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Preface

When starting as a graduate student I was determined to take on a re-
search project of an applied nature. With an already awakened interest
for biotechnology, I was not hard to convince when my advisor Per Hagan-
der mentioned the possibility to start a joint project with Pharmacia, now
Pharmacia & Upjohn. The ideas underlying the cooperation came from
“the Pulse Program”, a method for glucose feeding in microbial cultiva-
tions used at Pharmacia [Axelsson et al., 1996].

After some delay, the project took off and I now look back on a few years
of work in the borderland between biotechnology and automatic control.
Participating in an inter-disciplinary project has meant a lot of fun and a
lot of stimulating learning, but it has sometimes been hard to stand with
one foot in each camp without true home ground. The guiding star has
always been that the derived methods should be simple and applicable,
and it has been very satisfying to verify that they work in practice.

The cross-disciplinary nature of the project is reflected in the publi-
cations included in this thesis. Papers I, II, and IV are mainly intended
for a biotechnology audience, whereas Paper III and Paper V are written
with a control engineering audience in mind. To put the presented work
in context, Chapter 2 includes a brief overview of production processes
based on genetically modified organisms.
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1

Introduction

The human utilization of microorganisms has a long tradition. For cen-
turies, microorganisms have been exploited in the production of feed-
stocks like cheese, wine, soy sauce, and bread. With the progress in mi-
crobiology, molecular biology and chemical engineering, the field of ap-
plications is today far more diverse. Examples range from waste-water
treatment to production of pharmaceuticals, and more recently, functional
foods. A major breakthrough took place in the 1970s, when the advent of
the recombinant DNA technology made it possible to create genetically
modified organisms that produce a desired substance, often a protein.

Production of recombinant proteins is performed in cultivation pro-
cesses where the recombinant cells are grown to large numbers. To achieve
reproducible results, well-defined cultivation conditions are a prerequisite
and automatic control is routinely used for control of temperature, pH,
and dissolved oxygen. A difficulty in monitoring and control of biological
processes, however, is that many important process variables cannot be
measured on-line. This fact has triggered much research concerning new
sensor and sampling technologies. An alternative way, taken here, is to
improve and extend the use of existing sensors.

The bacterium Escherichia coli is a frequently used host organism for
production of recombinant proteins, typically with glucose as main carbon
and energy source. A problem encountered in E. coli cultivations is accu-
mulation of the metabolic by-product acetate which inhibits cell growth
and recombinant protein production. Formation of acetate occurs under
anaerobic conditions but also under aerobic conditions in situations with
excess glucose. In fed-batch processes, where additional glucose is fed
during the cultivation, the glucose feed rate can be manipulated to avoid
acetate formation. The design of a feeding strategy that is robust against
process variations requires a feedback solution. However, the realization
of this is complicated by the lack of inexpensive and reliable on-line sen-
sors for the relevant process variables.
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Chapter 1. Introduction

This thesis presents a glucose feeding strategy that avoids acetate ac-
cumulation in cultivations of E. coli while maintaining a high glucose sup-
ply. The key idea is to exploit a characteristic saturation in the metabolism
at the onset of acetate formation. By superimposing probing pulses in the
glucose feed rate, on-line detection of acetate production can be made
using a standard dissolved oxygen sensor. A simple feedback algorithm
is then used to adjust the glucose feed rate to avoid formation of ac-
etate and a safety net simultaneously ensures that aerobic conditions are
maintained. The method works generically with E. coli and requires no
strain-specific information. Laboratory-scale experiments using different
E. coli strains under various operating conditions show that the method
reproducibly gives low concentrations of acetate.

1.1 Publications and Main Contributions

The thesis consists of five papers and this introductory overview. Below,
the papers are listed together with their main contribution.

Paper I

Åkesson, M., E. Nordberg Karlsson, P. Hagander, J. P. Axelsson, and A. To-
caj (1999): “On-line detection of acetate formation in Escherichia coli
cultures using dissolved oxygen responses to feed transients.” Biotech-
nology and Bioengineering, 64, pp. 590–598. Reprinted with kind per-
mission from John Wiley & Sons, Inc.

The paper presents a probing technique that enables on-line detection of
overflow metabolism in fed-batch cultures of E. coli using a standard dis-
solved oxygen sensor. Experiments with two recombinant E. coli strains,
before and after induction of recombinant protein production, demonstrate
the feasibility of the method.

Paper II

Åkesson, M., P. Hagander, and J. P. Axelsson (1999): “A probing feeding
strategy for Escherichia coli cultures.” Biotechnology Techniques, 13,
pp. 523–528. Reprinted with kind permission from Kluwer Academic
Publishers.

A feedback control strategy for glucose feeding in E. coli cultivations is
proposed based on the probing technique from Paper I. Simulations and
experiments show that acetate production due to overflow metabolism can
be avoided without any strain-specific information.

10



1.1 Publications and Main Contributions

Paper III

Åkesson, M. and P. Hagander (1999): “A gain-scheduling approach for
control of dissolved oxygen in stirred bioreactors.” In Chen et al., Eds.,
Proceedings of the 14th World Congress of International Federation
of Automatic Control, vol. O, pp. 505–510. Beijing, China. Reprinted
with kind permission from Elsevier Science Ltd. and IFAC.

This paper presents a simple and practical approach for control of dis-
solved oxygen in stirred bioreactors, which is important for the realization
of the probing controller in Paper II. The suggested approach is based on
PID control and gain scheduling, and gives good results in spite of process
variations during fed-batch cultivations of E. coli.

Paper IV

Åkesson, M., P. Hagander, and J. P. Axelsson (1999): “Avoiding acetate
accumulation in Escherichia coli cultures using feedback control of
glucose feeding.” Manuscript.

In this paper the probing feeding strategy from Paper II is extended
to handle limitations in oxygen transfer that may cause anaerobic con-
ditions. The ability to avoid anaerobic conditions as well as overflow
metabolism is demonstrated with experiments using three recombinant
E. coli strains on different experimental platforms.

Paper V

Åkesson, M., P. Hagander, and J. P. Axelsson (1999): “Probing control of
fed-batch cultures: Analysis and tuning.” Manuscript.

The paper presents a stability analysis and guidelines for tuning of the
probing controller from Paper II. It also suggests how proportional, in-
stead of three-level, control action can be introduced to improve perfor-
mance.

Other Publications

The work presented in this thesis is a continuation of the results commu-
nicated in the licentiate thesis [Åkesson, 1998]. Early work on the detec-
tion method and the probing feeding strategy appeared in the conference
papers [Åkesson et al., 1998b] and [Åkesson et al., 1997], respectively. Pa-
per III is largely based on the technical report [Åkesson and Hagander,
1998] and the idea of using probing signals to obtain more information
from standard sensors in bioprocesses was also discussed in [Åkesson
et al., 1998a].
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Chapter 1. Introduction

1.2 Outline

Chapter 2 presents background material for the following chapters and pa-
pers. In particular, it reviews material on fed-batch cultivations of E. coli
and previous approaches to substrate feeding. In the following two chap-
ters the main topics from the papers are summarized. The probing tech-
nique for detection of acetate formation and the probing feeding strategy
are treated in Chapter 3, and control of dissolved oxygen is discussed in
Chapter 4. Finally, in Chapter 5, the thesis is concluded and suggestions
for future work are given.
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2

Background

This thesis deals with processes where the bacterium Escherichia coli is
used for production of foreign, or recombinant, proteins. The purpose of
this chapter is to provide background material for the following chapters
and papers. It gives a brief introduction to production of recombinant
proteins and microbial cultivations. After this, it focuses on cultivations
of E. coli and reviews previous approaches to substrate feeding. For texts
on biochemical engineering and bioprocess technology in general, see for
instance [Pirt, 1975; Bailey and Ollis, 1986; Enfors and Häggström, 1994].
Further reading on recombinant DNA technology can be found in [Brown,
1990] and a thorough review of recombinant protein production in E. coli
is given in [Swartz, 1996].

2.1 Production of Recombinant Proteins

The cellular DNA contains genetic instructions for the behavior and the
composition of a living cell. Thus, changes in the DNA imply that the
properties of the organism are modified. In the end of the 1970s, method-
ologies emerged that permitted precise alterations of DNA molecules and
these scientific breakthroughs largely increased the potential of biotech-
nical applications.

By introducing a DNA sequence coding for a foreign protein into a
host cell, a “cell factory” for synthesis of the protein can be created, see
Figure 2.1. Cultivation of the recombinant cells to large numbers make it
possible to produce the protein in amounts that would be difficult or even
impossible to obtain from a natural source.

Apart from being a tremendously important technique in research lab-
oratories, the recombinant DNA technology has also led to many commer-
cial products that are produced in an industrial scale. Examples of the

13



Chapter 2. Background

recombinant
DNA

recombinant
cell

product
geneDNA

plasmid

product

host cell

Figure 2.1 Creation of “cell factory” by introduction of DNA coding for a desired
protein into a host cell.

latter cover pharmaceuticals as well as bulk products such as enzymes in
laundry detergents.

The Biological Infrastructure

A foreign gene is usually inserted into a plasmid, which is a small DNA
molecule independent from the bacterial chromosome. The recombinant
plasmid is then introduced into the host organism. Today, a variety of com-
mercially available plasmids, with matching host cells, allow convenient
insertion and expression of foreign DNA. To counteract any disadvantage
implied by the plasmid presence or the expression of the recombinant
protein, the plasmid should contain a selective marker that favors the
plasmid-containing cells. A common selection method is to include a gene
giving resistance for an antibiotic and then incorporating the antibiotic
in the cultivation medium.

On the plasmid, a promoter region regulates the expression of the
recombinant gene. Inducible promoters give the possibility to start the
recombinant protein production from an external signal such as temper-
ature shift or addition of an inducer substance. One may also include
DNA sequences that fuse the recombinant protein with another protein
or polypeptide in order to improve production or facilitate purification and
downstream processing.

14



2.2 Cultivation of Microorganisms

While the foreign DNA contains the instructions, the production ma-
chinery is defined by the host cell. The choice of the host organism should
thus reflect the needs of the particular product. It is also possible to use
recombinant DNA technology to enhance the production capability of the
host, for example by blocking protein degrading enzymes that may attack
the recombinant protein.

The Production Process

The actual production begins with a cultivation step where the number of
cells is increased, often by several orders of magnitude. It is common to
divide the cultivation into a growth phase, where the cells are grown to a
high cell density, and a production phase where the recombinant protein
is produced. In this way, one avoids that the product synthesis reduces the
capacity for growth and one also minimizes effects from product toxicity.
Depending on product and organism, the concentration of the recombinant
protein may reach 20 to 40 percent of the cell dry weight. The cultivation
process will be further discussed in Section 2.2.

In the recovery step, the product concentration can be increased from
fractions of a percent in the harvest broth up to almost 100% purity after
the final steps. The separation techniques involved depend on the prop-
erties of the product, the location of the product (intra- or extracellular),
the scale of the process, and also on the value of the product. Typical op-
erations are cell disruption, filtration, centrifugation, solvent extraction,
and precipitation. Various types of chromatography are commonly used
for purification of high-value pharmaceuticals.

2.2 Cultivation of Microorganisms

After a pre-culture in a shake flask, the principal part of the cultivation
process takes place in a vessel called bioreactor, or fermenter. In the re-
actor, there is a liquid containing cells and nutrients. There are many
types of bioreactors, but the most frequently used is the stirred tank re-
actor, see Figure 2.2. In aerobic processes, air or oxygen is sparged into
the liquid. Well-mixed conditions are obtained through agitation with a
mechanical stirrer and the stirrer speed may also be used to control the
oxygen transfer rate. To maintain a suitable environment in the bioreac-
tor, control loops for temperature, pH, and dissolved oxygen are standard.

Reactor sizes range from laboratory-scale reactors of 1 to 10 liters to
large-scale production reactors of several hundred cubic meters. The re-
actor should operate under aseptic conditions and must therefore be ster-
ilizable. Small reactors can be put into an autoclave, while larger reactors

15



Chapter 2. Background

Feed

Stirrer

Air

Exhaust gas

Figure 2.2 A stirred bioreactor with incoming feed flow.

have steam jackets for in-place sterilization. In many cultivations, the cell
growth eventually becomes restricted by limitations in oxygen transfer or
cooling capacity of the reactor. As an example, the microbial heat evolu-
tion, that has to be cooled off, may in a 10 m3 reactor amount to over
100 kW [Kieran, 1996]. The cultivation time may vary from a few hours
to several weeks, depending on the organism and the mode of operation.

Measurements and Control

The on-line measurements that are routinely available are often confined
to physical and chemical properties of the liquid medium (pH, temper-
ature, dissolved oxygen tension, etc.) and the exhaust gas (CO2 and O2

content). A limiting factor is that an in situ sensor must be steam steril-
izable.

The fact that many important process variables are difficult to measure
on-line has led to much research concerning new sensor techniques. Exam-
ples of non-invasive methods are techniques based on analysis of exhaust
gases [Bachinger et al., 1998] and optical signals [Marose et al., 1999]. An-
other approach is on-line analytical methods where an important aspect
is the sampling technique [Mattiasson and Håkansson, 1993; Schügerl
et al., 1996].

Indirect measurements can be obtained by combining information from
existing sensors, for example using directly calculated variables [Wang
et al., 1977] or using parameter and state estimation [Stephanopoulos and
San, 1984; Bastin and Dochain, 1986]. There is also much information that
can be extracted from control signals. For instance, when pH is regulated,
the base addition rate can give information about the cell growth [Enfors
and Dostálek, 1975].

Except for the control of environmental variables, the regular use of
automatic control in cultivation processes has been somewhat restricted

16



2.2 Cultivation of Microorganisms

due to the lack of reliable on-line sensors. However, a strong interest in
an optimized and more reliable production has driven much research in
this area, for an overview see [Johnson, 1987; Shimizu, 1993; Bastin and
Van Impe, 1995; Lee et al., 1999; Rani and Rao, 1999].

Typically the process behavior is non-linear and time-varying and ac-
curate process models are rarely available. To meet these challenges, it
is common to propose adaptive or non-linear control schemes and an in-
creased interest can be noted for methods based on fuzzy logic and arti-
ficial neural networks. Often, however, good results can be obtained with
slight modifications of linear controllers, see [Axelsson, 1989].

As in other fields, the possibilities for control depend on the process
design. An interesting approach is to use recombinant DNA technology to
introduce new measurements as well as new means for control. An exam-
ple is monitoring of recombinant protein production using co-production
of a fluorescent protein that can be detected optically [DeLisa et al., 1999].

Modes of Operation

A bioreactor may be operated in batch, continuous or fed-batch mode. In
batch cultures, all substrate components are added initially, except for
oxygen and pH-controlling agents. Typically, the cells grow exponentially
until some substrate is exhausted or the concentration of a by-product
becomes inhibiting.

In contrast to the batch culture, continuous cultures are mostly oper-
ated at steady state with an incoming substrate feed flow in balance with
an outgoing flow. The substrate feed rate is normally growth-limiting and
this gives a possibility to control the cell growth.

Many industrial processes are run in fed-batch mode, where one of the
substrates is fed at a growth-limiting rate after an initial batch phase,
see Figure 2.3. High cell densities can be achieved by manipulation of
the feed rate to avoid metabolic and engineering limitations. Overfeed-
ing may cause accumulation of undesirable by-products, and at the end
of a cultivation the feed rate often becomes limited by constraints from
oxygen transfer and cooling capacity. To reduce the volume increase, the
incoming feed is often highly concentrated which may cause problems
from substrate gradients in the reactor.

Cultivation Media

The cultivation medium should provide raw materials for cell growth and
product synthesis. From the desired final cell density, the cellular compo-
sition and the energy required to build cell mass, it is possible to compute
the required amounts of carbon, nitrogen, phosphorus, trace elements and
so on. The carbon/energy source is usually a sugar such as glucose.

