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ABSTRACT

Theoretical analysis and simulation runs have shown 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 force the system to different QSS operating
points.rapidly, measufing only cell concentration. Experiments

have shown:

- Cell concentration transient response was reduced

! from approximately 25 hours to 2 1/2 hours, making
| possible observation of different QSS's in:a single é?5
] run, agreeing relatively well with computei simulation
. runs.

- The control system was found able to coméensate
rapidly different types of disturbances which excited
cel:l concentration.

e - The,nonlinearities of the system were experimentally
verified. //

- Only limited data were obtained on glucose ;faﬁsfbnts,
not all in agreement with 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 &tat de quasi:
stabilité (QSS - Quasi-Steady State), 1orsque‘1es concentrations .
de cellules et’de substrat restent constantes au fur et 3 mesure que
1e7 volume global AuémenCe. Nous avons utilisé un systéme de contrSle
réalisé sur mini-ordinateur Interdata 7/16 par un ensemble de logiciel
PROCON afin de pousser le systéme rapidement vers divers points de
fonctionnement eP QSS, en mesurant uniquementﬁla concentration cellu-
laire. Les résultats dbs expériences furent les suivants:
~ ,I:a r€ponse transitoire de la concentration cellulaire a &té
rm%ée d';uviro_n is heures 8 2.5 !;eures, permettant ainsi
d'observer plusieurs QSS au cours d'une seule campagne de
culture, 14 correspondanceé aux essais de simulation sur ordi-

f
nateur étant relativement bonne.

t

Le systéme de contrBle s'est révélé capable de compenser
rapidement divers types de perturbatioms qui Etaient venus

exciter la concentration cellulaire.

Les non linéarités du systéme ont &té vérifiées expérimentalement.

s,

Les donn€es obtenues sur les transitoires de glucose sont

limitées et ne correspondent pas toutes aux donnfes théoriques.

Nous avons obtenu des rendements de 50 2 60% meme aux
concentrations de substrat &levées.
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(38 gss

G

&

(%g) 0ss ‘ s
dilution factor, hr-1 .

total feedrate to th; fermentor, 1l/hr

1
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flowrate of feed-B, l/hr
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controller gain |
kinetic parameter in Monod eq., hrot
kinetic parameter in Monod eq., 9/1 ,
maintenance energy coefficient, g sugar/g cells/hr .
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substrate concentration in the fermentor,. g/l

desired substrate concentration, g/1

-~

total substrate fed to the fermentor, g

A
substrate concentration in the feed, g/l
/

substrate concentration of the feed % g/1

time, hr




&

volume of the liguid phase in the fermentor, 1°

cell concentration in the fermentor, g/1
=

desired cell concentration, q{l

total cellsin the fermenton, g

overall yield, g cells/g sugar

true yield coefficient, g cells/g sugar
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+
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CEAPTER 1l: INTRODUCTION

During the past century fed-batch culture (the Zulauf process)
has been employed by theée baker's yeast indﬁ;try as it permits
production of yeast biomass without simultangous production of )
sizable guantities of ethanol. Fed-batch culture refers to a
gatch culture which is fed continuo;sly with nutrient medium. :
The volume variation &p a fed~batch culture distinguishes it
from chemostat contiguous flow culture where equal inlet and out-
let volumetric flowrates maintain the culture volume constant.
In batch culture the yield of yeast, based on the amount of
availa@}e;fermentable sﬁgar, is low, often not more than 15%, :
'@hile in fed-batch culture a yield of up to 60% can be obtained
undef appropriate growth conditions.vThewproduction of ethanol
may occur where there is oxygen starvation (Pasteur effect) or
high sugar concentration (Crabtree effect). The latter character-

. " . i i
izes batch cultures where sugar concentration is high most of the

fermentation time, resulting in & low overall yeild.

The term fed-batch culture was first used by Yoshida et al
[22] (1973) who tried fed-batch culture of Candida tropicalis
using n-hexadecape as the only carbon source. 1In 1970, Edwards
et al [11] introduced the extended culture, a fed-batch culture '
in which the limiting suﬁstrate concentrations aré kept constant .
by proper feed rate and feed compositign control, using as -

measured variable the concentration of the limiting substrate in 1 f

i
the fermentor. y
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A few years later various investigatoi’s, (Pirt [17%, 1974)
presented arguments: to show that when the épecific 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 concenfrations remain constant as the
total volume of th;hliquid phase imcreases. The feeding schedule
in‘a fed-batch culture under which both concentrations are kept

constant is called Q8S5-fed-batch culture.

“Dunn and Mor [10) (1975) developed equations which describe
variable-volume cultivation, with emphasis on constantly- fed
sgmicontinuous cultures, and drew the analogy between the QSS in )
variable volume cultivation and a dynamig éteady state in variable
flow constant-volume chemostat bioreactors. Recently, Lim et
al [14] (1977) showed that Junder certain conditions-an extended
culture is equivalent to exponentially fed-batch culture and
that an exponentially fed-batch culture may be mimicked by a
éontinuous—flow culture with a constant dilutidn rate. Further-
moré, they investigated operationai conditions under which an

‘exponentially fed~batch culture and an extended culture may be
reduced)to a_QSS-fed-Eatch culture. Ho&ever, due to the dynamic'
characteristics, of the. process the rate of approach:to QSS, as
recently examined by Boyle [4] (1978) is very slow, rquiring a
very large volume expaﬁsion such as to preclude observation of
the QSS, at least in a laboratory fermentor. QSS-fed-batch

cultures therefore,.cannot be realized without a control system

nr oy A L -

which would force the process to reachgass rapidly.

T
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Aiba et al [1] (1976) proposed a computer control scheme .
for baker's yeast fed-batch cultivation with the primary goal
being the maximization of the overall yield. This was done by
el¥minating the ;&ucose effect through manipulatio; of the feed
rate with an ad hoc measurement of the respiratory gquotient

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

yield maximization, Wamrg et al [20] (1977) proposed a control

system to monitory yeast growth, measuring cell concentration —«\\

indirectly through material balancing from measureﬁents of ‘the

02 uptake rate, CO2 production rate, gas flow rate and ammonia

addition rate.

Boyle [3),[4) (1978) 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 factor and the feed composition, using cell concentration

as the only measured variable. 'The proposed control system
enables operation of éss—fed—batch cul tures, pay be utilized to
obtain kinetic data, and can potentially be used towards yield
maximization as the substrate concentrations can be controlled
to any desired low, level where ethanol production is practically
zero. Moreover, the controcl system may be used for a reliable
investigation of the effects on cell growth of sudden changes in

o

disso%ved oxygen, temperatures, pHB as well as in substrate

& .
concentration.

\
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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 perform the above mentioned functions. As the control
system Uses cell concentration as the only measured variable

in controlling both cell and substrate concentrations, it is
crucial to have a reliable cell concentration measurement.

» A%}hough a continuous measurement was not available sampling
w;; used to enable implementation of the control system. The
evaluation of the control system provides sufficient information
on cell concentration tr;nsients and indicate;”possible difficulties
in substrate concentration control.
-
The objectives of this work are:-

(1) Implementation of the proposed control system. ;

(2) Evaluation’ of its performance.

el




CHAPTER 2: THEORETICAL BACKGROUND

2.1  THE PROCESS .
2.1.1 FED-BATCH CULTURE g
The overall mass balance for the liqhid phase in terms
¥

of volumetric flow, liquid densities and volume, assuming

well mixed stirred tank bioreactor is:

Normally the density changes are small giving:

av.  _ . -
T = ‘F : (2-1)

The balance on biomass in the liquid phase gives:

d(xV) _
T = rxV ‘ (2-2) e

¢
J
Assuming ‘the usual growth rate kinetics

= ux
X, i

where y is the specific growth rate, equation

{(2-2) yiel?p to:

4

av




s 6 :
i
‘. J
/W
( ,
combining with equation (2-1) — é
g% = (p - % ) %, or
& ;
F= -0 x P (2-3) :

where D is the dilution factor, % .

o BB T A RS

The balance on the limiting substrate is:

» ban o

d(vs) _ Fsl - r V (2-4)
t = S

Assuming r, = 0%, 0 being the specific substrate uptake

rate, the above equation gives:

dav ds

s + Vg = Psl - oxv or
¥ = D (sl-s) T (2-5) s
I sl-s8) - 0X . £=2)

e
e -

Equations (2-1), (2-3) and (2-5) describe the dynamics
of the fed«batch culture, provided that the dependency of u and
o on the limiting substrate concentration and cell age
distrib(ution> is known. The common assumption that under constant-
ly kepé environmental co;xditior‘ls o and’ y are dependent only
on the iimi;ing substrate concentration will be adopted from

now an.

by

More specifically, u is normally cén_si'dered dependent
on substrate concentration accoréing: to the Monod kinefic ’

¥
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relation: s
kls ‘ ;ir
W= ‘ (2-6

The above edquation implies that the specific growth rate

W

reaches asymptotically its maximum value, kl, as s increases.

The specific substrate uptake rate, o, is considered

to be related to the specific growth rate as follows:

(2-7)

where Y is the overall yield coefficient. Since the limiting

substrate is the energy source as well, part of,iE.will be

et

o
used to supply eQEEgylﬁnzgthe#§7ﬁEhesis of biomass and part

ki
e ~
| . — —— " willbe used for the flaintenance of the biomass. This
o/ |
implies:

(2-8)

»

oxV = 3 xV + mxV
YG

where YG is the "true growth yield” and m is the "maintenance

coefficient" [17]. Introducing the overall yield coefficient,

equation (2-8)'yields to: ‘ ) ) ’

1. m .
Y = + ﬁ- \ (2"9)

~ - 4
.
.

It should be noted here that the previous equations

" are not.valid under all transient _situations because éLe

Monod equation has been found to apply only under steady or

g
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slow changing conditions, that is, in a state where
balanced growth will usually occur. Balanced growth
conditions identify & biological state during which the intra-
cellular metabolic reaction network is operating at essentially
steady state conditions [10].
N
2.1.2 QUASI-STEADY STATE -

The guasi-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 the iiquid phase increases.

o
Setting dx _ ds _ 0 equations (2-3) and (2-5) give:
dt =~ dt :
U = D (2"10) [
Tox=Ek (sl -9 (2-11

Since u and o are functions of s, equation (2-10) defines
the value of s in the QSS and equation (2-11) defines the value
of x given that of s. The physical .constraints s>0 and

x>0 yield to an upper limit for D so that a QSS can exist.

0<D <y (sl) . . (2-12)

For dilution factor values higher than the upper limit, the
reaction volume increases faster than the cell growth rate b
and the cell. concentration drops towards é;ro. This is analogous

to wash-out in a chemostat. L -,

5
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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. Dilution factor, D, and substrate concentration igx the

feed, sl, constitute the external conditions whic an be set.

For any given pair of D and sl, a QSS operating point exists

provided that the dilution factor obeys the previous constraint.

%
Assuming Monod type kinetics explicit formulas for

x and-s in the Q8S can be obtained:

s = ‘2 ‘
kl ) (2-13)
b
2,
k2 .
x =Y sl - (2-14)
k
Lo
D
"~
1 _1 m -
7= 7, t 3 (2-15)

with the range of D being: .
k,sl }F
0 <D < 1
k, * 81
\

Note that constant dilution factor implies

exponential feeding:

-#g.r_?.det >
av _ .
dt
F-= F eDt

ELRIN AR st
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with FO satisfying the initial condition Eg -

\Y
0

Following the previous analy$is, the plausible gquestion

what the rate of approach to QSS is, arises. The following

numerical examples give a good picture of the process dynamics.
All the process parameters used in the simulation are shown

in table (2-I).

