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ABSTRACT .
— ¢

An approach to study control problems in complex systems of interacting,

mixed varioble processes is presented. Discrete event simulation is combined with

u

continuous simulation to provide a versatile method for syster modelling ond analysis.

o

Provisions are made to include a human model into the model of a real system which
allows an accurate reproduction of systems in which human control is an integral part.
A special model display unit was built to provide feedback to the model operator, which
can be readily connected to a hybrid computer. The display unit permits operation of

the model by process people with no detailed knowledge of simulation which is on added

advontage .

A copper smelter ;ystem was modelled ond simulated on a hybrid computer
‘which includes discrete as well as continuous processes ond requires human control to
integrate the process to achieve ¢ maximum output. The system thus represents o good
example for g variety of similar systems encountered in industry. Semi-empirica! models
of smalting processes were developed based on existing knowledge of the processes.
Using the display unit the evolutionary #qulopment necessary for some models was
possible. |

The simulation model was calibrated and validated to accurately reproduce
the real system behaviour. "Based on simulation experiments on improved operating

technique for controlling aspects of the smelting process was tested ond an increase

(v)



in production was predicted. This operating technique wos tested in plant trials and

adopted while the predicted production increase was verified.

P
-

The validated model was then used to develop heuristic decision and fore -
casting algorithms for automatic optimal control of model operations. Based on the
N ¢ .
realistic model differen.t decision strategies could be tesfed by observing their success
in controlling the simulation model. The control algorithms were refinzd to give o
satisfactory control of the simulation model, without the need of hurran intervention.
The smelter model with the heuristic control can thus serve as o useful tool in developing

an on-line control system for the real system, which could be used as a decision making

aid to operating persornel .

R
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1.0 INTRODUCTION

i.]1 PROBLEM FORMULATION

In an industrial environment where o large number of processes interact it
is of particular interest to control the overall system in on optimum fashion. In
many instances it is possible to control individual units, processes or subsysterrﬁ in
a satistactory way but the control of an integrated system of processes presents
problems.  The overall control of a plant is often the responsibility of a foreman who
ottempts to coordinate processes to maintain a high level of production. The system

controller is usually faced with ineguiar process behaviour, equipment failure and the

generol pro‘blem of achieving the best output within given constraints.  This is
es;ﬁeciclly true in situations where the production copacity of an originally small system
was increased gradually by expanding capacities of critical processes until a rather
complex system emerged. This problem can also arise when units or processes in @
system are replaced by newer methods that upset the overall operotion and performonce . \
Similor problems are, however, also found in newly developed plonts where certain

aspects of process interaction had not or could l;aot be accounted for in the design phase.

Exomples of both situations are frequent and ane of each will be discussed in the text.

The object of this thesis is to develop on approoch to analyse, study and
imp th ration of such systems.
mprove e_o\pi sys

Mathematical models of real systems produce exact results provided there

ore no discrepancles batween the real system behaviour and the mathematical

: -'-



2,
relationships representing it. To produce an accurate model of o complex system a
simulation model will allow the best representation of the system especially in situations
where exact mathematical relationships of process behaviour do not exist. A
simulation cppréoch is therefore used in this study.

In general indu:tr‘ial operations consist of ccnt'gwous dynamic pro;:e:ses,
i.e. processes in which the state is time dependent, and varies continuously over a
period of time. In addition to the continuous processes, logical refationships exist
that require actions at discrete time intervals. A hybrid simulation approach which
allows accurate modelling of both discrete as well os continuous processes will be
empldy;d.

Most simulation models are off-{ine models which generate o simulation

~

\\

run independently producing a final output of statistics ond other data. To include

the important function of human operators in @ system on interactive simulation approach
will be token. This allows the inclusion of humen decisions and control functions in

a model thereby coming very close to reproduce operctions of a real system.

~



1.2 SYSTEM SELECTION

In this thesis an application of the approach of hybrid simulation of mixec.:l
voriable processes to a porticular, real system is presented to show and verify the
technique.

Copper smelter operuir’iiqu form a dynamic system, where both discrete as wel!
a3 continuows variables govern the system state and serve as o typical example for many
industrial procases‘.\__} Steel and paper making processes are other exnmples‘ where this
approach is opplioubie. Based on preliminary results of the present work , a similar
study was started to study process control in steel moking. * In general the technique
shown here is applicable to any complex system. Particular benefits are achieved when
studying systems in which some form of control is exercised by human operators,

Through the co~operation of the Control Systems and Analysis Loboratories of
National Research Council of Canada and Noranda Mines Ltd. , the necessary
information was obtained on the copper smelting c.md refining processes of a porticulor

smelter for which a mode! was then developed.

In oddition to regular operating records and other process data that were mode

_F\\~

avallable by the smelter, several field studies were necessory to analyse processes and

obtain all the data required for developing and validating the model .

S

* Apart from crane operatiors every process involved and the oppearance of the
overall system is entirely different to the copper smelter system. However, the
simulation technique developed here could be used with no significant modifications.



1.3 DESCRIPTION OF SYSTEM

It is important to have a clear and thorough understanding of the operation
of a system to develop a reclistic and accurate model.

It will therefore be useful to describe briefly the processes that ore involved
in copper smelting. Further details where necessary will appear in Chapter 4.

The following terms are commonly wed in connection with copper smelting

and refining and are listed here with a brief description:

Fluxing ore - Silicon oxides (5i0g) ~
Concentrates - Concentrated co;ﬁé(}mlpiﬁde ores
Calcine - Concentrates after ‘b‘lending and roasting
Matte - Liquid ore in the l}évorberatow furmace
' . (eutectic mixture(of FeS and Cu,S) ‘
Slag - Liquid mixture of%yolite QFeO.SiOz) and gangue
White Metal - Almost pure liquid clpper sulphide (CU,S)
Blister Copper - Almost pure liquid/éopper
Flue Dust - Mcipitqu rich in copper from the flue

The aisle along which the different smeiter
furnaces are positioned which are serviced by
crones moving along its length Gometimes wed
to describe the smelter system)

Converter qisle

Roasters - Rodsting fumace in which excess sulphur and .
‘ humidity can bé removed from concentrates

Reverberatory Furnace Fumnace for smeiting calcine or concentrated ores.

Converter Fumace - Pierce~Smith Converter furnace for converting
matte by oxidisation/reduction reactions.

-4 -



3.

Anode Fumace - Holding furnace for pyrometallurgical refining
of blister copper.

Anode whcel - Costing machivie for refined liquid copper.

Pigs - Lumps of solid blister copper cast in sand moulds,
Ladles - Large steel containers for transporting material.
Skulls - Solidified crust of matte or copper in a ladle.

(Liquid phases are given for some materials,as they occur in that form in

the smelter).

Figwwe 1.3.1 is the floor plon of the s-melrer and shows the location of
different fumaces. Smelting and refining of copper can be described by four
consecutive pyrometal lurgical processes. The first stage considered in the smelter
system is that o smelting or;s in one of three reverberatory furnaces. Roasting of
concentrates and electrolytic refining of the copper precedes and succeedt the
above four stages. These processes are not considered as they have no direct
bearing on the smelter system operation that is corsidered here. (This is described
in Chapter 4).

There are two hot charged reverberatory fumaces No's. 1 & 2 and one wet
charged furnace. Whereas ¢ hot charged furnace is fed with celcine from roasters,
the wet or green charged furmace accepts concentrates at ambient temperctures with
a certain moisture content. \

Mgatte, molten material from the reverberatory furnaces, is transported in
ladles by one of three overhead gantry cranes to the converters.

Both stages2 & 3 of the smelting process take place in the converters which

require frequent servicesby cranes during a converting cycle, Blister copper, the



6.

final product frem the converter process, is removed from converters aond transferred
to an anode furmace or cast into approximately 5 ton blocks called pigs on the
smelter floor, designated as the pig bay. The fourth stage of refining takes place
in the anode fumace. Fig. 1.3.2 shows the general material flow for the smelting
process from the smelting of raw matgrial to the production of copper.

At any time there are no less than three reverberatory fumaces, four
converters, twoanode furnaces i-n operofi-on while the remaining converter or
anode furnace is equipped with o new brick Iining.l‘ The 15 circled numbers
referring to maherial mqvcme.ms by cranes show the variety and number of crane
services that are required.

It was mot attempted to draw the complete material flow of the actual
smelter as it wosld serve no other purpose than showing its complexity which can

be appreciated. At any time only two cranes operate and are busy between 50%-~

0% of the time.

The cmane at the north end is not used on a regular basis unless a breakdown

of one of the other two occurs, or if a task of longer duration along the north end

5

is to be performed. Its presence further south causes mutual  interference ond
increases the danger of collisiors at speeds of over 300 ft/min. with loads of molten
_materials at high temperatures. The crc:;ne on the north end also has a lower
tfavelling speed whi;:h is an added disadv&ée.
Activities in the converter aisle are controlled by a converter foreman whc;
attempts to process o certain number of ladles of matte during an 8-hour shift.
Operating persanpel at converters, anode fumaces, cranes etc. act according to

the foreman's overall plan or schedule although detailed decisions are made by



[N,

7.
individuals. An independent crewlcontrols the reverberatory furnace operation
attempting to supply matte uniformly to the converter aisle ot the required rate.

The description of the smtilfer system above excludes some details that
add to its complexity. Some of th;ese .will be described in Chopter 4 and the
Appendices,

Nevertheless,it is evident that efficient control of the overall smelter is
a difficult task. The duration of smelting processes in converters and the
c;vcilcbility of material from the reverberatory furnaces is not deterministic, that -
is, no exact forecasting of e.ndpoinfs of processes is possible. Invariably during
several hours of production some processes operate below their capacity or are
even idle ot times. A buildup of crane serv.ice requirements will cause delays
if the cranes cannot cope with the tasks fast .enoudm. Under these conditions
scheduling of processes is extremely difficult for a fon'smn,oitbough the degree
of perfection obtained through many years of experience is remarkable.

The system presented is a typical situation where perfom;once improvement
through better control of the system can be stt::lied on a mode| of the system.

Furthermore the énoly.tis can provide insight into a variety of other areas
such os the effects of expan;iom to the smelteror the introéucﬂon of new processes.
This aspect will be discussed in Chapter 6 together with other applications of the

simulation model.
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2.0 LITERATURE REVIEW AND REVIEW OF THEORY

2.1 MODELL!NG OF COPPER SMELTER OPERATIONS

Control problems in many copper smelters have prompted several researchers to
analyse and study these problems. There are numerous examples of studies directed
at isolated processes of the copper énelting process, but only a limited number are
reported in which the overall smelting process was studied,

Templeton and Hankley (T-1) viewed the converter. aisle as a total system
consisting of typically one reverberatory fumace, three converter fumoé;s, one anode
fumace and one crane. Both discrete and continuous decision variables are included
in the model and approaches to system optimisation are presented. However, for the given
size of the system the problem becomes enarmous and solutions for the entire problem
are impassible. Sectioning of the problem produced @ number of sni)allar sub-problems
that could be solved_ more readily. A suggestion is mode to combine the subsystems to
produce results for the tonl system which is no longer guoranteed to be an optimal

solption.  Although the results of the simplified models are not directly opplicable

fo @ real situation the work represents a valuable contribution to the study of better
control and optimisation procedures for the converter aisle problem. |

Davies, (D-1) and Davies ond Thixton (D-2) employed on empirical opproach
to study converter aisle operations. They report several improvements of smelter
operations after implementing the results ocbxined From‘digihl simulation models based
on the GPSS simulation longuage (G-1).

Two models were developed, o macro and a micro model. While the latter

-10 -



1.
was used to simulate smelting operations over a short period of time in great detail, the
other provided also long term effects of variations of input variables such as converter
overhauls and changes to plant leyout and equipment. The simulation model was based
on operating rules ond statistical data from actual plant performance.

Foreman (F-1) reports of a large scale attempt of on-line process control of
a converter fumace operation with..plons to extend the programme to reverberatory
combustion and overall smelter control ,

At the time of reporting the on-line control of the converter, was run in
parallel to manual control, while refinement of the converter model was onticipated.
Results showed that predictions of the on-line model at the time did not match actual
operating figures close enough, suggesting that more accurate on-line measurements
would have to be oblgined with the possible inclusion of further process variables.
While this opproach seemed very promising the entire prodromme was called off after
a 10 month tria! period.

The gbove studies are the most closely related to the work to be described
here. Far more attention in research has been given to individual processes in copper
smelting than to their integrated behaviour which is the aim of this work. When the
development of submodels for particular processes is presented in Chapter 4 a literature
review of work related to these processes will be given then.

Because of the génerol nature of the problem some work in other areas will
be discussed in the next section before the major difference between previous work and

this study is given.



2.2. MODELS OF OTHER INDUSTRIAL PRC CESSES

The steelmaking and petrochemical industries have used computer techniques
fot process control extemsively. Because a high degree of success has been
achieved in some cases selected studies will be reported here. It would, however,
be beyond the scope of this thesis to go into the detailed applications, but those
studies should be mentioned that are more closely related to the work presented .

1 .

Schuerger and Tiskus (5-1) have classified automatic contrql of steelmaking
processes according to their level of sophistication: In the basic application the
cqprrol is indirect and @ process model provides information on the process only,
Ieéving control to tl-io‘ope-rbfor. On the other end of the scale the most complex
applications involve direct control of process variobles to achieve optimum

performance. MNumerous applications of process control of Blast Furnace, Basic

Oxygen furnace (L-1) ond Electric Furnace operation are found with some
applications in continuows casting. Probably the most significant contribution
of computerised process contro! is in the area of hot rolling of stael.- Control
is exercised over the entire process from the time hot billets enter the mill to
w;:ighlng the Fir;ished coils.
Although success wos not overwhelming in eorly o-pp|icatiom the re'l.iubilit; | ‘
: .A;of computer controlled systems has improved steadily ond lhﬁir use is bacoming very common.
However, even in these applications only individual units are controlled and the |
authors predict that “the next few years will see a concerted effort to utilise the

-12 -
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computer to coordinate the production from many individual processes to maximise
" the profitability of the entire plant.”
c —— _
.In the chemical industries some application of this kind exists, which
indicates potential increases of the overall productivity of the plant from 2%-6%.

U‘

Turning away From on site applications of industrial process control , there
ore several ?heorenco! srudles worth mentioning. | |
Ashlour and Bindingnavle (A-l) formulated a soaking pit/rolling mill complax
os a queuing system and produced o dfs'crete event simulation model. The model is
able to predit:t'i«ﬁxovement; by increasing the capacity of the pit model, -whilo the
systém performance is measured uxsing seyérql different criteria.
' in a similar @el (A-2) of an entirely diff;a_rent system the authors Investi-

gafed job-shop scheduling of o hypothetical machine shop. . Effects of different

loading n)lesl of‘t_he system performance are disctlnsed:;“‘ |
Cox and Ralston (C-1) report of o shop -ca;:mtrol system implemented Ina
manufacturing, cn,virom'ne'r"'xr with the primur); objective of obtaining optimum control
over the I‘evel. of wodc iﬁ progress. A major proi;lam t-he lcck of full understanding
L of scheduling und priorlly rules are pointed out which are a prerequisite for an
accurate control systnm. |
Ai.survu‘y of_systém control studies shows that it is difficult to wuccessfully
lmplame'l-\t a control sy;sll*em in a real anvlr__dn.n‘nnt without piliot studies. |t is for
this reason thc;t in most cases the Introduction of c:n-line process controls s
centered around paijﬂculor processes cnd-will noll be e:&endad until these control

systems are perfected. The overall control of the smelter system described by

Foreman (F-1) probobly fullcd for this reason. In the steal industry individual
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processes are by now understood and measurements are accurate enough that religble
control systems could be developed for them. However, the integration of these still
lies'ghead. |

It is difficult or sometimes impossible to achieve reliable measurement of
state variables under the harsh conditio—ns encountered in practice. This difficulty

N

combined with the lack of knowledge of some detailed process dynamics has so far
prevented the development of reliable process models. i a recent report (0-1) on
Operations, Analysis, Process Design and Process Control in the Mineral Recovery and
Metal Production Industries, the urgent need for accurate models of processes ond for
rel iable sensors for continuous process state measurement was stressed.  The highesr
priority was assigned to these areas for future research.

The aim of this study will thus be the development of the most accurate

possible model for the complete smelter system based only on the existing knowledge of

the processes involved. In this way the problems of process measurement can be avoided.

While a simulation approach will be used it will differ from those described
in Section 2.1 in three min‘mspecl's:
1.  Theuseofd hybl.-id simulation model which allows accurate and efficient
representation of both discrete as well as continuous processes.  This

-~ .

approach has so far not been used.

2. The inclusion of a human decision model in the overall smelter model
which does not exist in the work of Davies (D-2). N
3. An aqttempt is made to develop automatic heuristic control procedures for
14

the model with the aim of immll system optimisation, in contrast to the

approach token by Tempelton (T-1).
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2.3 MODELLING OF SYSTEMS

[n the previous section reports of different approaches to analyse systems
are discussed, all of which were aimed at the overn!l improvements or optimisation
of performance.

The term "system®™ has so far been used freely ond should be defined.

In thé context of an industrial environment a system can be defined as being a
combination of a number of processes, some or all of which might interact.
Associated with a system is a clearly defined boundary to it. Ousside influences
on the system are effected-through vorioﬁo;'\s in defined continuous or discrete

_ decision variables. Interncl varigbles or state variables define the status of the.
system ot any time, that is they define the output of the system at a given time.

To distinguish between o physical system and a modelled system, which

in turn is o system of its own, the modelled system will be referred to as the model .
Subsections of the mode! will be referred to os submodels.

Careful analysis of the smelter system showed that the problem is too
complex for an éalyﬂcol solution. If the problem was reduced to a s;'t\oller one for
which a feasible solution by techniques such as dynamic programming could be
obtained, then the tesulls would no longer be applicable to the real syster;\. (ReFT-})
Drastic assumptions to simplify the system behaviour would on the other hand not
produce a model that gives g detailed representation of the actual system.

In general the aims are to formulate a p-oblern"so that it can be solved
analytically. U'wcllyl the more realistic the model becomes the more difficult

-

15«
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it is—r.to obtain on analytical solution. In this particuler case the difficulty of
modelling processes that are not all deterministic adds to the problem of de\..reloping
a realistic model. Based on studies of.the smelter operations it was decided that g
simulation model of the entire smelting system would be the best tool for obto‘ining
useful information about the actual system. Usually control problems in a system
originate at a particular location or a process .. Attempts to solve the problem are
often directed ot the area where a defect or problem shows up, thereby neglecting
interferences from seemingly unrelated processes. Emphcsis in this wrk is placed
on studying complete systems rather than isolating a process from a larger system o

which might not be the cause of the problem that is investigated.

Mathematical models may be classified in severd! fashions.

A model can be deterministic or stochastic.  In a stochastic mode! of a

physical system veriables are random functions of time whereas by definition the "

value of a varigble in a deterministic model will be unique at any instant.

2

Another classification distinguishes between static or dynamic models. In

a static model the state of the system does not vary with time whereas in 6 dynamic
model time drives the system through differsiyt states.
calb
In dynamic models the state of the models may change continuously or at

discrete time intervals leading to another means of classifying models, namely

discrete or continuowus models.  Discrete models are represented by difference

equations or by logical state transition equations, whereas continvous models are
based on differential equations. The time rate of change of variables is given
continuously by these relationships,

A further means of classifying models is to specify thedegree of the response

]
!
!
i
|
!
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of a system to changes in the input. A linear model of a system is one in which
change in input produces an equivul;:nt thange in the output.

By stating the rne;:ns wed to derive the model behaviour a further

classification into_empirical or mechanistic models is possible.

The model of the smelter system developed here is a mixture of some of the
idealised modes above and could be said to contain mixed variable, dynamic, semi-

-

emplirical, non-linear models. S




2.4 SIMULATION

Simulation is the immitation of the behaviour of a real system throud’r the
use of a model. A more precise definition is given by Sayre and Crosson (5-6) by
distinguishing it from mathematical models: "A simolation Mel is a ;;r;bolic fas
opposed to a physical or material) representation of a phenomenon or system, yet
- in contradistinction to mathematical models, the symbols of simulation are not all

manipulated by means of a well-formed discipline, such as algebra, the integral

s

calculus, numerical analysis or mathematical logic.” Simulation models will have
many different appecrances but the approach in general to develop them can ba

Y
summarised as suggested by Ackoff and Sasieni (A-3):

("‘I
1. Problem definition. !

2. System Analysis

3. Model comstruction

4. Model Validation,
A stage beyond this point is the analysis of the mode! and implementation of
results in the real system, 5

e
The nature of the smelter system required special attention in order to

AV}

simulate it effectively. Usually dynamic, ;ontinuous models are easily modelled
on an anglog computer,while discrete processes lead themselves to be dealt with
on digital computing equipment.
Shapiro (5-2) analyses the problem of choosing o sirpulution system and
discusses the pros and cons of purely digital, purely analog and of-hybrid systems.
-18 -
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The conclusion, that there are particular problems that fit each type of computing
system is obvious. It is more difficult to recognise them as such. Svorcek (5-4)
reports of a :poq‘icular selection of a simulation tool for dynamic simulatiors. He
points out the particular advantages of a hybrid system for recl-rnime—infercctivo
.simlatiéﬁifstudia.

By the time fhe second stage in developing a simulation model, the system
analysis stage, is reached, a thorough unc-!ersfonding of the processes will allow g
better decision to be made regarding the choice of a simulatioﬁ system.

H}brid simulation w-;xs chosen for this particular study and is recommended
for studies of similar systems for the fol lowing recsons;

1. Possibility of real-time simulation .

2. Both discrete and continuous processes cqn/Le modelled

’
!
I

efficiently and accurately. N f
/

~

3. Interactive simulation or man-machine commurication is
easily facilitated on a hybrid system.  Input through o
typewriter and output via lineprinter and a numb;r of

| peripheral devices is easily facilitated. In addition
special display units can be readily connected to ‘display
continuous as well as discrete variable stotes.

4. Parallel processes can be simga?ed easily on the analog
computer, which is a very important aspect in modelling
complex systems.

5. In oddition to these points a hybrid system naturally has the

advantage of not suffering from short-comings of either an

_
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ona|~09 or a digital system if the other makes up for it.(e{jg.
-the fack of memory in analog computation is overcome in a
hybrid system - or the tedious task of iniﬂalisiné an analog
circuit is removed in a hybrid system by cutomatic setup
programs from the digital computer,)
Hybrid simulation certainly has its disadvantages. Program preparotion and
setup time is longer on the hybrid system compared to the fast use of many of the
available cﬁgitol computer {anguages. B

Even more time corsuming and complicated is the debugging oi.' a hybrid
computer program. It is not s easy to pinpoint a problém since processes operate
in parallel, and errors can occur in the analog or digital system or in the conversion
of dota between them.

tn this application the advantages outweighed the disadvantages simply
because the only disadvantages that arosé, occun?a in ;he initial stages when the
model was built, and thus occurred only once. VT_he advantages howevér can be
appreciated every time the simulation model is used and in part odded to its

successful application.



2.5 MODEL DEVELOPMENT

In the previous two sections some background on simulation and on
classification of mudels was given.

This chapter deals with the approach taken to obtain all necessary
information about the system and how the information was analysed to produce o
model of the system. Whereas a wealth of literature on modelling and simulation
of systems is available (5-3, M-1, A-3, F-3, M-2, C-3, M-6) it is dffficull to
extract from their useful guidelines on how to go about simulating such sysfems in

practice. For this reason a short summary of the approach to develop the simulation

model is given here,

The obvious first step after recognizing and defining the problem of a complex
system is to start on a detailed literoture review. Apart from finding out about other
work done in the particﬁlor area, the review will provide insight into tbe\ﬁrocess‘es
involved and gr/vc a better appreciation of the problems llhat are likely to be
encountered. -Very useful are publications or reports on the particular system
itself if these are available.

At this stage a fie[d study of th}: physical system will prove very useful.

It will give the analyst on cpporfﬁnih/ to talk to pt'zople Involved in the system to |
obtain first hand information on the operations. In trying to get some Information
on problem areas he will invariably get o number of suggestions as how to solve
them. | |

-21 -
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If results of the simulation model are to be interpreted by other people it
is important to determine what information they will require from it so that it con
be provided.

With this background it will 'be possible to set up a preliminary model and
decide on the variables that need to be included to represent the system satisfactorily.
The next step is to estoblish how the model can be best simulated . The reasons for
choesing a hybrid simulation model were given in rhé\pFE‘\iit:us section and need not
be repeated here. A very important decision, however, i1 the choice of a simulation
languege.

Problem oriented Ianguoées were develop?d in the past 15 years
when the use of digital simulation became more predo!miﬁont. The task of modellir!g
details of systems is tedious if @ procedural lunguageA such as FORTRAN is used.

Discrete event simulation languages make use of such termsas events, attributes,

and files to describe quantities commonly encountered in most simulation models.
The use of a simulation language is‘cerfoin;‘y recommended uléhough it requires
leaming the new language. Any simulation model coulg! be produced from first
principles, that is writing a program in one of the proced.uml progromming
languages if there was no other possibility. The effort, however, is considerably
reduced when using o simulation language wherq in some cases the completion of
a check list is all the programming required. Some of the more widely used
languages are GPSS (G-1), SIMSCRIPT (K~1) and GASP (P<1). These languages
are rc.ferred to in most textbooks on simulation where useful comparisons are

made that could aid in selecting o porticular one. (5-3, M-1)

——
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Tocher (T-1) and Buxton (B-1) discuss a number of simulation longuages

and compare them on several points.

The GASP (P-1) discrete event simulation language
was chosen for the hybrid simulation study for basically three reasons:
1. It wos availoble immediately.
2, It is a FORTRAN based language which can be accommodated
on a small computer.

3. It is o flexible languege that can be modified to suit a particular
‘ .

problem. (This may not be true for all other simulation languages). -

More details of its operation will be given in Chapter 4 where the development of o

I

discrete —continuous simulation system is described.
Having decided on an approach to simulate the system the field study
_has to be defined.  All data necessary should be listed together with tﬂe means of
obtaining it. This means that o good understanding of the processes involved is
required by this stage. .
Much of the required data can be extracted from regular operating data,
but 1t will have to be supplemented by on site data collection if not sufficient
data is available. The accumulated data should then be ordered since use will
be made of it throughout the development of the model.
It is important to delay any attempts to start on the actual model building
as long as possible. Early c;rfempts tend to become drawbacks later when numerous

changes have to be introduced that were not accounted for initially.

v

/

-
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Even when .the mode| development has started it will frequently be
necessary to go back to the fonolysis stage if it is found that additional information
is required. Developing a good .model is a long process and should be carefully
undertaken to pay off with reliable results.

The inclusion of human decisions into a simulation model of ri')e kind
described in Section 1.3 was given special attention, since the system analysis
showed a significant effect of these decision varicbles on the overall performance
of the system. ‘

The model will gradually grow and change until an operational version is
ready for testing. Modular design is always recommended in large models. Any
corrections or odditions can thereby be handled efficiently without upsetting the
overall progress of the model.

The final version of the simulation model will then be tested for validity.
A simulation con .be constdered valid if it satisfies preset conditions of accurgcy, it
can and should not duplicate a recl system exactly unless the system is completely
deterministic.

Maisel and Gnugnoll (M-1) suggest three ways in which validity can be

assured,
1. Built in checks of validity in the simulation.
2. . Expert reaction to simulated results.
3; Comparison of results with standards or opcroti.ng records.

All three possibilities should be made use of to emure pro.per validation

of a simulation model. A final test, #this is possible in practice, would be to use

the mode! to predict a given resporse to o chonga in input which can then be



verified by the same test on physical system.

All four means of checking the validity were used in the simulation model

and are described in Chapter 5.

A

!
!
i
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3.0 SYSTEM ANALYSIS et

3.1. COPPER REFINING PROCESSES

Copper sulphide conr;enrrures used by the smelter contain amounts of
copper sulphide (CupS),silicon oxide (Si0; ), iron oxide (Fe0), iron sulphide
FeS), and a certain percentage of moisj_g.\'re. Traces of silver and gold are
valuable metals and are removed during the fingl electrolytic process, but play
no important por; in the smelter refining processes. The exact composition of
the ore vories and ;!cpending on it the grade of mqtte produce.d by rh;‘a’_rzabu-berarory
fumaces will change. Fluxing cre, corsisting essentially of silicon (SiOé) is added
t> the concentrotes before they are odded to the wet charged fumace. (Furnace
73 on Figure 1.3.1)

Th;: dry charged fumaces are fed with calcine, that is, concentrates with
proportions of flux added that have passed through roesters. Calcine hos wswally
got a lower sulphur content and contains no molsture. It is transferred to‘t})e hot
charged furnace at e.cvcted tempergtures to conserve heat. ~ |

The ore to be smelted is entered along the two longest sides of the
reverberatory fumaces and forms banks on either side leaving a gul I;zy in the middle
along wgich the n_uolren ore runs to foﬁn a liquid bath at the east end. Heat is
supplied by the burners in the west end of the furnace. The'furpoca is fired by
ol and a forced air f-lcw along the length of the furnace melts the material below -

it. A slog launder is situcted between the burners ond Is used to retum converter

slag into the reverberatory fumace. -

-26 -
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There are two tapping holes for removing two phases of molten ore from
the fumace. The slag h-!-: is'situated in the east woll and is located hight;r than
the matte hole on one of the long side walls also near tl‘;e east side. Figure 3.1.1
gives a schematic representation of o reverbergtory furnace with its most important

¢ LN
features.

While the basic funcri;n of the reverberatory furnace is that of smelting
the ore,a chemical reaction taking place to a limited degree is the same o3 the one
described later in'the maﬁe phase of the converter, except that the amount of flux
is limited to just remove cll‘ iron oxides.

Si0y + 2FeQ = 2Fe0 .Si0p - 3.1)

Mutte, which is essentially a liquid eutectic mixture oF'copper‘and iron
sulphides (Cu2S, F'eS)’ from the hot charged furnaces is in general of higher copp'ér
grade than that from the wet chc:rged furace but in both cases the specific gravity
is higher than that of reverberatary slag. Reverberatory slog. contains fayalite,

. silicon oxide bonded to Ferrou:. oxide, oﬁd most of the gangue and forms the upper
layer (')F the liquid bath in'the fumace. Slag floating on top of the matte can be
fdppe(.i from the fumace through a hole located above the matte hole. The layers
are nor'. distinctly separated and when this reglon Is near ar;y tapping hole no |
material is removed until the bath level has changed sufficiently that only slag ¢
0|; matte can be tapped from the respective holes.

It is atte\mpted to run the reverberatory furnaces ot o fixed output and

\

supply matte at constant intervals. Ladles are tramsported along a track in the

two matte tunnels end are plcked up by a crane at the converted aisle Figure 1.3.1 .);\
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3

As are all smelter processes, the reverbemtor)}'fuﬁxqces_are run on a 24~
hour basis with repairs to the brick lining being done ct;n;inuagly. : .This hes only
been possible sincé the inﬁoducﬁon of the suspended roof, in which each brick |
is supported from a fromework above the furnace.

Matte is picked up by a crane and poured into o converter. Figure 3.1.2
is a schematic diagmrh of a typical converter showing its principal components.

The reactions taking place during the matte phase have been a subject of comsidergble

interest and the following reactions are considered possible:

3Fes + 50, = Fe304 +350p - .@.2)
3Fe30, + FeS = 10Fe0 + SO2 £ @3.3)
2FeS + 30 = 2Fe0 + 250, S (3.4)
4Cu + 2FeS + 0y = 2CupS + 2Fe0 @3.5)
2fe + 0 = 2Fel | | @.6)
2Fe0 + Si0p = 2Fed . Si0, 3.6)
6Fed + Oy = 2&304 @7

3

[t is difficult to determine exactly which intermediate reacons tcke place to
remove the iron sulphides in the slag stoge but it is c&usidemd.ﬁlﬁqt the following two
reocric;ns represent the pmoess accurately (N-2): .

