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Abstract:
The quality and operational factors in a wastewater process define a bounded
region. For this reason, a satured control that ensures the depollution of a
wastewater bioreactor is presented. The control input is the dilution rate and
the controllable variable is a linear combination of the substrate concentrations.
Some results via simulation are presented. Copyright c© 2007 IFAC
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1. INTRODUCTION

The anaerobic wastewater treatment process has
been intensively used for its high capacity to de-
grade concentrated and difficult substrates (Matta-
Alvarez et al., 2000). A suitable control strat-
egy ensures the bioreactors performance. This is
due to fact that high substrate concentrations
can inhibit the bacterial growth and besides that
minimum substrate washes the bioreactor. The
control variable is the dilution rate, due to phys-
ical constraints remains positive and cannot be
arbitrarily high. The capacity of the process allows
a maximum flow rate associated to the pumping
mechanism. Besides, the minimum flow rate could
be zero, however this means that the plant must
be stopped and this cannot be done. For this
reason a minimum flow rate is commonly assigned.
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It is well known that this process can be unstable
under certain variations, i.e., acidification. For
this reason some control laws that avoid these
variations have been reported, like the adaptive
feedback of the gaseous flow-rate measurements
(Perrier and Dochain, 1993), (Mailleret et al.,
2004) or fuzzy control of the acidic compounds
(Punal et al., 2000).

In this paper, an anaerobic bioreactor is consid-
ered in which organic compounds are biodegraded
in absence of oxygen to produce methane. The
basic model assumes that two bacterial popula-
tions are presented (Bernard et al., 2001). The
first one corresponds to the acidogenesis (acido-
genic bacteria), that produces volatile fatty acids
(VFA). The second population corresponds to
the methanogenesis (methanogenic bacteria), and
uses the VFA for growth and produces methane.
The main idea considers a bounded control action
that regulates a linear combination of the sub-
strates concentrations. The paper is organized as
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follows: In Section 2 the model, the main assump-
tions and the control law are described. In Section
3 numerical results are presented. And in Section
4 we give some conclusions.

2. MODEL

The model is the one considered in (Bernard et
al., 2001):

Ẋ1 = (μ1(S1) − αD)X1

Ẋ2 = (μ2(S2) − αD)X2

Ṡ1 = D(S1in − S1) − κ1μ1(S1)X1

Ṡ2 = D(S2in − S2) + κ2μ1(S1)X1

−κ3μ2(S2)X2 (1)

where X1, X2, corresponds to the acidogenic and
methanogenic bacterial, S1, S2 are substrate 1
(VFA) and substrate 2, and D corresponds to
the dilution rate. Commonly, μ1 and μ1 are the
Monod and the Haldane growth bacterial kinetic,
respectively. The terms S1in and S2in are the
substrate concentrations in the inlet. The κi repre-
sents the yield coefficient associated with bacterial
growth. Parameter α ∈ [0, 1] represents the pro-
portion of bacteria that are not fixed on the bed,
and therefore they are affected by the dilution rate
effect: α = 0 represents an ideal fixed bed reactor,
whereas α = 1 to an ideal continuous stirred tank
reactor.

It is considered that the bacterial concentrations,
the substrate and the dilution rate are positive
and bounded functions, i.e., X1, X2, S1, S2 and D
∈ �+. Meanwhile, the kinetics μ1(S1) and μ2(S1)
are bounded non-decreasing functions such that

μ1(0) = 0

μ1(S1) < μ1max

∀S1 ≥ 0 (2)

μ2(0) = 0

μ2(S2)≤ μ2max = μ2(S2∗)

∀S2 ≥ 0 (3)

The aim of the control is to drive a linear com-
bination of the substrate in a bounded operation
region where

Sλ = S1 + λS2 (4)

is the variable to regulate.

To propose a control law, we analyze first the
dynamic in (4),

Ṡλ = D [Sλin − Sλ] + X1μ(S1)(κ2 − λκ1)

−κ3λμ2(S2)X2 (5)

From (5), we can see that in the steady state an
unique value in the dilution rate (D̄) corresponds
to a (S̄λ). Moreover, A =

{
X̄1, X̄2, S̄1, S̄2, D̄

}
defines the steady state set in the bioreactor (1).

