St

A

‘ Cape Peninsula
University of Technology

INVESTIGATION AND DEVELOPHMENT OF METHODS FOR OPTIMAL CONTROL
OF THE ACTIVATED SLUDGE PROCESS

by |

KOKETSO PORTIA KUJANE

Thesis submitted in fu!ﬁlment of the requirements for the degree
Master of Technology: Eiectrical Enginsering

in the Faculty of Engineering

at the Cape Peninsula University of Technology

Supervisor: Professer Raynilchka Tzoneva

Bellville
December 2048



DECLARATION

I, Koketso Portia Kujane, declare that the contents of this thesis represent my own unaided
work, and that the thesis has not previously been submitted for academic examination
towards zny qualification. Furthermore, it represents my own opinicns and not necessarily

those of the Cape Peninsula University of Technology.

Rufc . Dec 2009

Date

Signed



ABSTRACT

This prolect was siarted as a resull of sirict environmentat znd heslth reguigtions togsther
with a demand for cost effective operation of wastewater trestment plants (WWTPs) The
ain aim of this project is how to keep effluent concentralion below a prescnbed iimit af te
iowest possible cost Due 1o large fluciuations in the qualily and guaniity of the influent
concentrations, traditional control methods are not adequats 1o schieve this aim. The major
drawback with these methods is that the disturbances affact the process before the controlier
has time to correct the error {Olsson and Newell, 1689 454). This problem s addressed

hrough the use of modem control systems.

Modemn control systems are model based predictive algorithms arrangsd as feed-forward
controfters {Oisson and Newell, 1599 454). Normally a controller is equipped with a constant
set point; the goal in this project is to calsulate an optimal DO rgjectory that may be sampled
to provide a varying optimal set-point for the Activated Siudge Process. in this proiect an
optima!l control problem is formulated using BO concentration as a control variable. This
reqguires 2 model of the process fo be confrolled, 2 mathematical exprassions of the
Hmitations on the process Input and oulput vanabies and finally the objective funclional which

consists of ihe objectives of the control,

The structures of the Benchmark plant {developad within the COST 882 warking group) and
the Athlone WWTFs are used o implement this optimal contro! sirategy in MATLAB. The
plant's full models are developed based on the mass balance principle incorporating the
activated sludge biclogical models; ABM1, ASMZ, ASM2d and ASM3 {deveicped by the WA

working groups). To be able to develop a method that may later ¢n be ussd for onling
coniral, the full models are reduced based on the technigue in Lukasse (1888) T ensure
that the reduced moedsis xesp the same pregiction capabilities as the full models. parameters
of the reduced modsis are calculated based on the Least Sguares principie. The formuialed
optimal coptrol problem is soived tased on the decomposition-coordination methed that

involves time decompoesition i a two layer struclure,

MATLAB software is developed 0 solve the problems for parameter estimation. fuil and

..l

reduced mode! simulation, and cplimal control caiculation for the considered different case

[V

of nlant structures and b*ﬂisg | mogels. The oblained oplimat DO trajectories produced the

B

fiuent state wrajectories within prescribed requirements. Thase DO trajsciories may be

implemented in different SCADA systems (¢ be tracked as set peoints or desired tralectorie

Q]

o

by different types of controliars.
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1.1

CHAPTER ONE
INTRCDUCTION

Introduction

Clean water is a valuable resource lacking in many parts of the world especially in Africa
where people have died from diseases related o water contamination {e.q. cholera).
Every living thing on earth {microorganisms, plants, animals, humans and sven our brain)
consists mostly of water, More than 70% of the earth's surface is coversd by watsr, only
a small part of which is suitable for either human consumption or agricuftural use
(approximately 0.5% of all water in the world). Due to pollution from agriculture,
houssholds and industry reaching rivers, lakes and seas it is important for wastewater
(sewage) to be properiy treated in order 1o remove harmful substances before it reaches

the snvircnment.

Strict environmenta! and hezlth regulations together with 2 demand for cost effective
ways of wastewater treatment have made control technology in Wastewater Treatment
Plants (WWTPs) an imporiant priority. In WWTPs, the control system is used fo
supervise the inherenily dynamic wastewater treatment processes from the influent
wastewsater through biclogical processas up unti] effluent dispersal. The infroduction of 5
control éysiem in these plants is expecied to reduce the need for larger volumes,
improve the effluent water qualily, decreass the use of chemicals, and save energy and
operational costs. Senscrs for dissolved oxygen and nutrients such as ammonium,
nitrate and phosphorus have been develeped and improved in recent years. thus
increasing the potential for effective monitering, automation and control of wastewater
treatment plants. This assists in reaching the obiective of the wastewater treatment
process operation, which is to provide reliable and stable process 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 preblem for optimal control of the activated
sludge process is developed. Generally the objective of optimal control is to make the
cutput 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 modsl to predict the

hehaviour of the influent disturbancas.



1.2

Secondly to use optimal conirol theory (process model, process consiraints and the
obiective 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 fulure control

application in real time.

The focus of the project is to control dissoived oxygen needed by microorganism in the
ASP to grow. The aim of the suggested method is to sfficiently control and reduce
unnecessary dissolved oxygen concentration. which in turn reduces the amount of

anergy, required for high airffow rate and thus minimises cost.

in this chapter, the biological process of a wastewster treatment plant is briefly
described. The common sirategy 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 sirategy is fully descrived in
Chapter thres.

Introduction to wastewater treatment

Wastewater treatment plants comprise various processes used for the reduction of
contaminants in wastewater. A typical wastewster treaiment plant includes a machanical
system and a biological process. The mechanical system consists of grids and sand
filters for removing large cobjects as well as primary sedimentation for removing
suspendad solids. if not removed these objects may cause system blocks and damage
equipmant. A biclogical system is used for the reduction of organic matter and harmful
nutrients such as nitrogen and phosphorus. The mechanical and biclogical systems of 3

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

‘ Mechanical Treatment System Biological Treatment System
influent I qb{—!——‘\ pa Efffuant
wastswater & 1( wastewater

Grid Sand fiteer Reactor

Clarifier

Figure 1.1: The mechanical and biological wastewater treatment systems

{Adezptad from Samusisson, 2004)



1.2.1 Activated sludge process

The activated sludge process (ASP) is one of the biclogical processes used at most
wastewater treatment plants. This process is used to biclogically reduce contents of
erganic matter, nitrogen and phosphorus in wastewater. If untresied 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 ecosystam negatively. A typical layout of the ASP is shown in
Figure 1.2 (Samuelsson, 2001).

Compressed air
Ciadfier
influent 3 » b Efftusnt

S
a Q‘

Aeration Tank

_ 5 Wastedsiudge
Recycled sludge

Figure 1.2: A typical layout of the activated sludge process

{Adapted from Samueisson, 2001)

A typical ASP consists of an aeration tank and a clarifier as shown above. In the aeration
tank, microorganisms utiize oxidized organic materials for their growth and energy.
Microorganisms then form a biological floc which gets suspended due to asration. After
for 4 to 8 hours the floc is allowed io overflow into the clarifier. After being in the clarifier

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

The settied material is then drained from the boliom while the treated wastewster is
allowed to flow from the fop of the clarifier. Organic mafter leaves the system in three
ways: as part of the seitled matenal as CO2 or with the effluent {Matas, 2003) The
guality of the effluent depends on biomass growth in the aeration tank thersfore a part of
the siudge (seftled biomass) is recycied back to the asrated tank to keep a balance

between biomass concentration and waste material in the tank.

A basic ASP may be exiended to include biological removal of nitregen. Nitrogen
removal requires a fwo step configuration with aerobic and anoxic tanks. A basic ASF
3



1.2.2

designed to include the biological removal of nitrogen is shown in Figure 1.3. In ths
aerated tank. ammonia nitrogen is converied info nitrate through nitrification process
white n the anoxic tank nitrate is converted inio nitrogenous gas through denitrification
process, This is how nitrogen leaves the system; it is converted into 2 gas that disperses

into the atmosphere.
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Figure 1.3: Typical layout of the ASP Incorporating bioiogical nitrogen removal

{Adapted from Lindberg, 1287}

A basic ASP may be further extended 1o include biclogical removal of phosphorus.
Phosphorus in wastewaler is in the form of polyphosphate granuies. These
polyphosphate granules are used as energy source by the polyphosphate-accumulating
organisms (PAQ} under anaercbic conditions. The University of Cage Town plant layout
shown in Chapter four on Figure 4.8 is a typical example of an ASP configured to

incorporate biological phosphorus removal.

Activated sludge process optimal control

Traditionally there has been very litie emphasis on wastewster control systems; as 2
result wastewater treatment plants are only equipped with simple contrel systems. These
systems are mainly used for on and off controt and for monitoring purpose. Dissolved
oxygen (DO) is the most commonly menitored and controlled variable of the activated
sludge process (ASP). DO sensors are used to monitor and relay measurement of DO to
a computer. Simultansously, a programmable logic controfier (PLC) controls the amount
of DO supplied 1o the aeration tanks. Typically, 2 PLC is set to regulate DO valus fo 2
mg/l.

Cost minimization is an important factor in the operation of the wastewater treatment
plant. In order to run a plant eccnomicaé!y, cperstional costs such as pumping energy
and asration energy should be minimized. Al the same tms discharges to the waisr
recipients should be kept at a low level Minimizing the operational costs and at the same

4



fime treat wastewater properly lead to conflict of interest that must be solved. This
conflict can be seen as a mulii-objective optimization problem where effiuent discharges
must be baiznced against operational costs. The main question is how to keep the

effluent discharges below a certain pre-soribed imi {o the lowest possible cost

The main purpcsé of this project is to solve this optimization problem. This is solved
through automatic control of the process. The objectives of automatic contrel are making
the output signals cf the system bghavs 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 detarmine which signals fo conirol. which {o measure or esbimate and which conlro!
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 sysiem. Finsally, the contro! 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 rale. The biological group consists of
concentrations of substraie and biomass. As oppoesed to the chemical variables. the
biological variables are not measurable online. The chemical group controls enzymas
activity of the microorganisms and in this way conlrols the biclogical vanables. 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,

CHEMICAL . BIOLOGICAL
iochemical E Enzymes .
Phys:zgd::mca ' =m S concentration
DOE + -
Ka concentration N concentration
Air " E Microorganisms >
flowrate : P concentration

Figure 1.4: Dependence between chemical and biological variables



K.a is the oxygen transfer coefficient and & describes the rate at which oxygen is
transferred into the system, DO is the Dissolved Oxygen conceniration, S is Substraie, N
is Nitrogen and P is Phosphorus. The figure shows how air an input to the chemical
variables is coniroiled to give the DO ouiput that is necessary (o the biological variables.
Figure 1.5 an example of a closed loop system condrol of DO goncentration in the asrobic

tank of the aclivated sludge process.

Disturbances
E Enzymes
) Bacteria o
= Kia ; +
Error| o R oS
: Mi .
E icroorganisms Substratd .
+ : >
DOsp E
E AEROBIC TANK

Figure 1.5: DO control of the Activated Sludge Control

1.2.2.2 Disturbance factors in the activated sludge process

1.3

The main disturbance of the ASP is the inflow load, which is characterized with different
values of the flow and wasle componeni concentrations. The inflow characteristics
change with the change of temperafure, wind and time. The load change leads o
changes of the environment conditions for the micreorganismé, which requires different
values of the DO. The required DO values are not always clear, it has fo be estimated or
calculated in some way. The solution of this preblem is to determine the required DO

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

the project.

Introduction to optimal control
Optimal control theory is based on the calouius of vanations method: it is aimed at
making functionals reach minimum or maximum valuss. Optimal conirol is 2

mathematical optimization method for deriving optimal control trajectories.

6



1.4

The ghieclive of optimal control is {o predict best values of the conirol variable that will
make the process behave in an oplimal way. This means that 2 system must achieve
effluent requirements while satistying physical constraints of the plant. This is achieved
th{oagh'mmimizatésn of a pre-specified optimality criterion (Katebi, 1888).

Problem identifiéation

The South African constitulion states that the provincial governments have o ensure
effective perfcrmancé‘ by their municipalities in terms of wastewater and sewage disposal
{South Africa. National Government, 1886). This includes adherence to local and
internationsl standards governing effiuent wastewater disposal in recent years, these
standards have been made more severe in order to improve the state of the em%zcémem
as well as cater for disposal probiems due to growing urbanisalion and indusiralization.
As 3 result of these developments, there has been a lot of support from the Waler
Research Commission towards South African research in wastewsler freatment, with the
main focus being on the designs of the wastewater treatment plants (WRC, 2002). Nct
much of the researches are directed fowards wastewater treatment plants control

systems.

Most wastewater reatment planis around the world and in South Africa use simple
feedback control systems with on and off capabiliies. This is despite the fact that
wastewater treatment processes are known to be highly complex and nonlinear in their
nature. The other issue surrounding wastewatar treatrent plants is the high operational

cost incurred.

auch of the operational cost is related to the electrical energy utitized during asration. It
is believed that electricity consumption makes up to more than 40 percent of the total
operational costs (Motor Management Success, 2001}, 1t is also believed that the energy
saving potential for wastewaler ireatment plants is very high. This potential can be
reached through the use of advanced control and monitoring systams.

Without advanced control and menitoring systems. wastewaler treatment pianis cannct
run efficiently and effectively, Figure 1.6 shows a decrease in concentrations of
phosphorus in some of the rivers of the European Unien after building and exploration of
modern control systems in many European countries. Advancad control systems give

more possibilities to achieve these trends at a lower energy costs.

7
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Figure 1.6: Phosphate concentrations in some of the rivers in Europe

{Adapted from EEA, nd)}

The dynamic complexities of wastewaler treaiment processes, the related energy cost
and the strict efflusnt requirements cannot be deall with by means of simple feedback
systems. They require the use of advanced state of the art control systems, such as
optimal control. The availabiity of on-line sensors and mathematical models makes it
possible to design advanced control systems for the activated sludgs process. Several
advanced control straiegies have previously been suggested by Bastin and Dochain
{1890). 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.

Motivation

Contral systems in wastewater have been recognized for almost 30 years but it has
never heen a major part of the wastewater trealment plant (AWTP) design. Many
WWTPs have baen designed and constructed without any atiention given to the contral

systems.

According to Henze et al (2000) the application of control sysiems increasss the capacity
of the biciegical nutrient remove! Dy 30%. In other cases. the application of centrof
systems has significantly decreased operating costs.

Wastewater treatment planis are susceptible to 2 ot 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 {o
menths. Storms and peak Ioads also make up the disturbances; they prohibit steady
state behaviour of the plant Tradit%onai%y, wastewaler disturbances have been

dampened by construction of bigger plants to attenuate large loads (Henze &t al, 2000).

Wastewater systems are dyhamic systems and any correction takes time before it can be
noticed in the sys%emi A wastewater freatment plant is always in transient state because
of the varying influent flow rales, concentration and compositions. The control system
has io recognize this and by online measurements and corrective actions bring the

various process varizbles to their dasirad values.

Dissolved oxygen {DO) concentration is a key variable in the gperation of the aclivated
sludge process. From a bislogical point of view. a choice of a proper DO set point is
crucial. Insufficient air supply will influence the growih of the organisms. the floc
formation and the setiling properties of the sludge. The controller dacision is based on

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

Simiple feedback control system requires information on the current state of the process.
Optimal control systems have capabiiities {o 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 exampie is the possibiiity for aerzlion 1o be

increased before a load change hits the plant.

Statement of the problem
Main problems encountered during operation of an ASP are the stringent requirements
on sffivent guality and the high cost incured. With the main contributor to the high

operational cost being the seration related energy cost.

Tha ASP requires oxygen for the minimization ¢f 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 1o remove harmiul
wastewster compaonents. Finding adegquate oxygen concentration in the agration tank is

the problem considered and soived in the thesis.
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The aim is o determine the amount of DO concentration required for the process to

produce the pre-specified effluent trajectories at a lower cost.

Research aim and objectives

The cverall aim of the research project is to investigate and develop methods for
calculation of the dissolved oxygen optimatl trajectory that may later be used for real tims
optimal control of activated sludge processes. The idea is to use reduced ASP medels to
observe the be'navig}uf of the ASP based on values of the predicted influent
concentrations. Then io pre-celculate valuss of the dissolved oxygen (BO) concentration
{in the aeration tanks) that forces the process to behave in a pre-specified manner. The
calculated DO values are then trealed as set points for the coniroller governing the rate
of air supply to the real plant. By so doing, i 18 certain that the controller considers the
effect of the influent disturbances of the ASP. The aim is achieved through the following
objectives:

1. Literaturs review and anaiysis

e

Analysis of the need for optimal DG control
Literature review of the exisiing methods for optimal DO control

[¥]

2. Design of models and methods for optimal controf calcutation

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 foilowing biclogical medels:
Activated Sludge Modsel No. 1 {ASM1), Activated Sludge Modsl Mo 2
(ASM2), Activated Sludge Model No. 2d (ASM2d) and Activated Studge
Model No. 3 (ASM3)
Development of the parameter estimation procedure

W

Formulation of the problem for optimal conirot

Development of a decomposition coordination methed for optimal control

9]

calcuiation
3. Development of scftware
Development of MATLAB software for simulation of the full models

Development of MATLAB scoftware for parameter estimelion of the

9]

reduced models

Deveiopment of MATLAB software for simulstion of the reduced modsis

@}

Development of MATLAB software for optimal contrel calculation

o}

Al program for simulation

[v]

10
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1.9

1.10

Hypothesis

Disturbances fo the ASP as well as the ASP noniinear and complex dynamics make it
difficuit to use classical control systams for ASP control. Thase control sysiems reguire 3
priori knowledge of the process, which is very limited due to the lack of sensors for ASP
compenents. 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.

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 systern dissolved oxygen

is the chosen control variable.

The following reduced activated Sludge medels are used in the formulation of the optimal
conirol problem:

s Activated Sludge Model No. 1 (ASM1)

e Activated Siudge Model No. 2 [ASMZ)

o Activaied Sludge Medel No. 2d (ASM2d)

e Activated Siudge Model No. 3 (ASM3)

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

considered hera.

The algorithm for calculation of the optimai control problem is implemanted on MATLAB.
To solve the formulated cptimal control problem, the Lagrangian and the decomposition

methods are used.

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

research project does not include controiler design.

Assumptions
The research project is based on the foliowing assumptions:

e The mass balance eguations accurately represent the actual processes.

1
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« For optimal- control problem solution, the predicted influsnt conceniration
characterised by the weather files is assumed o be 2 close approximation of the
real infiluent concentration during the respective weather.

e The seller is assumead fo be without biological reaction therefore only steady
state mass balance equations are used to model activities in the settler,

+ [t is assumed that the aclivated sludge moedels give the corract represeniation of
the actual processes.

» The reduced models do not change the main dynamic behaviour of the biclogical

activity of the microorganisms and of the wastewater component concenirations.

Research methods
in this rasearch a method for solution of the oplimal confrol problem of the activated
sludge process (ASP), specifically for the Athlone and Benchmark wastewatler treatment
plants is develcpment. The objective is to determine e method for calculation of an
optimal dissolved oxygen trajectory. The optimal dissolved oxygen trajectory is the one
that gives minimurm effluent concentration while consuming less control energy.
The research includes the development of the ASM1, ASM2, ASM2d and ASM3 reducsed
biclogical modsls of the ASP, Benchmark and Athlone planis mass balance medsls and
method for the optimal contrel problem solution. The method is based on the optimal
contrgl theories. which require mathematical process modelling. The process modsliing
requires the implementation of mass balance theories. The method is evaluated on the
basis of the benchmark environment that incorporates the uszge of predicted influent
conditions and the calculated effluent results based on those influent conditions. The
achieved solutions are evaluated through simulation under the following conditions:

s With average velues of the inflow and effluent concentrations

s With varying vaiues of the inflow and influent conceﬁiratiens

« With the obtained optimal control DO trajectory

s With a constant value of the control signal

As most of the wastewater reatment plants in Scuth Africa are manuaily cperated and
therefare ineficient, the method for optimal control calculation should be flexible so as fo
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,

12



Research methods used also include:

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

condrol theory and process modealling. This also includes a comparative analysis
- of the existing strategies and resuits from different publications.

+ Mathematical modeiling of the dynamic behaviours of the activated processes.

e Simutations for studying of the dynamic behaviours of the ASP

« QGraphical user interface 1o show a life status of the process being controlled.

s Experimental msthod for studying of the varicus possibilifies In terms of the
wastewater freatment plant behaviour during different inputs.

s Deseoription methods are used for the system desériptioa with all its specifications,
characteristics and functions.

s A discussion of the results allows for exnlanation and comparison of the controf

strategy with respect 1o the resesarch 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

tha thesis are broken down as follows:

Chapter 2 presents a literature review. This includes biclogical model reduction methods,
different activated shudge control sirategies and possible control variables.
Chapter 3 presents detall information regarding opﬁmai control theory as well as typical

controt strategies used in the activated sludge control studies.

in Chapter 4, a detailed description of the four activated siudge models implemented in
this project is given. The models are reduced based on the technigue in Lukasse (1888).

The mass balance modeals of Alhione and Benchmark activated sludge processes are

derived.

Chapter 5 includes a description and implementation of parameter estimation technique
for the reduced order modeis. Then the algorithms for simulation ¢f the models and

parameter estimation are descrived. The results are given and discussad.

13



Chapter 6 describes methods used in developing the optimal control strategy for
activated sludge processes. This strategy is then applied to the raduced Athione and
Benchmark mass balance modeis in MATLAB simuistion environment. Simulation resulls

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
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2.2

CHAPTER TWO
LITERATURE REVIEW

Introduction

The purpose of this chapter is 1o give an coverview of different strategies used for
advanced control of the activated sludge process (ASP). Focus is given to sirategies
used to control disscived 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 methed is.

A survey of the ASP models is then done. Because of the complexities of these models,
modet reduction techniques are stugied. To ensure that reduced models give the sams
prediction capabilitiess as the full medsls, parameter estimation techniques are also
studied. Comparative analyses of both model reduction technigues and model parameter
estimation techniques are done with the cbjective of determining the ideal technigues 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 resycle and wastage rates and seration. A brief retrospective on few key areas of

development regarding agration regulation is given.

Activated sludge process control
The function of a wastewater treatment plant (WWTP) is to speed up the natural process

by which water purifies itself. The main objective of & WWTP is to produce an effluent
meeting the required standards at the lowest possible cost. in this work, the wastewater

treatment plant based on the activaled 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 zgeration tank and a secondary sstiler. In the asration
tark the organics in the infiuent wastewater are transformed inic seitie-able biomass
{activated sludge flocs) by biomass growth. In the secondary settier the sludge settles
and is withdrawn from the bottom while the treated effiuent flows over the weir at the top.
The major part of the settled sludge is recycled back 10 the aeration tank and the rest is

wasted. Sludge recycling prevents biomass washout in the reactor.
15
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During the last 2 decades the interest in total nitrogen (N} and phosphorus (P} removal
from wastewatser has risen dug {o increasing effects of eulrophication in the aguatic
environment. N removal involves ke use of two biclogical processes; nifrification and
denitrification. Nitrification takes place under zerobic conditions while denitrification
requires anoxic conditions. The nifrate reduction depends on the level of DO
concentration. Lower DO levels denitrification in the aerzted zones possible. The
naturally existing carbon in the serated 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 bhasic ASP structure is redesigned to include an anoxic
rezotor. Phosphate removal requires the presence of an anasrobic tank prior o the
aeration tank. The ASP utilises bacteria within wastewater to remove organic matter,
nitrogen and phosphorus. These bacleria require oxygen in order to oxidise and
transform these wastewater contaminants info harmiess 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, i is clear that the concentration of microorganisms in thes
aerated tank detenmines contaminanis concentration in waslewater. It s alsc noted that
microorganisms’ concentration is affected by the sludge recirculation and the
soncentration of dissolved oxygen (DO} in the water. To help kKeep microorganisms at an
optimal level, several control strategies are availzble. These include controt of DO level,
aeration volume control and internal recyciing flow rate control. In this proiect, DO level
controf is considered a8 DO has direct influence on the effluent concentration and on the

process coperational cost.

Dissolved oxygen control

In the degrading process, large guantities of oxygen are consumed by the bacteria. This
often results in a severe lack of oxygen. The dissclved oxygen (DO} concentration shouid
ne sufficiently high to cover the microorganisms’ oxygen demand. On the other hand. =
too high DO level may hamper the efficiency of processes that require anoxic conditions.
Also. unusad oxygen is wasted as # disperses into the aynosphere. This lsads 1o 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 s kept at 2

16



constant pre-specified value by adjusting the air flow rate. This is not ideal because the
activated siudge process is subject {o high variations in terms of influeni wastawaler
concentration and flow rate. A feasible extension is to use a time varying set point for the
DO level by applying cascade confrol. An advantage of using a variable DO set point is
that only a minimal required amount is used resulling in energy savings. The
disadvantage is that there may not be exira sir to caler for mixing purpose. This
drawback is so%ved‘bzy sorirgiling the seration volums; this part s not coversed in ihis

project.

Many South African wastewater treatment plants are equipped with classical control
strategies that incorporate on/off or Proportional, integral and Derivative (PiD) control.
Because of the influent wastewater variations there is a great need io consider the
dynamic behaviour and the operational characteristics of the ASP in the control strategy.
This requires the use of advanced mode! based control sirategies. Doing so will ensure
that an improved performance of WWIP can be obtained.

The drawback in applying advanced control technigues to the ASP is the lack of fully
reliable online sensor for process monitoring. There are aisc lsck of methods for
measuring important variables required for medeliing, parameter estimation, optimization
and control calcuiation. The other challenges are due 1o the fact that the process is time
varying, nonlinear and multivarigble. The process’s siiff dynamics (time constants which
range from seconds to months) also make it hard to control the ASP. However this can
ne solved through the use of cascade control where fast controllers conirol faster sub-

procasses and slower controllers control the set point of the fast controllers.

Bacause of these drawbacks there has been little interest in using advanced control
strategies in wastewater treatment. However the development fowards tighter effluent
demands have confributed to an increasing interest in applying advanced control
strategies for WWTPs. Furthermore there has bean a development in the availability of
sensors for wasiewater treaiment monitoring, an overview of the existing sensor

technology was given in 2003 by Vanrolleghem and Lee.

The application of modem control systems has proved a great potential in dealing with
the complex dynamics of the ASP and the disturbances affecting it

17



Modern control systems have enabled for savings in energy and less usa of chemicals.

Such system is applied and regﬁﬁed by Carlsson {(1897).

These control systems are able to deal with nenfinear multi input multi cutput processes
with uncertainties. They are based on time domain, state space representation of the
processes they control.

That is, a2 process is described using a set of nonlinear mathematical equations.
Nonlinear high order ;.;rocesses such as the aclivated sludge processes are described by
high order differential equations. Modern control systems have the capability to design
and predict behavicurs of the complex nonlinear processes. Some benefits of using
advanced control strategies include possibifities to; meet effluent demands. achiave cost

efficient sclutions and reduce impact of the process disturpance.

Modem control systems are based upen the optimization of a cost function. This fisld is
refarred to as cptimal control. In this field, 2 mode! of the process is often used {o predict
the effects of any conircl signal. Tnen based on the selsciad cost funclion 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 o have a
sclution. This means that in situstions where the design requirements cannot be
satisfied, the designar will not search in vain for solutions of the problem,

Process optimisation is classified as either offline or online. Cffline process optimisation
refers to applications where offline simulations with the calibrated model are used to
determine optimal control sighals. 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 effluent quality cannot be
obtained any fonger. Hence simudations arg often used to evaluate whether the poliutant
removal efficiencies can be improved via improved process centrol. Onling process
optimization simulations with the calibrated medel are applied in an online optimisation

meathod, such as model predictive control (MPC} algorithm.

Mods! based control systems include:
« Mods! predictive control
s - Mode! adaptive control

s QOptimal contra!
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In these methods, classical feedback control ioop is sometimes used independently or
together with a feed forward control loop. in feedback control, measurements or
estimates of the confrol state are used fo calculate suitable values of the control
variables. In feed forward control, the process disturbance is included in the centrol law
thereby improving the disturbance altenuation,

Modem conirol incor;:orates implementation of confrollers in computers and uses

advanced algorithms for calcuiation of the control signals.

Model based control systems
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 conirol used
in complex multl input multi outpuf systems. MPC uses a dynamic modet of the plant fo
predict the future effect of the manipulated variables on the plant cutput. A dynarnic
modsel requires past process input and cutput knowledge o do predict futire process
cutput. The model predictive controlier uses the predicted output and current plant
measurements to caloculate future optimai trajectory of the process input {conirol
variables). Optimal control trajectory resuils in process operation that meels process
input and output constraints. The maodel 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 measuremeni and predicts future process oulput. The
predicted process oulput goes 1o the optimiser where it solves the optimization problem.
The optimiser incorporates a criterion function, constraints and history of past variabies.
The optimiser checks and minimizes the difference bstween the predicted output and the
desired output. The optimiser then generates and predicts the optimal process input

values that ars sent to the contrelisr to be implemented on the process.

MPC uses derative 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 cutputs. 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 o the controlier.
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The prediction horizen is then shifted forward and the procedure is repeated every time.
The new predicied input is also sent io the model 1o be used for prediction of futwre
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 conirol system. The
model predictive control is effective on systems with large number of constrained inputs
and ouiput. lis ad'vamage is #s ability to be applied online. The disadvaniage is that it is
more complex o design a mode!l prediclive controlier; all the consiraints have o b2

incorporated inte & siz%g?e cbjective funcfion before i can be optimised.

Desired output, x*(k]

PastHO u(k), xik]
T Model Predicted output, x{k+1}
Futire inputs, ulk+1} Future error

Optimiser -

x{k+1} - x~{k}

Tt

Criterion Constraint

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

{Adapied from Camacho & Bordons, 2004:4)

The application of model predictive control on an activated sludge process is reparted by
Steffens and Lant (1999}, Samusisson (2001), Macie;'oaﬁ}ski, {2002), Qin and Badgwell
(2003}, Zhang et ai. (2003}, Chotkowski et al. {2005}, Holenda st al. (2005a), Holenda et
al. {2005b) and Stare et al. (2607). In most of these cases, simulations results show 2
rejection of influent disturbance. In cases where dissolved oxygen {(DO) was chosen as
the maniptlated variable, the results show low aeration ensrgy reguiremeants thus low
cperational costs. The importange of MPC is that it aliows the enclosure of consiraints on

the inputs and oulpuls.
The work of Steffens and Lant {1889) is based on the assumption of 2 multivariable

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

applicable to oxygen control of wastewater treatment planis {Holenda, 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
invoives modification of controfler control law o be able {0 daal with slowly time varying
process parameters. in other words, the control iaw 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 modsal is used to capture the desired response, and
then the desired response is compared 1o the sysiem oulput. The controlier parameters
are updated based or; the difference between the desired and the system oulputs. The
gozl is for the parameters o meet the ideal valuss that cause the plant response io

match the model response.

A iypical structure of an adaptive control sysiem is presented in Figure 2.2. A model

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

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

the controller. The adjusted parameters are sent 1o the controller to he implemeniad on

the process in order 10 minimise the error. This control strategy boosts the advantage of

being able 1o reduce controlier response time while eliminasting oscillations. Adaptive

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

have trouble adapting io unknown processes or random disturbances {Spooner et al,
2002}

The application of mode! adaptive contral on an activated siudge process is reported by
Lindberg and Carlsson (1885). Lindberg and Carlesen (1996a), Lindberg (1897) Clsson
and Newesll {1998}, Chotkowski st al. (2005). The controllers gave good performance and
adapted well to changes in the process, Lindberg (1897) evaluated the sirategy in 3 pilct
plant and the controller in this case managed to control the specified concentration very
well. In 2004, Smets et al. gave an overview cf optimal adaptive control of biochemical
reactors. Smets et al. concluded that adaptive controller does notf guarantee optimality of

the results obtained.

youssef and Dahhou (1885) and Nejiarl st al (1988) presenied a study on the
éppiicaiéon of adaptive control iaws fo waste treatment plants. Dochain (1882,
Polihronnakis et al. (1883), Monroy et al. {1886}, Dochain et al. {1987}, Emmanouilides
and Petro {1987) reported adaptive conirol in waste treatment plants that uses anaerobic

gigesier processes.
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Figure 2.2: A basic structure of an adaptive control system
{Adapiad from Mosca, 1395:237)

2.4.3 Optimal control
Many of the ideas discussed in this section are tsken from Kirk (2004} and Bernard
(1988). Cptimal control system are systems in which control variables are determined to
maximize or minimize soime measure of the perfermance 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 stale
variable 3 feedback parameter is assighed. These parameters are scived in order o
achieve the desired trajectory of the system's responsé. With cptimal control, the

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

Different approaches to achieve optimal behaviour are avadable. These approaches
require solution to a sel of partial differential eguations. The objective s to find a
trajectory that optimises the selacted 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

FEAMINATIOM
- POINT
-

demonstrated in Figure 2.3

CONTRBL STRATEQY
%
!
3
r
o
3
]
|
g

10 TLAT SOM
POINT

TisdE {w)

Figure 2.3: Successive attempts before an optimal path
{Adaptad from Massachuselts institule of technology, nd:28)
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Because of iterations mentioned above, soiufion o the optimal control problem is
calcuiation intensive. This means that for complex problems, calculations may iske
lenger than the time available during each sampling interval. Hence many optimal control
problems are solved prior to the initiation of the condrol action. The solution to the optimal
control problem is therefors 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 will be vai%d only for the boundary conditiens that were initially known. There is
ne provisions given ‘fsr those conditicns and there is no continuous feedback of
fneasured variables. In other words this is a form of open ioop 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 frajectory will be generated. The
sdvantags of this approach is that it sliows for achievement of a desired response
without having to specify details of the trajectory. Ancther advantage is that this approach
is applicable to nondingar dynamic sysiems.

Lindberg (1997} determined that the one of the disadvantages of using optimal control
strategy is that to caiculate the control signal is very computationally intense. Simulation
results by Nejjari et al. {1988} showed the controller efficiency in reguiation. tracking and
disturbance rejection. Lukasse et al. (1888 and 1989) determined that optimal resulis
using this strategy were possible. Keesman et al. (2002) achieved gooed performance in
both simulation and gilot plant application. Schiitze et al. {2004} gave z review of optimal
control in the context of integrated modelling which included research in single objectivs

optimization.

Rauch and Harremoes {1999} considered such single cbiective optimization where two
different manipulated signals were considered separately but then compared fo find a

trade off betwean them.

Schiltze et al. (2002a) presented various objectives based on DO and ammonium
concentration with a single objective chosen in the optimization of ihe process. in
Vanrolleghem et al. (2005) ammonia concentration is selected as the objective to derjve
the optimal control strategy. In Schiiize et al. (2002b) optimization of various cbjectives
where finally introduced. Fu et al {2008} aiso applied this strategy 1o multivariabie

cbiectives optimizaticn.
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2.5

This is relevant since, in practice a control sirategy is required to meet muitiple and
possibly conflicting objectives, in order to meel the many needs placed on receiving
waters. In this project the infegrated wastewater process is not considered therefore the
control strategy is limited {0 a single objective aptimization.

Comparative ana]ysis of modern control systems

In summary, all the conirc! sirstegies thal are described above produce good
performance and d%siérbance attenuation. The oplimal control sirategy stands cul dus fo
the fact that if provides necessary and sufficient conditions which must be satisfied for
the design problem to have an optimal sclution. The other two strategies may produce
results which are not optimal or may lef the jtergtion procedure run forever because it
may never reach a solution. There are available computer programming platiorms which
are to desl with the downfall of computational intensily required to solve the optimal
conirol problem. The optimal control strategy is studied in dstails and applied to the

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

Activated sludge models

As discussed in the previous ssctions, modern control systems are based on s
mathematical representation of the process they conirol. Mathematical models have
becoma a maior tool to design closed loop contre! schemes. These mathematical models
are useful in the design and tuning of such control stralegies because the possibilities o
evaluate a strategy in practice are usually very limited. This means that with
mathematical models, different conirol laws can be easily trizd and the parameters of the
selected control law can be tuned without risk of disturbing the system (Vanrolleghem,
20021, With simulation, the current (and predicted) states of the effiuent wastewater can
be used o determine the conirol actions in the activated sludge process (ASP).

Most of the literature regarding the ASP i3 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 biclogical and physicochemical processeas that take
place in such complex envircnments, Henze et al (1887} produced the first WA model
called the activatad sludge medsl no. 1 (ASM1) in 1883. A thorough description of the
ASM1 may also be found in Jeppsson (1886} and Britta (2000}
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ASM1 represents the biochemical processes occurring within the biolegical reactor at
wastewater treatment piants 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 WA model called the activated sludge model no. 2 (ASM2) was produced by
Gujer et al. (1895). ASMZ is an exiension of ASM1 incorporating mechanisms for
biological phoaphomé removal at a wastewster treatment plant. The third WA mode!
called the activated sludge modsl no. 2d (ASM2d) was produced in 1988 (Henze st al.
1983). ASM2d describes simuitaneous phosphorus removal as well as nitrification-
denitrification. In the ASMZd chemical phosphate removal is modelled and the behaviour-
of phosphate-accumulating organisms (PAQC) is not describes. This is the difference
between ASM2d and ASM2.

The latest IWA model called the activated sludge mode!l no. 3 (ASM3) was also
developed in 1899 by Gujer et al. (1888). ASM3 incorporaies oxygen consumption,
sludge preduction and nitrification-denitrification processes of the ASP. ASM3 is an
sxtension of ASM1 where the main difference is the recognition of the imporance of

storage polymers in the heterotrophic conversion,

ASM1 is the most used of all the IWA models. According o Nelson and Sidhu (2008), the
ASM1 have been found to give a good dascription of the ASP provided that the
wastewater has been characierised in detail. All the four WA models are considered in

this thesis. The latest summary of all the WA models can be found in Henze et &l
(2000).

A few more models for the ASP have been developed based on the concepts used in the
WA models, these include ASM3_ZN (Lacopozzi e al., 2008) and TU Deifl model. TU
Delft model is a phosphate removal model developed at the Technical University of Delft,
This modsa! is described in more basic terms than the ASM2d and it also has lower

number of parameters.

Mathematical models and computer simulations are necessary 1o describe, predict and
conirel 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 ¢an rasuit in highly complex models,
which may not be very useful from a realistic point of view, For this reason these modsls

are ofien reduced 1o 2n order that is more applicable from the control point of view.

Activated sludge model reductions

Some of the ideas discussed in this seclion are taken from Jeppssen (185886). Activated
sludge models have been used mainly for process simulation and optimization of new
plant design. They aré useful tocls for operator training, teaching and ressarch 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 o the
Monod type expressions they use {Janssen et al., 2000}, Due to these complaxities, the
WA models are hard to calibrale and to use directly for controf purposas.

When they are usad for confrol purposes, problems arise with respect to the time needed
for tuning the controllers, since the optimized settings for the controller are found by

performing muliiple simulations.

According to Jeppsson {1883), the complexity of the modsels causes a savere 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 guality of
the influent wastewater composition can quite often translate to kinstic parameter
changss. In other words the model may be adjusted to measurement data using different

combinstions 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 alse amplify

these difficulties.

Previously there were not encugh avaiiable on-line instrumenistion and Iaboratory
procedures to verify the details of such complex models. Ancther problem is that results
from experiments on full scale plants are rarely reproducible and the process inputs
cannot be manipuigted and controlied in the way that would be needed.

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

appropriate for online implementation (Chachuat at el.. 2002, David et al., 20086).
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For these reasons the models are ofien reduced and simplified before uss. Most of the
fiterature covers reduction of ASM1. in this thesis all 4 WA models are reduced before
being usad for calculation of the optimal control strategy.

2.5.1.1 Model reduction techniques
The WA models are widely used models for simulation of the activated sludge procsss.
Howevar, these models are guite complex and may therefore be hard to use for controi
design. In this sectic;:n, some modsl reduction fechnigues which give more feasible

models for model siate and parameter estimation and controf designs are reviswed,

In previous vyears, model order reduction was often done based on physical
understanding and intuition {(Limebeer, 2007). Jeppsson and Olsson {1883) used such
simplified and qualitative physical assumptions 1o 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 onfine were negiected together with the
state variabls chosen as a control variable. From the eight basic processes represented
in the 1AWQ medel only four remained in the reduced model. Simplified model structures
based on such assumplions were also presented by Vanrolieghem (19%4) and Jeppsson
(1993),

Janssen et al. {2000) presented 3 reduced ASM1 medel based on simdar assumptions
used by Jeppsson and Olsson. The objective was o develop a model that increases
caiculation speed of the simulations required for dissolved oxygen conceniration
controller tuning. Evaluation of this mode! showed a good estimation of the full model. in
work, simuiation time of the full model took 3.5 minutes for a dynamic simulation of 3
months and 13.5 minutes when the controfler was implemented. The resuiting reduced
mode! decreased simulation time by a factor of 3. A dynamic simulation of 3 months took
oniy a minute to complete and took 4.3 minutes when the confroller was implemented. As
a result it can be seen that a DO contreller tuning ¢an be done more efficiently with a

reduced model.

The other approach used in complex model reduction is the singular periurbation
technique (Agathos ef al., 2003). The singular perturbation technique enables to reduce
state differential aquations which are faster to algebraic equations and those which ars

siower 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 bioreacter models is discussed by Weijers
{2000}

Steffens et al, (1986) applied this method o a carben and nitrogen removing ASP based
on the ASM1. In this paper a homotopy method is first used to establish relationships
between the stales an;i 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 zlgsbraic
equations. The result produced significant reduction ¢f the integration time. The 13 states
from the ASM1 were reduced o 4.

Chachuat et al. (2002) developed a reduced ASM1 model hased on similar method o the
one used by Steffens et al. (1996}, The mode!l 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 ¢f 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) devaloped a procedure to automate modsel reduction process. in this
procedure. a mode! reduction problem is formulated. The problem is to find a low order
approximation of a high order time invariant model by minimising the emror between the
two modefs. The model reduction technigue is called state space truncation. This is
similar to singular perturbation technique where Unimpor’faﬁf states (states corresponding
to fast modes) from siste space models are removed. States that correspond 1o fast

modes are related by eigenvalues with negative real pad.

Kalman's minimal realization (Shutter, 2000) is ancther well known maodsl reduction
technique. Kalman's minimal realization thecry is shown to be an important ool {o
understand the system’s structure. The Kalman's algorithm is based on the theory of
controllability and obsemab%{ity and reduction of 3 non-minimal stals-shace 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 controliability and observability analysis of a nonlinear system. These
covariance matrices are an exiension of gramians of a linzar system and were used o
determine unobservable and uncontrollable parts of the system. Then an aigsﬁ{hm that
eliminates these ;33{13 cf the model further reducing the model was introduced. This

maodel reduction procedure is simple to implement and can be applied to any system.

Aghaee et al. (2002) used a similar balancing technigue on lingar time-invariant systems.
The technigue is based on a conceptual viewpoint regarding the balancing of the
controliability and cbservabilily gramians of a multivariable system in a given range of
frequency. According {0 Aghaee et al, from a raal-time applicabilily point of view, the
frequency-domain balanced structure provides a good approach to the madel reduction

of large scaled systems.

The simulation resuifs sstablish the usefulness of this method compared to the other
techniques. ©On the other hand, oplimal model approximation bassd on the balancing
method has shown to be a useful tool for modsl reduction. Singular-valus-based
balancing, Linear Quadratic Gaussian (LQG) balancing, co prime facterization and H-
infinity balancing are important practical tocis for linear model reduction. For nonfinear
systems, there has baen important progress with the nonlinear exiensiens of the
systematic meathods of balancing and ce-prime facterizafions, mainly based on energy

funciions. These methods vield adequate progedures for nonlinear mode! reduction.

A state of the art noniinear balancing theory is discussed in the Control systems
Enginesring Research report (2002). In this report a link betwsen accuracy of function
approximation with a nsural network and the stability of the system is esfabiished.

leading to a robust modei-based controt scheme using a nonlinear (neural network)

model.

2.5.1.2 Comparative analysis of model reduction techniques
The optimal control problem is ofien computationally intensive; therefore the main
obiective 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 confrol of the
process; mode! reduction is a secondary task. For this reason care was taken to put
more effort and time on the main objective, and 1o choose one of the already proven
maodel reduction zec_hniques‘ Lukasse (2001) have done a iot of work and produced
reduced models of {he activated sludge model no. 1. Lukasse's modal 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 capabiliies 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 technigues are reviewed.

Parameter estimation technigues for model validation

To check that the reduced model accurately rapresents the full modsi, the modals 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 maodel validation procedures. In
maodsl identification; the reduced model is calibrated using full model output data and
then usad to calculals the kinetic and stoichiometric parameters. The full model and the
raduced model with new parameters are then compared o validate that they producs
simitar ocutputs.  Simulation using the set of parameters obtained should accurately

reproduce full model results.

A simple procedure for modal identification and validation is shown in Figure 2.4. As
mentioned before mode! identifiability deals with the problem of determining unigue
model parameters from a given input-output experiment with dala acquired through
simulation. A general structure for model identification is shown in Figure 2.8. The
challenge facing modsl identification step is that some of the parameters may be
identifiable while cthers are unidentifiable. A parameter is identifiable f there is 3 unique

schution for the pérameter.
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Cn the cother hand & 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. Inthis case. it is therefore necessary (o examineg which combinations of

parameters are the best.

New model

v

Theoretical identification
T

¥
Parameter estimation

v

Model validation

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

{Adapted from Walter and Pronzalo, 1885}

Parameter identification technigue for non-linear systems is based on a Taylor series
expansion of the measured variables with respect fo 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 cosfficients 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 paramelers, parameter estimation technigues are
employed. When conducting parameler estimations, some of the miodel parameters are
set at default values oblained from ihe literature and some need to be calculated, Thess
parameters may be determined using the respirometric methods given in Vanrollegham
et al. (1989} and also in Peterson et al. (2000). In Lukasse {1988) identification schemes

for simplified modeis are digcussed.

Parameter estimat%oé §;wo%ves the determination of ‘optimal’ values of the paramaters of
a given model by making use of measured data. There are four important classical
technigues used for parameter estimation; these are Bayesian estimation, Maximum
fikelihood estimation, Least squares estimation and Weighted least squares estimation.
These technigues are used to fit a model io data and providing estimates for the model's
parameters. A Bayes'esﬁmator 15 an estimator or decision rule that minimizes the
posterior expected vaiue of a loss function {Donald et al. 2006).

In maximum likelhood estimation, for a fixed set of data and underlying probabiity
model, the vaiues of the modet parameters that make the data "more likely" are picked
(Papadimitriou and Zhang, 2008}. Maximum likelihood estimation gives a unigus and
easy means to determine solution in the case of the normal distributicn and many other

problems.

in least squares estimation, the best {it is that instance of the modal for which the sum of
squared residuals has iis least vaiue. 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 cbservation

is given equal weight,

Modern estimation (robust estimation methed) incorporates the minimization of the
median of the squares of the error instead of thelr sum. The disadvantage of robust
estimation techniques is that they require mere computation time. Metheds for estimation
are either conducted offline or online. When performing offline estimation, a complets set

of daia is availsble in time-serias form.
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Because of this form, & is then simple to apply the estimators gévéﬁ above to this data
sef. The ides is to perform sirﬁutatien with constant parameter values over the fime
interval and finding the minimum of the performance index. From this point if is clear that
parameter estimation is an optimization problem. There are different a%gorithms used for
solving this optimization problem. |

Peterson ef al. (2001} present a systematic mods! ¢alibration procedure for the Activated
Siudge Mode!l No. 1. i;; was underlined that it is very imporiant to define the purpose of
the model carefully since this wili determine how fo 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 i¢ 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. {1988) presentad a calibration and validation of aclivated sludge model no 3
for a Swiss municipal wastewater. In this work, ASM3 was tesied against experimental
data as well as full scale experiments from various WWTPs. As a result of these tests a

set of kinetic and stoichiometric parametlers was obtainad.

2.5.2.1 Comparative analysis of model estimation techniques
Maximum likelihcod provides a consisient approach {o parsmeter estimation problems
and can be developed for a large variety of estimation problems. On the other hand the
numerical estimation is usually non-rivial. Bayesian estimation requires a prior
distribution of all unknown parameters, this s very difficull to achigve in practice.
Weighted least squares estimation is based on the assumption that the weighis are
known. exactly. This is however not possible in real applications. The main disadvantage
of least-squares fitting is its sensilivity to outliers (extreme values that the response
errors sometimes follow). According o researchers squaring the residuals magnifies the

effects of extreme data pointe and as a result outliers Rave a large infiuence on the fit,

However there are ways in which to minimize the influence of the outliner. The
advantage is that squaring the residuals places grester weight on parameters further
from the criginal 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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Advanced control strategies for dissolved oxygen control

Several controf strategies for the DO concentration have been suggested in the past.

~ Altough most of thess strategies are implemented in simulation of on simple lab scaled

platts, some real time implementation has been reported as well. One difficulty with
conrelling the DO is that its process dynamics are nonlinear, The gain of the DO process
vares with respect to the airflow rate due to the nonlinear oxygen transfer function (K a).
K adescribes the rate at which oxygen is transferred to the system. From this it is clear
that a linear cont;o%ie‘r may not be able fo provide high control performance for ali

operating condtions.

Many high performance controllers for linear systems exist because of the exiensive
ressarch done in controller design for linear systems. As a result of this there are many
hnear controliers reporied for the activated sludge sysiems since the 70s. These include
linear Pl contrellers with feed-forward from the respiration and the flow rates, dead-bast
conroliers based on a recursively estimated modeis with g linear Kla and controliars
designs based on pole placement. Carisson et al {1994a) reported such controllers with
autetuning based on online estimation of K Stare et al (2007) presented a
oroportional integral (P} controiler tuned from step response experimants. Given that the

DO procassis not a finear system its dynamics is often linearized before application.

Lindberg and Carlsson (18958) proposad a method which gives a high performance

conyoller for alf operating conditions. This strategy has two parts, parameter estimation

patand controller design part. In parameter estimation the respiration rate and the Kia
parsmeters were estimated. Respiration rate characterises the DO process and
agscciated degradation of wastewater contaminants. A decrease in respiration indicates
that toxics in the system. An estimation aigorithm is used to find these two pararmelers

hased on measurements from DO and airflow rates.

Andthen z Kalman filter described by the nonlinearity of the airflow rate was used to
track the time varying respiration rale and the Ka The controller encompassed the
noninear characteristics of the K.a. The controller design is based on the finearized DO
nrocess, oblained by using the inverse of the aestimated Kia. A pole-placement design
witha Pl controlier and 2 linear quadratic {LQ) controller which use feed-forward from the

respration rate were then used to control the linearized DO process.
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According to Lindberg (1897) the advaniage of a nonlinear controiler compared {o auto-
tuning of PiD-regulaiors is that it requires only one single tuning (estimation} event, while
auto-tuning of a gain scheduling regulateor may require several tunings for this type of
nonlinear procass.

Most of the contrci approaches are based on a constant DO set point (hormally Zmafl)
control but in reality & is more praciical to use a time varying DO set point Boih
strategies have benefits and disadvantages. A constant DO sst point may fead o
unnecessary use of aeration energy during low loads. A varying DO sei point only caters
for what is necessary for the biciogical reactions but not for the mechanical aciivities
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 sel point a fair trade off for the DO concentration in the asiobic
'ienk is accomplished. In Lindberg (1857). Rehnstrom (2000) and Stare et ai (2007) 2 DO
set-point controller is suggssted where the set-point I8 selected so that a pre-specified
ammonium concentration in the last aerated zone is obtained see Figure 2.8 in some
cases the seb-point controller was implementad in the pilot plant and proved the
possibility fo not only save energy dus o a lowsr DO set-point bul o also reduce the

effluant nitrate concentration,

NH,
- DO - )
»  Setpoint > Dissolved Arr Activated —>
__y| controller o Oxygen controller Sludge Process |,
NHq e

Figure 2.6: Cascade DO control sirusture
{Adanted from Lindberg, 1997)

Because of the demands on strict effluent quality and the need to reduce the impact of
the many ASP disturbances, the ensargy consumplion and the use of chemicals is bouna
to increase. it is therefore important 1o incorporate minimization of operational costs in
the control strategies. To attain high controiler performance at a low cost requires the uss
of more advanced mode! basad control strategies in which effects of the disturbances are

considerad in the conirgl 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. (1897), Lukasse {1999), Olsson
and Newsll {1588}, Weijers (2000}, Ingiidsen (2002), Ingiidsen et al {2002), Zasrad &t &
{2003} and Yuan and Keller (2003) propose several model based automstic control
strategies. Lindberg (1887) applied 2 nonfinear linear gquadratic (LQ) controller with fesd
forward from inﬂuéﬁt DO and influent respiration rate to the linsarized DO process while

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

Online minimisation of a mulli ¢gbjective criterion describing the operational cost and
controf performance is also being reported in some papers. In this approach the demand
on the effluent water and the operaticnal cost are incorperated in the contrel strategy
through & cost function. The effluent demands are often incorporated as a constraint in

the contral design.

Econemic optimization of the ASP is reported in Vanrolleghem and Gillet (2002) and in
Cadet {2004}, Samuelsson (2005) presented an oplimal operating ranges and economic
contrel of the denitrification process. Chotkowski et al. (2005) investigated a nonfinear
muodel predictive controller (NMPC) and a direct reference adaptive controlier (DMRAC)
for varying DO set point. Cadet et al (2004) presented a muiti-criteria control strategy that

ensures that cost decreases while performance is kept good,

The possibility to obtain simplifisd process models aliowed for more applications of
model based control strategies. This allows for the use of hierarchical contral struciures.
Brdys and Zhang (2001) presented a three level hierarchical structure where the sizls
frajectory is calculated on the high level, the DO tragjeciory is optimised on the medium

layer and the DO control is implemeanted on the bottom layer,

Holenda et al {2007) and Caraman et 2l {(Z007) presenied and evaiuaied the contrel
parformance of a mode! predictive contrciler (MPC) on a simple ASP. The aim of the
controller is to maintain DO conceniration &t a certain point. The predictive coniroiler
uses an internal neural network mode! that is able o handle the complexities of the ASP.
Stare et al. (2067) alsc pressnted an MPC fo calculate control trajectories based on cost
minimization. Nellard et al (18983 present noniinear adaptive feadback lnearizing

control based on the nonlinear mode! of the process and the observer sstimator,
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2.6.1

Observer estimators are software sensor for online estimation of process paramsters and
states. These sensors estimale the process parameters which are then used in ths
control law to calculate 3 suitable control signal. Resuits of simulation of the estimation
and control slgorithms showed robusiness against disturbances and varying kinetic

parameters.

Nejjari et al. (1899b) present an optimal conirolier with prediction and adaptive
capabilities and the ééntm% law that is based on time predictions of the conlrolled
variables and minimization of a cost function. The technigue is based on a nonlingar
process modéi derived from mass balance equations and an estimator for oniine tracking
of unmeasured state variables and tims varying parameters, The estimalad state and st
points are used to form a reference models. The objective is to minimise the error
between the referance model and the predicted output. This is captured by a cuadratic

cost function.

Comparative analysis of the advanced method for dissolved oxygen contro}

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 thess strategies on full

scale plants.

From the litergture survey, & 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 efluent
concentration within standards. This is the reason why DO conirol is chosen as the ASP
control strategy in this project. Some strategies control DO concentration towarcs a

constant DO set point (normally 2mgily while others empioy a varying DO set point.

There are various approaches usad 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 inflaw disiurbance. This set point
is then compared to the measured DO values in order to calculate the appropriate control
signal. This ensures robusiness against disturbances and correction of the control signal

hased on online measurements frem the procass.
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2.7

Conclusion

In this chapter, the existing activated sludge process (ASP} control strategies are
reviewed. Firstly, the different types of model based control sirategies are discussed,
followed by a review of the existing ASP models. The most widely known 1WA models
are briefly described. All the four WA models are considered in this research. Secondly,
various moedel reduction methods and mode! validation methods are discussed. Finally. a
review of the different advanced control systems applied fo the ASP is presented. The
advaniages and d%sad;zantages of each sirategy are highlighied. This provides a basis to
the reasons for choosing the control strategy used in this ressarch project. A detail
description of the optimal control strategy is given in Chap?erﬁ&
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CHAPTER THREE
OPTIMAL CONTROL THEORY

Introduction

Due to uncertainties around global economy, a lot of research is focussed at finding ways
that ensure that the best systemn performance is achieved at a lower cost. The best
performance depends on a large number of possibilities. Optimal controf theory proviées
a means in which the Best possibility can be identified.

Optimal control theory involves the formulation of an optimal control problem. The
optimal controt probiem reguires formulation of a cost function, @ modal of the conirolied
process as well as a mathematical representation of the consiraints subjecting the
process inputs and ocutputs. 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,
2008). The modet is a vitat tool because it is not feasible fo experiment with a real

process to find out the effect of different decisicns.

The main focus of this project is 1o develop a method for optimal control of the activated
sludge process. Covered In fhe 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 oplimization 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 conirgl

prob%ems,

Both the mode! 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 o handle. Thus in this chapter, the msthods for
decomposition of the problem together with numerical methods for finding solutions are

also coverad.

System definition
Input/Output representation
Systems are ususlly represented by block diagrams in which tha main paris of the

sysiem are represented by blocks that are connected by lines 10 show thelr relationships.
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3.2.2

A system can be regarded as a black box where the internal processes transform inpuis
into outputs as shown in Figure 3.1 {Levine, 2000:88).

a y
wzﬂﬁ————} System ———————Zﬁ——m—b

inpuis Oudputs

Figure 3.1: Black hox diagram of a system

The process inpuls are classified as sither manipulated or disturbance variables and the
outputs are classified as measured or unmeasured variables as shown In Figure 3.2
{Bequetis, 2003:3}.

Manipulatedinputs ———— .y Measuredoufputs
_ Zofl) Process z{t
Disturbance inputs —————» L » Unmeasured outputs

Figure 3.2: Extended block diagram of a system

Both types of inputs are capable of affecting the behaviour of the process and thus the
process outpuis. Process oulpuls are variables whose evéiuﬁon is of great interest, they
are cften expecited to follow pre-specified values called set-points. Manipulated inputs
are inputs that can be adjusted to ensure thal the process ocutputs reach set points. Often
the inputs and oufputs are not permitted to evolve arbitrarily but they are required to
satisfy certain conditions called constraints. The oulputs which satisfy the constraints ars

cailed admissible.

State space répresentation

In state space reprasentation. a summary of the status of the sysiem at a particuiar point
in time is represented by what is known as state variables. The knowledge of the state at
some inftial ime, and the knowledge of the system inpuls sfter the initial time, allows for
the determingtion of the siale at 2 later time. The state variables are expresssed as

vectors; this simplifies the system in casas where thers are a lot of siate variables.
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3.3

State space is the stale at a given fime belonging 10 an n-dimensional space of the
values of the vector of the state variables as a function of time (Kanjilal, 1885:161-162).
A state space represantation is illustrated in Figure 3.3,

Zin X z
—_——— ——
input State Output

Figure 3.3: 8ystem state space representation

Control system definition

A contrel system is a8 mechanism used to alter the bshaviour of another sysiem by
altering #s manipulated inpuls. A typical control system consisis of a desired culput, 2
controlied system, an actustor, 2 sensor and a2 controlier. A sensor monitors the
canfrolled system and provides its cutput to the controller. A contrelier then tries 1o get
that output closer to the dasired cne by sending commands to the actuater for it o
change the output of the system. The controller's internal controf law of set of rules are

used to determine thase 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 calfled policies or conirol
trajectories. Contro! systems are classified into various -cazegories. Cpen loop control
systemn is & system that uses a confroller to control the process but does not measure #s
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-pomts
Controfler
' uft
Manipuiated inputs I Measured outpuls
2t} - Process (8
Disturbance inputs ————————# b Linmeasured outpuls

Figure 3.4: Block diagram of an open icop condrol system
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Closed loop control system comprises a feedback fink such that the control is 2 function
of the output of the controlled system (Liptak, 2008:137), Figure 3.5. Model based control
systems were ofiginally developed for linsar processes but have been extended for
apolication on non linear systams {Kozak & Huba., 2004:171). When using model basad
control systems, the controller uses measured outpuls together with measurements of
the disturbance iﬁputs to make decisions about the proper values of the manipulated

inputs. Figure 3.6 {Beguetle, 2003:3) diustrates this point.

in model based adaptive control, the control adapts itself as the modeal of the system
changes. In hierarchical or mulli level control systems, the control is distributed over
many levels. Similar o the culpuls, the controls are not permitied to evolve arbitrarily but
they are required to satisfy given constraints. The controls which satisfy the constraints
are also called admissibis,

Outputs set-points
Controfler l----v=v-cne-- .
!
11 uﬁl} : .
;
:
Manipuiated inputs f————i——0—p Measured sutputs
Zaft) Process F413]
Disturbance inputs ——————W ————» Unmeasured oulputs

Figure 3.5: Block diagram of a closed loop control system

Outputs set-points
Controfler (¥~~~ """TTTTommo K
- = ——— = ¥
: ;
e ; :
? E
1
Maniputated inputs _l—i——f-b Measured outputs
) Z, a{ﬂ Process 7 :
pisturbance inputs : > ———-Unmeasured outputs
i 3
e e e ———— £

Figure 3.6: Extended block diagram of a closad loop control system
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System optimization
The foliowing information on system oplimization was exiracted from Titli and Singh
{1878) and Naidu {2002).

it is possible to have a large number of control trajecteries which enables the outputs to
reach set points ﬁh%is% satisfying the constrainis, Oplimization enables to choose the best
amongst all these conirol trajectories. The best control trajectory is the one that meets
the process obiectivé's with less penaltiss e g. effort, time, monetary unit, or whatever is
defined by the user. This is referred to as the control objective. To enable the ressarcher
to make a wise cholce amongst the various possible admissible contrels, it is necessary
to formulate a cost function and a process model. A cost function is a quantitative
expression of the condrol objectives. This is often referred {0 as the optimaiity criterion.

An optimality criterion is 2 means to guantify the effects of the controls. A mode! is usad
for prediction of the sffect of those decisions. The model is necessary becauss ths
number of possible decisions for one process is reiatively large and it is ofien extremely
expensive and sometimes dangerous to experiment with the system itself 1o 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.
Sclution to the optimization problem resulls in an optimal trajectory of the control variable
or simply the optimal contral 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.

Cost functions

The choice of the cost function is an impertant and difficull problem which is often basad
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 vaiues
during the course of time. For dynamic problems, the cost function depends upon the

control trajectories and the evelution of the systam in an integral fashion.

For discrete ohiectives the cost functions may be formulated when:

s Minimising the time required to transfer from one dynamic state to ancther
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« Minimising the energy used in transferring from one state to another
e Minimising the error in arriving &t the final siate
For continuous obiectives the cost funclions may be formulated when:

« Regulating a system to remain near a fixed nominal condition in spite of
disturbance

+ Following é nominal path with minimum error, even though the system
paramsters hgve uncertain values

» Respontding io arbifrary changes in the desired noming! state with weli-behaved

transients in state and control variables

Cest funclion often consists of weighting factors used as design paramsters 1o help
achieve desired resulf. This helps to guarantee the stability of the controlied 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 ofien expressed in terms of final values and the time integrals on the state and control

variables. Two of the commonly used cost functions for dynamic processss are shown

below.
J= | be-x k- x (3.1}
J= h(x(T)+ [} slxutt) t):lt] (3.2

wheare T is the time horizon; X is the state vecior; X* is a reference stale vector or sst
point; Q is the weighting factor and u is the controf vector. Equation (3.1) is 2 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 iead 1o
different control traiectories. However there is only one cost function to be optimised. The
cast function is therefore the weighted sum of the two objectives.

Process model

Optimization technigues generally consist of 2 mathematical proceduwre and for this
procedure it is necessary to have 2 mathematical representation of the system under
consideration. in other words the behaviour of the real process is represented by a set of
mathematica! relations which constitule 2 mathematical model of the process. The
buiiding of the modsl is called identification. The accuracy of identification could be

measured by the difference between the output of the real process and that of tha modal
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identification is the first step before optimisation ¢an be performed since the resulis of the
eptimisation will be critically dependent upon the validity of the modesl For this reason i
is necessary o reach a compromise between the complexity (accurate representation of
the process) of a model and simplicity of the identifiable modsl for the optimization
phase. identification is usually spiit into two phases; structure determination of the model
and its parametef estimation, The structure of the model is usually determined from a

pricri physica!l knowledge of the process.

Parameter estimation enables us to put precise values on the parameters such that the
model describas the real process and not a class of such processes. Parameter
estimation reguires experimental data of the inpuls and outputs of the system. An
adaptive modelling approach allows us to perform the structure determination and the
parameter estimation simultanecusly as shown in Figure 3.7. This tachnicus is referrad
to as the least square estimation.

in least sguares estimation, the unknown values of the parameters ¢ are estimated by
finding numerical values for the pgrame’{ers that miumise the sum of the squared

deviations between the process states and the model states.

uft) Xp (1)

Process 3

Y

T
7= [5%® = 2e.0] |

i=1

»| Model — 4
M(S) xm(8,t)

]

Figure 3.7: Least sguare estimation technigue

Mathematical models consist of aigebraic egustions for stalic 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 & 3.4} (Naidu, 2002:2).

xlt)= Ax )+ Buft) x{0) = x, (3.3}
y(t)= Cx{t}+ Duft) (3.4}
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where x is an n dimensional state vector; A isan n by n constant matrix; y 528N m
dimensional control vector; B is an n by m constant matrix; y is an | dimensional output

vecton € isan 1 by n constant matrix; D 5an 1 by m constant malrix and x, is the initial

state and it is assumed {o be known. For time varying linear systems, A, B, ¢ and b

matrices are time varying as shown in Equations (3.5 & 3.8) {Naidu, 2002:101).

x(t)- Alhth Bh() x(0)- x, (3.5
v(t}= Clthk(t)+ Dltktt) {3.6)

A general nonlinear dynamic system is ofien described by the state space equations as

- shown in Equations (3.7 & 3.8) (Naidy, 2002:2)

x(t) = t(t) ult ) x(0} = x, (3.7}
¥t)= £l ulht) {(3.8)

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 discrate time adaptation of the nonlinear dynamic system equations above is
presented in Equations (3.9 & 3.10}.

x(k + 1) = flxfcufcd k) x(0) = x, (3.9)
yi)= f,(x(k)u(k),k) (3.10)
where k is tﬁe time instant and f, is the continuous differentiable. The state of the

system at the instant k+t is related to the state at the instant k by Equations (3.9 &
3.10).

Formulation of the optimal control problem
As mentioned previously, a mathematical formulation of the optimal control problem
requires the following.

¢ A mathematical descrintion of the procass to be cenirolied

» A statement of the physical constraints

+ Specification of the cost functional

The general nonlinear dynamic system Ecusticns (3.7 & 3.8} and the cost function for
genérai dynamic optimization in Equation (3.2} are used here to demonstrate the optimal

control preblem formuiation.



3.4.4

The optimal control problem is therefore to find admissible conirol u« which causes the
sysiem

x(t)= f(x(t), u(t), tyx{0)=x,
y(t)=f, (e} ultht)

subject 1o the constraints fx{ul)t)= o0 {where 1, is the conslrainis function) to follow
admissible trajectory x* thal minimises the performance measure

3 =n{x(@)T)+ [ otxduliiin)

The cost functional is subjected to the model and the p%}ysécai consirainis of the inputs
and outputs. Since there is more than one equation in the formulation of the cptimal
control problem, they all need to be combined to form a single equation having the
meaning of the cost function and physically expressed by the same measures. Ths
combination of the cost function and siate egquations result in an squation referred to as
Lagrangian. The first requirement before combining the state equations and the cost

function is to reformulate the state egustions so they equal to zero.

Hence:
ity xtui)t)=0 _ {3.11)

The reformulated stale eguations and the cost functions are then adjoined by means of
Lagrange multipliers as shown in Equation (3.12). This results in a prebiem that can then
be sclved to give the optimal solutions of the cost functional for the considered model!

egquation.

L =ikt 0t )+ | fabchulr )+ AT (rix o ohe (3.12)

where L is the Lagrangien and » are the Lagrange multipliers. Lagrange multipliers are
coordinating variables for the models and the cost functional. The optimal control
problem is therefore fo find u* which minimises the Lagrangian according to state and

control varigbles and maximise it according to the Lagrange’s variables {multipliers).

Solution to the formulated optimal control problem
Once a mathematical formulation of the optimal control problem is obtained. indirect {(not

analytical) methods from classical thearies are used to oblein sclutions.
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The meost known of these indirect methods are mathematical programming, dynamic
proegramming and variational metheds {maximum principle and classical variations!
caleulus). Since optimal conirol problems are complex and naonlinear, variational methods
are employed. ’

According to Titli ‘and Singh {1978), linear dynamic system problems are solved using
variational methods, dynhamic programming and gradient methods. The same technigues
together with quasiiiriéarisaticn may be used for nonlinear dynamic systems. Complex
dynamic sysiem problems are solved using decomposition-coordination methods in
mathematical programming and in variational calculus, leading to hierarchical control and
eptimization.

