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PROCESS COMPUTER CONTROLS 
EUROPE'S LARGEST NEWSPRINT MILL 

Auther: Tekn. l i e. ilenry 5andblom, ASEA, Vasteris, Sweden. 

Introduction 

The paper describes an on-line process computer system 
installed at llallsta Paper Hill, b~Jlonging to .the Holoens 
Bruks &. Fabriks AB, Sweden •. The mill, \k i ch is t he lar ;;est 
in Europe, has an annual capacity of 450,000 tons of 
newsprint. 

The computer controls the co-ordination of, for ·example : 

the paper pr~duction and pulp consumption of the pa er 
machines 

the production of mecrAnical pulp 

the flow and storage· of the pulp broke and the wi: i t e 
water 

The consumption and production of Electrical energy for al~ 
the mills and factories within the Holcens Group are also 

. controlled by the computer. 

The paper will give details about the control system, including 
control strategies and programmes • . Experience from the start­
-up and the operation up to the present day will be given . The 
economic justification for computer control will be discussed 
in broad terms. 

The co-ordination of the units of a newsprint mill is complex 

In .a newsprint mill the major process units are the paper ma­
chines, the wood grinders, the pulp storage ta~s and the broke 
and white water ~ystecs. In addition to these there is usual lj• 

.a sulphite (or sulphate) mill ( 15 - 25 ~~ of the total pulp 
consumption for newsprint consists . of such pulp). · 

At Holmen& Bruks & Fabriks AB, Hallsta Paper Mill, there are 
7 paper machines, the largest of which has a capacity of . _..,. 

: ;:~ . 
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150,000 tons newsprint a year. The number of wood grinders is 
23, the largest of which have an installed power of 4 , 000 kW. 
The oldest part of the mill i s mor e than 50 years old, whereas 
the new larger paper nachi ne and the latest ood grinders were 
started during 1967. With a total production of close on 450,000 t ons 
a year, this is the larges t paper mill in Europe. A schematic 
diagram of t he mill i s s hown in fig. 1. 

Large flows of pulp and white water through the mill make t he 
various operation units very dependent on each other. Lare e 
disturbances, e. g., wire changes in the paper machines with 
sudden interruptions in the flows, make t he s ituation st i ll more 
cooplicated. Pulp and paper quality, the consumption of electric 
power and the fibre loss with the wo.ste \'l'a ter ar e all related 
t o the quality of the co-ordinatioY'l of the plant s. -If all of 
t ese factors are taken into account in a large and pr ogress ively 
bu" lt up paper mill like Hallsta , the picture becomes quite 
complex . 

It is, in fact, quite impossible f or the operators t o run t he 
whole mill i the op timum manner, or even get anywhere near this, 
wit t he convent ional means used today, i. e . , so that the pulp 
quality is maximized , the electricity consumption minimized, etc. 
:E'ig. 2 shows how such a mi ll may be run wi thout a computer 
connec ted to it . To ensure that suffi cient pulp is avail abl e a t 
everJ i nstant for the consumption at the paper machines, t he 
operator tries to mainta in a high l evel i n the pulp buf fer tank. 
If the level starts to drop , he switches i n a number oi, grinders. 
Disturbances in the f low, such a s t he shut down of a paper 
machine , which may occur s oon after this , will necessitate the 
stopping of a n~~ber of woor. gri nders again , and so on . A 
minor loop which introduces disturbances into t his main· l i ne 
is the br oke sys t em. The sta.r ting and stopping of wood grinders 
may cause an excess i ve amount of paper breaks. The broke system 
will then fi l l up so r apidly t hat t he broke proportion t o t he 
paper ma chines has to be i ncreased, or , in rare cases, the 
exces sive aoount of broke has to be pumped into the mechanical 
pulp system. These di sturbances necessitate stopping of wood 
grinder s so as t o a void overf i l ling of the buffer tanks. In 
t . is manner as ·many a s 20 stops and starts of wood grinders may 
be undertaken during one single day . Fig. 2 shows that the 
produc tion of mechanical pulp (represented by the consumption 
;f electri c power ) may come in direct negative phase with the 
consumpt i on of pulp in the paper ~ill (represented by the 
generation of elect ric power correspondi ng to the steam con­
sunpt io:l ) . 

Si nce t he ma j or stream of pulp has a concentration of 3 % 
(or. dr y oasis ) very large amounts of water, several thousand 
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cubic metres an hour, are transported through the system. 
This water is drained on the paper mach~ne wires and is then 
pumped .back to the ~inders. Shut down of a paper machine or 
of wood grinders introduces· a step change in this flow and, 
therefore, sharply alters the condition of eguilibrium in the 
white water system •. During a wire change in a large paper ma­
chine the white water content in the system may -change by 
several thousand cubic metres. Fresh water is taken in at low 
level in the white water buffer tank, introducing the ·danger 
of a temperature shock to the system. This water will eventually 
have to be drained again, by· this time, however, · the water has 
taken up heat from the system and also contains fibres. Thus 
a fresh water intake of this nature means corresponding loss 
of fibre and heat. The loss of fibres i n a newsprint mill 
usually amounts to 1-2 % of the total production. 
It is· obvious tlmt it is not possible to achieve sati~factory 
and even utilization of the electrical power with frequent 
changes occurring in the operation of the wood grinders, which 
in turn leads to high electric energy costs. 

Control strategies were tried out on a mill simulator 

~ thorough study of the entire Hallsta Paper Mill was under­
taken and .using the knowledge acquired,& number of simulations 
were performed at ASEA's computer centre. Various control 
strategies were tried out. The computer was programmed to give 
print-outs, as well as tables of the variables, and diagrams. 
Fig. · 3 illustrates one such diagram. As can be seen, the 
grinders may be run for two whole days before any changes have 
to be .made. The diagram also shows the flows of broke to the 
paper machines and the white water drainage, as well as the 
variation in the storage tank's inventory. Note that the total 
buffer volume for pulp is used to its limit. The drainage of 
white water is based, at least to some extent, on the total . 
water content in the system, calculated from the contents in 
the various white water and pulp tanks, and takes into account 
where in the system the water is stored as well as the schedule 
for the mill operatiqn. 

lmportant improvement with simple strategies 

throughout the work for the Hallsta computer project the 
principal aim was that of simplicity. It is generall7 rather 
easier to make a computer project too complex t~ to accomplish 
simPle and still profitable solutions. All strategi-es chosen 
were straightforward and any additions to the .origiD&l speci-

I 
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~:ications for the computer p~ vere carefUll7 aTOided in 
order to avoid laborious alterations and to keep the project as 
far as possible within specified limits. Even ao, conaiderable 
improvement has been· accomplished, which can be seen vhen 
comparing fig. 3 to fig. 2 •. (N.:B: Pig. 2 correepcmda to one day's 
operation, while three day's operation is shown in fig. 3) 

What is the basic reason for this improvement vba COJBpUter 
control is installed? Because a computer can check continuously 
and carefully what is happening in all parts or the 11111 and, 
basing its calculations on the actual situation; · plan for future 
events. This is, C' .. course, JBUch too complex and hence impossible 
for an operator to comprehend. - The computer keeps a contin­
uous check on all parts ·of the plant in an intelligent manner . 
and attracts the attention of the operator, i.e., the shift 
foreman, only ~rhen necessary. In addition to this, the operator 
receives in the usual manner a shift-log of the plant 
performance fron the computer. - A few of the control functions 
are, for instance: 

the alarm lini ts of the level in the bu!fer tanks are 
variable and depend upon whether the level varies slowly or 
rapidly . 

t i1e computer keeps continuous · track of which grinders are 
available, shut down for repairs, etc. 

it makes reports of paper breakes tn the machines 

Even if extended operation, without starts and stops, of the 
wood grinders has most influence on the qua ·.ity of the pulp, 
the actual operation of the griL -ters is of importance as well. 
The computer, therefore, continuousl7 calculates the specific 
energy consumption of the wood grinders pnd in this canner 
~rovides inforcation on when it is time to sharpen the stones, 
when ~he logs are un~venly filled, etc. · 

Weekly planning sccedule 

It has been a comparatively simple matter to extend computer 
calculations· to include the planning for a whole week's opera­
tion of the ~11. Twice a week a one week's schedule for 
mill operation at .Ballsta Paper Mill, as well as for all the 
other factories in the Holcens Group at various sites in Sweden, 
is f ed into the coctputer. Tl:is schedule contains information 
about wire changes, repairs which alter the capacity of the 
units, etc. From this informat:i.on and from ·the actual situation 
in the mill the computer calculates and prints out the operation 
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of the wood grinders, the consumption o-f wood and sulphite pulp, 
the production of paper at the machines-for every period during 
the following. week, as well as the total consumption and produc­
tion. 

T.he computer plans and checks the utilizatiOn of electrical 

energy in the whole Group 

The weekly planning .calculation also includes the power· 
situation of two paper mills, one· board mill, textile factories, 
the hydro-electric power stations in Southern as well as in 
Northern Sweden, all of which. belong to the Holmens Group.. 'With 
knowledge of ·the equation for the power consumption and genera­
t~on in th~ mills, the computer calculates the utilization of 
the various kinds o~ energy, such that 

. . 
the low-cost energy available is always used first 

the power from the steam generators at all the mills is 
utilized 

the limitations f or the P.ower from the eydro-electric 
stations is conaidered (these limitations vary throughout 
the week) 

the purchased power is utilized in such a manner that the 
lowest possible cost per kWh is maintained. 

Since such an optimum utilization of the electric pover ·is 
based on the week's planning schedule for the Group, all 
changes in this schedule must ,pe reported ~0 the computer as 
soon as they are known: For this purpose a simple semi-on-line 
transmission is used, based on the . ordinary telex communi­
cation system. Orders from the c·omputer to the other mills 
and the power stations are transmitted in the same manner. 

The computer also continuously . checks that these calculated 
power limits are not violated or will not ·become violated within 
the nearest hour or so. There are ·ililpOrtant disturbances in 
the power. ba~ce which must be taken into ·account as soon as 
they appear, e.g. paper breaks. ·T.he various types of power that .· 
must be checked and compared with their limits ~ot be 

.measured directly but· must be calculated from measurements at 
a number of points and from the· information stored in the ' 
computer .. 



The Computer 

As ma be seen f rom a · descri ption of · t he . ~omputer hardware, 
the amount of programming for this proj ect has been rather 
l imited. ·Compressed coding to min~ize t he requirements of 
memory space or packing of information int o t he same words 
has been avoided to facilitate fut ure work ·with the programme · 
and to make documentation clear and straightforward . On t he 
other hand, much effo~t has been made to simplify the strate­
gies as much as possible without affecting the perf orir.ance of 
the computer programme. Furthermore, the amount and -1~es of 
t ypewriter reports have been screened carefully to 1.11 l ude only 
such informatio~ as is necessary for the specifi~d task. 

The computer has a memory cycle time of 5 1usec. and a word. 
length of 24 bi t s plus one parity bit . I t i s a serial ~achine, 
with multiply , di vide, double preci s i on and floating ·operations 
i n the form or' quasi instructions, i. e. , sof tware impremented. 

·For this project is is equipped with 8 K core and 16 K drum 
memory . The software package and the central computer programme 
is well developed. This, in combication wi th the 24 bit word 
length , has facilitated the programming work. -The process 
communication is accompli~hed in the usual manner by means of 

, analogue ·and digital inputs and outputs and via 24 automatic 
priority interrupt levels. The latter a.re .·also used for pulse 
counting. 

Communication with the operator 

One alarm and one logging typ·ewr · t er, . a paper tape . reader and 
punch are connected to .the c6mputer. There is also a special 
t ype· of paper tape conversion unit and'a tape editing set. 
Even if programmes and data are usually fed into the computer 
via the .tape editing set with a paper tape reader, the operat or 
can feed in constants and prOgr,amme changes from the operator's 
console (fig~ 4). On one set of ·thumb wheels the operator 
choose~ the correct address and on a second set he introduces 
the new data. on a nixie-display he ~y check the values 0~ 
variables, the ·content in a certain memory location or the · 
new data before introduction into ·-.the correct memory location • 

. · By means of push buttons and indioa ting lamps he can operate any 
of t he peripheral units from the operator.'s .cot".sole. 

The operator '~ panel is installed in~ instrciment · room adja• 
cent to t he c0mputer room. There is a glass partition between 
the. two rocms. Thi~ permits full use ·of ,the operatpr's panel 
i n connectton with check-out of new programmes, service· of . 
·the ·computer, etc., but . has t he advantage of not causing the 
instrutlent rooni to be .. blocked by . t 11e service · ·crew and t he.ir · · 
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apparatus during maintenance visits, etc. Furthermore, with 
this arrangement the air ventilation may be selected from 

. the most technically advantageous point of view rather than 
primarily taking into account the comfort of the operator. 

Programme debugging. connecting the process, start-up 

All function programmes, the central computer programma and t he 
coordination of these have been tested on a computer of t he 
same type before any programmes were loaded into the Hallsta­
vik computer. During t he start-up at llallstavik all the 
programmes, therefore, were loaded from paper tape with a set 
of. the programmes which was,as far as possible, correct. In 
fact, there were very few corrections to be made at site, 
only two or three minor faults. 

The process connections are galvanically separated from t he 
process in a marshalling cubicle. ~~ i t h t his arrangement it 
was possible to connect all cables to and from the process 
into the computer room and have all the s~gnals checked and 
calibrated before the computer was cormected to t he process. 
Also, in checking out the computer programme it was poss i ble 
to introduce artificial signals to the computer connec tion 
side of the marshalling cubicle. This step method of linking 
the process and computer has facilitated the entir e start -~p 
procedure. In the final stage it \ofas merely a mat t er of 
connecting strip after strip for each process signal and taking 
the corresponding parts of the programme into operation. 

At the time when this paper is being written, the system has 
been in operation for too short a period to allow any f i na l 
judgement . regarding operating experience. A statement of tha t 
nature must therefore be postponed until the tjme of t he 
COilotrress. 

Economy 

An installation of the nature described influences the tot al 
production, consumption an~ losses of a large mill. Hence 

~ only small improvements are needed to pay off the computer 
investment .within a fixed time. In addition to t his, a 
computer installation of this nature may be rather s imple , both 
hardware-wise and, perhaps mos t important, sortware-wise. This 
brings down the actual cost~ which. have to be covered. 
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The most important benefits ·of ~~ip .computer installation are: 

1. The pulp qua+ity will be improved; resulting in incre~sed 
throughput and better paper quality.· 

2. There will be less f resh Hater i n t.:J.ke, 10\·/er and oor'e 
even f lovJ of \ vate::r;, leading to reduced loss of fibres 
and· ca lories. 

3. Electrical enere,7 costs will be decreased, not only for 
· the Rs.llsta Paper Hill but for the vThole Holmens Group. 

4. Ti1ere \vill be ii!lproved inforiT'.n. tion to the opera tors, suc;1 
t hat t l1ey can , at t he correct moment, adopt correct r.1easu.res 
and such t hat a clea rer picture . of the c.onsequences 'of 
these measures may be obta ined. 

Acknowledgesents 

The author . greatfull~r acknowledges the kil'_ld permission of 
Ho~ ens Bruks & Fabr .:..ks AB and ASEA to publish this paper, 
and, also, expre~ ses his b~atitude for the encouz~ging 
cooperation of the nembers of t he project group for the 
Hallsta computer installation. 



Wood 

WOOD 
GRIND~RS 

,-.----~ 

! , BUFFER TANK 
' fOR PULP 

PULP 
STORAGE 

TANK 

f1ecbanical 
pulp 

;----, 
I 
I 
I 

WHITE WATER : 
. BUFFER TANK 1 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

1----------....J I _____________ ) 
Broke 

Fig. 1 Flow sheet of Hallsta Paper Mill 



L 

12 

. -f . -··~-! -· "!" 

··· ·! 

I ! 
.. : ·--·i ···-~-~ 

; . I -L~ .'. 
I· · i· 

- f··· 

-~- --~-~=~- -~--- ~i 

. ----: ··-r- --.. 
paper . 
machines _____ __ . 
Cpul~ consumption)' 

- --· ·---r-·+---, - -- i - · -·- -· -- -··--
1 • 

Fig. 2 Pulp production and c 1s umption and the pulp storage 

/ Note: on the obscissa are shown the hours of one day the 
scale of the ordinate is only . elative. The hori~ ittal J.ine 
corresuonds to the avera~e valu es. / 



UIII TS : 
~!LATI VE SCAL! 

. 15 

• 
"' 
12 

" 
10 

' a 

6 

5 

• 
J 

2 

' 
0 

Fig. 3 

0 

.......... 
,..-··· ··· ... 

..··· 
··~ ...... ·· 

• ..l' , \ 

, ' , \ , 
I' \ I 

/"•/ '--, __ / 
I 

I 
I 

\ 1\ ; 
'v \J 

·. 
··. 

.. ........ . 

J OAY$ 

2 J 0AY5 

Simulated operation for three days with c omputer control 

S V total water conte nt in the system 
VM "" pulp buffer tank inventory 
VB .. white water tank inventor y 
VU br oke tank inventory 

KU 1.,. broke to the paper machines 
Q6 the total paper producnon 
Q3 ... the pulp production of the wood grinders 
AVD ... white water dramage 



14 

... ~ ~ .. 

. ..... 

~ 
0 ...... 
f-J 
r.; 
u ,..... 

3 
!::: 

~ E 
r.:l 0 
o.. u 

,<fl 

h 
0 

> ('j. 

;:: 
I 

0 ~ 
~ ~ 
0 -s 
,, 

r_J1 .,..... · 
LL.. 

h 
. .?, 
\j 
'J 
r.J) 

:J 

<I) 
. ....; 
,..., 
h 
r; 
0.. 

,lj 

t 
c 
(!) 
') 

'lJ 
...c 



15 

T·HE DEVELOPMENT OF DYNAMIC COLOR CONTROL 
ON A PAPER MACHINE 

By 

Henry Chao And Warren Wickstrom 

Consolidated Papers,. !ne. 
Wisconsin Rapids, Wisconsin 

Introduction 

Today color control on most paper ~chines is run with open-loop cont'rol. 
Dye flows are usually regulated by positive displacement pumps, while 
their settings are adjusted by an operator based on either laboratory 
analysis or plain observation of the finished paper. Some machines even 
prepare stock in batch process where different pulps are mixed in ; huge 
mixing chest together with tbe dyestuffs. An experienced operator will 
control the amount of dye addition on a trial-and error basis. Either 
of these practices may prove to be inadequate as demands for color uni­
formity increase. Therefore, off-color paper is usually one of the major 
reasons for rejected paper. Min~mizing the grade change time is another 
justification for automatic color control. The time lost d~ring grade 
change is generally dominated by the response time of color (time required 
for color to reach specification), which normally lasts for half an hour. 

Recently, automatic color control has 'been reported in several ~a~efs. 
However, 'these papers are either on batch mode color matching ' • ' 
or developed on a theoretical basis where only simulation results were 
given as a proof of the design validity. 

Previously, on-line color control was difficult to implement because a 
reliable .instrument was not available and the dye manipulation is a multi­
variable system. 

Fortunately, the development of modern control theories and the 
ability of real-time process computer allow the solution of the 
dilemma while new on-line instruments solve the former problem. 
the on-line instruments, the Hunter D44, has been evaluated and 
by WickstromS. · 

avail­
latter 

One of 
reported 

The problem of color control will be treated in two steps in this paper, 
i.e., steady state compensation and dynamic consideration. The former is 
an algorithm for varying the dye concentration to compensate the differ­
ence between color measurement and specification at a steady state basis. 
In other words, it is assumed that the process response to change in manip­
ulating variables is instantaneous. The latter is the design that takes 
the process dynamics into consideration. 

Before discussing the control aspects, color measurement will be br i efly 
discussed. For the reader who wishes to stud color measurement theory 
in detail, the text~• 7 is recommended. 

Color Measurement 

There are many 
a physicist, a 

whether one i s 
color measure-



ment here, the pnys1cist's interpretation will be used. The physicist 
thinks of color in terms . of how each individual wavelength is reflected 
or transmitted from the sample~ 

Basically, three things are required to produce what the physicist calls 
color: (1) a source light, (2) a sample illuminated by the same source 
light, (3) a sensor receiving the reflected or transmitted light from 
the sample. 

The eye acts as if the incoming light were divided into thre beams (each 
of which passes through a different optical band-pass filter). This 
trichromatic property of the eye allows a physicist to use only three 
primary colors. The band-pass characteristics of the filters used to 
represent the eye are shown by the three functions x, y, and z in Figure 1. 

Defining quantitatively how the eye reacts to the reflection from the 
sample is the most difficult part of color measurement. In 1931 the 
Intewnational .Commission on Illumination, known as the CIE6, ~ tandardized 
the numerical measurement of color by selecting three sets of primary 
lights, a standard source of illumination, and a set of color match 
characteristics defined as the standard observer. The CIE defined the x, 
y, and Y by determining a hypothetical standard observer, taking test data 
from many different persons with normal vision. 

