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Introduction

dProcess : yeast fed-batch culture
dAImM : maximize biomass productivity
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Introduction

dYeast limited respiratory capacity
N

\ N 4 V.E = constant - ~ ~
Respirative Regime Optimal Respiro-Fermentative Regime
- Ethanol is consumed - . - Ethanol is produced -
Operating
Conditions
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Introduction
(QReaction scheme
= Glucose oxidation: kO+GOH - kX +k,P

* Glucose fermentation: SO - k, X +k,E+k,P

= Ethanol oxidation: k6O +EOE - ksx T k9P
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Outline

= Model linearization
= Feed-Oxygen transfer
» Feed-Ethanol transfer
d Simple design of two adaptive robust controllers
d Comparison of the two control strategies
d Experimental results
 Conclusions




Model linearization
Feed-Oxygen Model

(d(VG) _
d Main assumption: at FG
_ N X — _ 1IN "IN
10s =1 +0 gV
=Kty + kel
and do (qo G, + O) Py + k, a(O0O, —0O)
dt s

= Defining a nominal trajectory around which the system is
linearized: Fin*(t), V*(t) so that O*(t) = Oref

q? = k; (considering only respiration on glucose so that r,
Js and r; are equal to 0)
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Model linearization
Feed-Oxygen Model

d Considering O*(t) = Oref: . .
idering O%(t) = Or . E.  OTR

—_ N —
— — —

V ksGm +0O
which is constant.

If the variation of V is neglected, a Taylor series expansion limited to
the first order around the nominal trajectory allows to write:

dJO kG +O

T -(=2 JOF, —(k,a+ D" )00 (%)
00 =0-0"
5Fin - |:in - Fln
and, assuming that D is negligible in comparison with k a, (*)
becomes: 450 . G o
= (= "2 )oF, -k,a JO (5)
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Model linearization
Feed-Oxygen Model

d As the principal variation of the volume is due to the added feed-
rate: dv .
o
the solution of this differential equation is:
Fa.(t) =DV, exp(D't)

Putting all together

-0 ) - (&Be 2 iF, - DV,exp@1)]-ka (0-0O)
whose Laplace transform is given by:
1 kG, +0
k, a Vv’ DV
O(p) = -~ {me)——_ DO*}
1+ —p P
k,a
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Model linearization
Feed-Oxygen Model

d Finally, the discrete-time linear model is given by:

b9 _Ir ()-d, (K]

Olk) = l-aq

d,(k) = 3(K)

-1

1-yq

d An equivalent Feed-ethanol model can be obtained considering
another optimal trajectory E*(t)=E,.s and assuming again that:

dive) =0 =« nRXV=FG, —nXVv

dt in™~in i
Simple manipulations lead to: E(k) = b g~ [F. (k)-d (k)]
l-aq™" " |
d (k) = 5 90(k)

1-yq
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Model linearization
Feed-Ethanol and feed-oxygen models

Paﬁ”i_efﬁ%ar n,?é@érr :model Ethanol model
Bothjregimes Respiro-fermentativeg  Respirative
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Outline

d Model linearization
= Simple design of an adaptive robust controller
= RST controller
= Adaptation scheme
= Some simulation results
= Model improvements
d Comparison of the two control strategies
d Experimental results
 Conclusions




Simple design of an adaptive
robust controller

A Exponential disturbance.

dVariation of the kinetic parameter:
y=exp( Tg) or eXp(D*TS)

dVariation of the gain b according to the

operating regime.

dThe controller must be able to:

= Reject an exponential disturbance
(Internal model principle).

= Robustify the system against
uncertainties on y and b.
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RST controller

Eref E

or R T (3[‘

O O
ref

__________________________________________________

Bioreactor

= Controller:
R(Q™)F,(K) ==S(q)EK) +T(q)E4 (k)
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J

J

= Closed loop: E

» ReferenceMgdel+ B A = _1)An_(11;
Robustness—— m

Simple design of an adaptive
robust controller

Polynomials R,S, T computed by a pole-
nlacement procedure.

Jnstable pole in the polynomial D = 1-yg!
- must be included in the R polynomial.

BT BR
= E.+ d
AR+ BS AR+ BS

Tm hahAavinii
| | Iu\ll\lllv N T ICAV INJWUA

Tracking behaviou




Simple design of an adaptive
robust controller

1) Choose the tracking dynamics by choosing
the A,, zeros.

2) Tune the robust behaviour by choosing the
A, zeros.

3) Solve the diophantine equation:

AD R+ BS=AA,

so as to obtain the R" and S polynomials.