Qptimal contro! problems invelve ordinary differential eguations and therefore ars difficult
to solve analylicelly These problems are befter sclved numerically using new
computational algerithms. Numerical slgorithms available include; Sequential gradient
restoration algorithms and Control parameterization based algorithms. In the Iatter. the
optimal control problem is discretized resulting in 2 standard mathematical pregramming.
Seguential quadrafic 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 funciion is the necessary
condition that the differentizl of the function vanishes at an exreme point (Naidu.
2002:19). The theorem is similar for a functional, the variation is zero on an extremal
curve {Naidu, 2002:28). This point is fflustrated in Equation (3.13); the differential of the
Lagrangian in Equation (3.12) is equated to zero.
fL=0 ' (3.13)

Because the Lagrangian is a function of thrae 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.

alfex=0 {3.14}
fLjeu=0 {3.15)
fLjéh =0 {3.15)

Calcutus of variations therefore provides first-crder necessary conditions, Equations
(3.14 — 3.18) which must be satisfied for optimality. Solutions 10 Equations (3.14 —~ 3.18)

result in the optimal control trajactory.
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3.45 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 meihods are used o breakdown large scale

problems into =& sé% of smailer and simpler problems. Decomposition-coordination

methods and a multi level control structure may then be used for solution of the optimal

control preblem. A global control problem is usually represented as shown in Figure 3.8

{(Tith and Singh. 1878:18). Such a controller is called a simple level simple objective

controller. its implementation s useful only in simple sysiems with less complexity.

Controtler

Controls

L

RMeasurements

fnputs EE—

Process

- Outputs

Figure 3.8: Simple level simple ohjective controller

For implementation on a complex system, the global problem may be considered {o

consist of independent subsystems and 2 simple level muili obijective control struciure
could be defined as in Figure 3.9 (Titl and Singh, 1878:18).

Controller N

Conirals ﬂ

! % ﬂ Memsurements

Irputy  —————ib|

Process

p——— Oulpuls

Figure 3.9: Single level multi objective controlier

Accerding to Tith and Singh {1878}, since the independence assumption is clearly

unrealistic. the solution obtained by the global controlier is sub-optimal, and the degree of

sub-optimality depends on the interacticns between the sub systems.
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When the interactions between the subsystemns are strong and a criferion function is
associated with each controller, conflicts could arise between the conirollers if none of
them have priority of action. '

To resolve these conflicts, a second level of control which takes into accounts the
interactions and récdiﬁes if necessary the objectives of any coniroller of the lower level is
used, Thus the resulting control structure has muliiple levels and multiple oblectives.
Basically the control is considered to consist of controliers which are distributed in &
hierarchy having & pyramid struciure such that on the first level there is a controiler o

control each one of the interconnecied suésysiems, Figure 3.10

Controller 1

Controtlter 2 Controfller N
F A

h

Process

Figure 3.10: Two level control structure

in this structure the controls are distributed over different levels where some of the
controliers only have an indirect access 1o the process o ba controlled. Such controtlers
are inferior in the hierarchy and depend on information from controllers’ sugerior to them.
The system is called multi objective since the controllers have different objectives. Some
controliers are used to act as cogrdinators so as o resolve conflicts betwesn the different
levels. The objectives of the controliers 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 controilers used on a
global approach. The impertant chjective of these controliers is to ensure that some
necessary conditicn which is normally essentially satisfied by the global appreach is aiso
satisfied. The two important factors regarding multl 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 glcbal problem is formulated as 2 set of separable lower order sub-problems. The
original #ime horizon is coarsely partitioned into small ime elements. On each subinterval
of this partition. @ sub-problem is defined. This methed incorporates the use of a two
levels hierarchical structure shown in Figure 3.11. At the lower level of the hierarchy,
each sui}problemr is solved by a local controller. The structure of the lower level problem
is identical to the siructure of the original problem. AL the upper level the coordinating
variables are introduced, in this level a global problem is defined depending only on
these gioba! variables. These varizbies are used for coordingtion of the actions of the

lower level controliers,

Coordinating
problem
L R |
Sub-problermn 1 - P4 Sup-problem n - Pp
{x:1 [xa

Figure 3.11: A hierarchical two level optimization structure

In principle the global problem p. whose cbjective is to extremise a global criterlon is
decomposed into a certain number of sub-problems Pi.‘ The solutions of p, are found
locally such that solutionof P, P, . . . p,] implies the solution of the gicbal problem P,

Such a relation cannot in general be satisfied because of the existence of the interaction

hetween the p’s and the resulting confiicts. For this reason, it is necessary to mircduce
an intervention vector or coordination parameter » and o replace p, by r() such that the
relation is satisfied. The solution [p,) P0) . . . B()] now implies the accurate solution
cf the global problem p. Each sub-problem pr{x) is solved in the lower lavel and the

coordination parameters 1 are calculated in the upper level

Hierarchical optimization involves chocsing a from some initial values a; and iterating to
the final value 1~ which solves the coordination problem in hierarchical contrel. 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 optimaily by the lower level optimization of each of the sub
problems. The overall solution is then found by optimization at the upper lsvel. 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 lavel.

3.4.5.2 Vertical division
In this division, the control {ask is divided vertically info basic coniroi tasks. Figure 3.12
{(Tith and Singh, 1878:21). The levels are regulation or direct conirol, optimization,
adaptation and self organising. In the self organizing layer, the struciture of the model and
the control are chosen as the process envirenment changes. In the adaptation layer, the
modal and the control law directly adapt themselvas as the process ¢hanges. The global
optimal control problem is solved in the optimization level. The calculated trajectory of the
optimal control varigble is sampled and the resulting controf variables are used as sel

points for the controller on the diract control layer.

! Seif organising l

STrucEurs E g E

| Aciaptaticon

1
e L]

| Optimization

Setpoints 1 ! ﬁ

{ Regulation J

Figure 3.12: Hierarchical multilayer optimization structure

3.4.6 Numerical methods for solution of the optimal control probiem
Because of the complexity of the system equations, the performance index and the
constraints, it is useful to use numerical methods to soive the optimal control probiem.
This is generally a fwo point boundary vaiue preblem and its solution is very complex. in
summary, the goal of the optimal controf problem is to find the following:
« The state variables
« The coordinating or infiuence variables

« The contrcl variables
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That simultanecusly satisfies the foliowing conditions:
s The system ecuations
s The coordinating equations
s The optimalily conditions

s Tha initial and final conditions

Numerical methaeds for the solution of this problem involve either dynamic prog;amméng
or iterative procedures. in dynamic programming, many solutions satisfying the spacified
boundary conditions at one end are generatad using unspecified boundary conditions as
parameters (Bryson & Ho, 1975: 214). If the correct range of paramsters is chosen then
seme of the solutions will pass through or near the desired boundary conditions at the
cther end.

In iterative procedures, successive linearization is used. A nominal selution is chosen
that satisfies none, ong, two or three of the four conditions above. This nominal solution
is modified by successive lingarization so that the remaining conditions are alsc satisfied.
{Bryson & Ho, 1875: 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 variablas that minimizes the function #{x). There are
many different ways 1o oplimize noniinear functions. The gradient search method also
known as the steepest descent method is one of the direct search algorithms used. This
is an iterative method ofien applied 10 systems that are too large o be handled by cther
direct methods. Such problems arise regulerly when numerically sclving partal
differential equations. This mathod can also be used o sclve unconstrained opltimization

problems such as energy minimization.

in this method, an arbitrary point «0) i3 chosen as the starting point in the search towards
the minfmum point x* of the function #x). Series of steps xl1), x@).... xf) are then taken
until reaching the value close encugh o the optimal sclution x+. When a step is takan

is necessary to be in the direction in which the functien x) is decreasing and is doing so
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most quickly. In basic calculus, for a given point xf)the gradient of the function, r{x{),
points in the direction of greatest increase of the function flx). The direction of greatest
decrease of the function is the opposite of the directicn of greatest increase, -r{x{)). The
errcr or the difference betwsen the iterated point and the current point,

ef)= x()-x _ 317

indicates how far the point is from the minimum point.

The residual,
rf)= -x() {3.18)

is the direction of steepest descent for the funclion f(x).

Therefore the next point In a search towards the minimum point can be found using the
following equation:
xli+ 1= x{}+ arf) (318

which is the same as

i+ )= xfi}- «f(x) {3.20)
When starting from an initial point (). the first step towards the minimum point is
therefore the point x(1)=x0)+ arfe) which is similar {o x(1)= x(0)+ «{-r0)). The minimum point s
reached when the gradient is zero. lf can be seen that o has a big influance on the speed
of convergence. For this réason the choica of a is a vital one. As guidance the following

equations are used when determining the value of .

I rf)-fixG- 1)< oincrease o (321

If f(x()-fixG-1))>0 decrease a and restart from x(-1) | {3.22)

Figure 3.13 gives the flow chart of the gradient descent method.
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3.5
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Figure 3.13: Fiow chart of the gradient method

Conclusicon _
in this chapter, optimal control theory is studied. The theory provides a theoretical basis
which is applied. in this project {6 solve the optimization problem of a biological
wastewater treatment process known as the activated sludge process. In the project the
aptimal control problem is to find the best dissolved oxygen traiectory that may be
implemented on a confreiler fo be tracked by the process in real time. In the next chapter
the model of the Athlone and Benchmark activated sludge processes are derived. Thess

models will then be used in Chapter 5 when formuiating the optimal contro! problem.
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4.1

4.2

CHAPTER FOUR
DERIVATIONS OF THE MODELS OF THE WASTEWATER TREA?B&ENT
PLANTS

Introduction _

The goal of the research projact is to calculate optimal dissolved oxygen trajectory for the
activated siudge process (ASP) of a Wastewster Treatment Plant (WWTP). In order {6
explore this process and find the trajeciory, it 18 necessary fo determine a model of a
WWTP and {o use it for prediction of the plant behavicur. Chapter four presenis
derivations of the models that represent aclivities of the two VWWTPs considered in the
research project; these are the International Water Associztion (IWA) Benchmark
Simulation plant and the Alnlone VWANTP in Cape Town, South Africa.

The’péanis models are derivad based on the mass balance theory, which stales that
whatever mass is in the oulpyl and in the internal system combined must account for
wﬁatever mass enterad the system (Prescot et al, 1997). To represent matenals
produced or consumed due 10 biological processes in the internal system of a WWTP,
there are a number of Activated Sludge Mcodels (ASMs) available in the literature. In this
project the four ASMs developed by the WA 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 4.2 the 4 1WA ASMs are described. The
reduced versions of these models are described in section 4.3. In section 4.4, the mass
halance models are derived for the Athlone and Benchmark VWWTPs yielding sets of
continuous differential equations that are used to describe the plants. These continucus
mass balance squations are then transferred into their discrete counterparts so that they
can be used to analyse and exescute complex calculations. The atiained discrete mass
balance equaticns are then represented in state space form. State space form gives an
explicit presentation of the modal as a set of inputs, stete variables and outputs related
by differentizl equations. In state space representation the number of inputs, states
variables Iand outputs are written in vector forms and the differential equations in malrix

form.

Full activated sludge process models
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4.2.1

in this section, the aclivated sludge models are presented; these are the Activated
Sludge Modal No. 1 (ASM1). Activated Sludge Model No. 2 (ASM2), Activated Sludge
Model No 2d (ASM2d) and Activated Shudge Mods! No. 3 (ASM3).

Each model represents a VWastewaler Treatment Plant (WWTP) designed fo cany
specific biclogical activittes. The ASM1 describes the removal of carbon and nitrogen
materials in wastewater. The ASMZ is similar to ASM1 but includes removal of
phosphorus. The other two models; the ASMZ2d and the ASM3 are corrections to the
defects realized in the ASM1 and ASMZ2 models over the years. A more detailed
description of the modeis may be found in the WA scientific and technical report no. 8
{(Hanze et gl., 2000).

With these models the user may gain insight into the behaviour of the WWTPs without
having to disturb the actual planis. The models capture different wastewater components
and biological processes for Wreatment of these components, The wastewater
compgnents in the models are classified as either particulate (X} or soluble materials (S}
Particulate materials flow through the system and finally setile in the clarifier where they
are removed or faed back to the sysiem via the bottom of the clarifier. Soluble materials
change in concenirations due to the biological reactions in the systam. Small part of
these materials leaves the process as effiuent wastewater through the top of the clarifier.
in these models, biological processes are described by a set of non lingar differential

equations.

Activated sludge models are normally presented in a2 matrix format making it sasy to
relate a particular wastewater component to biological processes influencing it Once a
component is presented in terms of biclogical 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 sioichiometric
and kinetic parameters. Typical values of these parameters are given on the 1WA

scientific and technical report no. 8.
Activated sludge model no. 1

The cverall ASM1 information summarized below was extracted from Henze et al. (1887
& 2000).

59



Basic concepts of the Activated Sludge Model No. 1 (ASM1} biclogical 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 mods! reprasents the
activated sludge process (ASP) designed for the purpose of reducing carbon and
nifrogen in wastewater. This is achieved by means of three biclogical processes; carbon

oxidation, nitrification and denitrification.

Carbon and nitrogen malerials in wasiswater are classified as Chemical Oxygen
Demand {COD) and Tota! Kjeldah! (TKN) respectively. In the model, carbon and nitrogen
are divided into the following forms. Carbon material (COD) is divided into; readily
biodegradable substrate (Sg), slowly bicdegradable substrate (Xs). soluble non-
bipdegradable inert materal (§), particulate neon-biodegradable inert matenal (X)),
heterotrophic biomass (Xgu), autotrophic biomass (Xga) and ineri particulate products
arising from bicmass decay (Xp). Nitrogenous material (TKN) is divided into; ammoenia
nitregen (Syy), soluble biodegradable crganic nitrogen (Syp), particulate biodegradable

organic nitrogen (Xyp) and nitrate and nitrite nifrogen (Syo)-

As summarised in Jeppsson {1987 3}, the sum of gl carbon malerials amounts to the
total COD and the sum of all nifrogen materials amounts {o the total TKN.

CODy =8, +85 + X+ Xgy + Xga + X+ Xp 4.1)

TNy = S + Sg + X + S {4.2)

in addition 1o the carbon and nitrogen materials, the model captures the concentrations
of dissolved oxygen {So} and alkalinity {Sa}. Since carbon reduction depends on the
concentration of subsirates and oxygen. dissolved oxygen in the model reflacts negative
COD while alkalinity enables for the monitoring of nitrite nitrogen and pH in wastewaler
(Jeppsson, 1997).

As mantionad zbove, the reduction of carbon and nitrogen condents in wastewaler is
achieved through carbon oxidation, nitrification and denitrification processes. Carbon
oxidation octurs when in the presence of oxygen, active heterctrophic bicmass (Xgp)
uses readily biodegradable substrate (8g) for energy. synthesis and growth. The resuit of
this process is the production of more heterctrophic biemass and the decrease in COD

concentrations hence the process is called aercbhic growth of neteroirophs.
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Gén%triﬁcaﬁon ccours when in the absence of oxygen, nitrate and nitrite nitrogen {Syo}
gets used as electron acceplor by the active heterotrophic biomass (Xgn). The result is
the production of more heterotrophic biomass as wsali as nitrogen gas; this is called
anoxic growth of heterotrophs. Nitrification ocours when in the presence of oxygen, some
portion of ammonia nitrogen {Swy) is usaed for the growth of active autotrophic biomass
{Xsa} and some is converted into nilrate and nitrite nitrogen {Syo). The result of this
process is the produchion of more autotrophic biomass and the regeneration of nitrite

nitrogen. This process also affects the alkalinity of the wastewatsr.

The model also captures the processes describing the decay of active heterolrophic
biomass {(Xgy)} and active autctrophic biomass (Xza) due io lysis. The resulting non
biodegradable material is classified as inert particulate producis arising from biomass
decay (Xp) and the resulting biodegradable material is addad into slowly biodegradable
substrates (Xg).

The contents of nitrate and nitrite nitrogen (Syo) are reduced through ammenification, in
this process nifrate and nitrite nitrogen is converted into ammonia nitrogen. Through
hydrolysis, slowly biodegradable subsirate (Xg) and particulate biedegradable organic
nitrogen (Xyp) are broken down and allowed to become part of the readily bicdegradable

substrate {Sg) and soluble biodegradable crganic nitragen {Syp) respectively.

The soluble non-biodegradable inert material (S} and particuiate non-biodegradsble hert
material (X)) are unaffecied by the biological reactions. The soluble inert material leaves
the system with the effluent wastewater while the particulate material leaves the system
with the sludge. The ASM1 describes thirtean wastewater components describad by the

vector xe R and eight biclogical processes described by the vector PeR®.

The components and processes of the ASM1 model may be presented in veclor forms
as!

x=[S, Ss X, Xs Xs« Xsa Xs So Swo Sw Sw Xwo Sax]

p-[p, P, Py B, By Py P BJ

where:

il S5 |_So 4.3
1A _“H[KS+SSIKQH+SO }(EH : J
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. Sg Kon Sno X . 4.4
P = Y.
2 ilH[Ks +SSIK°H +S4 A Kyo +Sno g e (4.4)

- S S 3
P.— ) o 45
3 HA(KN}-E'i'SNHIKOA +Sg Jxa,a { )
By= beEH {46}
Py =baXga ' {47)
B = kasNDXE.H' : {48)
Xs/Xen So B [ Kon Sno :
P. =k + 1} ‘;g)
7 '{Kx + Xg/Xoy Ao +S0 ) "\ Kop + 50 J Kno *Sna ) (4.8)
X Xg/X S K s X
B =k, .2ND s/ MaH }[ o ]*'11[ oH I NO }X 410
= Xs [Kx“‘xs/xa,u Kon+5¢ " Kon +85 A Ko +Sue B ( J .

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 Tabie 4.1, The parameters
values of the ASM1 model are adapted from Henze &t al, {2000},
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in a matrix format
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Activated Sludge Model No. 1
{Adapted from Jeppsson, 1987 15}

Figure 4.1




Table 4.1: ASKM1 model parameter vaiues at 'ES C

- Symbol = Description =i w0 ge.j Unit g
Yo Heteroirophic yse d 0.87 g COD
Ya Autlctrophic yield 0.24 g COD
f= Fraction of biomass yielding pariicuiaie products 0.08 -
xp - COD mass in biomass 0086 | gN
ixe COD mass in products from biomass 0.068 giN
Ly Hetarotrophic maximum specific growth rate 3 day’
b Heaterotrophic decay rale 0.2 day’
Ha Autctrophic maximum specific growth rate 0.3 day’
Ba Correction facior for anoxic growth of heterotroohs 0.1 day”
fa Correction factor for anoxic growth of heleroirophs 08 -

Ka Ammondication aie .04 m"
ks Maximum specific hydrolysis rate 1 g COD
T Correction factor for anoxic hydrolysis 0.4 -

s Half saturation coeflicient (hsc) for heterofrophs 2G aCohm”
Keu Oxygen hsc for helerotronhs 0.2 qOym”
Kno Nitrate hse for denitrifying heterotrophs 0.5 g NO.-Nm™
Koa Oxygen hsc for aultirophs 0.4 gQ,m”
Kogr Ammanta hsc for autstrophs i g NH-Nm™
Ky Hsc for hydrolysis of siowly blodegradable substrate | 0.01 g SO0

4.2.2 Activated sludge model no. 2

The overall ASM2 information below was extracted from Henze et al. (1885 & 2000).
Similar to the Activated Sludge Moedel No. 1 (ASM1), the Activated Sludge Model Na. 2
(ASM2) describes the removal of carbon and nitrogen in wastewater. The most
significant difference betwesn ASM1 and ASM2 is that the latter incorperates
phosphorus removal. ASM2 describes both the biolegical and chemica!l {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 anasrobic conditions microorganisms that accrue higher levels of intracellular
phosphorus sssimilate and store volatile fatty acids {(VFAs) and cther fermentation
products, (Erdal et al, 2001). Such microorganisms are often referred {0 as phosphorus-
accumulating-crganisms (PACs). During this pericd phosphorus is released in the

anaerobic zone to produce the energy needed to take up( the fermentation producis.

in the ?;SMZ carbon material (COD) is divided into; fermentable, readily biodegradable
organic subétrate (Sg). fermentation products (S,), sciuble inert non-bicdegradable
‘organic material (S)), particulate inert non-bicdegradable organic material (X)), slowly
biodeg%adabie substrate (Xg}, heteroémbh%c crganisms {Xy), nitrifying organisms (Xayr}
and total suspended sclids (Xyss). Nitrogenous matenial (TKNj is divided into; ammonium
plus ammenia nitrogen {Syua). nitrate & nitrite nitrogen {Snoa) and dinitrogen {Sya).

64



Phosphorus material is divided into; phosphate (Spos). phosphate-accumulating
organisms (Xpag). poly phosphate (Xpp). 3 cell internal storage product of phosphorus-
accumulating organisms (Xpua), metal-hydroxides {Xueon} and metal phosphates (Xyep).
The model zaiso caplures the concentrations of dissolved oxygen (8o and alkalinity
{Sa). ASM2 describes ninetsen wastewsater compounds described by the vector xeR"™
and nineteen biological processes described by the vector peR”. The compenents and
processes of the ASMZ2 model may be preseniad in vector forms as:

X=ESOZ SF SA SNHG SNO3 SPCM S| SALK SM2 xI XS XH XPAD XFP xF'HA XALFF XTSS XMeOH xMeP]r
PSE B BE R R R B B R BB B, By Py Bg By By By B

where:
Sz Xe! X
P =K - . / 411
1=Ky Koz +8g; Ky +Xg/%y XH _ { }
_w . _ Kap Kuos Xs /%y X 41
P2 =Ko hea Koz +80z Knos+Snos K+ Xe /Xy " { T
K . . Koz Knes . Xs/%u (4.13)
B =l Koz +802 Kuos +Snos K+ Xe/Xy % R
B So s, S Su Spoe _ Sax 414
B b S Ko+ 6, Ko +5, Kuu+Sen Ko Sy Kag +800 (4.14)
S, Sa S. Snpa Sroe Sk
B =p,- . - . X 415
S TN Y +Sg; Ka+Ss Sr+5s Kopw+Suw Kp+Seos Kux+Sun " (4.18)
Kaz S S Sreu Snes Suk {
. ) . . . ) ) X 4.18
Fo =iy s +Sg2 Kr+5: S +5, Kuw +Suw Knos +Sor Kax +Sax (4.16)
K02 SA SA SNH& SNO3 SALK SPO4
—q. - . . . . . . X 417
Fr =P T Koz +S0z Ka+Sa Sr+8s4 Kuu +Swi Koy +Syo; Kak +Sax Kp+Spas ) )
ca. Ko K S Su ' 4.18)
B = e S Ros + S Kt 5 Foge 5 '
P, =by- X (4.19)
cq—Sa__ Sax _XelXeo | 420
Eo—%mKA_'_SA Krox +Snx Kom + Xom/Xom PAO (4. )
P =g Sz Seoe . Smx  XeufRero Ky —Xep/%euo +Xoso {421)
" v Koz +Soz Kes +Spas  Kax +Sax _ Kena + Xoua/Xeno0  Kipp + Kuax — Xep/ Xpao
_ S Bwuw . Sux  Spas Xewn Kong X, {422
Fia —.Uvm Koz 50z Kioe + 5w Ka +Sax Ko+ Seos  Koun + Xpnia/ Koo FAC ' }
Py =DBsag 'XFAO'SA{K/(KALK+SN.K) {4.23)
By =bep - Xop SALK/(KALK +Spx) (424}
B =bmA‘xma'S~_K/(Km+Sm) - (4-25}
) Saz Shape Secs . Sax ~Xour {42‘6)

S T K2 + S0z Fags + S Ko +Soce Kax+Sag
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By =bpg-Xpyr ) . ) {42?}
Py = Kene - Snas - Xuean : {428)
Bg = Keen - Xyor * Sacsc/ Bk +Spurc) | {4.25)

A Peterson matrix representation of the ASM2 is given in Figure 4.2, Descripticns and
values of the ASM2 parameters in Figure 4.2 are given in Table 4.2: the ASM2
parameter values are adapted from Henze et al. {1985}

Table 4.2: ASM2 model parameter values at 10 °’c

Symbol “'Name =& Rttt s Value = [ Units 0 e s o
K Hydrolysis rate constant 2 B
Koz Saturation/inhibition coefficient for Ses 0.20 gO;m~
Kx Saturation cosfficlent for particuiate COD 0.1 g Xz la Xy
Ninoa Reduction facior for denifrification 060 -
Koz Saturation coefficient for particulats nitrate 4.5 gNm”
Nee Anaergbic hydrelysis reduction facter 0.40 -
[EE Maximum growth rale on substrale 3 gXe(gXa) o

- Saturstion {Sat.) cosfliclenifor growthon S- | 4 g CODm”
Krsie Saturation ceefficient for ammonium 5.05 gNm”
Ks Sat. coefficient for phosphorus in growth 0.01 gPm”
Kaix Saturation coefficient for sikalinity 0.1 mole HCO: m™
Ka Saturation cosfficient for 8, 4 gCOobm™
Tia Maximum rate for fermentation 1.5 gS-{gXy d
Kee Saturation cosfficient for fermentation of S¢ 4 g CODm™
s Rate constant for storage of Xpwa 2 g Xene (g Xoan) d
Kop Saturation coefficient for noly-phosphate 0.01 Q Ape {9 Xoen)
Qer Rate ceonstant for storage of Xe- 1 8 Xop (g Xean) ' d7
Kog Sat. coefficient for phosphorus in storagse 02 gPm”
Kopex Saturation cosfficient for PHA 0.01 . | g Xewa (@ Xono)
Kapnx Maximum ration of XeofXoan 0.34 g Xor (q Xoan)
Koo inhibition coefiicient for PP siorage 0.02 g Xpp (g Xean)'
Lo Maximum growth rate for Xean 0.67 4"
bpas Rate constant for lysis of Xean 0.1 d’
Dpe Rzte constant for iysis of Xeo 0.1 d7
beua Rate constant for ivsis of Xeus 0.1 d7
Hayt Maximum growth rate of X~ 0.35 d’
Koge Rate constant for precipitation 1 m° {g Fe(OH) 4 ' d”
Kzer Rate constant for re-dissoiution 08 q’
fa Production of S: in hydrolysis o g COD {g CoDy
Yoso Yield coefficient for biomass §825 | gCOBD{gCCDy
Yros PP requirement for biomass storags 0.40 g PigCOLy)’
Y ena Biomass requirement for PP storage 0.2 g COD{g Py’
Y Yield cosfficient of autotrophic biomass g COoo{g Ny
Y. Yield coefficient of aulcironhic bicmass G COD (g CODY™
£ E;a};:tion of inert COD generated in biomass ¢ COD (g oDy
ey P content of biomass, XH, XPAD, XAUT .02 g Pi{g LoDy
fsipe N content of bicmass, XH, XPAO, XAUT 007 g N{gCODYy
bu Rate constant for lvsis and decay a7
Baer Decav rate of XAUT g
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§F

SA

SNH4

[w SNQ3 SP0O4 S| | SALK SN2 Xl XS XH | XPAQ | XPP XPHA XAUT | XTSS | XMeOH | XMeP | Proc
Processea i Rate
Aerablc 1 001 0.001 -1 -075 P
hydrolysis
ANDKIC 1 0.01 0.001 -1 -0.75
hydrolysls '
Anaerobic ; 0.01 0.001 i -075 P3
hydrolysis
Aerobic growth 1 1 1 1 P4
on SF -\FI'-"{ YH
Aarabic growth 1 1 P&
SA 1 - L
on YH YH
Anoxic growth 1 1-YH 1-YH 1 Pa
on 8F YA 2.86YH 2.86YH .
Anaxic growih 1 1-YH 1-YH 1 P7
an 8A “YH - 2.86YH 2.86YH
Fermentation -1 1
Lysis of XN Xl 1- X1 -1 Po
Storage of XPHA i —YPO4 -YP 04 |1 P10
Storage of XPP | _ypHA -1 1 ~-YPHA P11
Aerohbic growih 1 . 1 P12
N ~iPBM 1 -
of XPHA 1 YH YH
Lysis of XPAD 1 003 X1 1- Xl -1 P13
Lysis of XPP 1 -1 P14
Lysis of XPHA A P15
P16
Growth of XAUT ~ 457-YA iNEM _1_ L —IPBM 1
YA YA YA
s of XAUT 0,031 0.01 Xl | 1- - P17
Precipitation A 0.048 142 | 345 487 | P18
Redissolutian 1 -0.048 142 | 345 —4.87 | P19

Figure 4.2; Activated Sludge

67

Model No. 2 in a matrix format



4.2.3 Activated sludge model no. 2d

Tha overall ASM2d _in?ormaticn summarized below was exiracted from Henze et al.
{1999 & 2000).

Activated Sludge Model No. 2d (ASM2d) is an extension of Activated Siudge Model No.2
(ASM2) includes two denitrification processes relating to the biclogical removal of
phosphorus. in the ASM2d, the denitrification activity of poly-phosphates (PADs) is
considerad to inhibit nitrites in wastewater (Yoshida et al., 2009). ASMZd presents the
same wasiewatler compounds and biclogical processes as the ASM2, with the addition of

two biclogical processes which are anoxic growth of Xpapo and anoxic storage of Xpp.

ASM2Zd describes ninetesn wastewater componenis described by the vecior xeR"® and

twenty-one biclogical processes described by the vector per?.

The componants and processes of the ASM2d mods! may be presented in g vector form
as:

X=[ng SF SA SNHA SNO3 SPCM SI SALK SN2 X‘l XS XH XPAD XPP XPHA xAUT XTSS XMeOH )(Mel’].r

P . B B B B B R B By By B, By By Bs Pg By By By By B

where:
S Xs /%y ' 4.3
P oK .. Soz / . 430
v=Ke Koz +80z Ky +Xs/Xy * { )
. . Ke Kuos Xe /Xy 4.31
B =K Mo Koz +S0z Knos +Snas Kx+Xs/Xy % #3
Ko, Knos Xe /Xy 432
P=K .- - X { -34)
2 =5 T Koz + 8z Kuos+Snoa Ky +Xs /%y
P' =y, Soz s S; . SF Sum SPO4 SALK Xﬂ f433}
o Koz +S0; Ke+8r Ke+S, Kuu+Suu Ko +8p0 Kuk +Sax )
e Su S S Sw  See  Sw (4.34)
B M K+ S0 KatSr 5, +5, Kum+Swn Ko+ Sror Kux +Sax ™ (%59
B 7 Koz S¢ R S . S B Swos . Sux X 4.35)
Fs =n - Tino, Koz +S0z Ke +8¢ Sz 84 Kigu + S Koz *Snos Kax +5ax " { I
Koo Sa Sa Sharie Sucs Sax . Sen . {4 38
P =i, . . R . . . XH .
T e e S Ka+Sa ;45 Kuu+Suw Kuos+Snas Kax+Sax Ke +Seos }
Koz Kﬂm SF Sﬂ,_K ,4 Py
Pog.. R i Xy _ IR IS
2% % Koz +Scz Kuos +5nas Kie + 8¢ Kax+Sax
By =by- X, {4383
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States | 302 SF SA SNH4 | SNO3 SPO4 Sl [ SALK | SN2 XI XS xH XPAQ | XPP XPHA XAUT | XTSS XMeOH | XMeP | Process

Processes ) rates
Asrobic hydrolysis i 0.01 0.001 -1 ~0.75 P
CAnoxic hydralysis 1 0.01 0.001 —1 -0.75 P2
Anaerobic 1 0.01 0.001 -1 -0.75 P3

hwdrolysis

Aerabic growth an 1 1 1 P4

SF 1-— s

YH YH

Aerobic growth on 1 1 1 P5

SA 1-— -—
. YH YH

Anoxic growth on 1 1-YH 1-YH 1 PG

SF YH 2.86YH 286YH

Anoxic growih on 1 1-YH 1-YH 1 F7

YH 2.86YH 2.86YH

Farmentaticn | 1 )

Lysis of XH @K 1-fXI | -1 Pa

Storage of XPHA -1 YPO4 YPO4 |0 P10

Storage of XPP ~YPHA -1 | -YPHA P11

Anoxic storage of -0.07 -1 007 1 -YPIA P12

XPP

Asrobic growth of 1 —iPBM 1 1 P13

XPHA 1“‘W‘| YH

Anoxic growth on -0.21 -iPBM 0.21 1 1 P14

Xpp T

YH

Lysis of XPAO 0.01 X1 | 1-fXI -1 P15

Lysis of XPP 1 -] P18

Lysis of XPHA 1 -1 P17

Growih of XAUT 457-YA 424 | | ~iPBM 1 P18

YA YA

Lysis of XAUT 0031 0.01 x| 111 -1 £19
“Precipitation - 0.048 142 345 1487 |P20
“Re-dissoltiion ™ [ e K -0.048 T 142 | 345 -487 | P21

Figure 4.3: Activated Studge Model No. 2d v a matrix {format




4.2.4 Activated sludge model no. 3
The overall ASM1 information summarized below was extracted from Guier et al. (1968 &
2000}, The Activated Sludge Model No. 3 was developed to comect defects recognized
by the COST group while experimenting with the Activated Sludge Model No. 1 (ASM1),
Some of the shortcomings were dug to the fact that in the past the models were required
to be simpie due to computational fimitations. As a result of this, various biological
processes in the ASM1 were replaced by a single process. In the ASM3, previcusly
combined conversion processes in ASM1 are now separated to give a more realistic
representation of the activated sludge process. Alsc captured in the ASM3, is the
representation of internal siorage compounds, which have an imporiant role in the
metabolism of the crganisms (Henze et al, 2000). Similar to tha ASM1, the ASM3
describes oxygen consumplion, siudges production, nitrification and  denitrification

processes used for the removal of carbon and nitrogen in wastewater,

in the ASM3 carban material (COD) is divided into; readily biodegradable subsirate (Ss),
scluble non-bicdegradable material (§)). particulate non-bicdegradable material (X))
siowly biodegradable subsirate (Xg), heterotrophic biomass (X4}, a cell internal storags
product hetsrotrophic organisms {Xgro). nitrifying organisms (X,) and suspended solids
{Xss). Nitrogenocus material {TKN) s divided into; ammonia nifrogen (Syue). dinifrogen
{Snz} and nitrate & nitrite nitrogen (Snox)- ASMS aiso comprises the concentretions of
dissolved oxygen (Sga) and alkalinity (Sa). ASM3 describes thirteen wastewater

components and twelve biclogical processes described by the vectors xeR"™ andPeRr®?.

The components and processes of the ASM3 model may be presented in 2 vecior form

as:x=[8@_ 8 Ss Suu Se Swox Sak X X Xy Xso Xa XSS}T

P=[b B B B B B B B R By B B

where:

I 12, ‘ 4 51)
B=ky K+ Xa /% % S
B mkero 02— 53 _.x, {4.52)

L Kee  Swx___Ss (4.53
Fa =Ksro Mo Koz + 802 Kuax #Suox Ks +5s % s )

Se; Swwm Sax | Rerol Xy X id 54)
Koz + S0z Kasie +Snre Kawe # Sae Ko + Xsna /X

Py =ty-

Kaa B Swox , Sy i Sax . Xerg !‘xH. X, {4, 55}
Koz + S0z Kuox +Snox K +Buns K 75ax  Ksro + Xero /i Ru
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Fs =Bz _?_sbz__ X - -' (4.56)

0z + S0z
K 5
Bombgox o e e % 4‘?
7 = Ugnox Koz +Sa2 Kuox + Snox H ( ] )
By = bgro0 =2 X (4.58)
" Koa +8;
K 5
B =b 2 DNox ¥ *
SN K2 +Sa; KuoxtSwax -
s S S
— a2 NHe ALK -X “
o =Ha Koz +902 Kanre +Snme Kaak +Sax A {4.50}
e Sa {481
A02 Ka o2 + S0z
K S 82
b ) A.02 . NOX X 4
27 TANOY K 0r t8az Kanox +Suox o

A Petersch matrix reprasentation 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
aiso adapted from Gujer et al. (1988}

Table 4.3: Asﬁé:i modei parameter vaiues at m C

Symbot.: . { Name i Value | Unit - '
ke Hycrc%ys 5 raze crvssta'zt 2 a CODX: {g CODx yoa
Keto Siorage rate constant 25 g CODy: (g CODxy d
B i Anoxic endogencus espiration rate of X. 0.5 g
B2 nox Anoxic endogenous respiration rate of Xg 0.02 a”
L Heterotrophic masimum growth rate 1 d’

A Autotrophic maximum growth rate (.35 d”
Nhox Anoxic reduction factor 0.6 -
Dy oo Agrobic endogenous respiration rate of Xg a1 o’
barnap Aerobic respiration rate of Xsm 0.1 d’
Bann Aerobic endogenous respirgtionrate of X, 1 0.65 d
Bsro oy Anoxic respiration rate of Xgra Q.05 d
Kaos Oxygen seturation for nitrfiers 0.5 g0.m”
K piig Ammaonium substrate saturation for Xa 1 aNm”
K;’q{;x Saturation constant for S\g"}' 0.5 g NG?N o
Ky Hydrolysis saturation constant 1 g SO0y (g CODxY ' d
Koz Saturation constant for Suos 0.2 g0, m”
Kascey Satyraticn constant for alkaliniy for Xa 0,001 aNm”’
Kais Saturation consiant for Xy 0.1 mole HCO, m™
fas Praduction of S in hydrolysis 0 g CODg (g CODye}™
Yara 02 Aerobic vield of stored product per Sg 0.85 g CODyezo (g CODest
Yeoro o Anoxic yield of siored product per Ss .80 g CO0xsva (g CODs)
Yoy Asrchic vield of heterotfophic bicmass 0.83 g CODw: (g CODssa)
Yot new Anoxic vield of heteroirophic biomass 0.54 g CODw {g CODvarnl”
Ya Yiatd of autotrophic hiomass per NO3-N 0.24 g CO0s g Nayox)
£y roduction of X in endcgenous resgiration | 0.20 g CODy 1g CODwut

5 Satyration censiant for subsirale Sg 2 g CODgem ™
Kasix Bicarbonate saturation for nitrifiers 0.5 mole HCO.m™
ie.BM N content of biomass, Xu. Xa 0.07 g Nig COluemy)
D nox Anoxic endogenous respiration rate of Xy .05 d’
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States | 502 1] 8s SNH4 SN2 SNOX SALK X1 x5 ¥H ASTO A XSS Process rates {Py - Py;)
Processes
Hydrolysis S 1 0.01 0.001 -1 iX8s i Xo /Xy X
" Ky + X /X, !
Aerchic storage of 89 .18 -1 0.08 0.002 YHO2 802 By
0.5 ko +——H—- X
Koz +8, Kg+8
Anokic slorage of 65 -1 6.03 a.07 -0.07 0.007 YHNOX Koz 8 S,
.48 Ko Moy : : Xy
: Koa +8a; Kyox + Sy Ky +58¢
Anokic growlh on X4 06 -0.07 -0.005 1 1 M Sa2 Sy Sux Kam /Xy ¥
-_ i 0 0l 0 . . [{
YHO2 008 Koz 480z Kype 8yis Kag +8ax Koo + X /Xy "
gnolxi:: grt):wlh - -0.07 0.3 0.3 0.016 1 1 P Ko S ax S Suk Ko /X X
anltrification — . . e PR . . 5
YHNOX o e Koz t80 Kpox +8umx Ko + 840 Kap 80k Ko + Xy ,'fxu I
Aerobic endog. 48 0.066 0.005 1 -1 b Saz X
t Nyt —e—
respiration 075 ., Ko + suz .
ARcxic endog. 0.066 028 -0.28 0.025 n 4 b Ko, 8 wox X
respiration ) Hnox ! s 3 T
P 078 Kor+ 802 Kuox +Suox
ABrobIG respiralion of A - Sqy
XSTO 0.6 bsm.nz ' W N X.t:m
02 hd i 1]
Anoxic respiration of 0.35 .36 0.025 -1 b Ko Sk X
g TR T AL
X510 08 e Koz +8a: Kuox +Suox "
Aaralic grawih of XA ac4 424 1 L8 1 u S B Snx
e A te ) A
YA o8 Koz 80 Ko + 8w Kuux +8ux
Asrobie endog, 08 0066 0.005 1l -1 b By x
raspiration : 075 A Kao: 84, *
Anaxic endog. 0.066 528 -0.28 0,025 1 -1 b Koz S o
aspiration 0.75 NoX T ’ 3
respira 4 Atx Kaor #8302 Koy uox +8y0x :
5 o
LY -] <
: 1§, : 5|8 g ;
[ 3 [«]
5 | |8 g £ 18 g |® fo 2
& bt 2 Q. c 3 2 @ K| E
g 2 gs ET c ] 5 g gy & |5 2 |3
b q9._ B 2. A = 4 5O £ 25 a =
z 8 (ze | BE | F ¥R |E By |38 |5 | i3 £t
TN TANE LA A R B R A N
[ EE xh E E B zZE < £E ¥ T < B @
Figure 4.4: Activated Sludge Model No. 3 in a matrix format
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4.3

The biclogical modejs described above are used to form the mass balance medsls for
the Benchmark simulation plant and the Athlone plant. Based on the Petarson matrix
tables above, the full set of ordinary differential equations describing the dynamic
behaviour of a respective wasiewater componrent may be formulated. Given a zet 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 wastewster concentrations. Table 4.4 gives 2 summation of the

dimensions of the vectdrs of the componenis and processes of the moedels.

Table 4.4: Dimensions of the vectors of the components and processes of the full modals

' DIMENSIONS OF - THE VECTORS OF THE MODELS’ COMPONENTS AND PROCESSES
Dascription Symbot | ASMI ASM2 ASMZd ASM3
Wastewater components | y R R® R R®
Process rates < R® R" R2t R

Reduced activated sludge process models
The full biclogical models are used for prediction af the behaviour of the activated siudge
processes and for prediction of variations in the effluent quality during dynamic leading
conditions. These processes are time varying and extremely nenlinear. They are also
subject to significant instability and nigh dimensions in terms of the number of stats
variables {wastewater components), processes and parameters. To accurately predict
the behavicur of a true plant, activated sludge models require online modifications based
on avaliable data from sensors. Since the parameters of the modsls vary with time.
modei for online control purpose are related to quantities and varizbles that are passible
to be measurad oniine. All state variables of the reduced niedels developed in the thesis
are supposed to be measurable.
Due o sensor unavallability and process compiexities, influent waslewater
concentrations, which are essential for prediction of the model behaviour are not easily
characterised. It is therefore difficult to estimate and update varying mode! parameters
online. These results in model identifiability probiems; where madels do not have unique
set of pafameéers 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 carbenaceous, nitrogencus and phosphorus activities of the activated
sludge precess (ASP) are developed.
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By reducing the numerical complexities and dimensions in the biclogical models, the
overall mass balance models of the planis sre alss reduced. This will also reduces the
iong computational ime required for process eptimization. A fundamental requirement for
the reduced models is that they contain a minimum number of staie variables and
parameters to allow for model identification based on online measurements, whilst
mainiaining the basic mechanistic structure of the reference model. As far 2s parameters
are concemed, their number naturally decreases with decreasing of the number of state

variables altowing for a'possible identifiable model structure to be formed.

In this section, the WA activated sludge models (ASM2, ASM2d and ASM3} are reduced
based on the same reducticn procedure used to reduce ASM1T in Lukasse (1889). The
reduced modeis are later on used for optimal control of the ASP. Paramsaters of the
reduced models are later on estimated to ensure that the reduced maodels keep the same

prediction capabiiities as the full models.

Reduction of the biological models

Cne of the cbiectives of this research project is o apply reduced medels a2s an online
tool for optimal control of the ASP. Becausa 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
mezns that the reduced models incorporate only variables with dynamics of interest
{Lukasse, 18985:48).

in the activated sludge process, biomass is considerad to be largely unknown and with
slow dynamics, carbon, nitrogen and phosphorus substrates are characterised as
vanables with medium dynamics and the DO concentration is considerad to have the
fastest dynamics. Since carbon, nitrogen and phosphorus concentrations are the cbjects
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 conceniration is chosen as the control variable in this research project. Thisis dusto
its ability to affect the efficiency of the ASP. It is conirolied separately on the layer of
direct control shown in Figure 5.1, The DO controf structure is designed in such a way

that sufficient amount of oxygen is supplied in the asrobic reactor.
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For this reason DO concentration {Sg for ASMT and Sq, for the other three modals) is not
ncluded in all the__reduced biclogical models. Alkalinity {Sak) 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 gH in wastewater {Jeppsson, 2004).

4.3.1.1 Reduced activated sludge model no. 1
du Plessis (2009) identified the reduced activated siudge model no. 1 {reduced-ASM1) in
Lukasse {1988). The results proved that the reduced-ASM1 model stili captures the
essential part of the carbon oxidation, nifrification and denitrification processes of the
ASP. The model describes thres wastewater components and four Giological processes
that mainly affect carbonification and nitrification/denitrification processes . A Psterson

matrix representation of the reduced-ASM1 is given in Figure 4.5,

States | §S SNO SNH Process rates (P; - P,)
Process
Aercbic _t . i, . 8s 80
QTOWthOf YH -xa . Ks+8; Kgy +84 X o
Anoxic -4 v xa fy-—os K  Swe oy
growth of YH 286YH Ke +Ss Koy +80 Ky + 5 § e
Aerobic R g g, o Sm . Se
growth of YA H Ky + 8 Ko +8, 0%
Hydrolysis 1 k. Bs/ X [ 8 K Swe
L] T " Xaﬂ
Ky + X5/ Xgy | Kow + S0 Kow +So Kou +Suo
[11] c
5 g |z
S BH © £
- a = o= t_“ =1
0= @ e ¢
Zof oc g g
T2o T2 EEQ
Q0 oS EB E=
rraow £ c < @ C
Figure 4.5: Reduced Activated Studge Model No.1 in a Peterson matrix format

Bé!ow is & description of how the full ASBM1 was reduced.

As mentioned already, due fo the time varying characteristic of the model paramsters.
models for oniine control purpose are related to guantifies and variables that are

measurable online. ASM1 variables possible to measure online are Ss, Sywand Sno.

The dynamics of heterotrophic organisms (Xgw), autotrophic organisms (Xga) and slowly
biodegradable substrats (Xs} are considered to be very slow hence these variables are

treated as constanis.
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- Sw So ' o
Py =i, - . -X 465
e Ky +Su Koa +S5 B4 { /

Xg /X S K S
P, =k - s/ haH o . oH NO 4
e Kx +Xg/Xgn {Kon +8g e Kon 80 Kyo +Sw0 ]XEH ¢ o)

The above described reduced-ASM1 model is implemented as it is in this projsct.

4.3.1.2 Reduced activated sludge model no. 2
- The formation of the reduced Activated Sludge Model No. 2 {reduced-ASMZ) is done
using the same analysis of the full model as for the reduced-ASM1 modal sbove. The

reduced ASM?Z has eight wastewslsr compounds and twelve procasses in total.

In the reduced modsl dissolved oxygen {Soz), aikalinity (Sak). helerctrophic organisms
(Xu), nitrifying organisms (Xaur), soluble inert non-biodegradable organic material (8
and inert non-biodegradable crganic material (X)), are omitted in the same way as in the
reduced Activated Sludoe Model ne 1. Similar to reduced-ASM1, ammoniz nitrogen

{Swna) is muitiplied by a factor f (1.2) to account for the organic nitrogen in the system.

~ Dinitrogen {Sny) is not considered because # is a nitrogen gas that dispersas into the
atmosphere. The tolal suspended solids (Xyss) are negligible and therefore ignored.
Chemical processes {precipitation and re-dissclution) are removed from the model
because phosphorus is removed biciogically in activated sludge systems; as a3 resuli the
chemical compounds (Xuee. Xneon) @re not included in the reducad medsl Similar to the
other organisms, dynamics of phosphate-accumuiating organisms (Xeao) are very slow
and therefore they are assumed to be in steady state and are trealed as constanis
Similar to the full ASM2, the reduced-ASMZ2 describes carbon oxidation, nitrification,
denitrification and phosphorus removal processes of thé ASP. A Peterson mairix

reprasentation of the reduced-ASMZ is given in Figure 4.8.
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States | SF SA | SNH4 SNO3 SPO4 [ X5 XPP XPHA Process rates (Py - Py)
Processos
Aerobic hydrolysis 8oy . Ke/Ry
Y 1-51 0.01 -1 Ka Koy + 5oz Ky + Xa/¥y ul
[ Anoxic hydrolysis Koe Syos X/ Xu
- 0.0 - K *Anos - : : :
-1l ! ! e Kos +S0: Kuoy +Suas Ky +Xa /X,
Anaerabi¢ hydrolysis Ko, Koo s X /X
: K, oy - . n : sy
1181 0.01 1 v Kor + 807 Koma+ Sros Kat X, /%Xy M
Aerobic growth on SF ' o S 8 8B S . _Bew _ Sk .y
o " Kozt S; K+ Br48, Kyt Sue Kot Bupy Kugt 8B+
Asrobic growth on SA 1 " Sz Sa .84 . Suu Seas . Say
YH Ko +802 Kat8y Br 484 K+ Sun Ko +800 Kkt Sax "
Anoxic growth on 8F 1 1 YH R Kop 8 8 _ Syy Suoy Sux__ .y
YH 2.86YH N e 80y Ke +8c B8, Ky + S Kpga +Snos K +Sa
Anoxic growth an SA 1 1vH T - Kop Sy . Sa . Suww . Swm _ Suk . Se X
¥ “2eeYH F tcn Kop +Sm2 Ka+Sa Se+Sa Ky 7 5um Kyes +Buo Kan +8aue Ko +Spou
Fermentation Kez Kuos Se Sk
4 : Gu- : : - Xy
Koo+ S0z Kupa +8non K +8y Koy + 8.,
Storage of XPHA L Ba o Sak _ Xen/Xmo
5 v v ! Aren Ka+8a K +Snx Ko + Xop/Xpwo 0
Storage of XPP 4 1 — q S0z Spga S as Xona { X pao Kunx_ = Xep /Kepg X
. o o . . .
Koy +802 Kps t Seoa Ko +Sax Komn + o Koo Kipp + K = Xpp /Koo
Aerobic growth of XPAQ . 1 om0t Sua S Spos Xow [Xpo
" YA e Kaz + 802 Kuna * Buns Ka ¥ 8 Ke +8e0s Krn + Xpwn /Xppo Fe
Aerobic growth of XAUT i ] 1 ‘ Soy S i Spos S %
SINEM -5 YA MU Koz + 80z Kune + S Kp +8poy K + Sax M
o c
2 @
=
1] a 5‘
2 Ly
25 g\ E 2 &
o P E © @ ) 5 51
g & 8 E a g g %o
2 g | B T 3 @ & e
@ -g 8 @ [P 5 E O-
s = E E] 2 Baol & .y
9 G 2 5 3 a 25 F8 1 o Lo
B o8 ¢ |58 g 55 B|§ £y
- o e u= 3
cd2 (L 1B (E (8% |E1 : |3
wd B il = z £Ea wa | < B

Figure 4.6: Reduced Activated Sludge Motlel No.2 in 4 watrix Tormat
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The components of the ASM2 model! described by the vector xeR*may be presented in z

vector form as;

x=[S: S. Sux Swa Sect X Xoo Xowa]

The vector of the process rates described by the vector P<R“may be presented in a

yector form as;

P={P1 P, P P By Ps P By Py Py By P121r

where!

o
b S R S (489
G A S S (489
B =i K,,zS oS KFS:s,, ' KFS-:SA ' Km.f :MSN,“ ' Kpsfgm K Nf P 4.79)
R R T W @
Br =Hn Mnoa - K: :zsoz ) KAS-: Sa SFS:SA ' KN: :—H‘S;w ' KN:TEW K MS iufs,d_,( ' KF,S-TPE;‘F.m X (4T3
ol v O e | .74
P = Qera KAS: Sh K,j s K: :j:,?;m Xono (4.75)
Py = Qoo - Se2  Spoe . Sax XPHAJ’IXF@ Ry ~Xep/Kppa Xono (4.78)

Koz +502 Kps +Spos Kak *Sax Kpua + Xppa /Koo Kipp +Epax — Xpp / Xpag

B b T R Yo e 5 T 5 R @

o= S Seo S x
! Koz + S0z Kire + S Ko +Spos Ko +Sax

4.3.1.3 Reduced activated sludge model no. 2d
The formation of the reduced Activated Sludgs Model No. 2d (reduced-A8M2d) is aiso
done using the same analysis of the full model as above for reduced-ASM1. Similar (o
the full ASM2d, the reduced-ASM2d describes eight wasiswsater componenis and

fourtean biclogical processes in total
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The reduced-ASMZd still describes carben oxidation, nifrification, denitrification,
biclogical phosphorus removal processes of the ASP. A Psterson matrix representation
of the reduced-ASMZd is givenin Figure 4.7.

The components of the reduced ASM2d modsel described by the vectar xeR® may be
presented in a vector form as:

x=[SF Sy Sum Swos Seos Xs Xep XPHA.F

The vector of the process rates described by the vector PeR" may be presented in a
vector form as;

P B B R R BB R B B BB, B RS

where:
8 Xs/ X (479
P= . oz R N XH {f«i f 3
1=Ky Koz +Sap Ky + X/ Xu
Koz Knos Ks/ %y 4.80)
P = . . . B . .
2=Ka Tnos Koz +Soz Kuos +Snea Kx+ Xs/ Xy % ( }
Koz Knos Ks/ X (4.81
P=K -n_- . . . .
3 =K Koz +S0z Kios +Snos Ky + X/ % % { }
S Se Se S Spas Sax
by Sz _ _ . . . (4.82)
= Koz +Sgz Ke+5: Ke+Sn Kauw+Suu Ke+Spas Kax +Sax Ko
SOZ SA SA SNH& SPOG SALK 4 8'2
Do—u.- . . . . . .X 83}
3T Hn Koz +802 . Ka +5s Se+8a Ky +Swu Ko +Spae Kux +8ax H {
_ Koz S¢ . Se i S R Snos A S ax X 4 B4y
Fs = Bu Mo Koz +S0z Ke+Sr Se+8, Ky +Suu Kyos +Snos Kak +Sux " { ’
K ) S, S Sugs Sax Sreos 4
Bo=uw.- . oz | A . - . - Xy { 85}
7 =t Tiios Koz +84; Ka +Sa Sr+5a K +Sune Knos * o3 Kaw +Sux Kp +Sops
—a . Koe . Knos S . Sax Xy {4 86)
P = e Koz + S0z Knor +Snos K+ 8 Kuw+Sax
_ S, Sax . Xep/Xona Xe (48?)
o = v Ka+Sa Kuue +Sax  Kee + %ep/Xono " ‘
P —a.- Ses  Seos . Sauk  Pown/Feag K —Xep/Xeng | Xeso (4.88)
10 =Ger Koz + Saz Kes +Spos Kak #Sax Kemn + Xoua! Xono  Kip + Kyax — Xep/Xeno ’
p _Sp;  _ Swa Spc _ Seas _ Xena -"XPAFI Kopo {4.89)
1t = Hpao Koz + Saz Knpie + S Kak +Sae Ko +8p0s Koua + Xoua/Xosa
o S @50
Pz =Py Tina Sos - Kooz + Swos )
R Sz S _Seos _ Sax | e {4.51)
B AT T+ S0z K + S Ko +5p0y Kax +Sax
Koz Suon (4.92)

Py =P - Mncs __‘Sez Kpos + Swa
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State | SF SA | SNH4 | SNO3 SPO4 | XS | XPP XPHA Process rates {P1- P14}
Processes
Aarobic hydrolysis 1-181 0.01 -1 Koo Spa o RefXy oy
" Kor 1 8or Ky X7Ky "
| Anoxic hydrolysis 1-181 0.01 -1 Ko Sio s Xg /%y
Korfinos Koy +8az Kus+Bwa Kyt Xa/Xy u
Anaerobic hydrolysis 1-1sl 0.01 -1 K,omg -——FKoe . Ky XXy,
Kozt B5n; Kuga t Broa Kyt Xg /Xy
Aerobie growth on BF _ 1 ’ i So, __S¢ T . S s . TTY , 8 g L X
YH Koz + 802 Kp+8p 8598, Kuyyt Sy Ko +8p, Kug +8, "
AeroblcgrOWth on SA . My 84, s SA s SA . S s , Spos R sm( X
YH Kog #8052 Kat8, Sp+8, Kuyygt Sy Kot 8y Kpag +8, "
Anoxic growlh on SF _1 _A=YH O , Koy . K o a 1 R S¢ . S s . Spay , 5k X
YH 266YH W AN e+ Bar Kus+S5uws Kp+8r Bp+8s Kpa+tSma Ke+Bpgs Kar +8ar "
Ancxic growth on SA s ALY oy . Kaz s Koy . S, . S, s Sy . S pou . S ax X
YH 288YH MO a1 80y KuatSpes Kat8y Sro8y Kyu+tSuwy KovB8pog Kug +Sux "
Fermentation -1 1 g —tez_ . K _Se . __ S X :
Kop+8Sp2 Kuos+t8ps Ket+ 8p Ky +8u¢
Storage of XPHA -1 ¥PO4 -vPo4 1 o - Sy . Bk Xep/Xuo .. -
Ku+8, Kk +8ux Ken + Xep /Xeno
Astobic storage of XPP -1 1 YPHA oo - Sa, -2 8 g ) X X oo o K = X A Xy X
Koz +S0s Kps +8eos Kaux +8ax Koo + Xow /Xro K + Ky — Xon /Xpo e
Anoxic storage of XPP -0.07 -1 1 YPHA Kas 8w
Fu "filng g @ g o e
Sar Kuos * 8w
Aerohicgrowlh af XPAQ - PBM e Wma - Saz , S s . Spos . S e . Xpin /X 1pa X
YH Ko +S5qr Kuwa+Bma Ko +8p4 Kup #+5ac Kpn + Xow /Xeno “
Anaxic growil of XPAO -0.24 iPaM 1 K 5 w03
- P . A - B H NO
YH Mo s 507 KuostShoa
Aerobic growlh of XAUT -4,24 A PEM b - Spa_ _. Smis o Spaa | 3 ax X
YA Kor ¥ 807 KuystSma Kp+t8py Kaux +8ux
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Figure 4.7: Reduced Activated Sludge Model No.2d in & matrix format
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4.3.1.4 Reduced activated sludge model no. 3

The formation of the reduced Activated Sludge Model No. 3 {reduced-ASM3} is also
done using the sams analysis of the full model as above for reduced-ASM3. Ammeonia
nitrogen {Syua) in the reduced-ASM3 model is also muliiplied by a factor f (1.2) to
account for the organic nitrogen in the system. The reduced-ASMS3 describes three
wastewater components and four biclogicai processes in total. Similar © the full ASM3,
the reduced-ASM3 mode! still describes carbon oxidation, nitrification and deniirificatien
processes of the ASP. A Peterson matrix representation of the reduced-ASM3 is given in
Figure 4.8.

States | SS SNH4 ;| SNOX | Process rates (P, —P,)

Processes
Hydrolysis . TV2. S
- 1 0.01 K Ki+ Xg /X4 Xu
Anoxic growth on wy D02 . Swe | Sax
XH " Koz + S0z Kus +Sune Ka + 54k
-0.07
st /Xu X
Kero + Xgro / Xk i
Anoxic QFOWth- By -7 . Kog . Suox . SNH4 N
denitrification TN Koa + 802 Kuox +Shex Kiwe + S
007 103
. S ax . Xero /Xy X,
) Kax ¥3ax Ksro T Xsro /Xy
Aerobic growth of ", - Soz . S s _
XA 1 * Kaocz ¥ S0z Kanie+ S
—“'—"—-XA
Kaax + Sax
4]
2
B8l .5 |8
P | 38 | 5
_8 k71 a s =
88| EE | o
Dum| 2@ =
281 §5¢c ® S
Sc| g¢ =
o & £ E EE (=)
oD@ EE =25
£ o | < a Z2c

Figure 4.8: Reduced Activated Siudge Model No.3 in a matrix format

The components of the reduced ASM3 model described by the vector xeRr® may ba

presented in a vector form as:

x=[Ss S SNDXIr
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4.4

The vector of the process rates described by the vector per* may be presented in a
vector form as:

P=[?1 B, B P‘]T

where;
Xs/XH ' {4.83
T s Kol )
B=p,-—oz . Swe  Sax Koo/ Xy {4.84)

Koz + 802 Kuia + Sne KA:J("'SALK Ksra + Xero /%

K s s s Kero /X )
Py =pyem 02 . Twox  __ Pues _ Yak . Asro/TW  x 4.9
3 H " Tinox © Koz +Soz KNOX "'SNOX KNI-M +SNH4 KALK + SAJ.K KS"FCI +XSTO /XH H ( }

8 § S -
P, =y, - 2 . NHE AKX 485
¢ha Kooz +S02 Kape ¥ S Ko + Sax A ( )

The reduced biclogical modeils described above are used io form the reduced mass
baiance'mcdeis for the Benchmark simulation plant and the Athions plant. Given a set of
initial conditions, values of the parameiers of the models and typical disturbances (e
influent wastewater flow and concentration), these equations may be used in simulations
to predict effluent wastewaler concenirations. Table 4.5 gives a summation of the

dimansions of the vectors of the components and processes of the reduced modeis.

Table 4.5: Bimensions of the vectors of the components and processes of the reduced
models

DIMENSIONS. OF T!-EE VECTORS OF THE MODELS’ COMPONENTS AND :_ H
 PROCESSES - ' :

Description Symboi Reduceci .Reduced— Reduced— Reduced -

-ASMH1 ASM2 ASM2d ASM3
Wastewater compenents | R3 R? R® R?
Process rates P R* R™ R R*

Mass balance models '

Using mass balance principie, the overall models for ih.e considered plants are derived.
with the 1WA models representing the mass of the wastewater components produced or
censumed due o the bislogical reactions within a bioreactor. In the preceding section
the biclegical activated siudge mathematical models are described in details. The mass
balance models with the full biolagical models are referred 10 as the full mass balance
modeals and the mass balance models s.;l.fii:h the reduced biclogical models are from this

point referred to as the reduced mass balance modsis,
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This section presenis the derivations of the mass balance models of the Athione and
Benchmark wastewater treatment plants (WWTPs). Mass balance models are based on
the physical layouts of the WWTPs, they account for materials entering the system,
produced or consumsd in the system and thcée leaving the system. Basically the
biological models describe biclogical reactions occurring inside the tanks while mass
balance eguations describs transporiation of wastewater compounds to and from the
tanks. The tanks are characierised by volumess (V), fiow rates {Q) as well as staies of the
- wastewater componsnis (X}

Fundamental to the mass balance is the conservation of mass principle, Le. mafter
cannot disappear or be created [Yunus et al., 2004]. The generic equation for a mass
balance around a ceriain system is:

Time variation of the mass of the component in the system (per unit volisme} = Mass of
the input component + Mass of the compenent produced or consumed dug fo the
reaction — Mass of the output componerit (Dochain & Vanrolleghem, 2008) 4.87)

4.41 Mass balance models in continuous form
The generic mass balance Equation {4.97} above in s rate form ¢an be represenisd with

mathematical notations as follows:

V._dgi = QX £V T- Qg X (4.98)

where Q, is the input flow rate; X, is the components concentration in the input; Qou is
the output flow rate; Xo is the components concentration in the output: ris the rate (per
unit volume) at which components are produced or consumsd. Egustion {4.88)
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 compenent  rate of change of the mass
of the produced or consumed component due to reaction minus rate of change of the
ouiput component. Equation (4.98) is applied further for development of the mass

batance mode! of the Athlone process and the Benchmark process plants,

4.4.1.1 Athlone mass balance model
The Athione plant is sifuated in the middie part of Cape Town, South Africa. The piant
has besn in operation since 1821 and it is also faced with probiems related to plant
deterioration. Typical plani problems include faulty siudge handling apparatus and
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constant failing of the air blowers {South African Government, 2008). The plant consists
of three biological reaciors; Anzerobic, Anoxic and Asrobic. This organization of
biolegical reactors is referred to as the pre-nitrification activated sludge process. The
Athione plant is capable to treat approximately 80 milion fitre of water daily {80 200
m°/day). |

The layout of the Athlone plant showing different flows through the system is presented
in Figure 4.9 where Q, js the recyclad fiow rate for Tank 2; Q, is the recycle flow rate for
Tank 3; Q, is the waste sludge fiow rate; Qq is the infiuent flow rate; Q, is the output flow
rate for Tank 1. Q, is the ouiput flow rate for Tank 2; Q; is the output flow rate for Tank 3;
Q. is the effluent flow rate, Q, is the ssiler recycle flow rate. X is the vector of
components concentralions in the influent wastewster, x4 is the vecior of componenis
concentrations in Tank 1, X; is the vector of components concentrations in Tank 2, X3 is
the' vector of cémpeneﬂés concentration in Tank 3, Xy is the vector of difference between
components concentrations from Tank 3 and from the wasted sludge, X, is the vecior of
components concentrations in the effiuent wastewaler and x; is the vecior of recycle

concentrations of the components of the wastewater siudge.

The vaiues of the flow rates and the tank volumes for the Athlone wastewater trestment

plant are given in Table 4.6.

Table 4.6: Athione piant flow rates and tank vo]‘umes

Symbol_ | Name covvnn i Nalue o T T Ui
Qs Tank 3 %o Tank 2 recgc‘ed faaw rqie 38917 - m’/day
Q, Tank 2 to Tank 1 recyzled fiow rate 39817 m’/day
Qu Flow rate for the wasied sludgs 3840 m’iday
Qn Influent fiow rate 40003 m*iday
Q. Recycled flow rate from the settier Qy + O Qe Q. m’iday
Q. Effluent flow rate Qo - Q, m°iday
Ve Tank 1 voiuma 1143 m’

Vs Tank 2 volume 1148 m”

Vs Tank 3 volume 5273 m
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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 rales of each tank and the saltler are derved

‘Q,=0Q,+Q; {499
Q=0,+Q, +Q =0 +Q+Q, +0, {4100
Q,=0,-Q, =G, +0Q, +Q, {4101
Q,=0,-4Q,-Q,=0,+Q -Q, {4.102)
Q=0,-Q,=Q,+Q -Q,-Q, {4103
Q,=Q,-Q, (4.104)

by Seccndly, the input and output mass balance eguations for the settler components
are derived. The settler is assumed to be ideal with no biclogical reactions; meaning
that there is no production or consumption of components in the setfler. The input
conceantration of the settler componenis is:
Xg =X, =X, =X {4.105)
Mass balance equation of components at the input of the setiler is:
Qux, = QX = QX — QX ~ QX = Qo +Q, ~Q, )% (4.108)
Mass balance equation of components at the oulput of the sefller is:

Qx, = Q% - QX = (Q +Q - Quls —(Q-Qu) %, {41073

¢ Finally, -equat%on for calculating cencenirations of the recycled compznents is
derived. Based on Eguation {4107}, egustion for concentration of the recycled
componants is: '

- +o,_o,,)é:~(oo—owhe (4.108)
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d)

The recycle concantration values depend on whether the wastewater component is

particulate or soluble. For the soluble materials, the effluent concentration is:

Xe = Xs {4.109)
Thersfore

F(Q.w&—@ﬁé—(aa—ow)xa:xs {4.110)
For the particulate materials, the effluent concentration s

%, =0 4111
Therefore

X, = E@.ﬂf.é:___% (4.412)

For the purpose of simpiification a coefficient 1 for representation of the fraction of

the flow rates is introduced as:

' “w 4113
Therefore
X, =A%, (4.114)

With all elements described above, and using the generic mass balance Eguation
{4.98) as a guide, the mass balance eguations for the components in each of the
three Athione tanks can be dearived.

Mass balance eguation for Tank 1:

Table 4.7 gives the inputs and oulputs rates of change of mass flows of the
components going in and cut of Tank 1 respectively.

Table 4.7: Components for Tank 1

Inputs | ‘Outputs’. | Reaction ..
T P rates e
QgXg Q.x, A

Q%

Mass balance equation for componsnts in Tank 1 is:

% = %[qua +QpX, - Qt’(ﬁ]'“? x,(0)= *i0 {4.11 5}

where 1, is the rate {per unit volume) at which components in Tank 1 are produced or

consumed, and the vector x,, contains tha initial conditions for every componant.
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&) Mass balance equation for Tank 2:

Table 4.8 gives the inputs and outputs rates of change of mass of the componants
going in and out of Tank 2 respactively.

Table 4.8: Ccmponents for Tank 2
. _lnputs R

Q x1
Q,%;

Q,x, for scluble material
Q,\x, for particulate materia!

For soiuble material, mass balance equation for components in Tank 2 is:

e - lax -0 +Qx -G ), xe(0) =z, (4.116)
For particulate materigl, mass balance egquation for compeonents in Tank 2 is;

_d;(_t:_-[(),x,-i-() X + QX - QX ]+ (4117

where r, is the rate at which components in Tank 2 are produced or consumead and

%, 1S the vector of the initial conditions for gvery componsnt

fiy Mass balance equation for Tank 3:

Table 4.9 gives the inpuls and cutputs mass of the components going in and out of
Tank 3 respactively.

Table 4. 9 Components for Tank 3
Outputs Reactton
‘trates .00

ans f2

Mass balance aquation for components in Tank 3 is:

%=%I(Qz _Q_p)(z_st31+la %,(0) = %5, {4.118)

where r, is the rate (per unit volume] at which compoenents in Tank 3 are produced or

consumed and x,, is the vector of the initial congitions for every component,

in this tank {the aerobic tank). the equation for the dissolved oxygen concantration

has additional member determinad by the flow rate ¢f the supplied air.
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This flow rate is the conirol signal o the activated sludge process. The equation for
the dissolved oxygen is:

dS,;

at vls[(az - Qpbo,z - stos I* L+K, (So.sat _So,a) | Sos (0) =80z, (4.118;

whers K, 18 the oxygen transfer function and s, is the oxygen concentration at
saturation and Soay is the initial condition for dissolved oxygen cencentration. The
vaiue of K, depends on the air fiow rale to the aerchic tank and can be exprassed by
different linear or nonlinear functions of the air flow rate. K, =flu). where u is the air

flow rate.

4.4.1.2 Benchmark mass balance model

The Benchmark plant is a simulation plant mode! 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 aerchic reactors for biological processes and cne secondary setfler 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 mode! based on the ASM1 biological medel.