FeS + Wy = A0 + 250, .. B.8)

2Fe0 + Si0p = 2Fe0.5i07 . 3.9
Both reactions are exothermic and provide Ihé"nécwo_ry heat onsm@in the reaction
while cold flux (5i07) is odded. II; not enough flux is present 299netih will T
be formed uccotdir-ng to equation 3.7). Magnetite if mtucmed in thp converter Islag

to the revorberatory furmace settles on the floor cousing an unwanted buildup of
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material . The production of magnetite is thus avoided by adding enough flux in
the matte phase. During the matte phase several ladles of matte are poured into
the converter, and while correct proportions of flux are added, compressed air i
blown through the bath via tuyére holes. When most of \the iron sulphides have been
oxidised they are removed by skimming converter s|o§ from the bath. More matte
is added and the process is repeated until between twelve and eighteen ladles of
matte are contained in a converter. Transfer of material at this stage from one
converter to another is possible and will be ;iisaxssed in the next section. Once
all iron sulphides are carefully oxidised (the converter bath temperature is an

indicator) the converter is said to go on a copper blow. In this phase the

remaining copper sulphide (Cup S) or white metal is oxidised according to:
CupS + 0, = 2Cu + 50, 3.10)

This reaction is again exothermic and natural heat losses have to be supported by

artificial cooling to maintain o constant bath temperature.  This is accomplished
by adding cold copper lumps of several tons weight to the bath at regular intervals
during the copper blow phase.  Towards the end of the stage samples are taken to
indicate the end point when further blowing would oxidise the accumulated copper.

The copper, now colled bl ister copper is then poured into ladles and
transported by cranes to or;e of the anode fumaces. Blister copper is about 99%
pure' and refining in the anode fumaces increases the purity up to 99.9%. Truces .
of sulphur are axidised or in case of an qverlilown charge the copper oxides that
were formed are reduced.

The refined copperr‘i: then cost on one of the two availoble anode wheels

and anode plates ore shipped for electrolytic refining.
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3.2. MATERIAL IR.ANSPORTATION BY CRANES

The rev-rbaufoty fumace smelting process described in the previous

section ul continuaus process, while material rcmavol from it, matte and slag
 tapping occusryfmgular intervals. Whenever a copper blow is completed in
. a converter a skull is dropped info the converter and the copper is removed from
the fumace. The fumace is then almast completely empty ond is said to start @
new refining cycle. During a cycle a crone odds several ladles of matte and
skims  slag ofter the matte blowing process is completed. It has been the practice
to schedule converters such that at any time matte is blown in three converters.
while the fourth is i stage three of the smelting process, the copper biow. One

of the three convecters in the matte blow will proceed with the copper blow around

the time when the olher copper blow is complated.

During the matte blow material from one converter con be tronsferred to
another to mainkia this schedule. This process is usually called "matte tronsfer®,
of "white metal womefer™. The converter receiving transfer matte will then be
ready to proceed with a copper blow sooner, while the supplying converter could
be empty again o siurt a new cycle.

Scheduling of material tronsfers is critical since matte should only be
tronsferred when it has been completely refined in a matte blow. To do this
efficiently any two convertens involved in o material transfer have to be ready to
receive or supply transfer matte gt more or less the same time to avoid any idle
time. The availabiity of the receiving fumoce can be delayed by odding more

- -
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matte to it.

All odditionms of matte, transfer muhé, anode slog, reactor slog, copper
pigs, flue dust, slag skulls ond copper scrap to the converter and material removals
of converter siag u\d-rbiistnr copper are performed by the overhead cranes. Collar “
pulling on o converter is a very time consuming but necessary service also performed
by a crane, when a built up collar of material has to be removed from the
converter mouth.

The reverberatory fumoc;s receives converter slag by the crones who also
remove matte from the matte cars whenever required.

The pilot plant shown on the north end of the floorplan produces certaln
quantities of slog and blister copper that also require a crone to be moved.

The position marked as Future Continuous Smelting Process is reserved for

a new process that will be included in the model later.

Blister copper is odded fo the anade fumaces while anode slag is skimmed
from them before the refining process commences.

Solidified crusts in lodles are locsened by a crane in bumping tho\lodlu
ogainst a large block, and cold copper pigs often need to be moved from the pouring
bays to a pig pile.

All the listed crane tasks are performed by the two cranas near the lo;nh
end of the converter gisle independently of in conjunction depending on their
u\'rolilability ond the urgence of o task. Crone services have to be schoduloa
ci'i/r}ahlly especially when the times of sarvice requirements con not be exoctly

determined in odvancs .
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Tha task of controlling all smelter processes in an optimum way thus MB

itself to the canverter foreman continuously even if a smooth schedule is dr;:wn vp,
any unexpected daay, breakdown or irregularity upsets the plan and calls for @ new

assessment of the overall shift plon.




3.3 SMELTER MODEL

The system analysis showed that the simulation model has to provide enough
detail to accurately reproduce all activities in the smelter as seen from the
converter aisle. That is all material inputs and outputs from processes
together with all related activities have to be provided by the model at the
‘same rates and subject to the same constraints as the system.

S;néc an off-line model cannot make use of continuvously measured
process state variables, the model should be based anly on varicbles rhat‘cm
be readily measured. It was thus necessary to obiin a satisfactory dynamic
representation of the system operation based only on present knowledge of

smelter proceses.

In Chapter 4 individual submodels will be described. The models

were designed to produce a smelter system responsive to vuryin/g material input
and output rates, while moving of materials or schedul ing of/procom is
directly controlled by the operator of the simulation model . He thus tokes
the place of lho smelter foremon in the octual plant,
In.the real system the influence of the converter foremon an the rut;ling
of the smelter is very evident and any model excluding this effect could not be
expected to reproduce the system satisfactorily. The facilities nm-qr\y to indlude

the humon model will be discussed in the next chopter. N

®
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4.0 SMELTER MODEL DEVELOPMENT

4.1 DEFINITION AND OVERVIEW OF THE SYSTEM MODEL

The boundaries of the system were defined and are shown in Figure 4.1.1.
By excluding processes outside the boundory the assumption is mode that the state
of these processes has no direct bearing on the operction of tha system. Their
d;momic behaviour can thus be represented by input variables, while output variobles .
have no feedback to the system.

This is in close correspondence with reality ond allows a definition of the
boundaries such that their presence does not affect the operation of the model .

The smelter model was divided info several submodels as they were logically
provided by ghas}\svhm These submodels are:

R;nrbcmm Furmacaes |

Converter Fumaces -

Anode Fumoces
Crones
Miscellaneous Processes ond Units.

Model of the foreman (human,for which only interoctive facilities
have to be provided)

Before discussing these processes ond their interoctions the essential feedback from -
the different processes to the model operotor should be given some attention.

-
A modal display unit Figure 4.1.2 was built at the Nationa! Research
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Council which provides light indicators for various process states and position

indicators for the crane models. This display unit proved to be of great value for
both modelling and operating the simulatian model. During the validation phase
of the model, operating personnel found it very easy to understand ond follow the

simulation process through the feedback cbtained from the display.

It consists of three servo driven motors that. pasition @ pointer (crane)
according 1o a voltage supplied by the analog model of the cranes.  On the pointer
two light indicators provide information on the state of the crane. The rest of the
display re?embles the floor plon of the ;melter where 77 light indicators of different
colour show the state of the modelied procen%. Whereas the crane poniﬁén Is
derived directy from the analog models of the cranes the light indicators are set

in the digifal submodels of respective processes and serve as coded signals. By

calling @ subroutine LIGHT with the comesponding light number as on argument, -
lights aro set and reset through signals from control lines. Figure 4.1.3 shows the
information that sach indicator provides on the skate of the three types of fumoces.

A speedup factor of 20:1 was chasen for simulation and the display unit Is
scaled down 500:3 to allow the fastest possible simulation of the smelter which stifl
allows the operator to follow the operations. A line printer, stripchart recorders
ond digital voltmetens provfde all the remaining information on the model. Figure
4.1.4 shows the EAI 680 analog computer with the model display unit connected to.
it.

Fig. 4.1.1 only shows the fundomental processas that have to be included

in the model, it does not show the individual units, ond how these interact. The'
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function of the foreman is also not included. The model that was developed %or the
entire smelter system is presented, ogain shplﬁw. It shows the
function of each of the six major submod#ls and how these interact. It should be
pointed out that nufer.-iol and information flow exists between all units of each type
of process. This complicates the function of the operator and leaves wide room for
error ond sub-optimal operation. |

To be oble to fulfill his control function efficiently the foreman has to
- obtain complete ond up to date information on the progress of all units in the system
as-a bosis on which to formulate his decisions ond issue commonds.

Toble 4.1.1 lists the type of actions he takes if alerted by ony condition
in the model. Some of the actions are simple but all require planning and decision
mak ing 30 as to ensure on efficient opemtion of the overall system. So far the
ducumot‘: of the mode! has been di vorced from the implementation. The need for
efficient information display of the model will, howaver, be related to some extent to
the particular implementation. Fig. 4.1.6 shows the peripheral devices that were used
to relay information from the model to the operator. Also shown are focilities that “
aliow on-line control of the model. All of the triggers and octions listed on Table 4.1.1
are communicated by the outputs and inputs as shown.

- All output signals but one gre of visual fomm. A bell ringing on the
typewriter Is, however, very successfully used to alarm the operator when on impoctont
action Is required and in principle any other device that can be interpreted by humon
senses could be used. . )

The display unit described above is the central output device which will

be cbserved almost continuously by on operator. Some of the procasses will be
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represented by digital models, others by partly digital ond partly analog models.
-Ancllog variables if given by sfripcl‘nrt:,' vol tmeters or servo driven motors will show
cantinuous variations. Qutput from digital models will chanye at discrete intervals
when state variobles ond statistics are updated. At this time the coded light signals
will change if the coresponding process reaches or leaves a given stnfa: Information
on any process is only providc:d if requested except for messoges on the typewriter to
alert the operator or request action from him.

As a reference to Chapter 7 where a complehly_v automatic control of
the model is described Fig. 4.1.5 also shows that the control function of the ope.rutor
could be replaced by a non human control program.

Following the description of the ﬁvemll model and the particular attention
given to the operator submodel the nex! section will deal with the development of the '
hybrid simulation mechonism which produced a real istic operating model. The last

sections in this chapter are then devoted to the development of the 5 major models

and their implementation. - ~

Because of the size of the problem not all submodels wers developed by the
author. The crane submodels which were to be mixed variable modcls,: ond the |
reverberatory fu‘muco ond matte tunnel submodels, which were to be represented by
purely digital discret event type models, are representative models for the system
and were developed by the cuthor.  The mixed variable converter fumace submode|
was developed by L.K. Nenonen of the N .R.C. who has hod valuable previous

experience in the converter centrol studies.
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The anode fumace cndwmiscelloneom process submodels were to be dia:re-h'
event type models and were developed by Dr. U.P. Graefe also of the N.R.C. .
Dr. Groefe also provided a subprogram that decodes the input commands to the
model ond translates these into correspanding events.
After describing the overall operation of the sirJ'wIatim a brief descriplicl"l

of each submodel will follow with further details on each presented in the Appendi:es.
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CONVERTERS

(1) Matte stage

(2} Copper stage

{3) At on end point, not biowing
(4) Material to be added

(S) Empty ladle required

(6) Maieﬁol_lo be removed

@ela| @
Peolo | @
olo| @

Pa

REVERBERATORY FURNACES AND
MATTE TUNNELS
{1) High slag level
(2) High matte level
{3) Mate available
@ @ {4) Matte on matte car
' (5) Empty ladle needed
(6) Full lodle of matte on floor

©

oo

Coes)
®
©

ANODE FURNACES -

: (1) Blister copper required

{2) Full, ready for refining
®© & 06

(3) Refined, ready for tapping

# Indicator lights
|

" FIGA..3 SMELTER DISPLAY UNIT : INFORMATION FORMAT
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4.2 CONTROL OF THE SIMULATION MODEL

The reasons for choosing @ hybrid computer to perform the simulation of )
the smelter system were given o\n\\Soctim 2.4 and the decision to use the GASP

discrete event simulation language is presented in Section 2.5.

In this section an overview of the hybrid simulation approuch to

represent the smelter mode] is given. While some parts of the implementation will
be discussed, dekils of the simulation control appear in Appendix A.
As all simulation languoges GASP (P~1) deals with a few defined
quantities that allow a simple representation of a real system.
M ore considered to be the operations and/ or processes taking place

in the system at discrete intervals of time, since simulation is performed at discrete

steps and not continuously on a digital computing machine. At these intervals the
state of the system will change. Characteristics of on event are given by attributes
associated with It; (i. the duration, height and comfort of g flight are considered
atiributes of a flight, if these characteristics were importont to a customer i
deciding to fly on a certain airline.}

An entity represents an object o person in a system which ach or Is octed
upon during a simulation.  An entity is also characterised by atiributes.  The following
examples show how a simulation is performed by moving o system from one state to
another.

A lodle arrives (event) at o cerfin time (ottribute of the svent) at the

- 48 -
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converter aisle {attribute of the event). I a crane (entity) is available {attribute
“of crane) and a converter (entity) requires material {atiribute of canverter) then
the transfer (event) w'ill be performed immediately (attribute of the event).

This example could be continued to perform all octivities in the converter
aisle and would represent g purely discrete simulation. Since the crane submodels
are onalog, continuous models, certain modifications are necessary thot will be
described later.

Events can have any number of different attributes, only limited by
programming requirements. Events are confained in sets or files; the lotter name

wiil be used here and will refer to the area in the computer memory where a group

of events are stored. The number of files are determined by the system and in sach

file at least one attribute is to be of the same kind, usually the first.
There s always one time file, the master file which contins oll time events®
ordered chronologically. The controlling programme GASP removes and executes
time events sequentially while updgting the simuloti:n time. When an event is
removed from the time -file the event code charocterises the type of event it represants
and execution is performed by branching to a respective subroutine or section of the
programme .
After initialisation at least one time event has to exist in the time file.
It will be removed by the controlling programme and executed. The execution of -
events can create further evens which are filed in the time file. Thess are endogenous
even's in contrast to exogenous events such as commnnds from the model operator which

will be discussed in the next section. As long as there are events in the time file the

simulation continues until any preset condition (number of events, elapsed time, etc.)



for termination is reached.

In this work the basic structure of the avent filing system of the GASP -
simulation languoge was used. [t required m;dificalims to produce an integrated
mixed varioble simulation Iangwée copable of handling both discrete event-type as
well os purely anolog models.

| On a hybrid compuprer there are three modes of opergtion of the onalog
canpg.re;,‘ INITIAL .COND[TION, HOLD and OPERATE. The OPERATE -mode refers
to the state of the analog computer when differential ond logical equations are being
solved. The HOLD-mode refers to a state where all analog values are frozen. The
IC-mode is selected to set up circuits before proceeding to the OPERATE mode for
execution.

The modes of operation can be selected from the digital computer which

provides o meons of synchronising digital and onalog simulation models on the hybrid
computer. While discrete avent simulation is not a form of real time simulation, the
onalog computer solves equations at a wiform rate given by the selected timascale.” This |
rote determines the rate of simulation. To ensure that discrete events are not executed !
consecutively while instanty updating the simulation time,a timing circuit wos developed.
It is shown in Appendix A (Fig.A-3) where the detiled operation is described.

The link between the Vﬁm_ring circuit ond the digikl simulation control
program is the output of  comparator C39. Whenever o time event is executed the one
comparator input is set to the scaled time intervol 1o the next time event, TREL. This occun
in the HOLD-mode when other analag models might be given new input or farget
conditions. When placad in the OPERATE mode the integrator A35 will operate until

the time to the next event has elapsed when the comparator C39 changes its
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fogic state which will be sensed by the digital control program. Duriag any OPERATE
period the c&n?rol programme continuously samples logic outputs of the timing circuit
and other analog circuits. The simulation is then frozen by selecting the HOLD mode
and the event is executed after the scaled time interval. The next time event is then

selected, the timing circuit having been reset and this process repeats itself.

As mentioned, during the OPERATE mode analog circuits are solved while
some of their logic outputs are continuously tested by the simulation control programme .
This is the case if any target (e.g. a crane reaching and waiting ot a location as
described in »the next section) of an analog model is reached. Again the simulation is frozen
by selecting the HOLD mode to reset the particular model or schedule an endogenous
event. If an endogenous event is scheduled to occur before the previous nexlt event
the target of the timing circuit is reset. This condition con also arise when an axogenous
event, issued frorvn on outside source is to occur before the previous next time event.

If the HOLD mode is not caused by the timing circuit itself the intermediate simulation

time is provided by the previous event time to which th\qescoled valye-of the timing
integrator C35 is added. It can be obtained by reading hthe OUIpl;f of an analog to
digital converter. - }
While more dekil con be found in Appendix A, Fig.4.2.2 gives a simplified
representation of the process of discrete~continvous event simulation on @ hybrid computer.
It ollows for the parallel operation of several analog models which means
that the simulation control progrom not only executes the time events but also triggers
the stort and registers the endpoints of anolog models. Because these other models

can create new time events (as con be done by manual input) at times other than during

the execution of time events, it is necessary to test for new events and reset the timing
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circuit wheneversuch a condition arises.  This is done by two subroutines as explained
in Appendix A, where the controlling program GASP is also flowcharted ond explained
in more defuil .

The need for intemct.ive control of the simulation model was pointed out
in the previous section. An input instruction will either couse ¢ model to chonge
immediately or else it can be an event type instruction which will be placed in a file
to be executed at a later time.

To use the example given earlier, the arrival of o lodle filled with material
will alert the operator by a light signal. He con then direct the lodle to o destination
that he selects by issuing an appropriate common;i to a crone. In this way human
decisions control cerfain areas of the simulation, in the some way as o foreman controls
processes and roperatiom in the smelter. |

To get the conrrollmprogrom to accept and interpret on input from the
typewriter a sense switch isalsocontinuously sampled by the program in the OPERATE
mode. When pressing the switch, the HOLD-mode is selected and o command
translation subprogram accepts and processes any typed input. This is exploined in
more detail in Appendix A ond was also omitted for simplication on Figure 4.2.2.

Fig. 4.2.3 attempts to show the information ‘ﬂow in the simulation model. Because

of the two operating modes HOLD ond OPERATE it Is difficult to relate it to Figure 4.2.2.
It might be helpful to remember that ony execution in the digital section of the program
(including Inputs to onalog models) occurs when the analog section is in the HOLD-mode.
During the OPERATE mode the only activity in the digital section is that of sompling

logic signals of analog models and of the sense switch. (This Is not shown on Fig. 4.2.3).
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The information flow does therefore not represent one path through different

stations, at any time, but it rather shows severa! paths as they can occur qt different
times during simulation. The following examples relating to Fig. 4.2.3 might help

to gain on understanding of the operation of the model:

1. At the start of simulation a programme section is executed which initiolises
all analog and as digital models, reads data cards and os well as initial ising
simulation variables. Control is then tumed to SIMULATION CONTROL

programme and simulotion as shown in Fig. 4.2.2 commences.

2. If the opergtor presses g sense switch (No.1) the stotement ENTER appears
, | .

on the typewriter. He can respond by entering o command (Format Is

given in Appendix A) which could be ane of three types. If it Is not filed

in one of the files on event is executed directly which might affect any
digital or analog model. (A proces; could be triggered to start in which
case light signals might be reset i.e. information flow all the way to the
display unit).. : , -
3. During any simulation run various statistics are continually cm;hd and
updated for all proc'esse.s of the model. These ore discussed In the next
sections ond con bo requested at ony ﬂ,"f" on a single basis or as o summory
of the simulgtion status of the entire model. A REPORT GENERATING
progromme produ;es this typeout which can be seen on Figure 6.3.4 in _
Cﬁaptu 6 where results of the model are presented.
4. By entering ## simulation continues and control goes to the SIMULATION

CONTROL saction. Events are removed from files and executed. h
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the cose of the crane models this involves setting inputs and fargets of
analog models which will cause physical crane move?r‘xents that can be
observed on the display unit during the OPERATE mode.

5. By pressing another sense switch (No.7) the area marked as AUTOMATIC
CONTROL is activated. - Its operation is explained in Chapter 7 and
included here only to show that it fulfills the function of the human
operator by generating intemally wh;:tever inputs might otherwise have

been provided to the model . .

Figure 4.2.4 shows the implementation of the sir;\uluﬁon model on the
EAI690 Hybrid System at the National Research Council of Canoda.

The core requirement of about S0K memory locations for the entire model,
of which gbout 2K are variables in DIMENSION or COMMON sk:temenh; was well
in excess of the 16K provided by the EAIS40 digital system. A primory overlay system
wus used to execute the progrom of the model which was split into twelve submodules.
It utilises a @otk disc for storing sections of the program not required in core ot
any time during execution. I This overlay system was developed by Dr. U,.P. Graefe.
The event structure fent inelf well to split up the programme of the model In sectians.
No cross-reference is necessary between the submodls ond the constraint that overlay

modules ore to be independent of each other could thus be met.
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4.3 CRANE SUBMODELS

The main tasks performed by any one of the three overheod cranes are those
of transporting ladles or.other items from ane point to another. Less frequenty cranes
are being used to “pull o collar® from @ converter furnace, when by means of q
special pulling hook the built-up material around the converter mouth is removed.
Other tasksare the bumping of a ladle ogainst a block to break the solidified crust
inside a lodle called skull,or a floor cleaning opercl:t-im by means of a shovel.

All crane operations can be reduced to two simple tasks, one of moving from
one destination to another, and one of being occupi‘ed for a certain length of time
at a fixed position.

Furthermore each crane executes its tasks independently as long as its
occupation at any time does not conflict with that of another crane. This conflict
is possible since all three crones use the same tracks and cannot pass ec;h other.

If such a conflict occurs, i.e. if one is to move south Fnd the other north at the

same time, then preference is given to the task of higher importonce or urgency.

It is also possible thot o sequence of tasks is performed in canjunction by two cranes.
Regular maintenance times are scheduled weekly during which tire the cranes are
inoperative. This does not eliminate unexpected breakdowns of varying |en§|h

which still occur at imegular intervals.

7 In many digital simulation models of materiat handling systems the activity
of crones has to be occounted for.  The following studies (L-2, A-1, D=2, T-I)

included overheod cranes as submodels of larger discrete event simulation models.
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In general the state of cranes is described by several characteristics such

as: -
availobility X
position Xo .
duration of present task xq
priocity of pr;scnt task X4
nth description of state xn
If these characteristics are combined they represent the state of the crane

model : |

state of model = f(x], x3, x5 ... x;)

i ‘
During the execution of a crane event the state will change according to

the task that is performed, the nature of the state change being dependent on the

states of all other cranes and processes.

For each problem the equations goveming the trmsformution'of state are
different dep:ending on the assumptions and rules uct;;ording to which a sequence of
events are to occur.

In this study the following state variables are used to describe a crane

_activity uniquely u:t any time. The characteristics are represented by variables,
w};ich are shown:in Appendix B

pr;ssent position

previous position

present waiting time

previous waiting time



priority of present wask
- priority of previous kask

rank of last event in crone file

rank of present crane task

event kiggered by crane

quantity of material on crane

operational state of crone

availability of crane

state of crane activity (delay)

state of ksk sequencing (waiting)

candition of crane (maintenonce)
In the actual system a crane operotor receives the order to perform a sequence of
tasks which he will then execyte in that order, ot the end of which he will have
received further instructions ¢ else be idle.  The functions to be performed by a crane

model are shown on Figure 4.3.1. The model consists of a logical part representing the
crane operator ond ¢ mechanical part representing the crane which executes the physico;
task’ Below follows o description of the implementation of the crone models which
“represents the aclual process very accurately. Crone commands are issued by the model
operator and are ploced sequentially in one of three crane files according to a ranking
number. Execution of tasks by the crane models occurs according to the first-in-first
out rule and tosks are executed continuously until no tasks remain in the respective crane
file when anbusy indicator Fight on the display unit goes off.  As long a3 no breckdown
occurs on operational light signal will light up.

Each crone model consists of o digital and an analog section which executes

tasks by causing comespanding changes in other submodels. (i.e. oddition of material




_ o
removal of material, etc.). The circuit diagram of the analog and flowcharts of
the digital models are given in Appendix B.

The controlling digital program GASP exercises control over all crone tasks.

The simulation is in the HOLD mode while a task is removed from the file
and the respective digital crane-submodel routjne is called.

In this section of the crane model the variables that make up a crane command
are used to start the execution of the corresponding task . ‘Inrerferences, priorities,
duration of the task etc. are checked to estoblish whether in fact the required task
can be executed imme&iolelyl If this is not the case the task is delayed while Ih;
crane remains idle. If execution of the task is possible the onalog model is sat up
accordingly, that is the pasition of the target, direction of r‘mvel, speed of travel

ond the waiting time at the destination are set on the onalog companents by suitable

calling programs.  If another crane causes on interference and has to be moved out
of the way, then the andlog ond digital models of the interfering crane are set to
respond accc;rdingly. Thereafter the controlling program retums the analog computer
to the OPERATE mode and the crmc; will move to its destination and perform its task
by waiting for the duration of time required for the parﬁculaf task .

Time studies for all typical operations provided averoge times for thesa tasks.
A sense line will be reset at the end of the waiting period at the destingtion ond the
c@uhr is retumed to the HOLD mode.

To complete the crone task it might in some cases be necessary to cause
further action at that time, i.e. cause another event to be executed. An exc;nple
where no such action is required would be the moving of an empty ladle from one

point to another. If however a full lodle was transported from one fumace and
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poured info a converter this task would trigger the event "material wos filled into

converter, * which will update the state of the converter. The code for this event
is checked and if non-zero the respective event is executed by the controlling
program. This completes one typical crone task and the next task will thereafter
be executed in a similar fashion.

The active tasks of moving and waiting at a position of the cranes are thus
represented by analog models.  Since these can operate in parcliel the execution
of crane activities is very clase to the real operation. During the non —operating
periods when submodels are updated or new tasks selected the simulation time is
frozen and does offect the crone models.

To allow for the inoperative periods in the crane models, stotistics of
breakdown frequencies and repair times are used. The digital models generate

these periods by random sampling from frequency distributions. If a breakdown

occurs the "operational ® light indicator will be tumed off and the crane accepts
and executes no tasks until a repair period has elapsed. The same applies if the |
preventative maintenance is performed. e ) /
To prevent the bumping of the two faster cranes info the slower crane Ly
a delay mechanism is 'mclu-ded in the onalog models of the faster cranes that will
prevent this from happening. I Chapter 7 it will be shown how a series of
synchronised tasks con be performed by any two cranes. This feature allows one
crane to operate in canjunction with another, rather thon independently.
By issuing several commands to the cranes it is thus possible to direct
material flow and thus the operations in the smelter in any desired fashion. Tasks

are executed in parallel by the cranes and their movements and operational states

can be observed on the model display unit.
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4.4. REVERBERATORY FURNACE SUBMODELS

A schematic representation of the reverberatory fumace is given in
E?igure 3.1.1. In Chapter 3 the process of dry and wet _rcverberat-ory smel ting
was described briefly. Anderson (A4, A-5) describes the operating practice at
Noranda in detail and shows how the copacity was increased over the years.
Although production figures to day are different, the basic operctions have remained
the same. (e.g. change from firing with pulverised coal to 0il.)  While no
theoretical anclysis is given these two popers present a good background on
reverberatory fumace operation indicating the effects many variables have on the
fumace operation. McKerrow (M3} describes a similar smelter operation at Gaspe.

Harris (H-1) has developed a mathematical model for the heat transfer

mechanism in a reverberatory fumace. The model is based on an existing fumace
but is idealised by simplifying assumptions. It was used to investiéoh the smelting
copabilities of o p&rticulur reverberatory fumace and s.everul recommendations
were mode for improvements. The model didnot howevar account for mekllurgical
aspects of smelting which are expected to be affected by varying the smelting
conditions.

| While the work described by Harris provides insight into the thermal
response of o fumace, the model does not represent the entire smelting operation
in the reverberatory fumace. In particular the problems encountered in controlling
a side charged fumace by temperature measurements are difficult. Pyrometer

_measurements taken at different points along the fumace read the bank temperature
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which fluctuates during chorging and is not a representative quantity by itelf.

Allen (A-6} et al. present a preliminary report on the development of
empirical mathematical models expressing aspects of reverberatory fumace
operation. The aim of the study was to determine all variables offecting the
performance of the fumace. It was hoped to improve the operation by eliminating
fluctuations of those variables that affect the optimum smelting conditions. In
contrast to the mechanistic model of Harris, Allen et al produced c;.l multiple
regression mode|ibmed on data of 86 operating days. Because several varigbles
proved to be dependent a non-inear model was used to predict the smelting rate.
(The equation for the smelting rate alone fills 12 typed pages.) Predictions of
this model were close to the actual performance of the fumace, but simpler, linear
models failed to produce satisfactory results.

Until o final report on this work provides evidence to the contrary it
appears that accurate reverberatory fumace models have to be based on the large
number of interdependent variables involved. Such a model would be very
impractical for day—to day operation because of the effort involved in measuring
oll variables frequently and accurately. Furthermore their evaluation necessitates
a digital computing machine. Such a model would probably be useful only for
particular fumace while any other fumace might behave quite differently.

I this study it was attempted to timit control varigbles only to those
that are available on g regular basis gt the smelter.  Since inputs and outputs of
materials are the only quantities that directly affect the operation of the converter
aisle, it was possible to develop a relatively simple empirical model based on

material balonces.
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There are two important aspects of the reverberatory fumace that have

to be represented by the model.  Fintly, matte of a given grode of copper is supplied

by the fumace. Since this is the primary source of material to the converter aisle

it has an importont influence on the oyerull performance of the smelter and had to

be modelled as accurately as possible.  Secondly the reverberatory fumaces receive

slag from the converter aisle. This is a more flexible but necessary process in the

smelter.  Figure 4.4.1 shows the model of the reverberatory which supplies matte and

produces slag. The rate equations shown are d;veloped in Appendix C. I
The reverberatory fumaces models are implemented on o purely digital basis.

Since both the rate equations for slag and matte produgtion are uniform and since the

availability of matte to the converters is given by a stochastic varigble, there was no

need for an anaclog model. All three fumaces are treated in o similar fashion. A

" number of discrete events were programmed that simulate the behaviour of the 'modcl if -

they are executed in a specific sequence.

Typically the event of an arrival of an empty matte ladle will trigger on
event which indicates when the lodle will have been filled again. If any event
that requires an operator respanse occurs there will be a feedback to the operator
informing him of the occumence of such an event. This is either done by a light
signal on the display board or by a typed message on the teletype-writer or the
tine printer. The meaning of the light indicators is given on Figure 4.1.3. Light
(4) indicates that matte is available, and when picked up light (5) will come on while

light (4) is tumed off. Light (5) is tumed off enly when a crone is instructed to



deposit on empty ladle at the matte tunnel. If no converter was ready to receive
man;, the lodle can be placed on the floor when light (6) is tumed on. Lights (1)
to (3) give information on the material levels ir'r each fumace.

When no operator or other action is necessary during a time span it is
passible to bring a sequence of minor events together into one larger event. This
event will cover a longer period of elapsed simulation time ond economises on
space and time in the programme. A small example will explain this:

1.  The matte cac starts moving to the tapping hole with an empty ladle

2.  The matte car arrives at the tapping hole

3.  Matte tapping starts

4.  Matte tapping ends

5.  The matte car starts moving to tha converter aisle

6.  The matte car arrives at the converter aiste with a filled ladle.

These six events can be combined into one event, namely event (6) which
is scheduled at the time that event (1) is just about to ogeur. It would not be
passible to combine these events if it is considered necessary for example to specify
the time that mahe fopping storts.

The availability of matte ond slog in the fumace are the two variables
that determine the input and output of the model. The availability of material is
represented by the level insteod of a volume megsurement fo conform with the
actual readings in the smelter. These readings are taken at intervals during
smel ter operation ond provide a measurement for controlling the smelting rate.

It would go too far to point out all the implications involved here, but

it should be mentioned that these readings are difficult to toke simply because the

N
-
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separation of the slog md matte layers & not distinct, Furthennore the bath is

surrounded partly by the chcuge banks causing the size of the bath to vcry

Estimation of the total quantity of molten material in the fumace is therefore .

