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ABSTRACT

This project was started as a result of strict environmental and health regulations together

with a demand tor cost effective operation of wastewater treatment plants (VVWTPs). The

main aim of this project is how to keep effluent concentration below a prescribed limit at the

lowest possible cost. Due to large fluctuations in the quality and quantity of the influent

concentrations, traditional control methods are not adequate to achieve this aim The major

drawback with these methods is that the disturbances affect the process before the controuer

has time to correct the error (Olsson and Newell, 1999: 454). This problem is addressed

through the use of modern control systems,

Modern control systems are model based predictive algorithms arranged as feed-forward

controllers (Olsson and Newell. 1999: 454). Normally a controller is equipped with a constant

set point; the goal In this project is to calculate an optimal DO trajectory that may be sampled

to provide a varying optimal set-point for the Activated Sludge Process, In this project an

optimal control problem Is formulated using DO concentration as a control variabte. This

requires a model of the process to be ccntrolled a rnathematical expressions of the

urnitaticns on the process inputand output variables and finally the objective functional. which

consists of the objectives cf the control.

The structures of the Benchmark piant (developed within the COST 682 working group) and

the Ath!one WVVTPs are used to implement this opt.mat control strategy in MATLAB. The

plant's full models are developed based on the mass balance principle lnccrporatinq the

activated sludge biological models: ,A,SM1, ASM2, ASi,,12d and ASf\13 (devejcped by the !V'JA

working groups). To be able to develop a method that may later on be used fer online

control, the full models are reduced based on the technique In Lukasse (',996). Tc ensure

that the reduced models keep the same prediction capabilities as the full models, parameters

of the reduced models are calcu'ated based on the Least Squares principle, The formulated

optimal centro' problem is solved based on the deccrnpos.tion-coorcinauon method that

involves time decomposition in a two layer structure.

MATLAB sottware [5 developed to solve the problems for parameter estimation. fun and

reduced mode! simulation. and optimal control calculation for the considered different cases

of plant structures and biological models. The obtained optimal 00 trajectories produced the

efrluent state trajectories wrthin prescribed requirements. These DO trajectories may be

implemented in different SCADA systems to be tracked as set points or desired trajectories

by different types of controllers.
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CHAPTER ONE
INTRODUCTION

1.1 Introduction

Clean water is a valuable resource lacking in many parts of the world especially in Africa

where people have died from diseases related to water contamination (e.g. cholera).

Every living thing on earth (microorganisms, plants, animals, humans and even our brain)

consists mostly of water. More than 70% of the earth's surface is covered by water, only

a small part of which is suitable for either human consumption or agricultural use

(approximately 0.5% of all water in the world). Due to pollution from agriculture,

households and industry reaching rivers, lakes and seas it is important for wastewater

(sewage) to be properly treated in order to remove harmful substances before it reaches

the environment.

Strict environmental and health regulations together with a demand for ccst effective

'Nays of wastewater treatment have made control technology in Wastewater Treatment

Plants (VVWTPs) an important priority. In WV'fTPs, the control system is used to

supervise the mherently dynamic wastewater treatment processes from the influent

wastewater through biological processes up until effluent dispersal. The introduction of a

control system in these plants is expected to reduce the need for larger volumes,

improve the effluent water quality, decrease the use of chemicals, and save energy and

operational costs. Sensors for dissolved oxygen and nutrients such as ammonium.

nitrate and phosphorus have been developed and improved in recent years, thus

increasing the potential for effective monitoring, automation and control of wastewater

treatment plants. This assists in reaching the objective of the wastewater treatment

process operation, which is to provide reliable and stable precess control with highly

efficient results (low concentration of substrates in the effluent wastewater) at minimum

cost.

In this thesis a method for solution of the problem for optimal control of the activated

slUdge process is developed. Generally the objective of optima! control is to make the

output signals of the system behave in a desired way by manipulating certain input

signals that affect the behaviour of the system. The control strategy is firstly to estimate

the disturbance in the system by making use of the process model to predict the

behaviour of the influent disturbances.
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Secondly to use optimal control theory (process medel, process constraints and the

objective functional) to search for optimal control signal to be used as a reference

trajectory for the controller for real time process control. In this thesis. optimal control

problem is solved based on the reduced process models for the purpose of future control

application in real time.

The focus of the project is to control dissolved oxygen needed by microorganism in the

ASP to grow. The aim of the suggested method is to efficiently control and reduce

unnecessary dissolved oxygen concentration. which in turn reduces the amount of

energy, required for high airflow rate and thus minimises cost

In this chapter. the biological process of a wastewater treatment plant is briefly

described. The common strategy that is used when controlling this process is also

described. The optimal control strategy that is used in this work is briefly introduced

giving the reader a short explanation of the strategy. The strategy is fully described in

Chapter three.

1.2 Introduction to wastewater treatment

Wastewater treatment plants comprise various processes used for the reduction of

contaminants in wastewater. A typical wastewater treatment plant includes a mechanical

system and a biological process. The mechanical system consists of gnds and sand

filters for removing large objects as well as primary sedimentation for removing

suspended solids If not removed these objects may cause system blocks and damage

equipment A biological system is used for the reduction of organic matter and harmful

nutrients such as nitrogen and phosphorus. The mechanical and biological systems of a

wastewater treatment plant are shown in Figure 1.1. (Samuelsson. 2001).

Mechanical "lreatmeraSystem Biological Tn::atmentSy"5tem

fit ....J , ~
II,

1(."" 5andfiltl2r aescroe
etartf.-€r

Figure 1.1: The mechanical and biological wastewater treatment systems

(Adapted from Samuelsson, 2(01)

2



1.2.1 Activated sludge process

The activated sludge process (ASP) is one of the biological processes used at most

wastewater treatment plants. This process is used to biologically reduce contents of

organic matter, nitrogen and phosphorus in wastewater. If untreated the organic matter

may cause oxygen depletion when discharged to the recipient water.

Nitrogen and phosphorus may stimulate undesired plant growth in the recipient water

and thereby affect the ecosystem negatively. A typical layout of the ASP is shown in

Figure 1.2 (Sarnuelsson. 2001).

comprsssee air

Influent

Clarifier

.. ,
o "

Aeration Tank

Wasl:eds

EffIusnt

IUdge-
Recycled sludge

Figure 1.2: A typical layout of the activated sludge process

(Adapted from Sarnuelsson, 2001)

A typical ASP consists of an aeration tank and a clarifier as shown above. In the aeration

tank, microorganisms utilize oxidized organic materials for their growth and energy.

Microorganisms then form a biological floc which gets suspended due to aeration. After

for 4 to 8 hours the floc is allowed to overflow into the clarifier. After being in the clarifier

for 1 to 2 hours, gravity forces the floc to settle in the bottom.

The settled material Is then drained from the bottom while the treated wastewater is

allowed to flow from the top of the clarifier. Organic matter leaves the system in three

ways; as part of the settled material, as C02 or with the effluent (Matas, 2003) The

quality of the effluent depends on biomass growth in the aeration tank therefore a part of

the sludge (settled biomass) is recycled back to the aerated tank to keep a balance

between biomass concentration and waste material in the tank.

A basic ASP may be extended to include biological removal of nitrogen. Nitrogen

removal requires a two step configuration with aerobic and anoxic tanks. A basic ASP
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designed to include the biological removal of nitrogen is shown in Figure 1.3. In the

aerated tank. ammonia nitrogen is converted into nitrate through nitrification process

while in the anoxic tank nitrate is converted into nitrogenous gas through denitrification

process. This is how nitrogen leaves the system: it is converted into a gas that disperses

into the atmosphere.

Figure 1.3: Typical layout of the ASP incorporating biological nitrogen removal

(Adapted from Lindberg, 1997)

A basic ASP may be further extended to include biological removal of phosphorus.

Phosphorus in wastewater is in the form of polyphosphate granules. These

polyphospnate granules are used as energy source by the polyphosphate-accumulating

organisms (PAO) under anaerobic conditions. The University of Cape Town plant layout

shown in Chapter four on Figure 4.5 is a typical example of an ASP configured to

incorporate biological phosphorus removal.

1.2.2 Activated sludge process optimal control

Traditionally there has been very little emphasis on wastewater control systems; as a

result wastewater treatment plants are only equipped with simple control systems. These

systems are mainly used for on and off controt and for monitoring purpose. Dissolved

oxygen (DO) is the most commonly monitored and controlled variable of the activated

sludge process (ASP). DO sensors are used to monitor and relay measurement of DO to

a computer. Simultaneously, a proq:ammable logio controller (PLC) controls the amount

of DO supplied to the aeration tanks. Typically, a PLC is set to regulate DO value to 2

mg/l.

Cost minimization is an important factor in the operation of the wastewater treatment

plant In order to run a plant economically. operational oosts such as pumping energy

and aeration energy should be minimized. At the same time discharges to the water

recipients should be kept at a low level. Minimizing the operational costs and at the same
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time treat wastewater properly lead to conflict of interest that must be solved. This

conflict can be seen as a multi-objective optimization problem where effluent discharges

must be balanced against operational costs. The main question is how to keep the

effluent discharges below a certain pre-scribed limit to the lowest possible cost.

The main purpose of this project is to solve this optimization problem. This is soived

through automatic control of the process. The objectives of automatic control are making

the output signals of the system behave in a desired way by manipulating certain input

signals that affect the behaviour. The first step in the design of automatic control strategy

is to determine which signals to control. which to measure or estimate and which control

signal to use. The next step is to recognize the disturbances in the system. The last step

is to derive the control signal to the system. Finally. the control strategy for the process

may be developed.

1.2.2.1 Controllable parameters of the activated sludge process

The ASP can be considered as represented by chemical and biological variables as

shown Figure 1.4. The chemical group consists of variables such as temperature. DO.

dissolved carbon dioxide. pH and flow rate. The biological group consists of

concentrations of substrate and biomass. As opposed to the chemical variables. the

biological variables are not measurable online. The chemical group controls enzyme

activity of the microorganisms and in this way controls the biological variables. This

means that if the optimal conditions for the chemical variables are reached according to

some criteria, then it will also be reached for the biological variables.

tion
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Figure 1.4: Dependence between chemical and biological variables
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Kca is the oxygen transfer coefficient and it describes the rate at which oxygen is

transferred into the system. DO is the Dissolved Oxygen concentration. S is Substrate, N

is Nitrogen and P is Phosphorus. The figure shows how air an input to the chemical

variables is controlled to give the DO output that is necessary to the biological variables.

Figure 1.5 an example of a closed loop system control of DO concentration in the aerobic

tank of the activated sludge process.

Disturbances

Enzymes
Bacteria

Kca +

r I- DO'
PID , Microorganisms,

Substrat

DOsp

AEROBIC TANK

+

Figure 1.5: DO control of the Activated Sludge Control

1.2.2.2 Disturbance factors in the activated sludge process

The main disturbance of the ASP is the inflow load, which is characterized with different

values of the flow and waste component concentrations. The inflow characteristics

change with the change of temperature, wind and time. The load change leads to

changes of the environment conditions for the microorganisms, whioh requires different

values of the DO. The required DO values are not always clear, it has to be estimated or

calculated in some way. The solution of this problem is to determine the required DO

solving optimal control problem for the process. This problem is formulated and solved in

the project.

1.3 Introduction to optimal control

Optimal control theory is based on the calculus of variations method: it is aimed at

making functionals reach minimum or maximum values. Optimal control is a

mathematical optimization method for deriving optimal control trajectories

6



The objective of optimal control is to predict best values of the control variable that will

make the process behave in an optimal way. This means that a system must achieve

effluent requirements while satisfying physical constraints of the plant. This is achieved

through minimization of a pre-specified optimality criterion (Katebi, 1998).

1.4 Problem identification

The South African constitution states that the provincial governments have to ensure

effective performance by their municipalities in terms of wastewater and sewage disposal

(South Africa, National Government. 1996) This includes adherence to local and

international standards governing effluent wastewater disposal In recent years, these

standards have been made more severe in order to improve the state of the environment

as well as cater lor disposal problems due to growing urbanisation and industrialization.

As a result of these developments, there has been a lot of support from the Water

Research Commission towards South African research in wastewater treatment. with the

main focus being on the designs of the wastewater treatment plants (WRC, 2002). Not

much of the researches are directed towards wastewater treatment plants control

systems.

Most wastewater treatment plants around the world and in South Africa use simple

feedback control systems with on and off capabilities. This is despite the fact that

wastewater treatment precesses are known to be highly complex and nonlinear in their

nature. The other issue surrounding wastewater treatment plants is the high operational

cost incurred.

Much of the operational cost is related to the electrical energy utilized during aeration, It

is believed that electricity consumption makes up to more than 40 percent of the total

operational costs (Motor Management Success. 2001). It is also believed that the energy

saving potential for wastewater treatment plants is very high. This potential can be

reached through the use of advanced control and monitoring systems.

Without advanced ccntrol and monitoring systems, wastewater treatment plants cannot

run efficiently and effectively. Figure 1,6 shows a decrease in concentrations of

phosphorus in some of the rivers of the European Union alter building and exploration of

modern control systems in many European countries. Advanced control systems give

more possibilities to achieve these trends at a lower energy costs.
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Figure 1.6: Phosphate concentrations in some of the rivers in Europe

(Adapted from EEA, nd)

The dynamic complexities of wastewater treatment processes, the related energy cost

and the strict effluent requirements cannot be dealt with by means of simple feedback

systems. They require the use of advanced state of the art control systems, such as

optimal control. The availability of on-line sensors and mathematical models makes it

possible to design advanced control systems for the activated sludge process. Several

advanced control strategies have previously been suggested by Bastin and Docnair,

(1990)_ Application of modern control theory in combination with new on-line sensors and

the appropriate parts of advanced models has great potential to improve the effluent

water quality, decrease the use of chemicals and save energy and money.

1.5 Motivation

Contro! systems in wastewater have been recognized for almost 30 years but it has

never been a major part of the wastewater treatment plant 0N\NTP) design_ Many

IMNTPs have been designed and constructed without any attention given to the control

systems,

According to Henze et al (2000) the application of control systems increases the capacity

of the biological nutrient removal by 30%_ In other cases, the application of control

systems has significantly decreased operating costs.

Wastewater treatment plants are susceptible to a lot of disturbances; these disturbances

are a reason for the plants control. The impact of the disturbances has to be

compensated or eliminated before influencing the behaviour of the plant.
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The wastewater disturbances are related to varying influent flow concentration and

composition and varying influent flow rates with time scale ranging between hours to

months. Storms and peak loads also make up the disturbances; they prohibit steady

state behaviour of the plant. Traditionally, wastewatar disturbances have been

dampened by construction of bigger plants to attenuate large loads (Henze et at, 2000).

Wastewater systems are dynamic systems and any correction takes time before it can be

noticed in the system. A wastewater treatment plant is always in transient state because

of the varying influent flow rates, concentration and compositions. The control system

has to recognize this and by online measurements and corrective actions bring the

various process variables to their desired values.

Dissolved oxygen (DO) concentration is a key variable in the operation of the activated

sludge process. From a biological point of view. a choice of a proper DO set point is

crucial. Insufficient air supply will influence the growth of the organisms. the floc

formation and the settling properties of the sludge. The controller decision is based on

the current state of the process cbtained by a sensor and feedback.

Simple feedback control system requires information on the current state of the process.

Optimal control systems have capabilities to use predicted disturbances to predict plant

behaviour and then calculate a proper DO control set point to attenuate the disturbance

before it even reaches the plant. An example is the possibility for aeration to be

increased before a load change hits the plant.

1.6 Statement of the problem

Main problems encountered during operation of an ASP are the stringent requirements

on effluent quality and the high cost incurred. With the main contributor to the high

operational cost being the aeration related energy cost.

The ASP requires oxygen for the minimization of carbon and nutrients in wastewater.

Too much oxygen may decrease process efficiency and increase energy consumption.

With too little oxygen, microorganisms may not perform well enough to remove harmful

wastewater components. Finding adequate oxygen concentration in the aeration tank is

the problem oonsidered and solved in the thesis.
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The aim is to determine the amount of DO concentration required for the process to

produce the pre-specified effluent trajectories at a lower cost

1.7 Research aim and objectives

The overall aim of the research project is to investigate and develop methods for

calculation of the dissolved oxygen optimal trajectory that may later be used for real time

optimal control of activated sludge processes. The idea Is to use reduced ASP models to

observe the behaviour of the ASP based on values of the predicted influent

concentrations. Then to pre-calculate values of the dissolved oxygen (DO) concentration

(in the aeration tanks) that forces the process to behave in a pre-specified manner. The

calculated DO values are then treated as set points for the controller governing the rate

of air supply to the real plant By so doing, it is certain that the controller considers the

effect of the influent disturbances of the ASP. The aim is achieved through the following

objectives:

t. Literature review and analysis

o Analysis of the need for optimal DO control

o Literature review of the existing methods for optimal DO control

2. Design of models and methods for optimal control calculation

o Analysis of the full models to investigate their possibilities to be reduced in

size and complexity

o Development of reduced models based on the following biological models:

Activated Sludge Mode! NO.1 (ASM1), Activated Sludge Mode! NO.2

(ASM2), Activated Sludge Model No. 2d (ASM2d) and Activated Sludge

Mode! NO.3 (ASM3)

o Development of the parameter estimation procedure

" Formulation of the problem for optimal control

o Development of a decomposition coordination method for optimal control

calculation

3. Development of software

". Development of MATLAB software for simulation of the full models

c Development of MATLAB software for parameter estimation of the

reduced models

o Development of ~v1ATLA8 software for simulation of the reduced models

c Development of MATLAB software for optimal control calculation

o All program for simulation
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1.8 Hypothesis

Disturbances to the ASP as well as the ASP nonlinear and complex dynamics make it

difficult to use classical control systems for ASP control. These control systems require a

priori knowledge of the process, which is very limited due to the lack of sensors for ASP

components. The optimal control strategy is one of the best strategies to use because it

utilizes the process model to predict the behaviour of the process and calculate optimal

controls to change the behaviour of the process.

1.9 Delimitation

The research is based on the development of methods for solution of the problem for

optimal control of the activated sludge process. For the control system dissolved cxygen

is the chosen control variable.

The following reduced activated Sludge models are used in the formulation of the optimal

control problem:

• Activated Sludge Model NO.1 (ASM1)

• Activated Sludge Model NO.2 (ASM2)

• Activated Sludge Model No. 2d (ASM2d)

• Activated Sludge Model NO.3 (ASM3)

There are a lot of other biological models in the literature; however these models are not

considered here.

The algorithm for calculation of the optimal control problem is implemented on MATLAB.

To solve the formulated optimal control problem, the lagrangian and the decemposition

methods are used.

The research is based on the Benchmark and the Athlone treatment plant structures. The

research project does not include controller design.

1.10 Assumptions

The research project is based on the following assumptions

• The mass balance equations accurately represent the actual processes.
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• For optimal control problem solution, the predicted influent concentration

characterised by the weather files is assumed to be a close approximation of the

real influent concentration during the respective weather,

• The settler is assumed to be without biological reaction therefore only steady

state mass balance equations are used to model activities In the settler.

• It is assumed that the activated sludge models give the correct representation of

the actual processes,

• The reduced models do not change the main dynamic behaviour of the biological

activity of the microorganisms and of the wastewater component concentrations,

1.11 Research methods

In this research a method for solution of the optimal control problem of the activated

sludge process (ASP), specifically for the Athlone and Benchmark wastewater treatment

plants Is development The objective is to determine a method for calculation of an

optimal dissolved oxygen trajectory, The optimal dissolved oxygen trajectory is the one

that gives minimum effluent concentration while consuming less control energy,

The research includes the development of the ASM1, ASM2, ASM2d and ASM3 reduced

biological models of the ASP, Benchmark and Athlone plants mass balance models and

method for the optimal control problem solution, The method Is based on the optimal

contrel theories, which require mathematical process modelling, The process modelling

requires the Implementation of mass balance theories, The method is evaluated on the

basis of the benchmark environment that Incorporates the usage of predicted infiuent

conditions and the calculated effluent results based on those Influent conditions, The

achieved solutions are evaluated through simulation under the following conditions:

• VVith average values of the Inflow and effluent concentrations

• With varying values of the Inflow and Influent concentrations

• With the obtained optimal control DO trajectory

• With a constant value of the control signal

As most of the wastewater treatment plants In South Africa are manually operated and

therefore Inefficient, the method for optimal control calculation should be flexible so as to

be possible to be edited for use on different wastewater treatment plants in the country

This will Improve the performance of wastewater treatment in South Africa,
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Research methods used also include:

• Literature review on different advanced control systems for the ASP, optimal

control theory and process modelling. This also includes a comparative analysis

of the existing strategies and results from different publications.

• Mathematical modelling of the dynamic behaviours of the activated processes.

• Simulations for studying of the dynamic behaviours of the ASP

• Graphical user interface to show a life status of the process being controlled.

• Experimental method for studying of the various possibilities in terms of the

wastewater treatment plant behaviour during different inputs.

• Description methods are used fer the system description with all its specifications,

characteristics and functions.

• A discussion of the results allows for explanation and comparison of the control

strategy with respect to the research objectives.

1.12 Thesis outline

In this chapter, an introduction to the wastewater treatment processes is covered.

Also covered are the following: statement of the problem, aim and objectives, hypothesis.

delimitation, assumptions, motivations and research methods. The rest of the chapters in

the thesis are broken down as follows

Chapter 2 presents a literature review. This includes biological model reduction methods,

different activated sludge control strategies and possible control variables

Chapter 3 presents detail information regarding optimal control theory as well as typical

control strategies used in the activated sludge control studies.

In Chapter 4, a detailed description of the four activated sludge models Implemented in

this project is given. The models are reduced based on the technique in Lukasse (1996).

The mass balance models of Athlo:1e and Benchmark activated sludge processes are

derived

Chapter 5 includes a description and implementation of parameter estimation technique

for the reduced order models. Then the algorithms for simulation of the models and

parameter estimation are described. The results are given and discussed.
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Chapter 6 describes methods used in developing the optimal control strategy for

activated sludge processes. This strategy is then applied to the reduced Athlone and

Benchmark mass balance models in MATLAB simulation environment Simulation results

are then discussed.

Chapter 7 presents the conclusion and significance of the strategy. This chapter also

includes discussion regarding limitation of the strategy. possible areas of applications

and future expansion of the project.

14



CHAPTERlWO
LITERATURE REVIEW

2.1 Introduction

The purpose of this chapter is to give an overview of different strategies used for

advanced control of the activated sludge process (ASP), Focus is given to strategies

used to control dissolved oxygen concentrations in the ASP, First, the most known model

based advanced control strategies are described, Then a comparative analysis of the

strategies is implemented to establish which the most convenient method is,

A survey of the ASP models is then done, Because of the complexities of these models,

model reduction techniques are studied, To ensure that reduced models give the same

prediction capabilities as the full models, parameter estimation techniques are also

studied, Comparative analyses of both model reduction techniques and model parameter

estimation techniques are done with the objective of determining the ideal techniques to

use,

Finally a survey is taken on the specific application of advanced control methods to the

ASP, The process can be controlled by varying certain inputs and outputs such as the

sludge recycle and wastage rates and aeration, A brief retrospective on few key areas of

development regarding aeration regUlation is given,

2.2 Activated sludge process control

The function of a wastewater treatment plant ('NNTP) is to speed up the natural process

by which water purifies itself The main objective of a 'NNTP is to produce an effluent

meeting the required standards at the lowest possible cost In this work, the wastewater

treatment plant based on the activated sludge process (ASP) is considered,

The ASP is a widely used system for biological wastewater treatment Traditionally the

ASP mainly served to remove organics and ammonium from the wastewater. A basic

design of the ASP consists of an aeration tank and a secondary settler. in the aeration

tank the organics in the influent wastewater are transformed into settle-able biomass

(activated sludge floes) by biomass qrowth, in the secondary settler the sludge settles

and is withdrawn from the bottom while the treated effluent flows over the weir at the top

The major part of the settled sludge is recycled back to the aeration tank and the rest is

wasted, Sludge recycling prevents biomass washout in the reactor.
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During the last 2 decades the interest in total nitrogen (N) and phosphorus (P) removal

from wastewater has risen due to increasing effects of eutrophication in the aquatic

environment. N removal involves the use of two biological processes; nitrmcation and

denitrification. Nitrification takes place under aerobic conditions while denitrification

requires anoxic conditions. The nitrate reduction depends on the level of DO

concentration. Lower DO levels denitrification in the aerated zones possible. The

naturally existing carbon in the aerated zones is then in a larger extent used for

denitrification instead of being oxidized. Less oxygen is also re-circulated when using a

low DO set-point, which improves denitrification in the anoxic zone.

To cater for N removal, the basic ASP structure is redesigned to include an anoxic

reactor. Phosphate removal requires the presence of an anaerobic tank prior to the

aeration tank. The ASP utilises bacteria within wastewater to remove organic matter,

nitrogen and phosphorus. These bacteria require oxygen in order to oxidise and

transform these wastewater contaminants into harmless compounds. In the ASP, oxygen

is introduced by blowing air into the system. During oxidation, bacteria use energy to

maintain their living function and to circulate.

From the above discussion, it is clear that the concentration of microorganisms in the

aerated tank determines contaminants concentration in wastewater. It is also noted that

microorganisms' concentration is affected by the sludge recirculation and the

concentration of dissolved oxygen (DO) in the water. To help keep microorganisms at an

optimal level, several control strategies are available. These include control of DO level,

aeration volume control and internal recycling flow rate control. In this project DO level

control is considered as DO has direct influence on the effluent concentration and on the

process operational cost

2.3 Dissolved oxygencontrol

In the degrading process, large quantities of oxygen are consumed by the bacteria. This

often results in a severe lack of oxygen. The dissolved oxygen (DO) concentration should

be sufficiently high to cover the microorganisms' oxygen demand. On the other hand. a

too high DO level may hamper the efficiency of processes that require anoxic conditions.

Also, unused oxvgen is wasted as it disperses into the atmosphere This leads to high

energy consumption due to the associated high air flow rate. For this reasons it is of

interest to control the level of DO in the process. In most cases the DO level is kept at a
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constant pre-specified value by adjusting the air flow rate. This is not ideal because the

activated sludge process is sUbject to high variations in terms of influent wastewater

concentration and flow rate. A feasible extension is to use a time varying set point for the

DO level by applying cascade control. An advantage of using a variable DO set point is

that only a minimal required amount is used resulting in energy savings. The

disadvantage is that there may not be extra air to cater for mixing purpose. This

drawback is solved by controlling the aeration volume; this part is not covered in this

project.

Many South African wastewater treatment plants are equipped with classical control

strategies that incorporate on!off or Proportional. Integral and Derivative (PIO) control.

Because of the influent wastewater variations there is a great need to consider the

dynamic behaviour and the operational characteristics of the ASP in the control strategy.

This requires the use of advanced model based control strategies. Doing so wiil ensure

that an improved performance ofWNTP can be obtained.

The drawback In applying advanced control techniques to the ASP Is the lack of fully

reliable online sensor for process monitoring. There are also lack of methods for

measuring important variables required for modelling, parameter estimation, optimization

and control calculation. The other challenges are due to the fact that the process is time

varying, nonlinear and muitlvariable. The process's stiff dynamics (time constants which

range from seconds to months) also make It hard to control the ASP. However this can

be solved through the use of cascade control where fast controllers control faster sub­

processes and slower controllers control the set point of the fast controllers

Because of these drawbacks there has been little interest in using advanced control

strategies in wastewater treatment. However the development towards tighter effluent

demands have contributed to an increasing interest in applying advanced control

strategies for WNTPs. Furthermore there has been a development in the availability of

sensors for wastewater treatment monitoring; an overview of the existing sensor

technology was given in 2003 by Vanrolleghem and Lee.

The application of modern control systems has proved a great potential in dealing with

the complex dynamics of the ASP and the disturbances affecting it.
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Modem control systems have enabled for savings in energy and less use of chemicals.

Such system is applied and reported by Carlsson (1997).

These control systems are able to deal with nonlinear multi input multi output processes

with uncertainties. They are based on time domain, state space representation of the

processes they control.

That is, a process is described using a set of nonlinear mathematical equations.

Nonlinear high order processes such as the activated sludge processes are described by

high order differential equations. Modern control systems have the capability to design

and predict behaviours of the complex nonlinear processes. Some benefits of using

advanced control strategies include possibilities to; meet effluent demands, achieve cost

efficient solutions and reduce impact of the process disturbance.

Modem control systems are based upon the optimization of a cost function. This field is

referred to as optimal control. In this field, a model of the process is often used to predict

the effects of any control signal. Then based on the selected cost function the best

control signal is chosen. The advantage of optimal control is that it provides necessary

and sufficient conditions which must be satisfied for the design problem to have a

solution. This means that in situations where the design requirements cannot be

satisfied, the designer wil! not search in vain for solutions of the problem.

Process optimisation is classified as either offline or online. Offline process optimisation

refers to applications where offline simulations with the calibrated model are used to

determine optimal control signals. The result may then be implemented on and tested on

the full-scale plant. This is required because of strict demands imposed on existing

wastewater treatment plants whereby the initially required effiuent quality cannot be

obtained any longer. Hence simulations are often used to evaluate whether the pollutant

removal efficiencies can be improved via improved process control. Online process

optimization simulations with the calibrated model are applied in an online optimisation

melhod, such as model predictive control (MPC) algorithm.

Model based control systems include:

• Model predictive control

• Model adaptive control

• Optimal control
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In these methods, classical feedback control loop is sometimes used independently or

together with a feed forward control loop. In feedback control, measurements Of

estimates of the control state are used to calculate suitable values of the control

variables. In feed forward control, the process disturbance is included in the control law

thereby improving the disturbance attenuation.

Modem control incorporates implementation of controllers in computers and uses

advanced algorithms for calculation of the control signals.

2.4 Model based control systems

2.4.1 Model predictive control

Many of the ideas discussed in this section are from Camacho & Bordons (2004).

Model predictive control (MPC) is one of the advanced methods of process control used

in complex multi input multi output systems. MPC uses a dynamic model of the plant to

predict the future effect of the manipulated variables on the plant output. A dynamic

model requires past process input and output knowledge to do predict future process

output. The model predictive controller uses the predicted output and current plant

measurements to calculate future optimal trajectory of the process input (control

variables). Optimal control trajectory results in process operation that meets process

input and output constraints. The model predictive controller then sends the calculated or

optimised process input to the controller to be implemented on the process.

A basic structure of a MPC is presented in Figure 2.1. As mentioned above, the model

takes current and future process measurement and predicts future process output. The

predicted process output goes to the optimiser where it solves the optimization problem.

The optimiser incorporates a criterion function. constraints and history of past variables.

The optimiser checks and minimizes the difference between the predicted output and the

desired output. The optimiser then generates and predicts the optimal process input

values that are sent to the controller to be implemented on the process.

MPC uses iterative optimization approach to solve this optimization problem. At a

particular time, the current process input and output are sampled and used to compute

future optimal inputs and outputs These optimization calculations are performed at each

moment in time using the latest measurements. Only the first calculated values of the

input variables are sent to the controller
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The prediction horizon is then shifted forward and the procedure is repeated every time.

The new predicted input is also sent to the model to be used for prediction of future

output Because of this time shifting. MPC is often referred to as receding horizon

control. As seen from the figure below, MPC is a feed forward kind of control system. The

model predictive control is effective on systems with large number of constrained inputs

and output. Its advantage is its ability to be applied online. The disadvantage is that it is

more complex to design a mode! predictive controller; all the constraints have to be

incorporated into a single objective function before It can be optimised.

Desired output. x*(kl

APredicted output x(k.+l)M d Io e '\.
I

Future inputs, u(k+l} Future error
Optimiser

x(k+l} - x"(k}

t i

P.,tl/o ti('), xl') : i

Criterion Constraint:

Figure 2.1: A basic structure of a model predictive control system

(Adapted from Camacho & Bordons, 2004:4)

The application of model predictive control on an activated sludge process is reported by

Steffens and Lant (1999). Sarnuelsson (2001), Maciejowski, (2002), Qin and Badgwell

(2003), Zhang et at. (2003), Chotkowski et at (2005), Holenda et al (2005a), Holenda et

at. (2005b) and Stare et al. (2007). In most of these cases, simulations results show a

rejection of influent disturbance. In cases where dissolved oxygen (DO) was chosen as

the manipulated variable, the results show low aeration energy requirements thus low

operational costs. The importance of MPC is that it allows the enclosure of constraints on

the inputs and outputs.

The work of Steffens and Lant (1999) is based on the assumption of a multivariable

control problem rather than focusing on DO control. However this method may also be

applicable to oxygen control of wastewater treatment plants (Hoienda, 2007).
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2.4.2 Adaptive control

Many of the ideas discussed in this section are taken from Tao (2003). Adaptive control

involves modification of controller control law to be able to deal with slowly time varying

process parameters. In other words, the control law must adapt to time changing process

conditions. The closed loop controller has parameters that are updated to change the

response of the system. A reference model is used to capture the desired response. and

then the desired response is compared to the system output. The controller parameters

are updated based on the difference between the desired and the system outputs. The

goal is for the parameters to meet the ideal values that cause the plant response to

match the model response.

A typical structure of an adaptive control system is presented in Figure 2.2. A model

takes a control input and predicts the process outputs. The predicted output is then

compared to the actual process output and the error is used to calculate parameters of

the controller. The adjusted parameters are sent to the controller to be implemented on

the process in order to minimise the error This control strategy boosts the advantage of

being able to reduce controller response time while eliminating oscillations. Adaptive

control systems provide quick adaptations for known inputs. A disadvantage is that it may

have trouble adapting to unknown processes or random disturbances (Spooner et al.,

2002).

The application of model adaptive control on an activated sludge process is reported by

Lindberg and Carlsson (1995), Lindberg and Carlsson (1996a), lindberg (1997) Olsson

and Newell (1999), Chotkowski et al. (2005). The controllers gave good performance and

adapted well to changes in the process. Lindberg (1997) evaluated the strategy in a pilot

plant and the controller in this case managed to control the specified concentration very

well. In 2004, Smets et al. gave an overview of optimal adaptive control of biochemical

reactors. Smets et al. concluded that adaptive controller does not guarantee optimality of

the results obtained.

Youssef and Dahhou (1996) and Nejjari et al. (1999) presented a study on the

application of adaptive control laws to waste treatment plants Dochain (1992),

Polihronnakis et al. (1993), Monroy et <:II (1996), Dochain et al. (1997), Emrnanouilioes

and Petro (1997) reported adaptive control in waste treatment plants that uses anaerobic

digester processes.
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Figure 2.2: A basic structure of all adaptive control system

{Adapted from Mosca, 1995:237}

2.4.3 Optimal control

Many of the ideas discussed in this section are taken from Kirk (2004) and Bernard

(1999). Optimal control system are systems in which control variables are determined to

maximize or minimize some measure of the performance of a system while satisfying

specified constraints (Christophersen, 2007). Optimality is achieved by making use of

state space representation of the model. In the state space approach. to each state

variable a feedback parameter is assigned. These parameters are solved in order to

achieve the desired trajectory of the system's response. With optimal control, the

parameters are often chosen in order to minimise the selected performance index.

Different approaches to achieve optimal behaviour are available. These approaches

require solution to a set of partial differential equations. The objective is to find a

trajectory that optimises the selected performance index. This means that there may be

different solutions to the problem. As a result this process is iterative and often requires

many successive attempts before the desired trajectory is found. This point is

demonstrated in Figure 2.3.

TE_~TU::IJ"
P01HT

Figure 2.3: Successive attempts before an optimal path

(Adapted from Massachusetts institute oftechnology, lld:28)
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Because of iterations mentioned above, solution to the optimal control problem is

calculation intensive, This means that for complex problems, calculations may take

longer than the time available during each sampling interval. Hence many optimal control

problems are solved prior to the initiation of the control action. The solution to the optimal

control problem is therefore usually not a feedback form but rather a sequence of signals

that are applied at each sampling interval. The disadvantage to this approach is that this

sequence wi!! be valid only for the boundary conditions that were Initially known. There is

no provisions given for those conditions and there is no continuous feedback of

measured variables. In other words this is a form of open loop control. If the process

model is accurate and there is no change in the boundary conditions.. then the resulting

control action will be as desired. Otherwise an incorrect trajectory will be generated. The

advantage of this approach Is that it allows for achievement of a desired response

without having to specify details of the trajectory. Another advantage is that this approach

is applicable to nonlinear dynamic systems.

Lindberg (1997) determined that the one of the disadvantages of using optimal control

strategy is that to calculate the control signal is very computationally intense. Simulation

results by Nejjari et al. (1999) showed the controller efficiency in regulation. tracking and

disturbance rejection. Lukasse et al. (1998 and 1999) determined that optimal results

using this strategy were possible. Keesman et al. (2002) achieved good performance in

both simulation and pilot plant application. Schutze et al. (2004) gave a review of optimal

control in the context of integrated modelling which included research in single objective

optimization.

Rauch and Harremoes (1999) considered such single objective optimization where two

different manipulated signals were considered separately but then compared to find a

trade off between them.

scnutze et al. (2002a) presented various objectives based on DO and ammonium

concentration with a single objective chosen in the optimization of the process. In

Vanrolleghem et al. (2005) ammonia concentration is selected as the objective to derive

the optimal control strategy. In Schutze et al. (2002b) optimization of various objectives

where finally introduced. Fu et al. (2008) also applied this strategy to multivariabie

objectives optimization.
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This is relevant since, in practice a control strategy is required to meet multiple and

possibly conflicting objectives, in order to meet the many needs placed on receiving

waters, In this project the integrated wastewater process is not considered therefore the

control strategy is limited to a single objective optimization.

2.4.4 Comparative analysis of modern control systems

In summary, all the control strategies that are described above produce good

performance and disturbance attenuation. The optimal control strategy stands out due to

the fact that it provides necessary and sufficient conditions which must be satisfied for

the design problem to have an optimal solution. The other two strategies may produce

results which are not optimal or may let the iteration procedure run forever because It

may never reach a solution. There are available computer programming platforms which

are to deal with the downfall of computational intensity required to solve the optimal

control problem. The optimal control strategy is studied in details and applied to the

activated sludqe process in this project in Chapter 4 and 5 respectively.

2.5 Activated slUdge models

As discussed in the previous sections, modern control systems are based on a

mathematical representation of the process they control. Mathematical models have

become a major tool to design closed loop control schemes. These mathematical models

are useful in the design and tuning of such control strategies because the possibilities to

evaluate a strategy in practice are usually very limited. This means that with

mathematical models, different control laws can be easily tried and the parameters of the

selected control law can be tuned without risk of disturbing the system (Vanrolleghem

2002), With simulation, the current (and predicted) states of the effluent wastewater can

be used to determine the control actions in the activated sludge process (ASP).

Most of the literature regarding the ASP is based on models developed by the Institute of

Water Association (IWA). These models developed by the IWA task groups reflect the

current understanding of the key biological and physicochemical processes that take

place in such complex environments. Henze et al. (1987) produced the first IWA model

called the activated sludge model no. 1 (ASM1) in 1983. A thorough description of the

ASM1 may also be found in Jeppesen (1996) and Britta (2000).
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ASM1 represents the biochemical processes occurring within the biological reactor at

wastewater treatment plants that use the ASP. The model describes nitrogen and

chemical oxygen demand within suspended-growth treatment processes, including

mechanisms for nitrification and denitrification.

The second IWA model called the activated sludge model no. 2 (ASM2) was produced by

Gujer et al. (1995). ASM2 is an extension of ASM1 incorporating mechanisms for

biological phosphorus removal at a wastewater treatment plant. The third IWA model

called the activated sludge model no. 2d (ASM2d) was produced in 1999 (Henze at al..

1999). ASM2d describes simultaneous phosphorus removal as well as nitrification­

denitrification. In the ASM2d chemical phosphate removal is modelled and the behaviour'

of phosphate-accumulating organisms (PAO) is not describes. This is the difference

between ASM2d and ASM2.

The latest IWA model called the activated sludge model no. 3 (ASM3) was also

developed in 1999 by Gujer at al. (1999). ASM3 incorporates oxygen consumption.

sludge production and nitrification-denitrification processes of the ASP. ASM3 is an

extension of ASM1 where the main difference is the recognition of the importance of

storage polymers in the heterotrophic conversion.

ASM1 is the most used of all the IWA models. According to Nelson and Sidhu (2008), the

ASM1 have been found to give a good description of the ASP provided that the

wastewater has been characterised in detail. All the four IWA models are considered in

this thesis. The latest summary of all the IWA models can be found in Henza et al.

(2000).

A few more models for the ASP have been developed based on the concepts used in the

IWA models. these include ASM3_2N (Lacopozzi et al., 2006) and TU Delft model. TU

Delft model is a phosphate removal model developed at the Technical University of Delft.

This model is described in more basic terms than the ASM2d and it also has lower

number of parameters.

Mathematical models and computer simulations are necessary to describe, predict and

control the complex interactions of the processes. The number of reactions and

microorganism that are mixed up in the process may be very big.
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As a resut an accurate description of such systems can result in highly complex models,

which may not be very useful from a realistic point of view. For this reason these models

are often reduced to an order that is more applicable from the control point of view.

2.5.1 Activated sludge model reductions

Some of the ideas discussed in this section are taken from Jeppsson (1996). Activated

sludge models have been used mainly for process simulation and optimization of new

plant design. They are useful tools for operator training, teaching and research purposes

These models describe the nonlinear and complex behaviour of the activated sludge

processes. The complex and highly non-linear nature of these models are due to the

Monod type expressions they use (Janssen et al., 2000). Due to these complexities, the

IWA models are hard to calibrate and to use directly for control purposes,

When they are used for control purposes, problems arise with respect to the time needed

for tuning the controllers, since the optimized settings for the controller are found by

performing multiple simulations.

According to Jeppsson (1993), the complexity of the models causes a severe problem of

identifiability and verifiability. This is due to the fact that several parameter combinations

can often explain the same dynamic behaviour. For example. a change in the quality of

the influent wastewater composition can quite often translate to kinetic parameter

changes, In other words the model may be adjusted to measurement data using different

combinations of parameter values and influent wastewater quality,

Major problems of the models come from their complex structure and the large number of

states and parameters to be uniquely identified. Instrumentation problems also amplify

these difficulties.

Previously there were not enough available on-line instrumentation and laboratory

procedures to verify the details of such complex models. Another problem is that results

from experiments on full scale plants are rarely reproducible and the process inputs

cannot be manipulated and controlled in the way that would be needed.

These models are also highly dimensional and this is another reason they are not

appropriate for online Implementation (Chachuat at el., 2002, David et al.. 2006),
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For these reasons the models are often reduced and simplified before use. Most of the

literature covers reduction of ASM1. in this thesis al\ 4 iWA models are reduced before

being used for calculation of the optimal control strategy.

2.5.1.1 Model reduction techniques

The IWA models are widely used models for simulation of the activated sludge process.

However, these models are quite complex and may therefore be hard to use for control

design. In this section, some model reduction techniques which give more feasible

models for model state and parameter estimation and control designs are reviewed.

In previous years, model order reduction was often done based on physical

understanding and intuition (Limebeer, 2(07). Jeppsson and Olsson (1993) used such

simpiified and qualitative physical assumptions to reduce the ASM1 for the purpose of

online parameter identification of the ASP. In the work of Jeppsson and Olsson,

dynamics of states assumed to be measurable online were neglected together with the

state variable chosen as a control variable. From the eight basic processes represented

in the IAWQ model only four remained in the reduced model. Simplified model structures

based on such assumptions were also presented by Vanrolleghem (1994) and Jeppsson

(1996).

Janssen et al, (2000) presented a reduced ASM1 model based on similar assumptions

used by Jeppsson and Olsson. The objective was to develop a model that increases

calculation speed of the simulations required for dissolved oxygen concentration

controller tuning. Evaluation of this model showed a good estimation of the full model. In

work, simulation time of the fut! model took 3.5 minutes for a dynamic simulation of 3

months and 13.5 minutes when the controller was implemented. The resultinq reduced

model decreased simulation time by a factor of 3. A dynamic simulation of 3 months took

only a minute to compiete and took 4.3 minutes when the controller was implemented As

a result it can be seen that a DO controller tuning can be done more efficiently with a

reduced model.

The other approach used in complex model reduction is the singular perturbation

technique (Agathos et ai., 2003). The singular perturbation technique enables to reduce

state differential equations which are faster to algebraic equations and those which are

slower to constants.
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This is based on the fact that states with quick dynamics reach steady state quickly. To

obtain algebraic equations, the derivative term on the differential equations is neglected

or equated to zero. This method applied on bioreactor models Is discussed by Weijers

(2000).

Steffens et al. (1996) applied this method to a carbon and nitrogen removing ASP based

on the ASM1. In this paper a homotopy method is first used to establish relationships

between the states and the dynamics of the system via eigenvalue decomposition. Using

singular perturbation analysis, components with the slowest dynamics were assumed

constant while components with the fastest dynamics were reduced to algebraic

equations. The result produced significant reduction of the integration time. The 13 states

from the ASM1 were reduced to 4.

Chachuat et al. (2002) developed a reduced ASM1 model based on similar method to the

one used by Steffens at al. (1996). The model was used to describe the behaviour of

alternating activated sludge treatment plants, with the aim of applying it to the optimal

control of an aeration system. A combination of the reduction method with process

specifications reduced the model to 5 state space dimensions. Comparison between the

dynamic behaviour of both reduced and full ASM1 models shows accurate predictions

over 8 hours.

Limebeer (2007) developed a procedure to automate model reduction process. In this

procedure. a model reduction problem is fomnulated. The problem is to find a low order

approximation of a high order time invariant model by minimising the error between the

two models. The model reduction technique is called state space truncation. This is

similar to singular perturbation technique where unimportant states (states corresponding

to fast modes) from state space models are removed. States that correspond to fast

modes are related by eigenvalues with negative real part.

Kalman's minimal realization (Shutler, 2000) is another well known model reduction

technique. Kalman's minimal realization theory is shown to be an important tool to

understand the system's structure. The Kalman's algorithm is based on the theory of

control!abHity and observability and reduction of a non-minimal state-space realization

until it became minimal.
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Hann and Edgar (2002) presented a balancing approach to determine a reduced order

model of a nonlinear system, The procedure introduces the concept of covariance

matrices for local controllability and observability analysis of a nonlinear system, These

covariance matrices are an extension of gramians of a linear system and were used to

determine unobservable and uncontrollable parts of the system, Then an algorithm that

eliminates these parts of the model further reducing the model was introduced, This

model reduction procedure is simple to implement and can be applied to any system,

Aghaee et al. (2002) used a similar balancing technique on linear time-invariant systems,

The technique is based on a conceptual viewpoint regarding the balancing of the

controllability and observability gramians of a multivariable system in a given range of

frequency, According to Aghaee et ai, from a real-time applicability point of view, the

frequency-domain balanced structure provides a good approach to the model reduction

of large scaled systems,

The simulation results establish the usefulness of this method compared to the other

techniques, On the other hand, optimal model approximation based on the balancing

method has shown to be a useful tool for model reduction, Singular-value-based

balancing, Linear Quadratic Gaussian (LOG) balancing, co prime factorization and H­

infinity balancing are important practical tools for linear model reduction For nonlinear

systems, there has been important progress with the nonlinear extensions of the

systematic methods of balancing and co-prime factorizations, mainly based on energy

functions, These methods yield adequate procedures for nonlinear model reduction,

A state of the art nonlinear balancing theory is discussed in the Control systems

Engineering Research report (2002), In this report a link between accuracy of function

approximation with a neural network and the stability of the system is established,

leading to a robust model-based control scheme using a nonlinear (neural network)

model.

2.5.1.2 Comparative analysis of model reduction techniques

The optimal control problem is often computationally intensive: therefore the main

objective is to obtain a model that increases calculation speed of the simulations. After a

review of the reduction techniques, it is clear that it is much simpler and effective to just

rely on intuition and physical understanding of the process.
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The other reduction techniques are very involved and require a lot of time and effort to

grasp.

The main objective of this project is to develop a method for optimal control of the

process; model reduction is a secondary task. For this reason care was taken to put

more effort and time on the main objective, and to choose one of the already proven

model reduction techniques. Lukasse (2001) have done a lot of work and produced

reduced models of the activated sludge model no. 1. Lukasse's model reduction

technique is used in this project for the reduction of ASM2, ASM2d and ASM3, see

Chapter 5.

Once a reduced model is obtained, it is necessary to validate that it accurately gives the

same prediction capabilities as the full model. Model validation requires an optimization

procedure in which the difference between the full and the reduced models are

minimised by calculating parameters of the reduced models. In the next section,

parameter estimation techniques are reviewed.

2.5.2 Parameter estimation techniques for model validation

To check that the reduced model accurately represents the full model. the models are

supplied with same inputs and default parameters. If the model outputs are different then

the next step is to apply model identification and then model validation procedures. In

model identification; the reduced model is calibrated using full model output data and

then used to calculate the kinetic and stoichiometric parameters. The full model and the

reduced model with new parameters are then compared to validate that they produce

similar outputs. Simulation using the set of parameters obtained should accurately

reproduce full model results,

A simple procedure for model identification and validation is shown in Figure 2.4. As

mentioned before model identifiability deals with the problem of determining unique

model parameters from a given input-output experiment with data acquired through

simulation. A general structure for model identification is shown in Figure 2.5. The

challenge facing model identification step is that some of the parameters may be

identifiable while others are unidentifiable. A parameter is identifiable if there is a unique

solution for the parameter.
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On the other hand a parameter is unidentifiable if there are an infinite number of

parameter values. This means that different sets of parameter values lead to the same

model behaviour. In this case. it is therefore necessary to examine which combinations of

parameters are the best.

Theoretical identification

Parameter estimation

Model validation

Figure 2.4: A simple model identification and validation methodology
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Figure 2.5: A general structure for model identification

(Adapted from Walter and Pronzato, 1995)

Parameter identification technique for non-linear systems is based on a Taylor series

expansion of the measured variables with respect to time. The coefficients of the power

series contain the model parameters. The law that governs whether these parameters

can be determined from the Taylor series coefficients is represented by algebraic

equations. Parameters are identifiable if the algebraic equations can be solved.
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To obtain optimal values of the parameters, parameter estimation techniques are

employed. When conducting parameter estimations, some of the model parameters are

set at default values obtained from the literature and some need to be calculated, These

parameters may be determined using the respirometric methods given in Vanrolleghem

et al. (1999) and also in Peterson et al. (2000). In Lukasse (1999) identification schemes

for simplified models are discussed.

Parameter estimation involves the determination of 'optimal' values of the parameters of

a given model by making use of measured data. There are four important classical

techniques used for parameter estimation; these are Bayesian estimation, Maximum

likelihood estimation, Least squares estimation and Weighted least squares estimation.

These techniques are used to fit a model to data and provicmq estimates for the model's

parameters, A Bayes estimator is an estimator or decision rule that minimizes the

posterior expected value of a loss function (Donald et at. 2006),

In maximum likelihood estimation, for a fixed set of data and underlying probability

model, the values of the model parameters that make the data "more likely" are picked

(Papadimitriou and Zhang, 2008), Maximum likelihood estimation gives a unique and

easy means to determine solution in the case of the normal distribution and many other

problems,

In least squares estimation, the best fit is that instance of the model for which the sum of

squared residuals has its least value, A residual is the difference between an observed

value and the value given by the model. Weighted least squares estimation differs from

ordinary least-squares method in that it does not assume homogeneity of variance, but

requires that the conditional variance be estimated prior to the estimation. The estimated

variance needs not be constant across observations; they are treated as if it were the

true variance when the error is computed. It is ordinary least squares if every observation

is given equal weight.

Modern estimation (robust estimation method) incorporates the minimization of the

median of the squares of the error instead of their sum. The disadvantage of robust

estimation techniques is that they require more computation time. Methods for estimation

are either conducted offline or online, When performing offline estimation, a complete set

of data is available in time-series form.
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Because of this form, it is then simple to apply the estimators given above to this data

sel. The idea is to perform simulation with constant parameter values over the time

interval and finding the minimum of the performance index. From this point it is clear that

parameter estimation is an optimization problem. There are different algorithms used for

solving this optimization problem.

Peterson et at. (2001) present a systematic model calibration procedure for the Activated

Siudge MOdel No, 1. It was underlined that it is very important to define lhe purpose of

the model carefully since this will determine how to approach the model calibration, The

aim of this study was to obtain a good description of the Nitrogen (N) removal capacity,

since the model was to be applied for process optimisation in a later stage. It was thus

important to have a good description of the process dynamics.

Koch et al. (1999) presented a calibration and validation of activated sludge model no 3

for a Swiss municipal wastewater. In this work, ASM3 was tested against experimental

data as well as full scale experiments from various WNTPs, As a result of these tests a

set of kinetic and stoichiometric parameters was obtained,

2.5.2.1 Comparative analysis of model estimation techniques

Maximum likelihood provides a consistent approach to parameter estimation problems

and can be developed for a large variety of estimation problems. On the other hand the

numerical estimation is usually non-trivial. Bayesian' estimation requires a prior

distribution of all unknown parameters, this is very difficult to achieve in practice

Weighted least squares estimation is based on the assumption that the weights are

known exactly, This is however not possible in real applications. The main disadvantage

of least-squares fitting is its sensitivity to outliers (extreme values that the response

errors sometimes follow). According to researchers squaring the residuals magnifies the

effects of extreme data points and as a result outliers have a large influence on the fit

However there are ways in which to minimize the influence of the outliner. The

advantage is that squaring the residuals places greater weight on parameters further

from the original and makes all the values positive. Based on this analysis, the least

squares method is identified as the convenient estimation method and is therefore used

in this project,
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2.6 AdVanced control strategies for dissolved oxygen control

Several control strategies for the DO concentration have been suggested in the past

Although most of these strategies are implemented in simulation or on simple lab scaled

plants, some real time implementation has been reported as wej. One difficulty with

controlling the DO is that its process dynamics are nonlinear. The gain of the DO process

vanes with respect to the airflow rate due to the nonlinear oxygen transfer function (Kt.a).

Kta describes the rate.at which oxygen is transferred to the system From this it is clear

that a linear controller may not be able to provide high control performance for all

operating conditions.

Many high performance controllers for linear systems exist because of the extensive

research done in controller design for linear systems. As a result of this there are many

linear cantroHers reported for the activated sludge systems since the 70s. These include

linear PI controllers with feed-forward from the respiration and the flow rates. dead-beat

controllers based on a recursively estimated models with a linear KLa and controllers

designs based on pole placement Carlsson et al. (1994a) reported such controllers with

auto-tuning based on online estimation of Kt.a. Stare et at. (2007) presented a

proportional integral (PI) controller tuned from step response experiments. Given that the

DO process is not a linear system its dynamics is often linearized before application.

lindberg and Carlsson (1996) proposed a method which gives a high performance

controller for all operating conditions This strategy has two parts: parameter estimation

part and controller design part. In parameter estimation the respiration rate and the KLa

parameters Were estimated. Respiration rate characterises the DO process and

aSSDciated degradation of wastewater contaminants. A decrease in respiration indicates

that toxics in the system. An estimation algorithm is used to find these two parameters

based on measurements from DO and airflow rates.

And then a Kalman filter described by the nonlinearity of the airflow rate was used to

track the time varying respiration rate and the Kca. The controller encompassed the

nonlinear characteristics of the !<ca. The controtler design is based on the linearized DO

process. obtained by using the inverse of the estimated Kt.a A pole-placement design

with a PI controller and a linear quadratiC (lQ) controller which use feed-forward from the

respiration rate were then used to control the linearized DO process.
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According to Lindberg (1997) the advantage of a nonlinear controller compared to auto­

tuning of PIO-regulators is that it requires only one single tuning (estimation) event. while

auto-tuning of a gain scheduling regulator may require several tunings for this type of

nonlinear process,

Most of the control approaches are based on a constant DO set point (normally 2mgli)

control but in reality it is more practical to use a time varying DO set point Both

strategies have benefits and disadvantages, A constant DO set point may lead to

unnecessary use of aeration energy during low loads, A varying DO set point only caters

for what is necessary for the biological reactions but not for the mechanical activities

such as mixing, A varying DO set point is chosen as the most convenient option in this

project because of its ability to reduce aeration energy related cost.

With a time varying DO set point a fair trade off for the DO concentration in the aercbic

tank is accomplished, In Lindberg (1997), Rehnstrom (2000) and Stare et al (2007) a DO

set-point controller is suggested where the set-point is selected so that a pre-specified

ammonium concentration in the last aerated zone is obtained see Figure 2,6, In some

cases the set-point controller was implemented in the pilot plant and proved the

possibility to not only save energy due to a lower DO set-point but to also reduce the

effluent nitrate concentration,

NH,

DO""--. 4Set point Dissolved Air Activated

.~
controller ---. Oxygen controller Sludge Process ,~

NH4 ,ref

Figure 2.6: Cascade DO control structure

(Adapted from Lindberg, 1997)

Because of the demands on strict effluent quality and the need to reduce the impact of

the many ASP disturbances, the energy consumption and the use of chemicals is bound

to increase, It is therefore important to incorporate minimization of operational costs in

the control strategies, To attain high controller performance at a low cost requires the use

of more advanced model based control strategies inwhich effects of the disturbances are

considered in the control law.
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The controller set points could then be optimised in order to ensure that the process is

running in an economically beneficial zone, Yuan et al. (1997), Lukasse (1999), Olsson

and Newell (1999), Weijers (2000), lngl!dsen (2002), lngildsen et al (2002), Zarrad et al

(2003) and Yuan and Keller (2003) propose several model based automatic control

strategies. Lindberg (1997) applied a nonlinear linear quadratic (LO) controller with feed

forward from influent DO and influent respiration rate to the linearized DO process while

Zarrad et al (2003) used a Linear Quadratic Gaussian (LOG) controllers,

Online minimisation of a multi objective criterion describing the operational cost and

control performance is also being reported in some papers. In this approach the demand

on the effluent water and the operational cost are incorporated in the control strategy

through a cost function. The effluent demands are often incorporated as a constraint in

the control design.

Economic optimization of the ASP is reported in Vanrolleghem and Gillot (2002) and in

Cadet (2004). Samuelsson (2005) presented an optimal operating ranges and economic

control of the denitrification process. Chotkowski et al. (2005) investigated a nonlinear

model predictive controller (NMPC) and a direct reference adaptive controller (OMRAC)

for varying DO set point. Cadet et al (2004) presented a multi-criteria control strategy that

ensures that cost decreases while performance is kept good.

The possibility to obtain simplified process models allowed for more applications of

model based control strategies. This allows for the use of hierarchical control structures.

Brdys and Zhang (2001) presented a three level hierarchical structure where the state

trajectory is calculated on the high level. the DO trajectory is optimised on the medium

layer and the DO control is implemented on the bottom layer.

Holenda et al (2007) and Caraman et al. (2007) presented and evaluated the control

performance of a model predictive controller (MPe) on a simple ASP. The aim of the

controller is to maintain DO concentration at a certain point. The predictive controller

uses an internal neural network model that is able to handle the complexities of the ASP.

Stare et al. (2007) also presented an MPC to calculate control trajectories based on cost

minimization. Nejjari et al. (1999a) present nonlinear adaptive feedback linearizing

control based on the nonlinear model of the process and the observer estimator.
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Observer estimators are software sensor for online estimation of process parameters and

states. These sensors estimate the process parameters which are then used in the

control law to calculate a suitable control signal. Results of simulation of the estimation

and control algorithms showed robustness against disturbances and varying kinetic

parameters.

Nejjari et al. (1999b) present an optimal controller with prediction and adaptive

capabilities and the control law that is based on time predictions of the controlled

variables and minimization of a cost function. The technique is based on a nonlinear

process model derived from mass balance equations and an estimator for online tracking

of unmeasured state variables and time varying parameters. The estimated state and set

points are used to form a reference models. The objective is to minimise the error

between the reference model and the predicted output. This is captured by a quadratic

cost function.

2.6.1 Comparative analysis of the advanced method for dissolved oxygen control

Most of the control strategies found in the literature are based on simulation Only a few

of those strategies are tested practically on pilot plants. This is a reflection of how much

grounds still needs to be covered for real time implementation of these strategies on full

scale plants.

From the literature survey, it is clear that control of dissolved oxygen (DO) concentration

is the most significant strategies for controlling the activated sludge process. This is

because the strategy has potential to reduce cost while keeping the effluent

concentration within standards. This is the reason why DO control is chosen as the ASP

control strategy in this project. Some strategies control DO concentration towards a

constant DO set point (normally 2mgfl) while others employ a varying DO set point

There are various approaches used to control DO in the ASP. These methods are

compared in Table 2.1 and Table 2.2. Most of the controllers implemented perform well

but the disadvantage is their slow adaptation towards disturbances In this project the set

point trajectory is calculated based on prediction of the inflow disturbance. This set point

is then compared to the measured DO values in order to calculate the appropriate centrel

signal. This ensures robustness against disturbances and correction of the contro! signal

based on online measurements from the process.

37



W
0:>

"""~'ii ID'"
< ....'1:)'< Colitrolled

:" ..
:C ·";i;i.iifii Y':'ii'" ... ......

C~rnrn~nt~ .•i.····i·.•·••·.••7"- .. ..~~. ...... .'~i.I:~~'~~i1 I•• '········ I~"'l~ 1;~!~.,...N.1H ~~~I ' .•" ....

..... "..... ~Ilrlable
I.. i t)', ..•.••••.•

(Advantage.&>
11 .

••
·····1 1."'.·... •• N '." ..1 .1.• disadv;ll'Itages) .

Lindberg, Contra I of N iA- pole placement destqn with a DO Kl,a Good disturbance Good performance and A combination of the
1997 removal ASP nonlinear PI controller, based rejection at low and disturbance rejection nonlinear PI

(Benchmark on linearization of DO process. hiqhloads controller andteed-
plant) Kt.(l taken into account forward controller

should produce good
esuns undervadous

conditions

undberq, Control of'N A linear quadratic (LO) DO Kia Reject dlsturbartce Goodperformance
1097 removal ASP controller usinfJ feed forward slower at high loads ,

{BcliGhrn21f'l< (mm respiration rr..te
plant)

Zarrad et attmprove ASP ILQ G. uptimal Disturbance KL,a IJO State space 'I' Controller stabilizes [lie NIA
2003 (operation and accommodating controller law disturbance closed loop system, not

rnon\toring models (AS',M1,) very gooo n~~;u\t'2>

{Benchmark
plant)

Chctkowskl Control ASP for NMPC, S(~P is used to solve IJO Kl..tl VlSM2d Excellent results N/A Combining tho two
et '11,. 200f5 nutrient and NMPG optimization problem (',onlroIl0l'S shoulrl

phosphorus furtheI' enhance
removal results

Direct reference MAC Fair results require fast
t,;arnplillg which may be
close to the flmit

Stare et at Control of N PI. controller tuned from step DO Kia Better control w.r.t.
2007 removal ASP response expertments enerqy USl~(L under

(Benchmark aeration under l1i[jtl
plant) wr.t load

IIJPerdtinu costs

~...
iO
N:...
(')
o
3
3o
::l
oo
::l-9-
~
or
lC

gr
(l'
~-::T
<II

l>
C/l
11
•
1l
III
;::l.
~



;}
IT
ii'..
h'
n
~
3
o
::J

2
"[
~
;;l
<;

(Q

m'
0-
~-".en
»
(J)
V,
J!
~..

> .
'C ~ontron~r,Cl)~trol'" •cl)~fr6n~d ~" 'i.!~)!:[~li •• l.k,,~ ..;,,· Realtlllle> .•.. ......

:~.
:" c. "F '.. I" ....~' ., 'j;:'

•

Method ·.·~arl~~le •• .H •• !H ..... ..
.. ...,

Stare et at Control of N Cascade PI controllers, SNH5 SNH5 DO set pomt Better removal of
2007 removal ASP PI + DO PI ccntroners DO KLA ammonia, save enerqy

(Benchmark
plant) w.rt
operating costs

Stare of al. Control of N Cascado +, Feed-forward lnituent SNH DO set point 1 Reduces effluent SNH
2007 removal ASP controllers, based on SNH5 SNH5 00 set point 2 peak, better SNH

(Benchmark and influent SNH DO sp 1'" DO sp 2 0 DO remover
plant) w.r.t DO !(l,a
operating coats

;'':;tal'(? et al. Control of N MPC, celculutes control SNH5,SN05 DO set point, external ASM1 Further Improvements N/A
2(1)7 remover ASP trajectory lncwed on carbon flow rate w.r.t ammonia,

(Benchmark minimisation of a cnst function
plant) w.r.t
operating costa

• Hofenda et Control ASP to MPC, parameter tuninq by trial DO Kl,a ASM1 COOQ results N/A Tho trial and error
• al., 2007 meet effluent and error method depending on the method jar selectinq

requirements parameters parameters of the
j(BCndlmark) controllers is not the

cacaroanetlc.:.mtrot ASP to
best option to IH:lVC

MPC, parameters chosen DO Dilution rate IISM'! Control cbjecttve is l;jlll as this takes time

I"I' 2007
lceep substrate randcmlv concentration fulfilled and becomesdifficult
below 20 mg/l on systems with high

I(Boflchmark) dtsturhances

(,)
<0



2.7 Conclusion

In this chapter, the existing activated sludge process (ASP) control strategies are

reviewed. Firstly, the different types of model based control strategies are discussed,

followed by a review of the existinq ASP models. The most widely known IVVA models

are briefly described. All the four IWA models are considered in this research. Secondly,

various model reduction methods and model validation methods are discussed. Finally. a

review of the different advanced control systems applied to the ASP is presented. The

advantages and disadvantages of each strategy are highlighted. This provides a basis to

the reasons for choosing the control strategy used in this research project A detail

description of the optimal control strategy is given in Chapter 3.
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CHAPTER THREE
OPTIMAL CONTROL THEORY

3.1 Introduction

Due to uncertainties around global economy, a lot of research is focussed at finding ways

that ensure that the best system performance is achieved at a lower cost The best

performance depends on a large number of possibilities. Optimal ccntrol theory provides

a means in which the best possibility can be identified.

Optimal control theory involves the formulation of an optimal control problem. The

optimal control problem requires formulation of a cost function, a model of the controlled

process as wall as a mathematical representation of the constraints subjecting the

process inputs and outputs. The cost function enables for the quantification of the effects

of the possibilities which are predicted by the model. The basic optimal control problem is

therefore to find the possibility which will minimise or maximise the cost function (Hersch,

2006). The model is a vital tool because it is not feasible to experiment with a real

process to find out the effect of different decisions.

The main focus of this project Is to develop a method for optimal control of the activated

sludge process. Covered in the chapter is mainly the theory necessary for the

development of this project In this chapter. basic definitions of a system and different

control structures are firstly recalled. Then the optimization procedure is described

starting with a description of how the optimal control problem is formulated. The final

sections cover the methods used for finding solutions to the general optimal control

problems.

Both the model building and the optimization process require large amounts of

calculations. For this reason the optimal control problem can be decomposed into smaller

sub-problems that are easier to handle. Thus in this chapter, the methods for

decomposition of the problem together with numerical methods for finding solutions are

also covered.

3.2 System definition

3.2.1 InpUt/Outputrepresentation

Systems are usually represented by block diagrams in which the main parts of the

system are represented by blocks that are connected by lines to shew their relationships.
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A system can be regarded as a black box where the internal processes transform inputs

into outputs as shown in Figure 3.1 (Levine. 2000:66).

z.,(t)

Inputs
System

z(t)

OUtputs

Figure 3.1: Black box diagram of a system

The process inputs are classified as either manipulated or disturbance variables and the

outputs are classified as measured or unmeasured variables as shown in Figure 3.2

(Bequette, 2003:3)

z(tJ

:1 1
:

Measured outputs

z.,(t) Process
_. .. .~ Unmeasured outputs

Manipulated inputs

Disturbance Inputs

Figure 3.2: Extended block diag ram of a system

Both types of inputs are capable of affecting the behaviour of the process and thus the

process outputs. Process outputs are variables whose evolution is of great interest. they

are often expected to follow pre-specified values called set-points. Manipulated inputs

are inputs that can be adjusted to ensure that the process outputs reach set points. Often

the inputs and outputs are not permitted to evolve arbitrarily but they are required to

satisfy certain conditions called constraints. The outputs which satisfy the constraints are

called admissible.

3.2.2 State space representation

In state space representation, a summary of the status of the system at a particular point

in time is represented by what is known as state variables. The knowledge of the state at

some initial time. and the knowledge ofthe system inputs after the initial time. allows for

the determination of the state at a later time. The state variables are expressed as

vectors; this simplifies the system in cases where there are a lot of state variables.
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State space is the state at a given time belonging to an n-dimensional space of the

values of the vector of the state variables as a function of time (Kanjilal, 1995:161-162).

A state space representation is illustrated in Figure 3.3.

z'n

Input

x

State

z

Output

Figure 3.3: System state space representation

3.3 Control system definition

A control system is a mechanism used to alter the behaviour of another system by

altering its manipulated inputs. A typical control system consists of a desired output. a

controlled system. an actuator, a sensor and a controller. A sensor monitors the

controlled system and provides its output to the controller. A controller then tries to get

that output closer to the desired one by sending commands to the actuator for it to

change the output of the system. The controhers internal control law or set of rules are

used to determine these commands.

The outputs of the controller are referred to as the control signals or just controls. Control

signals are variables that alter the process inputs until the process outputs reach set

points. The evolution of the control variables over time are called policies or control

trajectories. Control systems are classified into various categories. Open loop control

system is a system that uses a controller to control the process but does not measure its

outputs. In open loop control the process outputs have no effect upon the control signal

(Liptak, 2006:137) as shown in Figure 3.4.

outputs set-points

~
I co~er I

: U(tJ

-- ±~_l--Z-(t)_-:Measuredoutputs
DistUrbance inputs~ . - Unmeasured outputs

Figure 3.4: Block diagram of an open loop control system
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Closed loop control system comprises a feedback link such that the control is a function

of the output of the controlled system (Liptak, 2006:137), Figure 3.5. Model based control

systems were originally developed for linear processes but have been extended for

application on non linear systems (Kozak & Huba., 2004:171). When using model based

control systems, the controller uses measured outputs together with measurements of

the disturbance inputs to make decisions about the proper values of the manipulated

inputs. Figure 3.6 (Bequette, 2003:3) illustrates this point.

In model based adaptive control, the control adapts itself as the model of the system

changes. In hierarchical or multi level control systems, the control is distributed over

many levels. Similar to the outputs. the controls are not permitted to evolve arbitrarily but

they are required to satisfy given constraints. The controls which satisfy the constraints

are also called admissible.

zm
I---'--_Measured outputs

Process",(t)

OUtputs set-points

Ic';:" ~-------------,
I u(t} :,,,,

ManipUlated inputs

Disturbanceinputs 1----_Unmeasured outputs

Figure 3.5: Block diagram of a closed loop control system

ztoprecess

OUtputs set-points

Ic-=-o. f:-----------------,__________ , t. ', "um :,,,,
ManipUlated inputs

Dtsturbance inputs --"-,--+I 1----7,• Unmeasured outputs, ,L ~

Figure 3.6: Extended block diagram of a closed loop control system
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3.4 System optimization

The following information on system optimization was extracted from Titli and Singh

(1978) and Naidu (2002).

It is possible to have a large number of control trajectories which enables the outputs to

reach set points whilst satisfying the constraints. Optimization enables to choose the best

amongst all these control trajectories. The best control trajectory is the one that meets

the process objectives with less penalties e.g. effort, time, monetary unit, or Whatever is

defined by the user. This is referred to as the control objective. To enable the researcher

to make a wise choice amongst the various possible admissible controls, it is necessary

to formulate a cost function and a process model. A cost function is a quantitative

expression of the control objectives. This is often referred to as the optimality criterion.

f>.J1 optimality criterion is a means to quantify the effects of the controls. A model is used

for prediction of the effect of those decisions. The model is necessary because the

number of possible decisions for one process is relatively large and it is often extremely

expensive and sometimes dangerous to experiment with the system itself to find the

effect of a particular decision.

Optimal control theory describes the use of controls to maximise or minimise the cost

function. The optimization or optimal control problem is therefore to find the set of

admissible controls which minimises or maximises the cost function by using the model.

Solution to the optimization problem results in an optimal trajectory of the control variable

or simply the optimal control trajectory. For dynamic systems with random disturbances,

it is not possible to optimise the criterion with certainty; the best way is to work on

assumptions of the disturbances.

3.4.1 Cost functions

The choice of the cost function is an important and difficult problem which is often based

on intuition or experience. Cost functions fall into two categories; discrete objectives that

are optimised at once. and continuous objectives that are maintained at optimal values

during the course of time. For dynamic problems. the cost function depends upon the

control trajectories and the evolution of the system in an integral fashion

For discrete objectives the cost functions may be formulated Vi/hen:

• Minimising the time required to transfer from one dynamic state to another
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• Minimising the energy used in transferring from one state to another

• Minimising the error in arriving at the final state

For continuous objectives the cost functions may be formulated when:

• Regulating a system to remain near a fixed nominal condition in spite of

disturbance

• Following a nominal path with minimum error, even though the system

parameters have uncertain values

• Responding to arbitrary changes in the desired nominal state with well-behaved

transients in state and oontrol variables

Cost function often consists of weighting factors used as design parameters to help

achieve desired result This helps to guarantee the stability of the controlled system, This

is good for systems with many dynamic states and controls or those which are inherently

stable,

The state of the dynamic process evolves over time, therefore the criteria to be optimised

is often expressed in terms of final values and the time integrals on the state and control

variables, Two of the oommonly used cost functions for dynamic processes are shown

below'

J~n-X·rQ~-X·):tt

J ~ h(X(T)+ (g(x(t)u(t)t}tt)

(3,1)

(3,2)

where T is the time horizon; x is the state vector; x* is a reference state vector or set

point; Q is the weighting factor and u is the control vector. Equation (3,1) is a problem for

minimising the mean square error and Equation (3.2) is the general form which is often

used in dynamic optimisation, Problems with two different control objectives lead to

different control trajectories, However there Is only one cost function to be optimised, The

cost function Is therefore the weighted sum of the two objectives.

3.4.2 Process model

Optimization techniques generally consist of a mathematical procedure and for this

procedure- it is necessary to have a mathematical representation of the system under

consideration. In other words the behaviour of the real process is represented by a set of

mathematical relations which constitute a mathematical model of the process, The

buiiding of the model is called identification, The accuracy of identification could be

measured by the difference between the output of the real process and that of the mode!
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Identification is the first step before optimisation can be performed since the results of the

optimisation will be critically dependent upon the validity of the model. For this reason it

is necessary to reach a compromise between the complexity (accurate representation of

the process) of a model and simplicity of the identifiable model for the optimization

phase. Identification is usually split into two phases; structure determination of the model

and its parameter estimation. The structure of the model is usually determined from a

priori physical knowledge of the process.

Parameter estimation enables us to put precise values on the parameters such that the

model describes the real process and not a class of such processes Parameter

estimation requires experimental data of the inputs and outputs of the system. An

adaptive modelling approach allows us to perform the structure determination and the

parameter estimation simultaneously as shown in Figure 3.7. This technique is referred

to as the least square estimation.

In least squares estimation. the unknown values of the parameters 9 are estimated by

finding numerical values for the parameters that minimise the sum of the squared

deviations between the process states and the model states.

u(t)
Process

xp(t) ..
T

J = Lrxp(t)..,. x",(8,t)j2
i=l

Model '"M(8) xm(e,t)

{j

Figure 3.7: Least square estimation technique

Mathematical models consist of algebraic equations for static processes. integral­

differential equations for dynamic systems, partial differential equations for distributed

parameter systems and difference equations for discrete time systems Linear dynamic

time invariant systems are often described by Equations (3.3 & 34) (Naidu. 2002:2),

x(t)~ Ax(t)+ Bu(t)x(o)~ x,

y(t)~ ex (t)+ Du(t)
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where x is an n dimensional state vector; A is an n by n constant matrix; u is an m

dimensional control vector; B is an n by m constant matrix; y is an I dimensional output

vector; c is an I by n constant matrix; D is an I by m constant matrix and x, is the initial

state and it is assumed to be known. For time varying linear systems, A, B.

matrices are time varying as shown in Equations (3.5 & 3.6) (Naidu, 2002:101).

x(t)~ A(t)x(t)+ B(t}!(t) x(o)~ x,

y(t)~ c(t)x(t)+ D(t}J(t)

c and D

(3.5)

(3.6)

A general nonlinear dynamic system is often described by the state space equations as

shown in Equations (3.7 & 3.8) (Naidu, 2002:2):

x(t)~ f(x(t)u(t) t) x(o) ~ x,

y(t) " f,(x(t) "(t)t)

(3.7)

(3.8)

(3.9)

(3.10)

where f and f, are continuous differentiable vector function. Equations (3.7 & 3.8) are

used to describe many physical systems since many physical systems are nonlinear in

nature. A discrete time adaptation of the nonlinear dynamic system equations above is

presented in Equations (3.9 & 310).

X(k +1)~ '(X(k)u(k) k)x(o)" x,

y(k)~ .,(x(k)u(k)k)

where k is the time instant and fz is the continuous differentiable. The state of the

system at the instant k+1 is related to the state at the instant k by Equations (3.9 &

3.10).

3.4.3 Formulation of the optimal control problem

As mentioned previously, a mathematical formulation of the optimal control problem

requires the following:

• A mathematical description of the process to be controlled

• A statement of the physical constraints

• Specification of the cost functional

The general nonlinear dynamic system Equations (3.7 & 3.8) and the cost function for

general dynamic optimization in Equation (32) are used here to demonstrate the optimal

control problem formulation.
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The optimal control problem is therefore to find admissible control o- which causes the

system

X{I)= f{x{l} u{l} I}x{o)= x,
Y{I)= f,{X{I} u{l} I)

subject to the constraints f,(x(t} u(t)t}>a (where f, is the constraints function) to follow

admissible trajectory .~. that minimises the performance measure

J • h(X«T)T)+ ( g(x(t) u(t)):lt)

The cost functional is subjected to the model and the physical constraints of the inputs

and outputs. Since there is more than one equation in the formulation of the optimal

control problem. they all need to be combined to form a single equation having the

meaning of the cost function and physicaily expressed by the same measures. The

combination of the cost function and state equations result In an equation referred to as

Lagrangian. The first requirement before combining the state equations and the cost

function is to reformulate the state equations so they equal to zero.

Hence:

f(x(t)x(t)u(t) t)= a (3.11 )

The reformulated state equations and the cost functions are then adjoined by means of

Lagrange multipliers as shown in Equation (3.12). This results in a problem that can then

be solved to give the optimal solutions of the cost functional for the considered model

equation.

l = h(x(l f ) If )+Jb(x(I)U(I)1)+),T (1)f(x(I)U(I) I)pl (3.12)

where l is the Lagrangian and x are the Lagrange mUltipliers. Lagrange multipliers are

coordinating variables for the models and the cost functional. The optimal control

problem is therefore to find u" which minimises the Lagrangian according to state and

control variables and maximise it according to the Lagrange's variables (multipliers).

3.4.4 Solution to the formulated optimal control problem

Once a mathematical formulation of the optimal control problem is obtained. indirect (not

analytical) methods from classical theories are used to obtain solutions.
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The most known of. these indirect methods are mathematical programming, dynamic

programming and variational methods (maximum principle and classical variational

calculus). Since optimal control problems are complex and nonlinear, variational methods

are employed.

According to Titli and Singh (1978), linear dynamic system problems are solved using

variational methods, dynamic programming and gradient methods. The same techniques

together with quasilinearisaticn may be used for nonlinear dynamic systems. Complex

dynamic system problems are solved using decomposition-coordination methods in

mathematical programming and in variational calculus, leading to hierarchical control and

optimization.

Optimal control problems involve ordinary differential equations and therefore are difficult

to solve analytically. These problems are better solved numerically using new

computational algorithms. Numerical algorithms available include; Sequential gradient

restoration algorithms and Control parameterization based algorithms. In the latter the

optimal control problem is discretized resulting in a standard mathematical programming.

Sequential quadratic programming is then used to solve this problem.

3.4.4.1 Calculus of variation

The basic theorem used in finding an extreme value of a function is the necessary

condition that the differential of the function vanishes at an extreme point (Naidu.

2002:19). The theorem is similar for a functional: the variation is zero on an extremal

curve (Naidu, 2002:26). This point is illustrated in Equation (3.13); the differential of the

Lagrangian in Equation (3.12) is equated to zero.

(3.13)

Because the Lagrangian is a function of three variables (the states, the controls and the

Lagrange multipliers), extreme points are obtained where partial variations with respect

to each of the variables equals zero.

cliO< ~ a

ellau ~ a

al/Cl. ~ a

(3.14)

(3.15)

(3.16)

Calculus of variations therefore provides first-order necessary conditions, Equations

(3.14 - 3.16) which must be satisfied for cptimality. Solutions to Equations (3.14 - 316)

result in the optimal contra! trajectory.
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3.4.5 Decomposition of the optimal control problem

The optimization phase requires a lot of calculations and these increases as the order or

dimension of the problem increases. The order depends on the model being used and on

the physical plant The computation required for problems with high dimensions

surpasses the capabilities of a single computer..

To deal with such problems decomposition methods are used to breakdown large scale

problems into a set of smaller and simpler problems. Decomposttion-coordinatlcn

methods and a multi level control structure may then be used for solution of the optimal

control problem. A global control problem is usually represented as shown in Figure 3.8

(Tltl] and Singh, 1978:18). Such a controller is called a simple level simple objective

controller. Its implementation is useful only in simple systems with less complexity.

I Controller I
Controls Measurements

1 Process 1
output5IflPUts "I I

Figure 3.8: Simple level simple objective controller

For implementation on a complex system. the global problem may be considered to

consist of independent subsystems and a simple level multi objective control structure

could be defined as in Figure 3.9 (Titli and Singh, 1978:18).

Inputs

1 Controller1 1·····1 ControllerN I
eo"",,'

r
Measuremen

1 ProcESS
"I

Outputs

Figure 3.9: Single level multi objective controller

According to Titli and Singh (1978), since the independence assumption is clearly

unrealistic, the solution obtained by the global controller is sub-optimal, and the degree of

sub-optimality depends on the interactions between the sub systems.
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When the interactions between the subsystems are strong and a 'criterion function is

associated with each controller, conflicts could arise between the controllers jf none of

them have priority of action.

To resolve these conflicts, a second level of control which takes into accounts the

interactions and modifies if necessary the objectives of any controller of the lower level is

used. Thus the resulting control structure has multiple levels and multiple objectives.

Basically the control is considered to consist of controllers which are distributed in a

hierarchy having a pyramid structure such that on the first level there is a controller to

control each one of the interconnected subsystems, Figure 3.10

Controller 1

ControlierN

Process

Figure 3.10: Two level control structure

In this structure the controls are distributed over different levels where some of the

controllers only have an indirect access to the process to be controlled. Such controuers

are inferior in the hierarchy and depend on information from controllers' superior to them.

The system is called multi objective since the controllers have different objectives. Some

controllers are used to act as coordinators so as to resolve conflicts between the different

levels. The objectives of the controllers at the lower levels are independent of each other

and are generally unknown to other units. The controllers have different functions from

each other.

Controllers on the higher levels must obtain the same solution as controllers used on a

global approach. The important objective of these controllers is to ensure that some

necessary condition which is normally essentially satisfied by the global approach Is also

satisfied. The two important factors regarding multi level structures are task distribution

and coordination. Tasks in the multi level structures are either distributed through

horizontal or vertical divisions.
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3.4.5.1 Horizontal division

A global problem is formulated as a set of separable lower order sub-problems. The

original time horizon is coarsely partitioned into small time elements. On each subinterval

of this partition. a sub-problem is defined. This method incorporates the use of a two

levels hierarchical structure shown in Figure 3.11. At the lower level of the hierarchy,

each sub-problem is solved by a local controller. The structure of the lower level problem

is identical to the structure of the original problem. At the upper level the coordinating

variables are introduced, in this level a global problem is defined depending only on

these global variables. These variables are used for coordination of the actions of the

lower level controllers.

Coordinating
problem
CA, •.•M

Sub-problem 1 - P 1

Ix,]
Sub-problem n - P 1'1

Ix,,]

Figure 3.11: A hierarchical two level optimization structure

In principle the global problem P. whose objective is to extremise a global criterion is

decomposed into a certain number of sub-problems Pi' The solutions of Pi are found

locally such that solution of [P, P,. . p,l implies the solution of the global problem P .

Such a relation cannot in general be satisfied because of the existence of the interaction

between the Pi'S and the resulting conflicts. For this reason, it is necessary to introduce

an intervention vector or coordination parameter A and to replace Pi by Pi~') such that the

relation is satisfied. The solution [P,{;.) P,(A) ... P,(A)] now implies the accurate solution

of the global problem P. Each sub-problem Pi(A) is solved in the lower level and the

coordination parameters A are calculated in the upper level.

Hierarchical optimization involves choosing A from some initial values A, and Iterating to

the final value A' which solves the coordination problem in hierarchical control. Instead

of solving the original problem directly, the upper level problem is solved.
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For each set of values for the global or coordinating variables it is assumed that the local

variables have been chosen optimally by the lower level optimization of each of the sub

problems. The overall solution is then found by optimization at the upper level. Each

iteration and update of the global variables involves an optimization of the SUb-problems.

Solution on the upper level shows feasibility of solution for the lower level.

3.4.5.2 Vertical division

In this division, the control task is divided vertically into basic control tasks. Figure 3.12

(Titli and Singh, 1978:21). The levels are regulation or direct control, optimization,

adaptation and self organising. In the self organiZing layer, the structure of the model and

the control are chosen as the process environment changes. In the adaptation layer, the

model and the control law directly adapt themselves as the process changes. The globai

optimal control problem is solved in the optimization level. The calculated trajectory of the

optimal control variable is sampled and the resultinq control variables are used as set

points for the controller on the direct control layer.

Figure 3.12: Hierarchical multltayer optimlzation structure

3.4.6 Numerical methods for solution of the optimal control problem

Because of the complexity of the system equations, the performance index and the

constraints. it is useful to use numerical methods to solve the optimal control problem

This is general!y e two point boundary value problem and its solution is verf complex. In

summary, the goal of the optimal control problem is to find the following:

• The state variables

• The coordinating or influence variables

• The control variables
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That simultaneously satisfies the following conditions:

• The system equations

• The coordinating equations

.. The optimality conditions

.. The initial and final conditions

Numerical methods for the solution of this problem involve either dynamic programming

or iterative procedures. (n dynamic programming. many solutions satisfying the specified

boundary conditions at one end are generated using unspecified boundary conditions as

parameters (Bryson & Ho, 1975: 214). If the correct range of parameters is chosen then

some of the solutions will pass through or near the desired boundary conditions at the

other end.

In iterative procedures. successive linearization is used. A nominal solution is chosen

that satisfies none, one. two or three of the four conditions above. This nominal solution

is modified by successive linearization so that the remaining conditions are also satisfied

{Bryson & Ho, 1975: 213) The most used methods for iterative procedures are; Gradient

methods, Neighbouring extremal methods and quasilinearization methods. The gradient

method is used in this project.

3.4.6.1 Gradient methods

In optimal control theory, nonlinear programming is used to find the minimum of a

function f(x) or simply values of the variables that minimizes the function f(x). There are

many different ways to optimize nonlinear functions. The gradient search method also

known as the steepest descent method is one of the direct search aigorithms used. This

is an iterative method often applied to systems that are too large to be handled by other

direct methods. Such problems arise regulariy when nurnericaily soiving pa.t.a:

differential equations. This method can also be used to solve unconstrained optimization

problems such as energy minimization.

In this method, an arbitrary point x(o) is chosen as the starting point in the search towards

the minimum point x' of the function f(x). Series of steps x(1) , x(2). .. xO) are then taken

until reaching the value close enough to the optimal solution x ". When a step is taken it

is necessary to be in the direction in which the function f(x) is decreasing and is doing so
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most quickly. In basic calculus. for a given point xO)the gradient of the function, f'(x@,

points in the direction of greatest inorease of the function f(x). The direction of greatest

decrease of the function is the opposite of the direction of greatest increase, ~f·(x@. The

error or the difference between the iterated point and the current point,

eO)= xQ)~ x (3 17)

indicates how far the point is from the minimum point

The residual.

rQ)= ~f'(x@

is the direction of steepest descent for the function f(x).

(3.18)

Therefore the next point in a search towards the minimum point can be found using the

following equation:

(3.19)

which is the same as

XQ+ 1)= xQ)~ af'(x@ (3.20)

When starting from an initial point x(o). the first step towards the minimum point 15

therefore the point x(1)= x(o)+ ar(o) which is similar to X(1): x(o)+ a(~f'(O)). The minimum point '5

reached when the gradient is zero. It can be seen that a has a big influence on the speed

of convergence. For this reason the choice of a is a vital one. As guidance the following

equations are used when determining the value of a.

If f(x@-f(xV-1))<0 increase a

If f(x@-f(xV-1))>0 decrease a and restart from XQ-1)

Figure 3.13 gives the flow chart of the gradient descent method.
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Data
Initial vectorof xO)

Iteration constant a.

~

I n=1 I
1

I Calculation of r (xO») & f(x(I» I
~

xO + 1)= xO)- af' (x@

1
Stopping test

yes
END /1

~no

I decrease o: I I Calculation of I'(x(i +1») & f(x(i+1») I
~

I increase a I yes I f(x{i+ 1»)> f(x(i») j
l no

yes
f(x{i + 1») < f(x{i»)

l no

xli)= xli + 1)

(fx(i») =f(x(i+ 1»)

Figure 3.13: Flow chart of the gradient method

3.5 Conclusion

In this chapter, optimal control theory is studied. The theory provides a theoretical basis

which is applied in this project to solve the optimization problem of a biological

wastewater treatment process known as the activated sludqe process. In the project the

optimal control problem is to find the best dissolved oxygen trajectory that may be

implemented on a controfler to be tracked by the process in real time In the next chapter

the model of the Athlone and Benchmark activated sludge processes are derived. These

models will then be used in Chapter 5 when formulatinq the optimal control problem.
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CHAPTER FOUR
DERIVATIONS OF THE MODELS OF THE WASTEWATER TREATMENT

PLANTS

4.1 Introduction

The goal of the research project is to calculate optimal dissolved oxygen trajectory for the

activated sludge process (ASP) of a Wastewater Treatment Plant fl,.iIJ"NTP). In order to

explore this process ang find the trajectory, it is necessary to determine a model of a

WWTP and to use it for prediction of the plant behaviour. Chapter four presents

derivations of the models that represent activities of the two WWTPs considered in the

research project; these are the International Water Association (IWA) Benchmark

Simulation plant and the Athlone WWTP in Cape Town, South Africa.

The plants models are derived based on the mass balance theory: which states that

whatever mass is in the output and in the internal system combined must account for

whatever mass entered the system (Prescot et al., 1997). To represent materials

produced or consumed due to biological processes in the internal system of a WWTP,

there are a number of Activated Sludge Models (ASMs) available in the literature. In this

project the four ASMs developed by the IWA Task Group on mathematical modelling for

design and operation of biological wastewater treatment are used (Henze et al., 2000).

This chapter is organized as follows; in section 42 the 4 IWA ASMs are described. The

reduced versions of these models are described in section 4.3. In section 4.4, the mass

balance models are derived for the Athlone and Benchmark WWTPs yielding sets of

continuous differential equations that are used to describe the plants. These continuous

mass balance equations are then transferred into their discrete counterparts so that they

can be used to analyse and execute complex calculations The attained discrete mass

balance equations are then represented in state space form. State space form gives an

explicit presentation of the model as a set of inputs, state variables and outputs related

by differential equations. In state space representation the number of inputs, states

variables and outputs are written in vector forms and the differential equations in matrix

form.

4.2 Full activated sludge process models
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In this section, the activated sludge models are presented; these are the Activated

Sludge Model NO.1 (ASM1). Activated Sludge Model NO.2 (ASM2), Activated Sludge

Model No 2d (ASM2d) and Activated Sludge Model NO.3 (ASM3).

Each model represents a Wastewater Treatment Plant !Y'l'NTP) designed to carry

specific biological activities. The ASM1 describes the removal of carbon and nitrogen

materials in wastewater. The ASM2 is similar to ASM1 but includes removal of

phosphorus. The other lwo models; the A8M2d and the ASM3 are corrections to the

defects realized in the ASM1 and ASM2 models over the years. A more detailed

description of the models may be found in the IWA scientific and technical report no. 9

(Henze et al., 2000).

With these models the user may gain insight into the behaviour of the WNrPs Without

having to disturb the actual plants. The models capture different wastewater components

and biological processes for treatment of these components. The wastewater

components in the models are classified as either particulate (X) or soluble materials (8).

Particulate materials flow through the system and finally settle in the clarifier where they

are removed or fed back to the system via the bottom of the clarifier. Soluble materials

change in concentrations due to the biological reactions in the system. Small part of

these materials leaves the process as effluent wastewater through the top of the clarifier

In these models, biological precesses are described by a set of non linear differential

equations.

Activated sludge models are normally presented in a matrix format making it easy to

relate a particular wastewater component to biological processes influencing it Once a

component is presented in terms of biologioal processes affecting it the resulting set of

equations may be used to predict the behaviour of that particular wastewater component

Wastewater components and biological processes are related by means of stoichiometric

and kinetic parameters. Typical values of these parameters are given on the IWA

scientific and technical report no. 9.

4.2.1 Activated sludge model no. 1

The overall ASM1 information summarized below was extracted from Henze et at. (1987

& 2000)
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Basic concepts of the Activated Sludge Model No. 1 (ASM1) biological model are

adapted from the prior model developed at the University of Cape Town (Dold et al,

1980). The ASM1 was completed and presented in 1987. ASM1 model represents the

activated sludge process (ASP) designed for the purpose of reducing carbon and

nitrogen in wastewater. This is achieved by means of three biological processes; carbon

oxidation, nitrification and denitrification.

Carbon and nitrogen materials in wastewater are classified as Chemical Oxygen

Demand (COD) and Total Kjeldahl (TKN) respectively. In the model, carbon and nitrogen

are divided into the following forms. Carbon material (COD) is divided into; readiiy

biodegradable substrate (Ss), slowly biodegradable substrate (Xs), soluble non­

biodegradable inert material (5,), particulate non-biodegradable inert material (X,) ,

heterotrophic biomass (Xs,H), autotrophic biomass (XB,A) and inert particulate products

arising from biomass decay (Xp) . Nitrogenous material (TKN) is divided into: ammonia

nitrogen (SNH), soluble biodegradable organic nitrogen (SND), particulate biodegradable

organic nitrogen (XND) and nitrate and nitrite nitrogen (SNO)'

As summarised in Jeppsson (1997: 3), the sum of all carbon materials amounts to the

total COD and the sum of all nitrogen materials amounts to the total TKN.

(4.1)

(4,2)

In addition to the carbon and nitrogen materials. the model captures the concentrations

of dissolved oxygen (So) and alkaiinity (SALK). Since carbon reduction depends on the

concentration of substrates and oxygen, dissolved oxygen in the model reflects negative

COD while alkalinity enables for the monitoring of nitrite nitrogen and pH in wastewater

(Jeppsson, 1997).

As mentioned above, the reduction of carbon and nitrogen contents in wastewater is

achieved through carbon oxidation, nitrificaticn and denitrification processes. Carbon

oxidation occurs when in the presence of oxygen, active heterotrophic biomass (XB,H)

uses readily biodegradable substrate (5s) for energy, synthesis and growth. The result of

this process is the production of more heterotrophic biomass and the decrease in COD

concentrations hence the process is catled aerobic groVvih of heterotrophs.
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Denitrification occurs when in the absence of oxygen, nitrate and nitrite nitrogen (SNO)

gets used as electron acceptor by the active heterotrophic biomass (Xa,H). The result is

the production of more heterotrophic biomass as weli as nitrogen gas; this is called

anoxic grov.flh of heterotrophs, Nitrification occurs when in the presence of oxygen, some

portion of ammonia nitrogen (SNH) is used for the growth of active autotrophic biomass

(Xa,A) and some is converted into nitrate and nitrite nitrogen (SNO). The result of this

process is the production of more autotrophic biomass and the regeneration of nitrite

nitrogen. This process also affects the alkalinity of the wastewater.

The model also captures the processes describing the decay of active heterotrophic

biomass (Xa,H) and active autotrophic biomass (Xa,A) due to lysis. The resulting non

biodegradable material is classified as inert particulate products arising from biomass

decay (Xp ) and the resulting biodegradable material is added into slowly biodegradable

substrates (Xs).

The contents of nitrate and nitrite nitrogen (SNO) are reduced through ammonification, in

this process nitrate and nitrite nitrogen is converted into ammonia nitrogen. Through

hydrolysis, slowly biodegradable substrate (Xs) and particulate biodegradable organic

nitrogen (XNo) are broken down and allowed to become part of the readily biodegradable

substrate (Ss) and soluble biodegradable organic nitrogen (SNo) respectively.

The soluble non-biodegradable inert material (S,) and particulate non-biodegradable inert

material (X,) are unaffected by the biological reactions. The soluble inert material leaves

the system with the effluent wastewater while the particulate material leaves the system

with the sludqe. The ASM1 describes thirteen wastewater components described by the

vector xe R" and eight biological processes described by the vector Pe R' .

The components and processes of the ASM1 model may be presented in vector forms

as:

where;

(43)
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(4.4)

(45)

(4.6)

(47)

(48)

(4.9)

(410)

A Peterson matrix representation of the ASM1 is given in Figure 4.1 while descriptions

and values and values of the ASM1 parameters are given in Table 4.1. The parameters

values of the ASM1 model are adapted from Henze et al, (2000).
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Figure 4.1: Activated Sludge Model No.1 in a matrix format

(Adapted from .Jeppsson, 1997: 15)
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oTable 4.1: ASM1 model oa: values at 15 C
'Svrnbob """ ,,:,,'L,-oc"""""::'" ""':',,::::"",.":.,,:,"::",.,,.,,::. Value Unit: :'" ".,,:'
Y, Heterotrophic yield 067 gCOD
VA. Autotrophic yield 024 gCOD
fF Fraction of biomass yielding particulate products 0.08 -
IXB' COD mass in biomass 0.086 gN
Jxp COD mass in products from biomass 0.06 oN
llH Heterotrophic maximum specific growth rate 3 day'
bh' Heterotrophic decay rate 02 day'

ll.". Autotrophic maximum soecific crowth rate 0.3 day
..

bA Correction factor for anoxic qrowth of heterotrophs 0.1 day'
~q Correction factor for anoxic qrcwth of heterotrophs 08 -
ka Ammonification rate 0_04 m
k, Maximum specific hydrolySIS rate 1 I gCOD
~h Correction factor for anoxic nvdrolvsis OA -
K, Half saturation coefficient (hso) for heterotrophs 20 aCODm-"
K:; i-i Oxygen hsc for heterotrophs 0.2 gO, rn'
KNO Nitrate hsc for denitrifylng heterotrophs 0.5 a NOTN rn"
Ko.A Oxygen hsc for autotroohs OA g O2 rn"
KNH- Ammonia hsc for autotrcphs 1 a NH3-N m"
Kx Hsc for hvdrolysis of slowly btoceoraoable substrate 0.G1 aCOD

4.2.2 Activated sludge model no. 2

The overall ASM2 information below was extracted from Henze et al. (1995 & 2000).

Similar to the Activated Sludge Model No, 1 (ASM1), the Activated Sludge Model NO.2

(ASM2) describes the removal of carbon and nitrogen in wastewater. The most

significant difference between ASM1 and ASM2 is that the latter incorporates

phosphorus removal. ASM2 describes both the biological and chemical (chemical

precipitation) methods for the removal of phosphorus, Biological phosphorus removal is

achieved when the mixed liquor is exposed to an anaerobic/aerobic sequence.

Under anaerobic conditions microorganisms that accrue higher levels of intracellular

phosphorus assimilate and store volatile fatty acids 01FAs) and other fermentation

products, (Erda! et al, 2001). Such microorganisms are often referred to as phosphorus­

accumulating-organisms (pAGs). During this period phosphorus is released in the

anaerobic zone to produce the energy needed to take up the fermentation products.

In the ASM2. carbon material (COD) is divided into: fermentable, readily biodegradable

organic substrate (SF), fermentation products (SA), soluble inert non-biodegradable

organic material (S,), particulate inert non-biodegradable organic material (X,). slowly

biodegradable substrate (Xs), heterotrophic organisms (XH) , nitrifying organisms (XAUT)

and total suspended solids (XTSS) ' Nitrogenous material (TKN) is divided into: ammonium

plus ammonia nitrogen (SNH'), nitrate & nitrite nitrogen (SN03) and dinitrogen (SN2).
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Phosphorus material is divided into; phosphate (Spo.), phosphate-accumulating

organisms (XPAO) , poly phosphate (Xpp), a cell internal storage product of phosphorus­

accumulating organisms (Xp HA) , metal-hydroxides (XMeOH) and metal phosphates (XMep) ,

The model also captures the concentrations of dissolved oxygen (Sd and alkalinity

(SAud. ASM2 describes nineteen wastewater compounds described by the vector XE R"

and nineteen biological processes described by the vector PE R", The components and

processes of the ASM2 model may be presented in vector forms as:

x =[802 SF SA SNH.c. SN03 SP04 81 SALK SN2 XI x, XH XPAO Xpp XPHA XAlIT XTSS XMeQH XM<>PY

p=~ & P3 Pot. Ps ~ P7 Pe P9 ~a ~1 ~2 Ih P'4 tls p,o P'7 P'8 p'sf
where:

P, = K" ,S02 Xs/x" x,
K0 2 +S02 Kx +Xs/~

P" = b,AO ,X,AO'SACK/(K"", + SACK)

1',. = b", x" ,SACK/(KACK + SACK)

1',5 = b_·X- .S"",/(K"", +s"",)
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(4,17)
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(422)
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(4.27)

(428)

(4.29)

A Peterson matrix representation of the ASM2 is given in Figure 4.2. Descriptions and

values of the ASM2 parameters in Figure 4.2 are given in Table 4.2; the ASM2

parameter values are ad~pted from Henze et al. (1995).

Table 4 2- ASM2 model parameter values at 10°C
Svmbol .Nallle<i .....·· .······.·.c··..... ·••. ·..i·.·· .. ··.··/.·· ....·i .• ·· .. Value Ullit . .. .
K, Hydrolysis rate constant 2 d
K~2 Saturation/inhibinon coefficient for Sc' 0.20 s o- m
Kx Saturation coefficient for particulate COD 01 9 Xs (g Xc)'
nNG3 Reduction factor for denitrification 0.60 -
K'..>03 Saturation coefficient for particulate nitrate 0.5 9 N rn
fhe Anaerobic hydrolysis reduction factor 040 -

JJH Maximum Growth rate on substrate 3 g-Xs (g XH) d-
KF Saturation (Sat) coefficient for growth on SF 4 9 COD m
KNH4 Saturation coefficient for ammonium 0.05 9 Nm~
Kp Sat coefficient for phosphorus in orowtn 0.01 o Pm'"
K<\LK Saturation coefficient for alkalinity 0.1 mole HCO, m"
K. Saturation coefficient for SA 4 9 COD rn"
qla Maximum rate for fermentation 1.5 9Sp(9XH) d-'

K,e Saturation coefficient for fermentation of SF 4 9 CODm'
qPI-iA Rate constant for stereos of Xp". 2 9 XPH~. (g XP.AO )' d
Kpp Saturation coefficient for poly-phosphate 0.01 9 XP? (g XPAd .
qpp Rate constant for storage of Xcp 1 o XP? (g Xp,d d
KDS Sat coefficient for phosphorus in storaoe 0.2 o P m"
KeHA Saturation coefficient for PHA 0.01 9 XCHA (0 XPAOr'
~1AY: Maximum ration or X",p/Xp,,>.o 0.34 9 Xpp (g Xc,d
K,pp Inhibition coefficient for PP storage 002 g XP? i9 xo4"r '
~FAO Maximum growth rate for XP,~o 0.67 d'
bp.,:;,o Rate constant for lysis of XPAO 01 d
bpp Rate constant for lysis of XP? 0.1 d
t?H4, Rate constant for iysis of XPHA 0.1 d'
~AUT Maximum growth rate of XALTT 035 d'
kp 1=< l= Rate constant for precipitation 1 mA (0 Fe (OH) 3) - d-

kR;::c Rate constant for re-dissofution 06 d
fSj Production of S, in hydrolysis 0 9 COO (g COD)
YPAO Yield coefficient for biomass 0625 q COD (0 COOl"
YoN PP reouirement for biomass storage 040 9 P ig COD)'
YP r A Biomass requirement for PP storage 0.2 9 COD (g pr'

.
YA Yield coefficient of au!otroohic biomass o COD (0 N)
YA Yield coefficient of autotrophic biomass 9 COD (g COD)-'

fx'
Fraction of inert COD generated in biomass

9 COD (g COOl"
lysis

bt}R P content of biomass. XH, XPAo. XAUT 0.02 9 P 19 com-
iNBM N content of biomass, XH, XPAO, XAUT 0.07 IoN (g COD)
bH Rate constant for lysis and decay d-

b,'VJT Decay rate of XAUT d-
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~8 502 SF SA SNH4 SN03 SP04 51 SALK SN2 XI XS XH XPAO XPP XPHA XAUT XTSS XMeOH XMeP Proc
PrOCetl88 Rate:
Aerobic J 0.01 0.001 -1 -0.75 Pl
hydrolysis

Anoxic 1 0.01 0.001 -1 -0.75
hydrolysis

Anaerobic 1 0.01 0.001 -1 -0.75 P3
hydrolysis

"Aerobicgrowth - P41 1 1on SF 1--
YH YH

Aerobicgrowth 1 1 J
P5

on SA 1-- -YHYH
Anoxicgrowth 1 1-YH 1-YH I

P6
onSF --- ---

YH 2.86YH 2.86YH

Anoxicgrowtll 1 1-YH 1-YH J
P7

onSA
YH 2.86YH 2.86YH

Fermentation
-- ..-

-1 1
---~---~

~~
_. --_.

""[y°sis ofxli--- IXI 1 - IXI -1 P9

Storage of XPHA -1 -YP04 -YP 04 1 Pl0

Storage of XPP -YPHA -1 I -YPHA Pll

'-Aeroblcgrowlh------,--- --. ._..__ .

11 -iPBM 1 P12ofXPHA 1--
YH YH

Lysisof XPAO 1 0.031 IXI 1 - IXI -1 P13

Lysis ofXpp 1 -1 P14
------ ----_._. ----- ._-

-l.ysis-OfXPHA-- -1-1 P15

Growth of XAUT 4.57-YA iNBM _1
J . I

P16
- - -iPBM

YA YA YA
Tya's ofXAlJ't-'-- --------- -- .- ---_. --- - - -- P170.031 0.01 IXI 1 - IXI -1

Precipitation -1 0.048 1.42 3.45 4.87 P16

-Redissolution 1 -0.048 -1.42 3.45 -4.87 P19

Flgure-4.2: Activated SIUdgo Modol No.2 in a matrix format
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4.2.3 Activated sludge model no. 2d

The overall ASM2d information summarized below was extracted from Henze at al.

(1999 & 2000).

Activated Sludge Model No. 2d (ASM2d) is an extension of Activated Sludge Model NO.2

(ASM2) includes two denitrification processes relating to the biological removal of

phosphorus. In the ASM2d. the denitrification activity of poly-phosphates (pAGs) is

considered to inhibit nitrites in wastewater (Yoshida et al., 2009). ASM2d presents the

same wastewater compounds and biological processes as the ASM2. with the addition of

two biological processes which are anoxic growth of XPAO and anoxic storage of Xp p .

ASM2d describes nineteen wastewater components described by the vector XER" and

twenty-one biological processes described by the vector PeR".

The components and processes of the ASM2d model may be presented in a vector form

as:

where:

l\ = K" . so, . Xs!x", .J<,;
K02 + S02 Kx + xs/~
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Figure 4.3: Activated Sludgo Model No, zct in a matrix to
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~8 S02 SF SA SNH4 SN03 SP04 SI SALK SN2 XI XS XH XPAO XPP XPHA XAUT XTSS XMeOH XMoP Process
Procosses rates
Aerobichydrolysis 1 0.01 0.001 1 -0.75 P1

-_•..- 1------ --Anoxic hydrolym 0.01 0.001 -1 -0.75 P2

Anaerobic 1 0.01 0.001 -1 -0.75 P3
hydrolysis

Aerobicgrowthon 1 1 1 P4
SF 1--

YH YH

Aerobicgrowthon 1 1 1 P5
SA 1--

YH YH

Anoxicgrowthon 1 1-YH 1-YH 1 P6
SF ---

YH 2.86YH 2.86YH
Anoxic growth on 1 1-YH 1-YH 1 P7
SA ---

YH 2.86YH 2.86YH

Fermentation -1 1 PB

Lysis of XH IXI 1-fXI -1 P9

Storage of XPHA -1 YP04 -YP04 I P10

Storage of XPP -YPHA -1 I YPHA P11

Anoxic storage of -0.07 -1 0.07 I YPIIA P12XPP
------"- I P13Aerobic growth of 1 -iPBM I
XPHA 1-- --

YH YII

Anoxic growth on -0.21 -iPBM 0.21 I I P14XPP
YH

Lysis of XPAO 0.01 IXI 1 IXI I P15

Lysis of XPP 1 I P16

Lysis of XPHA 1 1 P17

Growth of XAUT 4.57-YA -4.24 I -iPBM 1 P1B

YA YA

LysisofXAtT~ 0.031 0.01 IXI 1 IXI 1 P19

Precipitation -1 0.048 1.42 -3.45 4.87 P20

•. ..------- . __.- -,---_.- ".-.'-'-- . ,". ------_.'-,_. _._- -- -------- .., --- -- ._----- -""- 'P21---Re-dleeolution 1 -0.048 1.42 3.45 -4.87
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4.2.4 Activated sludge model no. 3

The overall ASM1 information summarized below was extracted from Gujer et at. (1999 &

2000). The Activated Sludge Model NO.3 was developed to correct defects recognized

by the COST group while experimenting with the Activated Sludge Model No.1 (ASM1).

Some of the shortcomings were due to the fact that in the past the models were required

to be simple due to computational limitations. As a result of this. various biological

processes in the ASM1 were replaced by a single process. In the ASM3. previously

combined conversion processes in ASM1 are now separated to give a more realistic

representation of the activated sludge process. Also captured in the ASM3. is the

representation of internal storage compounds, which have an important role in the

metabolism of the organisms (Henze et al, 2000) Similar to the ASM1. the ASM3

describes oxygen consumption, sludge production. nitrification and denitrification

processes used for the removal of carbon and nitrogen in wastewater.

In the ASM3 carbon material (COD) is divided into: readily biodegradable substrate (Ss).

soluble non-biodegradable material (S,), particulate non-biodegradable material (X,).

slowly biodegradable substrate (Xs), heterotrophic biomass (XH) , a cell Internal storage

product heterotrophic organisms (XSTQ) , nitrifying organisms (XA) and suspended solids

(Xss). Nitrogenous material (TKN) is divided into; ammonia nitrogen (SNH4). dinitrogen

(SN2) and nitrate & nitrite nitrogen (SNOX). ASM3 also comprises the concentrations of

dissolved oxygen (S02) and alkalinity (SAud. ASM3 describes thirteen wastewater

components and twelve biological processes described by the vectors x ER" and PER".

The components and processes of the ASM3 model may be presented in a vector form

as: x =[So, s. s, s.- s,. s,.ox s"" X, x, x, XsTO x, x.sF

(451)

(452)

(4.53)

(454)

71



n b K0 2 SNOX Xrr == H,NOX' • H
Kot + S02 Krrox + SNOX

b 80 l
Pa = ero.oa ' K +8 ,XSTO

02 02

b K02 SPg = STO,NOX' NOX • Xsro
K02 + S02 KNOX + Soox

b 80 l
~1 = A,OZ'K S ,XA

A,02 + 02

(4.56)

(4.57)

(4.58)

(4.59)

(460)

(4.61)

KA 0 2
PI2 =bA,NOX'K " S

A,az T 02

(4.62)

A Peterson matrix representation of the ASM3 is given in Figure 4.4. Descriptions and

values of the ASM3 parameters are given in Table 4.3; the ASM3 parameters values are

also adapted from Gujer et al. (1999).

oTable 4 3" ASM3 model parameter values at 10 C
Symbol Name ..'. .... .. Value Unit
kH Hydrolysis rate constant 2 q CODxs (q CODx.~l" d'
kSTO Storage rate constant 2.5 9 CODss (g CODxH) d'
bH_No;< Anoxic enccoenous respiration rate of XH 005 d
b,__N0X Anoxic endooenous respiration rate of Kb., 002 d
pH Heterotrophio maximum growth rate 1 d'

UA Autotrophic maximum orowth rate 035 d

f1NOX Anoxic reduction factor 0.6 -

b... D2 Aerobic endocenous respiration rate of Xl-! 0.1 d"

bSTOO2 Aerobic respiration rate of XSTO 0.1 d

b.~02 Aerobic endooenous respiration rate of X.~ 0.05 d'

bSTO NQX Anoxic respiration rate of XSTO 0.05 d'

K~.02 Oxygen saturation for nitnfiers 0.5 gO~m-"

KP.,.NH<I Ammonium substrate saturation for X, 1 aN m O

KNDX Saturation constant for SW?X 0,5 ;J NO~;~N rn'
K, Hydrolysis saturation constant 1 g CODxs (g COD'H) 'd '

K0 2 Saluration constant for SMC' 0.2 00, rn"
K,"lH"; Saturation constant for alkal.nitv for XH 0,001 g Nm~

K~LK Saturation constant for XH 01 mole HCOom"

fs! Production of S, in nydrolvsis a a COOs. ((1 COD",l"
YST"102 Aerobic yield of stored product par Ss 0.85 a COD,s,o (g CODss) ,

YST(} N0 X Anoxic Yield of stored product per Ss 080 9 CODxsTo 19CODssl"'

YH.02 Aerobic yieid of helerotroohic biomass 063 9 COD"" (0 CODXS TOl"'

YH.NOX Anoxic vield of heterotrophic biomass 0.54 g COD,:: (g CODxnoJ'
YA Yield of autotrophic biomass per N03-N 0.24 9 CODg (g NSNGX) '

fx! Production of Xl in endccenous resoiration 0.20 (1 COD,. (0-COD.,",. )

Ks Saturation constant for substrate Ss 2 ;:; CODss m "
M_";'LK Bicarbonate saturation for rutrifiers 0.5 mole HCO, m'
iN.8M N content of biomass, XH . Xo. 0.01 q N (9 CODXB'.. ')

bHNox Anoxic endogenous respiration rate of XH 0.05 cr'
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State. SQ' 5' 55 SNH4 5N' SNOX SAI.K X, X5 XH XSTO XA X55 Process rates (P1 • Pl~)
ProcQ&8es --.:
Hydrolysis I~I

, 0,01 0.001 ., iXS k _ XN!X I1

II K x +X~/XII
-XII

Aerobic storageof 5S .0,15 ., 0,03 0.002 YH02 SOl S~
0.51 ksro ' .---.Xu

, K 02 + SI12 K.~ + Ss

Anollic storage01 SS ., 0.03 OW ·0.07 0.007 YHNOX k Km S~mx S8 X
O.4B S"ln 'flNOX' . ._-_. "

K 02 +Sm KNOX tSNoX K~ +S8

MOllic growthon XH -06 -0.07 -0.005 ,
1 S01 StllI~ S"I.I; XR'Il) !XH

·(106 Ilil ' . . . . 'XIIYH02 K()2+ S02 KNI14+SN,,4 K ALK +S"LK K STO tXsm!X II

Anoxicgrowth· ·0.07 0.3 -0.3 0.016 1 1 Km .~!lL-.~_,,,__ . S"I.K X~)()!XIldenitrification ---- -0,21 Ill, 'nNIll(' K +8 ,X uYHNOX 02 02 I(tlox t Stlnx K I1114 + SNI14 KALK +SM,K KS1U + XSHl!X Il

AerobicBndog, -0.6 0,066 0.005 11 -1 8mrespiration .0.75 b llm, K +S 'XII
1J2 ()2

Anoxicendog, 0,066 0.28 -0.28 0,025 11 .,
11 . K U2 . SIIUX • Xrespiration -0,75 II,N(JX K 02 + S02 K Nt'lX + SNOX II

Aerobicrespiration 01 -1 .,
b.. . SOlXSTo -0.• !fIO.Ul K

U2
t 802 ,XS-ll1

Anoxiarespiretion of 0,35 -0,35 0.025 ·1 t ' Km SNOX XXSTO -0B 'lfIO.NUX ' K
02

+ Sm • KN()X + SNUl(' ST')

Aerobicgrowthof XA -18.04 --4.24 I -0.6 ,
S02 SNII4 S"IK

0.9
~ . . . ·X,

VA A K A.02 t SU2 K",NII4 + SNII4 K",Al.K + S"I.K

Aerobicandog, -0.6 0,066 0.005 11 ·1
b . 8m ·Xrespiration -0.75 A.02 K",m +802 A

Anoxic endog 0,066 0.28 -0,28 0.025 11 .,
b . K",02 . SN()X -Xreeprenon -0,75

".N<-lX K".Ol + 8m K",NllX + SNOX 1\
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Figure 4.4: Activated Sludge Model No.3 in a matrix format
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The biological models described above are used to form the mass balance models for

the Benchmark simulation plant and the Athlone plant. Based on the Peterson matrix

tables above. the full set of ordinary differential equations describing the dynamic

behaviour of a respective wastewater component may be formulated. Given a set of

initial conditions. values of the parameters of the models and typical disturbances (ie.

influent wastewater flow and concentration), these equations may be used in simulations

to predict effluent wastewater concentrations. Table 4.4 gives a summation of the

dimensions of the vectors of the components and processes of the models.

