9 Control of Fermentations:
An Industrial Perspective
Craig J.L. Gershater

9.1 Requirement for control

Control is generally defined as the power to direct or influence.
In the case of fermentation control, the requirement to control a
given biotechnological process is generally dictated by the need
to bring about a desired outcome such as maximizing output of
product formation. Microorganisms used in industrial processes
have been isolated by virtue of their ability to overproduce
certain commercially significant attributes. These attributes can
range from the ability to produce carbon dioxide for leavening
activity in the case of Saccharomyces cerevisiae (baker’s yeast)
to the production of useful microbial metabolites such as alco-
hol from yeast or antibiotics from filamentous bacteria.

Whatever the reason for commercial exploitation, the micro-
organism will have been obtained directly or indirectly from an
ecosystem very remote from that of the fermentation laboratory
and process plant. The metabolic attribute to be exploited will
have evolved as a result of environmental factors unknown to
the fermentation scientist and therefore process optimization must
seek to replicate those environmental factors responsible for ex-
pression of the desired attribute in the totally ‘artificial’ environ-
ment of the industrial bioreactor or fermentor.

9.1.1 Microbial growth

The principal fermentation control requirement is population
growth (see Chapter 3 for more details) of the microorganism
~ of interest. In its natural habitat, the microbe will respond to

_environmental stimuli such as excess nutrients by synthesizing
_enzymes and biomass capable of exploiting the resource as
effectively as possible. In the fermentor system, the microbe will
be inoculated into the fermentation medium ‘feast’, and will
 thus attempt to colonize this environment through rapid growth.
_ The role of the fermentation control strategy is to provide,
by.tontrol, of environmental effectors such as temperature, aera-
tion, pH and dissolved oxygen, the optimum conditions for
growth and ‘colonization’. The fermentation scientist uses an
wironment that is capable of being controlled to a limited

Scéney Cé';ﬁéééhkn‘e‘r




FERMENTATION MI(‘R()III(’)l()(iY AND HOTECHNOLOGY
' -

degree, i.e. the fermentor, to dcvcln.p A cgntml strategy thy Wi||'
modify inputs to the fermentor system in ()l:d(:l' to achieye i
desired outputs. This system of mudlfy.mg PULs to obyi, ]
desired output from a control system is often descrilyeg 25 g
control loop.

0..2 Nature of control

A fermentation development programme seeks to establigh what
control set points are needed for the control loops in the contro)
system. It is casy to forget that the control system cap be
human! There are many examples of accurate human contro
loop systems including the motor car. In the motor car the driver -
observes the speed of the vehicle (the output from the system) by
looking at the speedometer (sensor). If the car is travelling tog
fast, the control system (the driver) reacts by reducing pressure
on the accelerator thus reducing the flow of fuel to the engine
(the input to the system). The car slows and the driver observes
whether the speed matches the desired outcome (speed limi); if
it does, the adjustment to the accelerator will be modified again,
and so on. Control of a fermentation system can similarly be
by manual intervention of control valves adjusted as a result of
changes observed on gauges, however this chapter will concen-
trate on the elements of automatic (computer) control.

9.1.3  Control loop strategy

The basic element of a control system is the control loop. In
Figure 9.1 the various components that make up the control

Figure 9.1
Simple control loop.
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9.2 Sensors

Development of fermentation processes over the past 50 years
has been accomplished in large scale reactors (> 10 litres) using
relatively few sensors. The problem with monitoring the fermen-
tation system is maintaining the sterile integrity of the fermentor
hence any sensor has to be capable of sterilization either i situ
during steam sterilization or remotely and then aseptically intro-
duced to the fermentor.

9.2.1 History

In the 1940s the sensors were large.ly baseddonhlnam;laldslin;;;l;%%
and off-line analysis, control was improve lt roug the 1950s
and 60s by the use of limited electrical signals contro 5 Cgap e
maicouputs (e ) 1. 1970 o S
; HH i ced mncludt
of being sterilized were introdu o
OXy engprobes In addition more accurate methﬁ)sl Ozfinrgegther
ing %IOW rates (both liquid and gas) became avail?e aegitator and
engineering parameters FueRasmoBE B Eioeveloped. As well
e SCHSOZS andrg:figz simple control and data
introduced to p
computers were 11

logging.
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2. Air flow rate: measured using a standard pressure drop de-

3. Vessel pressure: measured using diaphragm protected Bour- |

—
[22]
@ s

Since the 1970s and 80s relatively few new sensorg
Chapter 8 for more details) have emerge;d for on-line analysis of
fermentation parameters. Recent techniques thar have beco
available include biomass probes, on-line liquid chromatOgraph 1
systems, near infra-red spectroscopy, and so on. For the mogg
part, although these systems do ad.dress more complex jgg;oa
related to monitoring the fermentation, the reliability ang el
vance of some of these measurements together with prohibitiya
cost tend to preclude these systems from everyday fermentay o
development programmes.