As mentioned above, calor i s a function of the light source, the sample, 
and the reflected light interacting .with the eye. Then the three primary 
CIE tristimulus values are defined by: 

700 

x· - 400! Ed (a:) . Rf(a:) x (a:) da: (1) 

700 

y = 400! Ed (a:) • Rf(a:) • y (~) da: (2) 

70 0 

z • 400! Ed (a:) • Rf(a:) • "% (a:) da: (3 ) 

With the visible spectrum from 400 to 700 millimicrons, the symbols above 
are defined as: 

Ed (a:) • energy distribution by wavelength . of the source light. 

Rf(a:) • reflectivity of sample. 

• wavelength of visible spectrum. 

As shown in Figure 1, the function x peaks in the orange-red region of the 
spectrum and has a sec~ndary peak in the blue . The function y peaks in the 
green and the z peaks in the blue region. HoWever, they are not measure­
ments of primary calor such as blueness, redness, and yell~~ess. Some 
mathematical transformations can be used to conve"rt the tristimulus values 
to pigment or dye-related colors. One of such transformations, .Hunter 
units, will be discussed later in this paper. 
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Steady State Compensation 

Using the total differential·· and negle<;t:i.ng h.igher order terms, the effect 
of dye concentration change, A c, on tristimulus values at stead~ state, 
can be expressed as: 

AX • ax Ac1 + ax Ac2 + ax Ac3 
ac ac ac3 

AY • aY Acl + ay Ac2 + ay Ac3 (4) 

acl ac ac3 

AZ • ~ Ac\ + ~ Ac2 + !_! Ac3 
ac1 \ ac2 ac3 

The partial di!ferentials can be evaluated by running an identification 
on the process t changing one dye at a timet and measuring the change of 
tristimulus values from one steady state condition to the other. Our 
experience has shown that for .the same grade and dye, the value of the 
partial derivatives ~ill not change. 

The systems of equation (4) can qe expressed in matrix form: 

[AT] • [A} (AC] (5) 

[AT]·[~] ; [AC]• [Ac~ where: Ac2 
Ac 

ax ax ax 
acl k2 ac3 

and: (AJ,; aY aY aY 
ac-1 ac2 ac3 

For a set of deviations in tristimulus values, the dye concentration change 
is: 

(6) 

Dye Selection 

Our initial combination of red, blue, and green dyes seemed to be a good 
selection·. The A matrix was found to be: 

[

- 3, 720 
-11,400 
- 9,000 

·-32 ,400 
-28,300 . 
- 9, 700 . 

-17,90~ 
-17,680 
- 9,030 

The solution of equation (6) exists because the value of !AI determinate 
is 438,000 (non-zero) so that the matrix A is non-singular. To illustrate 
the problems encountered with this dye combination, let's take. an example 



of changing each tristimulus value by +1.0. By equation (6) the change 
in dye concentration i s given by: 

[ 

0.000072] 
c~c] .. 0.000152 

. -o.000352 

It is interesting to look graphically at the path taken by the above change 
in dye concentrations. Figure 2 is a plot of both Y versus X and Y versus 
Z as the result of dye concentration changes. 

The change in green dye concentration ( b c3 • -.000352) by itself will 
move I6Tj from the origin .to the point A. The coordinates of latter 
point are calculated as follows: 

n t 3,720 
-32,400 -17,900 J 

[ 0 J ~6-~J t.Y • -11,400 -28,300 -17,680 0 - 6.22 
6Z - 9,000 - 9,700 - 9,030 -0.000352 3.18 

Similarly, the movement caused by green and blue dye concentration changes 
is: 

rm· 
[- 3, 720 -32,400 -17,900 J 

[ 0 ~ [1.32] -11,400 -28,300 -17,680 0.000152 • 1.90 
- 9,000 - 9,700 - 9,030 -o.000352 1.70 

which is indicated as point B in Figure 2. 

To. manipulate all three dye ·concentrations by specific· amount, the tristimu­
lus values will move to (1,1,1). 

The paths in Figure 3 are at least ten times longer than the shortest path, 
i.e., from (0,0,0) to (1,1,1). A small change in reference value or a 
deviation from set point due to a disturbance will cause a large change 
in dye flow. The large amount of change might cause a serious error. For 
instance, in the example just shown, . if the blue dye concentration was 
changed by -0.00031/ instead of -o.000352 (10% less) either due to a pump 
movement error or due to the inaccuracy of A matrix, then the variation of 
the tristimulus value would be (0.4, 0.4, 0.7) instead of (1,1,1), an error 
of more than 50%. 

Also, if the changes in dye flow are too large, either the control valve 
or the pump will run out of range, or possibly a negative flow may be 
requested. Another problem with large changes in dy.e concentration is 
that the model linearity assumptions may be violated because the identi~ 
fica~ion of matrix A is based on small perturbations. 

The problems with red, blue, and green dyes suggested another dye combina­
tion was needed. Therefore, a red, blue, and yellow dye comb~nation ·was 
·t ried. The A matri x of- thi~-· ~ombfnatio; is: 

-12,013 
-79,843 
-22,519 

-114,096 
-107,643 
- 15,188 

- 9,490 ] 
- 8,127 
-25,513 

The plot of tristimulus value hanges with the latter e combination and 
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the unit tristimulus deviation vector is given in Figure 3. The paths in 
Figure 3 for the same -change in reference value are shorter than the 
pa~hs in Figure 2 (note the scale difference between Figur es 2 and 3). 

The above examples suggested the need for a criteria in dye selection . 
Belanger3 said the singularity or near~singularity of A matrix indicates 
a poor choice of dye combination. As stated in any linear algebra text, 
the singularity of matrix A (the condition that the inverse matrix, i.e. , 
the solution of equation (6) goes not exiot)

9
occurs if and only if its 

determinant is zero. Bristol and sarovic suggested some ways to 
measure' the interaction between mu]'· variable system. In this particular 
case, the interaction can be decou 1 d as shown later in this paper so 
that the interaction does not concern us so much as the similarity of the 
dyes. · 

The authors proposed t hat the degree of orthogonality of A matr ix, 
called dye efficiency, be defined by the triple product of "the normaliz 
dye vectors, v1 , v2 , and v3, That is: 

(7) 

w~ere: 

for i • 1, 2, and 3 

or it can be written as (8) 

. % 

where: aji is the element of A matrix and n • 3 

By this definition, the efficiency will be 100% if the dye vectors are 
orthogonal, and zero if the matrix is singul ar. Efficiency val ues be­
tween 0-100% represent the degree between the two extremes. 

The efficiency of the r ep, blue, and green dye combination is thus 2.6% 
and that of the red, blue, and yellow dye combination is 51.5% . 

The efficiency of the tristi~lus system is limited by the nature of how 
the cal or space is defined, that is, the efficiencJ is n f unction of 
both dyes and how the dyes interact wi th a particul definition of color 
space. A transformation of the basi XYZ s stem to another system of 
color measurement by itsel-f can impro ·.;, tb.e efficiency. 

A prac~ical problem with the tristimulus system is that the .measurements 
are sensitive to instrument drift from such s.ources as vol t age variati on 
to the ligh t source power supply, dust accumulation on t ht ight source 
lenses, etc. Another practical problem is that the trist mul us values 
are difficult to interpr~ t in terms of what the eve visual ly perceives. 



Because. of these ·problems, the H~ter unitslO were chosen as the color 
measUr-ement units ; · · lbey are defined as : 

a • 175 ~y (1.02 X - Y) (9) 

b ·• 70 fy (Y ·- .847Z) 

where fy . • .51 ~21 + 20Y~ 
(1 + 20Y) . 

The 'Hunter color space is shown in Figure 4. Redness and greenness are 
defined by "+a" and 11-a-. " while yellowness and blueness are defined by 
"+b" and "-b." In addition, l i ghtness varies 0 to 100 where 0 is black 
and 100 is white. Because "a" and "b" are fWlctions of tristimulus dif­
ferences, they are less sensitive to instrument drift. ·with near-white 
papers, the eye has a greater tolerance for changes in lightness (Rd) 
than either "a" or ''b", that is, the eye is more sensitive to the satura­
tion and hue of the material. 

In the case to be considered, the level of lightness achieved was such 
that close control of this color element was not required. This allowed 
the control problem to be reduced to controlling the HWlter ''a" and "b" 
elements using only· two dyes. Where lightness must be controlled more 
closely, titanium dioxide is frequently used as a third dye component. 

The steady state process relation in Hunter units, neglect~ng the light­
ness scale is given by: 

where: 

f6H) • fAl (AC] 
2xl W 2xl 

where equation (10) ia derived similar to equation CS). 

(10) 

Since the mill had been using red and blue dyes for many years to control 
color on :: a laboratory test basis, it is easy to use these dyes for closed 
loop .control. Generally, a yellow dye should be avoided because it lowers 
paper brightness, a standard by which .Printing paper is sold. For red and 
blue dyes, the A matrix is: 

-[

1.211 
[A] 

0.454 

0.128l 

0.593J 

The dye effic~ency for this systea is defined similar to equation (8) Where 
n is ' 2 instead ~f 3. In this case, the efficiency ·is 84.9%. 

Process Dynamics 

As shown in Figure 5, dye is added to the paper machine on the inlet side 
of the fan pump. Together with the recycle white water and stock flow, the 
mixt ure passes through the Centri-cleaners, pressure screens, a~d headbox. 
Approximately 80% to 90% of the dyes are retained on the wire as part of 
the paper web leaving the couch roll.. The dye and fiber pa.Ssing through 
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the wire is collected in the white water ailn and a:~cyclecf to the fan 
pump. It ia theorized that the dye pa.aing through the wire ia attached 
to the fine fibrous material that filters through the fourdrinier wire. 

The process between the dye addition point and the .headbox can be consid­
ered as a llixing systea with a transport delay. The mixing effect, rep­
resented by a first order lag,- is caused not Only by cleaners and headbox 
but also by the turbulent flow in the pipeline. The dynamics for the web 
passing fro. the wire to the end of the paper aachine (where the color 
.eter is installed) ia a pure transport delay. 

Figure 6 shows a block diagram of the paper
4
-.chine aystea· and ita open­

loop configuration as suggested by Sullivan or Beecherll. Ci is the 
dye concentrat-ion in pounds of dye per pound of fiber entering the system 
and C is the dye concentration passing the color meter. R is the dye-fiber 
r~tention factor. 

Figure 7 shows the system response with different dye retentions. Even 
though the response of 80% dye retention is a little different from 100% 
retention, it can still be approximated by a first order system With 
time delay as shown in Figure 8. Therefore, the Laplace transport func­
tion of open loop dye system between dye addition point and· color meter 
can be represented as: 

where D means dead tilDe and T . stands for time constant. 

Then equation (ll) can be c~ined with equation (10) ·to give: 

· -aD 
[H(s~ ·:a+l [A][ci<s>] 

(ll) 

(12) 

The de..S ti•, tille constants, as well aa the elaaents of -the 11atrix can 
be evaluated by procua identificationl2. 

Fi-gure 9 is a typical open loop response where dead tille was found to be 
85 seconds with a ti• constant of approximately 35· secoo.ds. · Figure 9 
shows that the actual data · coapar~ .closely with theoretical up to about 
270 seconds. After 270 seconds, the silo effect causes the -response to 
continue to drift. ~cause the drift is slow,_ it can be . compensated with 
·closed loop control. 

Decoupling of Interaction 

The llllltivariable control aystea of equation (12) can be ·represented by 
Figure 10~ For this system to be non-interacting, the system represented· 
by Figure 10 should be reduced to Figure ll, which is a system of two in­
dependent loops. To decouple the interaction, the following equations 
must be satisfied: 

[G(s)] [A) • (F(a)] (13) 

where [F(s)] must be .a diagonai matrix. 



lb~ results ·il\: 

gl2(s) 
. ~all 

- au g22(s) (14) 

g2l(s) 
.-a21 

8u (s) 
a22 

(15) 

and: alla22 - al2a21 

a22 
g11 (s). • £11 (s) 

(16) 

aua22 - al2a21 
gz2(s) - fzz(s) 

au 
(17) 

where fu(s) and t 22 (s )· are diagonal elements of [F(s)]. · Thus, by speci­
fying fn (s) and f22 (s) ., [G(s)] may be determined. 

Design of a Digital Controller 

It was found that the elements of matrix A do .not change significantly 
for the same grades of paper but will onl y depend on the type furnish. 
Therefore, the gain of controllers should be varied by grade to achieve 
the decoupling cr iteria. However, automatic gain adj ustment is difficult 
with analog controllers. Because an IBM 1800 was available, the entire 
control scheme has been run on a digital computer. It is possible to use 
the PI control in the digital sense, that is, the PI controller can be set 
in difference equation form. However, the stability of such a system will 
depend on the sampling period. Because of the versatility of the di gital 
computer, it is not necessary to ret t rict control algorithm to proportional, 
integral, and derivative action. By using modern control philbsophy, we 
can desi~ a control algorithm by specifying the overall' closed loop 

. responsel3. 

To obtain a realistic and stable design, the closed loop transfer functions 
were specified as a first order response with dead time such as: 

&m · ).e-sD 
Tr" .'"' ST>:" (18a) . 

(18b) 

~ere ). is the reciprocal of time constants and D is the s~ process dead 
time. 

From Figure 11 , we can obtain the closed loop transfer funct~bns in terms 
of fn and fz z: 

lim = f ue-sD 

ar Ts+l+flle-sD 
(19 ) 
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By comparing equations (18) and (19) f11 and f22 can b~ solved by: 

f11(s) • f 22 (s) • . A( Ts+l) -
s+A -A e-sD . 

By equations (14) to (17), the. controliers are solved as: 

gu(s) gl2(s) 
a22 · -a12 

(-rs+l~A · 
~lla22 - . ~12a21 . alla22 - .. al2a21 

s+ ·A- Ae-sD 
g2l(s) ··g2f(s) -a21 ·r 

-. all ·· 
aua22 - aua~l alla22 . .,. a12a21 

Using the definition of gu (s) as shown in Figure 10; . g11 (e)_ -can be 
expressed as: 

gll(s) • ..:ill. t:. a . 

The recursion formula is: 

m-1 m-r-1 
+ (1 - ~T) cill + ATcill -

where: T sampling period 

r • n~arest integer of D/T 

m • present reading; m-1 previous _ reading, · et~. 

ct12, Ci21, and ct22 can be expressed Hke equation (23) ·• 

Then: 

(21). 

(22) 

(24) 

(25) . 

To test the validity of the controller design and its assumption, set point 
changes of approximately 0.35 unit ·on "b" were stepped into the color controller 
with different values of >. • Figure 12 -gives plots of actual and theor­
etical response with sampling period of 60 seconds and a closed loop time 
constant of 58 seconds, 115 seconds, and 287 seconds (which are equivalent 
to a A of 10, 5, and 2 cycles per hour). 

All the responses deviated slightly from theoretical. Surpr i singly, the 
actual response with 287-second time GOnstant deviated the most and over- . 
shot· more th~ the others. Theoretically, the system with larger t i me 
constant should be more sluggish. 

The difference is probably due to the fact of forcing ·_the. process trans fer 
function in~o a f!rs~ order lag. With the recyclea dye from th~ silo, t he 
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transfer function is not actual ly firs t order. Therefore, a controller 
with a smaller overall time constant is able to keep up with the differ­
ence. In all cases, the "a" eolor unit was not significantly affected, 
which means the decoupling has produced excellent results. 

These results prove the validity of the overall design (provided that the 
parameters are properly chosen). As a matter of fact, the color control 
has been successfully run on Consolidated Papers' near-white grades since 
January, 1968. 

Summary and Conclusion 

It has been demonstrated that closed loop color control is feasible when 
using red and blue dyes to control the Hunter "a" and ''b" color units. 
Hunter units are used primarily because the mill uses these units for its 
laboratory paper specifications and the operators are familiar with them. 

There is no theoretical reason why the tristimulus values cannot be 
controlled with a three-dye manipulating system. Dye selection is aided 
by calculating the dye efficiency. High dye efficiency implies better 
controllability,. 

Because color control is an interacting multi-loop system, the decoupling 
and predefined closed-loop response features reduce the controller de­
sign into the following procedure: 

1. Identifying the process time constant and dead time as well as the 
B matrix. 

2. Specify the proper closed loop time constant and sampling period·. 

3. The controller algorithms are given in equations (23), (24), and 
(25). 
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FIGURE 2A 
X. vs. y 
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FIGURE 3A 
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FIGURE 10 

BLOCK DIAG~ PF CONTROLLER-PLANT SYSTEM 
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THE DESIGN OF A HEADBOX CONTROL SYSTEM 
·PART I ANALYTICAL CONSIDERATION 

By: J.K. Lee, H. Chao, l.B. Sanbourn, J.G. Bollinger, H.L. Harrison 

Paper is made by filtering the water from a dilute suspension 

of papermaking fibers with a woven 1 \Orire fabric--the fourdrinier 

wire. The function .of the headbox of Pig. 1 is to deliver a 

suspension to the wire . in as uniform a manner as possible. When 

reduced to its bare essentials, a modern headbox is merely a closed, 

pressurized container which converts a stream of stock from a 14" 

to 20" diameter cylinder flowing in a pipe (the supply header) to 

a uniform 3/4" thick .x perhaps 200" wide jet traveling at 

approximately a uniform velocity profile accross the moving 

fourdrinier wire. 

If a papermaker is to make good paper 1 he ~ have good 

control of his headbox. This requires that not only the level 

and total pressure within the headbox be controlled, but the 

flow of stock through it as well. The need for level control 

is obvious for neither a completely full nor empty headbox 

can be tolerated for practical reasons. In addition, each 

headbox is designed to give its best hydraulic performance at 

a specified liquid level. This being the case, the only choice 

is to hold the level at a fixed F ~ nt. Hardware to control 

liquid level has. been available for quite some time and now 

is usually provided whenever a modern, pres~urized box is 

installed. 

Though the need for total pressure control .may be 

somewhat less obvious, its importance is even greater than that 

of liquid level control. Actually, the paper.maker usually 

wishes to hold a constant difference between the veloci t~e·s 
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of his wire and stock jet. The drag created has an 1mpor~an~ 

bearing on how the sheet ·forms and drains on the fourdrinier 

which, in turn, has an important effect upon' the ultimate 

visual appearance (forma~ion) of the sheet produced. Controllinc 

wire speed is ·not often a problem because a sophisticated 

speed control system is usual l y provided for the electric 

drive of modern paper machines. Con trolling jet velocity 

is another matter. Jet velocity is .a direct func t1 on of the 

square root of the total pressure for a given s li~e opening 

within the headbox. If jet ppeed, and consequently dr ~g . is 

to be controlled, headbox total pressure must be controlle d . 

This fact does not yet seem to be generally recoqnized aric 

many new headboxes ·are being installed without adequate 

provisions for either total pressure control or adjus~en~ . 

The rate of stock flow through a headbox should be 

controlled for two . reaso~s. First, a control of stock flow 

allows manipulati on of headbox solids by. providing a means . 

of adjusting the rate of white water recirculation throu~r. 

the wet end system. Headbox solids have an important e f fec t 

on sheet formation and are, in fact, one of the importa~t 

. variables used by the papermaker to control the visual 

appearance of his sheet. Second, headbox flow control 

allows adjustment of the dryness of the sheet on ~~e wire 

by virtue of the fact that it has a direct effect on the 

amount of water that must be removed b y the wi re. 7h~s , toe , 

nas an important effect upon sheet formation. ~ence, che 

?rl.Ine reason for needi.ng control of flow th rougt. <:::e !:eadbr·x 

:.3 to :nakc .:.. :. -: as~er to a d J '-S t shee t fo r:nat i on , 
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To summarize, careful analysis of the paper.maker's 

needs indicates that it WO\lld be· beneficial for him to be 

able to specify the liquid level, drag, and headbox flow 

at which he wished to operate: and then have an autanatic· 

control system maintain these factors at the levels specified. 

To meet such criteria the liquid level, total pressure, and 

flow through the headbox must be controlled independently. 

Methods for achieving this aim using water valve position, 

air valve positions (both . inlet and blowing), and slice 

opening as the manipulated variables have been developed, but 

for the present the analysis will consider only means for 

controlling liquid level and total head via manipulation of 

water valve and air valve positions. 

Literature Review 

Much work has already been done to develop . ·better 

controls for the headbox. Beecher(l) in 1963 outlined the 

general nature of the problem. In 1966, Mardon et a1< 2
> 

demonstrated how a headbox could be modeled on an analog 

computer. The equations describing the system were set 

forth and experimental verification was included. Mehaffey 

et al(J ) also modeled the headbox and other components 

intimately associated with it on an analog computer. Various 

control schemes were investigated on the analog model and 

subsequently tested on an actual system. Sulli van and 

Schoeffler( 4) demonstrated how the entire wet end of a paper 

• machine could be dynamically modeled on a digital computer. 

