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1 Abstract

Nowadays the optimization of product formation during
penicillin G fed-bateh fermentation as a part of total pro-
ceas control has gained a renewed attention (Spriet 1987).
In the last two decades several attempts have been made to-
wards modeling the fermentation process. Among others,
the models proposed by Heijnen et al. (1979} and by Bajpai
and Reuf (1980,1981) are well suited for advanced control
purposes (Lim et al. 1986, Van Impe et al. 1990, Van
Impe et al. 1991a). However, based on recent advances
in the biochemisiry of the penicillin synthesis, an updated
model has been proposed in order to correct some physical
and biochemical shortcomings in both models mentioned
{Nicolai et al. 1990).

Van Impe et al. (1991b) have applied optimal con-
trol theory to derive the substrale feeding strategy which
optimizes the final amount of penicillin, for a given total
amount of substrate. However, as the optimal profile is
not obtained in complete closed-loop form and requires the
on-line determination of the full bioreactor state, heuris-
tic biphasic control strategies have been developed based on
microbial insight (Van Impe et al. 1990, 1991a-b, Bonte
et al. 1989). They represent o more realistic control ob-
Jective, namely set-point control,

In this paper we shall indicate some drawbacks of these
heuristic controllers, in particular with respect to their ro-
bustness. On the other hand, we shall illustrate that they
can serve well as a basis for the development of more re-
liable control schemes : both conventional PID-based and
adaptive model-independent controllers shall be investi-
gated. In these schemes the time delay due to the on-line
state determination shall be incorporated, We shall illus-
trate the performance of a discrete—time implementation
with some fypical simulation resulls.

2 The model of Nicolai et al.
2.1 Mathematical description

The penicillin fermentation process can be modeled by the
following set of mass balance equations :

a - (1)

dX -
ap
de

dV
o= (4)

= —oX +spu

= X — kpP (3)

Nomenclature at the end of this paper.

Based on recent advances in the biochemical knowledge
of the penicillin biosynthesis, Nicolai et al. (1960) have
presented an updated unstructured mathematical model,
The following specific rates have been incorporated in the
meodel equations (1-4) :

< (5)

i xpr‘i'Cl‘f'c;J/Kl'
B = faubstr — Yx/a(fm(cs)ml + fp(C,)ﬂ'/Yp/.) (6)

where poupaer is the specific substrate to biomass conver-
sion rate, either modeled by Contais~ or Monod-kinetics :

Haubstr = Ho __C—l*m OF Hyubatr = fag — (7)
K.C: +0C, K,+cC,

The functions f(C,) and f,(C,), s measure for the en-
dogenous fraction of respectively maintenance requirements
and production, are chosen as follows :

fon(Cs) = exp{—=CifEm) fp(C.) = exp(~C./E,} (8)

As a result of balancing, the specific glucose uptake rate
is given by :

a:p/Y,;, +ma+T/Yp[| (9)

A physical interpretation can be assigned to the pa-
rameters £., and E,, as follows ; they represent the glucose
concentration at which the respective endogenous fraction
is equal to 36.8 percent.

For intermediate values of £, and Ep, there is a smooth
transilion belween maintenance snd endogenous metabo-
lism as a function of C,. The ability to choose different
values for B, and Ep makes it possible to simulate differ-
ent endogenous fractions of respectively maintenance re-
quirements and production.

2.2  Simulation results

All computations were done ona VA X— VM5 sysiem, using
8 Runge-Kulta-Gill solver and the NAG-routines
DOZEHF and DO2EBF for stiff systems integration, and
the MATRIX x -routine MAXLIKE for parameter estima-
tion, We have made the following assumptions, We always
set By, equal to E, (further on simply denoted with E),
a3 there is no a priori reason for nat doing so. For ptyupnr
Contois—kinetics has been chosen. The nominal parameter
set (due to Bajpai and Reufl 1981) and the initial con.
ditions are summarised in Table 1. The total amount of
subsirate available for fermentation is equal to a = 1500
g A sel of 120 reference datafor 5, X and P has been

873




generated, using the original Bajpai and Reufl model with
a sero initial amount of substrate and a constant feed rale

strategy during 120 hrs.

paramelers
e 0.11 K, 0.006
e 0.004 ka 0.01
Kp 0.0001 K; 0.1
Yero | 047 Yo | 1.2
m., 0.029 p 500
initial condilions
Xo 10.5 o
P 0 W
to 4] o

to be specified
T+ So/!}:‘
1500

Table 1 Parameters and initial conditions

We have tried to fit the model to these reference data in 2
limiting cases : (1) B =1, 10”® g/L (simulating a main-
tenance metabolism) (2) E = 1. 10%'? g/L (simulating an
endogenous metabolism).