17



Chapter 2. Background

Feed rate

Substrate concentration

Cell concentration

Time

Figure 2.3 Example of fed-batch cultivation. After depletion of the initial sub-
strate, additional substrate is fed at a growth-limiting rate.

It is often impossible to include all desired substrate components in
the initial medium. High carbon/energy source concentrations tend to
give excessive by-product formation and high salt concentrations may be
inhibitory. The fed-batch technique is well suited to avoid such problems.
Nitrogen is often provided continuously by using ammonia for regulation
of pH.

A defined medium is a mixture of chemicals with a well-known com-
position whereas complex media also contain less well-defined substrates
like various protein hydrolysates. Complex media that are “rich” in pre-
cursor metabolites and amino acids are sometimes used to enhance pro-
duction. In cost-sensitive processes it may also be desirable to use cheap
carbon sources such as whey and molasses. A drawback with complex
medium components, however, is that it may give less reproducible culti-
vation conditions.

2.3 Fed-batch Cultivation of Escherichia coli

The bacterium Escherichia coli, occurring naturally in the intestines of
humans and mammals, is one of the most common host organisms for re-

18



2.3 Fed-batch Cultivation of Escherichia coli

combinant protein production. Since long it is the workhorse in research
laboratories and it is also used for industrial-scale production of pharma-
ceuticals such as human growth hormone and human insulin.

As many other bacteria, E. coli can quickly be grown to high cell den-
sities and it is also one of the most studied and well-characterized or-
ganisms. A drawback with E. coli is that it has difficulties in correctly
synthesizing some of the more complicated proteins found in higher or-
ganisms. Another disadvantage that often is mentioned is the lack of a
natural secretion mechanism for the recombinant product.

Fed-batch cultivation with glucose as main carbon and energy source
is the standard approach to achieve high cell densities. The cultivation
is mostly divided into a growth phase and a production phase using an
inducible production system. Various strategies for achieving high-level
production have been examined in detail, both with respect to cultivation
conditions [Lee, 1996] and gene expression [Makrides, 1996].

Acetate Inhibits Growth and Production

A limiting factor in cultivations of E. coli is the formation of acidic by-
products, especially acetate. The accumulation of acetate to a few grams
per liter has been reported to reduce cell growth and also to reduce
recombinant protein production, see for instance [Shimizu et al., 1988;
Bauer et al., 1990; Bech Jensen and Carlsen, 1990; Luli and Strohl,
1990; Sakamoto et al., 1994; Turner et al., 1994]. It was also found that
the growth-inhibiting effect is more pronounced for recombinant cells [Koh
et al., 1992].

A mechanism suggested for the inhibiting effect is that acetate is a
weak acid and that the protonated form of acetate may pass the cell
membrane. Inside the cell, it dissociates at the higher internal pH, and
decreases the intracellular pH [Luli and Strohl, 1990]. The cell must
then spend net energy to counteract this decrease and maintain impor-
tant pH gradients against the environment. At lower pH-values the ra-
tio between protonated and ionized acetate in the medium increases and
the growth-inhibiting effects for a given acetate concentration becomes
stronger [Strandberg and Enfors, 1991].

Production and Consumption of Acetate

Formation of acetate in E. coli cultures occurs under anaerobic conditions
but also under fully aerobic conditions in situations with excess carbon
source. Under anaerobic conditions, acetate is one of the end products of
the mixed-acid fermentation [Neidhardt et al., 1990].

The aerobic acetate formation is described as an overflow phenomenon
in the central metabolic pathways due to limitations in the respiratory
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Chapter 2. Background

qoqmax
o

qk

qa

qcrit
k

−qc,max
a

Figure 2.4 Characteristic relations between specific rates of glucose uptake, qk,
oxygen uptake, qo, and net acetate production, qa. The dashed lines show the poten-
tial acetate consumption and its effect on qo when acetate is present in the media.

system [Andersen and von Meyenburg, 1980] and/or the Krebs cycle [El-
Mansi and Holms, 1989; Majewski and Domach, 1990]. It typically oc-
curs when the specific glucose uptake rate qk exceeds a critical value qcrit

k
[Meyer et al., 1984; Han et al., 1992]. It has also been observed that the
specific oxygen uptake rate qo, that normally increases with qk , reaches
an apparent maximum qmax

o at the onset of acetate formation [Andersen
and von Meyenburg, 1980; Reiling et al., 1985; Paalme et al., 1997]. This
behavior can also be motivated using metabolic flux models, see Paper I,
and [Majewski and Domach, 1990; Ko et al., 1993; Ko et al., 1994; Varma
et al., 1993]. The solid lines in Figure 2.4 indicate characteristic relations
between glucose uptake, oxygen uptake, and acetate production.

If qk is below qcrit
k , the cells may also consume acetate present in the

media even though glucose is the preferred substrate [Kleman and Strohl,
1994]. The consumption requires oxygen and is limited both by the avail-
able respiratory capacity and the uptake mechanism [Xu et al., 1999]. The
dashed lines in Figure 2.4 illustrate potential acetate consumption and
its effect on the oxygen uptake.

Limiting Acetate Accumulation

To avoid the inhibiting effects mentioned above, much research has been
devoted to developing strategies that reduces the accumulation of acetate,
for an overview see [Lee, 1996]. The choice of medium is important. Com-
plex media tend to give higher acetate formation than defined media
[Meyer et al., 1984]. It has also been reported that substituting glucose
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2.3 Fed-batch Cultivation of Escherichia coli

with glycerol [Korz et al., 1995] or fructose [Aristidou et al., 1999] that
are metabolized more slowly can reduce acetate formation.

Acetate production also depends on the particular E. coli strain used.
Metabolic engineering, manipulation of the metabolic pathways using re-
combinant DNA technology, has been used as a tool to develop E. coli
strains that produce less acetate. Example of approaches are reducing
glucose uptake [Chou et al., 1994], blocking acetate excretion [Bauer et al.,
1990], diverting acetate to less harmful by-products [Aristidou et al.,
1994], and improving oxygen uptake [Khosla et al., 1990].

For a given strain and medium, the cultivation conditions play a major
role. The removal of acetate using dialysis was described in [Märkl et al.,
1993]. Oxygen-limited conditions can be counteracted by sparging with
pure oxygen or reducing the metabolic activity by decreasing the cultiva-
tion temperature [Wipf et al., 1994]. However, the most common method
in fed-batch cultivations is probably to restrict the supply of the carbon
and energy source.

Control of Substrate Feeding

By manipulation of the glucose feed rate F it is possible to avoid both
overflow metabolism and anaerobic conditions. In other words, F should
be low enough to keep the glucose uptake qk below qcrit

k and maintain a
oxygen consumption lower than the maximum achievable oxygen transfer
in the reactor. On the other hand, it is desirable to keep F high to avoid
unnecessarily long cultivation times. A major challenge is that qcrit

k often
is poorly known and that it may change during a cultivation, especially
when a recombinant protein is produced, see for instance Paper I.

An illustration of typical constraints on F is given in Figure 2.5. In the
early stage of the cultivation, the cell density is typically rather low and
F must remain low to avoid overflow metabolism. As the cells grow, F can
be allowed to increase and eventually the constraint from the maximum
oxygen transfer capacity may be reached. Alterations in the process be-
havior due to production of a recombinant protein may cause that overflow
metabolism again becomes the limiting factor [Qiu et al., 1998].
Substrate Feeding Strategies

A number of feeding strategies have been developed to reduce or avoid
acetate accumulation in cultivations of E. coli. Recent reviews can be
found in [Yee and Blanch, 1992; Lee, 1996; Riesenberg and Guthke, 1999].

Sufficient oxygen supply can be guaranteed by manipulating the sub-
strate feed rate in order to maintain a constant dissolved oxygen concen-
tration [Gleiser and Bauer, 1981; Konstantinov et al., 1990; Riesenberg
et al., 1990]. This makes it possible to use the full capacity of the re-
actor while maintaining aerobic conditions. However, these strategies do
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Figure 2.5 Example of possible restrictions on the glucose feed rate F in a fed-
batch cultivation.

not necessarily avoid overflow metabolism. Changes in the process due to
recombinant protein production can lead to overfeeding and resulting ac-
etate accumulation unless manual intervention is made [Qiu et al., 1998].

Various means of restricting the glucose supply have been tried to
avoid overflow metabolism. A common approach is to control the specific
growth rate, either using fixed feeding profiles [Paalme et al., 1990; Korz
et al., 1995] or feedback from indirect measurements [Riesenberg et al.,
1991]. To behave well, knowledge about the value and the variation of the
critical growth rate corresponding to qcrit

k is required.
Feedback from the concentration of glucose has also been applied [Kle-

man et al., 1991; Sakamoto et al., 1994; Horn et al., 1996]. A drawback
is that the critical glucose concentration range for E. coli is very low and
that robust and accurate on-line measurements in this range are far from
being standard. Control of the feed rate using feedback from acetate con-
centration was presented in [Shimizu et al., 1988; Turner et al., 1994b]
but again sophisticated measurements are required for implementation.

Coarse control of the glucose concentration can be obtained indirectly
by so-called DO-stat and pH-stat strategies. In these methods, intermit-
tent feeding is made at the depletion of glucose detected as a peak in
dissolved oxygen [Mori et al., 1979] or pH [Robbins and Taylor, 1989; Lee
and Chang, 1993]. While these strategies are attractively simple, the cul-
tivation conditions are not well-defined as the culture keeps alternating
between starvation and unlimited access to glucose. A combination of the
pH-stat and DO-stat strategies was described in [Chen et al., 1997] and

22



2.3 Fed-batch Cultivation of Escherichia coli

pH-stat methods combined with measurements of exhaust gas [Jin et al.,
1994] and turbidity [Ye et al., 1994] have also been developed.

Need for Improvements

The feeding methods presented in the literature typically address either
the constraint from overflow metabolism or the one from limitations in
oxygen transfer. In some cases, the implementation relies on expensive
non-standard sensors and many methods also require considerable pro-
cess knowledge to work well. Often a key process parameter, such as the
critical growth rate above which acetate formation occurs, has to be known
a priori. This is a clear disadvantage, especially as production of recom-
binant proteins often implies significant changes in the process behavior.

The work presented in this thesis has been performed with the aim of
deriving a feeding strategy that addresses these drawbacks.
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3

A Probing Feeding Strategy

As was emphasized in the previous chapter, accumulation of acetate is
often a limiting factor in processes where E. coli is used for recombinant
protein production. The primary contribution of this thesis is an auto-
mated glucose feeding strategy that avoids acetate accumulation while
maintaining a high feed rate. Attractive features are that it is based
on standard instrumentation and that it works generically with E. coli
without requiring strain-specific knowledge. This chapter summarizes the
work, from idea to implementation, presented in Papers I, II, IV, and V.

3.1 A Probing Approach

The core idea in the presented approach is to exploit the characteristic
saturation in the respiration that occurs when the specific glucose uptake
qk reaches qcrit

k and acetate formation starts. The saturation can be de-
tected by superimposing probing pulses in the glucose feed rate F that
are long enough to be seen through the glucose and oxygen dynamics. As
long as qk is below qcrit

k , the pulses give rise to responses in the dissolved
oxygen signal Op. However, when qk is above qcrit

k , the specific oxygen up-
take qo is saturated and no response will be seen. In this way it is possible
to determine if qk is above or below qcrit

k without knowledge of the actual
value. This information can then be used to adjust F to avoid overflow
metabolism, see Figure 3.1.

The probing feeding strategy makes use of the fact that the time con-
stants in the glucose and oxygen dynamics are in the order of seconds
while cell growth takes place in a time scale of hours. In this way, a
“sampling rate” sufficient for control can be obtained.

An important question is if the introduced perturbations could be
harmful to the process. It has been reported that intermittent feeding
(on/off) gave no visible effects on cell growth, although an increased cel-
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dynamicsdynamics
Glucose

Probing
controller

OxygenF qk qo Op

Figure 3.1 The probing control strategy. By making probing pulses in F it is
possible to determine if qk is above or below qcritk from the response in Op. This
information is then used to adjust F to avoid overflow metabolism.

lular stress was indicated during the starvation periods [Neubauer et al.,
1995]. In comparison, the probing strategy gives perturbations that are
small, 10 to 20 % variation around a nominal feed rate, and far from glu-
cose starvation. Hence, any negative effects are likely to be minimal. This
is also supported by the experience that high production levels of different
recombinant proteins have been achieved when using the probing feeding
strategy, see Paper II.

Related Work

Apart from being related to the feeding strategies presented in Section 2.3,
the probing technique has many points in common with approaches in
other contexts.

The idea of introducing deliberate process perturbations in a control
loop to gain information is closely related to the areas of extremum and
dual control, see [Åström and Wittenmark, 1995]. In extremum control,
a process with an unknown nonlinearity should be controlled to an opti-
mum. Information about the gradient is obtained by correlating the effect
on the output from a known perturbation on the input. A classic example
is control of the air/fuel ratio in a combustion engine [Draper and Li,
1951] but it has also gained renewed interest [Moraal, 1995; Wang et al.,
1999]. For a survey on extremum control see [Sternby, 1980]. The prob-
ing controller can be viewed as an extremum controller with the goal of
controlling the process to a saturation instead of an optimum.

Another related area is monitoring of stoichiometric ratios. This has
for example been used to avoid ethanol formation in yeast cultivations
[Wang et al., 1977] and for monitoring of nutrient concentration in ani-
mal cell cultures [Zeng et al., 1998]. In [Konstantinov and Yoshida, 1990],
a number of stoichiometric ratios was used for monitoring of E. coli culti-
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Figure 3.2 Example of response in dissolved oxygen Op to pulses in feed rate F
when qk is far below qcritk . Clear responses can be seen to both up and down pulses.

vations. In addition, it was described how the response in dissolved oxygen
to interrupts in the glucose feed rate could be used to detect glucose accu-
mulation. A pulse technique has also been used for feed-rate control in an
activated sludge process with a toxic substrate [Yongaçoglu et al., 1982].

3.2 Detection of Overflow Metabolism

The feasibility of the probing approach is demonstrated, theoretically and
experimentally, in Paper I. The observations of the characteristic sat-
uration in the respiration were made under stationary or almost sta-
tionary conditions [Andersen and von Meyenburg, 1980; Reiling et al.,
1985; Paalme et al., 1997]. Assuming that the saturation is present also
under transient conditions, a model for dissolved oxygen responses to feed
transients in a bioreactor is derived. The model predicts a clear change
in the pulse responses when qk exceeded qcrit

k .
The simulation results are then verified in fed-batch experiments with

two different strains of E. coli. Whenever acetate formation can be de-
tected in the off-line analysis, the pulse responses are clearly reduced.
Example of pulse responses below and at the critical glucose uptake rate
can be seen in Figures 3.2 and 3.3.
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Figure 3.3 Example of response in dissolved oxygen Op to pulses in feed rate F
when qk is just below qcritk . The response to the up pulse is clearly reduced which
confirms the possibility to detect if qk exceeds qcritk .

The experiments and the simulations confirm the possibility to use the
probing technique for detection of overflow metabolism. An interesting
observation is a 50 % decrease in qcrit

k during production of a recombinant
protein. This gives an illustration of the variations in the cellular behavior
that may occur due to recombinant protein production.

3.3 The Probing Controller

Using the information from the pulse responses, it is possible to adjust F
to keep qk below qcrit

k to avoid overflow metabolism. In the feeding strategy
presented in Paper II, F is regulated to achieve feeding at qcrit

k . This is
“optimal” in the sense that it gives the maximum carbon and energy sup-
ply without overflow metabolism, thus minimizing the cultivation time.
The controller is based on level-checking of the pulse responses and a
feedback algorithm that can be interpreted as a three-level incremental
controller.

