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ABSTRACT 
 
In this paper, a robust feedback control improving the performance of a wastewater 
treatment is presented. In operational terms, the main control objective is to keep the 
concentration of the biomass proportional to the influent flow rate with the various 
disturbance compensation, noisy measurements and varying process model parameters. 
The H-inf control design is based on a simplified Activated Sludge Model No. 1 (ASM1) 
with the description of the nonlinearities by bounded structured uncertainty. It is found 
that the proposed controller yields excellent responses in the face of parameter 
uncertainties, load disturbances and set-point changes. 
 

KEYWORDS 
 
Activated sludge model; Robust control; Structured uncertainty; Linear fractional 
transformation (LFT). 
 

id18698591 pdfMachine by Broadgun Software  - a great PDF writer!  - a great PDF creator! - http://www.pdfmachine.com  http://www.broadgun.com 

mailto:qiaoxinghong@126.com


BTAIJ, 10(24) 2014  Qiao Xinghong et al.   16361 

INTRODUCTION 
 

 Water pollution is the top issue facing the world, the pollution control subjects have been listed on 
the World Environmental Protection Organization�s work schedules. In order to improve the performance 

of the wastewater treatment system, robust control design for uncertain nonlinear systems is becoming 
inevitable especially. The most popular wastewater treatment, however, is biological[1]. In particular, the 
technology of activated sludge Process (ASP) can offer a very good result for phosphorus, organic load 
and nitrogen removal in wastewater. The actual wastewater treatment process has complex dynamical 
processes. Often activated sludge Process may have various parameters or the structure of the model 
which are not perfectly known due to measurement inaccuracy, process noise, structural uncertainty and 
mode changes[2,3]. 
 To tackle these different uncertainty reasons, several control system algorithms have been 
developed which can provide an acceptable performances and system stability: PI/PID robust tuning 
algorithms[4,5], the linear quadratic optimal control[6], adaptive approach[7-9] and knowledge-based expert 
system (KBES)[10-11]. A lot of research has been reported about applications of various advanced robust 
control techniques for chemical processes, but very few operations are presented for wastewater 
treatment system. 
 The paper is organized as follows. In the next section, the dynamical model of the activated 
sludge process is presented. In Section 3, it is shown how the uncertainties can be modeled and how this 
leads to the required ( , )UF M  . In Section 4, the H∞ analysis design by solving the pair of Riccati 
equations is introduced. In Section 5, the performance of both control algorithms are illustrated by 
extensive numerical simulations performed for a recycled aerobic wastewater treatment bioprocess. 
Finally, Section 6 concludes the paper. 
 

PROCESS MODELLING 
 

 The wastewater treatment process with activated sludge is a biological process for biodegradable 
pollutants removal, see Figure 1. The basic set-up consists of an aeration tank where the specific micro-
organism�s population (the sludge) are produced aiming to remove the pollution from wastewater and a 
settler tank where the clear effluent can be separated from the sludge. Since the amount of 
microorganisms needs to be kept at a high level, sludge is recirculated as shown in Figure 1, while the 
rest is removed as waste sludge. 
 

 
 

Figure 1 : Schematic diagram of an activated sludge process 
 
 Over the years there are various kinds of models developed and a lot of efforts have been spent to 
get the wastewater treatment processes by active sludge. The most widely used model is Activated 
Sludge Model No. 1 (ASM1). The ASM1 contains 13 state variables, such that various control strategies 
are unusable. The robust control strategy is developed based on a reduced ASM1 model in this work. The 
mass balance equations for the substrate, biomass and recycled biomass concentrations in state space 
form, are given by[12]. 
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(2) 

 

 
(3) 

 
 Where: ,  and  are the concentrations of the active microbial biomass, the biomass in 

the recycle stream and the substrate. ,  and  is influent flow rate, recycle flow rate 

(manipulated variable) and the waste flow rate.  is the bioreactor volume,  is the settler volume.  
is the specific growth rate, which is modeled by a Monod-type equation. 
 

 
(4) 

 
 Where:  and  are the variables representing the specific maximum growth rate and the half-
saturation constant. 

  depends on the quality of settler type used and its characteristics. As the dynamics in 

settler are much faster than the dynamics in bioreactor, the dynamics in settler are first order. Moreover, 
assuming that the relationship of input to output solids concentration is unknown but bounded. The 
settler characteristics can be approximated[13] by. 
 

 (5) 
 
 where ＞1 for all . The controlled and manipulated variables are the biomass in the 
recycle stream and recycle flow rate. The relationship between the controlled and manipulated variable 
can be obtained by substituting equation (5) into equation (1), 
 

 
(6) 

 
 The sensor which measures the recycle biomass concentration is modeled by the first order 
transfer function, 
 

 
(7) 

 
 Where  is a random measurement noise. The recycle biomass concentration in can be 
inferred base on the CO2 and O2 concentration in the activated sludge process. 
 The influent wastewater flow rate has generally periodic characteristic. The reference 
concentration of the biomass in the recycle flow to be tracked is proportional to the influent flow rate:[14] 

 
  (8) 

 
 and assuming that the reference signal is measurable and the output  can tracks 

asymptotically reference signal . The main goal is to develop robust controller to keep tracking a 

desired reference signal with disturbances and measurement noise. 
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LFT PROCESS MODEL WITH PARAMETER UNCERTIANTY 
 