TABLE 2-1
X so VO kl k2 Y
P
6sg/1 |.005 g/1| 51 .30 bt | .15 g1 .50
TABLE 2-II
X s D sl
oss (1) | 6 gn 075 g/1 .1 hr? 12.075 g/1
0ss (2) | 7 g/l 075 g/1 1 hrd 14.075 g/1
* &y
In fig. (2-1) the transient response of the process is

1

shown to applied constant inputs D = .1 hr™ " and

sl = 12.075 g/1, corresponding to the QSS poinf‘giwen first

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

slightly overpassing the final value (by 1.5%) and then dfops

very slowly to its eguilibrium value.

!

kWY

Cell concentration

o

T

e

f
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Fig. (2-1): Simulated transients of x,s,V versus time to applied constant
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undergoes a slow but very small in magnitude transient.

Practically, it can be said that QSS conditions are established
rapidly. This method of establishing QSS is similar to

that suggested by Dunn and Mor [10]. As will be shown, it
do€s not provide“a method for changing the QSS point or off-
setting disturbances which will induce long slow transients

in the uncontrolled system. Next, while D}is kept at .1 hr T,
sl is increased from 12.075 to 14.075 g/1. The system is
expected to move to the Q0SS given second in table (2-II).
Here, as shown in fig. (2-2), the total reséonse takes over

36 hours to reach equilibrium. It is also-seen that there is
a stfong interactionbetween x and s, although the change in
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 with the same slow rate as the cell concentration

response.

In fig. (2-2) the volume increase is shown as well. {

_ Apparently such a large volume expansion cannot be handled

. in practice,and since the transients in fig. (2-2) more fairly
}epresent whag would occur in-a laboratory, observation of

the QSS is not feasible without a control sys tem.

In addition to the numerical examples, information

can be retrieved from the linear incremental model

ik e
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Fig.
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linearizing about a QSS operating point [4].

'3

N -

Introducing reduced variables: o ~
S*=s_s . x*=x-§

s, X
g1x= S1 - sl “px = D- D

s1 b

and the parameters

y

. = [_89 ) ‘ b = ( oy )
9s QSS 3s QSs
the linear model is
dx* \
I bss* - D D*
* — — -—
g%—-=-(D+ax)s*-D£(§T-s)x,+
B ¢
D ('s'I__— S) pr 4 D_ a1 )
) s
Assuming constant yield, 2 = % = Y, the above equations
o :
can be written in a matrix form as: .
Coa) o T s21 [ (& 5571 [, {
* + _ —_ :
%%— |- (D + ax) - 2% s* %% D_;I D* ;
=l 3 . Ys s ¥s s (2-16) 4
dx* | - L - 8 / -
T aYs 0 xX¥ -D 0 sl*
t—i = e L - g .-J‘ ~.
or more compactly as, ' ]
(
2




Information concerning the rate of approach to QSS

can be found from the eigenvalues of matrix A.

Al = - D 4 ‘
-— L]
Az = - a x

The approach to equilibrium is by way of decaying exponentials
having time constants the negative reciprocals of the

eigenvalues.

,H ol I+
#

w
x|

For the numerical case simulated previously, T, = 10
hours and T, = .08 hours. These are in agreement with the
simulation3 since three or four time constants are required

to reach equilibrium.

Information concerning the sustained change in the
state variables s and x to applied sustained «changes in D
and sl can be obtained from the influence coefficient matrix
L : -
1

- é— B, which yields:

* ~

g
|
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*
s D - 0 D*

- ayYs
(2=-17)

. -
x ? | _ {Fl s1* .
. h._a‘x X__ L _J

A

The only non-zero off diagonal element is quite small as seen in

the numerical case

J— M

s* 1.50 0 D*

Y

L}

X* .008 -1.005 sl* ‘

which means that the system may be considered to be decoupled
<
in terms of sustained changes, suggesting that the control

strategy should use D to control s and sl to control x.

Further information can be obtained from the transient
response of the system. Given an initial state s* (o) and
x* (o) and constant inputs D* and sl*, the transient response

N

can 'be described as:

RS
z (t) = .¢(t) z (o) + A(t) ¢
Ld -~ a ~ -~ -
which gives:
* -a).{-t ~ =N ~ - - -
s* (t) e _ _E oDt D_ (e~2%t _o7Dt)low (o)
ax aYs
¢ l '
1-3
x* (t) - -
X ax
- - - - -
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D_ (1 e—axt ) Q: (e-Dt -axt )
a¥s ax
il ) B
_ 2: (1 - e —aXt ) Yzl (1 - 1 — g~Pt , ax - —axt)
ax 1l - 2_ 1 H'E_
L_ . ax ax N

Since the first
terms involving

respond rapidly

(2-18)

column of the matrix A contains exponential
only the larger eigenvalue, the process will

to changes in dilution factor which prdqgces

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

by the influence coefficient matrix.

s
Therefore, fast non-

interacting control of substrate concentration can be easily

achieved using dilution factor as the manipulated variable.

Similarly, since the second column Qf the matrix &

contained exponential terms involving the

the response of x and s to changes in sl is long.

smaller eigenvalue,

More

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

a long transient in s, but since the steady state gain is

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

change in sl, as already indicated by the influence coefficient

matrix.

sl is strbngly affected but the transient response, being

On the contrary, the final value of x to changes in

a

dpminated by the small eigenvalue, will be slow as well.

D*

s1*

_




Examining each element of the matrix ¢, the nature

of transients in the uncontrolled system due to initial

0y

displacements from equilibrium can be seen. Two things are

to be seen here. First, the induced transient displacement

\
in s by a displacement in x is of substantial‘magnitude

12 —2: = 1.5 for the numerical

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

and long response time (element?¢

in x, induced by a displacement in s (element ¢_., gi = .0050).

21
X

Summarizing, the prior study of Q0SS and the system
analysis which followed have led to the following assessments:
a. Quasi—ste;ay states exist over a wide range of suﬁstrate

and cell concentrations. Each pair of D and sl

corresponds to a QSS operating point.
b. The the of approach to QSS is slow, requiring such

a large volume expansion as to preclude the possibility

of attaining th; state.

c. Cell concentration transients are fast unless they

are induced by cell concentration transients.

a. If a control system is to be designed, D should be ‘
used to control s, and sl to control x. ‘ ;
€. Fast néninteractive control over substrate conéentration
can be achieved using dilution factor as the manipulated

variable. .

£. In the design of the cell concentration controller the

Al

wt

W e ol ol
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strong interaction between s and sl must be taken into '’

account.

2.2 THE CONTROL SYSTEM
As indicated from the previous analysis, dilution
factor, D, is used to control suﬁstrate concentration, s,
and substrate concentration in the feed, sl, to control
cell concentration, x. | )
Substrate concentration in the feed is manipulated
utilizing the efror in cell concentration:

~ x) + s1 (2-19),

°

which is a simple proportional controller. Xp is the desired
cell concentration, kc is the controller gain dnd sl is the
level of sl when the error-is zero, namely, the required feed

”»

substrate concentration at the QSS. .
-
5ilution factor, the second manipulated variable; is
manipulated to keep substrate concentration constant. Since
substrate concentration transients are fast, adequate control
can be achieved providing only the "steady state” value of
D at the current cell concentration. More specifically,

setting %% = 0 equation (2-3) leads to:

= gx -
P= sT-% (2-20)

Abint MR e s
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The above equation is not a feasible -control law
for D because the specific uptake rate, 0, is in general
an unknown function of s, besides the fact that su’bstrate
concentration measurement is_fequired. Therefore, the previous
equation is used to suggest jthe‘ following approximate control

law for D.

~

p=—2X_ : ' (2-21)
s% - "SD .

where 0, is an estimate of ¢ at the desired QSS operating

T

point and SD is’ the desired rather than actual substrate

concentration in the fermentor.

Since o© is an unknown function of s, the desired

substrate concentration s., may not.correspdnd exactly to

D
the selected ¢. As a result, since sl >>s, which means
that D = 2—1’5 , substrate concentration will be controlled

at the corresponding 55 implied by the estimated o¢. 1In
other words, the actual set points are cell concentration

and specific substrate uptake rates.

Equations (2-19) and (2-21) represent the prdposed
control law for setting sl and D. However, the range of

variation must meet the following physical constraints:

0 <sl<sl (2-22)
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0 <F < F (2-23)

max
¢

. Since volume is growing during the fermentation,

there is a time varying constraint on Dz *

(2-24)

Y

Besides that, since D and sl are inverseiy related according

[
L |

to equation (2-21), the upper bound on D implies a lower

bound on sl:

RN T,

sl <sl.gsl (2-25)
' oXx
where sl . = s_ +
mLn D D x
which can b;KW¢itten as: |
oxV -
sl . =s_ ¢ (2-26)
min D Fm

Like the upper bound on D the lower bound on sl.is
variable and must be computed as part of the coptrol compu-~
tation.

‘ - The controller gain, kc, the only adjustable parameter,
is to bé selected by trial and error. For k, = 250 satisfactory

&

results were obtained. o

)
i) .

‘At this point’tgg control system is described’suf;iciently

to permit simulation of its performance: Thé process'paramsfers

S

.
- . B \
. . .

-
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shown in table (2-I) are used in the following simulations.

In fig. (2 3) th; transient response of the system
is shown fpr a set point change of 1 g/1 in cell concentration.
The controlled process equilibrates again at the new QS8S point
(the second in table Q-II)) in about 2 hours. As shown in the

graph, there is practically nc change in substrate concentration.

Noninteraction is achieved.

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

(the Q0SS point given first in table 2-II), the specific
substrate uptake rate, BA, is changed from .200 to .225 hr_l.
The gystem equilibrates very fast (note the time scale) to

the new QSS point at a higher substrate concentration, implied

by the higher uptake rate.

To complete the description of the simulation runs,
figures (2-5) and (2-6 ) show the behaviour of the manipulated
variables, D and sl, for the cell and substrate ~concentration

)

transients respeétively.

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 featu{es:

ST W S

P

*
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b
Speeds up the approach to QSS for all changes,

has the ability to force the system to any QSS‘
point where both x and s are independently
specified,

requires only one measured variable, the cell
concentration, and

has a noninteractive character,.
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CHAPTER 3: IMPLEMENTATION

In this chapter the modifications of the gontrol system

required for implementation and the software description are

considered only. Details concerning the experimental apparatus,

growth conditions, medium composition and analytical techniques

. . . e
are given in Appendix A. ‘\_\ﬁﬁg_,/

3.1 CONTROL SYSTEM MODIFICATIONS

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

substrate concentration in the feed and dilution factor. Bo

o~

th -

manipulated variables are somewhat indirect in physical terms.

The final control elements must produce a specified feed rate

at a specified concentration. fhis can be done blending two

streams, a very concentrated ong, F and & dilute one, F

A’ W'

which can be water for simplicity.

The two streams FA and Fw

and partial mass balances on the feed.
F, + F =F

= 8
SA FA 1F v

where sA is the substrate concentration of the concentrated

stream.

The above equations give:

are calculated from the overall

(3-1)



-

~ from eqg. (3-6) sl = +

29

W - F . (3-2)

Since there are two additional streams, a stream of acid
and a stream of base, needed to control pH, the actual water
stream, FB’ entering the fermentor should be the remainder of the

previous calculated water stream, F., minus the sum of the two

W

neutralizing streams.

