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Abs t r ac t -A  fuzzy control system was organized and applied to the control of ethanol tamcentration in a fed- 
batch cultivation process for emuisan production by Acinetobacter calcoaceticus RAG-1. The membership func- 
tions and fuzzy rules were determined by sets of data and experiences obtained from the preliminary culture ex- 
periments. The input variables, error (the difference between the set point value and the process variable) and the 
change of the error, were fuzzified by using the membership functions and the output variable, change of the 
ethanol feed rate, was inferred based on the membership functions and the given fuzzy rules. To obtain the nu- 
merical value for the output variable, the center-of-gravity method was used in the defuzzification procedure. The 
results showed that the ethanol concentration was well regulated around optimal level and the emulsan yield was in- 
creased compared with that of the cultivation controlled by the conventional feedback control loop. 
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INTRODUCTION 

Modem control theory and intelligent system instrumenta- 
tion have been applied to the great number of bioprocesses 
as one of the key features of development in biotechnoiogy. 
To achieve the optimal control of  the objective process, pro- 
cess modeling is considered as an essential tool to be accom- 
plished first. In process modeling, the main goal is to obtain 
the accurate relationship between the manipulated variables and 
controlled variables. However, the accurate process model de- 
scribing the dynamic characteristics of the process can not be 
easily obtained since most of chemical or biological processes 
include several nonlinear elements and unexpected disturbances. 
Therefore, the processes are usually operated based on the in- 
formation obtained from the experiences and knowledge of 
the experts [Stephanopoulos, 1987; Konstantinov and Yoshi- 
da, 1992]. 

Knowledge based control system has been developed and 
widely applied to complex processes, such as biological pro- 
cesses, with control problems due to the nonlinear and uncer- 
tain dynamic characteris'tics of the processes [Dohnal, 1985; 
Stephanopoulos, 1986; Czogala and Rawlik, 1989; Thibault et 
al., 1990]. Since knowledge based control system has a flex- 
ibility to handle the process information mathematically and/ 
or linguistically, it is often chosen as an alternative control 
scheme to the conventional ones. The fuzzy control algorithm, 
one of the simplest architecture of knowledge based control 
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systems, was developed for the effective use of uncertain and 
qualitative information, and has been applied to the simula- 
tion or control in many fields of the practical processes [Filev 
et al., 1985; Kishimoto et al., 1991; Yamakawa, 1992; Zhang 
and Edmunds, 1992; Alfafara et al., 1993; Katayama et al., 
1993]. Considering the complexity and uncertainty of biologi- 
cal processes, fuzzy algorithm can be chosen as one of the 
most appropriate control scheme in the operation of biopro- 
cesses. 

A polyanionic heteropolysaccharide produced by Acinetobac- 
ter calcoaceticus RAG-l,  emulsan, is an excellent bioemul- 
sifter which can be widely applied in many fields of oil-as- 
sociated and consumer product industries [Reisfeld et al., 
1972; Rosenberg et al., 1979a,b, 1980; Kosaric et al., 1987]. 
Ethanol used mainly as the carbon source in A. calcoaceticus 
RAG-1 has an inhibitory effect on the cell growth of A. cal- 
coaceticus [Abbott, 1973; Abbott et al., 1973; Schaefer, 1985; 
Choi et al., 1996a]. Emulsan production is affected by the e- 
thanol concentration in culture medium since emulsan is pro- 
duced with mixed growth-associated pattern and the cell growth 
is directly dependent on the ethanol concentration [Gutnick 
et al., 1980; Schaefer, 1985; Choi et al., 1996a]. Fed-batch cul- 
tivation with continuous feeding of carbon source was per- 
formed as one of the most feasible operating strategy for the 
enhancement of emulsan production as well as cell growth 
by reducing the catabolite repression effect of ethanol [Choi 
et al., 1996a,c]. 

