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Abstract

The paper is an attempt to describe application of the statistical identification technique for practical problems of the dynamic response of
atypical functioning sewage treatment plant. Mathematical model of the plant is based on characteristics of random input and output signals
obtained simultaneously. This idea has been applied to the stationary linear dynamic sewage treatment plant whose model is described by
the weighting function and the transfer function. The plant weighting function was determined from the autocorrelation function of the
input and the cross-correlation function of input and output using integral Wiener-Hopf equation. The transfer function was related with
the weighting function of Laplace transformation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ternal interaction, with unknown internal bonds. There are
processes in systems for which the state of the object could
Application of statistical methods to experimental data not be changed at will (astronomical objects, medical di-
employs the dynamical description of a system by applying agnostic, economical analysis) and in that case to analyse
statistical methods to experimental data in case of incom- these objects the idea of a black box is used. To establish
plete information about the processes involved or when the relations between information sets the methods of nonlinear
processes are to complicated to be described by a determinmany-dimensional sequential regression is applied by form-
istic model. The sets of data taken during normal exploita- ing a hypersurface of the system reaction on the external
tion of a system are used. The problem of identification interactions. An increase of the dynamical description pre-
and process-parameter estimation from statistical measure<cision leads to an increase on information use and for a spe-
ments is encountered in industrial, biological, agricultural cific closed set of experimental data this type of analysis is
and other processes. Random variations in the input forcingtoo labour-consuming and gives poor practical results. More
signal along with the sewage treatment plant response formreasonable seems to apply the statistical averaging estima-
the base for developing a mathematical model by the statis-tors for the mathematical description of stochastic signals
tical correlation techniqugd—3,9] If dynamical movement  in effects leading to graphical images of the input autocor-
of a system is limited to a narrow area of normal operation relation function and the output cross-correlation function.
than the construction of a statistic model of a plant is of- For the description of these functions one needs to apply the
ten based on the stationary linear lumped parameters modeltransformed analytical functions. If the knowledge about the
This model is unduly crude but simple and easy in practi- interaction between various system signals is lacking then in
cal application. A complex system might be so complicated a simplified model the matrixes of the correlation functions
that even full available statistical information about the state and dynamical characteristics are reduced to the diagonal
of its elements doesn’'t make it possible to establish func- matrices. From the solution of a system of the vector-matrix
tionality of the system in general. In that case the idea of stochastic integral equations including state parameters, ran-
a black box is introduced, having multiple random inputs dom vector input and output, and random vector initial con-
and multiple random outputs and the reactions on any ex- dition, unknown matrices of parameter constants describing
mathematical model of a black box could be obtained. The
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plant efficiency is needed in regard to environmental pro- with activated sludge is mixed mechanically. Due to the
tection regulations. However, the knowledge of the system action of aerobic micro-organisms the organic component
structure and functioning of its elements enables to establishof sewage as well as biogenic substances are mineralised.
the block structure of the system of control interactions for The most obvious harmful effect of biodegradable organic
a real and functioning municipal sewage treatment plant. matter in sewage is BOD, consisting of a biochemical
oxygen demand for dissolved oxygen by microorganism
living in an activated sludge. The result of contamination
2. Description of the sewage treatment plant removal of by an activated sludge of biogenic substances
is described by the so-called removal effect parameters
(Niot and Pyt) expressed as the ratio of concentration in
comparison to the respective concentrations in untreated
sewage. Another method of organic substances removal is
the process of their chemical oxidation. This process is
described by the COD (chemical oxygen demand) index.
For our mechanical-biological sewage treatment plant this
index may be used alternatively. The excess of sediments
ontaining non-decomposed input sediments together with
iological secondary sediments is removed to the excess
sediment concentrators and next to separate fermentation
chambers where fermentation process takes place. Water
from the excess sediment chambers, fermentation chambers
and sedimentation lagoon is collected in a special chamber
and directed to the raw sewage collection points. The raw
the building and large litter is stopped, removed and trans- and tr_eated sewage is evaluated on the Sed'me”t contents
ported by conveyour-belt system to the container placed at@nd directed to a n(_altural co_llector. Concentration measure-
the base of embankment were it is treated with chlorinated MeNtS for suspension (Polish Standard-72/C-04559), bio-
lime and finally transported outside the plant to the commu- genic compounds of r_utrogen (Polish Standard-73/C-O4576_)
nal dumping ground. Near raw sewage collection points of and phosphorus (Polish Standard-C-04537-14) and organic
raw sewage the water hydrants are placed for maintainingc‘m_lpoundS (BOD, Polish Standard-84/C-04578.05, CO.D'
cleanness in an area of sewage release with street inleté:) olish Standard-74/ 0'045.78/03) were perfo_rmed according
to the local drainage system. After flowing through the 0 & common procedure in order to determine the amount
grating, sewage is directed to the two-chamber horizontal of each 'component. Thg results of measurements Were pre-
sand tank. Mineral suspension is removed periodically by §ented_ in form of the discrete v_alues of ra_ndom_functlon
a mammoth pump and transported to the plot of ground input signals as well as output signals obtained simultane-
at the base of sand tank. Mechanically cleaned sewage isOUSIV' The number of measurements for each component
directed to the distribution well and further to the activated "WaS 120.
sludge aeration chambers. To assure the closest contact of
sewage with activated sludge, the contents of the chambers

