
Constrained Control of an Unstable Biological Reactor 

Investigating stability and multiplicity phenomena when 
microorganisms are growing in continuous culture is an integral 
part in the process of understanding biological processes, and in 
the design, control and optimization of biological reactors. An 
important application in this field is the production of single-cell 
protein from methanol. These organisms have been shown to ex- 
hibit multiple steady-state behavior. 

This paper presents the results of a study of unusual stability 
behavior exhibited by such a system when feedback control is used 
to stabilize a naturally unstable steady state and the manipulated 
variable is constrained. The investigation was carried out to ex- 
amine the usefulness of a simple growth model previously devel- 
oped and to further understand the control of unstable processes. 
Since multiple and unstable steady states in biological systems 
represent abnormal metabolic conditions our interest is beyond 
engineering considerations. Demonstration of unstable steady states 
and other related pathological behavior provides the means by 
which these otherwise unobservable states can be made accessible. 
They can then be exploited to provide unique insights into the 
growth of microorganisms, which might ultimately lead to better 
predictive models and optimization of specific biological pro- 
cesses. 

DiBiasio et al. (1981) demonstrated simple feedback control 
could be used to stabilize unstable steady states in a laboratory bi- 
ological reactor. Much of the previous work cited there is of rele- 
vance to this study. Recently Agar and Bailey (1981) found multiple 
steady states in a continuous stirred tank biological reactor (CSTBR) 
and attributed the fundamental cause to be related to an agglom- 
eration phenomenon. 

INTRODUCTION 

The equations describing the ideal open-loop CSTBR are: 

X = X ( p  - D )  

4 = D(S f  - S) - ax 
(1) 

(2) 

For this work a simple model describing p and a as functions of 
methanol concentration (S, W/V W )  only was used. It was derived 
from previous work (DiBiasio et a]., 1981a). Both p and a are 
nonmonotonic one-hump functions of S while Y, (Y, = p / c )  is a 
monotonically decreasing function of S. The qualitative nature of 
p and o has consequences for the stability of the system. Limit 
cycles are not possible for these equations due to the nature of the 
yield function. It is easily shown that the unstable steady states are 
always saddle points while the stable steady states are nodes. The 
dynamics of these equations were studied by direct numerical in- 
tegration and subsequent plotting on a phase plane, since global 
behavior was desired. 

SIMULATION RESULTS 

Background 

Application of a simple unconstrained P controller has been 
shown to be sufficient to operate a laboratory reactor at the unstable 
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steady state. The feedback loop consisted of using cell concentration 
as the measured variable and feed flow rate (dilution rate) as the 
manipulated variable. The set point used is the value of the cell 
concentration at the desired operating point. With sufficiently high 
proportional gains (DiBiasio et a]., 1981a,) global stability may be 
attained. 

The presence of predetermined constraints on the manipulated 
variable can result in the loss of global stability and the possibility 
of as many as five steady states. A typical example of this is shown 
in Figure l a  where PI control is utilized, under dilution rate con- 
straints, to attempt to operate the system at point B, the original 
unstable steady state. The desired operating point B is at a dilution 
rate of 0.41 h-l, (Ds). One can see the small region of asymptotic 

( b l  
Figure 1. (a) Simulated phase plane plot for PI control of bioreactor at an 
unstable steady state with dilution rate constraints (0.39 5 D 5 0.43 h-l, Kc 
= 5 h-'/(W/V %), 71 = 100 h). (b) Simulated phase plane plot for cascade 
control of bioreactor to the lower dilution rate constraint ( Kd = 5 h-'/(W/V 

%), 7,  = 100 h, Kc2 = 0.01). 

AlChE Journal (Vol. 30, No. 3) 



stability which is a result of the presenceof theconstraints. When 
the controller is saturated at the upper dilution rate limit, 0.43 h-', 
a new stable steady state (C+)  is possible. The point represented 
by U +  corresponds to the unstable steady state of D+. In the o p  
posite direction, saturation of the controller at the lower constraint, 
0.39 h-I, results in washout to point A. The new unstable steady 
state given by U -  is that at D-. These particular conditions and 
constraints were chosen as a matter of experimental convenience. 
The five steady-state phase plane will always exist for nonmono- 
tonic growth functions when the upper constraint is less than the 
maximum growth rate and the lower constraint is nonnegative. 
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Cascade  Control 

To preserve the integrity of the inner PI loop with its constraints, 
and demonstrate the existence of the unstable states at U -  and U+, 
a cascade loop is required. The setpoint of this controller would be 
the cell concentration at U -  or U +  and its output would be the 
setpoint of the inner loop controller. The overall loop would still 
be subject to the constraints on the dilution rate, and therefore ei- 
ther U -  or U +  could be approached only from inside the region 
bounded by the separatraces # 1 and #2 in Figure la .  