In this study, the fuzzy control algorithm was applied to 
the control of ethanol concentration in fed-batch cultivation 
ofA. calcoaceticu,~ RAG-1 for emulsan production. The mere- 
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bership functions and fuzzy rules were organized by trial and 
error method through a number of simulations and experiments. 
To realize the optimal control of the ethanol concentration with 
pmlxxsed control scheme, fed-batch cultivation experiment was 
done and the performance of  the fuzzy controller was evalu- 
ated by comparing the sum of squared error for the process 
variable and the emulsan yield obtained from this work with 
those from early experiments with different control schemes. 

M A T E R I A L S  AND METHODS 

1. Microorganism 
The microorganism used in this study was a gram negative 

bacterium, Acinetobacter calcoaceticus RAG-1 (ATCC 31012). 
2. Medium and Culture Conditions 

The organism was cultured in a medium containing 7.3 g 
1-1 of KH2PO4, 16.9 g l-~ of KzHPO4, 0.5 g 1 1 of MgSO4, 
4.0 g 1-1 of (NI-L)2SO4 and trace-salts solution. Ethanol (16.0 
g l -~) was used as the carbon source. For stoke culture, 18.0 
g l-t  of agar was used with the above medium, and for each 
agar plate a filter paper wetted with 200 gl of ethanol was 
placed on the back cover, where the vapor of ethanol was 
used as the carbon source. The agar plates were incubated up- 
side-down at 30 ~ for 2 d, and then the filter paper was re- 
moved. The strain was kept on agar plates at 4 ~ and trans- 
ferred monthly. For shake flask culture, the liquid medium 
was sterilized in an autoclave at 121 ~ for 15 min and pH 
was adjusted to 7.0 before autoclaving. The magnesium and 
trace-salts solution were sterilized separately and then added 
to the shake flask after cooling along with the addition of  
ethanol. 

From a petri dish, three loops of cells were transferred into 
100 ml maintenance medium for 250 ml shake flask and cul- 
tured at 30 ~ and 180 rpm for 20 h. Three times of subcul- 
ture were performed to stabilize cells before used as a seed 
culture for the experiments. Batch cultivations were perform- 
ed in a 5 l jar reactor (B. E. Marubishi Ltd., MD-300) with 
an initial volume of 2 I. Before sterilize medium, pH was also 
adjusted 7.0. The temperature was 30 ~ the agitation speed 
was 500 rpm with 0.5 vvm of air flow rate. At the initial 
state, the medium was composed of control medium with 8.0 
g 1-1 of ethanol and 12.1 g 1-1 of phosphate and the cultiva- 
tion was performed with batch mode until the ethanol con- 
centration fell below 6.5 g 1-1. Once cultivation was switch- 
ed from batch mode to fed-batch mode, ethanol was fed to 
maintain the optimal level. Cultivation with fed-batch mode 
was continued until reactor working volume reached from 2 
l to 3.5 l, and then operation was switched again to batch 
mode since emulsan was also produced after the exponential 
growth phase. 

For the control of the substrate feed rate in fed-batch cul- 
tivation, the reactor system was interfaced with a personal com- 
puter through a D/A converter. The ethanoi concentration 
was detected with 10 rain intervals, and the data was trans- 
ferred to the computer. The control output was calculated by 
the proposed control algorithm and the signals were trans- 
ferred to a peristaltic pump (Masterflex, Model No. 7523-00, 
Cole-Parmer inst. Co.) to manipulate the substrate feed rate. 
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Fig. 1. A schematic diagram of the computer controlled cul- 
tivation system. 

A schematic diagram of the computer controlled cultivation 
system is shown in Fig. 1. 
3. Analytical Methods 

Cell concentration was determined by a UV spectrophotom- 
eter (Shimadzu, UV-240) at 660 nm. Ethanol was measured 
by gas chromatography (GOW-MAC, GC model 69-550) e- 
quipped with a thermal conductivity detector using n-propa- 
nol as an internal standard. The GC column used was pack- 
ed with porapak type Q (Waters, mesh 80-100) and was op- 
erated at 135 ~ with helium as the carrier gas flowing at a 
rate of 40 ml min-1. Ex'Waceilular phosphate concentration was 
measured by the vanadomolybdo-phospboric acid method with 
detection of  optical density at 400 nm. For the determination 
of intracellular phosphate concentration, the same method was 
used after sonic disruption of cells and centrifugation. Extra- 
cellular emuisan concentration was determined by the phenol- 
sulfuric acid method with detection of optical density at 480 
nm [Dubois et al., 1959; Wang and Wang, 1989]. The con- 
centration of cell-bound emulsan was determined by the same 
method after EDTA treatment to release the cell-bound emul- 
san. 

