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Abstract

The present work is part of a global development of reliable real-time control and supervision tools applied to wastewater pollution removal
processes. In these processes, oxygen is a key substrate in animal cell metabolism and its consumption is thus a parameter of great interest
for the monitoring. In this paper, are presented and discussed the results of the dissolved oxygen (DO) control in a SBR pilot plant based on a
predefined 8 h step-feed cycle. As first approach, the application of classical methods (on/off and PID) was considered. Due to the non-linear
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haracter of the process, the PID parameter adjusting was very difficult and the obtained results showed a beating phenomeno
etpoint. This phenomenon was more and less amplified according to the step of the cycle and the water pollution level. The seco
o achieve more stable DO control was based on a fuzzy logic strategy, taking into account the step and the difference between th
O and the setpoint. In this case, control action performances were highly improved. It is also shown that, using the fuzzy control
rofile made it possible to clearly detect the ammonia valley during the aerobic phases. Thus, fuzzy logic proved to be a robust an
O control tool, easy to integrate in a global monitoring system for cost managing.
2005 Published by Elsevier B.V.
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. Introduction

One of the major evolutions in the conception field of
utomated systems concerns the taking into account, from

he first phases, of their reliability. The reliability charac-
erizes the system performances and returns the aptitude to
orrectly fulfil a fixed mission. It is related to the capability to
esist to material, software or human failures, and to possible
nvironmental aggressions. The reliability is partly obtained
y design choices related to the system technological field:
aterials, dimensioning or manufacture[1]. Another part

esults of techniques concerned with information sciences
nd technologies: the reliability depends on an applicative
rchitecture, which, in addition of the system nominal func-

ions, includes failures detection, localization and diagnosis
unctions. This architecture allows to detect operating mode
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changes, in particular related to environmental behav
changes. It also rests on forecast functions, failures or ag
sions accompaniment and command or objectives reco
uration. All the above-mentioned functions ensure des
reactivity characteristics.

In the particular case of sequencing batch reactors (S
technology, the instrumentation, the control and the auto
tion are key factors when the process must be operat
achieve restricted discharge levels[2]. The dissolved oxyge
(DO) is nowadays, one of the most important paramet
control because of its impact on the biological processe
the energy saving related to aeration[3].

Various works are dedicated to the DO control in biop
cesses[4,5]. The results obtained generally depend on
process complexity and also, on the control techniques
The classical methods (on/off and PID) have largely b
used but, due to the non-linear character of the bioproc
and the lack of available models, the controllers were d
oped for specific operating and environmental conditi

385-8947/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.cej.2005.05.004
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Now, research interests are more and more directed towards
using artificial intelligence techniques[6]. In this field, the
control action offers the possibility of integrating expert
knowledge and the technologic specificities of the process
[7].

The work presented in this paper is part of a real-time con-
trol system study based on on-line calculated oxygen uptake
rate (OUR), oxidation–reduction potential and pH profile to
optimize the cycle length of the SBR for organic matter and
ammonia removal[3,8,9] in which the DO had a high influ-
ence. First of all, DO control was necessary in order to avoid
final aerobic phases at high levels of DO. Due to the repeated
anoxic–aerobic pairs, the beginning of anoxic phases at high
DO levels concluded with time and carbon source reduction
suitable for denitrification purposes[9]. For this reason, three
kinds of DO control strategies were applied and compared:
(i) a simple on/off control, (ii) PID control and (iii) a fuzzy
logic-based DO control.

The aim of this paper is to compare the obtained
results using different types of DO control (on/off; PID
and fuzzy logic control) in the SBR pilot plant installed
in Celr̀a-wastewater treatment plant (WWTP) treating urban
wastewater.

2
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dissolved oxygen parameter is then described before the pre-
sentation of the different control strategies.