F.=F_ ~-F (3-3)

P = L+
N Acid FBase

The physical constraints should be re-examined as well.
These are now:
0 <F, <F (3-4)

0 < F, < FBMAX - {(3-5)

w
|

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

~

oxV sl
F. = —~ (3-6)
A Sp sl Sp
p o= 9xV A’ sl (3-7)
W Sp sl - §p

The upper bounds on F_  and Fw imply lower bounds on sl. The

A
two lower bounds are:

8
D (3-8)

=
MIN (a) S;FAMAX D

— -1
oxV

[

RN R St TSy

[y




s. F

A “WMAX

s, + s -

and from eg. (3-7) sl -2 D ox¥ (3-9)
MIN (b) s F

A ~WMAX

Lo |
. o xV
. The last two eguations are the time varying constraints

which should be calculated as part ofthe control computation.

One should note that FWMAX is a variable:

F = F + F (3-10)

The above equation implies that the upper bound on sl is

no longer s and this bound should be calculated as well

Al

sl = s (3-11)

FAMAX * FN

otherwise if sl is set equal to s, 2 negative diluting water

flowrate will will be regu#red. .

Another major change in the control system, due to céll
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 available erery 20 minutes
with a 20 minutes delay. This way the controller was realized
as a discrete controller with a 20 minutes sampling interval,
as far as cell concentration is concerned. Iless obvious from
the mathematical development is the need to measure fermentor

volume, which was calculated rather than measured by the computer

L+
every 6 seconds.




Obviously a smaller gain for the proportiomal controller

(eg. (2-~19)) had to be used. By trial and error a gain at- 25 was

found, giving\agtisfactory results.

To summarize, the actually implemented control eguations

are as follows:

sl = kc (xD - x) + sl

sl < slMAX
SlMAX =
Fy
sl > MAX [slyyyayr Slyrnp) )
SlyIn(a)
Slyrn(b)
p = XV sl
A S sl - SD
e axV Sy sl -
B S sl - sD N

From the above it §§ seen that the overall character of the

control system is much more than proportional feedback control.

AMAX
amax T Ty
* Fpner
s
T?D ‘ t 8y
a Tamax _
————
oxV
sp Fpmax * Fy!
+sp B
oxV
a2 Fpuax * Fy ) N
oxV
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More precisely, it has the following features:

{a)
(b)

{c)

The decoupling equations and the time varying constraints necessitate

proportional feedback control -
calibrated decoupling

nonlinear time varying constraints.

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

3.2 SOFTWARE DESCRIPTION

3.2.1 PROCON SYSTEM

The minicomputer is driven by a software package known as

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

known as DATCON [9]. PROCON is a computerized data acguisition

and PROcess CONtrol system for both supervisory and direct digital

control.

It allows itself to be adapted to specific control and

data reduction tasks throuéh conversational interactions with

the process engineer, without reprogramming, while remaining on

line.

Control is based on measured and computed variables with

cascading of control loops. Six control algorithms are implemented:

1.
2.

Posi;ioner

Proportional control

Integral plus proportional control (P + I)
Integral (with output limiting) plus proportional.
control (P + I + L)

Derivatf¥e, integral (with qutput limiting) plus

proportional control (P + I + L + D)

e




6. A general computational algorithm.

PROCON provides an advanced control loophstart up/shut 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
, p

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

process (bumpless and rampless transfer).

In addition to the data acgquisition and control mode, the
PROCON system provides a conversational 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 permits the process
to:

1. Display measured and computed values.

2. Access the measurement, setfoint and control status

of control loops.

\i
3. Modify the setpoint and status of control loops.

- i

4, Reguest special logs.
The log service routine outputs logs eitﬁ:g on demand or
periodically. The logs are prepared from current data according

to formats which have been selected by the process engineer.

-

<
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"The process engineer command mode permité him to set up the
entireidata acquisitién and control process on line, in a
conversational mode through the teletype keyboard printer, with-
out reprogramming, without even stoppipg the'ﬁata acquisition o

and control process. L. o

3.2.2 LOOP STRUCTURE

. An important aspect of the implementation is the performed
functions 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'implementétion there are two input signalsf>

! { pH and cell concentration, and four outpu;“bn-off signals which drive
i the four pumps. Fifty-eight PROCON loops were written, performiné
the following functions: -
T (i) computation of the control algorithm
(ii) computﬁtion of the current volume in thegfermentor
. fiii)flowrate control
(iv) pB control
(v) periodical or upon request logging of the current valugs
of selected“ioops. ‘ ' 4
; . In Figure (3-1) a simplified loop structure diagram is
T shown which is divided iﬁto\jqur major sections to facilitate
! ( the descrigtion.‘ B ' o - T ’

re Bl
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A-Parameters
Fourteen PROCON loops, most of them computational, are
represented by the block "parameters”. B&aAll reguired parameters
N

~

such as k_, o, Vo, sl, s X, etc. are entered into the mini-

D’ D’

computer.

B-Process Controllei

In this section the main process controller is presented.
It is characterized by the input, cell concentration, an internal
computation of the volume and the two output on—off‘signals

which drive the two feeding pumps.

< "

The block "sl-controller” represents eight PROCON loops
which calculate the substrate concentration in the feed, sl, .
given the cell concentration which is entered into the mini-\
computer through the tel;type and the current volume which is
?alculaged internally. The calculated value of sl is further
checked to see that it satisfies the time varyi;g constraints {

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

LS Vi

h

The block "flowrates calculation--uncontrolled fed-batch"
represents four PROCON loops which calqulate the two feeding-

flowrates, given the output of the previous block, and the current

s .

volume. Besides this, there are two additional loops whichk :
calculate the two feeding flowrates for uncontrolled runs,
providing an overall feedrate 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 continuous feedrates FA and FB
are converted to two on-off signals which drive the pumps. The
flowrate control 1s accomplished as follows. The continuous

feedrate\(FA or F_.) 1s treated as the set-point to a P + I

B
contfoller, the output of which is the detpoint of a time
positioner (on-off controller) whose measuremeﬂt is continuously
zero. The output of the latter is fed back as measurement to

the P + I controller after it has been multiplied by the feedrate
of the pump (FAMAX or FBMAX)' -The proportional gain and the reset
constant were determined by trial and error from performed

simulations of the flowrate controller, the performance of which

was experimentally checked. ”

Finally, the block "volume" represents five PROCON loops which
calculate the current ;otal volume, given the initial volQme and
the on-off output’signals which drive the pumps. Besides this
calculation, the sampling volume, 25 ml, is subtracted—from the
total .volume whenever a new cell concentration measurement is
entered into the computer. At the end of each run the total volume
calcylated by the computer was found to be in agreement with the

actual total volume in the ferméfitor.

C- pH Controller
C
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 + I) and computational loops
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v

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 signals to drive the acid and base pumps, respectively.

D - Data Logs
In this section seven computational andmiog loops output
at regular intervals or on operator request parameters and

variables, such as V, pH feedrates, accumulative base and

"

acid used, kc’ O, X, S sl, etc.

D D’
2 detailed loop diagram is shown in Appendix C. Fifty-
eight PROCON loops were requiféd in total, making use of all
the available computer memory, that is 12K 8 bit words for the
software package and 4K for the loops. In Table (3-I) the numbers
- of all PROCON loops and the corresponding blocks are tabulated.
Listing 5% all loops, a table where the task of each loop is
explained, and a typical output are available in Appendix C

as well.
J
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TABLE 3-1I

BLQCK

LOOP NUMBER

!
I
f
!
-
|
|
|

Parameters

sl - Contr

Flowrates - Calculation
Uncontrolled Fed-Batch

oller

pH - Controller

Pump-AC

Pump-BA

Volume

Data Logs

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

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

!
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CHAPTER 4: EXPERIMENTAL RESULTS AND DISCUSSION
EVALUATION OF THE CONTROL SYSTEM 4

A standard experimental evaluation of a control system
involves investigation of open loop response to constant inputs,
closed loop response to set point changes, closed loop response
to disturbances and non linearitieé of the system. Taking the
above as a guideline, 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 -evaluation.

4.1 CELL CONCENTRATION TRANSIENT§‘w
4.1.1 OPEN LOOP RESPONSE ' EP

In run # 9 the open loop response of the process was tested.
Starting with an initial cell concentration of 5.42 g/1 and an
initial volume of 5 1, the dilution factor, D, was set equal

to .1 hr"l

and the substrate ce?centration in the feed, sl, to
14.07 g/1. ©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 N
transient should be very slow, more than 30 hr and the total

volume expansion required to reach Q0SS is much larger than that which a
laboratory fermentor can handle. The experimental results 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
L 3
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following the predicted pattern. As it was anticipated the volume
reached 10 1, ready to overflow, while only 65% of the total
change in cell concentration was compléted in 8.5 hr as shown

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

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

control system.

The observed scatter in the data is primarily due to the
experimental error in the cell concentration measurement. In
Figure (4-1) the 95% confidence interval for each measurement
is shown as well, based on error analysis which is available
in Appendix A. It should be emphasized here that the feedback

system is to rely on this noisy data.

4.1.2 CLOSED LOOP RESPONSE TO SET POINT CHANGES
In run # 3 the closed loop response of the system to set

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

of 5 g/1 (x, = 5.36 g/1) at time zero a step change in the

D
exired cell concentration was performed (xD = 6 g/l). As shown in
Figureé (4-2) cell concentration moved up to 6 g/l in less than

two hours. After the system Qas kept at the new QS8S for two hours,
two step changes at 1 g/l in Xp
hours. .Again, cell concentration moved up to‘7 g/l and then to

were performed at times 4 and 8

8 g/1 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
concentration transients, as shown in Fiqures (2-3) and (4-3),

it is seen that in the latter simulation some overshoot and
oscillation phenomena are introduced. This is primarily due to

the delay introduced by the cell concentration measurement technique
in the feedback path. A higher cgentrol gain would result in a .
slightly faster response, ho&ever, oscillations wpuld 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, samples 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 measurement was taken

after 20 minutes and was fed back into the computer. This first
estimate was owerestimated from 0 to 3% in addition to the
experiqgntal error of the gravimetric analysis which was found to
be 2.2%. Therefore, as the control system was relying on this
noisy data, the selection 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. 1In Fig. (4-2), each
transient was simulated separately using the actual cell concen-

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

= R ek
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In Fig. (4-4) the behaviour of the manipulated variables
of the previous simulated transient at time 4 hours is shown. It
is seen that after the performed step change in the set point,
sl jumps up abruptly and then decreases towards it 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) t© Fig. (2-5), where a continuous
cell concentration measurement is assumed, it is seen that in the
implemented controller the manipulated variables change stepwise
and the change in sl is approximately three timeg 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 shown. As expected, D and sl follow the same 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 expansion, shown in Fig. (4-2),
it is seen that with the control system cell concentration transients
were sped up so that observation of three different QSS operating
points was possible in a single run.

‘ & ‘

Up to now only positive step changes in the desired cell

concentration were considered. In runs # 7 and # 8-a, the response

of the system to negative step changes inm x, was observed.
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In run # 8-a, as shown in Fig. (4-6), starting with
7.24 g/l cell concentration dropped to 6 ;/1, the dgsired cell
concentration, in approFimately 1.5 hr. The manipulated variables,
shown in Fig. (4-7), followed the reverse action folloyed in run

# 3 where positive step changes in x_ were performed. The dilution

D
factor jumped to a high value, decreasing to the nominal value,

D, as cell concentration was approaching x._; while sl moved down,

D
increasing slowly to its nominal value, sl, at the QSS. In this

s e L S 1 il 2l -~

run the controller was saturated almost throughout the transient,

S

i.e. the dilution factor was following the upper time varying
constraint (eq. 2-24), forcing sl to follow thk lower time
v8rying constraint (eq. 2-26). This is shown more cleérly in ;

L)

Fig. (4-8), where the actual manipulated variables, FA and FB'
are plotted versus time.' The water feed flowr;te, FB' Qas kept |
at its maximum value, FBMAX' while saturation occurred, forc;ng

FA to follow a particular trajectory implied by the time varying

constraint (eq. 3-9).

