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This paper deals with the design of a feedback controller for fed-batch microbial
conversion processes that forces the substrate concentration CS to a desired setpoint
CS

/, starting from an arbitrary (initial) substrate concentration when non-monotonic
growth kinetics apply. This problem is representative for a lot of industrial fermenta-
tion processes, with the baker’s yeast fermentation as a well-known example. It is
assumed that the specific growth rate µ is function of the substrate concentration
only. A first approach exploits the availability of on-line measurements of both the
substrate and biomass concentration. A second approach is merely based on on-line
measurements of the biomass concentration, which provide an estimate for the specific
growth rate. After a reformulation of the substrate concentration setpoint into a specific
growth rate setpoint, it is demonstrated that the fed-batch process can still be stabilized
around any desired operating point along the non-monotonic kinetics.

1. Introduction
Given the recent reorientation of some key players in

the bulk chemical industry toward the field of life sciences
in which fed-batch processes are predominant (e.g.,
production of baker’s yeast, food additives, and recom-
binant proteins), optimization and control of fed-batch
bioreactors has become more challenging than ever.

To avoid undesired side reactions (due to inhibition or
repression mechanisms) the feed rate of fed-batch pro-
duction processes is most often controlled such that a
prespecified substrate concentration, metabolite concen-
tration, or specific growth rate setpoint is maintained. A
variety of open loop as well as closed loop control
strategies can be found in the literature.

Although feedforward control, i.e., open loop strategies,
are not robust against process disturbances (e.g., feeding
pump failures), varying initial conditions and model
inaccuracies, they are still frequently encountered in the
literature (see, for example, refs 1-4). They all propose
an exponential feed rate, which keeps the specific growth
rate close to a prespecified setpoint, selected as to avoid
byproduct formation (such as ethanol and acetate).

On the other hand, the implementation of feedback
control laws, although more robust, is hampered by the
lack of suitable, generic, and cheap sensors. Léonard et
al. developed a PI controller to keep the phenol concen-
tration in a phenol biodegradation process by Ralstonia
eutropha at a constant setpoint of 0.1 g/L, corresponding
with a specific growth rate close to the maximum specific
growth rate (5). As a result of the production of a
metabolic intermediate of the phenol catabolic pathway,
a yellow color appears, on the basis of which the on-line
concentration of phenol can be estimated.

To control fed-batch fermentations of E. coli, Kleman
et al. try to match the glucose feed rate with the glucose
demand, calculated on the basis of on-line glucose
measurements (6). The controller is essentially a feed-
back proportional control of the feed rate around a
moving feed rate setpoint, which is predicted from the
linear regression of the last five calculated glucose
demand data points.

To avoid acetate formation, which inhibits cell growth
and production of recombinant protein production, Turner
et al. measured the galactose and acetate concentration
with an on-line HPLC device (7). Once the corresponding
threshold values are exceeded, a preset reduction of the
feed rate is performed. Likewise, Shimizu et al. demon-
strate that a high E. coli cell density could be obtained
by using feedback feed rate control interfaced with an
isotachophoric analyzer (a kind of electrophoresis, in
which ion species of the same charge are given the same
velocity in an electric field) and a gas chromatograph
providing on-line acetate concentration measurements,
to keep acetate at low, noninhibiting levels (8).

Within the framework of a study devoted to modeling
and fed-batch control, the influence of acetic acid produc-
tion on S. cerevisiae growth kinetics is investigated by
Pons et al. (9). Although respiratory quotient (RQ)
measurements have widely been used as an indicator for
ethanol formation in growth of baker’s yeast, owing to
the easy and reliable operation of the oxygen and carbon
dioxide analyzers (e.g., refs 10-14), Pons and co-workers
illustrate that RQ control is not suited for all strains.
Indeed, overfeeding glucose induces ethanol formation
but the corresponding CO2 overproduction is masked in
the RQ formula by the O2 overconsumption due to acetate
production.