Simole suoroutines were written ~or basic components and a 



main program called for them in proper order. This type of 

mode.l is very versatile and can be used for both experimental 

purposes and to improve control of the actual process. · 

Model Development 

Figure 1 is a schematic of the hea~ox system. Mardon et a1( 2 ) 

have already shown that the equations characterizin9 such a system 

can be derived analytically from the application of the physical 

principles of the device and a ~nowledge of ~moortant headbox 

parameters. In this particular instance, a 138-inch wide, 

Valley, air-loaded, multiplex headbox was studied. The seven 

equations describing this system are presented in Column (a) , 

Eqs. la-7a, of Table 1 from which it can be seen that some are 

decidedly nonlinear. In order to deal with these expressions 

conveniently they may be linearized about a specific operating 

point. The equations that result are found in Column (b) , 

Eqs. lb-7b. For convenience the notation may then be changed 

such that h,.., 6h, H.., 6H, etc. The Laplace transformed 

equations are in Column (c) , Eqs. lc-ic where the simplified 

notation has been adopted. Study of these equations shows 

that ten constants are required to quantize the behavior of 

the entire system. 

The block diagram in Fig. 2 was developed from Eqs. lc-7c 

of .Table 1 and shows how the various parameters of the mathematical 

model of the headbox interrelate. Such a diagram is q~ite 

useful for it can serve as the starting point for the synthesis 

of the headbox control .system. Before proceeding with the 

synthesis, · however, the overall control concept may be outlined. 



First, the controlled variables in the headbox system will be 

total head (H) and liquid 1~1 (h). Second, the manipulated 

variables will be flow into the headbox· (qil) , inlet ai~ valve 

position (Xia) , and outlet ·air valve position (X
0
a). Third, the 

process disturbances will be considered as changes in slice 

position (Y01) and flaw changes (qi1). Set point adjustments in 

H or h will be considered commands. 

Control Strategy 

The first step toward developing an adequate controller 

desiqn is to condense the block diagram of Fig. 2 by means of the 

techniques of block diagram algebra. The results of such a 

condensation are presented in Fig. 3. With this diagram available 

and the knowledge that an adequate headbox controller must 1) hold 

both liquid level and total head at their set points despite 

process disturbances and 2) follow desired changes in the set 

points, it is possible to proceed with the syntehsis of the 

necessary controllers. 

Mardon et a1( 2) have already shown that the headbox control 

problem can be approached in either of two ways, depending upon 

how the controllers are connected to the headbox. Total head H 

may be controlled via manipulation of the air valves as shown in 

Fig. 4. This arrangement is referred to here as the straight · 

configuration. At this point one should note the introduction of 

two new symbols Hr(s) and H£(s). Here Hr is the command variation 

from the true head reference level and H is the difference 
£ 

between H(si and Hr(s). If H is controlled by adjustment 

of the water (or stream flow) valve as shown in Fig. 5, 

then it is referred to here as the reversed configuration. 



45 

Mardon's work claimed the two arrangements showed essentially 

the same perfonnance when used on a real headbox. Consequently, 

it was decided to concentrate attention on the reversed· 

configuration in this investigation because it . is easy to 

transfer from control of· liquid level by conventional means 

(see Fig. 6) to the reversed configuration . (see Fig. 5). Only 

the closing of the total head control loop with an appropriate 

gain. in it is required since the . liquid level loop is already 

extant~ Upsets to the headbox system are min~mized, if not 
I 

entirely eliminated , when it is necess ary to go on or off total 

head control as a result. 

Steady State Response 

With -a control strategy decided upon, the designer is 

faced with a decision as to what type of control action to 

provide in each loop. Here it should be recalled that systems 

specifications are such that total head and liquid level set 

point must be maintained regardless of upsets to flow due to 

slice adjustments and set point changes. To accomplish this 

the block diagram in Fig. 5 was first reduced to the more 

condensed form shown in Fig. 7. Then 1 the steady state res·ponse 

of both total head and liquid leve. ·::o changes in set points 

and flow upsets were _estimated by deriving the appropriate transfer 

functions from Fig. ·.7 and applying the · final value theo .... em. 

For example 1 if only proportional action is conside.red 

for each loop and a step change in .total head set po~nt variati on 

is considered we obtain the following. 



For change in total head: 

lim 
t+e 

lim _$ '[ (as + b + Kp2c) Kpl - 1 J _sl (1) 
s+O As(ds +b) + (Kpl + K1) (as+ b + Kp2c) 

HESS 

For changes in liquid level: 

h s s 

lim h (t) lim 
t+ao s+O 

•[ As(ds 
lim 
s+O 

K 2b 

(b + Kp2c) (Kl 

s h(s) 

K 1 

+ b) +(as 

+ Kpl ) 

(ds + b) 

J 
1 

+ b + Kp2c) (Kl + Kpl} s 

Note that the most desirable result is to have both the limits 

in Eqs. (2} and (4) go to zero. S ~milar analyses were carried 

out for all possible combinations of proportional and proportional 

plus integral action, and the results are presented in Table 2. 

From Table 2 it can be seen that overall system 

specifications can only be met if both proportional and integral 

a ction are present in each loop. Hence, the reversed configuration 

wit PI .action in each loop was the design finally decided upon 

for the system. 

(2} 

( 3) 

( 4 ) 
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Transient Response 

With the system configuration and controller actions 

specified, the remaining task is· t ·o detexmine the gains 

require~ in each loop of the controller for desirable response. 

A variety of methods are available for such studies leading 

to gain settings; however, considerable difficulty may be _ 

encountered when a multi-loop system is involved. One 

effective approach is the root contour method , as described 

by Kuo(S)which may be applied to multi-loops design problems 

of the type at hand if modified appropriately~ 

The root contour method involves first writing the 

characteristic equation for the system. This is readily 

derivable from the block diagram shown in Fig . 7 and is of 

the form: 

Unfortunate~y~ such an exPression is not in a form capable of 

direct treatment via the root contour method. Additional 

manipulation- is required to put Eq. 5 in a.· form such that the 

roo~ contour for Kpl (gain in the total head loop) can be 

developed while holdinq KP2 (qain i~ the liquid level loop 

Til and ~i2 (integral terms) constant. The required expression 

is of the form 

(S) 
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Figure 8 is a typical root contour( 6 ) of Kpl for KP2 = 2 

and Til and Ti 2 = 20. The gain of the liquid level loop was 

held constant at 2,and the integral action in each loop was 4 

held at 5% (reciprocal of T times lOO) of the gain while the 

gain of the total head loop was varied from zero to infinity. 

From the figure, it may be seen that there are two short 

loci on the real axis close to the origin. These loci have 

little effect on the overall stability of the system. The 

loci of interest are those beginning at the complex poles 

located at -0.198 ± 0.968j and ~roceeding to the two real 

axis zeros located at -2.41 and minus infinity. The shape of 

these two loci implies that stability increases without bound 

as Kpl increases without bound. The response times of the water 

and air valves being actuated by .the headbox controllers were 

neglected. In actual fact, the dynamics of the control valves 

are not negligible as compared to that of the headbox. In fact 

increasing gain along an altered shape would lead to instability. 

If the dynam1cs of both the air and water va~ves are 

introduced into the problem, the system's cha7acteristic equation 

is changed from fourth to sixth order. This makes ·a mathematically 

difficult problem all the more complex. Analysis as well as 

simulation results (to be discussed later) ·indicate that most 

practical design problems en~endered by co~sidering contrc_ 

valve aynam;..cs are encountered even ii n.i_ the water valve 

time constant is considered. Elimination of the air valve 

time constant greatly simplifies the mathematics involvec f 

therefore all of the root contour work presented here1~ ~qnore: 

air valve dyn~cs. 



Figure 9 contains a root contour plot for Kpl where 

Kp2 is again 2.0 and Til and Ti2 are held at 20, but a time 

constant of 5 seconds is assumed for the water valve: As 

is readily apparent, the r oot loci are substantially different. 

In th~s instance, there are three loci located along the negative 

real axis, but again these have little effect on overall 

stability. It is the two loci issuing · from the complex poles 

(-0.198 t · 0.968j) and crossing the ·imaginary axis at about 

tl.lj that dominate. This type of contour implies that · the . 

system will be quite oscillatory for even low values of Kpl 

and become unstable if Kpl exceeds 600. Hence, it is apparent 

that the design problem .in this instance is to devise a 

strategy for picking controller gains that yield a reasonably 

non-oscillatory headbox system despite . relati~ly high values 

for Kpl· VarioUs root contour studies have shown that reductio . 

in Kp2 are the most effective means for achieving this end. 

The effect of lowering KP2 is best illus t .rated by . 

comparing Figs. 9 and 10. In Fig. 10, KP2 has been reduced 

to 0.2 whereas Til' .Ti2 , and Tv were held constant. This 

plot is much the same as the one in Fig. 9 except that the 

two complex poles haVe been moved closer to the real· axis 

(-0.190 t 0.200j) and the loci iss~ing . from them have been 

bent to the left so · ~~at they never do cross the· i maginary 

axis. This ·being the case, it would appear that the best 

··strategy to U&e in tuning ~e headbox control system is to 

decrease Kp2 to the point that Kpl can be increased suif'icientlv 

to give gqod total head con t rol without undue ~ystem oscillatiom . 
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Discussion of Results 

With a strateqy for tuning the headbox system <Jecided 

upon, the only item th.at deserves further di8cussion is the 

te~iq~ by · which speci-fic controller settinqs were chosen. 

One of the more popular methods of controller qain selection 

used in conjunction with root locus plots is · to assume that 

a system's transient response is closely approximated ~y that 

of an underdamped seconc}-order system. This being . the case, 

it can be shown that · lines emanating from the origin are 

iines of coaatant damping ratio: !ines parallel to the real 

axis are loci of constant damped natural frequency: anci lines 

parallel to the ~aginary axis are lines of constant time 

constant. This approach is adequately descr~d in a number 

of standard texts such as ~e one by H~rri~on and Bollinger ( 6 ) 

Suffice it to say here that such an api;»roach was taken i,n this . 

case with lines o.f constant damping ratio being the primary 

tool used for gain selection. 

Choice of COntroller Parameters 

Figure 11 contains an ~~larqed root contour plot for Kpl 

with Kp2 = 0.2, :il = Ti2 = 20 {S' integral action), and 

Tv S. Lines of constant damping ratio have been super­

i mposed on the plot from which it can be seen that Kpl varies 

all the way fran 130 for a zeta of 0. S to SSO for a ·zetcr of. 

0. 30. The time constant of the system did . &ot change greatly 

·but the damped natural frequency increased from about 0. 32 to 

0. SS radians per second. . This would indicate that though the 

system becomes appreciably more oscillatory . as the damping 
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ratio is ·decreased, · its speed · of response to upsets does not 

improve sUbstantially. 

ftle validity of such general.i:zations is dependent \:apon 

tbe exactness of the analogy drawn J:>etween the behavior of 

the closed 1~ response of this multi-loop system and a 

simple second-order system.. Even at · first glance, it appears 

that the analoqy may be weak and as a resu.l t, the headbox 

syste~ was modeled via ·an IBM digital ·simulation proqram 

(CSMP ·(8) described in IBM Manual H20-0282-o·J • . The simulation 

diagram· of the headbox system is shown in Fig. 12. · 

Two sets of curves from -the simulation are· presented 

in Fig. 13. Controller ~arameters were held at Kpl = 200, 

ltp2 - ·o.2; Til • Ti2 ~ ~0 and T~ -was set at 5.0 seconds. In 

the first set of curves, the response of system liquid level 

to a ()ne-inch set. point chanqe ill total -head va:s:iaeier.t and a 

1% upset in flow throu9h ... the headbox is shown. The disturbance in 

liquid level was bo~ small and quickly corrected in. each 

c:::ase indicating that the liquid level upsets can probably be 

iqnored as a design consideration in this particular case. 

~e other se·t of curV"es shows the response of total head to 

the same disturbances. 

From these curves, it .appears that the analoqy between 

the system at hand and an. undSrdamped second order system is .. 

rather weak·. Total nead response is slightly · oscillatory 

but shows none of the overshoot to be expected of a . system with 

a damping ratio of qnly· 0. 45. · In this inst-~ce, it -appears 

that the proportional part of the controllers have completed 

·. thei_r action · i .n a mere 20-30 seconds but an additional 50 seconds 

is required for the .integral portions · to drive the total head 



to set point. Thi s suggests that the system might perform 

better .with even a l ower damping ratio. 

Figure ·14 shows a comparison of the system's respons~ 

to a one- i nch set point change i n . total head variation for damping 

ratios of 0.45 and C.35. The lower damping ratio brings the 

system to ·within 5% of set point in only 29 's~conds v~rsus 57 

seconds for the higher zeta. The tendency for the sys~m to 

~scillate increases, but again overshqot is minimal and no 

serious control problems se~m to result. Hence, in this 

instance it would seem best to use a zeta somewhat lower 

than usual for design- purposes ·. despite the conclusions originally 

reached from an inspection of root contour plot in Fig. 11. 

One factor that has been ignored in the above is that 

the time constants of the c:1ir valves bei.ng actuated by the 

liquid level controller were hegle·cted in .developing all of 

the plots presented in Figs. 11, 13, and 14. It has already 

oeen mentioned that ignoring air valve dyncu.dcs is not as 

serious as neglecting the response time of the w~ter valve, 

but the lags introduced by these valves d~ have an ap~reciable 

effect on system stability as will be illcstrated. 

Figure 15 contains plots of the response of the system 

to a total head set point change with and without air 7alve 

dynamics being considered. In curve ~, the time constant of 

the air valves was taken c:1s zero whereas in b, it was ·assumed 

to pe 5 seconds. In both cases, ·controller parameters ~ere 

held constant at Kpl = 200, KP2 = 0.2, and Til ~ Ti2 = 20. 

From these curves, it is obvious that introducing a ti~ 

_onstant into the dynamics of the air valves has not only 

.- ~ ae he system more oscillatory, but slower to respond as well. 
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(62 versus 38 seconds to reduce system erro!: to 5' of the set 

point change). No overshoot is experienced but still it 

would seem wise to be . somewhat conservative and use a · damping 

ratio or ·o·. 4.5 . in choosing Kpl· This being the case, it wCJuld 

~eem that adequate, if not optimal, performance by the system 

would be achieved if con~roller parameters were set at-the 

following values: Kpl = 200, · KP2 = 0.2, Til = Ti2 = 20. 

One question ~emains to be ·answered before these values 

can be finally decided upon, however, ·and that concerns the 

effe~ that variations in Til and ~i2 have on syst~ performance. 

Thus _far, it has· been assumed that 5' of integral action would 

be adequate. ·The effect of varying tlie amount of integral 

action is best i.llustrated by studying Pig. 16 and canparing 

its root contou+a with those in Pig. 11. 

Prom such ·a caaparison, it can be seen that increasing 

the amount of · integral ·a~ion _(by decreasing the values · of 

Ti_ 1 and Ti2 > tends to move the two loci· domin~ting_ systell). : . . 

stability to the right toward the imaginary ~s while at 

the same time increasing the value · ot the imaginary -part: of 

the poles. Both effects tend to make the system more oscillatory 

and less stable. In addition, another disturbing change takes 

p~ace.. TWo of the three contours that formerly lay on the 

· negat~ve real axis -are now seen to leave it and _ terminate at 

two complex . p~les located at -0.128 ± 0.189j. These tendencies 

continue if the amoun~ of integral action is increase~ beyond 

10' and th~ net effect is to introduce serious s~ability 

problems. With th_is in mind, it would then seem best to 

leave the amount of integral action low , at about 5%, ~d t o 

achieve increased speed of response by rai s i ng x?1 if ?Css ible. 



!'his being the case , it we,uld appear that the values o·f the 

controller para.eters . stated above are, . in fact, close. to 

optimal. 

Limitation~ Imposed by Linearization · 

It has already been mentioned, and is well known, . 

that cansider~le· accuracy with respect to .the se ::vo problem 

must be sacrificed for .the m.athematical convenience achi~ved 

when a system is linearized. Most of the wor~ reported r .erein 

was carried out with a total head in the 42-43 inch of water 

ranqe. Figure 17 contains · a root locus plot of the system 

when total head is in the 28-29 inch of .water range. COmparison 

of thia .plot with the oue in Fig. 11 ahawa that thou&h the shapes of the 

curve have DOt c:hauged aignificantly, thei.r ~itioDS on the S plane have 
. . 

been ahifted. FortUD&tely, the ~t. has been. such that st:..ability has been· 

increased .rather than. decreased. This meaDS that if a headbox controller 

is tuDed for c:lo.e to optD&l ·oper~tion at a hish total head, it will not 

be operati.Da at its beat at lower total head set points. An abilitY . to 

adjust controller paraaeters dynaadc-llly duriD& c:fperation woUld ~e of 

considerable benefit. This point 1ri..u be cli.acuased at quite aa.e length . 

in Parts II ·and III of tJ:te paper. For the present, suffice . it to aay that 

if one deaigna a controller to give aeai-optimal performance at the ~igb­

eat total hUd envisioned for the headbm: system, it will give ·adequate 

performance at all leaser set points .• 

On-Line Performance 

Before closing this paper, the perfo·DUDce of a headbox uaiug the 

control strategy and parameters developed h"erein should be presented to 

verify the vali:dity of ·the approach ~ The headbox Chosen was ·one with the 

very s~e engineeriD& par aaeters as used in our s:laulBtion work. tnitially 
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~2 vas set at 0.2, Tu ·8Dd Ti2 · at · ~ a~ Kpl at 130. Tbe l'esult was 

rather slua&ish perfom.r.e aDd Kp2 vas increased in a st~iae faahi~n 

as our siaulatioJl ilork indicated it should be. The speed of response 

was DOt "satiafa.ctory" until KP2 reached 365 at which tiae the headbax 

behaved as shown in Figures 18 and 19. 

Coapariaon of the data in th~e figures with that in Figures 13 

aDd 14 shows the analytical model to be a remarkably good approxiaation 

of true headbaz perfonaance. Three c~troller paraaeters (~2 • Tu, aDd 

Ti2) give uear-optiaal perforaauce at eK&ctly the value predicted by the . 

model Whereas the moclel 'would have set ~l at an excessively conaervative 

val~e (~1 • 130 - 150 va •. Kpl ~ 350 - 375) •. Such perfonaance on the part 

of a .xiel is eK&ctly what an · eagineer duites for it allows hia to place 

controlier paraaetera in a aood ' raaae ~ th~ reach optiaality by fine 

tuning in the .anuer }lreacribed · as beat by . s:laulation wrk. In s~y, 

the headbox in question is now . operating wi~h ~l • 365, KP2 • 0.2, aDd 

Tu • Ti2 • 20 levels that are raurk.ably close to the values predicte-1 

as ~eing nearly opt:laal by simulation (~1 • 130, ~2 • 0.2, Tii • T12 • 20). 

In addition, the discrepancy t~t cloea exist .ay very vell be explained by 

the cliGice of an unfortunately large water va!.ve t:iae constant (Tv). 

Conclusion 

. Fr011 . the above, it .ay be concluded thit it is possible to attack 

the 11Ul.ti-loop headbaz syata from. an analytical standpoint, .develop. a 

linearized model for the sy3tem, determine the action required of the con-

trollers in the system on a rigorous basis, and then · fi~ly tune the . 

controll~rs in such a way that near-optima~ performance is· achieved. 

