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Abstract: The aim of this paper is to investigat® a case study, an adaptive
extremum seeking control scheme for product foromath fed-batch bioreactors.
The presented approach utilizes the structure rimdition of the Haldane kinetic

model, to derive an extremum seeking algorithm th@tes the system to the
desired set points with the objective to maximize product formation rate. The
adaptive extremum seeking algorithm consists ofoatrol law and parameter

learning laws designed by using Lyapunov’'s stabiitguments. The adaptive
extremum seeking control scheme is applied to th&imization of the enzyme

production vyield in filamentous fungal fermentatiddumerical simulations are

provided in order to investigate the effectivenadsthe proposed scheme.
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1. INTRODUCTION Consequently, the control issue in the operatiofedf
batch filamentous fungal fermentation is to find a

Filamentous fungi are extensively used in theontrol strategy for substrate feeding that will
fermentation industry for the production of a largemaximize the enzyme production yield and avoid
number of products including primary metabolitespoxygen limitation. The classical approach to sdhis
antibiotics, industrials enzymes and proteins (Mgl  problem is model-based optimal control, providing a
et al., 2001). theoretically realizable optimum. However, in pieet
Many industrial fermentations are carried out id-fe because of the modeling uncertainties, poor
batch mode. The main challenge in industriaperformance may be expected from such control
fermentations involving filamentous fungi remainsstrategies, and, although a priori attractive, ropti
how to design and operate the bioreactor for highzontrol has not been largely applied to industrial
density cultivation. The purpose of the fermentatio bioprocesses. An alternative is to use approadiegs t
process is naturally to obtain as high enzyme y&dd are aimed at handling the process uncertaintids avit
possible and also to minimize the energy used duriradaptive control scheme (Bastin and Dochain, 1990),
the fermentation process (mainly related to stridmd  (Vanlimpe, 1993).
aeration). The operation from moderate to higihe extremum seeking control is an interesting
biomass concentrations is crucial to achieve highlternative to handle optimization problems, whiea t
productivity, but it induces high viscosity and non objective function is a function of unknown paraemst
Newtonian behavior in the fermentation medium (Li eor for selecting the desired states to keep a
al., 2000). In these conditions, the oxygen supplihe performance function at its extremum value (Zhahg e
cells becomes critical. al, 2003).



In this paper, we investigate an extremum seeking s
control scheme for the maximization of enzymeH =
production rate in fed-batch bioreactors. The psepglo
scheme utilizes explicit structure information dfet
objective function that depends on system states a
unknown parameters. In this approach, the optimu
search is included in the adaptive control scherhe.

(6)

Xg + X5 + X

qpoecific rate of enzyme production. Enzyme production
riﬁ] filamentous fungi is a classical example of gitow
associated product formation. In this model, the

Lyapunov’s stability theory is used in the desidriha spe:\cific f%te of enzyme production .is rglated .te th
extremum seeking controller structure and th@&Ctive region. Also, enzyme production is subject t
development of the parameter learning laws. A simil 91UCOSe (substrate) repression - described inpisyEer

approach has been considered for a simple microbiQY an Haldane expression - and oxygen I|_m|tat|on )
growth with Haldane kinetics (Titica et al., 2002). represented by a Monod equation - as given in Eq. 7
The paper is organized as follows. Section 2 ptesen _ Ho 5 B 02 K @)
the dynamic model of filamentous fungal fermentatio ™ 2 Ky +0, °©

that has been used in this study. The model-based KS+S+K7

adaptive extremum seeking algorithm is developed _|rnh rkl h itutive level of
Section 3. Simulation results are discussed ini@edt € parametei. represents the constitutive level o

enzyme production.