Because ethanol production is the main factor observed
in the switching from growth with high yield to growth
with high productivity in yeast fermentations, its regula-
tion has become extremely important. Several authors
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propose control strategies relying on on-line measure-
ments of ethanol. Dairaku et al. developed a feedback
control system for the glucose feed rate to maximize
baker’s yeast production in a fed-batch culture (15).
Relying on a porous Teflon tubing method, they keep the
ethanol concentration constant, and as such, the ethanol
production rate is kept at zero. Nanba et al. impose the
classical exponential feed rate unless the average value
of the last six ethanol measurements reveals an increas-
ing trend (16). Axelsson et al. propose a traditional PID
controller around a (prespecified) exponential dosage
scheme based on a reducing gas analyzer (17). To avoid
the drift of ethanol concentration to higher values during
the latter part of the cultivation (due to the mismatch of
the substrate demand and the precalculated dosage
scheme), Hagander et al. introduce an observer for the
exponentially growing feed rate demand (18). The a priori
knowledge of the feed rate profile is further relaxed by
also incorporating adaptation of the growth rate param-
eter. Valentinotti et al. present a linear controller to
operate a fed-batch baker’s yeast fermentation at nearly
maximum specific growth rate by maintaining the etha-
nol concentration at a low but still measurable setpoint
(19). Chen et al. developed an adaptive nonlinear control-
ler that regulates the ethanol concentration, to enable a
good tradeoff between yield and productivity (20).

All of these control strategies critically depend on on-
line measurements of particular substrates and/or prod-
ucts involved in the reaction pathways followed and are
therefore very process-specific. Furthermore, if non-
monotonic kinetics are assumed, the desired operating
point can be an open loop unstable setpoint. Hence,
stabilization becomes crucial, since a small fluctuation
of the feed rate can cause either limitation or accumula-
tion, inducing diminished productivity or collapse of the
system (5). Furthermore it is known that classical PID
controllers can fail to stabilize the process if the tuning
parameters are not carefully selected (21).

The aim of this study is to design a generic and robust
stabilizing feedback control algorithm that forces the
substrate concentration to reach a prespecified value in
a fed-batch microbial growth process when non-mono-
tonic kinetics apply. As a working example to present
the main concepts and results, the following Haldane-
type growth kinetics is considered (1) (Figure 1):

where µm [1/h], KI [g/L], and KP [g/L] are specific

constants. This type of kinetics is representative for, e.g.,
baker’s yeast fermentation.

Depending on the objective of the process, the value of
the substrate concentration has to be chosen small or
large. In the example of baker’s yeast fermentative
growth, a small left flank setpoint favors biomass produc-
tion while a large right flank setpoint favors ethanol
production.

The organization of this paper is as follows. First, the
design of a control algorithm under the assumption of
on-line measurements for the substrate concentration CS
and the biomass concentration CX is discussed in Section
2. Afterward, in Section 3, this control law is adapted
toward a controller based only on on-line measurements
of the biomass concentration CX. Section 4 summarizes
the main conclusions.

2. On-line measurements of CS and CX

2.1. Optimal Control. In general, following mass
balance equations apply to a fed-batch bioreactor

with CX [g/L] the biomass concentration in the reactor,
CS [g/L] the (limiting) substrate concentration in the
reactor, CS,in [g/L] the (fixed) substrate concentration in
the influent, V [L] the volume of the liquid phase in the
reactor, u [1/h] the flow rate, σ [1/h] the specific substrate
consumption rate, µ [1/h] the specific growth rate ( eq
1), m [1/h] the specific maintenance coefficient, and YX/S
[-] the yield coefficient of biomass on substrate. Based
on the assumption that the (kinetics in the) model is
perfectly known, the minimum principle of Pontryagin
(22) provides the optimal feed rate u*, which maximizes
a prespecified control objective. If the control objective
is to maximize the final amount of biomass the optimal
control law is the following (see, e.g., ref 23):

This control law keeps the substrate concentration
constant at a prespecified setpoint CS

/ and equals the
exponential feed rate as referred to in the literature
survey of the introductory section. The optimal choice of
the setpoint (to maximize the final amount of biomass)
corresponds with the maximum value of the specific
growth rate, which is reached at CS } CS,µ ≡ xKPKI.

In view of generic control algorithms to maximize
biomass production, Åkesson et al. propose an attractive
way to obtain on-line detection of the onset of acetate
formation in an E. coli fermentation using a standard
dissolved oxygen probe (24). The rationale is that, once
the acetate formation starts, the oxygen response satu-
rates and is insensitive for short extra feed pulses with
glucose. Although not yet reported, the authors claim that
a similar approach can be applied to avoid ethanol
formation in baker’s yeast production. However, we

Figure 1. Haldane kinetics.
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address in this work both setpoints on the left flank (to
maximize biomass) and unstable setpoints on the right
flank (to maximize product formation) of the Haldane
kinetics.

As mentioned before, if controller (eq 3) is implemented
in open loop, process disturbances nor measurement or
modeling errors can be compensated for. Therefore, some
mechanism must be incorporated in the control law (eq
3) to control the tracking error in the presence of
disturbances. This is done, e.g., by adding a (nonlinear)
linearizing feedback part (25).