Table 4 4' Dimensions of the vectors of the cornoonents and processes of the full models,

DIMENSIONS OF.THEVECTORSOF THE MODELS' COMPONENTS AND PROCESSES
Description Symbol ASM1 ASM2 ASM2d ASM3
Wastewater components x R13 R19 R19 R13

Process rates p R' R19 R21 R12

4.3 Reduced activated sludge process models

The full biological models are used for prediction of the behaviour of the activated sludqe

processes and for prediction of variations in the effluent quality during dynamic loading

conditions. These processes are time varying and extremely nonlinear They are also

subject to significant instability and high dimensions in terms of the number of state

variables (wastewater components), processes and parameters. To accurately predict

the behaviour of a true plant, activated sludge models require online modifications based

on available data from sensors. Since the parameters of the models vary with time.

model for online control purpose are related to quantities and variables that are possible

to be measured online. All state variables of the reduced models developed in the thesis

are supposed to be measurable.

Due to sensor unavailability and process complexities, influent wastewater

concentrations, which are essential for prediction of the model behaviour are not easily

characterised. It is therefore difficult to estimate and update varying model parameters

online. These results in model identifiability problems: where models do not have unique

set of parameters that explains certain behaviour. To counter the identification and

sensor problems regarding full models, the reduced order models with smaller number of

states. processes and parameters, capable to adequately describe major dynamic

behaviour of carbonaceous, nitrogenous and phosphorus activities of the activatad

sludge process (ASP) are developed.
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By reducing the numerical complexities and dimensions in the biological models, the

overall mass balance models of the plants are also reduced, This will also reduces the

long computational time required for process optimization, A fundamental requirement for

the reduced models is that they contain a minimum number of state variables and

parameters to allow for model identification based on online measurements, whilst

maintaining the basic mechanistic structure of the reference model, As far as parameters

are concerned, their number naturally decreases with decreasing of the number of state

variables allowing for a'possib'e identifiable model structure to be formed

In this section, the IWA activated sludge models (ASM2, ASM2d and ASM3) are reduced

based on the same reduction procedure used to reduce ASM1 in Lukasse (1999), The

reduced models are later on used for optimal control of the ASP, Parameters of the

reduced models are later on estimated to ensure that the reduced models keep the same

prediction capabilities as the full models,

4.3.1 Reduction of the biological models

One of the objectives of this research project is to apply reduced models as an online

tool for optimal control of the ASP, Because the dynamics of the ASP are very stiff and

classified by different time scales: slow (weeks), medium (hours). and fast (minutes), The

models are usually reduced on the basis of the different time scales separation This

means that the reduced models incorporate only variables with dynamics of interest

(Lukasse. 1999:48),

In the activated sludge process. biomass is considered to be largely unknown and with

slow dynamics, carbon. nitrogen and phosphorus substrates are characterised as

variables with medium dynamics and the DO concentration is considered to have the

fastest dynamics, Since carbon, nitrogen and phosphorus concentrations are the objects

of interest in this project, biomass (variables with slow dynamics) are neglected and

assumed to be in steady state while the variable with fast dynamics (DO) is ignored

DO concentration is chosen as the control variable in this research project This is due to

its ability to affect the efficiency of the ASP. It is controlled separately on the layer of

direct control shewn in Figure 5.1. The DO control structure is designed in such a way

that sufficient amount of oxygen is supplied in the aerobic reactor.
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For this reason DO concentration (So for ASM1 and S02for the other three models) is not

included in all the reduced biological models, Alkalinity (SAlKl is also not included in the

reduced models as it does not affect any other process and its dynamics are merely

included in the full model to give an indication of pH in wastewater (Jeppsson. 2004),

4.3.1.1 Reduced activated sludge model no. 1

du Plessis (2009) identified the reduced activated sludge model no, 1 (reduced-ASM1) in

Lukasse (1999), The 'results proved that the reduced-ASM1 model stili captures the

essential part of the carbon oxidation, nitrification and denitrification processes of the

ASP, The model describes three wastewater components and four biological processes

that mainly affect carbonification and nitrification/denitrification processes , A Peterson

matrix representation of the reduced-ASM1 is given in Figure 4,5,

FIgure 4.5. Reduced A~tlvaled Sludge Model No.1 In a Peterson rnatnx format

~s S5 5NO 5NH Process rates (P, - p.)
Process
Aerobic t . s, s,

. X 8li-iXB ", '

growth of
YH K 5 + S 5 K" • s,

Anoxic 1 1-YH -iXB • S , K" s~
"11 gX e«

growth of
YH 2.86YH J1H'~;' K" • s, K~ .s~

Aerobic 1 -iXB-~ 4 S Nfl s,
x~". '

growth of YA YH <, + SNH K"" • s,

Hydrolysis 1 k X,/X", [ s, Ko' SNO]X
h'Kx+Xs/X

aH
KOH+S

O
+TlhoKQH+So "KOH+SNO SH

., e "0
:0

., e
til II> "0 0> tilE-g., c: e .~.::! cro~

~CJ~ e e e .,
2., 000l

"O.,~ E E 0til "0 II> tIl~

.,0.0 J=:E EE~
oc:.o~ Z'e «tile

~
.'

Below is a description of how the ful! ASM1 was reduced.

As mentioned already, due to the time varying characteristic of the model parameters.

models for online control purpose are related to quantities and variables that are

measurable online. ASM1 variables possible to measure online are Ss. SNH and SNO

The dynamics of heterotrophic organisms (XBH) , autotrophic organisms (XBA) and slowly

biodegradable substrate (Xs) are considered to be very slow hence these variables are

treated as constants,
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(4.65)

(4.66)

The above described reduced-ASM1 model is Implemented as it is in this project

4.3.1.2 Reduced activated sludge model no. 2

The formation of the reduced Activated Sludge Model No. 2 (reduced-ASM2) is done

using the same analysis of the full model as for the reduced-ASM1 model above. The

reduced ASM2 has eight wastewater compounds and twelve processes in total.

In the reduced model dissolved oxygen (Soz), alkalinity (SAL,J. heterotrophic organisms

(XH) , nitrifying organisms (XAUT) , soluble inert non-biodegradable organic material (S,)

and inert non-biodegradable organic material (X,), are omitted in the same way as in the

reduced Activated Sludge Model no.t. Similar to reduced-ASMi, ammonia nitrogen

(SNH4) is multiplied by a factor f (1.2) to account for the organic nitrogen in the system.

Dinitroqen (SNZ) is not considered because it is a nitrogen gas that disperses into the

atmosphere. The total suspended solids (XTSS) are negligible and therefore ignored.

Chemical processes (precipitation and re-dissolution) are removed from the model

because phosphorus Is removed bioiogically in activated sludge systems; as a result the

chemical compounds (XMep , XMeOH) are not included in the reduced model. Simi!ar Ie the

other organisms, dynamics of phosphate-accumulating organisms (XPAO) are very slow

and therefore they are assumed to be in steady state and are treated as constants

Similar to the full ASM2, the reduced-ASM2 describes carbon oxidation, nitrification,

denitrification and phosphorus removal processes of the ASP. A Peterson matrix

representation of the reduced-ASM2 is given in Figure 4.6.

78



Figure 4.6: Reduced Activated Sludge Model No.2 in t1 matrix format
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The components of the ASM2 model described by the vector xE R' may be presented in a

vector form as:

x~[s" SA 5,... 5,.", s.a. x, x"p x"HAf

The vector of the process rates described by the vector PER" may be presented in a

vector form as:

where:

p.-K. So, XsiX,,;.X,,;
1 ~ h Ka2 +80 2 Kx +Xs/Xn (4.67)

(4.68)

(4.69)

(470)

(471 )

(4.72)

(4.73)

(4.74)

(4.75)

(4.76)

(4.77)

(4.78)

4.3.1.3 Reduced activated sludge model no. 2d

The formation of the reduced Activated Sludge Model No. 2d (reduced-ASM2d) is also

done using the same analysis of the futl model as above for reduced-ASM1. Similar to

the full ASM2d. the reduced-ASM2d describes eight wastewater components and

fourteen biological processes in total

80



The reduced-ASM2d still describes carbon oxidation, nitrification, denitrification,

biological phosphorus removal processes of the ASP, A Peterson matrix representation

of the reduced-ASM2d is given in Figure 4.7.

The components of the reduced ASM2d model described by the vector XER a may be
presented in a vector form as:

The vector of the process rates described by the vector PER" may be presented in a

vector form as:

where:

P,~ K,. ,S02 X,)x,.. x,
1<0, +so, Kx+xs/x,.

P, ~ K,. '''''03 . Ko, . KN0 3 'As/x,.. x,
K0 2 + S02 KN03 + SNDJ Kx + XsJ~

(4,79)

(4,80)

(481)

(4.82)

SA SA SNH4 SP04 SALK. X
HKA +SA . SF +SA . KNH4 +SNf+4 Kp +SP04 KALK + SALK

(4,83)

p. _q,,' ~ , K"m ,~. SALK ,x,.
8 - Kaz + S02 1<003 + ~03 Kfe + s, KALl(. + SALK

(4.84)

(4.85)

(486)

(4.87)

P.-. S02
to-Qpp K +5

02 02

(4.88)

K0 2 SNOJ
P14 =P13 -'1003 --5 'K 5

02 N03 --r N03
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(489)

(4,90)

(4,91)

(4,92)



Figure 4.7: Reduced Acttvateo Sludge
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4.3.1.4Reduced activated sludge model no. 3

The formation of the reduced Activated Sludge Model No. 3 (reduced-ASM3) is also

done using the same analysis of the full model as above for reduced-ASM3. Ammonia

nitrogen (SNH') in the reduced-ASM3 model is also multiplied by a factor f (1.2) to

account for the organic nitrogen in the system. The reduced-ASM3 describes three

wastewater components and four biological processes in total. Similar to the full ASM3.

the reduced-ASM3 model still describes carbon oxidation. nitrification and denitrification

processes of the ASP. l',. Peterson matrix representation of the reduced-ASM3 is given in

Figure 4.8.

Figure 4.8. Reduced Actlvated Sludge Model No.3 In a matrix format
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The components of the reduced ASM3 model described by the vector XER' may be

presented in a vector form as:

x ~ [s, SNH' SNOX f
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The vector of the process rates described by the vector PER' may be presented in a
vector form as:

n ----'S"'O,~ s.~, . SACK . x",oiJ<.< . y
~2=llH'~ ''HKaz + S02 KNH4 + SNH4 KALl( + SALK KSTO + 'Xsro/Xn

(493)

(4.94)

(4.95)

(4.96)

The reduced biological models described above are used to form the reduced mass

balance models for the Benchmark simulation plant and the Athlone plant. Given a set of

initial conditions. values of the parameters of the models and typical disturbances (i.e.

influent wastewater flow and concentration), these equations may be used In simulations

to predict effluent wastewater concentrations. Table 4.5 gives a summation of the

dimensions of the vectors of the components and processes of the reduced models.

Table 4.5: Dimensions of the vectors of the components and processes of the reduced

models

DIMENSIONS OF THE VECTORS OFTHE MODELS' COMPONENTS AND
PROCESSES·· ... - . ...

Description Symbol Reduced Reduced - Reduced - Reduced -
-ASM1 ASM2 ASM2d ASM3

vVastewater components X R' R' R' R'
Process rates p R4 R12 R14 R4

4.4 Mass balancemodels

Using mass balance principle, the overali models for the considered plants are derived.

with the lWA models representing the mass of the wastewater components produced or

consumed due to the biological reactions within a bioreactor. In the preceding section,

the biological activated sludge mathematical models are described in details. The mass

balance models with the full biological models are referred to as the full mass balance

models and the mass balance models with the reduced biological models are frcm this

point referred to as the reduced mass balance models.
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This section presents the derivations of the mass balance models of the Athlone and

Benchmark wastewater treatment plants (WNTPs). Mass balance models are based on

the physical layouts of the WWTPs. they aooount for materia!s entering the system,

produced or oonsumed in the system and those leaving the system. Basically the

biologioal models describe biologioal reactions ocourring inside the tanks while mass

balanoe equations describe transportation of wastewater compounds to and from the

tanks. The tanks are characterised by volumes (V), flow rates (a) as weil as states of the

wastewater components (x).

Fundamental to the mass balance is the conservation of mass principle. i.e. matter

cannot disappear or be created [Yunus et al.. 2004]. The generic equation for a mass

balance around a certain system is:

Time variation of the mass of the component in the system (per unit volume) = Mass of

the input component ± Mass of the component produced or consumed due to the

reaction - Mass ofthe output component (Dochain & Vanro/Ieghem. 2009) (4.97)

4.4.1 Mass balance models in continuous form

The generic mass balance Equation (4.97) above in its rate form oan be represented with

mathematioal notations as follows:

(4.98)

where Oin is the input flow rate; Xin is the components concentration in the input; Onu! is

the output flow rate; Xout is the components concentration in the output r is the rate (per

unit volume) at which components are produced or consumed. Equation (498)

expresses that the rate of change of the mass balance of a given component into the

tank is equal to the rate of change of the input component ± rate of change of the mass

of the produced or consumed component due to reaction minus rate of change of the

output component. Equation (4.98) is applied further for development of the mass

balance model of the Athlone process and the Benchmark process plants.

4.4.1.1 Athlone mass balance model

The Athlone plant is situated in the middle part of Cape Town, South Africa The plant

has been in operation since 1921 and it Is also faced with problems related to plant

deterioration. Typical plant problems include fauity sludqe handling apparatus and
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constant failing of the air blowers (South African Government, 2009). The plant consists

of three biological reactors; Anaerobic, Anoxic and Aerobic. This organization of

biological reactors is referred to as the pre-nitrification activated sludge process. The

Athlone plant is capable to treat approximately 80 million litre of water daily (80 000

m3/day).

The layout of the Athlone plant showing different flows through the system is presented

in Figure 4.9 where Qpis the recycled flow rate for Tank 2: Q a is the recycle flow rate for

Tank 3; Q w is the waste sludge flow rate; Q o is the infiuent flow rate; Q, is the output flow

rate for Tank 1; Q 2 is the output flow rate for Tank 2; Q 3 is the output flow rate for Tank 3;

Q. is the effluent flow rate, Q, is the settler recycle flow rate Xc is the vector of

components concentrations in the influent wastewater, x, is the vector of components

concentrations in Tank 1, X2 is the vector of components concentrations in Tank 2, X3 is

the vector of components concentration in Tank 3, J4 is the vector of difference between

components concentrations from Tank 3 and from the wasted sludge, x, is the vector of

components concentrations in the effluent wastewater and x, is the vector of recycle

concentrations of the components of the wastewater sludge.

The values of the flow rates and the tank volumes for the Athlone wastewater treatment

plant are given in Table 4.6.

Table 4 6" Athlone plant flow rates and tank volumes
Symbol Name .. ' .... ' '. . , Value Unit
Oa Tank 3 to Tank 2 recycled flow rate 39917 mvdav
0 0 Tank 2lo Tank 1 recycled flow rate 39917 m5/day

Ow Flow fate for the wasted sludge 3840 m-..l!day
QD Influent flow rate 40003 m"'jdav

Oe Recyc!ed flow rate from the settler 0" + Q,- OW- O2 m-"'jdav

O2 Effluent flow rate Q o - Q w m"/day
V, Tank 1 volume 1143

,
m

V, Tank 2 volume 1143 m"
V, Tank 3 volume 5273 rn'
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Figure 4.9: Layout of the Athlone plant

The mass balance model of the Athlone plant is derived as follows:

a) Firstly, the input and output flow rates of each tank and the settler are derived

(499)

(4.100)

(4.101)

(4.102)

(4.103)

(4.104)

b) Secondly, the input and output mass balance equations for the settler components

are derived. The settler is assumed to be ideal with no biologicai reactions: meaning

that there is no production or consumption of components in the settler. The Input

concentration of the settler components is:

(4105)

Mass balance equation of components at the input of the settler is:

Mass balance equation of components at the output of the settler is:

Q,x, = a,x, - a.x. = (a, +Q, - awlx, - (a, - a w) x,

(4.106)

(4.107)

c) Finally, equation for calculating concentrations of the recycled components is

derived. Based on Equation (4.107), equation for concentration of the recycled

components is:

(4108)
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The recycle concentration values depend on whether the wastewater component is

particulate or soluble. For the soluble materials, the effluent concentration is:

(4.109)

Therefore

(a, +o,-a...}x, -(a, -a...}x,
x, 0, x, (4.110)

For the particulate materials, the effluent concentration is:

(4111)

Therefore

x, (a, +o,-a...}x,
0,

(4112)

(4.113)

For the purpose of simplification a coefficient A for representation of the fraction of

the flow rates is introduced as:

. A~ (a, +0, -awl
0,

Therefore

x, = Ax3 (4.114)

With all elements described above, and using the generic mass balance Equation

(4.98) as a guide, the mass balance equations for the components in each of the

three Athlone tanks can be derived.

d) Mass balance equation for Tank 1:

Table 4.7 gives the inputs and outputs rates of change of mass flows of the
components going in and out of Tank 1 respectively.

~

Inputs Outputs Reaction
rates

Qoxo Q1Xl r,

o"xp

Table 4 7' components for Tank 1

Mass balance equation for components in Tank 1 is:

x,(o)~x" (4.115)

where r, is the rate (per unit volume) at which components in Tank 1 are produced or

consumed, and the vector x" contains the initial conditions for everf component.
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e) Mass balance equation for Tank 2:

Table 4.8 gives the inputs and outputs rates of change of mass of the components
going in and out of Tank 2 respectively.

Table 4.8: Components for Tank 2

Q,x,

QaX3

o,x, for soluble material
Q rAx3 forparticulate material

Reaction
rates

'2

For soluble material, mass balance equation for components in Tank 2 is:

(4.116)

For particulate material, mass balance equation for components in Tank 2 is:

(4.117)

where '2 is the rate at which components in Tank 2 are produced or consumed and

x" is the vector of the initial conditions for every component

f) Mass balance equation for Tank 3:

Table 4.9 gives the inputs and outputs mass of the components going in and out of
Tank 3 respectively.

Table 4 g. Comoonents for Tank 3
'nn"te Outputs Reaction

rates

(02-0')x2 Q3X3 r;

Mass balance equation for components in Tank 3 is:

<Ix, = _1_[(02-O,lx2-O,x,J+', x,(o) = X"
cit V3

(4.118)

where r is the rate (par unit volume) at which components in Tank 3 are produced or

consumed and x" is the vector of the initial conditions for every component.

In this tank (the aerobic tank). the equation for the dissolved oxygen concentration

has additional member determined by the flow rate of the supplied air.
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This flow rate is the control signal to the activated sludge process. The equation for

the dissolved oxygen is:

(4.119)

where K" is the oxygen transfer function and so.,,", is the oxygen concentration at

saturation and SO.30 is the initial condition for dissolved oxygen concentration. The

value of K" depends on the air flow rate to the aerobic tank and can be expressed by

different linear or nonlinear functions of the air flow rate. K" =f(u). where u is the air

flow rate.

4.4.1.2 Benchmark mass balance model

The Benchmark plant is a simulation plant model developed by the COST 682 working

group No. 2 (CoPP. 2002); its setup provides for nitrification with pre-denitrification

processes used for nitrogen removal. The Benchmark plant is made up of two anoxic and

three aerobic reactors for biological processes and one secondary settler for

sedimentation purposes. The Benchmark simulation plant is part of a simulation

environment that includes influent loads, control strategies and a detailed description of

the derived mathematical model based on the ASM1 biological model.

The results of the different control strategies used on the Benchmark plant are well

documented. hence the Benchmark simulation environment is a good platform for testing

and comparing different control approaches.

The layout of the Benchmark plant showing different flows through the system is

presented in Figure 4.10 where Q a is the recycled flow from Tank 5: Qw is the wasted

sludge flow; Qo is the influent flow; Q, is the flow through Tank 1: Q2 is the fiow through

Tank 2; Q3 is the flow through Tank 3; Q4 is the flow through Tank 4: Q5 is the flow

through Tank 5; Q. is the effluent flow, Q r is the settler recycled flow, x, is the vector of

concentrations of Tank 1 process variables. X2 is the vector of concentrations of Tank 2

process variables, X3 is the vector of concentrations of Tank 3 process variables, X. is the

vector of concentrations of Tank 4 process variables, Xs is the vector of concentrations of

Tank 5 process variables, X6 is the difference between concentrations from Tank 5 and

from the internal recycle flow, X. is the effiuent concentrations and x, is the vector of

recycled concentrations of the process variables
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The values of the flow rates and the tank volumes for the Benchmark wastewater

treatment plant are given in Table 4.10.

Table 4.10: Benchmark plant flow rates and lank volumes
, •Name •• •.,'::, :".:.. ,., L>: Value >:> .:,...• :: Unit

Q o Tank 510 Tank 1 recycled flow rate 55338 m->/day

0" Flow rate for the wasted sludqe 385 m"!day
OD Influent flow rate 18446 m~!day

0, Settler recvcled flow rate Q",+ Q o + Q,' Q, m"fday
Q e Effluent flow rate 0 0 , Ow m"fday
V. Tank 1 volume 1000 m"
V2 Tank 2 volume 1000 m"
V3 Tank 3 volume 1000 m'
V. Tank 4 volume 1333 m'
Vf:. Tank 5 volume 1333 m"

Q.X. \
:-to Ano

~
Ano ~

Aer Q3X3 Aer
~ Aer /,~

1 2 1 ~
2 3 Qsxs Q6x6

..... QeXe

QfXf

Q

Figure 4.10: Layout of the Benchmark plant

The mass balance model of the Benchmark plant below is derived according to the

Benchmark guidelines in Copp (2002).

The mass balance model of the Benchmark plant is derived as follows:

a) Similar to what is derivation for Athlone plant. input and output flow rates of the tanks

are derived

o,~o,-o.~o,+o,

0,=0,+Q,.

O.~o,-o, =0,+0,-0,-0.

(4.120)

(4.121)

(4.122)

(4.123)

(4.124)

b) Then the input and output mass balance equations for the settler components are

derived.
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This settler is also considered to be ideal where no biological reactions take place

and separation of the compounds is done at once. The settler used in the thesis is

different from the settler used in the COST benchmark model.

c) The input concentration of the settler is:

Mass balance equation of components at the input of the settler is

o,x, ~ o,x, = (0,-0.lx5= (0" +~lx,

Mass balance equations of components at the output of the settler is

o.x,= o"x,- o,x, = (0,+~]x. - (0,- 0.lx,

d) Finally the equation for the recycle flow concentration is derived.

(4125)

(4126)

(4.127)

(4.128)

The concentrations for the recycled and the waste flow are the same therefore:

(4.129)

(4.131)

The recycle flow concentration can then be determined using the following equation:

(0, +~lx, -(0, -o.lx, = (0, +o.lx, (4.130)

Therefore:

x, (o,,+Q,.lx,-(o,-o.lx,
{o, +o.}

For the soluble materials the effluent concentration is:

(4.132)

Therefore

(0" +~]x. - (0" - a.lx,
x, (~+o.)

Therefore

(4.133)

(4.134)

For the particulate materials the effluent concentration is:

x.=o (4135)

Therefore

x, - (0" +~lx, (4.136)
- (~+o.)

A coefficient A. for representation of the fraction of flow rates is therefore:

~ (o,,+~) (4137)
(o,+o.)

Therefore
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(4.138)

The mass balance equations for the components In each of the five Benchmark tanks

can then be derived as follows:

e) Mass balance equation for Tank 1:

Table 4.11 gives the inputs and outputs rate of change of mass of the components

going in and out of Tank 1 respectively.

.......................................... Outputs Reaction'
Qoxo Q,x, r,
Qaxa

Q,x, for soleble material

Q,Ax, for particu!ata materia!

Table 411' Components for Tank 1

For solub!e material, mass balance equation for components in Tank 1 is:

x,(O) = x" (4.139)

For particulate material, mass balance equation for components in Tank 1 Is:

x,(o) = x" (4.140)

where r, is the rate (per unit volume) at which components In Tank 1 are produced or

consumed, and the vector x, is the initial conditions vector.

f) Mass balance for Tank n (where n = tanks 2 to 5)

Table 4.12 gives the inputs and outputs rates of change of mass of the components

going in and out of Tank 2 respectively.

.
··Inputs·· • Outouts . Reaction".

Qn-lXn_l Qnxn rn

Table 412' Components for Tank n

Mass balance equation for components In Tank n is:

dx, =...!-[o."x,.,,-o,x,]+r, x,(O) =x", (4.141)
dl v,

where r is the rate at which components in tanks 2-5 are produced or consumed.
n
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(4,142)

For the aerobic tanks (Tank p where p = tanks 3 - 5), the equation for the dissolved
oxygen is:
dSo.1r~ I ( )
~= Vp 1.'--'P-1S0.p_1-OpSO,ll +rp +KL:a sasat-so.p

where K L" is the oxygen transfer function and so,,,", is the oxygen concentration at

saturation,

Equations (4,115 - 4,119) and Equations (4.139 - 4.142) make up the mass balance

model of the Athloneand the Benchmark Plants respectively. The above Athlone and

Benchmark mass balance equations are used in the next section for the determination of

the discrete mass balance models.

4.4.2 Mass balance models in discrete form

It is simpler to analyse the system with discrete equations on the computer programs.

For this reason the continuous mass balance equations on section 4.4.1 are transferred

into their discrete counterparts. The discrete mass balance equations are merely

approximations of the continuous mass balance equations.

To produce a model that is in a discrete form, the differential terms of the mass balance

equations are replaced with first difference equations as shown below.

.<i'<..~ x(k+1)-x(k) (4.143)
dt M

where Llt is the sampling time

4.4.2.1 Discrete form of the Athlone mass balance model

The discrete mass balance model of the Athlone plant is derived as follows:

a) Discrete mass balance equation for Tank 1 derivation:

dx1 =...!..[Qaxo + Qpxz -QtXt]+rt
dt V1

x,(k+1)-x,(k) 1 [a,xo+o,x,-a,x,l+r,
M V1

x,(O)~ x"

x,IO) = x"

(4144)

(4.145)

(4.146)

b) Discrete mass balance equation for Tank 2 derivation:

(4.147)

x,(k+1)-x,(k)
M

1 [a,x,(I<)+a,x,(k)+a,x,(k)-Q,x,(I<)J+r,
V2
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For the soluble materials:

x,(k+1)~ ~~ o,X,(k)+(l-~ a,},(k)+ ~~ (a, +o,}x,(k)H,tll x,(o)~ x"

For the particulate materials:

x,(k+1)~ ~~ a,x,(k)+(l- ~~a,},(k)+~(a, +AO,}x,(k)H,At. x,(o)~ x"

c) Discrete mass balance equation for Tank 3 derivation:

(4.149)

(4.150)

dx, =_1[(a,-o"lxz -a,X,]H,
dt V3

x,(k+2t- x,(k) ~3 [(a, -o,,}x,(k)-a,X,(k)]H,

x,(k+1) ~ ~(a, -o,,}x,(k)+(l-~a,)x, (k)H,tll
V3 V3

(4.151)

(4.152)

(4.153)

For the dissolved oxygen concentration (only for the aerobic tank) the discrete form

of the equation is:

So.,(k +1)~ ~ (a, - o,,}so.(k)+ (1- ~ a,)so.,(k)+Atrso., +AtKLA[SO.SAT - so.,(k)] so.,(o)~ sO'o (4.154)

Equations (4.144 - 4.154) make up the discrete mass balance model of the Athlone

Plant

4.4.2.2 Discrete form of the Benchmark mass balance model

a) Discrete mass balance equation for Tank 1 derivation:

x,(k+1)-x,(k) _1 [aox, +O,X,(k)+a,x,(k)-a,x,(k)]+r,
At V1

For the soluble materials:

(4155)

(4.156)

For the particulate materials:

x, (k +1)= ~aoxo +(l-~a, )X,(k)+~(o, +),0, }x,(k)+r,At x,(O) =x'o
V1 v, V1

b) Discrete mass balance equation for Tank n (n = 2 - 5) derivation:
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(4.159)

(4.160)

(4.161)x,(k+1)= e: Q,_,X,->Ck)+(1-e: Q,Jx,,(k)+r,<11

For the dissolved oxygen concentration (only for aerobic tanks) the discrete form of

the equation is:

So.(k+1)= e: Q,_,So.jk)+- <1~ fo.(k)+"trso. +MK",[SO.SAT -So.(k)] 50.,(0)= SO" (4.162)

Equations (4.155 - 4.162) make up the discrete mass balance model of the Athlone

Plant. The discrete Athlone and Benchmark mass balance models are used in section

4.4.3 to derive the state space mass balance models.

4.4.3 State space mass balance models

For simulation purpose, a better and simpler representation of the model is necessary.

State space model provides a convenient and compact way to represent and analyse a

system. This is especially useful when dealing with multi-input, multi-output time varying

systems. In this section, the discrete mass balance models derived in the sections above

are presented in state space form.

4.4.3.1 State space representation of the full mass balance models

The full mass balance model may be graphically presented as in Figure 4.11. where ", is

the air flow rate supplied to the process. X; is a vector of the inflow concentrations and X

is a vector of the components concentrations.

u,
ASP

Figure 4.11: Graphical representation of the full mass balance mode!

The full mass balance equations in section 4.4.2 may then be presented by the following

state space model equation:

X(k+1)=Ax(k)H(x,k)+SX,(k)+Ku.(u.)T[s"",-SO<k)] X(O) ="0, k=O,K 1 (4.163)
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(4159)

(4,160)

(4,161)x,(k+1)~ ~~ Q".,X,->Ck)+- ~~ Q,},(k)+r,M

For the dissolved oxygen concentration (only for aerobic tanks) the discrete form of

the equation is:

So.(k+1)= ~ Q".,So•.,{k)+- "~}o,,(k)+"trso.+MKu.[sos,,,-So.(k)] so,,(O)= SO" (4,162)

Equations (4,155 - 4,162) make up the discrete mass balance model of the Athlone

Plant The discrete Athlone and Benchmark mass balance models are used in section

4.4.3 to derive the state space mass balance models,

4.4.3 State space mass balance models

For simulation purpose, a better and simpler representation of the model is necessary,

State space model provides a convenient and compact way to represent and analyse a

system, This Is especially useful when dealing with multi-input, multi-output time varying

systems, In this section, the discrete mass balance models derived in the sections above

are presented in state space form,

4.4.3.1 State space representation of the full mass balance models

The full mass baiance model may be graphically presented as in Figure 4,11, where u, is

the air flow rate supplied to the process, x, is a vector of the inflow concentrations and x

is a vector of the components concentrations,

u,
ASP

(4,163)

Figure 4.11: Graphical representation of the full mass balance model

The full mass balance equations in section 4.4.2 may then be presented by the following

state space model equation:

x(k +1) = Ax(l<)+r(x,k) +Sx;Ck)+Ku.(u,)T[SO,,.. -50 (1<)) x(O) ="n, k= O,K 1
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where A is the matrix with coefficients of the components concentrations; x is a vector of

the components concentrations; r is the rate (per unit volume) at which components are

produced or consumed; B is the matrix with coefficients of the input wastewater

concentrations; x; is a vector of the input wastewater concentrations; K" is a vector of

oxygen transfer functions; lit is the vector of the air flow rate, So is the vector of the

dissolved oxygen concentration; so... is a vector of the dissolved oxygen saturation: k is

the time instant and x, is the vector of initial conditions for the wastewater components.

From the Peterson matrix tables of the respective models,

r(x,k) =CTp{x,k) (4.164)

where c is a matrix of the yield coefficients and P is a vector of the process rates.

The state space model Equation (4.161) can then be written in the following way:

x{k+1) = Ax{k) +CTp{x,k) +Bx,{k)+!<u.{lItf[so..,; -So{k)] x{o)=x" k =O,K 1 (4.165)

4.4.3.2 State space representation of the reduced mass balance models

The reduced mass balance model may be graphically presented as in Figure 4.12, where

airflow rate is ignored and the dissolved oxygen concentration is now the control input. u

is the dissolved oxygen control input in the model used for the optimal control problem

formulation.

u
ASP

Figure4.12: Graphical representation ofthe reduced mass balance model

For the reduced mass balance model, the state space model Equation (4.165) may be

written in the following way:

x(k+1) = ARx{k)+CRTpR(x,u,k)+BRx,(k), x(O)=x" k=O,K 1 (4.166)

where u is the vector of the dissolved oxygen concentration, AR is the matrix with

coefficients of the components concentrations, BR is the matrix With coeffic.enis of the
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input wastewater concentrations, CR is a matrix of the yield coefficients and PR is a

vector of the process rates,

4.4.3.3 Components of the state space mass balance model of the Athlone plant

From the discrete mass balance equations of the Athlone plant the following vectors and

matrices are deduced,

The vector for the process variables for the whole system is:

x~ Xz x,F
where x" is a vector of the process variables (for each tank) as given in the Peterson

matrix tables,

The vector for the process control variables for the whole system is:

where u, is a control variable for each tank.

The vector for the inflow concentrations is:

x, ~ [x,]

where x, is a vector of the inflow concentration in the first tank.

The vector for the process rates for the whole system is:

P~[P, P, P,F

where Po is a vector of all process rates (for each tank) as given in the Peterson matrix.

The matrix c for the whole system is:

[

C '
C ~ dl ~

o
c,
o

where Co is a matrix of the stoichiometric parameters (for each tank) as given in the

Peterson matrix and dlis the sampling time.

The matrix A for the whole system (depends on the mass balance models) is:

[A" A" 0]A = A
oZt

An An
A:rz A 33

where:
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A" =[diag(1- ~ a,)] A" =[diag(~Op)] A" =[diag(1- ~: at)] A21 =[diag(~~ a,)] A" =[diag(1- ~: a,)]
A"+iag(~: Q,)]

A" = [diag( ~~ (a, + Q,»]for the soluble materials

A" =[diag(~~(Q, +W,»]forthe particulate materials

The matrix 8 for the whole system (depends on the number of influent wastewater

components in the model) is:

8=[8, 0 of

8, =[diag(~: M)]

Where Q, is the flow into Tank 1, Q, is the flow into Tank 2, a, is the flow into Tank 3, v, is

the volume of Tank 1, vt is the volume of Tank 2 and v, is the volume of Tank 3.

4.4.3.4 Components of the state space mass balance model of the Benchmark plant

From the discrete mass balance equations of the Benchmark plant. the following vectors

and matrices are deduced.

The vector for the process variables for the whole system is:

x=k x, x, .. ",f

The vector for the process control variables for the whole system is:

The vector for the inflow concentrations for the whole system is:

x,=[x,)

The vector for the process rates fcr the whole system for the whole system is:

p=[p, P, P, p. p,Y

The matrix c for the whole system for the whole system is:
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c, 0 0
0 c, 0

C ~At 0 0 c,
0 0 0
0 0 0 ~. JJ

The matrix A for the whole system (depends on the mass balance models) is:

A" 0 0 . ''']A" A22 0 o 0
A~ 0 A" A" o 0

0 0 A" A.. 0
0 0 0 Af,4 'A55

where:

A" = [dia9(1- ~ Q,l] A22 +ia9(1-~ Q,)] A" +ia9(1- ~: Q,)] A.. ~ [dia9(1- ~: Q,)]

Ass +ia9(1- ~: Qsl] A" +ia9(~: Q,)] A" +a9(~:Q,)] A" +ia9(~: Q,)] A" +ia9(~: Q,)]

For the soluble materials

For the particulate materials

A" ~[dia9{~ (Q, +w,)}]

The matrix B for the whole system (depends on the number of influent wastewater

components in the model) is:

B~[B, 0 0 0 of

[. ~tQ]B, = dla9(v, ,)

where ~lis the sampling time. o.is the flow into Tank 1: Q,is the flow into Tank 2: o.Is

the flow into Tank 3: o.Is the flow into Tank 4; o, is the flow into Tank 5; v, is the volume

of Tank 1; v, is the volume of Tank 2: v, is the volume of Tank 1: v, is the volume of

Tank 4 and v, is the volume of Tank 5.
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For the reduced models of both the Benchmark and Athlone plants, the term

corresponding to SNO in B, is multiplied by a factor f. The matrices A, B, C and pare

respectively denoted AR, BR, CR and PR in order to differentiate them from the full

model matrices.

4.4.3.5Summary of the vector and matrices of the mass balance models

The dimensions of the vector and the matrices of the mass balance models depend on

the type of the biological models considered. Table 4.13 and Table 4.14 give summaries

of the dimensions of all elements of each of the full and reduced mass balance models

including the models' matrices.

Table 4.13: Dimensions of the various elements and matrices of the full models

DIMENSIONS OF THEVARIOUS ELEMENTSOFTHEPLANTS MODELS
Plants Vectors I ASM1 ASM2 ASM2d ASM3

matrices

Vector and matrices of the each tank

-' Xn Xi R" R" R" R"
-c P, R' R" R" R"gCl)

An B1
R13x13 R l 9>.19 R19<19 R1S'd 3O--,

OW C,
R8.<13 R19 >:t 9 R2h 19 R12<13

-'0
00
iii 2

X R" R" R" R"

W Xi R" R" R" R"
Z P R" R" R" R"
0;-

A RS9>.39 R57<57 R57<57 R3!l-:J9
-'Z
I« C R24<39 R51<57 R~-'57 R39-"36
;---'«n.. B R3l«13 R51.' 9 RSi"·lg R39x13

X R" R" R" R"
0:: R" R" R" R"-c Xi
2;- P R" R" R' 05 Roo
IZOS A R6~65 Res' 55 R&5,!l5 R155 <65

Zn.. C R4l}65 R95>95 R105.> 95 R6Q.es
W
00:>':: B R65~13 I R*·<19 RS5x19 R">!h13
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Table 4.14: Dimensions of the various elements and matrices of the reduced models

OIMENSION~()F.n1E.VARJOUSI;I.EMENTSOF1"HEPLANTS MODELS
Plants Vectors I r-ASM1 r-ASM2 r-ASM2d r-ASM3

matrices

Vector and matrices of the each tank

-' "n, x, R' R' R' R'

t3 PRo R' R" R" R'
-(/)

ARn , BR R3x3 R&<8 Rli>8 R:i<30-,
OW CR, R4x3 Rl~8 R14"S R4-'3
-'0
00
102 ..
ill

x, x, R' RZ< RZ< R'
z PR R" R" R" R"
01-

AR R9-"9 R24"U RZ'h 24 R9,"9
-'2
I« CR R12, S R36>o24- R42 <2 4 Rl 2<9
1--'
«CL BR R~3 R%4-8 R1U R9",3

x, x, R" R"' R"' R"
2 PR R'" R'" R" R'"I I-o Z AR R1!i-:15 R""'" R4Jl.4lJ R1~1S

Z~ <C CR R21l<tS R60 · <40 R70 , 40 R21h15
W 0:: -'
Q) « CL BR R t 5x3 R4lh 8 R40 :<a R,sAa

4.5 Conclusion

In this section, the mathematical mass balance models of the Benchmark and Athlone

wastewater treatment plants are derived. The biological activities within these plants are

represented by the activated sludge models. The fui! mass balance models are reduced

in order to acquire identifiable models with less number of state variables that are

measurable. Finally both the full and reduced mass balanoe models are presented in

discrete state space form which makes them easier to handle and apply in simulation. In

the next chapter the mass balance models are implemented in the MATLAB simulation

environment

102



Process Oll1JUtS. z(k)

Hierarchical control structure

Adaptation

Pradlded inlUentand prooess ..Il'llXIel parnmelers

Optimization

caJcu/ated 0JKinal DO IJajedDry ~
i1nd contniler parametelS

Directcontrol ------

VaNe lXlI'ltroi signals,u(k) I

CHAPTER FIVE
PARAMETER ESTIMATION AND SIMULATIONS OF THE MODELS

5.1 Introduction

In this thesis, a method for optimization of the dissolved oxygen (DO) trajectory for the

activated sludge processes (ASP) is developed, The aim is to calculate DO values

sufficient for the ASP to produce effluent wastewater that meets the South African

municipal standards at a lower cost. This project is part of the main research project at

the Electrical Engineering Department of the Cape Peninsula University of Technology in

South Africa, The main research project is aimed at developing a cost effective method

for real time control of the Athlone and Benchmark wastewater treatment plants by

manipulating the concentration of DO in the plants, This is achieved by regulating the

airflow rate into the plants,

Tasks of the main project are distributed over a three layer hierarchical structure shown

in Figure 5,1,

--,,,,,,,,,,,
Airflow rate -../.--------....Measured DO

Influent wastewater _ .. '2!~' ~Q9. - Effluent wastewater

Figure 5.1: Control structure for the activated sludge process

In the adaptation layer, concentration of the influent wastewater is predicted based on

historical influent concentration and data from the weather files, In the optimization layer,

optimal DO trajectories are calculated based on predicted influent wastewater
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concentrations as well as on the municipal limits for the effluent concentrations. The

optimal DO trajectories are passed onto the layer of direct control where they are used

as set points for the controller to track. These trajectories are used for calculation of the

controller parameters and the control signals for the air regulating valve.

As stated preciously, the thesis focuses only on the DO trajectory optimization part of the

main project. This part requires only the adaptation and optimization layers. A full

description of the layer of direct control and the controller developed is found in Nketoane

(2009). Sequence of tasks in the adaptation and optimization layers are broken down in

Figure 5.2. Simulation and calculation tasks of the adaptation and optimization layers are

carried on MATLAB programming environment.

Adaptation

layer
Input data

I FuU model simulations

I Reduced model parameter estimations

G(kil

I Reducedmodel simulations

----------------------
Reduced model parameters

I Optimalcontrol calculations

Optimal00 trajectoly;u"'{j()t
Optimization

layer

Figure 5.2: Sequence of tasks in the adaptation and optimization layers

The full and reduced mass balance models are developed in Chapter 4. In this chapter,

simulation procedure for the mass balance models is provided. Simulation results are

used to formulate and solve the optimal control problem for Benchmark and Athlone

plants. The simulation procedure is the same for ail the mass balance models. To avoid

repetition, only the results of the Benchmark plant with ASM1 are shown.
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The programs for simulations of the other mass balance models are provided on the

Appendices. The other reason for this is because there has been a lot of different work

done on the Benchmark plant with the ASM1 model. therefore a platform for comparison

of the results is provided.

Calculations f simulations are performed as follows:

• The Benchmark and Athlone plants' layout are each implemented with the

following biological models:

o Activated Sludge Model NO.1 (ASM1)

o Activated Sludge Model NO.2 (ASM2)

o Activated Sludge Model No. 2d (ASM2d)

o Activated Sludge Model No.3 (ASM3)

5.2 Simulation procedure

The simulation procedure defined in the simulation benchmark (Copp, 2002). is used

here. This is a two way step procedure involving simulations to steady state followed by

dynamic simulations using one of the influent data files described in the simulation

benchmark. Dynamic simulations follow a steady state simulation to ensure that the

starting point is consistent and does not influence the generated dynamic output Table

5.1 contains data common in all the simulation files for the control input of both plants.

Table 5.1: Data for simulations

'~m:r
.. Athlone .

.
Oxygen components ...•.. '.'

KLa - Tank 1 nia rva
KLa - Tank 2 n/a n/a

KLa - Tank 3 10 hr-1 3.5 hr-1
KLa - Tank 4 10 hr-t n!a

KLa - Tank 5 3.5 hr-1 nfa
S a.sat - Tank 1 n/a n/a

S o.sat Tank 2 pJa nia

S O.sat - Tank 3 8 q02m-3 8 a02m-3

S O.sat - Tank 4 8 g02m-3 nJa

S a,sat - Tank 5 8 a02m-3 nJa

Delta Time (Samplina time) 0.01042 001042

5.2.1 Steady statesimulations

In this step, steady states of all state variables are calculated for 100 days using the

constant Influent wastewater composition (average values in the dry influent file) shown

in Table 5.2. Simulation is done for the following mass balance models:
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• Benchmark plant with Activated Sludge Model NO.1 (ASM1)

• Benchmark plant with Activated Sludge Model NO.2 (ASM2)

• Benchmark plant with Activated Sludge Model No. 2d (ASM2d)

• Benchmark plant with Activated Sludge Model No.3 (ASM3)

• Athlone plant with Activated Sludge Model NO.1 (ASM1)

• Athlone plant with Activated Sludge Model NO.2 (ASM2)

• Athlone plant with Activated Sludge Model No. 2d (ASM2d)

• Athlone plant with Activated Sludge Model No.3 (ASM3)

Initial conditions for steady state simulations are provided in Table 5.3. The flow­

weighted dry weather data (Table 5.2) is used for this purpose and steady state is

defined by simulating 100 days using a constant influent.

Table 5.2: Constant influent composition for steady state simulations

ComponentS .. "alues ..
SO 000
SNH 31.56
SNO 000
SI 3000
SALK 7,00
SND 6.95
XI 51.20
XS 202.32
XBH , 28.17
XBA 0.00
SS 69.50
XP 000
XND 10.59

The constant influent concentrations in Table 5.3 are average values of the dry weather

influent file specified by the COST Working Group (Coop, 2000).
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Sl 15 15 15 15 15

S8 1.4 0.7 0.6 0.5 0.4

XI 5746 5R6 574.6 574.6 5746

XS 41.1 38.2 32.4 27.8 24.7

XBH 1275.9 1276.7 1278.6 1279.6 1279.7

XBA 74.2 74.2 74,5 74.8 74.9

XP 224.4 224.8 225.2 225.7 226.1

SO 4e-4. 0.9 1.2 0.2

SMO 2.7 1.8 33 4.6 5.2

SNH 4.0 4.2 2.8 1.5 0.9

SND 0.6 0.4 0.4 0.4 0.3

XND 2.6 25 2.2 1.9 1.8

SALK 2,5 2.5 2.3 2.1 2.1

5.2.2 Dynamicsimulations

In this section, the obtained steady state results are used as initial conditions for dynamic

simulation of the plants using the dry weather file (Figure 5.3), the concentrations not

Included in the file are assumed to be zero. Calculations are done for 14 days for the

same mass balance models in point 2 above.

Figure 5.3: Trajectories of the influent wastewater concentrations from dry weather file
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The plants are implemented with the reduced ASM1, ASM2, ASM2d and ASM3

biological models. The results from dynamic simulations are used to formulate the

structure of the reduced models.

The output data generated from these simulations are used to build and calibrate the

reduced models.

5.3 Simulation of the full mass balance models

The models derived in Chapter 4 are used in this section for simulation of the behaviour

of the real Athlone and Benchmark plants. Simulation is based on the full state space

model Equation (4.163);

Figure 5.4 shows the flow chart with the procedure on how the full mass balance models

are implemented in MATLAB.

Firstly, values of the influent wastewater composition, typical model parameter values

and plant data are introduced. Then the matrices of the models (derived in section 4.3)

are calculated. At each instance k from k~O till k:K-1, the process rates (k) are

calculated followed by calculations of the mass balance model outputs. K is the final time

of the prediction horizon. Finally simulation results are plotted, These results may be

used to examine the dynamic performance of the process,
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Input data for model
parameters, initial conditions,
plant volumes and flow rates

Calculation of the process mass
balance model matrices

. ,

I k=O I

Calculation of the process rates

I k=k+1 I
I Solution of the mass balance equations1

/ k<K / Yes

No

Plot results

Figure 5.4: Flow chart for simulation of the full mass balance models

Values of the influent wastewater compounds and the model parameters are adapted

from the IWA technical report (Henze et al., 2000). The influent wastewater

concentrations are obtained from a 14 days dry weather file. The data from the dry

weather file is supplied at fifteen minutes intervals.

A fifteen minute interval corresponds to a sampling period of 0.01042. Steady state

simulations are ran over a 100 days period and dynamic simulations are ran over 14

days.
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Therefore the prediction horizon (K) is 9597 for steady slate and 1344 for dynamic

simulations.

Calculations in MATLAB gives better results when a smaller sampling period is used. For

this reason a sampling period of 0.001042 is chosen. With this sampling period the

prediction horizon (K) becomes 95969 for steady state simulations and 95969 for

dynamic simulations. Since only 1344 samples are provided on a 14 day dry weather file

a MATLAB function. called spline is used for interpolation between the existing points of

the data. New 10 sampling points then are taken between every 2 points of the initial

data.

The Athlone plant data used in simulations are presented in Table 4.6 while the

Benchmark plant data are in Table 4.10. Parameter values for the full ASM1. ASM2.

ASM2d and ASM3 models are presented in Chapter 4; see Table 4.1 till Table 4.3

Table 5.4 presents the results from steady state simulations of the full mass balance

models. These results are then used as initial conditions for dynamic simulations.

Table 5 4" Initial conditions for dynamic simulation of the mass balance models
" "

L~i I} ....... 2 3 4 ... 5
i're;> )- :i;

< I ••...•.
..... ....

JI'>
.:

SO 0.4442 0.6052 2.4577 4.1315 2.1336

SNH 4.9639 3.5994 1.4408 0.4273 0.1634

SNO 26.0224 27.3786 29.7912 31.0889 31.6029

SI 30 30 30 30 30

SALK 3.2415 3.0472 27207 2.5556 2.50

SND 1.2434 09498 07914 0.7031 0.6414

XI 1252 1252 1252 1252 1252

XS 74.9448 66.6212 57.2967 50.0176 44.5204

XBH 2680 2683 2685 2685 2685

XA 166.2464 1665816 1670738 16f.2829 167.3101

SS 2.2766 1.1926 09806 0.8626 07743

XP 514.0746 514.7800 515.1209 516.6621 517.6030

XND 4.8343 4.4095 3.9169 35256 3.5256
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5.3.1 Simulation data for the Athlone plant with ASM1 model

The MATLAB file "AASM1_SimuJatiol1.m" given in Appendix E.1 is used for simulation of

the Athlone plant with ASM1.

From the full mass balance equations of the Athlone plant with ASM1. the following

vectors and matrices are deduced and used in simulations. The vector for the system

states of the n-th tanks is:

The vector for the input concentration is:

The vector for the system dissolved oxygen is:

So ~[o . . a s'" o. a a . . a S02 0 . . a a . . 0 5 03 0 . . of e R"

The vector for the system oxygen transfer function is:

Kca~[O .. a Kca a .. a a .. a Kca a .. a a .. a Kca a .. or eR"

The vector for the system process rates for the n-th tanks is:

P~[P, p. p,f ER"

The matrix c for the whole system is:

[

C .
C = at ~

where:

a
C z
a

~]ER"'"
C,

C"eRl!:r13 n -= 1,3

The matrix A for the whole system is:

The matrix B for the whole system is:

B~[B, a of eR"'"

where:
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5.3.2 Simulation data for the Athlone plant with ASM2 model

The MATLAB file "AASM2_Simufationm" given in Appendix F.1 is used for simulation of

the Athlone plant with ASM2.

From the full mass balance equations of the Athlone plant with ASM2, the following

vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x, ~[s"" Sn. s"" s_ SNO," S"".. :'\0 s""" s,.", x, x", x, x"AOo x,,'o x-. xA",o x".., x"""",, x..",f
xn ER19 n=1,3

The vector for the input concentration is:

Xj =[S02i SFj SAl SNH4i SN03i SP04i s, SALJ<j SN2l x, x, x., X PAOi X pPi xPHAi X AUTI X TSSi X MeOHi xthPif E R
i 9

The vector for the system dissolved oxygen is:

s,,=[o .. 0 Sot 0 .. 0 0 .. 0 So, 0 .. 0 0 .. 0 Sot 0 .. ofeR57

The vector for the system oxygen transfer function is:

K..a:u)=fo .. 0 K..a:u,) o. 0 0 .. 0 K..a:u,> 0 .. 0 0 .. 0 K..a:u,) 0 .. of eR"

The vector for the system process rates for the n-th tank is:

The matrix c for the whole system is:

[

C ' 0
C=at 0 c ,

o 0

where:

~]ERg.g
C,

The matrix A for the whole system is:

[
An A" 0] 5/.5T

A= All Azz .A ZJ eR
o An A33

The matrix B for the whole system is:

B~ [B, 0 or E R
57x19

where: 1\eR'"
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5.3.3 Simulation data for the Athlone plant ASM2d model

The MATLAB file "AASM2d_Simufation.m" given in Appendix G.1 is used for simulation

of the Athlone plant with ASM2d.

From the full mass balance equations of the Athlone plant with ASM2d. the following

vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x,~[s"", s, SM 5,._ 1'NO," 5"0",,, 5" s""'" s." x, x, x, x"AOo x""" x.- X'"T, XT.... x...o.., x."",f
xn ER19 n=1,3

The vector for the input concentration is:

X; =[SQ2j SA SAl SNH4i SNOJi SPQ4j ~ SALKj SN2j x, XSj x, XpAQi X~Pi XpHAj XAVTI Xm Si XMeOHi ~Y E R19

The vector for the system dissolved oxygen is:

:'\,=[0 .. 0 'b 0 .. 0 0 .. a 'h a .. a a .. 0 'h a .. cfER'

The vector for the system oxygen transfer function is:

~l(,,=[o .. a ~l(u,) 0 .. a a .. 0 ~l(10 a .. a a .. a ~l(10 a .. cf ER'

The vector for the system process rates for the n-th tank is:

P~[P, P, p,f ER"

The matrix C for the whole system is:

~ ] E R Q .y

c ,

where:

The matrix A for the whole system is:

[
An A" 0]A= ·A~ Av. A~ ER5T~S1

a A'J1. A~

The matrix B for the whole system is:

B=[6, 0 of
where:
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5.3.4 Simulation data for the Athlone plant with ASM3 model

The MATiAS file "AASM3_Simulationm" given in Appendix H.1 is used for simulation of

the Athlone plant with ASM3.

From the full mass balance equations of the Athlone plant with ASM3, the following

vectors and matrices are deduced.

The vector for the system stales for the n-th tank is:

The vector for the input concentration is:

The vector for the system dissolved oxygen is:

Sa ~[o .. 0 Sa. 0 .. 0 0 .. 0 8m 0 .. 0 0 .. 0 8m 0 .. ofeR"

The vector for the system oxygen transfer function is:

Kca(u)~[O .. 0 Kca(u,) 0 .. 0 0 .. 0 Kca(u,) 0 .. 0 0 .. 0 Kca(u,) 0 .. of e R"

The vector for the system process rates for the n-th tank is:

P~[P, Pz P,feR"

The matrix c for the whole system is:

[

0 , 0

C=t.tOC l

o 0

where:

ell E RU:rlJ n = 1.3

~]'R~"c ,

The matrix A for the whole system is:

[
An A" 0]

A= A'll AZ!. AZ/j ER3'> I
:ll'J

o A~ A",

The matrix B for the whole system is:

B~ [B, 0 of e R"""

where:
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5.3.5 Simulation data and results of the Benchmark plant with ASM1 model

The MATLAB file "BASM1_Simulation.m" given in Appendix A.1 is used for simulation of

the Benchmark plant with ASM1. From the full mass balance equations of the

Benchmark plant with ASM1, the following vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

The vector for the input concentration is:

The vector for the system dissolved oxygen is:

&,=!o .. 0 &, 0 .. 0 0 .. 0 q" 0 .. 0 0 .. 0 q" 0 .. <f Efi"

The vector for the system oxygen transfer function is:

Kca(u)~[o .. 0 Kca(u,) 0 .. 0 0 .. 0 Kca(u,) 0 .. 0 0 0 Kca(lI;) 0 .. of ER"

The vector for the system process rates for the n-th tank is:

The matrix c for the whole system is:

c, 0 0 0 0

0 c, 0 0 0

c = at 0 0 c, 0 0 E R 4lh !E"

0 0 0 c. 0

0 0 0 0 c,

where:

0 -1.4925 0 0 1 0 0 --0.4925 0 -0.08 0 0 -0.0057

0 -1.4925 0 0 1 0 0 0 -0.1722 -0.08 0 0 0.0066

0 0 0 0 0 1 0 -18.0417 4.1667 -4.2467 0 0 -0.6010

0 0 0 0.92 -1 0 0.08 0 0 0 0 0.0752 0
E Ra.'J

C = 0 -1 0.08 0 0 0 0 0.0752 0" 0 0 0 0.92

0 0 0 0 0 0 0 0 0 1 -1 0 0.0714

0 1 0 -1 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 1 -1 0

The matrix A for the whole system is:

[' 0 0 0

'OJA" A~ 0 0
~ ER~'~A= 0 A. AD 0

0 0 A. A~

0 0 0 A~ A~

where:
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rO.9039 0 0 0 0 0 0 0 0 0 0 0 0 -r

0 0.9039 0 0 0 0 0 0 0 0 0 0 0
0 0 0.9039 0 0 0 0 0 0 0 0 0 0
0 0 0 0.9039 0 0 0 0 0 0 0 0 0
0 0 0 0 0.9039 0 0 0 0 0 0 0 0
0 0 0 0 0 0.9039 0 0 0 0 0 0 0

,1" ~ 0 0 0 0 0 0 0.9039 0 0 0 0 0 0 eR1h :13

0 0 0 0 0 0 0 0.9039 0 0 0 0 0
0 0 0 0 0 0 0 0 0.9039 0 0 0 0
0 0 0 0 0 0 0 0 0 09039 0 0

oLJ
0 0 0 0 0 0 0 0 0 0 0.9039 0
0 0 0 0 0 0 0 0 0 0 0 0.9039
0 0 o· 0 0 0 0 0 0 0 0 0

0.0769 0 0 0 0 0 0 0 0 0 0 0 0
0 0.0769 0 0 0 0 0 0 0 0 0 0 0

0 0 0.0953 0 0 0 0 0 0 0 0 0 0

0 0 0 0.0953 0 0 0 0 0 0 0 0 0

0 0 0 0 0.0953 0 0 0 0 0 0 0 0

0 0 0 0 0 0.0953 0 0 0 0 0 0 0

,1" = 0 0 0 0 0 0 0.0953 0 0 0 0 0 0 E R13;d 1

0 0 0 0 0 0 0 0.0769 0 0 0 0 0

0 0 0 0 0 0 0 0 0.0769 0 0 0 0

0 0 0 0 0 0 0 0 0 0.0769 0 0 0

0 0 0 0 0 0 0 0 0 0 0.0769 0 0

l
0 0 0 0 0 0 0 0 0 0 0 0.0953 0

0 0 0 0 0 0 0 0 0 0 0 0 0.0769

0.0%1 0 0 0 0 0 0 0 0 0 0 0 0

0 0.0961 0 0 0 0 0 0 0 0 0 0 0

0 0 0.0961 0 0 0 0 0 0 0 0 0 0

0 0 0 0.0961 0 0 0 0 0 0 0 0 0

0 0 0 0 0.0961 0 0 0 0 0 0 0 0

0 0 0 0 0 0.0961 0 0 0 0 0 0 0

Au = 0 0 0 0 0 0 0.0961 0 0 0 0 0 0 ER
1h H

0 0 0 0 0 0 0 0.0961 0 0 0 0 0

0 0 0 0 0 0 0 0 0.0%1 0 0 0 0

0 0 0 0 0 0 0 0 0 0.0961 0 0 0

0 0 0 0 0 0 0 0 0 0 0.0%1 0 0

0 0 0 0 0 0 0 0 0 0 0 0.0961 0

0 0 0 0 0 0 0 0 0 0 0 0 0.0961
L

An =All E R
13x13

0.0721 0 0 0 0 0 0 0 0 0 0 0 0

0 0.0721 0 0 0 0 0 0 0 0 0 0 0

0 0 0.0721 0 0 0 0 0 0 0 0 0 0

0 0 0 0.0721 0 0 0 0 0 0 0 0 0

0 0 0 0 0.0721 0 0 0 0 0 0 0 0

0 0 0 0 0 0.0721 0 0 0 0 0 0 0

An. = 0 0 0 0 0 0 0.0721 0 0 0 0 0 0 E Rl3x IJ

0 0 0 0 0 0 0 0.0721 0 0 0 0 0

0 0 0 0 0 0 0 0 0.0721 0 0 0 0

0 0 0 0 0 0 0 0 0 0.0121 0 0 0

0 0 0 0 0 0 0 0 0 0 0.072] 0 0

0 0 0 0 0 0 0 0 0 0 0 0.0721 0

0 0 0 0 0 0 0 0 0 0 0 0 0.0721J
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0.9279 0 0 0 0 0 0 0 0 0 0 0 0
0 0.9279 0 0 0 0 0 0 0 0 0 0 0
0 0 0.9279 0 0 0 0 0 0 0 0 0 0
0 0 0 0.9279 0 0 0 0 0 0 0 0 0
0 0 0 0 0.9279 0 0 0 0 0 0 0 0
0 0 0 0 0 0.9279 0 0 0 0 0 0 0

A33 = 0 0 0 0 0 0 0.9279 0 0 0 0 0 0 eR 1h 13

0 0 0 0 0 0 0 0.9279 0 0 0 0 0
0 0 0 0 0 0 0 0 0.9279 0 0 0 0
0 0 0 0 0 0 0 0 0 0.9279 0 0 0
0 0 0 0 0 0 0 0 0 0 0.9279 0 0
0 0 0 0 0 0 0 0 0 0 0 0.9279 0
0 0 0 0 0 0 0 0 0 0 0 0 0.9279

AI/j =A
54

=A
32

E R13X13

A5!j = A44 = A'1;J E R13x13

The matrix B for the whole system is:

B~[B, 0 0 0 of eR 65x13

where:

0.0192 0 0 0 0 0 0 0 0 0 0 0 0
0 0.0192 0 0 0 0 0 0 0 0 0 0 0

0 0 0.0192 0 0 0 0 0 0 0 0 0 0
0 0 0 0.0192 0 0 0 0 0 0 0 0 0
0 0 0 0 0.0192 0 0 0 0 0 0 0 0
0 0 0 0 0 0.0192 0 0 0 0 0 0 0

B,~ 0 0 0 0 0 0 0.0192 0 0 0 0 0 0 eR13:.-n

0 0 0 0 0 0 0 0.0192 0 0 0 0 0
0 0 0 0 0 0 0 0 0.0192 0 0 0 0

0 0 0 0 0 0 0 0 0 0.0192 0 0 0

0 0 0 0 0 0 0 0 0 0 0.0192 0 0

0 0 0 0 0 0 0 0 0 0 0 0.0192 0

0 0 0 0 0 0 0 0 0 0 0 0 0.0192

The steady state and dynamic simulation results of the wastewater components

concentrations fcr the Benchmark plants' five tanks are shown in Figures (5.5 - 5.14).
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Figure 5.5: Steady state results for the process variables in Tank 1
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Figure 5.6: Steady state results for the process variables in Tank 2
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Figure 5.7: Steady state results for the process variables in Tank 3

~",---,~-~--~~-_.~-,-,-::~.,...,...._-~.,.,-"--

';'0',

Figure 5.8: Steady state results for the process variables in Tank 4
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Figure 5.9: Steady state results for the process variables in Tank 5
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Figure 5.10: Dynamic results for the process variables in Tank 1
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Figure 5.11: Dynamic results for the process variables in Tank 2

Figure 5.12: Dynamic results for the process variables in Tank 3
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Figure 5.13: Dynamic results for the process variables in Tank 4
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Figure 5.14: Dynamic results for the process variables in Tank 5
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5.3.6 Simulation data for the Benchmark plant with ASM2 model

The MATLAB file "BASM2_Simulation.m" given in Appendix B.1 is used for simulation of

the Benchmark plant with ASM2.

From the full mass balance equations of the Benchmark plant with ASM2. the following

vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x, ~[s"", S"" 5"" S..... SNOJo 5"".. s, s_ 5"", x, x, x, x"""" x,." x-.. xACIT" x"", x...o... x,••.J
x, eR19 n = 1,5

The vector for the input concentration is:

JG =(S02i 8M SAj SNH4j SN03i .SPQ4i s, SAlJ(I SN2l x, XSi XHi XpAOl XpPi ~ XAllTI XTSSi ~Hi ~Pir E R19

The vector for the system dissolved oxygen is:

&,=[0 .. 0 ~ 0 .. 0 0 .. 0 ~ 0 .. 0 0 .. 0 ~ 0 .. If eR"

The vector for the system oxygen transfer function is:

Kca(u)=[O .. 0 Kca(u,) 0 .. 0 0 .. 0 Kca(u.l 0 .. 0 0 .. 0 Kca(u,) 0 .. or eR"

The vector for the system process rates for the n-th tank is:

P" =IP.. p" p" P.. I\;, I\;, Pm I\;, Pm p,~ Po. p,~ p,~ p,~ p,~ p,~ po. p,~ p,,,]'eR'

The matrix c for the whole system is:

c. 0 0 0 0

0 c, 0 0 0

c = At 0 0 c, 0 0 E R 85 • SlI

0 0 0 c. 0

0 0 0 0 c,

where:

C.ERll/ Zl!F ·n = 1,5

The matrix A for the whole system is:

[

AU 0

A'lt .A 72

A= 0 A'!{l

o 0
o 0

o 0 A~]000

~ 0 0 eR
IlS

-

Aa A4A, 0

o A~ A"jIf,

The matrix B for the whole system is:

B=[B, 0 0 0 0]' eR"""
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5.3.7 Simulation data for the Benchmark plant with ASM2d model

The MATLAB file "BASM2d_Simulation.m" given in Appendix C.1 is used for simulation

ofthe Benchmark plant with ASM2d.

From the full mass balance equations of the Benchmark plant with ASM2d. the following

vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x, ~[s"," s, SAn s,..., s""" s..o... s, s-"", s,.,.. x, x, x.., x"""" x""" x,,_ xAUT, X,.." x._ x..-r
xn E R

19 n=1,5

The vector for the input concentration is:

The vector for the system dissolved oxygen is:

&,0[0 . . 0 &, 0 .. 00 .. 0 &" 0 .. 00 .. 0 &" 0 .. tf.,R'5

The vector for the system oxygen transfer function is:

~l(u)~[o .. 0 ~l(u,) 0 .. 0 0 .. 0 ~l(u,) 0 .. 0 0 .. 0 ~l(u,) 0 .. or eR"

The vector for the system process rates for the n-th tank is:

The matrix c for the whole system is:

[

C' a
a c,

C~at ~ ~

where:

The matrix A for the whole system is:

["
0 0 ""IA. A. 0 o 0

A= 0 A. A. o a ER~'~

0 a A4 A" a
a a 0 A,.· A".i5

The matrix B for the whole system is:
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B=[B, 0 0 0 of eR"""

where:

5.3.8 Simulation data for the Benchmark plant with ASM3 model

The MATLAB file "BASM3_Simulation.m" given in Appendix D.1 is used for simulation of

the Benchmark plant with ASM3.

From the full mass balance equations of the Benchmark plant with ASM3, the following

vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

The vector for the input concentration is:

The vector for the system dissolved oxygen Is:

&>={o .• 0 11, o.. 0 0 .. 0 ~ 0 .. 0 0 .. 0 s, 0 .. cf eft'

The vector for the system oxygen transfer function is:

~a(u)=[o .. 0 ~a(u,) 0 .. 0 0 .. 0 ~a(u,) 0 .. 0 0 .. 0 ~a(u,) 0 .. of eR"

The vector for the system process rates for the n-th tank is:

I\, =fp,. Pa. p" P.. p" p" p" p" p" Po. Po. Po~F eR'

The matrix c for the whole system is:

c,
o

c ... .at 0

o
o

where:

~, ~, ~ l:
o 0 C.. 0
o 0 0 C,

C eR1h 13 -_-
If 0-1,5

The matrix A for the whole system Is:
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l
A., 0 0 0 A,,]
Az,AuOOO

A= a A;sz A~ O· 0 ER 65
' li5

o a A4' A ... . 0.

OOOAS4Ass

The matrix 8 for the whole system is:

B~[B, a 0 0 of eR"><"

where:

5.3.9 Discussion of the results of the steady state and dynamic simulations of the full

models

Steady state results for all the variables of the full mass balance model of the Benchmark

plant with ASM1 biological model are shown in Table 5.4. Steady state is achieved for all

the- process variables of all the plants mass balance models. Table 5.5 shows a

comparison between steady state results achieved in this project (highlighted in grey)

and those from the COST Benchmark Group (highlighted in black) for the Benchmark

plant with ASM1. The results are very close to each other and this shows that the

procedure for steady state simulation was applied correctly. This procedure is applied to

all the mass balance models.

Table 5.5: Comparison of the steady state results achieved in the thesis and those
achieved by the COST Benchmark Group
Cornoonents;·,\· TanK1· Tank 2 TanKS", Tank 4 TankS
SNH-thesis 4.9639 3.5994 1.4408 0.427.3 0.1634

SNH- Benchmark 7.92 8.34 5.55 2.97 1.73

SI- thesis 30 30 30 30 30

SI - Benchmark 30 30 30 30 30

SALK -thesis 32415 3.0472 2.7207 2.5556 2.50

SALK - Benchmark 4.93 5.08 4.67 4.29 4.13

SND- thesis 1.2434 0.9498 0.7914 0.7031 0.6414

SND- Benchmark 1.22 0.882 0.829 0.767 0.688

XS - thesis 74.9448 66.6212 57.2967 50.0176 445204

XS - Benchmark 82.1 76.4 64.9 55.7 49.3

XND- thesis 48343 4.4095 39169 3.5256 3.5256

XND- Benchmark 5.28 5.03 4.39 3.88 3.53
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5.4 Simulations of the reduced models

Computer simulations of the reduced models must verify that the main characteristics of

the process dynamics are similar to those from the full models. To ensure that the

reduced mass balance models provide similar prediction capabilities as the full mass

balance models, parameters of the reduced biological models are calculated.

Some parameters are considered to be constants with values as suggested by the task

group (Henze et al, 1987) and some parameters are considered to be time varying and

unknown. These parameters need to be identified. Using an offline optimization method,

the parameters of the reduced models are identified by least squares parameter

estimation method. In section 5.5.1 below, all the unknown parameters are presented

and calculated before they are used in section 5.5.2 for simulation.

5.4.1 Estimation of the parameters of the reduced models

The follOWing information of parameter estimation methods is taken from Dochain and

Vanrolleghem (2001). Reduced models need to be calibrated to be sure that they give

the same prediction capabilities as the full models. This requires estimation of the model

parameters. Parameter estimation refers to the determination of the values of the

parameters of the model with the aid of experimental data.

The first important step in parameter estimation is to provide a set of data for estimation

of the parameters. This data is used to calculate the estimates of the parameters using

an appropriate estimation algorithm. In this case, the data used is acquired from

simulation of the full models. The second step is to select which parameters are to be

estimated.

Selection of parameters to be estimated is important because these parameters have to

be identifiable and to be capable of influencing the process behavior in a maximum way.

Therefore it is important to carry parameter identifiability analysis before model

calibration or parameter estimation is conducted. This' idea addresses the question of

whether a given output uniquely determines all of the model parameters. (Bellu et al..

2009).

Typical methods used for selection of the parameters are: structural and practical

identifiability analysis, sensitivity analysis and numerical properties of the estimation

algorithm.
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Structural identifiability analysis allows one to find out the possibly identifiable

parameters or combinations thereof. In this analysis, one of the parameters can be

estimated while the others are set to constant. When this parameter is found, it means its

value is conditioned by the choice of the values of the other parameters. This method

works well in situation where the data is sufficiently rich in information.

In practical identifiability analysis, a sub-selection of the parameter set after an analysis

of the parameter estimation error is done. By eliminating the parameter that causes

identifiability problems and giving it an assumed value, estimation of the other

parameters may be highly facilitated. This means that estimates of the parameters are

conditioned by the choice of the value of the other parameter. This method works well in

situation where the data is not sufficiently rich in information.

Sensitivity analysis is used to pre select parameter subsets that ensure reliable

estimation. In numerical properties of the estimation problem, the parameter estimation

problem is structured in a stepwise procedure; a large parameter estimation problem is

split into a series of smaller problems.

The sensitivity function represents a change in the variables of the precess for a change

of a parameter. The large the values of the sensitivity functions, the more accurately a

single parameter can be identified. In the case of several parameters, the sensitivity

functions of the parameters as functions of the independent variable of the measurement

(time) have to be linearly independent. Otherwise the parameters are not individually

identifiable because a change in one parameter can be compensated for by changes in

the other parameters (du Plessis, 2009). Since nonlinearity complicates the estimation

problem considerably, it is advantageous to separate the linear from the nonlinear

parameters and create subsets of these two types of parameters.

To reduce the estimations complications due to parameter nonlinearity. the model is

written in a form linear in the parameters. This formation is termed re-parameterisation.

The disadvantage with this method is that the physical meaning of parameters may be

lost. Minimising the level of nonlinearity of the parameters maximises the quality of

parameter estimation results.

128



Once a model is written in a form linear in the parameters, parameters can be calculated

analytically from the objective function, this becomes an optimization problem. In

parameter estimation. the objective functions are conventionally arranged such that small

values of those functions represent close agreement between model and data.

The model parameters are then adjusted to achieve a minimum in these functions.

yielding best fit parameters. This adjustment of parameters is therefore a minimisation

problem. The functions .to be minimised are called loss. merit, cost or objective functions.

The choice of these functions is one of the problems to be solved when model

parameters are to be estimated. The best know objective function for parameter

estimation is the sum of squared errors functions referred to as the Ordinary Least

Squares Estimation. shown in Equation (5.1). This is the objective function used in this

project.

(5.1)

(53)

(5.4)

where y(k) are the observations which are obtained by simulation of the full model. K is

the total number of observations available, Y(k.a) are the reduced model predictions for a

given parameter set a. a is the given parameter set.

The optimization problem is to find the values of a which minimize the least square

function. The least-squares technique is defined as a mathematical procedure by which

the unknown parameters of a mathematical model are chosen such that the sum of the

squares of some chosen error (Ikonem and Najim. 2002) is minimized. In general a

model linear in the parameters can be written in the following form

y(k)~,T(I<)9(k) (5.2)

where e is the parameter vector. ,is the termed regressor. y(k) contains the terms that

are independent of the parameters, and k refers to the discrete time

,
As can be seen in the Peterson matrix representation of each biological model. the

process rates vector (p) may be expressed in temns of the kinetic parameters.

For reduced models the vector of the process rates can then be expressed in terms of

unknown parameters (a). The model parameters and reaction rates can then be

presented in a vector form as follows:

a=[a, ... a.!'

p. ~~.. . .. p"",y
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(55)

where v is the total number of the unknown kinetic parameters to be estimated and 02 is

the total number of process rates in the Peterson matrix for the n-th tank.

Then P. ~p9 ,where P. eR"'"', p. eR'"

The process rates vector (p) in the state space model equation of the whole plant

(Equation 4.165) may then be rewritten in terms of process rates and unknown

parameters (p9):

x(k + 1)~ Ax(k) +cTp(x,u, k)G + Bx,(k)

Where:

p~[p, pz .. P•.. p'ye""""where N is the number of tanks in the considered mass

balance model and is the vector containing part of the process rate multiplying the

parameter vector.

Data for x(k) and u(k) for the period k="\K may then be substituted in Equation (5.5).

Rewriting the model to have a form of Equation (5.2) yields.

y(k) ~x(k +1)-Ax(k)-Bx,(k)~ CTp(x,u,k)G (5.6)

where y(k) and ;j> corresponds to:

y(k) ~ x(k +1)- Ax(k) -Bx,(k)

;j>(k) = cTP(x,u,k)

(5.7)

(5.8)

In the simple case of a linear equation with unknown parameters. linear regression can

be applied; in this case a least squares objective function in Equations (5.1) is used. The

objective function in a matrix format becomes

K

J(9)~ L(y(k)- y(k,9))T(y(k)- y(l<,9))
.-0

Equation (5.9) can then be expressed in terms of Equation (5.2) as
K _

J(9) ~ L(y(k)-+(k)TS(k))T(y(k)-;j>(k)T9(i<))
.-0

Therefore •

J(9)~ ty(k)Ty(k)- ~k)T ;j>(k)T~(k)- y(k)T8(k);j>(k)_ 8(kl';j>(kl'8(k);j>(k)
,-0
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The least squares estimator that minimises this criterion can be deduced from the first

derivative of the function in Equation (5.11) towards the parameter 9 to be:

ii~[~O(k)TO(k)n~O(k)TY(k)] (5.12)

Equation (5.12) can be written in a vector matrix form as

8(k)~ ~(k)T~(k») '~(k)Ty(k)

where:

(5.13)

s. [:0)] _[+(0) . ] _[y(o)]
9- . ,0- .s> .

- -
ll{K) o(K) y(K)

Equation (5.13) is used in the subsequent section to calculate model parameter values

for the different models. In this section, stoichiometric parameters in the matrices c as

well as parameters of the switching functions are accepted to be constant and known.

Values of these parameters are the same as in the full models.

The growth rates parameters are considered to be time varying and unknown, these

parameters are determined in the next section through least square estimation

techniques described above. The flow chart for calculation of the parameters is

presented in Figure 5.15. The parameters to be estimated are selected because they are

very important to the bacterial growth and therefore important for the whole process

behaviour.
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E<£, No Calculate new
parameter values
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Figure 5.15: Flow chart with the algorithm for calculation of the estimated parameters

Estimations of the parameters of the reduced biological models are calculated.

estimation is done for the following:

• Reduced ASM1

• Reduced ASM2

• Reduced ASM2d

• Reduced ASM3

5.4.1.1 Calculation of the reduced-ASM1 parameters

The following derivations are based upon the equations for the reduced-ASM1 mode!

process rates. Equations (4.63 - 4.66). The vector for the reduced-ASM1 model

parameters to be estimated is selected to be:
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The unknown parameters vector for the reduced-ASM1 model therefore becomes:

9= [8, 92 9,f

The vector for the reduced-ASM1 model process rates can then be expressed in terms of

unknown parameters for the n-th tank as follows:

(5.14)

where v=3 n2=4 N=3

(5.15)

(516)

(5.17)

(5.18)

The process rates equations represented in a matrix form for the n-th tank are as follows:

(519)

For the whole system the matrix of the process rate becomes:

From Equation (5.19) the matrix with process rates can then be used in Equation (5.8) to

calculate. which is then used together with y(k) to calculate unknown reduced-ASM1

model parameters in Equation (5.13).

The results from the calculation of the reduced-ASM1 model parameters are shown in

Figure 516.
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Figure 5.16: Calculated parameters for the Benchmark plant with the ASM1 biological

model

5.4.1.2 Calculation of the reduced-ASM2 parameters

The following derivations are based upon the equations for the reduced-ASM2 model

process rates Equations (4.67 - 4.78). The vector for the reduced-ASM2 model

parameters to be estimated is selected to be:

The unknown parameters vector for the reduced-ASM2 model therefore becomes:

(5.20)

The vector for the reduced-ASM2 model process rates can then be expressed in terms of

unknown parameters for the n-th tank as follows:

S02
pn19t = 9 t O

K
S

02+ 02
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9 -9 K0 2 KN03 XSjXH XP 3 1 - 1 ollie' . . - H
II 1<02.+8 02 KNQ3+SN03· KX+XS/XH

(5.23)

(5.24)

(5.25)

(5.26)

(5.27)

(5.28)

(529)

(5.30)

(5.31)

(5.32)

(5.33)

The process rates equations represented in a matrix form for the n-th tank are as follows:

Pnlet p", 0 0 0 0 0 0

Pnza, P", 0 0 0 0 0 0

Pn39, P" 0 0 0 0 0 0

Pn49Z 0 0 0 0 0 0
9,

P" 9,
Pn59Z 0 P" 0 0 0 0 0

9,
PnS9Z 0 P.. 0 0 0 0 0 (5.34)Pn= 9,
Pn79Z 0 P" 0 0 0 0 0

Pn893 0 0 0 0 0 0
9,

P"
Pn9G• 0 0 0 P" 0 0 0

9,

Pnf08S 0 0 0 0 Pm' 0 0
9,

Pn1196 0 0 0 0 0 Pnl1 0

PnlZ97 0 0 0 0 0 0 PiltZ

For the whole system the matrix of the process rate becomes:

{].,-
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From Equation (5.34) the matrix with process rates can then be used in Equation (5.8) to

calculate , which is then used together with y(k) to calculate unknown reduced-ASM2

parameters in Equation (5.13).

5.4.1.3 Calculation of the reduced·ASM2d parameters

The following derivations are based upon the Equations (4.79 - 4.92) for the reduced­

ASM2d model process rates. The vector for the reduced-ASM2d model parameters to be

estimated is selected to.be:

The unknown parameters vector for the reduced-ASM2d model therefore becomes:

(5.35)

The vector for the reduced-ASM2d model process rates can then be expressed in terms

of unknown parameters for the n-th tank as follows:

PII = fpm91 PII2et P1I301 Pn492 Pns92 Pn692 Pn792 Pn893

P1I99... Pnt09:f PnU96 PntZ96 Pnts 9r Pnt",9ry
where v=7 n2=14 N=3 Po eR,,·7
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(5.37)

(5.38)

(5.39)

(540)

(5.41)

(542)

(5.43)

(544)

(5.45)

(546)



(5.47)

(548)

(549)

(5.50)

The process rates equations represented in a matrix form for the n-th tank are as follows:

Pnt91 P" 0 0 0 0 0 0

Pra91 P", 0 0 0 0 0 0

PnJ.91 P", 0 0 0 0 0 0

Pn492 0 P,. 0 0 0 0 0

Pn592 0 P" 0 0 0 0 0
e,

PnSe;! 0 P", 0 0 0 0 0
e,

Pn792 0 P" 0 0 0 0 0
e,

Pn =
Pn893 0 0 Po, 0 0 0 0

e, (5.51 )

PngO. 0 0 0 Po' 0 0 0
o,

Pn109S 0 0 0 0 Pm, 0 0
e,

Pn119S 0 0 0 0 0 PnH 0
e,

Pn1296 0 0 0 0 0 Pn12 0

Pn13 97 0 0 0 0 0 0 Pn13

Pn1497 0 0 0 0 0 0 Plli4

For the whole system the matrix of the process rate becomes:

P=[]ER~'

From Equation (5.51) the matrix with process rates can then be used in Equation (5.8) to

calculate • which is then used together with y(k) to calculate unknown reduced-ASM2d

model parameters in Equation (5.13).

5.4.1.4 Calculation of the reduced-ASM3 parameters

The following derivations are based upon the equations for the reduced-ASM3 model

process rates Equations (4.93 - 4.96). The vector for the reduced-ASM3 model

parameters_to be estimated is selected to be:

(5.52)

The unknown parameters vector for the reduced-ASM3 model therefore becomes:

e~[e, e, e,f
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The vector for the reduced-ASM3 model process rates can then be expressed in terms of

unknown parameters for the n-th tank as follows:

(5.54)

where v=3 112=4 N=3 Po eR'"

(5.55)

SNH<l . SAlI( _ Xsro/XH 'X
HKNH<$ +SNH4 KALK + SALK KSTO +Xaro/XH

(5.56)

e 9 K0 2 SNOX SNH4. SALK XsrojXH X
Pn3 2= 2'T]NQX' K S'K S K S K S K X / . H

02. + 02 NOX + NQX NH4 + NH4 ALl( + ALl( STO + STO XH

(5.57)

(5.58)

The process rates equations represented in a matrix form for the n-th tank are as follows:

(5.59)

For the whole system the matrix of the process rate becomes:

From Equation (5.59) the matrix with process rates can then be used in Equation (5.8) to

calculate • which is then used together with y(k) to calculate unknown reduced-ASM3

parameters in Equation (5.13).

Using the estimated parameters, the reduced models can then be simulated. The

programs used for estimation of the parameters of the models are incorporated in the

programs used for simulation of the reduced models.

5.4.1.5 Discussion of the results

The 'calculated values of the parameters for the reduced mass balance models are very

close to constant parameter values used during simulations of the full mass balance

models (muA = 0.5, muH = 4, kH = 3). This proofs the effectiveness of the Least squares

method.
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.5.4.2 Simulation of the mass balance models with reduced biological models

In this section, dynamic simulation of the plants mass balance models incorporating

reduced biological models is described. The flow chart for simulation of the reduced

plants models is given in Figure 5.17. In this section, simulation results of both full and

reduced models are shown so that a clear comparison can be made between the

prediction capabilities of these models. The full model results are presented by a dotted

solid line while the reduced models results are presented by a solid line. When running

simulation of reduced models, the control trajectory is the So trajectory obtained from the

simulation of the full models.

Inputdatafor initial condition, plant
volumes, flow ratesand process

statesfrom full models
...

Calculation of model parameters

...
calculationof process mass

balance modelmatrices
.;,

I k=O I
·r

Calculation of the process rates

•Solution of themass balance equations I k=k+1 I•/ k<K /
Yes

No

c Plot results ~.

Figure5.17: Flow chart for simulation of the reduced models

Firstly, values of the influent wastewater composition and plant data are introduced

followed by calculations of the model parameter values. Then the matrices of the models

(derived in section 4.3) are calculated.
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Then at each instance (k) from k =0 till k = K-1. the process rates (P) are calculated

followed by calculations of the mass balance model outputs. K is the final time of the

prediction horizon. Finally simulation results are plotted. These results may be used to

examine the dynamic performance of the process. Calculations are done in a similar

manner as for dynamic simulations of the full models.

The plants with reduced models are simulated for 14 days (in the same way as with the

full dynamic models). Simulation is done for the following:

• Benchmark plant with reduced ASM1

• Benchmark plant with reduced ASM2

• Benchmark plant with reduced ASM2d

• Benchmark plant with reduced ASM3

• Athlone plant with reduced ASM1

• Athlone plant with reduced ASM2

• Athlone plant with reduced ASM2d

• Athlone plant with reduced ASM3

5.4.2.1 Simulation data for the Athlone plant with reduced-ASM1 model

The ~'1ATLAB file 'AASM1_Simulation.m" given in Appendix E.1 Is used for simulation of

the Athlone plant with ASM1.

From the reduced mass balance equations of the Athlone plant with r-ASM1, the

following vectors and matrices are deduced. The vectorfor the system states for the n-th

tank is'

x, =[sSn SNOn sNl-lnf eR 3 0=1,.3

The vector for the input concentration is:

The vector for the process control variables is:

,

The vector for the system process rates for the n-th tank is:
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5.4.2.2 Simulation data for the Athlone plant with reduced-ASM2 model

The MATLAB file "AASM2_Simulationm" given in Appendix F.1 is used for simulation of

the Athlone plant with ASM2.

From the reduced mass balance equations of the Athlone plant with r-ASM2, the

following vectors and matrices are deduced.

The vector for the systejn states for the n-th tank is:

x,,=[s,. SAo s.- s,."" s.o... x... x..., x"....J eR' n=13

The vector for the input concentration is:

l\ ~{s., SAl s,.., &... s,.,.. x" x... x.-YeR'

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:

PR = [P, Pz p,f e R'"

5.4.2.3 Simulation data for the Athlone plant with reduced-ASM2d model

The MATLAB file "AASM2d_Simulationm" given in Appendix G.1 is used for simulation

of the Athlone plant with ASM2d.

From the reduced mass balance equations of the Athlone plant with r-ASM2d, the

following vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x"=[s,. SAo s,... s..o... s.o.. x... x"... x"....J eR' n = 13

The vector for the input concentration is:

x;=[5,; SAl s,.., &... s,.,.. x, x... x.-YeR'

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:

P,. =fp. p" p" Po. Po. I\" P" Po. Po. Po", Po. Po" Po" Po~F eR"
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5.4.2.4 Simulation data for the Athlone plant with reduced-ASM3 model

The MATLAB file "AASM3_Simufalion.m" given in Appendix H.1 is used for simulation of

the Benchmark plant with ASM3. From the reduced mass balance equations of the

Athlone plant with r-ASM3, the following vectors and matrices are deduced. The vector

for the system states for the n-th tank is:

x"~[s,,, SNH'. S""""yeR"· n=1,3

The vector for the input concentration is:

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:

PR~P1 P, P,yeR"

5.4.2.5 Simulation data and results of the Benchmark plant with reduced-ASM1 model

The MATLAB file "BASMCSimulation.m" given in Appendix A.1 is used for simulation of

the Benchmark plant with ASM1. From the reduced mass balance equations of the

Benchmark plant with r-ASM1, the following vectors and matrices are deduced. The

vector for the system states for the n-th tank is:

The vector for the input concentration is:

x;~[s" S"'" S ... YeR'

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:
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The matrix CR for the whole system is:

{

CO,

CR =. ~

where:

o
Cf<,

o
o
o

o
a

CR,
a
a

a
a
a

CR.
a

~]E R~"
CR,

o
-o.rnz
4.1667

o

---{).08 ]
. -0.08 ,.,
-42467 eR

o

The matrix AR for the whole system is:

0.9039 0 0 0 0 0 0 0 0 0 0 0 0.0769 0 0
0 0.9039 0 0 0 0 0 0 0 0 0 0 0 0.0769 0
0 0 0.9039 0 0 0 0 0 0 0 0 0 0 0 0.0769

0.0%1 0 0 0.9039 0 0 0 0 0 0 0 0 0 0 0
0 Q0961 0 0 0.9039 0 0 0 0 0 0 0 0 0 0
0 0 0.0%1 0 0 0.9039 0 0 0 0 0 0 0 0 0
0 0 0 0.0721 0 0 0.9279 0 0 0 0 0 0 0 0

AR~ 0 0 0 0 0.0721 0 0 0.9279 0 0 0 0 0 0 0 E~5r15

0 0 0 0 0 0.0721 0 0 0.9279 0 0 0 0 0 0
0 0 0 0 0 0 0.0721 0 0 0.9279 0 0 0 0 0
0 0 0 0 0 0 0 0.0721 0 0 0.9279 0 0 0 0
0 0 0 0 0 0 0 0 0.0721 0 0 0.9279 0 0 0
0 0 0 0 0 0 0 0 0 0.0721 0 0 0.9279 0 0
0 0 0 0 0 0 0 0 0 0 0.0721 0 0 0.9279 0
0 0 0 0 0 0 0 0 0 0 0 0.0721 0 0 0.9279

The matrix BR for the whole system is:

0.0192 a 0

0 0.0231 0

0 0 0.0192

0 0 0

0 0 0

0 0 0

0 0 a
HR= 0 0 0 E R~"'3

0 0 0

0 a 0

0 0 0

0 0 0

0 0 0

0 a 0

0 0 0

The simulation results of the wastewater components concentrations for the plants' five

tanks are shown in Figures (5.18 - 5.22).
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Figure 5.18: Benchmark_ASM1 process variables and estimation errors for Tank1

Figure 5.19: Benchmark_ASM1 process variables and estimation errors for Tank2
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Figure 5.20: Benchmark_ASM1 process variables and estimation errors for Tank3

-

Figure 5.21: Benchmark_ASM1 process variables and estimation errors for Tank4
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Figure 5.22: Benchmark_ASM1 Tank 5 process variables and estimation errors

5.4.2.6 Simulation data for the Benchmarkplant with reduced-ASM2model

The MATLAB file "BASM2_Simulation.m" given in Appendix B.1 is used for simulation of

the Benchmark plant with ASM2.

From the reduced mass balance equations of the Benchmark plant with r-ASM2. the

following vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x.=[s... s"" s.- s..,., s""" x.., x""" x......l' eR' 0=t5

The vector for the input concentration is:

x, =[SR SA; S-S..,. s""" x, x",. x-l' eR'

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:
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5.4.2.7 Simulation data for the Benchmark plant with reduced-ASM2d model

The MATLAB file "BASM2d_Simufalion.m" given in Appendix C.1 is used for simulation

of the Benchmark plant with ASM2d.

From the reduced mass balance equations of the Benchmark plant with r-ASM2d. the

following vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

x" ~[s"" s"" s..... s,."" s-. Xs,. x"." x""""y E R' n~1,5

The vector for the input concentration is:

x;=[s" S", s_ s,.". S""" x" x,,~ x....y ER'

The vector for the process control variables is:

The vector for the system process rates for the n-th tank is:

5.4.2.8 Simulation data for the Benchmark plant with reduced-ASM3 model

The MATLAB file "BASM3_Simufalion.m" given in Appendix D.1 is used for simulation of

the Benchmark plant with ASM3.

From the reduced mass balance equations of the Benchmark plant with r-ASM3, the

following vectors and matrices are deduced.

The vector for the system states for the n-th tank is:

The vector for the input concentration is:

The vector for the process control variables is:
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The vector for the system process rates for the n-th tank is:

5.4.3 Discussion of the results

The results for the variables for the reduced mass balance models are plotted on the

same graph with corresponding process variables from the full mass balance model. As

can be seen in Figures (18 - 22), the trajectories of the full models and reduced model

display common behaviour whichare very close to each other.

5.5 Conclusion

In -this section, the state space models of the Athlone and Benchmark plants with

reduced biological models are implemented on the MATlAB simulation environment.

Before the reduced models are used in simulation" their parameters are firstly calculated

based on data from the full model simulations. The estimated trajectories of the reduced

models parameters are used in Chapter 6 for optimization of the control trajectories.
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CHAPTER SIX
DEVELOPMENT OF METHOD FOR OPTIMAL CONTROL CALCULATION FOR

THE ACTIVATED SLUDGE PROCESSES

6.1 Introduction

The purpose of this project is to develop a method for calculation of the optimal dissolved

oxygen trajectory as a part of the control strategy to be implemented on the activated

sludge process (ASP) of the Benchmark and Athlone wastewater treatment plants. The

control strategy is based on the manipulation of DQ in the aeration tanks. The objective

of the control strategy is to calculate optimal DO trajectory that causes a process to

satisfy the physical constraints and minimize the performance criterion (Katebi, 1998).

The obtained trajectory is then used as a sequence of set points for the controller to

track. In order to formulate the optimal control problem in the ASP, it is necessary to

represent the controlled processes mathematically and to describe the aim of

optimization mathematically by some criterion (Lindberg, 1997).

The optimal control strategy is described in Chapter 3 while mathematical models of the

Benchmark and Athlone ASPs are developed in Chapter 4. In this project. all 4 IWA

models (ASM1, ASM2, ASM2d and ASM3) are used to describe biological activities

inside the reactors. The models are all used because each model describes different

ASP setup. To decrease complexities of the problem, biological models are reduced in

the previous Chapter 5 before their use. For optimal control calculation an optimal control

problem is formulated for Benchmark with reduced ASM1. Benchmark with reduced

ASM2, Benchmark with reduced ASM2d. Benchmark with reduced ASM3. Athlone with

reduced ASM1, Athlone with reduced ASM2, Athlone with reduced ASM2d and Athlone

with reduced ASM3.

The control strategy and the optimal control problem formulation are common for all

these different process setups. In this chapter, the common optimal control problem is

formulated and solved based on the principles of decomposition and coordination.

6.1.1 Formulation of the optimal control problem for Benchmark and Athlone plants

The optimal control problem is to find the trajectory of the dissolved oxygen concentration

as a control variable u(k),k ~O.K-1 in such a way that the deviation of the process variables

x(k),k~\K from the effluent set points x"'(k),k~\K is minimal. The effluent set points are
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determined by the requirements of the municipality and standards for quality of the

effluent leaving the wastewater treatment plants.

As developed in Chapter 4, the plants are described by the following discrete state space

model:

The following discrete quadratic cost functional is selected as the criterion for ASP

optimization:

J(x,u,k) =i/lx"'(K)- X(K)/I'Q+iI:'~//x'"(k)- x(k)//'Q +/lU(k)/I'R (6.1)

The constraints of the state and control variables are described mathematically through
the following equations:

(6.2)

(63)

where k is the number of steps in the optimization interval, a and R are positively
definite square matrices. A minimum value of the objective functional reflects a minimum
deviation of the process variables from the effluent set points. The optimal control
problem is therefore to find the trajectory of the control variable u(k),k =O,K-l that
minimises the objective functional:

J(x,u,k) =i~"(K)-X(KfQ+i~//X"'(k)-x(k)//'Q+//u(k)//'R ....min

subject to the state equations, the physical and the process limitations over the state and
control variables:

x(k + 1)= Ax(k) +CTP(x,u,k)+Bx,(I<) x(O)= x" k = O,K-l

6.1.2 Formulation of the Lagrangian for Benchmark and Athlone plants

The state equations and the cost functional are put together to form the lagrangian

functional.
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• The first step is to reformulate the state equations so they are equal to zero

~x(k + 1)+ Ax(k)+ CTp(X,llk)+Bx;(k) ~ 0 (6.4)

(6.5)

• The second step is to combine the state equations and the cost functional by means

of the coordinating variables known as the Lagrange multipliers, J..

1
L ~2"XSP(K)-X(K)It'a+

+L:~H-~I xSP (k)~ x(k)II'o+ II If.,k) II'.1+J..(k)T~ x(k + 1)+ Ax(k)+ CTp(X,llk) + BX;(k)l}

..
• Finally the Lagrangian is simplified and written as follows

1
L = 2" x'P(k)- x(k)J1'a+

+~{i~/xSP (k)- x(k)II'a+ II u(k)II'. ]-l.{kl' x(k + 1)+ l.(k)TAx(k)+ J..(kl'CTp(X,llk) + J..(k)TBX;(k)}
(6.6)

-
6.1.3 Application of calculus of variation technique

Applying calculus of variation method, firstly the Lagrangian is paltially differentiated with

respect to the state, control and conjugate variables. Then the resulting partial differential

equations are set to zero as shown below. Solution to these equations results in the

optimal trajectories of the state, control and conjugate variables.

~f~f~o~e,(k) where k~~K

~~f~o~e,(k) where k~O,K-1

::f:l~o~e,(k) where k~O,K-1

(6.7)

(6.8)

(6.9)

Using chain rule, partial differentiation of Equation (6.6) with respect to the state, control

and conjugate variables results in the follOWing equations:

~~--QLsp(k)_X(k)I_l.(k_1)+ATJ..(k)+(CT OP(X,llk»)T l.{k)~_,(k), k = ~K-1
&«k) LX . i1x(k)

~~R~)]+(CT O!'(X,llk»)TJ..(k) ~ -,(k), k ~ O,K-1
ilu(k) ilu(k)

at. --
~=-x(k+1)+Ax(k)+CTp(X,llk)+Bx;(k)~ -,(k), k ~O,K-1
oJ..(k)

~ = --Q~SP (K)_ x(K)1-l.{K -1), k = K
&«K)
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These equations need to be solved simultaneously in order to obtain the optimal solution.

p(x,u,k)depends on the used biological models (i.e. reduced ASM1, ASM2, ASM2d and

ASM3) given in Chapter 4. The derivatives iip(x,u,k) and i1P(x,u,k) can be calculated using
8x(k) ou(k)

the chain rule method.

6.1.3.1 Derivatives of the process rates according to the state vectors
~ .

Reduced·ASM1

These derivatives are based on process rates equations (4.63 - 4.66)

Reduced-ASM2

These derivatives are based on process rates equations (4.67 - 4.78)

OPt =KIJ' .502 KXXH . X..
ex. K02 + SOl (KXXH + X.Y

aPz K02 -K N03 XS!XH 'X
HOSNQ3 =Kh -1JHQ3' K0 2 +5

02
• (K

N03
+SN03r Kx +XS/X

H

OP2 ·· . . K02 KN03 KXXH . X...
-~K,..qN03' '\2 n

OXs . K02+S0 2 KN03+SN03 \KXXH+XS )

OP4 _ • 502 • 2S~F+5/ . SNH4 . SP04 . SAl)( ,X
HGSF -J.1H· K02+So2 (KF+SF}(KF +SA) KNH4 +SNH4 Kp +Sp().t KALK + SALK

aP4 502 SF -SF. S~ . Spo"", SALK. x,
OSA =J.1H" KOZ+Soz "KF+SF -(KF+SAf KNH4+SNH4 Kp+SP04 KAIJ(+SALK

8P 5 02 SF SF _ K~ . SPa. SAl.K_Xas: -:=J.1H·Ko~+S02 "KF+SF "KF+SA (KNH4+Sf'll-W.'f Kp+SF'04 KALK+SAlK Ii
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(6.14)

(615)

(6.16)

(617)

(6.18)

(6.19)

(620)

(6.21)

(6.22)

(623)

(6.24)

(6.25)

(6.26)



(6.27)

(6.28)

2SAKASF+SA2KA+SA2SF

[(KA+SAXS,+sA)f
(6.29)

(6.30)

(6.31)

2SFKASA +S/KA+S/SA

[(KA+S,XS, +sAlf
(6.32)

(6.33)

(6.34)

(6.35)

(636)

OF] _ K02 2SAKA.SF +S/KA. +S/SF SNH4 SN03 SALK SPQ4 X (6,37)
asA -IlH-llN03Ko2+So2 [(KA+SAXSF+SA)f KNJ-M.+SNH4 KN0 3 + SN03 KAlK+S ALK Kp+SP0 4 H

(6.38)

(6.39)

(6.40)

KNOJ . K", _ SAlK .x
H

K"", +s"'" (K. +S,)' KAU< +SAU<
(6.41)

(6.42)

CPg KA SALK
OSA ~qPHA' ~A +SAJ' . KAl,K +SAU<

(6.43)

(6.44)

(645)

&10 . $02 SPQ4 SALK XPHA/XPNJ

oxpp =Qpp' K02+502 Kpg +SPQ4 KALK + SALK KPHA +XPHA/XPAO
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CP10' 8 02 Spoof- SALK KPl-/AXPAO KMA)C -Xpp/XPAO .x
axPHA =QPP"K02+S02 "Kps-t::SPO.c. ~KAlJ(+SALK " (KPHAXpAQ+XPHA'f K,pp+KMAX-XPP!XPAO PAO

Reduced·ASM2d

These derivatives are based on process rates equations (4.69 - 4.92)

CP.c. 8 02 SF -SF 8 NH4 8 P04 SALK .X
HasA =&J.H·Ko2+-S0 2 ·KF+SF·(~+SAr-KJljJojof.+SNH4 "Kp+SP04- KALK+SAlJ(

(6.47)

(6.48)

(6.49)

(6.50)

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)

(657)

(6.58)

(6.59)

(660)

(6.61)

SA . -SA . 5..... _ SPOof- " SAlJ( .Xf-l
KA +SA {SF +sAf KAm +SNI'U Kp +SP04- KALJ( + SAlK

(6.62)

aPs SOl
--=&J.H·es, Koz +-802

2SAKASF +S,/KA +S/SF

[(K.+s.Xs, +5.)]'
(6.63)
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(6.65)

2SFKASA +S/KA +S/SA

[(KA+S,XS, +SA)f
SNH4 • SOO] SAU< • X

H
KNH4 +SNH4- KN0 3 +8003 KAL.K + SALK

(6.66)

ilP. ~q_. KA . SAlJ( X",/XPAO ,xpAO (6.77)
os, O<A+5A)' KAlJ( +sAlJ( K", +xPP/xPAO

ilP. ~q_. SA . SAlJ( K",XpAO ,xpAO (6.78)
6Xpp KA +SA KALK+SALK (KppXPAO +xppf

01\, =q,.. So2 • Kes . SAlJ( . x,.",/x""" . Kw.x-Xpp/x""" .x"AO (6.79)
~ Km + S02 (Kps +s.c.f KAlJ( + SAlJ( ~ + x,.",/x"AO K"" +Kw.x - Xpp/x"AO

01\, ~q,.. S02 s.c.. SAlJ( . x,.",/x"AO -K,"';x"AO .x"AO (6.80)
ax", Km +S02 Kps +Sea. KAlJ( +SAlJ( ~ +x,.",/x""" (K""x"AO +Kw.xx"AO -)(",f

01\, ~q,.. S02 . s.o. . SAU< . ~x"AO . Kw.x-)(",/x"AO .x""" (6.81)
ax.... Km + S02 Kps + Sea. KAlJ( + SAU< (~x"AO +x,.",f K,,,, + Kw.x - Xpp/x"AO

01\, 502 K_ SAlJ( 5.0. X-1x"AO. x"AO (6.82)os- ~!'PAO' K02 + S02 . (K,.,. +s-f . KAlJ( + sAlJ( . K, + Sea. K_ + x,.",/x"AO

ilP" • S02 S"'. SAlJ( Kp X_/xPAO. X (6.83)
OSPQ4 =I!PAQ-KQ2+S02'KNH4+SNH4 °KAI.K+SALK " (Kp +sf'O.f. f KPHA+XPHA/xpPD PAQ
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XPHA/XpAO X
K +X IX . PAO "t'JN03'

PHA PHA PAC (6.85)

&12 '80 2 SNH4 SAlK SP04 ~/XpAO X-as-- = l!PAO • K 8· 8· 8·:-;-~'2--- K X IX . PAQ' t}NQ3 •
N03 02 + 02 KNH4 + NH4 KALX + AU( Kp + SP04 PHA + PIiA pAO

K0 2 KN03

. 8 0 , • (K"", +8.
0

, )'

(6.86)

(6.87)

(6.88)

(6.89)

SAlK .XAl.lT"
KALK + SAlK

(6.90)

Reduced·ASM3

These derivatives are based on process rates equations (4.93 - 4.96)

(6.91)

(6.92)

(693)

(6.94)

(6.95)

(6.96)

(6.97)

OP4 5 02 KA,NHC.

OSNH4 =J.lA·KA,02 +502 . (KA~ +SNH4Y
(6.98)

6.1.3.2 Derivatives of the process rates according to the control vectors
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Reduced-ASM1

These derivatives are based on process rates equations (4.63 - 4.66)

(6.99)

(6.100)

(6.101)

(6.102)

Reduced-ASM2

These derivatives are based on process rates equations (4.67 - 4.78)

OP6 -K0 2 SF SF SNH4 SOO:! SAlK
OSoz = IJ.H "TlN03' "(Ko2+ sozf "KF + SF 'SF+SA "KNK4 + SNH4 "KN03 + SN03 'KAlJ(+SALK

(6103)

(6.104)

(6.105)

(6106)

(6107)

'XH (6.108)

01', ~O (6.111)
CSoz

OP" =q",. Koz s.c.. SALK X-/XpAO Kiw.-x""IXpAO .XpAO (6.112)
CSo. (Koz+Soz)' K,..+5.0. KALK+S"", ~+X-/XpAO Kw.+K"",-x""/XpAO

OP" Koz s"'" 5"", sec. Xp,.JXpAO x, (6.113)
CSoz ~ ""AO . t>. + so.)' . K..,. +s- .K"", + 5"", . Kp +See. ~ + X-/XpAO· AO

01',. ~"AUT' Koz . 5"", . Spo< . S"", ,xAUT (6.114)
0502 (1<02+802 )2 KNHl +SNH4 x, +SPQ4. ~Al..K + SALK
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Reduced-ASM2d

These derivatives are based on process rates equations (4.79 - 4.92)

ilP, ~K.. K02 XS!XH 'X
H

(6.115)
GS02 (Ko, +502 )" Kx +XS!XH

iJP, ~K . QN03 • -1<0' • KN03 XS!XH • x
H

(6.116)
080 2 " (K02. +502 ) KNlJ3 +5003 Kx +XS/XH

01\, cq",. Koo . s..o. . SAlK x-.!x"AO KMAX - x""!x,,AO . x"AO (6.124)
aso, (Ko, + 50, )'- Kp" +s.o. KAU< + SAU< K",;. + x-.!x"AO K,,,,, + Kv.x - x"P!x"AO

iJP" ~~PAO' Koz . SM« . SAU< • s..o, Xew,1X,AO .x"AO (6.125)
0$02 t.Koz+Soz) KNH4+~4 KAI..J(+SAU( Kp+SPO• KPHA+XpHA/XpAQ

01\, Ko, 5,.", s.o. SAlK. X (6127)
GS

02
~~AUT·(Koz+So,)"·K".,..+s....·K,+s..o.KAU<+SAU< AUT

01\, _~ . -Ko, . s.... . s..o, . SAU< 'XAUT ' '1No, ' s.c, (6.128)
GSo, - AUT (Ko, + So,)" K".,.. +s.... K, +s.o. KAU< + SAU< KNO, +s.c,

Reduced-ASM3

These derivatives are based on process rates equations (4.93 - 4.96)

&2 _ K02 SNH4 SAlJ( XSlO /X H . x,
0502 =J.1H"(Koz+Soz"f."KNH4+SNH4 "KALK.+SALK Ksro+X$TO/XH

aP3 -1<02 Srrox SNH4 SALK XsrojXtt X
0502 =IlHottNOX·(K02+S02'f·KNOX+SNQX 'KNH4+SNH4- 'KAlK+SALK KsrO+XSTO/XH' Ii
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6.1.4 Decomposition of the optimal control problem

The solutions to Equations (6.10 - 6.13) where the derivatives of the process rates are

given by equations in the previous point determine solution to the original optimal control

problem. These equations are with non linear dynamics and with many variables and

therefore numerical and decomposition techniques are used to find the solution. To solve

these equations the problem is first decomposed in time. This type of decomposition is

based on the prediction of the conjugate variables. These variables appear in the

necessary conditions \9r optimality of all other variables. The optimal solution for all other

variables depends on the optimal solution for the conjugate variables.

The problem solution is proposed to be done in a two level hierarchy where the first level

task is to calculate the state and control variables at separate time moments and

coordinating variables are selected and improved in the second level. The calculating

structure is shown in Figure 6.1. The state, control and conjugate variables are

determined through equations (6.133 - 6.135).

Coordinating Problem

Calculation of 1,(1;:)

x(O) x(\<+I) x(l::-l) x(K)

'-(0 ulO) 1,(1;: +1 u(k+1) 1$-1) 1l(K-l) 1.(K-l)

--- ------- --------- --------- ----,
I

I I!!I k~O I I k~k+! I ... I k=K·l I k~K

I
I I
: Calculation Ofx(k).ulk) :L _

Figure 6.1: Two level hierarchical structure

6.1.5 Algorithm for calculation based on the gradient method

• First the coordinator determines values of the coordinating conjugate variables.

l!(k) ~ A.(1<).k ~ O,K-t where r- 1

• Then the lower level determines the values of the state and control variables based

on the calculated values of the coordinating variables. The problem in the lower level

is decomposed into multiple sUb. problems. These sub problems are solved by

gradient procedures of the following kind:

X""'(k) = x'"lk)-a.e:'(k) where k = tK-l (6.133)
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(6.134)

(6.135)

where e,(k)~~,e,(k)=~. q and rare the iteration indexes for the gradient
. ox{k) au{k)

procedure, Ct, and Ct, are the steps of the gradient procedures. Steps of the gradient

procedures are selected small in order to achieve convergence of the calculations.

Calculation of the wadient procedures starts from q ~ 1and e~ 1 with initial values for

the control trajectory.

The values of the gradients are used to determine how close the solution is to the

optimal one under given values of the coordinating variables. In order to do this

evaluation a norm of the gradients is calculated and compared with some small

positive number close to zero.

where 8, ~ 0.01

where 8, ~ 0.01

(6.136)

(6137)

If these inequality conditions are fulfilled. the gradient procedures are reaching the

point close to the optimal solution and the calculations on the first level can stop.

The obtained control and state trajectories are sent to a procedure to check if they

belong to the area of constraints determined by the inequalities. This is implemented

by projection of the obtained values over the area of constraints as follows:

[

x....(k), if

" ifx'(k)~ X" ,

x_{k), if
k~1,K (6.138)

[

U.... (k).if u··· s u.... (k) ]

u'{k)~ u"',if u.... {k),;;u'·, ,;;u_{k)

LI~(k),if u'" ~umax(k)

k=1,K-l (6.139)

The obtained trajectories are sent to the coordinating level to be used in solving the

coordinating problem.

160



The coordinating problem is also built on the bases of gradient method for calculation

of the optimal trajectory of the coordinating variables.

The procedure is based on the solution from the first level sub problems used to

calculate the gradient e, according to the necessary condition for optimality.

The value of the gradient e, is used to check how close to optimal solution the obtained

one is. The norm -of the gradient is calculated and compared according to:

(6.140)

If equation (6.140) is fulfilled, the obtained solution is optimal and the calculations stop

otherwise the new value of the coordinating variable is calculated.

Using a gradient procedure:

l.."'(k)~ X(k)+a,e',(k).k ~O.K-1where a, is the step ofthe gradient procedure.

The new values are sent to the sub problems of the first level and the calculations are

repeated until equation (6.140) is fulfilled. For the next iteration of the coordinating

problem the control and state variables obtained from the first iteration are treated as

initial conditions. If the equation cannot be reached a maximum number of calculation is

determined ......M and the iterations stop when l = M.

6.1.6 Implementation of the above algorithm in MATLAB

All the developed MATLAB programs are presented in the Appendices. A flow chart

showing the calculation procedure is presented in Figure 6.2. All the underlined words

indicate the names of the MATLAB different functions used for calculations.
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Input data for the plant. processes and method. Simulation l
1

I 1=1 I

i:i-' 1" .