The results of the different conirol sirategies used on the Benchmark plant are well
documented. hence the Benchmark simulation envirenment is a good platform for tasting

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, is the recycled flow from Tank 5; Q, is the wasted
sludge flow; Qq is the influent flow; Q is the flow through Tank 1; Q, is the flow through
Tank 2: Q, is the flow through Tank 3; Q4 is the flow through Tank 4; Qs is the flow
through Tank 5; Q. is the effluent flow, Q, is the seitler recycled flow, X, is the vector of
concentrations of Tank 1 process variables, x; is the vector of concentrations of Tank 2
process variables, xs 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, Xs is the difference between concentrations from Tank 5 and
from the internal recycle fiow, X, is the effluent concentrations and X, is the vector of

recycled concentraticns of the process variables.
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The values of the flow rates and the tank \}o!umes for the Benchmark wastewster

treaiment plant are given in Table 4,10,

Table 4.10: Benchmark plant flow rates and ¢

ank volumes

- Symbhol | Name = cobValwe: v wns b Uit s

Q, Tank 510 Tank 1 recycied flow rate 55338 m’iday
Q. Fiow rate for the wasted sludge 385 m’iday
Qa influent flow rate 18445 miday
Oy Settler recycied flow rale Q.+ 0. +Q- 0, miday
Q. Effluent flow rate Q- O m-iday
V. Tank 1 volume 1000 m
Vs Tank 2 volume 1004 m”
A Tank 3 volume 1000 m”
Vs Tank 4 volums 1333 m’
Vs Tank &5 volume 1333 m
Q] Ano 0xl Ano Q) Aer Ry Aer R.x,

i ' t
X X
02 02 02 Q! T Qw w
Figure 4.10: Layout of the Benchmark plant

The mass balance model of the Benchmark plant below is derived according (o the

Benchmmark guidalines in Copp (2002},

The mass balance model of the Benchmark plant is derived as follows:

EY

b)

Similar to what is derivation for Athlone plant, input and output flow rates of the tanks

are derived

Q=Q,=Q;=0,=Q; =0, +Q,+Q, {4.120)
Qs =Q-Qy =Q+Q {(4.121)
Q, =Q,+Q, (4.122)
Q, =Qe~Q =Q+Q -Q,-Q, {4.123)
Q,-0,-0, {4.124)

Then the input and output mass balancs equations for the seltler components are

darived,
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This settler is alsc considered o be idesa! where no bislogical reactions ake place
and separation of the compounds is done at once. The settler used in the thesis is
different from the seftler used in the COST benchmark modal.

The input concentration of the settler is:

X =% =35 : {(4.125)
Mass balance equation of components at the input of the ssttier is

Qgg ~ Qs = (Qs — Qs = (0 + Q. Js (4.128)
Mass balance equations of componenis at the cutput of the seitler is

Qe = Qe¥p — QX = Qg + QP - (@ - Q. {(4.127)

Finally the equation for the recycle flow concentration is derived.
- Qe =Qx, + Q% (4.128)

The concentrations for the recycled and the waste flow are the same therefore:

Q% = Q% +Qux, = (Q +Q ), {4.129)
The recycle flow concentration can then be deferminad using the following equation:
(@ +Q s~ (Qu- Q. = (@ +Q ) (4.130)
Thersfore:

_l ok -@Q-a.k,
A e (@190

For the soluble materials the effluent concentration is:

X=X ' : (4132
Therefore
xr=(Qa+Qr(§;£iu)‘Qw)x5 (4133}
Therefore
% =Xg {(4.134)
For the particutate materials the effiuent concentration is:
x, =0 {4.135)
Therefore

_a <0k (4.138)

* =)

A coefficient A for representation of the fraction of fiow rates is therefore;

x:f%% (4.137)

Therefore
92



‘Table 4.11: Ccmpenents for ‘fank 1

X, =3Xg {4.138)
The mass balance equations for the components in each of the five Benchmark tanks

san then be derived as follows:

Mass balance equation for Tank 1:
Table 4.11 gives the inputs and cutpuis rate of change of mass of the components

going in and out of Tank 1 respectively.

inputs’: 2 Outputs -1 Reaction @
Q% Ql X h
Qﬂ Xa

Q,x, for soluble material
Q,ix, for particulate material

For soluble material, mass balance equation for components in Tank 1 is;

dx
dt

x,0)= Xy (4.1 338

1
= TIQ,,XU +0,%s +Q,%; —Qx, le 1y
1

For particulate material, mass balance squation for components in Tank 1 is:

E?_‘:-\—:-[ann + Q% +Q A%, — Q,x,]+ r {4.1400
1

dt

¥ (0) =Xy

where 1, is the rate {per unit volums) at which components in Tank 1 are produced or

consumed, and tha vestor x, 15 the inihial conditions vector.

Mass balance for Tank n (where n=tanks 2 to 5}
Table 4.12 gives the inputs and cutputs rates of change of mass of the compenents

going in and out of Tank 2 respectively.

Table 4.12: Components for Tankn

Cinputs .

“Qutputs -

Reaction '

nxﬂ

L

Qn-l X a-1

Mass balance equation for components in Tank nis:

d:tn = n-1%p-1 ann]+ I x,,(O) =Xy

where r isthe rate at which components in tanks 2-5 are produced or consumed,

{4.141)
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For the asrobic tanks {Tank p where p = lanks 3 - 5}, the eguation for the dissolved
. oxygenis:

dSe, 1
To “Vp Sopt 'QnSOa]"' L+ KLa(Snsar - SO») S0,(0)= Sogy (4.142}

where K, is the cxygen transfer function and s, is the oxygen concentration at

safuration.

Equations (4.115 - 4.118) and Eguations {4.139 - 4.142) make up ihe mass balance
modet of the Athlone and 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 meodels,

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 continucus mass balance equations on section 4.4.1 are transferred
into their discrete counterparts. The discrete mass balance eguztions 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 eguations as shown below.
.di_ x(k+1)-— x(k) (4.143)

dt At

where At 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:

%1' = "\';:i‘ [Qgx, +Qex, - Q]+ x{0)= % {4.144)
&“fl)?-ﬁ(!&l=%[qaxa+opxz_om]+r, ' (4.145)
%, (k +1)=-€—%—QOXQ +(1_3—:Q1th(k}+3—:prz{k)+r,At x{0)= X1 {4.148)

b} Discrete mass balance equation for Tank 2 derivation:

dx. 1 ' 7
?2= TIE[Q:)G +Qx, + QX - Qpx o %:(0)=%,, (4.147)

X +2:_x2(k) - a0+ Q)+ Qe d- Qe e, (4.148)
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For the soluble materials:
s )= 2 o) [1__o ]xz(k)+ (Qa+Q alk)+ ot ,(0) = X (4.149)
For the particulate materials:

%ol +1)= %Q1x,(k)+[1—3—;Q2)x2(k)+%(03 #2016 k) + 5t %, (0)= %, (4.150)

¢} Discrete mass ba%ance equation for Tank 3 darivation:

d:ta V13 (@, -0 - Q3x3]+r3 x3(0)= %y (4.151)
*ylk+-x0k) 1

T at V3 [(Qz _Qp}xz(k)_ Q;x; (k)]"’ I3 (4'§ £2)
o= 00 )+ 1550, haeat x,(0)= 3, (4.153)

For the dissolved oxygen concentration (only for the asrobic tank) the discrets form

of the equation is

So.a{k + 1) = \% (Qz -Q, bog (k) + [1 - \%03]80.3(‘() + Ay 4 + AK [So,s.qr -8 (k)] Sos (0) =801, {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

%: Vi[oaxo + QX5 + Q%5 — O,x,]+ n )(1({)):)(1EI {4.155)
——X!(k+1A)t_X1(k)=v1—[quu+an5(k)+err(k)_Q!x1(k)]+r1 . {4’§ 58}

- For the scluble materials:
xlir )=y, + [1_§Q,Jx1(k)+%£(oa + QK00+ 1At 1,0)=xe (4157
. . 1 1 1
For the particulate materials:

x,lc+1)= 3—:00)(0 +[1 —%Q,]x,(kﬁ S—f(oz +2Q, ks k)+rat x,0)=x, (4.158)

by Discrete mass balance eguation for Tank n{n = 2 - 5} derivation
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4.4.3

dxn = Vl[Q.n—!an - ann]+ n | X, (0) =Xng | {4‘ E 59)

dt n
sledonld. Lo, w@-alln (4.160)
s = 2 f0-{1-2 0, poeaat x0)=x, (4.161)

For the dissclved oxygen concantration {only for aerobic tanks) the discrete form of

- the equation is:

So;-(k‘*' 1)5‘\%@-1505-16‘)"‘ [1*5\?" Jso,n(k)"'ﬁtrscn"'Aﬁ(mk"o.sm“son{k)] Sol,,(O):Som {4162)
Equations (4,185 — 4.162) make up the discrete mass balance model of the Athlone
Plant. The discrete Athlone and Benchmark mass balance modals are used in section
4.4.3 to derive the state space mass balance modsls.

State space mass balance models

For simulation purpose, a belter 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 a3 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.

X
— XX X

u e
——» ASP

Figure 4.11: Graphical representation of the full mass balance maodel

The full mass balance equations in section 4.4.2 may then be presented by the foliowing

state space model equation:
x{k-+1) = Ax(R) 1%, k) + BX(K) Koo ) [0z - S600] X(0) = xg, k=0K 1 : (4.163)
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443

. d:t’* = Jn @, %, —an_,,]q'- I %0} = X, {4.159)
X“(k x l)t_ Xq (k) - _\}n_ [Qn-lxn-i (k)— ann(k)]+ r, {4 1 68}
x,,(k+1)~3—‘aﬂ-;xn-1(k)+(1—%t-on]xn(k)+r,.m X,(0) =% (4.161)

For the dissolved oxygen conceniration {(only for aerobic 1anks) the discrete form of

the equation is:

Son (k + 1) = Vgan—ﬁo;m (k)+ (1 - ALQ' }Sa)n(k)“’ Affgg, + ALK, [SO,SAT ~Sop (k)l San (O) = So,nu (4 A 82)

Eqﬁatioas {4155 ~ 4.1582) make up the discrate mass balance modet of the Athione
Piant. The discrete Athlone and Benchmark mass balance modsls are used in section

4. 4.3 to derive the staie space mass balance models.

State space mass balance models

For simulation purpose, a bettar and simpler' reprasentation of the mode! is nacessary.
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 maés balance models derived in the sections above

are prasenied 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 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.

X

—— XX | X
u

—>—» ASP

Figure 4.11: Graphical represantation of the full mass balance modsl

The full mass balance equations in secticn 4.4.2 may then be presentsd by the following

state sp'ace model equation:

XK -+1) = AX(K) + F(%.K) + B (k) + K o) [S g -So(k)] X(0) =%, k=0K 1 {4.183)
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where A Is the malix with coefficients of the componenis concentrations; x is a8 vector of
the components concenirations; ris the rate (per unit volume) at which components are
produced or consumed, B is the malrix with coefficients of the input wastewater

concentrations; x, is a vector of the input wastewsater concentrations; K is a vector of
oxygen transfer functions; v, is the vector of the air flow rate, s, is the vector of the
dissolved oxygen concentration; s, i$ a vector of the dissolved oxygen saturation; k is

the time instant and x, is the vector of initial conditions for the wastewater componanis.

From the Peterson matrix tables of the respective models,
rtx.k) = C'P(x.k) {4.184)

where ¢ is a mairix 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) + CTPOGK) + B (K) + Kialt) o s ~Sol)] X(0) =X, k=0K 1 (4.185)

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 dissoived oxygen contrel input in the model used for the optimal contre} problem

formulation.

Xy
EE— X(\’X X
u ——

——>»  ASP

Figure 4.12: Graghical representation of the reduced mass batance mods}

For the reduced mass balance model, the state space model Equation (4.165) may be
written in the following way:

x(X +£) - ARx(k) + CRTPR(x,u k) + BRx; (K}, x(0) = X, k=0K 1 {4.188)
where u is the vector of the dissolved oxygen concentration, AR is the malrix with

coctficients of the components concentrations, BR is the matix wilh cosfficienis of the
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input wasiswater concentrations. CR is a mainx cf the yield cosfficlents and pr s 2

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 Athlons plant, the following vectors and

mairices are dedused.

The vector for the process varizbles for the whole system is:
x=x % %]
where x, is a vector of the protess variables (for each tank} as given in the Peterson

mairix tables.

The vector for the process control variabies for the whole system is;
u=fu, u, wf

where y is a control variabie for each tank.

The vecior for the inflow concentrations is:

Xi H{xt]

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=f R R]

where P, is a vector of all process rates (for each tank) as given in the Petarson matrix .

The matrix ¢ for the whole system s
c, 0 0
cC=ato C, O
0 0 C,
where ¢, i5 a matrix of the stoichiometric parameters (for each tank} as given in the

Peterson matrix and atis the sampiing time.

The matrix A for the whole system (depends on the mass balance modsis) s
A‘H AIZ 0

A=A, A, Ax
0 Ay, Ay

where
a8



" At Lo AL " At . At . At
Ay = hdlag(1—v101)jl Ay =_[diag(v10p)] Ass =[d|ag(1—v—zaz)] Ay :l:d]ag(wat)} A, =[d|ag(1—W03)]
[ A
Asz = —dlag("\zaz)]

A= —diag(%(Q, +Q,))] for the soluble matenials

Ag = _diag(\‘/‘—tz(o, +m',))] for the particulate materials

The matrix B for the whoie system {depends on the number of influent wastewater
componants in the madel) s
B=[B, 0 of
- diag(Se.
B, -.[dlag( v, At):l
Where q,is the flow into Tank 1, q,is the flow into Tank 2, q,isthe flow into Tank 3, v, is

the volume of Tank 1. v, is the volume of Tank 2 and v, is the volume of Tank 2.

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 vactors

and matrices are deduced.

The vestor for the process vanables for the whole system is;

x=P % % % xJ

The vector for the process control variables for the whole system is:

u=u, w; u, u, uJ

The vector for the inflow concentrations for the whole system is:

X; =["1]

The vector for the process rates for the whole system for the whole systam is:

P:[P1 F B P PS]T

The matrix ¢ for the whole system for the whole system is:
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c, O © D0 0
0 C, 0 "0 0
C=Atf0 ¢ C, 0 O
6o 0 0o ¢, O
0 0 0 0 Cs

The matrix A for the whole system {depends on the mass balance modsis) is:

Ay 0 0 0 A,
Ay Ay, O 0 O
A=l 0 Ay A, 0 0
0 0 Ag A, 0
0 0 0 Ay ‘A

where;
A= diag(f—ﬁa,) A, = diag(‘i——At—Qz) Ay = diag(1_£‘_EQ3) A= diagu_éiodl
v, A v, v,

Ass =[diag(1—3—zos)-| As :[diag(é—za,)] A =|:diag(3—tQ2):| A =[diag(3—tQ3)] Ass =|:diag(3—tQ4)]
Jd 3 4 5

For thé soluble materials

A= [diag{%f.(a, + Q,)H

For the particulate materials

A ={diag{-\ATf(Q, + lQr)H

The matrix B for the whole system (depends on the number of influent wastewsier

components in the model) is:

B=[B, 0 0 0 0]

. AL
B, =|:d539(7’0n)i[

where atis the sampling time,' q,is the flow info Tank 1: qQ,is the flow into Tank 2; q,is
the flow into Tank 3; q,is the flow into Tank 4; q,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 voluma of Tank 3.
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For the reduced models of both the Benchmark and Athlone planis, the term
corresponding to snoin B, is multiplied by a factor 1. The matrices A, B, ¢ and p are
respeclively denoted AR, BR, CR and pr in order to differentiate them from the full

modea! matrices. -

4.4.3.5 Summary 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 biclogical 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 bhalance models

including the models’ matrices.

Table 4.13; Dimensions of the various slements and matrices of the full models

QIMEHS!ONS:QE@THE VARICUS ELEMENTS OF THE PLANTS MODELS .- .. . .00
Plants Vectors ASM1Y ASM2 ASKM2d ASM3
matrices
Vector and matrices of the each tank
. r X, % R R R1® R
é p RS R'® R R'2
= 3 1313 19:18 1918 13213
: A, B R R R R
8 ﬁ e R R1e-te R0 Rz
wd 103 Cn
Co
m=E
< R¥ RE R R%®
x. Q1 R® R1® R
% P RZ‘ RS? Rﬂ RSG
g E A RI%39 RETST ’ RSTS REe
E <. C 2639 RE7sST REHS R
< = B &3 Rﬂ’-'s Rﬁ-ﬁ R¥33
x R® R* R R
% x. R ' R R*® R"
=5 p R R® R R®
O 3 A RE565 95-95 REa-%5 RES-65
QZ-% & c RS Rosss RS 085
ooN B RS Rs.'ms RIS-18 Rss,-,is
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4.5

Table 4.14: Dimensions of the varicus elements and mairices of the reduced models

'DIMENSIONS OF THE VARIOUS ELEMENTS OF THEPLANTS MODELS - =0 =00
Plants Vectors / r-ASM1 r-ASMZ r-ASMZd r-ASM3
: matrices :
Vector and matrices of the each tank
. Xor X R R® R® R?
2{3 FR R* R R R*
5 (il} AR,,! BR Raa R&a Rﬁx.ﬂ R..‘L'!
O ;{g CR ’ R*3 Rizs | gs RS
' n
Co '
m= i
s X, % RE R% R R?
= PR R™ R® R# R
3 ’E AR RE® R4 R2t2t B9
%T_ ﬁ CR R2$ R Ra2:2¢ Rize
e( o BR RgQ sza Ru-a Rgxg
X, % RS R R4 R
= 20 50 70 20
T - PR R R R R
3 & AR RS Rt 440 RIFS
ii.iz é ﬂ CR RS RE0:40 RT0-40 RS
oY o« o BR ) R3 Reea R RS2
Conclusion

iry this section, the mathematical mass balance medsals of the Benchmark and Athlons
wastewater irealment plants are derived. The biclogical activities within these plants are
represented by ths activated sludge models. The full mass balance models are reduced
in order to acquire identifiable models with less numbar of state variables that are
measurable. Finally both the full and reduced mass balance models are presented in
discrete state space form which makes them easier to handle and apply in simutation. in
the next chapter the mass balance models are implemented in the MATLAB simulation

environment,
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CHAPTER FIVE
PARAMETER ESTIMATION AND SIMULATIONS OF THE MODELS

" Introduction

in this thesis, a method for oplimization of. the dissolved oxygen (DO} trajeciory for the
activated siudge processes (ASP) is developed. The aim is o calculate DO values
sufficient for the ASP to produce effivent wastewsfer that msasets 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 Caps Peninsula University of Technology in
South Africa. The main research project is aimed at developing a cost sffective mathod
for real time contrel of the Athione and Benchmark wastewszler freatment plants by
manipulaiing the concentration of DO in the plants. This is achieved by regulating the

airflow rate info the plants.

Tasks of the main project are distribuled over 2 ihree layer hierarchical structure shown

in Figure 5.1,

Hierarchical control structure

Adaptation

Pradicted infizent and pocess
mode] parameers

Optimization

Calculated optimal DO rajeciory ¢
ad confrofer paramete?s

Direct control l¢------

1
3
o

Vahe control signals, uik)

h 4

Airflow rate ——é@]—b ---------- » Measured DO

Process Outputs, 2(k)
Influent wastewater —--Z2E. _p ——————— Effluent wastewater

bowwmmers---=

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 westher files. In the optimization {ayer,

optimal DO trajectories are caiculated based on predictad influent wastswater
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concenirations as well as on the municipal fimits for the efifluent concentrations. The
optimal DO iraieciories are passad onto the layer of direct control where they are used
as set points for the coniroller to track. These trajectories are used for calculation of the

controfler parameters and the conirol signals for the air reguiating vaive.

As stated preciously, the thesis focuses only on the DO trajectory oplimization part of the
main project. This part requires only the adapiafion and optimization layers. A full
description of the layer of direct contrel and the controlier developed is found in Nketoane
{26'09). Sequence of .t’asks in the adaptation and optimization layers are broken down in
Figure 5.2. Simulation and calculation tasks of the adaplation and oplimization fayers are
carried on MATLAB programming environment.

Adaptation
layer

Input data

|
A 4

Full model simulations
iy

Reduced model parameter estimations

Eﬂ%

Reduced model simulations

e e e e e mr wn mm em v e e e o = w W mm o e o= e d

Reduced model parameters
L 4

Optimal control calculations

Optimal DO trajectory; u'{k)¢ Optimization
layer

Figure 5.2: Sequence of tasks in the adapiation and optimizafion layers

The full and reduced mass balance models are developed in Chapter 4. In this chapter,
simulation procedu;e.fer the mass balance models is provided. Simulation resulls are
used to formulate and solve the optimal control problem for Benchmark and Athlone
planis. The simulation précedure is tha same for 2ll the mass balance modsls, To avoid
repstition, only the resuits c.f the Benchmark piant with ASM1 are shown.
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5.2

5.2.1

The programs for simulations of the other mass balance models are p?evided 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 resuits is provided.

Calculations / simuiations are performed as follows:
+ The Benchmark and Athione planis’ layoul are each implemented with the
following biclegical models:
Activated Sludge Model No. 1 (ASM1}
Activated Sludge Model No. 2 {ASM2)
Activated Siudge Modal No. 2d {(ASM2d)
Activated Sludge Model No. 3 (ASM3)

o0

8]

G

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 followsd by

dynamic simulgtions 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 cutpul, Table
5.1 contains data common in ail the simulation files for the contrel input of both plants.

Table 5.1: Data for simulations

Plants | Benchmark - . . | Athlone ~_ = -~ .~

‘Oxygen components RN BT e T
¥ila - Tank 1 nia r/a
Kla-Tank 2 n/a nia

KLz - Tank 3 10 hr-1 3.5 hr-1
Kla-Tank 4 10 hr-t n‘a
Kla-Tank B 3.5 hrd nia
S0Osat-Tank 1 nia : nia
SOsat-Tank 2 nfa nla

S O.sat- Tank 3 8 g02m-3 8 gC2m-3

SO sat-Tank 4 8 gO2m-3 niz
SO,sat-Tenk 5 8 g02m-3 n/a

Delta Time {(Sampling time) G.01042 (.01042

Steady state simulations
In this step, steady states of all state varizbles are calculated for 100 days using the

constant influent wastewater composition {average vaiues in the dry influent file) shown

in Table 5.2. Simulation is done for the following mass balance medsls:
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» Benchmark plant with Activated Siudge Modst No. 1 (ASM1)

+ Benchmark plant with Activated Siudge Mode! No. 2 (ASM2)

+ Benchmark plant with Activated Sludge Mode! No. 2d (ASM2d)
» Benchmark plant with Activated Siudge Mode! No. 3 (ASM3)

+ Athlone plant with Activated Sludge Mods} No. 1 (ASM1)

+ Athlone plant with Activated Sludge Model No. 2 {(ASM2)

« Athlone plant with Activated Siudge Model No. 2d (ASM2d)

+ Athlone plant with Activated Sludge Model No. 3 (ASM3)

Initial conditions for sieady state simulations are provided in Table 5.3. The flow-

weighted dry weather data (Table 5.2} is used for this purpose and sieady state is
defined by simulating 100 days using a constant influent.

Table 5.2: Constant influent composition for steady state simulations

- Components | 'Values oo
S0 0.00
SNH 31.58
SNO 0.00
St 30.66
SALK 7.00
SND 885
Xl 51.20
X5 202.32
XBH ’ 2817
XBA 0.oe
S8 89.280
XP 4.00
AND 10.58

The constant influent concentrations in Table 5.3 are average values of the dry weather
influent file specified by the COST Working Group (Copp, 2000).
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Table 5.3: Initial gconditions for steady state simulation of t

he mase halance models

Tank 4
b4 5748 5745 5748 748 5748
xXs 41.1 3g.2 324 27.8 247
XBH 12759 | 127687 1278.8 1279.5 1279.7
ABA 742 742 74.5 74.8 74.G
XP 2244 2248 2252 225.7 2281
S0 de-4. 0.8 1.2 0.2
SNG 2.7 1.8 33 48 52
SNH 4.0 42 28 1.5 0.8
SND 0.6 0.4 0.4 0.4 0.3
KND 28 25 22 1.9 1.8
SALK 2, 25 2.3 2.1 2.1

5.2.2 Dynamic simulations
in this section, the obtained steady stale results are used as initial conditions for dynamic
sima!aﬁon of thépianzs using the dry weather file (Figure 5.3), the concentrations not
includad in the file are assumed 1o be zero, Calculations are done for 14 days for the

same mass balance models in point 2 sbove.

Figure 5.3: Trajectories of the influent wastewater concentrations from dry weather file
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5.3

The: planis -are implemented with the reduced ASM1, ASM2Z, ASM2d and ASMS3
biclogical models. The resulis 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.

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 siate space
model Equation {(4.163);

x{k +1) = Ax{) + CTP( k) + Bx (k) + K T[Sose Sol0)]  X(0)=x,

Figure 5.4 shows the flow charl with the procedure on how the fuil mass balance models
are implemented in MATLAB.

Firstly, values of the influent wastewater composition, typical model parameter values
and piant data are introduced. Then the matrices of the models {derived in section 4.3)
are calculated. At each instance x from k=0 I} k=k-1, the process rates (k) are
calculated foliowed by calcuiations of the mass balance modal outputs. K is the final time
of the predibtioa horizon. Finally simulation results are plotted. These resuits may be

used io examins the dynamic performance of the process.
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Input data for model
parameters, initial conditions,
plant volumes and flow rates

A 4
Calculation of the process mass
balance model matrices

=0

Calculation of the process rates

=k+1

h 4
Solution of the mass balance equations

/ k:K // Yes

No

h 4

Plot results

Figure 5.4: Flow chart for simulation of the full mass balance models

Values of the infiuent wastewater compounds and the model parameters are adapted
from the IWA technical report (Henze et al, 2000). The influent wastewater
concentrations are obtained frem a 14 days dry weather fite. The data from the dry

weather file is supplied at fifteen minutes intervals.

A ﬁﬁeen minute interval corresponds o a sampling period of 0.01042. Steady siate

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 9587 for steady state and 1344 for dynamic

simuiations.

Calcuiations in MATLAB gives better resuits when a smaller sampling peried is used. For
.thés reason a sampling pericd of 0.001042 is chosen. With this sampiing pericd the
prediction horizon (K) becomes 95869 for steady state simulations and 95869 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 sampiing poinis then are taken between every 2 points of the initial
data.

The Athione plant data used in simulaticns are presented in Table 4.6 while the
Benchmark plant data are in Table 4.10. Parameter values for the full ASM1, ASM2,
ASMZ2d and ASM3 models are presented in Chapter 4; see Table 4.1 il Table 4.3

Table 5.4 presents the resulis from sieady state simulations of the full mass balance

models. These results are then used as inilial conditions for dynamic simulations.

Table 5.4; initial cgnd%tions fq

rd

ynamic simulation of the

mass bkalance models

Tank ) 2 _3_ B 4 o 5 - ]
80 0.4442 0.8082 24577 4.1315 2.7338
ShH 4.6539 3.5964 1.4408 0.4273 0.1634
SNG 28.0224 27.3788 28.7912 31.0839 31.6028
Sl 30 30 30 30 30
SALK 3.2415 3.0472 27207 25588 2.50
SND 1.2434 0.5458 07914 0.7031 3.6414
X 1252 1252 1252 1252 1252
X5 74,9443 886212 572867 50.017 44 5204
ABH 2830 2583 2885 2585 2885
XA 1852484 | 166.5816 | 167.0738 | 187.2828 | 167.3101
S8 2.2768 1.1828 £.5808 0.882¢ (3.7743
XP £14.0748 | 514.7800 | 515.7209 | 518.6621 517.6030
XRD 48343 44085 3.8188 35256 35258
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8.3.1 Simulation data for the Athlone plant with ASM1 model
The MATLAB file "AASM1_Simulafion.m” given in Appendix E.1 is used for simulation of
the Athicne 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 fanks is:

% =[50 Sa Xu Xs .Xam Xaw Xi S Swon Swe Swon Xnm Saxa] €R® n=13
x=[%, %X, X,]' eR¥® .

The vector for the input concentration is:

Qci=[s,i Ss X Xs Xwi Xax Xm So Smo Sws Swo Xnm Saw] €R®
The vecior for the system dissolved oxygen is:

So=fo .. 0S8, 0..00..08,0..00..08, 0..0cR®
The vector for the system oxygen transfer function is:

Ka=jp. . 0Kao0..00..0Kao0..00..0Ka0..0[cR®
The vector for the system process rates for the nth tanks is:

B =bu Px P P Pm B Pre Pl <R°

P=p, P, AJ eR®

Tha matrix ¢ for the whole system is:

C=atfl0 C, 0 |eR*»*®
3

0 0 Cc

where:

C,eR™ n=13

The matrix A for the whole system is:

[Ay A O
A=Ay Apn Az eR¥®

0 An An

The matrix B for the whole system is:
‘B=[g, 0 O] eR®™"
where:

B e R
1
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5.3.2 Simulation data for the Athlone plant with ASM2 model
The MATLAB file "AASMZ_Simufation.m” given in Appendix F.1 is used for simulation of
the Athlone plant with ASR2.

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:

xn:[suz: S San Swun Snosm Seor S Sake Sen Ko Xe Xin Xpacn Xeen Xemar X Xrsse Xieorn XMePn]T
X, eR%  n=13

x=[x, x, x]"eR¥

The vector for the input concentration is:

Xiz[Sn Sy Sx Swwi Swos Sros S Sak S KN Xa Xu Keaoi Kem Ko Xaum  Xrsst Xueow XMTGRW
The vector for the system dissclved oxygen is:

S0..08, 0..00..05,0..00..08;0..0eR

The vecior fér the system oxygen transfer function is:
K,_a(u):[O..OKf_a(u,)O..00..0K_e(u2)0..00..0[<._a(us)0..0]reR57
The vector for the system process rates for the n-th tank is:

P =y P Po Po P B Pr P P P Pro P Pin Po Pis Prey P B Praf <R

P ='[|=>1 P, PJ eR¥

The matrix ¢ for the whole system is:
c, o 0

C=atfle ¢, 0 |eR"
0 e C,

where;

Cn e Rl9x19 n= 1’3

The matrix A for the whele system is:

| An A1z 4 :
A=lA, Ay Ay |eRTT

0 An Ay
The matrix B for the whole system is:
B=[B, 0 Of eR"™
where: er™
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5.3.3 Simulation data for the Athlone plant ASM2d model
The MATLAB file "AASMZ2d_Simufation.nt” 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-thtank is

% =[Sz S Sa Swwn Swom Seose Sn Saxe S X Xon X Xeron Xem Xown Xeumn Xrse Xueorn  Fatern)

x, eR"Y n=13

x=Dx, ¥, %] eR¥
The vector for the input concentration is:

x =[S Ss Sa S Snos Sras S Sax S X% Xa X Xeaor Xem Xeww Xam Xrsa Xueow Xues] SR
The vector for the system dissolved oxygen is:

§40..08,0..00..080..00..080.. 0

The vector for the system oxygen transfer function is:
th._k[o..QK_e(ul)O..OO..OKa(LQO..OO..OI(La(Lg)O..dTe.E!"’

The vector for the system process rates for the n-th tank is:

P=lpw Pn Bs Pa P Pe Pn P P Pio Bin Pro Pin Pie P Pre B Pra Pra <R

P=p, P, B,] eR®

The matrix ¢ for the whole system is:
¢, - ¢ o

c=atlo ¢, o [eR®*T
0. a0 G,

whers:

C'ERZD‘D n=13

The matrix A for the whele system is:

A“. A'lZ U
A=[A, A, Ay eR™Y

0 A, Ag

The matrix B for the whole system is:
B=[, 0 O
where:

. B] B Rl?.tl?
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5.3.4 Simulation data for the Athione plant with ASM3 model
The MATLAB file "AASM3_Simudation.m” 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 deducsd.

The vector for the system states for the n-th tank is:
X, =[Som Sn Ss Swus Swm Swoxe Sawe Ko Xso Xiw Xoon Xa Xes] €R® n=13
x=[x, x, x;]"eR®
The vactor for the input conceniration is:
% =[Sox Sy S« Swu Swz Swox Sax X Xs X Xero Xa Xes] €R®
The vector for the system disscived oxygen is:
So=f0 .. 08,0..00..088,0..00..08,0..0cR®
The vector for the system oxygen transfer function is;
Kaw=[0 . .0 Kau) 0..00..0Kaw 0..00..0Kau)0..0cR*
The vector for the system progess rates for the nthtank is:
P, =Pw Paom Pa Den Pen Pan Pra Pan Pan Pin Pun Pizo] €R®
P=[F, P, P] erR®
The matrix ¢ for the whole system is:
c, o o
c =At|:ﬂ c, o }ER””
Q ¢ C,

where:

C,eR¥ n=13

The matrix A for the whole system is:

Aﬂ AIZ u
A=lA, An A,|eR™"

0 A, A,

The matrix B for the whole system is:
B=[B, 0 Of eR*®*
where;

.B[ e Rin!S
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5.3.5 Simulation data and results of the Benchmark plant with ASM1 model
The MATLAB file “BASM1_Simulation.n? given in AppendiXx A1 is used for simulation of
the Benchmark plant with ASM1. From the full mass balence equations of the

Benchmark plant with ASM1, the following veciors and matrices are deduced.

The vecter for the system states for the nthtankis:

%, =[5y Ss Xu Xs Xew Xawm Xpn Son Swon Swn Swom Xwon Saxa] €R® R=15
x=Dx %, x; x, x1' eR®

The vactor for the input concentration is:

x =[S ss. Xi Xs Xsi Xsw Xm Sa Sws Sws Su Xam Sa] €R®

The vector for the system dissolved oxygen is:
$40..080..00..080..00..08,0..("

The vector for the system oxygen transfer function is:

Kauw=lo .. 0 Ka) 6 . .00 ..0Kau) 0..00..0 Ka 0 .. 0fR*
The vector for the system process rates for the n-th tank is:

Po=Pu Pm Psn Pun Psn Pen P Pacf R

P={P1 P, P, P, PslTERw

The matrix ¢ for the whole system is:

c, o o 0 O
g c,.0 0 @
c=atfo o ¢, 8 O|eR™®
o o o0 ¢, ¢
6 o 0 0 €,
where:
o —14s25 ¢ @ 1 o 0 ~0.4825 ) 008 0 4 -0.0057]
6 -14925 ¢ ¢ 1 0 @ Q -04722 -0.08 O o 0.0086
0 o 0 0 0 1 0 -i80417 41667 -4.2457 © 0 . -0.6010
c _|o 0 g 092 -1 ¢ 0.8 b ] 0 G 0.0752 0| gem —i5
" la 0 0 D9z o -1 008 a o 0 ¢ 0.0752 0
fu 0 0 0 o ¢ 0 a c 1 -1 0 0.0714
0 1 0 -1 0 ¢ © 0 o o ¢ 0 0
0 0 g a o ¢ ¢ 0 0 o 1 -1 [\,

A, & 0 0 Ag
A, A, 0 O O
A=l 0 A, A, 0 O |eR™®
0 6 A, A, O
0 8 0 Ax As
where:
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f0.9279 0 0

0 0 o 0 0 0 ) 9 0
0 09279 0 0 0 0 0 0 0 0 0 0
0 6 09279 0 0 0 0 0 0 0 0 0
0 0 0 09279 0 0 0 0 0 0 n 0
0 0 0 0 0mm 0 0 0 i} 0 0 9
) 0 0 0 0 09219 0 0 0 0 0 0
Au=| 0 0 0 0 0 0 09279 0 . 0 0 0 0
0 0 0 0 0 0 0 0579 0 0 0 0
0 o 0 0 0 0 0 0 09279 0 0 0
0 0 0 0 ] 0 0 0 0 09279 0 0
0 0 0 0 0 0 o 0 0 0 09279 0
0 0 g 0 0 ¢ 0 0 0 0 0 o979
L0 0 07 0 0 0 0 o 0 0 0 0o
Ag=Ay=Ay,¢e RI13
A=Ay =Ag R
The matrix B for the whole system is;
"B=[B, 0 0 0 o eR®™™
where;
fop192 0 0 0 0 0 v 0 0 ] 0 ] 0
0 00192 0 0 0 0 0 0 0 0 0 0 0
0 0 00192 0 0 0 0 i} 0 0 0 0 0
0 0 0 00192 0 0 ¢ 0 0 0 0 0 0
0 0 0 0 o012 o o 0 0 0 0 0 0
0 0 0 0 0 00192 @ 0 0 0 0 0 0
B =l 0 0 0 0 0 0 00192 0 0 0 0 0 0
0 0 0 0 ] 0 0 00192 0 0 0 0 0
0 0 0 ] ] 0 0 0 00192 0 0 0 0
0 0 ] 0 ] 0 0 0 0 0019z O 0 0
0 0 90 ] 0 0 ] 0 0 0 00192 0 0
0 0 0 ] 0 0 0 0 0 0 C 00192 0
0 0 ] 0 0 0 0 0 " ¢ 0 0 00192

S ocoocooocoosooao

]
&

e Rl!xl}

e R[Sri?

The steady state and dynamic simulation resuits of the wastewater components

concentrations for the Benchmark plants’ five tanks are shown in Figures (5.5 - 5.14).
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for the process variables in Tank 2

Figure 5.6: Steady state resuits
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Figure 5.8: Steady state results for the process variables in Tank 4
119



- Tank 1 dynamic results =1 5 :
Fie e Vew Inset Toos Desiop Widow Hep

| Figure 5.10: Qynamic results for the process variables in Tank 1
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Figure 5.11: Dynamic results for the process variables in Tank 2
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Figure 5.12: Dynamic?eéu!ts for the process variables in Tank 3
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Figufe 5.14: Bynamic resulis for the process variables in Tank 8
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' 5 3. 6 Slmulatlon data for the Benchmark plant with ASMZ model _
The MATLAB file ‘BASM2 S;mu!aﬁon n" given in Appendix B.1 is used for simulation of
the Benchmark plant with ASM2.

From the full mass baiance equations of the Benchmark plant with ASM2, the following

vectors and maé:rzces are c%educed

- . The vector for the system states for the n-th tank is:
% =[in S Sa Swue Swom Srom Sn Sa Swen Xo Xa X Xemow Xoem Ko Xam Xrsse Xueow Xuesn]

x,eR®  ~ n=15
x={x, xz x; %, X5]" €eR¥
The vector for the input concentration is:

x,.=[75w S Su . Sww S_NW Sm & Sax .SNfZi Xi X Xu Xeaor Xem Xena Xam xj'ss Kisaori XMEPE]TeRw
- The vector for the system dissolved oxygen is:

$0..080..00..0%0..00..050.. 0
The vector fe? the system oxygen transfer function is:

KLa(u)=[o..o;@m)o.._on..oKLa(ta)o..oo..o;qa(us)a..o]’eR“

The vector for the system process rates for the n-th tank is:
R=lPo Pn Pu Pn P Po Pn P P P Pin P Py P B P P P P <R°
P=lP, P, P, P, P;J eR®

The matﬁx c fe_fthe whole system is:

1]
. C

N

o 0
0o o
c, @
C.

g Gy

uw

a
[ I
o a4

where:

€, e R*™ n=15

The matrix a for the whole system is:

A, O 0 © A,
A, Ay, 8 0 0
A={ 0 A, A, 0 0 eR®=®
00 AL AL 0
0 6. ¢ A, Agl

The matr;x B for the whole system is:
: B=[B, 0 0 0 of <R™
“where:ip cge’
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5 3.7 Simulatlon data for the Benchmark plant wnth ASMZd model
.. The.MATLAB file “BASMz2d_Simulation.n” given in Appendrx C.1 is used for simulation
~ - of the Benchmark plant with ASM2d.

From the full mass balance eqaaticmé of the Benchmark plant with ASR{EZd, the following
vectors and matrices are deduced. '
* The vector for the system states for the n-th tank i

- % =[5 S Sa Suie Swom Srow So Swia Sum KXo Xeo X Xoaow Xeen Xewwr Xuore Xrsso Xoaom Moo
-~ x, eR™ : n=15

x=fx, Xz x3 X, XS]TGR%_
- The vector for the input concentration is:

xi=[8021 Sy Sx Swwi Snos Seos S5 Sax Swe X Xs X Xeas Xem Kenw Xam Xew Xueos XvaﬁIrER‘g

The 'vec.tofr fof the syétem dissolved oxygen is:

8340 05,0: 0% 0. 0% 0.. 0
The vector for the system cxygen ’{ransfer function is:
KaW=o . . 0 Kau) 0 . .0 &aw o .. 0 Kay) 0. . O R®

The vector for the system process rates for the nth tank is:
B’h%%?ﬁpﬁ%Pmpmpmptmplhﬁaaﬂmpmptmn&-ﬂhﬁanmregn

P=[P1 PR R PerRmﬁ

- The matrix ¢ for the whole system is:

¢ o 0 o
9. ¢, 0 0 @
C=atl0- 0 C, O 0 |eR™™
o 0 ¢ ¢, O
00 o0 G,
‘where:

C, e R™ n=15

- The matrix  for the wholé system is:

An 6 0D A
A, A, © 0 0 .
A=l 0 A ¢ a [eR®™*

Th_é matrix 8 for the whole system is:
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B=[B, 0 0 0 Of cR¥™*"
where:

Bz € RLDSID

5.3.8 Simulation data for the Benchmark plant with ASM3 model
The MATLAB file “BASM3_Simufation ot 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 deducad,

The vector for the system states for the nth fank is:

X =[Sozs Su S Swun Swen Swoxe Sae Xa Xsa X Xerm Xan Xesl €R? n=15
x=[x, x; X; X, ¥%I'eR=®

The vactor for the input concentration is:

X, =[Sox S Ss Swu: Swa Snox Sax X Xs Xu Xera Xn Xeg ] €R®

The vector for the system dissolved oxygen is:
$0..080..00..080..00..0§,0..JF

The vector for the system oxygen transfer function is:

Ka=o . . 0Kau) 0 ..00..0Kaw) 06..00..0 Kay) 0. .0 eR®

The vector for the syster process rates for the n-th tank is: |

B=fon P> P Pa Po P P Pa P Po Pin P €R2

p=pp, B, P, P, BJ cR®

The matrix ¢ for the whole system is:

o o
0 o©
c, O

C.

g
0 o c,

where:

C,, ERlZIlB n=15

The matrix A for the whole system is:
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5.3.9

A, 0 70 0 Ag
A, A, 0 ¢ @
A=l 0 A, A, 0 0 |cr®=®
0 0 A, A, O
8 ¢ 0 A, Ag

The matrix B for the whole system is

B=[B, 0 0 0 of cR®™™®
where: "

B c Rﬁxla
1

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 maodel of the Benchmark
plant with ASM? biclogical 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 s’feaciy stale results achieved in this proiect (highlighted in grey)
and those from the COST Benchmark Group (highlighted in black) for the Benchmark
plant with ASM1. The resuits are very close to sach other and this shows that the
procedure for steady state simulation was applied correctly. This procedure is applied to
aill the mass balance modals.

Table 5.5: Comparison of the steady state results achieved in the thesis and thosse
achaeved by the COST Benchmark Group

- 1:: ) Tank2 | Tank 3 | Tank 4| Tank 5 -
SNH- i‘heSls 4 9538 3.5854 1.4408 0.4273 0.1634
SNH- Benchmark 7.92 8.34 5.55 2.97 1.73
Sl - thesis 30 30 30 30 30
Sl - Benchmark 30 30 30 30 30
SALK -thesis . 3.2415 3.0472 2.1207 2.5556 2.50
SALK - Benchmark | 4.93 5.08 4.67 429 4.13
SND- thesis 1.2434 0.54388 0.7814 0.7031 0.6414
SND- Benchmark 1.22 0.882 0.829 0.767 0.688
XS - thesis 749448 | 666212 | 57.2957 | 500175 | 445204
XS - Benchmark | 82.1 76.4 84.9 55.7 49.3
AND- thesis 4 8343 44085 38188 35256 3.5256
XND- Benchmark - | 5.28 5.03 4.39 3.88 3.53
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Simulations of the reduced models
Computer simulations of the reduced models must verify that the main characteristics of
the process dynamics are similar 1o 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 parametérs are considered o 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 parém,eters need to be identified. Using an offiine oplimization method,

the parameters of the reduced models are identified by least squares parameter
estimation method. In section 5.5.1 below, alt the unknown parameters are presented
and calculaied before they are used in section 5.5.2 for simulation.

Estimation of the parameters of the reduced models
The follewing 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

paramsters of the model with the aid of experimental data.

The first impertant step in parameter estimation is to provide a set of data for estimation
of the parameters. This data is used 1o 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 cépab!e 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 uniguely determines ail of the model parameters. (Bellu et al.,

Typical methods used for selection of the parameters are: structural and practical
'ideﬂtiﬁabiiity analysis, sensitivity analysis and numerical properties of the estimation

algorithm.
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_Séructurai -' i.de'n.tiﬁabﬁiiy “analysis allows one to find out the .possibiy'idéniiﬁabie
. parameters or combinations thereof. In this analysis, one of the paz‘ametérs can be
estimated while the others are set to constant. When this parameter is found, it means its
value is conditioned by thé_ choice of the values of the other parameters. This method

_works well in situation where the data is sufficiently rich in information.

in .p_racticai identifiability analysis, a sub-selection 6? the parameter set after an analysis
of the parameter estimation error is done. By eliminating the parameter that causes
édéntiﬁabiiity ;}mb%emé and giving it an assumed value, estimation of the other
-parameters may be highly facilitaled, 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.

' Sen'sit%v%ty- ana%ys%s is used to pre select parameter subsets that ensure refiable
‘estimation. in numerical properties of the estimation probiem, the parameter estimation
probiem is structured in a stepwise procedure a large parameter estimation problem is
split intc a series of smaller problems. '

The sensitivity funclion represents a change_ in the variables of the process for a change
of 3 pérameter’. The iarge the values of the sensifivity 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 1o be finearly independent. Otherwise the pérameters are not individually
identifiable because a change in one parémeier can be compensated for by changes in
the other parame*térs {du Plessis, 2008). Since nonlinearity complicates the estimation
problem considerably, it is advantageous to separate the finear from the nonlinear

parameiérs and create subsets of these two types of parameters.

To reduce the estimations complications due to paraﬁ*seter 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. M!mmxsmg the ievei of non%sneanty of the parameters maximises the quality of

parame%er estimation resuits
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- Once 'a.mod.ei is written in a form linear in the péré?heters- parameters can be caleulated
anaiytzca y from the objective function, this becomes an optimization prcb!em In
parameter es’: matfon the objective functions are conventtonaily arranged such that small
values of those functions represent close agreement between model and da_ta.

The moﬁei parameters afé then 'adjusied. to achieve a minimum in these functions.
yié?ding best it parameters. This adjustment of parameters is therefore a minimisation
' gkob!em. The funciié_ns fo be minimised are called loss, merit, cost or objective funchions.
.The choice of these functions is one of the problems to be solved when model
parameters are {0 be estimeted The best know objective function for parameter
estimation is the sum of squared errcrs functtons referred o as the Ordinary Least
Squares Estimation, shown in Equation {5.1). This is the objective function used in this
‘project.

46)= 2605t | | (5.1)
where y{) are the observations which are obtained by simuiation of the full model, k is

the total number of cbservations available, yl.6} are the reduced mode! predictions for a

given paramete# set o, o is the given parameter sat.

'The optimization problem is to find the valugs of o which minimize the least square
function. The least-sguares technique is defined as a mathematical procedure by which
the unknown parameters of a mathematical mode! are chosen such that the sum of the
 squares of some chosen eror (fkonem and Najim, 2002) is minimized. In general a

_'mcdei linear in the parameters can be written in the foliowing form
-l | (5.2)
“where 0 is the parameter vector ¢ is the termed regressor, yk)contains the terms that

are mdependent of the parameters and k refers to the discrete time

As can. be seen in the Peterson matrix representaﬁo;—x of each biolegical model, the

process rates vector (r) rﬁay be expresééd in terms of the kinetic parameters.

. For feduced models the Qef‘tof of the process rates can then be expressed in terms of

.-ﬂnknown parameters (e) The . mcdei parameters and reaction rates can then be

'presented ina vectcr form as follows:

o=fs, . .. 8 - . _ (5.3

Py-bu . . . Pual - | (5.4)
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where v is the tbtai number of the unknown_kiﬁe_iic ;}araméfers to be estimated and n2is
the total number of process rates in the Peterson matrix for the n-th tank.

Theﬁ pa =p0 , Where p, <R, P, R S
The process rates vector (P) in the state space maodel equation of the whole plant
{Equation 4.165) may then be rewritten in terms of process rates and unknown

parameters {pe): - _

X1 = Ax(k)+ CTp(x w08+ Bxi(k) (5.5)
‘Where: _ | 7

T A .pn. .. pufe"f“ﬁ.whefe N is the number of tanks in the considered mass

bé%ance model and is the vector containing part of the process rate multiplying the
parameter vector. -

D.aia for . x(x) and uk) for the period x=1K may then be substituted in Equation (5.5).
* Rewriting the moda! to have a form of Equation (5.2) yields,

¥00) =k + 1) - Ax(ic) - Bx, (i) = CTp(xu k)R _ (5.6)

where yigand ¢ corresponds to:
y(k)%x(kﬁ.)—.Ax(k)ngi(k).' ' . (5.7

80) = CTplxuk) | o | (5.8)

in the simple case of a_?inear 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 functicn in a matrix format becomes

. K .
()= X (y(k)- ¥, 0) (v(k)- §(k.0) | , (5.9)
k=0 o

: Eq;kation-(s.g} can then be expressed in terms of Equation (5.2) as

26)= 3y 48000y ) 6078060 ' (5.10)
. it |
- Therefore -
So)= iy(k)‘y(k)- (é(k)fuk)*)ﬂk)-y(kfé{kmk)- 8()" 4lk)” Bk Yok (5.11)
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 o to be:

K 'k
6=[Z¢(k)‘¢(k)] [ ¢(k)‘y(k)] (5.12)

Equation {5.12) can be writien in a vector matrix form as

800 = BT5) ‘0T v (5.13)
where:

&0) #0) ¥(0)
Al uE

oK) Ce] v

Equation (5.13) is used in the subseqguent section to calculate medel parameter values
for the different models. In this section, stoichiometric parameters in the matrices ¢ 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 calculgtion of the parameters is
prasented 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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v
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v

Simutation of the reduced model
with estimated parameters

¥

Cafculation of the error; s =x-%

£<t, No Calculate new
parameter values
Yes
STOP

Figure 5.15: Flow chart with the algorithm for calculation of the estimated parameters

Estimations of the parametsrs of the reduced biological models are calculated,
estimation is done for the foliowing:

» Reduced ASM1

+ Reduced ASMZ

. Reduced ASMZd

+« Reduced ASM3

5.4.1.1 Calculation of the reduced-ASM1 parameters
The following derivations are based upon the equations for the reduced-ASM1 model
process rates, Equations (483 — 4.66). The vector for the reduced-ASM1 model

parameters o be estimated is ssiected to ba:
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9=[#H Ha khr_

The unknown parareters vector for the reduced-ASM1 model therefore becomes:
9._= le, 6, 6]

where 0,=uy 8, =u, 8, =k,

The vector for the reﬁuced—?\SM? mode! process rates can then be expressed in terms of
unkhown pafaméters for the n-th tank as follows:
PB= bm91 Prz®; Pmsf, pmea]-r eR*™® {514}

Where v=3 n2=4 N=3

p.0; =0, ‘[Kssfss Lof: éo }&w . | (5.15)
Pus =8, {K +ssI ,,+SOI OS:OSNU}”“XB"' (5.16)
Pusdz =8 - (KM, “Su IK“ +sa] ' (5.17)
Puds =0s +s)/<:;;5}, [[Koj 5, J+“*’[KOI:TSOIKN5 TS ﬂxﬂ“ (5.18)

The process rates equations represented ih a matrix form for the n-th tank are as foilows:

Pia®:| [P 0 O

P62 ¢ p, O 92
)

= (5.19)

Prafhy Py 0 0 8, }

pnieﬂ ¢ 0 pntl
For the whole system the matrix of the process rate becomes:

p1

p=| " |eR™e

Px

From E(:uation {5.18) the matrix with process rates can then be used in Equation (5.8} to
calculate ¢ which is then used together with yk) to calculate unknown reduced-ASM1

mode! parameters in Equation (5.13}.

The results from the calculation of the reduced-ASM1 madel parameters are shown in
Figure 5.16.
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Figure 5.16: Cajculated parameters for the Benchmark plant with the ASM1 biological
madel

5.4.1.2 Calculation of the reduced-ASM2 parameters
The foiic:wing 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 {0 be estimated is selected to be:
0=\ Bu T G Ger Heo Har]
The unknown parameters veactor for the reduced-ASM2 model therefore becomes:
6=lp, 8, 0, 6, 05 0, 6,] (5.20)

where 9, =K, 6, =i, 0; =G 8, = Qo 95 =Gpp O =Hpao 87 = Hayr

The vector for the reduced-ASMZ mode! process rates can then be expressed in terms of
unknown parameters for the n-th tank as follows:

Po=[Pu®s Prfy PrsOr Pri®z Pusfz Prs®z PurBz Prsbs Pusls Puols Pmifs Pucbr] <R {5.21)
where v=7n2=12N=3

. S Xs /X4
8, =86 oz
Pant _' Koz S0z Kx +Xa/ X4

X, (5.22)
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Koz Koz - Xs/Xu XH . C S (523}

v
Paz1 =51 "Thios Koz"‘Soz Kuoz +8ucs Ky +Xs /Xy

pase,_:e,-ﬁk-,_(:;g& e i S (5.24)
_p "‘éziszkms:zs_oz K:iFS_F Kj—FSA 'K,:Téw Kps:é:o. K,.,f Téu X (5-25)
P e e oo Ko S o o R b (5:29)
N AN P g o et o s &2)
ot 0 s S o R o R Kb o ¥ (628)
e e R (629)
L P s s (5:30)
I ol o S T o Vs s e T e Y
Pt b0 ijglm TS (5:52
Py =0y o2 Swa S Sax .y (5.33)

Koz +Soz Ko + S Ko #5000 Kae +Sax

The prccess' rates equations represented in a matrix form for the n-th tank are as follows:

fp8 ] o 0 0 0 0 0 O
bl lp, -0 0 0 0 0 0
P | [P © 0 0 0 O 0|
Preb2 ¢ p, 0 0. O QO O e'
Pnst2 ¢ ps 0 0 O O O 9:
© | Pae®z ¢ pgs 0 0 © .0 o0
Pl psez || 0 By 0 0 0 0 0| (5.34
Pusfs| |0 0 ps 0 O QO O 95
ips0s{ {0 0 0 py O O O 95 |
ParaDs 0 0 0 0 Py O OF"
Pfsl |0 O 0 0 O p, O
Puf7] [0 O O 0 O 0O p,

For the whole system the matrix of the process rate becomes:
"
P= . e R.'SSXTw.

Px
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From Equé’den (5 34} the malrix with process rates can then be used in Equation (5.8) to
calculate ¢ which is then used together with y) to calculate unknown reduced-ASM2

;:«arame’cers in Equatroﬁ {5. 13}

5.4.13 Ca!cu!étion. of the reduced-ASMZd parameters
The following derivations are based u;ﬁon the Equations {4.79 — 4.82) for the reduced-
| ASM_de model process _ra%és‘ The vector for the reduced-ASM2d mode! parameters to be
- estimated is selected to.be:
9:[& B Qe Gen G Meao Pmr :
The unknown parafne’iers vector for the reduced-ASM2d model therefore becomes:
=P, o, 6, 0, 05 8 & {5.35)

where G_,'=K,, 8, =11y 8, =8 8, =Gpun 85 =G 85 =Bppo 87 = pyy

The vector for the reduced-ASM2d mode! process rates can then be expressed in terms
of unknown parameters for the n-th tank as follows:

Pn:[prrlei Pr2Bi PraBi Prab2 PosBy PusBz ParBz Puabs (5 36)
9@94 Pag®  Porr®s  Prizba  PursBr .pnue?r

where v=7n2=14 N=3 p, eR"*

Puby =0, K:fzso; Kx’isg;‘xﬂ X (5.37)
o= T e e e (5:39
Pas®s = 0¢- T K:;nsc,2 K,,:'fém, K,isi):?xﬂ' | (5.39)
b=ty S S S S Sy, (5.40)
Pasbz =0 Koffzs,,; KS:SA SFS:S Kmf?é x,,S:;:m'KNfTém % (5.41)
- Pueds =8z Mo, ¢ K+s02 KFS:SF Sj—FSA Kmfiﬂém K,:Tasm KMS P (5.42)
o=y S B S S S S, (543
p,,a_ea':eg-K:fS'm '.KN:T;W-K,,S:SF Kufimsu'x" (5.44)
""”9“9?‘&%& K,,ffémk::ﬁ?;m oo (5.45)
Saz Spae Sa Xpua/Xpra - Kusx = Xop/XRpao Xona {5.48)

—9
Praols =0 Koz+soz K +Spou KHJ(+S Konia + Xera Xono  Kime +Kasax —Xee / Xeao
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“Soz o S.m-u SALK Seae Xl Xeas Kowo o . (54?)

o 0“6,
mite e Koz +Soz KNt-lq +Su Kax +S_ALK Kp +Spgs _KPHA _‘*’XPHA/XFAO'
K S '
8 8 o2 NO3 : 48
Pmats =Puls pu Mo - Sor —Km3+sm3 | . | {5.48)
8y, 8, 'S s
20, =B o2 kit 204 AKX 549
Parar =1 Koz +Soz Kpwe+Swu Ko +Seos Kax+Sax ( )
Koz Swos (5.50)

Prraby = Pi3%7 - Tings - 5. K
o2

oz +Snoa

Thé process rates equations represented in a matrix form for the n-th tank are as follows:

[ Pu®s | [P 6 0. 0 0 0 a
P13y P, 0 € 0 0 0 O

1 Pnaf; o p, G 0 0 0 O 0.7
Ps®2] |0 ps O O O 0 O et
P 0 pg O 0 €0 0 O 9:
A Prr®2 ¢ p, 0 © O O 0

Po=l oty [0 0 py 0 0 0 0¥ (5.51)

Pusfe ¢ 0 0 p, 0 O o 95
bafs] |0 O 0O O py, O O 93
Pra1e c ¢ 0:0 0 py O0F T

| Praafs ¢c o 0 0 0 p, O
lngG;v 0 0 g 0 0 0 Pnia

PueBr} {0 0 O 0 0 0 Do

- For the whole system the matrix of the process rate becomes:

pl

_P=i " leR*™

Pu

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 yk) to calculate unknown reduced-ASM2d

model parameters in Eguation (5.13).

5 4, 1 4Calcu!at|on of the reduced-ASM3 parameters
- The ?ouowmg derivations are based upon the equat;ons for the reduced-ASM3 model
' prccess rates Equations (4.93 — 4.98). The vector for the reduced-ASM3 model

pararﬁetersﬁto be estimated is selectad to be:

a=[kn 1] U-A]T ' {552)
The unknown parameters vector for the reduced-ASM3 model therefore becomes:
o-b, o, o, | (5.53)

where 6,=k, 6, =p,, 6; =p,
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The vector for the reduced-ASM3 mo_de! process rates can then be expressed in terms of
unknown parameters for the n-th tank as follows: B
. Pn =[Pn19| Pra®i Prab2 pn433.]1. . . _ (554)

where v=3n2=4 N=3p, cR*®

0w Xel%e | |
Prfy = 6y mxn : (5.55}
Puéz = 6,- m Se2 S Sa Xsro /%X X, (556)

o2+ S0z Kupe + Sppe KALK"'SALK Ksm“'__xsmfxa

Ke» S s S, Xero /Xn
D.8,=0,- . o2 . NOX NH4 ALK STO /7M1 .
Pua®z = V2 *Tinox Koz +Scz Knox +Snox Kree + Sume Kak +Sax Kesro +Xsto/ X Xa (5.57)

' s s '8
.40z =6 o2 NE AK ¥ 58
Poes =3 K o2 + 502 Karew + Soen Forx +Sma 8 (5.58)

The prccéss rates equations represented in a matrix form for the n-th tank are as foliows:

Pubs | (P O O
i pnzﬁz da- Pz 0 1 ey
= = 6 558
Puabz| | O Pia O 152
Prafs 6 0 pn 3

. pn

For the whole system the matrix of the process rate becomes:
pi
P= - e szx‘i

Pn

From Equation {5.58) the matrix with process rates can then be used in Equation {5.8) to

- calcutate ¢ which is then used together with yk) 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 biclogical models
In this. section, dynamic si’m;ﬁaﬁon of the plants mass balance models incorporating
reduced  biological models is described. The flow chart for §imu§aiéon 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 thal a clear comparison can be made between the
prediction éapab%iiﬁes of these models. The full mode! results are presented by a dotted
 solid line while the reduced models resulls are presented by a solid line. When running

- simulation of reduced models, the controf trajectory is the S, trajectory obtained from the

simulation of the full modals.

Input data for initia! condition, plant
volumes, flow rates and process
“states from full models

v

~ Caleulation of model parameters

v

Calculation of process mass
balance model matrices

v
k=0

o

v
Calculation of the process rates

v

Solution of the mass balance equations " k=k+1

k<K
Yes -

No

v

|  Plot results

Figuz;e 5.17: Flow chart for simulation of the reduced modsals

Firstiy,' values of the influent wastewater composition and plant date are introduced
féfiowed by calculations of the model parameter values. Then the matrices of the modeis

{derived in section 4.3) are calculated.
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" Then at each instance (k) romk =0 ii_%i. k = K-1, the procéss rates (P) are calculated
followed by 'cai_cuiaiiens of the mass baiance model outputs. K is the final time of the
_predfctich horizon. Finaily simulation results are p%éﬁed._'f'hese results may be used to

_ exam%ne thé'dyhamic_perfamance of .%he process. Calculations are done in a similar

. manner as for dynamic simulations of the full modeis. |

The plants with reduced models are simulated for 14 days (in the same way as with the
- full dynamic ﬁ:odets}. Simulation is done for the following:
+ Benchmark plant vgiih'redﬁceﬁ ASM1
+ Benchmark plant with reduced ASM2
+  Benchmark plant with reduced ASM2d
»  Benchmark plant with reduced ASM3
. Atb_icneipiant 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 Athione plant with reduced-ASM1 model
- The MATLAB file "AASMT_ S;mu!at:on m’ gwen in Append;x E.1 is used for simulation of
the Athione piant with ASM‘! |

 From the reduced mass baiance egquations of the Athlone plant with r-ASM1, the
foiiowmg vectors and matrices are deduced The vector for the system states for the n-th

tank is:

% <[Sa Sw SwaJeR' 7B

x=[x; %X, XI" eR®

The vector for the ;’ﬁput congcentration is:

X =_[s§ Sux Su] €R®
'_ The vecfor for the pmces's control variables is:

u=Bo S Sl €R® |

The vector for the system prccess rates for the n-th tank is:

 PR.=[pu P2 Pa Pu] €R*

PR=f, P, P,J R
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- 5422 Sfm_ulation data for the Athlone plant with reduced-ASM2 model
The MATLAB file “AASMZHSf'mufaﬁon.m” given in Appendix F.1 is used for simulation of
-the Athione plant with ASM2.

Frem iﬁe reduced mass batance ec;axatfons of the At?; lone plant with -ASM2, the
fo %!owsng vectors and matﬂces are deduced.

_ Th.e'véctor_ for the syéte_rja states for the nth tank is:
% =[5 Sm Suun Swse Seoim Xeu Xeen Xprua] <R n=13
Cx=ln %, %I eR®
- The vector for the input concentration is: _
X[ Su Seu Swx S X Kor Xoal R
The vector for the process control variables is
u=[Se1 Seoz Sos] =R?
The vector for thé system process rates for the n-th tank is:
PR,=[Pn P Ps Pu Pso Pon Pra Pan Pan Pue Pun Punl <R

PR=PP, P, B, eR*

5.4.2.3 Simulation data for the Athlone plant with reduced-ASM2d model
- The MATLAB file "AASM2d_Simulation.m” given In Appendxx G.1 is used for simulation
“of the Athlone p!ant with ASMZd

From the reduced mass balance equstions 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:
'_xn{sas,ﬂsmsmsmxs"xmw'eﬂ‘ =13
x =[x, x2 x] eR*
| The vector for the mput concentration is;
x =[x Su Sew Swn Swou Xs Xon o] <R
 The vector for the process control variables is:
u=[Ser s;,z Sos] €R®
~ The vector for the syster'n_.process' rates for the n-th tank is:

E:.=[Ph Pn Pn P Po P P P Po P pn:. Pz Pim PmIrER”
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"PR=[p, P, P,J eR® E

5 4 24 Slmulatxon data for the Athlone plant with reduced-ASM3 model
The MﬁTL&B file "AASM3_ Sfmuiaifon n7 given in Appendix H.1 is used for simuiation of
- the Benchmark ptant with ASM3. From the reduced mass balance equations of the
Athlone plant with r-ASM3, the fol lowing %ec%ors and matrices are deduced. The vecior
for the system states for the n-th tank is:

[ss,, St - Sroxa) eR™ =13
x=[x1 X; %]" eR® _
The vestor for the input concentration is:
x=Bs Swa Swal <R |
The vecto? for the process control variables is:
u= [s01 _s02 Sosl' eR®
The vector for the system process rates for the n-th tank is:
PR, =[Pw Pm Puw Pul €R*

PR=f, P, P,J eR?

| 5..4.2..5 Simuiaﬁon data and results of the Benchmark plant with reduced-ASM1 model
The MATLAB file “BASM‘{_Simufation_.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 ~ASM1, the fo%!ovﬁng vectors and matrices are deduced. The
vector for the system states for the n-th tank is:
% =[5& Swn Sun[ €R® N=15
Cier®
The vector for the input concentration is:
% =[S Swa Swel €R?
The veéior_fcr the pfécess control variables is:
u=[So Soz Sos Sos SosI €R’
The vector for the system process rates for the n-th tank is;
PR, lpm P P Pau] €R*

PR_=@% P, P, P, Ps]’eR""
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The matrix cR -fér.éhe_\f;hcie system is:

CR, ‘0 -.0 @ -0
. ‘0 CR, @ a ¢ -
CR=at @ © CRy O . 0. |er®™.
Sl e e e GRy 0]
. R DU+ | a 0 CR,
where: S
< T-1.4925 ¢ 008

-t -14925 01772 —008

CR, = _ .

R 0 41667 —4.2467
| S ¢ Y

ER4x3 n= 1,5

The matrix A for the whole system is:
foso3s” 0° o 0 '

0 0 . o0 0 o 0 0 0 0076% O o ]
0 09039 © 0 0 0 0. 0 0 0 .0 0 0 00765 0
0 0 0939 0 0 0 0 0 0. O 0 0 0 0 00769
0091 .0 . 0 08039 o 6 o o0 0 0 0 0 0 0 0
0 0091 0 ¢ 09039 0 0 ] 0 D 0 0 0 0 0
0 0 00%1 0 6 09039 0 0 0 0 0 0 0 0 0
o100 o ¢ 00721 © o 08279 0 ) 0 0 0 0 ] 0
4AR=| 0© 6 06 0 00721 0 0 09279 0 0 0 0 0 0 0 |eR™s
6 p 0 0 0 0021 O 0 09279 0 n 0 0 0 0
0 0 0 0 0 0 00721 0 0 09279 O 0 o 0 0
0 .0 0 o .0 0 0 00721 o o 08279 ¢ . 0 0 0
0 0.0 6 0. 0 0 0 00721 O 0 09279 © ] 0
0 0 I 0 0 0 0 0 0 ap721 0 o 09279 D )
0 0 0 0 0 0 0 ] 6 0. 00721 O ¢ 09279 0
i 0 - 0 ¢ 0 0 0 0 0 0 0 0 00721 0 0 09279

The matrix 8r for the whole system is:

00192 -~ o. -0

a . 0.0231 0
£ 0 - 0.0192
) o: 0"
0 0 )
6 o 0
0 e 0 |
BR=[ 0 - o ¢ |eR¥S
1o o 0
0 0 0
B I o
e 0 0
0 0 0
0 e 0
0 ] o |

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 5.19: Benchmark_ASM1 process variables and estimation errors for Tank2
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‘Figure 5.21:. Benchmark_ASM1 procéss 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 Benchmark plant with reduced-ASM2 model
The MATLAB fite "BASMZ_Simulation.m” given in Appendix B.1 is used for simulation of
the Benchmark plant with ASM2.

From the reduced mass balance equatiohs 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:

%, f5m Sm Suse Sow S Xan Yoo Kol <R PR
Cx=lx X X, x, %] eR® i

- " The v_fe;torfcr the input'concentraticﬁ is:

%5 Sk Swa Swm Swou Xa Yo Xewu] <R

The vector for the process control variables is:
U=.{Sm-sgz"s°; Sou’ Seal €R® |

: The vector for the system pr.ocess rates for the n-th tahk is:
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‘.PRn={Pm pa: Pan Pua Psn Pen _.p_'fn Pan  Pon pw'n.pm”piza}re_Rﬂ o

" PR=|, P, P, P, PTER®

5 4, 2.7 Stmulatlon data for the Benchmark plant with reduced-ASM2d model
~ - The MATLAR file "BASM2d_Simufation.m’” given in Appendix C.1 is used for simulation _
of the Benchm_ark plant w;th ASMZd.

' F?om the reduced mass balance equations of the Benchmark plant with r-ASM2d. the
following \éec’tors and mairices are deduced.

' ;i'hé veétér forthe systém states fér the n-th tank is:
;x“[SF"Sp.,sm..“s,«,ansmXSnXF,F.HX.m]reR n=15
x=[x, x2:x3 X, XsI' €R%
The vector for the input concentration is:
. %I5¢ Sx Suu Sum Soos Xa Xem xp;_JeR"
| The. vector for the process control variables is:
;‘?[Sot..soz Sos Sos Sos| eR°
The vector for the system process rates fo.r the n-th tank is:
| PR,= h%%m%mm&%%mm%mf R*

.PR {P, P, P, P, PsJeR”

5.4.2.8 Simulation data for the Benchmark plant with reduced-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 reduced mass balance equations of the Benchmark plant with r-ASM3, the
following vectors and matrices are deduced.