2.2. Feedback Linearizing Control. The following
closed loop dynamics for the substrate concentration CS
is imposed to guarantee the convergence of the controller
to the desired setpoint CS

/ (with τCS [1/h] a strictly
positive tuning factor):

The combination of the closed loop dynamics (eq 4) with
the mass balance equation for the substrate concentra-
tion (eq 2) results in

This linearizing control law (eq 5) can be interpreted
as the feedforward optimal control (eq 3) (first term) plus
feedback action (second term).

2.3. Simulation Results. All simulations are per-
formed using a continuous time process model and a
discrete time control action (∆T ) 1 min). Between two
samples the control action is kept constant. In addition,
the on-line measurements of CS and CX are assumed to
be corrupted by (zero mean white) noise. The standard
deviation is set equal to std(CX) ) 0.0625 g/L and std-
(CS) ) 0.25 g/L.

The other simulation parameters are τCS ) 10 1/h; CS,in
) 500 g/L; YX/S ) 0.5; m ) 0.29 1/h; KI ) 1 g/L; KP ) 100
g/L; µm ) 2.1 1/h; umax ) 1 L/h. Observe that µ reaches
its maximum at CS equal to CS,µ ≡ xKIKP ) 10 g/L (see
Figure 1).

The ability to stabilize at a desired setpoint starting
from different initial substrate concentrations CS(0) is
illustrated in Figures 2 and 3. In Figure 2 the setpoint
is equal to CS

/ ) 5 g/L (which is on the left flank, i.e., CS
/

< CS,µ). In Figure 3 the setpoint is equal to CS
/ ) 15 g/L

(which is on the right flank, i.e., CS
/ > CS,µ).

The practical implementation of control law (eq 5)
depends on (i) the availability of on-line measurements
for both CS and CX (and V), and (ii) full knowledge of the
growth kinetics µ (and thus σ). In the following, these
assumptions will be relaxed to a more realistic situation.

3. On-Line measurements of CX

Under the assumption that on-line measurements of
the substrate concentration are not available, but only
on-line measurements of the biomass concentration CX
(and, based on these, on-line estimates of the specific
growth rate µ) can be supplied (see, e.g., refs 26 and 27),
a control law similar to the control law (eq 5) can be
derived. The control objective is reformulated from reach-
ing a desired setpoint for the substrate concentration CS

/

to reaching a desired setpoint for the specific growth rate
µ*:

with τµ [g/L] a strictly positive tuning factor.
In the case of monotonic kinetics for µ, eq 6 performs

well (26). However, in case of non-monotonic kinetics a
setpoint of the specific growth rate µ* corresponds with
two values for the substrate concentration, i.e., the
desired setpoint CS

/ and a so-called associated substrate
concentration CS,a

/ . Therefore, mechanisms must be in-
corporated to ensure the convergence to the desired
setpoint.

3.1. Analysis of Closed Loop Performance. Start-
ing from the control law (eq 6) and assuming Haldane
kinetics (eq 1), after some manipulations the closed loop
dynamics of CS become

with R an unconditionally positive number.
Hence, convergence of the closed loop is determined

by the sign of (KPKI - CSCS
/). Consequently, the control-

ler (eq 6) will stabilize around the specified setpoint CS
/

if and only if following condition is met:

Figure 2. Performance of CS setpoint controller (eq 5) for
various initial substrate concentrations. CS

/ ) 5 g/L.
Figure 3. Performance of CS setpoint controller (eq 5) for
various initial substrate concentrations. CS

/ ) 15 g/L.
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In addition, since the setpoint is now specified in terms
of the specific growth rate, eq 6 tries to stabilize the
process around a substrate setpoint concentration cor-
responding with the specific growth rate setpoint µ*.
However, as already mentioned, as a result of the
Haldane-type kinetics assumption, the stabilized con-
centration will be either CS

/ or its associated concentra-
tion CS,a

/ , depending on which of these concentrations is
encountered first during the process evolution. Figures
4 and 5 illustrate the above observations.

