Ó41 E.,....ü! .• 

--4.4~264 Í 56E.:....02 

3.39754126E-o2 

4.13736115E-03 
-B.13i3ói15E--03 
-8.137361 ISE-03 

LOS RESULTADOS .. ~ARA CADA ITERACION SOI'-i .só.c;·;.t e ··.· ,;::,,: ... : :.~:·> 
XI X2·. . . ., r,,:;.:ú .: ,:· · F 

S.OOOOOOOOE+02 S.OOOOOOOOE+02 ~:~'.nn:::>.•:>b ':111• 12532023E+OS 
~ "'· ·; .. • .,.. - • _., "'·. • 1· .d : ~ r 

· 3.8ó932534E+02 

. 3.82882151 E+02 

::¡:,,3.64901001 E+02 

. ·.· ... 

3.64512982E+b2 

3.602S7075E+02 · 

3.58637001 E+02 

2. 73 865068 E+ 02 -.1.1 OOJ 5658E:t 05 
2 .... :..-J ~·!'.;\·. ;,·. 

2.ó9814685E+02 · ·:-· ., · ; 1.10007395E-f.05 
' . J ~ ~ .. ~~~:?:)~~!.:· :i:t * t ~ t . 

-~ "' ·: .. ).~~:ix_1J..~~~v~ :- ;_:· \ .. 
~:o::tL:.~of) ,· 

. 2.87795835E+o:!. 1.09997591 E~bs 
. :,·~·_t:J~5d 5:tr.·~. ··.:·.; .. : .... ~ • 

2.87195835E+ OZ. ·du:>ú1.r-;q 1.09996887~;f;OS 
,f ,. ~. · .~.-: y rú)LJJ 

2'.87795835E+02 1.09996843E+OS 

EL.VALOR MINIMO OBTENIDO DE LA FUNCION ES = 1.09996843E+OS 

LOS VALORES QUE OPTIMIZAN LA FUNCION SON 

VARIABLE 

1' 
2 

VALOR DE LA VARIABLE 

3.5863700IE+ 02 
2.87795835E+02 

D~de luego que en este ejemplo, como en otros donde la va­
riación posible de. ( Xt, x2, ... , Xn) está restringida, en cada ~te­

. ración hay 'que ver si el punto sigue estando dentro de la zÜna 
posible. En el ejemplo 6.3.3, dentro del predio Il10Strado. 

*E.ste procc;dimiento de búsqueda podría compararse con la estra .. 
. _ tegia que puede seguir un· alpinista ·para ·llegar lo más pronto 

posible a la cumbre de una montaña. Una posible forma de.ha­
cerlo es subir por la recta de mayor· pendiente, o empleando el 
lenguaje del cálculo, siguiendo la dirección que marca el gradiente .. 
Un alpinista que sube una montaña con densa neblina, puede lle­
gar a un punto donde al siguiente pasó se baja. De acuerdo con la 
estrategia que sigue el alpinista, concluye que ha llegado a la cum­
bre. Puede suceder que en ~fecto ésta se

1
a la ~umb:e de la mó~~~a, 

o solamente un promontono local .. La densa neblina no le perrute 
ver lejos. En el método de búsqueda descrito puede suceder t;xac~ 
tamente lo n:\:;mo. Como el procedimiento avanza de punto en 

.¡)Para subir rápi~~' un;:;, montaña siga la rut1 

de mayor pendiente y siga· hasta que el paso 
siguiente sea de bajada. · · 

0 Puede llegarse a un promontorio iocal, 



punto puede llegarse. a un llamado maXlmo (o mínimo) local, 
'.equivalente a un prÓmontorio local en una montafia, que sin em~ 

bargo n9 es el máximo (o mínimo global) , o sea el punto· donde 
M(x) es máximo o mínimo en toda la zona posible de variación. 
*Este procedimiento tr;:¡.baja sin problema con funciones con un 
~lo m~imo o mínimo. Frecuentemente la naturaleza propia del 
problema permite determinar si se ha encontrado un.máximo (o 
mínimo) global. 

El programa A.16 del apén~ce A permite resolver problemas 
de--búsqueda por gradiente. Los problemas 6 a 9 de la sección 
6.8--permiten al 'lector adquirir mayor destreza con este método. 

:E.n !a siguiente sección se introduce al lector al análisis marginal,· 
· ctre--métódo de optimización que tiene importantes aplicaciones 

en estudios económicos. · 

En la siguiente sección se establece además un enlace entre el 
c~ptt:úlo ~ 4, en particular entre la sección 4.5 dedicada a fun­
cioaes dé~ producción y métodos de optimización. 

,. 

¡ ·, 

-· 

., 

*La búsqueda por gradiente trabaja cuando la3 
funciones tienen un solo máximo o minimo. 

*Programa A.16 de búsqueda por gradiente. 

*El análisis marginal se emplea en estudio~ 
económicos. 

. .... 

·:: 
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·s.s. PRÓGRAMACION LINEAL 

6.5.1 Ejemplos 

. Existen muchos problemas de optimización cuyo. modelo mate­
mático es de tal .n¡lturaleza que se pueden resolver con la técnica de 

. optimización conoCida con el nombre de programación lineal. St! 
han • desarrollado algoritmos y bruados . en ellos, programas de 
computador"- digital para la solución de estos problemas. 

~-:.~:-.1 ··-·· . . ,_1 ·':.~ • 

,.La estructura de 1os problemas que pueden resolverse con 'esta 
~écruca e'> siempre la mi:;ma, de manera que c.ontando con un 
buen programa para la soluCión de éstos, pueden resolverse sin 
necesidad de tener que esctibir programad especiales para la solu­
ción de problemas .'particularés. Los problemas de optimización que 
se pueden resolver con +:·la técnica de programación dinámica por 
otra parte no tiene esta característica y con frecuencia es necesario 
desarrOllar programas particulares para obtener la solución de un 
problema específico. 

En esta sección se empezará a ilustrar con ejemplos la formu-
. ladón de modelos matemáticos que permiten aplicar la· programa­
ción lineaL A continuación, la ilustración geométrica de la solu­
ción del problema de programación liiieal; sirve para introducir · 
el método simplex de solución de problemas. 

El primer ejemplo ilustra un problema de transporte. SupóngaSe. 
que una embotelladora tiene dos plantas, una en Tlaxcala y otra 
en Tehuacán, . .con capacidad ·de 7 000 y 13 000 cajas de refrescos 
al día, además tiene dos centros de consumo que son Puebla y 
Orizaba, qqe pueden consumir hasta 12 000 y 8 000 cajas !liaria's 
respectivamente. El costo de envío ·de una caja de refrescos de 'los 
diferentes lugares de producción a los diferentes destinos está dado 
en la tabla 6.5.1. · 

-.:.:. •il) ... 

·) ~n sa .... -

·, .· .. ~ ::;. ... tt:.l •__¡;¡ .· 

. :( ~' ; 

0 Todos los problemas· de programad~.. linl!nl 
tienen el mismo modelo matemático. 

... ,,,; .. r; ~i. 
•No ~te~ !n~d~lp~,~eB~~~~ para pr~biem,as 
de programadqn .. di,J;¡ámica. ' · · 

., . .. ~.,.,,,_. .. . ; . 

Ej,emplo 6.5;1 

Q fdoo·· -' 

Tlaxcata '"A'. 

013000. 

TohuacAn 

PLANTAS 

.... •:. 

' . : 
i' 

o .12000,. ·; :. 

Puebla 

Qaooo 
Orlzabs 

COM~UMO 

Tabla 6.5.1 Costos Jc Q:ansporte en el ejempl-o 
. 6.4.1. 

~ Tlaxcala Tehuacin 
1 .. 2 

Puebla·., 
t. ~ 1 0.8 1.00 

.., 

Ori:t.aba 
2 1.30 o.ro 

"r 
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El administrador de la empresa del~! determinar cuántas c~jas 
deben enviarse de cada embotelladora a cada centro de consumo, " 
de manera que se satisfagan las siguientes condiciones: 

Para plantear este problema en el marco de las ecuaciones 
(6.1.1) y (6.1.2). 

es necesario dwuir ia siguiente variable: XIJ es el número de cajru¡_ 
enviadas de la embo,telladora situada en la localidad i'sima (i = 1 
COrTesponde a Tiaxcala e i = 2 a Tehuacán) al centro consumidor 
j'simo ( 11 es el índice de Puebla y 2 el de Orizaba). Con la intro­
ducción de esta variable el problema puede plantearse de la si- _ 
guiente ·forma: 

La:. ...aja:; enviadas de la localidad 1 (Thixcala) al centro de 
. · consiuno 1 (Puebla), que se ha acordado representar con lin máS 
las éaja.S enviadas de la localidad 1 al centro de consumo 2 (Ori­
zaba), -xu, qo deben exceder la capacidad de "la embotelladora 
de Ia.iocalidad 1 que es de 7 000 cajas, es decir, 

La-.figura 6.5.1 ilustra el planteamiento de esta ecuaci6n: 
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1}- Cada ~:mbotelladora no'puede enviar más ca­
. jas qu~ el máximo que puede producir. 

2) Cada centro de consumo puede obtener tan­
tas cajas como puede t:onsumir. 

3) Deben minimizarse Jos gastos de t'l"ansponc. 

M = M(xu Xso • • ., Xn) (6.1.1) 

C¡:C1(x11 ~, ••• ,Xza) > Oparai:·1,2, ... p _· 

e,= C¡(xl, X:r~ •• ·.XU> <o para i == p + 1, ... f 

.e;= <;(x11 xa •. ·•~:~) =O para i = r+ 1, ... n_ 

naxcala 
capacidad: 7.000 

0 
Yehuacán 

Centro de 
consumo 

Puebla 

( 6.1.2 j 

(6.5.1) 

·xu + Xt: ~ 7000 

Orizaba 

Y¡g. 6.5:1 Cajas enviadas desde .la embotelladora 
eo naxcala.. . 
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En forma similar puede establecerse la siguiente ecuag6ri que , 
limite la producción total de la embotellaoora de la 2da. locali­
dad. a 13 000 cajas, a saber: 

La figura 6.5.2 ilustra el planteamiento de otras ecuaciones. 

Por otra parte, se ha señalado que cada centro· de consumo 
puede obtener tanta,s cajas como de5ea: 

Al centro consumidor 1, Puebla, le ll~gan xu cajas de Tlaxcala 
y xa1 cajas de Tc;huacán tal como ilustra la fig. 6.5.3. Por lo 
tanto, como él consumo de Puebla es de 12 000 cajas:. 

Finalmente como última restricción se tiene que las caja.c¡ que 
recibe Orizaba, centro consumidor 2, deben ser iguales o ~ayor 
a 8 000 c~:Jas. Se tiene ~!Or lo tañto; ; 1 · · 

(6.5.2) 

TI alicata P!'ebla 

0 
Í 

x21 . .. X21 +. x2= S 13000 
' '~-·: .1 , ... ~ ~ ., 

e. 

. ·.·.; 

Tehuacin : r;- Orizaba >' 

Capacidad"" 13 000 . , .. 
Fig. 6.52 Cajai'·~Viadas desde la embote­

. lladora en Tehuadn. 
-. 

ltt1 + Xa1 ~ 12000 

Tlaxc:ala 
Puebla 

Consumo a 12 OOD 

;:d. 

(6.5.3) 

¡ . ..J .. ·~·· 

· Tehuadn 

Fig. 6.5.3 · Cajas re~ibidas en Puebl~ 

Xi!J + ~2 ~ 8000 (6.:,.-r¡ 

,._ 



\ 
' 

La figtira 6.5.4 ilustra 'el significa~o de esta ecuación. ·. 
' - ' 

Para tenninar con el establecimiento del modelo. matem4tico de 
este problema es necesario establecer la función objetivo. 

El objetivo de análisis es minimizar los costos de ~porte que 
están dados por: 

Debe además imponerse la sigt~ente condición: 

ya qu~ no tendrán s_ignificado Valores negativos de envíos de cajas. 
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Tlaxcala · 

Xu + X22 ~- 8 000 

TehuacAn Oriiaba 
Consumo = 8000 

F¡g. 6.5.4 Cajas recibidas por Orizaba. 

M = 0.8 x11 + 1 xu + 1.3 x21 + 0.9 x22 . . 

(65.5) 
.! 

(6.5.6) 

En ·resumen puede decirse que el problema consiste en minimi· , 
zar la función objetivo. · . M = 0:8 Xu + l. x21 + 1.3 xu + 0.9:xza (6.5.5) 

Todos los modelos matemáti~os. de problemas de programación 
lineal tienen precisamente esta forma. 

Antes de continuar conviene recordar algunas definiciones in­
troducidas en· la sección · 6.1.2. 

*Un conjunto de valores de las variables que satisface-todas las. 
restricciones del problema se llama una solución faotible del' pro­
blema de prográmación lineaJ.. ~mpleando la definición anterior, 
puede decirse que la :solución del problema consiste en encontrar, 
una sotu4ón factible que 'sea óptima. En est~ casci del problemcd : · 
del ~rte una solución factible que 

1
minúnice la función ob-i 

jetivQ ·{~~!5), · ~ 
-~ '~ .. '.t 

Sujeto a las restricciones 

x11 +·x11 < 7,0QO 
x21 + xta < 13,000 
x11 +. x21 > 12,000 
xu +. x23 ;;::; 8,000 

(6.5.1} 
(6.5.2) 
(6.5.3) 
( 6.5.4) 

(6.5.6) 

•·-

0 La solución factible satisface todas la.S restric­
ciones. 
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*Este probl~a. tiene cuatro variables que hay que determinar, 
,,;u, :xu, ~1 y _x~a .. Con objeto de visualizar geoméuica-mente la 
:;olución de los prcblemas de.prograrnación lineal t! introducir otro 
tipo de problemas de_ optimización de este tipo, se incluye un se~ 
gundo ejemplo: 

*Supón:gase que una compañía de transporte tiene Xt camione­
tas de 2 toneladas y X2 camionetas de 4 toneladas y desea maxf­
mizar su capacidad de transporte. La función objetivo es 
y el problema consiste en mafximizár dicha expresión. 

* .A.d~ás .la. cornparna tiene las siguientes restricciones: 
", + .·.~. 

*La primela ''es la ~iguiente: Las camionetas chicas requieren 
' 1 día de -mantenimiento a~ mes, y las grandes 4 días y la compa­

iüa s61o tiene'1CliS¡xmibles 24 ·días de mecánico al mes. Matemá­
ticame-9te cstí\ ·f'estricción se expresa de la siguiente forma: 

*La segunda restricción en este .problema se refiere a la dispo­
nibilic\ad. de andenes de carga. Ambos tipos de vehiculo, requico 
reri de igual número de andenes de carga, y que la compañía sólo 
cuenta con 9 andenes. Empleando las variables X1 y X2 esta restric~ 
ción establece: 

*La última restricción se refiere al personal que se requiere para 
cargarlas. Este p~rsonal está restringido a 21 'personas. Las· ca­
mionetas chicas requieren tres personas para cargarlas y las gran­
des solamente una persona. Se tie.ne por lo ~anto 

*Desde luego que las variables x1 y X3, número de camionetás 
-de 2 toneladas y de 4 toneladas con que cuenta la compaiüa res­
pectivamente, no pueden ser nega'tivas, ·por lo tanto las última<~ 
restricciones en este problema son: 

Desde luego existen otros muchos problemas . donde pued~ apli­
carSe la programación lineal. Entre dios pueden citarse proble­
mas de mezcla~o y planeación de la producción como el ejemplo 
6.5.4 de la secci6n 6.5.5. 

Después de estos ejemplos se procederá a. planear en forma r¿fJ 
mal el problcmr;, de prognimación lineal y: se estudiarán las con~ 
diciones que debe satisfacer tanto la funcióü objetivo como las res· 
tricciones. 

~· .~:. 6 . ::~:t;nr:::: · 
': ').') )~:).;~ • .f~ ~J}: . 

:-::Jn~'i~ ~of "'~""·· 
Ejemplo 6.5:2 ··••·· ·· · · ,,_. · 

•xl camionetas det~' t~~ .. ;~ ~:i camionetas . de 
4 ton. . , :!if:a! ~~·:\ l' .. ·· 

., .. :. t:p b.f;¡biv-.:.;¡;, 
. -~~ ;..b i~h5i,n ' .... -

e Restricciones. 
· · ·,_ ; .. ~;;~~ .E':l~~~do -.... '2 .;· ~·t-. 

·. · ~ · ·':-:tEn.:.ú;;.r!Úr, ..... ··-!.::.:·· 
*Mantenimiento: " . 

24 días mecánico/mes. 

<t2da. Andenes de carga: 
9 andenes. 

0 3ra, Cargado: 
21 personas. 

•·l. 

·.l .e :•.t '(.. 

. ~u! ·,;'· .... ,,~ .: ;. . . 
~~t ,+M <:;21 

... 1~ ~.-~.'' .,. ~:.!.. 

*Ultima: · :-; ·: u~r 1. (;., u:~ ~--
no negatividad. · 

X . ' O· ,._ ~ o o 
1• e:;; ··' ..... 

. · ._. .-:, ·~ ,. '; .. F:, : ·:. 

' . 
1',.; • 

(6:5.7) 

. ,(6.5.8) 
.'I'.'J 

(6.~.3) 

. ~6.5.10) 

(6.5.11) 



6.5.2. Planteamiento formal 

1 

*Si se analiza la formulación de los problemas de los dós ejem-
plos introducidos en la sección anterior, pueden detectarse ciertas 

1 ' 

.variables que se llaman. en forma ·genérica actividad~s. · 

*En el ejemplo 6.5.1 las acth.idades consi">ten en enviar cajas 
de refrescos de la embotelladora al centro consumidor y Se han re­
presentado con los símbolos: . 

IPMgramación limeal 313 · 

0 Actividades. 

~Envfo de cajas de re~resro. 

:X.Jt i, j = 1,2 

•Operación de camiones de carga -~~el ejemplo 6.5.2 estas actividades consisten en operar camio­
nes de carga y Se han empleado }os símbolos X1 y Xa para represen• 
tarla". Xttlts 

, *Cada. actividad qued~ caracterizada por una variab~e que se Y.Nivel de actividad. 
designa como nivel de actividad. . / \ 

A.demás se observa que los problemas de ·los ejemplos anteriores · 
satisíacen las siguientes condiciones: 

~Ianto ias restricciones como la función objetivo son ftinciones 
lin~ales de los niveles de actividad. Al· ser lineales estas funcioneS 

.. son · horrtv;'éneas y aditivas. 

Una fuución , 

es lin~ si dados dos conjuntos: 

·~Y. uus .. ;:.nst:mtes cualquiera ~ y K' se tiene: 

*Lcrco~~ición de linealidad ( 6.5.12) es equivalente a dos condi· 
ciqoe; En primer lugar una función lineal tiene un factor constant'! 
de- escala., es. decir. 

*y dl segundo lugar es aditiva: 
0- . . . . 

1. No negatividad de los niveles; es decir 

xt 2:: o, V¡ 

•Funciones objetivo y restricciones soiÍ' lineales 
_.homogéneas y aditivas. · 

· f(x1,. ~ •••• ; x.a) • 
0 Coojuntos. de variables 

xt. i = 1. 2, ... n y x'b i = 1, 2, ... · 

· •d0n5tantes K y K' 

6.5.12) 

°Condici6n de linealidad -1> factor constante de 
escala 

f ( Kx1, K.'IC1, ••• , Kxu) = Kf (X¡; x.;u • •• ; "u) 
(6.5.13) 

o~dici6n d~ linealidad -~> aditividad. 

f(x1 + x'tt xt + lt'2,.: ., ~ :·~ %r. ~ f(:s1, :a..,~, ... ,.x0 ) + f(x'l, x':a• •• •• "-'u) 
. :~ 

5.5.14) 

¡iJn ejemplo se~ para ilustrar este impo(t:cen:[.;; '~tíira<:(pto y 
s~. que.funcion,es del tipo f(x) = a+ bx 

*~Q_J!PI;l lineales. Es decir, si en laS funciones hay cargos! lijqs . °Funci6n no line:~.I. 
• (d té~iD-9 a) no es posible aplicar qirect~ente el conccp~o de 
- p~oi!i'amadón lineal. · · ·. 

tncc:c.r: ~. 
· Ejemplo 6.5.3. 

r- ----

(6.5.15) 
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Determine si !as siguientes funciones son lineales y justifique 
la respuesta. 

. se co1:.nple la condición (6.5.12) y la funci6n es lineal. 

. la función· no es lineal. 

El "problema de programación lineal por lo. tanto puede plan­
.tearse d:! ]~. si~ente forma. 

;r . . . 

*Hay que determinar el 'valor de. los niveles· de actividad 
XlJ X2, .•.. Xa*··,que maximicen a la· función objetivo: 

~ .. 
su jeto a las siguientes re<;tricciones: 

... Los coeficientes C; de. la función· objetivo se conocen con el 
nombre ·dé coeficienteS de costo, y los coeficientes au de las ecua­
ciones de restricción se llaman coeficientes .. estructurales. 

Como se ilustra· en el ejemplo 6.5.3 un problema de maximi­
zación puede siempre convertirse en uno de minimización. 
Como muestra el sistema de ecuaciones (6.5.16) las' restric­
ciónes pueden ser del tipo . de desigualdad o igualdad. *PaÍa 
la solución del problema de programación lineal conviene conver­
tir todas la5 desigualdades en igualdades introduciendo variables 
de holgura,· que de preferencia deben de ser positivas. La si~en'­
te- desi~aldad: 

·:~. ~ ~·-... ::! •. : t :~ !,': :.¡~ · .. :? .lo< 

. . . ~ 
.a) y~'=:~~3xt:'+ 2x2 ;: • 

l
. b). {~:(~,t~l::'_~:i :.~:- .. ' . 

-'' _,,, • .. · · "'v '1''•·.··:. ·.· · SolucU'n: 
·a) Comp a3x1 +• b3x!1c:*::~2x; +bx'1 . 

= a(3x1 + 2x2 ) + b(3x't + 2x'2 ) 

· . · · .:.: { _:b.i2~'ci.if.t.;. ~:..~·- • 
b) Comoa3x + 5 + llSx' + 5 =Fa (3x + 5) 

+ b(Sx' + 5) 

' . . . ·, •"•:"•h ':.':l! •l.::~·. 
•Encontrar ~ que IÍl:l'(lmice:. 

. ·~ :1· : ~··:· ·,;.-r .·. 
m ::: . c1 x1 + _c2. ~:l;.±l,:;:(,q.-+:: :Ca ·Xu ; . · ( 6)i.6a _i 

y satisfaga: · · · " ' · · 

a.i1 x1 + a12 X2 + .... ;+¿:i;11¡' = b¡"i·= 1-, 2, ••• p 
· '· r .. , .... t...,r•~···"l 1 "· • 

llf1 x1 + a11 x2 + : .. +·a;~·Xa < b1 i = p +· l,T r 
• , .. ,. • ._1J.J. ·: E:-,!):····'-.! 1 • : 

<1¡1 x,. + a12 x2 ~ ••• . t_ ~0.,XJ! :2!: b¡ i ::i r +,: 1 , ... m 

xJ ~ O j = 1,2 • • • n 

0 c..; = coeficientes de costo 

lltJ = coeficientes estructurales. 

., 

0 Variables de holgura >·- O . para 
desigualdad~ en igualdades. 

. . . 
l. .;',.._~i.~ ·:·; . .";.',··~)" 

' l ... ~.iJ~~~.:t· '. {::·¡:_-;;.• 

Desigualdad ~ 1 ·: cid --.::-~~ ,.;:,: . ~ : 

(6.5.16b) 

ct· r~\"ertir 

''lql X¡ + llq2 X: + •, . + .. 3qa .•," ~ • bq . 
+- < • 

Variahle· de. hqÍg\Ara -o 

x;; ~~ ''> 0': 
q-1. 

puede convertirse en una igualdad -i.ntro~uciendo 
~a Xn•q llamada de holgu~a. En efecto: 

up~ variable ,\'A 1"~ r) cl."'-":t.'-7 ,, , . -~~~al+dad_._ , . , 
ilqt X¡ + &qll X~ + • ; • ~~· ~ + lea • q. : )>1 

. . 
*Si pqr otra parte se tiene en la ecuación ,de restricción la desi-

~aldad en sentido coptrario. 
1 

··'\), 

~Desigualdad ' .. · 
ll.qt X¡ + 11Q2 X:z + .. :, + ~~~~ ~ ~ bq 

•• :-' . '1 + ·,-
.·Variable .de ·holgura 

· .. Xn·~? o 
Igualdad 



!,• • •• ~ ... 

r, r.: :¡ ~~ 
-· .Q rv-.1."\ l. - • • 

/\ '· .·; . 
lq. jntroqucci6n de la variable de holgura positiva Xn•4, convierte 
Ia, desigúaldad en una igualdad, ~·a que: 

. l . 
AdeD;1ás, los métodos de solución del problema de programación 

lineal· exigen que los niveles de actividad sean positivos, es decir, 
X! > O, 'i¡, *Si un nivel de actividad no está sujeto a esta res­
tricción. sé le puede sustituir por la diferencia de dos niveles de 
actividad· positivos. Supongamos que el nivel Xt no está restrin­
gido. Si se introducen las variables 

ru+ ,y _i¡- relacionadas con la variable XJ mediante ia siguiente di­
ferencia. 

1a v~ble o nivel ,de actividad original puede ser mayor, igual o 
menor que cero, sin que las variables x¡+ y Xt- tomen valores riega .. 
tivos. El siguiente ejemplo ilustra tanto la introducción de· variable 
de holgura como el empleo de la relación (6.5.17) y la transfor .. 
mación de uñ problema de. minimización en uno de maximización. 

Convierta el siguiente problema de minimización en un proble­
ma de maximización, transforme todas las ecuaciones de restric­
ción en igtialdades mediante la in~roducción de variables de hol­
¡pu-a y transforme todas· las variables en no negativas: 

•· . 
~~abe _que: 
'-

· Definiendo. una nueva función objetivo. 

ia función objetivo se convierte en: 

Para "Convertir las <,los desigualdades de restricción en igualdad 
es necesario introducrr dos nuevas variables xs y· X6 para realizar 
los siguientes cambios en las restricciones. · 

· *Fmalrnente la variable xz, no restringida debe sustituirse por la 
91fereriCia de dos variables no negativas .. · · 

Realizando esta sustitución, las ecuaciones o condiciones de res-
n;icCi6n 'tienen la siguiente forma: · 

"'l,i .• 

•Si nivel d~ actividad 
1 xt<6>0 - .-

Ejemplo 6.5.3 

min : m = 3Xt + Sx2 

3x1 + 2x3 > 6 

x1 - 6x2, ~ 4 

xt ::> O; X:¡ sin restricción · 

Soiución: 

(65.17) 

Min. m=3x1 + 5X: es equivalente a: 
Max. -m=-3x1-· 5xl. 

0 Nueva func~n objetivo n: 

·n :=t- m 
J, 

max: n = - 3x1 - 5x2 

x1 - 6x2 S 4 -+ x1 -- 6x2 + x, = 4 

3x1 + 2x~ > 6 -+ 3x1 + 2x2 - x8 = 6 

41x~ variable sin restricción 

fll>l 
. t 

x:: = x2+- x2-

3xl·+,2xgt il2x!!-- x3 = 6 

:•1 - ~+ + 6x2- + x4 = 4 

l!.¡, Xa +' Xz -; x3, X. ;:::: fl 

! 
1 
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y la función objetivo es: 

También .es posible resolver un problema de minimización r.e­
curriendo a su formulación dual que se estudia en la sección 6.5.5. 

* La estructura del problema de programación lineal se presta 
para el empleo de la .notación matricial. Si se definen *la matriz 
de coeficientes estructurales 

· * los vectores de ·acnvidaaes: 

de -ecostos 

y *de restricciones · 

El problema de programación line~ queda planteado de la si­
guiente forma: 

Sujeto a .las restriccio~es 

En la siguiente .sección se ilustra gráficamente la fonna de ob­
tener la soluCión del problema de programación lineal. 

6.5.3 Solución gráfica 

En esta sección ilustraremos gráficamente la solución qel proble­
ma de programación lineal. Como es difícil representar gráfica­
mente funciones de más de dos variables, se empleará el·ejemplo 
ci.5.2 para realizar esta representación. 

El modelo matemático de este problema es el siguiente: · 

max : n:-3x1 - Sx: 

°Formulaci6n m~tricia( 
. °Coefir.ientes estructutales 

A = [~··:~ /-:~·:j'~¿~;;l 
• ... ::'-"',i0Z., i': 
~~ ~ • ; •Í!aíi- ~;, --. 

. ,,_ -... [j-~·Jii~ nC:· 
0A('tividad~ .-:':· .d J::;:;2:'~' 

& = ~ (6.5.18) 

0 Costos 

e~· i = .. : (6.5.1~) 

Ca 

~ Restrkciones 

,.,~·.r:-G·. ·. ~ 

k- ;.r ': -'· 

.. 
mh: m = t¡T~ (6.5:21 ~ 

(6.5.22) . 
(6.5.23) 

f6.5 .. 7) 



Sujeto a las restricciones 

Las restricciones de este problema establecen una zona del pla­
no ( Xl, X2) donde deben encontrarse las soluciones factibles, tal 
como se señaló en la sección 6.1.2. Observe que la ecuación 
Xt_ + 4Jü = 24, corresponde a una recta, que divide al plano en 
dos regiones. En la inferior se cumple X1 + 4xz ~ 24, por lo 
taJ1to, la solución factible debe estar "abajo" de dicha recta. La 
fig\lra 6.5.5 ilustra la zona definida por esta restricción. 

Un razonamiento similar lleva a .concluir que la solución fac­
~ble también debe estar a la "izquierda" de.Ias rectas X1 + x: = 9 
y- 3x;-+ x2 = 21 (fig. 6.5.6). 

·:< 
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X1 + 4~ :::; 24 
xl + Xa· < .· 9. 

3x1 + Xg < 21 
X11 X~ ;;:: 0 

2 4 

( 6.5.8) 
( 6.5.9) 

(6.5·10) 

X¡ 

Fig. 6.5.5 Zona con re.itricci6n x1 + 4x2 ~ .24. 

Jts" 

X¡+~= 9 

2 8 

Fig. 6.5.6 Zona con restricciones ~ + ~ =::;; 9 ) 
3:1'¡," +-·Xs < 21. - .. 
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Además, la condici6n X1 ~ O y x~ ~ O impone que· debe estar 
en el primer cuadrante. La región del plano donde se· r.umplen 
todas las res.tricciones es por lo tanto pol6gono convexo OABCDO 
que aparece en la figura 6.5). 

E! siguiente paso en la solución consiste en encontr.ar dentro de los 
punto! de: dicho polígono, que son soluciones factibl~ todos ellos, 
aqueL punto para el cual la función objetivo 6.5. 7 2xt + 4x, 
es má!,ima. Nótese primero q~Je cualquier recta dependiente --2/~ 
cumple con la condición 2x1 + 4x2. Además, entre mayor sea la 
distancia al origen de una recta· dependiente -112, tarito mayor r.s 
2x1 + 4x: tal como. se ilustra en la figura 6.5.8. 

Para obtener el valor máximo de la función objetivo 2J~:r + 4xz 
es necesario desplazar una recta dependiente -2/4 de manera que 
~:>1.1 distancia al origen sea máxima, pero tenga por lo menos un 
punto dentro de la región OABCDO.· En la figura' 6.5.9 se 
ilustra este procedimiento de básqueda del m_áximo. En e! 
punto B de coordenadas ( 4, 5) el valor de la función ,objetivo. 
2xt + 4x2 es de 28 y se cumplen todas las restricciones .. Pof1,lo 
tá.nto .x1 .= 4, x~ = 5 es la solución del pf?blema de programa­
ción lineal. Haciendo referencia a la fig. · 6.5.9 obsérvese además 
que para dicho punto, tiene las características reswnidas en el 
cuadro de la t_abla 6.5.1. 

\ " '1 \ ·,x, + x: = .. i 

\ . 

. ... 

2 

'4 8 

Fig. 6;5.7 Zona de soluciones ~tibies del ejem­
plo 6.5.2. 

Fig. 6.5.8 Funciones objetivo del ejemplo 6.5.2 .. 

Problema 

Función objetivo. 

M = 2x1 + 4x2 (!'llax.) 
Restricciones. •· 

x~ f· 4xa < 24. (e.) 
x1 + x1 < 9 (b) 

··3x2 + x3 S 21 (e) · · 
. X¡ ~ 0 (d) 

x2 ~ O (e) 



•\ 
·', 
\ . 

... 
,; 

Es decir, el recurSO mecánico "del que se .cuenta con 24 días 
más, el de "andenes de carga" con el que so cuenta con 9, se ein- · · 
plea plenamente si se usan 4 camionetas de dos toneladaS .y 5 de 
4 toneladas. Mientras que de tercer recurso, del que se cut!nta 
con 21 unidades, sólo se usan 17. Sin embargo, ninguna otra coro•: 
binación de X1 y xz permite obtener mayor volumen de carga ·sin 
violar las restricciones (6.5.8), (6.5.10.). Antes de continuar, nó­
tese que la región definida por las restricciones ( 6.5.8- 6.5.10) 
es coñvexa, como muestra la figura 6.5.10, ya que c~alquier 
n!Cta': que· une dos puntos cualquiera de la periferia de la zona 
sé--encuentra en la frontera o dentro de la región. 

~-En la sección 6.5:4 se empleará la representad.ún gTiHic:<l. de h 
sólucióri"· de programación lineal para visualizar fi(:~l;l'le;·¡t<; 
SE>S easos. especiales de problemas de este tipo. 

•El método gráfico de solución del probltma de programadón 
lineal: está restringido a modelos con dos variables. Prácticamente 
tO&s.-lo~ problemas de interés para el analista tienen más :de. dos 

... 
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Xt ~ 0 (d) 
_ X1 

Fig. 6.5.9 Ilus~6n de la solución gráfica .del pro­
blema de programación lineal. 

Tabla 6.5.1 Propiedades de punto óptimo B del 
ejemplo 6.5.2. 

Restricción 

X¡ + 4x1 ; 24• 
x1 .+ x2 = 9 

3x1 + x2_= 17 < 21 

A 

Holgura 

o 
o 
4 

Fig. 6.5.10 Zona convexa de soluciones I<!!=tible3. 

*Método gráfico para problemas cou civs va-
riables.· · 
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· . r. variables, por.¡¿, cual el método ·gr?Jico no se puede emplear en estos 
casos. *Es nécesario contar con métodos algebráicos que se puedan 
programar en una computadora digital, con objeto de resolver 
problemas con un gran número de variables, como oon la mayoría 
de los que se encuentran en la pl:áctica. El método simplex que se 
introduce en la Siguiente sección tiene esta propiedad. Sin embar­
go, es importante familiarizarse con la solución gráfica estudiada 
en esta sección, ya que ayuda a entend,er la naturaleza de la solu-

·:ción del problt!ma. · · 
.. o·:·.: Al it desarrollando el m·étódo·siJnplex, de solución analítica, con­

~- iÍ11uameute zé."h.~f~·, reíere!).citt' ~';la. solución. gráfica. Los autores 
r.onsidcran. que at ~ta forma el. !ector lo comprenderá con ma~ 
yor facilidad.~ ::~J · 

. ' ·.·6.6 

'6:6.1 

. . . . .. ·~;i ... t) : . ' . 
PROGR,AM,ACION DINAMICA 

t /~ 

Caracteruticas 
~~H. . 

En la sección ~.1.1 se señaló que los métodos de optimización 
\ puede."l clasificarsé en m,étodos de gradiente y métodos de bús-

1 ·queda. *En la seéción 6.5 se estudió el método de programación 
lineal. que., constit'uye un método de gradíente. En la siguiente 
sección se establecen las bases de la programación dinámica, un 
método de optimización de búsqueda. Este. último método, 
toda~a más que el . de programación lineal requiere del uso . 
de la computadora digital. *Como se trata de una técnica enu~ 
merativa, lo8 tiempos de cómputo para este . método son en 
general grandes, ast como los requerimientos de. m~moria. De-.. 
bido a ello el empleo de esta técnica es un cuanto limitac;lo, a 
pesar de su extensivo· número de ~plicaciones ·potenciales. 

*La programacíón dinámica es una técnica de optimizaciC?n · 
·enumerativa aplicable a problemas con restricciones y funciones 
objetivo que p~leden ser . no .lineales y regiones factibles no con·w 
ve>:as. 

*Se aplica en .forma natura] a problemas que pueden ci~om­
ponerse en etapas a le largo del tiempó,.- pero también puede em­
plearse en pr<",blernas no secuenciales o con estructura en serie. 

. En el análisis de sistemas, la programación dináMica se ilsa ··en 
general en problemás de toma de decisiones, frecuentemente re­
lacionados con la asignación de recursos. 

·*Para resolver e.Ste tipo de pr~blem~s, se establece un m9delo 
matemático cuyas principales componentes son: 

··:· 
1 • 

0 Métodos. algebriúcós par:! resolver sisteinas con 
muchas variAbles, v•¡;)i:,:, ;_,. ::. 1.: ; · 

'::i t:!'q fr¿ ~!J.fft.< -.;::• 

c .. :Ji_tlé( ·nq:; ~.t~·~~\ 1 

~~::'! z~~;t:ri ~~ ·r.s<:; .. :· 

·~fétodos de optimización de gradiente y bm. 
qued.a. 1.:::·· ·,:n ~ . . . . 

0 La programaci6o ·dinámica. 'esr .un ·método de 
búsqueda. 

•Requiere mucho tiempo de c6mputo y me­
moria. 

• 1 ,!$ 1 ~ 

( ~\ ~ _¡·.ul .; ~ ·~~X:-/::·. 

•Puede aplicarse . !It P~~~m.as: ~i .lineales Y 
regiones no convexas. ·. 

e} :'.Hlf ' !· ·¡·_l·. ·;.- ,_. 

. . di ._t'). ,~· •. .~~ ; ~ .. 

•El problema debe poc!.;¡. éipr~rk: .... Jonn'a 
secuencial. · 

. '·'·. ' ~ 

•· ,,· 

1 ). Un estado inicial ;1 que da toda la iuforma· · 
ción relevante sobre el sistema antes de la 
toma de una dccisiór · 
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Como el problema de· decisiones se presenta en. aquellas situa­
ciones, donde un problema tiene varias soluciones factibles o al­
ternativas, con objeto cie poder seleccionar entre éstas, es necesa­
rio asociar a todas las .. posibles soluciones una función de benefi­
. cío ~ ganancia, que mida la utilidad que se asocia a cada una 
de las posibles solucioneS. 

Esta función o relación de transformaúón puede .ser una rela­
ción matemática o puede estar dada en forma tabular. 

,·_¡f] ;_ .. .. 

P¡u-a representar estas componentes del modelo de toma de de­
cisiones resulta útil introducir un diagrama de bloque (figura 
6.6:1). 

···';· 

Como la función de transformación T es univaluada puede ll.Us­
tiplli:se ( 6.6.2) en ( 6.6.1) para obtener: 

. *~ decir, la función de beneficio r sólo depende de los estados 
üriciá.les y las ·variables . de decisión. · 

Rc;:cordando que la función de transformación es UO:':taluada 
puede ¡;>btenerse la transformación invt.x:;.r;, T', a saber. 

. ,., Sustituyendo este valor en (6.6.1 )' se llega a:. 

o bien 

.. Un problema de toma de decisione> corisiste en maximizar o 
~~ar la función de beneficio r, si Jas varia,bles independien~ 

' ,, 

; 

' '· 

2). Un !estado final, ',i que da toda la infarriu•.· 
ci6n relevante sobre el sistema después c'-
haberse tomado la decisión; ; · 

J) • La variable de decisión D. = ( d1, d>'~ •.. , d11 ) 

que puede manipularse para obtener detcr­
minal:lo cambio del sistema de su estado ini-

1 . ~ 

cial x, a su estado final ::S.· 

4). El beneficio r que es una función escalar 
que depende del valor de los estados inicia­
les, de las decisiones tomadas, y de los esta­
dos finales, es decir 

,.,. 
r = r (x. D, x) 

5 ·,. Una transformaci6n T. univaluada que rela­
. ciona los estados finales, con los es~ados ini-

ciales, y las variables de decisi6n. r . 

( 6.6.2) 

.r .. .. . 

Fig. 6.6.1 Modelo de UD problema de toma de.de-
cisf6n. · · 

r. = r (x, Q, I (~ D n 
*Función de beneficio 

r = r' (K. D) 

· x = T' (X. D) 

r = r (T" (i. ,P.), D i) 
O' ' .. ,;., .... 

!'. = r,. (i, P.> :'-6.6:4) 

0 Mruümizin- o· minimizar el beneficio. 
f .. '·' . 

... · .... , 



tes o de decisión toman todos los -posibles valores, dentro de las 
·restricciones· que fija el problema. 

Estos problemas de toma de decisiones son, por lo tanto, pro­
blemas de optimización entre los que podemos distinguir dos tipos: 

El problema de optimizaciÓn de estado inicial x consiste en en­
contrar el máximo (o mínimo} del beneficio como función del · 
e rtado iniet'al, es . decir:. 

En el'problema de estado final x, debe determinarse el máximo 
r 1}- rrJnimo} del beneficio como furidón del estado final, es decir: 

~on objeto de facilitar la presentación del material subsecuen­
•.e ·e ilustrar la naturaleza de estos problemas, conviene introdu­
cir algunos símbolos: 

l .. ·• 

·' 

"'sando estos símbolos el problema de valor inicial puede sim­
r.JOJ.izarse : 

, i: "¡{!~\; :-., 
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•Optirnizaci6n de estado inicial !. . 
f(a~;) = máx r' (¡, Q) . 

D. 
(6.6.5) 

(6.6.5) 
oQptimiZaci6n de estad~ f~a!;~ :.r .. 

. ". . '( ---~· . 

. f(i) = máx. r? (1, 0}-') , · ... ~(6.6.6) '!. º <<il':; i. 

•Simbolos empleados .en. prograníac;i~n diná-' ·. 
mica. 

Variable da entra~a 

Variable da salida 

~ .& 
Variable de declsi6n · 

l r 
Beneficio 

1 

·~ 

! 

; ·.; ~ .· ,:, 

z Variable de estado .de 
· - entrada o salida con 
, .! un solo valor. ~~~~o 

... ,_. 

··· ~Variable de eslado.de 
- íuitrada o salida ·con varias 

,_,.: i posibles val9~es dados 

Pi¡. 6.6.2 Simbolos en problemas de programaci6n 
dinámica. 

.. , ..... 
· ; f(!,) ""'máx .. r (!, !l\ 

.D 
Fig. 6.6.9 Problema. de valo.~ inicial. 

·. ~-- _:.¡·. 
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y el de valor final 

r 

f{,!) = máx r (¡, D). 
D 

Fi¡. 6.6.4- Problema de valor final. 

*Problemas de optimización cómo los planteados (;D las figu- "'Programaci6n dinámica: 

.ras (6.6.3) y ( 6.6.4) contienen mtichas variables. La program· · a- u bl h · bl ~ n pm ema con mue as vana es .. ....__.,., 
· ci6n dinámica transforma un problema de esta ·naturaleza en una 
serie de problemas más sencillos, que contienen· pocas variables. Muchos problemas de pocas variabl;:s. 

Esta transformación es invariante en el número de soluciones 
factibles del problema y se conserva el valor de la función bene­
ficio asociada a cada una de las posibles soluciones. 

~ \ . . . . 

·•*La programación dinámica se basa en el principio de optima~ 
lidad expuesto por R.D. Bellman: ( ref. 2) . · 

~Uñ ejemplo adaptado de la ref. 8 servirá para aclarar· este 
c;oncepto, en que se basa la programación dinámica. 

*Supóngase que se desea asignar recursos a tres proyectos in­
dustriales, A, B y C con el objeto de maximizar las ganancias, 
*sean RA, Ba y Re las cantidades que se asignan a los proyectOs A, 
B y e respectivamente y sean *RT los recursoS totales disponibles 
qué son limitados. Debido a ello, la cantidad que se asigna a cada 
proyecto, depende de la cantidad asignada a los dos res~antes •. La 
asignación a e no debe exceder RT - RA - Ru *Sin embargo, 
cualquiera que haya sido la asignación a los proy¡:ctos A y B, 
la a5ignación Re al proyecto C, debe ser óptima ~ eón respecto 
a todas las posibles cantidades residuales que pueden quedar para 
el proyecto C, después de asignar fondos a los pf9yectos A y B. 
*La asignación de fondos a los proyectos B y C debe ser óptima 
. con respecto a la cantidad residual que queda después de asignar 
recursos a A, cualesquiera que haya $<ic?: esta asignación. 

La; asignación óptima al proyecto B, se encuentra maximizando 
el beneficio, que ocurre de la asignación al proyecto B, junto con .el 

<~Principio de optimalidad de Bellman. 

'·Una serié de decisiones óptimas {políticas 6p~- , 
mas) tiene Ja., propiedad, de que cualquiera 
que sea el estado inicial y la decisi6n ·inicial, . · 
las decisiones restantes deben ser óptimas con 
respecto al estado que resulte de la ·primera 
decisión'', · · 

. "' Proyectos industriales A, B, C. 

'*R4 , 8 , e recursos para cada proyecto 
R.¡. recursos totales disponibles. 

oRA + Ru + Re < Rr .. 

"'La asigliaci6n a e debe ser: óptima con _l'espéc­
to a Rt- - RA ..:... R~. 

'· 
0 La asignaci6n a B y e debe ser óptima' con 
. res¡)ecto a ~~ ,.;_ RA • 



beneficio óptimo del proyecte e, como fúnción de los fondos 
que quedan de asignar recursos a B y A. La asignación .~ptima 
a A finalmente se encuentra para maximizar el bc;:n"dicio de A más 
el beneficio óptimo de B y C,- como función de los fondos que 
q~edan despu~ de asignar recursos _ a A. 

Obsérvese que se ha descompuesto el problema, en. una secueno 
cia di! toma de decisiones, asignando _recursos a un salo proyecto 
a la. vez. 

En r~alidad la asignación de recursos es simultánea, pero ]a 
descomposición del problema, en una asignación secuencial o en 
S{'rle de los recursos~ permite tomar decisiones una a la vez. 

El concepto de· sistema ·secuencial o en serit: es muy i..mportan­
te en. este tipo de problemas y se discute con mayor detalle en 
1a .siguiente sección. 

6.6'.2 . Estructuras serie ,,1 

'*Eil·una:estructura en serie: como se señaló en la sección 1.3.4;. 
la salida de un elemento está conectada a la entrada del siguien­
te,: sin haber realimentación, ésta, como se indicó en la sección 
1.3.5, implica que la salida de un sistema influye sobre su entrada. 
La présencia de realimentación .en un problema de programación 
diniffiica puede resolverse sustituyendo la porción del sistema con 
realimentación por un subsistema eqUivalente no realimentado. Los 
ingenieros llaman. a esta operación: sustituir el sistema realimenta­
do por su funció)l de transferencia.** 

*E_~ un problema con estructuraserie en el tiempo, que son los 
más írécüentes · en el análisis de sistemas, las decisiones que se 
toman ; en un determinado instante de tiempo, no alteran los 
even~ _. :.mterior~, . sólo tienen influencia sobre los eventos pos- · · 
ter.ior~ 

}:.n: ia con.Strucdón de una casa, el levantamiento de muros, es 
~tc.rior a la construcción de los cimientos pero anterior a la colo­
c~ón ~ ventanas y puertas. Si durante la construcción de los 
m~ se cambia la posición y tamaño de los huecos para las · 
puertas, y las ventanas, este cambio, resultado de una aecisión; 
no afecta a la etapa anterior, o sea la construcción de los ciinien- · 
toS .. .pero sí influye sobre la etapa posterior, la de colocación de 
!>l.!ertas y ventanas. 

••~ere¡; _l!tei.ser V. y MWTay-Lasso, M. A. Teorl" de .Sistemas y Circuitu~ 
1~ ·ca¡;. a.-
·'Servicios y Representaciones de Ingeniería, S. A. 
México, D '!:' 1972. 

. ' . . ' 'l.G?.JJ !)27 , - '. . 
Programación. cU.n~mica t,fti.y 

' .. f ... ·, .. 1. 

~' . -· ... -. -.~~: --
;T 

l 
l 

0 Se asignarl recursos a l!D:~p~oyecto, a Ja ~•;r. 

,. 
~-~·. •' ', '•iiJ .!~0~~ ::.~:;• .r 

. ~J.jt.< .. _.: n.­
. ' .l>fll:..kif•'; 

Contxi6A· serio · í· ·~ · 

t' :-· 

. 1 

-o En una estructura serie .las decisiones no afee-
tan eventos ante_riore_~· ·:H-':;; 

::· ":$í~.'i1 .. 

·. ':.·:'. 

. ' 
·' 



1i. 
f.iquemáticainente un problema con estmctu.ra en serie, puede 

rept,~entarse usando los diagramas de bloqu~ de la secc;ión 1.3.4, 
de;t!il- forma mostrada en la figura. 6.6.5. . . . 

? ¡·Q,· ~.,.._._ º' . 11 

:!t Xt- 1 f_...:·í __ j 
T! -1 1=-::::~~ l==::t.l!IDoll 1=1 =~ 

~! ~z .__r--~ ., __ T___ ,!n ....__.,...-_ _, 

.!1-1 1 

i = 2, 3, 

3!-1 = !;¡; i = 2, 3, ... n 

... n + 

Fig'. 6.6.5 Estructura en serie. 

A con~uaci6n se hace una presentación formal del principio 
de optimalidad y se deduce la fórmula recursiva para resolver 
este tipo de problemas. 

6.6.3 Principio de optirilálidad 

" 
*Se st>..ñaló en la sección anterior que el objetivo de ~a descoJ!l­

posición del problema de optimizacion en una serie de proble­
mas secuenciales, es reducir el número de variables que se mani­
pulan ·en cada etapa, trabajando, de preferencia, con una varia- . · 
ble de estado y una variable de decisión. Por esta razón en los 
desarrollos subsecuentes se emplean los símbolos que corresponden 
a cantidades escalares, como por ejemplo. x, y no los correspon­
dientes a vectores como 4> ·tampoco ·se seguirá empleando ·el trazo 
doble para representar las variables en los diagramas de bloque. 

A continuación aplicaremos el principio de optimaliclad a un 
problema de valor inicial adaptado de la ref. ( 1). 

La figura 6.6.6a muestra una plataforma que debe soportar. ut1a 
carga dada de wkg/m2

• El objetivo del problema es diseñar uná pla­
taforma, las columnaS de soporte y los cimientos necesarios para 
soportar el peso minimizando el costo de la obra. Para aplicar . 
la técnica de la programación dinámica a. este problema,· conviene 
descomponerlo én una serie_ de problemas más fáciles de optimizar. 

-Trabajar de preferencia con una variabie de 
estado y una de d~cisi6n. 

(a) 

Platafortl".a para soportar w Kgim2 



La solución de e:Ste problema puede esquematizarse como mues-
tra la fig. 6.6.6 b · · 

C&rga 3 .. Carga 
--c. Plata!or.íiiif 

d, 
,_,:-.. _ 

"'ób1i':i•;~. 
Programació,;,. J.~t~~ij*a 3$1' 

,___,.,_ __ ...,~---~. ... ..;,_ -·~ 

Carga 1 
Cimiento 

• 1 ~ 
~_lllumna 

'---,---"'" · r1' ·j~~~ ~-~~~--~~:·,.,.._. ~""""' 

(b) . 

d, 
~ -~- ~ ~ ü-2~j 

.. -:·"" 
. Estro.~cttim secuencial para la~sol~ci6n,_detpro41e~ 

ma de diseño de una platafoima .de éarga. 

\ Fig. 6.6_.6 Ejemplo de aplicaci6n del método de programación dinán11ca. 

Supóngase. q~e .~e empieza analizando::las.'columna.S.;, si se en-. . .. ·;.···n- .s! ...• :. 

cuentra que la solÜción más ecotiómica sc)'n''las columnas·.,de con-
creto, esta soluci9Q· implica mayor'· peso sobre los ciniiento.s que· .. 
el producido por las coh.Íinnas de • hierro .. Esta Solución afecta el 
beneflcio (costo l de todas las etapas sub~ecuentéS .. (En este caso 
los cimientos). Por ·lo tanto ·no puede enjpezarie anaJ.izando his 
columnas. · ,- · · :. , 

'· :·:.. '¡., . '-. . 

*Resulta evidente que la estrategia adecmida de soluCión con-
siste en empezar rutalizando aquclla parte del proyecto, ··que no in­
fluye sobre los restantes, en este caso los· cimientos. Al igtial que 
en la asignación de recursos a tre8 p.fqyect~s indu.striales. en la 
sección 6.6.1, posteriormente pueden agft1parse las'- dos úitimas 
etapas, colúmnas y cimientos, para suboptifnizatSe posteriormen-
te, sin afectar a ninguna otra etapa. · · 

Como se. ve, el proceso de optimización si: redtza e~· orden in­
.· Versa, primero se. estudian los cimientos, después lbs. dtni~ntos en 
. combinación con las columnas y finalmente todo el p~oyeéto. Con-
'viene por lo tanto numerar los pasos de. solución en este orden, 
tal' como aparece en la fig., 6.6.6 o en general como se muestra 
en la figura 6.6.7. n 

R= ~ r, 
i= 1 

Xt 

•Empiece por aquellas partes que no afectan 
otras etapa& 

·~::t '.1 ·- ,,, ' 

"r--"--"'1 
x,...,.~.' 

~--.;...,.¡'T, ... 1 

'--""r"".... x, ..._...--_. X\ _y, ~ ' XI ... !.;.;.· \ ..,....,., 

1 i 

d,_, 
X! - l".J•l i ;.., ·2. 3. D 

Y1g. 6.6. 7 Estructura secuencial de n . pm&OII. 

~ •· . 
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*Recuérdese qiJe el beneficio en un problema de valor inicial 
puec.le expresarse como función del estado inicial Xt y de ·la va· 

. riable de decisión d, ( ecs. 6.6.4) 

*Si: la función beneficio R para todo el problema, es la suma· 

de los beneficios de cada una de las etapas, se tiene: 

*record3.11do la estructura serie ·del problema que implica 

*y ~a. ~elación entre ia variable de entrada. X¡, la de salida Xs y la de 
detLSlOn d, 

*se obtiene para la primera etapa de la sene 

Por ser la entrada al prim~ro Xt, igual a la salida del segundo 
SE:;, se tiene: 

pero 

sustitu}: en do esta relación en la anterior 

~y como 

.,;y 

se tiene al sustituir en ( 6.6.1 O) 

Siguiendo con esta sustitución se obtiene: 

- *Obsérvese que esta relación indica que el beneficio ·fl asociado 
a. la etapa 1 es función solamente de la variable de estado inicial 
y de todas las variables de decisión. Una concl~ó~, idéntica se 
puede 'obtener para todas las etapas subsecuentes, por lo tanto 
d beneficio total· del proyecto es función exclusiva .del estado ini­
C:ial y de todas las variables de decisión, es, decir, 

.. *El problema de optimización co~iste .. en encontrar los ~alares 
de las variables de decisión d~, · d:z,' . . . d1.1 que para un valor 
dado XD del estado inicial maximicen o minimicen la función de 
beneficio R de todo el proyecto. 

•B.eneficio de la etapa i'sima: 

0 Para beneficios aditivos: ,· 
n • 

R = ~ r1 (~1 , d1) 

i=l 

•Como la estructura es serie ; 

x1 = Xt-1 i = 2,3, •.• , n 

•relación entrada - salida 

xt = T1 (xt, d,) 

•tra. etapa 

· r1 = r1 (x1, d1 ) 

:, = ~ 
r1 = r1 (i¡, d1 ) 

xa = T2 (Xs, ds) 

(6.6.7) 

(6.6.8) 

(6.6.9) 

(6.6.2) 

(6.6.10) 

*El beneficio total depende del estado inicial 
y de las variables de decisión. 

; 

R.= R(~ du d2, ... , ~) •. ,( 6.6.12) 

0 Encuentre d'~, d2, ... , d11 

qu~ optimice el 'beñeficio total R, dai:lo el es-
tac;ló inicial Xn· i 



_ .. , 

. \. ·.. ., . ·.. . 
Analícese ahora el problema empezando con la -lra. etapa. 

Para ~ta etapa, s~a ft ~1 ~h'imo (o mÍnimo) de la -función 
benefició. . . 

;¡.Para c~da valor ;~~ÍhJe 'de Xt, .1~\ f~nción b~fteficio tiene un 
valor' óptimo;' que se encl:x~~tta optimiZ::ili~ó esta funcjón con rela· 
dón a la variable de decisión 'fu, es decir 

\ 
\ . . ' 

*Si se considera a ccintinuaci6n la :Segunda etapa su beneficio 
~á~ . 

•l ~;.J !·. ~ ~·;,. ~ ... 

~y el óptimo será: . 

*El beneficio óp~imo de la prlmera eta~~')'a h~ sido .. ~alculado 
~ ( 6.6.13) y por lo tanto se tiene como beri'e~cib . ópttmcf de la 
pr.ptera y segunda etapas combinadas, pdr el priildpio de optima­
lid~d .. 

. '!'Nótese que en esta segunda etapa ya solamente es necésario 
· busca,r: _d óptjmo con· respecto a d:a. 

*.P.:1r la conexión serie entre etapas se tiene 

y por la transformación que ejerce la segunda etapa 

Sus~tuyendo .en (6.6.14) 

*EJ beneficio óptimo de ·la primera y segunda etapas combina-
das es. por ·tanto: · 

*Pro_!:ediendo con es:.: razonamiento 5e llega a la .n;sima y úl­
tima etapa y se obtiene una relación similar . para el beneficio 
6ptin:o- . ' 

.,.. .J.:~da. esta deducción puede por lo tf.nto :<'resumirse en las .::;¡. 
guierltes ecuaciones de recursión para el problema de progra~Va;. 
ci6n dinámica: 

· ,, ,. Prog;rumación dinámica 35.1 

-.. ~; .. <.: 
,t' 

0BeneCic~p 6ptim~ fl(xl) para -:ada valor ~e X¡ 

f1 (x~) = max .r,,(xl, dti 
d

1
.·-:, ~}f: __ -,r,"(~· ~~e·:. 

.. -~t. .: C• Ji'.! . ·. ~. : 

epara la 2da. etapl!.; ~. ·-:.·q~· . 

• ~·J j,t};' ~~~ .: . ~ .. 
r1 (x,, · dt') :.:7~·.!.•)~~! (¡lll),. ! 

0 Valor 6ptimo.'1 : ••Ú · .i,;mE",~ .. · 

(6.6.13) 

máx {(r:, d~-) ¡+ ·1 r2J(~ ~~)} l :n 
d

1
, d

8
' ( .. ¡ . : s.~.:qL:.t t! u . · 

·~ ·.·: .t ·~·~i.: 

;)Efl?..J\.J 

-~~ h) '',.:;-

m!."t. '(r1 (d3, x1 ) + f1 (x1 )}., (6.6.1.4) 
d2 

•Sólo se busca et óptimo respec~o a d2 • 

•ConexiÓn serie 

. "1. 

mAx lra (da, Xt) + f1 (Ta(x:~, da)-} 
d2 . 

0 Beneficio 6ptim~·:de la lra. y 2da. etapa.~~. 

•Para la última étapá. 

f11(Xn) = máx {r11 (X1u d¡.) + 
du 

) 11-1 (T11(X11 ) d11 ))} (6.6.15). 
. 1 

°F6rmula de recursi6n. 

. ' 



El problema siguiente ilustra el empleo de la programación 
dinámica. 

"'Supóngase que se ·desea maximizar el beneficio que se obtiene 
de un programa de desarróilo industrial. 

*El proyecto ·prevé la instalaCión de mi máximo de tres indus:­
trias diferentes. El beneficio óue se obt-iene de cada industria de­
pende del nivel' de inversión ·en las mismas.,· *Sea x, Cl nivel de 
inversión en la i'sima industria, y g1 ( x:,} el bci'le{i_~io que se ob­
tiene de la misma, si el nivel de inversión en ella e5 ·:ae .. ~,. Además . 
se cuenta con un capital máximo de 3 -billones ·de pesos'·para el 
Prograrpa .. Debido a la naturaleza de cada proyecto de. inver­
sión, :~s ,niveles de inversi?n-.~o pueden ser . múltiplos enteros 
de l mllon de pesos. La f1gura 6.6.8. y la tabla 6.6.1 muestran 
el beneficio que se obtie'1P. de cada proyecto de acuerdo con el 
nivel de inversión. 

gl(lltJ rix2) 

6 6 

4 4 

2 2 

x1 
1 2 3 2 

Í¡("1j· = máx Q1(xt. d1) 
' d . . . 1 

Q1(x1, d1) = r1(x1, d1)_ 

i ·= 2, 3, ... n 

Ejemplo 6.6.1. 

= 1, 2, ... n 

i :::: (6.6.16) 

·;>Maximización del benefício. 

-oTies. unidades industriales. 

-~~x1 nivel de inversión en industria Tsima y 
g¡(x1 )_~:.r. beJ1eficio. 

. (X~ g:¡ 

6 

4 

: 2 

X2 X a 
3 1 2 

Fig. 6.'6.8 Funciones de beneficio del ejemplo 6.6.1 • 

. Tabla 6.6.1 Beneficio de los proyectos del ejemplo 
. 6.6.1. . 

,,.;. .. "· 

FunCión 
··&'e Industria i 
berieficio 1 2 3 

gl (O) o o o ... 

1 g1 (1} 3 2 3 

gl (2) 4 4 5 

gl (3) 7 6 6 



1 
1 

Solución. 

*Debido a la naturaleza del proyecto, · ia función objetivo o 
beneficio total que se obtiene de este proyecto' es de carácter adlo 
tivo, es decir: 

*Además, se tiene la restricción en los fondos de: 
' \. 

*CoJllo el orden de asigrilción de recursos en 'este caso es irre­
levante puede establecerse cuaJquier secuencia en la .~erie. Si em· 
pleamos la del ·enuncie! do se tiene el diilgrama de bloque de la 
r;·-:.tra 6.6,S 

.,l 

:' ;omo variable de. entrada a cada proyectó puede considerarse 
el .. .recutso que ·queda por asignársele, después de asignados re-· 
cursos. a los ~nteriores, y como salida lo que queda por asignar, 
un á vez- asignados fondos al miSmo. La entrada, al tercero és fijo 
e igual a 3. Si se toma la decisión de asignar dos billones de pe­
sOs a este proyecto, es decir, d3 = 2, la salida del tercer bloque X3 

será 1, y el beneficio rs de a~uerdo con la tabla 6.6.1· serie de 
4 tal como lo ilustra la f1gura 6.6.10 

En este ejemplo, la transformación. tiene esta. form~ simple 
~~ = Xt - eh ·y las ~ignaciones de rec1.p:'Sos están sometidas a la 
limitación 

. Como la variable que entra a cada bloque es el recurso disPp,. 
cib\e, se debe tener además que · , · 
eS :'4ecir, no se puede gastar en uri proyectÓ más de los recursos 
dis'ponibles. · 

Programación dlná~ica. 355 
r-• .Li ,lf.' ·~ .. 

°Funci6n de beneliclo totai !·aditiva, _., 
R = ~· g,(cÜ)~ 

i=l 

1tR.estrkei6o de fondos, 
,· 

t)La secuencia de asignación es irrelevante. 

recurso recu11o recurso 

d, 
F'¡g. 6.6.9 Diagrama de bicc¡u., del efemplo -'.6. t. 

fa -·4 

Xa = 3 

Fig. 6.6.10 EjeJnplo de asignación de recursQs al 
proyecto 3 •. 

r, 

X¡ 

;io 1'---
d,; '. ' .• :.Ci: 1 . 