9.22 Typical fermentation sensors

The control elements (sensors) that should be considered rou- |
tine for most (aerobic) fermentation systems are:

1. Temperature: measured using a platinum resistance thermo-
meter (PRT probe) where the increase in temperature is pro--
portional to the increase in electrical resistance in the probe.
* Temperature will be controlled by the addition of cool-

ing water to a jacket or cooling finger of a fermentor; !
heat will be added by direct heating of the vessel or its.
contents (electrical heating mantle or ‘hot finger’) or by
the injection of hot water or steam to the circulating
water in a jacket or heat exchanger.

vice such as variable area flowmeters or more often a mass
flow sensor. ‘
* Air flow will generally be controlled using a proportional

(0 to 100% open) valve upstream of the sterile inlet
filter on a fermentor. :
Air flow is frequently quoted as VVM, volume of gas per

volume of liquid per minute, fermentor design generally
permits up to 2 VVM., ‘

don gauges or strain gauge pressure transducers. |
* Pressure in the vessel is induced during in situ steam
sterilization and during normal incubation with the in- ‘
troduction of air. Contro] of vessel pressure is by regula- |
tion of the vent gas from a fermentor. ]
* Pressure is generally 2 negatively acting loop in that a ¢
fully driven output valve (100% open) results in minimal 1
pressure in the fermentor. ]
The units of pressure are generally bar gauge, i.e. pres- -
sure within the reactor aboye atmospheric. ;
Vessel agitation rate: measured using proximity detectors O
detect the speed of the shaft, _-
* Impellors or mixers are controlled by standard motor 2
controllers and the unjts are revolutions per minute.
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(amperometric
mount of oxygen diffusing through thc)z

L. increasing the air flow rate (
oxygen),

2. increasing agitator speed (smaller air bubbles increas-
ing the surface area available for diffusion)

3. increasing over pressure in the fermentor (generally
increasing the residence time for air bubbles).

Dissolved oxygen is measured as the partial pressure
of oxygen at the electrode surface and hence is quoted
in percentage saturation (often referred to as dissolved
oxygen tension, DOT). To obtain a mass, a fully satu-
rated solution of oxygen in water is approximately
equivalent to 1.2 mM/litre.

7. Foam: detected by observation, or conductance or capaci-
tance probes completing an electric circuit when foam is
contacted. o
e Foam is controlled by reducing the cause of foammg, Le.

high aeration and/or agitation rates or by the addition
of antifoaming agents.

volumetric increase in

b

Figure 9.2 shows the main control elements ofa fermentpr, thsre
are many different configurations which. may be spec(iﬁed ui
the one shown would be capable of providing data and contro

options for an aerobic fermentation.

9.2.3 Control action

i regulated

e Temperature control would be achieved b}}; t'};ec ketgof e

supply of temperature controlled water to toet;1 e

fefmentor. In the case illustrated there are t::of O

in the system, one indicating t};le tempezf;‘;‘:ure ¢ the refuen
‘ndicating the temp _ b

other indicating th¢ vty B2

bIOtth, fig:v In this configuration the two S1g

- water ;
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Figure 9.2
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compared and control options could include linking their |
function to provide a regulated flow of temperature controlled -
water to the jacket via the control valve shown. '

e Airflow control would be achieved by regulating the linear
gas flow rate to the system by adjusting the airflow control
valve shown in response to signals coming from the air flow
sensor.

* Pressure control is achieved by regulating the flow of off gas
from the fermentor. It is probably beneficial to have the air-
flow and pressure control functions independent of each other.
For the most part these control loops will act to the limit of
their engineering configuration and if a particular set point,
say for airflow, cannot be achieved because of excess back-
pressure then this may be noted as a process constraint and |
the operating protocol adjusted accordingly. '

* Agitator speed is controlled by direct feedback of the revolu- &
tions per minute using a suitable tachometer. "

* pHis generally controlled by the addition of acid or base
utrant in response to changes in pH value during the fermen-
tation. One important aspect of the pH loop is the calibra- -
{)101? aice probe before and after sterilization. This is achieved ¢
o e 7 sl oy o
fiom S u([: t contro!l;r to be'us.ed dur.mg the e}:lre e :
calibra; q ; nt to sterilization it is pOSS.lblC to ¢ fa

on of the pH probe by comparing the pH ©
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ent ways. It is possible t
speed to shear air bubbles risin
crease surface area and thus
the gaseous to liquid phase. In
possible to cascade the contro]
oxygen controller to agitator s
or any combination of these. In
demanding fermentation all thre
care has to exercised in the use o
such as agitator spee

Y on increasing agitator
g through the broth to in-
ass transfer of oxygen from
addition however it i also

a particularly high oxygen
¢ outputs may be specified,
f independent control loops

d that this loop will be the ‘slave’ to
[ bl (. s
the DOT ‘master’ control loop function. The function of the

DOT control loop will be discussed in more detail later.

