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Abstract—This paper describes a real-time process control scheme to cope with the problem of input
disturbances in wastewater treatment processes, based on a fuzzy inferential control system. This can
detect the presence of a dangerous input conditions whenever either organic overload or inhibitory/toxic
compounds are present in the raw wastewater. Based on this diagnosis, a set of fuzzy rules are implemented
to divert the process flow and bring the system back into a safe state. The control system was designed
and tested using a pilot plant, to which a toxic disturbance was applied. Its behaviour with and without
fuzzy control are compared, and the process reliability improvement in the controlled case is
demonstrated. © 1997 Published by Elsevier Science Ltd
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INTRODUCTION

Biological wastewater treatment plant are normally
designed with reference to a nominal operating
condition in which the loading rate is assumed to
be constant in time. However, in practice this
steady-state assumption is seldom met and in fact
the process is subject to wide fluctuations, both in
flow and organic loading, which often result in
performance degradation or even plant failure. The
successful management of these critical situations is
of high relevance for industrial applications, but has
received comparatively little attention. This involves
the solution of a complex control design, assuming
that on-line information about the quality of the
plant influent is available and that the plant is
equipped with flow control devices to alter the flow
patterns.

This paper presents a fuzzy inferential control
system to detect input disturbances and divert the
feed flow accordingly. The paper is organized as
follows: the pilot plant is described first, then the
control system is presented. It includes a fuzzy
diagnosis unit (inferential part), which recognises the
kind of incoming disturbance, and fuzzy control
section, which determines the appropriate control
actions in terms of flow manipulation. Experimental
evidence is presented to demonstrate the effectiveness
of the proposed control scheme; a toxic spillage
is simulated, using Tensid, and the plant behaviour
with and without control are compared.

*Corresponding author.

A deterministic controller would be inappropriate
in this case for several reasons, first of all, because
the process complexity prevents the development of
a suitable model. Also, the fuzzy approach is more
flexible in the judgement of input toxicity and can be
easily adapted when the operating conditions change.
Controller tuning was performed though disturbance
experiments to train the inferential part, which was
then coupled to a fuzzy controller based on the same
knowledge. Incorporating all this operational experi-
ence in a deterministic regulator would have been
impossible.

MATERIALS AND METHODS

Process configuration

The process scheme is shown in Figure 1.

It includes four stages (anaerobic, aerobic, nitrification,
denitrification) plus a front-end buffer tank and a settler
after each of the last three stages. The pilot plant is designed
for carbon and nitrogen removal, treating bakers’ yeast
wastewater with a high COD content (30 g/l) and a high
protein fraction (12 g/l). Taking into consideration the
characteristics of the pilot plant, the raw wastewater is
diluted to obtain a feed COD concentration of 15 g/l. The
flow rate is kept constant at 15 I/h. In the anaerobic process
about 65% of the COD load is converted into biogas. The
aerobic stage removes the rest of the biodegradable COD.
In the last two stages nitrogen compounds are eliminated
through nitrification and denitrification. Decoupling of
carbon and nitrogen elimination improves the robustness of
the biological system. Since the autotrophs are easily
affected by high COD loads, the aerobic stage behaves like
a buffer in front of the nitrification stage.

The anaerobic stage is a fluidized bed reactor using
sintered glass particles with porous surface as biomass
carriers (Aivasidis, 1989). During operation these carriers
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Fig. 1. General scheme of the pilot plant.

(751) expand to a 1501 fluidized bed (Aivasidis et a/., 1990)
with a hydraulic residence time of 26.7 h. The reactor is
operated at a constant pH of 6.8 and a temperature of 38°C.
In the other three stages, with local pH and temperature
control loops, free-floating biomass is recirculated through
local settling. The aerobic stage is a gas bubble column with
8 h hydraulic retention time. It is operated at pH = 7.5
and a temperature of 32°C. The nitrification stage has a
residence time of 25 h. The denitrification stage is designed
as a stirred tank reactor. Its residence time is of 12 h and
denitrification takes place at pH = 7.0 and a temperature of
30°C.

To accommodate input disturbances, a front-end buffer
tank is used to store excess wastewater. The flow through
the plant can also be manipulated either through dilution
of the feed with part of the treated effluent or by partial
bypassing of the anaerobic stage. This latter action can be
used to control the distribution of the COD load between
the anaerobic and aerobic stages.

Microbial pretaster

This instrument is a miniaturised version of the anaerobic
pilot plant reactor and is continuously fed with the raw
wastewater, as shown in Fig. 1. The retention time of this
scaled down reactor is 9 h thus providing a much faster
response to disturbances, so that a change in metabolic
activity can be detected before the main plant reactor
is affected. This device is equipped with a thermal mass
flow meter (Brooks Instrument B.V., Netherlands) and
a hydrogen measuring instrument (Stimotron, Germany).
These early warning signals represent the input information
used by the fuzzy inference system.

