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Abstract: This paper has been carried out to develop an efficient multivariable H,, robust control system,
in the presence of the bounded parametric uncertainties, with good disturbance and measurement noise
compensation. This strategy was applied to a biological wastewater treatment process in order to control
the organic substrate concentrations associated with an appropriate control of the dissolved oxygen
concentration. The objective of this paper is to synthesize a H,, robust control structure with good results
in reference tracking (in regard with the organic substrate and the dissolved oxygen concentration) and
compensation of measurement noise, disturbances and model parametric uncertainties. The main
disturbances were identified by using statistical precipitation data collected in multiple meteorological
stations across the country. The literature considers only three main pluviometrical regimes: rain, normal
and dryness. The wastewater treatment process with activated sludge is controlled considering the pluvial
influent for an interval of one year and its daily variation.
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1. INTRODUCTION

The biological wastewater treatment is extremely important
from the environmental conservation and protection point of
view, and this importance is also sustained by the protective
active legislation. The main objective of the wastewater
treatment process is to eliminate a series of pollutants such as
the organic substrate concentration, nitrogen, phosphorous
etc., so that the resulting water to fulfill the standard required
by law and therefore to be able to be discharged in the natural
receivers.

The biological wastewater treatment processes are complex
nonlinear processes that are affected by disturbances and
uncertainties. Basically, due to these concerns, the modeling
and the control of these processes are difficult and they
represent a real challenge for the teams of specialists
interested in optimizing the wastewater treatment processes.
The literature mentions numerous approaches for the
modeling and the control of the biological wastewater
treatment process, all of them having/serving the purpose of
improving the operating regime and, of course, the effluent
quality in steady-state and dynamic regimes.

(Jeppsson 1996) presents an overview of the wastewater
treatment process with activated sludge modeling evolution.
The first two dynamic models were proposed by (Goodman
and Englande 1974; Buhr et al. 1974). The state variables,
substrate and the biomass, were considered sufficient in the
dynamic description of the process and the substrate
degradation was modeled as a first order reaction
(Eckenfelder and O’Connor 1955; McKinney 1962;
Eckenfelder 1966). Later on, a Monod dependency of the
removal rate on substrate concentration was introduced
(Lawrence and McCarty 1970). Busby and Andrews (1975)

have introduced one of the first structured models, in which
the biomass was classified as active, settled and inert. The
model proposed by (Dold et al. 1980) represents the
fundament for further approaches in the mechanistic
modeling of the wastewater treatment process with active
sludge. In 1983, the International Water Association (IWA)
initiated the implementation of practical models for designing
and operating the wastewater treatment plants with activated
sludge and in 1987 published a first condensed mathematical
representation, ASM1 (Activated Sludge Model No. 1, Henze
et al. 1987). The model uses 13 state variables which
describe the biological removal of organic carbon and
nitrogen. (Copp et al. 2002) demonstrated that similar results
can be obtained by testing the ASM1 model on different
software platforms. It is the first model accepted as reference
(Dircks et al. 2001; Roeleveld and van Loosdrecht 2002)
both by theoreticians and practitioners (Gernaey et al. 2004).
The model has been extended further, considering the
experimental observations (Sollfrank and Gujer 1991) and the
information regarding the population growth and dynamics
(Gujer and Kappeler 1992).

This model, that also describes the phosphorous elimination,
was named ASM2 (Henze ef al. 1995). Although it contains
19 state variables and 65 parameters, it still does not include
all the phenomena observed. Further on, the IWA group
proposed two new models, the ASM2d and ASM3 (Henze et
al. 2000). The model reliability depends on an increased
number of kinetic and stoichiometric parameters that are
generally dependant on the wastewater influent
characteristics, thus needing experimental calibration
(Jeppsson 1996).

A simplified version of the ASM1 model has been proposed
by (Nejjari 1999). This model has to deal only with four state
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variables: biomass, organic substrate, dissolved oxygen and
recycled sludge. Some other modeling approaches of the
wastewater treatment processes with activated sludge can
also be mentioned: the dynamic “black box” type models and
artificial intelligence-based techniques (fuzzy, neural, expert
systems).