* Foam is controlled by the addition of antifo
the feed addition system in response to a con
tecting rising foam.

am agents via
tact probe de-

9.3 Controllers

Control instrumentation has developed rapidly in recent years
and the range of options available for fermentation control is
extensive (see Chapter 10 for more details). The development
of integrated circuits in the last 20 years or so has meant that
complex control functions can be devolved to cheaper instru-
ments, or conversely more sophisticated control options become
increasingly available to the fermentation scientist.

9.3.1 Types of control

There are two fundamental types of control which may be incor-
porated into a fermentation system: sequence contr(?l and loc?p
control. Sequence control is that part of control which permits
automation of the fermentor operation such as sterilization
and other valve automation sequences, i.e. for the most part
providing an ordered array of .digital '(on/off) mgnalfconrroli
Loop control is generally assomaFed with that part o co?tr.o
dealing with combinations of digital and analogue cloni:ro s:g:
nals and although used in sequence control (particular )(fj au{)h
mated sterilization sequences) is most often associatec Wl'll
control of incubation. The industrial fermentation S.CleIlltlSt ZZ; :
| frequently wish to adapt the control strategy for optimal pro l
per i versatility, bespoke contro
performance and in order to ensure g i
0P ' h the costs and potentia y
programs may be specified although e it
ssociated with this approach are likely to be sig x
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Control of fermentation systems can be achieved by the ygq
atrollers, by programmable logic cop.

iscrete single loop co .
g‘fo ﬁlesrcsr controlling both sequence and looP functions and by
frware packages controlling all aspects of the

the use of specific s0

fermentation. This type O
uted Digital Control (DDC)
whereby whole plant contro

based systems.

E

f control is sometimes called Distrip.
and defines boundaries of operatiop
| can be achieved using computer.

932 Control algorithms ‘
troller is selected for fermentation control,

effective action will depend on the response of the controller.
This response is determined by the nature of the control algo--
rithms programmed into the system. A control algorithm is a
mathematical representation of the steps required to achieve
effective control, most often programmed as equations in which
the controller output is a function of signal deviation away from
a set point. As indicated in Figure 9.1, most controllers will
function as feedback control systems, i.e. the deviation of meas-

ured variable compared with the desired set point will determine -
how large the control effect should be on the fermentor system .
via the appropriate control algorithm.

Whatever type of con

933 PID

The types of control algorithm most frequently encountered |
are 3-term or PID controllers. The PID controller is made up of
thn'ee elements P: proportional, I: integral, D: derivative/differ-
ential; the purpose of these functions is to provide a fast-acting
response to process deviation and scale the response to the out-
put to achieve smooth control action. The characteristics of PID

control are: \

. Pro.por.tional control provides an output, the magnitude of
which is proportional to the deviation between measured vari-
able and set point.

° Integre:l control te'nds to reduce the effect of proportional
;::tnlt)rooin?lg;teeheép sy b'ri.ng the measured variable back to

* Derivative actiro ¢ Ilmmmlzmg the integral of control error.
tional contro) I1l o ds, to reduce the effect of propor-
measured varjaglone-’ th%s time by estimating the slope of
pon M e with time an(.i maximizing the slope of the

variable compared with the set point. :

The eff. '_
in Figuizt ;)_ fgflj\)s Ci?lrzlt'rol on an uncontrolled variable is shown -
analogue value rouy cllcated the algorithm tends to ‘drag’ the -
ness of this cont lar i the set point, the speed and effective- ;

Tol response is a function of the parameters .
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figure . |
piD contre™
uncontrolled analogue valye
/
» effect of PID algorithm on analogue value is
analogue signal to ‘drag’ the uncontrolled variable towards set point
0 be controlled
control set point
B
" measured analogue variable
reducing error under PID control
time
specified by the PID algorithm, the process of setting these
parameters is termed, tuning the loop. The method is generally
carried out by trial and error with the loop on-line. There are
three parameters associated with PID loop tuning, these are
the proportional band (usually set as a percentage of full-scale
deflection of the analogue signal), the integral time, and the
derivative time. The method chosen for loop tuning will be

recommended in control instrument vendors’ instructions, the
sequence generally follows:

1. Set the proportional band first with no integral (maximum
value) or derivative function (minimum value).

2. When oscillations occur with small process perturbations
decrease the integral time (from its maximum) until oscilla-
tions reoccur, then reset the integral time to minimize
oscillations.

3. Establish whether control is adequate with PI control alone,
if not satisfactory following process perturbations, increase
the derivative time constant (from its minimum) to mini-
mize oscillations.

PID loop performance can be assessed by measuring the' initial
overshoot as a ratio of x : y. A measure of PID loop effectiveness
can be assessed by examining the control error decay ratio of
z:x, in addition, the ‘gain’ of the controller, i.e. how fa§t the
measured variable attains the set point when full contr.ol is ap-
plied is described by point A. Point B desc¥ibes t.he ‘:,:ett'lmg time’
for the loop, i.e. when the measured variable is within a fixed

percentage of the set point value, e.g. +5%.
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9.4 Design of a fermentation control system

The first stage in designing a fermentation control system, is 1y
clearly establish what the process objectives are for the Automgz.

tion project.