• :·:¡ .... t'.¡.,· .. 'e! 
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_ *La funci6n de bent.f~do n(xt, d¡) e~t este caso solamente de~ 
. pé'nde de' la' deciSión 'qt1,e se 'tome, es &cir:. 

*L'a fórmula de ·recur5ión par~ :la sa~ución \:1d problema es 

En ~te caso la transformación ~: 
; 

Sustituyendo en la· rehtci6n ( 6 .6. 1'7.) se obtiene 

·~· '· .. 

, 11FWlci6n de beneficio 

r1(xt. d1) = g1( d1). 

&Fórmula de recursión 

Q1(~, <1>! = rJ(xJ, d1)· + f1~1 (Tr(X¡, d1)) -
. 1 . • (6.6.17} 

T1(x¡, c;4) ::: x1 - d1 

*Recordando que para i = 1 ]a función óptima de · benefi~ 
do. es: Q1(xt, d1) = g1 (d1) + Ii-l (x1 -d1) (6.6.18) 

Con .la importante 'restdcción señalada cie que 

Puede ~tabl~éery,e pó~ ~lo ia.~t~ ii.;~abla i~:~,)ara el cálculo 
de la función ae ·:benefiCio 6ptima dcl ler.'.proyecto. 

"ir 
o o o 

o o 
1 '3 1 

o o 
2 l 3 

2 4 
~~- .·-·~· ,¡\· 

o o ' 
1 3 
2 4 

3 

3 7 
'· 

itp~ la segunda etap~ la fórmula de rccurnóu- ~t~blece: 
i 

Este máximo también tiene que éncontrarse ·para todos los va­
lores posibles 'qe Xz. La tabla 6.6.3 ilustra cómo se obtienel esta 
serie de máxühos para los diversos v~ore{~de x2. '~Nótese :ade­
máS que tanto \en la tabla anterior como. en ésta, se anotan los 

- valores de las v~riables de deCisión que llevan al ben~ficio Óp-: 
timo. 

*Para el ler. proyecto. 
1 

f1 {x1,) = máx g1 (dl) 
dl 

Valor de 
d,-1:· 

Beneficio 
óptimo 
f1 (X1) que produce elóp. 

·----1 

3 

4 2 

3 

. ~pllia la '2Ja. etapa . 

f:i(~} = ~áx'eg:!(d~) + f1{l'2l_d3} 

d:a . 

'\~. 
0 Anote ·el valor de las variables de decisi.Sn 
"6ptimas". 

. ·~. 
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:·. 

.· .. ;; ,_ .. _. 

Finalmente para la ~tapa 3 se tiene . . 

En la tablá 6.6.4 se resumen Jos valores ~e esta etapa. 

Tabla 6 6.3 Asignaci6n de recursos a la etapa 2. 

r-
Pol!ib!.es Vah~;,Beneficio <Dif,erencia 1 1 Valcrde! Beneticio ópt. Valer Beneficio Bencfic.i., Va!.dewr. 

1 -~ de d2 deJa >:tapa X,~da de la et¡:i9. an ts dl .. acumulado óptimo de decs. que 1 
1 da<~ Rz(d::) f1 (r~-d2 ) queprod. Qz(xt,d~) f2(x,) prod. elópL 

~·· 
1 

fl {X:i-d:¡) d4 \~~~~bla 6.6 2) 1 ~· ), ·, 

'. 1 o .. · ·o. o ·.O. o o o o o 1 \\ \\0 
¡-:- \· 

1 r ·.;j· o 1 ' o \.<.1 3\ 1 3 
3 1 o 

1 'il 2 ·o. o .,..., o 2 

r <1, "''-\¡, '•· 

'o <,. o . ' 2 .\ 4 ·,·\ 2 4 ·, 
\ 

~ ~--~ 
1' \. ·r;,:; 2 1 " 3 ··.\. 1 5 5 1 1 
2 ·: 4 · .. ··:: .. o .··· ..... o ·o 4 ··,· .. . -·~~ . . 

---- .\() ·.·-:3. 7 .. · o "•t 1 3 •,\ 7 •. 
~;.· 

1·· ''\:2,., '2 '\ 4 ' 2 ., ... 6 . .. 3 o 
1 :> 2 4 .. :o., 1 

.. 
3 1' 

., 
7 7 1 2 L. 

.. \, ' \ ' 
'3 6 .:';¡ o o \ o . ~\.6 ., 

· -- --- ----- · Tabla ·~:~:4- ... Asignaci6n -de recursos a,::ta_ etapa' 3 •. \ 
\•'v\ '• • ' ' '• <: ~-~. .. ''. J. '¡~,, ·... • Be~~flf~O Valorde! Posibles, Beneficio Diferencia Benéfi~io op~. Vaiores Beneficio·· Val.ores va~ablea 

X., valores de la etapa x8 -7d8 delaseu:·!lnts .. d1* ya2* ac:um~lkto óptimo d~l., dO y d* que 2 a 
ded3 ga (ds) . ~ ( x8-d~') i que' prod. Qs(lfs, d~:)· fa(xl) prod. el beneficio 
d3 ~·'x3 (Tabla 6.6.3) f~(x3-d3 ) .·. 6ptimo 

:t~L ··. \. ·._ ~ '· 

d~;¡t d2* ···.\. 
d& dO da• 

(""-~ .. ,.,, .• '{,., 1 11 .. 
'· 

•'·:- 9 .. 11. o o o o ·o o ,.,0 
<···· o o p o 'f •. \>t<¡. 

0~\. • '3 ' o o ·t ' .3 ·1 .. 
3 :.·1 o·.\ o 

1 1 ' 3 o .,, o o o .. ,,'t .. 3 :Q· 0:. \ 1 .,,_ 

5 
., .... .. .. o o 2 1 '1 {1';.5 ... 

' 
2 1 3 1 3 ··1' o '6. 6 1 

.. o .. '.} 

s·· .. '• 

2 5 o o o ·O ) -.\ ~ ....... 
.: '-.. .. 

1--" 
' .. '· 1 o j· o o 3 7 

3 2 7 
1 ,;t 

~ 1 3 2 ' 5 J. 1 8 1 1 1 1 
' 8 

·, 

2 5 1 3 1 o 8 1 o 2 
l 

., . 

3 6 o o 1 o o 6 .. 
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*Esta .uitima tabla 6.6.4 pennite concluir que el beneficio óp~ , .¡¡Beneficio óptimo. 
timo que se 'obtiene dentro de los límites de los recursos disponiblcc.; 
XJ ~ 3 es de 8 .. El beneficio de 8 se obtiene. asignando recursos 
de •las dos maneras que muestra la figura 6.6.11. -

~~---r----------.-~-------, 
R = 8 3 

3 
3 

1 
2 

~----·~~-----~--~----------, 
'R =8 

'11 
3 3 

1 
2 

2 

o 

o 

Fig. 6,6.11 Asignación óptima de recursos al ¡:iro,yecto del ejern~lo 6.6.1 

. Cbsérve;e que en es~e cáso existen dos· estrategias de ·asigna­
c,ión de recursos que llevan al mismo beneficio de 8, dentro de la 
limitación X3 < 3 ó dt .+ dz + da < 3. La tabla 6.6.5 · resume 
los resultados de . este problema. 

*Para aclarar la rai:ón ·por la cual la pr~gramación diilámica 
es u,na técnica enumerativa y por la éual el principio de optimalidad 
reduce el número de alternativas entre las qúe ·hay. que buscar el 
'máximo, se procede .a continuación a ilustrar la solución ·de este 
problema empleando árboles de decWone$, como los empleados 
en la sección 1.3.9. 

Empezando asignando recursos al proyecto 1, se tienen las alter· 

Tabla 6.6~5 ·Estrategias óptlmas \le i~versión en d 
proyecto del ejemplo 6:6.1. 

Asignación de 
Beneficio Proyecto recursos 

3· 

1 
1 3 -.. 
1 2 

2 
.,o o 

··~. 1 o 3 

3 
', 2 5 '· \ -¡ 

De'ilelicio ·total - .j 
. ' .\ ~ 
6 El principio de optimalidad reduce el número 
de alt!'.mat.ivas a explorar. · 

', 

·,, 



n,ativas nlOstradM en la figura 6.6.12. La cantidad den~ de los 
nodos indica el beneficio que se ha obtenido siguiendo las asigna­
ciones de Tecursos asociadas a los segmentos de recta del nodo en 
cuestión hasta el origen del diagrama. El ·Símbolo g¡ ( d¡) repre­
senta el beneficio que. se .obtiene al asignar di recursos al pro-
yecto i · 

La asignación eJe recursos al segundo proyecto, depende de la 
que ya se asignó al primero. Si por ejemplo al ler. proyecto se le 
asigna 1 unidad y '~e obtiene un beneficio de 3, al segundo pro­
yecto solamente pueden asignársel~ O, 1 ó 2 unidades sin excederse 
de los recursos to~ale5. de 3. L!Js beneficios totales que se obtienen 
después de estas pbsibles asignaciones al segundo proyecto apare-
cen en la figura 6.6.13 · 

\ '. 

1 . 

. .#g¡,tiendo con el método expuesto, se puede construir el árbol 
.de: :asignación de recursos para todo el proyecto. Este áibol se 
m~~~a, e!lla figura 6.6.14. 

PFogramaci6n dinámka 3S9 

' 1 
1 
1 g, (O) 

1 

1 
1 

o .. 
l, .·· 
1 

1 
1 ,. 
1 

1 
Asignaci6n 
de recursos· · 

a 1 1 er proyectó· 

Fig. 6.6.12 .Arbol de combinaciones para la asig­
nación de 3 unidades al·ler. proyecto 

~ . 
del eJemplo 6~6.1. . 

1 
Fig. 6.6.13 Arbol' con alg¡lnas posibles asigracio-

nea de recunoa al 2do. pro)·ecto, 

/ 
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• 1 • r 

. g~.(O) =O g-,(0) =Oc., 1 
}--~.:::..:..;.;~~~-~ 7 1 1 

.-' 

.Fig. 6.6.14-. Ai'bol d~. todas las poSlbles combinaciones de 3 unid.:uies de recursos a 3 proyectos. 



Este . árbol muestra de inmediato las dos estrategias óptimas que, 
aparecen en la figura 6.6.15 

El árbol de decisiones de la figura 6.6.14 enumera todas las 
pnsible.s alternativas del proyecto, y constituye un método de fuera 
za bruta. *A continuación se señala cómo la programación diná- . 
·mica refina este método reduciendo el número de alternativas 
entre Ia8 que se tiene que buscar el máximo. 

*Recuérdese que el prrceso empieza en la primera etapa seña­
hr:do q.ue la función. de beneficio es: 

-oy. para la segunda etapa se tiene: 

·Esta fórmula indica que no es necesario buscar el óptimo be­
neficio que se· obtiene al asigtiar recursos a los proyectos 1 y .4 
buscando entre todos los posibles valores de los beneficios de las) 
etapas 1 y 2, sino solamente entre las posibles combinaciones de 
beneficios de dos con beneficios óptimos de la primera etapa. ' 

Finalmente para la 1íltima etapa se tiene: 

*Igualmente el beneficio óptimo no se busca entre las posibles 
combinaciones de beneficios de !a primera, segunda y tercera eta­
~~· sino simplement; e?tre las combinacione_s de beneficios de. ~~. 
úluma etapa y del optlmo de las dos antenpres. Esta estrateg¡a . 
de búsqueda, resultado del principio de opÜmalidad, reduce el 
número de alternativas entre las que hay que buscar el óptimo. 
Ll,., figuras 6.6.16 a, b, e, ilustran cómo se eliminan alternativas 
de acuerdo con la descripción anterior. 
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Fig. 6.6.15 A.3ignaci6n 6ptima de recursos. al ;pro­
yecto del ejetJ1plo '6!6."1. 

•La- programaci6n dinámica .reduce 1as álter­
. nativas entre las .que 'Se busca el 6ptimo. 

•Funci6n de beneficio _para la lra. etapa: 

f¡(x1 ) = máX.g1 (dt) · 
-d1 

QPara la 2da. etapa 

f2(x2) ::;: máx {(ga (d2)'+ f1(x2-- d2)} · 
. d2 . ' . . 

0 Se busca ·entre los beneficios de una etapa y 
el 6ptimo de la combinación de las _¡mterio­
res. 
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' Eliminado 

1 
1• 

' \ 
'¡ 
i 
\ 

Fig. 6.6.1'6 a Asignación de una unidad de recurso 
en 2 etapas. 

. ·~ 

1 

\ 
. \ , 

g\,( 2). ~ 4~-.... 
' 

Fig. 6.6.16 b Asignaci6n de 2 unidades de recur· 
so en dos etapas. . ...... 
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La eliminaci(;n de estas alternativas reduce la búsqueda a los 
ca'los que muestra el árbol de la figura 6.6.17 con trazQ. ~eso. 
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Fig. 6.6.16 e A!ignación de 3 unidades de recur• 
IJO eA 3 . etapas. 



,-

Fig. 5.6.17 Reducci6n de alternativas a explorar. 



*La figura 6.6.14 muestra que este problema tiene: 20 posibles 
altemativíl$. Si se emplea una búsqueda directa es neces<lrio bus­
car entre estas posibles alternativas, para las cuales debe co­
nocerse la combinación de decisiones que llevan a cada una de 
dlas, como ilustra la figura 6.6.18 para una de ellas. 

Programación diri¡ii1üca ~65 

0 Búsqueda directa: 

20 alternativas 

Programación dinámica·: 
8 alternativas 

~~(3) 

d"t .. o 
d"a..; l 

a·a"' o 

Fig. 6.6.16 Secuencia de decisiones que llevan a un beneficio determin~o. 

Co.mo estos problemas tienen en general muchas más alterna-
tivas que las que se presentan en este ejemplo y más etapas d.! 

decisión, el método enumerativo directo requería de una gran canti­
dad de operaciones y de conservar en la memoria una gran cantidad 
de información: todas las posibles secuencias de la variable de.· 
decisión entre otro~ datos. La programación dinámica, al redu­
cir el número de alternativas entre las que hay que buscar el 
óptimo, disminuye los tiempos de computación y los requerimien­
tos de memoria. A pesar de ello, uno de los factores que ha 
limitado la aplicación de este método es precisamente el requeri­
miento de memoria que se necesita. En .el capítulo 11 de la ref. 1 
el lector puede encontrar una presentación formal sobre el pro­
blema de reducción del esfuerzo computacional entre la búsqueda 
directa y la programación dinámica. 

·La solución de un problema de asignación de recursos con un ·' :, 
número mayor de etapas que el del t;jemplo 6.6.1 puede en­
contrarse empleando el programa Al S del apéndice ~- Este pro­
grama requiere de los sigUientes datos: 

a) Número d.e industriás 
b) Monto de la inversión 
e)· Funciones de beneficio de cada ind~tri~. 
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El res~taclo de este programa; aparece e..'l la tabla. 6.6.6. 

·-~~-----

Antes de continuar debe hacérse notar que en cada etapa de la 
solución es necesario encontrar un máximo (o mínimo) . Para 
encontrarlo, de acuerdo con el tipo de problema se aplica alguna 
de las técnicas expuestas en las secciones anteliores de este capí­
tulo, o bien una búsqueda del tipo introducido en las secciones 
3.5.2 6, 3.5.3. 

· 6.6A Redes de transporte 

una aplicación importante ·de la programaci6n dinámica es la 
determinación de nitas más largas o más cortas en redes de trans-

'fabl;1 6.6.6 Resultados del programa A18 para 
· el ejemplo 6.6.1. · 

LOS RESULTADOS OBTENIDOS SON {LOS VAlORES DE 

LA MATRIZ\ CORRESPONDEN A LAS INVERSIONES NE· 
CESARlAs A EFECTUAR EN CADA INDUSTRIAl· 

BENEFICIO INDUSTRIA 
.. ·. 

2 3 -----o o o o 
3 1 o o 
3 o o 
6 o 
a 
a o 2 

porte entre dos localidades. En esta sección se ilustra este problema. Ejemplo 6.6.2 

~•La figura 6.6..1 9 ilustra las posibles rutas entre una localidad . 0 Posibles rutas del litoral al interior. 

V y dos puertos de un litoral. Supóngase que las poblaciones inter­
medias son de tres tipos, cercanas a la localidad, cercanas al litoa 
ral e intermedias. agrupadas como muestra la figura 6.6.19. 

Los números. asociados a las carreteras indican su longitud. Se 
trata de obtener la ruta más.corta entre la población V y el litoral. 

. ' ' . 

--------------------------

'· 

Poblaciones .· 
cercanas 

Poblaciones 
intermedias 

Poblaciones 
lejanas 

r Poblaciones 
del !!toral 

Fig. 6.6.19 Red de caminos entre la l._¡calidad V y puertos de un iitora.l. 



.¡tPara resolver todo problema conviene- introducir una nota­
Ción .adecmid;1. Designemos con d;,¡,lc con la decisión de- ir d:! 
Ja ,población i del grupo k-1 1 a la población j del grupo k. *Cada 

. vaiiable de est.ado de entradc:. x~~: indica de qué población· de la 
zona -anterior viene la carretera, y la variable de .salida XII: indica 
·hacia qué ¡>9blación de la zona siguiente va .la carr~teia. 

Con esta nomenclatura se puede empezar a resolver el pro­
.bicma. .. 

Dec:isl6n 
d~.f.k 

Grupo 
K·l 
1 

.1 

~.A:::d; 
viene .va 

·ll:Para la 1 ra. ct<.tpa, o sea .la ruta entre el litoral y las pobla­
ciQneS Jejanas se. tiene como óptimo de la función objetivo: 

. 0 Del litoral a las poblaciones ]ejanas 

La ~ab!~ 6.6.7 resume los resultados para encontrar el óptimo. 

f1 (x1 ) = min :{r1 (~1.~CI1H 
dt 

Tabla 6.6.1 Obtención del beneficio óptimo en Ja 'lra.. etapa. 

Población Indices de la Longitud Población Optimo · ·Decisión .. 
!mterior lra. decisión del siguiente f1 (xt•) óptima· 

caminor1 i1 
~ 

dl x, 

II1 1 1 l 6 1 6 l 1 l 1 

1 

.. ··-:---

II:~ 
2 1 
22 

Ha 32 

~a la comunicación entre las poblaciones lejanas y las inter­
n1~9i'!Sl ~t~pa 2, se #ene: 

Estos valores se resumen en la tabla 6.6.8 

1 
1 

1 

5 1 
5 "'' 21 1 7 2 

3 2 .3 ·¡ 32 1 . 
*Entr~ poblaci~nes lejanas ,e ;intermedias. 

f3 (x3 ) = min { r2 (x1;·~i) + f1 (x2, ·Cll):~ 
da 

Tabla 6.6.8 Obtenci6a del beneficio óptimo en 2 etapas. 

Población ¡ Indices de la Longitud Optimo Decisiones 

anterior 2da. decisión ra ~=~ f¡ ( :~¡) r2+ft f:(xt) ~ptima.s 
i 

~ ' dti d¡í-o l 

Hit 
1 1 2 8 1 1 9 

8 21 1 12 2 1 2 2 3 2 
•. 

5 8 - ~ 

~·-

IIIs 
22 2 2. 2 5, 1 7 6 i '3 2 1 23 2 2 3 2 3 3· 3 l6 

. 
1 ·' 

3 2 2 2 2 5 i 7 
IIIa 3 3 2 5 3 3 8 

7 21 1 3~2 2 J ¡ 
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1 

*Para la etapa 3 la fórmula pari dete:rnlln<if el beneficio es: 
-j 

La b~ti'~d~ .en este 6ptimo se re~.ume en la tabla 6.6.9 
. ·:·[1 .. ~_-'J.·.:·',"":. ' 

11 Entr;;; poblaciones .iritem1edias y cercanas 

f3(x8 ) ::: min {r3 (x3, ~-3 ). + f2(x3, d3)'} · 
ds .. ,, .... · . 

· Tabla 6.6:9 Obtención del beneficio óptimo en 3 etapas. 

1 ndices de la LongituC: 

"2=ia f2(xz) rá4 
¡~bl¡¡c~ón . 

1 
l antenor 3ra. decisión t r¡¡ 

1 8 
2 6 

.:r<!l 
¡ 

~ 
1 

IVt· 
1 1 3 1 7 

1 
. 1 2 3 ·s 

F---v 

3 7 1 IVs 2 3 3 6 L 

*Firtalmehte para elegir las mtas entre la lra. localidad y las 
poblaciones cercanas se tiene: 

Para encontrar este mínimo se realizan los cálculos que apare­
cen en la tabla 6.6.1 O 

15 
11 

13 

Optimó 

Valor 

fs(x3) 

11 
'• 

13 

* Tramo final 

Tabla 6.6.10 Obtención del beneficio óptimo en 4: etapas. 

~oblac:ón' 1 ndices de la Longitud 1 V3Jor 
1 anterior 4a. decisión r;¡ , Xs=~ fa(X:J)" r 3 +f3 óptimo 

x-2 f4 (x~) 

1 1 3 8 .} 11 19 17 
)(¡¡ 

1 2 3 8 2 13 21 21 
1 

De esta última tabla· se concluye que el camino de mínima Ion;. 
gitud entre los puestos ciel' litoral y la población V tiene una • 
longitud de 17 a lo largo de la ruta 114, 123, 232 y 321; mar­
cada con trazo grueso en la figura 6.6.18. 

El lector interesado en profundizar sobre este tema puede con­
sultar las reís. 1, 2, 5, 8 y 9. Los problemas 16 a 19 de la sección 
6.8 ilustran di~m'ntes aplicaciones de este método. 

-

d¡O 

321 
211 

Dcc:Wones óptimas 

d¡O . drro . dmo~Jo 

321 232 123 

211 322 23~ 

Decisiones óptimas 

dn~ dmo dr.¡o 

232 123 11.4 
322 233 123 
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COMISION fEDER.\1., OE ElE.ClnlCIOAO 

. A sun·omct•3<"""' -~--

.flHR)("C!__ ---~--

CONTROL AUT0:--.·1A T!CO DEL S~~. t.:.. EL=:CTR.ICO NACIONAL 

DE SERVICIO PL'BLICO. 

l.- INTRODUCCION. 

El siguiente escrito consL.l de seis secciones. -Después de "' 

esta inrroducción se revisan diferentes conceptos de tngenierfa de Sistemas, -

señalar.do l¡o jerarq1.1ización que existe en los controles de un sistema a dife--
¡ 

remes nivele~. con cbjeto de _esratlec~r una secuencia lógica de automatiza--

ción. 

En _la siguiente secci6n se señalan diversas razones por las 

qt;e debe automatizarse un sistema eléctrico de servicio público. 

Pc:.teriormente se señalan los objetivos de un sistema de --
jt' 

control. de prcdt:cció:l er.la industria el~t:::ica. 

A continuación se propone una estructura para un sistema -

de control del .sistema ciéctrico nacional. 

F-inaliza este artfculo con un párrafo de conclusiones. 

2.- 11\CEN!ER!A DE SlSTE:\1AS. 

Actualmente las empresas eléctricas de servicio pCiblico'son 

complejos sistemas. Para obtener ura adecuada solución a los problemas que 

se presen::an en su operación,. es precisn ::~:r,··;·ir a la mctodologra más avan• 

,__..·-·--·· 
---~-~-- . 

ELECf21CiO.~D fMA EL PROGRESO CE MEXlCO 

~da de la Ingeniería de Sistemas. 

. COMlSION ftOEílAL Oé ElKt,;:ICIOAC 

IUO·CIHCCI1n I;{Ji,PA\. 

La merodologfa de !a lngenierra de Sistemas se basa en el re­

c9nocimiento formal de la importancia que tiene la interacción entre las partes 

de un sistema con su funcionamiento. 

Diseñar un sistema co11sis,te en tnducir una serie de objetivos 

.. ':.u~ciones del mismo a especifica~iones:.del sistema por construir. 

El análisis 6 srnt~sis de sistemas se iniciá sub5tin•yendo el 

problema real por un modelo, éste a su vez· se caracteriza por una serie de re-

laciones matemáticas que representan el sistema con· sus objetiyos y restriccio-

¡;¡es. La simulación que se realiza con e..S.te..rnPi:lclo desempeña un papel de gt'Jlll 
' . . -.... . .. 

~~portancia en la búsqueda de una solución al probtemaJ Permite ensayar var¡as 
! '. • ' 

~o,uciones al~erriativas, e~Íuarlas y solamente después de ~ste paso se proc~de 

a construir el sistema. 

La industria eléctrica, co_r!'lc toda. industria, tiene una estrt\c­

tura piramidal que consiste en. un proceso ffsÍco y su controlador. (Fig. 1)7 

El controlador manipula el proceso con el fin de alcanzar lcp 

objetivos de la industria, que en este caso son satisfacer la demani:.a de ener~ía 

~léctr,ica,con la !lláXima confiabilidad y, los mfnimos gastos. 

ElECTl<ICIDAD PAI!A El PROGRESO DE MEXICO 



Fig. l. -. Estructura jerárquica del control. 

CCMISit;tl Fi:~Al DC tlECttl:lCIJAi) 

auo-;acCCOII CI•IRA" 

' 

Organizaci6n. 

Despacho y Opera-
ci6n automática --
del Sistema. 

Control a. nivel 
planta. 

Pueden· distinguirse en general tres funciones de control a d.!_ 

ferentes niveles. En el primer nivel se tienen aquellas funcior.es asociadas -

; ,. con·el control de las unidades de manufactura, que en el caso de la incustria 

eléctrica corresponden a las plantas generadores. En el segundo nivel las ñÍ_!! 

ciones de control gura·n las acnvidades de producción mediante despacho de 

carga, operaciones de conexión, etc. 

En el último nivel las funciones de control corresponden a -

la dirección empresarial .:: incluyen el esmblec'imiento de objetivos para ser 

alcanzados dentro de las restricciones det sistema. 

ElEClRICIDAD PARA EL PROGRESO De MEX1Cl1 

¡ 
i 
! . 

'7. 

~ 

lt. 
CUMrSICN JECtii'Ai. CIE llt(.i~:·:JC"-

I"'Q·Ot•tCt•O• >;lNl••T.. 

4 

En. paralelo con las jerarqura~· señaladas en el nivel de con.­

trol, al movernos f'!acia la cumbre cl~ la pirámide, pod!!mÓ~ identifi<,:ar u~ j~ 

r~rqura de funciones de control, regulación, optimización, adaptación y org<:._ 

nización automática. Puede observarse que a medida que se avanza hacia la 
D 

cúspide, el énfasis en las variables ffsicas disminuye y aumenta la importan-

cía de las variables económicas en el proceso de toma de decisiones o funcio-

n~s de control. 

· -- -Otra caracterfstica del control de sistemas es la decrecien -

te frecuencia de las acciones controladoras y la creciente complejidad de! pr~ 

ceso de toma de decisiones al ascender Ji través de la jerarquía de C<?ntrol. 

Debe nota.rse también que dentro del primer nivel los Jrob!e 

mas de control son deternlinrsricos mientras que se vuelven crecientem~nte -

probabilísticos al ascender.a través de ia jerarquía del sistema de controL 

Todos estos controles, ya sean máquinas o seres humtno::>, 

son procesadores de información. Reciben i-nformación sobre .el estado del -

sistema y en función de ésta y del conocimi~p.ro de los objetivos del sist•!ma y 

sus restricciones, ejecutan acciones controladoras. 

Durante varias décadas no fue posible implantar la automati_ 

zación de los sistemas más allá del primer nivel, o sea elnivel planta, por · 

limitaciones que imponía la tecnología e.xistente. 

ELECTRICIDAD PA~A EL PROGRESO DE MEXICO 
FQR ... A A."O • OOó 
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3.- NECESIDADES DE AUTOMATISMO. 

COMISIOH f:.CEA:AI. DE ELECJRlC.IOAO 
IJUQ·OUUCCIO¡, Gllflll,U. 

Para satisfa.cer la creciente demanda de energfa eléctrica. -

cada vez se emplean por razones económicas, unidades generadoras de ma-­

yor ·~ capacidad. Para ma,.ntener con estas unidades una adecuada confiabili -

dad del s·ervicio dentro de Irmites económicos, es necesario interconectar los 

sisterr.as. La interconexión presenta además beneficios adicionales derivados· 

de otros ;spectos ·del aprovechamiento edmómico del sistema. 

Debido al crecimiento de la demanda y a la interconexión de 

los diferentes subsistemas eléctricos, la complejidad del sistema va en aume~ 

to~ Haciendo cada vez más difícil mantener una adecUada seguridad y calidad-

en el suministro de energía y minimizar los costos de producción mediante 

técnicas manuales de operación del sistema. 

La ingenierfa de sistemas permite conceprualizar sistemas 

de control autor.1ático implementados a diferentes niveles jerarqufcos que _rio ti~ 

nen las limitaciones de los sistemas de control manuales. 

.. L 

¡ 
. ; 

¡ 

Un.sist~ma automático de control permite, mediante uri me-

jor conocimiento del estatlo del sistema y una prédicción de los efectos sobre 

el mismo de diversas acciones de opcración.Jaumentar la seguridad del siste -
' 

ma eléctrico .. Un sistem~ de conrrol de este tipo permite además minimizar· 

los costos de ~:~ración )mediante una mejor ~istrlbución de los reactivos en 
• •. . 1 . 

ELECTRICIDAD PARA EL PROGRESO DE Mí:XI(.;O 

¡ 
' 

.. ~"o/\ 
~:.·P 

COMISION itC: .lAl DE EUCHUCIOAO 
&YO•Cttl( .:;CIQJCI ca ... t:l.U. 

la red hace posible sostener los niveles de voltaje requeridos en el sistema. 
,·¡, 

5. - ESTRUCTURA DEL SISTEMA. 

El.avance tecnológico actual permite alcanzar·varios de los 

objetivos señalados empleando sistemas de control cuyos elementos básicos son 

computadoras digitales que trabajan en tiempo real. El comrol digital prese:!. 

tá1 respecto al analógico varias ventajas. Su mayor flexibilidad permite·irnpl~ 

mentar mejores esquemas de control en tiempo real. Además, puede empleaE_ 

se la computadora trabajando en tiempo compartido para realiza.r cálculos de 

apoyo a la operación del sistema. 

Dt:t:ido a la. contfnl!a apar.ición de mejores técnicas de con-.-., 

trol, la flexibilidad de un sistema digiral·permite su implementación con cam- · 

bios mfnlmos en el equipo ~~ardware). 
·' 

El tamaño de la. República y la distribución geográfica no u~ 

forme de los centros de carga y de los rec~<~sos de generación han determina­

do la estructura actual del sistema; una ser"i~ de subsistemas hasta hace poco 

aislados eléctricamente .. Por las razopes se¡ialadas éstos subsistemas se han. 

ido interconectando. La capacidad de estos enlaces en general no permite el 

libre flujo de energía en ellos. Por lo tanto, cada subsistema debe absorber -

sus propias variaciones de carga, manteniéndose en los enlaces flujos de ene!. 

gra ·programados en base a consideraciones físicas y económicas. 

ELECTRICIDAD PARA El PROGRESO DE MEXICO 
P'OAWA f~AQ • 00~ 
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COMIS~ON fEO,IAL CE f\.I:Ct~CIDAD 
, !ltte•OI:U:Cit!OM 'c:let.ea." 

plemenJr un control autoíMtii::o de producción a dos niveles por ár~ Y ~en--
1 • 

n-al. 
1 

-----
CEI/TRO CE 
lJESPAC/10 
>f/At'/t?#A L 

c. D. J(. 

Fig. 2. - Control ~aciona.l y Controles Itegio1_1ales. 

¡: 

:¡ 
1 

;¡ 

i 
l 

•i 

(":r>¡ 
·...._,¡ 

IUO·Oiat;(CtQ" .......... .. 

~- .. 

Como muestra la fig\!ra ~- ~sta estructura d! control ade -
¡, 

más presenta orras vemajan: 

a). - L:?.s necesidades de canales de celemediciOn se reducen, con-

sideraci6n muy importante dado el tamaño de la P.epOblica. 

b). - Disminuye el tamaño y la complej !dad cte·los sistemas de co!:!. 

trol digitaL . ' . 
· e). -:Permite hacer considera_ciones más precisas sobre pérdidas 

de transmisión. 

Las funciones de los centros de control locales s;:m básica--

mente-de supervisión y de reparto económico de la generación asignada al área. 

El control central recibe información sobre· el estado de las diferentes ~reas 

a nivel de transmisión y asi?na a cada área· su participación en la gene1~1ci6n 

· total del sistema en rose a 'consideracio;-¡es de seguridad y econó~icas r con--

trola el flujo en los enlaces. /· 

La Fig. 3 esquematiza uñ.posible funcionamiento d~l sistema 

de control jerarquizado. 

6. - CONCLUSIONES. 

Este escrito ha mostrado la factibilidad y necesidad de imple-

mentar un sistema de control de la red elC!ctrica nacional a diferentes niveles 

con objeto de garantizar la continuidad de servicio y los costos mfnimos de --
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generación que el crecimientb económico-del pafs requiere. 
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REQUERIVtiENTOS FliNC!ONALES DE UN SISTEY.A 

DE_ CONTROL DE AREA. 

•· 
Se describirán los requerimientos funcionales gener,des de · 

un sistema de control y adquisición de datos para una área del sistema elé~ 

trico de potencia nacional. Posteriormente se darán los detalles de estos -

requerimientos._ . 

I. - GENERALID/¡,DES. 
• t • 

El elemento principal de este sistema es una computadora .. 

digital de proceso con respaldo digital 6 analógico en el centro de control -

del área. Está comunicada con el sistema de potencia en el área y el centro 

de de_~pacho nacional :neciiante una serie de dispositivos digitales de control 

y adqui'Sición de datos. 

·Existirán canales de telemetrra a las centrales eléctricas -

y a las subestaciones más impo~tantes del área. Canales de telecontrcl a -. 

las plantas eléctricas más importantes permitirán el control digital directo 

de estas unidades generadoras. 

Las responsabilidades de l"'Os operadores en el centro de --

control del área son la generación, el intercambio de energía con otras áreas, 
-

la seguridad del sistema de potencia del área y la coordinación con otras -

áreas. 
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U.- CE~TRO DE CON·m,ot: DEL AREA .. 

!Jll3 respons:ll:)ipqac! primordial d~l centrq de ~op~Pl del 

área (CCA) será el control de la carga del área. Para realizar és~ asf co-

mo ot:ras funciones. contará con una com;::mtadora digital, el equipo central 

de adquisición de datos y de control, un sistema de telerecepci6n y de tra:!_ 

misión, consolas de operadores. tableros de instrumentos y un diagrama 

mímico del área a nivel de trasmisión. 

El centro d~ control de área tendrá dos modos de operación, 

uno primario y otro secundario o de respaldo, en caso de falla del primario. 

El centro _ejecutara los cálculos para· e! control de la frecuencia -carga cada 

"'~os ~egu:'Jdos: y los cálculos necesarics pa::a el despacho económico de caE_ 

ga cada S minutos (ó cuando resulte necesario debido a cambios en la carga). 

El programa de control de frecuencia-carga genera las· señ·~ 

les que e:1 forma de pulsos ~leva/disminuye se envfan por medio de los can::_ 

les g.e trecomuni.cación a las diversas'plantas bajo control. 

l.- Facilidades de Computación Digital. Consistirán de una compu-
1 ' 1 ·-J 

tadora digital con memoria adicional de tambor 6 disco, una lectora de tar 

jetas, u~ perforadora de .l:lUjetas, una i~presora de lfnea y unidades de --
! 

cinta, a:sr como el sistema operativo necesario. Incluye ta¡nbién el equipo 

necesarlio de interfase. para comunicar la computadora con los canales ·de -
1 . ' . 
1 

teletras'misiOn, las cónsolas de los despachadores, otras computadoras y -
! 

terminales remotas. con rubos de rayos catódicos. 
1 . ' . 

1 ¡ 
1 
1 

, .li'l ,.,. "·10 • OJO' 
ELECTRiCIDAD PARA a PROGR~O DE ME~ICQ 

~~ 
)'. 
1• :• 

~ ,1 
¡¡ 
:¡ 

¡ 

i· 

COM!SION .=:~í.4.l o! iLH .. :I>Cl:·.•.: 

)U8·t;JI~I=:::I~III ~~~-~\ 

La Tabla No. 1 lista los diferentes programas con que debe co.!: 

tar!Je,su fr~!=\l!!f!C:il1 y modo d~ empleo .. 

2. - Equipo Central de Adquisición de Datos y Control. Este equipo- · 

suministra a la ·computador-a los datos enviados mediante los canales de tele 

comunicación desde las terminales remotas en las plantas eléctricas y sub-

estaciones. Esta información contendrá datos del sistema de potencia tales 

como: niveles de voltaje de lfnea~ flujo-de potencia real y rt>.activa, estado 

-de- las unidades, sus lfmites eléctricos y la generación real y reactiva. El 

equipo trasmitirá también las acciones de control determil'.adas por la com-

putadora a las plantas eléctricas. . Asf mismo proveerán la comunicación --

con el centro de control P.acional. 

3. - Sistemas de Telemetría. l;ste sistema recogerá la información. 

sobre el estado del área. Esta información servirá para accionar dive:-:sos 

instrumentos registradores·, suministrará las variables de entra$ par<l 'la 

computadora principal y su respa,ldo. Se sugiere el empleo de sistemas de 

telemetrfa digitales par.J. las razones que se indican a continuación: 

Generalmente, las señales recibidas de' los sensores y tran~ 

ductores que miden los parámetros ffsicos de interés en el sistema son de -

forma anal~ga (continua). De igual forma las señales que operan los ap.tra 7 

tos electromecánicos que se emplean en el control del sistema son también 

contfnuas. Es razonable entonces que en muchos casos, el proceso de con­

trol O computación pueda ser llevado a cabo en forma continua directamente 

sin necesidad de técnicas digitales y la conversión necesaria A/D -DI A. 
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Existen sin embargo diversas :razones que justifican el paso adicional de dig.!_ 

tal ización. Pueden citarse las siguientes. razones: 

En general, las técnicas digitales ofrecen la ventaja de una mayor -

exactitud, la posibilidad dé minimizar el ruido en la medición y un mejor --

procesamiento, trasmisión y almacenamiento de la información: Además la 

resolución puede ser incrementada aumentando el número de bits utilizados 

en el código. 

. ' . 
Por otra parte, las limitaciones de formato en las mediciones 

analógicas dá como :resultado una resolución pobre (aunque tales señales teó­

ricamente poseen resolución infinita), además la exa ::titud de la medición ~ 

se degrada después de cada operación. Tal degradación en la exactitud oc~ 

rre cqn operación digitaL 

Una buena razón de. la creciente popularidad de los ap<:ratos · 

digitales puede ser que ·el costo de fabricación de estos es cada dra menor. 

4. - Consolas de Operadores y Unidades Visuales de Despliegu·~- Con 

objeto de seleccionar las unidades visualesde despliegue se hace una. compa­

ración entre los diagramas de pared y las . .unidades de despliegue visual co~ 

trotadas por computadora. 

En la operación manual del sistema el ope~dor cuenta con 

información contenic!a en diversos instrumentos registradores y en el diag~ 

ma de~red. 
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mien¡a adecuada para el control dé !a red, se observa que tiene dos limim-

ciones importantes: 

a).- El diilgrama de pared es rígido por naturaleza, ya que siempre 

presenta ,roda la inform:lción al mismo tiempo y además los - -

cambios ffsrcos que ocurren en la red, deben ser efectuados -­

también en el diagrama. 

b).- Para sistemas de más de 1,500 megawatts, las dimensiones del 

diagra:na de pared se vuelven prohibitivas (40 m. X S m.). 

Ot:ro aspecto importante se deriva de que para lograr un co~ 

trol efectivo es esencial que se presente el nivel de información adecuado --

al open:dor en el momento preciso, esto e~ de especial importancia cuando 

existen condiciones anormales, es decir ~n aquel19s casos en que la restau-

ración de la ope:.-ación correcta depende del hábil manejo del operador que a 

su yez depende de la información que recibe. 

La solución a las limitaciones del diagrama de pared y la 

' presentación efectiva de datos se ha obtenido con unidades de despliegue vi-

sual, estos equipos son manejados por un computador y penniten llevar la·-

supervisión y el control de la red. Existe una gran variedad de equipos de 

despliegue visual, los cuales varfan en complejidad des~e mecanismos muy 

simples que presentan únicameme textos alfa-numériC()S hasta equipos que 

permiten una representación completa del sistema. 
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Lá unidad de despliegue visual. más e¡¡,p!eada es un wbo de 

' 
rayos catódicos que está conectadc al sistema de computadora a través de 

una unidad de control que regenera la imagen representlda,. 

Coino estás unidades son compler.ament~ programables y las 

imágenes que se van a desplegar están almacenadas en la memoria del com-

putador digital, eHas proporcionan una herramienta muy flexible para el uso 

del operador. El despachador de la re<fpuede de esta manera tener en cual­

, 'q~ier momento y de cualqúier sitio de I!:i red, la información deseada.. Es - . 

decir que se tiene una visión telescópica dentro de la. red de potencia empe-

zando con un diagrama unifilar que muestra una visión genex:al de la n .. 'CI, -

después se puede hacer un despliegue que muestre alguna parte de la _red en 

detalle. A continuación se puede presentar el diagrama de alguna st:be.>ta- . 

ción específica y obtener información de algún aparato particular co:nc. g.;:n~ 

radores, rransforniadores .o interruptores. 

Las mismas unidades pueden presentar información como -

son las curvas de carga, datos de aparatos y otras características del sistema, 

asf como um gráfica de la varia.ción del voitaje"durante los últimos 30 minu­

tos en las lfneas principales. 

Podemos concluir que con las unidades de despliegue visual 

es posible una pn;senración slecciomdade gran cantidad de inforniaci6;1 so­

bre el sistema de potencia, lo cual es impráctico, o b'en imposible, de re -

presentaren un diagrama de pared o en instrumentos registradores. E:1 el 

control de redes de potencia se emplean rubos de -rayos catódicos TRC en 

,ORW.\ AAO .. OOó 
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blanco y negro o en· color. 

·. ' . ~: .. ' ~: > 
El uso de TRC a color ha ido en aumento, apesar de su ma-

yor costo debido a: 

a) Los TRC a color permiten desplegar una mayor densidad de infor 

mación que S!!S contrapartes en blanco y negro. 

b) Se logra una mayor claridad en la información desplegada. 

t') La tecnologfa actual a reducido el precio de los TRC a color de -

manera que es posible adquirirlos por sumas comparables a las 

-necesarias !?ara adquirir unidades semejantes en blanco y negro. 

Se recomienda el empleo de dos consolas. Estas serán fun 

ciona:menre idénticas y cada una auxiliará a un operador. Cada consola ten 

drá dos tubOs de rayos catódicos a color. Además. contarán cada uno con -­

ur.a impresora silenciosa y un conjunto de teléfonos ¡iara comunicación con 

los .CSAD, las subestaciones y generadores ::U jo control, los demás centros 

de control de área y el nacional. Los tubos de rayos catódicos serán utiliza 
__ ._ ... .__.. ____ .... ·----· ··.· .. .,. 

dos para introdu~i·;~·t~~~ des'pfegá.r alar~as, ·rabias de datos, resultados, 

etc. · Además puede_n mostrar diagramas unifilares de las subestaciones. 

Un teclado se utilizará para introducir datos, pedir despliegues en el tubo de 

rayos catódicos, pedir impresiones, etc. Las impresoras servirán para _ 

registrar alarmas, en~radas manuales a la computadora e imprimir en gen~ 

ral a solicitud tablas de datos contenidos en la memoria de 1 co rad _ <>;_v . a mpu ora. 

! . .... :~ ~ 
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5.- Ins~n2 . .'':!ltDs R~istradores y Diagrama Mímico. Se ha sefialado 

en el inciso áncerior la ventaja de los despliegues visuales controlados por 

computadora respecco a los despliegues de datos convencionales. A pesar 

de estas ventajas varios centros de despacho modernos cuentan coi:! los des-

pliegues en TRC y con los métodos clásicos de despliegue, los instrumentos 

registradores y los diagramas mfmicos, ya que los operadores asr lo han s~ 

licitado. El personal técnico encargado de la planeaciórí de estos centros --

sin embargo parece considerarlos superfluos. Para el centr() de cantroi de ., ~ . -

área piloto probablemente sea conveniente contar con estos sistemas el&. si-

CC?s, para facilitar la transición entre la operación monual y automática del 

sistema. 

6. - Termínate:: Remotas. Cada una de las terminales remotas de 

adquisición de datos y control localizada en las plantas generadoras tiéne -

dos propósitos. Primero, localizar y recoger todos los datos de gén~r1¿¡ón 

y trasmitirlos al centr~ de control de área cada vez que reciba ~na ~efi1i dé .. 
explorar, segundo trasmitir directamente ordene!l dé eleva/disminuye gen~ 

ración a las unidades bajo control. 
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1 
4 Elements or _tinear System Thoory 

Fig. 1.11. An inverted pendulum pdsitioning 
system. 

Example 1.1. Inverled pendulwn positioning system. 
Consider the inverted pendulum of Figure 1.l (see also, for this example, 

Cannon, 1967; Elgerd, 1967). The pivot of the pendulum is rnounted on a 
carriage which can move in a horizontal direction. The carriage is driven by a 
small motor that at time t exerts a force p.(t) on the carriage. This force is . 
the input variable to the system. 

Figure 1.2 indicates the foi:ces and the displacements. The displacement of 
the pivot at time 1 is s(t), while the angular rotation at time 1 ofthe pendulum 
is cp(t). The mass ·of the pendulum is m, the distance from the pivot to the. 
center of gravity L, and the moment of inertia with respect to the center of . 
gravity J. The carriage has mass M. The forces exerted on the pendulum are 

V 

mg 

1-----.!,____ H 
. pivot 

Fig. 1i2. l¡l,VC~tedtpendulum: forces and displacemcnts. 



1.2 State Description of Linear Systems S 

the force mg in the center of gravity, a horizontal reaction force H(t), anda 
vertical reaction force V(l) in the pivot. Here gis the gravitational acceleration. 
The following equations hold for the system: 

d! ·. 
m dt2 [s(t) + L sin c/>(t)] = H(t), 1-U 

ds . . ·. 
m 2 [L cos cp(t)] = V(t) - nig, 

dt . 
1-12 

J d
1

cf>~t) = LV(t) sin cf>(t)'- LH(t) cos c/>(t), 
dt . 

1-13 

M d2s(t) = p(t) - H(t) - F ds(t) • 
dt2 

. dt 
t.:l4 

Friction is accounted for only in the motion ·of the carriage and not at the 
pivot; in lq14, F represents the friction coefficient. Performing the ditferenti· 
ations indicated in 1-11 and 1-Ü, we obtain 

ms(t) + mL~(t) cos cf>(t) - ·inL~~~t) sin cfo(t) ::::: H(t), 1-15 
•• • \q, . 

-mLcf>(t) sin cp(t)- mLcp2(t) cos cp(t~ = V(t)- mg, 1-16 

J~(t) = LV(t) sin c/>(t) - LH(t) cos cf>(t), 1-17 

Ms(t) = p(t) - H(t) - FS(t). . 1-18 

Tq,simplify the equations we assume that m is small with respect to M anq 
therefore neglect the horizontal reaction force H(t) on the motion of the 
carriage. This allows us to replace 1-18 with 

Ms(t) = ¡.t(t) - FS(t). 1-19 

Elimination of H(t) and V(t) from 1-ÍS, 1-16, and. 1-17 yields 

(J + mV)~(t) - mgL sin c/>(t) + mLS(t) cos cf>(t) = O. 1-20 

Division of this equation by J + mL2 yields 

' 1' . . 
~(t) - ~sin cf>(t) + J: s(t) cos cf>(t) = O, 

where 

, J.+ mL2 
L = __; __ 1-:u 

mL 

.···· 
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6 Elcu:ents of linear S) ~tern Theory 

This quantity has the significance of "elfective pendulum lengt~" since a 
mathematical pendulum of Jength.L' would also yield 1-21. 

Let us choose . as the nomina! solution ¡.¡.(1) = O, s(l) = O, cf>(t) = O. 
Linearization can easily be performed by using Taylor series·expansions for 
sin c/>(t) and cos p(r) in 1-21 and retaining only the first term of the series. 
This yields the flnearized version of 1-21: 

00 g 
0

1 
~(t) - - "'(t) + - s(t) = o. J.: 'f E 

\V<: choose the components of the state x(t) as 

~1 (1) = s(t)~ 

~2(1) = s(t), · 

;;3 (1) = s(t) + L'cp(t), 

;~(t) = s(r) + L'~(t). 

1-23 

The third component of thc state represents a linearized approxirnation to 
the displacement of a point of the pendulum ata distance L' from the pivot. 
We refer to ~3 (t) as the displacement of the pendulum. With these definitions 
we find from 1-19 and 1-23 the linearized state differcntial equation · 

Ül) = $2(1), 

. 1 F . 
~2(1) = M p(t) - M ~2(t), 

In vector notation we write 

o 1 o o 

o F o ·O 
i(t) = ·M 

o o o 1 

o ~ o 
I: I: 

1-lS 

x(t) + p(t), 1-26 
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La ter the following numerical values are used: 

F . - = 1 s-1
, 

M 

1-27 

L: = 0.842 m. 

LxampJe 1.2. A stirred lonk. 
As a further example we. treat a system that is to sorne extent typical of . 

proces~ control systems. Consider the stirred tan k of Fig. 1.3. The tank is fed 

val ves /-------------
leedF1~ 
t onc11nt ration e 1 ~ 

hcod 
h 

1-lg. !.J. A stirred t~nk. 

propellor 

~Fz 

~-·~""'"•• ., 

volume V 
- concantration e 

outgoing llaw F 
concentration e 

with two incoming flows with time-varying flow rates F1(t) and F2(t). Both 
feeds contain dissolved material with constant concentrations c1 and c2o 

. rc~pectively. The outgoing flow has a flow rate F(t). Jt is assumed that the 
tank ís stirred well so that the concentration of the outgoing ftow equals the 
concentration c(t) in the tank. 



8 EJements or Linear System Thooey 

The mass balance equations are 

dV(t) 
-- = F1(t) + F2(t) - F(t),. 

dt. . 
l-28 

:t (c(t)V(t)J = c1F1(t) + c2F2(1)- c(t)F(t), 11.-29 

'.. 

where V(t) is the volume of the fluid in the tank. The outgoing flow rate 
F(t) depends upon the head h(t) as fol_lows 

1-30 

where k is an experimental constant. If the tank has constant cross-sectional 
area S, we can write 

·1-Jn 

. so that the mass balance equations are 

. dV(t) = F¡(t) + F2(t) - k rvw, Jl-32 
dt . v-s-

.!!._ [c(t)V(t)] = C¡F¡(t) + c2F2(t) - c(t)k rvw. 1-33 . 
dt · v~ 

Let us first considera steady-state situation where all quantities are. constant, 
say P 10 , F20 , and F0 for the tlow rates, V0 for the volume, and c0 for the con­
centration in the tank. Then the following relati()ns hold: 

O= FIO + F2o- Fo,. 

O = c1F10 + c2F20 - c0F0 , 

F0·=kfi 

.B.-34 

1-35 

1-36 

For given F10 and F20 , thesc equations can be solvcd for F0, V0 , and c0 • Let 
us now assume that only small deviations from steady-state conditions occur. 
We write 

F¡{t) = F1o + p1(t), 

F2(1) = }~0 + pz(t), 

V(t) = V0 + ~1(1), 
r(t) = c0 + ~~(t), 

X-37 
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where we consider f.l¡ and P.z input variables and er and .;2 state variables. 
· By assuming that these _four quantities are small, linearization o~ 1-32 and 

1-33 gives 

t¡(t) = p.1(t) + p.2(t)- 2~0 Ji: .;1(t), 1-38 

!.(r)V~ + ci1Ct) = cl¡tl(t) + C2f1.2(t) - Co .A. jvo Ei(t) - kJVo E2(t). 1-39 
- · . . 2V0 S S 

Substitution of 1-36 into these equations yields 

· · lF0 ,;l(t) = p¡(t) + f.l2(t)·- -- ~l(t), 
2 V0 

. : 1 F0 · 
Ut)V0 + c0; 1(t) = C1¡t¡{t) + C2f.l2(t) - 2 Co Vo ~¡(t)- Fo~2(t). 

We define 

Vo- () - . 
Fo 

1-40 

1-41 

1-42 

;:nd refer to () as the holdup time of the tan k. Elimination of t1 from 1-41 
results in the linearized state differeiúial equation 

( 

1 )" ( . 
-- o .1 

X(t) = . 20 x(t) + · 
1 C¡ - C0 

o -¡¡ . ~ 
C2 ~ co) u(t), 

.. :=vo 

where x(t) .=col [~1 (t), E~(t)] and u(t) =col [p.1(t), p.lt)]. If we moreover 
define the output vai-iables · · 

1 F0 1 
7J1(t) = F(t)- F0 ~ 2 V¡¡ ~1(t) = 

20 
~:(t), 

1-44 
r}2(t) = c(t) - c0 = ~ir); 

we can complement 1-43 with the lineariz.ed output equation 

· ( t 
0
) .:t(~~. 'f 2: 

1 
x(t), 1-45 



10 Elemcnts ·or Linear Systcm Theor¡ 

where y(t) -_,<::ol [t}l(t), 7]~(1)]. We use the following numerical values: 

F1o =. 0.015 m3/s, 

F2o = 0.005 m3/s, 

F0. = 0.02 m3/s, 

c1 = 1 kmol/m3
$ 

c2 = 2 kmolfm3; 

c0 = 1.25 kmol/m~, 

e= sos. 
This results in the linearized system equations 

1.2.4 State Transformations 

il-46 

i--47 

As we shall see, it is sometimes useful to employ a transformed representa­
',. tion of the state. In this section we briefl y review linear state transformations · 

for · time-invariant linear differential systems. Consider the linear timeu. · 
inviuiant system 

i(t) = Ax(r) + Bu(t), 

y(l) = Cx(t). 
1-48 

Let us define a transformed state variable 

x'(t) = Jrx(t), 1-49 

where T is a constant,-non~ingulár tránsformation matrix. Substitution of 
x(t) = T-1x'(t) intq !-48 yields 

or 

T-1i'(t) = A T-1x'(t) + Bu(t), 

y(t) = CT-1x'(t), 

i'(t) = TAT-1x'(t) + TBu(1), 

. yft) = CT-1x'(t). 

1-50 

1-51 
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t, t--...-
1 
1 

-a - -·- -L-1 __ __,¡J 
Fig. l.l:Z. IOfJUt torque for satellill 
rcpositioning. 

(ej Conside~ the p~oblem of rotating thc satellite from onc position in 
which it is at rest tp another position, \v~ere it is at res t. In terms of the state, 
this means that the system mtist be transferred from the state x(t0) = 
cof{cp0 , O) to the state x(t¡) =col ( cp1 , 0), wherc cp0 and cp1 are given angles. 
S;~pposc that two gas jéts lm!available; thcy produce torques in op'posite 
directi6ns such that the inpÜt variable assumes only the values -or., O, and 
+o:, where or. is a fixed, given riumber. Show that the satellite can be rotated 
with an input ·of the.form as sketched in Fig. 1.12. Calculate the switching 
time 18 and the :termi'nal time t¡. Sketch the ·trajectory of the state in the 
state plane. 

1.2. Anip!idyne 

An amplidyne is an electric machine ·u sed to control a large de power 
thiough a small de vohage~ Figure 1.13 giyes a simplificd representation 
(D'Azzo and Houpis, 1966). The two armattire~ are rotated at a constant 
speed (in fact they are combiried on a single shaft). The output voltage Meach 
armature is proportional to th~ corresponding field durrent. Let L1 and R1 

denote the inductance and resistarice ofthe first fieldwindings and L 2 and R! 
those of the first armature windings together with the second field wíndíngs. 

fielq ormaturg fillld ormotur11 

fig; 1.13; Schematic representa !ion of an amplidyne. 
1 



1.12 ProblciJI1; U5 

The induced vohages are given by 

el= klil, 

e2 = k2ia. 

The following numerical valués are u sed: 

R1/L1 = 10 s-1, 
R1 = s n. 
k1 = 20V/A, 

R2/L2 = 1 s-I, 
R 2 = 10 n. 
kz =50 V/A. 

1-576. 

(a) Take as the cbmponents ofthe state ; 1 (t) = i1(i) and ~2(1) = i2(1) aud 
sl;ow ihat the system equations are 

. :i(t) = (- ~: 
k1 . 
Lz 

o) . (1) 
_ R

2

_ x(t) + ~~ ~(t), 

La . 
r¡(t) = (0, k2)x(t), 

where ¡..t(l) = e0(t) and r¡(t) = e2(t). 

1-578 

(b) Compute the iransiiion matrix, the impulse response functíon, and the 
step response function of the system. Sketch for the numerical values given 
thé impulse and step response functions. . . 

, : (e) Is the system stable in the sense of Lyapunov? Is it asymptotically 
'stable? 

(d) Determinethe transfer function ofthe system. For the numeri~al values 
given. sketch a Bode plot of the frequency response function of the system. 

(e) Compute the modes of the system. · 

1.3. Properties of time-invariant sysrems under state transformations 

Consid'er the linear time-invariant system . . 

i(t) = Ax(t) ~ Bu(t), 

y(t) = Cx(t). · 

We consider the effect's of thc state transformátion x' = Tx. 

1-579 .. 

(01) Show that the transition matrix <1>(1, 10) of the systcm li-579 and the 
transition matrix <1>'(1¡, lo) of the transformed system are related by 

(b) Show that the impuls:c response matrix and the step response matrix 
of the system do not.chan.ge under a statc transformation. 
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(a) 

FIGURE 2-i7 
{a) Themal network of an elcctric water heater; (b) simplified network. 

2-10 HYDRAULIC LINEAR ACTUATOR 

The valve-controlled hydraulic actuator is used in many applications as a power 
amplifier. Very little powei is required to position the valve, but a large power out­
put is controlled. The hydraulic unit is relatively small, which makes · its use very 
attractive. Figure 2-28 shows a simple hydraulic actuator in which motion of the 
valve regulates the flow of oil to either side of the main cylinder. An input motion 
x of a few thousandths of an inch results in a large change of oil flow. The resulting 
difference in pressure on the main piston causes motion of the output shaft. The oil · 
flowing in is supplied by a source· which maintá.ins a constant high pressure P11, and 
the oil on the opposite side of the piston ftows into the drain at low pressure P,. The 
load-in,duced pressure PL is the difference. between the pressures on each sid~ of the 
main piston: 

The flow of fluid through an inlet orifice is given by10 

where e = orífice coefficient 
• 1 a = orífice area 

w = specific weight of fluid 
llp = pressure drop across orífice 

g = gravitational acceleratioll cpnstant 
q = rate of flow of fluid 

Simplified Analysis 

q=caM (2-97) 

~s .a first-order approxim~tion, it can be assumed that the orífice coefficient and the 
pressure drop across the· orífice are constant and independent of val ve position. Al so, 
the orífice area can be expressed in terms ·of the valve displacement x. Equation 
(2-97), whkh gives the rate of tlow of hydraulic fluid through the valve, can be 
rewritten as · 

q = C;r,X (2-98) 
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Input 

Val ve 

FIGURE 2-28 
Hydraulic actuator. 

Main-· 
cylinder 

where x is the displacement of the va:lve. The displacement of thc main pistan i;, 
directly prapartional tci the ftaw of fluid into the main cylinder. By neglecting tbe · 
camprcssibility of the fluid and the Ieakage around the valve and main pisten, thc 
equation of motion af the main pistan is 

Combining the two equatións gives 
(2-99) 

Dy = C" x = C1x · .(2-100) 
cb 

'fhis analysis is esscntially correct when the load reaction is small . 

• '.!ore Complete Ana(ysis 

When the load reaction is not negligible, a more complete analysis~s:r.ouid take into 
account the pressure drop across the orifice. the leakage of oil around the piston, 
and the compressibility of the oil. 

The pressurc drop !lp across the orifice is a functioó of the source prcssure 
Ph and the load prcssure PL. Since Ph is assumed constant, the flow equation is a· 
function of val ve displacement x and loac pressure PL: 

- - . 

q = f(x,PJ (2-101) 

The differential dq, expressed in termf of partial dcrivatives, is 

(2-102) 

If q, x, and PL are measure~ from 7.cro valucs as refercnce points, and if the partial 
derivatives are constan·r atthe valucs they have at zero, thc integration of Eq. (2-102) 
gi~es. ... , 

q ·=_ (~q) X + (t[) PL (2ul03) 
. ,ox 0 · _ oPr. 0 _ 
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By defining 

e,= (oq) 
ax o 

and (
:._aq) e==­

"- apL o 

the fiow equation for fluid entering the main cylinder can be written as 

q = e~ - C,PL • (2-104;. 

· Bóth C, and e, ha ve positive valucs. A comparison with Eq: (2-98) shows that the · 
load pressure reduces the flow into the main cylinder. The ftow of fluid into tbe 
cylindet •.must satisfy the continuity conditions of equilibrium. This flow is equal to 
the sum of thc components: · 

q = qo + {]¡ + qr: 

where q0 = incornpressible component (causes motion of piston) 
q, = leakage componcnt . 
qr: = compressible component 

'The component q0 , which produces a motion y of the main pistan, is 

% = C,Dy (2-106} 

The compressible component is derived in terms of the bulk modulus of elasticity, 
which is defined as the ratio of incrementa~ stress to incremental strain. Thus 

K - !:J..P,, 
B- !:J..V{V 

Solving for !:J. V and dividing both si des of the equation by !:J..t gives 

!:J..V V !:J..PL -=--
!:J..t Ks !:J..t 

Taking the limitas !:J. approaches zero and letting q~ = dV/dt gives 

V 
q ::::;. -- DPL 

e "K 
• B 

\2-107) 

where Vis the effective volume of fluid under comprcssion and KB is the bulk modulus 
of the hydraulic oil. The volume V at the middle position of the pistan stroke is 
often used in order to linearize the differential equation. 

The leakage component is 
(2-f08) 

where L is the leakagc coefficient of the whole system. 
Combining these equation~ gives 

. . ·v . 
q = c,x - e/'L = e, Dy + - DPL + LPL 

. KD 
(2-109j 

and rearranging terms gives 
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FIGURE 2-29 
Load on a hydraulic piston. 

The force developed by the main pistan is 

(2-lll) 
.. ; .. · . . 

where lJp is the force conversion efficiency of the unit and A is the area of the main 
1· . '· actuator p1ston. 

An ~xample of a specific type of load consisting o[ a mass and a dashpot is 
shpWJ;i in Fig. 2-29. The equation for thls system is obtained by equating· the force 
produ~d by the pistan, which is given by Eq. (2-1,1 I) to the reactive load forces: 

F = M D2y_ + B Dy = CPL (2-112) 

Substituting the value of PL from Eq. (2-112) into Eq. {2-110) gives the equation 
relating ihe input motion x to the response y: 

MV D3~+ [BV +M (L + ep)]D2y + [eb + !!_(L + ep)].Dy ~ C"'x (2-113) 
eKs . eKs e e -

The anaÍysis above is based on perturbations about the reference set of valucs 
X = o. q = O, PL = o. For the en tire rangeof motion X of the valve, the quantities 
9qfóx and -cqfóPL can be determined experimentally. Although they are not con­
stant at: values equal to the values ex and cp at the zero reference point, average 
values 'can be assumed in arder to simulate the system by linear equations. For 
conservative design the volume V is determined fo·r the main piston at the midpoint. 