2.1. The SBR pilot plant

The SBR pilot plant set up in Celrà-wastewater treatment
plant treats about 700 L of mixture of urban and industrial
wastewater per day. The treatment is mainly based on organic
matter and nitrogen removal. The SBR technology oper-
ates from a sequence of fill and draw cycles. These systems
include a biological nutrient removal process. A fixed cycle
of these characteristics, to achieve complete nitrification and
denitrification (Fig. 1), was defined by previous lab-scale
studies[10]. This 8 h cycle, with six feeding steps and the
alternation of aerobic and anoxic phases was also success-
fully applied in another SBR pilot plant treating the Cassà
wastewater.

A step-feed strategy for nitrogen removal means that the
influent filling phases must be carried out under anoxic con-
ditions in order to increase the denitrification efficiencies. It
is important to take into account the alternation of aerobic
and anoxic phases to permit a complete nitrogen removal.
Fig. 2 shows the SBR pilot plant scheme. It is composed
of a stainless-steel square reactor (1000 L capacity) treating
the influent wastewater. The monitoring and control system is
b ® s,
d
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. Materials and methods

This section presents the SBR pilot plant installed
elr̀a-water treatment site and its biological specificities.

ig. 1. Operational periods of the SBR pilot plant with filling strateg
hases.
Fig. 2. Schematic overview of the SBR pilot pla
ased on probes from Endress-Hauser, cards and interface
eveloped over Labwindows®, from National Instruments®.
he plant is equipped with DO-temperature (OXIMAX
OS 41), pH (CPF 81) and ORP (CPF 82) probes.

t hours cycle with six feeding steps and the alternation or aerobic axic
nt installed in Celrà-wastewater treatment site.
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signals, filtered in a transmitter, are captured by a data acqui-
sition card (PCI-6025E). The control is conducted using
a power relay output board (SC-2062) which allowed an
optimal equipment functioning. The software consisted of
user-friendly interfaces and was able to repeat over time a
previously defined operation cycle by controlling the switch
on/off process of filling, purge, drawing of peristaltic pumps,
mixing device and air supply. On-line mean values of pH,
ORP, DO and temperature were obtained every 5 s.

2.2. The dissolved oxygen parameter

The dissolved oxygen (DO) is an influential ecological
parameter. DO is required for the respiration of aerobic
microorganisms as well as all other aerobic life forms[11].
Its control is of extreme importance in the field of pollu-
tion removal biologic processes used by wastewater treat-
ment plants. Its knowledge provides invaluable information
related to the good behaviour of these processes[9,12,13].
The dissolved oxygen concentration strongly varies accord-
ing to various system parameters like temperature, salinity or
pressure.

2.3. The control strategy
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• In the reactor, the dissolved oxygen evolution strongly
depends on both water pollution level and microorganisms
behaviour.

These specificities characterizing a strongly non-linear
process, have been taken into account to develop three con-
trol strategies: on/off, PID and Fuzzy controllers. In case of
an on/off regulation, the regulator instantaneously commands
the system. As long as the regulated variable value is lower
than the setpoint, the command variable is set to 100% (on).
As soon as the values reach or exceed the setpoint, the com-
mand variable is set to 0% (off).

The proportional-integral-derivative (PID) is the most
common control methodology in process control. It is a
continuous feedback loop that keeps the process flowing
normally by taking corrective action whenever there is
any deviation from the setpoint of a process variable. An
error occurs when an operator manually changes the set-
point or when an event or a disturbance changes the load,
thus causing a change in the process variable. The PID
controller receives signals from sensors and computes cor-
rective action to the actuators from a computation based
on the error (proportional), the sum of all previous errors
(integral) and the rate of change of the error (derivative).
Detailed description on PID control strategy can be found in
[14].
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The objective of the control in this work was to develop
n-line control action of the dissolved oxygen concentra
easured in a sequencing batch reactor. This concent
ad to be stable and as near as possible to a setpoint

rom expert knowledge of the pollution present in the pro
onsidered.