Influent characteristics

Wastewater from the bakers’ yeast industry is used.
It contains a high fraction of non-biodegradable com-
pounds, with maillard and humic substances representing
about 25% of the COD load. It also contains a high sulfate
load as a consequence of sulfuric acid titration during the
bakers’ yeast fermentation process. The maximum sulfate

concentration is about 4.3 gfl. To provide a critical input
load an anionic Tensid (Sodium-dodecylbenzene-sulfonate)
was used. It is reported (Wagener et al., 1986) that it
destroys the cell walls of anaerobic bacteria at concentration
above 0.2 g/l, whereas it is biodegradable in the aerobic
phase.

HYDROGEN AS A STABILITY INDICATOR

The behaviour of the anaerobic digester can be
monitored through biogas flow rate and hydrogen
concentration. The theoretical justification for select-
ing hydrogen as a stability indicator is thoroughly
discussed in the literature (Wolin, 1976; Harper and
Pohland, 1986; Aivasidis et al., 1989) motivating its
use as a process control parameter. The significance
of hydrogen for anaerobic process control is also
emphasised by other research groups (Archer et al.,
1986; Whitmore et al., 1987; Ricker et al., 1988;
Dochain et al., 1991).

FUZZY PROCESS CONTROL SYSTEM

Fuzzy process control has been successfully
applied in a number of cases; a thorough survey can
be found in (Sugeno, 1985; Hirota, 1993) whereas for
a general introduction to fuzzy control the reader
is referred to Driankov er al. (1993). The fuzzy
process control of anaerobic digester was considered
before, though at a simulation level only and with
a more limited objective (Marsili-Libelli, 1992).
Partial preliminary results of this research can be
found (Marsili-Libelli e al., 1994) and (Miiller et al.,
1995).
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Fig. 2. Integration between process and fuzzy control system. The dashed lines represent the control action
paths.

The fuzzy process control system is conceived
to prevent the adverse effects of a toxic input,
using the three control actions illustrated in the
previous section (bypass, storage, and dilution). For
this purpose the fuzzy process control system is
subdivided into a diagnosis and a control unit.
The diagnosis module detects deviations from
normal operating conditions, whereas the controller
is conceived to bring the system back to normal
operation when a critical situation is detected. The
connection of the fuzzy process control system to
the pilot treatment plant is summarized in Fig. 2.

Flow routing and timing

Control consists of a combination of flow routing
alternatives with the buffer tank used to accumulate
shock loads. Under normal conditions this is
operated with a filling volume of 20% of its storage
capacity. In case of a shock load, this volume is used
to dilute the influent, thus protecting the anaerobic
digester from shock load before this is detected by the
pretaster. In fact the diagnosis is linked to the
pretaster response time.

When a shock load is detected, after the time delay
of the pretaster, the critical wastewater is stored in the
buffer tank in the time interval (t,—t;) (see Fig. 3).
Then, when the influent quality is back to normal, the
buffer tank bypass is activated in the time interval
(t>-t3), routing the uncritical wastewater directly to
the anaerobic stage and leaving the critical load in the
buffer tank. This is then diluted and released at a
safe rate through mixing with the bypass flow. The
anaerobic bypass splits the critical load between
the anaerobic and aerobic stages and is active in the
time interval (1-t;). However, in Fig. 3 it is indicated
that the anaerobic bypass is already active at time t,.
This related to the buffer tank operation. In fact, in
order to maintain the storage capacity of the buffer
tank as long as possible, the maximum storage
rate is limited to 85% of the plant flow. The
remaining critical load of 15% is then supplied to the
aerobic stage by the anaerobic bypass during the time
interval (t,—t;). The dilution feed replaces the stored
wastewater in the time interval (t—t;) keeping the
residence time of the anaerobic process constant.
This control action is also beneficial to dispose of

. _ influent influent
. n ' i
influent buffer tank b%ﬁe;k:snk a bjﬁ:’sg"c d'f':;'g" anaerobic aerobic
0 yP stage stage
3 E t_.r—l_
o) 3 | l
= e ] — H
1412 . [} I1T2 6 11 lz tg [ tzl 13 l1 (2 . l3 Wiy 13 iy 13
time time time time time time time
— —
Bl
i ] 1 -
Wi 3 iz 4 iy 13 Wi 4 Wiz 13 g 4 W &
time time time time time time time

Fig. 3. Timing of flow routing alternatives during a critical event.
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recalcitrant components which are thus washed out
of the anaerobic process.