A(O) l(t) A(K-I) J.(K-l)

k=O k=k k=K-1 k=K
Given:Xo Calculate: Calculate: Calculate:
Calculate: Uo 1. Partialderivatives of the processw.r.t u 1. Controls; du 1. States; xKgrad

2. Partial derivatives of the Lagrangian w.r.t.u; ugrad 2. Slales; dx
3. Controls; du
4. Check the constraints
5. Partial derivatives of the process w.r.t x
6. Partial derivatives of the Lagrangian w.r.l u;xgrad
7. States;dx
8. Checkthe constraints
9. Check conditions foroptimality

Ii(l) .r(K -1)
ufO) XCi) u(K -1) ~K)

Coordinating level; lamdagrad
Calculate:
1. Partial derivatives 01the Lagrangian w.r.1. 10A;e,(k), (k = O)... (k = K-l)
2. Check the conditions foroptimality
3. Calculate new values alACk), (k = O)... {k = K-l)

Yes Is.M

No

STOP

Figure 6.2: Flow chart showing the calculation procedure used in MATLAB

Calculation for the optimal control is done in the foHowing order:

1. At first. " script file with all input data is created:

• Coefficients of IWA model

• Initial parameters for the optimal control problem

• Initial trajectories for the conjugate variables

• Initial data for the control and state variables
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2. Script file for calculation of the first level

• Calculate the gradients with respect to the state and the control variables

• Check the conditions for the end of gradient procedure

• Calculate the improved values of state and control variables

• Calculate the state and control gradients using the above improved values

• Continue with the procedure until the conditions are satisfied or till the maximum

number of iterations is reached

• When the iteration stops. the obtained trajectories are sent to the second level

3. Script file for calculation on the second level

• Calculate the gradient with respect to the coordinating variables

• Check the conditions, iffulfilled the optimal solution is obtained

• If the condition is not satisfied, calculate the improved values of the coordinate

variables and sent to the sub-problem on the first level

• Solve the problems on the first level and send values of state and control

solutions to the second level

• Repeat calculation until the conditions are satisfied or till the maximum number of

iteration on the second level is reached

• The optimal solution is saved and printed

6.1.7 Solutions to the optimal control problems

Optimal control problems were formulated for Benchmark with reduced ASM1,

Benchmark with reduced ASM2, Benchmark with reduced ASM2d. Benchmark with

reduced ASM3, Athlone with reduced ASM1. Athlone with reduced ASM2. Athlone with

reduced ASM2d and Athlone with reduced ASM3. The MATLAB code for optimal control

calculations is generic for all the mass balance models. The difference is in the number

of states for every biological model and the number of tanks for each plant. The results

for optimal control of the Benchmark plant with ASM1 biological models are shown on the

subsequent section.

6.1.7.1 Results for Benchmark problem with reduced ASM1

Reduced ASM1 has 3 state variables; Ss, SNO and SNH. The MATLAB file

"BASM1_Mainm" given in Appendix AS is used for calculation of the optimal control

problem for the Benchmark plant with ASM1. The obtained optimal states and control

trajectories are presented in Figure 6.3 and Figure 6.4 respectively.
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Figure 6.3: Optimal state trajectories for Benchmark plant with reduced ASM1 model
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6.1.7.2Discussion of the results

In this section, the results for calculations of the optimal control trajectories for the

reduced models are discussed. Calculations are performed for the Benchmark plant with

reduced ASM1 biological models.

In this mass balance model, the obtained control trajectories ensure that the system

reaches the set points for the state variables. Both the state and the control trajectories

are within the constraints specified in the programs.

6.2 Conclusion

Compared to a P/picaJ constant dissolved oxygen trajectory of 2mg/J, the obtained optimal DO

trajectory ensures that a much less aeration energy will be required. The strategy ensures that the

optimal state trajectories be underneath the limitations from the municipality.

The obtained optimal control trajectories are sent to MySQL database where they can be

accessed and implemented on a controller. MySQL database is used as a storage facility to

create a history of all the data calculated in Matlab and measured from the process. The

wastewater database created so far consists of all the reduced mass balance models with the

fields for dissolved oxygen values calcuiated for each aeration tanks. Figure 6.5 shows a

database created for storing the sampled optimal DO trajectories for all the reduced mass balance

models.

flle .. E.dit:" !I!I-. ~ ~ :t<><>ts
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Figure 6.5: MySQL database far historical data storage
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CHAPTER SEVEN
CONCLUSION AND FUTURE RECOMMENDATIONS

7.1 Introduction

The purpose of this project is to develop a method for calculation of the optimal dissolved

oxygen trajectory as part of the control strategy to be implemented on the activated

sludge processes of the wastewater treatment plants.

There is growing interest in research activities relating to finding better ways of

controlling the wastewater treatment plants. This is due to an increase in strict

requirements on the quality of effluent concentrations imposed on these plants.

Dissolved oxygen is chosen as the control trajectory because it has the potential to

influence the behaviour of the activated sludge processes as well as ensure that the

operational cost can be minimised.

Therefore the demand is to find a way to meet effluent requirements at lower costs. The

optimal control strategy makes it possible to incorporate the cost and effluent constraints

on a single problem. This project is based on formulation and solutions of such problems.

7.2 Aims and objectives

The aim of the project was to develop methods for calculation of the dissolved oxygen

optimal trajectory that may later be used for real time optimal control of activated siudge

processes.

The project aim is divided into the following objectives:

1. Literature review and analysis of the optimal control approaches and their

application to wastewater treatment processes

2. Development of the full mass balance models for the Benchmark and Athlone

plants based on the Activated Sludge model NO.1 (ASM1), Activated Sludge

model No. 2 (ASM2), Activated Sludge J119del No. 2d (ASM2d) and Activated

Sludge model NO.3 (ASM3) biological models

3. Reduction of the mass balance models given in objective 2

4. Development of the estimation procedure for calculation of parameters of the

reduced mass balance models

5. Development of methods for optimal control calculations for the models

considered in objective 2 (plants and reduced models)
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6. Development of software in MATLAB environment for solution of the problems for

parameter estimation, simulation and optimal control calculation

7.3 Thesis deliverables

7.3.1 Literature review on the activated sludge process control

The initial step involved a review of the activated sludge process as an object for control.

The different control strategies with different control variables were investigated and

compared to each other•.

It became apparent that the dissolved oxygen control strategy is one of the most

favoured methods due to its ability to save the aeration related energy which makes up

more than 40% of the total running costs.

Most of the controllers in the literature implemented with a constant DO set point of

2mgll. Some researchers investigated the option of using a varying DO set point to

further reduce the aeration effort.

Based on this idea, model based controllers which calculate DO set points based on

predicted behaviour of the process are implemented. Optimal control theory is one of the

model based strategies capable to calculate the optimal DO trajectories which may be

used as a varying DO set points for controllers.

The different control strategies available in the literature are compared in Chapter two.

These include model predictive controllers, model adaptive controllers and PI controllers.

7.3.2 Development of an approach for calculation of the optimal control strategy

In Chapter three, a procedure for calculation of the optimal control variables is given. The

procedure involves formulation of the optimal control problem based on a model of the

process and its solution introducing decomposition of the optimal control problem in a set

of interconnected sub-problems and coordination of their solutions in order to obtain the

initial problem solution.
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7.3.3 Development of the full mass balance models for different cases of plant

structures and biological models

Based on mass balance principle, the models of the Benchmark and Athlone plants are

derived, The plant models incorporates the following biological models; ASM1, ASM2,

ASM2d and ASM3, The following mass balance models are developed: Benchmark plant

with ASM1, Benchmark plant with ASM2, Benchmark plant with ASM2d, Benchmark

plant with ASM3, Benchmark plant with ASM1, Benchmark plant with ASM2, Benchmark

plant with ASM2d and Benchmark plant with ASM3,

7.3.4 Development of the reduced mass balance models for different cases of plant

structures and biological models

Models for online control are required to be identifiable with state variables that are

measurable online, For this reason the biological models are reduced and the reduced

mass balance models of the Benchmark and Athlone plants were obtained. The following

reduced mass balance models are developed: Benchmark plant with reduced ASM1,

Benchmark plant with reduced ASM2, Benchmark plant with reduced ASM2d,

Benchmark plant with reduced ASM3, Benchmark plant with reduced ASM1, Benchmark

plant with reduced ASM2, Benchmark plant with reduced ASM2d and Benchmark plant

with reduced ASM3.

7.3.5 Development of method for estimation of the kinetic parameters of the reduced

biological models

A method for parameter estimation of the reduced models is developed based on the

Least Square technique. For every of the considered above combinations of plant

structures and biological models special vector of parameters to be estimated is

selected. Mathematical derivation of the equation for calculation of the selected

parameters is provided.

7.3.6 Development of a decomposition-coordinating method for solution of the optimal

control problem

The optimal control problems for the reduced mass balance models are formulated

based on the optimal control theory covered in Chapter three. The method for solution is

obtained based on the Lagrange's method and decomposition coordination approach for

time domain decomposition of the problem. Special coordinating vector is introduced in

order fully to decompose the Lagrange functional in time domain.
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7.3.7 MATLAB codes for simulations

The methods developed for simulation of the mass balance models as well as for

parameter estimation and the optimal control calculation are implemented in MAnAS

simulation environment. The software programs presented in Table 7.1 are developed for

the deliverables described above.

Main procram with calculation of the optimalcontrol
Simulation of the full and reducedmodels
Calculation of the process rates for the full model

control strategy

BASM1 Simulation
P_BASM1F

Calculationof the process rates for the reduced model
Calculationof the process rates for the reduced modelwith
estimated parameters
Partialderivatives of the Lagran ian w.r.t. the controls
Partialderivatives of the Lagrangian w.r.t. the states
Partialderivatives of the Lagrangian w.r.t, the states at the
final moment
Partialderivatives of the Lagrangian w.r.t. the Lagrange
muttipliers
Partialderivatives of the process ratesw.r.t, the controls
Partialderivatives of the process ratesw.r.t. the states
Calculation of the value of the criterion

BASM1 z rad

BASM1_lamdagrad

BASM1 criterion

The m-files shown in Table 7.1 are generic and may be implemented to solve the optimal

control problems of all the mass balance models derived on the. thesis. The Benchmark

plant with the ASM1 biological models is used in this case, as it has lot of data (on the

literature) to be used for comparison.

7.3.8 Benefits of the deliverables

The advantage of using a time changing DO set-point is that only the energy needed is

used. A constant DO creates loss because the process is supplied with what is not

required.

Using the optimal control strategy the appropriate optimal DO trajectory is calculated and

as a result the optimal DO set points can be achieved.

The error between the simulation outputs of the full and the reduced mass balance

models shows the following:
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" The mass balance principle for acquiring the plant models and the Least squares

principle for calculating parameters of the reduced models were applied properly

• These principles produces good results even for a nonlinear system like the

wastewater treatment plant

The obtained values of the parameters of the reduced models are within close

proximities of the original values. These values are not fictitious and out of range.

Finally the state trajectories based on the obtained optimal DO trajectory was calculated.

These values were within the constraints from the municipality.

The steady state results for Benchmark plant with ASM1 model are very close to the

results by the COST Benchmark Group.

7.4 Application of the results

The methods used in this project; mass balance principle. Least Squares principle.

optimal control theory and method for decomposition of the optimal control problem are

generic and can be applied to any system. These methods are good with nonlinear

systems with multiple inputs and outputs. The decomposition method makes it easier to

solve the problem on simulation programming environments faster than the sequential

global approach of solution.

The obtained DO trajectory may be sampled and tested in a SCADA system for

simulation and for a pilot or real plant implementation. The obtained results can be used

for educational and experimental purposes. at schools. universities. design institutions

and wastewater plants. The also can be used as a basis for future research in the field of

wastewater treatment control.

7.5 Future research

The next initiative is to apply the developed methods to a pilot plant. This will involve

online estimation of the parameters. It will be interesting to see how quickly the system

keeps up with the delays and disturbances on a real process.
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7.6 Publications

Kujane, K. & Tzoneva, R 2008. Investigation and Development of Methods for Optimal

Control of the Activated Sludge Process. Paper presented at the Control Systems Day

Conference, Wits University. Johannesburg, 25 June 2008.

Kuiane, K. & Tzoneva, R. 2009. Method for Simulation of the Benchmark Plant with

ASM1 and ASM3 Biological Models. International Journal of Modelling and Simulation

(submitted to journal). ..
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APPENDIX A: DEVELOPED MARAB CODE FOR OPTIMAL CONTROL OF THE

BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.1 BIO-MODEL

A.1: MATLA8 script file - BASM1_Simulation.m

% ~-F~le: BASMl Sirr-ulaticr,.m
% =========-~-==------========== M-FI~Z J~SCRIP~ION ===========================
% This ~-file is used £o~:

% SiF.,~lation of the Bencr~z~k pian~ ~sing ful: AS~l ~odel

% Calcula~io~ of ~he pa~~eLers f~r ~ne ~ed~ced ASM: ~odel
% S~E41ation of the Benc~mark plan~ using tte red~ced AS~: ~odel

clear a::":
clc

~ Clear ~Ge workspace
% Clear the co~~a~Q window

% ==========--=============== PF3~~~TE~ ~EFI~:T:GN ===--=====================
% ~ecla~ation of ~he global variables
global muH bH muA bA etag ka kh etah Ks KOH KNO IrnH KOA KX

% ~eclarat~c~ of
Kl = 95969;
DT = 0.001042;

~he gloeal variables
% ?redic~~on horizon or ~nterva: (ICC days sa~p~ed every 0.001042)

oc

products

% Cor~ec~io~ f~c~o~ for ar.cx~c

% Ar~cr:ificatio~ rate
~ Kax~~ specific hydrclysis rate
% Cor~ec~io~ faecor fo~ ar-cx~c ~ydrolysls

functior.s
% Half sa~~ra~ioa coefficie~t (~SC) fo~ hete~otrophs

% Oxyger- hsc for hete~otrcp~s

% Ki~ra~e r-sc for cer:itri=yi~g heter~trophs

% F~~hia ~sc for autctrophs
% Cxyger. ~sc for a4tot~oPLS

% Hsc fer ~ydrolysis 8= s:cwly

% Initiali.za::.io:l of the Benchma.r t: process data

VI. 1000; % Tank 1 voLume
V2 1000; % Tank 2 vo.Lume

V3 1333; % Tank 0 vcLume
V4 1333; % Tar.l( 4 vcLu-ne

VS 1333; % Tar:.k 5 voLume

QO 18446; % Inf.il;.ent. f Low rate
Qa 55338; % Errtezna.L r-ecLz cuLa t Lon rate
Qr 18446; % SJ..t:dge r ecycLed xe t e
Qw 385; % wasted s Lcdqe rate
Q QO + Qa + Qr;% Flew L~ro~gh ~he t~ks

% Coe~~cie~t for fracticr. of flow =a~es fo::- the partlc~15~e x.ate~~a:s

LAMBDA ~ (QO+Qr) / (Qr+Qw) ;

% Oxygen para~eters
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SOsat B; % Oxyqen sat~ration po.:.nt
leLa1 155; % Oxyge~ transfer f'unc't i.on i:r '::a::1:ic "leLa2 155; " Oxygen tra:l.sfer function i~ ':'a:l.K 2
leLa3 240i % Oxyqen ~ra:l.sfer funeT-ion ~ .. Tan;': 3
1eLa4 240; % Oxyge:1 tra:l.sfer func"tion :'r: 'I'a.'1k 4
leLaS 84; % Oxygen ~ransfer function --- Ta:l.k 5

IeL ; [KLal 1eLa2 leLa3 leLa4 leLa5J ; leLa ; diag(leL) ;

% ===========--==============--== ?ROC£SS ~OCEL =============================
% Calcula"tion of ~he ~~~TRIX A
% Hatrix A represent we~ghting :ac~~rs of the acc~~~la~ed state va=iables
% f~om dif=erent flows towards state va~iables i~ eac~ ~ank as de=ived
% thro~gh ~ass bala~ce prins~p:es, see chapLe~ 3 0= t~e ~hesis

IVl DTt VI; IVI1 IVl * Q; All 1 - IVll;
IV2 DTt V2i IV22 IV2 * Qi A22 1 - IV22i
IV3 DT/ V3 i IV33 IV3 * Q t A33 1 - IV33;
IV4 DT/ V4; IV44 IV4 * Q; A44 1 - IV44;
!VS DT/ V5; lV55 lV5 * Q; AS5 1 - lV55;

A1Sa = IV1 * {Qa + Qr}; % S81uble ~ater~als recycled f=orr. ~a~k 5
AlSb = IV1 * (Qa + LAMBDA*Qr);% Par~iculate caterials recycled =~o~ la~~ 5
A21 IV22; A32 = TV33; A43 IV44i A54 = IV55i

AU
A22
A33
A44
AS5

AU * ones{1,13}; AU diag(Al1) ;
A22 * ones{1,13); A22 diag(A22) ;
A33 * ones(l,13) ; A33 diag(A33) ;
A44 * ones (l, 13) ; A44 diag(A44) ;
AS5 * ones (I .1.3) ; A55 diag(A55) ;

A15 [A1Sa.AIsa,AlSb,A1Sb,AI5b,AISb,AlSb,AlSa,Alsa,AI5a,AISa,AlSb,AI5a];
AIS diag{A1S};
A21 A21 * ones{I,13}i A21 diag(A2I);
A32 A32 * ones(1,13}i A32 diag(A32);
A43 A43 * ones(1,13); A43 diag(A43}i
A54 AS4 * ones(1,13); AS4 diag(AS4);

AID zeros{I3,13}; A20 = zeros{l3,26); A30 = zeros(13,39);

A [All A30 A1S;A:21 A22 A30; AID A32 A33 A20;A20 A43 A44 AIO;A30 AS4 ASS];

~ Calculation of the ~k~TRIX 3
% Mat~ix B represent weigh~l~g fac~ors of the state variables towards ~he

% iLf~uent wastewate= corr.pos~~io~ as de~ived throGgr- illass balance
% prir-ciples, see c~apter 3 0= ~he T~esi3

!VO DT / V1*QO;
BII = Iva * ones{I,13}; Bll = diag(BIl};

B [Bll;zeros(S2,13)];

% Formulatio2 Jf ~he t~~~RlX C
% ~atrix C represent weighting fac~ors cf tGe sta~e variables towards ~~~

% p~ocesses O~ the ASMl matrix table
c1 -(1/YH);
cz {-(l-YH»/(YH);
c3 - (iXB/14) ;
c4 {-(1-YH»/{2.B6*YH);
C5 «1-YH)/(14*2_B6*YH»-{iXB/14);
cs (-4. 57/YA) +1;

c7 (l/YA) ;
CB -iXB-(l/YA);
c9 -(iXB/14)-(1/(7*YA»;
elO 1 - fP;
c11 = iXB-(fP*iXP);

cc = [[0 cf, 0 0 laO c2 0 -iXB 0 0 c3 1;
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c

%

[0 eI 0 0 1 0 0 0 e4 -iXB 0 0 c5 J s
[0 0 0 0 0 1 0 c6 c7 c8 0 0 c9 1 ;
[0 0 0 cIO -1 0 fp 0 0 0 0 ell 0 ] ;

[0 0 0 cIO 0 -1 fP 0 0 0 0 ell 0 1 ;
[0 0 0 0 0 0 0 0 0 1 -1 0 1/14] ;
[0 1 0 -1 0 0 0 0 0 0 0 0 0 ] ;

[0 0 0 0 0 0 0 0 0 0 1 -1 0 ]];

DT*[CC zeros (8,52) ; zeros(S,l3} ee zeros(8,39) ;
zeros (8,26) ee zeros(B,26} j eeroate i as) ee zeros{S,13);
zeros (8,52) cci ;

S!:";:U~D;.TI01:;: SA':::'A ==============

xsi*oneS(l,KI);
SOi*ones(I,Kl)i
XNDi*ones(I,Kl);

XKD SALK;
XIi*ones(l,Kl);
XPi*ones(1,KI}i
SNDi*ones(l,Kl);

% Average va~ues of the ir-flow cc~ce~~ratlo~S based on ~~e a=v weather f~le

Sri = 30.0; SSi = 69.5; XIi'~ 51.2; xSi = 202.32; XBHi = 28.17; XBAi = 0.0;
xpi = 0.0; SOi = 0; SNOi = 0.0; SNHi = 31.56; SNDi = 6.95; XNDi = 10.59;
SALKi = 7.0;
% 51 SS XI XS X3~ XBA X? so SN0 SKH SKD
xi = [SIi*ones(l,Kl}i sSi*ones{l,Kl);

XBHi*ones(I,KI)i XBAi*ones(l,Kl) i

SNOi*ones(l,Kl)i SNHi*ones(l,Kl};
sALKi*ones(l,Kl}] i

% Values at the initial conditio~s

% Fer tank 1
SI_1 30; 88_1 = 2.8082; XI_l = 1149.1252;
X8_1 82.1349; XBH_1 = 2551.7658; XBA_1 = 148.3894;
XP_l 448.8519; 80_1 = 0.0042984; 8NO 1 = 5.3699;
SNH_l 7.9~79; SND_1 = 1.2166; XND_I = 5.2849;
SALK 1 4.9277;
x10 =< [SI_l; 88_1; XI_I; XS_I; XBH_1; XBA_l; XP_1; S0_I; SNO_l; SNH_l;

SND_l; XND_l; 8ALK_1 ]*0.5;

% Fez- tank 2
81_2 30; 88_2 = 1.4588; XI_2 = 1149.1252;
XS_2 76.3862; XBH_2 = 2553.3851; XBA 2 = 148.3091;
XP_2 449.5227; 80_2 = 6.3132e-05; SNO_2 = 3.662;
SNH_2 8.3444; SND_2 = 0.88206; XND_2 = 5.0291;
SALK 2 5.0802;
Jt20 = [8I_2; 88_2; XI_2; XS_2; XBH_2; XBA_2; XP_2; 80_2; SNO_2; 8NH_2;

SND_2; XND_2; 8ALK_2 ]*0.5;

t Fez- tank 3
S1_3 30; 83_3 = 1.1495; XI_3 = 1149.1252;
X8 3 64.8549; XBH_3 = 2557.1314; XBA 3 = 148.9413;
XP_3 450.4183; 8o_3 = 1.7184; 8NO_3 = 6.5409;
SNH_3 5.5479; 8ND_3 =< 0.82889; XND_3 = 4.3924;
SALK 3 4.6748;
X30 =< [8I_3; 88_3; XI_3; X8_3; XBH_3; XBA_3; XP_3; 80_3; SNO_3; SNH_3;

8ND_3; XND_3; SALK_3 ]*0.5;

% For t.ank 4
8I_4 30; 55_4 = 0.99532; XI_4 = 1149.1252;
XS_4 55.694; XBH_4 = 2559.1826; XBA_4 = 149.5271;
XP_4 451.3147; 80_4 = 2.4289; 8NO_4 = 9.299;
SNH_4 2.9674; SND_4 = 0.76679; XND_4 =< 3.879;
SALK_4 4.2935;
x40 = [8I_4; 8S_4; XI_4; XS_4; XBH_4; XBA_4; XP_4; 80_4; SNO_4; SN'"d_4;

SND_4; XND_4; SALK_4 ]*0.5;

% Fe:=:­
8I_5
XS5
XP_5
SNH_5
SALK 5

t.ank 5
30; 83_5 =< 0.88949; XI_5 = 1149.1252;
49.3056; XBH 5 = 2559.3436; XBA_5 = 149.7971;
452.2~~1; SO 5 = 0.49094; SNO_5 = 10.4152;
1.7333; 8ND_S =< 0.68828; XND_5 3.5272;
4.1256;
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Ixjc ra , 1) ,xl< (21, 1) ,xl< (34,1) rxk (4 7,1) ,xk (GO, 1) j r
DT*KLa*(SOsat-so~~;

xSO [SI_S; S8_5; XI_Sf XS_5; XBH_5; XBA_5; XP_5; 50_5; SNO_5; SNH_S;
SND_S; XND_S; SALK_S ]·0.5;

xO [xlO;x20;x30;x40;X50];
x [xO zeros {55, Kl.}1;

% Steady stat~ simulation of the ~odel

for k ::: l.:Kl.
xk x{:,k);
xik xi{:,k};
Pk P_BASM1F(xk}i % Calc~lation of tee process r~tes

SOk
xxk
xx1k

[zeros (7, 1) r xxk (1) ; zeros (12, 1) r xxk (2) ; zeros (12, 1) ;xxk (3) ; zeros (12,1) ;xxk (4) t zeros (12, 1)
;xxk{S);zeros(S,l)];

x(:,k+l} :, A·x(:,k) + C'·Pk + B·xi(:,k} + xx1k;
end

% Fu:~ Eode~ response to the s~eady s~ate ir.=l~en~ co~cen~ratior-s

% 'I'ank 1
figure(l}
subplot(5,~,1);plot(x(1,:»;title('SIl'}
subplot(S,3,2),plot(x(2, ,»,title('SSl')
subplot(S, 3,3) ;plot (x(3, e ] ;title ('XII')
subplot(5,3,4}iplot(x(4, :»ititle('XSl')
subplot (5,3.5) ;plot (xt s , e) ) r t Lt.Le ('XEHI')
subplot(S, 3, 6) sp Lo t; (x te , r ) r t Lt.Le ('X3Al')
subplot(S,3,7);plot(x(7,:»;title('XPI')
subplot(S,3,8),plot(x(8,,),title('SCl')
subplot(S,3,9)iplot(x(9,:});title('SKOI')
subplot(S,3,10);plot(x(10,:»;title('S~Hl')

subplot{S,3,11);plot(x(11,:»;title('SN~1')

xlabel('discre~e ~irr_e k')
subplot(S,3,12);plot{x(12,:)};title('XNDl')
xlabel('discrete tiree k')
subplot(S,3,13);plot{x{13,:});title{'SA~KI')

xlabel{'discrete time k')
set {figure (1) , '~arroe', 'Tar.k 1 steady state ~es~:~s', '~~~ertltle','off')

% 'Iank 2
figure (2)
subplot{5,3,1);plot(x(14,:)} ;title('SI2')
subplot(S,3,2};plot{x(l.S,:» ;title('SS2'}
subplot (S. 3.3) rp.Lot; (x(16. ;) ) st.LtLe ('XI2')
subplot{S,3,4)iplot(x(17,:)};title{'XSZ')
subplot(S,3,S),plot(x(18,,» ,title('X3H2')
subplot{S,3,6);plot{x{19,:»ititle('XBF2')
subplot(S,3,7);plot(x(20,:)};title{'XP2')
subplot(S,3,8)iplot(x(21,:» ;title{'SCZ')
subplot(S,3,9)iplot(x(22,:» ;title{'SKOZ')
subplot(S,3,10};plot(x{23,:»;title('SKH2')
subplot{S,3,11)iplot(X{24,:}) ;title('SK~2')

xlabelC"discrete time k J
)

subplot{S,3,12);plot{x{2S,:})ititle{'X~~2'}

x2abel{'discrete ~~e k ')
subplot(S,3,13);plot{X(25,:»;title('SA:U~21)

xlabel{'discreLe :irr_e k')
set {figure (2) ,J~~e', 'Tank 2 s~eady state ~es~:ts', 'n~~ertitle','off')

% Tank 3
figure (3)
subplot(S,3,1),plot[x(27,,»,title('SI3')
subplot{S,3,2);plot(x(28,:» ;title{'SS3')
subplot{5,3~3)iplot(x(29,:» ;title('XI3')
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subplot(s,3,4);plot(x(30,,» ;title('XS3')
subplot(5,3,S) ;plot(xC31,:» r t.Lt.Le I 'XBH3')
subplot(s,3,6);plot(x(32,,» ;title('X3A3')
subplot{5,3,7}iplot(x(33,:» ;Citle('XP3')
subplot{S,3,8);plot(x(34,:» ;title("S03 ')
subplot(S,3,9);plot(x(35,:»;title('SK03')
subplot{S,3,lO};plot(x(36,:)};title('SNH3'}
subplot(5/3/11);plot{x(37,:»;title{'SN~3')

xlabel{'discre~e tiree k')
subplot(S,3,12};plot{x(38,:) );title('XN~3')

xlabel( "dd acr-at.e t.Lme k')
subplot(S,3,13)iplot(x(39,:»;title{'8ALK3')
xlabel('discr~~e time k')
set (figure (3) , 'name', 'Tar.t ~.s~eacy s~ate ~esu~ts', '~lli~ertitle', '0==')

% Tank ~

figure (4)
subplot{S,3,l)iplot{x{40,:»;title('SI4')
subplot(S,3,2};plot{x(41,:» ;title('SS4")
subplot (5, 3,3) rpLot; (x(42, ,» ;title ('XI")
subplot(5,3,4}jplot{x(43,:» jtitle('XS~'}

subplot{S,3,S)iplot(x{44,:}) ;title"X5H~')

subplot(5,3,6}iPlot(x(45, :}} ititle{'X3A4'}
subplot (S,), 7) s p Lot; (x(46, :) ) r t.Lt.Le ( 'XP~ t)
subplot (5, 3, 8) rp Lot; (x(47, d) r t Lt.Le (' SO~')
subplot(s,3,9);plot(x(48,,» ,title('S~O<')

subplot(5,3,10)iplot(x(49,:}}ititle('SNH4 ')
subplot(S,3,11)iplot{x(50, :»;title{'SN~4')
x1abel('discre~e ~iffie k')
subplot(s,3,12) ,plot(x(sl,,»;title('Xi'J")
xlabel('discrete tiree k")
subplot(5,3,13);plot{x(52, :»;title(tS~~K4')i
xlabel('d~scre~e time k')
set(figure(4),':1ame','Tar.k 4 steady state resl;lts',';:;J:nbertitle','c-::')

% 'rank 5
figure{S)
subplot (5,3,1) ;plot (x{S3, :) ) ;title { 'SI5 '}
subplot (5,3, 2) rpLot; (x(S4, :> ) ititle ( 'SSS')
subplot {5,3,3) sp Lot; (x(SS, :) ) r t Lt.Le ( •XIS')
subplot(5,3.4)iplot{x{56,:)} ititle{'X55'}
subplot(5,3,5)iplot(x(57,:» ititle('XSHS')
subplot{5,3,6)iplot(x{S8.:» ;title('X3A5')
subplot(5,3,7);plot(x(59,:» ;title('XPS'}
subplot(5,3,S);plot(x(60,:» ;title{'S05')
subplot(S,3,9)iPlot{x(61,:»;title('SK05')
subplot(S,3,10)iPlot(X(62,:»;title('SKHS')
subplot(5,3,11);plot(x(63, :»;title{ISK~5t)
xlabel('discrete t.Lme k ")
subplot(5,3,l2);plot(X{64,:»;title{'X~S5')

x~abe~{'d~screte ~iffie k ')
subP~ot{5,3,13)iPlot(x{65,:»;title{fS~K5')i

xlabel{'~scre~e ~irr,e k")
set {figure (5) ,'~a~el ,'Tank 5 s~eady s~a~e ~esu:tsl ,'~~T~ertitle', 'o=~')

% Data for dynem.i.c sirr:ulat.io:ls
K = 13436; % Prediction Lo~~zon for ayn~~c s~s~la~~o~s ;l4 d~ys sa~p~ed C.CCI042)
DT = 0.001042;

% Dyn~cs of the inflow cOLce~tra~io~s !or d~y wea~~er file
load dry~txt

t =- 1344;
sri = dry(l:t,7) I; SSi =- dry(1:t.,2)'j XIi::: dry(l:t,S}I; XSi::: dry(1.:t,4}'i
XBHi =- dry(1:t,3)'j XBAi =- xBAi*zeros(l,t); xpi = xpi*zeros{I,t)i
SOi = SOi*zeros(l,t); SNOi = SNOi*zeros{l,t); SNHi = dry{1:t,6} I;
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SNDi = dry{1:t,8) "; XNDi = dry{1:t,9)1; SALKi

t1 = [c!ry(,,1) "l s t2 = [0,0.001042,14];

SALKiT ones(l,t);

SIi ~ spline{tl,SIi,t2); SSi = spline{tl,SSi,t2);
xgi ~ spline{t1,xsi,t2); XBHi = spline(tl,XBHi,t2);
xpi ~ spline (tl,xpi,t2) ; soi ~ spline{tl,SOi,t2);
SNHi = sp~ine(t1,SNHi,t2); SNDi = spline(tl,SNDi,t2);
SALKi = spline (tl,SALKi, t2) ;

XIi = spline(t1,XIi,t2) i

xBAi spline(tl,XBAi,t2};
SNOi spline(tl,SNOi,t2)i
XNDi spline{tl,XNDi,t2) i

Ixk ta , 1) ;xk(21, 1) ;xk (34, 1) ; xk (47,1) ;xk (60,1) J ;
DT*KLa*(SOsat-SOk);

xi = [SIi;SSi;XIi;XSiiXBHi;xBAiiXPiiSOi;SNOiiSNHiiSNDiiXNDiiSALKili
X = txt s , (Kl+l)} zeros(65,K)];

% D}~affiic sL~~lation of t~e.full ~odel

for k = l:K
xk x(:,k};
xik x.i{;,k)i
Pk P_ BASM1F (xk) r

SQk
xxk
xxak

[zeros (7, I) r xxk (I) i zeros (12, I) r xxk {2} i zeros (12, I) r xxk (3) ; zeros (12,1) ;xxk (4) ; zeros (12, I)
;xxk(S)izeros{S,l)li

x(:,k+l) =:: A*x(:,k) + C'*Pk + B*xi(:,k) + xxl.k s
end

~ Full model response to t~e dy~a~ic influeht co~ce:.:ra~lons

% Tank I
figure (6)
subplot(S,3,1)iplot(x(l,:»ititle(fSIl'}
subplot(S,3,2)iplot(x(2,:»ititle('SSI'}
subplot{S,3,3) iplot(x(3,:)} s t.Lt.Le ('XII')
subplot (5,3,4) ;plot (x(4, :)} ; title ('XSI')
subplot(S,3,5);plot(x(S, :» ;title('X3Hlf)
subplot(5,3,6);plot(x'6,:»;title(fXa~l'}

subplot (5, 3, 7) ;plot (x(7, e } t title ('XP1')
subplot(5,3,8};plot(x(8,:}};title(TSOl'}
subplot(S,3,9};plot(x(9,:»;title('SKOl'}
subplot(5,3,~0);plot(x(10,,»);tit~e('S~Hl')

subplot{5,3,11};plot(x(11,:J);title('SNOl'J
xlabel(fdiscrete ti~e k f )
subplot(5,3,12);plot(x(12, ,»;title('XNJ1')
~abel{'discre~e time k')
subplot{5,3,13)iplot{x{13,:)};title('S~Klf}

x1abel{'d~scrE~e ~ime k')
set (figure(6) , '~a~el, 'Tar.k I d}~~c results', 'n~~er~i~le','of~')

% Tank 2
figure (7)
subplot(S,3,1};plot(x(14,:» ;title{TSI2')
subplot(5,3,2);plot(x(15,,») ;title('SSZ')
subplot(S,3,3}iplot{x(16,:)} ititle{IXI2 1

}

subplot(5,3,4);plot(x(17,,» ;title('XSZ')
subplot(5,3,S);plot(x(la"jj ;title('X3H2')
subplot(5,3,6)iplot(x(19,:» ;title(IXBA2')
subplot(S,3,7)iplot(x(20,:)} ititle('XP2')
subplot(S,3,8);plot(x(21,:}} ;title('S02'}
subplot(5,3,9)iplot{x(22,:» ititle('SN02')
subplot(S,3,10)iplot(x(23,:»;title('SKH2'}
subplot(5,3.11};plot(X{24.:»;title('SK~2'}

xlabel('discre~e tLme k')
subplot(5,3,12)iplot(x(25,:});title('XK~2'}

xlabel('discre~e ~ime k"}
subplot(5,3,13);plot(x(26,,)) ;tit1e('SF~~Z')

xlabel { •o t.ecre-;e -c.ime }:1 )

183



set{figure(7), t~~e', 'Tar.k 2 d}~a~ic results', 'r-~~er~itle', 'off')

% Tank 3
figure(S}
subplot(S,3,1};plot(x(27,:}}ititle('SI3')
subplot (5,3, 2) sp.Lct; (x(28, r } r t.Lt.Le (' 5S3')
subplot (5, 3, 3) sp.Lot; (x(29, :}) ;title( 'XI3'}
subplot(S,3,4)iPlot{x(30,:}) ;title('XS3 1

)

subp1ot(S.3.S);p1ot(x(31,,» ;tit1e('X3H3')
subplot(5,3,6);plot(x(32,:» ititle('Y3A3')
subp1ot(S,3,7) ;p1ot(x(33,,» ;title('XP3')
subplot(S,3,S)iplot(x(34,:» ;title('S03 1

)

subplot(5,3,9);plot{x{35,:» ;title('S~03')

subplot{S,3,10);plot(x(36,:»ititle('S~H3')

subplot(S,3,11);plot{X(37,:;f;title('SKJ3')
xlabel('discre~e ~irr.e k')
subplot(5,3,12);plot{x(3B,:»ititle('XK~3')

xlabel('disc~ete ~i~e k')
subplot(5,3,13);plot{x(39, :»;title(ISALK3')
x.LabeL ( •di.screte t.Lme k ")
set (figure (B) , 'name', 'Tack 3 d~~a~c results', '4~~er~itle','of=')

% 'Iarik 4
l'igure(9)
subplot (5,3,1) ipl.ot (x(40, :) ) s t.Lt.Le t ' SI~ ')
subplot (5,3,2) r p Lot; (x(41, :) ) ;title (' SS';')
subplot(S,3,3)iplot(x(42,:» ;title('XI4')
subplot{5,3,4)iplot(x(43,:» ititle('XS~')

subplot{5,3,5)iplot(x{44,:»;title('X3H4')
subplot (S, 3, 6) sp Lo t; (x{45, :» ititle ( 'X3A4 ')
subplot{S,3,7)iplot(x(46,:» ititle('XP4')
subplot{S,3,8)iplot(x(47,:) )ititle('S04')
subplot{S,3,9)iplot{x{48,:)} ititle('SN04'}
subplot{S,3,10} iplot{x(49,:}} ititle{'SNH4')
Subplot(S,3,11};plot(x(50,:});title{IS~D4'}

xlabel ('d~scre~e t.i.me k')
Subpl.ot(5,3,12);plot(X(Sl,:}}ititle(IXl~D4')

xlabel('discrete tiree k')
subplot(S,3,13);plot(x(S2,:}};title('Sp~K4')i

xlabel('discrete ~irr.e k')
set (figure (9) , 'narr~', 'Tank ~ dynamic results','r.~~ber:i~le','off')

% ':'ank 5
figure (10)
subplot(S,3,1)iplot{x(53,:» ;title('SIS')
subplot{5,3,2)iplot(x(S4,:}) ititle{'SSS')
subplot(S,3,3)iplot{x{5S,:» ititle('XIS'}
subp1ot(S,3,4);p1ot(x(56.,) ;tit1e('XSS')
subplot(S,3,5}iplotex(S7,:)} ititle('X3HS')
subplot(S,3,6)iplot(x(58,:}) ititle('XSAS')
subplot(S,3,7)iplot(x(59,:}) ititle('XPS'}
subplot(5,3,8)iplot(x(60,:}) ititle('SOS')
Subplot(5,3,9};plot(Xe61,:»ititleC'SNOS')
subplot(S,3,10);plot(x{62,:»ititle('SRH5')
subplot(S,3,11} iplot{x(63,:»ititle('SKDS'}
xlabel('discreLe time k'}
subplotl5,3,22};plot{x(64,:»;title('x}1~5')

xlabel{'discrete ~lrr:e k'}
Subplot(S,3,13)iplot{x{6S,:»ititle(ISF~KS');

X2abel('~iscre~e time k'}
set{figure(10), 'naff~','':'ank 5 dyna~ic results', '~~~bertl:le','o=~')

% REDCCZ~ ~O~E~ =O~~~LA~:8~ =======================
% Form t~e vector of the states (~) for the red~ced 3~del. ba~ed or. ~~e

% ~~41 biological mode~

% SS, S~~~, S~Hi
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z L [x(2,:) ; x{9,:}; x(lO,:}]; % 2 3
z2 [x(15, :} ; x(22,:); x{23, :)]; % 5 6
z3 [x(28. ,J ; x(35,:)j x(36,:)] ; % 8 9
z4 [x(41,:} ; X(48.:); x(49.,)]; %10 11 :2
zS [x(S4." ; x(Gl,:) i x{62,:}]; %13 1~ 15
z [zl;z2;Z3;z4;zS];

% Forrr~~io2 of the vec~o~ cf t~e co~trol v~~~ab~es (~~ Co~centrar~cr-)

ul xes,:};
u2 x(21,.:};
u3 x(34,:);
u4 x(47,,);
us x(GO ,:};

U CUll u2; u3; u4; US]; ~~

% Cyna~~c values of the inflow conce~tratio~s ~or dry weathe~

zi = [xi(2,:); xie9,:}; xiCIO, :)] i

% Steady state values for the bio~ass XBH, ZEA, XS
XBH ~ [2551.76~ones(1,K+l); 2553.38*ones{1,K+l}; 2557.13*ones(1,K+l);

2559.18*ones(1,K+l); 2559.34*ones(1,K+I}];
XBA [14B.389*ones{l,K+l)i 14B.309*ones(1,K+l); 148.941*ones(l,K+l);

149.527*ones(1,K+l); 149.797*ones(1,K+I}];
XS ~ [82~135*ones{1,K+l); 76.386*ones{1,K+l); 64.85S*ones(1,K+l);

55.694*ones{I,K+I); 49.306*ones{1,K+l)];

% P.ATRIX A for the reduced ~odel ,lU:Z)

IVI 0'£/ VI; rvi i IVI • Q; Allr 1 - IVll;
IV2 DT/ V2; IV22 IV2 • Q; A22r 1 - IV22;
IV3 ~ DT/ V3; IV33 IV3 * Q; A33r 1 - IV33 ;
IV4 DT/ V4; IV44 IV4 * Q; A44r 1 - IV44;
IVS 0'£/ V5; IV55 IVS * Q; A55r 1 - IVSS;

A1Sr
A21r

IVI * (Qa + Qr);
IV22; A32r,.. IV33; A43r "" IV44; A54r IVS5;

A11r
A22r
A33r
A44r
A55r

AISr
AI5r

A21r
A32r
A43r
A54.r

Allr * ones{I,3); Allr
A22r * ones (I,3) ; A22r
A33r * ones{l,3}; A33r
A44r * ones{1,3); A44r
A55r * ones (!,3) ; A55r

[AlSr, AISr, ~5r];

diag (AlSr) ;

A21r * ones (I, 3); AZlr
A32r * ones(1,3); A32r
A43r * ones (1,3) ; A43r
A54r * ones{1,3); A54r

diag (Allr) ;
diag (A22r) ;
diag(A33r);
diag(A44r) ;
diag(A55r) ;

diag{A2lr);
diag{A32r);
diag (A43r) ;
diag (AS4r) ;

A20r zeros(3,3); A20r = zeros(3,6); AJOr = zeros{3,9);
AR,.. [Allr AJOr AlSr;A21r A22r A30r;AI0r A32r A33r A20r;A20r A43r A44r AIOr;A30r A54r

ASSrJ;

% r~TRIX B for ~he reduced Eodel(BRJ
Iva,.. DT / VI*QO;
f ,.. 1.2;
BIlr = [IVO IVO*f-rvO];
BIlr = diag(Bllr}i
BR,.. [BIlr; zeros{12,3)];

% lfhTRIX C for the redu~ed ffiodel {CFj
cl - <I/YH) ;
c2 -11-YH)/(2.86*YH);
c3 (l/YA) ;

c4 -iXB-(l/YA),
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CCR [eel 0
[el c2
[0 e3
[1 0

-iKB ]i
-iXB i .
c4 ]i

o II ;

..

CR = DT*[[CCR zeros{4,12)]; [zeros{4.3) CCR zeros(4,9)] ; (DT/V3) * [zeros(4,6) CCR
zeros (4, 6)];

[zeros(4,9} CCR zerosC4,3}1; [zeros{4,121 CCRj];

% Pararreter estL~ation

for k = l:K
zk: z(,.k);
uk=u(:,k};

XBHk XBH("kl;
XBAk XBA(, ,kl;
XSk XS("k);
zik zi ( :: , k) ;

Pk = P_BASMIR{zk,uk,XBHk,XBAk,XSk};
FIk = CR' *Pki
Y(:,k) = z(::,k+l)-AR*z(:,k)-BR*zi{:,k);
t.het.a t , ,k} = (Flk' *Flk} .... (-1) *Flk ' *y (:: ,k) ;

end

muHE(l, d
muAE(l. d
KhE (l,,j

theta(l,,j ;
theta(2,:) ;
theta{3,:) ;

% Qynamic siw~lation of t~e red~ced model wit~ t~e es~ima~ed pa~a~eters

zE::: [z(I,1);z(2,I);z(3,1);z(4,l)iZ(S,l);z{6,1};z(7,1);z(S,1);z(9,1);z(10,l); z(11,1);
z(12,1);z{13,1}i z{14,I)i z(15,l)];
ERR ~ Z(:,I)-ZEi

% 0Y4ar~c si~ula~ion of the red~ced m~del wit~ t~e es:i~a~ed pa=a~eters

for k = l:K
zEk =- zE{:.,k};
uk = u(:,k};

zik =- zi { :, k} ;

XBHk = XBH(, ,k);
XBAk = XBA(, .k);
XSk = XS("k);

muHEk
muAEk
KhEk

muHE(: ,k);

muAE(:,k) ;
KhE(, ,k);

Pk =- P BASMlRE(zEk,uk,XBHk,XBAk,XSk,muHEk,muAEk,KhEk);
ZE(:,k~l) = AR*zE{:,k) + CR'*Pk + BR*zi(:,k);
ERR{:,k+l}=z{:,k+l)-zE{:,k+l};

end

% Vector of process full, estL~a~ed a~d er=o= variab:ss SNH, SNO,SS. ~a~k 1
SSl=z (1, :) ;SNOl=z (2, :) ;SNHl=z (3, :);

SSlE=zE{l.,:} jSN01E=-zE{2,:l iSNH1E=zE{3,:) j
ERRSSl=ERR(l, ,);ERRSN01=ERR(Z.,);mL~NH1=ERR(3,,);
% Calc~lat~on of the weighted errors fo= tankl
eSS1=(ERRSSl*ERRSS1')/{SSl.*SSl'};
eSN01=(ERRSNOl*ERRSNOl')/(SN01*SN01');
eSNHl=(ERRSNHl.*ERRSNH1')/(SNHl*S~Hl');

% Vecto~ of process full, es~i~a~ed and e~rc= var~~b~es S~2, S~OfSEi ~a~k ~

SS2=z (4, :) ;SN02=z (5, :) ; SNH2=z (6, :);
SSZR=ZE(4, e) ;SNOZR=zE(S. oJ ;SNHZE=zR(6. d;
ERRSSZ=ERR(4, ,J;E-~OZ=ERR(S"J;ERRSNHZ=ERR(6"J;
% Calcu~atio~ of the weighted e~rors for ta~k ~

eSSZ=(ERRSSZ*ERRSSZ'l!(SSZ*SSZ'J;
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eSN02:(ERRSN02*ERRSN02')!(SN02*SN02 ' ) i

eSNH2:(ERRSNH2*ERRSNH2'}!(SNH2*SNH2 ');

% Vector 0= process fUll, esti~ated and error variables SNH, SKO,SS, ~a~k 3
SS3:z (7, t } iSN03:z{8, :) iSNH3:z (9, :) ;
SS3E=zE(7.,j ;SN03E=zE(B.,j ;SNH3E=zE(9.,j;
ERRSS3=ERR(7, ,);ERRSN03=ERR(B,,);ERRSNH3=ERR(9,,);
% Calculatio~ of the weighted errors for tank 3
eSS3~(ERRSS3*ERRSS3')/(SS3*SS3');

eSN03=(ERRSN03*ERRSN03')/(SN03*SN03 ' ) i

eSNH3=(ERRSNH3*ERRSNH3')/(SNH3*SNH3');

% Vector 0= process full, es~i~a~ed a~d erro= variab~es SS, S~O,S~E, 7a~k 4
SS4:z (10, e ] iSN04:z (11, :) iSNH4:z (12, :) i

SS4E~zE(10,:) iSN04E:ZE(11,:);SNH4R:ZE(12,:) i

ERRSS4=ERR(lO.,);ERRSN04=ERR(11,,);ERRSNH4=ERR(12,,);
% Calcu:a~io~ of ~he we~gr-ted errors for tar.k 4
eSS4~(ERRSS4*~S4'}/(SS4*SS4'}i

eSN04:(ERRSN04*ERRSN04'}/(SN04*SN04');
eSNH4:{ERRSNH4*ERRSNH4'}!(SNH4*SNH4')i

% Vector 0= process fu12, esti~~~eQ and er~c~ variables SS, SNO,S~H, ~ank 5
SS5:z(l3,:) ;SN05=z{14,:} ;SNH5:Z(15,:) i

SS5E~zE(13~:) ;SNOSE:zE{14~:) iSNHSE:zE(lS.:} i

ERRSS5=ERR(13,,);ERRSN05=ERR(14,,);ERRSNH5=ERR(lS.,);
% Calculation of the weighted errors for tar.k 5
eSS5~(ERRSS5*ERRSS5f}/(SS5*SS5'};

eSN05={ERRSNOS*ERRSNOSt}/(SNOS*SN05 ' ) i

eSNH5:{ERRSNHS*ERRSNHS')/{SNHS*SNH5')i

k : l:Ki
% G=aphs 0= ~he eSLiEated para~e~ers

figure(ll)
subplot{3,l,1);plot(k,muHE, 'k')ititle{'Est~IT.atej~c~') iylabel('c~EE');

subplot(3,1,2);plot{k,muAE, '~')ititle("Esticated~~I)iylabel{'~LU£')i
subplot(3,l,3);plot(k,KhE~"k');title('Estirr~tedKt');ylabel('KbE')i
set(figure{11), '~ame', "Est~~at€d para~eters','c~~ertitle','off ')
xlabel(ldiscre~e ~ime k')

k : 1:K+1;
% Graphs of the reduced rrode: resp~nse to t~e d~a~c i~fluent

% co~cec~rations

% Tank 1
figure{12)
subplot(3,2,1} iPl.ot{k~SSl)i hold OOliplot(k,SSlE. 'k-. ') r y LabeLt 'SSl,S3!.S') i

legend{'SSl', 'SSlE');subplot{3,2,2}i plot(k,ERRSS1, 'r-') ;ylabel{'ERRSS~');

subplot(3,2,3)iplot(k,SN01)i hold o~iPlot{k,SNOlE.lk-.")i
legend('SN01', 'SNOlE'};
ylabel{'SNOl,SNOlE');subplot{3,2,4); plot (k,ERRSNOl, 'k')iylabelC'ERRSNa:');

subplot(3,2,S)iplot{k,SNHl}i hold o~iplot(k,SNHlE,'k-.'~i

legend('S~~~','SNHlE'}i

ylabel ( ~ SN"e:!.-, S~~nlE.') r x.LabeL (' discrete time k I)

subplot(3~2,6)i plot (k, ERRSNHl, ~k'};ylabel('ERRS~:');
xlabel{'discre~e ~irr.e k'}
set(figure(12), 'n~_e'. 'Tank: Process variables a~d es~L~ation

error','nu~ertitle',1 0 =£ ' )

% Tank 2
figure (13)
subplot{3~2,1)iplot(k~SS2);hold o~iplot(k,SS2E,'~-,,')iylabel('SS:,SS2~'}i

legend{*SS2', 'SS2E*} isubplot{3,2,2}; plot {k,ERRSS2, 'k')iylabel{'ERRSSZ')i

subplot(3~2,3);plot{k~SN02)ihold on;plot{k,SN02E. ·~-.·}i

legend ( 'SN02 f , I SK02E ' ) i

187



ylabel('SN02,S~C23');

subplot(3,2,4); plot (k, ERRSN02, 'k'};ylabel('ERRS~a2');

subplot{3,2,5);plot(k,SNH2); hold o~;plot(k,SNH2E,'k-.'};
legend('SNH2','SKH2E 1

) ;

ylabel('SNS2,SKg2S');xlabel('discre~e tlme k'}
subplot(3,2,6); plot {k, ERRSNH2, 'k');ylabel('ERRSN32');
xlabel('discre~e time k')
set(figure(13). 'n~e','Tar.k 2 ?rocess variables a~d es~imatlon

e~ro~', '~~<ber~i~le','off'}

~ Tank 3
figure (14)
subplot{3,2,1);plot(k.SS3); hold o~;plot(k,SS3E,'k-.');ylabel('SS3,SS33');
legend('SS3', 'SS3E');subplot(3,2,2}; plot (k,ERRSS3. 1~1};ylabel('ERR2S3')i

subplot(3.2,3):plot(k,SN03) ;hold o~:plot(k,SN03E.'k-. '):
legend('S~a3','S~03E');

ylabel{'SN03,SN03S');subplot(3,2,4); plot (k,ERRSN03, 1~'):ylabel{'E~~S~03'):

subplot(3,2,5);plot(k,SNH3) i hold oniplot(k,SNH3E, 'k-. '):
legend('SNH3', 'S~H3E');

ylabel('S~E3.SNH3&'):xlabel(·d~scre~e~i~e k')
subplot(3,2,6): plot (k,ERRSNH3, 'k'}:
ylabel('ERRS~~3'):xlabel('d~scre~e~L~e k')
set(figure(14), 'naree','TaEk 3 ?rccess variab:es ar.d es~i~atlon

er=or', '~~~er~itler,roff')

% Tank 4
figure (IS)
subplot(3,2,1);plot(k,SS4): hold o~:plot(k,SS4E,tk_~') ;ylabel('SS~,SS4S');

legend('SS4', 'SS4E'):subplot(3,2,2); plot {k,ERRSS4, 'h') :ylabel('ERRSS4');

subplot(3,2,3);plot(k,SN04); hold ~~;plot(k,SN04E,'k-. I
) ;

ylabel(lSNa4,S~04~1);legend('SN04', 'SK04E'):
subplot(3,2,4)i plot (k,ERRSN04, 'k'):ylabel('ERRS~04'};

subplot{3,2,5);plot{k,SNH4): hold o~;plot(k,SNH4E.'k-. '):
legend(IS~34','SKH~E'):

ylabel{'SN34rS~~4S');xlabel('d~scre~etirr.e k')
subplot{3,2,6': plot (k, ERRSNHl, 'K',;ylabel('ERRS~24'J;
ylabel('EEL~S~04'):xlabel('d~scre~e~L~e k')
set(figure(lS), 'narr~','~a~k 4 Process variab:es a~d es~i~ation

er=o=','n~~erti~le'.'off')

% Tank 5
figure (16)
subplot(3,2,1):plot(k,SSS); hold o~;plot(k,SS5E,'~-~') ;ylabel('SS5,S35~');

legend('SS5', 'SS5E')iSubplot(3,2,2}: plot (k,ERRSSS, '~'):ylabel('ERRSS5')i

subplot{3,2,3);plot(k,SNOS); hold o~;plot{k,SN05E,'k-~');

ylabel('S~a5,SN05E');legend{'S~~5f,'SK05E');
subplot(3,2,4); plot{k,ERRSN05, 'kt}:ylabel('ERRSNOS'):

subplot(3.2,S};plot(k,SNHS'; hold on;plot(k,SNH5E, lk-. '};
legend{'S~~5·1'S~HS£1l;

ylabel{'S~~5,SKH5E'):xlabel('d~scre~eti~e tt)
subplot(3,2.6); plot (k, ERRSNH3, 'K');
ylabel('ERRS~H5');Xlabel('d~scre~e~i~e ttl
set(figure(16), '~affie','Tank 5 Process v~~iables a~d est~atio~

error','nuT~er~itle'.to==')

% OP~:~L CONT~OL CA=~ ===-~-=====================

~ ~ecla=at~o~ of the data ~sed ~P- ~he fcrrr.u:aT~c~ o~ ~he opti~a: ccr.trc:
% p~ob:~~, see chapter 4 0= ~te Thesis
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2S * ones(l,K+l);
27 * ones(l,K+l};

0:: iterations of the coordina"(;.ing Le...re:

or i!:erations of the firs;: LeveL

% Setpo~rr~s of ~he state and coc~rol varLaD~es =or opti~al control
% prob!e~ for.n~la~ion

SSsp1 2 * ones {l,K+l} ; SSsp2 = 1.5 * ones{l,K+l};
SSsp3 = 0.8 * ones{l,K+l); SSsp4 = 0.7 * ones(l,K+l);
SSspS = 0.6 * ones{l,K+l);
SNOspl 23 * ones{1,K+1); SNOsp2
SNOsp3 25 * ones{l,K+l); SNOsp4
SNOsp5 28 * ones{l,K+l};
SNHspl 6 * ones{l,K+1}; SNHsp2 = 3 * ones(l,K+l};
SNHsp3 1.5 * ones{I,K+l}; SNHsp4 0.3 * ones{l,K+I};
SNHsp5 0.1 * ones(l,K+l};
zsp = [SSspl; SNOspl; SNHspl; SSsp2; SNOsp2; SNHsp2; Sssp3; SNOsp3; SNHsp3;

SSsp4; SNOsp4; SNHsp4; SSsp5; SNOsp5; SNHsp5]i

% Co~strai~ts of ~he state ~;d co~trol variac~es for op~imal cor.t~o:
% proble~ ~orm~la~ioE

SSroni 1 * ones(l,K+l); SSmn2 0.9 * ones(l,K+l);
SSron3 0.4 * ones(l,K+l}; SSrnn4 = 0.2 * ones(l,K+l};
SSronS 0.3 * ones(l,K+l)j
SNOron 15 * ones{l,K+l}j
SNHmnl 3 * ones(l,K+l}; SNHmn2 1.S * ones(l,K+l};
SNHmn3 = 0.5 * ones{l,K+l}; SNHmn4 = 0.01 * ones{l,K+l};
SNHmn5 = 0.3 * ones{l,K+l)j
zmin =[SSmnlj SNOrnn; SNHrnnl; SSmn2; ssomn, SNHmn2; SSron3; SNOmn; SNHmn3;

SSmn4j SNOrnnj SNHmn4; ssronS; SNOron; SNHmn5];

SSmxl 4 * ones{l, K+l}; SSmx2 = 3 * ones(l,K+l}i
SSmx3 0.6 * ones{l,K+l}; SSmx4 = 0.4 * ones{l,K+l)j
SSmxS 1.2 * ones(l.K+l}i
SNQrnx 30 * ones(l,K+l);
SNHmxl 12 * ones{l,K+l); SNHmx2 = 6 * ones{l,K+l);
SNHmx3 = 3 * ones{l,K+l)j SNHmx4 = 0.6 * ones(l,K+l);
SNHmx5 = 0.2 * ones(l,K+l);
zmax =[SSmx1; SNOMX; SNHmx1; SSmx2; SNOmxi SNHmx2; SSmx3; SNDmx; SNHmx3;

SSmx4 j SNOrnx; SNHmx4; SSmx5; sxomx, SNHmxS] j

umin1 0.007 * ones(l. K);
umin2 0.008 * ones{l, K);
umin3 1.5 * ones(l, K);
umin4 2.0 * ones(l, K);
umins 2.1 * ones(l, K);
umin = [umin1.j umin2; umin3; umin4j umfns l r

umaxl 1.7 * ones{l, K);
umax2 1..8 * ones (1, K);

umax3 4.5 * ones(l, K)i
umax4 4.0 * oneS{l, K)j

umaxs 4.1 * ones t i , K);
umax = [umaxl; umax2; umax3; umax4; umax5];

% I~~tial val~es of ~he ccoIdi~ating and the ccn~ro~ va=iables for cp~~~al

% cont~ol probla~ formu~a~io~

lamda = 0.1 * ones(15,K}- 15.96;

% Numbe.r
to = 50;
% Kumber
q~ : 20,

% Values of ~he error fG~ ter5ination 0= the ca:c~:a~ions at ~he

% first level
epsu 0.01;
epsz: = 0.01;

% Value of t~e error for terTina~io~ of t~e ca~c~~atio~s a~ the

% coordinati~g level
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epslamda = O~O~;

% Values of ~he s~eps ir- the gradien~ p~ocedures

alu e 0.05;
alz 0.05;
alp ... 0.08;

t Values of, the coefficie~ts for cha~ging 0= the step values
alpha = 2;
beta 3;
gama = 3;

% weig~ting ~atrices Qw aLd ~w in ~he c~iterion

Qw ~ diag( [1. 0 1.0 1.0 1.0 1.0 1. 0 1.S 1.S loS 2 2 2 3 3 3]),
Rw ~ diag ([0.1 0.1 0.5 O.S·O.S]),

A.2: MATLAB script file - P_BASM1F.m

% ~-F~le: ? BASMIF.m
% =======----====--------===~===== M-F:~E 2~SCRIP~IO~ ===========================
% This m-file is used fo=:
% Calculation of ~he p~ocess rates fo~ the £uil node~

function Pk = P_BASMIF(xk)

global muH bH muA bA etag ka kh etah Ks KOH KNO KNH KOA KX;
% 'I1J.l'!K 1
pel} ~ muH* (xk(2) I (Ks~xk(2}}) * (xk(S) I (KOH~xk(S)}} * xkls),
P(2} ~ muH*(xk(2} I(Ks~xk(2}}} *(KOH/(KOH~xk(S})} * Ixk(9) /(KNO+xk(9»} * etag *
xk(S) ,
P(3} - muA*(xk(lO)/(KNH~xk(lO»}*(xk(S} I(KOA~xk(S}}} * xk(6),
P(4) : bH*xk{S),
PIS) : bA*xk(6) ,
P(6) ~ ka*xk(ll)*xk(S);
P(7) ~ kh*«xk(4} l(xk(S») I(KX + (xk(4) Ixk(S}}}} *«xk(S) I(KOH+xk(S»} ~ (etah *
(KOH/(KOH+xk(S))}} *(xk(9) I(KNO+xk(9}}» *xk(S} ,
P(S} _ P(7) * (xk(12) Ixk (4» ,

% TANK 2
P(9} ~ muH*(xk(lS)/(Ks~xk(lS}»*(xk(2l)/(KOH~xk(2l»}*xk(lS) ,
P(lO): muH*(xk(lS)/(Ks~xk(lS»}*(KOH/(KOH+xk(2l}})*(xk(22)/(KNO+xk(22}» * etag *
xk(lS},
P(ll)~ muA*{xk(23)/(KNH~xk(23})}*(xk(2l)/(KOA+xk(2l)}}*xk(19};
P(12)~ bH*xk(lS},
P(13)~ bA*xk(19},
P(14)~ ka*xk(24}*xk(lS),
pelS): kh*{(xk(17)/(xk(lS}»/(KX ~ (xk(17}/xk(lS»)}*«xk(2l}/(KOH+xk(21)}} + (etah *
(KOH/(KOH+xk(2l»»*(xk(22)/(KNO~xk(22»»*xk(lS);

P (16) ~ P (IS) * {xk (2S) /xk (17) } ,

% TA.~K 3
P(17}~ muH*(xk(2S)/(Ks~xk(2S»)*(xk(34)/(KOH~xk(34})}* xk(3l};
P(lS)~ muH*{xk{2S)/(Ks+xk(2S»)*(KOH/(KOH+xk(34»)* (xk(3S)/(KNO+xk(3S}1) • etag •
xk(3l} ,
P(19)~ muA*(xk(36)/(KNH~xk(36}})*(xk(34)/(KOA+xk(34)})* xk(32},
P(20)_ bH*xk(3l},'
P(2l)_ bA*xk(32);
P(22}~ ka*xk(37)*xk(3l),
P(23}~ kh*«xk(30}/(xk(3l)})/(KX ~ (xk(30)/xk(31}»}*«xk(34)/(KOH~xk(34}})~ (etah *
(KOH/(KOH~xk(34»})*(xk(3S)/(KNO~xk(3S)}»*xk(3l) ,
P (24) ~ P (23) * (xk(3S) Ixk (30» ,

% TP.2~K ~

P(2S): muH*(xk(4l)/(Ks~xk(41»)*(xk(47}/(KOH+xk(47}»*xk144} ,
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P(26)~ muH*(xk(41)/(Ks+xk(41))*(KOH/(KOH+xk(47)))* (xk(48)/(KNO+xk(4S») * etag *
xk(44);
P(27}= muA*(xk(4S}/(KNH+xk(49»)*(xk(47}/(KOA+xk(47}»* xk(4S};
P(2S}- bH*xk(44);
P(2S): bA*xk(4S);
P(30}: ka*xk(SO}*xk(44) ;P(33}: muH*(xk(S4}/(KS+xk(S4)}}*(xk(60}/(KOH+xk(60»)* xk(S7);
P(31}= kh*«xk(43}/(xk(44»}/(KX + (xk(43}/xk(44»}}*«xk(47}/(KOH+xk(47») + (etah *
(KOH/(KOH+xk(47)}»*(xk(4S)/(KNO+xk(4S}}})*xk(44);
P(32)= P(31)*(xk(SI}/xk(43)};

% T&.\lK 5
P(33): muH*(xk(S4)/(KS+xk(S4»)*(xk(60}/(KOH+xk(60}})* xk(S7};
P(34}= muH*(xk(S4)/(Ks+xk(S4}»*(KOH/(KOH+xk(60)})* (xk(61}/(KNO+xk(61}}) * etag *
xk(S7} ; •• '
P(3S}~ muA*(xk(62)/(KNH+xk(62»}*(xk(60}/(KOA+xk(60}»* xk(SS};
P(36}= bH*xk(S7);
P(37}- bA*xk(SS);
P(38)= ka*xk(63)*xk{57};
P(3S}~ kh*«xk(S6)/(xk(S7»}/(KX + (xk(S6}/xk(S7}}»)*«xk(60)/(KOH+xk(60»} + (etah *
(KOH/(KOH+xk(60)}»*(xk(61)/(KNO+xk(61)})}*xk(S7);
P(40)- P(3S}*(xk(64}/xk(S6});

pk ~ [pel) P(2) P(3} P(4) pes) P(6} P(7) P(8) P(S} P(lO) P(ll) P(12) PCB) P(14) P(IS)
P(16} P(l'l} P(IS} P(19) P(20) P(21) P(22) P(23} P(24} P(2S} P(26) P(27) P(2S) P(29}
P(30} P(3I} P(32} P(33) P(34} P(3S} P(36) P(37} P(38} P(3S} P(40)]';

A.3: MATLAB script file - P_BASM1R.m

% M-~ile: P EAS~lR.m

M-r:LE DESCRI2zIO~ =======================~===

% This ~-f~le is used fo~:

% Calcu~a~io~ of ~he p=ocess ra~es for paraceter eS~L~a~icn cf t~e ~e~~ced

% reodeL

function Pk = P_BASM1R(zk,uk,XBHk,XBAk,XSk}

global etag etah Ks KOH KNO KNH KOA KX i

% TA.."'JK 1
P(l}~ (zk(I)/(Ks+zk(I})}*(uk(I)/(KOH+uk(I}})* XBHk(I);
P(2}~ (zk(I}/(Ks+zk(I}})*(KOH/(KOH+uk(I»)* (zk(2)/(KNo+zk(2») * etag * XBHk(l) i

P(3}: (zk(3)/(KNH+zk(3»)*(uk(I}/(KOA+uk(I}»* XBAk(I);
P(4}= «XSk(I}/XBHk(I})/(KX + (XSk(I)/XBHk(I)»)*«uk(I}!(KOH+uk(I)}) + etah *
(KOH!(KOH+uk(I}}}*(zk(2}!(KNO+zk(2)})}* XBHk(I);
Plk: [pel) 0 0; P(2} 0 0; 0 P(3} 0; 0 0 P(4)];

% TANK 2
pes}: (zk(4}/(KS+zk(4)}}*(uk(2}/(KOH+uk(2}})* XBHk(2);
P(6)= (zk(4}/(Ks+zk(4)}}*(KOH!(KOH+Uk(2»)}* (zk(S}!(KNO+zk(S») * etag * XBHk(2};
P(7)- (zk(6)/(KNH+zk(6}}}*(uk(2)/(KOA+uk(2)})* XBAk(2};
P(S)= «XSk(2}!XBHk(2)}/(KX + (XSk(2)!XBHk(2)}}}*«uk(2)!(KOH+uk(2)}) + etah *
(KOH!(KOH+uk(2»}*(zk(S}/(KNO+zk(S»)})*XBHk(2); ,
P2k ~ [peS} 0 0; P(6} 0 0; 0 P(7} 0; 0 0 P(S)];

% TAl'lJ"K 3
P(S) ~ (zk(7)/(Ks+zk(7)))*(uk(3)/(KOH+uk(3})}* XBHk(3);
P(IO}: (zk(7)!(Ks+zk(7}}}*(KOH/(KOH+uk(3»)}* (zk(8)!(KNO+zk(8») * etag * XBHk(3);
P(ll}= (zk(S}/(KNH+zk(S}}}*(uk(3)!(KOA+uk(3»}* XBAk(3};
P(12}= «XSk(3)/XBHk(3}}!(KX + (XSk(3)/XBHk(3)»}*«uk(3)!(KOH+uk(3»} + etah *
(KOH!(KOH+uk(3)})*(zk(8}!(KNO+zk(S}}}}*XBHk(3);
P3k = [P(9} 0 0; P(IO} 00; 0 P(ll} 0; 0 0 P(12)];

% Tll.NK 4
P(13}: (zk(IO)/(Ks+zk(10}})*(uk(4)!(KOH+uk(4»)* XBHk(4};
P(14}~ (zk(IO}!(Ks+zk(10)}}*(KOH/(KOH+Uk(4}»* (zk(II)/(KNO+zk(II») * etag * XBHk(4);
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P(lS)~ (zk(12)!(KNH+zk(12»)*(uk(4)!(KOA+uk(4»)* XBAk(4) ,
P(16)~ «XSk(4}!XSHk(4)}!(KX + (XSk(4)!XSHk(4}»}*«uk(4)!(KOH+uk(4») + etah *
(KOH!(KOH+uk(4»)*(zk(11)!(KNO+zk(11»)}*XBHk(4),
P4k ~ [P(l3) 00, P(14) 00; 0 P(lS} 0; 0 0 P(16)],

% TANK ,,")
P(17)= (zk(13)!(Ks+zk(13})}*(uk(S)!(KOH+uk(S»)* XSHk(S),
P(lS)~ (zk(13)!(Ks+zk(13})}*(KOH/(KOH+uk(S»)* (zk(14)!(KNO+zk(14») * etag * XSHk(S);
P(19)~ (zk(lS)!(KNH+zk(lS)}}*(uk(S)!(KOA+uk(S»)* XBAk(S);
P(20)~ «XSk(S}!XSHk(S»!(KX + (XSk(S)!XSHk(S»»*«uk(S)!(KOH+uk(S))) + etah *
(KOH!(KOH+uk(S»)*(zk(14)!(KNO+zk(14»»*XSHk(S) ;
PSk ~ [P(17) 0 0; pelS) 0 0; 0 P(19} 0, 0 0 P(20l];

%Matrix Pk for the whole p~~cess

Pk ;::: [Plk; P2k; P3k; P4k; P5k] i

A.4: MATLAB script file - P_BASM1 RE.m

% ~-File: ? 3AS~~RE.~

% =======~-================ M-2IL2 0ES~RIP~lO~ ===========================
% This ~-f~le is used for:
% Calc~lat~o~ of the p~ocess ra~es for pa~ar.eter est~~ation of ~r.e ~ed~ced

% model

% Jesc~iptio~ of ~~e fur.ctio~ =u~c:io~

function pk P_BASMIRE{zEk,uk,XBHk,XBAk,XSk,muHEk,muAEk,KhEk)

global etag etah Ks KOH KNO KNH KOA KX i

% Tll..NK 1
P(l)= muHEk * (zEk(l)!(Ks+zEk(l)))*(uk(l)!(KOH+uk(l)))* XBHk(l);
P(2)= muHEk * (zEk(l)!(Ks+zEk(l)))*(KOH!(KOH+uk(l)))* (zEk(2)!(KNO+zEk(2») * etag *
XBHk(l) ,
P(3)= muAEk * (zEk(3)! (KNH+zEk(3»)* (uk(l)! (KOA+uk(l»)* XBAk(l} ,
P(4)= KhEk * «XSk(l)/XBHk(l})!(KX + (XSk(l)/XBHk(l»»*«uk(ll!(KOH+uk(l») + etah *
(KOH!(KOH+uk(1»}*(zEk(2}!(KNO+zEk(2»»* XBHk(l);

% 'IAN"'"£ 2
P(S)= muHEk * (zEk(4)!(KS+zEk(4}»*(uk(2)!(KOH+uk(2»)* XSHk(2) ,
P(6)= muHEk * (zEk(4}!(Ks+zEk(4}»*(KOH!(KOH+uk(2»))* (zEk(S)!(KNO+zEk(S»)) * etag •
XBHk(2} ;
P(7)= muAEk * (zEk(6)!(KNH+zEk(6}»*(uk(2)!(KOA+uk(2»)* XBAk(2);
P(S)= KhEk * «XSk(2)!XBHk(2»!(KX + (XSk(2)!XSHk(2»)))*((uk(2)!(KOH+uk(2))) + etah *
(KOH!(KOH+uk(2»)*(zEk(S)!(KNO+zEk(S»»*XSHk(2);

% TF..l."TI( 3
P(9) = muHEk * (zEk(7}!(Ks+zEk(7}»*(uk(3)!(KOH+uk(3»)* XBHk(3);
P(lO)= muHEk * (zEk(7)!(Ks+zEk(7»)*(KOH!(KOH+uk(3)})* (zEk(S)!(KNO+zEk(S)}) * etag *
XBHk(3) ;
P(ll}: muAEk * (zEk(9}!(KNH+zEk(9»)*(uk(3)!(KOA+uk(3})}* XBAk(3} ,
P(12}= KhEk * «XSk(3)!XBHk(3»!(KX + (XSk(3)!XBHk(3)»)*«uk(3)!(KOH+uk(3)}) + etah *
(KOH!(KOH+uk(3}»*(zEk(S)!(KNO+zEk(S)}})*XSHk(3) ;

% TF.NK 4.
P(13}= muHEk * (ZEk(lO) !(Ks+zEk(lO}})* (uk(4)!(KOH+uk(4»)* XSHk(4) ,
P(14)= muHEk * (zEk(10}/(Ks+zEk(lO}})*(KOH!(KOH+uk(4»)* (zEk(ll}!(KNO+zEk(ll)}) * etag
"* XBHk:{4} i
P(lS}~ muAEk * (zEk(12)/(KNH+zEk(12}})*(uk(4)!(KOA+uk(4)})* XBAk(4);
P(16)= KhEk * «XSk(4}!XBHk(4)}!(KX + (XSk(4}!XBHk(4»»*«uk(4)!(KOH+uk(4») + etah *
(KOH! (KOH+uk(4})}* (zEk(11)!(KNO+zEk(11}»)*XSHk(4) ;

% 'lAN!\ 5
P(17)= muHEk * (zEk(13)/(Ks+zEk(13»)*(uk(S)!(KOH+uk(S»)* XBHk(S);
P(lS)= muHEk * (zEk(13)/(Ks+zEk(13»)*(KOH!(KOH+uk(S)})* (zEk(14)!(KNO+zEk(14») * etag
* XBHk(S);
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P(l9)~ muAEk * (zEk(l5}/(KNH+zEk(l5»)* (uk(5)/(KOA+uk(5»}* XBAk(5) ,
P(20)= KhEk * «XSk(5}/XBHk(5»/(KX + (XSk(5)/XBHk(5»»*«uk(5)/(KOH+uk(5») + etah *
(KOH/(KOH+uk(5}»*(zEk(l4)/(KNO+zEk(l4»»*XBHk(5);

%~a~rix ?k for the whole process
pk = [pel) P(2) P(3) P(4) pes) peG) P(7) pes) P(9) P(lO) P(l1) P(l2) P(l3) P(14) P(lS)
P(lG) P(l7} P(lS) P(l9) P(20)]',

A,5: MATLAB script file - BASM1_Main.m

% ~-file: BAS~l ~ain.m

% ========== H-F:;:LE DESCRIP7:::0N ===============

% Tr-~s m-=iie co~tains the ~~~~ progr&T. fo= ca:c~la~ion of the optL~al DO
% trajec~ory for Benchmark plan~ with ASMI bioiogical model

% Jeclaration of ~he global var~ables

global bH bA etag ka etah Ks KOH KNO KNH KOA KX

* Ca::s Lne =uncticn with sL~~lation results
BASM1_Simulation

1. = 1;
while l<=L

for k = 1. :K-l

% Ini~ializa~ion of t~e ~i-~~ial itera~io~ s~ep

% T~e progra~ is repeated un~ill the cpti~iza~~o~

% horizon is reached

% rtecalls the ~odel prejic~ed state ar.d con~rol t~ajectories

zk = z {:, k} i

uk = u(:,k);
% ~ecalls the steadY s~a~e trajectory for ~~e biomass XBH, XSA, XS
XBHk XBH(; ,k),
XBAk - XBA(;,k),
XSk ~ XS(;,k);
% Recalls the ~iLim~~ a~d maxi~~~ li~its of the C8ntro:s
umink = umin(:,k} t

umaxk = umexf : , k} t
% Recalls the ~~~tial traJec~cry of the coordi~a~ing variac~es

lamdak = lamda ( : , k) t

% Calculates t~e process rates based on ~he trajectcrles acove
gk BASMl_du(zk, uk, XBHk, XBAk., XSk, muHEk, muAEk, KhEk) t

kl k+Ii %
muHEkl muns t • ,kl) i

muAEkl = muAE(;,kl),
KhEk~ = KhE(;,kl),
% Recalls ~he ~odel predicted s~ate and contr~l ~raj€cto~les

zkl = Z(:,kl)i
uk1 = U(:,kl)i
% Recalls the steady state traje8to~y =or ~~e bio~as5 Y.EH, X3A, XS
XBHkl = XBH(: ,kl) t
XBAkl = XBA(; ,kl),
XSkl ; XS(;,kl),
% rtecalls the mininun aLa mazimur., l~~~ts of the states
zmink1 = zmin(:,kl)i
zmaxkl = zmax{:,kl)i
% Recalls ~he ir-itial ~rajec~o~y of tte coordina~ing va~~a~les

lamdakl= lamda(:,kl};
% Recalls the states set points
z spkf = zsp (: ,kl.) i

% Calculates the process raLes based on ~he ~ra~ec~~ries acove
dk = BASMl_dz{zkl., ukl, XBHkJ., XBAkl., XSkl, muHEkl, muAEkl, KhEkl) i

% CalcJlates the gradie~ts of the co~t~o: variables
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uk = BASM1_ugrad(uk,lamdak,Rw,CR,gk,alu,epsu,umink,umaxk,gama,q1);
% Assigns the control variables with r.ew values
u(:,k) = uk;

% Calculates the qrad~en~s of the state variables
zk1 = BASM1._zgrad(zk,lamdak.1.,lamdak, QW, CR, dk, alz, epsz, zmink1, zmaxkl,AR,

beta, zspkl, gl};
% F~signs Lhe staLe variables with r.ew val~es

z(: ,k1) = zkl;
end

% Ca:culatio~ of ~he last val~e of t~e state vec~or

% Recalls initial conditions of t:he state va=iab:es
%K = K+l;
lamdakl = lamda(:,K}i % Recalls c~rdinating variables for the fina~ illo~ent

zminki = zmin (: ,K+I) i % Recalls mi.n.i.mum state ,raLue for the final moment;
zmaxkl = zmax (:, K+I); % Recalls maxdmum sr.at.e value :=Jr t-he f Lna L moment;
zspkl = zsp(:,K+l} i % Recal:s state set poir.t for the final momer.t

zkl = BASMl._zKgrad (lamdak., QW, zminkl, zmaxkl, z spkj.Lr i

% p$signs the s~at:e variables a~ ~~e final mCEe~L wi~h new valces
z(: ,K+1.) = zkl.;

normpl. = 0;_
for k=1.:K

% Recalls initia~ condi~ions of the sta~e varlables
%zik = zi(:,k;i
zk=z(:,k}i
uk = u(:,k);
XBHk. XBH (:, k) ;
XBAk = XBA(:,k};
XSk = XS(:,k}; %?
% Calcalates the p=ocess rates based O~ t~e reducea ~odel

Pk = P_BASM1RE (zk, uk,XBHk,XBAk,XSk, muHEk, muAEk,KhEk) ;
elamda (: ,k) = -z (:, k--L) +AR*z( : ,k) +CR' *Pk+BR*zi (: , k) ; %: ceLcujat.Lon of the

gradient
pc: ,k} Pk;
normp1. norm:p1.+sum(elamda{: ,k} • weLamda Le, k} }

end

normp = sqrt (normpl) s
%check the valae of the vector of ~he conjuqate var~ables

if normp <= epslamda
break

else 1 = 1 + 1;
lamda = lamda + alp*elamda;
alp = alp/alpha;

end
end

%·Calcu~atior- of ~he criterion based on the opt~,a Lra~ec~o=ies

J = BASMI_criterion (z,u,zsp,Qw,Rw,K);

% printing t~e results
J;
normp;
al.p;

% printing the co~jugate variables a~d the ep(k}
figure (17) ;

subplot(2.1.1);plot(lamda');
xlabel(F~ime"};ylabel('Coo=~nat:~ngvariables Y(k} '};
title('Lagra~ge multipl~eIs traject~ry");

subplot(2,1,2);plot(elamda')
xlabel('Time'};ylabel('e?(kl I};

title('Lagra~ge ~ultiplieIs grad~e~t'};
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set{figure{~7), 'narr,e', '~rajec~ory and g~adie~t of tte ~agrange

mult~pliers',ln~~ertitle','off")

% p~inti2g the state and cor.tro~ variables for every ~ank

% Tank 1-
figure US)
subplot(S,3,1);plot{z{1,:»;title{'SSl');
subplot(5,3,2)iplot(z(2,:»ititle{'S~Ol')

subplot(5,3,3)iplot(z(3,:)};title('S!~1')

% Tank 2
subplot(S,3,4)iplot(z{4,:»;title('SS2')

--, subplot (5,3,5) ;plot (z {5, :}} i title {' SN02'}
subp1ot(S.3.6);p1ot(z(6.;»;tit1e('SNH2');

% Tar.k 3
subplot(S,3,7);plot{z(7,:»;title('SS3')
ylabel('~eadilybiodeg=adable substrate')
subp1ot(S.3,S);p1ot(z(S.;»;tit1e('SK03')
ylabel(tNi~rate & nitrite Ll~roge~l)

subplot(5,3,9}iplot{z(9,:}};title{'SKH3'}
ylabel("~~or.ia & arrK~nium r.i~roge~')

% Tar.k ~

subplot{S,3,lO};plot{z(lO,:}}ititle('SS4'}
subplot{5,3,11);plot(z(11,:}};title('SKO~')

subplot (5,3, 12) ;plot(z (12,:) ) ;title (I Stm~') ;

% Tar:.k 5
subplot(S,3,13);plot(z{13. :»;xlabel('discrete t~~e ~')ititle('SS5')

subplot(S,3,14);plot{Z{14,:»;xlabel('discrete t~~e k')ititle('S~05')

subplot(5,3.1S};plot(z(lS,:»;xlabel(·disc~etet~cle k');title('SNES'}
set{figure(lS), 'name', 'Optirr:a~ Sta~es TrajecLo~ies','n~~ertitle','cf=')

figure (19) ;

subplot{5,~,1};plot(u(1#:}}ititle{'SOl');ylabel('Dissolved oxyqen');
subplot{S,1,2);plot{u{Z, :}}ititle{'SC2')iylabel('Dissolved ozygen');
subplot{S,1,3);plot{u(3,:}} ititle{'S03');ylabel{'Dissolved oxyge~');

subplot(S,l,4}iplot(u{4,:»ititle('S04');ylabel{'Dissolved oxygen');
subplot(S,l,S};plot{u(S, :}};title('SC5');ylabel('Dissolved oxygen'};
xlabel ( "di.scret;e t.Lme k "I
set{figure(19), 'n~e', 'Optirra: Co~trols Trajectories', '~~e~title','off ')

A.6: MATLAB script file - BASM1_du.m

% M-?ile: B~3~1 du.m
% ===========--===----========= M-FI~E SESCRIPTION ====--==--=============--------==
% This m-file is USEd for:
% Pa=tial deriva~ive of the Lagrangian WiLh respec~ to u; dp{z,cjidu

function gk = BASM1_du(zk, uk, XBHk, XBAk. XSk, muHEk. muAEk, KhEk)
global etag etah Ks KOH !<NO KNH KOA KX
% Foz t enc 1
~g11 ~ muHEk*XBHk(1)*(zk(1)/(Ks+zk(1»)*(KOH/(KOH+uk(1»A2);
g12 muHEk*(zk(1)/(KS+zk(1»)*(zk(2)/(KNO+zk(2»)*etag*XBHk(1)*(-KOH/(KOH+uk(1»A2);
g13 = muAEk*(zk(3)/(KNH+zk(3»)*(KOA/(KOA+uk(1»A2)*XBAk(1);
g14 = (KhEk*XSk(1)/(KX+(XSk(l)/(XBHk(l»»)* «KOH/(KOH+uk(1»A2)+etah*(­
KOH/(KOH+uk(1»A2)*(zk(2)/KNO+zk(2»);
%- For t-ank 2
g21 muHEk*XBHk(2)*(zk(4)/(Ks+zk(4»)*(KOH/(KOH+uk(2»A2);
g22 muHEk*(zk(4)/(Ks+zk(4»)*(zk(S)/(KNO+zk(S»)*etag*XBHk(2)*(-KOH/(KOH+uk(2»A2);
g23 muAEk*(zk(6)/(KNH+zk(6»)*(KOA/(KOA+uk(2»'2)*XBAk(2);
g24 (KhEk*XSk(2)/(KX+(XSk(2)/(XBHk(2»»)*«KOH/(KOH+uk(2»'2)+etah*(­
KOH/(KOH+uk(2»'2)*(zk(S)/KNO+zk(S») ;
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% Fe.:: tank 3
g3L : muHEk*XBHk(3}*(zk(7}/(KS+zk(7)}} * (KOH/(KOH+uk{3)} '2) ;
g32 = mUHEk*(zk{7)/(Ks~zk(7)})*{zk(8)/{KNO~zk{B»)*etag*XBHk(3)*(-KOH/{KOH+uk(3»'2};

. g33 = muAEk*(zk(9)/(KNH+zk(9})}*(KOA/(KOA+uk{3»'2}*XBAk(3);
g34 = (KhEk*XSk(3)/(KX+(XSk(3)/(XBHk(3»»}*«KOH/(KOH~uk(3»'2)+etah*(­

KOH/(KOH+uk(3)}'2)*(zk{8)/KNO~zk(B»);

% For t ank 4
g4L : muHEk*XBHk(4}*{zk(LO)/(Ks+zk(IO)})*(KOH/(KOH~uk{4»42);

g42 : muHEk*(zk(LO)/(Ks~zk(LO)})*(zk(LL)/(KNO~zk(LI)} )*etag*XBHk(4}*{~

KOH/{KOH+uk{4}}42) ;
g43 : muAEk*zk{L2}/(KNH~zk(L2)}*(KOA/(KOA+uk{4»42}*XBAk{4);

g44 : (KhEk*XSk(4)/(KX~{XSk(4)/(XBHk(4»}})*{(KOH/{KOH~uk(4»'2)~etah*{­

KOH/(KOH+uk(4)}42)*(zk{LL)/KNO~zk(IL)} );
% For -cenk 5

gI4 0 0 0 0;
o g24 a 0 0;
o 0 g34 0 0,
o 0 0 g44 0,
o 0 0 0 gS4!;

gBOOOO;
o g23 0 0 0;
00g3300;
o 0 0 g43 0;
o 0 0 0 gS3;

gSL : muHEk*XBHk(S)*{zk(L3)/(Ks+zk{13)})*(KOH/(KOH+uk(S»4 Z);
gS2 = muHEk*(zk{13}/{Ks+zk(L3»)*(zk(L4)/(KNO+zk{14)} )*etag*XBHk(S)*(­
KOH/{KOH~uk{S)}42);
gS3 : muAEk*zk(LS)/(KNH+zk(LS»*(KOA/(KOA+uk(S»42)*XBAk(S};
gS4 : (KhEk*XSk(S}/(KX+{XSk(S)/{XBHk(S»}})*«KOH/(KOH~uk(S»'2)~etah*{­

KOH/(KOH+uk{S)}42}*(zk{L4)/KNO~zk(14)} );
%Buildi~g the matrix gk

gk = [gIL 0 0 0 0; g12 0 0 0 0;
o g21 0 0 0; 0 g22 0 0 0;
o 0 g31 0 0; 0 0 g32 0 0;
o 0 0 gu 0; 0 0 0 g42 0;
o 0 0 0 gSL; 0 0 0 0 gS2;

% The macrix gk is used fo~ ca:culation of the gragienc eu{k) at every ~oment k=O,k-l

A.7: MATLAB script file - BASM1_dz.m

%M-File: BASMI dz.m
% ========================== M-FI~E D~SCRIPTION ========--===============--==

% This n-file is used for:
% Partial derivat:ive of the Lagra~gian with respect: 1:0 z; dp(z,u}/dz

function dk = BASMl._dz {zk, uk, XBHk, XBAk, XSk, muHEk, rnuAEk, KhEk)
global etag etah Ks KOH KNO KNH KOA KX
% Fe.:: t.ank 1
dll = muHEk*XBHk{l) * (uk (1) / (KOH+uk(L}) * (Ks/ (Ks+zk(1» 42)};
dI2 = muHHk*(etag*XBHk(L)*(KOH/KOH+uk(L)}*(zk(2}/(KNO+zk(2}»*(Ks/(Ks~zk(1»42»;

d13 = muHEk*etag*XBHk{L)*{zk(L)/(Ks~zk(L}})*{KOH/KOH~uk(L»*(KNO/(KNO+zk(2»'2) ,
dI4 = muAEk*XBAk(I)*(uk(I}/{KOA~uk{L)}}*(KNH/(KNH~zk(3»42);

diS KhHk*{XSk(L}/(KX~{XSk(I)/(XBHk(L})}»*etah*(KOH/(KOH+uk{L»)*(KNO/(KNO~zk(2»42);

% For -t.ank 2
d2L = muHEk*XBHk(2}* (uk{2)/(KOH+uk(2})* {Ks/(Ks~zk(4})42»,
d22 = muHEk*etag*XBHk(2) * (KOH/KOH+uk{2»*{zk(S)/(KNO+zk(S»)*{Ks/{Ks+zk(4»42),
d23 : muHEk*etag*XBHk(2)*(KOH/KOH~uk(2})*(KNO/{KNO~zk(S»42)*(zk{4)/(Ks+zk{4»);

d24 : muAEk*XBAk(2}*{uk(2)/{KOA+uk{2»}*{KNH/(KNH+zk(6»'2);
d25 : KhHk*{XSk(Z}/(KX~(XSk{2}/{XBHk(2}}»)*etah*(KOH/{KOH+uk(Z»)*(KNO/(KNo+zk{S»'2) ,
% For t.ank 3
d31 = muHEk*XBHk(3)* (uk{3}/(KOH+uk{3)}* (Ks/{Ks+zk(7»42»;
d32 : muHEk*etag*XBHk(3)*{KOH/KOH+uk(3})*(zk(8)/{KNO+zk(8»)*(Ks/(Ks+zk(7»42),
d33 = muHEk*etag*XBHk(3) * (KOH/KOH+uk(3})* (KNO/{KNO+zk{B»4 Z)* (zk(7)/ (Ks+zk(7»),
d34 = muAEk*XBAk(3)*(uk{3)/(KOA+uk(3»}*{KNH/{KNH+zk(9»'2),
d35 = KhHk*{XSk(3)/{KX+(XSk(3)/(XBHk(3»»)*etah*(KOH/(KOH+uk(3}»*(KNO/(KNO+zk(8»4Z);
% For tank 4
d4L : muHEk*XBHk(4)*{uk(4}/{KOH~uk{4»* (Ks/(Ks+zk{10)}'2»;
d42 = muHEk*etag*XBHk{4}*(KOH/KOH+uk(4»*(zk(IL)/(KNO+zk(IL»)*(Ks/(Ks+zk(LO»42) ,
d43 = muHEk*etag*XBHk(4}*{KOH/KOH+uk(4»*(KNO/(KNO~zk(11»'2)*(Zk{10)/(Ks+zk{IO»),

d44 : muAEk*XBAk(4)*(uk(4}/{KOA+uk{4»)*{KNH/(KNH~zk{L2»42);

d4S
KhEk*(XSk{4}/{KX+{XSk(4)/{XBHk(4}»»*etah*{KOH/(KOH+uk{4}»*{KNO/(KNO+zk(IL)}4Z);
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muHEk*XBHk(S)*(uk(S)!(KOH+uk(5»* (KS!(Ks+zk(13»A2»;
muHEk*etag*XBHk(S)*(KOH!KOH+uk(S»*(zk(14)!(KNO+zk(14»)*(KS!(Ks+zk(13»A2);
muHEk*etag*XBHk(S)*(KOH!KOH+uk(5»*(KNO!(KNO+zk(14»A2)*(zk(13)!(Ks+zk(13»);
muAEk*XBAk(S)*(uk(S)!(KOA+uk(S»)*(KNH!(KNH+zk(lS»A2);

% Foz r ank 5
d51
d52

~ d53

d54
d55
KhEk*(XSk(5)!(KX+(XSk(5)!(XBHk(5»»)*etah*(KOH!(KOH+uk(5»)*(KNO!(KNO+zk(14»A2);
% Bu~ld~,g t~e ma~rix ak
% The matrix dk is used ror calc~la~ion of the gradient €x(k) at every ~o~e~~ k=O,k-l
dk ~ [dll 0 0 a 0 0 0 0 0 a 0 a 0 0 0; d12 d13 0 0 0 0 0 0 0 0 0 0 0 0 0;

a a d~4 a 0 a a 0 a a a a 0 0 0; 0 d~5 a a 0 0 0 a 0 a 0 0 0 a 0;
o 0 a d2~ 0 0 a a 0 a 0 0 0 0 0; a 0 0 d22 d23 a a 0 0 0 0 0 0 0 0;
o 0 0 0 0 d24 0 0 0 0 a 0 0 0 0; a 0 0 0 d25 0 0 0 0 0 0 0 0 0 0;
o 0 0 a 0 0 d31 0 0 0 0.•0 0 0 0; 0 0 0 0 0 0 d32 d3 3 0 0 0 0 0 0 0;
o 0 a 0 a a a 0 d34 a a a 0 0 0; 0 a a 0 a a a d35 a a 0 a a 0 0;
o 0 0 0 0 0 0 0 0 d41 0 0 0 0 0; 0 0 0 0 0 0 0 0 0 d42 d43 0 0 0 0;
a a a 0 0 0 0 0 0 a 0 d44 0 a 0; 0 0 0 a 0 0 0 a 0 a d45 0 a a 0;
o 0 0 0 0 0 0 0 0 0 0 0 d51 0 0 ; 0 0 0 0 0 0 0 0 0 0 0 0 d52 d53 0
o a 0 0 0 a a a a a Q a a 0 d54; Q a 0 a a 0 0 a 0 0 0 0 0 dSS 0];

A.8: MATLAB script file - BASM1_ugrad.m

% M-File: B8~~1_~gra~.m

% =----=====--================= ~-=I~E ~ESCRIPTIO~ ==--------=-~===============

% This r.-file is used for:
~ Calcu~a~io~ of the partial derivative of the Lagrangian with respec~ ~o ~

% This f~nc~io~ also checks ~f t~e cc~ditions for op~i~ality are met

function uk = BASMl ugrad(uk, lamdak,Rw, CR, gk, e.Lu , epsu., umink, umaxk, gama,q1)
q = 1;% q is the index of the graQie~~ prccedu~e
while q <= ql

euk = Rw * uk + (CR'*gk) "w Lamdak r
normeu = norm(euk); % calc~latioc 0= ~ne nor~ of the gradie~~

if normeu <= epsu
uk. = uk;
break

else q = q+l; % iterate q ~o improve uk
uk = uk - alu*euk ;
alu alujgarna;

end % end condition for norm
end >, e~d condit~on for nL~er of step of t~e gradient p=ocedure

% checkir.g for t~e control constrain~s

for i = 1:5
if uk{l) < umink(l)

uk(l) ~ umink(l);
else if uk(l) > umaxk(l)

uk(l) ~ umaxk(l);
else uk(l) = uk(l);
end
end
end

A.9: MATLAB scriptfile - BASM1_zgrad.m

% =========--------==----===--===== M-FI~E DESCRIPTION =======--=====--==========----=
% This m-file is used for:
% Partia~ de~iva~ive of t~e Lagrangian with respec~ ~o z
% This ~unction also checks if t~e conditions ~or opti~ality are ~et
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function zk == BASMl_zgrad{zk,lamdak1,lamdak, Qw, CR, dk, a Lz , epsz, zminkl, zmaxkl,AR,
beta, zspkl, q1}

- q e 1;

while q <== ql
ezk = -Qw * (zspkl-zk}-lamdak + AR'*lamdak + (CR'*dlc}'*lamdakl;
normez = norm (ezk) ;
if normez<:= epsz

zk=zk;
break

else q == q+l;
zk = zk - alz*ezk;
alz = alz/bet:a;

end
end

% checki4g =or the staLe cor.straints
for i = 1:15

if zk(l) <: zminkl(l)
zk{l) = zmink1(1);

else if zk{l} > zmaxk1(1)
zk(l) = zmaxkl(l);

else zk(l) ~-zk(l);

end
end
end

A.10: MATLAB script file - BASM1_zKgrad.m

% M-File: 38~~:_zKgrad.m

% =--=========--==----========== M-r~L~ 0SSCRIPTION =========--=================
% This m-file is used for:
% Calculatio~ for the va:ce of vector z at the lasL ~ome~t

function zKl. = BASM1_zKgrad{~amdak, Qw, zminkl, zmaxkl, zspkl,n}
zK2 == -zspkl+inv(Qw)·lamdak;

% cr.ecki~g for the state ccr.strai~~s in Tank 1
for i =' 1:15

if zK1(i) <:= zminkl(i)
zKl{i) = zminkl(i};

else if zKl(i} >= zmaxkl(i)
zKl(i) : zmaxkl(i);

else zKl(i) = zKl(i);
end

end
end

A.11: MATLAB script file - BASM1_lamdagrad.m

% M-File: BAS~1_1arrldag~ad.m

% =========== [,!-E'I:'S CESCRIPTIOa ====--============

% This m-file is usee fer:
% Pa=tial derivative of the Lagra~gia~ with respect ~o lamda
% This function also checks if t~e conditions for opti~~lity are met

function [lamdak,-nonap, elamdakl =- BASr.n_lamdagrad(zk, zkl, zik, uk, XBHk, XBAk,lamdak,
Pk, AR, CR, BR, zi, epslamda, qt , alp, alpha)

q = 1;
normp1 0;
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while q <= q1
elamdak = -zk1+AR*zk+CR'*Pk+BR*zik; % calculation of the g=adient
normp1 = normpl+sum IeLamdak , *elamd.ak) ;
normp = sqrt(normp1};

%check the value of the vector of the conjugate variables
if normp <= epslamda

lamdak = lamdak;
1 = 1 + 1;
break

else q = q+1.;
lamdak = lamdak + alp*elamdak;
alp = alp/alpha;

end
end

A.12: MATLAB script file - BASMCcriterion.m

% M-Fi~e: BF~Ml c~iLericn.m

% ~-?~~E DSSCRIP?IO~ ====--=~-==--================

% This ~-=i:e is used for:
% Calcu~a~ioh for the valce of ~he criLerion

function J = BASMl_criterion(z, u, zsp, Ow, RW, K}
J = 0.0;
for k = l:K
J=J + sum( (zsp{ :,k) -z{: ,k»' *Ow* (zsp(: ,k) -z( :,k) j e.eum (u{: ,k) '*Rw*u{: ,k»);
end
J = J + sum«zsp(:,K+l)-Z(:,K+l) I*Qw*{zsp(:,K+l}-z(:,K+l)}»;
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APPENDIX B: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE

BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.2 BIO-MODEL

8.1: MATLAB script file - BASM2_Simulation.m

% ~-Fi:e: BASM2 SLmulat~on~~

M-~I~ ~ESCRIPT=O~ ====--======================
% This re-file is used for:
% Sik~latio~ of t~e Bencr.r,ark plant Jsing f~ll AS~2 ~odel

% Ca~culatio2 of the paraF-eters for the reduced F~~2 ~odel

% Sirnu:at~o~ of the Bencrx.a~K pla~~ using the reduced ASM2 mode:... ,-

clear all.
ele

% Clear the wor:;Cspace
% Clear ~.he command w.i.ndow

% --========= PA~;n,_"'-:STSR CEFnU'!"::;:m\I
% Declara~io2 of ~~e globa~ variables
global fSI YH fXI YPQ4 YPHA iPBM YA iNBM Kh etaN03 etafe muH qfe bH qPHA
global qPP muPAO bPAO bPP bPHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4
global KALK KA Kfe KPP KPS KP KPHA KIPP KMAX

Kl "" 10;
DT = 0.001.042;

% Frediction horizon O~ interval
% Sampl:"ng tue

% rnitia:iza~io~ of the nedel para~eters, t}?ical va:iles at 20 DC
% Stocci~etric parareeters
fSI 0.0;
YH = 0.625;
fXI - 0.10;
%YPAO 0.625;
YF04 0.40;
YFHA 0.20;
iPBM 0.02;
YA 0.24;
iNBM 0.07;
% Kir.etic para~eter5

Kh 3;
etaN03 0.8;
etafe 0.40;
muH 0.5;
qfe 3;
bH 0.4;
qPAA 3;
qPP 1.5;
muPAO 1.;
bPAO 0.2;
bPP 0.2;
bPHA 0.2;
muAUT 1;
bAUT 0.15;
kPRE 1;
kRED 0.6;
% Moned swi~chin9 functions
K02 0.2;
KX 0.1.;
KN03 0.5;
KF 4;
KNH4 0.05;
KALK 0 ..1.;
KA 4;
Kfe 20;
KPP 0.01;
KPS 0.20;
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KP
KPHA

KIPP
- KMAX

0.01;
Q _ 0 1;

0.02;
0.34;

% Initializa~ion of
VI 1.000;
V2 1000;
V3 1333;
V4 1333;
VS 1333;

the Becc~~~rk process
% Tank 1 volt':..me
% Tank 2 voLune
%- Tack 3 vcIcme
% Tank _4 vo.Lume
'!> Tank 5 volume

da"La

- QO
Qa
Qr
Qw
Q

18446;
55338;
18446;
385;
QO + Qa

% Infl~e~~ flow rate
% Ir.ternal.recirculatlon
% Sludge recycled rate
% Wasted sl2dge rate

+ Qr;% F~cw t~ro~g~ ~he ~anks

::ate

% Coeficien~ for fraction of flow ra~es for the particulate materials
LAMBDA ~ (QO+Qr)/(Qr+Qw);

% Oxygen paraneters
SOsat 8;
KLa3 240;-
KLa4 240;
KLa5 84;

% Oxyger.
% Oxyger..
% Oxyger.
% Ozyger..

satcration DOlLt

trar.sfer fcnct~cc

transfer functior.
trar.srer functior.