9.4.1 Control system objectives

. T _# . . g ) : ‘
Objectives may be typically divided into various ‘categories’ of
control, for example: |

1. Control of basic incubation functions only, typically ajr."
flow, agitator speed and temperature. ;

2. Automation of the control of incubation only relying on
manual operation of valves associated with sterilization,

3. Full automation of the fermentor system including all sterj|-
ization and auxiliary vessel control.

4. Advanced control options including event based control.

5. Advanced computing methods for inferential control.

Whatever type of controller is considered necessary, the process
scientist will have to specify the type of control and then make |
this specification available to the manufacturer of various con-
trol systems. The more complex the fermentor system to be
controlled the more detailed the specification will need to be.

1. Basic control will typically be achieved using single loop
controllers and is frequently associated with autoclavable |
fermentors. These controllers tend to combine both amplifi-
cation of process signals and control function in one ‘box’,
this functionality may also include a local readout function 1
in engineering units, i.e. values recognizable to the operator.
There is a wide range of commercially available single loop
controllers some of which have been developed with control
of fermentation processes in mind. Configuration of the
cqntrollcrs will follow manufacturers’ guidelines, but as
with all control options, factors such as signal type (current -
or voltage) and output device will have to be considered

before final control specifications can be issued to potential
vendors,

2. Incubation contro] ma
operation of feed deliye
plex loops such ag dis
wbich may be specified

¥ include other features including i
Iy systems and control of more com-
solved oxygen by multiple outputs
by the operator. The specification in
complex and be subject to negotia-
oAl e ntlvepdor. Stet:ilizgtion of this lt}’Pe
ottty z Autoclaving or by in situ steam e
o will be done manually, probably to minimize

tion with the instrume
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3. Full mcubatm

will require 3 ¢q
con_trol) as well as contro] of an
bation (process variables and c‘o
The requirement for valve s
complex patterns of an
Programmable Logic C

Ve sequencing (digital
alogue Parameters for incy-
ntro| o_f Proportional valves),
cquencing as well a more
alogue control jg met by the use of

ontrollers (p
manufacturer’s owp control sof - o o Seamientar
Ol software running on 4 personal

computer. This type - )
emenor .25 el Sl i o g
sels are to be o e er ofi entical ves-
manpower infel;lrsis ;.SLd and manual sterilization will be too
The need for a detailed specification is determined b
whether t.he vepdor’s own software meets the nceglsnzf th)e’
fermen't:atlo_n scientise, if it does then the basic requirements
of sterilization and incubation control may be easily identi-
ﬁefl from the vendor’s own specification. If ‘however’ pre-
existing software does not meet the needs of the scientist
then a Ipuch more complex and detailed specification may
Ezvr:cél;l::d be.cause it i§ most likely that the softv\(ar‘e will
o be written specifically for the purpose. It is in the
bes:t interests of both customer and vendor to agree the
objectives of the bespoke software prior to code being writ-
ten, costs and timescales can very quickly escalate out of
control. The benefit of using vendor’s own software is speed
of implementation and probably lower costs, the disadvan-
tages are that you get what the vendor thinks you want,
not what you might actually need. The opposite is generally
the case with PLCs, costs and timescales will be higher but
if you get the specification right you get exactly what you
want and need.

4. Advanced incubation control regimes may be required where
complex fermentation patterns are required and changes to
set points may be needed on-line, particularly in response to
specified ‘events’. This will be discussed in more detail later.
The need for a detailed specification is very high under these
circumstances, and clear milestones and checkpoints must
be agreed during contract negotiations. It is quite likely that
stage payments will be part of a contract. Large fermentor
control tasks may be related to both complexity of contfol
and numbers of fermentors within a system. If the task in-
volves large numbers of fermentors to be controllffd éh?ha
system of distributed control will prpbably be'fCQ}"f ed. 1he
architecture for distributed control is shown in Figure 9.4.

Figure 9.4 illustrates one possil‘)le control option fc;lr fth?
_control of four fermentors. In this conﬁguratlcl’n_ eacf:f terd

" mentor is independent of the next al:ld contro 1;02 treg“f; ’

by each fermentor being equipped with its own
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Figure 9.4
Distributed fermentor control.