From the point of view of the available literature, the
following control techniques can be mentioned: the
conventional control techniques based on linear controllers
(Marsili-Libelli 1992; Ayesa et al. 2006; Yoo and Kim
2009), the optimal control techniques (Buitron et al. 2004;
Grigorieva and Khailov 2010), the predictive control
techniques (Brdys and Zhang 2001), as well as the adaptive
linearizing control techniques (Renard et al. 1988; Dochain
and Perrier 1992). All these methods provide good
performances if the process functions within certain points.
Unfortunately, the wastewater treatment process is affected
by changes within the operating point due to the pluviometric
conditions, high variations of the influent substrate and so on,
leading to the necessity of using robust control methods (e.g.
H,, method, which is used in this paper), that provide superior
results in comparison to those mentioned above.

The robust control deals explicitly with the process
uncertainties in the controller synthesis, having an adequate
behavior as long as the uncertain parameters and the
disturbances are bounded. The robust control problem
consists in the synthesis of the controller that will satisfy the
system specifications and reject the given disturbances
(Gutman 2001). Robustness is assured through a compromise
of the performance criterion (Gendron ef al. 1993). (Brdys et
al. 2007) proposed a multilayered control structure that uses
multiple time samples of the plant dynamics in order to
achieve an optimal robust control of the wastewater treatment
process.

Thus, multiple methods for the robust control were
developed: starting with the classical control theory — QFT
(Quantitative Feedback Theory) (Barbu et al. 2004; Caraman
et al. 2005; Barbu et al. 2010), up to the modern control
theory — H,, (Georgieva and Feyo de Azevedo 1999), H,
(Halvarsson 2007) and u (Sanchez-Pefia and Sznaier 1998).
(Georgieva and Feyo de Azevedo 1999) designed a H,, robust
control structure for setpoint tracking starting from a
simplified linear model and having as objective the
disturbance rejection in the presence of noise and parameter
variations of the process.

The main objective of this paper is to synthesize a H,, robust
controller for a biological wastewater treatment process, in
the presence of bounded variations of parametric
uncertainties, disturbances and measurement noise. The paper
is structured as follows: the first section describes the state of
the art, the second section presents the nonlinear model of the
wastewater treatment process, the third section is focused on
the synthesis of the H,, robust controller and the paper ends
with conclusions.

2. MATHEMATICAL MODEL OF THE BIOLOGICAL
WASTEWATER TREATMENT PROCESS

Fig. 1 presents a conventional biological wastewater
treatment process. The organic matter decomposition is
achieved through biological oxidation using the populations
of microorganisms developed in the aeration tanks. The
wastewater treatment process is based on the maintenance of
the sludge in suspension through pneumatic or mechanical
aeration of the mixture. Aside from the biomass, represented
by bacteria and other superior microorganism, the suspended
solids also contain organic and inorganic particles. A
percentage of the organic particles can be decomposed by
hydrolysis, while the unaffected remained particles represent
the inert mass. Thus, the substrate is removed from the
wastewater and more biomass is produced. The suspended
material is separated from the treated water by adding a
secondary clarifier, from which the biomass is extracted in
continuous mode. A part of the settled sludge is recycled,
while the excedentary sludge is removed from the treatment
plant. The effluent is continuously collected from the superior
section of the clarifier and it is sent for further processing or
it is discharged into a natural receiver if it meets the proper
legal conditions.

Inﬂuent‘ - Effluent
A Aeration g >
Tank Clarifier
* * * * * Tank
Aeration
Sludge Recycle Sludge Removal

Fig. 1. Activated Sludge Process.

The mathematical model of the biological wastewater
treatment process considered in this paper is a modified
version of the 4™ order Nejjari model (Ifrim 2012) described
by the following equations:

‘Z—f = ul0)X(e) = s X (0)+ rD(0)X . (¢) - D(0)X (e) - rD(e) X (1) (1)

% = —%(,u(t)X(t)— ,USX(I))‘F D(f)(SIN - S(t))_ rD(t)S(t) 2)

2 = )X @) - g X ()10 W60
(DO, — DO(t))+ D(t\ DO;, — DO(t))- rD(¢)DO¢)

dft r = peX(1)+rDg (X () X, (1)~ ADg X, (t) @)
~Ds(1-p)-n- X, (t)