The volume expansion, shown in Fig. (4-6), is laréer than ~

simple dilution, that is adding water until x = Xy

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

(Table 4-I)

the cells are growiné at a constant specific growth rate (i.e.
s is kept constant). Since the controller was saturated almost
through the whole transient, the total time tg, required by the
control system to move cell concentration down to the desired
value, Xpr is highly dependent on ‘the maxinhm flowrate of the-

diluting stream, Fovax The higher FBMAX is, the smaller tf isi
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BMAX is that the total volume

expansion will be less, but definitely higher than simple

( A side effect of having a higher F

dilution. It reaches asymptotically the simple dilution volume
expansion as the controller gain becomes higher, provided that

the controller remains unsaturated.

TABLE 4-1 .
Vo Vf
simple dilution 51 6.05 1
control system 51 7.4 1

4.1.3 NON-INTERACTION

Non-interaction for the particular system used in this study
means that when cell concentration is in a transient, substrate
concentration remains constant and vice versa. As will be
explained later, substrate concentration measurements are subject
to very large experimental error due to the dynamic characteristics ]
of the process. As the amount of substrate concentkation data
obtained in thiswork was not enough and not very reliable,
non-interaction as well as substrate concentration tran§ients

are shown indirectly using cell concentration data only.

g ——
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Since the specific growth rate, u, is a function of substrate
concentration, s, constant p during cell concentration transients
implies constant substrate concentration. By definition the

specific growth rate is given by

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

above equation can be rewritten as:

U= dln X (4-2)
dt

Therefore, plotting ln X versus time, the specific growth rate
is given by the slope of the regression line that fits the

data.

As already discussed in chapter 2, in an uncontrolled run
substrate concentration is changing ‘drastically in the beginning
and reaches close to equilibrium value, while cell concentration
is still in the beginning of its transient. 1In the uncontrolled
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 shown since the #®ell concentra-
tion transient induced a transient in substrate concentration,

5

although thé\external conditions D and sl were set so as to change

only the sﬁeady 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 gro%th rate was kept
constant (one should check the slope in the vicinity of times 0,
4 and 8 hours, the starting points of the three transients).
Therefore, substrate concentration tragsients 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 detail in section 4.1.5. 1In this run,

’
a larger step change in the desired cell concentration
(Ax = 2 g/l) was performed. Again it is- seen that the specific

growth rate was kept constant and therefore non—igteracéion

was achieved.

Finally, in Fig. (4-12) the results from run # 8-a are shown

where the controller was saturated almost throughout the
transient. It is clear that the non-ineractive control properties
were preserved even when the control outputs reached physical
limits.
4.1.4. CLOSE LOOP RESP?NSE TC DISTURBANCES

The control system imgiemented in this work was mainly
designed to act as a reguldtor , in other words, to force the

process to any desired QSS operatinélpoint. 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 be strictly
biological factors which might change and which would be
unmeasurahle:  These correspond to the class of things called
"noise" by control engineers. It should be noted 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)
thé response of the system to step changes in pH, and (b)

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

(a) Response to step change in pH

In run # B-b the system was kept in a Q55 in the vicinity
of 6 g/1 and at time 40 minutes 2 step change in pH of 1.5 pH
units was performed (from 5.1 to 3.6). In order to have an
"ideal" step change in pH, a few ml of HCl 4N were dropped
in the fermentor beéides the performed step change in the set
point of the"pH controller. Cell concentration, as shown in
Fig. (4-13), dropped-down very fast to 5.50 g/1 in less than
20 minutes, dropping further to 5.34 g/l\in the next 20 minutes.

Although there was a large change in cell concentration, the

P
-

system recovered in less than 2 hr due to control action.
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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 ar® to be seen as induced changes in the overall
yield, inhibition or even’'changes in the kinetic parameters.
Despite all these possible changes the system recovered in terms
of cell concentration, as’'anticipated since a feedback controller
is used. More specifically, the abrupt drop in cell concentration
following the acid addition suggests that a percentage of the
biomass w;s killed and decomposed.to such a degree that could not
be identified by the cell concentration measurement technigue
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 phenomenon can be based on death of a .
percentage of the cells present in the vessel,: i.e. a displacement
downward in x. The control response would be such as to restore
equilibrium. This particular simulation is shown in Fig. (4-13).
One should ;xpéct higher discrepancy between the simulated and
the actual recovery, as the decomposed cells are nutrient

source for the remaining biomass [1l1l]. -

Finally, the fact that cells continued to grow at pH 3.6

is confirmed by other workers as well [12]. e

(b) System behaviour under stochastic disturbances

A control system in general is designed to give a satisfactoéory
response to deterministic upsets, with the implicit assumption

that ifﬁ;t can adequately respond to these, it will adequately
e
respond to most stochastic disturbances encountered in practice.

.
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g.
!

Modern stochastic control theory suggests a completely different
approach to controller design utilizing the properties of auto
and partial correlation functions of the stochastic disturbaﬁces
[31. ’

L]

3
L

An optimalhstéeggstic controller in general is designed in
such a way that it minimizes the variance of the output. If
such a controller 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. f

Using the data from run/$# 2, the control system wused in this ;
study was tested by camparing its response to a minimum variance
stoaghastic controller, In run % 2, from the very
beginning, the system was kept in a QSS in the ;icinity of '
6 g/1 to examine whether the controller would drift off the set-~

24

point over a period of time. As shown in Fig. (4-15), where x

)

versus time is plotted, it did not. The output deviations from .

-~

3

”
%
b3

the desired value, in this run were obviously due to stochastic

Xpe
disturbances. The observed scatter in Spe data raisesthe plausible
question whether the scatter is due to the experimental error in
the measured variable exclusively,.or not. The fact that the

standard deviation of the output is 0.146, that is 2.7%, slightly’

.

higher than the standard error of measur , which is 2.2%,

suggests that the implemented ctontroller was able to compensate

stochastic disturbances very well.
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’

The above conclusion is supported more rigorously as follows:

e L —
ﬁotlng that sl = kc (xD ~ X) + sl, the errpr can be calculated

@

fgom :

g ‘ sl - sl &
{3 ERROR = -—T(-c-_— (4—3)

having in mind that saturation did not occur in this run. Thus,
?iven the error+series the auto and partial correlations were
calculated and plotted, as shown in Fig. (4-16). The fact that

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

the contrcocller behaves like a minimum variance stochastic controller,

taking also into consideration that one period delay was intro-
duced to the system by the cell concentratfon measurement
technique. Furthermore, the fact that the standard dev?ation
of the outpui series is only sligh#ly higher than the standard
error o% measurement suppérts the above, having in mind that
the standard deviation of the output is equal to the standard
error of measurement only in the case where all correlations
at lags K >0 ar? zer&. However, there are some doubts, since
the amount of data was not sufficientiy large, although chi-
sgquare statistics were satisfactory.

! ’ ' ! ’ ‘

From the above analysis it follows that it may not be

possible to %mprove the controller performance by minimum variance

0
¢t

control techniques.

o

BN

-

1 . . B
program and the output

En Appendix D, listing of the main

"« -&re available.. The .subroutines whiqh.caiculate the auto and

partial correlatioﬁswithLthe:relevant theory can be fogkd in [3].
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4.1.5 NON-LINEARITIES OF THE SYSTEM * s )
An idea of how nonlinea; 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
a system is, the more the fractional complet;on curves tend to

coincide. .

- -

In run 4 1 the system was in a QSS in the vic%nity of
¥ ;a
5 g/1 and at time zero, a step change in the desired cell

et W iaep it b & ix ke e

concentration of 2 g/1 (xD = 7 g/1) was performed. In Fig. (4-17)
the transient response of the system is shown. <Cell concentration

,moved up to 7 g/1 in‘ézproximately 5 hr, which is approximately 1
double the time required by the system to move up by 1 g/1. 1In

-Fig., (4-18) the fractiomal comple;ion curves for run # 1 ( AxD = T 1
2 g/l), run # 3 ( AxD =1 g/l) and run # 6 ( bxy = .40 g/l)

are shown. It is seen th;t all three curves are guite apart

indicvating that the syste£ is highly nonl}near. The fact that

during all three transients no satura%ion in the contraller

occurred suggests that the nonlinear behaviour is due to the nature j
of the~§{i?ess exclusively. i F

This can also be' seen analytically:
Since the specific growth rate, u, is constant throﬁghout'the A
t;ansient begaﬁse of.the non-interactive propertieg of the control
system, +substituting ﬁ~(equ§fiqq'2;21) and sl (équation’2—}9), into

%%’ = (p - D)x, it yields_after'infggration to:
» ’ o
s . ST
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1 » ¥ #

X - X Pmm————
Xy Xo = %

Letting te be the time required to move x from X, to
Xe = .978 Xp (a standard error of measurement away from the tagggt).

%
the following results, as shown in Table 4-II, are obtained fmé

different starting points. Thus the non-linear nature of the process

!
becomes appé#rent.

4.2 SUBSTRATE CONCENTRATION TRANSIENTS :

.response of the system to both set point changes x_ and s_ (or

TABLE 4-11I
* % 3 '
Xy = X (g/1) : te (hr)
5 1.3

1.0 - 2.6

1.5 3.8

2.0 5.0
1
** calculated at the nominal conditions: -

X, = 7; Y =50%; k= .30; k,= .15; D=y = .,100 '

2
The biological process examineq in this work is dﬁdelled as a

two input two output system. This being the case, the closed loop

D D
better ¢ ) should be investigated. Step changes in the desired

cell concentration, Xp

sections. Thereforé} step changes in ¢ are left to be examined.

- v
. S
-

L

i ’ 3 E
;. have already beer considered in the previous $§
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According to the analysis presented in Chapter 2, step anges |
|
H

in o should cause very fast substrate concentration transients

while cell concentration is kept constant.at the desired cell

POT W

concentration. Since the specific growth rate y is a fupéfion of

substrate concentration, the changing levels in s should force the

. o T e M T

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

This can be seen as changes in the slope on plots of 1n X versus

/ 4

In run # 5, shown in Fié. (4-19), starting with an initial

-

time.

T s AN AL

s s
cell concentration of 5.7 g/l the system was forced to move to a
) -
QSS in the vicinity of 6 g/l. The system reached QSS in one hour r

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

1 o .130 nr ! was performed.

a step change in g from .190 hr
As shown in Fig. [4-20), the step in 8 forced substrate concentra-
tion to a‘lower level, corresponding to a smaller value in specific
growth rate. At time 4.66 hr and thereafter. step chaﬂges in'a
were performed every hour. The resulting changes in the specific

growth rate are shown in Fig. (4~20). ‘ .

i The actual uptake rate, o, durin the above step changes can
pe estimated as u/Y. The overalf yield, Y, can be obtained as
the slope of the regression line on a plot of total biomass versus
total glucose fed (Fig. 4-21)). Comparing ¢ and ;, §hown in
Table (4-III), it is seen that they are in agreement. However,
the low yields and specific growth rates tﬁ;t occurred at ',

~

0 = .130 cannot be explained. Contrary to this occurrence,

A
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° i
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one should expect higher yields at lower specific growth rates

where the glucose effect is diminished.

The éesults 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

was kept constant while substrate concentration was changing,

should be examined.