· . To write the state equation for the hydraulic actuator and load of Figs. 2-28 
an9 2:.29 the energy-related variables must be determined. The mass M yields one 
en.~rgy-storage variable, the output velocity Dy. Th¡;: compressible component qc 
r~presents an energy-storage element in a hydraulic system. The compression of a 
.~uid produces stored energy, just as in the compressidn of a spring. The equation 
(or hy.draulic energy is · 

f
' -. ' 

· E(t) = 
0 

P(r)q(r) ·dr (2-114) 

where P(r) is the pressure and q(r) is the rate:órfiow ciffluid. Tbe cncrgy storage in a 
compressed fluid is obtained in terms of the bulk modulus of elasticity K8 • Combining 
Eq. (2-107) with Eq, (2-114) for a constant volume yields 

Ec(PJ ='= - PL dPL = -.- PL2 il'r. V . V 

0 KlJ 2K8 

(2-115) 

Tbe stored energy in a conípressed flujd is proportional to the pressurc P:. squared; 
~bus P,L may be used as a physical state variable. 
· · Sin ce the output quantity in this system is the position y, it is nccessary to increase 

the state variables to three. Further evideoce of the need for threc state variables is, 

thr. iil 
Xt ::; ; 

the st· 
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FIGURE 2-30 
Pump 

-+ 
+- Motor 

Hydraulié transnussion. ·..__ _ __, 

the fact that Eq. (2-113) is a third-order equation. Thereforc, in this example, let 
x1 = y,x2 = Dy = x10 x3 = PL, and u = x. Then, from Eqs. (2-110} and (2-112), 
the state and output equations are 

o o o o 
o ·n e -- o i= .M M x+ u (2-116) 

o _ CbKB _ Ka(L + C:_J KBCx 
V V v. 

y= [1 o O]x = x1 (2-117) 

. The effect of augmenting tbe state variables by adding the pistan displacement x1 = y 
is to produce a singular system; that is, IAI· = O. This property does not nppear if a 
spring is added to tbe load,as shown in Prob. 2-10. In that case x1 = y is an indepen­
dent state variable. 

2-11 POSITIVE-DISPLACEMENT ROTATIONAL 
HYDRAULIC TRANSMISSION11 

When_ a large torque is required in a control device, it is possible to use a hydraulic 
transmission. Tbe transmission contains a variable-displacement pump driven at 
constant speed. It pumps a quantity of oil that is proportional to a control stroke 
and independent of back pressurc. The direction of fluid flow is determined by the 
directlon of displacement of the control stroke. The hydraulic motor has an angular 
velocity proportional to the volumetric flow rate and in the direction of the oil flow 
from the pump. · · • 

The assumption is made that over a limited range of operation the hydraulic 
¡ransmission is linear. A schematic picture of the system is shown in Fig. 2-30. 

The following symbols are used: 

qP = total volumetric flow rate from pump 
q'" = volurr¡eti-ic ftow rate ·through mot9r 
;q1 ==. volumetric leakage flow rate. of both pump and motor 
qc = compressibility ftow rate 
x = control strokc (x vaíies from O to ± 1) 

wP = angular velocity of pump shaft (constant) 
w.,, = angular velocity of motor shaft (variable) 



To illustrate th~se concepts. suppose we considcr the description . 
of the reactor in Fig. 9-2. The reactor is a well-mixcd, continuous 

r 
cA· 
w· 

FKO, S-2. Stirred chcmicai reactor. 

flow un.it, in which the second-order reactioh 

2A- B 

Volume sV 

occurs. For simplicity. lhe rat.e constant k is assumed to be indepen· 
dent of tcmperature. 'l'he hent of rcadion l.\H is bnscd on· one rnok 
of A consUmf')d, · Making a heat and mutcrini balnnce ovcr the réactm 
gives the followi.ng equations: 

dT u: q (llH)lzC · ~ - = -{T1 - T) + --- _!t_ (9-5) 
dt Vp Vpc¡; pcP 

dCA W ~ 
dt ~ l/p {CAf- C,d- kCA. . (~-6) 

Thoe state variables for this system would be the reactor tempcraturi.' 
T and concentration CA , i.e .• 

[ 
T1 

X(f) e CAJ (9·7~ 

As manipulated inputs, thc reactor fecd rate w and rate of heat input 
q are logícal sclcctions. Thus the vector u(t) is · 

'. 
¡ 

u{t) .. [!] (9-fl; 

The f'unct.ions / 1 nnd / 3 in the state Eq. 9-2 become .the right-hand 
sidcs of Eqs. 94 5 and 9-6. ~ 

~· Th•~se equations are of coursc nonlinenr. As usual, a.Jinenr set 
would be much more convenicnt. Such equations can b~-OEtained by 
Jineari:úng Eqs. 9-5 ai1d 9-6 about an equílibrium point T, CA. üi, and . . . . . . q: 

dt w •. Tr- T . q , 
-""~--T+--w+--
dt .YP ·~lp Vpcp 

2(/ll/)hC¡¡ e 
- -. -pC_p_ A 

dC11 w .. cA,-c1i - .. 
-- =--. C,~¿ + - w- 2kCACA 
dt Vp Vp · 

where c-1 ""CA -_e,~ 
Tm T- 't 
w=w-w 
q=q-q 

(9-9n) 

(9-9b) 

Equaticm 9-9 may be conveniently represented by the followin.g 
matrix differential equation: 

x(t) = Ax(t) + Bu(t) (9~10) 
\ 

where · 

. x(t) = [L] state vector 

u(t) ~ [~] .= manipulated lnputs . 
W. . 

. ¡- ·w _ 2(/lH)l•CAl 

A= Vop pcp J 
· ·..:~ + 21zc,. l ... Vp "' 

~ 1 . · . T,- T 

B.,.. ·lVp~c, Vp 
~Ar- CA 

'Vp 
Equation 9-10 iR sim~ly_a linear version of the state Eq. 9-2. 
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.9-6 APPLICATION OF THE MINIMUM PRINCIPLE 

The mínimum principie is a vcry powcrful und uscful too! for 
determining the optimnl control for problcms falling into either of 
thc above cat.egories. Its np¡)lication to process prolllc>ms is beset by 
sevl:'ral difficulLies. One of'g~ese lies with the cost functi~nal. The 
natural cost functional to propase for process operation is to maxi­
mizc thc return or minimizc the loss. IIO\\·ever, the mathematical 
formulation of such a cost functional is not practica] under most 
situations .. The alternntive general!y selected is to substitute a cost 
funclional t.hat should give approximately the.same results as one 
based 01~ f'conomics. The one frequently sclected is mínimum time. 

To justify l.lw rcasoning bchind this, suppose it is found that the 
proccss is cuuent!y opcrating at state x 0 • However, for current 
conditions, the opti!nal return would be for operation at state x 1 • 

Thus it seems reasonable to propase that the optimal contr:ol should 
transfcr the process from x 0 to x 1 as soon as possible; i.e., in mini-· 
mum time. 

A second problem occurs in determining thé optimal control 
from the mínimum p1i.nciple. While the mínimum principle ~nplies 
to nonlincar systems, to constraints on the manipulatcd variable, and 
other common complications encountercd in proccss systcms, con­
straints on the statc variables, e.g., pressure or t.emperature limita­
tions, eannot be readily incorporatcd. Even wlwn thcse p.re absent, 
the cornputational requirements, especially for nonlinC'ar systems, are· 
considerable, basicauy due to the spÚt boundary conditions on the 
canonical equation encouniered in both cases c.onsidered in the last 
~ction. , 

A third difficulty arises from nie fact that¡the mínimum principie 
as fonnuialed app\ies to what process engincers typically rcfer toas 
the Ojl('n-loop control problcm. That is, thc mínimum principie gives 
the c{II·,t rul u as a function of time. For process systcrns, feedback 

t'tll1!.rol, i.<•., eonlrol in whkh u is rrivt•n ·ts ·t fttrlc'IJ. 1 ., 
1 ... • . • r)JI ., 1 U' o;t ti • . 

n most mandalory tlue lo mocll'ling t•rr r· k . f x,.ts 
t · O 1 f ·. · 0 s, un ll0\\11 dJ-.turlnn · 

~' <.. 11 Y or h•wm· cas«•s enn a fePdh·H'k ('llltlrllll· · 1 1 · ' 1 
f!s, 

ti · · • · .n, ,,. t t•nvl'·t r 
le 111101111Utn principie with certainty. · " rom 

-' ~lthough these considPrations reduce the utility of ll .. 
prtllC!pJe for process n }' .. · . . . H' nHntmum 
M ..• rr JC.tttons, Jt sttll offt>rs a dt•f¡'¡¡¡.tn r· t t' 1 ost of ti b . . . · ,. JO c>n ta . 

. . lC a ove compllcattons can he avoided if ti .. 
prmctple is r d t . . le mtmmum 

app te o a s~mple, hnéar proccss model. Latour 
(11) suggest that a model of wide utility is the following: . et al. 

whcre 

_q(s! = _!~pe"0 '(exs + 1) 
.M(s) (r, s + l)(r 2 s + 1) 

r', r 1 = time constants ' 
J( = process gnin 
ex = r~ciprocal of process zcro 
O = dead time 

(9-21} 

Processes that. can often b~ adequatcly rcpresented by this rnodel . 
~·lude c

1
xtractors, mixin? in agitatcd ves.sels, 'heat exchangers distil~:~ 

ton co umns, and chcmJC;al reactors. . . • 

It thus seems reasonable to propose thut ·an optima' e- t l 
strategy for these units be based upon thi~ modn.l ':"; ' on rol 
p bl~ · · ;, "' · 111e contro 
. ro "'m 15 to · dnve t.he .system from sorne known initial st~ te e' · 
c(O)·to sorne known final Stllte c(T) c(T) .· a. : \O}, 
the constraint '· '. usmg n control subJect to 

'1 '1 r 1 • th~e .. /_n;:¡ ltmJ·: T.is to be minimizcd. This is obviously identicat. to 
e lxec -end~pomt problem" discusscd above. . .. 

For the case in which both ex and O Íl~ Eq 9 21 . 
con+·ro] w'JI ¡ 1 · • - nrt> zcro the 

. sy t" 
1

1 a \~ays )e at one of the extrcn'Íes. For a st•eond-~rdP" 
s em, t 1ere wJ!I be two sw1·t ·1 lf 1 . · ... 

t' · · e les. we ct r, be the hr~er of th · · 
~m~) const~nt.s, th~ o~Lim.um swit.ching times for l.he sysll'•tn are ~V~~ 
t_Y _ 1et equalt.ons m. f<~hl~ 9·1. · Note that tlH• cquation for t · f'h"· 
•,me a. the ftrst swtlch) rpc¡uires an implicit solulion F~,·,ttr', 'gt. 3 •. 

S 10\\.'S a t . 1 • . • • " " -
ypJca mpuL and n typicnl rcs¡1onsc ·Nc>te t' . t t d thc s 't· 1 · t· · · •1·1 , an t are 

Wl e lmg tmes; r, and r ar<> the Id d . ·2 
tivel ,. 1 K d 1· ' . • ~ o . nn new set pomts, respcc-

j • anc. an ' are the upper and lower constraints oh th ~ : 
ulatcd vanablc respectively TI . . . . e mun,p-

h . . · 1e response r1..o;cs qUJcldy but doc- + 
ove~Is'l oot, W~llcl~ is typical of minimum time responsí's. "nol· 

1C appltcatJOn for wl · 1 ti · 
• ' . . llC 1 liS procedure was P''O!)O. ·d . r 
In supcrv1sory control For • . 1 • M IS ·._or use 
that f ,. . . cxarnp e, supposc thc compuLPr calculates 

. or op~Imum operatwn the s •t . t } í , • . 
to r T! . t . . e pom s wu.u be chani'Pd Íl orn r 

•. liS ransJLton should be made as follows: , . . . o Í 

{(1 
\ \ ) 

·,., . --

.-
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TABLE ~-1. 
Switc-hing Times for a Scc«md-Ordcr Systcm 

(For r0 < r, inlc~rchangc K and k in lhe cquations bclow. Thcse cquatlons are 
spccifically for the inilial statc c(O) .a r0 ; c(O)- 0) .. 

r< r0 

O< r 2/r 1 ~ 0.9 
T¡ 

[
(K-Il):_ (r0 /Kp .:_ll) exp(-1 1/r2)];:; ... (K- k)- (r0 /Kp- k) exp (-t 1/rt) 

_ . (K- r/Kp) (K- r/Kp) 

' 
l. At time iero, the feedback controller should be placed on 

man1.1al. 
2.- The manipulated variable should be switched from maximum 

to mínimum or vice versa as discussed above. ... . . 
3. At time t 2 , the feedback controller shóuld be reÚ.uned to-au- . 

toma tic. 
Thus the feedback controller is present to "trim out" ariy modeling 
errors, load disturb:mces, and the lil<e which may cause the optimal 
control to fall short of its stated objectives. 

As for the case in which the process dead time is nonzero, con- · · 
sider the following representation of the process model: # '• 

--· 

M(s) -Kp .. e-8a C(s) 

(r 1 s + l)(r2.s + ?-> e, (s) 

l.üsinl-{ the concepts prcsent.ed above; thé .control M(s) can be deter­
·mined lo gin· lhe optimum response e, ~s) prior to the .acad time. 
Hówever, tht~ d,·ad time simply delays ihis response by time O, whieh 
1s cornpictcly imlependent of ,M(s). Thus, the response C(s) is op-

,¡ 

j 

1 

----- ....-------, 

·~~~-· ----­··:_ 

"!o 1------J 
1 
l. 
1 _. 

-----~- ----
1 1 

ol 

' 1 . : 
____ _j ___ _;__l-~-----.....,.., 

i ~~---

: 1 1 "'.,. .,. 
1 , 1 1 .,. "' ..co.._ Ope~·loop response 

. '1 1 ,.-1 
1 .,-1' 1 
1 __ .... ,.. 1 1 

ro t------.....,.. 1 ! 

1 1 
1 1 

o 
' 

FIG. 9·3. Optimal response lo a c:hange in set poinl.. 

timized when Ct (s) is optimized. In other words, thc optlm_!ll control 
for the system with dead time is identical for the sanie systcm with­
?ut the dcad time. Note carefully that the above syslcm is open loop, 
1.e., no feedback. The only modification to the control strat<'gy in 
this paragraph is that thc feedback controllcr should not be returned 
to automatic until time t 2 plus O. 

FQr cases in which a is not cqual to zero, the opt.imum response 
is that the manipulated variable should follow a prcscrihcd transicnt 
aft.er the init.ial bailg•bang action. As control of this t:vre is. difficult 
~ :achievc,. LaU:mr ct al. (11) sliggest the us~ of-tbe :same swilehing 
times presented above. 
- As pointéd out previously, becatise of u~uoeasured Iaad changes 

or other random disturbances, il is desirable to fonnulnte the control 
¡trate{.ry so that it can be implcmented in a feedbad< mahner. That 

. is, we determine from .the statcs c(t) ;¡nd c(t) ;e a swikh shottld be 
made. This is l'l'adily implcmentf~U using n -swit.ching ~~·un•c in the c-é 
plane as illustratcd._(for <l = 8 =O) in Fig. 9-4. Note that t.he sl.al~ ,!"' 

( : 
\ 



2 
The y switch 

curve . 

FIG. 9-4. Swiichin¡:: curve íor 
a· ,two-timc-constant plant. 
(Rt;produccd "'"by. pcrmission 
from M.' Athans and P. L. 
Fátb;' Optimal Co11t'rol, Mc­
Graw-Hill Uook Company, 

N e~ York, 19GG.) 

.,. 

c(t), é(t) specifies a location in the c-e plane~ Depending upon the 
locaiion of this point relalive to the switching cu::ve, the control u 
will be at one of its ·extremes. The procedure for developing the 
switchÍI1g cun·e for the exact system considered is presented on pages 
526-536 ii1 Athan and Falh's book on optimal control (1 ). 

Allhough a dead time O in the process hus no effect on the switch­
ina times, it will change the switching curve. As illustralcd in F)g. 9-5, 
this is hecause the feedback is not the state vector x(t), but iristead 
the delaycd value x(t- O). Unfortunately, the method customarily 
used to determine the· switching curve does iwt readily trcat dead 
times in a direct fashion. Moore ct al. (12) suggest. incorporating the 
Smith predicto( or á~ad time compensator (discussed in Sec. 8-8) as 
illustrated in Fig. 9-6a, Since this effectively moves the dead time 

J.Bang- Bal'g System r Dead .l e, e 
Controller Oynamics 

1 
Time 

1 . . . ' n 
·1~----~----;!,_· ----~ 

F'IG. 9·5. -Bang·ba~g .cont;ol loop for sys-tems with dead time. 

.. 

Bnnq-Hnnq 
...---..,....¡ Coritroller _1---...~ 

+ 

(al Control loop 

Banq- Bang 
Cantrotler 

., 

System 
Oynamics 

( b) E ffective control loop for perfect modeling 

-..,···. 
, .. :.;~.~ 

Dead 
Time 

-- --"":··--
--~ 

FIG. 9-6. Bang·bang controller coupled · with thc dead·time 
compensator. 

outside the loop (Fig. 9-6b ), the switching curve can be· determined 
directly from the gains and time constants, ignoring the dead time'. 
Note that the model requircd for the compensator is ihe same model 
used to,detcrmine the switching curve. 

9-7 OPTIMAL CONTROL OF liNEAR SYSTEMS U?_lNG A· 
OUADRATIC PERFORMANCE CRITERION (1) 

This section will consider the optjmal control of a linear, time 
invariant system given by the state equation · 

x(t) ::: Ax(t) + llu(t) 

x(O) = x 0 

(9-22} 

(9-23) 

, lt is desired to control the system in such a manner as to minimize 
the cost functional ·· 

.. T - . .,.--.-

J = ~ 1 [xT (t)Qx(t) + UT (t)Ru(t)] dt (9-24) 

This formulation is that of the stale regulator problem, since ·in order 
to minimize the above cost functiona! the control will tend to drive 

/ r 
'. ( ... 
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x(t) t.oward ü. 'fhe state eqtHllion_ further indicat~s-thaVthc N}Uilib­
rium state correspondínf,!-toX(t) egual O is u(t) equa! z~ro nlso. 

To furmulate the optimal-control'-law, we begin by defining the 
Hamiltonian for this problem. - -

· H = !xT (t)Qx(t) + !uT (t)Ru(t) + pT (t)A.x(t) + pT (t)Bu(t) 
2 . 2 . 

(9-25) 

The equation for the costate is 

p(t) = 'i}// =- Qx(t)- ATp(t) 
ax(t) 

(9-26) 

From the mínimum principie, the boundary condition should be 

p(t) = o . (9-27) 

This equation and the state e.quation 9-22 form the canonical set of 
equations for. this problem. --~ . . : 

As presentcd in detail by Athans and Falh (1), the lmeanty of th~ 
canonical equalions can be uscd to prove that the costate v~ctor p{t-l 
is a liaear combination of the state vector x(t), o~ mathemallcally, ;: :: 

< ' 

p(t) = K(t)x(t) (9-2~) 
'• -~·., 

This fact permils a reasonably simple solution to this optimal C~l1tr~l. 
problem. · · . _ . . - , , 

In Sec. 9-3 it was noted that one of the requuements for u(t) to 
be optimal is that the Hamiltonian be min~mized. Taking the part~a~ 
of Eq. 9-25 and setting to zero gives 

or 

. all = Ru(t) + BT p(t) =o 
au(t} 

u(t).=- R- 1 BT p(t) =- R- 1 B1' K(t)x(t) (.9-29) 

'Jl'hus we see that the control is also a linear function of the state, as 
mustrated by the feedback arrangcment in Fi~. 9-7. 

-R"'1s' K(t l 
u(t) -4(t)=Ax(t)+ x(t) 

,_ 

• Bu(tl 

-
FIG .. 9·7. Opt.imal controllcr. 

Cpi;:·~.r..7 nJrol 

Equalion 9-29 is nlso quih• su\Lahh' í'ot a <.·onlrol l:tw pwvided 
-K(t:) c·an be cvnluatcd. 'l'o dl•velop such a proeedun•, \\'t' bq~in by 
takingthc C.··rivative of Eq. 9-28: 

p(t) = K(t)x(t) + Í\U)~(t,>' 
Substituting Eq. 9~26 for p(t) nnd. Eq. 9-22 for x(l) followed by 
Eq. 9-28 for p(t):and Eq. 9-~9 for u(t) givés (K(t) is also symmctric): 

K{Oi=-K(J)A- ATI{(l)+K(t)llR- 1B7'K(t)- Q (9-30} 

This equation is known as the matrix Riccati equntion, and can be 
solved for K(t) provided a boundary condition is available. From 
Eqs. 9-27 and 9-28 it is scen that 

K(T)x(T) =O 

Since the final state x(7) is free (can assume ,any value), it follows 
that 

K(T) =O (9-Jl) 

As this boundary condition is at the final tirrie, Eq. 9-30 must be 
solved in reverse time to give K(t) over the intervnt' O t¡;; t.-,;; .T. 

A speciai case of interest is when T - oo, or the control is over 
the infinite interval. For this case it can be shown that K(t)js a con~ 
stant. Consequently, its deriva ti ve is zero, reducing Eq. 9-30 to . 

-KA- ATK + KBR- 1 BTK- Q =o (9-32) 

The only difficulty is in solving for K. It turns o~t thaL a practical 
approach is to continue to use thc differential equation 9-JO with the 
boundary condition of 9-31 and solve in reverse time unlil a "stcady 
statc" is reached, at which the value of K will be the solution to Eq. 
9-32. This is illustratcd in Fig. 9-8. 

9-8 OPTIMAL CONTROL FOR SET-POINT CHANGES 

The conventional control loop typically considcred is ilh.istrated 
in Fig. 9-9. 'fhe normal procedure is Lo desib'11 thc controller either to 
a prescribed chªnge in sct point or to a -prcscrihed chan~e in distur­
bance (loªq), Unfortunately, the optim~l controlle~ ~s fnrmulatcd in 
the previous section does not quite match eltlier of thesc. Ínslcad, it 
is designed to take t.he system from sorne init.ial st~tc- x 0 to lhe state 
O in an optimnl fashion. In the rcm3indcr of this section and the 
ncxt, we shall -discuss the transformation of thc conventíonal control 
prohlem into a form lo which optimal control theory can he f<'¡jdily 
npplied. · 
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~-- Deueasinq·time 

l<ltl =K 

~KITl=O 
o t r-oo "' 1 

~ ~Steady- stote" intervoi--J \. !ronsientJ 
· · · 1ntervol 

. . ' 
FIG. 9-8. A loosc· intcrprclat'ion of thc consi.ant 
matrix K. As T- co, thc "transicnl intcrval" 
tcnds to infinity nnd the "stcady·statc interval" 
occupics all finilc times. (Rcprinll'd by pcr­
mission from M. Athans and P. L. Falb, Opti· 
mal Control, McGraw·Hill Book Company, New 
· York, 1966.) 

Di~turbonce 

+ + set point ._. ___ ,., Controller --<> Process 

...__ _________________ "_.:..J 

FIG .. 9·9. Conventional representation óf control loop. 

We sha!l first consider the set point case. Specifically, suppose 
'the íirst-o~dcr system 

dx(t) --¿¡-- + x(t) = u(t) (9-33) 

is initially at state x 0 • Suppose that at time zero. the set pointds 
changcd to x 1• The typical response in this case is as shown in the 

. top iwo graphs in Fig. 9-10. · 
To cast this .problem into the optimal control formulation, it is. 

necessary that the final value of the state variable be zero and the 
final value of the control ce, zero also. Thus we define two new 
variables as 

x 1 (t) = x{t) ;- x, 

u, (t) = u(t)- u, 

Substit~tin¡.! into 'Eq. 9-33 gives 

"dxdt) '· , · . 
~ + x 1 (t) + x1.= u, {t) ·+u, 

(9-34) 

(9-35) 
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,, ------- -=-----·'-------
xltl 

v(t) v{ 

-+-'--+-,-.--------·--------

.r¡(t) 

-;--:--:+-------------------· 
1 . 

1 

1 

~-----

1--~0---------------------------------¡ 

FIG. 9·10. Controland response- ror Cirst-order system. 

As Eq. 9-33 indicates that x1 equals u, at steady state, this equaüon 
reduces to 

dx 1 (t) ·. 
dt +x 1 (t)=u 1 {t) (9-36) 

Tht> boundary condition is .1'"", ... ~ . 

X 1 (O)= x0 - x, =·.-.Xa (9-37) 

As the con_trol is now su eh lhat the state x 1 ( t) is to be transferred 
from -xo (the initial condition) to zero (the o,rigin), optima! control 
th~ory can be applied. Lct the. cost functiol1al be defined as follows: 

(9-3~ 



Substiluting'for'the ·corrcsponding~q":antities in -Eq. 9-32 givcs 

+ 2h + k 2 - 1 =-O 

. The solution is 

k= 0.416 

. Thus the controller is a pure proportional controller with a gain of 

. 0.416. . . 
Here we Lwgin to have sorne difficulties. Using a-pure propor­

tional controller,. we are proposing lo make a set point change and 
not have any offset (i.e., error) at the new opcrating point.. The only 
case in which t.he proportional control will not cxhibit such offset is 
at its cquilihrium point. By máJ..:ing thc abovc change of variable, we 
effectively d~fined this equilibrium point to be at the new sct point. 

It is also interesting to note that the cqnú:ollcr does not cxhibit 
the integral mode. As the control is simply a linear combination of 
the states of the system (sec Eqd)-29), we will have an iniCb'i'al mode 
only if we define a statc corrcsponding to the integral of the state 
var:able. For the first-order system considered above, this could 
potentially be accomplished, by the approach in Fig. 9-11. The 

Process .. Integrator 

"l(tl 
.,· 

xéjxl d. Optimal l "'l 1 ------ Controller sH S 

FIG. 9·! 1. ·A possible means for introducing an integral. term 
irilo the opiimal controllaw. 

performance functional must be of the forro 

The difficulty arises in assigning a "cost" to the state x2-(t) which· 
corresponds to the integral mode, 'i.e. 9 sclect a value for q 2 • Since 
this mode was adde~ with thc supposition that. it could be used in the 
controí !aw to achieve bcttcr control ~nd is not part of the original 
process, it scc•ms reasonable to set q 2 equal to zero. However, this 

·teads to a Ú·ro value of the gain correspording to the integral state 
variable, thus .defcaling the purpose for which the integral state wa5 
originalty·_propo-s.ed. 

{, 

Oprimo 

9-9 OPTIMAt e0N.TROL TO -DIST\JRBF.XNCE CHANGES 

As the example to- ilh.ll'ltrate ho\v nn opt.imal conlrolll•r may ht~ 
designed fq¡ disturbance changcs (13), considcr thc syst.em in Fig . 

. 9~12a .. The state equation describing the proc~ss for this case is 

x.(t) = -x.(t) + d(t)+ u(t). 
····•' . 

· x 1(0) =O 

(9-40) 

(9-41} 

Note that the disturbance appears as an input along with the control 
u(t). To be cast into the optimal control formulation, we must trans· 

' 

' 

,..---......¡ Controllcr 

Oisturbance 
d(t) 

Process 

1 . 
S +l. 

~------------~-------~ (al Disturbance regulator 

d. o --

"l(t)= 
r 2ttl 

Optimal ti( ti l it (t l ~u(tl+do 

/ 
1 

r- Controtler 

lntegrator 

s+l - ¡- .. l .. ' 
1 

~ 

.. 

_( b l Equ1valent state regulator formulation 

FIG. S--12. Transformalion o{ the converilionnl dis· 
lurbance· regulator control problem inlo lhe optimai 

.. state regulator problem. 

1 

forro th~ problern .in such ~ manncr that the dist~.-bance appears a 
an initial. condition. · · 

\ For th~ specific case in which thc d,isturbance is ~ _step changt 
this may be accompHshed by the formulation in Fig. 9.-12b. lf th 
disturbance is a step change from O to d0 at .time zcro, this may e 
fectivcly appear asan initial condition on an intcgr(ltor. if the co1 
tinuous input to the inlegr~1tor is Ü(t) = u 1(t), the c.mt.put i~ the sut 
of d(t) and u(t), as illustratcd in Fig. 9-12b. · .. · 
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Frorri this point, we procc><'d as usual. -First·,-note that thc state 
!QUations are-(in terrris· of thc new variables). . 

x,(t) = ~xí(t) +xl(t) 

xl(t) = u,(t) 

x 1(0) =O 

x2(0) =do 

ln matrix form, thjs becomes 

d r x 1 (t >l r-1 
dt lx2{t)j = .l O 

rhe cost functional could be 

1] [x .<t>l + [o] u,(t) 
O x 2(t)j 1 

· J = J ... [xHt) + ui(t)] dt 
o 

(9-42) 

(9-43) 

(9-44) 

(9-45) 

Although the pro¡)er matrices could be substituted into Eq. 9-32. 
the resulting equatioris cannot be analytically solved for the coeffi­
cients of matrix K •. Instead, the solution of E;q. 9~30 in backward 
time until stcady~statc is reachcd will yield the solution 

K=pz 11 k 12
] 

. Lkll ,ltn 

Substituting into Eq .. 9-29 gives 

u1(t} = '-k1,x,{t)- k11X2(t) (9-46) 

Again the control is a linear function of the states. 
However, in this case the integrator is not really part of the pro.: 

cess, but a part of the controllcr instead. Therefore we may elim,i'l; 
nate x 2(t) by substituting Eq. 9-42 into Eq. 9-46. Also noting that · 
Ur(t) is really ú(t) gives 

ü(t) = -k 21x,(t}- k11[x 1(t) + x,(t)] 

Integrating gives . 

where 

t 

u(t) = -kl~ ,(t)- (k11 - k21) !I x~(T) dr +U o {9-47) 

U 0 = constant of integration. Thus we ha ve proportional­
plus-integral· control. 

It should al ;e noted that the cost functional in Eq. 9-45 is 
actually 

2SS 
. 1 

J= J-
o 

Tliat is, the<tost functioóal penalizcs changcs in control rnther th~n 
for actual magniLude. . . 
. . Tl,le applit:ation of the approach to control onr of l.hé unit opr.ra­
tions has becn reportcd by Millcr (14). 'I'hc system ~~~·§a simulatcd · 
distillation column, suhjC'élcd to fecd disturbanccs. Tite boilup rate 
was ratioed to the fccd rate, and a feedback controller regulated the 
distillate rate to control the overheads composition (15). The 
scheme is illustrated in Fig. 9-13. · 