Left Flank Substrate Concentration Setpoint CS
/

< CS,µ (Figure 4). The substrate concentration space is
subdivided in four regions by the values of CS

/, CS,µ, and
CS,a

/ , respectively. Depending on the location of the
initial substrate concentration (representing the value
of CS after a process disturbance) the evolution of the
specific growth rate (when applying eq 6) is indicated by
the solid arrows. Region I, delineated by CS

/, is charac-
terized by a specific growth rate that is smaller than the
setpoint value µ* but increasing toward the µ* setpoint
corresponding with the desired CS

/ value. In Region II,
the specific growth rate is larger than the setpoint µ*
and decreasing toward the µ* setpoint corresponding with
the desired CS

/ value. In Region III, the specific growth
rate is larger than the setpoint µ* and increasing. Again,
CS

/ will be reached (and stabilized) after a certain time
period. Finally, Region IV is characterized by a specific
growth rate that is smaller than the setpoint and
decreasing (due to violation of constraint in eq 8). As
such, CS

/ will never be reached.
Hence, starting from substrate concentration values

contained in Regions I, II, or III, the system will be
stabilized around the desired left flank setpoint (indicated
with a plus sign). Only when starting from Region IV
(i.e., CS values far away from the CS

/ setpoint) will the
desired setpoint not be reached, indicated by the minus
sign.

Right Flank Substrate Concentration Setpoint
CS

/ > CS,µ (Figure 5). Similar to the CS
/ < CS,µ case, the

substrate concentration space is subdivided into four
regions by the values of CS,a

/ , CS,µ, and CS
/, respectively.

Straightforward application of the control law (eq 6)
results in a specific growth rate behavior as indicated
by the solid arrows. Region I is characterized by a specific
growth rate that is smaller than the setpoint µ* and

increasing. Unfortunately, controller action stops when
CS,a

/ is reached since the specified setpoint µ* is met.
Region II illustrates that the specific growth rate is larger
than the setpoint µ* and decreasing toward the setpoint
µ* corresponding with CS,a

/ . In Region III, the specific
growth rate is larger than the setpoint µ* and increasing.
Again, the system will be stabilized around the CS,a

/

value. Finally, Region IV is characterized by a specific
growth rate that is smaller than the setpoint µ* and
decreasing due to the violation of the constraint in eq 8.

It can be concluded that, with the control law in eq 6,
the system cannot be stabilized around the desired right
flank setpoint concentration CS

/. In fact, eq 6 will in-
stead stabilize the system around the associated left flank
concentration CS,a

/ (which is equal to KPKI/CS
/) for initial

values within the close neighborhood of CS,a
/ , i.e., Re-

gions I, II, or III. Starting from Region IV substrate
concentrations, the system will not be stabilized at all
(not at CS

/ nor at CS,a
/ ). Note that only in Region I is the

evolution of the specific growth rate in the right (i.e.,
upward) direction, indicated with the plus sign.

These results are in general agreement with the
stability analysis of the open loop exponential fed-batch
culture with Haldane-type kinetics performed by Yamane
et al. (28) and Bastin and Dochain (29). Setpoints on the
left flank of the non-monotonic kinetics are stable, i.e.,
small fluctuations around the setpoint do not cause the
substrate concentration to diverge from the setpoint,
whereas setpoints on the right flank are unstable since
small variations cause the substrate concentrations to
deviate more and more from the setpoint.

To compensate for (i) the possibly negative sign of the
factor (KPKI - CSCS

/) (violation of the constraint in eq 8)
and (ii) convergence to the associated substrate concen-
tration CS,a

/ instead of to the desired setpoint CS
/, an

adaptation to the control law (eq 6) is made by introduc-
ing a factor f, which precedes the driving term (µ - µ*):

The factor f can switch from +1 to -1, or vice versa,
depending on (i) the location of the setpoint, i.e., on the
left or right flank, and (ii) the region in which the
instantaneous substrate concentration is located. The

Figure 4. CS
/ setpoint left from CS,µ. Evolution of the specific

growth rate starting from different substrate concentration
regions (Region I, II, III, or IV). Solid arrows: application of
control law (eq 9) with f ) +1. Dashed arrows: application of
control law (eq 9) with f ) -1. The indicated + or - signs
correspond with the sign of factor f in eq 9 for the setpoint
considered here.

Figure 5. CS
/ setpoint right from CS,µ. Evolution of the specific

growth rate starting from different substrate concentration
regions (Region I, II, III, or IV). Solid arrows: application of
control law (eq 9) with f ) +1. Dashed arrows: application of
control law (eq 9) with f ) -1. The indicated + or - signs
correspond with the sign of factor f in eq 9 for the setpoint
considered here.
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rationale of the switch algorithm can be inferred from
Figures 4 and 5 for a setpoint CS

/ smaller and larger
than the CS,µ value, respectively.