SUbij"/* to some error.

e

—_—— A?i assumptions that were made together with o detailed descnphcn of all

=7 T T events mdvanables used to model mﬁa@&n’n are given in

J’

Appendlx-c.

e
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4.5 CONVERTER FURNACE SUBMODELS

[

The converting process was discussed in Section 3.1 where its functions of
converting matte (CuyS, FeS) to white metal (CupS) by axidising the iron and sulphur

was described. The latter product escopes as SO9 gas while the iron is removed in

the slag.

Mathematical modelling of the converter process is reported by Dudgeaon,
Nenanen et al. (D-3), Niemi (N-3) ond Nenonen (N-2}. In each cose models
based on heat and material balances are presm-ted. Krause et al . (K-2) have
propased a theoretical model to control the converter process by an on-line computer

but describe its implementation as economicdlly not feasible. Foremon (F-2) has

reported the im.plementatior.r of a similar control study based on a mathematical
model of the converter processes, which did however not prove to be reliable enough
for continuous on-line control because of process measurement pmblems._

Converter models can be based on heat and material balances to represent
the chemical process of converting. For the purpose of this study rhe converter
submodels should represent the chemical process of converting in terms of reaction
rates qnd quhrnql inputs ond oultputs. Thls means that the model should respond to
con tlro-'llcbl\e‘ .‘vorioblﬁés such as matte odditions, slag ralis ond provide end ';ointi
of Bllowing periods bt;sed on beot and material balonces. The functions of the converster

model are shown on Figure 4.5.1. The reoction rate equations shown_ are developed in

Appendix D.

T




™

72.
The converter submodel used in the smelter model is a mixed variable

mode] having analog as well os digital content. It was developed by L.K. Nenonen
of the National Research Council. '

Only a brief description of the implementation will be given here, o detailed
description of alt functions being given in Appendix D. \\\}

There are five converters each being represented by the same model.

There are thus five identical analog models and o number of digitel events
representing the behaviour of converters. At any time only four of the five
converters are operationai, the other being down for repairs to the brick lining.

Converters are represented on the display unit by six light indicators for
each of the five Furﬁaces. The functions of the indicators are given by Figure 4.1.3.

Based on the information relayed by the indicators the model c.aperutor can
control the converting process whenever his action is required.

Referring to Figure 4.1.3 light indicator (1) henceforth referred to as light,
sigr'liFies that the converter is in a matte stage if the light is on. The model allows -
a certain number of matte ladles to be odded to the converter at ony time during one
of eight possible matte blows. Light (4) is on as long as more matte can be added.
Once the Iimir is reached light (4) is off while -(l) stays on. In addition to the
light colours o;’ white, green Qd red, there are information togs as shown thch
re;nind the operator of the indn‘c;\:\ﬁr\\meoning. At the beginning of the first blow'nq

~ .

period @ minimum quontity of matte has'to be added to the converter before it can

~.

start the process of converting which is termed “blowing®, when air is blown through

the metal bath. Once the critical limit of matte is reached the or\uloé model

- i rcpr-esenrhg the process dynamics of the converter will start the convesting process,




BREES

and light (3) indicating the end  of a blowing period is fumed off. At the end‘
of a matte blow the slog that was produced has to be removed and returrr%:l to the
reverberatory fumaces by a crane. This state is indicated by light (4) of which time
the converting process stops,indicated by light (3). To remove the top layer of slag
from the metal bath, to skim slag, an empty ladle is placed below the fumace which
tums and pours material into the ladle. [f such o ladle is required light (5) is on.

At the end of a matte stage the 'model cperator will instruct a crone to pick
up a ladle of slag, pour it into a reverberatory furnace and refum the empty ladle to
the converter. The same command is repeated until all the slog is removed which
will be indicated by light (6) being tumed off while light (4) comes on, i.e. more
matte can be added to proceed with the next matte blow.

When discussing the crane models it was pointed out that at the end of the

waiting time ot the target the respective command is executed to update the model

* affected by the operation.

In this particular case ﬂ:e task of skimr-'ning a ladle of matte will trigger
the event "matte has been skimmed from converter No. 1",

’In executing this converter event the quantity of slag remo;;d will be
dedt.;;:ted from the variable repl.'esenting slag ond al;y other operation regarding
the converter model will be performed then. Similar events exist for every other
addition or removal of material . -

After adding one ladle of matte to the c'mv.erter in any blow other than
the first, light (3) s turned off and the converter blows until o given fraction of the

available iron in the bath is slagged off. Matte can, but does not have to be

added unti;.light {4) is tumed off. 'As are all other submodels the converter
/s
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models are protected from incorrect commands such as material odditions beyond
the allowable limit. Commands are illegal if the type of command is not compatible
with one of 15 possible converter states and is simply ignored. )

Whenever the copper content in a converter reaches a given minimum
quantity after a material addition,a message on the typewriter gives the operator
the option to end the particular last matte blow (the going-high biow during which.
a higher bath temperature is obtained) and proceed with a copper blow. Material
removal from o converter is allowable at the end of any matte blow after skimming
slag. The converter receiving the transfer-matte can be in the same state or ‘
blowing in a matte stage.

Slag can be skimmed during the going high blow which is indicated by
light (6) without reaching the end of a matte stage which is indicated by light (3).

Skimming of slag, once the end point is reached, is performed as in other matte

blows except that the last ladle of slag is poured in another converter in the

matte blow. This is because of the high percentage of copper in the slag.
Following this, lights(6) and (1) will be tumed offmd Irighls (2) and (4)

tumed on. At this point the model re’éuires the odditlji;n of flue dust before the

end point Iighl._(3) is tumed off when blowing in the c“o;)b;r_st-og‘é commences. \

- During the copper blow the converter model requests oddition of col&\coppor - \

| lumps {pigs), indicated by light (4). ;‘M the end of o copper blow (I|ghl(3) on),

a skull has to be odded (light (4) on) before the blister copper produt.';dam be

removed (light (&) on}. After the copper is removed and tronsferred to on anode

fumace or poured in the pig bay a new converter cycle starts.

' Other than the materials already mentioned copper scrop and reactor slag

can be odded when avgilable to converters in the matte skage.

)



The response and demands of the converter models thus correspond very
closely fo the actual converter operation while the duration of blowing periods are
provided by the process dynamics in the analog converter model .  After addition

or removal of material the analog model is reset to process the given quantity in

the fumace at g rate determined by the rate of air flow through the converter bath.

L

“r

Strip chart recorders are used to show the quantity of Fe$ in the fumace

during the mc.mc stoge and CU>S during the copper stoge. Examples of these will
be shown in Chapter 6.

\End points of blowing pe‘riods are relayed to the digital computer model
in the same way as the end points of crane tusks namely by the change of the logic

signal of a comparator.

Digital models provide converter breakdown events and indicate the need

for collar pulling after a given quantity of material has been blown.

P )
= )

=g
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4.6 ANODE FURNACE SUBMODELS

The final process of refining blister copper in the anode furnace is one
of oxidation or reduction. This is accomplished by blowing either air or natyral
gas through the anode furnace, which is a large cylindrical vessel, holding 15
or more ladles of blister copper. There are®hree anode fumaces, one of which
(f4) employs the method of poling when refining. Batches of blister copper from
converters are poured into the fumace until it is full or near full. A refining
period is preceded by skimming of slag from the fumcce. The decision to shart
refining before the fumace is filled con be made, which is usually only done if a
long delay is expected before a further batch of copper becomes available.
Refined copper Hows out of the back of the fumace and is cast into anode plates

on one of two anode wheels. Some time after the end of casting the fumace is

again ready to accept copper. A short description of the implementation follows.

There are three light indicators on the display unit for each anode fumace;

2>

the state each one represents is given by Figure 4.1.3.

The anode fumace models request addition of copper until they are filled.
-

After every addition respective events update the quantity of copber. No action
will take place once a furmace is filled until a command for removing anode slag
and one to start refining is given. These commands can also be issued before. the

——

fumnace is filled to capacity. The'end of the refining process is indicated by the

“ready" indicator which will be tumed off when a command to start casting is

issued.  Some time ofter casting is completed the indicator “copper con be odded”

"“;77 - . : p
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lights up again, and a new refining and casting cycle begins. The duration of the

refining and casting processes is. given by the furnace content and uniformly
distributed rates for each process. Again illegal commands occur if commands
concerning the anode fumace are not compatible with its state ond are ignoced .

Further details on this submodel can be found in Appendix E.




4.7. MISCELLANEQUS SUBMODELS

Apart from the three main fumaces ond the overhead crones for material
handling there are several other'units,- processes and locations that have to be
accounted for in the mode!. These models are purely digital models and are briefly
described below. Further details can be found in Appendix E.

Pilot Plant Submodel

Located ot the north end of the converter aisle is a pilot plant for a
continuous copper smelting process. It produces so called reactor slag and copper

cakes which are lumps of coéiper cast in molds. Slag is picked up by a crane and

poured into a converter in the matte blowing stage.  Copper cak‘es are used for the
same purpose as p"ugs are in the copper stage of .converters, for cooling purposes.

The model ut.ilises three light signals to indicate the availability of slag,
coppeb;és and the need for an empty ladle. Slag and cakes are produced in
the model ot varying intervals,and when available an appropriate command . to or
crane will allow the removal.

Prototype Plant

This process is shown as a future continuous smelting unit on the floor plan
of the smelter, Figure 1.3.1. As H}e name suggests it is an advanced version of
the continuous smelting process md/began operating during.!he later stages of this
study. A digital model makes provision for including its operation in. the overall

model. |Its effect was, however, not included in the results described in this thesis.

"
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Blister copper is poured into moulds in the area marked pig bay to produce
lumps of cold copper required for cooling in the converter copper blows.

The model of the pig bay records the number of pigs ot any time. If
fresh pigs are cast a light indicator shows when these have cooled sufficiently to
be removed.
Pig Pile ﬁ

There is an area at the north end of the aisle where copper pigs are stored,
if removed from the pig bay. Pigs are usually only taken from the pig pile, a
safety stock, if there are no pigs left in the pig bay. The mode! of the pig bay
records the number of pigs ondvollows additions and removals.

Bumping Block - Ladles - Skulls

After a lodle has been used several times a solidified layer deposits and
is removed by using a crane to bump the lodle against a large block. Before this
is done the ladle has to cool for some time. The loose crust is called the "skull®.
The submodel! for the ladles provides a counter for the usage of ladles. A light
at the bumping block signals that bumping is required if the usoge of ladles reaches
a given value.

By a suitable command the operator con cause "bumping”. If thera was
no ladle at the bumping block a signal shOWir-tg t’n(;t there is a "ladle to be bumped®
would be off. . The command for bumping could not be executed in that case.

The number of skulls ore updated whenever ane is odded by bumping, or removed

by a crane.
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There are no models describing scrap or flue dust availability. It is
assumed that there is flue dust available when required at the beginning of the

copper blow, ond scrap can  be picked up at the north end when required. The

amount of scrap processed in reality depends on its availability which varies and

is not significant in the overall model.




2:0 MODEL VALIDATION AND CALIBRATION

5.1 VALIDATION OF SIMULATION MODELS

Although the stage of model validation is treated in o separate section
the processes of model building and verification are closely related. Every step
during the model building phase was tested and verified against the postulates on
which the model was based.

Once the overall model was operating, wvalidation and modificagtions to

improve the model formed an iterative process until a satisfactory performance was
oy :

obtained. The isolafed treatment here merely serves to identify the distinct process

of validation.

Van Hom (V -1) stresses the importance ok this stoge and summarises the
reasons for the difficulty of validating simulation models by saying that "simulation
offers the most flexible and realistic representation for complex problems of any
quantitative technique”. He gcﬂg’;jon to say: "Thus, many of the aspects that make
validation difficult for simulation also give validation a great‘ deal of importance . "

Much attention is given to the problem of testing a simulation modgl in
all texts on Modelling ond Simulation of Systems or Processes. While no general
procedure for validation of all types of models con be given most authors propose a
similar approach. It should be stressed that a valid model is not one that duplicates
reality but one, that meets specified design requirements. |

)

A \x’\igm (W-1) proposes the following hierqrchy of stages involved in
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developing a valid model:

1. Postulates _ . , !
2. Fitting .
3.  Calibration

4. Identification

5.  Validation . _ -
He points out thot as the model is developed each stoge can compensate

for any errors of the previous stages and cmsemciuently the process of validation becomes
more difficult. - )

Identification ensures that no deductions are made from the model that it

ot able to rg_liolﬁly produce. In other words the detail of the model should be

consistent with the historic data available. This \shoge is of particular importance

b

in developing regression models.

Nd);lor et‘ol. (N -5) place the emphasis on the third of three phases |n

" verification of computer simulation ek,.c;crimenh, namely on forecasting. The first

two stages, the formulation of p;mlutas and testing of the postulates ;:re essential

in building a model but do not guarontee valid results. The ability of a model to

predict the behaviour of thesystem under study .is considered the ultimate test of a

simulation model ., - \

| Mihram (M4, MqS') makes a clear distinction between verification and ' j.
vdl.idation stages and includes both in on iterative process of model development.
This was pointed ou"gurlier. Verification ensures the validity of the progmmm.f:l

logic whereas vqlidctjon determines the correspondence of the real system ond its

model ,



To ensure validity of the smelter mode! four stoges of validation wers
considered.
f 1. Verification, or testing of the validity of the model.
2.  Calibration of individual submodals.
3; Validation of the model using oéeroting records .
4. Predictions of model compared fo response of actual system.

The separate stages of validating the model will be discussed in the
next sections. | _ ) .

Before legving this section mer;tim should be made of the generation A
of stochastic processes.

Rendom variables are used extensively in the model and have a significant
influence on the validity of the model. Both uniform and normal distributions are used

to represent process behaviour. During a simulation run rondom samples are drawn

from the distributions to produce typical values of stochastic voriables.

/)

The gensration of pseudo random numbers is treated in most texts an
simulation of stochastic processes (M—4,N -3) and will not be discussed in dekil. In
this study a random number generator tailored to the‘EAl 640 is used. It is bosed cn
a multiplicative cmr@lid relc;timship and produces di;rmdan number in the —
interval 0.0 to 1.0. The function routine used (I -1) is shown below where 32767
corresponds to the maximum word sixe of the digital computer. I} is guaronteed
to produce a sequence of 202 numbers without repetition, wheren =16 Is lhc number
b)inary bits in each word on the EAIS40 digikal computer.

| FUNCTION DRAND (1Y)
Y = Y * 259

9
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IF(IY)5,6,6
S I = Y+ 3767 +1
6 YFL = IY
DRAND = YFL/32767
.? RETURN -
END
The density function of a uniformly distributed varigble y in the inrarvul‘
(c;, b) is given by !

fy) = a <y <b “ eee ()

L

b-a
= 0 otherwise

Values of the variable y are'generated by drawing o r;ndqm number r in the range of
0. to 1. and converting it accorBing to:

y = tb=) +a ‘ v @)
This operation is performed in the simulation model by a function routine with two
arguments, the upper limit of the distribution B and the lower limit A.

FUNCTION UNFRM (A, B)

COMMON ISEED

UNFRM = A+(B-A) * DRAND (ISEED)

RETURN |

END

5
in a similar way o normally distributed variable can be gensrated provided

the mean and the standard deviation of the distribution are known.

The density function of a nommally distributed variable y is given by:



) _%[-uz .
foy) = 1 ... (3
Ve i o

where uand o are the mean and the variance of variable y.

A method suggested by Box and Muller (B-2) is used to generate g
normal deviate y dimctly/by using two random numbers. This is suitably
performed by the Following?fnction routine RNORM.  Arguments bei ng the meon
of @ normal Zistribution and the standard deviation.

FUNCTION RNORM (XMEAN, STDV)

COMMON ISEED

RA = DRAND (ISEED)
RB = DRAND (ISEED)
V. = (2.0*ALOG(RA)) ** .5 ¢ COS(6.283 * rB)

RNORM = Vv *STDV
IFRNORM + 3. * STDV) 6, 6, 8
6 RNORM = 3, *sSTDV
7 RNORM = RNORM + XMEAN
" RETURN
8 IF(RNORM - 3. * STDV)7,7,9
? _RNORM = 3. *sTpV
GO TO7
END
To canserve memory space however, o shorter and foster routine is used
which is based on the Ccntml_l.imlt;hcorem. A detgiled discussion of this method

is given by Naylor (N-3). .1t consists of finding the meon of o somple of twelve
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wniformly distributed numbers which is then transformed to give o normally distributed

value. This is performed by the following function routine:
FUNCTION RNORM (XMEAN, STDV)

COMMON  [SEED

S = DRAND (ISEED)

1 A= A#S
RNORM = (A-6)* STDV + XMEAN
RETURN

END

At ony time during the simulation a distributed variable is thus obtained

simply by calling the respective function subroutine generating a uvniform or nomal

i

variate and specifying the two characteristics for each distribution.



5.2 VERIFICATION OF THE MODEL

This stage is discussed by some authors under the topic of &"ﬂidatim.
It includes checking of the programmed logic, i.e. computations performed in
different submodels are checked as it is done when debugging a regular computer
progremme . Debugging of analog mo\d\els is done conveniently by obsew’irrr)g s
pr‘ocess variables on display facilities during a simulation run rather than analysing
results at the end.

Due to the interactive nature of this model, however, g completely
verified model could still produce erronecus results which are not due to

unsatisfactory calibration.

The operator controls aspects of the simulation by issuing commands to
which the model responds, hcorrect. commands due to g typing error or o decision
error can thus also produce erroneous results if they are not detected and corrected
before’ execution by the model .

To avoid these errors from occurring built in checks ensure that every
command entered is legal, e.g. material can only be picked up at a location if it
is available ond con only be tmnsforled;ho a fumace if the fumace is ready to
receive it. In a similor way a broken down crane will not accept commonds from °
on operator until it is operuﬂonoi ogain.

Theu ducks at all submodels thus ensure that the logic of the cperator,
who is part of the simulatian, is correct.

During H\e\‘pnocén of verification various assumptions hod to be modified



since they prevented the model from operating in a realistic manner.

A good example of this is the logic of resol ving conﬂictﬂwg crane
operations. hitially certain postulates and assumptions were mode as how to
represent the operation of the cranes realistically. When running the simulation
model it was observed that the crane submodels performed tasks in o different way
than observed in r?oliry. Changes in the logic had to be mode several times until
a satisfactory operation was obtained.

Thus verification included not only checking whether the model
performed what it was programmed to do but it also included verification of
the postulates put forward .

The extensive display facilities of the simolation model proved to bo
very useful at this stoge. .Mosr of the processes could be observed during simulation
and compared to the behaviour of the system (8.9. crane movemenhs as described |
cbove). In oddition to the visual display a line printer provides information an
any ane or all submodels at any stage during a simulation run. This information
is obtained by the command INFO followed by a component code. (Tho type of
information provided is discussed in the detailed description of the submodels in the
Appendices.) While this information is used frequently during simulation it was used
extensively during verification and validation. In addition thers ore typeouts in
most submodels shat can be caontrolled by setting one of eight sense switches an the
digital console. The information is thus prc;vidod every lime a state change occun
in a particular submodel.  Appendix F lisks the functicns of the sense swilches.
Apart from consulting operating people constonHy during the validation period

. £
experts from the smelter were invited twice to obssrve and criticise the logic and

©
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accuracy of the model. This aspect &s particularty stressed by Maisel and Gnugndli
M-1). The involvement of operating experts was useful in particulor here whaere

the model of thescperator was part of the overall simulation model .




5.3 CALIBRATION OF THE MODEL

™
.

A this stage the model was verified and assumed correct. This
statement does not mean that from here on no changes to the programme logic
were mode. When calibrating the model, variables were cssigned values based
on the available dato. - If it was found that the madel did not produce the req;Jired
results further data was uso;.l fo.impmve the model. If the additional daty still did
not provide a satisfactory model, the model had to be ree:‘cuminedond improved
in on iterative fashion as described before.

However, for the purpose of describing the process of calibration, this

aspect will be treated separately, assuming that the model was completely verified.

Operating data from the plant was received in different forms which are *

¢

listed below:

|
i

(1} Daily Reyerboratof)l( furmoce shift reports

(2} Reverberatory fumace No.3 control reports |
(3)  Reverberatory fumace log book

(0  Converter shift reports

(5)  Individual converter reports

6 Canvrter log book

N 'Co;warter air flow charts

(8) . Anode fumace rep§rB

(9)  Doily smelter reports

(10) Weekiy smeiter control reports

-9 -
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In addition to these records three field studies wera&onducted during

“which operating data was recorded for all crane activities, for the operation and
performance of several shifts and for particular precesses such as matte tapping.
| Other data -such as break down shatistics, weights, locations, durations
of tasks etc. was supplied by Noranda upon request.
Details on the dats required for particular submodels can be found in
the Appendices where the mdwlduol models are described.
The extensive amount of dato .avmloble was anclysed and fitted to thar:.‘
models.  Care had to be token in analysing statistics of some processes to ensure
compatibility with the mechanics of the respective submodel. An example will

illustrate this point. Statistics on matte tapping times showed a normal distribution

of tapping times except for some values that fell outside the range of all other

variables. .

| These long delays in matte tapping are, however, taken into occount
already in the model and had fo be filtered out of the distribution which was then
used in the model to gef;erare intervals for matte tapping.  Calibration of the
converter models was given most attention and involved variations of input vuriobl.u
such a3 air flow and oxygen efficieﬁcy for each unit while the blowing rates, ond
slog formation could thep be compared against converter operating statistics.

Other models were calibrated in a similar way by comparing output
variables of the models against operating dota. If n—o Emespondcnca existed, control
variables were changed within allowable 1imits to produce the required ogr eement.

In some coses the interaction between processes prevented isolated testing
of processes which was then done as part of the overall validation of the model a3

described in the next section.

’



5.4. VALIDATION OF OVERALL MODEL PEREORMANCE

While the validity of individual submod;els is essential, it does not (‘
ensure the volidity of the overall model. Interactions occur between processes
which cannot be predicted.  In addition the decisions of thé simulation oparator
produce resulls that will not resemble operating data unless the decisions are
based on the some policy that is empléyed in the smelter.

During field studies detailed records of five 8-hour shifts were
obtained which included data on all process states crone activities and converter
foreman decisions. Being able to copy the latter o3 closely as possible is on
important prlerequisihe to simulate the actual operating canditions. In fact it
became evideat that it takes some training to become an efficient model operator.

\ Before describing the validation runs a brief descriﬁtion of the operating

policy of the converter foreman will be given. The smelter is run on an 8-hour
shift schedule during which time the converter foreman essentially has control over
the running of the smelter.

Wi.th four converters in operation at any time the converter fonzm
charges matte into the converters during distinct matte blowing periods. At the
end of each period slog Is skimmed which Is retumed o the reverberatory fumace.

To proceed to a copper blow matte from one converter is tronsferred
to another to give a large ‘enough charge to start on a copper blow. Important in
this process is proper liming..of transfers to reduce idle times of converters to a

minimum while ensuring that matle requirements are uniform. This policy for
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controlling smel ter operations is termed the "matte tronsfer® policy in contrast to
the “no rronsfe;: policy that is discussed in the next chapter,

This scheduling task has to be performed by the model operator during
a simulation run to match tl-m actual performance.

To compare operating data with results of simulation runs it s essential
.to run the model under identical conditions. lnitial conditionyof processes were
calibrated to correspond to that of the field study. However, the decisions of
the model operator, if different to thase of the converter Foreman of g particular
_shift will not satisfy the requirement of identical conditions. . -
The detailed data of three shifts obtained in March 1972 was drawn

up as an operating sheet and used for the va,lidation runs os a shift plan. I this

way the model could be run under identical conditions including the human decisions.

Figure 5.4.1 shows results of ane 8-hour simulation run compared to
actual operating data based on the matte transfer policy. '

. . Further operating data for operations under the™o matte transferpol lc}
were obained in March 1973.  While this policy is d-iscus:ed in Chaptér 6, Figure
3.4.2 is presented here to show the close correspondence of simulation data and {
operating data as obkained from the differer;t ope.ruring ;'>olicy. lC)n the two Figures
material additions and removals and proc‘es.g end points are c;rnmmd for each
converter.

The upper row shows si@lutim results while the lower row corresponds
to the operating data. Matericl additions m! = matte, th = tronsfer motﬁ, fd =
flue dust, pg = capper pigs are shown on the lower line while material removals

il = converter slag and cu = blister copper are shown on the upper line. Other

-
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material additions that occurred (reactor slag, scrap etc.) are not shown on the
diogram.

The correspondence of simulated converter operations with data

“from the real operation was improved to a satisfactory level by odjusting

coatrol variables such as blowing rates and service fasks. At this stoge furﬁwr
data for matte tapping times was also obtained because of the important influence
these distributions have on the availability of matte.

Apart from ensuring cormrespondence in the time history and material
requireme‘ﬁ:ts of converters as discussed, data generated by the model was compared |
with actual datg not yet used in calibroting the model. For example it is expected
that the slag ond matte levels (these are generated by the mode!) in the reverberatory
fumaces change enly slightly during an 8-hour shift if an average throughpu? of

matte is obtained. Also the ratio of slag to matte from o converter is generated by

the model and was compared with operating records. The amount of matte processed
and the quantity of copper produced are, however, the most important measurements
of validity since they are the result of all interactions of the system submodals.
While results of the validation runs above were in close agreemen! with
actual data, exact duplicofion was not expected. The stochastic elements of most
models prevent individual events from happening in the same sequence as they were
recorded in reality. The matte tapping times for exomple are obtained from normal
distributions in the reverberatory furnoc—e submodels. While in reality & crone
could have been free to move the material w-hen it became available, the simulated
availability of matte could occur at an earlier or later time when the crane of

converter status could have been different. In 5irrploiing actual operating

4
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conditions, ‘that is following opgmthg decisions in detail this situation could cause
an unnecessary delay. -

The over;:ll effect of such random variations will, h'owever, not affect
the results if I.mg enough ‘operating periods are simul.ohad based on fre; decisions
of the mode! operator. When simulating several eight-hour shifts the average
performance in terms of matte proc?ssed'ond copper produced can be compared.
The high variability of both quantities is discussed in detail in the next chapter,
Both in reality ond in operating the model, the end of an 8-hour sh%ft could come

a few minutes before or after a converter is ready to be filled with several ladles

of matte which could offect the shift performance by over 10%. However, if.

the average of se\;;:ml shifts is used this effect is minimised. Two sets of resull

are compared one for the™ransfer policy®in 1972 and one for. the'no trensfer policy’in
.1973 Flgure 5.4.3 shows achml matte production for consecutive shifts expruud

as a percentoge of the average for the month in which operating data was oblulnod

On the same graph simulated’resul s for matte production during 9 shifts are
shown which were based on operating conditions of the some period. it can bo
seen that while the variation is of the same order the mean pf the H\roughput ls
*slightly lower. Flguro 9.4.4 is a similar groph showing |ho mum throughput
when oPQrPﬁnq under the"no tronsfer policy'.. Details of these re‘:ult: are discussed
ina diffgm;t context in Chapter 6. Th; results are prosento& her; and show that
the model is olso"ec;qulo of reproduché operations under the changed pdfcy.
" The average simulated vulue: here correspond more clossly to the actually
ctsarved volues. The reason for this seems 1o b the muc simpler task of

Ope;'dti)g the model efﬂr-:hnffy under the"™ho tronsfer pt;licy " The tronsfer
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policy requires more attention and experience to be hondled efficien Hy which

is reflected in the lower average shown in Figure 4.3.4.
A vital role was played at this stoge by operating personnel . The
model was operated according to instructions from operating people who
assessed the response of the model. Many comments and queries indicated
points of improvement which were implemented where necessary. This process
ensured that the model operated to the satisfaction of operating persoanel, which
ensured their confidence in the model . Furthermore the role of operating people
as model operators could be studied to be immitated for Further simulation runs.
“The fourth test of validity, the ability of the model to comectly
predict the response of the system to specified inputs will be discussed in the

next section.

a
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6.0 MODEL ANALYSIS AND RESULTS BY MAN UAL CONTROL

6.1 APPLICATIONS OF THE MODEL

Having established the validity of ‘the model it was analysed o provide
information about, and insight into the system it represants.
It was pointed out in Cﬁopter 3 that the mechanism for improving the
performance of the system wos to be constricted to changes in orgonising, scheduling
| and control procedures. In other words the basic pr“ocesses were fixed. The modsl
could thus be used to analyse the following aspects of the system:

1.  Improve converter scheduling
T

2. Improve crane use

3.  lmprove plont layout

4.  Investigate extension ‘of tho‘plont of capacity increass of
some processes.

5.  lnvestigate effect of the startup of a continuous smelting process.

6.  Investigate sffects of changing the matte grade to increase
throughput.

7. Study the use of the model a3 @ training simulator for operating
personnel .

8.  Study the possibility of developing an ;'.n-linc smaljter control system.

For the purposs of this study the first and the last points were the most

interesting to investigate, as they relate directly to the control of the system. Using

-j02 -
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the policy of "matte ﬁsfer' described in Section 5.4 it proved to be difficult
to run the model efficiently ond it was felt that a'ho-matte transfer policy"could
provide the same or possibly a beﬁerrproduction. This is discussed in Section 6.3.
As it tumed out later this policy was implemented for o irial period
in the smelter and pugovided further information on the validity of the model as
discussed in the previous chapter.
The investigation of éoint 8. is discussed in Chapter 7.0, The other
points listed were not studied systematically, olthéugh some mention will be mode
of point 2. in this chapter. -h Chapter 8 further reference will be made regarding

point 7.

- -
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6.2 MEASURE OFQREREORMANCE OF THE SYSTEM

To evaluate a simulation run of the model o meanine of performonce of
the system has tc be estgblished.

When validating the model it was poseible to compare individual system
and simulation results directly. However, when Ir ying to improve the performance
of the model it is necessary to establish a function that represants the overall
profitability of a proposed scheme or policy change.

This expreﬁion is generally termed rhe objective or cost-function in
optimisolion' studies. It reflects the profitability of on operation and i expected

to increase as the efficiency of a system is increased. The aim in improving the

system operation is thus to maximise the objective function. For o shationary

linear system it can be represented by:

U = S:I; xg ceee 1)
L :

where x; = quantity of product or matesial > 0 for i=], n
b o= coefficiontatrlbuﬂm towords the objective
To measure the performance of a dynamic system the objective function
can be defined to reflect the performance of the system during o time interval . 8y’
recording the performance of the system at equal time intervals it is possible to

oblain @ measure of performance for the system.

- 104 -
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i.e. U(fl) = itl li(fl) xi(fi) i = 0,1 ..Af. ....a)

where U (ri) represents the performance of the system in the time interval (ti-ti -
Ih practice such a measure of performance is usually the profit of o
system and would include all lobour costs, overheads, energy costs, material costs
which will offect the profit realised in producing copper at a given price.
The system modelled here does of courss not account for all these factors,

and an exact cost function for the smelter system with the given boundaries would -
be difficult to establish.
In the absence of such information the objective function of the system

can be represented by:

Uy = }: 1) i (1) + € * (6 = k) @

_ where C is a constant and its effect on the objective function only dependent on the

time interval for which U(ti) is evaluated. If this interval is kept constont then
Cat includes all fixed costs of the system and other costs which are assumed 1o be
conston? over given operating periods. °

The quantities contributing to the objective function are all materials
entering and leaving the system. All uncontrollable variables are incorporated in
ca t and are thus essured to make constant contribution fo U(t). Materials that
are considered in the mode! are:

Materiol leaving: 1. Anode copper produced

2, Reverberatory siag
Materials entering: 3. Matte

4, Flux



-1

3. Heat
é. Air
Materials such as copper scrap, reactor slag and others ore assumed
to enter the system at g uniform rate and are thus also included in C . Although
these materials arrive in discrete batches at irregular times this effect can be
approximated by an average uniform input over longer operating. periods.
Furthermore the quantities involved are small so that no significant error is
introduced by this assumption.
The amount of flux, heat and air put into the system and the amount
of reverberatory slc;g removed from it is proportional tp the amount of maMe of a
given grade processed .in a given period of time, thus their effect can be accounted
for in the coefficient for moﬁe which will be 12 while that for copper 17.
This gives: |
U (f") = i) x(k) - lz(ti) x(f) - C & B R { )
When considering inputs and outputs to the system only the levels of in-process .
materials are assumed to remain con;ront with time. The inpiicorims lof this

ossumplioﬁ are discussed below.. For constant time Intervals such as an 8-hour

shift the term CAt can be eliminated to give o relative pov&omnncc of the system

4

.only dependent on the matte ond copper production.

