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Abstract: In this paper, a linearizing control law of an activated sludge process is
proposed. The objective to be rcached consists of controlling the concentration of
nitrogen products at the outlet of the settler. The oxygen concentration is supposed
to be constant during aervobic phases. The contro) variable is the external carbon
supplying during anoxic phases. The open loop model of the process is a simplified
version of the nonlinear International Association for Water Quality model. A
nonlinear control law is derived such that the closed loop system behaves like a linear

system whose dynamics can be fixed a priori. Copyright © [999 [FFAC
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1. INTRODUCTION

Biological treatment of urban wastewater is often
carried out in activated sludge processes. Orga-
nic carbon products removal is not. anymore the
only limiting element of the water quality. As a
set-off, improving this quality can be obtained
by enhancing the struggle against the nitrogen
pollution. New more drastic standards on a two-
hours sample are imposed nowadays. In order to
control the process, two main control variables can
be chosen :

e the air flowrate during aerobic phases (nitrifi-
cation) when the oxygen concentration is not.
regulated,

e the external carbon supplying during anoxic
phases (denitrification).

The aim of this paper is to present some results
about linearizing control of a sequential activated
sludge process when the oxygen concentration is
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regulated during aerobic phases. So, the control
variable is the external carbon concentration sup-
plied during anoxic phases. It is assumed that
nitrate concentration can be measured on-line and
ammonia concentration can be reconstructed by
implementing a state observer.

2. DESCRIPTION OF THE PROCESS

The studied continuous flow activated sludge pro-
cess (low organic load] comprises a mixer, an
aeration tank and a setiler (Figure 1). Biomass
is recycled from the settler to the aeration tank,
excess sludge is wasted from the latter and oxy-
gen s supplied intermittently in the reactor to
create nitrification and denitrification conditions.
Carbon and nitrogen are removed via this process.

Switching between aerobic phase and anoxic phase
occurs when the ammonia concentration is less
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Fig. 1. Activated sludge process.

than the ammonia saturation coefficient for the
autotrophic biomass (# ngaa1). Switching bet-
ween anoxic phase and aerobic phase occurs when
the nitrate concentration is less than the nitrate
saturation coefficient (Kxoa).

Two control variables can be considered :

(a) the addition of an external carbon source
during the denitrification phase,

{b) the aeration flowrate to optimize the cycle
lengths (nitrification/denitrification} to meet the
required effluent criteria and minimize eventually
the energy consumption.

On-line measurements available for these controls
arc oxygen and nitrate concentrations. Off-line
measurements of ammonia concentration are also
available and necessary for off-line identification
of model parameters.

3. MATHEMATICAL MODELLING

The reference model which describes the elimina-
tion of nitrogen and carbon is the I.A.W.Q. model
n?1 (Henze et al, 1987a; Henze et al, 1987b) in
which some modifications have been made (Julien
et al, 1998a). It contains eleven state variables and
twenty parameters. The considered reactor being
a low organic loading activated sludge process, the
removing of carbon does not state a problem ;
so, it may be interesting for control study, to get
a simplified state model characterized by three
state variables Syo3, Syma and Sp» denoting
concentrations of nitratc, ammonia and oxygen
respectively.

In order to get a reduced order model, a cer-
tain number of approximations has to be done
from biochemical and mathematical considera-
tions. This can be achieved by observing the evo-
lution of state variables in different experimental
conditions and by simplifying the reaction kine-
tics.
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The final reduced order model fulfils the obser-
vability property in both conditions (aerobic and
anoxic) and the controllability property in aerobic
conditions (Julien et al, 1998b). It is described by
two differential equation systems :

e aerobic submodel (Sp2 > U)