Control~er action is best determined by means of the study of syst .2m oy 

·means of the root contours approach. · Al:i indications are that .in the 

headbox system, the gain in the liquid level loop should be kept relatively 

low DO that the gain in the total head loop can be kept as high as possible. 
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.In addition, ab.out 5% :l.ntegral 4ction iD each loop .seems useful. Finally, 

i t appears that the dynamics · cif the air valves in the system ·can be ig­

nored t o s~plify the problem but that doing thiS .also requires that the 

designer not go much lower than 0.5 for a value o.f zeta when picking a 

value for ~<p1 to be used in the total );lead controller: 

A 
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As · 

b 

c 

cd 

Cg 

c ' g 

d 

g 
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Hr 
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Kl thru K8 

Kpl 
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M 

mia 
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NOMENCLATURE 

cross section ·of headbox, sq. in. 

defined in Table of Beadbox Constants. 

opening area of slice, sq. in. 

defined in .Table of Beadbox Constants. 

defined in Table of· Beadbox Constants 

dischargtc : 0efficient of slice, dimensi~ess. 

outlet air valve coefficient, a fm1ction of valve' position, 
dimensionless. 

inlet air valve coefficient, a fm1ction of valve position, 
dimensionless. 

defiued .in Table of Beadbox Constants. 

gravitational constant, in ./sec. 2 

total bead, inch. 

total head set point, inch. 

liquid level, inch. 

square root of -1. 

defined in Table of Headbox Constants. 

the gain of water valve controller; cubic inch per second 
flow per inch of total head difference. 

the gain of air valve controller, fraction ·of air valve 
travel per inch of liquid level difference. 

mass of air in headb ·x , lb. 

mass flow of inlet air ; lb./sec. 

mass f low of outlet air , lb./sec. 
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Clol 
R 

• 
T 

V 
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air pad pressure, p.s.i. 

pressure of air supply, p.s.i. 

liquid flow into headbox, cubic inch per sec. 

liquid flow out of headbox, cubic inch per se'!. 

gaa constant .(:i.n.3). (p.~.i.)/(lb.-mole) (R0 ) 

Laplace operater~ 

temperature, R0 • 

the equivalent time constant of integral action in water 
valve controller, or the reciprocal of ratio of integral 
to proportional action, second. 

the equivalent time constant of integral action in air 
valve controller, second. 

time constant of water valve, second • 
• 

volume of headbox air pad, cubic inch. 

inlet air valve position, 'i6·. 

outlet air valve position,~. 

slice opening, inch • 

Greek Letters 

density of air • lbm/ft3. 

density of liquid, lb. per cubic inch. 

damping ratio. 

HEADBOX CONSTANTS . 

A 4 ,000. 

qi1 14,250. 

H 43.-

Yol 0.75 

V 119 X 123 

T ·= 80 + 460 
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Pw - 62.4/12.3 

Pa ~ 8.97 

R ... 10 .• 731 )C 123 

p -16.7 s 

Kl • qi1/2B • 165.7 ' 

I( I 

1 • qil/Yol ~ 19,000. 

K2 • 1/pw . ~ 27.7 

.. RT 
Kl . • -v- • 1.68 

Pa . 

K P~. 0 . 1 
4 - v •. . 3 6 . 

x
5 

PPa 975.6 .·x _12 3 .. J?[· 2.32 ,c ·(p. -. 14~ 7>] _. 0 _._ 4~2'5 
= -:RT" • 3., 6ooo . ~. _.;..;_. ~.;;.-~P~__;~.:J... 

. . ~ . . . 
... 0.184 • · 

210 . )( 12 3 [ ( . p . . ) 0 • 55 7 5 
3,666 °~4425 . p- 14.7 . . 

. + 0.5575 (p -p14 • ') 
0 

"
4425

] 

- 0.0087 

975.6 )( 123 0 557 . 3,6oo . • P•. s <P • . - Pt0.442s , · 

- 0 . 0741 

x
8 

,.. ... Ppa • . 21~ · 12 3 • [o.s_575 (P~ ..: P.) 0.442$ 
RT ,600 . P · . . . 

. . . ~ - . . 

. + . . . '( . p s ). 0 • 55 7 5 J 
0~4425 r-=P' . 

. . s . . 
- - 0.0165 

a 

b 

c 

d .., K
2
i-

3 
• 0.0215 



Original Equations 
(a) · 

1. qoJ = Cd As . J~gH 

2. H = h + . ~4.7 
P w 

]. 
dH 
dt = m. . -m 

1. a oa 

4~ dh 1 . 
dt == A (qii ~ qol) 

5 ·. p M · 
== - .RT 

~r 

•• p c p [ . . . . 0 . 4425 

6. m - " a · · oa- - •- - 2 32( P - l4.7)J . . 36 0 0 • --.·-p---~ 

1. •• m . . = .Pi C'!'Ps . [ .(r6 _ "' ]0 .4425 
.J a ·..3 6 00 2. 32 -------p . . 

s 

TAB Ll': i 

T.ine.arized Equations 
(b) 

I 

6q01 = K1AH + Kl 6Y01 

t!H = Ah + K
2

AP 

d 6H 
(Jt" == 6mia - Amoa 

dL\h 
M. 

1 
.A (llqil MTol) 

L\P K
3

L\M + K 
4

L\h 

Amoa K5 llX
08 

+ K6 liP 

hmia K7/1Xia + KB L\P 

" .Note th a t th e notati 0n hns been chanqeo here such thr~t h "' Jih , H ,..., 6H, etc. 

Laplace Equations* 
(c! 

q 0 l (s) x1H(s) + x1 'v01 (s) 

H(s) · = h(s) + K2P(s) 

sM(s) z mia(s) - m
0
a(s) 

sh (s) j[ qil (s) - qol <s>] 

P (s) K
3
M(s) + K

4
h(s) 

moa( s ) K5X
0

a \ S ) + K6P(s) 

mia(s) K7Xia(s) + K8P (s) 

** Con.Lrol_Jlil>l-YQ _ li~Jl . .£!):-.!Q.'>!5- , r-~ i 1::- t E:di t:i.on, Fi s he r. Gove rnor Co . , l\1?. rs1J C1 ll l otvn, Iowa . 

~ 



TABLE 2 

. .. 
,j 

... 

l 
~ 

----

i p t To ta l Head 
p 

I 
p + I . p + I 

J 
Controlle r 

I 
-~ - ·-· 

I Liq uid Le w · l. 
p + I p p + I p 

Controller 

.. 

1 · 1 J Flow Rate Change 
H = = 0 "ss :i 0 H = 
ss .K + K I . "ss . ss K + K 

1 p l 1 p1 

I . g 
hss = 0 hss . ... 0 hss = 0 h = b 

ss (K1 + Kp1) (b + cKp 2) 

., 

. 
Tot a l Head 

-K l - Kl 
H -.= 

Change = 0 "r:ss = 0 · H = 
t: SS! K + K Ht:-SS 

t:B S K + K 
1 p l 1 . pl 

bKpl 
. h = b hs s = 0 h = 

(b + .c K 2) (Kl + Kpl) 
hss = 0 ss ss b+cK 

p . p2 

l : 
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X 
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Kpl~ 
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-I j 

ZEROES: -0.05096,-0.0499, -2.414 
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oc . ~i ~ ~ i2- 20 • ~ 
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A MATHEMATICAL MODEL FOR THE OPERATION 
AND CONTROL OF A BEET SUGAR FACTORY 

B,y R.ll.J. Witbera, Bri~iah Supr CorporatiOil Ltd., P8terboro\llb, Jn&lend. 

R.J. Bua, BritUh Supr CCII'pOI'&tiOil Ltd., Peterboroqb, lagl.and. 

ll.J'. Branch, CUibridp ~Yen1t7, C•briclp, Bngl.&Dd. 

Introduction 

The aeuonal uatu.re ot the beet aupr induatry bri.Ds• two optiaiaizla 

probl.... J'irat to •zi•1" a oootimloua prooeaa cm a ~ buu &D4 

aeoood .to M.Xiaiae operatiou ewer the whole prooeaai.q period. Det..U. 

ot tbe taotor;y operatiou, oaDYent na.l proo .. a oontrol •.Yat- aDd ao.e 

aapecta ~ the tinaneial atruoture appear i.D preYiou.a Uterature 

1, 2, 3. 
'lbe prooeaa oonaiata ot a aerial ot aut~ted UAit operatiou troa 

whi.oh tbe ~ prod.Dot 1a ret'i.Ded w!Ute eup.r. Two b)--produota are &l.ao 

produoeci, aola.ssed dried pulp aDil aol.uaea. The plut l'WI8 iD a atea~ 

atate condition throughout ita operati.as period and tbere an o.er 200 

Yariab~ea within tbe -prooeaa. Ot these there are oll1.7 ei8bt i.Ddepeodlaot 

Yariablea onr which a widla ruse tit oontrol can be ezarciaed i.D ordlar 

to alter the proportioo ~ tbe produota obtai.Ded be=- proti t ot pl&z:at. 

lloat ar. the otber potentially Yari.abl.e parautera are oloMl.7 ooMtraiDed 

by qual.1ty oonaidlaratiou. 

A aatheaati.o&l. atea~ atate 110611. tit tbe prooeaa bu beeo bullt 

whiob siall..atea the prooeaa OTer ita oa~~plete wol'ki.Ds ranp. · !hia ~l 

ia uaed to precliot optiawa •• ·ti.ap ot tbe . oootrol Yari.&Qlea OODaiateot 

with praotio&l. plant tbz'ouPput &D4 quality ooutr&i.Dta ~ioal ot a 

partioular plant. The opt1.aia& tioo 1a oarried out b7 •au ot DOG l1Dear 

pr~ Oil m I.B.K. 360 Di&it&l Ca.puter. 1'be optiaisatioA 1.1 

oarried out tor &Yerap predi.oted •al•• OTer discrete ~ i.Dtenala 

clurizl« the operati.lag -. ... oa., the reaulta tit wbi.oh are ued to 61tera1Da 

the operating period aDd throqbput ra"• cbariJ1c that period. Ill ordlar 

to aohieYe a autti.cuntl.7 aoourate aoct.l. ocmaiMrahle qu&lltitiea ot 
d&ta haft to be oolleoted aDd prooeaaed b7 apeoial teohai.qa.a. 

Tbia data 1a alao used u ~ baau tor a DWiber ot' hou.aekMpi.a& 

pr~a which gin i.Dt'Cil'W&ti.OD to tbe taotor;y aazaapMJI't Oil atOoka, 

extr&otion at&te•nts eto. 
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Work began ill 1963 &Del baa taken approzia&tely aix DD years ~ 

a,yatem atutV1 p~ogra.m:rae wr:'.ting eto., together with aeYeral large aoal.e 

taotory uperillenta. 

Kod.el Bull d1 ns 
The aatbematioal aodel presents the plant 1D a at~a~ atate 

condition. Ita oonatruotion waa 1Ditially troa theoretical r elatiouahipa 

obtained from previously published lit~rature4- and aaterial a.nd beat 

balanoes over eaoh unit operation. It was toUDd tl.a.t some parts ot the 

process needed further investigation for the model t o be reaaona.bly 

accurate and limited ezperi.llenta on plants within the Britiah Su.ga.r 

Corporation wero dssigD&d and carried out. A data loggi.n8 e,yatem waa al.ao 

installed at ono factory to eD&ble model testing and updatin8 methods to 

be carried out. In this wa:y the model wa.s ialproved and new technical 

i.Df'orution asaimilatlsd froa the prooesa. Once the model wu f'ound to be 

reasonably accurate oosts of' materials and prices of products re adead 

to the model equations so that a rslative profit function oould b 

associated with changes in variables. The mode as the~ ~ed to tind 

the parts of' the pr ocess which are sensitive to profit and t'Urther 

e:zperiraental effort was concentrated on these parts. 

The reaul ts of' these experiments have yi.elded an overwhellrtng 

quantity of' figures and it 1a not p ossible to present them in this paper5• 
Plant output and intel'IISdiate v&ri. bles such aa f'lows a.nd qualities 

within the process muat be compared with those of' the moclel r aaonabl.y 

trequentl,y in order to keep the model "up to date 11 with the process. A 

good example of where the plant can n dri:f't awa;y trom. the aod.81 is in t he 

variation of' heat tranafer ooetf'icieuts in the eYaporatora duo to touting 

up of' heat transadsaion surfaces. In order to keep up with thi type o 

"dritt" the .heat transfer eo f'f'icient . is calcula ed regululy from 

eYaporator outputs and the result fed into th 110 

Thi.e ;La tel"'led ~pda.t~ and giYes the model an adaptive oharaoter­

iatio enabling i~ to sillulate ~tutU. plant conditions accurately ove 

long time periods. Another feature ia tb automatic balancing of the 

evaporator andprooeas heating system, which ~ a local optimiaation 

within the model, s cheduiing grades of vapour o heaters aooor 

A typical. example of' part of the model is given in gure 1 . Thi3 

shows the parameters associated th the extraction part or the prooe 



82 

A typioal ooapariaon between plant and model ia made in the toll:owi.Dg 

table. lipre 2. This ahowa bee't eod parameters over a wide range ot . 
~ oOD41tioua tor ate~ values averapd over a period ot sixteen 

boura. 

P1§ure 2 
. pp . pp . w · SAJ SW SW 

Aotual. Pnc1:l.ote4 Aotual Pndioted Aotaal Prec11ote4 

3s.so 31t..SO 13.00 13.09 0.76 

37.95 37.10 13.00 13.05 o.S6 
38.70 36.40 13.33 1!.06 0.72 

.40.80 lt0.10 13.,. 13.,. 0.82 
45.40 45..80 14..21 13.96 1.25 
;,...., 35.22 14..16 1-.os 1.01t. 

3S.It0 )6.70 13.95 13.65 1.12 

The ao6ll solution to this part ot tbe prooeaa uaea the tollawilll 

equationa:-

IIUft • (W/BD.f • A)/IJ, 
.D&. • (mWrT +. 1.0) X JK Z D'l Z IS 

lBAI'l 

n: • (!IAU I •r& + la2) 

(DBAft · ··~ · 
SIP • ~SB - · SW} ~JJW-l - 110 ~ 

DRAft X lY X JD, - 1.0 

D&.T • IIUP'l z BBI'l 

SOLFP • AIWIC z Bat + SWP z 'lP I 8t z (1 10 + ~1.0 - 016~} 
1.0 +PE o.6s 

lP .. SCJLIIP 
1fiiiJ 

SPP • SWP z 1fP I 8t +IlK 
T;O 

pp 

PW • 'lP-PP 

SPW • SIP X WP 
R' 1 (1.o + ft) 

S1' • SPW x ·PI 
l/ X iib£ 

0.74. 
o.6o 
0.82 
0.73 
1.11t. 

1.28 

1.14. 

(1) 

(2) 

0) 

(le.) 
(S) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 



83 

AJlW = WxBm-FW ( 12) 

SAJ. = BEET x SB - PP x SFP 
IlAJ 

( 13) 
... 

1'be equatiou ll.atecl abon are typical ot the la&l\Y uaecl iD tbs model. 

~· practical plant IIOClel required the oclleotion ~ a geat c1eal of 

cJata f roa the pl ant. 

There are two reuons ~or th1a. Pirst it ia iaportant to obtain 

aoourate reaulta, · ~or the modal oan ~be aa sood aa the data tecliDto 

it. Thia 1a a.ohiencl b7 anra~ ~ readi.Dp. Second, the aoclel. haa 

to follow aall ah&Dgea iD plant cbarac::.eriatica whioh are c1ittioult to 

cJetect with oonticlenee wt.n cml.y a limit ed uount ot _ data 1a aTailable. 

There are two sources ot thi.a 1Dtoru.tion, the plant inst rument s 

and the factory l&borator,y. Wben it 1a all collected together it haa to 

be cODTeyecl iD ao.e ooDTezd.ent ten to the oo.puter 60 ail.es away at 

Peterborough. 

. Where poeld.b1e the aata 1a oolleoted auta.atically troa the oa1iDe 

plant i.Datru.enta. In a&JV ~·· the aignal.a troa tbe•e iDatruaeat~ are 
uecl tor_ oontrol. pw:Poaea- <••I• Juioe fiow aipala) which -.b thee 

readily available tor .log::t.Ds. ID tbe re•1rrh'l ouea, (e.g. oryatalliaer 

teaperaturea) the trazuacmaer ia aTailab1e but the aipal ia _ ot a low 

CD:"der and it preYed mcessary to pro'f'ida some co.JlYel'aiOD equip.ant. 

Figure 3 ahon -, block di.agram at the data collection syatell in use 

at Bardney Factor,y. l.t the heart ot the syatea 1a an Electrozno 

Maoci&tea K.D.P. 200 cl&ta loger, the deta:Us at whioh are wll 

clocuented iD the umatacturva literature. 
Tbe ~ ai.pel • enteriDs the logger an either iD the tara ot 

peuaa.tio air aipala (3-15 p.a.i) or electric aignala. Bach ·~ ha.e· 

a three tipre iMIItitie&tiOD DUIIber whioh-ta uaed by the logger to 

aeleot the require cl ai&D&J,. Th1a .... ure.ent aDd the idantif'ica. tion 

DWDber are then priDted out on the logaer typewriter and pWlCh d. into 

paper tape. The iaentif'ioa tion nwllb~r u then :tarther uaed in the data 

aort programme when it· ia _processed in _ the computer. 

The logger ia o ontrolled by a predatel'lli.Ded tape progrume. The 

points to b~ -selected are. read into it eTery ten llinutea anci t he results 

at ee.oh su~ceaaive point an .procluMd on tbl typewriter • . SeTeral 

programmes haTe been daTeloped vb.ioh n.ry ~ aigD&l.a selected, 

/ 
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depending upon the part of the plaDt being studied and the :trequenoy with 

which the information is requ~d. 

However, the straight logging of plant information leads to inaccurate 

results where fast changing aignal.s with a high noise content are concerned, 

(e.g. f'low rates). It was therefore necessary to filter the signal.a before 

they ware losged. Eaoh air signal · haa a reaist&DCe capacitance network 

aet at 3.3 minute time caaatant. 

All the electric sigDal.a ccae troa reaiatanoe bulbs aeaauriDg 

temperatures around the plaDt. In all these oases tbe prooess ti.M constant 

waa long enoU8h to eliminate the need for signal filtering. The data logg~r 

was deai8J:18d to accept mamtaJly entered intonation aa well a.a the OZlliDe 

input. This waa collected iD two foru. Information entered once per 

shift had an individually hand set potentiometer, either on a box 

situated iD the laboratory or on the logger in the factory. These units 

coul.d be set to an accuracy of · better than ! -f % and were sc&DDed by the 

logger at a definite time duriDg the day. Such parameters &a juice 

purity and sugar content are treated in this wa;y. Information entered 

only once in 24 hours is collected together on a report :tora and hand . 

keyed into the ayatea on the logger typewriter iD the intenal between 

automa tie scana. 

Each block ot data 1a punched out f'roa the logger in the fallori.ng 

form :-
Cha!mel Sign Record F.RO 

s 2 5 + 6 3 5 9 

The first character isolates the rea.d.ing from · the preceding OD8 and 

the last character indicates the end of the data. Tbe next three 

characters identity the recor~ tbe T&lue ot which .ia held in characters 

6 to 9. 
At the end of 24 hours the data collected on the paper tape 1a 

removed from . the logger and tranaai tted to the Bri ~ish Sugar Corporation 

Central Offices at Peterborough, Tia a data link over the speech 

network ot the GeDBi'al Post Off'ice telephone system working at 800 

Bauds a minute. 

When the data is received at Peterborough _it first goes through a 

general check an c. sort routine. This is arranged to · elildna te errors 

Cbe to incorrectl,- punched paper tape and to gat her to e ... her all the 

r ecord:i.ngs of ~ne same identification number in their correct chronological 

oraer. 
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At this point the data 1a atUl iD a ru state. It 11011' enters one of · 

two data editiD& progr&IDID8s. These are dssign&d to scale each signal to 

correct engineering units, to test each record for possible errors and t o ' . . 
prepare average values of the good. clata for model updating programmes wr..ich 

are to follow. 

OD& of the moat dif'tioult practical probleu in a system of tbe order 

described in thia paper ia that of error detection aDd . correction. Errors 

can arise at az:ry point along the DBtwork shown in Fig. 4. ·The errors -.y 

be "cata:rtrophic" or •non catastrophic•. ~ cataatrophic erTC'r.s are those 

caused by · the mal:f'unotioni.Dg af a unit which adversely ai'fects a.ll or a 

large ·number of tbe recorda. These errors are uaually obvious - ,d are 

often detected very aeon af'ter they f irst begin to occur. The second type 

may be associated with a amaJ.l. number of signal.s or perhaps only one record. 

SOID8 ot the unit s have a certain amount of error detectiox::. and 

correction built into thea. The oa.puter is self' checldng to a l~ge 

extent and ia al.ao capable ot .rejecting inoarreotq pUDChed paper t ape when 

a parity error ocoura. The data link 1a capable ot both detecti.ni and 

correcting a l.illited n.mber ot errors 1Dtroduoe4 cJuri.D8 tnmald.aaion due to 

r&lld.om noise and iDterterence 011 the telephcml li.Das. HoweTer, the non 

. catastrophic type of errc:rs wbich occur in the ru•i mng parts of tbe 

ayatea have to be d8teotecl uains data ecti.ti.D& progi'UMa on the c ~ ::puter. 

The data ia cti.TicJed into two groups when it arrives at the ocaputer 

tor processiD&. First the Tital inforaation, without which the model 

oa.nnot be updated or the houaekeeping progr.-s continue, ia checked tor 

errors and muat have ezq detected errors corrected before the following 

stages in the progr811Ma &1"6 colllll8nced. SeOODd the non vit al information 

is only ohecked for errors which are siaply rejected with no a t tempt at 

correction aa there is very often ample information froa this particular 

source to juatity oonfida:ace in the rema:i.niDg reoorcJ.i.n8s. 