2. FILAMENTOUSFUNGAL

FERMENTATION MODEL Secific rate of oxygen consumption and carbon
dioxide formation are expressed in Egs. 8 and 9:

The model considered in this study is derived fram . _ % Xa (8)

. . r02_Y><0Et7+YPO Bpslg(i"'m)
literature model, proposed by (Agger at al., 1998iis Xe + Xg+ Xy) X+ Xa + Xp)

is a morphologically structured model, giving a s

description of growth and product formation offco, = Yxc E’(m“‘mc 9)
filamentous fungi, under no limiting oxygen condits. € a h

In this study, the limitation by Qis considered via )

Monod expressions, introduced at the kinetic 22 Balancemodel equations

expressions level. _
The model proposed by Agger et al. consists oft afse

2.1. Modelling considerations five balance equations for the three regions of the
biomass, substrate and product concentrations, as

Growth kinetics. The morphologically structured modeféPresented in Eqs.10-14. For control and estimatio
proposed by (Agger et al., 1989) is based on tR&rPOSES, supplementary. mass balan_ces are intmbduce
division of the biomass in three compartments: in this study for describing the dissolved oxygen
- active region (X,), responsible for the uptake ofconcentration in the bioreactor and the fractiorCah
substrate and growth of the hyphal element. It ig the gaseous phase that are both measurableen-li
assumed also that only the active region is resplens (Egs. 15-16).

for the enzyme production .

- extension region (Xo), where building of new cell wall Morphological states

and extension zone take place dXe =0 -DIX (10)
- hyphal region (X;) is the degenerated part of the dt 1 €
hyphal elements, which are inactive. dX,
Two metamorphosis reactions are considered in theg— =% =% =02 DX, (11)
model: o~
X, 0% = X, (1) —g =% DX, (12)
X, 0% - X, (2) Glucose(s)
ds_|(1 1
The corresponding kinetic expressions are repredentm_{(gjmb+rps%;&a+ngm+xa+xh) +DEtS, $) (13)
in Eqgs. 3 and 4:
K. (& o Enzyme (p)

ql = - |jxa 0 . (3) @— Xx.-D 14

al:(s+Ksl) 02+K02 dt_rps a (p (14)
0, =k, [%g (4) Dissolved O, concentration (O,)
The grck)WtE: of the active region is given in Eq. 5: dd% =1, X, + X, + X, )+k a0, -0,)-DO,  (15)

o
0; = s+3K (alxke Gﬁ (5) CO, concentration in the gaseous phase (CO,)
s3 2 0, dC02

The specific growth rate of total biomass is given g~ - 'co, {Xe +Xa + Xp) (16)
Eq. 6:



For more details about the morphological model thed 1
significance and numerical values of the differen?k‘\/g—
parameters, the reader is referred to (Agger £1889). !

(21)

By this transformation, the optimum value is fuootiof
only one unknown parameter that has to be estimated

3. ADAPTIVE EXTREMUM SEEKING on-line.
CONTROL ALGORITHM o _
3.3. Estimation and Controller Design

3.1. Problem , . )
The controller design proceeds in different stéjisst

The main control issue in the operation of fed-bat©f all, the estimation e;quation feris derived from the
filamentous fungal fermentation is to find a cohtrd®@ance model equation, then the control law aed th
strategy for substrate feeding that maximizes tfgStimation of the unknown kinetic parameters are
enzyme production. An approximation of the Optimépcluded in a Lyapunov based derivation framework.
solution for this problem can be obtained by . | ,
maximizing the enzyme production rate during theStiimation equation for thesubstrates
fermentation duration. From this consideration arfdy considering Eq. 13 and the kinetic parameter
based on the model structure presented in theddegsi definition, the predicted stasss generated by:
we shall now concentrate on the design of an adaptiys 1 . gus 01
extremum-seeking control algorithm for the enzymea:‘*ﬁe‘szD%+Dfﬂsf -9+ (21)

production rate. a 1+6s[5+6,[F
v 1 02 .
3.2. Principle and assumptions kz _EGKOZ o, is supposed to be known and

According to the kinetic model of the enzymeconstant (this typically.happens wheni® not limiting

production (Eq.7), the maximum enzyme productiof® >> Koz) or wheno, is controlled at some constant
rs;)tf'wi?_frespec'l[) tottfg%l_ SudbSttf?rEe cotnce_nttr-aﬁda value). where 8 denote the estimate of the true
obtained It s can be stabiiized at the set-point. parameter 8. e, =s—s* represents the prediction

s =Ks 1K (A7) error andk is a positive tuning parameter.