 In order to apply the robust control approach, the process dynamics (equation (6)) is simplified as 
equation (9) with uncertain parameters, 
 

 (9) 
 
 Where 
 

,
 

 
 All parameters included in a and b are unknown but bounded. Consequently, that is, 
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 the parameter  can be represented via the upper LFT in  
 

 (20) 

( ) ( ) ( )R R RX t aX t bQ t


 

( )inQ
a

V
  ( 1)RX

b r
V

 

(1 )a aa a  


  1 1a  

(1 )b bb b  


  1 1b  

min min max
min m

max min
sub in

m sub

S Q
a

VK S


 



max max min
max m

min max
sub in

m sub

S Q
a

VK S


 



min
min min( 1)RX

b r
V

 

max
max max( 1)RX

b r
V

 

min max

2

a a
a
 


min max

2

b b
b
 


max

1a

a

a



 

max

1b

b

b



 

(1 )a aa a  


  a

( , )U a aa F M 



16364  Nonlinear robust control of a wastewater treatment  BTAIJ, 10(24) 2014 

 With 
 

 
 

 and the parameter  can be represented via the upper LFT in , 
 

 (21) 
 
 With 
 

 
 
 All these LFTs block diagrams are depicted as shown in Figure 2. 
 
 

 
 

Figure 2 : Diagram representations of  and  
 
 To further represent the active sludge model with uncertainty parameters  and , the inputs 
and outputs of  and  as ,  and , , respectively, are denoted as shown in Figure 3. 
 

 
 

Figure 3 : Diagram of the wastewater treatment system with uncertain parameters 
 
 The equation relations between �inputs� and corresponding �outputs� with uncertainty parameters 

can be obtained with the Figure 3. 
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(22) 

 

 

(23) 

 
 As a result, the following equations are obtained 
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 (28) 
 
 The state space representation of LFT in matrice form is given by eliminating the variables  and

, as description in equation (29) and (30). 
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 Let Gwts denote the input/output dynamics of wastewater treatment system, which contains the 
uncertain parameters in the matrix as shown in Figure 4. Gwts has three inputs ( ; ; ), three outputs 
( ; ; ) 
 

 
 

Figure 4 : Block diagram of the t system�s input/output 
 
 The augmented matrice Gwts is 
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(31) 

 
 Where 
 

, , , 
 

, , , , ,  

 
 The original system with the uncertain parameters can be presented by an upper LFT 
transformation 
 

 (32) 
 
 where △= diag (äa;äb).), as shown in Figure 5. 
 

 
 

Figure 5 : LFT representation of the wastewater treatment system with uncertainties 
 

H-INF ROBUST CONTROL DESIGN 
 

 H-inf robust control design can be described into a standard configuration as in Figure 6. Note 
that in Figure 6 w, z, y and u are all the exogenous inputs, the output signals, the vector of measurements 
and the manipulated signals. The control strategy is to minimize the output z by finding a stabilizing 
controller K. Thus, it is approximately equal to the H∞-norm of the transfer function matrix from w to z. 
 

 
 

Figure 6 : The standard H-inf configuration 
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 The state-space of generalized system G is described as 
 

 (33) 
 

 (34) 
 

  (35) where , , ,  and  are the state 
vector, the exogenous input vector, the control input vector, the error (output) vector and the 
measurement vector, with and . Then the  may be written as. 
 

 

(36) 

 
 Supposing that the system  satisfy the following assumptions: 
 A1 (A, B2) is stabilisable and (C2, A) is detectable; 
 A2 D21 has full row rank and D12 has full column rank to ensure controller is proper; 

 A3 for  ù， has full column rank; 

 A4 for  ù，  has full row rank; 

 A5  
 Define 
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 Assume that  and  are nonsingular. We define two Hamiltonian matrices H and J as 
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 Partition , , and  are as follows: 
 

 
 
 Theorem[15] Suppose G(s) satisfies the assumptions A1- A5. 
(a) There exists an admissible controller K(s) such that if and only if 
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 Where 
 

 
 

SIMULATION AND DISCUSSION 
 

 The block diagram of the closed-loop feedback control system including the uncertainties in 
model and performance requirements is given in Figure 7. The uncertain parameter satisfies the norm 
condition . The parameter d is the various disturbances. The Wt and Wk are the weighting 

functions. 
 

 
 

Figure 7 : Closed-loop system structure 
 

 The model constant and variable numerical data are given in TABLES I and II[16]. 
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 In choosing design weighting functions  and , the system may obtain the acceptable 
performances and system stability. The tuning parameters of the weights  and , are chosen as 
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in Figure 9. As shown in Figure 10, the sensitivity function lies below 1/Wt. The theoretical results 
verified that good performance is achieved robustly. 

 

 
 

Figure 8 : Transient response to reference input 
 

 
 

Figure 9 : Transient response to disturbance input 
 

 
 

Figure 10 : Diagram of the sensitivity function 
 

CONCLUSIONS 
 

 In this article implementation of robust control theory to activated sludge processes are 
presented. The robust control design is based on a simplified Activated Sludge Model No. 1 (ASM1) 
together with the description of the nonlinearities by bounded structured uncertainty. The state space 
model of active sludge processes is obtained in the framework of Linear Fractional Transformation 
(LFT). In the robust controller design, the weighting function  and  have been used to improve 
control performance and limit the controller gain. Simulation results have demonstrated that designed 
robust controller provides excellent robustness and performance with multiplesources of uncertainties. 
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