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ABSTRACT 

Theoretical analysis and simulation runs- have shawn that 

fed-batch cultures can reach a quasi-steady state (QSS) 

• where cell and substrate concentrations are constant as total 

volume increases. A control system, realized on the Interdata 

,7/16 minicomputer, driven by PROCON software package, has 

been used to ~orce the system to different QSS operating 

points.rapidly, measuring only cell concentration. Experiments 

have shown: 

- Cell concentration t~ansient response was reduced 

from approximately 25 hours to 2 1/2 hours, making 

possible observation of different QSS' s in a single ..!t­
run, agreeing relatively well with computer simulation 

runs. 

The control system was found able te oompensate 

rapidly different types of disturbances which excited 

cell concentfation. 

- The"nonlinearities of the system were experimentally 

verified. ( 

- Only limited data were obtained on glucose transïents, 

not aIl in agreement wi th theory. 

- Yields of 50 to 60% were obtained even at high 

substrate concentrations. 
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SOMMAIRE 

L'analyse théorique et les essais de simulation ont démontré 
~ 

que les cultures en semi-continu peuvent atteindre un êtat de quasi-

stabilité (QSS • Quasi-Steady State), lorsque\les concentrations 

de cellules et de substrat restent constantes au fur et à mesure que 

1; volume global augmente. Nous avons utilisi un syst~ de contr6le 

réalisé sur mini-ordinateur Interdata 7/16 par un ensemble de logiciel 

PROCON afi'n de pousser le système rapidement vers divet'S points de 

fonctionnement en QSS, en ~esurant uniquement la concentration cellu-

laire. Les résultats ~s expériences furent les suivants: 

- ~a rlponse transitoire de la concentration cellulaire a été 
'-. . 

ràmenée d'envirqn 25 heures! 2.5 heures, permettant ainsi 

d'observer plusieurs QSS au cours d'une seule campagne de 

culture, l~ çorrespondancè aux es.ais de simulation sur ordi­
f 
nateur étant relativement bOnn~. 

Le système de contr61e s'est révélé capable de compenser 

rapidement divers types de perturbations qui étaient venus 

exciter la concentration cellulaire. 

ii 

- tes non linêaritéa du systême ont êté v6rifiées expérimentalement • 
.... 

- Les données obtenues sur les transitoires de gluco.e sont 

limitées et ne correspondent pas toutes aux donnEe. théoriques. 

- Nous avons obtenu des rendement~ de 50 A 60% œIme aux 

concentrations de substrat élevées. 
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CHAPTER 1: INTRODUCTION 

During the past century fed-batch culture (the Zulauf process) 
, 

has been employed by the baker's yeast indUstry as it permits 

proquction of yeast biomass without simultan~ous production of 

sizable quantities of ethanol. Fed-batch culture refers to a 
If ' 

batch culture which is fed continuously with nutrient medium. 

The volume variation in a fèd-batch culture distinguishes it 

from chemostat continuous flow culture where equal inlet and out­

let volumetric flowrates maintain the culture volume constant. 

In -batch culture the :tield of yeast,. based on the amount of 

available fermentable sugar, is low, oftèn not more than 15%, 
,1 

'while in fed-batch culture a yield Of up to 60% can be obtained 

under appropriate growth conditions. ,The production of ethanol 

may occur where there is oxygen starvation (Pasteur effect) or 

high sugar concentration (Crabtree effect). Thé latter character­, 
izes batch cultures where sugar concentration is high most of the 

fermentation time, resulting in _ low oVErall yeild • 

. 
The term feù-batch cui ture was first used by Yoshi.da et al 

[22] (1973) who tried fed-batch'culture of Candida tropicalis 

using n-hexadecane as the only carbon source. In 1970, Edwards 

et al [11] introduced the. extended culture, a fed-batch culture 

in which the limiting substrate concentrations are kept constant 

by proper feed rat~ and feed composition control, using as 

measpred variable the concentration of the limiting substrate in 

the fermentO'I'. 

a 
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A few years later various investig~t~, (Pirt [17], 1974) 

,~ 

presented arguments:, to show that when the specifie growth rate 

of organisms folloWSthat of a Monod type, a fed-batch culture' 

may reach a quasi-steady state (QSS) which is defined as the state 

where cell and substrate concentrations remain constant as the 

total volume of the liquid phase ~creases. The feeding schedule 

in a fed-batch culture under which both concentrations are kept 

constant is called QSS-fed-batch culture. 

Dunn and Mor [10] (1975) developed equations which describe 

variable-volume cultivation, with emphasis on constantly· fed 

semicontinuous cul turès, and drew the analogy between the QSS in 

variable volume cultivatian and a dynamic steady state in variable 

flow constant-volume chemostat bioreactors. Recently, Lim et 

al [14] 

culture 

that an 

(1977) showed that;>under certain ~onditions·an extended 

is equivalent to ~ exponentially fed-batch culture and 

exponentially fed-batch culture may be mimicked by a 

cantinuous-flaw culture with a constant dilution rate. Further­

more, they investigated operational conditions under which an 

exponentially fed-batch culture and an extended culture may be 
\ 

reduced ta a ,QSS-fed-batch culture. However, due ta the dynamic 
(, 

charact.eristics, of. the, proces!; the rate of approach" ta QSS, as 

recently exarnined by Boyle [4] (1978) is very slow, requiring a 

verY large volume expansion such as to preclude observation of 

the QSSI at least in a laboratory fermenter. QSS-fed-batch 
1 

cultures· therefore,.cannot be realized without a control system ~ 

which would force the process to reach QSS rapidly. 



( 
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3 

Aiba et al [1] (1976) proposed a computer control scheme ~ 

for bake~'s yeast fed-batch cultivation with the primary goal .. 
being the maximization of the overall yield. This was done by 

el~Cmi.nating the ~lucose effe-ct through manipulation of the feed 

rate with an ad hoc measurement of the respiratory quotient 

which was'controlled from 1.0 to 1.2. Towards the sarne goal, 

yield maxirnization, WaAg et al [20] (1977) proposed a control 

system te roonitory yeast growth, measuring cell concentration 

indirectly- through materia1 balancing from measurernents of 'the 

02 up~ake rate, CO2 production rate, gas flow rate and ammonia 

addi tion ra te. 

Boyle [3), [4) (1978r proposed a simple control system 

designed to force the, process to reach any feasible QSS operating 

point rapidly, where both cell and substrate concentrations are 

independently specified. This is done by manipulation of the 

dilution fac,tor and the feed composition, using cell concentration 

as the on!y rneasured variable. The proposed control system 

enables, operation of QSS-fed-batch cultures, WSy be utilized to 

obtain kinetic data, and can potentially he used towards yield 

maximization as the substrate concentrations can be controlled 

to any'desired 10w,level where ethanol production is practically 

zero. Moreover, the control system rnay he used for a reliable 

investigation of the effects on cell growth of sudden changes in 

dissolved oxygen, temperatures, pB as well as in substrate 
1 

1- • concentrat:LOn. 

c 

, 

t 
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The above control system was implemented in this work to 

evaluate how well a control system based on a very simple process 

model can perforrn the above rnentioned functions. As the control 

system Uses c~ll concentration as the only measured variable 

in èontrolling both cell and substrate concentrations, it is 

crucial to have a reliable cell concentration measurernent. 

A~oU9h a continuous measurernent was not available sampling 

was used to enable implementation of the control system. The 

evaluation of the control systêm provi-des sufficient information 

on cel! concent~ation tr~nsients and indicates possible difficulties 

in substrate concentration control. 

The objectives of this work are:, 

(1) Implementation of the proposed control system. 

(2) Evaluation~ of its performance . 

• 

'" . 

4 ' 
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CHAPTER 2: THEORETICAL BACKGROUND 

J , 
1 

2.1 THE P~OCESS 

2.1.1 FED-BATCH CULTURE 

The overall mass balance for th~ liq~d phase in terms 

of volumetrie flow, liguid densities and volume, assuming 

well mixed stirred tank bioreactor is: 

d (Vp) = Fp 
dt i 

Normally the densi ty changes 'are small gi ving: 

dV 
dt = F (2-1) 

The balance on biomass in the liquid phase gives: 

d(xV) 
dt = 1: V x 

.J 
Assuming'the usual growth rate kinetics 

r = "X x '" 

J 

where II is the specifie growth rate, equation 

(2-2) yields to: 
'lj 

, 
dV + xërt dx 

V dt = 

1 

llXV 

(2-2 ) 

s; 



'. 

( 

combining wi th equation (2-1) 

dx_ 
dt -

F 
(ll - V 

. 
(ll - D) x 

x, or 

where D is the dilution factor, ~ 

J 

The balance on the limi.ting substrate is: 

d(Vs) Fsl - r V 
dt = s 

(2-3) 

(2-4 ) 

Assuming r = crx, cr being the specifie substrate uptake s 

rate, the above equation 9ives: 

dV 
sëIT 

ds, = 
Ot 

+ V ds F l dt = s-

D (sl-s) - ax 

cr xV or 

6 

Equations (2-11, (2-3) and (2-5), describe the dynamics 

or the fed ... batch culture, provided that "the dependency of II and 

cr on the limiting substrate concentration and cell age 

distribution is known. The common assumption that under constant-
, ~ 

ly kept envirorunental coiditio~s cr and' l;I are dependent only 

on .the limi~in9 substrate concentration will he adopted from 

now on. 

-
o 

More specifically, II is nOrJD8.lly eonsidered dependent 

on substrate concentration acoording. to the Monod kinetic 

1 
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relation: 

The above equation implies that the specifie growth rate "-

reaches asymptoti~ally its maxim~ value, kl , as s increases. 

The specifie substrate uptake rate, cr, is consi'dered 

to be related to the specifie growth rate as follows: 

0' = B.. 
y (2-7) 

where Y is the overall yie1d coefficient. Si~ce the limiting 

substrate i5 the energy sourcè as well, part Qf if.will be 

--------------------- -
( ~-------

use~o supply en~~~th~sis of.biomass and part 

~--------------wTI 'Ib~d for the -uin tènance of the biomass. 'llllis 

.-

(" 

imp~es: . 

crxV = (2-8) 

where y G is the Il true growth yield" and m is the "maintenance 

coefficient ll [17J. Introducing the overall yield cOefficient, , 

equation (2-8) 'yields to: l, 

.(2-9) 

.. 
It should be noted here that the previous equations 

~ are not~va1id under all tr~sient_situations because ~e 
< 

Monod equation has been fo~d to app1y only under steady o~ 

o 

• 

, 
! 

~ 1 
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slow changing conditions, that is, in astate where 

balanced growth will usual1y occur. Balanced growth 

cond~tions ~dentify a biological state during which the intra-

cellular metabolic react~on network is operating at essentially 

steady state conditions [10) . 
• 

2.1.2 QUASI-STEADY STATE 

The quasi-steady state, QSS, in fed-batch culture is 

defined as the state where the concentration of cells and 

limiting substrate remain constant with time while the volume 

of thè liquid phase increases. 

Setting dx 
dt = 

11 = D 

x = l:!.. 
o 

(sl - s) 

ds = 0 ' equations (2-3) and (2-5) give: 
dt 

(2-10) 

(2-114 

Since 11 and cr are functions of s, equation (2-10) defines 
, 

the yalue of s in the QSS and equa'tion (2-11) defines the value 

of x given that of s. The physical .constraints s>O and 

x>D yield to an up~r limit for D so that a QSS can exist. 

o < D < lJ (sl) (2-12 ) 

For dilution factor values higher than the upper limit, the 

reaction volume increases faster than the cell growth rate 

and the cell, concentration drops towards fero. This is analogous 

te wash-out in a chemostat. 

) 
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Equations (2-10) and (2-11) constitute two simul-

taneous nonlinear equations for the values of s and x in 

QSS. D~lution factor, D, and substrate concentration 

feed, 51, constitute the external conditions whic 

For any given pair of D and 511' a QSS operating point exists 

prov~ded that the dilution factor obeys the previous constraint. 

\ 
Assuming Monod type kinetics explicit formulas for - . 

x and, 5 ~n the QSS can be obtained: 

k2 
s = k l 

(2-13) 

D - 1 
,}-, ' 

y (SI k
2 

- l ) 

(2-14) :x = k l 
0 

.,> 

1 1 
+ 

rn (2-15) = , y Y
G 

0 

with the range of D being: 

kl sl ~ 
0 < D < k2 + 51 

Note that constant dilution factor implies 

exponen tial feeding: 

F 
D fi = 

dF .... 
F = Ddt 0+-

dV 
dt = 

p,= F e D t' 
0 



w~th F satisfying the initial condition o = 

10 

D. 

Fo11ow~ng the previaus analysis, the plausible quest~on 

what the rate of approach ta QSS is, arises. The fallowing 

numerical exarnvles give a good picture of the process dynamics. 

Al~ the process parameters used in the simulation are shown 

in table (2-1). 

TABLE 2-I 

x s V k1 
, k 2 Y a a 0 

..; 

61"i g/l .005 g/1 5 1 .30 hr -1 .15 gil .50 

TABLE 2-I1 

x s D 51 

Qss (1 ) 6 g/l .075 g/l .1 hr -1 
12.075 9/1 

, 

QSS (2 ) 7 g/l .075 g/l .1 hr -1 14.075 g/1 

In fig. (2-1) the transient response of the process is 

shown te applied constant inputs D = .1 hr-1 and 
'0 

~ 

51 = 12.075 g/l, corresponding te the QSS point'given first 

in table (2-11). Substrate concentration moves up fast, 
~), 

s1ightly overpassing the final value (by 1.5%) and then drops 

very slow1y to its equilibriurn value. Cell concentration 
f 

sc 
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undergoes a slow but very small in magn~tude transient. 

Practlcally, it can be said that QSS conditions are established 

rapidly. This method of establishing QSS is sirnilar to 

that suggested by Dunn and Mor [la). As will be shown, it 

doés not provide ·'a method for changing the QSS point or off-

setting msturbances which will
c 

induce long slow transients 

in the Wlcont rolled system. Next, while Dt is kept at . l hr- l ~ , 
51 i5 increased from 12.075 to 14.075 g/1. The sys tem is 

expected to move to the Q5S given second in table (2-11). 