The development of an efficient dissolved oxygen c
roller in Celr̀a-WWTP required to consider the followi
pecificities:

The dissolved oxygen probe provides measurements
a 30 s delay. This delay greatly affects the precisio
real-time control algorithms.
The six steps of the SBR pilot operation cycle are c
acterized by a progressive filling of the reactor. Thus
each stage, a wastewater quantity to be treated is a
The air supply, which is carried out at the bottom of
reactor, requires applying a minimal voltage to the eng
This voltage (Table 1) depends on the water volume in
reactor and the pressure exerted by this volume or, sim
the step of the cycle.

able 1
inimal air supply voltage for each step

tep of the cycle Water volume (l) Minimal voltage (

517 0.5
555 0.9
592 1.3
630 1.5
667 2.3
680 2.5
.

Fuzzy logic is the emulation of human reasoning on c
uters. Since it was introduced by Zadeh in 1965[15], it has
ecome popular in various applications, ranging from s
huttle control to industrial process control. The key conc
n fuzzy logic are the linguistic variable and members
unction. A linguistic variable is a variable whose value
ot a number but a word, described in terms of nume
y a membership function. This first step is called fuz
ation. To perform fuzzy logic reasoning, a set of IF–TH
ules that emulate human reasoning needs to be spe
n IF–THEN rule is a simple statement that expresses c
nd effect and offers a final decision. This operation is ca

nferences. At last this final output is turned into numer
alue by deffuzification. Fuzzy inference systems have
roven to be powerful tools for solving complex proble
detailed description of fuzzy logic applied to bioproces

an be found in[16].

. Results and discussion

In this section, the results with the different meth
onsidered are presented. The first part is based on the
arison and the evaluation of the control action performa
DO stabilization around the setpoint). The on-line fuzzy c
roller structure, the rules bases and the fuzzy sets for
sed variable are also presented and described in deta
econd part is devoted to the discussion of the impact o
ontrol on the process monitoring with regard to cost m
ging possibilities.
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Fig. 3. Results of the on/off DO control: (left) on/off applied to step 1; (right) on/off applied to step 6.

Tests of dissolved oxygen control in Celrà-WWTP car-
ried out using the simple on/off algorithm were based on the
application of fixed voltages: 3.5 V, when the DO concentra-
tion was lower than the setpoint (2 mg L−1), and 0 V, when it
exceeded this setpoint. Let us note that the value of 3.5 V was
empirically chosen to be appropriate (in term of compromise)
for the six stages. As shown inFig. 3, for a lower voltage, the
DO tended to be lower than the setpoint for step 6. In addi-
tion, using the same kind of water, when this value (3.5 V)
was increased, the DO kept beyond the setpoint for step 1.
Concerning the on/off control quality with these values, the
DO presented fluctuations and significant setpoint overtak-
ings. Maintained oscillations (beating phenomenon near the
setpoint) were due to the system inertia and the controller
structure. This phenomenon was more or less amplified and
the algorithm proved to be sensitive to the probe delay, the
water pollution level, the bacteriological activity and the step
of the cycle. The absence of intermediate states between on
and off made the control action not very efficient, especially
with small errors due to sensors.

The application of the PID control strategy was very hard
since we did not have a model. Consequently, traditional tech-

niques for parameter determination was delicate to realize.
Fig. 4(left) shows the results obtained for step 1, with a well
adjusted PID (Kc = 0.7, Ti = 0.02, Td = 300). An important
improvement can be noted about setpoint overtakings. How-
ever the application of the same PID to other stages did not
guarantee any stability. To solve this problem, we considered
the possibility to develop local controllers for each stage. But
it was noticed that the same controller, applied to the same
stage was strongly affected by daily changes in water pollu-
tion level (Fig. 4(right)).

The conception of the fuzzy controller was based on an
architecture of two inputs and one output. The first input is the
difference between the setpoint and the measured dissolved
oxygen (DO− DOSP). This difference is expressed by means
of three fuzzy sets: negative (neg), zero (zero) and positive
(pos) (Fig. 5 (up, left)). The second input is the step of the
cycle (step), expressed by six fuzzy singleton sets (step 1
to step 6) in order to take into account the minimal voltage
necessary to inject air in the reactor (Fig. 5 (up, right)). The
output variable is the air injected into the reactor (aeration),
via the engine supply voltage. It is divided into eight fuzzy
sets as shown inFig. 5 (down): small, ok 1 to ok 6, and

contro
Fig. 4. Results of the PID DO
 l for step 1 and two different days.
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Fig. 5. Fuzzy sets of the on-line DO controller.

big. Each of the six subsets “oki” is centred on the voltage
allowing to maintain the dissolved oxygen at the setpoint
(DO− DOSP is zero) for “stepi”.