. 1
Syoaz = —(D+ D.) Snos — mﬂ'zmz + P3ae
Snia = D Snrain — (D + D) Snas 1
—b (prae + P2ae) — P3ae + Prae )
SO'.! = —(D + Dc) .‘;(72 = Plae — 4-57[73(”!
+kla (So2sat — So2)
with
ks So2
ae = k S int =) a T
Pae 12 ( Sin D)502 +KO2H
) ks Koan Snos
Pae = ’&22 (SSXYI - D)S()Z + I\’OQH SA'()3 + I{IVO'J
psne = ks So2 SNH4
7™ Sou + Kosavr Snia + Knpsavr
Paac = k4

e anoxic submodel (Sp2 = 0)

. . 1
Syos = —(D+ D.) Snos — 586 Plan

Snua = D Svpain — (D + D.) Snus (2)
-b Pran + Pzan

So2 =0
with
SNos

~ ONH4

tan = kap O3 ONHI___
Fips *Snos + Knos Swia + Knman

D, ks Sno3
Sgin + — Sgp + — e T
(Ssin + D Sse + D oy Nos + Knos

Pan = k'4
where

e D = 9‘-,?- and D, = % with Qg the input
flowrate, Q. the external carbon flowrate and
V' the volume of the reactor,

e Ss. is the concentration of the supplied ex-
ternal carbon,

e kla and Sousa are the coefficient of oxvgen
transfer and the saturation concentration of
oxygen, respectively,

e S~pgiin and Ss;, are the concentrations of
ammonia and soluble carbon in the input
wastewater,
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e (ky2, k22, k3, ka, ks, Kooz, Kowauvr,
Knnaavr, Knos, b) and (kaa. ka, ks, Knoa,
K npam, TNosa: b) arc the model parameters
to be identified (Julien et al, 1998b) respec-
tively in aerobic and anoxic conditions.

(Ko2u, Koz2avr, Knmasvt, Knnan, Knos,
7ivosn) are common parameters with the
LAW.Q. model n°l (Henze et al, 1987a;
Henze et al, 1987b), whereas (ki2. koo, Ka,
ka, ks. b) are specific to the reduced arder
model.

4. FORMULATION OI THE CONTROL
PROBLEM

4.1 Objective

According to the new European standards of the
water quality, the global nitrogen concentration
must be lower than 10 g/m® at the outlet of the
settler, for mean saniples over two hours (NG L2
standard).

But, at the outlet of the settler, the organic nitro-
gen concentration is practically constant, about
2 g/m*. So, the NGL» standard can be replaced
by a standard on the sum of ammonia and nitrate
concentrations equal or less than 8 g/m3.

Assuming that. the oxygen concentration is regu-
lated at 2 g/m?®, the only possible control variable
is the external carbon concentration during anoxic
phases.

4.2 Linearizing control

Because of the sequential behaviour of the process,
the latter is always in transient statc. So, it can
be interesting to control the process dynamics
during anoxic phases, in order to get the nitrogen
concentration at the outlet of the settler at the
necarest possible value of the standard. To solve
this problem of control, the linearizing control
method (Bastin and Dochain, 1990) can be used.
Two types of output variable can be considered :

e the nitrogen concentration Sy at the outlet
of the settler (“First case”) :
y(t) = Sn(t) (3)

e the integral over a period T (e.g. T = 2 h)
of the nitrogen concentration at the outlet of
the settler (“Second case”) :

t1+T

[ svoa @

31

vt = 5

Copyright 1999 IFAC

14th World Congress of IFAC

In both cases, a mathematical modecl of the settler
is needed. A simplified model consists of writing
down a first-order filter equation :

dSj; +
B = D529 (50, + S, — 5x) ()
where Vy is the volume of the settler.

The principle of linearizing control is to find a
control law Ss (i) such that the tracking error
(y* —y) between the model output y and the desi-
red output y*, is governed by a prespecified stable
linear differential equation selected as follows :

4 d"
D Nyl —u®] =0, Xo=1(6)
j=0

where § is the relative degree of the system. The
control design consists of calculating the terms

“_'Piﬂb_,‘._._ﬁ and of replacing them in (6).