As a general rule the vital inforu.ti on is cODOerned with manually 

entered data. It ia often restricted to only three records of ee.cr. 

variable in 2lt. hours being l.aborator -.r mes.suremen"t s and pl ant re ad 

information not scanned auto~~atica.lly. I t is subject t o errors -L- . 

measurement entri es to t he data. l ogger and all. the other source:! r own 

in Fig. 4.. In the error detection a.nd correction r outine each record i s 

che eked or parity i n ever y character d or a r ixed number of characters 

t o each reoord. It i.s then checked a ' ainst lu~ .. and low limits O'.l"tsiae 

whioh it u rejected. The limits are set f'roo pr ac t i cal xper1.ence ot he 
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zoup ot eaah Y&l"i&ble. The ~pted Yalue 1a 111'1ttea 1Dto u array 

atorage w11ibill the OOIIpater. · ~ t,pe ot intonatiOD 1a trauaitted 

tlrioe tJoca the plaDt OYer tJ. tel.ephaae l1Du to tbe OOIIpQter a.partMut. 

file noeiYed data 1a na4 1Ato the aboYe I"'CJUti.M ud cm tbe -~•ooad ruD ·u:r 
reoarcla reJected in tbe f'irat aecticm due to tr&aald.aaion errc:ra are­

oon'ected in tbe aeccmcl att.pt. 

Tbia •78tea doea DOt a.tect errors in the reooria wbioh baft Yaluea 

Yer,y near the true nac1:i.JI&, but u aoat errors are uaually aeriCN8 oaea 

the teobnique haa pro.ed Yery auooesaf'ul. 

'l,'he non ri.t&l ·clat& 1a ocmaidered to be that whioh ia oolleoted 

autou.tically by tbe lesser u.a,y taea in 24. hours • . It is edited aad 

giYen the aaae parit)r uul co.plete record testa aa uaed f'c:r the Yital data 
ad subJected to a h1ab/low lillit oheak. HonYer, tbia lut teat 1a DOt 

only to re.jeot errara 11i:J.ioh are well outside theae lillits but alao to 

obtain clata 1lh1oh ODl.y r&l&tea to tbe pl&Dt llhea it 1a operatiDa at ita 

DaNal oapaoit7. The clata oolleoted at tbroQ&hpu.t rate• bt.101r the law 

u.it abeak O&ll proc\uoe vtPclati.D& CODatulta llhioh U DOt ~})17 to the 

plaat at a hisber tAroupput &114 whioh O&UM the op~ a1aiq routiM to 

lead to t.ooarate nsulta. 

!M aelected data ·ia &Wrapcl cm~r tM 24. haar period &Dill the IUIIber 

ot auooeuhl ncoria teatecl to ..- aure tbere wre 8DGQ&b ot thue 

noor4a to si•• ooDt'iclaDe ill tbe results bet'on thq are uaed ill tbe 

apU.ti.Ds rau~ • 
!be ~ ot the noc:ru oOL·..-DOea with a obHk cm tbne lea4i.Dg 

p&raMtera. It' theM panMtera ahcnr that tbe p1.aqt ru ooaaiat&DtlJr t'or 

tbe pz'ft1ou 24- hoara then tbe t'ull vpclatina prooeaa 1a &ll.a..d to 

oontiDwt. 

Optilliaation 

In ar6ar to obaraoteriae tbe pl&ut 'b7 ...- ot a .a.1 GYW a periocl 

ot ti.M par-ter• are ti.ri.cled 1Dto three .a1n tJpu. 'fhe iJipu'ta to tbe 

plant which characterise tbe raw uteri&l, in tb1a O&H aupr beet. Tbeae 

·are sugar ccmtent aDd i.Daaluble DOG aupra aD4 &re a.padaat Oil cl.ia&tio 

aDd soU oonai ticma- &114 D--.l.ly Yery OYer the cperatiza& aeuon iD a 

predictable t'uh:i.oD. D. seoond ~ upclated ooutanta wh1oh ohar&oteriae 

the plaDt iD rel&ticm to ~ut and ef'ticienoy of' UDi t operationa. 

Typi.oal. at theae 1a the beat tr&Daf'er ooettioient within tbe w.poratara 

which usually f'al.la aa the . heat aurtaoe ia f'ouled. Theae parame tars 

are upda.ted oonti.Duoual.y •rely by raYerai.Dg the model algori~ 
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periodically. The third type .of parameter ia the costs and prices 

associated with prt'duota anQ. materiala. Most of these are reasonably . 

constant but an outstanding exception is world raw sugar price, _and this 

. oan onl7 ever be a best estimate. Beoa.use _of the way these three . types of 

parameter varied it was decided that the best stra~gy would be · t .o find 

optiaum solutions tor the plant in diaore:te time periods ot ooa week over 

· the complete possible operating season. Thus each set ot pai'8JD8tera are 

averaged cmtr the tilDe period of a week. _We have then the situation 

where the input plant oonditiona are constant tor ~a.oh welt. Por each ot 

tbeae constant set ot conditions an optillul) operatiDg stntegy can be 

tOUDd ~t ia conaistant with plant constraints of both thro118bPut &.ad 

quality. 

Al. thousb the prooeaa 1a a.soribed by ove.r 200 titterent variable a 

moat of these are conatrairlad olea~ by product qu&lity a.nd physical 

plant oonsiderationa. We ha.Ye chosen the variablea which are normal.ly 

varied over , qUite a wide range by m&nagell8nt aDd affect the product 

proportions ~d hence protit ·rate • . ~se are inclepenc1ently variable and 

a01118 of them produce a alishtly DOn l.imar profit variation. This presents 

a olaasio hill cl.imbiDg problem. Because the tuncticma are ~ aligbtly 

DOll liDear it waa clecia.d to uae a method which ha4 alreaq be&A c1aveioped 

&Dd used on obemical plants &Dd wh1oh ea. unc1ar the heaai.al ot DOll ll.Dear· 
6 

p~. 

1'ba principle behind 1ihe •thod ia that ot aeotiODally liDe&riaiDI 
the profit surtaoe and ~ the sillplaElinear prop'UIM teohDiqu. to 

eaoh of tbeH l.ineaz'iaecl aectiou when the independent _pl&Dt variables • 

x1• ~ • • • • • • • • Is , aatiaty the M equatiou Si (x1 ~ ~ •••••••• la) 
<.. •• ·> y 1 ' 

tt:Ir 1.. 1 ............ . 
. . 

where a ia tbe m.ber ot clepga.at p1aDt Y&riablaa. 

ID adaitiail to tbi.a tM coat taoticm 

& • t (x1, ~· .. • .. .. • ~a> 1a ..,.., e1 • .a. 
1'be depeDdant plant variablN are those ~oh ~ libl,- to coae lip 

apiDat aaM qullty aa4 oapaoitJ- coutraint e.s. prooeaa juice non, . 
.oiature "'cmtenta ot proclucta eto. The mmber ot depencJUt vari&blu · oan 

. be obanged Very euily to lJrinS in OODatra.inta ··1"8 DODe W38 prerio~ly 
suspected. The ~quatioDa ot both . coat aDd iudepudaat/ clepeDdant variable 
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ralaticmehipa are all carried implicitl,v within the model ot 'the process. 

!he optildsing prosr8llllle. oona.tructa a linear model about the starting 

point choaen t~r the optimisation by calculating the partial derivatives 

ot each dependant "W'ariable with respect to each independent "W'ariable. The 

l.ild.ts at this linearisation are either actual variable constraints or a 

l.iDeariaaticm criterion which restricts the range so tha;; the error 

iDcurred iD linearisation ia leas than a specified value. A linear 

program siap1ex aol.ution 1a carried out on this bounded region and the 

•xt iteration begins with the preTioua optimum sa the Dew starting point. 

Thua the -thod adapts itselt to the surface with the result tba.t steps 

are large on the linear portions but smaller over the non linear parts of · 

the surface. The criteria for detecting ·the optimum are Yer.y flexible and 

can be oh&Dged to suit the nature of the model/profit surface near the 

opti.rau&. The simplest optimum ia where all dependant variables reach the 

stap where they are themselves constrained or the dependant Yariable 

ccms trainta limit their m~eunt ~ further. 

The axt is where a def"inite internal optiaum is reached ~d the 

ateps slishtly overshoOt the peak. In this case the steps are automatic­

ally reduced in stages so that the optiaum. is reached to within a very 

' 8ll&ll di.atance ot the peak. A fUrther strategy defines an optimum 

sol.ution after a clot:inable mmber of steps which result in a profit 

.increase less than an inoreaent supplied as data. In this case the 

optiaua could be talaely identif'i d on a Yer.y gradual gradient but this 

can be OYercoae by adJusting the ~ "U"aaeter governing increment aent:.,. ned 

abon. The •thocl suf'ters troa the diaa.dYantage o~ ll8.llY hill climbing 

•thoda in not being able to ai.ati.Dguish between several pealcs but the 

current function ia not ot th1.s type . 

A typi.oal optiaiaaticm run is shown in Fig. 5. 
Th:i.a shon a typical optiaiaation carried out for actual input 

conditiou to one ot B.s.c. plants in ~e 1967-1968 Season. The starting 

point for the run haa been eatiaated to be reasonably near the optimum. 

The optilma has been reo09li.Sed by the tact that all of the independent 

Y&ria.blaa except two are against their l.ild.ts. These two "W'aria.bles are 

indirectly cooatrained by clependa.nt variable l.i.mi ts. 

The weekly optiaiaation ti.gurea are then used to calculate a. 

p · a.meter which deacribes the relative profitability of processing beet 

in the optillwl we.y during each of these weeks. The type of traject ory 

obtained :if these values are plotted against time is . shown in Fig. 6. 
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!be total beet &l.l.ocatecl to the plant tor that ,ear O&D then be allocated 

to the weeka iD &HoeDtiDg orier ot prof'itabilit;y. A eaae where the 

•thocl can break doWI1 1a it the plant throqhput oan be 1Dcreaaed by 

world.Dg in a aub-optiaal aode beOau.ae. a c onatraint on a dependant Yaria.ble 

haa been l'8&Cbecl. 

In th1a oaae the sub-optimal aoda ot operation oan atlll be a.ueaaed 

iD teru ot proti.tab1J.1ty by runn1Dg the opti.ldaer with the coutraint 

l.U'tecl and allowiDI ~c1all;y tor possible product wastage. A typical 

UBIIlple of this . 1a the oaae where the drying capacit;y ~ pulp driers 

0&11110~ cope with pulp associated with beet al1oe rate. It ia possible to 

aell . this Wldried pulp at a potentiall;y lowr price than .it it bad been 

~eased normally. Thia beet would oth8rr.i.:ae be prooeaaed at the end of 

the operating season when protita~ility rate ia IIIUch-lower but when all 

the pulp could be clriecl. Thus by caloulati.Dg the aub-optillal condition 

prot1tab111t;y it oa.n be coaaic1erecllogioal.ly within the traaework of the 

•thocl. 

1'he OYerall. S:rst• and the Reaulta 

'fbe f'iDal atage in the stucJiea cleacribecl here ia cme ot oaapariaon 

between the plant· aohieYUants and thoae ot the ao4al. !his 1a doae in 

two wqa. 

Pintq, the plant pertaraauoe 1a OOIIpUted ewer a period ot aeftn dqs 

troll the 1Dcom1Dg data. ·This aeven day averaee can be repeated c1a:Uy it 

required. !he operatiDg Yaluaa ot the plant i.Ddependent Yari&blea are fed 

into tbe mathematical aodel. aDd it, in turn, produces a predicted plant 

perf'Ol'UD08 baaecl on uxilliaiDg the hourl.7 profit rate uaiDg ~nt 

prices. The reaul ta ot the houaeteep~ progr...ea are aclaed to the 

!IOC1el reaulta tor the aaae pro4uo1;lon period. SiDoe the aodal pertorii&D08 

ia on the baai.a ot the taotazo;y keepiDg OODtilm~ · w1 thin acceptable 

lild.ta - tb8 actual perf'orMDCe reYe&led by the houaekeepi~J8 programaes 

.ut iDn'ita..bl.)" be tbe worse. fhia, 111 the tirat i.Datanoe, allon the 
validity ot the aocJel work to 'be ,checked t'roa all aapecta aDd~ 

allon an accurate eati.llate to be •de ot the· loat procblction b;y the plant 

c1ue to auch factors aa •ohanioal and electrical breakdona and all .U, . . 

operation of the plant. 

The model independent variable settings are alao optimiaed weekly 

uai.ag pre dieted marbt prices tar augar, molasaea and art ad puip and 

predicted pertol"'D&&1Ce aDd quality criteria. The rec0111118nded settings are 

tabulated agai.Dat the two previous cmes . (i.e. actual and i4ea11sed). 
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~ain a comparison is made t his time between expected over&l.l CuapaigD 

profit on the basis of act ual performance againat that expected froa 

computed recommendations . 

I n t his way a clear picture is built up of the plant achievements 

under normal c.perating conditions and the cptim.ised plant production. ·The 

information is presented altogether in terms of technical processing 

factors and in terms of the financial aspects. .All operatin& c1eciaiou 

will of course rema.J.n with the local aa.D&gement. 

The wor~ routine ot the system 1a illustrated in Fig. 7 where it 

ia broken down into discrete operations. All aspects of th.ia work shoWD 

are c-..trrently being pursued. In a prt-jeot ot tbi.s nature it ia ditticult 

if not impossible to finish off one's '!'ork! The davelcpmeJ:?.t work ot the 

modal which i s described in the top row of the operation in this diagram 

haa received the major parts of the effort involved and will still 

require some e:ftort i.n the future as treah problems ari.se and the aa.the­

matical relationships require iaprovement. 

The lower two rows ot the block schematics shown in Fig. 7 describe 

the routine procedure which is now rtrtua.lly autou.tic iD its operation 

a:f'ter the data. ia entered at the logger. The aaou.nt of effort inYolved 

in aeveloping the ayet .. haa been considerable. A great deal. of tiae haa 

been spent on developing the sot"twear tor the moclel. and tbe opti.lliser, 

but it ia conaidered that this effort has already paid tor itselt in. 

fresh knowledge gained of the process, quite apart from the computer 

control project. The restriction on the pace of our progress haa been 

the dif'ticulty in developing an ef'teotive system wi1;h reliable softwear 

for it requires not only a thorough knowledge of the process involved 

but alao access to a considerable aaount of computiDg tiae. 

ConclusioDS 

a . A matbell&tical modal has been daveloped which can be used ri.th 

confinence to predict production rates. 

b. The routi.De of continually correcting the model for changes in plant 

characteristics has been proved using updating constants. 

c. The use of optimisation techniques en the model are proving that the 

plant independent variables MY be adjusted resulting in significant 

changes in profitability. 

C.. . n resul. ts of the plant experiments have shown that the proceu has 

very long time constants. This slow response to coiiiiii&Dd changes 
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indicates tbat the optim:Uiation techni'l\le need onl.7 be attempted at 

intervals of seYeral dqs. 

e. The oollecti.on ot the data needa to be accurate a:.ad in a f 

handled by the ooaputer. 

ea.sUy 

t. ~ detection and oarreotion ot errore generated in the clata network 

is now an essential and praotioal part ot the system. 

I• ODoe an accurate model ia atabliahed it oan be used for other 

purpoaea auah a.a plant design and it oan indicate the presenc . of 

physical constraints in the system u.nder a wide range of processins 

conditioDS. 

h. Using the data. network e8t&bliahecl tar aodel studies, certain 

housekeeping progra~~~~~~.es have been developed which aid tho general 

work or plant and lllOdel comparison ahecld..ng. 

1. It ia oonai.dered tb&t the probleu •nticmecl in e and f above will 

be u.de easier by +.be installation ot an cml.iDe ooaputiDg system 

and .this ia to be etteotecl at the reoouatruotecl Wisaiagton factory. 

It will alao enable tne housekeeping prosraaaee t o be ooapletely in 

the handa of the local taotor.r atatt. 
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SOURCE OF ERRORS 
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and . 
mechanical failures 

DATA TRANSMITTER 

electroritc failures 

G. P.O. 
TELEPHONE . LINES 

circuit fciults 
random circuit noise 

DATA RECEIVER 
electronic and 

electro mechanical 
failures 

COMPUTER 
electronic and 

ele ctro mechanic of 
failures 

Fig. 4. 



SUMMARY OP INDIVIDUAL LOOPS 

Independe~t Variables 
Input Loop 1 Loop 2 Loop 3 Loop 4- LoopS Loop 6 

Slioe Rate 11Hr. 160.000 169.051 17.5:ooo 175.000 175.000 17.5.000 175.000 
Diffuser Retention Tiae 3.000 3.477 3.325 3.4-93 4..208 4..4-65 5.000 
High (}reen eo Seoond Procluot 18.000 19.000 20.000 20.999 21.999 22.999 23.157 
Molasses to Driers 4..000 4..400 4..587 4.855 5.255 5.361 5.410 
Diffuser Ter11pe ra.ture 68.000 69.200 70.400 71.600 72.000 72.000 72.000 
Press Faotor 0.450 0.350 0.350 0.350 0.350 0.350 . 0.350 
Diff user Supply Water 0.880 0.780 0.762 0.793 0.828 0.870 0.900 
Concurrent Refining 0.100 0.631 1.086 1.944 2.500 2.500 2.500 
Dependent Varia~lea 

Relative Proflt 338.668 366.361 384.963 397.599 41)7.478 408.634 408.813 .0 
U'l 

White Suga1• · 21.276 22.829 23.959 24..975 25.702 25.816 . 25.861 
Kolassed Dried Pulp 12.643 13.855 14..566 14.510 11t .. 589 14-.549 14.519 
High (}reen to 3rd. Procluot 3.564 3.596 3.231 2.203 1.191 0.134- 0.006 
Raw Juioe Flow 191 •. }36 183.507 186.4-56 192.469 199.188 207.369 213.136 
WhHe Massecuite Flow 54.975 58.903 61.74-5 61 .... 215 65.983 66.:252 66.364. 
Second Product Maeseouite Y.low. 15.802 16.722 17.643 18.654 19.639 20.548 20.695 
Third Pro~c t Masseouite llow 12.432 13.01} 1}..24.9 12.970 12.676 12.288 12.252 
Pressed Pulp Flow 37.988 4.1.559 4-3.A56 42.421 41.006 40.344 39.999 
T.S.M. Pulp 22.147 2}.505 24..022 23.957 24.255 24.130 24.071 
Di f f user ~ellfill 8.783 10.215 10.016 10.696 13.123 14-.229 16.1]2 
Stor~ge Molasses 2.787 2.730 2.759 2.522 2.142 2.010 1.967 

Pi~. i.!. 
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1-1ULTILEVEL OPTIM.IZATION AND DYNAMIC 
COOR DINATION O.E MASS FLO~\$ IN A BEET 

SUGAR PLANT "i'V 

by 

w. Findeisen, J. Pulaczewski, A. Manitius 

Chair of Automatic Control 
Technical University of_ Warsaw, Poland 

1. Introduction 

Juice production section of a beet sugar factory (including 
the evaporator) . is a technological line where continuous pro­
cesses prevail. It is composed of several processing units in 

cascade. There are also some re:fluxes (but their influence on 
problems discussed in this paper is ignored). 

Processes o:f juice production and handling are mainly af­

fected by: 
- changes in the quality o:f beets; 
- deviations from optimal values of the :flows of energy 

(heating steam) and subsidiary materials (lime used in 
neutralizing the raw juice, carbon dioxide used in carbo;­
nation, etc.); 

- sudden limitations of mass flows (exchange of knives in 
slicers, breakdowns of transportation. devices, etc.). . ' 

In the Polish climate the quality of beets in storage de-
creases considerably during the _ campaign period. At the same 
t~e about 3/4 of prime cost of sugar is the cost· of beets. 
Therefore the control of processes in the juice section of the 
factory consists o:f: 

- opti~al planning of the slicing rate during the campaign; 
- minimization of the cost of proc~ssing the beets, includ-

~) The paper was prepared on the basis of a team work that 
was done in t~e years 1966-1968, for the Sugar Industry Insti­
tute in Warsaw. A major contriQution to the work reported was 
mad by F . Gadzinski and K. Iracki from the Institute of Auto­
ma ~· ~ontrol , Polish Academy of Sciences, and S. Romicki from 
th€ · - - -~r of Automatic Control,Technical University of Warsaw. 
A 1 ~ of advice was given to the authors by sugar technology 
experts S. Gawrych, S. Nikiel and J. S~ankiewicz and ~~ most 
essential to the work . 
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ing the cost of sugar l osses in production; 
-minimization of loss due to pil ing up or defi ci ency of 

raw material i n the line. 
The implementation of · thef}e t asks may be ' presented as a 

multilayer control hierarchy as it is descr ibed l at er · the 
paper . 