In the aim regulation of Sλ it is also required a
bounded region so,

Sλmin ≤ S̄λ ≤ Sλmax (6)

And

Dmin ≤ D̄ ≤ Dmax (7)

For this reason, the following control law is pro-
posed

D = Dprom

[
2 − 2

1 + exp(−β |Sλ|)
]

+Dmin (8)

where Dprom = Dmax−Dmin

γ and β > 0 is an
adjusting parameter. By looking (8) it can be seen
that for 0 ≤ S̄λ < ∞, D̄ is bounded accordingly,

Dmin ≤ D̄ ≤ 1
γ

[Dmax − Dmin(λ − 1)] (9)

For γ = 1, D̄ = Dmax and for γ = 2, D̄ =
1
2 [Dmax −Dmin], which is the arithmetic average.
Therefore, depending on how tight the bounded
region need to be, γ would be chosen.

Meanwhile, to adjust β, we considerer the control
dynamic

Ḋ = −βe−β|S̄λ| (10)

Equation (10) shows that control convergence is
achieve with rate β > 0. However, selecting large
values of β results in a fast control convergence
rate, which in turns results in a poor performance
and even causes instabilities. Instead, it is rec-
ommended to choose β near the natural time
responses (dilution rate), i.e., 0 < β ≤ D̄.

Considering the steady state in (5) we have

S̄λ = Sλin

+
1
D̄

μ1(S̄1)
[
X̄1(κ2 − λκ1) − κ3λX̄2

]
(11)

From (2) and the fact that D, X1, X2 are bounded,
we have the following condition

Sλmax < Sλin (12)

Moreover, a bounded input (7) corresponds to a
bounded state (6) if the following inequalities are
satisfied
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X1min < X1(t) <
S1in

κ1α

0 < X2(t) <
T2in

κ3α

S1min < S1(t) < S1in

T2min < T2 < T2in (13)

where T2 = S2 + κ2
κ1

S1 is as in (Grognard and
Bernard, 2006).

From the above, our main contribution in this
paper corresponds to the control law proposed (8).

3. SIMULATIONS

Some numerical results are presented by us-
ing the control (8) in the anaerobic bioreac-
tor (1). The bioreactor parameters are obtained
from (Bernard et al., 2001). For comparison the
following bounded and initial conditions as in
(Grognard and Bernard, 2006) have been chosen.

Sλmax = 1.5 Sλmin = 1.3
S1in = 15 S2in = 15
Dmin = 0.15 Dmax = 0.5
λ = 0.0064

The initial conditions and the control parameters
are: S1, S2, X1, X2 = [15, 15, 0.1, 0.1] and β =
0.01, γ = 1.5, respectively.

In Figure 1 and Figure 2, the control performance
and the one in (Grognard and Bernard, 2006) are
presented respectively.
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Fig. 1. Designed bounded control

The control proposed here fulfills the bounded
requirements showing a good performance. Al-
though the control in (Grognard and Bernard,
2006) also meet the bounded requirements, its
performance is oscillatory, this could cause insta-
bility problems in the bacterial growth.

The substrates S1, S2 are presented in Figure
3, and in Figure 4, the bacterial growth. Both
states Si and Xi reached the steady state with
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Fig. 2. Bounded control reported in Grognard and
Bernard, 2006

a fast and smooth convergence. The substrate
concentration is high in the reactor start up,
whereas the bacterial growth is low. After some
time (30 days,) the bacterial concentrations are
increased and the pollution concentrations are
decreased inside to their bounded values.
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Fig. 3. Substrate concentrations
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Fig. 4. Bacterial growth

Finally, the control variable, Sλ, is presented in
Figure 5. It can be seen that the bounded limits
are meet.
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Fig. 5. Control variable

4. CONCLUSIONS

A bounded control for the dilution rate in an
anaerobic bioreactor was designed. Some condi-
tions in the control parameters were explained.

The control shows a good performance and meets
the desired bounded region.

A linear combination Sλ of the substrates was
chosen as control regulation and was driven inside
the bounded region previously specified.

REFERENCES

Bernard, O., Z. Hadj-Sadok, D. Dochain, A. Gen-
ovesi and J.P. Steyer (2001). Dynamic model
development and parameter identification for
an anaerobic wastewater treatment process.
Biotechnology and Bioengineering 75, 424–
438.

Grognard, F. and O. Bernard (2006). Stability
analysis of a wastewater treatment plant with
saturated control. Water Science & Technol-
ogy 53, 149–157.

Mailleret, L., O. Bernard and J. Steyer (2004).
Nonlinear adaptive control for bioreactors
with unkown kinetics. Automatica 40, 1379–
1385.

Matta-Alvarez, J., S. Macé and P. Llabres (2000).
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