r-----------~-~--1 
"' r~-1- .- ,-·-- ------

~~~---------L--~~~~ 
Feed ---111-----1 

! 

~ 
N 

. .1 

r--é-· 
1 

Steam ~~1------i[)ll(]l------' 
--€)--·,_ 

Bottoms 

FIG. 9-13. Control schcmc f~~ di;·~lllation column. 

Oistillate 

As the manipuláted variable is the distillate rate, a transfer func­
tion is needed to relate. chal)gcs in overhead composilion to changer. 
in distillate rate. ·In Laplac~ transform notat~on, this model is 

Yv(s) = G 1(s)D(s) + Fe(s) 

where Fe(s) is the effcct of a given change in feed ratc on the over· 
head composition. From step responses su~h as thos~. given in Fig: 
9-14, it is apparcnt that G 1 (s) is a first-oracr lag for aH practica! pur­
poses. Ba:;ing the time constant on the 63.2 percent point and the 
gain on the final steady-state valucs., avcraging the valucs for the four 
respons~s in Fig. 9-14 gives the following model: 

- 0.01·10 
Yv (s) = 

0
_
558 

+ 
1 

D(s) + F.,(s) 
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0.75 
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FIG. 9-14. Open·loop responses to _severa! step changes in 

distillatc ratc. 

Expressing in state-variable form gives the cquation 

. dy0 (t} . -1 · -0.0140 · 1 
YD(t) = dt = 0.55 Yo(t) + 0.55 D(t) + 0.55 Fa(t) 

Using the approach outlined previously in _this section,. the cri· 
. tcrion fi.mction should be 

.. o 

J(D) = ¡-{(yDset ~ Yvft)Jl+ riJl} dt 
. o 

The cost J(D) consists of two parts. The first part [Yo.et.- Yv(t)jl 
pcnalizes for deviations of the controlled variable y v from its desircd 

úpiimoll. .rol 257 4 

vnlue Yu
5
.,,. ~·he sccond -part; Dl pcnalizcs for dumgcs in the manip­

ulatcd variable D. 
Applying the; method presente9 previously givcs tlw following 

· controllaw :~ · 

D(t) = K2 J' [YD~et- Y'o(r)J dr +/.(![Yose~- Yv(t)] +Do 
. o . . 

where · K., /{1 =.control parmnctcrs 
D 0 = constant of intcgrai.ion 

The · optimai controllcr is the familiar proportionnl plus 1nt.('~ral feed­
back controller. · 

Figure 9-15 shows the effcct of r on the resulting re!>ponscs of 
Yo. the controt!ed variable, and D, the manipulated variahle, to a 
step change in the fecd rate. As would be suspcctcd, small values of 
r lead to tight control and large changes in D. Large va!u('s of r pr'J­
duccthe opposite results. Thus the parameler r is essentially a tuning 
parameter whosc value must be detcrmined by cxpcrimenling with 
th~ process · in much the same manner as current controqers are 
tuned. 

~.906r----:-------:----..,---. 

Oll'll ··---.----.---,...1 --~ 
ooo on ow o~ 1.00 

,..,, hO.rt 

i 
~ 

1900 

¿uoo 

nao 1 

1 -. J· ~001---...---......... . ..... 
o.oo ·o~ · o: .o o r~ toe 

FIG. 9·15. Eífect of ron lhc performance of the contrni.Eystem. 
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-· Model Pulse Transfer Functions 

First-Order Model Second-Order Model \ 

Continuous l.Oe-1.461 1.0e -o. 1111 

transfer 
4s2 + 3.6s + 1 function 3.34s + 1 

Pulse transfer z-• (0.6535 + 0.1227z-•) z- 1 (0.6634 + 0.249lz- 1 + O.OOllz-2) 

tunction, 1- 0.2238z-l 1- 0.09754z-• + O.Ollllz-:z 

AC T•5 
Pulse transfer z-210.1493 + 0.1095z-•! z- 1 ~0.005664 + 0.1167z-1 + 0.3910z-2 ! 

function, 1- 0.7413z-1 1- 1.245lz-1 + 0.4066z-l 
Tal 

Pulse transfer z-8 (0.0410 + 0.0171z-1 ) z-5 (0.004709 + 0.004434z-1! 
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· T . = reactor temperature, "F 
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Cp = heat capacity of reacting mdss, Btu/lb "F · 

p _ = density of reacting mass, lb/ft3 

Reaction: 2A -a 
Rate of disappearance of A {lb-mole/hr ): x0 ra/Tc}' 

FIG. 8·10. Chemical reactor. 
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ABST11.ACT 

Th1a. report raviewe the,otate-of-the•ert of tbe 
deat.gn of system control centero, It ai.II!Diriz:ee tbe 
atruc~urea. of control centera and tho operatina "pbi• 
loaophies which affect desJ.8n, It auminu tbe e11...; 
tent to vhich advanced ideas relatiog to aecur1ty and 
control have in fact been i~plemeated. ~porteat de• 
ot.gn factora, featurea, and problem araaa vhich ehould 
be considered in the imple.,..ncation of control c:oct111r 
projecta are discuosed, Trende aad aaade for furthcr· 
davelopm1!nt are pre_sented. 

Included in thia report il an up•to•date tabla 
providing basic 1nformetion about modera control can• 
tora vhich are preaently in operation and vbic:h ara 
in the proce11 of develop~nt througbout ehe world. 

Ilmi.ODUCTION 

This report 1o about Syatam Control Centera••tbe 
etate-of-the-•rt, deaign, implementation, and opera• 
ting exp~rience. 

A ayatem control center 1a deet.sned and built 
for ayate= operation. A control center can be built 
for other purpo5ea Al weil but our eo~cera Lo vitb 
8ystem operatiou, 

For all the 111Ulti•proceaotng, redundant, eoao 
puter aquipment, for all tbe thouaanda of pieceo of 
data being monitored aná proceoaed, and for all the 
color CRT'a and tbe dyn4mic vall dieplay Ln che con• 
trol. room--wh~t functiona are actually betna doce to 
help ayatem operation? And, more opeciflcally, tho 
ayetem operacor7 

Wtth.sll tbe edvanced, etate-of-the-art hardvar~ 
bDv advanced ia the applicatioa software? To vbat ex• 
tent and how effectively hAvo eecuricy-oriented func• 
tiona been iategrated into che 1yetem control contar? 
Ia there too much aqui~nt for ao little done? Or, 
not enough equipment for what ia atte.pted to be done1 

Theae are que1tione of deai8n and opplicatioa. 
!he purpoee o! thia report io to reviev tbe atata•of• 
the-art of aystem cootrol cantera in the light of. 
theae queationa plua a few ~re, ' 

Vhat beve ve l&arned ao far about bov to deaiga 
auch control cantera? WbAt are tbe.probleaa of imple• 
~ntation aad meintauance and bav ~y thay be avoidod? 
What, in general, haa· baen tbe experioncad perfor=s~ca 

·!" 

of eyetem. eontrol centarl7 Aad fiaally, vbat developo 
mene activitiao in control contar dasign and appliea­
tion le:~· promhina? 

Natura aud Scope of Report 

For tbil report ·1 c:onolder ~atam control ceatere 
dedicatod to tbo operetion of ot laaot, tbe ganeration 
and trenamiaoion eyota~. Cantera aolely for distr1-
but1oa ayotema .aro not included in my investigotion, 
Al&o oot includad are atrictly auperYiaory control . 
(ao-ealled S~) cantera and etrictly generation· die• 
patcb C4nters. 

Ia Tabla I, Appendh A, i8 4 liat of system con­
trol cantara in oper•tion or baiag built •. Theee can• 
tare represont the atate-of•the•art, To obtain se 
much firet•band toformeticn ea poaaible for thia re­
port, I via1ted tventy control cantare wbich are in 
opera;ion, tvelve of them in the Uaited Statee, four 
in Japea, end four in Europa, Information on control 
cítatera Vbich I could oo"t vidt and thoae wbich are 
otill not iJ1 aarvice vu obtained by comraunieating 
directly vtth tbe ut111ty eagiaeera hav1og direct rea­
pouaibilitioa for tbe respective projectl, la a fev 
caaee o·f recently autboriz:ed projecta I have reUed on 
iaformstion furniahed by tbe vandora. 

Actuelly thia fsct•fiadiag and information ex• 
cban.ge vitb .utilitiea u waU alf vith hardware C>aou• 
facturara, eyataiiUI ve"adora, consultante, resurch or• 
gaaizationa, and uaivaro1tiea, in tbe US and abroad, 
lulve beea coutinuin.g ·activitiaa of ~ine .for tbe laac 
five yaera, Thcae activitiaa are ~iractly ralated to 
my raoponoibilit1aa at C!I and to =y participation in 
1!1!1 KKI, !P~I, and EiDA in tbo areaa of uyatem plan• 
ning, oyot&m aec:uriey, and control, Tha cDm~:Denta and 
opinionw tbat I mdke in thie roport are baaed oa tbia 
accumulatad background informmtion. 

Tbe =oat racently publiobed summary of the acata• 
of•tbe•ert of oyotao coat•ol cantera vea the papar I 
"lft"Otll for thA July, 1974 iaaua of tbe ProceedU!g"a of 
tbe Il!.!!¡t.54Tbia presect report is, iJ1 a aenae, an 
outgrovtb and expnnaion of that previoue aurvey. 

¡ 
Discunioa of coctrol functioae in thio report 1a 

raetricted only to tboae carried out at oyetem control 
centors. Local controla at planta or aubatationa are 
not includod &ltbougb 1t ehould be ~lized tbat they 
are ~rt of tbe overall control bierarehy for opero­
tion.4,J8,6Z 

Thera are. alao many functioce beta¡ done in eyo­
tam control contera for operattoo pl&nni:lg purpoaea. 
Tb.aaa are run in an otf~Une or O..tcb proceuin¡ coda 
or v1A ·a remota tert:~l..cAl linhed to a largo eomputer 
conti'Jl', Tbeaa fuoctiona ~<N~re no~ lnvaat18atec! for 
thio roport. Tbia 1a not to aay tbat theae plannicg 
functiona ara oot important buc, rather, th4t thHr 
diecuuion prc..porly l>elon¡a to IOG>G otber report, Hy 
purpoee "1_8 to review functtona wbich' ere iategreted 
into tbe raal-tiaa anvironment of tba computar ayatam 
in aywt&m control ceatara, I vill bowevar touch upon 
tba gaceral requirementa of doicg b4tch proceooing in 
tba. real•t!.m. CDt~pUter ayote11. 
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It U not vithin tba ocope of tbt.o-rePQrt to dh• 
cuaa the theory and tbe algor1tbma of verioua eocurity . 
control functione, While elgorit~ ~y be feirly vell 
underetood and teeted on papar, tbeir exacutioa ta 
real•ttme ia a different matter oltogetber, This ro• 
port addreaaea itaelf to the probleaa of real•tima im­
plo.,.,ntat lon, 

Thh report COIUihtlll of dhcuaaiono on the fal• 
lowi.n¡ to11 ic:a: 

a Overvi.ev of the State-of•tbe•Art 
a Functiana Implementad at Syetem Control 

Centara 
o Dea1gn Structurcs end Crtteria 
o Data-Acquio1t1on and Control Subaystem 
o Computar Subsyatem 
o Han•Hachine Interface Suboyetem 

·o Software Suboyotem 
o StepG· in the Implemeatatioa of a Syotlillill 

Cantro 1 Center 
o System·Hniatenance and EnhAncemout 
o Trendo in Control Syetem DeaL¡a 
o Problem Areaa ond Reaearch Reodo 
o llib ll.ograpby 

o Addendum • Neoda· ia Relatad Areae 

o Append 1:1 A 
Tabla 1 • Syatem Control Cantero for 
Ceneration•Trensmieoion Syatema 

o Append1:& B 
Su=mary of Cuideliaee ead Pttfallo to 
Avoid 

o Appendill C 
Acknovledgments 

OV!RVtEV OF THE STAT!•OF•TBB•A&T 

In aicpla terca, the goal of syetem control cea­
¡ ter design is tbe impleCII!!.ntetioa of s<Ocurity coatrol, 

Security control require" the proper l.ntesratioa 
of both auto111111tic and lll4nu.al control lunctiona, !..e,, 
e total systems approacb vitb the human operator beiog 
an integral part o( the control ayatem daaiga. Sec~r­

ity control requires tb4t all c:ondl.tioaa of operatioa 
be rdcognized and thAt control deciaioaa by tba'man• 
computar syacem aruH be ~D~~de not oaly vbaa the pover 
aystam 1a op~trating non>aily, but alao >~hao 1t 1.11. 
operating under abnon>al coaditiona. 

Ssaic Sec~rttv Control Coacapt• 

The na tu re o l sec:urity control in tenu of e da­
slgn organlzetion or structure ves preaeatad at the 
1966 IEEE Su""""r Pover Meetiog in the paper, '-rbe 
Adapttve Ro!llability Control Syatem,"4 !ha c:Qaeopta 
advaaced in thia inicial papar vere furtber de.alopod 
in á auceeding vork, .. ~ntrol of Pover Syetema via tbe 
Hulti·Level Concept" publiahed in l968,ó 1 vUl brl.ef• 
ly diacuáa the boaic ideas orlginally praaoatad in 
theaa tvo refetenc:ea, 

The po~er syatem moy be aeaumed aa boina operated 
under rvo oate of conatrainte: load coastrointa and 
operat ing c:onatrainta. 

The load conatrainta impoaa ·tba require-nt that 
the load demenda muat be met by the oyetea. Tba opar• 
ating conatrainta impoae llldiJti.JIIum or ml.n1111U111 opentl.c:g 
limita on 'YOtem variablea and are aoaoc14ted with 
both ateady-atota and etabill.ty l1mitat1oae, Mdt~a­
DAtically, the load coaetrainta CAD be oxpraéaed in 
tha fona of thm fa1111liar load tlow aquatioao, Tha 
operatlng c:onatr::ainte can be expreued in tbo fono of 

iaequolitiea, auch os on equipaeat loadinge, bue volt• 
age, phaee anal• differenceo, gen~rator ~eol and reac• 
tive.po~ere, ate, 

Tbe conditiono of operatioa eaa thea be catego• 
r1zed iato thr~e o~ratiag otateo •• normal (or pre• 
vantivG), ea>4rgeacy1 and rutoracive, 

A oyat0111 1.11 ta'tll• oorm.~~l etate ~hen the·load and 
operatiog coaatrainte are s¿tisfied. lt ia reaaonable 
to osaume that in the not'm41 etato the pow~r ayate~ ie 
1a a quaai•acaady•etate condition. For any givan time, 
tbo iataraection of thd load c:oaatrainte aad the oper• 
ating C:.nnatraiats dafinea che apacc of all feaeible 
ll:Ot'I!IDl operattag Gt4tea, Tb.e power ayatem u y be 
oporatadi eaywbera in thie a pace. 

A. oyaUm h 1a the .,...,rgency ata te vbea- the opero 
4ttaa coastraiate ere oot cocplately aatiafied, TVo 
typeo of o-rgeacy may be noted, One is when oaly 
eteady•state operating cooatr~Jint• are betag violat6d 1 

e.g., aa equipmont loading limit ia exceeded or tbe 
voltage at a bue 1s belov 4 givea level, The other io 
vbeÓ a otability operating c:onetraint ie violated ond 
ao ·a result ot vhicb tbe eyetem cannot ~DAintain utabil• 
ity·. The fl.rat type of •-rgeacy My be ealled "etead:r­
atllttll QIDOrgeacy" and tha oecond typa, "dynamic emerg­
ency." For the lllO!Ileat, hovovar, ve shall oot diotin• 
guiah bervaoa the evo typee of_ emergenc:y, 

A oystss is -in the restorative state vben thé 
load coaatrainta are not completely aatisfied, Thia 
=cana a ooaditioa of either a p4rtial or a total aya• 
toa ohutdova, la caoe of a partiel obutdoun the re• 

. duc:ed uyeto"' ay be in an elllergenc:y sute. This io the 
otart of o CAacading situation and 1 1f uaeorrected, 
vould lead to a further detarioration of tbe aystem, 

A ao~l operatiag poiat can be cladaified ae be• 
ln3 eitber eecure or 1naecure witb reference to so ar• 
bitrery eet' of diaturhac~oo or aollt•contingenciea, A 
ao~l eyateu ia a&id to be aecure, i,a,, at e aecure 
operat~ poict, 1f it can undergo aay conttagency la 
tho noxt•contiogency aet without gotting ioto sn emerg• 
ency eoaditioa, Oa tha other band if tbere is at leaet 
one contLngeacy in tbe next•contingancy aet which ~ould 
briaa ebout oa emargoncy tho aarmsl syatem ~ould be 
callad tasecura. · 

- Hy choice of terma hae beea erbitrery, Other 
waya of ducrtbing thm 141111 operating problem aro jua't 
.ao valtd; Por i.!latanca, vllat I have charecterized aa 
aa taeecuro nonoal atete 1s defined in Reference 19 aa 
a fourth operati.o¡ atete c.alled "alort," 

The coacapt of three operatl.ng states breaks up 
tha comple:a: opcratio¡ problem 1nto t~rea operating sub• 
problema >~ith d1ffereat control objectives. Of pr~ry 
iatereet end of majar i~ct,oa tba dea1ga of ayetem 
control centero 11 the control done in tbe norma 1 ata ce, 
It h baoieally the develoP'=lnt and implementetion of 
func:tioao in tbia araa th4t repreaaat tbe atete-of•the• 
art ia ay1tem control ceatera, &msr¡ancy and raotora­
tive controlo &ro noedod for 4 c~lete aecurity con• 
trol ayetem1 but oo far their implementation 4t control 
cantera h4a ~en very limited in 1copa and in ingeauity. 

General Cbarectsriatics of Syatoe Control Centers 

It sbould aot be interred from the foregoing die• 
cueo1on tb.st tbe ltate•of•tbo•ert in aystn> control 
cantera hao beoa due oololy to cone1dorot1.ona of oystem 
aocurity, ~• ehould rec:all tho previoualy otated ob• 

. joctho of aystoa control caater dee~n ,as the impla• 
eoat4tion of oocurity control la tho bread oetioe of 
intesrat1.03 ell nquirod autoiiMltic aad ID4nual functlona 
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for all eonditioae of operation, From tbia perepective 
ve CAD aee .the general patteraa ia vbicb eyatem eoatrol 
cantera hava beea developing la the leet five yeere, 

The neceaaity for tntagratioa h&o.brought to­
sether the previoualy aeparately L=plemented functioae 
ot generation control and trensmisaion control, into 
one oyateat, For. geographic.Ally •=ll pover eyetcnu 
tha iategretion ia carried out in tbe eystem control 
center ,' P'or large aystema or eyotema vith exiet1ng 

. regioaal or erea control cantera tbia intcgratioa 111 
accomplished by linking the cantera et varioua levelo 
lato a computar hiererch~. 

Ia addition, the integrstioa of autommtic ead 
unual funct lona ia being uaiteated .in tbe form ot 
advanced display devices and tochniquea, The ClT vith 
limitad graphica has beco~ Che univaraal man-.achine 
interface for ayatem control cantera, 

Operating decisiont by ,the humsa opermtor era 
being supported ~y the preaentatioa of m more complete 
and cotterent infonnation about the pover ayate= tbea 
vea ever done befare. Advanced programe making uae of 
real-timo data are beiag developed aad epplied to aid 
the operatfng deciaion procela, 

Digital computara which allow tha oaay integra• 
tion of INIDY functions also !llllke po.asible the imple­
mentation of more sophisticated logie and procaaaeo 
for autoiNit1c generatioa control and acoaomic dispatch. 
Thua ve eee analog diapatch controllera slovly dia­
appeariag from tha acene and optimua pover flovs poa~ 
lib ly replacing tranamiaaion loa& B-eoefficienta .for 
e_:_o_n~m-~~-·dispatc~: · 

It ia of iatereat to refer to e previous atace-
fof•the-art revtev of autolll4tion of pover •yetema msd~ 
in l9ó5 by ~. Cobn.l In that 'reviev it vaa poiated 
out thet for aystem operatioa thare vere tvo functioaa 
to be i~lemented: 

1.· area regulation (wbich ve nov call auto• 
IIIAtic generatioa control) 

2. economic diapatch, 

Cohn repurted thet "•o~ two dozen ot -&o larga. cen• 
tralized en.alog computar controla" to carry out theoe 
evo' functiona vare "currently ia operation, or in the 
procesa of lnatallation." He !urtber reportad thet 
'everal d1g1tally•directad analog •yatams and aome 
direct digital controla WP.re in operation or beiag 
iaatalled, Aleo ~ntioaed aa a notevortby feature 
wat tha aoltd-state analog conaola replacing aarliar 
ty¡>el ual:13 electroatrach.&nic.ai ele-ata. 1'bac: vaa tbe 
ata~e-of-the~art la 1965. 

Let ue nov cake a cloaer v1ow of ayot~ coaerol 
centcra whlch have beea placad in servico ovér rouubly 
the last five yeare and alao tboae La tba procees of 
implementation. ·And let us reetrict ouraGlvaa oa1y to 
real•tillle featuraa aad tunctiona, • 

As.of thia vr1t1ng there are approximstely 40 
ayatem'control centera in operatioa or uader coaetruc• 
tion throughout the world vbicb fal1 ia tbe category 
of the nev generation of modera control ayateaa, Tbeae 
centero .are liated in tabh I, Appeadix "'·· 

'nle .tota;,tty ot real•tiae futuru ead tunctioao 
at these .cent#.r& induc!e the follovina: 

l. Hie'l'archiul atructura conaf.atiag of 
aeveral lavel• of computar ayetoma, 

J 

t. Dual reel·t~ proceaeors or mult1-
praceseora pluu ndund.aot peripherala, 

3, Hi&h•spoed digital tele-try aad data­
acquf.sitioa equ.ipmeat. 

4. ···syatlllll-ide inDtru:D<lntatioa of electric:.Al 
quaotitiaa aad devica atatua, 

S, Color ClT's vith graphi;a for interactiva 
di1pley, 

6. Dyn&m1c vallb~rd ¡roup display, 

i, Automatic ueneratioa control, 

8, llcoa.omic dispatcb CAlcule~ion, 

9, Automsttc voltoge (var) control, 

10, Superviaory control (breakero, capacitora, 
traa,stot'lMr t:JÍpa, generatiag unit atartup 
ud ebutdava) • 

11, Security monitoriag, ./ 

12. State asti.ID!ltioa, / 

13, OD•Ua.o load tiov, / 
14, Stoadyoetate aecurity analyai&l, ./ 

U, Optim.napowor flott: ·/ 

16, Automatic ayst~ trouble onalyoia, 

17. oa-line ahnrt-circuit calculatioa, 

18, &mergeacy control --
•~t~me:ic lo~~ a~eddiag, generator 
sbedding, line trippiag, 

19, AutO'll!IStic circ:u~t reatoratioa. 

Tbare ia no control ayotem tbAt has all of t~e 
functiona juat enumerated, !bis ta to be expected, 
Oporotiag probleoo differ due to different netvorka and 
generet ion resourcea. Opera t lag ph ilosophy and ene 
atructure of operat1ag reapone1b1litiea are not the 
aáme for all coarpaniaa. A few cea tara ha ve adopted sa. 
evolutioaary approach, adding aomething new.co exiating 
control oqui~at end telemetry, F1aally there la the 
aigaifieaat t~ gap be~een the teating of a nev idea 
oa pe.per &ad ita implementatioa in a real-time eoatrol 
1yatea, ' 

P'll'MCTlOKS IMPl..IMt!m':D AT SYSttM COH!ROL 
~ i 

la thia 11ection we 1bell owm>~~rh~ che fuactions 
that are praaeatly baing carried out by the digital 
computare at the control centera in tabla I, Appendix A. 

Aut0111Atic C.aarntion Control {ACC) 

Tbe auto~~>~tic aeaeratioa control (J.GC) functioa 
to, v1th vvry fev excaptioas the only elqeed•loop con­
trol bel.ag i.upl-ated at ·ayate• ¡;gnttol ccnte;a, s.;... 
COmpllnin in Table I at.ill are uaiag analog oystema for 
tba AGC, aitbor digitally•direceed for baae poiat eet­
tlags or complotoly lndepeadsat of .the digital computar. 
In Jepaa, only Boltur!lr.u l!:lectric Pover ha• implementad 
ACC di¡it.ally, !be EDY li4tional Cüntrol Center in 
P'rance, tba B.W Cantar. in, liest Cet:'1D:Ituy, ead tbe l..aufea• 
bur.s C.ntar 1a SVit:uarland, are all ual.ag aaalog AGC' •,. 



Ia eaaland, ac Che C!CB, there ia ao requiremenc for 
eutomati~ generat!on control. la the VS all of tho 
ayetem C<:latrol ce11t'era, except for one, h.avo or are 
planning co nave digital AGC. Of thoee C<:lctrol ~en­
taro with digital ACC aome hav• ~ompletely disabled 
their old ~nalog control eystemu while othera hove 
retaiced aome kiad of enalog control for backup. Still 
ochera nave acalag hardware whicb merely determines 
che eres requirement. Ia bath types of &D4log boekup, 
ac indepeadeot anelog tele=ecry le ueed for ioputa. 

The aaopliag t1me for digital AGC varieo fro=J 
oacond'co 4 oecondo. Hose control cantero aead raiae 
and lower eignala ~r HW deviatioce to tbe generatiag 
unito. A fev oead the deaired HW outputa to tho unita. 

The uae of plaot ~omputera commucicatina vith 
che 1yotem control center offero flexibility for car• 
rying out che AGC function. Aa eXAmple·of this appli• 
cation is at che Cleveland Electric Illuminating Cog­
pacy (C!l). The ACC softvare at C!I'11 system 
control center'aeoda deaired MW atgnala for ea~b reg• 
ulating unU. to tbe plant c_omputers. The plant co­
puters act aa local cloaed.:.loop contr.ollera !or eacb 
untc.33 Tbe control algorithma at the planc computara 
recogoize tbe ind1vidual rete ot response of aacb uoit, 
Ovar the aame data links the plaot computara report to 
the syate111 control ceoter every aeé:ond the control 
etatua of each u111t and 1ta ohort•term ratee and lover 
eapability. Thiu info~tion 1s uaed by the ACC el• 
gorithm auc:b that the deeired MW requeoted la within 
che dynamic capabllity of the unlt. The com~~ter•to• 
computar llnk alao handles apec:iel requeets by a uoit 
operator to place a unit off or oc regulacton or to 
change a unit's operntin¡ llm1ta. 

The baaic ACC olgoritbma, 1.e., the calculation 
of aree control error and the amaignment of regulation 
t~ eacb un!: :ecosnt~tnc :~e ~esirad base pointa, are· 
well•knovn. To e~ly these olgorithme in a syotem 
control center requires the &ddition of modules vhlch 
in efhc:t interface with the real•time eovirontMa·c. 
Theae modules ohould cake care of.1oitializing tbé AGC 
'funct ton, C:oord lruate all informa e ion from other pro• 
grama whic:b affect ACC, prepare and hand off to the 
data•acqule1t1on subaystem the·atgnaia to be oent to 
the planc·a, ánd co=municate with the display aubayatem. 

The use of digital ACC hao reaulted in benefi~ 
Jue to les.J frequent ·pulsi:--a o! units aa contrasted to 
contlnuoua analog control. Thia hao kept ~ny more ' 
unit·s on regulat!.on ond '~:!as virtU&lly ellminated ait­
uatioao of ~lant operatora taking unita off regulation 
becaua~ tney were ~eing moved arouad too much. Faatar 
individual unit response ~•• alao beec reali:ed in 
going fro~ aoalo~ to digital. ijovever it ia not en• 
tirely clear wh.at the overall regulatins perfon~>~Jnce 
of digital AGC nae been. Syatem o·peratore, in general, 
are 9attsfted. 3ut ve oeed a more objective evoluation. 
An 1~veot.tgat1on tnto the performance of exiaticg AGC 
algoritnmo to ideatify any baoic problema and to eoGk 
further improvemente ~til1z1ng tha flexibility of the 
computer la well-Justified. 

Econoa~ic Dlepacch Cslculation (ZDC) ~-..;.. 

!conomic dtDpatch calculatioo ia performed evett 
fev a~inutea uoin& t~e oet of coordination equationo · 
which requirea tbat the incrementAl coat of dellvered 
?OWer from each generating uni-t to en arbitrary ref• 
erence point be the oame for each unit. The incre=enc• 
& 1 ca at o f de 1 ivered powe r. to • 8 iven po in t !ro m a 
generating unlt la equal to the incre ... ntAl coat of 
cenauted pover ,..ltiplied by a penalty factor. Trad1-

. tionally tbe penalty factora are calculated uoing ' 
trena~iooton loaa B•conotanta. 

4 
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Except for C!l,.,._,9.ll. q! the. control cantera wl~b 
EDC ueo' B-constaafs, Tbeoe are calculated off•l1o~ 
aod' ueually ocly one aet ot cocetanta 11 otorecl in t.he 
control cent~r. There io no on-line, update nf B; 
eonjltacta. Upd.ntea are mode, off•line, oo long t>Gc¡¡e 
net\iork c:bangeo. SO!!lle co·mpaniee atore tvo or more eet.a 
of eithor pre-cal~ulated B-~ocatanca or pre-cal~ulated 
peOAlty fo~to~a. 

At Cl!:I tbe calculation of penalty .. ,fa~t()rll le .dono_ 
on•lino"-uetng a réal-ttme-optillll.llll power fla<:',J_J Every• 
-~ra;.!-th4ircii ·is--a- nec;.,rork "cll.ange or vhan the ayatem load 
haa changed aigcificantly in Dl4gnitude or in ~elative 
distrt~•t1on betveen ereaa, the optimum po~r flo~ 
run~ automatically and a cev set oi penalty factora ia 
pasoed on to the EDC. The penalty factor ·calc:ula~ion 
takoa le u tban 4q secocds oa tbe Sigma S computer. 
·This io tho totcl reapocoe ti.Da and iccludeo neC\Jork 
cooftguration update, 3 to 4 faet decoapled toad. flo.,a,SO 
Jacobun calcultltion at t.he opti= eolution point, 
c.alculation acd trauafer of ce~ pe'011lty factoro to the 
d4tabaoo. 

Some ~eutere ere planning to uoa the opt~ 
pover flov for the sama purpo

0
oe. 

Althouah EDC shoul<t be mad.e only for thooe unita 
which &re regulating, it 1a deaireble to meke another 
cal~ulation including al! tho other uoits on locaL con­
trol. Tbio oe~ood•pa•s EDC h 'ÍI>ade e'leryti.m!s the reg• 
uLar EDC io run. The resulta of tho aecond-pass eoc 
are·diaployed to tbe operator oo that he moy manually 
direct the units on local control to be a10ved closer to 
their opt~ gocorating poiatm, Considerable addi• 
tiocal oconomy QIQY be real1~ed th1a vay. 

One eompany 1m plar.ning to replace t~e !OC coord• 
ination ·algor1thm and tht use of variable parcicipation 
factora vtth \lhat i& dee~ed to be a aimpler acheme. 
84a1cally the ucits w1ll be ordered by in~reasin§ in• 
~re~ntal coata. Raiae~generation requlremento will 
be aaai¡aad to tha unita at tbe lov•end of.tbe ordered 
aoqueuco and lovar-geceration requtrementa to the high 
and of tbe aequence. 

Somo operntoro find EDC acd AGC to be at oddo 
vith eacb other &t bisb loadlng perioda. Tbat la, the 
efficiect, faot•raopondicg unita are out of regulot1ng 
.c:apacity in the UP""&rd d1rect1oa bec.auae of EDC, and 
regulatioc 1a· being done by· the older, alower-reapond­
ing uuita. It vould appear tba't to obtain better reg• 

· ul.ttt.on under tbue ~ircumatanceo oce vould have co' 
oacrifica e~D.01!lics or ·e 1 se aacr ifice rcgu la t ton for 
tha aaka of ~cocomy. Tbis looka like another trade~off 
problem. EDC and ÁGC ahould not be e hopeleoa contra-' 
diction. 

•. 
Auto .... cic Volt.s¡¡e/Var ·eoctrol (AVC,) 

The aueomsti~ control of ayatem voltage and of 
vnr alloc:ation b.ao beec te oerv1ca ln Jepen for several 
yeero ucv, Tbere 111 no au~h·· contro 1 ea yet in the US 
or in Europa. Tbe Potooa~ &lectri~ Pover·Compan~ 
(P!PCO) io planning on automat1c volta~e control)! for 
their ays.tam coctrol·center which h nov under develop­
~~ent. 

fhe AVC in Japen ragul4taa the voltage profile , 
an<l alao ll!lint.mizao loeeeo due. to reactive pow.er flow. • 2 

Tha control variables ar~ generator reactive pavera, 
transformer tapa, ahunt capacitara, end ahunt reactora. 
The control ia a tvo-otop operation, Voltageo and var 
flova ara chacked per1od1cally and vhen thare ia any 
deviatton beyond certain toleraccea tbe voltage profila 
control calculation la ioltioted. At leas frequent 1c• 
tervele tbe mt.oimum loos calculetion and control t.a 
executed. 
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Security Monitortng (SH) 

~r_!.ty CIOnito!i~g_(.S~Lt~ the on·l i~_e_~d!ln_t_i~i· 
c:ation and che dhplay of _ the _actuaCop<~rating '?'~di• 
tTOiilicl[ thi! .. power ayaeem. Thia one function h.aa 
m4-~e-the--d1fference betveen"the traditioDAl diapatcb 
ceDter and the ~dern ayatem control ceoter, SM re­
quires a ayatemwide in.stru.mentation on a greater sc:.ale 
and var1ety ch·an th.at required by a cantar vithout SM. 
Th~ typea of ~aeure=enta lnclude: HW and KVAR fl~ie 1 
branch currenta, bua voltagee, bus HW and KVAR injec• 
tiona, frequenciea, energy readinga, circuit br&aker 
otatua or operation counts, lllllnU4l switcn poaitl.ons, 
protective relaying operatioaa, traoafor=er· cap poai• 
tiona, and miacellaneoua eubatatl.on otatua ond alarma, 

The SM function, in general, cbecko the aoalog 
valuea againat limita bastcally to determine vbether 
the syotem la cloae to,. or at, tbe e~~~ergeocy atete. 
The l~it·checking also allowa aome kiod of data val• 
idation and the rejectlon of incongruoua data •. Limit­
cbecking ia done as often ae the data ia brought in 
vbicb la uaually 1~ tne order of every ona to a few 
seconda. In Tokke (Aorvay) povar flova are mooitored 
avery 80 ~illiaecondo in order co detect oacillationa, 

The dlaplay raquired for SM entalle the use of 
CRT'a end a larga number of display formato. The dy· 
na~lc wali display ia alao uaed for SH. Part of the 
SH funccton la che on·line detenillll.tic.n of tbe net• 
vork ·topology.l9,.:.2¡n most caaea lt lo aufftúent to 
determine che netvork configuratioo. In cantera vhere 
there la a dlrect reoponsibtllty !or tranomioaiDn 
svitching and safety is a paramount factor, tha SM 
funct loo ahou ld tnc lude an identification;:,o f the e lec• 
tri~l status (energized or de•energized). of every 
phyaically laolatable aegment. At CEl tn13 la accom­
pliahed by a necwork status analyaie prog~am.42 While 
1n _ot'ler ce.,rere lt 1s neceaaary only co'dis1'lay che 
fact thet one or more f!nda of a ctrcuit '111 o¡an and 
thst the circule c.annoc conduce a power jflov, ac·cz:I 
the electrical status of the circutt ia:deter.»ioed aod 
displayed. The netvork acatuo aa.alyaiD'.progrruu iu a 
atraightforward tracing roucioe, 

Statlc State Eatim&tlon_ (SE) 

S~!atim&tio~-~SEl. mey be defined •• a mathe-· 
utical procedure for c.alculattng;· from·"ia··uc ·of aya". 
te.n··,.;,·,¡¡¡ureiDenta, a "beet" eat11114ta of the vecl:or of .• 
bus· voltage magnitudes snd phase aoglee of the netVork. ------ ----·---·---··~·-·--·--· ·-· . . -· ··--·· ···- . ··.• 

The »eaaurement eet ·la underetood to concain an 
adequate degree and apreed of redundaocy to allov the 
statiatical correla:ion and correction of the meaeure­
ments, detect and ~referab1y ;~eotify bad data, and 
Y.!.::_~--~~-~:_:..o:•.ted val~ea _ for. non-tele-tered qú«ntiti~a. 

Aa Hated previously, a d!acuuion of a!athellllltic:.al 
procedures is not ~itnin tbe acope of thie report. An 
excellenc euC~~N~ry of SE and ·ito :»ethoda 1a given iQ 
the 1974 Proceedings of tne IfE! paper by Schveppe and 
!iandschtn. 5_3_ In rt!ferring to IDethoda in uaa at oye tea 
control cencera I vtll adopt the terminology of thie 
re ference. 

In. the world today, to the best of ray bovledge, 
tnere are five eyacem control centera with S! in oper• 
ationat" uae. · I w111 briefly describe uch St: applic:.a.: 
.tion ln •.che order of approda>~~te tiu>e of i::rp1e-ntatlon. 

. "" 
l. Tok(~ (Norway) • SE naa been in operation in 

thla contr;,l-: .;enter stnce ~.arch, 1972.37 Or!.glMlly 
the wel.ghted 1ealt squarea {\ll.S) 11>11thod wu usad but 
thia waa later replaced by the oequential or aLmpli• 
fi•d Kalman filtar approach • Althougn Tokke pretera 

this oecoad method for tbe1r small syotem they have not 
obtaioed equclly good resulte in simulatlons of larger 
ey~tema, 

The oatvork model consista of lO buaoea vbicb ia 
part of tb~ Rorvegian bu1k pover syatem. ·The ~ooure• 
meat set couslata of active and reactive line flova, 
bus lnjections, and voltage meoaurementa. The SE runa 
every minute uaiog che laet set of oeasurements vhich 
ere scanned every second. lo addition, SE ia sterted 
whenever there 11 a nerwork chaage. The purpose of 
the SE ia to: obtain the ~actor of bus iojectiona; 
check fo~ abaormal meterlns errors. !he vector of bua 
injecti-.na ia tben .uaed by a Nevton-Raphaon oo•line 
loa-! flow ·for oecurity acalyais end for deterroinin¡ 
cloaed•loop correctiva control for certaln line•outagee, 
Accuracy lmprov~ot io oot conoidered to be a major 
juatificatian for tbim S!. 

Bad data datoction ia baeed on che value of the 
aum of the aquarad ·residual&, i.e., the performance 
index, J. AfCer tvo consecutiva failurea of the J~teat 
procedurea are initiAted for bsd data 1dentiflcatlon 
baaed oa individual residuala, This involves 're·peti• 
t1oo ot the eatimatioo cycle, If tbis atlll fails 
after a fev attempta, a logic procedure ia initiated 
for determining oetvork model errora. 

2. Laufeoburg (Switzerland} - At the Laufenburg 
'control ceoter 1 SE h.as beeo in operation since Novem­
ber, 1973.56The AEP or "linea•only" metbod 1a uaed 
with aome slight modificationa • se runa every 15 
minutes or oo requeet for ~jor ayate~ cbAnses. The 
ai.te of tbe ~Z~Cdel ia 46 busaeo and che number of :neas• 
urosmcnta io 1Z2.· The resulta of the SE ia ua.ed for SM 
and tbe operator is informad of overloada or Óther cri­
tical coodltiona. The SE resulta are stored in a his• 
toricsl file for a 7•day pertod. This data ia avaU­
able to c:ompaniea vhoae linaa ara .representad in the 
SE modal, Th4 bad data detection 1s balea oo tne per­
fo~oce iode%1 J. At preesnt tnere le no expliclt 
bad data ideotification routine. On detection of bad 
data th4 operator ia informad vta a ouitable mesaage. 

Tbo S! routine tekea about 1·1.5 minutaa on the 
I.BM 1800 :._-~~~---------------------- .• 

3. Bokuriku (Japan} • At Hokuriku Electric Povar 
Corporotioo the ataca· variables for SE are tbe line 
flova. The =easure~nt aet coneiota of real and reac• 
tivu pover flove, real and reactive bua injectione,· 
and bus voltagea. The purpoae of che SE ia for aecur• 
ity monicoring aod for aecurity anslyaio of the 145 kV 
aod 275 kV norvork. Tbe S! consista of tvo eatimAcora: 
a ~-type eatimator for eattaAting tbe real-pover flows 
aod a'Q AC·t~ ut imator for ese 11Mting both ree 1 and· 
reactive pover flova. The OC estimator, which, has be en 
in ser1ice sioce Nove~ber, 1973 usea a veighted tease 
aquarea approach and ia run every 3 miaucem qr iro­
=ediately on a oetvork change. The o~ber of acate 
v~riablea ia 71 and the ~atimGt1on prcceoa takea 0.3 
aecooda on tho TCS!l.\C 7000. In 1'\e.y, 197.4 tbe AC e a t i• 
mator vaa added to oupplement the ce eattmator and 1s 
ruo every 15 mLoutoa. Tho AC eatimator uaee a sequen• 
tial calculation approacb and ta~ea lO oeconda ca run. 

Tho inputa to the atete eath:rat,ora: are lO·s.,coad 
averagu of t!ul 111111&aure-nta vbici\ are obteined from 
the ay1tem every 2·aecocda. ~e averaging routlne 
tokeo care of the problem of oon•almulcaneoua ~asure• 
=snta. lo thie coonectlon, the value1 d~aplayed oo 
tha car'a are the lO•aecond average& 1netead of :he 
rav data. se resulta au eubetituced for bad data. 

Holturiltu' a reaco_na for a tvo~atep _S! are the 
follouio;: 



Thc act of locat1one of real power meaeura­
mento ia cot· tne oema ao tbat for reactive. 
Thet 11, on &ome linee only real power ie 
meaaured. 

The reliebUity required for reactive !'O"er 
dote ie not os otringent ae for real pover 
data. 

• . The OC•type S! runa uo fast thAt it aerveo e~ 
a quick check for bad dato detection and iden• 
tificatioo purpooea. 

The experience wtth the oc eotimstor haa beeo very 
good for bed data detection. The bad data detection 
of the AC eotia>ator, iB oot ao good. 

4. Interbrabant (Belgium) • At Ioterbrabaot, SE 
h&a been in service et the control cantar aiaca Novem­
ber, 1974, after about a year of expor~ntetian. The 

·Sit uses the llLS method eod a 100de 1 o f 120 buoeaa repre­
senting the JBO kV, 150 kV, and 36 kV aystem·. Tbia ie 
the l¡agest·dimceaiooed SE in operation. The prf.mary 
purpoae of SE ie to obtain the vector of bun iajec• 
tiona. The number of rneaourements ia.over. 350 and ia 
e mixture of approxf.mately 25t real aod reactive pover 
flovs, 25t real and reactive bua injectiona, and 
nearly 507. line currents. There ara alao 17 voltage 
~aaurements. The measurementa era meanned evory 3 
seconda and ari averaglng routine calculctes 15-minute 
average& of all readinga. 

SE runa every 15 rnlnutea, ar vheoever there ls e 
netvork changa, uoing the 15-minute average of tho 
rDOt&aurement set as input a. ·Hovever the abeolute· de• 
viatiooa of the inputo are firat checked agaioat the 
last eatlmate. lf the maximum davi.ation l.a laeo thao 
a preacribed valua SE vill not bo run. The SI runa 

1 for about 3.5 111inucea on the Wootlnghouae 2500. There 
18 no bad data identlficatlou routine aa yot. 

The bua icjectiona ealculated by tho SE ara uaad, 
together with prevlouo SE roaulto, to forecaat bus in• 
jectiana for the next 15-JO miautee. Uoina thlg pre• 
·d lcted bus loada, an on-line load flov ia run to yiald 
the baee caae for aecurity analyais. 

S. American !lectric Pover (US) • A!P dovolopcd 
the "linea-onli' approecb la 1970.~ Thia ia coaaidorod 
to be the faateet SE method avatlable. Expert.eotal 
reaulta were obtained auccesofully ¡or a portioo o! 
the A!P syatem in Septe111ber, 1972, 4 but lt va• oot un• 
til January, 1975 t~at SE wao placad lo aervice 1rt the 
control center. Thia ia llluatrative of the timo gap 
I mentioned earlier, betveen tne development of an al• 
gorithm and lts actual implementatioo in real•time. 
The purpooe ·-:.f SZ ia for the ucurity 110nitoring of 
the EHV netvork (345 ~V, 500 kv;. and 765 kV). 

The SE model conalsts of 6J buaaem aod uaaa a 
meaaurement ~et of 123 pairo of line flavo and one 
voltage. Meaauremento are periodically gothered every 
5 ~inutes. In addition ~aauremonts are obtaiaed vben• 
ever there la a circuit breaker status changa. After 
the meaaurements are received, a c~i-aquare test is 
msda uoing the nev =aaaure~ntl and the resulta of the 
previoua SE to determine if a new SE la needed. AEP 
hoe found so fer that on the average the chl•square 
teot la· peaaed 50': of the timo. The total ruonina tiJIIc 
of SE lo approximately 1 =inute on- the IBH. 1800. ~p 
believea th,1•1'Could be 1mproved with a faster-ac:cooo 
diak. 

Tbe resulte of SE ere diaplayed on a 4-CRT coa­
poaite pictura of the Al':P netvork, ahoving the real 
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end re~ctlve pover flavo and the bue voltage magnitudes. 
00 operator requaat the voltage pnaae englea or the 
lino ampereo cma be ohovn oo tbe CRT diagram. The S! 
resulto aro aloo uoed to. updote tbe dynamic well die• 
play. Brcaker atetuo and dlrectiooe af pover flovo 
aré iodicated. · Part of the SM function ia·to check 
the fl~s againot uecurtty limita. Wñen e limit io 
axcoaded the line la shovu flaehtog ou the vall dis• 
play. 

Tbe SE uses tho chi-equare teat for bad data de• 
tectioo. If thie test failo, lodieotiag bed data, the 
1deot1f1eotioa rout1ne is rcn. The b~d data identifi• 
c:.atioo hacl- been fouad to be ver¡ good. It doea aot 
vork for a .radial lia111 in thm oease tnat vitb only evo 
114to of a:eaoure~~t~nto 1t 1a oot posaible to identify. 
whicb end iD in error. In euch a case, botb meaeure• 
mento aro fla¡god os b&d,66 

AEP poinro out the vmlue of SE not only for ob• 
taioing misaina noo•talametered data and for bad data 
identificatioa.but aloo for providing accurate voltage 
magnitudea. r;nowledge of the actu&l valtage levela .. ac 
vhich the &KV oacvark ia operating la of great• Lmpor• 
tonca to the A&P operator. Thio io o oigoificant poiat 

,about Slt applic:.ation since voltage meaaurementa are 
generally not of high accurscy. 

aalaxtas our definition of state eotimation, ve 
find evo emmplee of what uy be called partial otate 
eatimatioo. 

At '!DP', o DC·type otái:e eatf.matar, 1.e., 'for eeQ 
ti:dtiag pbDoe aoglem only, haa been in use aince 1973. 
Thie eoti=ator runo evary minute or on a oetvork cn&nge, 
aod 1o usad for oecurity monitorios of real power flowo 
end 1njectloao. 

At CZCB, atn·ca 1972 tboro hao been in aervice a 
ayotematic logic ~outi~e f~r cro5&•check1ng status d&t~ 
vtth aD4lo& Q48aure~ata in order t~ valldate düta and 
to ut.abUob 'tbe natvork coofiguratioo. A OC loao 
flow 1o tboa ruo aad the resulte are compered witb the 
meaoureceotu. Oiocrepancieo beyond a certaio value are 
notad for tbe oporator to look into.36 

Th4 abovo exampleo of actual working stmte eeti·" 
mation npplicationu ohould be ~ovincing avldence that 
the concepta th&t Scbweppe and otnero have brought 1n 
from estimacioo tbeory coa ladead be applied to power 
•ystoso. What is more lmportnut ia that tbere are real 
adv~ntagea to be gained. Speciflcally, the1e benefits 
aro: 

b4d dato 1dentif1cnt1on 

calculotioo of ooo-telemetered oT mtosing 
date 

ofltsbUstuDent of bue caoe for aecurity 
n011lysis 

batear quality voltaga '"readinge" 

I hav.e ideotifiad four, real, proctical benefitc 
of st.ota 1115t1ac1on. Theoa are more than enougb rea­
IODI for rOCOIIDIIIad108 Che consideration .of Btmte eati• 
aation oo a nocaoaary pare o f oya_tem• control eeatera. 

Moto thst tba only opplicatioo program tbnt uoes 
che rooulta of otate eotimation ia aacurity onalyoio. 
Hote olao thJit except for the voltage ICOlgnitudea Lm­

provod eccuraey Lo not clalmed by the present procti• 
tio·nara to be ono of the m<~io benefita of otote eati­
macion. Probobly tho moot i=portant aapect of atate 
oatiJl>Btion is b4d daca idenciftcatlon. Tbis olone 

. < 
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could be a wo~thvhllo just1ficatlon for 1nclud1ng otato 
eat11114tlon t.a m syatea control ceater. 

aeferrlDB to TabÍe 1, Appendix A ve find 11 eye­
tem control contera plaauing to havo the otAte estima• 
tion func:c1oa. Of tbeee, the ceater that iB probably 
c:loaeat to ~iementt=& SE la Bonoeville Pover Admln• 
1strat1on, 47 • 

Ou•Llne tosd P'low {OLP') 

By "on-¡i.ne load flov'" 1 4o 110t M&ll a toad flov 
that 1a ~de available to the óperator for plenning 
or study purpooae. However such e load flow ia rua, 
either by convencional batch proc:eoaing or iacerac­
tlvely, it la atill ea off·line load flow, An oa•lino 
load flow (OLF) ia one whic:h 111 uaed for real-tima 
func:tions auch ae eecurity =onitoring, aecurity analy• 
eis, and penalty factor c:alc:ulation, and ean al&a be 
uoed for scudy purpoaee. OLP .,.l<•u uae of roal-tima 
data, 

In the.previous aectióno ve havo montioned caeos 
of OLF eppllc.atione. Sec:urity analyaia, vhich vill be 
diac:uaoed. later in the nex.c eectioo, conoiata of C:Oil­

t1ngency eva!uation and correctiva ac:tion 1tratogy. 
OLF mey be uaed for one or ·both of thuo func:tione. 

The 0LP requiree a vector of bus 1njec:tioaa, In 
the general case, the bua inject1oa11 4re e&lcul.4tod 
from stetl.atic:al data obtatned on•l!.ne and uome off­
Une nistortcal information. In :he prec:edins uctioa 
we dl.acusaed how at three control ceatera tbe bus load 
injectiona a~e obta1ned from the atete eatlmation re­
sulta, These injecttona are ueed •• they aro or are 
norVoaliz:ed co.produce a set of lolld diotributioa fac• 
tora. Theae diatr1but1on factors :ay be projected to 
a futuro tL=e for pr~dtctive purpoaee, 

At present the c:onLrol uncera ueing QLP are ·tbe 
fo llowing: 

1, CECB • !be OLF at CEGB ie a OC load flov vith 
about 250 nodea. !hil has beoa in uao aloca 
1970 end, os an opereting tool 1 ovan boforo 

.tt&at ti-. The OLf la run ev11ry ZO minutes 
to eetabliah the b4ee caae for aocurity enaly­
sia. The OLF ia elao uaed for contingency 
evalu&t ion. Be fore thia function 1s atarted, 
houever 1 che bao o case OLF reaul ca ara firat 
ca=pered vtth the telewetered data aad eay 
diacrepanc:tea are bro~ght to che 4ttont1oa 
o f che o pare tor. 

2. Houoton Lighting & Power - The OLF at thil 
c:cater ia a Cauae•Seidel load flov for 344 
hueeao ond hAa been lo uao aioce 1972. The 
OLF ia uaed for co~tingency evaluation end 
ia run oaly upon operator'a roqueat. 

J. Tokke • The OLF at thil center uaeo the 
Nevton•lt&phaon method, tbe 1nject ion o be!na 
obcalned from the SE, The otr combinad Vith 
~oce logic for correct1ve action atrategy in 
aecur1ty eaalyois. Thia otr haa beoo ill 
eervice •.lnc:e 1972. 

4, ~nwemtch !dison- At thio center e 
~evton•RAphoon load flov l1 uaad for OLF and 
hao been tn oervic:e eince 1973. I'he ayatem. 
alzll< 1o 500 buaau. Autoa>lltic:ally, every 10 
m1nutaa after the hour, OLF ·runo to goaoraco 
tt>e aec:urtty analyais base c:aae aod alao to 
perform the contingency evaluation, ~o baeo 
c:aee run.tal<ao about 2 minutoe oc tbo Slgms 
5. 

~. CRI o The OLF at thiB c:enter haa"beell 1n 
eorvi~o oinc:e 1974 and la che firat reel•tl.me 
oppliestion of Stott's Faot Oecoupled Load 
Flov.50 Qriginally, a Novton•Raphson load 
flov vaa al1110st resdy for OU' but th.h plan 
vae diaeontinued vhen Stott'e load flov vaa 
vertfied to ba more efficient in atorege and 
apead, The .OLF lo for a 2JO bu a aystem and 
tbe base case taltes 5·6 aec:onda on che Slgm.a 
S. Actually, the OLF 1o uaed aa a aubroutine 
of &n optimum pover flov (OPF). That la, the 
load flov oolution 18 elvaya so optimum oolu• 
tton. eence the true aolution time 1s mora 
llko 40 saconda, In a atudy =ode 1t ehould 
alao be ponibla to run tbe OLF ao a atralgbt•. 
forvard load flov but thia b.ao not beea i.m­

pliiiiiGnted yat. 

.Tbe purpoee of the OLP, or more c:orrectly, 
OPF

1 
io to eatabliah tbo bese caoe for sec:ur• 

ity analys1o aad for penalty factor c:alc:ula• 
tiou. The OL1 routine vill also be uaed for 
continaoncy· evalUAtion in security ea.alyoio. 

Tbe bua 1aject1oa• to the OLF are obtained 
fros diatribution fec:tora derived from s­
minute averagea of real and reactive injec:• 
ttona, Non•telemetered iajections are c:el­
calated using diatributioa·factora obtained 
off•lloe, 

6. Intorbrabant • The OLY at this center ~h1cb 
haQ beeo io aervlce aince 1974 uses the Z·Bus 
mathod vith triangular fectors ratner than aa 
ozplicit Z-Bua calculetioo. The OLF ia run 
eutomat1c:elly evory 15 minutes folloving SE 
and che buo load foreeasting routiae, as 
described l.n the prec:eding section. The ep• 
~roxtmAte runniug time ts 6 uecooda on tbe 
Wamtift:houoe 2~00, After the base caae run 
the OLP io uaed for contingency ~valuacion. 

7.. EDF • Preaently a OC load flov ia uaed as the 
OL1. Thil io uoed for contiagency evaluation 
1n aecur1ty all4lyaia, 

The on•l1ne lo&d flov is o neceosary function for 
syotn control ceacera. It ahould not be interpretad,. 
howevor, ea ·aupplanting atete eatL=ation. As we hove 
aeen, those evo fuactiona serve different needs, 
S tace the oa~line load flow usem. bu• injectiona whicb 
aro etatietic:al in origln, the ultimste OLF ahould 
&iva. nuulta vith aoma ltind of otatiecic:.al interpre• 
tation, i.o., an stocbaatic load flow, We are not yet 
there vttb tha pr~aent state•of-the art. Koweve; ·che 
baeic fonDUlation of the CLF for pe~lty factor cal·· 
culetion, for evtabl1shing che beae ceee of &ec:urity 
analyclo, ond u an altarn.ative ,.chod for· perfon:oing 
contingency avaluat1on !.a of volue now at ayotem con• 
trol cantero. Tbe etoc:haatic l04d flov vould be val• 
Wlblo for pradictive•typd analyoee and also for sec:ur­
ity moaJ.torins lo che 11baence of stata e'acwtion. 

Duo to be 1n &Jervic:e in the oear futuro ia the 
OLP' for Kiddle South Servic:es. Tbia vill be~ Stott'a 
dacoupled load flov of obout 900 buasea, Tbe program 
io 11,ed for 1200 buseea, The OLF vill elao be uaeó 
for contlogency eveluation, 

Lastly, a word about the 1aduotry'a only experi• 
enea with a nybrid load flov analyzer, Io 1970 the 
Nev !aaland Pover !xcbsngo iaatalled a hybrid aystem 
to do tho on•line load flov enalya1a, The purpoae of 
thia piooeerinc 1netallation wae te gein experienc:e 
for pooo1ble future uue of tba hybrid C<Jncept. Por 
che leat yaar or oo, H!PEX h4a aot been uaing the 
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hybrid due to e oevere eomponent maiatenance problem 
and the difficulty of makin¡ updateo due to hardware 
inflexibility. 

Steady-State Security Arullyaic !§Al 

The fir't function of securicy enalysis (SA) io to 
deterUÍ.ne· whether tbe nortnal aystem lo oecure or. ~ns111·· 
cure. The seeond funet ion ia to detenaine whst cor­
rectiVe· ection ·acrategy ahould be tekea vhen the IJyatem 
1_•~ l.nsecure •... 

The firmt funct1on ia commonly known eo coatia• 
gency eveluation ainee, by def1n1tion, the oecurity of 
e aystem is detormined with referenee to a set of next• 
·contlagenciea, In present otate-of•the•art, oaly 
oteedy•state contingency evaluation ia done at ayotem 
control centers. Tbat l.a, the emergency coadition that 
is to be avoLded 11 overloadtng of equi~nt or poor 
bus volteges. There lo still notbing in t~S vay of 
dynamic security analyaie, A recent paper reporta 
on the results o f. e atudy by Tokyo Electric Pover 
Company (TEPCO) oa faot, dynamic security analyois. 
The resulta look promising, in fact, exctt"ing, but 
TEPCO has no pleno as yet for implementing thia func• 
tion on their control center, not uattl after.further 
etudiea ere made. 

The e!rliest method uoed for coatingeacy evelua• 
tton is the dlstrtbutioa factor method dertved from 
ele!Dents of the X•bus ~~>~~trtx.l6, 18 Tbia a>ethod ta 
used at; Hichigan Electric Pover, PJM, Tokke, Hev 
York Power Pool, aad PIÍiladelpbi.a Electric:, 

Tbe OC load flow la uaed for contingency evalua­
tton at the CEGB and EDF control centeru. 

At Houaton Llght1ng & Power, the Gauuo•Setdel OL1 
js run on demand to evaluate a atagle coattngency, 
Eac:h cont~ngency requires 4 eepsra:e requeat, 

At Commonweelth !dtaon, tha Newton•RApbson OLP 
mekea a contingenc:y aaalyoio avery hour. !Wenty con• 
tiagenctes are examinad snd there is a built•ia flax­
ib ility for · mnua lly ChaDSJ ing 401118 cont tngenciQIII in 
the set. The vhole procesa of conttngeaey aval~ttoa 
takes ebout 20-4Q minutes. A untque !esture at chis 
center ts the parttal on•ltne update of the l.atercoa­
nection eGuivalent, A ward equivalent io developed 
off•line, aa a plsnatng reaponatbility,· for a normal 
exterMl confl.gurat ion with critic:al linea retaicad, 
!very ctce the contingency evaluatioa ta otarted the 
OLF in t~e proceas of eatabltshing tbe base caae ad­
justs the equivalent injectiollJI "that tha tie•ltQQ 
flowa in ene ~del catch tbe meaaured tie-line flove. 
Ext~rna 1 ;¡etvork chaagea are -handled EUau.ally, 

At Interbrebant the OLF io run avery hall hour for 
contlngency evaluation with the aid of che eu¡erpoai­
t1cn princtple, A standard set of about 40 coatingea• 
ciea ia used. The contingency evaluation can al.a be 
run as afeen as tbe S! is run, vhtcb 1o avery 15 min­
utea. At present, tvo aeta of tnt~rcoane~tion oquiva­
lenca, <leveloped off·line, are ot'orad in the C011l{'utsr, 
Tbeoe repreeent rwo differeat operati"! condiciona; 
It is planned to 1tore one or two more equivaleat•. 

Ccntingency evaluattoo by an OLY ahould be !.m­
preved w.ich the uu of Stott' a Yaat Decoupled Load 
rlow, Thh applicetlon ta neAriag co"'Pl•t1on at CXI. 

. .... 
There U/so far, in ayate• c.:>ntrol centoro in 

operation or under devmlo~nt, no appra.ch to tbe 
ateady•otate ·equivalent other tb.an tbo traditioGal 
Ward equivaleat, "There io alao no -thod yet de,.aloj)ed 
for obtaining the interconnection equivelent in re~l­
time, The. clooeat to an on-Une e~Lvaleat iD thDt 
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of Co~a~ealtb ediaon. 

As dtscuooed in the Introductioa, the apaco of 
fcooible normal otatno msy be partitioned into aecure 
ond iooocura regiona, Tbio, of couree, la a dynamic 
ottuatio~. Aa the aystem generation, load, and topol• 
ogy changa· oo doea tho CpAce of normal otateo and oo 
doee che bouadary be~~en ~cure and.inaecuro regiona, 
In fact, either region could be e null aubapace. 
Cleerly, oo oyotem.coaditions change the contingenctes 

· 1n tl:o next•c;ont~gency ut wllt~h y1eld 1nsecure 
operating points aleo cbange. U at timee the oyotem 
ia very at::or.g tbs.t co coaei:~gency in tbe Mx:• 
coatiageacy eet can ceuoe an emergeacy, the insecure 
region h null and coatingency evalUlltion te not re• 
qui•ed, At otber ticae only certatn contingeaciee 
need be evaluatad, This leade ua to the idee tb&t ~e 
obould have a core ociontific or oyatemattc ~ey of 
dotennintng, every timo ve do conttngency evaluation, 
vbich contingeactea ve ahould ba looktng at, ~e =isht 
call thio deoired function, "edaptive coatingency 
evralw:~tioa," • 

It io quite ~ommon for pow&r oyetem networko to 
havo multi•terwinal lineo, ouch ao linea vith a tap 
far a traaefor=ar connection. Yor a 3•terminal line, 
a line outege would ~ea en outage of tbree load flov 
branches aad the iBOlatton of one node. Thta fact 1s 
often loat sight of by a aof~are ~eeigner with little 
pover ayotem background, The coatingen~y eveluation 
progrem gttD erroneouoly developed on the basta of a 
liae outÁga betag a brancb outege in tbe ·Load flov 
8tUlDt! 0 

Tho iecond part of oecurity an.slyets 1B "corree• 
tivo a~tion ocrategy." If the aystem te inaecure, can 
it bG m de oca cure? If Do, hov and st vh.at cose~ If 
we don't take correctiva action now, when ~111 oondi• 
tiona iDprove? Suppoae the syutem 1• nov ineecure and 
ttere ia no vey o! caking it secura, how mucb lo~d 
voulc be ~bed o!' ~?C to ha ahed 1~ ccae t~e eauaative 
coat1ngeacy dooo oc~ur? 

.. -. 

TheOG quootions aro actually related to operating 
polic:y, In acmo orgen1~t1ona euch ae EDP ead C!CB it 
io e mattar of policy to aeep the ayatem oecure regerd• 
loso of che e:w:tra ecae of doin¡ 110, The rule io that' 
tbe syatem t!IU&t alwcya be operatod on an ''n-l" baBia. 
The preventiva action 1o determined by nm.ning security 
conGtraintod optimizetion programe in an off-line com• 
puter, aeveral boura to a diy in ádvanca, 

02timum Pover Flaw (OPP) 

Aa optimum pover flov (OPF) la a steady ateto 
eolut~on to aa optimi~tioa problem vhere the load 
flov equationo aod· limito on ayate= varioblee end on 
functtonm of tb.eae varl&bleo coaecicute tbo se~ of 
conotrainta. 

At preoont the only ayatam control center wt:h en 
OPY in serv1ce is CXI. The OPY ie ueed, with the OLF 
aa o oubroutina, to produce e real-tLce be~ case for 
pdnalty factor calculation end eventually for •ecurity 
analyst•. !be OPP at C!I tu a o~lifted formulation 
l.n thAt toaquality conotrainto related co uyatem se• 
curlty c:.anoot be bandled. 

~t lo cooded at a eyotem control eeater io an 
OPf Yhich can bo uoed for deta~ining corrective.actioa 
etrotogieo~ In aptto of the large aC>Ount ot work al• 
raady dono io optimiaation tecbaiquea for powe~ ·oys­
tema,S5 thore 1m no applicatioa ea yct for aecurity• 
eoaatrain.od optillli:z:atioa, 
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Automat1e tv•t~~ Trouble Analyeta (ASTAl 

The Automatlc Syet~~ Trouble Analyate (ASTA) func• 
tion te untque vtth CEI. ASTA ia a loglcal procedur~· 
for analyziag circuit breaker trlppings and recloo1nga 
and protective relaying opcrat1onal4. ASTA tdentifiea: 

Faulted circuits, permaneot and temporary 
Primory and backup relay operat1ona 
Breaker failur~a 
Breeker misoperstiona 
Prtmery relay failureo 
Prlmsry relay misoperations 

Beaidee a:I, the only o.ther control centen vhicb 
monitor protecclve relaying operatioua ere lo Japan. 
At Kanaai, tranamiaaion llne relayo, primary and back• 
up, are monitored. At Hokuriku, tranamiaaioo line, 
cranaformer, bus, and generacor relaya, primary and 
backup are monitored. In both cencera, relay opar• 
ations are dlaplayed on a CRT l~at or on tha .all dim• 
play. No other procaasing la done. 

On•Llne Short Círcuit Calculation (OSC) 

·rhe function of an on•line ahort circule calcula• 
tion (OSC) la preaently·unlGUe vith CECB. OSC ia run 
automatically every JO minutes or on de~nd to deter• 
mine th~ maxlmum sh~rc cir~uit duty at each bua and 
compares the nu=ber with che awitchgear ~ating. Aa 
alarm ls inttiated when exceulve aho~t circuit dutiee 
are founó anda auitable display la preseoted to the
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ope~ator; CEGB haa a considerable amount of coaft&u• 
ration flextbU ity plus e wide var1at ion of geaeration 
patterna. 

A similar applicatioa 1G bein& planned by lW!, 

E~rgency Control (EC} 

There are a f~ scstrered exe=plee of emergency 
control (EC) in aervice ac ayatem control eentera. 
Theae are closed-loop controls which automatically 
initiates load shedding, generation •heddina, ayatem 
aplitting or llne tripping in ~rder to relieve over• 
Loada, to restore generation-Load balance, or to pre• 
vent cascadin¡¡ aituations. 

Load shedding by' computer ia quite. c:oalllon in 
Japan. This is ia addition to local underfrequency 
relayo, 7he ~urpoae of chis emer¡ency control ia to 
relieve overloada oa transmtlaion Linea and tranaform­
ers and als.:> to :lll!llntain generation-Load balance in 
subareaa. o-~erload nlay operationa indic:.ating one or 
~re Loadin¿ levels are moaitored by a control center 
and che.corrective actton acrace~y ia determlaed. If 
load sheJdlng la requir"d the sl.gnda are aent to tl\e 
approprlace staci.:~ns. Preseatly, in ]Gpaa, thio func• 
ti~n ls i'aplea.mted on .o loul control cencar or dia• 
trice nffice !lasis, except at Hoi<urilr.u. The !C at 
Ho~urlku has b~eo in service aince 1973 aad iacludeo 
both load ~heoding and gene~etor abedding, In orde~ 
to avold mlsope~ationa, the load shedding aignala are 
aupervlsej locally at che ~eceivir.g etation by undar• 
frequency relaya or by overload relaya dapendlng upoa 
whether che need to ahed load 11 to uintain generatio~ 
load batane~ or to relieve ovarlo4ds. 

At Tolr.ke ther·o •~e two l!C fuac:tioaa. Ooe 1a auto• 
matic generator oheddiOS and/or liaa tr1pp1Q8 oa the 
occurrence cf certain line outagea in order to avoid 
overloads. lb~ other ia the autoHtic reductioo of 
generation if powor oacilletiona are detec:ted on che 
traoamlsaion lineo. For. thia oecoad function, powor 
flow .meesuremeaco ere taken evary eo 111illiloC4nda. 
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At r~t a limited EC la in service. Und~r certain 
oucag-, coaditioao it is pceaible for the lo•dinga of a 
epec:ific aet of linea to exceed theit emergency rotiriga, 
Should thia h&ppea che EC will ac:t like a backup over• 
eurreot relay with a pickup aetting and a definite time 
delay of 50 ae~nda. After tl\e ti~ delay the EC will 
aend 4 ai304l to trip the appropriate broeker whicb 
vould relieve the overload, 

Automatic Circuit Reatoration (ACR) 

AutoiiiBtic c:ircuit reatoretioo (ACR) la not. in aer• 
vtce.yec but it ia a funccioo that is worth mentioaing 
to Uluatrate the poteatial of a ay&eem control center 
for soma typo of ~estoratlve action, Strictly speakin¡; 
the re.Lwratioa of 4 circule ia aot tbe same aa r~otor­
ing load but, c:learly,·circuit reatorecioa ahould bene­
fit ayatem aec:urity. At CEI the functlon is planncd t~ 
aupplemeot local autot:~atic rec:losiog fuaccio~U. If lo­
cal reclosing 1s uoauccuoful the ACB. wHl attempt to 
reatare a c:ircuit after maklng all aorto of cbecks to 
easuro that 1t ~ould be oafe to rectos~. This func:tion 
Le ouperior to a aecond•ah~t auto=at1c reclooiog since 
te ie baaed on a more compreheaaive pic:ture of the 
atatua of the ayatem. 

Supervisorz Control (SBC, SVC) 

Superv150ry control la aot a aew operating func:tion. 
Ita intagratiou into a ayatem c:ontrol·center ia oew. 
Sin ce supervhory coatro L la a ""'nua 1 function it is ex• 
erciaed via tho maa-=achiae interface or the display 
aubeyatem. Soven of the control cencera in sarvice havo 
aupervisory control of clrcuit breekers (SSC). Soma of 
theoe aluo havo auperviaory control of voltsge regulat• 
lng devicaa (SVC). I1lers • re aOIDS otber uses of super• 
visory control auch ao tor atarting and ctopping o! 
uaito. 

With superviaory breake~ control tl\e operetor at a 
ayatem co~!~ol center ~4 thL 4~il!ty to open ur ~loac 
breakera ~~r load chaddiag :od "oad reQ~oration 46 ~ 
MDU4l type of emoergency control. SBC Q;t.y __ alao be uaed 
tor ayatem epl1tt1ng. 

DI!SIGN ST11.l1CTUR.l'!S AND C!l.I!ERIA 

Comput'er Hiararch iae 

Ooe diatinguishio¡ featur~ of modern aystem control 
centera 1~ the ieplementstion of computer hierarchtea, 
There ara aeverel Z•level hiererchies conaisttng of a 
ayat~ center at the top level aad division (or mecber 
.compeoy) cento~a at the lower level. There are 3-level 
hiararchiee auch ae that of Hiddle South Servicee or of 
Caaeral Public Utilitiea. !he letter ia ia cura a part 
ot a 4-level nierarc:hy wtth ene P~ center at che top 
leve l. 

Progresa ia data c:ommunicat1on technolcgy hao fos­
tered the growth of compute~·to-computer !nformation ex­
changa. System control cencers ar<'! juot beginnic:g to 
tap che potencial of theae data links for secur1ty moai• 
e orina purpoeu .• 

!lemeata of a Syatem Control Ceater 

A ayatam control center consista of che following 
elemento or aubayotemo: data-ecquisition and cootrol; 
co=municatiooo; computara; display; software; uninter­
ruptible power aupply; the building; and peopla, The 
cowmunicatioa channela, ene power supply, and the build· 
iDa facilitiea dest&n era all importaot to the proper 
fuact1on1aa of a control ceater but I wtll not dl.scuu 
tbam ia th1G report. Tbeir deaign requiramentu are not 
ao 1atim4tely woven tn with the control deaign problem 
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ao thooe of che date•ecquiaition, tbá computar, tbo 
dioplay, and che sofrware subaystemm. The succeasful 
tmplemontation of functiona 1uch as thoae deacribad in 
che precedlng section, in terma of tha control center 
hardware and áofrware elemental h a difficult daGign 
problem. 

Deaign and Performance Crtterta 

Before ve look at the deaign coueideretiona for 
each of the component subsyetema ve obould firat e&• 
omine ·aome overall criteria. 

The three axut importent deslga and pnrfonr.anco 
criteria for a syetem control center are: .eyetem 
reeponse, 1yste111 svailability, and &yetem uintein.ebtl• 
ity. 

System response ia meaaurad in ter.na of reaponoe 
~~ ~- ~~~t 1me~-~Iaxaed·1a te-- re sponee- to -en~opera t 1ag~problem---­

ohould be a basic capab~lity of a ayatcm control cen• 
, ter, Faat responoe 111 wh.at ~~~akea· e real•tima oyste111 
''real-time ... 
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Response or re.sponae time iB the leagth o f ti!M 
it takes from che instant a function is requeatad un• 
cil the instant the outputs from that function are 
available, The response time requirement dependa upnn 
the nacure of the function in queation. The actual 
response time obtained depende upon the apeed of the 
hardware facilities, the speed of program execution, 
and the tengch of time taken up by waiting in qu4ues 
and by incerrupt~ons by higher•priority functione. 

In a ayatem control center the reoponae time re• 
quirementa may be divided into evo bread categoriea 
corresponding te critical and non-critical functions. 
Crltical functiona require fase response times in tho 
arder of milliseconda to a few aeconda. Non•critical 
functtons can have slover respona·e timaa, in che order 
of severdl seconds to a !ew min~tea, 

System availabtlity ta mesaured in terma of the 
av41labtl1ty of operating functiona. Symtem aveilabil• 
ity depends upon, but is not che aame aa, either hard­
ware reliability or software relisbility, or both com­
bined, The meaaure of ayatec availability elao dependa 
upon aystec reapoqaé. For any given function, che 
availability, A, ia given by: 

A Aveilab le Time 
Period of Interese 

Uaave ila b le Tilllll! 
Perlod of Iatereat 

Unavailable time io the total time during the pariod ot 
interese ~Jhen the function ia not availeble. Any time 
beyond the ~ximum preacribed reaponae time of a func• 
tion \s also conaidered as unavailable, 

It ts an extreme design requirement to apecify the 
same avatlab1l1ty for all !unctiona, critical and aon• 
crltlcal, An overall ayscem avallabillty ia difficult 
to define lec a1one measure. Be!!Údu it doea not n.ac• 
esserily ensure a good response and availability of a 
crttical function, Availabtlity of a single critical 
function ~r of 8 number of critical functiona ia a 1110re 
cractabte concept, A critical function wbicb ahould 

/ hove a. ~igh· avallabllity ia the man•,...chine interface, 
The avatldbllity of this function coulá be uaed aa a 
si.J:Iple, readily Q)l!saursble ·criterion for aystem delign 
and perl'o~.!l'h. The thinkin¡ behind ttiil ia that ea 
long as che man•machine interface ia aveilable :be 
operetcrr ta.o. noc coarpletely helpleu, 8vDn 1f other 
operating functiona are not ~rking, the operator could 

do aomer~tng ~nually if tbe interface io tbere to pro• 
vide ·•o= f.ntor=ntion a na· to pet'111it maaual correct ion a. 

It would nlao be reaaonable to apecify different 
availebilitiea, auch as ene for critical functions and 
anotber for non•critical functione. 

Acbievement of good reaponae and high evaf.lability 
should be pur~ued from the very etart of ayatem deaign, 
through imple~ntation, and during the life of the aya• 
tam. Very much a factor in thia achievemeat ia ~ 
msintainability, The levele of response end evailab1l~ 
ity are obviouely affected by hardware ead software 
mstntenance. The repair ti~B followiag hardware or 
failure• depend upon the maintenance capebility, dieg• 
noatic e4da, and equipment tbAt are aveil4ble to lllBin• 
tenance peraoaael. Preventiva msintenance, eyate~ de• 
bugging, corrections, updatem, teses, end enhancementa 
are on•going activitiea which have to be performed 

~~ueiag.cthe-computer~ayetem~facilitiea,.-o The-ayatem-de•­
sigo from the very beg1na1ng ebould provide for this 
.type of work te be done et nny tima with little or no 
impact on the performaace of the real•time ayste111. 
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Software ml!liatenance could be a aert.ous prob.leál in 
a ayotem cootrol center. even with an •dequate ataff 
of trained people, it ia highly advtsable to have 
enough computarized llldintenance and testing 4ids in 
arder to reduce significantly the time required to do 
~~~a{ncenanco, Juat like syetem reeponae and availabil• 
ity, ayotam =sintenance muet be designad tnto che sys• 
tem at che otart and not aa an after•thought. 

THK DATA•ACQUISITIOII AIID COin'ROL , 
SUllSYSTI!:M 

The dato•ecquiaition and control subsystem con• 
oiote of: ra1110te teTl!linal aquipment for lnterfacing 
;iitb power ayotem instrumentatlon aod control devicea¡ 
1nterfacea vtth com~WniC4tion ch.annels; and. master ~ 

1tetion eq••ipment for incerfacing with the a.yatetll con• 
trot center, Ia come centero a r!edic.ated channet .te 
aeaigned to each remete statioa. In others there ara 
leeD channalo thAn remota sc.attons requiripg more than 
ene r~te to abare a chanDGl, Analog data ia acsnned 
periodtcally in· the order generally of 1 second ta a 
few seconde, J!:ach ac.aa ia trlggered by the ayscem 
contra 1 ceater a t the pre ser ibed iaterval by iuu ing. ·a 
requeot to all remota otationa to aend in data. Data 
ia rece1vad at tbe master aquip=ent in 8 random order. 
Tbe hardvara equipmeat Yhicb converta the bit•aerial 
data into a bit•parallel word does error•checking and 
r~iaem an interrupt to the co=puter for eacb word re­
ceived, Thora are two approachea te thia: one ia to 
bave.a·single iaterrupt for all chanñele; the other is 
to hAve o!WI hArdware int.errupt for each c.hAnnel. The 
eiagle•i.aterrupt """thod requireo polling by a software 
routlne to tiD<I out where the data word come from. "Tha 
aoultiplo interrupt epproach resulta ln a much better 
reaponae time due to the very faat interrupt proceseing. 

Status data lo aleo proceaaed to·the eame way as 
atl4log dato except that there ere two waya of reporting 
atatua chaagea. The firat way la to aend ln all otatua 
1ofon>11t1on from ell remoces ac the raqulred intervals 
regardlesa of whethar· or noc there h4a been a change, 
Thie apprOAch requireo a software routine at the ayatem 
control center to check each new status wtth t~e old 
atatua to determine any ch~nges, Con1idering che very 
larga oumber of etatus poiato that 'is mooitored tn a 
pover •yat11111 thio approach re,preoento a stuble .burden 
on the central proceasor at che control center, The 
••cond way ia te seod atacua data from the remete only 
wh~a tbere hao been on actual change of ·Otetua, Since 
non>ally the •yatem 1B quieacent .tad aJ.nce, if chere ere 
a.ny status changaa, oaly a certein number of atations 
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are in~lved, che áe~ad mathod resulta in a betteT 
overall aystem response for the same amount of computeT 
reaourcea. Therc are, hovev~t, many oystema in aer• 
vtce vhich use the continuoua acatuo sean approach and 
which apparently are not bothered by chis processtng 
overhead. At leaat 1 aot yet. Raving a not-so-frequant 

· acaa helpa. fsaigntng data-acquiaition to a front•end 
computar aleo helpa. 

Tha use of front•end computara for the data­
aeauisttion .funccton ia a deatrabla option as lt off~ 
loada the ~ computara which would be. doing the reat 
of che real-tiene functions. In somo eppltcatlona the 
front•end co~:~puter serves only so _a ~Bamaage avitcher. 
Thb does noc belp ayate111 reapon·•e. 

The data link procedures and word strueturae are 
different wtth each data•acquilitlon equip=ant ~nu• 
faccurer snd sometimeo wtch different modela from che 
aame ~nufacturers. While chis altuatlon createa s 
constratnt on the expsnstoa of sn exiotlng ayatem lt 
should not lock in « ut111ty collll'any co an obsoleacent 
1110del vhen, due to the faat•c\langing. cechnology, better 
and more cosc-effective equipmenc =ay be availabl&. 
Microprocessora would reaolve thla tnduetry problem 
by making it eaaier and leas expenalve to'convert from 
onc data fonnac to another The day ia not far off 
when some kind of standard data tranamisaion w!ll be 
in use by ·che induscry for data-acqutsitlon. There h 
slready acandardt:ation in computer-to•computar com­
municatton in che general daca-proceaeing fteld and in 
powe r aya tem poo 1 centers. There l.s nov a trend co· 
so-callad programmable remoces whiclÍ vould tnevitably 
become microcomputers or minicomputera. Eventually 
the data-acqutattlon subsystem would be a coMputar 
necvork using a standard data link for=at and cont~ol. 
(& wtch preaeat•day coMpu:er-co-compucer communicatio~ 
the standard data transmtaaion would be or ahould be 
aynchronous, btaary, and chsracter•oriented, Thore la 
an induscry interese in pushiag thia acandardtzation 
forward. ~ithin che EEI Eng!neering Techaical Syetems 
"and Computera Coa:~~~tttee thl5 is a copie ch.Ac iD ac• 
tlvely belng worked on. 

The data•acqutstcion software beaidea managing 
che collectlon of data and plactng them in computer 
~mory, also performs: error-checktna; converalon to 
englneering untes; ttmlt•checktng; and interfacing wtth 
application programa. For faac response, che daca­
acquistcion aoitwarl! muse be: reaid~tnt in matn m-ory;_ 
of the higheat hardware prlortcy of all applicatlon 
software; as tndependent of the operatlng syatem aa 
posatble, maktag use of hardware Lnterrupta for achad• 
ul1ng tea routinea, and dolng ita own inte~rupt con• 
trola and ita own IíO' s. !he real-time databaaa t!IJit 
alao be r~sident in matn memory. 

THE COMPUT!!:R SUllSYSTEM 

Real•Ttme Comouter ChAracteriactcs-

A syatem control cencer la a reel•tl.me aystem and 
the computen ·.aelecced for tl'lia application ruat be 
destgned for real-time. Eaaentially thta meaaa chat 
the computer IIIU&t· tuve outacandtng resl•n!!>e hArdware 
feature and IIIU&t ~\Ave ,¡ preven and efftctent re.al-ti=e 
operattng avatem. SoiiMI of che h.udware .fl!aturu that 
have been found to be tmportant at control cantara are 
theo following: 

~mory cycle t1~a of 1 microaecond or lower 

mul.cipla excernal lnterrupc etructure vith a 
fair number of interrupta 

f'.;..ac acceaa diak in the ordar of Le"ao thAn 
·20 mil 1 iaecoada accen e 1.ma 

multipert memory banka with provlaton for 
interlaavtng 

memory e~pandabtlity to 1 at least 1 64k 32 
bit vorde or equlvalent 

direct memory acceoa (DMA) with multiplexor 
for aeveral pertpherala ahartng the DMA 
ch.annel 

float1ng potnt hardware 

tnternal tnterrupte for vsrious trap condi• 
Lions 

interusl real•time clocke 

vatcbdog tl.mer . 

The majority of che computers liated in Table 1 
has theoe hardware festuree, 

The actual performance of a computer syatem ·foT 
the asme hardware dependa upon the configuratLon, the 
operating system, and the software deaign. 

Computer Confisuration 

The destgn criterts of response, availabllity, and 
matntatnabtlity dictate tne·use of more than one ?roces·· 
sor.- Plactng all functiona--real•tlme 100n1tortng and 
control, background proceasing 1 software ~intensnce 
aad testtng--tn a single procesaor makea it excre~ly 
difficult or impractical co obtain a high level of 
reepona& and availabllicy. One would have to llmlt che 

·acope of functioas asoigned to the digital computer 
(aucb se uee analog for AGC) aad alao accept a de~raded 
a~curity ~nitoring funccton. But tbio la not repre• 
sentative o.f the nev breed of ayatem control cencers 

· tl:ul t we are tnveat tgat lng·, where funcc tona such as AGC, 
EDC, SM, SA1 SE, OLF 1 SBC are being integrated into one 
ayatem aad CRT responae timea of l sscond or ben~r are 
co~n; There are four control centera in Table I with 
single proceo~ra. One la a very amall ayatem w1~houc 
CRT diaplays 1 tha other tbreo have caken en evolution­
ary approach. to thetr control'center development and 
are planniag future modernizmttona. ror the presenc 
all three hove analog AGC controllero either worklrig 
cont1auouely oT in b4ekup. 

In tho majortty of che control centara in Tsble I, 
the compucer conftgurat.lon uaed le the "dual" computer · 
ayetem. Thu io ahovn in greecly atmpltÜed fonn in 
Flgure la. A and 8 are baaicolly identieal computer 
ayatems 1 eacb conaiªtir~ of a ceateral proceaaor, matn 
memory ¡ and auxiliary Jr>emory. 

Tbore are aeveral waye in vhich functions may be 
aaalgned to A ead B. !bis dependa prlmartly on the 
ava1lab1lity requirea;anca·. One wey would be to say 
that all fuoctiona, crltical and noa•crltical, as well 
ao ao~ types of background processing, must be fully 
aupportable on oae computer. Thia takea us back to che 
r\'•ponae problem of a single proceaaor. HDvever, in 
thia case the availabtlity would be much better sinee 
thera ls a oec~nd compu~er in atand-by, The more coc­
mon practica la to al:ulre tbe functtona between che two 
computera. Crttical real•time functtons would be es• 
Gi¡¡aed,· aey to A, •ihtch would be called "prtmary", and 
non•crtttcal real-time functions, off-liae fuacttons, 
aarl background processing would be asaigned to B, deaig• 
Mted 01 11lCOadar'y". 

. ln cuue of fatlure of tl\e prtmsry computar,··tha 

11 

aecondary CDI1 su~me tho crlt1cal real•tlme funccion5 
by manual or auto~ctc fatlover of the real-time inc~tr• 
faces, aucb aa tbct Jata-acquia1tioa ·•quipa>ent aad 



() 
'-....Y 

o 

r\ . . 

\ 

,-:¡ 8 B--G 
(11) (b) 

V La. 1 • Du.al Computar C4:Íaftaurat1oa 

[J 
~~l 

[;] 

f.l y-­
~- -~-

(e) 

c~­rJ 
~ 
~1.~-

(e:) 

(b) 

Pig. 2 • Dual COmputar Coafi¡urmtioa wttb 
PToat•Ead Com~tora 

~ A 
1 

1 

,-~,/¡ 

rl-L 1 

. P'!l ·-
(a) 

rB2i ...:....:..::.; 

--Gl 
·<r -- ¡nz; 

(b) 

Fig, J - Dual Computar Confi&uratiaa vtth 
Taak•Sharin¡ Front-End Coeputcre 

operatora' conaolee, and 1nit1al1dng it.ulf to tbe 
reel•t1Qe environment. Figure lb vitb tho. daabod liDa 
berween c~mputere, rGpreeenta the failover arraage=ent, 

' . 
In actual oparating exparienca, • CO=PUter ayucem 

will recover from lllO&t failuru' by aiaply otartiag 1t 
ovar aga!n. Doing tbil automatically ia e deairabla 
deatgn feature. Actually, eutomatic reatare ie =ora 
benef1c:1el to lfYGtn evailabil1ty tbaa 1a auto-etc 
failover, The latter function entaila aoUG bardvere 
and software complication and worko oaly if tbo othor 
computar ayatem 11 eveilable, failovar aleo ~kee 
longar. ·A tew control c:ectare hava both aut~tic re• 
atare and. autollllltic !ailover. ~•t b..ave autOI!I>dtic 
!a llover on ly. Oetinitely worth conaidtr1113 in dlll'li¡ll 
11 aut~tlc reatare only plu1 manU4l f•ilover, 

. ' :"" . . ' 
The autoa~&tic reatare routiae 11 deei¡ned for o 

certain nu=ber··of re•trlee, Prior to eacb trial pro• 
aeo1gned areaa o! =e1n memory vould be dumped on di1k 
or on !DIIgnet le tape for le ter d tagnoaia. A 11int.. 
up•tiae i-e aleo obaarvad aucb tb.ac, afear a resc:art, 

u 

., 

if eh~ computar doeo not otay up for ao msay minutes, 
re•triala aould not be attampted, Obv1ouely1 if.the 
failure 1a 1n tbo auxiliary ~mory automatic reatart 
vould oot be 1oitiated. Yailover muat ba· rosorted to, 

Afta$ a failovar from A to 8 1 tbare ara eome de• 
af3u optiono u to vl\at fucctiooa ahould be aaaumed by 
8, B eould ta%e oo only tha real•ttme criticsl func­
tLona tbot A bad baao doiag ond abaodon all of the 
othor functiooo. Or B could have all functiooa that 
vare originally aea1gned to it plua all of A'e, as long 
ao we accept a reduced reapoooe and avoilability, Now 
thia oecond optioa io not ao bad if you have enough 
maio memory in aach co~ter, !hia enaures good res• 
poona and nVIilihbil.ity ~a~ot of tbe time but givea you 
a aligbtly de¡ro4ad performance dariag the times tbat 
the syetem 1m dovn to ona computar. 

Tba ayecem daeign obould make it poaaible to oper­
ate ano of tba computare io o ocond•alooe mode for C4io• 
tenanca, teatiag, or large prograz development. It 
ebould alao be·poasible to operate a computer in a 
paeudo•raal•tisa modo vtth one consola aod· a data­
acquilitLon c.b.alUlel or tvo 11ttacbed to it so th.at a 
program changa or a new program BAY be teoted 1a a real• 
time anviroa=enc. 

!ac:h half of tbo dual configuration aeed not con­
aiot only of ons CO=PUter. As diocuaaed pr~vioualy, 
fro11t•end co.Putero could be usad for data-acquiaitioo 
thuo eahnocicg tb4 reopooae t1:es of tbe maio computar. 
Yi¡ure 2a ~e 4 dual conf1gurat1on ~ith front•end 
computara r&l ond f!2, Thare are evo poaaible echemes 
for failover, !he oinrpler ooo·, eh.ovn in 11¡, 2b ie to 
conoider YBl aa ea e~ccaaioo or aleve of A aod FE2 as 
a olave of a. The othor feilover se~~. tboVII in 
111. 2c allowa tbe front-end computeru to be .vitched 
to eitber ano of tbo mAla computara. 

~ically, tbe front•end computara are 16-bit mini­
computmn of o ;he largo eoough so that et~ber one c.ao 
b&ndlo ell of tho data-ecquieit1on channela, !he other 
vould be a purely redundeót backup. If tbe number of 
cb&nnela (or ramoteo) increaoe beyond the expandab1L1ty 

'of tbe ·=inicompucer it would be time for e re•deeign 
.,itb lareor frC"'t•end c.apabUity. ODe could at tbe ou~ 
áet divide tbe ~nnóle between Y!l aod Y!2 ao that both 
are ab&ring cbe. worl< of data•acquhition,. Such an er­
ranc·-nc ie abovn io P'igurm 3a wbere both P'K' e now 
havo link.~! "1 cb A and ·s. Tbe fa Llover acheme ia ahovn 
1n Ft¡ure Jb. Since ano minicomputer ia not quite big 
coouab to bandlo tba eatiro dace•acquisition load then 
oa a failure of ll'li:l or FE2 1 the renYiniog mini wuld 
hAve to do oV'Ilrytbing in a dqraded ~:~Cda, 

Tharo aro o few exeaptions in Table I to tbe dual 
confi¡urat ion. 'I'hese ere mul ti•pr<l¿elloor instal ~tJ.ono 
and &eeb OnA 1a difforaat. Tbo desirad length o. chis 
roport unfortunately dooo DOt permit gotting into a 
dh.cu.as1oa ot oac:h oo.e of tbem., 

fhe leal-Time epereting Svatee 

Suporior·berdvare teaturee ia a computar ayatem 
do not DOcacaorily gU4ranteo good performance uoleao 
uaad et!octivoly ond to tbe overall eyat~· advantage by 
che real-timo operatir13 syot8131, O'De o~ th·e more dif· 
ficult probl~ of control contar dee1go snd operatioa 
18 cbt4in1c¡ a co~tar vitb 1!1 ~ell-doligned, tield· 
provaa, r~l-ti=e opcretiag ayatem, 

aLctorlcally, computar software hea legged behind 
bardvan dowloJ"'l''DC by nt laast 11 yitar, . Tbila 1G still 
trua.vitb ao~ of tho nev computara that are coming out 
oa the aarkot to~y. Alao oo~ coaputors, not aecas­
sarily ~. aro CDt tntoodod by che =aouiacturere for 
r.al•tLD8 opplication eod t~ro!ora are not auppocted 
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by eny re~l-tima operat1ng ayatems, 

Tbe induatry picture so far shaws: mpecial oper• 
acing ayate~• developed by vendora for an tnitlal proj• 
ect and offered on subsequent projects; standard real· 
rice opera~!ng syn~ema wtth slight QOdifications and 
wlth sooe enhencemonts to provlde eddittonal real·t~ 
feetures; real-t1me o~rating lystema operating as a · 
job under a general-purpooe operating syatem; snd time• 
sharlng operating systems modified to handle real•time 
proceasing, The situatton haa improved '!'ecantly. 
There are now aome standard real-time operating aya• 
tema wtch practically all of the f&atureo deaired.!or 
a ayate~ control center, 

For a syatem control center, what ia a goód real• 
t~e operating syatem7 I would sey Óne that carriea 
out ita fu.nctiona without unduly impairing syate111 
response, The leas overhead the operaria& oyetea 
takes, the better for the response, 

Overhead h incurred end hence rea~nse h affec• 
ted whcrever there is a shared reoource, Háin memory, 
the I/0 chennel, nubroutinea, and files are ohared 
resources. Operating systema differ in the way they 
manage thcse resources, These are key features of en 
operating syatem whtch ahould be inveatigated an.d un• 
derstood and ahould also be coneidered in softvare 
Jeaign, l 'Jill Juat report on two of thue featureo, 
na me ly memory C\llnagement snd che I/0 channel, 

Htllu memory 19 a critical resource in a real•tima 
computar system whlch must be shared by the programa, 
Typically, ma1n me~ry ls divlded into aoveral areaa 
or partitions, Certain areaa are occupied by the rea• 
ident portien of the real•tlme operactn¡ ayatem, •ya• 
tem cables, !.nterrupt processors, ·and buff.ero; otlier 
arees are dedicated te the databeae, co th~ daca• 
acquisltion aoftwar.e arid to other reaidant foreground 
programa. A~~ther a~es r.ay ~e sllo~tad fo: b4ck¡round 
p:oce3s1.ng. Whateve: ar:a ia le!: la callad the non• 
reaident foreground ares and la used for runnin¡ fore• 
ground programs whlch reside in bulk memory and =ust be 
loaded lnto maln memory for executioa, !he aggregate 
size of all the non~residenc programa are several cimea 
the size of the foreground area in memory, Sinca not 
all progra~s have to run at the aame tiee, the concept 
o.f memory management o !.s the allocacton of tha fore­
groun:l are a emong the severa 1 progralll4 that ha ve to 
run, Task scheduling is pare of the memory menogement 
funct ion. 

rher~ are presently two baaic approschaa which are 
L~ •JSl.' a e moat system ~ontrol centars. One. invclvea 
tpregrounol ~heck•po~ntlng or swapping, This "!CI!Ins that. 
l ;>rogr.a"' !11 01emory muse be rolled out to disk if a 
"!.ghe~ pr!;rity progrs~ overlaps the ~ry locationo 
.:Jf the first progra01, After the ni.gh priority progrom 
nas cornplece~ ex.ecutlon the first program vill be 
ro lled badc in provlded no other hi.gher priority pro• 
,¡.ram la contending for aome of che 54- IIMIIIIOry space. 
rhe .response time of a control syatam vith auch a -­
ory :n&n.Jge.,..nt acbeme la lnherently sc a diaadvant&ga, 
Initi&lly thls rnay not be apperent but ea 1100re crttlcal 
:unct1ons are added overhead would start piling up in 
the swapping procesa, There ere two variations to the 
swap~ing scheme that are being usad, One is to divide 
th~ foregrcund area into severol fixed-length segmenta 
of equal length, lf swapping la belng done vithin one 
.:Jr ~re contLguoua seg~nts the CPU esa ·be ex.cut1ng 
~ progra~ in sorne other segment or 1egmenta until the 
swapping ls completad, The other variat!on la che 
Cixed·length segment idea pluo t1me•sl1cing vhere each 
rrogra~ runn1ng in memory le given an equol ·cillll8-rJlice 
~n a round•rob1n baa1a, 

The other approsch to ...,mory· mana¡e-nt lo to 
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divide the non-reaidcat foreground aree .into fixe<' par­
titions, oot aeceaaarily of equal lengchá. A harawace 
loterrupt priority level is asnlgne¿ to each partltion 
and eoch partitioa serves en en overlay area for a 
group of progra~s. Aa many programa mey be in me~ory· 
as thsra are p4rtitions. A program in a partition runa· 
to CÓmplotion without owapping out for a higher priority 
program, 

There are sorne ayotems where the oemory management 
s·Chel!ll! is the so•called "dyn.amic memory allocation," 
Thio method is best used with computers having certain 
advanced hardware features, De;>eoding upon these hard­
ware features che dynamic memory allocatioa differs 
from one computer to th~ next,· The baste concept, bow­
over, is cbat the op~ratlng ayatem sear~~es for an ares 
in memory larga enou¡;h to ruu a program, n:ia eree is 
a multiple of a hardwere-specified length and, in eome 
computero, need not be con e lguous •. A program does not 
alwaya run in the seme area of memory whenever it run1, 
Oya.rlmic ~ry aliocation e"lao doea owappir.g on the 
baeia of program priori ty •. 