To maintain aerobic conditions, dissolved oxygen is controlled using
the stirrer speed N. This also ensures that Op is at the same level, Osp,
at the start of each pulse. During the feed pulses, however, the stirrer
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Figure 3.4 Block diagram of the closed-loop system. The probing controller turns
off the dissolved oxygen controller so that the stirrer speed N is kept constant
during the pulses in F.

speed is fixed in order not to interfere with the detection algorithm. The
closed-loop system becomes a multivariable setup where two inputs, N
and F, are computed from the same output variable Op, see Figure 3.4.

The performance of the probing algorithm is affected by the time be-
tween pulses and it is important that the time to regain the oxygen set-
point after a pulse is not too long. When the performance requirements
on the dissolved oxygen control are high, variations in the oxygen dy-
namics during a cultivation may cause tuning problems when using a
controller with fixed parameters. This is further discussed in Chapter 4
and Paper III.

Simulation Example

Figure 3.5 shows a simulation where the initial feed rate after a batch
phase gives a specific glucose uptake qk below qcrit

k . The probing controller
is started and increases F until qcrit

k is reached and qk is then kept ap-
proximately constant as desired.

After 2 hours the value of qcrit
k is lowered, and as can be seen, the algo-

rithm is able to detect this and adjusts F accordingly. The undershoot in
qk is due to reconsumption of the acetate produced when qk temporarily
exceeded qcrit

k . During this phase the accompanying oxygen consumption
gives qo = qmax

o even though qk < qcrit
k , compare Figure 2.4, and hence

the feed rate is decreased as no oxygen responses can be seen. The ex-
ample illustrates the ability to achieve feeding at qcrit

k without a priori
information and in spite of changes that may occur in the process.
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Figure 3.5 Simulation where the initial feed rate is chosen too low. After two
hours qcritk is changed. The dotted lines indicate the critical glucose uptake, qcritk ,
and the reaction level Oreac . The probing strategy achieves feeding at qcritk without
prior information of the value and in spite of the change.
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3.4 Handling of Limitations in Oxygen Transfer

Although the probing feeding strategy prevents overflow metabolism, it
does not warrant that aerobic conditions are maintained if the maximum
oxygen transfer capacity of the reactor is reached. Simply prohibiting feed
increments when the maximum stirrer speed is reached is not enough.
Disturbances and process variations may cause the oxygen consumption
to exceed the oxygen transfer even if the feed rate is kept constant.

A balance between oxygen transfer and oxygen uptake can be achieved
with the strategies manipulating the feed rate to maintain a constant
dissolved oxygen concentration [Gleiser and Bauer, 1981; Konstantinov
et al., 1990; Riesenberg et al., 1990]. This makes it possible to use the
highest possible feed rate with respect to the oxygen transfer capacity of
the reactor. However, while these methods preclude anaerobic conditions,
they do not necessarily guarantee that overflow metabolism is avoided.

The solution suggested in Paper IV is to extend the probing strat-
egy with the following safety net. When the stirrer speed approaches its
maximum, no feed increments are made in the probing algorithm as this
would lead to an oxygen demand exceeding the oxygen transfer capac-
ity. Furthermore, if the stirrer speed saturates when controlling dissolved
oxygen, the feed rate is decreased to reduce the oxygen consumption. In
this way, aerobic conditions can be assured and at the same time overflow
metabolism can be detected and avoided.

3.5 Implementation and Experiments

A number of experiments with the probing feeding strategy has been per-
formed on three different laboratory-scale platforms. Control algorithms,
data logging and man-machine interface were implemented in commer-
cial control systems on personal computers. The first implementation was
made using the SattLine control system (ABB Automation Products AB,
Malmö, Sweden) and the other two using Genesis Control Series software
(Iconics Inc., Foxborough, USA).

Cultivations using different strains under various operating conditions
show that the probing strategy works well and that it reproducibly gives
low acetate and glucose concentrations, see Paper II and IV. It also be-
haves robustly in spite of disturbances such as antifoam additions.

Cultivation Example

Figure 3.7 shows the fed-batch part of a cultivation with the probing strat-
egy. The feed was started after a characteristic peak in Op that indicates
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3.5 Implementation and Experiments

Figure 3.6 Experimental setup with four laboratory-scale reactors and a PC for
data logging and control.

depletion of the initial glucose. Initially, the feed rate was increased until
the maximum stirrer speed was reached after 6.5 h. The pulse responses
during this period indicated that qk was kept close to qcrit

k as intended,
see close-up in Figure 3.8.

After this, the feed rate was limited by the oxygen transfer. The stir-
rer speed N remained close to its maximum and the controller made
several small adjustments of F to maintain aerobic conditions. At 11.5 h,
extensive foaming caused rapid variations in the dissolved oxygen mea-
surement and also a clear decrease in the oxygen transfer. The controller
decreased F and avoided oxygen limitation even though no anti-foam ad-
ditions were made.

The off-line measurements confirm that acetate and glucose concen-
trations were low, and the increased glucose concentration at 6 h corre-
lates well with the absent pulse response shortly after. This experiment
demonstrates that the probing feeding strategy tends to give the highest
possible feed rate with respect to the limitations from overflow metabolism
and oxygen transfer.
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Figure 3.7 Fed-batch part of an experiment with the probing feeding strategy.
From top to bottom: Feed rate F, stirrer speed N, dissolved oxygen Op, cell concen-
tration X , and concentrations of glucose G and acetate A. The feed rate is initially
limited by overflow metabolism, see close-up in Figure 3.7, and then by oxygen
transfer when the stirrer speed reaches its maximum. Foaming at the end of the
cultivation causes a perturbed dissolved oxygen signal and a decreased oxygen trans-
fer but the controller maintains aerobic conditions. Off-line analysis confirms that
the concentrations of glucose and acetate were kept low.
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Figure 3.8 Close-up from Figure 3.7. The reduced pulse responses indicate that
the probing strategy keeps qk close to qcritk .

3.6 Tuning and Stability Analysis

The probing controller has a few parameters that affect the performance,
and the main topic of Paper V is to derive guidelines for tuning. To account
for the changing dynamics during a fed-batch cultivation, worst-case con-
siderations are made. This ensures the function under all conditions at
the price of some conservatism.

The process specific knowledge required is an upper bound for the over-
all process time constant in the relation between feed rate and dissolved
oxygen measurement. It is also assumed that a well-tuned controller for
dissolved oxygen is available and that the settling time in this loop is
known. As this information is mainly equipment related, tuning only has
to be made once for a given reactor configuration.

Stability Analysis

The choice of the controller “gain”, the feed increments, is a trade-off
between speed and stability. By considering the closed-loop as a sampled-
data system it is possible to derive a sufficient condition for convergence
to a region where qk is below but close to qcrit

k , see Paper V.
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Figure 3.9 Oscillatory behavior when the increments in F are too large. Left:
Trajectory of the sampled-data system in the plane

(
qk, qc,pot

a
)
. The shaded region

indicate the apparent shift in qcritk due to acetate consumption. Right: Feed rate F
and acetate concentration A.

In a previous analysis, [Åkesson, 1998], acetate consumption was ne-
glected but it turns out to be crucial to consider. The reason is that the
resulting oxygen consumption may saturate qo even if qk is below qcrit

k as
shown in Figure 2.4. This causes an apparent shift in qcrit

k from the con-
troller point of view. Useful insights are obtained by considering the plane(
qk , qc,pot

a
)

where the potential acetate consumption qc,pot
a is an increasing

function of the acetate concentration A.
Figure 3.9 shows the behavior of the closed-loop system when the feed

increments are chosen too large. The glucose uptake qk oscillates around
qcrit
k and hence the process alternates between acetate consumption and

acetate production. Tendencies to such oscillations in the feed rate could
be hinted at in one of the experiments shown in Paper IV.

The behavior when the feed increments are chosen to guarantee sta-
bility is shown in Figure 3.10 . The system converges nicely to a region
below qcrit

k but has become rather slow. To obtain reasonable performance
it is sometimes necessary to violate the stability criterion. However, this
can often be done without resulting oscillations as the criterion is only a
sufficient condition for stability.

3.7 Proportional and Integral Control Action

By exploiting more information from the pulse responses it is possible to
use larger control signals without risking oscillations. In fact, the ampli-
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Figure 3.10 Stable but slow behavior when the increments in F are chosen
to guarantee stability. Left: Trajectory of the sampled-data system in the plane(
qk, qc,pot
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)
. Right: Feed rate F and acetate concentration A.
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Figure 3.11 Stable and fast behavior with proportional control action. Compare
Figures 3.9 and 3.10. Left: Behavior of the sampled-data system in the plane(
qk, qc,pot

a
)
. Right: Feed rate and acetate concentration.

tude of the oxygen response to a feed pulse gives information about the
distance to qcrit

k , and hence about the maximum feed increment that can be
safely applied. The use of proportional, instead of three-level, control ac-
tion is suggested in Paper V. This extension makes it possible to improve
performance in terms of convergence speed with a maintained stability
guarantee. Figure 3.11 shows a simulation with proportional control ac-
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tion. The convergence to the region close to qcrit
k is now much faster than

in the three-level case with a stability guarantee, see Figure 3.10.
As can be seen, the closed-loop system approaches a situation with

consecutive up pulses and it could be shown that the use of proportional
control signal enabled convergence to a stationary point in qk . It was also
presented how the convergence can be facilitated by the introduction of a
setpoint and integral action.

Apart from the performance improvement, the extension with propor-
tional control signal gives a more controlled behavior than with three-level
control. The setpoint together with integral action also makes it possible
to maintain qk at a specified distance from qcrit

k .
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Control of Dissolved Oxygen

Many bioprocesses require aerobic conditions. A simple way to supply
enough oxygen is to control the dissolved oxygen concentration at a con-
stant level. It is often sufficient to maintain the dissolved oxygen con-
centration above a certain level, and the performance demands on the
dissolved oxygen control are then moderate. In some applications the per-
formance requirements are higher, for instance in the probing feeding
strategy presented in this thesis or when the process productivity depends
on the dissolved oxygen concentration [Rothberg et al., 1999].

During batch and fed-batch cultivations the operating conditions can
vary significantly which may cause tuning problems, especially when the
performance demands are high. This chapter, based on Paper III, dis-
cusses a simple and practical approach for control of dissolved oxygen
based on PID control and gain scheduling.

4.1 A Regulation Problem

From a control point of view, dissolved oxygen control is a regulation prob-
lem where the oxygen consumption due to the cell metabolism should be in
balance with the oxygen supply. In continuous and fed-batch cultivations,
the oxygen consumption is strongly correlated to the substrate feed rate,
which then can be used as a control input as mentioned in Section 3.4.
In a stirred bioreactor, the oxygen supply can be affected in many ways;
by manipulating the air flow rate, the oxygen content in the incoming
air, the reactor pressure, or the stirrer speed. We here consider the case
where the stirrer speed is used as control signal, see Figure 4.1.

The stirrer speed affects the oxygen transfer via the volumetric oxygen
transfer coefficient, KLa, which is an increasing function of the stirrer
speed. It also depends on the air flow rate and factors like temperature,
viscosity, foaming, and addition of surface active components.
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Figure 4.1 Control loop where the stirrer speed N is used to regulate the dissolved
oxygen signal Op at the set-point Osp. The oxygen consumption depends on the
substrate feed rate F.

Process Variations

In continuous cultivations, the process is operated at steady-state and
good performance can be achieved using controllers with fixed param-
eters, see for instance [Clark et al., 1985]. When the reactor is run in
batch or fed-batch mode, however, the process characteristics vary sig-
nificantly with the changes in oxygen consumption. Many authors have
reported tuning difficulties when using controllers with fixed parameters
[Court, 1988; Lee et al., 1991; Cardello and San, 1988]. Typical observa-
tions are stability problems for low oxygen uptake rates, corresponding to
low stirrer speeds, and sluggish control at high oxygen uptake rates.

A linearized process model reveals that the process dynamics depends
on KLa, which in fact directly determines the location of one of the process
poles. When the stirrer speed and KLa are increased, the low-frequency
gain and the phase lag in the process will decrease. Hence, if a fixed
controller is used the closed-loop system will become slower and more
well-damped at high stirrer speeds. Conversely, a decreased value of KLa
would give an increased gain and an increased phase lag, which implies a
faster but more oscillatory closed-loop system. This explains the stability
problems at low stirrer speeds and sluggish behavior at high stirrer speeds
when a fixed controller is used.

4.2 A Simple Gain-scheduling Approach

Clearly, the controller parameters should depend on the operating condi-
tions in order to obtain good performance throughout the operating range
of the process, and various adaptive control schemes have been suggested,
see Paper III. As the process dynamics changes with KLa, this is a natural
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scheduling variable for adjustment of the controller parameters. However,
this requires on-line estimation of KLa or a related quantity. A simpler
approach, suggested in Paper III, is to use gain scheduling from the stirrer
speed, a signal which is already available and which is strongly correlated
to KLa.

A suitable scheduling table can be obtained by first dividing the work-
ing range for the stirrer speed into different operating regions, and then
obtaining the controller parameters in each region from experiments.
Commercial control systems often have facilities for automatic tuning,
which gives a convenient way to obtain the parameter table. The pro-
posed technique is straightforward to implement and does not require any
parameter estimation or exhaust-gas analysis. Furthermore, no a priori
assumptions on the relation between KLa and the stirrer speed have to
be made as the parameters are obtained from experiments. A drawback
is that changes in KLa due to other sources than the stirrer speed, such
as foaming and surface active compounds, are not captured. In processes
where the influence from such effects is large, a method based on estima-
tion of KLa would be preferable.
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Figure 4.2 Relay-tuning experiments at different stirrer speeds N. The load is
varied by changing the feed rate F. Note that the controller tuned at 750 rpm gives
an oscillatory closed-loop behavior when approaching 500 rpm.
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Figure 4.3 Gain-scheduling control of dissolved oxygen around 600 rpm in an
experiment with the probing feeding strategy described in Chapter 3. During the
feed pulse the stirrer speed is kept constant and the PID controller is in tracking
mode. Compare the performance at 1000 rpm shown in Figure 4.4.

Experimental Results

The method with gain scheduling from the stirrer speed was implemented
and tested with good results in the experimental platforms described in
Section 3.5. In the SattLine environment a standard module for PID con-
trol with facilities for gain scheduling and relay auto-tuning could be
used. A tuning experiment using the auto-tuner function can be seen in
Figure 4.2. Note that, in accordance with the discussion in the previous
section, the controller tuned around 750 rpm tends to give an oscillatory
closed-loop system when the stirrer speed approaches 500 rpm.

The gain-scheduling approach was used for dissolved oxygen control
during all experiments with the probing feeding strategy described in the
previous chapter. In order not to interfere with the pulse responses in
dissolved oxygen, the stirrer speed is frozen during the feed pulses. It is
then important to include features like bumpless transfer and anti-windup
[Åström and Hägglund, 1995]. Examples of the behavior at different stir-
rer speeds can be seen in Figures 4.3 and 4.4. Good performance could
be achieved throughout the operating range, a significant improvement
compared to a fixed controller at little extra expense.
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Figure 4.4 Gain-scheduling control of dissolved oxygen around 1000 rpm in an
experiment with the probing feeding strategy described in Chapter 3. During the
feed pulse the stirrer speed is kept constant and the PID controller is in tracking
mode. Compare the performance at 600 rpm shown in Figure 4.3.
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5

Concluding Remarks

This thesis has discussed how feedback control of the glucose feed rate can
be used to avoid undesirable acetate accumulation in E. coli cultivations.
It describes the development of an automated feeding strategy from the
basic idea, via modeling and simulation, to implementation and tuning
rules. The leading part was played by a probing technique that enabled
on-line detection of acetate formation using a standard sensor.

A major strength of the probing feeding strategy is the low demand for
process-specific knowledge. The information required for tuning is mainly
equipment related, hence tuning only need to be performed once for a
given reactor configuration. Thereafter, favorable cultivation conditions
can be achieved in a controlled way independently of the strain and the
operating conditions used. This makes it possible to obtain good results at
the first attempt with a new strain or genetic construct, a property that
makes the probing strategy a useful tool. The use of feedback is essential
to handle changes in the process behavior.