2. Control Structure 

Fig. 1 shows t he multilayer control sys tem of the j uice sec­
tion of the beet s ugar t act ory.The technological l ine i s divi d­
ed into four subsys t ems : 

(a) beets handling (incl~ding ·slicers), 
(b) extraction, 
(c) juice clarifying , 
(d) evaporation. 
The lowest layer consi s t s of stabili zing control of -indivi d­

ual technological parameters. It is assumed that these control 
loops eliminate the proces s dynamics. Therefore t he task of t he 
second control layer, which provides for optimal ·set points f- ~ 
the controllers, is static optimi~ation 1 • Due to pr ocess com­
plexity, the problem of the second control layer is shaped. as a 
two-level optimization as i t is discus~ed in Section 4 of tnis 
paper. The third .control· layer is identified with the dynamic 
scheduling of production. The result of the operation of t his 
layer is a production program - expressed as ~he s l icing rate 
time function Q.(t) dur~ the campaign. 

From the practical point of view an important and special 
role takes the mass flows coordination system, also shown ~n 

Fig. 1. The intervention of this system takes p~ace when due to 
some impairment a flow rate· ~(t) deviates from ~ts desi red 
value ~0(t) . and the deviation can not be compensated by the 
first layer stabilizing controllers. The mass flows coordina­
tion system assures. optimal changes of the flow rates and star­
ages in those part-breakdown interVale and optimal return to 
the optimal steady state aft~r the damage is removed. 

In Fig. 1 two important parts of . the control system are not 
shown. The first is adaptation of the .models used in static op-
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timization which shall be achieved by appropriat~ ' processing 
of current data. The second is dynamic optimization of the re­
urn to optimal steady state for the main controlled variables · 

in the cases when large deviations exist due to damages (the 
same for. mass flows ~(t) was mentioned above). 

3. Pynamic Scheduling 

The sugar factory has available B tons of beets for pro­
cessing. The sugar content in the beets and the cost of pro­
cessing inclusive sugar losses change considerably during the 
campaign period 2• This makes up the problem of dynamic opti­
mization, where the objective function proposed is the total 
income 

T 

ma:x {z = - '(0B + j ¥; z(t) Q(t) dt + 
Q(t) 

0 

j [ ko(t) + Jr,(t) Q(t) + k:!(t)Q
2
(t)dtJ} 

0 (1) 

where: z(t) - sugar concentratioD in the beets.; '(:., 't2-prices; 
k0 + k1Q + ~Q2 - approximation to the production cost rate 
inc-luding the losses '2. (Q, t) of the sugar. 

Maximization of the inco~ is subject to.constraints 
T s Q( t) dt ~ B ( 2) 

0 

o. ~ Q(t) ~ ~(t) (3) 

A constraint generated by the ~lan ot sugar production may 
also be considered: 

T J ( 1 .- ( (Q, t)] z(t) Q(t) dt ~ C · 
0 . 

(2a) 

whe::-~ . C is the plan of sugar production and Z (Q, t)is coe:r-
ficient of sugar losses in the processing. 

For the application of (1) it is fundamental to find proper 



approximations for coefficients kQ(t), k1(t), ~(t). The ini­
tial data to find the ~umerical values is available from the 
balance sheets, comparisons of the prime cost and other re­
cords that were made during S!'veral past campaigns.· 

To emphasize the ~ortance of . conside~ing the dynamic 

. scheduling problem, the results of a numerical example might 
be given. 

With certain simplifying assumptions, a maxilr.um income Z0 = 
= 52.4 x 106 zloty was calculated as resulting from a s chedule 
shown in Pig. 2, while Q(t) = const would yield an income 
Z = 50.0 x 106 zloty, for the same initial data. 

4. Static Optimization 

4.1. Objective Functions 

If the production rate Q(t) is given, the economic opti­
mization reduces to minimization of cost. O~jective functions 
pertinent to individual subsystems in the plant were proposed 
and they have the following properties: 

(a) Their sum makes up the tot·al production cost (strictly 
speaking , the part of the cost de~nding upon the controls). 

(b) Each subsystem objective function. is suitable for the 
local optimization of the given subsystem. 

The objective function (the cost rate in zloty/hour)for the 
extractor is set as 

19 
'f1 = Q[t1M...c1ctr +. < r2- t3>» L c111Kw.] <4> 

i=1 

where: Q - flow rate of sliced beet in tons/hour; y; - price 
of sugar as left in pulp in zloty/ton; Mw- relative flow rate 
of pres.sed pulp; clar - weight concetrations of sugar in press­
ed pulp; ~2 - price of sugar as loca~ed ~ the juice at ex­
tractor outlet in zloty/ton; ~3 - price of molaoses in zloty/ 
ton; M- water flow rate ·relntive to beet flow in the e~ac­
tor; c~ - weight concentration of the i-th non-sugar in the 
juice G'.-.. the extractor o1:1tlet; X1a - sugar abs:>rption coeffi­
cient of the 1-th non-sugar. 



It may be noticed that the first term in the objective func­
tion ( 4) represents sug~ . !osses with the pulp while the sec­
ond term represents losses due to molasses-forming properties 
of non-sugars in the juice. 

In the objective function (4) several costs are omitted: e­

lectric energy, ·heating steam, water added to extractor etc. , 
etc. , because they are low or practically independent from the 
operating conditions of the extractor. / 

.ll.so in the objective function (4), the molasses-forming 
products of pectin dissociation are not taken into .account,be~ 

cause very small quantities of these products pass into molas­
ses. !!!bey are, however, taken into consi deration as con­
strain1;s, becanse tbey are colloidal, ~urface-acti ve · s~b­

_stances, and their salts contribute to building of foam and to 
mald ng the filtration of the juice more difficult. Therefore' 
the pectin and its deri vati vas are treated as very detrimental 
and a l.im1tat1on on their concentration in ·the raw juice is 

set: 

:ror the juice clarify1ng processes the to_llowing objective 
function is taken 

~ 2 = t' 2[ ~ck1 - ~clt2] + 
19 19 . ( 

- c '12- "(,> [~ 1~ "Ju.Eti.- .~ £ ;i!EU] C5l 

where the first term represents the value of sugar 1osses in 
cla.rif71JJg processes (price oi this raw sugar is '( 2 z~~p) , 
and the second term represents the income due to the fact that 
less sugar passes into molasses thanks to the c1ar11'ying pro­
cesses. In the equation (5) ~ and ~ are flow rates of 
the jtli.ce in ton/hour at tne inlet and outlet of the clarify -
1ng insta1lation, cMi· 12 the weight concetrati.on of· the i·th 
non..:sagar in the extractor juice_, cm is the weight concentra­
t ion of the i-th non-sugar in the thin juice. 

The c.peration of the evaporating part of the plant is char­
acterized by the following objective function 



103 

(6) 

where the first term represents the cost of the turbine exhaust 
steam fed to the evaporator, and the second term represents 
sugar losses and the decrease of its quality caus~d by too 
high temperature in the evaporator bodies. In equation ( 6) ~ 
·is the flow rate of the exhausted steam in .ton/hour, Q2 - flow 
~ate -of the juice, T1 - temperature in °C, ~4 -price of the 
steam, '{51 are loss ccrefiicient s of . the .sugar quality. 

4.2. Method of Static Optimization 

It is proposed to perform the statio optimization of the 
plant discussed in a two-level structure 3. The point is to 
present the global objective function ·ccost rate) as a sum 

'f 'f 1 . 'I> 2 'f 3 . (g, ,!) = 1(E; . t .!t .!) + 12(.!! ' . .!t .!) + . 3(~ ' :y, ,!) (7) 

The objective (7) is dependent upon all control variables u 
1 2 3 -and upon disturbances .! • Symbols J! , ~ , ~ denote control 

. vectors (they are disjoint, i.e. have no common components) of 
the individual subsystems, .! is the vector of coordinating 
variables. Then the two-level optimization is based upon per­
forming 

min 'P (,!!. ,!) = m.n [ min 'f' 1 Cl! 1, .! • .!) + 
~ y ~1 

'f 
. 2 

m1n 2(.!! ' y, ,!) + 
u2 

-3 ] m1n 'f7 (li , . v, z) 
3 ./- - - · 

,!! 

. (8) + 

If the result of the optimal control at the first level is 

~ ~ i<.Bi, y, ~) = r ~(!, ,!) (9) 
j!l. 

then for the second level one can set the following task 

m;n [ ~ = f ~(y, ,!) + 'f ~(y, ,!) + i' ~(y, .!)] (10) 
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It is. most important to. note, · that independently of the op­
timality or nonoptimaUty ~f the subsystem operation (f.or in­
s t ance a subsystem may be controlled manually) the upper-level 
optimization ~an still be perfo~d according to 

"'i"[i' = j~cr • .!>+'('~cr • .!>+ 'f~cr. !>] c11) 

where ~ ~(!, .!) is the cost function depending upon the co­
ordinating variable .! , when the control ·is suboptimal . and 
known and the disturbances are g1 ven. 

As it is .known, the success of the decomposition first of 
all depends upon the partition of equality and inequality re­
lations which constraint, originally, the choice of .9: • In the 
decomposed system it is necessary to have three ·sets of rela­
tions lim1 tillg the choice of .!! 1 , ~2 and JA3, . · and all . that 
depends upon coordination variables forming the vector .! • The 
manner of dividing the objective function into a sum of compo­
nents (7) is a rather secondary proble~. 

Por the plant considered t~ · partition was done according 
to the technological subsystems as it is shown in .. Fig. 3.It is 
important to nt'te, that the subsystems interact by their out­
put variable vectors -U 1 , 22). The classical approach to de­
composition would .consist in taking these as coordinating var­
iables, but then their number woul.d be too large for to make 
the solution o~ the problem ~easible. That .is w~, as the re­
. sult of ~ considerations the ~ollowi.Dg coor~tiDg var-
i~les (~orming _:the vector .! ) were chosen 

Q - flow rate of sliced beet 
K - water-to-beet ratio in the extractor 

cpo - concentration of pectin& in the juice at exctraQtor 
outlet 
ck2 . 

. c 20 = ~ - m1 nj mal clarity of the thin ;juice •. 

The flow rate Q is set as obtained from the ·~~~c sched­
uling and so only . three coordination vc.riables remain free. The 
fourth might be the density :ax4 of :the thick juice, but it is 
set fixe d from other considarations • 

. The output variables, for instance z1 ,are now dist~bances 
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tor the static optimization problem of the second subsystem. 
The justification for accepting. such a ·procedure is that the 
vector y has a considerable influence upon the var~ables z1 , 
z2 and ~ and so the obtained solution can .be close t o opti­
mal. 

As the resuit of the choice· of the coordinating variables, 
the exctractor optimization reduces to 

~ 1-
,min 'f 1 LT( 1) , n, pH, Q,, M, .! j 

T(l),n,pH 

subject to the constraint 

cp ~cpo 

.where symbols are explained in Fig. 3. 
The solution of the problem (12), (13) gives 

r~ = 'f ~(Q,, M, cpo' ~ 1) 

and the output variables 

210 = z10(Q,, M, cpo' .!1) 

(12) 

(13) 

(14) 

(15) 

With several simplification& (the values of some variables are 
determined by the 'technological tradition and experimental 
data) the problem of the optimization of the juice clarifying 
subsystem has the form 

.mill 'f 2 [Q,~ M, ~' ~' . cpo' 21' ~2 J 
~·~ . . 

subject ·.to 

where symbols are explained in Pig. 3. 
Solving .the problem (16), (17), gives 

'f .~ = 'f ~(Q, M, c20' cpO' 210' . .!2) 

and the output variables 

v2C __ .-v20(", .., · 10 2) 
a. -. ~ m, c20' .cpO' 2 ' .! . 

(16) 

(17) 

. . (18) 

. (19) 
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The evaporator optimizati on problem consists in obtaining 

Bx4 = Bx40· 

T~ ~ T4 ~ T4ma% 

where symbols are also explained in Fig. 3 •. 

The solution of the problem (20), (21), (22) gives 

(20) 

(21) 
(22) 

0 0 . ' 'f 3 = 'f 3(Q, M, c20' cpO, Bx40' fO' !3) (23) 

It is proposed to implement t~e optimal upper-level contro 
f'irst , with the use of the empirical characteristics 'f~, 'f ~ 
'f3 which are known f'rom the long experience. These character 
ist ics are ei ther known or can be determined from proper e~ 

per iments. The exact solution of the local optimization prob 
l ems i s difficult because some of the mathematical models an 

their experimental verification ia still lacking. 

5. D7namic Coordination of ·Mass Flows 

· The problem of · mass f'lows coordination consists in control 
ling flow rates in several parts of' the liae to minimize los 
ses caused b.1 temporary 11mitations of' flow rates, what ~ 
vol ves· overflows before the point of' the lim.i tation and . defi 
ciency of' the juice behind this point. ·The return to optims 
stead7 state flow rates atter the el~tion of' disturbance 
can not be arbi trar;y. For one there are losses caused by tru 
sients in the line when flow rates of' the jUice change.That i 
why the problem of' mass tlows coordination is in f'~ct a prob 
lem of' optimal control of' f'low rates. · 

The technological line in the beet sugar factory is a vez 
complicated dynamic system which must be approximated by 
simpler model. The main elements of the line Qynamics ax 
tanks (e.s integrating elements) .and large time constants c 
the extractor and ot the evaporator. This leads to the modE 
presented in lPig. 4. The model considers six tanks and sevE 
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controlled flow rates. The differential equations are f o ~ · · 
ing ' 

~1 = o(i(t) _ui; 1=1, . ••• ,? 

~i = xi_7(t - h1_7) - x1_6(t); i = 8, 9, 10, 12 ·J 
~11 = x14- ~ 
X.,:; = x15 - ~ 

x14 = . p.(x4(t - h4) - x14] . . }. 

x15 = V [xb(t ~ hs> - x15] 

where 

(24) 

( 25) 

(26) 

xi; i = 1, 
xi; i = 8, 

... ' ... ' 
? flow ·rate · in the i-th part of . the line 
1:; mass stored in the ·(i ~· 7) ~ank 

x14' x15 flow rates at the outlast of the ex­
tractor and the evaporator . 

· transportation lagS 

, Coefficients _o(1(t) in the equat1o~ of flow dynamics (24) 

can be equal to 0 or 1 depending on ·the fact it the i-th flow 
rat~ can be controlled at t~e t or if it. is temPor~ lim­
ited, Equations (25) show the mass baian.Ce in t~e ind,.vidual 
parts of the line. Equations (26) show the inertial. character 
of the flow rate ~t the outlet of the extractor and evaporate~ . 

It · is assumed that at time t
0 

~ O, when the · line is in 

steady state, a disturbance -of flow rate occurs in · the part 
number k o:t the line. The expected duration of this disturb­
ances is ~ • ~ccording to the value of tk the total time 
f >'tit·> 0 of the ~ransient is ·assumed.In the interval [ O,tk·] 
the flow rate number 1 · is uncontrolled, then · 

' ' . .· { 0 ; ' t € ( 0' tk) 
o(k(t) = ' 

. 11 ·t E (tl: · T) 
The state equations ·are discontinuous at the instant .tk but 

this fact does not complicate the solution of the optimal c ~ .:.. 

trol 6 • 
The problem · t . optimal control is f ormUlated ill the follow­

ing way: (a) at time t
0 

= 0 the initial conditions x,:(O) = . z1 , 
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i = 1, ••• , 15, and initial functions 'f i (t); -hi ~t' 0; 1 ·: 
= 1, ••• , 6 are given; (b)' for the time t = T f:Lnal. condi· 
tions xi(T) = ~ are given; (c) the variables x1 (.t) are con· 
strai.Ded 

0 ~ x1 (t) ~ ai ; 1 = 1, ••• , 7 

b1 ~xi (t) ~ c1 ; i = 8, ••• , 13 

(d) admissible controls ~ (t); t e: [ 0,!], i = 1, ••• ,7, 1 -J l 
and 11):(t); t E [tk' . !] are to be found which · give minima j 

value of the following performance index J(g) 
J(!!) = -z + AK 

·where · Z is the income assQciated ·.with production of sugar 1 

f:l K are additional losses connected with the decrease in proc 
uct quality caused by -transients in the line. 

The term Z characterizes the quantita~ive aspect at pr~ 

ducti on, while the term l:t. K - the qualitative aspect whicl 
is completely omitted in the simplified mass flow model shcm: 
in Fi g. 4. 

It is a very difficult task to derive an accurate enough 
functional ll. K from the mathematical models of' the processes 
At the present stage of the investigation the function&ls 2 
and ll K are taken a priori in the form 

J~ = 1[~ tixi + t; ri~]/~ (28) 

where ri > 0; i = 1' ••• ' 6; t? < 0; .L: ri ~ 0; r 1) 0 ; 
i = 1, ••• , 7. i=1 

It is assumed in the first term that the income grows lin­
ear with production. The second term represents the additional 
losses caused by changes of the flow rat.es. It is assumed that 
these losses are proportional to the squares of' the ·deriva­
tiv~s of the flow rates. 

The problem was solved using the maximum principle ,with-
out considering the constraints on state (27). This . allows to 
obtain an analytical. form of' the solution. The optimal flow 
rates are following 

xi - zi ki 
~(t) = t + zi +---- t(t - Ti) + yi(t); i = 1, ••• , 7 

T'i. · 4 ~i 
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for t e.J 0, T ~ h1] 

and ~1(t) = i 1 ; t E. [ T - .h1 , T] , ·-.here 

0 tor i = 1t 2, 3, 5~ 7 

[ 

- pT4 . - pT4 + pt J 
ka .! (1 - e ) + e (1 - e .>- ; i = 4 T . 4 . 

- ~T6 - 'i T6 . + "/ t ] . 
~[i6 (1 - e ) + e (1 - e . ) ; 1 =. 6 

where k1 , ••• , k:cj are solutions to a set (9 x 9) · of linear 
equations, resulting from conditions of optimality and condi­
tions of mass balance. 

The results are illustrated in Fig. 5. In· this example it 
was a.Sswned that the l1mi tation occured in the juice clarif7-
1ng station (part No. 5) and in a time t 5 it was· .equal to 2aS 
of the steady flow rate.The plots show a considerable increase 
of the ~low'rate in the part No. 5 of the line.In order to de. 
crease this top flow rate it is necessar.7 to take a long time 
T (T ~1ot5). The rest of the flow rates change only slightly 

with the exception of the flow rate No. 6 (due to forcing the 
large time constant T of the evaporator.). 

The method discussed after some refinements,seems to enable 
the calculation of· optimal flow rates for the tr8l1Sients in 
the line. This may be used to guide ~ystem operation in out­
-normal conditions. 
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Su.mma.ry 

Changes of the beets quali~y, inaccuracy of the dosage of 
energy and materials st~eams, sudden oscillations of the mass 
flows, these are the ·main factors which cause the losses in 
the sugar production. To minimize th6se losses an optimizing 
control, structured as a multilayer system, is proposed. 

The first layer consists of stabilizing control. The set 
points of the controllers are determined by local static o~ti­
mizers. The losses in the whole technological line are mini­
mized by the global static optimizer which coordinates . the 
work of the local optimizers. The desired production rate is 
presented as a solution to a dynamic optimizat~on problem -
the scheduling problem. 

If a temporary limitation of the desired production rate is 
caused by any reason, then a mass flows coordination system· is 
called upon to control flow rates in different parts of the 
technological line, to minjmize the loss. When the limitation 
is over, the coordination ~stem brings . the ~e to the previ­
ous optimal steady state leaves it to the static optimizers. 
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IMPLEMENTATION OF COMPUTER CONT.ROL OF 
A CEMENT ROTARY KILN· TH'ROUGH DATA 

ANALYSIS 

Tsuneo Otomo and Toichiro Nakagawa 

Chichibu Cement Co. Ltd .• Tokyo, Japan 

Hirotugu Akaike 

The Institute of Statistical Mathematics. Tokyo·. Japan 

1. Introduction 

In 1963, on-line computer C<?ntrol was .intr oduced into Kumagaya 

plant of Chichib~ Cement Company, Japan . 
1 

Before the introduction, 

experiments were made to identify the response cha-racteristics of the kiln 

to artificial changes of various controlling inputs and a model of the kiln 

was constructed. A computer program for the kiln control was developed 

on this model. Another computer program for the blending control was 

also developed and these programs worked satisfactorily . L ater as t he 

rate of production was increased the dynamic behavior of t he kiln changed 

significantly and the original program of the kiln control could not catch up 

with the change. Also it was found to .be impossible to ap.ply a significant 

artificial input to the kiln to observe the response, as the stationarity of the 

kiln behavior was only kept by the action of human operator. Thus it turned 

out that not only the program itself. ·but also the philosophy of progra.Il). con- . 

struction had to be completely reviewed, and in 1965 we started to the 

somewhat lengthy road of data analysis. 