R(t) = 1) xj(t) ~l2(y) ;\z\(']). eeeal9)
This equation will, however, produce a highly variable poffo‘_ﬂmncc index for
mainly four reasons. Copper is produced in one of the three anode fumoces in
batches of severgl hundred tons at intervals of around 12 hours.  These

discrete batches reflect o copper output that oppears to be rather irregulor even ot
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daily or longer mtervuols.

(i) If the copper output is based on the rafim;d.‘nnode copper cast, which
is the final output from the system, then axtremely large fluctuations
would appear in the performance. O

(i1) Furthermore the storoge of copper in the system in for;n of copper lumgs
(pigs) couses on apparently lower copper output that will only be
removed if long time intervals are considered such a3 g week or more .,
(It was assumed obov.e that in-process material levels remain consiant).

(iii)  In general process cycles require additions and removals of discrete
batches of material which lead to fluctuations in the obov. performance

criverion if evaluated at short time intervals. 4

(iv)  There is a considerable time lag between the input and output of

material that is not reflected in squation (5)

A simple solution to this problem would be to simulate longer cperating periods which
was done to obtain relioble figures for average production. Since the simulation of
one 8-hour shift tokes about one hour on the model, it was still necessary to cbiain o
relicble measure deﬁcc for that time interval which is a more convenient
(Simulation run than a 24;hour period for a full day.

To obkain o measure of parformance for a pariod of 8 hours the only
useful quantity to measure is the amount of matte procmed since it doas not suffer
from the shortcomings discussed obova To eliminate x| from equation (4) the relation

x; = by +K - ' cees (6)
can be used which merely states thot the amount of copper produced is proportional
to the amount of matte processed, of a fixed grode, plus o quantity K which caomists
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of Copper Scrap, Reactor copper, etc. This quontity was assumed fixed for a given

time period and we thus have:
Ry = =0 [k - tag)] + K e .,
o R(5) = xt) Lp cerr(8)
Equation (8) thus states that the relative parformance of the system is given by the
amount of matte processed during o given time interval provided the matte grode
(% content of copper) remains constant.

This rcn{!t will seem obvious and does in fact reflect one of the
measures of performance in the smelter, namely the amount of matte pro;:e:ud
per 8-hour shift or per day. The amount ofn copper produced is also quoted, but
it becomes only meaningful if considered as an averoge over g lcnge.r period of
time such as a day or a week.

Over the longer operating periods variations in the matte grade con be
more significant making the measure of matte throughput less useful unless it is
combined with the corresponding copper producllon;

Al though the mm'grodo can chonge considerably even during on
8-hour interval this is rather uncommon and can safely be assumed constent.

The analysis thus shows the assumptions that are mode when using the
matte production as a performance index. Even with the 1imitations it provided a
good measure for predicting the effect of on impw operating policy in the
smelter,

Considering all the assumptions the result of the analysis above might seem
of little value. Becouse of the need for @ measure of performonce which con be used 1o

compare simulated and real results the above measure was chosen rather thon an index that
provides a good measure of performance for the model but Iy not directly q:pllcnblo to the

system,

4
,
i
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6.3. MODEL RESPONSE TO "N O-MATTE TRANSFER® POLICY

The effect of operating the smelter without transferring white metal between
converters was of particular interest and was the first oreg to be investigated.

It was pointed out that the transfers were made mainly to be able to schedule
converters properly, such that at any time two converters are on o matte stage, the
third being on a copper stage while the fourth is getting ready to go on a copper stage.
In the “no transfer policy” matte is added to convertefs during the cbnsecutive blowing
periods, while slog is skimmed at the end of each. When o converter contains enough

material it proceeds with o copper blow.

After simulating several shifts o good policy for conh:anﬁg operations was
developed and it oépeored that the matte throughput could be increased. Figure 6.3.1
shows the matte throughput as obtained by. the two different methods. ﬁn simulation
runs were based on the data of March 1972.  An increase of the averoge matte throughpyt
is indicated in the order of 6-7%. The voriation of matte throughput is of the some
order as found in reality and it was realised that the significance of the @ll as given
by a student"s t-Test would be low even if more simﬁlution runs were performed.

The reasons for this were discussed in the previous section. |

The willingness by the smelter management to give this policy g trial run In
March 1973 provided an opportunity not only to prove that a predicted increass in
prodt:lction could be achieved, but also served to further validate the model. The
ability of the model to accurately respand to different operating conditions haod yet

to be praven, which represents the fourth test for validity of the l;ld.'.

- |09 -
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The results of the Field test are given'in the next section.

Based on dein obtoined in March ]973, several shifts were again simulated
6cco;dirig to the two different polibie:. The re.ﬁ:lts are presented in Figure- 6.3.2
"and show a simitor difference in the throughput of matte which is of the order of
4-5%. -

Figurg 6.3.3 gives a comperison of process statistics for two 24-hour simulation
runs with identical initial conditions based on the two policies. As expected the
usage of ccnvertv,‘r.:‘ for refining has incr?osed while the non-blowing times decreased
slightly . T.his -I:esult: in the increased throughput if sufficient material .is available
or;d if crane ‘se'rvice is notag i'esh"ici;ng factor.

" Figures-6.3.4 and 6.3.5 show the full simulation reports at the beginning ond the
end of a no-majte tr‘unsfer:s;muloﬁm wn. The meoning of the variables of each process
that appear on these reports Is given in Append-iq_os B-E where individual submodels are
discussed. - Figu; 6.;3.L6 gives the converter blowing states as recorded on siripchart
recorders. Again two sir;\uiotiog\ runs for 24-hours are presented for sach of the operating

policies. ‘ |
‘ The stripch:ﬂ rocordsshow the amounl.of FeS5 and Cuy$ in the matte and copper
blows .res;ﬁectivﬂy. In o matte sfogc several batches of matte are represented by the
qucntlt)a of FeS whuch diminishes with tlm asa proporhonul amount of slog s produced.
The slog sksmmlm periods comespond to a zero Fe$ level which s followod by onother
| batch of mano oddlﬂon (The incum-nts cohqsmd to lodle odditlom ) The start of
refining in the c_q:por stage coincides with thc flue dust addition ond ends when oll of
the CupS has been cxidised to copper.  After o skull ks odded copper is skimmed o
complete o _comnriu cycle. The 'spuchg ofl cMM ks shown. The no mm tronsfer

policy did not produce any irregular effect in foct it was pointed out that @ uniform

operation was very easy to malniain.

q
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FIGURE 6.3.5
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SIMULATION REPORT AFTER SIMULATING
THREE B8-HOUR SHIFTS
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6.4 SYSTEM RESPONSE TO "NO-MATTE TRANSFER" POLICY

In March 1973 a tricl run ﬁtlthe smelter was underioken which was to
establ iS}:l the advontoge of operating without matte transfers.

It should be pointed out here that the "no matte tansfer™ policy is merely
a generol policy, it does not imply that white metal should never be tronsferred
belwceﬁ converter fumaces. If dve to a bregkdown or some other delay two
fumaces were operating almast in phase it would be advantageous to parform a
transfer.  This would bring the one converter back Io ithe beginning of a cycle
while the other would be odvanced to a later matte blowing period. I this

way the cycles of the four converters could be spaced if necessary by a tronsfer.

et

Under normal operating conditions this spacing is done by varying the charge.
sizes in converter cycles. Good spocing of converter cycles is essential to
ensure both a uniform need for matte and to avoid ony ‘hwo converters requiring
major service at the same time.

The trial run was successful ond matte through_)ul based on the no matte
tronsfer policy could be increased olmost immediately.

Operating pcrso;mcl found it relatively easy to odiu{fo the new policy.
After 24 houns, whon edch_oporutina crew had completed one shift based on the .
new policy, production increcsed beyond the previous average. Figure 6.4.1
shows the matte:throughput 10 days before and ofter the change -over expresed
in terms of the average of the first ten days. An average increase of 6% in
matte throughput wos ochieved over that period. This changse is significont

’ o-w7-




8.
since production before the change was considered at o high level. "Also, the

Qeekly avernge of matte throughput reached the highest level ?ver ateined

until then during the fist week. While the initial 1‘0 days of aperation do not
reflect any long term effects they show the potential of the policy on a day to
day basis. Figure 6.4.2 shows the copper production in the same period.
Copper is produced, this was pointed out before, in large batches and shows

@ considerable variation for that reason.  For this reason no conclusive evidence
of an increase in copper output is provided by this plot but some mam Is
indicated. A somewhat lower coﬁper output would also be upoc@ in the
ﬁnt?eek because of a lower matte grade that was supplied in that period.

The long term effect of the policy change is shown in Figure 6.4.3.

The weekly matte throughput for 1973 is plotted as @ percentoge of the 1972
averoge. This bmgs was chosen to eliminate the effect of the low matte
throughput in the first weeks of the year. Excep! for the sixth after
changing to the new policy when the smelter was shut down for 7 1/2-howrs a
very uniform production was achieved. Using o cmr;ctod value of matte
throughput for that week the average of the 7 weeks of no tronsfer policy is 2%
higher thon tha 7 weeks prior to the change. Compared 1o the 1972 average
the increase is 6%. |

The trial run was initially plonned f& 48 hours and was later extended to

a week, when it was decided that the new policy should be odapted.
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6.5 DISCUSSION OF RESULTS

By changing operating policies or input varicbles of the mode!, the model r
is not changed and thus provides a basis for comparing results of different experimen sl
runs.  1f, however, a particular chonge is to be tested in the real system it is
important that the basic system is not affected by the proposed change. If the system

changes, predictions would have been bosed on q different ;nodel and connot be
expected to correspond with results of plant tests,

It was suggested that the no-matte transfer policy could result iﬁ a lower oi;

flow rate in the converters due to larger heads of liquid in the converter. This would

odvenely affect the reaction rates.and reduce the refining capacity of converters. In
the converter models g fixed air flow rate is assumed.  This aspect of the converter
model would have to be a function of the liquid heod In the fumaces if such a relation-
ship was observed.

Air flow charts of the trial period were analysad for this effect but no
significont lowering was observed. A slight drop in flow rates occurred towards

the end of a matte blowing stage but the overall effect was insignificant.

There were two further changes in the system when operating according to i
the no transfer policy that wo.n not occounted for in the mode! when simulation _ ‘
experiments were run. ,

1. During the second week of operation the brick Hining in converter #7
showed critical wear and the converter ho:i,to opercte at reduced capacity.

During the third week it was then shut down and replaced by #5 converter.
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Apart from a slightly different physical location converter 5 has a lower
capacity, aad a lower average air flow rate.  This change in the system

should decrease the overall matte throughput capability by as much as 4%,

At the time it was not known that the converter would be shut down and
simulation runs were based on the original configuration including
coaverter 17,

The start-up of the continuous sﬁelting ‘plont olmost coincided“with the
trial perif)d for the new policy. In the first few weeks the effect was
negligible but s the new plont produced more blister copper, \Ivhich‘ has
to be pl:oéessed in the converters during a copper blow, some of the
cmvertchopocity was used for this purpose.  To estimate thiswifgct is
difficuli but it is expected to be in the order of 1/2 - 1%.

Considering both negative effects on the capacity of the system the long
term increass of matte throughput of 2% shown in Figure 6.4.3 is in fact
in the order of 6% or more. This possible increase was indicated during
the first 10 days of operation when both converter #7 was operating and
the continuous smelting plant did not operate at full capacity.

The improved opemthg policy as predicted by the model was thus well
substantiated b} the data obigined from the plant test. Although thers
was a considerable vor.iation in the measure of performance, the incnos@
| of matte throughput corr_cq:&rdod closely. This cornspondcnéc did in
foct shc;w that if the-effect of any change in the system is represented in
the dynamics of the model, the mode! can successfully predict such effects.

Iris !hmjhwttr.\t to ensure that the model still correspands to the system
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before any inferences based on mode pmdiﬁtims are made .

Of the other areas worth investigating all but one would require similar
trial runs to study the. effect of different factors until an improved performance
was ochieved, if indeed this was possible.  If several dependent factors were
to be investigated @ number. of cxperfmntul simulation runs have to be performed
to occoﬁnr for oll possible combinations of these factors. Usuclly the number of
experiments is so large that only a selected number of factors are onalysed.

Of particul;:r hﬁrut was the possibility of producing a sybmode! that is
able to controt the smeiter operations automatically without the need of any opeml'or
attention. This program. could if su_cce;sful control the imelhpr in @ continuous and
possibly oprimu'l fashion. This problem and a preliminary soluti-on ishprowntod in

the next chapler,




7.0 DEVELOPMENT OF AUTOMATIC MODEL CONTROL

7.1 DEFINITION OF PROBLEM AND OBJECTIVES

I Chapter & the successful change to a different operation policy, the ™o
matte transfer” policy was discussed for which-simulation results hod predicted a better
performance. The policy provided the smelter operator with g different set of ;mrlﬁé‘ !
rules which when adhered to ;gove an improvement in smelter performance. The ‘
decisions that have to be made by the foreman were developed and refined by
several simulation runs during which the strategy of no matte transfer was tested.

The decision process involved in controlling the overall model con be systematically

treated by defining the following four stages that occur centinually during o

simulation run, or for that matter in th§ real system:

1.  Recognize the need for an operator decision. N\

2.  Estoblish status of system (resources)

3. Estoblish projected aims (demand)

' 4. Estoblish optimum sequence of tasks, in response to required need.

Every input to the simulation model from Ihcopornloc has thus been preceded
by a sometimes trivial or more frequently by on intricate sequence of thoughts and
decisions. An experienced operator will perform some tatks outqmtioo!ly while
others will require conscious thought. .

In the actual system this process of routine execution of some tasks is very

well displayed. If for exomple the operator has made a decision to skim slag from
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a particular converter (this might alreody be done without his consent if thers is no
immediate other service required), then the crane operations for skimming follow o
sequence known to the crane —operator and swamper. In other cases the foreman
relates his decisi’ons to a swamper {a man directing cranes to perform certain services)
who will see to their execution.

The number of commands issued by a foreman during an 8-hour shift ore in the
order of 100 or more. The number and complexity of the decision moking process
increases with the number of variables influencing the overoll performance of the
system, and only an "Economic;: Man" as defined by Taylor (1-3) coul.d make -

optimum decisions in cll cases. An Economic Man is presumed 1o have three

properties. He is completely informed, infinitely sensitive and rational. Without

going into the literature of decision making behaviour by pecple such as Cyert (C-2)

and Simon (5-5), it con be said that the actual behaviour of humon decision moker

in a complex syskem will fall short of the ideal . Evo;'a if decisions were perfect he

will be subject to fatigue and his performance would decrease in the_course of fime.
In this Chapter the development of a control procedura is described that allows

an automatic operation of the simulation model. Its limitations and possible

opplications to optimise the real system.performance are discussed.
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7.2 HEURISTIC APPROACH TO DECISION MAKING PROCESS

The performonce of the overall system is to be optimised by generating
a decision sequence that results in the best possible fhro;;ghput of material. In
a static deterministic system (depending on the nature and size of the probl em)
techniques such as dynamic programming can provide optimal dacision strategies.
The smelter system, however, as represented b{the simulation model

represents a dynamic system changing in an indeterministic fashion with time.

For a problem of this size and structure a heuristic decision model is required
which  allows for one level of decision, nomelf that of the converter foreman.
Heuristic models or procedures are dﬁscribed by Bowman and Fetter (B-3) os methods
for searching a solution space for a solution. When wed to represent g decision
making process,heuristic procedures generally involve modelling of thl h&nm
decision making processes.  This process provides a great deal of insight into the
decision making problem based on which the heuristics can then be refined ond
extended to produce improved control procedures.

Thess two goals , the identification of human decision moking procouu ond
development of automatic control procedures that could be superior to humonA operator
control, were to be gchleved.

The model with the available display unit provided an excallent tool to
develop heuristic decision rules. These mlo; could be tested and improved in on
iterative fashion by observing the behaviour of the model until a satisfoctory level

of control was attained.

? -127 -



128.
While the basic idea is simple the implementation of the heuristic decision

involves a fair deal of effort, if the level of sophistication of the human decision
making capability is to be achieved. Work in this area has been mainly reported
for conventional business models, and McMillan and Gonzales (M-7) report of
one model that included aspects of human mativation expressed in terms of on index
of stress.

In the smelter environment decisions are govemed largely by process sxates
and material availability and the decision model was thus based only an such
variables. A control decision rule thus uses a set of state variables and causes

the system to change to a new set of values by issuing  commands that will -

'initiote this chonge. Associated with every chonge is some cost and any declsion
should be of such nature as to maximise the profit. While the cost function is
not used as such decision rules were developed to produce maximum matte throughput
which corresponds with the aim of maximising profits. The decision making
program developed performs three basic functions:

1.  Sensing of information

2. <Fomoosting of expected activities

3. Making decisions and cousing action based on 1 ‘ond 2,
By their nature algorithms are not easily generalised, For this reason a
- description of the rules is given in the next iwo sections, while the succes

of the progrom is discussed in section 7.5.



7.3 AUTOMATIC CONTROL OF SMELTER ACTIVITIES

The automatic scheduling and control of the converter oisle operations are
perfonnc:;n\wbquules 9-12 of the model . The»diff'erenr submodules are described
in Appendix Abut¥er the purpose of this description the four submodules con be
considered subprograms of the overall program used for the autaratc control . By
pressing o sense switch (No.7) the mode! is placed in “outomatic operation™, which
thus describes the simulation state in which no operator action is required o run the
model . ‘

Apart from no commands being issued through the teletypewriter the operation | .
of the model is identical to the manual mode. By resetting the scnse‘ switch, the
model is retumed to the manual mode ot any time dur;'ag operation. . "

Referring to Figure 4.1.5 on page 45 which shows the interaction of the aperator
with the model, the basic functions of the operator can be reploced by on automatic
cantrol program.

While the display facilities are essential in the manual mode of simulation information
transfer from the model to the qutomatic control progromme occurs directly. However,
for developing control algorithms and in evaluating them the display focilities were
essenticl. They provide continuous information and show whether or not o declsion .
making clgorithm is successful in dealing with oll possible conditions that con arise during
a simulation run.

Figure 4.2.3 on page 57 shows how the commond input function of the operator Is
token oﬁr by the "Automatic Control Progromme® as soon as sense switch 7 is pressed.
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The ACP has access to all state variobles of each submodel ur;d when called upon 1o

generate a command, the ldecisions invol ved will be influenced by the state of related
processes. |

The task of a model operator of sensing information, moking a decis_ion ond
issuing o commond is reproduced in a similar form in the ACP. Corresponding to
Table 4.1.1 which lists triggers and octions of opergtor commands, similar triggers
will octivate the ACP. Responding to ony such input a decision algorithm will
generate o suitable command that ensures a continuous model operation.

What follows will be o description of the implementation which will give the

best insight into the techniques used in developing the decision rules. Examples will

show how particular commands are generated.

Having established the odvantoge of operating the smelter according to theno
matte transfer policy; the outomatic operation was based on this policy. In
submodule 9, coded values of the variable ISET are interpreted which are given a
value whenever on event occurs which would have required on opergtor ection during
simulation.  In other words the variable ISET = 1,25 relates the sonn\fn.formﬂon o sub-
module 9 that is also shown on the model display or the typewriter. Instead of the
operator reacting to the information, the information is processed and the required
response is generated outomatically in a way that a satisfoctory operation is obiained.
Table 7.3.1 lists all values of ISET with the comesponding l;'eﬂl l‘hat\ul'l the,
variable ISET. A brief des;:riptim of the action that follows is given in the third

column on the Table. Essentially every value of ISET is associated with a command
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that is issved and a correspanding event will be placed in one of the four files,

q:directly execubed. Events are then executed in the usual fashion,
that is based on the time, if it is a time event or sequentially, if it was @ crane event.
In general, evenk genemh;d in submodule 9 fom a series of events for a given volue
of ISET. To give an example the value

ISET = 3
is set whenever an end point of a matte blow is reoched.

The converter number is given by the variable NCV which ollam'o determin -
ation of the quantity of slag o;h:olly coniained in the converter. This quantity is
given by the array CV (.NCV,4) and by comparing it with the critical quantity of slag
that may be left in the converter at the end of skimming, C MIN (1), it is possible
to determine the number of ladies of slag that are to be skimmed. Knowing this
quantity, a skimming procedure by either one or two crones is ordered depending on
the availability of the cranes. By pressing a sense switch (SSW(6)), o cne—crone
operation can be chosen which will override the decision of the progrom. A sequence
of events is then generated which are interpreted ond filed into the files in submodule
10 in o similar way o3 manual operator events are interpreted by submodule 4.

In generating the commands to skim slag, decisions have to be mode os to
which reverberatory fumace is to receive the slag and which crone is to.trnmpt:ﬂ
the slag. Having skimmed all the slag, more matte is to be odded which requins a
decision about the place of supply for the motte. These decisions occur often and
every time complete knowledge about the status of the process concemed is required.
For this purpose subroutines were developed for m&t procass or submode! which are

colled to provide the required information. Typically SUBROUTINE MATTE(MTUN)
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is called if matte is required. The status of both matte tunnels is checked for available
matte ond either matte tunnel 1 or matte tunnel 2 will supply the required matte. If.
no matte was available at th;a insiont, a message will be typed out to that effect.
Similar routines for other processes exist. .

CONV (JZZZ, IT, NBEST, MUL)

REV (NBEST, IRS)

MATTE (MTUN)

ANODE (IT, NBEST)

CRANE (NO, LOCA, LOCB, NBEST)
TWOCR (JC1, JC2, KAPUT, NQ, NCV)

Subroutine SORT (JU,K, MA, MI) is used to establish priorities in cose of confl icting

requirements of fwo of the same processes ond subroutine TISTAT (IFL, JFI, [T, ISTAT,
ICO) is used to establish the status of converters at any time. Subroutine FNDCEV
(IVAL, JQ, JATT, KCOL, NSET) establishes whather ot any time a particular event

has been issued but has not been executed. This is necessary to prevent the same
J

//4

command from being issued -rwlco.

F:ach of thesa subroutines represent a carkain policy decision ond can be
replaced at any time by another. Typically, the reverberatory fumaces could accpet
converter slag in equal proportions.  If eoch fumace has o specified fraction of
converter slag assigned to it, another decision algorithm isused to establish these
proportions. Another example is the use of cranes for specific tasks. Subroutine
CRANE chooses the best crane to do a particular task based primorily m\rh availobill
ond the locotion, where service is required. If skimming of slog from a cm\w‘z'
o be performed with two cranes, then subroutine TWOCR performs the selection.

Figure 7.3.1 shows a simplifisd information flow of submodule 9. The progrom listing
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is given in Appendix G. For every decision corresponding to a particular value of ISET q

number of commonds are generated and stored in the arrays:

(1) ISEQ(N)
@) JCMND()
(3) NCRAN()

(4) JFROM(I)

G)  JTO()
©)  JPR() )
@ 1)

Each array contoing the coded information that corresponds to the basic command of

the type:

XXYYNCR, X1, X2, IPR,. Q
1.2 3 4 5 67

The commund“inpu;/h the manual mode is describad in Appendix A. If less thon tha 7
passible variables are sufficient to make up a:,vcorrmnd, only the significont left -
hond variables are used. A maximum of twelve commands con be issued at one time
which is enough to account for all passible sequences of commands. The arrays are
tronsmitted to submodule 10 via COMMON statements whers the commands are
interpreted and filed in the crane or tlmc.ﬁlos in the same way as operotor commands
from the teletypewriter are. |

Generation of intemal commands is controlled in subroutine EVENTS in the
main module.  After execution of any event by subroutine EVENTS the progrom
branches to submodulo 9 if 1SET >0 which indicates that on intemol command should *

be generated. Upm return to EVENTS the program bronches to nbmodulo 10 to file
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the events if ony commands were generated in submodule 9 automatically, i.e.,

when MODUL = 4 (see Figure 7.3.1). The need for an intemnal command does not
necessarily result in one, i.e. if material is required but not availgble no command
is issued at that time. The number of internal commands is given by NCRAN .
Having described the mechanism of genenating commands intemnally during
simulation the logic of the decisions will be described briefly. 1t should be siressed
ogain that the shucruru.of the program is such that decision algorithms can be modified
or replaced at any time. The decisions as presented are based on present operating
practice and were madified where necessary after fric;l runs on ﬁw model until g
sotisfac.tory automatic operation was achieved. The discussion below will follow
the values of ISET ot cutined in Table 7.3.1.
ISET = 1:  Matte becomes available ot Matte Tunnel 1.

This event will cause o search of all converter states which is performed by -

subroutine TISTAT. If any converter is not blowing and waiting for matte it will
receive the highest priority for obtaining matte. Thereafter converters which ore
blowing but require more matte are assigned priorities. Subroutine CONY ond
subroutine SORT are used to select the converter with the highest priority which
corresponds to the converter with the least amount of matte added In a particulor
blowing period.

Once the best choice for a converter Is made subroutine FNDCEV seorches
ofl crane files for the s-ame event which might have been issued before. If such on
event is found no further commnd will be issued. Subroutine CRANE chooses the
best crane for the Kok if a command is issued. If no converter Is reody to receive

motte the lodle is ploced on the floor. No more thon three lodles con accumulate
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on the floor at och matte tunnel. In lhiscasomqth'tupping is suspended.

ISET=2: Matte becomes available at matte tunnel 2.
This event is identical to the one above except that the origin of matte is
matte tunnel 2.

ISET=3: End of matte blow in a converter,

If a converter was filled to capacity for a matte blow it requires skimming of
slog at the end before more manaicm be added. The amount of slag in the converter
is given by CV(NCV, 4). In this event slog skimming is scheduled  which will leave
less than CMIN(1)*TPU Tons in the converter. This operation can be done by a single
crane or with two crones. For g single crone operation sense switch (6) has to be set.
The converter slag is retumed to one of the reverberatory fumaces. The fumace
number is supplied by subroutine REV. One algorithm for distributing slag evenly
between the thr es fumaces ond one for g 25%, 25%, 50% distribuﬁon, o;a available.
Subroutine REV ensures that no two consecutive ladles of slog are retumed to the same
furmace to ensure that there is enough time to clean the slag lounder between charges.
Again the selection of q crtme is done by subroutine CRANE If a single crane operation
is required. The selection is based on the target and origin of o task, the duration of
the present task of a crane gnd the number of tasks to precede the task. If any crane
is not operational it will not accept any commands. For o two-crane operation,
subroutine TWOCR choous o combination of two cranes. If the cenire crane is‘not )
operational a single crone operation is substituted.

Once oll the slag is skimmed, one lodle of matte is charged to the converter.

The availability of matte is given by subroutine MATTE. If no matte wos avoilable,

"o message to this effect will appear on the typewriter: "Slag is skimmed only”,
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IET=4: End of a matte skage.

The end of a matte stage differs fr::m the end of o matte blow in two respects.
The very last lodle of slag skimmed is not retumed to a reverberatory fumace but to @
converter in the matte stage. After skimming, flue dust is odded to the hoonvon.r
which will proceed then with a copper blow. The maximum quantity of converter
slag that may remain is given bzv CMINQ). |

These operations con o]so be performed with either one or two cranes.
Caonverters able o receive High copper slag (CS) are determined in subroutine
TISTAT and if there are more thon one a selection is made in subroutine CONY.

If no converter is availab le, the converter slog is placed on the floor near the
particular converter. This simotimlshould never occur in practice but if it did,
provision is made for it. |

ISET =5: End of a copper 1kage in a converter.

At the end of a copper stage, a command is issued to depasit a skull into the
converter (Rafer 1o ISET = 6 if no skull is available). Thereofter a number of Iodln\/
of copper are removed based on the quantity of copper as given by CY(INCV, 5).
These tosks con be performed with cne or two crangs. Copper is olwu-y: placed in
one of the anode fumaces unless none of them are ready o receive ony copper. In
that case copper is poured in the pig bay. If there are no moulds miloblc, the
bay will be cleored first. (Refer to ISET = 15 whers this is prevented from
happening) .

ISET = 6:  (a) A lodle has cooled sufficiently md hm been bunpod
(b) Anode fumace bocomu ready’ toov:upt coppef.
If there were no skulls available, the first lodie bumped thereafter will couse
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the status of all converters to be checked to establish whether a skuli is required

before skimming copper. |f l‘hl; is the case, the events corresponding to I1SET = 5

will be issued, otherwise no action is required. The some applies if on onode

fumace became ready again to accept copper, if there were none before.

ISET =7: Addition of matte to a converter unless it is";‘l"illed for q particular

matte blow. "

The availability of matte is established in subroutine MATTE ond o command

to add a lodle to the converter is issued. |If no matte is available or if the some

event exists in a crane file {as given by FNDCEV) then no command is issued.

ISET = 8:  Converter is empty after removal of all copper.

A time event is issued here for event No. 54 at 15 minutes after the present

time when charging of matte to the converter should start. When event 54 is

executed as a regular time event, ISET is set to 7 and the action described above
follows.
ISET = 11: A copper pig is required by a converter.

In the copper stuge, pig requiremenhs are satisifed by a command which couses
a crane to pick up a pig at the pig bay and drop it in @ converter. If the pig bay
was empty or no cool pigs were available, then they wfl! be kaken from the pig pile.
If there were no pigs at all, a messoge is typed out to that effect. (Refer to ISET = 15
where this is prevented from happening).
I€T = 12:  Copper cakes are available at the pilot plant.

This even! couses a crane to move the cakes to the pig pile.
ISET = 13: Raoc‘h‘:n- slag is availcble at the pilot plant.

The converter states are checked in TISTAT to find o fum ready %o
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receive reactor dog. If more than one were qvmlable, selectuon of the best
converter is done on rhe same bcmun for ISET = 3 or 4.
ISET = 14:  Ladle requires bumping.

Subroutine LADLE mcc;rds the usage of Ioales and requires bumping whenever
c lodle has been used a given _numbq:r of times for transporting material. Since this
condition when a ladle requires bumping can arise at-the same time that another
event is to be schedul;ed automatically, the variable I1SET would 1ase one of the two
‘coded commands.  For this reason the number 5000 is added to ISET in Qbrouti;we
LADLE whenever bumping is required while the original value of 1SET is refained.
At the beginning of submodui‘e 9a nu;rericul volu‘e of

ISET > 5000 |

will cause both the bumpmg of a Iodle and ony other command code, i.e, ISET -

5000 to be executed. In addihon to causing a crane to buu‘p a Iodle at the

bumping block, it is instructed to depasit ancther ladle at the bumping block for
cooling. | |
IET=15 (a) Less thon 10 pigs available

(b} No enode fumace ready to accept copper.

If ony one of the above conditions c.m9 detected when picking up pigs at the
pig bay or pig pile, then the éig bay will be emptied immediately. The next oL
charge of copper will then go to replenish the stock of pigs in the ;;ig bay. .

ISET = 16:  Anode fumace is full . "

This event lr'ggen lhe comrnond to skin-t anode slag from the c:ode fumnace

which is charged into a converter in a matte blow. (At the lime'of programming ’

- this event, it was not known that anode slag should be charged into a converter

ina copper blow. This.change con b. readily made.)
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ISET = 17:  Anode fumace is ready to cast.

Casting of the an'ode fumace is triggered if the respective anode wheel is
ready. If it isnot ready, the command will be issued ogain when ISET = 19,
ISET = 16:  Slag available in the going high blow in a converter.

When enough slag is available in the final matte blow, an event i;’ﬁled
which causes a crane to skim slag.

ISET = '9:  Casting is completed at one of the anode wheels. ‘

if one of the two anode fumaces both casting on anode wheel 4 were reody
to start casting before the other had finished, then this event would be triggered
when the anode wheel is ready again.
ISET =20:  Anode fumace ready to refiné.

This event causes an anode fumace to start the refining process.

ISET = 25:  Converter requires collar pulled.