Dyoamic memory allocation requireo a comple~ oper• 
ating eyetem, Several of che nev control centers com• 
ing into aervice in a year or two will have this type 
o f opera t1ng syatem, 

It ia evident that the needs of memory management 
of whatever type plue the I/0 requests that rrograms 
mgke heavily burden another criticel ohared reaoúrce•• 
the I/0 chennel, This has to be watcbed in syatcm de• 
Gign and during operation. First of all the operaLing 
ayatem ahould ~ot do ~re t/b'a for memory management 
than 1s necesnary, Secor.dly, the software design and 
priority ocructure ahould be thoughc ·out carefully with 
the objective of minimizing acceaaea to bulk memory. 

THE MAN-MACHIHE HITl!:JUI'AC! SUBSYSTEM 

In ·sy!tem control cencera the m5n-mach1ne inter• 
faca or .the display aubeystem con~ists of CRT's, dy• 
namic wall displayo, trend recorders, loggera, and 
alarm .devicem. · 

!he CRT Diaplay 

CRT'• are in univeroal use for the syscem opera•. 
tora, maintenan~e peraoaoel, and programrnera, Diacus• 
aiona of CR! dioplay destgn coneiderations may be found 
in Reference 64, Cl!.T appliCAtiona at control cencera 
are daocr.tl¡ed 1.n tha various papera (aee Bibliography) 
WTitten about apecific control centers. 

The earlieat reported uaea of tha CRT for power 
oyatem oper:ac ion are in Reforenc:es 15 and 17. Every 
control cencer tn the üS aince the Houston Lightlng & 
Power projecc have color CRT'e wtth limitea graphics in 
operaé~r'a conooles. There are full graphic atroke­
Cype CRT'a in black-and-whtte at CECB and R~E. Theoe 
nava re~rkable clerity but have relaclvely a~rter 
tubo l1fe and a problem of "b•Jrning in" of p!cturea 
left on the acreen for long perioda, Althougb dlatri• 
bution control ia outaide tb~ acope of thia report I 
ahould e>entton the pdr"t1cularly effeccive and sh.ar? one· 
line d1agram4 that can be obtained wtth a full-graphic, 
color CRT auch as tboae in aervice at EDF's diatribu• 
tion control center for the city of Paria. 1 know of 
one ayatem control center under developmcnt thac la 
planni~ to uae similar full graphic color CRT's, !he 
effect of full graphlcu ta alao· obtaineble with Lower 
coet raater•type, dot-addre•sable color CRT'a. I an• 
ticip4te that in tho near future the deaign of new aya• 
com <:DDttdl canten will talt.e into conlid~ration the 

.opt-l.on of full•graphic color CTI'a, . 

There h no clear indlution as to which curuor 



control de~i~ la preferred at control centers. Ap• 
parently che light pen, joy sttck, crack ball, and 
keyboard c~rsor controla can be uaed vtth almost equal 
facility by ene human operator. The llght pen ta some• 
ttmea ruled out by che conaole deslgn, e.g., the CRT'a 
ere mounted too far from che operator or at an awkuord 
angle. In one control center the llght pen 'is the only 
~ans ~f interaction--not even a standard keyooard is 
proviJed. In othero, ta addttion to tha llghc pen, 
there is a crack ball or a joy aticl<. Ia aome center11 
spec:ial function l<eya are uaed, plus the etandard key• 
board. In one center, specLal funct1Da keys are uaed 
to prof~sion. They cover a larga part of the deak 
top area. 

Of speclal intereat are tvo unique ClT applica• 
tiona at CECB. One ia the rolliag map technique 
where, by using the tracl< ball, the operator can vtew 
any pare of tbe system diagram and from there move the 

~~-~-picture~in~aay~dir,ection~co-v.iew~eoa>e~other~par.c~of _ .. 
the sys te m. Another !esture is che retroepective die• 
play w!:tich allows che operscor to go bacl< in tima to 
mny specitlc ~inyte within che last JO minutes and 
view all che system daca and netvork condicione per• 
caínin¡¡ te- that minute; 

Disrlav Response Times 

I~ che system control cencers chat I vistced che 
CRT response times were very good. Nor~lly, with a 
qul~scent_ sys:em, response ti""'s of 1 aecond or leas 
~re easil}· obtainablc. This la the tllr>e from the in• 
stant t~~ lig~t pen is activated te request á one•line 
Ho~gram unt 1l á>e t loe that the dtagram la fully on 
view wlth all of the real-time informstion that goes 
·oo~tth it. 

An average response time o f 2 seconds ia a reason­
able specificarion, with a mnxtmum of 5 aeconds during 
worst case conJttions. If the average response time ia 
longer c~an : seconds or the response frequently ex• 
ceeds 5 seconds so-thing is wrong and· acepa ahould be 
taken to determine and correct che cause of che ale~ 
response. 

The Dyna~ic ~ali Disolay 

In F.urope aad in Japaa, analog systems had been 
used not ~nly for AGC but also, vta special hardware, 
for drivin~ ~ynamic wall display~. The coming of che 
Jigital .:~mp~ter· has not dhplaced theae snalog aya• 
teos. The ar.a'!og AGC ls kept. The hardwired dyn.amic 
wall display nas been and ~ontinues to be conoidered 
oi :r.a )or Lr:-port:.snc:e, and is l<ept. Thia philosophy of 
ha\·ing an Lnuependenc logic: and, ln sorne cencera, an 
ir~depe,dent telemetry,. for tne dyn.amic wali Jiapl<iy 
wlll ;>robai:ly prevail. for at leaat che next 5 to lO 
·:<!ars. ~.~ .. r.uropean syatems under development and ao!Ddt 
in t~~ offl:1g stU: ;>tan on il!';llementir.g t'hia c:oncept. 

In the ~S ·rhere are differencee of opinion on che 
need :or dyna,.,ic ;oall display ac a control center. 

As can ~e aeen fro~ Table 1, mmny US centera have 
dynat 1C "'a! L d1eplays vh1le quite o few Just ha ve a 
scatlc sy.stem repreaotntation on the wall or none at all, 
Phlladelphia Electric has something uniqua in the way 
~fa ~trix of CRT'a ahowtng t~e complete eyscem dia­
gra,, 

The dynamtc: wall disolay is lntended to giva an 
J\,.T\'LCW of the power ayatem. The overvlew concapt la 
best ~cccl!'ol•shed by a al~pllfied repreaentation pre• 
•erv\nb 8& '01\oCh aJ po18Lble the geographiCIIt Orienta• 
r ton o( t'1e !yate"'. Oetalls spoil the ovorvtew por· 
'pective and are bese left to the CRT'a. Si=pllfiCA• 
tion is specially ic:portant in repreuntin,'l vary L.trge 

systema. ihe larger the pover syat:em, tbe leoa.reao­
lution ubould the wall display have, 

THE SOF'NAR! SUBSYST'EH 

Tba eoftware l.a a c:ontro 1 oyste111 11111y be dtvided 
into ~hree categor1es: 

., 

l. Syotem software consista of: the real•ti.a>e 
oparating system; procesaore for aoeembly, 
compill.ng, loading and overlay structures, file 
maasgement, oyatem generation, utility rou• 
tines for debugging end testing. The system 
software ia ueually suppll.ed by the computer 
:--aaufacturer. 

2. AppliCAtlon software tncludea all tbe proe 
_grUie which perfo=s tasi<a for the operation 
of the power syst6111 1 .such as the dstaa 

_-=-o- ~-acquiaitioñ~ao ft1iare,,~d isp.lay~so.ftwa re ,~so fe'""~--~ ~~­
vare to ieplement various control func:tions, 
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a !'Id o¡w¡ration planning_ programa. 

l. Support softvare are programe used by eupport 
peroonnel for computer syecem monitoring, 
reol•time dia·gnoatica and debugging, mainte• 
nance, and tesciog. 

Application Software Development 

The development of apptication software la per• 
haps the greacest source of tec:hnical probtems, people 
probleme, delays, and phys!cal hardships in· the i.mple• 
mentation of e control c:enter, For a syacem control 
c:enter there can be ao many aa lOO to 200 application 
programa required; all to be integratád into ons real· 
time syotem, 

Tbe aoftware development cycle constata of three 
perta: analyaio and deaign; coding and debugging; 
checkouc ond ces•. 

Analyaio and deaign is the most important phase of 
software devolopment and should be carried out as 
thorou¡hly ao ·possible. Proble111a in coding, debugging, 
checkout and testing, and in ..aintenance, are Largely 
attributable toa poor analyoia and deslgn. This 
inicial phaae of software development spec:ifies che in• 
dividual program a>odules, the iapucs, outpute, tablea 
used, cables updated, and the algorit~s. Oesign de• 
cisiono ·are Ol&de on the database structure and accesa 
method, cable and file, structures, data update require• 
menta, and backup requiroments. All hardware-te• 
software and aofcware-to-eoftware interfaces are spelled 
out. Initieli:ation proceduras, CRT and Logger mesaagea, 
maintenance requirements, teat procedures, and accep­
tance criteria are all tpec:ified. All this muat be 
done, reviewed, and agreed··upon before ene line or code 
is put on paper. All to6 often che natural tende1.cy co 
get going and star"i: ·coding geta the better of c·hc ,~t't-:. 
war'e· deoigners and ene analysis anJ deaign effort gets 
hÚrÚed through. This is. an inv.itation te disester: · 

111e codina and dsbuggina phase cyptc.slly ahould 
take laoo than 25 percent cf tne ~ntire software de· 
velopment work. Most of ch·e .application software 1n 
system control cantera la written in aaoell:bly language 
ea this gives progra~rá direct control over the pro­
g_ram featureo thac atfect real•time linkagea, respona~ •. 
and rel!ability. 

The rael•tirn= linluigao of a prcgracr eonsiat o(: 
ac:ceaaeo to the databaae; 1/0 requeoco to use and/or 
updata filos; I/0 requeoto for CUT diaplay and los6er 
III&SD&sao; prograns eucution req\Jeeca. Good reoponse 
-ene an elficiant coda, a minl.:lum o! I/o, effecttve 
uae of eubro~cineo, oad proper uae oí intorrupt control. 



Program reliabllity ll>l!ans use of fail-oafe logic, prop• 
er iilltializatlon on aystem atartup, avoidance of tim­
ing prob 1 ems, invulnerab 1 Lit y to bad pa r.aroecere, con• 
trol of posslble arithmetic overflo~, and ?roper han• 
<lling of error returna on I/0 and program e¡¡ecution 
request'. 

The chcckout and test ph.ase takes up the rest of 
the software developll>l!nt work. The individual program 
is tested in.thc foreground ln as complete a real-time 
environmcnt aa posaible. The real-tLme environment ia 
built up gradually as each program ia integrated into 
che system. ~hen the entire ayatem is put together, 
hBrdware and software, che individual program testa 
are repeaced as pa~t of the system checkout. !he ac­
ceptance tests ~mplete the c·est cycle. The test 
drivem written for the individual progra·m testa are 
kept for later use in system maíntenance. 

There are two groups of support software. The 
first group conaiats of foreg:ound diagnoatic programa 
~hich are run on•line to monitor and control the per­
formance of Che control system. Theae programe pro• 
vide the. f~llowing functiona: 

1 • 

' ... 

3. 

Surrmary aad ~ntrol of remote atation status: 
• On request, the status of the data­
acquiaition aubsystem is diaplayed on the 
CRT. The display, whic.h l.s dynamlcally up• 
~~ted, showa the sean condl.tions of each 
remate. Using chis display l.t ahould be 
possl.ble to plac·e any remota off or back on 
che sean. 

Display of all'data received from a remate 
station: - Ón the CRI, all the data being 
received from a selected atation may be 
vtewed. This is a dvnamic display and che 
data is se en as 1t c.hangea from one sean to 
thc uext, Colo• ta use..! to indicate whea 
a piece of data l.s not updated or when it ia 
out•of•limits. This functioo La very uaefu.l 
for chec.king data and for trouble-ahooting 
programa which use the databeae. 

Su~ry of data link errors: • A summary of 
all types of data link errora l.s kept on 
file. The summary showa the remte atation, 
the type of error, the number oi times the 
error h.as occurrcd, and che times of the 
first occurrence aftd of the last occurrence, 
T~l.s auaonary ls v!.ew01ble on the CRT. It ia 
periodl.cally printed out on the logger for 
revie~ by QBintenance peraonnel. 

Cynaml.c display of accivity in computer over• 
lay area: • This is a CRT display which ahowa 
dyna~~cally what ?rogram4 are in·memory exe• 
Cuting or waiting for 1/0,. wh.at programa 
calldd them, and what progra11111 are wattl.ng in 
the queue. 

::,. Display of matn or auxiliary rDetnOry and the 
abillty to patch any metnOry locationa: - Wtth 

· tllis function an area of main or aux11Lary 
memory etarting with a •pecified addrese.~y 
be dlo.glayed on the CRT. In thie a:.anner, 
tablea or segments of program code may be 
"""'"'ined. The ¡:>atch capabllity h uaeful for 
on·i lne dabuggir.g, progre~ taating, and an 
1mmeulate corrcction of an erroneoua condi• 
L1on. Tha patch on the on-lina •Y•tem La 
intended to be an interim 100aoure until a 
pe~nent ayacem reviaion can be ~de, 
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6. ~~-~ine measure~nt of co~puter syatem per• 
formance: - Thia on•line function, somecir.les 
lr.novn 1U "sofrware accounting",gathers stet1s­
t1cs at apecified t~ intervala about CPU 
ut1l1~ation, CPU idle time, I/0 waita, number 
of t/0 transfers, wh4t programa nave ~un and 
hov often, etc. This functlon oay run auco­
matically or at operator'a requeac. Ihe 
atatiatica are useful for evaluating system 
loading and performaace. The impact of add· 
ing aew programa may also be measured by 
taking before-and-after atatistics. 

7, DumP Óf real-time data on tape: - Via the CRT 
tbe aperator can inl.tiate the dumping of se• 
lected real-time data at apecifled time inter• 
vals on magnetic tape. The operator speclfiea 
on the CRT the data. to be dumped and the L Lme 
iaterval. The dump continues until the·oper­
ator atope it by a CRT entry. The magnetic 
tape lo later printed out on the llne printer 
by an editiag program on the secondary com• 
puter. 

Several control centers nave some or all of the 
aupport functions mentioned above. Actually these 
programa are of tremendous value during the l.mplemen• 
tation of the control system and not just after the 
control ceater La placed in eervice. The system design 
should therefore include eucb on•ll.ne support programa. 
Theoe should be completed by the aystem supplier early 
in tbe lmpleaeatacion perlod oo that che development 
worl:. could be upeede.d up. 

nte second group of sup~rt software consista of 
programa for syetem maintenance. The8e are off·line 
programa which are uaed for updating files to match 
changea or additions in the power syacem. A necessary 
file mainteaance subaystem La one th4t updates all 
fileo relatad to the 1114n•.,..ch1oe interface. Thia in· 
eludes a "picture compiler" 11hicb ~ould allow a matnte• 
nancz programmer to compase e CRT picture at a console 
and then run the compiler to genera.te the CRT code of 
thft pictu~e and atore lt in the correct file locatlon. 
In an inceractive ::xlde the· maintenaoce program wlll 
step througb whatever operat~r lnputs are required to 
update all other ·tablee telat~d to the new piccur~. A 
good maintenance program design should mini~i:e thc 
amount of operátor inputa. Other file maintenance sub-· 
syatema máy be deaigned for other fsmiliea ~f programa, 
ouch ae the S!, SA, and OL? group or the AGC, EDC group. 
Although l.t is not :¡ecesury to nave one overall file· 
lll41ntenance system to upQate all affected files in one 
operation, some control cantara have a~ch a aupport 
program. 

1 
An iateresting program is in aervice ac General 

Public Utilltiea which allowa updates of !iles cn•lLne 
in tbe pri.m.sry ~mputer oyocem. 70 Th1s interactivc 
program also updates applieation programa which ar~ a[• 
fected by the power aysteo cnange or addicion. 

STEPS IN TH! 'IX'Pl..eXEN'""..A T!ON 01" A 
COI'?T'ROL Cl!:lmli 

Tbe implementation of a eystem control cent~r from 
conceptl to 1n1tLal operatioa is a procesa that ta~es 

about 4 to 5 years. r.n what fol.olowa I snall briefly 
enumerate the aequential st~ps involved in the proceas. 
The nartl.ng ·polnt of the sequence aosL-mes that aome 
preliminary conceptual studtea have be~n maJe by the 
ut llicy comp.~ny. lf the propoaed center will ha ve ac• 
vanced aecurity control functiona thia preliminart atuJy 
ot =sthodo and algorithma may tako l to 2 yeara maKing 
the tot~l time to lmplementatian about 5 to 7 yeara. 
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Phase 1 • System Analysis 

~tep l - Openting Requlr~ments: ·.;, This ia a doc• 
umenc that defines the objectives and acope of the 
control .center. Con3traints are identi.fied, such ao 
comrnu~lc.>ti•.n channels to be used, integration of ex­
isting control equipment, or preference éor certain 
cypes of equipment. !he desired operating functions 
and concepts are described in general terma, Tbis 
doc~nt ~y be used in obtainlng the aervices of a 
consult~nt, if one lt required, for the performance of 
Steps 2, 3, and 4. 

Step ~ - Syscem Require,..,nta: • The putpose of 
chis step is to determine the specific monitortng and 
control fuuctions which should be done by che control 
center. During thia step the operacing peraonnel 
should be interviewed so that operating needs and 
;>rob lems ..ay be adequate ly an.Úyzed. Proposed compu• 

-~~~~cer-funct ion s~shoul d~·be ~s tud te·d~for~pract tca·J:tt y··a f· 
lmplementatiun·and benefits to be obtained. Require• 
01ents for functlons such as SM, se, SA, OLF, or OPF 
shuuld be anslyzed as to their iropact on the· syatem 
requirements. The present and futura data require­
menLs including rneasurernent redundaacies are identi• 
fied. 

Th~ end-result uf this step is a System Require­
oe:~ts Jnc;.~ment, The doc:ument constitutea an overall 
scateme11t of requirements for all the aystero control 
c~nc~r subsy•tcms--~ata-acquisition and control, coma 
putur, ~Lsplay, applicatton software, building, and 
power snpply. Usually che communication subayatem is 
spccifi~~ as a constrnint in Step l. 

Pilasc 11 - Svstem Design, Pre•Contract 

Ste2 3 • Functional Soectilcations: - In this 
stcp the system requirements of Step 2 are tranalated 
into 'a s.et uf functional speciflcationa. In order to 
a llow room· for creative deslgn which takes advantage 
of new tecnniques and te.chnology, che specificationa 
shoulJ nPt be too rigid or speclfic about how the 
functions s:1ould be implemented, A model computer con• 
figuration ~y be used as a frame of reference for 
spec itying iunct ions and per formanc:e but che actual 
conf1guration should be left to the prospective de­
slg,er. 

Tlw tu11ctional specificationa ahould include per• 
:~rmsnce requiremcnts auch as response times and aya• 
ter. avail~billty, 

At t~is stage, decisions should be msde, if not 
o~l r<!ady =d.,. about the fo llowtng: 

unlvend~r v~rsus multivendor type of procure• , 
r.·.cnc 
whic~ applic.>tio" programa will be written in• 
h ... ·us.t 

responsibilitv and organization for project 
~nagement and for systero integration 
responsibility for systero maintenance 

!he wor~ in Step 3 also includes budgetary cost 
estcnates for project authorization purposea. 

By t!"' end of this step or soon after project 
authori:ati~n is obtalned, an ln-house proje~t-team 
rr.ust be organized. ,This is a full•time staff ID8de up 
rr~do1:1lna"r ly of software•tyre speciAliscs. !he in­
ho~s" C<·~m should h.lve a C:o,bln"d background in power 
systeno ~nglneering, digital hardware, co,.puter appll• 
c:~tion, and system operstion, The team would be 
ch.lrge~ ~lth the misslon of becomlng thoroughly famil• 
t .. r lJit!l the control syscem and of ms~ln¡¡ aura that it 
carrles out the functions according to apecificatlona, 
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The team would have responaibilitiea for reviewing and 
app;oving all design and tea~ documentation, training 
itself, working with vendara and other company spec• 
talists, witnesaing ond approving checkouts and accep• 
tan~e tests, and for training others in tne co~pany. 
Part of the ·team may later assume oystem r.>aintenance 
and enhancement until a permanent group will nave been 
esta~lished, Deciding to have an outslde group do , 
malntenance does not .obviate the necesaity of an ln• 
house project team. 

Phase III - Procurement 

Step 4 - Prucurement Specifications: - The pro• 
cureme1., specifications will conslst oi those pares of 
the functional speciflcations whlch will' not be <Jone 
in-houae plus inatructions on the proposal organiza-
tion, bidding fonnat and other terma and conditions, 
The procurement specific:ations should not place unnec• 
essary ·butden~on~cne~b~tader&-by ·askoing ~for-too· mucn-~~­
daca which have little relevance to bid evaluation. 
Relevant data should ioclude exhibits of programming 
standards 1 documentstlon atandards, .and project mariage­
cnent toolo, 

Step 5 • Bid evaluation: - Ve know what 1s lo be 
done st chis step, there are no pat rules on how to do 
it. Expert asaistance should be sought, if not ava_il­
.lble in-houae, in evaluating the tec~nical aapects of 
c~e bids, Eapecially important is the as~essment of 
hardware alld software &ubtletieS Wbich effect system 
response and availability, 

Step 6 - State~ent· of ~ork: - This document is 
prepared b.y the euccessful bidder and consists b.uical­
ly of the o'riginal proposai wtch agreo:d•upon changes 
and sdditions; definition of implementation responsi­
b1lit1es; procedures for project interfaces, contrcl 
and coordination; enumeration of deliverable docu:nents 
and descript1on and descriptl.on of documentation re­
quirements; project schedule,· 

Phsse ·xv - System Design, Post•Contract 

~tep 7 - Syetam Interface Specificstions: - This 
docw:>ent defines in precise detaU alt hardware·to• 
hardware, hardware•to-aoftwere, snd sofcware•to• 
ao ftware interfaces. The so fcware interface spe•·i fl 
cations indudes: all resl•t1Qe 11nkages; the dAta­
base s tructure and acces a a>e thod; tab le and f ne s t ruc-

. tures to the bit level; data update requirements. scor­
age require!D8nta; and 1nitializat1on requiremenc. 
Even if che end-user, i.e., che utility company, will 
not aupply any of the application aofrware it is ~ecea­
sary that the interface document be produced formally. 
Seversl iterationa With the initial efforts in Step a 
are to be expected, !he interface specification,; ts 
an i~rtant deaign document aince many individu~l 

hardwa,e and aoftvare desigoera are involved in rhe 
project. Some are with che prime con:ractor, sor'e are 
with a subcontractor for advanced application pr~grams, 
and others are with the utility company. Serious prob­
lema will tead to coQe ebout if tbe interfaces are not 
fully documentad at the very be¡¡ inning, The ayate~ 

interface specificatL:ma muot !le reviewed' and have the 
approval of che in-house project team, 

Step 8 - Detailed Desisln Specifications: - This 
la the :nain deaigr. effort. Drafts of che hardware dnd 
software deaign ·apeclfications must be thoroughly 're­
vtewed by che in-house projact team. Sufficient time 
~ust be allowed for chis review A& draft reviaions are 
like ly to, be ll>!lde. In add ition to check tng che "" rr~c1>o 
neoa of the deaign with regard to functions requ.Lred, 
it ohculd alao be checked for built•in acaptabiltty to 
future needa, !be teating procedurea and maintenance 
featurem of che des1gn OIU&t alao be .:arefully checke<!_, 

2_) 



./ 
'-·' 

Vh.1se V • SvsLem Build 

scep 'S' - llardwar" ~·abric:ation and Sofcvare Coding 
and O~bugsir.g; - This ~tage of the ayatem implementa·· 
t1on r<!quices c:ollaborat ion bet..,een the contrae ter and 
the in•house ~roject team, especially 1n the sottware 
.1rea. Clos.., interact ion bet'-'een the vender and tea111 
~ust ue ~~couraged at tne programmi·~ leval and not 
just at t . .'lC: s"pervisory level. The idea is to create 
.t_Htt~_lt o[ j•Hnt venture wit~ boi.ri" groups worklng for 
tho! same· end rather than being in oppoaing campa. 
Th~Í-·ls beat :.ch1eved 1f t!le in•house· project tea111 l.! 
ITso-cfo1ng._"_.its s!ure-o~ l!ro¡¡ramming:·-··rh4t 1s why I 
reco-;;;,.,nd tila l- lhe in;.ill>Uae tea m reaervé-f'or Ú se Í r 
som..--tf n~i "Targe--pcn:ion--of the ·appltcation programa 
co-do ____ This "ot-onty"15ives v~luable tra~nbg 1n rea"l· 
t'ú,;;· i~ste"'s but gi.ves_the team me111ber9 fluency in dts• 
Z~iss -¡;,._ software problems and ideas wl.th otller progralil­
"-"'rs. J::ac-. team me01ber C7U&t, Lf possible, vrlte at 
T;~s~-i.!é:l~d,... program 1;:; aasembly language at;~d 
~us( _ _!_:s-c?.:b¿ ;iui&ne4-.to.monl.tor and nelp in work be• 
r;;g cune by __ cae __ venclor_tn one specific:·area.---Only.by· 
rñ·.;,;¡:;¡;:--tnrau~h <Hrect experience how -. real·tl.llle pro• 
.~ran '' Jesi..gned and coced c.an a tea111 111ember really 
hegln lo) u'"Hier5tand anJ be of aJoJistance in che ares 
that _,.. 1,. assl.gno<d te. monitor. O~scusstona of pro­
gra,...,i.ng prohlems at regular rneetil~a is of mutual 
benefl: c ... .>11 partictpants. · 

S<•mr _. ocnpanles have "orked out arrangemunts wtth 
-,cnd~r-. 110 :-¡ave resí.dent teams at the vendors' premlaes. 
rnl~ wnr~s ~est Lf.the r~sident team has autllortty to 
make r:•"c ;,te .!eslgn decisions "lthout the nulsance of 
beln¡; t'v•·rr..;le·J by SOI'IU!one in tite heme 'otfl.ce-. 

lt 1:; ·f great value lO ¡¡ro'ject i.mplementatlon 
fur "' ".:o!sl::l" !reeze" lO be 1nstituted at some time 
Jurlng sysl.o<::> build. This milPstone IIIUSC be e~pllc:itly 

:>ott:d in t!~<- proJect schedule. After tite deslgn freeze 
ao mor .. dt:sign c!\anges 1111.1st be re,quested by the utility 
cor.:pan~·. The c_ontracr, nowever, 111\Jst allov for cable 
ur CRT fcre.at cllanges te be cnade aa often as desired 1f 

' lhe 1n-hoca9e proJect team vill cnake theae changea. 
Thia is lag:-.ly destrabie sinc:e all the power aystem 
data wlll coate from che util1ty anyway. · It 1a alao 
good train~ng for system ~lntenance. ro do thls re­
qu1res that ene sup¡>Ort so(tware as well as baal.c Cli.T 
lnteractive programa ~st be compleced early 1n the 
rrojecl. ! recocmend that suc:h an early completion of 
.1l i suppor~ s-=>ftware, on-llne and cif-line, as described 
Ln tne Sorc~are Subsy&tem section be stipulated in the 
Stace cor .;ori< (St~¡:> 6). The early ava1labllity of ene 
su~~orc software wlll benefit all program>ers 1n their 
,:couggL:'lg, tt!~ti!lg, or1~1nal construction snd auboe• 
quenc .6rrPct1ons of filea. Stnce support sofcvare 
requir~s ~h,. ~se of eh~ ca~ such a worklng fac111ty 
must b·c ""·'' table ~arly in chis step. 

.:-... y ::~-sign cn11"8eS thought of after the dest&n 
:rc~t" =~t :,e noled by the head of ene projéct team 

.(or later unple,...atat1on .-.fter syatem accepcanc:e. Such 
an 1mplementalion of a design cllange by ene projecc team 
would be a crue tese of its .lbllit~ to take care of the 
syste.,. "1thout outs1dr aasi.stanc:e. The deaign fr.ee:e 
jves nrot preciude che necessity f<>r 1114kl.ng correctlons 
of des~g" fallacl.es unc:overed later. So~~~<~ of cneae de• 
Sl&n ~rrors could be maj~r in nature. 

Step lO • Acceptancr Test Proc:edures; • Towarda ene 
··nd of St«:> 9 the vendor, wlth tllr .ua19tance of tite 1n• 
acuse rroi,.ct ~a"', should prepare the acceptance test 
prccedures, 'thl.a dc:.cument, JU&t lllte all other docu• 
01ental ~en. n"~st be reviewed and approved by the Froject 
~"a:n. A slgnl.f1cant portien of th~ test proceJureo muat 
te c:onLrLb~:ed by the project team os 1t ia te the utl.l• 
lty company's interP.st te make elle test aa realistic 
and ea ~~•nlngful ea ?Oseible. T~•t• anoula be included 
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whicll wou•d test che fnU•safe cnpabi.Uty of the sys• 
tem desl.gn, Fniluye and error condiciona muse be a1m• 
ulaced to really test che system. "Try to a>ake tite aya• 
tem fail" must be one' of tite test objectives. 

Phase VI • Syscem Checkout and lnte~ration 

Step 11 • Syst~m Checkout: • Each program sfter 
debuggtng and testtng must be checked out vtthln the 
frameworlc of the c:omplete.ly integrated ay& te;». ~ tnc:e 
thia c:annot be done all at once, a .syoternatic che.:k• 
out procedure must be sec up. First 1t muse be assumed 
that ene _Syatem Softwa_re is aveilable and in the •ys• 
te111. Tlle~esident data base and the data•acquisitlon 
aoftwar• ~•t be checked ouc f1rst. A number of re• 
!DOte terminal e 1Jitll siii!Ulsted l.nputo tDUSt be .part nf 
the teot set-up. "\./hen an applicatton prograio 1& to 
be checked out all the real-time linkages ~~ot be 
operativa, Thio ·means actual access te the databaae 
and actual e~cution requests for otller programa. If 
tllese programa are not yet, dummy programa must be put 
in. I/0 1 a !IIIJSt be ll\llde te actual files. lf tllese are 
not in because" the updating program t's not yec ln che 
system, test data muse be loaded in. lhe program check• 
out rouat be in lt 1a ted by a test dr lver; the qRT ·La tite 
moat convenient and eventually che logi~al place to 
trigger che test driver. Thts process is'repeated witn 
each program until ene entire aystem is fÚlly inte• 
grated. 

Step 12 • System lntegratton: • After tite sy~tem 
has been put togecner in Step ll the system inlegratlon 
ls tite period when all errors fo•md are c:orreot<:l¿,. The 
individual program che~kouta dona in Step ll m~st now 
be repeated on che completely integrated system. This 
ia a procese of correc:ting errurs, re-runn~ng tests, 
finding more errors, making correct1.ons; until 11u C~Crc 

errors are found. !~e final step of system ingeratl.on 
ts te make a dry run of che acc~ptance :eses. After a 
3ucceaaf-! ~ry run c~e aystem is re~dy for acceptance 
testing, !he decision of reediness for acceptance 

· ~esting muat have Che approval of the in•house pr<>Jecc 
te&r"~t>,. 

Phase VII • Acceptance Tests 

Step 13 • Read;l! for Sbipment Tests: • In this 
step the accepcance f&-a,( procedureil, except for AGC· 
dynamic teets, are follo~q for ene purpoee of deter­
mining whether tne system 18c"ready for shipment from 
ene vendor's pre.mises te the <iyatem control center 
building, Approval of theae teSes by the project team 
doea not const.itute ayatem ac:ceptance. The head of 
the project team may approve anipment even if tite tests 
are not loot succesoful provided tllat in his Judgment 
tite ·errora are 111inor and t;an he cocrected at the con­
trol O:enter aite. KAjor problema are best cor_rected • 
before ahipment and che ready•for•shipment tesSf. snould 
be repeated in tlleir enttrety after che correc.ions ere 
made, 

It hao- aot been ahown na ateps in che implementa• 
tl.on sequence but it ohould be understood that during 
all this time tite syaceo control cencer ·waa being 
built, communication cllannels l.nstalled, and tite re• 
=ote terminals required for inicial service lnstalled 
at generating planta and transmtasioa subacations. 
for thlpment of the controL syste111, Fhe building mult 
be ready with a ir conditioning and uni.1terrupc ib le 
power aupply inacalled and wor~lng. f 

Step 14 • Oc•91te Checkout- and Tlming: • The sys· 
te111 ia inatalled at tite control center under the ven• 
dor'a superviaion. The vender mak~a all the necesa4ry 
checkouta, correc:ts all pendlng errora, and makes cun• 
ing lldjuatmeata of control parall>'!tero of the AGC. !t 
la of courae ~a1uced that arranae~oca had been wor~ed 
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out befare haod for the •b1l1ty to tran~fer control 
temporarily to che new centcr for tuning and transfer 
it back w!thout intencional delay to che exiating ~GC. 
Tuning procedurea muat be v1tneaa~d and asaisted by the 
in•hous_e projecl: team. AGC tunin¡¡ vould be reqiJtred 
for severa! geoerating and load condiciona, After the 
AGC and alt other functiona heve been checked out and 
enough ree>ote 1:erminals· hooked up witb. tbe comrlll.mi<:JI• 
tion channels. che syatem would_be ready for final se• 
ceptance test&. 

.. 

Stee L~ • Oelivery of Dncuoe~to: • The vendor de• 
llvere a complete oet of updated "aa•built" documenta 
which include design apecificationa, reference Clllnuals, 
and ~intenance aanuals, Thia uaually completes the 
vendor's obligations except for the availabllity guar• 
antes 'tf soy and the standard one or two•year aervice 
varranty. 

SYST&M MAINT!NAHCE AND I!NHAHCEMENT 

During the life of a aystem control center there 
wUl be continuing work in cwo areaa: syste111 n>~~inte• 
nanea and system enh-nce~nt, 

Stec 15 - Flnal Acceptance Tests:· • The final ac:• 
ceptance teses constirut~ the for~l demonstration that 
the syste~ is lndeed operacional. The test environment 
r:~uat consist of actual aystear conditions plus simula· Sy••'!m oaintenance for the ·hardware subsystears in 
ttcns of abnormal condltions to be done by test person~ the control center la vell understood, The scope of 
nel at remot~ staciona. Actual lnterconnection sched· maintensnce reoponsibility can be defined as to which 
ules should be negotiátcd as part of the ACC teating, electronic and electrical equiproent are to be included. 

~~~~~The~t es c~r e cord a~aru s c~t·nc tude~ac cúr a té~de·scrt:pt'ionil~o·f~The-ca·s ks-t o~be-per formed-are-pr e ven t 1 vta~and~corre e e 1ve· 
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all probl.:ro enc:o .. ntered and uf tiuo soluciono eade.. uintenance plus daily routine checlu, The hardware 
Thesc records' must be cerefully checked snd approved by maintenence group muot kéep a documentation of all 
che ln·house proJect team as all correccions must ap• equipment failurea and problem3, che repairs made, 
pear in the updated documeotation to be aubmitted later plus Other data for failure analysis, 
by che ven¿or. 

Pnase VIII • Cperotor Tralnins 

St~p 16 - Svstero Indoccrtnatton: • !bis ia out of 
s~quence, but prior to tbe shiparcnc of the ayatem, soma 
tralning 'shoulo bave been started of pover system oper• 
atora, Thi; lnit14l craining consists- of an overall 
view of the control systeM followed by a descr1pt1on of 
each subsystem. Sp~clal emphasia must be placed-on che 
use of the man-II!Schlne interface using proper visual 
ai.!s. íhls lndoctrlnation should not be given until 
after the J~sign free~e. Otherwise design cha~es roade 
befort che free%e and afcer the operators' trsining 
sessions would merely create confusion, 

Stcp 17 - llanc!s•on Tr:!ltn·tn.z.: • At sometime during 
Stcp :~ che syatem operatoTs ahould be acheduled to 
co~ to t~c n~ control center and use one of the con• 
soles as long as thls does not lnterfere with the check· 
out ~orK, !hls is poasible slncc wlth a dual computer 
conflguration the deaign of the system should allow a 
consot~ to b~ used wtth the secondary computer, The 
scheJule :oT training muse be arranged even if only for 
~ couple of ~urs a day, A member of the in-bouse team 
musr sit wlth che operator lnitially to help in _tbe 
tralnlng pru~esa. 

Cter che complet1on of the a~ceptance teses 
(Step !5), more trat.:.ing can be scheduled as deemed 
:u.cessar~, prior to pli!clng che syscem in se-rvtce, At 
tití. stage t:'o,. system la available for as niuch training 
~s J~str~d. In tace, jurtng this training the new ayo• 
te~ co~lc be ~noffic~~lly :ontrolling che power aystem 
for ~errain periods of time. 

P~.ase IX - Sysre"' Cperation 

Stcp 13 - tnltlal In·Service: • At chis atep the 
sysr~m •hall be oificialty in service, Thls ahall aleo 
o~ th~ srart of th~ avellability de00nstracton period 
if one h.ect been apecified, lf there ts an availability 
Jemonstracion, no deslgn changea muat ~ ~de. The 
aystc~ snould be the same a~ it waa ac the completLon 
of Lhe fiual accept.1nce testl, lf cinor errors &re 
found, these should be corrected by the in•houae tesar 
wtth the agreement of the vendor. lf errora require 
st¡;.:Lflc:lnt software or nsrdware modlticationa to cor• 
rcct the"' the vendor should be called in to maka che 
corr~.::ioa&. If a matntenance contract h.ed been ~t>~~de 

wLth e!thcr th~ vendor or .1 thlrd perty f_or hardware 
ma Lntenence, corree t ion o f hardware error a vou Id be 
m4de by thie contract mainte~nce pereonnel, 
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Software maintenance has some overlap with syacem 
enhencement and needa some arbitrary definition. 5oft• 
vare maintenance consista of the following activitiea: 

Syscem debugging 
I'Ue me_inten.ance 
reating of new date-acquisitlon remoce 
etationa and of new data peines 
Software systear rebuilds 
Changes in existing programa 
Installation of nev programa 
Resource (main and auxiUary memory) usage 
monitoring and management 

Syatem enhancement cnnslscs of: 

~lanning -of fucure software developmenc 
Oeeign and development of new programa 
Plannill8 and initi.Atiou of co111pucer 
configuratioa cb.angea and expanaion 

The reason for chis divieion into evo areas is chac_ 
tbe business of software maintenance requirea a dedi· 
caced group which will n.ot b.ave the time for planning 
and developing ayscem improvementa, Anotber group muse 
h.eve the ayacem enhancement responoibilicy, 

Whether both groupa ahould report to che same 
supervisor or to separate aupervisors is not too tm• 
portant, There are 1natances of botb types of organ1· 
~stion vhich are working out very well, One should be 
ca~eful about too aruch structuring of che control cen• 
ter personnel organl%atlon, !he control cencer l& not 
a data proceulng CP.nter nor ls it a batch software 
faccory. l'or exaarple, creating a aeparate grou;~ w[th 
its ovo head and servtng as e aoérvere house for syste~ 
msintenance aod aystem enhancemenc cay juat generate 
more overhead and lmplementation problema, J~sc ~s in 
tlle origin<1l syatem J.mp.lementrltion procese, teamwork 
ia the touchstone of gecting chinga don~ right in a 
real-time control syatll'lll, A looser type of, organi~a­
tlon is more conduci~e to getting people to work as a 
team. 

T!t!NOS IN COrrrROL SYSTEM DES ICN 

Examining Tab 1 e 1 for funct lona be ing p lanned óiC 

exieting and forthco111ing control centers, che trcnJs 
appur to be the wider implcuoontation of the SA, SE, 
and OL1 functions, There are two control cencers 
plancing on 1ostalling the OPF function, lt is ·noc 
certain wben thia will be in service at these centers 
but prob4bly we wtll have to walt a: leaat a year. At 



least evo of the S!'o betng planaed ~111 kave soma el• 
godtnm lnnova1:1onD dtfferent from tne math.ode in oper• 
ation today. We v1ll aee more of ene faet decoupled 
load flow ~el:hod belng usad for contingency evaluation. 
At least tnree ceneers are planning on ueing thie ap• 
proacn. There are no trends in computar conflguraeioa 
vnich depare from ene baste dU4l computar approach, 
It ie too early to tell whether thera vlll be a trend 
toward the disl:rtbuted computar coacap·t wnich one 
nears ao muen about in otner computar appli~tion•. 

There ls a trend eah1bited in the use of nev aod 
more poverful mlnicomputers and al1o midicompueera, 
Hanufacturers of CRT display generatora .and devico 
contróllera are beg1nnins to use microproceaaora, Nev 
data•acqulsltion e~uipment are alao being manufacturad 
or designad wlth programmable capabilitiea, 

The overall plcture of syatem control center Lm­
plementatlon is one of slow movement, One major factor 
~as been the econoo1c slowdown. In 1974 aeveral util• 
ities deferred their plans for syatem control centers. 
In the US only one mejor contraer waa 'owarded. In 1975 
there are indicaciona of res~d accivtcy and aevoral 
new projeccs are ln che bid evaluatlon or apecification 
developmenc work, Several utilltiea have atarted tbe 
syste111. requlreoenta phase of che impleu:entation cycle, 
System contro't center pro_jects are opreadi113 tbrough• 
out che world. tn late 1975 and by 1976 ve ahould aeo 
several new ~rojeces cowmiasioned, 

We sh~uld aee increased ectlvlty in the directloa 
of distribucioa control cenrera incerfac~ng vitb a aya• 
tem i:oncro l center. There w_ill a loo be 1110re hierarchl• 
cal systerr:s as pool centers gec imple.,..nted', Thie 
trend wouló open up the posstbility of more information 
exchange co help each individual ~mber company of a 
pool do a b~tter Job of ita ovn aecurity control. 

P!lOl!t.P:~ AllEAS ANO il!:SI!:AllCH N'KRDS 

ln thls sectloa 1 will =ent1on oome problem areaa 
ln syste~ control center design and not in ths func• 
Clona LntPnded for control centars. There are of 
courae ll\l>ny problema whtch are knovn, oome of tthich I 
have dlscussed prevlously, and for vhich aolutians al• 
ready exist. I wtll attempt in thiu eect1on to identi• 
fy only those vhich are in need of improved methoda of 
accack. 

In my opinion, eome of the problem4 and needa in 
control cencer Jeaign are the folloving: 

l. A se t of ata'ndard benchmark prognma ropre• 
scntat lve o f powo!r 1yacem control operetion · 
ror evaluatirig real-time operoting ayate .. 
and coarputer hardwere capabilitiea. 

.• st:Jdy of tlle 1n0et auitable typea of daca 
structurea vnicb would focilitate procoee1ng 
and -1nten.~~nce but not IJ:¡poae exceuive 
overnead, 

), Realiatic and reaaonable•dafinitlon of oya• 
tem aveilabilicy and ita mea1urement. 

4. tmproved technl.que1 of tran1lating pava~ 
oyatem physical deacription• tnto aoftvare 
tablea. 

~. ltard"'•re rolling ..,.P cepebtlity fo~ color 
car•..-.. 

6. Largo dimension, yet compact, dynamlc color 
d l.sp laya. 

7. )'!ethoda and crturta !or on•line cunlng and 
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partormmnce meaaurement of the automatic 
genaration control function. 

8, Metbodo and cr1ter1e !or on-ltne tuning and 
performance meaaurement of che computér •ystem. 

9, .Imrestigaticn of v_hicb rout1nes m4Y be im­
plsmented in mtcrocode to benefit overall 
syatem performAnce. 

10, Iuvucigation of standard fortnSt for data 
tranGmioaion in data•acquisitlon and ccnt:ol 
ayatema. 

At :~ta point I bave no iDdustry consenous as to 
vhat ~robl~m areae ahould be pursued as a recearch ac• 
tivity, lt ~uld be baot ro walt for 1110re ouggeations 
of needo to add co the list l have above, 

Al1110st every ut111ty company otare1ng on a nev sys• 
tem control center project haa had llttle or no previ· 
oua experience in real-time computer control, What 
then can one l.earn. from che experl.encea of others? l 
•m providing aniJVers to thio queacto'n in the "BY of 
"SWiml4ry of GuideUnea and Pitfalls ro Avoid" in. 
Appendix B. 
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time tmplementatioa, Aaalytical methcds wnich are 
oaciefactory for off-line vork are not neceaaarily 
auitabla for oa•line use. 

o A:=OE~IDL'H 

' ' ·' 

NEEDS 1~ RELATEO ARL\'S 

This is a eupplement to the foregoing report on 
SyJtem Control Center Oesign, The intent ia to indi• 
cate certain needa in cther ?Ówer system engineering 
areaa as seen from the system control vtewpoinc, I am 
offering these brief observations in en oddendum sinc:e 
che in•depth discuae1ons of these problema properly 
belong to other acace-of•the•art reporta, 

The fcllowing are some currently needed develop• 
:~~enta in iunctions <ieatined for syatem con_trol c:entere: 

l. On•line ateady•state netvork equivalent for 
representing systems external to che juria• 
Jic:tional bo~nda of s syatem control center, 

2. Efficient general-purpose optL=um pover flov 
for on•line epplication in •ecurity-conatrainsd 
optimization, This could be"uaed in ec:onomic: 
dispecc:h, correctiva ec:tion atrategy, ernerg­
ency control, and for operating atudiea, 

), Stochastic load flow for sec:urity moaitor1ng 1 
security enalysia and for operating ltudieo, 

•. Dynamic aecurity enalyaie methods vnich do 
~ot impose a heevy c:omputer burden and do not 
require input data noc readily obte1nab1e 
on•l ine, 

5, J.n ade.ptive c:ontingency evaluation procedure, 
i,e,, one that can salect relevant contin• 
genc:iea aaJ learna from previoua experiencea, 
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A.PHNDIX A 

TABLI!: 1 

SYSTDI CO!mlOL C!HrERS FOR CI!:NI!:RATION-TIANSMISSION 
S'C'STEXS 

July, 197~ 

Thb cable 1a ts' fa1rly complete Usting of ocate•of-the­
art ayotem control centero, in service or under development, 
throughout the world •• of July, 1975. Strictly SCAOA•type 
centera are not included except 1f they beloa& to a lawer 
level of a ey1tem control hierarchy. 

Although 1 have tried my beat to gather as much in!or• 
matlon aa poe1ible about what is going on in che industry, 
there muat be a few ayatema which I am not sware about. I 
apol~gize for theaP. omieeions. Any erro~s or apparent mis• 
rep~esentation of faces that may appear in ·chis table are 
cotin:ly .. nintentional, I would greatly &pj)reci.ate: being 
lnformed of any auch omias1onl and errara, 

T. E, Dy Liacco 
Cleveland Elactric Illuminating Co. 
P. O. Box 5000 
Clavelan-1,, O!:lio 44101 

(216) 523•1350 ext, 3349 

'l ' 



3 

5 

6 

Jw1e 1969 Htchtga.n f:lectric Povl!r 
Anr. Arbor, ~iC'higM 

July 1970 Penn.-Jersey-l•.tlryland 
(PJH) Tnterconnectton 

llorristown, Pennsylvll.llia 

June 1970 llew l::ng11Uld Pover F:l:ch. 

Dec. 1970 

Oct. 1971 

West Springfleld, Hass. 

Hember CompllliY 

Publtc Service of New 
!Lo.lnpshire 

Central Electricity Gen-. 
erating Board 

London. England 

Kyurhu Uectric Pouer 
rukuoka, Japan 

llov. 1971 Houston Llghting l. 
Power 

• HouGton, Texas 

Httrch 1972 llorvegitln WRter Re­
sources & Electricity 
Board 

TokY.e, !lor.;ay 

June 197::> !Jev Yor~. i-'over Pool 
/.1 tJ .. ny, :lew York 

() 

-~'AI!L:O. 1 
:.;y:.;'J'I:l~ ,:e:¡-: hJL CtJITH . .' FOR ~': !<.;;< HA;l;:m,::a;,¡¡ ~:¡: .. ; r.~~. 

J!umbcr of 
Remoles 

u 

23 

.160 

·.=(Jn:¡Jutc r :~o r..: ... · i ::t! 
System ~ n WorJs 

1-GEPAC 4 020 + l:-1<. 
1-GEI'AC 40GO + l2k 
2-GÉPAC 4010 + );·k ea. 
Data Llnks to 
Detroi t t\1 i son 
& ConHumers Pover 

Dual IHM lOOOk Bytes 
370/158 • ea. 

2 TBM Syatem 7 + 
Data Llnka to 20k ea. 
12 Pool Hember 
Locations 

1-SIGMA 2 + 
1-STGMA 2 + 
Data Links to 
4 eatellite 
computers 

32k 
32k 

Dual SIGMA 2 32k ea. 

Dual ARGUS 500 + 32k ea. 
Data Linka to 1 
Reglon~l Centers 

1-TOSBAC 32k 
7000/20 + 

1-TOSBAC 3000 fk 

Dual SIGMA 5 

1-NOrtD 1 

Du!ll IBM 
370/155 + 
""-~:.~ .. :•.·" ! inr.s 
to 8 r-:embcr 
Coc:.r"!•i"s 

24k ea. + 
l6k slu.red 

lOOOk B[te& 
ea. 

llulr. 
::toru¡;•' in 
M.:gsbyte!l 

534k vds 
1262k vda 
2000k wds 

ea. 

400 

1.5 
1.5 

375k vds 
1500k vda 

256k vda 
ea. + 
6401!. vds 

4000k vds 

128k vds 

800 

.h.::b•!r of 
•.'olor 
CRT's 

5,2 (bv) 

a 

3 (bv) 

2 (bv) 

2 (bv). 

a 

10 

llynamlc 
ff!Oall 
Display 

1: 
1: !Ion e 

1: 

li 
Gilbert 
s.L:Uigbted 

¡1 

1 

i 

Pelkl1te 
B'l-cklighted 

1 

1, 

1 b 
Hóulc 

1 

'¡1 • 

Electro-
'' ' 1úm1ne&cent 

l 
1 
i 

Dhapic 
Backli gbted 

• ·.i 1 ~ , .• 

• J •¡l y 1 1'~ 

On-Line Punctiona• 
In-Servlce Planned 

AGC, E:DC, 
SM, :::A 

AGC, EDC, 
SM, SA 

AGC, EDC 
SM 

AGC, EDC, 
SBC, SVC 

SM, SA, 1 

OLF, ose 

AGCe., EDC, 
AVC, SH 

AGC, EDC, 
SBC, SVC, 
SM, SA, OLF 

AGC, EDC, 
SE, SA, EC, 
OLF 

SM, SA 

SA, SBC • 
SE, OLF 

AGC, EDC 

.. 



,..., i r· 

() '-·"" ' ' 

1 •. 
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1-ulk :lumber uf Cy nblllic 
lu-..:.crvict: :;~,.;.mLt·r- of Com¡ .. &ter L'ure :;i ze :-itortlge it. Color Wall 0:.-:.ln~ functions• 

Un t. e Nwne of rum(HH·~· Htmole!l :;lstem ln Words M"fab:z:tt:s CIIT's ~ In<ervice l'lo.nned 

Membt:r Cc.wp<u&l es 

Central\ llud~on t;,.,; 1 31t Duul C'l·C ~C-1 ~00 l2k ea. JOOOk 01ds (t>vl AGC, .::>e, 
~lecLric ca. SBC, 5'/C 

Hochest~r Gus & ll.,ctric 35 1-CDC !Jystem 17 + 321< ea. 10001< wds 6 AGC, U>C 
2-CDC !Jystem l7 321< ea. 10001< vds SBC, svc 

ea. 

!# !Jet. lSI72 Tohoku Electric l'ow~r 37 1-IIJTAC 7250 .. 32k 1000k vds Mosaicb AGC8
, EDC, AVC, SA, 

~endai, Japao 1-liiDIC 100 + 8 k S !oC OLF 
1-IIIDIC 100 + 16k 2 
Data Link to 
Regional Ofrtce 
With 
1-HIDIC 500 + 24k 2561t vda l 
1-HIDIC 100 161t 126k wda 1 

10 Oct. 1972 Electric Povcr Utilit;y 1-l!IM 1800 + 641r. 11.6 .. (bv) Moaaicb AGCa, SK, 
Laufenburg 1-IUM S/7 12Jt SE 

Laurenbúrg, Svitzerl~nd 

11 Dec. 1972 Clevelo.nd Electric 32 Dual SIGMA 5 + 48k ea. 3 ea. 6 ferrant1- AGC, EDC, SA, SE 

Illuminating Data Linka to Packarcl f:BC, SM SVC, ACR 
ClevelADd, Ohio lt-P2000 Plo.nt 201<. ea. Electro-· OLF, OPF, 

Computera ma.gnetie ASTA, EC 
Oh k 

12 Feb. 1913 Ka..'1sai Electric Pover 1-HITAC 8300 + 16lt 651t vds Hoaaic 
b AGCa, ED~, 

O salta, Japan 1-HIDIC 500 + 16k SM 
1-HIDIC 100 + 8 k l 
Data Link to 
2-IBM 370/158 

13 Ha.rch 1973 Commonvealtb Edison 75 Dual SIGMA 5 48 " ea. 6 ea. 9 Siemena AGC, EDC, 
Chicago, Illlnois Moaaic SH, SA, OLP' 

14 Marcb 1973 Tokyo Electric Po ver lOO Dual_ TOSBAC 321<. ea. 3000k vda 1 Hoaaic AGCa, EDC, SA 
Tok;yo, J a pan 7000/20 .. ea. 2 (bv) AVC, SM 

Dual TOSBAC 40C 3k ea. 1512 ea. 

15 May 1913 Geoeral Publlc Utili ti ea 15 Dual SIGMA 5 .. 56k. ea. 6 ea. 6 Siemen& AGC, me, BH 
R~ading, Pennsylvania Data Links to Hoaaic 

PJM and to 3 
Member Companies 

Mcmber ComEaniea 

Hetropoli tan EdíSOD 50 Dual SIGMA 5 + 40k ea. 6 3 (i,..i> -- SBC, SVC ea. 
Data Links to l 
Division Control 
Centers Each With 
Dual DS-8000 l6k ea. .256 ea. 6 (bv) SBC, svc. 

'·' 
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• 1 

1. .... , i ·' i . 

buH ,JUJ:lber or DynllllliC ln.~Sc::r 1 i~c ;,umt..er or C:omputcr Core :a:e :3toragc' Ir: Color llnll On-Lln" F'unctlons• • )D .. te _llll!lle or Com¡,arc:t Remoles System In Words r~ee;abytes CRT's Display In-!:ervice ~ 
l'ennsylvania fl~ctric )? Dt:nl :.;reMA 5 + ~Ok ea. (, ee.. J (bw) SBC, SVC 

Data Lir.ks to 
Exi stlng Super-
vlsory Control 

Jersey Central 109 Dual SIGMA 5 + 40k ea. 6 ea. 3 (bw) SBC, SVC 
Data Links to 3 
Dlvision Control 
c~nter&, Each \olith 
Dual DS-8000 16k ea. .256 ea. 6 (bw) SBC, svc 

16 July 1913 Interbrabant. 20 1-Westinghouse 24k 1 (bw} Vyockler b 
SBC, SH, SE, Schserbeek; Belgium P2000 + Mose.ic SA, OLF 

1-llestl njihouae 2411. .512 Quartile 
P2500 + 

1-Westinghouae 28k 2 
P2500 

17 Ju1y 1913 flectricité de France 1-CU 9080 + 3211. 1000k vda , 4 Quartile AGC
11

, SM, (EDF) llationa1 Con- 1-CII 9040 + 24k lOOOk wds SA, SE, OLF trol Center Data Llnks ,to 
Paria, Fro.nce 5 Regional Con-

tro1 Centers 

Re61ona1 Control Centera 

Paria' 1-CII 9040 + 3211. 4 (bv) Qul!l.l'·tue SM OLF 
1-CII 9040 32k 

Lllle 1-CII 9040 + 16k 3 6 (bv) Quartile SM, SA, OLF 
1-CII 9010 3211. 

tlancy 1-CII 9040 + 20k 3 1 Quartile SM, SA, OLF 
1-CII 9040 , 2011. 3 

Lyon DuaÍ CII 9040 20k ea. 3 ea. 1 Quartile SM, OLF SA 

Maraeille 1-CII 9040 + 2011. 3 1¡ Quutile SM SA, OLF 
1-CII 9040 1611. 3 

Toulouse 1-CII 9040 + 2011. 3 1 (bv) Quartile SBC, SM SA, OLF 
1-CII 9040 2011. 3 

liante a 1-CII 9040 ,1611. 3 6 Quartile SM, SA, OLF ., 
1-CII 9010 3211. 
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Uulk ::u.mber or Dynamic 
~=.-~er·;¡ce :;ul!:Ler o!' Compu!.t:r ~ore !':i :<.· :·tora,~c i: .. O::olor Wall ·'r.-Line F'uncllons• 

:..u te lla.'De or ':vru¡,fliiX P.,motes :~lstem in Won.ln He¡::nl>,lte!O ~~ ~~ In-Servlce PlanneJ . 

l~ .:'e;.>._. ~)1 ~ :.~out.ht:rn !it:rv l ce::. .'U(¡ liutt.l 1111-! 200011 !lytes ~· C,i j t .. ·:J. ' l . ., l'lanne•l AGC, l'DC, t:A, ~"t 1 

!li rmin~luun, Al~IJUir•ll 11011 ~.e • ea. :>M (ILf 
4-ADS 900 + 1 6~k Bytes 

(sp .. rel + ca. 
<!-IBM G/7 + 
Vido:o [Jutu Links 
to Comp11ny Dis-
patcb Ct:nlt:rs 1G SBC, 5VC 
a t Al"brun11 f·ollt:l', 
Ceorgla Po1ler, GulC 

·Pover, Missis~lppi 
Pover and to U 35 SBC, svc 
Dlvislon Control 
Centers 

·· .... 
19 Oct. 1913 American Electrlc Pe ver 38 1-lllM 1800 + 6411. 3 9 (bv) Nauell AGC

11
, EDC, SE· 

Cantan, Ohlo 3-llP21161l + 1 161< ea'. Moa ale 
(Spare) + 

Data Link ·t.o 
1-IBM 370/165 SA 

20 Cct. 1913 Philadelphla Electrlc .. 1 Triple-DURROUGHS 2BBk Shared 160 l¡o Hone AGC, SM, SA EDC 
Philadelphia, Pennsylvanla 6700 + 

Data Links lo 2 
Plant Computara 
and to PJM (See 
ltem '2) 

21 !iov. 1913 Hokurlh.u Electric Pover 25 1-'l'OSBAC 321t 30001t VdS 2 HosiLicb AOC, ·me .• 
Toy8.lll8, J a pan 7000/20 + AVC, SM, 

1-TOSBAC 3000 t Bk 32k vds SE, EC 
1-TOSBAC 40 16k 

22 May 1974 Pennsylv~~la Pover & 8 Dual SIGMA 5 + 921t ea. 9 ea. lO Da tapie AGC, EDC. svc, SM, 
Ligbt Data Links t.o PJM Bacltligbt.ed SBC SA 

Al1entovu,.Pennsy1vania (o e e ltem 2) 6lld 
300. to 5 D1vis1on 

Otticeu Each With 
1-SIGMA 3 + 321t- .150 lO ssc. svc 
1-SIGMA 3 16k 

23 S<Opt. 1974 Carolina Po1ler & Light 32 Dua..l SIGMA 5. + 46lt ea. li.5 6 (Sta. tic) AGC, EDC. 
Ral~igb, Nortb C..rollna 2-GEPAC 3010 201l es. SBC, SM 

A!. 



iu-::t·rvi-:e 
Pute 

26 Mid-1975 

21 Mid-1975 

hunn~vllle Pow~r 

Ümi r.l strutl oh 
~ottl6nd, Oregon 

Iowa-1111oo1s Gau 
S. Electric 

Davenport, Iova 

ó/1scons1o Eleclri'c Pover 
~, 11 waukee, Wt sconsin 

Rhe1n1sch-Westta11scbeu 
Elektr1z1tatsverk (RWE) 

Brauve11er, West Germany 

26 Late 1975 Middle South Servlces 
Ploe Blutt, Arksnsas 

Member Cornpanies 

Arkansas Pover & Light 

29 Late 1975 Detroit Edison 
Detrolt, Michlgan 

J~wnbcr of 
Hemotes 

26 

·-100 

50 

80 

31 

260 

150 

.'ur.1putcr 
.iy:.ott"m 

() 

!)',Jbl i'llf:-10 .. 
;•-1 t,r-u • 
1-PUP-11 + 
úua1 Gl1'AC 4010 + 
Dual G~PAC )010 + 
l -GEPAC 30CS + 

f'ore :~t ~~ 

In Words· 

<.5f.k ea. 
:·ti~. ~a. 
l2k u. 
32k ea. 
2~k ea. 
6k 

f\rture 
Dual lli::Ltl5 · L8k ea. 

Dual ~IGMA ~ 3~k ea. + 
32k aharud 

Quad CDC 32k ea. 
SC-1700 + 

Dual CDC CYBER ~9k ea. 
72-13 + Data 

Link to Wisconsin­
Michigan Pover: 
whi eh has Dual -·--
CDC SC-1700 321t ea.-
+ Video Data Link 
to 9 Ottices 

Dual SIEMENS 6~k ea. 
306 

Dual SIGMA 5 + 621t ea. 
Data Linlts to 3 
Member Companies 

Dual SIGMA 3 + 40k ea. 
!Jata Liuks to 5 
Di visioo Cont.rol 2-2~k ea, 
Centers Each With 
Dual SIGMA 3 3-32k ea. 

Dual SIGMA S + 6Lk ea. 
Data Link to 
Michtgan Electric 
Power (see Item 1) 

... 
' 

!!•J_lk 

Stora"" In 
Mcgai.Jytell 

1792k wds 

1500k w1a 
ea. 

~lumt..ea· ur 
Colr,r 
CR'r's 

7 

9 ea. 6 (bw) 

2-44ook veis 20 

l2000k wds 

2200k wds 4 
ea. 

23041< vds. 5 (bv)c 
ea. 2 

12 ea. 

3 ea. 

1.5 ea. 

21 ea. 

6 (bv). 

3 
9 (bv) 

" 
16 

13 

¡ 
!'¡ 

Dyna.dc 
lldl 

~ 

;¡ 

;¡ 

'.1:>1 emens 
1
Mosdc 

1 

1 

1 

i(Sutic) 

i 
·¡ 
1 

11( Sta tic) 

Mauellb 
Mosaic 

Siemens 
Mosdc 

1• 

1 

(Static) 

.hly j f('• 

In-3ervlce ~ 

sac, ~ve 

sac, svc 

AGC, E&C, · 
SBC, SVC, 
SM 

SBC 

1 

SBC, SVC 

SBC, SVC 

AVC 1 SA, 
DE, or.r 

llA, OLf 

AGC, EDC, 
SBC, SM, 
SA, SE, 
OLF, OPF 

AGCa, SM, 
SE, SA, 
OLF, ose 

AGC, ELC, 
SM, OLI, 
OPF 

SBM, SVC, 
SM, SA, 
SE, OLP 
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!1.-:.:ern :e 
::late ------

30 LaL~ l~l1 T~~~~ssee 7ull~) A~•t .ri~l 
:hat t.BCIV-Jb8t -:·t.'Oih.!'!i~t_6t~ 

31 Late 1975 O~tario H¡dro 
Toronto, ·Cana da 

32 ·Late 1975 Svedish State Pover 
Board 

Stockholm, Sveden 

33 Early 1976 Portland General Electr1c 
Portland, Oregon 

34 Early 1976 Southern California Edison 
Loa Angeles, California 

35 Early 1976 Potomac Electr.ic Power 
\lashingt.on, D.C. 

36 Early 1976 Fuer~a Electrice. de 
Cataluna (FECSA) 

Barcelona, Spain 

37 Late 1976 Utah Po~er & Li~ht 
:::alt :.ak'' City, Ctah 

HwoL~r of 
!l.,C!JOtes 

13 

88 

150 

50 

260 

85 

Computer 
System 

J<J';r-~~. ) • 
( J-i;EI'AC ~010 • 
Dllte. I.inks te ~ 

Area Li s¡íat.:h 
Centers, One ol" 
\/hich has Cual 
GRI-99 • Vidt"' 
Data l.inkr. t.O 

llee.dyuarters 
Offi.:e 

Univac Kf'lloG-2 
+ ]-NOVA 1200 

Dual SIGMA cj + 
2-'CDC 3ystem 17 

lorf"' !':i ~e 
in Wo:-·IS · 

:u~. 
-0~ ~r.e'!. 

ea. 

321< ea. 

262k 
24k ea. 

192k ea. 
48k ea. 

!lual MOPCOMP 1'/ 160k ea. 
+ Video Data Links 
to 6 Regional 
Ofrtcea 

Quad CDC SC-1700 28k ea. 
+ Dual. CYBER 

73-14 + 65k ea. 
Data Links to 8 
Svitching Centera 
Each \11th 
1-CDC SC-1"{00 + 
Video Data Link 
to Headquarters 
arrice 

7-20k 
l-32lL 

Dual. SIGMA 9 + 112k. ea. 
4-SPC 16/65'+ 16k ea. 
Data Link to PJM 
(See Item 2) + , 
Data Link to IBM 
360/65 + Video 
Data Link to 
Executive Office 

Dual. 1.010 + 
Dual 30iO 

Dual. SIGMA ). 

32k ea. 
32k ea. 

64k ea. 

Bulk 
!jtortiee in 
Mce; .. t>yter. 

1 ,· 

1?8k w.ts 
ea. 

80k vda 

51¡ ea. 

25 ea. 

35 

356 

8.8 ea. 

61.8 ea. 

7.5 ea. 
.262~ ea. 

6 ea. 

:hu:ber or 
.·ol•>r 
CRT's 

l. 

26 

6 

10 

6 

31 

8 

20 
5 (bv) 

lO 

6 

Dynami.c 
\lall 

Di spllly 

(:.:·aLej 

Mauell 
Mosa1c 

Siemensb 
Mosaic: 

Mauell · 
Mosaic 

(Static) 

None 

Siemens 
Mosaic 

o 
· •• 1 lrh..: l 

.luly l ~7' 

On-Line Funct1ons& 
In-Service ~ 

AGC, ::OC', 
Sl-1, SA, 
SE, OLF 

sac 

AOC, EDC, 
Sfol, SA, 
SE, OLF 

AGC, SM, 
SA, SE, 
OLF 

AGC, SBC, 
SH 

AGC 

NOX, SM, 
SA, SE, 
OLF 

SBC (at 1 
Cento:r) 

SBC, SVC, 
AVC, SH, 
SA, OLF, 
DTA 

AGC, f:DC, 
SBC, SVC, 
SM, OLF 

AGC, EDC, 
SBC, SVC, 
:::~~. r.A • 
SE, OLF 
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h1t. ~ 1 .~ ::r·rv ll··· ,,r 
.:Lalroma 

':'ul sa, úUC<homa 

Servicios Electrlcoo del 
Gran lluerros Airea (!:;EGllA) 
Buenos Aires, Argentlrra 

Mlnnesota Pover & Llghl 
Dul uth, MI nneaota 

8 Implece~~ed by analog controller. 

NumLer ,f 
.. . !1t:mote.!!_ 

22 

50 

borivec by hard vlred loglc independent or computer. 

cSt roi.e !'·..111 graphic. 

QLegenj for oo-line functions: 

ACR Automatlc Circuit Restoration 
AGC Automatic Generation Control 
kSTA Automatic System Troutile Analys1s 
AVC Automatic Voltage/Var Control 
~A )istribution Trouble Analysis 
~~ Emergency Control 
~~ Economic Displltch Control 
:;::< ~inimum N0

11 
llil:lslon Dispatch 

t:'Otl,ll'J.l~r 

!:j;¡iktem 

() 

~ uul :'.I)J '' :r ¡~fi' : '/ 
+ DaLu : i1.ks t_(j 

¿ Regional 
OffJccs luch With 
Dual :10DCOMP I 1 

Dual I~ODCOMP 1"1 

Dual Xerox 550 

C-:>r·e ~: i :·•· 
In llor L 

:.·••· rtr. 

l-C4k ea. 
l-5(.k ea. 

On-Line Load Flóv 
Optimum Po~er Flov 

!Jull'. 
!~túr, .. ,·~ j n 
:~egat.¡tes 

. .. 1•(&, 

20 ea. 

OLF 
OPF 
ose 
SA 
SBC 
SE 
SM 
svc 

On-Line Sh~rt Circu1t 
Steady-State Security Analysia 
Supervisory Breaker Control 
State Estimation 
~ecurity Monitoring 
Supervisory Voltage Control 

:,.., .. b.,r o!' 
··;Jur 

__ "!~ 

8 

9 

13 

Dynamlc 
Wall 

Display 

flathllWB)' 
itosat'! 

1: 

' 1 
1 

Mauell 
Moa ale 

'1 

;¡ 

Siemens 
Mas ale 

'1 

o. 
~ .... · .. 

C'r.-Line Functlons• 
In-Service ~ 

SBC 

SM, SA, 
SE, OLF,· 
ose 

. AGC, EOC, 
SBC, SVC, 
SM, SA, 
OI.F 
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APPENDDt B 

S~Y OV GUIOELINES ANO PITPALLS TO AVOtO 

Thia ou=mary was orlglnally prepared in 1973 nnd 
hao stnce received considerablo induatry expoaura in 
tha·us and abroad. It nas been rewarding to find a 
virtual unenimtty of agreement on che pointo lioted in 
the eu~ry from people who have gone through ei=ilar 
axperiences in' their own control center projecto. Some 
improve~nts on the original vera1Dn b4ve been eupplied 
by soma of my colleagues in EEI. 

Thls summery ta therefora appeoded to thio report 
as a syntheais of industry experiences tn the design, 
imple~~~enta t ion, and mainten.ance of eystem coutrol 
centers .• 

I. Analysis and Llealgn 

l. ldentify.and analyze all the needm of oyotem 
opera e ion. 

2. ratk with the syatem operatora--tnclude super• 
visor& in discussions separately from opera• 
tors, Ftnd out not just what they want but 
~. What would they do ~ it alter they 
ge t t t1 

3, Examine critically every item requested to be 
oeasured, displayed, alarmad, or logged, 

"· llo no,t· constder a single procusor. You vill 
neo:d another one for testing, maintenance, 
workload distribution, and backup. An old 
analog. control syatem la not an adequate back· 
up. ~o matter how thoroughly software changea 
are che~kad out in che ba~kground they must be 
tested in the foregróund befare bein¡ us;¡-in 
the on•line system. 

5 •. A real-time cooputer with real•ti=e lulrdvare 
la definitely preferabLe· to a general-purpoee 
business or sc1entif1~ type compucer, 

ó. A real-time ~perating syatem is delinitely 
prelerable to a general-purpoae oporating aym• 
tem with real-ti:nd enlulncementa, Do not try 
to use a ttme-shartng opecating ayecem for 
real-ti=e applicattoa, 

7. An existtng, field•proven, real-time operating 
system is deflnitely preferable to a non• 
exiltent, untried opera~ing eystem. 

o, A standard, fully supported operating aystem 
with a few modlflcationa and augmentationa to 
adapt to the application ia preferable to a 
raLlor-made, one-of-a•kind operating ayatem, 

'J, Cónsider carefully the failover requirementa 
together with che allocation of functione to 
t._.., or :no re proceasora. 

10. Avoid complex autor.watic failover achemea, But 
you muse have automatic re•ltart. 

LL.. Revlew carefully the error return philosophy 
lor 1/0's (masa storage and CRT) and program 
eu.cution requeat1 for every prograro. The 
phlloaophy will ~ary wlth the functlon, 
. ""' 

1~. Ch .. ~k all ·tnLtlalizatlon procedurea lor pro• 
gr~m• and rahlea. Th~re may be several levels 
o( lnitlallzattnn to be conaidered. Each 
WOIJLd nave requlremento of how, when, and by 
whom initiated, Each would have require=enta 

31 

as to what 1111 initialtz:ed to vhet. 

13, Mintmtza I/0 1 u ond data trauafera. 

14, A8 a general rule, provide for manual inputs 
for every data type and manual overrides lor 

-.. j!Very program (includLng failover)••via the 
operator'm consola, 

15. Provide for manual restart of any periodl~ 
program, 

16, Develop alarming and other program responses 
to abnormal conditions on the basta that fail• 
urea or devia~1ons from normal CAn occur 
·iatermittently. 

17, Check c:arefully the electri~1 so urce of in• 
put data to 1nsure that the data required by 
a program lo indeod monitored, 

18, Cooaider dedtcatod loggere for specific 
functiona, 

19, . B.eviev c:arefully all CltT fotnat <!eai'gns. Make 
oure the enduuaer reviewa and approves all 
diagrama, Queetton vith bim the contenta of 
each format, Alter one•lines are approved, 
have them field•checked, 

20, Hske aure the syatem doea not crash on a 
queue full eondition, Examine .reeovery pro• 
cedureo, 

·.21. Provide a test driver fac:ility on the 'CRT. 

22, Avoid inductiva logic, Protect your program 
from parameter and data errors. 

23, Oo not fall readily into the decision of cod­
ing primary real-time programa in fortran 
Vithout a careful investigation and clear 
underatanding of the actual Fort~an that you 
are getttAg. Wh&t are the implications of 
ita use with regard to overhead, shared re­
sources or subroutines, system response, lore• 
ground testing? 

24, leoiat the destre to atare program coding 
right avay, Do not take short•cuts in pro­
gram and file design, test plans, and ~inta• 
naneo plana, 

25, At soma point after start of system build 
freece the deaign 1eopa¡ eccumulete all sub• 
aequaot acope chaQges lor Lmplementaticn after 
aystem ec~eptancs, 

26, Define your criterie for syatem funcÜona l 
availabillty. Shoot for a mlni~um lunctionel 
availabllity of 99.5•99,8 for tha man-machine 
interface. 

27, 

28, 

29. 

Avo1d updates of the asma file by two or more 
programa. If unavoidable, consider making the 
table core•reoident, or scheduling che pro• 
gramo involved so that one run' to completion 
before the other ia started, or uaing tema• 
phoree vbich are eupported by the operating 
syatem, 

B.ecognize mny physical C?n~trainto placcd on 
ayetem expanolon by fila/program deeigns. 

Set up aiNple oyetem documentation pro~edures 
vhich can be followad wlth a minlmum of pol1c• 
ing, The procedure obould eontaln provuiona 
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fqr permanent biatory, retention of old ver• 
atona, 1mplementation of temporary patchea, 
addition of new veraions of old programa, ad• 
ditton of nev progra~s, file ch4nges, dia• 
poa1t1on of aource ~terial, procedures for 
new liatings, d1apoa1t1oa of old l1atinga, 
maiateneace and aafa keeping of b&ckup tapeo 
end documentation, 

30, Power aupply eonaidarationa ahould aaaura that 
one power aupply failure doaa not take the ayo• 
tem dovn, 

ll, 

32. 

Kmke eure the hardware and aoftvare deatgn 
doea not prohibit the future edd1t1on of con• 
soleo durtng the lite ot the oyotam, 

Conaole deolgn ehould be a joint effort (oper• 
atora, ·eng1neers, vendora). PTogra~~~~~~ere 
·anou Ld-~be~abta~co ·tea e-che~ ayo tem-uaing~oae-of-- -
the operator'a coascle~ ora dedicated pro• 
grammer'a consola. A programmer's console 
ahould be 1deat1cal to the operator's consola 
so that· actual display interactiona CJID be· 
stmulated and tested, 

Pravide e simple meana of meeauring or moni• 
toring system performance. 

11. Procurement and Pro]ect Hanagement 

1; 'tn the procurement specifications, refrain 
from requeats that cauoe needlesa effort on 
the part of the vendar but add nothing to che 
bid evaluat1on. 

2. Estsbliah an in•houae software team, aa early 
as poaaible, preferably on or before the time 
.of bid evaluat1on. the team ahould be charged 
with the m1saion of becoming thoroughly fam1• 
liar vtcn all de~4ila ~f the ayate~. 

l. ~ team muat lnteract vith the vendara' &oft• 
ware people. Your spec1f1cat1ona ahould re• 
quest or provtde for a su1table mechan1am so 
that cooperativa working relat1onshipa mey 

4, 

5. 

o. 

7. 

a. 

be a eh le ved • 

~ork tloaely v1th the vendar. You have the 
same goals aa he has vith one difference•• 
you have to live vith the ayatem, 

~ng the peraonnel esaigned to vork witb tbe 
vendor at che vendor's olte muat be one vbo 
can D14ke design dec1sioaa PrÓmptly. 

Learn aaaembly language thoroughly. 1e1erva 
some real•tlme programa for your team to vrite 
so aa to galn lna1g~t into the aatura of raal­
t iCie systems. 

Require your software tea~ to have enough un• 
derstand1ng of the hardware with which the 
computar lnterfacea, especially the data• 
scquiait1on syatem, Have aome team memberu 
parcicipate in hardware tra1n1ng couroea, 

Do not give 1nnovat1ve aof~are development to. 
vendora w1thout detallad dealgn speca. 

~. The namt or experience of a vendor •. ., a cor• 
porat1on wlll not have too much bear1ng on 
getting your syatem done right, The ent1re 
lmplementatlon wtll depend on the ind1v1duala 
aaalgned to che Job, both the vendor1' and 
youru. 

l2 

10, z~táblish teemwQrk. Curb tendency of some 
progrAmmera to work in iaolat1on. 

11. Chs1lenge every program. Try to make it fatl. 
Try to ..ake che ayatem fail. Should the 
atate--nt l>e made "No one vill ever do that"~ 
••thAt 1s e:uctly vhat they wUl do. Try it! 

12. l"rov1de facilitiea for driving ~nalog strip 
charta for tuning generation control. 

13. Provide for statistical data collect1on oa 
tape for off-line analys1a of syatem charsc• 
te'C'htica, 

14. ~aist oa diagnoatic and test software to be 
completad prior to syetem checkout and 1nte• 
gn.tion. 

-~lS .~-Inaia t-on~f 1 le-editor s~and-rns in te nance-pro- --~~~ 
gramn to be completad prior to program testing, 

16, Rnve a primitive CRT software operacional 
prior to program testing. 

17. In sof~are management, pay more attent1on to 
months and leas to microaeconda. 

18, Kake all programmers understand that prelimi• 
nary resource allocations are aot binding and 
no progrbm shouLd be coded to completion which 
~ld alow dovn ayatem response. 

19, Order apare parta and tes·t.equipment early, 
tlleae are as· i111p0rtant as ths equipment it• 
aalf. 

III. Teeting' 

l. Think·out failure 
tbe ayatem fail. 
ooft procedures. 
procedul'es. 

poaaibilit1es. Try to make 
Verify f&il•safe and fail• 
Test recovery and re•&Ldrt 

~. Teat ayatem reapoase to aaslog data· valuea of 
uro aad fu llaca le in addition to nonna i 
operating valueo, 

J. 

4 .• 

~. 

6. 

7. 

Teat program response to improper parameter 
inputa, 

Teat 1/0 protedurea for errara in I/0 requeat 
ae vell aa for forced failurea such as turning 
device off, 

Milite up atandard test procedurea or check list 
for verifying aev aystem builds. 

Verify man•machine response times. The re­
apoaae time measured from the inatant a request 
is sctivated to 'the time that a CRT display is 
complately on the acreen ahould average at 
ebout 1•2 aecoada and in the vorst case should 
aot exceed S aeconds. Considerably longer 
response timeo are depreseing co the human 
operator, 

Teat tbe ~1ntenance aof~sre thoroughly since 
the major vork effort after ahipment w111 be 
craaticg curreat fileo. 

8. Provide adequate diagnootic erro'r meuageQ
1 

not 1a code, but in aimple !ngliih. 

~~ fbc acceptance test should 1nclude a simulated 
emergency aituat1oa (aimultaneoua tr1pout of 
an anc1re diviaion) to determine· 1f the ayatem 
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ourvivee when you.need it most. 

10. If your ayetem interfaces to other computar 
systems - leaae a phona line frcm the fectory 
floor to that second aystem. Test the interQ 
fac:e when the "experta" are tllare for prompt 

.hardware or software repairs. 
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COHPUTER CONTROL Of VACUUM DEPOSITION PROCESSES 

a·. H. Centner and R. A. Wilson 
Bendix Research Laboratories 

Southfield, Hichigan 

ABSTRACT 

With the advent or the lov coot minicomputer. 
full automatic control of vacuum deposition pro­
cesses appears both techn1cally {easible and eco-

·nomically attractive. To date, vacuum deposition 
processes have bccn largely controlled manually. 
although simple controllerH have bccn available 
for controlling portions of thc procese such as 
the vacuum pumpdown and tha dcpoattion rate dur­
ing evaporation. Automatic· cont.rol promises to 
imptove' procesa cfticiency and performance, and 
to improve the uniíormity of the resultant pro­
ducts, while freetng personnel from routine 
operating tauks. TI1e approach to computer con­
trol of vacuum deposition processes (evapora-

·tion and sputtering) is discussed, and the con­
ceptual design of an automatic procesa controller 
based on a minicomputer is presented. The 
advantages of automating these processes are 
reviewed. 

INTRODUCTION 

Titis paper discusses the application of a 
small digital computer, or minicomputer, to 
autom~tic control of vacuum dcposition processes. 
lncluded are the establishment and control of 
the vacuum environment, control of the evapora­
tion procesa, control of the sputtering procesa, 

.and con~rol of a number of lesscr functions re­
lated to these processes. Emphasis is placed .on 
demonstrating the feasibility of applying a dedi­
cated computer to ·che control of a single vacuum 
deposition system, although of course other 
computer/deposition-system relationships may be 
preferable under certain circumstances. · 

In the following sections the control re-
·quirements for the vacuum deposition processes 
are reviewed, together with the present methods 
of control and some of their disadvan~ages. The 
approach to computer automation of these pro­
cesses is then described and the conceptual de­
si~t of an automatic controller is presented. 
Finally, it is Bhown that computer automation 
leads to improved system efficiency and perform­
ance, improved produce uniformity, and the freeing 
of peraonnel from routine opersting tasks. All 
of these are ultimately reflected as economic 
advantages. 

The foilowing discussion of control require­
ments and controller design concepts is specifi­
cally oriented toward the batch-type vacuum depo­
sition system. Obviously the same general 
approach can be also applied to the automation 
of an in-line type syatem, although the specific 
control functions will differ somewhat. 

VACUUM DEPOSITION PROCESS CONTROL 

Control Requirements 

The basic vacuum deposition processes 
covered in this paper are thermal evapofation 
and sputtering. Theae two basic processea en­
compasa quite a number of different operations, 
including:-

(1) Vacuum cycle control 

(2) Pressure control 

(J) Substrate conditioning 

(4) Evaporation source control 

(5) Sputtering control 

(6) Glow discharge cleaning 

(7) Substrate rotation 

(8) Bell jar and base·plate cooling 

Each of these functions is a somewhat in­
dependent operadon, although they must be 
appropriately grouped and coordinated to yield· 
the desired procesa sequence. Each of th~se 
opera dona requi-res control functions. In some,· 
the control ia. based on the behavior of a aensed 
parameter relative to a desired or setpoint value. 
Preasure control and base place and ball jat 
cooling are examplea of chis· type of control. In 
other cases, control ia based on a timed seqúence 1 

as is generally the case for sputtering and glow 
discharge cleaning. Evaporation source control 
is an example of an operation where both bases 
of control are used: che soak power level is 
normally maintained for a.timed period, whereas 
during actual'desposition acurce power ia usually 
controlled to yield a specific deposition rate. 
until a apecified film thickness is achieved. 
During the procesa control sequence, most of the 
items listed require only simple on-off type con­
trol of solenoid valves, power supplies in whieh 
the voltage or current levela have been pre-set, 
and motora. "Pressure control" involves'adjust­
ment of a variable valve, while substrate condi­
tioning and evaporation aource control may in­
volve che control· of variable power supplies·. 
Thus, a vacuum deposition procesa may include a 
number of steps or operatio~s, but each operation 
by its~lf constitutes a relatively simple control· 
requirement which can readily be automated. 

Preaent Control Methods 

To date, vacuum deposition processes have 
been largely controlled manually, although simple 
controllers are preaently available for control- • 
ling portions of the procesa. The latter are 

Reprinted with pcrmission from 1970 WESCON Technlcul Papen, vol. 14, paper 4/4. 
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hardwired, oodular devices or units. each control­
ling a single operation, and are generally limited 
to two areas: vacuum cycle control and evapora­
t.i.on source control. Evaporation source control 
is generaÜy ac·complished through the combined 
efforts of two modules or units. One is a moni­
tor u1'lit which determines film thickness and 
deposition rate, and ~rovides a signa! or contact 
closure when thickness reaches the set point value. 
TI1e second unit provides a signa! for controlling 
source power during the soak and deposition por­
tian of the cycle, using signals from the monitor 
unit as the basis for control during the deposi­
tion portien. 

appears·to be both technically feasible and eco­
nomically attractive. It is to this approach 
that we now direct further attention. The next 
section describes an automatic controller based 
on this approach. The advantages of such a con­
troller are outlined in a.subsequent section. 

An Automatic Vacuum Deposition Procesa 
Controller 

It was noted earlier in this paper that a 
vacuum d~position procesa is made up of a number 
of different operations, each of which consti­
tutes a straightforward control problem •. An 
automatic controller based on thc use of a digi­
tal computer can serve to organize, coordinate, 
and control the execution of these operations. 

These methods of control have a number of 
d:l.s tinct disadvantages as follows: Frequent 
attention by an operator is required during the 
course of the process cycle or run. Even whcn Controller Functións: The automatic vacuum 