Left Flank Substrate Concentration Setpoint CS
/

< CS,µ (Figure 4). The solid arrows indicate the evolution
of the specific growth rate if in all regions a factor f equal
to +1 is applied (corresponding with straightforward
application of eq 6). As explained in the former section,
a substrate concentration lying in Region I, II, or III will
converge to the desired left flank setpoint. In Region IV,
however, a decreasing specific growth rate µ and there-
fore an increasing substrate concentration is induced if
a value of +1 is assigned to f. Therefore, the factor f has
to switch to -1 (dashed arrow) in Region IV. Once the
specific growth rate enters the regions of attraction
(Regions I, II, III), f has to switch back to +1 (solid
arrows). Hence, the appropriate sign of the factor f in
each region corresponds with the plus or minus signs
introduced in the previous section.

Right Flank Substrate Concentration Setpoint
CS

/ > CS,µ (Figure 5). As explained before, eq 6, which is
equivalent to eq 9 with f equal to +1, tries to stabilize
the system around the left flank associated setpoint
concentration CS,a

/ (indicated by the solid arrows) in-
stead of around the desired right flank setpoint CS

/. A
far better evolution of the system is obtained when
assigning the value of -1 to the factor f (indicated by
the dashed arrows). However, the specific growth rate
in Region I becomes then smaller than the setpoint µ*
and decreasing, whereas it was increasing (as it should
be) with an f value of +1. Therefore, the factor f has to
switch to +1 in Region I (solid arrow). Once the specific

growth rate enters the regions of attraction (Regions II,
III, IV) f has to switch back to -1 (dashed arrows). As
can be seen, the sign of the factor f corresponds with the
plus or minus signs attributed to the different regions
in the previous section.

When initializing the switch factor f to +1 for a left
flank substrate concentration setpoint and to -1 for a
right flank substrate concentration setpoint, the following
control algorithm is proposed.

(a) Determination of factor f

if CS
/ < CS,µ

if CS
/ > CS,µ

Figure 6. µ setpoint controller (with switch factor f) (eq 9) with instantaneous knowledge of µ for various initial substrate
concentrations: µ* ) µ(CS

/) with CS
/ ) 0.5CS,µ. Upper left plot: evolution of switch factor f. Upper right plot: substrate concentration

CS with respect to time. Lower left plot: specific growth rate µ with respect to time. Lower right plot: flow rate u with respect to
time.

initial f ) 1

if µ < µ* and µ(t) - µ(t - ∆t) < 0

then f ) -1 (Region IV)

else f ) +1 (Region I, II, III)

if µ > µ* and f ) -1

then f ) +1

initial f ) -1

if µ < µ* and µ(t) - µ(t - ∆t) < 0

then f ) +1 (Region I)

else f ) -1 (Region II, III, IV)

if µ > µ* and f ) +1

then f ) -1
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(b) Calculation of flow rate u

∆t is the time period during which the increasing or
decreasing tendency of the specific growth rate µ must
be detected. An important implication of the algorithm
is therefore that, only after a time delay of ∆t, the
controller can counteract deviating substrate concentra-
tions.

The performance of controller eq 9 and the switch
algorithm (assuming instantaneous knowledge of the
specific growth rate µ) is illustrated in Figures 6 and 7
for a setpoint smaller than CS,µ, e.g., CS

/ ) 0.5CS,µ
(numerical value 5 g/L) and for a setpoint larger than
CS,µ, e.g., CS

/ ) 1.5CS,µ (numerical value 15 g/L), respec-
tively. Prior to any optimal tuning of the controller, τµ is
set equal to 500 g/L and no noise on the measurements
(or estimates) is taken into account. For the setpoint
smaller than CS,µ, i.e., CS

/ ) 5 g/L (Figure 6) eq 9
performs well even for starting values larger than the

numerical value of the associated substrate concentration
CS,a

/ (20 g/L) (Region IV), illustrated with the (initial)
value of 25 g/L. Once the increasing substrate concentra-
tion in this region is detected by a decrease of the specific
growth rate, the f value is switched to -1 (inducing a
batch period) until Region III is attained.

Convergence and stabilization is also guaranteed for
a setpoint larger than CS,µ, i.e., CS

/ ) 15 g/L (Figure 7),
illustrated with (initial) values of 5 g/L (Region I), 10 g/L
(boundary between Region II and III), and 20 g/L (Region
IV). Note that for Region I values, the substrate concen-
tration first decreases. Once the decreasing trend of the
corresponding specific growth rate is detected, f switches
to +1 (resulting in a short maximum feeding period) until
Region II is attained.