FUZZY C O N T R O L L E R  DESIGN 

1. Model of  Fed-batch Cultivation 
For the determination of  the optimal ethanol concentration, 

batch cultivations with variation of  initial ethanol concentra- 
tion were performed and the kinetic model describing the role 
of ethanol and phosphate on cell growth and emulsan pro- 
duction was developed based on the experimental results of 
batch cultivations [Choi et al., 1996a,b]. The optimal ethanol 
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concentration for the enhancement of emulsan production was 
determined as 6.5 g l-l from the results of the early exper- 
iments and kinetic study. The generalized dynamic mathemat- 
ical model of a fed-batch process is formed as follows. 
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Fig. 2. Time course behavior of batch cultivation and the 

model p r e d i c t i o n .  
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The parameters used were estimated for the batch cultiva- 
tions with different initial ethanol concentration (4.0, 6.0, and 
8.0 g l -l) by the authors [Choi et al., 1996a,b]. The model 
was verified by comparing with experimental results as shown 
in Fig. 2 and used as the bioreaction terms in simulation of 
the objective process operated with fuzzy control algorithm. 
2. Structure of Fuzzy Controller 

For the application of fuzzy control algorithm to fed-batch 
cultivation, the reasonable membership functions and the fuzzy 
roles should be organized first. Generally, the membership func- 
tions and the fuzzy rules are composed of the information 
based on the experiences and knowledge obtained from the 
experiments, and the final form is determined by trial and error 
method through a number of simulations and/or experiments. 
A schematic diagram of the fuzzy controller was shown in 
Fig. 3. The error, the difference between the set point value 
and the process variable (ei=Sop,. - Si) and the change of the 
error (zlei=e,-e,_ 1) were considered as the input variables, and 
transferred into the corresponding fuzzy variable sets, [El and 
ICE], through the membership functions in the fuzzification 
block. The output variable, the change of the feed rate, [CFR], 
was obtained from the fuzzy reasoning by the fuzzy roles, and 
then the numerical value calculated by defuzzification block 
was transferred into the actuator, the pump to feed ethanol. 

M a y ,  1 9 9 8  
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Cultivation System I[ C E ~  NB NM 
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[E]~ lICE] 
Fuzzy Rules 

Defuzzification Block 

~ [CFR] 

D/A Conve~er 

Fig. 3. A structure of fuzzy logic controller. 

In the initial state, the membership functions and the fuzzy 
rules were organized based on the information obtained from 
the early experiments. Tuning of the fuzzy controller was per- 
formed by modifying the membership functions of input and 
output variables. Performing the simulations for the objective 
process with the proposed fuzzy controller, the membership 
functions and the fuzzy rules were further modified. The final 
definition of the membership functions and the fuzzy rules 
were obtained as shown in Fig. 4 and Table 1, respectively. 
The membership functions organized were composed of seven 
basic fuzzy subsets and used to obtain the grades of mem- 
berships for the value of [E], [CE], and [CFR]. The fuzzy sub- 
sets were NB (negative big), NM (negative medium), NS (ne- 
gative small), Z (zero), PS (positive small), PM (,positive me- 
dium), and (positive big). Basically, a symmetric triangular 
shape is used to represent a membership function, but it can 
be modified depending on the range of E or CE in each fuz- 
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Fig. 4. Membership functions for error (E), change of error 
(CE), and change of feed rate (CFR). 

