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Abs t r ac t -An  adaptive control algorithm with rule-bases was developed for cell recycled contin- 
uous bioreactor. Ethanol fermentation by Saccharomyces cerevisiae was used as a model system. Since 
the developed algorithm employed the fermentation model, it was possible to estimate the physical 
state of the system. Five rule-bases were obtained from the experiments and used to adjust the 
control input. Good control performance was observed using a rule-based STR (self-tuning regulator) 
compared to the result using conventional STR. When disturbances were given, rule-based adaptive 
control scheme showed faster recovery of setpoint. The rule-based STR developed in this study 
was stable, robust and showed good tracking performance. 

INTRODUCTION 

With the development of fermentation technology, 
high density culture of microorganism is very impor- 
tant to enhance product concentration and productiv- 
ity. To obtain a high cell density, it is necessary to 
feed the medium continuously, especially when high 
substrate level inhibits the growth of microorganism 
and the biosynthesis of the product. Therefore, fed- 
batch culture and cell-recycled continuous culture 
have been studied extensively [1-22]. Especially, cell 
recycled continuous culture has many advantages. Si- 
nce the dilution rate can be maintained much higher 
than the maximum specific growth rate, high productiv- 
ity can be thus obtained. Inhibitory" substances includ- 
ing products or by-products can be removed and high 
cell density can be obtained, and in situ product sepa- 
ration is possible, which makes down-stream proces- 
sing easier and more economical. In wastewater treat- 
ment, activated sludge process employing cell recycle 
has been used successfully. The growing prospects 
of ethanol as a fuel and future chemical feedstock have 
prompted considerable efforts to increase the effici- 
ency of production in cell recycled continuous bioreac- 
tor [-3-19]. 

Cysewski and Wilke [-3-5] and Ghose and Tyagi 
[6, 7] used a settling tank to recycle yeast cells, where 
increase of the productivity about four times was re- 
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ported compared to the result obtained using a conven- 
tional continuous bioreactor. The major constraint 
of this system is in the requirement of a large settler 
to allow enough residence time for the cells to be 
settled. Margaritis and Wilke [8, 9] designed a "rotor- 
fermentor" which combined the function of fermentor 
and filter in one unit. It was claimed that the ethanol 
productivity could be increased by ten times compared 
with an ordinary continuous bioreactor. Frequent fail- 
ure of membrane filters is the limitation in real appli- 
cations. Productivity in ethanol fermentation can also 
be increased by decreasing the inhibition effect of 
ethanol. Cysewski and Wilke [7, 10] demonstrated 
that alcohol can be removed continously during fer- 
mentation by operation under vacuum conditions. The 
main disadvantage in vacuum fermentation is high po- 
wer consumption for maintaining vacuum condilions 
and high capital cost [5] which is reported to be 30 
times higher than conventional process [5]. In the 
1980's, with the development of membrane techno- 
logy, the reasonably short residence time of cell and 
the high efficiency of separation have been available 
~11]. Rogers et al. [-12] and Hoffman et al. E13] em- 
ployed fiat plate membrane, Nishizawa et al. [114], 
Cheryan and Mehaia E15] and Lee and Chang [-16] 
used hollow fiber, and Lafforgue et al. [-17] and Jarze- 
bski et al. [18] chose tubular type membrane. Lee 
and Chang ~16] and Jarzebski et al. El8] adopted cell 
bleeding to keep the cell concentration at a desired 
value. As the cell population grows highly dense, the 
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fermentation broth has the characteristics of pseudo- 
plastic [23]. and the permeability of the membrane is 
deteriorated. Therefore, it is of significance to control 
the cell bleeding rate which has a direct effect on 
cell concentratirm. 

The fermentation process has time-varying and non- 
linear nature during cell growth. In addition, since 
the reliable on-line sensors which can detect the state 
variables such as the concentrations of cells and the 
metabolites are still lacking, there is always time-delay 
in the off-line measurement of state variables. Thus 
the controller having constant gain has not been ap- 
plied effectively to the fermentation process [24. 25~. 
It is therefore essential to adopt adaptive control algo- 
rithm which identifies the changes of the fermentation 
process with time and generates control input to get 
a good control performance. Even though there are 
manv schemes in adaptive control algorithm, MRAS 
(model-reference adaptive system) [_26] and STR (self 
-tuning regulator) [27-29) have widely been used. 