3.2. Tuning of the Controller. To assess the perfor-
mance of eq 9, i.e., to evaluate the impact of the selected
tuning parameter τµ on convergence to the specified
substrate concentration setpoint, the total period is
calculated during which the (estimated) specific growth
rate remains in the close neighborhood of the specific
growth rate setpoint (corresponding to the substrate
concentration setpoint). This period is expressed as a sum
of durations [ti+1 - ti] and is compared with the total
fermentation time tf

with εµ equal to 0.005 1/h in this case study.
To mimic realistic estimated µ values obtained from

noisy biomass concentration measurements (which will

Figure 7. µ setpoint controller (with switch factor f) (eq 9) with instantaneous knowledge of µ for various initial substrate
concentrations: µ* ) µ(CS

/) with CS
/ ) 1.5CS,µ. Upper left plot: evolution of switch factor f. Upper right plot: substrate concentration

CS with respect to time. Lower left plot: specific growth rate µ with respect to time. Lower right plot: flow rate u with respect to
time.

uf )
σCXV

CS,in - CS
/

- fτµ
µ - µ*

CS,in - CS
/
V (9)

if uf < 0

then u ) 0

else u ) uf

if uf > umax

then u ) umax

else u ) uf

EC ) ∑[ti+1 - ti]
tf

for which |µ(t) - µ*| < εµ (10)
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be discussed in the next subsection), the instantaneous
µ values (calculated as µ(CS) with eq 1) are corrupted with
zero mean white noise (std(µ) ) 0.005). To account for
this noise, the decision to switch the f factor when the
specific growth rate is decreasing and below the setpoint
will be taken when the (estimated) specific growth rate
is smaller than 75% of the µ* setpoint value.

Two major restrictions hamper the unique determina-
tion of an optimal τµ tuning parameter. First, the optimal
τµ value depends on the selected class of initial substrate
concentration (corresponding with the before mentioned
regions), since different controller actions are induced
(i.e., maximum feeding, singular feeding or batch opera-
tion) when starting from different classes of initial
substrate concentrations. Second, as a result of the noisy
specific growth rate estimates, a single performance
evaluation (for a specific class of initial substrate con-
centrations) will not be representative. Therefore, for
each class of initial substrate concentrations each τµ value
is evaluated 10 times to obtain a representative mean
performance value and among these the optimal value
(corresponding with the highest value of EC) is selected.
At this point each class of initial substrate concentrations
has its optimal τµ value. From this list of optimal values
an appropriate compromise value is selected to ensure
acceptable (but perhaps not the best) performance for all
operating conditions.

Following the above-mentioned procedure, the optimal
tuning parameter τµ is selected equal to 200 g/L for the
left flank substrate concentration setpoint (CS

/ ) 5 g/L)

as well as for the right flank substrate concentration
setpoint (CS

/ ) 15 g/L).
3.3. CX-Based µ-Observer. In this subsection the

dynamics of an observer providing estimates of µ on the
basis of on-line biomass measurements is introduced. On-
line measurements of the biomass concentration can be
provided by, e.g., the Biomass Monitor (BM 214-M, Aber
Instruments LTD, Aberystwyth, UK (30). This in situ
monitor relates the capacitance of the medium with the
viable biomass concentration. The following state-observer-
based estimator for the specific growth rate is proposed
(for more details see ref 29):

where a ˆ denotes an estimated quantity and ω [1/h] and
γ [L2/(g2 h2)] are tuning functions. When selecting these
tuning functions equal to ω ) 2λ and γ ) λ2/CX

2, the
dynamics of the corresponding error system are governed
by the (double) eigenvalue -λ [1/h]. Fine-tuning of the
observer reduces to selecting a suitable value for λ to
ensure a tradeoff between convergence rate and noise
sensitivity (see next section).

3.4. Tuning of the Combined CX-Based µ-Observer
and Controller. Tuning of the controller involving CX
measurements and µ estimates is an iterative procedure

Figure 8. Performance of µ setpoint controller (eq 9) with observer for µ* ) µ(CS
/) ) 0.08 1/h with CS

/ ) 5 g/L for CS(0) ) 2.5 g/L
(solid line) and CS(0) ) 25 g/L (dashed line). τµ ) 75 g/L and λ ) -1.4 1/h. Upper left plot: evolution of switch factor f. Upper right
plot: substrate concentration CS with respect to time. Lower left plot: estimated specific growth rate µ̂ (solid line) and instantaneous
specific growth rate µ(CS) (dotted line) with respect to time for CS(0) ) 2.5 g/L. Lower right plot: estimated specific growth rate µ̂
(solid line) and instantaneous specific growth rate µ(CS) (dotted line) with respect to time for CS(0) ) 25 g/L. The on-line measurements
of CX are assumed to be corrupted by (zero mean white) noise: std(CX) ) 0.0625 g/L.

dCX̂

dt
) µ̂CX - u

V
CX - ω(CX - CX̂)

dµ̂
dt

) γCX(CX - CX̂) (11)
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in which (i) the observer tuning parameter λ has to be
selected to ensure fast convergence of the estimated
biomass concentration to the measured biomass concen-
tration while avoiding high noise sensitivity, and (ii) the
controller tuning parameter τµ has to guarantee proper
convergence to the substrate concentration setpoint.