Table 1. The look up table of the final fuzzy rules 

NS Z PS PM PB 

NB NB NB NM NM 
NM NB NM NM NS NS 
NS NM NM NS Z Z PS 
Z NM NS Z Z PS PS PM 
PS Z Z Z PS PM PM 
PM Z PS PM PM PB 
PB PM PM PM PB PB 

zy subsets. 
Fuzzy reasoning for the input variables, [E] and [CE], with 

given control rules were organized as IF-THEN statements. 
The fuzzy reasoning for the input variables was performed 
by max-min composition method in which the binary opera- 
tions, OR (w: union) and AND (n: intersection), for two fuzzy 
set, [E] and [CE], were defined as max- and rain-operation, 
respectively. An example for obtaining the output variable 
by fuzzy reasoning was shown in Fig. 5. Since the member- 
ship functions can not be represented by a unequivocal bound- 
ary, one input variable was applied to several control rules 
and several outputs were obtained from the corresponding con- 
trol rules as shown in Fig. 5. To obtain a final numerical 
value for the output variable, [CFR], defuzzification was per- 
formed by center-of-gravity method, which is most frequently 
used one and the validity has been verified in many practical 
applications [Postlethwaite, 1989; Yamakawa, 1992; Alfafara 
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Fig. 5. An example of fuzzy inference method based on max- 
min composition. 
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Fig. 6. Simulation results of fed-batch cultivation with the pro- 

posed fuzzy logic controller. 

et al., 1993]. 

S I M U L A T I O N  AND E X P E R I M E N T A L  RESULTS 

To examine the control performance of the proposed fuzzy 
controller, simulation of fed-batch cultivation was performed. 
The substrate feed rate was manipulated by the proposed con- 
trol algorithm and the ethanol concentration was kept within 
the optimal range for cell growth during the fed-batch opera- 
tion mode as shown in Fig. 6. The bias value was applied to 
the output variable in the first sampling step to achieve the 
more stable and faster convergence in control of the objec- 
tive process. The gradual increase of output variable was found 
with some fluctuation in the early stage of the fed-batch oper- 
ation mode and then continued to reduce the error of the pro- 
cess variable to the set point. The final cell density and emul- 
san concentration were 8.94 g l -t and 5.3 g 1-1, respectively. 
The results indicate that the proposed fuzzy algorithm could 
be successfully applied to the objective process. 

To realize the control of the practical process, the propos- 
ed fuzzy controller was applied to the experiment of fed-batch 
operation for emulsan production. The ethanol concentration, 
the process variable, was kept within the optimal range (6.5 
g l -t) for cell growth during the fed-batch operation mode 
as shown in Fig. 7 (top). As shown in Fig. 7 (bottom), the feed 
rate, the control variable, was manipulated to reduce the con- 
trol error. The final cell density and emulsan concentration 
were shown in Fig. 8, which were higher than those of batch 
cultivation. 

In the previously performed conventional feedback control, 
model parameters were estimated based on the approxima- 
tion of the objective process to First Order Plus Dead Time 
(FOPDT) model. A proportional mode (P mode) and an inte- 
gral mode (I mode) were used and the control parameters of 
the PI controller were tuned based on the Integral of the Time- 
Weighted Absolute Value of the Error (1TAE) tuning criterion 
[Smith and Corripio, 1984; Choi et al., 1996a,c]. In the feed- 
back-assisted iterative learning algorithm, the information ac- 
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Fig. 7. Experimental results of ethanol concentration trajec- 
tory (top) and feed rate trajectory (bottom). 
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proposed fuzzy logic controller. 

cumulated l~om the previous operations were used to enhance 
the control performance and the feedback loop was appropri- 
ately combined to reduce the effects of tmexpected disturbances. 
The model for the objective process was approximated to the 
FOPDT model. The control parameters for learning and PI 
controller were determined by using the inverted model ap- 
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Fig. 9. Experimental results of squared error sum on the pro- 
cess variable (ethanol concentration) in fed-batch culti- 
vations controlled by different schemes. 

proach and ITAE tuning criterion, respectively [Choi et al., 
1996c]. 