Here 1 as shown in fig. (,2-2), the total response takes over 

30 hours to reach equilibri um. It is also seen that there is 

a strong interactionbetween x and s, although the change in 

1 the process conditions intended to change cell concentration 

only and leave substrate concentration constant. The latter 

rises rapidly to a peak and then drops towards its equilibrium . 
value wi th the same slow rate as the cell concentration 

response. 

In fig. (2-2) the volume lIncrease is shown as weIl. 

Apparen tly such a large volume expansion cannot be handled 

,in practice, and since the transients in fig. (2-2) more fairly 

" represent whati would occur in·a ~aboratory, observation of 
, 

the QSS is not feasible without a control system. 

In addition to the numerical examples, information 

can be retrieved from the linear incremental model 

~ 

j 
~ 

~ 
1t , 
1 
, 
.' 
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linearizing about a QSS operating point [4]. 

Introducing reduced variables: 

- -s - s s* = x* x - x = - -s x 

51*= sI - sI D* D - i5 = 
ST fi 

<and the parameters 

a = ( 1)0 ) 

~~ QSS 
the linear model is 

dx* ~ = bss * - i5 D* 

ds* = - (0 + ax ) ·s· D,(SI' s) at - - x* + -s 

D <ST - s) D* + i5 ST - sl* - -s s 

Assuming constant 
. b l!- = Y, the ab ove equations y~eld, a = 

cr 
can be wri tten in a matrix form as: 

J r i5 sri 
d 

rd .. 1- (0 + ax) Dx s* Di _1 D* 
, 

dt 

J 

, 
Ys Ys • 

=l 
s (2-16 ) -t 

+ 

dx* 'r 

Lat .... 
aYs 0 x* -n 0 sl* 

or more compactly as, 

( ,{ 

j 
il{ 1 



( 

-( 

( 

d z 
= A z u 

dt 

Information concernipg the rate of approach te QSS 

can be found from the eigenva1ues of ma~rix A. 

À1 = - D 

ÀZ = - a x 

15 

The approach to equi1ibrium is by way of decaying exponentia1s 

having time constants the negative rec~proca1s of the 

eigenva1ues. 

'[ 1 = 1 D 
'[ 1 = 2 a x 

For the numerica1 case simu1ated previous1y, '[ = 10 1 , 

hours and "C 2 = .08 hours. These are in agreement with the 

simu1atio~~ since three or four time constants are required 

te reach equi1ibrium. 

Information concerning the sus,tained change in the 

state variables s and x to applied sustained <.Changes in D 

and sl can be obtained from the influence cOefficient matrix .. 
- A-1 B, which yie1ds: 

" 



, ( 

--- -----~~---------_c 

. 16 

s* 1 0 
0 D* 

Y -

1 

a 5 = (2-17) 

x* 

La ~ ys! sl* -x 
" 

The only non-zero off diagonal element is qui te small as seen 

the numerical case 

[

1;50 

.008 [s::] 
which means that the system may be considered to be decoupled 

in terms of sustained changes, suggesting that the control 

strategy should use 0 to control s and 51 to control x. 

Further information can be obtained from the transient 

response of th~ system. Given an initial state s* (0) and 

x* (0) and constant inputs 0* and 51*, the transient response 

can'be described as: 

~ 
z (t) = -<p(t) z (0) + 6. (t) jJ 

which gi ves: 

s* (t) 

1 

1 - i5 
ax 

x* (t) 

-ait e 

Ys -Dt (e -x 

ax 

-Dt e 

-ait e ) 

D 
aYs 

(e-ait -Dt -e ) s* (0) 

e -Dt i5 

ax 

-ait e x* (ô) 

in 

+ 
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D (1 -axt D (e -Dt -axt - e - e 
ais ax 

+ fi 
i5 ( 1 -axt Ysl ( l l -Dt ax -aX"t - e -- - e + e ) a -JO 

L 
ax l - D l 

ax ~ ax '\ '", 

(2-18) 

Since the first column of the matrix Ô con tains exponential 

terms invo1 ving only the larger eigenvalue, t;he process will 

respond rapid1y to changes in dilution factor which pr~ces 

large changes in s but only very smal1 changes in x, as shown 

by the influence coefficient matrix. 
/ 

Therefore, fast non-

interacting control of substrate concentration can be easily 

achieve'd using dilution factor as the manipu1ated variable. 

Similarly, since the second co1wnn qf the matrix t:. 

contained exponential terms invo1ving the sma11er ~igenva1ue, 

the response of x and 5 to change:; in 51 is long. More 

specifically, it is anticipated that a change in 51 will produce 

a long transient in s, but since the steady state ga~n is 

zero, the "final value of s will not be affected by a sustained 
,. 

change in sI, as a1ready indicated by the influence coefficient 

matrix. On the contrary, the final value of x te changes in 

51 is strongly affected but the transient response, being 

d~minated by the small eigenva1ue, will be slow as well. 

~ 
...... ~ ...... _----------~~~---- . ~ 

D* 

il, 

sl* 



( -
Examining each element of the matrix ~, the nature 

of transients in the uncontrolled s~stem due to initial 

displacements from equilibrium can be seen. 'l'wo things are 

18 

to be seen here. Firs,t, the induced transient displacernent 

in 5 by a displacement in x is of substantial\magnitude 

and long response tirne (element cf> 12 ' f5 _ = 1.5 for the nurnerical 
aYs 

case), and second, the very small in magnitude displacement 

Ys in x, induced by a displacernent in s (element cf>2l' ~ .0050). 
x 

Summarizing, the prior study of QSS and the system 

anal~sis which followed have led to the following assessrnents: 

a. Quasi-steady states exist over a wide range of substrate 

b. 

and cell concentrations. Each pair of D and sl 

corresponds ta a QSS operating point. 

The rate of approach to QSS is slow, requiring such 
tJ 

a large volume expansion as to preclude the possibility 

of attaining the state. 

c. Cell concentration transients are. fast unless they 

are induced by cell concentration transients. 

d. If a control system is to be designed, D should be 

used to control s, and,sl to control x. 

e. Fast noninteractive control over substrate concentration 

f. 

can be achieved ùsing dilution factor as the manipulated 

variable. 

In the design of the cell concentration controller the 

" 

b ...... _ .. h _______ ... ____ ~ _ __.J____ _ _______ _ __ 

f , 

1 
:! , 
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strpng interaction between 5 and sl must be taken into! 

acco1.1nt. 

2. 2 THE CONTROL SYSTEM 

As indicated from the previous analysis, dilution 
t 

factor, D, is used te control substrate concentration, s, 

and substrate concentration in the feed, 51, to control 

oe11 concentration, x. 

Substrate concentration in the feed is manipulated 

utilizing the error in cell concentration: 

.. 
sl = kc (xD - x) + ST (2-19) 1 

which is a simple proportiona1 control1er. xD is the desired 

cell ,concentration, kc is the controller gain and ST is the 

level of sl when the error'is zero, narnely, the required feed 

substrate concentration at the 055. 

Dilution factor, the second manipulated variable, is 

manipulated to keep substrate concentration constant. Since 

substrate concentration transients 1 are fast, adéquate control 

êan be achieved proviÇling only the "s.teady state" value of 

D at the current cell concentration. More specifically, 

setting ds = dt o equation (273) léads to: 

D = ax (2-20) 
51 - S 

1 
1 



\ 
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The above equation is not a feasible-control law 

for D because the specifie uptake rate, 0, ~s in general 

an unknown function of s, besides the fact tnat substrate 

concentration measurement is.required. Therefor@, the previous 

equation is used to sU9gest the following approxima te control 

law for o. 

o = crx (2-2l ) 
s: - -sD . 

where 0, ls an estimate of 0 at the desired OS-S .operating 

point and so is' the desired rather than actual substrate 

concentration in the fermentor. 

Since 0 is an unknown function of s, the desired 

substrate concentration so' may not,correspond exactly ta 
,.. 

the select~d o. As a result, sinee sl »so which means 
. O'x 

that 0: sl ' substrate concentration will be contro~led 

at the corresponding sD implied by the estimated o'. In 

9ther words, the actual set points are ce11 concentration 

and specifie substrate uptake rates. 

Equations (2-l9) and (2-2l) represent the prdposed 

control law for setting sl and D. However, the range of 

variation must meet the f0110wing physical constratnts: 

o < sl < sl 
- max 

(2-22) 



C, 

( , 

o < F < F 
max 

-1 

" 

(2-23) 

Since volume is growing during tne fermentatfon, 

there is a tirne varying constraint on D:: 

D < 
Fmax 

V 
(2-241 

21 ' 

Besides that, sinee D and 51 are inversely re;at~d according 

te equation (2-21), the upper bOWld on D implies a lower 

bound on 51: 

. 
51 . < 51.( 51 ml.n max 

(2-25) 

where 51. :: sD + 
CJX 

nu.n D max 

which can be~itten as: 

51 + CJxV = sD p-min ( 2-26) 
max 

Like th~ upper bOWld on D the lower bound on '51 .is 

variable and must be comput.eê as part of the coptrol compu-

tation. 

The controIler gain, k , the only adjustable parameter, c 

is to bê' selected by tria~ and erro·r.. For kc = 250 satisfactory 

results wer~·q9tainea. 
/ j , 

~ 

At this point ~ control system ie described~sufficiently 
• 't 

, 
·to permit simulation of ·its p~rformance. Th~ proces! parameters 

. ... 

) 

1 
1 

1 

t 

1 
j 

c 

1 ... 
\ 

j 
J 

1 

l 
• 
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( shawn in table (2-1) arè used in the following simulations. 

In flg. (2t.. 3) the transien t resp'Onse of the system 

is shawn fpr a set point change of l g/l in cel1 concentration. 

The contro11ed process equilibrates again at the new QSS point 

(the second in table (2-11)) ln about 2 hours. As shown in the 

graph, there is practically no change in substrate concentration. 

Noninteraction is achieved. 

.... 
In fig. (2- 4) proceeding from the same initial state 

(tpe QSS point given first in table 2-11) r the specifie 

l " 
A -1 

substrate uptake rate, a , is changed from .200 to .225 hr . 

The system equilibrates very fast (note the time scale) to 

the new QSS point at a higher substrate concentration, implied , by the hlgher uptake rate. 

To complete the description of the simulation runs, 

figures (2- 5) and (2- 6 show the behav~our of the manipulated 

variables, D and sI, for the cell and substrate ~oncentration 
) , " 

transients respe~tively. 

In both runs the volume expansion was not large, making 

the QSS accessible in a laboratory apparatus. 

Summarizing, the proposed control system has the 

( 
following featUfes: 
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a. 
1-

Speeds up the approach te QSS for all changes, 

b. has the ability to force the system te any QSS 

point where both x and sare independently 

specified, 

c. requires only one measured variable, the cell 

concentration, and 

d. has a noninteracti ve character. 

-
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CHAPTER 3: IMPLEMENTATION 

In this chapter the modifications of the ~ontrol system 

requireà for implementation and the software description are 

considered on1y. Details concerning the experimental apparatus, 

growth conditions, me~ium composition and ana1ytical tec~iques 

are given in Appendix A. 

3.1 CONTROL SYSTEM MODIFICATIONS 

The control system, as proposed by Boyle [4) [5], manipulates 

substrate concentration in th~ feed and dilution factor. Beth' 
.' 

manipulated variables are somewhat indirect in physical terms. 

The final control elements mus~ produce a specified feed rate 

at a specified concentration. ~his can be done'blending two 

streams, a very concentrated on:, FA' and à dilute one, FW' 

which can be water for simplicity. 

The two streams FA and FW are calcu1ated from the overall 

and partial mass balances on the feed. 

FA + Fw = F 

SA FA = SlF " 
where SA is the substrate concentration of the concentrated 

stream. 

The above equations give: 

(3-1) 

• 
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s - sI = A 
sA 

F 
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\ 
(3-2) 

Since there are two additional streams, a stream of acid 

and a stream of base, needed to control pH, the actual water 

( 3-3) 

where: F:=F "d+F N Ac~ Base 

The physical constraints should be re-examined as well. 

These are now: 

(3-4) 

(3-5) 

Elimina ting F from equations (2-21) , (3-1) and (3-2) : 

FA 
oxV sl ( 3-6) = - sI sA - sD 

oxV sA - 51 

FW = sI 
( 3-7) 

sA - So 

The upper bounds on FA and FW imply 10wer bounds on 51. The 

two lower bounds are: 

from eg. (3-6) slM1N (a) = sA FAMAX + SD 
x - 1 

(3-8) 

oxV 

J 
, 

1 
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+ 
and from eg. (3-7) slMIN (b) 

SA sD 
= (3-9) 

SA F\\"MAX 
A + 1 
axV 

The 1ast two equations are the tiIœ vary~ng constraints 

which should be ca1culated as part of the control computation. 

One shou1d note that FWMAX is a variable: 

(3-10) 

The above equation implies that the upper bound on sl is 

no longer sA' and this bound should be calculated as well 

5 1 MAX = sA 
FAMAX 

(3-11) 
FAMAX + FN 

otherwise if sl is set equal to sA a negative di1uting water 

flowrate will will he requ.red. 

, 
Another major change in the control system, due to cell 

concentration measurement technique, is the introduced 20 minutes 

delay in the feedback path. As it will be explained later, a 

measurement of the cell concentration was availab1ewery 20 minutes 

with a 20 minutes delay. This way the controller was realized 

as a discrete controller with a 20 minutes saIDpling interval, 

as far as cell concentration is concerned. Less obvious from 

the mathematical development is the need te measure fermentor 

volume, which was calculated rather than rneasured bf the computer 
~ 
every 6 seconds . 

i 
t 
ï . , 
" 
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Obvious1y a sma11er gain for the proportiona1 control 1er 

(eq. (2-19» had to be used. By trial and error a gain at' 25 was 

found, giving~atisfactory resu1ts. 

