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Abstract. The control system is develop ed for accurate s et-point control of di ssolved ox ygen concentration in
industrial aeration tank b ased on adaptation of PI controller to time-var ying dynamics of the controlled process. The
controller adaptation algorithm refers to the process state model-based transfer function that follows changes in process
dynamics by up dating the function par ameters with on-line m easurements of p rocess variables, and the con troller
tuning rules developed for typical structure transfer function models.

The con trol s ystem was inves tigated via computer s imulation of the dissolved ox ygen con centration set-poin t
control in an in dustrial a eration tank und er p rocess disturb ances and set-poi nt s tep changes . T he control system
demonstrates fast adaptation of PI controller parameters and no ticeably higher accuracy control compared to that of

ordinary fixed gain PI controller.
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1. Introduction

One ofth e keytechno logical f actors of the
activated sludge treatment process in aeration tanks is
oxygen supply, and the oxygen supply rate is the main
parameter actively af  fecting biological treatm ent
process. Basic requ irement for oxygen supp ly is th at
the dissolved oxyge nc oncentration (DOC )i n
nitrification zone is not less t han predetermined level
(2kgm™)[1]. Ifth e nitrification and de nitrification
processes ta ke place in the  same aeration tank, t he
energy sa ving an d m aintenance  balance bet ween
aerobic / anoxic sectio ns of the sludge flocks can be
achieved by accurate control of DOC for keeping the
optimal technological regime, usually 0,15-0,5 kg m™~
[1]. As the controlled process is highly nonlinear and
nonstationary, an ordinary PID control is not adequate
to cope with the DOC accurate control task. The DOC
control problemin ind ustrial acratio ntank is
illustrated by a graph in Figure 1, which sho ws the
performance o f o rdinary P ID co ntroller b y t racking
the DOC set-point at process state change.

Various adaptive and nonlinear control approaches
have been proposed for controlling DOC in aerotanks
under time-varying operating conditions. Turmel ef al.
[2] investigated se veral c ontrol m ethods (PID, fuzzy
logic and self-tuning control) by computer simulation
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Figure 1. Illustration of DOC control in industrial aeration
tank by ordinary PID controller

of th e activ ated slud ge plantu singth e Activated
Sludge M odel 1 ( ASM1). T he sel f-tuning co ntroller
based on ge neralized p redictive co ntrol method
demonstrated ro bust beha viour and proper responses
to various operating conditions. There was indicated a
problem of rel iable measurements, which can be used
to im plement th e con trol sy stem. Galluzzo et al. [3 ]
proposed an ex pert co ntrol stru cture fo r controlling
the DOC, which takes into account several processes
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that are influenced by oxygen concentration in aerator.
In the control system, a su pervisory fuzzy controller
determines the DOC set-point for inn er control loop,
in which an ad aptive robust generic model control is
used. T zoneva [ 4] presented an approach of pe riodic
retuning of DOC con troller th at do es not req uire
disturbing of t echnological p rocess. I dentification o f
process dynamic parameters is performed on personal
computer witht he M atlab/Simulink e nvironment,
connected to PLC. De Leon ef al. [ 5] proposed two
dimensionless p  arameters, wh  ich relate th e
physiological, ope rational and  bioreactor design
parameters with the tuning parameters of PID co ntrol
algorithm. Th e di mensionless parameters can be
incorporated in to ad aptive control strategy with out
disturbing the ongoing p rocess. C hang Ky oo Yoo et
al. [6]u sedth e Kalm an filterto est imate two
important parameters that characterize = dynamics of
the biological treatment process — oxygen transfer rate
and respiration rate. These param eters w ere f urther
applied f or n onlinear m odel-based co ntrol of DOC.
Caraman et al. [ 7] proposed a predictive controller of
DOC with a neural network as internal model of the
controlled process. The similar approach isused by
Holenda et al. [8], only the ASM1 model is used for
the process modeling.

In the presented paper, an adaptive control system
of DOC in ind ustrial aeratio n tank is proposed, in
which a priori kn owledge o f't he ¢ ontrolled p rocess
and available on-linem easurements of process
variables ar e exploited. The p rocess know ledge is
included in a simple model, which is updated with on-
line measurements of proces s varia bles and applied
for perm anent retuning of controller p arameters.
Advantage of't he p roposed co ntrol system is fast
adaptation of controller to op erating co nditions an d
avoidance of pr ocess di sturbances fo r the dynamic
parameters estimation.