An (1)

4) T is given by: T=A

B(1)




Adaptation scheme

dSometimes, u varies during the culture and
must be adapted (RLS algorithm):

d(k) = Ay(k) - Bu(k) d(k)=d(k-1) y

D(g™)d(k) =0 y =expiu Tg)

dThe gain b is updated with the volume V and
the ethanol concentration E measurements:

b(k) — k4G'in - E(k) T

Vk) °




Adaptation scheme

b
b adaptation |,
/ 4 y adaptation L r
Eref—» Fin V
RST controller ' Biloreactor E
E
/ Y/




Case study: ethanol regulation

dInitial and operating conditions:

= Xo= 0.4 g/l

= E, = 0.5 g/l

» G, = 0.0125 g/

“V, =51

» G, = 500 g/l

= B, =0.149/l

- Eref= 1 g/l
dController parameters:

= a, = 0.7

" by = (KsGjp = Ep)/Vy




Controller design

1) A,=1-0.9qg"
2) Ap=1-0.7q1
3) Solving the diophantine equation:
AD R+ BS=AA,
We obtain R'=1
S = sy(y,b) + s4(y,b) 9

HNT=(1-0.7q9g) A, (1)/b




Controller design

Diagramme de Black -t = 1.3 h

<6 dB

<3 dB

ACADEMIE
UNIVERSITAIRE

FACULTE POLYTECHNIQUEDE MONS / 4‘. o



Controller design
dRobustness insured by the a; parameter:
a; = 0.7

dGood disturbance rejection when vy is well
adapted:

vy =1.023
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Robustness analysis

Blaek diagram

Modulle [d3]
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Controller design

Black diagram

Module [dB]

ACADEMIE
UNIVERSITAIRE

FACULTE POLYTECHNIQUEDE MONS / 4‘. o



Simulation results

Reaction rates
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Adaptation

If b is not adapted the gain margin
increases but the phase margin decreases
when V grows
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Adaptation

b is adapted

b IS constant

Black Diagram -t =25.6 h

Black Diagram -t = 25.6 h
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Adaptation

b IS constant

Gain margin [dB]
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b is adapted
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Model improvements

dEthanol response to feed variations is
delayed (=12 min).

dDelay = 2 sampling periods.

dEthanol probe dynamics generally neglected
(1-3min).
dNew model:

b G |(T, + T, (v~ 1)) + (T, ~V(T, +T,.)) Q7]

H(@™) =

l-gHA-vq™)




Outline

J1Model linearization

dSimple design of an adaptive robust
controller

=» Comparison of the two control
strategies

JEXxperimental results
JConclusions




Simulations

d Initial and operating conditions:

= Xo= 0.4 g/l

= E, =0.99/l

= Gy = 0.012 g/I
= O, = 100%
=V, =6.81

= G, = 350 g/I

= E = 19g/lorO,..,=20%
 Controller parameters:

= A, = 1-0.7q! for Oxygen regulation

= A, = (1-0.991)(1-0.95qg1) for Ethanol regulation

" by = (KsGin = Ep)/Vy
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Simulation results
PO2-Feed regulation

Measure d O (continuous line) and reference 0 ¢ (dotted line)
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E [g/]

F.[vh]

Simulation results
Ethanol-Feed regulation
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Experimental results

in

F. (Pump) [%]

Ob = ! \ \ \ \
0 5 10 15 20 25 30 35
1.03
@©
g 1.02- =
3
1.01 =
O
1 \ \ \ \ \ \ \
0 5 10 15 20 25 30 35

ACADEMIE
UNIVERSITAIRE

FACULTE POLYTECHNIQUE.DE MONS / 4‘. i



Conclusions

d2 simple linear models with the same
structure.

dLinear framework is well-adapted to

sta
dOn
dIm

nility and robustness analysis.
y one measured concentration: O or E.

borovements of the model based on

experimental observations.

d40% improvement in productivity
compared to conventional bioprocesses.
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Some extensions

QE, >E,.:

= Imposes the consumption of ethanol
(respirative regime).

QE, <E,. :

= Imposes the production of ethanol
(respiro-fermentative).

dInteresting in some applications.
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Biological interpretation
dYeasts’ limited respiratory capacity

Ethanol

I\ J — g Y,
~ V.E = constant ~

Respirative Regime
- Ethanol is consumed -

Respiro-Fermentative Regime

Optimal - Ethanol is produced -

Operating
Conditions
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Forced respirative regime :
| E'm>Eref
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Forced respiro-fermentative
regime : E, <E

10.1+
10.05

o= — Ethanol production
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