Tuning of the Observer. To quantify observer conver-
gence the sum of squared differences between the mea-
sured and the estimated values of the biomass concen-
tration is considered:

with CX,k and CX,k̂ the value of the biomass concentra-
tion measurement and its estimate at sampling time k,
and N the final fermentation time.

Noise sensitivity of the observer is quantified by the
sum of squared differences between two subsequent
specific growth rate estimates:

with µ̂k+1 and µ̂k the specific growth rate estimates at
sampling time k + 1 and k, respectively.

The tradeoff between convergence and noise sensitivity
is realized by minimizing a weighted sum of the previous

observer performance measures:

with φ [g2 h2/L2] a user-defined weighting factor.
Again, the optimal λ depends on the class of initial

substrate concentrations and a suitable mean value has
to be selected.

Iterative Tuning of the Combined CX-Based µ-Ob-
server and Controller. For each initial substrate
concentration class, data to tune the observer is obtained
by fixing the τµ value to the optimal value selected
following the above-introduced controller tuning proce-
dure and selecting a relatively large value of λ, e.g., λ )
-3 1/h. Once an appropriate (mean) λ value, valid for all
initial substrate concentration classes, is obtained through
evaluation of cost (eq 12) in which the φ value is set equal
to 10 g2 h2/L2, a reevaluation of τµ is performed. With the
resulting τµ value, the λ value is re-optimized. Once the
new λ value corresponds with the previously obtained
value, the iterative procedure is stopped.

3.5. Results. The optimal tuning parameters for a
substrate concentration setpoint smaller than the CS,µ
value are equal to τµ ) 75 g/L and λ ) -1.4 1/h and for
a substrate concentration setpoint larger than the CS,µ
value, they are equal to τµ ) 100 g/L and λ ) -1 1/h.
Figures 8 and 9 illustrate the performance of the com-
bined CX-based µ-observer for a setpoint on the left and
right flank, respectively. Apart from the very smooth
transition to the setpoint, the desired switch of the factor

Figure 9. Performance of µ setpoint controller (9) with observer for µ* ) µ(CS
/) ) 0.093 1/h with CS

/ ) 15 g/L for CS(0) ) 20 g/L (solid
line) and CS(0) ) 5 g/L (dashed line). τµ ) 100 g/L and λ ) -1 1/h. Upper left plot: evolution of switch factor f. Upper right plot:
substrate concentration CS with respect to time. Lower left plot: estimated specific growth rate µ̂ (solid line) and instantaneous
specific growth rate µ(CS) (dotted line) with respect to time for CS(0) ) 20 g/L. Lower right plot: estimated specific growth rate µ̂
(solid line) and instantaneous specific growth rate µ(CS) (dotted line) with respect to time for CS(0) ) 5 g/L. The on-line measurements
of CX are assumed to be corrupted by (zero mean white) noise: std(CX) ) 0.0625 g/L.

EO,1 ) ∑
k)1

N

(CX,k̂ - CX,k)2

EO,2 ) ∑
k)1

N-1

(µ̂k+1 - µ̂k)2

EO,tot ) EO,1 + φEO,2 (12)

Biotechnol. Prog., 2002, Vol. 18, No. 5 1123



f in the regions where the (estimated) specific growth rate
is smaller than the setpoint and decreasing is clearly
demonstrated. Note, however, that because of the noisy
estimates of the specific growth rate, the time to detect
undesired behavior of the specific growth rate has
increased to almost 5 h. This time delay can become
critical for processes in which low substrate concentra-
tions are involved and right flank setpoints CS

/ are
selected.