As already discussed in Chapter 2, without the control

' system substrate concentration transients will induce very long

but small in méagnitude cell concentration transients. Therefore,

since the experimental error in cell concentration measurement

[ad

is of the same Qrder, large step éhhnges in ¢ should be performed

if interaction is to be seen. .
. ¥

-~

In run # 4-b, shown in Fig. (4-22), starting at a QSS in
t‘v N
the vicinity of 6 g/1 at time 40 minutes, a large step change

~

ino was performed (from .185 hr % to .370 hr Y, i.e. a 100% step

~

in ¢ ). Cell concentration was definitely affected. However,
4 ‘ .
from Fig. (4-23) it is seen that the specific growth rate after

the step in'c was practically zero for approximately one hour.

e

This means that during thatbpqwr the mlcroorganlsms stopped

growing, i e., the overall yield was approximately zero (Flg
[ 4

(4-24)). At time 1.66 ‘hr the cellsstarted grow1ng agaln at a

-

v

~ higher specific growth rate, implied by the hlgher g. Comparing

-
t

1
—_—
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4~b, x versus time (

simrlation, @ x;data).
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TABLE (4-III) %*

.7

H Y o. o\
.110 .57 .193 .190
.030 .23 .130 .130
112 .61 .183 .190

>, 032 .26, 123 .130

.132 .58 .227 .288
/ TABLE (4-~IV) %%

¥ Y (o} o
127 .63 202 .185
.179 .49 .365,_ .370

7

£
*% A1l parameters excluding Y in nr-l,
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0 and o, shown in Table (4-IV), it is seen that the actual uptake
rate before the step is overestimated while it is in satisfactory
agrgement fpllowing the step.

J

Sammarizing, the large step change in 8 produced c@énges in
the overall yield which may be considered an imposed disturbance’
on the controllgd system., Therefore, the response of the
system may be considered as the response to a simultaneous step

change in ¢ and an imposed disturbance. This particular response

is simulated and°sh9wn in Fig. (4-22).

¢
v

The previous effect OF; sudden changes in substrate
concentration on cell growth has been confirmed in similar
bioloéical systems. It is.found experimentally that shift
experiments from one steady state to another in chemos;at cultures
cannot be described by the Monod equation. An embirical delay
relation has been proposed to describe the response of cell
growth to rapid changes [10]. Inhibition in cell growth may
in addition occur as a ggsult qf cell age distribution and rapid

changes in pH, temperature or dissolved o§¥gen f1o].
»

3

9
4,3 PARAMETER ESTIMATION

As already shown, the specific growth rate is given by the
slope of the regression line that fits the data on plots of 1ln X
r
versus time. Similarly, the overall yield, Y, is estimated

-

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

fed, S. fﬁﬁ
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Given the estimates of u and Y, the actyal specific uptake
rate, g, is‘calculated as y/Y. This o is to be compared with o,
> )

the desired uptake rate. In Table (4-V) u, ¥, o, ¢ and Y are
ptak we ¥, o

~

tabulated for all rugs where ¢ was kept constant. Y is the

assumed overal} yvield needed for the estimation of s1, the substrate

03
1

concéntratioh in‘the feed at the QSS. The plots used for the s

estimation of M and Y are available in Appendix’E. ,}yfﬂ !

v . -
It is seen'fram Table (4-V) that ¢ and ; match satisfactoril},
having in mind that ; small difference between ¢ and 8 shQuld occur
~ as in the estimdtion of sI the 'assumed oderq&l yield, ¥, is
different from the actu?l yield, Y. This is due to the fact
that substrate control is not based on a direct measurement of
substrate concentration aﬁd therefore errors ?ﬁ the process model

will translate into response errors in the controlled system.

-

- ';

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

in ¢ were performed, has been considered in previous sections. The
remaining run # 6, discussed in detail in thie following section,

is considered here.

The values of y , ¥ and ¢ estimated after each step change

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

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

A

constant at both high and low specific uptake rates, while in run

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

[}

specific uptake rates. It is also seen that ¢ a4nd o match

satis{fdtorily in this runvas well.

i

I
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7 ¢ =
'
. TABLE (4-V) *%*
Run # Y Y c c Y
1
1 -0835+.001 | .56+.005 | .149+.002 | .156 | .63
2 -10364,002 | .61+.012 | .170+.005 | .176 | .565
3 -1008+.001 | .56+.008 | .180+.003 | .185 | .54
7 -0953+.005 | .49+.023 | .194+.014 | .185 | .54
8~a | .1085+.004 | .57+.018 | .190+.009 | .185 | .55
TABLE (4-vI) **
Y oq o Y "
-207+.002 | .55+.010 | .194+.005 |  .190
.071%.008 | .55+.010 | .129+.008 | .130 N
.1014.004 | .55+.010" | .184+.006 | .190 | .54
.073+.007 '.ssifq1?/ .133+.008 { .130
; ‘ 4 ’
-154+.004 | .69+.008 | .223+.005 | .228 ,

#% A1 parameters excluding Y in hr~

(%

1

A

o gt SR B i B

.
1
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4.4 SUBSTRATE CONCENTRATION DATA

As already mentioned, difficulties were encountered in obtaining

e

reliable substrate concentration measurements. A detail

description of the problem ig presented ip this section.

“*r

The colormetric analysis used to measure substrate concentration,
bt /)
7

as explained in Appendix A, requiresbiomass, free solution. Therefore

all samples taken from the fermentor should be filtered. The total.

T el Wi G,

time required to remove the cells from tﬁé moment the sample is taken

is approx1mately 50 to 60 seconds. ﬁurlng this time the cells

i

are grow1ng on glucose, droppln?f51gn1f1cantly the level of glucose

J

/
/

concentratlon in the sample.

/
A quantitative expression of the introduced error versus

- ¥
filtering timﬁxis obtained, integrating simultaneously the

- \
governing equations:

> \ . ¢ ! -
= : (4-5)
g%=—_o'x T - ) (4~6) !
§

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

Bl
EEPER 3 S0 ST

shown at the nominal condition: x*= 7 g/1, s = .080 g/1,

Y = .50, k = .30 hr ! and k,'= .15 g/1. It is seen that after

60 seconds substrate concentration is underestimated By 35%. As

cell concentration remains p}actically constant, numerical

4 integration can be avoided by elimination of eguation (4=-5).
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. . /
, Integrating equation (4-6} backwards from s to,sm, the measured

substrate concentration, after overall filtg;ing time, At, it

£ a

yields: ;
"
s 0 K
4 4
kZ +s X /
-K-—-g—-— ds = - ? dt ¢
1 .
[ L4 ~ At ’
' m !
) f
,
$ » 9
k.- s S - 5 z
2 8 m K
In — + —p——= = 7t
E]T Sm 1 Y ° \
| (
k $ - 8 s - s8_
2L+ 1) + = = Fat
1 m 1 P
*
s - Sm 4
since S lq< 1, when At is small, it follows that.
m
|
s - s s - s
In ( I 4+1) « —B | Substituting, the following
» . Sm Sm .

-simple correction formula.is obtained:

‘. K
= Xpt
- ST sy tH

l‘sm .
)g2+s?1. .

(4-7)

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

versus time is shown as well. . «

/
/

Gy

The above q@nsiderations were experimentally verified.
In run # 6, shown in Fi¢g. (4-25), the system was forced to a QS§
in the vicinity of 5.5 g/1 and thereafter step changes in ¢

were performed every 1.33 hours. In Fig. (4-26) the gluccse

: .
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TABLE (4-VII) :
§
! 1
; Error in s (mg/l) -~ Predicted error in s 1
1 from equation (4-7) p
(mg/1) . g
o 0 0 )% %
5. 2.6 2.6 4
\ ' J . 3
10~ 5.1 5.0 . 3
¥ 15 7.6J7 7.3 :
o 20 10.0 9.6
- 25 12.4 11.7
30 14.8 13.8 r
. oy
35 17.1 15.8
40 19.3 18.0
r ~
45 21.5 19.6
} 50 23.6 21.1
55 . 25.7 2.7 €
60 27.7 24.1 & ;
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concentration measurements are shown which were obtained with an

average filtering time of 60 seconds. As aﬁticipated, most of the
¥

measgrements are underestimated assuming that the peiformed .

simulation, with the pominal parameter values (kl = 130 and k2 = .15),

represents closely the true levels of ‘substrate concentration.

In the same figure the corrected concentration measurements

P

? ‘ N
are shown as well, which match the predicted levels within two -

times . the standard error of measurement [13]. . i

[

Y

¢

The existing discrepancies at times 5.66 and 6.00 hours
may be explained by £hé way- in which the implémented control
system functions. Whenever inhibitfon in cell growth oceq;s
substrate should accumulate in the vessel ;ather than séay at a

constant concentration since the control system, ignoring inhibition,

keeps on feeding substrate into the fermeptor. Therefore, the
observed discrepaﬁcies may.be considered a result of occurred
-inhibition, probably due to cell age distribution. It appears
that substrate concenﬁration might be in a\traﬁsient dropp;ng ‘

towards the level measured at times 3.00 and 3.33 hours.

o
&

o . - "

In Fig. -(4-27) and (4-28) glucose concertfation measurements

are shown from runs # 8~a and’ # 9 respectively, where the overall

[ 4 t

" filtering time was reduced to lees'than 5 seconds. It is seen .-

that measured and predicted concentration levels match satisfactorily.
lﬂ From the- prev1ous analy51s and the fact that the amount of * -

rellable substrate concentratlon data is limited, it is seen why

. . . a, "
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Run # 8-2, substrate concentration versus time (
O

- L4

simulation,

s-data). :
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non-interaction and substrate concentration transients were shown

indirectly by use 0f cell concentration data only.

Furthermore, the kinetic parameters k1

equation could not be reliably estimated.

data is required because the structure of the Monod\equation is

such that small errors in s will translate into large errors

in the estimates of k1 and kz.

and k

2

91

in Monod

A large amount of

This is illustrated with a

particular example shown in Table (4-VIII).

TABLE V-III

u [ ,kl k2
(.108, .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 k., and k

1 > respectively.

¢

¢

o

In conclusion, further work is needed in this area to

directly evalyate the substrate response of the control system.

. N
-
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CHAPTER 5: CONCLUSIONS AND, RECOMMENDATIONS

CONCLUSIONS

Cell concentration

The implemented coné?gi system was able to reduce cell
concentration transient response from approximately 25 hours
to 2.5 hours, that is by a factor of 10. 1In addition, the
required volume expansion is very small, making possible the
observation of different Qés'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 disturbayces which would drive cell concentration away from
thﬁndes ired value. - o=

The highiy nonlinear nature of the pfocess was experimentally

confirmed. More specifically, the total time required

for the completion of a transient was found to be proportional

., to the magnitude Qf the step in Xy performed.

Substrate concentrationﬂ

The control system was able to move substrate concentration
to diffeyrent levels, forcing the cells to grow at . ‘
specified constant growth rates. ik

There are indications that non-int;raction was preserved

when small steps ¥n substrate uptake rate were performed,

.
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however, for large steps interaction did occur. An

empirical delay relation may be used to describe the

2
response of cell growth to rapid changes in substrate
concentration.

. p

Overall yields of 50 to 60% were obtained in all runs, even
4

at high substrate uptake rates or lower pH.

P

RECOMMENDATIONS FOR FURTHER WORK '

Control system

To improve the effiaiency 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 continuous version of the
controller may be used without any delay in the £feedback

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 is recommended that the substrate response

of the control system be examined in detail. ﬁ'

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

rFd
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substrdte concentration, D.0., temperature and pH. This
can be done performing a set of experiments where the
response of the system is observed tc step changes in each

one at the above parameters while all the rest are kept
L

! 1
-

constant.

, B
Further, collecting sufficient substrate concentration data,

the kinetic parameters kl and k2 can be estiftated very

reliably since the control system can hold the specific

growth rate, u, constant” at any desired level.