~ 'l'an% 3_r.
lD. 7an:K 4
in Tank 5

KL "" [KLa3 KLa4 KLaS};
KLa ~ diag (KL) ;

% ============================= PROCESS ~O~EL =============================
% Calculatio~ of the ~~JRIX A
% Matrix A represent weighting ~ac~ors of the acc~uulated state variables
% fro~ d~:ferent flows towards state va~iables in each ~ank as de~~ved

% through nass balance prir.ciples~ see chapter 3 of ~he Thesis
IVl DT/ V~; IVll rvl * Q; All 1 - IVll;
IV2 DTI V2; IV22 IV2' Q; A22 1 - IV22;
IV3 DTt V3; IV33 IV3 * Q; A33 1 - IV33;
IV4 DT/ V4; IV44 IV4 * Q; A44 1 - IV44j
IV5 OTt V5; IV55 IV5 * Q; AS5 1 - IV55j

A15a : IVl * (Qa + Qr) ;
Al5b : IVl * (Qa + LAMBDA*Qr);
A2l IV22;
A32 IV33;
A43 IV44;
A54 IV55;

AU
A22
A33
A44
ASS

A1l * ones(1,19); All
A22 * ones{1,19); A22
A33 * ones(1,19); A33
A44 * ones(l,19); A44
ASS * ones(l,19); ASS

diag(AU) ;
diag(A22) ;
diag(A33) ;
diag(A44) ;
diag{A55) '1

diag(A2I) ;
diag(A32) ;
diag (A43) ;
diag{AS4) ;

AIS
[A15a.A15a,Al5a,A1Sa,A15a,AlSa,A15a,Al5a,Al5a,Al5b,Al5b.A15b,A1Sb,A15b,Al5b,Al5b,A1Sb,A
l.5b.A15bl;
AIS diag (AIS) ;
A21 A2l * ones(l,19); A2l
A32 A32 * ones(1.19); A32
A43 A43 * ones{l.19); A43
A54 A54 * ones{l,19); AS4

A20 zeros(19.19); A20 : zeros{19.38); A30 : zeros (1.9, 57) ;

A ~ [AII A30 AIS;A2I A22 A30;AIO A32 A33 A20;A20 A43 A44 AIO;A30 AS4 ASS];
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% Calculation of the ~-ATR:X 3
% Matrix 3 rep~esent weight~ng factors of the state variables towards ~~e

% ir.flue:.t wastewater cowposi~~or. as de=ived through mass balance
% prir.c~ples~ see chapter 3 of the Thesis
IVO DTI Vl*QO;
Bll IVa * ones{1,19); Bll = diag{Bl1);
B [Ell; zeros{76~19)];

% Fo~ulation of the !.'1A7R:::;:X C
% Na t.z i x C represent weigr-.ti:'lg fac-::ors of the state variables towards the
% processes on the ASMI matriz table
% 802 SF SA S:-IH4 S!~G3 spo" s:;: Sll...LK S:'J2 xr- % XS XH X?lW X?P XPHA XA:JT XTSS XHeOH X~'1eP

CC [[0 1 0 0.01 0 0 0 0.001 0 0 -1 0 0 0 0 0 -0.75 0 01 ;
[0 1 0 0.01 0 0 0 0.001 0 0 -1 0 0 0 0 0 -0.75 0 01 ;
[0 1 0 0.01 0 0 0 0.001 0 0 -1 0 0 0 0 0 -0.75 0 0] ;
[-0.59 -1.59 0 -0.022 0 -0.004 0 -0.001 0 0 0 1 0 0 0 0 0.9 0

-0.07 -0.21 -0.02 0 0.036 0.21 0 0 1 0 0 0

-0.21 -0.004 0 0.014 0.21 0 0 1 0 0

0] ;

0] s

0] r

0] r

[-0.59 0 -1.59

[0 -1.59 0 -0.022

[0 0 -1.59

-0.0070 o -0.02 0 0.021 a 0 0 1 0 0 o

o

o

o

o

0.9

0.9

0.9 o

o

o

[0 -1 1 0.03 0 0.01 0 0.014 0 0 0 0 0 0 0 0 0 0 0] ;
[0 0 0 0.031 0 0.01 0 0.002 0 0.10 0.9 -1 0 0 0 0 -0.15 0

OJ;
[0 0 -1 0 0 0.4 0 -0.004 0 0 0 0 0 - 0.4 1 0 -0.69 0 0] ;
[-0.2 0 0 0 0 -1 0 0.048 o 0 0 0 0 1 -0.20 0 3.11 0 01 ;
r-0.6 0 0 -0.07 0 -0.02 0 -0.0004 0 0 0 0 1 0 -1.6 0 -0.06 0

0] ;
[0 0 0 0.031 0 0.01 0 0.002 0 0.10 0.9 0 -1 0 0 0 -0.15 0 01 ;
[0 0 0 0 0 1 0 -0.048 0 0 0 0 0 -1 0 0 -3.23 0 0] ;
[0 0 1 0 0 0 0 -0.0016 0 0 0 0 0 0 -1 0 -0.6 0 01 ;
[-18 0 0 -4.24 4.17 -0.02 0 -0.6 0 0 0 0 0 0 0 1 0.9 0 0] ;
[0 0 0 0.031 0 0.01 0 0.002 0 0.10 0.9 0 0 0 0 -1 -0.15 0 0] ;
[0 0 0 0 0 -1 0 0 0.048 0 0 0 0 0 0 0 1.42 -3.45 4.87];
[0 0 0 0 0 1 0 0 -0.048 0 0 0 0 o 0 0 -1.42 3.45 -4.87]];

C DT*[CC zerosCI9,76); zerosC19,19} CC zeros{19,57);
zeros (19,38) CC zeros{19,38); zeros (19,57) CC zeros(19~19);

zeros (19,76) eel;

% Average values of the
S02i 0.0; SFi
SP04i 3.6; Sri
XSi 202.32; XHi
XAUTi 0.0; XTSSi

30;
30;
28.17;
180;

S~~ULATIOK DA~A =====--======================
concentrations based o~ tne dry weathe= file
SAi 20; SNH4i 31.56; SN03i 0.0;
SALKi 7; SN2i 6.95; xr l 51.2;
XPAOi 0.0; XPPi 0.0; XPHAi 0.0;
XMeOHi 0.0; XMePi 0.0;

SAi*ones(l,Kl);
SIi*ones{I,K1);
XSi*ones (1, Kl) ;
XPHAi*ones{1,Kl);
L~epi*ones{l,Kl)

xi = [S02i*ones(1IKl);

SN03i~ones{1,K1);

SN2i*ones(IIKl);

XPAOi*ones{1,K1);
XTSSi*ones(1,K1);

SFi*ones{l,Kl) ;
SP04i*ones(1,Kl);
Xli*ones(l,K1) ;
xppi*ones{1,K1);
XMeDHi*ones(I,Kl)i

SNH4i*oneS(1,Kl);
• SALKi*ones{1,K1);

XHi*ones{l,Kl) ;
XAOTi*ones{1,KI);

]*0.001;

2.80821.31e+00;
3.6;
1.216640Se+OO;
2.55176S8e+03;

1..4838943e+02;

% Values of the ini~ial cocditions
% Foz- t.ank 1
S02_1 4.2984433e-03; SF_1 2.8082131e+OO; SA_I
SNH4_1 7.9l78845e+OO; SN03 1. S.369940De+OO; SP04_1
SI_I 3.0000000e+Ol; SALK_I 4.9277103e+oo; SN2_1
XI_l 1.1491252e+03; XS_I 8.2134908e+Dl; XH I
XPAO_I 0.1.; XPP_1. 0.1; XPHA I = 0.1; XAUT_1
XTSS_I 1.80;XMeOH_l = D.1jXMep_l = 0.1;
x1.0 = [S02_1; SF_1; SA_I; SNH4_1; SN03_1; SP04_1; SI_l; SALK_I; SN2 1;

XI_I; XS_1; XH~1; XPAO_I; XPP_1; XPHA_l; XAUT_l; XTSS_l; XMeOH_l;
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% For Lank 2
502_2
SNH4_2
5I_2
XI_2
XPAO_2
xrss 2

0020=

6.3131911e-05; SF_2 1.4587940e+OQ; SA_2 1.4587940e+QO;
8.3444148e+OO; SN03 2 3.6619672e+OO; SP04_2 3.6;
3.0000000e+01; SALK_2 5.0801748e+OO; SN2_2 8.8206477e-01;
1.1491252e+03; XS_2 7.6386187e+Ol; XH_2 2.5533851e+03;
O.1;XPP_2 : 0.1; XPHA~2 : 0.1; XAITT_2 : 1.4830914e+02;
180;XMeOH_2 : 0.1; XMep_2 : 0.1;

[502_2; SF_2; SA_2; SNH4_2; SN03_2; 5P04_2; SI_2; SALK_2; SN2_2;
XI_2; XS_2; XH_2; XPAO_2; XPP_2; XPHA_2; XAUT_2; XTSS_2; XMeOH_2;
XMeP_2] ;

1.1495418e+00;
3.6;
8.2888682e-01;
2.5571314e+03;

1.4894126e+02;

% For t.ank 3
S02_3 1.7183778e+OO; SF_3 1.1495418e+OO; SA_3
SNH4_3 5.5479452e+OO; SN03_3 6.5408820e+OO; SP04_3
SI_3 3.0000000e+Ol; SALK_3 4.6747902e+OO; SN2_3
XI_3 1.1491252e+03; XS_3 6.4854922e+01; XH 3
XPAO_3 0.1; XPP_3 0.1; XPHA_3 : 0.1; XAITT_3
XTSS 3 180; XMeOH_3 : 0.1; XMep_3 : 0.1;
x30 ; [S02_3; SF_3; SA_3; SNH4_3; SN03_3; SP04_3; SI_3; SALK_3; 5N2 3;

XI_3; XS 3; XH_3; XPAO_3; XPP_3; XPHA_3; XAUT_3; XTSS_3; XMeOH_3;
XMeP_3];

SA_4 9.953238ge-Ol;
SP04_4 3.6;
SN2_4 7.6678656e-01;
XH_4 2.5591826e+03;

; 1.4952712e+02;

% Fez t.ank 4
S02_4 2.4288838e+00; SF_4 9.953238ge-Ol;
SNH4_4 2.9673854e+OO; SN03 4 9.2989988e+oo;
SI_4 3.0000000e+Ol; SALK_4 4.2934562e+OO;
XI_4 1.1491252e+03; XS_4 5.5693982e+Ol;
XPAO_4 0.1; XPP_4 ; 0.1; XPHA_4 = 0.1; XAUT_4
XTSS_4 180; XMeOH_4 = 0.1; XMeP_4 = 0.1;
x4Q ; (S02_4; SF_4; SA_4; SNH4_4; SN03_4; SP04_4;

XI_4; XS 4; XH_4; XPAO_4; XPP_4; XPHA_4;
XMeP_4];

SI_4; SALK_4; SN2_4;
XAUT_4; XTSS_4; XMeOH_4;

% For
802_5
SNH4_5
5I_5
XI_5
XPAO_5
XT55 5
XSO-

tank 5
4.9094351e-01.; SF_5 8.8949280e-01.; SA_S 8.8949280e-Ol;
1.7333316e+00; SN03 5 1.0415220e+Ol; SP04_5 3.6;
3.0000000e+Ol; SALK_5 4.1255794e+OD; SN2_5 6.882800le-Ol;
L 14912S2e+D3; XS_5 4. 930SS86e+01; XH_S 2. 5593436e+03;
0.1; XPP_5 0.1; XPHA_5 = 0.1; XAUT_5 = 1.4979714e+02;
180; XMeOH~5 : 0.1; XMeP_5 = 0.1;

[S02_5; SF_5; SA_5; SNH4_S; SN03_S; SP04_5; SI_5; SALK_S; SN2_S;
XI_5; XS_5; XH_5; XPAO_5; XPP_5; XPHA_5; XAUT_5; XTSS_5; XMeOH_5;
XMeP_51,

xO = [x10;x20;x30;x40;X50];
x = [xO zeros(95,Kl}]*O.Ol;

% Steady state sL~ulation of t~e model
for k = 1:K1.

xk = x(:,k);
xik = xi ( :, k) t

Pk P_BASM2F(xkl;

50k
xx!<
=lk

[xk(39, 1) rxk (58,1) ,xk(77, 1) 1 ,
DT*KLa*(SOsat-SOk);
[zeros (38-,1) ; xx:k (1) ; zeros (1 8. 1.) ; xxk (2) t zeros (18 , 1) ; xxk (3) ; zeros (18, I) ] ;

x(:,k+l) = A*x(:,k) + Cr*Pk + B*x.i(:,k) + xx1k;
end

% Full nodel response LO the s~eady staLe in~1ue~~ concen~rations

% Tank 1
figure(ll
subplot(5,4,1);plot(x(1,:)};title(rS02_1 J

)
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subplot(5,4,2)iplot(x{2,:»;title('SFl')
subplot(5,4,3);plot(x{3,:»i title('SAl')
subplot(5,4,4);plot(x(4, :)};title('SNH4_1 '}
subplot(S,4,S};plot(x(S,:»ititle('SK03_1'}
subplot(S,4,6} iplot(x(6,:)}ititle(JSP04_1'}
subplot{5,4,7};plot(x(7,:)}ititle('SIl'}
subplot(S.4,8)iplot{x{8,:});title{'S~1')

subplot(S,4,9),plot(x(9,,»,title('SK21')
subplot(S,4,10);plot(X{10,:});title('XIl');
subplot{S,4,11);plot(x(11,:});title('XSl')
subplot(S.4.12),plot(x(12. ,»,title('Y_Q1')
subplot{5,4,13);plot(x(13, :)};title('XPAOl')
subplot(5,4,14};plot(x{14, :»;title('XPPl')
subplot(S,4,lS);plot(x(15,:»;~itle{IXPF_~1')

subplot(S,4.16);plot(x(16.,»;title('XAGTl')
xlabel{'discre~e time k ')
subplot{5,4,17);plot(x(17,:»;title{'XTSSl')
xlabel('d~screLe tLme k')
subplot(5,4,18)iplot(x(18,:)}ititle('X!~eOHl'}

xlabel('discre~e tiIT.e k')
subplot(S,4,19);plot(x(19, :»;title('z~~ePl')
xlabel( 'discrete u.i.me k'}
set (figure (1) • '2arr.e','Tar-k 1 steady state res~:ts', 'n~bertitle'. 'c=='}

% Tank 2
figure (2)
subplot{5,4,1);plot(x{20, :)} ititle{'S02_2')
subplot{5,4,2);plot{x{21, :» ititle{'SFZ'}
subplot(S,4,3) ;plot(x(22. ,» ;title('SA2')
subplot(5,4,4);plot(x(23,:» ;title('SNH4_Z ')
subplot(S,4,S);plot(x(24,:» ;title('SN03~2')

subplot(S,4,6);plot(x(2S, :» ;title('SPO~_2')

subplot(5,4,7);plot(x(26, :)};title{'SI2')
subplot(5,4,8};plot(x(27,:}) ;title('S?~K2')

subplot{5,4,9);plot{x{28, :}) ;title('SN2_2 1
}

subplot(S.4.10);plot(x(29.,»,title('XI2');
subplot(S.4.11);plot(x(30.,»;title('XS2')
subp1ot(S,4.12);plot(x(31.,»,title('XH2')
subplot{S,4,13)iplot{x(32, :»;title{'XPA02')
subplot(S,4,14)iplot(x(33,:»;title{'XPP2'}
subplot{S,4,15);plot{x{34,:)}ititle{'XPHAZ')
subplot(S.4.l6);plot(x(3S.,»;title('XAGT2')
x1abel{'discre~e '.:iree k')
subplot(S,4,17);plot{x{36,:»;title('XTSS2')
xlabel{'d:"scre::e t.i.me k ')
subp1ot(S.4.18);plot(x(37.,»;title('~"eOH2')

xlabel ( r di.acret;e r.tne k')
subplot(S,4,19)iplot{x{38, ~»ititle('X¥-eP2')
xlabel(Tdiscrete tiffie k')
set (figure(2) , 'name', 'Tack 2 steady s~ate resclts', '~~~ertitle','cff")

% Tank 3
figure(3)
subplot(S,4,1);plot(x(39, :» ititle('S02_3')
subplot(S.4.2);plot(x(40, ,» ,title('SF3')
subplot{S,4,3);plot(x(41, :» ;title{'SA3')
subplot(S.4,4};plot(x(42, :)} ititle('SKH4 3 1

)

subplot{S,4,S)iplot{X{43, :}) ;title{'SK03=3')
subplot{S,4,6};plot(X{44,:» ;title{'SP04_3')
subplot(S,4,7};plot(x{4S,:» ;title('SI3')
subplot(S,4.8) ,plot (x(46, ,» ;title('SA~K3')

subplot(S,4,9}iplot(x(47, :)} ;title('SN2_3')
subplot(S.4,lO),plot(x(48. ,»,title('XI3');
subplot{S,4,11)iplot{x(49. :»ititle{'XS3')
subplot(S.4.12),plot(x(SO.,»,title('XH3')
subplot(S,4,13);plot(x(Sl,:»;title{'XPA03')
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subplot(S,4,14);plot(x(S2,,)};title('XPP3')
subplot(5/4,~5);plot(X(53,:)};title{fXPF~~3J)

subplot(S,4,16);plot(x(S4, ,)};title('~~C~3')
xlabel("d~screte tiKe k')
subplot{S,4,l.7);plot(x{55,:});title('XTSS3'}
xlabel('d~scre~e ti~e k'}
subplot{5,4,18);plot(X{56,:})ititle('xt~eOH3')

xlabel{'discre~e ~ime k')
subplot(5,4,19);plot(x{57,:}};title('~ieP3'}

xlabel{'discrete ~i~e k'}
set (figure (3) • 'narr.e', 'Tank 3 s~eacy s~ate ~esults', f~~er~itle', 'c==')

- % Tank ~

figure(4} ~~i

subplot (5, 4 ..1.) ;plot (x ts e, s } ;title (f 302 4:')
subplot(S,4,2};plot(X{59, :}) ;title(rSF4')
subplot(S.4,3);plot{x(60,:}) ;title('SA4')
subplot(5,4,4}iplot(x(61, :}) ititle('S~H4_4'}

subplot(S,4,5)iplot(x(62, :» ;title{'S~03 4')
subplot(S,4,G};plot(x(63, :}) ititle('SP04-4')
subplot(5,4,7)iplot{x(64, :» ititle{'SI4')
subplot{S,4,8)iplot{x{65, :» ititle('SALK4')
subplot(S,4,9)iplot{x{66, :» ;title{'SN2 4')
subplot{5,4,~O)iplot{x{67,:»ititle{'XI~')i
subplot(5,4,ll)iplot{x{68, :»ititle{'XS~')
subplot(5,4,12)iplot(x{69, :»ititle('XH4')
subplot(5,4,13)iplot{X(70, :»ititle('XPA04')
subplot(5,4,14)iplot(X{71, :»ititle('XPP4'}
subplot(5,4,l5) iplot(x(72,:})ititle{'Xpa~41)

subplot(5,4,16);plot(x{73,:»ititle{'?~~GT4')

xlabel('discrete ~l~e k')
subplot(5,4,17)iplot(x(74, :»ititle('XTSS4')
xlabel{'~screte tirr~ k')
subplot(5.4,18} iplot(x(75,:»ititle('XMeOH4')
xlabel( "d.i sc.cet;e time k ')
subplot(5,4,19)iplot{x{76, :»ititle{'XMeP~')
xlabel('discrete ti~e k ')
set(figure(4), 'narr~','Tank 4 steady s~ate results', 'na~ertitle','cf='}

% Tank 5
figure(s)
subplot(S,4,1) ;plot(x(77, ,» ;title('S02_S')
subplot(S,4,2)iPlot(x{78,:)}ititle('SF5')
subplot(S,4,3}iplot{x(79, :});title('SAS')
subplot(S,4,4) ;plot(x(80,,) ;title('SNH, S')
subplot(S,4,S)iplot(x(81,:}} ititle('SN03=S')
subplot(S,4,6)iplot(x(82,:» ititle('SP04_5')
subplot(5,4,7)iplot(x(83,:» ititle{'SIS')
subplot(5,4,8)iplot(x(B4, :»ititle('SALK5')
subplot(5,4,9}iplot(x(85,:» ititle('SN2 S'}
subplot (5,4, 10) iplot{x(86,:})ititle('XI5')i
subplot(5,4,ll);plot{x(87, :»;title('XSS')
subplot(5,4,12)iplot(x(88, :)}ititle('XHS')
subplot(S,4,13};plot(xI89, ,)};title('XPACS')
subplot(S,4,14)iplot(x{90, :»ititle('XPP5')
subplot(S,4,lS);plot(x(91,:»ititle('XPHAS'}
subplot(S,4,16);plot(x(92, ,»;title('lL~CTS'}
xlabel("discrete tioce k')
subplot(5,4,17}iplot(x(93,:»;title{'XTSS5'}
x1abel('discre~e time t l

}

subplot(S,4,lB}iplot(x(94, :»ititle('X!{eOHS'}
xlabel ( Idiscrete time k I)
subplotIS,4,19);plot(x(9S, ,»;title('XMePS')
xlabel ( r discrete t i.rne k "}
set{figure(5), 'n~~e','Tank 5 s~eady state ~es~lts', '~anbertitle','c=~')
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% ~ata for dyn~~c simulations
K = 10i % Prediction horizon for d}~amic sL~ulati2ns j
% ~ynamics of the inflow conce~~rations for dry wea~her file
load dry. 't.xt;

% The order is ~, SS XBE XS X! S~H 81 SND A~rD QJ
% 1 2 3 4 5 6 7 8 9 10

xi [S02i*oneS(1,K}i
SN03i*ones(1,K)i
SN2i*ones (1, K) i

XPAOi*ones(l,K)i
XTSSi*ones(l,K);

SFi*ones(l,K)i
spo4i*ones(l,K) ;
dry (1 :K, 5) , ;

XPPi*ones(I,K);
XMeOHi*ones(l,K);

SAi*ones(l,K); dry(1:K,6)';

dry{I:K,7) '; SALKi*ones(l,K);
dry(1:K,4)'; d.ry(1:K,3) ';
XPHAi*oneS(l,K); XAUTi*ones(I,K);
XMePi*oneS(l,K)];

% The order: is
%
%
x

123456
18 19

[x(" (K1+1» zeros (95,K) J ;

7 8 9 10 :2 13 14 15 16 2-7

% Dynamic s~ulation of the ~odel

for k = I:K
xk = x{:,k);
xik=xi{:,k);
Pk P_BASM2F (xk) ;

SDk
xxk
=lk

[xk(39, 1) ;xk (58,1) ;xk (77,1) J t

DT*KLa*(SOsat-SOk);
[zeros (38, I) ;xxk. (1) ; zeros (18, I) ; xxk tz ) ; zeros (18,1) ;xxk (3) ;zeros (IS, 1)] ;

x(:,k+1) = A*x(:,k) + C'·Pk + B*xi(:,k) + xxlk;
end

% Full model response to tLe dyr.~ic influect co~cer.tra~ions

% Tank 1
figure (6)
subplot(5,4,1);plot{x(1,:});title{'S02_1')
subplot(5,4,2};plot(x(2,:»;title('SFl')
subplot(S,4,3);plot(x(3,:»;title{'SAl'}
subplot{S,4,4)iplot(x(4,:)};title('SKH~_11)

subplot(S,4,S);plot{x(S,:»;title('SR03_1')
subplot(5,4,6};plot{x(6,:»;title('SP04_1'}
subplot{5,4,7);plot(x(7,:»;title('SII')
subplot(5,4,B);plot{x{B,:»;title{'SALKl')
subp1ot(S,4,9};plot(x(9, ,»;title('SK2_1'}
subplot(5,4,10);plot(x(lO,:»;title{'XIl');
subplot(S,4,11);plot{x(11,:»;title('XSl')
subplot(5,4,12);p1ot(x(12, ,»;tit1e(';<H1')
subplot(5,4,13) iplot(x(13,:»;title{'XPAOl')
subp1ot(S,4.14);p1ot(x{14,,)};tit1e('XPP1')
subplot(S,4,15);plot(x(IS, ;»;title('Xpa~l')
subplot{5,4,16);plot{x{16,:»;title('Y-ACTl'}
xla..bel ( •discrete tirr.e k')
subplot(5,4,17);plot(x(17,,»;title('XTSS1')
xlabel{!discre~e ~irr.e k')
subplot{S,4,18)iplot(x(18,:»ititle{'X!~eOHl')

xlabel{"discrete ~ime k'}
subplot(5,4,19);plot{x(19, :»ititle('Xlf.ePl'}
xlabel('discrete t~e k')
set {figure (6) , 'name', 'Tank 1 dyr.a~ic results', 'n~er~i~le','of~'}

% Tack 2
figure (7)

subplot(5,4,I)iplot{x(20, :)} ;title{'SC2_2')
subplot(5,4,2}iplot(x(21,:});title('SF2')
subplot(5,4,3)iplot{x{22,:»;title{'SA2')
subplot{S,4,4)iplot(x(23,:}) ;title('S~H4_2')
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subplot (5,4,5) ;-plot (x(24, :» ;title (t St~3 2 I)
subplot(5,4,6);plot(x(25,,» ;title('~P04-Z')

subplot(5,4,7);plot(x(26, ,) ;title('SIZ')
~subplot{5,4,8);plot{x(27,:» ;title('SFJLKZ')
subplot{S,4,9}iplot(x{28,:» ititle('S~2_2r)

subplot(5,4,lO);plot(x(29, ,»;title('XIZ');
subplot(S,4,11)iplot{x(30, :»ititle('XS2 1

)

subplot(S,4,12);plot(x(31,:»;title('XHZ')
subplot(5,4,13);plot(x(32,,);title('XPAOZ')
subplot(5,4,14);plot(x(33,,»;title('XPP2')
subplot(5,4,15);plot(x(34, :)}ititle('Xpa~Zt)
subplot (5,4, 16) ;plot(x(35,:}};title('Y2.GTZ')

.- xlabel ( "ot.scre-.e t.Lme k I )

subplot(5,4,17};plot(x(36, :)};bitle(rXTSSZ')
xlabel('discrete t~T.e k')
subplot(5,4,18);plat(x(37, :»;title("xt~eCHZ')
xlabel('discrete tl~e k·)
subplot(5,4,19);plot(x(38,:»;title(J~~eP2"}

xlabel ( •discrete -c.i.me k')
set(figure(7),'~arr£t,'Ta~k 2 dyr~a~c results','n~lber~i~lel, 'of=')

% Tar..k 3
figure (8)
subplot (5,4,:t) ;plot (x{3 9, :) ) ;title ( 'SC2 3')
subplot(5,4,2) ;plot(x(40, ,» ;title( 'SF37 )
subplot(5,4,3);plot(x(41,:}} ;title('SA3')
subplot(5,4,4);plot(x(42,,) ;title('SKH4 3')
subplat(S,4,5}iplat(x(43,:» ititle{'SK03=3'}
subplot(S,4,6);plot(x{44,:» ititle('SP04~3')

subplot{S,4,7);plot{x(4S,:)}ititle('SI3')
subplot{S,4,8)iplot(x(46,:)} itit1e('SF-LK3')
subplot(S,4,9)iplot(x{47,:});title('SN2_3')
subplot(5,4,10);plot(x(48,,»;title('XI3');
subplot(5,4,11);plot(x(49,,»;title('XS3')
subplot(5,4,12);plot(x(50,,»;title('XH3')
subplot(5,4,13);plot(x(51, ,»);title('XPA03')
subplot(5,4,14);plot(x(52, ,»;title('XPP3')
subplot(S,4,15);plot{x(53,:»;title{'XPHA3')
subplot{S,4,16)iplot{x(54,:})ititle(IY~~GT3')

xlabel ( •discrete t.Ime k')
subplot{5,4,17)iplot(x{55,:)}ititle('XTSS3')
xlabel{'discrete tirr,e k l

)

subplot(5,4,18);plot(x(56, ,));title('~ceOH3')
xlabel('discre~e tirr£ k')
subplot(5,4,19);plot(x(57,,»;title('~eP3')

xlabel("discrete tlme k')
set(figure(S) ,'narr,e' ,'Tar.k 3 dynaad.c results' ,'l"'.ul"Jber':itle','cff')

% Tank 4.
figure (9)
subplot(S,4,1)iplot(x(S8,:» ititle('S02_~')

subplot{S,4,2)iplot(x(S9,:}} ititle('SF4')
subplot{514,3)iplot(x(60,:»ititle{'SA~')

subplot(5,4,4);plot(x(61,,) ;title('SlCH4_4')
subplot(S.4,S};plot{x(62,:» ;title(ISK03_4 f)

subplot (5,4,6) ;plot (x(63,:}) ;title( 'SP04_ ~')
subplot(S,4,7)iplot(~(64,:» ititle(fSI~')

subplot(S,4,8);plot(x(65,:» ;title('SF~K~')

subplot(S,4,9);plot(x{66,:» ititle('SK2_~I)

~plot(5,4,lO);plot(x(67,,»;title('XI4');

subplot(5,4.11);plot{x(68, ,»;title('XS4')
subplot(S,4,12)iplot(x(69,:»ititle('XH4')
subplot(5,4,13);plot(x(70,,));title('XPA04')
subplot(5,4,14}iplot(x(71,:»;title('XPP4')
subplot(S,4,15}iplot(x{72,:»;title('XPP~.4')

subplot(5,4,16);plot(x(73,,»;title('Y_~UT4')
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x1abel('d~screte t~e k')
subplot(5,4,17)iplot(x{74, :»ititle(IXTSS~')
xl.abel ( I discrete t.Lrr;e k ")
-subplot{S,4.,18)iplot(X(75,:»ititle{'xt~eOH~')

xlabel('discrete ~ime k')
subplot(S,4.19)iplot{x{76.:»ititle('XMeP4')
xlabel{ "ddscrer e trirce k ')
set(figure(9).'~arr.e'.'Tank 4 dy2a~c results', 'L~iber~i~le'.'off')

% Tank 5
figure (10)
subplot(S,4.1)iplot{x{77.:» ;title('SC2 5')

..,. subplot (S.4. 2) r p.Lot; (X(78, :)} ;title{' SF5°}
subplot(5,4,3),plot{x(79.:)},title('SA5'}
subp1ot(S,4,4);plot(x(80, ,» ;title('S~'Hc S')
subplot {5. 4., 5} ;plot (x(8l, :) ) ;title ( ' SNQ3':=5')
subplot{S,4,6} ;plot(x(82.:» ;title( 'SP04_5 1

)

subplot(S,4,7)iplot(x(83,:» ititle{'SI5')
subplot (5 ,4.. 8) ;plot {x(84. :}} •title ( 'SAl.A-KS· )
subplot(S,4,9};plot{x(8S,:» ;title{'SN2_5 1 )

subplot(S,4,10)iplot(x{86,:}};title{'XI5'};
subplot{S,4,11};plot{x{87,:)};titleC'XS5')
subplot(5,4,12) ;plot(x{88, :});title('XHS')
subplot(5,4,r3);plot(x{89, :});title{'XPA05')
subplotCS,4.14);plotCxC90,:)};title('XPPS')
subplot(5,4,15);plot{x{91,:» ;title{'XPHAS')
subplot(S,4,16);plot(x(92,,»;title('XAGT5')
xlabel(ldiscre~e ~ime :t')
subplot(5,4,17} ;plat(x{93, :)};title{'XTSSS'}
xlabel{'discrete ~i~e k l

)

subplot(5,4,18};plot(x(94,:)};title{r~eCH5'}

~abel('discre~e ~irr~ k')
subplot{5,4,19};plot{x(9S,:»;title('~1eP5'}

xlabel('discrete ~irr.e k '}
set(figure(lO}, 'narr.e', '~ar-k 5 dy~~~ic results','~~~er~i~let, 'of!')

X?HA
x(IS,:)];
x(34,:)];
X(S3,:)];
X(72, dl;
x(91,dl;

xpp!
x(14,:} ;
x{33,:) ,
x(52,:);
x(71,:) ;
x(90,:);

S~H4, SN03, SP04, XS,
X{4,:}; x(S,:); x(6,:); x(ll,:);
X (23 , : ) vx:(24, : ) ; x (2 5, : ) ; x (30, :) ;
x{42,:) ;x{43,:) ;x(44,-:) ;x(49, :);
x (61, :) ; x (62, : ) ; X {6 3, : } ; X (68, r ) ;
xCSD,:) ;x(Sl,:) ;x{82,:} ;x(87. :);

%

z

z1
z2
z3
z4
zS

%: ==--=====-----=== REDUCED !{C;)E:' FOR!·:EJLATION ==--============

% Form the vec~or of the states {=) for the red~ced model, based on the
% FSMl predic~ioa

S!?, SA,
[x{2,:); x{3,:);
[x{21,:}; x(22,:l;
[x{40,:}; x{41,:>;
[x(S9,:); x{60,:>;
[x(78,:); x(79,:};
[zl,z2;Z3;z4;z5];

% For~at~o~ of the vector 0= the control variab~es

ul x(1,:) ;
u2 := x(20,:);
u3 x{39,:};
u4 "" x(SS,:);
US := x(77,:)i

U [uI; U2; u3; u4; usj ,

% J~Tarric val~es of the inflow concen~rations for dry weathe~

zi"" [SFi*ones(l,K); SAi*ones{l,K); SNH4i*ones{I,K); SN03i*ones(1,K);
SP04i*ones(1.K); XSi*ones{l,K); XPPi*anes(I,K); XPHAi*ones{l,K)];

% Steady s~ate values for the biomass ~B, X-~~T, SAL~, XPAC
XH [2551~76*ones(1,K); 2553~38*ones{1,K); 2557.13*ones{1,K};

2S59~18*ones(1,K); 2S59.34*ones(1,K)];
XAUT [148~389*ones{1,K}; 148~309*ones{1,K); 148.941*ones{1,K);

149~527*ones{1,K); 149~797*ones{1,K)];

SALK [4~9*ones{1,K}; 148.309*ones(I,K}; 148.941*ones (I,K);
149.527zones{1,K); 149.797*ones{l,K)];
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XPAO [76~386*ones(~,K); 76.386*ones{1.K); 64.85S*ones(l,K);
55.694*ones(L,K); 49_306*ones(1,K)]i

% ~il\TRIX A for ~he reduced rr.odel (FRJ
Allr = 1. - IVll; A22r = 1. - IV22; A33r 1. - IV33;
A44r = 1. - IV44i A55r = 1. - IV55i
Al5ar = IVl '" (Qa + Qr);
AlSbr = IVl * (Qa + LAMBDA*Qr);
A21.r IV22; A32r IV33; A43r = IV44j A54r IV55;

Allr Al1r '" ones (I, 8) ; Al.lr diag{A11r) t

A22r A22r '" ones (1. 8) ; A22r diag(A22r);
A33r A33r '" ones (l,B) ; A33r diag{A33r) ;
A44r A44r '" oneS(1,8) ; A44r diag(A44r} ;
A55r A55r '" ones (1.,8) ; A55r diag(A55r),

Al5r
AI5r

[A15ar, A15ar, A15ar, A25ar, Alsar, AlSbr, A15br, A15br];
diag(A15r)i

A2~r

A32r
A43r
A54r

A21r '" ones(1,8); A21r
A32r '" ones (l,S) ; A32r
A43r '" ones{l,S); A43r
A54r '" ones{I,8); A54r

diag(A2~r);

diag (A32r) i

diag (A43r) ;
diag{A54r);

AlOr zeros(8,8); A20r = zeros(8.I6); A30r zeros (8. 24) ;

AR >= [AlIr A30r AlSr;A2lr A22r A30r;AlOr A32r A33r A20r;A20r A43r A44r AIQriA30r AS4r
ASSr];

% ¥~7RIX 5 for tne ~educed ~odel {oR}
IVO = DT / V~'QO;

f := 1.2;
BIIr:= [rvO*ones{I,3) Iva*f IVO*ones(I,4)];
BIIr = diag(BIIr)i
BR>= [BIIr; zeros(32.8)];

% HA7RIX C for t:"e reduced r.:odel (::R)

% SF SA SNH4 S!'103 SP04 "S ZPP XPP.A.

CCR = [ t i. 0 0.01 0 0 -~ 0 0];
[~ 0 O.O~ 0 0 -~ 0 01;
[~ 0 0.01 0 0 -~ 0 0];
[-1. 59 0 -0.022 0 -0.004 0 0 0] ;
[0 -1~59 -0.0070 0 -0.02 0 0 01 ;
[-1.59 0 -0.022 -0.2~ -O~OO4 0 0 OJ i

[0 -1~59 -0.07 -0.2~ -0.02 0 0 0] ;
[-a ~ 0.03 0 O.O~ 0 0 OJ;
[0 -~ a a 0.4 0 -0 .4 1.1 i

[0 0 0 0 -~ a ~ -0.201 ;
[0 a -0.07 a - 0.02 a 0 -1. 61 ;
[0 a -4~24 4~17 -0.02 0 0 all ;

CR ~ DT*[CCR zeros(12,32); zeros(12,8) CCR zeros(12.24);
zeros(12,16} eCR zeros{12,16}; zeros(12,24) eCR zeros(12,8) i

zeros(12.32} CCRJ;

% Para~eter estimatiQn
for k = l:K

zk z(:,k);
uk = u(:,k} i

XHk
XAUTk
XPAOk
SALKk

XH(:,k};
XAUT(, ,k);
XPAQ(, ,k) ;
SALK ( "kl;
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zik zi(:,k};
pk P_BASM2R(zk,uk,XHk,XAOTk,XPAOk,SALKk};
FIk CR'*Pki
Y(: ,k} z (: ,k+-I) -AR*z (: ,k) -BR*zi (: ,k) i

theta(:,k) = (PIk '*FIk} ..... (-1}*FIk '*Y(:,k);
end

kHe(1,:}
mune j t , ,)
qfee(~,,)

qPHAe (~, ,)
qPPe(~,,)

"'muPAOe(~, :)
muAUTe (a , ,)

theta(1,:};
theta (2, :} i

theta (3, :};

theta (4, :};
theta(S.,) ;
theta{6,:) i

theta (7, e } ;

% Dynamic s~~~lation of the reduced ~odel with the es~imated paracecers
zE = [z(1,1);z(2,1);z(3,1);z(4,1)iZ(S,1);z(6,1);z(7,1);z(8,I);z(9,1)iZ{10,l); z(Il,I);
z(l2,1)iZ{13,1); z{14,1);
z (15,1) ; z (16, 1) ; z (17,1) ; Z (I8 , 1) ; z (19, 1) ; z {20, I} s z (21, 1) ; z (22, I) i z (23 , I) ; z (24, 1) t Z (25, I)
i z(26,1.}; z{27,1}iZ(28,1.); z(29.1.);
z (3 0, 1) ; z (31, I) ; z {32, I} t z (33,1) ; z (34,1) ; z (35, 1) i z (36, 1) ; z {37 , I} i z (38 , 1) ; z {3 9,1} ; z (4 0, 1)
] ;

ERR = z(:,I}-ZE;

% Dyr.amic simalation of the red~ced model with the esti~a~ed 9a=a~eters

for k = l.:K
zEk : zE (" k) ;
uk u(:,k);

zik. zi ( : , k) ;

XHk
XAUTk
XPAOk
SALKk

kHek
muHek
qfeek
qPHAek
qPPek
muPAOek
muAOTek

XH{:,k};
XAUT{: ,k);

XPAO(, ,k);
SALK ( : .k} t

theta{1,k) ;
theta{2.k) ;
theta {3, k} ;
theta(4,k} i

theta(S.k) ;
theta(6,k} i

theta{7,k} ;

Pk =
P_BASM2RE{zEk,uk,XHk,XAUTk,XPAOk,SALKk,kHek,muHek.qfeek,qPHAek.qPPek.muPAOek,muATITek)i

zE(:,k+l} = AR*zE(:.k} + CR'*Pk +- BR*zi(:,k};

ERR("k+~)=z("k+~)-zE("k+~),
end

% Vector of process full, es~iMated a~d e~~or variables
% SF,SA,SNH4,S~03,SP04TXS,XPP,XP?~~, Tank 1
SF1=z(l.,:) iSA1=z{2.:) iSNH4_1=z{3,-:} ;SN03_1=z(4,:) i

SFl.E=zE{l.,:);SAl.E=zE{2, :);SNH4_1E=ZE(3,:};SN03_1E=zE{4,:};
ERRSF~:ERR(~,,);ERRSA~=ERR(2,,);ERRSNH4_~=ERR(3,,);ERRSN03_~:ERR(4,,),

SP04_1=z(5,:};XSl=z(6,:);XPPl=z{7,:};XPHA1=z(B,:);
SP04_1E=zE{S, :) ;XSIE::zE (6, :) ;XPPIE=zE{7. :.) iXPHAlE=zE {8, :} i

ERRSP04_~=ERR(S,,) ,ERRXS~=ERR(6,,),ERRXPP~=ERR(7,,),ER-~HA~=ERR(8.,),

% Calculation of the we~ghted errors for tank 1
eSFl.=(ERRSFl.*ERRSFl')/(SFl*SFl');
eSA1='ERRS~*ERRSAl')/{SAl*SAl');

eSNH4 1=(ERRSNH4 1*ERRSNH4 l')/{SNH4 1*SNH4 1');
eSN03-1=-(ERRSN03-1*ERRSN03-l.'} I {SN03-1*SN03 I'};

eSP04=1=(ERRSP04=1*ERRSP04=1')/{SP04=1*SP04=1 1 ) i

eXSl={ERRXSl*ERRXS1'}/(XSl.*XSl') ;
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eXPP1:(ERRXPP1*ERRXPP1')/(XPP1*XPP1 1)i

eXPHAl:(ERRXPHA2*ERRXPHA1')/{XPHA1*XPHAl')i

~% Vector o~ process ful:, es~inated and error variables
% S~~SA,SNH4,SN03~SP04,XS~X?P~X?HA, Tank 2
SF2-z(9, d ;SA2~z(10, d ; SNH4_2:Z(H, ,) ;SN03_2=z(12, d;
SF2E-zE(9,,);SA2E~ZE(10,,);SNH4_2E~zE(11,,);SN03_2E~zE(12,,);

ERRSF2:ERR{9, :);ERRSA2=ERR{10~:)iERRSNH4_2=ERR(11.:)iERRSN03_2=ERR{12,:)i

SP04_2=z{13, :);XS2=z{14,:) iXPP2=z(lS,:) iXPHA2=z(16,:) ;
SP04_2E=zE(13,:)iXS2E=zE(14, :)iXPP2E=zE(15, :)iXPHA2E=zE(16. :)i

ERRSP04_2=ERR(13, ,);ERRXS2~ERR(14,,);ERRXPP2~ERR(15,,);ERRXPHA2=ERR(16, ,);

% Ca:culatio~ of ~he weighted &rrors for taLk 2
eSF2=(ERRSF2*ERRSF2 1)/{SF2*SF2')i

eSA2=(ERRSA2*ERRSA2')/{SA2*SA2I);
eSNH4 2=(ERRSNH4 2*ERRSNH4 2')!{SNH4 2*SNH4 2')i
eSN03-2={ERRSN03-2*ERRSN03-2')!(SN03-2*SN03-2')i
eSP04=2={ERRSP04=2*ERRSP04=2')/(SP04=2*SP04=2 1)i

eXS2=(ERRXS2*ERRXS2')/(XS2*XS2')i
eXPP2=(ERRXPP2*ERRXPP2')/(XPP2*XPP2')i
eXPHA2={ERRXPHA2*ERRXPHA2I)/(XPHA2*XPHA2');

% Vector of pr~cess ful:, es~i~ated a~d error var~ab:es

% SF,SA,S~H4,SR03,SPO~,XS,XPP,XP~A, Tank 3
SF3=z{17,:) iSA3=z(18,:) iSNH4_3=Z(19,:) ;SN03_3=z{20,:) i

SF3E=zE(17,:} iSA3E=zE(18,:};SNH4_3E=zE(19, :)iSN03_3E=zE(20,:)i
ERRSF3=ERR(17,,);ERRSA3~ERR(18,,);ERRSNH4_3=ERR(19,,) ;ERRSN03_3=ERR(20,,);

SP04_3=z (21, e } iXS3 ==Z (22, e } iXPP3=z (23, :) iXPHA3=Z (24, :) i

SP04_3E=ZE{21,:)iXS3E=zE(22, :);XPP3E=zE(23, :)iXPHA3E=zE(24,:)i
ERRSP04_3==ERR(21,:) iERRXS3=ERR(22,:) iERRXPP3=ERR(23,:) iERRXPHA3==ERR (24, :} i

% Calculation of the weig~ted errors fo~ tank 3
eSF3=(ERRSF3*ERRSF3 1}/{SF3*SF3')i

eSA3={ERRSA3*ERRSA3 1)!(SA3*SA3')i

eSNH4 3={ERRSNH4 3*ERRSNH4 3')/(SNH4 3*SNH4 3')i
eSN03-3= (ERRSN03-3*ERRSN03-3') / (SN03-3*SN03-3 I) ;
eSP04=3={ERRSP04=3*ERRSP04=3'}/{SP04=3*SP04=3')i
exS3= (ERRXS3*ERRXS3')! (XS3*XS3') ;
eXPP3=(ERRXPP3*ERRXPP3')/(XPP3*XPP3');
eXPHA3={ERRXPHA3*ERRXPHA3')/{XPHA3*XPHA3') j

% Vector of process ful:, es~iwated a~d error variables
% SF,SA,SN34,S~C3,SP04,XS,XPP,XPrJi, Tank 4
SF4=z(9,:) iSA4=z{lO,:) jSNH4_4=z(11,:) ;SN03_4=z:{12,:) i

SF4E=zE( 9,:) ;SA4E=zE (10, :) ;SNH4_4E=ZE (11, :) iSN03_4E=ZE (l2, e ] i

ERRSF4:ERR(9, d ;ERRSA4~ERR(10, e} ;ERRSNH4_4=ERR(H, e) ;ERRSN03_hERR(12, d;

SP04_4=Z(13,:)iXS4=z{14,:)iXPP4=z(lS,:) iXPHA4=z(16,:) i

SP04_4E=zE{13,:) iXS4E=zE{14,:) iXPP4E=zE(lS,:) iXPHA4E=zE(16,:};
ERRSP04_4=ERR(13,:) iERRXS4=ERR(14,:);ERRXPP4=ERR(lS,:) iERRXPHA4=ERR(16, :);

% Caiculatio~ of the weighted errors for tank ~

eSF4=(ERRSF4*ERRSF4')!(SF4*SF4 ')i
eSA4={ERRSA4*ERRSA4 ')/(SA4*SA4')i
eSNH4 4= (ERRSNH4 4*ERRSNH4 4') / (SNH4 4*SNH4 4 1

) ;

eSN03-4=(ERRSN03-4*ERRsN03-4')/(SN03-4*SN03-4')i
eSP04=4= (ERRSP04=4*ERRSP04=4 I)! (SP04=4*SP04=4') ;
eXS4=(ERRXS4*ERRXS4')/(XS4*XS4')i
eXPP4=(ERRXPP4*ERRXPP4')/(XPP4*XPP4')i
eXPHA4={ERRXPHA4*ERRXPHA4')!(XPHA4*XPHA4')i

% Vector of process full, estLuated aad errQr variables
% S=,~.~S~E4,SN03,SP04,XS,X?P1XPR~, Tank 3
SFS=z(17,:)iSA5=z{18,:} ;SNK4_5=z(19,:}iSN03_5=z(20,:);
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SFSE"ZE(17,;},SA5E"zE(18,,),SNH4_SE"zE(19,;),SN03_SE~zE(20,,),

ERRSFS~ERR(17,;),ERRSAS"ERR(18,;} ,ERRSNH4_S"ERR(19,;) ,ERRSN03_S"ERR(20,;},

-SPQ4_5=z{Zl,:)i XS5=Z(22,:};XPP5=z{23,:);XPHA5=z(24,:) i

SP04_5E=zE(21,:);XSSE=zE(22, :);XPPSE=zE(23, :};XPHA5E=ZE(24,:};
ERRSP04_S=ERR(21, ;},ERRXSS"ERR(22,;},ERRXPPS"ERR(23, ;),ERRXPHAS"ERR(24, ,};

% Calc~atio~ of the weighted errors for tank 5
eSF5=(ERRSFS*ERRSF5')!(SFS*SF5');
eSA5=(ERRSAS*ERRSAS')/(SA5*SA5');
eSNH4_S={ERRSNH4_5*ERRSNH4_S ')/(SNH4_5*SNH4_5');
eSN03 S={ERRSN03 5*ERRSN03 5')/(SN03 S*SN03 5');

"- eSP04=S= (ERRSP04=:S*ERRSP04=S I) / (SP04:=S*SP04:=S r);

exS5= (ERRXSS*ERRXS5 r) / (XSS*XS51.) i

eXPP5=(ERRXPPS*ERRXPP5')/(XPPS*XPP5');
eXPHA5={ERRXPHAS*ERRXPHAS')/(XPHAS*XPHAS');

k"" l:K;
% Graphs 0= ~he estirr~ted para~e~ers

figure (H)

subplot (4,2, I) rp Lot; (k., kHe, I k' ) ; title ( I Estirr-.ated i>:E') ;ylabel ( • kHe I ) ;

subplot(4,2,2);plot(k,muHe, 'k');title{'Estirr~tedm~S') ;ylabel{'Lune');
subplot{4,2,3);plot(k,qfee, 'k');title{'EstiEated q:e');ylabel{'qfee"};
subplot(4,2,4);plot(k,qPHAe, 1~1);title('Esti~atejq?HA');ylabel('qP?-As ');
subplot{4,2,5) ;plot(k,qPPe, "k ' ) ;title( "Est.Lraat.ed qP?') ;ylabel{ 'qrPe l

) ;

subplot{4,2,6);plot(k,muPAOe,'k');title{'Estinated ~~PAO');

ylabel ( 'mt:;PAOe ") ;xlabel (' di.screte t.Lme k')
subplot(4,2,7);plot(k,muAUTe, 'k');title('EstiEated ~2F~CT');

ylabel{'n2A0~e');xlabel{'discreLe~~e k')
set(figure{ll),'naffie', 'Esti~a~ed para~ete=s','r:wuber~itlef,'of=')

k = l:K+l;
% Graphs 0= the redu~ed mcdel response to the dy:-a~c i~fluent

% concen~ratio~s

figure(12}
subplot{4,4,1);plot{k,SF1);hold on; plot{k,SFlE,'k-.');ylabel('SFl,SFlS ');
legend('SF1·,'SFlE ' ) ; s ubpl o t {4 , 4 , 2 } ; plot(k,ERRSFl,'k');ylabel{'ERRS?l');

subplot{4,4,3};plot(k,SA1);hold on; plat {k,SAlE, rk_~ I) ;ylabel('SAl,SAlE I ) ;

legend ( 'SAl I, 'SAlE') ; subplot (4,4, 4); plot (k, ERRSA1,. 'J<: I) ;ylabel (I ERF.SAl') ;

subplot(4,4,S);plot(k,SNH4_1);hold on; plot (k,SNH4_1E, 'k-.');
legend('S~S4_1','SKH4_1E');ylabel('Sr~4_1,S~H4_l£');subplot(4,4,6);

plot (k.ERRSNH4_1, tk');ylabe~('~~~SN~4_1');

subplot(4.4.7};pl.ot(k,SN03_1) ;hold oni plot (k, SN03_1E , 'k-.')
legend{'SN03 1', 'SN03 IE') ;ylabel('SK03 1,S~03 :3');subplot(4,4,8);
plot (k,ERRSN03_l., 'k')-;-yl.abel('ER..~SK03_1f); -

subplot (4,4,9) ;plot (k, SP04_1.) ;hold 0:1; plot (k, SP04_1E, I k-.!) ;
legend('SF04_1I,'SPO~_lE');ylabel('SP04_1,SPO~_lE');subplot(4~4,lO);

plot{k,ERRSP04_1, Ikl);ylabel('S~qSP04_1');

subplot(4,4,l.l}iplot(k,XSl.);hold on; plot (k,XSIE, 'k-.');ylabel('XSl,XSlE');
legend ( 'XSl' , 'XS!.E.') t subplot (4,4,12); plot (k,ERRXS1, 'k') ;ylabel (' ERR...XSl") ;

subplot(4,4,13);plot(k,XPPl);hold ~~i plot(k,XPPlE, I~_.t)
legend('X?Pl~,'XPPlE');ylabel('XPP1,XPP1Sr);xlabel('discretetime k')
subplot(4,4,14); plot (k,ERRXPPl, '~l);

ylabel('ERRYJ?Pl');xlabe~('~scretetL~e k')

subplot(4.4,l.S);plot(k,XPHA1);ho~dO~; plot (k.XPHAlE, "k-. ")
legend ( 'X?F.Al', 'XPH.1UE') ;ylabel( 'XPHA2.,XFH..z>"lE' ) ;xlabel( "ddscze t.e tiE€: k ")
subplot(4,4,16}; plot{k,ERRXP~,lk');
ylabel ( 'ER?J-PHAl t ) ixlabel. ( I dz.sczeue t.Lme k 1 )
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set(figure(12), 'name:, '~a4k ~ Process varlables and estL~ation

er~or','~Qsbertitle','off')

. figure (13)

subplot(4,4,1);plot(k,SF2) ;hold on; plot (k,SF2E, 'k-. ');ylabel('S?2,S?2E');
legend ( 'SF2' , 'SF2E') ; subplot (4, 4,2); plot (k, ERRSF2, 'J(') ;ylabel (' ERRS?2' ) ;

subplot(4,4,3);plot(k,SA2) ;hold O~; plot {k,SA2E, 'k-~I);ylabel('S22,S~2S'};
legend('SA2', 'SA2E ' ) ; s ubp l o t (4 , 4 , 4 ) ; plot (k,ERRSA2, 'k');ylabel('ERRSA2');

subplot(4,4,S);plot(k,SNH4_2)ihold O~i plot {k,SNH4_2E, 'k~_');
legend('SN~4 2' ,'SNH4 2E'} ;ylabel('S~H4 2,S~H4 2E'};subplot(4,4,6};

""" plot (k,ERRSNH4_2, 'k l }-;-y l abe l ( ' E.:R...G.S!'B 4_ 21) i -

subplot{4,4,7);plot(k,SN03_2);hold oni plot (k,SN03_2E, 'k_~f)
legend{'S~J3_2f,'SN03_2E');ylabel('S~03_2,S~03_2E')iSubplot{4,4,8);

plot (k,ERRSN03_2, fk'};ylabel('Z~~SKC3_2'};

subplot(4,4,9);plot{k,SP04_2);hold on; plot {k,SP04_2E, '~-~'}
legend{'SP04 2', 'SP04 2E'};ylabel{'SPO~ 2,S?04 2S');subplot{4,4,10);
plot (k,ERRSF04_2, 'k')~ylabel('E~qSP04_2'); -

subplot(4,4,11);plot(k,XS2)ihold o~; plot(k,XS2E, 'k-.'};ylabel('XS2,XS2S');
legend ( I XS2' ; 'XS2E') ; subplot (4, 4 ,12) i plot (k, ERRXS2, 'k') ;ylabel ( ' EF,RXS2') ;

subplot(4,4,13)iplot(k,XPP2) ;hold on; plot (k,XPP2E, 'k-.');
legend('X?P2','XPP2E '};ylabel{'X?P2,XPP2E'};xlabel('discrete tir..e k'}
subplot(4,4,14); plot (k,ERRXPP2, '?-');
ylabel('EFL~P2'};xlabel('discretetime k l

)

subplot(4,4,lS};plot(k,XPHA2};hold o~; plot (k,XPHA2E, 'k-~ I)
legend('XPF~2',fXPB_q2EI)iylabel('XP3F2,XPR~ET);xlabel('discreteti~e ~'}

subplot(4,4,16}; plot{k,ERRXPHA2, 'k');
ylabel('E5L~=2~2'};xlabel('discre~~~irr.e k 1

}

set(figure(13), '~ame','7a~k 2 Process va~iables a~d es~imation

e~~o~','n~~ertitle','off'}

figure (H)
subplot(4,4,1);plot(k,SF3);hold O~; plot(k,SF3E,'k-.') ;ylabel('S=3,SF32')i
legend { 'SF3', 'SF3E'} ; subplot {4,4,2}; plot (k,ERRSF3, 'k') ;ylabel ('EP.RSF3') i

subplot(4,4,3);plot(k,SA3);hold en; plot (k,SA3E, 'k:.'};ylabel{'SA3,SA3E'};
legend{ISA3", 'SA3R'};subplot(4,4,4); plot {k,ERRSA3, "k'};

subplot(4,4,S};plot(k,SNH4_3);hold on; plot (k,SNH4_3E, 'k-.')
legend('SNB4 3', 'S~H4 3£');ylabel{'S~H4 3,S~E~ 3E');subplot(4,4,6);
plot (k,ERRSNH4_3, 'k')7ylabel('E~qSNH4~3J)i -

subplot(4,4,7};plot(k,SN03_3};hold on; plot (k,SN03_3E, 'k-~'}
legend('SN03 3','SN03 3E');ylabel('SN03_3,SN03 3E'}iSubplot(4,4,8);
plot (k,ERRSN03_3, 'k') ~ylabel (" EP.i\SK03_3') ; -

subplot(4,4,9);plot(k,SP04_3};hold O~; plot {k,SP04_3E, lk_.'}
legend(·SP04 3','SPO~ 3E')iylabel('SF04 3,S?04 3E'};subplot(4,4,lO);
plot(k,ERRSP04_3, 'k')~ylabel('EP2SP04_3'}i -

subplot(4,4,ll);plot{k.XS3)jhold O~; plot(k.XS3E, 'k-.')iylabel{'XS3,XS3S');
legend('XS3' ,'XS3E'};subplot{4,4,12); plot (k,ERRXS3, 'kf};ylabel{'ER~S3f);

subplot(4,4,13};plot(k.XPP3} ;hold O~; plot (k,XPP3E, 'k-.')
legend('XP?3','XPP3E');ylabel('XPP3,XPP3E')jxlabel("discrete tlID8 k')
subplot(4,4,14}; plot (k,ERRXPP3, 'k'}j
ylabel( 'Z.R...~?P3');x1abel ('discre-:e time k "}

subplot(4,4,15};plot(k,XPHA3)ihold on; plot (k,XPHA3E, 'k-~ '}
legend ( 'XPE..~3 I , 'XPKZU£') ;ylabel ( IXP:iP-3, XPlL~3E') ; xlabe1 (T dj.scz-et.e t.Lce k')
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subplot(4,4,16); plot(k,ERRXPHA3,'k');
ylabel('ErtRXP~~3');xlabel(rd~screte~i~e k')
set(figure(14), 'name', '7ank 3 Process variab:es a~d estima~ion

error', 'n~lbertitle','off')

figure (15)

subplot(4,4,l);plot(k,SF4)ihold on; plot(k,SF4E, 'k-.');ylabel('SF4,S?4E');
legend ( 'SF4', 'SF4E') isubplot(4,4,2); plot (k,ERRSF4, 'k') ;ylabel ('ERRSF4 ');

sUbplot{4,4,3);plot{k,SA4);hold on; plot{k,SA4E,I~-.')iylabel{'SA4,SA4El);

legend('SA4','SA4E');subplot(4,4,4); plot {k,ERRSA4, 'k')iylabel('ERRSA4');

subplot(4,4,5)iplot(k,SNH4_4);hold ODi plot (k,SNH4_4B, '~-.')

legend('SNQ4_4', 'SKH~_4Ef)iylabel('SNH4_4,S~E4_43r);subplot(4,4,6)i
plot(k,ERRSNH4_4, 'k');ylabel('~~SNH4_4'}i

subplot(4,4,7);plot(k,SN03_4);hold O~i plot (k,SN03_4E, 'k-.')
legend('S~a3_4','SNC3_4E');ylabel{'SK03_4,S~03_4E');subplot(4,4,8);

plot {k,ERRSN03_4. 'k') ;ylabel(IE?~qSN03_4');

subplot{4,4,9) ;plot(k,SP04_4) r ho.Ld 0:1; plot (k,SP04_4E, Ik-. I)
legendC"SPD4_4', 'SPO~_~E')iylabel('SP04_4,S?O~_4Z')iSubplot{4,4,10);
plot (k,ERRSP04_4, Ik');ylabel{'E~qSP04_4');

subplot{4,4,11) iplot{k,XS4)ihold O~i plot {k,XS4E, '~-")iylabel{'XS4,XS4S')i
legend('~34','XS4E1)iSubplot(4,4,12); plot (k,ERRXS4, rk');ylabel('ER~XS4');

subplot{4,4,13)iplot{k,XPP4) ihold O~i plot (k,XPP4E, 'k-.')
legend('X?P4', 'XPP~E')iylabel{'X?P4,XPP~El)ixlabel('discretet~.e k')
subplot{4,4,14); plot {k,ERRXPP4, 'k');
ylabel("S~ZK?P41);xlabel{'discretetL~e k')

subplot{4,4,15)iplotCk,XPHA4);hold oni plot {k,XPHA4E, '~-. ')
legend('XP?~4','Xpa~4E')iylabel('XP3A4,Xpa~4E')ixlabel{'discretet~~e k ')
subplot{4,4,16); plot (k,ERRXPHA4, 'k')i
ylabel('EaFXpa~4')ixlabel('discretetirr£ k')
set{figure(15), 'aarr~', '7ahk 4 Process variables a~d estimation
error',rnwmber~i~le',"o~f')

figure(16)
subplot{4,4,l)iplot(k,SP5)ihold O~i plot {k,SFSE, 'k-.')iylabel(iSF5,S:5S')i
legend('SF5','SF5Z');subplot{4,4,2); plot {k,ERRSF5: Ik');ylabel{'ERRSFS');

subplot{4,4,3) iplot(k,SA5) iho1d oni plot (k,SA5E, 'k-.');ylabel('SA5,SA5E')i
legend{'SF5','SF~£');subplot(4,4,4)iplot {k,ERRSAS, 'k')iylabelC'ERRSAS')i

subplot(4,4.5) ;plot{k.SNH4_5) ;hold on; plot(k,SNH4_5E,'k-.')
legend{'S~~4_5','S~~4_5E')iylabel('SKH~_5,S~H~_5E');subplot(4,4,6);

plot (k, ERRSNH4_5, 'k')iylabel{'ERBSKH4_S')i

subplot{4,4,7) iplot(k,SN03_5) ihold on; plot {k,SN03_SE, "k-.')
legend{IS~D3 5', 'SK03 5E");ylabel{'SK03 S,SN03 5E')isuhplot(4,4,8);
plot {k,ERRSN03_5, 'k')-;-ylabel('ERRSr"03_51); -

subplot(4,4,9) iplot(k,SP04_S) ihold oni plot {k,SP04_5E, 'k-.')
legend{'SP04_51¥'SP04_5E');ylabel{ISPO~_5,SP04_5E')isubplot( 4 , 4 , 10 ) i

plot (k,ERRSP04_S, Ik'liylabel{'3ELqsP04_5')i

subplot{4,4,11};plot{k,XSS);hold on; plot(k,XS5E, Tk-~');ylabel('XS5,XS5S')i
legend('XS5','XS5E');subplot(4.4,~2}iplot (k,ERRXS5, 'k')iylabel('EfL~~5');

subplot(4,4.13};plot,k,XPP5)ihold on; plot {k.XPPSE, 'k-.')
legend('X2P5','XPP5E');ylabel('X2P5,XPP5£');xlabel('discrete tir..e k')
subplot{4,4,14}; plot {k,ERRXPP5, 'k');
ylabel('SZL~XPP5');xlabel('d~sc=ete~ime t ')
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subplot{4,4,15};plot(k,XPHAS);hold on; plot {k.XPHASE, 'K_. 1
}

legend{'X?FJ;5','XP~~5E');ylabel{'XP3A5,XPB~~E');xlabel(ldisc~ete t~rr.e k"}
subplot{4.4,16); plot {k,ERRXPHAS, 'k');

. yl.abel ( •~R....~?:L'i5 ') ;xlabel ( •df.scz-et.e t i.me k')
set(figure{16}, 'n~e(, l~ank 5 Process variab:es a~d esti~ation

erro~l, '~~~~erti~le",'of~')

B.2: MATLAB script file - P_BASM2F.m

% M-?ile: P .3AS!~2F.m

% =======--==--====--========== M-?~LE ~ESCRIPTIO~ ===----======================
%. This m-Ej.Le is used for: h~

% Calculatio~ of ~he process ra~es f~r the ~ull ~odel

function[PJ = P_BASM2F{xk)

global fSI: YH fXI Y'P04 YPHA i'PBM YA. iNBM Kh etaN03 etafe muH qfe bH q'PHA qPP muPAO bPAO
bpP bPHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4 KALK KA Kfe KPP KPS KP KPHA KIPP KMAX
% 'IF-olE 1
P(U: Kh' (xk(1)!(KOZ+xk(1») • «xk(U)!xk(1Z»!(KX+(xk(U)!xk(1Z»» • xk(1Z);
P(Z)= Kh • etaN03 • (KOZ!(KOZ+xk(1») • (xk(S)!(KN03+xk(S») •
«xk(11)!xk(1Z»!(KX+(xk(11)!xk(1Z»» • xk(1Z);
P(3)= Kh' etafe • (KOZ!(KOZ+xk(1») • (KN03!(KN03+xk(S») •
«xk(U)!xk(12»!(KX+(xk(U)!xk(1Z»» • xk(1Z);
P(4)= muH' (xk(1)!(KOZ+xk(1») • (xk(2)!(KP+xk(2») • (xk(2)!(xk(2)+xk(3») •
(xk(4)!(KNH4+xk(4») • (xk(6)!(KP+xk(6») • (xk(B)!(KALK+xk(B») • xk(12);
P(S)= muH' (xk(1)!(K02+xk(1») • (xk(3)!(KA+xk(3») • (xk(3)!(xk(2)+xk(3») •
(xk(4)!(KNH4+xk(4») • (xk(6)!(KP+xk(6}» • (xk(B)!(KALK+xk(B») • xk(12);
P(6)= muH' etaN03 • (K02!(K02+xk(1») • (xk(2)!(KF+xk(2») • (xk(2)!(xk(Zl+xk(3») •
(xk(4)!(KNH4+xk(4») • (xk(S)!(KN03+xk(S») • (xk(B)!(KALK+xk(B») • xk(12);
P(7)= muH • etaN03 • (K02!(K02+xk(1») • (xk(3)!(KA+xk(3») • (xk(3)!(xk(2)+xk(3») •
(xk(4)!(KNH4+xk(4}» • (xk(S)!(KN03+xk(S») • (xk(B)!(KALK+xk(B»)' (xk(6)!(KP+xk(6»)
• xk(1Z) ;
P(B)= qfe' (KOZ!(K02+xk(1») • (KN03!(KN03+xk(S») • (xk(2)!(Kfe+xk(2») •
(xk(B)!(KALK+xk(B»)' xk(1Z);
P(9)= bH • xk(1Z);
P(lO)= qPHA' (xk(3)!(KA+xk(3») • (xk(B)!(KALK+xk(B») •
«xk(14)!xk(13»!(KPP+(xk(14)!xk(13»» • xk(13); _
P(ll)= qPP' (xk(l)!(KOZ+xk(l))) • (xk(6)!(KPS+xk(6») • (xk(B)!(KALK+xk(B») •
«xk(lS)!xk(13»!(KPHA+(xk(1S)!xk(13»» • «KMAX-(xk(14)!xk(13»)!(KPP+KMAX­
(xk(U) !xk(13)))) • xk(13);
P(12)= muPAO • (xk(1)!(K02+xk(1)}) • (xk(4)!(KNH4+xk(4») • (xk(B)!(KALK+xk(B»)'
(xk(6)!(KP+xk(6») • «xk(lS) !xk(13» f(KPHA+ (xk(lS) !xk(13) ») • xk(13);
P(13)= bPAO • xk(13) • (xk(B)!(KALK+xk(B»);
P(14}= bpp • xk(14} • (xk(B}!(KALK+xk(S»);
P(1S)= bPHA • xk(lS) * (xk(B)!(KALK+xk(B)});
P(16)= muAUT • (xk(1)!(KOZ+xk(1») • (xk(4)!(KNH4+xk(4») • (xk(6)!(KP+xk(6») •
(xk(B)!(KALK+xk(B») • xk(16);
P(17)= bAUT • xk(16};
P(1S}= kPRE • xk(6) • xk(1B};
P(19)= kRED * xk(19) * (xk(B)!(KALK+xk(B»);

% TP0.TK 2
P(20)= Kh' (xk(20)!(KOZ+xk(20») * «xk(30)!xkD1»!(KX+(xk(30)!xk(31»» • xk(31);
P(21)= Kh * etaN03 *_-(K02!(K02+xk(20») * (xk(24)!(KN03+xk(U») •
«xk(30)!xkl31»!(KX+(xk(30)!xk(3l»» • xk(31);
P(22)= Kb' etafe * (K02!(K02+xk(ZO») • (KN03!(KN03+xk(Z4l» •
«xk(30)!xk(31»!(KX+(xk(30)!xk(31»» • xk(31);
P(Z3)= muH * (xk(20l!(K02+xk(20»)) • (xk(21)!(KF+xk(2l») • (xk(21)!(xk(Zll+xk(22))) •
(xk(23)!(KNH4+xk(23)}) • (xk(2S)!(KP+xk(ZS») • (xk(Z7)!(KALK+xk(27») • xk(31);
P(Z4)= muH * (xk(20)!(K02+xk(20}») • (xk(22)!(KA+xk(22») * (~~(22)!(xk(21)+xk(Z2») *
(xk(23)!(KNH4+xk(23)}) • (xk(2S}!(KP+xk(2S») • (xk(27)!(KALK+xk(27») * xk(3l);
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P(ZS)~ muH * etaN03 * (KOZ/(KOZ+xk(20») * (xk(21)/(KF+xk(21») *
(xk(21)/(xk(21)+xk(22») * (xk(Z3)/(KNH4+xk(Z3») * (xk(Z4)/(KN03+xk(Z4») *
(xk(27)/ (KALK+xk(Z7») * xk(31);
P(Z6)~ muH * etaN03 * (KOZ/(K02+xk(20») * (xk(22)/(KA+xk(22») *
(xk(22)/(xk(21)+x.1<:(22») * (xk(23)!(KNH4+xk(23») * (xk(24)/(KN03+xk(24») *
(xk(27)/(KALK+xk(Z7»)* (xk(2S)/(KP+xk(2S») * xk(31);
P(27)~ qfe * (K02/(K02+xk(20») * (KN03/(KN03+xk(24») * (xk(21)/(Kfe+xk(21») *
(xk(27)/(KALK+xk(27»)* xk(31);
P(Z8)~ bH * xk(31);
P(29)~ qPHA * (xk(22)/(KA+xk(22») * (xk(27)!(KALK+xk(27») *
«xk(33)/xk(32»/(KPP+(xk(33)/xk(32»» * xk(32);
p(3a)~ qPP * (xk(2a)/(K02+xk(2a») * (xk(25)/(KPS+xk(25») * (xk(27)/(KALK+xk(27») *

~ «xk(34)/xk(32»/(KPHA+(xk(34)/xk(32»» * «KMAX-(xk(33)/xk(32»)/(KPP+KMAX­
(xk(33)/xk(32»» * xk(32);
P(31)~ muPAO * (xk(2a)/(K02+xk(2a») * (xk(23)/(KNH4+xk(23») * (xk(27)/(KALK+xk(27»)*
(xk(25)/(KP+xk(25») * «xk(34)/xk(32»!(KPHA+(xk(34)/xk(32»» * xk(32);
P(32)~ bPAO * xk(32) * (xk(27)/(KALK+xk(27»);
P(33)~ bPP * xk(33) * (xk(27)/(KALK+xk(27»);
P(34)~ bpHA * xk(34) * (xk{27)/(KALK+xk(27»);
P(3S)~ muAUT * (xk(2a)/(K02+xk(2a») * (xk(23)/(KNH4+xk(23») * (xk(2S)/(KP+xk(2S») *
(xk(27)!(KALK+xk(27») * xk(3S);
P(36)~ bAUT * xk(3S);
P(37)~ kPRE * xk(2S) * xk(37);
P(38)~ kRED * xk(38) * (xk(27)/(KALK+xk(27»);

-% TA.:'U{ 3
P(39) ~ Kb * (xk(39) / (K02+xk(39») * «xk(49) /xk(SO» / (KX+(xk(49) /xk(SO»» * xk (50) ;
p(4a)~ Kh * etaN03 * (K02/(K02+xk(39») * (xk(43)/(KN03+xk(43») *
«xk(49) /xk(5a» / (KX+(xk(49) /xk(Sa»» * xk (SO) ;
P(41)~ Kh * etafe * (K02/(K02+xk(39») * (KN03/(KN03+xk(43») *
«xk(49) /xk(5a» / (KX+(xk(49) /xk(Sa»» * xk (50) ;
P(42)~ muH * (xk(39)/(K02+xk(39») * (xk(4a)/(KF+xk(4a») * (xk(4a)/(xk(40)+xk(41») *
(xk(42)/(KNH4+xk(42») * (xk(44)/(KP+xk(44») * (xk(46)/(KALK+xk(46») * xk(Sa);
P(43)~ muH * (xk(39)/(K02+xk(39») * (xk(41)/(KA+xk(41») * (xk(41)/(xk(40)+xk(41») *
(xk(42)!(KNH4+xk(42») * (xk(44)/(KP+xk(44») * (xk(46)/(KALK+xk(46») * xk(50);
P(44)~ muH * etaN03 * (K02!(K02+xk(39») * (xk(4a)!(KF+xk(4a») *
(xk(40)/(xk(4a)+xk(41») * (xk(42)/(KNH4+xk(42») * (xk(43)/(KN03+xk(43») *
(xk(46)/(KALK+xk(46») * xk(sa);
P(4S)~ muH * etaN03 * (K02!(K02+xk(39») * (xk(41)/(KA+xk(41») *
(xk{41)/(xk(4a)+xk(41») * (xk(42)!(KNH4+xk(42») * (xk(43)/(KN03+xk(43») *
(xk(46)/{KALK+xk(46»)* (xk(44)/(KP+xk(44») * xk(Sa);
P(46)~ qfe * (K02/(K02+xk(39») * (KN03/(KN03+xk(43») * (xk(4a)/(Kfe+xk(4a») *
(xk(46)/(KALK+xk(46»)* xk(Sa);
P(47)~ bH * xk(Sa);
P(48)~ qPHA * (xk(41)/(KA+xk(41») * (xk(46)/(KALK+xk(46») *
«xk(5Z)/xk(Sl»/(KPP+(xk(S2)/xk{Sl»» * xk(Sl);
P(49)~ qPP * (xk(39)/(K02+xk{39») * (xk(44)/(KPS+xk(44») * (xk(46)/(KALK+xk(46») *
«xk(S3)/xk(Sl»/(KPHA+(xk(S3)/xk(Sl»» * «KMAX-(xk(52)/xk(Sl»)/(KPP+KMAX­
(xk(S2)/xk(Sl»» * xk(51);
p(sa)~ muPAO * (xk(39)/(K02+xk(39») * (xk(42)!(KNH4+xk(42») * (xk(46)/(KALK+xk(46»)*
(xk(44)/(KP+xk(44») * ((xk{S3)/xk(Sl»!(KPHA+(xk(S3)!xk(51»» * xk(51);
P(Sl)= bPAO * xk(Sl) * (xk(46)!(KALK+xk(46»);
P(S2)= bPP * xk(S2) * (xk(46)/(KALK+xk(46»);
P{S3)~ bPHA * xk(S3) * (xk(46)!{KALK+xk(46»);
P(S4)~ muAUT * (xk(39)!{K02+xk(39») * (xk(42)/(KNH4+xk(4Z») * (xk(44)/(KP+xk(44») *
(xk(46)/(KALK+xk(46») * xk(S4);
P(SS)~ bAUT * xk(54);
P(S6)= kPRE * xk(44) * xk(S6);
P(S7)= kRED * xk(S7) * (xk(46)/(KALK+xk(46»);

% Tk~K 4
P(S8)= Kb * (xk(S8)/(K02+xk(S8») * «xk(68)!xk(69»!(KX+(xk(68)!xk(69»» * xk(69);
P(S9)~ Kh * etaN03 * (K02/(KOZ+xk(S8») * (xk(62)/(KN03+xk(62») *
«xk(68)/xk(69»/(KX+(xk(68)!xk(69»» * xk(69);
p{6a)= Kb * etafe * (K02!(KOZ+xk(S8») * (KN03!{KN03+xk(62») *
«xk(68)/xk(69»!(KX+(xk(68)/xk(69»» * xk(69);
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P(6l)= muH • (xk(5S)/(K02+xk(5S»)) • (xk(59)/(KP+xk(59))) • (xk(59)/(xk(59)+xk(60»)) •
(xk(6l)/(KNH4+xk(6l») • (xk(63)/(KP+xk(63)) * (xk(65)/(KALK+xk(65») * xk(69),
P(62)= muH * (xk(5S)/(K02+xk(5S») * (xk(60)/(KA+xk(60») • (xk(60)/(xk(59)+xk(60») *
(xk(6l)/(KNH4+xk(6l») • (xk(63)/(KP+xk:(63») * (xk(65)/(KALK+xk(65») • xk(69) ,
P(63)= muH • etaN03 * (K02/(K02+xk(5S») * (xk(59)/(KF+xk(S9») *
(xk(S9)/(xk(59)+xk(60») • (xk(6l)/(KNH4+xk(6l») • (xk(62)/(KN03+xk(62») *
(xk(6S)/(KALK+xk(65») • xk(69);
P(64)= muH * etaN03 • (K02/(K02+xk(5S») • (xk(60)/(KA+xk(60») *
(xk(60)/(xk(59)+xk(60»)) • (xk(6l)/(KNH4+xk(6l») • (xk(62)/(KN03+xk(62») *
(xk(65)/{KALK+xk(65»)' (xk{63)/(KP+xk{63») • xk(69) ,
P(65)= qfe • (K02/(K02+xk(SS») • (KN03/(KN03+xk(62») * (xk(59)/(Kfe+xk(59») •
(xk(65)/(KALK+xk(65»)* xk(69),
P(66)= bH • xk(69);
P(67)= qPEL~' (xk(60)/(KA+xk(60») • (xk(65)/(KALK+xk(6S»)) *
«xk(7l)/xk(70»/(KPP+(xk(7l)/xk(70»» * xk(70);
P(6S)= qPp· (xk(5S)/(K02+xk(5S») • (xk(63)/(KPS+xk(63))) • (xk(6S)/(KALK+xk(6S») •
«xk(72)/xk(70»/(KPHA+(xk(72)/xk(70»» • «KMAX-(xk(7l)/xk(70»)/(KPP+KMAX­
(xk(71)/xk(70)))) • xk(70),
P(69)= muPAO * (xk(SS)/(K02+xk(58)) • (xk(6l)/{KNH4+xk{6l») • (xk(6S)/(KALK+xk(6S»))'
(xk(63)/(KP+xk(63») * «xk(72)/xk(70»/(KPHA+(xk(72)/xk(70»» • xk(70),
P(70)= bPAO • xk(70) * (xk(6S)/(KALK+xk(6S»);
P(7l)= bPp • xk(7l) * (xk(65)/(KALK+xk(65»),
P(72)= bpHA • xk(72) • (xk(6S)/(KALK+xk(65»),
P(73)= muA~' (xk(5S)/(K02+xk(SS») * (xk(6l)/(KNH4+xk(6l») * (xk(63)/(KP+xk(63») *
(xk(65)/(KALK+xk(65») • xk(73) ,
P{74}= bAUT * xk(73)j
P(75)= kPRE • xk(63) • xk(75);
P(76)= kREO • xk(76) • (xk(6S)/(KALK+xk(65»),

% 'IlU'JK 5
P(77)= Kh * (xk(77)/(K02+xk(77») • «xk(S7)/xk(SS))/(KX+(xk(S7)/xk(SS)))) • xk(SS),
P(7S)= Kh' etaN03 • (K02/(K02+xk(77») * (xk(Sl)/(KN03+xk(Sl») •
«xk(S7)/xk(SS»/(KX+(xk(S7)/xk(SS»» • xk(88);
P(79)= Kh' etafe • (K02/(K02+xk(77») • (KN03/(KN03+xk(Sl») *
((xk(87)/xk(S8»/(KX+(xk(S7)/xk(8S»» • xk(88),
P(80)= muH' (xk(77)/(K02+xk(77») * (xk(78)/(KF+xk(7S»)) * (xk(7S)/(xk(78)+xk(79») *
(xk(80)/(KNH4+xk(SO») * (xk(S2)/(KP+Xk(S2») • (xk(S4)/(KALK+xk(S4))) * xk(S8) ,
P{Sl)= muH • (xk(77)/{K02+xk{77») • (xk(79)/{KA+xk{79») • (xk(79)/{xk{78)+xk{79») *
(xk(80)/(KNH4+xk(80») * (xk(82)/(KP+xk(S2») * (xk(S4)/(KALK+xk(84») • xk(88);
P(S2)= muH' etaN03 • (K02/(K02+xk(77») • (xk(7S)/(KF+xk(78») •
(xk(78)/(xk(7S)+xk(79»)) • (xk(SO)/(KNH4+xk(80») • (xk(Sl)/(KN03+xk(8l») *
(xk(84)/(KALK+xk(84») • xk(88),
P(S3)= muH • etaN03 * (K02/(K02+xk(77») • (xk(79)/(KA+xk(79») •
(xk(79)/(xk{7S)+xk(79») • (xk(80)/(KNH4+xk(SO»)) • (xk(Sl)/(KN03+xk(8l») •
(xk(84)/(KALK+xk(84»)' (xk(82)/(KP+xk{82») * xk(8S);
P(S4)= qfe' (K02/(K02+xk(77») * (KN03/(KN03+xk(Sl») * (xk(7S)/(Kfe+xk(78») *
(xk(84)/(KALK+xk(84»)' xk(8S);
P(SS)= bH • xk(SS);
P(S6)= qPHA' (xk(79)/(KA+xk(79») * (xk(84)/(KALK+xk(S4») *
«xk(90)/xk(S9))/(KPP+(xk(90)/xk(S9)))) • xk(S9),
P(S7)= qPP' (xk(77)/(K02+xk:(77») • (xk(S2)/(KPS+xk(S2») • (xk(S4)/(KALK+xk(S4)) •
«xk(9l)/xk(S9»/(KPHA+(xk(9l)/xk(S9)) • «KMAX-(xk(90)/xk(S9»)/(KPP+KMAX­
(xk(90)/xk(S9)))) • xk(S9);
P(SS)= muPAO * (xk(77)/(K02+xk(77»)) • (xk(SO)/(KNH4+xk(SO))) * (xk(S4)/(KALK+xk(S4»))'
(xk(S2)/(KP+xk(S2))) • «xk(9l)/xk(S9»/(KPHA+(xk(9l)/xk(S9)))) • xk(89);
P(S9)= bPAO • xk(S9) • (xk(S4)/(KALK+xk(S4»);
P(90)= bPP' xk(90) .~ (xk(S4)/(KALK+xk(S4»),
P(9l)= bPHA • xk(9l) • (xk(S4)/(KALK+xk(S4»),
P(92)= muAUT • (xk(77)/(K02+xk(77») • (xk(SO)/(KNH4+xk(SO») * (xk(S2)/(KP+xk(S2») •
(xk(S4)/ (KALK+xk(S4») * xk(92) r
P(93)= bAUT • xk(92),
P(94)= kPRE • xk(S2) • xk(94) ,
P(95)= kREO • xk(95) • (xk(S4)/(KALK+xk(S4»),

P = [P(l) P(2) P(3) P(4) P(S) P(6) P(7) P(S) P(9) P(10) P(U) P(12) P(13) P(14) P(1S)
P(16) P(17) P{lS) P(19) P(20) P(2l} P(22) P(23) P(24) P(25) P(26) P(27) P{2S) P(29)
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P(19): etaN03 • (K02/(K02+uk(2») • (zk(10)/(KA+zk(10») • (zk(10)/(zk(9)+zk(10») •
(zk(11)/(KNH4+zk(11») • (zk(12)/(KN03+zk(12») • (SALKk(2)/(KALK+SALKk(2»)'
(zk(13)/(KP+zk(13») • XHk(2);
P(20): (KOZ/ (KOZ+uk(2») • (KN03/ (KN03+zk(1Z») • (zk(9) / (Kfe+zk(9») •
(SALKk(Z)/(KALK+SALKk(2»)' XHk(2);
P(Z1): (zk(10)/(KA+zk(10») • (SALKk(Z)/(KALK+SALKk(Z») •
«XPAOk(2)/XPAOk(Z»/(KPP+(XPAOk(2)/XPAOk(Z»» • XPAOk(Z);
P(2Z)~ (uk(Z)/(KOZ+uk(Z») • (zk(B)/(KPS+zk(B») • (SALKk(Z)/(KALK+SALKk(Z») •
«zk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(Z»» • «KMAX-(XPAOk(Z)/XPAOk(2»)/(KPP+KMAX­
(XPAOk(2)/XPAOk(Z»» • XPAOk(Z);
P(23)~ (uk(Z)/(KOZ+uk(Z») • (zk(11)/(KNH4+zk(11») • (SALKk(Z)/(KALK+SALKk(Z»)'
(zk(B)/(KP+zk(B») • «zk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(Z»» • XPAOk(2);
P(Z4)= (uk(Z)/(KOZ+uk(2») • (zk(H)/(KNH4+zk(1l») • (zk(B)/(KP+zk(B») •
(SALKk(Z)/(KALK+SALKk(2») • XAUTk(2);

PZk = [[PCB) P(14) pelS) 0 0 0 0 0 0 0 0 0 ] ;
%Kh(2;

[0 0 0 P (16) P (17) P(1S) P(19) 0 0 0 0 0 ] ;
%rr,uE (2)

[0 0 0 0 0 0 0 P(20) 0 0 0 0 1 ;
¥:qfe (2;

[0 0 0 0 0 0 0 0 P (21) 0 0 0 l;
%qP?(2}

[0 0 0 0 0 0 0 0 0 P (22) 0 0 ] ;
%qPEA{2j

[0 0 0 0 0 0 0 0 0 0 P(23) 0 1;
%muPJ.l.D(2)

[0 0 0 0 a a a 0 a a a
P(24)]] ;%m~~GT(2}

% Tll.,."JK 3
P(2S)~ (uk(3)/(K02+uk(3») • «zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» • XHk(3);
P (26): etaN03 • (K02/ (K02+uk (3») • (zk(20) / (KN03+zk(20») •
«zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» • XHk(3);
P(27)~ etafe • (K02/(K02+uk(3») • (KN03/(KN03+zk(20») •
«zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» • XHk(3);
P(2S)= (uk(3)/(K02+uk(3») • (zk(17)/(KF+zk(17») • (zk(17)/(zk(17)+zk(1S») •
(zk(19)/(KNH4+zk(19») • (zk(21)/(KP+zk(2l») • (SALKk(3)/(KALK+SALKk(3») • XHk(3);
P(29): (uk(3)/(K02+uk(3») • (zk(lS)/(KA+zk(lS») • (zk(1S)/(zk(17)+Zk(lS») •
(zk(19)/(KNH4+zk(19») • (zk(21)/(KP+zk(2l») • (SALKk(3)/(KALK+SALKk(3») • XHk(3);
P(30)= etaN03 • (K02/(K02+uk(3») • (zk(17)/(KF+zk(17») • (zK(17)/(zk(17)+zk(1S») •
(zk(19)/(KNH4+zk(19») • (zk(20)/(KN03+zk(20») • (SALKk(3)/(KALK+SALKk(3») • XHk(3);
P(31): etaN03 • (K02/(K02+uk(3») • (zk(1S)/(KA+zk(1S») • (zk(lS)/(zk(17)+zk(1S») •
(zk(19)/(KNH4+zk(19») • (zk(20)/(KN03+zk(20») • (SALKk(3)/(KALK+SALKk(3»)'
(zk(21)/ (KP+zk(21») • XHk(3);
P(32)= (K02/(K02+uk(3») • (KN03/(KN03+zk(20») • (zk(17)/(Kfe+zk(17») •
(SALKk(3)/(KALK+SALKk(3»)' XHk(3);
P(33)~ (zk(1S)/(KA+zk(1S») * (SALKk(3)/(KALK+SALKk(3») •
«XPAOk(3)/XPAOk(3»/(KPP+(XPAOk(3)/XPAOk(3»» • XPAOk(3);
P(34): (uk(3)/(K02+uk(3») • (zk(21)/(KPS+zk(2l))) • (SALKk(3)/(KALK+SALKk(3») •

«zk(24)/XPAOk(3»/(KPHA+(zk(24)/XPAOk(3»» • «KMAX-(XPAOk(3)/XPAOk(3»)/(KPP+KMAX­
(XPAOk(3)/XPAOk(3»» * XPAOk(3);
P(3S)= (uk(3)/(K02+uk(3») • (zk(19)/(KNH4+zk(19») • (SALKk(3)/(KALK+SALKk(3»)'
(zk(2l)/(KP+zk(2l))) • «zk(24)/XPAOk(3»/(KPHA+(zk(24)/XPAOk(3»» • XPAOk(3);
P(36): (uk(3)/(K02+uk(3») • (zk(l9)/(KNH4+zk(19») • (zk(21)/(KP+Zk(21») •
(SALKk(3)/(KALK+SALKk(3») • XAUTk(3);

P3k : [[P(2S) P(26) P(27) a a a 0 a a a 0 a 1 ;
%Kh {3}

[0 0 0 P(2S) P (29) P(30) P(3l) 0 0 0 0 0 I ;
%rnuH(3)

[0 0 0 0 0 0 a P(32) 0 0 a a 1 ;
%qfe(3}

[0 0 0 0 0 0 a 0 P(33) 0 0 0 1 ;
%qPP(3i
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[0 0 0 0 0 0 0 0 0 P(34) 0 0 1 ;
~qPKl\(31

[0 0 0 0 0 0 0 0 0 0 P(3S) 0 1 ,
%muPbO(3)

[0 0 0 0 0 0 0 0 0 0 0
P(36)]] ; %3.UACT(3)

't 'fA..\fK 4
P(37)= (uk(4)/(K02+uk(4») * «zk(30)/XHk(4»/(KX+(zk(30)/XHk(4»» * XHk(4);
P(3S)= etaN03 • (K02/{K02+uk(4») • (zk(27)/{KN03+zk(27») *
«zk(30) /XHk(4» / (KX+ (zk(30) /XHk(4»» * XHk(4);
P(39)= etafe * (K02/(K02+uk(4») • (KN03/(KN03+zk(27») •
«(zk(30)/XHk(4»/(KX+(zk(30)/XHk(4»» • XHk(4) ,
P(40)= (uk(4)/(K02+uk(4») * (zk(2S)/(KF+zk(2S») • (zk(2S)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(29)/(KP+zk(29») * (SALKk(4)/(KALK+SALKk(4») * XHk(4);
P(41)= (uk(4)/(K02+uk(4») * (zk(26)/(KA+zk(26») * (zk(26)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(29)/(KP+zk(29») * (SALKk(4)/(KAL.l{+SALKk(4») * XHk(4);
P(42)= etaN03 * (K02/(K02+uk(4») * (zk(2S)/(KF+zk(2S») * (zk(2S)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(27)/(KN03+zk(27») * (SALKk(4)/(KALK+SALKk(4») * XHk(4);
P(43)= etaN03 • (K02/(K02+uk(4») * (zk(26)/(KA+zk(26») * (zk(26)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(27)/(KN03+zk(27») * (SALKk(4)/(KALK+SALKk(4»)*
(zk(29)/(KP+zk(29») * XHk(4);
P(44)= (K02/(K02+uk(4») * (KN03/(KN03+zk(27») • (zk(2S)/(Kfe+zk(2S») •
(SALKk(4)/(KALK+SALKk(4»)* XHk(4);
P(4S)= (zk(26)/(KA+zk(26») * (SALKk(4)/(KALK+SALKk(4») *
«(XPAOk(4)/XPAOk(4»/(KPP+(XPAOk(4)/XPAOk(4»» * XPAOk(4) ,
P(46)= (uk(4)/(K02+uk(4») * (zk(29)/(KPS+zk(29») * (SALKk(4)/(KALK+SALKk(4») *
«(Zk(32)/XPAOk(4»/(KPHA+(zk(32)/XPAOk(4»» • ((KMAX-(XPAOk(4)/XPAOk(4) »/(KPP+KMAX-
(XPAOk(4)/XPAOk(4»» * XPAOk(4) ,
P(47)= (uk(4)/(K02+uk(4») * (zk(27)/(KNH4+zk(27») * (SALKk(4)/(KALK+SALKk(4) ».
(zk(29)/(KP+zk(29») * «(zk(32)/XPAOk(4»/(KPHA+(zk(32)/XPAOk(4»» * XPAOk(4) ,
P(4S)= (uk(4)/(K02+uk(4») * (zk(27)/(KNH4+zk(27») • (zk(29)/(KP+zk(29») *
(SALKk(4)/(KALK+SALKk(4») * XAUTk(4) ,

P4k = [[P(37) P (38) P (39) 0 0 0 0 0 0 0 0 0 l;
%Kh ('1)

[0 0 0 P(40) P(41) P(42) P(43) 0 0 0 0 0 1,
'trr;Uh (.; ~

[0 0 0 0 0 0 0 P(44) 0 0 0 0 1 t
%qfe(4)

[0 0 0 0 0 0 0 0 P(4S) 0 0 0 1 ,
%ql?Pi4;

[0 0 0 0 0 0 0 0 0 P(46) 0 0 1 ,
%qPP-A( ~)

[0 0 0 0 0 0 0 0 0 0 P(47) 0 1,
%muEAO{4j

[0 0 0 0 0 0 0 0 0 0 0
P(48)]] ;t~~~UT(4)

% TA:~K 5
P(49)= (uk(S)/(K02+uk(S») * «(zk(3S)/XHk(S»/(KX+(zk(38)/XHk(S»» * XHk(S) ,
P(SO)= etaN03 * (K02/(K02+uk(s») * (zk(36)/(KN03+zk(36») *.
«zk(38)/XHk(S»/(KX+(zk(38)/XHk(S»» * XHk(S);
P(SI)= etafe * (K02/(K02+uk(S») • (KN03/(KN03+zk(36») *
«zk(3S)/XHk(S»/(KX+(zk(3S)/XHk(S»» * XHk(S) t

P(S2)= (uk(S)/(K02+uk(S») * (zk(33)/(KF+zk(33») • (zk(33)/(zk(33)+zk(34») •
(zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») * (SALKk(S)/(KALK+SALKk(S») * XHk(S);
P(S3)= (uk(S)/(K02+uk(S») * (zk(34)/(KA+zk(34») * (zk(34)/(zk(33)+zk(34») *
(zk (35) / (KNH4+zk(3S») * (zk (37) / (KP+zk(37) » * (SALKk(S) / (KALK+SALKk(S») * XF.k(S);
P(S4)= etaN03 * (K02/(K02+uk(S») * (zk(33)/(KF+zk(33») • (zk(33)/(zk(33)+zk(34») *
(zk(3S)/(RECd4+zk(3S») * (zk(36)/(KN03+zk(36») * (SALKk(S)/(KALK+SALKk(S») * XHk(S) ,
P(SS)= etaN03 * (K02/(K02+uk(S») * (zk(34)/(KA+zk(34») * (zk(34)/(zk(33)+zk(34») •
(zk(3S)/(KNH4+zk(3S») * (zk(36)/(KN03+zk(36») * (SALKk(S)/(KALK+SALKk(S»)*

(zk(37)/(KP+zk(37») * XHk(S) ,
P(S6)= (K02/(K02+uk(S») * (KN03/(KN03+zk(36») * (zk(33)/(Kfe+zk(33») *
(SALKk(S)/(KALK+SALKk(S»)' XHk(S);
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P(S7)~ (zk(34)/(KA+zk(34») * (SALKk(S)/(KALK+SALKk(S») *
«XPAOk(S)/XPAOk(S»/(KPP+(XPAOk(S)/XPAOk(S»» * XPAOk(S);
P(S8)~ (uk(S)/(KOZ+uk(S») * (zk(37)/(KPS+zk(37») * (SALKk(S)/(KALK+SALKk(S») *
«zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S»» * «KMAX-(XPAOk(S)/XPAOk(5»)/(KPP+KMAX­
(XPAOk(S)/XPAOk(S) ») * XPAOk(S);
P(S9)~ (uk(S)/(KOZ+uk(S») * (zk(3S)/(KNH4+zk(3S») * (SALKk(S)/(KALK+SALKk(S»)*
(zk(37)/(KP+zk(37») • «zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S»» * XPAOk(S);
P(60); (uk(S)/(KOZ+uk(S») * (zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») *
(SALKk(S)/(KALK+SALKk(S») * XAUTk(S);

PSk ; [[P (49) peSO) P(Sl) a 0 a 0 a a 0 a 0 i .
%Kh(5)

[0 a a P(SZ) P(S3) P(S4) P(SS) a 0 0 0 0 J ;
%muE{5}

[0 a a 0 0 0 0 P(S6) a 0 a 0 J ;
%qfe(5)

[0 a 0 a a 0 0 a P(S7) 0 0 0 J ;
%qP?(S)

[0 a a a 0 0 0 0 a P(S8) 0 0 1 ;
%q?EI';.{5}

(0 a a a 0 0 a a a 0 P(S9) 0 J ;
%muFAO (5}

[0 a 0 0 a 0 a a 0 a 0
P(60}]]i%m~vT{5)

%~atrix pk for Lhe whole process
pk; [Plk'; P2k'; P3k l

; P4k'; PSk']i

8.4: MATLA8 script file - P_8ASM2RE.m

~ ~-File: P BASM2RE.L.
% ========================== ~-?~~~ GSSCRIPT:O~ ===========================

% Tr-~s ~-file is used fer:
% Ca~cula~~oc of the p=ocess ra~es for pararr~te= est~~a~ion of tr.e reduc~d

% ffiodel

% Descriptio~ of ~he fucctio~ =~~ction

Eunct.Lcn Pk =

P_BASM2RE(zk,uk,XHk,XAUTk,XPAOk,SALKk,kHek,muHek,qfeek,qPHAek,qPPek,muPAoek,muAUTek)

global fSI YH fXI YP04 YPHA iPBM YA iNBM Kh etaN03 etafe muH qfe bH qPHA qPP muPAO bPAO
bpP bPHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4 KALK KA Kfe KPP KPS KP KPHA KIPP KMAX
% 'I;'~~K 1
P(l)= kHek * (uk(l)/(KOZ+uk(l») * «zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» * XHk(l);
P(Z)= kHek * etaN03 * (KOZ/(KOZ+uk(l») * (zk(4)/(KN03+zk(4») *
({zk(6)!XHk{1»!{KX+{zk(6)/XHk(1»» * XHk{l};
P(3)= kHek * etafe * (KOZ/(KOZ+uk(l») * (KN03/(KN03+zk(4)}) *
(zk(6)/XHk(1»/(KX+(zk{6)/XHk(1»» * XHk(l);
P(4)= muHek * (uk{l)/(KOZ+uk(l») * (zk(l)/(KF+zk(l») * (zk(l)/(zk(l)+zk(Z») *
(zk(3)/(KNH4+zk(3») * (zk(S)/(KP+zk(S») * (SALKk(l)/(KALK+SALKk(l») * XHk(l);
P(S)= muHek * (uk(l)/(KOZ+uk(l») * (zk(Z)/(KA+zk(Z») * (zK(Z)/(zk(l)+zk(Z») *
(zk(3)!(KNH4+zk(3») * (zk(S)/(KP+Zk{S») * (SALKk(l)/(KALK+SALKk(l») * XHk(l);
P(6)= muHek * etaN03 * (KOZ/(KOZ+uk(l») * (zk{l)/(KF+zk(l») * (zk(l)/(zk(l)+zk(Z») *
(zk(3)/(KNH4+zk(3») * (zk(4)/(KN03+zk(4») * (SALKk(l)/(KALK+SALKk(l») • XHk{l);
P(7)= muHek * etaN03 * (KOZ/(KOZ+uk(l») * (zk(Z)/(KA+zk(Z») * (zk(Z)/(zk(l)+zk(Z») *
(zk(3)/(KNH4+zk(3») * (zk(4)/(KN03+zk(4») * (SALKk(l)/(KALK+SALKk(l»)*
(zk(5)/(KP+zk(5») * XHk(l};
P{B); qfeek * (KOZ/(KOZ+uk(l») * (KN03/(KN03+zk(4») * (zk(l)/(Kfe+Zk{l») *
(sALKk(l)/(KALK+SALKk(l»)* XHk(l);
P(S)= qPHAek * (zk(Z)/(KA+zk(Z») * (SALKk(l)/(KALK+SALKk(l») *
«zk(7}/XPAOk(1»/(KPP+(zk(7)/XPAOk(1»» * XPAOk(l);
P(lO)= qppek * (uk(l)/(KOZ+uk(l») * (zk(S)/(KPS+zk(S») * (SALKk(l)/(KALK+SALKk(l») *
«zk(B)/XPAOk(1»/(KPHA+(zk(8)/XPAOk(1»» * «KMAX-(zk(7)/XPAOk(1» )/(KPP+KMAX­
(zk(7)/XPAOk(1»» * XPAOk(l);
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1'(11): muPAOek * (uk(1)/(K02+uk(1») * (zk(3)/(KNH4+zk(3») *
(SALKk(1)/(KALK+SALKk(1»)* (zk(s)/(KP+zk(s») *
«zk(8)/XPAOk(1»/(KPHA+(zk(8)/XPAOk(1»» * XPAOk(1);
1'(12)= muAUTek * (uk(1)/(K02+uk(1») • (zk(3)/(KNH4+zk(3») * (zk(s)/(KP+zk(S») *
(SALKk(1)/(KALK+SALKk(1») * XAUTk(1) ,

% TA.'JK 2
P(13)~ kHek * (uk(2)/(K02+uk(2») * «zk(U)/XHk(2»/(KX+(zk(U)/XHk(2»» * XHk(2) ,
1'(14): kHek * etaN03 * (K02/(K02+uk(2») * (zk(12)/(KN03+zk(12») *
«zk(14)!XHk(2)l!(KX+(zk(14)/XHk(2»l) * XHk(2l,
P(1S)~ kHek * etafe * (K02/(K02+uk(2)l) * (KN03/(KN03+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2) ,
P(16)~ muHek * (uk(2)/(K02+uk(2») * (zk(9)/(KF+zk(9») * (zk(9)/(zk(9)+zk(10») *
(zk(U)/(KNH4+zk(U») * (zk(:L3)/(KP+zk(U») * (SALKk(2)/(KALK+SALKk(2») * XHk(2) ,
1'(17): muHek * (uk(2)/(K02+uk(2») * (zk(10)/(KA+zk(10»l * (zk(10)/(zk(9)+zk(10») *
(zk(U)/(KNH4+zk(U») * (zk(U)/(KP+zk(U») * (SALKk(2)!(KALK+SALKk(2») * XHk(2) ,
1'(18): muHek * etaN03 * (K02/(K02+uk(2») * (zk(9)/(KP+zk(9») * (zk(9)/(zk(9)+zk(1O»)
* (zk(U)/(KNH4+zk(U») * (zk(12)/(KN03+zk(12») * (SALKk(2)/(KALK+SALKk(2») *
XHk(2) ,
P(19)~ muHek * etaN03 * (K02/(K02+uk(2») * (zk(10)/(KA+zk(10») *
(zk(10)/(zk(9)+zk(10») * (zk(U)/(KNH4+zk(U») * (zk(12)/(KN03+zk(12») *
(SALKk(2)/(KALK+SALKk(2»)* (zk(13)/(KP+zk(13») * XHk(2) ,
P(20)~ qfeek * (K02/(K02+uk(2») * (KN03/(KN03+zk(12») * (zk(9)/(Kfe+zk(9») *
(SALKk(2)/(KALK+SALKk(2»)* XHk(2) ,
P(21)~ qPHAek * (zk(10)/(KA+zk(10») * (SALKk(2)/(KALK+SALKk(2») *
«XPAOk(2)/XPAOk(2»/(KPP+(XPAOk(2)/XPAOk(2»» * XPAOk(2);
1'(22): qPPek * (uk(2)/(K02+uk(2») * (zk(13)/(KPS+zk(13») * (SALKk(2)/(KALK+SALKk(2»)
* «zk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(2»» * «KMAX-(XPAOk(2)/XPAOk(2»)/(KPP+KMAX­
(XPAOk(2)/XPAOk(2»» * XPAOk(2) ,
1'(23)= muPAOek * (uk(2)/(K02+uk(2») * (zk(11)/(KNH4+zk(11») *
(SALKk(2)/(KALK+SALKk(2»)* (zk(13)/(KP+zk(13») *
«zk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(2»» * XPAOk(2) ,
P(24)~ muAUTek * (uk(2)/(K02+uk(2») * (zk(U)/(KNH4+zk(U») * (zk(U)/(KP+zk(U») *
(SALKk(2)/(KALK+SALKk(2») * XAUTk(2) ,

% TF...."lZ 3
P(2S)= kHek * (uk(3)/(K02+uk(3») * «zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» * XHk(3) ,
1'(26)= kHek * etaN03 * (K02/(K02+uk(3») * (zk(20)/(KN03+zk(20») *
«zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» * XHk(3),
P(27)~ kHek * etafe * (K02/(K02+uk(3») * (KN03/(KN03+zk(20») *
«zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» * XHk(3),
1'(28): muHek * (uk(3)/(K02+uk(3») * (zk(17)/(KF+zk(17») * (zk(17)/(zk(17)+zk(18») *
(zk(19)/(KNH4+zk(19») * (zk(21)/(KP+zk(21») * (SALKk(3)/(KALK+SALKk(3») * XHk(3) ,
P(29)~ muHek * (uk(3)/(K02+uk(3») * (zk(18)/(KA+zk(18») * (zk(18)/(zk(17)+zk(18») *
(zk(19)/(KNH4+zk(19») * (zk(21)/(KP+zk(21») * (SALKk(3)/(KALK+SALKk(3») * XHk(3) s
1'(30)= muHek * etaN03 * (K02/(K02+uk(3») * (zk(17)/(KP+zk(17») *
(zk(17)/(zk(17)+zk(18») * (zk(19)/(KNH4+zk(19») * (zk(20)/(KN03+zk(20») *
(SALKk(3)/(KALK+SALKk(3») * XHk(3) ,
1'(31): muHek * etaN03 * (K02/(K02+uk(3») * (zk(18)/(KA+zk(18») *
(zk(18)/(zk(17)+zk(18») * (zk(19)/(KNH4+zk(19») * (zk(20)/(KN03+zk(20») *
(SALKk(3)/(KALK+SALKk(3»)* (zk(21)/(KP+zk(21») * XHk(3) ,
P(32)~ qfeek * (K02/(K02+uk(3») * (KN03/(KN03+zk(20») * (zk(17)/(Kfe+zk(17») *
(SALKk(3)/(KALK+SALKk(3»)* XHk(3) ,
P(33): qPHAek * (zk(18)/(KA+zk(18») * (SALKk(3)/(KALK+SALKk(3») *
«XPAOk(3)/XPAOk(3»/(KPP+(XPAOk(3)/XPAOk(3»» * XPAOk(3),
1'(34)= qPPek * (uk(3)/(K02+uk(3») * (zk(21)/(KPS+zk(21») * (SALKk(3)/(KALK+SALKk(3»)
* «zk(24)/XPAOk(3)j!(KPHA+(zk(24)/XPAOk(3»» * «KMAX-(XPAOk(3)/XPAOk(3»)!(KPP+KMAX­
(XPAOk(3)/XPAOk(3»» * XPAOk(3),
1'(35): muPAOek * (uk(3)/(K02+uk(3») * (zk(19)/(KNH4+zk(19») *
(SALKk(3)/(KALK+SALKk(3»)* (zk(21)/(KP+zk(21») *
«zk(24)/XPAOk(3»/(KPHA+(zk(24)/XPAOk(3»» * XPAOk(3);
P(36)~ muAUTek * (uk(3)/(K02+uk(3») * (zk(19)/(KNH4+zk(19») * (zk(21)/(KP+zk(21») *
(SALKk(3)/(KALK+SALKk(3») * XAUTk(3) ,

% TANt\ 4
1'(37): kHek * (uk(4l!(K02+uk(4») * «zk(30)!XHk(4»!(KX+(zk(30)/XHk(4)}» * XHk(4) ,
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P(38)~ kHek * etaN03 * (K02/(K02+uk(4») * (zk(27)/(KN03+zk(27») *
«zk(30)/XHk(4})/(KX+(zk(30)/XHk(4»» * XHk(4) ,
P(39)= kHek * etafe * (K02/{K02+uk(4»} * (KN03/(KN03+zk(27}}) *
«zk(30}/XHk(4)}/(KX+(zk(30)/XHk(4»» * XHk(4),
P(40)= muHek * (uk(4)/(K02+uk(4») * (zk(2S)/(KF+zk(2S») * (zk(2S)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(29)/(KP+zk(29») * (SALKk(4)/(KALK+SALKk(4») * XHk(4) ,
P(41)= muHek * (uk(4)/(K02+uk(4)}) * (zk(26)/(KA+zk(26») * (zk(26)/(zk(2S)+zk(26») *
(zk(27)/(KNH4+zk(27») * (zk(29)/(KP+zk(29») * (SALKk(4)/(KALK+SALKk(4») * XHk(4) t

P(42)= muHek * etaN03 * (K02/(K02+uk(4»} * (zk(2S)/(KF+zk(2S») *
(zk(2S)/(zk(2S)+zk(26»J * (zk(27}/(KNH4+zk(27») * (zk(27}/(KN03+zk(27J» *
(SALKk(4)/(KALK+SALKk(4») * XHk(4) ,
P(43)= muHek * etaN03 * (K02/(K02+uk(4») * (zk(26)/(KA+zk(26)}) *
(zk(26)/(zk(2S)+zk(26)J) * (zk(27}/(KNH4+zk(27)J) * (zk(27}/(KN03+zk(27}» •
(SALKk(4)/(KALK+SALKk(4»}* (zk(29}/(KP+zk(29») * XHk(4) ,
P(44)= qfeek * (K02/(K02+uk(4») * (KN03/(KN03+zk(27») * (zk(2S)/(Kfe+zk(2S»} *
(SALKk(4)/(KALK+SALKk(4)})* XHk(4} ,
P(4S)~ qPHAek * (zk(26)/(KA+zk(26») * (SALKk(4)/(KALK+SALKk(4») *
«XPAOk(4)/XPAOk(4»/(KPP+(XPAOk(4)/XPAOk(4»)} • XPAOk(4) ,
P(46)= qppek * (uk(4)/(K02+uk(4») * (zk(29)/(KPS+zk(29») * (SALKk(4)/(KALK+SALKk(4»)
* «zk(32)/XPAOk(4»/(KPHA+(zk(32)/XPAOk(4»» * «KMAX-(XPAOk(4)/XPAOk(4»)/(KPP+KMAX­
(XPAOk(4)/XPAOk(4»» * XPAOk(4),
P(47)= muPAOek * (uk(4)/(K02+uk(4») * (zk(27)/(KNH4+zk(27») *
(SALKk(4)/(KALK+SALKk(4»)* (zk(29)/(KP+zk(29») *
«zk(32)/XPAOk(4»/(KPHA+(zk(32)/XPAOk(4»» • XPAOk(4),
P(4B)= muAUTek * (uk(4)/(K02+uk(4») * (zk(27)/(KNH4+zk(27J» * (zk(29)/(KP+Zk(29») •
(SALKk(4)/(KALK+SALKk(4») * XAUTk(4) ,

% TPu'JK 5
P(49)= kHek * (uk(S}/(K02+uk(S») * «zk(3B)/XHk(S»/(KX+(zk(3B)/XHk(S)J» * XHk(S) ,
P(SO)= kHek * etaN03 * (K02/ (K02+uk(S») * (zk(36)/(KN03+zk(36») *
«zk(3B)/XHk(S»/(KX+(zk(3B}/XHk(S»» • XHk(S) t

P(SI)= kHek * etafe * (K02/(K02+uk(S») * (KN03/(KN03+zk(36») *
«zk(38)/XHk(S»/(KX+(zk(38)/XHk(S»» * XHk(S) ,
P(S2)= muHek * (uk(S)/(K02+uk(S») • (zk(33)/(KF+zk<33») * (zk<33)/(zk<33)+zk(34») •
(zk(3S)/(KNH4+Zk(3S»} * (zk(37)/(KP+zk(37») * (SALKk(S)/(KALK+SALKk(S») * XHk(S);
P(S3)= muHek * (uk(S)/(K02+uk(S») * (zk(34)/(KA+zk(34») * (zk(34)/(zk(33)+zk(34») •
(zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») * (SALKk(S)/(KALK+SALKk(S») * XHk(S) ,
P(S4)= muHek * etaN03 * (K02/(K02+uk(S») * (zk(33}/(KF+zk(33») *
(zk(33)/(zk(33)+zk(34») * (zk(3S)/(KNH4+zk(3S») * (zk(36)/(KN03+zk(36») *
(sALKk(S)/(KALK+SALKk(S») * XHk(S),
P(SS)= muHek * etaN03 * (K02/(K02+uk(S») * (zk(34)/(KA+zk(34))) •
(zk(34)/(zk(33)+zk(34») * (zk(3S)/(KNH4+zk(3S») * (zk(36)/(KN03+zk(36») •
(SALKk(S)/(KALK+SALKk(S»)* (zk(37)/(KP+zk(37}}) * XHk(S) ,
P(S6)= qfeek * (K02/(K02+uk(S») * (KN03/(KN03+zk(36») * (zk(33)/(Kfe+zk(33») •
(SALKk(S)/(KALK+SALKk(S»)* XHk(S) ,
P(S7)= qPF-Aek * (zk(34)/(KA+zk(34)}) * (SALKk(S}/(KALK+SALKk(S») *
«XPAOk(S)/XPAOk(S»/(KPP+(XPAOk(S)/XPAOk(S»» * XPAOk(S),
P(S8)= qPPek * (uk(S)/(K02+uk(S») * (zk(37)/(KPS+zk(37») * (SALKk(S)/(KALK+SALKk(S»)
* «zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S)}» * «KMAX-(XPAOk(S)/XPAOk(S»)/(KPP+KMAX­
(XPAOk(S)/XPAOk(S»» * XPAOk(S),
P(S9)~ muPAOek * (uk(S}/(K02+uk(S») * (zk(3S)/(KNH4+zk(3S») *
(SALKk(S)/(KALK+SALKk(S»)* (zk(37)/(KP+zk(37») *
«zk(40)/XPAOk(S)}/(KPHA+(zk(40)/XPAOk(S»» * XPAOk(S),
P(60) = muAUTek * (uk(S) / (K02+uk(SJ» * (zk(3S) / (KNH4+zk(3SJ» * (zk (37) / (KP+zk (37») •
(SALKk(S)/(KALK+SALKk(S}» * XAUTk(S),

Pk = [pel) P(2) P(3) P(4) pes) P(6) P(7) P(8) P(9) P(IO) P(ll) P(12) P(l3) P(l4) pelS)
P(16) P(l7) P(IB) P(19) P(20) P(21) P(22) P(23) P(24) P(2S) P(26) P(27) P(2B) P(29)
P(30) P(31) P(32) P(33) P(34} P(3S) P(36) P(37) P(3B) P(39) P(40) P(4l) P(42) P(43)
P(44) P(4S) P(46) P(47} P(4B} P(49) peSO) P(Sl) P(S2) P(S3) P(S4) P(SS) P(S6) P(S7)
P(S8) P(S9) P(60)]',
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APPENDIX C: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE

BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.2d BIO-MODEL

C,1: MATLABscript file - BASM2d_Simulation,m

% ~-Fi~e: BASX2d Simulation.~

% ============--============= M-FlL~ DESCRIPT~ON =----==--===================--=
% This m-file is used for:
% S~~ulat£on of :he Bencr~a~k pla~~ using fu~l F3~2d ~odel

% Ca~cu~atio~ of the pararr~ters for ~~e ~ed~ced AEg2d model
% S~~ulatio~ of the Bencr~a~~~plant using the red~ced ~B~20 mcde~

clear all % Clea:: t~e worksp3.ce
clc • Clear ~::e com:nand window

% ========================== PARk~ST~R 9EFIN=TlO~ =========================
% ~ecla~atic~ of the glcba~ variables
global fSI YH fXI YP04 YFHA iPBM YA iNBM Kh etaN03 etafe muH qfe bH qPHA
global qPP muPAO bPAO bPP bpHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4
global KALK KA Kfe KPP KPS KP KPHA KIPF KMAX

Kl
DT

= 5;
; 0,01042;

% ?red~c~ion ho~izcr. 0= interval
% Semp Li.nq cdme

% Init~a:ization of the r:odel para~e~e~s, typica: VaLJeS at 20 OC
% Stoccione~ric par~~ete~s

fSI 0.0;
YH 0.625;
fXI 0,10;
YP04 0 AD;
YPHA 0.20;
iPBM 0.02;
YA 0.24;
iNBM 0.07;
% Kinetic para~eter5

Kh 3;
etaN03 0.8;
etafe 0.4;
muH 0.6;
qfe 3;
bH 0.4;
qPHA 0.3;
qPP L5;
muPAO 1;
bPAO 0.2;
bpP 0.2;
bpHA 0.2;
muAUT 1.;
bAUT 0.15;
kPRE 1;
kRED 0.6;
~ Monad sw~tching functions
K02 0,2;
KX 0,1;
KN03 0.5;
KF 4;
KNH4 0.05;
!CALK 0.1;
KA = 4;
Kfe 20;
KPP 0.1;
KPS 0.20;
KP 0.1;
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KPHA
KIPP
KMAX

0.1.;
0.02;
0.34;

% Initialization of the Benchmar-k process oa1:-a
V1 1000; % Tank 1 vol1;;l1e
V2 1000; % Tank 2 volt.:me
V3 1333; \; Tar..k 3 voLume
V4 1333; % Tank 4 vol:Jme
V5 1.333; % Tank 5 vo'Lirne

QO
Qa
Qr

OW
Q

184461
55338;
18446;
385;
QQ + Qa +

% Ir.f:ue~~ flow rate
% InterLal recirc~lation

% Sludge.recycled rate
% Wasted sl~dge rate

Qr;% F~ow t~ro~gh ~he tanks

~ Coeficient f~r fraction of =low rates fo~ L~e par~ic~la~e reaterials
LAMBDA = (QO+Qr) {(Qr+Qw) ;

% Oxygen para~e~ers

SOsat 8; %
KLa3 240; %
KLa4 240; %
KLaS 84 i -%

Oxygen sat';.;;ra":lon poir:t
Oxyqen 1:ransfer function i-n Tan::': 3
Oxyger.. t.zans fe r fun~tion in ':'a:01E.. 4
Oxyger.. ':::rar:sfer function .... H 7a:::.i< 5

KL = [KLa3 KLa4 KLaSl ;
KLa = diag (KL) ;

% ===========------=----============ ?~CCZSS ~ODEL =========================~==

% Calculation of the r1A7R~X A
% Mat~ix A represent we~ght~~g factors of tee acc~~~~atec state va~iable5

% from differen~ flows towards state variab:es ~~ each ta~k as der~ved

% thrcug~ mass balance p~incip:es, see chapter 3 of the Thesis
IV1 OT{ VI; IVn IV1 * Q; An 1 - Ivn;
IV2 DTj V2; IV22 IV2 * Q; A22 1 - IV22;
IV3 OT{ V3; IV33 IV3 * Q; A33 1 - IV33;
IV4 DTI V4i IV44 IV4 * Qi A44 1. - IV44i
IVS OTI V5i IV5S ~ IVS * Qi ASS 1 - IV55i

A1Sa = IVl * {Qa + Qr}i
Al.5b = IVl * (Oa + LAMBDA*Or) i

A2~ IV22i
A32 IV33 i

A43 IV44i
A54 IVS5;

% Soluble reaterials recycled f=ow Tank 5
% PartiCulate waterials recy=led frc~ Ta~k S

diag(A21) ;
diag(A32} ;
diag(A43) ;
diag(AS4) ;

An All. * ones(1.,19); An diag(AH) ;
A22 A22 * ones{1,19}; A22 diag(A22) ;
A33 A33 * ones(~,19); A33 diag(A33} i

A44 A44 * ones{1,19); A44 diag(A44) ;

AS5 AS5 • ones(1,19); A55 diag(AS5) ;

A15
[A2Sa,A1Sa,A15a,A25a,A25a,A1Sa,A1Sa.A15a,A1Sa.A25b,~Sb,A25b.A25b,A~5b.AlSb.A15b,A15b,A

lSb,A1Sb];
li5 diag (A15) ; _
A2~ A21 * ones(1.,19); A21
A32 A32 * ones(1,19); A32
A43 A43 * ones(l,19); A43
A54 A54 * ones(1,19); A54

liO zeros(19,19); A20 zeros(19,38); ~30 = zeros(19,57) i

A=- [Al1 A30 MSi AZI A22 A30i A10 A32 A33 A20; A20 A43 A44 AIOi A30 AS4 ASS] i
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% Calcula~~on of the ~~~TRIX B
% Eatrix B represent we~ghti~g fac~ors of t~e SLa~e var~ables towards the
% influent wastewater corr.pos~tio~ as derived thro~gh mass balance
% principles I see chapte~ 3 of the T~esis

IVO = DT/ V1-00;
Bl1 = IVa * ones{l,19); B11 = diag(B11}i
B [B11; zeros{76 119}];

xr
X:·feP

Sll":::'K S?-T2

XTSS X!:·1eOH
0] ;

SI

% For~u~ation of the ~q~R:X C
% Matrix C represent weigcti~g factors of the s~ate variables to~a~ds L~e

i processes on the ~~l matrix ~able

% 302 SF SA S:'EI4 Sr~03 SPO~

% XS XH XPA:) XP? XPHA XA'JT
CC =[[0 100 0.01 0 0 0 0.001 0 -10 0 0 0 0 -0.75 0
[010 0 0.01 0 0 0 0.0010 -10 00 0 0 -0.75 0 OJ;
[010 0 0.01 0 0 0 0.001 0 -10 00 0 0 -0.75 0 OJ;
[-0.6 -1.6 0 0 -0.022 0 0 -0.004 -0.001 0 010 0 0 00.9 0 OJ;
[-0.60 -1.6 0 -0.07 0 0 -0.02 0.021 0 0 1 0 0 000.9 0 OJ;
[0 -1.6 0 0 -0.0220.21 -0.21 -0.004 0.014 a a 100 0 a 0.9 0 01;
[00 -1.6 0 -0.070.21 -0.21 -0.02 0.036 0 01 0 0 0 0 0.9 0 OJ;
[0 -110 0.03 0 00.01 -0.014 0 00 0 0 0 00 0 OJ;
[000 0 0.031 0 00.010.0020.10.9 -10 00 0 -0.15 0 OJ;
[0 0 -1 0 0 0 0 0.4 0.0090 0 0 0 -0.4 1 0 -0.690 OJ;
[-0.2 0 0 ~ 0 0 0 -1 0.016 0 0 0 0 1 -0.2 03.110 OJ;
[0 Q a a 0 0.07 -0.07 -1 0.021 0 00 01 -0.2 0 3.11 0 OJ;
[-0.600 0 -0.0700 -0.02 -0.004 0 001 0 -1.6 0 -0.060 OJ;
[000 0 -0.07 0.21 -0.21 -0.02 0.0110 0 01 0 -1.6 0 -0.060 OJ;
[000 0 0.031 0 00.010.0020.10.90 -1 0 0 0 -0.15 0 OJ;
[0 0 0 0 0 0 0 1 -0.016 0 0 0 0 -1 0 0 -3.23 0 OJ
[0 0 1 0 0 0 0 0 -0.016 0 0 0 0 0 -1 0 -0.60 OJ;
[-18000 -4.24 04.17 -0.02 -0.600000010.90 OJ;
[0 0 0 0 0.031 0 0 0.01 0.002 0.1 0.9 0 0 0 0 -1 -0.15 0 OJ;
[0 0 0 0 0 0 0 -1 0.048 0 0 0 0 0 0 0 1.42 -3.45 4.87J;
[00000001 -0.048 0 0000 00 -1.42 3.45 -4.87J;]

C = DT*[CC zeros(21,76}; zeros(21,19} CC zeros (21, 57} ;
zeros (21.38) CC zeros{21,38); zeros{21,57) CC zeros(21,19);
zeros(2~176) ceil i

% ~~~~~~~~-~~~~~

% Average values of the inflow
S02i 0.0; SFi 30;
SP04i 3.6; SIi 30;
XSi 202.32; XHi 28.1.7;
XAUTi 0 _0; XTSSi 1.80;

S:~X~;Tro~ ~A~A ====================~-======

concen~ratior-s based O~ the dry weather file
SAi 20; SNH4i 31.56; SN03i 0.0;
SALKi 7; 8mi 6.95; XIi 51.2.
XPAOi 0.0; XFPi 0.0; XPHAi 0.0;
XMeOHi 0.0; XMePi 0.0;

xi = [S02i*ones(l,Kl) •
SN03i*ones(I,K1.};
SN2i*ones(1IKl};
XPAOi*ones(1. IK1.);
XTSSi*ones(l.K1.};

SFi* ones {1., K1.} ;
SP04i*ones (I, K1) ;
XIi*ones(1.,Kl) j

XPPi*ones(l,K1.);
XMeOHi*ones(I IK1.);

8Ai*ones(I,K1.). SNH4i*ones(1,K1.);
SIi*ones(I,K1.); SALKi*ones(l,Kl);
XSi*ones(l IKl); XHi*ones(l,Kl).
XPHAi*ones(l,Kl)i XAUTi*ones{l,Kl).
XMepi*ones{l,Kl)]*O.01.;

2 _8082131e+oo;
3.6;
1.2166405e+OO;
2.5517658e+03;

1_4838943e+02;

% Values of ~~e initial cor.di~io~s

% For t.anz l.
802_1 =- 4.2984433e-03; SF_1 2.8082131.e+00; SA_l
SNH4_1 7.9178845e+00; SN03 1 5.3699400e+OO. SP04_1
81_1 3.0000000e~01.; SALK 1 4.9277103e+00; 5N2_l
XI_I 1.1491.252e+03; X8_1 8.2134908e+Ol; XH 1.
XPAO_1 0_1; XPP_1. 0.1.; XPHA_1. = 0_1.; XAUT_l
XT8S_I 180;XMeOH_l =- O.liXMeP 1. =- 0.1;
xi.o =- [502_1; SF_Ii SA_I; SNH4_1; SN03_1i SP04_1; SI_1; SALK_I; SN2_1;