Inner loop: 
The equations for this control system are given below: 

+ K,, J' (X - &)dt D- I D 5 D+ (3) 
TI 

Cascade loop: 

x s p  = x d  f &,(X - x d )  (4) 

The setpoint to the cascade controller is given by Xd, and that of 
the inner loop by X,. The result obtained when applying cascade 
control to reach the unstable steady state at the upper constraint 
(D + ) designated by U +  is shown in Figure 1b. 

The initial conditions within separatraces # 1 and # 2  can now 
be made to converge upon point U+. Those initial conditions out- 
side of this range result in either washout or C+ since there is ef- 
fectively no control in these regions of the phase plane. Thus, U+ 
is now metastable. If any perturbations in X or the setpoint (or 
improper control constants) occur that drive the system past either 
U+ to the right or U -  to the left then the stable steady state, C+, 
or washout, respectively, will be obtained. Similar results were 
obtained for control to U-. Attempts were then made to demon- 
strate this behavior experimentally. 

EXPERIMENTAL RESULTS 

Background 

The objectives of this part of the work were to use the knowledge of 
control at unstable steady states and the results of the phase-plane analysis 
to investigate this system with a constrained PI controller. Primarily this 
would involve obtaining the desired unstable steady state using a PI con- 
troller with a constrained manipulated variable (the dilution rate), and then 
using cascade control to demonstrate the existence of the unstable steady 
states at the constraints. 

Methods and Materials 

The experimental system was fundamentally the same as that described 
in DiRiasiio et al. (1981a). except that a PDP 11-24 minicomputer was used 
to implement the control loop. 

PI Control with Constraints 

A complete run for constrained PI control (without the cascade loop) to 
the unstable steady state 0, (point R in Figure 2) is shown in Figure 2a. 

The stability of the system with this constrained controller was then 
tested. This was done by introducing a negative cell concentration per- 

turbation. A volume of the reactor fluid was removed and quickly replaced 
with sterile media. This resulted in a decrease in cell concentration as shown 
by the arrow in Figure 2a. The controller became saturated at D-. Even- 
tually it returned to the steady state indicating the stability of thp control 
loop. The net result of the perturbation can be better described by referring 
to Figure la .  After being at the steady state given by point B. the pertur- 
bation resulted in a step change in the reactor conditions to a point just 
within the region bounded by separatraces # 1 and #2. The system shoirld 
then return to point Bas it is asymptotically stable in that region. This was 
confirmed. 

Cascade  Control 

The possibilities of using cascade control to stabilize the unstahlc steady 
states given by U -  and U +  were then investigated. 

Thr  results of one typical run  are presented in Figure 2b. Due to the 
system disturbances such as air bubbles, cell clumps, and possible wall 
growth in the spectrophotometer flow tube, it was in practice, a physical 
impossibility to obtain decent control exactly at the constraint. Small dis- 
turbances which manifested themselves as relativcly large changes in 
measured optical density would cause saturation of the controller and dr iw 
of the cell density away from the desired point. This is a reflection of thr 
metastability of points U +  and U -  during cascade control. For these reasons 
there was a small offset between the steady state reached and the actual 
constraint seen by the reactor. 

The results of Figure 2b show that good control was evident at a flow 
value as close as physically possible to the actual constraint on the 
pump. 

As a test of the stability of point U+,  after steady state was r r a c h d ,  all 
control action was removed as indicated by the arrow. The dilution rate 
was then constant and the instability of the steady state under open-loop 
conditions was subsequently demonstrated. Similar experiments were 
conducted which demonstrated cascade control to point U -  
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DISCUSSION 

Computer simulations were used to analyze the isothermal sta- 
bility behavior of a CSTBR using a simple empirical growth model. 
Phase-plane analysis showed that when the reactor was controlled 
to a naturally unstable steady state and the manipulated variable 
was sufficiently constrained, as many as five steady states were 
possible. Two new unstable steady states appeared corresponding 
to those at each of the controller constraints. The consequence of 
this was to change the nature of the control at the desired point 
from one which is globally stable without constraints, to one which 
is only locally stable. 