| PLC PLC PLC PLC

| control control control control

b

i

i

i control signals | control signals control signals | control signals

R

(in this case a PLC). This type of distributed control has

the advantage that failure of a control system will only affect
one fermentor, the experimental design may be ruined by
such an occurrence but without a distributed system, failure
of a single controller will result in failure of the entire run.
The disadvantage of distributed control is that the cost may -
be prohibitive to implement one controller per vessel. In the
author’s laboratory a compromise has been reached with :
vessels <100 litres working volume where a single PLC
controls a pair of identical fermentors.
Advanced computing methods may be required where ana-
lytical systems are inadequate to optimize the fermentation
process and cost of goods or value of product warrant in-
vestment in ‘next generation” computing methods. Inference |
methods are available which algorithmic sensors can func-
tion to estimate for analytes and processes for which no
other sensor or probe exists. The sort of computing methods
being developed include expert systems, artificial neural -
networks, and model-based systems. These self-learning or
decision—making systems rely on process pattern recognition
to identify regions of the fermentation process mote Of
less susceptible to perturbations. Once identified, remedial
action beyond the scope of experienced operators or less
sophisticated controllers can be initiated to reduce cost, avoid
catastrophes, or simply improve the process. These systems
can often only be justified in production environments where
the value of the product warrants large investment in time
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information about how the fermentation should proceed (set
points) and then after generating new information in the form
of an algorithmic output, transmits information back to the
fermentor, to a control unit capable of receiving information
and translating that signal into a control action. Over and above
this control function the operator can observe the flow of infor-
mation (data), intervene if necessary (new information) and
recall past information from a data storage system. Figure 9.5
shows an example of a fermentor control system architecture
where the information exchange is indicated.

In Figure 9.5 there is flow of analogue and digital sensor data
from the fermentor vessel to the control cabinet. The input data
are marshalled in I/0 (input/output) cards whose main function
is to convert a mixture of signals to a common electrical signal
type for the computer to interpret. These signals are passed to
the Programmable Logic Controller (in this case) where control
strategies (set points, etc.) are programmed. In the PLC the in-
put data are fed into PID algorithms and other control. func-
tions, an output signal is fed back to the fermentor via I/0
cards. The control signal returning to the fermentor may have to
be transduced to a more usable format for the process plant, this
may take the form of pneumatic' signals scaled from the 1{3&-
quently used 4-20 mA to the equivalent 0-1 bar pre§sulre.h_ }?
P in Figure 9.5 is connected-to the Operator Termllna WllC
be a personal computer with a VDU or a stand-alone plant

connected to a Data Highway onto which
tems are connected. In Figure 9.5 all the
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Figure 9.5
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fermgn}tqrs are in communication with a Supervisory And Data
Acquisition System (SCADA) whose function is to collect all the
p}ant data and store it for later retrieval and possible interroga-
tion. It should be understood that the SCADA is not a database,
it genera]ly cannot give answers to database type queries bu
using advanced graphics and trending graphs can present the
operator with comprehensive information on plant status.

9-4.3  Fermentation plant safety

One of the over-riding functions of a fermentation control sys-
tem is monitoring and action relevant to safety. A fermentor 1§
a potentially dangerous piece of equipment using as it does live
steam (to 135°C), over pressure (to 2 bar gauge +), acids and
bases(,1 as well as the microorganism and its products. The auto-
ill‘llztteth ecc;xl]:;ct)li system can ensure by program inter]ock§, etc.}
every function ° ngle rateq W_"h th(? maximum safety margins 01
b i of th; an S_P'elefylng this is perhaps the most impor-}

acquisition of a new control system. 3
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medium (0.5 some during the sterilization of (he

al stcr.llr/,ation time?) the air in filters are
Prevent ingress of ¢

e i Ataminants prior 1 hal-
& I ) N the gterilioae
C}i’:?SH COOL.; thn the sterilization time g complete
the fermentor and i contents are

¢
! crash cooled’ (to, minimize
time at ¢levated temperatures) by shutting off the

steam and admitting co)q water to the heat cx‘ch:xn;'é);J?;lt};rzf

. B{\LLAST AIR: Whilst the temperature of the r7ncdium h
still above boiling the vesse i pressurized with sterile air to

prevent the vessel pulling a vacuum and thus permitting pos-
sible ingress of contamination microorganisms, |

* BROTH HOLD: When the temperature of the medium s
at some predetermined level (35°C 3

m : ?) the vessel is held in a
quasi-incubation mode, ready for inoculation and/or other
treatment.

In this simple example many diffcrent factors have been taken
into account but the flow chart is far from complete, there is for
example no mechanism in this for OpErators to enter sct points,
Again with this example there are only 12 valves, on a 4500
litre pilot scale fermentor used for rescarch and production
there may be 70+ valves organized in many functional groups,
hence programming such a system will require many days/weceks
of specifying, programming and testing before the fermentor
control system may be commissioned.

9.6 Control of incubation

' ¥ . is
Specifying the sequence logic of a fermentor control system
k, arguably the most important func-
only part of the control task, argual y st important func:
ion o | system is to contro
tion of the fermentor contro : . oatice
i i interest. Returning to the case m
of the microorganism of inte st
ions at the start of the chapter,
for the control of fermentation ‘ s B
m is to provide an optim )
ose of the control system ‘ imal er
ﬁgﬁ for growth and expression of an attribute ass}:;cxa}:c;lo\:;::;
that owth. This is very difficult, onc can pose l: L'crh if; w[}:
% what is the natural habitat 'for Escheri R
i %:esuon, r given by many might be ‘the intestinal tract of mo:
- The answe
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vertebrate animals’, but enteric bacteria can be isolat.ed frong
many mesophilic environments and evolved probably billio
years before the advent of colons! . !