" This event causes a crone to pick up the collar puller and pull the collar

on a converter. It might be noted here that collar pulling is one task that can be
interrupted while in progress by another crane if a higher priority tosk is to be

executed.

A special stoteyarioble KWT(NCR) had to be introduced 1o allow a two
crane operation, which will be ekplained briefly by on example. If 3 lodles of
slog are to be skimmed from o converter at the end of which matte i; to be added,
then the commands issued would be u;ch that each crane skims one lodle of slog /

first, which eoch i)o'urs into a reverberatory fumace. Then one crane skims the

third lodle and wails ot the converter until the orl'rr crone has picked up and
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dumped o ladle of matte into the converter. Thereafter the one crone refums the
empty matte ladle while the other pours slag into a reverberatory fumace.

Under normal operations, crone tasks are executed independently by the

-~

——

crane ond synchronization of tasks from two different cranes is not possible. in

a two-crane operation, every crane event that is to be delayed cankins a pointer,
based on the variable KODE, to the other crane of the po-irad operation. 'This
value is used to set KWT(NCR). Subroutine TKODE interprats this value in the
controlling pregram ond interrupts the sequential execution of cregne tasks. This
means that in the example given the crane that skims the last lodle of slag from
the converter _will be delayed thereafter until matte has been dumped into the
converter. The event following the dumping of matte in tum coniains ancther
pointer {given by KODE in the event) which will cause the waiting crane to

complete its task. If the crone with matte was to arrive before the last ladle

of slog was skimmed, the same synchronizing would take place in the reverse

order. This ensures that matte is not added before skimming is completed.
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FIGURE 731 GENERAL FLOWCHART FOR
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TABLE 7.3.1 - LIST OF CODED VALES OF VARIABLE ISET

ISET

Event Requiring Response

Command(s) Scheduled Automatically

10

11

12

13

14

15

16

Matte arrives at Matte Tunnel 1
Matte arrives at Matte Tunnel 2
End of matte blow in converter
End of matte stage in converter
End of copper stage in converter
Ladle was bumped for skull
Addition of matte to a converter if
not filled for particular blow

Removal of all copper from converter

Reserved for Prototype Plaat
Reserved for Prototype Plant
Requirement of pigs in‘copper sloge
Pigs available at pilot plont

Reactor slog available at pilot plant
Ladie ot bumping block has cooled
sufficiently

More pigs required

Ancde fumace ready for skimming
vefore refining

Anode fumoce finished refining
Slog available n going high blow

End of casting of A4 or AS

Matte to a converter if required

Matte to a converter if required

Skim slog, add more matte at end

Skim high grade slag, add flue dust

Add skull and sl%.im copper from convurter

Add skull to converter if required before
removing copper '

Add more matte to converter if available
at matte tunnels

Schedule oddition of matte for new
converter cycle

Addition of pig to converter
Move pig to pig bay

Add reactor slag to converter which is
ready to receive it.

Deposit another ladle that requires
bumping and bump lodle

Empty pig bay

Skim onode slag ond dump into a suitable
converier

Trigger casting of onode fumace
Skim slog from converter

Trigger costing of other fumace if it

was waiting
-,

. e e i ab i
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20

25

Anode fumace ready to refine

Converter requires collar pulling

Trigger refining process in anode
fumace

Schedule collar pulling at resp.
converter .-

4\



7 4 FORECASTING OF EXPECTED PROCESS STATE

Not a!l control decisions con be based on present and historic data, but requira.
an estimate (schedule) of what might hoppen in the future. This is clso‘ necessary in the
smelter model and will be described below by showing the estimates required ond how
they were obtuineé?. If the model is placed in the automatic mode as described so f(;ll',
it would not require ony operator attention except for two decisions:

1. The decision to proceed with a copper blow before the end-of the eighth matte blowing
period, to ensure correct spacing of converter cycles.

2. The decision not o fill converters in a matte blow to capacity if this is desirable
at any time.

To account for these decisions another subprogram was developed that allows forecasting

of the ovuilobility'of matte at the matte tunnel and the material requirements of the
converters. It & on this estimate tagether with the smelter status that a converter
foreman will base his shift schedule.

Figure 7.4.1 is a simplified flowchart of this program. Becouse of its size
it is split up into two submodules, submode! 11 and submodule 12, but for the
discussion here it can be assumed to be one subprogram. The.event f40 triggers
this forecasting program which is repeated after a given time interval (60 minutes
and 30 minutes were used) by calling the same program to update the previous |
estimates. Based on data supplied by the converter and matte tuanel models the
status of converters and matte tunnels is established at the beginning of the pfognmm;.
A forecast of quantity ond time of matte requirements for each converter cycle Is
made based on expected blowing times o\nd crone service requirements. This forecast

is performed by subroutine CVFORC. (Appendix G). It also provides the time when

- dd -
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each converter & expected to proceed with a copper blow. These expected times
are used in an itkerative algorithm for spacing of converter cycles until a satisfoctory
separation between copper blows is obtained. Subroutine MTFORC is used in
submodule 12 to forecast the availability of matte within the next 70 minutes. :
This forecast is based on the present matte tunnel status ond the‘expected times
between arrivals of ladles of m;ﬂe - The available matte is then assigned to different
converters according to priorities,and odditions per blowing period are stored in
array MUL (NCV, 1BLOW) .

If o further refinemt;nt of matte charging was ~desired, this could be very
easily implemented. The two-dimensional array MOPNCYV, IBLOW) contains the
predicted optimum allocation per blow whereas presently the armay MULQNCY,

IBLOW) specifies the maximum allowable charge per blow. The arrays are of the

same size and MOP can replace MUL in subroutine CONY in submodule 9 where

the actual charge is compared to the allowable limit before any fur_th‘or odditions
are made.

It was ljentioned that o forecast to the end of each converter cycle is mode.
Of this informotim,lonly the expected time to shart on the copper blow and the
matte requirement within the next 70 minutes are used. Since the forecast is
repeated every hour the projections within the next 60 minutes will be the most
accurate if used forcantrol decisions.
) By pressing Sense Switch (8) the cperator can request a printout of the

forecast in the automatic mode of operation. The forecast will provide him with

fairly reliable information regarding the next 60 minutes and less accurate estimaies

for later periods.
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SUBMODULES ELEVEN & TWELVE

SUBROUTINE DISK IN SUBMODWLES 1] & 12

Based on present status establish
expected quantity and time of next

matte requiremant for each converter
ISTAT = 1,15

RETURN

. - - o 15
Write first matte requirements of
converters and present matte supply
Produce forecast of matte requirements W
to the end of each converter cycle, L Subroutine
record expected start of copper skages CVFORC
for each :
Write forecast if sensa switch 8set |
Select and order requirements Subroutine
within next 70 minutes TCSORT
Write expected stgrt of Cy-sigges |
Delay or advonce stort of Cu-stages lo get
proper spacing of converter cycles
I
Allocate matte to converters for next hour
based on the expected availability of Subroutine
matte. Store allocation in MUL + MATTE

!
!
E
i
4



]

7 5 RESULTS OF THE AUTOMATIC MODEL CONTROL

The smelter model was run in the cutomatic mode and the response of
the controlling agorithms was observed.  After removing initial errors the contolling
‘ prog:(:m reached a stoge where actions token were Iogit.:olly correct, but not satisfoctory
under the given circumskances,

Decision rules were improved to account for this. A good exomple of
this is the selection of a crane for a particular task. in practice this decision is

based on the present and future expected availability of a crone and its possible

present and future interference with other crones. The clgorithm for selecting the

best crane for a particular task was based initially on a simple decision rule ond then
gradually refined. Sholrk:omings of the algorithm were visible when cranes selection
during simulation was poor. Knowing the exact status of the system at the time, the
algorithm could be modified to account for odditional variobles.

The assignment of cranes to particular tasks is of great importance to
achieve efficient smelter operation, and was given much attention. Below the s¥ages
in developing crane selection rules are given as the level of sophistication increased.

1.  Based on location of crone ond task only.
2.  Based also on breckdown state of crones.
3. Based glso on the availobnlil’y of a crone, i.e. if (1) ond (2) satisfied

but the crone is occapl{d for some time another choice Is made.

4. Based olaocn the duration of present task. (The duration of some tasks

such as collor pulling is so long that any urgent task will not be assigned

47 -
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to @ crane engaged in that task)

If a “two~crane® operation is desired the combinatioy of their states has to be
analysed before o selection is made based again on the above rules.

In @ similar way other process selection routines were refined to give
the most realistic control possible. This process should be continued until o set
of decision rules is derived that shows the degree of accuracy required.

It was possible to arrive at a satisfactory level of control by just utilising |
all the memory space in submodule 9.  Because of the need for cross—references the
creation of another overlay sub-module was not considered.

While model ¢ontrol in the automatic mode of‘ operation is not ye! as

sophisticated as in the manual operation the automatic operation does achieve the

same level of production. This is possible by utilising slack capacity of the cranes
for example.

Table 7.5.1 compares converter and crone statistics for manual and
outomatic control of the simulation model. The numerical values presented are
averoges of separate simulation runs. A comparison™of single and two—crohe operation
is also given which shows the superiority of the single crane operation. Although
two-crone operahions can save valuable non blowing times of converters a very
sophisticated crane selection algorithm would be required to achieve this.

The merit of a particular set of decision algorithms is judged by thelr
ability to reproduce and improve up§r1 a decision procedure of o human model operator,
Although it was possible to develop algorithms that approach the !ovo! of performance
of human control, it is expected that the decision rules for the Cf;liﬁ selection,

converter salection ond forecasting algorithms could yet be improved 1o give on
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even better perfformance.  While the l_ogi’EJde’veloped for the decision mode! is not in

a form that would allow direct control of the smelter it was possible to show that the
decision processes involved in smelter operations can be rotionalised. This is o

necessary prerequisite before any further work in this area should be pursued.
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f
8.0 CONCLUSIONS

A new technique to provide solutions to an important class of industrial
problems is presented. The ability of interactive simulation for modelling systems
of discrete and cgntinuous processes using a hybrid computer was demonstrated by
producing a | of o copper smelter system. The copper smelter studied represents
a typical example complex control systems e.ncountered in practice.

The development of the model was bosed on existing knowledge of
processes ond readily measurable process  variables were used to produce semi-
empirical mechanistic models of smelter processes. 1t was necessary to include

‘the model of @ human operator which is achieved by allowing an operator 1o have

control over those decisions in the simulation model that are also exercised by a

foreman in the smelter. A display unit of smelter process tates provides the major
feedback on the progress of simulation. This device proved to be of considerable
- value in dev;I0pi:g realistic submodels of oll smelter processes. It providesa -
meoni;wgful picture and the essential information of the simulation model to the
model opi:ralor. This aspect was importont to opo:uling pcnonmll who were
consulted on the accuracy and realistic behaviour of the model. Mainly due to
the _disploy unit it is possible for smelter operators to gain full understanding of
the model operation within a short period of time. The usefulness of this model
as a haining tool for operoton is recognised and it is expecied to be used a3 sch

;2

in future,
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Since the overall model consists of both discrete wb@is which are -
based on the event structure of the GASP smulation languiqe and analog models
which operate in parallel it was possible to de-velop a model of minute by minute
smelter operations which correspond closely to reality. The stochastic nature of
several pracesses was included in _Ihe mode! which improves the accuracy of the -
system representation, but adds to the difficulty of testlng and volidating the modelr.

After careful validation the model was used to improve the model
performance, which could*iheréafter be implemented in- the real system. Several

areas for improvement are indicated of which one was studied : in detail. . An \

sl

increased throughpurrof the system was predi_cft-:d based on a different control
policy. During plant tests this prediction was substantioted which provided
additional confidence in the occumcy-:of the model . The. chonge:in policy has
since been adopted in the smelter. \{‘P |
The model as presented is an off-line model w.r.t the real sysrem that 0pemt;s
‘ot o\:peed up factor of 20:1 and thus does not allow any continuous procen mmltoring
One aspect of this work was to sh:dy the possible use of an on-line
computer control system for rhe entire smelter whic.:,h woul& continuously contrr:l
- smelter processes in an ;:ptimol way. |
Asa first step an automatic control progrclm was doveloped which perfomu _
the decision task of the model operator. The level of soph:stlcohm oblained was
gotisFociory to suggest that on-line control seems feasible given. that suitable process |
mc:csuring devices are ovuiluble; . is'e:_j&;cred that the i'r!plémentutim of \such a
system could provide the smelter opernf& with such iﬁfo&natim that Ieav;sbhim‘ moce
time for higher level decisions. S Lo
o : o v -

A [
1
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Necessary routine decision; for optimal smelter performance could be suggested |

by the computerised control system. If the wealth of short term and fong term

information of the smefter can be mode available to a control program in a reliable

form then such a program could become a valuable cid in copper smelter or similar

operations.
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APPENDIX A

CONTROL AND ARRANGEMENT OF OVERALL SIMULATION MODEL

A.1 MODES OF OPERATION

The mechanism of hybrid simulation as implemented in this study s
described here. Together with Appendices F and G it provides o detailed overall
picture of the simulation model . |

After initiclising the model at the start of a simulation run control
of the simulation is maintained in subroutine GASP, A general ﬂlowchort of sub-
routine GASP is given in Figure A-1

The two possible modes of cperation of the simulation model (OPERATE
and HOLD) are clearly seen on this diagram. (The INITIAL CONDITION mode is
only used to set up the analog program before the simulu.tion is commenced).

The area enclosed by dotted lines corresponds to the OPERATE mode while
oll other operations ore performed in the HOLD mode. The function of the controlling
digital program in the OPERATE mode is that of checking the logical links between the
analog ond the digital computer by continuously reading the logical states of sense
lines and comparators.  This is shown on Figure A-2 which shows the detoiled flowchart
of subroutine GASP. In the OPERATE - mode the analog computer executes all the
functions of the analog submodels including those of the timing circult and the time
displa)-f.

-8 -
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When the analog computer is placed in the HOLD mode the remaining
sections of the program are executed including all other subprograms to which the
program might branch. Simulation time will thus only advance in the OPERATE
mode, during which time only continuous varigbles can-change.  Although the
HOLD mode can be described as being one in which all analog states are frozen it
does not mean that no state change of the models occur.

In the HOLD mode all discrete changes to analog as well as digital
variables occur which gives it an equally important part in the execution of the
simulgtion programme.

In the following sections the two modes of operation will be discussed.




'y

A.2 THE OPERATE MODE

The analog converter and crane submodels are tregted separately in the
following Appendices and will not be discussed further here . During the OPERATE
mode these submodels are executed in parallel ond represent the dynamic aspects of
the model . There are two further analog circuits, the timing circuit ond the time
display circuit. Figure A-3 shows the circuit diagram of the timing circuit. Ity
purposejs that of l'nk‘ing the discrete event simulation to the analog simulation.
At the start of an OPERATE period comparator €39 is set to a positive value TREL
which corresponds to the time interval to the next discrete event in the time file.
(The time file contains all discrete events in chranological order whose execution
produces the discrete event simul ation).  Integrator A35 integrates during the
OPERATE period until the condition TREL = TAN is reached when comparator C39 cha.ges
its logic state which resets A35 to the INITIAL CONDITION. This condition is sensed
by the control programme which places the computer in the HOLD mode while executing
the discrete event before removing the next event from the time file ond resetting ﬂ?iL
timing circuit. The potentiometer P35 is set when initialising the programme to give
the correct rate of integration TTC. With o speed-up factor BETA = 20 and @ maximum
time interval TIMEX =-60 mi;l the scaling of the circuit is complete, and the integration

is performed according to:

TAN = TICdt + 0 {1
! o
where
TTC = BETA
TIMEX?*¢0 .

-163 -
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Figure A~4 shows the time display circuit. It consisks of q single integrator whose
scaling is similar to that of the timing circuit described gbove. The potentiometer
setting is mul tiplied
TC = 0.6 TIC
to give a 1/10 volt/min madilg‘hr the elapsed simulation time. The integrator
output is displayed on a digital voltmeter as minutes. Every hour the integrator
is reset to its INITIAL CONDITION in a time event (event 59) by-setting control
line 6 high. The hour is also updated in that e-vent. The hour reading is scaled
ond its value is set on D/A - 10 which is displayed on another digital voltmeter.
By selecting suitable scaleson the voltmeters a simulation time reading correct to
the nearest minute is obtained.
| An OPERATE period can be terminated by one o; four passible conditions.
1. The timing circuit reaches TREL
2. Converter submodel reaches an end point
3. Crane submodel reaches the end of o kask
4, Model Operator interrupts simulation. (Usually 1o issue o command
toa particulor submodel)
All four conditions will be sensed by the controlling program and the operations that
follow in each case are discussed in the next section. |
If an OPERATE period is terminated by o condition other than a time event
the simulation at that time is not given by TNOW and is computed by FUNCTION
routine TIME (TLAST). The intermediate time TAN is read from the timing circuit and
converted to give the present simulation time.

i.e. TIME = TLAST + TAN'TIMEX
where TLAST = TNOW only when a time ﬁvonthu:iuiocmod



A.3 HOLD-MODE

Referring to the lower section of Figure A-1 each of the four passible
conditions resulting in @ HOLD call will cause the programme to branch to a
different section for further execution.

The first condition corresponding to o time event will now be discussed,
The program branches to statement 99 in Figure A-2 where the event given by JEVNT
is executed at time TNOW through a call to subroutine EVENTS. Based on the event
number a section of the program is called from disc to execute the particular event,
(Execution of an event involves executing a section of a submodel which corresponds ‘
to the event number). The arrangement of submodules for the memory q;nrloy

technique is given later. After execution of the time event which is described

by 4 ATTRIBUTES ' o
ATRIB(1) = Event Code 1 1o 999
ATRB{2) = Time at which event occurs

ATRB(3) = Other characteristics of the event

ATRIB(4) = Other characteristics of the event
the nex! time event in line is mm@ from the time file by subroutine RMOVE.
Subroutine SETIME is shown in Figure A-5 which is then called to reset the timing
circuit shown on Figure A-3. The four atiributes of the next event are stored in
different varigbles than ATRIB(] to 4) since these variables are resat when other events

occur before TREL has elapsed.

- 145 -
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The GASP -Simulation language provides d_choit;e -‘oF scale For variables
wed in the fixed point filing arrays. That is values of A'[-RIB;:cm s.rored with one
decimal point if a SCALE =10 is used, which was the choice in this model. With
the minutes as units rh?s gives g timing accur‘oc'y. in the_ ou:‘l.e_r of six seconds. A - "
Ic_!,rgt:r time scale such as 100 was not require&, thd\ would also have limited the
lcn;;th of simulation to less W i “t_hc resent choice it is pqssibl_ult o
simulate at’least six consecutive B-hour shifts without exca eding 32767/10 mmutes |
(32767 being the largest integer number possible on the computer) |

This period of 48 hours of sim/ul&ticn r;lig.;ht seem short for a simulation
ron, but s;incc the model repmdbc‘e;);:ll‘-deluiled 0pemtio;n and is run by an operator

it would take a minimum of six real-time hours toperform this simulation run.  If in

Tuture a longer simulation period was requi’red passibly by uulomutic operation it

-
v

would be quite simple to extend Ihe simulation period.  Another temporary time file could +
be created in wly_gh_/oll events to occur later than 48 hours could be F'led - :n
- sharting again from zero time ! When th&lusi event before 48 hours was removod U

from the time file all events could be transferred back to the time file and the
simulation c5GTA'GO on for several 48 hour nrervols.
When on!culutirig statistics based on the total simulation time previous 43
hour intervals hcrve to be o;::cq.mted for. . | |
If no other event hod éccuf‘r;ea‘(such_cs'o crane reochlngm target) at
“the same time then I'heprogmm v;fould— bmnch to skatement 72 ond pioce Iheonolog |
computer back into the OPERATE mode. Ex-cluding other Ainlcrwptions this process

could continue and would mpmsent a real -time dlscrete event simulation with a 20:1

speed up factor.
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if the second condition end p§int of a converter, became true the
corresponding discrete event LARG is executed. This is done by calling subroutine
EVINTS in the same way as desﬁribed above whereafter the OPERATE mode-cmﬁnucs.
Reference can be made to Appendix D, where details of the converter submodels
are given.  If the third coddition arose, when a crane has completed a task, the
program branches to statements 199, 299, 100 depending on the crane number in
Figure A-2 on the second poée of the flowchart.

The state voriab!e JWT (NCR) #0 is an indication .that a crane cannot
- proceed with its fask, i.e. it is delayed by another crane. In the case that the crane
is not delayed the event to be executed at the end of a crane task is ogain executed
by a call to subroutine EVNTS.  Unless there is no other event in the crane file the
next crane event is removed from the particular crone file‘,,cmne_j_ptexrfe;ences are
resolved and any delayed cranes are reset to continue before rarurfiirmg ‘to the OPERATE
MODE. The details of these opasations é;re discussed in Appendtx B.

In subroutine GASP statistics on crane activities are also recorded by
summing the “bds_y” and "dalo‘yed" periods of time in TCRAN(NCR) and SP(NCR). .

The fourth condition to place the analog computer in the HOLD mode is
given when a push button on the digital computer console is pressed which sets sense
switch 1. In this case lh; control of the program goes to statement 30. A call to
subroutine RD is made where ony number of operator commands are acceptgd from the
tele typewriter, deco&ed and translated into events and filed in the crane and/or time
files. This section is described below. After the lost input command the first crone
evenls are removed. if any cranes were Idle and the program retums to the operate mode.

If there were no other source of time events other thon time events




themselves, then whenever the timing circuit was set it would operate until the -
required time injerval between events had elapsed.  Since both operator commands
and crane activities con cause filing of time events it is necessary to search the time
file whenever one of the two conditions occur.  This is done by subroutine TSTFL
Figure A-6) which causes the timing circuit to be reset if a time event was to occur
before the one previously scheduled. This ensures that all events are executed in the
corréct time sequence. DuringaHOLD stoge any combination of the four conditions
leading to the HOLD call can occur and will be executed consecutively,

The variable MODUL is used when operating the mode! in the qutomatic-
mode only.  If during simulation @ command is to be generated intemally or if
forecasting of material requirements was necessary then this is indicated by MODUL
= 4. That is before the controlling program retums to the OPERATE mode the progrom
brcnches to the section where commands are infemally generated or the forecasting is
performed. Subroutine TKODE is called whenever a crone event is removed from a
file. In the automatic mode TKODE is used to synchronise tasks of two crones as

discussed in Chapter 8.



A-4 PROGRAM DIVISION FOR MEMORY OVERLAY

Tablz A-1 lists the Vtwelve submodules of the pr/c@?cw as used for the
memory overlay. A submodule refers to a section of the gl'/ogr;:m that is characterised
by a file name azd if not in core it is stored on one of two discs available with the
EAI 640 digital computer.

The program sections in each file do not necessarily refer to o particular
subprogram, butare chosen in such a way that no reference from one submodel to
another is necessry.

At ay time only the main module is in core with any one of the sub-
modules. In thi way it is possible to utilise the 16K memory for g program of
much larger size.

The main module consists of a short main program (see Appendix G)
which first loads the submodule ?1 to initialise the model and then branches 1o
subroutine GASP from where the sirpulation run is then controlled. If any call
to o submodule & made from the main module this is done by calling subroutine
EXEC(INAME) wih the corréspa;ading submodule number as an argument. Every
submodule has the somgnamﬁ subroutine DISC which is called by this routine.

A dexiled ;i\é;%iip,tjm of the overlay system is given in Ref. (G-2)

Reforring to Toble‘-lh\\i‘f'?ubinodul‘e:s 2, 3, 6, 7, 8 thus contain digital
submodels and digital parts of the digitol -analog models.

Submodule 4 is used for inte;preting and generating operator commands

which are described in the next section.
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Submodule 3 provides information on model states by writing variables
and shatistics when requested. No further description of this submodel s given,
the listing in Appendix G is self-explanatory.

Submodules 9, 10, 11, 12 are used only if the mode! is run in the
automatic mode.

Submodule 1 is called into core only ance at the beginning of a simulutionA
run to initialise @ run.  Model variables requiring initialisation ore conluiﬁed in the
labled COMMORN blocks BLOK1 and BLOK2 (seé Appendix F). Their values are
read in from dals cards in submodule one together with data cards as required for the
GASP discrete event simulation. These include initial events to start certain

smelter processes. At the end of Appendix G a typical set of data cards is shown.
Subroutine DATAN injtialises all GASP variables, and analog models are
initiol tsed by setting correspanding analog components,  Based on initial conditions

the display unit & initialised by setting all light indicators.



A.5 COMMAND INTERPRETATION AND TRANSLATION

The program for command interpretation and translation was developed
by Dr. U.P. Groefe and the description is taken from Reference (G-4).

Operator commands can be issued through the teletypewriter by pressing
senseswitch | until ENTER is typed on the teletype. Thereafter a command can be
entered, After the carriage retum key is pressed, the teletype will prompt for th:"
next command by typing ENTER etc. If a typing error is made in a command, the "
command may be cancelled by issuing a CC commt-:znd imnm;diately after the faulty
command. The command #f will terminate command inputs, Except for the
CC and # commands, the commands consist of two two character command sytlables
followed by variable lists of various length, depending upon the type of command.,

A list of acceptable commands is shown in Table A-2.

Translation of operator commands is performed by subroutine RD ond the
routines in submodule 4 (See Appendix G). As socn as the operator pushes sense
switch 1 on the digital computer .console the ml"c;log computer is put in the HOLD
mode and subroutine RD is called. -

Subroutine RD will prompt the operator for nnput by typtng ENTIER.

Upon entering commands submodule 4 is loaded in order to- -gain occeu to the
interpreting routines. When entering several commands in sequence g one commgnd
delay will be no‘riced, since @ command will only be interpreted after the suf:ceedlng
command has been entered. This is to allow for correcting a foulty commond just

after it has been entered by following up the faulty commond by the CC command.

«l71 -
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A flow chart for subroutine RD is shown in Figure A-7. The command syllables
of the command to be translated are sent to submodule 4 vig the variables IDIX
and 1D2X in cammond block ARG, while the other command variables are
transmitted in array IBUFX which is part of common block BLOK2.

With the exception of the FIX, STOP, OIL, INFO, LITE, GW, GOwr,
REFN and CAST cornmcn\t‘i, subroutine DISK assigns two codes to each command;

a ISEQ code cnd a ICMD code. The ISEQ code is equal to 1 for pick commands,
equal to 2 for dump commands and equal to 3 for pick-and-dump commands. The
ICMND code is @ number presently between 1 and 13, which determines the type of
materiol to be picked up or dumped.  Table A-3 shows the abbreviations used

for components and materials which are marked by qn- asterisc in Table A-l .

A command is executable if it is a valid command involving the pick-up
of material which is available at the specified location, or the dumping of a material
into a device that s ready to receive the specified material .

The Fl)i, STOP, OIL, LITE, Gw, GOWT, REFN and CAST commands
ore executed directly by subroutine DISK. For the INFO command the component |
code for the device in question is stored in variable IX of the common block ARG,
which causes submodule 5 to be loaded and exez:ured as soon as control retuns to
subroutine RD.

| In subroutine CMNDG, r'he quantity Q of material being picked up is -
;g&‘cked. If it was specified as being larger than 2.0, it issett0c2.0. A zero
value for Q, TW and IPR - that is quantity of material, waiting time and priority
respectively - is meant to signify that default values are to be substituted for them,

The default value for Q is 1.0.  Defoult values for TW and Il’éﬂapend on the
. } ‘“‘
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command, and are picked out of the two dimensional armays INTNGT and IPRA

respectively, using codes ISEQ and ICMND as amray indices. The stored default
waiting times are given in seconds, and hence require conversion to minutes.
Follow ing this an event code is picked and the event filed in the
appropriate crane file using subroutine GWAIT. If a command is issued o a
crane which is n;)t operational at the time, the event is not filed, but 0 message -

CRN "CRANE "DOWN TILL "TIME"™ - is typed out insteod.




FIGURE A-1 General Flowchart of GASP 174

Subroutine GASP

SENSW(8)

Remove next event from time file

L

Exccute present discrete time event

]

Accept operator command

<

® éé@

Select tasks from crane
files according to priorities
and execute crane tasks if

cranes are idle

Test serse lines and

comparators for end points of
continuous time proc

1

1

! cises s

: Test SSW(1) for operator inpu/ OPERATE
:

1

|

i

e e o o

Executive converter By,

Execute crane event,
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FIGURE A-5

FLOWCHART FOR SUBR SETIME

SUBROUTINE SETIME (NSET)

TNOW = ATRIB()
JEVNT = ATRIBR)

ISTRIB(1) = ATRIB@
Amwﬁ)m

ISTRIB(S)

TREL = TNOW-TLAST /

TREL< 0.0 { TREL = 0.05 .

PAUSE It

n o

TREL = TREL/FIMEX

CALL CONTRL (5, 1)

CALL.QWJDAR(TREL, 9, 1ER)
CALL CONTRL (5,0)

RETURN
END

—
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FIGURE A-6 FLOWCHART FOR SUBR. TSTFL

<] SUBROUTINE TESTFL(NSET)

KXXX = MFE(1) | !
TTEST = FLOAT (NSET(1,KXXX))

- /SCALE - :

- g

]

ATRIB(1) = TNOW

ATRIBR) = JEVNT
——""ATRIB@) = ISTRIB(Q1)

ATRIB@4) = ISTR1B(5)

I
CALL FILEM (1,INSET) \
CALL RMOVE (KXXX,1,NSET)
CALL SETIME (NSET)

e

( RETURN ’

L]
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SUBROUTINE RD

F

f PROMPT FOR INPUT

I

ACCEPT INPUT OF COMMAND SYLLABLES
IN IDIX, 1D2X and REMAINDER OF
COMMAND IN BUFFER IBUFRX

¢ DIX =N YE
‘ PROMPT FOR INPUT O EIND, SYM > 5 RETURN )
N

/ ' Y
L
' ACCEPT INPUT COMMAND SYLLABLES IN
IDIY, ID2Y and REMAINDER OF COMMAN
iN BUFFER IBUEY

wl

YES

1Y =
CORR.SYMB.
CcC?

YES

4

LOAD, IF NECESSARY, AND LINK TO SUBMODULE 4

IF IX # 0 LOAD SUBMODUWLE 5

REPLACE :ADIX, 1D2X BY ID1Y,
102Y and IBUFX by IBUFY

J
* LOAD, IF NEGESSARY, AND LINK TQ SUBMODLLE 4

-1
IF IX # 0 LOAD SUBMODIWE 5 RETURN

FIGURE A—7  FLOWCHART FOR SUBR. RD

~ ’ .
] - ~



CIGURE A-8 HYBRID COMPUTING '
| COMPONENTS

Analog Signal
——————————————————

Loaic or Digital Signal

= L
o,
Potentiometer x /N ax a <1
- /e
Inverter
o

Summer ‘ -

. 10 .