-

Finally, the indication;of lag phase in the growth rate

may be investigated performing }grge steps in the substrate

~

uptake rate, 0.

b
4
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APPENDIX A: FURf%ER ASPECTS OF IMPLEMENTATION
f A-1 EXPERIMENTAL APPARATUS
A.l1.1 THE FERMENTOR
A New Brunswick Scientific Compapy (New Brunswick, N.J.),
laboratory fermentor with a 14 liter total capacity Py@gx glass'
vessel was used throughout this study, Fig: (A-1). The vessel

has an internal diameter of 21 cm and stands 45.7 cm high.

The medium in the fermentor was agitated by two, four bladed .

2

5
s
o
e li‘ﬁ":i‘!

g e W L

K
2 AR A

i

tukbine impellers, each 12 cm in diameter. The impellérs were driven »

by a 1/3 HP Ball Bearing motor capable of speeds between 100
and 950‘rpm.
&
There are four hollow baffles to break up the flow pattemn

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

The temperature in the fermefitor was controlled by circulating
alternately either hot or cold water through two of t?e hollow
baffles. A thermistor was used to sense the temperature in the
vessel. When cooling was needed, cold.tap water was allowed to x
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. femperature.

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 mm), which was located directly beneath the impeller
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Metering #ump control
pH Sensor}
Pressure indicator
Speed control
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-
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"shaft. The air flow was monitored either by a calibrated flow-

‘meter with a range of 0 to 16 1/min for air at 23°C and
atmospheric pressure, or by a pressure gaugﬁ. A glasswool filte;
was inserted in the air line to sterilize the entering air.

: N o ,

Effluent gas is passed through a small, water-cooled condenser,

to minimiZze liquiq loss and evaporation of the culture medium. Since
liquid loss was still high, at air flow about 16 l/min, agitation
500 rpm and liquid .volume in the wvessel higher than 7 1, 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 removed droplets to the fermentor.

A.1.2 DISSOLVED OXYGEN ANALYZER

A DissolQed Oxygen Analyzer, model DO-40, manufactured by
the New Brunswick Sc. Co., N.J. was used. The model DO-40 incorp-
oraﬁes a direct-reading dissolved oxygen indicator té provide a
continuous ?oncentration measurement in solution of oxygen
partial pressure in percent of éxygen. Probe standardization and

zero adjustment is achieved by potentiomentric calibration.
)

A.1.3. pH METER

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

combination electrode (Instrumentation Laboratories, Lexington,

Mass.) was used to provide a continuous measurement of pH.
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chematic diagram of the device used to pump back.the removed: -
dréplets to the fermentor. 7
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{: ' A.1.4 SPECTROPHOTOMETER
A Bausch and Lomb Spectronic 70 spectrophotometer (Rochester,

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

e w-,nt.. THSs B v ¥k

concentration- measurement.
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A.l.5 MINICOMPUTER. ' s
. The Interdata 7/16 minicomputer with 16,000‘8 bit bytes of
core memory, clock, serial communicatibqs'addpters, teletype §
and é;ta acqguisition interface based on serial communications,

was used in this work. v

.A.2 MATERIAL
A.2.1 ORGANISM X ‘ o
( A commercial strain of Saccharomyces cerevisiae (baker's

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

) . . . \
Corporation was used for innocculation.

. A.2.2 C';ROWTH CONDITION AND MEDIUM COMPOSITION
The growth medjium contained per 20 g glucose: 2.15 g

(NH .7H,0; 0.2 g

22 47 4%

: J
Co;" 1.60.g KH2P04; ,l? (NH4)ZSO
+ CaCl,; 10 ml of mineral solution and-1l0 ml of vitamin solution.

1.2" g. Mgso

N s

-

The stock vitamim solution contained, per liter: 5 g adenine;
-2 ngL-methioni‘he; 2 g m~ihositol; 0.8 g ﬁbiamin’é HCl; 0.4 g

¢ B ' '
Ca—pantotheha;e; 0.2 g pyridoxine; 0.2 g linstidine and 0.002 g
5 ¢ N . ! N

(\"l ' . biotin. v : -
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=y

The stock mineral solution contained per liter: 0.08 g

*©

MnSO4.H20; 0.2 g FeSO4.7H20; 0.4 g Na2M004,H20; 4 mg
. Y
Zn$04.7H20, 2 mg CuSO,.5H,0 and ? mg CoSOqJ/iM
-5 /

;
I

J

C . :
The concentrated solution contained 150 g glucose per liter

*

nplus‘the equivalent guantities of the inorganic media except the

minerals. The eguivalent quantities of miner%ls,and vitamins

were added to the initial 5 1 volume in the fermentor.

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

’ . 4 ?
minerals) was sterilized by heating with steam at 120°C’and 15
. - .

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

sterilized vitamin solution was added under aseptic conditions.

t

o
N "

The media in the concentrated feed solutions were sterilized

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

sterilized in a 4-liter bottle, to be used as the diluting stream.

' t

The rotation speed of the impeller and ‘the’ temperature of

£l

cultivation were kept at 500 rpm and 30°C, respectively.

The
dissolved oxygen was controlled manually adjusting the air flow,
so that D.O. stayed above 50%, where 100% was calibrated at 7.5 mg

0, per'liter. 2F KOH basé and 1F 'H3PO4 acid solutions were used
; ' )

by the pH controller to keep pH at the desired level, 5.1 + .1 for

all runs unless otherwigeispecif;ed.
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. preveighed aluminum dish for 40 minutes at 110°C. .

to obtain an estimate of the precision in cell concentration
-measuﬁ{ment. Analyzing the results a standard deviation of 0.14 g/l

.was cé{culated at an average cell concentratlon of 6.30 g/1.

ot b
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A.3 ANALYTICAL#RECHNIQUES

A.3.1 CELL CONCEN TION MEASUREMENT , ' w
Samples were taken every 20 minutes during the entire course

of fermentation to measure ceii concentration. The dry cell

weight was measured by filtering the 20 ml sample throujg)é
a

Milipore filter (pore size: 0.65 um) and drying the cak

w

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 second reading after 40 minutes §
arying time, was lobgged as the true cell concentrétiqn. g é

Fifteen samples were taken and analyzed at the end of run # 8—5 5
! 1

a .
Thus, an estimate of the standard error of measurement is 2.2%." ', {

o
¥

¥
It is noted that although the samples were dried for 40 minutes

PRV

only, no additional error was introduced to the measurement.
\ - . L] : ]
In Fig. (A-3) the cell 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 GLUCOSE CONCENTRATION MEASUREMENT e

In several runs!k additional samples were taken to measure the

limiting substrate concentration in the fermentor. -
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An enzymatic analysis was used, utilizing phosphorylation’of

glucose by hexékinase (HK) and ATP, followed by oxidigzabion by
glucose-6-phosphate dehydrogenase (G-6-PDH) with concomitant
reduction of NAD® to NADH. The total amount of NADH formed,
a direct measure of glucose concentration, was measured s

photometrically at 340 nm. -

The standard error of measurement in the range of glucose
concentration measured in this work is 4% [13].
The detailed procedure is as follows:
- Reconstitute reagent: Glucose HK 25-test vial add
80.0 ml distilled water. Sw?{l gently to dissolve.
- Zero measurement with 0.9% sodium chloride solution$
(physiological saline).
- Add 20 M1l of sample to 3.0 ml 0.9% sodium chloride. N
- Redad and record sample blank absorbance (AB) at 340 nm.
- Add 3.0 ml of reconséituted reagent to a cuvette,.

- Read and record initial absorbance (A.) ok reagent at
St

1

I
340 nm.

- Add 20 ¥l of sample to reagent and mix gently.
- Wait 3 minutes, read and record final absorbance (AF) at
340 nm.

- Calculate glucose concentration from:

s(mg/l) = (AF - AI - AB) x 4,370

(cuvette with a light path of 1 cm should be used.j
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:
LIST OF THE PERFORMED RUNS §
g
- - :
Main Characterist}c Operational Conditions *
Large positive step | x, = 5.80 g/1, o = 0.156 hrl J
change in x, T =11.07 g/1, %, = 7 ¢/1 (t> 0) g
x, and o were kept | x, = 5.8l g/L,0 = 0.176 hr'® g
cgnsta.nt to check
whether the controller__
drifts off sl = 10.69 g/l,xD = 6 g/l
Subsequent step §O = 5.34 g/1, o = 0.185 nrot
changes in x, 11.18 g/1, 6 g/1, O<tcd
sl =|13.03 g/1, x=|7 /1, 4<t<8
14.88 g/1, 8 g/1, 8<t l
!
‘Large.step change ] Xy = 5.82 g/1, Xp= 6 g/1
in fof N -1
ST = 10.98 g/1, o =|0-185 hr_l, 0<t<0.66
0.370 hr %, 0.66<t .
Subsequent step X, = 5.68 g/1,81 = 10.98 g/1
changes in 6 0.190 hr™l, 0<t<3.33
xp = 6 g/1, o =|0.130 hr™%, 3.33<tc4.66
0.190 hr Y, 4.66<t<5.66]
0.130 hr™t, 5.66<tc6.66
0.228 nr l, 6.66<t
Subsequent step Xp = 5.13 g/1, 81 = 10.07 g/1 '
changes in 6 0.190 hr %, O<t<2 ‘
X, = 5.5 9/1, o =[0.130 hrTd, 2<t<3.33
0.190 hr™t, 3.33ct<a 66| =
0.130 hr™l, 4.66<t<6 '
, 0.228 hr t, 6<t

i
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Run # Main Characteristic Operational Conditions
7 Negative step change | x, = 6.80 g/1, sl = 10.98 g/1
in X R
¢ = 0.185 hr™t, xj = 6 g/l (£20)
' 8~a Negative step change Xy = 7.26 g/1, sl = 10.98 g/1
in X
o = 0.185 hr™*, x, =6 g/l (£20)
8~b Step change in pH X, = 6.02 g/%, 51 = 10.98 g/1
(disturbance }
response) o = 0.185 hr't, x =6 g/l,
ls.l 0<t<.86
PH ®{3.6 .66<t '
‘9 Uncontrolled run Xy = 5.42 g/1, 51 = 14.07 g/1
{ ' b = 0.100 hrt
,}
-8
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APPENDIX C

tabulation of PROCON loops
listing of PROCON loops
typical output

detail diagram of PROCON

loop structure
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TABLE C-I: TABULATION OF PROCON LOOPS