XI_1; XS_1.; XH_l; XPAO_1.; XPP_1; XPHA_l; XAUT_1.; XTSS_l; XMeOH_l;
XMeP_~J s

% For t.an c 2
502_2 = 6_3131g11e-OS; SF_2 1.4587940e+OOi SA_2
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1.1495418e+OO;
3.6;
8.2888682e-Ol;
2.5571314e+03;

1.4894126e+02;

SNH4_2 8.3444148e+OO; SM03 2 3.6619672e+OO; SP04 2 3.6;
8I_2 3.0000000e+Ql; SALK_2 5.0801748e+OO; SN2_2 8.8206477e-Ol;
XI 2 1.1491252e+03; XS_2 7.6386187e+Ol; XH_2 2.5533851e+03;
XPAO_2 O.1;XPP_2 = 0.1; XPHA_2 = 0.1; XAUT_2 = 1.4830914e+02;
XTSS 2 180;XMeOH_2 = 0.1; XMeP_2 = 0.1;
xz o = [802_2; SF_2; SA_2; SNH4_2; SN03_2; SP04_2; SI_2; SALK_2; SN2_2;

XI_2; XS_2; XH_2; XPAO_2; XPP_2; XPHA_2; XAUT_2; XTSS_2; XMeOH_2;
XMeP_2] ;

% Fox tank 3
S02 3 1.7183778e+00; SF_3 L1495418e+OO; SA_3
SNH4_3 5.5479452e+OO; SN03 3 6.5408820e+OO; SP04 3
8I_3 3.0000000e+Ol; SALK_3 4.6747902e+OO; SN2_3
XI_3 1.1491252e+03; XS_3 6.4854922e+Ol; XH 3
XPAO_3 0.1; XPP_3 0.1; XPHA_3 = 0.1; XAOT_3
XTSS 3 180; XMeOH_3 = 0.1; XMeP 3 = 0.1;
x30 = [802_3; SF_3; 8A_3; SNH4_3; SN03~3; SP04_3; 8I_3; SALK_3; SN2_3;

XI_3; XS_3; XH_3; XPAO_3; XPP_3; XPHA_3; XAOT_3; XTSS_3; XMeOH_3;
XMeP_3] ;

% For tank 4:
S02_4 2.4288838e+OO;SF_4 9.953238ge-Ol;SA_4 9.953238ge-Ol;
8NH4_4 2.9673854e+OO;SN03_4 9.2989988e+OO;SP04_4 3.6;
8I_4 3~OOOOOOOe+Ol;SALK_4 4.2934562e+OO;SN2_4 7.6678656e-Ol;
XI_4 1.1491252e+03 ;XS_4 5. 5693982e+Ol ;XH_4 2 .5591826e+03;
XPAO_4 O.1;XPP_4 = O.1;XPHA_4 = O.1;XAOT_4 = 1.4952712e+02;
XTSS_4 180;XMeOH 4 = O.1;XMeP 4 = 0.1;
x40 = [802_4; SF_4; SA_4; SNH4_4; SN03_4; SP04_4; 8I_4; 8ALK_4; 8N2 4;

XI_4; XS_4; XH_4; XPAO_4; XPP_4; XPHA_4; XAUT_4; XTSS_4; XMeOH_4;
XMeP_4] ;

% Fc::- t-ank 5
S02_5
SNH4_5
SI 5
XI_5
XPAO_5
lITSS 5
x50 =

4.9094351e-01;SF_5 8.8949280e-Ol;SA_5 8.8949280e-Ol;
1.7333316e+OO;SN03 5 1.0415220e+Ql;SP04_5 3.6;
3.0000000e+Ol;SALK_5 4.1255794e+OO;SN2_S 6.8828001e-Ol;
1.149125Ze+03;XS_S 4.930S586e+Ol;XH 5 2.SS93436e+03;
O.1;XPP_5 = 0.1;XPHA_5 : O.1;XAUT_5 = 1.4979714e+02;
180;XMeOH_5 = 0.1;XMeP_5 = 0.1;

[502_5; SF_5; SA_5; SNH4_S; SN03_5; SP04_5; SI_5; SALK_5; SN2_5;
XI_5; XS_S; XH_5; XPAO_5; XPP_S; XPHA_5; XAOT_5; XT8S_5; XMeOH_5;
XMeP_5] ;

xO [xIO;x20;x30;x40;x50J*O.01;
x [xO zeros{95,Kl)];

% Steady state sioulation of ~he macel
for k = l:Kl

xk xC: ,k);
xik xi{: ,k} i

Pk P_BASM2dF(xk) ;

SOk
xxk
xx1k

[xk(39, 1) ;xk (58,1) ;xk( 77,1) 1 t

DT*KLa*{SOsat-SOk) ;
[zeros (38,1) ;xxk( 1) ; zeros (18, 1) ;xxk (2) ; zeros (18, I) r xxk (3) ; zeros (18, I) J ;

end
A*x(:,k) + C'*Pk + B*xi(:,k) + xxlk;

% FGll Eodel respons~ to the steady s~ate ir.flue~~ co~cen~ratioLS

%: Tad: 1
figure (1)
subplot(S,4,1}iplot(x(1, :»;title('S02_1')
subplot(5,4,2);plot(x(2. ,»;title('SFl')
subplot(5,4,3);plot{x(3,:»;title(lSAl')
subplot(5,4,4);plot{x(4,:});title('S~n~_l')

subplot(S,4,5);plot{x(5,:)};title('SN03_1'}
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subplot (5,4,6) iplot{x{6,:) ititle(JSPO~ 1 ')
subplot (5, 4,7) iplot{x(7, :})ititle('SIl',
subplot{5,4,8}iplot{x(8, :)}ititle(JSA~Kl'}
subplot(5,4,9}iplot(x(9, :)}ititle('SN2_1')
subplot(5,4,lO)iplot(x{lO,:»ititle{'XIl')i
subplot(5.4,II)iplot{x(11, :»ititle('XSl')
subplot(S,4,12);plot(x(12,,»;title('XHl')
subplot{5,4,13) iplot(x(13,:»ititle('XPAOl')
subplot(S.4,14);plot(x(14, ,»;title('XPPl')
subplot (5,4,15) r p Lot; (x{ 15, _:) } r trd.t.Le ('XPfL.n..l')
subplot(S,4,16)iplot(x(16, :»ititle('Y~~CTl')
xlabel('discre~e ~L~e k')
subplot(5,4,17)iplot(x(17, :»ititle('XTSSl')
xlabel('discre~e ~ime k ')
subplot(5,4,18)iplot(x(18, :)}ititle{'X&:eOHl ')
xlabel('discre~e ~i~e k')
subplot{S,4,19)iplot(x(19, :»ititle('Y~ePll)
xlabel ('discrete t.Ime k')
set (figure (I) , '~amel, I Tar.k 1 steady state res~:ts', '~~~~ertltle','of£')

% Tank 2
figure (2)
subplot(5,4,l}iplot(x(20, :}}ititle(lSC2_2')
subplot(5,4,2} iplot(x(21, :» ititle('SF2')
subplot(5,4,3} iplot{x(22,:}} ititle('SA2'}
subplot{5,4,4) iPlot(x(23, :» ititle('SNH~_2'>

subplot(S,4,5} iplot{x(24,:) ititle(lSN03_2'}
subplot(5,4,6);plot(x{25,:» ititle{'SPO~_2')

subplot (5,4,7) r p.Lct; (x(26, :) ) r t Lt.Le (J 512 I )

subplot(5,4,8}iplot(x(27,:}} ;title('S~K2')

subplot{5,4,9} iplot{x(28,:)}ititle(lSN2_2')
subplot(5,4,lO}iplot(x(29,:)}ititle('X12')i
subplot(S,4,11)iplot{x(30,:»ititle('XS2')
subplot(S,4,12);plot(x(31.,) );title('XH2')
subplot(S.4,13);plot(x(32,,»;title('XPA02')
subplot(S.4,14);plot(x(33,,»;title('XPP2')
subplot(S.4.1S);plot(x(34,,»;title('XP~~2')

subplot(5,4,16} iplot{x(35,:}) ititle('Y-AUT2')
xlabelC'discre-::e t.ime k')
subplot(S.4.17);plot(x(36,,»;title('XTSS2')
xlabel ( •discrete time k')
subplot(5,4,18)iPlot(x(37,:»;title('~1eOH2')

xlabel{'discrete tirroe k'}
subplot(5,4,19)iplot(x{38,:»ititle{'Y~eP2')

x1.abel( "di.ec.ret.e Yime k')
set (figure (2) , 'name','Tar.k 2 steady state results', '~~~ertitle','off')

% 'I'arrk 3
figure (3)
subplot(S.4,1);plot(x(39.,» ;title('S02_3')
subplot{S,4,2}iplot(x(40, :» ititle('SF3')
subplot(5,4,3}iplot{x{41,:»;title('SA3')
subplot{5,4,4)iplot(x(42,:» ititle('SNH~~3'}

subplot(S.4,S);plot(x(43. ,» ;title('S~03_3')

subplot{5,4,6} iplot(x(44, :}) ititle('SPO~_3')

subplot{5,4,7}iplot(x{45,:» ;title('SI3')
subplot (5,4,8) sp.LotIx (46, :» r t.Lt.Le (. SA.!..K3 I)
subplot(S,4,9) ;plot(x(47, :» ititle('SN2_3')
subplot{5,4,10}iplot(x(48,:» ititle('XI3')i
subplot{5,4,11)iplot(x(49,:»ititle{'XS3')
subplot(S,4,~2);plot(x(SO.,»;title('X-~3')

subplot(5,4,13}iPlot(x{51,:»;title{'XPA03')
subplot{5,4,14}iplot(x(S2, :»ititle('XPP3 ')
subplot (5,4, 15) ;plot (x( 53, :) ) ititle ('XPH..:l:>,.3')
subplot(S,4,16);plot(X(54,:»;title{'Y-ACT3')
xlabel('discre~e ~iffie k'l
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subplot(S,4,17}iplot(x(SS,:}}jtitle{'XTSS3'}
xlabel('discre~e ~i~e k'}
subplot(S,4,18}iplot{X{S6,:})ititle{'~feOH3f)

xlabel('discrete ~ime k'}
subplot(5,4,19};plot{X(S7,:»ititle{'~{eP3')

xlabel('discrete time k')
set(figure(3}, 'name', 'Tar-k 3 s~eady state res~:ts', '~~~ertitle', '0==')

% Tank 4
figure(4)
subplot(S,4,l);plot(x(S8,:)} ititle('S02_4')
subplot (S.4,2) rpLo t; (x{S9, :) ) r t Lt.Le (' SFt;.' )
subplot (5,4,3) sp Lot; (x(60, :)} ;title ('SA4:')
subplot{S.4,4)iplot{x{61, :)} 1title('SNH4_4')
subplot(S,4,S)jplot(x(62,:» ititle('S~03_4')

subplot(S,4,6};plot(x{63, :}) ititle{'SPC4_~')

subplot(S,4,7)iplot(x{64,:» ititle{'SI4')
subplot (5,4,8) rpLot; (x{GS, :) ) ititle ( 'SA1.K4')
subplot(S,4,9)iplot{x{66,:» ititle('SN2_41)
subplot{S,4,10)iplot{x{67,:»ititle(IXI~')i

subplot{S,4,ll)iplot(x(68, :}}ititle('XS4 ')
subplot(5,4,12);plot(x(69, ,»;title('XH,')
subplot(S,4,13} iplot(X(70,:»ititle('XPA04')
subplot (5, 4, 14) iplot(x(71,:»ititle('XPP4'}
subplot{5,4,15)iplot(x(72,:»ititle('Xp~q4')

subplot{5,4,16}iplot(x(73,:»itit1e('Y~XT4')

xlabel ('discrete t.i.me k')
subplot(5,4,17)iplot(x(74,:)}ititle('XTSS4')
xlabel('discrete tiffie k'}
subplot(S,4,lB)iplot(x(75, :»ititle('X1~eOH4')
xlabel('discrete ~ime k')
subplot(5,4,19)iplot(x(76,:»ititle('~eP4'}

xlabel('discrete tLT.e k')
set (figure (4) , I~aree', 'Tank 4 steacy state res~lts', 'n~~ertitle',fef£')

% Tank 5
figure (5)
subplot (5,4,1'- sp.Lot; (X(77. :) ) jtitle (' SC2_5')
subplot(5,4,2)iplot(x(78, :» ititle('SF5')
subplot(S,4,3) iplot(x(79, :}) ititle('SA5')
subplot{S,4,4) iPlot(x(80,:)} ititle('SNH4 51)
subplot(5,4,5};plot(x{81,:}} ititle{'SK03=S')
subplot(S,4,6) iplot(x(82. :» ;title('SPO~_5')

subplot(5,4,7);plot(x(83, :» ititle{'SI5 f)

subplot{5,4,B) iplot(x(84, :})ititle('SAL~S')
subplot(5,4,9)iplot{x(8S, :» ititle('S~2_5')

subplot(S,4,10)iplot(x(86,:»ititle('XIS')i
subplot(S.4,ll) iplot{x(87.:»ititle('XSS')
subplot(S,4,12)iPlot(x(88,:})ititle('XH5'}
subplot(S,4,13)iplot(x(89,:»ititle('XPAOS')
subplot(5,4,14);plot(x(90,,»;title('XPPS')
subplot(5,4,15)iplot(x(91, :»ititle('Xpaq5')
subplot(5,4,16);plot(x(92, ,»;title('YJlCTS')
xlabel ( "dzacze't.e -c i.me k ")
subplot(5.4,17)iplot(x{93,:»ititle{'XTSS5')
xlabel('discrete ~irr.e k')
subplot(S,4,lB) iplot{x(94,:»ititle{'XMeOHS')
xlabel('discre~e tiffie k'}
subplot(S,4.19);plot(x(9S,:»ititle('~eP5')

xlabel ( 1 cc.ecrc-co time k r )

set (figure (S) • 'naree', 'Tar-k 5 steady state res~lts·. '~~obertltler,'c==')

K = 5i
% Dynami.ca of
load dry.~x;:

% Data ::or d}~amic simu:atio~s

% Prediction t.orizo~ for dynar.,ic sin~~a~io~s

t-~e inflow conca~~=ations fer dry wea~her =ile
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% The order is t, SS XBH XS XI S~H 81 SN~ AND QJ
% 1 2 3 4 5 6 7 8 9 10

xi [S02i~oneS{l,K);

SN03i*ones(l,K);
SN2i*ones{1,K);
XPAOi*ones(l,K);
XTSSi*ones(l,K);

SFi*ones(l,K) ;
SP04i*ones{l,K) ;
dry(1,K,S)' ,
Xppi*ones{I,K);
XMeOHi*ones(l,K);

SAi*ones(l,K) ;
dry(1:K,7) r;

dry(1:K,4) ';
xpHAi*ones(l,K) ;
XMePi*ones{l,K)

dry{l :K,6) ';
SALKi*ones{l,K) ;
dry(1:K,3} ';
XAUTi*ones(l,K) ;

] ,
% The order is
%
%
x

.... 23456
:::"8 19

Ixt . (K1+1» zeros(9S,K) 1,

789 10 II 12 13 It; 15 :6 17

% ~YL~~C sL~ulation of t~e mode:
for k = l:K

xk X{:,k)i

xik xd t e ,k) i

Pk P_BASM2dF(xk) r

SOk
xxk
xx1k

[xk(39,1),xk(S8,1),xk(77,1)];
DT*KLa*{SOsat-SOk)i
[zeros (38,1) ixxk{ 1) i zeros (18, 1) i xxk (2) i zeros (18,1) ;xxk (3) i zeros (18, 1)] i

x{:,k+1) = A*X{:,k) + CI*Pk + B*xi{:,k) + XX1ki

end

% Full model response to the dy~a~ic influe~t co~centrations

"% Tank 1
figure (6)
subplot(S,4,1)iplot(x(l,:»ititle('S02_11)
subplot(S,4,2)iplot(x{2,:»;title('SFl')
subplot(S,4,3)iplot{x{3,:»;title{'SAl')
subplot{S,4,4)iplot(x{4,:»;title{rS~H4_11)

subplot{S,4,S)iplot(x(5,:»ititle('SN03_1J)
subplot{S,4,6) iplot(x(6,:»ititle('SP04_11)
subplot(S,4,7),plot(x(7,,»);title('SI1')
subplot(S,4,8);plot(x{8,,»);title{'SALK1')
subplot(S,4,9);plot{x{9,;»);title{'SN2_l')
subplot (5,4,10) iP10t (x( 10, e } ) ;title (' XIII) i

subplot(5,4,11);plot(x{11,:) };title('XSl')
subplot{S,4,12)iplot(x(12,:) );title(JXHl')
subplot(S,4,13) ,plot(x{13, ,) ),title('XPA01')
subplot(5,4,14)lplot{x(14,:) );title('XPPl')
subplot{S,4.1S);plot(x{1S,;» ,title('XP~~l')

subplot(S,4.16);plot{x(16,;»;title('XACTl')
xlabel(Jdiscre~e ~ime k')
subplot (5,4, 17) iplot{x{17,:»ltitle(tXTSSl')
xlabel('dlscrete tirr£ k')
subplot{5,4,18)iplot(X(18,:»jtitle('~eOHl')

xlabel("discrete time k J
)

subplot(S,4,19)iplot(x(19,:»ltitle(tXl~ePll)

xlabel{Jdiscrete tiF.te k'}
set{figure(6}, 'name', 'Tar.k 1 d}~a~ic results', 'r.~~ertitle','of=·)

% Tank 2
figure (7)
subplot{S,4,l)iplot{x(20,:)} ititle(IS02_2')
subplot (5,4,2) sp Lot; (x{21, :)} r t.Lt.Le ( 'SF2')
subplot (S.4,3) ,plot(x(22,;» ,title('SA2')
subplot(S,4,4);plot(x(23,:»ititle('SKH4_2')
subplot (5,4,5) ;plot (x(24, :» r t Lt.Le t ' SI';C3_2')
subplot (5,4, 6) iplot{x(25, :}} ltitle{'SPO'; 2 1

)

subplot(S,4,7}iplot(x(26,:» ;title{tSI2 J}

subplot(5,4,B);p1ot(x(27,:» ;title(lSAL¥2 ')
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subplot{S,4,9)jplot{x{28, :» ititle{fSK2_2')
subplot(S,4,lO)jplot{x(29,:»jtitle(JXI2'}j
subplot(S,4,11)iplot{X{30, :}) ititle('XS2'}
subplot(5,4,12)iplot(x{31,:»jtitle{'&Q2'}
subplot{5,4,13} jplot(x(32,:»jtitleC'XPA02'}
subplot(5,4,14) iPlot(x(33,:}) jtitle{'XPP2')
subplot{5,4,15);plot{x{34,:»jtitle('XP~q2I)

subplot{S,4,16)iplot{x{35,:)};title('YJiGT2')
xlabel{'discrete ~i~e k')
subplot (5, 4,17) ;plot (x(36 ,,) ) ;title ( 'XTSS2')
xlabel('discre~e ~ime k')
subplot(5.4,18} ;plot(xC37,:}}ititle('~leOH21)

xlabel. ( "dj.eczet.e trirce k ")
subplotC5,4,19)iplotCx{38,:)~ititl.eCI~eP21}

xlabel{'discre~e ~~rr.e k')
set(figure(7}, '~~e','Tank 2 dy~a~ic results', '~~~ertitle','eff'}

% 'Iank 3
figure(S)
subplot(5,4,1}iplot(x(39,:)} ititle('SC2_3')
subplot (5,4', 2) ;plot {x (40, :) ) i title (I SF3')
subplot(S,4,3}iplot(x{41, :» ititle('SA3'}
subplot(5,4,4) iplot{x(42, :}} ititle('S~H4_3')

subplot{5,4,5}iplot(x(43, :»ititle('S~03_3'}
subplot(5,4,6) ;plot(x{44,:» ititle('SP04_3'}
subplot(5,4,7)iplot(x(45, :» ititle{'SI3')
subplot(5,4,8}jplot{x(46, :» ititl.e('S~K31)

subplot(5,4,9)jplot(x(47, :» ititle('SK2~3')

subplot{5,4,10)iplot(x{48,:»i title('XI3')i
subplot(5,4,ll)iplot(x{49, :»ititle{'XS3'}
subplot{5,4,12)iplot{X(50,:»ititle{'XH3')
subplot(5,4,13}iplot(x{Sl, :»ititle('XPA03'}
subplot(5,4,14) jplot(x{52,:}) ititle('XPP3')
subplot(5,4,15);plot(x(53,,)};title('XPHh3'}
subplot(5,4,16)iplot{x(54,:» ;title('Y~UT3'}

xlabel(J~screte tirr,e k')
subplot(5,4,17)iplot(x(S5,:» ;title('XTSS3'}
xlabel ( "dLscre't.e tirr.e k')
subplot(S,4,18)jplot(x{56,:}}ititle('~J~eOH3')

xlabel('discrete time k')
subplot(5,4,19) iplot{x(57,:»ititle('):V-eF3'}
xlabel('discre::e time k "}
set {figure (8) , 'na~ef, 'Tank 3 dy~a~ic results', 'r:~~er~i~le','of=')

% 'I'ank 4
figure (9)

subplot (5, 4, I} iplot(x(58,:» jtitle('S02_4')
subplot(5,4,2) iplot(x(59 s :» ;title('SF4')
subplot(5,4,3}jplot(x(60, :» ititle('SA4')
subplot(5,4,4}iplot(x(61,:» ititle{'S~H4_?')

subplot(5,4,S);plot(x(62,,}) ;title('SK03_c')
subplot(5,4,6);plot(x(63,:}) ititle{'SPO~_4'}

subplot(5,4,7};plot(x(64, ,I) ;title('SI4')
subplot (5,4, S) rp.Lo t; (x(6S, :» ititle (' SA:.K4')
subplot(5,4,9} iplot{x(66, :» ititle{'Sr,2_4')
subplot(5,4,10}iplot(x(67,:»ititle('XI4');
subplot(S,4,11)iplot(x(68,:})ititle('XS4')
subplot(S,4,12};plot(X(69,,»;title('XH4')
subplot(5,4,13)iPlot(X(70,:»;title('XPA04')
subplot (S,4,14) iplot(x{71,:»ititle('XPP4')
subplot(5,4.15}iplot(x(72,:»ititle('Xpa~~')

subplot(5,4,16)iplot(x(73,:»ititle{'Y~GT4')

xlabel ( "df.scre t e time k ") •
subplot(S,4,17}jplot{x(74, :»jtitle{'XTSS~')
xlabel ( •djs.cr-et.e t.Lme k')
subplot(5,4,18);plot(x(75,:»ititle('1a~eCH4t)
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.xLabeL t tdt.ecret.e ~irr_e k')
subp~ot(S,4,19)iP~ot(x(76,:)}ititle('~{eP4')

x'LabeLf t dz.s cr-e t.e trime k ")
set (figure (9) , 'name', 'Tank 4 dy~a~ic results', 'c~~erLitle','off')

% Tank 5
figure (10)
subplot(S.4.1);plot(x(77, :» ititle('S02_5')
subplot(5,4,2);p~ot(x(78,:» itit~e('SF5')

subplot(S,4,3}iP~ot(x(79,:}} ititle('SriS'}
subplot(S,4,4) ;plot(x(80, :» ititle('SNH4_5')
subplot(S,4,S)iplot(x(81,:}} ;title(~SK03_5'}

subplot (5,4, 6) rp.Lot; (x(82, :) } ;title (' SPO';_5')
subplot(S,4,7)iplot(x(83,:» iLitle('SIS')
subplot(S,4,S)iplot(x(84, :)} ititle('S~KS')

subplot(S,4,9);plot(x(85, :});title('SK2_5')
subplot(5,4,lO}iplot(x(86,:»;title('XIS');
subplot{S,4,ll}iplot{x(S7,:}};title('XS5'}
subplot{5,4,12};plot(x{88,:»;title('XHS')
subplot(5,4.13);plot(x(89,:»;title('XPA05')
subplot(S,4,14};plot{x(90,:)};title{'XPPS'}
subplot(5,4,lS);plot(x(91,:)};title('Xpa~S')

subplot(S,4,16);plot(x(92,:)};title{'Y2GT5')
xlabel('d~screte time k')
subplot(S,4,17);plot(x(93,:»;title('XTSSS')
xlabel ( "di s cr-et;e time k')
subplot(S,4,18};plot(x(94,:» ;title('X}1eOHS'}
xlabel ( I d.i.sczet.e vc.ime k')
subplot(S,4,19),plot(x(9S. ,»,title('~eP5')
xlabel('oiscrete ~irr.e k')
set(figure(IO},'~ame','Tar.k 5 dY'-a~ic results', "r.~~erti~le',fo~f')

X?P, :<PF.A
x(14.,), x(lS,,)];
x(33,:); x(34,:)];
x(52,:); x{S3,:}];
x(71,:); x(72,:)];
x(90~:)i x(9I,:)];

% =-~====----====-------~===== REDUCED ~O~E~ FOR~0LA7IQ~ =======================
% Ferro tr.€ vector of the states Cz) for the reduced model, based or. t~e

% ASMl predictio~

SF, SA. SNH4., ssos, SP04., XS,
[x(2,:); x(3,:); X(4,:); xes,:}; x(6,:); X(ll,:};

[x(21,:); x(22,:) ;x(23,:) iX{24,:) ;x(2S,:}; x(30,:);
[x(40,:); x(41,:) iX(42,:) ;x(43,:) ;x{44,:); X(49,:) i

[x(S9.:) i x(60.:) ;x(61,:) ;x(62,:) ;X(63,:}; X(68,:);
[x{7S,:); x(79,:) ;x(80,:) ;x(Sl,:} ;x(S2,:); x(8?,:) i

[zliZ2;z3;z4;zSli

%
zl
z2
z3
z4
zS
z

% Formation of the vector of t~e control va=iables
ul xCI,:};
u2 x(20.,),
u3 x(39,:};
u4 x(S8,:);
uS x(??,:);
U [uli u2i u3; u4; US]i

% D~~amic values of the ~nflow co~centratio~s ~cr dry weathe~

zi = [SFi*ones(I,K); SAi*ones(I,K); SNH4i*ones(l,K); SN03i*ones{l,K);
SP04i*ones(l,K)i XSi*ones(I,K); XPPi*ones(I,K); xPHAi*ones(l,K)]*O.OOl;

% Steady s~aLe values for the biomass XH, ~~, SALK, XPP, XPAC, XPEA
XH [2S51.76*ones(I,K); 2S53.38*ones(1,K); 25S7.13*ones(1.K);

25S9.18*ones(I,K); 25S9.34*ones(I,K}];
XA [14S.3Sg*ones(1,K}; 148.309*ones(l,K}; 148.941*ones(1,K);

149.527*ones(1,K); 149.79?*ones(1,K)];
SALK [4.9*ones(1,K}; 14S.309*ones(l,K); 148.941*ones(l,K);

149.527*ones{1,K); 149.797*ones(l,K)];
XPAO [O.l*ones(l,K}; 76.3S6*ones(I,K); 64.8SS*ones(1,K);

S5.694*ones(I,K); 49.306*ones(1,K)];
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% l<f.ATRIX A for the reduced model iAR)
A1.1.r = 1 - IV1.1; A22r = 1 - IV22; A33r 1. - IV33;
A44r = 1 - IV44; A55r = 1. - IV55;
~5ar = IV1. * (Qa + Qr) ;
A15br = IVl * (Qa + LAMBDA*Qr);
A21.r IV22; A32r IV33; A43r = IV44; A54r IV55;

A1.1.r Al1.r * ones t t i a} ; Allr
A22r A22r * ones {I, B) ; A22r
A33r A33r * ones {I, B) ; A33r
A44r A44r * ones (l,8) ; A44r
A55r A55r * ones (1. B) ; A55r

diag{Allr);
diag (A22r) i

diag(A33r);
diag (A44r) ;
diag(A55r};

A15r
A15r

[A15ar, ~5ar, A15ar,.~Sar, AlSar, AlSbr, A15br, AlSbr];
diag(AlSr);

A21r
A32r
A43r
A54r

A21r * ones{l,B); A21r
A32r * ones(l,B); A32r
A43r * ones(l,8); A43r
A54r * ones(l,B); AS4r

diag(A21r) ;
diag (A32r) i

diag{A43r);
diag (AS4r) ;

AlOr zeros(8,8); A20r = zeros(S,16); A30r zeros(S,24);

AR = [Allr A30r Alsr;A21r A22r A30r;AIOr A32r A33r A20r;A20r A43r A44r AIOr;A30r A54r
A55r] ;

% ~~TRIX B for t~e reduced model ~BR)

IVO = DT / V1*QO;
f = 1.2;
Bllr = [IVO*ones{I,3) IVO*f IVO*ones{1,4)];
BIlr = diag(Bllr);
BR = [B11r; zeros(32,8)];

% l-!A':'RIX C for the reduced model (CR)

% SF SA SNH4 S~J03 SPC4 XS XPP XPB.JI..
% tfl_li'IRIX C for the reduced mcdeL { C?)

% SF SA SNH4 5::103 SPC4 XS xpp XPHA
CCR=[[l 0 0.01 0 0 -1 0 0] ;

[1 0 0.01 0 0 -1 0 0];
[1 0 0.01 0 0 -1 0 0] ;
[-1.6 0 -0.022 0 -0.004 0 0 0] ;
[0 -1.6 -0.07 0 -0.02 0 0 0] ;
[-1. 6 0 -0.022 -0.21 -0.004 0 0 0] ;
[0 -1.6 -0.07 -0.21 -0.02 0 0 0] ;
[-1 1 0.03 0 0.01 0 0 0] ;
[0 -1 0 0 0.4 0 -0.4 1] ;
[0 0 0 0 -1 0 1 - 0.2] ;
[0 0 0 -0.07 -1 0 1 -0.2] ;
[0 0 -0.07 0 -0.02 0 0 -1. 6] ;
[0 0 -0.07 -0.21 -0.02 0 0 -1.6] ;
[0 0 -4.24 4.17 -0.02 0 0 Oll ;

CR DT*[CCR zeros (14,32) ; zeros(14,8) CCR zeros(14,24);
zeros(14,l6) CCR zeros(14,16); zeros{14,24) CCR zeros{14,S);
zeros(14,32) CCR];

~ PaI~eter es~L~~ion

for k = l:K
zk z{:,k};
uk = u{:,k);

XHk =
Xl\k =
SALKk
XPAOk

XH{:,k);
XA(:,k);

SALK ( "kl;
'=' XPAO { : , k} t
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zik = zi(:,k);
Pk = P_BASM2dR{zk,uk,XHk,XAk,SALKk,XPAOk);
FIk = CR' *Pki
Y{:,k) = z{:,k+1)-AR*z(:,k)-BR*zi(:,k) i

theta{:,k)=(FIk '*FIk)·{-1)*FIk ' *Y ( : , k ) i

end

kHe(~. d
muHe(~,,)

qfee(~, d
qPHAe {r , d
qppe(~,,)

muPAOe(~, e }

muAUTe(~. e}

t.het.a t a , d;
theta(2,:);
theta (3, :};
theta(4,:) i

theta(s,:);
theta(6,:)i
theta (7 ,:} i

% Cynan~c sinula~ion of Lhe red~ced model wit~ the es~ima~ed para~eters

zE = [x(2, 1) i x (3, 1) iX(4, 1) sx {S, I} iX(6. 1) rx (II, 1) ix(14, 1) i x(1S. 1) ix(21,l} ix(22 ,I) i

X{23,l) i x(24,1) iX(2S,1) i x{30,l} i

x.C33, 1) ix(34, 1) ix{40,l) ix(41,1} r x (42, 1) ;X(43,l} iX(44, 1) iX(4S, 1) iX(S2,l) iX(S3 ,I) ix(S9, 1)
i x(60,l); x{6l,l);x(62,l)i x(63,1);
x(68,l) iX{71, 1) iX( 72,1) r x (78,1) r x (79,1) ix{8 0,1) t x (81,1) ;x( 82, 1) r x (87,1) t x (90, 1) ;x{ 91,1)

1 ;
ERR = z(,.~)-zE;

% Syr.am~c si~ula~ion of the reducea ~odel with the es~ima~ed pararreters
for k = 1:K

zk = z (:, k) i

uk = u(:,k) i

zik zi(:.,k);

XHk
XAk
SALKk
XPAOk

XH("k);
XA(:,k);

SALK ( "k);
XPAO("k);

kHek
muHek
qfeek
qPHAek
qPPek
muPAOek
muAOTek

kHe (:, k) t

muHe(:,k) i

qfee{:,k) ;
qPHAe(:,k) r
qppe("k) ;
muPAOe ( : , k) i

muAOTe ( : , k) ;

Pk =
P_BASM2dRE(zk,uk,XHk,XAk,SALKk,XPAOk,kHek,rnuHek,qfeek,qPHAek,qPpek,muPAOek,muAUTek) ;

zE(:.,k+l) = AR*zE(:,k) + CR'*Pk + BR*zi(:,k);
ERR { : ,k+l) =z(: ,k+l) -zE{: ,k+l);

end

% Vector of process full, estimated a~d e=ror variab:es
% SF,SA,SNE4,S~C3,SP04,XS,XPp,XPHA, Tank 1
SFl=z(l,:) iSA1=z(2,:) ;SNH4 l=z{3,:) ;SN03 1=z(4,:) i

SFIE=zE{l,:)iS~E=ZE(2, :);SNH4_1E=ZE(3;:)iSN03_1E=ZE{4, :)i

ERRSF1=ERR(I, :'}iERRSA1=ERR(2,:.};ERRSNH4_1=ERR{3, :}iERRSN03_1=ERR(4,:}i

SP04_1=z(S,:) ;XSl=Z(6,:) iXPPl=Z(7,:) iXPHAl=z(8,:);
SP04 ~E=zg(S, ,);XS~E=zE(6,,);XPP~g=~E(7");XPHA~g=zg(8,,J;

ERRSP04_~=ERR(S,,)~ERRXS~=KRR{6.');ERRXPP~~ERR(7,,) ;ERRXPHA~=ERR(8,,);

% Calcclatic~ of the weigh~ed errors for ta~k 1
eSFl=(ERRSFl*ERRSFl')/(SF1*SFl')i
eSAl=(ERRSA1*ERRSA2')/(S~*SA1'};

eSNH4 l=(ERRSNH4 1*ERR$}tH4 l')/(SNH4 1*SNH4 1')i
eSN03-1= (ERRSN03-1*ERRSN03-1') I (SN03-1*SN03-1') s
eSP04-1= (ERRSP04-1*ERRSP04-1.') I (SP04-1*SP04-1') i

exsl=(ERRXSl*ERRisl')/{xsi*xs1.'); - -
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eXPPl~{ERRXPPl*ERRXPPl')/{XPPl*XPPl')i

eXPHAl~(ERRXPHAl*ERRXPHAl')/{XPHAl*XPHAl')i

% Vector of process ful~, es~imated and erro~ variables
% S?,SA,SNH4,SK03,SP04,XS,X??,12HA, Tank 2
SF2.z(9, ,};SA2;z(lO,,};SNH4_2;z(11,,};SN03_2=z(12,,);
SF2E""zE{9,:) iSA2E""ZE(~O,:)iSNH4_2E""zE{11,:) ;SN03_2E""zE{12,:) i

ERRSF2=ERR(9, ,};ERRSA2=ERR(lO,,);ERRSNH4_2=ERR(11,,) ;ERRSN03_2;ERR(12,,);

SP04_2""z (13, e ] iXS2""Z (l4, e ] ;XPP2=z (IS, :) ;XPHA2=z (16, r ) i

SP04_2E=zE(13,:);XS2E=zE{14, :);XPP2E=zE{lS, :)iXPHA2E=zE(16,:}i
ERRSP04_2;ERR(13, ,};ERRXS2=ERR(14,,);ERRXPP2.ERR(15,,);ERRXPHA2=ERR(16,,};

% Calculation of ~he weighted errors fo~ ~ank 2
eSF2={ERRSF2*ERRSF2')!{SF2*SF2');
eSA2= (ERRSA2*ERRSA2') / (SA2*SA2') t
eSNH4_2= (ERRSNH4_2*ERRSNH4_2') / (SNH4_2*SNH4_2') i
eSN03 2= (ERRSN03 2 *ERRSN03 2') / (SN03 2 *SN03 2 I) t
_eSP04-2= (ERRSP04-2*ERRS P04-2') / (SP04-2*SP04-2') ;
eXS2=(ERRXS2*ERRXS2 ')/(XS2';XS2'} i - -
eXPP2=(ERRXPPZ*ERRXPP2'}/(XPP2*XPP2') j

eXPHA2=(ERRXPHA2*ERRXPHA2')/(XPHA2*XPHA2');

% Vector of pr~cess full, es~i~a~ed and erro~ variables
% SF,SA,S~~4,SN03,SPO~,XS,X?P,X?F~~, Tank 3
SF3=z{17,:) ;SA3=z(18,:) iSNH4_3=z{19,:) iSN03_3=z{20,:) i

SF3E=zE(17,,} ;SA3E=zE(18,,) ;SNH4_3E=zE(19,,);SN03_3E;zE(20,,);
ERRSF3=ERR(17,,) ;ERRSAhERR(18,,) ;ERRSNH4_3=ERR(19,,) ;ERRSN03_3=ERR(20,,);

SP04_3:z(21,:);XS3=z{22,:)iXPP3=z(23,:};XPHA3=z{24,:} i

SP04_3E=zE(21,:};XS3E:zE{22, :};XPP3E:ZE{23, :}jXPHA3E=zE(24,:);
ERRSP04_3=ERR(21,,);ERRXS3=ERR(22,,);ERRXPP3=ERR(23, ,);ERRXPHA3=ERR(24,,);

% Ca~culation of ~he weighted errors for tank 3
eSF3=={ERRSF3*ERRSF3 ')/(SF3*SF3 1

} ;

eSA3= {ERRSA3* ERRSA3 I} / (SA3*SA3') i

eSNH4_3= (ERRSNH4_3 *ERRSNH4_3 ' ) / (SNH4_3 *SNH4_3') t

eSN03 3=(ERRSN03 3*ERRSN03 3'}/(SN03 3*SN03 3 '};
eSP04=3:(ERRSP04=3*ERRSP04=3'}/{SP04=3*SP04=3'} ;
eXS3:(ERRXS3*ERRXS3'}/(XS3*XS3 1}i

exPP3:{ERRXPP3*ERRXPP3 '}/{XPP3*XPP3
1

} ;

exPHA3=={ERRXPHA3*ERRXPHA3 '}/{XPHA3*XPHA3 '}i

% Vector of process full, es~iwaced and error variables
% SF,SA,SDr~4,SN03,SP04,XS,XPP,X?HA, Tank 4
SF4=z{9,:) ;SA4=z(l.O,:} iSNH4_4=z(ll.,:} iSN03_4=z{l.2,:);
SF4E""zE (9, :) ; SA4E=zE {IO, :} ;SNH4_4E=zE (11, e I iSN03_4E=ZE (12, eI ;
ERRSF4=ERR(9, ,);ERRSA4;ERR(lO,,);ERRSNH4_4=ERR(11,,);ERRSN03_4=ERR(12,,);

SP04_4:z(13,:};XS4=Z(14,:};XPP4=z(lS,:);XPHA4=z(16,:) i

SP04_4E=zE(13,:) iXS4E=zE{14,:) iXPP4E=zE(15,:} iXPHA4E=zE{1.6,:) i
ERRSP04_4~ERR(13,,);ERRXS4=ERR(14,,);ERRXPP4=ERR(15, ,);ERRXPHA4.ERR(16,,);

% Calcula~io~ of the weigt.ted errors for tank 4
eSF4:(ERRSF4*ERRSF4 1)/{SF4*SF4 '};
eSA4:(ERRSA4*ERRSA4'}/(SA4*SA4'};
eSNH4 4=(ERRSNH4 4*EELRSNH4 4')/{SNH4 4*SNH4 4');
eSN03-4= (ERRSN03-4*ERRSN03-4') / {SN03-4*SN03-4'} i

eSP04-4=(ERRSP04-4*ERRSP04-4'}/(SPQ4-4*SP04-4');
eXS4==(ERRXS4*ERRis4 1)/(XS4*XS4'}; - -
exPP4:(ERRXPP4*ERRXPP4 I}/{XPP4*XPP4 ');
eXPHA4:(ERRXPHA4*ERRXPHA4')/(XPHA4*XPHA4'};

% V€cto~ 0= process full, es~~~ed a~ e~rcr variables
% SF,SA,SNH4,SN03,SPC4,XS,XP?,Xr~~~, Tank 3
SFS==z(1.7,:}iSAS=z(18,:} i SNH4_S==z(19,:ti SN03_S=z(20,:} j
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SF5S:zS(17,,) ;SA5S~zS(18, ,);SNH4 5S=ZS(19, ,);SN03 5S=zE(20,,);
ERRSF5:SRR(17,,);SRRSA5:ERR(18,,);SRRSNH4_5:ERR(19,,) ;ERRSN03_5:ERR(20,,);

SP04_5=Z (21, : ) iXSS=<Z {22# s ) iXPP5=Z (23 .. e } iXPHA5=Z (24, :) ;
SP04_SE=zE(Zl .. :) ;XSSE""zE(22,:) iXPP5E~zE{23,:);XPHASE=zE(24,:} i

ERRSP04_5=ERR(21,:}iERRXS5=ERR(22,:)iERRXPP5=ERR(23, :)iERRXPHA5=ERR{24,:);

% Ca!culation ~f the weighted errors fo~ tarot 5
eSF5=(ERRSFS*ERRSFS')/(SFS*SFS');
eSA5=(ERRSA5*ERRSA5'}/{S~*SA5I};

eSNH4 5={ERRSNH4 5*ERRSNH4 5')/(SNH4 5*SNH4 5');
eSN03=S= (ERRSN03=S*ERRSN03:=S') / (SN03=:S*SN03:=S') ;
eSP04_5=(ERRSP04_S*ERRSP04_5')!(SP04_S*SP04_S');
eXS5=(ERRXSS*ERRXSS'}!(XSS*XS5') ;
exPP5=(ERRXPPS*ERRXPPS'}/(XPPS*XPPS');
eXPHA5={ERRXPHA5*ERRXPHAS')/(XPHAS*XPHAS'};

k = 1 :Ki

% G~aphs of t~e es~imated par~e~ers

figure(ll)
subplot(4,2,1);plot(k,kHe, 'k');title{'Estirr.ated kn'};ylabel('kHe');
subplot(4,2,2};plot(k,muHe, 'k');title('Estimated oUH');ylabel('E~Ee');

subplot(4,2,3};plot(k,qfee, 'k');title('Esticated qfe');ylabel('qfee');
subplot{4,2,4};plot(k,qPHAe, 'k'};title{'Est~matedq?3F~'};ylabel('q??_~e');
subplot{4,2,5);plot{k,qPpe, 'k');title{'Esti~atedq?P');ylabel('qF?e');
subplot(4,2,6);plot{k,muPAOe, 1~1);title{'£st~matedill~PAO');
ylabel('~~PAOe');xlabel{'discretetL~e k')
subplot(4,2,7)iplot(k,muAUTe, 'k'};title('Estirr.ated m~~UT');

ylabel (':'l'.l..~;:r'!'"e') ;xlabel (f df.acr et.e x ime k')
set(figure(ll), I~ame', "Es~ima~e~ para~eters','r:~~ber~itle",'off')

k =- I:K+l;
% Grap",s 00 the reduced Dode~ respo~se to tr.e d;~a~c influent
% concentratioas

figure (12)
subplot(4,4,1);plot(k,SFl);hold o~; plot(k,SFIE, 'k-.');ylabel{'S?l,SF:S');
legend ( 'SFl' , 'SF2.E') ; subplot (4,4,2); plot (k,ERRSFl, 'k") ;ylabel ( 'ERRSFl') ;

subplot{4,4,3);plot{k,SAl);hold on; plot {k,SAIE, 'k-.');ylabel('SAl,SAlE ');
legend{'SA:', 'SAIE'};subplot(4,4,4}; plot (k,ERRSAl, 'k') ;ylabel('ERRSA1');

subplot{4,4,5);plot(k,SNH4_1};hold O~; plot {k,SNH4_IE, 'k-.');
legend('SNH4_1','SNH4_1E'};ylabel{'S~H~_1,SNE4_1E');subplot(4,4,6);

p~ot(k,ERRSNH4_~.'k l};ylabel('SaRSNS4_1');

subplot{4r4,7);plot(k,SN03_~);holdO~; plot(k,SN03_1E,'k-.')
legend{'SN03 ~','S~03 lE'};ylabel('SR03 1,S~03 lSt);subplot{4,4,8);
plot(k,ERRSN03_1, "k "} -;ylabel ('Sa..t:tSt;03_1'); -

subplot(4,4,9);plot(k,SP04_1);hold on; plot (k,SP04_1E, lk-.');
legend('SP04 I', 'SP04 lE'};ylabel('SP04_1,SP04 lE'};subplot(4,4,~O);

plot(k,ERRSPD4_1,'k');ylabel{'ER?SP04_1 '); -

subplot(4,4,11};plot{k,XSl};hold on; plot{k,XSIE,'k-.'};ylabel{'XSl,XS1S');
legend ( 'XSl', 'XSIE') ;subplot(4,4,12}; plot (k,ERRXSl, 'k:') ;ylabel (' ERR...XS~ ');

subplot(4,4,13);plot(k,XPPl} ;hold O~; plot (k,XPPIE, 'k-~')
legend('X?P:','XPPlE');ylabel{"XPP:,XPPlE');xlabel('discrete ti~e k')
subplot(4,4,14); plot {k,ERRXPP1, 't');
ylabel. { "Egp,xPPl'} ;xlabel (' ddacr e t e t.Ime k')

subplot{4,4,15);plot{k,XPHA1);hold o~; plot {k,XPHAlE, 'k-.')
legend('XPF~~l','XPF_~lE');ylabel{'XPrtA~,XPF~~E');xlabel{ldisc~etetiEE ~')

subplot{4,4,16); plot{k,ERRXPHAl, '~');
y1.abe2 ( 'ErL.':1XP}HU ' ) ;x1.abe1. ( "di.scxet;e tame k I )
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set(figure{12), 'naree',"~ank ~ Pro~ess va~iab~es a~d es~L~ation

e~ror','n~~erti~le','ofz')

figure (13)
subplot(4,4,l)iplot(k,SF2)ihold oni plot(k,SF2E, 'k-. ')iylabel('S?2,SF2S ')i
legend('SF2','SF2E')isubplot(4,4,2)i plot (k,ERRSF2, 'k f)iylabel('ERRSF2')i

subplot(4,4,3} iplot(k,SA2) ihold oni plot (k,SA2E. 'k-. ')iylabel(fS~2ISA2S')i
legend('SA2', 'SA2E1)iSubplot(4,4,4)i plot (k,ERRSA2, "X') iylabel("ERRSA2') i

subplot(4,4,S);plot(k,SNH4_2)ihold oni plot(k,SNH4_2E,'k-. f) i

legend('SNg4_2", 'SNH4_2E');ylabel{'SKH4_2,SNE4_2S') isubplo t(4,4,6);
plot (k,ERRSNH4_2, fk')iylabel('SRRS~rt4_2')i..
subplot (4,4,7) iplot(k,SN03_2) ihold on; plot(k,SN03_2E,'~-.')

legend('S~03_2','SN03_2E')iylabel(·SN03_2,S~03_2E')iSubplotC4,4,8)i

plot {k,ERRSN03_2, 'k ')iylabel('EELQSKC3_2');

subplot{4,4,9);plot(k,SP04_2)ihold O~i plot(k,SP04_2E,'k-.')
legend('SP04_2', 'SPO~_2E')iylabel(ISPO~_2,SP04_2E');subplot(4,4,10);
plot (k, ERRSP04_2, 'k')iylabel(IE~~SP04_2')i

subplot{4,4,11)iplot(k,XS2)ihold oni plot (k,XS2E, 'k-.')iylabelC'XS2,XS2S ')i
legend('XS2', 'XS2E'}iSubplot(4,4,lZ)i plot (k,ERRXSZ, '~')iylabel{'EP2XS2');

subplot{4,4,13}iplot(k,XPP2) ihold on; plot (k,XPP2E, 'k-. '};
legend{'XPP2'. 'XPP2E')iylabel('X?P2,XPP2E'}ixlabelC'discrete ti~e k')
subplot(4,4,14)i plot (k,ERRXPP2, '~')i
ylabel(TE~~X?P2');xlabel('discreteti~e k')

subplot{4.4,15);plot(k,XPHA2)ihold O~i plot {k,XPHA2E, 't-.')
legend{'X??~2','XP¥_~2E')iylabel{'XP~~2,XPHF2E');xlabel('disc~etet~rne k')
subplot(4,4,16)i plot {k,ERRXPHA2, 'k')i
ylabel('E~RX?~~2')ixlabel('discret€~ime k')
set(figure{13), 'n~eT, 'Ta~k 2 ?rocess variab:es a~d es~i~ation

error','nlli~erti~le','o~=T)

figure (14)
subplot{4,4,l)iplot{k,SF3);hold ani plot{k,SF3E, 'i.-. ');ylabel{'S=3,S~3~')i
legend('S£3', 'SF3E'}isubplot(4,4,2); plot (k,ERRSF3, 'k')iylabel('ERRS=3')i

subplot(4,4,3}iplot(k,SA3);hold on; plot (k,SA3E, 'k-. ');ylabel('SA3,SA3E');
legend('SA3', 'SA3E')isubplot{4,4,4)i plot(k,ERRSA3, 'k')i

subplot(4,4,5)iplot(k,SNH4_3)ihold O~i plot (k,SNH4_3E, l~_.")
legend('S~54 3', 'SKH4 3E')iylabel('SNH4 3,S~E4 3~')iSubplot(4,4,6)i

plot (k,ERRSNH4_3, 'k')7ylabel('S~~SKH4_3J); -

subplot(4.417) iPlot(k,SN03_3) ihold o~; plot (k,SN03_3E, 'k-.')
legend{IS~03_3','S~03_3E')iylabel('SN03_3,SN03_3E')iSubplot(4,4,8)i

plot {k,ERRSN03_3, 'k')iylabel('EtL~SN03_3')i

subplot(4,4,9} iplot(k,SP04_3} ihold O~i plot (k,SP04_3E, 'k-.')
legend{'S?04 3', 'SP04 3E')iylabel('SP04 3,SP04 3E');subplot(4,4,10)i
plot {k,ERRSP04_3, 'k')7ylabel('E?RSPC4_3J)i -

subplot(4,4,11}iplot(k,XS3}ihold O~i plot(k,XS3E,·k~.');ylabel('XS3,XS3E');

legend('XS3', ·XS3E')iSubplot(4,4.12)i plot (k,ERRXS3, '~')iylabel{'ER?~=S3');

subplot(4,4,13)iplot{k,XPP3) ;hold O~i plot (k,XPP3E, 'k-.')
legend{'XPP3', 'XPP3E') iylabel('XPP3,XP?3£') ixlabel{'discrete tiGe k')
subplot{4,4,14)i plotCk,ERRXPP3, 'k');
ylabel{'2EL~PP3'}ixlabel(!discrete~L~e k')

subplot(4,4,15) iplot(k,XPHA3) ihold O~i plot (k,XPHA3E, 'k-.')
legend(,x?~~r,rXP~~3£');ylabel('XP~~3,XP!L~3E');xlabel('disc~ets~~ce k ')
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subplot(4,4,~6}i plot (k,ERRXPHA3, 'k'}i
ylabel('ERRX?HF3'};xlabel('discrete tiree k'}
set(£igure(14}, 'naffie', 'Tank 3 Process variables a~d es~i~tion

error',"n~wbertitle',to=~'}

figure (15)
suhplot(4,4,1)iplot(k,SF4)ihold O~i plot{k,SF4E,'k-. ')iylabel{'S?4,S?4S'}i
legend('S?4', 'SF4E')isubplot(4,4,2)i plot{k,ERRSF4,lk')iylabel('ERR3?4'}i

subplot{4,4,3)iplot{k,SA4)ihold oni plot(k,SA4E, 'k-. l)iylabel('SA4,SA4S')i
legend{'SA4', 'SA4E')isubplot{4,4,4)i plot{k,ERRSA4, 'k'}iylabel{'ERRSA4')i

subplot(4,4,5) iplot(k,SNH4_4} ihold ani plot (k,SNH4_4E, 'k-.')
legend('S~H4_4','S~H4_~E'}iylabel('SNH~_~,S~E4_4~')isubplot(4,4,6)i

plot (k,ERRSNH4_4, 'k'};ylabel('E~SRH4_~');

subplot(4,4,7) iplot(k,SN03_4} ihold on; plot(k,SN03_4E,'k-.')
legend{'SN03_4'TfSK03_4E');ylabel('SK03_~,SN03_4E')iSubplot(4,4,S};

plot (k,ERRSN03_4, 'k'};ylabel('SP3SK03_4');

subplot(4,4.9};plot{k,SP04_4)ihold oni plot(k,SP04_4E.'~-.')

legend('SP04_4', ISP04_~E')iylabel(fSP04_4,SPO~_4E')iSubplot(4,4.10)i
plot (k,ERRSP04_4. 'k');ylabel('ERRSP04_~'}i

subplot{4,4,11) iPlot(k,XS4) ihold on; plot (k,XS4E, 'k-.')iylabel('XS{,XS4E');
legend('XS4','XS4E');subplot{4,4.12); plot (k.ERRXS4, 'k')iylabel('ER~XS4');

subplot(4,4,13);plot(k.XPP4) ;hold on; plot {k,XPP4E, 'k-. I)
legend('XP?4', 'XPP~EI)iylabel(IXPP4,XPP4E')ixlabel('discretet~e k')
subplot(4.4.14)i plot {k,ERRXPP4, 'Xl)i
ylabel('SEt.qxPP4');xlabel{'d~scretetime k')

subplot(4,4,lS);plot(k,XPHA4);hold on; plot (k,XPHA4E. '~_.l)

legend{'XPrJ\4 1
, 'XP~~4E');ylabel('XP~4,Xpa~~E');xlabel{'disc~ete tirr.e k')

subplot(4,4.16); plot {k.ERRXPHA4. 'k')i
ylabel('ErLqxPHA4');xlabel(ldiscre~e~ime k')
set(£igure(lS}. 'narr.e",'Tank 4 Process va=iables and estimation
error'.'n'~~er~i~le'.'off')

figure (16)
subplot{4,4,1);plot{k,SFS);hold on; plot (k.SFSE, 'k-. ');ylabel('S?5,S?5Z');
legend('S~5', 'SF5E');subplot(4,4,2); plot (k,ERRSFS, 'k');ylabel('ERRS?S');

subplot{4,4,3);plot(k,SAS);hold on; plot (k.SASE, 'k-. ');ylabel('SA5,SA5~');
legend{'SAS', 'SA5E');subplot{4,4.4); plot(k,ERRSAS, Ok') iylabel('ERRSAS')i

subplot(4,4,S};plot(k,SNH4_5);hold O~; plot(k,SNH4_SE,'k-.')
legend('SNE4_51,'S~~~_5Et)iylabel('SKH4_5,S~H4_5E'};subplot(4.4.6);

plot {k,ERRSNH4_5, 'k');ylabel{'ERaSNH4_S');

subplot(4.4,7);plot{k,SN03_S);hold oni plot (k,SN03_SE, 'k-. ')
legend{'SN03 5','SK03 5E');ylabel('S~03 5,SN03 5~');subplot{4,4,8);

plot (k,ERRSN03_5, 'k')~ylabel('~~qSK03_5'}; -

subplot (4,4, 9) iplot{k,SP04_S) iho1d O~; plot{k,SP04_5E,'k-.'}
legend(tSP04 5','SP04_SE');ylabel{'SP04~5,S?04_5E'}isubplot(4,4,10);

plot (k.ERRSPD4_5, 'k'};ylabel('3PRSP04_S'}i

subplot(4,4,11);plot{k,XSS};hold on; plot (k,XS5E. 'k-. ')iylabel('XS5,XS5E'};
legend('XSS', 'XS5£') isubplot(4.4.12); plot (k,ERRXSS, '~')iylabel('EP~~S5'}i

subplot(4,4.13);plot(k,XPPS);hold O~i plot {k,XPPSE. 'k-.')
legend('XPP5 1,'XPP5E'};ylabel('XPP5,XPP5£');xlabel('discrete ti~e k")
subplot{4,4.~4)i plot (k,ERRXPPS, '~I);
ylabel('ERRX?P51);xlabel('discre~s~i~e k '}
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subplot(4,4,15);plot(k,XPHAS);hold O~; plot (k,XPHA5E, 'k-.')
legend('XPF~5','XPHA5Et);ylabel('XPaA5,XPHF~E');xlabel(ldis=retetics k')
subplot(4,4,16); plot(k,ERRXPHAS, 'k');
ylabel('E~~?3A5f};xlabel('d~scretetirr:e k')
set{figure{16}, lnarr~', 'TaGk 5 Process va~iables a~d estL~ation

e~~o~l, '~Q~ertitle','o=f'}

C.2: MATLAS script file - P_BASM2dF.m

% M-File: P BASM2d?m
% M-FI~E ~ESCRIP7IO~

% T2~S m-file is used for:
% Calculation of the process rates fo~ the £u:~ ~odel

function Pk = P_BASM2dF{xk)

global fSI YH fXI YP04 YPHA iPBM YAUT iNBM Kh etaN03 etafe muH qfe bH qPHA qPP
muPAO bPAO bPP bpHA muAOT bAUT kPRB kRED K02 KX RN03 KF KNH4 KALK KA Kfe KPP KPS KP
KPIlA KIPP KMAX

% TAN~ I
P(I)= Kh * (xk(I)/(K02+xk(I») * «xk(11)/xk(12»/(KX+(xk(11)/xk(12»» * xk(12);
P(2)= Kh * etaN03 * (K02/(K02+xk(I») * (xk(S)/(KN03+xk(S») *

«xk(II)/xk(12»/(KX+(xk(II)/xk(12»» * xk(12);
P(3)= Kh * etafe * (K02/(K02+xk(I») * (KN03/(KN03+xk(S») *

«xk(II)/xk(12»/(KX+(xk(II)/xk(12»» * xk(12);
P(4)= muH * (xk(I)/(K02+xk(1») • (xk(2)/(KF+xk(2») * (xk(2)/(xk(2)+xk(3») *

(xk(4)/(KNH4+xk(4») * (xk(6)/(KP+xk(6») * (xk(8)/(KALK+xk(S)}) * xk(12);
P(S)= muH * (xk(I)/(K02+xk(I») • (xk(3)/(KA+xk(3») * (xk(3)/(xk(2)+xk(3») *

(xk(4)/(KNH4+xk(4») * (xk(6)/(KP+xk(6») • (xk(S)/(KALK+xk(S») * xk(12);
P(6)= muH * etaN03 * (K02/(K02+xk(1») * (KN03/(KN03+xk(S») * (xk(2)/(KF+xk(2») *

(xk(2)/(xk(2)+xk(3») * (xk(4)/(KNH4+xk(4») * (xk(6)/(KP+xk(6») *
(xk(S)/(KALK+xk(S)}} * xk(12);

P(7)= muH * etaN03 * (K02/(K02+xk(I») * (KN03/(KN03+xk(S») * (xk(3)/(KA+xk(3») *
(xk(3)/(xk(2)+xk(3») * (xk(4)/(KNH4+xk(4») * (xk(6)/(KP+xk(6») *
(xk(S)/(KALK+xk(S»)* (xk(6)/(KP+xk(6») • xk(12);

P(S)= qfe * (K02/(K02+xk(1») * (KN03/(KN03+xk(S») * (xk(2)/(KF+xk(2») *
(xk(S)/(KALK+xk(S»)* xk(12);

P(9)= bH * xk(12);
P(10)= qPHA * (xk(3)/(KA+xk(3») * (xk(S)/(KALK+xk(S») *

«xk(14)/xk(13»/(KPP+(xk(14)/xk(13»» * xk(13);
P(ll)= qPP * (xk(I)/(K02+xk(I») * (xk(6)/(KPS+xk(6») * (xk(S)/(KALK+xk(S») •

«xk(IS) /xk(13) ) / (KPF-A+ (xk (15) /xk (13) ) » * «KMAX- (xk (14) /xk (13) ) ) / (KPP+KMAJ{­
(xk(14)/xk(13»» * xk(13);

P(12)= qPP * (xk(I)/(K02+xk(I») * (xk(6)/(KPS+xk(6») * (xk(S)/(KALK+xk(S») *
( (xk (15) /xk (13) ) / (KPIlA+ (xk (15) /xk (13) ») • «KMAX- (xk (14) /xk(13» ) / (KPP+KMAX­
(xk(14)/xk(13»» • xk(13) * etaN03 • K02/xk(l) * (xk(S)/(KN03+xk(S»);

P(13)= muPAO * (xk(I)/(K02+xk(1») * (xk(4)/(KNH4+xk(4») * (xk(S)/(KALK+xk(S»)*
(xk(6)/(KP+xk(6») • «xk(lS)/xk(13»/(KPIlA+(xk(IS}/xk(13»» • xk(13);

P(14)= muPAO * (xk(I)/(K02+xk(1») * (xk(4)/(KNH4+xk(4») • (xk(S)/(KALK+xk(S»)*
(xk(6)/(KP+xk(6») • «xk(lS)/xk(13»/(KPIlA+(xk(IS)/xk(13»» • xk(13) • etaN03 •
K02/xk(l) * (xk(S)/(KN03+xk(S»);

P(IS)= bPAO * xk(13) * (xk(S)/(KALK+xk(S»);
P(16)= bPP * xk(14) * (xk(S)/(KALK+xk(S»);
P(17)= bPHA' xk(IS) * (xk(S)/(KALK+xk(S»);
P(IS)= muAUT * (xk(I)/(K02+xk(I») • (xk(4)/(KNH4+xk(4») * (xk(6)/(KP+xk(6») •

(xk(S)/(KALK+xk(S») * xk(16);
P(19)= bAUT • xk(16);
P(20)= kPRE * xk(6) * xk(IS);
P(21)= kRED • xk(19) * (xk(S)/(KALK+xk(S»);

% TF...N;( 2
P(22)= Kh * (xk(20)/(K02+xk(20») • «xk(30)/xk(31»/(KX+(xk(30)/xk(31»)} •

xk(31} ;
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P(23)- Kh • etaN03 • (K02!(K02+xk(20») • (xk(24)!(KN03+xk(24») •
«xk(30)!xk(31»!(KX+(xk(30)!xk(31»» • xk(31);

P(24)= Kh * etafe * (KOZ/(K02+xk(20}}) * (KN03/(KN03+xk{24}» *
«xk(30)/xk(31»/(KX+(xk(30)!xk(31»» • xk(31);

P(2S)- muH • (xk(20)/(K02+xk(20») • (xk(21)/(KF+xk(21») •
(xk(21)!(xk(21)+xk(22») • (xk(23)!(KNH4+xk(23») • (xk(2S)!(KP+xk(2S») •
(xk(27)!(KALK+xk(27») • xk(31),

P(26)- muH • (xk(20)!(K02+xk(20») • (xk(22)!(KA+xk(22») •
(xk(22)!(xk(21)+xk(22») • (xk(23)!(KNH4+xk(23») • (xk(2S)!(KP+xk(2S») •
(xk(27)/(KALK+xk(27»)) • xk(3l);

P(27)~ muH' etaN03 • (K02!(K02+xk(20») • (KN03!(KN03+xk(24») •
(xk(21)!(KF+xk(21») • (xk(21)!(xk(2l)+xk(22») • (xk(23)!(KNH4+xk(23») •
(xk(2S)!(KP+xk(2S») • (xk(27)/(KALK+xk(27») • xk(3l) ,

P(28)~ muH' etaN03 • (K02!(K02+xk(20») • (KN03!(KN03+xk(24») •
(xk(22)!(KA+xk(22») • (xk(22)!(xk(2l)+xk(22»)' (xk(23)!(KNH4+xk(23») •
(xk(2S)!(KP+xk(2S») • (xk(27)!(KALK+xk(27»)' (xk(2S)!(KP+xk(2S») • xk(31) ,

P(29)- qfe • (K02!(K02+xk(20») • (KN03!(KN03+xk(24») • (xk(2l)!(KF+xk(21») •
(xk(27)!(KALK+xk(27»)' xk(3l);

P(30)- bH • xk(3l);
P(31)~ qPHA • (xk(22)!(KA+xk(22») • (xk(27)!(KALK+xk(27») •

«xk(33)!xk(32»!(KPP+(xk(33)!xk(32»» • xk(32);
P(32)- qPP • (xk(20)!(K02+xk(20») • (xk(2S)!(KPS+xk(2S») • (xk(27)!(KALK+xk(27»)

• «xk (34)!xk (32) )! (KPHA+ (xk (34)!xk (32) ) » • «KMAX- Lxk (33)!xk (32) ) ) ! (KPP+KMAX­
(xk(33)!xk(32»» • xk(32);

P(33)~ qPP • (xk(20)!(K02+xk(20») • (xk(2S)!(KPS+xk(2S») • (xk(27)!(KALK+xk(27»)
• «xk(34)/xk(32»!(KPHA+(xk(34)!xk(32»» • «KMAX-(xk(33)!xk(32»)!(KPP+KMAX­
(xk(33)!xk(32»» • xk(32) • etaN03 • K02!xk(20) • (xk(24)!(KN03+xk(24»);

P(34)= muPAO • (xk(20)!(K02+xk(20») • (xk(23)!(KNH4+xk(23») •
(xk (27)! (KALK+xk (27» ). (xk(25)! (KP+xk (25) » • «xk (3 4)!xk (32) ) ! (KPHA+(xk (34)!xk (32) ) »
• xk(32) ,

P(3S)= muPAO • (xk(20)!(K02+xk(20») • (xk(23)!(KNH4+xk(23») •
(xk(27)!(KALK+xk(27»)' (xk(2S)!(KP+xk(2S») • «xk(34)!xk(32»!(KPHA+(xk(34)!xk(32»»
• xk(32) • etaN03 • K02!xk(20) • (xk(24)/(KN03+xk(24»);

P(36)= bPAQ' xk(32) • (xk(27)!(KALK+xk(27»),
P(37)- bPP • xk(33) • (xk(27)!(KALK+xk(27»),
P(38)~ bPHA' xk(34) • (xk(27)!(KALK+xk(27»),
P(39)~ muAUT' (xk(20)!(K02+xk(20») • (xk(23)!(KNH4+xk(23») •

(xk(25)/(KP+xk(25»)) • (xk(27)/(KALK+xk(27») • xk(35);
P(40)- bAUT' xk(3S);
P(41)- kPRE • xk(2S) • xk(37) ,
P(42)= kRED • xk(38) • (xk(27)!(KALK+xk(27»),

% '!'k~!( 3
P(43)~ Kh • (xk(39)!(K02+xk(39») • «xk(49J!xk(SO»!(KX+(xk(49)!xk(SO»» •

xk(SO) t
P(44)~ Kh • etaN03 • (K02!(K02+xk(39») • (xk(43)!(KN03+xk(43») •

«xk(49)!xk(50»!(KX+(xk(49)!xk(SO»» • xk(SO);
P(4S)~ Kh • etafe' (K02!(K02+xk(39») • (Rl'03!(KN03+xk(43») •

«xk(49)!xk(SO»/(KX+(xk(49)!xk(50»» • xk(SO),
P(46)= muH • (xk(39)/(K02+xk(39») • (xk(40)/(KF+xk(40») •

(xk(40)!(xk(40)+xk(4l») • (xk(42)!(KNH4+xk(42») • (xk(44)!(KP+xk(44») •
(xk(46)!(KALK+xk(46») • xk(SO),

P(47)- muH • (xk(39)/(K02+xk(39») • (xk(4l)!(KA+xk(41») •
(xk(41)!(xk(40)+xk(41») • (xk(42)!(KNH4+xk(42») • (xk(44)!(KP+xk(44») •
(xk(46)!(KALK+xk(46») • xk(SO) ,

P(48)~ muH • etaN03 • (K02!(K02+xk(39») • (KN03/(KN03+xk(43») •
(xk(40)!(KF+xk(40») • (xk(40)!(xk(40)+xk(41J) • (xk(42)!(KNH4+xk(42») •
(xk(44)!(KP+xk(44») • (xk(46)!(KALK+xk(46») • xk(SO) ,

P(49)= muH' etaN03 • (K02/(K02+xk(39») • (KN03!(KN03+xk(43») •
(xk(41)!(KA+xk(4l») • (xk(41)!(xk(40)+xk(41»)) • (xk(42)!(KNH4+xk(42») •
(xk(44)!(KP+xk(44») • (xk(46)!(KALK+xk(46»))' (xk(44)!(KP+xk(44») • xk(SO);

P(SO)~ qfe' (K02!(K02+xk(39))) • (KN03!(KN03+xk(43») • (xk(40J!(KF+xk(40») •
(xk(46)!(KALK+xk(46))* xk(SO) t

P(Sl)~ bH * xk(SO);
P(S2)~ qPHA' (xk(4l)!(KA+xk(41») • (xk(46)!(KALK+xk(46») •

«xk(52)!xk(52)/(KPP+(xk(52)/xk(51»» • xk(51);
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P(S3}~ qPP * (xk(39}!(K02+xk(39»} * (xk(44)!(KPS+xk(44}}) * (xk(46}/(KALK+xk(46»)
* «xk(S3)!xk(Sl}}!(KPHA+(xk(S3}!xk(Sl»}} * «KMAX-(xk(S2)!xk(Sl)}}!(KPP+KMAX­
(xk(S2)!xk(Sl»» * xk(Sl};

P(S4)~ qPP * (xk(39)! (K02+xk(39}}) * (xk(44)! (KPS+xk(44») * (xk(46)! (KALK+xk(46}})
* «xk(S3}!xk(Sl»!(KPHA+(xk(S3)!xk(Sl»» * «KMAX-(xk(S2)/xk(Sl»)!(KPP+KMAX­
(xk(S2}!xk(Sl}») * xk(Sl) * etaN03 * K02!xk(39) * (xk(43)!(KN03+xk(43»);

P(SS}~ muPAO * (xk(39)!(K02+xk(39») * (xk(42)!(KNH4+xk(42») *
(xk(46)!(KALK+xk(46»)* (xk(44)/(KP+xk(44») * «xk(S3)!xk(Sl»!(KPHA+(xk(S3}/xk(Sl»»
* xk(Sl);

P(S6)~ muPAO * (xk(39}!(K02+xk(39}» * (xk(42)!lKNH4+xkl42») *
(xk(46)!(KALK+xk(46»)* (xk(44)!(KP+xk(44»} * «xk(S3)!xk(Sl)}/(KPHA+(xk(S3)/xk(51»»
* xk(51) * etaN03 * K02!xk(39) * (xk(43)!(KN03+xk(43»);

P(S7)~ bPAO * xk(Sl} * (xk(46)!(KALK+xk(46»);
P(S8)~ bpP * xk(S2) * (xk(46)!(KALK+xk(46}});
P(S9)~ bPHA * xk(S3) * (xk(46)!(KALK+xk(46»);
P(60)~ muAUT * (xk(39)!(K02+xk(39») * (xk(42}!(KNH4+xk(42») *

(xk(44)!(KP+xk(44») * (xk(46)!(KALK+xk(46») * xk(54);
P(61)~ bAUT * xk(S4);
P(621~ kPRE * xk(44) * xk(S6) ;
P(63)~ kRED * xk(S7) * (xk(46)/(KALK+xk(46»);

P(64)~ Kh * (xk(58)!(K02+xk(58}}) * «xk(68}!xk(69»!(KX+(xk(68)/xk(69}}» *
xk(69) ;

P(6S)~ Kh * etaN03 * (K02!(K02+xk(58») * (xk(62}!(KN03+xk(62») *
«xk(68)!xk(69»!(KX+(xk(68)!xk(69»» * xk(69);

P(66)~ Kh * etafe * (K02!(K02+xk(S8)}) * (KN03!(KN03+xk(62») *
«xk(68)!xk(69»!(KX+(xk(68)!xk(69»» * xk(69);

P(67}~ muH * (xk(S8)/(K02+xk(S8»} * (xk(59)!(KF+xk(59»} *
(xk(59)!(xk(S9)+xk(60») * (xk(61)!(KNH4+xk(61») * (xk(63)!(KP+xk(63}}) *
(xk(65)!(KALK+xk(6S»} * xk(69};

P(68)~ muH * (xk(S8}!(K02+xk(S8)}} * (xk(60)!(KA+xk(60») *
(xk(60}!(xk(59l+xk(60}}) * (xk(61)!(KNH4+xk(61») * (xk(63}!(KP+xk(63)}} *
(xk(6S)!(KALK+xk(65») * xk(69);

P(69)~ muH * etaN03 * (K02/(K02+xk(S8}» * (KN03! (KN03+xk(62») *
(xk(59)!(KF+xk(S9») * (xk(59)!(xk(59)+xk(60») * (xk(61)!(KNH4+xk(61)}} *
(xk(63)!(KP+xk(63») * (xk(6S)/(KALK+xk(6S») * xk(69);

P(70)~ muH * etaN03 * (K02/{K02+xk(S8») * (KN03!{KN03+xk(62») *
(xk(60)!(KA+Xk(60») * (xk(60)!(xk(59)+xk(60)}} * (xk(61}!(KNH4+xk(61)}} *
(xk(63)!(KP+xk(63») * (xk(6S)!(KALK+xk(6S»)* (xk(63)/(KP+xk(63») * xk(69);

P(71)~ qfe * (K02! (K02+xk(S8») * (KN03! (KN03+xk(62)}) * (xk(S9)! (KF+xk(S9)}} *
(xk(6S)!(KALK+xk(6S»)* xk(69); .

P(72)~ bH * xk(69);
P(731~ qPHA * (xk(60)!(KA+xk(60)}} * (xk(6S)!(KALK+xk(6S») *

«xk(71)!xk(70»!(KPP+(xk(71}!xk(70}}}) * xk(70);
P(74}~ qPP * (xk(S8)!(K02+xk(S8)}} * (xk(63)!(KPS+xk(63}» * (xk(65)/(KALK+xk(65}})

* «xk(721!xk(70»!(KPHA+(xk(72)/xk(70»» * «KMAX-(xk(71)/xk(70»)!(KPP+KMAX­
(xk(71)!xk(70}») * xk(70);

P(7S}~ qPP * (xk(S8)!(K02+xk(S8}» * (xk(63)!(KPS+xk(63)}) * (xk(65)!(KALK+xk(65»)
* «xk(72)!xk(70)}!(KPHA+(xk(72}!xk(70}») * «KMAX-(xk(71)!xk(70»)!(KPP+KMAX­
(xk(71)!xk(70»» * xk(70) * etaN03 * K02!xk(S8) * (xk(62)!(KN03+xk(62»);

P(76)~ muPAO * (xk(58}!(K02+xk(S8»} * (xk(61)!(KNH4+xk(61») *
(xk(65)!(KALK+xk(65)})* (xk(63)!(KP+xk(63») * «xk(72)!xk(70»!(KPHA+(xk(72)!xk(70»»
* xk(70);

P(77)~ muPAO * (xk(S8)!(K02+xk(58}» * (xk(61}!(KNH4+xk(61») *
(xk(6S)!(KALK+xk(6S»)* (xk(63}!(KP+xk(63»}* «xk(72)!xk(70»!(KPHA+(xk(72)/xk(70»)}
* xk(70) * etaN03 * .K02/xk(58) * (xk(62)/(KN03+xk(62) »;

P(78)~ bPAO * xk(70) * (xk(6S)!(KALK+xk(65»);
P(79)~ bPP * xk(71) * (xk(6S)!(KALK+xk(6S»);
P(80)~ bPHA * xk(72} * (xk(6S}!(KALK+xk(65»);
P(81)~ muAUT * (xk(58)!(K02+xk(58)}) * (xk(61)!(KNH4+xk(61») *

(xk(63)! (KP+xk(63») * (xk(6S)! (KALK+xk(6S})} * xk(73);
P(82)~ bAUT * xk(73);
P(83)~ kPRE * xk(63) * xk(75);
P(84)~ kRED * xk(76} * (xk(65}!(KALK+xk(65»);
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%- T.ili"1K 5

P(8S)= Kh * (xk(77}!(K02+xk(77}}) * «xk(87)!xk(88»!(KX+(xk(87}!xk(88»)} *
xk(88);

P(86)= Kh * etaN03 * (K02!(K02+xk(77}» * (xk(8l)!(KN03+xk(8l») *
«xk(87)!xk(88)}!(KX+(xk(87)!xk(88»» * xk(88);

P(87)= Kh * etafe * (K02!(K02+xk(77») * (KN03!(KN03+xk(8l») *
«xk(87)!xk(88»!(KX+(xk(87}!xk(88»)} * xk(88);

P(88)= muH * (xk(77)! (K02+xk(77») * (xk(78)! (KF+xk(78»} *
(xk(78)!(xk(78)+xk(79»)) * (xk(80)!(KNH4+xk(80») * (xk(82)!(KP+xk(82») *
lxk(84)!lKALK+xk(84») * xk(88);

P(89}= muH * (xk(77}!(K02+xk(77») * (xk(79)!(KA+xk(79») *
(xkl79)!lxk(78}+xk(79)}} * (xk(80)!(KNH4+xk(80») * (xk(82)!(KP+xk(82») *
(xk(84)!(KALK+xk(84)}) * xkl88};

P(90)= muH * etaN03 * (K02/(K02+xk(77)}} * (KN03!(KN03+xk(8l}» *
(xk(78)!(KF+xk(78))) * (xk(78)! (xk(78) +xk(79») * (xk(80)!(KNH4+xk(80») *
(xk(82}!(KP+xk(82») * (xk(84)!(KALK+xk(84))} * xk(88);

P(9l)= muH * etaN03 * (K02!(K02+xk(77») * (KN03!(KN03+xk(8l») *
(xk(79)!(KA+Xk(79») * (xk(79)!(xk(78)+xk(79») * (xk(80)!(KNH4+xk(80») *
(xk(82)!(KP+xk(82») * (xk(84)!(KALK+xk(84»)* (xk(82)!(KP+xk(82}» * xk(88) ,

p(n)= qfe * (K02!(K02+xk(77))) * (KN03!(KN03+xk(8l») * (xk(78)!(KF+xk(78») *
(xk(84)!(KALK+xk(84»)* xk(88);

P(93)= bH * xk(88);
P(94)= qPHA * (xk(79)!(KA+xk(79») * (xk(84)!(KALK+xk(84») *

«xk(90)!xk(89)}!(KPP+(xk(90)!xk(89»» * xk(89);
P(9S)= qPP * (xk(77)!(K02+xk(77») * (xk(82)!(KPS+xk(82») * (xk(84)!(KALK+xk(84»)

* «xk(9l}!xk(89»!(KPHA+(xk(9l)!xk(89}») * «KMAX-(xk(90)!xk(89»)!(KPP+KMAX­
(xk(90)!xk(89)))) * xk(89);

P(96)= qPP * (xk(77}!(K02+xk(77»} * (xk(82)!(KPS+xk(82») * (xk(84)!(KALK+xkl84»)
* «xk(9l)!xk(89»!(KPHA+(xk(9l)!xk(89»» * «KMAX-(xk(9D)!xk(89»)!(KPP+KMAX­
(xk(90)!xk(89»» * xk(89) • etaN03 • K02/xk(77} • (xk(8l)!(KN03+xk(8l»);

P(97)= muPAO • (xk(77)!(K02+xk(77») * (xk(80)!(KNH4+xk(80») •
(xk(84)/(KALK+xk(84»)* (xk(82)!(KP+xk(82») * «xk(9l)/xk(89»!(KPHA+(xk(9l)!xk(89»»
* xk(89) ;

P(98)= muPAO * (xk(77)/(K02+xk(77») * (xk(80)/(KNH4+xk(80») *
(xk(84)/(KALK+xk(84»)* (xk(82)!(KP+xk(82») * «xk(9l)!xk(89»!(KPHA+(xk(9l)!xk(89»»
* xk(89) * etaN03 * K02!xk(77) * (xk(8l)/(KN03+xk(8l)});

P(99)= bPAO * xk(89) * (xk(84)!(KALK+xk(84»),
PllOD)= bpP * xkl90} • lxkl84}/lKALK+xk(84»};
P(lOl)= bPHA * xk(9l) * (xkl84)!(KALK+xk(84)});
P(102)= muAUT * (xk(77)!(K02+xk(77») • lxk(80}!(KNH4+xk(80)}) *

(xk(82}!(KP+xk(82») • (xk(84}!(KALK+xk(84») • xk(92);
P(103)= bAUT * xk(92);
P(104)= kPRE * xk(82) * xk(94);
P(lOS)= kRED • xk(9S) • (xk(84)!(KALK+xk(84) I);

Pk = [pel) P(2) P(3) P(4} PlS) P(6) Pl7} P(8) P(9) P(lO) P(ll) Pll2) P(13) PCB)
P(lS} P(l6) P(l7) P(l8) P(l9) P(20) P(2l) P(22) P(23) P(24) P(2S) P(2S) P(27) P(28)
P(29) P(30) P(3l) P(32) P(33) P(34} P(3S) P(3S) P(37) P(38) P(39) P(40) p(U) P(42)
P(43) P(44) P(4S) P(46) P(47) P(48) P(49) peSO) P(Sl) P(S2) P(S3) P(S4) p(SS) P(S6)
P(S7) P(S8} P(S9) peSO) P(6l) P(62) P(63) P(S4) P(6S) P(6S) P(67) P(68) P(S9) P(70)
P(7l) P(72) P(73) P(74) P(7S) P(76) P(77) P(78) P(79) P(80) P(8l) P(82) P(83) P(84)
P(8S) P(8S) P(87) P(88) P(89) P(90) P(9l} pen) P(93) P(94) P(9S) P(9S) P(97) P(98)
P(99) P(lDO) P(lOl) P(102) P(103) P(104) P(lOS)]';

C.3: MATLA8 script file - P_8ASM2dR.m

% M-File: P BASM2dR.m
M-F!~ DESCRIPTIO~ ===--==========-~-====--======

%This rn-f~le is used fo~:

%Calculation of ~he p~ocess ra~es for fara~ete~ estL~a~ion of the red~ced

%: model

func'Lion Pk P_BASM2dR{zk1 uk IXHk1XAk I SALKk i XPAOk)
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global fSI YH fXI YP04 YPHA iPBM YAUT iNBM Kh etaN03 etafe muH qfe bH qPHA qPP
muPAO bPAO bPP bPHA muAOT bAUT kPRE kRED K02 xx KN03 KF KNH4 !CALK KA Kfe l{PP KPS KP
KPHA KIPP KMAX
% TAi"'1K 1

% S2 SA SNH4 S!'J03 SPC4 XS XPP XP?.....;!l,.
P(l}= (uk(l}/(KOZ+uk(l))) • «zk(6)/XHk(1»/(KX+(zk(6)/XHk(1)})) • XHk(l};
P(Z}= etaN03 • (KOZ/(KOZ+uk(l»} • (zk(4)/(KN03+zk(4») •
«zk(6)/XHk(1})/(KX+(zk(6}/XHk(1)]}) • XHk(l);
P(3}= etafe • (KOZ/(KOZ+uk(l)}} • (KN03/(KN03+zk(4)}) •
llzk(6)/XHk(1»/lKX+lzk(6)/XHk(1»» • XHk(l);
P(4)= (uk(l}/(KOZ+uk(l))) • (zkll}/(KF+zk(l))) • (zk(l}/(zk(l)+Zk(Z»} •
(zk(3)/(KNH4+zk(3») • (zk(S}/(KP+zk(S)}) • (SALKk(l)/(KALK+SALKk(l}}) • XHk(l);
P(S)= (uk(l)/(KOZ+uk(l») • (zk(Z]/(KA+zk(Z))) • (zk(Z)/(zk(l)+zk(Z))) •
(zk(3)/(KNH4+zk(3}}) • (zk(S)~(KP+zk(S)}) • (SALKk(l)/(KALK+SALKk(l}» • XHk(l);
P(6)= etaN03 • (KOZ/(KOZ+uk(l}]) • (KN03/(KN03+zk(4))} • (zk(l}/(KF+zk(l))} •
(zk(l)/(zk(l]+zk(Z») • (zk(3)/(KNH4+zk(3})) • (zk(S)/(KP+zk(S») •
(SALKk(l}/(KALK+SALKk(l})] • XHk(l];
P(7}= etaN03 • (KOZ/(KOZ+uk(l»} • (KN03/(KN03+zk(4)]} • (zk(Z}/(KA+zk(Z») •
(zk(Z) / (zk(l) +zk(Z») • (zk(3) / (KNH4+zk(3») • (zk(S) / (KP+zk(S))} •
(SALKk(l)/(KALK+SALKk(l»)' (zk(S}/(KP+zk(S») • XHk(l);
P(S)= (KOZ/(KOZ+uk(l») • (KN03/(KN03+Zk(4») • (zk(l)/(KF+zk(l»)) •
(SALKk(l}/(KALK+SALKk(l}})' XHk(l};
P(9}= (zk(Z)/(KA+zk(Z)]) • (SALKk(l)/(KALK+SALKk(l») •
«zk(7)/XPAOk(1)}/(KPP+(zk(7)/XPAOk(1»)} • XPAOk(l};
PlIO)= (uk(l)/(KOZ+uk(l») • (zk(S}/(KPS+zk(S») • (SALKk(l)/(KALK+SALKk(l») •
«zk(S)/XPAOk(l})/(KPHA+(zk(S}/XPAOk(l}}» • «KMAX-(zk(7}/XPAOk(1)} )/(KPP+KMAX­
(zk(7}/XPAOk(1)))) • XPAOk(l);
P(ll)= (uk(l)/(KOZ+uk(l}}) • (zk(S)/(KPS+zk(S») • (SALKk(l)/(KALK+SALKk(l») •
«zk(S)/XPAOk(l)}/(KPHA+(zk(S)/XPAOk(l»]} • (KMAX-(zk(7)/XPAOk(1)}}/(KPP+KMAX­
(zk(7)/XPAOk(1»)) • XPAOk(l) • etaN03 • KOZ/uk(l) • (zk(4)/(KN03+zk(4»));
P(lZ)= (uk(l)/(KOZ+uk(l») • (zk(3)/(KNH4+zk(3») • (SALKk(l]/(KALK+SALKk(l»)'
(zk(S)/(KP+zk(S») • «zk(S)/XPAOk(l)}/(KPHA+(zk(S)/XPAOk(l»» • XPAOk(l};
P(13)= (uk(l}/(KOZ+uk(l}» • (zk(3)/(KNH4+zk(3») • (SALKk(l)/(KALK+SALKk(l»)'
(zk(S}/(KP+zk(S») • «zk(S)/XPAOk(l»/(KPHA+(zk(S)/XPAOk(l)}» • XPAOk(l) • etaN03 •
KOZ/uk(l) • (zk(4)/(KN03+zk(4)});
P(14)= (uk(l)/(KOZ+uk(l») • (zk(3)/(KNH4+zk(3») • (zk(S)/(KP+Zk(S») •
(SALKk(l)/(KALK+SALKk(l)}) • XAk(l);

Plk [[pel} P(Z} P(3} a a a a a a a
a a a a 1 r %Kh(l)

[0 a a P(4) pes} P(6} P(7) a a a
a a a a ] t %~uh{lJ

[0 a a a a a a P(S) a a
a a a a ] t 1qfel:)

[0 a a a a a a a P(9) 0
a a a a J ; %qp~a (1)

[0 a a a a a a a a P(lO)
P(ll} a 0 a J s %qpp(l)

[0 a a a a a 0 a a a
0 p(lz) P(l3) a ] ; %mapao(1)

[0 0 a a a a 0 a a 0
a a 0 P(14} ] ] t %:n.uAut {II

% TANK 2
P(lS}= (uk(Z)/(KOZ+uk(Z})) • «(zk(14)/XHk(z))/(KX+(zk(14}/XHk(Z)))) • XHkIZ);
P(16)= etaN03 • (KOZ/(KOZ+uk(Z») • (zk(lZ)/(KN03+zk(lZ») •
«zk(14}/XHk(Z»/(KX+(zk(14)/XHk(z»» • XHk(Z);
P(17)- etafe • (KOZ/(KOZ+uk(Z)}) • (KN03/(KN03+zk(lZ») •
«zk(14)/XHk(Z))/(KX+(zk(14}/XHk(Z)))) • XHk(Z);
P(lS)- (uk(Z)/(KOZ+uk(Z»] • (zk(9)/(KF+zk(9») • (zk(9)/(zk(9}+zk(lO») •
(zk(1l)/(KNH4+zk(1l») • (zk(l3)/(KP+Zk(13»} • (SALKk(Z}/(KALK+SALKk(Z»)) • XHk(Z);
P(19}= (uk(Z) / (KOZ+uk(Z})) • (zk(lO) / (KA+zk (10») • (zk(lO) / (zk(9) +zk(lO))) •
(zk(11)/(KNH4+zk(11»} • (zk(13)/(KP+zk(13»} • (SALKk(Z}/(KALK+SALKk(Z») • XHk(Z);
P(ZO)= etaN03 • (KOZ/(KOZ+uk(Z»} • (KN03/(KN03+zk(lZ») • (zk(9)/(KF+zk(9») •
(zk(9)/(zk(9}+zk(10») • (zk(11)/(KNH4+zk(11}]) • (zk(13)/(KP+zk(13») •
(SALKk(Z}/(KALK+SALKklZ}» • XHk(Z);
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P(2l); etaN03 * (KOZ!(K02+uk(2») * (KN03!(KN03+zk(lZ») * (zk(lO)!(KA+zk(lO») *
(zk(10)!(zk(9)+zk(10»)) * (zk(1l)!(KNH4+zk(1l»)) * (zk(13)!(KP+zk(13»)) *
(SALKk(Z)!(KALK+SALKk(2»)* (zk(13)!(KP+zk(13») * XHk(2) ,
P(ZZ)~ (K02!(KOZ+uk(2») * (KN03!(KN03+zk(12») * (zk(9)!(KF+zk(9») *
(SALKk(2)!(KALK+SALKk(Z»)* XHk(Z) ,
P(23)~ (zk(lO)!(KA+zk(lO») * (SALKk(2)!(KALK+SALKk(2») *
«zk(15)!XPAOk(Z»!(KPP+(zk(15)!XPAOk(Z»» * XPAOk(2) ,
P(24); (uk(2)!(K02+uk(Z») * (zk(13)!(KPS+zk(13») * (SALKk(2)!(KALK+SALKk(2») *
«zk(16J!XPAOk(2»!(KPHA+(zk(16)!XPAOk(2»» * «KMAX-(zk(15)!XPAOk(2»)!(KPP+KMAX­
(zk(15)!XPAOk(2»» * XPAOk(Z),
P(Z5)~ (uk(2)!(K02+uk(Z») * (zk(13)!(KPS+zk(13») * (SALKk(Z)!(KALK+SALKk(Z») *
«zk(16)!XPAOk(2»!(KPHA+(zk(16)!XPAOk(2»» * «KMAX-(zk(15)!XPAOk(Z»)!(KPP+KMAX­
(zk(15)!XPAOk(2»» * XPAOk(Z) * etaN03 * KOZ!uk(Z) * (zk(12)!(KN03+zk(lZ»),
P(26); (uk(2)!(KOZ+uk(2») * -!zk(11)!(KNH4+zk(11») * (SALKk(2)!(KALK+SALKk(2»)*
(zk(13)!(KP+zk(13») * «zk(16)!XPAOk(Z»!(KPHA+(zk(16)!XPAOk(Z»» * XPAOk(Z),
P(27)~ (uk(2)!(K02+uk(Z») * (zk(11)!(KNH4+zk(11») * (SALKk(Z)!(KALK+SAlKk(Z»)*
(zk(13)!(KP+zk(13») * «zk(16)!XPAOk(Z»!(KPHA+(zk(16)!XPAOk(Z»» * XPAOk(Z) * etaN03
* KOZ!uk(Z) * (zk(lZ)!(KN03+zk(lZ))),
P(28)= (uk(2)!(KOZ+uk(2))) * (zk(1l)!(KNH4+zk(1l») * (zk(13)!(KP+zk(13») *
(SALKk(2)!(KALK+SALKk(Z») * ~~(2),

P2k = [[P(15) P(16) P(17) 0 0 0 0 0 0 0
0 0 0 0 ] , %~:t{2J

[0 0 0 P(18) P(19) P(20) P (Zl) 0 0 0
0 0 0 0 i . %~uh(2)

[0 0 0 0 0 0 0 P(ZZ) 0 0
0 0 0 0 ] t %qfe(2)

[0 0 0 0 0 0 0 0 P(Z3) 0
0 0 0 0 ] ; %qp~a(2J

[0 0 0 0 0 0 0 0 0 P(24)
P(25) 0 0 0 ] t %o2P(2)

[0 0 0 0 0 0 0 0 0 0
0 P(26) P(Z7) 0 ] ; %:nupa~(2)

[0 0 0 0 0 0 0 0 0 0
0 0 0 P(28)] ] ; %-:nu..'9.ut (2)

% TA..~K 3
P(29)= (uk(3)!(KOZ+uk(3))) * «zk(22)!XHk(3))!(KX+(zk(Z2)!XHk(3)))) * XHk(3);
P(30)= etaN03 * (KOZ!(K02+uk(3») * (zk(20)!(KN03+zk(20») *
«zk(ZZ) !XHk(3))! (KX+(zk(22)!XHk(3)))) * XHk(3);
P(3l)= etafe * (KOZ!(K02+uk(3») * (KN03!(KN03+zk(20») *
«zk(22)!XHk(3»!(KX+(zk(2Z)!XHk(3»» * XHk(3);
P(32)= (uk(3)!(KOZ+uk(3))) * (zk(17)!(KF+zk(17))) * (zk(17)!(zk(17)+zk(18))) *
(zk(19)!(KNH4+zk(19») * (zk(21)!(KP+zk(21») * (SALKk(3)!(KALK+SALKk(3») * XHk(3) ,
P(33); (uk(3)!(KOZ+uk(3») * (zk(18)!(KA+zk(18»)) * (zk(18)!(zk(17)+zk(18») *
(zk(19)!(KNH4+zk(19») * (zk(21)!(KP+zk(2l») * (SALKk(3)!(KALK+SALKk(3») * XHk(3) ,
P(34)= etaN03 * (KOZ!(K02+uk(3») * (KN03!(KN03+zk(ZO») * (zk(17)!(KF+zk(17») *
(zk(17)!(zk(17)+zk(18))) * (zk(19)!(KNH4+zk(19») * (zk(2l)!(KP+zk(21») *
(SALKk(3)!(KALK+SALKk(3») * XHk(3);
P(35)= etaN03 * (KOZ!(KOZ+uk(3») * (KN03!(KN03+zk(20») * (zk(18)!(KA+zk(18») *
(zk(18)!(zk(17)+zk(18») * (zk(19)!(KNH4+zk(l9»)) * (zk(2l)!(KP+zk(21») *
(SALKk(3)!(KALK+SALKk(3»)* (zk(Zl)!(KP+zk(2l») * XHk(3);
P()6)= (K02!(K02+uk(3))) * (KN03j(KN03+zk(ZO») * (zk(17)!(KF+zk(17») *
(SALKk(3)!(KALK+SALKk(3»J* XHk(3);
P(37)~ (zk(18)!(KA+zk(18») * (SALKk(3)!(KALK+SALKk(3») *
«zk(Z3)!XPAOk(3»!(YJeP+(zk(23)!XPAOk(3»» * XPAOk(3);
P(38)= (uk(3)!(K02+uk(3))) * (zk(21)!(KPS+zk(Zl»)) * (SALKk(3)!(KALK+SALKk(3))) *
«zk(Z4)!XPAOk(3»!(KPHA+(zk(24J!XPAOk(3»» * «KMAX-(zk(Z3)!XPAOk(3»)!(KPP+KMAX­
(zk(Z3J!XPAOk(3»» * XPAOk(3J;
P(39); (uk(3)!(KOZ+uk(3») * (zk(21)!(KPS+zk(Zl») * (SALKk(3)!(KALK+S~~(3») *
«zk(24J!XPAOk(3»!(KPHA+(zk(24)!XPAOk(3»» * «KMAX-(zk(23)!XPAOk(3»)!(KPP+KMAX­
(zk(Z3)!XPAOk(3»» * XPAOk(3) * etaN03 * KOZ!uk(3) * (zk(20)!(KN03+zk(ZO»);
P(40); (uk(3)!(K02+uk(3») * (zk(19)!(KNH4+zk(19») * (SAlKk(3)!(KALK+SALKk(3»)*
(zk(Zl)!(KP+zk(Zl») * «zk(24)!XPAOk(3»!(KPHA+(zk(Z4)!XPAOk(3»» * XPAOk(3);
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P(41)~ (uk{3)/{K02+uk(3») • (zk(19)/(KNH4+zk{19») • (SALKk(3)/{KALK+SALKk(3»)'
(zk{21)/(KP+zk(21») • ((zk(24)/XPAOk(3»/(KPHA+(zk(24)/XPAOk{3»» • XPAOk(3) * etaN03
• K02/uk(3) • (zk(20)/(KN03+zk{20»),
P(42)= (uk (3) / (K02+uk(3») • (zk{19)/{KNH4+zk(19») • (zk(21)/(KP+zk(21») •
(SALKk(3}/(KALK+SALKk(3)}) * XAk{3}i

P3k = [ [P(29) P(30) P(31) 0 0 0 0 0 0 0
0 0 0 0 1 , :~K:r{2}

[0 0 0 P (32) P(33) P(34) PC3S) 0 0 0
0 0 0 0 I ; %!"1u:t i 2)

[0 0 a 0 0 0 a P(36) 0 0
a a a a 1 ; %qfe {Z}

[0 0 a a 0 a a 0 P (37) 0
a a a a ~J. i %qp:2a{2}

[0 0 0 a a 0 a a 0 P(38}
P(29) 0 a a J ; 'scpp (2)

[0 a a a a 0 0 a 0 a
a P(40) P (41) a 1 s %mupa~(2}

[0 a a a 0 0 0 a 0 0
a a a P (42)] J ; %:nu..~_l.lt (2)

% TJl..NK 4.
P(43}= (uk(4)/(K02+uk(4») • ((zk(30)/XHk(4»/(KX+(zk{30)/XHk(4»» * XHk(4);
P(44)= etaN03 • (K02/(K02+uk(4») • (zk(28)/(KN03+zk(28») *
((zk(30)/XHk(4»/(KX+{zk(30)/XHk(4»» • XHk(4);
P(4S)= etafe • (K02/(K02+uk(4») • (KN03/(KN03+zk(28») •
({zk(30)/XHk(4»/(KX+(zk(30)/XHk(4»)} • XHk(4) ,
P(46)= (uk(4)/(K02+uk(4») • (zk(2S}/(KF+zk(2S») * (zk(25)/(zk(2S)+zk(26») •
(zk(27)/(KNH4+zk(27») • (zk(29)/(KP+zk{29») • (SALKk(4)/(KALK+SALKk{4») • XHk(4) ,
P(47)= (uk(4)/(K02+uk(4») • (zk(26}f(KA+zk(26») • (zk(26)/(zk(2S)+zk(26») •
(zk(27)/(KNH4+zk(27») • (zk(29)/(KP+zk(29») • (SALKk(4)/(KALK+SALKk(4}» • XHk(4} ,
P(48)= etaN03 • (K02/(K02+uk(4») • (KN03/(KN03+zk(28») • (zk(2S)/(KF+zk(2S») •
(zk(2S) / (zk(2S)+zk(26») • (zk(27)/(KNH4+zk(27») • (zk(29) / (KP+zk(29») •
(SALKk(4)/(KALK+SALKk(4») • XHk(4),
P(49)= etaN03 • (K02/(K02+uk(4») • (KN03/(KN03+zk(28») • (zk(26)/(KA+zk(26}» •
(zk(26)/(zk(2S)+zk(26») • (zk(27)/(KNH4+zk(27») • (zk(29)/(KP+zk(29») *
(SALKk(4)/(KALK+SALKk(4»)' (zk(29)/(KP+zk(29») • XHk(4} ,
P{SO)= (K02/(K02+uk(4») • (KN03/{KN03+zk(28») • (zk(25)/(KP+zk(25») •
(SALKk(4)/(KALK+SALKk(4»)' XHk(4) ,
P(Sl}= (zk{26)/(KA+zk(26») • (SALKk(4)/(KALK+SALKk(4») •
(zk(31)/XPAOk(4»/(KPP+(zk(31)/XPAOk(4»» • XPAOk(4);
P(52)= (uk(4)/(K02+uk(4») • (zk(29)/(KPS+Zk(29»} • (SALKk(4}/(KALK+SALKk(4») •
{(zk(32)/XPAOk(4»/(KPHA+(zk(32)/XPAOk{4)}» • ({KMAX-(zk(31)/XPAOk(4)})/(KPP+KMAX­
(zk(31)/XPAOk(4»» • XPAOk(4),
P{S3)= (uk(4)/(K02+uk{4») • (zk(29)/{KPS+zk{29») • (SALKk{4)/(KALK+SALKk(4»} •
(zk(32)/XPAOk{4»/(KPHA+(zk(32)/XPAOk(4»» • {(KMAX-(zk(31)/XPAOk{4»)/(KPP+KMAX­
(zk(31)/XPAOk(4»)) • XPAOk(4) • etaN03 • K02/uk(4) • (zk(28)/{KN03+zk(28»},
P(S4)= (uk(4)/(K02+uk(4») • (zk(27)/(KNH4+zk(27)}) • (SALKk(4)/(KALK+SALKk(4»}'
(zk{29)/{KP+zk(29») • «(zk(32)/XPAOk{4»/(KPHA+(zk(32)/XPAOk(4»» * XPAOk(4};
P{SS)= (uk{4}/(K02+uk(4}» • (zk(27)/{KNH4+zk(27») • (SALKk(4}/(KALK+SALKk{4})}'
(zk(29)/(KP+zk(29}» • ({zk(32)/XPAOk{4»/(KPHA+{zk{32)/XPAOk(4»» • XPAOk{4} • etaN03
• K02/uk (4) • (zk(28) / (KN03+zk(28»};
P(S6)= (uk(4)/(K02+uk(4») • (zk(27)/(KNH4+zk(27») • (zk(29)/(KP+zk(29») •
(SALKk(4)/{KALK+SALKk(4») • XAk(4);

P4k [[P(43) P(44) P{4S} a a 0 a 0 0 0
a a a a J , %Y,.fl (2)

[0 a a P C46} P (47) P(48) P{49} a 0 a
a 0 a a J; %:Muh (2)

[0 0 0 a a a 0 peSO) 0 0
a a a a J , %qfei2)

[0 a a 0 a a a a P (51) 0
a a 0 a J , %qp::-ta{2}

[0 0 a a 0 0 a 0 a P(S2)
P(S3) 0 0 a J; %qpp(2i
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[0 0 0 0 0 0 0 0 0 0
0 P(S4) P(SS) 0 1 ; %mupao(2}

[0 0 0 0 0 0 0 0 0 0
0 0 0 P(S6)] 1 ; smuguc (2~

% TANK 5
P(S7)= (uk(S)/(K02+uk(S») * «zk(38)/XHk(S»/(KX+(zk(38)/XHk(S»» * XHk(S);
P(S8)_ etaN03 * (K02/(K02+uk(S») * (zk(36)/(KN03+zk(36») *
«zk(38) /XHk(S» / (KX+ (zk(38) /XHk(S»» * XHk(S);
P(S9)~ etafe * (K02/(K02+uk(S») * (KN03/(KN03+zk(36») *
«zk(38)/XHk(S»/(KX+(zk(38)/XHk(S»» * XHk(S);
P(60)~ (uk(S)/(K02+uk(S») * (zk(33)/(KF+zk(33»} * (zk(33)/(zk(33)+zk(34») *
(zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») * (SALKk(S)/(KALK+SALKk(S») * XHk(S};
P(61)_ (uk(S)/(K02+uk(S») *'{zk(34)/(KA+zk(34») * (zk(34)/(zk(33)+zk(34») *
(zk(3S}/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») * (SALKk(S)/(KALK+SALKk(S») * XHk(S);
P(62)~ etaN03 * (K02/(K02+uk(S») * (KN03/(KN03+zk(36») * (zk(33)/(KF+zk(33») *
(zk(33)/(zk(33)+zk(34») * (zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») *
(SALKk(S)/(KALK+SALKk(S}» * XHk(S);
P(63)= etaN03 * (K02/(K02+uk(S») * (KN03/(KN03+zk(36») * (zk(34)/(KA+zk(34») *
(zk(34)/(zk(33)+zk(34») * (zk(3S)/(KNH4+zk(3S») * (zk(37)/(KP+zk(37») *
(SALKk(S)/(KALK+SALKk(S»)* (zk(37)/(KP+zk(37») * XHk(S);
P (64) ~ (K02/ (K02+uk(S») * (KN03/ (KN03+zk(36») * (zk (33) / (KF+zk(33) » *
(SALKk(S) / (KALK+SALKk (S) ) ) * XHk(S);
P(6S)= (zk(34)/(KA+zk(34») * (SALKk(S)/(KALK+SALKk(S») *
«zk(39)/XPAOk(S»/(KPP+(zk(39)/XPAOk(S»» * XPAOk(S);
P(66)= (uk(S) / (K02+uk(S») * (zk(37) / (KPS+zk(37») * (SALKk(S) / (KALK+SALKk(S») *
«zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S»» * «KMAX-(zk(39)/XPAOk(S»)/(KPP+KMAX­
(zk(39)/XPAOk(S»» * XPAOk(S);
P(67)~ (uk(S) / (K02+uk(S») * (zk(37)/ (KPS+zk(37») * (SALKk(S)/ (KALK+SALKk(S») *
«zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S»» * «KMAX-(zk(39)/XPAOk(S»)/(KPP+KMAX­
(zk(39) /XPAOk (S»» * XPAOk(S) * etaN03 * K02/uk (S) * (zk(36) / (KN03+zk(36»);
P(68)~ (uk(S)/(K02+uk(S»} * (zk(3S)/(KNH4+zk(3S») * (SALKk(S)/(KALK+SALKk(S»)*
(zk(37)/ (KP+zk(37») * «zk(40)/XPAOk(S» / (KPHA+ (zk(40)/XPAOk(S»» • XPAOk(S);
P(69)~ (uk(S)/(K02+uk(S») * (zk(3S)/(KNH4+zk(3S») * (SALKk(S)/(KALK+SALKk(S»)*
(zk(37)/(KP+zk(37») * «zk(40)/XPAOk(S»/(KPHA+(zk(40)/XPAOk(S»» • XPAOk(S) * etaN03
* K02/uk(S) * (zk(36) / (KN03+zk(36»};
P (70)~ (uk(S)j (K02+uk(S») * (zk(3S) / (KNH4+zk(3S») * (zk(37) / (KP+zk (37») *
(SALKk(S)/(KALK+SALKk(S») * XAk(S);

PSk [[P(S7) P(S8) P (59) 0 0 0 0 0 0 0

0 0 0 0 1 ; %Kh{2}
[0 0 0 P (60) P(61) P(62) P(63) 0 0 0

0 0 0 0 ] ; %!-f:.1h (2)
[0 0 0 0 0 0 0 P(64) 0 0

0 0 0 0 1 ; %qfe(2)
[0 0 0 0 0 0 0 0 P (6S) 0

0 0 0 0 1 ; %qpha(2}
[0 0 0 0 0 0 0 0 0 P(66)

P(67) 0 0 0 J ; %qpp (2)

[0 0 0 0 0 0 0 0 0 0

0 P(68) P(69) 0 ] ; %mupao(2)
[0 0 0 0 0 0 0 0 0 0

0 0 0 P (70) J ] ; %muAut(2)

%Matrix Pk for the whole p~ocess

Pk ~ [Plk' ; P2k' ; P3k' ; P4k' t psk r 1;

C.4: MATLAB script file - P_BASM2dRE.m

~-FILS D~SCRIPT~ON

% TLis n-f~le is used for:
% Calculation of the precess ra~es for pa=acete= estL~a~ion of tce red~ceG
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% rr:.odel

% Descr~ption of the functic~ function
function Pk =

P_BASM2dRE(zk,uk,XHk,XAk,SALKk,XPAOk,kHek,muHek,qfeek,qPHAek,qPPek,muPAOek,muAUTek)

global fSI YH fXI YP04 YPHA iPBM YAUT i.NBM Kh etaN03 etafe muH qfe bH qPHA qPP
muPAO bpAO bPP bPHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4 KALK KA Kfe KPP KPS KP
KPHA KIPP KMAX

% Tk\l'K 1
%- S? SA SNH4 S~m3 SP04 XS XPP XPP.A
P(l)= kHek· (uk(1)/(K02+uk(1») • «zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» • XHk(l) ,
P(2)= kHek· etaN03 • (K02/tK02+uk(1») • (zk(4)/(KN03+zk(4») •
«zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» • XHk(l) ,
P(3)= kHek· etafe· (K02/(K02+uk(1») • (KN03/(KN03+zk(4») •
«zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» • XHk(l),
P(4)= muHek. (uk(1)/(K02+uk(1») • (zk(l)/(KF+zk(l») • (zk(1)/(zk(1)+Zk(2») •
(zk(3) /(KNH4+zk(3») • (zk(S) / (KP+zk(S») • (SALKk(l) / (K>LK+SALKk(l») • XHk(l);
P(S)= muHek· (uk(1)/(K02+uk(1») • (zk(2)/(KA+zk(2») • (zk(2)/(zk(1)+zk(2») •
(zk(3)/(KNH4+zk(3») • (zk(S)/(KP+zk(S») • (SALKk(l)/(K>LK+SALKk(l») * XHk(l) ,
P(6)= muHek. etaN03 • (K02/(K02+uk(1») * (KN03/(KN03+zk(4») • (zk(l)/(KF+zk(l») *
(zk(1)/(zk(1)+zk(2») • (zk(3)/(KNH4+zk(3») • (zk(S)/(KP+zk(S») *
(SALKk(l)/{KALK+SALKk(l») • XHk(l),
P(7)= muHek • etaN03 • (K02/(K02+uk(1») * (KN03/(KN03+zk(4») • (zk(2)/(KA+zk(2») *
(zk(2)/(zk(1)+zk(2») • (zk(3)/(KNH4+zk(3») * (zk(S)/(KP+zk(S») •
(SALKk(l)/(KALK+SALKk(l»)· (zk(S)/(KP+zk(S») * XHk(l);
P(S)= qfeek. (K02/(K02+uk(1») • (KN03/(KN03+zk(4») • (zk(l)/(KF+zk(l») *
(SALKk(l)/(KALK+SALKk(l»). XHk(l),
P(9)= qPHAek * (zk(2)/(KA+zk(2») * (SALKk(l)/(KALK+SALKk(l») •
((zk(7)/XPAOk(1»/(KPP+(zk(7)/XPAOk(1»» • XPAOk(l);
P(lO)= qPPek • (uk(1)/(K02+uk(1») • (zk(S)/(KPS+zk(S») • (SALKk(l)/(K>LK+SALKk(l») *
«zk(S)/XPAOk(l»/(KPHA+(zk(S)/XPAOk(l»» • «(KMAX-(zk(7)/XPAOk(1»)/(KPP+KMAX­
(zk(7)/XPAOk(1»» * XPAOk(l) ,
P(ll)= qPPek • (uk(1)/(K02+uk(1») * (zk(S)/(KPS+zk(S») * (SALKk(l)/(KALK+SALKk(l») •
«(zk(S)/XPAOk(l»/(KPHA+(zk(S)/XPAOk(l»» • «KMAX-(zk(7)/XPAOk(1»)/(KPP+KMAX­
(zk(7)/XPAOk(1»» • XPAOk(l) • etaN03 • K02/uk(1) • (zk(4)/(KN03+zk(4»);
P(12)= llluPAOek· (uk(1)/(K02+uk(1») • (zk(3)!(KNH4+zk(3») •
(SALKk(l)/(KALK+SALKk(l»). (zk(S)/(KP+zk(S») •
«zk(S)/XPAOk(l»/(KPHA+(zk(S)/XPAOk(l»» * XPAOk(l) ,
P(13)= muPAOek * (uk{1)/(K02+uk(1») * (zk(3)/(KNH4+zk(3») *
(SALKk(l)/(KALK+SALKk(l»)· (zk(S)/(KP+zk(S») *
(zk(S)/XPAOk(l»/(KPHA+(zk(S)/XPAOk(l»» • XPAOk(l) • etaN03 • K02/uk(1) •
(zk(4)/(KN03+zk(4»),
P(14)= llluAUTek. (uk(1)/(K02+uk(1») • (zk(3)/(KNH4+zk(3») • (zk(S)/(KP+zk(S») *
(SALKk(l)/(KALK+SALKk(l») • XAk(l),

% TF...l."JK 2
P(lS)= kHek. (uk(2)/(K02+uk(2») * «zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2) ,
P(16)= kHek. etaN03 * (K02/(K02+uk(2») • (zk(12)/(KN03+zk(12») •
(zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» • XHk(2) ,
P(17)= kHek * etafe • (K02/(K02+uk(2») • (KN03/(KN03+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» • XHk(2) ,
P(lS)= llluHek • (uk(2)/(K02+uk(2») • (zk(9)/(KF+zk(9») * (zk(9)/(zk(9)+zk(10») *
(zk(11)/(~d4+zk(11») • (zk(13)/(KP+zk(13») • (Sl\LKk(2)/(KALK+SALKk(2») • XHk(2);
P(19)= muHek • (uk(2)/(K02+uk(2») • (zk(lO)/(KA+zk(lO»)) * (zk(10)/(zk(9)+zk(10») *
(zk(11)/(KNH4+zk(11») • (zk(13)/(KP+zk(13») • (Sl\LKk(2)/(KALK+SALKk(2») • XHk(2) ,
P(20)= muHek • etaN03 • (K02/(K02+uk(2») • (KN03/(KN03+zk(12») * (zk(9)/(KF+zk(9») •
(zk(9)/(zk(9)+zk(10))) * (zk(1l)/(KNH4+zk(1l») • (zk(13)/(KP+zk(13»)) *
(SALKk(2)/(KALK+SALKk(2») • XHk(2),
P(21)= llluHek • etaN03 • (K02/(K02+uk(2») • (KN03/(KN03+zk(12») • (zk(lO)/(KA+zk(10»)
• (zk(lO)/(zk(9)+zk(10») • (zk(1l)/(KNH4+zk(1l»)) • (zk(13)/(KP+zk(13») *
(SALKk(2)/(KALK+SALKk(2»)* (zk(13)/(KP+zk(13») • XHk(2) ,
P(22)= qfeek • (K02/(K02+uk(2») * (KN03/(KN03+zk(12») • (zk(9)/(KF+zk(9») •
(SALKk(2)/(KALK+SALKk(2»). XHk(2) ,
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P(23)~ qPHAek • (zk(~O)!(KA+zk(~O») • (SALKk(2)!(KALK+SALKk(2») •
«zk(~5)!XPAOk(2»!(KPP+(zk(~5)!XPAOk(2»» • XPAOk(2);
P(24)~ qPPek • (uk(2)!(K02+uk(2») • (zk(~3)!(KPS+zk(~3») • (SALKk(2)!{KALK+SALKk(2»)
• {(zk(~6)!XPAOk(2»!{KPHA+{zk(~6)!XPAOk(2»» • «KMAX-(zk(~5)!XPAOk(2»)!{KPP+KMAX­