XN ertsn——— : y y = (W+I+ lox)

W c———

z S
Integrator ' IC y = -z (INITIAL CONDITIONY)

15
* op y = -z-kf(w-rl(}x)dt(OPERATE)
o
w V4 i i
10 y = -z-kj (w+l0x}dt (HOLD)
x
k = Analog Time Scale .
. Zero Limiter
z = -(xty) forz>0 (+LIM)
X or forz -0 (-LW)
Y —# - LlM z -0 fotz"o (*LlM)
(+ LIM) for z>0 (-LIM)

Comparator ' U.tru.fcr(x'l-y)"o



183.
Function relay

+ :
3 . L.
st o—= -2 -
$- —= '
. _. -
Relay under logic control with manual coverride
And Gate

¥
o.._—-————_\
c ¢ true if o and b true
b—-——-J

Individual Flip/Flop

e
Y

Monostable Timer

D ¢ ¢ inverted signal of ¢

S- input to set F/F

R- input to reset F/F

\4

seconds after arrival

input | N\ output Output high for t
—/ 9 of input -

t

Logic Differentiator

input output Output high forone clock
- perind after arrival of input
Digital to Anclog L%
Converter
1 — {0
) = A %
| 1 = quantizised x
Anglog to Digital 5 x =9
Converter
x A — xl
D | *




TABLE A-1 - LIST OF FLE NAMES OF THE PROGRAM

AS REQUIRED FOR THE MEMORY OVERLAY

uP12Cl

Submoduld  File Name Contents of files or function
No.
B - UPGCRN Crone and other subroutines
— UPGGSP Réquired GASP subroutines
- UPMNCI Controlling program GASP, files
- UPGCRN, UPGG SPand other system foutines

! upsSICl Initial ising entire simulation model
2 ups2Cl Eﬁnb 1-38
3 UPS3CI Events £0-169
4 UpRSACI Interpretation of manual commands
5 upPS5ClH Information on model skahs
) uPSsCl Evenls.lm-249
7 upS7Cl Events 250-300
8 UPSBCI Events 39-59
9 UPSPC1 Automatic event generation

10 UP10CI Automatic event interpreiation

11 UPTICI Forecasting and scheduling of material availability

ond requirements
12

Continuation of UP11CI

184.
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TABLE A-3 - DEVICE AND MATERIAL CODES

- FOR COMMAND INPUT - -

s

*XX is the 2~character device code

**YY is the 2—<character material code

PB

BB

Pl

NE

GP

PT

ReverbNo. i

Anode No.i’

Matte Tunnel No. i
Converter No. i

Flue Dust Lodle No. i
Pig Pile

Pig Bay

Bumping Block

Pilot Plant

North End

South End

Gasp (for Cmnd, INFO only)

All (for Cmnd, INFO only)

Prototype Plant

SL Converter Slag
MT Matte

TM  Transfer Matte
CU  Copper

PG Pigs or Coke

SC  Scrop
RS Reactor (pilot plant) Slag

FD Flue Dust

SK S:ull

LD‘ Lodle

cp Collc;r Puller

CS High Grode Converter Slag

AS Anode Slog
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APPENDIX B

CRANE SUBMODELS

8.1 DESCRIPTION OF CRANE TASKS

In modelling the activities of the three overhead gantry cranes in the

converter aisle the following terms are used frequently:

command

task

origin

target

waiting time

crane file

instruction to a crane to perform a task

activity of moving a crane from one point to
another in the converter oisle with or without
any lood where it will remain for a specified
period of time, at the end of which on““é,vent
con be triggered by the crane.

point of departure of crane

destination of crane when responding to @
commond

pericd of time that o crone r\maim at the xarget
which cocresponds to th; d-.xori\m'of the activity
at that point

memory locations containing o number of crone

sasks that have not been executed.

It is possible to break down all crone actlvities into four basic phases:

- 187 -
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1. Establish feasibility of an operation.
2. Movement from origin to farget.
3. Waiting at target for the time it takes to perform on operation.
" 4. Recording the change of state of o process caused by the crone s e
activity. |
The following assumptions are made:
1. Acrane moves at iks maximum speed, unless it is slowed down by
a slower crane. )

2. Crone movements along the aisle dre always longer thon across, i.e.
the trolley movement is not considered to contribgte to the duration
of a crane movement.

3. The duration of any lifting lowering or other operation can be

represented by average times for such tasks.

4. The change of state of a process receiving service from a crane

occurs instantly and at the end of the urvh":ing period.
5. Every task has a unique priority assigned to it which increases every
time the task is interrupted or delayed.
The four phates of a fask are executed partly by @ d'nglto! ond partly by
an analog crane model . [t is importunt to note that these tasks are performed in
porallel ond independently by each crane. Once a command is issued to a crone ' /

the task is recorded ond the model bronches to the respective subroutine.  Figures

B-1, B2 ond B-3 are flowcharts of each of thess CRANE subroutines.
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PHASE ONE
- -In the first phase the feasibility of executing the task is est:bl-ished.
Apart from the target and waitinc;; time the priority and state of activity is used
to test whether an interference with onother crane exists. No conflict arises ’
if rh,e target of the crane ready to execute a task is separated more than 20 ft.
from the next crone, and the task will be executed instanty. Some examples
will show best how the conflicts are resolved if interferences of two crones loccur.
The logic involved is shown on the flowcharts of the crane routines.
The arrongement of the cranes as it exists in the smelter is used here
where crane No. 1 is on the south end, crane No.2 on the north end, ond crane

No.J in the centre, : ' .

1. If No. | crane is to move beyond the present pcsition- of both other

cranes which are idle, then these move out of the way. Without delay
the task is é‘*ecutod. |

2. If in the some situation as in 1. crone No.3 is busy with o task that is
to take less than 2 minutes, then crane No. 1 is delayed until that time,
\;vhen it will take up its task with a priority increased by one unit in a
ronge from 1-9. (See also Table B-1 for a description of all varicbles
of the crune models.) |

3. If in the some situation as in 2. crone No.3 was only about to start its -~
task which hod o priority lower than that of crane No. 1, then the tosk
of crone No.3 would be delayed until crane No. 1 had completed i3
task. (The situation would be reversed if the priority of crone No. 1

. was the lower of the two.)
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4, 3 uh'interfcn‘znce between the cranes | and 2 occurs with crane No.3
being idle, then the situation is the same as the above with the idle
centre crone fespmding freely to any movements.

5. If however, both cranes No.3 and No.2 obstruct the movement of
No. | crane, then first the interference with crone No.3 is resol ved
according to the same rules, [f No. 1 crane is successful, then the
interference with crane No. 2 is resolved. I crane No.3 is executing
o task that can delay No. 1 crane, then crone No.2 will be unaffected.
if on the other hond crone No.2 is the cause of a'delay then crane No.3

will continue it tusk unai’fociod;

In general ony task that is delayed will be commenced as soon as the crane
causing the gelay has conploted its task.

The situation where a sk of lower priority will be executed first arises

when the task has been started olready and cannot for practical reasons be interrupted.

In effect the priority increases as the end of the task opproaches. On the other
hand tasks of long durations such as *collar pulling® con be inﬁm.vpt.d if necessary
to ollow passage of another crane. “ :
This concludes the phase of establishing the feasibility of o cruno
operation. It is the mast difficult one and only by refining the dof.lsion
algorithms ond c1signing cormect peiorities to different tasks it was possible to
obtain realistic mimodols. Both phases two ond three of o crone tosk are
performed by the analog model of the crane. Figure B-4 is the circuit diqu

for one analog crane model.  There is one for each crane.
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PHASE TWO
Once interfere:ces are resol ved rh; crane circu;lt (Fig. B~4) is set according to
the task that is to be p'erform;d. The variables, PO(l), the target position and
WT(l), the waiting time, toget:her wiﬂ:\:the crane number are specified when
calling the subroutine GOWT, which performs the setting up of the circuit.
A flowchart of GOWT is shown in Figure B-5.
The gonecircuit is convf:sed'of analog components that are controlied
by logic signals, the Functio'ns of eoch Qill be described below. The equation
describing the movement of the crane olong the converter aisle Is:

T

1
X = X dt+ X,
o
where X, = position of crone at time T
X =

position of crone after time T

* C X = speed of crane

This equation reads as fol lows after scaling if the corresponding variables

! i
are used: i
i o
XCR = | XDOT dt + Xo oo (2)
XMAX XMAX KMAX
T .
.

The assumption that cranes move at the fixed maximum speed wos specified earlier

which gives:

XCR = XDOT dt + . Xeo P ) ¥
XMAX XA | XNAX
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This integration is performed by in:tegraror [-1 while the speed is specified by :
potentiometer Pl1. The dir?ction of travel forward or backward is determined
from the previous pasition and is specified by function relay F1 which is switched
to o positive or negative reference voltoge. Given the initial position (P2) and e
a speed, the crone position will at all times be availcble to the digital model by
reading the 4/D - converter that gives XCR. If the analog model is ploced
in the OPERATE mode the crane will move unfil it reaches its target pasition,
where the cronemovement stops.

Thi&%s achieved by subtrocting the target pmitio;\ O(T}ARﬂPO(I) ) from the

crane position and finding when its absolute value becomes zero:

XCR ) XTAR < 0.001 eeno(4)
XMAX - YMAX

The subtraction and finding of the absolute value is performed by the two summens
(S1,53) and one limit summer (52) a3 shown. If the value reaches .001, the

value given by potentiometer P3, comparator Cl1 changes sign, which in tum

affects the logic circuit connected to it. At this point the logic signal A will
cause the individual integrator I1 to stop integrating, l.e., the crone will stop

once the target is reochod

PHASE THREE

When a’tosk is to be executed by the crane both the target position |
XTAR and the time to wait there TWAIT (TWAIT = WT()) ) is set. The lower

half of the circuit simulates the waiting period according to:

12
: . c ‘dt + CONST |
X X f TRAX +e-)
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Where T is the time t’ne crone waits at its farget, %&%SIW," bc ze10 at the ‘o 1

beginning of every wqithg ppnod._ The integration is performed by integrator
I2 while the rate C is set on potentiometer P4. The rate is dependent only on
the time scale of the simulation which could h::v.Amy desirable value.

Since a speed-up of BETA = 20 was used:

C =  BETA = 0167 (in volts/sec.)
TMAX x &0 ‘ :

Scaling of the analog circuits is completed by chocsing the maximum travel distance

and tosk durations for which the following values were found suitable:

XMAX = 500 ft.

TMAX = 20 min.

Retuming to thé point where a crone hod just reached its target ond integrator

- 11 was placed in the HOLD mode by the logic signal A._tho same signal willalso -

place the waiting time nhgmtor 12 inio the OPERATE modc to skart the waiting period.

-

Time T is compared against tho mquirod time TWAIT by comparotor C2. When

- _A‘}.iﬁ -

T = TWAIT logic tignal retums 'mh_grotor 12 1o the HOLD mode. This bodonlly
c'mclt;deslﬂu two phosn of moving anci waiting which will npnunt o cmthuom o
process between time To‘ond Ta. -5
At |;u u;d §f the waiting time the logic signal C alsc senoflip flop
FE1 by p;od;.chg a pulse signal ln ﬁ;alﬁ.mmm Dl. | A sense line is connecied
 fo the output LS of the flig-flop and s continuously sompled in the controlling
| program. * f th logle valus LS changes It indicates the end of o waiting period
ond the conh-ollim progmm placss lhc entire simulation in the HOLD mode.

“This. is done by eamcthg both inhgrum liand 2 to the coupuhr mode signals

-
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os shown. Before describing the last phase of the crane task the ft:;xctim of the

Ioglc circuitry is summarised by a set of logic equations

where A, B C, D = logical true signdl
A B, € = logical false signal -
oP =  computer operate moda signal
ic = computer initial condition mode signal

_‘ \
LM = A ondB \J

IN = Aand OP

LO = A and C | '. {L)
(P = KondCT andOP

LQ = AoC

LR = Cond B

(C = true when task is done until reset.)
CorD (D = false at sxart of every OPERATE period)

LS

PHASE FOUR

In tha fourth ,pho; the crane task Is completed by executing on event
caused by the crone activity. The following aa;anplc will explain this: . The :
action of moving to a coﬁveﬂm and odding a lodle of mnm to it has o be
recorced by the converter model as a material addition. At the end of the time
veriod that the crone waits at the farget the material has this been odded but the
converter model is unaware of this. An event code assaciated with the pctﬂcdcr’
task is contained in the varioble NEXT (1) for the particular crane while ISAVE(1)/100 |
contains the quantity of material if it is other thon unity. The cantrolling

program will use the value of NEXT(f) to bronch to the respective swbmodel where
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the state of the submodel will be updated accordingly. For example, the oddition

of a ladle of mate into canverter No.3 will comrespond to on event number 80 if

it originates from matte tunnel No.1. This code will ollfo'w the controlling progrom

to branch fo that section of the converter submodel where the oddition is recorded.
This completes the execution of one crane fask and all other tasks will

be executed in a similar way. Commands entered via the teletypewriter are

encoded and & typical command
PDMTI, M1, . Q3

would stand for "Pick up matte at matte tunnel No. 1, pour it into converter

No.3 and retum the empty ladle to matte tunnel No. 1.®  This command in

fact consists of three basic tosks (3 movements, with a time period for lifting

or depasiting at the end of each). The target - positions, waiting times ond

priorities for each task are stored infemally and need not be specified. A

detailed description of command input.md interpretation is given in Appendix A.
I the next section the continuous filing and retrieving of a series

of crane tasks will be dealt with.

-\/
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8.2 EXECUTION OF CRANE TASKS

Modelli’ng;:f the crane tasks has been described in the previous section.
In this section the control of a number of tasks waiting to be executed is to be
described. |

All crane tasks are issued via the teletype input if tha model is operated
manually.  If automatic operation Is desired ,which Is described in Chapter 7, the
same type of tasks are used with one odditional variable Included. Al tasks are
then stored in the crane files numbered 2 for crane No. 1, 3 for crone No.2, and
4 for crane No.3. This is done in the same way as time events are stored In tI{o _
time file which is labelled No.1. Tasks are stored in the order in which oommand

are issued by meam of the ranking variable NRANK. The term crone task Is thus

synonymous with crane event to use the hm!nology of the GASP simulation longuoge.

For this particular study the moximum number of attributes associated with each -

event was chosen to be four to sove computer memory. It is necessary to we at

least six attributes to describe o crane event uniquely which was achleved by 1:
encoding four integer variables before storing them in two locations with the |
remaining two floating polint variables s_tored seporately. This technique prond

to be very useful, but s only possible If the range of values that a varioble con

have is limited. When on event k removed from the fll.e for execution the vatues

ore then decoded ogaln. Toble B-2 lists the six varlables with the corstraint

placed on thelr rl;:mlcul volues.

Filing o crane event s parformed by subroutine CFILE, the flowchort of
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which appears in Figure B-5, where the change from 6 to 4 attributes ks also
performed. The oppasite s performed when retrieving on event which is done in

/

subroutine GETEV shown in Figure B-7. /
L3 L4 I‘ ‘—_—._‘—"

Assuming that al! crane files are empty, that 1s there are no tasks to be

performed by the cranes, then the busy light on the crand display will be tumed

off and the varioble

!
f
b

IDLE(NGR) = O  (NCR = crane No.)

signifies that crone No. NCR is idle. Following the issuing of o crane command,
when the computer is still in the HOLD mode, the controlling program GASP
performs o secrch of all crane files (ee flowcharts of GASP in APPENDIX A).

If more than one crane file is not empty
f.e., MFE(NCR +1) 7 0

the first crane events in each flle will be executed in the order of their priorhlu-.

For crane No. 1 having the highest pelority this will toke the following typlcal

sequence:
1. -~ Remove event from crane ﬂ‘h ubr. GETEV)
2. Call resp. digital crane model to establish feasibility of
;xecuting task Gubr. CRAT).
3. K foasible, set up analog model Gubr. GOWT). I not
foasible refile crane event with higher priority Gubr. CFILE).
4. Rapoot‘l - 3 for other cranes in decreasing order of pelority.

5. Start simulation by plocing computer in OPERATE mode.

197.
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Assuming that no other event occus until the first crane task Is completed,
the simulation will run with all busy cranes performing their tasks in paraliel. At
this time o sense line in the qnolog‘ crane model will change its logic level.
During this period the digital program performs no other task than reading logic
signals from the analog computer. The end of the crone task is thus recorded by
the controlling program which places the analog computer in the HOLD mode to
execute the fourth phasa of the crane task o8 explained in Section 8.1.

_ Theredfter the crane file of -the particular crane & searched and the ext
event is exeéuted in the same way as described oboyit. In this way any crane will
be busy s long es there are tasks to be performed. Once o particulor crane file
becomes empty, |

MFE (NCR +1) = 0

the busy indicakr which was turned on s resst to indicate that the crane Is now idle.
The crane remains ot the last target position until it has to move out of the way of
onother crane ar when it recotves another command.  Aport from issulng one of
several commands that occur regulorly in actual practice such as moving o ladle

of motte or copper, the crane models will respond to any arbitrary commond where
the choice of the target, the walting time and priority can be chosen freely. Thes
voriobles are checked ond if they exceed the ollowable limits they will be set to the

Q

maximum of minimum permissible valve.

tatd b



8.3 DIGITAL QRANE MO DEL

-

If the combination of three craones were to operote as described ir'\ Section
B.2, they coulldbc comsidered to be ideal models. In reality scheduled maintenance
has to be performed on the cranes twice a week during which time they becoms
inoperative. Furthermore breakdowrs occur ot imregular intervols when again a
crone is operatize for an undetermined duration. These aspects were included in
the crane model by utilizing the event structure of the GASP discrete event
simulation longmge. The problem of maintenance is thus modelled as folows.
Since maintenosce is performed at a predetermined time a crone mlrit_n;:lwco
event in the time file will schedule the maintenance for a given time. At ths

time o typeout will appear on the teletype “Crone Is due for maintenance®.

The operu‘tor wil respond to this by bsuing the following command:
OIL (NCR = 1,2, 3)

After interpretction an event s flled thot will be executed five minutes from the
time the commond is given. This anl is a crone maintenonce event cawling o
crone to become inoperative fu; tha next 90 minutes, the averoge time required
for maintenonce. At the same time Informﬁop will appecr on the teletype s
to remind.the operator when the crane will be operational ogain. Also the
light indicator for the operational state will be turned off and the crone Is now
unable to accept any commands. If the command OIL s not sued within 30

minutes of the time the crane become due for molntenonce, than a reminder to

. =399 -
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operator will appear every 30 minutes on the teletypewriter until the m]nf.:rmu
is performed.  After the mointenance period has elapsed the crane will be
opemrioml again until the next minte;nnce period comes up.

Irregular breokdowrs are dealt with in o similor fashlon, except that the
time and duration of breakdowns are not deterministic quantities. Seporote
statistics on both quantities for each crane are used ond rondom sampl.;s am drown
to determine breakdowns for each crone. This technique of random sampling from
operating statistics is used frequently in the model and needs no further explonation
here.

At the beginning of any simulction run crone failure times ore genergted.
It was found that a uniform distribution is the best approximation to represent the
breckdown behaviour of the cranes.  If this time folls within the simulation period

of the particulor run the crane will break down and the operator Is informed of this

by o message on the teletypewriter. At the same time the repalr time is sompled

from o normally distributed function and the expected duration of the breakdown

|
f
t
!
4

will olso be supplied to the operctor. Depending on the length he will then decide
to use another crone of just wait until the crone is operational again. As in the ‘
case of scheduled maintenonce the opemﬂonul‘ light is turned off ond the no

command can be issued to the crane until it 1s operational ogain.



.4 CRANE STATISTICS
s4

During any simulation run statistics on the cranes are accumulated and

A

N
con be obtained at any time by giving the command
INFOK (NCR)
where NCR is the crone number. A call to submodule 5 will provide o tabular
listing of all statistics together with all varicbles describing the craneistate. A

typical typeout is shown on Table B-3. Shown are the voriobles of the tak
presently executed as well as those of the previowus task. They are rearranged
slightly and the value of KODE is shown elsewhere (the previous event number is

not shown as it is always reset to zero ofter executing the previow event), The

three statisticol quanties recorded are:
1. busy time (%)
2. delay time (%)
3. down time (min.)
Also shown are the attribures of the ﬂmh for each of the three crones. 1
Where the variobles described before give information on the present and previows
events, the ottributes above contain the same irfom:.;nion on the Ist fM svent.
A complete listing of all future events can be obtained for each crane by suing
the command: |

INFOGP
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This provides the irformation on all three crane files o3 well a8 the time file.

Toble B-4 shows a typical typeout of the filing or'ray together with relevant
voriables. The starting polnt of each file is given ond by wing column 5 ond

& of the array, it is very easy to obtain a full picture of the number ond type of
events in each file. Column § gives the line number of the succeeding even?, while

column & gives the preceding event. 9999 signifies the start of a file and 7777

indicates the end of a file.

Returning to‘Tubl'e B-3 the last two voriables typed out KWT () and
JWT (1) are state variobles of the cranes, indicating whether one crone is walting
for another. Thair functiors con be described as followa:

W = |

i = 1,3 {=1,3 indicates that crane No.i i delayed by crane No. |

ond will continue when crane No. { has completed
its present task. |
KWI@) = | T
i=13(=123 imncaa& crane No. 1 waits for crane No. | ond
will.only continue when triggered by crane No. {.
[ his vorioble aliows syﬁchmnlzoﬂon of a m—uﬁm

| operation which is used in the outomatic operation.)

lLe. WIE) =0 1 =13 Kwrg) =0 1 =13
signifies that no crone Is delayed or waiting. Table B-5 iists oll volues input
voriobles 1o the crane models. These values are fixed quantities during any

simulation run. ' _ - Lo



8.5 CRANE COLLISIONS

While any collision s avoided by resolving crane interferences in the crane 4
models a collision due to the slower crane speed of No.2 crane could occur if It wes
_!_J'followed by the faster No. 3 and No.1 cranes. In proctice the faster cranes would
slow down in such a situation to the slower spaed. Since it is only important in the
simulation model, to ensure that the overall traveiling time is the same, the foster
crane could move at its maximum speed and then stop when it comes too close to the
slower crane. After.the slower crane has moved a for epough distonce the other

crane can proceed to its target. This concept is implemented in the analog models

of the cranes. In Figure B~8 the circult diagram s shown. The moncstable timer

Is set to o sultable value and will delay the faster two cranes if they were to
follow crane.No.2. In practice this does not occur very often but it might be

important when the passible use of No.2 crane i further investigated.
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FIGURE B-—5 “FLOWCHART - OF SUBR. GOWT - | £
- - . tpr ,-. i 's ;.
SUBROUTINE GOWT. (NCR, POS, TW) .
Define NCR, POS, TW

= -

W < .03  TW = .05

WSTMAX N+ TW = TMAX

— ~ {_ Reod crane position, XCR )

Scale Variobles POS, TW

) Unlatch Comparators -7
. Set Target Position’ ? ]
Set Waiting Time
§ = XCR - POS
Set direction of Movement -
-ve :
- Sat Directisn of Movement
+ve - _

" ( Latch th )

-
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“IGURE B-6  FLOWCHART OF SUBR. CFILE 1
[GUBROUTINE CFILE (NCR, POS, TW.IPR, NRANK, KODE, NXEVT, INPUT, NSET) |

FIRST ATTRIBUTE = POSITION

SECOND ATTB. = WAITING TIME

THIRD ATTR. = .1 * PRIORITY + RANK

FOURTH ATTR. = .1 * EVENT No. + 100 * KODE

FILE EVENT &N CRANE FRE

EVENT No. =0




-

FIGURE B-7  FLOWCHART OF SUBR. GETEV

-

SUBROUTINE GETEV{NSET)

( REMOVE EVENT FROM FILE )

TARGET POSITION = ATRIB(})

WAITING TIME = ATRIBQR)

RANK = 4 LEFT DIG. OF ATRIB(3)

PRICRITY = RIGHT HAND
DIGIT OF ATRIB() ’

KODE =2 LEFT DIG OF ATRIB(4)

“ NEXT EVENT NO = 3 RIGHT
DIGITS OF ATRIB(4)

STORE KODE IN ISTRIBINCR + 1)

( RETURN ,

209.
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DERETIIL V.Y - |

| 210.
- -_{@lQ( Position of Crane 2) |
A/
COMP OP. \ l
‘ DE . -
0-2 ‘ L fa} et
OP
It - , | |
_ h. X3 (Pos.of Cr3) Minimum
- "' Y = =  Distance
| | “between
\A &/ Cranes
compop AVAE RS
s DEL
14'2 @ =’ AL]) ..ref
OP
It

- X1(Pos.ofCr.1) o

~\GURE B-8 FEATURES OF ANALOG CRANE
MODELS TO PREVENTCOLLISIONS



TABLE B=1 - CRANE MODEL VARIABLES 211,

PO (INCR) present position

POO (INCR) previous position -
wT (NCR) t waiting time of present task

WTO (NCR) waiting time of previow tesk

NRANK (NCR) ronk of last entry in crane file

LSTRNCR) rank of lost event removed from crane file

IPNCR) | griority of present tak

(PO (NCR), griority of previous task

NEXT (NCR) event to folfc‘r‘x execution of present crane task

IDLEQNCR) state varicble (usy or idle) \
KAPUT (NCR) state variable (operational or down)

NOIL(NCR) state variable (mir;tommca required)

KODE code used to retain different Information on crane events.

ISTRIBONCR+1) contains the value of code after event is removed from crona file

ISAVE(NCR) retains 100* quantity of material picked up by a crane
JWT (NCR) state varloble (delayed ot not)

KWT(NCR) state vorigble (walﬂnlg or not)

NCR Crane Number 1, 2, 3

TDOWN(NCR) total time crane was broken down

TCRAN(NCR) total time crane s busy

SP(NCR) total time crane is delayed

TDL(NCR) meon of crone repair duration S
TOH(NCR) standard deviation of crane repair duration
CRL(NCR) lower |imit of tims betwesn breakdawns

CRH(NCR) upper limit of time between break downs

e —————
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'

TABLE B~2 - CRANE EVENT VARIABLES

NAME REPRE SENTATION RANGE OF VARIABLE
POS |-  Torget position - ony F.P. vorioble ©-500 ft.) |
TW |- Waiting time - any F.P. vorible 0-20 min. )
NRANK |- Rank of task - 1w
IR |- Task priority - 0-9 .
KODE |-  Code for different purposes - 0-x
NXEVT |- }Evcnt number to follow crone tosk |- 0- 999
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214.
TABLE B4 TYPICAL SIMULATION REPORT ON EVENT FIUNG
ARRAY NSET(6,1), WHERE I=1,60 AND RELATED

VARIABLES p
GASP VARIABLES
ATRIB(1=-4) = 144]1.,C2C 41,20 .22 4,22
1STRIBCLI-5) = 3 < 12 ! 4 \
YEXT EVENT:= 14461 2692 . 18%
PRES, EVENT= 1441.,CC 41 3 4
EVENTS 1M NSET
NO POS TW  RNX/IPR XODE/NXTEV
t 2 o o 2 12
2 2 o 2 o 32
3 c c z s 6
4 19220 580 303 .74 71717
5 14712 412 12 42 7
[ c c < c 32
7 15022 592 12 232 4
8 3 o o o l
9 14552 412 22 192 5 23
12 o c s s 13 1
1} o 2 2 o] 34 19
12 c c 2 s 16 - 22
13 S g e ks 36 S
14 c e e s 26 32
15 - ol o 2 s 28 26
16 ¢ z o o 19 12
17 ) ° o 2 25 27
18 2 ” o 2 22 21
19 o o) o] o 11 16
o o o} L+ c 33 24
21 o] 3 o s 18 3s
22 e 2 c 2 12 19
23 14522 482 1225 178 9 3
24 .2 2 < > 22 2%
25 o 2 s 2 24 17
26 s 2 s s 15 14
27 -3 o z o 17 o
28 s . s o 2 2 13
29 o c e o 3% 33
2 s o o o} 21 2
31 14461 269C 52 189 23 9999
FILE NAMES : TIME CR?1 CR#2 - CR#3
START OF FILES(MFE) \ 31 o c <




TABLE 8-5 - FIXED CRANE VARIABLES DURING A
SIMULATION RUN WITH TYPICAL NUMERICAL VALUES

BETA = 20
XMAX = 500 §t)

TMAX = 20 (min)

sP(1) = SPE) = 3IM
SPR) = 330

TOL = 2 (min)

w = 20 §t)

spoed up foctor

maximum crane movement

maximum length of crane waiting time

ft /min crone speeds

ft /min crone speeds

shortest storted crane task thot Is not interrupted

closest distance between cranes
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APPENDIX C

REVERBERATORY AND MATTE TUNNEL SUBMODELS

C-1 EMPIRICAL REVERBERATORY AND MATTE TUNNEL MODELS

While no generally accepted mathematical Is for reverbaratory

——

fumnace operations are available, it is necessary to account for the reverberatory
fumace response to material inputs and outputs from the converter gisle. Since
the requirements of a reverberatory fumace submodel in the overall simulation of

smelter operations are quite different to those of a model to be used for fumacs

control, the lack of exact theoretical representations of reverbaratory fumace
practice con be overcoms.

Studies of reverberatory fumaces have been based on heat o material
balances. The primary concem in d.ovclop'mg a reverberatory fumace model, or
for that matter any of the simulated submodels, was to use only existing measurable
control variables 1o represent the behaviour of the processy Analysis of nwrbmnoqlr
fumace practice showed that an empirical moagl based on material balances would
produce the most satisfoctory representation of reverberatory fumace operation.,

Three p;rimnry objectives were to be me! by the reverberatory model all of
which relate to its interaction with the converter aisle operation: ‘

(1)  Reproducs the rate of supply of matte of a ginngmdc to.the

converter alsle.

-216 -
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Q) Represent the availability of both matte and slog in the reverberatory
fumoce.
(3) Acc.:ount for thre omount of copper lost in fhe reverbergtory slag.
In the empirical model developed it was thus not necessary to account for
variables which have no direct effect on above quontities. The usefulness of this

might become evident when considering that a regression model of a reverberatory

fumace included no less than 29 variables, many of which were difficult to measure.




F_

C-2 ASSUMPTIONNS BN THE REVERBERATORY FURNACE MODEL

The following mﬁa{} were mode in developing a model of the
reverberatory fumace:

(1) The grode of matte from the reverberatory fumace is o fixed input
quontity during simulation but can be varied if desired.

@) The rpverbom'tory fumace operation is o steady state operation,
i.e., feeding, firing ond consequently the smelting rate is congtont
wnless it is decreased or increased extemally.

(3) Matte is tapped from the matte tapping holes a3 long as there is
encugh matte in the fumacs and as long as thers is o demand for

it in the converter aisle. (If there is no demond tapping can be

semporarily suspended by not removing the last lodle from the
wmate cor.)
(4) The duration of fopping o given quantity of matte or of reverberatory
sag is not deterministic but cm be represented statistically.
) --Tl'nu are definabie limits to the levels of both slog and matte in
the fumoace within which the basic operating practice of slag and
oo the tapping are fixed.
(6) Th assumptions mode apply tobolh;ilry charged and wet charged
Without attempting to give cou:?loh justification the following points
will support the cmumptions on the puv;om pw.:b \\

4

\
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k operating practice it is attempted to keep fluctuations of the
matte g@de to @ minimum. If larger changes occur due to ;;iiff.mt
ore grodes, this change con be accounted for in the model by
specifying a required higher or lower grode at any time during
simulation .

The matte cutput of reverberatory fumaces is in direct response to
the requirement of the converters. This demond is usually uniform.
If o drostic decrease or increase occurs the rate of smelting in the
reverberatory fumace models can be changed.

The assumption made under (3) corresponds very closely with
operating practice.

The process of tapping matte involves several tosks that can hardly
be described malyﬁcally. (Typically the time it tokes to opon a
matte hole might depend amaong other variables an the hardnass of
the clay used to close the fapping hole). This essumption is
supported by time studies that wers xoken of the matte tapping
times, Thtu are shown in Figures C-1 and C-2 where the opping
times show @ variation very close to a nommal distribution.

b proctice these limits are not a3 exacHy defined as they have to
be in o mathematical representation but such limits exist. The
main difference between reclity and tho model nptos;nhfim being
the recognition that such limits have been reached. In proctice
properties of the materiol amerging from the tapping holes indicate

whether or not such a limit is reached, whereas in the model direct

9

PR |
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(6)

N

level measurements are recorded.  In opemfing proctice lavel
measurements are taken every four or eight hours.

it should be pointed out that the lumped porometer approdch in
cbtaining the smelting rate as a control vorlioblo does not need
to account for the different material inputs but reflects a given
different rate of production for each fumace. In the absance
of o relationship between the smelting rate ond variables such
as rate of fuel consumption, rate of axygen supply, fumace
drought, fumlace temperature, efc., this was the most accurate

representation possible.
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C-3 DESCRIPTION OF REVERBERATORY EVENTS

Although the matte tunnel operation is not part of the reverberatory
fumace it is closely related to it un& will be described as part of the model .

Thoundclofﬂwmverbemtoryﬁnmceisconpa&dofomof.
logically related discrete events. I these events are executed as time odvonces
at the respective times'ti;ey will reprﬁduca the fumace operation. The events
are all stored in the time file with one common time attribute which indicates
the time at which the event s bo occur. For each of the three reverberatory

fumaces the jome events are used only with different Wtiphd variables.