Another attractive aspect of the presented method is the general appli-
cability. While many interesting approaches to the acetate problem have
been suggested, they often involve specialized instrumentation and par-
ticular strains. In contrast, the probing strategy works generically with
E. coli and relies on a regular dissolved oxygen probe.

Apart from the sensor, the implementation requires means for control-
ling dissolved oxygen, not necessarily via the stirrer speed, and access to
process control software that supports user-defined algorithms. The re-
quired programming may in fact be the main obstacle for wide-spread
use of the method. A potential drawback is that the method may have
difficulties in processes with extensive foaming, where the dissolved oxy-
gen signal can be corrupted by rapid variations. However, when the use
of antifoam chemicals is permissible this is not a major concern.

The feeding strategy has been described as a probing controller with
a safety net for handling of limitations in oxygen transfer. An alterna-
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tive view is to consider the probing as a safety net for strategies that
manipulate the feed rate to guarantee a sufficient oxygen supply. Either
way, the outcome is a feeding strategy that enables use of the full capac-
ity of a reactor in a safe and reproducible way. The resulting feed rate
tends to be the highest possible with respect to the constraints imposed
by cell metabolism and mass transfer, hence maximizing the productivity
in terms of biomass.

Production of recombinant proteins is a complex problem and avoiding
acetate accumulation is but one issue to consider. Even though the prob-
ing feeding strategy tend to maximize the biomass productivity, this does
not necessarily imply an optimized production of a recombinant protein.
However, if knowledge about suitable feed rates is at hand or becomes
available, the probing feeding strategy supports the use of such informa-
tion. For instance, the probing controller can make adjustments around a
predetermined profile. Alternatively, it can be used as a supervisory con-
troller that adjusts the desired feed profile only when necessary to avoid
acetate formation.

Available process knowledge can also be exploited to reduce the con-
servatism in the tuning rules and thus improve the performance further.

Extensions and Future Work

Processes for recombinant protein production exhibit many interesting
challenges where control and system theory can contribute. However, the
comments given here will be confined to continuations and extensions of
the work on the probing feeding strategy.

The experiments with the probing strategy were performed in labora-
tory scale using defined media. One natural continuation is to investigate
the behavior with complex media which typically results in higher acetate
accumulation. Moreover, the use of complex medium components often
give less reproducible process behavior, and feeding strategies based on
feedback are then particularly attractive.

Preliminary experiments indicate the possibility to use the probing
technique also in a larger scale [Åkesson et al., 1998a]. One complication
in large-scale reactors is that the mixing is far from ideal which results
in spatial inhomogeneities. Glucose and oxygen gradients may lead to
that production of acetate in one region takes place simultaneously with
acetate consumption in another region. The probing can still give infor-
mation, regarded as an average value over the reactor, that is valuable
for monitoring and control. Other challenges encountered when taking
the step to a larger scale are fluctuations in the dissolved oxygen signal
and a limited authority for control of dissolved oxygen.

Simulation of the probing controller with proportional and propor-
tional-integral control action suggested an improved performance. It would
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therefore be interesting to implement these extensions to verify the im-
provement also in practice.

The safety net for handling of limitations in oxygen transfer works
well but is rather heuristic. When the control signal for dissolved oxygen
saturates, the feed rate is decreased with a constant rate. This can po-
tentially cause large deviations in dissolved oxygen if the rate is too slow.
Relating the change in feed rate to the deviation in dissolved oxygen by
switching in another controller can improve the performance [Velut, 1999].
However, the improvement may come at the price of an increased need
for process-specific information.

Even though foaming is judged to be a minor problem for the probing
detection method, it can indirectly affect the performance via the dissolved
oxygen control loop. Foaming and antifoam chemicals may change the
relation between KLa and the stirrer speed so that the performance of
the gain-scheduling controller deteriorates. It may thus be beneficial to
use a dissolved oxygen controller based on continuous adaptation of the
controller parameters.

The saturation in the metabolism is reflected also in other measure-
ments than dissolved oxygen. Among the standard sensors, the pulse re-
sponses can for instance be detected in the off-gas analysis. However, the
response is here slower due to poor head-space mixing.

The presented work is clearly focused on a specific application, but
the probing methodology may prove useful also in other contexts where a
saturation characterizes the process behavior. Staying within the biotech-
nology area, by-product formation linked to a limitation in the metabolism
is a characteristic E. coli shares with many other organisms.
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Paper I

On-line Detection of Acetate
Formation in Escherichia coli

Cultures Using Dissolved Oxygen
Responses to Feed Transients

Mats Åkesson, Eva Nordberg Karlsson, Per
Hagander, Jan Peter Axelsson, and Anita Tocaj

Abstract

Recombinant protein production in Escherichia coli can be significantly
reduced by acetate accumulation. It is demonstrated that on-line detec-
tion of acetate production can be made with a standard dissolved oxygen
sensor by superimposing short pulses to the substrate feed rate. Assum-
ing that acetate formation is linked to a respiratory limitation, a model
for dissolved oxygen responses to transients in substrate feed rate is de-
rived. The model predicts a clear change in the character of the transient
response when acetate formation starts. The predicted effect was verified
in fed-batch cultivations of E. coli TOPP1 and E. coli BL21(DE3), both
before and after induction of recombinant protein production. It was also
observed that the critical specific glucose uptake rate, at which acetate
formation starts, was significantly decreased after induction. On-line de-
tection of acetate formation with a standard sensor opens up new possi-
bilities for feedback control of substrate feeding.

Full paper available in
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Paper II

A Probing Feeding Strategy for
Escherichia coli Cultures

Mats Åkesson, Per Hagander, and Jan Peter Axelsson

Abstract

A strain-independent feeding strategy for fed-batch cultures of Escherichia
coli is presented. By superimposing short pulses in the glucose feed rate,
on-line detection of acetate formation can be made using a standard dis-
solved oxygen sensor. A simple feedback algorithm is then used to adjust
the feed rate to avoid acetate formation. The feasibility of the strategy is
demonstrated by both simulation and experiments.

Full paper available in
Biotechnology Techniques, vol. 13, no. 8, pp. 523–528, 1999.
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Paper III

A Gain-scheduling Approach for
Control of Dissolved Oxygen in

Stirred Bioreactors

Mats Åkesson and Per Hagander

Abstract

This paper discusses control of dissolved oxygen in a bioreactor when
the stirrer speed is used as control signal. During batch and fed-batch
cultivations the operating conditions change significantly which causes
tuning problems, especially when performance requirements are high. A
linearized process model reveals that the variations in the oxygen dynam-
ics are mainly due to changes in the volumetric oxygen transfer coefficient
KLa. To account for the process variations, a control strategy based on PID
control and gain scheduling from the stirrer speed is suggested. Controller
parameters in different operating regions are obtained using auto-tuning
experiments. The approach is easy to implement and does not require any
exhaust-gas analysis. Experimental results from a laboratory reactor are
presented. Copyright c& 1999 IFAC

Full paper available in
Proceedings of 14th World Congress of International Federation of Auto-
matic Control, Eds. Chen et al., vol. O, pp. 505–510, Beijing, China, 1999.
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Paper IV

Avoiding Acetate Accumulation
in Escherichia coli Cultures

Using Feedback Control
of Glucose Feeding

Mats Åkesson, Per Hagander, and Jan Peter Axelsson

Abstract

An automated glucose feeding strategy that avoids acetate accumulation
in cultivations of Escherichia coli is discussed. We have previously de-
scribed how a probing technique makes it possible to detect and avoid
overflow metabolism using a dissolved oxygen sensor. In this paper these
ideas are extended with a safety net that guarantees that aerobic con-
ditions are maintained. The method is generally applicable as no strain
specific information is needed and the only sensor required is a stan-
dard dissolved oxygen probe. It also gives the highest feed rate possible
with respect to limitations from overflow metabolism and oxygen transfer,
thus maximizing bioreactor productivity. The strategy was implemented
on three different laboratory-scale platforms and fed-batch cultivations
under different operating conditions were performed with three recombi-
nant strains, E. coli K-12 UL635, E. coli BL21(DE3), and E. coli K-12
UL634. In spite of disturbances from antifoam and induction of recom-
binant protein production, the method reproducibly gave low concentra-
tions of acetate and glucose. The ability to obtain favorable cultivation
conditions independently of strain and operating conditions makes the
presented strategy a useful tool, especially in situations where it is im-
portant to get good results at the first attempt.
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Paper IV. Avoiding Acetate Accumulation ...

Introduction

Escherichia coli is still one of the most important host organisms for
production of recombinant proteins. Considerable efforts have been made
to improve the efficiency and to extend the application range of E. coli-
based expression systems. One of the obstacles in attaining high prod-
uct yields and high productivity is the accumulation of the metabolic by-
product acetate, which inhibits growth [Luli and Strohl, 1990] as well
as production of recombinant protein [Shimizu et al., 1988; Bauer et al.,
1990; Bech Jensen and Carlsen, 1990; Turner et al., 1994].

Formation of acetate in E. coli cultures occurs under anaerobic con-
ditions but also under fully aerobic conditions in situations with excess
carbon source. These two mechanisms are often referred to as mixed-acid
fermentation and overflow metabolism, respectively. The accumulation of
acetate can be reduced by manipulation of strains, media, and cultiva-
tion conditions, and much research has been devoted to this topic, see for
instance [Lee, 1996; Riesenberg and Guthke, 1999].

F(t)

Starvation

metabolism
Overflow

metabolism
Overflow

Time

Feed rate

Oxygen transfer

Figure 1 Example of restrictions on the carbon source feed rate F in a fed-batch
cultivation.

In fed-batch cultures, which often is the preferred mode of operation,
the feed rate of the carbon source, usually glucose, can be manipulated
to restrict formation of acetate. Typical constraints on the feed rate are
illustrated in Figure 1. In the early stage of the cultivation, the cell den-
sity is rather low and the glucose feed rate must remain low to avoid
overfeeding and acetate production from overflow metabolism. As the cells
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grow, the feed rate can be increased without causing production of acetate.
However, this implies an increased oxygen consumption and eventually
the maximum oxygen transfer capacity of the reactor may be reached.
This will impose another limitation on the feed rate, since it will lead
to anaerobic conditions if the resulting oxygen consumption exceeds the
maximum oxygen transfer capacity. Finally, production of a recombinant
protein may cause metabolic changes so that overflow metabolism again
becomes a limiting factor [Qiu et al., 1998]. When the above constraints
are avoided, acetate present in the media can also be re-assimilated with
a concomitant consumption of oxygen, see for instance [Xu et al., 1999].

Consequently, by keeping the feed rate sufficiently low, it is possible to
avoid accumulation of acetate. On the other hand, choosing the feed rate
unnecessarily low will give a low growth rate and hence a long cultivation
time and low productivity. A challenge is thus to keep a high feed rate
while avoiding overflow metabolism and anaerobic conditions.

A number of feeding strategies have been developed to reduce or avoid
acetate formation [Lee, 1996; Riesenberg and Guthke, 1999]. Typically
these are designed to avoid either overflow metabolism or anaerobic con-
ditions and one then has to change between different strategies during
the cultivation. In some cases, the implementation is complicated due to
the lack of cheap and reliable on-line sensors and many methods also re-
quire considerable process knowledge to work well. Often a key process
parameter, such as the critical growth rate above which acetate formation
occurs, has to be known a priori. This may be a disadvantage, especially
for processes for production of recombinant proteins where significant
changes in the process behavior often occur [Qiu et al., 1998; Åkesson
et al., 1999b; DeLisa et al., 1999].

It has previously been described how a probing technique enabled on-
line detection of overflow metabolism using a standard dissolved oxygen
probe [Åkesson et al., 1999b]. A simple feedback algorithm could then be
used to adjust the glucose feed rate to avoid overflow metabolism while
maintaining a high glucose uptake rate [Åkesson et al., 1999a]. In this
paper these ideas are extended to also avoid anaerobic conditions in pres-
ence of limitations in oxygen transfer. The result is an automated feed-
ing strategy that, without strain-specific knowledge, makes it possible
to operate with the highest feed rate with respect to the limitations in
metabolism and oxygen transfer. The new algorithm has been success-
fully implemented at three different experimental platforms. Results us-
ing various strains and operating conditions are presented, showing the
versatility of the method.

3
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A Combined Feeding Strategy

Avoiding Overflow Metabolism

In aerobic E. coli cultures, formation of acetate occurs when the specific
glucose uptake rate exceeds a critical value qcrit

k [Meyer et al., 1984; Han
et al., 1992]. The acetate production is thought of as an overflow phe-
nomenon where flux of AcetylCoA is directed to acetate, instead of enter-
ing the TCA-cycle [Majewski and Domach, 1990; Holms, 1996]. A char-
acteristic feature is that the specific oxygen uptake rate reaches an ap-
parent maximum at the onset of acetate formation [Andersen and von
Meyenburg, 1980; Reiling et al., 1985; Paalme et al., 1997].

In [Åkesson et al., 1999b] it was demonstrated how this phenomenon
can be exploited for on-line detection of acetate formation. Under glucose-
limited conditions, superimposed pulses in the glucose feed rate give rise
to changes in the glucose uptake. These changes imply variations in the
oxygen uptake that can be seen in the dissolved oxygen measurement
Op. For glucose uptakes above qcrit

k , the oxygen uptake is saturated and
no oxygen response to feed pulses will result. Figure 2 shows idealized
pulse responses for qk below, at, and above qcrit

k . It is clear that the pulse
responses reveal if qk is above or below qcrit

k , and hence if acetate is being
produced or not. Note that it is a qualitative change that is detected,
and consequently no values of stoichiometric coefficients or other process
parameters have to be assumed or known.

On-line detection of acetate formation makes it possible to avoid over-
flow metabolism using feedback control of the glucose feed rate. A simple
feedback algorithm using the information from the pulse responses has
been developed to achieve feeding around qcrit

k , that is, the highest glu-
cose uptake without acetate formation. Dissolved oxygen is controlled by
manipulation of the stirrer speed, which ensures that dissolved oxygen
is at the same level at the start of each pulse. During the feed pulses,
however, the stirrer speed is fixed in order not to interfere with the detec-
tion algorithm. There is also a safety net that delays the feed pulse until
the setpoint in dissolved oxygen is reached. The feasibility of this feeding
strategy has been demonstrated both by simulations and experiments, see
[Åkesson et al., 1999a].

Avoiding Anaerobic Conditions

Although the probing feeding strategy mentioned above prevents overflow
metabolism, it does not warrant that aerobic conditions are maintained
when the maximum oxygen transfer capacity of the reactor is reached.
A balance between oxygen transfer and oxygen uptake can be achieved
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qg

qo

qcrit
g

q p
a

F

Op

Figure 2 Relations between specific glucose uptake, qk, specific oxygen uptake,
qo, and specific acetate production, qp

a. Pulses in feed rate F and idealized responses
in measured dissolved oxygen Op for qk below, at, and above qcritk .

with the strategies manipulating the feed rate to maintain a constant dis-
solved oxygen concentration [Gleiser and Bauer, 1981; Konstantinov et al.,
1990; Riesenberg et al., 1990]. While these methods preclude anaerobic
conditions they do not necessarily guarantee that overflow metabolism is
avoided. The problem is that changes in the cell metabolism cannot be
distinguished from variations in oxygen transfer. For instance, a reduced
metabolic activity is interpreted as an improved oxygen transfer and leads
to an increased feed rate. This may in turn cause overfeeding and acetate
formation unless manual intervention is made [Qiu et al., 1998].

Combining the Advantages

We have thus two kinds of feeding strategies that are complementary in
that one approach handles constraints in the cell metabolism but not oxy-
gen transfer and vice versa. By combining their respective advantages
an improved feeding strategy can be obtained. One possibility could be
to switch between the two approaches. However, it is not known before-
hand if or when overflow metabolism becomes limiting, and it is therefore
necessary to monitor this continuously.