Extensive spectral analysis of the records of the kiln under normal 

operating condition was made but the cross-.spectral method failed . t~ produce . 

any definite result about this kind of syste~ with significant feedback loop. ~ 
Various other approaches were tried but produced unsatisfactory results . 

3 

Along with these numerical analyses, careful study' of various typically 

oscillatory records was performed and a rather quaiita tive model of the 

kiln behavior was adopted. For the construction cf this crude model of the 

kiln we followed the principle that it should explain the significant situations 

within the records. Based on this model a tentative program was develop ,..1 

and carefully checked so that it would not aggravate the k~ln condition . T h;e 

'result of application of the program was satisfactory but it lacked objecti \'e 
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proof of its effectiveness. 

Recently one of the presellt authors proposed a general approach to 

the analysis of a noisy feedback ~ystem 4 
and by this approach our kiln rec­

ords produced quite understand~ble result which explains ~hy the program 

was effective. Though our result is not yet perfect. it suggests the p ~si­

bility to put the kiln control on a- sound scientific foundation . 

In this paper we shall historically describe our experiences and also 

discuss about possible further improvements of our computer control. 

2. Results of spectrum anal vs is 

Here we shall show some of the results of spectrum analysis of a 

kiln. The plant is wet process· and we analyzed the behavior of kiln #2 of 

which dimension can be seen in Fig . . 1. Since the blending control of raw 

material was almost perfect we guessed that the variation of the kiln be­

havio r . was due to the variation of material flow w i thin the ·kiln . We .had 

logging data of fuel rate. load of the main driving motor (kilowatt), exit gas 

temperature (T d)' intermediate gas temperature (T. ), burning zone en _ tg. . 
t emperature ( T~z ), temperature of the secondary air (T 

2
nd), ~peed of cooler 

grate, content of oxygen, draft damper position, under grate pressure of 

cooler (P ), kiln speed, and feed rate of material. The time interval be-e , 
tween observations was 10 minutes. Of tnese, fuel rate, feed rate, draft 

damper position, cooler grate speed and kiln speed are controlling variables 

and others are controlled variables. When the data we.s accumulated the 

kiln was being operated over the level of its design specification and the 

mate r ia l flow was almost at the limit of the cooler capacity. Thus the 

cooler was at its full load and practically no control was applicable . Obvi­

ousl · under this circumstance a closed loop between the material flow and 

the b urning condition was formed through draft variation. The power spectra 

of controlled variables showed significant peaks around ·the frequency of one 

cycle' per 3 hours . A typical example is shown in Figs. 2 to 4. Also it has 

become clear that the powers of fluctuations of these controlled variables 

are mai:1 l .- distributed within the frequency band from d. c. to one cycle per 

1. 5 hour. We further performed cross-spectral analysis of the related 

quantities . ln Fig . 5 are illustrated observed sample coherencies between 

three main controlled variables and in Fig . 6 observed. sample coherenc ies 



117 

between exit gas temperature and controlling variables. The coherency 

~ 2(f) between the stationary time series x(t) .and y(t) at frequency f is 

defined by 

2 - I Pyx<f>·l2 
T (f) - (f) P (f) 

py X . 

where p (f) is the cross-spectral density between y(t) and x(t) and p (f) and 
~ y . 

p (f) are the power spectral densities of y(t) and x(t), respectively. 
5

. Gen-x . 

erally it is c~nsidered t hat Q'
2
(f) represents a dea ee of linear dependence 

between y(t) and x(t) at frequency f. From this standpoint we can see that 

the three c~ntrolled variables are showing very close linear r ·elation at the 

.. frequency band where their power spectra have shown signifi cant peaks . 

T his fact suggests hat the r e exists a .:1 f inite relation be~een the behaviors 

of these three var1ables in that frequency band. Contrary to this, the co­

herencies between controlling variables and controll~d variables were low . 

Even the results of much more complicated analysis of multiple coherency 
6 

which shows the simultaneous relation between the three main controlling 

variables and each controlled variable have shown ·very low coherencies 

between these variabl es . Is this result suggesting that the effect of control­

ling variables to the kiln behavior ·is quite low ? We can not generally say 

yes to this question when there is a negative feedback l;>etween the variables, 

as it can be shown tha.t the coherency is generally low in the frequency band 

where negative feedback is effectively working. Thus it turned out that both 

high values and low values of coherency can be meaningful for our present 

problem . This fact and the fact that ordinary method of estimation of fre­

quency response function through cross-spectrum is inapplicable to feedback 

·s ystems made the spectral method almost useless for the present pu.rpose 
2 ' ' .. 

of analysis . Some alternative procedures have been investigated, but the 

· results were discouraging . 
3 

We know that there is a pioneering work 
7 

on 

the correlati~n analysis of a heat exchanger, where a procedure proposed 

by Goodman and Reswick 
8 

was employed. But even this procedur~ .· not 

applicable to our present situation where the relat ed va r iables are fa r f r om 

whiteness. 

3. Qualitative anah·.:-i c: of the data 

We were a ls o developing a qualitative analysis of the r ecords . We 
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found that the typical pattern of one cycle of an oscillator y movement of the 

kiln was like the one s chematically represented in Fig. 7, and we developed 

a hypothesis that kilowatt of the main driving motor represents the amount 

of material inside the burning zone . Thus if this quantity increases it gen­

erally means the increase of endotherrnic content within the burning zone 

and thus the need of thermal input. This assumption seemed to explain why 

t. e exit gas temperature goes down when the kilowatt goes up. Also it was 

observed that there was a definite relation between the kilowatt and the cooler 

pressure. This is quite understandable if the kilowatt is rep r esenting the 

amount of material within the burning zone, as it will finally a ppea; as an 

input to the cooler. Further it was observed that the exit gas temperature 

was highly negatively correlat~d with the coolt r pressure and these obser-

vations all appeared quite reasonable. Then was it able for us to locate 

the cause o.f the annoying fluctuations of these variables? This was almost 

impossible for us as there seemed to be a definite relation between the exit 

gas temperature and the kilowatt, which shows that the variation of the exit 

gas temperature produces a significant effect on the kilowatt after about one 

hour 1s delay. Thus a vicious circle of the type 11Which is the first, the egg 

or the hen? 11 took place. As was stated before, the cooler speed was al­

most uncontrollable under the condition of over prod~ction beyond the cooler 

specification, and also it was well recognized that the controls by kiln speed 

and by damper position generally pr,,duce very much complicated after ef­

fects. Also it was obserVed that the exit gas temper~ture shows a quick 

response to the fuel input. Taking into account of these circumstances and 

the high coherencies between controlled variables we decided first to develop 

the control of the exit gas temperature by controlling fuel rate. A computer 

program was developed, where the difference · between the adjacent values 

of exit gas temperature observed at every 6 minutes and that of kilowatt 

wer~ used as main constituents of the program. Some kind of prefiltration 

was applied to the original data to reduce possible m~asurement noise. The 

structure of this main part of the program was as follows : 

F(n) = F(n-1) + A F(n) 

11 F(n) = - d(T d(n)-T d(n-1))-(3(T . (n)-T . (n-1))- ~ (T . (n)-T . ) 
en en . 1g tg 1g · tgsp 

+ i,(W(n) -W(n-1) ) 
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F(n) = fuel rate at time n 

T d(n) = exit gas temperature at time n 
en . 

T . (n) = int ermediate gas· temperature at time n 
1g 

W(n) =kiln load (kilowatt) at time n 

T . = set-point of intermediate gas temperature 1gsp 

and (j, (3, r, ~ are positive constants and the time unit is 6 minutes : 

.Adjustme_nts of the parameters within the program were made by trial and 

error and the program produced satisfactory result. Thus it seemed that 

our qualitative analysis .was a useful procedu.re but we could not make it a 

purely objective one. 

4. Introduction of new model 

Recently one of the present authors developed a procedure for .the 

analysis of noisy linear feedback systems 
4 

·and the procedur~ was applied 

to the analysis of our kiln data. We . are going to discuss the re.sult in this 

section. 

We consider a set of K + 1 observation points which are represented 

by i=O, 1, · · ·, K. We shall denote the measurement at i by x.(n) . For the 
. 1 

sake of simplicity we assume that the measurement is taken at integral 

multiples of a unit time 11 t and x.(n) denotes the value at time nA t. The 
1 

basic model we are going to use is ~iv~n by 

K M 
x .{n) = [ [ a. . x.(n-m)+u.(n) 

1 . j =O m =O 1Jm J 1 
i"=O, 1, · · ·, K , · 

where it is assumed that a.. =0 (m=O, 1, ···,M) and u.(n)s are mutually · um . 1 . . 

orthogonal and satisfy the relation 

L 
u .(n) = f c. 

1 
.u.(n- !)+ f. .(n) i=~. 1, · · · , K 

1 i-;1 1 1 1 

where E..(n) is a white notse satisfying the relations E ·E.~(n)= 6~ (>0) and 
1 l l 

E £ .(n) E..(m) =0 for nw. Thus {a. . } represents the impulse response 
1 l . . 1JID . · . 

from j to i and u i(n) the noise ·source, · or driving input. at i. We further 

assume that a .. 
0

=0 (j =0, 1, · · · , 1) and that the system is stabl e so that { x .{n 
lJ . l 

will be a stationary stochas.ti.c process. It should .be noted that our las t 

assumption of u i(n) is practically a very mild one and can be expected to 

hold in ordinary applications. Also it should be mentioned that if there is 
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a feedback loop from i to i which does not pass through other js· its effect 

is included into all of s a. . 1 s anti the effect of noise source within the loop 
. 1 1Jm . 

is included into u.(n). This fact must be taken into account when we see the 
1 . . 

numerical. result. Under the p·resent assumption we first whiten the noise 

u .(n) to transform the original model into the fonn. 
1 . 

where 

K M+L 
x.(n) = [ [ A.. x.(n-m)+ E..(n) , 

1 j =0 m =0 1Jm J 1 . 

AiiO = 0 

A.. =c. · 
1rm rm 

·AijO = aijO 
m 

Aijm = aijm - 9..~ 1 ci:l aijm- i 

m-=1, 2, · · ·, L 

m=1, 2, · · ·, M+L 

and it is assumed that c.
11 

=0 for 9. >Land a.. =0 for m>M. We · consider 
h. . 1Jm . 

the case where a set of data ~ x.(n); i=O, 1, ... , K, n=1, 2, · · ·, N} is given. · 
. 1 . 

Under our present assumption we can apply or~inary least squares method 

to obtain an estunate of \A .. } and the consistency of the estimate is as-
. 1Jm 

sured_ under very weak condition. Using the relation · 

c . =A .. 
lm llm 

m=1,2,···,L 

aijO = AijO 
m 

a .. =A . . + [ c.
1

a .. 
1

. 
lJIIl LJm !=1 1 lJm-

m=;1, 2, ···,M 

where c. 
1

=0 for i > L, w-e can get estimates of f c. } and {a.. } .by sub.;. 
1 . · rm 1Jm 

stituting the estimated value of {A.. } into the formulae. F-or the sake of 
. lJm 

typographical simplicity we shall not distinguish between the true valu-es 

and their corresponding estimates. We can get an estimate of the frequency 

response function from j to i by 

M 
a •. (f) = I~ a.. exp( -21tr-T fm) 

1J m =.0 lJID · · . 

and that of th-e power. spectral density function of u.(n) by 
. 1 . 

p(u.)(f) 
1 

6~ 
. l 

i L j2 
11- [ c .1 exp(_. ·-2Tt./-i f!)j .· 
I i =1 

1 



121 

where 

2 K M+L . 
6" . = C(x.,x.)(O)- [ [ C(x.,x.)(Q)A .k 11 

1 1 1 k =0 g_ =0 1 .K 1 X.. 

1 N-R. . 
and C(x., x.)(9_)=- [ x.(n+ .Q. )x .(n). Practically, we assume that the 

1 J N n=l 1 J 

mean values or d. c. components of the related quantities are out of consid-

eration and thus they are deleted from the data. The estimate of t~e closed 

loop frequency .response function bij(f) from j to i will be obtained by the 

matrix relation 

[ b;/f) I = I oij- ai/f) ].-! (i,j=O, 1, · · · ,Kf 

where S .. =1 and b .. =0 (i \=j). The power contribution of the noise source 
ll lJ 

u .(n) to the output x.(n) will be estimated by 
J l 

2 
q .. <f> = 1 b .. <o 1 p(u .><n ·. 

lJ lJ J 

The quantity ..... .. (f) given bv 
u l J " 

q , .(f) 
'If .. (f) = ...,-K _ _..ll'--­

lJ 
L qik<r> 

k=O . 

will give the relative contribution of u.(n) to the poY.e r of x .(n) at frequency 
J 1, 

f, and R. .(f) defined by 
lJ 

j=O, 1, 2, · · · ,K- 1 

will be useful for graphical representation. 

Evaluation formulae for the statistical variation of these estimates 

are yet incomplete and we have decided to base our judgement on the result~ 

of repeated applications of tiie procedure. 

We have applied our identification procedure to the da ta of kiln # 2. · 

We put K=2 and 

xo(n) =exit gas temperature, xl (n) =kilowatt , x2(n) =cooler pressure .. 

!n Fig. 8 are shown estimates of the impulse response functions. 

The sampling time unit !J. t was 10 minutes. We have selected the values 

L=4 and M=12 for computation. These values are not necessarily large 

enough but are limited bythe computer capacity which was available at the 

time of analvsis. Some of the results show quite noisy appearances due to 
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possible sampling fluctuations at higher frequencies, but they allow fairly 

stable behavior after smoothing. · ' . 

Some of the frequency responses are shown in Figs. 9-12, where 

· the gain I a . . (f) I and the phase lag ~ . . (f) are defined by the relation a .. (f)= 
~ ~ ~ 

I a . . (f)lexp( Ff ~- . (f)). We can see remarkable stabilities of phase relations 
lJ lJ . 

at lower frequencies between exit gas temperature and kilowatt and between 

cooler pressure and kilowatt. From our estimate of the impulse response 

from cooler pressure to kilowatt we can see that the cooler pressure vari­

ation contributes integratedly to the kilowatt variation w~th negative sign. 

It was confirmed that this was in good agreement with the observation of an 

efficient kiln operator. Also our analysis gave steady response of cooler 

pressure to kilowatt, which was of transport lag tyPe. and the phase rela:­

tions between these two strongly suggested the contribution of this loop to 

· the fluctuation with period of about 3 hrs and thus the importance of cooler 

control. An example of the set of graphs of R .. (f) is given in Fig. 13. 
lJ 

The estimates of the phase lag from cool~r pressure to exit gas 

temperature were significantly different between the records. From the 

definition of our model, this may be explained by the fact that there existed 

some significant feedback loop at the site of exit gas temperature and that 

its characteristics had been changed significantly between the records. It 

is almost obvious that this means the contribution of feedback loop by human 

operator. Thus we turned our attention to the relation between fuel rate ~d .. 
exit gas temperature. In this case we adopted the values L .=6 and M=18 and 

put x0{n)=exit gas te~perature and x
1
(n)=fuel rate. The estimates of the im­

pulse response from fuel rate to ·exit gas temperature are given in Fig. 14. 

It should be mentioned here that due to the limitation of computing 'time we 

are ignoring possible contributions from the damper position an.d the kiln 

speed and this may be introducing some bias into the present analysis. But 

these. variables had usually been kept constant and the frequencies of change 

were much rarer than that of fuel rate. Thus our res\llt will be giving a · 

fairly reliable image of the response. In Fig. 15 are given the· estimates 

of the gain and in Fig. 16 the estimates of the phase lag. Except for one 

example which corresponds to a non-stationary record these estimates of 

phase lag show good agreement between them. It is most remarkable tha:t 
~ . 

they pass the value - 2 around th~ freq~ency one cycle per 3 hours and 
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are almost staying within the limit of -7t in the frequency range from Oto 

one cycle per 1. 5 hour, where the main part of the power of exit gas tem­

perature fluctuation is distributed. Thus if we introduce a phas~ advance 

of ~ into the negative feedb~ck loop 'from exit gas temperature to fuel rate 

it will work efficiently in this critical frequency range . · To verify the valid­

ity of this observation we have tested the control program with only the term 

of exit gas temperature, i.e., with (3 = 'l = ~ =0. The gain Ci was ~et very_ 

high and the result is illustrated in Fig. 17. It can be seen that the exit gas 

temperature shows only very low or very high frequency variations as was 

expected from the result of our data analysis. This confirms the practical 

utility of our analysis .and partly proves why the former program could be 

useful. We are also developing a cooler control program based on the result 

of our analysis . 

We have extended the analysis to another kiln #5 (see Fig. 1). The 

result has. shown that the relations between the observation points are simi- . 

. lar to those of kiln #2 but the noise characteristics, especially R . . (f), is 
. . . lJ 

different and the variation due to kilowatt noise is quite significant . 

5. Further improvement of the program and related discussions 

It has been pointed out that it is most necessary to keep the drying 

zone as stationary as po~sible to keep the· burning zone load stationary. 9 ·. · 

Our success in stabil.izing the kiln confirms this observation, as our program 

was mainly oriented towards the stabilization of the exit gas temperature 

which will be in close relation with the drying zone atmosphere. But, even 

when the drying zo~e was kept stationary there would unavoidably occur 

disturbances in the burning zone due to the flu~tuation of material fl~w caused 

by the formation a.hd falling of mud ring and coating. This kind of variation 

generally causes the variation of burning zone temperature and we have to · 

control the fUel rate to compensate the latter. Though the measurement of 

burning zone temperature. is quite difficult, the disturbance due to falling of 

mud ring or coating can clearly be ~ecp~ized on kilowat~ ~ecord. 10 
Also 

.it seems that, by ·using our present approach, we ·can eliminate from the 

variation of kilowatt the contributions from variations of exit ga·s tempera-

ture arid cooler pressure and thus de.tect the disturbance originated in kilo- · 

watt. From the result of R. .(f) analysis of kilowatt of Fig. 13 we can expect 
lJ 

that this kilowatt disturbance· is relatively significant at higher frequencies 
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for this kiln #2. Thus it seems that the necessary <;ontrol'will oe of high 

frequency characteristic and will \>e implemented without much interference 

to the exit gas temperature control. The kilowatt term in the original pro­

gram was meant for this purpose and worked effectively when kilowatt was 

noisy. But its low frequency characteristic was somewhat unsatisfactory 

and our present observation suggests us to suppress the gain of this control 

loop at lower frequencies. We shall have to extend our analysis to the rela­

tion between the fuel rate, the kiln load, or kilowatt, and the burning zone 

tem per ature . ·In Fig. 18 is given a schematic representation of pos.sible 

overall control system, attention being paid to the fre~ency characteristics 

of the components . Gbz' Gkiln represent conceptually the response charac­

teristics of the burning zone with respect to heat transfer, of the kiln with 

respect to mass transfer, respectively. It is ~onsidered that the kilowatt 

noise is affecting Gbz through heat capacity.variation induced by mass vari­

ation and through heat gain variation tnduced by profile variation of the flame 

and the T b.z compensation loop is to compensate for these effects. It is ob­

vious that our original program may not cover the very low frequency range, 

say 1 cycle per 12 hours or lower. This very low frequency variation re­

flects the variation of the profile of the kiln. From our experiences, it seems 

quite possible to use the temperature of the wall as an index to detect this 

variation. The location of the thermo couple has been carefully chosen so 

a s to keep it free from the noise due to the variation of coating condition. 
I 

After the completion of the control of the exit gas temperature any variation 

of this wall temperature will suggest the variation of the kiln profile and we 

a re expecting that we shall be able to regulate this by draft control. It may 

be necessary to relate our present observation with the static behavior of 

our kiln. There are many papers which treat the heat and material balance 
. . "ln 11, 12, 13, 14 d h d h .. 1 al . f th w tthm a kt an we ave one t e numertca an ysts o e 

static. profile of our kiln .#2 following the procedure given by StiUman
11

. 

T he result is given in Fig. 19. 

It may be worth mentioning here that the control schemes hitherto 

developed on the static model have definite drawbacks. In Figs. 20, 21 are 

given some results of numerical analysis by our conventional lumped static 

equations. 
15 

The result suggests that by controlling the air flow rate we 

can regulate the content of oxygen. This kind of reasoning will only ·be 
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possible when we_ are dealing with d . c. compo~ of the variables. As .we 

have already shown. in our kiln 12. the ~ler pressure which is in close 

relation with the air now rate has shown a def"mite contribution-to the kilo-

-WJltt . ~r:i~t~Q~ ~-l!i ~h _,-;t.hows.. tbe variation of burning condition. Tbus without 

taking into account of this kind of ~ic relation between t&e variables aud 

the spectral characteristics of noise sources we can hardly develop a control 

program for the stabilization of the kiln. 