Since the exact values of Haldane model parameters

Ks, M and K, , are usually unknown (or at leasDesign of the adaptive extremum seeking controller
poorly known), the adaptive extremum seekin§ince the parametef, is unknown, the desired set-
algorithm is developed to search this unknown séttp point (21) can be re-expressed as follows:

such that the enzyme production rate is maximized. 1
So, the adaptive extremum seeking control schemfe = = (22)
provides an adaptive control law of the dilutioterto 6,

control the substrates at the desired set poird', The controller will be designed in order to driveet
coupled with parameter learing laws for Haldangpsirate concentratiato the estimated value af
model parameters estimation. This algorithm reguir 2). An excitation signadi(t) is design and injected

the on-line knowledge of substrate and biomaggq the adaptive system such that the estimated
concentrations. Also, the growth kinetics are agslito A

be known via C@measurements, as well as the relatgghrameter 6, converges to its true value. The

yield coefficients. The algorithm design is doneden eyiremum seeking control objective can be achieved
the assumption that oxygen limitation does not occu  \hen the substrate concentratiiis stabilized at the
The adaptive extremum seeking control scheme igptimal operating set-poist.

designed using Lyapunov’s stability theorem.

_— ) Define the error control variable, as follows:
Parameter definition. Let define:

1
_Ho zg =S————=—d(t) (23)
6, K. (18) Jo
1 . : :
O :K— (19) Consider the Lyapunov candidate function as foltows
S 2 N2 a2 2
_ 1 V=5 o meg )+t 0500,
6, = K. K, (20) 2 S | 2 s Ty (24)
S

2
H:[eﬂ 0, 9|]T represent the new set of kinetic+es7(1+6’s&+6’. )

parameters to be estimated on-line. The optimurrsfor - Ao A -~ A
(17) can be re-expressed as follows: where8, =60,-6,, s =0s—0sand 8, =6, -0,

Yu» Vs @andy, are positive tuning parameters.



of the convergence of a similar adaptive extremum
The adaptive extremum seeking controller algoritem seeking algorithm can be found in (Titica et ab032).
derived from the derivative expression of Lyapunov
. . . . . 4. SIMULATION RESULTS
candidate functiol, in such a way is negative.
After mathematical manipulations, we obtain thethe proposed adaptive extremum seeking controller
control law and the parameter learning laws as¥@l  has been tested in numerical simulation, performed

using a realistic example of a fed-batch fermenitati

Control law: process, as given by (Agger et al, 1998).
1 11 : Ouls
P~ -9 %a [Gs +kz BAuiﬂzﬂa * (25) The initial states used in simulation are:
1+0s3+6113 x, (0) = 0.0005g/ kg , X, (0) = 1.2g/ kg
+(Sl—_s)tﬁ— K, (2, +a(t) ~k, (0] x,h(0) = 0.0005g/ kg, s{0)=10g/1,
f

p(0) = OFAU /1 , 0, (0) =100%

Note that the resulting control law consists in twos; =50g/I.
terms: the first one includes the specific rates of
enzyme production and of the biomass growth, whilghe aidane kinetic model parameters used durieg th

the second is a correcting term proportional toetier  merical simulation are identified from the Agger
output and to the dither signdlt) defined as: model as follows:

3 .
- 172 d6, Ho = 227FAU /(gactiveDW [h)
d(t) = a®) -5 ) de—t—kd [l () 26) k. -00211/]

where a {) acts as a dither signal on the closed-loopc, =15102g/I

process and, is a strictly positive constant.

