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Abstract—An on-line adaptive optimization algorithm based on input-ouput model identification was, in
the present simulation study, applied to a high-density cell culture of Saccharomyces cerevisiae for ethanol
production from glucose. The model system consisted of a continuous bioreactor, a membrane filter unit
for cell recycle, and pumps for transport. The objective of optimization was to maximize the ethanol productiv-
ity by manipulating dilution rate at a fixed bleeding ratio. The bilevel forgetting factor(BFF) method was
used for the estimation of parameters of the input-output model which was employed for on-line system
identification. During the course of optimization new values of the diiution rate were recurrently determined
by using the steepest ascent method based on results of the model parameter estimation. When no ethanol
measurement noise was involved the system was driven and maintained closely to the optimum point in
about 250 hours by using the proposed algorithm. When the feed glucose concentration was changed while
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the culture was maintained at the optimum, the proposed algorithm could recognize the change and drove
the culture to a new optimum point. The algorithm also showed a good operational stability which could
stably maintain. the culture at its optimum for about 3000 hours. Even when the measured concentrations
were influenced by noises, the average value of the ethanol productivity was maintained closely to its optimum
although the overall performance was relatively unstable and the dilution rate showed significant fluctuations.
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Fig. 1. Ethanol fermentation system with membrane filter
unit.
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Fig. 2. Effect of dilution rate on productivity(Sy=150 g/L,
B=0.10, D,,,=0.626 h~!, (DE)n.=27.05 g/L/h).
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Table 1. Average and standard deviation of e(k)
order of 1/0 model 1st 2nd 3rd

average of e(k) 0.21277 0.17024  0.16721
deviation of e(k) 0.44922 0.33901 0.32917
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Fig. 3a. Result of optimization without noise[S,=150g/L,
B=0.10, D;=0.30h~', (tuning parameters—Table
2)].
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Table 2. Tuning parameters(for cases without noise)

Parameter Value
Ay 0.99
AL 0.95
o 4 X104
Ts 12 min
T, 60 min
TOL 1x10°8
ADpar 21072
TOL_D, 11078
TOL_D, 1x10°¢
8 120

Cell conc. (g/L)

Ethanol conc., Substrate conc. (g/L)

20

o

I R R " "R
Culture time (h)

Fig. 3b. Profiles of cell, ethanol, and glucose concentration

[S,=150g/L, B=0.10, D,=030h"", (tuning pa-

rameters—Table 2)].

U2 JEFE, 7|AFE Y oekE Freo WHiE B
o3 derE FEo] FAo AHEFHE WNHFES
Alzge] Aelet "AEA S glaw, o2
Mol ojate] 3H4 o) Waleko] ARTL 4] (13)
N4 o & ol dARS AN} Wshucks ash
by 7t7ke] gte) Wk o $ju)7k 9l7] Bl o) gRke
Fig. 3coll vejich. A3} 27)6li= o] uf7isEe
o), &3] bl A%, AshA z5gck 2y M4
b W HAGel Arshalel whek AR ke 2
"}, Fig 42 27] 382570 070 h' wje) Az}
ojrh A3 A¥} =dddt HALE = 0626 h 'old
o kg Paad-& 27.05 g/L/he] it o] o, A AF7h=]
FotatedldE oF 18041%k0] A8 =)

el ajsl 2o 2UZANA D FE 24
o] AdEE A5l Az AlEdel i 3
stoich o] u, et T HA —2~+2g/Le] %

318t ast M30W M4E 19924 8%

in

F

i
J\v/\L [

0.5 H6

1+al+a2
b0+b1+b2

A~

&

T T T T T T T T T -16
100 200 300 400 500 600 700 800 900 1000
Culture time (h)

Fig. 3c. Profiles of 1/0 model parameters[S;=150 g/L, B=
0.10, De=0.30h"!, (tuning parameters—Table 2)].
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Fig. 4. Result of optimization without noise[Sy=150 g/L,
B=0.10, D¢=0.70 h~', (tuning parameters—Ta-
ble 2)].

ol M= A2 7MAstddt FARG0) MlE=
7 5ol Algle] lHwgo] zhe sl A} vl
7shA So] Batdd AHE op ¥ FE 97| wEel
Z=x71e0] ¢l¢ ol 9 tuning parameter FEL IR
e Al oa A Akt B4 E5 50 W
ﬁ].aol:o]l ].;%L 29 fﬂ:_‘l u] i],‘:_ ag], AD, = 22 71-01
stz Ao M HMEEe Fitake E9ch =,
ZAzkgo] MYsHe A deE Fx9 FHeAN}
o) $- Z7}8l2 2 o)& 183te] TOL, TOL_D,, TOL_D,
o Z goz skgdct o] W A8-3 tuning parame-