Ko el al. ~29j demonslraled the usefulness of the 
adaptive control in activated sludge process. Shi et 

aL [24,30] used adaptive control algorithm for lactic 
acid production. The ccmtrol inputs were ceil Needing 
rate and permeation rate. and the control outputs were 
cell concentration and lactic acid concentration. De- 
coupling strategy was employed to minimize the inter- 
action of the control loop in MIMO (multi-input multi- 
output) system. 

The studies on the adaptive control of ethanol pro- 
duction in a cell recycled continuous bioreactor have 
not been performed much. Lee and Yoo [?.l] employ- 
ed adaptive control algorithm for ethanol production 
in a recycled cell system. Cell bleeding rate influ- 

encing the cell concentration was selected as a control 
input and cell concentration as a control ouput. In the 
present algorithm, rule-bases were included in the con- 
trol scheme. The advantages of the incorporation of 

rule-base into adaptive control are: (1) the control ac- 
tions considering the physical meaning of bioproeess 

can be given, so+ the great change in the control input 
computed from the adaptive algorithm can be adjusted 
to attain the desired control objective. (2) as rule-bases 
are obtained from the experiences, adaptive control 

scheme containing rule-bases can be more stable and 
robust than adaptive algorithm only. 

In this study, rule-bases obtained from experiments 
were combined into the adap*ive algorithm and ap- 
plied to ethanol fermentation in a ceil recycled system. 

S T R U C T U R E  OF CONTROL MODEL 

Mass balance equations describing the operation of 
the cell recycled fermentation system are 

d(VX) 
dt ~(VX) - BX (1) 

d(VS) 
dt -~(VX) + F(S, - S) (2) 

d(VE) 
- n(VX) FE (3) 

dt 

, where p, { and r~ denote specific growth rate. ',specific 
consumption rate and specific production rate, respec- 
tively. The above equations are rearranged as a vector 
form. 

= A .  X (4) 

, where 

X=(dX/dt .  dS/dt, dE/dt) ~ (5) 

X=(X.  S, E) J (6) 

A =  (Ax, A,;, A~.) ~ (7) 

The components of Eq. (7) are 

A ~ = ( p - F / V  0 0 ) 
A~;= ( ~ F(S S,,)/V/S 0 ) 
A~.= ( rT 0 - F / V )  

X is the vector of state variables which describe cell, 
glucose and ethanol concentration, respectively. The 
vector A includes the specific growth rate of cell, the 
specific consumption rate of substrate and the specific 
production rate of ethanol. Depending on state varia- 
bles such as cell concentration, substrate concentration, 
ethanol concentration, temperature, pH, dissolved oxy- 
gen (DO) and so forth, these parameters are assumed 
to be constant during the fermentation. The control 
objective in this article is to manipulate cell bleeding 
rate for tracking the setpoint of cell concentration. 

Eq. (4) is discretized by a first-order Euler approxi- 

mation. 

X,. ~ X,+ At(p,X,-  B,X,) (8) 

S ,  ~ = S, + At[~lX, + (FJV,)(S.-  S,)] (9) 

E,. ~ = E, + At[n,X, (F,/V,)E;] (10) 

From the above discretized equations, parameters 
can be expressed by recursive least-squares method 
as follows: 

p,. ~ :  p, ~ AtP,Xs L- X , -  Atp ,  iX, + At(F,/V,)X,] 
(H)  
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Table l.  The compositions of the media used throughout the study 

Growth medium 

Glucose 20 g/L 

Yeast extract 3 g/L 

Bactopeptone 5 g/L 

Malt extract 3 g/L 

Production medium 

Batch culture Continuous culture 
Glucose 100 g/L Glucose 150 g/L 
Yeast extract 5 g/L Yeast extract 7.5 fJL 

KHzPO4 5 g/L KH.ePOa 7.5 g/L 

(NH4)2SO4 5 g/L (NH4)~SO~ 7.5 f/L 

MgSO4" 7H.eO 1 g/L MgSO4" 7HeO 1.5 gYL 

{,. l = {, + AtP, X, EG,. l - G ,  
- At{,. ~X, At(F,ATi)(G,,- G,)] (12) 

rTi~ i = r~; + AtEXs -- E , -  Ate,. ,X, + At(FjV3Ei] 

(13) 

. where 

P , . , = ~ - ( 1  (At X"~)e P' ) 
, L + ( A t  X,.~)~ P , -  

P is an information matrix which is given initially by 

users. Parameters of step i are updated from the var- 

iables of step i 1 and step i, and the estimated param- 
eters of step i - 1 .  Updated parameters of step i are 

used in the generation of control input. 
Bleeding rate was selected as a control input, cell 

concentration as a control output in the present study. 