Using a digital computer for control and a laboratory continuous 
flow reactor in which methanol-utilizing organisms were cultured, 
this behavior was investigated experimentally. Results showed that 
PI control with constraints was possible and that the closed-loop 
system was not globally stable. Cascade control was implemented 
to demonstrate the existence of the unstable steady states at the 
constraints. The metastable nature of these points was indi- 
cated. 

The steady state results were in good agreement with predictions 
from the simple model and were consistent with results expected 
from a conceptual model of methanol metabolism discussed else- 
where (DiBiasio et al., 198lb). The difference between experi- 
mental and simulation controller constants is a reflection of model 
deficiencies in predicting transient behavior. Other interesting 
dynamic behavior was observed which was not predicted, and this 
will be discussed in a later report. 

NOTATION 

= dilution rate (volumetric flow ratelreactor volume) 

= lower dilution rate constraint, l / h  
= upper dilution rate constraint, l / h  
= proportional control constant (i = 1,2) 

D l / h  
D- 
D+ 
K,, 

S 
S f  
X 
X,, 
Xd 

= substrate (methanol) concentration, W/V % 
= feed substrate concentration, W/V % 
= cell concentration, W/V % 
= setpoint to inner control loop, W/V % 
= setpoint to cascade control loop, W/V % 

Subscripts 

S = denotes steady state value 

Greek Letters 

/.L 
LT 

7 1  

= specific growth rate, l / h  
= specific substrate consumption rate, l / h  
= integral control constant, h 

ACKNOWLEDGMENT 

This work was supported in part by grants from the National 
Science Foundation, ENG-75-7796 and CPE 7918261. 

LITERATURE CITED 

Agar, D., and J. E. Bailey, “Continuous Culturation of Fission Yeast: 
Classical and Flow Microfluoreometry Observations,” BiotechnoL and 
Bioeng., 23, p. 833. 

DiBiasio, D., H. C. Lim, and W. A. Weigand, “An Experimental Investi- 
gation of Stability and Multiplicity of Steady States in a Biological Re- 
actor,” AlChE ],, 27, p. 284 (1981a). 

DiBiasio, D., H. C. Lim, and W. A. Weigand, “Cascade Control of an 
Unstable Biological Reactor in SCP Production from Methanol,” AIChE 
Annual Meeting, New Orleans (1981b). 

Manuscrtpt received April 7,1982; revision received October 5 ,  and accepted October 
20, 1982. 

Supercritical Fluid Extraction with Mixed Solvents 

D. K. JOSH1 and J. M. 
PRAUSNITZ 

Chemical Engineering Department and 
Molecular and Materials Research Division, 

Lawrence Berkeley Laboratory, 
University of California 

Berkeley, CA 94720 

In recent years there has been a revival of interest in supercritical 
fluid extraction, i.e , in the separation of condensed-phase mixtures 
by extraction, using a compressed gas (rather than a liquid) as the 
selective solvent (Schneider et al., 1980). Pertinent phase equilibria 
have been reported by numerous authors, including, for example, 
Mackey and Paulaitis (1979), Johnston and Eckert (1981), Kurnik 
and Reid (1981), and Kurnik et al. (1981). Since the density of a 
fluid near its critical point is sensitive to small changes in pressure 
and temperature and since solubility is strongly dependent on the 
solvent’s density, it is sometimes attractive to use a fluid near its 
critical state as an extraction solvent because solvent regeneration 
is then easily achieved. 

Most phase-equilibrium studies related to supercritical extraction 
have been restricted to single-solvent systems. However, under 
certain conditions, it may be advantageous to use a mixed solvent 
This paper discusses some of the fundamental considerations 
leading to such advantages and presents a few examples. 

ADVANTAGES OF MIXED SOLVENTS 

To minimize operating costs in a continuous extraction process. 
it is desirable to keep solvent flows as low as possible. Low solvent 
flows require high solubility of the solute in the gaseous solvent. 
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