A% olRg WA A2 2o 4 HAs 403

Table 3. Tuning parameters(for cases with noise)

Parameter Value
Ax 0.9995
AL 0.95
a 5X107°
T, 15 min
T, 30 min
TOL 1x1073
ADpac 5X1073
TOL_D, 1X1077
TOL_D, 1X1075
n 0.05
i 30
0.902
0.9 - La7
D (MODEL : 0.900)
054 214 24
0.1 DE (MODEL:22.14) f21
§ 0.6 18
2
£ o5 bis
£
2 044 bi2
a
o.z-hj ®
0.24 6
0.14 3
T He a0 a0 w100 o 1w 1o

Culture time (h)
Fig. 5. Result of reoptimization without noise[ S,=150
—80 g/L/h at 400 h, B=0.10, D;=0.30 h~", (tun-
ing parameters—>Table 2)].
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Fig. 6a. Result of long-term operational stability test without
noise[S;=150 g/L, B=0.10, D;=0.30 h~', (tun-
ing parameters—Table 2)].
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Fig. 6b. Profile of trace of covariance matrix P(k)[S;=
150 g/L, B=0.10, D;=0.30 h~', (tuning parame-
ters—Table 2)].
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Fig. 7a. Result of long-term operational stability test with
noise[ Sr=150 g/L, B=0.10, Dy=0.30 h~', (tuning
parameters—Table 3)].
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Fig. 7h. Profile of trace of covariance matrix P(k)[Sr=150
g/L, B=0.10, Dy=0.30h"!, (tuning parameters—
Table 3)].

o)

gl Aoz Mt oz A4S <Al %
HellMe 249 A olzhe dell A upgt A aba| e
Aoz wolEol A = glont A7kl Z3 22 Fel
dojd 4 9+ A2 blowing-up FAHE vado) W
e Frhz Hell A vigb A oz Hrbd 4 ook

5.4 &
eeel 4g HAsh FTLEE LT o F A%
oErE WFEA)AEH G FHLEle] 1 AL A¥HsEe

sl 7R =] 7BAL-E 918 4 += bilevel forgetting factorou
o A FH 7S Mol 2Eiklew &
A%l o)/ p52] ol steepest ascent 7S H &
grozx olehg AaAd-S gl

%7 AEE7) 030h 'Y W F HA M| 3=
AJzko] of 2504] Ztol gl o 7] S| L =710.70 h7 '
g o 1804 el et A dae e -5 3
A3t Mg 5'—°3-°J?4 v FAol] dojvt= W3S A
st AHAE F 5 ek o) e EE oF 3000
A 7E Fk blowmg—up olo] Ak 2L H A Ho) gk
AshA FAAE 7 e 2 RS 2ok =3
ZAAE0] A EHE Aol E e e 5 A
A 2e-S Ao A FR A = olod o 23]
olzigt #Hgo) dgfo] A 2314 s "blow-
ing-up” AAHE wlddl| WhAEhs AFAE 7
ke Sk

\

s}

o



A% owre BE Azde] £ A HAst

g, & AT SR dase 94 4
dhg7lel £ohdl Ag HASHE FAshe YoM &
422 0|49 # g ez Judn:

‘m.{-:,

A

£ aAte dAduA Zleneale] dge g
FYAA-9) AL o FaAHAEES Wi

ARB7|Z
a-a, :1/0 model parameters
B : bleeding ratio
bo-b., :I/0 model parameters
D : dilution rate [h™']
e : estimation error
E : measured ethanol concentration [g/L]
E/ : ethanol concentration after noise filtration
[g/L]
E. : maximum ethanol concentration [g/L]
I : identity matrix
k :index of discrete time
K : Monod constant [g/L]
m :number of data set
m : maintenance coefficient
n :order of /O model
P : covariance matrix
\73! : gradient of performance index
T4 : rate of cell death [g/L/h]
I, : rate of ethanol production [g/L/h]
Ie - rate of substrate consumption [g/L/h]
I: : growth rate of the viable phase [g/L/h]
S : substrate concentration [g/L]
Sk : feed substrate concentration [g/L]
T, : control time [min]
T, : sampling time [min]
TOL : tolerance value for bilevel forgetting fac-

tor
TOL_D, : bandwidth
TOL D, : bandwidth
X : system variable vector
Xy - cell concentration of dead phase [g/L]

X
X,
X
Y
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: maximum cell concentration [g/L]

: total cell concentration(=X,+X,) [g/L]

: cell concentration of viable phase [g/L]

: yield of cells based on substrate consumed

(e/e]

agjola 22X}

’og;gy@;gp

: step size in steepest ascent method
. constants

: weighting factor

: model parameter vector

: forgetting factor

=]
&

: forgetting factor, low

: forgetting factor, high

: maximum specific growth rate [h™']
: density of culture broth [g/L]

: estimated value
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