For the Haldane model, from Figure 1, the maximum
Parameter learning laws. on the specific rate of enzyme production occurs at

deA s¥=0.0059 g/l. The control objective is to design a
uo_ - controller for the dilution rateD, to regulate the
@ TH kp (80 H(zs *+€5) (27) " substrates ats*. The controller requires knowledge of

C the substrate and biomass concentrations. Theidkinet
dbs _ Ve o B B Uz +65) (28) Parameters determining th are obtained using the

estimation algorithm previously presented.
dt 1+ 9. T5+ 6 (62 g p yp
i\ ' [k +e The initial values for the initial estimates of tkieetic
dd? =y, Ekz 2 EQAZS s) (29) parameters are:
1+6s3+6, 3 6, =16010%, 6, =2369, 6, =16010*

3.4. Stability and convergence analysis The design parameters for the extremum seeking

Substituting the Eqgs. 25-29 into theexpression, we controller are set to:

obtain:
. , , Table 1: Values of the tuning parameters, usechduri
V =~(z5° [k, +es” (k) [{L+ 65 (B+6, [8)+T (30) numerical simulations
2 2 . Tuning parameter Value
=% .5 1
r {2 + 2}[(65+2w| [5)[5 (31) Vs 10
The states and parameters involved in the Eq. B@be Vs 0.5
all positives, the first term of the right-handesiof Eq. v 50
30 is always negative. K )
. Z
In order to obtairV negative: kg 0.1
. ks 10
[<0=S<0
e.g. - The dither signad(t) is chosen as:
D <k PR B e 32y a= 001[exp(-0010) Eﬂ— sin(0.10) —sin(t))
1 i ke o D (32)

The design parameters in the adaptive controller an
This means, the dilution rate D needs to be uppéhe adaptive laws are tuned in simulation, by -rial

bounded, and thek, and ks parameters will be tuned error. First, K, design parameter is selected according
according to the condition (32). The theoreticalgfr



to the convergence rate and the quality of thenesé effectiveness of the proposed approach. The adaptiv

of s. Then, the design parameteyrs, s, J; are tuned extremum seeking is shown to perform satisfactonily
' the case where the product formation is not suligect

during the batch phase, according to the convesgeng,yqan fimitation (or another substrate). When @yg
of the kinetic parameter estimates to the truee&lu |imitation occurs the proposed technique is noeabl
The design parameters of the control Iy, and K, provide a feasible solution.

are selected according to the control performaiwes The main drawback of the present extremum seeking
regulation and set point tracking, during the fedeh ~controller is its dependence on the kinetic expoess
phase. The tuning of the parameters at a tim&fructure. An alternative approach (Guay, Dochaith a
considering the whole operation duration, is diffic Perrier, 2003) considers limited knowledge of the
because of existing interactions between desiggfowth kinetics that is approximated by using neura
parameters. network approximation technigues. Such an approach
The simulation results are illustrated in Figurdtds IS very appealing to solve our extremum seeking
shown that the substrate concentration convergtigeto control problem under limiting oxygen conditionsdan
unknown optimum and the convergence of the kineti#ill be considered in subsequent studies.

parameters to their true values is achieved agioeof

the batch phase. Figure 2 also illustrates theutieol ~Acknowledgements: This paper presents results of the
of the dilution rate profileD is maintained to zero, as Knowledge-driven  Batch Production  (BatchPro)
long as the substrate concentratiepii the reactor is European  Project  HPRN-CT-2000-00039.  The
higher than the optimum value* (batch operation). scientific responS|b|I|_ty rests with its author;heT_
The feeding of the reactor is started wiseeaches*, ~ support of the Belgian program on Inter-University
determined by the kinetic parameter estimates, with Poles of Attraction initiated by the Belgian State,
dilution rate progressively increasing. It is imgamt to ~ Prime Minister's office for Science, Technology and
note that the control performance is strongly depen  Culture, is also gratefully acknowledged.

on the convergence of, parameter, determining the

set point for the control law.
The maximum volume of the reactor gives the end of .
: ; . Agger, T., Spohr, B., Carlsen, M., Nielsen, J. @99
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Figure 1: Rate of production formation
(The kinetic parameter of the Haldane model arg= 227FAU /(gactiveDW [h , K) =0.0211g/1 ,

K, =150073g/l)
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Figure 2: Simulation results: illustration of thenwergence properties
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Figure 3 : Enzyme production specific rate evolutimder oxygen limitation conditions. Evolutiontbé
optimum value of s*