6. Conclusion 

It has hitherto been considered that the cement rotary kiln is a very 

much complicated system and no one knows about the details of its dynamic 

behavior. · Our present analysis and experiment have shown that if we care­

fully perform the data analysis we can_ get a fairly definite and objective 

description of a kiln behavior. 

It seems reasonable to relate our result of data analysis and control 

experiment with a fundamental observation of material -transfer within the 

wet process rotary kiln made by J. Rutle
10

. We focused our attention to the 

stabiiization of exit gas temperature, and the result of ~riment confirmed 

the validity of our approach. On this result we shall be further able to de­

velop the overall control program follOwing the general line of multi -input . 

multi-output control ~ystem. 16 

It is our belief that. though there yet remain various difficulties and 

complexities. our ·result has shown that the kiln control can finally be based 

on a sound scientific foundation rather than on.an art. 
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MODELLING OF ·.A PYRITE SMEL·TING PROCESS 
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1. Introduction 

Alltti Hieai 

Uni•ersity of Oulu 

Oula 

Finland 

Pyrite concentrates from the mines of Outokumpu Oy are refi­

ned at the Kokkola plant .of .the compan·y b.y the flash smelting 

method. The aain product is elemental sulphur which is produced 

in an amount of 10o•ooo tons annually from 450"000 tons of con­

centrates with an average sulphur content of SO per · cent. Other 

products are sulphur dioxide gas for sulphuric acid production• 

iron ore (iron oxides) for iron and steel industry and ~lectric 

power from the waste beat of the process. 

High recovery of sulphur requires accurate aeasurement and 

control of th~ variables which deteraine the operation of the 

flash smelting· furnace. The present control system is based on 

analogue components. Starting from theoretical considerations, a 

mathematical process model was developed. The use of this model 

for control in practice would necessitate an on-line computer. 

2. Process characteristics and present method 

of control 

For the extraction of sulphur, fine-grained conce~traaes are 

fed continuously into the reaction shaft of the furnace · (Fig.l) 

and dispersed into the hot gases froa the burners. The endother~al 

decomposition of pyrite proceeds in the gas suspension on the 

way down the • ·haft ·according to . the equation: 

(1) 
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T:1 e molten FeS droplets are separated from t; he ·gas 8'tream at 

t h e bottom of the furnace an4,collected into the melt which is 

tap ~ed f or subsequent treatment by granulation and roasting. The 

hot gases, i n c luding the sulphur, are led from the furnac~ to a 

waste heat boiler f o r cooling and production of high pressure 

ste a :a . Th is is followed b y stages of purification -and separation 

o f the sulphur by condensation at a low temperature. A detailed 

description o f the plant is available 1 • 

The recovery of sulphur depends essentially on the ratio of 

th e f low rate of air to that of fuel oil used for smelting. The 

optimal point of operation is influenced also by the formation of 

carbon at low values of _ this ratio, since it impairs the purity 

of t he main product. For these reasons special attention was 

g i ven to the contro l of the individu~l burners and of the distri­

bution o f load amon g them and .to the measurements required. The 

contrcl system which was based on the use of conventional analogue 

•controllers h as been described in detail 2 • 

A comple>: gas atmosphere is produced, when the combustion pro­

ducts o £ fuel oil and sulphur transferred to the g as from t he 

pyrite react with each other. Furthermore, the oxidizing and re­

ducin g constituents o f gas react at relatively low temperatures 

down the plant producing elemental sulphur. This process is 

accelerated b y catalysts. Thus the measurement of any single out­

put variable is not sufficient t or the control of the process for 

maximal productivity, but, instead, the analysis of the total gas 

composition would be required 2 • 

The ratio of the oxydizing and reducing gas components cannot 

b e calculated simply, since a part of the oxygen from air is • 

carried along by the molten droplets . or matte. The analysis of · the· 

waste gas composition is now being measured by an on-line gas 

chromatograph which gives the needed information, and the flow 

ratio' of air and fuel is adjusted on this basis. However; with an 

in herent delay of 10 min. ·in addition to the p-lant delay, the 

instrument is rather ~low for closed loop control. 

Th e amount o f sulphur recovered · through chemical reactions i~ 

t ~ e la tter p art of the plant depends on the difference of the 

conten t o f sul?hur dioxide and that of certain reducin g components 

~n t he ; a s leav~u g t~e f urnace: 



(2) 

Only the~· above components participate signicantly in the late·r 

catalyzed reactions, ~hich lead to the formation of elemental sulphur. 

~he difference (2) ~n unit~ of mass flow is not changed by these 

reactions an4 therefore it ·should have a low value after the fur­

n~ce. From experience, the value corre~ponding ~o the maximal 

sulphur recovery differs somewhat from zero for probably nonlinear 

kinetics, · since the reaction equilibria are not reached at the · 

low temperat~re par~s of the process~ 

A mathematical mo~el of the furnace · can be applied to the cal­

culatiDn of D 4n the basis ~f variables which are · readily measu­

rable, instead of using a ~ath•r slo~ gas analyzer. ~n experimen­

tal model for the latter part of the plant should . be developed, or 

experimental optimizatio~, based on the measurement of the compo­

sition of the waste gas, be used in order to . find the exact loca­

tion of the optimum and its dependence on ·the g~s flow and the 

formation of carbon. This part of the process has some similarity · 

with the c~rresponding part of the process used for recovery of 

aulpbur from natural gases where the experime~tal optimization is 
3 4 . 

based on the determination of the so2 and H2s contents • • . 

From the input variables of the furnace model the flow rates of 

. air and oil are known by measurements • . The · concentrate fee·d cannot 

be measured accurately, becauoe of the heavy constwuction of the 

feeders. However, · this feed has an immediste influence on the ·gas 

temperature, which is measured and can be used as inp·ut data for 

the calculations. This dependence . is currently used for the control 

of .the. furnace temperature at the level required for a suffi.cient 

fluidity of slag (cf. Fig.3). The compositions of the concentrate 

and oil change alowly and are ·known , th.rough sampling and -~ff-~~·ne 
analysis. 

3. Mathematical model 
. . . . 

The model of · the flash smelting process is · based mainly on 

theoretical considerations. The temperature of the gas is at this 

stage so high, that the state of the thermodynamic equilibrium _is 

reached and kinetics may be .neglected. B_ecause of the · short r~­
sidenc~ ~ime of the ~aterials in the reaction shaft, the flash 

smelting can be considered as a process of zero · capacit~. A 
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semi-empirical relationship is · used between the •atte and gas · 

compositions. 

3.1. Basic equation• 

A group . of equations is written according to the basic assump­

tions for computing the outputs from the v ;;> 1 ues ·of input variab­

les. The equations are listed in the Appen~ ~x . 

The mass balance equations for a volume unit of gas are wr i tten 

for a mono- or diatomic form of each element present in the gas 

phase (eq ua tions A9-Al3). The next equation (Al4) sets the sum of 

all gas components or of their partial pressures equal to one. 

The equations for ·eight reaction equilibria (Al-AS) are needed 

for the solution of the gas composition at ~high temper~ture. 

T~ selection of the components is based on both thermodynamic 

considerations and experimental results. The equilibrium constants 

K are functions of temperature. They ~an be derived from the free 

energies of the reactions, ootained from the literature 5 • 

uG
0 free energy o f · h r eaction (a function of_ temperature) 
T 
R g as constan t 

T absolute temperature 

The heat oalance equation (AlS) tor the het~rogeneous sus-

ension at the lower end of the shaft includes the heat brought 

into the process on the left and the heat leavinb it on the 

(3) 

ri gh t hand side. The he .ats of combustion were determined by assu­

ming water as the oxydized state for hydrogen, co 2 for carbon. 

so 2 for p Ulphur and hematite for iron. The feed includes also some 

solid inert materials which melt without participating in the 

re ac ti ~ns and for·m a thin slag 1 aye r on - the surface of the bath. 

Data for the expressions of the heat contents above the sta~dard 

state were taken from the same source 5 . 

The composition of the matte is obtained from the equations 

(A l6-Al8) by means of the oxygen content of the -gas and the tempe­

rature. The semi-empirical ~quation (Al 6) gives the ratio of the 

oxy gen and su l pnur contents of tne matte
6

. The values of tne para-
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~eters have been checked according to experimental results ' . 

The matte is .considered as ·a mixture of FeS and Fe 3o
4

, an assump­

~ion ~upported by the results of la~oratory studies of matte 

samples. 

The . transfer of oxygen to the matte, and the transfer of sulphur 

to ~he gas are taken into account by the equations (Al9-A2l). 

The compositions of the matte and . : as can be calculated from 

this group of equations by means of the known . values of the inputs 

and ·the · parameters. Numerical iterative methods have to be used 

for the solution of the problem which can be stated in the gene­

ral form: 

.3.2. Newton-Raphson and steepest descent methods · 

of solution 

(4) . 

While applying the Newton-Raphson method, a correction ~X is 

· sought for the initial estimate .x0 so that ~he new . ~oint · satisfies · 

the equa t ions 

f i (X +. 6X )' -= 0 (i•l,2, ••• ,n) 

. The equations are expanded into Taylor series and all terms 

higher than the fir~t order are ne~~acted. A set . of · linear ~qua­

tions is obtained ·, . giv.ing the correction ~X ·and a new estimate 

for x. The procedure ·i s repeated until the difference between 

tw~ successive solutions is under a . chosen valtie. 

For the use of the method of steepest des'cent th.e . sum of the 

squares of the residu~ls is formed: : 

2 

5 ) 

u·. ·'t .[r. <x>l (6) 
. i•l l . 1 

The minimum of . u. equal to ;ero, corresponds to the so .lu tion 

of 'the equations (4) •. A step ·is taken from the initial estimate 
xo in the direction Opp·OS i te to that of ·the gradient of 11 and 

the len'gth · of the step is chos.en. so that the minimum of U in 

this direction · is reached. The direction of. the · gradient at the 

new point is deter~ined and t~e pr~cedure ia ~epeated u~~il the 

value of ' U ·is less than a chosen ·limit. 
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3.3. Rosenbrock's method 

. ' 
Several recently developed methods are more efficient than 

the ones previously used, especially if the function to be 

minimized is complicated. Rqsenbrock's method 8 is, like the 

method of steepest descent, an optimization procedure, and it 

also applies to the solutio~ of a set of equations. 

Starting from the initial estimate, a step is . taken in the 

direction of each v~riable. A succesful step length is selec~ed 

by systematic trials. The total step is 

d i step in direction i 

_o unit vector in direction i t,i 

(7) 

Before the next step is determined. a new set of coordinates is 

selected~ A set of vectors is s et up as follows: 

dlf,;~ 
0 d E;o (8} Al• + d2 f,; 2 + + n n 

Az• d 2 C ~ + + d f,;o 
n n ....... 

A . d f,;o 
n n n 

The set of coordinates is now calculated by the Gram-Schmidt 

orthogonalization process from the vectors Ai ~o that one of the 

new coordinates has the direction of the previous total step. The 

next step is taken along the new coordinates. 

A consider ab le advantage of the· Rosen b rock' s method is that 

the partial derivatives of the objective r unition U need not be 

calculated. The iteration converges better than for earlier 

methods especially if · the surface, defined by the objective func­

tion • forms a curved valley. ·One of the coordinate vectors takes 

the direction of the valley and the progress towards the minimum 

at the bottom of the valley is · fast. The method of steepest descent 

is inefficient in 'cases like this. It requires that the contours 

of the function are more circular. The Newton-Raphson method con­

verges onl y if the initial estimate is close to the correct so u-

tion. 
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For physical or practical -reasons there are regions wher e th e 

solution cannot lie, and often the best solution is . to b e f oun d 

on the boundary of such a region. I n order to find a max imum, 

Rosenbrock uses for each of t h es.e restrictions, a func.tion cj; i 

wit~ the following properties: 

{

0 if x. is in the prohibited region 

•i • 1 if x~ is in the permitted region, . except for a ver y 
narrow 1 boundary region where ~ changes from o n e to 
zero according to some suitable smooth function. 

Now the maximum of ~objective function u' is to be sought , 

instead of that of u. 

3.4. Solution procedure 

( 9) 

While solving the furnace model given in the Appen d ix unde r 

typical operating conditions, it turned out that the i terati on, 

according to the Newton-Raphson method, diverged. It was n o tice d , 

on closer . study, to ~ improbable that a convergence could be 

achieved even through a mathematical modification of t h e bas i c 

problem, and therefore the application of this method was not · 

developed further. Instead, the steepest descent method was tried, 

after the set of equations had been condensed analytic a lly to 

three equations with three unknown variables. Ho,~eve r, th e . con­

vergence was so slow that no practical result was obtained. 

Through a somewhat labor.bus analytical elimi n ation, the o o el 

was reduced to the fdrm of two equatio~s wi ~h two unknowns vi z . 

the partial pressures of diatomic sulphur an d sulphu~ rii o~ide . 

The objective f unction consisted of the squared residua l s o f t h e 

mass ~alance equations for sulphur and oxygen. ·l n this case t he 

analytical calculation of the partial derivatives should have 

been abandoned and since much of practical evidence had been ob ­

·tained of the known defincencies of the st e epest de·scent met ho d.a · 

this method was no longer applied. 

Fig. ·2 presents some contours o f the objective . fun~tion . for 

a typical point of operation. It can be seen that the min imu m is 

located at the lowest point of a curved valley. Thus it ma y be 



expected that the Rosenbrock's method which was applied ' next 

would be superior to the othez,two, in the case considered. 

The expression of the funct i on U to be minimized includes 

square roots of some of the ·components. It was noticed that the 

method used oy Rosenbrock for determination of t e step length 

could lead to negative values of these variables. The solution is 

limited to the positive region of the variables, since negative 

partial pressures cannot exist, and so the programming for complex 

numbers is not motivated. It is also abvious that, because of the 

finite values of the equilibrium constants, the minimum of U cannot 

l ie on the limit. Thus the artificial boundary region (9) is not 

required. 

The procedure applied, in case the square root of a negative 

number was met, was to give U, without further calculations, the 

precedin g value multiplied by ten. Consequently, the point beyond the 

f ront ier was rejected and the iteration was continued with shorter 

s tep l engths. 

Th e solution of the problem by Rosenbrock's method was program­

med f or the Elliot~ 503 computer~ The i~eiation converged well 

an d the solution was obtained in 5-15 seconds for each set of in­

put values, the time depending on the desired accuracy. In order 

to achieve reasonably accurate results for some of the most im­

portant outputs, the sum of the squared residuals had to be in 

an order of magnitude o f 10-8- l0- 10 (cf. Fig.2). In addition to 

t h e quantities needed for the control, the valu-s of several other 

output variables have been calculated, both of those listed in the 

Appendix and of their functions. 

Applying the development of Rosenbrock's method by Davies, 

Swann and Campey, the value of the objective function is calcula­

ted at three points on the dire~tion of each coordinate 9 • The 

step is taken to the minimum point determined by a parabola going 

throug~ these three points. It was detected recently that ne­

gative partial pressures could be totally av~ided by the use of 

this method 7 • 
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4. Applications of the model 

When the .gas composition is known through the model _calcula­

tions, a deviation of the quantity D (2) from the desired value 

can be used as the basis of the adjustment of the flow ratio ~f 

air and fuel. In Fig. 3, this type of control has been added to a 

scheme showing the present control method. A further development 

would be to consider the limit set to the total gas flow by the · 

cooling capacity of the plant which is also a function of the gas 

composition. 

If the equations (Al6-A21) dealing with the matte _composition 

are left out, the model could be applied for the process gas in 

other parts of the plant also. However, at lower temperatures 

down the plant the chemical equilibria are not reached and the 

model does not give the . rcalistic results. Even the theoretica l 

equilibrium calculations need some extra ~are at low temperatu re s, 

where the objective function is more difficult to deal with. 

Up to now, the model has been used off line for preparing tables 

of composition corresponding to a variety of sets of inputs for 

the process operators. Ho~ever, it is considered that the automatic 

control of the furnace, on the basis of the model, is expedient, 

so the on-line control computer has been suggested for this and some 

other tasks in the plant. It i s expected that the model calc~la­

tions would take an appreciable part of the computer time, since 

because of its sensitivity, the model obviously cannot be much 

simplified. The comparison of the results to the signals from 

the gas chromatograph gives a possibility of a continuous check 

cif %he values of parameters in the semi-empirical equatio~ ( Al6) . 

The sulphur _yield function is being studied, but it is not con-
• 

sidered the final criterion, since also some other factors af fec~ 

the economy of operation, although in a less degree. An expression 

has been somposed which insludes as the feed materials the con~ 

centrate and fuel oil and as products sulph ur, so
2 

g as · and i ron 

ore produced f rom the matte through roasting and the hig h an d l o; 

p ressure steams f rom t h e b o ile rs. T e e xp r ession· does not i nclud e 

n ew var~ables, and at p resent a p rocedure i s be in g cieve o pe J f or 

·etectin g the a~r eo oi . ratio vh icn would correspond to the 
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o p t i mum o f this crit e rion under typical operating conditions. 

The recent l ~ de veloped me th~~s of mathematical optimization find 

app li cat i on also here . 
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Appendix 

Equations of the pyrite smelting furnace · 

• K l ,;o-;• eo 

• K /o. • 2 2 H2 

• K3152• 02 

• K ff. • 4 2 R2 

• Ksi52· CO 

K6(S2) 
2 

K7 (S 2) 
3 

. 4 
• K8(S 2 ) 

• C 0 
2 

+ .C 0 + C 0 S 

l 
vE H2 

.!.Es 
V 

1 
-vEo 2 

13 

• so 
2 

+ VEY . H. + . Q 
1 l l 

(A 1) 

(A 2) 

(A 3) 

(A ' 4) 

(A 5) 

~A 6) 

(A 7) 

(A 8) 

(A 9) 

(A 10) 

(A ll) 

(A 12) 

. (A 13) 

(A 14) 

(A 15) 

(A 16) 

( A 17) 

(A 1 8 ) 



0 • 
2matte 

22.4 • 2GF O 
e3 4 

ES 

- 0 . 210(£) - 0 p ?matte 

(

G ai~ . . 
• 22 4 cone S 

• . MS 

Symbols 

- Variables to be solved 

Yi (i•l,2, ••• ,13) = s 2 ,s 4 
s6 ,s

8
,so

2
,cos,co,co 2 , 

H2S,R 2 ,H 2o,o 2 ,N 2 

0 2matte 

G cone 

- Input data and parameters 

CFe'CS 

T 

0 

A,B,E 

152 

(A 19) 

(A 20) 

(A 21) . 

Partial pressure$ or 
fractions of gas com­
ponents 

Flow of gas NTP 

Total flow of gaseous 
oxygen, sulphur compounds 

Oxygen transferred to 
matte in unit time 

Ratio of atomic frac­
tions of sulphur and 
oxygen in matte 

Feed of concentrate 

Production of FeS,Fe
3

o
4 

Iron, sulphur content of 
concentrate 

Feed of fuel oil, air 

Temperature of gas and 
matte 

· Temperature . of air,oil, . 
concentrate 

Heat content above 25°C+ 
heat of combustion of · 

· f~el oil 

Density 

Ho~ecular weight 

Experimental parameters 
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- Auxiliary variables 

H cone 

H . a1.r 

Q 

• f(T) (i•l,2, ••• ,8) 

• f(Goil) 

(i• l ,2, •••• 13) 

• f(T) 

f(CFe'cS,Gconc) 

• f ( .T) 

Equilibrium co nstant 

Total flow o£ gaseous 
carbon, hydrogen com­
pounds 

Flow of · nitrogen 

Heat content 25°C + 
heat of combustion of 
a gas component,FeS, . 
Fe

3
o 

4 

Heat content above 25°C 
+ heat of combustion of 
concentrate 

He·at content of air above 

25°C 

Heat content of slag 
above 25°t 

Feed of inerts 

Heat loss 
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Fig. 1. Flash smelting furnace. 

0.020~------~----~~--~~~----~------~--~--~------~ 

0 0.010 0.0!0 O.OJO 0.040 0.050 0.060 

CONcENTRATE = 75 tr:>nfn 
OIL :: &.7 ton/h 

AIR : 98oo0 ;,:rrf/h 
TEMPERATURE = 1219•c 

H2 = 1.127· to-2 

02 ·= 1.710·10-10 
N2 = 6. 965·10·1 

eo = 3.175 · 1o-2 

c~ = 9.394· 10-2 

COS=1.216 · 10"3 
H2S :8.66.3 · 10·3 

so2 = 2.870 °1 o-2 
Sz :4:414 ° 10"2 

Sot = 3.028 . 10"6 
S6 :1.317 • 10-10 

Se -= 90063 · 10-'5 

H20 : 8.476 ° 10·2 

· , • 2 . Con tou rs of the objective function and coordinates 

o f a p oint of operation. 
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Fig. 3. A contro l scheme based on use of th e furnace ~ode l. 