2. Aero-tank process

Technological scheme of the wastewater treatment

Incoming wa stewater fl ow Fj,,, th roughth e
screens, co mminutor and grit ch amber falls in to the
distribution ¢ hamber, in  which t he wastewater is
mixed with the returned sludge flowing in at rate F,.; .
The mixed wastewater flow F},, falls in to aeratio n
(biological treat ment) tank . In th e aeration tank, the
wastewater to be purified is brought into contact with
the activ e slud ge m ass. Ox ygen requ ired forth e
biological process is supplied to aeration tank through
the air blowing equipment. The airflow # for aeration
comes from the blower sta tion. T he m ixing sy stem
provides with the best p ossible contact be tween the
bacteria cells andt he nutrient,the  widespread
diffusion of oxygen to tho se ar eas r equiring oxygen,
and prevents formation of deposits. The purified water
falls in to final settlin g tank , in wh ich t he water is
separated fromt he m icroorganisms’ cu lture. Th e
biological sl udge co llected fro m th e settling tank is
returned to the aeration ta nk. T he e xcessive sludge
with the flow rate F,,. is removed for digestion.

The m ostim portantt echnological pa rameter
actively af fecting biological t reatment proces si s
DOC, which is co ntrolled by m anipulating t he ai r
supply rate. T oensure the m ostef fective
biotechnological regime, the DOC in aeration tank is
to be accurate ly controlled a t predete rmined optim al
level. Importance of the DOC accurate control is also
related to significant energy expenses for aeration.

The main problem that complicates accura te set-
point ¢ ontrol of DOC is variation o ft he controlled
process dy namics caused mainly by unpre dictable
changes of oxygen uptake rate as well the flow rate of
incoming wastewater a nd DOC conce ntration in
incoming wastewater.

process is shown in Figure 2.
lu
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Figure 2. Technological scheme of the wastewater treatment process
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3. Development of control system

The approach to the process controller ad aptation
isbased onusinginthe DOC c ontrol system an
adaptive tran sfer fun ction model fo r track ing ti me-
varying dynamical param eters ofp rocessa nd
permanent re tuning of't he feed-bac k cont roller
parameters [9].

Development of the transfer function model refers
to a first principles model describing the mass balance
for DOC in aeration tank:

ﬁzKLa-(c* -c)+(c, —c)i—OUR,
dt |4 (1)
Ka=a-u, 2 )

where ¢ is the DOC (control variable), kg m™; ¢ - is
saturation value of DOC, kgm™; K, a is volumetric

oxygen transfer coefficient from gas to liquid phase, h°

L ¢,, isDOC in the inlet wastewater, kg m>; Fy, is

the inlet flow rate of wastewater, m*h™, V' is volume
of aeration tank, m®, OUR is oxygen uptake rate, kg m"
Shls u is air flow rate (m anipulated variable), m’h!;
a, y are the model parameters.

Time-varying dynamics of the controlled process
in the vicinity of operating point can be described by
linear eq uation ( 3) de rived by 1 inearization of't he
equation (1) with  respectto variables ¢ and u

around the process state point at time 7, :

dt T(1,) T(1,)
or by a 1** order transfer function model:
Ac(s) K(tk)
G = =
e (5) Au(s) T(zk)s+1’(4)
_}/az/ ¢ —c|V
K(t,)= E ) ,(5)
_u(au V+Fbl.0) »
R4
T S I
(%) VI E, ( 6)

where s is the Laplace ope rator; Ac, Au are small
deviations o f ¢ and # form the current state point;

Ac (S) , Au(s) are the La place tra nsforms of Ac
and Au, K(tk), T(tk) are process gain coefficient

and time constant at time point 7, , respectively.
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The param eters & , 7, ¢" that define oxygen

transfer conditions in aeration tank can v ary with the
time-varying state of aeration tank process, therefore,

estimation of the dy namic parameters K and 7' by
formulas (5), (6) with predetermined parameter values
does not e nsure the desirable accuracy. The dynamic
parameter estimation can be improved at quasi-steady

state conditions with respect to DOC (dc/dt ~ 0) by

using estimated v alues of the OUR . At the stea dy
state co nditions, th e ox ygen tran sfer rate term

K,a (c* - C) can be estimated from the equation (1)

and the F,, , ¢, and OUR measurements:
K,a(c"—c)V =OUR - F,,(c,—c).(7)

where OUR,
(OUR, =V -OUR).