The structure of the fuzzy controller is now
described in detail. With reference to Fig. 2, this is
composed of three elements: fuzzy diagnosis, fuzzy
control rules and defuzzification.

Fuzzy diagnosis unit

The purpose of this module is to express the
plant operation in terms of ‘normal’ and ‘critical’
behaviours, based on the measurements provided by
the pretaster. The fuzzy diagnosis unit needs a
preliminary training phase during which test data
are classified into a predetermined number of process
classes (Prototypes). These data were obtained
through specific experiments with the pilot plant and
known loading conditions. The experimental values
of the detection variables (hydrogen and biogas)
were clustered with a Fuzzy C-Means (FCM)
algorithm (Marsili-Libelli, 1989) into four main
behaviours: normal, overload, inhibition, toxicity.
During the subsequent on-line operational phase, the
same quantities are used by the fuzzy algorithm to
determine he extent of membership to these classes.
In this way the plant condition is expressed in fuzzy
terms, ready for further fuzzy processing.

For developing the fuzzy cluster diagnosis unit
several COD overload, inhibition and toxicity

the two process variables is shown in the following
Fig. 4.

To demonstrate the diagnostic procedure three
experiments are shown in Fig. 35, representing
overload (A), inhibition (B) and toxic (C) situations.
Experiment A is a simple COD overload, causing
an increase in both biogas flow and hydrogen
concentration. Experiment B differs from the
previous one, because the COD overload is super-
imposed to an initially existing organic inhibition,
increasing the inhibition state. For this exper-
iment, gas chromatographic analysis proved that
propionic acid concentration—under normal con-
dition below 2 mmol/l—reaches the inhibitory range
of 9-12mmol/l. This kind of inhibition can be
distinguished from plain COD overload (experiment
A) by a decreasing biogas flow. In experiment C,
Chloroform is administered. This is as a toxic
substance, being capable of destroying the cell walls
of anaerobic bacteria and producing an irreversible
damage. Toxicity can be distinguished from inhi-
bition because in the former case the hydrogen
concentration remains constant.

These results are further processed by fuzzy
reinforcement functions, where more linguistic
attributes are used to maximize the controller
sensitivity. For this purpose the functions of
Fig. 6 are used. For example the normal state is
reinforced to high normal through the function in
Fig. 6(A). The overload state is attenuated for high
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Fig. 4. Cluster positions in the hydrogen/biogas plane.



Fuzzy control in wastewater treatment

3161

Experiment Fuzzy diagnosis
sﬂ- 30 1.0 A
8 5 A — -‘ ) -
§ 20 [] =08+ oo
10 5 : i
2. ~_/\- 8064 normal | \
&8 24 € 4 ---- overicad \
@ 1. 5 044 —— inhibition \
g _ 1 —— toxicty '
§ gm-"-ﬁ—‘k 502- “-_"-----~---‘ \\"~
5 1 w j P o=
% 200 S — 00 — —
0 10 20 0 40 0 10 20 0 40
time (h] time [h)]
§ = 0 Jresi tmet<0 10
26.7h I A
3 E 0 B 08 -
[ 2 <

o
o
1

Fuzzy membership [-]
o o
~N n
J T Y

LR AL A DL B
o+ 2 3 4 5 6 7 ]
time [d]
200 1.0
E o C _ 1
% g- 4 2-08-
Q.E ) I | ﬁ E
e_ 2 : g 0.6-:
§ g 13 |\ — § 0.4
c o E -
§ 5200 §o2- i
S &1(”-" u’_ w—-.—u.a?—'-m-m-\._"lk.'
2= o0 e — 00 .,.,.,’,“J‘
0 5 10 15 20 0 10 15 20
time [n} time [h}
Fig. 5. Shock experiments and related fuzzy diagnosis.
values and amplified for small values (Fig. 6(B)). closely monitored experiments, during which

Figure 6(C) reinforces the critical state from a value
of about 20% onwards. The expression critical
comprises both the inhibition and toxicity states
through addition of their membership values, because
with respect to the control action a differentiation
between these two variables is not required. Finally,
Fig. 6(D) shows that the filling state of the buffer
tank is represented by two separate fuzzy variables
(empty and full), which are not complementary
and are active only at the limits of the available
volume.

Fuzzy control rules

The fuzzy control rules incorporate the knowl-
edge of the process dynamics gained in months of

process reactions to a number of shock and
subsequent recovery actions were analysed. After
a long scrutiny, a large set of control actions was
condensed into the rules of Table 2, where the
plant diagnosis forms the fuzzy premises. It should
be reminded that though the buffer tank is the
manipulated unit, the real objective of control is the
anaerobic digester, for which there is no possible
direct control.