5



Paper IV. Avoiding Acetate Accumulation ...

The solution suggested here is to extend the probing feeding strategy
with the following safety net. Even if overflow metabolism is not limit-
ing, no feed increments are allowed when the stirrer speed approaches its
maximum, as the oxygen demand then would exceed the oxygen transfer
capacity. Between the pulses, when the stirrer speed is controlling dis-
solved oxygen, the feed rate is decreased as long as the stirrer speed is at
or close to its maximum. In this way, aerobic conditions can be assured
and at the same time overflow metabolism can be detected and avoided.

Materials and Methods

Fed-batch cultivations were performed at three different laboratories us-
ing three different recombinant E. coli strains.

Microorganisms and Cultivation Conditions

E. coli K-12 UL635 The first strain was E. coli K-12 UL635 express-
ing a proprietary protein using a plasmid with kanamycin resistance gene
and lacUV5 promoter. Bacteria from frozen stock were incubated at 25○C
for 24 h in shaker flasks containing (per liter) 12 g of glucose, 2.5 g
of (NH4)2SO4, 3.0 g of KH2PO4, 2.0 g of K2HPO4, 0.5 g of Na3-citrate,
1.0 g of MgSO4 ⋅ 7H2O, 50 mg of kanamycin, 1.0 ml of trace element so-
lution1. Then, 450 ml of culture medium was used to inoculate a 5 l
bioreactor (Belach Bioteknik AB, Stockholm, Sweden) to a final volume of
5 liters. The reactor medium contained (per liter) 19.5 g of glucose, 2.5 g
of (NH4)2SO4, 9.0 g of KH2PO4, 6.0 g of K2HPO4, 0.5 g of Na3-citrate,
1.0 g of MgSO4 ⋅ 7H2O, 50 mg of kanamycin, 1.0 ml of trace element solu-
tion1, and 0.5 ml of adekanol2. The pH was kept at 6.9 by titration with
25% ammonia and 4.5 M HNO3; the temperature was 25○C and aeration
was 5 liters/min; dissolved oxygen was controlled to 30% by manipula-
tion of the agitation (500–1400 rpm). During the fed-batch phase a feed
of 600 g/l glucose was added according to the feeding strategy described
above. Product formation was induced by adding IPTG (0.1 mM ). Data
logging, dissolved oxygen (DO) control and feed-pump control were imple-
mented using the Genesis Control Series software (Iconics Inc., Foxbor-
ough, USA).

E. coli BL21(DE3) The second strain employed was E. coli BL21(DE3)
[Studier and Moffatt, 1986] with plasmid pBRMX14 derived from the vec-

1The trace element solution was that from [Forsberg et al., 1989] (however without
Na2MoO4 ⋅ 2H2O).

2Adekanol (LG-109), Asahi Denka Kogyo K.K., Japan).
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tor pET25b (Novagen, Madison, Wis) and encoding a xylanase (Xyn1∆N)
now renamed to (Xyn10A∆N) [Nordberg Karlsson et al., 1998]. Bacteria
from frozen stock were incubated 10 h at 37○C in shaker flasks containing
(per liter) 10 g of glucose, 2.0 g of (NH4)2SO4, 14.6 g of K2HPO4, 3.6 g of
NaH2PO4 ⋅ (H2O), 0.5 g of (NH4)2-H-citrate, 2.0 ml of 1 M MgSO4 ⋅ 7H2O,
0.1 g of ampicillin, and 2.0 ml of trace element solution3. Then, 100 ml of
culture medium was used to inoculate a 3 l bioreactor (Belach Bioteknik
AB, Stockholm, Sweden) to a final volume of 2 liters. The reactor medium
was the same as the shake-flask medium but with 0.05 ml/l of adekanol2.
The pH was kept at 7.0 by titration with 6.7 M ammonia; the temperature
was 37○C and aeration was 2 liters/min; dissolved oxygen was controlled
to 30% by manipulation of the agitation (350–1050 rpm). During the fed-
batch phase a feed consisting of (per liter) 500 g of glucose, 50 ml of
1 M MgSO4, and 10 ml of trace element solution3, was added according
to the feeding strategy described above. Product formation was induced
by addition of IPTG (1 mM ). Data logging, dissolved oxygen (DO) con-
trol and feed-pump control were implemented using the SattLine control
system (ABB Automation Products AB, Malmö, Sweden).

E. coli K-12 UL634 Finally, an E. coli K-12 strain UL634 expressing a
proprietary protein in the periplasmic space (OmpA signal sequence) un-
der the control of a trc promoter, using a plasmid with kanamycin resis-
tance gene. Bacteria from frozen stock were incubated at 30○C for 5.5 h in
Luria-Bertani broth. Then 5 ml was transfered and further incubated for
24 h in a baffled shake flask with 800 ml of a medium containing (per liter)
4.0 g of glucose, 2.0 g of (NH4)2SO4, 4.45 g of KH2PO4, 11.84 g of K2HPO4,
0.5 g of Na3-citrate, 0.45 g of MgSO4 ⋅ 7H2O, 62 mg of kanamycin, 0.5 ml
of trace element solution4, and 0.05 ml of adekanol2. Then, 25 ml of cul-
ture medium was used to inoculate a 3 l bioreactor (Belach Bioteknik AB,
Stockholm, Sweden) to a final volume of 1.7 liters. The reactor medium
was the same as the shake-flask medium but with a reduced phosphate
content (per liter 3 g of KH2PO4 and 2 g of K2HPO4). The pH was kept at
7.0 by titration with 2 M NaOH; the temperature was 30○C and aeration
was 1.7 liters/min; dissolved oxygen was controlled to 30% by manipula-
tion of the agitation (200–1500 rpm). During the fed-batch phase a feed
consisting of (per liter) 200 g of glucose and 100 g (NH4)2SO4 was added
according to the feeding strategy described above. Product formation was
induced by adding IPTG (0.5 mM ). Data logging, dissolved oxygen (DO)
control and feed-pump control were implemented using the Genesis Con-
trol Series software (Iconics Inc., Foxborough, USA).

3The trace element solution used was that of [Holme et al., 1970].
4The trace element solution used was that from [Forsberg et al., 1989] (however without

Na2MoO4 ⋅ 2H2O and HCl).
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Control of dissolved oxygen In all experiments dissolved oxygen was
controlled using a PID controller manipulating the stirrer speed. To obtain
satisfactory performance throughout the cultivation in spite of process
variations, the controller parameters were changed according to the gain-
scheduling procedure in [Åkesson and Hagander, 1999].

Analyses

Sampling and sample treatment In the experiments with UL635
and UL634 samples were withdrawn through a sampling port and in ex-
periments with BL21(DE3), the samples were withdrawn through a sep-
tum at the bottom of the bioreactor, using evacuated blood collecting tubes,
3 ml Venoject (Terumo, Madrid, Spain). Samples for glucose or acetic acid
determinations were collected in tubes containing perchloric acid (UL635
and BL21(DE3) only). These samples were centrifuged (15000�k) to re-
move the cell fraction and then neutralized to pH 7 with 3.6 M K2CO3.
Supernatants were kept frozen (-20○C), and prior to analysis the samples
were thawed, heated (80○C, 15 min), and centrifuged (15000�k).

Optical density (OD) For UL635 and BL21(DE3) OD was measured
at 620 nm, and for UL634 at 600 nm.

Acetic acid In the experiments with BL21(DE3) and UL635, acetic
acid concentrations were determined enzymatically using a test kit (no.
148261, Boehringer Mannheim).

Glucose In the experiments with BL21(DE3) and UL635, glucose con-
centration was determined enzymatically using a test kit (no. 716251,
Boehringer Mannheim), according to the analytical procedure described
by [Larsson and Törnkvist, 1996]. In experiments with UL634, qualitative
measurements was made using glucose test sticks (no. 184098, Boehringer
Mannheim).

Cell dry weight calculations (cdw) For BL21(DE3), the cdw was
determined by centrifuging (15000�k) quadruple samples (1 ml) in pre-
weighed Eppendorf tubes. The pellets were washed with 1 ml 0.9% NaCl
and dried overnight (105○C). A linear relation between OD and cdw was
obtained.

Results

The suggested feeding strategy was implemented and tested on three dif-
ferent platforms using various strains and operating conditions. Examples
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demonstrate the behavior when the feed rate is restricted by the oxygen
transfer only, by the metabolism and the oxygen transfer, and finally by
the metabolism only. Dissolved oxygen was controlled using the stirrer
speed only. Hence, maximum oxygen transfer was achieved when the stir-
rer speed reached its maximum. In all experiments the feed was started
at the depletion of the initial glucose, detected as a peak in the DO signal.

Limitation from Oxygen Transfer

Cultivations were performed with E. coli UL635 where the initial glucose
concentration in the cultivation media was rather high (19.5 g/l). This
gave a high cell concentration at the start of the fed-batch phase and as
a result the feed rate was mainly limited by the oxygen transfer. The
fed-batch part of an experiment, where production of the recombinant
protein was induced at 20.5 h, can be seen in Figure 3. After the feed
start, the feeding strategy increased the feed rate and before any overflow
metabolism could be detected in the pulse responses, the maximum stirrer
speed was reached. After this point, the stirrer speed remained close to its
maximum and the feed rate was adjusted to maintain aerobic conditions.

No indications of overflow metabolism could be observed, which is in
agreement with the low glucose and acetate concentrations from the off-
line analysis. In the later part of the cultivation, the safety net in the
controller gradually decreased the feed rate to avoid anaerobic conditions.
The underlying variation in the process could be a decreased oxygen trans-
fer and/or an increased respiratory activity. At the end of the experiment
extensive foaming caused an upset in the DO signal which could have
hindered the analysis of the pulse responses. It also decreased the oxygen
transfer but the controller lowered the feed rate and oxygen limitation
was avoided.

Limitations from Metabolism and Oxygen Transfer

In the experiments with E. coli BL21(DE3) a lower initial glucose concen-
tration (10 g/l) was used and here the feed rate was typically limited both
by metabolism and oxygen transfer. Figure 4 shows the fed-batch part of
a cultivation where production of the recombinant xylanase was not in-
duced. When the feed was started, the control algorithm quickly increased
the feed rate according to the pulse responses until the maximum stirrer
speed was reached after 6.5 h. The pulse responses during this period
indicated that the feeding strategy operated close to qcrit

k as devised, see
close-up in Figure 5. After this, the stirrer speed reached its maximum,
and from here on the feed rate was limited by the oxygen transfer as no
signs of overflow metabolism could be discerned in the pulse responses.

9



Paper IV. Avoiding Acetate Accumulation ...

20 25 30 35 40
0

20

40

60

20 25 30 35 40
200

600

1000

1400

20 25 30 35 40
10

20

30

40

50

F
ee

d
ra

te
[%

]
—

– S
tirrer

[rpm
]

⋅⋅⋅⋅⋅
D

O
[%

]
—

–

20 25 30 35 40
0

50

100

150

200

20 25 30 35 40
0

10

20

30

40

20 25 30 35 40
0

20

40

60

80

O
D
○

G
lu

co
se

[m
g/

l]
2 A

cetate
[m

g/l]∇

Time [h]

Figure 3 Fed-batch part of an experiment with E. coli UL635.

Towards the end, around 11.5 h, foaming caused a significant decrease
in the oxygen transfer but the controller reduced the feed rate and main-
tained aerobic conditions. The foaming also gave rapid variations in the
oxygen signal that may have obstructed the detection method. The off-line
analysis confirm that acetate and glucose concentrations were kept low
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Figure 4 Fed-batch part of an experiment with E. coli BL21(DE3).

in spite of the high feed rate. An increased glucose concentration at 6 h
correlates well with the absent pulse response shortly after.

In other cultivations, foaming was typically observed after induction
of xylanase production and to avoid difficulties antifoam additions were
made. Figure 6 shows the final hour of such an experiment. Antifoam
additions made at 10.1 h and 10.4 h caused temporary decreases in the

11



Paper IV. Avoiding Acetate Accumulation ...

5 5.2 5.4 5.6 5.8 6 6.2
0

0.04

0.08

5 5.2 5.4 5.6 5.8 6 6.2
400

800

1200

5 5.2 5.4 5.6 5.8 6 6.2

20

30

40

F
ee

d
ra

te
[l/

h]
—

– S
tirrer

[rpm
]

⋅⋅⋅⋅⋅
D

O
[%

]
—

–

Time [h]
Figure 5 Close-up of Figure 4 between 5 and 6.3 h. Overflow metabolism is de-
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oxygen transfer with resulting dips in dissolved oxygen. The stirrer speed
saturated but the feed rate was decreased to avoid oxygen limitation. As
a safety net delayed the pulses until dissolved oxygen was close to the
setpoint, the disturbances did not affect the probing detection method.

Limitations from Metabolism

In the cultivations of E. coli UL634 the cell density after the batch phase
was even lower (initial glucose concentration 4 g/l). The feed rate thus
became limited by metabolism rather than by oxygen transfer, at least
initially. This can be seen in the experiment shown in Figure 7 where the
recombinant protein production was induced after 20.3 h. Here the stirrer
speed never attained its maximum while the feed rate was adjusted twice
to avoid overflow metabolism (around 19.5 h and 21.5 h). This again shows
that the feeding strategy tends to give a glucose uptake close to qcrit

k when
the oxygen transfer is not limiting.

After 22.1 h the feed pump reached full speed which made it the limit-
ing factor from there on. Addition of antifoam (adekanol) at 22.5 h seemed
to improve the oxygen transfer as the stirrer speed decreased significantly.
No samples for off-line analysis of glucose or acetate were taken but glu-
cose test sticks was used to confirm that glucose did not accumulate.

The reproducibility of the scheme is illustrated in Figure 8. It shows
the feed rate and stirrer speed from two parallel cultivations of E. coli
UL634 in reactors with different oxygen transfer. The resulting feed rates
were remarkably similar until the maximum stirrer speed was reached
in the reactor with inferior oxygen transfer at 22 h.

Discussion

We have discussed an automated feeding strategy for E. coli cultivations
that is designed to avoid acetate accumulation while maintaining a high
glucose feed rate. A probing technique is used to detect and avoid over-
flow metabolism using a standard dissolved oxygen sensor. In this paper
we presented an extension that ensures that aerobic conditions are main-
tained in spite of limitations in oxygen transfer. This is done by decreasing
the feed rate when the maximum oxygen transfer capacity of the reactor
is reached, in our experiments when the maximum stirrer speed attains
its maximum. Cultivations using different strains under various oper-
ating conditions show that the extended method works well and that it
reproducibly gives low acetate and glucose concentrations. It also behaves
robustly in spite of disturbances such as antifoam additions.

A major advantage of the presented method is the general applica-
bility. While many interesting approaches to the problem with acetate

13



Paper IV. Avoiding Acetate Accumulation ...

18 19 20 21 22 23 24
0

25

50

75

100

18 19 20 21 22 23 24
200

500

800

1100

1400

18 19 20 21 22 23 24
10

20

30

40

50

F
ee

d
ra

te
[%

]
—

– S
tirrer

[rpm
]

⋅⋅⋅⋅⋅
D

O
[%

]
—

–

18 19 20 21 22 23 24
0

5

10

15

20

25

O
D
○

Time [h]

Figure 7 Fed-batch part of an experiment with E. coli UL634.

accumulation have been suggested lately, they often involve specialized
instrumentation and particular strains. One example of this can be seen
in [Horn et al., 1996]where a strain producing low amounts of acetate was
ingeniously combined with feedback control of the glucose concentration
using an on-line flow injection analysis system. In contrast, the presented
method works generically with E. coli and the only sensor required is a
dissolved oxygen probe, a standard measurement.

The probing feeding strategy gives favorable cultivation conditions in
a controlled way independently of the strain and the operating conditions
that are used. It is thus possible to get good results at the first attempt
with a new strain or construct, which makes the method an important
tool for process development. From a production perspective, the feed-
ing strategy enables a safe way to use the full capacity of the reactor.
The resulting feed rate tends to be the highest possible with respect to
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Figure 8 Feed rate and stirrer speed from two parallel cultivations of
E. coli UL634.

the constraints from cell metabolism and mass transfer, thus maximizing
productivity in terms of biomass.