Taking into  account the relationship (7), the

dynamic parameters K and 7" can be estimated from
the following relationships:

7(0* _C)(OURr —F, (Cin —c))
u(OUR, +F,, (c* -c, ))

ist otalox ygenup takerat e

®

K(tk) =
lr=¢
V(c* —c)
OURt + F;n'o (C* - Cin)

T(tk):

.(9)

=t

By updating the transfer function model (4) , (8),
(9) with th e co ntrol variable v alue u (t i ) , th e set-

point val ue fo rD OC ( c(tk)zcm(tk) ), the

measured val ues F}. (tk) . C, (tk) and the

estimated v alue OUR,, (t . ) , the model (4) fo llows

variations o ft he process dynamics un der real -time
operating conditions.

For tuning the feed-back controller, along with the
time-varying dy namics described by the m odel (4),
(8), ( 6), the time-invariant dy namics of the DOC
electrode and the air blowing machines, as well the air
flow rat e-dependent t ransport d elay are tak en i nto
account. Ass uming that  dynamics of the DOC
electrode and the blowing machines can be described
by first order pl us time del ay models, t he res ultant
transfer f unction of't he ¢ ontrolled processi s as
follows:

. K() 1 [ AR
. i ' ' o] (10)
Ac/Au(s) T(tk)s-',-l TeS“"l TbmS+le
£, (1) =V, fu(t,).q )
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where T, , T, aret ime const antso ft he DOC
electrode and the blowing m achine, res pectively, h;

T,, T,

b are ti me d elays o fth eai r flow and t he

blowing m achines, respectively, h; Vp is volume of
the air supply pipeline, m’.

In ordert o a pply f or c ontroller a daptation t he
tuning rules developed for first order plus time delay

(FOPTD) m odels [1 0], t he t ransfer function (10)1is
further reduced on-line to the FOPTD model:

K, (%)
G, (s) = Tpr(pT);HeXp(_Tpr (tk )) ,(12)
where K, (tk), T, (tk) and 7, (tk) are resultant

gain, tim e co nstant and resu ltant tim e d elay o f the
controlled process at time 7, , respectively. The model

parameters 1’ o (tk) and T, (t k) are u pdated by

fitting the FOPTD model (12) to th e simulated step
response of the transfer function (10) at each sampling
time. The Smith‘s approx imation [10] is ap plied for
fitting the FOPTD model.

Taking into a ccount a noticeable proces s noise
influencing t he fee d-back signal f romt he DOC
electrode, weuse inthe control syst em the PI
controller (i nstead of PID) that is less sen sitive t o
input sig nal noise. Th e v elocity fo rm o f modified
discrete PI control algorithm is

u(te)=u(t )+ D)
e(t,)=c,, (tk)_c(tk), (15)

Du(t,) =K (t){b@t,)c,, (t,)—c(,)]-
bt )e, b ) =t D]+
At
+ T (tk)e(tk )}, (14)
e(t,)=c,, (t,)—c(t,). 15

where Du is in crement/decrement of air fl ow rate,
m’ h'; K,

m’h'/ kg m?; TI is controller integration constant, h;

is controller gai ncoe fficient,

b is set-point weighting; At is ti me d iscretization
step o f ¢ ontrol act ion, h; ¢ is m easured value of
DOC, kg m™.

The ¢ ontroller parameters K_ (l‘ i) , T (t l.) ,
b (t l.) are recalculated at each sam pling instant using

updated values of the FOPTD model (12) parameters
Ky n (tk), T, (tk) s Ty (tk) and the Kappa-Tau
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tuning ru les for m aximum sensitiv ity M =2.0
developed for the FOPTD model [11]:

T (t
K, = 0.78¢-
Kpr (tk )Tpr (tk)

-exp(— 4.1-7(t,)+ 5.7(T(tk))2), (16)
T.(1,)= 0-79'Tpr(tk)'
cexp(-14-(t,) + 24(r(t,))?). (17)
b(t,) = 0.44-exp(0.78 - 7(z,) -
—0,45(T(tk))2), (18)

Z'(tk) Tpr‘ (tk)

7, (4)+ 7T, (1)

The structure of the DOC adaptive control system
is presented in Figure 3.