The first rule, being primarily pre-emptive,
controls the storage procedure. As the storing
rate is implicitly determined by subtracting the
anaerobic bypass flow from the dilution rate, an extra
storage variable is not implied in the rule. Critical
and overload behaviours are kept separate, because
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Fig. 6. Fuzzy reinforcement functions.

in the critical case a stronger control action
must be taken, whereas the overload behaviour
involves a weaker control action. Moreover,
the storage capacity of the buffer tank has been
included in the premise of the first rule as a safe-
guard against overflow, whereas in the second rule
it has the role of preventing complete emptying
of the buffer tank, leaving a minimum safety level
of 20%. Rule 2 also takes into account the
residual storage capacity. When this is exceeded the
buffer tank is bypassed, regardless of the current
influent quality. For this reason it is important
to design the buffer tank with sufficient storage
volume.

In practice the two rules operate in sequence,
so that at the beginning of the shock rule 1
will predominate, and then rule 2 will gradually
take over. However, given the fuzzy nature of
the scheme, the actual control action is a combin-
ation of the two rules depending on their individual

degree of activation given by the fuzzy diagnosis
unit.

Defuzzification unit

In this unit the fuzzy sets resulting from the
previous rules of Table 2 are converted back into
crisp output variables through the Mean of Maximum
(MOM) operator.

The defuzzification functions (Fig. 7) have a
threshold value of 0.1 in order to suppress any
control action below a minimum output value. The
anaerobic bypass is set to its maximum value if the
rule activation is greater than 0.4. By this amplifying
function the anaerobic bypass is switched on
immediately. The maximum value of the buffer tank
bypass is reached at a degree of activation greater
than 0.76. This value results from rule 2 showing that
this is the upper limit of the buffer tank variable full.
In this way the limitation of the buffer tank bypass
to a size of 76% is removed.

Table 2. Fuzzy inferential control rules

rule 1: prevention
then
set dilution to high
set anaerobic bypass to high

rule 2: restoration
then
set buffer tank bypass to high
set anaerobic bypass to high

If (behaviour is small critical OR behaviour is high overload) AND buffer tank is oz full

If (behaviour is high normal AND buffer tank is not empty) OR buffer tank is full




Fig. 7. Defuzzification functions.
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control system. Figure 8 shows how the premises of
the fuzzy rules are activated by the toxic shock load.
Wastewater with Tensid is administered during the
time interval 23.2-46.1 h. At 48 h the contaminated
biomass culture of the pretaster is replaced with a
new fresh culture.

This is a necessary step for the process control
procedure, because otherwise the fuzzy diagnosis
would still indicate irreversible toxicity and prevent
the restoration of the buffer tank. It may be objected
that in doing so the state of the pretaster does not
longer reflect the state of the main digester, hence
the measurement coming from it are no longer valid.
On the other hand it should be understood that
once the buffer tank is full, the maximum action has
been taken to prevent the shock load from damaging
the plant and nothing else can be done. It should
be reminded that this control system is conceived to
cope with short-term disturbances and that in the
long run human assistance is needed anyway for
maintenance.

The control actions shown in Fig. 8 are now
analysed. Three different phases can be distinguished.
In the first phase Rule 1 (prevention) prevails.
Dilution rate, anaerobic bypass and therefore the
storage rate are mainly controlled by the fuzzy
variable small critical. Phase 2 begins when all the
storage capacity has been used up, the transition from
prevention to restoration begins and Rule 2 prevails.
Now the buffer tank variables not ful! (Rule 1) and

Sull (Rule 2) are dominant. Tensid-free waste is fed
to the process, the buffer tank bypass is turned on
to maximum and the Tensid-rich waste is kept
in the buffer tank. The third phase is initiated by
the recovery of the pretaster and relies only on
Rule 2. The fuzzy variable high normal controls the
re-emptying of the buffer tank. Eventually, the
control action is terminated by the fuzzy variable not
empty, which has a value of 0.1 corresponding to a
restored storage capacity of 99%.

Figure 9 illustrates these control actions: Tensid is
temporarily stored in the buffer tank and the peak
load to the plant is reduced. The same Tensid shock
experiment is repeated with or without the fuzzy
control system. In the latter case the plant is operated
with a constant minimum filling-level of the buffer
tank. The Tensid loading rate to the plant and to the
buffer tank is depicted in the upper part of Fig. 9,
whereas below the integral sum of the tensid flow rate
is shown, normalized to the total amount of injected
substance.