3. CONTROL ALGORITHMS AND
SIMULATION

In this section two control algorithms are esta-
blished according to the two types of output va-
riable defined in the preceding section. The input
variables (input flowrate, input ammonia concen-
tration, input carbon concentration) are depicted
on Figure 2 :
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Fig. 2. Input variables.

Simulations are carried out for two types of wea-
ther (dry and storm) scaled for a pilot unit.
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5.1 First case

The considered output variable is the nitrogen
concentration at the outlet of the settler. In this
case, the relative degree of the system is equal to
2. Tt means that, the output equation (5} has to
be differentiated twice. The control algorithm is
as follows :

Vu

! S5
Qs + Qe ¥

Den

__(Qs_"-__gc_ —
Vu

Sse = {—D SN#1in — A2 - y)

M) (Snos + Sxra — SN)

—ky + (D + De)(Snos + Sna) (7)

SNoO3 SNH4 b
Svos + Kyvos Svua + Kngan

ks —=1NO —NOs __ )}
D % Snos + Knos

+Kka22

'{“2*‘8‘6)(551"

where
— pen D Snoa SNHa
Den = ka2 75 SvoatKnoa SnuatKnian

(b+ 2=

286

Simulation resulits : the performances of the above
controller are shown on Figures 3 (dry weather)
and 4 (storm weather).
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Fig. 3. First case - dry weather.
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Fig. 4. First case - storm weather.

5.2 Second case

The considered output variable is the integral over
two hours of the nitrogen concentration at the
outlet of the settler. In this case. the relative
degree of the system is equal to 3. It means that,
the output equation (5) has to be differentiated
three times. The conirol algorithm is as follows :

Va.T

Sge = =— Os 1 0. (¥*" —u)

DPn [ D S'\th As

—(&‘—Td& A )(Snos + Snirs — Sn)

‘/d R
Q + Qc ! (8)
+(D 4 De)(Svos + Snaa)
+kyy S~xoa Snaa
Snos + Knoz Svea + Knmarr
k Snos
S n 4 < .
+3 86)( Si D'IVOSI)S on 1 Knos

where Den is the same as in the first case.

Simulation results : the performances of the above
controller are shown on Figures 5 (dry weather)
and 6 (storm weather).
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Fig. 5. Second case - dry weather.
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Fig. 6. Second case - storm weather.

5.3 Comments on simulalion results

The performance of the control law must be
characterised by considering two aspects : the
quality of the standard respect and the cost of
the control action (the air supplied during aerobic
phases and the external carbon supplied during
anoxic phases).
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By considering the preceding figures, the following
comments can be stated :

e the lengths of aerobic and anoxic phascs
can be obtained by considering the control
variable (carbon concentration) evolution ;
aerobic phases correspond ta zero concentra-
tion ;

e in the “second case”, the standard is better
respected than in the “first case” ;

e the overshoots at the output are lower in the
“second casc” ;

e the quantity of needed carbon is lower in the
“first case” ;

e in both cascs, the quantity of air supplied is
the same.

Quantitatively speaking, the main numerical re-
sults arc given in the following table :

Table 1. Comparative results for both cases

Description First case Second case
output output

Type of weather dry storm  dry storm

Carbon mass (g) 2049  37.09 31.46  47.24

Overshoot integral  1.74 3.21 0.92 1.00
{g/m®.d)

The “first case” is preferable if the cost viewpoint
is the most important, whereas the “second case”
allows a better quality of standard respect.

6. CONCLUSION

In this paper, the problem of controlling the
concentration of nitrogen products at the outlet
of the settler has been solved by applying a linea-
rizing control method well known in the field of
biotechnological processes. Simulation results are
globally satisfactory. Neverthcless, on the applica-
bility viewpoint, the theoretical control law must
be slightly modified in order ta take into account
the real constraints of the action modes.

The peaks ohserved on the figures of the external
carbon concentration evolution must be avoided.
For that purpose, a mean control value over an
anoxic phase can be applied instead of the theo-
retical control law.

The simulation results do show that there does
not exist an optimal solution : a good solution
is derived from a compromise between the cost of
the control action and the respect of the standard.
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