3.6. Asymptotic CX-Based CS-Observer. To over-
come the lack of on-line measurements of the substrate
concentration CS and to avoid the switch algorithm as
introduced in the previous sections, an alternative ap-
proach could be to construct an additional observer for
the substrate concentration based on the available mea-
surements, i.e., the biomass concentration in this study.
Inspired by the asymptotic CX-based CS-observer pro-
posed by Bastin and Dochain (29), an additional variable
Z is introduced:

Given the fact that (i) the maintenance coefficient is
assumed to be known and (ii) the biomass concentration
can be measured on-line, the dynamics of the auxiliary
variable Z can be written as follows (see eq 2):

The substrate concentration can then be estimated by
means of following equations:

Combined with the CX-based µ-observer, as described in
section 3.3, the following control law performs well
(results not shown):

Still, this CX-based CS-observer is not a valid alterna-
tive for the stabilization of non-monotonic fed-batch
processes, given the asymptotic convergence features of
the observer. As opposed to exponential observers, the
rate of convergence toward the real value of the substrate
concentration cannot be adjusted. Indeed, the conver-
gence rate is completely determined by the value of the
dilution rate D ≡ u/V (see eq 14), which is most often
not completely at the disposal of the user but determined
by the experimental setup.

4. Conclusions
In this paper, the design of a feedback control law is

discussed that forces the substrate concentration to reach
a prespecified value in a fed-batch microbial growth
process when non-monotonic growth kinetics apply. Non-
monotonic kinetics imply a nonunique relationship be-
tween µ and CS, i.e., one value of µ corresponds with two
values of CS. A practical example is the baker’s yeast
fermentation process for which a Haldane-type kinetics
can be assumed due to the possible inhibition by ethanol.

If measurements of the substrate concentrations CS
and biomass concentration CX are available (possibly
corrupted by zero mean white noise), one can construct
a controller (control law, eq 5) that performs well for each
possible setpoint of CS starting from an arbitrary (initial)
value of the substrate concentration.

If measurements of the substrate concentration CS are
not available, but on-line values for the biomass concen-
tration CX (from, e.g., the Biomass Monitor or from optical
density measurements) and, based on these, on-line
estimates of the specific growth rate µ can be obtained,
a controller can be designed on the basis of these µ and
CX values (control law, eq 9). By introducing a switch
factor f the above-mentioned complexity inherent to non-
monotonic kinetics is surmounted.

The developed controller is indeed an adaptive, generic,
and robust feedback controller with direct application to
a wide range of fed-batch production processes since only
on-line biomass measurements are needed and an explicit
formulation (and parametrization) of the non-monotonic
kinetics is not required.

As a final critical remark, it has to be mentioned that
the control of very small substrate concentrations is only
possible with substrate or substrate-related on-line mea-
surement (31). If, for example, the setpoint concentra-
tions and kinetic parameters employed in the study of
phenol degradation conducted by Léonard et al. are
considered (5), the CX-based µ-observer, as developed
here, will fail.

Notation
t time [h]
CS (limiting) substrate concentration [g/L]
CS

/ substrate concentration setpoint [g/L]

CS,a
/ substrate concentration associated with setpoint CS

/

[g/L]
CX biomass concentration [g/L]
CX̂ biomass concentration estimate [g/L]
V volume of the liquid phase in the reactor [L]
u flow rate [L/h]
CS,in influent substrate concentration [g/L]
YX/S yield coefficient of biomass on substrate [-]
KP Haldane kinetics constant [g/L]
KI Haldane kinetics constant [g/L]
CS,µ substrate concentration corresponding with maxi-

mum specific growth rate (numerical value equals
xKIKP) [g/L]

f switch factor equal to +1 or -1 [-]
EC controller performance related cost function [-]
EO,1 observer related cost function (convergence) [(g/L)2]
EO,2 observer related cost function (noise sensitivity) [(1/

h)2]
µ specific growth rate [1/h]
µ* specific growth rate setpoint [1/h]
µ̂ specific growth rate estimate [1/h]
µm Haldane kinetics constant [1/h]
σ specific substrate consumption rate [1/h]
R a positive constant involving kinetic parameters and

the substrate concentration (setpoint) [L3/h g3]
τCs tuning parameter of (CS,CX)-based controller [1/h]
τµ tuning parameter of (CX)-based controller [g/L]
γ tuning parameter of observer [L2/(g2 h2)]
ω tuning parameter of observer [1/h]
λ user-defined eigenvalue to determine γ and ω [1/h]
φ user-defined factor to equalize order of magnitude

of observer related cost functions [g2 h2/L2]

Z ) YX/SCS + CX

dZ
dt

) - u
V

Z +u
V

YX/SCS,in - YX/SmCX (13)

dẐ
dt

) - u
V

Ẑ +u
V

YX/SCS,in - YX/SmCX

CŜ ) 1
YX/S

(Ẑ - CX) (14)

u )
( µ̂
YX/S

+ m)CX

CS,in - CS
/

V - τCS

CŜ - CS
/

CS,in - CS
/
V (15)
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εµ user-defined limit of specific growth rate deviation
in eq 10 [1/h]
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