The fuzzy process control becomes active at time
35.7h. At this time 43% of the Tensid load has
already entered the plant. Meanwhile 85% of the
Tensid flow (7.5 g/h) is diverted to the buffer tank,
where 44% of the Tensid load is stored. Through
activation of the buffer tank bypass the Tensid is kept
in the buffer tank until 85 h, when emptying takes
place with a drawing rate of 1.0 g/h until 178 h. At
the end of this procedure a secondary peak of Tensid
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Fig. 8. Fuzzy premises and control actions during Tensid shock experiment.

loading rate appears (t = 175 h), when the buffer tank
bypass is deactivated and the feed passes again
through the buffer tank washing out the residual
stored Tensid.

The results without control demonstrate that the
dilution capacity of the buffer tank achieves only a
retention of Tensid by 10%. As no control action is
taken the Tensid is directly washed out and already
after time t = 50 h the whole Tensid load has entered
the plant process. The two peaks of the buffer

tank loading rate at timet = 23.2 hand t = 46.1 hare
consistent with the hydrodynamics of the CSTR,
representing the derivative of the flow at switching
times.

In Fig. 10 the response of the anaerobic digester to
the Tensid load is illustrated. The upper row shows
the profile of Tensid concentration flowing through
the anaerobic digester. This substance is toxic and
non-biodegradable in the anaerobic phase. In the
lower part the biodegradation of the carbonaceous



Fuzzy control in wastewater treatment

3165

Tensid distribution
plant buffer tank
10 10
™ 4 = fuzzy control ° 84 , - fuzzy control
- L ~-<=- nocontrol ® € l ~=<= no control
- ‘_
g & £ _23: (o) serg
35 1 85 o+ Vp—comeoe- -
js 4 -2
5 5] LIBE
- 2 2 -6
E -81
0 Py T B —
C 5 100 180 20C 250 A 0 50 100 150 200 250 30C
time {h] time [h}
1.2 12
-§_ 1.0 gy 5 10: — fuzzy control
3 :08: ! ..i: :08 ~===no control
tx :‘ e fUzzy CONLTOI TR 1
2 goa- ! -=~== no control 2 §06-
257 ]
%;0.4- 8304
E o024 £ 024
L b [}
0.0 +——1———r—1——1——— 0.0 +—~b—+———1—+—1>+—+—-
a 5 100 150 200 250 30 0 50 100 150 200 250 3
time [h] time fh]

Fig. 9. Comparison of Tensid distribution between buffer tank and plant with and without fuzzy process
control during Tensid shock load experiment.

compounds efficiency is described. This is expressed
by the COD specific loading rate, i.e. COD loading
rate normalized to the digester volume. From the
COD input/output data the removal efficiency is
computed. In the control experiment it is also
indicated that in the time interval 35.7 h to 51 h the
COD conversion factor is undefined because of the
interrupted COD input when buffer tank storage is in
effect (shaded area). COD removal efficiency, initially
at 65%, decreases to 39% right after the shock
but eventually recovers at 62% at 250 hour. In the
no-control case, this parameter remains low, indicat-
ing irreversible damage.

The result of this comparison experiment demon-
strates that without fuzzy control the high Tensid
concentration (0.3 g/l) peak value adversely affects
the anaerobic digestion causing an irreversible
damage, as indicated by the COD removal efficiency
which decreases from an initial 55% down to 24%
and later never recuperates beyond 45%. In the
‘no control’ experiment the COD values are generally
lower, because in the time between the two exper-
iments the sulfate content of the wastewater had
changed from 3.5 g/l to 4.3 g/l.

The result of the fuzzy control experiment shows
that the fuzzy process control is capable of keeping
the Tensid concentration lower, with a peak value

of only 0.16 g/l. This is an improvement of 47%
compared with the ‘no control’ case and prevents
irreversible damage to the anaerobic stage.

CONCLUSION

The problem of feed disturbances in waste-
water treatment systems is quite relevant since the
efficiency of biological wastewater treatment can be
significantly impaired by a sudden input of toxic
substances or simply an overload of normal feed.
This paper proposes a real-time process control
scheme to cope with this problem, based on a
fuzzy control algorithms. This is composed of two
main sections: diagnosis and control. In the first, the
extent and nature of the disturbance is analysed by
comparing the data coming from a front-end sensor
with values tuned with a preliminary training. In
this way a fuzzy assessment of plant state is
obtained. This information is then applied to a set of
fuzzy control rules which determine the control
actions needed to minimize the effect of the shock.
The possible control actions are a combination
of three flow routing alternatives: storage of the
disturbance into a buffer tank, partial dilution with
the treated effluent and bypass of the anaerobic
digestion stage.