The experimental data of indices specifying concentra-
tion of five main components in raw and treated sewage
were obtained from a typical mechanical-biological
sewage treatment plant using municipal sewage from the
West-Pomeranian region in the north-west of Poland. A
simplified operational schematic diagram of this plant is
presented inFig. 1L The technology of sewage treatment
is based on an activated sludge process. Plant installationg
consists of intermediary and secondary settlement tanks
connected with two aeration activated sludge chambers hav-
ing two separate recirculation systems of activated sludge.
The main plant structures are localised in an embankment
what causes the gravitational flow of sewage through the
plant to the river. Raw sewage flows through the grating in

3. Theoretical description
treated
B e —— . .
. sewage 6 4 Statistical methods are often used by many researchers to
s%e)l 1 | 2 |->| 3 ! | 4 A obtain quickly a roug_h estimate of the struc_:tur_e ar_1d param-
eters of a mathematical model for a functioning industrial
plant. The results should be quite satisfactory and highly ef-

fective in plants of varied and complicated physical nature
..n.. ; whereas other methods yield no practical results. Very of-

ten the dynamic characteristics of an industrial plant are ob-
tained using the correlation analy§is5]. When the random
vector functionsn(r), u(tr) € {v(¢)} are stationary then the
Fig. 1. Block diagram of a functioning municipal sewage treatment plant correlation matrix of the input random vectorsr) as well

in West Pomeranian region in Poland. 1: raw sewage tank; 2: grate; gs the cross-correlation matrix of input and output random
3: two-chamber horizontal sand tank; 4: biological treatment Fank; 5 vectorsii (f) depend only on the interval — 11 = t and are
intermediary settlement tank; 6: secondary settlement tank; 7: recirculation . " : .
of activated sludge; 8: sedimentation lagoon; 9: sludge consolidation tank; mdependent of the position of these intervals in the range

10: tank for cleaned water taken from over the sludge; 11: pumping Of argumentt andz. Consequently, these matrixes may be
station. found by solving the following integral equati¢h,6]:
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T—1 t
Ryy(7) = ymit %/ [0(t + 1) — ][ 0(0) — 1] dr diag{Rt.(v) — R.. (D)} = / diag{W (1)}
—00 — 0 0

(1) x diag{R}_(t— 1) — R .(t— 1)} dr (9)

mm

whereji, (i = 1_,_n) is the expectation constant vector of & where () andii(r) are{csus(r); BOD(1); COD(1); e (1);
random vector(). When the random functions;(s) and cp(?)} as inlet and outlet stochastic signals.

v;(r) are ergodic, stationary, and statistically independent, Describing each element of these correlation matrices in
then for a limited time of random vector existence the corre- time domain by analytical functions and if for these func-

lation matrixes are diagonal matrixes and each matrix com- tions Laplace transform§7] exist, than. the solution of
ponent is defined by the equation Eq. (9)gives the transfer functions matrig]

R+ 1/T _ N Sta = Saa(®
w@D =—=[ [+ — my][v(®) — 1y]" dt (2) — iwm it
o M SO~ 5,0 4o