To summarize, the actually implemented control equations 

are as fol'lows: 

51 = kc (xD - xl + sr 

51 < slMAX 

SA 
FAMAX 

slMAX = 
FAMAX + FN 

FN = F AC ID + F BASE 

{ 51 > NAX [s1M1N (a)' s1MIN (bl ] 

slMIN (a) 
Sn 

+ sD = 
SA FAMAX 

x - 1 
axV 

sA + 
sA (FBMAX + FN) 

sD x 

axV 
slMIN(b) = 

sA (FBMAX + FN 
+ 1 x 

IJxV 

FA = aXV sl 
sA 51 - SD 

" S - 51 
F ., axV A 

FN 51 -
B sA - SD 

( From the above it is seen that the overall character of the 

control system is much more than proportiona1 feedback control. 

ft 
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More precisely, it has the following features: 

(a) proportional feedback control 

(b) calibrated decoupling 

(c) nonlinear tirne varying constraints. 

The decoupling equations and the time varying constraints necessitate 

the use of an 'on-line computer in the implementation. 

3.2 SOFTWARE DESCRIPTION 

3.2.1 PROCON SYSTEM 

The ~nicornputer is driven by a software package known as 

PROCON [6] which is related to the commercially available package 

known as DATCON [9J. PROCON is a computerized data acquisition 

and PROceSs CONtrol system for both supervisory and direct digital 

control. It allows itself to be adapted to specifie control and 

data reduction tasks through co~versational interactions with 

the process engineer, without reprogramming, while remaining on 

line. 

Control i5 baseâ on measured and computed variables with 

cascading of control loops. S~x control algorithms are implemented: 

1. Positioner 

2. Proportion al control 

3. Integral plus proportional control CP + Il 

4. Integral (with output limiting) plus proportionaL 

control CP + l + L) 

5. Derivat~e, integral (with output limiting) plus 

proportidnal control (P + l + L + Dl 

. 

1 
i 
1 
1 
~ 

J 
1 
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6. A general computational algorithme 

PROCON provides an advanced control loop start upjshut down 

program which relieves.the operator of much of the complexity of 
" 

changing controllers from local to computer mode, or of converting 

-- from basic to more advanced computer control schemes. The process 

engineer may select from a range of options which can provide 
\ 

for control changes which do not disturb the dynamic state of the 

process (bumpless and rampless transfer). 

In addition to the data acquisition and control mode, the 

PROCON system provides a conversatlonal mode which handles operator 

communications, logging of data and full control over the 
~ ~ 

( 

system by the process engineer. The primary communications device 

is the teletype. The operator command mode perrrUts the process 

to: 

1. Display measured and computed values. 

2. Access the measurement, setpoint and control status 

of control loops. 

3. Modify the setpoint and status of control l~. 

4. Request special logs. 

The log service routine outputs 10gs eith~ on demand'or 

periodical1y. The logs are prepared from current data according 

to formats which have bee~ se1ected by th~ process engineer. 

o 
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The process engineer command mode permi ts him to set up the 

entire data acquisition and control process op line, in a 

conversational mode through the teletype keyboard printer, with-

out reprogramming, without even stopping the-data acquisition 

and control process. 

3.2.2 LOOP STRUCTURE 

, 
~ 
1 
4 
'1 

An important aspect of the implementation is the performed '.; .... 
function~ of the minicomputer~ In addition to the control 

equations, the problems of neutralization (pH control) and precise 

control of. the feeding flowrates should be faced.' 

. " -
In the actual implemèntation there are two ~nput signals, 

pH and cell concentration, 'and four outpu~ 'on-off signal-s' which dritve 

the four pumps. Fifty-eight PROCON loops were wri tten-, performing 

the ~o+lowing functions: 

(i) computation of the control algorithm 

(ii) computation of the current volume in the fer.mentor 
.......... 

(iii)flowrate control 

(iv) pH control 

(v) periodical or upon request log~ing of the current values 

of selected Joops. 

In Figure (3-~) a simp~ified loop structure dlagram i8 

shown whicp i5 divided into_four major sections to facilitate 

the description. 

- -

cl 
1 



~--- - « 
~ 4 

' .......... ,-
.... 
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A-Pa.rameters 

Fourteen PROCON loops, most of thern computational, are 

represented by the block "parameters". All required parameters 
" 

such as kc' 0, Vo, sl, sD' XD, etc. are entered into the mini­

, computer. 

" 

B-Pro~ess Controller 

In this section the main process controller is presented. 

I~ is characterized by the input, cell concentration, an internal 

~mputation of the volume and the two output on-off signals 

which drive the two feeding pumps. 

~ 

The block "sl-controller" represents eight P!{OCON loops 

wh~ch calculate the substrate concentration in the feed, sl, 

given the cell concentration which is entered into the mini-, 

computer through the teletype and the current volume which is 

calcula!ed internally. The calculated val~e of sl is further 
13 

checked to see that it satisfies the time varying constraints 

(eguations 3-8, 3-9 and 3-11) which are calculated as well. 

The black "flowrates calculation--uncqntro11ed fed-batch" 

represents .four PROCON loops which calculate the two feeding' 
1 

flowrates, g~ven the outpu~ of the, previo~ black, and the current 

volume. Besides this, there are'two additional loaps which, 
.. ' f 

calculate the two feeding flowrates for uncontrolled runs, 

providing an overall fee~rate F such that F = FO exp(at), at ' 

any specified constant substrate concentration sl. 

.. 

- -
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Each one of the blocks "pump-A" and "pump-B" represents 

three PROCON loops where the oontinuous feedrates FA and FB 

are converted ta two on-off s~gnals which drive the pumps. The 

flowrate control ~s accornplished as follows. The continuous 

feedrate, (FA or FB) ~s treated as the set-point to a P + l 

controller, the output of which is the setpoint of a time 

positioner (on-off controller) whose measurement is continuously 

zero. The output of the latter is fed back as rneasurement to 

the P + l controller after it has been multiplied by the feedrate 

of the pump (FAMAX pr FBMAX). The proportional gain and the reset 

constant were deter.mined by trial and error from performed 

sLmulations of the flowrate controller, the performance of which 

was experimentally checked. 

Finally, the block "volume" represents five PROCON loops which 

calculate the current total volume, given the initial volume and 

the on-off output signals which drive the pumps. Besides this 

calculation, the sarnpling volume, 25 ml, is subtracèed from the 

total.volume whenever a new cell concentration measurement is 

entered into the computer. At the end of each run the total volume 

calcl11ated by the computer was found to be in agreement wi th the 

actual total volume i~ the ferm~tor. 

C- pH eontroller 
r: 

The block "pH - controller'represents six PROCON loops 

where the input signal (pH as mV) is converted to pH units and 

filtered. ,A set of control (P + 1) and computational loops 

.' 

j 
1 
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is further used to produce the appropriate acid and base flow-

rates to control the pH. 

The blocks "pump-AC" and "pump-BA" similarly produce on-

off s~gnals to drive the acid and base pumps, respectively. 

D - Data Logs 

In this section seven computational and~og loops output 

at regular intervals or on operator request parameters and 

variables, such as V, pH fee~ates, accumulative base and 

acid used, kc' 0, xD' sD' sI, etc. 

A detailed loop diagram is shown in Appendix C. Fifty-
.. 

eight PROCON loops were required in total, making use of aIl 

the available computer memory, that is 12 K 8 bi t words for the 

software package and 4K for the loops. In Tabte (3-1) the numbers 

of aIl PROCON loops and the corresponding blocks are tabulated. 

Listing gf aIl loops, a table where the task of each loop is 

explained, and a typical output are available in Appendix C 

as well. 
j 

-" 
.l 
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BLOCK 

1 
Parameters 

sI - Contro11er 

1 
Flowrates - Ca1cu1ation , 
Uncontro11ed Fed-Batch 

Pump-A 

I~ 

ï Pump-B 
i , 
, pH - Control1er 

1 

( 
1 

Pwnp-AC ~ 

Pwnp-BA 

Volume 

Data Logs 

( 

b t t c ft -

39 

TABLE 3-1 

" ; 

LOOP NUMBER 

. 
1 

1,2,3,5,6,7,8,9,21,22,23, 

24,25,26 

20,27,28,29,30,31,32,33 

34,35,38,39,40 ,41 
~ 

70,71,72 

73,74,75 

15,16,17,50,51,52 
• 

76,77,78 

79,80,81 

10,11,18,19,83 

53,54,82,90,91,92,99 

, 

"1; 
'1 

c 

1 

i 

, 
1 

: 
1 

1 

! 
1 

1 
1 
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CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSION 

EVALUATION OF THE CONTROL SYSTEM 

A standard ~xperimental evaluation of a control system 

involves investigation of open loop response to constant inputs, 

closed loop response to set point changes, c10sed loop response 

to disturbances and non 1inearities of the system. Taking the 

above as a guide1ine, ten experiments were designed and performed , 

a list of which is given in Appendix B. In the following 

discussion the runs are presented in an order designed to facilitate 

the -evalua tion. 

4.1 CELL CONCENTRATION TRANSIENTS 

4.1.1 OPEN LOOP RESPONSE ·r"-
In run # 9 the open loop response of the process was tested. 

Starting with an initial cell concentration of 5.42 g/l and an 

initial volume of 5 l, the dilution factor, D, was set equal 

-1 to .1 hr and the substrate cencentration in the feed, sl, to 
J 

14.07 g/l. Under these constant inputs the process was expected 

to move towards a QSS operating point in the vicinity of 7 g/l. 

As already discussed in section 2.1.2, cell concentration 

transient should be very slow, more than ~o hr and the total 

volume expansion required to reach QSS lB rruch larger than that whieb a 

laboratory fermentor can handle. The experimental resul ts together 

with the simulated transient predicted by the model are shown 

in Figure (4-1). Despite the scatter in the data, there is a 

definite underlining trend which shows that cell concentration is 

" 
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following the predicted pattern. As it was anticipated the volume 

reached 10 ~, ready to overflow, while only 65% of the total 

change in cell concentration was completed in B.5 hr as shown 

in Figure (4-1). It has been made clear now that observation 

of the QSS in a laboratory apparatus is not feasib1e without a 

control system. 

The observed scat~er in the data is primarily due to the 

experimenta1 error in the cell concentration measurement. In 

Figure (4-1) the 95% confidence interval for each measurement 

i5 shown as well, pased on error analysis which i5 available 

in Appendix A. It should be emphasized here that the feedback 

system is to re1y on this noisy data. 

4.1.2 CLOSED LOOP RESPONSE TO SET POINT CHANGES 

In run # 3 the c10sed loop response of the syste~ to set 

point changes (xo) was tested. Starting at a QSS in the vicinity 

of 5 9/1 (xn = 5.36 g/l) at time zero a step change in the 

e ~re; cell concentration was performed (xn = 6 g/1). As shown in 

Figure (4-2) ce1l concentration moved up to 6 g/l in less than 

two hours. After the system was kept at the new QSS for two hours, 

two step changes at 1 g/l in xn were performed at times 4 and 8 

hours. Again, cell concentration moved up to 7 g/l and then to 

8 g/l requiring less than two hours for each transient, Figure 

(4-2) • 
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In'order to make a better comparison between the actual and ' 

the simulated response of the system, a simulation of the transient 

induced at a time 4 hours is shown in Fig. (4-3). Comparing cell 

concentrat~on transients, as shown in Figures (2-3) and (4-3), 

it is seen that in the latter simulation sorne overshoot an4 

oscillation phenomena are introduced. This is primarily due to 

the delay introduced by the cell concentration measurement technique 

in the feedback path. A hig~er control gain would result in a 
, 

slightly faster response, however, oscillations ~ould not dump 

out as fast. It should be emphasized that in the selection of 

the controller gain one should take into consideration the level 

of noise added to the cell concentration measurement. As explained 

in Appendix A, sarnples were taken every 20 minutes and the dry cell 

weight of the sample was measured after 40 minutes of drying time. 

In order to minimize the delay, a first measurernent was taken 

after 20 minutes and was fed back into the computer. This first 

estimate was overestimated from 0 to" 3% in addition to the 

experimental error of the gravimetric analysis which was found to 

be 2.2%. Therefore, as .the control system was relying on this 

noisy data, the s~ction of the proportional gain should come as 

the result of a compromise among fast response, undesirable 

oscillatory behaviour at the QSS, and undesirable amplification of 

the measurement noise by the proportional gain. In Fig. (4-2), each. 

transient w'as simulated separately using the actual cell concen-

tration as x(o) at times 0, 4 and 8 hours. 

• 
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In Fig. '4-4) the behaviour of the manipulated variables 

of the previous simulated transient at time 4 hours is shawn. It 

i's seen that after the performed step change in the set point, 

51 jumps up abruptly and then decreases towards i t steady-state 

level at the new QSS. The other manipulated variable, D, follows 

the reverse-action, namely drops down close to zero increasing 

towards its previous steady state value as the system approac~es 
• 

QSS. Comparing Fig. (4-4) to Fig. (2-5), where a continuous 

cell concentration measurement is assurœd, it is seen that in the 

implemented controller the manipulated variables change stepwise 

and the change in sl is approximately three time~ smaller in the 

beginning of the transient, as a smaller controller gain was 

used. In Fig. (4-5) the actual behaviour of the manipulated 

variables is shawn. As expected, D and sI follow the sarne pattern 

Shown in Fig. (4-4) but with a more oscillatory character due 

to the noise added to the cell concentration. 

Finally, from the small volume expansi<?n, shawn in Fig. (4-2), 

it is seen that with the control system ce~l concentration transients 

were sped up 50 that observation of three different QSS operating 

points was possible in a single rune 

~ 

Up ta now only positive step changes in the desired cell 

concentration were considered. In runs i 7 and # a-a, the response 

of the system te negative step changes i~ Xo was observed. 
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In run # 8-a 1 as shown in Fig. (4-6), s~arting with 

7.24 g/1 cell concentration dropp<!d to 6 g/1, the dtsired cell 

concentration, in approximately 1.5 hr. The manipulated variables, 

shown in Fig. (4-7), followed the reverse action followed in run 
.l 

# 3 where positive step changes in x D were performed. The dilution \ 

factor jumped to a high value, decreasing te the nominal value 1 

D, as cell concentration was approaching x D; while 51 moved down, 

increasing slowly te its nominal value, sI, at the QSS. In this 

run the controller was saturated almost throughout the transient, 

i.e. the dilution factor was following the upper time varying 

constraint (eq. 2-24), forcing 51 to follow th~ lower time 

v~rying constraint (eq. 2-26). 
~ 

This is shown more clearly in 

Fig. (4-8), where the actual manipulated variables, FA and FB, 

are plotted versus tixqe.," The water feed flowrate, FB, was kept 
.,. 

at its maximum value, F
BMAX

, while saturation occurred, forcing 

FA to follow a particular trajectory implied by the time varying 

constraint (eq. 3-9). 

