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Part Il. Control Algorithm and Software Development
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ABSTRACT

Software for the on-line feedback control of such variables as DO and temperature was developed and tested

successfully for a real fermentation system. Several aspects like PI, PID, DSC, and DDC were incorporated

into the algorithm. Any kind of on-line computer control system can be successfully implemented without much

difficulty.

INTRODUCTION

To achieve fully automated and optimized fermentor
processs control, it is necessary to design control algor-
ithm and develop the software after setting up the con-
trol hardware. However, the lack of reliable on-line sen-
sors in monitoring the physical and biological parameters
inside a fermentor, and also the lack of adequate mathe-
matical models to formulate a meaningful process control
and optimization have inhibited the advancement in fer-
mentor control. In order to circumvent these problems
estimated values from indirect measurements were used
in numerous works, which inhibits successful application
of computer control in fermentation processes.

Direct digital control(DDC)was introduced to chemical
processes in the later part of 1950’s. In the case of fer-
mentation processes, however, DDC began to be attemp-
ted from late 1960’s. Applications of various theories
like maximum principle, energy and / or mass balances
etc. were published, but limitation of reliable sensors and
adequate models made the optimal fermentation control
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strategy inevitably heuristic or adaptive.

Dissolved oxygen tension is one of the most important
parameters. However, DO is not considered a routinely
controlled parameter like pH or temperature. For the
control of DO, there must be some data about the de-
pendence of DO upon media composition, pressure and
temperature, the characteristics of DO electrode, and the
volumetric oxygen transfer coefficient. The effects of
pressure (1) and temperature (2) on dissolved oxygen
tension can be found easily in early works. Almost all
the principal parameters, eg. the effect of electrolyte by
Schumpe (3, 4), the time constant of DO electrode by
Tumer(5), and k;-a(6-12), were examined. Based on
these fundamental studies numerous algorithms were
proposed(13-17). No algorithm can regulate DO properly
when the cell concentration exceeds certain level even if
pure oxygen, low temperature, and high pressure are ap-
plied.

MATERIALS AND METHODS

The equipments used to perform laboratory tests to
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confirm the control software are the same as those listed
in Part [

RESULTS AND DISCUSSION

Temperature Control Algorithm

The original temperature controller(fermentor, MD-300,
Marubishi, Japan)has high hysteresis which makes fluc-
tuation of about * 2°C from the set point. This devia-
tion can be eliminated by introducing digital setpoint
control(DSC) having PI control action. The actuating
signal is produced by the following equation.

New Set Point = Old Set Point + K €

where K is controller gain and € is the observed
deviation from the desired temperature. This newly calcu-
lated set point becomes the temporary set point for the

modified controller during the next control cycle. In the
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case of thermal induction, however, this integration ac-
tion causes overshoot. In other words, when one attempts
to elevate the temperature to 42°C from 32°C for ther-
mal induction, temperature can reach as high as 45 T.
Although temperature may return to 42 C soon, the de-
bilitation effect on cell growth can not be ignored. This
debilitation effect can be precluded by using the charac-
teristics of digital control which stops PI control action
during the course of temperature change. Figure 1 repre-

sents the flow chart for temperature control algorithm.
Control Algorithm for Dissolved Oxygen Tension

Effect of Pressure on DO

Like other gases, the solubility of oxygen depends on
pressure. Fortunately this solubility is so small that cor-
rection can be made easily by Henry’s Law.

In this study, the guage pressure in the fermentor ves-
sel is always 0.1kg / m® and the unit of DO is expressed
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Fig. 1. The Flow Chart for Temperature Control Algorithm.
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in terms of %. By measuring the saturated dissolved ox-
ygen tension (DOT*)at the pressure, the correction can
be done simply.

The used DO meter is manufactured by Marubishi
(MDO-1P, Japan)

Effect of temperature and its correction

A number of works on the dependence of DO upon
temperature were reported. In most fermentation proces-
ses, the temperature will be within the range of 0-50 C
and in this range Hitchman's relation (2) 1s widely
adopted. The relation is as follows.:

a(0,)=4900X10"2—-1335X10 " *X T
+2759 X 107°X T2~ 3235 X 10~ 7 X T3
+ 1614 X107 X T*

where the unit of T is centigrade. and @ is the oxygen
solubility.

This holds for pure water and hence this correction
will reduce the effect of thermal induction only to some
extent.

Control algorithm

At constant DOT, oxygen uptake rate(OUR) equals
oxygen transfer rate(OTR). OTR can be expressed as
follows. :

OTR = kL'a(pOZ’ - DOC)

where k;-a is volumetric mass transfer coefficient, pO,*
is partial pressure of oxygen at equilibrium and DOC is
dissolved oxygen concentration which has same unit as
pO2".