It should be pointed out that maximum biomass productivity does not
automatically imply maximum productivity of a recombinant product. The
latter also depends on the specific productivity of the recombinant protein,
which may depend critically on the post-induction feed rate [Hellmuth
et al., 1994; Wong et al., 1998]. However, when knowledge about suit-
able feed rates is at hand or becomes available, one can incorporate this
information by letting the feeding strategy make adjustments around a
predetermined profile. Alternatively, the probing technique can be used for
monitoring, possibly with a supervisory function that adjusts the desired
feed profile when necessary to avoid acetate formation.

The feeding strategy has a few parameters that affect the performance.
Simple tuning rules have been derived based on a linearized process
model. The only process specific information that is required is an up-
per bound of the overall time constant in the dynamics from glucose feed
rate to dissolved oxygen measurement. This quantity is mainly equip-
ment related and the tuning can conveniently be performed once for each
reactor setup.

In the outline of the probing detection method, focus was on produc-
tion of acetate. Acetate may also be consumed with a concomitant oxygen
consumption which can affect the pulse responses. For instance, if acetate
has accumulated after a batch phase, the consumption may cause the res-
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piratory system to be close to saturation. This could result in a reduced
oxygen response to a feed pulse, and hence that consumption of acetate is
misinterpreted as acetate production. With the probing feeding strategy,
the control action is a reduced feed rate which in fact is appropriate as
this speeds up the consumption of acetate.

Complex media are often used to enhance production but are known to
give an increased acetate production [Meyer et al., 1984]. It also results in
less reproducible cultivation conditions and this gives a strong incentive
for using a feeding strategy based on feedback. Even though all cultiva-
tions have been performed using defined media, the probing method is
most likely to work also with complex media. The reason is that it only
relies on the apparent saturation in the respiration, which is present also
in complex media [Reiling et al., 1985].

In the setting presented here, control of dissolved oxygen was per-
formed using the stirrer speed only. It is, however, straightforward to
extend the method to use more control signals such as air flow rate or
oxygen content in the incoming air flow. Good DO-control is crucial since
this can reduce the time between consecutive pulses, hence improving
the capability of the feeding strategy to track changes in the process. The
oxygen dynamics may vary significantly during a fed-batch cultivation
and this may yield poor performance if a controller with fixed parameters
is used. The main variation is often related to the control signal and a
simple solution is to use this for scheduling of the controller parameters
[Åkesson and Hagander, 1999] and this was the approach adopted here.
In processes where the oxygen dynamics is significantly affected by other
sources, such as foaming, it may be appropriate to use continuous adap-
tation of the controller parameters [Lee et al., 1991; Hsiao et al., 1992].

The topic of DO-control is closely related to the safety net for lim-
itations in oxygen transfer. Yet effective, the safety net can surely be
improved by using a more sophisticated control than a ramp with con-
stant slope. Although, this may come at the price of an increased need for
process specific information.

We have presented results using the probing strategy in laboratory-
scale reactors. Preliminary experiments indicate the possibility to use the
probing technique also in a larger scale. One complication is that the mix-
ing then is far from ideal which creates spatial inhomogeneities. Regarded
as an indicator of the average condition of the reactor, however, the pulse
responses can still give valuable information for monitoring and control.
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Paper V

Probing Control of
Fed-batch Cultivations:

Analysis and Tuning

Mats Åkesson, Per Hagander, and Jan Peter Axelsson

Abstract

Production of various proteins can today be made using genetically mod-
ified Escherichia coli bacteria. In cultivations of E. coli it is important
to avoid accumulation of the by-product acetate. Formation of acetate oc-
curs when the specific glucose uptake exceeds a critical value and can
be avoided by a proper feeding strategy. A difficulty is that the critical
glucose uptake often is poorly known and even time-varying. We here an-
alyze an approach for control of glucose feeding that enables feeding at
the critical glucose uptake without prior information. The key idea is to
superimpose a probing signal to the feed rate in order to obtain informa-
tion used to determine if the feed rate should be increased or decreased.
The main contribution of this paper is to derive guidelines for tuning of
the probing controller. A sufficient condition for stability is presented. By
introducing proportional and proportional-integral control action it is pos-
sible to improve performance with an unchanged stability guarantee. This
also gives a possibility to maintain a minimum specified distance to the
critical glucose uptake where acetate formation starts.
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1. Introduction

Production of many proteins can today be made using genetically modified
microorganisms. Recombinant DNA technology makes it possible to insert
DNA coding for a foreign protein into a host organism, thereby creating a
“cell factory” for the protein. One of the frequently used host organisms is
the bacterium Escherichia coli which can be grown to high cell densities
in fed-batch cultivations. A problem encountered during cultivations of
E. coli is the accumulation of the metabolic by-product acetate, which
tends to inhibit growth and production of the recombinant protein, see
for instance [Shimizu et al., 1988; Bauer et al., 1990; Bech Jensen and
Carlsen, 1990; Luli and Strohl, 1990; Turner et al., 1994].

Formation of acetate in E. coli cultures occurs under anaerobic condi-
tions but also under fully aerobic conditions in situations with excess car-
bon source. The accumulation of acetate can be reduced by manipulation of
strains, media, and cultivation conditions. In fed-batch cultures, which of-
ten is the preferred mode of production, the feed rate of the carbon source,
typically glucose, can be manipulated to restrict formation of acetate. A
number of feeding strategies have been developed [Lee, 1996; Riesenberg
and Guthke, 1999], however, most strategies require considerable process
knowledge to work well, and the implementation often relies on special-
ized and expensive sensors.

This paper discusses a strategy for feedback control of glucose feeding
that requires a minimum of process knowledge and can be implemented
with standard instrumentation [Åkesson et al., 1999a]. The key idea is to
superimpose short pulses to the feed rate in order to obtain information
that is used to determine if the feed rate should be increased or decreased.
As any other control strategy, the probing controller has a few parameters
that affect the performance, and the main topic of this paper is to derive
and present guidelines for tuning.

The outline of the paper is as follows. In Section 2, we give a short
description of the process and the control problem. Section 3 presents the
probing control strategy together with data from simulations and exper-
iments. Tuning rules for the probing controller are derived in Section 4.
Further insight into the tuning is gained from an approximate analysis of
the closed-loop system, performed in Section 5. Section 6 suggests an ex-
tension with proportional control action, and finally the paper is concluded
in Section 7.
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2. Process Description

2. Process Description

We consider a laboratory-scale fed-batch process where E. coli bacteria
are cultivated in a stirred bioreactor, see Figure 1. In the reactor, there is
a liquid medium containing cells and substrates. Air is sparged into the
liquid in order to supply the culture with oxygen. Well-mixed conditions
are obtained through agitation with a mechanical stirrer and the stirrer
speed is also used to control the oxygen transfer rate. Control loops for
temperature, pH, and dissolved oxygen ensure that suitable operating
conditions are maintained.

After an initial batch phase, the main substrate glucose is fed at a
growth-limiting rate. In this way, the feed rate can be used to manipulate
the glucose uptake and the growth rate. Typically, the process is divided
into a growth phase where the cell mass is increased, and a production
phase where production of the recombinant protein is induced.

Feed

Stirrer

Air

Exhaust gas

Figure 1 A stirred bioreactor with incoming feed flow.

We will now derive a model for fed-batch cultivation of E. coli under
aerobic conditions. Particular attention is paid to the dynamic relation
between dissolved oxygen and the glucose feed rate, as this is important
for the presented feeding strategy. Model parameters and initial values
for simulations are given in Appendix.

Metabolic Relations

The cell metabolism is described by the specific rates of growth µ, glu-
cose uptake qk , oxygen uptake qo, and net production of acetate qa. The
metabolic expressions used are largely similar to the ones presented in
[Xu et al., 1999], however, inhibiting effects from acetate are neglected as
the feeding strategy keeps the acetate concentration far below inhibiting
levels.

3
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qoqmax
o

qk

qa

qcrit
k

−qc,max
a

Figure 2 Characteristic relations between specific rates of glucose uptake, qk, oxy-
gen uptake, qo, and net acetate production, qa. The dashed lines show the potential
acetate consumption and its effect on qo when acetate is present in the media.

The glucose consumed by the cells provides energy and raw material
for the cell growth. The specific glucose uptake, qk , is taken to be of Monod
type

qk(G) = qmax
k

G
ks + G

which describes a smoothly saturating glucose uptake. Oxygen is used to
metabolize the glucose, and the specific oxygen uptake qo depends on the
specific glucose uptake qk . Formation of acetate under aerobic conditions
typically occurs when the specific glucose uptake qk exceeds a critical
value qcrit

k . It has also been observed that the specific oxygen uptake rate
reaches an apparent maximum qmax

o at the onset of acetate formation
[Andersen and von Meyenburg, 1980; Reiling et al., 1985; Paalme et al.,
1997] as illustrated by the solid lines in Figure 2. The acetate production
is thought of as an overflow phenomenon caused by a limitation in the
metabolic capacity to oxidize glucose. Saturation of the Krebs cycle and/or
the respiratory chain have been suggested as possible explanations, see
for instance [Majewski and Domach, 1990].

If acetate is present in the media, it may also be consumed and used
for growth by the cells. The uptake mechanism for acetate is likewise
modeled to follow Monod kinetics and we describe the potential uptake as

qc,pot
a = qc,max

a A
ka + A

However, as the consumption requires oxygen and glucose is the preferred
substrate, it is limited both by the available oxidative capacity and the
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uptake mechanism. The dashed lines in Figure 2 outlines the maximum
potential acetate consumption and the resulting effect on qo.

The specific growth rate increases with the glucose uptake but with a
decreased yield above qcrit

k . Consumption of acetate also contributes to the
cell growth. Mathematical expressions for the relations between substrate
uptake, oxygen uptake, acetate formation/uptake and growth rate are
given in Appendix.

Bioreactor Model

Component-wise mass balances for the bioreactor give the following equa-
tions

dV
dt

= F

d(V X )
dt

= µ(G, A) ⋅ V X

d(V G)
dt

= FGin − qk(G) ⋅ V X

d(VA)
dt

= qa(G, A) ⋅ V X

d(V Co)
dt

= KLa(N) ⋅ V (C∗
o − Co) − qo(G, A) ⋅ V X

where V , X , G, A, Co are the liquid volume, the cell concentration, the
glucose concentration, the acetate concentration, and the dissolved oxy-
gen concentration, respectively. Further, F, Gin, C∗

o denote the feed rate,
the glucose concentration in the feed, and the dissolved oxygen concen-
tration in equilibrium with the oxygen in gas bubbles. The volumetric
oxygen transfer coefficient, KLa, increases with the stirrer speed N but
is in reality also affected by factors like viscosity, foaming, and anti-foam
chemicals.

When the measurement of dissolved oxygen is used for control, it is
also important to consider the dynamics in the dissolved oxygen probe.
In practice, most sensors do not measure the oxygen concentration but
the dissolved oxygen tension which is related to the dissolved oxygen
concentration through Henry’s law

O = H ⋅ Co

The probe is here modeled as a first-order system with time constant Tp

Tp
dOp

dt
+ Op = O (1)
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which is a reasonable approximation under well-mixed conditions [Dang
et al., 1977].

Linearized Model

Over shorter periods of time, V and X are approximately constant. The
dynamics for deviations in glucose uptake and dissolved oxygen due to
changes in the feed rate may then be approximated by the linear equations

Tk
d∆qk

dt
+ ∆qk = Kk∆F (2)

To
d∆O

dt
+ ∆O = Ko∆qk (3)

where the gains and the time constants are given by

Tk =
(Vqk
VG

X
)−1

To = (KLa)−1

Kk = Gin

V X
Ko = −YokH X (KLa)−1

These parameters vary significantly during a cultivation. Typically, the
time constants Tk and To decrease with increasing biomass.

Below the saturation in the respiration, equations (2) and (3) together
with the model for the dissolved oxygen sensor (1) give a third-order linear
model relating feed rate and dissolved oxygen sensor measurement. In
Appendix it is shown that the overall stationary gain can be rewritten as

K = KkKo = −(O
∗ − Osp)

(1+α )F (4)

where α normally is close to zero but may approach one for high acetate
concentrations or low glucose uptakes.

Control Problem

To avoid accumulation of acetate the glucose feed rate F should be kept
low so that overflow metabolism is avoided and that aerobic conditions are
maintained. In other words, the resulting specific glucose uptake qk should
be less than qcrit

k and the oxygen consumption less than the maximum
achievable oxygen transfer in the reactor. On the other hand, it is often
desirable to choose F as high as possible since this will give faster growth
and a minimized process time, thereby improving productivity.

6



3. A Probing Control Strategy

F(t)

Starvation

metabolism
Overflow

metabolism
Overflow

Time

Feed rate

Oxygen transfer

Figure 3 Example of restrictions on the glucose feed rate F in a fed-batch culti-
vation.

An illustration of typical constraints on F during a cultivation is given
in Figure 3. In the early stage of the cultivation, the cell density is rather
low and F must remain low to avoid overflow metabolism. As the cells
grow and the cell mass increases, F can be allowed to increase. However,
an increased feed rate leads to increased oxygen consumption and even-
tually the constraint from the maximum oxygen transfer capacity may
be reached. There may also occur alterations in the process behavior so
that overflow metabolism again becomes the limiting factor, for example
metabolic changes due to production of a recombinant protein [Qiu et al.,
1998; Åkesson et al., 1999b].

While a number of feeding strategies have been developed, see [Lee,
1996; Riesenberg and Guthke, 1999], many of these require considerable
process knowledge to work well. Typically, they address either the con-
straint from overflow metabolism or the one from limited oxygen transfer.
A major challenge is the time-varying and uncertain nature of the process.
For instance, qcrit

k is often poorly known and it may also change during a
cultivation, especially during production of a recombinant protein as men-
tioned above. Another difficulty is that on-line measurements of glucose
and acetate in the interesting concentration ranges are intricate and that
the required sensors are far from being standard.

3. A Probing Control Strategy

We will now describe a feedback feeding strategy that avoids acetate ac-
cumulation while maintaining a high growth rate. It can be implemented

7
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dynamicsdynamics
Glucose

Probing
controller

OxygenF qk qo Op

Figure 4 The probing control strategy. By making probing pulses in F it is possible
to determine if qk is above or below qcritk from the response in Op.

with standard instrumentation and does not require any strain specific
information [Åkesson et al., 1999a].

The key idea is to exploit the characteristic saturation in the respira-
tion that occurs when qk exceeds qcrit

k and acetate formation starts. The
saturation can be detected by superimposing probing pulses in F that are
long enough to be seen through the system dynamics. As long as qk is
below qcrit

k , the pulses give rise to responses in the dissolved oxygen sig-
nal Op. However, when qk is above qcrit

k , qo is saturated and no response
will be seen. In this way it is possible determine if qk is above or below
qcrit
k without knowledge of the actual value [Åkesson et al., 1999b]. This

information is then used to adjust F to achieve feeding at qcrit
k , see Fig-

ure 4. This is “optimal” in the sense that it gives the maximum growth
rate without overflow metabolism, thus minimizing the cultivation time.

The probing controller can be viewed as an extremum controller, see
[Åström and Wittenmark, 1995], with the goal of controlling the process
to a saturation instead of an optimum.

Feedback Algorithm

A simple algorithm that can be interpreted as a three-level incremental
controller is used to adjust the feed rate F. At each cycle of the algorithm
a pulse is given and depending on the response the feed rate is adjusted
according to the flow diagram in Figure 5. A reaction to a pulse is said to
occur if the amplitude of the response in Op exceeds a level Oreac during
the pulse. An example of a cycle in the algorithm is shown in Figure 6
where also the algorithm parameters are defined.