111

Loop # Task Label
1 Enter zero . ‘ Zero
2 Pick up computer poll -time (in seconds) p0113§
3 Convert poll time to minutes Poll-M
5 Enter pH-filter tau pH-Tau
6 Enter flowrate of pump-A when ON K-FA
7 Enter flowrate of pump-B when ON K-FB
8 Enter flowratv\s of pump-AC when ON E(-ACID
9 Enter flowrate of pump-BA when ON K-BASE
10 Multipiy by 100 the a.k;solute difference
between current x and the one of the SAMP-T
previpus cycle
11 Set output = 1 when the outi::ut at loop
10 is greater thg.n zero, else set output = 0 V-SAMP
15 Pick up from input channel 7 the pH
measurement in mv ' PH - mvV°©
16 Convert pH meagurement from mV to pH units pHE-CALC
17 Filter the pH measurement pH FIL"I}
18 Enter the initial volume V-INIT
19 Calculate the total volume TOTVOL
20 Enter x to the computer using the set-point
command X-DATA
21 Enter Bl . S0
22 Enter k c ke
23 Enter ; ’ CONSRA
24 Enter s, Sp
25 Enter Xp xD
26 Enter s, Sa
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Loop # Task Label
27 Calculate sl from the error: X, = X S1-CON
28 Intermediate calculation for sl1MIN (FAMAX) PROOFA
29 Intermediate calculaion for slMIN (FBMAX) PROOFB
30 Calculate FAMAX + FACID + FBASE FAM + FN
3 Calculate s1MIN (FAMAX) and take the
maximum of sl and slMIN (FAMAX> S1MINA
32 Calculate s1MIN (FBMAX) and take the
maximum of SIMIN (Fp., ) and the owtput of S1MINB
loop # 31
33 =« Calculate s1MAX and take the minimum of
SAMAX and the output of loop # 32 S1MAX
34 Calculate sl - sp S1-Sp
35 Calculate Sy - sl Sa-sl
38 Calculate the flowrate of pump 2 FEED~-A
-
39 Calculate the flowrate of pump B FEED~B
40 Calculate the flowrate of pump A for
uncontrolled fed-batch - FA*
41 Calculate the flowrate of pump B for
uncontrolled fed-batch FB*
50 Manipulate the error in pH (P+I
controller) PH-CON
51 Calculate the flowrate of ACID p F~-ACID
52 Calculate the flowrate Qf BASE F~BASE
53 Calculate the total ml pf acid used V=-ACID
54 Calculate the total ml bf base used V~-BASE
70,71,72 Flow controller for p A &
73,74,75 Flow controller for B
-
76,77,78 Flow controller for pump AC
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~
LOOP # Task Label
79,80,81 Flow controller for pump BA
82 Calculate the total grams of sugar fed GR-SUG
83 Keep x of the previous cycle . . x-CONC
90 Log periodically loops, 16,17,53,54,38,.39,
82,19,83
91 Log on demand loops 21,22,23,24,25,26
92 Log periodically (every poll cycle) loops
15,16,17 (used for pH calibration curve)
99 If set point is set egual to zero reset all
accumulators SWITCH
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LISTING OF

-

L 4

READY :LL
1 e 3
13 1S 16

23 24 25
32 33 34
51 52 53
75 76 77
90 91 92

*

o N O

S
17
26
35

T4

18

99

nEADY :L11
METHCD 5
MOOl=+ 0.000
LIM CC B
F ORMAT 10
LABEL ZEROC
*

READY :L12
METHOD

FrM

LIM CC

FORMAT 10
LABEL POLL-S
*

READY :L13 ,
METHOD 5
M0Q03=+MDO02/ 60.000
LIM CC D
F ORMAT 10
LABEL pOLL/M
*

READY :L1S ~
METHOD 5
MO0 S=+ 1.000
LIM CC 0
F ORMAT 10
LABEL PH-TAU
L 3

®EADY :L16
METHOD 5
MOO&=+ 3.932
LKM CC 0
F ORMAT 10
LABEL K-FA

&*

6
18
27
38
70
79

5198

PROCON

2
19
28
39
71
80

LOOPS
8 9
20 21
29 30
40 a4l
72 13
B1

B2

10
22
31
50
74
83
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rEADY :L17
METHOD
MOO7 =+ 24
LIM CC
FORMAT
LABEL

*

»EADY iLI1B
METH D
MOOB=+ 2
LIM CC
FORMAT
LABEL

L ¢

rEADY :L19
METHOD
MO09=+ 2
LIM CC
F ORMAT
LABEL
«*
wEADY :L11
METH®
MO D=+5020
LIM CC
F OrMAT

* LABEL
[ ]

®EADY L1l
METH (D
STATUS

CTL RF
LBOoS

BATD

LIM CC

F OrMAT
LABEL

L ]

5
960

0

I0
K-F B

5

«535
0
10
K-ACID

S
«586

0
10
K~BASE

0
5
-M0B83 7
0
10

SAMP-T '

1
1.0
1
5
i
0.001!
0
10
V-SAMP
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- §
wEADY :LII5
-METHOD '6
FROM 18 7 3
LIM CC 0 - ‘ i
FORMAT 10 2, ‘
LABEL PH=-MV i
*
READY :LI116 .
METHOD - . 5 .
MOi6=+M0IS/ 1B0.899+ 7.419
LIM CC 0
FORMAT 10 \ 2
LABEL PH=-CAL
* ° L 4
READY :LI117
- . METHOD 5 \ .
MO17=+M016~MO17*M003/M005+M017
LIM CC .0 \
FORMAT 10 2
LABEL PHFILT
L J
READY :L118 ‘
METH OD s ' ; S
MO1B8=+ 1.000-5099%5000.0
LIM CC 0
F DRMAT 10 2
LABEL V-INIT
* -
eEADY :LI119 ] .
METH 0D 5 - -
MO19==M011% 25.000/M0D3+M0O72+MD7 S+MOTB+MOB1*MD03+MO1G*S09S+MD1¢
LIM CC 0 .
F ORMAT . 10 2
LABEL ~  TOTVOL
*
vEADY :L120
METH D 1
STATUS 1 0 0
CTL FF 70
‘nL%ops 1
GAINS 14000
LIM CC 0
F ORMAT 10 2

LABEL X-DATA

- - !
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READY :L121

METH OD 5
M02i=+ 14.868
LIM CC 0
FOPMAT 10
LABEL S0

L 4

wEADY :L122
METHOD 5
M022=+ 25.000 .
LIM CC 0
FORMAT 10
LABEL KC

[ 4

=EADY :L123

METH 0D 5
M023=+  0.200
LIM CC 0
FOPMAT 10
LABEL C ONSRA
-

rEADY :Ll24
METHOD 5
MD24=+  0.068
LIM CC- 0
FORMAT 10
LABEL SD

.

rREADY :L125

METH D 5
MO25=+ 7 .000
LiM CC 0
FORMAT T 10
LABEL XD

*

READY :L126
METHOD . 5
M026=+ 150.000
LIM CC* 0
FORMAT 10
LABEL SA

*

117
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1
*
READY :L127
METHOD 5
M027=+M025-S020*M022+M021
LIM CC 0
FOPMAT - 10 2
LABEL - S1=CON’
.
READY :L128
METHOD 5 _
M02E8=+M026*M006/M023/50206/M019*
LIM CC 0
F ORMAT 10 5
LABEL PRODF A
L 4
READY :L129
METHOD -]
M029=+MO 07 *M026 M023/5020/M019*
LIM CC 0
F ORMAT 10 5
LABEL PRODFB
&
READY :L130
METHCD 5 .
MO30=+MO 06 +MOSI+MDS2
LIM CC D
FORMAT | \\Qw 10 3
LABEL FAM+FN o
-
READY :L131l
METHQD - 5

MO31=+M024/M028+M024>M027

60.000- 1.000

60.000+ 1.000

LIM CC .0

FORMAT k 10 "3

LABEL SIMINA

*

wEADY :L132

METH 0D 5

MO32=+M 029~ 1.000%M024+M026/M029>M031 N

LIM CC \ 0

FORMAT 10 3
‘ LABEL SIMINB

*
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*
READY :LI133 v

METH 0D 5
: M033=+MB26*M006/M030<M032
- ’ LIM CC . 0
FORMAT 10 2
LABEL 5 IMAX
*
READY :LI34
METHOD s
MO34=+M033-M024
) LIM CC o
. . FORMAT 10 2
“ LABEL $1-SD
N *
, nEADY :LI35
METHOD 5
: M035=+M026-M033 .
-~ LIM CC 0 Co.
FORMAT 10 2 3
;0 ' LABEL 5A-S1
i -
wEADY :L138
METHOD s
ME3B=+M0223%S020*M015/M026%M033/M034/ 60.000
LIM CC 0 o,
: 'F ORMAT 10 3
. LABEL FEED-A
¥ - , '
2 »EADY :LI39
¥, METHOD 5
MO39=+M035/M033*M038 )
LIM CC , 0 -
FORMAT 10 3 |
LABEL FEED-B /
* #
READY :LI40
’ METHOD 5 . :
Mp40=+MD2]1 /M026*M0B19/ 600.000 8
LIM CC 0 & ’
FORMAT - 10 , 3 -~
LABEL FAY

+*




o~

*

nEADY :Ll4l

METHOD - 5

MOal=+M026~MD21 /M026*M019/ 600.000
LIM CC 0 ’

F ORMAT 10 3
LABEL FB*

*

READY :L150

METH 0D 2

STATUS 1 0
CTL RF 79

LooPS 16

GAINS 5.000 0.200000
LIM CC 0

FORMAT 10 2
LABEL PH~CON

L 4

READY :L15]

METH 0D 5
M0S}=-M050> L 0.000<M008
LM CC D

FORMAT 10 3
LABEL F-ACID

*

RrEADY :L152

METHOD 5
M052=+M050> 0.000<M009
LIM CC 0

FORMAT 10 3
LABEL F-BASE Lo
*

READY :L183

METH (D 5

MD53=+M07 8*M003+M053%5099
LIM CC 0

FORMAT 10 2
LABEL V-ACID

*
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READY :L154 ,

METH @ 5

MOS4=+L081*MD0O3+M0O54%5099

LIM CC 0 -

ronuai\ 10 2

LABEL V-BASE

*

READY :L170

METHOD 3

STATUS 1 1

CTL RF 71

LOOPS 72 a0

GAINS 1.000 5000000

LIM RG 50.000

LIM CC 0

FORMAT 10 3

LABEL "FA~CON

*

READY :L171

METHOD 10 \

STATUS 1 1

CTL RF 0 0

LOOPS 1 70

BAND -0.010

LIM CC 0

FORMAT 10 0

LABEL PUMP-A

*

READY :L172

METHOD 5

MO7 2=+ ] .000-M071%M0D6

LIM CC 0

FORMAT 10 3
' LABEL FBSIG!

[ 3

wEADY :L173

METH (D 3

STATUS 1 1

CTL ¥ T4

Looes 16 al

GAINS 1000 5.000000

LIM RG 150.000

LIM CC 0

FORMAT 10 3

LABEL * FB=-CON -

-
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READY :LI74

METH 0D 10

STATUS d 1
CTL RF ! 0
LOOPS 1 73
BAND -0.010

LIM CC 0 _
FORMAT 10 ° 0
LABEL PUMP-B

&

wEADY tLI75

METH 0D 5

MO7 5=+  1.000-M07 a*M007
LIM CC 0

F ORMAT 10 3
LABEL FBSIG 2

*

READY :L176 ‘

METHOD 2

STATUS 1 1
CTL RF 77

LOOPS 78 51
GAINS 1.000 5.000000
LIM CC 0

FORMAT 10 2
LABEL FACC ON

«*

READY :L177 .

METHOD 10

STATUS 1 1
CTL RF 8 0
LOOPS 1 76
BAND 0.010

LIM CC 0

FORMAT 10 0
LABEL PUMPAC

*
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* -

READY i1LIB3
METH (D 5
MO83=+5020

LIM CC 0
FORMAT 10
LABEL x~-CONC
L

READY :LI9D
METHOD 7
LFMT 0
TIMES 360.000
LOOPS 16 17
*

READY :L191!
METHOD 8
LFMT 0
L.0DPS 21 22
L g

READY :L192
METHOD 7
LFMT 2
TIMES 6.000
LOOPS 15 16
*

READY :1L199
METHOD 1
STATUS 1
CTL RF 77
LOOPS 1
GAINS 1.000
LIM CC 0
FORMAT 10
LABEL SWITCH

0.000.
53 S4 40 4]

23 24 25 26

0.000
17

g2

19

83
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TYPICAL

TIME 014:00:00:45

OUTPUT | :
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M021 10.977 SO é

Mp22 25.00 XC }

M023 0.185 CONSRA 4

M024 0.068 SD 5

M025s 6.00 XD %

M026 150.00 SA i
i
%

READY :SE20 .