 The vector fqr_.th.e system states for the n-th tank is:
% -Ba Sww Swol <R® B
Cx=ba X Xy X -x_slfeé“
- Thé vector fort?ie énput. concentration is:
% =[Ss Swis Swaxl €R°

The vecter for the process control variables is:
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:"":bot'_ _Soé Soa Sou’ sa&}T eR*

The vector for the system process rates for the n-thtankis:

- PR, =l Pan Pan PJFER‘

PR=[p, P, P, P, P, eR®

Discussion of the results ,
The res_uﬁé_fo'r_the' variables for the reduced mass balance models are plotted on the

same graph with coreésponding process variables from the full mass balance model. As

can be seen in Figures (18 - 22), the trajeciories of the full models and reduced model

55

display common behavicur which are very close to each other. -

Concluéion
In this section, the state space mo_déis of the Athlone and Benchmark planis with

reduced biglogical models are implemented on the MATLAB simulation environment.

Befos‘é the reduced models are used in simuiation, their parameters are firstly calculated

based on data from the full modef simulations. The estimated trajectories of the reduced

models parameters are used in Chapter 6 for opﬁmization of the control trajectories.
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6.1

. CHAPT ER SIX
DE‘JELOPMENT GF METHOD FOR OPTIMAL CONTROL CALCQLATiON FOR
' THE ACT%VATED SLUDGE PROCESSES

Introductlon o

* The purpose of this prc}ec‘z is to deveiop a method for caiculation of the optimal dissolved
' _cxygen trajectory as a part of the control strategy to be implemented on the activated

sludge process (ASP) of the Benchmark and Athlcne wastewater freatment plants. The

" control strategy is baséd on the manipulation of DQ in the aeration tanks. The objective

of the controf stra_tégy is to calculate optimal DO trajectory that causes a process to
satisfy the physical constraints and minimize the performance criterion (Katebi, 1998).

. The Qiat'ained 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).

Té‘se_ optimal control strategy is described in Chapter 3 while mathematical models of the

Benchmark and Athione ASPs are developed in Chapter 4. In this project. all 4 IWA

mode {ASM‘] ASM2, ASM2d and ASM3) are used to descrsbe biclogical activilies
msxde_the __reacters, The models are all used because each model describes different
ASP setup. To decrease complexities of thé problem, biological models are reduced in
the previous'. Chapte'r 5 before their use. For optimal control calculation an optimal control
ﬁrobier_n is formulated for Benchmark with reduced ASM1, Benchmark with reduced

- ASM2, Benchmark with reduced ASMz2d. Benchmark with reduced ASM3, Athlene with

reduced ASM1. Athlone with reduced A_SMZ Athione with reduced ASM2d and Athlone

- with reduced ASM3.

-'-The control szrategy and the cpizmat control problem formulation are common for alf

: these ci;ffefent progcess setups. In this chapter the common optimal control probiem is

~ formulated and solved based on the principles of decomposmon and caordination.

641

' Fonnula_tfon of the optimal control probiem for Benchmark and Athlone plants

. The optimal control problem is to find the trajectory of the disscived oxygen concentration

as a cbhtro_%«]ariai:ie u(k),k=o,k-1 in such a way that the deviation of the process variables

k(k),k;q,_x from the efﬂueﬁt set points x¥k)k=1K i& minimal. The effluent set points are
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o de%ermmed by ihe requ:rmenis cf fhe mumcspa}:iy and standards for qua fty of the

612

| Kuk) =2 xS"(K)—x'(K)rFQ+'

e?ﬂuent feavmg the wastewater treatment piants

- As deveioped in Cha;}teni the plants are descs’zbed by the foliowmg discrete state spacs

mode

xc+) __Ax_(_k)fCTP(x,ﬁ,kHBxi(k) . x(g);x,_ k=0K-1

| The fciicwmg d;screie quadratsc cost funct eﬁai is selected as the criterion for ASP
' opﬁm:zation '

L ""/;xs"(k) x(k)ﬂzo U 6.1

The constramts of the state and conirol varzabfes are described mathematically through
the foliowing equatsons:

X, () < X(K) < 3, (), K =0,K {6.2)

U () SUK) €l k=0KA X ' (8.3)

where k is the number of steps in the cptimization interval, @ and R are positively
definite square matrices. A minimum value of the objective functional reflects a minimum
devigtion of the process variables from the effluent set points. The optimal control
problem is therefore to find the trajectory of the control variable uik)k=0K-1 that
minimises the objective functionai:

K-1

J(x,gk) =%ﬂiﬂ=(x)_ x<)a +% 1 () - x0) % + Ul P — min

'subject to the state equations, the physical and the process limitations over the state and
control variables:

Xk + = Ax)+ CTR UK #8500 X(0) =X, k=0K—1
Ko (K) < X(K) € X (K); k= 0K
U (k) < ulk) €U, kK=0K-1 .

Forrhulétion of the Lagrangian for Benchmark and Athlone plants
The. state equatlons and the cost functional are put together to form the Lagrangian

B funct;cna!
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S The ﬁrst step is to reformulate the state equatrons s0 they are'equal to Zero

6.1.3

_x(k+1)+Ax(k)+C‘P(x,uk)+Bx(k) 0 T ' (84}

'« The second stép is to combme the state equat;ons and the cost functional by means

of the coordinating variables known as the Lagrange mu tapize_rs, A

L =%Ux5’(}<)-x(xwza'+ :

o (8.5)
£ {%P{xsp(k)fxﬂc)llza+ll ulk) 7% [+ M) [ xt + 1)+ Axi) + CTPO LK) + Bxi(k)]}
-'"i F:na% ly the ?.agranglan is Simphﬂed and written as fo&!ows
L = —ﬂxs*‘(k) (K} %a+
: : (6.6)

{Epfxs"(k)-x(k)llzq+ Huk) ﬁza]-ukf XK + 1)+ AT Ax(k) + Ak} CTP(x LK) + A (k)" Bxi(k)}

Aﬁp_licati'bn of calculus of variatioﬁ technique

App}ymg_ca%cums of variation method, ﬁrs!!y the Lagrangian is partially differentiated with

. respect to the state, control and conjugate variables. Then the resulting partial diﬁerentiai

o ax(k)

_(T

quatzons are set to zero as shown below. Solution o these eguations results in the
cpﬁmai tra;ecicr;es of the siate control and conjugate variables.

aL(k); ety IR -

_Ex_@_o_e,(k) ‘where k=K o 8.7)
%‘5}_0 e(k) wherek oK1 (6.8)
oo iy wherek Tk | (6.9)

-'Usir_zg cﬁaiﬁ rule, partial differentiation of Equation (8.6) with respect to the state, control

and cehjugaté variables results in the following equations:

__QE(SP(I() x(k)] M)A 1(k)+(CT BP;(; ’] AK) e, (0, k=TK-1 . (6.10)
B fE"P_(L”ﬂ AK k=0K-1 | (6.11
',au(k) RE“"‘)I[ Mk))()em o )
,__BL;* r e (). k=0K—1 ' ' (6.12)
: x(k+1)+Ax(k)+C PO k) + B k) = €, ).

: al(k) . :
- _ k= 1, k=K ﬁ | (613
-MK) ~oEx <K) x{K)] AK-1), - | (6.13)
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U These equatzons need to be soived s:muitaneously in order to ob{ain the optimal sc!utson
' P(xu,k)depends on ?he used biclogrcaE mode{s {i.e. reduced ASM1 ASMZ ASMZd and

. ASMR) gaven in Chapter 4. The derivatives ﬂa’:’(-"(‘;—"’. and %’%"lcan be calculated using

. the chain rule method,

- 6.1.3. 1 Derlvatlves of the process rates accordlng to the state vectors
Reduced~ASM1 _ _ S
These deravat;ves are basad on process rates equations (4.63 - 4. 66}

@ . K, . 8,

Fs'f““ Ryt .__XBB_. : | | o (6.14)
% e }jss)z K::Tso .Kmsiasm'#"x“ (.15
.;‘;’P; -%ﬁ”'stss K:jTSo '(KmiNgm)‘ e Yo ©19
E '(Kmf"g,mf e e

®, | Xs /X Ko Kuwo | {5.?8}

ko X X
B K I Xe /Xay Koy + 80 Kno +SwF

Reduced-ASM2 _
' These derivatives are based on process rates equations (4.67 — 4.78)

2y  See Ky Xy W . 8.19
2 k. X (6.19)
K " K'oz_+S_°2 (KXXH+X5)Z " '

Koo - Koz Xs /Xy . - . 8.2
» . ... P (6.20)
BS,m b T K02+S (Kuoa“'suos)z' Ky +Xg/X,

H

P " Koz - Kma i Kxxﬁ. X . (6_2‘3}
axs__‘_x“ oo Koo +Saz Kuca +Sun KX+ XF "

- ap, K, nh- Keoa " Ky Xg /Xy ) - (6.22)
oz Koz+Soz (Kndm'*'snoa)z- Kx +Xg /Xy ‘

P e

LEXs Kh nh K +Soz Kuu3+SN03 .(Kxxﬂ'*xs)z" "

594. iy Soz ' ZSPKF+SP ~ Suu SPO“ m S“"é X, {6.24)
- 68,; Kaz+8g2 (KF-I—SF)Z(KF+SA) Km-u‘*'smc Kp +Sp0s Kok +Saux _

x, ;uﬁ Sp S O Se . Se . Sw (6.25)
&S, K +Soz K;+5p (KF+SA)2 Kmi-s Ko +8pos Kax +8ax

-. éP; Se: " - S S 0 K ' Spos _SBae g (6,28
W Kc,,zfsc,2 KFTSF KFTSA Wew +Suuf Ko +Sror Kux +Sux P
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8Py Soz - B¢ 5 - Swme 'KP o Sax

'5)_(1:9 =qu.~ Koz +Soe Kos + Spos Kax +Sax Kea + Xowa [ Xpao (Klppxpm + Ky Kao -Xw)2

163

(6.27)

8o " Koo +Soz Ke+S: Ke +SA K +Sm-u <o + S0P . Kax +SALK "
Py =Hy- Sea. _ Sa 8, . Smu . Seos - . SALK Xy (528}
88 " Koz+Sez- Ka+Sa (S +8,F Kue+Suw Kp +Spos Kk +8u :
by ;” S 25,KaS:+8.Ka+S.7Sc Sww  Seni | Sax ., (6.29)
55, Koz +8g2 [Ka+Sa)S: +Sa)F Kuse +Sare Ko +Spos Kax +Sax _
. 23 ;“ . Suz ) SA SA ' KNHA Spcu 'SAu-; 630
Sigu #H_ Koz +Saz K "‘SA Se+84. (Kus +Sw)2 Ke + 8000 Kuk +SN.K ? 6.30)
g 5P5 i ' Soz - Sa . : SA .' Swra KF‘ SAI.K . X 6 3‘!
By |<‘,2+s02 Ka+Ss Sc+S, KNH,,+S,W, Ke < Soos ¥ K,u T (631
op, - Koz 25:K,Sa +8.K, J,s:sA Sune Spes Sax o
=pym - - . -X 632
as; - M5 Koz +Sc2  [Ka+5:)S; +5,)F Ko+ S Knos +Snoz Kax +Sa ( )
i . Koz Se —é;  Sns Syos Sux
—_— . -X 68.33
3s, M R s KTy, (SFJ,SA)Z "Kom +Swwm Ko +Swos Kog +Snx M (6.33)
T .. Koz | S . __Se | Koo Snos o Saix -X 834
B P K i Ser KetSr 8, 5, (Kuw +Suml Knoz +Snos Kok +Sax " (6.34)
y ._. | Kaz S Se Snm Knas Sax X, (6.35)
e s R e+ Sz S 548, Kua * S (KNo3+Suo3)z Kook + Sacx
EE'_- . . Koa . Sa =S, Shou - Swoz i S N Shos A 6.35
8¢ Hu “Thes Koz +80z Ka+8, Sn:"'s,a‘)2 KNH4+SNH4 Kﬂos"'suoa KALK+SN_K Ke +Spo, % ( )

B 'n Kot 250KaSe+S,7Kat5,%S  Suu  Swn  Sme  Su (6.37)
85, " "o +snz [€<a +S.)S: +Su)F Kuoe +Srowe Knos +Snos Kuux +Sux Ko +5p0s

i Kez _Sa S, K . Swos- _ Sux Seos -

= X 5.38
&S Ha " Tinos |<c,2+s02 Ka+84a'8:48, K m+5~m)2 Koz +Snoz Ka + Sax Kp +Spos ( )
&'P T Ky Sa S, S Kuos Sak Sras

= -X (6.39)
C o3 K Sy Ko + 55 S+ Sx K S Ks + S K +Sx Ko +5rc; “

. EPT _ | KOE SA . SA SNH4 i SMOS SALK KP X 5 40
8Ssqe —.uﬂ l_"lnuz Koz +Soz Ka +Sa S +Sa K + Sraue Koz +Snos Kk + Sax e +SpaiF ( )
0P ._ Koz KNoa Kie SN.K X : (6 41)
el -

S . Ke+Seg Km+8,m (x,,+sF)2 Ku+8,u
By g Ko S Sax .y (6.42)
© OSum . Koz +802 [Kuce +Syaf Ke+Sp KN.K +8ax
éé . Ka Sax xpp/xpm )
= X {6.43)
3, e (»<A+s,.)2 Ko+ S Kon + X0/ Xog 70

- X ~ama- s Sax KopXoro Ko (6.44)

. Xep Ka +s,. "Kux +Sax. KerXono +x,,,)‘

EPN Soz -KP'S ) SALK . xPHA /xpm Km\x —Xpp "XPAO X 645

- E8pgs = ee Kc_12 +82 (KF.S+S,,,;,¢)2 KN_K +SALK KH-&A“'X?HM"XPM KIFP "‘Km—XPP/XPM it ( : }

@y . Se Spos . Sax - Xewa/Xoao KppXpag X (B.46)



&P - " Sez Spm S B e KpnaXesa “Kuax = Xep [ Xeao

=q R
aXPH.&\ e KOZ "'Soz KPS +SPO4— KALK +SALK (Kmxpm +XPHA)1 Kgpp +Kmx —xpp/xpm PAO

&Py = Bpsa ..S” K SALK Sros - Xerin /Xpao Xeng
= Kaz +S°2 (Kmm.;.s,m)2 KM+SM Ko +Spas  Kpa +%pra/Xeaa -
By S Sw S & o XenfReo
- 88pas 0 Koz +Ses Kine+ e Kax +Salk Ko +Sroe S Kea + XpuaXeno Fhe

Py, = s - Sa - Swya Sax - Seos N KeviaXpaa Kpso
Xopia Koz +802 Kues # S Kk +Sak Kp +Spos (Kon Xeno + Xeua S
P Kuse Seos Swe .y
" BSyu . Koz"’Soz (KW+‘SW)1 Ko +Suge KM+SALK
. &Py =l Soz . Swu . K Sax Xpor
Bt Koz+S; Kuw +Suw (K +5p0s) Kax +Sax
Reduced-ASM2d
These derwatives are based on process rates equations (4.69 — 4.92)
&P, —K..' Ser KXy . )
K Koz +8c2  [KyXy +Xs)2
R X K, T Koo -~ HKnos  Xe/Xe X,
Bz " Koy +80 (Km3+SN°3)2 Ky + X /X,y -
ap; - Koz Kuoa KXy
X " na3 ” |<°z+sm "Kuas + Snas (K X+ XV
ap, K, Ko Huos Xs/X
8Bpos “n Koz +Se2 (Kpm +SNOB)_2 Ky +Xg /Xy
® o Koz Kuoa: KX
Ky e Kstoz K,m+s.m KXy + X F
@, _ Sz 2:Ke+S:®  Sww _ Seas  Sax

ESF “Hur Kcz +Sog (K +S;) (KF +SA) KNM‘ + SNH‘ KP +SPO4 K.ILK + SN-K o
op, ;,_l Sgs - S -5 Suu Seos Sax’
38, " Koy +S50 Ky +S: (K,,J,SA)Z Kuis + o K,+Sm Ko +Sax.

Ku

&p, —-y.. _ Soz SF. . .SF . .Km-u Spm SALK
Sy Koz +8g; K,,+S,,- KF+sA_(Kw+5w)z Kp +Ssas Kw(-a-S,u

Xy

o, . Sm SF S8, : sw : Kp ‘Sax

=y - . . : 2X
ES by Km+s‘12 K. +S¢ K;+SA=KW+S,M. (K,,+sm)= Kax + 5ok "
&'Ps _ . S : SA - —SA Lo SN!-“ . SPQ4 X SN.K -XH
N - Koz +Saz "Ka +5a (SFJ,SA)Z Kuow + S Ko +Sros Kux +Sax

& SOé ZSAKASF "'SA Ka +8S,° SF Swes Suce Sax X,

3@54-%“‘_*'!_(02*;802' [k, +S.XSe +SF '|<,,m+sMm Ky +Sr0s K +Sax

. ep, u Sos Sa . Sa . Kuw S Snx
.':"Snw_ " Koz"'soe Ka +Sa SF"’SA (KW+SM.,.)2 Kp + Spos KALK+SALK

H
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(6.49)
(6.50)
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(6.52)

(6.53)
(6.54)
(6.55)
(6.56)
(6.57)
(6.58)
(6.59)
(6.60)
(6.61)
(6.62)
(6.63)

(6.64)



s

A Sa  Sa  Su Sem Ko S '
. = X . 6.65
s MK Koz +S02 KA+S ‘5,45, KNH.+SNH., Ko +Soae P K,u+s H (6.65)

Koo ZSF ASA +SF2KA +stsA Srra Suoa Sax

: | aS—F—uH ﬂm, Koz+scz Ik, +sFXsF+s )]z KW+SW “Knos +Snos Kak + Sax Xy {6.686)
i; . | .K SF : _SF s SN:-M . S - Sax :
S, B Tlm, Koz "’Soz KF+SF (S +SA)2 Kae + Sate * Kiioa + Snea Kk +Sax (6.67)
& ' Koz - S S K-NH4 Swoa Sax _
.aSNl“ Sl Koz "'2802 Ke +SF SF"'S (KNH4+SNH4)2 Kiaz + Snos KALK+SALK o (6.58)
. ;_ | Koz SF Sr- Snm L Sk .
ol ""°= Kc,ﬁsc,2 K‘F+S, sF+sA Kuwe + S (s + SuoT Kax + S X _ (6.69)
T Ke Sy Sy Sw _ Swn_ Sac _ Sem
65:—' <t "I-uos Koz+soz KA +SA (SF +8,.F Kﬂm +3un4 Kyos "’sz Kk +Sax Kp +Sz00 X, (670
£ Koz 25.KaSp +8,7K, +5,28, sm' Swos Sax Sros 21y
as,\ = Hninos Km+‘s,:,2 [fka +S, 8¢ +sA)]2 Ko +Snie Knos +Snas Ka +Sax Kp +Soae *y (8.71)
® Kee Sa Sp " Kuw  Sws - Swk  Seos '
. 531&14-”” %3 Koz +Sgz Kp +54 S+ 8, (Kmu'l'sum)z Koz + Sos Kaix +Sax Ke +Spoy s (672)
;r .= . Koz - S, 5, S Kyos Sax Seas : 673
ESNo:" P %3 Kaz +Sg;, KA"'SA Se+ 8, Kyue + S (Knogi-sma}z Kak + Sax Kp Seos % A )
6P7 = Ka Sa S Sﬂm :_ Suoa . SALK KF 674
3Bpas B s Koz +S0, Ka "'S SF S Km«"’sum Kuoa“'snos Kok + Sk (KP+SPO4)2 e ( )
B Ko K Ke __ Sk 6.75
a5 G Km-i—S02 Knos + Snca (}(,s-(-SF)z ch"‘SALK @75
- -8By =“ : A Km' . Koz Se : Sax A . ‘5 78
#Spos a Koz +S02 (Kyos +Swos) Kie #5¢ Kaux +Sa X (6.76)
: aP. Ka = Sax Koo [ Xppg X 8.77
ESA_ qm (KA+SA)2 KALK"'SALK K +Xeo Keng 0 ©.77
E_X,,p qu Ka +SA KMK +Sax (KFPXPAO + xpp)z - ( )
Po . S Ke S XouaYes  Kage Yoo/ Yeno Yo (679
o BS;.O‘ Koz+soz (Kps+sﬂol)e Kux*'snuc Kpru"'xmr’xpm K + Kyax — Xop/Xpao
TR o Sp S Swc . XewMeo KpeXoro X (6.80)
Her . Koz #Scz Kos +Spou: Kuux +Sux Km+xm/xm erXono +KuancXono = Xor T
@, ___% Sl:,2 . Seoe Sax o KowXeag Kk~ Xen/Xeng Kero (6;81)
o7 P Koz‘*'soz Kps"'sm KAIJ(+SALK (KPHAXPAQ‘I'XPHA)Z KIPP+KIIAK ) ) -
By Sy Kaw Sux __ Soen Herser_ 6.82
- OBy ~Heno K +Soz (Km'i'smf Km«*SAuc Kp"'sm Keva, + Xora /Xpno xppg ( )
.a.l.)u ._. N - Soz ) Sw-u Saix ._ Ke . Kevia Koo . 883
. asm’”_"“’ Koz +Soz K #Smese Kak +Sax {Kp +Sposf Kema + Xova/Xpno Kono (8.83)
B 61’11. _ So2 Suiw Sux . Seos - KenaXeno £.84
Horo Koz“’soz KNH&T"SNM Kaux +Sux Kp+8p04 (Kmxpm“'xpm)z ( )
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Py rsoz . < K o Sax Spo.',- . E XP;,A/XPAO

..p -X . .
B O Koz tSqr (K +Sune)’ Kk +Sax Ko +Spos. Kaa + Xora/Xena s
: . - o - . {6.85)
Koz Suos '
_S_o_z _Kﬂos"?‘suos _ _
i aPy upm ‘ Soz - Sy Sax - Seor  Xewa/Xewo Koo Tnos -
Poa - Koz +Sgz' Kuu +Sue Kux +Sak Ko +Sp0r Ko + XewaXpno 0 00 5.85
R g S, Rt e - . (6.8)
Soz (KNm +SN03)2 )
Py :ﬂpm" So Swe ~  Sax K — Xeun/Xeno - Xpag - Tnos -
" Seqs Koo +Sgz - Ko +Sau Kak +Sax (Ko +Sposf Kora + KXo /Kopa 0 00
_ oz 7 ; , . (6.87)
Koz . Syos- - : .
ng Koz +Snos
P S Sww S Sws  KewXew
Mo Koz +80; K +Suie Kax +Susc Ke +Sp0t W Xoma + Xpua (6.88)
Ko Swos ' ' o
Soz - Knos +Suoa
Py _ Se K Seor __Smx .y -
- - -X 6.89
By i',lAIU'r Km+sﬁ2 (Km_+sm)2 Kr 4820 Kax +Sax AUT { )
By S» _ Sws Ke _ Suy
=N . -X 5.80
;‘r’Spm i} Km+8¢Z KN,.“+SNM Ko +SecsF K #Sax 7 ( )
- By Sz Kneu Seor S K S
_— Ko Thas - 02 o 8.91
asnm o Koz+scz (Kum"'smu)z Ko +Spas KN.K"'SAm M hea Saz Kuos +Svas ( )
P Soz _ Suu Spm Sax . Keo Ko
=n ; . . X+ Thage + 202 . 8.92
Buoa T Koz *Sﬂz Kmu+SNH4 KP"'SPot Kak +Sae 0T Thios 85z Kuos +Sm3)2 ( )
Py - "B SNH ' KP Saix . Koz Shes
=p Koy Tingg R - S 683
Boou Koz""soz Kw-n"'SNH‘ (KP+SP0¢}2 Kax+Saxe 7 ™ 8, Koo + S (693
' Reduced-ASM:’: )
These denvatwes are based on process rates’ equailons {493 -4 96)
R, e - (5.94)
=u X £.95
S " an +Soz (Kum ’*‘Sm.;)2 KALK +8ax Ksru + Xgra [ Xu i { }
o K Swox Kuse Sax Xsra /Xe
L I . . . . X 6.96
B N K Ser Knox + Swox (Krew + S ¥ Koo+ Saix |<sw+xsw,'xH " (6.96)
o _ o Koz - Kuox . Sws . S xsTu/xH X 6.57)
FByox pﬁﬂmx Kozi‘soz (Kuox"'suox)z KNH«“'Swu Kmx"’s.m; Ksm +Xs10/ % X (
P, Soz AN Sax X, : {6.88)

=i
Bew |<m+snz Kasee + SnuuP KW+SM

6.1.3.2 Derivatives of the process rates according to the control vectors
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* Reduced-ASM1 |
... These denyat;ves are based on prccess rates equations (4.63 - 4.66)

R iy Ss ""'KoH
&g Ks +S$,(Ko.n+so)z

.EPE' - Ss : ‘Koa - Bya

=p —-Tg - K -
ESO e Ks+85 ﬁ(w_,-i-Sc,)2 Ko +Suo g_ a
P, _a Sus _".Z'KQA
@y o Km+sm (Km+sa)2 Xaa
B 'ap".=kh s/xa,,. .- L T -
B K +XS/X.H!_ OH+SOF (Ko.u*'__so}z Kio+Sna [

Reduced-ASM2

These de{ivat;‘ves are based on process rates gquations (4.67 — 4.78}
P oo Ko o Xs/Xy '

8By " (Koz + ng)z Kx +X5/XH

-éPz e Koz Kyoa " Xs/xu.

=K, Tz - .
8o, h_ s (KDZ+S°2)Z Knos +Snoa _Kx"'xsf’xu "

P g Kee K  Xs/Xa

oz " " Koz +Sorf Knos +Swes  Kx +Xa /Xy '

-BP‘-=I-.1 . Koz - Se 5. _ Sumu Spos . Sax 3 _
Ses (an+Soz)2 Ke+S: Kp+S, Kuu +Sui Ko +Spoe Kae +Su
L Koz ~_ Su SA .Snm . Seos Saik X,

asoz (KDZ+S°2)2 KA+SA 3F+SA Kmu"'sm-u KP"'SPO#.KALK"’SAU(

-

i_u TI— . -Koz ’ SF : SF SNH«t sz . SAL‘K
a8, 0o’ (;<02+sm)2 K +8; 8, +5, Kw+sm Koz + Snoz - Kax *+ Sax
_ . —K Sa Sa . Stre Snos " Sax . Seos .
P o (Koz"‘soz)z Ky +8, SF"'SA KNH-I"'SM'K Kﬂos"'s AI.K+SF~LK Kp + Spoy %
: aﬂ.' K K S Sue __ x.
@(02+Scz}2 Kuoa+3ma Ky +5¢ K.e-nx+5
EPLL'=0
E | |
Po . Ko Sor - Sue  XewKeo o K= Xeo/ono
_3502 : (Koz+501)2 Kps+spcu KAIJ(+SALK Kﬁ«*'xﬁ-nfxpm Kier +Kaax — Xpp/ Xoso
Py Kaz _ Syu Sax o Seae . Xew/euo - Xoao
. 8Bz (Koz‘i'soz)2 KNm"’Smu Ku‘*‘sm{ Kp“'spm Kena + Xern/ Xono
Py _ Koo' Sws_ Seos _ Sux
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: Reduced-ASMZé

: These denvatzves afe based on process raies equations (4 78— 4 92}

. 3P1 e K e XXy X
KSR T S Y
P, =Kh"iuoa ] “Koz . A Knoa Xs /Xy _
£ Koz +502) Koa +8hon Kx+Xo/Xy
.aPS Kh Tlig _i<02 B KNO:! S/x _. u
gy (Koz +Se,F Knos +Snos Kx +Xs /Xy

“oR, '- “Koe S 8 . Sy

88,

SPO# ) SALK 'XH

é‘Sm 0(02+Saz)2 K +8¢ KF+SA KNH4+SNH4 Kp"'sm Kax +8ax -
: 3P5 ) Koz - 8a SA Snm SPC‘H Sk X

By (K°2+302)2 "Ka +5, sF+s Kuw +Suse Ko +Spoe Ka +Sax 1

P . ‘Koz . SF : SF Sm-u _ Sypa : Sak

—”H Tno, ° *

2 Koz + Sm)z Ke+Sp Sp+ SA Kigu + Snm Knos + Swos Kok + Sax

EP . l‘n \!uoa —Koz S, Sa ™ _ Sum Sak —_ Spoe Ky
EN (Kog'l-soz)z Ka+8s Sp+8, Kwu*'smn KN03+SNCG KALK+SALK Kp +Spos
&P, Koz . Kees . 8 Sax _
N _ (Ka2 +Sea) K,m + Sy Ko +S¢ Kax +su H

® _g

Py _ Koz Sear Suk xpm."xano Kuax ~ Xop/ Xoso Koro

Bor ¥ Kog+ S0l Kps+sm Kax + Sax Kmnxm/xm'!qwmm Xop/Xeag

SR, Ko S Sk

=n
‘ﬁc’z . _Pm {Kuz*'soz)z Kure + Shane KN-K'}S

e Sew  Swx

Seor - Xowfews -y
KP +VSPOQ “Keria +XPHA.fXPAo

=Hp . .Sm‘ R xﬁmlxﬂm I SNOa
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. 5P1-¢ —Ko Shase Seas Sux K - T - = Suas
BB (Koz‘i'soz)z KNH4+SMH4 Ko +Spor Kax +Sax 0 ™ Kygs +Snos
Reduced-ASMﬁ -

" These déﬁvaﬁves.are based on brocess rates equations (4.93 - 4.56)

)
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6.4 4 Decomposmon of the opt:mal control prob!em _
' - The sofutsons to Eqaatzoras {6.10 - 6 13) where the deri vat ives of ﬁ':e process rates are
: given by equat;oas in the previ sus gemi determine sciution to the original cptimal control
-prob%em ‘These equaﬁons are wﬁh non linear dynamrcs and thh many var;ab?es and
- _ therefore ﬂumericai and decompcsmon technigues are used to fi nd the solution. To solve
these equateoas the preiaiem is first decompesed in time. This type of decompesstwn is
based . on the predic%zcn of the conjugate variables. These varsabies appear in the
necessary condt’ﬁons for optzma ity of all oiher variables. The optimal qoiut;cm for all other
var;abies deperzds on the qumai solution for the cen;ugate variables

The problem sclution is proposed to be dc_n.e' in @ 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
st:_ucture is shown in'Figure 6.1. The state, control and conjugate variables are
determined through eguatians {6.133 - 8.135).

Coordinating Problem
Calculation of 3()
“x(a} - R ) 20
MY iy ME4LY Juik+D f'-‘{R—_l) nkK-I) AMK-D
gt 2 e v A I 2 B
; ¥=0 .| | k=kst | __ | k=K1 : k=K t-
— . E
; ~ Caleulation of =(k),nk) :
' : e Z

Figure 6.1: Two level hierarchical structure

. 6 1. 5 Algonthm for calcu!atlon based on the gradient method
e First the coordinator determmes vaiues of the coordmatmg conjugate variables.
',.x‘(k) i)k = ox_twherer 1 _
* Then the lower level determines the values of the state and contrel variables based
| on the calcuiateci values of the coerdmatmg variables, The problem in the lower level
ts deccmposed into muihp%e sub problems. These sub problems are solved by
' -'_gt_'a_dlent pz’acedares of the foliowing kind:
X < xR e, 400 WhEre k=iKTT (6.133)
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VIR =g a,e, 00 Where k-TR=T - (6.134)

- x;*'(K)%x”(K}{;Q"l’(K.—i) where k=.K : : = o (6135}

where e (k). >0 Ve' )= é‘u{k.)’ q and lare the lte;'at%en indexes for the gradient

procedﬁre a, and a, are the sieps of the graézeni‘ procedures Steps of the gradient -
pmcedures as'e sefecied small in oréer to achieve convergence of the calculations.
Calculatzen of the gradient procedures starts from 9= 1and ¢=1 wzth inifial values for

. the controf trajectory.

The \fa!ues of the gradients are used te determme how close the solution is fo the
B eptsmai one under g;ven values of the coordinating variables. In order to do this
-~ evaluation 2 norm of the gradients is calculated and compared with some smail

positive number close to zero.

e, "0 <65 > 05, <0 Where s, =001 (6.136)

. ﬂeu‘"(k)" <56, >06 <0  where g, =001 ' ' {6137}

If these in'equatéty canditions are fulfilled, the gradient procedures are reaching the
point close to the optimal solfution and the calculations on the first level can stop.

The obtained control and state tra;ectéries are sent to a procedure to check if they
belong to the area of 'cbnstr_aiﬂt_s determined by the inequalities. This is implemented

" by projection of the obtained values over the area of constraints as follows:

k) B X £ X0

x (k)= X!J!' . if X (k) <xM < xm{k) k= _‘L—‘l‘(‘ (61 38)
o Xm(k),' .if . x5 > x (k) .

S m(k) if . u“‘ <u, (k)
uiik) ={utif U () SU™ U, ()] k=1K-1 (6.139)
_U@'(k),if u™ 21, (k)

The obtamed tra}ecicnes are sent to the coordinating level to be used in so!\ﬂng the

coerdmatmg prcb?
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- The cbérdihaﬁng problem is also built on the bases of gradient'method for calculation

 ofthe optimal trajectory of the coordinating variables. .

o “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.

K :_Th'e value of the gradient e, is used to check how close to optimal solution the obtained

* cne is. The norm -of the gradient is calculated and compared sccording to:

U 1e40 Nk e,s, > 05, =001, - - (6.140)

- if equation {'6."(4{'3} is. fulfified, the obtained solution is optimai and the calculations stop

otherwise the new value of the coordinating variable is calculated.

Using a grédéeni procediére:'

kg = 2\'(k)+ule-';_('k),k -oK-1where &, is the step of the gradient procedure.

- Ti%e new values are sent o thé sub problems of the first level and the calculations are

repeated until equation (5.140) 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 equaticn cannot be reached a maximum number of calculation is

~ . determined —M and the iterations stop when =M.

6.1.6

!mplemehtation' of the above algorithm in MATLAB .

All the de‘;efopéd MATLAB programs are presented in the Appendices. A flow chart
shéwinjg the.%;aicuiatioﬂ procedure is presented in Figure 6.2. All the underfined words
indicate the names of the _MATLAB _diﬁeren’t functions used for calculations. |
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input data for the plant, processes and method, Simulation

F=2
A(0) Acky K -1) ME~D
A 4 A 4 4 ¥
k=0 =k k=K1 k=K
Given: X Cafculate: Calculate: Calculate:
Calculate: up 1. Partial derivatives of the process w.r.t. u 1. Controls; du 1. States; xKgrad
2. Partial derivatives of the Lagrangian w.r.t.u; ugrad 2. States; dx ’
3. Controls; du
4. Check the constraints
- 5. Pariial derivatives of the process w.r.t. x
6. Parlial derivatives of the Lagrangian w.rt. u; xgrad
7, States; dx
8. Check the constraints
9. Check conditions for optimality
(k) x(K-1)
u(0) x(k} u(K -1} k)
b v ) 4 A
Coordinating level; lamdagrad
Calculate:

1. Partia! derivatives of the Lagrangian w.rt. to A; ek}, (k=0)...(k = K-1)
2. Check the conditions for optimality
3. Calculate new values of Ak}, (k =0)...(k=K-1)

Yes

No

STOP

Figure 8.2: Flow chart showing the calculation procedure used in MATLAB

Calculation for the optimal conirol is done in the following order:

1. Atfirst, g script file with all input data is created:

*

Coefficients of WA model

initial parameters for the optimal control problem

Initial trajectories for the conjugate varables

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 vai&es of state and control varigbles

» Calculate the state and control gradients using the above improved values

o Continue with the procedure until the conditions are satisfied or till the maximum
‘number of iterations is reached

« When the iteratidn stops, the obtained traiectories are sent to the second level

3. Script file for calculation on the second level

+ Calculate the gradient with respect to the coardinating variables

+« Check the conditions, if fuifilled the optimal solution is obtained

« If the condition is not satisfied, calculate the improved values of the coordinate
variables and sent {o the sub-problem on the first level

+« Solve the problems on the first level and send values of state and control
sciutions 1o the second level

» Repeat calculation until the conditions are satisfled 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
Optimai control problems were formulated for Benchmark with reduced ASMT,
Benchmark with reduced ASM2, Beﬂchmé%k with reduced ASMZd. Benchmark with
reduced ASM3, Athlone with reduced ASM1, Athlone with reduced ASM2, Athicne 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 biclogical 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 2 siate wvariables: Ss. Swo a8nd Syu. The MATLAB file
“BASM?_Mam_m‘” given in Appendix A5 is used for calculation of the optimal control
problem for the Benchmark plant with ASM1. The cbtained optimal states and control

trajectories are presented in Figure 8.3 and Figure 6 .4 respectively.
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R dlecntenma ;
Figure 6.3 Gpﬁma% state trajectories for Benchmark plant with reduced ASK1 mode!

»} Bpﬁmﬁ! Confrols Trajectri
Fie Edt. View Insert Tools Deskbop Window - Help -

DeEdE& AN E 0B =0

Flgure 6.4: Optimal control trajectories for Benchmark plant with reduced ASM1 mocia!
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6.1.7.2 Discussion of the results

6.2

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 biclogical models. |

In this mass balance model, the obtained contro! trajectories ensure that the sysiem
reaches the set points for the state variables. Both the state and the control trajectories
are within the constraintg specifiad in the programs.

Conclusion

Compared {o a typical constant dissolved oxygen trajectory of 2mg/l, the obtained optimal DO
trajectory ensures that a much less aeration energy will be required. The straleqy ensures that the

optimal state trajectories be underneath the limitations from the municipality.

The obtained optimal control frajectories are sent to MySQL database where they can bs
accessed and implementad on a controller. MySQL database is used as a storage facility to
create a history of all the daia calculated in Matlab and measured from the process. The
wastewater database created 50 far consisis of all the reduced mass balance models with the
fields for dissclved oxygen values calcuiated for each aeration tanks. Figure 6.5 shows a
datahase created for storing the sampled optimal DO trajectories for all the reduced mass halance

models.

7 rapsal (oery Browser - rootsiocalfost: 3306 £ wastewate

2 L ] Fée Edit viow., Quory  Script Tools Mol
: : Sy SELECT PV FROW tezt_ table 1T

P .
e .
C 8% SNO SHH .

10 1] o

" 20 20

a =1

& =0 x

75 30 x

30 30

oo ] 30 32

= an 30

f—=- 1 an 20

=z 30 >

Figure 6.5: MySQL database for historical data storage
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7.1

7.2

CHAPTER SEVEN
CONCLUS%G?’% AND FUTURE RECOMMENDATIONS

‘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 proéesses of the wastewater treaiment plants.

T%sere is growing intér.ést in ?eseamh activities relating to finding better ways of
controlling the wastewater treaiment plants. This s due to an increase in strict
requirements on the qualily of effluent concentrations imposed on these plants
Disso%ved oxygen is chosen as the control rajectory because it has the potential to
influence the behaviour of the activated sludge processes as well as ensure that the

cperational cost can be minimised.

Therefore the demand is 1o find a way to meet effluent requirements at lower costs. The
optimal control strategy makes it possible 10 incorporate the cost and effiuent constraints

on a single problem. This project is based on formulation and solutions of such problems,

'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 optimat control of activated sludge

processes.

The project aim is divided info the following objectives:

1. Literature review and analysis of the optimal control approaches and their
application to wastewater freatment processes

2. Development of the full mass balance modsais for the Benchmark and Athicne
plants baséd an the Activ_ated Sludge mede! No. 1 {ASM1), Activated Siudge
model No. 2 (ASM2), Activated Sludge model No. 2d (ASM2d) and Activated
Sludge model No. 3 (ASM3) biological models

3. Reduttion of the mass balance models given in objective 2

4. Development of the estimation procedure for calculation of parameters of the
reduced maés balance maodels

5. Deve%a;ﬁmént of methods for optimal control calculations for the models

considered in objective 2 {plants and reduced models)
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7.3
7.3.1

7.3.2

6. Development of software in MATLAB enviranment for sclution of the problems for

| péramete'r estimation, simulation and optimal control calculation

Thesis deliverables -

Literature review on the activated sludge process control

~i’he iniﬁéi step invoived 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 ether,; .

it became apparent that the dissolved oxygen control strategy is one of the most
favoured methods due {o its ability to save the aeration related energy which makes up

more than 40% of the total running costs.

Most of the controliers in the literature impiemented with a constant DG set point of
2mgll. Some researchers investigated the option of using a varying DO set peint to

further reduce the aeration effort.

Based on this idea, model based controllers which caloulate 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 contro! strategies available in the literature are compared in Chapter two.

These include model predictive confrollers, mode! adaptive controllers and Pl controllers.

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 modsel ¢f 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

734

7.3.5

7.3.6

Development of the full mass balance models for different cases of plant

structures and biological models
Based on mass ba?ance principte, the models of the Benchmark and Athlone plants are
derived. The plant models incorporates the following bislogical modeis; ASM1, ASMZ,
ASM2d and ASM3, The following mass balance models are developed: Benchmark plant
with ASM1, Benchmark plant w.ith ASMZ, B'enchmark plant with ASMZ2d, Benchrmark
plant with ASM3, Benchmark plant with ASM1, Benchmark plant with ASM2, Benchmark

 plant with ASM2d and Benchmark plant with ASM3,

'Development of the 'reduc;ed mass balance models for different cases of plant

structures and biologicé[ models

Models for online control are required to be identifiable with state variables that are
measurable online. For this reason the biclogical 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 ASMZ., Benchmark plant with reduced ASM2d,
Benchmark plant with reduced ASM3, Benchmark plani with reduced ASM1, Benchmark
plant with reduced ASM2, Benchmark plant with reduced ASM2d and Benchmark plant
with reduced ASM3.

Development of method for estimation of the kinetic parameters of the reduced
biological models _

A méthod_for parameter estimation of the reduced models is developed based on the

Leést Square technique. For every of the considered above combinations of plant

structures and biclogical modei_é, special vector of parameters to be estimated is

selected. Mathematical derivation of the equation for calculation of the selected

parameters is provided.

Development of a decomposition-coordinating method for solution of the optimal
control problem '

The bpﬁméi control problems for the reduced mass balance models are formulated

based onthe_'opﬁmaé conirol theory covered in Chapter three. The method for solution is

obtained based on the Lagrange’s method and decomposition coordination approach for

time ddmaﬁn decomposition of the problem. Special coordinating vector is introduced in

order fully to decompose the Lagrange functiona! in time domain.
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7 3 7 MATLAB codes for SImu!atlons

The methods deve!oped for simulation of the mass balance models as well as for

- parameter estimation and the optimal control calculation are implemented in MATLAB

- simulation envirenment. The software programs presented in Table 7.1 are developed for

. the deliverables described above.

7.3.8

- Table 7.1: M-f‘ ies for impiementataon of the optimal control strategy

Main program with calculation of the optimail control BAQMLMaia

Simulation of the full and reduced modeis ' BASM1_ Simulation
Calculation of the process rates for the full model P BASHM1F
Caiculation of the progess rates for the reduced modal P_BASM1IR

Caiculation of the process rates for the reduced model with P_BASMIRE
estimated parameters

Partiai derivatives of the Lagrangian w.r. t tha controls BASM1 ugrad

Partial derivatives of the Lagrangian w.r.i the sizles BASMI1 zgrad

Partial derivatives of the Lagrangian w.r.t. the siales at the BASM1_zKgrad
final moment

Partial derivatives cf the Lagrangian w.rt. the Lagrange BASM1_tamdagrad
mudtipliers

Partial derivatives of the process rates w.r.t. the controls BASM1_du

Partial derivatives of the process rates wort. the states BASKM1_dz

Calculation of the velue of the critarion BASM1 _criterion

The m-files shown in Table 7.1 are generic and may be implementead to scive 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.

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 joss because the process is supplied with what is not

7 required.

Using the optimal control strate_gy the appropriate optimal DO trajectory is calculated and

as a resuit the opﬁmaE'DO set points can be achieved.

The error betwesn the simulation outputs of the full and the reduced mass balance

models shows the following:
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7.4

7.5

s The mass balance ;}rirécfpie for acquiring the plant models and the Least sduare_s
principle for calculating parameters of the reduced models were applied propery

»  These principles produces"gogd 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.

Finaily the state trajectories based on the obtained optimal DO trajectory was calcuiated.
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.

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 seguential

giobal approach of solution.

The obtained DO trajectory may be sampled and teste‘d in a SCADA system for

simulation and for a pilot or real plant implementation. The obtained resuits 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 condrol.

Future research
The next initiative is to apply the developed metheds to a pilot plant. This will involve
online estimation of the parameters. If 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 o

Kujane, K. & Tzoneva, R. 2008. ihvestigation and Developmeant of Methods for Optimal
Controf of the Activated Sludge Process. Paper presented at the Control Systems Day

- Conference, Wits University, Jc_hannesburg, 25 June 2008.

- Kujane.. K. & Tzoneva, R. 2008, Me‘ihéd for Simulation of the Benchmark Plant with
- ASM1 and ASM3 Biclogical Modsls. International Joumal of Modelling and Simulation
* (submitted to journal). . ' '
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APPENDIX A: DEVELOPED MATLAB CODE FOR OPTIMAL CONTROL OF THE
BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.1 BIO-MODEL

A1 MATLAB script file ~ BASM1_Simulation.m

£ Simulaticn.m

== === ¥-FILE DZSCRIBTION == = ==

e is used for:
on of the Banchmark piant using full ASMI model
Calculation of the pararmeters for the reduced ASMI model
Simuiation of the Benchmark plant nsing the reduced AS¥! model

WP AN D i g

clear ail % Clear the workspace
clc % Clear the comrand window
§ === ——— == PARAMEITER DEFINITICH = - = -

% Daclaration of the glebal variables
global muH bH muA bA etag ka kh etah Ks KOH KNO ENE KOA KX

i e g
K1 = 95969; %
%

I
radi c““on horizon or Interval {100 days sarpied every $.001042}
DT = 0.001042; arg

1
i1irng Tims

Tritialization of the mecdel paramerers, typical wvalues at 15 0C
Stochiomerric parametexs

= 0.67; % Heterczrophlc yielc
0.24; % Auvtotrophic vield
= 0.08; % Fracticn of biomass yielding particulate products

- h oA & s
oo 5
1l

W

H
]
o
|

= 0.08;

iXp = 0.06;

% HKiretic parameters
muH = 4;

bH = 0.3;

mA = 0.5;

oD mass in biomass

COD wass in products from biomass

o

Heterotrophic maxirum spec:zfic growth rate
Heterotrophic decay rate
Eutctrophic magimum specific growtn rate

e e

ba = 0.065; Correcti factor fcr anoxic growth of hetercrtrophs
etag = 0.8; % facror for anciic growth of heterotrophs
ka = 0.05; % ation rate

kk = 3; % cific hydrclysis rate

aetah = 0.8; % facror for arncxic hydrolysas

pe

% Monod swizching anCthfS

Es = 10.0; % Half sarturation coefficient {(hsc) for heterctrophs
EKOH = 0.2; 3 Cuwycer hsc for heterotrophs

ENO = 0.5; % Nitzate hsc for denitrifving heterotrophs

ENH = 1.4; % Armonia hsc for autotrrophs

EQa = 0.4; % Czygen hsc for autotrophs

KX =10.1; % Hsc for hydrolysis of slcw ubstrate

% ImnitializaTzion of the Benchmark process data

Vi = 1000; & Tank 1

vz = 1000; % Tank 2

V3 = 1333; % Tank 3

Va4 = 1333; % Tank 4

vs = 1333; % Tark 3

Qo = 18446; % Infivent flow rate

Qa = 55338; % regirgulaticon rate
Qr = 18446; % Sludge recvoled rate

Qw = 385; % Wasted slaodge rate

g =00 + Qa + QOr;% Flcw through the tanks

$ Coesiciert for fraciicn of flow rates for the particulate mater.als

LAMBDA = (Q0+Qr)/(Qr+Qw);

% Oxycen parameters
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S0=sat = 8; ¥ Ouxygen saturation poont

Kral = 155; % Oxygen transfer funcrion H

Krta2 = 155; % Oxygen transfer function 2

ELa3 = 240; % Ozygen transfer funcrion 3

KLaz = 220; $ Cxygen transfer funct 4

KLa5 = 84; % Oxygen transfer functicon in 3

FI. = [Klal ELa2 KLa3 FKLa¢ KLa5l; KLa = diag{KL};

% PROCESS MODEL ——

% Calculaticn of the MATRIY

% Matrix A represent weighting factors of the accumuiated state variablaes

% from different flows towards state variables in each zTank 25 derived

% through mass balance principles, see chapter 3 of the Thesis

IVl = DT/ V1; IVI1 = IVl * Q; A1l = 1 - IV1l;

IV2 = DT/ V2; IV22 = IV2 * : A22 1 - IV22;

IVi = DT/ V3; IV32 = IV3 * Q; A33 1 - IV33;

IVe = DT/ V4; IV44 = IV4 * Q; Ba4 = 1 - IV44;

IVs = DT/ V5; 1VS55 = IVGS * Q; ASS 1 - IV55;

Alsa = IV * {(Qa + Qr); % Soluble materials recycled from Tank 5

Al15b = IV1 * (Qa + LAMBDA*Qr);% Particulate materials recycled from Tank B

21 = IV22; A32 = IV3i3; A43 = IV44; AS4L = IVS5;

All = A1l * ones{l,13); A1l = diag(All);

A22 = A22 * omes(l,13); A22 = diag(A22);

A33 = A33 * ones(1,13); A33 = diag(A33);

B44 = A44 * ones{l,13); Aa4 = diag(ha4);

A55 = AS5 * ones{1,13); AS55 = diag(R55);

A1l5 = [Al5a,Al5a,Alsb,Al5b,A15b,A15b,A15b,A15a,A15a,A1%a,A15a,A15b,A15a];

Al15 = diag(AlS};

A21 = A21 * ones{l,13); A2l = diag(azi};

A32 = B32 * ones{l,13); A32 = diag(A32);

A43 = A43 * omes(l,13); B43 = diag(R43);

AS54 = AS4 * ones(l,13); A54 = diag(As54);

210 = zeros{13,13); A20 = zercs{13,26); B30 = zeros(1l3,39);

A = [A11 A30 AI5;A21 222 A30; Al0 A32 A33 AZ0;A20 A43 A44 Al10;A30 AS4 AS5];
Llatlc:-

iz B re s facrors of the state variables towards tThe

uent wastawatb cmposition as derived throogh mass kslance
~ciples, see chapter 3 of the Thesis

= IVO * omes{l,13}; Bll = diag{Bll);:

B = [B11l; zeros{(52,13)];

% Formnlation of the METRIX C

% Matrix C represent weighting factors <f the state varisbles towards tTha
% processes on the RSM1 matrix table

¢l = -(1/¥H);

c2 = {-{1-YH))/(YH);

o3 = -(iXB/14);

o4 = {(-{1-YH))}/{2.86*YH);

e5 = ((1-¥H)/(14*2.86%YH))-{1XB/14);

ce = {-4.57/YA)+1;

o7 = (1/¥R};

c8 = ~iXB-{1/YA);

©9 = - (iXB/14)-{1/(7*YA));

¢l = 1 - £P;

¢ll = iXB-(fP*iXP)};

CC = [[0c1 0 Q 1 00 0 c20 -i¥B o O c3 §;
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[0 c1 0 0 1 0 0 0 ¢4 -iXB O @ o5 1;
[0 0O a 1 0 c6 c7 c8 o o cg 1;
[00 0Oclg -1 0 fP G O O 0 cil 0 1;
[0 0 0Oclgo -1 fPO 0 0 0 cli 0 1;:
[0o oo 0 ¢ 0 0 0 1 -1 9 1/141;
fo1 0o-1 9 ¢ ¢ 0 0 0 0 0 0 1:
foo 00 O o0 o0 0 0 Q 1 -1 ¢ 1i;

C = DT*[CC zeros{8,52); =zeros(8,13) CC zeros(8,39);
zeros (8,26} CC zeros(8,26); zeros(8,39) CC zeros(g,13);
zeros{8,52) CCl;

k] SIMUIRTICOK ZATA e T
% Average values of the inflow ccncentrations based on the ary wsather file
8TIi = 30.0; 8S8i = 69.5; XIi = 51.2; ¥8i = 202.32; XBHi = 28.17; XBAi = 0.0;

XPi = 0.0; S50i = 0; SNO1 = 0.0; SNHi = 31.56; SNDi = 6.95; XNDi = 10.59;

SATLE] = T.0;

% SI S5 ¥I XT X3 XBA XP SO SN SKH 8ND XKD SaLK;

xi = [8Ii*ones(l,Kl1}; sS8i*ones(l,K1}; XIi*ones(l,Kl}; XSi*ones{l,Kl);
XBRHi*ones(l,Xl); XBAi+ones(l,X1}; XPi*ones(1,Kl1}; £0i*ones(Il,Xi};
SNOi*ones(l,K1l); SKHi*ones({},X1l)}; SNDi*ones{l,Kl); XNDi*ones(1,Kl};
SALKi*ones(1,K1}};

Yaiues of the initial conditions
Fcr tank 1

o e

ST 1 = 30; 88_1 = 2.8082; XI_ 1 = 1149.1252;
XS 1 = 82.1349; XBH 1 = 2551.7658; XBA_1 = 148.3894;
XP 1 = 448.8519; S0 _1 = 0.0042984; SNO_1 = 5.3699;

SNH 1 = 7.9179; SND 1 = 1.2166; XND 1 = 5.2843;

SATK 1 = 4.9277;

x10 = [ST 1; SS_1; XI 1; XS_1; XBH 1; XBA 1; XP_1; SO_1; SNO 1; SNH_1;
SND 1; XND 1; SALX 1 1#0.5;

% For tank 2

SI 2 = 30; SS_2 = 1.4588; XL 2 = 1149.1252; .
XS 2 = 76.3862; XBH 2 = 2553.3851; XBA 2 = 148.3091;
Xp 2 = 449.5227; SO 2 = 6.3132e-05; SKO_2 = 3.662;

SNH_2 = 8.3444; SND 2 = {.88206; XND 2 = 5.0291;

SALK 2 = 5.4802;

x20 = [8I_2; 88 _2; XI_2; X8_2; ¥XBH_2,; XBA 2; XP_2; 80_2; SNO_2; 8NH_2;
SND_2; XND_2; SALK 2 ]*0.5;

% Fecr tank 3

5T 3 30; S8 3 = 1.1495; XI_3 = 1143.1232;

x5 3 = 64.8549; XBH 3 = 2557.1314; XBA 3 = 148.9413;
P 3 = 450.4183; 50_3 = 1.7184; SNO_3 = 6.5409;
SNH 3 = 5.5479; SND_3 = 0.82889; XEND 3 = 4.3924;

SALK 3 = 4.6748; .
x30 — [SI_3; SS_3; XI 3; XS_3; ¥BE 3; XBA_3; XP_3; SO_3; SNO_3; SNH_3;
SND_3; XND_3; SALK 3 ]%0.5;

% For tank 4

8I_a = 30; 85_4 = 0.99532; XI_4 = 1149.1252;

XS 4 = 55.694; XBH 4 = 2559.1826; XBA 4 = 149.5271;
XP 4 = 451.3147; 50 4 = 2.4289; SNO_4 = 9.299;
SNH 4 = 2.9674; SND 4 = 0.76679; XND 4 = 3.879;

SATK ¢ = 4.2935;
x40 = [SI_4; SS_4; XI 4; XS _4; ¥XBH 4; XBA 4; XP_4; S0_4; SNO_4; SNH 4;
SND 4; END_4; SALK & J*0.5;

3 Fer taenk 5

8I_5 30; SS 5 = 0.88949; XI_5 = 1149.1252;
XS 5 = 49.3056; X85 5 = 2559.3436; XBA 5 = 149.7971;
XP 5 = 452.2111; SO 5 = 0.49094; SNO 5 = 10.4152;
SNH 5 = 1.7333; SND_5 = 0.68828; XND 5 = 3.5272;

SATK 5 = 4.1256;
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x50 = [SI_5; $S 5; XI_5; X8_5; XBH_5; XBA S; XP_5; SO_5; SNO_5; SNH_5;
SND_5; XND_S5; SALK 5 1*0.5;

X0 = [x10;%x20;x30;x40;x50];

x = [x0 zeros(e5,K1}]1;

% Steady state simulaticn of the model
for = 1:X1

k
xk = x{:,%});

xik = xi(:,k};

Pk = P_BASMIF (xk}; % Calecialation of the process rates
S0k = [®xk(8,1};®xk(21,1),;xk{(34,1};xk(47,1);;xk(60,1}1;

xxk = DT*KLa*{SOsat-SCk);

xxtk =

fzeros (7,1} ;xxk(1) jzeros (12, 1) ;xxk(2)} ; zeros (12,1) ;xxk (3) ;zeros (12,1} ;xxk (4} jzeros(12,1)
ixxk(5);zeros (5,1} ];
x(:,k+1) = A*x{:,k) + C'*Pk + B*xi(:,k) + xxik;

end
% Full model response to the staady state inflvent concentrations
% Tark 1
figqure (1)

subplot(5,3,1);plot(x{i, )} ;ritle('SI1")
subplot(5,3,2) ;plot(x(2,:));citle('S3517)
subplot({5,3,3) ;plot(x(3,:));title ('XI1")
subplot(5,3,4) ;plot(x(4, :)};title('X51"}
subplot(5,3.5) ;plot{x(5,:}};title ("XBH1")
subplot{5,3,6) ;plot(x(&,:));;titdle{"XBA1")
subplot(5,3,7);plet{x{7,:));title{'XP1l"}
subplot{5,3,8);plot(x{8,:});title ('SC1"}
subplot(5,3,9) ;plot(x(9,:));title (*SKC1")
subplot(5,3,10};plot{x(10,:));title{ 'SKH1")
subplot(5,3,11) ;plot{x(11,:)) ;title( "SND1")
xlabel {(‘discreze time k')

subplot(5,3,12) ;plot{x{12,:)};ticle("XND1")
xlabel{'discrete time k')

subplot (5,3,13) ;plot(x(13,:) ) ;ticle{ SALEL")
xlabel{'dizcrete htime k')

set {figure(l) , *namxe’, 'Tark 1 steady state resulis', 'numbertaitle',’'c

)
It

% Tank 2

figure(2)

subplot{5,3,1) ;plot(x(14,:}};title('3I2")
subplot(5,3,2);plot{x(15,:});title('352")
subplot({5,3,3);plot(x(16,:)) ;title("XI2")
subplot(5,3,4) ;plot(x(17,:)};title( XS2"})
subplot(5,3,5) ;plot{x(18,:}} ;title("X23EZ")
subplot({5,3,6);plot(x(19,:)) ;title("XBA2")
subplot(5,3,7) ;plot(x(20,:)) ;title{"XF2"}
subplot(5,3,8);plot(x(21,:));title("S5C2")
subplot(5,3,9) ;plot(x{22,:)};title('SR0O2")
subplot{5,3,10);plot{x(23,:));;title('SKEZ"}
subplot(5,3,11) ;plot (x{24,:});title('SKD2")
xlabel(’discrete time k')
subplot(s5,3,12);plot(x(25,:) ) ;title{ "XKD2"}
xlabel ('discrere time k')
subplob(5,3,13);plot (x(26,:)) ;title{ SALKZ")
xlabel{'discrere time k')

set (figqure(2)}, 'name®, 'Tank 2 stsady state results', "numbsrtitie’, ToIf")

% Tark 3
fFigure(3)
subplot(5,3,1) ,;ploc{x(27,:)) ;£itle{'EI3"}
subplot({s,3,2);plot(x(28,:)} ;title('S337)
subplot{5,3,3) ;plot (x(29,:});title{ ¥XI3")

181



subplot{5,3,4) ;plot (x(30,:)) ;title(*X83")
subplot{5,3,5) ;plot(x(31,:)) ;title{'XBH3")
subplot(5.3,6);plot{x(32,:)};title(*X5A3")
subplot(5,3,7);plot{x(33,:));;ticle('XP3")
subplot({s,3,8);plot(x(34,:)};title(*SC3")
subplot(5,3,9);;plot(x(35,:)};title("S¥Q3*)
subplot(5,3,10) ;plot{x(36,:)) ;title{"SRH3"}
subplot{5,3,11);plot{x{37,:));tictle{*SND3")}
xlabel ('discrete time k')

subplot(5,3,12) ;plot{x(28,:));;ticle(*XNI3"'}
xlabel{'discrete Tims k')
subplot(5,3,13);plot(x(39,:}) ;ticrle(*SALK3")
xlabel(*discrere time k'}

set (figure(3), "name’, "Tank §_steady state resuits’, 'oumbertitie’, 'cfTt}
% Tank £

Figqure(4)

subplot (5,3,1) ;plot{x(40,:) ) ;title( ST4")
subplot(5,3,2);;plot(x(41,:});title('S547)
subplot(5,3,3) ;plot{x(42,:)) ;title(XI4")
subplot(5,3,4) ;plot{x(43,:)) ;title('XS4")
subplot(5,3,5) ;plot{x(44,:)) ;Eitle( XoHs")
subplot(5,3,6) ;plot{x{45,:));title(*XBRL")
subplot {5,3,7);plot{x(46,:}) ;title{"XP%")
subplot(5,3,8);plot(x(47,:)) ;title{S0%")
subplot{5,3,9) ;plot(x(a8,:) ) ;title{'SNOLT)
subplot(5,3,10) ;plot(x(459,:}) ) ;title( SKHL’)
subplot(5,3,11);plot(x(50,:) ) ;title('SND4"}
xlabel('discrate time k')
subplot{5,3,12);plot(x{51,:}) ;title(*XEDL")
x1abel {'discrete time k')

subplot(5,3,13) ;plot{x(52,:));title{'SALKL");
xlabel{'dizscrete time k')

set{figure(a), fname', *Tark 4 sieady state rasuits’, *numbertitle’, 'CcFEY)

% Tarnk 5

figqure (s}

subplot(5,3,1) ;plot{x(53,:});;title{’8I5"}
subplot({5,3,2) ;plot{x(54,:)) ;title ("85}
subplot{5,3,3);plot{x(55,:)};title{ XI3"}
subplot(5,3,4};plot(x{56,:}};title( X53"}
subplot(5,3,5) ;plet{x(57,:) ) ;title{"XBH3")
subplot(5,3,6);plot{x{58,:)} ;title{ E2R5")
subplot(5,3,7) ;plot(x{59,:)};title( XP5")
subplot(S,B,B);plot(x(ﬁo,:));title(‘SGS’)
subplot (5,3,9) ;plot(x(61,:)) ;title( ' SKC5")
subplot(5,32,10) ;plot(x(62,:) ) ;title( SkH5)
subplot(5,3,11} ;plot(x(6&3,:));ticle( ' SID3")
xlabel(‘discrstes time k')
Subplot(5,3,l2);plot(x(64,:));title('XNDS')
xlabel{'discrete cime k')
subplot{5,3, 13);plot (x{65,:)) ;title('SRLK5"};
xlabel{‘discre=e time k')

set {figure(5),'aname’, 'Tank & steady sIaTs resaits!, 'numbertitie’, Toft)

% Data for dynamic simulations
K = 13436; % Prediction horizon for aynamic simulations {14 dave sampizd

DT = 0.001042;

% Oynamics of tha inflow corcentrations for d-y weather fila
load drv.tzxt

T = 1344;
8Ii = dry{i:£,7)'; 8Si = dzy(l:t,2)"; XTi = dry{l:t,5)'; XSi = dry(l:t,4)';
XBHI = dry(1:t,3}*; XBAi = XBRi*zeros{l,t); XPi = XPi*zeros(l,t);

SOi - SOi*zeros(l,t); SNOi = SKOi*zeros(l,t); SKHi = dry{1:t,6}";
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" SNDi = dry(1:%,8); XNDi = dry(1l:t,9)'; SALKi = SALKi+* ones(1,t);
£l = [dry{:,1)*]1; t2 = [0:0.001042:14];

SIi = gpline{t1,81i,t2); 851 = gpline{tl,88i,t2); XIi = gpline(t1,XTi,t2);
X851 = spline{tl,XsSi,t2); XBHi = spline{tl,XBHi, t2); XBAi = spline(tl,XBAi,t2);
XPi =~ spline(ti,Xpi,t2); S0i = spline(tl,s0i,t2); SNOi = spline(tl,sNOi,t2};
SKHi = spline(tl,SNHi,t2); SNDi = spline{tl,SNDi,t2); XNDi spline{tl,XNDi,t2)};
SATRi = spline{tl,SALXi,t2);

]

It

xi = [8Ti;351;XIi:;XSi;XBHi;XBAL;XPi;S01;8N01;SNHL;SNDi;XNDi;SALKL];
x = [x(:,(R1+1)) zeros(e5,K}];
% Dynamic simulation of the full model
for k = 1:K -
xk x(:z.%k};
xik = xi{:,k};
Pk = P_BASMIF({xk);

50k [xk(8,1) ;xk(21,1) ;xk(34,1) ;xk(47,1);xk(6G,1)];

#zxk = DT*EKLa* (SOsat-s0k};

xxlk =
[zeros(7,1);xxk (1) ;zeros (12, 1) ;xxk{2);2eros(12,1) ;xxk (3} ;zeros (12,1} ;xxk(4) ;zeros(12,1)
;xxk{s) ;zeros(5,1)1;

®x{:,k+1} = A*x(:,k} + C'*Pk + B*xi(:,k) + xxlk;
end

It

% Full model response tc the dynamic influent concenirazions
% Tank 1

figure(s)
subplot{s,3,1});ploti{x(l,:));title (*SI1")
subplot{5,3,2) ;plot(x(2,:)};title('S51")
subplot{5,3,3);;plot(x{3,:));title ('XI1")
subplot(5,3,4);plot(x(4,:)};title (*XS1°)
subplot (5,3, 5) ;plot (x(5, :}} ;title (*XBH1')
subplot(5,3,6) ;plot(x{6,:)) ;title('XBA1"}
subplot(5,3,7);plot(x(7,:});title{*XP1")
subplot(5,3,8);plot{x(8,:});citle{'S01")
subplot(5,3,9) ;plot{x({9,:}} ;title{'SKC1"}
subplot(5,3,10) ;plot(x{10,:) ) ;title( "SKHL")
subplot(5,3,11);plot(x(11,:}};title( 'SNIL")
xXlabel {tdiscrete time k')
subplot(5,3,12);plet(x(12,:)};eitle(*XNDL")
xlabel{'discreze time k"}
subplot{5,3,13);plot{x(13,:));title{ SAKLIT)
xlabel{*discrete time k')

set (Figqure(6), 'name’, "Tank 1 dynamic results', 'numbertizle’,
% Tank Z

figure{7)
subplok(5,3,1);plotix{lse, )} ;title('312")
subplot{5,3,2) ;plot(x{15,:) ) ;title(*532")
subplot(5,3,3) ;plot (x{16,:)} ;title("XI2")
subplot{5,3,4);plot(x{17,:)} ;title(*X52"}
subplot (5,3,5) ;plot{x(18,:}} ;title(7X8HZ"}
subplot(5,3,6);plot{x(19,:));title(*XBAZ")
subplot(5,3,7);plot{x(20,:)) ;title{"XP2")
subplot (5,3,8) ;plot{x{21,:)) :title{SC2")
subplot{5,3,2) ;plot{x(22,:) y;tivle{*SKG2Y)
subplot({5,3,10) ;plot{x(23,:)};title{ ' SKH2")
subplot(5,3,11);plot (x(24,:});ticle{ 3KI2"})
xlabel {'discrete time k')
subplot(5,3,12) ;plot (x(25,:} ) ;title{'XxI27)
xlzbel{ 'discretse time K*)

subplot(5,3,13) ;plotix{26,:1) ;title('SALEZ")
xlabel('discrece Time k')
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set {figure{7}, 'nare’, 'Tark 2 dynamic results’, ‘rumberticie’, 'off")