/u(f) = Hmax S(t) DO(t) ®)

Kg+S(t) K po + DO(r)

where: X(?) — biomass (the sludge); S(?) — substrate (organic
substance concentration); DO(?) — dissolved oxygen
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concentration; X,(2) — recycled sludge; D(z) — dilution rate; Dy
— dilution of sludge compartment; S;, and DO,, — substrate
and dissolved oxygen concentrations in the influent; ¥ —
biomass yield factor; 4 — biomass growth rate; us — decay
coefficient for biomass; uyx — maximum specific growth
rate; Ky and Kpo — saturation constants; DO,, — dissolved
oxygen saturation concentration; o — oxygen transfer rate; W
— aeration rate;  and S — ratio of recycled and waste flow of
the influent, n— parameter of the clarifier model.

The model has been identified on experimental data that were
collected from a biological wastewater treatment pilot plant,
presented in Fig. 2 and installed at University “Dunarea de
Jos”, Galati. The values of the parameters are presented in
Table 1.

Fig. 2. The biological wastewater treatment pilot plant, from
“Dunarea de Jos” University of Galati.

Table 1. Aerobic growth model parameters.

Group Parameter Value Typical values Unit
Kinetic Lonar 0.11 0.12-0.55 n'!
parameters Us 0.02 0.002-0.07 n!
K 0.18 0.01-0.18 gL’
Ko 0.20 0.01-0.5 mg-L”’
Stoichiometric v 0.67 0.46-0.69 B
parameters
Transfer o 0.0033 —
parameters DOy, 8.00 mg-L”
r 1.00 —
s 0.20 -
Plant |4 35.00 L
geometry Vs 6.00 L
Settling p 0.80 3
parameters

The initial conditions considered in the simulation are:

X0) =0.7gL" S0)=12gL", DOWO) =2 mgL’, X.(0) =
0.7gL" Sy=12gL"; DON=2mgL";D=0.0172h": W
= 4.804 L-min”.

The evolutions of the main variables of the open loop
wastewater treatment process are presented in Fig. 3. In this
model, the substrate concentration in the effluent reaches the
0.1 g-L” value, while the standard limit established by law is
below 0.125 gL

A manner to achieve the organic substrate concentration in
the effluent as required by the law is to directly control the
organic substrate concentration through the dilution rate. The

measurable output S, expressed through the COD (Chemical
Oxygen Demand) value, can be measured online by means of
a specific analyzer or estimated through an intermediate state
estimator proposed by (Barbu 2009). The main disturbance of
the wastewater treatment process is produced by the organic
substrate concentration from the influent S;, (influent load of
the wastewater treatment plant) An implicit disturbance of
the system is the input flow F;, that depends directly on the
pluviometric regime and that can be determined by using a
flowmeter. The organic substrate control is associated with an
appropriate control of the dissolved oxygen concentration
(Ifrim 2012), where DO can be measured by optical or
electrochemical sensors and it is controlled through the
aeration rate. The proposed system consists in two inputs

u=[D W]T, four states x=[X S DO X,]T and two

measurable output variables y =[S DO]T .

DO (mg.L'h

Fig. 3. The simulation results of the open loop model.

Romania’s climate is temperate-continental of transition, with
oceanic influences from the West, Mediterranean ones from South-
West and continental-excessive ones from the East.

The measurement of water quantities coming from atmospheric
precipitations or deposited by other hydrometeors is carried out by
means of pluviometer and the continuous recording of precipitations
(liquids) is performed with the pluviograph. Water quantities are
daily measured at climatic deadlines (1, 7, 13, 19 local average
solar time),) and they are expressed by the thickness of the fallen
water layer, in mm (Imm=1 V).

Yearly precipitations decrease in intensity from west to east, from
over 600 mm to less 500 mm in the East Romanian Plain, under 450
mm in Dobrogea and about 350 mm by seaside, in the mountainous
areas they reach 1000-1500 mm.