To ensure that Op is at the same level, Osp, at the start of each pulse,
dissolved oxygen is regulated by manipulation of the stirrer speed. During
the feed pulses, however, the stirrer speed is fixed in order not to interfere

8
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Increase
feed rate

Decrease
feed rateReaction?

Reaction?

Down pulse

Up pulse

No

No

Yes

Yes

Figure 5 Flow diagram of the control algorithm.

F

Op Osp

Oreac

Tpulse Tcontrol

Fpulse Finc

Figure 6 Example of a cycle in the algorithm. During the time Tcontrol between
two pulses, Op is regulated by a controller manipulating the stirrer speed.

with the detection algorithm. The performance of the feed algorithm is
affected by the time between pulses Tcontrol and it is thus important that
the time to regain the oxygen set-point after a pulse is not too long. As
the performance requirements on the dissolved oxygen control are high,
variations in the oxygen dynamics during a cultivation may cause tuning

9
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problems when using a controller with fixed parameters. Here a control
approach based on PID control and gain scheduling from the stirrer speed
is employed [Åkesson and Hagander, 1999].

Even with a well-tuned controller for dissolved oxygen, sporadic dis-
turbances, for instance from antifoam additions, may cause Op to deviate
from the setpoint Osp at the time for a new pulse. To avoid erroneous
interpretations of the corresponding pulse response, the start of a pulse
is delayed until eOp − Ospe < Otol.

Figure 7 shows a simulation where the initial feed rate after a batch
phase gives a specific glucose uptake qk below qcrit

k . The probing controller
increases F until qcrit

k is reached and qk is then kept approximately con-
stant as desired. After 2 hours the value of qcrit

k is decreased, and as can
be seen the algorithm is able to detect and adjust the feed accordingly.
The undershoot is due to reconsumption of the acetate produced when qk
temporarily exceeds qcrit

k . The accompanying oxygen consumption gives
qo = qmax

o even though qk < qcrit
k and hence the feed rate is decreased

as no oxygen responses can be seen. The example illustrates the ability
to achieve feeding at qcrit

k without a priori information and in spite of
changes that may occur in the process.

Handling of Limitation in Oxygen Transfer

While the probing technique can detect and avoid overflow metabolism,
it does not automatically handle limitations in oxygen transfer that may
cause anaerobic conditions. Therefore, a safety net ensuring aerobic condi-
tions have been developed. First, no feed increments are allowed when the
stirrer speed approaches its maximum (say above 90 % of the maximum
speed) as further increments could give an oxygen demand exceeding the
maximum oxygen transfer capacity. In spite of this precaution, it may
happen that the stirrer speed increases further due to changes in oxygen
transfer or consumption. Thus, between the pulses, when the stirrer speed
is controlling dissolved oxygen, the feed rate is decreased as long as the
stirrer speed is above another limit (say 95 % of the maximum speed).

Currently, the feed rate is decreased with a constant rate. A reasonable
rate can be estimated from the probing algorithm as

dF
dt

= −Finc

Tcontrol

In this way no new parameters need to be determined. For rapid changes
in the oxygen transfer it may, however, be advantageous to relate the
change in the feed rate to the dissolved oxygen level.

Figure 8 shows the fed-batch part of an experiment with the probing
controller equipped with the safety net for limitations in oxygen transfer.
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Figure 7 Simulation where the initial feed rate is chosen too low. After two hours
qcritk is changed. The dotted lines indicate the critical glucose uptake, qcritk , and the
reaction level Oreac .
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Figure 8 Fed-batch part of an experiment with the probing feeding strategy
equipped with the safety net for limitations in oxygen transfer.

The feed was started after a characteristic peak in Op which indicates
depletion of the initial glucose. The pulse responses indicate that qk was
kept close to qcrit

k until the maximum stirrer speed was reached after 6.5 h.
From here on, the stirrer speed N remained close to its maximum

and the safety net made several adjustments of F to maintain aerobic
conditions. At 11.5 h, extensive foaming caused rapid variations in the
dissolved oxygen measurement and also a clear decrease in the oxygen
transfer. The safety net avoided oxygen limitation even though no anti-
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foam additions were made. Off-line measurements confirm that acetate
and glucose concentrations were low. The experiment shows the ability
to give the highest possible feed rate with respect to the limitations from
overflow metabolism and oxygen transfer.

4. Guidelines for Tuning

The probing algorithm has a few parameters, see Figure 6 that have to
be chosen to get good performance and we will now derive simple tuning
rules based based on the linearized process model.

It is assumed that a well-tuned PID controller for dissolved oxygen
is used and that an upper bound for the settling time in this loop is
known. The only process parameter required is Tmax, an upper bound
for the overall time constant in the relation from F to Op. This quantity
is mainly equipment related and can conveniently be determined once
for each reactor setup, for instance when tuning then the controller for
dissolved oxygen. The linearized model indicates that the longest time
constant is expected to occur at low cell concentrations and low stirrer
speeds. It is also possible to estimate of Tmax from the sum of the following
quantities:

• The time constant of the sensor for dissolved oxygen Tp, which is
straightforward to determine.

• An upper bound for the oxygen time constant T max
o = 1/KLamin. This

parameter depends mainly on the reactor and the medium and can
thus be estimated beforehand. However, variations due to anti-foam
addition and changes in medium composition may be significant.

• An upper bound for the glucose time constant around qcrit
k , T max

k .
This parameter depends on the cell properties. The worst case occurs
at low cell concentrations and a default value of T max

k = 30 seconds
can be used in most cases.

Pulse Duration

To clearly see the pulse response when qk < qcrit
k , the pulse duration Tpulse

should be longer than the overall process time constant. An upper bound
for this is given by Tmax so a straightforward choice is

Tpulse = Tmax (5)

Typically, Tpulse will be in the order of one minute.

13
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Settling Time

As Op must return close to the setpoint Osp before a new pulse is given,
the time interval Tcontrol is mainly determined by the settling time of the
dissolved oxygen/stirrer loop. The achievable settling times depends on
the oxygen time constants that were involved in the choice of Tpulse. Times
in the order of

Tcontrol � 4 ⋅ Tpulse (6)

should be reasonable to attain using PID control.

Reaction Level

The reaction amplitude Oreac should be chosen large enough for the al-
gorithm to be unaffected by the background variability in Op. As will be
seen below, the choice of Oreac also affects the pulse height and the feed
increments, and it may be necessary to iterate on this value. A value in
the range

Oreac = 3–5 % (7)

is a reasonable default choice.

Tolerance Level

The tolerance level Otol in the safety net that delays a pulse until Op = Osp

should be clearly smaller than Oreac. It may otherwise be necessary to
modify the tuning rules for Fpulse and Finc to get reliable results even if
a pulse starts at the “wrong side” of the tolerance band. A value around
0.1 ⋅ Oreac is desirable.

Pulse Height

The pulse height, Fpulse, must give an oxygen response that exceeds the
reaction levels, but it must also be ensured that the dissolved oxygen level
does not reach zero during the pulse. In steady state, the amplitude of
the oxygen response away from Osp is given by

eOpulsee = eK e ⋅ Fpulse = (O∗ − Osp)
(1+α ) ⋅

Fpulse

F

As the pulse time is finite, the process dynamics reduces the amplitude
as

eOpulsee = β O∗ − Osp

(1+α ) ⋅
Fpulse

F

14
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where β ≤ 1. Exploiting that Tpulse is chosen as the worst-case estimate of
this lumped process time constant we get 0.63 ≤ β ≤ 1. To make eOpulsee
larger than Oreac for all β we take

Fpulse = γ p ⋅ F

γ p > 1+α
0.63

⋅
Oreac

O∗ − Osp

(8)

and considering that the parameter α may approach one, a default value
around γ p � 4 ⋅ Oreac/(O∗ − Osp) is suggested.

The maximum amplitude in oxygen response is achieved when α = 0
and β = 1, which gives the upper bound

eOpulsee ≤ γ p (O∗ − Osp)

To preclude that the dissolved oxygen level reaches zero during the pulse,
this bound should be clearly smaller than Osp, say about half Osp, oth-
erwise Oreac has to be decreased. One might instead consider increasing
Osp but this would decrease the oxygen transfer capacity in the reactor.

Feed Increments

The size of the feed increments, Finc, can be thought of as the “controller
gain”, trading off speed versus stability. If Finc is too large the control
signal alternates between increments and decrements and the process
oscillates around qcrit

k . In the next section it is shown that a sufficient
condition for convergence to a region where qk is below but close to qcrit

k
is given by

Finc = γ i ⋅ F

γ i ≤ Oreac

O∗ − Osp

(9)

Increasing γ i admits the controller to react faster to changes and distur-
bances and it also increases the maximum specific growth rate µ lim that
the feed algorithm can follow. To maintain a constant specific growth rate
µ the feed rate must increase exponentially

F(t) = F0 ⋅ eµt

and with Finc = γ i ⋅ F we get

µ lim = ln(1+ γ i)
Tpulse+ Tcontrol

� γ i

Tpulse+ Tcontrol
(10)
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This quantity should preferably be above the expected µmax to ensure good
control authority around qcrit

k but this may be in conflict with (9).
Since the stability bound depends on Oreac, one could try to increase

Oreac in order to get a reasonable µ lim while maintaining the guaranteed
stability. However, Oreac is also constrained by the conditions on γ p and
it can be necessary to choose γ i > Oreac/(O∗ − Osp). It should be pointed
out that this may be done without resulting oscillations as (9) is only a
sufficient condition for stability, see for instance the simulation in Fig-
ure 7 where γ i = 1.5 ⋅ Oreac/(O∗ − Osp). Furthermore, the overall process
performance can be acceptable even with an oscillating behavior. As the
culture then switches between production and consumption of acetate, any
accumulation of acetate will be slow. The resulting acetate concentration
may thus remain reasonably low until the process ends or the feed rate
is decreased due to limitations in oxygen transfer.

5. Stability Analysis

The closed-loop system is a non-linear system that contains logic as well
as elements with discrete-time nature and a complete analysis is therefore
difficult. However, by considering it as a sampled-data system it is possible
to perform an qualitative analysis that gives a sufficient condition for
convergence to a region below but close to qcrit

k .

Detection Method

The analysis of the closed-loop system will start with a characterization of
the probing detection method. As mentioned earlier, the idea is to detect
the saturation in the respiration by checking the oxygen response Opulse

to pulses in the feed rate F. If the pulse length Tpulse is long compared to
the glucose dynamics, as recommended in the tuning guidelines, we may
assume that qpulse

k � Kk ⋅ Fpulse.
Consider the response to an up pulse starting at qk . Obviously, if qk is

above qcrit
k no response will be seen. For qk far below qcrit

k , the amplitude
of Opulse is given by the linearized model as

eOpulsee = β eKoe ⋅ qpulse
k

where 0.63 < β < 1 accounts for the dynamics and the finite pulse time.
When qk comes close to qcrit

k , the saturation in qo will cause a reduction
in the response, and only the part of the pulse that is below qcrit

k will
contribute to Opulse. The amplitude eOpulsee as a function of qk is given by

16
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qk

Opulse

qcrit
k

Oreac

−Oreac

qreac
k

down

up

Figure 9 The amplitude of the pulse responses in dissolved oxygen eOpulsee as
a function of qk. Note that an up pulse in F gives Opulse < 0. The shaded area
indicates the region where the detection method registers responses to down pulses
but not to up pulses.

the piecewise linear relation

eOpulsee =


β eKoe ⋅ qpulse

k , if qk < qcrit
k − qpulse

k

β eKoe ⋅ (qcrit
k − qk), if qcrit

k − qpulse
k < qk < qcrit

k

0, if qcrit
k < qk

(11)

which is shown in Figure 9 together with the corresponding relation for
down pulses. The shaded area indicates the region where eOpulsee > Oreac

for down pulses and eOpulsee < Oreac for up pulses, that is, where the
detection method registers responses to down pulses but not to up pulses.

Except for the variation with qk, the amplitude of Opulse also depends
on β which changes during a cultivation. As a result the position of the
shaded region will be shifted but the width is always approximately equal
to qpulse

k . We also know that the distance qreac
k , from qcrit

k to the left part of
the shaded region, corresponds to a change in qk that gives eOpulsee = Oreac.
From equation (11) we can obtain a lower bound for this distance

qreac
k ≥ Oreac

eKoe (12)

Effects from Acetate Consumption

It was mentioned in the process description, that the cells may consume
acetate present in the media if qk < qcrit

k with a concomitant consumption
of oxygen. It is important to include this in the analysis, as the specific
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0 qcrit
k qmax

k
0

qc,max
a

qo = qmax
o

Ω1

Ω2

Ω3

Figure 10 Regions in the plane
(
qk, qc,pot

a
)
. The shaded region Ω2 indicates where

the detection method registers responses to down pulses but not to up pulses.

oxygen uptake qo may be saturated even if qk < qcrit
k , see Figure 2. Fig-

ure 10 shows the plane
(
qk , qc,pot

a
)

where qc,pot
a = qc,max

a A/(ka + A). To the
right of qcrit

k acetate is produced, and to the left acetate may be consumed.
In the region between the two dashed lines, we have qo = qmax

o and hence
the acetate consumption is there limited by the available respiratory ca-
pacity. To the left of this region the acetate consumption is limited only
by the uptake mechanism and qo < qmax

o . As before, the shaded region in-
dicate the region where the detection method registers responses to down
pulses but not to up pulses. We will denote this region Ω2, and the re-
gions to its left and right, Ω1 and Ω3, respectively. A point in the plane(
qk , qc,pot

a
)

will be denoted x.

Controller

The controller is considered as a discrete-time system with sampling pe-
riod Tpulse+Tcontrol. At each sampling instant k, a pulse is given to obtain
information and then a constant control signal ∆F(k) is added to F ac-
cording to the rules in Figure 5. With the characterization of the detection
method the rules translates to the following control law, mapping x(k) to
∆F(k).

A discrete state p determines if the pulse is made up or down

p(k) ∈ {down, up}

18



5. Stability Analysis

The control signal ∆F(k) is given by

∆F(k) =


−Finc, if x(k) ∈ Ω3 and p(k) = down

+Finc, if x(k) ∈ Ω1 and p(k) = up

0, otherwise

and the direction for the next pulse is updated as

p(k+ 1) =
{

up, if x(k) ∈ Ω1 or ( x(k) ∈ Ω2 and p(k) = down )
down, otherwise

In essence, when the process is in region Ω1, F is repeatedly increased
after at most one sample. Similarly, after at most one sample in region
Ω3, F is steadily decreased. If x(k) ∈ Ω2, F is constant and the controller
switches between up and down pulses.

Closed-loop System

The controller connected to the process will now be treated as a sampled-
data system and we will consider the possible trajectories in the plane(
qk , qc,pot

a
)
. We start by again pointing out that acetate is consumed to the

left of the line qk = qcrit
k . Hence A and qc,pot

a will decrease in this region.
Conversely, when qk > qcrit

k acetate is produced and qc,pot
a will increase.

In the qk-direction the controller directly affects the process. Since the
tuning rules assure that Tcontrol is much longer than the time constant
in the glucose dynamics, we can neglect the influence from the pulse and
write

qk(k+ 1) = qk(k) + ∆qk(k) = qk(k) + Kk ⋅ ∆F(k) − ε (13)

where ε accounts for the influence from the changing cell mass V X . In
Ω1, we have ∆F(k) = Finc after at most one sample with ∆F(k) = 0
and hence qk(k) will increase until this region is left. Analogously, for
x(k) ∈ Ω3, qk(k) will decrease until this region is escaped. Finally, in
Ω2 the control signal is always ∆F(k) = 0. Neglecting the drift from the
ε -term, a qualitative map of the possible trajectories can be drawn, see
Figure 11. Note, however, that the discussion below holds even if ε is
larger than zero.