Taking the inverse Laplace transform of the transfer function
(10) we obtain the plant weighting function matrix

As follows fromEq. (2)the accuracy of the correlation func-
tion determination depends on the length of integration in-
terval T and by selecting the value @fthe random function
v(¢) should be related to a certain class of random functions 1 [etioo| ST (s) — S=-(s)
having a known structure of the correlation function, i.e. to W () Sf" o) STM ®
built a mathematical model. If this model describes the ran- min min
dom function sufficiently well than the correlation function |n order to find the solution oEq. (10)it is necessary to
will be optimised in the sense of mean square deviation  describe each component of the transfer functions matrix as
5 [T a composition of both a numerator and a denominator. Then
a,%(r, = ﬁ/ (T — 8)[R§(8) + Ry(t 4+ 8)(Ry(8 — 1] d8 the time response for each measqred component of sewage
0 @) can be obtained by use of the residuum methods.

In practice only discrete random functions within a lim-
ited time intervalT are available and in that case instead of
(3) yet another criterion limiting calculations of correlation
functions to the values of time shift defined by the relation

} et ds (11)

B 2mj a—joo

4. Results of calculation

In this paper a set of 120 data points for five main com-
ponents of a raw sewage and of treated sewage which were
T=1tmax If [R(7)] <0.05|R(0)| (4) measured synchronously for a specific time interval in a nor-
mally functioning treatment sewage plant are used. Static
characteristics and the variation range and allowed values
of analysed indicators for untreated and treated sewage are
presented inmable 1 The results of measurements are pre-

is used.
Eq. (2)to calculate the correlation function by truncating
the sum to a finite number of terms has the following form

. N=k oo sented in form of discrete stochastic functions. The charac-
Ry (k) > = ) Vj Vi (5) ter of these functions for analysed indicators is similar and
j=1 as an example we presenthigs. 2 and 3he time variation
whereT/At = N andt — k. of BOD indicator for raw and treated sewage. Analytical
Normally the plant-weighting matrix is determined de;cription has_been based on estimators definé&d)ir(5)
through the convolution integrB] which was applied to calculate the values of the autocorre-
, lation functions and the cross-correlation functions. As an
Ria(0) = / W (2) R (t — 7) dt (6) example, the results of these calculations for phosphorus are
0 presented irFigs. 4 and 5They show the variation of the

In determination of the weighting matriW(z) by solving correlation functions with time for the raw and the treated
the convolution integral (6), the auto-correlation and the sewage. The points in these figures represent the values of the

cross-correlation matrices should be used as, respectively correlation fun.ctio.n estimators. Similar figureg were made
for other used indicators but they are not published here.

Ry (1) = Ri;(D at 720 ) It is assumed that generally the structures of the correla-
mm R,.(v) at t<0 tion functions of random input and output signals are repre-
sented by an analytical expression having Laplace transform.
Ri(v) at 1>0 This transform gives well defined relationships between the
Rini (1) = R.() at 1<0 (8) time domain and the frequency domain description. Analy-
um - sis of the correlation functions presentedrigs. 4 and Sor

Thus, the convolution integral can be represented by the phosphorus and other measured indicators lead us to propose
following form att > O: the same analytical form of the auto-correlation (12) and
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Table 1
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Statistical characteristics, limiting values and admissible values for five main indicators for raw and cleaned sewage

1% Raw sewage Treated sewage Admissible values
E(v) A(v) a(v) Umin — Umax E(v) A(v) o(v) Umin — Umax
BOD 251.70 34.76 46.93 160-360 10.23 1.78 2.06 6-15 30.0hgO
CcoD 488.56 50.57 65.78 458-693 49.72 5.92 7.09 34-65 150.G/g0O
Suspension 123.75 14.26 17.00 88-163 11.21 2.81 3.4 4-22 50.0mg/l
Niot 121.42 17.37 20.33 76-163 8.35 1.79 211 4.3-13.2 30.0mgN/I
Prot 11.29 0.93 1.15 9-14.5 1.24 0.16 0.20 0.91-2.1 5.0mgP/I
aRP Parlament Law Register (Poland ) No. 79, 503, 5 November 1991.
400 ¢ | |
2 3507 o |
¥ L X s Py xX X x|