Romanian Statistical Yearbook

Fig. 4 emphasizes graphically the pluviometrical regime
between the years 1901-2000, using statistical data furnished
by the Romanian Statistical Yearbook in which it can be
found the monthly distribution of the average precipitation
values for a sum of weather stations across the country.
Analyzing this regime, the precipitation abundance of the
warm season can be observed, while the cold season reaches
lower precipitation quantities. Thus, in opposition with the
months associated with winter, that are low in precipitations,
the most abundant in precipitation months are May, June and
July. As a conclusion, the pluviometrical regime is
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characterized by maximum values in summer and minimum
values in winter. Speaking in percents, both the ascending
and the descending trends do not exceed 33.33%. Applying
these observations to the influent organic load (6), the
wastewater treatment process is controlled considering the
influent flow for one year interval:

SN'FN

S, =— NN __
Fy +Fp —Fg

124

(6)

where: Sy — organic substrate concentration for normal
conditions, Fy — influent flow for normal conditions, Fp —
influent flow for rain conditions, Fs — influent flow for
dryness conditions. Also, a 1% daily variation of the
domestic wastewater was taken into consideration.
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Fig. 4. Monthly average precipitation values between the
years 1901 —2000.

3. SYNTHESIS OF H,, CONTROLLER

The main objective of the biological wastewater treatment
process is to obtain a concentration of organic substrate, in
the effluent, that is below the value imposed by the law. A
high number of wastewater treatment plants operate
continuously, considering the dilution rate as the main
control input that has a significant influence over the process.

The substrate concentration is directly affected by the aerobic
growth of the biomass (activated sludge) and indirectly by the
dynamics of the dissolved oxygen concentration. Although
the biological wastewater treatment process can present
significant interferences between the control channels, it can
also be analyzed as being decoupled, by means of two
input/output pairs: 1. the dilution rate — the organic substrate
concentration, and 2. the aeration rate — the dissolved oxygen
concentration. Thus, following the six steps needed by the
synthesis (Georgieva and Feyo de Azevedo 1999), a H,

controller has been designed for each channel pair.

PI. Mathematical modeling and linearization of the
nonlinear model

Besides the nominal system a proper robust controller also
stabilizes the associated nearby class of systems.

To apply a robust control strategy, the nonlinear
characteristic of the activated sludge wastewater treatment

process, requires the linearization of the considered model
and the development of a linear model with uncertain
parameters. The sources of these uncertainties are summed up
to be the sludge dynamics and the influent organic substrate
concentration. The daily period variation of the influent is the
main disturbance of the process, followed by the monthly
sewage precipitation data.

The transfer functions of the dilution rate — organic substrate
concentration channel (7) and the aeration rate — dissolved
oxygen concentration channel (8) are obtained after
linearization using /inmod function of MATLAB. From the
transfer function (7), respectively (8), the transfer function
(9), respectively (10) will result, through simplification that
follows the frequency analysis.

3 2
53 +1.796852+0.34855 + 0.0046
Pgp(s)= %

s +2.0633s> +0.6933s2 +0.0680s + 0.0008
1.1887s> +0.581552+0.0738s + 0.0009

Ppow (s)=— ; . @®)
s7 +2.0633s” +0.69335“ +0.0680s + 0.0008

s+1.5780

52 +1.8460s +0.2898
1.1890-5+0.3189

s% +1.8460s +0.2898

)

Pgp(s)=

Ppow (s)= (10)

Fig. 5 presents the general closed-loop structure, where: P(s)
— the wastewater biological treatment process, K(s) — the
controller, M(s) — the measurement sensor, Wg — the
sensitivity weight function, Wy — the complementary
sensitivity weight function, S/DO — the organic substrate and
the dissolved oxygen concentrations, S*/DO* — the setpoints
of the organic substrate and dissolved oxygen concentrations,
S,/D0O,, — the measured organic substrate and dissolved
oxygen concentrations, e(s) — the error, D — the dilution rate,
W — the aeration rate, n — the measurement noise, d — the
system disturbances, i — the parametric uncertainties, z; and
z, — the controlled components.

zZ] V4
A 4 A
S¥DO* + e D/'w + S/DO
» K » P >

S,/DO,,

=<
A

Fig. 5. Feedback control structure.