% Tank 3

fiqure(8}

subplot (5,3, 1) ;plot({x{27,:)) ;title{'5I3"}
subplot{5,3,2);plot{x(28,:});title(*S33"}
subplot(5,3,3};plot{x(29,:}) :ticle('XI3"*}
subplot(5,3,4) ;plot{x{30,:)};:;title("X33*}
subplot(5,3,5) ;plot{x(31,:}};title("¥BH3"})
subplot (5,3,6) ;plot(x{32,:)) stitle(¥3a3")
subplot(5,3,7);plot(x{33,:}) ;title("XP3"}
subplot(5,3,8);plot(x(34,:}) ;title(*3C3"}
subplot(5,3,9);plot(x{(35,:});title(*SNG3T)
subplot(5,3,10);ploc(x(36,:})};title(*ENH3Y)
subplot(S 3,11) ;plot(x(37,:) §;title('SKD27)
Xlzbel('discrete Time k')
subplot(5,3,12);plot(x(38,:));title("XN337)
Xxlabel('discrete fime k')

subplet (5,3,13) ;plot(x(39,:));title(*SALK3")
xlabel{'discrete time k7}

set (figure{8), 'name’, 'Tark 3 dynamic results','nimbertitle’®,*off'}

% Tank 4

Tigure(s) _
subplot{5,3,1);plot(x(40,:)};title(*SIs"}
subplot{5,3,2) ;plot (x(41,:)} stitle (7S84}
subplot(5,3,3);plot(x(42,:)) ;title("X14’}
subplot{5,3,4};:;plot(x{43,:});;title('XS4"}
subplot{5,3,5) ;plot (x{44,:)) :;title( X5H4")
subplot(5,3,6);plot(x(45,:}) ;title({'X3R4")
subplot(S,B,?);plot(x{&ﬁ,:));title('X?é‘)
subplot(5,3,8);:plot(x(47,:));title('5C4")
subplot{5,3,9):plot{x{28,:)} ;title('SNCL"}
subplot{5,3,10) ;plot(x(49,:)};title( ENHLT)
subplot{5,3,11);plot{x(50,:)};title( SKD4L")
xlabel{'discrete Time k'}

subplot(5,3,12) ;ploc{x(51,:});title (" XHD4"}
xlabel ('discrete time k')

subplot(5,3,13) ;plot{x({52,:});title('SALKE");
xlabhel{'discrete time k')

set (Fiqure{d), 'name*, 'Tank £ dynamic results', ‘numbertitle', 'off")
% Tarnk 5

figqure(10}

subplot(5,3,1);plot (x{53,:}) :;title("SI3")
subplot(5,3,2);plot(x&54,:));title('SSS')

subplot(5,3,3) ;plot{x(55,:1) ;title(’XI5")

subplot(5,3,4) ;plot(x(56,:}) ;title('X557)

subplot{5,3,5) ;plok(x(57,:)) ;ritle("X3H5")
subplot(5,3,6) ;plot (x(58, :}) stitle{"X8A37)
subplot(5,3.7);plot(x(59,:));title('XPS')

subplot(5,3,8) ;plot{x(60,:)) jtitle{’'503")
subplot(5,3,9);plot(x(ﬁl,:));title(’SEOé‘)
subplot(S,B,lO);plot(x{sz,:));title(‘QWHS')
subplot(5,3,11);plot(x(GB,:));title(‘qﬁs")
xlabel('discreze time k')
subplot(5,3,12):plot(x(ﬁé,:J);title('XﬁSS‘)

xlabel ("discrere tTime k')
subplot(5,3,13) ;plot (x{65,:}):title(*SRLKS") ;
xlabel({'dizscrete time k'}

set {(figure (10}, "'name’, "Tark 5 dymanic results’, ‘numbertaitle’,

REDUCED MODEL
Form the vector of the states izl for
ESHM1 piclogical modex

53, SNC, SNH

[l L T



zl = [x(2,:}; %x{9,:); =(10,:)1; %3 4 3

z2 = [x{15,:}; x(22,:); x(23,:)1; %4 5 a

z3 = {x{(28,:); x(35,:); x(36,:)}; %7 5] 2]

zd = [x(43,:}; x{48,:); x{29,:)}; %10 11 T2

25 = [x(54,:); x{61,:); x{62,:}1; 213 14 i5

z = |[z1;z2;z3;z4;25];

% Formation of the vector cf the conrtrel varzabies {D0 Concentration}

ul = x{8,:);
uz = x{21,:};
uld = x(34,:};
ud = x(47,:});
= %x(60,:};
[ui; u2; ul; ud; usl;

€&

i

% Pynaric values of the infiow c¢oncentrations for dry weather

zl = [xi{2,:); xi(9,:); xi(10,:}1;

% Steady state values for the biomass XBE, ¥BA, XS

XBH = [2551.76*cnes(3,K+1); 2553.38%cnes(1,E+1l}; 2557.13%ones(i,K+1);
2559.18%*ones{1,K+1); 2559.34*ones{1,K+1}];

XBE = [148.385*ones(1,K+1); 148.30%*cnes(l1,K+1); 148.941*cpnes{l,XK+1);
149.52%7*ones(1,K+1); 149.797*qones(1,K+1}];

XS5 = [82.135*ones{]1,K+1); T6.386*ones (1,K+1}); 64.855*ones{(1,K+1);
55.6%94%ones{1,K+1); 49.306%cnes (1,K+1)}:

% MATRIX & for the reduced modsel (ER)
i

IVI = DT/ V1; IVil = IVl * Q; Allr = 1 - IV1l;
IV2 = DT/ V2; IV22 = IV2 * Q; A22r = 1 - IV22;
IV3 = DT/ V3; IV3id = IVl * Q5 A33r = 1 - IV33;
IV = DT/ V4; IV4a = IVa * Q; Addry = 1 - IV44;
VS = DT/ V5; IV55 = IVS * Q; A55r = 1 - IV55;

Al5r = IV1 * (Qa + Qr};

A21x = IV22; A32r = IV33; R43r = IV44; AS4r = IVS5;
A11lr = Allr * ones{l,3); Allr = diag(Allr};
A22r = A22r * ones(1,3); A22r = diag(A22r);
A33r = A33r * ones(1,3}); A33r = diag{A33n);
R44r = R44r * opes(l,3); Ad44r = diag(hddr);
A55r = ASSr * ones(l1,3); A55r = diag(A55r});

Al5r = [Al5r, AlSr, AlSr};
Al5Tr = diag(alsr};

A21r = A21r * ones{i,3); Azlr = diag(A2lr);
A32r = A32r * ones(1,3); A32r = diag{al32r);
A43r = A43r * ones{l,3); A43r = diag(a43r);
AS4r = AS4r * ones{1,3}; a54r = diag{AS54r);

Al0r = zeros(3,3); A20r = zeros(3,6); A30r = zeros{3,9);
AR = [Allr A30r AlSTr;A21r A22r A30r;Al10r A32r A33r A20r;A20r A43r Ad4r AlOr;A30r AS4r

AS55r] ;

Bllr = [IVQ IVO*f-IVEOI;
Bllr = diag(Bllir};

BR = [Bllr; =zeros(12,3}];:
$ MATRIY C for the reduced modal {CRj
cl = -{1/YH};

c2 -{1-YH)/{2.86*YH);

ci (1/YR);

c4 = -iXB-(1/YA);

1l
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CCR = [fel 0 -iXB I:
[cl e2 -ixm ]
[0 €3 ca 1
1 0 o 11

LU TR

CR = DT*[ICCR zeros(4,12)]; [zero=s(4,3) CCR zeros(a4, 9)1;{DT/V3)* [zeros(4,6) CCR
zeros(4,6)];
[zeros {4, 9} CCR zeros{e,3}]; [zeros(4,12) CCRI1;

zik = zi{:,k);

Pk = P _BASMIR{zk,uk,XBHk,XSAk,Xsk) ;

FIK = CR'*Pk;

Y(:,k) = z{:,k+1)-AR¥*z{: k) -BR*zi{:,k)};
theta(:,k)=(FIk'*FIk} " (-1} *FIk'*Y (:,k) ;

end

muHE({1l,:) = theta(i,:}:
muBRE{1l,:) = theta(2,:)}:
EhE(L,:} = theta(3,:};

% Dynamic simulation of the reduced model with the estimared parareters

zE = [z(1,1);=z(2,1):2{3,1);=(4,1);=2(5,1); z{6,1);z(7,1);2(8,1);2(9,1);z(10,1); z{11,1);
z{12,1);=z(13,1); =z{14,1); z(15,1)});

ERR = z{:,1}-2zE;

% Dynamic simulatvion of the raduced model with the es-imated parameters
for k = 1:%¥

zEk = zE(:,k};

uk = uf:,k};

zik zi{:,k);

XBHkK = XBH({:,k);

XBrk = XBA(:,k);

XSk = XS(:,k};

muHEEX = mulHE(:,k)};
MUAE(:, k) ;
FhEk = EhE(:,k):

g

Pk = P BASMIRE (zEk, uk, XBEk, XBak, XSk, muHEk, muAEk, KhEK) ;
ZE(:,k+1) = BR*zE(:,k) + CR'*Pk + BR*zi(:,k);
ERR{:,k+l)=={:, k+1}) -2E(:,k+1};

end

%t Vector of process full, sstimated and error veriablss SKH, SHO Tank 1
8§81=z(1, :) ;SNQO1=2z({2,:) s SNH1=2(3,:]);

SS1E=zE{1, :}; SNO1E=zE(2, :} ;SNH1E=zE(3, :};

ERRSS1=ERR (1, :) ;ERRSNO1=ERR(2, :} ; ERRSNEI=ERR(3,:};

% Calculation of the weighted errors for tankl
eS81=(ERRSS1*ERRSS1')/(S51*851") ;

€SNO1l=(ERRSNQI*ERRSNOL'} / (SNO1+SNOL1') ;
eSNH1=(ERRSNH1*ERRSNHL' )}/ (SNH1#SKH1');

% Vector of process full, estimated and =xreor abies 3

S582=2 (4, =} ;SNO2=%z{5, :) ; SNH2=2 (6, =} ;
S52E=2zE{4, :) ; SNOZE=zE(5, :) ; SNH2E=2E(6, : ) ;
ERRSSZ-ERR{4,.) ;ERRSNO2=FERR {5, :} ; ERRSNH2=FERR (6, : }
% Icuiation of the weighted errors for tank &
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e8N02= (ERRSNO2*ERRSNOZ' ) / {SNO2*SNQ2') ;
eSNH2= (ERRSNH2*ERRSNH2' ) f {SNH2*SNH2'} ;

% Vector of process full, estimated and error variables SNH, SND, 33,
583=z(7,:);SNO3=2z(8, :) ;SNE3=2(9,:);
B8S3E=2zE(7,:); SNO3E=2E(8, :) ;SNH3E=2E(9, :) ;
BRESS3=ERR(7, ;} ;ERRSNO3=ERR (S, :) ; FRRSNH3=ERR(9, :} ;

% Calculation of the weighted errors for tank 3

€383= (ERRSS3*ERRSS83') / (883*883+) ;

eSNO3= (ERRSNO3I*ERRSNQ3 * ) / (SNO3I*SNO3I ') ;

eSNH3= {ERRSNH3I*ERRSNH3 ") / (SNH3*SNH3') ;

g VYector of process full, estimated and error variables S5, 3NO, SNH,
SS&=2(10,:):SNO4=Z(11,:);SN$§=Z(12,:);

S84E=2zE(10, :) ;SNO4E=2zE(11,:) ; SNH2E=zE{12,:) ;

ERRS84=ERR {10, ) ;ERRSNQ4=ERR (11, : } ;ERRSNH4-ERR (12, :};

% Calculavion of the weighted errors for tark 4
€534~ (ERRSS4*ERRSS4 ) / (894%884 1) ;

eSNO4= (ERRSNO4*ERRSNO4 " } / (SNOQ4*SKRO4') ;

eSNH4= (ERRSNH2*ERRSNH4 ' ) / (SNH4*5NH4*) ;

3 Vecter of process full, estimated end errer variables 35, SNO, SNH,
8555=2({13, :) ;SNOS=z {14, : } ; SNHS5=%(15,:) ;

855E=zE(13, :) ; SNOSE=zE(14,:) ; SNHSE=zE(15,:};

ERRSS5=ERR (13, :} ;ERRSNOLS=ERR (14, ;) ; ERRSNES=ERR (15, :};

% Calculaticn of the weighted errors for tank 5

e38535= (ERRSS5*ERRSSS ) /{SS5*%S55%} ;

eSK05= (ERRSNOS*ERRSNOS ' ) / (SNOS5*SNO5') ;

eSKHS= (ERRSNH5+*ERRSNHS ') / (SNH5*SNHS '} ;

k = 1:K;
% Graphs of the estimated paranmeters
figure{11)

&

subplot(3,1,1);plot(k,muHE, 'Xx'};title('Estirated ncH') ;ylabel ('muEE");
subplot{3,1,2);plot{k, muAE, 'x"};title('Estirated nuA’) ;ylabel ('ruAE');

subplot{3,1,3) ;plot(k,KhE, *k');title{ ' Estimated Xk') ;ylabel ('KhE');
set (fiqure({il), *name', 'Estirated parameters®, 'numbertitle’, 'off’)
xl1label {'discrare “ime k*}

k = 1:K+1;
% Graphs cf the reduced wodel response to the dyramic influent
% ¢oncentrations

% Tank 1
figqure(12)

[0

o

oZTE

subplot (3,2,1);plot(k,S851); hold on;plot{k,SS1E, 'k-.");ylabel('831,851k

anx

legend{*381', 'SSiE"};subplot{3,2,2}); plot(k,ERRSE]L, '«') ;ylabel {'ERRSE1 "} ;

subplat(3,2,3);plot(k,SN01) ; hold on;plot(k,SNOLE, 'k-.'};
legend ("3HOL Y, 'EROIEY) ;

}i

yvlabel ('5N01, SKOIE') ;subplok(3,2,4); plot(k, ERRSNO1, 'k');ylabel ("ERRENI1Y);

subplot(3,2,5) ;plot(k,8NH1) ; hold cn;plot (k, SNHIE, 'k-."};
legend (’SNH2", 'SEHIE ) ;

ylabel ('SNET, SRHIE') ;xlabel ("dizcrete time k')

subplot(3,2,6]); pIot(k,ERRSNHl,'k’);ylabel('ERRSNEf’};

xlabel {*discreze time k*}

set(fiqure{l2), ‘name’, 'Tank 1 Process variables and estimation
error®, ‘nunmbercitle?, 'oif’)

% Tank 7

figure(13} . o
subplot(3,2,1) ;plot{k,852); hold on;plot(k,S52E, "x-.");ylabel ('85Z,3
legend(*S52*, 'SS2E') :subplot(3,2,2); plot(k,ERRSS2, 'k'};ylabel ('ERRE

subplot(3,2,3);plot (k,SK02}; hold on;plot({k,SKO2E, "x~."};
legend (*SNOD2Y, PSKC2ZE) ;
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ylabel ( *SNG2,SNC2E') ;
subplot(3,2,4); plotik, ERRSNOZ2, 'k'};ylabel (TERRSNGZ');

subplot(3,2,5) ;plot(k,SNH2}; hold on;plot(k,SNH2E, "k-.');
legend (*SNHZ*, 'SKH2E');

yiabel ('SNHZ, 3RI2E') ;xlabel (*discreTe time k')

subpleot(3,2,6); plot{k, ERRSNHZ, 'k') ;ylabel {'ERRSNHEZ');

xlabel {'discrere time k')

set (figqure(l3), "namwe', *Tank 2 Process varizhles and estimation
errox', ‘numbertizle’, 'off")

% Tank 3

figure(14)

subplot (3,2, l).plot(k 883} ; hold on;plot({k,SS3E, "x-.") ;ylabel{'553,553%=2");
legend('533', F833E*%); subplot(B 2,2); plot(Xx,ERRSS3, 'x');ylabel ("ERRES3Y);

subplot(3,2,3) ;plot(k,SN03) ;hold on;plot{k,SNO3E, *x-.'};
legend ('SH03°, PSKO3EY) ;
ylabel {'SWO3, SNC3ET) ;subplot({3,2,4); plot{k,ERRSNO3, 'kx*};ylabel {'ERRSNDG3');

subplot(3,2,5) ;plot(k,SNH3) ; hold on;plot(k,S8KH3E, "k-.%};
legend{'SHNE3", 'SKHIE");

vlabel ('SNE3, SNH3E') ;xlabel ("discreTe time k7)

subplot(3,2,6); plot(k, ERRSNH3, 'k’);

yvlabel ("TERRESNY3') ;xlabel { 'discrete time k')

set{fiqure(14), ‘nare’, *Tark 3 Process variables and estimation
errozt, 'numbertitle’, "0ff’)}

% Tank £
figure (15)
subplot(3,2,1});plot(k,554); hold on;plet(k,SS4E, 'k~.");ylabel ('S

S"':r }:
legend('53547', "SS4EY) ;subplot(3,2,2); plot{k,ERRSS4, '<');;ylabel ('ERR

854:5"
3854%);
subplot(3,2,3) ;plot (k,SNQ4) ; hold on;plot(k,SKO4E,'k-."'};

ylabel {'SN04, SKC4RY) ;legend (*SHO4", "SKO4EY) &

subplot{3,2,4); plot(k, ERRSNO4, '%");ylabel (*ERRSNCA")

subplot(3,2,5) ;plot{k,SNH4); hold on;plot{k,SNH4E, "k-."};
legend ('SNZ4"', *SNRHLEY) ;

ylabel {*Sn34, SKH4E") ;xlabel (*dizcreze time k')

subplot(3,2,6) ; plot(k, ERESNH1, '%*};ylabel ('ERRSNZL");

ylabel ('*ERRSNG4 ') ;xlabel{*discrete tims k’}

set (figure (15}, fnare', 'Tank 4 Process varilables and estimation
error’, 'oombertitle’, "0IfEY)

%3 Tank 5

figure(16)

subplot({3,2,1);plot (k,855); hold oa;plot(k,SS5E, x-.');ylabel{'S55,835z");
legend('SS5*%, "355E') ;subplot{3,2,2); plot(k,ERRSS5, "«'};ylsbel ('ERR3SE5");

subplot(3,2,3);plot(k,SK05); hold on;plot{k,SNOSE, "x-.%};
vlabel{'SNO5,SKROSE') ;legend (TSND5, TEROSE ) ;
subplot(3,2,4); plot(k, ERRSNQS, 'k");ylabel { "ERRSNO5'};

subplot(3,2,5);plot (k,SNHES} ; hold on;plot(k,SNHSE, 'x-."};

legend('SYﬁS' *SEH3E") ;

vlabel { 'SWE5, SNHAGE") ;xlabel (' d"c

subplot{3,2,6); plot(k, ERRSNH3, 'k’
T me k')

ylabel {'ERRSNHS") ;xlabel (" discrets
cesz varizhles and estimation

set (figure(l6), 'nams", "Tank 5 Pr
error’, *numbhberticie’, '0ff")

I {ORIRQL DALZ

fermulaticn of the optimal contrel

Sec‘a*at:an of Tl
problem, see ghas

a e
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% Setpoints of the state and control variabiss for optimal contrel

% preblen formulation

SSspl = 2 * gnes(1,K+1); SSsp2 = 1.5 * ones(1,K+1};
58sp3 = 0.8 * ones{1,X+1); SSsp4 = 0.7 * ones(1l,K+1};
55spS = 0.6 * ones(1,K+1);

SNOspl = 23 * ones{1,K+1); SNOs=p2 = 25 * ones(l,K+1);
SNOsp3 = 25 * ones(1,X+1); SNOsp4 = 27 * ones(l,K+1);
SNOspS = 28 * ones{(1,¥K+1};

SNHspl = 6 * ones(1,K+1}; SNHsp2 = 3 * ones(1,K+1);

SNHsp3 = 1.5 * ones(1,K+1); SNHsp4 = 0.3 * cnes{l,K+1};

SNHspS = 0.1 * ones(l,K+1};

zsp = [S8spl; SNOspl; SNHspl; SSsp2; SNOsp2; SNHsp2; S8Ssp3; SNOsp3; SNHsp3;
S5Ssp4; SNOsp4; SNHsp4; S55sp5; SNOsp5; SNHspS);

% Constraints of the state and control variabies for optimal contzol

% problem formulation

§Smnl = 1 * ones({l,XK+1); SSmn2 = 0.9 * ones(1,K+1};

88mn3 = 0.4 * cnes(1,K+1); SSmn4 0.2 * ones(1,K+1);

SSmn5 = 0.2 * cnes({1,K+1);

SNOmn = 15 * ones(1,E+1);

SNHmn! = 3 * ones(1,K+1}); SNHmn2 = 1.5 * ones(l,K+1};

BNHmn3 0.5 * ones(1,K+1); SNHmm4 = 0.01 * ones(Il,K+1};

SNHmnS = 0.3 * ones(I,K+1);

zmin =[SSmnl; SNOmn; SNHmnl; SSmn2; SNOmn; SNHmnZ2; SSmn3; SKOmn; SNHmn3;
S5Smn4; SNOmn; SNHmn4; SSmnS; SNOmn; SNHmnS] ;

88mxt = 4 * ones{l, K+1); SSmx2 = 3 * ones(1,K+1);

S8mx3 = 0.6 * ones(1,K+1);: SSmx4 = 0.4 * ones{1,K+l);

S5Smxs 1.2 *# gnes{1,XK+1};

SNOmx = 30 * ones({1,K+1};

SNHmxl = 12 * omes{l,K+1); SNHmx2 = & * ones(l,K+1);

SNHmx3 = 3 * ones(1,K+1); SNHmx4 = 0.6 * ones({l,K+1);

SNHmxS = 0.2 * ones(l,K+1);

zmax =[SSmxl; SNOmx; SNHmxl; SSmx2; SNOmx; SNHmxZ; SSmx3; SNOmx; SHHmx3 ;
SS8mx4; SNOmx; SNHmx4; SSmxS; SNOmx; SNHmxS];

I

uminl = 0.007 * ones({l, K};

umin2 = 0.008 * ones{l, X);
umini = 1.5 * ones{1l, K};
umind = 2.0 * cnes{i, X};

umins = 2.1 * ones{l, K};
umin = [uminl; umin2; umin3; uming; umins];

umaxl = 1.7 * ones{l, K);
umax2 = 1.8 * ones(l, K):
umax3 = 4.5 * ones({l, K);
umaxd = 4.0 * ones{l, K};
umaxs = 4.1 * ones{il, K});

umax = [umaxl; umax2; umax3d; umaxd; umaxs];

Initial waiues of the ccordinating and the ccntrol variables for cpiimal
cantrol problesm formuiation
amda = 0.1 * ones({15,K)- 15.96;

|l

Number of iterations of the coordinating level

E

L = 50;

% Kumber of iterations of the
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epslamda = 0.01;

% Values of the steps ir the gradient procedures

alu =~ 0.05;

alz = 0.05;

alp = 0.08;

¥ Valuves of, the coefficients for changing of the step values
alpha = 2;

beta = 3;

gama = 3;

% Welghting matrices QOw and 8w in the criterion

Qw = diag({1.0 1.0 1.0 1.0 1.0 1.0 1.5 1.5 1.52 2 23 3 3)]);
Rw = diag ([0.1 0.1 0.5 0.5 0.51);

A.2: BATLAB script file - P_BASMIF.m

% M-File: P BASMIF.m

% M-FILE DESCRIFTI(OY =me=s=sowssoomomoommms ==
% This m—file is used Zfor:

% Caliculation of the process ratas for the full model

function Pk = P_BASMIF (xk)

global muH bH mud bA etag ka kh etah Ks KCH KNO KNH KOA KX;
¥ TAMNK 1
B(1) muB* (xk(2) /{EKs+xk(2))) *(xk(8) /{(KOH+xk(8)})) * xk(5});

B(2) = muH*{xk(2}) /{Rs+xk{2)})) *(EOH/(KOH+xk({8)))} * (xk(9)} /(ENO+xk(9})}} * etag *
xk(5);

P(3) = muA*(xk(10}/{(FNH+xk({10}))* {xk(8) /{(RKOA+xk(8))) * xk(6);

BF{4} = bH*xk(5);

P(5) = ba*xk(6};

P(6) = ka*xk({11)*xk(5);

B(7) = kh* ((xk{a) A{xk(5)}} /(KX + (xk(2) /xk(5)}}) *((xk(8) /(KOH+xk(8))) + (etah *

{KOH/ (KOH+xk {8)))) *{xk (9} /(KNO+xk(3)))}) *=xk(5);
P(8) = P(7) *(xk{12)/xk(42});

% TANK 27
% TANK Z

muH* {xk (15) / (Es+xk (15} }) * (zk (21} / (KOH+xk (21} ) } * xk(18) ;

P{9}) =
P(10)= muH* (xk(15)/ (Ks+xk{15)})* (KOH/ (ROH+xk{21))}* (xk(22)/(KNO+xk(22))) * etag *
xk{18};

P{11)= muA* {xk({23)/ (ENH+xk{23)}) * (xk{21)/ (KOA+xk {21)) )+ =xk{19)};

P{12)= bH*xk(18);

P({13)= ba*xk(19);

P{14)= ka¥*xk(24)+*xk(18) ;

P{15)= kh* { (xk{17) /{xk(18))) /(KX + (xk{17)/xk{18})}}* ((xk(21)/{KOH+xk(21})}) + (etah =
{KOR/ (RKOH+xX (21)) ) }* (xk {22) / (KNO+xk (22} )} )} ) *xk {18} ;

P(16)= P{15)* {xk (25} /xk{(17)]);

% TARE 3

P(17)= muB* (xk(28)}/(Ks+xk(28)))* (xk(34)/(KOH+xk(34)))* xk{31});

P(18) = mull* {xk(28)/ (Ks+xlk(28}}}* (KOH/ (KOH+xk (34) }}* {(xk(35}/(RNO+xk(35}}} * etag *
xk(31);

P(19)= mua= (xk (36} / (ENH+xk(36))})* (xk(34)/ (KOnr+xk (34} ))* xk{32);

P(20) = bH*xk(31);"

P{21)= bA*xk(32};

P{22)= ka*xk(37)*xk(31);

P(23)= kh* ({xk (30} /{xk(31))} /(KX + (xk{30)/xk(31)}))* {{xk(34)/(KOH+xk(34))) + (etah *
{KOE/ (FOH+xk {34))) )+ (xk (35} / (KNQ+xk (35) } ) Y *#xk (31) ;

P(24)= P(23)* (xk({38) /xk{30});

% TANE 4
P(25)= muH* (xk(41} / (Ks+xk(41}))* (xk(47) / {KOH+xk{47}} )} * xk(44)};
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P(26) = mub* (xk{41) / (Ks+xk(41)}}* (KOH/ (KOH+xk(47} ) }* (xl{48)/(ENO+xk(48})}) * etag *
xk(44});

P(27)= muA*{xk(49) / (FRH+xk(49)}) * {xk(47) / (KOR+xk (47)) }* xk({45);

P(28)= bH*xk {44} ;

P{29)= bA*xk(45);

P(30)= ka*xk (50} *xk(44) ;P(33) = mul* (xk (54) / (Ke+xk({54) ))*(xk (60} / {(KOB+xk (60)))* xk(57);
P(31)= kh* ({xk(43) /{xkc{44))) /(KX + {xk(43)/xk{44)))})* ((xk(47)/{KOH+xk({47})) + {etah =
(KOH/ {(KOH+xk (47} ) ) } * {xk (£48) / (KNO+xk (48} )} ) *xk (44) ;

P(32)= P(31)}* (xk(51) /xk (43)) ;

% TANK 5

P(33)= muH* (XK (54) / (Es+x%k (54} ) ) *(xk(60) / (KOH+xk (60)}}* xk(57};

P(34)= muH* (xk(54) / (Ks+xk{54}))* (XOH/ (KOH+xk (60) )} * (xk(61}/(KNC+xk(61})) * etag *
zk(57); ..

P(35)= mua*(xk(62) / (FNH+xk(62)))* (xk {60}/ {X0A+xk (60}}}* xk(58);

P(36)= bH*xk(57};

P(37)= bA*xk{58) ;

P(38)}= ka*xk(63}*xk(57) ;

P(39)}= kh* {{xk(56) /{xk(57}}) /(KX + (xk(56}/xk(57))})}*((xk(60)/(KOH+xk{(60))) + (etah *
(KOH/ (KOH+xk (60))) )} * (xk {61} / {(KMO+xk (61) ) ) ) *xk({57) ;

P{40)= P(39)* ({64} /xk(56}) ;

Pk = {P{1} P(2) P(3} P(4) P{(5) P(6} P(7) P({8) P(38) P{10) P{11) P(12} P(13) P{14) P(15)

P16} P{17) P(18) P(18) P(20) P(21) Pp(22) P(23) P(24) p(25) P(28) P(27) P(28) P(29)
P(30} P{31) P(32) P(33} P(34) P(35) P(3s6) P(37} P(38) P(39) P(z1}]';

A.3: MATLAB script file - P_BASM1R.m

M~TILL DESCRIPTION

This m—£ile is used foz:
Calculavion of the process rates for paramster estimation cf the reduced
rodel

[T S

function Pk = P_BASM1R (zk,uk,XBHk,XBak, XSk}

global etag etah Ks KOH KNO KNH KOA KX;

% TANK 1

P(1)= (zk{1l)/ (Es+zk(1)))*{uk(1l)/(KOH+uk{1l)))* XBHk(1); -

P(2)= (zk(1)/{Ks+zk(1}))*(KOH/(KOH+uk{I)})* (zk{2}/(KNO+zk{2}}} * etag * XBHk(1l)};
P(3)= (zk(3}/ (KNH+zk{3) )} )+ {uk(l)/ (KOA+uk(1)))* XBak(1l};

D(4)= ((XSk(L}/XBHk({1)) /(KX + (XSk(1)/XBEHk(1))}}*((uk(1}/(KOH+uk{1l)}} + erah *
(ROH/ {KOH+uk (1))} * (zk (2} f {(KNCO+zk (2]} )} * XBHk(1);

Pik = {P(1) 0 G; P{2) 0 0; O B(3) 0; 0 0 P(&)]:

% TANK 2
P({s)= (zk{a}/{Ks+zk(4)})*{uk(2)/{XOH+uk({2)})* XBHK(2};

P(8Y= (zk(4)/ (Ks+zk{4))})* (KOH/ (KOH+uk({2))}* (zk{5)/(ENO+zk({5))) * etag * XBHk(2)};
P{7)= (zk(6)/ (KNH+zk{6)))*{uk(2)/ {KOA+uk(2}))* XBRk(2);

P(8)= {(XSk{(2)/XBHK(2}} /(KX + (XSk(Z)/XBHk{2)))J*((uk(z)((KOH+uk(2))) + etah *
(XOH/ (KOH+uk (2} } ) * {zk {5) / (FNO+zk (5} } } ) *XBHkK (2) ;

P2k = [P(5) 0 G; P(6) 0 0; ¢ B(7) 0; 0 0 P{(8)];

% TANK 3

P{2) = (zk{7}/(Es+zk{7}}}*{uk{3)/(ROH+uk(3)))* XBEk(3)};

P{10Y¥= (zk{7)}/(Ksizk(7)))* (KOH/{EOH+uk{3))}* (zk(8)/(¥KNO+zk(8}}} * etag * XBHk(3};
P{11}= (zk(9)/(KNH+zk(9))}}* (uk{3}/(EOA+uk(3}}}* XBAk(3);

P{12}= ({XSk(3)/XBHK(3)}/{KX + {(XSk(3)/XBHK (3}})}*{{uk(3)/ (KOH+uk{3}}) + etah *
{KOoH/ (RoH+uk {3} )} )} * {zk(8) f {KNO+zk {8} } )} *XBHk (3) ;

B3k = [P{9) 0 0; P{10} O G; 0 P{11} ¢; 0 ¢ P(12)];

Zk {10}/ (Ks+zk{(10)) ) * {uk(4)/ (KOH+uk (4)))* XBHk({4);
zk(10) /(Es+zk(10}))* (KOH/ (KOH+uk{4})}* (zk{11}/(¥xWO+zk{11})} * etag * XBHk(4);
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P(15)= (zk(12)/(KNH+zk{12))})*{uk(4}/(KOA+uk(4}))+ XBAk(4);

P(16)= ((XSk(4)/XBHk{4)) /(KX + (XSk(4)/XBHk{4))))*(({uk(4}/(KOH+uk{4})) + etah #
{ECE/ (KOH+uk (4}) )} * (zk{11) / {KNO+zk {11)} )} *XBHk (4} ;

Pik = [P(13) 0 &; P{14) C 0O; 0 P{(15) 0:; 0 0 P(16}};

% TANK 3

P{17)= (=zk(13)/{Ks+zk(13}})*{uk(5)/(KOH+uk(5}}}* XBHk(5):

P(18)= (zk(13}/{Ks+zk{13}})* (ROH/ (ROH+uk({5})}* (zk{14)/(FMQ+zk(14))] * etag * XBHk(S);
P(19)= {zk(15)}/(KNH+zk (15} }}*{uk(5)/ (KOA+uk(5)))* XBAk(S);

P(20)= ((XSk{5)/XBHK(5)} /(KX + {X5k(5)/XBHEK(5))))*{(uk{5)/(KOH+uk(5))) + etah =*

(KOH/ (ROH+uk (5)) ) * (zk{14) / {(KNO+zk (14} } ) ) *XBHk (5) ;

PSk = [P(17} 0 0; P{18) 0 0; 0 P(19) ¢; 0 0 P(20}];

Mztrix Pk for ihe whole process
Pk = [Pl1k; P2k; P3k; P2k; P5kl;

o0

A.4: MATLAB script file — P_BASMiRE.m

% M-File: © BASMIRE.m
§ mmmmm—————— H-FILE DESCRIPTIION =
3 This m—file is used for:
% Calculation of the process races for parameter estimation of the redonced
% model
Jegerintion of the function Zunction

%
function Pk = B_BASMIRE (zEk,uk, XBEk,XBak, XSk, uHEk, muAEk, RhEk)

global etayg etah Ks XOH FNO ENH XQA KX;

% TANE 1

P{1)= muHEk * (zBk(1)/{Ks+zEk{1}})}* (uk{l)/{(ECH+uk(1))}* XBHk(1);

P{2)= muHEk * (2Ek(1)/(Ks+zEk(1}))* (ROH/(KOH+uk{1)})* (zEk(2)/(KNO+zEk(2))) * etag *
XBHK (1) ;

P{3)= muAFk * {zEk(3)/(KNH+zEk(3}))* (uk(1)/(KOA+uk(1}))})* XBak(1l);

P{4})= KhFk * {{XSk{1}/XBHk{1)}}/({KX + {X8k({1)/XBEk(1)}))*{{uk{1}/(KOH+uk{1))} + etah =*
(KOH/ (KOH+uk (1)) ) * {(2Ek (2} f {KNC+zEk({2)})}* XBHk(1);

% TANK 2
P(5)= muHEk * (zFk(4)/(Ks+zEk(4)})+(uk(2)/(KCH+uk{2))}* XBHkK(2);

P{6)= muHEk * (2Ek(4}/(Ks+zEk(4)))* (KOH/(KOH+uk(2})}* (zEk(5)/(KNO+zEk(5})} * erag *
XBHk(2) ;

P{7)= muAEk * {zEk{6)/(KNH+zEk{6))}*{uk(2}/{KOR+uk(2)))* XBak(2);

P{8)= EhEk * ((XSk(2)/XBHK(2}}/(KX + (XSk{2}/XBEk(2})))*({uk(2)/(ROH+uk(2))) + etah *
(ROH/ (FOH+uk {2) ) ) * (zFk {5) / (ENO+zEk (5} } ) } *XBEk (2} ;

% TANK 3

P(9} = muHEkK * (zEk(7)/ (Ks+zEk(7))})}*{uk(3)/(KOH+uk(3)}}* XBHk(3);

P(10)= muHEkK * (zEk(7}/ (KS+zEk{7)))}* (KOH/{KOH+uk(3)))+ (zEk(8)/ (KNO+zEk(B)}) * etag *
XBHK{3};

P{11)= muaEk * {(zEk(9)/ (KNH+zEk(9)}}*+{uk(3}/(KOA+uk(3)))* XBAkK(3);

P(12)= KhEk * {{XSk(3)/XBHk(3))/(EX + (XSk(3)/XBHk(3))))* ((uk{3)/(KOH+uk(3}})} + etah =*
(KOH/ (ROH+uk {3) ) ) * (zEk {8) / (KNO+zEk (8} ) ) ) *XBHkK(3) ;

% TANK &

P(13)= muHEk * {zEk{10)/(Ks+zEk{10)))* (uk(2}/(KOH+uk(4))}* XBHk(4);

P({i14)= mubHFk * (zEk(10)/(Ks+zEk{10)}))* (KOH/(KOH+uk{4})}* (zEk(11)/(KNO+zEk{l1))}) * etag
* XBHK(4) ; )

P(15)= mulEk * (zEk({12)/{FKNE+zEk(12)))*{uk(4}/(KOA+uk(4))])* XBAk(4);

P(16)= EhFk * ({XSk(4) /XBHk({4))/ (KX + (XSk({4)/XZBHk(4})))*{(uk{4)/(FKOH+uk(4})} + etah +
{EOBE/ (KOH+uk (4) } )} * (zEk (11) / (KNO+zEk (11} })) *XBHk (4) ;

% TENK 5

P{17)= muHEk * (zEKk(13}/(Rs+zEk(13}}}* (uk(5)/(RKOH+uk(5}}))* XBHK(5);

P(18)= muHEk * (zEk(13}/{Ks+zEk(13))}* (KOH/(ECH+uk(5)}))* (zEk{1l4)/{ENO+zEk(14})) * etag

* XBHK(5);
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P{19)= muAEk * (zEk(15)/(ENH+zEk(15)))* (uk(5)/(KOR+uk{5)))* XBak(5);
P{20)= XhEk * ({(X8k(5)/XBHk(5))/(RKX + (XSk(5)/XBUk{5})))* {{uk(5)/(KOHE+uk{5}}) + etah *
(KOR/ (FOH+uk (5) } } *# (2Ek(14) / {KNO+zEk{14))}) *XBHK(5) ;

EMatrix Pk for thes whole process

Pk = [P(1) P(2) P(3) P(4) P(5) Pl(6) P(7) P(8) B(9} P(10) P(11) P(12) P(13) P{14) P(15)
P(16) P(17) P(18) P{19) PF(20)1°';

A.5: MATLAR script file — BASM1{_Main.m

% M-file: BASMI Main.m

% — M-FILE DESCRIPTICON

% This m—Zile contains the main program for calculation of the optima: DG
% trajecteory for Benchmark plant with ASMI biclegical medel

% Decliaration of the glcbal wvarlables
global bH ba etag ka etah Es KOH KNO KNE KOA KX

¥ Calls the functicn with simulation results
BASM1 Simulation

1=1; ~ % Initislization of the initisl iteration stisp
while l<=L % The program is repeated untill the c¢ptimization
% horizon is reached
for k = 1:K-1

% Recalls the medel predicted state and control itzaieciories
zk = z{:,k};

uk = u{:,k};

% Recalls the steady state trajectory for the biomass XBH, XBA, XS
XBEk = XBH(:,k);

¥xBrk = XBA(:,k};

X8k = XS(:,k};

% Recalls the mirpimym axd maximom limits of the controls

umink = unin{:,k);

umaxk = umax{:,k);

% Recalls the initial trajecrtcory of the coerdinating variatles
lamdak = lamda{:,k);

% Calculates the process rates based con the tralectcries above
gk = BASM1 du(zk, uk, XBHk, XBak, XSk, muHEk, muAEk, KhEk);

k1 = k+1; %
muHEK]l = muHE(:,k1};

muAEKY = mulBE{:,kl)};

EhEkl = KhE(:,k1};

% Recalls the model predicted state and control trajecteories
zkl = z(:,kl};

ukl = u(:,k1);

% Recalls the steady state trajectory for the biomass ¥BH, XBA, X8
XBHkl = XBH(:,k1);

XBakl = XBA(:.k1l);

XSkl = X5(:,kl};
¥ Recalls the minimm ard mazimur iimits ¢of ths states
zminkl = zminf{:,k1};
zmaxkl = zmax{:,kl};
% Recalls the iritial tfrazectory of the ccordinating variables
lamdaki= lamda{:,k1};
% Recalls the states set polnts
zspkl = zsp(:.k1);
alculates the process rates based on the Trafegrories abov

%
dk BASM1 dz{zkl, ukl, XBEK1, XBRk1l, XS5ki, muHEkl wmuAEkl, KhEk1);

e

Calcoalates the gradienis of the control variables
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uk = BASM1 ugrad(uk, lamdak,Rw, CR,gk,alu,epsu, umink,umaxk,gama,gl) ;
% Assigns the contrel variables with new values
uf{:,k} = uk;
5 Calculates fhe gradients of the state variables
zkl = BASM1_zgrad(zk,lamdakl,lamdak, Qw, CR, dk, alz, epsz, zminkl, zmaxkl, AR,
beta, zspkl, ql}; -
% Assigns the state variables with new values
z{:=,k1) = zk1;
end

tate veciocr

Calculiaticn of the last vaiue of the s
Th tate wvariables

%
% Recalls initial conditicns cof
ZR = K+1; . o-

lamdakl lam@a(:,K}; % cordinating variables for the final momesnt
zmink! = zmin{:,K+1}; % minimam state value for the final roment
zmaxkl = zmax(:,X+1}; % maximum state value Zor the final moment
zspkl = zsp(:,K+1) ; % Fecalls state set point for ths final moment

zkl = BASM1 zKgrad{lamdak, Qw, zminkl, zmaxkl, zspkl);;
% Assigns the state variables at the final mement with new valuss
z{:,K+1) = zkl;

normpl = {;._
for k=1:
tizi conditions of the state variables

.

i
(]
b
-
Zy

= X8(:,k); %%
% Calealates the process rates based on the reduced moedel
Pk = P_BASMIRE(Zk,uk,XBHk,XBAk XSk, muHEk , muAEk, KhEkK) ;
elamda(:,k} = -z{:,k+1)+BR*z{: k)+CR"*Pk+BR*zi(:,k}); % caliculation of the
gradient
P({:,k)
narmpl
end

PX;
normpl+sum{elanda {:, Kk} .*elamda(:,k));

normp = sgrt{normpl) ;
g$check the value of the vector of the conjugate v
if normp <= epslamda
break
eise 1 =1 + 1;
lamda = lamda + alp*elamda;
alp = alp/alpha;
end
end

ables

ﬂ)
A
| a

% .Calculation of the critserion bhased on the cptima traleciories
J = BASM1 criterion (z,u,zsp.Qw.Rw.K); -

o

%
J;
norup;
alp;

rinting the results

3

% printing the conijugate variables and the ep{k}
figqure(17); .
subplot({2,1,1);plot(lamda’};
xlabel(*Time') ;ylabel (’Ceordinazing variables Y(x}');
title{*Lagrange multipliers frajectorv');
subplot(2,1,2}) ;plot(elamda‘)}

xlapel{*fime'} ;ylabel(‘eni{kl'};

title{*Lagrangs multipliers gradieant®};
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5

set (figure(17), *name', 'Trajectory and gradient of the Tagrangs

multipiiers?, "aurbhertitie', *ofE")

% printing the state and contrel variables for every tanik
% Tank 1°

figure (18)

subplot(5,3,1) ;plot{z{1,:));citle (8317} ;

subplot{5,3,2) ;plot{z(2,:));title {*SNO1")}
subplot(5,3,3);plot(=z(3,:}};title('SKH1"}

& Tank 2
subplet {5,3,4) ;plot(z(4,:});title{*S32")

- subplot(5,3,5);plot(z{5,:});;title ('SKC2")

subplot (5,3, 6} ;plot(z{6,:)) ;tiLle{ SEH2");

% Tark 3

subplot(5,3,7) ;plot{=(7,:});title (*S83")
vlabel (*Readily bicdegradable substrate’)
subplot (5,3,8) ;plot(z{8,:});title(*SKC3")
ylabel (*Hitrate & nitrite n:irogen')
subplot({5,3,9) ;plot{z{9,:) )} :title ('SKH3")
yiabel(*Zmoria & armonium nitrogen')

% Tank £ -

subplot{5,3,10) ;plot{z{10,:)};title(’SS4"}
subplot{5,3,11);plot{z{11, :}};title{ SNC4A"]
subplot(5,3,12) ;plot{z{12,:}) ;title{"'SKHL") ;

% Tank 5

subplot{5,3,13};plot(z(13,:}));xlabel('discrete time x");title('355")
subplot{5,3,14) ;plot{z{14,:));xXlabel{ discrete time k');title{ 'SHOS")
subplot(5,3,15) ;plot{z (15, :) ) ;xlabel{ 'discrete time k');title{'SNES')
set, {figure(18), 'name', "Optimal Etatss Trajectoeries', 'numbertitle','cfz*)

Figure{19};

subplot(s,1,1);plot{u{l,:)};title (*SCL1°);ylabel {’Dissslved oxygen');
subplot(S5,1,2) ;plot{u(2,:));ticle("8C2") ;ylabel ('Dissclved orygen');
subplot{5,1,3);plot{u(3,:)};title('S03 ") ;ylabel ('Dizsolved oxygern');
subplot(5,1,4);plot{u{4,:)};title('SC4"');ylabel {'Dissclved oxvgen');
subplot (5,1,5) ;plot{u{5,:)};ticle("3C5"') ;ylabel ('Dissolved ozygen');
xlabel ('discrate time k') ) :

set (Figure(19), 'name', 'Optimal Controls Trajectories', 'numwbertitie!,'off’)

A.6: MATLAB script file — BASM1_du.m

TILE DESCRIPTICH = = m——

rangian with respect to u; dplz,ulfdu

function gk = BAsM1 du{zk, uk, XBHK, XBAk, Xsk, muHEk, muA®Ek, KhEk)
globzal etag etah Ks KOH ENO ENH KQOA KX
% For tanz 1

‘g1l = muBEK*XBHR(1)* (zk(1)/{Ks+zk(1})} * (KOH/ (KOH+uk{1}) ™ 2);

gl2 = muHEk* (zk (1} / (Ks+zk(1})}* {zk(2)/ {KNO+zk (2} )} *etag*XBHk (1)} * { -KOH/ (KOH+uk (1}) *2) ;
gl3 = muAEk* (zk(3) / (RNH+zk (3} )] * (KOA/ (KOA+uk (1)) “2) *XBAk({1);
gls = (KhEk*XSk(1)/(KX+ (XSk(1)/{XBHk{1)}}})}}* ((KOH/ (KOH+uk(1})"2)+etah*(-

KOH/ {(ROH+uk (1)) *2} = {zk {2} /ENO+zk(2) }};
% For tank 2 '
g2l = muHEk*XBHk(2)*(zk (4} /f(Rs+zk(4}))* (ROH/ (KOH+uk(2)}"2};

g22 = muHEk* (zk(4}/{Ks+zk(4)}}*(zk(5)/ (KNO+zk{5)))*etag*XBHk (2) = (-KOH/ (KOH+uk{2})*2};
g23 = muAFEk* (zk(6)} /(KNE+zk(6}))}* (ROA/ {RKOA+uk(2)}) “2) *XBRk (2} ;
g24 = (KhEk*X8k(2)/{KX+{XSk{2)}/(XBHk(2})})})}* ({RKOH/ (ROH+uk(2)) “2)+etah* (-

KOH/ (KOH+uk {(2) ) *2) * (2k(5) /ENO+zk (5} }) ;
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% For tanx 3

g3t
g3z
933
g34

LI I |

euHEK*XBHk (3} + {2k {7} / {Ks+zk (7))} * (KOH/ (KOH+uk {2} )"2) ;

muHEk* {zk(7) / (Ks+zk (7} ) ) * (zk(8) / (KNO+zk{8) ) } *et ag*XBHk (3) * {-KOH/ (ROH+uk (3) ) *2) ;
MUAEK* {2k (9) / (RNH+zk (9) } ) * (KOA/ (KOB+uk {3} ) *2) *XBAak (3) ;

(KhEk*XSk (3} / (EX+ (XSk(3) / (XBHk(3})}}) ) * { (KOH/ (ROH+uk (3) }) *2} +etah* (~

KOH/ (KOH+uk (3)) "2} * (zk{8) /ENO+zk (8) }) ;
% For tank 4

g4l = i
g42 = muHEk#* (zk (10)/(Ks+zk(10)}}* (zk{11)/ (ENO+zk (11)) } *etag*XBHk (4) * {-
KOH/ (FOH+uk{a}} "2} ; )

g43 = muAFk*zk (12)/ (FNH+zk(12})* (KOA/ (ROA+uk{4}) *2) *XBak (4} ;

gi4 =
KOH/ (KOH+uk (4} ) *2} = (zk {11} /ENO+zk {11)) };
% For mank & ‘o

g51
g52

muBEEk*XBHk (4} % {zk (10) / (Ks+zk (10) )} * (KOH/ (KOH+uk {4) ) *2) ;

(KhEk*XSk{4) / (KX+ (XSk {4}/ (XBHk(4)))})) * ( (KOH/ (KOH+uk (4) } “2) +etah* (-

muHEK*XBHk (5) * {zk (13} / (Ks+zk (13) ) ) * (KOH/ (KOH+uk {5} )} "2);
muHEk* {zlc{13)/ {(Ks+zk{13) )} * (zk(14)/ (ENO+zk (14)) ) *etag*XBEk (5) * (-

KOH/ (KOoH+uk (5) ) "2) ;
g53 = muAEk*zk (15) / (KNH+zk (15) ) * {KOA/ (KOA+uk(5) )} "2} *XBaAk (5) ;

g54

(KhEk*XSk (5) / (KX+ {XSk(5) / (XBHk(5}}} )} * ({(KOE/ (KOH+uk (5)} "2) +etah* (-

KOH/ (KOH+uk (5} ) “2) * (zk{14) /ENO+zk (14)) )
zBuilding the matrix gk

gk =

[g11 0 0 0 0; gi2 0 0 0 0; g3 0 0 0 0; gl4 0 O O O;
0 g2l 0CO; 0 g22000; 0 g23 000; 0 g24 00 0;
0 0 g3 00; 00 g3200; 0 0g33020; 004g34 0 0;
0 00gel 0; 00 0 g42 0; 0 0 0 g43 0; 0 0 0 g44 0;
0000g51: 00CGO0g52; 0000 g53; 0000 g54];

% The matrix gk is ngsed for calculatien of the gragient euik} at every moment k=0,k-1

A.7: MATLAB script file - BASM1_dz.m

% H-File: BASMI dz.m

3 = == M-FILE DESCRIPTION ===see == S
% This m—file is used for:

% Partial derivatiwve of the Lagrangian with respect te z; dplz,u}/dz

function dk = BASM1 dz{zk, uk, XBHk, XBAk, XSk, muHEk, muAEK, KhEk)
globzl etag etah Ks KOH KNO KNH KOA KX

3 Fo
dil
diz2
dl3
dla
dls

% Fo
dz21
dzz2
dz23
d24
dz25
¥ Fo
431
d3z
d33
d34
d3s
% Fo
d41,
4842
d43
dia
d4s

e

nnwnn

[ I T | B B & 1

[N S T RN T N | N I S

anx i
TuHEK*XBHK (1} * {uk (1) / {(KOH+uk{1))* (Ks/{EKs+zk(1})"2}};
muHEk* (etag*XBHk (1) * (KOH/KCH+uk (1)) * {zk(2) / (KNO+zk (2} ) ) * {Ks/ (Ks+2zk (1)} °2));
muHEk*etag*XBHK (1) * {zk (1} / (Ks+zk (1))} * {KOH/KOH+uk (1) ) * (KNO/ (KNO+zk (2) )} *2) ;
muAEk*XBAk (1) * (uk (1) / (KOA+uk{1)) ) * (KNH/ (RNH+zk (3)) "2} ;
KhEk+* (XSk (1) / (FE+ (ESk(1) /{XBEK(1)}))) ) *etah* (ROH/ (KOH+uk (1))} * (KNO/ (KNO+zk (2) ) *2) ;

Tank 2

muHEk*XBEk (2) * (uk (2} / {(KOH+uk (2)) * (Es/(Ks+zk(4))*2)};

muHEk*etag*XBHK (2) * (KOH/KOH+uk {2) ) * {zk (8) / (KNO+zk (5) )} * {(Ks/ (Ks+zk (4} ) "2);
miHEk*etag*XBEk {2) * (KOH/KOH+uk (2) } * (ENO/ {KNO+zk (5)) “2) * {2k {2) / (Ks+zk{4}) )} ;
MIAEk*XBAk (2) * {uk (2) / (KOR+uk {2)) ) * (ENH/ (KNH+zk (6)}) “2) ;

EhEk* {XSk (2} / (KX+ (X8k({2) / {XBHk(2))) } ) *etah* (ROH/ (KOH+uk(2) } ) * (KNO/ (KNO+zk (5)) "2) ;
tank 3

mMuHEk*XBHEk {3} * (uk {3) / (KOH+uk{3) )} * (Ks/{(Ks+zk(7))"2));

MUHEK*etag*XBEK (3} * (KOH/KOH+uk(3)) * (zk {8) / (KNO+zk(8) ) ) * (Ks/ (Ks+zk(7}} "2} ;
miHEk*etag*XBHK (3} * (KOH/KOH+uk (3} ) * (RNO/ (KNO+zk (8} ) "2} * (zk (7} / (Ks+zk (7)) };
MiAEk*XBAK (3} * {uk {3}/ (KOA+uk(3)) ) * (KNH/ (KNH+zk (9))"2) ;

KhEk#* {XSk (3} / (FX+ (XSk(3)}/ (XBHk(3))}))) *etah* (KOH/ (ROH+uk (3)) ) * (KNO/ {KNO+zk {8} ) *2) ;
tany 4

muHEX*XBEHk {4) * (uk (4) / (EOH+uk{4))* (Ks/(Ks+zk(10})"2)};

nuHEk*etag*XBEk(4) * (KOH/KOH+uk (4) }* (zk (11} / (FNO+zk (11) )} * (Ks/ (Ks+2zk (10)) "2},

T HEk*etag*XBEK(4) * {KOH/RCH+uk (2} ) * (KNO/ (KNO+zk (11} } “2) * (zk (10} / (Ks+zk(10)} };
MmuAEk*XBAK (4] * (uk (4) / (KOA+ulk{4)) ) * (EN=/ (RNH+zk (12)) *2) ;

FhEk* (XSk{2) / (EX+ (XSk {4} / (XBHK (4} ) } ) ) *etah* (KOH/ (KOH+uk (4} } } * (KNO/ (KNC+zk (11} ) "2} ;
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% For tanx 5

d51 = muHEK*XBHk({5)* (uk (5) / (KOH+uk(5)}) * (Ks/{Ks+zk{13))}"2));

d52 = muHEK*etag*XBHk{5)* (KOH/KOH+uk({5))* (zk(14) / (ENQ+zk{14))) * (Ka/ (Re+zk (13))*2);
ds53 = muHEk*etaqg*XBHk(5)* (KOH/KOH+uk(5) )} * (KNO/ {(KNC+zk (14} ) “2)* (zk(13) / (Es+2k(13))) ;
d54 = muAEk*XBAk(5)*(uk(5)/ (KOA+uk(5)))* (KNH/ (KNH+zk (15)) *2);

ds55 =

KhEk* (¥Sk(S) / (KX+ (XSk(5) / (XBHk (5} }} ) ) *etah* (KOH/ (KOE+uk (5) ) ) * (ENO/ (KNO+zk (14} ) *2} ;

% Burlliding the marrix 4k

% The matrix dk is used for calculation of the gradient exi{k; at every moment k=0, k-1

dk = [d11 00 000Q0CH0OQ0QGOG0O0O0O0; d12 4130 08 0 000000000 0;
00di4 00 000CQGCO0GC0CO000; 0A4I50000C000O0CC0CO0OGCO0 0;
000d21 00 0 000C0O00O0O0; 000d22d23 0 0000000 Q 0;
00¢ 004224 00 00C000CO00; C0O0ODAd5000000000O0 0;
900000d31 00 0¢€0000; 000000d32d33 6 000600 O0;
000000 004d324 0 00000; 0 0CO0O00CO06Cd3s 000000¢0CO0;
0000CDO0OCO0CCO0Cder 00C COOCG; 0O OCQO0OO0O0O0O0 de2d23 0 00 0;
000QO00CO0O0O0 00 d44 0 00; O 000 QOO0 00 0 345 00 0 0O;
0000000000 0CO0OGE100 ; C0O0CO0O0O0C0CO0OO00O0C O 452 453 0 ;
000000 COO0O00OC O00dS4; 0000000 O0CO00O0COQ 0 455 0];

A.8: MATLAB script flle — BASM1_ugrad.m

M-File: BASMI ugrad.m

£+

5 == == M~-FILE DESCRIPTION S Ssmamamm
% ile is used for:

3 of the partial derivative cf the Lagrangian with respecs o u
% on alsc checks 1f the conditions for optimality arve met

function uk = BASM1_ ugrad{uk, lamdak,Rw,CR, gk, alu, epsu, umink, umaxk,gama,gl}
g = 1;% g is the index of the gradient procedure
while g <= gl
euk = Rw * uk + (CR**gk) '*lamdak;
normeu = norm(euk); % calculetion of the norm of the gradient
if pormeu <= epsu
uk = uk;
brezak
else g = g+1; % iterate g TC improve uk
uk = uk - alu*euk ;
alu alu/gama;
end end condition for norm
end end condition for number of step of the gradient procedure

0 o0 |l

% checking for the control constralnts
for i = 1:5
if ukfl} < umink(i}

uk(l) = umink(1});
else if uk(i) > umaxk({l}

uk({1} = umaxk{l};

else uk(l) = uk(l);:
end ’ .
end
end

¥ M-Tils: BASMI zgrad.m

% M-¥ILE DESCRIFTION ===o== S

%2 This m—filse is used for:

% Partial derivative of the Lagrangian with resgect To z

% This function also checks if the conditions for optimality arve met



function zk = BASM1_zgrad(zk,lamdakl, lamdak, Qw, CR, dk, alz, epsz, zminkl, zmaxkl,AR,
beta, zspkl, gl}

q=1;

while q <= g1
ezk = -Qw * (zspkl-zk)-lamdak + AR'*lamdak + {CR**dk)'*lamdakl;
normez = norm{ezk) ;
if normez<= epsz

zk = zk ;
break
else g = g+1;

zk = zk - alz¥ezk;
alz = alz/beta;
end ) .-
end
% checking for the state ceonstraints
for 1 = 1:15

if zk{1l) < zminkl {1}
zk{1l) = zminkl (1};
elge if zk{l) > zmaxkl (1)
zk{1)} = zmaxkl (1);

else zk(1l) =-zk{1};

end

end

end

A10: MATLAB script file - BASM1_zKgrad.m

% M-Fiie: BASMI gzEgrad.m

% M~FILE CRSCRIPTION o == S
% This m-%ile is used for:

% Calculation for the valus of vector z 2t the last moment

function zKl = BASM1_zKgrad (lamdak, Qw, zminkl, zmaxkl, zspkl,n}
zK1 = -zspkl+inv{Qw) *lamdak;

% checking for the state censtraints in Tank 1
for i = 1:15
if 2R1(i) <= zminkl{i)
zK1{i} = zminkl (i};
else if zK1{i) >= zmaxkl{i)
zK1{i} = zmaxkl{i};
else zK1(i) = zRKi(i};
end
end
end

A11: MATLAB script file — BASM1_lamdagrad.m

M-Fiie: BASMI lamdagrad.m
= M-TILE DESCRIPTION =

cr

T +e

3 F,
artial derivative of the Lagrangian with respect to lamda
This function also checks if the conditions for optimality are met

okl R o A ok

function [lamdak,norwp, elamdak] = BAaSM1_ lamdagrad(zk, zkl, zik, uk, XBHk, XBAk,lamdak,
Px, AR, CR, BR, zi, epslamda, gl, alp, alpha)

q=1;
normpl = §;
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e

while g <= gl

elamdak = -zkl+AR*zk+CR'*Pk+BR*zik; % calculation of the

normpl = normpl+sum(elamdak.*elamdak);
normp = gqgrt{normpl);

zcheck the wvalue of the vector of the coniugate variables

if normp <= epslamda
lamdak = lamdak;
1=14+1;
break
else q = g+l;
lamdak = lamdak + alp*elamdak;
alp = alp/alpha;
end va_
end ’

A.12: MATLAB script fils — BASM1_criterion.m

M-File: BASMI critericn.m

HM~FILE DESCRIPTION

gradient

ot od g

This m—-Sile is ussd for:
Calcuiatioh for the valve of the criterion

o

function J = BASM1 criterion{z, u, zsp, Qw, Rw, K)
J = 0.0;
for k = 1:X

J=J + sum{{zsp{:,k)-z{(:,k)) " *Qw*(zsp(:.k)-z(:,k}}+sum (u{:,K)*"*Rwru{:,K))};

end

T =J + sum{ (zsp{:,EK+1l) -z(:,K+1) '*Qw* (zsp(:,K+1} -2 {: ,K+1} }});
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APPENDIX B: DEVELCPED MATLAB CODE FOR OPTIMAL CONTROL OF THE
~ BENCHMARK PLANT WiTH THE ACTIVATED SLUDGE MODEL NQO.2 BIC-MODEL

B.1: MATLARB script file — BASM2_ Simulation.m

% M-File: BASMZ Simalaticn.m

% M-FILE DESCRIPTION ==

% This m—file is used for:

% Sirmulation of the Benchimark plant using full ASM2 model

% Calculation of the pararsters for the raducad ASMZ mogel

% Sz hlath“ of the Benchmark plant using the reduced ASMZ modsl

clear ail % Ciear the worgspace

cle % Clear the command window

% PARBMEITER DEFINITION =
% Decliaraticon of the glchbaX variable

global £SI YE £XI YPO4 YPHA iPBM YA lNBM Kh etaN0O3 etafe muH gfe bH gPHA
global ¢PP muPAQ LPAO bPP bPHA mMuAUT bAUT kPRE kRED KO2 KX KNO3 KF KNH4
gicbal KALK KA Kfe KPP KPS KP KPHA KIPP KMAX

K1 = 10; © % Frediction horizon or interval
DT = 4.001042; % S time

% Initialirazion of the nodel parameters, typical values at 20 0OC
% Steochiometric parameters

ST = 0.0;

TH = 0.625;

XY = 0.10;
2YPARC = $.625;

YPO4 = 0.40;

YPHA = 0_20;

iPBM = 0.02;

YA = 0.2¢;
iINEM = 3.07;

% Kirnetic parameters
Xh = 3;

etaNO3 = 0.8;

etafe = 0.40;

muH = 0.8;

gfe = 3;

bH = 0.4;

gPHA = 3;

gPP = 1.5;

muPAC = 1;

beaO = 0.2;

LPP = 0.2;

bPHA = 0.2;

musUT =1;

baAUT = 0.15; .
kPRE = 1;

KRED = 0.6;

% Monod switching functions
Koz = Q.2;

EX 0.1; ~
ENQ3 = 0.5;

KF = 4;

KNEH4 = 0.05;

FALK = 0.1;

A = 4;

Kfe = 20;

KPP = 0.0L;

Ros = 0.20;
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Ep = 0.01;

EKPHA = 0.01;
KIPP = 0.02;

KMAX = 0.34;

% Initializavion of the Benchmary process data

vi = 1000; % Tank 1 volume

v2 = 1000; % Tank 2 voliome

V3 = 1333; % Tank 3 vciime

v4 = 1333; % Tank 4 volume

Vs = 1333; % Tank 3 voiume

Qo = 18446; % Infivent fiow rate

Qa = 55338; $ Internal.recirculation rate
Qr = 1844§; % Sludge recycled rats

Qw = 385; Wasted sludge rate

ol ]

Q = Q0 + Qa + Qr;% F_.cw through the tanks
% Coeficient for fraction of fliow rates for the particulate materialis
LAMBDA = {QO0+Qr})/(Qr+Qw};

% Cxygen parameters
S0sat = 8;

Kha3d = 240;-

KLa4 240;

Kha5 = 84;

o

Cxzygen satgration poirnt

Oxygern transfer functicn In Tank
Orvgern transfer Tunctior in Tank
Czygen transfer function in Tank

W

L]

N &=

e

KL = [KLa3 KLa4 KLab]:
FLa = diag(KL};

= PROCESS MOTEL
Caiculation of the MATRIX A

Matrix A represent welighting factors of the accumulated state variables
from different flows towards state variables in each tank as derived
through mass balance principies, see chapter 3 of the Thesis

OR o8 e

o

o

IVI = DT/ V1; IVl = IV1 *» Q; All =1 - IV1i;
IVZ = DT/ Vv2; IV22 = IV2 * Q; A22 = 1 - IV22;
IV = DT/ ¥3; IV33 = IV3 *= Q; A33 =1 - IVi3;
ivae = DT/ V4; IV44 = IV4 * ; Rd44 = 1 - IV44;
IV5 = DT/ ¥5; IVS5 = IVS *# Q; ASS5 = 1 - IVS5;
Alsa = IV1 * (Qa + Qr);: B
A15b = IVl * (Qa + LAMBDA*Qr};
A2l = IV22;
A32 = TV33;
Bd43 = IV44;
AS54 = IV55E;
A1l = Al * opes(1,19); A1l = diag(all)};
A22 = A22 * ones(1,19}; A22 = diag(a22);
A33 = A33 * ones(1,19); A33 = diag{a33);
hd4 = A44 * ones(l,19); Ra4 = diag(Ads);

* = diag(As5);

AS5 = ABS ones{1l,19); AS5

{a15a,Al5a,Al5a,A15a,A1l5a,Al5a,A15a,A15a,A15a,A15b,A15b,A15,A15b,A15b,A15b,A15b,A15b,A
15b,a15b};

Als diag(Rr15);

A21 = A21 * ones{i,19); a2l
A3z A32 * ones{1,19}; A32
B43 243 * pones{l,19); A43
A54 = AS54 * omes{il,1%); AS4

diag{a2l);
diag{A32);
diag(as3);
diag{as4});

AlQ zeros(19,19); A20 = zeros{19,38); A3C = zeros(19,57);

A = [A11 A30 AlS5;A2I A22 A30;A10 A32 A33 AZ0;A20 R43 R44 RA10;A30 AS54 ASS];
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% Calculation of the MATRIX B
% Matrix B represent weightl
% inflﬁe t

oY

ng factors of

wastewater compesition as derived thr

the state variables towards

sugh mass balance

% principles, see chapter 3 of the Thesis

IV0 = DT/ V1*Q0;

B1ll = IV0 * ones({(1,19); Bll = diag{B1i)};

B [Bil; zeros(76,19)];

% Formulation of the MATRIX C

% Matriz C represent weighting factors of the state variables towards the

% processes on tha ESM1 matrix table

% 502 SF SE SNE4 SKG3 SPC4 5I SALK N2 XTI

% X3 XH XPRO x=p YTHR Xaur X188 KMeDH HieP

cCc = [[0 1 0O 0.01 00 0 0.001 0 -1 0 00CO0O0 -0.75 o} 0l;

{0 ¥ 06G.01 0o 0 0.001 g0 -1 000029 ~0.75 4] 01;
¢ 1 0¢0.01 oo O 0.001 g0 -1 000 0COQ ~0.75 0 01;
{-0.39 -1.59 0 -0.022 0 -0.004 0 -0.002 0 0Q 10 Q 0 0 6.9

0l;

[-0.59 0 -1.59% -0.0070 0 -0.02 00.022 00010 ¢Q 0 a 0.9

ol;
fo -1.%%3 0 -0.022 -0.21 -0.004 ©¢ 0.014 0.2 0 G 10O Q 0 G.9

cl; ’
fo 0 -1.59 -0.07 -0.21 -0.02 © 0.036 0.21 0 Q10 OCOQ o] .9 [¢]

cl; -
[0 -1 1 0.03 0 0.01 0 0.014 Q Q 0 4] 0 0 g a 8] 8] 0]
[0 0 ¢ 0.031 0 G.01 0 ¢.002 0 0.10 0.9 -1 [t 4} 4] -0.15 o

01;
foc o -1 4] 0 G.2 0 -0.0024 00 O0O0OQ -0.4 1 Q -0.69 o] 01;
[-0.2 0 00O 0 -1 0 0.048 00 0 0 O 1 -0.20 s} 3.11 4] 0} ;
[-0.6 © 9 -0.07 0 -0.02 C -0.0004 00O 0 O 1 4] -1.6 0 -0.06 0

0l ;

[c 0 o0 0.031 0 0.01 0 0.002 0 0.30 0.9 0O -1 a0 ¢} =0.15 Q
[6 0o 00 ¢1 0 -0.048 0 0 0 ¢ o] -1 a a -3.23 0 0];
[0 ¢ 10 00 0 -0.0016 00 Q 4] Q 0 -1 0 -0.6 ] 01;
[-18 0 0 -4.24 4.17 -0.02 0 -0.6 00 Q0 0C 0 0O 1 0.9 0 c);
[c 0 0 0.032 0 0.01 {0 0.002 00.200.29 00 90O -1 -0.15 4] 0];
[0 o 00 0 -1 0 0 0.048 c00CQO a 4] 1.42 -3.45 4.8B7];
fe 0 0o 1 00 -0.048 0 00000 O -1.42 3.45 -4.871];
C = DT*[CC zeros(19,76); =zeros(l9,19) CC zeros{l9,57);
zeros{19,38) CC zeros{l15,38); zeros(19,57) CC zercs(l%9,19);
zeros (19,76} CCl; ’

% SINULATICOK DATA

% Average values of the infiow concentrations based on tne dry weather file

5021 = 0.0; SFi = 30; Sni = 20; ©SNH4i = 31.56; SNO3i = 0.0;

SPO4i = 3.6; SIi = 30; SALKLI = 7; SN2i = 6.95; XIi = 51.2;

XS5i = 202_32; XHiI = 28.17; XPAOL = 0.0; XPP1 = 0.0; XPHAL = 0.0;

XAUTE = 0.0; XTg81 = 180; XMeCHi = 0.0; XMePi = 0.0;

xi = [S802i*cnes({1,K1); SFi*ocnes{l,kK1)}; Shi*ones(l,K1}; SNH4i*ones (1,K1);
SNQ3i*ones(l,Kl); SPC4i*ones(l,Kl); SIi*ones(l,Kl); - SALKi*ones(l,Kl);
gN2i*ones(l,K1l}; XIX¥i*ones(1,Kl); XSi*ones(1,K1); XHi*ones{1,K1);
XPa0i*ones(1,Kl); XPPi*ones(1,Kl1l); XPHAi *ones (1,K1}; XAUTi*ones(1l,Kl);
XTsSi*ones(1,K1); XMeOHi*ones(l,Kl}; XMePi*ones {1i,K1) 1%*0.001;

% Values of ths initial conditions

% For tank %

S02 1 = 4.2984433e-03; SF_1 = 2.8082131e+00; SA_1 = 2.8082131e+00;

SNHZ2 1 = 7 91748845e+00; SNO3_1 = 5.3699400e+00; SPO4_1 = 3.6;

85I 1 = 3.0000000e+01; SALK 1 = 4.9277103e+00; SN2_1 = 1.2166405e+00;

XY 1 = 1.14912526+03; x5_1 = 8.2134908e+01; XH 1 = 2.5517658e+03;