The value of x,, is adjusted—since its value seems not
very reliable {Nicolai et al. 1990)—s0 as to minimize the
Euclidian distancé to the reference data (Table 2). Of
course, the results for the maintenance model coincide
with the reference data, as C, never becomes negative
for this particular feeding strategy. For the endogenous
model, the fit of X and P is still very good, although the
S-profiles differ somewhat in the growth phase.

E T LI¢M)] X(t) 1 Pl
1. 1077 | 4.0000 1077 | 4.98 1077 | 330.28 | 59.65
1. 10*'? | 5.2861 1072 | 3.82 107! | 330.97 | 60.82

Table 2 Estimation of x,,, and corresponding final state
{t; = 120 hrs), for some values of E

We believe that this is a very important result, as it
indicates that it is virtually impossible to moke a distine.
tion between different kinds of metabolic behaviour, using
data from fermentations with this particular feeding strat-
egy. However, it is indicated elsewhere that the metabolic
assumptions might be very important for feeding strategy
optimiration (Van Impe et al. 1991b).

2.3 The optimization problem

Numerical values for the initial condilions are mentioned

in Table 1. Xo and P, are given, So and ¥, are related by

gf. denotes the given initial volume without substrate) :
= V, 4+ So/er. Glucose is added as a solution with

concentration sp,

The optimisation problem is to determine for the given

set of equations (1-4) the optimal feed rate profile that

minimizes the performance index : J{u} = —P{;), i.e.

maximises the final amount of product, subject to the fol-

lowing constraints !

- tg =0, #; = free

- all variables have to be kept positive :

S(l),X(i),P(i),V(i) >0,u{t)>0,Vte fo, 1]

- the initial amount of substrate So is free; the initial condi-

tions So and V; are only constrained by the given equation.

In other words, some initial conditions can be manipulated

to minimise the performance measure !

J= J(I.I,So) = —P(!J) (10)

- the toinl amount of feed is fixed : 5o 4 aF f';’ u(t)di=a

The Inst isoperimeiric constraint on the input is equivalent
to the physical constraint V(i;) = V;, V} fixed (4}

3 Heuristic control strategies

3.1 Optimal Control solution

The optimal feeding strategy which solves the above op-
timization problem has been described by Van Impe et
al. (1991b) using Pontryagin’s Minimum Principle. For
E = 107" g/L the results are : Sp o = 528 g, {; = 132.0
hrs, P; = 63.846 g; for £ = 10%'? g/L : Sy.up = 1411 g,
8; = 122.5 hes, Py = 89.709 g.
'1[he optimal control is obtained in a complete state feed-
back form, except for the switching time between batch
(growth phase) and singular control {production phase),
which has to be determined numerically in advance. Of
course this makes a complete closed-loop implementation
impossible. Further on, the singular control requires the
on-line measurement—or at least a sufficiently accurate
estimate—of all four variables §, X, P and V, which is
hampered by s lot of practical difficulties,

As a consequence, il is useful to construct suboptimal
atrategies that do not suffer from the above difficulties, at
the expense of an as small as possible loss in performance.

3.2 Heuristic C,— and pg—control

The construction of a suboptimal profile is based princi-
pally on the concept of a biphasic fermentation. Some
of the ideas concerning heuristic C,-control are reported
elsewhere {c.g. Bonte et al. 1989, Van Impe et al. 1990,
1981a-b).
For the control during growth, we refer to the optimal so-
lution : the substrate consumed for growth is added ali
at once at ¢ = 0 in order to obtain the highest possible
value of p for all ¢ during growth (equation (6}). This re-
sults in a fast biomass accumulation and—depending on
the meiabolic assumptions and some parameter values—
almost no penicillin production.