The controller must assure the tracking of the setpoints S*
and DO* having low errors and compensating the external
disturbances effect and the measurement noise, where the
disturbances S;, and F;, are considered to be measurable. In
this paper, S identifies the organic substrate concentration and
DO identifies the dissolved oxygen concentration, as
controlled variables.
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The kinetic parameter uncertainties and the operating
conditions were considered to have similar characteristics
with the domestic wastewater. The model uncertainties effect
embeds sinusoidal variations of both signals and of the
parameters that are presented in Table 2.

Table 2. Sinusoidal variation of the wastewater treatment
process variables.

. . .. MIN NOM MAX
Sinusoidal variation value | value value
b = 350 #0225 1) 0.11 | 033 | 055
K = K3 00855 £+ 0.01 | 0.095 | 0.18
Y = plom +0-115~sin[%zj 046 | 0575 | 0.69
F=rm 17 sin(%t) 03 2.00 3.7
Sy = Si',’,"'"(l +0.33- sin[%t]] 0.665; 1.20 | 0.66S,,
Fyy = [EZ”’”[1+0.33-sin(%M;+ 2"322”]}]. 0.66F

TN 1.20 | 0.66F,,
~[1+0.01sin(1D n
12
Srer = Spegf" +0-0415'Sin(%fj 0.04 | 0.084 | 0.125
DO, = DO +sin(%t] 1 2 3

The closed-loop system outputs (11), (12) and the tracking
errors (13), (14) impose the minimization of the sensitivity
functions Ss(s) and Spo(s), in order to reduce the effects of
disturbances and errors, and of the complementary sensitivity
functions, Ts(s) and Tpo(s), in order to attenuate the
measurement noise effect.

S(s) L

T 1K (s) Pls)Byls) (1)
{Pls) K6 (6) d6)- Pls) K s)-n(s)
1
D)= PO ) -
(P(s) K pols)- DO (s)+d(s)— Pls)- K po (s)-nls)
ei(s)=5"(s)=S,(s)= 13)
=Ss(s)-8"(s)=S(s)-dls)+Ts(s)-n(s)
ey (s):DO (s)—DOm (s) . (14)

where

~ 1
Ss(s)=1— Ks(s)-P(s) P, (5)
and

§DO(S) :

represent the sensitivity functions, and

Ks(s) Pls)

7:S(S): 1+KS(S)'P(S)'P”’(S)
and

_ Kpols)- Pls
Tools)=1- Kpols) P(s)- B,y (5)

represent the complementary sensitivity functions.

The goal of meeting the robustness and performance
requirements is dependant on choosing the proper weighting
functions for the wastewater treatment process.

P2. Performance description weighting functions based

The disturbance effect on the output signals of the system is
characterized by the frequency behavior in closed-loop of the
sensitivity functions Sg(s) and Spo(s), given by (15) and (16).
By minimizing Ss(s) and Spo(s) sensitivity functions, the
disturbance effect on the output signal and the tracking error
are diminished. The disturbance and the weighting functions
Wes(s) and Wspo(s) should be directly proportional. A
necessary condition to be satisfied is that the sensitivity
functions Ss(s) and Spo(s) should be maintained below the

inverse weighting functions WSf_l s (s) and Wg__lD o (s) in the
low frequency band (17) and (18).

S 1

Ss “15P K (15)
Spo Zm (16)
S5l < s sl s Ss], <1 a7
‘SDO‘ S|W57D0|71 < ”W@DOSDO“OO <1 (18)

The closed-loop system robustness in the presence of
disturbances is characterized by the frequency behavior, in
closed-loop, of the complementary sensitivity functions Ts(s)
and Tpo(s), given by (19) and (20). Minimizing the T's(s) and
Tpo(s) functions a higher degree of system robustness is
achieved, along with the minimization of the measurement
noise, thus reducing the closed-loop instability risk. A
mandatory condition stipulates that the complementary
sensitivity functions Ts(s) and Tpo(s) should be maintained

below the inverse weighting functions Wf_i s (s) and

Wf__1 PO (s) in the high frequency band (21) and (22).