EPAQ 1 = 0.1; XPP 1 = 0.1; ¥PEA_1 = 0.1; ZAUT 1 = 1.4838943e+02;

XTSS 1 = 180;XMeCH 1 = 0.1;KMeP 1 = 0Q.1;

X10 = [S02 1; SF_1; Sa_1; SNE4_1; SNO3_1; SPC4_1; SI_1I1; SATK _1; SN2_1;

ZI 1; XS 1; ¥H 1; XPAO 1; XPP 1; XPHA 1; XAUT 1; XTSS_1; XMeOH 1;

202



% Fo

r tank 2
2 = 6.313191le-05; SF 2 = 1.4587940e+00; SA 2 = 1.45879%40e+00;
_2 = 8.3444148e+00; SNO3_2 = 3.6619672e+00; SPO4_2 = 3.6;

= 3.,0000000e+01; SALK 2 = 5.0801748e+00; SN2_2 = 8.8206477e-01;
= 1.1491252e+03; x5 2 = 7.6386187e+01; XH 2 = 2.5533851e+03;

) 2 = 0.1;XPP 2 = 0.1; XPHA 2 = 0.1; XATJT 2 = 1.4830914e+02;

.2 = 180;XMeOE 2 = 0.1; XMeP 2 = 0.1;

= [802_2; SF 2; SA_2; SNH4_2; SNO3_2; SPO4_2; SI_2; SALK 2; SN2 2;
XI 2; XS 2; ¥H 2; XPAC 2; XPP_2; XPHA 2; XAUT 2; XTS5 _2; XMeOH 2;
XMeP 2]1;

r tank 3 -

3 = 1.7183778e+00; SF_3 = 1.1495418e+00; SA 3 = 1.1495418e+090;

502
SNH4 3 = 5.5479452e+00; SNQO3_3 = 6.5408820e+00; SPO%_3

3.6;

ST _3 = 3.0000000e+01; SALK 3 = 4.6747%02e+00; SN2 3 = 8.2888682e-01;

XI_3 = 1.1491252e+03; X5 3 = 6.4854322e+01; XH 3 = 2_5571314e+03;

XPAO 3 = 0.1; XPP 3 = 0.1; XPHA 3 = 0.1; XAUT 3 = 1.24894126e+02;

XTSS 3 = 180; XMeOH 3 = 0.1; XMeP 3 = 0.1;

X30 = [S02_3; SF 3; SA 3; SNH4_3; SNO3_3; SP04_3; SI_3; SALK 3; SN2 3;
XY 3; XS_3; XE 3; XPRO_3; XPP_3; XPHA 3; XAUT 3; XTSS_3; XMeOH_3;
XMeP 31;

% Fcr tank 4 -

502 ¢ = 2.4288838e+00; SF_14 = 9.953238%2-01; SA 4 = 9.9532389e-01;

SNH4 4 = 2.5673854e+00; SNO3_4 = 9.2989988e+00; SP04_4 = 3.6;

SI_4 = 3.0000000e+01; SALK 4 = 4.2934562e+00; SN2 _4 = 7.6678656e-01;

X1 4 = 1.14951252e+03; X5 4 = 5.5693982e+01; XH 4 = 2.55918262+03;

ZPAC 4 = 0.1; XPP 4 = 0.1; XPHA 4 = 0.1; ZAUT 4 = 1.49%952712e+02;

XTSS 4 = 180; XMeOH 4 = 0.1; XMeP 2 = 0.1;

x40 = [SO2 4; SF_4; SA_4; SNH& ¢; S5NO3_4; SPO4_4; SI_4; SALK 4; SN2 4;

XI_4; XS_4; XH 4; XPAO_4; XPP_4; XPHA &4; XAUT 4; XTSS_4; XMeOH 4;
IMeP 4];

% For tank 5

§02_5 = 4.9094351e-01; SF_5 = £.8949280e-01; SA 5
SNH4_5 = 1.7333316e+00; SNO3_5

SI_5
XI_5
XPAO
XTSS
x50

®0 =
X =

% 5t
for

8.8949280a~-01;
3.6;

6.8828001e-01;
2.5593436e+03;

]

1.0415220e+01; SPO4_5
4.1255794e+00; SN2 5
4.9305586e+01; XH 5

= 3.0000000e+01; SALK 5
= 1.1491252e+03; X8_5

5 = 0.1; XPP_5 = 0.1; XPHA 5 = 0.1; XAUT 5 = 1.4979714e302;
5 = 180; XMeOH 5 = 0.1; XMeP 5 = 0.1; '

= [802_5; SF_S5; SA 5; SNH4 _5; SNO3_5; SPO4_5; SI_5; SALK 5; SN2_5;
XI 5; XS S; XH 5; XPAO_5; XPP_5; XPHA 5; XAUT 5; XTSS_5; XMeOH_5;
XMeP_5) ;

[X10;%x20;x30;x40;x50] ;
{x0 zeros(95,K1)]*0.01;

eady state simulation ¢f the model

k = 1:K1 )
% = x(:,k); : .
xik = xif{:,k};:

Pk = P_BASM2F(zk);

S0k = [xk(39,1);xk(58,1};xk{(77,1)]1;

ok = DT*KL&*(SOsat—SOk);

xx1k = [zeros{38,1};xxk(1l);zeros{18,1) ;xxk({2);;zercs{18,1) ;xxk(3) ;zeros{18,1)];

x(:,k+1) = A¥x{:,k) + C'*Pk + B*xi{:,k) + xxlk;

end

% Full model responss to the steady stare influent concentrations

% Tank 1
figqure(l)
subplot (5,4,1) ;plot(x{1l,:)};tirle{'s02 1"}

203



subplot(5,4,2);plot(x({2,:));title{*SF1")
subplot(5,4,3) ;plot(x(3,:) ) ;title{*5al")
subplot (5,4,4) ;plot{x(4, )} ;title (*SKEE_1°%)
subplot {5,4,5) ;plot(x(5,:));title{'SKCG3_1")
subplot(5,4,6) ;plot(x(6,:});Litle("SPC4_17)
subplot({5,4,7} ;plot{x(7,:));Eitle('SIL")
subplot(5,4,8) ;plot{x{8,:}};title('SATKI")}
subplot(5,4,9});plot{x(9,:));title('SKZ 1}
subplot(5,4,10) ;plot(x({10,:}};title('XI1");
subplot{5,4,11};plot(x{11,:});title(*X81"}
subplot{5,4.,12) ;plot(x{12,:) ) ;title("¥HL")
subplot(5,4,13) ;plot (x(13, :}) ;title(*XFACL")
subplot(5,4,14) ;plot (x{14,:}) ;title(*XPFL")
subplot€5,4,15) ;plot{x(15, :}) ;Eitle('XFHRL")
subplot(5,4,16) ;plot{x{16, :}) ;title{"XaUT1")
xlabel{‘*discrece time k'}

subplot({5,4,17) ;plot{x(17,:) ) ;titie{*XTSSL"
Xlabel (‘discrete time k'}

subplot(5,4,18) ;plot({x(18,:) ) ;title{ X¥eCHl")
xlabel({*discrete time k")

subplot (5,4,19);plot(x(19,:)) ;title('XMePl")
xlabel(*discrefe Time k')

set (figure(l}, 'name', *Tank 1 steady state restits', 'numbertitle’,'cil’}
% Tank 2

figure{2)

subplot(5,4,1) ;plot{x(20,:));Eitle(*302_2"%}
subplot(5,4,2) ;plot(x(21, :)) ;citle(*SF2'}
subplot{5,4,3) ;plot (x(22,:)):title(*SAZ")
subplot(5,4,4) ;plot(x{23,:)):title(*SNH4_2')
subplot{5,4,5) ;plot{x{24,:)};title(*SKO3 2%}
subplot{5,4,6) ;plot(x{25,:)) ;title('SPCs 2')
subplot(5,4,7) ;plot{x(26,:));title('512")
subplot{5,4,8) ;plot{x(27,:});title(*SALK2")
subplot(5,4,9) ;plot{x{28,:)};title('SKZ_2')
subplot(5,4,10) ;plot{x(29,:}};title{'XI2%);
subplot(5,4,11) ;ploe{x(30,:)};Eitle{*X82*)
subplot(5,4,12) ;plot{x(31,:}}:;title( XH2")
subplot(5,4,13) ;plot{x(32,:));title{*XPAC2")
subplot (5,4,14) ;plot(x{33,:}};title("XPP2")
subplot{5,4,15) ;plot{x(34,:});citle("XPHE2")
subplot({5,4,16) ;plot{x(35, :});title (*XAUT2")
xlabel(*discrete Time k')

subplot{5,4,17) ;plot{x{36,:}};title( XTS32")
xlabel('discreze Time k')

subplot(5,4,18) ;plot{(x{37,:)}:;title{ X¥eOH2")
xlabel {'discrete time k')

subplot{5,4,19) ;plot({x{38,:) ) ;title{ 'X¥eP2’)
xlabel{*discrats time k%)

set (Figure(2), 'name", '*Tark 2 steady state rescits', 'numbertitle’, 'cff’)

% Tank 3 - ’ '
figure{3)

subplot (5,4, 1),plot(x(39..}) stitle(f302_3')
subplot(5,4,2) ;plot(x{40,:})) ;title('SF3")
subplot{5,4,3) ;plot(x(41, :});title('3A3")
subplot (5,4 4),plot(x(42,-}) title(*SKHZ_ 37}
subplot(5,4,5) plot(x(43,.}) title (*SKQ3 3t
subplot{5,4,6) ;plotix(44,:}}); tltle('QPG’_?')
subplot{5,4,7) rplot{x{45,:)) ;title(*SI3")
subplot{5,4,8) ;plot(x(46, :}) ;title('SALK3")
subplot{s5,4,9) ;plot(x(47,:}) ;title("SK2_3'}
subplot(5,4,10);plot{x{48,:) ) ;title( XI3");
subplot(5,4,11};plot{x(49,:)});title{'X53")
subplot(5,4,12) ;plot(x{50,:}) stitle( ' ¥H3"}
subplot (5,4,13) ;plot(x{51,:)};title{ 'XPRC3*})
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subplot(S,4,14) ;plot(x(52,:}};title{"'XPP3")
subplot (5,4,15) ;plot(x(53,:¥};;title{'XPHA3")
subplot (5,4,16) ;plot(x(54, :});title( XaCT3")
xlabel{*discrete time k')

subplot(5,4,17) ;plot({x(55,:)) ;title(FXT353")
xlabel{*discrete Lime X7}
subplot{5,4,18) ;plot({x({56, :});title(*XMaQH3")
xlabel ('discreTe time k')

subplot (5,4,19) ;plot{x{57,:));;title( XMeP3")
xlabel (*discrete time k"}

set {figure(3), 'name’, *Tank 3 steady state results', ‘zmumbertitle’, *ciZ')
% Tank £
figure{4) [y

subplot (5,4,1) ;plot{x(58,:)) ;title (502 4"}
subplot (5,4,2) ;plot({x(59, :}) ;title('3F4T)
subplot (5,4,3) ;ploE(x{60,:}) ;title{*3R4")
subplot (5,4,4) ;plot{x{6l, :)) ;title('SKEL &7)
subplot (5,4,5) ;plotix(62, :)) ;title('SNC3_4"*)
subplot (5,4,6) ;plob({x(63, :)) ;title("SPCL 4"}
subplot(5,4,7) ;plot({x(64,:})) ;title{'53E4")
subplot (5,4,8) ;plot(x(65,:)) ;Eitle(*SALKS")
subplot{5,4,9) ;plot (x(66, : )} ;EitIe('SN2_47)
subplot (5,4,10) ;plet(x(67,:)) ;ritle("XIL%);
subplot(5,4,11) ;plot(x(68, :) ) ;title(’XS4'}
subplot{5,4,12);ploc({x(69,:) ) ;citle( XHi"}
subplot{5,4,13);plot(x(70,:));Eitle("XPAOL")
subplot{5,4,14) ;plot (x(71, :});Eitle("ZPP4"}
subplot{5,4,15) ;plot(x(72,:)) ;title ('XDHAL')
subplot{5,4,16) ;plot(x(73,:) ) ;title{ XAUTSL")
xlabel{"discrete tTime k')
subplot(5,4,17);plot{x{74,:});ititle('XTSS54")
xlabel{‘discrete time k')
subplot(5,4,18) ;plot{x(75, :} ) ;title{ "XMa0H4")
xlabel{'discrete time k')

subplot(5,4,19) ;plot({x({76,:)}):title("XMeFL’)
xlabel({*discrete time k*)

set (fiqure{4), 'name’, 'Tank £ srteady sctate results?, ‘numbertitle’, 'cff')

% Tank 5

figure(5)

subplot (5,4,1) ;plot(x(77,:));title (502 5°)
subplot(5,4,2) ;plot{x(78,:}};title{'SF3"}
subplot(5,4,3) ;plot{x(79, :));title('SAS")
subplot(5,4,4):;plot(x(80,:)) ;eitle{'SNHL 5°)
subplot(5,4,5);plot(x(81,:});title{'SKO3_5°)
subplot(5,4,6) ;plot(x(82,:)) ;title{'SP0s_3")
subplot{5,4,7);plot{x(83,:});title('513")
subplot (5,4, 8) ;plot(x(84,:)};title("SALKS")
subplot(5,4,9) ;plot{x(85,:})) ;title( SN2 57}
subplot(5,4,10) ;plot{x(86,:));title{'XI5"};
subplet(5,4,11) ;plot{x(87,:));;title({ XS55") '
" subplot(5,4,12) ;plot{x(88,:)};title( "XH5")
subplot{5,4,13) ;plot{x(89%,:) ) ;title( ' XPACS?
subplot(5,4,14) ;plot{x(90,:) ) ;citle(*XPES")
subplot{s5,4,15) ;plot{x{91,:)) ;title(*XEHAS")
subplot(5,4,16);plog(x(Qz,:));title('XAUTS‘}
xlahel(*discrete time k')
subplot(5,4,17) ;plot (x{93,:));title{ 'XTS53"}
xlabel{*discre=e time k')

subplot(5,4,18) ;plot(x(94,:});title('X¥a0HE")
xlabel (*dizcrete time k*)
subplot(5,4,19) ;plot(x{585, :) ) ;title( ' XeP3")
xlabel ("discrate time k')

set {fiqure(5}, *name’, "Tank & steady sitate results', 'mumbertitle’, 'eff’)
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for dynamic simulations

10; % Prediction herizon for dyvnamic simulations /
Jynamics of the inflow concentraticns for dry weather file

oad dry.txo
Th

Ly
hi
ot
o

9P o8 1 9o R ap

e order is T, 55 XBE XS ¥T SNH 3T SND XND Q2
I 2 3 ¢ 5 & 7 8 3 10
xi = [S02i*ones(1,X); SFi*cnes(l,K); Sai*ones(l,K); dry{1:K,6)";
SNO3i*ones(l,X); SPO4i*ones (1,K}; dry(l:X,7)'; SATLKi*cnes{1,K);
sy2i*ones(1,K); dry(l:K,5)'; dry(1:K,4)7'; dry(1:K,3)';

XpPACi*ones{l,K); XPPi*cnes(1,X); XPHAi*ones(1,K); XaUTi*ones (1,X):;
XTSS8i*ones(1,K); XMeQHi*ones{l,K); XMePi*ones(1,E)]:

% The crder is .

% I 2 3 4 5 o 7 8 ¢ 10 T2 132 1
% g 18 -

X = [x(:,{K1+1}) zeros(95,K}];

[Ie8
[y
&y
Joud
Lo)Y
G
-~

Xk {=,k};

xik = xi(:,k);

Pk = P_BASM2F(xk);

50k = [xk(39,1);xk(58,1);xk(77,1}];

xxk = DT*EKLa* {SOsat-S0k);

xx1lk = [zeros(38,1);xxk{l);zeros(18,1);xxk(2);zeros(18,1);xxk(3) ;zeros{18,1}];

x{:,k+1l) = A2%x(:,k) + C*'*Pk + B*xi(:,k) + xx1k;

end

% Full model response to the dyramic influent concentrations
& Tank 1

figure(s)

subplot(5,4,1) ;plotix(l,:));title(*S502_1")
subplot(5,4,2) ;plot(x(2,:)}; title (*SF17)
subplot{5,4,3) ;plot(x(3,:});title("SA1")
subplot({5,4,4);plot(x(4,:});title ("SKHS _17)
subplot(5,4,5) ;plotix(5,:}); t::l.t.:le("*l\.O’-z 1}
subplot {5,4,6) ;plot{x(6,:});title("SPO£_1"})
subplot{5,4,7);plot(x({7,:));title{"SI1" )
subplot (5,4,8) ;plot{x(8,:});citle {'SALK1")
subplot (5,4,9) ;plot{x(9,:)) ;title{'3K2_1'}
subplot (5,4,10) ;plot{x{10,:)) ;title{'XI1");
subplot(5,4,11) ;plot{x{11,:) ) ;title("XS1")
subplot(5,4,12) ;plot(x{12,:));title("XHL")
subplot(5,4,13) ;plot{x{13,:) ) ;title("XFACL")
subplot(5,4,14);plot{x{14,:)};title{ KPPL")}
subplot(5,4,15) ;plot(x{15, :)};tictle("XPHAL")
subplot({5,4,16) ;plot(x{16,:} )} :;title{ XAUTL")
xlabel (*discrete time k')
subplot{5,4,17);plot(x{17,:}};citle{*XT551") :
xlabel {*discrete tim= k')

subplot(5,4,18) ;plot(x{18,:}};title( ' XHeCHl")

xlzbel{‘discrets time k')

subplot{5,4,19) ;plot{x(19,:}};title( ecPl’)}

xlabel{'discrete time k'}

set {figure(6), "name’', *Tank 1 dynamic results', 'nmmbertizle’, "off')

% Tarnk 2

figure{7}

subplot(5,4,1) ;plot{x(20,:}} ;title{'202 2"
subplot (5,4,2);plot{x(21,:)};title('SF2")
subplot(5,4,3) ;plotc{x{22,:}}; tltle('q 27)
subplot(5,4,4);plot(x(23.:));title( SKHE 27)
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subplot(5,4,5) ;plot(x(24,:)) ;title(*SNO3_2")
subplot (5,4, 6) ;plot{x(25,:)) ;title(SPCE 27}
subplot(5,4,7}) :plot{x(26, :));title(*S5I2")
"subplot({5,4,8) ;plot{x{27,:)) ;title(*SRLK2")
subplot(5,4,9) ;plot(x{28,:});title{*'SKRZ 27)
subplot(5,4,10) ;plot{x{29, :}};title{'XI27);
subplot({5,4,11) ;plot({x(30,:});ticle( XS2)
subplot(5,4,12) ;plot(x{31,:) ) ;title{*XH2"}
subplot(5,4,13) ;plot(x(32,:));title ("XPAGZ "}
subplot(S,4,14) ;ploti{x{33, :) ) ;title{ XpE2")
subplot{5,4,15) ;plot{x(34,:));title{"XPHE2")
subplat(5,4,186) ;plot{x(35,:));title('XBUTZ*)
" xlabel(‘discreze time k')
subplot{5,4,17) ;ploe(x(36, :) ) ;title{'XTS532")
Xlabel('dizcrete time k')
subplot(5,4,18) ;plot(x{37,:))sticle( X¥aCH2")
xlabel{'discrets time k')
suhplot(5,4,13) ;plot(x(38,:));;title('XMep27)
xlabel(*discrets Time k')
set (figure({7}, "name’, 'Tark 2 dymamic results','numbertitle?, foff')

% Tank 3

figure(8)

subplot (5,4, ) ;plot(x{39,:)) ;title('3CZ_3*)
subplot(5,4,2}) ;plot(x(40,:)) ;title("SE3")
subplot(5,4,3);plot(x(41,:}) ;title(’SR3%)
subplot(5,4,4) ;plot(x(42,:}) ;title{'SKHL _37)
subplot(5,4,5) ;plot(x(43,:)) ;title{*SNC3_37)
subplot(5,4,6) ;plot(x{44,:)) ;title(*SPO4_ 3"}
subplot({5,4,7) ;plot{x{45,:)};title( 313"}
subplot(5,4,8) ;plot(x{46,:)) ;title ("SALKZ"}
subplot(5,4,9) ;plot (x{47,:)) ;title(*SK2_3")
subplot(5,4,10) ;plot(x(48,:)};title(*XI3");
subplot(5,4,11) ;plot(x(49,:});title("XS37)
subplot(5,4,12) ;plot (x(50,:});title ('XH3")
subplot(5,4,13) ;plot (x{51,:});title(*XPRO3"}
subplot(5,4,14);plot(x({52,:));title{ 'XFF3")
subplot(5,4,15) ;plot{x{53, :) ) ;titie (*XPHA3"Y)
subplot(5,4,16) ;plot(x(54,:)) ;title('XaCI3")
xlabel{'discrete time k')

subplot({s5,4,17) ;plot(x(55,:}};title("XTSS3")
xlabel('dizscrete time k')
subplot(5,4,18) ;plot (x{56,:));title({'XMeCH3")
xlabel('discreTe fime k')

subplot{5,4,19) ;plot(x(57,:)};title( X¥ecP3")
xlabel{'discrete time k'}

set (Figqure (8} ,'name’,'Tark 3 dynamic results’,'numbertitle’,’ofi’}

3 Tank 4

figqure(9}
subplot(5,4,1) ;plot {x(58,:)) ;title (802 £")
subplot(5,4,2);plot(x(59,:}) ;title(*SF4")
subplat(5,4,3) ;plot(x{6Q,:) ) ;title{ SA<"}
subplot{5,4,4)};plot(x{61,:)) ;title( "SKHL_4")
subplot({5,4,5) ;plot(x(62,:));title( SKC3 4*)
subplot(5,4,6) ;plot(x(63,:)) ;title(’'3pP0s_4")
subplot({5,4,7);plot{x(64,:}} ;title{ SIs")
subplot(5,4,8);plot(x(65,:)) ;title(*SETK4")
subplot(5,4,9) ;plot{x{66,:)) ;title("SKZ_<"}
subplot(5,4,10) ;plot(x(67,:});title ("XI4'};
subplet(5,4,11) ;plot{x{68, :}};title (X547}
subplot(5,4,12) ;plot (x(69, :}) ;title (*XHLY)
subplot{5,4,13) ;plot(x{70,:));title ("XPRGL")
subplot{5,4,14};plot{x(71,:));title(*XPRL’}
subplot{5,4,15};plot{x{72,:)};title( "XPHR4"
subplot{5,4,16);plot{x{73,:)}:title('XAUTLT)
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xXlabel{'discrete time k')
subplot(5,4,17) ;plot (x(74, :}) ;Eitle{*XTSS4")

xlabel{'discrete time k')

“subplot{5,4,18) ;ploc{x({75,:)) ;title('XM¥alHS")

xlabel(*discrete time k'}

subplot (5,4, 19} ;plot{x{76, :)) ;title("XMecP4L"}

xlabel{'discrere time k')

set (figqure (9}, 'name’, 'Tank 4 dynamic resulis', ‘numbertislal, toff')

% Tank 3
figure{10)
subplot(5,4£,1) ;plot(x(77,:));citle('SCZ_5")
“ subplot (5,4,2) ;plot(x(78,:});title(78F3")
subplot{5,4,3) ;plot(x{79,:) };title(*8L5")
subplot(5,4,4) ;plot{x(80,:)}) ;title('8NHL 537)
subplot(5,4,5) ;plot(x(81,:)) ;ticle(*SNCG3 57)
subplot(5,4,6);plot({x(82,:}) ;title('SEC4 57)
subplot(5,4,7} ;plot(x{83,:)) ;title('315")
subplat (5,4,8) ;plot(x(84,:}}) ;title("SRTKS")
subplot(5,4,9) ;plet (x(85,:) ) ;title('SKZ_5*)
subplot{5,4,10) ;plot{x(86,:}) ;citle{'XI3");
subplot(5,4,11) ;plot(x(87,:}) ;title{"X35")
subplot(5,4,12) ;plot(x(88,:});title("XH3")
subplot(5,4,13) ;plot(x(89,:) ) ;title {*XPAC3")
subplot(5,4,14) ;plot (2{90, :)) ;title("¥PP3")
subplot (5,4,15) ;plot{x(91,:) ) ;title('XFHAS")
subplot{5,4,16}) ;plot{x(%2,:}) ;title('XAGTS")
xlabel(*discrete time k')
subplot(5,4,17) ;plot (x(93,:) ) ;title{*XT555"}
xlabel{'dizscrete wime k')
subplot(5,4,18) ;plot(x(94,:) ) ;title (FXM=CH3"}
xlabel{'discreze tims k")
subplot(5,4,19) ;plot(x(35, :}) ;title( ' XMeP5")
xlabel('discrete Time k')
set (figure(10), *aax=’, 'Tark 5 dynamic results', ‘numbertizle’,'off®)

= REDUCED MODEL PORMULATION =— ==

[ 2 OIS =

zl
z2
z3
z4
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ﬁ

the vector of the stztes [z} for the redaced model, based on the

ASM1 prediction

ST, 34, SHHE, SRO3, 3EC4, XS, XPP, ETHA

[x{2,:}; =(3,:); =x(4,:); x(5,:}5 x(6,:); x{11,:); x(14,:); x{15,

[x(40,:); x{(41,:}; x(42,:);x({43,:);x(44,:);:x(49,:); x(52,:); x{53,

[x(21,:);7; x(22,:); x(23,:)7;x{24,:}:i%x(25,:);x(30,:); x(33,:); x(34,;

[x(59,:); x{(60,:); X(61,:)};x{62,:};x(63,:);x(68,:); x(71,:); (72,
[x(78,:); x{(79,:); x(80,:);x(81,:);x{82,:);x(87,:); x(90,:}; x{91,:
[zl;22;z3;24;z25];

Formation of the vector of the gontrel wvariables
x(1,:);

fon

[ |

X{77,:);% -
[ul; w2; u3; u4; us];

% Dynamic valunes of the inflow concentrations for dry weather
zi = [SFi%*cnes(i,K); . Sai*ones(1,K); SNH4i*ones(l,K); SNO3i*ones(l,X};
SPO4i*ones{l1,K); XSi*ones(1,X); XPPi*ones(1,K}; ZXPHAi*ones(1,K)1;

Stead

:

v state values for the biomass XH, XRUT, SALE, XPAC

{25581, 76*ones(l,K}; 2553.38*¢ones{1,K); 2557.13*cnes{1,K);
2559 .18%ones(1,K); 2559.34*cnes(1,K)l;

[148.38%*cnes{1,K); 148 _30%*ones{l,K); 148.941*ones{1,K};
14%.527%ones{1,K); 149.797*ones{1,K)};

[4_.%*%ones(1,K}; 148.305%*ones(I,K); 148.941*pones(1,K) ;
145.527*onesil,K}; 149.797%ones(1,K)];
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X¥PAC = [76.386%0ones(1,K);

55.694*ones(1,K); 49.306%ones(1,K)];

"% MATRIX A

AIIr =1 - IVil; A2217 = 1 - IV22; A33r = 1 - IV33;
Ad44r = 1 - IV44; AS5r = 1 - IVS5;
Alsar = IV * (Qa + Qr);
Alsbr = IV1 * (Qa + LAMBDA*Qr);
A21r = IV22; A32r = IV33; A43r = IV44; AB4r = IV5ES5;
Allr = Allr * ones{l,8); Allr = diag{(Allr};
A22r = A22r * ones({l,8); A22r = diag(az22r);
" A33r = A33r * ones{1,8); A33r = diag(a3ir};
R44r = R44r * ones(l,8); Ad4r =-diag(assr);
AS5r = ASSr * ones(l,8); ASS5r = diag(as55r);
Al5r = [Al5kar, AlSar, AlSar, RlSar, AlSar, AlS5br, Alsbr, Alsbr];
Al15r = diag(alsr);
A2lr = AZlr * ones{1,8); A2lr = diag(A2lr);
A32r = A32r * ones(1,8); A32r = diag(A32r);
A43r = A43r * ones(1,8); 243r = diag(as3r);
A54r = AS4r * ones (1,8} ; AS4r = diag{As54r);
AlQ0r = zeros(8,8); A20r = zeros{8,16); A30r = zeros(8,24);
AR = [Allr A30r AlS5r;A21y A22r A30r;Al0r A32r A33r A20r;A20r A43r A44r AR1O0r;R30r AbL4r
AS5rl;
% MATRIX B for the reduced medel {(BR}
IV = DT / Vi*QO;
E =1.2;
Bilr = [IV0*ones(1,3) IVO*f IVO*ones(l,4}1;
Blir = diag(Bllr);
BR = {Bllr; zeros{32,8)1;
% MATRIX ¢ for the reduced model (TR}
% 3F Sk SKHE SNO3 SPC4 xS YEP
CCR = [[1 0 0.01 00 -1 o 0l;
[T ¢ ©.01 [1 ] -1 g 01;
[t ¢0.01 0O -1 0 ol;
f-1.5% 0 -0.022 0 -0.004 [/ 01;
[0 -1.59 -0.0070 Q0 -0.02 g 0 o0l;
[-1.59 ¢ -0.022 -0.21 -0.004 [ 01;
[0 -1.5% -0.07 -0.21 -0.02 e 0 0%;
[-1 1 9.03 ¢ 0.01 a 0 01;
fo -1 Q g 0.4 a -0.4 11;
¢ oo o0 -1 @ 1 -0.201;
fo 0 -0.07 ¢ -0.02 0 0 -1.6];
{0 0 ~-4.224 4.17 -0.02 0 0 011;:

for the reduced model

{AR)

CR = DT+ [CCR zeros(12,32); zeros(l12,8) CCR zeros(l2,24);
zeros{12, 16} CCR zeros{l2,18); zeros{l2,24) CCE zeros(12,8);

zeros(12,32) CCRI;

% Parameter asstimation
for k = 1:K
zk = z(:,k});
uk = u{:,k});
= XH(:,k};

XPAO{:,k);
= SALK{:,K);
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zik = zi{:,k};
Pk = P_BASM2R(zk, uk, XHk, XAU0Tk,XPAQk, SALKK) ;
FIk = CR'*Pk;
Y(:,k} = Z2{:,k+1}-AR¥*z{: k) -BR¥zi{:,k);
theta(:,k) = (FIk'*FIk)} " (-1)*FIk'*¥Y(:,k);
end
kHe {1, :}) = theta(l,:);
muHe (1, :} = theta(2,:};
gfee(1,:} = theta(3,:);
gPHA=(1, :} = theta(4,:);
gPPe(l, :) = theta(5,:);

" muPAQe (1, :) theta{6,:);
muACDTe(1,:) = thetal(7,:); et

% Dyrnamic simlation of the reduaced model with the estimated parameters
2E = [2(1,1);2{2,1);=2z(3,1);2z(4.1):2z(5,1);=2(6,1);2{(7.1});2(8,1);=2(9,1);2z(10,1); =z(11,1});
z{12,1);z{13,1); =z({14,1};
z(15,1);z{16,1);=2(17,1) ;2(18,1};=z{29,1);z(20,1};=(2%,1);=2(22,1);2z(23,1);z2(24,1);zZ{25,1)
7 2(26,1); =z(27,1};2{28,1); =(23,1);
z(30,1);=z(31,1);={32,1};2(33,1);2(34,1);=z{35,1);=2(36,1);z{37,1);=(38,1);2(39,1);={(40,1})
¥:
ERR = z(:,1}-zE;
% Dyramic simulation of the reduced model with the estimated parameters
for k = 1:K

zZEk = z2E(:,k};

uk = uf{:,k};
zik = zi{:,k);
XHK =XH(:,k);'-

XAUOTk = Xa0T(:,k);
XPACk = XPAO(:,k);
SALEk = SaLK({:,k);

kHek = theta(i,k);
muBEek = theta(2,k);
gfeek = theta(3,k);
gPHAek = theta(s,k);
gPPek = theta(5,k);
muPAQek = thetal6,k);

miAUTek = theta(7,k);

Pk =

P_BASM2ZRE{zEk,uk,Xkk, XAUTk, XPACk, SALKk , kEek, muHek, gfeck, gPHAck, qPPek, muPAOek, muAUTek) ;
zE{:,k+1) = AR#*zE(:,k) + CR'*Pk + BR*zi{:,k);
ERR(:,k+1)=2{:,k+1) -zB{:,.k+1) ;

end

% Vector of process fulil, estimated and error variables

% SF,S5A,SNH4,SNC3,SP04,¥S8, KPP, XPHA, Tank 1
SFl=z(1,:);S2}=z(2,:);SNH4_1=2(3,:);5N03_1=z{4,:); ¢
SF1E=zE(1l,:};SAl1E=zE(2, :} ;SNH4_1E=zE{3, :} ;SNQ3_1E=zE{4,:);
ERRSFl:ERR(l,:};ERRSA1=ERR(2,:?:ERRSNH4_1=ERR(3,:);ERRSNO3_1=ERR(4.:):

SpPQ4_1=z(5,:};X81=2(6,:) ;EPP1=2(7,:) ;XPHAl=2z(8, :};
SPO4_1E=zE({5, :) ;XS1E=zE ({6, :) ; XPP1E=zE(7, :) ; XPHA1E=2E(8, :) ;
ERRSPO4 1=ERR(5S, :) ; ERRXS1=ERR(6, : ) ; ERRXPP1=ERR(7, :) ; ERRXPHA1=ERR(S,:];

% Calculation of the welighted errors for tank 1
€5F1=(ERRSF1*ERRSF1'}/ (SF1*SF1'};
eSA1=(FRRSAI*ERRSAL'}/(SA1*SAL');
eSNH4 1= (ERRSNH4 1+ERRSNH4 1°')/{(SNH4 1*SNH4 1'});
eSNO3_1-(ERRSNO3_1#ERRSNO3_17)/(SNO3_1+%SNO3_1'};
eSP04 1= (FRRSPO4 1*ERRSPO4_1')/(SPO4_1%SPO4_1'};
eX51={ERRXS1*FRRESLI ') /{XSI*X51") ;
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€XPP1l={ERRXPP1+ERRXPPL1' )/ (XPP1*EPP1*} ;
eXPHAl= {ERRXPHA1*ERRXPHAL '}/ {XPHA1*XPHAL') ;

"% Vector of process full, estimatad and error variables

% S¥,5A, SNH4,SKO3,8P04,4S,XPP,¥PHE, Tank 2 i

SF2=z(9, :};SA2=7z(10,:) ; SNH4_2=z(1l1,:);8N03_2==z(12,:};

SF2E=zE(9, ;) ; BA2E=2zE (10, :) ; 5SNH4 2F=2E (11, :};5NO3_2E=zE(12,:);
ERRSFZ:ERR(B,:);ERRSA2=ERR(10,:);ERRSNH4“2=ERR(11,:);ERRSNO3_2=ERR(12,:);

S5P02 _2=z(13,:);X82=z(14,:);XPP2=2(15,:) ;XPHA2=2(16,:};
S5P04 2E=zE(13,:) ;X52E=zE(14, -} ;XPP2E=zE (15, ) ;XPHAZE=2zE{16, :) ;
ERRSPO4_2=ERR (13, :) ;ERRXS2=ERR (14, :) ; ERRXPP2=ERR (15, :} ;ERRYPHAZ=FERR (16, :};

% CaXculation of the weighted errors for tark 2
eSF2=(ERRSFZ*ERRSF2') f (SF2*5F2');
eSA2=(ERRSA2*FKRRSAZ2') / (SA2*SA2") ;

eSNH4 2= (ERRSNH4_ 2+ERRSNH4 2')/(SNH4_ 2+SNH4 2°*);
eSNO3_2= (ERRSNO3_2+ERRSNO3_2')/ (SNO3_2+5NO3_2');
eSP0O4_2= (ERRSPO4_2*ERRSPO4 2') /(SEQ4_2+SP0O4_2!');
eX52=(ERRXS2*ERRXS2"')/ (XS2+XS2") ;
eXPP2=({ERRXPD2*ERRXPP2 '}/ (XPP2*XPD2');

eXPHAZ= { ERRXPHA2*ERRXPHAZ ') / (XPHAZ*XPHAZ') ;

[

Vector ¢f process full, estimated and errer variables
SF,S&,SNH4E, SKG3, 3P04, X5, X2, ¥PHA, Tank 3
SF3=z(17,:);8A3==z(18,:) ;SNH4 3=z(19,:) ;S5N03_3=z(20,:};
SFIE=zE({17,:};SA3E=zE(18, :} ;SNH4_3E==zE (19, :) ;SNC3_3E=zE{20,:);
ERRSF3=ERR(17,:) ;ERRSA3=FERR (18, :} ;ERRSNH4_3=ERR(19, :} ; ERRSNO3_3=ERR(20,:};

SPO4_3=z (21, :);XS83=2(22,:} ;XPP3=2(23, :) ; XPHA3=2z (24, :};
SPO4_3E=zE(21,:) ;XS3E=zE(22, :} ; XPP3E=2zE(23, :) ;XPHAIE=2E (24, :) ;
ERRSPO4 3=ERR (21, :};ERRXS3=ERR (22, :) ; ERREPP3=ERR (23, : } ; ERRXPHA3=ERR {24, :) ;

% Calculation of the weighted errors for tank 3
eS5F3=(ERRSF3*ERRSF3 ')/ (SF3*5F3"');
e5A3=(ERRSA3I*ERRSA3 ')/ (SA3%SA3"');

©5NH4 3= {ERRSNH4_ 3 *ERRSNH4 3')/(SNH4_3+*SNH4_3');
£SNO3_3= (ERRSNO3_3*ERRSNO3_3') /(SNO3_3*SN0O3_3');
eSP0O4 3= (ERRSPO4_3*ERRSPO4_3')/{SPO4_3+*SP04_3');
eXS3=(ERRXS3I*ERRXS3 '}/ (XS3*XS3');
eXPP3=(ERRXPP3*ERRXPP3' )/ (XEP3*XPP3");

eXPHA3= (ERRXPHA3*ERRXPHA3 '} / (XPHA3*XPHA3 ') ;

]

Vector of process full, estimated and error variables
SF, 84, SNu4,8NC3, SP04,¥S,%XPP,XPhA, Tank 4

SF4=2z(9, :) ;SA4=z (10, :) ; SNH4_4=z(11,:};SNO3_4=z(12,:);

SF4E=zE(9,:} ; SAAE=zE(10,:) ;SNH4_4E=zE{11,:) ;SNO3_4E=zE(12, :);
ERRSF4=ERR(9,:);ERRSA%:ERR(lO.:);ERRSNH4_4=ERR(11,:);ERRSN03_4=ERR(12,:);

SPO4_4=z (13, :);X84=2z(14,:) ;XPP4=2{15,:) ;XPHA4=2(16,:);
SPO4 4E<=zE{13,:) ;XS4E=2zE(14, :) ;XPP4E=zE(15, :) ; XPHA4E=2zE(16, :};
ERRSP04_4=ERR(13,:);ERRKS4=ERR(14,:);ERRXPPE:ERR(ls,:);ERRXPEA4=ERR(15,:);

% Caiculaticn of the weighted errsrs for tank 4
eSF4=(ERRSF4*ERRSF4"') [ (SF4%5F4 ') ;
eSA4={ERRSA4*ERRSA4 "'}/ (SA4*5a4d') ;

©SNH4_4- (ERRSNH4_4+ERRSNH4_4')/(SNH4_4*SNH4 _4');
eSNO3_4= (ERRSNO3_4*ERRSNO3_4')/{SNO3_4+SNO3_4');
eSPO4 4= (ERRSPO4_4*FRRSPOL 4') f(SPO4_4%5P0O4_4');
eX54=(ERRXS4*ERRXS4*} / (XS4%XS4"});
eXPP4=(ERRIPP4*EFRREPP47) / (XPP4*XPP4") ;

eXPHA4= (ERRXPHA4*ERREDPHA4 ') / (XPHA4*XPHA4 '} ;

% Vecter of process full, estimasted and error variables
% S¥,S8E,SN84,SHO3,SP04, XS, XPP,XPHA, Tank 3
SF5=z(17,:);SAS=z {18, :) ;SNE4 5=z(19,:};SNO3_5=z(20,:);
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:

SF5E=zE(17, :} ;SASE=2E({18, :) ;SNH4_5E=zE{19,:);SNO3_5E=zE({20,:)};
ERRSF5=ERR (17, :) ; ERRSAS=ERR (18, :) ; ERRSNH4_S=ERR{19,:) ; ERRSNO3 5-ERR(20, :) ;

8PO4 5=z(21,:),;XS5=2(22,:);XPP5=2z ({23, :) ;XPHEAG=2(24,:)} ;
SP0O4_SE=zE(21, :};XS5E=2E(22, :) ; XPP5E=zE (23, :) ; XPHASE=2E (24, :};
ERRSPO4_5=ERR (21, : ) ; ERRXS5=ERR (22, :) ; ERRXPP5=ERR (23, : ) ; ERRXPHAS=ERR (24, 1) ;

% Calculation of the weighted errors for tank 5
eSF5=(ERRSFS5*ERRSF5') / (SF5%8F5') ;
eSAS={ERRSAS*ERRSAS') f (SAS*SAS ) ;
eSNH4_5=(ERRSNH4 5*ERRSNHZ 5'}/(SNH4 5+SNHL 5');
eSNO3_5=(ERRSNO3_G5+*ERRSND3_5°)/(SNO3_5%SNO3_57);
e5P0O4_5=(ERRSPO4_ S5*ERRSP04_5')/(SPO4_5*SP04_5');
eX55={ERRXSS+*ERRXS5") / (X55+X85L) ;
€XPP5=(ERRYXPPS*ERRXPPS') / {XPP5*XPP57) ;

eXPHAS= (ERRXPHAS*RRRXPHAS ') / (XPHAS*XPHAS') ;

k = 1:K;

% CGraphs oI the estimated parameters

figure{11l)

subplot(4,2,1) ;plot{k,kHe, 'k') ;title( 'Estimated kE'};ylabel{'kHa'};
subplot(4,2,2);plot(k,muHe, *k');title{ 'Estimated amsi') ;ylabel{ 'muke");
subplot{4,2,3);plot{k,gfee, ‘%’ };title({ 'Estimated gfe*);ylabel{’qgfeec');
subplot (4,2, 4) ;plot(k,gPHAe, *X');title {"Estimated gPHR');ylabel ('gPH&=");
subplot(4,2,5) ;plot (k,gPPe, "k} ;title{ ‘Fstimated gP2*);ylabel{'qgrPa’};
subplot{4,2,6} ;plot (k,mubAOe, k") ;title{ 'Estimated muPAL');

ylabel ('muPhle’) ;xlabel ("discrete fime k7)
subplot(4,2,7);plot (k, muAUTe, 'k');title("Estimated muAUT*);
yvlabel{'mzAlTe"') ;xlabel ('discrete time k')

set (figure{11), 'name’, 'Estimated parameters’, 'nmumbertitle’, 'off")

= 1:K+1;
Graphs cf the recuced mcdel responsz to the dyrnamic infliuent
concentrations

e ¥

figure{12)
subplot(4,4,1) ;plot{k,SF1} ;hold on; plot(k,S8FIE, 'k-."};ylabel{'571,SF1=
legend ("871",*SF1E") ;subplot{4,4,2); plot{k,ERRSF1, 'x'};ylabel {"ERRSF2!

'Y
);
subplot{4,4,3);plot{k,Sa1) ;hold on; plot(k,SAlE,'k~.');ylabel(*SAl,SAIE");
legend(’'SA1', "SA1E’) ;subplot{4,4,4); plot{k,ERRSAL, 'kx");ylabel ("ERRSA1');

subplot (4,4,5) ;plot (k, SNH4_1);hold on; plot (k,SNH&_1E, 'k-.');
legend{'SNH4_17',7SKH4 1E') ;ylabel (*SKH4_1,S8NH4 1E7)};subplot(4,4,6);
plot (k,ERRSNHA 1,'k’);ylabel{'EXRSKH4 1");

subplot(4,4,7);plot{k,SNO3_1) ;hold on; plot(k,SNO3_1E, "x-.')
legend(*SHC3 1°,'SNC3_1E") ;ylabel (*SKO2 11,3803 _12');subplot{s,4,8);

_—'_ b

plot (k, ERRSNO3_1, 'k’) ;ylabel (*ERRSEO3_17);

subplot(4,4,9);ploc({k,3P04_1);hold on; plot(k,SPO4_1E,'k—-."'};
legend('SP04 37, *'SPC4 _1E') ;ylabel (FSP04 1,SP04_ 1E');subplot{s,4,10);
plot {k,ERRSPO4_1, 'k') ;ylabel (*IRRSPGL 17);

subplot(4,4,11);plot(k,XS1) ;hold on; plot(k,XS1E, "k-.");ylabel {*XS81,¥51E");
legend{'X¥3i','X81E"'} ;subplot({4,4,12); plot{k,ERRXSI1, 'k');ylabel ("'ERRXS51"*);

subplot (4,4,13) ;plot(k,XPP1) ;hold on; plot(k,XPP1E, "x-.")
1egend(‘X?§i’,‘X?PlE‘);ylabel('X?PE,XPPlE');xlabel('discrete time k')
subplot(4,4,14); plot(k,ERRXPPI, "x"};

ylabel { *ERR¥PPL") ;xlzbel( discrete time k')

subplot(4,4,15) ;plot{k, ¥PEAL) ;hold oa; plot (k,XPHAIF, "x-.'}
legend ( *XPEAL', "¥PHAIE") ;ylabel ( "XPHAI ,¥PHALE "} jxlabel ('discrete time k')
subplot(4,4,16}; plot{k,EREXPHAL, 'k’);

- ylabel{ EREXPHAY ')} ;xlabel{*discrete time k')
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set (figure(i12), 'name’, *Tarnk I Process variables and estimation
erroxr!, "nunbertitle’, 'offt)

" fiqure(13)
subplot (4,4,1} ;plot(k,SF2) ;hold on; plot(k,SF2E, *k—-."'};vlabel('SF2,
legend ('ST2', *SF2E') ;subplot (4,4,2); plot(k,ERRSF2, 'k');ylabel {"ERR

i

subplot {4,4,3) ;plot(k,SA2) ;hold on; plot(k,SAZE, 'k-.');ylabel (*5A2,5A
legend{'SA2*, *SE2E');subplat(4,4,4); plot{k,ERRSAZ, 'kx');ylabel ("ERRIA

(] }\)
- frf

subplot (4,4,5) ;plot (k,S5NE4_2) ;hold on; plot(k,SNH4 2E, 'kx-.");

legend ('SNH4 27, "SKHS_2E') ;ylabel ('SKH4_2,SNE4 2%5') ;subplot(4,4,6);
" plot(k,ERRSNH4 2, 'k');ylabel {*ERRISKI4 2');

subplot{4,4,7) ;plot(k,SNO3_2) ;hold on; plot({k,SNO3_Z2E, 'k-.')

legend ("SN03 2*,*SNC3 2E7);ylabel {*SKG3 2,SN03 22');subplot(4,4.,8);

plot (k,ERRSNO3_2, *k'};ylabel ('ZRRSKC3 2%} ;

subplot (4,4, 9) ;plot(k,S5P04_2};hold on; plot(k,SP04 2E, "x-.")
legend('SPC4_2', 'SPC4_2E') ;ylabel ('SPCL_Z,382G4 25') :;subplot(4,4,10);
plot(k,ERRSPO4_2,'k');ylabel('ERRSPO4_2’);

subplot{4,4,11) ;plot{k,X52) ;held on; plot(k,XS2E, "k-. ") ;ylabel ('X32,X825");
legend('¥32";XS2E*) ;subplot{4,4,12); plot(k,ERRXS2, 'k');ylabel (*ERRXS2'};

subplot(4,4,13) ;plot(k,XPP2} ;hold on; plot({k,XPP2E, 'k-.");

legend ("X2P2', "XPEZE"'} ;ylabel { *¥ZP2,XPPZE’) ;xlabel {*discrete time k')
subplot(4,4,14); plot(k,ERRXPP2, 'x");

ylabel {"ERR¥PP2') ;xlabel{'discrete time k')

subpleot{4,4,15) ;plot(k, XPHAZ} ;hold on; plot{k,XPHA2E, "k~.')

legend ("XPEAZ®, *XPHA2F '} ;ylabel ( *XPHAZ,XPHA2E") ;xlabel ('discrete time k')
subplot{4,4,16}; plot(k,ERRXPHAZ, k'};

ylabel {'ERRYXPHED ') ;xlabel ("discreis time k')

set (Figure(13), *name', 'Tark 2 Process varizbies arnd estimation
erroxr!,'‘numbertitlie’, '0ff")

figure{14)

legend(*SA3", *SA3E') ;subplot(4,4,4); plot{k,ERRSA3, "k");

subplot (4,4, 5) ;plot{k,8NH4 3);bold on; plot(k,SNH4 3E, "*k-.*)
legend (*SHHE4 3", *SKH4 3E*);ylabel ('SKHZ_3,SNEL 3E');subplot(4,4,6);
plot (k,ERRSNH4_3, 'k');ylabel {*ERRENH4L _3%);

subplot{4,4,7};plot (k,SNO3_3);hold on; plot(k,SNO3_3E, 'k-.")
legend (*SN0O3_37, "SNRO3_3E');ylabel ("SHO3_3,3N03_3&');subplot{4,4,8);
plot(k, ERRSNO3_3, 'k'}sylabel (TERRSKO3_37);

f
subplot(4,4,9}) ;plot(k,5P04_3};hold on; plot{k,S5P04_3E, ':k-."}
legend{*S204_3',*SPC4_3E');ylabel('S2C4_3,5704_3E") rsubplot(4,4,10);
plot (k,ERRSPO4_3, 'k');ylabel ('ERRSPCL 37} ;

subplot(4,4,11);plot{k, XS3) ;hold o1; plot(k,XS3E, " 'x—.");ylabel ("'X83,X8
legend (*XS3", 'XS3E") ;subplot(4,4,12); plot (k,ERRXS3, "'k*);ylabel {TERRYS

38 ;
3

Y;

subplot (4,4,13}) ;plot(k,XPP3} ;hold on; plot{k,XPP3E, 'k—."}
legend("XP23', "XPP3E*) ;ylabel (*XPP3,XPF3E") ;xlabel {'discrete time k')
subplor{4,4,14); plot{k,ERRXPP3, 'k*);

ylabel ('ERRX>P3'};xlabel('discrete time k')

subpiot(é,é,ls);plot(k,XPHA3);hold on; plot(k,XPHA3E, *kx-.%)
legend('¥PZa3!, 'XPHASE") ;ylabel{'XPHL3, XPHAZE ) ;x1abel ('discrefe time k'}
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subplot {4,4,16); plot(k,ERRXPEA3, 'k'};

ylabel (TERRPHA3') ;xlabel (*discrete rime k')

get (figqure({i4}, 'name’, *Tank 3 Process variables and estimation
erroxr', ‘numbercicle’, '0fL"}

figure(ls)
subplot (4,4, 1),plot(k.SF4) ;hold on; plot(k,SF4E,'x—.7);ylabel ("SF4,ST4E");
legend('SF4', 'SF4E*) ;subplot(4,4,2); plot(k,ERRSF4, 'k');ylabel ('ERRSF1');

subplot(4,4,3) ;plot{k,SA4) ;hold on; ploc(k,SA4E, "*kx—.");ylabel {'Sh4,5R4EYY;
legend(*344', 'SR4E") ;subplot(4,4,4); plot(k,ERRSA4, "k*) ;ylabel ('ERRSR4'});

subplot({4,4,5};plot (k,SKH4_4) ;hold oa; plot{k,SNH4 4F, "'x—.")
legend ("SNH4 47 ,°SKHE 4E°);ylabel('sEHL_4£,5MEL 4EY) ;subplot(4,4,6);
plot{k,ERRSNH4_ 4, ‘k') ;ylabel ("E3RENHL 47);

subplot(4,4,7) ;plot(k,SNO3_4) ;hold on; plot (k,SNO3_4E, *k—.")
legend {'SNO3_4°', 'SKC3_4E') ;ylabel ('SKO3 4, 3N03_4% ') subplot{4,4,8);
plot (k,ERRSNO3_4, 'k');ylabel ("EREENG3_47);

subplot(4,4,9);plot(k,SPO4_§);hold fers plot(k,SPO&_éE,'k—.')
legend('5?04_4'.'SPGéﬁéE');Yl&bel('S?Oéwé,SEDé_4E');subplot(4,4,10);

plot (k, ERRSPO4_4, "k') ;ylabel (*ZRRSPC4 £7);

subplot (4,4,11) ;plot{k,X54) ;hold on; plot(k,XS4E, "z—, ") ;ylabel ('XS4,X34T");
legend('XS4','XS4E!) ;subplot{4,4,12); plot(k,ERRXS4, *k'};ylabel {"ERRX54");

subplot(4,4,13) ;plot (k, XPP4) ;hold on; plot(k,XPP4E, 'k—.*)
legend('X2P4', "XPPLE' ) ;vlabel ('X2P4, XPF4E' ) ;xlabel ('discrete time k')
subplot(4,4,14}; plot(k,ERRXPP4, 'k*};

ylabel { "ERRXZP4') ;xlabel{'discrete time k')

subplot(4,4,15) ;plot (k, XPHA4) ;hold on; plot (k,XPHA4E, "k-.')
legend{'X?HA4','XPHA&E’);ylabel{'XPHAé,XPHAéE‘);xlabel('discrete tice k')
subplot(4,4,16) ; plot{k,ERRXPHA4, 'k");

ylabel ( 'ERRXPHAL ") ;xlabel ('discrete time k')

set (figure(15), *name’, 'Tank 4 Process variables and estimation

arrer', *nemberciztliet, *oift)

figure{le)
subplot (4,4, 1),plot(k,SF5) shold on; plot(k,SF5E, "k-.'};ylabel(fSF5,5558");
legend('SFS5', 'SFSE') ;subplot(4,4,2) ; plot{k,ERRSFS, 'k');ylabel {("ERRSFH'};

subplot{4,4, 3)'P10t(k SAS)Y ;hold on; plot(k SASE, "'k—-.") Ylabel(‘Saa SRSE');
legend(*SaS5*, 'SASE') ;subplot(4,4,4); plot(k,ERRSAS, 'k');ylabel ("ERRSAS');

subplot{4,4,5) ;plot (k,SNHE4_5) ;hold on; plot(k,SNH4 _SE, k—."}
legend(*sSNE4 5','SNH4 5E') ;ylabel ('SKHA_S5,SNHS 5E') ;subplot(4,4,6);
plot(k,ERRSNH4 5, 'k’);ylabel ('ERRSKH4L 5');

subplot (4,4,7);plot (k,SNO3_5) ;kold on; plot(k,SNO3_5E, 'k-.7)
legend('SNOB_i','SHOE_SE');ylabel(’SN03_5,3N03_55');subplot(4,4,8);
plot (k, ERRSNO3_5, 'k*) ;ylabel { "ERRSKQ3 5°}:

subplot(4,4,9);plot (k,SPO4_5);hold on; plot(k,SPO4_5E, 'k-.')
legend('SP04_57,'SPC4_SE') ;ylabel ("SPO4_5,3P04_5E');subplot(s,4,10);
plot (k,ERRSPO4 5, 'k');ylabel ("ZRRSEC4 5');

ylabel ("X385,X583E");

subplot{4,4,11):;plot({k, X85) ;hold on; plot({k,XS5E, "x-.7};¥
) ;ylabel {'ERRXES");

'}
legend(*¥%35*,*XS5E") ;subplot{4.4,12); plot (k,ERRXSS, "k'
subplot(4,4,13) ;plot(k, XFP5) ;hold on; plot(k,XPP5E, 'k-.'}
1egend('zp:5!,'xyp52');yiabel('X?PE,XPPEE'};xlabel('discrete tire k')
subplot({4,4,14); plot(k,ERRXPPS, "k");
ylabel ('SRRXPF5S ') ;xlabel(*discrete time k')
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subplot{4,4,15) ;plot(k,XPHAS) ;hold on; plot (k,XPHASE, *x-."%)

legend { 'XPEAS?, *XPHASE') ;ylabel ( fXPHAS,XPHASE') ;xlabel('discrete time k')
subplot(4,4,16); plot(k,ERRXPHAS, %'} ;

" ylabel ( *IRIUPHAES') ;xlabel (‘discrete time k')

set (figure{l16), *name®, "Tank 5 Process varizbles and estimation

errort, "numbertitle’, 'Q0EI)

B.2: MATLAB script file — P_BASM2F.m

% M-File: P _BASM2F.m

% = M-FILE DESCRIPTION e
% This m-file is used for: o :

% Calculatiorn of the process rates for the Ifull amodel

function[P}] = P_BASM2ZF (xk)

global £9T ¥H £XI ¥YPO4 YPHA iPBM YA iNEM Eh etaMO3 etafe mull gfe bH gPHA gPP muPAO bPAO
bPP bPHA muAUT bAUT XPRE KRED KO2Z KX XKNO3 KF KNH4 KALR KA Kfe KPP KPS KP KPHA KIPP RMaX
% TANK 1

P(1l)= Eh * (xk(1)/(KO2+xk{1)})) * ((xk(11)/xk{12))/(EX+(xk(11)/xk(12)))}) * xk(12);
P(2)= Kh * etaNO3 * (KO2/(KO2+xk(1))) * (xk(5)/{KNO3+xk(5})) *

((xk(11) /xk (12} ) /(Kx+ (xk(11) /xk(12)})) * xk(12);

P{3)= Kk * etafe * (KO2/(RKO2+xk(1)}) * (ENO3/(KNO2+xk{5})) *

((xX (1) /xk{12)) /(KX+ (xk (21} /xk(12)})) * =xk(12);

P(4)= muH * (xk{1}/{KO2+xk{1))) * (xk(2)/{XFsxk(2))} * (xk{2)}/(xk{2)+xk{3))) *

(xk(4) f{ENEa+xk(2))) * (xk(6)/(KP+xk(6)))} * (xk(8)/(KALK+xk{8))) * xk(12);

B(5)= muH * (xk{1)/(KO2+xk{1)}) * (xk({3}/{KA+xk(3)})}) * (xk(3)/{xk(2)+xk(3)}} *

(xk (4)/ (RNH4+xKk(4))}) * (xk{6)/(EP+xk(6})) * (xk(8)/(KALK+xk(8))) * xk(12);

P(6)= muH * etaN03 * (KO2/(KO2+xk{1)}) * (xk(2)/ (KF+xk{2}}} * {(xk(2}/{xk(2)+xk{(3))})} *
(xk {4}/ (ENH&+xk(4)}) * (xk(5)/{FKNO3+xk(5))}) * (xk{8)/{KALK+xk(8}}) * xk{12)};

P{7)= muH * etaNO3 * (K02Z/(XOZ+xk{1))) * (xk(3)/(KA+xk{(3)))} * (xk(3)/(xk{2)+xk{(3))) *
(xk {4}/ {KNE4+xKk(4))) * (xk(5)/(KNO3+xk(5))) * (xk(8)/(EALEK+xk{8)}}* (xk{&)}/{KP+xk(6}))
* xk{12);

P(8)= gfe * (KO2/ (KO2+xk(1}})} * (KNO3/(KNO3+xk(5))) * (xk({2}/(Kfe+xk(2))) *
{(xk(8) / (RALK+xk{8)))* xk(12);

P{9)= bH * xk(12);

P(10)= gPHA * (xk{3)}/(KA+xk{3})) * (xk(8)/{(RALK+xk(8)}} *

({xk(14) /xk(13)) /{EPP+ {x%x{14) /xk(13)))) * xk{13); N

P{11)= gPP * ({xk(1)/(KO2+xk(1))}) * (xk(6)/{(KPS+xk(6)}) * (xk{(8)/(RALR+xk(8))) *
{(xk(15) /xk (13} )/ (KPHA+ {xk (15} /xk(13)})} * ({KEMAX-(xk(14)}/xk{13}))/(KPP+KMAX-

(X (14} /xk(23)))) * xk(13);

P{12)= muPRO * (xk(1)/(K02+xk(1}}} * (xk(4}/(KNH4+xk(4}}) * (xk(8)/{KALK+xk(B8)))*

(xk (6} /(KP+xk (6})} * ((xk(15)/xk(13)}/(KPHA+(xk(15)/xk(13)})) * xk(13};

P{13)= bPAO * xk(13) * (xk(8)/(KALK+xk(8))};

P{14)= bPP * xkil4) % (xk(B)/{KALE+xk(8}));

P(15)= bPHA * xk{15) * (xk(8)/(RALK+xk(8))});

P{16)= muAUT * (xk{1)/{KO2+xk{1}))) * (xk(4)/(RNH2+xk{4))) * {(xk{&)/(KP+xk(6)}} *
(xk{8)/(KALK+xk(8))) * xk(16};

P{17)= bAUT * xk{16);

P{18)= kPRE * xk(g} * xk(18);

F(19)= kRED * xk{19) * (xk{(8)/(FALK+xk(8}}};

% TANK 2

P(20)= Eh * {xkx(20)/{Ro2+xk{20})} * ((xk(30)/xk(31}))/(KZ+{xk(30)}/xk(31))}) * xk(31);
P(21)= Kh * etaNO3 *. (K0Z/(KO2+xk(20}}) * (xk{24)/(ENO3+xk(24})) *

((xk(30) /xk{(31) )}/ (KX+(xk(30) /xk(31}))) * xk(31);

P{22)= Kh * etafe * (RO2/{K02+xk{20})) * (ENO3/(KNO3:+xk{24]))) *

((xk(30) /xk(31))/{EX+(xk{30)}/xk{31))}) * xk(31};

P{23)}= muH * (xk{20)/(K02+xk(20)}} * {(xk{21)/(KF+xk(21})) * (xk(21}/{xk{21)+xk{22))) *
{xk (23} / (KNH4+xk({23))) * (xk{25)/(EP+xk(25)})) * {(xk(27)/(KALE+xk{27)}) * xk{(31);
P(24)= muH * (xk(20)/(XK02+xk{20))) * (xk{22}/(FR+xk(22))) * (xk{22)}/ (xk{21)+xk(22))} *
(xk(23)/ (KNH4+xk(23))) * (xk({25)/(FP+xk{25}}) * (xk(27)}/(EALK+xk(27})} *~ xk({31);
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P{25)= muH * etaMN03 * (KO02/(FKO2+xk{20})) * (xk{21)/(KF+xk(21)))} *
(xk{21) f (xk(21)+xx(22)) ) * (xk(23)/(FNH24+xk {23})) * (xk{22)}/(KNO3+xk(24)}) *
(xk(27) / (FALK+xk {27}}) * xk(31);

" P{26)}= mMuE * etaNO3 * (K02/(K02+xk(20}}) * (xk{22)}/(RKa+xk(22)}) =

(xk (22} / {(xk(21)+xk (22)}) * (xk{23)/{xNHA+xk (23))) * (xk{24)/(KNO3+xk(24))) *

(xk (27} / {KALK+xk(27) )} * {xk(25)/({EP+xk(25))}) * xk(31);

B(27)= gfe * (KO2/(RK02+xk(20))) * (RKNO3/{ENO3+xzk(24))) * (xk(21)/(Kfe+xk(21))) *
(xk{(27) / (FALR+xk(27))}* xk(31);

P(28)= bH * xk(31);

P{29)= qPHA * (xk(22)/{Ra+xk(22))) * (xk(27)/(RALK+xk (27))}) *

(xk(33) /xk(32) )/ (XPP+ (xk (33} /xk({32)))} *= xk(32);

B{30}= gPP * (xk(20)/(KO2+xk{20))) * {xk(25)/(EPS+xk(25)}) * (xk(27)/(KALK+xk{27})) =*
({xk{3¢) /xk(32))/(KPHA+ (xk{34) /xk(32)) )} * ((RMAX-{xk(33)/xk(32)))/{KPP+EMAX-

(X (33} /xk{32)))) * xk(32); -

P(31)= muPAC * (xk(20)/(K0O2+xk{20})} * (xk(23)/{KNE4+x%(23})) * (xk(27)/(KALK+xk(27})})*
(xk (25) / (KP+xk{25) 1) * ({xk{34)/xk(32))/(KPHA+(xk(34) /xk(32)}))) * xk({32);

P(32)= bPAO * xk(32) * {(xk(27)/(KALR+xk(27)));

P(33)= bPP * xk(33) * {(xk(27)/(KALK+xk(27))};

P(34)= bPHA * xk{34} * (xk{27)/(KALK+xk(27)}};

P(35)= muAUT * (xk{20)/(KO2+xk{20})) * (xk(23)/(RKNH4+x%(23})) * (xk({25)/(EKP+xk{25))) =
(xk(27)/ (RALK+xk(27))) * xk(35);

P(36)= bAUT * xk(35);

P{37)= k¥RE * xk({25) * xk{37);

P{38)= kRED * xk(38) * (xk(27)/(RKALK+xk(27}));

% TANK 3

P(39)= Fh * {(xk(39)/({K02+xk(39}}) * {({xk(49)/xk(50))/ (KX+(xk(49)/xk{50))}) * xk(50);
P(40)= Kh * etaNQ3 * (RKO2/ (KC2+xk({39}))) * (xk(431)/(KNO3+xk(43))}) *

{(xk(29) /xk{50)}/ (EX+(xk{49) /xk(50)))) * xk(5Q);

P(41)= Kh * etafe * (X02/(X02+xk(39})) * (KNO3/(KNO3+xk(43))) *

{(xk(49) /xk(50) )}/ (KX+(xk{49) /xk(50)))) * xk(50);

P(42)= muH * {xk{(39)/{KO2+xk(38}))) * (xk{20}/(KF+xk(40)}) * (xk{(40)/(xk(40)}+xk(41))) *
(xk(22)/ (ENH4+xk({42)))} * {xk{24)/{KP+xk(44}}) * (xk(46)/{KALRK+xk(46}))} * xk(50)};
P(43)= muH * (xk{39)/(RK02+x%x{39))) * (xk(41)}/(KA+xk(41})) * (xk{21)/(xk(20}+xk(41))) *
(xk(42) / (ENB4+xk(42)}) * (xk(24)/(KP+xk{24))) * (xk(46)/ (KALK+xk{46})} * xk(50);
P{¢4)= muH * etaNO3 * (KO2/(KO02:xk(39))) * (xk(40)}/(KF+xk{40))}) *
(xk{40) / (xlc(40) +xk(41))) * (xk{42)/(ENHI+xk(42)}) * (xk(43)/(ENO3+xk(43)}) *
{(xk{46) / (KALK+xk (46)}) * xk(50);

P{45)= mulH * etaNQ3 * (KO2/{RO2+xk(39))) * (xk({41)}/(RKB+xk{41)}) *

(xk(21)/ (xk(40)+xk(41) )} * (xk(42)/(FNH2+xk{42))) * (xk(43)f(KN03+xk(43))} *

(xk(26)/ (KALK+xk(46) )} * {(xk{44)/(KP+xk(24))) * xk(50);

P{46)= gfe * (KO2/(KO2+xk{39})) * (ENO3/(KNO3+xk(43)}) * (xk{40}/(Kfe+xk(40})}} *
{xk(46) / {KALK+xk ({46} }}* xk(50);

P({47}= bH * xk(50};

P(48)= gPHA * (xk(41)/(KA+xk{41)))} * (xk{46)/(FALR+xk(46}}) #

({xk(52) /xk(51) )/ {EPP+(xk(52) /xk(51)))} * xk{51);

P(49)= gPP * (xk(39)/(KO2+xk(39}}} * (xk{44}/(KPS5+xk(24))) * (xk(46)/(KALK+xk(46})) *
(({xk(53} /xk(51) )}/ (KPHA+ (xk (53} /xk(51)})}} * ((RMAX-(xk(52)/xk(51})))/(KPP+KMAX-

(xk {52} fxk(51)))] * xk{51);

P(50)= muPAO * (xk(39)/(KO2+xk{39))) + (xk{42)/(FKNH4+xk({42))) * (xk(46)/(KALK+xk(46}}))*
{xk (44} / {KP+xk(24)}} * ((xk(53)/xk(51))/{KPHA+(xk{53) /xk(51)})) * =xk(51);

P{51)= bPAQ * xk(51) * {(xk{46}/(KALR+xk(46))}); .