During production, we focus on the specific rate ».
Equation (5) indicates that x reaches ita maximum at

C, = Cierit = /K K;. The maximum value is 7pq. =
*m {1 + 2/ Kp/Ki). So during production, we shall keep

C. at C,crit. The control needed can be obtained from
the differential equations {1) ard (4) :

X

Uprod = IF—C. (11)

As a consequence, the conjunction point {; of growth and
production is simply dictated by the condition C, = C, crir.
The control is stopped when all substrate « is used. Asin
the optimal case, the concluding batch-phase is stopped
when dP/dt = 0. Note that the complete suboptimal con-
trol (called heuristic C,-control) is obtained in closed-loop
for a given initial amount S5. As a result, the optimization
problem is reduced to the one-dimensional oplimization
of So (B = 107% g/L : So.op = 533 g, Py = 63.597 g;
E =102 g/L : 55 05 = 1404 g, P; = 89.430 g).

Remark that for ji,ys,r modeled with Monod-kinetics,
{11) also keeps p constant. An equivalent heuristic p-
conlrol for Contois-kinetics follows from du/dt = 0 :

u _ peKC(Cup + C;.n:r),l'N2 + F(Em, Ep)o X[V
Prod T e K Coap [VNT & F(Em, Ep)ar — C)]V
1

2)
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N & K.C.+0C, (13)
F(Em,Ep) = exp(~Cu/En)m.Yes/Enm
Y,/. x dr
+ cxp(-‘cs/Ep)m(E; - E) (14)

As for the conjunction of both phases in the case of Contois—
kinetics, it is straightforward to keep swilching on C, =
C,,erit which maximiges x. Observe that this value does
not follow from the equations themselves, but is rather a
natural extension of the case of Monod-kinetica,

A further refinement of these stralegies exists in op-
timizing the switching time. In other words, during pre-
duction C, (or u) is kept constant, but not necessarily at
C, = Ci.rit (0or ...). As in the case of Optimal Control,
n two-dimensional optimization of So and {; is oblained.

As for the measurement problem mentioned, remark
that the number of variables to be determined has been
reduced by one ! there is no need for P in (11) or (12).

However, inspection of (11} and (12) indicates that
these controtlers can result in an unstable closed-loop per-
formance: e.g. a positive step disturbance on the substrate
feed rate u results in an increase of C, (1), and thus in X
2}). Both effects amplify the feed-back control (]1% or

12), resulting in an unstable closed-loop behaviour, This
is ilustrated in Figure 1, where the influence of a step
disturbance on 4 {11) with amplitude 10™? L/hr at time
{ =90 hrisshown: S, =533 g, t; = 98.60 hrs, Py = 43.27
g. Obviously, even 8 smal! disturbance causes a large de-
crease in Py ! So a straightforward implementation of the
conlroller (11) or (12) is not robust at all.

However, as these heuristic controllers are the trans-
lation of a realistic control objective—namely set—point
control—, we shall show in the following that they can
serve as a basis for the development of more reliable con-
ventfional and even model-independent adaplive control
schemes. In this paper we shall restrict the simulation
results to the heuristic C,-controller.

4 PID-controllers
4.1 Mathematical deseription

We assume that the substrate concentration €, can be
measured on-line, although with some time delay AT. Re-
cently some promising results concerning glucose concen-
tration monitoring have been reported : e.g. Rishpon et
al. 1990, However, there are still some difficulties with “in
situ” sterilization, recalibration, ... Flow Injection Analy-
sers have been proposed also, but these suffer from very
tatge time delays {e.g. Nielsen et al. 1989).

So a measurement at time ¢ becomes available to the con-
troller at time { + AT. We suppose that AT is known
in advance. As the measurement device can only take a
new sample after completely processing the previous one,
the sampling time of the discrete-time P-, P/- and PI1D-
controllers is set equal to this time delay AT,

Besides the measurement device and the associated
A/D and D/A convertors, a practical realisation of such
a controller should consist of a liming logic circnil and a
controller circuit. When the (initially very high) substrate
concentration has {allen to an a priori specified (low) set-
point value C,, the timing logic circuit triggers the con-

troller circuit. The controller then tries to keep this set—
point during the production phase, in spite of disturbances
and mode] uncertainiics. Let us consider first of all the in-

fluence of AT. Suppose that C,; = C,(t = kAT) > C}
and C, iy < C;. Due to the time delay, the controler
only starts at time ¢ = (k+2)AT. In other words, the pro-
cess remains uncontrolled for a time interval At < 2AT!

The controller output (}t‘he substrale feeding rate) is a
continucus-time signal with two components.
The first component is the feed—forward implementation
of control law (11), calculated and stored in advance at
some diserete-time instants, using the model equations (1-
4) with the nominal parameters and the optimal value of
So : the nominal heuristic C,—controller. The value of this
feed-forward control is adjusted continuously by linear in-
terpolation beiween subsequent values. The second com-
ponent is due to the P-, PI- or PID-controller. Between
two samples, the second component remaina constant.