§ o ﬁﬁf&x X><X><>< i xxxxgix&jx I I PEX fxxxxix , Y(

- ¢ 2o AR 'umﬁﬁ?‘d R e ik,

g kS 200 : x—l? 5>§<—><-><—><—>< % ><>‘<'>'<>|,<>< ‘i 1 VE

O O 150 ¢

s g :

S E 100 ¢

§ 50+

8 0+

® 0 10 20 30 40 50 60 70 80 90 100 110 120

Auto-correlation function

Biochemical Oxygen Demand
(mg O/dm?)

[y

o

(mg P/dm®)?

i
o

'
[N

Time (twenty-four hours)

Fig. 2. Temporal change of BOD indicator for raw sewage.
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cross-correlation (13) functions for the investigated sewage {Fo(a? + %) (e — Va2 + w?)
component$7]. +[B(B? + % — a? — w?)
Riin(v) = Ae™*"lcogwr) (12) +2aDy + 2BCo](@® + & + ave? + &?)
—[(&? + @*) (BB + Dy) + (B* + )
_ . _ _ S 2
R () — R (1) = [Bcosyr) + Dsin(yn)]e Fpo B C‘*’)]("‘2 e ;r“’ ;}
—[Bcoswr) + Csinn]e”™  (13) (B—Va+ o) +y9)
The functions have the following Laplace transforms in a
frequency domaiff7]: {Fo(e? + 0?)(a + vVo? + 0?)
+ [B(ﬂ2 +y2 — a? — 02 + 2aDy + 2Cw]
Sha(s) —S5a(s) = A{ S+2a 2 S_2a 2} x (0 + 0? + av/o? + w?)
Cra+et (-t — (@ + &A)(BB + Dy) + (B2 + y?)(Ba — Cw)]
(14) Fo— x (& + o2 + w?)}
+ s+ B y B+ Vo + 0?2 + y?
ST_(s)—S--(s)={B
wn ) = Sna®) { (s + B2+ y? (s+ﬂ)2+y2}
{B s—a ® } F3=2(a — B)Fo+ B(f? + y? — a® — ©°) + 20Dy
-0+ (-a)?+e? +2BCw — (F1+ F2)F4 = (&% + 0?) (BB + Dy)

(15)

The values of constants appearing in these equations for five

sewage components are givenTables 2 and 3inserting
the above transforms intBq. (11)and after some simple
algebraic manipulations the following general form of the
transfer function could be obtained

1 Fq F

W(es)=—| Fo+ +

20A s+ @+ w2 s— /(a2 + w?)

F3s+ F
3 i 4 2] (16)
(s+ B +vy

where
Fo= Ba+ BB+ Cw — Dy
Table 2
Parameters of the auto-correlation function of the input random signals
Vv A o ®
Suspension 286.75 0.076 1.22
BODs 1685.42 0.056 0.77
COD 4291.65 0.15 1.13
Niot 410.14 0.10 0.88
Prot 1.30 0.12 1.33

+ (B + y))(Ba — Cw) — Fo(B* + ¥°)
_(Fi— F) (B + %
JoZ 1 o?

The denominator of the transfer function (16) has a posi-
tive real root(s = ++/a? + @?2) causing an unstable impulse
characteristic. The existence of a stable solutioE@f (16)
requires that the tern¥, in Eq. (16) must be eliminated
[4]. Equating to zero the terrf'2, the dependence db on
other parameters in this term is obtained. ThenBQe(16)
is reduced to the following form:

b3s® + bos? + bis + bo
azs3 + a»s? + ays + ag

W(s) = 17)

The values of matrix elements of the transfer function
for five analysed indicators of the sewage are presented in
Table 4

To determine the constants of the correlation functions
(12) and (13) the method of the non-linear estimation was
used.