(zk{~5)!XPAOk(2»» • XPAOk(2);
P(25): qPPek • (uk(2)!(K02+uk(2») • (zk(~3)!(KPS+zk(~3») • (SALKk(2)!(KALK+SALKk{2»)
* «zk(~6)!XPAOk(2»!(KPHA+(zk(~6)!XPAOk(2»» • «KMAX-(zk(~5)!XPAOk(2»)!(KPP+KMAX­

(zk(lS)!XPAOk{2»» • XPAOk(2) • etaN03 • K02!uk(2) • (zk(~2)!(KN03+zk(~2»);

P(26): muPAOek' (uk(2)!(K02+uk(2») • (zk(~~)!(KNH4+zk(~~») •
(SALKk(2)!{KALK+SALKkl2»)' lzk(13)!(KP+zkl13») •
«zk(~6)!XPAOk(2»!(KPHA+(zk(~6)!XPAOk{2»» • XPAOk(2);
P(27)= muPAOek • (uk(2)!{K02+uk(2») * (zk{~~)!(KNH4+zk(~~») •
(SALKk(2)!(KALK+SALKk(2»)' (zk(~3)!{KP+zk(13») •
«zk(~6)!XPAOk(2»!(KPHA+(zk~~6)!XPAOk(2»» • XPAOk(2) • etaN03 • K02!uk(2) •
(zk(~2)!(KN03+zk(~2»);

P(28)= rnuAUTek' (uk(2)!(K02+uk(2») • (zk(U)!(KNH4+zk(1l») • (zk(13)!(KP+zk{13») •
(SALKk(2)!(KALK+SALKk(2») • XAk(2);

% TA."JK 3
P(29)= kHek' (uk(3)!(K02+uk(3») * «zk(22)!XHk(3»!(KX+(zk(22)!XHk(3»» * XHk(3);
P(30):kHek * etaN03 * (K02!(K02+uk(3»)' (zk(20)!(KN03+Zk(20») *
((zk(22)!XHk(3»!(KX+(zk(22)!XHk(3»» • XHk(3);
P(3~): kHek' etafe • (K02!(K02+uk(3») • (KN03!(KN03+zk(20») •
«zk(22)!XHk(3»!(KX+(zk(22)!XHkO»» • XHk(3);
P(32)= rnuHek * (uk(3)!(K02+uk(3») • (zk(~7)!(KF+zk(17») • (zk(~7)!(zk(~7)+zk(~8») *
(zk(~9)/(KNH4+zk(19») • (zk(21)!(KP+zk(2~») * (SALKk(3)!(KALK+SALKk(3») * XHk(3);
P(33)~ rnuHek' (uk(3)!(K02+uk(3») • (zk(~8)!{KA+zk(~8») • lzk(18)!(zk(~7)+zk(~8») *
(zk(~9)!(KNH4+zk(~9») • (zk(2~)!(KP+zk(2~») • (SALKk(3)!(KALK+SALKk(3») • XHk(3);
P(34)~ rnuHek • etaN03 • (KQ2!(K02+uk(3») • (KN03!(KN03+zk(20») • (zk{17)!(KF+zk{~7»)

• (zk(17)!(zk(~7)+zk(18») • (zk(~9)!{KNH4+zk(~9») * (zk(2~)!(KP+zk(2~») •
(SALKk(3)!(KALK+SALKk(3») • XHk(3);
P(35)= rnuHek • etaN03 * (K02!(K02+uk(3») • (KN03!(KN03+zk(20») * (zk(18)!(KA+zk(18»)
* (zk(~8)!(zk(~7)+zk(~8») * (zk(~9)!(KNH4+zk(~9») • (zk(2~)!(KP+zk(2~») *
(HALKk(3)!(KALK+SALKk(3»)' (zk(2~)!(KP+zk(21») • XHk(3);
P(36)= qfeek • (K02!(K02+uk(3») • (KN03!(KN03+zk(20») • (zk(~7)!(KF+zk(17») •
(SALKk(3)!(KALK+SALKk(3»)' XHk(3);
P(37): qPHAek • (zk(18)!(KA+zk(~8») • (SALKk(3)!(KALK+SALKk(3») •
((zk{23)!XPAOk{3»!{KPP+{zk{23)!XPAOk(3»» • XPAOk(3);
P(38)~ qPPek • (uk(3)!(K02+uk(3») * (zk(2~)!(KPS+zk(2~») • (SALKk(3)!(KALK+SALKk{3»)
• «zk(24)!XPAOk(3»!(KPHA+(zk(24)!XPAOk(3»» * «KMAX-{zk(23)!XPAOk(3»)!(KPP+KMAX-
(zk(23)!XPAOk(3»» • XPAOk(3); .
P(39): qppek • (uk{3)!{K02+uk{3») * (zk(2~)!{KPS+zk(21») • (SALKk{3)!{KALK+SALKk(3»)
* «zk(24)!XPAOk(3»!(KPHA+(zk(24)!XPAOk(3»» • «KMAX-(zk(23)!XPAOk(3»)!(KPP+KMAX­
(zk(23)!XPAOk(3»» • XPAOk(3) * etaN03 • K02!uk(3) • (zk(20)!(KN03+zk(20»);
P(40)~ rnuPAOek' (uk(3)!(K02+uk(3») • (zk{~9)!{KNH4+zk(~9») •
(SALKk(3)!(KALK+SALKk(3»)' (zk{2~)!{KP+zk{2~») •
«zk(24)!XPAOk(3»!(KPHA+(zk(24)!XPAOk(3»» • XPAOk(3) i

P(4~)~ muPAOek • (uk(3)!{K02+uk{3») * (zk{~9)!(KNH4+zk(19») *
(SALKk(3)!{KALK+SALKk(3»)* (zk(2~)!(KP+zk{2~») •
«zk(24)!XPAOk(3»!(KPHA+(zk(24)!XPAOk(3»» • XPAOk(3) • etaN03 • K02!uk(3) •
(zk(20)!(KN03+zk(20»);
P{42}= muAUTek' (uk{3)!(K02+uk(3»} * (zk(19)!(KNH4+zk(19·») • (zk{2~}!(KP+zk(21») *
(SALKk(3)!(KALK+SALKk{3}» • XAk(3);

% T~.NK <1
P(43)~ kHek' (uk(4)!(K02+uk(4») • «zk(30)!XHk{4»!{KX+(zk(30)!XHk(4»» • XHk(4);
P(44)~ kHek' etaN03 • (K02!(KQ2+uk(4») * (zk(28)!(KN03+zk(28») *
«zk(30}!XHk(4»!(KX+(zk(30)!XHk(4»» • XHk(4);
P(45)~ kHek • etafe • (K02!(K02+uk(4») • (KN03!(KN03+zk(28») •
«zk(30)!XHk(4»!(KX+(zk(30)!XHk(4»» • XHk(4);
P(46): muHek' (uk(4)!(K02+uk(4»} • (zk(2S)!(KF+zk(25») • (zk{25)!(zk(25)+zk(26») *
(zk(27)!(KNH4+zk(27}» • (zk(29)!(KP+zk(29») * (SALKk{4)!(KALK+SALKk(4}» * XHk(4);
P(47)= muHek • (uk(4)!(K02+uk(4») • (zk(26)!(KA+zk{26») • (zk(26)!(zk(25)+zk(26») •
(zk(27}!(KNH4+zk(27») * (zk(29)!(KP+zk(29}» * (SALKk(4)!(KALK+SALKk(4)}) • XHk(4);
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P(4S)~ muHek * etaN03 * (K02!(K02+uk(4») * (KN03!(KN03+zk(2S») * (zk(2s)!(KF+zk(2s»)
* (zk(2s)!(zk(2s)+Zk(26») * (zk(27)!(KNH4+zk(27») * (zk(29)!(KP+zk(29») *
(SALKk(4)!(KALK+SALKk(4») * XHk(4);
P(49)~ muHek * etaN03 • (K02!(K02+uk(4») * (KN03!(KN03+zk(2S») • (zk(26)!(KA+zk(26»)
• (zk(26)! (zk (25) +zk(26») • (zk(27)! (KNH4+zk(27») * (zk(29)! (KP+zk (29») *
(SALKk(4)!(KALK+SALKk(4»)' (zk(29)!(KP+zk(29») • XHk(4);
P(sO)= gfeek * (K02!(K02+uJc(4») * (KN03!(KN03+zk(2S») * (zk(2s)!(KF+zk(2s») •
(SALKk(4)!(KALK+SALKk(4»)* XHk(4);
P(sl)= gPHAek • (zk(26)!(KA+zk(26») * (SALKk(4)!(KALK+SALKk(4») *
((zk(31)!XPAOk{4»!(KPP+{zkl31)!XPAOk(4»» • XPAOkl4);
P(S2)= gPPek * (uk(4)!(K02+uk(4») * (zk(29)!(KPS+zk(29») * (SALKk(4)!(KALK+SALKk(4»)
• (zk(32)!XPAOk(4»!(KPHA+(zk(32)!XPAOk(4»» * «(KMAX-(zk(31)!XPAOk(4»)!(KPP+KMAX­
(zk(31)!XPAOk(4»» * XPAOk(4);
P(S3)= gPPek • (uk(4)!(K02+uk(4») * (zk(29)!(KPS+zk(29») * (SALKk(4)!(KALK+SALKk(4»)
* «zk(32)!XPAOk(4»!(KPHA+(zk(32)!XPAOk(4»» * «KMAX-(zk(31)!XPAOk(4»)!(KPP+KMAX­
(zk(31)!XPAOk(4»» • XPAOk(4) * etaN03 • K02!uk(4) • (zk(2S)!(KN03+zk(2S»);
P(S4)= muPAOek * (uk(4)!(K02+uk(4») * (zk(27)!(KNH4+zk(27») *
(SALKk(4)!(KALK+SALKk(4»)* (zk(29)!(KP+zk(29») •
«zk(32)!XPAOk(4}}!(KPHA+(zk(32)!XPAOk(4»» * XPAOk(4);
P(SS)= muPAOek * (uk(4)!(K02+uk(4») * (zk(27)!(KNH4+Zk(27») *
(SALKk(4)!(KALK+SALKk(4»)* (zk(29)!(KP+zk(29)}) *
«zk(32)!XPAOk(4»!(KPHA+(zk(32)!XPAOk(4»» • XPAOk(4) * etaN03 • K02!uk(4) *
(zk(2S)!(KN03+zk(2S»);
P(S6)= muAUTek * (uk(4)!(K02+uk(4») * (zk(27)!(KNH4+zk(27») * (zk(29)!(KP+zk(29») *
(SALKk(4)!(KALK+SALKk(4») * XAk(4);
% TA~K 5
P(S7)= kHek * (uk(s)!(K02+uk(s») * «zk(3S)!XHk(s»!(KX+(zk(3S)!XHk(s»» * XHk(S);
P(SS)= kHek • etaN03 • (K02!(K02+uk(s») * (zk(36)!(KN03+zk(36») *
«zk(3S)!XHk(s»!(KX+(zk(3S)!XHk(s»» • XHk(s);
P(S9)= kHek * etafe * (K02!(K02+uk(s») * (KN03!(KN03+zk(36)}) •
«zk(3S)!XHk(s})!(KX+(zk(3S)!XHk(s»» • XHk(s);
P(60)= muHek * (uk(s)!(K02+uk(S») • (zk(33)!(KF+zk(33») • (zk(33)!(zk(33}+zk(34») *
(zk(3S)! (KNH4+zk(3s») • (zk(37)! (KP+zk(37») • (SALKk(S)! (KALK+SALKk(S») * XHk(s);
P(61)= muHek • (uk(s)!(K02+uk(S}) * (zk(34)!(KA+zk(34}) * (zk(34)!(zk(33)+zk(34») *
(zk(3s)!(KNH4+zk(3S») * (zk(37)!(KP+zk(37») * (SALKk(s)!(KALK+SALKk(S») * XHk(S);
P(62)= muHek * etaN03 * (K02!(K02+uk(S») • (KN03!(KN03+zk(36») * (zk(33)!(KF+zk(33»)
* (zk(33)!(zk(33)+zk(34}) * (zk(3S)!(KNH4+zk(3S}) * (zk(J7)!(KP+zk(37») *
(SALKk{S)!(KALK+SALKk(S») • XHk(S);
P(63)= muHek * etaN03 * (K02!(K02+uk(S}) * (KN03!(KN03+zk(36») * (zk(34)!(KA+zk(34»)
* (zk(34)!(zk()3)+zk(34») * (zk(3S)!(KNH4+zk(3S}) * (zk(37)!(KP+zk(37») *
(SALKk(S)!(KALK+SALKk(s»)' (zk(37)!(KP+zk(37») * XHk(S); .
P(64)= gfeek • (K02!(K02+uk(s») • (KN03!(KN03+zk(36») * (zk(33)!(KF+zk(33») *
(SALKk(S)!(KALK+SALKk(S»)* XHk(S);
P(6S)= gPHAek • (zk(34)!(KA+zk(34») * (SALKk(S)!(KALK+SALKk(S») *
«zk(39)!XPAOk(s»!(KPP+(zk(39)!XPAOk(s»» * XPAOk(S);
P(66)= qPPek * (uk(S)!(K02+uk(S») * (zk(37)!(KPS+zk(37») * (SALKk(S)!(KALK+SALKk(S»)
* «zk(40) {XPAOk(S»!(KPHA+(zk(40)!XPAOk(s»» * «KMAX-(zk(39){XPAOk(S}}){(KPP+KMAX­
(zk(39)!XPAOk(S»» * XPAOk(s);
P(67)= qPPek * (uk(S)!(K02+uk(S») * (zk(37)!(KPS+zk(37») * (SALKk(s)!(KALK+SALKk(S»)
* (zk(40)!XPAOk(S»!(KPHA+(zk(40)!XPAOk(s»» • (KMAX-(zk(39)!XPAOk(s)})!(KPP+KMAX­
(zk(39)!XPAOk(S»» * XPAOk(S) * etaN03 * K02!uk(s) • (zk(36)!(KN03+zk(36»);
P(6S)= muPAQek' (uk(S)!(K02+uk(S») * (zk(3S)!(KNH4+zk(3S») *
(SALKk(S)!(KALK+SALKk(s»)* (zk(37)!(KP+zk(37») •
«(zk(40)!XPAOk(S»!(KPHA+(zk(40)!XPAOk(s»» * XPAOk(S);
P(69)= muPAOek' (uk(S)!(K02+uk(s») • (zk(3S)!(KNH4+zk(3S») *
(SALKk(S)!(KALK+SALKk(S»)* (zk(37)!(KP+zk(37») *
«zk(40)!XPAOk(s»!(KPHA+(zk(40)!XPAOk(S»» * XPAOk(S) * etaN03 * K02!uk(S) •
(zk(36)!(KN03+zk(36»);
I' (70) = muAUTek • (uk(s)! (K02+uk(S») • (zk(3S)! (KNH4+zk(3S») • (zk(37)! (KP+zk (37») *
(SALKk(s)!(KALK+SALKk(S») * XAk(S);

Pk = [P(l) P(2) p(3) P(4) peS) P(6) p(7) P(S) P(9) P(10) P(U) p(12) P(13) P(14) P(lS)
P(16) P(17) p(lS) P(19) P(20) p(21) p(22) P(23) P(24) P(2S) P(26) p(27) P(2S) P(29)
p(30) p(31) p(32) P(33) p(34) P(3S) p(36) p(37) P(3S) p(39) P(40) p(41) P(42) P(43)
p(44) p(4s) p(46) P(47) p(4S) p(49) peSO) p(Sl) P(S2) P(S3) P(S4) PiSS) P(s6) P(S7)
PiSS) PIs9) p(60) P(61) P(62) p(63) p(64) P(6S) p(66) 1'(67) P(6S) 1'(69) P(70»';
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APPENDIX D: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE
BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.3 BIO·MODEL

0.1: MATLAS script file - SASM3_Simulation.m
% M-~ile: BASM3 Simulation.m
% =======--===--==-----=== H-F:::::I..E DESCRIPT:O::J ===---......==========--====
% This ~-file is used ~or:

% Sim~la~ion of t~e Bencru~ark plant ~sing full ASM3 model
% Calcula~io~ of the ~aTa~eters for ~he red~ced ~S~3 model
% Sireulatio~ of t~e Bencrm~=k pla~t using ~~e red~ced AS~3 model

clear all
clc

% Clear the workspace
% Clear -the command wf.ndcw

% .2A..~ZT:SR !)EFINI?:;:~~.J" ======---============

% Vecla~ation of ~he global variables
global kH kSTO etaNOX muH bH_02 bH_NOX bSTO_02 bSTO_NOX mllA bA_02 bA_NOX
c LobaL KX K02 KS KNOX KNH4 KALK KSTO KA_02 KA_NH4 KA_ALK KA_NOX

Kl
PT

95969;
0.001042;

% Prediction ~o~izon 0= in~erval

% Samp Li.nq t.iae

% Init~allzation of the recdel par&~etersF t)~ical values at 20 ac
% Stochiome~ric parareete~s

fSI 0.0;
YSTO_02 0.85;
YSTO_NOX 0.80;
YH_02 0.63;
YH_NOX 0.54;
YA 0.24;
fI 0.2;
% Kine~ic para~eters

kH 3;
kSTO 5;
etaNOX 0.6;
muH 2;
bH_02 0.2;
bH_NOX 0.1;
bSTO_02 0.2;
bSTO_NOX O.l;
muA 1;
bA_02 0.l5;
bA_NOX o, 05;
% gocod switching f~~ctions

KX 1;
K02 0.2;
KS 2;
mDX 0.5;
KNH4 0.01;
KALK 0.1;
!CSTO 1;
KA_02 0.5;
KA_NH4 1;
KA_ALK 0.5;
KA_NOX 0.5;

% I~itia~ization

Vl lOOO;
V2 1000;
V3 1333;
V4 1333;
VS 1333;

of the Benc~mark process data
% Tar..k l voLume

" Tank 2 volu:ne
% Tank 3 vo.lu:ne
% Tank 4. volu::ne
% Tank 5 vc.Lume

QO
Qa

18446;
55338;

% Inf:uent flow rate
% Inte=na: recircula~ion ra~e
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Qr
Qw
Q

18446;
385;
QO + Qa

% Sludge recycled ~ate

% Wasted sledge rate
+ Qr;% Flow t~ro~g~ ~he tanks

% Coe=icier.t rer fractio~ of flow rates for tt.e par~~c~la~e materials
LAMBDA = (QO+Qr)/(Qr+Qw);

% Oxygen para~eters

SOsat 8;
!\La1- 0;
KLa2 0;
KLa3 240;
KLa4 240;
KLaS 84;

% Oxyge~ sat~ration poir.t
% Oxygen Lrar.sfer function i~ Tank :
% Oxyger. traEsfer fun8L~on i~ 7ank 2

% Oxyge~ transfe= functior- lfi ~a~k 3
% Oxyge~ Lra~5fer function i~ ~a~k 4
% Oxygen ~ra~sfer fun~tion ~~ ~a~~ 5

KL = [KLal KLa2 KLa3 KLa4 KLaS]; KLa = diag (KL) ;

% ======----=========---= ??OCESS t·:O':::EL =========---===========

% Calcu:at~on of ~he t~TRIX A
% Matrix A represent weigr.t~ng factors of the acc~~~~aLed sta~e va~iab:es

% froE differe~~ flows Lowards sta~e variables i~ each tank as derived
% through mass balance p~inciples, see chapter 3 of t~e T~esis

IVl DT/ VI; IVll IVl * Q; All I - IVlI;
IV2 DT/ -V2; IV22 IV2' Q; A22 1 - IV22;
IV3 DT/ V3; IV33 IV3 * Q; A33 I - IV33;
IV4 DT/ V4; IV44 IV4 * Q; A44 I - IV44;
IV5 OT/ V5; IV55 IV5' Q; AS5 1 - IV55;

A15a = IV1 * (Qa + Qr); % Soluble mater~als recycled from TaLk 5
AlSb = IVI * (Qa + LAMBDA*Qr);% ?ar~iculate naterials recycled fron ~a~k 5
A21 IV22;
A32 IV33;
A43 IV44;
A54 IVS5;

All
A22
A33
A44
AS5

All * oneS(I,I3); All diag(AlI} t

A22 * ones t t s t a l r A22 diag(A22) ;

A33 • ones{1.13); A33 diag{A33) ;
A44 * ones j t s t.aI s A44 diag(A44l;

AS5 * ones (1,13); AS5 diag(A55l;

AIS [AlSa,AlSa,AlSa,AlSa,AlSa.AlSa,AISa,AlSb,A1Sb,AlSb,AlSb,A15b,AlSb};
A15 diag(A15);
A21 A21 * ones(I,13}; A21 diag{A21};
A32 A32 * ones{1.13}; A32 diag(A32};
A43 A43 * oneS(l,13}; A43 diag{A43);
A54 A54 * ones(1,13}; A54 diag{A54};

Ala zeros{13,13); A20 zeros{13,26); A30 = zeros(13,39);

A [All A30 A15; A21 A22 A30; AID A32 A33 A20; A20 A43 A44 Ala; A30 A54 A55];

% calc~lation of the P_~~RIX 3
% ~2trix B represent weighting fas~ors of tte sta~e variables tcwards- ~~e

% ic~luent wastewater cCF-position as de~ived through mass balance
% principles, see chapte~ 3 o~ the Thesis
IVO ~ OT/ Vl*QO;
Bll = IVO * ones(1.13); BII = diag(Bll);
B [Ell; zeros(52,l3}];

% Formulation of the t~T~IX C
% ~atrix C represent weighting
% p=ocesses O~ ~he ASMl ~atrix

CC - [[0 fSI 1 0.01 a
[-0.15 a -1 0.03 a
[0 a -:1 0.03 0.07

fac:.ors of the sta':e va.riables t cwez-ds t.he
table

a 0.001 a -1 a a a -0_75J;

a 0.002 a a a YSTO_02 a 0.51 J ;
-0.07 0.007 a a a YSTO_NOX a 0.48 J ;
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·[-0.60 a a -0.07 a 0 -0.005 a a 1 -1/YH_02 a -0.06J;
[0 a a -0.07 0.30 -0.30 0.016 a a 1 -l/YH_NOX a -0.21J;
[-0.80 a a 0.066 0 a 0.005 fI 0 -1 a 0 -0.75];
[0 a a 0.066 0.28 -0.28 0.025 fI a -1 0 a -0.75];
[-1 a 0 0 a 0 0 0 a a -1 a -0.60J;
[0 a a a 0.35 -0.35 0.025 a a a -1 0 -0.60J;
[-18.04 a a -4.24 a l/YA -0.60 a 0 a 0 1 0.90 J ;
[-0.80 a 0 0.066 0 a 0.005 fI 0 0 a -1 -0.751;
[0 0 0 0.066 0.28 -0.28 0.025 fI 0 a 0 -1 -0.75JJ;

c DT*[CC zeros (~2,52); zeros{12,13) CC zeros{lZ,39)i
zeros(12,26) CC zeros(12,26}; zeros(12,39) CC zeros(12,13) ;
zeros {12, 52} cci ...

% =====-----==---.=------====== SIi·~C~:r:..TIOI~ .::l.z:;::A ===================

% Constant inflo~ ccncent=atio~s for steady state simula~ions

502i = O.O;SIi = 30.0;SSi = 69.5iSNH4i = 31.56iSN2i ~ 6.9SiSNOXi = 0.0;
SALKi= 7.0;XIi = Sl.2;XSi= 202.32;XHi = 28.17;XSTOi=O;XAi = O.O;XSSi = 125;

% Order o~ the states
%S02 31 55 SNH4 SN2 SKOX SA~K Xl XS XH XSTO y~ XSS
xi = [SOzi*ones(l,Kl)i SIi*ones(l,Kl)/O.lj SSi*ones(l,Kl}; SNH4i*ones(1,Kl)i

SNzi*ones(l,Kl); SNOxi*ones(l,Kl)iSALKi*ones(l,Kl);XIi*ones{l,Kl)i
XSi*ones{l,Kl); XHi*ones{l,KI); XSTOi*ones{I,Kl);XAi*ones{l,Kl);
XSSi*oneS{l,Kl}] *0.1;

2.8082I31.e+OO;
5.3699400e+OQ;
8.2134908e+Ol;
1.4838943e+02;

55 1
5NOX 1
XS_l
XAl

3.0000000e+01;
1. 216640Se+OO i

1.1491252e+03;
4.4885186e+oo;

SI 1
SN2_1
XI_l
XSTO_l

4.2984433e-03;
7.9178845e+OO;
4.9277103e+OO;
2.5S17658e+03;
5.2848894e+OO;

[S02 1.; SI 1.; SS 1; SNH4 1; SN2 1.;
XH_1; XSTO 1; xA 1;XSS_1 ] *0.1;

% Values o~ the initial conditio~s

% For tank 1
S02_1
SNH4 1
SALK_l
XH_1
XSS_1
xIO =-

1.4587940e+OOi
3.6619672e+OO;
7.6386187e+Ol;
1.483 0914e+02;

55_2
5NOX_2
XS_2
XA_2

3.0000000e+Ol.;
8.8206477e-Ol;
1.1491252e+03;
4.4952273e+OO;

SI_2
5N2_2
XI_2
XSTO 2

tank 2
6.31.31911e-05;
8.3444148e+OQ;
5.080174se+oO;
2.5533851e+03;
5.0290873e+OO;

[S02 2; SI 2; SS 2; SNH4 2; SN2_2;
XH_2; XSTO_2; xA_2;XSS_2 ]*0.1;

% For
S02_2
SNH4_2
SALK_2
XH_2
X55_2
x20~

1.1495418e+OO;
6.5408820e+oo;
6.4854922e+Ol;
1.4894126e+02;

S5_3
SNOX_3
XS_3
XA_3

3.0000000e+Ol;
8.2888682e-Ol;
1.1491252e+03 ;
4.3924277e+OO;

5I_3
SN2 3
XI_3
X8TO_3

tank 3
1.~71.83778e+OOi

5.5479452e+OO;
4.6747902e+OO;
2. 5571314e+03;
4~5041834e+OO;

[802 3; SI 3; SS 3; SNH4 3; SN2 3;
XH_3; XSTO_3; xA_3;XSS_3 ] *0.1;

% For
S02_3
SNH4_3
SALK_3
XH_3
XS5_3
x30=

9.953238ge-Ol;
9.2989988e+OO;
5.5693982e+Ol;
1.4952712e+02;

8S_4
SNOX_4
XS_4
XA_4

3.0aOOOOOe+01;
7.6678656e-Ol;
1.1491252e+03i
3.8790101e+QO;

SI_4
SN2_4
XI_4
XSTO_4

tank 4
2 .4288838e+OO;
2 .9673854e+OO;
4.2934562e+OO;
2.5591826e+Q3;
4.513I46ge+QO;

[S02 4. SI 4. SS_4; SNH4_4; SN2_4.
XH 4; XSTO 4; XA 4;XSS 4 ]*0.1;- - - -

% For
S02_4
SNH4_4
SALK_4
XH_4
XSS_4
Jt40 =-

% For taak 5
4.9094351e-Ol;

=- 1.7333316e+OO;
3.0000000e+Ol; 8S_5
6.882g00~e-O~; SNOX_5
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1.1491252e+03; XS 5
3.S271755e+OO; XA_5

SALK_5 4.1255794e+OO; XI 5
XH_5 2.5593436e+03; XSTO_5
XSS_5 4.5221112e+OO;
x50 =,[302_5; SI_5; S3_5; SNH4_5; SN2 5;

XH_5; XSTO_5; XA_5;XSS_5 ]*0.1;

xO = [xlO;x20jx30;X40;x50];
x = [xO zeros(65,Kl)];

% Steady state simulation of the ~odel

for k = 1:Kl.

xk - x("k);
xik = xi(:,k);

Pk P_BASM3F(xk) ; ••

4.9305586e+01.;
1.4979714e+02;

[xk (1,1) ;xk (14,1) ;xk(27,1) ; xk(40 ,1) ;xk (53,1) 1 ;
DT*KLa*{SOsat-SOk}i

SOk
xxk
xx1k

[xxk(1)izeros(12,1);xxk(2};zeros(12,1);xxk(3);zeros(12,1} ;xxk(4) izeros(12,1} ixxk(S) izer
os(12,1)] t

x t e..k+l) = A*x{:,k} + C'*Pk + B*xi(:,k} + xxLk r
end

% Fell model response to constant influent conce~tratio~s

% Tank 1
figure (1)

subplot(S,3,l);plot(x(l,,»;title('S02_1')
subplot{5,3,2)iplot(x{2 .. :}) ititle('SIl')
subplot (S ..3,3) iplot(x(3,:» ititle(ISSl'}
subplot(5,3,4}iplot(x(4,:})ititle('SKH4_1')
subplot(S,3,S);plot(x(5,:}}ititle('SN2_1')
subplot(S,3,6)iplot(x(6,:)};title('SKOXl')
subplot(S,3,7)iplot(x{7,:)};title('SA~Kl')

subplot(S,3,8)iplot(x(8,:»;title('XIl')
subplot (5,3,9) rpLot; (x t s , :.}) i title ('XSl')
subplot(S,3,lO);plot(x(10,,»;title('XH1')
subplot(S,3,11);plot(x(11.,»;title('XST01')
xlabel('discre~e tiree k')
subplot(S,3,12);plot(x(12,:})ititle('XAl')
xlabel ( •discrete cLme k')
subplot(S,3,13)jplot(x(13,:»;title('XSSl')
xlabel(ldiscrete tirr.e k')
set (figure (l) , 'n~el,'Tank 1 steady state results', '~~~~ertitle','eff')

%: Tank 2
figure (2)
subplot (5, 3, 1) ;plot (x(14, d) ;title(' 502_2')
subplot(S,3,2)jplot(x{lS,:» ititle('SI2')
subplot(S,3,3)iplot(x(16,:) );title('SS2'}
subplot(S,3,4)iplot(x{17,:)};title('SNH4_2'}
subplot(S,3,S);plot(x(18,,» ;title('SN2_2')
subplot(S,3,6)iplot(x(19,:» ititle{'SNOX2')
subplot(S,3,7);plot(x(20,,» ;title('5~2')

subplot(S,3,8);plot(x(21,:» ;title('XI2')
subplot(S,3,9);plot(X(22,,»;title('XSZ')
subplot(S,3,lO);plot(x(23,,»;title('XH2')
subplot(S,3,ll);plot(x(24,,»;title('XST02')
xlabel('discre~e ~~ree k')
subplot{S,3,12)iplot(x(25,:»jtitle{IXA2')
xlabe1 ( •df.sczet.e -cime k')
subplot(S,3,13);plot(X(26,,»;title('XSS2')
xlabel(ldlscrete tL~e k'}
set (figure (2) , 'naffie l , 'Tank 2 s~eady s~ate resu:ts', '~~~erti~~e','cf=')

% Tank 3
figure (3)
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subplot(S,3,1);plot(x(27,:» ;title('S02_3')
subplot(S,3,2};plot(x(28,:» ;title('SI3 1)

subplot{S.3,3);plot(x(29,:)} ;title{'SS3')
subplot{5,3,4};plot(x(30,:» ;title('SN~4_3')

subplot (5,3., S) ;plot {x (31., :) ) ;title ( I SN2 3 1
)

subplot(S,3,6};plot(X(32,:» ;title('SKOX3')
subplot(S,3,7)iplot(x(33,:» ;title(fS8~K31)

subplot(5,3.8);plot(x(34.,» ;title('XI3')
subplot(S.3,9)iplot(X(35,:» ititle('XS3 1)

subplot{5,3,lO);plot{x{36,:}};title{'XH3 '}
subplot(5,3.11);plot(x(37.,»;title('XST03')
xlabel('discre~e time k')
subplot(5,3,1.2);plot{x(38, :»;title'I~~3')
xlabel('discrete time k') '.
subplot(S,3,13);plot(x(39,:»ititle('XSS3')
xlabel{"d~scre~eti~e k 1

}

set(figure(3), '~arr.e',·Tank 3 s~eacy s~ate resclts', '~umbertitle','off')

% Tank 4­
figure (4)

subplot{S,3,1)iplot(x(40,:}) ;title(ISC2_4')
subplot(5,3,2);plot(x{41,:}) ;title('SI4'}
subplot(5,3,3);plot(x(42,:});title('SS4'}
subplot(5,3,4}iplot(x(43,:» ;title(JS~~4_41)

subplot(5.3,S);plot{x(44,:» ;title('SN2_4")
subplot{S,3,6);plot(X(45,:}) ;title{"SNOX4 1)

subplot{S,3,7);plot(x(46,:» ;title('S~K41)

subplot(S,3,8};plot(X{47,:» ;title{'XI4")
subplot(S,3, 9} ;plot (x{48,:)} st.Lt.Le I 'XS4')
subplot(5,3,lO);plot(x{49,:»;title('XH4'}
subplot(S,3,11);plot(x(SO,:)};title('XST04'}
xlabel ('discrete- time k ")
subplot(S,3,12);plot{x(Sl,:)};titleC'XA4 1

}

xlabel{'discrete ~ime k')
subplot(5,3.13);plot(x(52,,»;title('XSS4')
xlabel('d~screte tiffie k'}
set (figure{4) • 'naffie '• 'Tar-k 4 s~eady s~ate ~es~lts', 'n~~ertitle', 'off')

% Tank 5
figure (5)
subplot(S,3,l};plot{x(53.:» ;title{'S02_5 ')
subplot(5,3,2);plot{x{54,:» ;title('SI5')
subplot(S.3,3);plot(x{55.:» ititle('SS5")
subplot(S,3.4);plot{x(S6,:}) ititle('SNH4_5')
subplot{S,3,S};plot(X(57,:})ititle{'SN2_5')
subplot(5,3.6)iplot{x(S8,:)} ;title('SNOXS")
subplot {S.3, 7} rp'Lot; (x{S9, :.) ) ;title (' SALK5')
subplot(S,3,8};plot(x(60.:» ;title('XI5')
subplot(S,3,9);plot(x(61,:)} ;title('XSS '}
subplot(S,3.10);plot(x(62.,»;title('XHS')
subplot(5,3.11);plot(x(63.,»;title('XSTOS')
xlabel('discrete ~ime k')
subplot{S,3,12);plot(X(64,:»;title('Y-A5'}
xlabel('discrete tirr.e k '}
subplot(5.3,13);plot(X(65,,»;title('XSSS')
xlabel ( "dtscret.e time k I )

set (figure (5) ,'dame', 'Tank 5 s~eady s~ate =es~lts', '~~~bertitlel,'off')

% Data for d~TIaT.ic sL~ulations

K = 13436; % Prediction hOI~ZO~ for dI~~i~ s~~la~~ons {14 d~ys sa~plcd Q.OCI0~2)

DT = 0.001042;

% Dynazri.ce of
load dry.tx~

%

the inflow cc~ce~tra~io~s for d=y wea~her f~le

% The orde= is t, SS XBH XS x: S~R s: SN~ xt;J QO
1 2 3 4 5 6 7 8 9 i c
S~i:-~I..ll.TION Q..?:,.7A. ========---=--============
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% Constan~ inflow concen~~atio~s for steady s~ate si~ulations

% S02 51 53 S~H4 SH2 SHOY- SF~K XI XS Y_B XS70 y~_ XSS

t 1344;
S02i S02i*zeros{l,t}; SIi = dry(1:t,7) I; SSi = dry(1:t,2} '; SNH4i = dry(1:t,6} ';
SN2i dry(1:t,8) ';SNOXi = SNOXi*zeros(l,t}; SALKi = SALKi*ones(l,t);
XIi = dry{l:t,S) ';XSi = dry(1:t,4) ';XHi = dry(1:t,3}';
XSTOi = XSTOi*zeros{l,t); XAi = XAi*zeros(l,t); XSSi =XSSi* ones(l,t);

t1 = [dry{,.l) 'J; t2 = [0,0.001042,14J;

sri = spline{tl,sIi,t2); SSi = spline (t1,SSi,t2) ;
SN2i = spline(tl,SN2i,t2); SNOXi = spline(tl,SNOXi,t2};
XIi = spline (tl,XIi,t2) ; XSi = spline(tl,XSi,t2);
= spline{tl,XSTOi,t2); XAi = spline(tl,XAi,t2);

s02i = spline(t1,S02i,t2);
SNH4i = spline(tl,SNH4i,t2)i
SALKi~= spline(tl,SALKi,t2}7
XHi = spline{tl,XHi,t2); XSTOi
XSSi = spline(tl,XSSi,t2);

xi = [S02i;SIi;SSi;SNH4i;SN2i;SNOxi;SALKi;Xri;xSi;XHi;XSTOi;XAi;XSSi]*O.l;
x = [x(:.,(Kl+l») zeros(6S.K)]i

% ~}~ar.ic s~~ulation cf t~e mocel
for k = 1:K

xk = x{:,k};
xik =-xi{ :,k);
Pk = P_BASM3F(xk); % Calculatio~ of the process rates

[xk(l,l) ;xk (14,1) ;xk(27 ,1) ;xk(4°,1) ; xk{53 .1) 1 ;
DT*KLa*(SOsat-SOk);

SOk
xxk
xx1k

[xxk (I) t zeros (12,1) ;xxk (2) ; zeros (12,1) ;xxk (3) ; zeros {12, I} ;xxk (4) ; zeros (12,1) ;xxk (S) ; zer
05(12,1)];

x(:,k+l} = A*x(:,k) + C'*Pk + B*xi(:,k) + xxlk;
end

% Full ~odel response to ~Le d}~anic influent co~cen~rations

% Tank 1
figure (6)

subp~ot(5,3.1);p~ot(x(1.,»;tit1e('S02_1')

subplot(S,3.2);plot{x(2, :»;title('SIl t
)

subplot(S,3,3);plot(x(3, :)};title{'SSl'}
subplot{5.3,4);plot(X(4,:}),title('SKH4_1 ')
subplot{5,3.S)iplot(x{5,:»;title('SK2_1')
subplotCS,3. 6) iplot(x(6,:» ; title ('SKOXl')
subplot{S,3,7)iplot(x(7, :»;title('S~~Kl')
subp1ot(5.3, S) rpLot; (xf a , d) ; title (' XII')
srubp.Lot; (5,3, 9) rpLot; (x t s , d) ; title ('XS1')
subplot(S,3.10} iplot(x(10,:})jtitle('XHl')
subp~ot{5,3,11);p1ot(x(11.,»;tit1e('XSTOl')

xlabel('discrete ~i~e k')
subplot(S,3,12);plot(x(12,:»;title('Y-Al')
xlabel{'d~screte ~iKe k')
subp~ot(5.3,13);p1ot(X{13.,»;title('XSSl')

xlabel{'discrete tiree k')
set (figure (6) , 'n~e'. 'Tank 1 d}~~c results', 'nUL9bertitle', 'off t

)

% Tank 2
figure (7)
subplot{S,3,l);plot(x(14,:)} ;title('S02_2'}
subplot(S,3.2);plot{x(15,:» ;title('SI2'}
subplot (5,3,3) ;plot (x{16, :}) ; title (' SS2')
subp~ot(5,3.4);pLot(x(17,,» ;tit1e{'SNH,~2')

subplot(S,3,S);plot(x{18,:» ;title{'SN2_2 1
}

subplot{5,3,6);plot(X(19,:});title('SKOX2')
subplot(S.3,7};plot(x{20,:});title{'SF~K2')

subplot(S,3,8) ;plot{x(21,:l) .title( 'XI2')
subp~ot(5,3.9);p1ot{x{22.,});tit~e('XS2')
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subp~ot{5,3,lO);plot(x(23,:»;title{'XH2')

subplot(S,3,11) iPlot(x(24,:»jtitle('XST02')
xlabel('discrete tirrE k')
subplot{5,3,12)iplot(x(25,:»;title('K~')

xlabel('d~screte ~lme k')
subplot(S,3,13)iplot(x(26, :»;title('XSS2')
xlabel('discre~e time k')
set{figure(7), 'name','Tank 2 dysa~ic results', 'n~iber~itlel, 'Of=l)

% Tank 3
figure (8)
subplot(5,3,1)iplot(x{27,:» ititle{'S02 3')
subplot(5,3,2)iplot(x(28,:» ititle('SI31)
subplot{5.3,3}iplot(x(29,:}};title('SS3')
subplot(S,3,4) ;plot(x(30, oJ) ;title( 'Sb"H4 3')
subplot (5,3,5) ;plot (x(31, :) ) r t.LtLe (' SK2 '3')
subplot(5,3,6)iplot{x(32,:)} ititle(ISKOX3'}
subplot(S,3,7)iplot{x(33,:» ;title('SALK3')
subplot (5,3,8) ;plot (x(34. e) ) rtitle ( 'XI3')
subplot{5,3,9)iplot(x(35,:) ititle('XS3')
subplot(S,3,lO)iplot(x(36,:»;title{'XH3'}
subplot(S,3,ll);plot(x(37,,»;title('XST03')
xlabel(ldiscre~e ti~e k')
subplot{5;3,12)iplot{x(38,:»ititle('XA3')
xlabel('discrete ~ime k'}
subplot{5,3,13)iplot(x{39,:»)ititle{'XSS3')
xlabel('discrete ~DT.e k')
set (figure (8) ,'name', 'Tank 3 d1~a~ic results', 'r.~~erti~le",'of=')

% Tank 4:
figure(9)
subplot(S,3,l);plot(x(40,,}) ;title('S02_4')
subplot (5,3,2) ;plot (x{41, :l ) r t.Lt.Le (' S14')
subplot(S,3.3)iplot(x(42,:» ;title('SS~')

subplot{5,3,4)iplot(x(43,:» ;title('SNH~_4')

subplot(S,3,5)iplot(X(44,:»;title('S~24 1
)

subplot(S,3,6) iplot(x(4S,:»ititle('SNOX4')
subplotl5,3,?);plot(X(46,:}) jtitlel'S~K4')

subplot(5,3,8)iplot{x{47,:») ititle('XI~I)

subplot(5,3,9);plot(x(48.:» ititle('XS4')
subplot{5.3,lO);plot(x(49,:»;title('XH4')
subplot(S,3,11)iplot(x(SO,:»ititle('XST04')
x2abel('discre~eti~e k')
subplot(S,3,12)iplot(X(51,:»)ititle('Y-A4')
xlabel('discrete ti~e k')
subplot(S,3,13)iplot(x(S2,:»ititle('XSS4')
xlabel ( , discrete t.Lme k "}
set{figure(9), 'na~e', 'Tar.k 4 dy~a~ic results', 'n~erti~le','of=')

% Tank 5
figure (10)
subplot{5,3,1);plot(x(53,:» ititle{'SC2_5")
subplot{S,3,2)iplot{X{54,:»;title('SIS')
subplot(S,3,3)iplot(x(55,:») ;title('SS5')
subplot(5,3,4)iplot(x{S6,:») ;title('SNH4_5 ')
subplot(S,3,5)iplot{X(S7,:»;title('SN2_5')
subplot(S,3,6);plot(x(S8,:}) ititle('SKCX5'}
subplot(5,3,7)iplot(x(59,:}) ititle('S~K3'}

subplot(S,3,8);plot(x(60,,»;title('XIS'}
subplot{S.3,9)iplot(x(61,:» ;title('XS5')
subplot(S,3,10);plot(x(62,,»;title('XHS')
subplot(S,3,11);plot(X(63,,»;title('XSTOS')
xlabel('d~scre~e ~irr£ k ')
subplot(SI3,12)iplot(x{64,:»ititle{'2C~5J}

xlabel('discrete time k ')
subplot(S,3,13)iplot(x{65,:»;title('XSSS')
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xlabel('discrete ~i~e k')
set(figure(lO), '~arr.e','Tank 5 d~anic results', '~u~er~itle','c=f ')

%: 2 3
%4 5 6
%7 8 9
%2.0 11 12
-%13 14 15

S~iOX,

x{6,:)];
X(19,,j];

x(32,d];
x(4S,dJ;
X{S8.,)];

% ===--======= RED'U"CED ~jODZL FO&""1;.JLA'!':ON ===========
% Forw. the vec~or of the states (z) for the reduced model, based on the
% F~Ml prediction
% ss, SNH4,
z L [x(3,:); x(4,:);
z2 [x(16.:}; xlI7,:);
z3 [x(29,:); x{30,:);
z4 [x{42,:); x{43,:);
z5 [x{55,,j; x{56,,j;

z [zl;z2;z3;z4;z5]; ..
% Fo~ation of the vecto= of t~e co~trol variables
ul x(I,:);
U2 xl14,,);
u3 x(27,:);
u4 x(40,:);
uS x{S3,:);
u [ul;<u2; u3; u4; u5];

% DynarrQc values of ~he inflow co~ce~t~atio~s ~cr dry wea~her

zi ",,[xi(3,:); xi(4,:); xi(6,:)]*O.I;
% SLeady sta~e values for the bio~ass XH, XF., XS, S~~, XSTO
XH [l60*ones(1,K}i 160*ones(1,K); I61*ones(1,K);

162* ones (l,K) ; 160*ones{1,K}];
XA [6.5*ones(l,K); 6.6*ones{1,K}; 6.7*ones(1,K};

6*ones{I,K); 6.3*ones(1,K)];
XS [20*ones(1,K); 20*ones(l,K}; 21*ones(I,K);

20*ones{1,K); 21*ones{l,K)];
XSTO [26*ones(I,K); 26*ones(I,K}; 26*ones(1,K);

25*ones(1,K}; 2S*ones{1,K)1;
SALK [O.5*ones(1,K}; O.4*ones{1,K); O.S*ones{l,K);

O.4*ones{1,K); O.S*ones{I,K)}i

% !~7RIX A for the ~educed model (~~)

Allr 1 - IV11; A22r = 1 - IV22; A33r 1 - IV33;
A44r I - IV44; ASSr = 1. - IV55;
AlSr IV~ * (Qa + Qr);
A21r IV22; A32r = IV33; A43r = IV44; AS4r IV55;

Allr Allr * ones t t j aLr Allr

A22r A22r * ones (I, 3) ; A22r

A33r A33r * ones (1,3) s A33r

A44r A44r * ones (l,3) ; A44r
A55r A55r * ones(l,3}; A55r

AlSr [A15r, A1.Sr, AISr} ;
A1.5r diag (A1Sr) ;

A21r A2lr * ones (1,3) ; A21r

A32r A32r * ones (l,3) s A32r

A43r A43r * ones (l.3) ; A43r
A54r A54r * ones{I,3) ; A54r

diag{A11r};
diag(A22r);
diag (A33r) ;
diag {A44r} ;
diag{ASsr) ;

diag(A21r) t
diag(A32r};
diag{A43r) ;
diag{A54r) ;

AlOr zeros(3,3}i A20r = zeros(3,6); A30r = zeros{3.9);

~=OO1.r~Orn5r;~lr~2rDOr;MOr~hM3rMOr;~OrMJrM4rllOr;~Or~4r

A55r] ;

% ¥_~TRIX B for ~he reduced mcde~(BR)

IVO ~ DT I V1*QO;
f :: 1.2;
Bl1r [IVO IVO IVO*fl;
Bllr = diag (BUr) ;
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BR = [BIlr; zeros(12,3)]i

% MATR~X C for
CCR~ [[1

[0
[0
[0

0.01
-0.07
-0.07
-4.24

the redu~ed ~odel

o I j

o ] i
-0.30] ,
1/YAl] ,

CR DT*[CCR zeros(4,12)izeros(4,3} CCR zeros(4,9}izeros(4,6) CCR zeros(4,6);
zeros(4,9) CCR zeros(4,3)jzeros(4,12) CCR];

% Parameter es~imation

for k = l:K
zk z(:,k); ' ..
uk = U(:,k}i

XHk ~ XHh,k),
XAk=XA(:,k);
xsk =XS(:,k);
XSTOk XSTO("k),
SALKk = SALK(: ,k);

zik = zi(:,k};
Pk = P_BASM3R{zk,uk,XHk,XAk,XSk,XSTOk,SALKk) i
FIk = CR.I*Pki
Y(:,k} = z{:,k+l}-AR*z{:,k)-BR*zi(:,k};
theta(:.k}=(FIk'*FIk)A(-l}*FIk'*Y(:,k) ;

end

muHE(l, d
muAE(l, d
RhE(l, d

theta {I, :);
theta(2,:) i

theta(3,:} ;

% ~y~amic simula~ion of ~he red~ced ~cdel with ~~e estimatea para~eters

zE = [z(I,I);z(2,l);z(3,l);z(4,l);z(S,l);z(6.1);Z(7,1};Z(8,1);z(9,1);z(IO.1); z(ll,I);
z(12,l);z{13,1)i z(14,1}; z(lS,l}!i
ERR = z(:,l)-zE;

% ~}~ar.~c sL~ulation of the reduced ~odel with the estimated par~eters
for k = l:K

zEk = ZE{ :,k) i

uk=u(:,k};
zik zi(:,k);

XHk
XAk
XSk
XSTOk
SALKk

muHEk
muAEk
KhEk

XH("k),
XA("k),

XS("k);
XSTO(, ,k) ,
SALK ( : I'k} t

muHE(: ,k);
muAE(: ,k);

RhE("k),

Pk = P BASM3RE(zEk,uk,XHk.XAk.XSk,XSTOk,SALKk,muHEk,muAEk.KhEk);
ZE(:,k;l) = AR*zE(:l'k) + CR'*Pk + BR*zi(:,k);
ERR( : ,k+l) =Z L;, k+l} -zE{ :, k+l) t

end

% Vector 0= process full, es~i2a~ed and er=o= va=~ables SSI' SXH~, SNQX, 7ank 1
SSl=z(l,:);SNH41=z(2,:)iSNOXl=z{3,:);
SSlE=ZE(~,:);sNH4_1E=ZE{2,:);SNOX1E=ZE(3,:}j
ERRSS~:ERR(~, ,),ERRSNH4_1:ERR(2,,),ERRSNOX1:ERR(3,,),
% Calcula~ion of the weig~ted errors fo~ ta~kl

eSS1=(ERRSS1*ERRSS1')/(SSl'SS~')'

eSNH4_1={ERRSNH4_1*ERRSNH4_1 ') I (SNH4_1*SNH4 1');

258



eSNOXl~{ERRSNOXl*ERRSNOXl')!(SNOXl*SNOXl')i

% Vector of process full T estinated a~d error variables SST S~H4,SNOX, ~a~k 2
SS2~Z{4,:) iSNH4_2::=z(5,:) iSN0X2~z(6,:)i

SS2E~zE{4,:)iSNH4_2E~zE(S,:) iSNOX2E=zE(6,:) i

ERRSS2:ERR(4, ,);ERRSNH4_2:ERR(S,;);ERRSN0X2:ERR(6, ,);
% Calc~latio~ of the weighted errors for tank 2
eSS2~(ERRSS2*ERRSS2')/(SS2*SS2');

eSNH4_2= {ERRSNH4_2*ERRSNH4_2'} I (SNH4_Z*SNH4_2') i

eSN0X2=(ERRSNOX2~ERRSNOX2\)J(SNOX2*SNOX2')i

% Vector of process full, est~llated and erro~ var~ables SS, SNH~,SNOX, Tan~ 3
SS3=z (7, :) iSNH4_3::=z (8, e } iSNOX3=z (9 .. e ) i

SS3E=zE(7,:)iSNH4_3E=zE(8 ..~}iSNOX3E=zE{9,:) i

ERRSS3~ERR(7, ');ERRSNH4_3=ERR(8, ,);ERRSNOX3=ERR(9,;);
% CalcGla~icn of ~he weig~ted errors £o~ tar.k 3
eSS3:(ERRSS3*ERRSS3')/(SS3*SS3');
eSNH4_3= (ERRSNH4_3*ERRSNH4_3")! (SNH4_3*SNH4_3') i

eSNOX3= (ERRSNOX3*ERRSN0X3 I) / (SNOX3*SNOX3'} ;

% Vector of process full, es~i~ated and error variab:es
SS4=z(10." ;SNH4_4=Z (11 , ";SNOX4=z(12.";
SS4E=zE(10,:) ;SNH4_4E=ZE{11, :)iSNOX4E=ZE{12, :);
ERRSS4:ERR(10,,);ERRSNH4_4:ERR(11,;);ERRSNOX4=ERR(12, ,);
% Calculat~on of the weighted errors for tar-k 4
eSS4=(ERRSS4*ERRSS4')/(SS4*SS4')i
eSNH4 4={ERRSNH4 4*ERRSNH4 4'}/(SNH4 4*SNH4 4');
eSNOX4=(ERRSNOX4~ERRSNOX4')/CSNOX4*SNOX4')i-

SNH~,S~OX, 7a~% 4

% Vector of process full, es~~~a~ec and error variables SS, SNE4,SNOX, ~a~k 5
SS5=z{l3,:) ;SNH4_5=z{l4,:) iSNOXS""z(15,:) i

SS5E=zE(13,:) iSNH4_5E~zE{l4,:}iSNOX5E=zE(15,:) i

ERRSSS=ERR(13,,);ERRSNH4_S=ERR(14,,);ERRSNOXS=ERR(1S, ,);
% Calculation of the weighted errors for taCik 5
eSSS=(ERRSSS*ERRSSS')/(SSS*SSS')i
eSNH4 S=(ERRSNH4 5*ERRSNH4 5'}!CSNH4 5*SNH4 51};
eSNox5= (ERRSNOXS~ERR.SNOXS'")I (SNOXS*SNOXS I) i-

k = I:K;
% Graphs of t~e estimated para~eters

figure (11)
subplot(3,l,1)iplot(k,muHE, 'k');titleC'Estimated ~uH') iylabelClm~HE')i

subplot(3,l,Z)iplot{k,muAE, 'k'}ititle('Est~atedn~')iylabel('MuAE')i
subplot (3, 1, 3) r p Lot; Ck,KhE, I k'} ;title ( "Est.Lmat.ed Kh ") ;ylabel (' f..'hE') ;
set(figure(11), '~~~e', 'Estir.~~ed par&~eters','~Q~~er~i~le','off')
xlabel('discrete ti~e k')

k "" l:K+l;
% Graphs of the reduced rr.odel response to the dynanic influent
% concentrations
% Tar.k 1

figure (12}
subplot(3,2,1)iplot(k,SSl}i hold o~;plot(k,SSlE,'k-.'liylabeIC'SSl,SS:E');
legend ( 'SSl' , 'SSlE') i subplot (3,2,2); plot (k, ERRSSI. 'k') ryLabeL (. ERRSSl'} ;

subplot(3,2,3)iplot(k,SNH4_1); hold oniplot(k,SNH4_IE, 'k-.')i
legend{'SN~4 :', 'S~tH4_1E')iylabel('SNH4_1,S~E4_~£')i

subplot(3,2,4); plotCk,ERRSNH4_1, 'kf)iylabel('E~~SNE4_~')i

subplot(3,2,5)iplot(k,SNOX1)i hold on;plot(k,SNOXlE, 'k-.')i
legend('S~OXl','S~OXlE');ylabel('SNOXl,S~OXlE')ixlabelC'disc~eteti~e k'}
subplot(3,2,6); plot{k,ERRSNOX1, 'k');ylabel('£EL~3NOX1'}ix1abel('d~scre~e~i~e k'}
set(figure(12), 'naffie', 'BASM3 Tank i Pro~ess var~ab:es and estiEatior­
error','~~lbert£~le','offl)
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% Tank 2
figure (13)

subplot (3,2, 1) ,plot(k,SS2), hold on rpLot; (k, SS2E, 'k-~') r y.LabeL (1 882, SS2~') t

legend('SS2','SS2E'),subplot(3,2,2)j plot (k,ERRSS2, 'k')iylabel('ERRSS2');

subplot{3,2,3) ,plot (k.SNH4 2), hold oniplot(k.SNH4 2E, '7--. ' ) i

legend('SNE4_2', 'SKH4_2E')~ylabel('S~H4_l,SNE{_lE')i
subplot(3,2,4); plot{k,ERRSNH4_2, 'k')iylabel('£F3SNH4_2')i

subplot{3,2,S);plot(k.SNOX2); hold ODiplot(k,SNOX2E, 1~_.'),
legend(IS~0X2','SNOX2E")iylabel('S~OX2,$KOX2E')ixlabel(fcisc=etet~e ~'}

subplot(3,2,6}, plot(k.ERRSNOX2. 'k')iylabel('ERRSNOX2'},xlabel('discre~e~i~e k')
set(figure(12),'narr.e','B~qsM3Tank 2 Process variables a~d esti~at~on

er~o=', '2~ertitle",'off'}·

% Tank 3
figure (14)

subplot(3,2,1};plot(k,SS3}; hold oniplot(k,SS3E, 'k-.') ;ylabel('SS3.SS3~1),

legend('SS3', 'SS3E'} ;subplot(3,2,2}; plot (k,ERRSS3, '~'} iylabel('ERRSS3'} i

subplot{3,2,3),plot(k,SNH4_3); hold o~iplot(k,SNH4_3E,°k-.')i
legend('S~~4 3', 'SKH~ 3E'}iylabel('S~H4 3,S~H4 3~'),

subplot(3,2,4}, plot(k,ERRSNH4_3, 'kl},ylabel('ERRS~54_31);

subplot(3,2,5) iplot(k,SNOX3); hold on;plot(k.SNOX3E, 'k-.');
legend{'S~OX3','SKOX3EI);ylabel('SNOX:,SKOX1E'},xlabel(tdiscreteti~e ~'}

subplot{3,2,6), plot(k,ERRSNOX3, 'k'),ylabel('ERP.S~0X3'};
ylabel('£~S~OX3t),xlabel('d~scre~etiree k'}
set(figure(14). 'n~e', '~3M3 ~a~k 3 Process va=iables a~c estirr~ticr.

er~o~', 'n~er~itlel,'of£l}

% Tank 4:
figure (15)
subplot (3 ,2, l.) sp Lo t; (k. 8S4), hold on rp Lot; (k. 8S4E. 'k-. I) iylabel ( 'SS4, SS4S I) ,

legend('SS4',JSS4E'};subplot(3,2,2}; plot (k,ERRSS4, '£'};ylabel('ERF.SS4'};

subplot{3,2,3);plot(k,SNH4 4); hold o:l,plot(k,SNH4 4E, 'k-.');
legend{'SN~4 41,"S~H4 4E'}~ylabel{IS~H~ 4,S~E4 4S'),
Subplot{3,2,4), plot (k, ERRSNH4_4, 'k');ylabel('ERRS~n4_41};

subplot{3.2,5);plot{k,SNOX4), hold on;plot(k,SNOX4E, 'k-."),
legend('SNOX4', 'SNOX4EI),ylabel('SNCX4,SNOX~E')jxlabel('disc=et~t~~e k'}
subp1ot{3,2,6); plot_(k,ERRSNOX1, 'k') ;ylabel('ER~S~OX4·);

ylabel(fE~RS~04');xlabel('discrets~i~e k')
set(figure(lS), ':lame', 'BASM3 Tank 4 Process variables a~d es~irr4tion

error', '~u~~ertitle'.'of~')

% Tank 5
figure (16)

subplot(3,2,1)iplot(k,SSS}; hold o:l;plot(k,SSSE, '~-.');ylabel("SS5,SS5~'};
legend ( 'SSS I , 1 SS5E') ; subplot (3, 2,2); plot (k, ERRSSS, "k ") r y Labe.L I I ERRSSS') ,

subplot(3,2,3);plot{k,SNH4_S); hold o~iplot{k,SNH4_SE,'k-. l
} ;

legend('S!~~4 51, 'SNH4 5E")iylabel('SRH4 5,S3H4 5S"),
subPlot(3.2,4); plot (k.ERRSNH4_5, ·k'),ylabel(IER?S~H4_5'};

subplot(3,2,5}iplQt(k,SNOX5), hold oniplot{k,SNOXSE, lk-.");
legend('S~8X51,'S~OX5E')iylabel('SNOX5,SNOX5£'};xlabel{'dis8~etetiE€ k')
subplot(3.2,6), plot{k,ERRSNOX3, 'k');
ylabel( 'EB...UNOX5·) ,x1abel{ "di.ecxet.e vcdme k')
setCfigure(16), l~ame','BASM3 ~a~k 5 Process variab~es and estimatio~

er~c~',·~~er~i~e'.'off·)

D.2: MATLAB script file - P_BASM3F.m
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% M-2ile: P EL~M3F.m

% =-~===--====--===--========== M-FILE DESCRIP~ION ====~=====================

% This ~-file is used for:
% Calcclation of the p~oces5 ra~es for the f~ll ~ode~

function pk

global kH kSTO etaNOX muH bH 02 bH_NOX bSTO 02 bSTO_NOX muA bA_02 bA_NOX KX K02 KS KNOX
KNH4 KALK KSTO KA_02 KA_NH4 KA_ALK KA_NOXi
% TJl21K 1
P(l); kH*({xk{9)!xk(IO) )! (KX+ (xk(9) !xk (IO» »* xk(IO) ,
P(Z)= kSTO * (xk(I)!(KOZ+xk(I») * (xk(3)!(KS+xk(3»)* xk(IO) ,
P(3)= kSTO * etaNOX * (KOZ!(KOZ+xk(I») * (xk(6)!{RNOX+xk(6») * (xk(3)!(KS+xk(3») *
xk(IO), " ,
P(4); muH * (xk(I)!(K02+xk{I») * (xk(4)!(KNH4+xk(4») * (xk(7)!(KALK+xk(7») *
((xk(II)!xk(IO»!(KSTO+(xk{II)!xk(IO»» * xk(IO),
P(S)= muH * etaNOX * (KOZ!(K02+xk(I») * (xk(6)!(KNOX+xk(6») * (xk(4)!(KNH4+xk{4») *
(xk(7)!(KALK+xk(7)}) * «xk(ll)!xk(IO)}!(KSTO+(xk{ll)!xk(IO)}» * xk(IO),
P(6); bH 02 * (xk{I)!{K02+xk(I») * xk(IO) ,
P(7)= bH=NOX * (KOZ!(K02+xk{I») * (xk{6)!(KNOX+xk(6») * xk(IO),
P(S)= bSTO_02 * (xk(I)!(KOZ+xk(I») * xk(ll),
P(9)= bSTO NOX * (K02!(KOZ+xk(I») * (xk(6)!(KNOX+xk{6») * xk(ll),
P{IO)= muA-* (xk(I)!(KA_OZ+xk(I») * (xk(4)!(KA_NH4+xk{4») * (xk(7)!(KA_ALK+xk(7») *
xk(IZ) t

P(ll)= bA_02 * (xk(I)!(KA_OZ+xk{I») * xk(IZ) ,
P(IZ)= bA_NOX * (KA_02!(KA_02+xk(I») * (xk(6)!(KA_NOX+xk(6») * xk{IZ) ,

% TA.""J:K 2
P(13)= kH*{(xk(ZZ)!xk(23»!(KX+(xk(2Z)!xk(23»»* xk{Z3),
P(14)= kSTO * (xk(14)!{KOZ+xk{14») * (xk(16)!(KS+xk{l6»)* xk{Z3),
P(IS)= kSTO * etaNOX * (KOZ!(K02+xk{14») * (xk{19)!(KNOX+xk(19») *
(xk(16)! (KS+xk(l6») * xk(23) ,
P(16)= muH * (xk{14)!(KOZ+xk{14») * (xk(17)!{KNH4+xk(17») * (xk(ZO)!(KALK+xk{ZO») *
((xk(24)!xk(23»!(KSTO+(xk(Z4)!xk(Z3»» * xk(23) ,
P(17)= muH * etaNOX * (KOZ!(KOZ+xk(14») * (xk{19)/(KNOX+>k(19») *
(xk(17)!{KNH4+xk(17») * (xk(20)!(KALK+xk(ZO») *
«(xk(24)!xk(23»!{KSTO+(xk{24)!xk(Z3»» * xk(Z3),
P(IS)= bH OZ * (xk{14)!{KOZ+xk(14») * xk(23) ,
P(19)= bH-NOX * (K02!(K02+xk{14») * (xk(19)!(KNOX+xk(19») * xk(Z3),
P(20)= bSTO OZ * (xk{14)!(KOZ+xk(14)}) * xk(24),
P(ZI)= bSTO-NOX * (KOZ!(K02+xk(14») * (xk(19)!(KNOX+xk(19»i * xk(24) ,
P(ZZ); muA ~ (xk(14)!(KA OZ+xk(14») * (xk{17)!(KA NH4+xk{l7») *
(xk(ZO)!(KAALK+xk(ZO»)-* xk(2S), -
P(Z3)= bA 02 * (xk(14)!{KA OZ+xk(14») * xk(2S),
P(Z4); bA=NOX * (KA_OZ!(KA=OZ+xk(14») * (xk(19)!(KA_NOX+xk(19») * xk(ZS),

% TA[-,T¥: 3
P(ZS)= kH*{(xk(3S)!xk(36»!(KX+(xk{3S)!xk(36»»* xk(36),
P(Z6)= kSTO * (xk(27)!(KOZ+xk{27») * (xk(29)!(KS+xk(Z9»)* xk(36),
P(27)= kSTO * etaNOX * (KOZ!(K02+xk(27») * (xk(32)!(KNOX+xk{32») *
(xk{29)!(KS+xk{29)}) * xk(36),
P{2S)= muH * (xk(Z7)/(K02+xk(27») * (xk(30)!(KNH4+xk(30») * (xk(33)!(KALK+xk{33») *
( (xk(37) /xk(3 6»! (KSTO+ (xk{3 7)!xk (36» » * xk(36) s
P(29); muH * etaNOX * (K02!(K02+xk{27») * (xk(32)!(KNOX+xk(32») *
(xk{30)! (KNH4+xk(30») * (xk(33)! (KALK+xk(33») *
( (xk{37)!xk (3 6»! (F-STO+ (xk(3 7)!xk (36» » * xk(36) ,
P(30); bl! 02 * (xk(27)!(K02+xk(27») * xk(36),
P(31)= bH-NOX * (K02!(K02+xk(27») * (xk(32)!(KNOX+xk(32») * xk(36) ,
P(32)= bSTo 02 * (xk(27)!{K02+x~(27») * xk(37),
P(33); bSTO-NOX * (K02!(K02+xk(27») * (xk(3Z)/(KNOX+xk(3Z») * xk(37) ,
P(34)= muA ~ (xk(Z7)!(KA 02+xk(27») * (xk(30)!(KA NH4+xk(30») *
(xk(33)!(KA ALK+xk(33)} )-* xk(3S) , -
P(3S)= bA 02 * (xk(27)!{KA02+xk(27») * xk(3S) ,
P(36)= bA=NOX * (KA_02!{KA=OZ+xk(27») * (xk(3Z)/(KA_NOX+xk{32») * xk(3S),
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P(37): kH*«xk(48)/xk(49»/(KX+(xk(48)/xk(49»»* xk(49);
P(38)= kSTO * (xk(40)/(K02+xk(40») * (xk(42)/(KS+xk(42»)* xk(49);
P(39)~ kSTO * etaNOX * (K02/(K02+xk(40») * (xk(4S)/(KNOX+xk(4S») *
(xk(42)/(KS+xk(42))) * xk(49);
P(40}= muH * (xk(40)/(K02+xk(40») * (xk(43}/(KNH4+xk(43») * (xk(46)/(KALK+xk(46») *
«xk(SO)/xk(49»/(KSTO+(xk(SO)/xk(49»» * xk(49);
P(41)~ muH * etaNOX * (K02/(K02+xk(40}» * (xk(4S)/(KNOX+xk(4S») *
(xk(43)/(KNH4+xk(43») * (xk(46)/(KALK+xk(46») *
«(xk(SO)/xk(49»/(KSTO+(xk(SO)/xk(49»» * xk(49);
P(42)~ bH_02 * (xk(40)/ (K02+xk(40})} * xk(49);
P(43): bH_NOX * (K02/(K02+xk(40») * (xk(4S)/(KNOX+xk(4S») * xk(49);
P(44)~ bSTO_02 * (xk(40)/(K02+xk(40»} * xk(SO);
P(4S)~ bSTO_NOX * (K02/(K02+xk(40») * (xk(4S)/(KNOX+xk(4S») * xk(SO);
P(46): muA * (xk(40)/(KA 02¥xk(40») * (xk(43)/(KA NH4+xk(43») *
(xk(46)/(KA ALK+xk(46»)-* xk(Sl); -
P(47)~ bA_02 * (xk(40)/(KA_02+xk(40») * xk(Sl);
P(48): bA_NOX * (KA_02/(KA_02+xk(40}» * (xk(4S)/(KA_NOX+xk(4S») * xk(51);

% TAi~K 5
P(49)~ kH*«xk(61)/xk(62»/(KX+(xk(61)/xk(62»»* xk(62);
peSO): kSTO * (xk(S3)/(K02+xk(53») * (xk(S5)/(KS+xk(55»)* xk(62);
P(51)= kSTO * etaNOX * (K02/(K02+xk(53») * (xk(58)/(KNOX+xk(S8») *
(xk(5S)/(KS+xk(SS») * xk(62);
P(S2}~ muH * (xk(53)/(K02+xk(53») * (xk(S6)/(KNH4+xk(56») * (xk(S9)/(KALK+xk(59») *
«xk(63) /xk(62» / (KSTO+ (xk(63)/xk(62»» * xk(62);
P(S3)~ muH * etaNOX * (K02/(K02+xk(S3}» * (xk(S8)/(KNOX+xk(S8») *
(xk(56)/(KNH4+xk(S6») * (xk(S9)/(KALK+xk(S9») *
«xk(63}/xk(62)}/(KSTO+(xk(63)/xk(62»» * xk(62);
P(S4)~ bH_02 * (xk(S3)/(K02+xk(S3») * xk(62);
P(SS)~ bH NOX * (K02/(K02+xk(S3») * (xk(S8)/(KNOX+xk(S8») * xk(62);
P(S6)= bSTo 02 * (xk(S3)/(K02+xk(S3») * xk(63);
P(S7): bSTO-NOX * (K02/(K02+xk(53») * (xk(S8)/(KNOX+xk(S8») * xk(63);
P(58)= muA:; (xk(53)/(KA_02+xk(S3») * (xk(56)/(KA_NH4+xk(S6») *
(xk(S9)/(KA ALK+xk(59») * xk(64);
P(S9)~ bA 02 * (xk(S3)/(KA 02+xk(S3») * xk(64);
P(60)~ bA=NOX * (KA_02/(KA=02+xk(S3») * (xk(S8)/(KA_NOX+xk(58») * xk(64);

Pk = [pel} P(2) P{3} P(4) pes} P(6) P(7} P(8} P(9} P(lO} PIll) P(12) P(13) P(14} P(15)
P(16) P(17) P(18) P(19) P(20) P(21) P(22) P(23) P(24) P(2S) P(26) P(27) P(28) P(29)
P(30) P(31) P(32) P(33} P(34) P(3S) P(36) P(37) P(38) P(39) P(40) P(U) P(42) P(43)
P(44) P(4S) P(46) P(47) P(48) P(49) peSO) P(Sl) P(S2) P(S3) P(S4) P(SS) P(S6) P(S7)
P(58) P(S9) P(60)]';

0.3: MATLAB script file - P_BASM3R.m

%M-File: P 3ASM3R.m
% M-FILE ~ESCRIP?ION =--===--====--===--======--=~===

% This m-file is used for:
% Calcula~icn of the process ra~e5 for parameter estimation of the red~ced

%model

function Pk = P_B~SM~(zk,uk,XHk,XAk,XSk,XSTOk,SALKk);

global kH kSTO etaNOX muH bH_02 hH_NOX bSTO_02 bSTO_NOX muA bA_02 hA_NOX KX K02 KS KNOX
KNH4 KALK KSTO KA-e02 KA_NH4 KA_ALK KA_NOX;
% TM~K 1
P(l)~ «XSk(l)/XHk(l»/(KX+(XSk(l)/XHk(l»»* XHk(l);
P(2)= (uk(1)/(K02+uk(1») * (zk(2)/(KNH4+zk(2») * (SALKk(l)/(KALK+SALKk(l») *
«XSTOk(l)/XHk(l»/(KSTO+(XSTOk(l)/XHk(l»» * XHk(l);
P(3)~ etaNOX * (K02/(K02+uk(1») * (zk(3)/(KNOX+zk(3)}) * (zk(2)/(KNH4+zk(2») *
(SALKk(l}/(KALK+SALKk(l») * «XSTOk(l)/XHk(l»/(KSTO+(XSTOk(l)/XHk(l»» * XHk(l);
P(4): (uk(1)/(KA_02+uk(1») * (zk(2}/(KA_NH4+zk(2») * (SALKk(l)/(KA_ALK+S~Zk(l») *
XlIk(l);
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Plk ~ [pel) 00; 0 P(2) 0, 0 P(3) 0, 0 0 P(4)];

% TA!n< 2
P(S)~ «XSk(2)!XHk{2»!{KX+(XSk(2)!XHk{2»»* XHk(2);
P{6)~ (uk{2)!{K02+uk(2») * (zk{S)!{KNH4+zk(S») * (SALKk{2)!(KALK+SALKk{2») *
«XSTOk{2)!XHk{2»!(KSTO+(XSTOk(2)!XHk(2»» * XHk{2) ,
P(?)~ etaNOX * (K02!{K02+uk(1») * (zk(6)!(KNOX+zk{6») * (zk{S)!(KNH4+zk{S») *
(SALKk(2)!{KALK+SALKk{2») * ({XSTOk(2)!XHk(2»! (KSTO+{XSTOk(2) !XHk(2»» * XHk{2);
P{8)~ (uk{2)!{KA_02+uk{2») * (zk{S)!{KA_NH4+zk{S») * (SALKk(2)!{KA_ALK+SALKk{2») *
XAk{2) ,

P2k ~ [peS) 0 0, 0 P{6) 0; 0 PC?) 0, 0 0 P(8)];

% TA:.~K 3
P(9) - ((XSk(3)!XHk(3»!(KX~(XSk(3)!XHk{3»»* XHk{3);
P(lO)~ (uk(3)!(K02+uk{3») * (zk(8)!(KNH4+zk{8») * (SALKk(3)!{KALK+SALKk(3») *
((XSTOk(3)!XHk(3»!(KSTO+(XSTOk(3)!XHk{3»» * XHk(3) ,
P(ll)= etaNOX * (K02!(K02+uk(2») * (zk(9)!(KNOX+zk(9») * (zk(8)!(KNH4+zk(S») *
(SALKk{3)!(KALK+SALKk(3») * ((XSTOk(3)!XHk(3»! (KSTO+(XSTOk(3) !XHk{3»» * XHk{3),
P(12)~ (uk(3)!(KA_02+uk{3») * (zk(8)!(KA_NH4+zk(8») * (SALKk(3)!{KA_ALK+SALKk{3») *
XAk(3) ,
P3k ~ [P{9) 00,0 P(lO) 0; 0 P(ll) 0; 00 P(12)],

%TANK .;
P(13)= ({XSk(4)!XHk(4»!(KX+{XSk(4)!XHk(4»»* XHk(4);
P(14)= (uk(4)!(K02+uk{4») * (zk{11)!(KNH4+zk(11») * (SALKk(4)!{KALK+SALKk{4») *
«XSTOk(4)!XHk(4»!(KSTO+(XSTOk(4)!XHk(4»» * XHk(4);
P{IS)= etaNOX * (K02!(K02+uk(4») * (zk(12)!(KNOX+zk(12») * (zk{11)!(KNH4+zk(11») *
(SALKk{4)!(KALK+SALKk(4») * «XSTOk{4)!XHk(4»! (KSTO+{XSTOk(4) !XHk(4»» * XHk(4);
P(16)= (uk{4)!(KA_02+uk(4») * (zk(11)!{KA_NH4+zk{11») * (SALKk(4)!(KA_ALK+SALKk(4»)
* XAk(4) ,
P4k ~ [P(D) 0 0, 0 P(14) 0, 0 PIlS) 0, 0 0 P(16)];

% T~!K 5
P(l?)= ((XSk{S)!XHk(S»!(KX+{XSk{S)!XHk{5»»* XHk{5);
P{IS)= (uk{S)!(K02+uk{S») * (zk{14)!(KNH4+zk{14») * (SALKk(5)!{KALK+SALKk{S») *
«XSTOk(5)!XHk(5»!{KSTO+(XSTOk{5)!XHk{S»» * XHk(S) ,
P(19)= etaNOX * (K02!(K02+uk(S») * (zk(lS)!{KNOX+zk(lS») * (zk(14)!(KNH4+zk(14») *
(SALKk(S)!(KALK+SALKk(S») * (XSTOk{S)!XHk(S»! (KSTO+(XSTOk(S) !XHk{S»» * XHk{S);
P{20)~ (uk(5)!(KA_02+uk(S») * (zk(14)!(KA_NH4+zk(14») * (SALKk(5)!{KA_ALK+SALKk(S»)
* XAk{S) ;
psk ~ [P(l7) 0 0, 0 pelS) 0, 0 P(19) 0, 0 0 P(20)],

%gatrix ?k for the whole process
Pk =- [Plk; P2k; P3k; P4ki P5k];

0.4: MATLAB script file - P_BASM3RE.m

% ~-F~le: P BAS~3RE.m

% =--===-- ==-.....--.=---====== 1·~-F::L~ :;SSG't\!P':::::O::::! =======---==--==========

% T~~s m-file is used for:
% Calculation of the process rates for parameter esti~ation of tee redccec
% model

% Description of the function function
function Pk = P_BASM1RE(zk6uk,xak,XAk,XSk.XSTOk,SALKk,muHEk,muAEk.KhEk);

global kH kSTO etaNOX muH bH_02 bH_NOX bSTO_02 bSTO_NOX muA bA_02 bA_NOX KX K02 KS KNOx
KNH4 KALK KSTO KA_02 KA_NH4 KA_ALK KA_NOX;

% TJl.~K 1
P{l)~ KhEk * ((XSk(I)!XHk(I»!(KX+{XSk(l)!XHk{I»»* XHk{l);
P(2)~ muHEk * (uk(1)!(K02+uk(1») * (zk{2)!(KNH4+zk(2») * (SALKk(l)!(~~K+SALKk(l») *
((XSTOk(l)!XHk(l»!(KSTO+{XSTOk(l)!XHk(l»» * XHk{l);
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P(3)~ muHEk • etaNOX' (K02/(K02+uk(1») • (zk(3)/(KNOX+zk(3») • (zk(2)/(KNH4+zk(2»)
• (SALKk(l)/(KALK+SALKk(l») • «XSTOk(l)/XHk(l»/(KSTO+(XSTOk(l)/XHk(l»» • XHk(l);
P(4)= muAEk • (uk(l)/(KA 02+uk(1») • (zk(2)/(KA NH4+zk(2») •
(SALKk(l)/(KA_ALK+SALKk(l») • XAk(l); -

%- TAt'IK 2
P(S)~ KhEk' «XSk(2)/XHk(2»/(XX+(XSk(2)/XHk(2»»' XHk(2);
P(6)~ muHEk • (uk(2)/(K02+uk(2») • (zk(s)/(KNH4+zk(s») • (SALKk(2)/(XALK+SALKk(2») •
«XSTOk(2)/KHk(2»/(KSTO+(XSTOk(2)/XHk(2»» • XHk(2);
P(?)= muHEk'; etaNOX' (K02/(K02+uk(1») • (zk(6)/(KNOX+zk(6») • (zk(s)!(KNH4+zk(s)))
• (SALKk(2)/(KALK+SALKk(2») • «XSTOk(2)/XHk(2»/(KSTO+(XSTOk(2)/XHk(2) ») • XHk(2);
P(S)= muAEk' (uk(2)/(KA_02+uk(2») • (zk(s)/(KA_NH4+zk(s») •
(SALKk(2)!(KA_ALK+SALKk(2») • XAk(2);

% Tll..NK 3
P(9) ~ KbEk' «XSk(3)/XHk(3»!(KX+(XSk(3)!XHk(3»»' XHk(3);
P(lO): muHEk • (uk(3)/(K02+uk(3») • (zk(S)/(KNH4+zk(S») • (SALKk(3)!(KALK+SALKk(3»)
• «XSTOk(3)/XHk(3»!(KSTO+(XSTOk(3)!XHk(3»» • XHk(3);
P(ll)= muHEk • etaNOX' (K02/(K02+uk(2») • (zk(9)/(KNOX+zk(9») • (zk(S)/(KNH4+zk(8»)
• (SALKk(3)!(KALK+S~~(3») • «XSTOk(3)/XHk(3»/(KSTO+(XSTOk(3)/KHk(3»» • XHk(3);
P(12)~ muAEk • (uk(3)/(KA_02+uk(3») • (zk(S)/(KA_NH4TZk(S») •
(SALKk(3)!(KA_ALK+SALKk(3») • XAk(3);

% TAi."T'"rC 4: ~

P(13)= KbEk' «XSk(4)/XHk(4»/(XX+(XSk(4)/XHk(4»»' XHk(4);
P(14)= muHEk • (uk(4)/(K02+uk(4))) • (zk(1l)!(KNH4+zk(1l») •
(SALKk(4)/(KALK+SALKk(4») • «XSTOk(4)/KHk(4»!(KSTO+(XSTOk(4)!XHk(4»» • XHk(4);
P(ls)~ muHEk • etaNOX' (K02/(K02+uk(4») • (zk(12)!(KNOX+zk(12») •
(zk(11)/(KNH4+zk(11») • (SALKk(4)/(KALK+SALKk(4») •
«XSTOk(4)/KHk(4»/(KSTO+(XSTOk(4)!XHk(4»» • XHk(4);
P(16)= muAEk • (uk(4)!(KA_02+uk(4») • (zk(11)/(KA_NH4+zk(11») •
(SALKk(4)/(KA_ALK+SALKk(4») • XAk(4);

% TAi~K 5
P(l?)~ KhEk' «XSk(s)/XHk(s»/(XX+(XSk(s)/XHk(s»»' XHk(S);
P(lS)~ muHEk • (uk(s)/(K02+uk(s») • (zk(14)!(KNH4+zk(14») •
(SALKk(s)/(KALK+SALKk(s») • «XSTOk(s)!KHk(s»/(KSTO+(XSTOk(s)!XHk(s»» • XHk(S);
P(19)~ muHEk • etaNOX' (K02/(K02+uk(s») • (zk(ls)!(KNOX+zk(ls») •
(zk(14)!(KNH4+zk(14») • (SALKk(s)!(KALK+SALKk(s») •
«XSTOk(s)!KHk(s»/(KSTO+(XSTOk(s)/XHk(s»» • XHk(S);
P(20)= muAEk • (uk(s)!(KA 02+uk(s») • (zk(14)/(KA NH4+zk(14») •
(SALKk(s)! (KA_ALK+SALKk (5»)) • XAk(s); -

Pk ~ [pel) P(2) P(3) P(4) pes) P(6) Pc?) pes) P(9) P(lO) P(ll) P(12) P(13) P(l4) pelS)
P(16) pen) pelS) P(19) P(20)] ';
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APPENDIX E: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE

ATHLONE PLANT WITH THE ACTIVATED SLUDGE MODEL NO.1 BIO-MODEL

E.1: MATLAB script file - AASM1_Simulation.m

M-FI~b ~SSCRIP~IO~ ====--====--=====--===========
% This m-£ile is used £0=:
% Simu:ation of the Athlor.e plaLt usi~g full ~~M: model
% Calcula~io~ of the pa=~eters f~r ~he reduced ASMI model
% SiEclatio~ of the Athlone.plant using the reduced ~~~: ~cdel

clear ai-I
ele

% C:ea~ ~r-e workspace
% Clear the cOT~~d window

% ============== ?k~"':ETE?. :J£FI2II~IO~1 ======--===========
% Declaratio~ of the glonal variables
global muH bH muA bA etag ka kh etah Ks KOH KNO KNH KOA KX

% Declaratio~ of the global variables
Kl =- 1344; % P=edic~ic~ ~orizon or ~nterva~

DT =- 0.01042; % Sarr.p':i7:g t.Lne

biodegradable s~bstra1:e

rate
af heterotrophs
of he1:erotrop::'s

growth
q'rcwt.h
growth

% Eeterctrophic reaximQ~ speciiic growth rare
% HeterotroF~ic decay =ate

% Autot=cphic maximum specif~c

% Ccrrect~on factor fc~ anox~c

% Correc~~o~ fact~r for anoxic
% ~pg~nification rate
% Maxim~~ specific hyd=o:ysis ra~e

% Co==ec~io~ fac~or for anoxic hydrolysis
functions

% Ha:f saturation coefficient (hsc) for heterotrop~s

% Oxygen hsc for heterot~cphs

% Kitrate hsc for denitrifyi~g ~eterotrophs

~ Arr~onia ~sc for autot~ophs

% Oxygen ~sc for autot~ophs

% Hsc :cr bydrolysis of slowly

% Icitialization of the model para-n€ters, t}~ical val~es at 15 OC
% Stcchio~etric pa~amete~s

YH Q. 67; % He'te r c't ropn.ic yield
YA 0.24; % Autotrophic yield
fp 0.08; % Fraction 0= bio~ass yieldi~g particulate produc~s

iXB 0.08; % COD mass a.n bd oma s s
UP 0.06; % COD mae s in products from biomass
% Kinet~c para~eters

muH 0.4;
bH 3;
muA 0.5;
bA 0.05;
etag 0.8;
ka 0.05;
kh 3;
etah 0.8;
% Monod switching
Ks 10.0.
KOH 0.2;
KNO 0.5;
KNH 1.0;
KOA 0.4;
KX 0.1;

% Initialization of
VI 1148;
V2 1148;
V3 5273;

QO 40003.
Oa 39916.8;
Qp 39916.8;
Or 40003;
Ow 38400.0;
01 Qp + QO.
02 Qp + 00 + Oa
03· Q2;

%QO 18446:
%Qa 55338;

the Athlcne process data
% Tank 1 volume
% Tank 2 voLume
% Tank 3 vo:::r:ne

% Influe~t flow rate
% Recyc~ed flo~ rate f~om tank 3
% Recy~led flow rate f~ow tank 2
% Recycled =LOW rate =rom Lhe setLler
% Waste flew rate (3840)
% flow ttro~gh t~e tank 1

+ Qr; % riOW ~n=ough the tank 2
% flow ~~rough tte ~a~~ 3

% In~l~ent flow rate
% Inter~~l recirculation ra1:e
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%Qr
%Qw

18446;
335;

% Sledge recycled ~ate

% Wasted sludge rate

% Coeficle~t for fraction of =low ra~es fo= the particulate ~aterials

LAMBDA - (Qp+QO+Qr-Qw)/(Qr);

% Oxyger. parameters
SOsat 8;
KLaI 0;
KLa2 0;

KLa3 84;

% Oxygen sa~~ration point
% Oxyge~ transfer functior- i~ :ank :
% Oxy~en ~ransfer func~ioL in ?aryk 2

% Ozyger- transfer function ~r- Ta~k 3

KL '= [KLal KLa2 KLa3]; KLa .. diag (KL) ;

% =--=============---== P?O:;ESS HODEL ==================--=

% Calc~lat~on of ~he ~_~TRIX A
% ~atrix A represent weigcti~g factors of the acc~~~:a~ed state variables
% from differ€n~ flows towards s~ate va~iables i~ each ~ank as d~rived

% th=o~gh ~ass balance p~ificip:es, see chapter 3 of the Thesis
IV1 DT/ VI; IVII IVI * QI; All 1 - IVll;
IV2 DT/ V2; IV22 IV2 * Q2; A22 I - IV22;
IV3 OT/ V3; IV33 IV3 * Q3; A33 I - IV33;

A12 IVI * Qp;

A23a'= IV2 * (Qa + Qr);
A23b = IV2 * (Qa + (LAMBDA*Qr»;
A21 IV2*Ql;
A32 IV3*Q2;

All
A12
AD

All * ones(l,13); All
A12 * ones{l,13); A12
zeros(l3,13) ;

diag(Al1) ;
diag (A12) ;

A21 A21 * ones(1,13); A21 '= diag(A21);
A22 A22 * ones{l,13); A22 = diag(A22);
A23 [A23a,A23a,A23b,A23b,A23b,A23b,A23b,A23a,A23a,A23a,A23a,A23b,A23a] ;
A23 diag(A23};

A31
A32
A33

zeros (13,13) ;
A32 * ones(l,13); A32
A33 * ones(I,13); A33

diag(A32) ;
diag(A33) t

A [All Al2 AD; A21 A22 A23; A31 A32 A331;

% Calculatio~ of the r~TRIX B
% Matrix B represent weighti~g factors of the stace variables towards che
% influent was~ewate~ co~posi~ion as derived tr.ro~g~ mass balance
% principles, see chapter 3 of the Thesis
IVO DT/Vl*QO;
BII = IVO * ones(l,13); BII '= diag{BII);

B [BII; zeros(26,13}];

% Formclat~on of the ~!A~RIX C
% Matrix C represent weig~ti~g factors 0= the state variables ~owards ~he

% precesses on the pS~l ~trix ~able

cl -(l/YH);
cz (-(1-YH)J/(YH);
c3 - (iXB/14) ;
c4 (-(1-YH»/(2.B6*YH);
c5 «(1-YH)/(14*2.B6*YH»-(ixB/14);
c6 (-4.57/YA)+1;
c7 (l/YA);
cB -iXB-(l/YA);
c9 -(iXS/14)-(1/(7*YA»;
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e10 1 - fP;
ell iXB- (fP*iXP) i

ee: [ [0 e1 0 0 1 0 0 e2 0 -iKE 0 0 e3 ] ;
[0 e1 0 0 1 0 0 0 e4 -iXB 0 0 e5 ] ;

[0 0 0 0 0 1 0 e6 e7 e8 0 0 e9 ] ;

[0 0 0 e10 -1 0 fp 0 0 0 0 ell 0 ] ;

[0 0 0 e10 0 -1 fP 0 0 0 0 ell 0 ] ;

[0 0 0 0 0 0 0 0 0 1 -1 0 1/14];
[0 1 0 -1 0 0 0 0 0 0 0 0 0 ] ;

[0 0 0 0 0 0 0 0 0 0 1 -1 0 ]];

e DT*[CC zeros (8 ,26) ; zeros(S,13) CC aer-os Ia i t a j , zeros (8,26) ccj ;..
% ===---------=----===--======== SI~GL:r;.TION D..Et'IA ===-----==----=======--==
% Average val~e5 of the inflow co~ce~trations based on the dry weather !ile
Sri; 30.0; SSi = 69.5; XIi = 51.2; XSi = 202.32; XBHi = 28.17; XBAi = 0.0;
XPi = o~o; SOi = 0.0; SNOi = 0.0; SNHi = 31.56; SNDi = 6.95; XNDi = 10.59;
SALKi 7.0;

% ~T

xi=
55 XI XS X3H XBA XP SO SNO SKH SN~

[SIi*ones{l,Kl); ssi*ones{I,Kl);
XBHi*ones(I,Kl); XBAi*ones(l,Kl);
SNOi*ones{l,Kl); SNHi*ones(l,KI};
SALKi*ones(l,Kl}] ;

XND SALK;

XIi*ones{1,Kl);
Xpi*ones{1,Kl);
SNDi*ones(I.,Kl);

xaiconea (a , Kl) ;
SOi*ones (I., Kl);
XNDi*ones{l,Kl);

1. 14912S2e+03 ;
1.4838943e+02i
5.36994QOe+QO;
5.2848894e+OO/4;

XI_1
XBA_l
SND_I.
=_1

2.8082131e+OO;
2.SS176SBe+03;
4.2984433e-03;
1.216640Se+OO;

x10

% Values of the initial condi~io~s

% Fez- tank 1
SI_l 3.0000000e+01;
XS_l 8.2134908e+01;
XP_l 4.4885186e+02;
SNH_I 7.9178845e+00;
SALK_l 4.9277103e+00;
xl0 lSI 1; SS 1; XII; XS 1; XBH_l; XBA_l; XP_l; SO_I; SNO_l; SNH_l;

SND 1; xNo 3-; SALK 1-];

(x10~·rand(13.1)/2)~

% For t.enk 2
SI_2 3.0000000e+01; 5S_2
XS_2 7.6386187e+01; XBH_2
XP_2 4.4952273e+02; SO_2
SNH_2 8.3444148e+OO; SND_2
SALK_2 5.0801748e+OO;
X20 [SI 2; SS 2; XI 2; XS_2;

SND 2; xiID 2; SALK 2 ];
X20 (x20~'rand(13.1)12)~

1.4587940e+OOi XI_2
2.5533851e+03; XBA_2
6.3131911e-05; SND_2
8.S206477e-Ol; XND_2

1..1491252e+03;
1.48399l4e+02 ;
3.6619672e+OOi
S.0290873e+OO/4;

% For t ank 3
SI_3 3.0000000e+Oli 5S_3
XS_3 6.4854922e+Ol; XBH_3
XP_3 4.5041834e+02i 5o_3
SNH_3 5.5479452e+OOi 5ND_3
SALK 3 4.6747902e+OO;
X30 [SI 3; 5S 3; XI 3; XS_3;

SND 3; xNo 3; SALK 3 ];
x30 (x30~'rand(13.1)12)~

1.149541Se+OO; XI_3
2.5571314e+03; XBA_3
1.7183778e+OO; SNO_3
8.2888682e-01; =_3

1.1491252e+03 ;
1.4894126e+-02 ;
6.5408820e+OO;
4.3924277e+OO/4j

xO [x20;x20;x30]*O.OOOl;
x [xO zeros(39,K1}]i

% Steady state simulation of ~Ge ~~del

for k = 1:K1
.xk =x(:,k);
xik = xi{:,k);
pk P_AASM1F(xk); % Calcula~io~ of tr.e 9~ocess rares
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%SOk [xk(34,1}];
%¥~k DT*KLa*(SOsat-SOk}
%xxlk [zeros\33,1);Y-xk(1 ;zeros(5,liJ;
%x{:,k-r-l) = A"'x{:~k} + C'''' k + B*zi(:,k} +- xxLk r

SOk [xk(8,1) ;xk(21,1) ;xk(34,1)];
xxk DT*KLa*(SOsat-SOk);
xxlk [zeros(7~1)ixxk(1)izeros(12.1)ixxk(2)izeros{12~1)ixxk(3)izerOS(5,1)]i

x{:~k+l.} = A*x{:,k} + C'*pk + B*xi{:,k) + XXlki

end

% Full reodel response to the steady state in~l~ent co~c€n~rations

% Tank 1
figure (1)
subplot(5,3,1)iplot(x(1, =»ititle('SIl')
subplot (5.3.2) rp.Lot; (x(2. :) ) i title (I SSl')
subplot(S,3,3}iplot(x{3. :}) ;title{'Xl1 1

}

subplot(S.3.4) ,ploc(x(4.:» ;title('XSl')
subplot{S,3.S)iplot(x{S,:})ititle{'XBHl')
subplot(S,3,6);plot(x{6,:»;title{'X3A1')
subplot(S,3,7)iploc(x(7,:»ititle('XPl')
subplot{S,3,8)iplot(x{B. :»ititle{'S01')
subplot(S,3,9);plot(x(9, ,»;title('SNOl')
subplot(S,3,lO);plot(x(lO,,»;title('SNH1')
subplot{5,3,11)iplot{x{11.:»ititle{'SK~1')

xlabel('d~scre~e tiree k')
subplot{5,3,12)iplot{x(12. =»;title('XNDl")
xlabel('discre~e tiree k')
subplot(S,3.13)iPlot(x{13.:»ititle('S~~Kl')

xlabel('jiscrete ~ime k')
set (figure (1) ,'naree', 'Tank 1 s~eacy state ~es4:Lsf, '4~~ertitle','c=f')

% Tank 2
figure (2)
subplot (5,3,1) ;plot (x(14, s } ;title (' 512')
subplot(S.3,2)iplot(x(lS,:» ititle{'SS2')
subplot (5.3,3) iplot (x(l6, ~» ititle{' :<12' )
subplot(S,3.4)iplot{x{17.:» ititle('XS2')
subplot(S,3,S);plot(x(lB, ,» ;title('X3H2')
subplot(S,3,6),plot(x{19,:» ititle('XBA2")
subplot(S.3,7);plot(x(20,,» ;title('XP2')
subplot{S.3,8);ploc(x(21,:»ititle{'S02')
subplot(S;3,9)iplot{x(22.:» ititle{'SN02')
subplot{S,3~lO)iplot{x(23.:»ititle{'SKH2')

subplot(S,3,II)iplot{x{24.:»;title('SND2')
xlabel{ "discxet;e t.Lme k')
subplot(S,3,12);plot(x(25,:)}ititle{'XN~2')

xlabel('discrete tiree k"}
subplot(S.3,13)iPlot(x(26.:»,title('S~JLK2')

xlabel ( 'discrete ~ime k')
set{figure(2), 'naree'. 'Tank 2 sLeady state results', '~~~ertitle'.'of=')

% Tank 3
figure (3)

subplot{S,3.1);plot(x(27,:» ;title{'SI3')
subplot(S,3,2);plot(x(28,,» ;titlet'SS3')
subplot (5,3,3) r p.Lot; (x(29, :» r t.Lt.Le ("XI3')
subplot(S.3,4)iPlot{x(30.:»ititle('XS3'}
subplot(S,3,S);plot(x(31,,»;title('Y-3H3')
subplot{S,3,6) iPlot(x(32,:»ititle('XBA3')
subplot{S,3,7);plot(x{33.:» ;title('XP3'}
subplot{S,3,B)iplot{x(34. :» ititle('S03')
subplot (5, 3. 9) ;plot (x(35. :}) ititle (' SN03')
subplot(S.3.IO)iplot(x(36,;»ititle('SNH3')
subplot{5.3,~1);plot{x{37,:»;title{'S~~3'}
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xlabel('discre~e time k'}
subplot{5,3,12};plot{x{38,:}};title{'XK~31)

xlabel{'discrete cirr,e k')
subplot{5,3,13);plot{x{39,:)};title"SA~K3')

xlabel('d~screte time k'}
set (figure {3} ,'~&T.e', 'Tank 3 ste~dy state resu:ts', ·r.~~er~itle', '0££')

-% Veclaration
K = 1344;
% :'ynamics of
load dry. t.z t;

of the global variables
% Predictio~ ~orizon

the inflow co~ce~tra~ions

or ir..terval
ror dry weat~er file

% The order is ~,

1
5S XBE XS XI SN~ 31
2 3 4 '·5 6 7

SNC XND QC}
8 9 10

xi [dry(l:K,7}'; dry{1:K,2)'i dry(1:K,5)'; dry{1:K,4)'; dry{1:K,3) ';
XBAi*zerOS{l,K)i xpi*zeros(l,K); SOi*zerOS(l,K); SNOi*zerOS(l,K);
dry{1:K,6) 'i dry(1:K,8)'; dry(1:K,9) '; SALKi* ones(l,K)] i

% The
%

order is S1 53 XI XS XBH
1 2 3 ~ 5

X3}~. XP SO SNO SNF.
6 7 8 9 10

SNO XND SALK
11 12 13

x = [X(:,Kl+l} zeros(39,K)]*O.OOOOOOl;

% Dynami.c
for k

xk
xik
Pk

sin~lation of the ~odel

l:K
x(:,k);
xi(:,k};
P_AASMIF (xk) ;

SOk [xk(34,l)];
xxk DT*KLa* (SOsat-SDk) ;
xxlk [zeros{33,l) j xxkf t I szeros j s s t j l r
x(:,k+1} = A*x(:,k) + C'*Pk + B*xi{:,k) + XXlki

end

% Full rr~de: response to t~e dyna~ic influent ccncen~rations

% Tank 1
figure (4)
subplot(S,3,l);plot(X(l,,»;title('SIl')
subplot{5,3,2}iplot{x{2,:)};title{'SSl')
subplot(S,3,3);plot(x(3,,)];title('XIl')
subplot(S,3,4);plot(x(4,,»;title('XSl')
subplot(S,3,S);plot(x(S,,»;title('X3Hl')
subplot{S,3,6);plot{x{6, :})ititle{'XBAl ')
subplot(S,3,7);plot(x(7,,»;title('XPl')
subplot(5.3,8) Iplot{x(8,:)}ititle('SOl'}
subplot{S,3,9);plot(x{9,:})ititle(ISKOl"}
subplot(S,3,10);plot{X{10,:)};title('SttHl')
subplot{S,3,ll};plot(X(11,:}}ititle('SNDl'}
xlabel{'discrete ~iKe k')
subplot{5,3,12);plot{X{12,:});title{IXl~~1'}

xlabel(ldiscrete tLffi€ k')
subplot{S,3,13}iplot(x(13,:)};title{'SFJLKl')
xlabel('discrete ~i~e k '}
set(figure(4), 'nareel,'Tank 1 d}~~c results', lr.~~er~i~le','of=')

% I'ank 2
figure(s)
subplot(S.3.1);plot(x(14,,» ;title('SI2')
subplot(S.3,2);plot(X(lS,,»;title('S32·)
subplot(5,3,3};plot{X{16,:»ititle{'X12")
subplot(S,3,4);plot(x(17,,») ;title('XS2')
subplot{5,3,5};plot(x{18,:});title('}~H2t)

subplot{S,3,6}iplot(x{19,=» ;title('X3F2 1
)

subplot(S,3,7);plot(x(20,,11 ;title('XP2'1
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S~~E

x(lO,:)J t
x{23, :)],
x{36,dJ;

subplot (5, 3, 8) rp.Lo t; (x(21, e} r t.Lt.Le ( J 802 t)
subplot(S,3,9);plot(x(22,:» ;title('SN02 t)

subplot(5,3.10);plot(x(23.,»;title('SKH2')
subplot(5,3,11)iplot(x(24,:})ititle('SR~2')

xlabel('discre~e ~ime k t
)

subplot(5,3,12);plot(x(25,:»;title{'XNS2 t)

xlabel('discrete ti~e k'}
subplot(5,3,13);plot(x{26,:»ititle(tSF~2')

xlabel('discrete time k')
set (figure (5) ,'narr.e'.'Tank 2 dyr.amic results','r-~~er~itle','of=')

% Tank 3
figure (6)
subplot (5,3,1) ;plot (x{27, : )-).;title (' S13')
subplot{S,3,2);plot(x{28,:» ;title{'SS3')
subplot {5, 3,3} ;plot {x (29, e ) } ;title ('XI3')
subplot(S,3,4);plot(x{30, :}} ititle('XS3')
subplot{5,3,S}iplot(x{31,:» ;title{'XBH3'}
subplot (5,3,6) rpLo t; (x(32, :) ) r t.Lt Le ( 'X3A3')
subplot(S,3,7);plot(x(33,:)};title('XP3'}
subplot{S,3,8} iplot(x(34,:» r t.LtLe I 'S03'}
subplot{5,3,9}iplot(x{35.:)} ,title{ISN03')
subplot(S,3,10);plot(x{36,:»,title('SKH3 1

}

subplot(5,3,11),plot(x(37,:»ititle('S~V3'}

xlabel('discrete ~iffie k'}
subplot{S,3,12);plot{x(38,:»,title{IXKD3 t)

xlabel ('discre"te t tme k')
subplot(S,3,13};plot{x(39,:}),title('SALK3')
xlabel ( "dds cz-eue t.Lme k')
set(figure(6}, '~ame','Tank 3 dyn~c results','G~~er~itle' ,'of='}

% ===========--=--========= REDUCED ~cu~~ FOm~UL~T~ON =====================--=
% Fo~ t~e vec~or of the states (z) for the ~educed model, based en tte
% ASMI predic~ion

% SS, SNO,
z1 [x(2,:); x{9,:);
z2 [x{15. oJ; x(22. d;
z3 [x(28,:}; x{35,:);
z [zl,z2;z3I;

% Fcrmatio" of the vector of t~e c~ntrol varia~les

ul x(8,:);
U2 x(2l,:};
u3 x{34,:),
U [ul; uz , wI;

% Dynarr~c values of the i~flow concentratior.s for dry weather
% 5S S~O St:H
zi = [dry{1:K,2) I, SNOi*zeros{l,K); dry(l:K,6} 'I;

% Steady state values fo= the bio~a5s XBH, X!t~, XS
XBH [XBH 1*ones (I,K), XBH 2*oneS{1,K}; XBH 3*ones{l,K)I,
XBA [XBA-l*ones(I,K}; XBA-2*oneS(1,K); XBA-3*ones(l..K)],
XS [XS_l*ones(l,K}; XS_2~oneS{1,K}; XS_3*~neS{1,K)];

% ~~TRrX A for the reduced ~odel {ARj
Allr 1 rvi i , A22r 1 - IV22; A33r 1. - IV33;

A12r
J',21r

IV1 *" Qp, A23r IV2 * (Qa + Qr);
IV2*Ql, A32r = IV3*Q2,

A11r
JU2r
A13r

J',21r

Allr * ones(1,3}, Allr
A12r * ones(1,3), Al2r
zeros(3,3);

A21.r * ones (1., 3) .. A2lr

diag(AIlr);
diag (A12r) ;

diag (A21r) ;
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A22r A22r * ones (l.) ; A22r
A23r [A23r,A23r,A23r] ;
A23r diag (A23r) ;

A31r zeros(3,3} ;
A32r A32r * ones '1,) ; A32r
A33r A33r * ones (I,3) ; A33r

diag (A22r) ;

diag (A32r) ;
diag(A33r};

AR = [Allr A12r Al3r; A21r A22r A23ri A31r A32r A33rl ;

% ~_~TR~X B for t~e rede~ed model(3R)
IVa = DT ! V1*Qa;
f = 1.2;
Bllr:= [IVQ Iva*f IVO]; ••
BIlr = diag{Bllr};
BR = [BIlr; zerose6,)];

% ~L~TRIX C for the reduced model (eR)
c1 - (1!YHl ;
cz -(1-YH)!(2.86*YH);
c3 (1!YA) ;
c4 -iXB-(1!YA);

CaR ~ [[C1 a -iXB];
[el cz -iXB l r
[0 c3 c4 ] ;
[1 0 0 JJ ;

CR = DT*[eCR zeros (4,6) ; zeros{4,3) CCR zeros(4,3); zeros(4,6} CCR];

% Parameter es~imation

% Calcula~io~ of ~he estirr.ated coefficients
for k = l:K

zk z(:,k);
uk u(:,k);

XBHk XBH("k);
XBAk XBA(, ,k);
xsk XS{:,k);

zik zi ( : , k) ;
Pk P_AASM1R(zk, uk,XBHk,XBAk,XSk);
Flk CR'*Pk;
Y(:,k} = z(:,k+l}-AR*z(:,k)-BR*zi(:,k);
theta (: ,k) = (Flk ' *Flk) .... {-I) *Flk' *y ( : ,k) ;

end

muHE(1, oJ
muAE(1, e }

KhE(1, d

theta(l,:);
theta(2,:) ;
theta(3,:) ;

% Dynarr~c simulation of the red~ced ~odel with t~e estimated parar..eters
zE=- [x(2,l) ;x( 9,1) ;x(10, 1) ;x(15,l) ;x(22 ,1) ;x (23,1) ;x (28,1) ;X (35,1) ;x (36,1) ] ;

ERR z(:,l)-zE;

for k
zEk
uk
XBHk
XBAk
XSk

1,K
zE(:,k) ;

u(:,k);

XBHh ,kl;
XBA(: ,k);

XS("kl;

zik

muHEk
muAEk
KhEk

zi{:,k);

muHE(: ,k);
muAE(: ,k);
KhE(:,k) ;
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Pk"" P_AASMlRE(zEki uk iXBHk,XBAkiXSk,muHEk,muAEk,KhEk} i

zE{:,k+l} "" AR*zE{:,k) + CR'*pk + BR*zi{:,k) i

ERR{:,k+l}""z(:,k+l}-zE(:,k+l)j
end

% Vecto= of process full i es~i~ated and er~or var~ables SNH i SNO,SS, ~ank 1
SSl""z(l,:} iSNOl""z(2,:) iSNHl""z(3i:) i

SSlE""zE(1,:)iSNOIE""zE(2,:)iSNH1E""zE{3,:)i
ERRSSl""ERR{l, :)jERRSNOl""ERR(2,:);ERRSNHl""ERR(3,:};
% CalcGlation of the weighted errors fo~ tankl
eSSl",,{ERRSSl*ERRSSl')/(SSl*SSl'}i
eSNOl",,{ERRSNOl*ERRSNOl')/(SNOl*SNOl'}i
eSNHl""{ERRSNHl*ERRSNHl')/(SNHl*SNHl'}i..
% Vector of pr8cess full. estima~ec and erro~ var~ables SKH, SNOiSS, 7ack 2
SS2""z (4, :) iSN02=z (5, :) i SNH2""z (6 i :) i

SS2E""zE{4,:} iSN02E""zE(5,:) ;SNH2E""zE(6,:);
ERRSS2=ERR(4, ,);ERRSN02=ERR(S,,);ERRSNH2=ERR(6,,);
% Calcula~ion of ~he weighted errors for tar:k 2
eSSZ",,{ERRSSZ*ERRSSZ')/(SSZ*SS2') i

eSN02",,(ERRSN02*ERRSNOZ')/(SNOZ*SN02');
eSNH2",,{ERRSNH2*ERRSNH2')/{SNH2*SNH2'}i

% Vector of process full, es~ima~ed a~d erro~ variables SKH, SKO,SS, Ta~% 3
SS3""z (7, :) ;SN03""z(8, :} iSNH3""Z (9, :) i

SS3E""zE (7, e I i SN03E""ZE(8, e ) jSNH3E""ZE (9, s } ;
ERRSS3=ERR(7, ,);ERRSN03=ERR(S.,);ERRSNH3=ERR(9. ,);
% Calculation of the weighted errors for tank 3
eSS3""(ERRSS3*ERRSS3 1}/(SS3*SS3')i

eSN03",,(ERRSN03*ERRSN03')/(SN03*SN03')i
eSNH3""(ERRSNH3*ERRSNH3')/(SNH3*SNH3')i

k = l:Ki
% G~aphs of the estimated para~eters

figure (7)
subplot (3, 1,~) rp Lct; (k, muHE, 'k') i title { 'Estir::ated mux ") iylabel ( 'muEE I) i

subplot(3,l i2)iplot(k,muAE. 'k')ititle('Estireated z~')iylabel('cuAE'}i

subplot{3,l,3}iplot{k iKhE, 'k'};title{'Estiw.ated ~~'}iylabel{'KhE')i

set (figure (7) • 'name','Estireated para~ete=s'i'n~~ertitle'i'off')

x2abel('discrete tirr.e k '}

k = l;K+li
% Graphs of the reduced model response to the dy~a~ic influent
% cor-centrations
% Ta:lk 1
figure(S)
subplot{3,2,1)iplot(k,SSl}; hold o~;plot{kiSSlEi'k-.t}iylabel('SSl,SSlE')i

legend{'SS:','SSlE')isubplot{3,2i2); plot{k,ERRSSl,'k')iylabel('ERRSSl')i

subplot(3 i2,)iplot{k,SNOl}i hold oniplot{k.SNOlE, tk_. ');
legend('SNOi ', 'S~CIE')i

ylabel('SN81,SK013')isubplot(3,2,4}; plot (k,ERRSNOl, '~'}iylabel('EF~S~Ol')i

subplot(3.2,S};plot(k.SNHl); hold o~iplot(k,SNHlE.'k-~')i

legend('S~~l'.'S!~lE'}i

ylabel('SNH1,SN31E')ixlabel{'discrete time k')
subplot(3 i2.6); plot(k,ERRSNHl, lk');ylabel('EP~S~Hl');
xlabel("discre~e time k'}
set(figure(8),'narrE','Tar.k 1 Process variables a~d es~L~ation

error','nUu:ber~itle'i'off')
% Tank 2
figure (9)
subplot (a , 2 ,1) j p Lot; (k,SS2) t hold on;plot (k, SS2E, I k-. ') rykabeL ( 'S32, 5::32.::;') i

legend ( 'SS2', 'SS2E') isubplot{3 i2,2); plot (k i ERRSS 2 6 'c'} ry LabeL ('ERFSS2') i

subplot(3 i2 i3}iplot(k,SNOZ); hold on;plot(k.SN02E, 'k-. '};
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legend{'SN02','SK02E t
) ;

ylabel('SN02,SN02E');
subplot{3,2,4); plot{k,EFL~N02,'k')iylabel{'ERRS~02')i

subplot(3,2,S)iplot(k,SNH2)i hold oniPlot(k,SNH2E, 'k-.t)i
legend{'SNH2', 'SNH2E')i
ylabel{'SN~2,St~q2EI}ixlabel('discre~etiree k')
subplot{3,2,6}i plot {k, ERRSNH2, 'k')iylabel{'EFBSNE2'};
x2abel{'discre~e ~Lme k')
set (figure (9) , 'name', 'Tank 2 ?rocess va~iab:es a~d es~imation

er~c~','n~~erti~le','0==')
% Tank 3
figure (10)
subplot(3,2,1)iplot{k,SS3): ·hold cniplot{k,SS3E, '~-_')iylabelC'SS3,SS3~I)i
legend('SS3', 'SS3E') isubplotC3,2,2); plot (k,ERRSS3, 'x')iylabel{'ERRSS3');

subplot{3,2,3)iplotCk.SN03)ihold c~;plot(k,SN03E,I~-.')i

legend{'SNG3', 'SN03E')i
ylabel('S~03.SKC3E')isubplot(3,2,4) i plot {k.ERRSN03. 'x')iylabel('ERRS~03');

subplot{3,2,S)iplot{k,SNH3)i hold c~;plot(k,SNH3E,'Y.-.');
legend('S~n3',·SKH3E")i
ylabel('SNH3,SN~3~I}ixlabel('discretetiree k')
subplot{3,2,6); plot(k,ERRSNH3, 'r-')i
ylabel('E~~SNH3')ixlabel{'discre~etL~e k')
set{figure(lO), l~ame', 'Tar-k 3 Process variab:es a~d estimation
er~or', '~~~erti~le'.'off')
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E.2: MARAB script file - P_AASM1 F.m

%M-File: P F~~MIF.re

% ====--======-~------== 3:-P:i:LE DESCRIPTION ======-------===--==--=---=====

% This ~-fiLe is used for:
% Calculation of ~he process ra~es for the zull ~odel

% ~escrip~ion of Lhe functic~

function Pk = P_AASMIF{xk)

% Definitio~ of the global variables
global muH bH muA bA etag ka kh etah Ks KOH KNO KNH KOA KX;
% 'fA-me 1
pel) ~ muH*(xk(2) /(Ks+xk(2r» *(xk{B) /(KOH+xk(B») * xk{S);
P(2) ; muH*(xk{2) /(Ks+xk(2») *(KOH/{KOH+xk(B») * (xk(9) /(KNO+xk(9»)* etag * xk{S);
P(3) = muA*{xkCIO)/(KNH+xkCIO»)*{xk(B) /(KOA+xk(B») * xk(G);
P(4) ~ bH*xk(S);
pes) ; bA*xk(G);
PCG} ~ ka*xk(II}*xk{S};
P(7) ~ kh*{{xk(4) /(xk(S»)) /(KX + Cxk(4) /xk{S»» *CCxk(B) /(KOH+xk(B»)+ (etah *
(KOH/(KOH+xkCB»» *Cxk(9) /CKNO+xk(9»» *xk(S);
PCB) ~ P(7) * (xk(12)/xk{4» ;