A standerd “textbook” discrete—time PID-controller
has been implemented (Astrdm and Wittenmark 1984) :

AT 1
Tipg-1

Tap g —1
AT g+~

Uy = KD(I-!- )Gj. (15)

where ex = C] — C, 41 {C,—control) or ex = p* — pji_,
{u~control), v = —Ty4p/{10AT), and es_; is initialized
on 0. The controller parameters Kp, T p and Typ have
been tuned by minimizing :

L a0

J= Eg{t +iAT)? 2 Z(C.' ~Cui)’

i=t i=1

(16)

after a step disturbance of amplitude 10~ L/hr at time
t = 30.0 hr (E = 107° maintenance model} or at time
= 45.0 hr {E = 10*'? endogenous model). The numerical
minimization has been done using an algorithin proposed
by Brent (1973) (conjugated directions method).

4.2 Simulation results

[ E JAT V1Ko [ Tip | Tupo | P ]
1077 {0017 113 - - 63.591
1.41 | 3.94 1077 - 63.592
1.27 | 218 1077 | 5.61 107° | 63,592
0.10 | 51T e - 63.543
427 169 - 63.550
.382 127 2.97 1077 | 63.550
1.00 | .493 N - 62.998
416 1.65 - 63.070
.372 1.26 .284 §3.070
1077 T 001 | 2.10 - . 89.428
1.71 | 3.90 1077 - 89.428
1.54 | 2171077 | 5,59 1072 | 89.428
G.10 | .648 n : 39.35
531 169 - 89,368
416 127 2.96 1077 | 89.368
1.007 | 632 ) . BT.111
519 1.65 . 87.278
467 1.26 .285 87.27%

Table 3 Optimal controllier parameters, for some values
of £ and AT
The optimal controller parameters are shown in Table 3.
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In Figures 1 and 3, the step responses for the optimal P-,
PI-and PID-controllers have been shown (AT = 0.1 hr).
For the P-controller, the gain Kp muat be high enough in
order to achieve an acceptable steady state error, which re-
sults in & very long settling time. As could be expected, the
PI-controller is somewhat more sluggish than the PID-
controller,

Table 3 also shows the nominal performance of these
controllers. Figures 4 and 5 {AT = 0.1 hr) show the sim-
ulation results for the following disturbances: po = 0.088
(~20 %), K: = 0.0072 (420 %), a step Au = 10" % on u
at t = 90 hza. The final production is for E = 107 g/L:
FP; = 68.277 g (P), P; = 63.144 g (PI), P; = 63.146 g
(PID); for B = 10%'? g/L: P, = 58.471 g (P), P; = 79.317
g (P1), Py = 79.385 g (PID). Obaerve that in the figures
shown the set-point C; has been reached quite fast |

5 Adaptive control

5.1 Mathematical description

Since industrial high producing strains can undergo muta-
tions during the fermentation process—reflected in time-
varying model parameters—, the use of an adaptive con-
troller can be investigated. In an adaptive controller the
controller parameters are updated on-line in response to
changes in the dynamica of the process and to distur-
bances.

Parameter identification of stirred tank bioreactors es-
eentially concerns the determination of both the yield coe/-
ficients and the parameters involved in the (usually nonlin-
ear) specific rates, in a nonlinear state space model, Recent
advances in both topics have been reported by e.g. Chen
et al, 1990, Chen and Bastin 1991.

An application of STR (Self~Tuning Regulator) has
been discuased by Montague et al. &1;)86) t a linear trans-
fer function model is estimated on-line, and based on this
model a linear controller is designed according to some
criterion,

However, as the fermentation process is known to be
inherently non-linear, it is rensonable to expect that bet-
ter control would result by exploiting from the outset the
non-linearilics in the model in the design of a nenfinear
adaplive control algorithm. Several authors have recently
adopted this philosophy (e.g. Goodwin and Sin 1984). A
detailed survey of the use of adaptive controllers in biore-
actor control is given by Bastin and Dochain (1990).