~~~~~the-prcevi·ously -cited··control~modules~are~used-¡ . ~~deposition~ process~control-ler~could" be~capabl:e-of 
the:!.r operation is normally uncoordinated. When performing the following functions: 

1 
the vacuw:il cycle controller· has established the (1) Automatic vacuum cycle: control of 
proper environment, the operator is required to the be.ll jar; the vent·, roughing, 
initiate the source control cycle or the actual foreline, and hi-vac valves; and the 
"process". When the latter is completed, the ion tube filament. Protection of the 
operator must again manually initiate the return diffusion pump from overheating and/ 
of the chamber to atmospheric conditions. Other or excessive fore pressure. 
auxiliary operatipns, such as glow discharge 
cleaning, must also be manually introduced in the 
cycle as required .. Thus personnel who might be 
performing other tasks are tied up in routine 
equipment operation. 

The high degree of operator involvement can 
also influence the.process in at least two other 
ways. First, since the steps of the process must 
each be initiated by the operator, unnecessary 
delays may be incurred between the completion of 
one operation and the start of the next, there­
by reducing the efficiency of the process and 
increasing the overall run time. Second, since 
manual control of the process involves a certain 
degree of operator judgment in some of the 
steps, the possibility exists for variations in 
product quality or uniformity from batch-te­
batch. All of these disadvantages are ultimately 
reflectad in co~t factors which would be improved 
by.automa~ic control ·of the process. 

Approach to Computer Automation 

Automatic computer control of vacuum 
deposition processes has been technically fea­
sible for some time. The size and co~t of the 
computers which have been available, however, 
have generally made such automation impractical 
and economically unsound. Exceptions to this are 
cases where the computer can be used to control 
a number of vacuum deposition systems, or where 
the computer can be used to control a depositio~ 
process in addition to performing other duties." 
The rccent advent of small, low-cost minicom­
puters has changed the picture dramatically. · 
Now an automatic vacuum deposition process con­
trollcr based upon the use of a small dedicated 
computer and dcsigned to serve a single system 
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(2) Automatic-pressure control: control 
damper valve to keep chamber pressure 
constant at a preset value for part 
or all of the opera ting .cycle. 

(3) Substrate conditioning control:- con­
trol heating (to bake or conditioning 
temperature), annealing, and cooling 
of the substrate. 

(4) Thickness-rate functions: using thick­
ness input signal, calculate deposi­
tion rate and determine when thickness 
reaches set point values. These data 
would be used by the evaporation source 
control function. 

(5) Evaporation source control: control 
the cycle of one or two sources (power 
rise, soak, deposition rate, and 
shutter). 

(6) Sputtering control: turn on preset 
filament, anode, and target power 
supplies at programmed point in cycle 
and main.tain for timed sequence. Moni­
tor target current while sputtering. 
Interrupt timed sequence and sound 
alarm if current drops· below a preset 
value. · 

(7) Glow discharge cleaning: turn a fixed 
pawer supply on for a preset time in­
terval at any of severa! pre-programmed 
poiats in the cycle. 

(8) Substrate rotation: turn substrate 
rotation motor on and off at pre­
determined points.in the cycle. Fixed 
speed (manually variable via control 
not provided) • 

•• t:¡. 



(9) · Bell jar and base plata cooling: turn 
coolant ayatem on 11nJ o!!. Turn on 
whenever &ensed teaporcture exceeds a 
set point value. · 

Controller Deacrtptton: The automatic 
vacuum deposition controÚ-;r woulJ be.baaed on a 
sma11· digital lllinicomputer wt th a read-only 
memory. Figure 1 ie a block dtn~ram showing the 
relationship of the controllrr to·the vacuum . 
deposition system, whilr F1Rur~ 2 1a a simplified 
block diagram of the autocatic controller itself. 

etc.) could be introduced via the thumbwheel 
switch. (Alternativa mcthods of introducing these 
inputs might include: (1) potentiometera, whose 
output s.ignals would be sent to the computer via 
the multiplexer and analog~to-digital converter 
and (2) a punched card and card-r~ader 
arrangement.) 

On-off type manual inputs, such as "cycle 
start'', "automstic recycle", and "reset" would, 
be ·introduced to the computer by means of a status 
·register. On-off signals from the procesa, such 

VISUAL 

IOAtoUAL o~ U ~ AUTOMATIC --- OISP.LAYS -O IUiult•CI lHtCT VACUUM AUTOMATIC CONTROL 
VACUUM 

DEPOSITION -.- OEPOSrTION 
SIGNALS PAOCfSS j_. PROCESS 

G U ti'Of.llttl 

O CYCLI UAAJ r 
CON lHOLLER MODE J MANUAL 1 MANUAL 

O AUIT. IlC. SEUCT 1 CONTROL 1 CONTROL 
PANEL 

SENSEO PRDCESS PARAMETERS · 

Figure 1 - System Bloclt Diagram 
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MANUAl 
INPUTS 

INTERFACE r-~ 
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COMPUTE A 
OUTPUT 

INTERFACE 
CIRCUITS 

ONOff 

INPUJS 

Figure 2 - Simplified Automatic Controller Block Diagram 

The automatic controller would be fitted 
with a front panel typically containing the 
following: An analog meter and a digital 
(Nixie tube) readout, each with a function selec­
tor switch; a four-digit thumbwheel switch with 
function selector switch; severa! toggle and push­
button switches; and a number of status or indica­
ter lights. 

The unit would have connections at the rear 
for all input signals and for analog and on-off 
type output (system control) signals. All vari­
able input signals from externa! sources are 
assumed to be analog de voltages. These would 
include pressure, temperature,and thickness sig­
nals. Normalizing amplifiers would be provided 
to adjust the relative voltage levels of those 
signals. The normalized sigrials are fed to the 
computer by means of a multiplexer and an analog­
to-digital converter. 

Varia~le parameters to be displayed could 
be read out either on the meter or on the digital 
display. Variable inputs which are introduced 
manually (set points, soak power, rise times. 
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as fr'om bell-jar hoist limit switches will be 
handled in the same way. Two types of control 
outputs are provided: Digital-to-analog conver­
tors provide analog<voltages for functions where 
variable control signals are required. , On-off 
type control signals or contact closures are pro­
vided for the operation of solenoid valves and · 
solenoid-operated shutters, turning preset power 
supplies on and off, operating bell jar hoist 
and substrate. rotation motors, and in fact most, 
of the system control functions. 

The input and output interface circuits 
would be mounted on plug-in cards and housed in 
unused space in the computar cabinet. The entire 
automatic controller coul~ be packaged in a small 
bench-top cabinet, or as a small rack-mounted 
unit, occupying lesa than 24 inches of panel 
height. 

Once the various manual inputs are set, 
normal operation of the system consista simply 
of pressing the "cycle start'' button. No fur­
ther attention is required until the automatic 
cycle has beeri completad and the bell jar has 



b~an t'aiaed. Provisic;ta for reset and {;ther con­
t.rola wouJ.d be provided, however, for use ~o~hen 
tll.'Ulual intervention is felt necessary, 

AdvantaEeS of Computer Automation . 

Computer automation of the vacuum depo­
aition processes has significant advantages. 
vith respect to either manual control or the 
use of separate modular units to automate the 
control of individual' operations. 

Figure 3 illustrates the cost adv9ntage 
of computer automation of the vacuum depo~ition 
process, as compared with the use of a number 
of individual hardwired control modules to 
accomplish the same objective. The diagram 
shows relative controller cost versus the rela­
tiv~ degree of automation. The cost versus 
features automated for the modular approach will 
-rise at. a fa1rly uniform rate, The cost of 
~.9J!lp_uter=au toma t ion~ o f ~only~a s ingle~opcra·!:éion 
would be rather high, since it would include the 
cost of the computer itself. Automation of 
additional features costs relatively little, 
however, since this mainly involves a revision 
to the computer program and the addition of ap­
propriate interface circuits. The crossover 
point at which the cost -of computer automation 
drops below that of the modular controller 
approach occurs when only a relatively few 
operations are to be automatP.d. Modular con­
trollers are not known to be available at 
present for some of the features included within 
the scope of the automatic vacuum deposition 
prócess controller described herein. 

RELATIVE 
COST 

MODULAR 
HARDWIRED 

CONTROL. 

RELATIVE DEGREE 
OF AUTOMATION 

Figure 3 - Cost Versus Degree of Automation 
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The computer automated controller also 
resulta in a· number of performance or ope'ra­
tional advantages: 

. (1) Flexibility: For thé user having 
varying procesa requirements it offers 
flexibility, The opcrations of the 
sequence can be quickly added, deleted, 
and otherwise altered, and set-points 
can be established by means of switches 
and othcr controla on the panel-of · 
the ~utomatic controller. · 

(2) Process Repeatability: For the user 
making the same product repetitively, 
it offers a high degree of process 
repeatábility, once a given sequence 
has been established and set-point 
values.have been set, resulting in 
uniformity of the resultant produce. 

(3) Process Efficiency: The autom~tic 
-~~-~~_contr~Qller. will~provide-smooth-and 
. rapid transition from one operation 

or step of the process to the next, 
completing the cycle or run in a míni­
mum of time and thus enhancing the 
efficiency of the process. 

(4) Personnel Advantages: Once the se­
quence and set-point values have 
been established, the operator is only 
required co· press the "start" button 
and the complete cycle will be executed 
unattended. Thus personnel are freed 
from routine operating tasks, 

All of these are ultimately reflected in 
economic advantages of automatic computer control 
of vacuum deposition process. 

CONCLUSIONS 

Although vacuum deposition processes require 
a relatively large numbe·r of control functions, 
each function is reasonably simple and lends it­
self quite readily to automatic control tech­
niques. The advent of the iow-cost minicómputer 
now appears to make computer automation of vacuum 
deposition processes both technically feasible . 
and economically attractive. Automated control 
offers a number of operacional advantages over 
presently u~ed semiautomatic control methods, 
many of which areultimately reflected as addi­
tional economic advantages, Hence it may be 
expected that computer automation of the control 
of vacuum depos1tion processes will achi~ve grow­
ing.importanco in the near future. 



INDIRECT MEASUREMENT OF PROCESS VARIABLES BY MINICOMPUTER 

A. Ben Clymer, P.E. 
Consulting Analytical Engineer 

Columbus, Ohio 43221 

Summary 

Kathematical methods and computer techniques 
for tndirect measurement of procesa variables and 
parameters are described. 

Digital minicomputers are nicely applicable 
to most tasks of indirect measurement which are 
·too complicated for solution with instrumenta­
tion alone. Indirect measurement by computer is 
desirable and"üsually feasib]e whe~~+s fq¡ 
atrect measurement are n~t-~e. 

ortunities for such ind ¡re-
menta e ~eryice of ,gro ces:¡ c¡¡UJJ;gl,.~ .nui!.il\c-
tion accounting, and R&D, are not w19e1x,en~h 
appreciated. 

The relative advantages of minicomputers 
(compared with analog or hybrid computers) for 
indirect measúrement are discussed briefly. 

The general problem of "indirect identifica­
tion" of parameters in differential equations is 
posed, and an approach to the linear case is_pre­
sented. 

Introduction 

The purpose of this paper is the stimulation 
of wider application of minicomputersl in procesa 
industries for indirect measurement of procesa 
variables and parame.ters by any of a variety of 
methods. 

gineers n recesa indus r rocess 1 

unknown quantity. This relationship might be a 
function, an algebraic equation, or a differen­
tial equation. The methods differ in detail with 
the type of relationship, but the indirect mea~­
urement principie remains the same. 

Indirect measurement is a ver 
!menta strategy.- It is most often 
wlth sensors and transducers, which convert m~as­
ured quantities into the desired quantities. In 
fact, much of the art of measurement- is indirect 
measurement. Few instrumenta measure directly 
the desired;rt~W. in ñO'ti:e of .tñese app!ica-
fions of in rect measurement is a computer nec-
essary, because of the simplicity of the math-
ematical relatiónship involved (usually 1 merely·a 
direcr proportionality). 

The type of indirect measurement which is of 
concern in this paper is that In which .the rela-
tionship is sufficientl 

e an hardware er. 
ere ave een already many isolated applica­

tions of this idea, each a clever idea independ-
ently conceived. However, there is no standard 
doctrine or art which an engineer can follow and 
exploit. The spread of the idea has beep hap­
hazard. Thus, although indirect measurement by 
computer is by no means ppvel, it deserves wider 
appreciation as

4
an available approach, a ~r 

degree of formalization of methods, and intensi-
Hed universal appll~a.don. · 

The chief industrial areas of application of 
the- apprgacQ are procesa control, proªuctipp g­
~unting. and R&p. Indfrect measurement by com­
pt!er is a necessary preliminary to automation of 
the control of most procepses, Many engineers in 
tlle management of procesa industries ha ve made . j. " 1

:. 

f H · ,.-v J' ._( remarks such as the ollowing: Pros:ess control .
1 

~ ( .. 
automation is, well and ggod in sorne industries, 1 • 

r 1 - '1- • ·~1 out n our rocesses we don t know how to J L 

rms w ose work requires numerical determination 
o~ terms and coetflcients in the e~ons which 
d~crlbe the processes and the egyiRment ip whjch 
t ey take place. The paper is primarily t~l, 
poíntlng out basic matheroatic~l approaches and 
sorne of their typical applications in industry. 
However, the body of the paper does not go into 
the mathematics at all; it merely refers the 
reader to helpful treatments in the literature. 

• ;t t 1 meas u re sorne of the chie var a es 1 so whl , ¡ v 1 1 · 

Sñould we think riousl about com uter control e ,1')' 
o our processe¡¡?". They do not realize t at ~ . v 
dfrect measurement by com~ter is a techniqu~ 
~ich is probably appl~gble tg their crohJ~. 
Slmilarly, accountants faced with determination 
of procesa inventaries and throughputs are not 
_yet accustomed to thinking in terma of indirect 
measurement by computer as a possible solution to 
their problema. Likewise, engineers and sci­
entists in an R&D laboratory are more likely to 
think of Rube Goldberg devices than of computers 
for measurement, unless their laboratory is well 

The key idea in this paper is that it is of­
ten desirable to determine numerical val11es fgr 
de~en9ept yaLJables, forcing functions, o~m­
eters of prgcesses indirectly by use gf a com­
puter olerating upon other measure~nts. This 
posslbi ity is most favorable when the usual 
practice of direct measurement is impractical. 
For example, in man~ situations the rj~~!iO~ :;n-
sor has xet tg pe d_y~!QP~Ü: and th~ _______ m t 
ertort would be too costly. . 

stocked with small computers for just such pur-
poses. Thus, most potencial applications lie 
unimagined. 

The organization of the subject which seems 
most appropriate to this paper is a treatment by 

Reprinted from /Et.'E Trans. lnd. Elec(ron. Contr. lnstntm, vol. IECI-17, pp · 358-362, June 1970. 
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considering one typa of mathematical relationship 
at_a tima, Each type of relationship givea rise 
to ita ova aet of mathematical methods of calcu­
lation of the deaired quantitiea. Moreover, each 
set of methods ie beet suited to particular types 
of computar hardware (an8log, digital, or hybrid). 

Function Ev8luation 

tion. Given some 
~e:a~s~u~r~eme~n!!ts~o~f~a~v~a~rwi~a~b~l~e~a~t certain pointa and 
times, one is required to determine the variable 

.at other points or times. The general clase of 
methods which is applicable to this problem i8 
function determin8tion 8nd ev8luation. Uaually 
the most suitable function to use i8 8 series, 
such as a power series (Taylor series) or Fourier 
series. 

atep8-:~-­

·~~~~~~~~~~~~ww~~~~e-
ries, e~luatjon gf the¿function at 8 pa~c-
~r point or t1m~. The tirst step is 8ccom­
pi!ahed by application of numerical methoda of 
curve fi.,tting, auch as "l~ast s~uares" (minimiza"'­
tion of the sum of the squares or the errors), or 
Fourier series determination. The second step is 
accomplished by substitution of coordinates and 
times into the series formula in order to calcu­
late a specific value of. the function. 

Another clase of methods proceeds in one · 
step. In these methods there is derived a direct 
formule for interpolation or extrapolation of the 
given me~surements. The type of function used is 
implicit in the formula, having been assumed in 
the derivation. , 

There are many situations in procese indus­
tries in which function evsluation lende itself 
to indirect measurement by computer. One cate­
gory of common situatiors is s ene-dimensional 
grid of sensors continually giving spatial sam­
ples of ;·variable, such as temperature, from 
wfiicfi one is to measure rndirectly the tempera­
tura st some point which might or might not be a 
grid point where there is a sensor. For example, 

-one could save the cost of additional sensors by 
Interpolati~g_!~~~ad!ñg~ from a smaller num­
ber qf sensor& t an would otherwise be necessary. 
Also, one could monitor the integrity of all sen-

sor reaQ1ngs §1 ~rl?~fl omc21!!0e l~ri funcdon value ob!:_aiD:~ __ r ___ C __ t e o _!;_r 
~rs, so that malfunctions of sensors or sig­
na! linea could be detected promptly and so that 
synthesized signals could be used in the time 
during which repairs are being made. In fact, if 
individual sensors have a significant uncertainty 
in their readings, none of the readings need to 
be used directly; instead one can work with only 
s~thesized signals ip ~bich individual sensor 
errors_have been washed out to ome by 
leas~~ares, t ereby increasing the precision 
o~ulrement. Another purpose might be to get 
synthesized measurements at points whlch are in­
accessHlle. 
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Similarly, one can interpolate or extrapolate 
along the time dimension, such as for Erediction 
qtnfutu+.e. AA'Jlf nf a yartable. Thus one can 
monitor trends, such as_.slow drifts, in order to 
take corrective action well in advance of crit­
ica! need. 

More generally, one can determine indirectly 
a variable in two or three dimensiona and time 
from a grid of sensor readings. 

All applications of function evaluation can 
be implemented with any kind of computer hard­
ware. However, hybrid hardware would never be 
necessary, 80 the choice lies between analog and 
digital. In many cases a digital minicomputer 
would be most satisfactory and economical, but it 
would not be prudent to make categorical asser­
tions of universal euperiority, disregarding 
particular conditions surrounding a specific ap­
plication. 

- ==~--~----=~----------------=- ---=-= 

Algebraic Equation Solving 

A more com licated t e of math al re-
lationship wh eh can underl e indirect measure­
m~by computer is one or more algebraic equa­
tions. In general, one is dealing wit~~~~ure­
ments of several.diff~¡~nr-~Q¡iables, rather than 
wÍth measurements of the same variable at dif­
ferent points or times. 

One classification of methods is in terma of 
explicit and i!DJ?licit methods. Explicit methods 
enable direct calculation; implicit methods are 
indirect or iterative. Usually direct methods 
are preferred when the equations are linear, 
whereas implicit methods might be necessary for 
nonlinear equationa. The most common explicit 
method for a system of linear equations is matrix 
inversion, for which many algorithms exist. Even 
~nllnear systema are often treated in a 
two-stage procesa ("quasilinearization"), in 
which an iterative loop contains a local lineari­
zation in the forward path. 

A simple example of algebraic equation 
solving would be the use of the gas law for cal­
culation of the density of a gas at known temper-. 
ature and pressure in a vessel of known volume. 
Another example would be the calculation of the 
weight of a gob of glass, knowing its density, 
given a few measurements of dimensiona in two or-, 
thogonal profiles, and making a few assumptions 
about the shape in three dimensiona. Anothe~ ex­
ample would be c~a~lc~u~l~a~t~i~on~~o~f~~~~~4=~ 
temperature of a 

mua or t e tempera~e pr~ile. Similarly, ~ne 
can use al ebraic e uatlon solvin et r~n~ a roa-

a property parameter, such as thermal con­
auctlvíty, glven an ap2ropriate formula anJ_~~en 
suf!!cient temperatures, or such as visc~y 
trom velocitv or f~~r~nts, A frequently 
occurring example of matrix inversion is deter­
mining chemical composition of a mixture from a 
set of readings of spectral peak responses from 
some instrument. Similarly, one can identify 



something in a field of view by processing with 
matrix inversión the outputs from parallel meas­
urements through different filters in a "remate 
sensing" system. 

The hardware appropriate to algebraic equa­
tion solving applications could be either digital 
or analog; hybrid hardware. is not necessary. 
Digital computers are better suited than analog 
for solution of large seta of linear algebraic 
equations or for seta of equations in which the 
matrices are ill-conditioned. Digital cgmputers 
can be used sar1sfactqr{llr a'so fgr mosr seta of 
~onlinear algebraic eguatigps. Analog computers 
!re especlally powerful and convenient in cases 
in which nonlinear equations are to b.e solved by 
impÚcit methods, since control of the gains of 
the forcing loops is best designed by thinking 
like .that of a control engineer seated at the 
console of a general-purpose analog computer. In 
contrast, reliance uporl standard algorithms in a 
digital computer is likely to be risky for solu­
tion of nonlinear equations, since one can en­
counter phenomena such as· failure to converge or 
jumping to a wrong root. On the other hand, the 
limited dynamic range and precision of analog 
computers can be a severe handicap in dealing 
with an ili-conditioned system or a system in 
which the variables range over severa! decades of 
magnitude2. 

Differential Equation Solving 

Another·geperal QlAMS of methnds_gf indirect 
measurement by sgmpnter ia d1ffereot1al eguatign ; f ~· A differential equation is the appro-

relationship to use when a syatem's.be­
havior involves the rate of change of the depen­
dent variable. Examples are chemical kinetics 
and transient temperature distribution. A dif­
ferential equation arises also 1f a nonlinear. 
algebraic equation is deliberately converted to 
an initial 'value problem for solution, as in the 
case of the method of steepest descent3. If 
there is only one independent variable (usually 
time), one has an ordinary differential equation, 
but if there are two or more independent varia­
bles (usually time and one or more space varia­
bles) then one has a partial differential equa­
tion. In this paper only ordinary differential 
equations will be considered, since a partial 
differential equation can readily be converted to 
a set of ordinary differential equations (auch as 
by property lumping, finite differencing, or by 
use of normal or aasumed mode amplitudes as gen­
eralized coordinates). 

ro em could be construed 
~ntain alao the problem of determining a 
forcing function, knowing the parametera and the 
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dependent variable. The first problem is merely 
conventional "solution" of the differential eqt.,~a­
tion; the second p.roblem is the "identification" 
or "parameter determination" problem. A differ­
ential equation can be solved by integration and 
algebraic operations. Identification, however, is 
a more complicated procedure, for which many 
methods are known. 

If there is only one unknown parameter (or 
aometimes even if there are two), the method of 
"im~lic-i:'k, sxnthesis"4 can be used. A popular 
met od for any number of unknown parameters is the 
method of steepest descent3. There are also other 
methods whféh m:ike use ot the local gradient of 
the error in parameter space. Also there are 
methods of systematic and/or random searchS. 

A more difficult task is identification of a 
function appearing as a coefficient in a 

1
differ­

ential equation. Methods for dealing with.this 
problem have been developed4,5,6,7. One approach 
is to represent the function as a series expansion 
in which the constant coefficients can be found 
by parametcr determination methods. Another ap-. 
proach is to treat the function as if it were a 

· constant, then plot its value continuously against 
the variable upon which it is presumed to depend, 
thus revealing the function as a curve4. 

A still more complicated problem is param­
eter determination in a situation in which the 
dependent variables cannot feasibly be measured. 
Sincc there seems to be no prior art for this 
problem, a preliminary treatment of i~ is ap­
pended to this paper. 

A common clase of applications of the iden­
tification of forcing functions arises in the 
case of ambient disturbances of a procesa. For 
example, a thermal control system might ·need to 
determine the net effect of ambient fluctuations 
of temperature or ·convection v.elocity in order to 
correct for them. 

It is more frequently necessary to determine 
parameter values.· The classic problem of this 
type is determination of constant coefficients in 
a linear differential equation. Simple examples 
are afforded by the equations of motion of an air­
frame7,8, whose aerodynamic coefficients might be 
unkn~~; the tranafer function of a human oper­
ator • ¡ the force coefficients of a tire7; the 
dynamic properties of an arterylO; and the param­
eters of an ecosystemll or physiological syste~l2 

s so w espread in the 
~cesa industry that spécial hybrid and digital 
software is available (e.g., Electronic Associates 
Inc. 'a OPTRAN13). Analog computers are eapecially 
valuable as tools during development of new 

/ 



applications of identification, but they can be 
uaed also for on-line identification in most 
cases. Digital.computers are lesa commonly used, 
but they too are widely applicable. lf the aet 
of differential equations ia not too large, a 
minicomputer can do the job nicely. 

Conclusions 

In summary, there are many pointfimJc be_made 
~n favor of the yse of minfcomput~r~in the 
procesa industries· for indirect measurement: 

l. A minicomputer is nearly always applica­
ble:---

2. 
-

lesa investment 
available general-_ 

purpose hybrid computer, so it is pref~ 
erable when applicable. 

--J-.~~Any- di'g 1 t ft1~cQl!!B}l ter~R-as-mofe""Rrydsl.ón --­
than an analog computer, a fact which is 
sornetimes important. 

4. A di~ital cornputer has 
dynlffi'íc ran ~ t r,-
en 1ng t to handle easily procesa 
problema involving a wide-range of values 
of the variables (such ~s in start-up of 

· a nuclear reaé-tor). ' 

A minicom~uter is pr:ferªQle to a ~r$5r 
digital computer for many purposes and in 
several respecta, s~h as feasibility of 
full-tirne cornmitment, quick computer re­
a~ignment, programming flexibility, and 
avo'ftiañ'Ce of conf l!ct among users. -

6. · If a,selection of minicomputers is avail­
able, one can be chosen which accommo­
dates the job most nicely and econom­
i'cally. 

Often the same minicomputer which is us~d 
In procesa cont~ol development for in­
direct measurements can he used also 
Iater for automatic control. 

If a multiplicity of m1n1comouters rre 
üSéd in the bottom~elon of an auto­
matiG control system, it is fairly sim­
~e later to put them all under thG 
supervision of a ~ingle higher-echelon 
dfgltal computer; this step would be more 
dfFticult if the lower-echelon control 
and indirect measurement computers were 
analog. 

Appendix 

One occasionally encounters a problem of 
parameter identification in which it is not prac­
tica! to measure sorne or all ~f the dependent 
variables, although it is possible to measure 
their sum or weighted sum or sorne other function 
of them. This might be called a problem of 
"indirect identification", in which name the word 

"indirect" refers to the fact that the differen­
tial equations for the dependent variables can­
not be used directly in the identification algo­
rithm. 

One.example of such a problem wóuld be in tht 
chemical decomposition or radioactiva decay of 
particles which cannot readily be distinguished 
from one another, whereas one is able to count 
the total number eaaily, The task-is-to determine 
the values of the decay rate constante or half 
lives. A closely related problem is determination 
of the coefficients in differential equations for 
competition among species, when it is not desir­
able or jeasible to make separate population 
counts for each species. 

One approach to such a problem, which is pos­
sible when the differentisl equations are linear, 
·ia to use Laplace transformsl4 to derive a dif-

- --~f_er~n.tial~equation~for~the- sum-of~the-variables, " -
the coefficients of which, when identified, deter­
mine the desired parameters. (The same procedure 
is applicable to the basic and crucial problem of 
deriving a differential equation for an aggregated 

- dependent variable for use in sn ugper-echelon 
model in a hierarchy of modelslS,l .) 

Consider, for example, a system represented by 
t~o uncoupled differential equations of first 
arder: 

~
P¡ .. 

dt 

dP2 = 
dt 

Here the dependent variables P¡ and P2 cannot con­
veniently be measured individually, it will be as­
sumed, whereas it is feasible to measure their 
sum, say P. The four parameters Ai and ~i are 
to be determinad, knowing the time histories of P 
and ita derivativas. The Laplace transform pro­
cedure gives: 

Q( (P) .. ;<_ (P.l) + ~ (P2) 

~ (,/(¡) + ~ (.1'2) 
s-A¡ s-A2 

(a- A2) "t: (¡'<¡) + (s-A¡) ~ </2> 
(s-A¡) (s:._A2)-

Then the desired differential equation is: 

This differential equatión can then be used as 
the basis for identification of the sum and prod­
uct of A¡ and A2, hence the values of A 1 and 
~2 individually, and hence the. sum of ,1/¡ and 
~2· In this case it does not seem possible to 
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'·--

separata ~1 and ~2• however, unless either P¡ 
or P2 can be measured. 

A similar procedure applies to a case in 
'which any number of differential equations are 
coupled or in which a weighted sum of the depend­
ent.variables can be measured. However, the 
Laplace transform procedure cannot be applied to 
nonlinear differential equations. New methods 
are needed for such problema, which could arise 
in chemical kinetics, ecologyl7, physiology, etc. 
The writer does not know of any work done on 
these problema. 
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The Mini Computer as a Control Element 

Dudlcy B. H•rtung 
Management Methods, Inc., ·Waltham, Mas~achusetts 
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Mini computers have been used to control 
a widc var 1et~ of proccsses an(rTunctlons 
¡ nc 1 uJ 1111; mac wc fo6Is-:-cnem1ca1.-pi"OC"e"s ses, 
steel mllls, and warchousing systcms. Articles 
in technical journals and talks at scminars 
havc dcscribed in sorne detail many of these 
individual applications. But what is a good 
application -- whcn do you use a hard wircd 
control syst~m and )"hen should you consider_ a 
mini computer? 

The decision must be based on costs -­
dollars pcr function -- and reliabilit'Yand . 
maintainability. In general, t.:~l.J~ty can 
bc_Jisp~cd of a_s_bcing indirectly relatcdto 
d~s. The sime_les_t or mass -p_:r:p~uced sys­
te m _1 s _JlOr!!lctll;t_the.. cheape.s.L sys tc.nLanLalso 
the most reliable system. Naintainability 
can be given a cost value. The decision, 
tliCrcfore, can be ducctly reiatéaTocosts. 
L"osts·· naturally refer to' the initial capital 
cost of the equipment and al~ó to recür-ilng 
~ost of operation, including the aforemen­
tioncd m~jntainability cost, operator ~ost, 
quality of product value, etc. Sorne of 
thesc C.Q.~ can oniy be roughly approxi-
matcd and may be intuitive guesses .. The 
cost of the eguTj)iiieñ"t, however, should be 
fairly_e!l.~Y to derive by knowledgeable / 
~le during initial planning stages.~ 

A control system -- any control sys­
tem -- c~~s1sts of inputs, outputs, and 
~ccision makers. In c~mparing hard w1red 
s__ys_L~::!.~ '-'l th coinputcr systems, the input: 
anJ_o_u!p_~~ Jevices probably stay compara­
b.!_0~st. Input and output devices 
cons1st of o~erator switches, ~en~o~, 
solcnoids, servo or discrete (on-off) 

·' ~2..~()l!llils, etc. The d~f.ision maker is 
the logical_.2}:Ste!ll which determines the 
c(fcct of input changcs upon output actipns. 
~ith a ~ard ~ired slstem, ~ªeh subJecision 
or each funct;:l.Q!!.....Qf_Jti~.-SQ.l)_t;_r_ol system has 
its_o\.·n __ los._ic. A mini computer tinrf' ~.b.i!Ies 
U~ic to accomplish many funct1ons with 
a relat_~ycl~all logical Jcvicc. Thc mini 
con:p¡Jtcr, thereforc, bccomes csscntiallr the 
~~ l' te d.:oc is ion maker, even whcn therc. are 
hunJr.·J_s_~(,J.J:l.Ql,lt_s an~ ouqmts Wl~h ~ary1ng 
dc~fl·cs ot 1ntcrrclat1onshlp. Tlns 1s wht:re 
thl'_cos_t savings óf a computcr sysfcm come. 
J.l~n~--~~~-J~c~s~ons __ <:an be _maJe._ p~: .. ~ol}~!__ 
~lt} a computer comparcd to hard-w1reJ 
lob11:. -

Th~re are ~Qm~ inhe!~ntly_c~stl~ aspects 
of a computer system. ·Holding funct1ons must 
be stor ... ~A externally. ~lJ:_inputs and out.l?uts 
Q.LÓ?.!a are in fi:!_gh speed serial words wh1ch 
m~an~ __ t,'la. t swiJs!:L:iJlP..ld..t.!? ... ~Ltll~t?nce. mus t 
be h eld on un til polled __ br.._.!he _c_c¡mp!:!_t_e.r. 
The J-tolc!ing_g_evice mij'.ht be the ope~ator' s . 
fiE_gcr. The ()Utput:s ..... lll ... u.~.h.a.'L.Lholdlng re-l.ays 
or t11eir sol id state equivalen t., Inputs and 
o u tpu ts_~-~-o~ _th~_-cq_ffip..\i:fer -a-re-al.i'l?t~Y-~-e ·~-~me 
binary words __ ':l.E_l-~w levels, requi_rj_J!g_ . .f!_lter­
i~g and level conversion at the interface. 
Ño power is, available f?r forc_c_-_U'l?.~ .. _func­
tions, re9.Y1r1ng amPfíf1crs anJ power relays. 
OIC:ours~, sorne of these restrictions apply 
to many hard-wired controls. But if the 
decisions are very simple, the inpüm out­
put butferin&..z._iil tering~ and -~o1ding~_ be 
more expensive than the complete har~d 
coiitr.óL · -

The computer itself !~_l_i!!l_ited by speed 
and by the size of internal m()tn ... Q.ry utili¡;ed 
foz_:_ s ~Q..r._iE_g...E_a_~n!!. ... fPIDP.l,!.!..~L.PJ'.O..&ram. ll. 
may be _cheap¡¿!. __ eY._e_n in a compu_ter __ co_!ltt:Q..lle_!i 
,ll_§jem:_t_9 do SC?Ill.~I_IIP.!.~?C-b!l_L!!'~.quen.!_!__r 
!JS~_d and r~r.<:!_i_~-~ve func_~-~s>ns _de:x:t_<:_!'!?-~!IY · d 
For example, a servo loop coul be performe 
in a computer but in most cases is do~e 
externally. Interpolation for a machine 
tooi. wluch is the precise control of 
velocities in two or more axis to draw a 
straight cut or a circular cut is expensive 
in computer time in that it takes a large 
portien of a computer. A single computer can 
do all interholation ancr-coñtrol one or twq 
li1gh speed, ~gh accur!l_CL2!!2..~h1~~ tools. )_:[_ 
the_1I1.t~XP.91~-t i.Qn is done externally, S- 20 · 
machine tools can be similarly controlled. 

So how is a.decision made to go ha~d-
~i!~d ~_:r: ___ m_i_n..L.fomp,l!.,ter? T_h_e __ syst~m costs 
_!!!US t __ be estima t e.d_j,J:l"..h.~ª-Y s. T"hiS'requi res 
some· understanding of the end of ~rocess and 
~he req~irements of both a hard-wired system 
and the capabilities- of computers. In many 
cases, the computer can supply additional 
lunctions at ver low cost which have to have 
sorne va ue place on t1em to honest~y com~a~e 
systems. In other cases, the funct1on to be 
performed r.s so comp"iex that it is immediatc_!y 
oovloustnccoinj>ut:er--iS-incsoiufloñ-.-raoor 
e os t S ""á fO"otn-oC tlicdes i&n&ñ"Q"riü fl dingot 
~ system and the op.ération must be considered. 

Reprinted with pcrmission from 1970 Joint A u toma t. Comr. Conf. Amer. Aulomai. Contr. Council, paper no. 8-B, pp, 191-192. 
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<;os t s a 1~:; 1 uQ.<l...Jllli e t a n.CkA!l_.tJJJlU..1.1:..i.a.­
~.J.2¿_1, set -up spccd, and r_cj ce ts: All of thcsc 
costs va.ry anJ relate to a partJ.cular applica­
t.ion. 

Rules of thumb are dangcrous and can be 
misleading, but thcrc are sorne systems where 
computer control should be lookeJ at very 
ca r cfu 11 y. u._ma nv :;jJI!.21.':! .-~ c~J..? i.9..~..:..:-º.! 
~~l.!l'____mon i tor llll::_P.? i 11 t-~~~-~~ as tho~~!L.Jl_ 
tri!ris1ér J1n~~. ~!:...~_!_t;~.l.!:~'-~__9_r if vcry col)l­
plex relay trccs or.logical_ Jc~i~-!l>.!l~..Jll.\l_S_.L]Je 
made, a computcr shoulJ bc consiJcr.cd. ~-Q.!!.l-

licatcd dccisi_ons rc~~-i!].g_~l:l~B.Cm!}!i.~al_ 
un~!_!ons, p_ar!:_I..:_~_l_ó.l_~_ly if changing __ e_~t)lc_r 

\.lct WCCJL rU!l..L.IH .. 0.Y.<.:.Lil . ..v.cr..i0d_ .. Q.(__ti.nlq__g_r_t;}le 
rcquircm~nt_ for a gre_a~_Jt,:al_g_f stor~d.~.!:l!ll: 
for_.Jo..P.k.::!!p_t_;,¡ blí.'LOt....inJ ü.iJu.íl.L.par..ts_¡a:il­
gram~_s_uggc_s_LcQ.mpuJcr_cgn t rol. .f.i!ia,.l_ly 
\~ery:_~~-c-~al iz.cJ pr9._blems or machines or 
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pr()~gs_s.C.!LlÜ.t.l.J. .... o.nly OIHl s..y.s-t.em-or-a. fcw s)'s~ 
tC:l~_LQ_e i ng_~.l_H_~_p_a_r_t ~C.JJlíl.rJr...hJlc ~- modi_f i­
cations -~ct\\ccn .. iniUaLcqrlccpt __ anJ _fin'!l 
qpcrating cquipmcnt_an: .f0rcsc~·n Juc to 
tcchnical u1lknowns, arc .. partil.:ular.ly_ ~ood 
app~.i~-~~E_J_!S __ f~!: _c~mputcr control. This ~­
·true not only becausc of thc possible savn 
in harJwart' costs, but more importantly, 
bccausc of the JlQ.I!!J.a_ULJJl~<.;.h...J.ob'Cr dcsign 
cost. -

Thc ciini computer can be a panacea for 
many il¡s, and should be lookcd at by thc 
buildcrs anJ users of any controlled system. 
It will be founJ that not all systcms justify 
on an cconomic basis the utilization of com· 
putcrs, but conversely, it will be found ~hat 
wliat secms like an cxpensive and sophisticated 
control.system can often be easily justified 
purcly on art economic basis. 
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~-:The:.place,. of ~igital ,backup-in·the­
· direct-digital-control-~y~~em _ _:_ __ ~-

-by~·bM.·LOM BARDO 
The Foxboro Company 
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'~~!.;~fiNnODJc;l~~ · . . · · . . . . lowing will descn,e si~~ ~~: ~ntroU~~·rái~W 
~~ ~V' _ _. · . vanced control concepts and control of semzcontmu-
.. -~vp :_ :. __ ~~~yo:tooot~~...s_'-:J_cce~s"''f -~irec~"'d~gital--e~n~~ol· ~n ·· ous ~ro~es~es, a5- arl-iritrod_ue~fo~. !_o--~-~!~_1 __ co:mputer-· -

\- • Jarge-.md~:~stnaJ~ processes-·hes·· m. zts- flexzb1hty, ur- apphcat1on and backupr-· 
~..Ud vt implementing- everyday- process control- problems as- . . . . ·:.- . _. ·: -

)
"'-~ - -Y~ellas advanced control at lower QveraJI system ~ost. · -~ingledoop:'contiol 

Control concepts for continuous processes use the ( ¡ v' :· 
comjmting, -monitoriñg~ information storage and ·--:-' ~_imple"'single-·loop:·feedback•'control:is the most ) . 

=-=nnálylical:::-abüity .of the direct digital controL c.om=_: <?Ommon·coriirol·fouñd ·in· the· proeess ind1,1st.ies. it O ... J1 
__ puter. I~_the...~ or discontinuous process the com- is~used f()r~ntrolllng-fÍovii·levei;c"tempernture,prfts::=--=---fd---~ ... 