The volume expansion, shawn in Fig. (4-6), i8 larger than 

simple dilution, that is adding water until x = x
D

' (Table 4-1) 

and this is because the control system dilutes in such a way that 

the cells are growing at a constant specifie growth rate (i.e. 

s is kept constant). Since the oontroller was satur&ted aimost 

through the whole transient, the total time tf' zequired by the 

control system 'to move cell concentration down te the desired 

value, xD' is highly dependent on "the maximum flowrate of the' 

diluting stream, FBMAX• The highêr F i8, the smaller tf i8. 
BMAK 
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A side effect of having a higher FBMAX is that the total volume 

expansion will be less, but definitely higher than simple 

dilution. It reaches asyrnptotically the simple dilution volume 

expansion as the controller gain becomes higher, provided that 

the control 1er rernains unsaturated. 

"TABLE 4-I 

v Vf 0 

simple ailution 5 1 6.05 1 

control system 5 l 7.4 l 

4.1.3 NON-INTERACTION 

Non-interaction for the patticu~ar system used in this study 

means that when cell concentration is in a transient, substrate 

concentration remains constant and vice versa. As will be 

exp,lained later, substrate concentration measurements are subject 

c 

~ 

ta very large experimental error due ta the dynamic characteristics 1;". 
of the process. As the amount of substrate concentration data _ 

obtained in this work was not enough and not very reliable, 

non-interaction as well as substrate concentration transients , 
are shawn indirectly using cell concentration data only. 
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Since the specifie growth rate, ~, is a function of substrate 

concentration, s, constant ~ during cel1 concentration transients 

implies constant substrate concentration. By definition the 

specifie growth rate is given by: 

l' dX 
\.l = X . dt (4-1) 

where X is the total biomass in the fermenter at time t. The 

above equation can be rewritten as: 

dln X 

dt 
(4-2) 

Therefore, plotting ln X versus time, the specifie growth rate 

is given by the slope of the regression 1ine that fits the 

data. 

As already discussed in chapter 2, in an uncontrolled run 

substrate concentration is changing'drastical1y in the beginning 

and reaches close to equi1ibrium value, whi1e cell concentration 

is still in the beginning of'its transient. In the uncontro11ed 

run # 9, as shown in Fig. (4-9), the slope is changing in the 

beginning, remaining practically constant after the first two 

hours. The interaction is clearly shawn since the ~ell concentra-

tion transient induced a transient in substrate concentration, 
, . 

al though th~"··~terna1 conditions D and sl were set so as to change 

only the steady state value of the cell concentration. 
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In run # 3 cell concentration was forced to reach three 

different QSS points. It is shown in Fig. (4-10) that during 

cell concentration transients, the specific growth rate was kept 

constant (one should check the slope in the vicinity of times 0, 

4 and a hours, the starting points of the three transients). 

Therefore, substrate concentration transients were not induced, 

providing sufficient proof that non-interaction was achieved 

with the implemented control system. 

In Fig. (4-11), ln X versus time is plotted for run # 1 

which is discussed in detai1 in section 4.1.5. In this run, 
J 

a larger step change in the desired cell concentration 

( 6x = 2 g/l) was performed. Again it is- seen that the specifie 

growth rate was kept constant and therefore non-interaction 
~ 

was achieved. 

Finally, in Fig. (4-12) the results from run # a-a are shawn 

where the controller was saturated almost throughout the 

transient. It is clear that the non-ineractive control properties j 

were preserved even when the control outputs reached physical 

limits. 

4.1.4 CLOSE LOOP RESPONSE TO DISTURBANCES 

The control system im~iemented in this work was mainly 

designed to act as a regulàtor , in other words, to force the 
, ' 

process ,tQ any desired QSS operating point. The fact that the 

control system involves a feedback controller makes possible 

\ 
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compensation of disturbanceS as well. Potential disturbances 

include such environmental factors as pH, temperature and 

dissolved oxygen level. Presumably there could also he strictly 

biological factors which migh:t change and which would be 

unmeasurabLe:, These correspond to the class of things called 

"noise" by control engineers. It should be note.d here that 

feedforward control is not feasible, since the available models 

of the process do not include dependence on pH, temperature, 

dissolved oxygen, etc. 

In this study, two particular cases were examined: (a) 

the response of the ~ystem ta step changes in pH, and (b) 

the behaviour of the system under stochastic disturbance (noise). 

( a) Response to step change in pH 

In run # 8-b the system was kept in a QSS in the vicinity 

of 6 g/l and at time 40 minutes a step change in pH of L 5 pH 

units was performed (from 5.1 ta 3.6). In arder ta have an 

"ideal" step change in pH, a few ml of Hel 4N were dropped 
1 

in the fermentor besides the performed step change in the set 

point of the pH controller. Cell concentration, as shown in 

Fig. (4-13), dropped·down very fast te 5.50 g/l in less than 
l 

20 minutes, dropping further to 5.34 g/1 in the next 20 minutes~ 

Although there was a large change in cell concentration, the 
---"'" 

system recovered in less than 2 hr due te control action. 

. 
1 
) 

• i 
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Apparently the step change in pH induced changes in the , 
environmental conditions of the.biological system. The effects 

of these changes ard' to be seen as inquced changes in the overall 

yield, inhibition or even'changes i~ the kinetic parameters. 

Despite all these possible changes the system recovered in terms 

of cell concent~ation, as'anticipated since a feedback controller 

is used. More specifically, the abrupt drop in cell concent+ation 

fOllowing the acid addition suggests that a percentage of-the 
i 

biomass was killed and decomposed,to such a degree that could not 

be identified by the cell concentration measurement technique 

used. This is clearly shown in Fig. (4-14) where the total 

biomass in the vessel is plotted versus time. A very simple 

model of the previous phenomeno~ can be based on death of a 

percentage of the cells 'present in the vessel,l Le. a displacement 

downward in x. The control response woald be sueh as to restere 

equilibrium. This particular simulation is shown in Fig. (4-13). , 
One should expéct higher discrepancy between the simulated and 

the actual recovery, as the decomposed cells are nutrient 

source for the remai,ning biomass [Ill. 

Finally, the fact that cells centinued te grow ~t pH 3.6 

is confirmed by other workers as weIl [121. 

(b) System behaviopr under stochastie disturbanees 
r 

) 

A control system in general is designed te give a satisfact6ry 

response te deterministic,upsets, with the implieit assumptien .. 
that if~t can adequately respond te these, it will adequately, 

"'---
respond te most steehastic disturbances enoountered iri practice. 

\ , 
, 
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Modern stochastic control theory suggests a completely different 

approach to controller design utilizing the properti~s of auto 

and partial correlation functions of the stochastic disturbances 

(3] . 

l 

An oPtimal.st~astic controller in general is designed in 

such a way that it minimizes the variance of the output. If 

such a control 1er is used, the auto and partial correlations 

of the output deviations (error) should be all zero after K 

lags (periods), where K is the periods of delay in the system. 

Using the data from run;. 2, the control system ~ed in this 

study was tested by cœparing its response to a minimum variance 

stoahastic controller. In run i 2, from the very 

beginning, the system was kept in a OSS in the vicinity of 

6 9/1 to examine whether the controller would drift off the set­

point ov~r a period of time. As shoWn in Fig4 (4-15), where x 

versus time is plotted, it did note The output deviations from 

the desired value, xD' in this run were obviously due te stochastic 

disturbances. The observed $catter in the data ra,ises the plausible 
,;1 

( question whether the scatter ia duè to the experimental error in 

the measured variable exclusively,.or not. The fac~ that the 

standard deyiation of the output ia 0.146, that ia 2. 7%, sli.ghtly' 

higher than the standar~ errer of measur~ which i8 '2-.21, 

sU9gests that the implemented controller was able to compensate 

~tochastic disturbances very welle 

J. 
f 
l 
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The above conclusion is supported more rigorously as follows: 

~~ " -Noting that 51 = kc (XD - x) + sl, the errpr can be calculated 

ERROR = 51 - SI 
k c 

(4-3) 

having in mind that saturation did not occur in this run. Th us , 

~iven She error~series the auto and p~rtial correlations were 

calculated and p1otted, as shown in Fig. (4-16). The fact that 

the correlations are nonzero only at 1ag K = l, suggests that 

.. 
" '. 

the controller behaves like a minimum variance stochastic controller, • 

taking also into consjd~ration that one period delay was i~tvo­

.( 

duced to the system by the ce·ll concentration measurement 

technique. Fùrthermox-e, the fact that the standard deviation 
, 

of the output series ls only s1igh~ly higher ~ the standard 

error of measurement supports the above, having in mi,nd that 

the standard deviation of the output ie equal te the standara 

error of measurement only in the case where all correlations 

a t lag5 K > 0 are zero. However, there are some doubts, since 
• 1 

the amount of data was not sufficiently large, although chi-

squ~re statistics were satisfactory. 

\ 

\ 

From the above analysis it f[ollows ,that i~ may not be 

possible to improve the controllèr performance by minimum variance 
~ 

control techniques •. 
( 

'., 
~ .~ 

;n Appendix D, listing of, the main program and the output 

. âJte available.' The .subroutines whic1). calculate the auto and 
~ .. ~ . , 
partial corr~~ationswith, the "relevant theorY can be fO~d in [3]. 
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An idea of how nonlinear a system is can be obtained from 

a fractional completion'versus time plot, where step changes 

of different magnitude are applied. The closer to linear behaviour 
b 

a sy5tèm is, the more the fractional comp1etion curves tend to 

coinoide. 

In run # l the system was in a QSS in the vicinity of , ~ 

5 g/l and at time z~ro, a step change in the desired cell 

concentration of 2 9/1 (xo = 7 g/l) was pe~formed. In Fig. (4-17) 

the transient respons:i of the syst~m is shown. 'Cell concentration 

,moved up ta 7 g/l in ~~proximately 5 hr, which is approximately 
~ 

double the time required by the system to move, up by 1 g/l. In 

,Fi!. (4-18) the fractional completion curves for run # l ( 6xo = 
2 g/l), run # 3 8XO = l g/l) and run # 6 ( 8XO = .40 gïl) 

are shown. It i5 seen that all three curves are quite apart 

indi~ating that the system is higqly non1inear. The fact that 

during all three transients no satur.ation in the contraller 
1'\ 

'occurred suggests that the nonlinear behaviour i5 due to the nature 

..... ,. of t~ess exclusively: 

T~is can also be·seen analytically: '" 

Since ,the speèific growth rate, ~, is constant throughout'the ~ 

tran.sient beca~se of the non-inte~active propertiei of the CQIitr'ol '. . 
system, .. substituting !J {equa'tiOl}' 2-21) and sl (equation.' 2-19)" into 

0&. ' , 

(11 - 0) X, it yields afte'r 'integration to: 
1 

" 
f 
~ 
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1 
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1 ,. 
xD - x 0 1 + kY 
x - x ) o , 

Letting tf be the time required to move :x from Xo to 

x
f 

= .978 x n (a standard error of measurernent away from the ta~et) , 

the fo11owing resu1ts, as shown in Table 4-II, are obtained f:t 
different starting points. Thus the non-linear nature of the process 

becomes app~rent. 

TABLE 4-I1 

** ,xo - Xo (g/l) J tf (hr) 
. 

.5 1.3 

1.0 ..- 2.6 

1.5 3.8 

2.0 5.0 

** é'alcul a ted at thE! nominal condi tions : () 

1 
II 

i 
, \ 

X o ... 7; y = 50%; k := .30 ; k
2 

... • 15; 0= 1.1 011: .100 

(\ 
4.2 SUBS~~TE CONCENTRATION TRANS lENTS 

\; 
m'6delled The b~ological process examine~ in: this work is as a 

two input two output system. This bein; the case, the closed loop 

,response of the system to both set point changes x
D 

and sD (or 

hetter 0 ) should be investigated. Step changes in the desired 
, < 

oell conc~ntratiOl~1 xD' ,Rave alr,eady b;er} considered in the previous 

seetrôns. T~erefor~~ step changes in ~ are left to he examined . 
. . 

" 

.j 

~ 
,~ '. 

.. 
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According to the ana1ysis presented in Chapter 2, step ~anges 
\ 

in cr should cause very fast substrate concentration transients 

whi1e cell concentration is kept constan~at the desired cell 
"-

concentration. Since the specifie growth rate ~ is a furction of 

substrate concentration, the changing levels in s should force the 

specific gro~th rate, ~, to move up or down to different..levels. 

This can be seen as changes in the slope on plots of ln X versus 

time. 

In run # 5, shown in Fig. (4-19) , s tarting wi th an initial . , 
ce11 concentration of 5.7 g/l the system was forced toC move to a 

• "" 
QSS in the vicinity of 6 g/l. The system reached QSS in one hour 

and it was kept there for two additional hours. At time 3.33 hr 

a step change in ~ from .190 hr- l to .130 hr -1 was performed. , 
As shown in Fig. (4-20), the step in 0 forced substrate concentra­

tion to a lower 1evel, corresponding to a smaller value in specific 

growth rate. At time 4.66 hr and thereafte~ step changes in 'a 

were performed every hour. The resulting changes in the specific 

. growth rate are shown in Fig. (4-20). 
; 

The actua1 uptake rate, 0, during the above step changes can 
,l­

I 

be estimated às ~/Y. The overa11 yie1d, Y, can be obtained as 

the slope of the regression 1ine on a plot of total biomass versus 

total glucose fed (Fig. 4-2~». Comparing a- and g, shawn in 

Table (4-II1), it is seen thatethey are in agreement. However, 
... 

the low yields and specifie growth rates that occurred,at 
" 
o = .130 cannot be explained. Contrary to this occurrence, 

.1 

• 1 
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one should expect higher yields at lower specifie growth rates 

where the glucose effect is diminished. 