Taking the inverse Laplace transforfifi of the transfer
function (17) we obtain the plant weighting function (im-
pulse response) matrix (18).
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Table 3

Parameters of the cross-correlation function of the output random signals

v B C D o« B y ®
Suspension 1.37 9.69 11.08 0.076 0.066 0.93 1.22
BODs 4.82 11.98 13.18 0.056 0.047 0.64 0.77
COD 52.09 145.54 176.64 0.15 0.093 0.97 1.13
Niot -1.16 —14.33 —18.96 0.1 0.12 0.73 0.88
Prot —0.031 —0.046 —0.05 0.12 0.11 1.05 1.33
Table 4 in Table 4the values ofFg, Fs, Feg and F7 appearing in

The values of matrix elements of the transfer function for five analysed Eq. (18)for five measured indicators are given.
indicators of the sewage The transfer function (17) is an algebraic image of the

v Fy Fs Fs Fr linear differential equation for the mathematical model of a
Suspension 1.712 _8.229 10.534 _4.358 system in a dynamical state. Using the property of Laplace
BODs 1.286 —3.432 4.379 0.209 transform connecting the derivatives with respect to time
CcoD 5.777 —85.24 149.67 10.109  and frequency the following form of the differential equa-
Niot 0.975 4.722 —10.28 —3.359 tion describing the mathematical model of municipal waste
Prot —0.016 0.060 —0.065 0.026 treatment plant is obtained
W) = = (Fob(1) + Fee~ (Ve PRum(D | d®Rum(t) | dRum(7)
2wA 3 az > ay—— + aoRum(®)
+[(Fg cogyr) + F7sin(yr]e ) (18) de 3 de ) t
—b d” Rm(7) iy d“ Rm(T)
where T4 273
d Rmm(T)
2(e — V@ + WD) Folo + 0?) +b1— " — boRmm(?)
Foo T («? + @°)(BB + Dy) + (B° + y*)(Ba — Co)] (19)
(B~ VoZ + w22 + y? " where
Fo=B(B% +y% — a? — 0?) + 2aDy + 2BCw
+2(a— )Fo— Fs, a3 =1

2 2 = 2 2
F7=E|:ﬂ—2+_y2F5—B(ﬁ2+y2_a2_w2) a2 = (2B + Vo2 + w?)
ML ay = [(B+ Vo2 + w?) + y
+2aDy + 2BCw — Fo(B> + %) — F
AR Gﬁ] a0 = [(B% + YV o2 + o7

As an exampleFig. 6 presents the impulse characteristic 1
for nitrogen. Similar characteristics for other indicators have 43 = m(&x + BB+ Cw — Dy)
been calculated but are not shown in this paper. Instead,

1
0.05 by = Z(Ba+Bﬂ+Ca)— Dy)

Transfer Function ‘ Response Line ‘

0.012s3+0.059s2+0.0215+0.045

0.04 (@ + 0)(BB + Dy) + (B> + ¥*)(Bo — Co)

W(s)= |
_ $3+1.1265%+0.7605+0.485 Vol + »?
£ 0.03}
= Roots: {-0.886 _ . 1 5 5 c b ) X
-0.120+0.730i —| (B« © — 4w
£ 002} 0.120-0.730i} ! [ZaA( +BE+ )+ o9
Q
é Impulse Response (Nitrogen) _ 2(a® + @?) (BB + Dy) + (ﬂz + %) (Ba — Cw)a
§ 0.01} ] ———

/N

0
\/ bo = (@ + &’)(B + Dy)

. . . . 2 2 _ /o2 2
-0.015 3 m == = > + (B° + y9)(Ba — Cw)v a® + w°)
Time (sec) The values for constants appearindgie. (19)are given in

_ Table 5 This model takes into account the interdependence
Fig. 6. Impulse response fodot.



S Masiuk, J. Kawecka-Typek/Chemical Engineering Journal 102 (2004) 233-239 239

Table 5

The values of constants appearingBq. (19)

Vv as ap a ag b3 by b1 bo
Suspension 1 1.354 1.031 1.063 0.0393 —0.0944 0.0434 —0.150
BODs 1 0.866 0.484 0.318 0.0068 —0.0094 0.0029 —0.0060
CcoD 1 1.326 1.162 1.082 0.0045 —0.0536 —0.0106 —0.0713
Niot 1 1.126 0.760 0.485 0.012 0.059 0.021 0.045
Prot 1 1.555 1.408 1.488 —0.051 0.073 —0.070 0.153
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