In this paper, we shall incorporate the measurement
time delay AT into an adaptive control algorithm pro-
posed in Bastin and Dochain (1992}. No assumption has
been made concerning the exact analytical structure of the
specific rates o and u, thus circumventing the parameter
identification problem, They are treated as time-varying
parameters and estimated on-line, using a recursive least
squares estimation scheme with a forgetting factor X, Fur-
ther, we assume that both C, and C. can be measured
on-line with a time delay AT. C, and C; satisfy :

dC,

d—t = —D'C, '{“(JF‘ —C,)% (17)
dC. u

_ eI 18
& pCe ~ C:y; (18}

A first-order Euler discretisation of the above equations
and equation (4), with sampling time AT, results in the

following discrete-time sysiem :
Cikss —Cop = -0, Co AT + (a5 - C._;.):—-"-AT (19)
s

Centt = Con = peCesx AT — Coa 2 AT
k

,, (20)

B Vg ~ Vi = v AT (2})

A discrete-time adaptive weighted one-step-ahead con-
troller design has been chosen, minimising the following
quadratic performance index :

Jeyr = %((Ca,k-}t -V + pui) {22)
where the weighting factor p makes limitation of the con-
trol effort possible, in contrast with an ordinary one-step—
ahead controller where the output can become very large.
After substituting (19) in (22) end minimising the result-
ing expression with respect to u, we obtain the following
non-linear control law :

AT

CexAT - {C,, - C;
uh:Tk(JF‘— -,h)ak ok {Cin )

(sr = Con)(3L) + 0

(23)

However, at time t = kAT, only C,x_; and C, 4., are
known ! We propose the following algorithm :
Step 1: Estimation of o4 and ps_; with RLS,

e, b1 = Cihog +6x_2C 2 AT

—(ar — c,_,,_;,);‘,*-“‘ AT - C,4—2(24)
(=

oo k=t = Craoy — fin3Cru_a AT

+ Cre—2 :‘;—? AT — Can_sp {25)
k-2

Pioi = Pof(A+CL, ,AT P ) (28)
Kyn = ~Cia—2ATP_, (27)
Gx—1 = s+ Kp_yec, ko (28)
Ay = frea— HKaec, oy (29)

Step 2 1 Prediction of Co 4, Cr s and Vi, using (19-21)
and the resuits of Step 1.

Step 8 : Calculation of the controller action.

uy is calculated by substituting the results of the previous
steps in (23). Aa o varies slowly as compared with the
dynamics of the system, we take 04 = é4_,. Finally the
controller action is limited by :

ifuy <0

if ve > Unpue (30)

w={ ]
k= Umaz
Observe that this controller can be implemented from &k =
0 on. For C, = C; and p = 0, the control law reduces to
the heuristic C,-controller {11) !

5.2 Simulation results

For E = 107° g/L, Sy = 533 g, AT = 0.1 hr, p = 0,
Py = 10°, A = 0.6 and Upay = co, we obtain a nominal
performance P; = 62.848 g al £; = 116.02 hra, The con-
vergence of the estimated and predicted values and of the
control action is ilustrated in Figures 6 and ¥, With the
following disturbances: uc = 0.083 (—20 %), K, = 0.0072
(+20 %), the final amount is Py = 63.183 g at ; = 137.46
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hrs. An additional step Au = 1072 on u at { = 90 hrs
results in Py = 60.911 g at t; = 13101 hra. In this case,
there is an off-set on C,, as the control (23) has no inte-
grating action.

For E = 10*'7 g/L, Sy = 1404 g, A = 0.7 and Upna, =
1077, the other values as given, we obisin a nominal per-
formance Py = 87.978 g at {; = 108.99 hrs. With the
same disturbances on y¢ and K, the final amount is P =
83.778 g at #; = 156.91 hus. An additional step Au = 10~?
on 4 at { = 90 hrs results in Py = 82.503 g at ¢; = 117.39
hrs. For AT = 1, the controller did not converge.

6 Conclusions

In this paper, we have compared the performance of two
controllers for the penicillin G fed-batch fermentation :
a PID-controler superposed on a heuristic controller, and
an adaplive controller. The influence of a measurement de-
lay has been buili in, Although the adaptive scheme needs
no a priori information on the specific rates, simulation re-
sults indicate that it has excellent robusiness properties for
limited time delays. A detailed convergence analysis, in-
corporating the influence of the time delay, is the subject
of an ongoing study.