The results from the previous experiment have shown that 

the control system was able to force substrate concentration to 

reach different levels. However, whether noninteraction was ,. 

achieved during these transients, i.e., whether cell concentration 

w~ kept constant while substrate concentration was changing, 

should be examin&d. 

As already discussed in Chapter 2, without the control 

system substrate concentration transients will indu ce very long 
, 

but small in ~gnitude cell concentration transients. Therefore, 

since the experimental error in cell concentration measurement 
r , 

is of the sarne qrder, large step changes in cr should be performed 

if interaction is to be seen. 
y 

In run # 4-b, shown in Fig. (4-22), starting at a OSS in 
....... 1 

the vicinity of 6 g/l at time 40 minutes, 

in cr was perfomed (from .185 hr- l te .370 

a large step change 
-1 hr ,i.e. a 100% step 

in C1 )". Cell concentration was definitely affected. Bowever, 
Q 

from' Fig. (4-23) it is ~een that thè specifie growth' rate 'after 
" 1 

the step in'a was practieally zero for approximately one hour. 

T~~~ means that during tha~r the microorganisms stopped 
> 1 0 

growing! i.e., the overall yield was approximately zero (Fig. , 
(4-24». At time 1. 66 llr the' cellS s'tarted growing again at a 

. . " (. 
hi<,iher specifie growth rate,' implieÇ!' by the higher o'. COmpari~g 

1 
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'l'ABLE (4-II-I) ~* 

J . } ---' \ 

II Y' a. 

.110 .57 .193 . 
. 

.030 .2~ .130 

'" .112 
\) 

.61 .183 

[Y- .032 .26
v 

.123 

.132 .5B .227 

1 TABLE (4-IV) ** 

- . 
II Y cr 

:127 .63 .202 

.179 .49 . 365l --; . 
~ 

** All parametèrs exclud1ng Y in br-le 
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A . 
cr \ 

. 
. 190 

If 

.130 

.190 

.130 

.288 

A 

cr 

.185 

, 

.370 , 
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cr and 0, shown in Table (4-IV)" it is seen that the actual uptake 

rate before the step is overestimated while it is in ,sat~sfaetory 

agrêement f?llowing the step. 

9tunrnarizing, the large ~tep change in 0 produced changes in 

the overall yield which may be considered an imposed disturbance 

on the eontrolled system. Therefore, the response of the 

system may be eonsidered as the re~ponse ~o a simultaneous step' 
A 

change in a and an imposed disturbance. Ttiis particul~r response 

is simulated and 'shown in Fig. (4-22). 

The previous effect d~ sudden changes in substrate 

concentration on cell growth has been confirrned in similar 

biologieal systems. It is found experimentally that shift 

experiments from one steady state to another in chemostat cultures 

cannot be deseribed by the Monod equation. An empirieal delay 

relation has been proposed to de scribe the response of cell 

growth to rapid changes [10). Inhibition in cell growth may 

in addition oceur as a result of cell age distribution and rapid 
G 

changes in pH, tez:operature or dissol ved o~gen [10]. 
J7 

'1 
4.3 PARAMETER ESTIMATION 

As already shown, the specifie growth rate is given by the 

slope of the regression line that fits· the data on pl.ots of ln X 
r 

versus tirne. Similarly, the ov~rall yield, Y, is estimated 

as the slope on plots of total biomass, X, versus total glucose 

n 
• • fed, S. 

• 

• 

'. 
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Given the estimates of ~ and Y, the act~al specifie uptake 

rate, a, is calculated as ~/Y. This a is to be compared with 0, , ~ 

A " 

the desired u:ij't~e rate. In Table (4-V) ~, ~, 0" a and Y are 
" tabulated for all ru~ whe;re a was kept constant. Y is tne 

assumed overalf yield needed for the estimation Qf sl, the substrate 

concentration in' the feed a t the QSS. The plots used for the 

est,j,:mation of ~ and Y are available in Appendix 1 E. ~ 

"" It is seen'fram Table (4-V) that a and cr match satisfactorily, 
", A 

having ~n mind that a small difference between a and cr sh~uld occur 
A 

ç' as in the estimation of SI the 'assumed overall yield, Y, is ,. 

lb 

different from the actual yield, Y. This is due to the fact 

that substrate control is not based on a'd~rect measurement of 
, ~ 

substrate concentration and therefore errors in the process model 

will t~anslate into response errors in the controlled system. 

, 
Parameter estimation of runs # 4-b and # 5, where step changes 

in a were performed, has b~en considered in previous sections. The 

remaining run # 6, discussed in detail in th\ fOllowing section, 

is considered here. 

The values of ~ , Y and cr estimated after each step change 
A A 

in the desired uptake rate, together with a and Y are tabulated 

in Table (4-VI). The overall yield, Y, in this run was practically 

constant at bath high and low specifie uptake rates, while in run 

# 5, which was similar to run i 6, very low fields occurred at low 
, 

specifie uptake rates. It is also seen tha t cr and cr match 

satit:dtorilY in this runtils weIl. 

-

" r 

. .. , 

,)1. 
'~1 

~ 

" 
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TABLE (4-V) ** 

Run # lJ Y 0' 

l .0835+.0!l1 .56+.005 .149+.002 
" , -

2 .1036+.002 .61+.012 .170+.005 -' -
, 

3 .1008+.001 .56+.008 • ;L80~. 00'3 

7 .0953+.005 .49+.023 .194+.014 -
8-a .1085+.004 .57+.018 .190:!:.. OO~ , -

-, 

c 
TABLE (4-V1) ** 

• ,.. 
'" l.I Y a 0' . . 

.107+.002 .55+.010 - .194+.005 .190 

. 
~ 

.071+.008 .55+.010 .129+.008 .130 
, , 

0 

-
.101+.004 .55+.010" .184+.006 .190 -

1 
.073+.007 . 55:!:. q1r .133+.008 .130 -

ri" , 

.154+.004 .69+.008 .223+.005 :228 

• 
(" 

... 

1 
r - -
'i 
l 

.-

r 
( t 

1 
--'" 

** All parameters exélùdin~ y in hr-1 

\ 

- . 

" 
0' 

.156 

.176 

.185 ' 

.185 

.185 

" 'y 

1 

.54 

" 
Y 

.63 

.565 
. 

.54 

.54 

.55 

" 
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4.4 SUBSTRATE CONCENTRATION DATA 1 
1 , 
1 1 • 

As al.ready mentioned, difficulties were eri'countered in obtaining J' 
1 

reliable substrate concentration measurements. A detai~ i 
descriptiq~ of the problem ift presented ip this section. \ 

The.colormettic analys~s used ta measure ~ubstrate conoentration,-j 

as explained in Âppendix A, requires biomass. free solution. Therefore '~ i ,. 
all samples taken from the fermentor shoulgbe filtered. The total. ~ 

" 
time r~quired to remove the cells from ~e moment the sample is taken ... 

i s approximate1y 50 to 60 seconds. DUrinv this time the ce'lls 
// l, 

are grOwin~,on 9luco~e, drOPPin1: significantly the level of glucose 

concentration in the sample. 

/ 

1 
/ 

J 

A quantitative expr~ssion of the introduced error versus 

fil tering 

governing 

<'r-

time/f~- obtained, 
( 

- 1 

equa"tions: ~ ___ _ 

dx • ....... 
ct = \lX 

ds dt =--crx , 

f 

integrating simul taneously the 

(4-5 ) 

(4-6 ) 

In Table (4-VII), the results from the above inte9ration are 
-

shown at the nom;i.nal condition: x = 7 g/l, s = .080 9/1, 

-1 ' Y = .50, kl = .30 hr and k2 '= .15 g/l. It is seen that after 

60 seconds substrate concentration is underestimated by 35%. AS 
, , 

ce1I concentration xemains practically constant, numerical 

J" integration can be avoided by elimination of equ'ation (4-5r. 

,{. .' 



'simple correction formula.is obtained: 

s = s . m 
+ xAt 

y 

/ 
k "5 

1 m 
k.. + S 

,,r. lP • 
(4-7) 

In Table (4-VII) th~ predicted error from the above formula 

versus time is shaWn as well. 
1 

1 

The above ~onsiderations were experimenta11y verified. 

In run * 6, shown in
6 

Fig'. .('4-25) / the system was foroed to a OSS 
,. 

in the vicinity of 5.5 g/l and thereaft~r step changes in cr 

were performed every 1.33 hours. In Fig. (4-26) the glucose 
....... 
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(4-VII) 
: 

TABLE , 
i 
i . 1 

, l 
1 . 6t (sec) Error in s (mg/1) .~ Predicted er or in s i ~ from equatio (4-7) . , , 

(mg/1) ;i , 

, . ., 
-

0\' 0 o ~ i i 
2.6 2.6 ~ 5, ~t 

\ 
. II 

,,~ 
10 '~ 0 . 

'5.1 . 5.0' ~ , . .. , 

7.6/ 
• 

f 
15 \ 

7.3 1 
, 

~. 

r 
1 " 20 10.0 9.6 , . 
~ . 

( . 
25 12.4 11. 7 

30 14.8 13.8 
, 

1 " ..."v 
35 l 17.1 15.8 

(' . 40 19.3 18.0 1 . , 
~ 45 21.5 19.6 , 

50 23.6 21.1. 
, . 

55 , 25.7 
.. .f' 22.7 

\ , , 
60 27.7 '24.1 11 ~ 

1 1 

.. , 

.' 

.... 
" 

l' " 
f 

! 

1 
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, 
concentration measurements are shown which were obtained with an 

average filtering time of 60 seconds. As anticipated, JOOS~ of the 
li .. 

meas\lrements are underestimated assuming that the performed 

simulation, with the nominal parameter values (kl = .30 and k2 = .15) , 

represents closely the true levels' of "substrate concentration • 
. 

In the same figure ,the corrected concentration measurements 
. ~ 

are shown as weIl, which match the predicted levels wi thin two ,> 

times-the standard error of measurement [13]. 

The existing discrepancies at times S.66 and (6.00 hours 

may be explained by the way, in which the implémented control 
'j 

system functions. Whenever inhibition in c~ll growth occurs 
~ 

substrate should accumulate in the'vessel rather than stay at a 
-

constant concentration since the control system, ignoring inhibition, 

keeps on feeding substratr into the fermeptor. Therefore, ~he 
. . 

observed discrepancies ma~.be considered aoresuit of 9Cç?rred 

,inhibition, probabtY due. to cell age àistri;l)ution. • It appears 

t'" 
1 

.. \ 

f.., 

that substrate concentr'atfon mi'ght be in a trilUisient, dt:opping 

towards the level measured at times 3.00 a~d 3.13 hours. . , .. 
, , 

-.' , 
In Fig. -(4-27) and (4-281 glucose concentration measuremen·ts 

are sh,own from runs- # 8-a 'and # 9 respectively, where the overall 

filter~ng time wa~ reduced to less 'th~ 5 seconds. It is seen 
J 

, 
that measur~d and predicted concentr~tion levels match 

. " From the·previous ~alysis and the fact' that the 

satisfactorilY: i 
amount of 1 

'I~ 1 

reliapl'e: substrate concent.ration data is limited, it i5 seen why 
" .... . " 

, ,~< 
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non-interaction and substrate concentration transients were shown 

indirectly by use of cell concentration data only. 

Furthermore, the kinetic parameters k1 and k2 in Monod 

equation could not be reliably estimated. A large amount of 

~ data is required because the stru~ture of the Monod\equation is 

such that small errors in s will translate into large errors 

in the e(stimat~s of kl and k2 . This is illustrated with a 

particular exarnple shown in Table (4-VIII). 

TABLE V-III 

).J s k
l 

k
2 

(.l~ , .144) (.086, .150) .278 .139 

(.106, .144 ) ( .090, .150) .312 .175 

An error of 4% in s produces errors of 12% and 25% in the estimates 

of k1 and k2 respectively. t 

in conclusion, further work ls needed in this area to 

directly eval,9àte the substrate response of the control system. 
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CHAPTER 5: CONC~USIONS AN~ RECOMMENDATIONS 
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5.1 CONCLUSIONS 

~ (a) Ce<ll concentration 

The implemented con~ system was able to reduce cell 

concentration transient response from approximately 25 hours 

to 2.5 hours, that is by a factor of 10. In addition, the 

required volume expansion is very small, making possible the 

observation of different QSS's in a single run. 

Due to the non-interactive control properties of the control 

system cell concentration transients did not induce 

transients in substrate concentration even when the control 

outputs reached physical limits. 

The control system was able to compensate for different kinds 

of disturbances which would drive cell concentration away from 
W't • 

the desired value. 
o 

The highly nonlinear nature of the process was experimentally 

confirmed. More specifically, the total time required 

for the completion of a transient was found to be proportional 

~o the magnitude ~f the step in xD performed. 

(b) Substrate concentration 

The control system was able ta move substrate concentration 

to different levels, forcing the cells to grow at _ 

s pec if ied cons tan t growth rli tes. \ .... 

There are indications that non-interaction was preserved 

when small steps ~trate uptake rate were performed, 

i 
1 
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however, for large steps interaction did occur. An 

empirical delay rela~ion may be used ta describe the 

response of cell growth ta rapid changes in substrate 

concentration. 

(c) Yield 

Overall yields of 50 to 60% were obtained in all runs, even 

at high substrate uptake rates or lower pH. 

5.2 RECOMMENDATIONS FOR FURTHER WORK 

(a) Control system 

To improve the efficiency of the control system a continuous 

cell concentration measurement technique should be used. 

This way output oscillations about the desired value 

will be eliminated since the continuousversion of the 

controller may be used without any delay mthe-~eedback 

path, besides the noise reduction which will result in a 

tighter control. The use of spectrophotometer or turbidmeter 

with the possibility of on line calibration may be considered. 

Having established a reliable substrate -concentration , 

measurement, it i5 recommended that the substrate response 

of the control system be exarnined in detail. , . 
~ 

(b) Biological system 

Since the economics of yeast production depend heavily upon 

the overall yield coefficient, it is of primary importance 

to the industry to examine how the .overall yield depends on 

\ 
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substr.:1t; concentration, D.O., temperature and pH. This 

can be done performing a set of experiments where the 

response of the system is observed to step changes in each 

one at the above parameters while aIl the rest are kept 

constant. 