19)

Time-invariant
parameters
To T Vy T 7 C

K. u
7.4

Tuning rules 7,,\t)_| Transfer function _ c(t,)
(16)-19) [ | models (10)-(12)
K.t OUR(t,)
T, _ o)
b(t,) ()
¢t Pl controller | #(¢,) Aeration tank e
(13)-(15) process -
et

Figure 3. Block-scheme of the adaptive control system

In th e ad aptation algo rithm, th e con trol action,

calculated at time point #, for sampling interval

t, <t<t,,, referstothe

Preliminary tests o f the adaptive control system have
shown t hat the syste m p erforms well if t here is no

significant ¢ hange ofp rocessst ate duringt he
sampling in terval. Although th e ch anges of pro cess
state variables are relatively slow, the above condition
is o ften violated by th e contro | actio n itself as th e
process gai n depe nds on the control vari able value
(equation ( 8)). U nder si gnificant cha nges of co ntrol
action in consecutive sampling intervals the calculated
value of control variable is actually different from the
optimal one, i1 fe stimation of processdy namic
parameters in th e co ntroller ad aptation algo rithm
referst o a p revious value of ¢ ontrol va riable. The

above prob lem is so lved by estim ation of process
dynamic parameters with respect to a mean value of

process state attime 7, .

the p revious c ontrol action ( #,_, ) and t he intended

action ( ¢, ). This co mputation problem is so lved at



each sam pling tim e by using the iterative
presented in Figure 4.

proce dure

Given: u(tk_l)

Y
Given:
c(,),OUR(t,),c,, (1), F,, (1,)

v
Foriz, <t <it,,,

A

Compute parameters of G, (12)
Compute u(t,) (10)—(16)

b n

u(ty) +u(ty)

u(ty,) = 2

y
u(t,)

Figure 4. Flowchart of computation algorithm

4. Simulation of the control system
performance

Performance o f the control system (Figure 3) has
been i nvestigated via ¢ omputer simulation, usi ng
Matlab/Simulink tools. In the simulation experiments,
the controlled process was modeled by equations (1)-
(2) and the first order dynamic models of the control
system ele ments: the DOC electrode a ndt he air
blowing m achines. Th e delay o fcon trol actio n
(aeration rate) due to air flow transportation time that
depends on the air flow rate is also tak en into account.
The m odel param eter v alues and in itial v alues of
process variables applied in the simulation experiment
are given in Table 1 [12].

Table 1. Mode 1 par ameters an d ini tial v alues of pro cess
variables

Values of model parameters Initial values of
process variables
cn=6kgm™, V,=3.31 m c=0.15kgm™
¢’=10kgm>, a=5.09 Uy = 1197 m’h’!
Tpm=3.33-10", y=0.138 OUR = 175 kg m>h’!
7,=2.22:10"h, | 7,=1.11-10°h | F);, =403 m’h’

The changes in process dy namics were si mulated
by varying th e ox ygen up take rate ( OUR ) and the

inlet flow rate o f wastewater ( £}, ). In the ¢ ontrol

algorithm (1 0)-(12), th e sampling time A7 =0.01h
was used.

Responses of the ad aptive co ntrol system to the
DOC set-point step changes under the QUR and the
wastewater flow-rate distur bances are presented i n
Figure 5. Th e set- point and th e d isturbance ti me-
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profiles a re s hown i n Figures 5(a )-(c), respectively.
Variation of the QUR presented in Figure 5 (¢) is
estimated from the real proces s obse rvation data.
Adaptation ofth ecadap tive Plcon troller
parameters K, 7, and b is illustrated in Figures

5(d)-(f), resp ectively. V ariation of'th e man ipulated
variable # is shown in Figure 5(g). Responses of the
controlled DOC by tracking the set-point changes and
compensation the disturbances are presented in Figure
5(h).

For comparison, responses of the conventional P
control system with the fixed parameters of controller
( K, = 6658,kg m>m’ h'; T = 0.0437,h;

b= 10.5284)adj ustedfo ri nitialv alueso f
technological parameters at the simulation experiment
are shown in Figures 5(d)-(h) by dotted lines.
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Figure 5. Performance of the control system at the QUR
and the inlet flow rate disturbances
and the controlled DOC set
point changes

The simulation results demonstrate fast adaptation
of controller parameters and noticable improvement of
the DOC control accuracy by tracking set-point with
the ad aptive co ntroller compared to that of
conventional PI controller.

5. Conclusions

An adaptive c ontrol sy stem is devel oped for set -
point control of di ssolved oxy gen concentration at
wastewater tre atment proces s. A daptation of process
controller to  time-varying operating co nditions is
based ont hep rocess st ate m odel-based t ransfer
function, which follows the process dynamics changes
by upd ating it with th e on -line m easurements of
process va riables. T he a daptive tra nsfer function is
applied in the control sy stem for permanent retuning
of PI controller parameters.

Performance of the control system is investigated
by computer simulation of the DOC set-point control
under process d isturbances: ox ygen up take r ate and
inlet wastewater variations, and th e set-p oint step
changes. Si mulation res ults dem onstrate fast
adaptation of controller and sign ificant imp rovement
in set-point tracking accurac y com pared to that with
ordinary PI controller.
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