To clarify the control performance, the sum of the squared 
error for the process variable, ethanol concentration, was cal- 
culated and shown in Fig. 9. By comparing the result with 
those of conventional PI controller and feedback-assisted learn- 
ing controller, the sum of the squared error of fuzzy controller 
was smaller than that of PI controller and similar to that of 
feedback-assisted learning controller. From these results, it 
can be deduced that the control performance of fuzzy con- 
troller was better than that of PI controller and similar to that 
of feedback-assisted learning controller. To clarify the enhance- 
ment of emulsan production, the yields of emulsan to sub- 
strate and dry cell weight were also considered and shown in 
Fig. 10. The production yield of fed-batch cultivation controll- 

ed by fuzzy algorithm was increased by about 18 % com- 
pared with that of the cultivation controlled by a convention- 
al feedback control algorithm and similar to that of the cul- 
tivation controlled by the feedback-assisted iterative learn- 
ing algorithm, an advanced control scheme such as adaptive 
control method. Although the production yield of emulsan in 
the case of fuzzy control was not enhanced compared with 
that of the feedback-assisted iterative learning algorithm, it is 
worthwhile to adopt fuzzy algorithm in the control of biopro- 
cess operated with fed-batch mode. Without a complex math- 
ematical model to precisely describe the dynamic characteris- 
tics of the objective process, the process can be successfully 
regulated by the fuzzy control rules which can be composed 
linguistically based on the system information obtained from 
the experience. 

CONCLUSIONS 

The fuzzy controller was adopted to regulate the ethanol 
concentration in a fed-batch cultivation of A. calcoaceticus 

RAG-1. The error, ei=SopL-S~, and the change of the error, 
Aei=e~- e~_ 1, used as the input variables were transferred in- 
to the corresponding fuzzy variable sets, [El and [CE], through 
the membership functions in the foT'Afication block. The change 
of the feed rate, [CFR], used as the output variable was ob- 
tained from the fuzzy reasoning by the fuzzy rules, and the 
numerical value was calculated by defuzzification block. The 
substrate concentration was successfully controlled by the pro- 
posed fuzzy controller and the emulsan production was en- 
hanced compared with that of the previous results obtained 
by using conventional feedback control algorithm. It can be 
concluded that the proposed fuzzy control algorithm could be 
usefully applied to a cultivation of A. calcoaceticus RAG-1 
operated with fed-batch mode. The control performance might 
be further enhanced by combining an advanced algorithm such 
as self-organizing fuzzy control scheme using genetic algori- 
thm or an iterative learning algorithm. 
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Fig. 10. Comparison of emulsan yields obtained fi'om fed-batch 
cultivations controlled by different schemes. 

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

Eb : cell-bound emulsan [g l-l] 
Ef : free emulsan [g 1-1] 
E, : total emulsan [g l-1] 
ei : error, between the set point value and the process variable 
1% : specific death rate [h-1] 
k~l : factor related to the growth-associated production [g l-1] 
k e 2  : rate constant of non growth-associated production [g g-  1 h- 1] 
kee : rate constant of active transport [h-l] 
Ke~ : saturation constant of extracellular phosphate [g l- 1] 
Kpi : growth index [k~A:~] 
Ke~l : saturation constant of intracellular phosphate [g g-1] 
Ke~2 : production inhibition constant [g g-1] 
Ks : saturation constant of ethanol [g l-1] 
me~ : maintenance coefficient for intracellular phosphate [g g-1 h-l] 
ms : maintenance coefficient for ethanol [g 1-1 g-a h-a] 
ns : inhibitory index of ethanol 
Pe : extracellular phosphate [g l-1] 
P~ : intracellular phosphate [g g-1] 
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S : ethanol [g l-1] 
t : time [h- 1] 
tZag :lag time [h] 
X : dry cell weight [g 1-1] 
Ye,/s : yield coefficient of total emulsan to ethanol [g g-1] 
Yx/s : yield coefficient of cell to ethanol [g g-1] 
Ye/x : yield coefficient of phosphate to cell [g g- 1] 
Ye/E, : yield coefficient of phosphate to emulsan [g g-l] 

Greek Letters 
a : factor related to the growth in intracellular phosphate con- 

sumption 
/.t : specific growth rate [h-1]" 

: maximum growth rate [h -1] 
/.ts, max: maximum growth rate by ethanol contribution [h -1] 

: cell-bound emulsan per dry cell weight [g g-1] 

Subscripts 
Opt. : optimal value (set point value) 
i : number of sampling 
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