• Further, collecting sufficient substrate concentration data, 

the kinetic parameters k l and k2 can be esti~ted very 

reliably sinee the control system can hold the specifie 

growth rate, ~, constant-at any qesired level. 

Finally, the indication, of lag phase in the, grÇ>wth rate 
b' 

may be investigated performing targe steps in the substrate 

uptake ra te, o. 

' .. 
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/. j 
APPENDIX A: FURTHER ASP.ECTS OF IMPLEMENTATION 

EXPERIMENTAL APPARATUS 

A.l.l THE FERMENTOR 

A New Brunswick Scientific Comp~y (New Brunswick, R.J.), 
t$ 

laboratory fermentor with a 14 liter total capacity Pyrex glass 
, 

vessel was used throughout this study, Fig. (A-l). The ves~l 

has an internaI diameter of 21 cm and stands 45.7 cm ~igh. 

The medium in the fermenter was agitated by two, four bladed" 
\ 

." 

" 

0 

Z ," .. , :, 
,t 
'.f 
t 
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~ 
, ~ 

~ 
l 
\ 
li 
"* 'li ,. , 
4 n 
, ~1: 

}';' 

, 
". } 
'.' 
~< 

~ 
~ , 

v 
Ir 

tubbine impellers, each 12 cm in diameter. The impellers were driven ~ 

by a 1/3 HP Ball Bearing motor capable of speeds between 100 

... and 950 rpm. -
~ere are four hollow baffle~ to break up the flow pattern 

of the broth. Each is 0.5 cm thick and 2.3 cm wide. 

The temperature in the ferme«tor was conttolled qy circulating 

alternately either hot or cold water through two of the hollow 

baffles. A thermistor was used to sense the temperature in the 

vessel. When coo.ling was needed, cold .tap water was allowed to " 

flow through the baffles. The heating portion of the cycle 

involved shutting off the inlet tap water and then allowing the 

water to circulate internally through a heater. Temperature, 

• variations in the fermentor when controlled were within 1.3°C. 

The third baffle acted as piping for air to the simple orifice 

sparger (2.5.~)nwhich was located directly beneath the impeller 

-. 
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shaft. The air flow was monitored either by a calibrated flow­

"lneter witrh' a range of 0 to, 16 l/min for 'air at 23°C and' 
Ol 

atmospheric pressure, or by a pressure gaugj' A gla&swoo1 filter 

was inserted in the air 1ine te steri1ize the entering air. 
Ir-

\ 

Effluent gas i5 pa'ssed through a sma11, water-cooled condenser, 

to minimi~e liqui1 10ss and evaporat~on of the culture medium. Since 

1iquid 10ss was still higp, at air flow about 16 l/min, agitation 

500 rpm and 1iquid.volume in the vessel higher than 7 l, the device 

shown in Fig: (A-2) was connected to the output of'the condenser, 

utili~ing a very low speed peristaltic pump, which pumped back 

the renoved droplets to the fermentor. 

A.l.2 DISSOLVED OXYGEN ANALYZER 

A Dissolved Oxygen Analyzer, ~odel DQ-40, manufactured by 

the New Brunswick Sc. Co., N.J. was used. The nodel DQ-40 incorp­

orates a direct-reading dissolved oxygen indicator to provide a 

continuous concentration measurement in solution of oxygen 

partial press~re in percent of oxygene Probe standardization and 

zero adjustment is achieved by potentiomentric calibration . 
• 

A. 1. 3. pH METER 

Orion'~ 407A Specific Ion Meter combined with an Ingold 

'combination electrode (I~strumentation Laboratories, Lexington, 

Mass.) was used to provide a continuous measurement of pH. 

• 

" '. " 
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~hernatic diagrarn of the device used to pump back.the removed, 
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A.l.4 SPECTROPHOTOMETER 

A Bausch and Lomb Spectronic 70 spectrophotometer (RO€hester, 

N.Y.) with a 325-925 n.m wave length range was used,for the glucose 

conoentrati~measurement . 
. , ',ri" 

'."1' - , J 
A.l.'5 MINI.COMPUTER~' 

The Interdata 7/16 minicomputer with 16,000 8 bit bytes of 

core memory, clock, serial communications' adàp~ers, teletype 
v 

and data acquisition interface based on serial communications, 

wa~ used in this work. 

_ A. 2 MATERIAL 

A. 2 • l ORGANISM 

1 

(~ ~ cormnez:cial strain of Saccharomyces cerevisiae (baker' s 

('" ' 

yeast) was used in this study. Compressed yeast from Lallemand 

corporation was used for innocculation. \ 

A.2.2 GROWTH CONDITION AND MEDIUM COMPOSITION 

The g;rowth medium contained ,per 20 9 glucosè: 2."15 g, 
j 

(NH2 )2CO;' 1.60,g KH 2P04 ; 19 (NH4)2S04; 1.2' g_Mgs~4.7H'20; 0 •. 2 9 
J -

CaC12; 10 ml of mineral solution, and· 10 ml of vitamin solution. 

The stock vitamim,solution contained, per ,liter: 5 9 adeninei 

'2 g.' DL-me thionihe ; 2 9 m- inos i tol ; 
'f} 

Ca-pantothena~e; 0.2 9 pyridoxine; 

biotïn.; 

" 

0.8 g, thiamine HCl i 0.4 9 
" -

0.2 9 linstidine and 0.002 9 

.... , 

" 

'-, 

,:1 

... : 

.. . ' 
, , . . 
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/ 

T}:1e stock mineral solution contai~e~ per liter: 0.08 .g 

9 Na2MoO 4-' H2 0; 

ZnS0 4 ,7H20i 2 mg CuS0
4

.5H
2

0 and 2 mg 
. , 

, 
COSo'4~)'­

/ 

,/ . 

, 

4 mg 

Ib3 

The concentrated solution contained 150 9 glucose per liter 
, 

plus the eq~ivalent quantities of the inorganic me~ia except the 

minerals. The ~quivalent quantities of miner~ls,and vitamins 
, 

were added to the initial 5 l volume in,the fermentor. 

The fermentor with the initial 5 liters broth (water plus -

mineràls) 'wa~ ste~ilized by he~ting wi~ steam àt 120°C 'and 15 

psia for 20 minutes. After the fermentor had cooled, filter-

sterilized vitamin solution was added under aseptic conditions. 

,. 

The medià in the concentrated feed solutions were sterilized 

separately and mixed when cool. Sufficient amount of 'tap water was 

sterilized in a 4-liter bot.tle, te be used as the di~uting stream. 

~, 

Th~ rotation !?peed of the ;impeller' and 'the- tempèrature of 

cultivation were kept a~ 500 rpm and 30°C, respectively. The 
1 

dissolved oxygen was c~ntrolled manually adjusting the air flow, 
, , . 

so that 0.0. stayed above 50%, where 100% was calibrated at 7.5 mg 
. , 02 per'liter. 2F KOH base and lF H3P04 acid solutions were used , 

by the pH controller~~o keep pH a~,the desired l~vel, 5.1 + .1 for 

all rU?s unless otherwi~e ,specif~ed. 
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A.3 ANALYTI CAL 4tfiHNIQUES 

A.3.1 CELL CONCEN TION MEASUREMENT 

Samples were ta en every ,20 minutes during the entire course 
.. 

of fermentation to measure cell concentration. The dry cell 

.. weight was meaSured by filtering th&e 20 ml s~p~e throu~-~ 

Milipore filter (pore size: 0.65 ~m) and drying the Cak~in a 

, p;reweighed aluminum dish for 40 minutes at 110°C. 

In order to minimize the delay, a first reading.was taken 

after 20 minutes of drying time~ This first estimate of cell 
4,.. 

concentration, which was overestimated from 0 to 3~, was fed 

back to the computer while the seco~d reading after 40 minutes 

&rying time, was lbgged as the true cell concentr~tion. 

" , 

i 

F~fteen sarnples were taken and analyzed at the end of run # 8-a -1 

~O'obtrin an estimate of the precisio~ in cell concentration 

- measu:rl:~,ment. Analyzing'~the ,result s , a stan.dar~ deviation of 0.14 g/l 

,was c~t~~ated at an aver~ge cell concent~ation of 6.30 g/l. 

Thus, an estimate of the standard error of measurement ia 2.2% •. 

• It is noted that a1tnough the samples were dried for 40 minutes 

only, no additional error was introduced tO the measurement. 
\ ' " 

In Fig. (A-3) the cel1 concentration of 4 different samples versus 

drying time is shown. It is seen that after 40 minutes, all the 

non-chemically bound water is removed. 

A.3:2 GLUéOSE ÇONCENTRATION MEAsuREMENT 

In several runs additional aamples were taken to measûre the 
'I!;. , , 

limîting substrate concentration in the fermentor. 

-. o' 
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An enzymatic analysis was used, utilizing phosphorylation 

glucose by hexokinase (HK) and ATP, followed by oxidizab~on by 

glucose-6-phosphate dehydrogenase (G-6-PDH) with concomitant 

reduction of NAD+ to NADH. The total amount of NADH formed, 
1 

a direct measure of glucose concentration, was measured s 

photometrically at 340 mm. 

The standard error of measurement in the range of glucose 

concentration measured in this work i6 4% [13]. 

The detailed procedure is as follows: 

Reconstitute reagent: Glucose HK 25-test vial add 

80.0 ml distilled water. Sw!rl gently te dissolve. 
~ 

Zero measurement with 0.9% sodium chloride solution 

(physiological saline). 

Add 20 ~l of sample te 3.0 ml 0.9% sodium chloride. 

Read and record sample blank absorbance (~) at 340 nm. 

Add 3.0 ml of reconstituted reagent to a cuvette . 
. 

Read and record initial absorbance (Ar) 0t reâgent at 
1 

340 nm. 

Add 20 ~l of sample te reagent and mix gent1y. 

Wait 3 minutes, read and record final absorba~ce (A
F

) at 

340 nm. 

Calculate glucose concentration from: 

s(mg/l) = (~ - AI - Aa> x 4,370 

(cuvette with a light path of l Qm should he used.1 
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LIST OF THE PERFORMED EXPERIMENTS 
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LIST OF THE PERFORMED RtJNS 

- "-

Run • Main Characterist.j.c Operational Conditions 

A -1 1 Large positive step Xo z 5.BO g/1, 0 :: 0.156 hr 
change in xD sr =11. 07 g/l, lOt 7 g/l (t> 0) Xo -

A A -1 2 Xg and 0 were kept Xo .. 5.81 g/l,o .. 0.176 hr 
c nstant te check 
whether the controller 
dr~fts off 51 .. 10.69 g/1,xo ... 6 9/1 

, 

~ 
~ 

0.185 hr- 1 3 Subsequent step Xc "" 5.34 g/l, o '" 
changes ~n xD 11.18 9/1, 6 9/1 , 0<t<4 -SYe 13.03 9/1 , X .. 7 9/1 , 4<t<8 

D -
14.88 9/1 , B g/l, 8<t -

. 
4-b 'Large A s tep change Xo '" 5.82,9/1 , X "" 6 9/1 

~ 0 -1 :Ln 0 
A 10 . 185 hr ( sy ... 10.98 9/1, o '" , -1 0.370 hr , 

5 Subsequent step X
o '" 5.68 g/l,sr == 10.98 g/l 

changes in 8 -1 0.190 hr , 
~ 

hr-1 , xD 
=: 6 9/1, 0 .. 0.130 

-1 0.190 hr , 

0.130 -1 hr , 
-1 0.228 hr , , 

6 Subsequent step Xo ... 5.13 g/l, sr .. 10.07 9/1 
changes in 6 0.190 hr-1 , 

-\ 

f , 

~l' . 

" -1 
xt> '" 5.5 g/1, o oc: 0.130 br, 

hr-1 , 0.190 
hr-1 0.130 , 

-1 , 0.228 hr , 

r 
~ , 

108 

. 

0<t<0.66 -
0.66<t -

0<t<3.33 -
3.33<t<4.66 -
4.66<t<5.66 -
5.66<t<6.66 
, -
6.66<t -

0<t<2 -
'2<t<3.33 -
3. 33<t<4:66 -
4.66<t<6 -
6<t -

," 

" 

, 
, t 



, 

t 

1 

! 

r 
/ 

Run • 
. 

7 

8-a 

8-b 

, 
9 

. 

Main Characteristic 

Negatl. ve step change 
in x

D 

0 

Negative step change 
in x

D 

S tep change in pH 
(disturbance 
response) 

Uncontrolled run 

• 

109 
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Operational Conditions 

xa = 6.80 g/l, SI OR 10.98 9/1 

"- -1 cr = 0.185 hr , xD 
1::: 6 g/1 (t.,::O) 

Xo 0:: 7.26 g/1, sr., 10.98 g/l 

" -1 cr ... 0.lB5 hr , x .. 6 g/l ( t>O) 
D 

Xc .. 6.02 g/t, sr .. 10.98 g/l 

" t -1 
cr .. 0.185 hr , xD 

., 6 g/l, 

_1 5
.
1 O<t< .86 

pH 1 

3.6 .66<t 
-' 

Xo "" 5.42 g/1, SI. 14.07 g/1 

D .. 0.100 hr-1 
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APPENDIX C 

- tabulation of PROOON loops 

listing of PROCON loops 

- typical output 

detail diagram of PROCON 

loop structure 
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Loop 4 

1 

2 

3 

5 

6 

7 

8 

9 

10 

11 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

TABLE C-I: TABULATION OF PROCON LOOPS 

Task 

Enter zero. 