P(52)}= HPP * xk(52) * (xk{46)/(KALK+xk(46})); ’

P{S3)= bPHA * xk(53) * (xk(46)/{KALK+xk(46)));

P(54)= mulADT * (xk(39)/(F02+xk{39})) * (xk(42}/(FNH2+xk({42))) * (xk{44)/(KP+xk(44})} *
(zk {46}/ {EALK+xk(46))) * xk(54};

P(55)= bAUT * xk(54);

P(56)= kPRE * xk(44) * xk(56};

P(57)= kRED * xk(57) * {xk(46)}/(KALK+xk({46}));

31 TANK 4

P(58)= Kh * (xk(58)/(KO2+xk(58)})) * {(xk(68)/xk(69))/ {Ki+{xk(68)/x%({69)))) * xk{69};
P(59)= Kh * etaNO3 * (K02/(KO2+xk({58)})) * (xk(62)/(KNO3+xk(62})) *

{(xk(68) fxk(69) )/ (EX+ (xk(68) /xk{69)))) * xk(69);

P(60)= Xh * etafe * (KQ2/(RO2+xk({58))) * (KNO3/{KNO3+xk{62)}}) =*

((xk(68) fxk(69) )/ (KX+{xk(68) /xk{69)}}) * xk{69);
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P(61)= muH * {xk(58)/(K02+xk(58))} * (xk(59)/(KF+xk(59))) * (xk(59)/(xk(59}+xk{60})) *
(xk(61)/ (KNE4+xk{61})} * (xk{63)/(KP+xk(63))) * (xk(65)/(KALK+xk{65))) * xk(69);
P(62)= muK * {xk{(58)}/(XK02+xk(58}}) * (xk(60}/{KA+xk(60))}} * (xk(60)/ (xk(59)+xk(60}}) *
{xk(61) / (FNH4+xk{61}}) * (xk(63)/(KP+xk(63))) * (xk(65)/(KALR+xk({65))) * xk(69);
P{63}= muk * etalN03 * (KO2/(KO2+xk(58)})) * (xk(59)/(KF+xk(59))) =*

(xk (59} / (xk({59)+xk {60})}) * (xk(Sl)/(KNH4+xk(61))) * {xk({62)/{KNO3+xk(62))) *
{xk(65) / (KALK+xk(65}))}) * xk(69);

P(64)= muH * etaNO3 * (KO2/{KO2+xk(58)}1) * (xk(60)/(KA+xk{60})) *

{xk{60) /(xk(59)+xk(60})) * {xk(61)/{KNH4+xk(61)})) * (xk(62)/(KNO3+xk(62))) *

{xk {65}/ (RALK+xk{65))}* (xk{63)/ (KP+xk{63})} * xki69);

P{65)= gfe * (KO2/(KO2+xk({58))) * (EMO3/{EKNO3+xk(62))) * (xk(59)/(Kfe+xk(59))) =*

(xk (65} / (FALE+xk(65) )} * xk(69);

P{66)= bH * xk{69);

P{67)= gPHA * (xk{60)/(KA+xk{60))) * (xk(65)/(KALK+xk(65)})) *

({xk (71} /xk(70) )/ (RPP+ {xk(71) /xk(70)})) * xk(70};

P{68)= gPP * (xk(58)/(K02+xk({58))) * {xk({63)/(KPS+xk(63)}) * (xk(65)/(KALEK+xk(65})) *
((xk(72) /xk(70) )}/ (KPHA+ (xk (72} /xk (70}})) * ((RMAX- (xk(Tl)/xk(TU)))/(KPP+KMAK

(xk (71} /xk({70))}}) * xk(70);

P(69)= muPAO * (xk{58)/ (FKO2+xk(58)}) * (xk(61}/ (KNH4+xk(61))} * (xk(65)/ (FALRK+xk{65)}}*
(xk{63)/ (KP+xk(63))) * {(xk(72)/xk(70))}/(KPHR+(xk{72) /xk(70)))}} * xk(70);

B(70)= bPAO * xk(70}) * (xk(65)/(KALR+xk({65)));

P{71l)= bPP * xk{71) * {xk({65)/(KALE+xk(65}});

P(72)= bPHA * xk(72)} * (xk(65)}/(RALK+xk(65}))};

P(73)= muAUT- * (xk(58)}/(RKO2+xk(58})) * (xk(61)/(KNH4+xk(61}}) * {(xk(63}/(KP+xk(63))) *
{xk (65) / (KALK+xk{65})) * xk(73};

P{74}= bAUT * xk{73};

B{75)= kPRE * xk(63) * xk(75);

P(76)= kRED * xk(76) * (xk(65)/(RALK+xk(65))};

$ TAYK 5

P(77)= Kh * (xk({77)/(K02+xk(77)}) * ({xk(87)/xk(88))/(KX+{xk(87)/xk(88)}))) * xk(88);
P{78}= Eh * etaN03 * (RKO2/{RKO2+xk(77})) * (xk(81)/(KNO3+xk{81))}) =*

({xk(87) /xk(88)) /{RE+(xk(87}/xk{88}))) * xk(a8);

B(79)= Eh * etafe * (KO2/{(RK0O2+xk(77))) * (KNO3/(KNO3+xk(81})}) *

((xk({87) /xk{88))/{RX+{xk(87)/xk({88}))) * xk(88);

B(S0)= muH * (xk(77)/(KO2+xk(77))) * (xk(78)/(KF+zk(78))) * (=% (78)/ (xk{78)+xk{79))) =
(xk{80)/ (FNH2+xk{80)}) * (xk(82)/(RP+xk(82))) * (xk(84)/(KALK+xk(82))) * xk(88);
Pi{Bi)= mul * {xk{77)/(RO2+xk{77))} * {(XR(TN/{Eh+xk(79))) * (xk{79)/{xk{78)+xk({79))) *
(xk {80}/ (ENH2+xk(80))) * (xk(82)/(KP+xk(82})) * (xk(84)/(KALEK+xk(84}}) * xk(88);
P{g2)= muHE * etaNO3 * (KO02/{EO02+xk(77})) * (xk(78)/(XF+xk{78)}) *

{(xk (78} / (%K (78) +xk (79))) * (xk(80)/(KNH4+XK(80))) * (xk(B1)/(KNO3+xk({81))} *

(xk {84}/ (RALK+xk(84}}) * xk(88)};

P(83)}= muH * etaN0O3 * (K0z2/(RKO2+xk(77))) * (xk(79)/(RA+xk(79)}) *

(XK (79 / (xk(78)+xk (79))) * (xk(80)/ (KNHZ+xk(80))) * (xk(81}/(RNO3+xk(81}))) =

(xk (84) / (KALE+xk({84))) % (xk(82)/{KP+xk(82)}) * xk(88);

Pi{84)= gfe * (KO2/(RKO2+xk(77))) * (KNO3/(ENC3+xk(81)}) #* (xk(78)/(Kfe+xk(78}}) *
(xk(82) / (EALK+xk(84))}* xk(88};

P(85)= bH * xik(88);

P(86)= qPHA * (xk{79}/(Ka+xk({79))) * (xk(84}/(KALK+xk(84))) *

((xKk(90) fxk(88)) /(RPP+{xk(90)/xk(89))}) * xk(89);

P(87}= PP * (xk{77)/(KOZ+xk(77})) * (xk{82)/(EPS+xk(82)})} * (xk(84)/{KALK+xk(84))) *
{{xk{91) /xk(89))/ (EPHA+ (xk (91} /xk(89}))) * ((KMAX-(xk(90}/xk(89))})/(KPP+KMAX-

(xk {90} /xk{89)}}) *» xk(83);

p{g8)= muPRO * (xk(77)/(KO2+xk{77}}) * (xk{80)/(KNH2+xk(80)})}) * (xk(84)/(KALK+xk(84))}*
(xk (82)/ (KP+xk{82))) * ((xk(91)/xk(89))/(KPHA+(xk({91) /xk(89}))) * xk(8%3);

P(g9)= bPAO * xk(89) * {xk{84)/(EKALK+xk(84}}};

P(90)}= bPP * xk(90) * (xk{84)/{KALEK+xk(84})};

p{91l)= hPEA * xk{91) * (xk{84)/(KALK+xk(84}));

P{92)= muAUT * (xk({77)/ (XK02+xk(77})) * {xk{80)}/(ENH4+xk(80}}) * (xk(82)/(KP+xk(82)})) *
(xk(84)/ (FALX+xk(84))) * xk({92};

P({93)= bauT * xk(92);

P(94)= KPRE * xk(82) * xk{94});

P(95)= kRED * xk(95) * (xk(84)/(KRLK+xk(84}));

B = [B{1} P{2) P({3) P{4) P{5)} P(6) P{7} P(8) P(9) P10} P(11} P{12) P(13) P(14) P{(1s5}
p{16} P{17) P{18) P{19) P{20) PB{21) P(22) P{23) F{24) P(25} P(26) P{27) P(28) P(29)
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P(19)= etaNO3 * (KO2Z/{(KC2+uk(2})) * (zk(10)}/(KA+zk(10})})} * (zk(10)/(zk{9)+zk(10))} *
(zk (11} / (KNH4+zk(11})) * {zk(12)}/(KNO3+zk(12})) * (SALKk(2)/ (KALK+SATLEK({2)))*
(zk (13} / (KP+2zk (13} )} * XHk(2);

T P{20)= (KOZ/{XO2+uk(2)}) * (RKNO3/ (KNO3+zk(12))) * {zk({9)/{Kfe+zk(9}}) *

{SALKk(2)/ (FRALK+SALEk (2))) % Xik{2);

P{21)= (zk{10}/(XKA+zk(10C})} * (SALRk(2)}/(KALK+SALEk(2))) *

{{XPROk (2} /XPAOK(2) )/ (KPP+ (XPACk (2) /XPAOk(2)))) * XPACK(Z2);

B{22)= (uk{2}/{(RKO2+uk{2)}) * (zk{13)/(EKPS+zk(13))) * (SALKk{2)/(KALK+SALKk(2))) *
({zk(16) /XPAQK(2)) / (KPHA+ (zk {16) /XPAOk (2)))}) * ((XMAX-{XPAOk(2)/XPAOk(2}))/(KPP+KMAX-
(XPACK (2} /XPAOK(2)))) * XPAOk(2);

P{23)= {uk(2)/{FO2+uk({2)}) * {zk(11}/(KNHa+zk(11l})) * (SAILXk{2)/(KALK+SALKk(2))})*
{zk{13)/ (KP+zk(13) )} * ((zk{16)/XPACk({2))}/{KPHA+ (zk{16)/XPADK(2))))} * XPaok(2);
P{24)= {uk{2)/(KO2+uk(2)}) * {zk(11)/(ENH4+zk(11})) * (zk(13}/(KP+zk(13)}) =*
(SATRK(2) /(KALK+SALKk(2))) * XAUTk{2):

P2k = {[[P({13) P{14} B(15) 0 0 0 ] 0 o ] Q 0 1:
iR (2}

io 0 0 P{16) P{17) P(18) P(19%) @O Q ] 0 0 1:
FruB {2}

[o 0 ] 0 o 0 o p{20) 0 ] 0 0 1;
Safeil:;

fo a ¢ 0 ¢ ¢ o 0 P(21) © 0 Q 1;
EFgP2(2}

[0 - 0 o 0 0 ¢ ¢ 0 0 P{22) 0 0 1:
FGPHA{2}

[o v 0 ] i} ] ¢ 0 Q 0 P{23) 0 1;
EmulPRO(Z}

[0 0 0 ] ] 0 1] b} Q a 0
P{24)]1]:5muAUT {2}

& TRNK 3

P{25)= {uk(3)/(RKO2+uk{3})) * ((=zk(22)/XBEk(3)}/(KX+(zk(22)/XBk(3))})} * XHk{3};

P(26)= etaNG3 * (KO2/(K02+uk{3})) * {zk{20)/(KNO3+zk{20)))} *
({zk(22)/XEK(3) )/ {EX+{zk (22} /XHk{3)})} * XHk(3};

P{27)= etafe * (KO2/{RK0O2+uk(3))) * (KNO3/(KNO3+zk(20})) #*

{{zk(22) /XHk{3)}/ (KX+{zk(22) /XHk{3)}))} * XHk(3)};

P(28)= (uk({3)/(XKO2+uk(3))) * (zk{17)/{KF+zk(17))) * (zk(17)/(zk(17)+zk{18))) *
(zk{19)/ (KNH2+zk(19))) * (zk{21)/(KP+zk{(21))})} * (SALKk(3)/(KALK+SALKk(3)}) * XHk(3);
P{29)= {uk{3)/(KOo2+uk{3}}) * (zk{18)/{FA+zk(18))) * {zk{18)/(zk(17)+zk{18))) *
(zk(19)/ (RNH4+zk(19)}))} * {zk{21)/(EP+zk(21))} * (SALKk{3)/(KALK+SALXk(3)}) * XHk(3);
BP(30)= etaNO3 * (KO02/{KO2+uk{3))) * {(zk{(17)/(KF+zk(17))) * {(zK{17)/(zk{17)+zk(18))} =
{zk(19)/ (K¥H4+zk(19)})) * (zk(20)/{KNO3+zk(20})} * (SALEKk{3)/(XALK+SALKk(3))) * XHk(3);
P(31)= etaNO3 * (RO2/{KOZ2+uk{3))) * {(zk(18)/(KR+zk(18))}) * (zk{18)}/(zk{(17)+zk(1B)}) =*
(zk (19) / (ENH2+zk (19))) * (zk(20)/{KNO3+zk(20})) * (SALKk{3)/(XKALK+SALKk{3)))*
(zk(21)/ (EP+zk({21))) * XHEk(3);

P(32)= (KC2/(KO2+uk(3))) * {(ENO3/(KNO3+zk(20)}) * (zk(17)/(Kfe+zk(17))) *
(SALEK{3)/(KALK+SALKKk(3)))* XHk(3);

P(33)= (zk(18)/{RA+zk({18})) * (SRLKk(3)/(KALEK+SALEk{3})}) *

{ (XPACK(3) /XPAOk(3) )/ (KPP+ (XPAOK (3} /XPAOk(3)}}) * XPACk(3);

P{34)= (uk(3})/(RKO2+uk{3))}) * (zk(21)/(KPS+zk(21)}} * (SATKX(3)/{(RALK+SALKk(3}}) *
{((zk(24) /XPAOK(3) )/ (KDPHA+ (zk {24) /XPROk (3)}) ) * ({KMAX- (XDPAOk(3)/XPAOk(3)))/{KPDP+KMAX-
(XPAOK(3) /XPAOK(3))}) * XPACK(3); '

P{35)= (uk(3)/(RO2+uk(3})}) * (=zk(19)/{RKNH&+zk(19))}) * (SALEk(3)/(KALK+SALKk(3}})+
(zk{21)/ (EP+zk(21))}) * ({zk(24)/XPR0k(3))/(KPHA+ {zk{24)/XPa0Ok(3)))}} * XPACk({3);
P(36)= (uk(3}/(KO2+uk(3))) * {(zk{(19)/(FNH4+zk(19}}) * (zk(21)/(XP+zk(21))}) *

(SATLEk (3)/ (RALK+SALKk({3))) * XAUTk{3);

P3k = [[P(25) P(28) P(27) © a ] o ] 0 i] 0 ¢ i;
FKh {3}

[a o o p{28) P(29) P{(30) P{(31) O 0 0 ] o 1;
TmuE {3}

fo o] ] 0 a Q o P{32) 0 0 0 0 }i
gqgfe (3}

fo 0 0 0 Q a 0 0 P(33} 0 0 ¢ 1;
3gEPi3}
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{o 0 0 ] i} o ] 0 o P{34) 0 0 }i

2gPHR (3}

[0 0 a 4] 0 0 o} a 0 o} P(35) 0O 1;
EmaPLO (3}

[¢ ] 0 o] 4] 0 0 0 4} [¢] ]

P(36)]1];%mAlT {3}

% TANK £
P(37)= {uk{4)/(KOz+uk(4))} * ({zk{30)/XHk(4))}/(KX+(zk{30)/XHk(4)})) * XHk({4)};

P{38)= etaNO3 = [(RO2/{KO2+uk{4))) * (zk{27)/f(ENO3+zk(27))) *

{({zk(30) /XHK{4})/ (KX+{zk (30} /XHk(4)))) * XHk(2);

B({39)= etafe * {K02/(KO2+uk{4))}) * (ENO3/(KNO3+zk(27))}) *

((zk(30) /XHk(4) )}/ {EX+(zk{30) /ZHk(4)})) * XHk(4);

P(40)= (uk(4)/(KOz+uk(4)}) * {(zk(25)/(EF+zk(25))} * {zk(25)/(zk(25)+zk(26})) *
(zk(27)/ (EME4+zk{27})}) * (2k(29)/(KP+zk(29))) * (SALKk(4)/(KALK+SALKk(4))}} * XHk(4);
P{41}= (uk(4)/(ROz2+uk(4))) * (zk{26)/(KA+zk(26})) * (zk(26)/(zk(25)+zk(26})) *
(zk{27)/ (RNH4+zk{27)}) * (zk(29)/(KP+zk(29}))}) * (SALKk(4)/(RALK+SALKk(4))} * XHk({4);
D{42)= etaN0O3 * (RO2/(R02+uk(4))} * (zk(25)/(KF+zk(25})) * (zk(25)/(zk(25}+zk(26)})) *
(zk(27) [ (RH4 +zk(27))) * {(zk(27)/ (KNQ3+zk(27))) * (SALKk(4)/(KALK+SALEk(4})) * XHk{4);
P(43)= etaNO3 * (K02/(RKO2+uk(4))}} * (zk(26)/(Kh+zk(26)})) * {(zk(26)}/(zk(25)+zk(26})}) =*
(zk (27)/ (RNH4+zk(27})) * (zk(27)}/{KNC3+zk(27))) * (SALKk(4)/(KALK+SALKk{4)))=*

{zk (29} / (KP+zk (29} }) * XHk{4):

P{24)= (KO2/(RKOZ+uk({4))) * (KNO3/(KNO3+zk(27})) * (zk(25)/(Kfe+zk(25))) =*

(SALKk(4)/ (RALK+SALKk(4))}* XHk{4);

P{45)= (zk(26)/{KA+zk(26)}) * (SALKk(4)/(EALK+SALKk(4))) *

{{XPAOKk (4} /XPA0k{4))/ {KPP+ (XPAQOk {4} /XPACk (4))}}) * XPAacCk(4);

P{a6)= (uk(4)/{KO2+uk(4))} * (zk(29)/(KPS+zk{29))}) +* (SALEk({4)/ (KALK+SALKk{4))) *
{((zk(32) /ZPAOK (4} ) / (KPHA+ (zk (32} /XPAOk (4) )} ]} * ((EMAX- (XPAOk({4)/XPAOk(4)})/{KPP+EMAX-
(XPACk (4} /XPAOK{4)}}) * XPROk({4);

P{47}= (uk{4)/(KO2+uk(£))) * (zk{27)/(FKNH2+zk(27))) * (SALKk(4)/(KALK+SALKk(4))})*

(zk (29} / (KP+zk (298} )} * ((zk(32)/XPACk(4))/(KPHA+ (zk{32)/XPAOk(4))})) * XPAOkI(4);
P{48)= (uk(4)/{(KQ2+uk(4a)}}) * (zk(27)/(KNH4+zk(27})) * (zk{(29)/(KP+zk(29))}) *
(SALEkx(4)/ (KALK+SALEKk(2))) * XAUTk(4};

P4k = [[P{37) P(38) P(3%) © 0 4 0 Q a o] o] Q 17
SKh (4}

fa 0 o P(40) P(41) P{42) P{43) 0 o 0 0 0 1:
Frukii{ds

[a G 0 o] 0 o] 0 P(44) © Q 0 ¢ 1;
zgfe{d}

[0 3} Q [¢] Q 4] o 0 B{45) 0 Q 1] 1z
%gPPiL;

[o Q 0 1] Q 0 1] 0 o B{4e) O Q 1
FgPER (4]

{o 0 0 [y 4] G 0 Q ¢ 0 P{47} O i:
FmuERQ {4}

{0 0 0 0 0 i} 0 O} o o 0
P{48)]]); 4muAUT {4}
% TANK &

P(49)= {uk{5)/(KOoz+uk{5))) * {({zk(38)/XHk(5))/(KX+{(zk(38)/XHk{5}))) * XBHk(5);

P(50)= etaNQ3 * (XK0z2/(K02+uk(5))) * (zk(36)/(KNO3+zk(36))}) *

{{zk(38} /XHk(5) )}/ (KX+{zk(38) /XHK({5)}}) * XHK(5};

P(51)= etafe * (KO2/{KO2+uk(5)}) * (KNO3/(ENO3+zk(36})) *

{({zk(38) /XHK(5) )/ (KX+(zk(38) /XHk(5)})) * XHk(5):

P{52}= (uk({5)/{(KO2+uk(5})) * (=zk(33)/({EF+zk(33}}) * {zk({33)/{zk(33)+zk{(34})) *

(zk (35) / {FNH4+2zk(35}}) * {zk(37}/(RKP+zk(37))) * (SALKk(5)/{FRLK+SALKk{5})) * XHX(5};
P(53)= {uk(5)/(KO2+uk{5))} * {zk{34)/(Kh+zk(34))) * (zk{34)/(zk(33)+zk(34))) *

{zk (35) f (KNH4+zk(35))) * (zk{37)}/(KP+zk({37})})) * (SALKk(5}/(RALRK+SALKk{5})) * XHK(5);
B(54)= etaNO3 * (K02/{K02+uk(5))) * (=zki{(33)/(EF+zk{33))) * (zk(33}/(zk(33)+zk(32))) *
(zk {35)/ (KNE4+zk(35))) * (zk(36)/(EN03+zk(36))) * (SALEXK(5)/{KALK+SATEkK(5))}} * XHK(S5);
P{55)= etaNQ3 * (KO2/{K02+uk{5})) * (zk(34)/(KA+zk(34)})) * {(zk(34)/{zk{(33)+zk(34))) ~
(zk {35) / (ENH2+zk(35))) * {(zk{(36)/(KNO3+zk(36})) * (SALFK(5)/{(KALRK+SALXk({5)}}+*

(zk {37}/ (RP+zk (37))}) * XHK(5);

P(56)= (RKO2/{(RKO2+uk(5)}) * (KNO3/(KNO3+zk(36}}) * (zk(33)/(Kfe+zk(33))) =
{SATEk{5) f {RALR+BALER(5)))}* XHk(S);
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P(57)= (zk(34)/(KA+zk(34}}) * (SALKk(S5)/(KALEK+SATXk{5))) *

{ (XPROk({5) /XPACk(5)) /{KPP+ (XPACk {5) /XPAQK{S)))}) * XPack(5):;

P(58)= (uk(5)/{ROZ+uk(5))}) * (zk(37)/(EPS+zk(37)}}) * (SALEKk(5)/(KALK+SALEkK(5)}) *
((zk(40} /XPAOk({5)) / (KPHA+ (2k (40} /XPROK (5} ))) * ( (KMAX-(XPAOk(5)/XPAQk(5}))/{KPP+KMAX-
(XPA0k (5) /XPACKk(5)})) * XPAQk(5);

P(59)= {(uk(5)/(K02+uk(5)))} * (=zk(35)/(ENHL+zk(35)}}) * (SALKk(5)/(RALK+SALEKk{5))}*
(zk(37)/ (KEP+zk({37)}) * ({zk{20)/XPAQk(5)})/(KPHA+ {zk(40)/XPACk(5))}) * XPAOk{(5);
P(60)= (uk(5)/(KO2+uk(5))) * (zk{35}/(ENE4+zk(35))) * (zk(37)/(KP+zk(37)}) *
{SALKk(5) / {(KALE+SALEK(5)}) * XAUTk(5);

Psk = [[R{4%) P(50) P{51) 6

[+] 0 8] o] 0 [¢] 4] 0 I:

$Kh{5}

fo s} 1} P(52) pP(53) P(54) P{55) © 8] 4] 4] o 1;
Fmuk {5} can

{c [¢] 0 8] o] o] o P{56) O o] 0 1] I;:
tafe(b}

] ¢} [+] 0 0 0 0 ¢] P(57) O 0 ] 1;
$gPP{o}

Lo 0 o 0 0 0 a o] o] P{58} 0 G 1;
SqPEA(S)

{c 0 0 a ] 8] o] 0 0 4] P(59) © 1;:
EmuEs0{5;

[a 4] 8] [¢] 0 o] ] 4] D Q o
P({60)]1];%muADT(Z}
gMatriz Pk for the whole process
Pk = [Plk'; P2k'; P3k'; P2k'; P5k'];
B.4: MATLAB script file - P_BASM2RE.m
t M-File: P BASMZRE.R
3 =: M-FTLE DESCRIFTION === =
% This m-file is used fcr:
% Calculation of the process rates for parameter sstimation of the reducsed
¥ model
%3 Dascription of the function Zurction

function Pk =
P_BASM2RE (zk, uk, Xik, XAUTk, XPAOk, SALRk, kHek, muHek, gfeek, gPHAek, gPPek, muPACek, muAUTek )

global £SI YH £XT YPO4 YPHA iPBM YA iNBEM Kh etaNO3 etafe muH gfe bH gPHA QPP muPAC LFAO
bPP bPHA muAUT bAUT kPRE kKRED KO2 KX KNCO3 XF KNH4 KALK KA Kfe KPP KPS KP KPHA KIPP KMAX

3 TANK 1
P(1)= kHek * (uk{l)/(KO2+uk(l))} *
P(2)= kHek * etaNO3 * (KO2/(KO2+uk{1)})} * (zk(4)/(KNO3+zk(4})})
((2k(6) fEHk{1) )/ (KX+ (zk (8) /XHR (1))} )}) * Xuk{1);

P(3)= kHek * etafe * (X02/(KO2+uk(1})) * (KNO3/(KNO3+zk(4))}) *
({zk(6) /XHK(1)) /(EX+ (zk {6} /XHk (1) })) * XHK(1);

P{4)= muHek * (uk{1}/(EO2+uk(1}}} * (zk(1)/(KF+zk(1))) * {zk{1)/(zk(1l)+zk{2)))} *
(zk(3) / (KNH4+zk(3})})} * (zk(5)/{(KP+zk(5))) * (SALEX(1l)/(FALK+SALEk(1l))) * XHk(1);
P(5}= muHek * {uk{1}/(KO2+uk(1})) * (zk{(2}/(RKA+zk(2}}) * {(zK(2)}/{zk(1)+zk(2})) *

({zk(6) /XHk(1))/ (KX+(2k(6) /XHk(1))))

*

* XHk(1});

(zk(3) / (KNH+zk (3} )}
P{6)= muHek * etaNO3
(zk {3}/ (KNH4+2k{3})}
P(7}= muHek * etaNO3
{zk{3) / {(KNH4+zk (3} )}
(zk (5} / {KP+zk (5} }) *

{zk{5)/ (KP+zk(5))) *
(ro2/ (KO2+uk (1))} *
{zk{4)/ (KNO3+zk (4} 1))
(KO2/ (RO2+uk (1) }) *

(SALKK (1) / {(FALK+SATLEk(1))) * XHk{1l};
(zk{1)/{EF+zk{1}}) * (zk(1)/(zk{l)+zk(2))) *
* (SALKk{1l)/(RALK+SALKk({1l))}) * XHk{1);
{zk{(2)/(RA+zk{(2))) * {zk(2)/(zk(1)+zk{(2}))) *

(zk (&) /(RNC3+zk(4})} *» (SALKk(1l)/(KALEK+SALEk{1}))*
XHk {1} ;

P(8}= gfeek *

(RO2/ (KO2+uk (1))} * (RNO3/(EKNO3+zk(4})} * (zk(1r}/(Kfe+zk(1l)})) *

(SALFK{1) /(RALK+SATLRK (1))} * XEk(1l};
P(9)= gpPHAck * (zk(2)/(Ka+zk({(2})) * (SALEKk(1)/(KALK+SALKk(1}))} *
{{zk{7)} /XPACK {1} )/ (KPP+ {zk (7) /XFAOk({1) }))} * XPAOk(1l});

P(10)= gPPek * (uk(1)/{KO2+uk(1))} * (zk(5)/(KPsS+zk(5))) * (SALKk(1l)/(KALK+SALEk(1})} *

({zk(8) /XPACK (1)) / (KPHA+ (zk (8) /XPACk(1)))) * (({KMAX- (zk(7)/XPAOk(1)))/{KPP+KMAX-
(zk{7) /ZPACk(1}))} * XPACK(1l}:
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P{11)= muPACek * {uk(l)/{KOZ+uk(1l))} * {(zk(3)/(ENHZ2+zk(3))) *
(SALKIC(1)/{KRLR+SALKk (1)) ) * (zk(5)/(KP+zk(5}}) *

{(zk(8) /XPAOk (1} )/ (EPHA+ (zk(8) /XPAOK(1)))) * XPAOk(1l);

P(i12)= muAUTek * (uk(l)/{KOZ2+uk(1))}} * (zk(3}/{(KNHE+zk(3))} * (zk(5)/(KP+zk{5))) *
{SATKK (1) /(KALK+SALKk(1}}) * XAUTk(1);

g TANK 2

P(13)= kHek * (uk{(2)/(RO2+uk(2))) * {{zk{14}/XHk(2))}/ (KX+(zk{14)}/XBk(2)}))) * XHX{2);
P{14)= kHek * etaN0O3 * {K0z/{Roz2+uk(2})) * {(zk{12)/(KN03+zk{12))) *

{(zk{14) /ZER(2)) / (KX+ {2k (18) /XHK({2}}}) * X¥k{2);

P(15)= kHek * etafe * (KO2/({KO2+uk{2))} * (ENO3/ (ENO3I+zk(12))) ~*

{((zk{14) /X¥Hk(2) )/ {KL+ (zk{14) /XHK{2)})) * XBk(2);

P{16}= muHek * ({uk(2)/(EKO2+uk{2))) * (zk(9)/(EF+zk{9))) * (zk{9)/(zk(3)+zk{10))}) *

(zk (11} f (KNB4+zk{11))}) * {zk(13)/(KP+zk{13)})) * (SALEk(2)/(KALK+SALKk(2})) * XHk(2);
P(17)= mubek * (uk{2)/(KO2+uk({2))) * (zk{10}/(KA+zk(10))} * (zk(10)/{(zk{9)+zk(10))) =
{zk{11) / {(ENH4+zk(11)}) * (zk{13}/ (XP+zk(13}})} * (SALEk(2)/(FKALK+SALKKk(2})) * XHk(2);
P{18)= muHek * etaNO3 * (K02/(KD02+uk(2))) * (zk(2)/(KF+zk{92))) * (zk{(9)}/(zk{9)+zk(10)}}}
* (zk{11)/(KNH4+zk(11))) * {zk(12)/{KNO3+zk{12))}) * (SALKk{2)/(RKALK+SALKk({2))}} *
Xak{2);

P{15}= muHek * etaN0O3 * (KO2/(XK02+uk(2)}) * (zk{10)/{Ka+zk(10}))} *

(zk {10} /(zk{9)+=zk(10})}) * (zk(11l)/(RNH4+zk(11))) * (zk(12)/(ENO3+zk(12}))) *

(SALEX (2} / (XALK+SATEk (2} ))* (zk(13)/(KP+zk(13))) * XHk(2);

P{20)= gfeek * (RKO2/(K02+uk(2))}) * (RNO3/{ENO3+zk{12)))} * (zk{(5)/(Kfe+zk(9})}) *
{SALKk(2) /(KALK+SATLEk{2))})* XBk{2):

P{21)= gPHRek * (zk(10}/(EKA+zk(10}))) * (SALEK(2)/(KALK+SALKk(2}))} *

{(XPAOK {2) /XPAOK (2) )/ (KPP+ {XPAOK{2) /XPRACk(2))}) * XPAOk(2);

P(22)= gqPPek * {uk(2)/{KO2+uk{2)}))} #* (zk(13)/(KPS+zk(13)}) * (SALKk{2)/(KALE+SALEk(2)))
* {{zk(16)/XPa0k(2))/ (KPHA+(zk (16} /XPA0Ok{2)))) * ((KMAX- (XPACK(2)/XPACk{2)))/{KPP+KMAX-
(XPACk (2} /XPACK(2)))) * XPAOk(2);

P{23)= muPAOek * (uk(2)/(KO2+uk{2))) * {zk(11l)/(EKNH&+zk(11))) *

(SALEk (2) / (KALE+SALEK (2)))* (zk(13)/(KP+zk{13))) =

{{zk(16)} /XPACk {2)) / (KPHA+ (zk (16) /XPACK (2} )} )} * XPAOk(2);

P({24)= mulAUTek * (uk{2)}/(KO2+uk(2})} * {(zk{11)/(XKNH4+zKk{11}}) * (zk{13)/(KP+zk(13))) *
(SALKk (2)/ (FALK+SATFk(2)}) * XAUTk(2);

& TANK 3

P(25)= kHek * (uk{3)}/(XK02+uk(3})) * ({(zk(22)/THk(3})/ (KX+(zk(22)/XHk (3}))) * XHk(3);
P{26)= kHek * etaNO3 * (KO02/(KO2+uk({3))) * (zk{20)/{KNO3+zk(20)}) *

{(zk(22) /xHK(3))/ (KX+{zk(22) /XHK(3)))} * XHKk(3);

D(27)= kHek * etafe * {FK02/{(RK02+uk(3))) * (KNO3/ (FENO3+zk{20))) *

{(zk(22) /XHK(3) )}/ (KX+{zk{22) /XHK(3)}})) * XHk(3); ’

P({28)= muHek * {(uk(3)/{KOZ+uk(3)}) * {(zk{17}/(KF+zk(17}}) * {(2k{17)/(zk{17)+zk({18))) =*
(zk(19)/ (KNH4a+zk{(19})) * (zk(21)/ (KP+zk(21))}) * (SATKX{3)/(RKALK+SALKk(3))} * XHk(3);
P(29)= muHek * {(uk{3)/(XKO2+uk(3))} * (zk(18)/(XA+zk(18)}) * (zk{18)/{(zk(17)}+zk(18))) ~
{zk(19)/ (KNH4+zk{(19))}) * (zk(21)/ (FP+zk(21})) * (SALKk({3)/(KALK+SALKk{3))) * XHk{3);
P{30)= muHek * etaNO3 * (RKO2/{K0Z+uk(3}}) * (zk{(17)/(XKF+zk(17))} *

(zE (17} / (zk (1 7Y +zk (18} }) * (zk{19)}/(KNH4+zk{19))) * (zk{20)/{KNO3+zk(20})) *

(SALKk (3) / {KALK+SALKk(3})) * XHk(3);

P(31)= muHek * etaNO3 * (KO2/(KO2+uk{3}}) * (zk{18)/(Ka+zk(18))) *

{zk (18) / (zk{17)+zk (18))} ) * {zk(19)/(RNH4+zk(19)}) * (zk{20)/(KNO3+zk(20)}} *

(SALKk (3)/ (KALK+SALEk(3}))* (zk{21)/{KP+zk(21})} * XHk(3);

P(32)= gfeek * (KO2/(KO2+uk({(3})) * (ENO3/{KNO3+zk{20))} * (zk{17)/(Kfe+zk(17))) +
{SALEKKk (3)/ {FALK+SALKk{3)})}* XHk(3);

P{33)= gPHAek * {zk(18)/(KA+zk(18))) * (SALEk(3)/{KALEK+SALKKk(3})} *

{ {XPACk {3) /XPACK (3} )/ {KPP+ (XPACk (3} /XPACk(3}))) * XPAOk({3):

P(34)}= gPPek * ({uk(3)/{K02+uk(3}}} * (zk{(21)/(KPS+zk(21))}) * (SALKk({3)/(KALK+SALKk{3))}}
* ((zk(24) /XPAOk(3})/ (KPHA+ (zk{24)/XPA0K(3})}) * ((KMAX- (XPAOk(3)/XPaCk(3)))/{KPP+KMAX-
{XPAOk(3) /XPACK{3)))}) * XPAOk(3);

P(35)= muPAOek * (uk(3)/(KO2+uk(3})) * {zk(19}/{KNHa+zk(19))} =~
(SATKK(3)/{KALR+SATRk(3))}* (zk(21)/(EP+zk(21)}) *

({zk(24) /XPAOX(3}) / (EPHA+ (zk (24) /XPROk (3) )} )} * XPAOK(3);

P{36)= muaUTek * (uk(3)/(KO2+uk{3))}) * {(zk{19)/{ENH4+zk{19)}) * (zk{(21)/(KP+zk(21})}) *
(SALF%(3)/ (KALK+SALEk(3))) * XAUTk(3);

% TANK 4
P(37)= kHek * {uk{4)/(FKO2+uk{4))) * ((zk{30)/XHk{4)}/ (EX+{(zk(30}/XHk(4)}})}) *+ XRk(a);
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P(38)= kHek * etaNoO3 * (KO02/ (KOz+uk(4)}) * (zk(27)/(ENO3+zk({27))) *

{(zk{30) /XHk(4) )}/ (KE+ (zk(30) /XHk (4)))) * XHk(4);

BP(3%)= kHek * etafe * (FKO2/(RK0O2+uk{4))) * {KNO3/ (RNO3+zk(27)}) *

((zk(30) /XHk(4) )/ (KX+(zk (30} /XHk(4)})}) * XHk(4);

P{40)= muHek * (uk(4)}/(KO2+uk(4})) * (zk(25)/(KF+zk(25}})) * (zk{25)/({zk(25)+zk(26))) *
(zk(27)/ (ENH2+zk(27))} * {zk({29)/(KP+zk(29)))} * (SALKk(4)/(EKALK+SALKk{4))}) * XEk{a);
P{41)= muHek * {uk(2)/{KO2+uk{4}}} * (zk(26)/(RKA+zk(26)}) * (zk{(26)/ (zk(25)+zk{26))) *
(zk(27)/ (FNH4+zk(27))) * (2k(29)/(EP+zk(29))} * (SALKk({4)/(KALK+SAL¥k(4)}}) * XHk(4);
P(42)= muHek * etaN03 * (KO2/(RO2+uk{4})) * (zk(25)/(KF+zk{25))) *

{zk (25} / (2R (25)+zk (26} )}y * {(zk(27)/{KNHA+2zR (273} * (zk(27)/({EKNO3+zk{27})) *

{SALEk (4} / (XKALK+SATRk (4} )) * XHk(Z);

P{43)= mudek * etaNO3 * (KO02/(KO2+uk(4))) * (zk(26)}/(Ka+zk({26)}) *

{zk(26) /{zk{25)+zk (26))) * {zk{(27)/(KNH4+zk(27))) * {zk{(27)/(KNO3+zk(27))) *
(SALKk({4)/ (FALK+SALEk(4)})}* (zk(29)/(KP+zk{29}}) * XHk(4);

P(44)= gfeek * (K02/(KO2+uk{4}}} * (ENQ3/(KNO3+zk(27}})} * (zk{25)}/(Kfe+zk(25))) *
(SATLRk (4} / (RALK+SATRk (4} ) )* XHk(4);

P(45)= gPHAck * (zk(26)/(KA+zk(26))) * (SALEk{4)/{KALK+SALEKk({4})}) *

((XPAOk (2) /XPROK(4)}/ (KPP+ (XPAOK(4) /XPAOk (4)))}) * XPROk(4);

P(46)= qPPek * (uk({4)/(KO2+uk{4))) * {(zk(29)/(KPS+zk{(29}}) * (SALKk{4)/(KALK+SALKK(4)})
* ({zk(32)/XP20Ok(4))/ (KPHA+ (zk{32) /XZPACk(4)))) * ({EKMAX-(XPACk(4)/XPACk(4)))/(KPP+KMAX-
(XPAOk (4) /XPAOQk (4} }})} * XPAOk({4);

D({47)= muPAOek * (uk{4)/(XKO2+uk{4))} * (=zk(27}/(ENH4+zk(27))) *

(SATKKk (2) / (RALK+SALKk (4)))* (zk{29)/{KP+zk(29}}) *

((zk{32) /XPAOK {4}) / {KPHA+ (zk (32) /XPAOk (£} }}) * XPAOk(4);

P(48)= mulUTek * (uk{4)/(KO2+uk{4)}) * (zk(27)/ (ENH2+zk(27})) * (2k(29)/ (EP+zk(29))) *
{SALRk{4)/ (KALK+SALEKX(2})} * XAUTk{4);

% TRANK 5

P(49)= kHek * (uk(5)/(KO2+uk(5))) * ({(zk(38)/XHk(5))}/ (KX+(zk(38)/XHk(5)})) * XHk(5);
P{50)= kHek * etaNO3 * (KO2/(KO2+uk(5))) * (zk(36)/(KNO3+zk(36))) =*

((zk(38) /XHk(5))/ (KX+(zk(38) /XHk(5)})}) * XHk(5);

P(51)= kHek * etafe ¥ (RKO2/(KO2+uk(5))) * (KNO3/ (KNO3+zk{3&})) #*

((zk{38) /XHKk(5))/ (KX+(zk{38) /XHk(5)}}) * XHk(5);

P(52)= muHek * (uk({5}/(KO2+uk(5}}) * (zk(33)/(KF+zk{(33))) * {zk(33)/(zk(32)+zk({34))) *
(zk(35)}/ (KNH4+zk{35})) * (zk(37}/(EP+zk(37))} * (SALKk(5)}/{KALX+SALKk(5)})) * XHk(S};
P(53)= mullek * (uk({5)/(KO2+uk(5)}}) * (zk(34)}/(KA+zk{34))) * (zk(34)}/(=zk(33)+zk(34})}) *
(zk(35)/ {(RNH4+zk{35})}) * (zk(37)/(KP+zk(37})}) * (SALKk(5)/(KALK+SALKk(5))) * XHX(5);
P(54)= mulek * eta®03 * {(KOZ/{RO2+uk(5)})) * {(zk(33}/(KF+zk{(33))) *

(zk (33)/(zk(33)+zk(34))) * {(zk(35)/(KNHa+zk(35}))) * (zk(36}/(KNO3+zk({36}}) *
{SALEk(5)/ {KALK+SALEKk({5)}}) * XEk(5);

P(55)= muHek * etaNO3 * (EO2/(KO2+uk(5))) * (zk(34)/(RKa+zk{34))) =

(zk {34}/ (zk{33)+zk (34))) * (zk(35)/(KNH4+zk(35))) * (zk(36}/(XNO3+zk(36)}) *
(SALKk(5)/ (RALR+SALEk(5)))* (zk(37)/{KP+zk(37))) * XHK(5});

P{56}= gfeeck * {(KO2/(KO2+uk(5))} * (KNC3/(KNO3+zk(36))) * (zk(33)/(Kfe+zk(33))) *
{SALKk (5} / (RALK+SALKk(5))}* XHk({5);

P{57)= gPBAek * (zk({34}/(KA+zk(34)}) * (SALKk(5)/(KALK+SATLXk({5})) *

{ (XPAOK {5} /XPAOKk({5) )/ (KPP+ (XPAOk (5} /XPACkK(5))}) * XPAOkK(S);

P(58}= qPPek * {(uk(5)/{(RKO2+uk(5)}} * {(zk(37)}/(KPS+zk{37}))) * (SALKK({5)}/(KALK+SALKk({5)))
* {{zk(40)/XPACk{5))/ (KPHA+{zk{40) /XPACk(5})})) * ((KMAX- (XPAOkK(S5)/XPAOk(5}})/(KPP+EKMAX-
(XPROK({5) /XPAOk(5})}) * XPROk(S5};:

P{59)= muPAOek * (uk{5)/(KO2+uk{5})} * {zk(35)/(FKNH4+zk(35})) *

(SALEk(5)/ (RALK+SALEK(5)))* (zk(37)/(KP+zk(37)}} =* .

((zk{40) /XPAOK(5) )/ (KPHA+ (zk (40) fXPAOK {5)))) * XPAOk(S);

P(60)= muAUTek * (uk{5)/(KC2+uk{5)}) * (zk{35)/(KNH4+zk{35})) * (zk{37}/(KP+zk(37))) *
(SATEk(5) /{KALK+SALKk(5))) * XAUTk({S5);

Pk = [P(1} P(2) P(3) P{(4) B(5) PB(6) P(7) P(8) P{9) P{10) P(11l}) P(12} P(13) P{14) P(15}
P(16) P(17) P{18} P(1%) P(20) P(21) P(22) P{23) P({24) P{25) P(28) 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{244) P(45) P{46) P{47) P(48) 2(29) P{50) P{S51) P(52) P(53) P(54) P{55) P(56) P(57}
p{58} P(59) P(60}1';
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APPENDIX C: DEVELOPED MATLAB CODE FCOR OPTIMAL CONTROL OF THE
BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.2d BIO-MODEL

C.1: MATLAE script file - BASM2d_Simulation.m

¥ M-File: BASMZ2d Simulation.nm

% = M-FILZ DESCRIFTION

% This m-file is used for:

% Simuiation of the Benchmark plant using fu:ll ASM2d model

% Calculation of the paramsters for the reducsed ASMZd meodel

& Simulation of the Benchmari plant using the reduced A3¥2q¢ model
clear 2ii % Clear the workspace

cle 2 Clear tne compmand window

% mmmm————— PARAMETER DEFINITION

% Declisraticn of the glckal wvariablss

global £5I YH fXI YPO4 YPHA iPBM YA iNBM Kh etaN0O3 etafe muH gfe bH gqPHA
globzl QPP muPAO bPAO bPP bPHA muAUT bAUT kPRE kRED K02 KX KNO3 KF KNH4
global KALK KA Kfe KPP KPS KP KPHA KIFP KMAX

K1 = 5; % Prediction horizcn ox interval
DT = 0.01042; % Sampling Zime
% Initialization of the model parameters, typical vaiaes at 20 0C
% Stochicmetric parameters
£51 = 0.0;

YH = 0.625;

£XI = 0.10;

YPO4 = (0.40;

YPHA = 0.20;

iPBM = 0.02;

YA = 0.24;

iNBM = 0.07;

% Kinetic paramsters

Kh = 3;

etaN0O3 = 0.8;

etafe = 0.4;

mmiH 0.6;

afe = 3;

bH = 0.4;

qPHA = 0.3;

gpPFP = 1.5;

muPAs = 1;

bPAO = 0.2;

bP? = Q.2;

bPHA = 0.2;

muAUT = 1;

bATT = 0.15;

kPRE i;

kRED = 0.6;

% Moncd switching functions
KQo2 = 0.2;

09 0.1;

FNO3 = 0.5;

XF = 4;

KINH4 = 0.05;

KALX = 0.1;

):4-% = 43

Kfe = 20;

KPP 0.1;

EES = 0.20;

EP = 0.1;
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EXHA = 0.1;
EKIPP = 0.02;
EMAZX = 0.34;

% Imitiziization of the Benchmark process cata

Vi = 1400; % Tenk 1 volume

va2 = 1000; % Tank 2

V3 = 1333; % Tank 3

Vi = 1333; %2 Tank <&

vs = 1333; % Tank 3 wolumne

Q0 = 18446; % Infivent flow rate

Qa = 55338; % Interral recirculation rate
Qr = 18446; % Sludge-recycled rate

ow = 385; % Wasted siuvdge rate

Q = Q0 + Qa + Qr;% F_ow throcgh the tanks

% Ceoeficient for fracticn of f£low rates for the parsicalate materizls

LAMEDA = (Q0+Qr}/ (Qr+Qw);

% Oxygen paramsters

S0sat 8; % Oxygen saturation point
KLa3 = 240; % Czygen tTransfer function
KLad = 240; % Oxygen transfer functisn
FL.a5 = 84; % Oxygen transfer functicn

KL = {KLa3 KLa4 FLa5];:
KLa = diag(¥L);

5 PRCCESS MODEL s e
% Calguiation of the METRIX A

% Matrix A represent weighting factors of tke accumulazed state variables

% from different flows iowards stats fariabies in sach tank as derived

% threough mass balance principles, see chapter 3 of the Thesils

IVl = DT/ V1; IVil = IV1 * Q; All = 1 - IV1l;

IV2 = DT/ Vv2; Iv22 = IV2 * Q; AR22 = 1 - IV22;

IV3 = DEf V3; IV33 = IV3 * Q; A33 = 1 - IV33;

IV4 = DT/ V4; IVA4 = IV4 * Q; R4d = 1 - IV44;

IVS = DT/ V5; IV55 = IVS * Q; AS5 = 1 - IVS5;

Al5a = IVI * {(Qa + Qr); % Soluble materials racycled from Tank S
Al5b = IVL * {Qa + LAMBDA*Qr}; & Particulate mateérials recycled frem Tank 5

A2l = IV22;
A32 = IV33;
B43 = IV44;

A54 IVS5;

A1l = A1l * ones(i,19); All = diag{all};

A22 = A22 * ones(l1,19); A22 = diag(a22};

A33 = B33 * ones{1,19); A33 = diag{a33d}:;

A44 = A4 * ones(l,19);: R44 = diag(R44};
* ones{1,19); A55 = diag{as5);

ASS = ASS

AlS =
[Al5a,Al5a,A15a,A154,A15a,A154a,A15a,A1558,A15a,A15b,A15b,A15b,415b,A150b,A15b,A15b,A15b,A
15b,a15b} ;

215 = diag{Al5};

A21 = A21 * ones(l,19); A21 = diag(a2l);
A32 = 232 * ones(l,19); A32 = diag(a32};
A43 = A43 * ones{l,19); 243 = diag{a43}:
AS54 = AS4 * ones{1,19); AS54 = diag{As4};

zeros(19,19); A20 = zeros(19,38); A30 = zeros(1%,57);

2

A = {A11 A3Q AlS; A21 A22 A30; AI0 A32 A33 A20; A20 A43 RA44 A10; A30 AS54 ASS5];
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% Calculacion of the M
% Matrix B represent actors of the state variables towazds
% influent wastewater compositi derived through mass balance
% principlies, see chapter 3 hesis
IV0O = DT/ V1*Qo;
Bll = IV0 * ones{1,19%); Bll = diag(Bil};
= [B11l; =zeros(76,19)];
% Formuliation of the MATRIX C
% Matriz C represent welghti=ng factors of the state variables towards
¥ processes on the ASMI matrix table
% 502 SF SA SHH4 SKO3 5P0<g 5z ATK SN2
% %S XH XPRD xPp XPHA TAUY ATS8S AMeQH
cc ={[01 00 0.01 0000001 G -1060000-0.750 0};
f[@1000.01 006900.0000-200C0900C-~0.750 0];
fo1000.00 0000.000-1490¢800-~-0.750 0];
[-0.6 -1.6 0 ¢ -0.022 O 0 -0.004 -0.001 0 0 1 0 00Q Q0 0.9 0 0];
[-0.6 0 -1.6 0 -0.07 C O -0.02 0,021 001 00O0COQ0D.92 0 0];
[0 -1.6 0 0 -0.022 0.2 -0.21 -0.004 0.014 0 Q0 1 0 0 Q 0 0.9 0 01;
[0 0 -1.6 0 -0.07 0.21 -0.21 -0.C2 0.036 0 O X 0 0 0 0 0.9 0 0];
[0 -1100.03000.01 -0.014 Q0 CO0 000 QO QO0);
[0cO0O0O0.031 0 ¢ 0G.01 0.602 0.2 0.9 -2 0 000 -0.15 0 0];
[00-100000.40.0020000-0.410 -0.69 0 0];
[-0.2 000 000~ Q.06 00O 01 -0.203.11 0 0];

[0 G 00QCO0.07 -0.07 -1 0.021 0 Q0 01 -0.203.11 0 0};

[-0.6 00 0 -0.07 00 -0.02 ~0.004 0 0010-1.60 -0.06 0 01;
fooo0o0 -0.07 0.21 -0.21 -0.02 0.011 00 010G -1.6 0 -0.06 0 0];
fooocoo0.031 00 0.01 0.00206.10.20-1000 -0.15 20 0};

[ 0C000O0CO0C1 -0.0160000-1020 -3.230 0]

fbpo1o0co0000 -0.02600000-190 -~0.62090 0];

[-18 0D 0 0O -4.24 0 4.17 -0.02 -0.6 0 0 C 000 10.90 0];

[0 00c0©0.031 00 0.010.0020.10.9000090 -1 -0.1520 01;
f[oooc000O0-10.048 0 0 00 000 1.42 -3.45 4.87];

fo 00 000O0GI -0.048 0 0 0 0 00 0 -1.42 3.45 -4.87]1;]

C = DT*[CC zeros(2l,76); zeros(21,19) CC zeros(21,57};
zeros (21,38) CC zeros{21,38); zeros(21,57) CC zeros(21,19);
zeros (21,76} CC;i;

ihe

A{I
X¥eP

% ===

aATh

SIMULATION

% Rverage vaiues of the

802i = 0.0; SFi =
SPO4i = 3.6; SIi =
Xsi = 202.32; XHi =
X2UTi = 0.0; XTSS8i =
xi = [S02i*ones{1,K1);
SNO3i*ones(1,K1);
SN2i*ones(l,KL);
XpaQi*ones(i,K1);
XTSsi*ones(1,K1);
% Valpes of the initial
% For tanz
S02_ 1 = 4£.2984433e-03;
SNH4 1 = 7.9178845e+00;
SI_ 1 = 3.0000000e+01;
XI_1 = 1.1491252e+03;
XPAO 1 = 0.1; XPP_1 =
XTSS_1 = 180;XMeOH_1 = 0
Xlo:

XT_1; XS 1; XH_1
XMeP 1};

% For tank Z

S02_2 6.3131911e-05;

{802_1; SF 1; SA_1; SNH4_1; SNO3_1; SPO4_1; SI_1;

[ B Y

inflow

concentratiorns based on the dry weather file

30; [=3:%3 = 20; SNH4i1i = 31.56; SNO3i = 0.0;
30; SALEKE = 7; SN2i = €.95; XIi = 51.2;
28.17; XPROI = 0.0; XPPi = (.0;: XPHAL = 0.0;
1840; IMeQH: = 0.0; XMePi = 0.0;

SFi*ones{1,K1};
spo4i*ones(1,K1);

SAi*cnes(1,X1); SNH4i*ones(1,K1};
SIi*ones(l1,K1); SALRi*ones(1l,¥1);
XTi*ones{1,K1); XSi*ones(1,K1); XHi*ones(1,K1);
XPPi*ones (1,K1}; XPHAi*ones (1,X1); XAUTi*ones(1,K1);
XMeQHi*ones(1,Kl}; XMePi*ones(1,K1}1+0.01;

¢

corditions

SF 1 = 2.8082131e+00; SA_1 = 2.8082131le+00;
SNO3 1 = 5.3699400e+00; SPO4_I = 3.6;

SALK 1 = 4.9277103e+00; SN2_1 = 1.2166405e+00;
XS_1 = 8.2134908e+01; XH 1 = 2.5517658e+03;
0.1; XPHA 1 = 0.1; XAUT_1 = 1.4838943e+02;
L1;EXMeP 1 = 0.1;

SALE 1; SN2_1;

; XPAQ_1; XPP 1; XPHA 1; XAUT 1; XTSS_1; XMeOH_1;

SF 2 1.4587940e+00; SA 2
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SNE4_2 = 8.3444148e+00; SNO3_2 = 3.6619672e+00; 5P04_2 3.6;

]

SI_2 = 3.0000000e+01; SALK_2 = 5.0801748e+00; SN2_2 = 8.8206477e-01;
XI_2 = 1.1491252e+03; XS 2 = 7.6386187e+01; XH 2 = 2.5533851e+03;
XPAG 2 = 0.1;XPP 2 = 0.1; XPHA 2 = 0.1; XAUT 2 = 1.4830914e+02;
XTSS 2 = 180;XMeOH 2 = 0.1; XMeP 2 = 0.1;
x2¢ = [S02_2; SF_2; SA_2; SNH4_2; SNO3_2; SPO4_2; SI_2; SALK 2; SN2_2;
XI_2; XS 2; XH_2; XPAC 2; XPP_2; XPHA 2; XAUT 2; XTSS 2; XMeOH_2;
XMeP 21;
3

% For tank
S02_3 = 1.7183778e+00; SF_3
SNH4_3 = 5.54795452e+00; SNO3_3

1.1455418e+00; S5A& 3 = 1.1495418e+00;
6.5408820e+00; SPC4_3 3.6;

SI_3 = 3.0000000e+01; SALK 3 = 4.6747902e+00; SN2_3 = 8.2888682e-01;

XT 3 = 1.1491252e+03; XS_3 .. = 6.4854922e+401; XH 3 = 2.5571314e+03;

XPAO_3 = 0.1; XPP 3 = 0.1; XPHA 3 = 0.1; XAUT 3 = 1.4894126e+02;

XTSS_3 = 180; XMeOH 3 = 0.1; XMeP_3 = 0.1;

X30 = [802_3; SF 3; SA 3; SNH4_3; SNO3_3; SPO4_3; SI_3; SALK 3; SN2_3;
XI_3; XS 3; XH 3; XPAO_3; XPP_3; XPHA 3; XAUT 3; XTSS_3; XMeOH 3;
XMeP 3] ;

% For tank 4
502_4 = 2.4288838e+00;5F 4

= 9.9532389e-01;5A_4 ~ 9.9532389e-01;
SNH4 4 = 2.967385£e+00;SNO3_4 = 9.2983988e+00;SP04_4¢ = 3.6;

SI_ 4 = 3.0000000e+01;SALK 4 = 4.2934562e+00;SN2_4 = 7.6678656e-01;
XI_4 = 1.1491252e+03;XS_4 = 5.5693982e+01;XH_4 = 2.5591826e+03;
XPAO_4 = 0.1;XPP 4 = 0.1;XPHA 4 = 0.1;XAUT 4 = 1.4952712e+02;
XTSS 4 = 1B0;XMeOH 4 = 0.1;XMeP & = 0.1;

x40 = [SO2_4; SF_ 4; SA &; SNH4_4; SNO3_4; SPO4_4; SI_4; SALK 4; SN2_4;
XI_4; XS 4; XH 4; XPAO_4; XPP_4; XPHA 4; XAUT 4; XTSS_4; XMeOH 4;
XMep_41;

% For Tank 5

502 5 = 4.,9094351e~-01;8F_5 = B.§949280e-01;5A 5 = 8.8%49280e-01;
BNEH4_5 = 1.7333316e+00;SNQ3_5 = 1.0415220e+01;SP04_5 = 3.6;

BI_S = 3.0000000e+01;SRLK 5 = 4.1255794e+00;SN2_5 = £.8828001le-01;
XI_ 5 = 1.1491252e+03;X5 5 = 4.9305586e+01;XH_5 = 2.5593436e+03;
XPRO 5 = 0.31;XPP 5 = 0.1;XPHA 5 = 0.1;XAUT 5 = 1.4979714e+02;
XTSS_ 5 = 180;XMeOH 5 = 0.1;XMeP_5 = 0.1;

x50 = [SO2_5; SF_5; SA_5; SNH4_5; SNO3_5; SPO4_5; SI_5; SALK 5; SN2 _5;
XI_5; XS _5; XH_5; XPAO_5; XPP_S5; XPHA 5; XAUT 5; XTSS_5; XMeOH_5;
¥XMeP 5] i

%0 = [X10;x20;x30;x40;x501*0.01;

x = [x0 zeros(95,Ki)l;

Pk = P_BASM2dF(xk);

S0k = [xk{39,1);xk(58,1);xk(77,1)1; .
%Xk = DT*KLa* (80sat-80k);
xxlk = {zeros{38,1) ;xxk(1);zeros(l8,1);xxk{2) :zeros{18,1);xxk(3) ;zeros(18,1)];

x{:,k+1l) = Aa*x{:,k) + C**Pk + B¥xi(:,k) + xxik;

1 model responsse to the steady state influent concentrations

subplot (5,4,1);plet{x(l,:)};title (302 1)
subplot(5,4,2) ;plot{x(2,.:});title('SF1")
subplot(5,4,3) ;plot{x(3,:));;title('3A1l")
subplot(5,4,4) ;plot{x({4,:}) ;vitle('SKEL 1)
subplot (5,4,5) ;plot{x(5,:});title ("SKG3 1°')
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subplot(5,4,6) ;plot(x(6,:));title (*SPCL 1)
subplot(5,4,7) ;plot{x(7,:));title{"5I1")
subplot(5,4,8) ;plot{x(8, :});eicle ("SALKL"}
subplot (5,4, 9) ;plot{x(3,:));title {*SK2_17)
subplot(5,4,10) ;plot(x(10,:));tit2e{'XI1'};
subplot{5,4,11) ;plot{x(11l,:) ) ;title(*¥31")
subplot{5,4,12);plot{x(12,:))stitle{*XHl"}
subplot(5,4,13) ;plot{x(13,:));title{'XPA0L")
subplot(5,4,14);plot(x{14,:}));title( ' XFP1l"}
subplot(5,4,15) ;plot(x(15,:) ) ;title{ XPHAL")
subplot(5,4,16) ;plot(x{16,:});title("XRCTL")}
xlabel {'discrece time k')
subplot(5,4,17});plot(x{17,:));citle('X¥3S81"}
xlabel{'discraze time k') o
subplot(5,4,18) ;plot(x(18,:)) ;title{ X¥a0H1"}
xlabel('discrete Time k')

subplot{5,4,19) ;plot{x(19,:) ) ;ticle({ ' XM=F1")
xlabel ('discrete time k")

set (figure (1}, 'name’, 'Tank 1 steady state rasvlts', 'nunbertitle’,'off')
% Tank Z

figqure {2}

subplot (5,4,1) ;plot{x{20,:}};title({'SCZ_2")
subplot (5,4;2) ;plot{x(21,:});title('3SF2")
subplot(5,4,3) ;ploc(x{22,:)) ;title(*SRZ"
subplot(5,4,4) ;plot(x(23,:)) ;title('SKH: 2')
subplot (5,4,5) ;plot(x(24,:)) ;title('8R03_27)
subplot(5,4,6) ;plon{x{25,:}) ;title{'SP0s_2')
subplot(5,4,7) ;plot{x(26, :));title(*'SI2'}
subplot(5,4,8};plot{x(27,:)) ;title("SALKZ"}
subplot(5,4,9) ;plot{x(28,:));title('SN2 2*)
subplot({5,4,10) ;plot(x(29,:) ) ;title("XI2");
subplot {5,4,11};plot(x{30,:) ) ;title( XS2")
subplot(5,4,12) ;plot(x{31,:) ) ;title(*XHZ’)
subplot (5,4,13) ;plot (x(32,:));title( XPACZ")
subplot{5,4,14) ;plot(x(33,:));title("XPP2")
subplot{5,4,15) ;plot{x(34,:));title{ XPHAZ")
subplot(5,4,16) ;plot(x(35,:));title('XAUT2")
xlabel('discrete time k'}

subplot(5,4,17) ;plot(x(36,:));title (*XTSSZ")
xlabel('discrete Limg k')
subplot(5,4,18);plot(x(37,:) ) ;title (" XeDH2")
xlabel{'discreie time k')

subplot (5,4,19) ;plot(x(38,:));title{ XMepP2"}
xlabel{‘discrete time k')

set {(figure (2}, *name’, *Tark 2 steady state results', "nurbertitle',’off’}

% Tank 3

figure(3)
subplot{5,4,1} ;plot (x{39%,:}}stikle(’502 3')
subplot(5,4,2) ;plot(x(40,:});title('SF3"}
subplot(5,4,3);plot(x(él,:));title('SA3') ’
subplot({5,4,4) ;plot(x{42,:}) ;title{"SKHL 3')
subplot(5,4,5) ;plot(x{42,:)} ;title (*5N03_3")
subplot{5,4,6) ;plot(x{44,:}};title('SP0L 37}
subplot{5,4,7);plot(x{45,:});title('8I3")
subplot({5,4,8) ;plot(x{46,:)};title( 'SALK3")
subplot{5,4,9) ;plot(x{47,:}} ;title('SRZ_37)
subplot{5,4,10) ;plot(x{48,:})title('XI3");
subplot(5,4,11) ;plot(x(49,:}}:;titie{ X83")
subplot{5,4,12) ;plot (x(50,:});title({"XH3")
subplot({5,4,13};plot(x{51, )} ;title( 'XFAC3"}
subplot({5,4,14};plot(x(52,:}};title( XEPR3")
subplot(5,4,15) ;plot(x(53,:} ) ;title( "XPHRZ")
subplot(5,4,16) ;plot(x(54,:}};title("XRUTI")
xlabel{'discreze time k')
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subplot({5,4,17} ;plot {x(55,:) } ;title(*XTS53")

xlabel{'discrete “ime k')

subplot({5,4,18) ;plot(x({56,:) ) ;title (' ¥XMeOHE3")

xlabel{*discrete Time k')

subplot(5,4,19) ;plot{x{57,:)};;title(*X4cP3")

Xxlabel ('discrete time k')

set (figure(3}, ‘name’, 'Tark 3 steady state results', 'numbertitle’, 'cIi')

% Tank 4
figure{4} i
subplot(5,4,1) ;plot{x({58,:)};title( 302 _4&"')
subplot(5,4,2) ;plot(x(59, :}) ;title(’8FL{')
subplot({s5,4,3);plot{x(60,:}) ;title("3ARL")
subplot{5,4,4);plot(x(61,:}) stitle(*SKH2 £")
subplot(5,4,5);plot(x(62,:});title('SNO3 _4")
subplot(5,4,6) ;plot{x{63,:)) ;ticle{ SPCL_&7)
subplot(5,4,7);plot(x(64,:}) stitle( SIL")
subplot (5,4,8) ;ploc{x(65,:)) ;title('3ATK4")
subplot(5,4,9) ;plot{x(66,:)) ;title('SN2_4"%)
subplot{5,4,10) ;plot(x(67,:));title('XIL");
Subplot(5,4,ll);plot(x(SS,:));title(‘XSé‘}
subplot (5,4,12);plot{x(69,:) ) ;eitle("XH4")
subplot(5,4,13) ;plot(x(70,:});ticle("¥PACL")
subplot (5,4,14) ;plot(x(71,:} )} ;tictle('XPP4L’)
subplot (5,4,15);plot({x(72,:)}};title("XPHAL")
subplot (5,4,16) ;plot(x(73,:) ) ;title('XACT4")
xlzhel{'discrete time k')

subplot({5,4,17} ;plot{x(74,:) ) ;title (' XTS54")
xlabel (*discrete tTime k')

subplot(5,4,18) ;plot(x(75,:) ) ;title{ ' XMeQHs")
xlabel {'discrere Time k')

subplot (5,4,19);plot(x(76,:}}:title('XMecF4")
xlabel {'discrete time k')
sec(figure(4), 'name’, 'Tank £ stealdy state results’,'numbertitle’, 'cif')

% Tank &

figure(s)

subplot (5,4,1) ;plot{x(77,:)) ;title('8C2_3")
subplot (5,4,2) ;plot(x(78,:)) ;Eitle(*SES’)
subplot (5,4,3) ;plot(x(79, :)) ;eitle( SAST
subplot (5,4,4) ;plot(x(80, :}) ;ritle("SNHE_5')
subplot(5,4,5) ;plot{x(81,:}) ;title('SNQ3_3")
subplot(5,4,6) ;plotix(82, :}) ;title('SPOL_5')
subplot(5,4,7) ;plot(x(83,:}};title('SI5"}
subplot(5,4,8];plot(x(84,:));title('SRLKS')
subplot(5,4,9) ;plot(x{85, :}} ;title('SK2_5")
subplot({5,4,10);plot(x(86,:} ) :title(*XI5");
subplot(5,4.,11) ;plot(x(87,:} ) ;title{ X85")
subplot(5,4,12) ;plot{x(88,:) ) ;title{ XH5")
subplot(5,4,13) ;plot{(x(89,:) ) ;;title{ "XFACGS")
subplot(5,4,14) ;plot(x(90,:});title('XPP5'}
subplot(5,4,15) ;plot{x(91,:)});title{"XPHRS"}) .
subplot(5,4,16) ;plot{x(92,:});ritle( ' ¥ACIS")
xlabel{'discrete time k')
subplot(5,4,17):plot(x(93,:) ) :title("XT885")
xlabel ('discrete Time k')

subplot(5,4.,18) ;plot{x{94,:)) ;title(’Xe0H5")
x1abel {*discreie time k'}

subplot{5,4,19) ;plot{x{95,:}) ;title('¥H¥eP3*)
xlabel{'discrete time k')

set {figure(5), ‘nawe’, 'Tank 5 steady state rasults’,’numbertitle',’clf’)

% Batz for dynamic simulations
K = 5; % Prediction horizoa for dynamic sim=larions
Dynamics of the inflow concentrations for dry weather file
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% The order is %, 88 XBH X5 XI SKid SI SKD XND J

% T2 3 4 5 & 7 8 -% 10

xi = [SO2i*ones(i,X); SFi*ones(l,X); Sai*ones(1,K); dry{1:X,6) ';
SNO3i*omes(1l,K}; SPO4i*ones{l,K); dry(l:K,7)r; SALKi*ones (1,K} ;
SN2i*ones(1,X}; dry(i:K,5)7; dry(l:K,4)'; dry(1:K,3)';
XPAQi*ones(1,K); XPPi*ones{1,K}; XPHAi*ones(1,K); XAUTi*ones(1,K);
XT58i*ones{l1,¥); XMeOHi*ones(l,K); XMePi*gnes(1l,X) 1;:

% The order is

3 T2 3 & 5
% 8 1%

x [%(:,(K1+1}) zeros(95,K}1:

L

T B S 15 il 12 13 14 15 Zg :7

[+

imulation of the model

xk

xik = xi{:,k);

Pk = P_BASM2dF (xX) ;

s0k = [xk(39,1);xk(58,1);:;xk(77,1}];
xxk = DT*KLa* {SOsat-S0k};

[zeros(38,1) ;xxk(1l) ;zeros{18,1) ;xxk(2);zeros(18,1);xxk(3) ;zeros(18,1)1;

x{:,k+1l) = 2*x{:,k) + C'*Pk + B*xi(:,k) + xxIik;
end

4
)
3
3

% Full model response to the dynamic influert concentrations
Tank 1

figqure({eg)

subplot(5,4,1) ;plot{x{l,:});title('302_1%)

subplot(5,4,2) ;plot(x(2,:));title (*8F1")

subplot(5,4,3) ;plot(x(3,:));title('SAL")
subplot{5,4,4);plot(x(4,:));title('S¥HS 1)

subplot (5,4,5) ;plot{x{5,:)};citle ('SNC3_17)

subplot(5,4,6) ;plot(x(6,:)) ;ticle('SPO4 1"}
subplot{5,4,7);plot(x(7,:));title("SI1")
subplot(5,4,8) ;plot(x(8, )} ;ritle{"SRLK1"}

subplot(5,4,9) ;plot(x{2,:});citle{*SN2 1"}

subplot(5,4,10) ;plot(x{10,:)) ;title{’XI1"};
subplot{5,4,11);plot (x{11,:)}rtitle(*XS1")

subplot (5,4,12) ;plot(x(12,:));title('XEl")

subplot (5,4,13) ;plot (x{13,:}};title('XPROL")
subplot(5,4,14);plot(x(14,:));title{'XpPP17)
subplot{5,4,15) ;plot (x{15,:) ) ;title('XPHAL")

subplot(5,4,16) ;plot{x(16,:));title("XALTL")
xlabel{*discraete *ime k')

subplot (5,4,17) ;plot{x{17,:));title(*XTSS1")
xlabel{‘'discrete time k')

subplot(5,4,18) ;plot(x{18,:)) stitle(*XMeCH1 ")
xlabel{'discrete times k'}

subplot (5,4,19) ;plot(x{19,:) ) ;title( " XMePl*) '
xlabel{'discrete time k%)

set (figure (6}, ‘name’, "Tank 1 dynamic resulis', 'nunbertitle’, foff')