= P-K
Ta=— 8

STIvP Ky (19)
Ipo =% (20)
‘TS‘ £|WT_S|71 o HWT—STS”OO <1 @1
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‘TDO‘ < |Wf—DO|71 SN “Wf_DOTDO “w <1 22)

Identifying the multiplicative uncertainty norm |Am| < w(s)

precedes the identification of the highest uncertainty that is
expected. Choosing for the weighting functions Wr.g(s) and
Wipo(s) depends on the system transfer property of being
proper or strictly proper, being necessary for the second case
of proper structure Wyg(s)P(s) and  Wypo(s)P(s).
Additionally, the crossover frequencies Wsg(jw) and
Wspo(jw), in Bode diagram, must precede the crossover
frequencies Wrgs(jo) and Wrpo(jw) aiming to fulfill the
performance criteria.

In an attempt to avoid conflicts in regard to the unitary sum
of the Sg(s) and Ty(s), respectively Spo(s) and Tpofs)
functions, the weighting functions can be defined for
different frequency intervals (Georgieva and Ignatova 1999):
Ss(s), Spo(s) must be low in the low frequency band in order
to reduce the additive disturbance effect on the output signal,
and T(s), Tpo(s) must be low in the high frequency band in
order to reduce the measurement noise effect on the output
signal.

Moreover, the additional weighting functions Wgg(s),
Wspo(s) and Wiyg(s), Wrpo(s) ensure flexibility to the
performance specifications. In order to synthesize a controller
that would compensate uncertainties, the cost function ||T,y]|«
must be lower than a particularly constant y. A necessary and
sufficient condition to achieve robust performance is stated in
the inequalities (23) and (24).

H\WﬁfSSSHWf—sT sHL = (23)

“‘Wg_DOSDO‘+‘WT_ poTpo mw <1 24)
The daily period of the wastewater treatment process with
activated sludge represents a condition in choosing a high
weight nearby to 7//2 h”' as a constraint for the sensitivity
functions S(s) and Spo(s), to compensate the variations for a
period higher than 2A, or the equivalent of choosing a = A
bandwidth (Georgieva and Feyo de Azevedo 1999), thus
being chosen the weighting functions stated in (25), (26) and
(27), (28).

4 1505 +1
00125 25
§-5 03-s+1 25)

2

p 0.012s +0.1-541 26)
=5 0.1-52+0.01-5+0.01

200122054 o6 27)
$§-DO 23-5+1

2
G 00152400541 o8)

T=D0 "~ 0 1.52 +0.01-5+0.01

. -1 | _ ..
Choosing W§_S (O)_W§—DO (0)—0.01 has the significance
of a maximum steady-state tracking error of 1%, while

Wl (s> @)=5 and W' (s —>®)=239 signify a high

frequency disturbance and 2.39,

respectively.

amplification of 5

Considering the crossover frequencies constraint and the
selection of Wr.g(s) and Wrpo(s) so that they will correspond
to the desired 2z (24h) bandwidth, it is required for the
complementary sensitivity functions to be low nearby the
frequency where the measurement noise is amplified.

P3. Two-port state-space representation of the augmented
process model

The extended multivariable process, outlined in Fig. 6 and
Fig. 7, is based on the monovariable linearized model, to
which the weighting functions are added.

T T
= z=[z; z
w=/[Syes nJ ; [z11 221/
D ej
Ks [«

Fig. 6. Linear Fractional Transformation model for the
dilution rate — organic substrate concentration control pair.

_ T _ T
w=[DOy.s n] . z=[z31 225/
w (5]
K])() <

Fig. 7. Linear Fractional Transformation model for the
aeration rate — dissolved oxygen concentration control pair.

The closed-loop transfer functions between the controlled
outputs z and the exogenous inputs w, are given by the
equations (29) and (30), for both cases:

-1

Tos =R1+Py-Kg (I-PpKg)™" Py (29)
1

Tovpo =Pi1+Pa Kpo (I-PpKpo)™ - Py (30)

where: T.,s and T.,po are called Linear Fractional
Transformations (LFT) and have the state space description
in (31) — (41):