Pick up computer poll ·time (in seconds) 

Convert poll time to minutes 

Enter pH-filter tau 

Enter flowrate of pump-A when ON 

Enter flowrate of pump-B when ON 

Enter flowrate of pump-AC when ON 

Enter flowrate of pump-BA when ON 

• Multiply by 100 
between current 
previous cycle 

the absolute difference 
x and the one of the 

Set output := l when the output at loop 
10 is greater than zero, else set output := 0 

Pick up from input channel 7 the pH 
measurement in mV 

Convert pH mea~urement from mV to pH units 

Filter the pH measurement 

Enter the initial volume 

Calculate the total volume 

Enter x to the computer using the set-point 
command 

Enter sl 

Enter cr 

Enter SD 

Enter X D 

Enter SA 

111 

Label 

Zero 

Poll-S 

Poll-M 

pH-Tau 

K-FA 

K-FB 

K-ACID 

K-BASE 

SAMP-T 

V-SAMP 

pH - mV ~ 

pH-tALC 

pH FILT
1 

V-INIT 

TOTVOL 

X-DATA 

so 

kc 

CONS RA 

SD 

xD 

SA 

.ii 
·4 





> 

1 , 
, 

! 
\ 
1 

1 
~ 

( 

( 

( 

LOOP i Task 

79,80,81 Flow control1er for pump BA 

82 Calculate the total gr~ of sugar fed 

83 Keep x of the previous cycle 

90 Log periodical1y loops, 16,17,53,54,38,.39, 
82,19,83 

91 Log on demand 100ps 21,22,23,24,25,26 

92 Log periodical1y (every poil cycle) loops 
15,16,17 (used for pH calibration eurve) 

99 If set point is set equal to zero reset all 
accumu1ators 

" 

4' 
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Label 

GR-SUG 

x-CONe 

SWITCH 

i, 

" 

.p 
" 

.~,.,J 
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LISTI NG OF PROCON LOOPS i 
,( 

< 

l 
<\ 

,\ 

• ~ , 
(. 

~EADY 1 L.L '~; 

1 2 3 S 6 7 8 9 1 0 
, 
, 

13 15 16 17, 18 19 20 21 22 
23 24 25 26 27 28 29 30 31 .J 
32 33 34 3S 38 39 40 41 50 .' 

SI 52 S3 74 70 7 1 72 73 74 
i 

15 76 77 ,78 79 80 81 82 89 '''c 
,~~ 

" 
" 

90 91 92 9~ 
\ 

'Or· 

• : 
~EADY : LII 
ME1HOD 5 
MOOI-+ 0.000 
LIM CC 0 
FORMAi 1 0 2 
LABEl. ZERO 
• 
'READY : LI2 

~ MEiHOD 6 
( FRCM 2 5198 0 

LIM CC 0 
/ 

FtmMAi 1 0 2 
LABEl. ~ OLl.- 5 
• 
~EADY : LI 3 , 
ME'T'HOD 5 
MOO3=+M002/ 60.000 
LIM CC 0 
FORMAi 10 '5 
LABEl. ~m..L./M 

~ 

'READY :LlS 
METHOO 5 
MO 05"+ 1 .000 
LIM CC 0 
F' ORMAT 10 2 
LABEL. ~H-TAU 

• 
'READY :L16 ,~ 
METHOD 5 ~ 

1"1006-+ 3-.932 
LKM CC 0 
F~MAT 1 0 3 

('; LABEL. K-FA 
• 

1 

1 
-

t '", 

. 1 
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j 

" 'C i 
1 
~ . 
! 

, 1 
" · .- i 

~EADy :1..17 ·1 
( 

METHOD 5 j 
MO lT7 -. 24 .960 l' 
1.1M cc 0 

.", , 
; 

r~MAT 1 0 :3 " " .~ 

1..ABEl.. K-PB \)' 

• ,~ 
'DEADY ,1..1 B , ' 1 
ME'I'H OD 5 "- .~ 

MOOS-+ 2.535 . ~ 
l..IM CC 0 J 
F.aRMAT 1 0 3 
L.ABEl- K-ACID " l, 
tt .. 
~EADY :1.19 
MEiH DO 5 
MOO9 a + 2.585 
1..1M CC 0 . " 
F~MAT 1 t 3 

(- LABEL K-BASE 
* 
'DEAD'Y : 1.1 10 
METH CD 5 
MD 1 D-=+S020-MOB3" 1 00.000 
LIM CC 0 
r "QfPMAT 1 0 ~ , L.ABEl- SAMP-T 
• 
~EADY ;LI Il 
~HCO 1.0 
~TATUS 1 1 0 
0,.1. Rf' 5 0 
LO«»S 1 l 0 
BA 'NO 0.001 

0' 

l.IM CC a ." 
,J 

F~MAT 1 0 0 ~f 
l..ABEl- V-SAMP (fi ,"" 

~~ 

• \" ) 
;',\, 

-:4r 
,,-i. 
<l 

.. 

( 

, . 



/ 

" __ ", t 

(' 

" . 
l 

1 Î 

. " 

• 
~EADY :1.115 

-MEiFlOO 
~OM 
1.1M CC 
F~MAi 

1..A!3!l. 

• 

'6 
15 
o 

1 0 
J"M-MV 

il 

~EADY :1.I16 
METHOe 
MO 16 c +11'1 0 1 5 l' 
1.1M CC 

5 
160.699+ 

o 
FO~MAi 
l.ABEL 
* 

1 0 
PH-CAL 

~tADY ;L117 
ME"rHOD 5 

7 

2. 

7.419 

2 

MO 17 -+11'10 lb-MO 17*M003/M005+MO 17 
1 

LIM CC . 0 
F~MAi 10 2 
l.ABEL PHFILT 
* 4 

'READY : 1.1 1 e 
ME'rHOD 
M016a+ 
LIM CC 
FOFtMAi 
LABEL 

5 
1.000-5099*5000.0 

* 

o 
1 0 

V-INIT 

~EADY :L119 
METHOD S 

2 

... 

116 

MO 19=-11'1011· 
1.IM CC 
FORMAi 
L.ABEl.. " 

25.000 /MO b 3+M 07 2-+:MD7 S+MO' 8+M061*MO 03+MO 19* 5099+M 01 € 
o 

• 

Hl 
T QiVOL. 

~~DY :1.120 
~E-rHŒ) . 
S1'ATUS 

2 

o o 
C~L ~ 

'ft 1. OPS 

1 
1 

70 
1 

1 .'00 0 
o 

10 
X-DATA 

GA~NS 

1.1~ CC 
F~MAi 
LABEl.. 

* 

2 

.. 

1 ' 
,/ 

" '!,~;, 
.' 1;'\1 
,-

;----

~!( 
.;~t 
lX 
-> 
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~ : 
i 
! 
f , 
, 

; • 

-C. 
, î 

\ ., 
~EADY :1..121 
MEiHOD 5 
M021-"+ 14.(~68 ...,. 
1..11'1 CC 0 
F~MA'" 1 0 3 " 
1..ABEl.. 50 ., 

\ 
~EADY :1..122 
ME'!'HOD 5 
M022-+ 25.000 

~ 1..11'1 CC 0 
,. 

F~MAT 1 0 2 \ 
<$ 

L.ABEL. KC " ,) ., 
, 

QEADY ;1..123 
ME"!'HOD 5 
M023-+ 0.200 

""-
1..11'1 CC 0 
F()1:JMA'f 10 3 
L.ABEl. C CIIl5RA ., 

(- QEADY :1..124 
METHOD 5 
J'1024-+ 0.068 
1..1-M CC- 0 
FORMAT 1·0 3 
LABEl. 50 ., 
REAoY :1..125 
METHID 5 
H02S-+ 7 .00 D 1 

L.IM CC 0 j 
F~MAT r; 10 2 

ï 
} 

LABEl.. Xo ~1 
,~ ., ;>1-

'PEADY :1..126 ~ 
METHOD , 5 ;f 

} M026-+ 150.000 .:1' , 
1 1..11'1 CC, 0 

,'l. 

f 
F~MAT 10 2 .1 
L.ABEl.. SA 

> .. 
1 

~ 
~ 

f (' , ) 

• l ,,~ 

------------_.---'.~---.!-.~~-~----~--
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C. 
* 
~EADY : 1..127 
METHOD .S 
M027-+M02S-S020*M022+M021 

l ' 
1..1M CC 0 
FO'F>MAT 10 2 
l..ABEL . SJ-CQJ' . 

J" • 
READY :1..128 
ME'THOD S ./ 

M02S-+M 026*MO 06/M023/S02 OlMO 19· 60.000- 1.ot10 
l..IM CC 0 
r ~MAT 1 0 S 
L.At3El. PROOFA -l * 
'QEADY : 1.129 

"~t 

METli.OD . S 
~ 

M029-+MO 07 *M0261M023/SD2 0 tMO 19· 60.000+ 1. OD {) , 

1..IM CC '0 
, 
i 
; 

FOPMAT 1 0 5 
l..ABEl.. 

, 
l'ROOFS 

• 
( READY :1.130 

METHCD 5 
'. M030-+MO 06 +MO SI +MO 52 \ 

1.1M CC 

J~. 
0 

; 
l 

FORMAT 1 0 3 
, 
1 

~ l..ABEL FAM+FN " 1 

* \ 

'PEADY : 1..131 l METHOO 0 5 $ 
M031.+M02~IM02S+M92~>M027 ;~ 

1.1M CC ,0 i 
F01:tMAT 10 3 

'!l~ 1 

1~ ~ l..ASEl. SlM1 NA 
• J 'QEADY :1.132 
METHOO 5 

i M032-+M029- 1.00D·M02~+M026IH02~>H031 ... 1 . , 
1 

1..1M CC 0 ! \ ~ . ~ . FORMAT 1 0 3 J , , l..ABEL Sl+!I NB 
* \ 

1 

1 

~ ; ,-/~.,J --

() " 
, 

Il u' 
~ -' 

., 

~ 
,',. 

. 1 ... 
1 
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t Cl 

(' 

* 
~EAD'Y :L133 
METHOD 5 
M033-+M026*MOO6/M030<M032 
l.IM CC . ,0 

~~-r 10 2 
SlMAX 

* 
READ'Y :L134 
ME'rHOD 5 
M034"+M 033-M024 
l.IM CC 0 
FO'PMAi 10 2 
l..ABEL 51-5D 
* 
'PtAD'Y :1.135 
ME:iHOD 5 
M03S·+M026~M033 

~. LIM Ct: 0 
FORMAi 10 2 
l..ABEl. SA-51 
* 
~tAoY :1.138 
ME:iHOD 5 
M03S"+M023+S020*M019/M026*M033/M0341 
l.lH CC 0 

'F' O'RMAi 1 0 3 
LABEL FEED-A 
* 
~EADY 'L139 
METHOD 5 
M039-+M035/M033*M038 r 

LIM cc 0 
FORMAi 1 0 ) 3 

9 

LABEL FEED-B 
* dl 
'REAoY l,LI 40 
METHOO 5 
M040-+M021/M026*M0191 60o.boo 
LlH CC 0 il-

FORMAi 1 0 3 
l..ABEL FA. 
* 

\. 

" 
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60.000 
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1 
~ 

~ 

\ 
, 

• 
1:JEADY :1.141 
ME'THOD - 5 
M041"+M026 -M021 /M026·MD 19/ 6,~ 0 .000 " " 
LIM CC 0 
FORMAT 1 0 :3 
I..ABEl. Fa· :~ 

~{" ,1 

• 'le 

~EADY :1.150 
~E:TH CD 2 '~ 

STATUS l 0 3 
C'T'L RF 79 
LOOPS 16 
GAINS 5.000 o .2 Oll 0 0 D 
L1M CC 0 
FORMAT 1 0 2 

~ l..A.BD.. PH-CON 
/ ), • 

~EADY :1.151 
METHOD 5 
MOSl a -MOSO> .... O.OOO<MOOS 
L1M CC 'D 
FORMAT 1 0 3 
l..A.BD.. F-ACID 

• 
~EADY :1.152 
ME:'T'HOD 5 
M052-+MOSO> O.OOO<MOO9 
1.1M CC 1l 
FORMAT 1 0 3 
LABEl. F-BASE: 

? 

• 
READ'Y :1.153 

~ METHCD 5 

\ 
MO 53-+M07 S·MO D3+MO 53*5099 
L1M CC 0 
FORMAT 10 2 
LABEL ,V-ACID 

f • 
:~'. .. 

1 ~ 

('; t 
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1 
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~EADY :1.1 S4 1 

"Il 

ME1'HCD S 
} 
,~ 

M054 c +L081+MOO3+M054*S099 :i 
1.IM CC o ' 
F~MA,\ 1 0 2 

'\ 
:~ 

V-BASE 
" 

LABEl. 
~ 

+ 
~ 
~tf 

~E:ADY : LI7 0 
ME1'HOD 3 ',~ 
s,.ATUS 1 S 

CT1.. RF 7 1 ,~ 
l.OoPS 72 40 ~:~~ 

G AlfllS 1 .000 S .000000 
1.IM RG 50.000 0 

l.IM CC 0 
FORMAT 1 0 
l.ABEL. ' F'A-C ON 

• r 1> 

~EADY 11..17 1 
~E1'HOD 1 0 

, " 

f 
STATUS 1 1 0 

CTl. RF 0 0 

L.O[)'S 1 70 
BA ID -0.010 , L.IM CC 0 
FORMAT 10 0 

LABEl. PUMP-A 
+ 
~EADY :1..172 
l'1E"T'HOD 5 
1'107 2-+ 1.000-1'10.., 1*MOb6 
1..IM CC 0 
FORMAT 10 3 

" 

l..ABtL. FBSIG 1 

l + 
( ~EADY ! 1..17 3 
~ 
~ ~E"rHÇtJ 3 , \, 

t STATUS 1 5 

\ 
CTL. . 'ff" 74 
1.. 0 tJ>S 76 lal 

'\ 

GAINS 1 .000 5.000001) " , , 
1..11'1 RG U'O.OOO \, 
LIM CC 0 

t 
F~MAT 10 3 

LABEL. ' FB-CON . 
1 (:! .. 
~ 

\ l, 



-

"" ;: 
fi 

122 .; 
,1 
; 
" . 
~ 

1 ~ ., , 
• l 

1" ] 
.. '~ ! t • :1 

~EADY :I..Î74 ~ 
~E"rJ-!OD 1 0 '~ ,!,. 