-~~ ~púter~~ logzc ca_pability is emphasi~ed. T~ perform .· · sure•an~;man~·-otb~r~v~rié\~l~_s._f:l.9t~""P.fleum~tic al"<i .. ¡.{ o?1 

. ?at~_hl!!~OP~'ª-hons, a co_mprehenszve Jogzc system - · electromc-devz~s.,.ar~yadabJe.~whlch ··prov1de · tlu 1 .\ o, 

- . IS necess~<:::Jnijilementa~JOO of SUCh a system USÍng type..t;)f~ntrol. r f 
~ ,.:digl!ál-t~chniques provides many advantages over· Basically, these:controllers compare the·rneasui'e- ~· 

implementation using analog equipmerit with auxiliary ment of a variable with its~<:lesired value or-~set poivt.., .. ¡J. 
· digitallogic circuits. · Ifthe two.values ar:~ not equal, the.controll.er aájusts · ¡Si 

.. ~ -~·'Tct:"fu.!!:L'SJ?PJ~iate these ady_antages, the reader a control vaJue to minimiz.e the difference (F_igur!!Jk .• · 
· .:. -- must ha \le-a basic understanding of continuous contro~ In actioq, the_ co_ntro~r_ is an analog computer 

~.': - .... ~s)'stems._as_ w~H as the batch type _system~. The fo_I- _ . w~ich caJcula_tes a one, two or ihree t~ñn ~xpi·essiari, 
·¿ ./. .. 

·. :.i·.':. M 
ltl f'OIIIr - AI:SlT ..,. .. TIYE 

b 
. --- ~ o b ó 

lL~ 
.. •¡, 

ANALOO OJNlROLl.ER . 
l ~ • J. - ••• ~. •• 

~--~---- .. ~ ·.· ... >···~: .:_- .. 't.: .. '·.,,.:. --- -··· ¡__. 

rü."'""--~~~---:-• 
1 1 
1 1 

'NI<,.G COHGfANTll 

......,..,.., ~ V•KietK2JedttK3* : llliiW 

llt • FROPOSmOMAL CLUID 
SI• RUET loC'fiOH C IOITfORALI cotffiCCllft 

o • otAtvAnvE ""-- fAATlt eouncton 
e • lliOOA 

., 1 
1 1 
L-----------__j 

. Figure 1 - Typical single variable feedback control loop 

Reprinted with permission from AFIPS Con f. Proc., Vol. 30, 1967 Sprlng Joint Comput. Con f., pp. 771-778. 
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TI A 
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_.___, __________ .. -------- .•... _....:. ____ ,. _., .. ~ 
. . 

- -:-··:--- ·---~""':';!:~:....._....... ... 

IOIIT -·===:::;::=.J 
·.·.'o,;;: ·,_.:·.J.: .. ,1_• 

Figu_re_~-A.dvance cQntrol technique.s applied toa. ,- · .- . -.; · .. ___ ._ ·---.. ---
heat ex.changer ··t • • . ....: . ·- _· ~--;-.~:-.; -~-:~-:-------·· 

depending on the type ofcontrol action required by signa] provided by the commonl-~((:orm~~cptáte;·. ·_ "·' ., 
the process. The-three-teims .... defineaproportional, is proportionaJ to the square ofthe flow:,A4romputin~"-' · ·;~·--" 
reset and derivative.rontrol-action. During prqcells _elementis therefore ~ecess~ to·ext~the::squai:c2:C' .. 

.. start-up, coefficienfs· of tlie-three terms are manuaJly root of the differentiaJ pressure sigmtf. ··· · · · .. ·· --
-~-=- - ~et--.on-the=-controller-·ta provide the best response·' ,~--'-"Figúre1b2iafscFilllisttaté's· feedfoiwarl:f=Coñlro[ ~file~-""""' 

under normal operatin~ coQdition~. If,operating- con- . caJcula:tion·of heat transfer-(Btu:).-rate--i~ed ftwwartr~~ · 
ditions change,. or .the. process. operator. changes.· the to _. adjust,.·~he,_flow.,.of -heating ... or ,cooling flui~. and , . 
set .point radically-,-.the coefficients·ate ·no~onger at · cb~n~e-tem~tatu~ n_ :·'!his fee~o~~ard·Calcúlaii~-~-" ~·~" 
opttmum. values. - _ ant!~lpates,.dJstur~an~s- ~n bo~h ·mlet, tempel1ltu.re T. -l.~-~-:.~\:-/~. =~.~ 

~ _ .. . . and process-flow Fl. To~?.rov¡de ~~~tabl_e-~~!:_-- }~:;;:;::: 
t,.~\., Advanced contro/.concepts · ot.T2;-theoofeedforward· .. stgnaJ.an~~Jj~ange:;:::-::c. -~-~ .. ": ~: . ... ~ 
, v in,.heat...inpu.bre~ui~d. _'The-magnit~~ev~f·~~::f.ee.~.~~~~~· •';. :by\. As the control.problem:becomes.more.complicated, forward-achon-ts~usuan:y ..... determ~~expel'"ir;'"='~)~· 

·vr\ "'h- single .loop- feedback.. control- is...no.-longer..sufficient. mentation..and~may··have-,tO<be··adjliiiéd::p'enodi&álly.;,:.:.-:.y-.:--:-~. 
___ ~~0' _ Figure,2 illustrates.·three-types•of..advanceQ;contról: · · · 

o smce..the..heat..transfer.-characteristics of ... the .. h~t,~~:- -. ~. 

inf::~~~~~~~:~:a7~tr~~~:~~~!~shipis.calculated changell.chang~with age. . .•.. -2' ._-,;,.,_-.: ~- ·: -_,_-~ ~--- -'' -

!Jetween two..or ... more..measurements-•·whiclris ... used A· third-control technique- illustrate!!__~)':'_F!g~~·-7 j_s 
to control ·the· desired· but unmeasurable--variable:-r In cascade-control~a-- technique---where-· one· controller 
Figure· 2, the•,Btu--computer·-perform&·a<>calculation adjusts .. the.·set point of anothercontroller:-The output 
based on the ·difference· between· the outlet--and-inlet pf.._ temperature ·-controller .. e l···is .. fe<t:-(cascaded) tó 
temperatures- to. the heat exchanger (f2-TI} and the set point·of temperature·controller·c~ t~r.ough a -
·the flow ·FI•of process fluid through the heat ex- multiplying--·device M. Hence-ch~~in--process 
changer.' Thls ·~calculation -a ·meas u re. of .. the, heat fluid· out puL. temperature~T2,·affec~et""J)Jint--1>f ··-- -
transferred to. the. process fluid- determines the de- controlle~C2. to ultim~tely -main!airt oütjmhempt:rn: 
mand of hot or cold fluid needed to.maintain process . ture. 
fluid output ternperature T1, Th~controlwloop!t-"discussed"' hav~been • applied · 

Analog computing devices perform the necessary to continuouS'processes which operate-arnear steady 
c:.lculations and control can be executed with con- conditions-with: ... only~,.nominaJ- process,.orr-set · point 
· .:r•!ional analog control devices. Additional calcula- disturbl\_n·ces. Therefore; adJustmentofthe proportion·.' 

··~,)~\S may be necess·ary befare sorne variables are al, reset:-and derivativecoefficients-is rarely necessary 
.. ,,:hincd. For example, the differential pre~sure and set,point~changes·are'nominal. In a.steady,.c~:m-
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.Fjgure -3~Simple-batch -centrol·~ueftCC! .. _ .. 

-· · tióuOÚS~ell-behaved -'process;-- use• of- these--' adjust- -· ·- ~ temperatures a:Od ~ ibmpe~afure -rátes ·of -~hilng¿ !>ro-
- men~~:~rvery limited. Many high producti-on··· - ~~otrol..,.prQblems.,..o.f...this-natwe .. req~i~ more · 
~trocheoucal P~()Cesses are in the continuous process _ - oomplex -~rol- than' the feed~; · f~~n~a!:<f- a~: 

_Category~ -- ·- ·· ---·m:wuvanaote~oo-~-PteYiOOstf::-desCiiDed~----nus 

- -___ =-- ::- =- -~==----:-~--~-~ . _OOiJtrol .. requires\·programmed"5etJUCRCing: of events, 
_ ~,,.,.Control of semicontinuous processes illcly_dio.g~ui~(lt,$tM:tipg~~ng. ____ , 
· ---· ~ -- Figuré;\j_:~,a,~s-control.problem"where . In Figure 3, the control:.oftle8ctiontemperature TI 

-- -~--.,,-.._ -_ · Sleady~ng.conditions ·are-nottmaintained. Tltis .is..,basically~feedback""control•problem: However,, 
~---~=- type.:Or::proéess-requires-a·-rontrol-system~hich the _problemr.is.,.oomp!icated. siOoe..;¡'·hmust cha~ge at·. 

Changes...operatiog...GOOditions~ing""to"" a .. pre- , the_ pr()pe.r.~times, sometimes .in.ste.~wise -fashi~n and 
. .. _-....;;...:;:planned.-e'"lent/time-schedule. Batch-or-o;emieon-, -_ ot~erztimes..at•a:..eontrolled ·rat.e=-AisoL the-~~quenc~ ~ 

-~ tinüOO's-pr«:esses-require-controlled-5equencing be- of ~vents mu-st be réadily changed-, depe~dirig oñ the 
-:-_·_,_-~:_caus~s~~t.fttust-be·startedand-.stopped intended product~ .. - -_-_ .:. ____ -____ -.-.--·:-- ________ -~--- ____ ... __ --, __ 

f'...-. ti ~ · · h ..._. ..... ti _ Combinations ·or speciaJ·purpose digital ánd analog 
u~uen y, ywuuct-reqwremerrts"'c ange-.. ""f""" y . control eq--uipment_-·have been bullr'.wliiéh satisfy the 
and.operating-pararneters.change. It should be noted 

_ that _ most_-hatch-or-continuous..-processes still use demands of the disconti~uous pr~e!s·, H~wever, 
________ . ·-~-fecldback~tret,"but _with._~.¡;hange~f_ --~ib~~m~~--~!.thi~ __ C:'lui!lm.~!l!.~~-r~]~tiv~y in-

. (:()f)tfol..sct.poinL · · · · IJC:XI 1e·an? tne control cannot be well-tuned because 

F
. 

3
- ill_tra_ t _,_ __ - . · -1- h 'cal. --· t-- • of the cycbc nature of batch processes. Many of these 

· --- .-~-=- ·---1 --gredir~e ts us_d~.:_e~. a- srmti~alel e emdtt ~ctor. system~--are·not used at full operating--speed,-since-
· • tai. d d. . t e contro eonstants are a comprom1se. ..¡ 
IS matn De accor mg tO VanOUS preset programs eJ n en are a u~~A~ sequen y an empera ure h 1 · · ~ 

to- provJde the éhemical -reactions necessary "for. -~ . ¡-. ' ¡:-d. -~- 1 :- - ·.-. - . -:--- ~e -- -
various products. T.heareaction.within,the--vesselrcan PP ymg 1 _e 1~1 0 computer · · · . f¡1 
vary_ from :endothermic to exothennic -during the pro- Digital"CCmputers..are..of..significant. interest · to·the '' 
duction ,cycle. Hence in·-order· to hold a set ·tempera- industriaJ .. process .. control~field .. due'"tovtheir·,ability J J.: 
ture, the-- control 'system · may"'be required- to ·switch to.,lstore·...-programs,·.o: calcula te •• simple "and ~ complex } 
from heating the reactor to- cooling it when ·the re- controJ;,,relationships, compute ... variables··which ··are , (/e 
action starts to generate its own heat. not-directly- measurable, monitor•the-process,and take / r··t¡,i. J n · the-typical .. chemical-reactor-or-nlixing•vessel, action according to;a preplanned·'Schedule. The1.iigital ~ 
different-control-sequences.-may,- be,.necessary·· for computer.,easily'"performs .tasks,othat"the .analog ·sys.. //, . , 
each new product. FÓr instance, there may be changes tem, finds..-difficult;" it_ ·can ... be•'easily,.programmed to [V 
in specified ingredient mix and heating imd cooling adapUheoverall coni.roJ..system-to,changes-i? process" 
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The Place Of Digital Bac!¿up In The Direct Digital Control System J 
·The philosophy o~"DD_C • ~~JJ dynamics, .·. materialsj-"equipment-and--production-de· 'J ., 

mands. Because--of-this~versatility, .. digitaJ..computers With. the~ lntroduction · of· the· digital ~computer to ¡tJ ¿).. 
are .being designed-and-installed.·in..continuous-pro- the process control field, it became evident that reJa- rf0 

cess plants. as-weU. as-in·· batch•process..plants. Many tively· Jittle-was known· about· most processes .. Most . / 
uf the installations use direct digital control techniques processes"'could -·not· be-adequately- represented. by P 
on all or sorne of the control problems. mathematicaJvmodels •which- would permiHmproved 

Table I .-compar~two-osystems;<>ea(:huusing·:direct process'control. 
digital control , exclusively._ ;\s,.,sh~wn,...a...continuous _Early-att~J_llptS<--at., applying-: t~~--digijaJ .• computer · 
proces~application.,i&~oih refine~hruJt'>.S30• analog • emphasized .. supervlsory .. ·controL. in.·- which- the-com-
measurements.of'"'which:r2J.S..,.are.associated with· con- puter.-adjusted· the. set poinhof an .. analog·.·controller. · 
trol-calculations, the Othe~input~fOPperfonnance In these.,systems~the~ analog~conttoll~r·_r~_ta_l~~ci~-~ .... 
monítoring_ and-systeObi<operatioJl#analysis. Of-the last. com.r>utel"'~ontroJ' setting:--if~the- computer-failed: -

. 27 s~,control·' in~utseH~~Q:>a~used>"fOPdircet"~control "' ;, On con-tlnüous>-p~esses, this .. controJ.Was:t~JUite: satfé::·-­
-~~~o~f. sirnple=-loops; thea.remaining"'-95-=oar~.used"'Ín->'ad:a -cactory; iri fact, once the: systelll¡. wail)pe·ratin~--satis....-· 

vanced .- cOJ1trol. Thereforerz,approximatelY""one-third factorily; it-made;.little-difference: whether-the CQJl\._ : . 

oL the,.,275~- inputswassociated.owith<:-control-afe" u sed puter.was..there· or.not>. The-operator-could st-ill·adjust · - · . · 
____ tQ_"' iq¡_pJement ... ~muJtivariablt:':<"<and ....-advanceó>~control control:. actions, as..h~diQ:.; beforer.ther ins1al.litw..:ni_ºf ""': ·-· -·-

techniques. . ···· ·. ' ·· . th~super.vi~CO!Jlputer. _This _m~~---
. ·- ,,:- operatorS...happy, but-·in many insúmcés-the~ ·- . - Table 1 -Compari5on of comput~r system input/outÍmt ' 

· · enoineef'S"and»plant•supervisors'•were•n<>t_. The_r_e -~ase between continuous and batch process control e• 

no guarantee that the operators-waul~ achiiie.~~~- , .. ·. 
optimum control settings for: the plan!;·:_~-=~-·,_:_-:::-c~ _· ~-~ ~ -· --· ··-

What addrtiona};;ladvantages,.did;.~!JlPttfª'prO:.·. _ · 
vide? If so desired, th~computer..!could-'i'n~f~ V' ''" 

forward, cascade and _ inferential .. calculati<:>ll~..W~~ 
would,optimize«controJ-¡;·set"'points'l"'rofceconomie:~or · 
p.roductio~coitsideriliions:· Econo~T~· · ·· ... _., 

-relating.to...material .. bal~mce. throughput-;-inventor-y~-: , . -.=. 
. etc., .. could,.;.be· deveiC?ped:_ln a S(!n~~., ~n~conomi~----·· .

0
• 

------~----+--:------t--:..--,¿;,._-1 .,.,_matheriüitiCáÍ~inOdel was possible, whéreas á"process="-=-~ 
model..,.was.-stiU .. difficuJt;,;to ·achieve~"' due"'to•Jac.k '·o[ __ _ 

·Table · I.-.alsO. shows the input/output distribution · 
for áiarge;.batc~ntroHnstallation-currently being 
implemente~_by a digital computér system._:~\,.com·- . 
parison-of· the-batc~with· the-continuous'~process-te- . 
v.:als .a ... significan~increase .. inocontactursensing-...ele­
me~ts and <m-off control outputs-. Inorde~to se~uence 
e·,¡ents, • the"' batch-system .. must..i.sense=o the>.status:-of · 
process · equipment"'·and-conditions. Also, more>-de­
vi~cs must,be.tumed on-and off. With the batch sys­
tem,- man-machine-communication-needs ···atso:- ·in- · 
·~rcase. Increased number of push buttons, signa! 
lights and the increased size of digital displays re­
quire more digital input~ and outputs .... 

·1 t is 'also .'significant· that tfte.number--ofcontrol-out­
-· l nuts (295):-can,exceed-the number-of-analog.inputs . ,, 

t~4 0} ·in · the· batch·system. This.· situatioll' occurs ... in 
-/ ~ll(ch-"' proce·sses-because .... the,..same ... measurement 
· · .Jr. be· used. in·control of different• control elements 

···~ .. J with different·control algorithms, depending• on 
•; sequence of. events and the starting and·stopping 
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process-knowledge. 111 addition,. th~~~~~~~~: ~ -~~}~: 
computer perfonned other useful wol'k ~~e"';.~. t;¡:1~ 
tors, plant supervisor~ an_d. pr~ces~ng~e.e~~f~ _;~~-· r -'• 

Table H. . · · · -·- ·~ · -.,._.::..:.. __ 
. . . . - . .- ... · ~~....:.._-:.~·: __ ........:...:..:::.... -~ ~ -· .. - t 

Table 11-S<lme non,-c:Íiti~al funétiónsof an oii-lín~-~-· .. 
. ... . . process computer · .. ~c-.,...~~':.; • ..;, ;-~~ . 

e LOG OPERATING DATA IN ENGINEERI~ .:,", . 
' -

.O CALCULA TE ANO D 1 SPLAV OPERATOR GU~I}tS 

' 
@ INTEGRATION OF MATERIAL FLOW 

$ REPORT ON PROCESS STATISTICS - MATERtAL US~D · 

.. fUEL ÜSAGE, THROUGHPÜT ~ .. E_!C ••. 

e CALCULA TE ANO D 1 SPUiv OR -R~CORD -~~~~-- · 

VARIABLES SUCH AS BTU RATE, MASS FLOW 

0 MONITOR 'ANO -AlARM PROCESS' LIMITS -- .. 

e RECORD PROCESS EVENTS OUR 1 NG UNUSUAL D I.STUR~AN.CES 

0 MON 1 TOR ANO RECORD CHANGES 1 N SET PO 1 NIS, ALARf1 __ _ 

LIMITS, ETC. t~ADE BY THE_ OPERATOR _ _"_ .. 

4i PROVIOE ON.DEi~AND OPERATOR INFORMATION SUCH AS 
T_REND RECORDING, ALARM STATUS REPORT,.-­
LOOP SEJ POINT ANO PARAMETER DATA 

. ·1 
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Soring Joiitt Computer Conf., , 

Direct-digital-control ... was...under...considenttion·at. Figure 4 shows two loops from a large system .. , .. 
the same. time,that ·the. general purpose·<ligital·com- measurement Mt;' fed -to ..the.:.m~nual .. control. pRr. 
puter- was·~peñonning~process ... analysis;-• monitoring enables ... the . .operator .. to :manually..,operate val ve 
and some...set,.point-control.l It was reasoned that in...case:.of~mputer:'fáilúre. The:loop contaiPi::. 
DDC would reduce the cost of a process control com-- · measurement~-Mrand:.valve:.V n .. has. an analog ct~¡.· 
puter by eliminating the cost _!!f the individua:! feed-' ".troJI~r~.fo.r- backup;since. measurement MR is fast· w·.t-

··· back controllers. Since the controller merely per- ing..ftnd-cannot-be·cont-rolled~manually by the !)1 -::·-

forms a calculation, why couldn't the computer per- ator1.~., 
fonn the calculation?. Several...experimental v.entures - With- the evolutionary .history of digital pr.-Jc~;:. 
showed that the DDC concepr was physícally pos= ---o-l!()mf)Uter equipment, it is· impossible to more :~,. r. -
sible.2.s The feedback control Jaw was· ca1culated estímate tnean~time~between•failures (MTBF) .. !·~o .... 
within a general purpose computer and the resulting the smaller digital computers, including input/ou!¡m~ 

--sfgn3.J-óüt-p!iited directly to the control valve. eqÚipmeni, that -ha ve. been-applied to the prore.;s 
· -~-·. ,: Aa,.;...fiDit.,.:!,t~-<thaHhe-trade--off-between in- control problems, calculated MTBF has ranged from 

diVidum~óop:·controllers ·and · a·-direct~digital·,c.ontrol 1 OÓO to 2000 hours. Advances· in circuit design ií.di- ,IJ tJ r 
:.lDD.C.LcorP.pU,t~r.. was in the area of~OO loops:-There ·· · cate thaCr.eliabilíty.L.WiU:,jticrea.Se, but rdiabillty sia­
was.:+.J!99~e~wever!This··trade-off ·did not- in- · tistics on_integrated circuits are not yet available .. ft: 
~hide,_-any.~sions- in· case :-the :·computer ·system H owever, regM~Iess_~f..thezrprojections · and · th(r cal-
failed. · For :rnest installations this· meant using analog culated•.claims;~the:tirn_e;.shared single computer ¡¡ys- ~~_Ei 
-~ntrQl~ri:-to~-back up the DDC computer on each . teltL,will;;tlleverx.be;:peñ~t:::and<-.wilJ.-sometimes· faii. "' 
loop considered critical. Therefore;. .. ~ntrot,·:seci.uity.,~ust .. alway~- be. con-

The DDC-eqÚiprnerit -was· designed ,;so·tti~r;if 1he sider~ ,·on. any -'ilrocess·.:iñs~lladon. contemplatii~g a 
-~- -compü-ter-failed,. each"'valve--would~main in its· 'hist- , digital-computer. . .. ----- · · ·· ----- .... 

. ,. \~ _ directed position"Unless backed up by analog control,, ..... fo.r con.tin®.us~.pr.oc~sses,. iovplving-Jéss · than· '150 
Critical-Ioops-werewbacked ··by·.an ·analog "CCntroller. loops, it..,.ippears .cthat" the:. single~computer with set 

\·*'· ... · -whiéh would-maintain ·Joop·control on.-.computer faiJ..:- - · paint:añalo-g;;_control;'.ot"DDC""With''ana:log backup 
. - """Üfectol1tiót.;,i;Ves-=-or·1he .. other-DDC..Ioops~were and.;_some :pure-DDC:-on ,noncriticalAoops makes ·the · 

,.'~lockcd in"at theirJast~utput;-but.theoperator.~uld mosb-sj!nse. However, t_he user must be fully aware 
. · nlanu~ch..Yalve from a..console.on.which that he-will ... give.o.up"economic..and ... process, control . 
b~could "'Téad-"!'Vruve-position-and--pt"Qcess"'ffieasure- optimization,. as well· as the functions listed in Table 
flient.- .. · · ··· · 11, if-the-.acomputt~r'i'ails. Perhaps most important;· 

··, ' 
-·--·· ~--·-:-:-·-~T"·--· 

·fiGUR( <1· OIRECT DIGITAL CONTROL · 

Figure 4- Direct digital control 

232 



( The Place Of Digital Badaíp Rn The !Direct Digital Control System 

tf' 
0 \¡LV 
,()l.~ n any ~.dvanced.-oontrol that was dependent upon the 
" -\1~ .... computer. such as feedforward, ·cascade:.and.-.multi-
,\ 1 variable .... will be-lost· during. computer..shutdown. 
\) '(). For the instaJlation..wh!!:rerontrobis.notcontinuous, 
c\lt~\ but wher~ controbsequencingci~imperative, the.-use 
•. of. eomputer·set-oanaJog .. controlle~is...no~sufficient. 

The compute~provides.sequencing.and>-logic-analysis 
which-must-have-backup, if ·procesg:.operation'"ÍS' to. 
be assured. The proce8sroontrol·probten1'-is>nÓl' solved 
by· keepingoall;..controlasettings.-stationa.ry-.upon-.eom­
pute!!s>systemafailure. In a..chemica}...&:eacto~fo~ in­
stance04the-.conten~solidify..o.Eio>the..reaction can 
"rufu.away~~~if..the proces~sw.poin..,.iS=IlOt<>ehanged . 

~~~~~anne·properr tirríe.-· __ : __ .. . · - · ··· -- -- --
• ,"¡o ,o ... --~· Y' {• . ~ . . .... ·"':· . :· . 

A para/Je/DD&computer-system ·'' · ·, .. ··:·. 

Figure-5-illustrates-a=parallei=DDS=computer 
system-c·which-not-only-provide~computer-"backup 

··bu~bácks-oup!! ther-time-shared""analog""andodigital-
. input/outputrequipmenrwhichrconnects- the computer 
to • the-varióus .... measurement--and--controJ ... elements. 
h a)so.;._backs"'Up"a)J<"jnterJoop-- COntrols;-"as,.weJI as .. 
aH sequence-control action. :, 

Table>, 1 Ilf.:shows.,.som~interesting;·statisticat~ data4 

which compare the availability of a single computer 
system with a para1lel computer syslem. The table 
assumes that the MTBF of.a·singl~computer--system 
is • the-.sam~for-.:: each.,.computef"t' subsystem---of -the 
parallel~computer'"'SYStem. Experience has shown 
that repair time for various faiJures, ·with on~site 
maintenance personnel, av~rages between S: and ~ 
hours: dependiñg upon the skill or' the main~enance 
personnel, the !!Vailability of spare equipment, etc. 
With the parallel system, it appeanFthat the-average -
repair time can be maintained under .. 5 hours, siitce 
th~~sy,stern:;incorporates-elaborate:prognim~for se~="~-~ 
diagnosis to ensure proper trans~-to · the · backup __ : __ 

TabJe .111- Availability-: single corríp.üter vs~,d_ual 
computer system 

IWIIUC t---::~-'·"'~'"::r'c:::'"'"-'''"'-'"C::"':"'".:..:":!!Il:UII¡:.'...,.,· ~·' :::""'--'-1 .,,..,. •* 1000 · ··sooo · ... ._. 

""' UAil S OJrl IYIH. 0,1 1'1~ .MFi-- - .... 

....... "-1 U.ftMI$ 9t.9 ' I.Jl HU "·', 
c:::.r-~r---+-~;---,_---r~~--~ 

SUUA ....... .... U.7S NaS .. ... 11.01 'MIS ...... t• . .at HU .,_ 

-···· 
8 ...... .... .9.H U:IIS .. ... M.tt Nll "JI:!? !l-D4.1S!.S 

....... ..... "·"" U KC "·"" n.s S(C 

tiU'VU,I 

- nS•tifl ~·~-='4":·:""~'~·~··~¡ •:••~"~·-~~,;~¡~..!'.!J!:':"'~":.·~~~~~-
-

~.fHl. I.J.AI.__ t!_. ..... 1.1-MIII-- ':'- •.. :. 

in addition, this..system..can...continue" to-'perform 
the. nonoontróJ.-.functions-suc!l·~~~ttiose..: listed ··in 
Tab~-~11·-·~bª~re,. permits..,_control•·.to·-eontinue 
e ven, if, one ,.computer ..... and/ordts.-.timepshared- 1/0 

. . .J~"SI C~![~ JOitJ!Ull · ·-: llUI\ HJ!ltUI 'P"'Nla-

equipment sliciüld fail. Note· tha"(if: any . ."of the time-" aim .• :t.t ....... ,..,, ..... ,. 
-shared .cquipmentJajl~. proc.e,ss.~óntrol·is ,transfén:ed- -::- - · · ·· · "-•• ........ :K~----- " 

ll"t ..... D.a: JIU PliiCID llül ~ StstP DOU JICII PIOfiOI C~Tll f~I;O.l 
to the ·backup subsystem. ' ::~-:.:::• ••• "''" .... ,., .. , ...... ,_,. • ., ..... """' ..... , .~ ... 

· .... 

·-· -
1-1--1-~---.--.-------"t----

.:'":~.::~ ;;;;;--12--------------w -------
FIGURE ~-DuAL COMPUTER • 00C WITH DIGITAl BACKUP 

Figure S- Dual computer- DDC with digital backup 
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system. The failed ~mputer subsystem is available 
for self-checking while the backup subsystem main­
tains process control. 

. Systems-<)f this type can be economically.attractive 
since-they..provide •not"' only A the-. .esse~tial...control, 
but the- system· security ~essential .-to-·batch..or-start-

. =S~perations. A parallel control processor using 
direct digital control techniques takes full advantage 
of the-digital computer's process control capability 
without reservation ana comprqmise. It can include 
advanced control techniques, such as self-tunirig or 
adaptive control which cannot be obtained with set 
point control. The parallel computer processing sys­
t.em may pr_()vide these features and, in addition, may 

- offer cost advantages over a conventional analog cori­
t_rgl system for_the large continuous process .. 
For::t~e.~usprocesrin"'Table-1 ;the computer 

;Onraifts-tli~quivalenr"of'""272 .. analog-controllers .. 
1 f!lplementatia&- of•a "'System' of · this ,.gize"With·•D DC 
and anill(,g~aéküp could exceed the cost of implemen., . 
LationWith the parall~l or redundantcomputer ~eh eme. . . . 

lnput/l}II_IP!f! equipment 
Figures 4 and 5 show that in DDC, as in all control· 

systems, measuring elements and final control ae­
~ices~ are-=stift:: essential. Each measurement is in­
.qjyi~u~J.y .f.9~ned before being f~d to the multi-

SpringJointCompute1 ~:,_. :967 

Outpútv.dev.ices, for valve...,.poshio,nk·:r e,, n-otT 
control~hich ,require ·power·•to•maintain .til!oil 
and/or..output-signal, should have.at l<.:<:sí ¡;;_. :-.•..: : 

battery4backup system, in case of system .'\(!.­

loss. 
The system .. niust·.,.detect--the··failure of án · · 

'us . ·,, 

shared-element-in·· the-input/output·· sy:;tvn ::~. ·!· 

logic~d-.-.automatic~lly·'"switch''"to •digita! !:.'!.· .· 
_ While operation is·in the backup mode, .. the ü;i.-~c. . 
trol.Jogic,..must¡·be~electrically •isolated and inh;;_ • 
from.operating input and outpuFcontrol d~vices. ; 
pair can then proceed with no fear of aceicfeatal ; .. ¡_;·~ 
ference with process control. . . . . . 

In normal...operation, wíth=the controL-·computt~r 
ins.eommand, the backup~ystem .. musbcontit)' ;.·:~· 
check....¡ts.~nput/output·operati(!ns-to'ensure that ba;~,,. 
up.Js..available. · . . ... ., : · . . 

The inhibit Jogic must be fail-safe so that its· faiiure 
will not disturb the system in control. It mu~t Lt" 
tested automatically to ensure that transfer tobaqim;l 
c1m t~e place if a transfer ls commanded by a failure: 
detection. If inhtbit logic wiU not iransfer the other' 
computer · automatically, the system should annuncí­
ate that fact and provide an indep~ndent man~a! 
override which forces transfer of the control of the 
input/output equipment to ·the other cómputer. - · 

·plexer-of the- computer input/output system. Failúre Othe; system design requirements 
of -any iñj)UL.or output therefore is similar to failure 
of a single cODiroller anc;l will not disable other loops. The· ·-wYstem:...must-have-a..i.Computer;.to-computer 

-Th:C~..Sys~u:Should ~be ... désigned "'liO~that .. failure of' communication•~ link which continually.•"updates··· the 
any.circtiit-elerrient will not cause1he loss·of any com- ·. backup .• prograÍn.data....and..status.{)n>;.a~periodic ·fixed , · 
inon power,:-supplies. Al so; in, case ofa-power failure, time...basis; The-backup..computer ... thus--receives dy-
.-,~~t • ~ttery:,backup ·'Or· a redundant•power namic-operating ""C'nditions-withiit"'"a •· short ·-time 
suppJy. _ . _ . J)CTÍOd (in the order of seconds-for a batch pr<;~cess)~ 
· Other-ciiiitic)ns"musr-be"'Observed in "'th~esign of Anyo.progl-am"cliange5;.ma<Je;.onoline .. while"the; con.:-
the paraJlel :.system .inteñace-equi pment: trol..computer.Js-operating-the-process~must be .trans-

T-he. system;musl.,be ·ablecto · identify.dUld.diagnose . . ferred.:.:toil<lhet.backup..:COntrol..computer,·:..at the. same 
the fault.c()f.,~my,ttime-shared input/output•equipment · {Íme.- This-updating·must-include-operator-changes 

c--withotrr«di5rupting. control. 'fhe..normal -control 'C0ffi- ·- to...control....settings~s...weu,-aseany...on-lioe,•,program ' 
puter.,..nd-the~ckup-system"'Should-both»contain changes. · ' · 
several...¡nputs~nd..cOutputsmwhich ... can~sed-fór A-..bulk=omemory-must"'be'"used"''n..OOth,;computer 
auioma~~..PI17line ~.testing,.of -:.1/0 ,.operation,~-regard- systems....to~tain-ethe"'manrfonnulas-..and--·programs 
less .-of ..whicb..,-subsystem ·, is ~ntrolling 1h~ .o.proc~s~ , that--may~eg!lired .. Bulk~e~or~al) 1!1SS!·'COh~n __ 
Some-ofcthese-test•inputs·are·connected-to-reference- · interpretive ... programs to Bimplify~nstruction~f a 
signals_others-are•connected · to ·output"1est~ignals, batch .. program, diagnostic....pr(>grams,.for .. fault ... detec-· 
closing .the test loops through each subsystem. tion.and··programs· to· aid"111aintenance. Sophisticated 

All failed devices must be easily removed for.re- man-machine communication programs, which in-
placement. Any disruption of normal functions dur~ volve lengthy. message storage, can also be included. 
ing repair should be limited to the few fnputs or out- Diagnostic"Programs for·the-computer-to-computer 
puts which share the same printed circuit as the failed communications link should .. test,for- link failure, an-
element. nunciate-the•failure·- and .. command·· the· ·changeover ..... 

There'"8lso'Should be·a diagnostic·program"'which to .... the..,backup~system. A program system permits 
verifiescorrect operation,.after.the failed .component updating and on-li.ne diagnostics while time-sharing 
has·beeo;replaced. the-reat:rirñe programs in bulk memory. · 
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The Place Of Digital Backup in The Direct Digital Control System 

There should beoa-system procedure..and-a.system 
diagnostic program t~ assist in rapid repaiP of a failed 
subsystem. Another procedure and program is re­
quired to transfer all operating programs from the 
backup subsystem back to the repaired computer. 
without interfering with process control. 

When...the-backup=-sy!jtem-is-not-oll"'control;·it-is-

The parallel control computer system program stor­
age ability, together with backup of logic control,_ 
program sequence and formulation, makes it ideally 
suited for complex batch or start-up and shutdown 
applications. 

Complex continuous control systetns woutd aJso 
benefit with this control system. Built with state­
·,)f-the-art electronics, the . system should challenge 
theeconé)mics of computer set:point controi and single 
computer direct digit~l control_ with analog backup._ 

· auailable-for-progratTFcompiling:-debugging-andprob-t 
lem· simulation" usingotheatest•inputs-oand,outputs .... lt 
must "al so~ perfoi'JYPdiagnostics.- t~ensure..operation 
is -.correct>-fm- takeover-if..inecessary. When backup 

~~~~~ comput~Ua~es~o:ver_ process-controh-these~programs~-~-~ REFERENCES~ -~- --" 
are discontinued. · 

lWBERNARD 

CONCLUSJON 

By using D[)C ·with compléte input/output so~~r.Q_l__ 
and computer backup, the parallel-computerprocess­
ing system· permits.ounrestricted application-·of·co~ 
put~r co~Trol techniql.les .. It takes full_advantage of 
the logic and computational ability of the digital com­
puter, whereas a computer system which depends 
on analog set point control or analog backup cannot. 

.·.' 

235 

J FCASHEI' 
Direct digital control 
lnstruments and ContrQI Systems Sept 1965_ 

2 E VANDER SHRAFF W 1 STRAUSS 
Direct di¡:i~al control- un emergingJ~).~ 
Oil and Gas Jou~al Novemb~r 16 1 %4 - -~ · 

3 J W BERNA RO J S WUJKO~ -:-· 
DDC experience in a che mica/ process ·- -
ISA Joumal December 1965 

4 RHMYERS KLWONG .H ~RPY 
Re/iabi/ity engineering for electronic-sysums 
John Wiley and Sons New York~:=-::- ·- · _ 



Systems Engineering in the Glass Industry 
RAYMOND J. MOULY, SENIOH MEMBER, IEEE ¡ 

Abstract-A survey of current trends of systems engineering in 
the glass industry is presented. The central theme is that systems 
engin~ring is the technique through which the process of our time­
ths information revolution exemplüied by the digital computer-is 
uerting its impact on the industry. 

Systems engineering is· enmined and basir.. concepts reviewed, 
and the production system is defined as a pyramidal, hlerarchical 
structure. Procesa models·which have been developed primarily for 
control purposes ·are reviewed ¡ e.ramples of theoretically oc experi­
mentally developed models are given. In-computer control applica­
tions, a major trend is seen tc.ward extensive integrated realotime in­
formation-processing systems consisting of severa! computers con­
nected through a communication network. The development of the 
bumlill components in the production system, particularly manáge­
ment ~tructure, is considered as an essential aspect of the overall 
system development. 

l. 1.!-t'TRODUCTION 

Fi.g. 1. Physical system design approach~. 

St. Paul: "There are many membeq;,~yet but one body." .. · / 
A mod_ern de?nitión _[2] reads as follows: "A system ~s any )c.1S • 
collect10n of mteractmg elements that opera te to ach1eve-a: 1 • 
common goal." Systems engineering is the art or the tech- {r'~ ··. 
nique of building systems. This, in itself, would not be a JC 
new activity were it not for two factors whieh charact.crize .?~ 

A no:u-r 200 years ago,. t1_1e i_nvention or -the ~team ~n- sys~ems _engineering and. ~e~ it apart from conventwnal ~~!(~~~ .ri.. gme marked the- begmumg of the ·first mdustr1al engmeenng. The first factor 1s the formal awareness of the ~TI 
rcyolution. The mechanical age had begun; characterized importance of interaction between the parts of a system. 
by, in the word~ of l\IcLuhan [1 ], "the technique of frag- The second factor is that systems engineering implies in­
mt:ntation that is the essence of machine technology," tegratiou. It says that the whole is rnóre than the su m of 
·.vith it:; emphasis on the individual control of the frag- the parts. 
rn~ntt.J parts without marked concern for their interac- · Designlng a system consists of translatmg a task state-­
tiou al!d the l>ehavior of the process as a whole. ment into a specification of the system to be built: Therc 

The llll'Chauical age is now receding. We are living Í!l the are two fundamentally different approaches to the system 
• "cb:tric agc." The iuformation revolution-the pro9ess of design problem. They· are, as defined by Athans [3], the 
u~r ti:ne-i:;· taking place, forcing us to re.<Jhape and re- direct orad hoc approach and the usual or standard ap-­
'1tmcturc our processes and to move inexorably 'from proach (Fig. 1). 
fr.J."meHk>d, slow, • and informal control pmctices to ·a The direct- approach is often referred to as the art of 
pÍu!u..;.)phy of global, instantaneous, ·and systematic con- engineering. It consists simply of building a system whieh 
l¡ul. · does the job. The direct approach is acceptable for small · 

Th<'::;e statement.s provide the background for the survey systems, but as systems become increa.singly complicated 
t_h:n_ fuliow.s. It consists of three major pa.rts. ~irst;· in.-.. and extensive,j_t i~-!:~~guentiy)l}adeq\.ll:!-~eJL9ptimum._~e­
~-;'"a I I, · so me fundamental systems engmeermg con- sign is Jo _Qe._ _achieyed. In additiori, the risk and costs m­
n.-l•t .. will be reviewed. Then, in Section III examples of the volved in extensive experimeutation might be prohibitive. 
a;.,,;,,.,.lt;nn of these concepts in the gla.<>s industry-will be The usual or--standard approach is -the· technical or 
; :•-:-··:•ti-d. Finally, in Section IV the role of human factors scientific approach; it begins with the replacement of the 
;,

1 ~Y~ 1 t'lll..; eugineering will be·discus:;ed in a general way. real world probleni by.a.'problem involving mathematical 
relationships. In other words, the first step. consists of 
formulating a suitable model of the physical proccss, the 
sy.stem objectives, and the imposed constraints. Simula­
tions of m.ath~matical rclation:;hips on a computer oftcn 
play á vital role in the search for a solution. Variow; alter­
native designs can be compared and evaluatcJ. Theu, and 
then only, a systcm is built. · . · · 

l I. GExER.\L SYSTEMS ENGINEERING CoNCEPTS 

\~· !a;Ll d·• t he tcrms "systems and systems engineering" 
··'' ··/·' rta're are u.lmost .as many defiuitions as there are 
• ~, '··r, ;,u tlte :;ubject. Thc coucept of systems is an ancient 

... · .\ 11 f>arly reference can be found in this quotation from 

,.· .. :,:: -~'lipt rcceived December 21 1968. This papee was pre­
... ·:· 1•, 1 ~'' Hth Intcrnational Cong'ress on Glas:; London, En-
. .. ., 1'1\)~ ' . : ~; .-'?·~~:.~ i~ ~·ith the Technical Statrs Divi~ion. Corr.ing Gla.ss 

:·-·.~ .. nallg,-K.-·r. · · -

Practically the dcsign of n. large and complex system is 
ofteri achieved. through the combined use of the direct and 
thc st~ndard approaches. The dil'ect approach is likcly to 
be usedin thc structuring of .the whole·system;· whct·eas 
the standard approach will be taken . for the dcsign of 

Reprinted from IEEE r,·,ms. S!'ft. Sci. Cybern., vol. SSC-5, pp. 300-312, Oct. 1969. 
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variou<> components. The standard appro~ch has been 
cxtensively used by engineers for the destgn of control 

systems. . . _. 
The manufacturing process 1s the system we are m-

terested in. I shall discuss its nature from a systems en­
gineering viewpoint and pa.rticularly exa~ne the role of 
the information network and show how 1t relates to the 
economies of process control. 

tJ:<-Ht"erarchicol Process·Conirol [4],.[5) 
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The~manufacturing eystem, whether--it-be"R-rnajor·pro- 1 0 ~ 
J }s: cess,.& pla.nt,<a multip ant·operahon; a eompany, or even ~ . \. 
, .Jrt¡l whole industry, can be ~ooked·.at-as the pyramidal strue- ... , L __ -~---~~--~---

~IMI\MUtC. 

"- ~(;~ ___ ture~~~-<H~n,Jn _Eig .. 2,~consisting~of.two"<iistinc~·elements:.- --~~--~· · ~~-~~·Fig:-2:--~Plannúnetiorui. 
1 
,'Y. the phymcal·"'Proe~s"'and··-the .. -control_Ier. T.he.-oont~lle.r's 
~ ~pr fuuction..,js..to .. mampulate·-the -plant;.n"'<>rder.-to-optnruze Tlte.importance-of •the ·inform.a.tion network ·";th!n· ti:<' 
~>~¡5 ~¡.~ u1e .pro~''"tith··respect·to the manufacturing·system oh- mauufe.eturing~·pr.ocess.,cannot. be oyeremppasized. 1'.~:;, 
~V l1.\

1 
•. .-'feetlves~ . . . . . . . . . the ... interc6nnectmg··.:tisí:nie 1·which ·relates-: the Qther · ñ\;·: 

, [ ~/ Somewbat~.arbJtranl~·hJe~rchy.of .. three-mteract.mg. process~networks: materials, orders, money, perhlmucl, · 
./ · cuntrol,functtons can be·tdentJfied. At·the first-level, we and capita.L.equ:ipment :[6]. · · 
' find the proeess control functions which include the·single- Efforts to automate pr.ocess control functions took place 

o.nd multiple"variable ·control·activities ·usually associated initially.at the first level-of control with the application of 
with fhe control of process units. Production..control, at process.~controllers. Little-could. be done at the higher 
the· second levelt is · the · guidance· for the utilization of Ievels-until 20 years ago, when the invention of the dibriif~i 
production facilities; it covers such activities-as scheduling, eomputer·-marked the beginning of a new era. This second 

· inventory-control, · cnst·controJ,· and invoicing. The man- industcial...revolution,·rthe .. information revolution,· whic 
.. -J :~ agement control functions at the third leve! includ~ t~e ha&~lready-deeply . .affected<>ur concepts of process control, . 

(.,~~ setting of o.bjectives ~ ~e achieved by the system ·wtthm has-<ieveloped--a.long.two-somewhat distinct paths. On t.he 
L7.. · t he constramts of pohcy · ·· one hand, with•the...a.vailability-<>f--data-pmcessing ·'1lJ..!?r 

~·~V!- . l~tJlel~.fue-hierarchY""''í-eontrol~.J.evels, we :-an chines;.attemptshave.been...m.ade~to-autoinate. part-o( the·· 
~c..Y ideutify a. h.ienLrchy"""''f.O.Control....functw~regulatwn, controL.functions..s.t..the...third .leve!. Qn :the other-·hand, . 

Jd,Ov... optimization,-adapt.ationrand"'l''elf-orga.ruzatwn-as we during....the.,past-...J.Q-.,years;•·.-~mputers· have increasingly 
¡d~J . move t::>ward the top of the pyra.mid. It can also be penetra.ted .. the.fudustri.al.,.p~pc~,p,rQduction control .fielr.l 
n 1: ob~d that, ~..we...advanceJ:ow~rd·the·higher-levels-of at"iihe-first-&lld oocond<levels. . 

;tJ.~ -_ .;;ontrpl,J.he:emphasison the phySicalvariables-decreases as . Today, the.ava.ilability..,o.(..reliable • .on-fu
1
.: p,rocess .con-

y · the ec;momic..variables play..an-increasingly· important role · trol~mputers"'1llakes-it- possible-,to..a.ffect in· real..time-the 
in .the..declsion-ma.k.ing .or...control ·functions. . entir&.information-·network-of..the. product.ion. proce$S..and 

Other important characteristics of the control system are to . .i.mpl~ent..integratedi!ystems-th.at will perform.control 
the deweasing-frequeney~f·the•coritroller•action and the functi<tns•'fl.t"'8.llol~vels·-<>f·4h~hiera,rcby. Suc_h sy_sterns are 
ll¡cr~g....oompleXity-of...the...decision-mak~ng.·process as • ~hnologiCJ:~.UY. fefl,§ible. Why should .. they --be ÍmJ?lc­
oné riseS through the hierarchy of control Ievels. It should ~ented? 'J;echn~logical..feasi.bility~isnot-enough .... Powerful 
a !so be pointed out that control4Jroblems-at-rthe"'lowest .ecion0mie=>incep.tive8-m.u8fr.exist;.:if-..the -technique· is -to_-: be 
.level are· essentlally those of a deterministic....systerri, appÜ~--extensively by'Competitive -industries: In order t.o 
whereas as one rises....througb-.the-hierarchy, the nature of answer the question, we should examine the nat.ure of the 
the probleins beco mes llicr.easingly,.probabilistic. ralationship that · exists--between"the"Processing•DÍ"control 

This hierarchical control structure can be identifíed in infonnation~nd the eoonomiés·of the process. 
m~st industrial processes although not always in a sys-
tematic forro. \Ve find that 11,1achines, such as controller8, 
sequential control systems, etc., are carrying out auto­
mu.tically sorne of the control functions at the lowest leyel 
of control hut~that<most of 'the·eontrol func,t.ions are still 
exert.ed~.<Íirectly.v.by, .. human J beings (procds •..-oper~tors, 
supervisors;·schedulers, and managers). All.of. these con-: 
trollers,··human-beings, or _,machines,- have .. one--eommon 
characteristic: they . .a.re processors· of ··information"'ll.nd ·are 
pa.rt . .of.,t.h~.inf qr¡ru¡. tion.Jlet work..,of ..t. he .system. 
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C. Process Control and Process Economics 

We know, intu:itively, that there is a relationship be­
twecn these two subjects, but it is only recent.ly, however 
that the quantit.ative nature of this relationship has been 
established. Trapeznikov shows in a. recent paper [7.] that 
controlling a process consists in ordering information. 
AnY"Process· or systemcleft--to~itself -under natU:ral--condi­
tions-.yill "'tend ·· to· ·beco me- increasingly disorder]y; the 
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I~I. SYSTEMS ENGINEERING IN THE ÜLASS INDUSTRY 

I shall now review specific examples of applications of 
systems engineering concepts in the glass industry. I. 
shall foct$ on two subjects-proqess roodeling and com­
puter control systems. 

· A. Procesa M odels and M odeling Techniques 

The plant' or process is the central and most funda­
mental issue. In process control, knowledge of process be­
havior comes first. Models which represent .the essential 
aspects of the process are needed in order to apply the 

,._ ·, - r ·! ·• 

5~.:--~~: .. ~. ;_; __ ;~~n~.-~-e~qud~:r.ti~.a~~~ ... c. u~I_itativ_e ~'J)···_ ::=."::!!/ '-~~~~::':""'- - ·••v - ,,. ':1 -

Fig. 3. Pro~ -effectiven::,ntrol info~ation curve:: . -~(~~fses;::=~~r::cs~~:::~=~=!~a;;;~H:;:;:;·., ... .)¡. · 
. . . -cr--,':.- . · -- . · · ·. - ... . · bein!fooiisit:leroo" [8 j.We· sha:ll oot cons1der'either phys1caF V, 

entropy of the system will incre~e. The-.purpose-o.r..wn..,:. scale model~ •. su~~ as·.tank models ~sil¡g vis_~ous so~utio~s reO 
trolling . the- process-~to..counteract... the-growth-of-dia.· · [9 ]-,. [11 ], o~ actl":tty ~o. deis-, such a_s .P~RT, but will ~Is- lYt) 
rd · ·eo t. 1.··· k f rd · ·· . . · · · -c~ only models m which roathematiCS-lS-used to.~de~cnbe_ 'J~. o enng. n .ro J&>wor • or-o enng. . . . . . . l' 

. A.--fundamental-l'ruationship.~relates...th&...system.ef- -~he _salient ~eat~:_s of the p~oce~ b~h~vi~r} . .n¿-.~·hich ar~-----·---
fi . t th . . t,. r t l 'nf r . 1 mtenáed pnmanly fo:r use m tiie syiffiieSlSctlf·control=-~ys-.'~' .. 

,!;_Iency 0 e amoun ° ·con ro 1 onna 100 tems .. The mathematical . relationships of interest are 
... Jt-=-•ftrñii'(l'".::..!:~Bci .... Cr/I•>) those which relate the process inputs, manipulated vari'7 

. ables, and disturbances to theintermediate variables and 
Bo being tbe measure of the·degree of diso.rd.er.in the sys- outputs (Fig;.:4}.,.It.is·esseÓ.tial--forproceá~Q.t:rQl:_p_robl~m· · 
tem a.ssociated with the amount of control information 1 o- applications-that-these"~·relatiortshipFMCOunt-fQr'' the 

Efficiency should be taken here in a very general sense, dynamic--behaviorr.oÍ··the-system. · 
· and in particular, it can be looked atas profit. The reJa- l\Iodels can be cla8sified•<as.•experiment~oretical· 

tionship, illustrated in.-Fig. 3, can be looked atas a formal· ·according to the techniques through which they are de­
t!xpres:>ion of · the "law~ of .. dinünishing:'returns'J,;.oi--of·the velóped. · Experim.ental!l"modeling;"'"¡12] requires the ob­
••costr-effectiveness"·rela.tionship ·applied-tcrcontrol-sys- servation of the process variables in arder that the state of ~ 

~~Ú!. It .is quite similar to-the familiar 8-sha.~·relation- the pr~cess may be rec?rded under a variety of conditions .. tJR_J, 1 · 

shtp between return .a.nd effort expressed m monetary IntentiOnal-pertu.rbation-of-.. the-.. proceSSoO<-. through ~. the·l V.( 
U:nits. · roanipulated--variableS"'and-·inputEPis-wusuall.}"rneces.sary tó . • ·: 

'Importa.nt practicat conclusions can . be' draw,n from __ obtain.~C1.1-I'a~.relatio.nships. The..trend"iS!'toWal~rthejx:l;"7. . .. · 
these consideration:: . . _ .. _ . . _ _ _ · . · cr~i~lg»·use-of..:auto~~tic:-data•acqui~itio_ll"'a1ld·pr?c~ss~!!K 1· 

1) Proce~- effectiveness..,~,ncreases--\:aptdly-at-fii'Bt-Wlth technit}u~to-determme-·the-quanhtattva...-relatiOnshrps· 
increa.::oing knO\yl~dge, but-because_· of ··the-:basic-non- . tbat. ~ist. bet~een.:the-proces~ variables-.- . ·· .· 
liuearity. of. the. .. relationship, the investment-in-control In.theoretical-modeling¡..tha..mathElinaticsJ.descriptim~of 
should. not.. .. exceed-·a-certain-economical~yr-justifiable the .process.r.is..built..by..writing--the-exac"quati.on&-.Which 
leve l. govern-.th&.,behri.vior of"the,processrsucfi·8.s-2cónséñraboiJ.:ór .. 

2) lu order,-to-.achieve--the·maximum'QvernH·effective- mass, energr,and,momentumrand the-·fl!J).damental eq1:1~~ 
' ne:;.;,jt is necess..'\l'y.to-attain.the same degree of-effective- tions of·heat.transfer and fluid ftow. 
u~ :~.t all levels. · . In any case, the validity and usefulness of the model 

3) So r~u·, the automatic-control ofinformation·at'the generally depend heavily upon the ingenuity of the model 
. high<:r levels h<l.S received little attention as, tradítionally, builder, rus clear understil.ndirtg of the purpose of the model 
q~e major function of instrumentation and control en- · and his prior knowl~dge of the process. . 
k.::::"·rillg has been t.o increase the ordering of informatiou Severa! examples of experimental and theoreticul 
:!~ t'w ¡Jrocess control leve!, the first level of the control · models developed for th~ design of control systems in the 
:tit:.t·d,y. The automatic coordinatcd control of major glass industry will be reviewed in the following. .ti_P '· · 
:i!;;.- h:ls not progre~sed m; rapidly, basically because until 1)vVello..Tubing Process.Uodel [13]: Thi&-first-example ;...--r--
.'ú"l ::y no eoatrol tools were available to process reliably i~.ona.of.o.Jl-experimental model. The problem is to de-

' •·tlr,•[ information in real time. It should, consequently, velop an automatio·diametel""'control-systerrr·for-a·tube­
i • ·•:; fJt'C 1 eJ that. the- ecouomic . poten tial ~ oí-automatic drawing .. process..<·used.-:in~the rmanufacture"of·-fl uorescen t 
P ·~ coult'úl •\t the higher.levcls. woul<Lbe .. high. because t.ubing. 
tll · :ahcrcnt, high info!'mn.tion d.isorder usu~ll.v found at The process is shown in Fig. 5. Glass is delivered to the 
tlw ., ·-·•eb of control. · forming process tlu:ough a refractory ri.ng placed at the 
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Fig. 4. Basic procesa. 

:Fig. 5. Vello tubing process. 

OUfPUf$ 

bottom of the bowl. Air is blown through a pipe in the cen­
ter of the ring while the tubing is drawn by a pulling 
rna.chine. At the end of the ruhway, a cutting machine cut& 
the tubing into tubes of proper length. 
~ X.he=experiment.a.l=ma.tllemati~ ... model....used....to...de-

~· scrihe.thi~· process.oonsist.s oí..t wo . .parts...Xhe.fust,Part -is ·a 
set..of .¡ i near;ooi.noremen tal ,-.di fferential-eq uationscexpi:essing 
the.rdationships..betweeu..the...manipulAted.-variable;valve 
posit.iQ.D.r.<the"intermediate·process..:variable, forming-.pres­
sure,...~nd..tlie~ñtroired~variable..diameter. The.equations 
given. below-were-obtained ~-by-.experimental.step-response 
techniques. .· rrty\ . 

. ,, 
. A forming pre3sure T1s + 1 K 1 

DIIJAN~L 1 
VR(~U(NCY . 1. . 

1 . , 1 
1 . . 
1 . 
' 

' AUTOWAJIC 

t- t--~ 
' 

·.H..JJJ. 
REQUENCY 

TYPLL 
MANUAL 

' 
' 

.. 

Tí !1!1 
l~ 
i .1 
1 

' j 
PAOCE!tS N,A!.,UR~l 1 ' 
FRtQU(NCY ~ -:.11! • 

, 1 1' 

1 
1 1 1 

j¡¡, 1 1 
1 1 !l j¡ • 1 
1 

¡ ¡ \ jT1l 
1 ,.,.. 1 d 

. rn:uru 

alltkETEJl 
~l POINT . 

DtAWETCA 
ROU.U '"'" . 2Z ~"·.·.~ ;~p~_ 

®- ®~ ® n a:is<:~--
----RUNWAY §S 

Fig. 7. Vello tubitlg process with automatic · diameter contro'. 
system. 

--~ · A:-vaMt position ~-- aT1s + 1 Tb2 + 2f T~s + 1 

t~>o/7 .>diameter <;J.~ . _,. · .• J•!?)p 
A fonñlñg -pressure K tB · pk\ ·fe t· J · 

l'he . .seoond.,pe.rt..of..the..model-W.. the-.t~ta.tistical...descri p- JI 
tion..of .. the-eontrolledovariable. 'J;his..deseription-is'"in.'"the 

ti f.orm.,of. power...spectra..and.histograms. T-he-powerspectra, 
.. J. 'J_.; Fig~;-eharaeterize-the-way-the-diamet.el"""Variations-

5
\ \'~ / ~ur. Signifieant..<liam~ter""'/a.riatiollS""'Still=ta~e'"plac~· at 
· 1. tlle-process-rla.tural-frequency;-1-.6-eycles/mm. Conse­

q u en tly, au.e.ffecti \' e-a.utomatic ..control.system--must-oon-

1 
tr.ol ~diameter-varia.t.ions""'ccurrin·g·up to-this ·frequency. 
Tbis.iníormatiun-()n·-the-statistical -behavior-of.-the-process 

~ provides.a..basis..for..the.simulation-of • .the-process·-disturb­
~ ances.And.a-means..for--est.imating the·expected -improve­
~:Y" ment· in ~proeess~rformance .. that~would~result ... from. the 
'J.. , implement.a.tion-ofooa-given--eontrol-system. · 

{a) 

{b) 

+-
·DIAMlUA 

. UROA 

+ 
014WUtA 
tAROll 

Fig. 8. Histograms of diameter error (a) Manual. (b) Auto~atic 
diameter control. (Note: tT automatic = 0.5 tT manual.) 

~- . 
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MOULY: SYSTEMS ENGINEERINO IN GL.~ JNDUST~Y t# 
These process moJels, incremental.differential equa.~ions, ~C~sC;};~ 

am.l , ~t utistical~ models...were..used..ín,..a.n..analog""com pu ter ~ 
simu.lation to evalua.te.-a...number..of..possible-controJ. sys-
tem configura.tions. The control system of' Fig._7....,.w~ 
selected; it is a ca.seade..con.trol- systemvino>whieh--the-form-
ing pres$ure...ÍS-oontrolled..-b ya a.. h.igh-gain, large--ban.dwid th 
loop, and the diamet.eJ;..is.con.t.rolled..b~low-gain, lo'Y­
bund widthJoop. 

The histograms, Ei~haraeteri~themperfonnance>of 
t_h~. system.. Wl.OOJ).ma,nnaLa.nd.auto.matic.oontroWt..is.-sean 
that.. the-a.utom.atio...oonUol..system..xeduces=th&--diameter 
v I:U"i&t.ion.s..b~ 5Q..pen:en t • 

. 2) Ribbon-MC1CA~Model [14]~ 'l:wo-models 
were.,dellelop~conn~~¡_~wi ~hs;.the-odesi~'=-a..com~ 
pute~ystem.fo~:..the-automati«>~~tro!:~therdimen_sio~ .. 

.................. 

Plll•ftmll 

. 1 . f. 
.. aou \Me u~ u, 

of bulbs.made.on.~ribbon-machine-(Fi~9). These models 
which account for the process behavior, including the 
quality control sampling procedures, were used in a digi~ · 
tal computer -simulation to evalua.te alternate ·control · · ··Fig. 9. Ribbon Ínachine process. · ·· 

strategies. _ . . _. _ - . . • 
The.fust. modeL..is..t.he.matrix-in-Fi~ 10. lkwas=deter-o- PROCtSS 

~ed .... experimentall)'-&Wi.orepresents_the..;.rela.tionships ourPUrs 

tl.lat. e.xi.st bet ween..tlu;.mq~t..:.significan~process.. variables. . e¡ 
The second.model..wa.s..developed.~fo,..the.analysis of .. 

. the.;particuJ'SJ'jocontro~roblem:p.resul ting-f I'OIIl<"th~f aet..:. . r:-.... ·. 
that..·only--small;-relativety-infrequent-sampleS"'f-the"'end \...'~-
product~quality-Can-be-obtaine<r'for-"feeuoaCk-cdñtrol. 

~ This problem \Y!l.S inve.stigated-in-a-digitaLcomputer-sif!1U:­
,'t.. btion-study- of-a··one-variabl~control~lo'6p"'\vith-qualitJ 

data u.sed..as. the feedbiu:k..measurement..a.n<l.aJo!lg__t!~IJS-
L , port...dday.. as .the-significant-process·dynamie-element. 
ltl'fbe procesa di.sturbanceS..were.siinula.ted..by-the sum-of an . 

'. as.Signable periodio disturbance-and·a-random.disturba.nce. 
Th.Ís.. study indicat~that- the-sample-mean-.wa&-the-- best; 
indica tor~of- average-proeess--performaricec-and·- that...the · 
st<>bi.iity..o~the.ay~:~tem-in-response-t&-theasssignable-dis­

turbauce.depended.onl)'-upon•the-control-system"'design· 
parameters. 
The..computer.aaproeesswcontrol•syste~hematize<P.in 

:•¡~,"; ,~ l·was · develo~ot .. the--basi.s-oP.the561>studi~. The 
P~tcmatic control of the low-frequency components of the 
':-o~· signa! resu.lted in- á -significant reduction of- the 
:a!'iJ.bility of the product dimensions. 

Z) Gla;;s. Tank·1Hodel:-Another e.xample-of.-experimental 
moJeling is giveri.b~Hoetink in hilf investigation-of..the 
tlynl\mics of a glass- ta~k {15 J. When the com~ition-of 
t he.. ba. th .. -.in.,. a.. continuou&. f urnace•· is--.changed .. a,bru p tly, 
there will follow-a-change-in-the glass ·compositio,n ·at--the 
outp~:L uf the tank. Compu.riug.this-cha.nge..m.glass.com­
;x .. <ili.;ou to-. the step cha.nge.iu.-batch, . .the trausfer.function 
:·e:- mJolJ)(\Rition of· the meltiug fumace may·bedetermined; 
· . .n) ~~are con.:>idered..with.a.ud.without.cullet retlirn. 
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Fig. 10. Ribbon machina· procesnnodél: 

~~cf>ra!, the transfer function mn.y be approximated F'ig. 11. ·Ribbon machine process computer control system. 

t. 

w 
tir. 