The same does not opply for the matte tunnels, where there ore separaie sven's
for each m&th tunnel. This is necessary to account fu'ﬁn difference in the
procedure of tapping matte from the fumaces (1'.' both reverberatary fumaces
No.1 and No.2 supply matte to matte tunnel No. 1 whereas miy reverberatory
fumace N;.S supplies matte to matte tunnel No.2).

In Toble C-1 a list of events appeors with a beief description of the
op;ru!ims performed by them.  The abbreviations Rl, R2, R3 and M1 ond m
are used to represent the reverberatory fumacas ond matte tunnels. Logle and
arithmetic operations performed in each event will now be described. Wherever -

variables ore used they are subscripted and ore colfbrated differently for each
furmace. Table C2 lists and defines thase variobles.
1. Event 4) § AM smalting rate is represented Syc given mt:of matte
level increcse in eoch fumace, RMAT(NRE) in min/ins. This
-2\ - . o



event is initialised at the beginning of the simulation where the
initial level of matte is specified as RMLEVNR.‘;:). Every time
this event is executed the matte level is increased by one inch.
Based on the rate of matte producrtion a future event is scheduled
when the matte level will have increased ogain by ono. inch.

The increments of one inch were chosen to produce an almast
continuous variation of the matte level. R
‘The matte level is compared to the allowable upper and lower
limits. If ony of these ore reached Ihe“indicutor lights "High

g

Matte Level™ or "No Matte Aveilable® will be set 1o alarm the

operator. At the same time slog or matte topping is suspended,

whichever occurs, high or low matte.

If the matte level has reached or exceeded its maximum ollowable

limit in oll three fumnaces o typeout will oppear on the teletype-

writer giving the operator the option of: \

(@) Increasing the matte grode, which will reduce the matie
production, |

®) Decreasing the fire in o fumace to directly reduce the j
smelting rate. | }

Individual changes to each fumacs are cllowable and the resulting

changed ml;u are shown for verification. I the cbsence of data

relating ari increate of matte grode o the decrease in smelting rate,

the following estimafe is used:

-4 x (% change in matte grode) = % change of smelting rate



2. (Event £}

" ITROL(ITUN) is checked. The states are given by:

. g e AT
e e

This equation expresses the response of the smelting rate as ‘
estimated by operating personnel .
When o crane retumns an empty lodle fo matte tunnel No. 1,

the varicble describing the state of the matte car

MROL(ITUN) =1 - full lodle of matte an car at converteraisle
TROL(ITUN) = -1 - car near matte topping hole of rev,
TROL(ITUN) = 0 - car empty at convarter aisle

If ITROL{ITUN) = 1, or -1, no action is token signifying that the
lodle is placed on the floor. If ITROL(ITUN) = 0 it is cssumed
that the empty ladle is placed on the empty car which thereafter
movas the lodle to the matte tapping hole. Matte is tapped if

the "matte available™ indicator is switched on in either reverbsratory

fumaces B or R2.

i.e., if RALEVQNRE) > YMMIN (NRE)

Matte is tapped from both fumaces If matte is availoble in both.
If no matte is available in‘ono, matte is topped in the other. K
the motte level has exceeded the upper level in only one, matte
is tapped there only. The fime that posses befors the filled ladie
of matte orrives at the converter aisle again is sampled from the ‘
distribution shown in Figure C-1. The data shows times for
topping matte from both fumoces and it is cssumed that topping
from one fumace tokes twice os lang, while the time of moving

hwbaﬂ&omhcmnmrowomhshm. This
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3. [Event 43)

4. (Event 44)

&

5. Event 45}

224.

time is o fixed variable given byTRAIL (ITUN) and could thus have
baen lumped into the distribution of fapping times. This was not
done to account for breakdowns of the matte car which could delay
the matte supply. In tho absence of suitcble siatistics the effect
was not considered significant but'could be included in Ih; model

at any time.

If no matte is available in both fumaces topping is suspended until
the matte level has increased sufficiently. At that time tapping

is resumed ond the next time a ladle of matte becomes available N

is determined as described above. |
The logic follows that of avent 42 except that matte ks anly fopped
from reverbergtory fumace No.3. The distribution of topping time

is shown in Figure 2,

Together with a light indicator "Matte has orrived™ a bell ringing

on the teletypewriter will inform the model operator of the orrivl

of o ladle of matte ot matte tunnel No. 1. At this time the decrease
of matte lavel dus 1o topping matte in the reverberatory fumocis s
recorded, while light indicators for “low matte” are set if q:p"e&l.:
Furthermors the total number of lodles tapped ore recorded os well

s the time a full odle sfands on the matie car at the converter olsle.
This event for matte hnnet No.2 is similar to event 44 except that

it accounts for tapping of matte from reverberatory fumoce No.3 anly.
It might be noted that hera the human interoction, i.e., o command

from the model operator, is necessary to complete the cycle of tapping

<




matte from the reverberatory fumace. In the octual operation o
crane will be sent to pick up matte from o motte tunnel if there
is one available and if a converter is reody to receive it. This
same operation is performed in the model if a ¢crane is ordered

to pick up matte ot a matte tunnel ond to retum the empty ladle
thereafter.  Onl y then will the next ladle of matte be filled
and refumed to the converter aisle to repeat the cycle.

In the aUtomatic mode of operating the simulation model wh'k;h s
described elsewhers, the crane command is issued automatically
after the need for matte is estoblished and a converter is chosen

to give a smooth converter operation.

6. Event 46) Once a crane hos picked up a ladle of matte ot matte tunnel No. 1,
avent 46 is triggered when the state of the matte car is st to "emply®.
This is olso indicated by a green light that is tumed on at the matie
tunnal. The end of the period of waiting of a full lodle of matte
on the car is recorded here. |
Em%h&owdifmth is picked up from tha floor. That is, if

IFLOR (1)>0
and -MTROL(Y) ¥ 1
i.e., if there is matte on the floor but no matte on the car, a lodle-
is picked up from the floor. I there were no lodles of matte left
on the floor @ light indicating this would be tumed off . It Is
casumed that lodles of matte are always full, the quontity mul tipl ted
by Y00 being ltortdbyﬂnvwi&lo

N

ISAVENCR) = 100 .



9. Event 49)

- 26.

Event 47 i the equivalent of event 46 for_matte tunnel No 2.
The increase of the slag level in ﬁ\emvu'bemto.qﬁm;ocuh
mainly due to the retumed converter slag, however there is also
a cerkain amount of slog produced in the reverberatory fumacs.
This uniform rate of slag production i wt-d by the variable
RSLGINRE)  in{ins./min.)

which is used to update the slag level in a way similar o ths matie
level. I the slag level reaches its lawer or upper limit, a light
indicator will inform the operator. Event 48 is also used to
perform the operation of slag topping .
The quantity of slag tapped varies dus o variations in slag viscosity
and due to blocking of Yapping holes.  Available skatistics showed
Hntﬁnvcrioﬁauc;fhppiu rates con be best represented by
uniform distributions for each of the three fumaces. - .
¥ g crone retums converter slag to reverberatory fumace No. 1, the
quantity of slag is given by:the varioble ISAVENCR) which is veed
to record the increase of the slog level in the fumoce, SLEVINRE).
¥ the slag level exceeds the upper limit,

SLEV(NRE) > SMAX(NRE)
a light indicator will be tumed on to inform the operator. On any.
thimmmwmdoomhoccippdbyh
reverberatory fumoce until the slag level has fallen below the limit.
I tha cormond of pouring slag into the reverberatory fumace is

given while the "high slag level® indicator s fumed on, O MeNage

LR T A
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will appear on the teletypewriter to inform the operator of this,
(i.e., REVERB #1 CANNOT ACCEPT CV.SLAG.). Eoch lodle
of converter slag ihutisp‘cwred into the reverberatory fumace is
camted and stored in TSLAG(NRE).

10. (Event, 50, Event 51). The procedure of retuming converter slag to
reverberatory fumaces No. 2 and No. 3 is the same o3 that of
No. 1.

It should be noted here that the distribution of converter siag between
&w reverberatory furnacaes is performed by the model operator who
can request information on the amount of slag retumed to each at
any time. If hs wishes to distribute slag evenly or in ony other
fashion the siatistics on the reverberatory fumace will aliow him to
control this as desired.

In the automatic operotion a given distribution pattem con be

secified according fo which the converter slag will then be
scheduled to nlu;n.to the reverberatory fumaces.
11. Event 52, Event 53) If a lodle of matte is removed from a matte cor ond placed
on the floor near one of the matts tunnels the varioble
IFLOR(ITUN) |
will be incremented and an indicating light "matte on floor® will
be tumed on. Again this case is eated in a similar way for both .

motte tunnels.
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C—4 STATISTICSSON REVERBERATORY FURNACES AND MATTE TUNNELS

Tabie C-3 shows a typical typeout as cbiained upon requesting information
on the reverberatory fumaces and the matte tunnels. The commands ore INFCRONRE)
ond INFOM(ITUN) respectively. All relevont quantities are listed as shown and
give a full status report on the matte supply .

The matte level relative to its tolerance limits would ndmla the omount
of available matse whi‘lo a hi‘gh slag level could indicate that either or both reverb
slog tapping was slow and converter slag was poured info the fumace frequantly.

The motte level in @ reverberatory furnace at any time t can be expressed

as follows:

M) = f ey, qi, 1) RN ()]

where M(1) = matte level at time ¢t (ins)

r, = rawe of matte smelting (ins/min)

qQ; quontity of matte topped in a time interval t; (this volue is
nomal ly distributed) (ins)
I; = {ogical condition during 8t (=1 if matte is required and

available; =0 if matte is uvnavall able or not roqulnd)

n
thus ofter the period t = Z at; has elopsed
i=0 ]
n 1]
M(t ). = M( +Z fm At -Z al; e @
" Ly T e

-728 -
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Equation (2) reflects the function of both equations (3) and (4) and the logical
states as they occur in the course of simulation:

RMLEVNRE)

RMLEV(NRE) + 1.0 x RMAT(QNRE) veea @)

RMLEVQNRE) = RMLEV(NRE) - RATIQNRE) ) -
In the reverberatary fumace models thess equations are executed whenever

necessary and provide the matte level at any time.
In a similar way the slog level is represented by:

S(I); = f(tri, 1y qi 1) ' i eeralD)

i

where S({t) sdog level at time t (ins)

-
fl

: quantity of converter slog retumed in At (ins)

rate of slag production in fumoce  (iny/min)

..
"

q; = quoantity of reverberatory slag topped in time interval 8 t; (this
valve is uniformly distributed)  (ins)
1. = logical condition during8t; (= 1 if matte level is below in

vpper limit, = 0 if above upper I}mlt)

and considering again an elopsed period of time Yo be mode up of n discrete time

intervals:
n
B
H
=0
then o 0 n ’
s¢) = st +Z +Z Ay - ; qlj .- (6
n o M’i S s 0N X

Equation (6) is represented in the model by equations (7), (8) ond (9) and the state of \\._/

the logical variable 5.



SLEVQNRE) = SLEV(NRE) + 1.14x SLRA(NRE) x ISAVE(QNGR) ;ﬂ

SLEVINRC) = SLEV(NRE) + RSLG (NRE) ....(8)

SLEV(NRE) = SLEV{NRE) - POT(NRE) x UNFRM (STAPLEQNRE),

- STAPH(NRE) ceedd®

The numerical canstont in question (7) accounts for the difference in specific
weights of reverberatory slag and converter slag.

Io the case of slag tapping the level changes are nat directly influenced by
decisions of the model operator, j.e., a coatinuous but non-uniform rate of topping
.. qssumed s long as the matte level is not 100 high.  If the matte level axceeds i
upper limit slog Yopping is discontinued to avoid the loss of high grode matte in the
reverberatory slag.

The reverberatory fumace model de.scribod is based on materia! balonces only. |
The input of concentrates or calcine .to the fumace together with the rate of oil

i
bumning determines the smelting rate of matte and accounts for o small port of

reverberatory slog productioc\/. Both the muh: production and the slag pr;beticn
rates were obined from operating stutistics/md proved fo be a sensitive control
variable for the reverberatory fumacs.

Matte tapping from the fumoces is a critical operation os it directly
affects the overoll canverter aisle performance. The operating skatistics con be
mp&aﬂed accurately in the model WhOnby-a reclistic rate of matte supply is
produced.

Converter slag is returned to the fumaces in response to the operator
commonds. The operator will attempt to follow regular aperating proctice in
distributing tho slag between the fumaces. Reverberatory siag is tapped at @

varying rate, The total q\mthydmmprocmdmdtho(lulo-hlh



231.
reverberatory fumace slag are the importont quantities to consider when estimating

the overall efficiency of smelter operation. When considering the odvantages of
operating at @ higher grade matte the benefits would have to be weighed amangs?
others against the tokl Cu-lcsses as supplied by the reverberatary model.

While the level measurements might not reflect the exact volume of molten
material in a bath of varying area, they were used to provide the operator with the
same measurement that is used in reclity.

During the mcdel development and volidation phases it was no.ccanry o
constantly revise aspects of the modei. This was a very useful process since it
gave ‘a better understonding of all interactions involved, which when accounted for

produced on accurate and meaningful reverberatory fumace operation.
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TABLE C-1 - LIST OF REVERBERATORY FURNACE AND MATTE TUNNEL EVENTS
[ Event No. Description of Event al
41 Updating of matte level in R, R2, R3 |
42 Tapping of matte is initialised at M1
43 Tapping of slog is initialised at M2
44 Full ladle of matte is available at M1
45 Full ladle of matte is avoilable ot M2
46 Lodle of matte is removed from car or floor at M1
A7 Lodle of matte is remaved from car or floor ot M2
A8 Slag level is updated in R, R2, R3
Slog skimming Bpew inRl, R2, R
49 Converter slag is retumed to Rl
30 Converter slag Is retumed Io R2 .
51 Converter slag is retumed to R3
52 Lodle of matte is deposited on floor near M}
53 Lodle of matte hdoposlbctonﬂootmorMZ

[ Py



TABLE C-2 - DESCRIPTION OF REVERBERATORY FURNACE AND MATTE

TUNNEL CONSTANTS AND VARIABLES

RMLEV(NRE)

YMMAX (NRE)

YMMIN (NRE)

" RMAT(NRE)
TRNRE)
TLONRE)
THIQNRE)
TOLA(NRE)
RATINRA)
SLEV(NRE)
SMAX (NRE)
SMIN (NRE)
STAPL (NRE)
STAPH (NRE)
TOTSL(NRE)
RSLG (NRE)
;LRA(NRE)
POT(NRE)
TSLAG (NRE)
TAW(ITUN)

TOTW(ITUN)

' .

A

- n_umbo; of converter slog lodles retumed |

" relative matte level in fumace (ins)

vpper limit of matte level (ing)

lower limit of matte Io.vol (ins)

rate of matte level increase (min/ins)

inter(rol between matte level increcses (min) |

mean duration of matte topping (min)

standard deviation of time duration of topping (min)‘
tal number of matte ladles fapped

con ation foctu' .(in‘;j_mm/'lodlo)

relative slog level in fumace (ins)

vpper limit of slag fevel (ins)

" lower limit of slag level (ins)

- lowsr limit of slag topping rate (pots/min)

upper limit of slag topping rate (poly/min)
number of siog pots tapped

rate of slag level increase (in/min)
conversion foctor (ins slog/tadle)

. conversion foctor (ins slag/pot)

sy

' dﬁlvol time of matte car at converter aisle (min).

total time full ladle skonds on matte cor (win)

235,
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TABLE C-2 (Connd.)

s 236.
TRAIL{ITUN) - time duration of matte car transporiation (min) _
IFLOR(ITUN) - ‘number of matte ladles on floor
MROL(TUN) -  status of matte car
| NSLAG([TUN) - matte available at matte tunnels (outomatic operation)|
NRE=1,3 - reverberatory fumace numbers for R1, R2, R3
uUN = 1,2 - matte tunne! numbers for MI, M2




TABLE C-3 TYPICAL SIMULATION REPORT ON -
REVERBERATORY AND MATTE TUNNEL

SUBMUDELS
REV. FURNACES
R1 R2 R3
vaATTE LEVEL 19.04 19.76 23.16
mX. LEVEL 21,32 21,20 , 25,52
MIN, LEVEL 16,00 15.22 2.2C
¥ATTE TAPPED 35,00 37,28 38,00
SLAG LEVEL 43,36 55,52 49,74
~aX, LEVEL 57,22 56,00 57,22
w4, LEVEL 43,22 43,22 43,20
SLAG TAPPED 95.71. 88.51 46.74
SLAG RETURNED 38,28 47.52 35.99
wATTE TUNNELS
MIl MT2
4T ON FLOOR el <
MT ON CAR | !
496,63

MIN MT IS WalTING 422,C

[ PR vyor v |




APPENDIX D

CONVERTER SUBMODEL

D.1 INTRODUCTION

The converter mode! described here was developed by L.K. Nenonen of
the National Research Council and the description that follows was token from
Reference (N-4).

-

The converter model consists of:  ~~ ~ ©
(i} Analog circuitry to represent ongoing chemical activity during blowing
pariod a3 well as detection of end points.

(ii) A digixl computer program module (Submodule 3) which handles material

additions to the converter. v
(iii) A digitol computer program module (Submodule 6) which hondles material
" removals from the converter.
(iv) A diginl computer program module (Submodule 7) which responds to end
point events, converter breakdowns, collor pulling, ok.

All materiols transported by the crones are spacified in terms of their weight
and their Fe, Cu, and S contents, the balance being considered slag. When specific
material additions are made, these compasitions and weights are used in submodule 3

1o calculate the comesponding quantities of FeS, Cup$ and slag if the converter Is in
its matte stage and Cu2S, Cu and slag if in the copper stoge.  Digital -Analog

converters are used Yo Hronsmit the effech of the material addition to the analog

-238- -
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computer. Similarly, when material is removed from a converter, using Submodule 6,
the digital computer determines the comresponding quantities of FeS, CuyS, Cuor
slag removed and updates the analog computer using the same Digital -Analog

converfers.,
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D.2 PROCESS CHEMISTRY AND CONVERTING RATES

The model of the matte stage behaviour accounts for the reactions:

2FeS+ X, + 2Fe0 +230 RPN | )
2Fe0 + 5i0p * 2FeD.5i0p H cees(@)
which give:
2FeS + 307 + 510, ~ 2Fel. Sibz + 250 -+.-(3)
The assumptions made are as follows: ’
(1) My free Cu entering with input materials oxidizes instantonecusly,
according %o:

4Cu+2FoS+02 + 2CupS +2Fe0

the resulting FeQ combining with Si02 to form fayalite acconding 1o (2).

(2) Any free Fe entering with input materials oxides instontaneously according

#

to:
2Fe +0p ~+ 2Fe0 T
the resulting Fe0 combining with 5107 according to @)
(3) Converter temperatures and fluxing conditions are such that mognetite ks
not produced according to:
Fed +0, * 2Fe304
(4) Referring to equation (3), equilibrium conditions are mumldh‘]) occur at all
times such that the rate of reaction is determined entirely by the rate of
supply of axygen.
Additions of free Cu and Fe ore accommodated by the model, the necessary
odjustments being mode in the material oddition portion of the computer

prograom.
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To colculate the rate of supply of axygen to the reaction, two input voriables
are required: |

_Alﬁ = Measuned air flow rate entering the converter, SCFM

EFF

n

Propoction o{}the air entering which actually n&cb on its way
through the converter. This efficiency foctor accounts for loss
of air through leakoge and possible non-equilibrium conditions
in the converter which lead to the escape of unreacted axygen.

~ Thus, the rate ot which 02 enters into reaction (3) &s:

RO = 0.2l x Pa x AIRxEFF pomd-t;'-olespum'n'uh
. _

RO2 = .000545 x AR x EFF LBMM 4)

The rates of change of all other reactonts and products of reoction (3) can

be determined bosed on RO2.

RFES= -2/3 x RO2 LBMM
RFES = - .00001597 x AIR x EFF TPM | )

RS02

+2/3xR02 LBMM

RS02

1}

+ .00000884 x AIR x EFF TPM R ()
RRFEQ.SI02 = +1/3x RO2 LBMM
R2FEQ.SI2 = + .0000185 x AIR x EFF TPM .-
RSI02 = -1/3x RO2 LBMM |
RSIO2 = - .00000548 x AIR x EFF  TPM ceee®
However, converter lux odditions may not be mode at the stoichiometric rate given
by (8). To permit use of non-stoichiomeltric rates in the model, o cosfiicient FRAT

is introduced such that the actual rate of silica addition is
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RSIO2 = +.0(X)(D548xA‘IRxEFFxFRAT TPM eeea®
and when FRAT =1, 5i0; is added ot exacy the rate demanded by reaction (2),
when FRAT > 1, excess Si0 is odded, and when FRAT <1, insufficient Si0; is odded.
Since the flux isoctually 68% 5i0,, the total rate of flux added is:

RFLUX = RSI02 = .00000804 x AIR x EFF x FRAT TPM  ....(10)
0.8~

of which the balance of 32% is c:sumod to be inert materials which enter the slag.
In practice, flux is added in on intermittent fashion to achieve converter
temperature conwol, However, flux odditions are made continuously in the model
at the rate given by (IQ) %mvor the converter is blowing in the matie siage.
While the total flux oddition per charge will be comrect, the uniform distribution
of flux oddition over the entire matte stage will deviate somewhat from the distribution
achieved in practice. The octual rate of cw of slag in the converter can be
determined from squations (7) and (10) as follows:
RSL = R2FEQ.SI02 + (FRAT - 1) x RSK2 + RFLU);(xO.ﬂ
where term (1) occounts for Fayaﬁh production by (2)
(2) occounts for Si0y not involved in reaction (2), i.e., non-
svoichiometric Si0y -
(3) accounts f.or the inert materials entering with the flwx.
Substituting |
RSL = 0000185 x AIR x EFF + (FRAT - 1) x .00000548 x AIR x EFF
. + .00000804 x AIR x EFF x FRAT x 0.32
= .000013 x AIR x EFF (1 + .62 FRAT) e (W)
Equations (5) and (11) are the key rate equations solved in the model for

converter in the sntte stage.
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During the copper or finish stage, ncoming cxygen reocts \Qilh Cqu o

follows:

Cup$+0p + 2Cu+ S0 e (12)
Therefore, ﬂ-ueraiu@

RCU2S = - ROZ LBMM

RCU2S = -.0000434 x AIR x EFF TPM e (13)
and RCU = +2x R02 LBMM

_RCU = .0000346 x AIR x EFF  TPM .o (14)

Nots that the rate of supply of axygen to the reaction (12) is based on the some
]
efficiency factor EFF as is used in the matte stage. Equations (13} ond (14) ore solvé
/

in the model for converters in the copper stage. | (/

During the matte stage equations (3) and (11) are solved to producs F.SL’ﬂ slag.

Before solvng of integrating these rate equations on on analog computer,
decisions are required conceming amplitude scoling and time scaling. To tronsform \
the onalog vol toges to comresponding materiol quontities in tons, the variable TPU \
(NCV) is usad, NCV being the converter number whare NCV = 1 1o 5 corresponds
to converters 3 %0 7. Simulation work to date has used BETA = 20, TRUNCV) = 130
for all converters.

Ih the model program, the vuriabl;s Al; ond EFF are defined by elements of
the two dimensional array CV as follows:

CVINCY, 6) = ARx 1073

CV(NCV,7) = EFF

Substituting into the rate equations for RFES, RSL, the equations 1o be

)

integrated become
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r

RFES = -.01597xcvo'4cv,<;) x CV(NCV,n x BETAZTPUNCY) ....(15)
RSL = +.013(1 + .&2 FRAT) x CV(NCV, 6) x CV(NCV, 7) x BETA/
TPUNCV) .e..(18)
Similarly, in the copper stage, the followhg equations must be integrated:
RCU2S

]

-.0434 x CV(NCV, 6) x CVINCV, 7) x BETA/TPUNCY) .... (17)

ROV .= .0346 x CYQNCV, 6) x CV(NCV, 7) x BETA/TPUNCY) .... (18)

Actual solution or integration of these equations is achieved by the analog
computer circuit of Figure D=1, identical for each converter model. Referring to
Figure D-1, potentiometers, Pa, Pp are set to the values given by (15) and (16)
while Pg and P are set to the values given by (17) and (18). Pg and P are set to
1/60 to convert units per minute to units per second, the computer time scales being
based on units/second. These potentiometers are set at the start of o simulation
period when all initial conditions are established.

Thus, once initial conditions have been established for o given blowing
period via DAj ond DAg, control lines A, B are employed to switch the integrators
to the operate mode where the outputs of 14, I will change at rates determined by

P A+ Pp in the matte stage or Pgand P In the copper siage.



D.3 RESPONSE OF BASIC CONVERTER MODEL TO DISCRETE EVENTS

Discrete events con influence these analog computer circuits via the DA
or AD converters, comparators, control lines or computer mode control status lines.
The types of discrete event which arise are:

1)) Material odditions

) Material removals

(3) Start and end points of individual blowing .period: ~

(4) Equipment maintenance ond breakdowns

Such events can be triggered by operator commands, by commands from the
digital computer automatic decision making algorithms, or by changes in state of |
comparators in the analog computer itself. In particular, when FaS or CuySina
blowing converter reaches 1 ton, this is sensed by the cormresponding comparator
(C 5 in Figure D-1) which switches from a TRUE state to a FALSE skare ond in 30
doing,. triggers  sequence of other even’s leading n\ﬂn swi!ching. of the corres-
ponding integrators 1y, Ip to the HOLD mode from the OPERA’IE‘ mode. In the
HOLD mode, voltages on |4, lp are held for recording until further oction Is token
arising from a subuqﬁonl material removal or addition avent. -

The following converter material additions are classified by elements of
the 1ADD (10, 4):

J10

Q) Hot Charge Matte from matte hnnel 1

=245 -
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2)  Wet Charge Matte from matte tunnel 2

) Tronsfer motie

4)  Copper pigs

6)  Serap

(6) Reactor slag

74 Flue dust

(8) Skulls

()  High copper slag

Each categary of addition is identified by o code JIO ond is assigned four
atiributes: weight, % Cu, % FE, ond % S.

Compoasitions of material removed from the canverters are also defined by
elements of the IADD array: |

310

3) Transfer matte

(9  High coppersag

(10) Regular slag

(11)  Blister copper

Other converter model varibles are given in Table D-1. .

In the model, coq;aiﬂon of tronsfer matte removed from o poﬁiwlﬁr
cmva;'m is calodlated based on the compasition of the canverter matte, and the
corres ponding IADD arroy elements are vpdated. Thus, when the m&r matie
is odded to a socond converter, these updnhd compositions are wsed. However,

fixed compositions are used for high copper d&,__nmﬂcr slag, ond blister copper.
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Fifteen operating states are defined by the variable ISTAT(NCY) where

NCV is the converter number., These states are as follows:

M Filled for o matte blow and blowing

@) Blowing on copper |

3 End of a matte blow, slag to be skimmed

(4) End of a matte stage, slog to be skimmed

)] End of o copper stage, blister copper to be romoved

(6) Blowing on matte, able to toke more matte

@ End of matte stage, siag skimmed, waiting for flue dust before
starting copper skage .

(8) End of copper shage, skull to be added before topping blister copper

(+%] End of matte blow, slag has been skimmed, waiting for matte

| before blowing con start

(10)  Not wed |

(11) Blowing on copper, cold copper needed

(12)  Collor being pulled ’

(13) Converter down dus to equipment breakdown or rebricking

(14) Endofammblow,dmmbod:imdwmmlhoddod

and current blow cl.mthu.d

(15) Gowing high, at least one ladle of siag con be skimmed

The classificotion of material oddition events Is given cbove and the event
aumbers for the aine possible categories is given in Appendix F. Comesponding o+ -
eoch event number o materiol addition event cowses o branch to submodule 3 whou

the following aper ations are performed: .

»
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1. Bronch Ato respective event statement number .

2.  Establish legality of command. Depend\:mg on the converter siatus
ISTAT (NCV) afd the material category JIO tha matrix 10(110, ISTAT)
transfers oction to me of the 9 categories of legal material oddition.

If an illegal comma was issued a messoge is typed out and the commond

is ignored by branching to the RETURN statemant.
3. based on the materi l‘curegory the respective converter model vorid:l;s
and the analog circudit is updated to account for the oddition. Bosed on
the material compositions as given by armay 1ADD the quontities ore
updated for a matte biowing stage or a copper blow.
4. During a matte stoge every oddition couses a chack whether the accumuiated

quantity of copper (Cup5) has reached g critical level after which a copper

blow can be initialised. If this condition is satisfied a messoge is typed

out which gives the operator the choice. If he decides to proceed with

a copper blow the present blow will be the last matte biow, the going-high

blowhfon proceeding with a copper skage.

Two funhcr events are tregted in submodule 3 the start of a slag blow in
a converter analog mo?kl and the start of a copper blow.  The fist occun whon
sufficient matte hos baen added for a particular blow while a copper blow always
starts ;vhcn o ladle of flue dust has been odded ofter all the slag is skimmed in lhc
going -high blow.

If ¢ material removal event occurs o branch to submodule six follows ,where
the four categories of material removal are treated in a similor fashion as odditions

ore recorded in svbmodule 3.
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The difference benng the checlks of mate-rial quantities remaining after o
’removul . For each type of material removed ohe cmpmentl is more ciitical than
the other, i.e. CupS$ for transfer .n-uarte,ond slag is iﬁportmt-h the slog skimminé '
operation irrespective of other quontities. However, removal of a particular
material category causes a mmi-of the correct proportions of each of its
" constituents.  The composiﬁm is again given by the aray 1ADD.
b oddition to the removal events an event recording the presence ofg;\
mpty lodle at o converter and an event to sﬁrt a blow after skimming slag during
the going ~high blow is h'eat;a hare. Whenever c.cqvei’ter slog is skimmed from o
" converter this is_ferouted to @ converter mtaod of being retumed to a rever-b._”furm;n.
Submodule seven consists of ten typt—:s of conv'erﬁr events, these are also |
shown in Appendix F. Theso event;mpmd to b;ghnir:gs and end points of processes.

The end point of o blowing pc'ariod is given by the anolog model of a

converter and depending: on the converter status given by ISTAT(NCYV) it will indicate

the end of a copper or a slag blowmg period.

-

\ In the capper blow the demand for cold coppnr pigs js created in submodule
'

+

seven by filing an event at time htervals, that are dchrmmod at the begmnltq ofa
copper blow. Ina mrulor ‘way an event is filed that mdicutes when enough slag hcu
accumulated in the going high blow to worrant skimming. In both coses light

indicators are tumned on to which the operator con npa;d.

"Collar pulling results in on addition of matéilal to @ converter which is
rreuted by two events, the stort ond end of collar pullhg " Converter breckdowns

are ftreated by digial rnodels uhlhng breckdown ond ropair statidtics.

N
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One further event to zero converter arrays I1AFO, IRFO ond MT is executed
whenever @ new converter cycle starts after removing all the copper or all transfer
matte from ¢ converter. /

The three amays together with the material quantities in the converters
at any time,given by array CV, provide a complete status report on all converters.

This information is automatically provided at the end of every converter cycle or upan

request. A typical typeout is given on Table D-2.
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APPENDIX E

ANODE FURNACE AND MISCELLANEOUS MODELS

£-1 ANODE FURNACE SUBMODEL

The submodels described below were developed by Dr. U.P. Graefe of the
Ngtional Research Cou'llcil and the description is token from Reference G-4.

The tperation cycle of an anode fumace consists of filling the fumace
with copper, a ladle or less at a time until its holding copacity is reached or umil-
the operator decides Yo start reﬁmng’ The refining time is assumed to be proportional
to the number of ladies of copper in the fumace. Upan completion of refining, the
fumace awaits a casting command from the operator. Costing can only toke placa if
an anode wheel is available. Fumnace 6 casts onto anode wheel No.3 while fumoces
4 and 5 share anode wheel Nof.4. The octual casting time depends on the fumace
and the quantity of copper in the fumace. After complation of casting a cerkain
amount of time is required to get the fumace ready to accept copper qioin.