Therefore when faced with the prospect .of defining the eny;, )
onmental conditions to maximize microbial prpductiviw how
does the fermentation scientist decide what conditions to apply?.
In answering this question a distinction should be made betweep
fermentation development strategies for research apd deV(‘.‘lOp-{
ment organizations and manufacturing,. Eac.h function imposesj
different constraints. Within the manufacturing sector fermenta-
tion development will be investigating the factors associated with
a well-established fermentation process where the objectives!
of a development fermentor will be to obtain relatively modes
increases in productivity (leading to substantial financial savings.
on large-scale production) or to achieve reduction in ‘cost of
goods’. In a research and development environment the con-
straints usually come from working with a wide range of culture
types, limited/no knowledge of those cultures, limited/no knowl-

edge of the fermentation systems and with very short develop-
ment times required.

ns of

9.6.1 Specification for incubation control

Specifying the control options for a fermentor system must then
take into account not only the type of organisms to be grown
but also what sort of control options will actually be required.

The control options for a typical R&D fermentor system are.
described below.

9.6.1.1 Temperature

Control of incubation temperature will be achi
of system of addition of heat and cooling. This
fundamental to fermentor systems. The degree
control during incubation will probably be in the order of a set
point in the range 20°C to 50°C + 0.1°C. Response times may

also be important and controlled ramp rates of better than 1°C
per minute may be necessary.

eved by the use f
control loop is |
of accuracy of |

9.6.1.2 Aeration

F(?r most industrially significant processes the microorganisms

will be aerobic. Supply of air to the fermentor will need to be |
controlled typically in the range 0 to 2 VVM. The accuracy of |
the control system will need to be in the order of +1% of full

scale deflection (FSD). This js generally a fast acting loop and
obtaining adequate famp rates is not a problem. "



CONTROL OF FERMENTATIONS.

/ 9.6.1.3 Agitation

The stirrer for a tradition. i ini

prer fo itional fermentor ig used to minimize
ents within the bulk broth, the larger the vesse
potential for gradient (mass transfer)
power has to be available to obgaj

be in the order of 1 to 2 minutes or less (determined from the
addition of a marker into the bulk liquid and the time taken
to homogeneity recorded). These fast mixing times may not be
achievable in pilot scale vessels (3000 litres + working \:olumes)
and these system constraints must be identified and resolved for
example, in scale down experimental designs (modelling large-
scale parameters in small-scale vessels). Agitation ramp rates may

be high and the control system should be capable of ramp rates
equivalent to 10% of FSD per minute.

AN INDUSTRIAL PERSPECTIVE

re
-
el

gradi-
I the greater the
problems. Sufficient motor
N uniform mixing times to

9.6.1.4 Pressure

This control loop only applies to pressure-rated vessels. The
control of pressure is required for accurate control of jn situ
steam sterilization as well as for some incubation regimes. The
control requirement during incubation may come from main-
taining adequate pressure for high oxygen transfer or to simu-
late hydrostatic head pressure in large-scale vessels in scale down
experiments in smaller scale vessels. Control of pressure is criti-
cally linked to safety and safeguards within the control system
must ensure that the vessel cannot be over-pressurized. Pressure
can be a very fast-acting loop and obtaining adequate ramp rates
is not a problem. The function of this loop may be in conflict
with the aeration loop and the fermentation scientist has to bear
in mind that control of these two loops may be incompatible.
For example, a set point for pressure near the safe operating
limit of the vessel may be impossible to achieve with extremely
low air flow rates (0.1 VVM).

9.6.1.5 pH

Most industrial fermentations need to be run within a certain
range of pH values for maximal productivity. Although media
are formulated in such a way that ensures a certain level of
 buffering capacity ‘built in’, there is often a rgquren;:;nt té) con;
trol the pH away from this ‘natural v'alue. This is ac 1evfe {1(1105
‘often by the addition of acid or base titrants. Addition of aci doi:
_ base titrants requires a feed system of some descrnptlont,) ux:i 'e_
 these circumstances the control of Fhe feed systerlr: 1; sncxi ort:;n
d to the pH controller, in other c1rcumstancelsl the fee dzyi £
may act under the directio; of anotlg:rtci(;r;)t;lc; ‘zr g;‘ hl:n tgning
v; this wi iscussed in more deta 3 :

pH. ﬂ::trvzi“l::pdil: (;s very difficult to define the ‘correct” PID
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Figure 9.9
PH control by titrant addition.
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settings because the strength of the titrants will vary thercfore
the ‘gain’ of the controller (i.e. how quickly a response will be
achieved) will also vary greatly. This problem of adequate p
control can be addressed by user definable ‘dead bands’ around
the set point where no control action is mitiated. The purpose of
the dead band is to allow for the ‘natural’ buffering capacity of
the medium to have sufficient time to act so that titrants are not
added close to the set point on a detuned loop which will be the
case with variable titrant concentrations. _