Nomenclature

1 ¢ time (hr)

AT  : time delay, sampling time {hr)

5 : amount of substrate in broth {g) {glucose)

X : amount of cell mass in broth (g DM) (biomass)
P t amount of product in broth {g} {penicillin)

|4 : fermentor volume (L)

input substrate feed rate (L/hr)

u :

C, : subsirate concentration in broth (g/L)

C; ¢ cell mass corcentration in broth (g/L)

e ! substrate concentration in feed stream (g/L)

E,, : parameter related to the endogenous fraction of
maintenance (g/L)

E, : paramelter related to the endogenous fraction of
production {g/L)

K, : Contois saturation constant for substrate
limitation of biomass production {g/g DM)

K, : Monod saturation constant for subsirate
limitation of biemass production (g/L)

K, : saturation constant for substrate limitation
of product formatien (g/L)

K; : substrate inhibition constant for product
formation (g/L)

m, : maintenance constant (g/g DM lu?

kp : penicillin hydrolysis constant (hr™')

Y.;s i cell mass on substrate yield (g DM/g)

pfe ¢ product on substrate yield (g/g)

o i specific substrate consumption rate {g/g DM hr)

i : apecific growth rate (hr™'})

Bsutstr ¢ Sp. substrate to biomass conversion rate {he™'}

He : max. sp. growth raie for Contois kinetics (hr ')

BAt : max, sp. growth rate for Monod kinetics (hr ')

x : specific production rate (g/g DM hr)

Fen : specific production constant (g/g DM hr)

¥ : filler parameter in discrete PJD-controller

q : forward shift operator

Kp  : proportional gain (L7 /g hr)

Tio  : reset time {hr)

Ta,p  : derivative time (hr)

References

Astrdm, K. J. and B. Wittenmark. 1084. Computer
Controlled Systems - Theory and Design. Prentice-Hall,
Englewood Cliffs, N. J.

Bajpai, R. K. and M. ReuB8. 1080, 'A mechanistic Model
for Penicillin Production’, Journal of Chemical Technology
and Biotechnology, 30, 132-344

Bajpal, R, K. and M. Reufl. 1981. 'Evaluation of Feed-
ing Strategies in Carbon-Regulated Secondary Metabolite
Production through Mathematical Modelling’, Biotechnol-
ogy and Bioengineering, 238, T17-738

Bastin G, and D. Dochain. 1880, On-line Estimation
and Adaptive Control of Bioreactors, Elsevier

Bonte, G., J. F. Van Impe and J. A. Spriet. 1988, 'Feed-
ing Strategy Optimiration of the Penicillin Fed-Batch Fer-
mentation using a Mathematical Model’, Mededelingen Fac-
ulteit Landbouwwetenschappen Rijksuniversiteit Gent, 54
(4a), 1215-1224

Brent, R. P, 1073. Algorithms for minimization without
derivatives, Prentice—Hall, Englewood Cliffs, N. J.

Chen, L., G, Bastin and D. Dochain. 1090. 'Structural
Identifiability of the Yield Parameters in Nonlinear Com-
partmental Models for Bioprocesses’, Proceedings of the
20th Conference on Decision and Control

(Honclulu, Hawaii, Dec. 1990), 1074-1079

Chen, L. and G. Bastin. 1881, 'On the Mode! Identifia-
bility of Stirred Tank Bioreactors', Proceedings of the Eu-
ropean Control Conference, Grenoble, France, July 1991
Goodwin, G. C. and K. S. Sin, 1084, Adaptive Filtering,
Prediction and Contrel. Prentice-Hall, Englewood Clifls,
N. I

Heijnen, J. J., J. A. Roels and A. H, Stouthamer. 1979,
"Application of Balancing Methods in Modeling the Peni-
cillin Fermentation', Biotechn. and Bioeng., 21, 2175-
2201

Lim,H.C., Y. ]. Tayeb, 3. M. Modak and P, Bonte. 1088,
'Computational algorithms for Optimal Feed Rates for a
Class of Fed-Batch Fermentation : Numerical Results for
Penicillin and Cell Mass Production’, Biotechnology and
Bioengineering, 28, 1408-1420

Montague, G. A,, A. J. Morris, A, R. Wright, M. Aynsley
and A. C. Ward. 1888, 'Online estimation and adaptive
control of penicillin fermentation’, JEE Proc. D, 5, 240~
246