The fumaces con thus be modelled by the following six types of events:

1. E,ventwlo32, -Pwrhgofooppuintomodeﬁ:mce4,50r6reqnclively
2, Event 34, Start the refining procsss

3. Event 35, Furnace ready for casting

4. Event ;6, Start casting

5. Event 37, Finished casting ‘

6.  Event 38, Anvode fumace ready For copper input.

To prevent iswwing the refined ond cast commands at the wrong time during
the anode fumace cycle, the fumoce and ancde wheel shates are saved in the three
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element array IAFFL (one element per fumace) and the two element array LAWHL

(one element per anode wheel). The states are coded as follows:

1AFFL{I)

1l

1AWHL (J)

where |

and J

0 when waiting for copper

1 when full

2 when refining

3 when finished refining

4 when casting

5 when finished casting

H|

0 when not casting
1 when casting
1,2, 3 for fumaces 4, S and 6 respectively

1,2 for anode wheel 3 or 4 respectively

Pouring of copper into o fumace results in updating of the amount of copper

held, provided of course, that the fumace is in stote. 0. The "more copper required’

and "fumace full’ lights are switched approprictely ond the fumace state is set to 1

when the present level differs by less than one lodle from full capacity. | s

A refining command for a particular fumacs results in a check 1o see if

the furnace is indeed ready to refine. If s0, appropriate sikatus lights and fumacse

state are changed, and on eventNo. 35 is scheduled using a fumace dependent

sniform distribution and the amount of copper in the fumace to determine the refining.

time.

After completion of the refining process event 35 is executed which notifies

the operator that the particular anode fumace is ready for casting. The operator

originated casting command results in checking for the correct fumace state and

availability of an anode wheel. I the fumace is indeed reody to cast, and 0 wheal

. bt i el
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is available appropriate status indicators are set and an event No. 37 is scheduled

- occur ot @ fime derived from a fumace dependent uniform distribution and the
amount of copper held in the fuche.

Completion of casting results in setting appropriate status indicators and
anode wheel and fumace states.  The total number of onodes cast is updated by the
number of anodes just cast, ond event No. 38 'u‘scheduled, using a fumace dependent
uniform distribution for the time of occurrence of this event.’

When event No. 38 is executed the fumace stofus is reset to 0, the cq:p.-r
content is set to zero, the ‘fumace ready for copper' light is tumed on, and the
operator is notifi Table E-1 shows the format of information as obikained from the
simulation model in response to the commaond INFOA (4,5,6). Also shown on Table E-]

is the information on the various other submodels described in the next sections.




E-2 PILOT PLANT SUB-MODEL

Opesations of the pilot plant os seen from the converter aisle cansishs
of the production, from time to time, of two copper cakes and pilot plontslog. The
copper ?ukes have to be removed by a crone. A full ladle of pilot plant slag has to
be picked up, and after emptying the slag into a canverter, the empty slag lodle has
to be retumed. Thus, the w;role pilot plant can be modelled through the following
five events: |

1. Event 1, copper cakes are ready to be picked vp.

2. Event 3, copper cakes have been pickod.up

3. Eventd, Jc@kmodytobepickndt.p

4. Event 6, slag hos been picked up.

5.  Event 7, on empty slag ladle has been retumed to the pilot pl ant.

v .
Briefly, when copper cokes are ready the operator is notified, the total number of
cokes is updated and the next event No. 1 is filed using uniform distribution for the
coke production time.

The pick-up of cakes involm. checking to see that cokes are indeed

i

availoble for pick-up, and notifying the operator when cll available cakes have
been picked up.
When slag is ready the operatos i notified of this fact ond the next such

event is scheduled at o future time determined from an cppropriate uniform distribution.
-257 -




Pick-up of slag involves some bookkeeping and changing the light
indicator status for the pilot plant.

The retum of the slag lodle just causes the 'empty ladle required' light

to be tumed off.



E-3 COPPER PIGS

Copper pigs are produced by pouring blister copper into moulds. There
are X0 such moulds in the pig bay and one lodle of copper produces about five pigs.
After cooling for approximately three hours the pigs are ready for pick-up. They
may be dumped either into a converter or transported to the pig pile. Piés on the
pile may be picked up later for dumping into @ converter. Thus the copper pig
submodel can be represented by five events.

1. Event2l. pigs have been poured
2. Event27. Some pigs have cooled sufficiently to be picked vp
3. Event23. Pick. up of pigs from pig bay.

4. Event 24, Dump pigs into the pig pile.

5. Event26. Pick up of pigs from pig pile .

Before pigs con be poured, a check is made to see if there are enough
mculds available. If, ofter filling all available moulds there is still some copper laft,
the operator is notified of the amount of copper left." As soon as more than 26 moulds
are filled, the 'moulds ov;ailuble' light is tumed off. Pouring of copper pigs also
results in scheduling an event No. 27 to occur at o fixed ﬁmo_iTPCOOL minutes from
now. |

When the pigs have cooled sufficiently event No. 27 occurs which
increments the number of cold pigs availabla and notifies the operotor of the foct
that cool pigs are available.

Pick -up of pigs from the pig bay results in a check to sae if the required
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number of pigs is available. if all pigs have been picked up, the 'pigs available’

light is tumed off, and the 'moulds available* light is tumed on a3 soon cs less than

26 moulds are occupied.

Dumping of pigs or copper cakes onto the pig pile results in updating -;\
the number of pigs an the pig pile. Note thot no distinction s mode here between |
copper pigs of copper cakes. As long as there is at least one pig on the pig pile,
the 'pigs available’ light s on. Pick-up of pigs from the pig pile results in a check
to see if the required number of pigs is available, and decrementing the number of

pigs held on the pig pile.




E-4 LADLES - BUMPING BLOCK ~ SKULLS

No attempt is being made to keep track of individual lodles. Whenever
a lodle is filled with matte, any type of siag, tronsfer matte, or copper, a variable
NLC which counts the number of ladle usoges, is incremented by 1. When this
varioble reaches the value NFL wh‘ich is an average number of lodle usoges between
bumping, a light is tumed on to inform the operator that a ladle (any lodle) requires
bumping. The operator may now depasit a lodle near the bumping block for cooling.
This constitutes event No. 13. After having cooled for some time, the operator may |
command & crane to bump the lodle, so gaining a skull in the progress. This Qomticn
is performed in event No. 11,

This submodel keeps track of the number of skulls available at the bumping
biock. Execution of _eryent No. 11 adds a skull ond execution‘of avent No. 17, the

‘completion of a skull pick-up' removes o skull from the supply. Light No. 5 which

indicates the availability of skulls, is switched off and on appropriately.




TABLE E-1. TYPICAL SIMULATICN REPGRT ON

ANGDE FURNACE AND MISCELLANECUS
SUBMGDELS. '

aNODE STATISTICS

A4 AS A6 TOTAL
ANODES CAST c 17187 7

-

1794
FURHNACE CAPACITY 14.5C 15,50 17.C2C

COPPER IN FURNACE
TOTAL LDLS ADDED
FURNACZE STATUS

TIME OF STATUS START
ANODE WHEEL STATUS

.22 16,3F 16.C

15,33 23.C8 38.4

.
) Q)
) ()

2225 1626

- =

€I L) b

PIG PILE
NO OF PIGS: 16 .

PIG BAY

NO OF PIGS 2l
CoOL PIGS 21
TOTL. PIGS POURED: a1

UMPING BLOCK

COOLING LADLES= 1
SKULLS:= 7

TOTL SXULLS PROD.z 16

PILOT_PLANT

CAKES RFEADY = 0
TOTAL N0 OF CAKES = c

LADLES OF SLAG RDY: STOTAL LDLS OF SLAG PROD:
NO INFO AVAILAZLE

PPOTOTYPE PLANI

CAKE RDY= CTOTAL NO OF CAKES= c "
LDLS OF CU RDY:= S2TOTAL LDLS OF CU PROD:= c

T

-
(



APPENDIX F

In this Appendix the following reference Hists for the ‘
overall model are given:

<

F. _ LIST OF SUBROUTINES
"F.2 LIST OF EVENTS /

F.3 ~ LISTOF VARIABLES IN LABLED COMMON BLOCKS

F.4 © LIST OF LIGHT INDICATORS FOR DISPLAY UNIT

F.5 LIST OF LABLED PAUSE STATEMENTS IN THE paoeww.

F.6 LIST OF SENSE SWITCH FUNCTIONS

4 2 - ’ ‘ -

D
‘“‘ . -
— A - Q
, , N
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F.1 LIST OF SUBROUTINES

NAME FUNCTION PERFORMED ' SUBMOD . f PAGE

OF FILE NAME
ANODE Searches for best anode fumace to receive Cu. 9 24
ANTIME Provides duration of anode fumace event CRANE 29
BELLS Rings bell of teletypewriter - . CRANE 32
CDCK Checks correctess of next event in crane tasks CRANE 29
CFILE +  “Encodes crane task vori‘ubles and files c;ma CR.ANE . 2
evenls
CHECK Checks priority of crane event oncg; crane no.  CRANE . K]
CLOCK Converts simulation time (TIME) tohoursand ~ CRANE -+~ 33
minutes ' :
CMNDG Generates and files commands ‘ 4 n
CONCHK Checks converter status . 4 12
CONTRL Sefs and resets control lines ‘ CRANE 32
CONYV Finds best converter to receive ;nuteriul. ' ? 24
COREAD  Encbles reading from buffer array core CRANE 1
CRANE Finds best crone " 9 23
-CRA1 Est;:blishes feasibil ity of move by crane 1 CRANE X
CRA2 Establishes feasibility of move by crone 2 CWE X0
CRA3 Esi:;blishes feasibil ity of move by crone 3 CRANE | 0
CVEFORC Produces forecast of matte requirements of 1 27
converters .

-264 -



265.

FUNCTION PERFORMED

matite ) =

INAME SUBMOD # PAGE
OF FILE N AME
DATAN khitialises GASP simulation, reads GASP data GASP 34
DRAND Produces a pseudo random number CRANE 33
ERROR Types ERROR if GASP error occurs GASP 35
EVINTS Branches to a corresponding event of a submodel MAIN 3
EXIT Calls EXIT after GASP error occurs - GASP 35
EXEC Reads gny submodule from disc CRANE 3
FILEM Files GASP type event in any file GASP 34
FIND “Finds event in a file CRANE 29
. FLEFND Checks if all submodules exist on disc MIAN. 3
FNDCEV Finds any crane event issued but not executed 9 24
L\}
GASP Performs simulation control MAIN 1
GETEV Removes crane event from file and decodes CRANE 29
event variables
GOWT Sets analog components of crane models CRANE X
GWAIT Files crane events with increasing rank CRANE 3 31
LADLE Submodél, of ladles - records usoge of filled  CRANE 2
)ddles — ' :
LIGHT Sets or resets light indicators on display unit CRANE 2
LOCFND Finds device Iocoﬁon‘from correspmdiné code CRANE 29
MATTE Provides information on present availability of 9 24
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I

NAME FUNCTION PERFORMED D susmoD? PAGE
OF FILE NAME
MTFORC Produces forecast of matte availability 12 28
QRBADR* Reads analog to digital converter valu-'e’
QRSLL* Reads logical sigﬁul of sense line //
QRCPL* Reads comparator logic state “
Qsic* Selects analog compu-ter mode Initial Condition
QSSECN*  Selects analog fime scale SEC.NORMAL
QSDLY" Causes analog delay period
QWFRL*® Sets function relay true or false
QWJDAR* - Sets value on digital to analog converter
QWPR* Sefs value on potentiometer
QSH* Selects anclog computer mode HOLD
QSOoP* Selects analog computﬁ mode OPERATE
RD Accepts operator commands from typewriter MAIN
input "
REV . Selects best reverberatory fumace for conv.slag 9
RMOVE Removes GASP type event from a file | GASP 34
RNORM  Finds a normal variate of @ given distribution  CRANE 32
SET Updates filing pointers for GASP array NSET GASP 34
SETEST Accepts specifi; operofo} :ggp:mnd for qutomatic MAIN 3
operation (debug) -
SETIME Sets timing circuit ' N CRANE 29
SLTEST Reads all logic links of onalog submodels and CRANE 29
sense switch (1)
SORT .‘ Finds best fumace if tie exists . | ? 24

STATS Produces typeout of information on any submodel 3 13
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\\_‘\
NAME FUNCTION PERFORMED SUBMOD& PAGE
OR FILE NAME
TESTFL Finds first time event and resets timing CRANE 29
circuit if required
TCSORT Sorts material requirements chronologically 1" 27
TISTAT Finds converters in a particular status Q 24
TIME Computes simulation time from analog timing CRANNE 31
TKODE Delays crane operation for synchronisation MAIN 2
of "two crone”operation
TWOCR Selects combination of two cranes for a task 9 23
UNFRM Finds uniform variate of a given distribution 33

-~

System linkoge routines used to set and read
analog components.




F.2 LIST OF EVENTS

Event No. Submodule Event \
1 2 Copper cokes ready
2 2 Copper cakes ready at prototype plant
3 2 Cokes have been picked up
4 2 Slag ready
5 r 2 Copper cakes picked up at prototype
6 2 Slog has been picked vp |
7 2 Empty slag lodle has been returned
8 2 CU ready at prototype
9 2 CU picked up at prototype
10 2 Lodle returned to prototype
n 2 Completion of bumping
12 2 Pick up of scrap or flue dust -
13 2 Ladle depasited for cooling
14 2 Anode slag picked up at-Ad '
15 2 Anode slag picked up at AS
16 2 Ano;ie slog picked up at Ab .
17 2 Skull has been picked up
18 2 Pull collar on A4
<z
19 2 Pull collar on AS
20 2 Pull collar on A6

s . - 268 -
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Event No. Submodule Event
21 2 Pigs have been poured.
22 2 Pick onode collar at A4
23 2 Picked up pigs ot pig bay
24 2 Dumped pigs on pig pile "*
26 2 Picked up pigsiat pig pile
27 2 Some pigs have cooled
28 2 Pick anode collar at AS
29 2 ‘Pick anode collar ot A6
30 2 Poured copper into anode F. No.4.
3l 2 Poured copper into anode F. No.5.
K74 2 Poured copper into anode F. No.6.
33 2 Mould available at pig bay
34 4 . Start refining
35 2 Furnace 4, 5 or 6 ready for casting
_36 ' 4 Start casting on a wheel No.4;:r3
37 2 Finished casting on a wheel No. 4 or 3.
38 2 Furmace 4, 5 or 6 ready for coppes? input
40 8 Scheduling and forecasting for automatic operation
41 8 Matte level rises in }everb-fumoc—.
2 .8 Empty lodle arrives at matte Tun. No. 1.
43 \’.‘8 Empty lodle arrives ot matte Tun. No.2. |
44 8 Full lodle arrives ot Tun. No. 1 |
45 8 Full lodle arrives ot Tun. No.2.
4 8 Crane removes full lodle from No. 1. e



Event No. Submodule Event
47 8 Crane removes full lodle from No.2
48 8 Slag is skimmed from reverb,
49 8 Converter slog is retumed to reverb.l
50 8 Converter slag is returned to reverb 2
51 8 Corl_verter slag is retumed to reverb 3
52 8 Deposit full ladle of matte near Mt. 1
53 8 Deposit full lodle of matte near Mt.2
55 8 Crane failure
56 8 Daily maintenance scheduled
57 8 Execute daily maintenance
58 8 End of shift
59 8 Time display is updated
60 -64 3 Add scrap
65-69 3 Add reactor slag
70-74 3 Add pigs
75-79 3 Add high copper slag
80-84 3 Add wet charge reverb matte
%0 -94 3 e Add dry cho/rgg,reyq? matte
%5-99 3 Add transfer matte g
104 3 Start copper blow

—105-109 3 Add flue dust
110-14 3 Add skull
115-119 3 Start slag blow
i70-|74 6 Remove high copper slﬁg (outomotic mode only)
175-179 6

Remove regular slag
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Event No. Submodule Event
ISO-TJ'B4 6 Remove transfer matte
185-189 & Remove blister copper
190-1%4 6 Retum empty slog ladle to converter
200 6 Stort blowing after going-high skim
250-254 7 End of slog stage
255259 7 Start converter breakdown
260-564 7 End of converter breakdown
265269 7 Cold CU needed
270274 7 Indicate that slag may be skimmed on going high.
275279 7 Start collar pulling
280-284 7 End collar pulling
285-289 7 End of o blowing period
290-294 7 End of finish stoge
295299 7 Zero arrays for next charge




RS
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F.3 WARIABLES IN 'NAMED COMMON' BLOCKS

List of Variables in Common Block BLOKI

.
POE) Present crane position,
WwT(3) Present cr;ne task time.
IP(3) Present crane task priority.
SP(3) Crane speed for initialization.
\

\;Crune delay time during simulation.

POO(3) Previous crane position.

WTO(@3) Previous crane task time.

iPO(3) Previous crane task priority.

NC(3) Crane number when selecting crane tasks from files.
NP(3) Time when next lodle of mrfe is available.

JWT(3) State of crane (delayed).

KWT(3) State of crone (waiting). |

TCRAN(3) Crane busy time during simulation.

-272 -



List of Variables in Common Block BLOK2

273.

ICAPA(3)
ILADA(3)
IBUFX(12)
IBUFY(12)
NRANK(3)
ISTRT(3)

LOCDEV(3])

IWTNGT(17,2)

IPRA (17,2)
NLC

INFL
NSKL
NCOOL
NPPB
NCOL_P
NPPP
NCTOT

NCPPL

NTANC
ICNTRW
IER

ISAVE (3)

100 * ladle copacity of anode fumaces

100 * number of ladles of copper in anode furnaces

X -buffer for reading operator commands.

Y buffer for reading operator commands.

Ronk number with which last crane command was filed.
Matte tunnel number from which crane picked matte,
Co-ordinates of components in converter aisle (feet, from south end)
Default waiting time for tasks in seconds.

Default pfiocifics for tasks.

Number of full ladles carried since last bumping a ladle.
Number of ladle fillings before bumping is required.
Number of skulls at bumping block.

-
Number of cooling ladles at bumping block

Number of pigs in the pig bay.

Number of cool pigs in the pig bay

Number of pigs in the pig pile.

Number of cakes now ready at the pilot plant.

Number of cakes produced ot pilot plant during simulation,
including initial value of NCTOT.

Total number of onodes cast.
Control word to set control lines.
Miscellaneous, usually error word in linkage routines.

100 * content of ladles carried by craones.
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NAPL Total number of skulls produced during simuigtion.

NOIL(3) Cranes have been oiled if = 1 |

IFLOR{(2) Ladles of matte on floor.

ITROLR) Status of ladle on matte car.

JJ Dummy for cranes.

1| Dummy for cranes

IDLE(3) Crane status, O is idle 1 is busy.

KAPUT(3) Crane status, O is operational 1 is down for repair.

NEXT(3) Event code for next event to be executed by a crone.

LSTR(3) Rank of last event removed from crone file.

NSLAG(3) Number of lodles of slag Teturned to reverb.

IAFFL(3) Anode fumace status.

TAWHL(2) Anode wheel status.

NEVC(5) Converter blow number.

IADD(11, 4)- Weight and campasition of converter input material .

ICV({S, D) Computer hardware assignments for converter models.

ISTA’T (5) Current converter status.

JSTAT(S) Converter status at time of breakdown .

NSTAT(S) Converter stahss, not used presently.

NAPLC(3) Number of anodes co;t per lodle of capper.

IHGS(5) 100 * ladle content of converter slag standing near converter.

IRFO(S5, 5) Quaontities of materials removed fromrcmverter during the
current charge.

lIAFQO(5, 19) Quantities of materials odded to the converters durmg the

current charge.,
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MT (5, 20) Converter blowing/non blowing ond starting times during
current charge.

NCV Converter number 1 to 5.

NTLAD(3) 100 * total number of ladles of copper added -to anode fumaces.

NANCST(3) Total number of anodes cast. .

IATIME (3) Time when present anode fumace state was begun.

NTPPB Total number of pigs poured in pig bay.

NCPT Total number of cakes produced by prototype.

IRESL Number of lodles of reactor slog presently available.

IPTCU N = 1 if copper presently available from prototype.

IPK (6, 2) Equivalenced with JQ(12) to store material quantities for

automatic operation (AO).

. IDP(6, 2) Equivalenced with JPR(12) to store priorities for automatic
operation (AQ).

NCPTT Number of copper cakes presently available from prototype.
LCPU Total ladles of copper produced by prototype. '
LRS Total ladles of slag produced by pilot plant.
IRS Reverb fumace which received lodle of slag last.
IPRIT(5) Priorities of converters to receive matte (gutomatic operation AQ)
INHOUR | Initializes subroutine clock at stort of simulation.
NACOL(3) Number of anode collars available from anode furnaces.
ITCOR(1S) Ranking variable used in forecasting of time of matte requirements.(AO)
IBLOW (15) Blow number for matte requirements (AO). |
MOP(5, 8) Matte allocation to coaverters per blow. (AO). -

MTREQ(5) Quantity of first matte requirement after forecast (AO).



MTAV(Q2)
IREP(5, &)
MTOR(15)

INO(15)

276.

Quantity of matte avaiiable at time of forecast (AO).
Reserved for converter status report.
Matte requirement within forecasting period (AQ).

Converter number corresponding to MTOR(AQ).




List of Variables in Common Block BLOK3 -

TPIA, TPIB Lower and upper limits of uniform dnstnbut;m (LUD) of time * -
: between copper cakes.

i

TIPBLA, TPISLB Lower cnd upper LUD*_‘.OF time between slag ready.

-

TPCOOL Time in minutes for pigs to cool .

TAF 6A, TAF 68)
) Lower and upper LUD of time for ref'mmg perladlein. -
TAF5A, TAFSB
- )anodefumucub S5and 4.
TAF4A, TAF4B ) N
TSCT4A, TCST48) Lower and.upper LUD of .time for ccsﬁng per lodle for
) o
TCST5A, TCSTSB) arb:ode_ﬁfumces 4and 5.

' TAFRSA, TAFR48) Lower ond upper LUD of fime fo get anode fumace 4 or 5
TAFRSA, TAFRSB) reody ufter camng.
{

XMAX - Maxnmum mne dnsplocement in Feet from soulh end.

BETA Speed-u: f—oi:téx for. sunulotim.

TMAXV |  Maximum crane tusk time in mmutu.

TIMEX . , Muxlmum tlme mlnrval between time events.

TLAST | Time of execuhon of last time ovont. C

TOL o ngthofshormtsmmdmmkﬂmunot mtarrupledby o

.cnother crone lusk
W Clcg;ut distance ho_tv.leen cranes. _
RMLEV(3).  Relative matte level in revorb fumace (&.q;u)
YMMAX(3) | Upper '-limit of matte .le'vel in reveri: furnace (hdﬁ)
YMM!N(S) . Lower limit of matte level in mvurb fumace (hd‘ﬂ). _. |
MT(3) -« Rate ofmuth |evo| increosa in (mh/ind\)

s:“)



. : 278,
TLO(@), THI(3) . Mean and variance of matte tapping time in minutes. |

TOLAG) Total number of ladles of matte fapped. -
TAYQ) Arrlval hme of m:te car at canverter gisle (mlnutas)

TOTWE) Total time full lodle stcnds on matte car (ninutes) L
TRAIL(2) Time durqhm of matte cur__frmsporiuhm (minutes). e
RATI(3) Cmv;rersio_n foctor (inch'es-of mﬂe/ludle); | | /\
SLEV(3) Relative slag le’gel fn fumace in inches. _
SMAX(3), SMING). Upper and lower limit of slog level (inches). | -
STAPL (3), STAPH(3) Upper ond lower llmn of s!ag topping rate (pors/mm )-' a ‘ )
TOTSL@) Number of pol: of slog tapped " )
RSLG(3) | Rate of slog level inérease (mches/mm)

SLRA(3) Cmveug@_facton (inches of s_lqg/lodle).

POT(3) Cmversiqn-%éctot (inchﬁ_ of slag/pot). |

.T_DOW N(3) | Totol broak-down duration of cranes.

TDL(3), TDH(3) Lower cnd vpper LUD of crane down time (minutu) o S

. CRL(3),CRH(3)" Lower and upper LUD of operahmal time of- cranes (minutes)
" TCST6A,TCST6B  Upper and lower LUD for casting fime on ancda fumace o

TAFR6A, TAFR6B Lower and upper LUD for getting anode fumace 6 roody after, casting -

HOURS Clock duploy time oum). | . - /
TSLAG@3) - Lodles of cmﬁ;hr slog re!unied to mver& C . : o
CV(5;9) : Cmvorter contenis, blowmg rates md copcc!ﬂu: - .
Tf’U(S) )\ Sculc Fucior for converter modo| vol luges.
TREQ(S) ,\\W - Tm of first matte reqmrement afhr forocui. |

- TAVQR) | Time afnut matte errivul at converter oklo.' é '

e

. .
b ) -
P
- . .
: ~ .
-
. .

LY
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TCEND(S) Forecasted time.for start of copper blow in converters (AO).

) TCOR(15) . Times of matte requnremenls mthm Forecostmg penod (AO)
TCONT(5) Ruerved for automatic operation (AO). o V;_,
. ;. ; .
~ y




List of Voriobles in Commen Block BLOKA - § o

NCR ' Crone number | ) _

POS "\ Target position of crane -

IPR Priority of crone event. |
™ " - Waiting time of crane event. o NPT
KODt Various uses. - ' _— , ) ) o ‘L {
NXEVT Event to be executod at-end of crgne hsk ) -‘3_ | :
15000 ‘-Buffer fo store sense line md cocnporutor states when smk:hmg )

- to frozen hme:mode.‘9 ‘

LOGVAL Loggcql ycna.bla,_qunan uses.

NFRNC Anode.furnc;ce number. . S

NRE Reverb fum;.ca ;tumbar

List of Varigbles in Common B!ock SAVE

NSET (6,60)  GASP f’lmg aray ,"w

MODSC,; (13) - Track ond sector number of submodules on ﬁ ’

Llsr of Vdrlcbia in Common Block ARG ' ‘ ;
X B Event number to be executed. | |

- IDIX _ ' Fiu‘t co:mmd syllable o
02X " Second t‘:bcmmd';yllablq " : g\
- ISET | Type of hpﬁt'cbh-md (K, DP,PD) . T B

JEQ(12) 'I'ype of mput command (momiol) o

JCMND(12) ) l.bod to commmlcoh command and crane hformtm behnon
3 i

NCRAN(12) ) - wbmodulu ? and 10,

ICO®) . ‘Dtmy usod in submodule 9forcmv«hrnumlm’smo

MODUL _ﬂqgtoloodqnbmodsla9lo|2. ,



F.4 LIST OF MODEL DISPLAY LIGHTS

&

LIGHT NUMBER ' STATE OF PROCESS WHEN LIGHT IS on\

0 . o Resatall lights: -~ -
1 B ‘_ C0pp¢_:r cakes available at Pl - . v
2 Slog ready'at Pl L |
3. Ladle réquires bumping | o
I 4 . b : .Ladlecdolin;g prior to b;nmpingi )
50 'sm'.n mnoble'um.ﬁpﬂ.g block
‘,\ .6 | Pngsuvuulqble utpagbuy
7 : | Pigs avmlob]e at pig pilo
g .. A4mm.cow¢_rr°qwf!d [
9 ' ASmore copptr required o -
0o "Aé‘monicopﬁerréﬁnd - o
R L A4fullundwciﬂng Ce
12 B "__" A6 ull and wuihng e
“-14 : :‘| A4 modyforcuﬂm ' )
s s roodyforccsﬂm N
6 --Aénodyfotccnm |
. 7o 'Empty mquldslnpighoy .
8 " Empty slag lodle nqolnd otPl e
19 rruu -Iodlcoimmnicl’M“_‘“- o ‘
R e T oo B &

o8-



LIGHT NUMBER STATE OF PROCESS WHEN LIGHT IS ON
’ 20 o Full lodle of matte near .M'l'2 .

21 Empry.lodle required at matte tunnel ‘I .
22 Full. lodle waiting af matte Iuﬁnal 1
23 Same os 21 for tunnel-2
24 $qme as 22 for tunnel 2 ,
25 Matte available inh No.l> | . o T ™~
26 ~ Matteé level too high in No.1 (reaches slcg“?:ola)
27 : 'slag level is high “ -
28 Same as 25 for No.2
29 © Same as 26 for No.2 |

S | Sam'ds{27.for No.2
<) Same o3 25 for No.3 '
X Same as 26 for No.3 |
33 Same as 27 for No.é : . f

M Saved for possible 3rd tyonel, ’
35 | -—— o
3% .Cr‘me"lr operational
37 | CIT“'_I. busy_.' “_ - ( | ,:' ' "'\ . .-

.38+ Crone2 operational S '
© . Crone 3‘50}11«1-:! e
4. '_'c,e.;,;au, - R ; . \
42456 - T Motte blow, conve | |



*

LIGHT NUMBER STATE OF PROCESS WHEN LIGHT ISON S
5256 . -End of blow, converter | )
57-61 . .A'ddiﬁcns required; ccm;rerter.

. y
Q266 _ Empty ladle to be retumed to canverter
67-71 - Skimming requirgd,' cm‘\;c!\rtnr‘
72 e Ancde wheel No.4‘ccrst_inig
B | A'nPd'e"-‘;ﬁeel No. 3casting * |
| 74 . Cakes reody atP.T. " | "’ -
i
.75 . Copper reody atP.T. - '
76 Emptyladle to be retumed to P.T.

7779 i Spare

8089 . - Notused

90-99 . Used os control lines
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F.5 LIST OF PAUSES D B
PAUSE NUMBER CAUSE - ACTION TAKEN WHEN CLEARED
] Invalid command entered. Command ignored
2 invalid a';oae fumace no. Command ignored -
3 Invalid crane number - Command ignored
4 -.Event code outsnde range 1299 No event is exocuted
5 No such qye_nt _ ; No event is executed.
6 Set monostable times,4-0,4é'l_ Execution corﬁiﬁ(ns
switch serves on display unit ON, T '
1 Next time target further than Set next time target TIMEX
TIMEX minutes away (subr. minutes from now
SETIME). - '
17 ISET greater than allowable.  Call ignored |
value in DISK ¢ | _
21 " Subr. CONY ~  Call ignored
4] Incorract branch to CRA3 routine Branches to CRA! routine
55 in event 55 an incorrect crane - Cmno foiiod
failure skite ’
5 74 Error.in-FIND, columin No. lm Not fecoverable
' - than 1, (GASPerror89) ‘ 7
75 _ 'Error in SET (GASP error 88) B th-ucovirﬁblo | s
' "Error in FNDCEV.colum'l No., : R
| Ies than 1 - — |
76 ' Emor in RMOVE, colum No. _ Not recovercble
'}"“-Iess thon 1 (GASP crror97) : o
77 Overlap in ﬂllng cm'uy, Suby. ;Nrot n;mpbl‘p'

FILEM (GA.SP error 37)
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PAUSE NUMBER CAUSE ACTION TAKEN WHEN CLEARED
150 _Puuse' allows seiting analog Execution continues
' components to 'fix' cranes BN )
222~ Converter status is I&rgcr ISTAT (NCV) & 1
. than 15 : - ~
- u. s )
/ | )
g P o "!
7 f
\ . A
L] | ‘. J
E} ‘J ¥ _'A



- ‘i.
o
F.6 LIS OF SENSE SWITCH FUNCTIONS
SENSE SWITCH NO. : i FUNCTION
1 | Push to enter a command |
s |
2 - " Push to.suppress typeout from module 2,8, ;cmne idle’
messages cind light messages _
3 “Push to-suppress typeout of ATRIB from modules 3,6,7.
4 " Pwhto suppress typeout from modules 3, 6;7. S
5 Reset to suppress typeout in sub:'ouﬁn'e TCODE. o d
6 _ Push before going to start program during eﬁ recovery, -

and releasa after ENTER has been typed.
In automatic mode, push if single crone operation is '

desired, release if two crane tasks are desited.

7 L Pﬁsh for automatic mode of;operutim. : _
8. ' . Suppress typeout from modules 9, 10, 11 and 12. -~
SR
R
1 ,‘ .
3 ] .
A r.
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APPENDIX G

PROGRAMME LISTING
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. MAIN 'MODULE - . 1
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RATC=AATESRCN { 1 JCV) 7CW L IICY, )
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