% TA::;n<: 2
P(9) ~ muH*{xk(IS)/CKs+xk(IS)})*(xk(2I}/(KOH+xkC2I}»* xk(IB);
P(IO}~ muH*(xkCIS)/CKs+xkCIS)})*(KOH/CKOH+xk{21)})* (xk(22}/CKNO+xk{22»)* etag *
xkCIB) ;
P{ll)= muA*{xk(23)/(KNH+xkC23»)*(xk(21)/{KOA+xk(21»)* xkCI9);
P(12)~ bH*xk(IB);
PCI3); bA*xk(19);
PCI4)= ka*xk(24)*xk{IB);
P(IS)~ kh*((xk(17)/{xkCIB»)/(KX + CxkCI7)/xkCIB)}»*((xkC2I}/(KOH+xk(21»)+ (etah *
CKOH/(KOH+xk(21»»*(xk{22)/(KNO+xkC22»»*xk(18);
P(IG)= P{lS)* (xkC2S)/xkCI7»;

% TANK 3
PCI7}= muH*Cxk(2B)/(Ks+xk(28»)*{xk{34)/CKOH+xkC34)})* xk(31);
PCIB)= muH*Cxk(28)/(Ks+xk(2B}})*CKOH/(KOH+xk(34})}* (xk(3S)/(KNO+xk(3S}})* etag *
xk(31) ;
PCI9): muA*Cxk(3G)/(KNH+xk(3G»)*(xk(34)/CKOA+xk(34»)* xk(32);
P(20)~ bH*xk(31);
P(21)~ bA*xk(32);
P(22); ka*xk(37)*xk(31);
P(23): kh*(CxkC30)/{xk(31»)/(KX + (xk(30)/xk{31»»*({xkC34)!{KOH+XkC34»)+ (etah *
(KOH/CKOH+xk(34»»*Cxk(3S)/CKNO+xkC3S»»*xkC31);
P(24)= P(23)*CxkC3B)/xk{30»;

Pk; [pel) P(2) P(3) P(4) pes) peG) P(7) PCB) P(9) PCIO) P(ll) P(12) PCB) P(14) pelS)
P{lG) P(l7) P(18) P(19) P(20) P(21) P(22) P(23) P(24}]';

E.3: MATLAB script file - P_AASM1R.m

% M-File: P ~~MIR.re

%=======---- -==--=--==--====== M-F!~E DESCRIPTIO~ =======-----===--=============

%This n-file is used for:
% Calculation of the p~ccess rates for parameter est~ation of Lhe red~ced

% n:.odel

% Descr~ption 0= the functio~

f~~ction ~k = P_AASM1R(zk,uk,XBHk,XBAk,XSk)

% Defir.ition of ~he global variables
global etag etah Ks KOH KNO KNH KOA KX;
% TANK 1
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P(l)~ (zk(l)/(Ks+zk(l»)*(uk(l)/(KOH+uk(l»)* XBHk(l);
P(2)= (zk(l)/(Ks+zk(l»)*(KOH/(KOH+uk(l»)* (zk(2)/(KNO+zk(2»)* etag* XBHk(l);
P(3)~ (zk(3)/(KNH+zk(3) »*(uk(l)/(KOA+uk(l»)* XBAk(l);
P(4)~ «XSk(l)/XBHk(l»/(KX + (XSk(l)/XBHk(l»»*«uk(l)/(KOH+uk(l»)+etah *
(KOH/ (KOH+uk (l)) ) * (zk(2) / (KNO+zk (2) » ) * XBHk(1) ;
Plk ~ [P(l) 00; P(2) 00; 0 P(3) 0; 0 0 P(4)];

% TAllli 2
P(S)= (zk(4)/(Ks+zk(4» )*(uk(2)/(KOH+uk(2»)* XBHk(2);
P(6)= (zk(4)/(Ks+zk(4»)+(KOH/(KOH+uk(2»)+ (zk(S)/(KNO+zk(S»)+ etag* XBHk(2);
P(7)= (zk(6)/(KNH+zk(6»)*(uk(2)/(KOA+uk(2}»* XBAk(2);
P(B)~ «XSk(2)/XBHk(2»/(KX + (XSk(2)/XBHk(2»»*«uk(2)/(KOH+uk(2»)+etah *
(KOH/(KOH+uk(2»)*(zk(S)/(KNO+zk(S»»*XBHk(2);
P2k= [peS) 00; P(6) 0 0;'(}P(7) 0; 0 0 PCB)];

% Tll...'JK 3
P(9) = (zk(7)/(Ks+zk(7»)*(uk(3)/(KOH+uk(3»)* XBHk(3);
P(lO)~ (zk(7)/(Ks+zk(7»)*(KOH/(KOH+uk(3»)* (zk(8)/(KNO+zk(8»} * etag * XBHk(3);
P(ll)= (zk(9) {(KNH+zk(9»)* (uk(3) {(KOA+uk(3»)* XBAk(3);
P(12)= «XSk(3)/XBHk(3»{(KX + (XSk(3)/XBHk(3»»*«uk(3){(KOH+uk(3»)+ etah *
(KOH/(KOH+uk(3»)*(zk(8)/(KNO+zk(8»»*XBHk(3);
P3k = [P(9) 0 0; P(lO) 0 0; 0 P(ll) 0; 0 0 P(12)];

% Matrix Pk ~or ~he whole process
Pk ~ [P1k; P2k; P3k];

E.4: MATLAB script file - P_AASM1RE.m

% M-?i:e: P AASMlRE.ffi
% ==========~-==--=====--===== M-F!LE ~SSCRIPTIO~ ====--======================

~ T~is m-file is used for:
% Calcu~ation of the process rates for parameter esti~ation of the reduced
% model

% Description of the fur-etian ~unction

function Pk = P_AASMIRE(zkiuk,XBHk,XBAk,XSk,muHEk,muAEk,KhEk)

global etag etah Ks KOH KNO KNH KOA KX
%: TP-SK 1
P(l)= muHEk * (zk(l)/(Ks+zk(l»)*(uk(l)/(KOH+uk(l»)* XBHk(l);
P(2)= muHEk * (zk(l)/(Ks+zk(l}})*(KOH{(KOH+uk(l}»* (zk(2){(KNO+zk(2»)* etag *
XBHk(1) s
P(3)~ muAEk * (zk(3}/(KNH+zk(3»)*(uk(l)/(KOA+uk(l»}* XBAk(l);
P(4)= KhEk *«XSk(l)/XBHk(l}){(KX + (XSk(l){XBHk(l»»*{(uk(l}/(KOH+uk(l»)+ etah *
(KOH/(KOH+uk(1}»*(zk(2)/(KNO+zk(2»»* XBHk(l);

% TIl~JK 2
P(S)~ muHEk * (zk(4){(Ks+zk(4»)*(uk(2){(KOH+uk(2»)* XBHk(2);
P(6)= muHEk * (zk(4)/(Ks+zk(4»)*(KOH{(KOH+uk(2»)* (zk(S}{(KNO+zk(S)})* etag *
XBHk(2) ;
P(7)= muAEk + (zk(6)/{KNH+zk{6)})*(uk(2)/(KOA+uk(2»)* XBAk(2);
P(8)= KhEk*«XSk(2)/XBHk(2»/{KX + (XSk(2){XBHk(2»»*«uk(2)/(KOH+uk(2»)+ etah *
(KOH/(KOH+uk{2»)* (zk(S){(KNO+zk{S}») *XBHk(2);

% T~.NK 3
P(9) = muHEk * (zk(7){(Ks+zk(7»)*(uk(3){(KOH+uk(3»)* XBHk(3);
P(10)= muHEk * (zk(7)/(KS+zk(7»)*(KOH{(KOH+uk(3»)* (zk(B)/(KNO+zk(8}»* etag *
XBHk(3) ;
P(ll)= muAEk * (zk(9)/{KNH+zk(9»)*{uk(3)/(KOA+uk(3»)* XBAk(3);
P(12)~ KhEk*«XSk(3){XBHk(3»{(KX + (XSk(3)/XBHk(3}»)*«uk(3){(KOH+uk(3}»+ etah *
(KOH/(KOH+uk(3»)*(zk(8){(KNO+zk(8»»*XBHk(3);

%Matrix pk for the whole Frocess
pk = [P(l) P(2) P(3) P(4) peS) P(6) P(7) P(8) P(9) P(10) P(ll) P(12)]';
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APPENDIX F: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE
ATHLONE PLANT WITH THE ACTIVATED SLUDGE MODEL NO.2 BIO·MODEL

F.1: MATLAB script file - AASM2_Simulation.m

~ ~-F~le: AASM2 Simulation.~

% M-?I~E ~SSCRIP~lO~ ===--=====================--=
% This m-file is used for:
% S~clation of t~e Athloroe pla~~ using full AS~2 model
% Calculation of the paraneters for the ~educed ~~~2 ~~del

% Si~ulatio~ of t~e Athlone plan~ usi~g the reduced AS~2 model

clear all
ele

% C:ear·~he w8rkspace
% Clear the co~_~and window

% =--=====----==----============= PlL~~~T~R ~EFINI::O~ =----=====--============~===

% ~eclara~io~ of ~he global variables
global fSI YH fXI YF04 YFHA iPBM YA iNBM Kh etaN03 er.are muH qfe bH qPHA
global qPP muPAO bPAO bPF bP!!A muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4
global KALK KA Kfe KPP KPS KP KPHA :LUFF KMAX

K~ = 11;
DT = 0.01042;

% Predic~io~ ~orizon 0= i~terval

% SempLz.nq t.Ime

% Init~alization of the ffiodel parame~e~s, t}~ical va:~es at 20 OC
~ Stochiowe~ric pa~amete~s

fSI 0.0;
YH = 0.625;
fXI = 0_10;
%YPAO 0.625;
YP04 0.40;
YPHA 0.20;
iPBM 0.02;
YA 0.24;
iNBM 0.07;
% Kinetic parameters
Kh 3;
etaN03 0.8;
etafe 0.40;
muH 0.6;
qfe 3;
bH 0.4;
qPHA 3;
qPP 1_5;
muPAO 1;
bPAO 0.2;
bPP 0.2;
bPEA 0.2;
muAUT 1;
bAUT 0.15;
kPRE 1;
kRED 0.6;
% Maced swi~ching functions
K02 0.2;
KX 0.1;
KN03 0.5;

KF 4;
KNH4 0.05;
KALK 0.1;
KA 4;
Kfe 20;
KPP 0_01;
KPS 0.20;
KP 0.01;
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KPHA 0.01;
0.02;
0.34;

Vl
v2
V3

1148;
114-8;
5273 ;

QO
Qa
Qp
Qr
Qw
Ql
Q2
Q3

40003 ;
39916.8;
39916.8;
40003;

38400.0;
Qp + QO;
Qp + QO +
Q2 ;

Qa + Qr;

% Cceflcisn~ fer fract~or V~ flc~ r2~e3 rcr
LM1BDA = (Qp+QO+Qr-Qw) I (Qr)

SOsat
KLa

8 ;
4:.8; "r,

============================= ~~~~~~s ,~-~ =============================

t n r cuqn me s s ba.Lence o r i nc.i p.i e s , S2'::: c nac r e r
IVl DTI Vl ; IVll IVI • Ql ; All 1 - IVll ;

IV2 DT/ V2 ; IV22 1V2 • Q2 ; A22 1 - IV22 ;

IV3 DT/ V3 ; IV33 IV3 • Q3 ; A3 3 1 1'1133 ;

P;.12 IV1 ~ Qp;
A23a = IV2 * (Qa + Qr);
~23b = IV2 * (Qa + ~~~DA*Qr);

]\..21 IV2*Ql;
A32 IV3*Q2;

All
Al2
P.~l3

All * ones(I,19); ;'~ll

Al2 x oneS(1,19); A12
zeros(19,19l;

diag (All) ;
diag (AI2) ;

diag(AZl);
diag(A22) ;

P;21 * oneS(1,19); ]\.21

]\.22 * oneS(1,19); A22

AZI
]\...22
A23
[A23a,]\'.23a,A23a,]\'23a,AZ3a,A23a,]\'23a,A23a,~..23a,A23b,A23b,A23b,A23b,A23b,A23b,A23b,l\.23b,A

.23b,A23b} ;
F23 diag(~23) ;

A31
A32

A33

ae ros t i s i t a)
A32 * ones(1,l9); A32
A33 * oneS(1,19); A33

diag (A32 l ;
diag(A33) ;

A [All Al2 A13; A21 A22 A23; A31 A32 ~33J ;

IVQ DT! Vl*QQ;
Bll = IVa * ones(1,19); 311 diag (311) ;

B [Bll; zeros(38,19)];
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cc [[0 1

[0 1

[0 1

[- 0.59

:{H

o 0.01

o 0.01
a 0.01
-1.59

:':':P?~C ZPF :;':?EA

o 0 Q 0.001 0 0 -1
o 0 0 0.001 0 0 -1
a 0 0 0.001 0 a -1

o -0.022 a -0.004 a

o a a 0 Q

o 0 0 0 0

a 0 a 0 0
-0.0010001

-0.75 0

-0.75 0

-0.75 0
o 0

0] ;
O} ;

OJ;

o 0 0.9 o
0] ;

[- 0.59 0 -1.59 -0.0070 0 -0.02 0 0_021 0 0 0 1 0 0 0 0 0 .9 0

0] i

[0 -1. 59 0 -0. a22 -0.21 - 0.004 0 0.014 0.21 0 0 1 0 0 0 0 0.9 0

0] ;

[0 0 -1. 59 -0.07 -0.21 -0.02 0 0.036 0.21 0 0 1 0 0 0 0 0.9 a
ali

[0 -1 1 0.03 0 0.01 0 o .014 0 0 a 0 0 a 0 0 a 0 0] ;
[0 0 0 0.031 0 0.01 0 0.002 a 0.10 0.9 -1 0 0 0 0 -0.15 0

0] ;
[0 a -1 0 0 0.4 0 -0.004 0 0 0 a 0 - 0.4 1 0 -0.69 0 0] ;

[- 0.2 a 0 0 0 -1 0 0.048 0 a 0 0 0 1 -0.20 0 3.11 0 OJ;
[-0.6 a a -0 _07 a -0.02 0 -0.0004 a a a a 1 0 -1.6 a -0.06 0

0] i

[0 0 0 0.031 0 0.01 0 0.002 0 0.10 0.9 0 -1 0 0 0 -0.15 0 0] i

[0 0 0 0 0 1 0 -0.048 0 0 0 0 0 -1 0 0 -3.23 a 0] ;

[0 a 1 0 a 0 0 -0.0016 0 a 0 0 0 0 -1 0 - 0.6 0 0] ;
[ -18 0 a -4.24 4.17 -0.02 0 -0.6 a 0 a 0 0 0 a 1 0.9 a OJ ;
[0 0 a 0.031 a 0.01 a 0.002 a 0.10 0.9 a 0 0 0 -1 -0.15 a OJ;

[0 0 0 0 0 -1 0 a 0.048 0 a 0 a 0 0 a 1.42 -3.45 4.87];

[0 0 0 0 0 1 0 0 -0.048 0 0 0 0 0 0 0 -1.42 3.45 -4.871j i

C := DT* [CC zeros{19,38) i ae ros t i s i t sj CC z eros t i s i i s ) i co ros ri s i s aj ee] i

::. =============='============-= _._ ,..'-'-'..--'c.L-,-,---'C; 0;.1';'. ='==="'-=="-'====================

S02i
SP04i
XSi
XAUTi

0.0;
3.6;
202.32;
0.0;

SFi
SIi
XHi
XTSSi

30;
30;
28.17;
180;

SAi 20; SNH4i 31. 56; SN03i 0.0;
8ALKi 7 ; SN2i 6.95 ; Xli 51.2;
XPAOi 0.0; xppi 0.0; XPHAi 0.0;
Xr-1eOHi 0.0 i xr-!ePi 0.0;

xi [802i*ones(LKl); S?i*ones(1,K1l; SAi*ones(1,Kl); SNH4i*ones(1,Kl);

SN03 Le one s (1, Kl); SP04 Leone s (1, Kl); SIi*ones o . xi i . SALKi eone s (1, Kl) ;
SN2i*ones(1,Kl); xli*ones(1,K1); XSi*ones(l,Kl); XEi*ones (I,K!);

xPAoi*ones(I,Kl); xppi*ones{1,Kl); XPEAi*ones(1,KI); Y-AuTi*ones{l,Kl);
XTSSi*ones(1,K1); Y~leOHi*ones(1,K1); Y~e?i*ones(l,Kl)]i

2.8082131e+OO;
3.6;
1.2166405e+OO;
2.5517658e+03j

1.4838943e+C2j

802_1 4.2984433e-03; SF_I 2.8082131e+OO; SA_I
SNH4_I 7.917884Se+OO; SN03 1 5.3699400e+OO; SP04 1
8I_l 3.0000DOOe+Ol; S~~K_l 4.9277103e+OO; SN2_1
XI_I 1.I49I252e+03; X8_I 8.2134908e+Ol; XH 1
XPAO 1 0.1; XPP_l 0.1; XP¥_~_l = 0.1; XAUT 1

XT8S 1 180;~~eOH 1 = O.l;XMeP_l ~ 0.1;
xl0 ~ [S02 1; SF_I; SA_I; SNE4 1; SN03 1; SP04 1; SI_l;

XI_I; XS_I; XH_l; XPAO_l; XPP_l; XP¥-A_l; XA.UT_l;

XHeP_l] ;

2
S02 2 6.3131911e-05; SF 2 1.4587940e+OO; SA_2 1.4587940e+OO;
SNH4_2 8.3444148e+OO; SN03 2 3.6619672e+OO; SP04 2 3.6;
8I_2 3.0000COOe+Ol; S~~K_2 5.0801748e~OOi SN2_2 8.8206477e-Olj
XI2 1.1491252e+03; XS_2 7.6385187e+Ol; XH 2 2.5533851e+03i
XPAO_2 O.:;XPP 2 0.1; XP~~_2 = 0.1; XAu~_2 = 1.4830914e+02;
XTSS 2 180;~leOH_2 ~ 0.1; XMeP_2 = 0.1;
x20 ~ [S02_2; SF~2; SA_2; SXH4 2; SX03_2; SP04_2; 8:_2; S~LK_2i SN2_2;
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1.1495418e+OOi
3 _6;

8.2888682e-01i

2.5571314e+03j
1.48 94126e+02;

XI_2; XS_2; Lq_2; XPAO_2; XPP_2; XPB-A_2; XADT_2; XTSS 2; XMeOH_2;
XMeP_2] ;

S023 1.7183778e+00; SF_3 1.1~95418e+00; SA_3
SNH4 3 5.5479452e+00, SNQ3 3 6.S408820e+00; SP04 3
S1_3 3. 00 00000e+01; SJl...LK_3 4. 6747902e+OO, SN2_3
X1_3 1.1491252e+03; XS 3 6.4854922e+01; Xli 3
XPFD 3 0.1, XPP_3 0.1; XPH.P-__3 0.1; XAUT 3
XTSS 3 180; ~1eOH_3 = 0.1; ~~eP 3 = 0.1;
x30 = [502_3; SF_3; SA_3; SNH~_3; 8N03_3; SP04_3; 81_3; S~~K_3; SN2 3;

X1_3; XS_3, XH_3i XPAO_3; XPP_3; XPB_~_3; L~UT_3; XTSS 3; XMeOH_3;
XMeP_3] i

xO = [x10 jX2Q ix30]

x = [xO zeros(57,Kl)];

for k = l:Kl
xk = x(: ,k) j

xik = xi ( : , k) i

Pk P_1>..,P...8M2F (xk.) i

SOk [xk(39,1)],
xx~ DT*KLa* (SOsat-SOk) i

xxnc [zeros(38,l) -xxk Ct ) izeros(18,1)] i

x(:,k+l) '" A*x(:,k) + C'*Pk + B*xi{:,k) + xxlk;

end

-6 I'anl:
figure(l)
subplot (5,4,1) r p Lo t; {x (1, :) ) ,title ( , S~):_1' }
subplot ( 5,4,2) ;plot (x (2 , : ) ) , tit Le ( , S21 ' )
subplot (5,4,3) j p Lo t; (x(3,:») i title ( ' SA:'...')
subplot(S,4,4}iplot(x(4, :») jtitle(' ')
subplot(S,4,5) ;plot(x(S, :)) ;title(' ')
subplot(5,4,6),plot(x(6,:)ititle('5FG4_ ')
subplot (5,4:,7) r p Lot; (x (7 , :) ) ; title ( e S:':' f )

subplot (S,4, S) r p Lo t; (x t a , :}); title (' 3.=-;,I.Yl')
subplot (5,4, 9) r p Lo t; (x(9,:») i title (' I')

subplot (5,4,10) ;plot (x( 10, :) ) r t.Lt Le ( f I) i

subplot (5,4,11) ;plot (x I 11, r ) ) ; title ( ':{Sl' )
subplot (5, 4:,12) ;plot (x ri a , :) } r t Lc Le ( '}::-il ')
subplot(5,4,13) iplot(x(13,:») ;title(':-::;'~~:.;J::"')

subplot(5,4,14) jplot(x(14,:)} ;title( '~??l')

subplot(5,4,15) ;plot(x(15,:» ;title( '}:E':-i~~=-')

subplot(S,4,16) jplot{x(16,;) ;title('j2.GT=-'}
xlabel ( "d i scr e t e t.z.me L~')

sUbplO1:(S,4,17) ;plot(X(17,:») - t i t Le t '}:I.SS=-')
xlabel ( "di s cre t;e 'c i.me :~ 1)

subplot{S,1:,18} ;plot(x{18,:)} ititle( '~·::':·~eC';:::')

xlabel( 'di3s~et2 ~i~~ k')
subplot (5,4,19) r p Lot; (x (19, . ) } r t Lc t.e ( ':::~·:e:;'::' ' )
xlabel ( "d.Lscret.e t.Lme !-:')
set (fig·ure (1) , ' name ' , '';:'.3.1".d: _ 0: t e adv e-.e ':.2 ~2:-'O u.l '=-'0 ' , "nursbe r t i 'tLe ' , "c =-;: , }

",, )

')

figure(2)
subplot(5,4,l) iPlot(x(20,:)};t
subplot(5,4,2) ;pIot(x(21,:»);t
sunplot(5,4,3) ,plot(x(22, :») ,t
subplot(5,4o,4) ;pIot(x(23,:»);t
subplot (5,4,5) ;plot (x(24, : 1) it
subplot (5,4,6) r p Lc t; (x(25, :) ) ;t
subplot (5,4,7) r p Lo c {x (2 6, :) ) it

t.Le ( 'SCL 2')
t.Le ( ':~?=')
t.Le (' 3.::'~')

t.Le ('
t.Le {f

t.Le (' 3:?;:::'
t.Le ('3:::2')
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subplot (5,4,8) r p Lot; (x(27, :) ) r t.Lt.Le ( 'SALY2')
subplotC5,4,9) iplot(x(28,:)} ;title( ''sN2_2')
subplot C5,4, IO} rpLot; (x (29, e} ) . t.Lt Le ( 'XI2') i

subplot(5,4,11) iplot(x(30,:)) ititle{'XS2')
subplot ( 5, 4, 12} r p Lot; (x(31,:») ;title( 'XH2'}
subplot{5,4,13)iplot(x(32,:») ititle('XFA02'}
subplot(5,4,14) iplot(x(33,:») r t.Lt Le t 'XPF2')
subplot(S,4,15) iplot(x(34,:» r t.Lt Le I 'XPHA2')
subplot(5,4,16} iplot(x(35,:» r t.Lt.Le I 'XATJT2'}
xlabel ( 'discrete t.i.me k ")
subplot (5,4,17) iplot (x(36,:») r t Lt Le ('XTSS2' >

xlabel ( 'discrete t i.rr.e k')
subplot (5,4,18) ;plot (xC37, :) ) • t Lt Le ( ':<2,12(:22')
xlabel { 'discrete t.Lme k'}
subplot (5,4,19) rpLot; (xC 38, e) ) r t.Lt Le ('::=<~sP2')

xlabel (' discrete t i me l:')

set (figure (2) , "neme ", ''I:::t:r,,': ::: s t e adv state r e su Lt s ' "nurtbe r t i t Le", "cf f ")

figure (3)
subplot (5,4,1) r p Lot; (x (3 9, s) ) r t Lt.Le (' .3:-2 :3')
subplot (5,4,2) rp.Lo t; (x (4 0, r ) ) i title ( 'S?3' )
subplot (5,4,3) rp Lo t; (x (41, a] ) ;title ( '$.F.3')

subplOT:(S,4,4)iploc(x(42,:» ;tl.tle('.3::'-:'; 3')
subplot(S,4,5) iploT:(x(43, :») -t i t l e ttstcoS --:;')
subplot(5,4,6} iplot(x(44,:) ;title( 'S?04_3')
subplot (5, 4,7) iplot (x{45, :}) -t.Lt t e (. 313')
subplot (5,4,8) r p Lot; (x{46,:) ;title (' 'sALf{3')
subplot (5, 4, 9) r p.l.ot; (x(47, r ) r t Lt Le (' 51'1:_3')
subplot(5,4,lO} iplot{x(48,:) ) ititle('~-:I3'J;
subplot(5,4,ll) iplot(x(49,:}) - t Lt Le t ':{S3')
subplot (5, 4,12) rp Lot; (x (50, : ) ) i title ( 'ZH,3 ' )
subplot(S,4,13) iplot(x(51,:) ititle( '}:2;>.,::;3')
subplot { 5,4,14) r p Lot; (x{ 52, :» r t.Lt Le ('~\.??3')

subplot {5,4, 15) r p Lot; (x( 53, :) r t.Lt Le ('~'::'?'£-!-,-,-"'..3')

subplot{5,4,16) iplot(x(54,:» • t i.t Le I ':!2,UT3')
xlabel ( "d.isc re t.e t.xme J-:!)

subplot (5,4,17) rpLot; (x (55, r ) ) r t.Lt Le ( '}:TSS3')
xlabel ( 'discrete t i.me k')
subplot (5,4, 18) r p Lo t; (x (56, :) ) -t.Lt Le ( ':C':;eGE3')

xlabeIC'discre~e ti~2 k')
subplot {5, 4, 19} rp Lot; (x (57, s ) ) r t Lt Le ( '}J·:e:?3')
xlabel ( "d.i s c re t e t.z.me k")

set (figure (3) ,'L""L".rr'2', "Lank j 3':'25.'-'=:':"-- s tar.e r e suLt s ! , :';;:":'.::.,e::tiLl",,',' of f ")

of.

~, 2, ::,

load dry. t x t.

c r de r :"3 ~, 2S
c ,

xi [so z Le ones rti x) i SFi*ones(l,K) i SAi*o:;;.es(I,K) i dry(I:K,6)' i

SN03i*ones(l,K) i SP04i*o:les (I,K); dry(l:K, 7) '; SALKi*ones (I,K)
SN2i'*ones(1,K) i dry(l:K,S)' i dr..-(Cl:K,4) 'i dry(1:K,3) 'i

XPAO.i*o:;;.es{l,KJ; X?Pi*ones(l,K); XPFL1!,.i*ones(l,K) i XAeJTi*ones(l,KJ i

xTSSi*ones{l,K} i XMeOHi*ones(l,K) i X~ePi*ones(I,K)] i

x [x(;,Kl+1) zeros(57,K}]i

of

fox k = l:K
xk x t • ,:1:.) i

xik = xi ( :, k) i
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SOk [xk(39,1)];

xxk DT*KLa*(SOsat-SOk);
xxt.k [zeros(38,1) ixxk(1};zeros(18,1}};
x(:,k+l) = A*x(:,k) + C'*Pk + B*xi(:,k) + xx.lk;

end

_ Tany: 1

figure (4)
subplot (5,4, 1) ;plot (x(I,:» i title (f S02 1')
subplot (5,4,2) ;plot (x ra , :}) i title (' 3:;;"1')
subplot (5,4, 3) ;plot (x(3 ,:»; title ('81\1')
subplot(S,4,4);plot(x(4,:»;title{' ')
subplot (5,4, 5) r p Lo t; (x t s , :» ;title (' ')
subplot(5,4,6) iplot(x(6, :});title('SPC4 I'}
subplot (5,4, 7) ;plot (X(7 ,:» ;title (' SIl ')

subplot (5,4: I 8) rpLo t; (x (8, e} ) j title ( 'SALEl' )
subplot (5,4, 9) ;plot (x(9,:» ;title (I SN2_1')
subplot (5,4,10) ;plot (x (10 I ;) 1;title ( '}:Il') ;
subplot (5,4 .ll) ;plot (x (11, :) ) ;title ( '~{Sl ')
subplot(S,4,12) ;plot{x(12,:J} ;titleC'XHI'}
subplot(5,4,13) iplot(x(l3,:)) - t.Lt.Le I 'ZFAC'l')
subplot(5,4,14) iplot(x(14,:» -t.Lt r e t ':{?~l')
subplot(5,4,15) iplot(x(15,:)} r t.Lt Le I 'X2E~.I')
subplot (5,4,16) rp Lot; (x( 16, e} ) -tLt Le ( ':;:;'",]':'1')

xlabel('disc~~~~ tise k')
subplot(5,4,17) ,plot(x(l7,:») r t.Lt Le t ':\:~SSl')
x.LabeLl t d.i.s c.r et.e -:i:~'.'2 k ")
subplot (5,4 t 18) j p Lot. {x (18, :) ) ; c Lt Le ( ':(?·le'JE1')
xlabel('dis~rete tiD~ k')
suhplot(S,4,19} iplot(x(19,:) r t Lt Le I '?:I·Is?l'}
xlabel ( "d i scr e t.e t i rue ].: 1)

set {figure (4) , l name ' , I Tact 1 dvnem.i c r e su Lt s ' , "numbe r t i. tie' , "of f ' )

figure(S)
subplot(5,4,1) iplot(x{20,:» r t Lt Le I '202 2')
subplot (5,4, 2) r p Lo t; (x{21,:) r t Lt Le (' SF::'.')
suhplot(5,4,3} r p Lo t Ix Lz z , :}) r t i.t Le I 'S.:':'.2')
subplot(S,4,4) iplot(x(23, :)) r t.Lt.Le L' "')
subplot(S,4,S)iplot{x(24,:»);title{' ')
subplot (5,4, 6) -p Lot; (x(25, :») ;title (' S?C.; ')
subplot (5,4, 7) ,plot (x(26, :») ;title (' :3:::2')
subplot (5, 4, 8) ;plot (X(27, :» r t Lt Le ('SALle')

suhplot{S,4,9) -pLot Ix tz e , :») r t.Lt.Le t ' '}
subplot(5,4,lO} iplot(x(29,:») ititle(' ');
subplot{S,4,11) iplot(x{30,:») -tLt t e t 'XS2')
s'U.bplot(5,4,12) iplot{x(31,:» r t i t.Le I 'XE2')
subplot(S,4,13) ;plot(x(32,:)} ;title('X?~'J:'}

subplot(5,4,14) iplot{x(33,:) ;title( 'X??:')
subplot(S,4 r15) iplot(x(34,:) ititle( ':·:2S.::o.2')
subplot(S,4,16) iplot(x(3S,:)) -t i.t.Le t '}.:.A::"'I:')

xlabel('dio~~scs tecs ,'I
subplot{5 J4,17} iplot(x{36,:») ;title( '}~;SS2')

xlabel ( , d.i s cze t.e t z.me k ")
subplot(S,4,18) ;plot{x(37,:» ;title( ':':"':::20:-:2')
x.LabeL ( 1 c.i.sc re t;e ti,7,?;- k ")
subplot (5,4,19) ;plot (x(J8, :) ) ;title t ' :'::::"s.?':':')
xlabel{'ciscrets ti8e k')
sec (figure (5) , • name ' , I 'I.3';'~~ ~ _' ~"=-'--:__ c r e sc I 'C.S ' J ' r.c-cbe r t ; ,=::"2' , ' off' )

figure (6)
subplot{5,4,l) ;plot(:;..:{39,:» r t.d t.Le I '3C2_3')
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subplot{5,4,2) r p Lot tx La u , :») ititle('SF3')
subplot (5,4,3) r p Lot; (x(41,:)} r t.LtLe ('SA3')
subplot (5,4,4) iPlot (x(42, :) ) -tLtt e ( 'SNH';_3')
subplot(S,4,5)iplot(X(43,:) ititle{'SNG'3 3')
subplot (5,4,6) r p Lot; (x(44, :) } -cLt t e ( 'SE:J4-3')
sllbplot(S,4,7) iplot(x(45,:) ititle{ '3:3')
subplot (5,4,8) r p Lo t; (X(46, :) ) r t.Lt.Le ( , SAU-(3')

subplot (5,4, 9) r p Lo t; (x(47,:» r t LtLe (' SCi2 ]')

subplot(5,4,lOl iplot(x(48,:» ititle('XI3') i

subplot(5,4,11) iplot(x(49,:» ititle{'~{S3')

subplot (5,4,12) r p Lot; (x( 50, s ) ) ; title (' XH3')
subplot (5,4,13) r p Lot; (x (51, :) } i title ( '}~FA03')
subplot{5,4,14} iplot(x(S2,:» ;title( 'X?F3')

subplot(5,4,lS) iplot{x(S3,:» r t.Lt Le t 'XP;-L~3')
subplot(5,4,16) jplot(x(54,:) );title('~AUT3')

xlabel (' discrete t.ime J: I)
subplot (5,4,17) ;plot{x(55,:) );title('XTSS3')
xlabel{'discrete tiffie t')
subplot (S,4, IS) ;plot (x( 56, :) ) r t Lt Le ('X~'le(JE3')

xlabel('discret.e time k')
subplot(5,4,19) jplot(x(57,:» r t Lc Le I '}J'·1e~'3')

xlabel('discrete tlffi2 t l
)

set (figure (6) ,'Dems', 'TanK 3 dy~affiic res~lts', 'n~sb2=title', 'off')

====================="'- REJUCED !·lCD2L F0?:'-IU::::;"TIC!:- -------=======--=======---

the '.- !

AS:-'ll p r ed.ic t.i.cn
Sf', S::1C3, :_<:S r {?? ,

zl [x(2,:}; xC3,:}j x(4,:)j X(S,:)i X(6,:)i x(II,:); x(14,:); x(15,:)];
z2 [x(21,:);X(22,:);x(23,:)jx(24,:)i x(25,:)i x(30,:); x(33,:); x(3~,:}];

z3 [X(40,:}j X(41,:);x(42,:);x(43,:)i X(44,:)i x{49,:)iX{52,:}; X(53,:)]j

Z [zl;z2;z3];

ul x(l,:) i

uz x{20,:);
u3 x(39,:)i

u [ulj uz , u3] j

z i, = [SFi*ones(l,K}; sAi*ones(l,K) i SNH4i*ones(l,K) j SN03i*ones (l,K) j

SP04i*ones(l,K); xs i e ones t t i xj , XPPi*ones(I,K); XPHAi*ones(I,K)] i

XH

x..lI.UT

S.P-.LK

XPAO

[2551.76*ones(I,K) i 2553.38*ones(l,K); 2557.13*ones(I,K) i

2559.1S*ones(l,K} j 2559.34*ones(I,K}] i

[148.389*ones(I,K); 14S.309*orles{l,K) i 14S.941*onesO,K) j

149.527i<ones{I,K); 149.797i<ones{l,K)];

[4.9*ones(l,K); 148.309*ones(l,K} i 14S.941*ones(l,K) i

149.527*ones(I,K); 149.797*ones{l,K)];

[O.I*ones(l,K) i 76.386*ones(1,K) i 64.855*ones{l,K)

55.694*ones{I,Klj 49.306*cnes(l,K)}i

Allr 1

-.~

IVl1i A22r = I - IV22i A33r 1 - :V33i

AI2r IVI * Qp;
A23ar = IV2 * {Qa + Qr); ~23br IV2 * {Qa + L~113DA*Qr) i

A21r

Allr
A12r

AI3r

.P-.21r

IV2*Qlj A32r = IV3i<Q2j

Allr * cnes(l,8); A1lr
A12r,;- ones(l,8) Al2r
zeros(8,8) ;

A21r * ones(I,S) i .P-.21r

diag{ll_llr) ;
diag (A!2r) i

diag (.P-.21r) ;
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J!..22r
A23r
A23r

A22r * ones{l,a); A22r = diag(A22r);
[A23ar,A23ar,A23ar,A23ar,A23ar,A23br,A23br,A23br] ;
diag (A23r) ;

A31r
A32r
A33r

zeros (a, 8);

A32r * ones(l,8)
A33r * ones(l,a)

A32r
A33r

diag (J!._32r) ;
diag(A33r) ;

lL~ = [Allr A12r A13r; A21r A22r A23ri A31r A32r A33r]

IVO = DT I Vl*QO;
f = 1.2i
B11r = [IVO*ones(l,3) IVO*f IVO*ones(1,4)];
Bl1r = diag(B11r);
BR = [B11r; zeros(16,8)] ;

SF S."'. SNE4 SU03 3::<)4
CCR ~ [ [1 0 0.01 a a -1 a 0] ;

[1 a 0.01 a a -1 a 0] ;

[1 a 0.01 a a -1 0 0] ;
[-1. 59 a -0.022 a -0.004 0 a 0] ;
[0 -1. 59 -0.0070 a -0.02 0 0 0] ;
[-1. 59 0 -0.022 -0.21 -0.004 0 0 0] ;

[0 -1.59 -0.07 -0.21 -0.02 0 0 OJ;
[-1 1 0.03 a 0.01 a 0 OJ;
[0 -1 0 a 0.4 0 -0.4 1J ;
[0 a a 0 -1 a 1 -0.2 OJ ;
[0 0 -0.07 a -0.02 a a -1. 6] ;
[0 a -4.24 4.17 -0.02 0 a 0] ] ;

CR ~ DT* [CCR zeros(12,16) i zeros(12,8) CCR zeros (12,8) i zeros(12,16) CCRJ;

for k = l:K
zk z ( : , k) i

uk = u f e , k);

XHk =
XAUTk
XPAOk
SALKk

XH( :,k);
X]'_UT( : ,k) ;
XPAO (; ,k);

SALK ( : ,k) i

zik = zi ( : ,k) i

Pk = P_],...ASM2R{zk,uk,XHk, V.UTk,XPAOk, SJ'..LKk) i

FIk = CR' *Pkj
Y(:,k) = z(:,k+1)-AR*Z(:,k}-BR*zi(:,k);
t.he t a t . ,k) = (FIk' *FIk)'" (-1) *FIk'*Y {: ,k} ;

e:1d

lcHe (1,:)

muxe {L, : )
qfee(l,:)
qPHAe (I, :)
qPPe (I, : )
muPAOe (1, e }

muAUTe (1, :)

theta(l,:);
t.he t a Iz i s ) ;
theta(3,:) ;
theta(4,:);
theta(5, :);
theta(6,:);
theta(?,:);

zE = [xr z , 1) ;xD, 1) ix(4, 1) r x (5,1) rx t s , 1) ;x( 11, I} r x (14,1) sr: (IS, 1) ;x(21, 1) i x (22,1) ;
x(23,1); x(24,ll ;x(25,1); xDO,I};

xD3,1) ;x(34, 1) ;x(4:0,1) ;x(41,1) ;x(4:2,1) iX(43,1) ;X(44, 1) ;x(45,l) ;x{S2,l) ix(S3,l)];

ER-~ = z(:,1)-z3;

Y. __

f c r k = 1:K
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zk = z (: ,k) ;
uk = u (:, k) ;
z i.k zi(: ,k) i

XHk

XAUTk
XPAOk
SALKk

XH!, ,kJ;
XAUT!, ,kJ;
XPAO(: ,k) i

SALK ( "kJ;

kHek
muxe k
qfeek
qPHAek
qPPek
muPAOek
muxu'rek

kHe(: ,k) z
muHe(:,k) ;
qfee (: ,k) i

qPl-iAe{:,k} ;
qPPe (: ,k) ;
muPAOe ( : , k) i

muATJTe( : ,k) ;

pk =

P_AAsM2RE{zk,uk,XHk,L~UTk,XPAOk,SALKk,kHek,ffiuHek,qfeek,qPHAek,qPPek,ffiuPAO~k,muAUTek) i

zE(:,k+l) = A.~*zE{:,k) + CR'*Pk + BR*zi(:,k) i

ERR{ :,kio-l)=z(: ,k+l} -zs : :,k+l);
end

% SF,SA,SGH4,SN03.SP04,XS.XPP,XPHA, ~ank

SF1=z(l,:) iSAl=z(2, :}iSNH4_1=z(3,:) iSN03_1=z(4,:};
SFIE=zE(l,:) iSAIE=zE(2,:) iSNH4_1E=zE(3,:) ;SN03_1E=zE{4,:) i

ER-qSFl=ERR(l,:) iERRSA1=ER-~(2,:)iERRSNH4 l=ERR(3,:} ;ERRSN03 1=ERR{4,:} i

8P04_1=z (5, :) iX81=-z (5, :) ;XPPl=z (7 , ;) iXPl-T...Al=z (8, :) i

SP04_1E=zE{S, e } ;XSIE:::zE (6, :) ;XPPIE=zE (7, :) iXPHZUE=zE (8, :) ;

~ARSP04_1=E1L~(5,:) ;ER-~Sl=ERR(6,:) ;E~~XPPl=E~~(7, :)iEP_~PHAl=ERR(8, :);

eSFl=(ERRSFl*ERRSF1')/(SFl*SFl')i
eSAl=(ERRSAl*ERRSAl')/(SAl*SAl')i
eSNH4_1=(ERRSNH4_1*EELqSN:~4_1')/(S~TH41·SN:~4 1') i

eSN03_1=(ERRSN03_1*ERRSN03_1')/(SN03_1*SN03_1') ;
eSP04_1=(ERRSP04_1*ERRSP04_1')/(SP04_1*SP04_1') i

eXSl=(ER~XSl*EPJLXSl')/(XS1*XS1') i

eXPPl=(ERRXPPl*ERRXPPl')/(XPPl*XPPl') ;
eXPP.Al=(ER-~PHAl*ERRXPHAl')/(XPHAl*XPHAl') ;

~: Vector of p r oce s s full,:::3ti'iT,,3.ted and er r c r ver i.eb Le s
5:=, sr.. S:-~.;,3:~'::::'::, S~<:~fY..':;f "_??f~<_Er~';, T~::~~

5F2=z(9,:) iSA2=z(lO,~) iS1.T?:..i4_2::z(11,:) ;SN03_2=z(12,:) i

SF2E=zE (9, :) ; SA2E=ZE{lO, :) i SJI.i-:.-J:4_2E=ZE (11, r ) ;SN03_2E=ZE (12, :) i

E:'....RSF2=ER-Q(9,:) ;ER..R.SA2=ERR(lO,:} ;ER..-qS1~d4_2=ERR(ll,:)i ER..'R.SN03_2=ER.'R. (12, :);

SP04_2=z (13, : ) ; XS2 =2 (14, :) iXPP2=z (15, : ) ; XPHA2=z (16, :) i

SP04_2E=zE(13,:) ;XS2E=zE(l4,:) iXPP2E=zE(15,:J iXP?.A2E=zE(16,:);-
ER..~SP04 2=ERR(13,:) ;ERRXS2=ERR(14, :);E~~?P2=ERR(15,:)iERRXP~.2=ER-~(16,:)i

eSF2=(L~RSF2*ERRSF2')/(SF2*SF2') i

eSA2=(ERRSA2*L~SA2')/(SA2*S~2');

eS1r~4 2=(E:L~S~JH4 2*E?RS~~4 2')/(SN:"';:~ :*s~r24 2');
eSN03-2=(EPRSN03-2*ER..~SN03-2'}/{SN032*SN03 2'};
eSP04=2= (ERRSP04=2*EP3SP04=2 '}/(SP04=2.SP04=2') i

eXS2=(ERRXS2*E1L~~S2')/(XS2*XS2')i

eXPP2=(EP~~PP2*ER..~XPP2' }/{XPP2*XPP2') i

eXPHF2=(E~~PF_~*ER..~~PHA2')/(XP~l;.2*XPHA2') ;

SF3=z (17 , :) ;S1t3=z (18, :) is!'i::I4_3=z (19, r ) iSN03 3=2 (20, c}
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set(fi~Jre(8), 'n~T2', 'T2~k 1 Process v~rl2D~es 2~d eS~~~2~icn

e r r o r ' , "number t.LtLe ' , 'off I)

figure (9)
subplot(4o,4,l) ;plot(k,SF2) ;hold en; plot{k,SF2E, 'k-. ') -yLabeLt 'S?2,SF2E'),
legend ( 'SF2', 'SF2E') ;subplot(4,4,2), plot(k,EP~~8F2, 'k') iylabel('E?ESF2') i

subplot (4,4.,3) rp Lo t; (k, 810..2) ,hold on , plot (k, 8;'2£, , k- .: ) ,ylabel ( 'SA2, 3;;'-2::::' ) ,
legend ( 'SA:',' Sll.2E') isubplot (4,4,4), plot (k,ERRSA2, 'i-: ') j y Labe L ('2aRSA:') i

subplot(4,4,S) iplot(k,S1rd4_2) ,hold oni plot (k,SNH4_2E, 'k-. '}
legend('S~~~:l L',' ')iylabel(' ,Sl'1H;~ 2S');

subplot(4,4,6); plot(k,ERR8NH4_2, 'k') ,ylabel('E?~SNE4 2');

subplot (4,4,7) rp Lo t; (k, SN03_2) - hoLd on r plot (k, SN03_2E, , ~:-. ' )
legend ( ':: ::::3 ~',' <;:"(;3 _2') -yjabe ; (' SL ::::3_2, '::\',-,3 '::'~'),

subplot(4,4,B), plot(k,ER.R.SN03_2, '1-:') r y LabeLt ' ') i

subplot (4,4,9) r p Lo t; (k , SP04_2) ,hold en i plot (k, SP04_2E, t k-. ' )
legend ( '2204_2' , I S2G4_2E') j y Labe L ( 'SPC4_2, 3204_22');
subplot(4,4,10) i plot{k,ERRSP04o_2, '~I) iylabel('SRRSP04 2');

subplot (4,4,11) r p Lot; (k, XS2) i hold em; plot (k,XS2E, 'k-. f) j y Labe L (' ZS2, :<22::') i

legend ( I }:S2 t , I }:2:2S' ) i subplot (4,4, 12); plot (k, ER~'CS2, • k ' ) j y LabeL ( t SE2:-:S2 ' ) ;

subplot{4,4,13) iplot(k,XPP2) r hoLd on: plm:(k,XPP2E, "k-". ');
legend ( ! X??2 I , ':ZE-P2E' ) -yLaoe L ( 'YPP2, X:C:'P2E' ) -xLabe L ( "d.i s c r et.e t i.rr.e k ")
subplot{4,4,14); plot (k,ERRXPP2, '~:') i

ylabel ( ! 2HSXPF2 I ) i xlabel ( "d.i s c r e.t;e t i.me 1-:')

subplot (4,4,15) ;plot (k , XP:tLZ'c2) ; hold 0",,; p Lot; {k , XPfL~E, 'I>, ")
legend ( 'XP~~A.2' , , X?EA2S' ) -y LabeL ( 'ZFPLiC:.2, ZF~Z2:S' ) i .xLabe L ( "o i s c r e t e
subplot(4,4,16) i plot(k,ERRXP¥~2, 't') i

ylabel ( 'EFEZPH.A2 I ) i xlabel ( I d i s c re t.e tLme k l )

set (figure (9) , '~~~st, 'T2~t ~ ?r0c~~3 ~2:::lc0~es 2~d ~S-::i2~-::~0~

e:rrcr I , "numbe r t i, t.Le I I I off' )

figure(lO)
subplot(4,4,l) ,plot(k,SF3);hold CTi; plot(k,SF3E, 'j:-, ') iylabel('EF3,S?32 ') i

legend ( 'S?3 ', '3F32') isubplot(4,4,2) i plot(k,ERRSF3, 'J-:') -yLabe L( 'FF:83F3'),

subplot (4:,4,3) r p Lo t; {k , SA3) j hoLd Cf]; plot (k, SA3E, , ~:-, ' ) ryk abeL ( 1 SA~, Sf"~3:s' ) i

legend ( 'SA3' , 'SA.3:::; ') i subplot (4,4:,4), plot (k, EP~P"'SA3, , k ' ) ,ylabel ( 1 E:E?SF,3' ) i

subplot (4,4,5) r p Lo t; (k, S~TH4_3) ; hold en i plot (k , SNH4_3E, ' ::-. ' )
Leqend t ' 3:';:::4_3' I 'S::::;-;'1_32') ;ylabel (' ::;m--:4_), S~·7:-:>1_"_3E ') I
subplot(4:,4,6), plot (k,ERRSNS4_3, ';'~I) ,ylabel('::F,GSl'E4 :;');

subplot(4,4,7),plot(k,SN03_3)iho1d cn r plot(k,S~03 3:8,' -.')
Leqend ( 'S~:C3_3 I, , ') ;ylabel ( , 3::(:~~ 3:S');
subplot (4,4, B) i plot (k, ER..~SN03_3, I k ") r y Labe L (' ') i

subplot (4., 4.,9) r p Lc t; (k , SP04-_3) ihold~ni plot (k , SP04_33, '::-. ' )
legend ( 'S?C~ 3',' 3?'=>~ 32:') -yLabe L (' S?C'; 3, S?,')~ 32 t);

subplot (4,4,i"O) i plot{k,ERRSP04_3, I ,') ;Ylabel(7::~~:.t=:::;':: ?');

subplot(4,4,11) iplct(k,XS3) ;hold '2,,;; plot(k,XS3E, 'i:-. ')
legend ( ':-:33' , ':ZS3:=::' ) -yLabe L ( ':-:33, :-:S32 ') ,
subplot (4,4,12), plot (k,ERRXS3, ';:') ryLabe L (' ::F?,:~S3');

subplot(4,4,13) iplot{k,XPP3) -boLd cn r ploc(k,XPP3E, 'k_. ')
legend ( 'XP?3 I , ':QF3S' ) -yj abe L ( 'J.-:P?3, :<:??,3s 1 ) i xlabel ( "cis c r e t.e t.Lme k ")

subplot(4,4,14), plot (k , ER..'R...XPP3 , 'L') i

ylabel('S3.B.Z??3'),xlabel('::ii3c:ete __ ~.._ ~:')

subplot(4,4,IS) ;plot(k,XPF~3)ihold~"i plot(k,XPP3:.~32, i:-. ')
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legend{'XPP~s3', 'XP¥~_3E')iylabel{'XPEA3,XPHA3E') ixlabel('discrete time k')
subplot(4,4,16) i plot(k,ERRXP¥~3, 'k'} i

ylabel ( 'SEF.:ZPI:L;'3·) r x.LabeL ( "d.i s c r e t.e time k ")

set (figure(lO), 'rr~2e', 'Tank 3 Precess variables and 23~imc~i2rr

e r ro r ' , "number t Lt.Le ' , "of f ' )

F.2: MATLAB script file-

~ ~-Fi~e: ? ~~SM2F.s

~ ===========--============== M-FILE J2SCFI?TION ===========================

;, Ce LcuLa t.Lor, c i: t.he pr':=C:=~S3 r e t e s cc r the full model

function P = P_AASM2F(xk)

global fSI YH fXI YP04 YPHA iPBM YA iNBM y~~ e~~~03 etafe muE qfe bR qPHA qPP muPAO bPAO

bpp bPF~ muAUT bAUT kPRE Y~~D K02 KX KN03 KF KWrl4 KALK KA Kfe KPP KPS KP KPF~ KIPP ~~~

Pf L}> Kh * (xk(1)!(K02+xk(1») * ((xk(1l)!xkI12»!(lG{+(xk(1l)!xk(12»» * xk(12);

P(2)= Kh * etaN03 * (KOZ!(K02+xkll») * (Y-k(S)!(KN03+xk(S») *
({xk(11)/x}:(12»/(KX+(xk(11l/xk(IZ}») '* x..k:.(lZ)i

P(3)= Kh I etafe '* (KOZ/(KOZ+X.k:(1»)) '* (KN03/(KN03+xk(5») '*
l(xk(1l)!xk(12»!(F.K+(xk(1l)!xk(12)))) * xk(lZ);

P(4)= muH '* (xk(l)/(KOZ+x..'l.:(l») " (x.k:.(Z)/(KP+xk(Z»} '* (xk{2)/(xk(2)+xk{3»} '*
(xk(4)!(KNH4+xk(4»)) * Ixk(6)!IKP+x1«(6») * (xk(B)!(KN.K+x1«B))) * x1«12);
P(5)= tnuH '* (JL'l.:(l)/(KOZ+xk.(l») * (x..k:.(3)/(F.A+xk(3») '* (xk{3)/(xk.(Z)+xk.{3») *

(xk(4)!IKNll4+xk(4») * (x1«6)!(KP+xk(6))) * (x1«8)!IKALK+xkIB»)) * xk(12);

P(6)= muE * et~~03 '* (KOZ/(KOZ+x.k:.(I}}) " (xk(2}/(KP+xk(2}» * (~k:(2)/(xk{2}+xk(3»l I

(x..":(4)/(KN"H4+xk(4))) *' (x..k:(5)/(KN03+1C":(S»} * (xk(8)/(KALK+xk(8»)) '* xk{l2)i

P(7)= muH * etaN03 * (K02!IK02+x1«1») * (xk(3)!(K.",+xk(3») * (xk(3)!(xkI2)+xk(3))) *
(Y-k(4)!IKNH4+xk(4») * (Y-kIS)!(KN03+xl«(S)) * (xk(8)!IKALK+Y-k(8»))* Ixk(S)!(KP+xkI6»))

* xk(12) ;
P(B)= qf e * (K02!(K02+xk(1)) * (KN03!(KN03+xk(5»)) * (xk(Z)!(Kfe+xk(2»)) *

Ixk(8)!(K.",LK+xk(8) »)* xk(12);

P(9)= bH '* xk(12) i

P(10)= qP"-", * (xk(3)!(K~.+xl(I3)) * Ixk(8)!(KJ'..LK+xk(B»)) *

I (xk (14) !Y-k (13»! (KPP+ Ix1«14) !xk( 13) ) ») * xk (13) ;

P(11)= qPP * (xk(1)/(K02+xk(1»)) '* (y_k:{6}/(KPS+xk(6»)) * (Y~(8) /(F~LK+YL(8}» *'
( (xk (15) /xk (13) ) / (KP¥.A-i- (xk (15) /xk (13) ) » * {oa·1..:;x- (xk (14) /x}: {13} } ) / (KPP+Kt'-lA.X-

(xk (14) / xk (13) } )} * YL (13) i

P{IZ)= muPAO '* (x.~(l)/(KOZ+xk(l}» * (x}:(4)/(Kh~4+Y~(4») '* (xk(S)/(KnLK+,YL(8)}*

(x.1«6)!(KP+x1(16»)) * l(xk(lS)!xk(13))!IKPP_'.+lx1.:(lS)!xkl13)))) * xk(13);

P(13)= bPAO * xk ClS) * (x.~(8)/(K.~LK+xk(8»)i

P(14)= bpp * Y~(14} * (xk(8}/(KALK+xk(8»};

P(15)= bp¥.A '* x..1<.(15) * (x..k:.(8)/(KJ;.LK+x.~(8))i

P(16)"" m1L~DT * (xk(l)/(K02+xk{1») '* (x.~(4}/(~"'":.-r4+xk(4}}) '* (xk(6)/(KP+YL(6») "

(x.'l.:{B)/{KALK+xk(8))) '* xk(16);

P(17)= bALTT '* L~(16) i

P(18}~ kPRE '* xk(6) * xk(IS};
P(l9)= kRED *' x..'l.:(19} '* (x.."l.:(Bl/{KJ;.LK+x..'-:{B))i

iAHY 2
P(20)= Kh '* (xk(20}/(K02+y~1<;:{20») * (xk{30)/xk(31)}/(LX+(xk(30)/x..k:.(31}})} '* x..k:.{3l);

P(21)= Kh * etaN03 * (K02/(K02+x.k:.{20») *' (xk(Z4)/{KN03+x.k:.(24») '*
«(xk(30)!x1«(31»)!(KX+(xk(30)!x1«(31»» * x1.:(31);
P(Z2}= Kh '* etafe '* (K02/(K02-i-xk(20»)) I (Kl;03/(KN03-i-xk(24») *
((xk(30)!xkl31»)!(KX+(xkl30)!x1((31»)) * x1«(31);

P(23}= mua '* (xk(20)/{KOZ+xld20}}) * (x}:(ZI}/(KP+xk.(21)) * (~~(Zl)!(Y_k:(21)+xk(22»)} *
(xk(23)/(KNH4+xk(23»} '* (x.k:(2S}/(KP+xk(25)}) '* (xk(27}/(LZU:K+xk(27») ;. xk(31)i
P(Z4)= muH '* (YL(20)/{KOZ+xk(ZO}» " (x.1.:(Z2)/(K.:!!,.+xk{22») '* (xk.(22)/(xk(21)+x.1.((2Z)} -I<

(x..'l.:(23}/(KN'H4+yL(23»)) '* (xk(Z5)!(KP+xk(Z5») '* (x..k:.{27}/(KP-LK+xk(27»} ;. X%(3l);

P(Z5)= m1L~ '* et~~03 '* (K02/(KOZ+xk(2C») " (Y~k:.(21)/(KF+x..1<;:(ZI») '*
(xk(21)/ (y_'k.:(21)+x.1-:(22»} -I< (Y_k:.(23)/(:KNE4+x.k:.(23»)) " (x..'l<:.(24)/(KN03+xk(Z4»} *
(xk(27)/ (KAT,K+x..'k.:(27}» * y_:<.(31} i
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P(26)= rn~q * etaN03 '* (K02/(K02+xk{20»} * (Y~(22)/(KA+~±(22») '*
(xk(22)/(xk(21)+xk(22))) * (xk(23)/(KNH4+Y_,(23))) * (xk(24)/(KN03+xk(24))) *

(xk(27)/(KALK+xk(27)))* (xk(25)/(KP+x-'«25))) * xk(31);

P(27)= q fe '* (K02/(K02+x.."k::(20») '* (KN03/(KlW3+xk.(24») '* (x.."k::{21)/(Kfe+xk(21}» '*
(xk(27)/(KALK+xk(27)))* xk(31);

P(28)= bH * xk(31);
P(29)= qPF-A * (X-'«22)/(KA+xk(22))) * (xk(27)/(KALK+xk(27))) *

( (xk (33) /xk (32) ) / (KPP+ (xk (33) Ix-'" (32) ) )) * xk (32) ;
P(30)= qPP * (xk(20)/(K02+xk(20))) * (xk(25)/(KPS+xk(25))) * (xk(27)/(KALK+xk(27))) *

( (xk (341 lyJ< (32) 1 / (KPHA+ (xk (34) Ix-'" (32) ) )) * «K>L"~X- (xk (33) /xk (32) ) ) / (KPP+Kl''''-X­
(xk(33)/xk(32)))) * xk(32);
P(3l}= rnuPP,D * (xk(20)/{K02+xk(20)) * (x..1c(23)!{Th'H4+x.."k::{23») '* (xk(27)!(KAT,K+xk(27})*
(x-k(25)/(KP+xk(25))) • «(x-k(34)/xk(32))/(KPH~~+(xk(341/x-k(32))I) • X-'<(32);

P(32)= bPAO * xk(32) * (YJ«27)/(K~~+xk(27)));

P(33)= bpP * xk(33) * (xk(27)/(KALK+x-k(27)));
P(34}= bPHA '* xk(34) * (x.."k::(27)/(KliliK.;.-xk{27»);
P(35)= m1L~UT * (x-"'(20)/(K02+yJ«20))) * (xk(23)/(KNH4+x-k(23))) * (yJ«25)/("P+YJ«25))) *
(xk(271/(Kl'LK+xk(27))) * x-k(35);

P(36)= bAUT '* Y~(35);

P(37)= kPRE '* xk(25) '* x..'lc(37);
P(38)= kRED • xk(38) * (x-k(27)/(KALK+xk(27)));

P(39)= Kh * (xk(39)/(K02+xk(39))) * «xk(49)/x-"'(50))/(KX+(xk(49)/xk(50)))) • xk(50);

P(40)= Kh '* etCL~03 * (K02/(K02+Y~(39») '* (xk(43)/(KN03+Y~{43»)) *
(xk(49)/x-k(50))/(KX+(xk(49)/xk(50)))) * xk(50);
P(4l)= Kh * etafe '* (K02/(K02+Y_'.c(39») * (KN03/(KN03+xk(43») *
(xk(491/x-'«50))/(KX+(xk(49)/xk(50)))) * x-k(50);

P(42)= mujl * (Y.k(39)/{K02+xk(39»)) * (Y~(40)/(KF+Y.k(40») * (xk(40)/(xk.(40)+xk.(4l}) *
(x-k(42)/(KNH4+xk(42))) * (xk(44)/(KP+xk(44))) * (xk(46)/(K~.LK+xk(46))) * xk(50);

P(43)= muH * (x-k(39)/(K02+xk(39))1 * (xk(41)/(KA+xk(41))) * (xk(41)/(xk(40J+xk(4l))) *
(xk(42)/(KNH4+x-k(42))) * (x-k(44)/(KP+xk(44))) * (xk(46)/(KALK+xk(46))) * xk(50);

P(44)= muH * etaN03 * (K02/(K02+xk(39») '* (xk(40)/(KF+x..1c{40}}) '*
(xk(40)/(xk(40)+xk(41))) * (xk(42)/(KNH4+y_k(42))1 * (xk(43)/(KN03+yJ«431)) *

(xk(46)/(K..~.LK+x.~(46») *' y_'.c(50);
P{45}= rnuH * etaN03 '* (K02/(K02+xk(39}») * (Y~(41)/(K..;+x.'lc(41)}) *
(xk(41)/(xk(40)+xk(41))) * (x-k(42)/(KNH4+xk(42))) * (xk(43)/IKN03+xk(43))) *

(xk(46)/{K..JU.K+xk.(46»)* (xk.(44)/(KP+xk(44») * xk(SO};
P(46)= qfe * (K02/(K02+x-1::(39))) * (KN03/(KN03+xk(43))) • (xk(40)/(Kre+xk(40))) •

(xk(46)/(KALK+x-,(46)))* xk(50);

P(47)= bH *' xk.(SO);
P(48)= qPHA * (xk(41)/(KA+xk(41))) * (xk(46)/(K.",LK+xk(46)) *

( (xk (52) 1x-1<: (51) )f (KFP+ (xk (52) /x-k (51) ) )) * xk (51) ;

P(49)= qPP *' (xk{39)/(K02+xk(39») '* (xk(44)/{KPS+YJ«44)}) *' (xk(46}/(KALK+xk(46))) ;,­
( (xk (53) hd«51) ) / (KPF-A+ (xk (53) /Y_k (51) ) )) * (KK",X- (xk (52) /xk (511 ) ) / (KPP+K"AX­

(y_1c(52)/x..'-c(51}») '* x.k(5l) i

peso)= rnuPAO ,.. (xk(39)/{K02+xk(39}}) '* (xk(42)/(KNH4+xk(42»)) *' (xk(46)/(KALK+xk(46))*
(x-'«44I/(KP+xk(44I)1 * «xk(53)lxk(51))/IKPF-A+(xk(531!Y_,(51)1)) * xk(51);

P(Sl)= bPAO * xk..(Sl} '* (xk.(46)/(K1l-.LK+xk(46}»);
P(52)= bPP * xk(S2} '* (xk(46)/(K;LK+xk(46}});
P(53)= b:PH.Z',. * y_'k:.(S3) *' (xk{46)/ (YJ..LK+xk.(45»);
P(54)= rnuAOT * (xk(39}/(K02+xJc(39»} *' (x.'lc(42}/(KN"""d4+xk(42))) * (xk(44)/(KP+y..k(44))) *
(xk(46) j (KJ!...LK+x..l.:(46») * xk{S4);
P(SS}= bAUT * xk.(54);
P(56}= kPRE * xk(44) * xk.(55};
P(S7)= kR3D *' Y~{S7) *' (xk(46)/(?~+xk\46)});

P = [PCl) F(2) P(3) P(4} pes) P(5l P(7) PCS} pe9} P(lO) P(11) P(12) P(13} P(14) P(lS)
F(16) P(17) P(18) P(19) P(20) P(21) P(22) P(23) P(24) P(25) P(26) P(27) P(28) P(29)

P(30) P(31) P(32) P(33) P(34) P(35) P(36) P(37) P(38) P(39) P(40) P(411 P(42) P(43)

P(44) P(4S} P(46) P(47) P(48) P(49) peSO} P(51) P(S2} P(S3) P(54) P(55) P(55} P(57)] 'i
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F.3: MATLAS script file - PJ'ASM2R.m

M-File: P I~Z3M2R.2

% ========================== M-FILE DESCRI?TION ===========================

9~ modeI

function Pk = P_F._;ll,.SM2R(zk,u.~,XHk,XJ:._UTk/XPAOk,S]:'..LKk)

globel fSI YH tXI YPQ4 yp~~ iPBM YA i~~M Kh etaN03 etafe muH qfe bH qPF-A qPP muPAO bPAO
bpp bPF..A mw._UT hp,._UT kPRE k..~ED K02 KX KN03 KF Th"rH4 KALK KA Kfe KPP KPS KP KPfI..A KIPP Kr"I~.x

P(l)~ (uk(1)/(K02+uk(1») • «zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» • XHk(l);

P(Z)= et~~03 * (K02/(K02+u.~(1») * (zk{4)/(KN03+zk(4») *
«zk(6) /XHk(l» / (KX+ (zk (6) /XHk(l)) • XHk(l);

P(3)= e t afe * (KOZ/(K02+uk{1») * (f'2103!(:E&03+zk(4») *
«zk(6)/XFJ«1)}/(KX+(zk(6)/XHk(1) I»~ • XHk(l);
P(4)~ (uk(1)/(K02+uk(1») • (zk(l)/(KF+zk(l») • (zk(1)/(zk(1)+Zk(2}» •

(zk(3}/(B~~~4+zk(3}» • (zk(5)/(KP+zk(5») • (SALKk(l)/(KALK+SALKk(l)) • XHk(l);
P(5)~ (uk(1)/(K02+uk(1»} • (zk(2)/(KA+zk(2)}) • (zk(2)/(zk(l}+zk(2)}} •

(zk(3)/(KNH4+zk(3})} • (zk(5)/(KP+zk(S») • (S~LKk(l)/(~LK+SALK~(l»)) • XHk(l);

P(6)~ eta..1Il03 • (K02/(K02+uk(1)) • (zk(l)/(KF+zk(l») • (zk(1)/(zk(1)+zk(2») •

(zk(3)/(~~4+zk{3») * (zk{4:)/{KN03+zk(4»} * (SJ:...LK~{l)/(~..LK+SF.LK~(l») * XHk(l);
P(7)~ eta..1Il03· (K02/(K02+uk(1») • (zk(2)/(KA+zk(2») • (zk(2)/(zk(1)+zk(2») •

(zk(3)/(KNH4+zk(3})} • (zk(4)/(KN03+zk(4}) • (S~LKk(l)/(KALK+SALKk(l))'

(zk(5)/(KP+zk(5»} • XHk(l);
P(S)~ (K02/(K02+uk(1»} • (KN03/(KN03+zk(4») • (zk(l)/(Kfe+zk(l») •

(SALKk(l)/(F_~K+SALKk(l})}' XHk(l);

P(9)~ (zk(2)/(K"+zk(2)}} • (S~LKk(l)/(K'LK+SALKk(l») •

«zk(7)/XPAOk(1)/(KPP+(zk(7I/XPAOk(11»1 • XP~_Ok(ll;

P(lO)= (u..~(l)/(K02+uk(1») ;,- (zk{S)/(KPS+zk(S») * (SJ..LKk(l)/(KALK+SF-.LKk(l») *
«zk(8)/XPAOk(1»/(KPF_"+(zk(S)/XPAOk(11I}1 • «K~JLX-(zk(7)/XPAOk(11) I/(KPP+K¥""X-

(zk(7)/XPP-_Ok(1»» ;,- XPAOk(l);
P(ll)= (u..~(1)/(K02+~~{1») ;,- (zk{3)/(K~~~4+zk(3») * {SALKk(l)/(KALK+SF-.LKk(l»);'­

(zk(5}/(KP+zk(5»} • «zk(8)/XP'-Ok(1»/(KPH~_+(zk(81/XP_'Dk(l)I) • XPAOk(l);

P(12)= (uJdl)/(K02+uk(l») * (zk(3)/(K:N'"r£4+zk(3») * (zk(S)/(KP+zk(S)}} *
(SALK~{l)/(KAL-X+SALY~(l»)) * ~~UTk{l);

Plk = [[P (1) P(2) P (3) 0 0 0 0 0 0 0 0 0 1 ;
[0 0 0 P (4) P(5) P(61 P (7) 0 0 0 0 0 1 ;
[0 0 0 0 0 0 0 P (a) 0 0 0 0 1 ;
[0 0 0 0 0 0 0 0 P (9) 0 0 0 ] ;

[0 0 0 0 0 0 0 0 0 P ri o: 0 0 ] ;

[0 0 0 0 0 0 0 0 0 0 P(11) 0 ] ;

[0 0 0 0 0 0 0 0 0 0 0 P (121] J ;

:;>.NI< 2
P(13I~ (uk(21/(K02+uk(2)1) • «zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» • XHk(2);

P(14)= et~~03 * (KOZ!(K02+uk{2») * (zk(12)/(KN03+zk(12») ;,­

«zk(14)/XHk(2»)!(KX+(zk(14)/XH..'t<.(2»)} * XHk(2);

P(15)= etafe * (K02/(K02+uk{Z») ;,- (KN03/{K~03+zk{12))) *
«zk(14J/xrr..k(2»/{KX+(zk(14}/XHk(2»» * XHk(2);
P(16)= (uk(2)/(K02+u.."k.(2}» * (zk(9)/(KF+zk(9)) * (zk(9)/{zk(9)+zk(lO»} *
(zk{11)/{~d4+zk(11») * (zk(13}/(KP+zk(13»)) * (S~Kk{2)/(Y~~K+SP..LKk(2») ;,- XEk(Z);

P(17)= (u..~(2)/(K02+uk{2») * (zk(lO)/(KA+zk(lO»} * (zk{lOl!(zk(9)+zk(lO»} *
(zk(11)/{KN:~4+zk(11)) * (zk(13l/{KP+zk(13») ;,- (SALKk{2)/{K~K+SALKk(2») * XEk(2);

P(18}= et~l\I03 * (K02!{K02+uk(2)}) '* (zk(9)!(KF+zk(9») * (zk(9)/(zk(9)+zkClO») *
(zk(ll)/ (f~~4+zk(11») ;,- {zk(12}! (KN03+zk(12»} * (SALKk(2}/(Y_~LK+SALK~(2l» * XE~(2);

P(19)= e csjcoa * (KOZ/(K02+uk(2») * (zk(lO}!{K..~+zk(lO)}) * (zk(lO)/(zk(9}+zk(lO»)) *
(zk(ll)/ (~2T-~4+zk(11}» *" (zk(12)/ (KN03+zk(12)} * (SAL~~(2)!(KALK+SAL~~(2}»*

(zk (13) / (KP+zk(13»)) *" XHk(2);
P(20) = (K02/ (K02+uk(2»)) *" (KN03/ (KN03+zk(12») ;,- (zk(9) / (Kfe-e z k t s j ) ) *"
(S~-LK..~{2)!(K..~LK+SAL-~~(2»)* XEk(2);
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P(21)= (zk(lO)/(K~+zk(lO») * (SALKk(2)/(KALK+SALKkI2») *

«XPAOk(2)/XPAOk(2»/(KPP+(XPAOk(2)/XPAOk(2»» * XPAOk(2);
P(22}= (uk(2}!(K02+uk(2») 7: (zk(13)/{KPS+zkC13)}) * (SALKk(Z)! (~LK+S~LKk(2))) *
«zk(16)/XPAOk(2»/IKPHA+(zk(16)/XPAOk(2»» * «~AX-IXPAOkI2)/XPAOk(2»)/(KPP+K>lkX-

(XPAOk(2)/XPAOk(2) i»~ * XPAOk(2);

F(23)= (~~(2)/{K02+~~(2») * (zk(11)/(KNH4+zkCll») * {SALKk(2)/(~LK+SALKk(2} »*
Izk(13)/IKP+zk(13»)) * «zkI16)/XPAOk(2)/(KPHM(zkI16)/XPAOk(2)))) * XPAOk(2);

P(24)= (uk.(2)/(K02+u..'I.:.(2}» ;,. (zk(11)/(KNTrl4+zk(11}» * (zk(13}/{KP+zk(13») *
ISALKk(2)/IKALK+SALKk(2))) * L~UTk(2);

P2k = [[P (13) P(14} P (IS) 0 0 0 0 0 0 0 0 0] ;

[0 0 0 P (16) P (17) pelS) P(19) 0 0 0 0 OJ ;
[0 0 0 0 0 0 0 P 12 0) 0 0 0 0] ;

[0 0 0 0 0 0 0 0 PUll 0 0 OJ ;

[0 0 0 0 0 0 0 0 0 P (22) 0 OJ;
[0 0 0 0 0 0 0 0 0 0 P(23) 0] ;

[0 0 0 0 0 0 0 0 0 0 0 P(24) J J ;

% T.p-.:ns: 0

PI2S)= luk(3)/(K02+uk(3)) * (lzkI22)/XHk(3)/(KX+lzk(22)/XHkI3)))) * XHk(3);

P(26)= etaN03 * (K02/(K02+uk(3»)) * (zk(20)/(KN03+zk(20))) *

(lzk(22) /XHk(3)) / (K'C+ (zk(22) /XHk(3)))) * XHk(3);

P(27)= etafe * (K02/(K02+uk(3)) * (Kt'03/(K~03+zk(20))) *
Ilzk(22)/XHk(3))/(K'C+(zk(22)/XHkI3)))) • XHk(3);

P(28)= (u.~(3)/{K02+uk(3») * (zk(17}/(KF+zk(17») ... (zk(17)/(zk{17)+zk(18») *
(zk(19)/(Ktnf'+zk(19))) * (zk(21)/IKP+zkI21)) * ISALKk(3)/ lKALK+SALKk(3))) • XHk(3);
P(29)= luk(3)/IK02+uk(3))) • Izk(18)/IK~+zkI18»)) * (zk(18)/(zkI17)+zkIl8))) *

(zk(19)/(Ktnf4+ZkI19))) • (zkl21)/(KP+zkI21)) • ISALKk(3)/(L'lLK+SALKk(3)) * XHk(3);

P(30)= eta...l'I03 * (KOZ!(K02+uk(3») * (zk(17)!(KF+zk(l7») * (zk(17)/{zk(l7)+zk(18») *
(zk(19)/(Ktnf4+zkI19))) * (zk(20)/IK~03+zk(20)) • (SALKkI3)/(L~LK+S~.LKkI3») • XHk(3);

PC3l)= eta...N"03 * (KOZ!(K02+uk(3») * (zk(18)/(KA+zk(lB») ... (zk(18)!(zk{17}+zk(18») •

Izk(19)/ (Kb"H4+zkI19))) * (zkI20)/IKN03+zkI20))) * (SALKk(3)/(KALK+SALKkI3)))*

(zk(Zl)!(KP+zk(21)}) • XHk(3);
P(32}= (K02!(K02+uk(3») • (KN03/(KN03+zk(20») * (zk(17)/(Kfe+zk(17») •

(SALKk(3)/(K~LK+SALKk(3»))· XEk{3);
P(33) = (zk(lS) / (KA+zk(lS»)) • (S~.LKk(3) / (L'.LK+SALKkI3))) *

((XPF.Dk(3)/XPF.Dk(3)/{KPP+(XPAOk(3)/XPAOk(3»)) * XPAOk(3) i

P(34)= (uk(3)/(K02+uk(3))) * IzkI21}/(KPS+zkI21))} • (S.'lLKkI3)/(L'.LK+SALKk(3)}) •

Ilzk(24)/XPAOk(3))/(KPHA+(zk(24)/XPAOkI3)))) * «~~~-(XPAOkI3)/XPAOk(3) »)/IKPP+KM~~­

(XPAOkI3)/XPAOkI3)))) * XP~.Ok(3);

P(35)= (uk(3)!(K02+uk(3)) • (zk(19)/(~n4+zk(l9)}) • (SALKk(3)!(KALK+SALKk{3»))·

(zk(21)/{KP+zk(Zl») >< (zk(24)/XP.Zl..Ok(3})!(KPp"...a.+{zk(24}!XPAOk(3)}» • XPAOk(3);

P{36}= (u.."lc{3)/(K02+uk(3») • (zk(19)/{KNH4+zk(19»)} * (zk(2U/(KP+zk(21)) *
(SALKkI3)/(KALK+SALKk(3))) • ~.UTk(3);

P3k = [[P 12S) P(26) P (27) 0 0 0 0 0 0 0 0 0) ;

[0 0 0 P(28} P (29) P (30) P (31) 0 0 0 0 0] i

[0 0 0 0 0 0 0 P(32) 0 0 0 0) z
[0 0 0 0 0 0 0 0 P (33) 0 0 0) ;

[0 0 0 0 0 0 0 0 0 P (34) 0 0] ;

[0 0 0 0 0 0 0 0 0 0 P (35) 0] i

[0 0 0 0 0 0 0 0 0 0 0 P(36)J);

"s:-la.~:r~x Pk f c.r t ne who Le ::'l:::-C~S3

Pk = [Plk'; P2k '; P3k'];

F.4: MATLAB script file - P_AASM2RE.m

\1- File:
========================== -?=~~ ~~~=~:?==C'; ===========================

mcce.;
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% Des cr i.pt.Lon ~,~ t.he func t i.cn .,..".,.,,~.,..., ,...,'"'
~ c.,""~ '--~·~L"

function Pk =

P_A-~M2RE(zk/uk,XHkIXATITk,XPAOk,SALJjk,k~ek,m~qek,qfeek,gPHAek,qppek,muPAOek,muAUTek)

global fSI YH fXI YP04 YPHA iPBM YA iNBM Kh etaN03 etafe muH qfe bH qPHA qPP muPAO bPAO
bpP bPF.A muAUT bATIT kPRE k-R.ED K02 K...X KN03 KF I-a:.'":-:l:4 K.l>LK K.~ Kfe KPP KPS KP KPF.A KIPP Kl111LX

P(l}= LBek· (Q~(l}/(K02+uk(l}}) • «zk(6}/Y~k(1)}/(KX+(zk(6)/XHk(l}}» • XHk(l);
P(2)= kHek * ecaxo s * (K02/(K02+uk(1») * (zk(4)/(IOl"03+zk(4») *
«zk(6)/JLBk(1»/(KX+(zk(6}/XHkll»}) * XHk(l);
P(3)= kHek * etafe * (K02/(K02+uk{1») * (KN03/(KN03+zk(4») *
«zk(6)/XH..'.c(l»/(KX+(zk(6}!XF-k(l»» * XHk(l);
P(4)= muHek * (uk(1)/(K02+uk(1») * {zk(l)!(KP+zk(l») * (zk(1)!(zk(1)+zk(2») ".
(zk(3)/(~;:4+zk{3») * (zk(5)!{KP+zk(5») '* (SALKk(l)/(KALK+S~LKk(l») * XHk{l) i

PIS}= muHek * luk(1)/(K02+uk(1)}} * Izk(2}/(KA+zkI2»} * (zk(2)/(zk(1)+Zk(2») *
Izk(3)/IKNH4+zk(3») • (zk(S}/(KP+zkIS}}) * ISAL'Ck(l)/IKALK+SALYxll») * XHkll);
P(6}= tnu.Hek * etaJm3 '* (K02/{K02+uk(l») * (zk(l)/(KF+zk(l») * (zk(1)/(zk(1)+zk(2») *
(zk(3)!(KNH4+zk{3») * (zk{4)!(KN03+zk(4)}} * (SALK~(l)/(K~LK+S~LKk(l») * XHk(l);
P(?)= muHek * eta.~03 * (K02/{K02+uk(l») * (zk{Z)/(KA+zk(2») * (zk(2)/(zk(1)+zk(2}» *
(zk(3)!(KNH4+zk(3») '* (zk(4}!{KN03+zk(4») * (S_~Kk(l)/(F~LK+S~LKk(l»)*

(zk(S)/IKP+zk(S}}) * XHk(l);
P{S)= gfeek * (K02/{K02+uk(l)}) * (KN03!(KN03+zk(4»)) * (zk{l)/ (Kfe+zk(l») *
(SALKk(l)/(KALK+SALK~(l}»* XHk{l) i

P(9)= qPF~;ek * (zk(2)/(K...~+zk{2») * (SFLKk(l)/(KALK+S~LK...~(l») *
Ilzk(7)/XPAOk(l})/(KPP+(zkI7}/XPAOklll}» * XPAOk(l);
P(10)= qppek * (uk(1)/(K02+uk(1)}) * (zk(S}/IKPS+zk(S») * ISALKk(l)/(KALK+S~-LKkll)}) *
«zk(S)/XPAOk{l»/{KPF_~+{zk(S)/XPAOk(l») * «(K~_~X-(zk(?)/XPAOk(l)} )!(KPp+n·fAX-
(zk(7)/XPAOk(1))» * XPAOkll);
P(ll)= muPAOek '* (uk(1)/{K02+~~(1») * (zk(3)/(K1rcl4+zk(3») *
(SALKk(l)/(K~LK+SALKk(l»)'* (zk(5l/(KP+zk(5)}) *
«zk(8)/XF_'Dkll»/(KPf'-A+lzk(8)/XPAOk(1»» * XPAOk(l);
P(12)= muAUTek I (~~(1)!(K02+uk(1») * (zk(3)/(KhTH4+zk(3») '* (zk(5l/(KP+zk(5») *
(SALKkll)/(KALK+SALKkll») * Y-AUTkll);

~. TAU!:< 2
P(13)= k He k * (uk(2}/IK02+uk(2») * «zkI14}/XEk(2»/(Y-X+(zkl14)/XHkI2»» * XHk(2);
P(14)= kHek * etaN03 '* (KOZ/ (K02+tLl{{2)) * (zk(l2) / (KN03+zk(12))) *
«zk(14)/XHk(2})/(YJC+(zk(14)/XEkI2)}» * XHk(2);
P(15)= kHek * etafe * (KOZ!(KOZ+uk(2)}) * (KN03!(KN03+zk(lZ»)) *
«zk(14)/~Bk(2})/(KX+(zk(14)/~~k(2)}» * Y_Bk(2);
P(16)= muxek * (uk(2)/(K02+uk(2») * (zkI9)/(KF+zk(9») * (zk(9)/(zkI9)+zk(10») *
(zk{ll)/{K~;rI1:4+zk(11») * (zk(13)!(KP+zk(l3») '* (SALKk(2)/(:KALK+SJ.LKk(2») * X!1k(2);
P(l?)= mujtek * (tLl{(Z)/(K02+uk(2)) * (zk(lO)!{:KA+zk(lO») * (zk{lO)/(zk(9)+zk(lO») *
(zk(ll)/{KN:>-l:4+zk(11») * (zk{13)!(KP+zk{l3»} * (SAL!<k(2)/(K..~K+SP-LKk(2)l) * XHk(2);
P(18)= mujtek * etaN03 * (K02!(K02+tL1.:.(2») * (zk(9)/(KF+zk(9») * (zk(9)/(zk(9)+zko..O»))
* (zk(11)!{:Ern"H4+zk(11)) * (zk{l2)/(KN'03+zk(l2») * (SALKk(2)!(KALK+SF.LKk(2») *
XHk(2) ;
P(19)= m~qek '* etaN03 I (K02/(KOZ+uk(2») * (zk(lO)/(~++zk(lO») *
(zk(lO)/(zk(9}+zk(lO»} * (zk{ll)!(KN}{4+zk(ll») * (zk(12)/(KN03+zk(lZ») *
(SALKk(2)/(K..~LK+SALY~(2}»* (zk(13)/(KP+zk(13)}) * XHk(2);
P(20)= qfeek * (K02/(K02+tL'k.:.(Z») * (F2103/(KN03+zk{l2)) * (zk(9)/(Kfe+zk(S») *
(SALKk(2)/(F~LK+SALK~(2»)* XHk(2);
P(2l)= crPP.Aek '* (zk(lO)!(K...~+zk(lO}» * (SALKk(2)!(KF-LK+SP.LK.'-:{2») *
«XPMk(2)/XP~DkI2»/(KPP+(XPAOkI2)/XPAOk(2»» * XPAOk(2);
P(22)= qppek * (tL1.:.(2)/(K02+uk(2») * (zk(13)!(KPS+zk(13)) * (SF.LK...1.:.(2)/(K~.LK+SF~Kk(2»)

'* «(zk(16)/XPAOk(2»/(KPaA+(zk(16)/XPAOk(2»») * ((K~~-(XPAOk(2)!XPAOk{2}})/{KPP+K~~~~­

{XPAOk(2)/XPAOk(2) »)) * XPAOk(2)i
P{23)= muPAOek * (tL~(2)!(K02+uk(2») '* (zk(11)/(KN:~4+zk(11)) *
(SP-LK.1.:.{2)/(~_LK+SALK..~(2»)* (zk{13)/(KP+zk(13») I

«(zk(16l !XPAOk(2»)/(KPHA+{zk(16) !XPAOk(2» » * XPAOk(2) i

P(24)= muat-rek '* (uk(2}/(K02+~1.:(2») * (zk(ll)/C:KN::~4+zk(ll)) '* (zk(13)/(KP+zk(13)) *
IS~JCKk(2)/(KALK+SALKk(2)) * XAUTk(2);

P(25)= kHek * (uk(3)!(K02+uk(3») * «zk(22)/XRk(3»/(K...X+(zk(22)!X¥J«3»» * XHk(3);
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P(26}; kHek w etaN03 I (K02/(K02+Q~(3)}) I (zk(20)/(KN03+zk{ZO}» w
«zk(22)/XHk(3)/(KX+lzkI22)/XHk(3»)) * XHk(3) ;

P{Z?)= kHek * etafe ;,. (KOZ/(KOZ+uk(3») ;,. (KN03/ (KN03+zk(ZO») ;,.

(lzk(22)/XHk(3»/IKX+lzk(22)/XHk(3»» * XHkI3) ;
P(Z8)= muHek *" (uk(3)j(K02+uk(3») * (zk(17)/(KF+zk(1?») * (zk(1?)/(zk(17)+zk(18)) *
(zk(19)/(!Q>,,'H4+zk(19») * (zk(21)/(KP+zk(Zl») * (SAT,Kk(3)/{K?;LK+SALKk(3») .... XHk(3) i

P(Z9)= muxek '* (uk(3)/{K02+uk(3») '* (zk(18)/(KA+zk(18») * (zk(18)/{zk(l7}+zk(l8))) '*
Izk(19)/(KNH4+zk(19))) * (zkI21)/IKP+zk(21)) * ISALKk(3)/(Kl'.LK+SALKk(3»)) * XHkI3) ;

P(30)= mujtek * etaN03 '* (KOZ/(KOZ+u..'lc{3») *" (zk(1?)/(KF+zk{17») *
(zk(17)/(zk(17)+zk(18») '* (zk(19)/(KN"H4+zk(19)) *" (zk(20)/(KN03+zk(ZO») '*
(S~.LKk(3)/("'JCK+SALF~(3») * XHkI3) ;
P(31)= muHek * etaN03 * (K02/(KOZ+uk{3») *" (zk(18)/(IC~+zk(18») *"
(zk(18)/(zk(17)+Zk(18))) * (zk(19)/IKNH4+zkI19») * (zk(20)/IKN03+zk(20)) *
ISALKk(3)/(KALK+SALKkI3»)* (zk(21)/(KP+Zk(21))) * lGlkl3) ;

PI32)= gfeek * (K02/(K02+uk(3))) * (KN03/IKN03+zk(20») * (zkI17)/(Kfe+zk(17)) *
(SALKk(3)/IKALK+SALKkI3»)* XHk(3) ;

P(33)= qPF.Aek 'it (zk(18)/(KA+zk(18)) '* (SJ...LKk(3)/(K..:;LK+SALKk(3») *"
IIXPAOk(3)/XPAOk(3»/(KPP+(XPAOkI3)/XPAOkI3)))) * XPAOk(3);
P(34)= qPPek '* (uk(3)/{KOZ+uk{3»)) ;,. (zk{21)/{KPS+zk(21») ;,. (SJ.LYJ<{3)/(Y~~LK+SALK~(3»}

* «zk(24)/XPAOk(3) )/IKPF~~+(zk(24)/XPAOk(3)))) * «KMAX-(XPAOk(3)/XPAOk(3)))/IKPP+KYp~­

(XPAOk{3)/XPAOk(3) }» '* XPAOk(3)i
P(35)= muPAOek '* (ukU)/{K02+uk(3») w (zk(l9)/(KN:"f4+zk(19») ::ir

(SALKk (3) / (KP-_LK+SALYJ<:(3) ) ) '* (zk (Zl) / (KP+zk (Zl) » '*
l(zk(24)/XPAOkI3»/(KPHA+(zk(24)/XPAOk(3»))) * XPAOkI3);
P(36)= m1..L~UTek;" (uk(3)/(KOZ+u.'lc{3») * (zk(19}!{P2IH4+zk(l9») *" (zk(21)/(KP+zk{21)}) *"
ISALKk(3)/(KALK+SALKk(3») * YP-UTk(3);

Pk = [P(l) P(2) P13) P(4) P(5) P16) P(7) P(8) P19) P(10) P(l1) P(12) PI13) P114) P115)
P(16) P(l7) P(18) P(19) P(20) P(21) P(22) P(23) P(24) P(2S) P(26) P(27) P(Z8) P(29)

P(30) P(31) P(32) P(33) P(34) P(35) P(36)!';
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APPENDIX G: DEVELOPED TLAB CODE FOR
ATHlONE Pl","NT WITH THE ACTIVATED SLUDGE M,)[lEI

G.1: MATLA8 script tHe - AASrv12d_Simuiation.m

CONTROL OF THE

========================== M-FILE DESCRI?TIC ===~=======================

~ This m-Li Le is used for;
-% S'imuLat.Lon of t.he At.h.Lone plant usinq full ASt·12d modeI

Calculation of ~he p2~a~eters for the reduced AS~I2~ Dodel
S'i.mu La t i.on of t.he At.h l "'''Q plant us i.nc the reduce d :'~'.::::J. neue

clear 2.1..-'­

cle

\ ========================== PAP~~1ET22 DEFI!;ITICK =~====================~==

; DecLa r at.i.cn c f the o LobeI va r i acLe s
global fSI YH fXI YP04 YPF~~ iPBM YA iNBM Kh etaN03 etafe muH qfe bH qPHA
global qPP muPAO bPAO bPP bPHA. muAUT bAUT kPRE kRED K02 KX KN03 KF KN'"24
glob31 ~~ KA Kfe KPP KPS KP KPHA KIPP nft~_x

Kl = 11;

DT = 0.0104:2;

fSI
YH
fX!
YP04

YPH."t;.

iPBM

YA
i}.'E!M

0.0;

0.625;
0.10 ;
0.40 ;
0.20 ;

0.02 ;
0.24:;

0.07 ;

Kh
etaN03
etafe
fiuH

qfe
bH
qPHP-_

qPP
muPAO
bPAQ
bPP
bPHA
ffi'..l...;!!,.lJT

bAUT
kPRE
kRED

3 ;
0.8;
0.4:0;

0.6;

3 r
0.4;

3;
1. 5;
1;
0.2;
0.2;
0.2;
1;
0.15 ;

1;
0.6;

K02
KX

IQJ03

:KF

K-1',LK

L"
Kfe
KPP
KPS
KP
KPF...A

0.2;
0.1 ;
0.5;
4;
0.05;
a.l ;
4;
20;
Q. 0 1;

0.20;

o.01;
0.01;
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RIFF
KMAX

0.02;
0.34;

% Initialization of the Ath one process data
VI 1148; % Tank -ro U..me
V2 1148; % Tank v c ume
V3 5273; % Tank vc UTE

Waste flow rate (3840)
~ flew through the tank 1

* Recycled flow ra~e fro~

% Recycled flow ra~e £ros
% ?ecycled flow rate from

'.5 Influent

tank 2
t.en k ..:'

tank 3
t.an k 2
thE sec:t.l.er

rate

% flow through the
% flow thro~gh ~he

Qa + Qr;

40003;

39916.8;
39916.8;
40003;

38400.0;
Qp + QO;
Qp + QO +
Q2 ;

QO
Qa
Qp
Qr
Qw
Ql
Q2
Q3

% Coe f.i c i.en't. for f r ac t.Lon of flo'..r rates for the particulate materials
LAMBDA = (Qp+QO+Qr-Qw)/(Qr);

% Oxygen parameters
SOsat
KLa

8 ;

4.8; 's Oxygen transfer function . - 'I'an l:

~ ============================= PROCESS MODEl" =============================
% Calculation of the MATRIX A
% Matrix A represent weighting factors of the a cuxulated state variables
% f r cm different. f Lcws t.cv..a r ds s t at;e ve r i.ab Le s n each t.enk 3S de r i.ved

through mass balance principles, see chapter of t.he Thesis
IVl
IV2
IV3

DT/ VI; IV11
DT/ V2; IV22
DT/ V3; IV33

IVI * Ql; All
IV2 * Q2; A22
IV3 * Q3i A33

1 - IV!!;
I ~ IV22i
1 - IV33;

A12 IVI * Qp;
A23a = IV2 * (Qa + Qr);
~23b = IV2 * (Qa + LAMBDA*Qr);
A2l IV2*Q1i
A32 IV3'"'Q2;

All
AI2
Al3

All * oneS(I,19); All
A12 * oneS(1,19); A12
zeros (19,19) ;

diag(All) i
diag (AI2) ;

diag(A21) ;
diag (A22) i

A2l * ones{1,19); A21
A22 * ones{1,19); A22

A2I
A22
A23
[A23a,A23a,A23a,A23a,A23a,A23a,A23a,A23a,A23a,A23b,A23b,A23b,A23b,A23b,A23b,A23b,A23b,A
23b,A23bJ;
A23 diag{A23);

A31
A32
A33

zeros (19, 19) ;
A32 * ones(I,19}; A32
A33 * ones(I,19); A33

diag (A32) ;
diag(A33} ;

A [All A1.2 A13; A2I 10-_22 ~23; 10-.31 A32 A33J i

a Ha t r i.x 8 r ep.re s ent; weighting f ac t.o r s ..)f t.he s t.a t.e vez i abLe s t cwe rds t.he
t .inf l.uen t. ...sa stewat.e r ccrnpc s Lt i cn as de r i ved t h r cuqh me s s b a Lance

~ ~rinciples, see chapter 3 of the Thesis
IVO DT/ VI*QOi
BII = Iva * ones(1,19}; Ell = diag(Bll};

B [BIl; zeros(38,19)];
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% Matri~: C represent weighting factors of the state vcriables towards the
% processss on th~ ASMI matriz table
ec=[[o 1 0 0 0.01 000 0.0010 -1 a a a 0 0 -0.75 0 OJ;

[0 10 00.01 0 a a 0.001 a -10 00 a 0 ~0.75 0 0];
[0 10 00.01 0 a 0 0.001 a -10 00 0 0 -0.75 a O};

[-0.6 -1.6 0 0 -0.022 0 a -0.004 -0.001 a a 1 a 0 0 00.9 0 0];

[-0.6 a -1.6 a -0.07 a a ~O.02 0.021 a a 1 a a a a 0.9 a a};
[0 -1.6 0 0 -0.022 0.21 -0.21 -0.004 0.014 0 0 100 00 0.9 0 0];

[0 a -1.6 a -0.07 0.21 -0.21 -0.02 0.036 a 0 1 0 0 0 0 0.9 0 O};
[0 -11 0 0.03 0 0 0.01 -0.014 0 0 a 000 0 0 0 0];
[0 0 0 0 0.031 0 0 0.01 0.002 0.1 0.9 -1 0 a a a -0.15 0 01;
[0 0 -1 a a 0 0 0.4 0.009 0 0 a 0 -0.4 1 0 -0.69 0 0] i

[-0.2 0 a 0 0 a 0 -10.016 000 0 1 ~0.2 0 3.11 0 OJi
[0 a a 00 0.07 -0.07 -1 0.021 a 0 a a 1 -0.2 a 3.11 0 a};
[-0.6 0 0 0 -0.070 0 -0.02 -0.004 0 0 0 10 -1.6 0 -0.060 OJ;
[0 0 a 0 -0.07 0.21 -0.21 -0.02 0.011 0 0 0 1 0 -1.6 0 ~0.06 a O};
[0 0 (1 00.0310 0 0.010 ..0020.10.9 0 -1 0 0 0 -0.150 ali
[0 0 a 00 0 01 -0.016 a 000 -10 0 -3.23 a O}
[0 01 0 a 0 0 0 -0.0160 0 a 0 0 -1 0 -0.6 0 01;
[-18 000 -4.24 04.17 -0.02 -0.6 a 0 a a 0 a 1 0.9 0 01;
[0 00 00.0310 0 0.01 0.002 0.1 0.9 0 a a a -1 -0.15 a a};
[0 0 a 00 0 0 -1 0.048 0 a 0 0 0 0 0 1.42 -3.45 4.871;
[0 0000 a 01 -0.048 0 0 0 0 a 0 0 -1.42 3.45 -4.87];1

C DT*[CC ae ros tz i.c aa r , aeros Iz t i i s j CC zeros(21,19) i zeros(21,38) ccj i

% ============================ SIMULATION DATA =======================~===~

% Average values of the inflow concentrations L2sed cn the dry weather file
S02i
SP04i
XSi
xxrrr;

o. 0;
3.6;
202.32;
0.0;

SFi
sri
XHi
XTSSi

30;
30;
28.17;
180;

SAi 20; SN:...J:4i 31. 56; SN03i 0.0;
SALKi 7; SN2i 6.95; Xli 51.2;
XPAoi 0.0; xppi 0.0; XPHAi 0.0;
XMeOHi 0.0; x..MePi 0.0 ;

2.8082131e+OO;
3.6;
1:2166405e+00;
2.5517658e+03;

1.4838943e+02;

xi; [SOzi*ones{l,Kl) i sFi*ones(l,Kl); SAi*ones{l,Kl); SNH4i*ones(1,Kl) i

SN03i*ones(1.Kl); SP04i*ones(1.Kl); SIi*ones(l,Kl); SALKi*ones{l,Kl);
SN2i*ones{l.K1); Xli*ones(1,K1); xSi*ones(1,K1); XHi*ones{l,Kl);
XPAOi*ones(1.K1); Xppi*ones{1,Kl); XPHAi*ones(1, K1) ; XAUTi*ones{l,K1);
xTSSi*ones(1,K1); XMeOHi*ones(l,Kl); XMePi*ones(l,Kl}};

'5 va Lues of the initial cond.i t.lCLS

oj. For tank 1
S02_1 4.2984433e-03; SF_l 2.8082131e+00; SA_l
SNH4_1 7.9178845e+00; SN03 1 5.3699400e+00; SP04_1
S1_1 3.0000000e+01; SALK_I 4.9277103e+00; SN2_1
XI_1 1.149125Ze+03; XS_l 8.2134908e+Ol; XH 1
XPAO_1 0.1; XPP_1 0.1; XPHA_l = 0.1; XAUT_1
XTS8 1 180;XMeOH_l = O.l;~MeP_I = 0.1;
x10 ; [802_1; SF_I; SA_I; SNH4_1; SN03_1; SP04_1; SI~l; SALK_I; SN2_1;

XI_I; XS_l; XH_l; XPAO_1; XPP_1; XPHA_l; XAUT_l; XTSS_l; x..~eOH_1;

XMep_l} ;

% Fer tank 2
802_2 6.3131911e-05; SF_2 1.4587940e+00; SA 2 1.4587940e+OO;
SWd4_2 8.3444148e+OO; SN03 2 3.6619672e+00; SP04_2 3.6;
SI_2 3.0000000e+Ol; S~~_2 5.0801748e+00; SN2_2 8.8Z06477e-01i
XI_2 1.1491252e+03; XS_2 7.6386187e+01; XH_2 2.5533851e+03;
XPAO_2 O.1;XPP~2 0.1; XPHA_2 ; C.1; XAUT_Z = 1.4830914e+02;
XTSS 2 180;XMeOH_2 = 0.1; XMeP_2 = 0.1;
x20 ~ [802_2; SF_Z; SA_2; SNH4_2; SN03_2; SP04_2; S1 2; SALK_2; SN2_2;

XI_2; X5_Z; XH_2; XPAO_2; XPP_2; xpa~_2i x..~UT_2i XTSS 2; XMeOH_2;
XMeP_2] ;

'5 For tank: 3
S02_3
SNH4_3
51 3

1.7183778e+OO; SF_3
5.547945Ze+OO; SN03 3
3.0000000e+01; S~LK_3

1.1495418e+OO; SA_3
6.5408820e+OO; SP04_3
4.6747902e+00i SN2_3
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= 2.5571314e+03i
1.4:894126e+OZi

XI_3 1.1491252e+Q3i XS 3 = 6.4854922e+01i XH_3
XPAO_3 O.li XPP_3 O.li XPF~_3 = O.li XAUT_3
XTSS 3 180; XMeOH_3 = 0.1, XMep_3 = O.li
x30 = (S02_3i SF_3i SA_3i SNH4_3i SN03_3i SP04_3i S1_3i SALK_3i SNZ_3;

XI_3i XS_3i XH_3; XPAO_3i XPP_3i XPHA_3i XAUT_3, XTSS_3i XMeOH_3,
XMeP_3] i

xO = [x10 ix20 ,x30] i

X =- [xO zeros (57 ,K1)] ;

% Steady state simulation CI the ~~~c

for k = l:Kl
xk "" X{:,k}i
xik = xi (: ,k);
Pk = P_~_"SM2dF (xk) ;

Sok [xk(39,1)];
xxk DT*Ia,a* (SOsat-SOk) r
xxlk [zeros(38,l) -xxk t i.) izeros(lS,l}];
x(:,k+1) = A*x(:,k) + C'*Pk + B*xi(:,k} + xxLk ,

end

% Full rrodel response to the steady s~~te influ~nt concentrations
% Te.nY.: 1
figure(l)
subplot (5,4,1) ;plot (X(l,:» r t.Lt Le (' S02 1')
subplot (5,4,2) ;plot (x (2, :) ) ; title ( 'SFI-.)
subplot (5,4, 3) ;plot (X(3,:» r t.Lt.Le (' SF.I')
subplot{5.4,4) rpLo t.Lx Ie , e} ititle(ISNH4 1')
subplot (S,4,5) rp.Lot; (X(5,:»; title (' SNG3~11)
subplot (5, 4: t 6) ;plot (x t s , r ) r t Lt.Le (' Spo-()')
subplot{5,4,7} ;plot tx t r , :» ;title ('SIll)
subplot (5,4,8) ;plot (X{8,:» ;title (' SF.LK1')
subplot (5,4,9) ;plot (X{9,:», title (' SN2~l')
subplot (5, 4,10) ;plot (x (10, :) ) r t.Lt Le ( 'XI1') i

subplot (5,4,11) ;plot (x (II, r ) ) r t.Lt Le ( '}:Sl')
subplot (5. 4,12) ;plot (x(12, :) ) r t.Lt Le (f:<.rIl')
subplot (5,4,13) ;plot (x (13, r ) ) ;title ( 'XPAGl')
subplot (5, 4 ,14) rp Lot; (x I 14, :) ) ;title ( , XE,"-Pl')
subplot (5, 4, 15) ;plot (x(15,:» ;title( 'XPEAl')
subplot{5,4, 16} rpLot; (x(16,:)} r t.Lt.Le ('}:":;'UT1')
xlabel ( I da ac re t.e time k ")
subplot (5,4, 17) iplot{x{17,:» r t.Lt.Le (f:<TSSl')
xlabel ( I discrete time- k "}
subplot (5,4,18) ;plot (x I 18, :) ) r t Lt Le (' :-:11e0111, )
xlabel( 'discrete time k ")
subplot(5,4,19) iplot{x(19,:» ;title{ 'Xtfe P'l ")
xlabel ( •discrete t i.me k ")
set {figure (1) ,'Dame', 'Te.~t 1 steady st~te ~~sults', fD~r~ertitle', 'eff')

';~ Tad: :2
figure (2)
subplot (5,4 ,1) ;plot (x{20, :» r t.Lt.Le ( 'S02_2')
subpLot; (S,4, 2) ;plot (X(21, r } ;title ( I SF2 ')
subplot{S,4,3) ;plot{x(22, e L} r t.Lt.Le I 'SA2')
subplot (5, 4,4) ;plot (x(23. :}) r t.Lt.Le (' SEh4_2')
subplot (5,4:.5) ;plot (x (24, :) ) ; title ( • StJ03_:::")
subplot {5, 4, 6} r p Lo t; (X(25, :» ;title ( ' S?CJ4_2')
subplot (5,4, 7) ;plot (x (26, :» r t.Lt.Le (' S12')
subplot(5,4,8);plot{x(27, :)} ;title(ISF~~2'}

subplot(5,4,9) j p Lo t.Lx Lz a , :» ;title{'Si.J2_2')
subplot (5,4, 10) j p Lot; (x(29, :) ) r t i.t.Le ( 'X12') ;
subplot (5,4,11) rpLot; (x(30, :) ) s t.Lt.Le ( 'XS:::")
subplot (5,4, lZ) rp Lot; (x( 31, e] ) ;title ( 'XH2 I)

subplot (5, 4, 13} j p.Lot; (x(32, : J ) r t Lt Le ('XP;"02' J
subplot{5,4,14) ;plot (x(33,:» r t.Lt Le ('X?F2')
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subplot(5,4,15) ;plot(x(34,:» ;title( 'XPHJ';~2')

subplot(5,4,16) iPlot(x(35,:) )ititle{'~~UT2')

xlabel('discrete time k')
subplot (5,4, 17) rp Lot; (x(36, e) ) r t Lt Le ( 'XTSS2')
xlabel ( "di.s c re t.e time k')
subplot (5,4,18) r p Lot; (x (37, e) ) r t.Lt Le ( '}:r'feOH2' )
xlabel('discrete time ~!)

subplot(5,4,19) ;plot(x(38,:» ititle{ 'XI'1~P2')

xlabel('discret.e time k')
set (figure{2) , 'name', 'Tank 2 steady state res~lts', 'n0~ertitle!,'off')

% Tank 3
figure(3)
subplot (5, 4, 1) r p Lo t; (x(3 9, :» r t.Lt.Le (' 302_3')
subplot (5, 4,2) r p Lo t; (x(40, :) ) j t.Lt t.e (I SF3')
subplot (5,4, 3) r p Lo t; (X(41, :) ) r t.Lt.Le t ' $A3')

subplot (5,4,4) iplot(x(42,:» r t.Lt.Le (' 21-'1H4_3')
subplot (5,4,5) ;plot (x(43,:» ;title (1 SN03_3')
subplot (5, 4,6) r p Lo t; (x(44, :» j t.Lt.Le ( 'SP04_3')
subplot (5,4,7) ;plot {x (45, . ) ;title (' S13')
subplot(5,4,8) iplot(x(46, e ] ititle('SAL:K3')
subplot(5,4,9) ;plot(x(47,:» ititle( 'SN2_3')
subplot (5,4, 10) r p Lot; (X{48, :) 1 r t.Lt Le ( 'XI3') ;
subplot (5, 4, 11) r p Lot; (x{49, :) ) ;title ( 'XS3')
subplot {5,4, 12} r p Lot; (x( 50, :) ) -t.Lt r s (':{H3')
subplot (5,4,13) r p Lot; (x (51, : ) ) ;title ( 'XPA03')
subplot (5,4,14) r p Lot; (x (52, :) ) r title ( 'XPP3' )
subplot (5,4,15) rpLot; (x( 53, r ) ) r t Lt Le ( ';(PHF.3')
subplot (5,4,16) r p.Lot. (x (54, :) ) ; title ( '}':...:::'UT3')

xlabel{ 'discrete time k')
subplot (5,4,17) ;plot (x i 55, :) ) r t.Lt Le (' XTSS3')
xlabel ( 'discrete time k')
subplot (5,4,18) r p Lot; (x (56, r ) ) i t.Lt Le ( ':tJ:-1eOH3' )
xlabel('discrete time t')
subplot (5,4,19) ;plot (x{ 57, r ) ) r t.Lt Le ( 'Y~"IeF3')

xlabel( 'discrete time k')
set {figure (3) ,'name', 'Tank 3 steady state r e su Lts", "numbe r-t.i.t.Le", "o f f ")

K 11;
dy~amic simulations

-% Pred.i c t.i.on hor i zon for dynerru.c s i muLe t Lons

% D}~amic of the inflow concentrations fer dry ~eather file
load dry.txt

" 'Ihs erder is -, 23 XBH :::3 XI SNH s: SND ZND i;2C

% " , 2 3 4 5 Q , -i 'J 9 1 c., , , , , ,

xi IaozLeones t t.j xj , SFi*ones(I,K); SAi*ones{l,K)i dry(1:K,6) ';
SN03i*ones(1,K); Sp04i*ones(l,K}; dry(I:K,7) 'i SALKi*ones(l,K} i

SN2i*ones(1,K); dry{1:K,5)'; dry{l:K,4)' i dry(1:K,3)' i

XPAOi*ones{l,K) i XPPi*ones(l,K) i XPHAi*ones(l,K)i XAUTi*ones(l,K);
XTSSi*ones(l,K) i XMeOHi*ones{l,K)i XMePi*ones(l,K)];

x Ix t • ,Kl+l) zeros (57, K)];

% Dyna~ic si~ula~ion of the medel
for k = l:K

xk = x(:,k);

xik "" xi ( : ,k) i

pk ~ pJ'.ASM2dF (xk) i

SOk [xk(39,1)] i

xxk DT*KLa*(SOsat-SOk);
xxlk Iz e ros t aac t ) sxxk I t I ;zeros(lB,l)] i

x{:,k+l) = A*x{:,k) + C'·Pk + S*xi(:,k) + xxLk r

end
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% Full model response ~~ the dywamic influent concentrations
% Tank 1
figure (4)
subplot(5,4,1} ;plot(x(l, :}) ;title('S02 }')
subplot(5,4,2};plot(x(2,:)};title('SF1')
subplot (5,4,3) ;plot(x(3,:» ; title (' SAl')
subplot (5,4,4) ;plot (x (4, :) ) ; title ( 'SNH4 1')
subplot (5,4,5) ;plot (x(5, :) ) ; title (' SN03-1')
subplot (5,4,6) ;plot (x t s , :» ;title (' SP04-1')
subplot (5,4,7) ;plot (x(?, :) ) ;title (' SII'T
subplot(5,4,8};plot(x(B, :}};title('SALKl'J
subplot (5,4,9) ;plot (x t s , :)} ; title (' SN2 I')
subplot (5,4,10) ;plot (x( 10, :) ) ;title ( 'XII') s
subplot (5,4,11) ;plot (x( II, . ) ) ;title ( 'XSl ')
subplot (5,4,12) ;plot (x( 12, :) ) ;title ( 'XE1')
subplot(5,4,13) ;plot(x(13,:» ;title( 'XPA-Ol')
subplot (5, 4,14) ;plot (x (14,:·) ) ;title ( 'XPPl')
subplot(5,4, IS} ;plot (x(15,:» ;title ('}:PHAl')
subplot(5,4,16) ;plot(x(16,:» ;title( ':<.Z';.UT1')
xlabel ( 'discrete time k ")
subplot (5,4,17) ;plot (x(17,:» ;title( 'XTSSl')
xlabel{'discrete tlme k')
subplot (5,4,18) ;plot (x (18, :) 1;title ( I Xl:I~OHI' )
xlabel(tdiscrete time k')
subplot (5,4,19) ;plot (x{19, :» ;title{ 'Y..Ne P'l ")
xlabel ( I dis crete time k I )

set (figure (4) , 'name' , 'Tank dynemi c results I, I numbe r t.Lt.Le ' , 'off')

{: Tank 2
figure(5)
subplot {5, 4, I} ;plot (x(20, r } ;title (' 302_2')
subplot{5,4, 2} ;plot(x(21,:» ;title (' SF2')
subplot (5,4,3) r p Lot; (x{22, s ) } ;title t ' SA2')
subplot(5,4,4) ,plot(x(23, :» ;title('SNH4. 2')
subplot (5,4, 5) r p Lot; (x(24,:» ;title (' SNO{)')
subplot (5,4,6) r p Lo t; (x{25, c ) r t.Lt.Le (' 3P04_2')
subplot(5,4,7) r p Lo t fx Lze , e} ;title('SI2 ')
subplot(5,4, 8) ;plot (x(27,:» ;title (. SALK2 ')
subplot{5,4,9J ;plot(x(28, :}} jtitle('S£J2 2'}
subplot (5, 4, 10) ;plot (x(29, :) ) ;title ( ':<I2') r
subplot (S,4,11) ;plot (x(30, e ) ) ;title ( 'XS2 ')
subplot (5,4,12) ;plot (x (31, :) ) ;title ( ':ZE2')
subplot (5,4,13) ;plot (x (32, :) ) r t.Lt Le ( ':<.P;'.G2' )
subplot (5,4,14) ;plot (x (33, :) ) ;title ( '}:PP2')
subplot (5,4,15) ;plot (x(34, e } ) ;title (I XPHF-.2')
subplot (5, 4,16) ;plot (x( 35, r ) ) ;title (' :<.Z';.UT2')
xlabel('discrete time k ')
subplot(S,4,17) ;plot(x(36,;» ;title('XTSS2')
xlabel{'discrsts time t l

)

subplot (5,4,18) ;plot (x{3?, :) } ;title ( •Y~¥I~OH2'}
xlabel( 'discrete 't i.me k ")
subplot (5,4,19) ;plot (x (38, :) ) ;title ( 'Y,-.EeF2 ')
xlabel ( I d.i s cre t.e t Lme k ')
set (figure (5) , I name ' , 'Tenk 2 dynamd c results', I numbe r t i t.Le ' , I off ')

% Tank 3
figure (6)
subplot{5,4,1) ;plot(x(39, r } ;title('S02 3')
subplot (5,4, 2) ;plot (x(40, :) ) ;title { 'SF3'}
subplot(5,4,3) ;plot(x(41, :» i t i t l e ( ' SA3 ' )
subplot(5,4,4) iplot(x{42, :» ;title('$t::H4. 3')
subplot (5,4, 5) ;plot (x(43, e } ;title (' SNG3 - 3')
subplot (5,4, 6) ;plot (x(44, :» ;title ( I spe4-3')
subplot (5,4, 7) r p.Lot; (x(45, :») ;title (' S13 f)
subplot (5,4, 8) sp Lo t; (x(46, s } ;title (I SJe...Lt:3')
subplot (5,4, 9) ;plot (x(47,;)} -t.Lt t e (I S!;2 3')
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% ~======================RSDUCED MODEL FGm1UL~TIGN ~======================

~ Steady state values fer the biomass XE, y_~, SALK, ~P?, XPAO, ZPHA

* Form the vector of the states (z) for the reduced model, based cn the
% ASMl prediction

% D}samic values of ~he inflow concentrations for dry ~eather

zi [SFi*ones(l,K); SAi*ones{l,K}; SNH4i*ones{1,K); SN03i*ones{1,K);
SP04i*ones{l,K); XSi*ones(l,K}; XPPi*ones{l,K); XPHAi*ones{l,K)];

I
I

I
I
~

i
!