Let X* be the setpoint cell concentration, X,~ 1 is to 

be X* at each step. Therefore, bleeding race is deter- 

mined as 

B, = - X* + X, + lu, X, At (14) 
(AtX,)/V, 

From the measurements of variables at step i and 

the estimated parameter values at step i, control input 

is generated and maintained from step i to step i+ 1. 

M A T E R I A L S  A N D  M E T H O D S  

1. M i c r o o r g a n i s m  a n d  M e d i u m  
The microorganism used in the ethanol fermenta- 

tion studies was Saccharomyces cercvisiae (ATCC 248 

58). The compositions of media used are summarized 
in Table 1. The glucose used in the growth medium 

and in the production medium was of reagent grade 
(Junsei Co. Japan). When glucose concentration was 

varied, all other components were also varied in pro- 

portion to the glucose concentration. 

2. R e a c t o r  S y s t e m  
The experimental setup is shown in Fig. 1. To a 

2-L jar fermentor (Bioflo model C30, New Brunswick 

Scientific Co.) a fiat-plate membrane module (Milli- 

CO~ 

5 

_ ~ . ,  ~ 1 - ~ , 2 Z : 7 2 7 - 7  - - - -  

AIR ____ 2 [ ]  

I - - - l -  . . . . . . . .  

Fig. I. Schematic diagram of experimental setup. 
Fermentor. ~ Computer, 3 Cell bleeding re- 

servoir, 4 Permeate reserw)ir. 5 Membrane mo- 

dule, 6 Medium reservoir, 7 Compressor, 8 

Condenser, @ Peristaltic pump, @ Valve. 

pore, Lab Cassete XX42 YLC KO) was attached. The 

effective area of a sheet of flat membrane was 60 cm e. 
The material of the sheet membrane was nitrocellu- 
lose. Operation conditiuns were chosen to keep the 

membrane fouling to a minimum, i.e. the flow rate 
of broth at the entrance of the membrane modale cor- 

responding to 200 ml/min, control of the pressure ac- 

ross the filtration unit below 1.5 atm. A part of the 
permeate stream was removed from the system at 

a desired rate to balance with medium stream, excess 

of permeate being recirculated to the fermentor. Cell 

bleeding rate was manipulated by peristaltic pump 
(Cole-Parmer Co.) interfaced to the computer. 

Yeast cells for the innoculum were grown in a 250 
ml flask containing 50 mL of grox~:th medium in a ro- 
tary shaking incubator for 16 h at 30"C and transferred 
to the 2-L jar fermentor. The culture was grown aero- 

bically batchwise followed by feeding of production 
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medium for continuous operation. The batch culture 

time was 9 h for initial glucose concentration of 30 
g/L. The working volume was 600 mL including the 
amount of holdup in the filter. The initial was pH 4.5, 
the air flow rate 0.5 vvm, the temperature 30~ ,  and 
the agitation rate 400 rpm. 

3. C o n t r o l  P r o c e d u r e  
The setpoint of cell concentration was determined 

as 130 g/L considering the rheological properties of 
the fermentation broth, the membrane characteristics 
and the cell activity for ethanol production [32]. The 
control procedure was as follows: The control actions 
were not given until the cell concentration reached 
130 gjL. The dilution rate was changed from 0.3 h 
to 1.3 h ~ when the cell concentration was 130 g/L. 
The steady state at which the glucose concentration 
and the ethanol concentration were constant was ob- 
tained for 10 h or so. The cell concentration was meas- 
ured every 30 vain. Other state variables such as 
ethanol concentration and glucose concentration were 

measured ever5' 2 h. The cell bleeding rate as a con- 
trol input was calculated every 30 rain. The upper limit 
of the control input was 0.15 h ~ to prevent the exces- 
sive celt bleeding. 

4. A s s a y  
Biomass was estimated after diluting the sample 

and measuring its absorbance at 525 mn using spec- 

trophotometer (Kontron, model Uvikon 930). Dr':, cell 
weight was determined by centrifuging the cell suspen- 
sion, resuspending in distilled water and drying at 
90~ for 24 h after a second centrifugation. Glucose 
concentration was determined by DNS (dinitrosalicylic 
acid) method. 1 mL of the supernatant of the centrifu- 
gated broth was reacted with 1 mL of DNS reagent 

at 100 C for 5 rain. 10 mL of distilled water was 
added after the reaction and optical density was mea- 
sured at 546 nm. Ethanol was measured by gas chro- 
matography (Yanaco G-1800) with a thermal conducti- 
vity detector. 