[—1.846 —0.2898 0 0 0
1 0 0 0 0
Ag=| -1 -1.578 —0.0067 0 0 (31)
1 1.578 0 -10 —100
|0 0 0 1 0 |
o -
0 0
Bg, =|1|; Bg, =|0 (32)
0 0
_0_ _0_
[-0.2 -0.3156 0.6653 0 0
Cs;=| O 0 0 0 0 (33)
| 10 15.78 0 —-99 —990
Cg, =[-1 -1.578 0 0 0] (34)
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0.2 0
Dgyy=| 0 |5 Dgjp =| 1|5 Dgyy =15 Dgpy =0 (35)
0 0
[~1.846 —0.2898 0 0 0
1 0 0 0 0
Apo =|-1.189 —0.3189 —-0.0018 0 0 (36)
1.189  0.3189 0 —-10 -100
0 0 0 1 0
o -
0 0
Bpoy =15 Bpo, =|0 (37)
0 0
_O_ _0_
[~0.4972 —0.1334 0.1811 0 0
Cpo;=| O 0 0 0 0 (38)
| 1189 3.189 0 -99 -999
Cpo, =[-1.189 -03189 0 0 0] (39)
0.4182 0
Dpo;;=| 0 | Dpoys =|1|; Dposy =1 (40)
0 0
Dppayy =0 (41)

All the initial assumptions regarding the existence of a
solution for the H,, control problem are satisfied:

Al. Dll :0,

A2. The pairs

stabilizable;

(45.Bs5,) and  (4po.Bpo,) are

A3. The pairs (C 59545 ) and (C po7-4 DO) are detectable;

A4. The matrix rank of Dj, is equal to the dimension of the

control input u, hence the rankDg;, =1 and the

rankDpo, =1;

A5. The matrix rank of D, is equal to the dimension of the
output y, hence the rankDg,, =1 and the rankDpp,, =1.

The A2 and A3 assumptions are necessary in order to
guarantee the existence of a controller and A4 and AS
assumptions are necessary in order to guarantee that the
controller transfer function is proper.

P4. State-space H,, control design

Based on the extended models (31-35 and 36-41) of the
wastewater treatment process, the transfer functions for the

H,, stable controllers (42) and (43) have the same number of
states as the augmented plant.

2.57s* +30.455° +305.3352 +482.105 + 74.51
s +19.27s% +178.1953 +605.63s2 +587.955 +3.89
(42)
Kpp = ;17.9S4 +f67.7s3 +53691.1s2 +8285.9s+1388.9
s> +70.25* +9777.453 +6296.452 +3603.85 + 6.5
(43)

The closed loop system poles of the dilution rate — organic
substrate concentration control pair are:

-7.0575 +£7.0588i;-5 + 8.6603i;-2.4714,-1.7216,-1.6728;
-0.9663;-0.1732,-0.0067

KS:

and the closed loop system poles of the aeration rate —
dissolved oxygen concentration control pair are:

-53.0277;-7.6890 + 6.33811;-5.0000 £ 8.66031;-1.6728;
-1.5580;-0.1871;-0.1732;-0.0018

P5. Frequency domain robust analysis

Figures 8 and 10 present the sensitivity function and the
complementary sensitivity function, in respect to the
fulfillment of the performance requirements (17) — (18) and
(21) — (22) as well as the crossover frequency of Ws.s(s) and
Wspo(s) preceding the crossover frequency of Wyg(s) and
Wepo(s). Figures 9 and 11 show the characteristics of the
cost functions 7, sand T.,.po in terms of which the scaling of
the weight functions has been performed.

Magnitude [dB]

107 10" 10° 10
Frequency [rad/h]

Fig. 8. Bode characteristics for the dilution rate — organic
substrate concentration control channel.

Singular Value [dB]

107 1w 10’ 10 10 10°
Frequency [rad/h]

Fig. 9. Cost function characteristics for the dilution rate —
organic substrate concentration control channel.
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Magnitude [dB]

I Vo i I . H s
10° 107 10° 10' 10°
Frequency [rad/h]

Fig. 10. Bode characteristics for the aeration rate — dissolved
oxygen concentration control channel.

Singular Value [dB]

10" 10 10° 10 10
Frequency [rad/h]

Fig. 11. Cost function characteristics for the aeration rate —
dissoved oxygen concentration control channel.

P6. Simulation of the H, controlled nonlinear process

Fig. 12 presents the general scheme of the multivariable
control of biological wastewater treatment process with
activated sludge, having as controlled outputs the organic
substrate and the dissolved oxygen concentrations.