Nicolal, B. M., 1. F. Van Impe, P. A. Vanroleghem, J.
A, Spriet and J. Vandewalle. 1900. 'A New Unstruc-
tured Mathematical! Model for the Penicillin G Fed-Batch
Fermentation’, ESAT-SISTA Report 1990.28, Dept, of
Electr. Eng., K. U. Leuven {Submitted for publication)
Nielsen, J., X. Nikolajsen and J. Villadsen, 1089, 'FIA
for On-Line Monitoring of Important Lactic Acid Fermen-
tation Variables®, Biotechn. and Biaeng., 38, 1127-1134
Rishpon, J., Y. Shabtai, I. Rosen, Y. Zibenberg, R. Tor
and A. Freeman. 1080. ‘'In Situ Glucose Monitoring
in Fermentation Broth by “Sandwiche" Glucese-Oxidase
Electrode (SGE)’, Biotechn. and Biceng., 35, 103-107
Spriet, J. A. 1987. '"The Control of Fermentation Pro-
cesses', Mededelingen Faculleit Landbouwwetenschappen
Rijksuniversiteit Gent, 52 {4}, 1371-1381

Ven Impe, J. F., B. M. Nicola], P. A, Vanrolleghem, J.
A. Spriet, B. L. De Moor and J. Vandewalle. 1600, 'Opti-
mal Control of the Penicillin G Fed-Batch Fermentation :
An Analysis of the Model of Heijnen et al.', ESAT-SISTA
Report 1990-2%, 63 pp., Department of Electrical Engi-
neering, K. U. Leuven {submiited for publication)

877




Van Impe, J. F,, B. M. Nicolai, J. A. Spriet, B, I,. De o ek e
Moor and J, Vandewalle. 1001a, 'Optimal Control of the 5 a0t b
Penicillin G Fed-Batch Fermentation : An Analysis of the - vl
Model of Bajpai and Reufl!, Proc. of the European Simu. g
lation Multiconference, Copenhagen, Denmark, June 1991 =
Van Impe, J. F., B. M. Nicolai, P. A. Vanrolleghem, J. A, &
Spriet, B, L. De Moor and J. Vandewalle. 1991b. 'Opti- o
mal Control of the Penicillin G Fed--Batch Fermentation : ©
An Analysis of 8 New Unstructured Model’, Proc, of the &
European Control Conference, Grenoble, France, July 1991
1) oo . ’
1] 50 (4]s] i50
Figure 1 fleuristic €, -conirolier in closed-loop
E=107Y g/L, Sy =533 g, Au =107 L/hr ont = 90 Ar
) 0.0190 0.0350
- =
[} i -, PR L TR . . N -
‘f, _J L‘._‘__"..J"l"" ——————————————————— g
s} =)
2 0.0156 , 00889
o
g R i
— 5 I. Pl a Cs “
Jo-0122 \ gﬂ.on?
< Wioni oo ‘ o,
ks
O [ e ] )
0.0088 L © 0.0000
29.7 20.8 31.9 33.0 44.7 2 _ P
— - noconlrol ——— PI i
_____ P nre time [he} e PID REREE time [nr] . -~ PID "
Figure 2 E = 107% ¢/L Step response of the optimal P, PI- and PID-controller - AT = 0. Ar Figure 3 £ =10 o/1,
30 T - 83 1
v Sculfng ¢ !
€, (1/L) +1000
€t/ .
s C (sfd) ]
9 VL) 3 9
£20 » (Labr} 1300 £42 ;f"?;f]',m.
£ 1S € (/L)
: 5 | pie
o © ¥ 11780} 12000
310 &1
s 3
0% v . x e e ;
0 50 100 t50 200 0 50 100 150 200
. - ) AT = 0.1 hr, o = 0.088, K, = 0.0072, Ay = 10~ L/br ont =90 hr : 17
= v ' ' ' F 5 E=
Figure 4 £= 107 g/1 PID-controlled fed-baich fermentation lgure Wl
0.3 0.01
Shyma + + : estimated value s.00sl
o.28f — 1 renl yalue
.00
0.z}l 0.607%
0.006
- 8133 0.605
Hu
0.004 ¥
ot L1 - / Crest —— [grL]
0.003
0.05}F a.002 AIWpTive Coutrol IL/10 hr)
0.00L >
. 20 A 0 00 100 20 % P 0 60 80 100 120

Figure 8 £ = 107, AT = 0.1 Ay Ums (1]
estimaiion of ¢ and p

Figure 7 E = 107%, AT = 0.0 At vy [1ure
prediction of C, and adaptive coniroller

878