In Figure 9.9 the response of a PH control loop following
acid or base addition is shown. It will be noted that there is a
proportional action on the additions of titrant made, i.e. the
larger the ‘error’ the more frequent the control action. The closer
the measured pH gets to the set point the longer the delay be-
tween each addition of titrant, however when the dead band
threshold is crossed all titrant addition stops and the natural
buffering capacity of the medium results in an approach to the
set point within the dead band limits. The setting of the dead
band limits may be asymmetrical about the set point depending
on the criticality or tendency of the fermentation to be acid
or base tolerant, Mineral acid titrants may be substituted for
organic acids or the principal carbohydrate energy source such
as glucose. In this case the buffering capacity or delay equates to
the metabolic rate for the consumption of the sugar and protons
generated by catabolism will require a delay of some minutes
before a noticeable effect on the pH will be detected. This typ&
of control of pH by metabolic action is really a means of permit=
ting the microorganism to autoregulate the supply of carbon. =
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/;6.1.6 Dissolved oxygen

The c.o'ntrol of dissolved oxygen in aerobic fermentations may
be cgmcal to the successful outcome of that fermentation. The
requirement for oxygen may be very high during the rapid growth
PhaSC of a batch Cultuxje and oxygen limitation may result in
inadequate growth and incomplete oxidation of the primary en-
ergy source. The cont.rql of dissolved oxygen is generally achieved
by increasing the ‘driving force’ for the mass transfer of oxygen
from the gaseous phase to the liquid phase. The methods or
f)utput§ avallabl(? to the control system to achieve this include
increasing the agitator speed which generally increases the shear
on the air bubbles making them smaller and increasing their
surface area available for gaseous exchange.

The second output that may be programmed is to simply
increase the air flow rate, ensuring a greater volumetric airflow
through the liquid. The last output that may be incorporated
into a dissolved oxygen controller is vessel overpressure which
will have the effect of increasing the hydrostatic head pressure
and preventing rapid flushing of ‘precious’ air from the fermentor.

All these outputs can be specified for a dissolved oxygen con-
troller either individually or in any combination of all three. The
output of the dissolved oxygen controller (master) must be cas-
caded onto the closed loop controllers for agitator, airflow and
pressure (slaves) as required. The consequence of this is that
the function of the closed loop controller will be subordinated
to that of the dissolved oxygen controller to achieve the desired
dissolved oxygen tension in the fermentation broth.

This type of control may be considered a replenishment
system where the microorganisms’ metabolism is the oxygen
sink and the outputs of the controller replenish the resulting
_deficiency. In setting up a dissolved oxygen controller it may be
necessary to set default set points for each of the closed loop
controllers such that at the start of the fermentation a baseline
level of agitator speed, airflow rate and vessel pressure will per-
mit adequate mass transfer of oxygen for microbial metabolic
action to ensue. As the microbe respires the depletion of dis-
solved oxygen will occur and the output of the dissplved oxygen
controller will increase tO compensate. Depending how the

' DOT control loop is specified the outputs can be scaled to one
or more of the specified closed loop controllers. ’

~ In Figure 9.10 the dissolved oxygen controller (master) 18
linked to all three closed loop controllers (slaves). As the DOT
the oxygen controller output will rise and this will cause an
Crease in agitator speed from a default closed loop set point to
maximum rpm specified for the DOT output. In the example
1e DOT continues to fall as the output of the controller passes
reshold equivalent to one-third the total output range of the
sntroller. At this point the second specified closed loop
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Figure 9.10
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output is subordinated to the DOT conmoller and ks o
from agitator speed leaving the set point for the ors cutrur:
its specified maximum. The second outpur. i this Sase 2t
increases to try and compensate for the fall in Srssolved oxuy
and when this output limit is reached (second third 02 the T
controller output) then the third closed loop (in the examg
vessel pressure) takes over, leaving airflow at a2 maximum vl
Eventually the rate of replenishment equals the e of oxrza

o

’
1]

depletion and DOT is controlled in the example with rom at s
maximum set point, vessel pressure at its minimum and aimfow
responding as the principal outpur of the DOT conmoller asa
PID loop. ‘

As well as control by oxygen replenishment, it is also possdl
to initiate dissolved oxygen control by ‘depletion™. With the shave
outputs set to relanvely high outpur values. mediom baxchad
with little or no energy source present can have the dissolved
oxygen tension controlled by the regulated feed of. sav, carbo-
hydrate. Under these circumstances the feed svstem bevomes the
cascaded slave output and only delivers glucoss ar a rawe Juivas
lent to the metabolic rate of the organism under fixed oxyza.
mass transfer limitations set by the closed loop ourpuss (soeeds
air and pressure).

"o

9.6.1.7 Feed systems and antifoam

Most fermentor systems will be equipped with a mechanim roL §
introducing various feed solutions under aseptic conditions The!
method for achieving this will depend largely on the s and
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/Onﬁguration of the fermentor itself. On smaller laboratory scale

vessels, feeds will be controlled by the use of peristaltic pumps
working on flexible walled tubing. On larger vessels such as
those found in the pilot plant (> 10 to 20 litres) it is possible
that purpose designed and constructed addition vessels inde-
pendently sterilizable will deliver feeds using shot-wise additions
of feed solutions.