R E S U L T S  A N D  D I S C U S S I O N  

1. C o n t r o l  U s i n g  a C o n v e n t i o n a l  S T R  

The control results using a conventional SI"R (self- 
tuning regulator) are shown in Fig. 2. The cell concen- 
tration was deviated approximately _+ 20% from the 
setpoint, The setpoint tracking was not desirable be- 
cause of the large changes in the control input compu- 
ted from the STR algorithm. Especially, the value of 
the control input was above 0.1 h ~ around 76 h and 
the cell mass was thus almost below the setpoint after 
76 h. The decrease of the cell mass influenced the 
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Fig. 2. Control of cell recycled continuous bioreactor 
using a conventional STR. 

A -  Cell concentration (g/L), � 9  Ethanol con- 
centration (g/L) 

ethanol productivity and glucose conversion. The 
ethanol productivity was initially high as 80 g/L/h but 
decreased to 68 g/L/h when the cell mass became 
below the setpoint. It was therefore necessary to im- 
prove the control performance for the ethanol productiv- 
ity. 
2. R u l e - b a s e s  

It was important to adjust the control input from 
the STR algorithm to attain the desired control objec- 
tive. Thus, rule-bases were built from experiments 
to get good control performance. 

If the cell concentration al step i in the reactor is 

higher than the setpoint by 5% and the bleeding rate 
at step i is also higher than the estimated specific 
growth rate at step i, it is better  for the control input 
computed from the adaptive algorithm to be maintain- 
ed as it is in Eq. (15). 

If(((xi-x~3/x,>.05) and (Bi>Ui)) then B,=B, (15) 

, where x,, x,t, B, and Ui are the cell concentration 
at step i, the cell concentration of the setpoint, the 
bleeding rate from step i to step i+  1, and the specific 
growth rate from step i to step i - 1 ,  respectively. The 
comparisons between the bleeding rate and the specif- 
ic growth rate in F,q. (15) were made to 10 -' order. 
Eq. (16) could also be explained vice versa. 

If(((x,- x~)txs~< .05) and (B,<U,)) then B, -B, ;  (16) 

If the cell concentration at step i in the reactor is 
smaller than the setpoint by 5% and the bleeding rate 
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Fig. 3. Control of cell recycled continuous bioreactor with 
rule-based STR. The rule-bases were Eqs. (15), 
(16), (17) and (18). 
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Fig. 4. Control of cell recycled continuous bioreactor with 

rule-based STR. The rule-bases were Eqs. (15), 
(16), (17) and (18). 

- �9 multiplying factor of 0.35 in Eq. (18), - ~ -  
multiplying factor of 0.25 in Eq. (18) 

at step i is also smaller than the estimated specific 
growth rate at step i, it is desirable for the control 
input computed from the adaptive algorithm to zero. 

If(((x,-x~t)/x~<-.05) and (B,>Ui)) then B,=0:(17) 

In other words, on-off control was implemented in 
Eq. (17). S h i e t  al, E30] also used on-off control to 
get good control performance in the adaptive control 
of lactic acid fermentation system. 

When the cell concentration at present stage is 
greater than the setpoint and the control input calcu- 

lated from the adaptive algorithm is smaller than the 
specific growth rate at step i, the bleeding rate at step 
i is multiplied by 1.25 to avoid the excessive accumu- 
lation of the cell. 

If(((x,-x.~)/x,,.>.05) and (B,<U,)) then B,-B~*l.25; 
(18) 

The multiplying factor of 1.25 in'Eq. (18) was obtained 
from the experiments. When multiplying factor of 1.15 
was given to Eq. (18), the cell mass was mainly above 
the setpoint as shown in Fig. 3. Because the bleeding 
rate had mainly the limiting value, the cell concentra- 
tion was very' fluctuating around the setpoint and the 
ethanol productivity decreased. For larger multiplying 
factor of 1.35, the cell concentration was almost below 
the setpoint as shown in Fig. 3, and glucose was not 
consumed much with the surplus glucose concentra- 
tion of 30 g/L. Thus ethanol productivity was low. St- 

nce the cell concentration was to be neither low nor 
high contrary' to the two previous cases, the multiply- 
ing factor of 1.25 was selected in determining the 
bleeding rate in Eq. (18). 

When the cell mass is smaller than the setpoint and 
the bleeding rate has the same value of the specific 
growth rate, the bleeding rate is reduced to a fourth 
of the value computed from the adaptive algorithm 
to prevent the excessive bleeding of the cell as shown 
in Eq. (19). 