O«
| Sin ;F in
Sh ’l
— +
Sref+ €] KS D > + _S>
— X

DOre e W Pnonlinear [Xr]
Kpo > —>

+ DO

Fig. 12. Multivariable control scheme of the wastewater
treatment process.

In Fig. 13, the three zoomed sections contain the daily
variation during low precipitation conditions (0 — 48 £
corresponding to the 1% and 2™ of January), during high
precipitation conditions (3984 — 4008 / corresponding to the
15™ of June) and during normal precipitation conditions
(5856 — 5880 & corresponding to the 1* of September). The
results obtained through simulation are shown in Fig. 14 —
Fig. 19.

1
] 1000 2000 0o 4000 5000 G000 Toow a0
Time [h]

Fig. 13. Daily sinusoidal variation of the precipitations over a
year.

0
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Time [h]
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Fig. 14. The evolution of the biomass concentration.
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Fig. 15. The evolution of the organic substrate concentration.
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Fig. 16. The evolution of the dilution rate.
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Fig. 17. The evolution of the dissolved oxygen concentration.
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Fig. 18. The evolution of the aeration rate.

0 2000 4000
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6000 8000

Fig. 19. The evolution of the recycling biomass concentration

In order to validate the performance requirements of the
nonlinear multivariable control system, the simulations were
performed in respect to the bounded sinusoidal variations
presented in Table 1. The simulation results are embedded in
Fig. 20 — Fig. 23.

©o o
N

Sl X [gL"IDO* [mg.L 8" [g.L"]

Xr [gL™ W [L. min"JDO [mg.L™"] D [h7"]

Time [h]

Fig. 20. The simulation results for the sinusoidal setpoints of
S*and DO*.

Fig. 20 embeds the sinusoidal representation of the organic
substrate and the dissolved oxygen concentrations setpoints,
whereas Fig. 21 — Fig. 23 embed the step representation of

the same setpoints, S*= 0.1g~L71 and DO*=2mg L
Fig. 21 presents the system’s evolution in the presence of the

sinusoidal variation of the u,, parameter, while Fig. 22
presents the system’s evolution in the presence of the

sinusoidal disturbance S;,. Fig. 23 considers the evolution of
the controlled wastewater treatment process in the presence
of the sinusoidal variation of the parameters u,,q., Ks, Y, the
recycling rate r, the disturbance S;, and the 30% variation of
the measurement noise. All the simulation results confirm a
good behavior in tracking the organic substrate concentration
and the dissolved oxygen concentration setpoints,
considering the worst case scenario for the sinusoidal form of
the variations of the parametric uncertainties, the load
disturbances and the measurement noise.
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Fig. 21. The simulation results in the presence of the
sinusoidal variation of the parameter y,,,,, .

Xr gL W [L.min")DO [mg.L”"] DY

Time [h]

Fig. 22. The simulation results in the presence of the
sinusoidal variation of the disturbance S,
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Fig. 23. The simulation results in the presence of the
sinusoidal variation of the parameters t,,, Ks, Y, the
recycling rate r, the disturbance S;, and the 30% variation of
the measurement noise.

4. CONCLUSIONS

This paper deals with the analysis of robust mixed sensitivity
tracking error of the closed-loop multivariable system using
the sinusoidal form model for representing the uncertain
parameters of the model. The robust multivariable control has
been analyzed and performed considering the following
control pairs: dilution rate — organic substrate concentration
and the aeration rate — dissolved oxygen concentration, where
the organic substrate concentration in the influent S;, is the
main process disturbance that has a daily sinusoidal variation.
The kinetic parameter uncertainties and the operating
conditions were selected to reflect the characteristics of the
typical domestic wastewater.

The robust multivariable control problem contains,
additionally to the previous cases, an analysis of the system
under the influence of the precipitation gauge F;, simulated
during an entire year timeframe, and sampled per monthly
precipitation mean values.

The main role of the robust controller is to enforce the system
in tracking the organic substrate concentration and the
dissolved oxygen concentration setpoints, with small errors,
in a time varying process, while compensating for the effect
of external disturbances and measurement noise.
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