Whatever the method of addition chosen it is very likely that
feeds will be pulsed in some way and therefore the variables
available for control are pulse width (i.e. size of liquid ‘shot’)
and interval between pulses. In the author’s laboratory it has
been found that fixed pulse width or liquid volume shot size
and variable intervals provide a satisfactory control option for
the addition of feeds. The set point for feed controller can be a
number of shots in a specified interval of control or the feed
controller can be cascaded onto a master controller such as pH
or dissolved oxygen. The output of the feed controller can be
linked to the interval such that the larger the output of the
controller (further away from the desired number of shots)
the shorter the interval and hence the more rapid the feed rate.
Calibration of a feed system is difficult and will be affected by
tubing age and vessel backpressure. It is possible to introduce
another sensor to take over the control of feed additions, i.e. a
balance for the feed reservoir, this type of control loop for feeds
can provide very accurate and non-pulsed control of feed flows
but costs may be high and it is only really applicable to smaller
scale vessels (< 20 litres).

Antifoam addition is variation of the feed control loop where
the sensor is a contact probe detecting rising foam. The control
variables here may be time related. To prevent overaddition of
antifoam agent (which may destroy dissolved oxygen control
by bursting air bubbles) a splash time interval can be specified
whereby the contact probe would need to be covered for more
than a few seconds to initiate antifoam addition. Similarly if the
probe remains covered following antifoam pumps being switched
on then secondary control action can be specified whereby the
airflow rate and/or agitation speed may be reduced to minimize
the generation of foam. Clearly if this happens then the dis-
solved oxygen controller will be affected but the output of the
antifoam controller may be the ultimate master controller of
closed loops to prevent loss of broth by foam-out.

\dvanced incubation control

ol options specified above represent the basic control
or most fermentation development purposes. How-
ny fermentation development programmes will require
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more than just a system of fixed set point control and thye is
where we can return to some of_the observations made at the
start of the chapter. To close this chapter the_re follows 5 de-
scription of an advanced P.rogr_ammable Logic Controller
the author’s laboratory which is capable of more advanceq
fermentation control options. -

The wild type microorganism in its r_1atural hablt_at (Whateyey
that is) as previously discussed, 1§ su!)]ect to transient envirgp-
ments. When a fermentation scientist attempts to grow the
microbe and ‘encourage’ it to express the desired attribute, 5
fermentation regime will be imposed that will f)nly represent 3
tiny fraction of all the influences that t_he organism will encoup-
ter. Given that most fermentations will be run under fixed set
point regimes, the environment that is thus imposed will effec.
tively be a ‘snapshot’ of the full range of conditions that haye
brought about the expression, through evolutionary pressure,
of the desired phenotype. Another option for control therefore
is to provide a mechanism whereby events beyond the fixed set
point control regime can be specified.

9.7.1 Fermentation profiles

A typical fermentation control profile is shown below (Figure
9.11). The main features of the profile are captured in Table 9.3
below. When analysing the progress of fermentation it is some-
times useful to identify the key features and in which phase of
the growth of the organism they occur. For this purpose it is
useful to use standard definitions for the growth phases although
their strict interpretation is obviously open to debate. In the
example given, the following features become apparent:

Figure 9.11

Typicalo fermentation profile for a filamentous microorganism
Producing a secondary metabolite.

- .'\
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Table 9.3 Fermentation profile data for key analytes at various
growth phases (‘snapshots’)

Analyte Time (h)  Value (arbitrary)  Growth phase
Biomass 12 10 lag
24 25 acceleration
36 50 exponential
48 70 deceleration
60 75 stationary
84 60 decline
148 50 harvest
Carbohydrate 0 85 inoculation
24 70 acceleration
36 35 exponential
48 20 deceleration
60 10 stationary
148 N harvest
Dissolved oxygen 0 100% inoculation
24 80% acceleration
36 40% exponential
48 30% deceleration
60 25% stationary
Microbial product 24 0 acceleration
36 10 exponential
48 35 deceleration
60 50 stationary
72 60 decline
148 65 harvest

after product accretion has ceased

o Harvest time is a long time
h old processes that have been

(this is frequently the case wit
‘inherited’).
o Carbohydrate uptake is largely linear over the growth phase
of the organism, and is depleted by 60 hours.
e Biomass accretion occurs between 0 and 60 hours and then
following substrate depletion goes into the decline phase.
e Dissolved oxygen profile is the mirror image of the growth

profile. _
e Product accretion has its onset at 24 hours and is complete
by 72 hours.
an be at 72 to 84 hours.

o Harvest time using this protocol ¢ .
o Dissolved oxygen is not limiting, therefore under this fixed

set point regime would higher biomass yield more product
. (increasing fermentor vessel volumetric productivity)?
_Carbohydrate is depleted by 60 hours, a further carbohydrate
feed at either this point or when the DOT was less than 40%
. of saturation may promote a further product accretion phase.
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