If(((xi- x~t)/x,t < - .05) and (B, = Ui)) then B , -  Bi*0.25; 

(19) 

When the multiplying factor in Eq. (19) was 035, the 
cell mass was below the setpoint as denoted in Fig. 
4, so setpoint tracking performance was not good. The 
ethanol productivity was almost the same as in the 
case of the conventional STR. It was therefore neces- 
s a g  to reduce the multiplying factor in Eq. (1.9). Fig. 
4 shows that the setpoint tracking was very good com- 
pared to the case of the conventional STR, when the 
multiplying factor of 0.25 in Eq. (19) was employed. 
The cell mass was deviated the setpoint about +_ 10%. 
The ethanol productivity was improved as 79 gjL/h 
and glucose conversion ratio was almost above 90%. 
3. C o n t r o l  U s i n g  R u l e - b a s e d  STR 

The Eqs. of (15), (16), (17), (18) and (19) were incor- 
porated for the control of the celt recycled continuous 

bioreactor. When the rule-bases were used along with 
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Fig. 5. Control  o f  cell recycled cont inuous  b ioreac lor  with 

rule-bases .  

(a) parameter estimation and control input, (b) set- 

point tracking and other state variables. 
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Fig. 6. Control  o f  cell recycled cont inuous  bioreactor  ~ i th  

rule-bases  when disturbance ~ a s  given. 

(a) parameter estimation and control input. (b) set- 

point tracking and other state variables. 

- �9 - Cell concentration (g/L!, � 9  Ethanol con- 

centration (g/L), - + - Glucose concentrat ion (g/I.), 

- * - -  Ethanol productivity (g/L) 

the STR. The performance of the setpoint tracking 

was very good, deviating from the setpoint approxima- 

tely _+ 8% as represen ted  in Fig. 5. Compared to the re- 

suits using the conventional STR (Fig. 2), the control 
input with rule-bases did not have upper  value. Fig. 
5 shows that the ethanol productivity was 80 g /L/h  
and maintained the value to the end of control. The 

glucose conversion ratio was as high as 94%. 

It is nece s saw  to test  to the developed control algo- 
r i thm whe the r  the algorithm shows the fast recovery 

of the setpoint. The following scenario was made for 

this purpose : the media supply was suddenly stopped 
at 81 h and the working volume decreased to half 

in 30 min because of the trouble of the feeding pump. 
The operator  perceived the trouble and supplied me- 
dia into the reactor quickly. The concentration of the 
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glucose and the cell increased suddenly. The ethanol 
concentration decreased from 60 to 45 g/l because 
of being drawn by the membrane without media fed 
into the reactor. Control action was made at this mo- 
ment. Fig. 6 represents that the specific growth rate 
increased from 0.03 to 0.065. This was due to the de- 
crease of the ethanol inhibition and the increase of the 
substrate available. Though the disturbance was to the 
system, the values of the state variables recovered 
to the normal values within 4 hours. 

Rule based STR is very efficient in controlling high 
cell concentratkm in cell recycled continuous bioreac- 
tor system. Even though the detailed logics behind 
rule bases are not clarified enough, preliminary" re- 
suits are very" encouraging and it is believed that the 
rule-based adaptive control algorithm can be effec- 
tively applied in bioprocesses. 

CONCLUSIONS 

From the present study on the adaptive control with 
rule-bases of cell recycled continuous bioreactor, the 
followings were elucidated. 

1. The control performance by self-tuning regulator 
without the rule-bases was not effective. Five rule-ba- 
ses were built and incorporated into the adaptive con- 
trol scheme. 

2. The rule-based adaptive control developed in the 
present study was immune to the disturbances. It was 
stable as well as robust. 

N O M E N C L A T U R E  

A :parameter matrix of state equation 

A~ :row vector of matrix A for cell 
A~; :row vector of matrix A for glucose 
AE :row vector of matrix A for ethanol 
D :dilution rate [hour ~] 
B :bleeding rate [hour l] 
E :ethanol concentration [g/L] 
F :feed rate of glucose solution [L/hour] 
S :glucose concentration [g/L] 
S,, :glucose concentration in feed [g/L] 
At : t ime interval [hour] 
V :volume [L] 
X :column vector of state variables 
X : cell concentration [g/L] 
Y : observed variable 

Greek Letters 
A :matrix for recursive identification 
| :parameter vector for recursive identification 

0 :parameter for recursive identification 
k : forgetting factor 

:specific growth rate of cell [hour 1] 
: specific consumption rate of substrate [hour 1] 
:specific production rate of ethanol [hour ~] 

P :information matrix for recursive identification 
qb :known function vector for recursive identifica- 

tion 
:known function for recursive identification 
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