TIME (14:01:16:56

5020 6.94 ¥-DATA:7.045 . [

X I
s020 7 .04 X-DATA:EN
014:01:17:08 ENTERED
L} +*

READY :FI, *

#

TIME 014:01:20:00

MO16 5.13 PH=-CAL .

M017 5.03 PHFILT

M053 2.19 V-ACID

M054 ‘' 5.13 V=-BASE

MO38 1.021 FEED-A

MO39 24,960 FEED-E :

M082 10,870 GR-SUF -

M019  6964.52 TOTVOL :

M083 . , 704 X-CCNC “#

TIME 014:01:25:080 %

MO 16 5.02 PH-CAL P

MO17 5.04 PHFILT 4

M053 2.19 V-ACID =

MO54 6.45 V~BASE 3

MO03E 1.040 FEED-A $

M039 24.960 FEED-B

M082 11.737 GR=-SUS

MO19 7095.61 TOTVCL

M083 7.04 X-CONC




*

READY :SESO

TKME 014:00:40:05

S0S0 5,100 PH-CON:3.60
sS0S0 3.600 PH-CON:EN
0ia:00:40:2! ENTERED

*

READY :F1

¢

READY :S8E2D

TIME 014:02:54:16

s620 5.61 X-DATA:5.665
sS020 5.66% X~-DATA:EN
014:02:54:30 ENTERED

*

READY :FI

¥

TIME 014:02:55:13

MD16 3.62 PH-CAL

MO017 3.61 PHFILT .
M0S3 13.15 V=ACID ¢
M0S4 9.62 V-BASE i
M038. 0.758 FEED~-A /
MO39 5.119 FEED-B

Mo82 18.755 GR=-SUG

MO19 6485.14 TOTUNL

M083 5.66 X~-CONC

i J
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DETAILED LOOP STRUCTURE L
L-3a L-38 FBSIG 1
[ I ve |, Lo 1, L-23 |, i S1-SD [} FEED-A
ZERO K-FA X -BASE RA . N
CONS l____ _______ 4 L-70 -7t b, on-ofF
! FA-CON PUMP_A
L-40 | |
L-2 L-7 . L-2v L-2¢ |, FA® -
POLL -S K-FB S0 S0 L-78
l L-3s L-39 FBSIG 2
| S—
-5t FEED-B I .
-3 1, t-s |, L-22 . t-2s |, SA-S
PoLL-H K- ACID KC )y ! =T q v L ON-OFF
[ FB-CON PUMP-B
L- 41 _J
L-26 |}, - FB*
SA: L-78
FBSIG3
L-28 L-3 L-33 ~
PRODFA STMINA SIMAX
MBS Y. BF BN EE L-51 L-78 L-77 ON- OFF
X-DATA S1-CoM F - ACID FACCON PUMPAC
L-29 L-22
PRODFB ) L-30 p— .
L-5 Fam+Fn L-81 )
PH-TAU FBSIG4 }
ADC L-15 L-® L-17 L- 50 L-52 L-70 t-80 | Lon-oFF
PH-MY PH-CAL PH-FILT PH-CON F - BASE FBACON PUMPBA
L-78 S L-90 )} = L ¥TY N
L-20 L-10 s oL-n v-ACD LOG 1
SAMP-V V- SAMP l -
L-m L-8 B .
— L-s4 ] t.0 | 1Ty
YOTVOL V- BASE 106 2
t (o
L-20 ] L-e3 L-18 I g
- 1Nt - L- 82 - .
X = CONC v T L-72 | . L-98 v-e2 V. I
GR-SWG | SWITCH LOG 3
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APPENDIX D

LISTING OF SIMULATION PROGRAMS
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XG0 :
list simerld
¥1N FROGRESS
/L0AD VUSRBAS1C
010 FREM NICN h. 13/7/78

020 REM )

030 REM . XKXKCONTROLLED FELI' RBATCH

040 REM KKKKFERMENTATION (ACTUAL FLOWRATES
050 REM

060 DIM W(1Q)

070 REM INITIAL STATE AND X-0OLD

080 READ X»SeVyT,X0

0920 [DATA 7.269.080+¢5y0,7.25

100 REM KINETIC DIATA .

110 READ RK1sK2»Y1yMO

120 [DATA  +309.155.5750

130 REM CONTROLLER RCySO0»SIGHMAy XD»SIyFAMAX»FWMAXySA
140 FREAD G1+S0yG2¢X9+59sF8yF?+58

150 DATA 295510.98y.185569.068y,5y1.49769150

160 REM TIME INTERVAL-PRINT IN.-SAMFLING IN.- DELAY TIME-TEND
170 READ TOyT3»T5+TE,T?

180 DATA .0005,.33333y.33333r+33333y7

190 T2=T
200 T4=T
210 T8=T

220 REM CALCULATE DELAY ARRAY LENGTH

230 MI=INT(T&6/TS/.999)+1

240 RKEM INITIALIZE DELAY ARRAY AND FOINTERS
250 FOR I=1 TO M1

260 W(I)=X

270 NEXT I

280 uW(1)=Xo0

290 Ni1=1

300 Li=M1

310 IF T:~T2 THEN GOSUR 680
320 IF T-=T4 THEN GOTO 370
330 IF T-~T9 THEN GOTO 790
340 GOSUB 570

330 GOTO 310

360 REM XXXKCONTROLLERXXX
370 . W(L1)=X

380 Z=W(N1)

390 S51=61%(X9-Z)+50

400 VY=V-,025

410 IF S51.58 THEN S1=58

420 S5=59%(1+1/(8SB8X%XFB/G2/Z/V~-1))

430 IF 851 85 [THEN S1=83

440 S46=58-(58-59)XF %58/ (G2XZXV+F?2%58)
450" IF 81 &6 THEN S1=84

4
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460 F1=G2XZ¥V%S51/58/(51-59)

470 F2=F1%(58-51)/851

480 F=F14F2

490 REM UFDATE FOINTERS -
300 N1=N1+1

510 IF N1.M1 THEN N1=1

220 Li=L1i+1

S30 IF L1-M1  THEN Li=1

340 T4=T4+T5

350 G6GOT0 330

960 REM KXKKKFPROCESSXKXX
570 M=KR1%5/(h2+8)

380 Y=1/(1/Y1+M0/M)

S0 I[1=(M-F/V)x%xX

600 [2=F%(S1-8)/V~-MkX/Y

610 D=F/V

620  X=X1+D1XTO -
630 5=54+D2%T0

640 V=U+FX10

650 T=T+T70 -

660 RETURN

6470 REM ! ‘ KEXKKOUTFU TRNOKXK

680 IF T:78 THEN 730

620 FRINT US1ING 700:6G2rX9,595509Y1

JESSURRENPNE SRR

© AL

ol e . R sedTh

700; SIGMA=. 4 %% XD=%4. ¥ Sh=. 1 ¥4 SO-=18.1% Y=, ¥

710 FPRINT USING 720y GLrl5»T6

7201 NC=FEkEF.4 T-SAMFL =, + ¥+ (HOURS) DELAY=. F§ECHOURS)

730 FRINTY USING 740 J
740:TIME X =) D M Y Fi F2 51 v -

750 FRINT USING 760 v TsXsSrUyMrYyF1sF2:51,V

76Ot B F.HEE FEJERY L BUEE JEFE LAAE %L ¥NE FLREEE GEFLIE FEGEE FOED
770  T12=T24713

780 RETURN ,

720 STOF
800 END . :
FEND )

¥GO

-
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lict er

TCOMN

MM FROGRESS

SLOADE WATS

OO OO oOo

90
100

00

200

oo

[e¥]
(&)
<

JINCLUDE

FENT

E0

THTS FROGRAM CnALCULATES

AUTUCORELLATIONS  AND
AUTOCORELLATIONS  OF
ERRORS « THE ERROR(I?

CALCULATED 'ROM  THE OUTFRUT

Or THE S1-~-CONTROLLER
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LDIMENSION 81(100)yFA(lOO);#B(lOO);ERRDR(lOO)

OATAN  MOR/2A/NUIFF/Z1/9ML/12/
DATA  GAIN/2G./,51088/12./
REATL  THE DATA

rg 100 1-1sNOR <
RENL(S290) FACL)yFRCD)
FORMATCLOX»2F10,.3)

COMT1INUE

CALCULATE  CGLUCOSE CONC.

0o 200 I-1,NOK
SLCI)=150, ¥FACIY/(FALLIHIECT))
CONTINUE .

CALCUL ATE  THE  ERROR

ng 300 1 LyNOR
ERROICI)I={SLID)-SLUSE) /UGNTN
COMTINUE

CALL  IDENT(ERRORyNOLsNL NDIFF)
st
EN

TOEMT

THE

s g

C R ol

et Tl SN e B LR



Zinrat
B /110 errcorsn

¢ /ine  datar2 130a
Vopdrun
' AIN PROGRESS
COMPILE - 0,98 SEC ~

AUTO il FARTIAL CORKRELATIONS OF DOR1IGINAL SERIES

I AUt : FARTIAL
1 0.429 0.42%
2 ‘00134 -00062
3 ~0.151 : -0.227
4 ~-0,157 0,002
5 -0.254 \ -0.193
5 ~0.170 -0.027
7 -0.130 -0.057
B8 0.120 0,175
9 0.288 0.190
10 0.244 ‘ -0.049
11 0.049 -0,083
- 12 0.01% 0,090

>

NFPFROX. 95 FERCENT CONFC LIMIT ON CORRELATIONS = 0.408
(D STANDARD DEVIATION OF SERIES - 0.1441134E 00

CHI-SQUAREDR STATISTIC = 16.14 BASEDN ON 12 DEGREES OF FREENOM
' 4

AUTD AND PARTIAL CORRELATILONS OF FIRST DIFFERENCES OF SERIES

- -

1 AUTO PARTIAL
1 —00257 '0t257
2 -0.0455 ~0.130
3 ~0.198 -0,269
4 0,113 -0,037
5 -0.145 ~0.205 .-
6 0.042 ~0,122
7 ’ —00225 -0,351 P
‘ 8 0.076 - . =0,289
? ,0.182 -0.040
10 0.126 0.005
11 y -0,203 ' ~0.210
12 0,094 ~0,057
C ‘ NFPROX. 95 PERCENT CONF. LIMIT ON CORRELATIONS = 0.417.
- -
STAIIARD DEVTATION OF SERLES = 0,1570390E 00
CHT-SQUARED STATISTLIC = 9,75 EASKD ON L2 DEGREES OF FREEDDM

LKEC = 0,27 SEC
¥EMIN
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NOTE ON THE ESTIMATION' OF THE OVERALL YIELD

The following graphs were used to determing the overall

yield, Y, as already discussed in section 4.3 Previous workers

)[l?],[ll] have shown that the effect of maintenance regquirements

on the overall yield can be rﬁfresented by:

—

.
Y

K:I!—'

.2
G

heY

In/ﬁhe following graphs it appears that the owerall yield
remained constant unless inhibition occurred or changes in ;.
This can be explained’withe§he fact that the control system
substrate concentration and ;herefore the specific growth rate,

rwas kept constant and assuming constant YG and m for a given set

.

of culture conditions, the overall yield is expected to have remaimed

' constant. ! \

—
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Fig. (E-1): Run # 1, total biomass versus total glucose fed.
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Fig. (BE-2): Run 4§ 2, total biomass versus total glucose fed.
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Fig. (E-3): Run # 3, total biomass versus total glucose fed.
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Fig. (E-6): Run # B-a, total biomass

~ versus total glucose fed.
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LOG X
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RUN 6 o
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Fig. (E-10): Run # 6, ln X versus time.
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