I
I
i
I
I

I
!

I
!

I
.1

I
I
~,

I
!

XPHP_
x(l5,:)] i

x(34, :)] ;
x(S3, ;)] ;

1. - IV33;

IV2'* (Qa + ~_~BDA*Qr);

diag (Allr) ;
diag (A12r) ;

[25S1.76*ones(l,K}; 2553.38*ones{l,K); 25S7.l3*ones(1,K);
2559.18*ones(l,K); 2559.34*ones(1,K)];

[148.389*ones{1,K); 148.309*ones(1,K); 148.941*ones(l,K)i
l49.527*ones(1,K); 149.797'*ones{1,K)];

[4.9*ones(1,K); 148.309*ones(l,K); 148.94l*ones(l,K);
149.S27*ones(l,K); 149.797*ones(l,K)];

[O.I*ones{I,K); 76.386*ones(l,K); 64.SSS*ones (I,K);

S5. 694*ones (I, K); 49. 306*ones (1, K) ] ;

[O.l*oneS(l,K); 76.386*ones(1,K); 64.855*ones{1,K};
55.694*ones{1,K); 49.306*ones{l,K)];

[O.l*oneS(l,K); 76.3S6*ones{1,K); 64.855*ones(l,K);
S5.694*ones{l,K); 49.306*ones{1,K)];

IV2*Ql; A32r ~ IV3*Q2;

Allr * oneS{I,8); Allr
Al2r * ones{1,8); A12r
z exos t a r a l .

SF" SA, SNH4, SN03, 3P04, XS, XP?~

[x{2,:); x(3,:); x(4,:); x(5,:); x{6,:); x{ll,:); x(14,:);
[x(21,;) ;x(22, ;);x(23, ;);x(24,;) ;x(2S,;} ;x(30,;); x(33,;);

[x(40,:); x(41,:); x(42,:);X{43,:);X{44,:};x(49, :);x{52,:);
[zl;z2;z3) ;

~ Formation of the vec~or of the control variables

'le:

XPHA

XPAO

zl
z2
z3
z

Xpp

XH

XA

SALK

% V~~TRI~ ~ for th~ reduced model iAR1

Allr 1 - IVll; A22r ~ 1 - IV22; A33r

A12r IVl * QPi
A23ar : IV2 * (Qa + Qr); A23br

subplot (5,4,10) ;plot (x{48, :) ) ;title (' XI3 1) ;
subplot (5,4,11) ;plot (x{49, :) ) ;title ('XS3')
subp1ot(S,4,12) ;p1ot(x(SO,;» ;title('XH3')
subplot(5,4,13) ;plot{X(5l,:» ;title( ';<.PA03')
subplot (5, 4,14) ;plot (x(52, :) ) ;title ('XPP3')
subplot (5, 4,15) ;plot (x(S3, :) ) ;title ('XPHA3')
subplot (5,4, 16) ;plot (X{54, :) ) ;title (' ~z;.UT3·)
xlabel ( I d'i s c re t e time k')
subplot(S,4,17) ;plot(X(55,:» ;title{ 'XTSS3')
xlabel ( •discrete time k ")
subplot(5,4,18};plot(x(56, :});title{'X!{eOH3')
xlabel ( 'discrete time k')
subplot{5,4,19};plot(x(57,:»;title('~~12P31)

xlabel(ldiscrete tirr,e k')
set (figure (6) , "name ", 'Tank 3 dynamic results', "number t.Lt.Le ", 'eff')

A21r~ A21r * ones{l,S}; A21r = diag{A21r);
A22r A22r * oneS(l,8); A22r = diag(A22r);
A23r [A23ar,A23ar,A23ar,A23ar,A23ar,A23br,A23br,~23br);

A23r diag(A23r);

A21r

ul x{l,:);
u2 x{20,:);
u3 x{39,:);

u [ul; u2; u3];

Allr
A12r
A13r
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A3Ir
A32r
A33r

zeros(8,8);

A32r * ones(I.8); A32r
A33r * ones(1,8); A33r

diag (A32r) t
diag(A33r) ;

A...'R. = [Allr AI2r A13r; A2Ir A22r A23r; A3Ir A32r A33r] ;

% ~~TRIX 8 Lor "t.Le reduced model {3R)
IVO = DT / VI*QOi
f = 1.2;
Bllr = [IVO*ones(1.3) IVO*f IVO*ones(1,4)];
BIlr = diag(Bllr) i

BR = [BIlri zeros(16,8)];

% i<L!l,.TRIX ~ ::or -r.ne recu.c<:;G. modeL (CR)

% SF SA SHH4 52W3 SP04 ?:S XPI? :{PHA
CCR= [[1 0 0.01 0 0 -1 0 0] ;

[1 0 0.01 0 0 -1 0 OJ ;

[1 0 0.01 0 0 -1 0 OJ ;

[ -1.6 0 - 0.022 0 -0.004 0 0 0] ;

[0 -1. 6 -0.07 0 -0.02 0 0 OJ;
[-1.6 0 -0.022 -0.21 -0.004 0 0 0] ;
[0 -1. 6 -0.07 -0.21 -0.02 0 0 0] ;

[ -1 1 0.03 0 0.01 0 0 0] ;

[0 -1 0 0 0.4 0 -0.4 1] ;

[0 0 0 0 -1 0 1 - 0.2] ;

[0 0 0 -0.07 -1 0 1 - 0 .2J ;
[0 0 -0.07 0 -0.02 0 0 -1.6J ;

[0 0 -0.07 -0.21 -0.02 0 0 -1. 6] ;

[0 0 -4.24 4.17 -0.02 0 0 OJ] ;

CR = DT* [CCR zeroS(14,16); zeros(14.8) CCR zeros(14,B); zeros{14,16} CCR];

% Par&~eter estimation
for k = l:K

zk z (:. k) i

uk = u Le , k);

XHk =

XAk =
SALKk
XPAOk

XH(, ,kl;
XA(:,k);

SALK ( "kl;
= XPAO ( : , k) ;

zik = zi ( : , k) i

Pk = P_AASM2dR(zk,uk,XHk,XAk,SALKk,XPAOk);

FIk = CR' *Pk;
Y{:,k) = z(:,k+1)-AR*z{:,k)-BR*zi(:,k);
theta{: ,k) = {F'Ek ' *FIk)'" (-1) *Flk' *y (: ,k) t

end

kHe{l, :)

muHe(l,: )
qfee (1, ,)
qPHAe(l, ,J
qPpe (1, ,l
muPAOe (1, :)
muAUTe{l. :)

theta {l , r } i

theta(2,,) ;
theta{3,:} t
theta(4,:) ;
theta(S.:) ;
theta(6,:) ;
theta(7.:) ;

% Dynamic simulation 0f the ~educed model with the esti~ated parameter3
zE = Ix t z , 1) ;x{3.l) iX(4, 1) ;x(S, 1) ;X(6, 1) iX(II.I) ix(I4.I} iX(I5,1) ;x(2I, I} ;x{22, 1) i

x(23.1); x{24,I);x(2S,l)i xDO,I);
x(33, 1) ;x(34, 1) ;x{40.1) iX(41, 1) ;X (42, 1) ;x(43, 1) ; x{44, 1) r x (45, 1) ;x(52, 1) ;X (53, I)] ;

ERR = z{:,l)-zEi

for k = I:K
zk = Z(:,k)i
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uk=u(:,k);
zik zi ( : , k) ;

XHk
XAk
SALKk
XPAOk

XH ( :, k) ;
XA( "k);

SALK("k);
XPAO{: ,k);

kHek
muHek
qfeek
qPF..Aek
qPPek
muPAOek
muAUTek

kHe (, ,k) ;
muHe (: ,k) ;
qfee (, ,k) ;

=> qPH..Zl,.e (: ,k);

qPpe {e , k) ;
muPAOe ( : , k) i

muAOTe ( : , k) ;

Pk =
P_AASM2dRE(zk,uk,XHk,XAk,SALKk.XPAOk,kHek,rnuHek,qfeek,qPHAek,qPPek,muPAOek,muAUTek} i

zE(:,k+l) = J...R*zE{:,k) + CR'*pk + BR*zi{:,k);
ERR ( : ,k+l)=z (: ,k+l) -zE{: ,k+l) i

end

% Vector of process fUll, estimated and err0r variables
% SF, SF.• SHH4! SN03, SP04, Y-S, :{PP, :'CPrLi;., Tank 1
SFl=z(I,:) ;SAl=z{2,:) iSNH4_1=z(3,:) iSN03_1=z(4,:) i

SF1E=zE (I, :) i SA1E=zE (2, :) i SNH4_1E=zE (3 , :) iSN03_1E=ZE (4, e } i
ERRSFl=ERR{l, :) iERRSAl=ER..~(2,:) iERRSNH4_1=ERR{3, :) iERRSN03_1=ERR(4, a ) i

SP04_1=z(S,:) iXS1=z{6.:) iXPP1=Z{7,:) iXPB..Al=z(8,:) i

SP04_1E=zE (S, :) iXSIE=ZE (6, :) iXPP1E=zE (7 , :) i XPHA1E=zE (8, :) ;
ERRSP04_1=EL~{S,:) iERRXSl=ERR(6, :)iERRXPP1=ERR(7, :)iERRXPHAl=ERR(8.:) i

% Calculation of the weighted e~rors fer tank 1
eSFl=(ERRSFl*ERRSFl')/{SFl*SFl')i
eSAl=(ERRSAl*ERRSAl')/(SAl*SAl')i
eSNH4_1={ERRSNH4_1*ERRSNH4_1')/(SNH4 1*SNH4_1');
eSN03 1={ERRSN03 1*ffiL~SN03 l')/{SN03 1*SN03 l'l i

eSP04-1={ERRSP04-1*ERRSP04-1')/{SP041*SP04-1')i
eXSl={ERRXSl*ERRiSl')/(XSl~XS1')i ­

eXPPl=(EEL~~PPl*mL~XPPl' }/(XPP1*XPP1') i

eXPHAl={EFL~PHAl*ERRXPHAl')/(XPB~1*XPHA1') ;

% Vector of process full, estimated and error variables
% SF,SA,SNH4,SN03,SFC4.XSrXPP,XPE~, Tank 2
SF2=z(9, ,) ;SA2=z(lO, ,) ;SNH4_2=z(ll, ,) ;SN03_2=z(12, ,);
SF2E=zE (9, :) ; SA2B=zE (1.0, :) iSN:.f4_2E=zE (11, :) ,'SN03_2E=zE (12, e} ;
ERRSF2=ERR(9, ,) ;ERRSA2=ERR(lO,,);ERRSNH4_2=ERR(11, ,J ;ERRSN03_2=ERR(12,,);

SP04_Z=z (13, :) iXS2=Z (14, :) iXPPZ=Z (1S. :) iXPHA2=z (16, e ) ;

SP04_ZE=ZE (13 r e } ;XS2E=zE (14, :) iXPP2E~zE(IS, r ) iXPHA2E=zE (16, :) i

ERRSP04_2=ERR(13,,);ERRXS2=ERR(14, ,);ERRxPP2=ERR(15, ,) ;ERRXPHA2=ERR(16, ,J

% Calculation of the wei9~ted errors for ta~k 2
eSFZ={ERRSFZ*ERRSF2')/(SFZ*SF2')i
eSA2={ERRSA2*ERRSA2')/{SA2*SA2');
eSNH4 2= {ERESNH4 2*ERRSNH4 2')/(StJH4 2*SNH4 2')i
eSN03-2= (ER..>tSN03-2*ERRSN03-Z') / (SN03-Z*SN03-2') i

eSP04-Z=(ERRSP04-Z*ERRSP04-2')/{SP04-2*SP04-Z')i
eXS2={ERRXS2*ER..~S2')/(XS2~XS2'); - -
eXPP2=(ERRXPP2*ER~~PP2')/(XPP2*XPP2'} i

eXPFJQ={ER1L~PHA2*ERHXPHA2')/{XPHA2*XPHA2'}i

% Vector of process full, esti~ated and ~rror variables
% SF,SA,SNE4,SN03,SPOs,XS,XPP,~PP~.r Tank 3
SF3=z (17,:) iSA3~z (18, e ] iSNH4_3=z (19, e ] ;SN03_3=z (20, : J i

SF3E=>zE(17.:) iSA3E=zE{18. :);S~~q4_3E=zE(19,:)iSN03_3E=zE(20,:l i
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ERRSF3=ERR(17,:) iERRSA3=ERR(18,:) iEL~~SNH4 3=ER-~(19,:) i ERRSN03_3=ERR (20, :) i

SP04_3=z (21, :) iXS3=z (22, ;) iXPP3=z (23, e ) iXPHA3=z (24, e } i

SP04_3E=zE{21,:) ;XS3E=ZE(22,:) iXPP3E=zE(23,:) ;XPHA3E=zE(24,:);
ERRSP04_3=ERR{21,:) iERRXS3=ERR(22, :)iERRXPP3=ERR(23, :)iERRXPF~3=ERR{24,:1i

% Calculation of the weighted errors fer tank 3
eSF3=(ERRSF3*ERRSF3')/(SF3*SF3') i

eSA3=(ERRSA3*ERRSA3')/(SA3*SA3') i

eSNH4_3= (ERRSNH4_3*ERRSNH4_3 t) / (S~"H4_3*SNH4_3 t) i

eSN03_3=(~~N03_3*ER-~SN03_3')/(SN03_3*SN03_31) i

eSP04_3=(ER-~SP04_3*ERRSP04_31)/(SP04_3*SP04_3') i

eXS3=(ERRXS3*ERRXS3')/(XS3*XS3') i

eXPP3=(ERRXPP3*E-~PP3t)/(XPP3*XPP3t)i

eXPHA3=(ERRXPHA3*ERRXPHA3')/{XPP~3*XPHA3t) i

k = l:Ki

% Graphs of the estimated parfu~eters

figure (7)

subplot (4,2,1) ;plot (k, kHe, I k ' ) ; title ( t Estimated kH') r yLabe L { t klle 1) ;

suhplot(4,2,2)iplot(k,muHe, 'k') ;title('Estimated muH') iylabel('suEe') i

subplot (4,2,3) ;plot (k , qfee, "k t ) i title ( 'Estimated qfe ") ryLabeL ( 'qfee' ) i

subplot(4,2,4);plot(k,qPHAe, 'k');title{'Estimated qFHA');ylabel('qFBAe'};
subplot (4,2,S) rp Lo t; (k , qPPe, I k ' ) ; title ( "Ee t Lmat.ed qPP') ryLabeL ( 'q?Pe I) i

subplot (4,2,6) ;plot (k, muPAOe, I k ' ) i title ( 'Estimated nuPAIJ I) ;

ylabel ('rouPACe') r x.LabeL (' discrete time k ')
subplot (4,2,7) sp Lo t; (k, muAUTe, "k ' ) i title ( "Es t i.ma t.ed munnr ") i

ylabel ( 'D'.LA.UTe') r x.LabeL (' d.i.s c r e t.e time }: I)
set (figure (7) ,'name', 'Estimated para~eters','nG~2rtitle', 'off')

k = l:K+l;
% Graphs of the r~duc2d model response to the dyna~ic influent
% concentrations

figure(8)
subplot (4, 4,1) rp Lc t; (k, SFI) ;hold on; plot (k, SF1E, , k-". ' ) ryLabeI ( l SFl, SFIE' ) i

legend{ 'SFI', 'SFl£') ;subplot{4,4,2); plot{k,E..lffiSFl, '}:') iylabel('EERSFl') i

subplot{4,4,3)iplot{k,SAl);hold cni plot{k,SAlE, 'k-. ');ylabel{ 'SAl,SAlE') i

legend{'SAl', 'SALE') isubplat{4,4,4); plat {k,ERRSAl, '}:');ylabel{'F.2RSA1')i

subplot(4,4,S) iplot(k,SNH4_1);hald on; plot (k,SNH4_1E, '}:-. ')
legend('SNH4 I', 'SNH4~lE') iylabel('SNH4_l,SNH4~lE');

subplot(4,4,6); plot(k,ERRSNH4_1, 'k'};ylabel('ERRSNH4~l');

subplot(4,4,7);plot{k,SN03_1);hold cni plot (k,SN03_1E, 'k-. ')
legend ( I SN03 1.',' SN03 IE') ;ylabel ( 'S~.J03 1, SN03 12');
subplot {4,4,8) ; plot 'k, ERRSN03_1, f k') ;ylabel ('E?E31':G3_1');

subplot(4,4,9);plot(k,SP04_1) ihold oni plot (k,SP04_1E, 'k-, ')
legend('SPQ~ 1', 'SP04 lE');ylabel('SP04 1,SP04 lE') i

subplot(4,4,lO); plot(k,E~~SP04_1,'k') ;ylabel{'ESRSP04_1');

subplot (4,4, 11) ;plot(k,XSl) ;hold on; plot{k,XSlE, 'k-. ');ylabel('XSl,XSlE');
legend { ':<Sl ' , ':<Sl£ ') ; subplot (4,4,12); plot (k , ERRXSl, , k ' );ylabel ( I ERFYS1' ) ;

subplot (4,4, 13) rpLot; (k , XPPI) ; hold on; plot (k , XPP1E, 'k-. I )

legend ( •:<:221' , 'X:PPIE' ) iylabel (':<221, XPPIE') ; xlabel ( , discrete t.Lme k ")
subplot(4,4,14); plot (k,ERRXPP1, 'k');
ylabel('ERFXPPl')ixlabel(ldiscrete tiffi~ k')

subplot(4,4,lS);plot{k,XPF~1);holden; plot (k,XPHAIE, '1<-,')
legend('XP¥~sl','XPP~~l£');ylabel{'XPB?~l,XP~~lE');xlabel('discret~ tiEe k')
subplot(4,4,16) i plot(k,ERRXPF~l, 'k');
ylabel(12RRXP2~~l');xlabel('discrete time k')
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set (figure (8) , 'name', 'Tank 1 Precess variables a~d estimation
error', 'n~ubertitle','off l

)

figure (9)
subplot(4,4,1) iplot(k,SF2);hold on; plot (k,SF2E, 'k-.') iylabel('SF2,SF2E');
legend('SF2', 'SF2E') ;subplot(4,4,2); plot (k, ERRSF2 , 'k');ylabel('ERRSFZ');

subplot(4,4,3);plot(k,SA2);hold on; plot (k,SAZE, 'k-.') ;ylabel('SA2,SA2E');
legend('SA2', 'SA2E') ;subplot(4,4,4) i plot(k,E~~S~2, 'k');ylabel('ERRSA2');

subplot (4:,4,5) ;plot (k, SNH4:_2) ;hold on; plot (k, SNH4_2E, 'k-. ' )
legend ( 'SNH4_2' , 'SNH4_ 2£' ) ;ylabel ( 'SNH4_2, StJH4_28' ) ;
subplot(4,4,6); plot(k,ERRSNH4_Z, 'k');ylabel('E~~SNH4_2');

subplot(4,4,7) ;plot(k,SN03_2)iho1d on; plot (k,SN03_2E, 'k-.')
legend('SN03_Z', 'SN03_2E');ylabel('SN03_2,SN03_2E');
subplot(4,4,8); plot(k,ERRSN03_2, 'k') ;ylabel('ERRSN03_2 1

) ;

subplot(4,4,9) ;plot(k,SP04_2);hold on; plot (k,SP04_2E, 'k-. I)

legend('SP04_2', 'SP04_2E');ylabel('SPC4_2}SP04_2E 1
) ;

subplot(4,4,10}; plot(k,ERRSP04_Z, 'k') ;ylabel('ERRSP04_2');

subplot(4,4,11);plot(k,XSZ);hold OD; plot(k,XS2E, 'k-. ');ylabel('XS2,XS2E');
legend('XS2', 'XS2S') isubplot(4,4,12); plot (k,ERRXS2, 'kl) ;ylabel('£RFXS2');

subplot(4,4,13) ;plot(k,XPPZ) ;hold OD; plot(k,XPP2E, 'k-. ');
legend( 'xPP2' , 'XPP2E I } ;ylabel ( , ZPP2, :{PP2E! } ;xlabel ( ! discrete time k ")
subplot(4,4,14); plot (k,ERRXPPZ, '].:');
ylabel('ERRXPP2') ;xlabel('discrete time k')

subplot(4,4,15) ;plot(k,XPHA2) ;hold en; plot (k,XPHA2E, ';:-. ')
legend ( 'XPP",-:n..2' , 'XPr-Ln..2E' ) ;ylabel ( 'XprL:n..2, XPr-Ln2E') ; xlabel ( 'discrete t.Lme k')
subplot(4,4,16}; plot (k,ERRXPHA2, 'k');
ylabel('ER?j:PHA2') ;xlabel('discre:e time t')
set (figure (9) ,'n~~e', 'Tank 2 Precess variables and estimation
error', 'n~Tillertitle','off')

figure (IO)
subplot{4,4,1);plot{k,SF3);hold on; plot (k,SF3E, 'k-. ');ylabel('SF3,SF32');
legend('SF3', 'SF3E');subplot(4,4,2); plot (k,ERRSF3 , 'k'};ylabel('E2RSF3');

subplot(4,4,3) iPlot(k,SA3} ihold en; plot(k,SA3E, 'k-.') ;ylabel('SA3,SA3E');
legend('SA3', 'SA3E');subplot(4,4,4) i plot (k,ERRSA3 , 'k');ylabel('ERRSA3');

subplot(4,4,S) ;plot(k,SNH4~3);holdOD; plot (k,SNH4_3E, 'k-. ')
legend('SNH4_3', 'SNH4_3E');ylabel('SNH4_3,SNH4_3S');
subplot (4,4,6); plot (k, ERRSNH4_3, , -:' ) ;ylabel ( , EPRS~,::4. 3');

subplot(4,4,7);plot(k,SN03_3)iho1d en; plot (k,SN03_3E, 'k-.'}
legend ( 'SN03_3' , 'SN03_3E') j y-LabeL (' SNC3_3, SNO:;_32') ;
subplot(4,4,8); plot(k,ERRSN03_3, 'k') ;ylabel('E?2.3N03_3');

subplot(4,4,9);plot(k,SP04_3)ihold OD; plot (k,SP04_3E, 'k-. ')
legend('SP04_3', 'SP04_3E') iylabel('SP04_3,S?04_3E');
subplot(4.4,lO); plot(k,~~P04_3,'to) ;ylabel('ERRSP04_3');

subplot{4,4,11) ;plot(k,XS3);hold on; plot(k,XS3E, 'k-. ')
legend('~S3', 'XS3E');ylabel{'XS3,XS3E');
subplot (4,4,12) i plot (k , ERRXS3, • k ' ) ryLabeL ( , £:22"::<:S3') ;

subplot(4,4,13) ;plot(k,XPP3) ;hold on; plot (k,XPP3E. 't-. ')
legend('XPP3', 'XPP3E') ;ylabel('X?P3,XP?3E') ;xlabel('discrete ti~e t')
subplot (4,4,14) ; plot(k,EEL~PP3, 'k'};
ylabel('E?E~2P3');xlabel('di3cretetime k')

subplot (4,4,15) ;plot (k, XPHA3) ; hold on; plot {k , XPFLZl.3E, , k-. ' )
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legend('XP?~~3', 'XP~q3E')jylabel{'XPHA3,XPa~3E')jxlabel(ldiscrete time kl)

subplot(4,4,16) j plot (k,ERRXPHA3, 'k');
ylabel('ERRX2K~3')ixlabel{'discretetime k')
set{figure(lO), 'name', 'Tank 3 Process variables and estimation
error', '~w,~ertitle','off')

G.2: MATLAS script file - P_AASM2dF.m

% M-File: P A2.SM2dF.m
% ========================== M-FILE DESCRIPTION ===========================
% This m-file i~ uSed for:
% Calculation of ths process rates for the full model

function P = P_AASM2dF(xk)

global fSI YH fXI YPQ4 ypHA iPBM YAUT iNBM Kh etaN03 etafe muH qfe bH qPHA qPP muPAO
bPAO bpP bPHA m~~UT bAUT kPRE kRED K02 KX KN03 KF KNH4 KALK KA Kfe KPP KPS KP KPHA KIPP

KM-ZU<
% TANK 1
P(l)~ Kh * (xk(1)!(K02+xk(1») * «xk(U)!xk(12»!(KX+(xk(U)!xk(12»» * xk(12) ,

P(2)~ Kh * etaN03 * (K02!(K02+xk(1») * (xk(S)!(KN03+xk(S}}) *

«xk(U)!xk(12)}!(KX+(xk(U)!xk(12»)} * xk(12},

p(3)- Kh * etafe * (K02!(K02+xk(l}» * (KN03!(KN03+xk(S») *

«xk(U)!xk(12»!(KX+(xk(U)!xk(12»» * xk(12),
P(4)~ muH * (xk(1)!(K02+xk(1»} * (xk(2)!(KF+xk(2») * (xk(2)!(xk(2)+xk(3») *

(xk(4)!(KNH4+xk(4») * (xk(6)!(KP+xk(6}» * (xk(S)!(KALK+xk(S») * xk(12),

P(S): muH * (xk(1)!(K02+xk(1») * (xk(3)!(KA+xk(3») * (xk(3)!(xk(2)+xk(3}» *
(xk(4)!(KmI4+xk(4») * (xk(6)!(KP+xk(6») * (yJ«S)!(KJ>..LK+xk(S») * xk(12),

P(6)= muH * etaN03 * (K02!(K02+xk(1») * (KN03!(KN03+xk(S») * (xk(2}!(KF+xk(2»} *
(xk(2)!(xk(2)+xk(3») * (xk(4}!(KNH4+xk(4») * (xk(6)!(KP+xk(6») *

(xk(S}!(KALK+xk(8}» * xk(12),
P(7)~ muH * etaN03 * (K02!(K02+xk(l}» * (KN03!(KN03+xk(5)}) * (xk(3)!(KA+xk(3}» *

(xk(3)!(xk(2)+xk(3}» * (xk(4)!(KNH4+xk(4»} * (xk(6)!(KP+xk(6»} *

(xk(S)!(~.LK+xk(S) })* xk(12),
P(S)~ qfe * (K02!(K02+xk(1») * (KN03!(KN03+xk(5») * (xk(2}!(KF+yJ«2») *

(xk(S)!(KALK+xk(B) »* xk(12},

P(9)~ bH * xk(12);
P(lO)= qPHA * (xk(3)!(KA+xk(3») * (xk(S)!(IGILK+xk(S») *

«xk(14)!xk(13»!(KPP+(xk(14)!xk(13»» * xk(13);
P(ll)~ crPP * (xk(1)!(K02+xk(l}» * (xk(6)!(KPS+xk(6») * (xk(S)!(KALK+xk(SI» *

{Lxk (lS)-!xk (13) )! (KP"-"'+ (xk (15)!xk (13) ) » * «KMAX- (xk (14}!xk (13) } )! (KPP+KMAX­

(xk(14)!xk(13)}» * xk(13);
P(12)= qPP * (xk(1}!(K02+xk(1») * (xk(6)!(KPS+xk(6}» * (X1<;(S)!(KALK+xk(S})} *

«xk (15) !xk (D) }! (KPHA+ (xk (15)!xk (13) } I) * «(KMAX- (xk (14)!xk (13) ) }! (KPP+KMAX­

(xk(14)!xk(13))}) * xk(13} * etaN03 * K02!xk(1) * (xk(5}!(KN03+xk(5»),
P(13)= muPAO * (xk(1)!(K02+xk(1)}) * (xk(4)!(KNH4+xk(4}}) * (xk(S}!(KJ<LK+xk(S) })*

(xk(6)!(KP+x.'c(6»)) * «xk(15)!xkl13))!IKPHA+lxkI15)!xk(13)))) * xk(13);
P(14)= muPAO * (x.'<:(l}!(K02+xk(1») * (xk(4)!(KNH4+xk(4») * (xk(8)!(KJ<LK+xk(8}})*

(xk(6)!(KP+xk(6») * «xk(15}!xk(13})!(KPIL"'+(xk(15)!xk(13»» * xk(13} * etaN03 *
K02!x.'<:(l} * (x.'<:(S}!(KN03+xk(S}»;
P(15)= bPAO * xk(13) * (xk(S}!(~.L.."+xk(S»};

P(16)= bPP * xk(14) * (xk(S)!(KALK+xk(8}»,
P(17)~ bPHA * xk(15) * (xk(8)!(KALK+xk(8)});

P(18)= muAUT * (xk(1)!(K02+xk(1») * (x.~(4)!(KNH4+xk(4}» * (x.~(6}!(KP+xk(6») *

(xk(8}!(KALK+xk(S)}) * xk(16);

P(19)= bAUT * xk(16);
P(20)- kPRE * xk(6) * xk(18),
P(21): kRED * xk(19) * (xk(8)!(KALK+xk(8»),

% TF..NK 2
P(22)= Kh * (xk(20)!(K02+YJ«20») * «x.~(30)!xk(31»!(KX+(xk(30)!xk(31»» • xk(31),

P(23). Kh * etaN03 * (K02!(K02+x.~(20»} * (xk(24)!(KN03+xk(24») *

( (xk (30) !xk (31) )! (KX+ (xk (30) !xk (31) ) » * xk (31) r
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P(Z4)~ Kh * etafe * (KOZ/(KOZ+xk(ZO») * (KN03/(KN03+xk(Z4») *
«xk(30)/xk(31»/(KX+(xk(30)/xk(31»» * xk(31);
P(Z5)~ muH * (xk(ZO)/(K02+xk(ZO») * (xk(ZI)/(KF+xk(21») * (xk(ZI)/(xk(ZI)+xk(22») *
(xk(23)/(KNH4+xk(23») * (xk(Z5)/(KP+xk(25») * (xk(Z7)/(KALK+xk(27») * xk(31);
P(Z6)~ muH * (xk(ZO)/(K02+xk(ZO») * (xk(22)/(KA+xk(ZZ») * (xk(Z2)/(xk(21)+xk(22») *
(xk(Z3)/(KNH4+xk(Z3») * (xk(25)/(KP+xk(Z5») * (xk(Z7)/(KALK+xk(Z7») * xk(31);
P(Z7)~ muH * etaN03 * (KOZ/(KOZ+xk(20») * (KN03/(KN03+xk(24») * (xk(ZI)/(KF+xk(Zl))
* (xk(21)/(xk(21)+xk(2Z») * (xk(Z3)/(KNH4+xk(Z3») * (xk(Z5)/(KP+xk(25») *
(xk(Z7) / (KALK+xk('7») * xk(31);
P(Z8)~ muH * etaN03 * (KO'/(KOZ+xk(ZO») * (KN03/(KN03+xk(Z4») * (xk(ZZ)/(K~+xk(ZZ»)

* (xk(22)/(xk(21l+xk(22») * (xk(23)/(KNH4+xk(23») * (xk(2S)/(KP+xk(25») *
(xk('7)/(KALK+xk('7») * xk(31);
P(29) ~ qfe * (KOZ/ (KOZ+xk(20») * (KN03/ (KN03+xk (Z4») * (xk(ZI) / (KF+xk(21») *
(xk(27)/(KALK+xk('7»)* xk(31);
P{30}"" bH * xk{31) i

P(31)= gPRA * (xk(Z2)/(KA+xk(Z'») * (xk(27)/(KlILK+xk(Z7») *
«xk(33)/xk(3'»/(KPP+(xk(33)/xk(3'»» * xk(3');
P(3')= gPP * (xk(20)/(KO'+xk('0») * (xk('5)/(KPS+xk(25») * (xk(271/IF.ALK+xk(27») *
«xk(34) /xk (32) ) / I KPRA+ (xk (34) /x-, (32) ) » * «Kl4AX- (xk (33) /xk (3Z) ) ) / (KPP+KMAX­
(xk(33)/xk(3Z»))) * xk(3Z);
P(33)= gPP * (xk('0)/(KOZ+xk(20») * (xk(25)/(KPS+xk(25») * (xk(27)/(KALK+xk(Z7») *
( (xk (34) /xk (32) ) / (KPHM (xk (34) /xk (32) ) » * «Kl1A..X- (xk (33) / xk (32) ) ) / IKPP+K~.AX­
(xk(33)/xk(3Z»)1 * xk(32) * etaN03 * K02/xk(ZO) * (xk(Z4)/(KN03+xk(Z4»);
P(34)= muPAO * Ixk(20)/(K02+xk(20») * (xk(23)/(KNH4+xk(23») * (xk(27)/(KALK+xk(27»)*
(xk(25)/(KP+xk(25») * «xk(34)/xk(3Z»/IKPRA+(xk(34)/xk(3Z»)1 * x-,(32);
P(35)= muPAO * (xk(ZO)/(KOZ+xk(ZO») * (xk(Z3)/(KNH4+xk(Z3») * (xk(Z7)/(KALK+xk(Z7»)*
(xk(25)/(KP+xk(Z5») * l(xk(34)/xk(3Z»/(KPRA+{xk(34)/xk(3Z»» * xk(32) * etaN03 *
K02/xk(20) * (xk(24) / (KN03+xk(24»);
P(36}= bPAO * xk{32) * (~~{27)/(~~+xk(27»);

P(37)= bPP * xk(33) * (xk(Z7)/(KALK+xk(Z7»);
P(38)= bPRA * xk(34) * (xkIZ7)/(KALK+xk(Z7»);
P(39)= muAUT * (xk(ZO)/(KOZ+xk(20») * (xk(23)/{KNH4+xk{23») * (xk(25)/(KP+xk(25») *
(xk(Z7)/{KALK+xk(27») * xk(35);

P(40)= bAUT * xk(35);
P(41)= kPRE * xk(25) * xk(37);
P(42)= kRED * xk(38) * (xk{Z7)/(KALK+xk(27»);

% TP-_N"K 3
P(43)= Kh * (xk(39)/{K02+xk{39») * ({xk(49)/xk{SO»/{KX+(xk(49)/xk{50»» * xk(50);

P{44)= Kh * eta..N'Q3 * (K02/{K02+x..1<.(9») * (xk(43)/(KN03+xk(43») *
((xk(49)/xk(50»/(KlC+(xk(49)/xk(50»») * xk(50);
P(45)= Kh * etafe * (KOZ/{K02+x-,(39») * (KN03/{KN03+xk(43») *
((xk(49)/xk{50»/(KX+(xk(49)/xk(50»» * xk(50);
P(46)= muH * (xk(39)/(KOZ+xk(39») * (xk(40)/{KF+xk(40») * (xk(40)/(xk(40)+xk{41») *
(xk(42)/{KNH4+xk(42») * (xk(44)/(KP+xk{44») * (xk(461/(KALK+xk(46») * xk(50);
P(471= mua * (xk(39)/(KOZ+xk(39») * (x-'«4l)/(KA+xk(41») * (xk{41)/(xk(40)+xk{41»1 *
(Y.k{4Z)/(KNH4+xk{4Z») * (xk(H)/(KP+xkI44») * (xk(46)/{KALK+xk{46») * xk(501;
P(48)= muH * etaN03 * (K02/(KOZ+xk(39») * (KN03/(KN03+x-'«43») * (xk(40)/{KF+xk(40»)
* (xk(40)/(xk(40)+x-'«41»1 * (xk(4Z)/IKNH4+xk(4Z») * (xk(44)/(KP+xk(H») *
(xk(46)/(KALK+xk{46») * xk(50);
P(49) ~ mu." * etaN03 * (K02/ (KOZ+xk(39) I) * (KN03/ (KN03+xk(43) I) * (xk La j.) / (KA+xk{41»)
* (xkl4l)/(xk{40l+xk{4l») * (xk(4Z)/{KNH4+xk{42») * (xk(H)/{KP+xk{H») *

(xk(461/{KALK+X-,(46») * xk(50);
P(50)= qfe * (K02/ (KOZ+xk(39») * (KN03/ (KN03+xk(431» * (xk(40) / (KF+xk(40» 1 *
(xk(46)/(KALK+xk(46»)* xk(50);
P(Sl}",. bE * xk{50);
P(5Z)~ gPRA * (xk(41)/(KA+x-'<{41») * (xk(46)/(KALK+xk(46») *
«xk(SZ)/xk(51»/(KPP+{xk(5Z)/xk(51»» * xk(51) i

P(53)= gPP * (xk(391/{K02+xk(39») * (xk(44)/(KPS+xk{HI» * (xk(46)/{KALK+xk{461» *
((xk(53) /xk(51» / (KPHA+ (xk(53) /xk (51»» * «KK>.X- (xk (5Z) /xk(51») / (KPP+KK'L'{­

(xk(52)/xk{51»)1 * xk(51);
P(54)= qpp * (xk(39)/(K02+xk(39») * (xk(44)/(KPS+xk{H»1 * {xk(46)/{KALK+xk(46111 *
({xk(53)/xk{51»/(KPHA+(xk(53)/x-,(51»» * «KK>.X-{xk(5Z)/xk(51»)/(KPP+KK'~-
(xk(5Z)/xk(51»» * xk(51) * etaN03 * KOZ/xk(39) * (xk(43)/(KN03+xk(43»);
P(55)= muPAO * (xk(39)/(KOZ+xk(39») * (xk(4Z)/{KNH4+x-'«4Z») * (xk(46)/(KALK+xk(461»*
(xk (44) / (KP+xk (44) » * «xk (53) /xk (51) ) / (KPFJ.+ (xk (53) /xk (51) ) » * xk (51) ;
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P(56)= muPAO * (xk(39)/(K02+xk(39»I * (xk(42)/(KNH4+xk(42)I) * (xk(46)/(KALK+xk(46»)*
(xk(44)/(KP+xk(44») * «xk(53)/xk(51»/(KPP.A+(xk(53)/xk(511») * xk(51) * etaN03 *
K02/xk(391 * (xk(43) / (KN03+xk(43»);
P(57)= bPAO * xk(51) * (xk(46)/(KALK+xk(46»);
P(58)= bPP * xk(52) * (xk(46)/ (IU'LK+xk(46» I;
P(59)= bpHA * xk(53) * (xk(46)/(KALK+xk(46) I);

P(60)= muAUT * (xk(39)/(K02+xk(39») * (xk(42)/(KNH4+xk(42») * (xk(44)/(KP+xk(44») *
(xk(46)/(Kl'LK+xk(46») * xk(54);
P(61)= bAUT * xk(54);
P(62)= kPRE * xk(44) * xk(56);
P(63)= kRED * xk(57) * (xk(46)/(KALK+xk(46));

P = [P(l) P(2) p(3) P(4) P(5) P(6) P(7) P(8) P(9) P(10) P(l1) P(12) P(13) P(14) P(15)

P(16) P(17) P(18) P(19) P(20) P(21) P(22) P(23) P(24) P(25) P(26) P(27) P(28) P(29)

P(30) P(31) P(32) P(33) P(34) P(35) P(36) P(37) P(38) P(39) P(40) P(41) P(42) P(43)
P(44) P(45) P(46) P(47) P(48) P(49) P(50) P(51) P(52) P(53) P(54) P(55) P(56) P(57)

P(58) P(59) P(60) P(61) P(62) P(63)J';

G.3: MATLAB scrlpt file - P_AASM2dRm

% M-File: P APSM2dR.m
% ========================== M-FILE DESC~IPTICN ===========================
~ This m-file is used for:
% Calculation of the process I~tes for parameter estimation of the reduced
% model

function Pk = P_AASM2dR(zk,uk,XHk.XF-.k,SALKk,XPAOk)

global fSI YH fXT YPQ4 YPHA iPBM YAUT iNBM Kh etaN03 etafe muH qfe bH qPHA qPP
muPAO bPAO bpP bPHA muAUT bATIT kPRE kRED K02 KX KN03 KF KliH4 KALK KA Kfe KPP KPS KP

KPHA KIPP KMAX
% TANK 1
%- SF SF. SNH4 SN03 S204 X3 XPP APEA
P(l)= (uk(1)/(K02+uk(1») * «zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» * XHk(l);
P(2)= etaN03 * (K02/(K02+uk(1») * (zk(4)/(KN03+zk(4») *
«zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»)1 * XHk(l);
P(3)= etafe * (K02/(K02+uk(1») * (KN03/(KN03+zk(4») *
«zk(6)/XHk(1»/(KX+(zk(6)/XHk(1»» * xsxr i i ,
P(4)= (uk(1)/(K02+uk(1») * (zk(l)/(KF+zk(l») * (zk(1)/(zk(1)+zk(2»1 *
(zk(3)/(KNH4+zk(3») * (zk(5)/(KP+zk(5») * (SALKk(l)/(KALK+SALKk(l)I) * XHk(l);
P(5)= (uk(1)/(K02+uk(1») * (zk(2)/(KA+zk(2») * (zk(21/(zk(1)+Zk(2») *
(zk(3)/(KNH4+zk(3») * (zk(5)/(KP+zk(5») * (SALKk(ll/(KALK+SALKk(l») * lL'lk(l);
P(6)=etaII03 * (K02/(K02+uk(1») * (KN03/(KN03+zk(4») * (zk(l)/(KF+Zk(l») *
(zk(l)/ (zk(l) +zk(2») * (zk(3) / (KNH4+zk(3») * (zk(5) / (KP+zk(5») *

(SALKk(l)/(KALK+SALKk(l») * XHk(l);
P(7)= etaN03 * (K02/(K02+uk(1») * (KN03/(KN03+zk(4») * (zk(2)/(KA+zk(2) I) *
(zk(2)/(zk(l)+zk(2»)) * (zk(3)/(KNH4+zk(3)) * (zk(5)/(KP+zk(5») *

(SALKk(l)/(KALK+SALKk(l») * XHk(l);
P(8)= (K02/(K02+uk(1») * (KN03/(KN03+zk(4») * (zk(l)/(KF+zk(l») *
(SALKk(l)/(KALK+SALKk(l»)* XF-k(l);
P(9)= (zk(2)/(KA+zk(2» I * (SALKk(l)/(KALK+SALKk(l») *
«zk(7)/XPAOk(1»/(KPP+(zk(7)/XPAOk(1) I» * XPAOk(ll;
P(10)= (u.'o(1)/(K02+uk(1») * (zk(5)/(KPS+zk(5») * (SALKk(l)/(KALK+SALKk(l») *
«zk(8)/XPAOk(1»/(KPHA+(zk(8)/XPAOk(1»» * «KMAX-(zk(7)/XPAOk(1»)/(KPP+KMAX-
(zk(7)/XPAOk(l»» * XPAOk(l);
P(l1)= (uk(1)/(K02+uk(1») * (zk(5)/(KPS+zk(5») * (SALKk(l)/(KALK+SALKk(l)II *
«zk (8) /XPAOk (1) ) / (KPHA+ (zk (8) /XPAOk (1) ) » * «KMAX- (zk (7) /XPAOk (1) ) ) / (KPP+KMAX-
(zk(7)/XPAOk(1»» * XPAOk(l) * eta."103 * K02/uk(1) * (zk(4)/(KN03+zk(4»);
P(12)= (uk(1)/(K02+uk(1») * (zk(3)/(KWd4+zk(3») * (S.'li.Kk(l)/(KALK+SALKk(l»)*
(zk(5)/(KP+zk(5») * «zk(8)/XPAOk(lll/(KPHA+(zk(B)/XPAOk(1»» * XPAOk(l);
P(13)= (uk(1)/(K02+uk(l}» * (zk(3)/(KNH4+zk(3») * (S~LKk(l)/(K>LK+S~LKk(l)I)*

(zk(5)/(KP+zk(5») * «zk(B)/XPAOk(l»/(KPF_~+(zk(B)/XPAOk(l»» * XPAOk(l) * et~~03 *

K02/uk(1) * (zk(4) / (KN03+zk(4»);
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P(14)~ (uk(1)/(K02+uk(1») * (zk(3)/(KNH4+zk(3») * (zk(S)/(KP+zk(S») *
(SALKk(ll/(KALK+SALKk(l») * XAk(l);

Plk ~ [ [P (1) P(2) P (3) zeros (I,ll) ] ;

[zeros(l,3} P(4) PIS) P(6) P(7) zeros (1,7)] i

[zerOS(l,?) P(8) zeros{1,6) J ,
[zeros (1,8) P(9) zeros{l,5} J ;
[zeros(l,9) P(lO) PIll) zeros(!,3) J ;
[zeros (l,ll) P (12) P(13) 0 J ,
[zeros{l,13) P (14) JJ ' ;

% TANK 2
P(lS)~ (uk(2)/(K02+uk(2») * «zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XRk(2);
P(16)~ etaN03 * (K02/(K02+uk(2») * (zk(12)/(KN03+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2) ,
P(17)~ etafe * (K02/(K02+uk(2») * (KN03/(KN03+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2) ,
P(18)~ (uk(2)/(K02+uk(2») ,* (zk(9)/(KF+zk(9») * (zk(9)/(zk(9)+zk(10»)) *
(zk(1l)/(KNH4+zk(1l») * (zk(13)/(KP+zk(13») * (SALKk(2)/(KALK+SALKk(2») * XRk(2) t
P(19)~ (uk(2)/(K02+uk(2») * (zk(lO)/(KA+zk(lO») * (zk(10)/(zk(9)+zk(lO») *
(zk(ll)! (KNH4+zk(1l») * (zk(13)! (KP+zk(13») * (SALKk{2)! (IC'-LK+Sl'LKk(2») * XRk(2) ,
P(20)~ eta.1'J03 * (K02!(K02+u)c(2») * (KN03!(KN03+zk(12») * (zk(9)!(KF+zk(9») *
(zk(9)/(zk(9)+zk(10») * (zk(1l)!(KNH4+zk(1l»)) * (zk(13)/(KP+zk(13») *

(SALKk(2)/(KALK+SALKk(2») * XHk(2),
P(21)~ eta.1'J03 * (K02!(K02+uk(2») * (KN03!(KN03+zk(12») * (zk(lO)/(KA+zk(lO») *
(zk(lO)!(zk(9)+zk(lO») * (zk(1l)!(KNH4+zk(1l») * (zk(13)/(KP+Zk(13») *
(SALKk(2)/(KALK+SALKk(2»)* XHk(2),
P(22)~ (K02!(K02+uk(2») * (KN03/(KN03+zk(12») * (zk(9)/(KF+zk(9») ,
(SALKk(2)/(KALK+SALKk(2»)* XHk(2),
P(23)~ (zk(lO)!(KA+zk(lO») * (SALKk(2)!(KALK+Sl'~(2») *
«zk(lS)/XPAOk(2»!(KPP+(zk(lS)/XPAOk(2»» * XPAOk(2);
P(24)~ (uk(2)!(K02+uk(2») * (zk(13)!(KPS+zk(13») * (SALKk(2)!(Kl'LK+SALKk(2») *
«zk(16)!XPAOk(2»/(KPHA+(zk(16)/XPAOk(2»» * «KMAX-(zk(lS)!XPAOk(2»)/(KPP+KMAX-

(zk(lS)!XPAOk(2»» * XPAOk(2);
P(2S)~ (uk(2)!(K02+uk(2») * (zk(13)/(KPS+zk(13») * (SALKk(2)/(KALK+SALKk(2») *
«zk(16)!XPAOk(2»!(KPHA+(zk(16)!XPAOk(2»» * «KMl'L-(zk(lS)!XPAOk(2»)/(KPP+KMl'L-
(zk(lS)!XPAOk(2»» * XPAOk(2) * eta.1'J03 * K02!uk(2) * (zk(12)!(KN03+zk(12»);
P(26)~ (uk(2)!(K02+uk(2») * (zk(1l)/(KNH4+zk(1l») * (SALKk(2)/(KALK+SALKk(2»)*

(zk(13)!(KP+zk(13») * «zk(16)!XPAOk(2»/(KPHA+(zk(16)!XPAOk(2»» * XPAOk(2);
P(27)~ (uk(2)!(K02+uk(2») * (zk(11)!(KNH4+zk(11»)) * (SALKk(2)!(KALK+SALKk(2)))'
(zk(13)! (KP+zk(13») * «zk(16)!XPAOk(2»/(KPHA+(zk(16)/XPAOk(2»» * XPAOk(2) * etaN03
* K02!uk(2) • (zk(12)!(KN03+zk(12»),
P(28)~ (uk(2)!(K02+uk(2») * (zk(ll)!(KNH4+zk(ll») * (zk(13)!(KP+zk(13») *
(SALKk(2)/(KALK+SALKk(2») • XAk(2);

P2k ~ [ [P(lS) P(16) P(17) zeros(I,ll) 1 s
[zeros{l,3) P (lB) P(19) P(20) P (21) zeros{l, 7)];

[zeros {I,?} P(22) zeros (1, 6) J ,
[zeros (1,8) P(23) zeros (1,5) i .
[zeros (1, 9) P (24) P(2S) zeros(l,3) J ,
[zeros (1,11) P(26) P(27) 0 J ,
[zeros(1,13) P (2B) J J ' ,

,~ TA.N"K 3
P(29)~ (uk(3)!(K02+uk(3») * «zk(22)/XRk(3»!(KX+(zk(22)!XHk(3)) * XHk(3),
P(30)~ eta.1'J03 * (K02/ (K02+uk(3») * (zk(20)! (KN03+zk(20») *
«zk(22)!XHk(3»/(KX+(zk(22)/XF.k(3»» • X1Ik(3) s
P(3l)~ etafe * (K02/ (K02+uk(3») * (KN03/ (KN03+zk(20») ,
«zk(22)/XHk(3»/(KX+(zk(22)/XHk(3»» * XHk(3),
P(32)= (uk(3)/(K02+uk(3») * (zk(17)/(KF+zk(17») * (zk(17)!(zk(17)+zk(18») *
(zk(19)/(KNH4+zk(19») * (zk(2l)/(KP+Zk(2l») * (Sl'-LKk(3)/(KALK+SALKk(3») * XRk(3);
P(33)= (u)c(3)/(K02+uk(3») * (zk(18)/(KA+zk(18») * (zk(18)/(zk(17)+zk(lB») *
(zk(19)/(KNH4+zk(19») * (zk(2l)/(KP+zk(2l») * (Sl'-LKk(3)/(KALK+SALKk(3») • XHk(3),

P(34)= etaN03 * (K02/(K02+uk(3») * (KN03/(KN03+zk(20») * (zk(17)/(KF+zk(17») *
(zk(17)/(zk(17)+zk(lB») * (zk(19)/(KNH4+zk(19») * (zk(21)/(KP+zk(2l») ,

(SALKk(3)/(KALK+SALKk(3») * XHk(3) ,
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P(35): etaN03 * (KOZ/(KOZ+uk(3») * (KN03/(KN03+zk(ZO») * (zk(18)/(KA+zk(18») *
(zk(l8}/(zk(17)+Zk(18») * (zk(19}/(KNH4+zk(19») * (zk(Zl}/(KP+zk(Zl}}) *
(SALKk(3)/(KALK+SALKk(3»)* XHk(3);

P(36)= (KOZ/(KOZ+uk(3»} * (KN03/(KN03+zk(20)}) * (zk(17)/(KF+zk(17)}} *
(SALKk(3)/(KALK+SALKk(3})}* XHk(3);
P(37)= (zk(18)/(KA+zk(18)}) * (SALKk(3)/(KALK+SALKk(3») *
«zk (Z3) /XPAOk(3}) / (KPP+ (zk (Z3) /XPAOk (3» }} * XPAOk(3};
P(38}= (uk(3)/(KOZ+uk(3})} * (zk(21}/(KPS+zk(Zl}» * (S~~Kk(3)/(~~K+S~~Kk(3)}) *
«zk(Z4)/XPAOk(3})/(KPHA+(zk(Z4)/XPAOk(3}») * «KMAX-(zk(Z3)/XPAOk(3»)/(KPP+KMAX-
(zk(Z3)/XPAOk(3»» * XPAOk(3);
P(39)= (uk{3)/(K02+uk(3»)) * (zk(2l)/(KPS+zk(2l))) * (SALKk(3)/(KALK+SALKk(3) ) *
«zk(Z4)/XPAOk(3»/(KPHA+(zk(Z4)/XPAOk(3») ) * «KMlLX-Izk(23)/XPAOk(3»}/(KPP+~_~X-

(zk(Z3)/XPAOk(3»» * XPAOk(3) * etaN03 * KOZ/uk(3) * Izk(ZO)/(KN03+zk(ZO)});
P(40)= (uk(3)/(KOZ+1L'<:(3») * (zk(19)/(KNH4+zk(19}» * (SALKk(3)/(KALK+S~~KkI3)J)*

(zk(Zl)/(KP+zk(21») * Ilzk(Z4)/XPAOk(3»/(KPF.A+(zk(Z4)/XPAOk(3»)} * XPAOk(3);
P(4l)= (uk(3)/(KOZ+uk(3») * (zk(19)/(KNH4+zkI19}» * (SALKk(3)/(KALK+SALKk(3)})*
(zk(Z11/(KP+zk(Zl») * l(zk(Z4)/XPAOk(3»/(KPF_~+(zkI24)/XPAOk(3»» * XPAOk(3) * et~~03

* KOZ/uk(3) * (zkIZO)/ (KN03+zk(20»);
P(4Z)= (uk(3)/(K02+uk(3») * (zk(19)/(KNH4+zk(19») * (zk(Zl}/(KP+Zk(2l») *
(SALKk(3)/(KALK+SALKk(3)) * Xk'<:(3);

P3k = [IP (Z9)
[zeros (1,3)

[zeros (1, 7)

[zeros(1,8)
[zeros (1,9)
(zeros (l,ll)
[zeros (1. 13)

P (3 O)
P (3Z)
P(36}
P (37)
P (38)
P (40)

P (4Z)

P(3l)
PI33}
zeros (1, 6)

zeros (1, 5)

P 139}
P(41}

zeros(l,11)
P (34)

zeros(l,3)
o

P (35)
] ;

zeros (I, 7)] i

] ;

] ;

J;
1 ;
J J ' ;

~Mat~ix Pk for the ~hole procss5
pk = [Plk; PZk; P3k];

G.4: MATLAB script file - P_AASM2dRE.m

===============~========== M-FILS D2SCRIPTIGN ===========================
This m-file is used for:

s Description of the f unc t i.on f'unc.t.i.on
function pk =
P_~3$M2dRE(zk,uk,XHk,XAk,S~LK~,XPAOk,kHek,muHek,qfeek,qPHAek,qPPek,muPAOek,muAUTek)

global fSI YH fXI YP04 YPF_~ iPBM YAUT iNBM Kh etCL~03 etafe rouH qfe bH qPHA qPP muPAO
bPAO bPP bPHA muAUT bAUT kPRE kRED K02 KX KN03 KF KNH4 KALK KA Kfe KPP KPS KP KP¥.A KIPP
KrJI'_?;X

'3F SNH~ SUO? SP04 XS y'pp XPHA
% =k(1) =k\~f zk(3) zk(4) z kt S) z k 6) _c.\· .Z:}:(S)

P(l)= kHek * (uk(l)/IKOZ+uk(l}» * «zk(6)/XHk(1»/(KX+(zk(6)/XHkll»}) * XHk(l);
P(Z)= kHek * etaN03 * (K02/(K02+uk(1)}) * (zkI4)/(KN03+zk(4}» *
«zk(6}/XHk(1»/(KX+(zk(6)/XHk(1»» * XHk(l);
P(3)~ kHek * etafe * (K02/(K02+uk(1»)) * (KN03/(KN03+zk(4») *
«zk(6)/XHk(1»/(KX+(zk(6}/XHk(1»}) * XHk(l);
P(4)= muHek * (uk(l)/(KOZ+uk(l») * (zk(l}/(KF+zk(l»} * (zk(l)/(zk(l)+zk(Z}» *
(zk(3)/(KNH4+zk(3)}} * (zk(5}/(KP+zk(s»} * (SALKk(l)/(KALK+SALKk(l»} * XHk(l);
P(5)= muHek * (uk(l)/(KOZ+uk(l») * (zk(Z)/(KA+zk(Z») * (zk(Z)/(zk(l}+zk(Z») *

(zk(3)/(KNH4+zk(3») * (zk(S)/(KP+zk(5»} * (S"~Kk(l)/(KALK+SALK.'<:ll») * XHk(l};
P(6)~ muHek * et~~03 * (K02/(K02+uk(1») * (KN03/(KN03+zk(4»)) * (zk{l)/(KP+zk(l))) *
(zk(l)/ (zk(l) +zk(Z}» * (zk(3) / (K."ffi4+zk(3)}) * {zk t S} / IKP+zk(5)}) *

(SALKk(l)/(KALK+SALKk(l») * x-~'<:(~);

P(7)= muHek * etaN03 * (K02/(KOZ+uk(l)}} * (KN03/(KN03+zk(4)}) * (zk(Z}/(KA+zkI2}}) *
(zk(Z}/(zk(l)+zk(Z)}} * (zk(3)/(KNH4+zk(3»} * (zk(S)/(KP+zk(S») *
(SALKk(l)/(~~+SALKk(l}» * XHkll);
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P(8)~ qfeek * (K02/(K02+tL1<;(1») * (KN03/(KN03+zk(4») * (zk(l)/ (KF+zk(l») *
(SALKk(l)/(KALK+SALKk(l»)* XHk(l),
P(9)~ qPa~ek * (zk(2)/(~~+zk(2») * (SALKk(l)/(KALK+SALKk(l») *
«zk(7)/XPAOk(1»/(KPP+(zk(7)/XPAOk(1) ») * XPAOk(l) ,
P(10)~ qppek * (uk(1)/(K02+uk(1») * (zk(S)/(KPS+zk(S») * (SALKk(l)/(~~K+SALKk(l») *
«zk(8)/XPAOk(1»/(KPFJ<+(zk(8)/XPAOk(1»» * «K~~-(zk(7)/XPAOk(1» )/(KPP+KMAX­
(zk(7)/XPAOk(1»» * XPAOk(l);
P(ll)~ qPPek * (uk(1)/(K02+uk(1») * (zk(S)/(KPS+zk(S») * (SALKk(l)/(KALK+SALKk(l») *
«zk(8)/XPAOk(1»/(KPaA+(zk(8)/XPAOk(1»» * «KMlLX-(zk(7)/XPAOk(1» )/(KPP+KMAX­
(Zk(7)/XPAOk(1))» * XPAOk(l) * etaN03 * KOZ/uk(l) * (zk(4)/{KN03+zk{4»);
P(12)= rnuPAOek * (uk(1)/(K02+uk(1») * (zk(3)/(KNH4+zk(3»)) *
(SALKk(l)/(KALK+SALKk(l»)* (zk(S)/(KP+zk(S») *
«zk(8)/XPAOk(1»/(KPHA+(zk(8)/XPAOk(1»» * XPAOk(l) ,
P(13)= rnuPAOek * (uk(1)/(K02+uk(1») * (zk(3)/(KNH4+zk(3») *
(SALKk(l)/(KALK+SALKk(l»)* (zk(S)/(KP+zk(S») *
«zk(8)/XPAOk(1»/(KPaA+(zk(8)/XPAOk(1»» * XPAOk(l) * etaN03 * K02/uk(1) *
(zk (4) I (KN03+Zk(4) ) ) ;
P(14)= rnuAUTek * (uk(1)/(K02+uk(1}» * (zk(3)/(KNH4+zk(3») * (zk(S)/(KP+zk(S») *
(SALKk(l)/(KALK+SALKk(l») * xAk(l);

'" SF SA SNH4 SN03 3P04 1:3 XFP :{PPJ".
-% zk(9i zk:10) z k t L'l ) zk(12) =k(13) zk{l4) z k tlS) zk(16)
P(lS)= kHek * (uk(2)/(K02+uk(2)}) * «zk(14}/XHk(2})/(KX+(zk(14)/XHk(2»» * XHk(2);
P(16)= kHek * et~~03 * (K02/(K02+uk(2») * (zk(12)/(KN03+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2),
PCl7}:::: kHek * etafe * (KOZ/(K02+uk(2») * (ER03/{KNQ3+zk(12») *
«zk(14)/XHk(2»/(KX+(zk(14)/XHk(2»» * XHk(2) ,
P(18)= rnuHek * (uk(2)/(K02+uk(2)}} * (zkI9}/(KF+Zk(9)}} * (zk(9)/(zk(9)+zk(lO») *
Izk(1l)/(KNH4+zk(1l») * (zk(13)/(KP+zk(13») * (SALKk(2)/(KALK+SALKk(2») • XHk(2),
P(19)= rnuHek * (uk(2)/(K02+uk(2)}) * (zkllO)/(KA+zk(10}» * Izk(10)/lzk(9)+zk(10») *
(zk(ll)! IKNH4+zk(1l») * (zk (13) / (KP+zk(13))) * (SALKk(2) / (KALK+SALKk(2») * XHk(2);
P{20}= m~Bek * etaN03 * (KOZ!(K02+uk(2») * (KN03/(KN03+zk(lZ») * (zk(9}/{KF+zk(9»} *
(zk(9)/(zk(9)+zk(10») * (zk(1l)/(KNH4+zk(1l») * (zk(13)/(KP+Zk(13») *
ISALKk(2)/(KALK+S~-LKk(2») * XHk(2);
P{Zl)= muHek * etaN03 * (KOZ/{K02+uk(z») * (KN03/{KN03+zk(lZ») * (zk(lO)/{KA+zk(lO)})

• (zk(10) / (zk(9) +Zk(10») * Izklll) / (KNH4+zk(1l») * (zkl13) / (KP+zkl13») •
(SALKk(2)/(KALK+SALKk(2»} * XHk(2);
P(22)= qfeek • (K02/(K02+uk(2») * (KN03/(KN03+zk(12»)) • (zk(9)/(KF+zk(9))) •
(SALKk(2)/(KALK+SALKk(2»)* XHk(2);
P(23)= qPFJ<ek * (zk(10)/(KA+zk(10}» * (SALKk(2)/(KALK+SALKk(2») *
«zk(lS)/XPAOkI2»!(KPP+(zk(lS)/XPAOk(2»)} • XPAOk(2),
P(24)= qPPek * (uk(2)/(K02+uk(2») * (zk(13}/(KPS+zk(13») • (SALKk(2}/(KALK+SALKk(2})}
• «zk(16)/XPAOk(2»/(KPaA+(zk(16)/XPAOk(2»» • (IKMAX-(zk(lS)/XPAOk(2» )/(KPP+KMAX­
Izk(lS)/XPAOk(2}}» * XPAOk(2),
P(2S)= qPPek • (uk(2)/(K02+uk(2») • (zk(13)/(KPS+zk(13») • (S~LKk(2)/(KALK+SALKkI2»)

• «zk(16)/XPAOk(2})/(KPHA+(zk(16)/XPAOk(2»» * «KMAX-(zk(lS)/XPAOk(2» )/(KPP+KMAX­
(zk(lS)/XP_~Ok(2»» • XP~Dk(2) * etaN03 • K02/uk(2} * Izk(12)/(KN03+Zk(12»),
P(26)= muPAOek * (uk(Z)/(K02+uk(2») * (zk(11)!{KNH4+zk(11») *
(SALKk(2) / (KALK+SALKk(2») * Izk(13)! (KP+zk (13»)} *
«zk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(2}») • XPAOk(2),
P(27)= rnuPAOek • (uk(2)/(K02+uk(2»} • (zk(11)/(KNH4+zk(11») *
(SALKk (2) / (KALK+S~_LKk (2) ) ) * (zk (13) / (KP+zk (13) » *
(lzk(16)/XPAOk(2»/(KPHA+(zk(16)/XPAOk(2»» * XPAOk(2) • etaN03 • K02/ukI2} •
(zk (12) / (KN03 -ezk (12) ) ) ;
P(28)= rnuAUTek * (uk(2)/(K02+uk(2») * (zk(1l)/(KNH4+zk(1l)}) * (zk(13)/(KP+zk(13») •
(SALKk(2)/(~~LK+SALKk(2») • XAk(2) ,

% TANK 3

SF SNE~ SN03 3204 XS
=k(l'7) zk(18) zK(19) z k z» zk(21} zK(22) :::'::(::3) z k 24)

P(29)= kHek * (ukI3)/(K02+uk(3») * «zk(22}/XH.1<;(3»/(FX+(zkI22)/XHk(3»» * XHk(3);
P(30)~ kHek * et~~03 * (KOZ/(K02+uk(3») * (zk(ZO)/(KN03+zk(20») *
«zk(22)/XHk(3»/(KX+(zk(22)/xa1<13»» * lmk(3),
P(31)~ kHek * etafe * (KOZ/{KOZ+uk(3») il (KN03/(KN03+zk(20))) *
«zk(22)/XFJd3»/(KX+(zk(22)/xa,(3»» * lmk(3),

309



P(32)~ muHek • (uk(3)/(K02+uk(3») • (zk(l7)/(KF+zk(17») • (zk(l7)/ (zk(17)+zk(lB» I •
(zk(19)/(KNH4+zk(19») * (zk(21)/(KP+zk(21) I) * (SALKk(3)/(K'~K+SALKk(3»1 * XHk(3);
P(33)~ muxek * (uk(3)/(K02+uk(3») * (zk(lB)/(KA+zk(lB»I * (zk(lB)/(zk(17)+zk(lBI» *
(zk(l9)/(KNH4+zk(l9») * (zk(21)/(KP+zk(21») * (SALKk(3)/(KALK+SALKk(3») * XHk(3);
P(34)= muHek * etaN03 * (K02/{K02+uk(3») * (KN03/(KN03+zk(20») * (zk(17)/(KF+zk(17»)
* (zk(17)/(zk(17)+zk(lB») * (zk(19)/(KNH4+zk(191» * (zk(21)/(KP+zk(21») *
(SALKk(3)/(KALK+SALKk(3»I * XHk(3);
P(35)~ muHek * etaN03 * (K02/(K02+uk(3») * (KN03/(KN03+zk(20)I ) * (zk(lB)/(KA+zk(18)1)
* (zk(18)/(zk(17)+zk(lB») * (zk(19)/(KNH4+zk(19») * (zk(21)/(KP+Zk(21») *
(SALKk(3)/(K~LK+SALKk(3») * XHk(3);
P(36)~ qfeek * (K02/(K02+uk(3») • (KN03/(KN03+zk(20») * (zk(17)/(KF+zk(17))) •
(SALKk(3)/(K'_LK+SALKk(3»)* XHk(3);
P(371~ qPHAek * (zk(lB)/(KA+zk(lB») * (SALKk(3)/(KALK+SALKk(3») *
«zk(23)/XPAOk(3»/(KPP+(zk(23)/XPAOk(3»» * XPAOk(3);
P(3BI~ qPPek * (uk(3)/(K02+uk(3») * (zk(21)/(KPS+zk(21»)) * (SALKk(3)/(KALK.SALKk(3) I I
* «zk(24)/XPAOk(3»/(KPHA.(zk(24)/XPAOk(3»I) * ((KMAX-(zk(23)/XPAOk(31»/(KPP+KMAX­
(zk(23)/XPAOk(3»» * XPAOk(3);
P(391~ qPPek * (uk(31/(K02.uk(3») * (zk(211/(KPS+zk(21») * (SALKk(31/(KALK+SALKk(3»)
* «zk(24)/XPAOk(3»)/(KPHA+(zk(24)/XPAOk(3»)) * «(~X-(zk(23)/XPAOk(3» )/(KPP+KMAX­
(zk(23)/XPAOk(3»» * XPAOk(3) * eta.."03 * K02/uk(3) * IzkI20)/(KN03+zk(20»);
P(40)~ muPAOek * (uk(3)/(K02+uk(3») * (zk(19)/(KNH4+zk(19)1) *
(SALKk(3)/(KALK+SALKk(3»)* (zk(21)/(KP+zk(21») *
(zk(24)/XPAOk(3»)/(KPHA+(zk(24)/XPAOk(3»I ) * XPAOk(3);
P(41)= muPAOek * (uk(3)/(K02+uk(3») * (zk(19}/{KNH4+zk{19}}) *
(SALKk(3)/(KALK+SALKk(3»I* (zk(21)/(KP+zk(21») *
«zk(24)/XPAOk(3))!(KPHA+(zk(24}/XPAOk(3})}) * XPAOk(3) * et~~03 * K02/uk(3) *
(zk (20) / (KN03 +zk (2 0) ) ) ;
P(42)= muAUTek * (uk(3)/(K02+uk(3»} * (zk{19)/(KN'H4+zk(19») * (zk(21)/{KP+zk(21»)) *
(SALKk(3)/(KALK+SALKk(3») * ~~(3);

Pk = [P(l) P(2) P(3) P(4) P(5) P(6) P(7) PCB) P(9) P(10) P(l1) P(12) P(13) P(14) P(15)
P(16) P(17) P(lBI P(19) P(201 P(21) P(22) P(231 P(24) P(25) P(26) P(271 P(2B) P(29)
P(30) P(31) P(32) P(33) P(34) P(35) P(36) P(37) P(3B) P(39) P(40) P(41) P(421 1 ';
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APPENDIX H: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE

ATHLONE PLANT WiTH THE ACTIVATED SLUDGE MODEL NO.3 BIO-MODEL

H.1: MATLA8 script file - AASM3_Simulation.m

% M-File: A-~SM3 Simulation.m
% ========================== M-FILE DESCRIPTION ===========================
% This m-£ile is used for:
% Simulation of the At.h.Lcne plant using full ASt-13 model
% Calculation of the parameters for the reduced ASM3 model
~ Simulation of ene Athlone plant using the reduced ASM3 mOGel

clear all
ole

~ Clear the worKspace
% Clea~ the caIT~and window

% ========================== PABF11ETER DEFINITION =========================
% Declaration of the global variables
global kH kSTO etaNOX muE bH_02 bH_NOX bSTO_02 bSTO_NOX muA bA_02 bA_NOX
global KX K02 KS KNOX KNH4 !CALK KSTO KA_02 KA_NH4 KA_ALK KA_NOX

K1 =- 1344;
DT = 0.001042;

% Prediction horizon or in~2rval

'6 SempLi.nq time

% Initialisation of the model paraffi~ter5, t~?ical values at 20 OC
% StochiometIic par~~eters

% Kinetic

fSI

YSTO_02
YSTO NOX
YH_02
YH_NOX
YA
fI

kH
kSTO
etaNOX

muH
bH_02
bH NOX
bSTO 02
bSTO_NOX
mllA
bA_02
bA_NOX

KX

K02
KS
KNOX

KNH'
Ia-LK
KSTO
KA_02
KA_NH4
KA_ALK
KA_NOX

OPO;
0.85;
0.80;
0.63 ;
0.54 ;

0.24 ;
0.2;

parame'Cers
3;
5;
0.6;
2;
0.2 ;
0.1 ;
0.2;
0.1;
1;
0.15 ;
0.05;

sw.l t ch.i.nq functions
1;
0.2;
2;
0.5;
0.01;
0.1;
1;
0.5;

1;
0.5;
0.5;

% Initialization of ne Ath Qne process d3'Cc
VI 1148;
V2 1148;
V3 5273;

QO 40003 ;
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ed ow rate from the s e't t.Le r
flow rate (3840)

through the tank 1
t flow through the tank ')
~, flow through t.he t.an k 3

Qa 39916.8; {; Recyc
Qp 39916.8; % Recyc
Qr 40003; % Pecic
Qw 38400.0; 'I; was te
Q1 Qp + QO; * flcw
Q2 QP + QO + Qa + Qr;
Q3 Q2 ;

ed ~ ow
ed f O~"

rate from ~aTIk 3
rate frc~ tank 2

% Coe f Lci.en t. for fraction of F, "".J rates for the particulate materials
LAMBDA = (Qp+QO+Qr-Qw)/(Qr);

SOsat
KLa

pa r-ame r.e r s
8;
4.8;

-% Oxygen saturation point
transfer function ,~ Tank

% ============================= PROCESS MODEL =============================
% Calc~latioTI of the i1ATRIY- A
% Matrix A represent weighting factors of the a cDr,ulated state variables
% from different £10":5 t.owar-ds state variables n each tank a s derived
1· t.h.rouqh mass beLance p r Lnc.i.pLe s , see chapter of t.he Thesis
IVl
IV2
IV3

DT/ VI; IVll
DT/ V2; IV22
DT/ V3; IV33

IVI * Ql; All
IV2 * Q2; A22
IV3 * Q3; A33

1 - IVlI;
I - IV22;
I - IV33;

A12 IVl * QPi
A23a ~ IV2 * (Qa + Qr) i

A23b = IV2 * (Qa + (~_MBDA*Qr)}i

1\..21 IV2*QI;
A32 IV3*Q2i

All
A12
Al3

All * ones(l,l3) i All
Al2 * ones(1,13) i Al2
aeros t t av r a) ;

diag(All);
diag (A12) ;

AZI A21 * ones{l,13); A21 = diag(AZI);
A22 A22 * ones{l,13); A22 = diag{~22);

A23 [A23a,A23a,A23b,A23b,A23b,A23b,A23b,A23a,A23a,A23a,A23a,A23b,A23a] ;
A23 diag(A23);

A31
A32
A33

zeros t t s i aa) ;
A32 * ones(l,13); A32
A33 * ones(l,13) i A33

diag (A32) ;
diag(A33) ;

A [All Al2 A13; A21 A22 A23; A31 A32 A33];

% Calculation of the ~LATRIX B
% Ha t ri x B represent we Lch t.Lnq factors of t.he e t s t e var i ab Le s t ova r cs
<'0: LnfLuent; wa.s t.ewe t.e r ccmpcs i t i.on as der i.ved t.hr-c.uqh me s s be Lance
1 p~inciples, see chapte~ 3 of the Thesis
IVO DT/VI*QOi
Bl1 IVO * ones(1,13) i Bll = diag(Bll);

B [BII; zeros(26,13)] i

% Formulation of the ~~~RIY. C
% Matrix C represent weighting factors of the st.ate variables to~ards t.he
~ orocesses on th? p~Ml matrix table
cc- [[0

[-0.15
[0
[-0.60
[0
[-0.80
[0
[ -1

[0

fSI 1
o -1
a -1
a a

a a
a a
a a
a a
a a

0.01 a a 0.001 a -1 a a a -0.751 ;
0.03 a a 0.002 a a a YSTO_02 a 0.51] ;
0.03 0.07 -0.07 0.007 a a a YSTO_NOX a 0.48J;
-0.07 a a -0.005 a a 1 -l/YH_02 a -0.05] i

-0.07 0.30 -0.30 0.016 a a 1 -l/YH_NOX a -0.21] ;
0_066 a a 0_005 fI a -1 a a -0.75 ] ;

0.066 0.28 -0 .28 0.025 fI a -1 a a -0.75 ] ;

a a a a a 0 a -1 a -0.60 ] ;

a 0.35 -0.35 0.025 a a 0 -1 a -0.60 I ;
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[-~8 .04 a a -4.24 a ~/YA -0.60 a a a a i. 0.90 1 ;
[-0.80 a a O. 066 a a 0.005 fI a a a -1 -0.75 1 ;
[0 a a 0.066 0.28 -0.28 0.025 fI a a a -1 -0.75 11 ;

C DT*[CC zeros (l2, 26) ; zeros (12 I 13) CC zeros(12,13) i zeros (12, 26) CCJ;

~ =============------============ SIMULATION DATA ============================
% Constant inflow concentrations for steady state sisulations
soi =

SALKi
xli
XAi =

0.0; SIi = 30.0; sSi = 69.5; SNHi = 31.56; SNDi = 6.95;
= 7.0; sozi = SOi, SNH4i SNEi; SN2i SNDij SNoxi 0.0;
51.2; xsi 202.32; XBHi = 28.17; XHi = XBHi; XSToi = 0;
Q.O; XSSi 125;

X$TO XA.xsSALK ;.;SNOXSNH4 SN253SI%S02
sxss
xi = [S02i*ones(I,Kl) j s r t eones t i s xa j , saf-cnes rt i xi r , SNH4i*ones(1,Kl};

SNzi*ones(l,KI); SNOXi*ones(I,KI}; SALKi*ones(l,Kl); Xli*ones(l,Kl};
xSi*ones(l,Kl)j XHi*ones(l,Kl); XSTOi*ones(l,Kl); XAi*ones(I,Kl);
XSSi*ones{I,Kl)] ;

* Values of the initial conditions
-is For tank. 1

2.8082131e+OO.
5.3699400e+OO;
8.2134908e+Ol;
1.4838943e+02;

88_1
SNOX_l
X8_1
XAl

3.0000000e+Ol;
1.2166405e+OO;
1.1491252e+03;
4.4885186e+OO;

8I_1
SN2_1
XI_l
XSTO_1

4 .2984433e-03;
7.9l7884Se+OO;
4.9277l03e+OO;
2.55l7658e+03;
5.2848894e+OO;

[802_1; 8I_l; 58_lj SNH4 Ij 8N2 1;
XH_I; XSTO_l; XA_IjXSS_l ];

802 1
SN"rI4 1
SALK_l
X!l_~

XSS_l
xl0 =

% For tank 2
1.4587940e+00;
3.6619672e+OO;
7.6386187e+Ol;
1.4830 914e+02;

3.oo00000e+Oli
8.8206477e-Ol;
1.1491252e+03;
4.4952273e+OOj

81_2
8N2 2
XI_2
X8TO_2

6.3131911e:-05;
8. 3444148e+OO;
5.0801748e+OO;
2.5533851e+03;
5.0290873e+00;

[802_2; 81_2; S8_2; 8NH4_2; 8N2_2;
XH_2; XSTO_2; XA_2;XSS_2 ];

802_2
SNH4_2
SALK_2
XH 2
XSB 2
x20 =

-% Far tank. 3
1.1495418e+QQ;
6.5408820e+OO;
6.4854 922e+ 01;
1.4894126e+02;

SS_3
8NOX_3
XS_3
XA_3

3.0000000e+Ol;
8.2888682e-Ol;
1.1491252e+03;
4.3924277e+OO;

8I_3
8N2_3
X1_3
XSTO_3

1. 7183778e+OO;
5.5479452e+OO;
4.6747902.e+OO;
2.5571314e+03j
4.5041834e+OOj

[802 3; 51 3; 88 3; 8NH4 3; 8N2 3;
XH_3; XSTO_3; xA_3 ;XSS_3 ] ; -

802_3
SNH4_3
SALK_3
XH_3
XSS_3
x30 =

xO [X10;Y...20;X30) i

x (xO zeros{39 ,Kl)];

~ Steady state simulation of ~h~ mOdel
for k =

xk
xik
Pk

1:K1
~ x("k);
= xi ( :, k) ;

P_AASM3F(xk) ;

SOk [xk(27,~)J;

xxk DT*KLa* (SOsat-SOk) ;
xxlk [zeros{26 ,1);xxk{1) izeros{12 , 1 ) ] ;
x(:,k+1) = A"X{:,k) + C'*Pk + B*xi(:,k) + .xx Lk r

end

~ Full model response
i Tank ~

figure{l)
subplot (5 ,3,l) ;plot (x{l, :») ; title ( '50.2_1')
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subplot (5,3,2) r p Lo t; (xj z , e} r t.Lt.Le (' SIl')
subplot (5,3,3) rp Lot; (x (3, e} ) i title ( '5Sl')
subplot(5,3,4) r p Lc t Ix La, :» r t Lt Ie t t stcne I')
subplot(5,3,5)iplot(x(5,:»;title('SN2 I'}
subplot (5,3,6) r p Lot; (x(6, :» ;title (' SNCX1')
subplot (5,3,7) iplot (x(7, e } i title (' SALKl T)

subplot (5,3,8) j p Lo t; (x t a , e ] ;title ('XII')
subplot(5,3,9) rp Lo t Ix Ls , e} ;title( 'XS1')
subplot(S,3,lO);plot(x(10,:»ititle('XHl')
subplot (5,3,11) rpLot; (x(II, :) ) ;title (' XST01')
xlabel ( •discrete time k ")
subplot (5,3, 12) ;plot (x(12,:» r t.Lt Le I 'X;;!')
xlabel ( 'discrete time k")

subplot (5,3,13) rpLot; (x( 13, e} ) -t.Lt r.e ('XSS1 1
)

xlabel{ 'discrete time k')
set (figure (1) ,'na.'TI.e', 'T2nk 1 st.eady state results','nurnbertitle','off')

% Tank 2
figure (2)
subplot(5,3,1);plot(x(14,:»;title('SC: .2')
subplot(5,3,2) iplot(x(lS, :» ititle('SI2')
subplot (5, 3,3) sp.Lo t; (x(16, :)} r t.Lt.Le (' SS2')
subplot (5, 3,4) sp Lo t; (x t i.v , :» ;title (' S::;,H4 2')
subplot (5, 3, 5) ;plot (x(18, :» -r.Ltr.e (I SN2_2')
subplot (5, 3, 6) ;plot (x(19, :)} j t.LtLe (' SNGX2')
subplot (5, 3, 7) rp.Lct; (x(20, s ) ) r t Lt.Le (. SALK2')
subplot (5, 3,8) ;plot (x(21, :) ) -t.Lt t e (':<12')
subplot (5,3,9) ;plot (x(22, :) ) ititle ('X$2')
subplot(5,3,lO) iplot(x(23,:)} rt.Lt.Le t 'XH2')
subplot (5,3.11) iplot (x(24, :) ) r t.Lt.Le ( ' XSTC2' )
xlabel{ 'discrete time }:')
subplot (5,3, 12) r p Lot; (x{25, :) ) r t Lt.Le ( 'x..=:'2·)
xlabel{'discrete time k'}
subplot(5,3,13) .pLot tx t z s , ,» -t.Lt Le ( 'XSS2')
xlabel ( 'discrete time k')
set (figure{2) , 'name', 'Tank 2 stsady state results', 'rrQ,bsrtitle' , ' o f f ' )

% Tank 3
figure (3)

subplot {5, 3,11 ;plot (x(2?, :) ) -t.Lt.Le (' S02_3')
subplot (5, 3,2) j p Lct; (x(2B, :) } r t.LtLe (' $13')
subplot (5, 3, 3) r p Lct; (x{29, :) ) r t.LtLe (' 55]')
subplot (5,3,4) r p Lot; (x{30, :» ;title (' SNH4_3')
subplot(5,3,5) rp Lo t fx La L, e} ititle('SN2_3')
subplot(5,3,6) iplot(x{32, :» ititle{'StJC:-C3')
subplot(5,3,7) iplot(x{33, :» i t i t l e ( ' SALK3 ' )
subplot (5, 3,8) rp Lot; (x{34, :) ) s t i.t.Le ('XI3')
subplot (5,3,9) ;plot (x(35, :)) j t LtLe ('XS3')
subplot (5, 3,10) r p Lot; (x{36, :) ) ;title ( 'ZH.3')
subplot (5, 3,11) rp Lot; (x{3? e} ) j t.Lt Le I 'XST03')
xlabel ( "d.i.s cr-e t.e time k ' )
subplot (5, 3,12) rp Lot; (x{38, c} ) j t.Lt Le t 'X.:;3')
xlabel ( 'discrete time k')
subplot (5,3,13) rp Lot; (x(39, :) ) ;title ('}':SS.3')
xlabel ( 'discrete time k')
set (figure(3) , 'name', 'Tank 3 steady 3t2~e results', 'n~~bertitle','off')

~ Data for dynamic simulations
K 1344; % Predic~icn hori~on for dynamic simulations

load dry. txt
the inflsw concentratio~s for

t Th e 0 de r- l s . S S X33 i ...:::: }:, SNH w
,

SND ~:l';D Q .~,

, ,
,~ ~ 2 3 , , 5 , c , 7 , 8 , 9 , .s, v, ,
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dry(l :K, 6) ';
dry(l :K, 5) ';

XAi*ones(l,K} j

xi [S02i*zeros(1,K); dry(1:K,7)'i dry(1:K,2)';
SNzi*ones(l,K); SNOXi*zeros(l,K); SALKi* ones(l,K);
dry(l:K,4) '; dry(1:K,3)'; XSToi*ones(l,K);
XSSi*ones(l,K}];

x [x{:,Kl+1) z er-os tss i xj l r

%. Dynamic
for k

xk
xik
Pk

simulation of the model
1,1<:
x("k);

xi(:,k) ;

P_AASM3F{xk); % Calculation of the process rates

SDk [xk(27,1)];

xxk DT*KLa*{SOsat-SOk};
xxlk [zeros (26,1) ixxk(l);zeros{12,1)]i
x (: I k+l) := A*x (: , k) + - C I *Pk + B*xi (: , k) + xxlki

end

% Full model response to the d}S2~ic influent concentrations
% Tank 1
figure (4)
subplot (5, 3,1) rpLo t; (XCl, :» ;title (. S02_1')
subplot(5,3,2) iplot{x{Z, :» ;title('SI1')
subplot (5, 3,3) ;plot (X{3, :) ) ; title (I SSl')
subplot (S,3,4) ;plot (X(4,:» r t Lt.Le ('SUE4- 1')
subplot(5,3,S) iplot(x(5, e} r t.Lt Le I 'SN2_1>l
subplot (5,3,c) -p j o t tx t s , :» r t.Lt.Le I 'SN(}Xl')
subplot (5,3, 7) iplot(x(7,:» r t.Lc Le (·S];....LK1·)
subplot (5,3 ,8) iplot(x(8,~» st.Lt.Le (':1:11')
subplot(5,3,9) iplot(x{9, e] ititle('XSl')
subplot{S,3,lO}iplot{x{lO, :}}ititle{'XHl')
subplot(S,3,ll) iplot{X(11,:» r t.Lt Le I 'X5T01')
xlabel('discrete time k')
subplot (5, 3,12) r p Lot; (x( 12, :) ) r t.Lt Le ( 'YJU')
xlabel('discrete time k')
subplot (5, 3, 13) iplot (X(13,: J) r t.Lt.Le I ':<521 f l
xlabel('discrete time k')
set (figure (4) , "name t , I 'I'ank 1 dynamic r e suLt e t , I numbe r t i, t.Le ' I "of f ' }

% Tank 2
figure (5)

subplot (5, 3,1) rp Lo t; (X(14, :» r t.Lt.Le (f 502_2')
subplot (5, 3, 2) rpLo t; (xCIS, :) ) r t.Lt.Le (. S12')
subplot (5, 3,3) rp Lo t; (x(l6,:» r t Ltt.e t ' SS2')
subplot{S,3,4)iplot{X(17, :»ititle{'SNH4_2 ')
subplot (5,3, 5) rp Lot; (X(IB, e} } r t Lt.Le (' SN2~2')
subplot (5, 3, 6) rpLot; (x(19, :) ) r t LtLe (' StJOZ2 t)

subplot (5, 3, 7) rp Lo t; (X(20, :) ) r t.Lt.Le (' SJ>...LK:')
subplot (5, 3,B) rpLot; (X(21, :» r t.Lt Le (f X12')
subplot (5, 3,9) ;plot (x(22, d) ;title ('XS2')
subplot (5,3,10) sp Lot; (x.(23, e} ) r t.Lt Le (lXH2')
subplot{5,3,ll) iplot{x.(24,:)} r t.Lt Le I 'ZST02')
xlabel('discrete time k')
subplot (5,3,12) iplot (x.(25, :) ) r t.Lt.Le (' X.;'2 I)

xlabel ( •discrete time k')
subplot(S,3,13) iplot(x.{26,:») r t.Lt Le I '}'~SS2')

xlabel('discrete time k')
set (figure (5) ,'n~~e', 'Tank 2 dynasic results', 'n~3berti~le', 'off')

% Tank 3
figure (6)
subplot (5,3,1) -pLot; (x(27, :» r t.Lt.Le (' S02~3')
subplot (5, 3, 2) rp Lot; (X{28, e} rc t t t e {' 513'}
subplot (5, 3, 3) j p Lot; (x{29, :) , s t tcLe t ' SS3'}
subplot (5,3,4) iplot (x{30, :) ) r t.Lt.Le r ' SN.HA_3!)
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subplot (5,3,S) r p Lot; (x D~, e) } i title ( 'SN2 3 I)

subplot (5, 3,6) r p Lot; (x(32, :) ) r t LtLe (I SNOX3 J)

subplot (5, 3, 7) r p Lo t; (X(33, :)} r t.Lt Le (I SALK3')
subplot (5, 3, S) rp Lo t; (x(34, :}) i title ('XI3' J
subplot (5,3,9) r p Lot; {x (35, :.) } r t.Lt Le ( I XS3 I)

subplot(5,3,lO) iplot{X.(36,:» r t.Lt.Le t 'ZH3')
subplot (5,3,11) rp Lot; (x(37, e) ) r t.i.t.Le r ' XST03')
xlabel('discrete time k')
subplot (5,3,12) r p Lot; (X{38, :) ) r t.Lt Le ('XA3')
xlabel{'discrete time k')
subplot(S,3,13) iplot{x(39,:» r t.Lt Le I 'XSS3')
xlabel('discrete time k')
set (figure (6) , ' name I ~ • Tank 3 dynem.i.c xe auI t.s ' ~ ! numbe r-t i t.Le ' ~ 'off' )

% ======================= REDUCED MODEL FOm~UIF"TION =======================
% Form the vector of the st.ates (z) for the reduced model, based en the
% ASMl prediction

[x(3,,) , x(4"j,
[x(16,,), x(17,,),

[x(29,:) t xDO,:) i

[Zl.iZ 2;Z3] ;

zl
z2

z3
z

5S, SNH4, SrTCZ.
X(6, ,j ];

x(19, :)] i

x(32, :)] i

%4
%7

2
5
8

6
9

% Formation of the vector of ~he control variables
Ul"",x(l,:)i
u2 x(14,:);
u3 x(27,:);
U [ul; u2; u3];

% D~T"arric values of the inflow concentrations for dry Ke~ther

ss SNH4 3NGX
zi = [SSi*ones{l,K); SNH4i*ones(2,K); SNOXi*ones(l,K)] i

% Steady state values for: t.he biomass XH, ZJ'.., XS, SALh, :<5TO
XH

XA

XS

XSTO

SALK

[25S1.76 YoneS(1,K) i 2 5 53.38*ones{l,K);2557.l3*ones(l,K);
2559.18 Yones(l,K} ;2559.34*ones(l,K)];

[148.389*onesCl,K) ;148.309*ones(1,K) i148 .941*ones(1,K) i

149. 527*ones (1, K) ; 149. 797*ones (1, K) ] ;
[82 .13S*ones (I, K) ; 76. 386*ones t i , K} ; 64.85 s-one s (1, K) ;

55.694Tones(1,K) ;49.306*ones{1,K)];
[448. 9*ones (I, K) ;76. 386*ones (1, K) i 64. 8S5 »onee (1, K) ;

55.694*ones(l,K) ;49.306*ones(l,K)];
[4.9*ones(1.,K) ;l48.309*ones(I,K) i148.941'*ones(l,K);
149.527*ones(1,K);149.797*ones(l,K)] ;

for the reduced wedsl fAR)
Allr 1 IVll; A22r 1 - IV22; A33r 1 - IV33;

A12r
A21r

IVI * Qp; A23r Iv2 * (Qa + Qr) ;
IV2*Ql; A32r ~ IV3*Q2;

Allr
A12r
A13r

A11r * ones(l,3}; Allr
A12r * ones(l,3); A12r
zeros (3 , 3) ;

diag (Allr) ;
diag (A12r) i

A21r
Jl...22r
A23r
A23r

A31r
A32r
A33r

A21r'* ones{1,3); A21r diag(A21r);
A22r'* ones(l,3); A22r ~ diag(A22r);

[A23r,A23r,A23r] ;
diag(A23r);

zeros (3, 3) ;

A32r * ones (l,3) ; A32r diag{A32r);
A33r * ones{l,3) i A33r ~ diag(A33r);

1L~ = [Al1r A12r A13r; A21r A22r A23r; A31r A32r A33r] ;
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% ~L~TRIX B Ior the reduced modeliBR)
Iva = DT I Vl*QO;
f = 1.2;
BIlr = [IVQ IVQ IVO*£];
BIlr = diag(BIlr);
BR =. [BIlr; ze ros t s c aj l j

~: r:lATHIX C for the reduced model feR)
CCR: [[1

[0
[0
[0

0.01
-0.07
-0.07
-4.24

a };
a I ;
-0.30J;
l/YAlJ ;

CR = DT*[CCR zeros(4,6); zerOS(4,3) CCR zeros{4,3); zerOS(4,6) CCR};

% Parameter estimation
fo.r k "; l:K

zk z ( :, k) ;

uk = u r s , k);

XHk
xAk
XSk
XSTOk
S~.LKk

XH(:,k);

XA("k) ;
xs (, ,k);

XSTO("k);
SALK("k);

zik zi ( : , k) ;
Pk P_AASM3R{zk,uk,XHk,XAk,XSk,XSTOk,SALKk);
Flk CR' *Pk;
Y{:,k} = z(:,k+l)-AR*z(:,k)-BR*zi{:,k)i
theta ( : ,k) ",,(Flk' *Flk) A (-1) *Flk' *y (: .k) ;

end

muHE(l, , )
muAE (I, :)

!<hE (1, s )

theta(l,:) ;
theta{2,:) ;
theta{3,:) t

% Dynamic simulation of the reduced mcd~l with the es:imated par2~leter5

zE = [x{3,1) ;x(4,l) ;x(6,l) ;x(16,1) ;x(17.1) ;x(19,l) ;x(29,l} ;x(30,1} ix(32,l)};

ERR = z{:,l)-zE;

% Dynam.ic simulation of t.ne reduced rnode I wi.t.h t.he e s t i.ma t.ed parameters
for k ""

zk
uk
zik

l:K
z (, ,k) ;
u I e ,k);
zi{:,k)i

xHk
xAk
XSk
XSTOk
SALKk

muHEk
muAEk

KhEk

XH("k);

XA(:,k}i
XS ( :, k) ;

XSTO{: ,k);
SALK{:,k)i

muHE(: ,k);

mu..~(: .xi .
KhE(:,k) ;

Pk = P_AASM3RE{zk,uk,XHk,XAk,XSk,XSTOk,SALYJ<,m~BEk,muAEk,KhEk);

ZE(:,k+l) = AR*zE{:,k) + CR'*Pk + BR*zi{:,k);

ERR { : ,k+1) =z{: .x-z : -eei . ,k+1) ;
end

% Vector of precess full, estimated and error va~iable5 53, SNE4,
881=z(l,:) iSNH4_1""Z{2,:) ;SNOX1=z(3,:);
SSlEe-zE(l,:} ;SNH4_1E""ZE{2, .) ;SNOXIE""ZE(3,:};
ERc~SSl:ERR(l, ,);ERRSNH4 1:ERR(2,,);ERRSNOX1:ERR(3, ,);
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% Calculation of the weighted errors for tankl
eSS1=(ERRSS1*ERRSS1')/(SSl*SSl')i
eSNH4_1=(ERRSNH4_1*E~~~TH4_1')/(SNH4_1*SNH4_1')i

eSNOX1=(ERRSNOX1~ERRSNOX1')/(SNOXl*SNOXl')i

~ Vector of process fUll, estimated and error variables SS, SNH4,SNOX, Tan~ 2
SS2=z (4, e } iSNH4_2=z (5, :) iSNOX2=z (6, e ) t

SS2E=zE{4,:) ;SNH4_2E=ZE{5,:) iSNOX2E=zE{6,:} i
ERRSS2=ERR(4, ,J ,ERRSN'd4_2=ERR(S, ,J iERRSNOX2=ERR(6, ,J,
% Calculation of the weighted errors for tank 2
eSS2=(ERRSS2*ERRSS2')/(SS2*SS2')i
eSNH4_2=(ERRSNH4_2*ERRSNH4_2')/(SNH4_2*SNH4_2') i

eSNOX2= (ERRSNOX2*ERRSNOX2 ,)! (SNOX2*SNOXZ') i

% Vector of process full, estimated and error variables SS, SNH4,SiJOX, ~an~ 3
SS3".z (7, e ) i5NH4_3=z (8, s } iSNOX3=z (9, :) t

SS3E=zE{7,:) ;SNH4_3E=ZE(8,~)iSNOX3E=zE{9,:) i

ERRSS3=ERR{7, :)iERRSNH4_3=ERR{S,:) iERRSNOX3=ERR(9,:) i

% Calculation of the weighted errors for tank 3
eSS3=(ERRSS3*ERRSS3')/(SS3*SS3 1)i

eSNH4_3=(ERRSNH4_3*ERRSNH4_3')/(SNH4_3*SNH4 3'} i

eSNOX3=(ERRSNOX3*ERRSNOX3')/(SNOX3*SNOX3') i

k = 1 :Ki

% Graphs of the estimated parameters
figure(?)
subplot (3, I, 1) ;plot (k , muHE, "k ") i title ( 'Estimated muli ") ;ylabel ( "mulig ") ;
subplot(3,l,Z)iplot{k,muAE, 'k') ititle('Esti~atedmuA')iylabel{ 'E~A2')i

subplot(3,l,3)iplot{k,KhE, 'k!)ititle{'EstL~ated~~~') iylabel('KhE') i

set (figure (7) ,'n~~e', 'E3ti~ated parameters', TnQ~,ertitle','off')
xlabel{ "d.l s cz-e t.e time k' )

k = l:K+li
% Graphs or the rEduc~d model response to 'the dyna"7,':"c influent
% concentrations

figure(s)
subplot(3,2,l) iplot(k,SSl) shoLd on; plot{k,SSlE, 'k-. ') ryLabeLt 'SSl.SSlE') i

legend ( 'SSl', '531£') isubplot(3,2,2) i plot (k,ERRSSl, 'k') iylabel{'EFRSS1'} i

subplot{3,2,3);plot{k,SNH4_1)ihold oni plot (k,SNH4_1E, 'k-.');
legend('SNH4~l','SNH4_1E')iylabel('SNH4_1,SNH4~lE')i

subplotD,2,4) i plot (k,ERRSNH4_1, 'k') iylabel('ERF:SNH4_1') i

subplot(3,2,S) iplot(k,SNOX1) ihold oniplot(k,SNOXlE, 'k-. ') i

legend! 'S~TOXI', 'SNOXIE') ;ylabel ('SNCX1, 3NO;GE') ixlabel{ 'discrete t Lme k')
subplot (3, 2, 6) i plot (k, ERRSNOXl, 'k ') r y LebeL ( 'ER?SNOXl') i

xlabel ( •discrete time k I)

set (figure(8) ,'na~e', 'Tank 1 Precess variables and estimation
error', 'nG~~rtitle', 'off')

figure(9)
subplot (3,2,1) sp Lo t; (k , 5S2) i hold on i plot (k , SS2E, 'k-. ') ry LabeL ( 'S5:, SS2E' ) i

legend ( 'SS2','SS2E') isubplot(3.2,2) i plot(k,E~~SS2, 'k') iylabel('ERRSS2') i

subplot(3,2,3) iplot(k,SNH4_2)ihold oniplot(k,SNH4_2E, 'k-. ')i
legend( 'SNH4 2',' SNH4 2£') r y LabeL (' SLH4 2, SNE4 2£') i

subplot(3,2,4) i plot (k,ERRSNH4_Z, 'k') iylabel('ERRSN24_2') i

subplot (3, 2,5) j p Lo c (k , SNOX2) rhoLd on; plot (k , SNOX2E, 'k-. ! )

legend('SNOX2', 'SNOX2E')iylabel('SNOX2,SNOX2E') ixlabel('disc=ete time ~l)

subplot(3,2,6)i plot {k,ERRSNOX2, 'k');ylabel{'ERRSNOX2') i

xlabel{'discrete time t')
set (figure (9) ,'name', 'Ta~k 2 Precess variables and estisatiorr
error', 'nG~ertitle', 'off')
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figure (H)

subplot(3,2,1) iplot{k,SS3};hold on; plot(k,SS3E, ·k~. ')iylabel('SS3,SS3E')i
legend{ I SS3' , I SS3E') ; subplot (3, 2 ,2) ; plot (k,ERRSS3, I k ") iylabel (' ERRSS3') j

subplot(3,2,3) iplot(k,SNH4_3)jhold onjplot(k,SNH4_3E, 'k-. ');
legend('SNH4_3', 'SNH4_3E') iylabel('SNH4_3,SNH4_3E ') ;subplot{3,2,4);
plot (k,ERRSNH4_3, '~')i

ylabel('~~RS~H4 3');

subplot(3,2,5);plot(k,SNOX3) ;hold on; plot (k,SNOX3E, lk_. ')
legend ( •SNOX3 I, I SNCX3E') ;ylabel ( •SNGX3, SNOX3E J ) ; xlabel ( I d.i s cz-e t e time k ")
subplot(3,2,6); plot(k,ER-RSNOX3, 'k');
ylabel('ERRSNOX3') ;xlabel('discrete time kll
set (figure (10) , 'name', 'Tank 3 Process variables and estimation
error', 'n~~ertitle't'off')

H.2;MATLAB script file - P_AASM3F.m

% M-File: P FASM3F.m
% ========================== M~FILE DESCRIPTION ===========================
% This m-file is used for;
% Calculation of the process ra~es for the full model

function Pk

global kH kSTO etaNOX muH bH_02 bH_NOX bSTO_02 bSTO_NOX muA bA_02 bA_NOX KX KQ2 KS KNOX
KNH4 K..~K KSTO KA_02 KA_NH4 KA_J..LK KA_NOXi

% TA.t;rr\ 1
P(l)~ kH*((xk(9)/xk(lO»/(KX+(xk(9)/x]dlO»»* xk(lO),
P(2)~ kSTO * (xk(l)/(K02+xk(l») * (xk(3)/(KS+xk(3))* xk(lO),
P(3)~ kETO * etaNOX * (K02/(K02+xk(1»)) * (xk(6)/(KNOX+xk(6») * (xk(3)/(KS+xk(3)) *
xk(lO),
P(4)~ muH * (xk(1)/(K02+xk(l») * (xk(4)/(KNH4+xk(4») * (xk(7)/(KALK+xk(7») *
«xk(ll)/xk(lO»/(KSTO+(YL(ll)/xk(lO»» * xk(lO),
P(5)~ muH * etaNOX * (K02/(K02+xk(l») * (xk(6)/(KNOX+xk(6») * (xk(4)/(KNH4+YL(4»)) *
(xk(7)/(KALK+xk(7») * «xk(ll)/xk(lO»/(KSTO+(xk(ll)/xk(lO») * xk(lO),
P(6)~ bH 02 * (xk(1)/(K02+xk(l») * xk(lO),
P(7)~ bH-NOX * (K02/(K02+xk(l») * (xk(6)/(KNOX+xk(6») * xk(lO),
P(8)~ bSTO 02 * (xk(1)/(K02+xk(1») * xk(ll);
P(9)~ bSTO=NOX * (K02/(K02+xk(l») * (xk(6)/(KNOX+xk(6») * xk(ll);
P(lO)~ muA * (xk(1)/(KA_02+xk(l») * (xk(4)/(KA_NH4+xk(4») * (xk(7)/(KA_ALK+xk(7))) *
xk(12) ,
P(ll)~ bA_02 * (xk(l)/(KA 02+xk(l») * xk(12) ,
P(12)= bA_NOX * (KA_02/(KA_02+x~(1») * (xk(6)/(KA_NOX+xk(6») * xk(12),

75 TE;i.>1'K 2
P(13)= kH*«(xk(22)/xk(23)/(KX+(xk(22)/xk(23))))* xk(23);
P(14)= kSTO * (xk(14) / (K02+xk(14») * (xk(16) / (KS+xk(16»)) * xk(23) ,
p(15)= kSTO * etaNOX * (KOZ!{K02+xk(14») * (xk(19)!(KNOX+xk(19»)} *
(xk(16)/(KS+xk(16») * xk(23);
P(16)= muH * (xk(14)/(K02+xk(14») * (xk(17)/(KNH4+xk(17»)) * (xk(20)/(KALK+xk(20))) *
«xk(24)/xk(23»/(KSTO+(xk(24)/xk(23»» * xk(23);
P(17)= m~q * etaNOX * (K02/(K02+xk(14») * (xk(19)/(KNOX+xk(19») *
(x~(17)/(KNH4+xk(17)) * (x~(20)/(lC>.LK+xk(20))) *
«x~(24)/xk(23»/(KSTO+(xk(24)/x~(23))) * xk(23);
P(18)~ bH 02 * (xk(14)/(K02+xk(14») * xk(23) ,
p(9)= bH-NOX * (K02/(K02+xk(14») * (xk(19)/(KNOX+xk(19»)) * xk(23),
P(20)= bSTO 02 * (xk(14)/(K02+YL(14») * xk(24);
P(21)= bSTO-NOX * (K02/(K02+xk(14») * (x~(19)/(KNOX+xk(19)) * xk(24);
P(22)= m~~ ~ (xk(14)/(KA_02+xk(14»)) * (x~(17)/(KA_NH4+xk(17») *
(xk(20)/(KA AL..1C+xk(20») * xk(25);
P (23) = bA 02 * (xk (14) / (KA 02+xk( 14) ) * xk (25) ;
P(24)= bA=NOX * (KA_02/(FJC=02+xk(14») * (xk(19)/(KA_NOX+xk(19») * xk(25) ,
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% T.ANK 3
P(2S)= kH*((xk(3S)/xk(36»/(KX+(xk(3S)/xk(36»»* xk(36);
P(26)= kSTO * (xk(27)/(K02+xk(27») * (xk(29)/(KS+xk(29»)* xk(36);
P·(27)= kSTO * etaNOX * (K02/ (K02+xk(27») * (xk(32)/ (KNOX+xk(32») *
(xk(29)/(Y~+xk(29») * xk(36);
P(28)= mu-'l * (xk(27)/(K02+xk(27») * (xk(30)/(KNH4+xk(30») * (xk(33)/(KAL-'Z+xk(33») *
(xk(37) /xk(36}) / (KSTO+ (xk(37) /xk (36»» * xk(36};
P(29); muH * etaNOX * (K02/(K02+xk(27») * (xk(32)/(KNOX+xk(32») *
(y.k(30)/(KNH4+xk(30») * (x]c(33}/(KALK+xk(33») *
(xk(37)/xk(36)}/(KSTO+(xk(37)/xk(36»}) * xk(36);

P(30)= bH_02 * (xk(27)/(K02+xk(Z7»)) * xk(36);
P(31)= bH_NOX * (K02/(K02+xk(27») * (xk(32)/(KNOX+xk(32») * xk(36);
P(32)= bSTO_02 * (xk(Z71/(K02+xk(27») * xk(37);
P(33)= bSTO_NOX * (K02/(K02+xk(27») * (xk(32)/(KNOX+xk(32») * xk(37);
P(34)= muA * (xk(Z7)/(KA_OZ+xk(Z7)}} * (xk(30)/(KI'__NH4+xk(30») *
(xk(33)/(KA_ALK+xk(33») * xk(3S);
P(3S)= bA_02 * (xk(27)/(KA_02+xk(27») * xk(3S);
P(36)= bA_NOX * (KA_02/(YA_02+xk(27») * (xk(32)/(KA_NOX+xk(32») * xk(3S);

pk = [pel) P(2) P(3) P(4) pes) P(6) P(7) P(S} P(9) P(IO) P(ll) P(12) P(U) PCB) pelS)
P(16) P(l7) pelS) P(19) P(20} P(21) pen) P(Z3) P(24) P(2S) P(26) P(27) P(2S) P(29}

P(30) P(31) P(32) P(33) P(34} P(3S) P(36)]';

H.3: MATLAB script file - P_AASM3R.m

% M-File: P ?~~SM3R.m

% ========================== M-FILE DESCRIPTION ===========================
% This m-file is used for:
'1: Ce LcuLat Lon of the pr-oce s s r-e t.e s for perame t e r estimation of "the reduced
% model

function Pk ; P_AASMIR(zk,uk,XP~,~~/XSk,XSTOk,SALKk);

global KX K02 KNE4 ~~ KSTO etaNQX KNOX KA_02 KA_~~4 KA ALK

% TANK ....
P(l)= ((XSk(I)/XHk(I»/(KX+(XSk(I)/XHk(I»»* L'lk(l);
P(2)= (uk(I)/(K02+uk(I») * (zk(2)/(KNH4+zk(2») * (SALKk(I)/(KAlK+SALKk(I») *
((XSTOk(I)/XHk(I»/(KSTO+(XSTOk(I)/XHk(I)}}) * XHk(I);
P(3)= etaNOX * (K02/(KOZ+uk(I») * (zk(3)/(KNOX+Zk(3») * (zk(2)/(KNH4+zk(Z») *
(SALKk(I)/(KALK+SALKk(I») * ((XSTOk(l)/XHk(l})/(KSTO+(XSTOk(I)/XHk(l»» * XHk(l);
P(4)= (uk(I)/(KA_02+uk(I)) * (zk(2)/(KA_NH4+zk(2») * (SALKk(l)/(KA_ALK+SALKk(l») *

X1'.k (1) ;
Plk = [PIll 0 0; 0 P(2) 0; 0 p(3) 0; 0 0 P(4)];

P(S)= (XSk(Z)/XHk(2»/(KX+(XSk(2)/YJlk(2»»* L'lk(2);
P(6)= (uk(2)/(K02+uk(2») • (zk(S)/(KNH4+zk(S») • (S~LKk(2)/(KALK+S~.LKk(2») *
((XSTOk(2)/XHk(Z»/(KSTO+(XSTOk(Z}/XHk(Z»» • XHk(Z);
P(7)= etaNOX * (K02/(KOZ+uk(Z»} • (zk(6)/(KNOX+zk(6») * (zk(S)/(KNH4+zk(S») •
(SALKk(2)/(KALK+SAIJC~(Z») * «XSTOk(2)/XHk(2»/ (KSTO+(XSTOk(2)/XHk(2»» • XHk(2);
P(8)= (uk(Z)/ (KA_02+uk(2») * (zk(S)/(KA_NH4+zk(S») * (SALKk(2)/(KA_ALK+SALKk(2») *

XAk (2) ;

P2k = [PIS) 0 0; 0 P(6) 0; 0 P(7) 0; 0 0 P(B)];

P(9) = «XSk(3)/XHk(3»/(KX+(XSk(3}/XHk(3»»* XHk(3);
P(IO)= (uk(3)/(K02+uk(3)) * (zk(B)/(K.."'I14+zk(8)) * (SAlKk{3)/(KALK+SALKk(3») *

«(XSTOk(3)/XHk(3})/(KSTO+(XSTOk(3)/XHk(3»» * XHk(3);
P(ll)= etaNOX * (K02/(K02+uk(3») * (zk(9)/(KNOX+zk(9») * (zk(S)/(KNH4+zk(S») •
(SALKk(3)/(KALK+SALKk(3») • ((XSTOk(3)/XF.k(3»/(KSTO+(XSTOk(3)/XHk(3)}» * XHk(3);

P(12)= (uk(3)/(K..~_02+uk(3»} * (zk(8)/ (KA_NH4+zk(S») * (SALKk(3)/(KA_ALK+S~.LKk(3)}) *

XAk(3);
P3k = [P(9) 0 0; 0 P{lO) 0; 0 P(ll) 0; 0 0 P(12)];
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pk [Plk; P2k; P3kj;

H.4: MATLAB script file - P_AASM3RE.m

% M-File: P ~~SM3RE.m

% ========================== M-FILE DESCRIPTION ===========================
% This m-file is used for:

Calculation of the precess rates for parame~er estimation of the Leduced
't model

% Description of the function function
function pk = P_AASM3RE(zk, uk,XHk,XAk,XSk,XSTOk, SALKk,muHEk,ffiuAEk, KhEk) i

global KX K02 KNH4 KALK KsTO et~~OX KNOX KA_02 KA_NH4 KA_ALK
% Tfl...NK 1
P(l)= KhEk * «XSk(l)/XR~(l})/(KX+(XSk(l)/XHk(l) »}* XHk(l);
P(2)= muHEk * (uk(1)/(K02+uk{1.») * (zk(2)/(IrnH4+zk{2}» * (SP-.LKk(l)!(KALK+SALKk(l)}) *
«XSTOk(l)/XHk(l»/(KSTO+(XSTOk(l)/XHk(l»» * XHk(l);
P(3)= muHEk * etaNOX • (K02/(K02+uk(l))) • (zk(3)/(KNOX+zk(3») • (zk(2)/(KNH4+zk(2»)
* (SALKk(l)/(KALK+SALKk(l)}) * «XSTOk(l)/XHk(l) )/(KSTO+(XSTOk(l)/XHk(l}») * XHk(l);
P(4)= muAEk * (uk(l}/(KA_02+uk(1»} * (zk(2)/(KA_NH4+zk(2») *
(SALKk(l}/(KA_ALK+SALKk(l») * XAk(l);

% T.I:..NK :2
P(S)= KhEk * «XSk(2)/XHk(2) }/(KX+(XSk(2}/XHk(2»»* Xh1«2),
P(6}= muHEk' (uk(2)/(K02+uk(2}» • (zk(S)/(KNH4+zk(S»} • (SALKk(2)/(KALK+SALKk(2}}) •
«XSTOk(2)/XHk(2})/(KSTO+(XSTOk(2)/XHk(2»» * XR~(2);

P{7)= muHEk * etaNOX * (KOZ/(K02+uk(1») * (zk(6)/(KNOX+zk(6») * (zk(S)!{IrnH4+zk(S»)
* (SALKk(2)/(~LK+SALKk(2»} * «XSTOk(2)/XHk[2) )/(KSTO+(XSTOk[2)/XHk(2)}» * XHk(2),
P{S)= muAEk * (uk(Z)!(KA_02+uk(Z») * (zk(S)/(KA_NH4+zk(5}» *
(SALKk(2)/(KA_ALK+SALKk(2») * XAk(2) ,

~. T;'.NK 3
P(9) = KhEk * «XSk(3)/XHk(3)}/(KX+(XSk(3}/XHk(3»»* XHk(3) ,
P(lO)= m~BEk * (uk(3)/(K02+uk(3}» * [zk(8}/(KNH4+zk(8») * (SALKk[3)/(KALK+SALKk(3)}}
* «XSTOk(3)/XHk(3»/(KSTO+(XSTOk(3}/XHk(3)}» • lGlk(3) t

P(ll)= mtiHEk * etaNOX • (K02/(K02+uk(3)}} * (zk(9)/(KNOX+zk(9») * (zk(8}/(Kllli4+zk(8»)
• (SALKk(3)/[~LK+SALKk(3») * «XSTOk(3}/XHk(3) }/(KSTO+(XSTOk(3)/XHk(3)}» * XHk(3),
P(12)= muAEk * (uk(3)/(KA_02+uk(3») * (zk(8}/(KA_NH4+zk(8») *
(S~~(3)/(KA_ALK+SALKk(3})} * XAk(3) ,

Pk = [P(l) P(2) P(3) P(4) P(S) P(6} P(7} P(8) P(9} P(lO) P(U) P(12)j';
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