STATUS J 1 0 $l 
-' 

,CTI.. 'RF J 0 ,,~ 
I..OOPS 1 73 l BAND -0.010 
L.IM CC 0 1\ 

FORMAT 1 0 0 i ," 
L.A.BEL. PUMP-B 'l 

'1"" • ~ï ; 
J • 

1:tEADY :1..175 
. ' 'l, 

METHOD 5 
M075-+ 1 • 0 0 0 - M 07 4· MO 07 
L.IM CC 0 
FORMAT 10 3 
L.ABEL FBSIG 2 

• 
C 

'READY :1..'176 
~E"rHOD 2 
STATUS 1 3 

J CTL. RF 77 
L.OO?5 78 51 
GAI Ns 1.000 5.000000 
L.IM CC 0 
FORMAT 10 2 
l.ABEl. FACCOO 
• 
'READY 11..177 

, 

~HOD 10 
STATUS 1 1 0 j.~~ 

CTL. RF a 0 ~: 

L.OGP5 1 76 
BAND 0.010 , . 
L.1M CC 0 .--- . . , . 

1 
FORMAT ID 0 " 

1 
"', 

LABEL PUMPAC " 

• ; 
;o~ 

l~ 



1 

C 

Ct 

5 
'READY 11..163 
METHCD 
M083-+S020 
1..1M CC o 

1 0 
x-CONC 

FORMAT 
1..ABEl.. 
• 
READY : 1.. 1 9 0 
METHOO 7 
LFHT 0 
iIM~S 300.000 
1..0OPS 16 17 

• 
READY :1..191 
METHOO 8 
1..FMT 0 
1..00l'S 21 22 

* 
'READY :1..192 
METHOD 7 

2 
6.000 

~Mi 
TIMES 
1..00?S 
• 

15 16 

'READY ': LI 99 
ttE1'HOJ;;l 
STAiUS 
CTl.. RF 

.. 1..0OPS 
G,AINS 
l..IM CC 
FORMAi 
LABEl. 

77 
1 

1.000 
o 

10 
SW1iCH 

2 

0.000-
53 54 

23 24 

0.000 
17 

o 

2 

' 40 41 

25 26 

o 
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----
82 19 83 

-l 
1 
} 

1 
! 

1 
\ , 

~ 
~ ". 
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1 

( 

!. 

, 
~ • 

1 
.... 

f, ! 
·fl 

.. 
'READY : SES 0 
'T'KME 0 '1'4 : 0 0 :~O : 05 
5050 5.100 PH-CQN:3.60 
5050 3.600 PH-CON:EN 
01~:OO:~D:21 ENTERED 

P.EADY :f' 1 
1 

READY :SE20 
TIME 014:02:S~:16 
5020 5.61 X-DATA:S.665 
5020 5.66. X-DATA:EN 
014:02:54:30 E~~ERED .. 
READY : FI , 
TIME 
M016 
MO 17 
M053 
MOS4 
M03B. 
1'1039 
MOB2 
M019 
MOB3 

014:02:55:13 
3.62 PH-CAL 
3 • 6 1 PHF l 1. T 

13.15 V-ACID 
9.62 V-BASE 

o .7 58 f'EED- A 
5.119 rEED-B 

18.755 GR-SUG 
6485.14 T(!TVN1. 

5.66 X-CONC 

------

------~~-------... 

.~ \ 
~ 

1 

125 ~ 
1 
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DETAILED lOOP 

Q:} ZERO [ljJ-K-FA CJ-K-BASE S CONSRA 

[3-l-2 ŒJ- B POLL-S K-F8 50 

1 
L-3 ......... ~ ~ B POLL-H K-ACIO KC IID 

B . 
SA· 

r--' 
l- 28 l- 31 I---i l- 33 

PROOFA SIHINA SIHAX 
TTY l-20 ~ l-27 

1 X-DATA 
, 

SI-CON 

L..., l- 29 l- 32 

PROOf8 SIHM 

L-5 

PH-TAU 

1 

AOC r l-15 l J l- te 1 l-n 

l PH-HY 1 l PH-CAL 1 PH-FU 1 - . 

L-lO lotO J. l-tl 

'-SAHP 
l - 19 

TOTVOL 

L· 20 J l-ea l- 18 

X-COHC Y-INIT 

-
"~}~:'''' ,-, -. • 

.... ... 
STRUCTURE 

l- 34 

5'-50 

L- 35 

SA-SI 

l- 30 

FAH+FH 

L - 50 

PH-CON 

L - 38 
..----< 

FEEO-A ~ r-' 

~ i--:--- C

' 

l-·O _J 
FA-

~ l-39 
FEEO-B 

r--------
eJ--l FO-

L - 51 

F- ACtD 

--
L- 52 

F-BASE 

9 l-53 J-
'-ACII) 

1 
L - 72 

Il FBSIG 1 

L - 70 L - 71 r- ON-OFF 

FA-CON PUHP-A 

1 
L - 7l~ 

Il FBSIG2 

L - 73 l- 7. 
J--- ON-OFF 

FO-CON PUHP-B 

1 
l- 78 

FOSIG3 il 
l- 78 l- 77 

t-- ON-OFF 
FACCON PUHAI!.C 

ri ,.~ h F8SIG4 

~, 
) 
j 

l-N l- 80 f-- ON-OFf 
l'BACON P\JHPBA 

Il~7 ~~----.ny 

lOG 2 ------ _llY ~ vL_-~ ~ ~ 1-' 
l'V 
m 

~ è ~ GR-SUG ' SWHCH 
lOG 3 -------+11Y 
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APPENDIX D 

LISTING OF SIMULATION PROGRAMS 

" 
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1 



1 

l 

115 t 5 lrr,p l' 2 
*lN F'ROGRESS 
/LOAD VSBAS1C 
010 REM N]C~~. 15/7/78 

128 

020 REM 
030 REM 
040 REM 
050 REM 

****CONTROLLED FED BATCH 
****FERMENTATION (ACTUAL FLOWRATES 

060 [lIM 
070 REM 
Ù80 RËAD 
090 DATA 
100 REM 
110 READ 
120 DATA 
130 REM 
140 READ 
150 DATA 
160 REM 
170 RE AD 

W<10> 
INITIAL STI'lTE 

X,S,V,r,XO 
AND 

7.26,.080,5,0,7.25 
~INETIC DA1A 
~1,t\2,Y1,MO 

.30,.15,.5,/,0 

X-OLD 

CONTROLlER ~C,SO,SIAMA,XD,SD,FAMAX,FWMAX,SA 
G1,SO,G2,X9,59,F8,F9,58 
25,10.98,.185,6,.068,.5,1.4976,150 

TIME INTERVAL-PRINf IN.-5AMPLING IN.- DELAY TIME-TEND 
fO,T3,T5,T6,T9 

180 DATA .0005,.33333,.33333,.33333,7 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
330 
340 
350 
360 
370, 
380 
390 
400 
410 
420 
430 
440 
4"',0'" 

T2==T 
T4=T 
T8=T 
REM CALCULA TE DELAY ARRAY LENGfH 
Mt=lNT(T6/T5/.99Y>t1 
REM INIfIAlIZE DELAY ARRAY AND POINTERS 
FOR 1==1 TO Ml 
W (J ) =X 
NEXT 1 
!J(1)=XO 
Nl=l 
L1=M1 
IF T~~f2 THEN GOSUB 680 
IF T'==f4 THEN GOTO 370 
IF T~f9 THEN GOTO 790 
G05UB 570 
GOTO 310 
REM ***CONTROLLER*** 
WCL1)=X 
Z=!J(Nl> 
51 =GlllC (X9-Z >tSO 
V==V-.025 
IF 51.58 THEN 51=58 
55=S9*(1+1/(S8*FS/G2/Z/V-1» 
IF 51 55 fHEN 51=55 
S6=58-(58-S9)*F9*SS/CG2*Z*V+F9*58> 
IF R1 A6 THEN R1=RA 
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î 
l" 
ç 
f 
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~ 
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• 
~ 

i 
1 " 
F 

460 
470 
480 
490 
500 
510 
520 
530 
540 
550 
560 
570 
580 
590 
600 
610 

Fl z G::!*Z*V*Sl/S8/CSl-S9) 
F2=FU(S8-S1 )/51 
F=FltF::! 
REM UPDArE POINTERS 
Nl=N1tl 
IF NI. Ml HIEN N1=1 
Ll::::L1+1 
IF L1·Mt THEN L1::::1 
T4=T4+f5 
GOTO 330 
REM ****F'ROCESS**** 
M=/\ 1*51 (1\.2+5) 
Y=1/(1/Y1+MO/M) 
D1=(M-F/V)*X 
D~=F*(S1-S)/V-M_XIY 

D=F/V 
620 X=X+DUTO 
630 S=S+D~l!CTO 

640 V=V+F*10 
650 T=T+TO· 
660 RETUf\N 
670 REM 
680 IF T: f8 THEN 750 

****OUTPLJ n*** 

690 PRINT USING 700,G2,XY,S9,SO,Yl 
700: SIGMA=.ft. XD=tl.lt SD=.lt. 
710 PRINT USING 
7~O: /\C=~~t •• 
730 PRINf USING 
740!TIME X 

720, Gl, r~, T6 
T-5AMPL=.ill(HOLJRS) 
7~0 

5 Il M y 

129 

50-=09-.=11# 

DELAY=.~~t(HnURS) 

FI F:? 51 
750 PRINT USING 760, T,X,S,U,M,Y,Fl,F2,Sl,V 

1 

v / " 

760:t'.t~ ~t •• ~t t~.t~t .tit .llt .~~t •• fll t.~~t ttt.U~ tt.tt t.t~ 
770 f2=T::!+T3 
780 F:ETURN 
790 STOP 
800 END 
.tEND 

l 

! 

\ 
1 

. 
if. 

.' 



)' 

CI 

1 
> 

( 

, 

.' 

\ 

130 

l::.st errcor. 

~'tN F'F:OGF:ESS 
/~lJr;D 

C 
C 
C 
C 
C 
c 
.::: 
c 

[ . 
c 

'?o 
~OO 

W:HS 
TilTS r-r.:OGRAM CliLCULATES THE 
~UrOCOR[LLliTIONS AND PliRTlliL 
liUJOCOR[LLA1IONS OF THC 
ERRORS • THE ~RROR(I) ~S 
CliLCULnTED rROM THE OU~PUT 

or THE Sl-CONTROLLER 

" 
DIMfNSION Sl(100)vFA(100),F~(100),ERROR(lOO) 

DnTIi N08/24/,NDIFF/l/vHL/1~1 

DliTn GntN/2s.lvSlUSS/l~.1 
F.:EMI l HE' li li TA 

r'o 100 r- 1 vNOB 
f.:ErîLI (5,90) Frî( 1) v FFI ( ]) 
FORMliT(lOX,2F10.3) 
CONTlNUE 

c 
c 

CliLCULnrc GLUCOSE CONC. IN THE FEED 

~oo 

c 
C 

300 
C 
C 

[10 200 1" 1,NOI! 
Sl(I)-l~O.tFIi(I)/(FIi(l)+rB(I» 

CONTiNUE 
CliLCULlil[ THE ER~OR 

DO ;)00 l, v Non 
EF\r\fJl.: (1) -= (~)l (I) - S lLlS~~) IUtl rN 
COiHHJUE 

Ci,1 L 1 [I[-:.N T (r:.r.:r\()I~:, N(lL! r NL v Nf!!FT) 
STOl' 
ENV 

/INCLUDE TDENT 
.~Er-!D 

.. 

, 

/' , 

, , 



( 

f, 

1 
f. 

IIIIPUt, 

if! IIIIL' errcorl 
fIlle dcJt<Jr2 

I/c'I,d T'un 

~,HI F'ROGRESS 
CO/'WILE = '0.98 SEC 

130a 

nUTO fiWJ F-'f'tFnU1L COr.;:rŒL,'tTJONS OF nF-:lGINlîL SEFUES 

t IilJTD f-'('II:':TI t~L 
J 

l 0.'129 0.429 
::! ·0.134 -0'.062 
3 -0.151 -0.227 
4 -0.1~7 0.002 
5 -0.254 -0.193 
6 -0.170 -0.027 
7 -0.130 -0.057 
B 0.122 0.175 
9 0.288 0.190 

10 0.244 -0.049 
11 0.049 -0.083 
12 O. 01~.J 0.090 

rîPPROX. 95 PERCENT CONF. LIMlf ON CORRELATIONS - 0.408 
( 

STANDARD DEVIATION OF SE~IES - O.1461134E 00 

CHI-SQUARED STATISTIC = J6.14 BASED ON 12 DEGREES OF FREEDOM 
,1). 

~UTO AND F'ART[hL CORRELnTIONG OF FfRST DIFFERENCES OF SERIES 

1 l'lUTO PARTIAL 

1 -0.2S7 -0.257 
:2 -0.0!:i5 -0.130 
3 --0.198 -0.269 
4" o .1l3 -0.037 
"'-.J -0.145 -0.205 
6 0.042 -0.122 
7 -0.22!J -0.351 . 
8 0.076 -0.289 
0 0.182 -0.040 : 

10 0.126 0.005 
11 -0.203 -0.210 
12 0.094 -0.057 

npPkOX. 95 PERCENT CONF. LtMIT DN CORRELnTIONS = b.417. 

::;Trii!1lriRD DEVrtîTION OF SERll::S -: O.1570390E 00 

CH r-~\OU{)F:E[t STtîTIST LC -, 9.75 BAS~[t ON 12 DEGREES OF FREEDOM 

[Xl~C -- 0'.'2'"1 SEC 

.i 
'1 
• ,~ 

.j 
'î 
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.l 
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J 
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NOTE ON THE ESTIMATION' OF THE OVERALL YIELD 

The fol1owing graphs were used to determine the overall 
" 

yield, Y, as already discussed in section 4.3 Previous workers 

1[17),[11) have shown that the effect of maintenance requirements 

on the overal1 yield can be reir~sented by: 

1 = 1 + ~ 
y Y

G 
'lJ 

-

In /he following graphs i t appea.tS that the ov.erall yield 

remained constant unless inhibition occurred or changes in o. 
J 

This can be explalned' with'>pe fact that the control system 
, '- . 

substrate concentration and therefore the specifie growth rate, 

~was kept constant and assuming constant Y and m for a given set 
G 

of culture conditions, the overall yield is expected to have remained 

constant. 
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