Oscillatory Behavior

Remembering that the width of Ω2 in the qk-direction is qpulse
k , we see

that if ∆qk(k) > qpulse
k we cannot exclude “limit cycles” where the process

19



Paper V. Probing Control of Fed-batch Cultivations ...

qcrit
k

qo = qmax
o

Ω1

Ω2 Ω3

Figure 11 Regions in the
(

qk, qc,pot
a

)
-plane with qualitative trajectories.

is oscillating between the Ω1 and Ω3. Choosing Finc < Fpulse to have
∆qk(k) < qpulse

k and thus avoid direct jumps over the shaded region Ω2, is
not enough to exclude oscillations. The reasons for this are twofold. First,
one cannot prevent jumps from Ω3 to Ω1 due to the downward pointing
acetate dynamics to the left of qcrit

k . Even if ∆qk(k) = 0, x may be pushed
down to Ω1 before the next sample. Second, even though ∆qk(k) < qpulse

k ,
x may very well jump from Ω1 to the part of Ω2 that is to the right
of qcrit

k . Here the acetate dynamics is pointing upwards, and may push
the process into the rightmost region Ω3. An example of of this can be
seen in Figure 12 which shows a simulation where γ i < 0.9 ⋅ γ p, that is,
Finc = 0.9 ⋅ Fpulse. The left plot shows the behavior of the sampled-data
system and the right plots show the corresponding feed rate F and acetate
concentration A.

The key to avoiding oscillatory behavior is to ensure that ∆qk(k) is
smaller than the shortest distance from Ω1 to the line qcrit

k . Then all
trajectories in Ω1 will end up in Ω2 but to the left of qcrit

k . In this region,
the process may either stay or reach Ω1 anew. Thus, once the process is to
the left of qcrit

k it will remain there. Furthermore, as all trajectories to the
left of qcrit

k tend downwards, we can conclude that there exist attractive
invariant sets M in the lower right part of this region. As before, all
trajectories starting to the right of qcrit

k will end up to its left, hence any
M is globally attractive. Note that a set M must extend to the left of Ω2

due to the drift ε in qk caused by the changing cell mass. Considering
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Figure 12 Simulation with γ i < 0.9⋅γ p . Left: Behavior of the sampled-data system
in the plane

(
qk, qc,pot

a
)
. Right: Feed rate F and acetate concentration A.

that some acetate may be produced during the probing pulses, it must
also extend upwards from the line qc,pot

a = 0.

A Sufficient Condition for Stab ility

The condition that ∆qk(k) should be smaller than the shortest distance
from Ω1 to the line qcrit

k will now be translated to a sufficient bound on
Finc. It is obvious that the shortest distance occurs for qc,pot

a = 0 and
hence the sought distance is equal to qreac

k defined above. This distance
changes during the cultivation but a lower bound was given in (12) and
considering all possibilities we require

∆qk(k) ≤ Oreac

eKoe ≤ qreac
k

To achieve this we use that

∆qk ≤ Kk∆F

Hence, in order to guarantee that ∆qk(k) is small enough to avoid limit
cycles we should choose

Finc ≤ Oreac

KkeKoe ≤
Oreac

O∗ − Osp
F (14)
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Figure 13 Simulation with γ i = Oreac/(O∗ −Osp). Left: Behavior of the sampled-
data system in the plane

(
qk, qc,pot

a
)
. Right: Feed rate F and acetate concentration

A.

Using the notation from the previous section we can write the stability
condition as

Finc = γ i ⋅ F

γ i ≤ Oreac

O∗ − Osp

(15)

where γ i is clearly smaller than the previously recommended γ p, see (8).
A simulation with γ i = Oreac/(O∗− Osp) is shown in Figure 13 and as

expected the system converges, without oscillations, to the desired region
to the left of qcrit

k . However, as can be seen, the reduction in γ i has made
the closed-loop system rather slow resulting in a rather high initial acetate
peak. This illustrates the trade-off between performance and guaranteed
stability.

6. Proportional Control Action

The worst-case character of the stability condition for the probing con-
troller may impose significant performance limitations if guaranteed sta-
bility is desired. By exploiting more of the information present in the
pulse responses, it is possible to relax part of this trade-off. The piece-
wise linear relations in Figure 9 suggests a “proportional band” defined
by (11). Gradually decreasing pulse responses have also been observed in
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Figure 14 Gradually decreasing pulse responses during fed-batch experiment.

experiments, see Figure 14, and inspired by this we will now replace the
three-level control action with a saturated proportional control signal.

A Proportional Controller

Consider the situation after an up pulse. The key observation is that every
Opulse defines a largest increment ∆F(k) that can be safely applied without
having qk(k+1) exceeding qcrit

k . Repeating the calculations leading to (14)
for an arbitrary Opulse we get that the largest ∆F(k) is given by

∆F(k) = eOpulse(k)e
(O∗ − Osp)F (16)

Applying this control signal will maintain the stability property from the
three-level controller. However, we now expect an improved performance
as larger feed increments can be made, see Figure 15 where the propor-
tional and the three-level control signals can be compared. The propor-
tional control signal is constrained by 0 ≤ ∆F(k) ≤ Fpulse. The modifica-
tion for the control signal after a down pulse is similarly given by

∆F(k) = eOpulse(k)e
(O∗ − Osp) F − Fpulse =

( eOpulse(k)e
(O∗ − Osp) − γ p

)
⋅ F (17)
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Opulse0−Oreac

∆F(k)

Fpulse

Oreac
O∗−Osp

F

0

Figure 15 Proportional control signal ∆ F(k) = F ⋅ eOpulse(k)e/(O∗ −Osp) after an
up pulse. The dotted line shows the corresponding three-level controller.
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Figure 16 Simulation with proportional control action. Left: Behavior of the
sampled-data system in the plane

(
qk, qc,pot

a
)
. Right: Feed rate F and acetate con-

centration A.

and the condition −Fpulse ≤ ∆F(k) ≤ 0. The reaction level Oreac where
the controller switches from up to down pulses does not affect the feed
increments any longer, and it may actually be advantageous to reduce
Oreac as much as possible.

Figure 16 shows a simulation with a proportional controller according
to the description above with Oreac = 2 ⋅ Otol. It is at least as fast as
the three-level controller with γ i = 0.9 ⋅ γ p seen in Figure 12 but without
oscillations.
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6. Proportional Control Action

It is natural to introduce a gain κ in the proportional controller defined
by (16) an (17). For up pulses the modified control law becomes

∆F(k) = κ ⋅
eOpulse(k)e
(O∗ − Osp) ⋅ F (18)

and for down pulses we get

∆F(k) =
(

κ ⋅
eOpulse(k)e
(O∗ − Osp) − γ p

)
⋅ F (19)

Stability is guaranteed for κ ≤ 1 but an increased κ can give a faster
closed-loop system if necessary.

Convergence to Stationarity

In the simulation shown in Figure 16, the system converges to a situation
with consecutive up pulses in contrast to the three-level case. This means
that the process converges to a region where the oxygen response to an
up pulse is at least Oreac. In fact, a linear analysis reveals conditions for
the existence of a fix point in the proportional band below qcrit

k .
Assume that A � 0 and that any acetate resulting from a probing pulse

is consumed before the next pulse. For convenience, introduce the notation
y � eOpulsee for the response to an up pulse. Inside the proportional band
defined by (11), y is given by

y(k) = β eKoe ⋅ (qcrit
k − qk) (20)

From the process equation (13) we can obtain

y(k+ 1) = y(k) − β eKoeKk︸ ︷︷ ︸
=eK e

∆F(k) + β eKoeε (21)

Inserting the equation for the controller (18) and using (4) we finally get

y(k+ 1) =
(

1− βκ
1+α

)
y(k) + β eKoeε (22)

and when 0 < κ < 2(1+α )/β , we see that y(k) converges to

y∗ = (1+α )eKoeε
κ

(23)

Hence, if the drift from ε is such that y∗ > Oreac, the process will converge
to a stationary point below qcrit

k . However, if Oreac is too large or ε is too
small the controller will change between up and down pulses.

25



Paper V. Probing Control of Fed-batch Cultivations ...

Introducing a Setpoint and Integral Action

By introducing a setpoint yr in the control law we get

∆F(k) = κ ⋅
y(k) − yr

O∗ − Osp
⋅ F (24)

and the fix point y∗ is shifted to

y∗ = (1+α )eKoeε
κ + yr

Hence, by choosing yr > Oreac we get y∗ > Oreac, even if ε = 0. On the
other hand, if yr is too large, y saturates and the maximum control signal
gives a qk below the proportional band.

A better solution is to introduce integral action

∆F(k) =
κ ⋅ (y(k) − yr) + κ i

k∑
j=0

(y( j) − yr)
 F

O∗ − Osp
(25)

which gives the fix point

y∗ = yr

provided that the stability condition

κ > 0

κ i > 0

2κ + κ i < 4(1+α )/β
(26)

is fulfilled. Thus, convergence is assured by choosing yr in the proportional
band and larger than Oreac. Note that the possibility to keep a setpoint
in y also makes it possible to keep a distance between qk and qcrit

k .
Outside the proportional band the integral is recalculated so that

∆F(k) fulfills the stability condition induced by (16). In this way the global
stability property is maintained and at the same time wind-up effects are
avoided. Figure 17 shows a simulation with PI control action (κ = 0.96,
κ i = 0.64) using the initial setpoint yr = 3. After 2 h, the setpoint yr is
changed from 3 to 5. At t=3 h, a disturbance is made by setting the cell
growth µ equal to zero which gives ε = 0. As can be seen the set-point is
followed in spite of the disturbance. Compared to the three-level case the
behavior is more well-controlled since the changes between up and down
pulses can be avoided. The fluctuations seen are due to the noise in the
simulation.
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Figure 17 Simulation with PI controller (κ = 0.96, κ i = 0.64). After 2 h the
setpoint yr is changed from 3 to 5. The cell growth µ is set to zero between 3<t<4 h.
The dotted line indicate the critical glucose uptake, qcritk .

Modified Tuning Rules

The rationale for choosing Tpulse and Tcontrol is not affected and the tuning
can be made as before. The purpose of the reaction level Oreac is now solely
to determine when to switch between up and down pulses. As mentioned
above, it is desirable to have Oreac as small as possible to enhance the
convergence to a fix point. However, it should still be larger than the
tolerance level Otol and the level of the background variability in Op.

When Oreac is reduced, the main aspect in the choice of the pulse
height is the width of the proportional band. Increasing γ p gives a wider
proportional band and a larger maximum control signal, but as before it
must be assured that the oxygen level does not reach zero during a pulse.

For a proportional controller the gain κ determines the magnitude of
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the control signal. Choosing κ ≤ 1 ensures stability and µ lim is then given
by

µ lim ≥ ln(1+ 0.63κγ p)
Tpulse+ Tcontrol

� 0.63κγ p

Tpulse+ Tcontrol

which is less restrictive than in the three-level case. Note that the intro-
duction of a setpoint yr decreases µ lim as

µ lim � 0.63κγ p−κ yr/(O∗ − Osp)
Tpulse+ Tcontrol

For the PI controller with anti-windup the stability conditions on κ and
κ i are given by (26), and µ lim is given by

µ lim ≥ ln(1+ 0.63γ p)
Tpulse+ Tcontrol

� 0.63γ p

Tpulse+ Tcontrol

7. Conclusions

In cultivations of E. coli it is important to avoid accumulation of the by-
product acetate, which is produced when the specific glucose uptake qk
exceeds a critical value qcrit

k . With a proper glucose feeding strategy this
can be avoided but a complication is that qcrit

k often is poorly known and
even time-varying. We have here analyzed an approach for feedback con-
trol of glucose feeding that can be implemented with a regular dissolved
oxygen sensor. The key idea is to superimpose a probing signal to the feed
rate in order to detect a characteristic saturation in the respiration that
occurs at qcrit

k . This gives information that enables control of qk at qcrit
k

without prior knowledge and in spite of changes in the process.
The primary contribution of this paper was to analyze the behavior

of the probing control strategy and to derive guidelines for tuning. A
linearized process model was helpful to obtain such guidelines. The in-
formation required is mainly equipment related and can for instance be
obtained from an experiment that is done once for each reactor setup.

A qualitative stability analysis gave a sufficient condition on the con-
troller “gain” for convergence to a region where qk is below but close to
qcrit
k . The condition is of worst-case type and imposes limitations on the

achievable closed-loop performance. By augmenting the probing controller
to use proportional and proportional-integral control action it is possible
to obtain significantly better performance with an unchanged stability
guarantee. It also enables the use of a setpoint that makes it possible to
maintain qk at a specified distance away from qcrit

k .
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Appendix

Process Model Continued

Part of the glucose uptake qk is assumed to be required for non-growth
associated maintenance purposes and this is modeled by the flux

qm = min(qk, qmc)

The net acetate production is given by

qa = qp
a − qc

a
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where qp
a denotes acetate production and qc

a consumption. The mathemat-
ical expressions used for qc

a, qp
a, qo, and µ are a reformulation of the model

in [Xu et al., 1999]. If qk ≤ qcrit
k we have

qp
a = 0

qc
a = min

{
qc,pot

a , (qmax
o − (qk − qm)Yok − qm Yom)/Yoa

}
qo = (qk − qm)Yok + qm Yom + qc

aYoa

µ = (qk − qm)Yox
xk + qc

aYxa

and the corresponding equations for qk > qcrit
k are

qp
a = (qk − qcrit

k )Yak
qc

a = 0

qo = qmax
o = (qcrit

k − qm)Yok + qm Yom

µ = (qcrit
k − qm)Yox

xk + (qk − qcrit
k )Y f e

xk

The Process Gain

The process gain K in the linearized model is given by

K = KkKo = −YokHGin

KLaV

Using the stationary state equations it is possible to show that

K = − O∗ − Osp

F
(

1+ qm

qk

Yom − Yok
Yok

+ qc
aYoa

qkYok

) = −(O∗ − Osp)
(1+α )F

For low acetate concentrations (qc
a � 0) and qk clearly above qm we get α �

0. For low acetate concentrations and qk � qm, we see that α approaches
one. Theoretically, α can be larger than one if qk is low and A is high.
In practice A is typically low when qk � qm and vice versa. Hence, α is
normally in the range 0 to 1.

Model and Simulation Parameters

The model parameters used in the simulations are presented in Table 1
and the initial values in the simulations were V (0) = 2.5 l, G(0) = 0 g/l,
X (0) = 10 g/l, A(0) = 0 g/l, O(0) = 30 %, Op(0) = 30 %. Discrete-time
noise with mean zero and variance 0.01 was added to the sensor input.

The controller parameters was chosen according to the tuning rules
and were unless otherwise stated, given by Tpulse = 0.0148 h, Tcontrol =
0.0590 h, Oreac = 3 %, Otol = 0.3 %, γ p = 0.1714.
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Table 1 Parameters in the process model.

Symbol Value Description

Gin 600 g/l glucose concentration in feed

H 14 ⋅ 103 (l%)/g Henry’s constant

ks 0.01 g/l saturation constant for glucose uptake

ka 0.05 g/l saturation constant for acetate uptake

O∗ 100 % equilibrium dissolved oxygen tension

qc,max
a 0.20 [g/(gh)] maximum specific acetate consumpti on rate

qmax
k 1.0 g/(gh) maximum specific glucose uptake rate

qcrit
k 0.63 g/(gh) critical specific glucose uptake rate

qmc 0.06 g/(gh) maintenance coefficient

qmax
o 0.35 g/(gh) maximum specific oxygen uptake rate

Tp 20 s time constant for dissolved oxygen probe

Yak 0.55 g/g acetate/glucose yield

Yoa 0.55 g/g oxygen/acetate yield

Yok 0.50 g/g oxygen/glucose yield for growth

Yom 1.07 g/g oxygen/glucose yield for maintenance

Yxa 0.40 g/g biomass/acetate yield

Yox
xk 0.51 g/g oxidative biomass/glucose yield

Y f e
xk 0.15 g/g fermentative biomass/glucose yield
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