If (DO − DOSPis neg) the tension is increased while pass-
ing to the immediately higher subset. If (DO− DOSPis pos)
the tension is decreased by applying the immediately lower
subset. That justifies the two extreme subsets (small and big)
corresponding, respectively, to a voltage reduction for step 1
and to a voltage increase for step 6. This strategy is presented
the rule base (Table 2).

Technically, a Mamdani fuzzy inference system is used.
This kind of system allows a simplified representation and
interpretation of the fuzzy rules. The integration of expert
knowledge is thus easily realizable.

Fig. 6presents the results of the fuzzy DO control for steps
1 (left) and 5 (right). Contrary to the obtained results using
on/off and PID methods, the results are very satisfactory. In
fact, for each of the six steps, the control action made it possi-
ble to efficiently stabilize the dissolved oxygen concentration
around the fixed setpoint (2 mg L−1) and overtakings proved
to be tiny.

Table 2
Rule base of the fuzzy on-line DO controller

DO− DOSP Step

N 4
Z 6
P

Considering the previously evoked limitations about the
PID parameter adjusting, the following discussions are
restricted to the comparison of on/off and fuzzy controllers.
The performance evaluation is focused on the possibility
of clearly detecting the ammonia valley during the aerobic
phases, using the pH profile.

Fig. 7(A) shows a normal pattern for measured and calcu-
lated data results obtained when applying the on/off control
strategy. Thus, because of the DO probe delay (30 s), signifi-
cant setpoint overtakings had taken place. InTable 3, standard
deviations are superior to 0.2, when the DO measurements
are ranging from 1.3 to 3.3 mg O2 L−1. The on/off aeration
control was also responsible for an observed pH fluctuation.
Even though, when ammonia depletion is achieved, a mini-
mum appears in the pH profile, called Ammonia Valley (noted

Table 3
Statistical results for DO control

Step

1 2 3 4 5 6

On/off
Mean 2.45 2.27 2.19 2.14 2.05 1.85
Min 1.63 1.34 1.4 1.39 1.5 1.43
Max 3.28 2.89 2.8 2.7 2.56 2.15
Std 0.46 0.43 0.39 0.36 0.29 0.21

F
16
9

38
13
1 2 3 4 5 6

egative Small Small ok 1 ok 2 ok 3 ok
ero ok 1 ok 2 ok 3 ok 4 ok 5 ok
ositive ok 1 ok 2 ok 3 ok 4 Big Big
uzzy
Mean 2.02 2.03 2.02 2.01 2.04 2.
Min 1.9 1.88 1.91 1.86 1.92 1.9
Max 2.27 2.22 2.21 2.19 2.16 2.
Std 0.08 0.06 0.06 0.07 0.06 0.



18 A. Traoré et al. / Chemical Engineering Journal 111 (2005) 13–19

Fig. 6. Results of the fuzzy DO control: (left) fuzzy applied to step 1; (right) fuzzy applied to step 5.

Fig. 7. pH and DO profiles during the 8 h cycle length applied in the SBR pilot plant using on/off (A) and fuzzy (B) DO control.

AV in Fig. 7), could be established from a full cycle profile
during aerobic phases[9].

An 8 h cycle evolution of pH and DO after implement-
ing fuzzy logic DO control is presented inFig. 7(B). One
of the obtained advantages was the possibility of obtain-
ing a continuous oxygen uptakes rates measurement profile
described in[3]. On the other hand, pH and DO fluctua-
tions observed with the previous on/off control strategy were
considerably reduced due to lower air flow injection vari-
ations. Measured DO values were always between 1.8 and
2.2 mg O2 L−1 and, the standard deviation, near 0.07 (apart
from step 6). Compared to the on/off results, this represents a
very strong overtakings reduction, with mean values closer to
the setpoint. In spite of the displayed pH trend, the obtained
data with coupled noise were enough to clearly detect the
ammonia valley.