Then continuous adjustment of the OTR value to the
value of measured OUR by changing the k- a value is
DO control itself. For pure water k;-a is proportional to
N2Y(18) where N is the agitation rate in rpm. In the pre-
sent study, however, cell density, ionic strength and com-
position of media vary during the course of fermentation.
A rough control was made in order to know the rela-
tionship between rpm and OUR(Figure 2). From this
data at least in this case k. a is proporttional to fourth
power of N.

To adjust OTR to OUR, the required rpm is

OUR

S
N = (7714 x 1070, = DOC))

This is not exact solution because this stems from
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Fig. 2. The Calibration Curve between OUR and
RPM

rough experiment and least square fit. Now by introduc-
ing PID control action, elimination of deviation error
caused by this approximate estimation is achieved. That
is, base rpm is calculated from measured OUR by above
equation followed by PID action which has very small
controller gain just enough to correct estimation error.

The correction rpm is as follows. :
de
New n=0ld n +K; X € +K, X TDX(Tt)

where K, and K, are controller gains, tp, is time con-
stant for derivative action, and € is the error. Intergral
action is included by iteration like temperature control
algorithm. The applied rpm becomes N + New n. PID
controller gains turned out to be too small to change the
rpm profile any significantly. Figure 3 obviously shows
the fact that rpm(upper line)mainly depends on OUR
(lower line)except that minimum rpm is set to 125 for
preventing settling of cells.

Software Development

FORTRAN 1V is used as programming language
bacause only this language supports the basic control
subroutines (FORTRAN IV subroutine library, LSILIB,
is supplied from DEC) for environments [eg. Analog-
-to-Digital Converter (ADV-11, DEC), Digital-to-Analog
Converte(AAV-11, DEC), Real Time Clock(KWV-11,
DEC)] of the host computer (PDP-11/03, Digital
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Fig. 3. The Profiles of OUR and RPM fc- 30%
saturated DO Control

Equipment Co., US.A). For some results of A/D on-
version exhibit nonlinear behavior, the software contains
experimentally pre-determined calibration curves. Using
these curves pH, temperature, rpm, DO, CER and OUR
are calculated and stored for next processing. To reduce
the noise, all these input parameters are measured 600
times with the interval of 2 msec and averaged because
the noise level of n measurements decreases by a factor
of 1/4/1 (19).

The computer can control 4 independent parameters,
namely, it has 4 channels of Digital-to-Analog Converter
(DAC). In this software two channels are used to control
the temperature including thermal induction and the dis-
solved oxygen, respectively. Heating band for rapid
temperature elevation during thermal induction occupies
another channel. The remaining channel actuates peristal-
tic pump for chemical induction or media feeding.

This program also has the capabilities to report pro-
cessed data, to draw graphics from these data and to
change operation parameters.

Applications of the Developed Software

With modified temperature controller which can accept
set point from computer DAC, it becomes possible to
introduce DSC by traditional PI algorithm and this
eliminates the oscillation in the existing controller caused
by hysteresis. Furthermore a little improvement using
digital control technique removes typical overshoot of PI
controller during thermal induction. Figure 4 demons-
trates that this control algorithm is extremely suitable for
on-line thermal induction and the oscillation reduces to a
satisfactory extent. Original oscillation of + 2T de-
creased to give a slight fluctuation of only +0.17T.
Alsc the typical overshoot resulting from conventional

Fig. 4. The Controlled Profiles of Temperature

PI control disappeared perfectly.

The built-in rpm controller is also modified to be able
to process the actuating signal. This signal is calculated
by above DO control algorithm as follows: First, it esti-
mates k;-a value from OUR after correcting for the effect
of DO change and from this it gives out proper rpm to
give roughly same OTR as cormrected OUR. Finally it
pursues the fine tuning of rpm for getting nd of estima-
tion error existing in the base rpm by PID control with
small controller gain. This PID action also plays an im-
portant role in removing gas analyzer lag time. As can
be seen in Figure 3, rpm peaks shift slightly to the left
as compared with OUR peaks. This results from the dif-
ference of lag times between estimation and correction,
ie. base rpmis estimated by OUR or paramagnetic O,
gas analyzer (Oxymat II, Fuji Electric, Japan) whose
dead time is about 20 seconds but tuning rpm by PID
control is calculated on the basis of deviation of DO
from its set point. This deviation is measured by DO
electrode whose dead time is much shorter than that of
gas analyzer. Consequently the estimation error caused
by long lag time in measuring OUR can be overcome by
coupling with PID control having shorter lag time. The
resulting DO profile is satisfactory enough to serve our
purpose as shown in Figure 5.

The whole software is also satisfactory in the facts
that is performs input of measurement variables without
serious noises and mutual interferences and it can carry
out output of controlled variable successfully including
the temperature control whose profile may be determined
any way one wants and the DO control with new algor-
ithm. On-line thermal or chemical induction is possible
with the system developed in the current study and the
determination of induction point can be done online
with any one of time, estimated biomass and etc. All
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Fig. 5. The Controlled Profile of DOT for 30%
saturated DO Control

experiments in Part III are dome with the aids of the
hardware of Part I and the software developed here.
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