'.rl'.:ll'lll~rtation lag-'1;: and a first-order-.process~with 
.:)n.~t.:o::.t. ·"N l.i...all.of....the.-gla&J~in-the.furnace ... were 
· - 'i.wci, th;, trnt113ferrfunction•woulu·Aha.ve..ouly.-one 
:·~~tf.nt '!',,., whi~h is...als.~ the· m€'an"residence ·time 
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~E&E TRANSACTIONS ON SYSTEMS SCIENCE .A.ND CYJiERNETJCS, QCl.. :; 1\.lli~ 

a) F.ormulation.oj>system...equations: The basir: ''lit:,...· 

equation-The general differential equation f.: 
trausfer of a flowing stream of molten glass in a rect., .. ptlnr 
chauneb.is .derived . based on · the'·principle of con8(•. ·1 ~ irlll 

of:::energy. By ta~g~~?~~?~~gy,....ba!13.nce .. on a_.diff· .:111! ,1 
volume element of dimensions dx, dy, dz, the 
~..,....,, ......... 1_,.., .. -r.~: ... ~·- ,,..,--,:··"·'-· .... o- ....... -..... -¡ •.• 

equation i.s . · _,..,........., 

-~(k' oT) +~(k'. éJT) .:_ ~ (pC,V:rT) . ay · ay az . az ax . _ 
-,.----.....----.---' -------v:--~ 

rate of energy input by 
conduction and radiation 

rate of energy 
input by mass 
flow. 

iJT 
pC -· 

~ at · 
. rate of a-ccumula­

tion of energy 

. ___ J:a..~ti,~?~ J.l2z..}.~e _ _.fgll9JYÍJ.lg_ ass!lmptio~s are m~clt: .. 
-· -- i}Hea:,t-;ge~,..E~~r,~ia.;t~~P:"?.a.IJ: .1?~,re~decLa.l> l:l~m~ ~~·-' 

to a 'lñi:d1atwn cond.uc.try1ty~~"Q.L.&T3/ 'k w~ere .T.Is _i••p 

aosoÍÜtetempe~atÜre ~~-d. a is theab!'iorption coefficicut for 
the.elierg{of~¿,;élengths -c~-rresponding to. temperature -
1'-:"'!§:r~i~oi)~:tn:..Ch.ii.~e~~~d,~:the.tru~_conductiv¡t.y · 
p~s-r11<iifl:~~<?ll.~ ~9n.~uc_~~vity.. . . . · . · . 

ii) The effective conductrvity. k', dens1ty ·· of:gl.a . · 
~~-w-·,¡~t-.,-rr;¡,..:;,_,~, •• ··----- ··•·· ·· ' 

. ~!~~.SJG~~~qJl~a,t.of gl~.fJ! .. a,~~ .. ,!!!JtJ;eqm.~~:lt.l}~~¿,t~ 
Pendent fhence nota function of th.e space coordmates). 
~-- .. .,;;::.··~~~ .... -: _,, ;-: .·• .•'~-.r .. o.,...-. _,,,. ..... ~ . .-•tot··~ ·~· .... · .• . . ... .tl , 

iii) The v~~.99A~y,X.~)nJ4.e.+..d4'~<?~~9P .. (~1~~ctl9.[1 o~ .• ~qw¡ 
is:not a ~tion of x:Thus (1) reduces to · · · ·· · 

-~n.~~ .. ~.¡.'t,"'~"'S·",.•"')Ii~~""'r.J..'.r"'\"\.~.,C 

-c.i-the.glaSs.d.n.thefurnace. The ~l.l.d'e8idence.tim6'\.."'"an'be !f:_ [a2.T ~ 02TJ ~- · aT ~ aT ,. 
.tP.~t.imated-hy-dlviding·the.fumaee-glass-.capaeitya<M.aby>-t~he . C " 

2 
+." 2 . V.z "' . "t . 

d T p , uy uZ . .. uX v :.-verage...gl~t~tc(pull)<>Q. Comparing TL, _.,, an (d · ,.,...,_,....-.......-_...--=--•m 
(?) 

'-~,--- can give sorne idea as to what extent the glass -~ ideally Equation (Z) is applicable only in the "interior of .the_ 

~{l\'."--mi~ed. Th_e de~va~ive_ of the step res~onse ~v~ the glass.:T~~~e;~~l?:.~~c-~:r.-.... ~~~~~~~'·· a~p~o~naU: 
\ .~ . res1dence ti_me distr-1bution of th_~ ~lass .. F1g: _12 illustra~s ·. bo~5g~E~_,._~!}~.I-~l.:-~-~-q_l,~l~~.-~~.t}~~~ .supph~d.:, ... ~ h~e . 

o .p so me expenmental results. · · are the followmg. . · · · . · · · .. · . : .. 
(¡. ~\{ For a. f~e.::with a glass eapacity of 200 to!l-S_~n~ a ·.-H~ i)."Tbe ~;eeratl;!t;~istri~m_i.Q~.2P.JJ:t!t,.g~~r~.f~~-to~ 
~\ pullof96_f:ons/d~y • .T14 ._= 5_0 hows; ~}_1~ t.ransf~rf~ct10n _ J>_2~!~~LtJl~tto.m.,J?L:;_Q)~tJ~.,!_h_~~J9~.~.{~~;:: w, . 

'· t .. ·. _ -~t~out cullet re. turn. cons1sted of a _ tt:ansport;atw~ lag_ _ ofth~ chann,.e~:~ .. ~~-~-~ri!e;~l!.'YJ-.~-~!;!:, !1':'-'!~!near: 
~ TL = 3 hours anQ. a trme consta:nt,. = .i!O hours. ·W1th a functions of t'lie ispáce coordmates. · · · . ' 

· · · cuilet retum of 50 percent after 2<J hours, the transporta- . · .-~· · . . · -· · · - . . . _ . 
I~tion lag was 3 hours as hf>fore, but the time constant in- · T~;L = tP:z(xJ) lS specified 

creased to 100-hóurs. . · ·- . . (3) 

/- · 4:)..,J?~h~1odel:-4'he<4'orehearlha.model"'(teve!oped T~!y~) = tl>a(x,y) is speci.fied .. · · 

1peO by .. nuffinll'8lld.J"ohnson ... {l6 HUustrates-the•methodology ü) ~l.~_rfac~.Qe_t.F.~-~mJh~_gl~s .f!.Qq .Hl~_gas (JJ = 
\V. used•to"'Onstruct-·a· theoret.ical model·based'-on~-physical d), the bo~11~f!l:~Y._Í,S.,B:,t:adiat~g __ bo!J.ndary_where.J.l.l.~ glass 

laws of~nature. The,.development.of :& .. theoreticaLmodel is excli'á';ging radiant energy,. lY:ith. the .channel.enclosure 
usually-involves the following steps: 1) fonnulate the sys- (refractO·ry'c~wn). Further, the g~jn thE1 SP.ace .. between 

· tem· equations based on physicallaws;.2),apply·appropri- the glass and t):le Ct_:?.~Y?-~~l~~}((;hanges heat,with t.he · 
~te boundti.ry..and .initial conditions, a.nd 3) solve the equa- tem tlfroligli:~o~v.é_~tio.I!-.P.Pd.J.a.:c:liatio,~~-~h~--~qu.ntion . .Jr 
tions by analytical or numerical means. thegl;,;.:.gas interface is aga~!~~~~--~-~s~~-?.:l_~!lergy 

The forehearth delivers the glass in nn open channel from balance- -·-r--------., · · 
the furnace to the forming machine and conditions the _...... . . 

glass toa predetermined delivery temperature hy-meall.s of'. ··-_· ... ·.·,·.k ___ '_ :YT~~~~~- = u_~ [Ter.~-~-~· ..... -.. T4]- h_(T - T8 ,,) (4) 
wind cooling_ and gas heating as shown.in Fig. 13.· ·: - v -.. _ 

. ' 
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Fig. 14. Melting system sobematic~· 

where control system probiemiin' the ~~~~~~tfjr ~- givéli""oy 
Oppelt [17]. His paper presenta a conceptual elementary 

Stefan Boltzman constant m~ltivariate dynamic model of a gla.Ss tank and suggeetsu ·· 
view factor derived· with .. the assumption that · improved control str~tegies.· t.tsing :f~b_ack firJ.d, feedfor- ... · 
the gl~._surf_ace ~nd .t.he crown 11.~ twD. op~~1te ward techniqÚes. ' . . . .. -~ . . _·. ~:--~ :;_~~~--- :·.·e=:-~ .. 

;, 
infinite parallel planes ou~last..exampl&. oLthooreticai,..modelingw-ooncams' the-
gas heat transfer coeffic~ent _ : _ .. melting.system-illustrated in-Figr-141 .~nsistini_!)r~A;:· 

Tt:rowa, these tempe:atures are mputs to the m~debmd - teriaiS.input and storage;bf!.tchmixing ana-_storage:fi.!_elt.::_ T... must be etther assumed or determmed by- ing,..cullet-reeycle, arid oontrol·systemr.The--stiídy-;niade"' __ _ 
measurement on actual forehearths. 'by .. Sting..[lSHs~important-i&.th-afT.i:trdevelopg..-IJiódél:s: for- · ·­

process-units, such as storage-silos,-mix~I:!!i'""etc-.;"·~and 
iii) Sin ce glass temperature is symmetric with respect to - demoristrates-the·use-··of4th~módel~iri--the->"ana.Iysis o1 

the c,:ntérof the·-~ha.ii~er (~ .,;; ·o), . , .. "-~-- . ---~ system~<fe!lign.a~c} o~nttion·--througll"'simulation7 . - ... 

The first-step m a~IDrQachiri_g :tne.:pmblem is to..consb"uct 
- (5)_..:_~-mathematfcál modelS:-for-=aU-the pr~uniis:=Oy"taklng · 

. one qf .thftmost important aspects of theentire pro~i!!iQ_ 
iv) At time zero, the temperature distrib\_!,tion·at 8ome -· .considerátion: •the pflySícaC trarisformation of ~ir~nular· . 

:Jcation -.:yññiSt-bé specTfi;<cM·~-i~TüaL<:ondition~ · material. - . . -
U:;ti~l!y -th;;'~teñiperature-d!Strib"~tio~·-;¡t-·the inlet to the· . A general model is developed whidt, when ;pecia,liz~, 
forehear.th is~giveñ-:- can be·used tó·model silos, ínbcers~ and mixirig tanks iiOüi...:. 

b) Numericat-solution-.-Equation!t-(2)-(&)..an<f ... th!" with -oTher process components .. Thisgeneral model will be 
~j.)p.-opriate initial.,condition~completely·s~i(y .. th~~ey&- described.hiiéfly.for-a silo- -
:.e.,,. The equations-arepartial differential equations·of·the A silo is defined a.S a tempor~ry ·ªtQrag~ dflvice whereby 
?;4rlibolic type -with--nonlinéar~boundary..,.conditiolliboBe- granular material is'du.nlped into the top, stored, a:nd at 
~u:?e of the complexity.of.the-problenr,•an·:approximu.te sorne later time removed.from the bottonr.The·rr{Od~twas · 
llltmerical solution ·is th&--best·that can be,obtained~·:The .developed under the follo\Ving_re!!SO~ting. . .. 
~flll\tions P.re written in a finit.e-difference-form and can be a) The 'filled silo· is divided into spaces of batc_h_volume 
'lveci on a large, digital·scientifiC' computer. size (refer to Fig: 15): 

e) Applicatiun of /Jte-model: This model is applicabl~ b) AssQQi~J..ted wi_th_each space is a corresponding--batch 
the systeliiatic .de.sign of-a temperature control system and its describing constituent vector. 

,, · nn cxi.sting forehearth. Studies can-be-ma.de.with the e) When a batch is removed frorn. the bottom, all the 
¡' J~: to evaluate eontrol systems wbich. will deliver.glass batch constituent ve<;tors above it move clown one space. 
'" ·ou.stanL temperature -to· the forming -machine in-'the d) When the material is either entered·orextracted, it.is 
f." vf disturLances in the· inlet-glass temperntures;--am- done discretely in time. 
; ·• ~ temperatures, and glass fiow rate changes. e) Because of the · mixing effect between adjacent 

.\! eltinJ7 Sysle-m 11I odels: One of the earliest examples · batches, the output b~tch ls some combination. of any iu­
uf l: ,. appiication of modeling techniques to the analysis or put batch. 
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f0URTI1 PUlv 

r THIRD Ai.ALW 

The weighing- values-are-.assuÍned to b.e oi _l,!_statisticnl 
Fig. 15. Schematic silo. nature, The parti!lular disturbance _ associat.ed with the 

. . . random variables"ór"the.:Jñodel ís a~_[)ehgehtupQ!l,_tlíc_par-
f) An materials which · are ptaced in· the silo together · ticular silo ~- be modeled and the· materíarto bestored. 

have equal or nearly equal densities. Thus the weighing values not only must satisfy the con-
.· g) A batch of materials, or-anypart thereof; basa maxi--.· straints imposed-by f1)~aad -{lB), but-alse·must be-.gP.ner .. -
muin and a mínimum length of the silo to transverse, and ated in accordance with the information extrt],cted fro!l" 

-this transVerSal Óccurs withiñ sorne-ma.Ximum ánd mirii--.,. the actual" data obtamed by conducting exi:>er_iment:~ on 
- : mum humber oÍ..output batches--- . particular silo .. OnGe the-weighing :valU€8- are determinad,. 

These. assumptia&8, t:<>geth(;1I' ~ith_ mass and impulse (6)_cªn be used to e}Cpress the physical tmnsform¡¡,tion 
balarice, yield the foÚowing set ofequations: taking place between input·and output batches within thc 

silo. -- · · · · ·· · · 

......::- · .. · · ,..,Y(R}.===-f TV.,CK) - X
1
(K) ·.·, (6). The second stei:L-isc to combine- alF~.tlúi:-ccoiiipóneiit 

· ::-_ '- I modela into a "multia.etivity system/' Broa:dly defined, the 
"' model is composed of fóur activity realms (Fig: 16). Thc 
i~· W (K} = -1 (7) first realm defines the functions of the co·mponents of the · 

. ..r-- ~-~ .. _ process.The seco~d realm defines the interactions :and per.;;. _ 
L Wt(K - i + l) - Xt(K - i + 1) = X¡(K) .. (8) --~orm~. ~trllcture c?Ór~!~ati?n. The third realm d~~nes the·~-•= l . . . . - . ·' - - SÜperVISOry funct10ns tcontroi); and thtdóurth ·rea)m de-. 

X 1(K) = X 2(K :,... ~1).:;:: X¡¡(K -:- 2t == ~·.. fines the poltcy making and planning funotions. 
. . The complete systerri n10del. for oátch syste~s is amen-; 1 

__ _ 'e-· . -~·- _. ~'"- ~; =:...:X'!'(~ ~ tlÍ: +i). {9) . able to digital computer simulation and has been- used to- -~ 
--B ...:..L-t't t• .. (9,. · to·(S" th - . . . "t th . Jnvestigat&proc~,design.-and CQntro1 problems;., _ .. y-zs=ns 1 u mg- 1 m J, en rearrangmg 1 , ere 

6
) ,... ____ , ____ . __ . A.: • --"l · h · · · 

·~lt.s-- . . V'W~/8....-.nl:!-tS-..le~.""'-~~t erpf?.~_:>S' m: J 

where 

f(l() 
: ¡¡ 1 

~: 

. TV(K) 
!' , .. · 

., __ -"~ -~ ·--..., _4ustries~tr-app~a;!:B~at-=the-iack-of-s_uitab1~··,process. 1 

(K) - ~ (10) model.s-stillcremains.the-majol'-<()bst-acle"':o-f.heimplementa- / W1 = 1 - L... W,(K - i + 1) 
¡ ~ 2 tiona()f..advanced--eontrol·-systems"in"'the·glass ·industry. As 

.~ ·- ·-· · · ·- · ·a" fuTe,~relativeiy..,;.rui¡¡ophistica~ntrol~onc-ept.á""áre · · 

constituent vector of the material at the ith 
position in the compartmentaÜzed silo, just 
prior to the kth output · · 
Kth output batch constituent vector 
maximum range over which an input patch will 
be spread over the output batch 

· the weighing value which designates the per­
centage of inputs thaí are in the output at time 
NT. 

applied. . . . . .. · 
Although experimental-'teehniques-J)robab!y ... .offer.~the ~ r 

best.pr.actical -short-t.erm approach •to "the pro blem 1){ pro- , 
cess-modeling, theoretical modelin¡f'of·process units'offers 
very-attractive"" long-term ~8.dvantages, especially--when 
the-control system ·modeling can -be -e.omb ined wi th model­
ing·for"Unit·design. Although-the-cost·of -this approach is · 
relatively·highe·r- and more tim&eonsuming, the potential 
gains--in .. the.,ability.to synthesize..optimally new·process \ 
systems.are.very ,high. ~ ~ ~ ~-· .. · 
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· Finally, much rem&ns.tO.b&.done--in' the-area>ormodel~ Fig~ 17. Quality control iüformation ~ ··enterécCiliiñuiDIY:: 
i.:·~ and control technology for-large systems.coQSisting of and ptocessed by a process control computer 'W'htctrin.::-:mrp.::: 
.. :-~·mber of process tmits. A~particularl.)'oimportant.prob- manipula.tes a number of variables on the forehearth and 

-:;.i:} the incorporstion-m.tha.model.of,the:economic.and ribbon machine. . .· ·-- · .. ::::::.::,~·-~·~. 
· ~rri{~t.ion aspeéts oMh&p.I"'Oess:. , . - - . Another example of procesa couiputer c~iitrorapPJica~ 

-·-- -~-- ---- .. tion is..given by.the controL sys·tem .u.sed in_the.plá.ri.ts .of . 
• :J,o.mP-uier Coot.rol S]/8terni-- --- - the Owens-Corning Fiberglaa Corporation. On the basis· or-· 
:'he esseñthlf.rohi played by the. controiier -of the . published information~ it appear8 .. that these.. aystems: are . 

·.::Jfactl!ririg procesa, the information network, waa di~·· éasentially procesa control systems performing first leve! 
· --:-J in Section li-B. It waa stated that the computer control functiona in the meiting and delivery ·areas of the 

r·,úbf.Y mnkes it now possible to automate control procesa, althougli sorne próduction scheduling might be" 
··:tt;,; :ü ni! levek of' the hierarchy. It is within this effected in sorne inatancea [19]-(21]. 
:.:~;·k thnt '~e wH! now survey, on the basis of scarce . Other SlJperviaory conttol applications .have also b:>tu 

·"': i:tforrnation, the status of the implementation announced recently by glasa container manufacturera 
·, ~y:;<ern::; in the glaas industry. [22], [23 ]. Computer control aystema are being used for the 

·. ·· t!te first computer control systems implemented control of batching, melting, and inspecting operations at 
"L!:-:-s industry was mentioned in the section on the Lakeland, Fla., plant of Owena, Illinoia. The function 
; .l~•deling (Section III-A). It is the process com- of thc computer ia to "supervise and monitor the en tire 
:.:rol system developed for the a.utomatic control procesa. 

••.i · 1 · ')¡¡ rml.chine [14]. Thi~ system performs control Ret:ent~publicatiqns.im:lica~ .. s.ignific~t. .. trends..-.in:''the· 
ful.rt:, ; Oillv. The structure of the system ia depicted in proceaa·control ... area':"'The·trend toward •central~coutrol • ., 
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rooms-e.n9--een tralizei:J -:proeess ~ntrol ~PP89-l'S-irr-the• F..ord _ --. ~:.:: ;...,..-.:.:...;,_ ~-= .. -..:....:o.·:..:~---~'· --. .:..c...;.:_~ 
.Mo~mpany'~"'Pl'Oce:ss»<<Ontrol"''Omput~eteQt,..-in- ....: · ::· ~'-'''·-.,-¡. ·:.... . . :·':.:·-.:, '·. 

~ 
stal!ed<1.n·oDearbom~1ich. The process computer- control vtf -·~ '' ,. ·~. ·"'· -· , __ . ·: " · .. · ~ .. ;,. --- .... 

- sysrem controls a float glass manufaeturing process [24J, ?"' · .... .., · .,... · ·<··~· ._. _ ·. __ ·- · ' . . . 
( [25}. ~h~~·stem""'a'S-fllúStrnled"'in-Fi~8 .... handles «a,n.. ~fli~t;¡t. -~~tlr~o-. /1 n.J r::~::_-~~-... ;-~. -1"..,;'·~~-"""··•>.-·' ~.r 1:' -~· • :'"..:.;"' • .. l . ! l ~ 1;.-L.;·'! ~' ~ .. · .,- j .. ,.,,-... · . . ' 
r~~y .. 80-:closed,eontroHo~ps'1m'd~onitors"Close-tO .. ;~i-i.~?.'~~~~~ .-' · .. ~ _,:__;_ ... _ . ..·.. ....... . , 
\ 509-Pnxt~~van~bles. Th.e rea.J..tunef'()no~~hn&cOOntrol.fune- · -·"' · · · · . .. , . 

. -tiomt-J::.OVer..th~elting.-furnace1 tin~a.t.h, ·a.rur~ling.-1ehrs,· · 
a.nd ga.a.genera.Lors. l\Ionitoring~f·the·hatch ·house'ftnd'the 

_ . q~;u¡.Jjt~.,inspection~-a~!l9-~ffected;._The..sy..stem.,...which...a"&o 
sults...in...reduced..,manufacturing.~osts~hrough..-improved 

q ua.lity -a.nd...tucreased ... oprod uctivitYF"iralso•t>Capable of 
handling.ba.ckground-work--iluch..-as genera.tion-of.,new-pro­
gra.nis, engiueering·calculations-or nonproeess·'llpplications 
at-t.he eame-time·it·cont.rols·the proeess. The central con­
trol room is represented in Fig. 19. The operator console, 
on-line printer, ala.nn typewriter, t€1evision display and 
recording devices, and graphic panels can be identified. 
The scarcity of reeording instrumenta is apparent. 

On the basis of these examples, it would appear that the 
glass industry, fol!owing the t.rend pioneered by other 

Fig. 19.. Central control room-Ford 1\-Iotor Company (Dearborn, 
. l\1ich.). 
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p!úCes:> industries', is slowly moving, in an evolutionary The series of diagrams, the last one in particular, ütso 
fashion, toward computer-directed, central, process con- . suggests a clear trend toward maldng cornjmting Pow-e~.:..­
t,!"o\ systems: · · available as a utility ·throughout · the system-hrmuch- th.e-

It is be!ieved that the trend towil.rd iritegration will not same way as electii(i power is- availa})_le today. · ·- -
stop at the process control leve], but that production con- The integrated control systems approach .shouhLnatu-
crol and management control functions wiU progressively rally be expected to affect our basic concepts.Of plant ere:-. 
~~{' Í'lcluded in U;> the design of fuJiy ii_lte~ted on-line,_ ~ sig~ _an~ op~ration. In particular, it should be ~ec_~ed~ to 
~cal-time control systems. The--.diagram-·in<rFig~20illus- have a very significant impact on the management and 
,. ~:te:; the 8t.nicture-of-a; possibl& integrated~plant.control organizational· structure of the plan t. This is the subject 
Ja;npt. tf.r system · based· on· functional·design,-It ·is- an, in- that will be discussed In the following section. 
· ·~ated syf' ti.' m beca use .j t performs .bo th · the-procesa and 

. .. - IV. HUMAN F ACTORS [26. ]- (29] · •!;~ction <:ontrol functions on line and in-real time .. The 

lloll 

pla 
m· 

lll 

ti 

~rmrtl inn ftow, .data..-collection; ·and~report· generation 
r.;~;hly automated. The-current- status oLthe.entire 

·, a.v;lih.ble on a,minute-to-minute.basis. This.per­
. .:Jfeetive implementation of advauced manage­
-~·ni<¡lli'>l with decision:i made on the basis of quan­
ir~l·0rmai;ion available ·where and. when needed .. 

• ü ev;cicnce that such integratcd contrÓl systems 
··~ r~d.ion todZLy although, as we mentioned pre­

·;!:P of the exbtiug control systems might al­
, ·.!~\'eloped to include sorne production control 

The emphasis of this survey has been so far -oiF-:ihe-­
economic and technological aspects of systems · develop­
ment in the glass industry. Weh~ed~cuss~d p~Q.!>le~. 
relating to t:he·development otthe automatic controlloorJ 
represented by the diagram in Fig .. 21, symbolizirig the 
physical process controlled by an on-line computer. ,Bu~ 
man,tlf¡lctur,ipg.system~ are.mau~machine _systems, organi- · 
z·atÍons whose components are meu' and machines, tied by a 
commúñications network, ·,~·orking' togeth~r)o·. achieve.- a 
commongoal: 'Even in hlghly. a u toma tic com puter control 
systei:ñs,::the:pJace,of. the human.remains,.vital-as.Fig .. 22 
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· Fig. 21. The automatic coutrolloop. 
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United Statee this is probably best reflected il~ t:;· t vpes of 
doc~m~~~·.;equked. ()( p.otenti~Cco11tractors ;.J · t l1c de­
velopment of compléx man-machine systems. 0.• !itati, 
a~d q;;antit.atiye _personnel_ .requirements int:;· ·-,ation 
(QQPRD-document8:·:which .. specify- the desigr! · ,¡ dc­
velop~~12(Jhe:.Personnel subsystem neccss:>r;v . . ,. im­
pleméntation, maintenance,. and operation or the¡: 1 um­
plex systemsa;e required. This can no longer be an . vülu-. 
tionary developiñeñt process. It must be plo.nn.-::¿ :;;·ci de­
sigll~d B.l! ~he physical subsystem(13) ~s. 

Fig. 23 schematically represents.the man~macl:ir.·. ¡sys­
tem development cycle. Advaneed"'Bystem.devck) ,-,tent 
involves-.th~"'Ínitial ·-statement-of·"'13ystem· objectiv~ tnd 
culminates-in .. decisions ... Jeading .. to...the ·-assignrner.. of 
operational:,.functions"' to .. men-anci ""lll_aqhi11es .. Fr91:.:~- 'b i:; 
poillt;()n,-the: huffi&n~a.lld.~phys.ical e.systems- proce~ . m 

parallel..courses..of·development.,to~the· point .. at whic - !),! 

completed-compone~ts are assembled ior testing and ·. 
ing-in-preparation--for1>peration. Although not specif!;: " 
Eig...23,:..the..parallel~-development .. of..the . .two majcr.;, ; · 
systems -does"'Ilot- in "fl.ny..way-imply-.. independen t · deve;.; 

_me_nt. One_ of the primaryvalues to be gained from SL'(::. 

man-machine sys~_ems develop[!ient approach JiE?S in the! 
peated..and..ongoing' interaction.-..of .. the .developers. of ir: 

- - two.~ubsystems,:at:.each . .point,.i.n .. .the·deyelopment· eyc~. 
In addition to assuming that all required components li. 
-avaifable. at a. spécified end point, the conti.núírig in t.~. 

. actions: contribute immensely to preventing the need f0. 
C()stly and time-consuming retrofittings of componente !l.!l.\.. 
majar systeni modifications. To accomplish this, howeve: . 

. implieS'-ifíe 'developménfof in ability tO conimuniéatc t.·­
fectively .. and interrelate on the part of representatives oí 
diverse disciplines. Compromises and trade-offs wi!l bt­
required. Ultima te optimizatioñ of each subsystcm- \\.:.!1 
undoubtedly not be possible, but total system optimizatioú 
and effectiveness will be more closely ap.proximated. 

· - ln.Jight.of--what-.has~been..said..about.integmted-proc~s 
· t~ú ,;gestS. M~~munlcates'With the''BYstemthrough 'Pro- . oontrql:.possib:ilitie.S"!n .... the~.fu ture,<>1Wha&are,some-of "ihi'J 
.gr~g,...manual·data •-entry;a.nd·-inStrtimentation . .He·~ implications·for.~human"áystem..ooniponen'ts? .. ;fhe ·implicS.:. 
furt.her.observes.the-·process..to-evalua.te;through-the-use tions..ared.Umerous.-.Just..a. . ..sampling-would·be -the follow­
of.his..intelligence,.-..jndgment,. and ·values;ihe-performance ~ng: 1) 'rcaditional41()rganizational~t¡,·_uctur~.,ma;wbe in-

.. of-.-ilur.automátio.-oontrol-loop·m-<relation4.o..his.criteria.of -a.ppropriate,.fora.the""il'lanagementeofmaintegrated"'Cúntro! 
adeq~te.,,o.t..{)píJm_al system.performa!lce. CQJ:Pplex~i~en..beca~..they~..too>el!rnhernome·<>r~b!!'": · 
· .:...Gfvpa.rtieular.....ooncern..,tóday..,.to...those...invoived .. in· de- caU®..J,heir.:,J.raditiona.b..oontrol~ncepts""tl.re""''utmodcd. . 
velopment -QÍ aintegrated...con trol. systems.is..&.~eechfor, an 2) Routinej""tlonmotivatingco:iobs..roay...he:...elim.ina.ted~-en..: · 
~wareness .of...man as a. component in man-.,.machine systems tireJy~ulting"'flot..onlyuin~mallerFhufl..in"'!l:"'-mOre·'Ín-
1.h;se.d;v~lo~e~i.ai,-;eed;. ~mbie,·tho-8e"--f·;the:~a...- v~ived¡'i(!Ommitte<f~nd-..moÜvat8d-wOrk..fo-ré~:-•3)>Óem~ral 
chine--or ·hardware. components. Planning for the design technical...e.nd=educationalcobackgrounds .. -of-higher-levels 
ánd development of human components of systems has not will...be..required,-and·programs-and"'methods·-to·-prepare 
been as systematically pursued in the pastas it might have individualsafor•-performance•of·-the .. man•·functions•in-,the 
been. Cha.racteristicallyj"'systems-were-designed· and. de- system-will·have•to-be deveioped:-4) ... The·reiative status of 
velbped first,-and BSSumptions·were made that-the human various'll>jobs¡....e.g.-, ... ·machine...opera:tors,..andc.,maintenan~ 
components-required either existed ·or could ·be ·found or employees .... may ... be ... modified-.with"-'ft.ttendant·-needs·•·fQr 
could be ·trained to opera te this -system~· Only-in relatively modifications"'Qf-"' long-standing-attitudes -and ··opinions. 
recent years,-especially with t.he advent of extremely·com- 5) Ther~>traditiona.L protection"..and..,security· .functions~of 
plex znPjta.ry .and · aerospace systems, ·has an -increasing Jabor,organizations ·may no·longer-be·required, lea.ding·to 
awareness.-developed ·of the need ·for· systematic· design eith~~~hange,ofJunction•Or'13.n•eliminat.ion of the'need 
a.nrl development of human system . .components. In the for.such ·functions entirely.-
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Whatever the end ,product of a.n integrated plant or com­
pany control systerp' turns out to be, it is a.lmost c~rtain to 
require_ ditferent ~pproaches to the orga.nization, manage­
ment, developm~nt, a.nd maintenance of the human com­
ponents. What · is· implied ·in thi& pape~is. tha.t planning 
for, and a.wareness of the- need fortsuclra.n·integrated ap­
proach .. to- the .human .. component...,.development, .• a.long 
with the physical syst.em development,-must- begin-now if 
we are to achieve- the.higher levels of-integrated control·in 
the- rea.sonably nearduture. 
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·. 
T.úl..E '7-1. EU!a!Bpln el M~~ . 
Tbis list el minicomputcr applicatioas - b)' no muDS u nhaulltiw 5:&4-W~~D ~ 
11,. QcftcraJ Automátion. lnc:., A~Wik:im. California. 

MANUFACTUIUNO 
Pa00UCT10H MACHINIB 
Coctro!a liAd Bnemiton autoaullic and llrmi!P 

uany openled productioe anac;hina aa a 
biaba GOst•iACd elikienc) ratc. Moaiton 
the ac:tl&&l pier;:-couat prodi.Ktioa and 
eeacbine !Status aDd ~b out-d-liaút 
~lioaa u tbej occur. Enables correc­
tivc Aetioa to bt takea im!Mdiatdy. 

~T~ .. 
Providá oa-1* aMI)'SÍa el aut~ 
arbumon ia a hish.-wolume . pnlductioa 
nssembly Ji~. ~ificutly rc:dtJca tbc In! 
time requircd C~iük prcwidinf¡l a grcat.a yi:f.d 
of bdkr qwility carburct.onl. . 

RCBBER 
llveam ~ . ;· .. 
Ccmtrolu in-prcet1!3 i61'11Cl!llarift aM rmani-

11' AC1UO!Z PllocD:YNO 
Coatrob hi¡h-s.pccd psclaJin¡ cquiJ'fM&l 
Md prcvaru iu.cxuratc opcn11ioa and break· 
dova. Coatrols IM apccd a! thc lillins 
clc-Ya aod lM DJDOUDl o( ptoduct iD ths 
~ to be fillcd,alld ftiahll ~h ~ 
acnaruldy. 

. .wzes uti!iutios ~ machiw: ~ la the 
productioa ol rubbl:r prc4uc:ts. ~ 
t~lly rcduc:a tbc lime aftd pcnoaDd roqwrcd 
lO _IIUalJIUIM Aftd ~~ tbc Jtripch&rta cf . 
product~ actiYity ud the ~:v FO- n 
diiCCd 5hin-nd rqJ!IIIta. . o ~ 

SHoP-fLOOIII CONTliOL DATA . 
Prorida an ccooomical dllta collcctioaa)"'tcall 
l'or lbop-Boor 'ontrof walidation ol Vlip­
rDCDta, moaitorin¡ and tating of 11ood1. alld 
lhc ataging ol aoods ror pro.!ucuon monitor­
ias ol plaat rllrilitiea; monitorins ol thc 
IIUCDdaacc, prodLK."tivity, and the clfic•ency 
el ptoduction pcnonnct; and dircct diJ~­
patchina ol jobl in a predctcrmined priority 
etrq UCIIIQJ, 

INous 111tAL Ten NO Svnna 
MOftiton ud coatrob compla tntiniJ 
e:cq~r...:a iD u industrial tatinJ aystcm. 
Operations icclude: product idenufication, 
lltlcct.ioa ollelt aequmce, calibration s:hcck 
el 1at eqYipnwnt. autom11tic h4andlins ol .• 
unita durina tatinJ, aourc:c collcctioa and 
aD&lysia oltat da 111, aa:epc. rej«t dctermina­
tioa el tatill¡ u!Útl, !!!nd printout ol t.eU 
raalta. 

ELECUONÍCS o, 

PnuPHEJW. TI!ST .... . ; · ~ 
Compuokr irdcrfuiag aad multiuak coatrol t 
ol inpvt/oútput pcripheralt ror ~ t 
'ocnputet ie:stallatioa. 1.0 wita iedudc a \ 
linc printer, ·c:ard rcadcf, ami pam:h. &lid 1, 
nugnctic tapa¡. 

CCIL WtSDIJ«l ~ 
Control of autom.etic wiadina aaacbiea b 

thc mau prod\llttioo o( UD&D coils rcr 
llUIIflc:tic-latchiaa rccd awitcha. Ei¡;ht 
windin¡ ~tums IIIC storcd m thC compuaer'a 
memory. AU ei¡;ht ol thc panera czua be 
run on up to 16 IDolldlina. Coi la are 'ilOOWid t 
on plastic ialcrts iD asted platc OtilAD U ia by r 
11 in matrix. IDAérta elltead (roaa both pla&c 1 
suñaccs BD1 prcmdc 64 wiDdÚlB CCftl OCI /: 

eacb llide. f. 
PC Bo.ulo Paoo«nccld · ·. .,. . t" 
UI!Dd ror thc mutmaatic cScvelopmcal. blu,. 
tia&. ud COilYCnioa ol iastnecUoa FOif&llUI . 

AUTOWOnVE o , rot aumeriaally c:ootrollcd priD&cd circud 
IJrim."'AL C0MMIS1'UJII' EtoiCliNII . board driiWIB cmadliaa. Ccmpl:ta pal· 
A&quita data ruordcd from wnson attac'-f .. tcnu are atorcd i:!1 the coml"*f ~ to 

1 to lbs iatcnsal combeaacioa ca¡iAc. Mcuo ·"· perform · ~-repcat operatiol!a &O-

r; . .ira valer tcmpcratunt. oi.l lcmpcratunt. curatdy. Froqlldtly repeatcd pztlcrii:S rot 

I
:J ~PW epecd. torqlac. oil ptUJUtc. uhausc tllandard dcvia:a l.II'C cntcmf ÍDIO .BIIC1DOfJ 
· ~pcratun. I'IWiifold preuurc, and timiaJ. · lhat wiU complddy ckfiDC ~ poims illthe ;. .. 

' petlenl al\a' oaly lwo poudl ha~ heca · 
At.rrOe!IOl'IVi ElDtAVST FwWAt locatcd b)' thc opcrator. ¡ 
fdcftti~ "Chicle Jor record purpote~. Eucrao!'ltC TanNG o ¡ 

1 Analyza r.amplcs ofnhau1t ps componen tu Tesh each a( dcctric/clcafOC!ltc w:'l.lp#ftftt ia 1 
t 

dllria¡J the &ese cycld. .CoRIJ'~ the con· a hi¡!l wolumc pro'-'~:t.oA !iDa. ~ 
e~mtratioa and/or Yolainc ol cadlmonitored lesls al a pedetcrmincd maximua ratc; 
p!ICO\I:S ~onatituau 8Ait 'omp~lc< 3 tc-«1 "ari:Uir>nt in manual up.:r~o: rala aro 

~ I1!IC01'd. chm~naleod. 

'"·--··- ...... -----~"' . ...:· 

G; 



"!".\BU 'M. t:.-.- d M~ A.,ant._ (C'ow.i!cwl). . ............ -=-~--------~------.:.·-~---=-~ "'4··~···· 
~· Tan*l AND ANALVSIIS 06 Caacum 

Control$ circuit tntin1 atad analy.U B}ikats. 

Coordii'UI~ the antina operatiom, ·~ 
tions. ailta11. and thc tnt . lcqut1Q at 
~roaK- r.pccds~ includlll/J: coatmuÍI)', im.­
~bCC. ~ uimuli.and mcasurement oltbc 
circWt 0\llpul. • 

AEftOSPACE 
Atacu~ WrNO PaODUCTIOif 
C()GI.tre>la_!tn.d-moniton.-aulomalir-rivet .. 

NchÍfbCil (or manu(actllrinJ oircraft WÍIIp. 
Rivct•nJ pattems are uorcd ~ lbc ~ 
puter'& mcmorJ lo pcñorm step-and-repcal 
opcration• acntnlety and quickfr. 

FATIGlll! TESnNO , 
AcquifCll, proceua. •Dd aoalym rari¡uc 

atresa data ror a ,·arictl o/ mcuh as .. en u 
bonded joined materiala. Prio11 out data 
ror correcúvc action. thereby prcvmtina 
poteotia.l accidenta aod m.&lfuoctioft due to 
ratiP'we&l· 

MATERIALS HANDUNQ ,. 
AUT<»t~TED WUfNOVIIMD . i. 
Providn optimum apacc utihzatioe. tipil- t 
cant mani'O•tt uvanp.and hiJh tunaarOUDd 

· fot material rcqut5~s m aa autom.atcd ""bip : 
cuhc- vertical uora,ve •an>bouse. ICC!tpl .: 
tr.d o( numcr01n unill ol mcrchanditc a»d ~ 
of'(imius the moveme.t of uadur craDCS. ! 
Providet real-time in"eolory coatrol U>d ' 
•·are.ho usin1 app. licatioDS to be int~cd ~ 
11uo a r>lan~idc.iftformptioruyee=~ -

. ' 

. MA1D141.-HASDLINO SYITDI 1 
Controls complca .. terial-haDdliDa ~ 

includinJ uora1c and rctricvaJ cquipmeta 
Pr~ orden. prcpa.ru ihippin¡ doat­
mtftls and ÍDVOICCS, pr~·tdcl opet"atOI' ~ ) 
&DCC. maintains Ka&nlc iawcalCJriea. IUJd r 
provi.des direct coottol ol tramport laQ!itia 
llDd atxkcr uaita.. 

PAPEa 
PArD-MilL ~ . 
Re¡ulatcs lhc ll'llctap Msis · ~ oed 

METALS ANO WOOOWORKINO, moisturc varúJbln m cacb papu ~-
Sn:n.I!4AIUNO Manipulatcs th: aam ftow \aJYe. edjWú 
Controls and opcratcs stccl rumaca. and thc t.tock "~r~e to the re-rulalcd baús "'·ei¡;la. 

prodU(;CS the mct<~l in euct a'ccordancc with and moniton and,Of controls total flow &Ud 
Jl"'CKl 1peci6cations. Cllkulatcs oi~'Jell diptal filterin¡.of inllnltDCDta' '!pala. ' 
rcquiremeau, aJloy additions. and powcr . TltANSPORTATION 
rcquir=nu. l4J1J&OIU) 

MnAL ANALYiil Couoll and ideolifics nilroacS C&l'i ~ 
Moniton and controh optical emisaioe aa4 inJ maceriab attd &oods~ Providcs ac:cwate 
1-ray spcctrometen widcly used in lbc a:ldala . 
induUrJ ror hish-spced'dcterminatioo of tbe weiahin¡ of eacb railrced car u 11 ~ 
cbemK:al compc>Utioa or metal. lhroup lhc ecale. ~ l)'ll&all ;ritlaodl 

TtNSJu: TE:JTJMO . uoppins. 
AVTOII80tlll.lt 

Providcl quality eontrol, producticMI ICd- Prowida m~lralizcld ~contra! of ro 
ruques naluation, product clauitication, . · tlcct«<Iic ·rraffic ~ltol l)'lkm. ~ ~ 
and cuuonm" cenifiutiora. Calculatcs 'ltlc analyKS, and priau out rrafl\c covna ~ 
prod~aet'a strmJ1h alld other c:h.ractmstica. ftoow al nriouatimc periodS, accidcet cc::;u~ 
rccords ¡¡Qd calcula tes b'itaJ material propcr• and JIOtificatioll, CG~attol o1 traf& li~ ._ 
~ aJI:d IMUUI'CI and computa &msile AIIWNI . 

lltmilJfL Moniton and displayt airline li(lht ~ 
Tu~ lDiiil . · . · aDd dcpartura. Provida acaarat~a ~ f 
~orut~ autd ~trola lranslcr luxa ~~UJCo .. ·date infonnatkia • air lli¡hu 10 ·~ 
IDJ h11h prod11Ct•OClS;'&r1s, and c~IUllnJ ol · air termiuk ud airliDc o6ka.. 
many macfltmna atauona mec:haoecaUy C(»o . , , , 

MICied by work-ptcce lran•rcr IDCC!wliUDS COMME.lCJAL ~ i 
altd dcedy iatcrlockcd with elcctri¡ca) CM- B~ . · . • 
troh. l!tccáva input rroaa opera&« or Reads. aulyKS, aacl labul8ea ~ ~ 

1

, ICIIUor'\\.,thcnconcvrrcntlychcclutheo~t•t- and monetary transactions il!i ~ 
in¡ c:Ofldllioe of lnte-mounrcd controb, takn appliution• al bnanch olfícn Ccetro.l ccz. . 
prot«ti~ action whc:n req4i~ed, iJrintl out puter at thc: main-bank pr~. om\QJ' ~ 
a repon o( thc: malfunc:tion, anJ gcoeralcs P'"'idcs b•f •~a'• -e• ;and lotals for ~ 1 

· procluctioa repon&. menl 4·..,nuol. · 

: 



A<:C~NTINO 

Acquíres, proceues, and prints out man·hours 
on·thc·job for job.'function;time e\aluation. 

ENVJilONMENTAL CONTII.OL 

Controls and monitors cnwironmental condi· 
tions throushout a large officc building. 
Evalualal and monitoru temperalurc, 
humidijy, pollcn, air~rne dirt and irritants, 
cte., within thc controlled environment. 

TP..t:Mf.ltn o .. r:.. A(iJ'\.'ISH.ot, 
Monitors remotcly th..: phy~ical status o( 
ohjecu. animal•: peoplc, or thc en\·iron­
mc:nl tn spa~:e flights. Euluates incoming 
data for relativc: import¡¡ncc and validit)'. 
hola tes usc:ful data from· "noise"' and otbc:r 
5purious signals. · 

9aOAt>CA.STIIIIÓ . , 
Providcs autl)matic timing c;l)ntrol of nudio/ 

P&tiNTINO wiaual procnsn ror radio and u.-lcvisioa 
Plulffll'KJ P'ilBSEII ... , .. atationbrc:-ak advertising. Maintains time-
Molliton and conttols thc opev-;,t~ o1 tarp ol-day syocbroaizatioG with tM utioa&l 
multicol« pintifll(l preua. Presd i.nk · Mtll<orka. 
Couat.aiJI and compensa!« positaoM ruG: EouCATJON 
m.aintaiced durins runnins. takin13 into Providcs audioivisuaJ cootrol ollhl; ~- .er'll 
~tioa tcmpcraturc. humidity. iDl pcsentatioa and real-time data aa¡uiaitica. 
abtorptioa, ct.c. l'roceues ODd tabulll&a atudcnt rcspoaxs. 

TvronnNO . TEUvJS.ION 
Automatioa ol ronnattias&ud typaettias ia a Proorida real-time dala I!ICQuiutioGland proc-

hi¡b-vollolflll$ ~pu opcratics. cuiDA o1 aud~vncr respoll!CII im 
etET AIL audicooc participatioa lho-. Tabulalc:s 
M~ and pt'inrs out r~potUoa r.x-ii1St&Dt" ruultu 

whik stiU oa tbe air. 
Automatea cllock-out-e&ud opcratiou i.. •. 
lup rcúW Jtora. Computa transacticllul 
ro: ~tins and ioveutory cootrcl. 

Fooo 
Computes tranuctioos quic!dy and !IQ:Urately 

iD a fut.rood aervice.- MaintaiM Minstant" 
ÍBVCDtOf} tonllol lhroupout tM rood 
dWII'a operatioa. 

DISPLAY SYSTEMS 
EXTClMAL ·. 

Moniton aftd conttola ~rd displa~ 
loc:atcd io sporu stadiums provtdin¡ sconr 
inforrnatioa, animatioa displa)J, and 
audiencc meuap. Storcs repctitivc ma­
sases aod aninutioa prograliU ol all typa. 

roma 
SlnilsYA110l'S M~ ANO CmmlaJ. 
MOriiton acd controls high 11olta¡e alld eJttra , 
high voJtaae subitalÍODI rrom ceat.n.ilil:=i 
clispatching oSia:a. · 

il'l.Am Powm SYSl'lld 
Aaawa propu disuibutiOII ol.snilab&: cbc­
tricity, ps, or 5lCam iD utility ~­
Moniton ~house facilit_ies. acbedu!a 
diJlributioa ol tbc mergy. aad prodoc:a 

. opera tina distributica lop. 

~~;: -neraiion and coa_trol ol architec· II.ABOR.ATOLtY;MEDBCAL' 
,. PHYSIOLOGICAL MOtllTOiliNO 

tural displa)·, light, wvod, and tcmperaturc Moniton thc paticut'a diwrder, inci!Mtills ~ 
clfects o( rcmOte·a.ile data from microphones blood prnsurc, rapiration. "tempentl&l'&. 
aDd CCTV scts. appurancc, uria. output, tlood and fiWd 

COMMUNICATIONS . km, fluid aDd dedrolyte intalte, blood 
Sn~CH~LONOOJ DATA. tx:CHANOI! chemistry, •ei&ht, acd electr~diognum. 
Tbc: synchronous uchangc o( inronnation oa Sncn.owETEil OII'DlAnoN . 

mCdiwuoo$peCd lo high-sp«d da•:¡ lialn in- Pro\·idc~ thc comrut.uional, ruoctiocal. ad 
•olvea multiproccuor or m~&hll.lcu • .:c .:om- commo~nlt.:allQII c.apabllitiu for optimwD IIISC 

·ptclles. fteml)le comruten pcrrorm pru.:c.a ola r.p«Uomelef uted in industrial applic:D-
c:oaatto! or data·gatherin¡ di't':l._,. :~.: '· . lil)n~ lt· ... ·"•'-'Jcs c:he\:kin~o seqltCDCiae., 
and pro\ide a supen1sory computer .-1tb -· c:alculatin¡ pcrceatap c:ompositioa oleada 
iDformalioa and data for prcx:ess aod ·or demcat, outputlln& raults. a.nd c:ak:ulatins 
maruaemeat dcciruoru ilod COIIlmAnd~. . • iA&erclement dJCCL . . · , . 

GAS CHilOti&A TOCIIl.U't55 

Accur11td} ~~DCUUres chromatovaph 11ipal 
oulput aad c:ontroh instrummt functiona 
amenabk ttt nternal control, suc:h as tc:m­
peratuR programminjL column switching. 

A1141NO AC1o ANAL Y111 
Coatroh Íftltnl~tatica obuiD.ing amiftO 
acid analyU. dala. EwaiWJics,acquirn, and 
JM"ocnsel, dala for mcanin¡ful inforlNitioa 
ud display-. illformatioa rct taboratory · 
pctiODDd.. 

CHEMICAL .• .· 
AMNIOMA ANO ETHY\DIIl Pltcr.l'!l!~Mn 
,,.,_.,,,,._ ~.,P.IIical problema illlarJrC com-

turea, e>pe~111iw Gf dcars~ pcxls.eu. 
c:ompnu« apccd, powcr comumpt1oc. 
vibraliml. d1schariC t~mpenturn. preuures. 
r.uctiou flow, and &a& compoaitioos. 

Pus na 
.Acquira, protnlln, and provida •liCSI 

anal~·,ís for a wtdc f&nfJC ol plaltic aaaerials. 
Calcvlatea thc p~oduct•s strnBI)t, NCOtdll 
and cale u la tes ma ter ía 1 properties, llii:::Utml!!l 

arod compute~ el.ulicity aftd har~ 
Ex~u 
Providea data acquisitica and aaalysál of 
uplosive ihock waYCtl. Measurcs aa.d c:mJ.: 
c:ulatc:s tllploiAvc forc:c and duratios. 

DYa . 
Mrmítors and c:oatroli tbc pro«siÍnJ el dya 
uscd aa lhe tez.tile induwy. Prova4ea ~ 
c:uratc p~oc:cssins ol colct blmdie¡s BDii 
matchiftl to predeUrmiced vaJuen. · 

PETROLEUM 
G.u TlllAM,.ISSIO'i'tl AND DtsTIUliUTWcti 

D~ta " IJ211herco, IDU•urcd in lhc tield. 8lll!!d a 
· tran,mltted to tbc S)ltem IB/3Ó. ~ 
OIL fii.LD . 

Provides on-site acquisition and p1~ 
or datll rccei~ed from drillin¡ riS~ 0:11 dqJ!h, 
dcnsity, etc. 
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lnroger 
coded 

-t99 . . . 
... 11 
-tiO 
-.9 

Sign plus 
a421 BCD magnifudo 

deo Uzo da ~ 
a lt.¡o· ~· ct.¡ ll\ 

O O O· 1 1 O O 1 

... a -olññ<n.rT~~~ 

•7 000000111 
-.s o o o o o o 1 1 o 
-.s o o o o o o 1 o 1 
-.4 o o o o o o 1 o o 
... 3 o o o o o o o 1 1 
+Z 000000010 

_ .. _1::---t---::0 o o o o o o o 1 
o 000000000 

- 1 .1 o o o o o o o 1 
-2 100000010 
-3 1 OC'OOOO 11 
-4 100000100 
-5 o o o o o 1 o 1 
-6 o o o o o 1 1 o 
-7 100000111 
-e 10000iooo 
-9 1 o o o o 1 o o 1 

-11 

-99 

10001000 . . 
o 

1 1 o o 1 1 o o 

CHAP. 2 PREL.IMINARY·CONSIOERATIONS 

~n~r'-, 
deo dzo da da 

, (140 111() c4 d, 

o 

1 1 

o 

100000001 

-

1111011 d 

,, 1 o J 1 

1101101(). 

1 

·'''•'' 

1 O O iOO/ 

Fig. 2-6 Si¡;ned numbcr codes bascd on 8421 BCD code. 

This brief description of a few codes and their properties will provide the 
background needcd for discussing many rclated mattcrs throughout the book. In 
addition, since the subjcct of codes and codc propcrtics is a broad one, it wilf 
arise again in quite a few sections of the book where the tcchniquc being 
discussed is 1ntin1atcly related to sume specif1c code. 

. 2·5 LOGICAL CONNECTIVES 

In arder to exprcss Boolean variables as functions of other Boolean variables, we 
need to define severa! logical connectives. Thc role which Íhese serve in Boolean 
algebra is analogous tu the rule scrvcd by connectives su eh as addi t ion and 
multiplkation for ordinary algcbra. 

Consider first the AND conncctive as it relates to two Boolean variables A 
and /J. Figure 2·7a illustratcs twu ways to express thc algcbraic ANDing uf A and 
R. The lrllfh tablf! in Fig. 2·7b has nolhing todo with truth or fabchuuJ but 

SEC'. 2·6 

-~ 

LOGICAL CONNECTIVE6 ' . 27 

A 8 A·8 

-o o o 

;=o-A·8 A·8, AS 
o 1 o 

o o 
1 

Col lbl ,, 1 

fig, 2·7 Thc ANO conncctive. (a) Al~cbraic ICJH·. '~nl~tions; lhl tru11i 
iablc; (e) ¡uaphic ¡ymbol. 

rather.is simply a listing of the four possiblc combinaí:.•ns A and B and thc 
corresponding valucs of A • B. Note that A • B = 1 if ar. l only if A = 1 and B = 
1. The commonly us~u graphic symbult is shown in 1· ~· 2-?c. Fur threc (or 
more) Boolean variables, thc. function A • B • e= 1 if ill:.l only if A = 1 aml B = 
1 ande= l. 

The OR connective or, more properly the INCLU .IVc-OR conncclive, is 
illustrated in Fig. 2-8. Note that A + B = 1 if A = 1 or if B = 1 or both. lt is the 
inclusion of this or both condition which lcads to the . lmc INCLUS1VE-OR. 
For three (or more) variables A + B + C = 1 if and only if ·.ny one or more of the 
variables A, B, orC.are equal-to l. 

The EXCLUS1VE-OR conneclive, illustrated in F.;. 2·9, excludes the or 
both case described in thc last paragraph. Consequentl: . for two variables, thc 
function A.$ B ,. l if and only if either input= 1 while : .e other input = O. Thc 
extension to thrce variables is no! immediately obvit >. Howevcr, it can be 
derived by considering the sequence of opcrations 

The first column of the truth table in Fig. 2·9d illuilr. ·s the function A e B, 
while the second column is an EXCLUS1VE-0Ring bctv •:n this and the variable 

tScc Militar y StanJarJ-Graphic Symbols for Logic Diagrams, M .l.-STU-8068, l:cbruary 26, 
1962. This may be obtaincd by wriling Naval Publications and i'orms Cc:ntcr, SBOI T~bor 
Ave., Philadrlphia, Pa. 19120 . 

A 8 At8 

o o o A=D--A+8 o 1 
!1 • . At8 o 

tal lbl ,,, 
Fig. 2·8 The OR connective. (a) Al¡;ebr~ic rci'¡.:;cnl~tion; (b)lruth 
tablc; (e) !llaphic_symbol. 
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l:&G AlGEBRA-Thcomnll 

t row ntz.ted to Y. ka use the tcrm X is AND'ed with the function l + Y, 
· ihis implits the total arca where both X and X + f are true at the same time. · 
~ This cn1y occun mt the cell Rprnented by thc: term X • Y, as the theorem 
tdcunands. further proof's or the theor~ms will be left to the student. 

Z(Jf 1> lr) ... XY 

. The following theorems are pteseilted without pt:>of, ~use the studer.t 
<- is assumed to be ~K>mewhat familiar· with the material or can m~w 110me 

· t cf tbe referen~ on the. subject. . 
-i 

~nolfhl 

~m JOb 

':' .- r~z+·•: ... t-·r~z ... . 
X· y.z.,X+ Y+l+· .. . 

L This itl known as De. Morgan's theorem, whereby the complement of a 
:> f'llOdion is obtained by changin¡ an " o " to .. +" and all "+ .. to " o ". 

; eomplementing alt uricomplemented terms, and uncomp~ementini all com:-
. ~lemented terms. · .. . · . · ( . 

for example, the following functions are comptement.ed U\~: 

t ExAM.Pu lolS. A + JI • e ... A . J + c. 
~ 

e i!XJ.MPlJ! l.J6. A(BC + b} Sil A+ (iJ + C}D, 

· wMPU 2.17. AlJC + D(~ + B) • (Á·~+ C)(D +Al). 

~m 11• XY+Zr•r .. 
~m 111 (X+ r)(r~·Y) .... Y. 

·~,:: ::~ .. ;:~1~-tj 
Or.ecttm U. X· 1 .., ~o~ 

::l""Mortm 1a X_+ 1 "": ~ 

T!:;.~om.M.!!_ ... !:_ ~=-~] 

There i! & IQt o( reference ·made in te:\tl to ¡h;¡: standard llUru form ~Che 
lbindard product form of an upressiono Thesc lbtements refcr to Che / 
two lxuic elementary forms in whi<:h a Boole:tn álgebraic np1"e'SSion enn be 
'A'rittcno That is, the e~pression AB +Beis an OR'in¡ o( t~ two AND'ed 
term!. The AND'ed terms, A B. and Be, are called product terms. The 
OR'ing of things is called a sum of things. Thu"tt\: abovc uprenion is, 
sum or products. This sum of products is calted 'a Sbndard sum fonno 

for e.xample, AB + C(A + BD) is a hybrid · fuoction cnd only after 
exp.tnding or multiplyin¡ through by e can it becocne a sum o( produd'l 
AB+Ae+BCD. ' 

In a lilce. manner the .acandard product form is a product of sum!o 
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Directorio de Asistentes al Curso= INGENIERIA DE CONTROL DIGITAL -· 
DE PROCESOS Y SUS APLICACIONES (del 11 de Noviembre al 8 de Dic. 7 8) 

l. NI COLAS CAL V A TAPIA 
Nicolás Bravo 17-1 
Martín Carrera, Z.P.l4 

2. ALEJANDRO ESTRADA GARCIA 
S.A.R. H. 
Dir. Gral. de Grande Irrigacv:m 
Subdirección de Promoción y Programas 
Reforma 35-11° · 
México 1, D.F. 
Tel. 591. 03. 83 

3. JOAQUIN FERRER B. 
Constituyentes 900 
Lomas Altas 
Z.P.7 

. Tel. 570. 20. 33 

4. ALBERTO AUGUSTO FUENTES HERRERA 
PE MEX 
Análista Programado:::· 
Av. Mqrina N al. 329 
México , D • F. 
Tel. 250.36.22 

5. OSGAR GOJON ZORRILLA 
INSTITUTO DE INVESTIGACIONES 
ELECTRICAS 
Shake$perare 6 
MéxiCo 5, D.F. 
Tel. 525.35.77 

6. RAFAEL HAM.YEE 
FACULTAD DE INGENIERIA 
AYUDANTE DE PROFESO~t 
U.N.A.M. ; 

1 

7. PABLO JARDON HERRERA! 
CIA. DE LUZ Y FUERZA 1DEL 
CENTRO S..A. 
MELCHOR OCAMPO 171 
MEXICO,' D.F. 
T.t:L. '518. OO. 80 Ext. 213 

• \ ":'>. 

Niño. Perdido 537-4 
Col. Narvarte 
Z .P .12 
Tel. 538.17.93 
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Fuentes d_e Sa.télit~ .• ·E_ct-o. d.~ iMé:{(. 
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Col. Guerrero 
México 3, D.-F. 

Hida.lgo 28 
Col. Tlacopac 
.:Méxi.co 2Q,· J)p . 



8. FRANCISCO LARA OCOA Baranda1es 58 
INST. DE INVESTIGACIONES BIOMEDICAS Jardines del Sur 
INVESTIGADOR México, D • F. 
U. N .. A. M. Tel. 548.40.73 

-J 9. JUAN MANUEL LlC::ONA DELEON 
S.A.R.H. 
DEPARTAMENTO ELECTROMECANICA 
IGNACIO RAMIREZ 20 
MEXICO, D.F. 
TEL. 566.37.55 

10. EDMUNDO OLLERVIDES VALDES 
INST. DE' INVESTIGACIONES 
ELECTRICAS 
INTERNADO FALMIRA 

.. CUERNAVACA, MORELOS 
TEL. 4. 20.88 

11. LUIS. REYNOSO J .. 
HOYEYWELL S.A. DE C.V. 
A V. CONSTITUYENTES 900 
LOMAS ALTAS 
MEXICO, D.F. 
TEL. 570. 20. 33 

12. LUIS R. RICO LEMINI 
INST. MEX. DEL PETROLEO 
A V. lOO METROS NO .152 
MEXICO 14, D.F. 
TEL. 567.66.00 

13. SERGIO ROMERO PAREDES 
S.T.C. METRO 
Delicias No. 67 
México, D. F. 
Tel. 521. 86.20 Ext. SOS 

Cerro de San Andrés 197 
Campestre Churubusco 
México 21, D.F. 
Tel. 549.42. 35 

Potrero Verde 300 E-303 
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Cuerna vaca, Mor. 

-A ver 17 
Col. Vallejo 
México, D.F. 
TEL.355. 74.49. 

Monte Albán 17 
Col. Narvarte 
México 12, ·o. F. 

Av. Univ. No. 2014 E. Argentina D-104 
Col. Romero de Terreros 
México 21, D . F. 
Tel. 658.01.96 

14. SALVADOR SAHAGUN VALDIVIA Av.de1 Taller Retorno 38 Casa 24-A 
ESC. SUP. DE ING. MEC. Y ELEC. Col. J<

1
lruín Ba1buena 

UNIDAD PROFESIONAL ZACATENCO Méxicp 9, D.F. . 
MEXICO 14, D.F. Tel. 552.23.59 • 1 

15. SERGIO A. SANTIAGO RIVERA·. . . ¡ 
POLICODOR MANTENIMIENTO ELECTRONICO I·Iipa1go 216-201 
Marsella -89 Iz¡tapalapa 
México 6, D.F. M:éxico 13, D.F. 
Tel. 533.23. 85 



16. ALEJANDRO SERRANO FELIX 
FAC ... DE ING. 
U.N.A.M. 
MEXICO 20, D.F. 

17. FRANCISCO DANIEL SORIA VILLEGAS 
FACULTAD BE INGENIERIA 
PROF. TlEMPO COMPLETO 
U.N.AM. 
MEXICO 20, D.F. 

18. JOSE LUIS V AZQUEZ a· 1 
• • __ 

CERVECtRIA MOCTEZUMA S.A. 
Sur 10 y Pte . 9 
Orizaha, Ver. 
Tel. 530.33 

19. ALEJANDRO VILLA Y VILLA 
S .A .. R. H. ._ 
SUB. DE PROYECTOS DE LA DIR. 
GENERAL DE GRANDE ~RRIGACION 
SIERRA GORDA N0.23 
MEXICO 10, D.F. 
TEL. 540. OO. 52 

20. ANGEL YAÑEZ HERNANDEZ 
SaA.R.H. 
SUBSECRETARIA DE INFRAESTRUCTURA 
HIDRAULICA . . 
DIRECCION GRAL. DE CAPTACION Y 
CONDUCCIONES DE AGUA 
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MEXICO, D • F. 
TEL. 566. 37. SS 

Toribio Med ina 108 
Col. Algarin _ 
México , D . F . 
Tel. 530.53.03 
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Calle Sn. Jorge Manzana 824 Lote 2 
. Col. Sta. Ursula Coapa 

México 22, D.F. 

·Av. Ote. 8No.845 
Orizaba, Ver. 
Tel. 53716 

Acueducto 13 
Col. Los Fresnos 
NaucaJpa.n, Edo. de Méx. 
Tel. 572.53.35 

Valle del Mexquita1 168 
Col. Valle de Aragón 
&lo. ce México 
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