Various nitrification and denitrification cycles were car-
ried out at the Celr̀a-WWTP in order to test both material
(SBR pilot plant and sensors) and software (Labwindows®

interface and fuzzy control) robustness. The system oper-
ation proved to be sure and effective, which indicates that

choices, for both material and software, were judicious. Nitri-
fication and denitrification cycles allowed, by means of a
fuzzy on-line and effective control of the DO concentration,
a satisfactory elimination of nitrogenous compounds (ammo-
nia in the effluent close to zero) present in the wastewater
treated by the SBR pilot plant. A more extended use of the
fuzzy DO controller has been described in[9]. These control
strategies have also been applied to optimize the plant oper-
ation in terms of energy savings and effluent quality[5,17].

4. Conclusion

This paper presented an effective and robust tool allowing
on-line controlling the dissolved oxygen parameter during a
nitrification and denitrification process. This process’s main
objective is the elimination of nitrogenous compounds from
a wastewater. The fuzzy logic-based tool, developed under
Labwindows®, is of great interest for the SBR pilot plant
(Sequencing Batch Reactor) installed at the Celrà-WWTP
(Spain). It made it possible to carry out evaluations and
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effectiveness tests without disturbing the plant operation.
Fuzzy algorithms proved, by their fault tolerance ability, to be
robust and effective. They are very interesting tools in the field
of control and supervision. The fuzzy controller offered the
possibility to easily define a non-linear control law starting
from vague system knowledge. Regulation tools like on/off
and PID were also tested but had much more difficulty to carry
out an effective control. Indeed, they could not prevent impor-
tant setpoint overtakings, which had a negative impact on the
effectiveness of the nitrification and denitrification process.

The obtained results using a fuzzy controller showed
the effectiveness of this tool and its superiority compared
with traditional regulation techniques. The algorithm was
not affected by the probe delay or the process strong non-
linearity (biological state, water pollution level and system
working variations). The fuzzy division of the used vari-
ables allowed a flexible information treatment and a gradual
transition between the steps of the cycle. Due to its struc-
ture (subsets shape and rule base), the controller provided an
excellent reaction capability.

Future prospects mainly concentrate on the integration of
this on-line fuzzy controller into supervision and control tools
already installed at the Celrà-wastewater treatment plant. It
can also be implemented on other plants according to a nec-
essary adaptation of fuzzy sets and rule base in order to take
into account the specificity of organic matter and nitrogen
r

A

rn-
m po
O 79-
C ent
a sup-
p wl-
e eran
f udy.

R

ault
tell.

l of
years,

[3] S. Puig, L. Corominas, A. Traore, J. Colomer, M.D. Balaguer, J.
Colprim, An on-line optimization of a SBR cycle for carbon and
nitrogen removal based on on-line pH and OUR: the dissolved oxy-
gen control role, in: Proceedings of the Second IWA Conference on
Instrumentation, Control and Automation for Water and Wastewater
Treatment and Transport System, 2005.

[4] P.A. Vanrolleghem, Models in advanced wastewater treatment plant
control, in: Proceedings Colloque Automatique et Agronomie, Mont-
pellier, France, 2003, p. 26.

[5] A. Traore, L. Corominas, S. Puig, S. Grieu, F. Thiery, M. Polit, J.
Colprim, Dissolved oxygen control and phases duration optimization
in a sequencing batch reactor pilot plant, in: Proceedings of the
17th IMACS World Congress on Scientific Computation, Applied
Mathematics and Simulation, 2005.

[6] M. Galluzzo, R. Ducato, V. Bartolozzi, A. Picciotto, Expert control
of DO in the aerobic reactor of an activated sludge process, Comput.
Chem. Eng. 25 (2001) 619–625.
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