A

% Tank 2

figure (7}
subplot{5,4,1} ;plot(x(20, -} ) ;title('S8CZ 2"}
subplot{5,4,2);plot{x(21,:}) ;title('SF2"})
subplot{5,4,3});plot(x(22,:}) ;title('SAa2")
subplot{s,4,4) ;ploc{x{23,:)) ;title('SKHs_27)
subplot(5,4.5);plot (x(24,:});titlel 'SL‘C3_2’ )
subplot({5,4,6) ;plot(x(25,:}) ;title{'SPCE 2*)
subplot(5,4,7) ;plot(x(26,:}) ;title('SI2"}
subplot (5,4,8) ;plot(x(27,:)) ;title{'SALK2")
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subplot(5,4,%2);plot{x(28,:));title('SK2_2*)
subplot (5,4,10) ;plot{x{29,:} ) :title('XI27});
subplot (5,4,11) ;plet({x(30,:}) ;title{'X82")
subplot{5,4,12};plot (x(31,:)) ;ticle{*XH2"}
subplot(5,4,13) ;plot(x{32,:)) ;title( XERO2")
subplot (5,4,14) ;plot (x(33,:) ) ;title{"XFP2*)
subplot({5,4,15) ;plot(x(34,:)) ;title{’XPHAZ')
subplot(5,4,16) ;plot(x(35,:) ) ;title('XALT2")
Xlabel{'discrete time k'}
subplot(5,4,17);plot(x{36,:} )} ;title( XTS52")
xlabel({'discrezs ifim= k')
subplot(5,4,18) ;plot (x(37,:)};title (' XMeCH2')
xlabel(‘'discreze tixe k')

subplot{5,4,19) ;plot{x(38,:) };title( 'XMeP2")
Xlabel(‘'discrete Time k*)}

set {fiqure(7}, ‘name’, 'Tank 2 dynamic results', 'rumbertitle', 'cff’)

% Tark 3

figure (8)
subplot(5.4,1);ploc({x(39,:)};;title(75CZ_3%)
subplot(5,4,2) ;plot{x(40,:))};title(T5F3"%)
subplot(5,4,3) ;plot(x(41,:));title('SA3")
subplot{5,4,4) ;plot(x({42,:)) ;title("SKH4_3')
subplot(5,4,5) ;plot(x(43,:)) ;title('SKC3_3*%)
subplot (5,4,6) ;plot (x(44,:)) ;title(*SPQL 37}
subplot(5,4.7) :plot(x(45, :)) jtitle{*SI3")
subplot(5,4,8) ;plot(x(46, :)) ;title{ ' SALK3")
subplot(5,4,9);plot(x(47,:)) ;title{ SN2 3')
subplot{5,4,10) ;plot (x(48,:}};ticle(7XI3");
subplot{5,4,11);plot(x{49,:});title('X3537)

subplot (5,4,12) ;plot{x(50,:} ) ;title('XH3")
subplot(5,4,13) ;ploc(x(51,:))};title('XPAC3")
subplot(5,4,14) ;plot(x(52,:}) ;title(*XPP3")
subplot(5,4,15) ;plot (x(53,:) ) ;title(*XPHAE3")
subplot(5,4,16) ;plot (x({54, :) ) ;title (" XRAUT3")
xlabel {*discrete time k')
subplot(5,4,17) ;plot (x{55,:)) ;title(*XTIS3")
Xlabel{'discreta time k'}

subplot (5,4,18) ;plot(x(56,:));title( ' XM=CHI")
xlabel {‘discrets tire k')

subplot(5,4,19) ;plot(x(57,:));title( ' XMeE2")
Xlabel {'discrete time k')

set(figure(8), 'nare’, 'Tank 3 dynamic results','rnumberticle’, 'ofI’)
% Tank ¢

figure(9}
subplot{5,4,1) ;plot (x(58, :}} ;title (502 &'}
Subplot(s,é,z):plot(x(59,:));title(’SFé')
subplot(5,4,3);plot{x(60,:}});title('5AL")
subplot (5,4,4) ;plot{x(61,:)) ;title{ 'SKHS $*)
subplot (5,4,5) ;plot{x{62,:)) ;jtitle{'SKC3_<*)
subplot(5,4,6) ;plot(x(63,:)) ;title(’'SPC4_4") .
subplot(5,4,7) ;plot{x{64, )} ;title (514"}
subplot(5,4.8);plot(x(SB,:));title('SALK4'j
subplot {5,4,9) ;plot(x(66, :)) ;title{'SK2Z_47)
subplot{5,4,10) ;plot{x(67,:));title{"XIs");
subplot{5,4,11) ;plot{x(68,:)) ;ticle(*XSL")
subplot(5,4,12) ;plot(x(69,:) ) ;title(*XH4")
subplot (5,4,13) ;plot{x(70,:)) :title( ' XPACL")
subplot (5,4,14) ;plot (x(71,:));title(*XPP4"}
subplot (5,4,15) ;plot{x{72,:}};title{ XPHAL?)
subplot(5,4,16) ;plot{x(73,:) };title(*XRUT4"}
xlabel ('discrete time k') .
subplot(5,4,17) ;plot{x(74,:)};title{'XTS54"}
xlabel {*discrete time k')
subplot{5,4,18) ;plot (x(75,:}};title('X¥aCHL")
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xlabel('discrete time k')

subplot(5,4,19) ;plot(x(76,:))};title{'XMeP4’)

x1label ('discrefe time k*)

set{figqure(9}, ‘name', 'Tank 4 dynamic results’, 'numbertitle’,'off*)

% Tank 5

figure (10}

subplot (5,4,1);plot(x(77, :}) ;title(’SC2
subplot(5,4,2);plot{x(78, :}) ;title ("SFY’
subplot (5,4,3) ;plot (x{79,:}} ;title( 323"
subplot({5,4,4) ;plot(x(80, :}} ;title('SKHL
subplot{5,4,5) ;plot (x(81,:}) ;title (T SKC3
subplot(5,4,6) ;plot(x{82, :)) ;title{ SPCL_
subplot(5,4,7) ;plot(x(83,:)) ;title{'SI5")
subplot(5,4,8) ;plot(x{84,:)) ;title("SALKS")}

subplot(5,4,9) ;plot{x(85,:}) ;eitle('SK2 5')
subplot(5,4,10};;plot{x(86,:));ticle{*XI2");

subplot{5,4,11) ;plot(x{87,:) ) ;;title('X35")

subplot{5,4,12) ;plot(x({88,:)) ;title{"XH5")
subplot(5,4,13);plot(x(89,:) ) ;title( XPAGCS")
subplot(5,4,12);plot(x({90,:));title{*XPP5"')}

subplot(5,4,15) ;plot{x{91,:}};citle(*XPHAS")

subplot(5,4,16) ;plot(x(92,:)) ;title{*XRBCTS")

xlabel ('discrete time k")
subplot(5,4,17) ;plot (x(93,:} ) ;title{ XT385")

xlabel('discrete time k')

subplot (5,4,18) ;plot{x{94,:});title( ¥MaCH3")

xlabel ('discrete Time k')
subplot(5,4,19) ;plot{x(95, :} ) ;eitle( ' XM=B5")

xlabel ('discrete time k')

set(figqure{10}, ‘name', 'Tark 5 dyramic results®, ‘numberticle’, 'off')

5¢)
)
)

ar s

')
)
)

% ==== REDUCED MOCEL FORMULATION = o e
% Form the vector of the states {z} for the reduced model, based or the

% ESM1 predicuion

% SF, SE, SNH4, SKO3, 5P04, XS,

B XBHR

¥o3z,
z1l = [%{(2,:)}; x(3,:); x{4,:); x(5,:); x(6,:}; x(11,:); x(14,:}; x(15,:}1;
22 = [x{21,:); x{22,:};=(23,:);%x(24,:};x{25,:}; =(30,:); x(33,:}; x(34,:}};
z3 = [x{40,:); x(41,:);x(42, :);x{43,:);x(44,:); x(49,:); =(52,:}; %x{(53,:}1;
24 = [x(59,:); x(60,:);x(61,:);x(62,:};x{63,:); x{68,:); %(71,:}; x(72,:}1;
28 = [x{78,:)}; x(79,:);x(80, :):;x(81,:};x(82,:); x(87,:); %x(90,:); x(9%,:)]1;
z = [zl;z2;z3;z4;25];
% Formation of the vector of the contrel variables
ui = x{t,:);
u2 = x{20,:);
ul = x{39,:);
ud x(58,:);
us = x{77,:};
u = [ul; uz; u3l; ué; usl;

% Dynamic values of the inflow concentrations fcr dry weather
zi = [SFi*ones{l,K}; Sai*ones(1,K); SNH4i*ones{l1,K); SNO3i*ones({l,K};
Spo4i*ones({l,K); XSi*ones(l,K); XPPi*cnes(1,K); XPHAi*ones{1,K)]*0.001;

% Steady state values for the blcomass XH, K&, SALK, XPP, XPRC, XPHA
XH = [2551.76*ones{l1,K}; 2553.38*omes({1,K); 2557.13*ones(1l,K);
2559 _18*ones{1,K}; 2559.34%cnes(1,K)];

[148_38%*cnes{1,K}; 148.309*cnes{1,K); 148.941%*ones(1.K);
149._527*ones{1,K}); 149.797*ones(1,K)];

SALE = [4.9%cnes{1,K); 148.309%%*ones(l,K); 148.941%cnes(l,K});
149.527*ones(1,K); 149.797*cnes(1,K}];

[0.1*cnes{1,K}; 76.386*ones(1l,K}; 64.855%ones{1,K);
55.694*cnes(1,K); 49.306%*ones{1,K}};

Xn

XPRO

]
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% MATRIX A for the reduced model [AR)
Allr = 1 - IV1l; A22r = 1 - IV22; A33r = 1 - IV33;
BRédr = 1 - IV44; AS5r = 1 - IVS5;

Alsar = IVLI * (Qa + Qr);
Alsbr = IV1 * {Qa + LAMBDA*Qr);
A21r = IV22; A32r = IV33; RA43r = TV44; AG4r = IV55;

Allr = Allxr ones(1,8); Allr
BA22r = A22r ones (1,8} ; A22r

* diag(Allr);
&
A33r = A33r * ones(l,8}; A33r
*
*

diag(A22r) ;
diag(a33r);
diag(A44r);
diag(AS5Y) ;

]

]

Ad4r = Ad4dr ones (1,8) ; Addr
ASB5r = AS5r ones (1,8) ; ASSr

It

AlSr = [AlSar, AlSar, AlSar,.AlS5ar, AlSar, Alsbr, AlSbr, AlSbr];
215r = diag(AlSr);

AZlr = A21r * ones{1,8); AZlr
A32r = A32r * ones{1,8); A32r
A43r = A43r * ones(l,8); A43r
AS4r = AS4r * gnes(l,8); AB4r

diag{A2lr};
diag(A32r);
diag(a43r);
diag({A54r};

AlQr = zeros{8,8); A20r = zeros(8,16); A30r = zeros(8,24);

AR = [Allr A30r AlSr;A2l1r A22y A30r;AR10r A32r A33r A20r;A20r A43r A44r AlQr;R30r AK4r
a55r];

% MATRIX B for the reduced model {BR)
DT / Vi*QQ;

Bllr = [IV0*omes{1,3) IVO*f IVO*omes(1l,4}];
Bllr = diag(Bllr};
BR = [Blir; zeros(32,8)];

% MATRIX C for the reduced model (LR}
% S5F sa ENH4 3NM03 3PC4 xS xpe Y PHA
% MARTRIX ¢ for the reduced model {(TR]
% SF A SKH4 SNG3 SPC4 X8 XPE ¥XDHA
CCR={[1 4] g.01 0 s} -1 0 0]1;

[1 4] 0.01 [} o} -1 0 0]1;

[1 a 0.0%1 [} 0 -1 0 01;

[-1.6 O -0.022 0 -0.004 |4 ] Ql;

fo ~-1.6 -0.07 O -0.02 0 0 01;

[-1.6 O -0.022 ~0.21 -0.004 Q o} 0l;

[0 -1.6 -0.07 -0.21 -0.02 g 0 0];

[-1 1 0.03 O 0.01 6 0 0l;

{0 -1 0 0 0.4 0 -0.4 1];

o o o 0 -1 0 1 -0.21;

{0 o 4] -0.07 -1 0 1 -0.21;

[o 0 -0.07 O -0.02 ¢ 0 -1.6];

io 0 -0.07 -0.21 -0.02 4] 0 -1.6];

[o 4] -4.24 4.17 -0.02 4] Q 011;

CR = DT* [CCR zeros(14,32); zercs(14,8) CCR zeros(14,24);
zeros(14,16) CCR zeros(14,16); zeros(14,24) CCR zeros{is,8);
zeros{14,32) CCRI;

% Parameter sstimation
for k = 1:K

zk = z(:,K};

uk = u{:,k};

XBk = XH(:,k):
2k = Xa(:.k};
SATXk = SALK{:,k};
XPAOK = XPRO(:,k);
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zik = zi(:,k);
Pk = P_BASM2dR (zk,uk,XHk, XAk, SALKk , XPAOK) ;
FIk = CR'*Pk;

¥(:,k} = z{:,k+1)~-AR*z{:,kK)~BR*zi{:,k);
theta(:,k)={FIk**FIk)* (-1} *FIk'*Y(:,k); -

L

end
kHe{1, :) = thetali,:};
rmuHe{1l,:} = theta(2,:};
qfee(l,:) = theta(3,:};:
qQFHRe(1,:) = theta{4,:};
gPPe(l, :) = theta(s,:)};
muPAROe (1,:} = theta({s,:};
}i

muAUTe{l, :} = theta(l7,:

Synamic simularion of the redoced model with the estimated parameters

zE = [x(2,1);x(3,1),;x{4,1);x(5,1};x(6,1);x(11,1);x(14,1);x{15,1):;x(21,1};x({22,2);
x(23,1); x{(2¢,1);x{25,1); =x{(30,1);
®(33,1);x(34,1);x(20,1) ;x({41,1);x(42,1);x(23,1);x(44,1);x(45,1) ;x(52,1);x(53,1);x(59,1)
7 x(60,1); x(61,1);x(62,1}); x(63,1);
x(68,1);x(71,1) ;%x(72,1) ;x(78,1) ;x (79,1} ;x(80,1) ; x(81,1) ;x(82,1) ;x{87,1);x(90,1) ;x{91,1}
1;
ERR = z({:,1}-2E;
% Dyramic simulation of the reducec model with the estimated paraweters
for k = 1:K

zk = z{:,k);

2k = u{:,k});

zik = zi(:,k};

XBk = XH(:.k);
Xak = EA(:.X):
SALXk = SALK{:.k);
XPAQk = XPAO(:,X);

kHek = kHe(:,k);

muHek = muHe{:,k);
gfesk = gfeel:, k) ;
gPHaek = gPHRe(:,k):
gPPek = qPPe(:,k);

muPAQek = muPAQe({:,k);
muAlTek = muAUTe(:,k);

Pk =

P_BASM2dRE(zk,uk,Xhk, XAk, SALKk, XPACk, kHek, muHek, gfeek, gPHAek, gPPek, muPAOek, muAUTek) ;
zE(:,k+1) = AR*zE(:,k} + CR'*Pk + BR*zi{:,k};
BERR(:,k+1)=z{: ,k+1}-2E{:, k+1};

end

% Vector of process full, estimated and error variables

% SF,8A,SNE4,SNC3,SPC4,¥5,APP, XPHA, Tank 1

SF1=z(1,:);SAl=z{2,:};5NH¢ 1=2(3,:);5N0O3_1=z(4,:}; .

SF1E=zE(1, :};8A1E=2E(2, :) ;SNH4_1E=zE(3,:};SNO3_1E=zE(4,:);
ERRSF1=ERR({1, :) ;ERRSAI=ERR(2, :} ; ERRSNH4_1=ERR(3, :) ;ERRSNO3_1=ERR(4,:);

SPO4_1=z(5,:} ;X$1=2(6, :} ;XPP1=2(7,:} ;XPHAl=2Z(8,:);
5P04_1E=zE(5, :} ;XS1E=2E(§, :) ;XPP1E=zE(7, :] ; EPHRIE=2E(8,:) ;
ERRSPO4 1=ERR (5, :) ; ERRXS1+ERR(6, : ) ;ERRXPP1=ERR(7, :) ; ERRXPHA1=FRR(8, :);

egFl=(ERRSF1*ERRSF1') / {SF1+SF1');
eSAl=(ERRSAI*ERRSAL') /{SA1*SAl');
eSNH4 1= (ERRSKH4 1+ERRSNH4_1')/(SNH4_ 1*SNH4 1'};
€SNO3_1=(ERRSNO3_ 1*ERRSNO3_1')}/(SNO3_1%SNO3_1'};
eSPo4_1=(ERRSPO4_1*ERRSPO4_1')/(SPO4_1*SPO4_1'};
eXsS1=(FRRXS1*ERRXS1') / (XS1*X51');

% Calculaticn of the weighrted errors for tank 1
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eXPPl=(ERRXFP1*ERRXPP1’ )}/ (XPPL*XPP1") ;
eXPHAl={ERRXPHA1*ERRXPHAL ')/ {(XPHA1*XPHAL') ;

% Vector of process full, estimated and srror varizbles

% 5¢,5A,SNH4,SKC3,5PC4,X5,¥2P, XPHA, Tank 2
SF2=2(9,:};8A2=2(10,:};SNH4_2=z(11,:};SNO3_2=z(12,:);

SF2E=zZE({9, :) ; SA2E=2zE (10, :) ; SNH4_2E=zE({11,:) ;SNO3_2E=zE(12, :);

ERRSFZ=ERR (9, :) ;ERRSA2=ERR(10, :} ; ERRSNH4_2=ERR(11, :} ;ERRSNO3_2=ERR({12,:);

5P04_2==z=(13, :) ;X82==(12, :} ;XPP2=2 {15, :) ;XPHA2=z (16, : };
SP04_2E=zE (13, :};X82E=zK (14, :} ;XPP2E=zE ({15, ) ;XPHA2E=zE (16, :};
ERRSPO4 2=ERR (13, :} ;ERRXS2=ERR(14, :) ;ERRXPP2=ERR (15, :} ;ERRXPHA2=ERR({16,:};

% Caiculation of the weighted errors for tank 2
eSF2= (ERRSF2*ERRSF2') [ (SF2*SF2');

eSA2= (ERRSA2*ERRSAZ2") / {SA2*SA2');

eSKE4 2= (ERRSNH4 2*ERRSNH4 2')/(SKH4 2+SNH4 27);
eSNO3_2=(ERRSNO3_2*ERRSNO3_2')/(SN03_2+5N0O3_2');
.eSP04 2= (ERRSPO4_2+ERRSPO4_2')/(SP0O4 _2%SPO4_2');
eXS2=(ERRXS2Z*ERRYS2'} / (XS2*X52") ;

eXPP2= (ERRXPP2*ERRXPP2 ')} f (XPP2*XPP27) ;

eXPHA2= (ERRXPHAZ*ERRXPHAZ '} / (XPHA2*XPHA2"') ;

% Vector of process full, estimated and srroxr varizbles

% SF,SA,85W=4,8K03,8P04,45,XPP, X758, Tank 3
8F3=2(17,:):5A3=2(18, :) ;SNAE4_3=2z{19,:);SNO3_3=2(20,:);

SF3E=2E(17,:) ;SA3E~2E(18, :) ; SNH4_3E=zE{(19, : ) ;SNO3_3E=zE({20,:);
ERRSF3=ERR(17,:);ERRSAB&ERR(lB,:};ERRSNH4_3=ERR(19,:);ERRSNO3_3=ERR(20,:};

SPO4 3=z {21, :};X83=2(22,:);XPP3=z (23, :) ;XPHA3=2(24,:);
SPO4_3E=zE(21,:);XS3E=zK(22, :) ;XPP3E=2zE (23, :) ;XPHA3E=zF (24, :
ERRSPO4 3=ERR (21, :);ERRXS3=ERR(22,:) ;ERRZPP3=ERR(23, :) ;ERRXPHA3=ERR (24,:);

% Calculation of the weighted errors for tank 3
eSF3=(ERRSF3*ERRSF3 '}/ (SF3*5F3¢);
eSA3=(ERRSAI*ERRSA3 '}/ (SA3I*SA3'");

eSNH4 3= (FRRSNH4 3*ERRSNH4_3')/(SNH4 3%SNH4_3°);
eSNO3_3= (ERRSNQ3_3*ERRSNO3_3'}/(SNO3_3+SNO3_3'};
eSPO4_3=(ERRSPO4_3*ERRSPO4_3')/(SPO4_3*5P04_37);
eX53=(ERRXS3*ERRXS3') / (XS3*X83');
eXPPi={ERRXPP3*ERRXPF3’ )/ (XPP3*XPP3'};

eXPHA3={ ERRXPHA3*ERRYPHA3 ") / (XPHA3*XPHA3 '} ;

Vector of progcsss full, estimared and errcr varisbles

5F, SA, SNE4, SNG3,SP04, X5, XPP, XPHA, Tank 4

SF4=z(9, :);SA4=2(10,:);SNH4 4=z (11l,:);8N03_4=z(12,:};

SF4E=zE(9, :) ; SA4E=zE(10, :) ;SNH4_4E=zE (11, :) ;SNO3_4E=2E(12, :);

ERRSF4=ERR ({9, :} ;ERRSA4=ERR (10, :) ; ERRSNH4_4=ERR(11, :) ; ERRSNO3_4=ERR({12,:);

(L

SPO4_4=z{13,:) ;X84=2(14,:); ;XPP4=z (15, :) ; XPHA4=2 (16, :) ;
SPO4_4B=2zE(13,:}; ;XS4E=2E(14, :} ;XPP4E=zE{15, :} ; XPHAL4E=2E (16, :);
ERRSPO4 4=ERR {13, :) ; ERRXS4= ERR (14, :) ;ERRXPP4=ERR {15, : ) ;ERRXPHA4=ERR{16,:) ;

% Calcuiaticn of the weighted errcrs for tank 4
eSF4=(ERRSF4*ERRSF4 '}/ (SF4*SF4');

©Sh4= (ERRSA4*ERRSA4 ')/ (SR4A*SA47);

eSNHY 4= (ERRSNH4 4*ERRSNH4 4')/(SNH4_ 4*SNH4 4');
eSNO3_4= (ERRSNO3_4 *ERRSNO3_4 ')/ (SNO3_4*SNO3_4');
eSPOL_ 4= (ERRSPOé_&*ERRSPO4_§')/(SPO4_§*SPO4_A'),
eXS4~ (ERRXS2*ERRXS4 '}/ (XS4+*XS4°) ;
eXPr4=(ERRXPP4*ERRXPP4' ) / {(XPP4*XPP4°) ;

eXPHA4= (ERRXPHA4*ERRXPHA4 ') / (XPHA4*XPHA4 '} ;

% Vector of process full, estimated and srrcr variables
% S8F,SA,8NH4,S5803,5PC4, X8, XP2, XFHA, Tank 3
SF5=z{17,:};8A5=2{18, :) ;SNH4L_S5=z(19,:);SNO3_5=z(20,:};
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SFSE=zE(17, :) ; SASE=zE(18, :) ; SNH4_5E=2E (19, :} ;SNO3_SE=zE(20,:};
ERRSF5=ERR (17, :) ;ERRSAS=ERR{18, :) ;ERRSNH4 S5=ERR(19, :) ; ERRSNO3_5=ERR(20,:}

5P04_5=2z(21,:);X85==z (22, :};XPP5=2(23, : } ; XPHAS=2(24, :) ;
SPO4 SE=zE{(21,:);XS5E=zE(22, :) ;XPP5E=zE{23, :) ;XPHASE=zE (24,:);
ERRSPO4_5+=ERR (21, : )} ; ERRXS5=ERR(22, :) ; ERRXPP5=ERR (23, : } ; ERRXPHAS=ERR ({24, :} ;

% Calculation of the weighted errors for tank 5
e8F5={ERRSF5*ERRSF5'} / (SF5%SF5'} ;
©SAS5={ERRSAS*ERRSAS'} / (SA5*SA5') ;

eSNH4 5= (ERRSNH4 S*ERRSNH4 5°')/(SNH4_5+SNHZ 5');
eSK03_5=(ERRSNG3_5*ERRSNO3_57)/(SNGC3_5*SNO3_5'};
eSP04_5=(ERRSPO4_S5*ERRSPO4_57)/(SPO4_5*5P04_5');
eX85={ERRXS5*ERRXS5"} / {XS5*X55') ;

eXPP5= (ERRIPPS+*ERRXPP5') / {(XPPS*XPP5') ;

eXPHAS~ (ERRXPHAS*ERRXPHAS') / (XPHAS*XPHAS') ;

= 1:K;

Graphs of the estimated parameters

figure(11}

subplot{4,2,1);plot(k,kHe, 'k'};title{ ’Estimated k&'};ylabel('kHa');
subplot{4,2,2);plot{k,muHe, 'k');title{’Estimated nui');ylabel{'muEa');
subplot{4,2,3) ;plot(k,qgfee, L") ;title{ ‘Estirated gfe');ylabel{'qgfee');
subplot{4,2,4);pletik,gPHAe, k') ;title ('Estimated gZHA') ylabel( GPERatY) ;
subplot(4,2,5) ;plot(k,qgPPe, 'k');title{ 'Estimated gZP');ylabel{'qF7e’);
subplot{4,2,6) ;plot{k,muPACe, 'x") ;title( 'Estimated muPAO");

ylabel (*nuPa0e’) ;xlabel (*discrete time k')

subplot{4,2,7});plot(k, muAUTE,'k');title(‘Estimated mzBAUTY ;

vlabel ( 'mETe?) ;xlabel ("discrete Tims k')

set (figure (11}, 'name’, 'Estimated parameters’,'numbertitle!, *ofi")

o 5

k = 1:K+1;
% Graphs of the reduced model response to the dymamic influent
% concentrations

fiqure(12)
subplot(4,4,1) ;plet (k,5F1) ;hold on; plot{k,SF1E, "k~.");ylabel('SF1l,SFIE");;
legend('SFi', 'SFIE") ;subplet (4,4.2); plot(k,ERRSF1, "X');ylabel {"ERRSF1");

subplot(4,4,3);plot(k,SAl1);hold on; plot(k,SRIE, 'k-.'};ylabel('SAl,SRIE"};
legend (*SE17, *SAIE')} ;subplot(4,4,4); plot(k,ERRSAL, 'k');ylabel (‘ERRSALl");

subplot(4,4,5) ;plot(k,SNHé_1);hold on; plot(k,SNH4_1E,"k-.");
legend('SNH4 1", SKH4 1E');ylabel ('SNH4_1,SME4_IE') ;subplot(4,4,6);
plot(k, ERRSNH% 1 kit ),ylabel('ERRqFQ” 1'),

subplot{4,4,7) ;plot(k,SNO3_1);hold on; plot{k,SNQ3_1E,'k-.")
legend('8§03_l‘,'SNO3_1E');ylabel('SNO3_1,SNO3_EE');subplot(4,4,8);
?lot(k,ERRSNOS_l,'k');ylabel('ERRSHO3_l')i

subplot(4,4,9) ;plot{k,SPO4_1)};hold on; plot{k,SPO4_1E, 'k-.");
legend('SPO4_1','SPO4 1E');ylabel {'SPO4_1,Sp04_lE');subplot(4,4,10);
plot{k,ERRSPO4 1, 'k’);ylabel ("ERASPC4 1'};

subplot (4,4,11) ;plot (k, XS1) ;hold on; plot{k,XS1E, *k-.'};ylabel('XS1,X51%");
legend ('XS1", "XSiE') ;subplot (4,4,12}; plot (k,ERRXS1, 'k');ylabel ('ERRXSL');

subplot (4,4,13) ;plot {k, XPP1) ;hold on; plot (k,XPP1E, "k-.")
legend{'X2PI*, "XPPIE’) ;ylabel {*XPP ,XPFLE') ;xlabel ('discrete time k)
subplot(4,4,14); plot{k,ERRXPPI, "k'};

yvlabel {"ERRNPP1');xlabel ('discrete time k')

subplot{4,4,15) ;plot (k,XPHAL) ;hold on; plot (k,XPHALE, 'x-."}

legend ( 'XPRAL', 'XPHAIE") ;ylabel ("XPHAL, ¥PHAIF ) ;xlabel {*discrete time X')
subplot(4,4,16); plot{k,ERRXPHAL, tRt);

¥label (*ERIXPHALIY); ;xlabel {*discrete Time k')
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set{figqure (12}, '‘namwe?, "Tank 1 Process warisbles and estimation

errexr', "numbertitle?, 'off)

figqure(13)
subplot(4,4,1};plot(k,5F2);hold on; plot(k,SF2E, ‘%-."');ylabel(STZ,S5F25");
legend ("SF2' , *SF2E*) ;subplot{4,4,2); plot(k,ERRSF2, 'k'};ylabel (*ERRSFZ");

subplot(4,4,3);plot(k,Sa2);hold cn; plot(k,SA2E, 'k-.");ylabel ('542,5A23");
legend ("SA2', "SAEZ2E') ;subplot(4,4,4}; plot(k,ERRSAZ, 'x");ylabel (TERRSE2');

subplot(4,4,5}) ;plot(k,SNH4_2) ;hold on; plot (k,SNHL 2E,'k-.");
legend (*sSNH4 2, 'SNH4 2E');ylabel (TSKH4 Z,SNE4 25°);subplot(4,4,6};
plot (k,ERRSNH4_2, *k'};ylabel ('SRRSKH4 2');
subplot(4,4,?);Plot(k,SNOB 2) ;bold on; plot(k,8N03_2E,'x-.")

legend {'SNG3 27, 'SHO3 ZE') ;ylabel (SNO3_2,SN03_28') ;subplot(4,4,8};
plot(k,ERRSNO3_2,’k');ylabel(':RthC3_2')

subplot{4,4,9) ;plot (k,8P04_2) ;hold on; plot(k,SP04_2E,'k-.")
legend{'5P04_2*, 'SPCs 2E');ylabel ('SPOL_2,5P04 Z2&8') :;subplot(4,4,10);
plot(k,ERRSPO4_2, 'k"} ;ylabel (TEZRSPC4 27} ;

subplot{4,4,11) ;plot(k, X52} ;hold on; plot(k,XS82E, 'k—~.'};ylabel ("X52,X525);
legend ('X827, "X32E") ;subplot (4,4,12}; plot{k,ERRXS2, "x');ylabel ('ERRXS2'});

subplot{4,4,13);plot(k,XPP2) ;hold on; plot{k,XPE2E, "k-,*');

legend ('¥PP2’, '"XPP2E') ;ylabel {'XPP2, XPPZE ") ;xlabel ('discrete time k'}
subplot{4,4,14); plot(k,ERRXPP2, "x');

ylabel { "ERR¥PP2') ;xlabel{‘discrete time k')

Subplot(4,4,15) iplot {k,XFHAZ)} ;hold on; plot (k,XPHAZE, 'u~.")

legend ('XPHEA2", 'MPHA2E") ;ylabel ( *XPHAZ, ¥XPHEZE') ;xlabel{'discrete time k')
subplot(4,4,16); plot(k,ERRXPHAZ, '%');

ylabel {"EXR¥CHAZ ') ;xlabel ("'discrete tTime k')

set{figure(13), *name’, 'Tark 2 Zrocess vari ab es and estimation

error', 'numbertitle’, 'off’)

fiqure(14)
subplot({4,4,1);plot{k,SF3);hold con; plot(k,S8F3E,'%—.");ylabel('373,373z");
legend{"S73’", "3F3E") ;subplot(4,4,2); plot(k,ERRSF3, 'k");ylabel {'ERRST3"');

subplot (4,4,3) ;plot(k,Sa3) ;hold on; plot{k,SaA3E, 'k-.");ylabel('SA3,3AR38%);
legend ('SA3", "SA3E') ;subplot(4,4,4}; plot{k, ERRSA3, "k’);

subplot{4,4,5);plot(k,SNH4_3);hold on; plet(k,SNH 3E,‘'x-.'"})
legend ('S¥54 37, 'SKH4_3E');ylabel ('SKHE 3,8NE4 3%');subplot{4,4,6);
plot(k,ERRSNH4_3, *k'};ylabel ('ZRASKHL 37} ;

subplot(4,4,7) ;plot(k,SNO3_3);hold on; plot{k,SNO3_3E,'k-."}

legend {"SNO3_37, ’SKGE_BE');ylabel('SNO3_3,SNOBHSE');subplot(4,4,8);
plot (k,ERRSNO3_3, *k');ylabel (*ERRSNG3 3");
subplot{4,4,9);plot(k,SP0O4_3);hold &n; plot (k,SPO4_3E,*k-.")

legend ('SP04_ 3", 'SPO4_3E' ).ylabe1('¢9u1 3,5p04 3:') subplot{4,4,10);
plot (k, ERRSPO4_3, 'k') ;ylabel (*ERRSPC4_37);

subplot{4,4,11);plot(k, X53);hold on; plot{k,XS3E,'x—."};ylabel ('XS3,X538");
legend({'¥S3', "¥S3E") ;subplot{4.4,12); plot (k,ERRXS3, "k") ;ylabel {"ERZ¥53"};

subplot(4,4,13) ;plot{k, XPP3) ;hold on; plot(k,XPPIE, "k-.%)

legend ("XPP3', *XPP3E*) ;ylabel ("XPP3, ¥PP3L7) ;xlabel( discrete time k')
subplot(4,4,14); plot{k,ERRXPP3, 'k} ;

ylabel ('ERIXPP3') ;xlabel{*discrete tims k')

subplot{4.4,15} ;plot{k, XPEA3) ;hold on; plot (k,XPHA3E,
legend ('XPIAS", "XPHASE') ;ylabel ( "XPHA3Z, XPHASE"); xlabel(’cl
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subplot(4,4,16); plot(k,ERRXPHA3, 'k'};
vlabel (*ERRYPHEI ') ;xlabel(’ d‘screte time k')

set({figure{14)}, "name’, *Tank 3 Process variables and estimation
errcer', 'numberticle’, oL}

figure {15}
subplot{4,4,1);plot(k,SF4) ;hold on; plot({k,SF4E, 'k-.");v1label('874,874E"'};
legend('3¥4"', *SF4E’) ;subplot{4,4,2); plot{k,ERRSF4, "x') ;ylabel (*ERR3¥4'};

"

subplot{4,4,3) ;plot(k,SA4) ;hcld on; plot{k,SA4E, 'kx—.");vlabel ("SR4, 3848} ;
legend('3Aa4"', *SR4E') ;subplot (4,4,4); plot(k,ERRSA4, "x');ylabel('ERRSA4"};

subplot{4,4,5) ;plot(k,SNH4_4) ;hold on; plot {k,5KH4_4E, 'kx~-.')
legend('SN=4_4', 'SKHZ 4E');ylabel ('SWHZ 4,SNE4 48') ;subplot(4,4,6);
plot (k,ERRSNH4_4, 'k‘),ylabel('EQRck44 £');

subplot{4,4,7);plot{k,5N03_4);hold on; plot (k,SNO3_4E,'k-."}
legend (*SNO3 47,735K03_4E') ;ylabel {'SKC3 4,5803 42');subplot(4,4,8);
plot (k,ERRSNC3_4, "k’);ylabel (*ERIERG3 £7);

subplot(4,4,9) ;plot{k,SPO4_4);hold on; plot (k,SPO4_4E, ' x-.')
legend(*SPC4 4%, "SPO4 4E') ;ylabel (*SPO4_4, 5204 4E');subplot(4,4,10);

plot{k,ERRSPO4_4, 'k') ;ylabel ('ZRRSPC4 £7);

subplot{4,4,11);plot(k,XS4) ;held on; plot(k,XS4E, "k-.7);ylabel ('XS54,X54E");
legend ("X54", '¥S4E') ;subplot{4,4,.12); plot(k,ERRXS4, "k} ;ylabel {'ERRYS4’);

subplot(4,4,13) ;plot(k, XPP4) ;hold on; plot(k,XPP4E, "%-.")

legend ('XP24', "XPP4E') ;ylabel (*XFP4,XPP4E') ;xlabel({'discrete tims k')
subplot(4,4,14); plot{k,ERRXPP4, 'k');
vlabel (*EXRXPP4') ;xlabel{'discrete time

k')
subplot(4,4,15) ;plock, XPHA4) ;hold on; plot (k,XPHAR4E, 'x-.%}

legend ("XPHA4', "XPHR4E"') ;ylabel ("XP:HA4,XPHALE ') ;xlabel ("discrete time k')
subplot(4,4,16); plot{k,ERRXPHA4, 'x');

vlabel { 'ERRXPHA4") ;xlabel('discrete Time k')

sec{figure{i5}, ‘name’, 'Tank 4 Process variables and estimaticon

errer!, 'ormbervitle’, TofE")

figure (16)
subplot{4,4,1) :plot{k,SF5);hold cn; plot(k,SFSE, "k—.");ylabel ('3F5,5F58");
legend{'SF5', ‘SF5E*) ;subplot (4,4,2); plot(k,ERRSFS, " 'X'); ylabel('ER SF5%);

subplot(4,4,3);plot(k,5a5) ;hold on; plot(k,SASE, "k-.");ylabel{'SAS5, 5A5:7);
legend({'SAS', 'SASFE') ;subplot{4,4,4); plot{k,ERRSAS, 'k");ylabel ('ERRSES'};

subplot(4,4,5) ;plot(k,SNH4_5) ;hold on; plot(k,SNH4_SE, "k-."}
legend('SN=¢_53','SKHZ 5E')}; ;ylabel ("SKH4_ 5,8¥HE :E') subplot{4,4,6});

-

plot (k,ERRSNH4_5, 'k') ;ylabel ("ERRSNH4L 5'};

subplot(4,4,7});plot(k,SNO3_5)};hold on; plot(k,SNO3_5E, 'kx-.")
legend ('SNO3_5*,°SKRC3_SET); ylabel('ﬂﬁOB 5,8NG3_5z') ;subplot({4,4,8};
plot (k,ERRSNO3_5, *k*); ;ylabel FEIRRSKO3 "),

subplot (4,4,9) ;plot (k, SEOZ_5) ;hold on; plot (k,§PO4_SE, 'k-.')
legend ('SPG4_5','SPGZ 5E") ;ylabel (*SPOL 5,5804_SE') ;subplot(4,4,10);
plot (k,ERRSPO4 5,‘? Y; ylabel(‘u“RqP“4 5*%);

subplot(4,4,11) ;plot{k, XS5} ;hold on; plot{k,XS5E, 'k~. ") ;ylabel (*¥35,43858%) ;
legend {*X55', *XS5F') ;subplot{4,4,.12); plot (k,ERRXSS5, 'x');ylabel ("ERZIES'};

subplot(4,4,13);plot (k,XPP5) ;hold on; plot{k,XPPFsSE, *k-.")

legend { "XP25", 'XPPSE'} ;ylabel {*XPPE,XPPSE") ;xlabel{'discrete time k')
subplot(4,4,14}; plot(k,ERRXPPS, "<*);

ylabel{'ERRXPP5%) ;xlzbel ('discrets Iime k')
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subplot (4,4,15) ;plot{k,XPHAS) ;hold on; plot(k,XPHASE, *k—-.")

legend ("XPHEAS', *XPHASE") ;ylabel { "XPHAL, XPHRSE") ;xlabel (*discrete tirme k')
subplot{4,4,16}; plot(k,ERRXPHAS, *k');

ylabel { "ERRXTHAS ") ;xlabel ("discrete tire k')

set (figqure{le), 'name’, *Tank 5 Process variaplies and estimation

errer!, 'nambertitlet, 'off'}

C.2: MATLAB script file — P_BASM2dF.m

M-FILE SDESCRIPTION

This m~file is used for:
Caicuiation of the prdeess rates for the full model

[

function Pk = P BASM2dF (xk)

global f£8I YH fXI YPO4 YPHA iPEM YAUT iNBM Kh etaNOQ3 etafe muH gfe bH gPHA gPP
WuPAO bPAO LPP DPHA muAUT bAUT kPRE kRED K02 KX KNO3 KF ENHZ2 KALK KA Kfe KPP KPS KP
KPHA KIPP KMAX

% TANX 3

P(l)= Kh * (xk(1)/{EO2+xk(1))) * {(xk(11)/xk{12))/{BZ+(xk(11)/xk{12)}}) * xk(12);

P(2)= Kh * etaN03 * (KO2/(X02+xk{1)})) * (xk(5)/(KNO3+xk{5)}) =
€(xk(11) /xKk(12))/ (FX+ {xk(11) /xk(12)})} #* xk(12)};

P(3)= Kh * etafe * (K02/(RKOZ+xk(1)})} * (KNO3/(KNO3+xk(5)}) *

((xk{I1) /xk{12) )}/ (RX+{xk{11)/xk({12)}}) * xk(12)};

P(4)= muH * (xk(1}/{KO2+xk{1))) * (xk(2)/(EF+xk(2})) * (xk(2)/{xk{2)+xk(3))) *
(xk{4)/{KNHa+xk(4))) * {(xk(6)/(EP+xk({6))) * (xk(8)/(RKALK+xk{8))) * xk(12);

P(5)= muH * {xk{1)/(KO2+xk{l))) * (xk(3)/(KA+xk(3})) * (xk(3)/(xk(2)+xk{3))) *
(xk{4)/(KNH&+xk(4))) * {(xk(6)/(RP+xk(6))) * (xk(8)/(KALK+xk(8})) * xk(12);

P(6)= muH * etaN0O3 * (ROZ/(KO2+xk{1l})) * (ENO3/(¥KNO3+xk({5))} * (xk(2)/(KF+xk(2)}} *
(xk(2)/(xk(2)+xk(3))) * {xk(4)/(RNH2+xk(4)}) * (xk(6)/(KP+xk{6})) *
(xk(8)/(KALK+xk({8))) * =k{12)};

P{7)= muH * etaNO3 * (KO02/(KO2+xk(1))) * (ENO3/(EKNO3+xk(5))) * (xk(3)/{KR+xk(3)}) *
(xk(3)/(xk{2) +xk{3))} * (xk(4)/{EKNH2+xk(4)}) * (xk(6)/(KP+xk(s))}) *

{(xk(8} /(RALR+xk(8)))* {xk{6)/(RP+xk(6})} * xk(12});

P{8)= gfe * (K02/{KO2+xk(1))) * (KNO3/(KNO3+xk(5}}) * (xk(2)/(KFexk(2))) *
(xk(8}/ (KALK+xk(8)))* xk{12)};

P{9)= bH * xk{12);

P(10}= gPHA * {(xk{3}/(KA+xk(3))) * (xk(8)/(KALE+xk(8)}}}) *
((xk{14)/xk(13))/(XPP+{xk(14)/xk{13)}))}) * xk(13};

BP{11)= gPP * {xk{1}/(KO2+xk(l))) * (xk(6)/(KPS+xk(6))) * (xk(8)/(KALK+xk(8))) *
((xk{15) /xk(13) )/ {XPHA+ {xk{15) /xk(13}})) * ((EMAX-{xk(14)/xk{13))}/(KPP+KMAX-

(xk{12) /xx(13}))) * xk{(13};

P{12)}= gPP * (xk(1)/(RKO2+xk(1))) * (xk{6)/(XPS+xk(6))) * (xk{(8)/(KALK+xk(8}}) *
{(xk{15) /xk(23))/{KPHA+ {xk(15)/xk{13)})) * ((RMAX-{xk{14)/xk{13))}/(KPP+KMRX-

(xk(14) /xk(13}))) + xk{13} * etaNO3 * KO2/xk({l) * (xk(5)/(KN03+xk(5))});

P(13}= muPA0 * (xk(1)/(RKO2+xk{1))) * (xk(4)/(REH4+xk(4))}) * (xk{8)/(KALK+xk(8)))*
(xk(6)/(KP+xk(6) )} * {{xk{15)/xk(13))}/ (KPHA+{xk(15)/xk(13})}) * xk(13);

P{14)}= muPAQ * (xk{1)/(E02+xk(1)}) * (xk(4)/(ENH2:xk(4})} * (xk(8)/(KALK+xk(B)))+*
(xk(56)/(RP+xk{6))) * {({xKk{15)/xk(13)}/ (KPHA+{xk(15)/xk(13}})} * xk(13) * etaNO3 *
KO2/xk (1) * {xk{S)}/(KHO3+xk({5))): '

E{15}= bPAQ * xk(13) * (xk(8)/{XALK+xk(8))};

P(16)= bPP * xk(i4) * (xk(8)/(KALK+xk{8}));

P{17}= bPEA * =k{15) * (xk(8)/(KALK+xk(8))};

P(18}= muaOT * (xk(1)/(KO2+xk{1)}) * (xk(4)/(KNH4+xk(4)})) * {xk(6)/(KP+xk{6))) *
{xk(8)/ (KALK+xk({8))) * xk{l6);

P{19)})= bAUT * xk(i6):

B{20)}= kPRE * xk(6} * xk(18);

P(21}= kRED * xk{(19) * ({(xk{8)/(KALE+xk(8}}};

% TFANX 2
P(22)= Kb * (xk(20)/(KO2+xk(20})} * ((xk{30)/xk(31))/(KX+(xk(30)/xk(31}}})) *
xk (31} ;
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P(23)= Kb * etaNO3 * (KO02/(KO2+xk(20})) * (xk(24)/(KNO3+xk(24))) =
{((=k{30) /xk(31)) / (KX+ (xk(30) /xk(31))}) * xk{3L);

B{24)= Kh * etafe * (RK02/{K02+xk(20})} * (ENO3/(RENO3+xk(24})) *
{(xk{30) /xk(31)) / (KX+ {xk(30) /xk{31}}}) * xk(31);

P{25)= muH * {xk(20)/(RO2+xk(2C})}) * (xk(21)/(KP+xk{21))}} *
(xk{21)/(xk{21)+xk (22))) * (xk(23)/{(RKNH4+xk{23)}) * (xk(25)/{KP+xk(25)}} *
(xk {27}/ (RALK+xk(27})} * xk{31);

P{26)= muH * (xk(20)/({XK02+xk(20})) * (xk(22)/(Ka+xk(22))) *
(xk{22}/ (xk(21)+xk(22)}) * (xk(23)/{kNHZ+xk(23))} * (xk(25)/(KP+xk(25))) =*
{xk(27)/ (RELK+xk(27))) * xk(31);

P(27)= muH * etaNO3 * (K02/(KO2+xk(20))) * (KNO3/ (KNO3+xk(24})) *
(xd(21)/ (KP+xk (21))) * (xk(21)/(xk(21)+xk{22})) * (xk(23)}/ (KNH4+xk{232)})}) *
{xk(25)/ (KP+xk(25))) * (xk{27)/{KALK+xk({27))) * xk(31});

D(28)= muH * etaNO3 * (KO2/{(K02+xk{20))} * (ENO3/ (KNO3+xk(24)}) *
{xk(22)/ (KAa+xk{22))) * (xk(22)/(xk(2)1}+xk(22))) * (xk(23)/ (KNH2+xk(23))) *
{xk{25)/ (RP+xk(25))) * (xk(27)/(KALK+xk{27)))* {xk{25)/(KP+xk{25)})) * xk{31};:

P(29)= gfe * (KO2/(RO2+xk{20)}) * (KNO3/(RNG3+xk(24))) * (xk(21)/(KF+xk{21}))) =*
(xk (27} / (RALE+x%(27)}) * xk(31);

P(30)= bH * xk({31);

P{31)}= gPEA * {(xk{(22)/(EK2+xk(22}}) * (xk(27)/(KALK+xk(27))) *
((x%({33) /xk(32)) / (RPP+{xk(33) /=xk(32}))} * xk(32);

P(32)= gPP * (xk(20)/(RKO2+xk(20})) * (xk(25)/(EPS+xk(25))}) * (xk(27)/(RALK+xk(27))})
* ({xk(34) /xk{(32))/(RPEA+(xk(34)/xk{(32)))) * ((KMAX-(xk(33)/xk(32)})/(KPP+KMAX-
(xk(33)/xk(32)))) * xk{32);

P(33)= gPP * (xk(20)/(KO2+xk(20})) * (xk(25)/(KPS+xk(25})) * (xk(27)/(EALR+xk{(27)))
* {((xk{34)/xk(32))/(KPHA+(xk (34} /xk(32)}))) * ({KMAX-(xk{33)/xk(32)))/(KPP+EKMAX-
(xk{33)/xk(32)))) * xk(32) * etaNO3 * RK02/xk(20) * (xk(24)/(KNO3+xk(24)}));

P(34)= muPAC * {xk{20}/(K02+xk(20}})) * (xk{23)/(XNHa+xk(23))) *
(xk(27)/ (RALR+xk {27} ) )* (xk(25}/ (KP+xk(25)}}) * ((xk(34)/xk(32))/(RPHA+ (xk {34)/xk(32))))
* xk(32);

P(35)= muPA0 * (xk{20)/(KO2+xk({20)}) * (xk(23)/(KNHZ+xk(23))) *
(xk(27)/ (RALK+xk{27}))* (xk(25)/(KP+xk(25}) )} * ((xk(34)/xk(32))/(KPHA+(xk(34)/xk(32))})
* xk(32) * etaNO3 * KO2/xk{20) * (xk{24)/(KN03+xk(24}));

B(35)= bPAO * xk(32} * {xk{27)/(FEALK+xk(27}});

P(37)= bPP * xk(33) * (xk(27)/(KALK+xk{27})};

P(38)= bPHA * xk(34) * {xk{(27)/(KALK+xk(27}});

P(39)= muAbT * {xk(20)/{KO2+xk(20}}) * (xk(23)/(RKNH4+xk(23))) *
(xk (25)/ {XP+xk{25)}) * (xk(27)/(KALK+xk(27))} * =k{35);

P{40)= bAOT * xk(35};

P(41)}= kKPRE * xk({25) * xk(37};

P{42)}= KRED * xk{38) * (xk(27)}/(RALX+xk(27})};

§ TANX 3
P{a3)= Eh * (xk(39)/(R02+xk{39)}) * {(xk(49)/xk(50))/(KL+(xk(49})/xk(50})))) =*
zk(50) ;

B{44)= Kh * etaNO3 * (KO2/(KO2+xk{39))) * (xk{43)/(FNO3+xk(43))} =
{{xk{49) /xk({50) )}/ (KX+{xk{49) /xk{50)})) * xk(50);

P(45)= Kh * etafe * (K02/{KO2+xk(39))) * (KNO3/(ENOZ+xk(43))}) *
{{xk(29) /xk({50) )/ (EX+(xk{49) /xk(50}}}) * xk(50);

P(a6)= muH * (xk({39)/(KO2+xk(39}}) * (xk{40)/(KF+xk(40))) *

(xk {20}/ (xk(20)+xk{41))} * (xk(42)/(RNH4+xk (42))) * (xk(44)/(KP+xk{44)}) *
(xk(46) / {(KALK+xk(46))) * xk(50);

P(47)= muH * (xk{39}/(X02+xk{39)})} * (xk(él)f(KA+xk(41))) *

(xlc{41) /{xk(40)+xk{21))} * (xk({42)/(FNH4+xk(42))) * (xk(44)/{KP+xk(44))}) =
{xk(46) / (KALK+xk(46)))} * xk(50);

P(28)= MuH * etaNO3 * (KO2/(KO2+xk(39))) * (ENO3/ (KNO3+xk(£3)))} =
(xk (40} / (KF+xk{40))) * (xk(£0)/(xk{40)+xk(41}}} * (xk(42)/ (KnH4+xk(42}}} *
(xk(44})/ (EP+xk(244))) * (xk{46)/(KALK+xk(46)})} * xk{50);

P{49)= muH * etaN03 * {KO02/(KO2+xk(39)}}) * (KNO3/ (KkNC3+xk({43))) =
(xk{41)/ (FA+xk(41})) * (xk(41}/{xk{40)+xk(41}})} * (xk{42)/(KNE4+xk(42}})} *
txlc{a4)/ (KP+xk(42) )} * (xk{46)/(FALK+xk(46) 1)+ (xk{44)/(RP+xk{44))) * xk(50);

P(50)= gfe * {KO2/(KO2+xk(39))]) * (KNO3/(KNO3+xk(43))) » (xk(40)/{KF+xk(40))) *
(xk (46} / (KALK+xk({46}))}* xk(50};

P{51)= BH * xk(50};

P{S52)}= qPHA * (=k(21}/{KA+xk(41})) * (xk(46}/(KALK+xk(46))}} *

{(xk{52) /x%{51) )/ (KPP+{xk(52) /xk{51))})) * xk(51);
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P{53)}= gPP * (xk(39)/(X02+xk(39)}) * (xk(44)/(FKPS+xk({44))} * (xk{46)/(FALK+xk(46))})
* ({xk(53)/xk{51)) /(KPHA+(xk(53)/xk(51}}}) * ((KMAX-(xk(52)/xk{S1)))/(KPP+EMAX-

(xk(52) /xk(51}})} * xk{51);

P{S4)= gPP * (xk(39)/ (KO2+xk(39})) * (xk(44)/(KPS+xk(44))}) * (xk {46}/ (KALK+x=k(46}}}
* {(xk(53)/xk(51)}/(KPHA+{xk (53)/xk({51)})) * ({EMAX-(xk{(52)/xk(51)))/{KPP+FMA%-

{(xk{52) /xk(51))}) * xk(51) * etaNO3 * K02/xk(39) * (xk(43)/(KNO3+xk(43))};

P{55)}= muPAO * {xk(39)/(K02+xk(39})) * {xk{42)/(KNH4+xXk{42})}) *
(xk(46) / (FATK+xk{46) )} )} * (xk(44)/(KP+xk(44}}) * {(xk{(53)/xk(51))/(KPEA+ (xk(53)/xk(51}))}
* xk{51);

P{S6)= nmuPRO * {xk{29)/(KO2+xk{39))) * (xk{42)/(ENHa+xk(42))) *

{xk (26) / (FALK+xk{46)))* (xk(44)/(KP+xk(44))) * ((xk(53)/xk(51))/(KPHA+ (xk(53)/xk(51}}))
* xk(51) * etaNO3 * KO2/xk(39) * (xlk{43}/{EKNO3+xk(43)));

P(57)= bPAO * xk({(51) * (xk{46)/(RALK+xk{46}));

P(58}= bPP #* xk({52) * (xk{46)/(KALEK+xk(46))};

P{59}= bPHA * xk({53}) * (xk(46)/({KALK+xk{46)));

P(60)= muAUT * {(xk(39)/(KO2+xk(39)]) * (xk{42)/(KNH2+xk{42))) *
{(xx{44) / (KP+xk(24))) * (xk(46)/{KALK+xk(26))}) * xk(54);

P{61l)= bAUT * xk({54);

P{62)= kPRE * xk(44) * xk(56);

P{63)= KRED * xk(57) * (xk({46)/(KALK+xk (46)))};

% TENX 4

P{64)}= Kh * {xk(58)/(R02+xk(58}}) * ((xk{68)/xk(65))/(KX+(xk(68)/xk(6%9}})) =
xk {69) ; -

P(65)= Kh * etaNO3 * (K02/(RK02+xk(58))) * {(xk(62)/(FKNO3+xk(62))}) *

((xk({68) /xk(69))/ (KX+(xk{68) /xk{69))})} * xk(69};

P(66)= Kh * etafe * {K02/(KO2+xk(58))) * (KNO3/(ENO3+xk(62}))) *
{(xk(68) fxk(69) )/ (KX+(xk{68) /xk(69)))) * xk{69);

P{67)= muH * (xk{58)/(R02+xk{58)}}) * (xk(59)/(KF+xk(59)}) *

(xk(59)/ {xk(59)+xk(60))}) * (xk(61)/(FNH4+xk(61))) * {xk(63)/{EP+xk(63))) *
(xk (65} / (KALXK+xk(65)})} * xk(69);

P{68)= muH * (xk(58)}/(K02+xk(58)}} * (xk(60)/(KR+xk(6Q)}) *

(xk(60)/ (xk(59)+xk(60))} * (xk(61l)/(KNH4+xk(61))} * (xk(63)/(KP+xk{63})) *
{(xk (65)/ (KALK+xk(65))} * xk(69);

P{69)= muH * etaNO3 * (K02/(K02+xk{58))} * (RNO3/ (ENO3+xk(62))) *

{xk (59)/ (KF+xk{59)}) * (xk(59)/(xk(53)+xk(60})} * (xk(61)/({KNH2+xk{61))) *
(xk(63)/ (RP+xk(63))) * (xk(65)/{(RALR+xk(65))} * xk(69);

Pl70)= muH * eraNO3 * (KO2/{X02+xk(58))) * {(ENO3I/ (KNO3I+xk(62))) *
{xk{60)/ (KA+xk(60})} * {(xk(60)/{xk({59)+xk{60))) * (xk{6l)/(KNH4+xk(61))} *
(xk(63)/ (FP+xk(63))) * (xk(65)/(KALK+xk(65)))* {xk{63)/(RKP+xk(63))) * xk{69);

P(71}= gfe * (RK02/(KO2+xk(58))) * (ENO3/ (KNO3+xk(62))) * (xk(59)/(KF+xk(59))} *
(xk {65) f (KALK+xk{65)) }* xk(69);

P{72)= bH * xk(69);

F(73}= gPHA * (xk{60)/ (KR+xk(60)}} * (xk(65)/(KALK+xk(65})) *

((xk(71) /=xk{70)}) / (KPP+(xk (71} /xx{70}}}) * xk(70);

P{74)= PP * {xk(58)/(RO2+xk(58))) * (xk(63)/(KPS+xk{63})) * {xk(65)/(KALK+xk(€5)}}
& ((Zk(72)/=k(70))/ (KPHA+ {xk (72)/xk(70)))}) * ((EMAX-{xk{71)/xk(70}})/(KPP+KMAX-

(xk (71} /xk{70)}))} * xk(70};

P({75)= qPP * (xk{58)/(FRO2+xk(58)}) * (xk(63)/(KPS+xk(63))) * (xk{65)/(KALK+xk(65)))
* ({xk(72)/xk(70)) /{EPHA+(xk (72)/xk{70))})) * ((RMAX-(xk{71)/xk(70}))}/{KPP+KMAX-
(xk(71) /xk(70}))) * =xk(70) * etaNO3 * KO2/xk(58) * (xk(62)/(KNO3+xk(&82)});

P{76)= muPAO * (xk(58)}/(KO2+xk(58))) * (xk{(61)/(ENH4+xk(61})}) *
(xk(65) / (FALK+xXKk (65}))* (xk{63)/(KP+xk(63)}) * ({xk(72)/=xk{70)}/{KPHA+ (xk(72)/xk(70}})))
* xk ({70} ;

- P{77}= muBAGQ * (xk(58)/(K02+xk(58))) * (xk{61})/(KNH4+xk(61})) *
{(xk (65) / (RALK+xk({65))}* (xk(63}/(KP+xk(63))) * ((xk(72)/xk(70))}/(KPHA+{xk(72}/xk(70})))
* xk{70)} * etaNOQ3 * KO2/xk(58) * (xk(62)/{FKNO3+xk(62))});

P{78)= bPARQ * xk{70) * (xk{65)/(FAaLK+xk{65})});

P(79)}= bPP * xk{71)} * (xk{65)/(KALK+xk{65}}};

P(80)}= bPHA * xk{72) * (xk(65)/(FALK+xk(65}});

P{81)= muADT * (xk(58)/(F02+xk(58))) * (xk{61l)/(KNH4+xk(61))}) *

(xk(63)/ (KP+xk ({63} )} * (xk(65)/(KALR+xk({65}})) * xk(73);

P(82)= bAUT * =k(73);

P{83)= kPRE * xk(63} * xk(75);

P(84)}= kRED * xk(76} * (xk(65}/(EALR+xk({65)}));
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s

¢ TANK 5

P{85)= Kh * (xk{77)/(RO2+xk({77))) * ((xk(87)/xk{88))/{KX+(xk(87) /xki{88)))) *
xk (88); ;

P(86)= Kh * etaNC3 * (KO2/(FKQ2+xk{77)}) * (xk(81)/(KNO3+xk{81))) *
((xk{87) /xk(88))/ (KX+(xk(87) /xk(88)))) * xk(88);

P{87)= Kh * etafe * (KO2/(ROZ2+xk(77)}) * (ENO3/(KNO3+xk(81}}) #
((xk(87) [xk{88))/(KX+(xk(87) /=k(88))}) * xk(88);

P(88)= muH * (xk{77)}/(KQ2+xk{77)}) * (xk{(78}/(RF+xk{78)}) *
(xk (78} (xk(78)+xk{79))) * (xk(80)/(ENH4+xk (80)}) * (xk(82)/{(KP+xk(82))) *
(xk(84)/ {XALK+xk (84))) * =k(88);

P(89)= muH * (xk{(77)/(RO2+xk(77})) * (xk(79)/(KA+xk{79))) *
(xk(79)/(xk(78)+xk (79)))} * (xk(80C}/(KNHE4+xk(80})) * (xk{82}/(KP+xk(82))) *
(xk(84)/ (FALK+xk {84))) * xk(88);

P(90)= muH * etaNO3 * (KO2/(K0Z+xk{77})) * (ENO3/ (KMO3+xk(81))}) *
{(xk(78)/ (KF+xk (78} )) * (xk(78)/({xk(78)+xk({79)}) * (xk(80}/(KNH4+xk(B0})}) *
(xk{82) / {RP+xk ({82)}) * (xk(B4)/(KALE+xk({84}}) * xk(88);

P{91}= muH * etaNO3 * (K02/(XK02+xk(77))) * (EKNO3/ (FNO3+xk(81l})) =
(xk (73} / (FR+xk(79))) * (xk{79)}/(xk{78)+xk(79))) * (xk(80)}/(KNH2+xk(80})} *
(xk (82) / (KP+xk {82} )) * (xk(84}/(RATRK+xk(B4)))* (xk(82)/(KP+xk(82))} * xk(88);

P(92)= gfe * (RKO2/(EKO2+xk(77))) * (ENO3/(KNO3+xk(81))) * (xk(78)/(KF+xk{78})})} #*
(xk (84)/ (KALR+xk(84)}}* xk(88);

P{93)= bH * xk({88};

P{94)}= gPHA * (xk(79)/(KA+xk(79)})) * (xXk(84)/{(KALK+xk(84))) *
({xk (90} /xk(89)) /(KPP+{xk(90) /xk{823)))) * xk(83);

P{95)= gPP * (xk(77)/(KO2+xk(77})) * (xk(82)/(KPS+xk(82))) * (xk(84)/(RALK+xk(84)})})
* {{xk(91)/xk(89)) /(RPHA+ (xk{91)/xk(89))}) * {({(FKMAX-(xk{90)}/xk(89))})/{KPP+KMAX-
{(xk{30) /xk{89)))}) * xk(89);

P(96)= gPP * (xk(77)/(X02+xk(77)}) * (xk(82)/({XPS+xk(82))) * (xk({84}/(KALK+xk(84)))
* {(xk(91)/xk(89)}/(KPHA+ (xk{91) /xk(89}})) * {{RMAX-(xk(90)/xk(89)))/(KPP+EMAX-
(xk{90)/xk(89)}))) * xk(89) * etaN03 * KO2/xk(77) * (xk(81)/(ENC3+xk(81)});

P{97)}= muPRO * (xk(77)/(KO2+xk(77}}) * (xk{(B0)/(XKNH2+xk(80))) =*
(xk {84)/ (RALE+xk(84))}* {xk(82)/{KP+xk(82})) * ({xk(91)/xk(89))/(KPHA+ (xk(91)/xk(89))))
* xk{89};

P(98)= muPAC * (xk(77)/(RK02+xk(77))) * (xk(80)/ (KNH4+xk(80))}) *
{(xk {84}/ (KALK+xk(84)))* (xk(82)}/(FP+xk(82)}) * {(xk(91)/xk(89))/ (RKPHA+ (xk(91)}/xk(89))))
* xk{89) * etaNO3 * K02/xk(77) * (xk{81)/(KNO3+xk(81)));

P(99)= bbaO * xk(89) * (xk{84)/(KALK+xk{84)));

P{100)= bPP * xk(20} * {xk{84)/(RALK+xX{84}}};

P{101)= bPHA * xk({91) * (xk(84)/{(KALK+xk(84)));

P(102)= muAUT * (xk(77)/(FKO2+xk{77}}) * {(xk(80)/(KNH4+xk(80)})) *
fxk (892) f (KP+xk({82}))) * (xk(84)/(RALK+xk(84})) * xk(92); i

P{103)= bAUT * xk{392};

P(104)= kPRE * xk{82}) * xk{94):;

P(105)= kKRED * xk(95) * (xk(84)/(KALK+xk(84)))};

Pk = [P{1} PB(2} P(3) P(4}) PB{5) P(6) P{(7) P(8) P{9) P(10} P{11) 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(35) DP(40)} P(41) P(42)
P(43) P{a2) P(25) P(46) P(47) P(48) P(4%) 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) P{64) P{65) P(66) P{67) P{68) P(639) P(70)
B{71} B{72) P{73) B{74) B{75) P{76) PB(77) P(78) P(79) P(80) P(81) P(82) P(83) P(84)
P(85) P(86) P{87} P(88) P{89) P{90) P{91) P(392) P{93) P(94) P(95) P(g6) P(97) P(98)
P(99) P(100} P{101) P(102)} P(103} P{(104) P(105)]';

C.3: MATLAB script file - P_BASM2dR.m

ey
=
f
rig
e
[N
1]
"

P BASM2dR.m

0o o

This m~file is used foxr:
Calculation of the process rates for parameter estimation of the reduced
model

o

e

function Pk = T _BASM2AR{zk, uk,¥XHk, KRk, SALKK, XPROK)
242



glchal fsI YH fXI YP0O4 YPHA iPBM YAUT iNBM Kh etaNO2 etafe muH gfe bH gPHA gPP
muPAQ bPAC DPP bPHA mulAUT bAUT KkPRE kRED K02 KX FNO3 KF FNH4 KALK KA Kfe KPP KPS KP
KPHA KIPP KMAX

% TANK 1

2 sF sA SKHS SHO3 spC4 X5 XPP ¥PHA
P{l})= (uk{1)/(FEO2+uk(1}}) * ({(zk(6)/XHk(L})}/(KX+(zk(6)}/XBk{1)}))) * Xuk(1);
P(2)= etaNO3 * (X02/(FKO2+uki{i})) * {zk(4)/{KNO3+zk{4}}) *

{(zk{6) /XHK (1} )}/ (KX+(zk(6) /XHk(1)))) * XHk(l);

P(3)= etafe * (KO2/(KO2+uk(1l}}) * {(XNO3/(KNO3+zk(4))) =*

{{zk(6) FIER(1)) F{EX+ (K (6} /XHK {1} }}} * XHk(1};

P{4)= {uk{1)/(KOZ+uk(1})) * (zk{1)/(XF+zk{1)})) * {(zk(1)/{zk{(1}+zk(2)))}
(zk{3}/ (ENH4+zk (3} }) * {(zK(5)/(EP+zk({5))) * (SALEk(l}/(KALE+SALKk({1}))
P{5}= (uk(1}/(RO2+uk{1)}} * {zk(2}/(RA+zk(2)}) * (zk{(2)/{zk{1}+zk(2))})}
(zk{3)/(FENH4+zk(3))) * (2k(5)}/(KP+zk(5))) * (SALKk(1}/(KALK+SALRKk(1))})} * XHk(1l);
P(6)= etaNO3 * (RO2/(KO2+uk(1))}) * (ENO3f(EKNO3+zk(4)}) * (zk(1)/(KFtzk(1l}}) *

{zk {1} /{zk(1)+2k{2))) * (zk{3}/(ENH2+zk{3))) * {(zk(5)/(KP+zk(5))} *

(SATRK (1) / (RALK+SATKk(1})) * XEk(1);

P(7)= etaNO3 * (KO2/(KO2+uk{1l}}} * (KNO3/(ENO3+zk(4})) * (zk(2)/(KA+zk(2)}) *
(zk(2}/(zk(1}+2k{2)})) * {(=2k(3)/ (KNHE4+zk(3})) * (zk(5)/(EKP+zk{5}}) *

(SATFX (1)} /(FALE+SALEk{1}}}* (zk(5)/(XP+zk(5))) * XHk(1l);

P(8)= (KO2/(KO2+uk(1})) * (KNO3/(ENO3+zk(4)}) * (zk{1)/(KF+zk{1})}) *
(SATRk({1)/(KALK+SATRk(1)))* XHk(1l):

P(3)= (zk(2}/{KR+zk(2})) * (SALKk{1l)}/(KALK+SAIRk (1))} =
{(zk(7)/XPAOk {1})/ (KPP+ (zk(7) /XPAOK(1}}}) * XPAOk(1);

P(10)= {uk{l}/(KOZ+uk(1l}))} * (zk(5)/(KPS+zk(5)}) * (SATEkK(1}/(KALE+SATKKk(1})) *
{({zk(B) /XPAQOk (1} )}/ {KPHA+ (zk(8) /XPROK(1)})}) * ((KMAX-(zk{7)/XPAOk(1}))/(KPP+KMAX-

(zk (7} /XPA0Ok(1)))}) * XPACk(1l);

P(11)= (uk(1)/{(KO2+uk{1l)}) * (zk{5)/(KPS+zk(5)})) * (SALEk{1l)/(KALK+SALEk({1})) *
((zk(8) /XPAOK (1)) / (KPHA+(zk(8) /ZPACk(1))}) * ((KMAX-(zk(7)/%PROk(1)))/{KPP+KMAX-

{zk (7} /XPAOk(1))})) * XPAOk(l) * etaNQ3 * KO2/uk{l}) * (zk(4}/(XNO3+zk{4}});

P(12)= {(uk(1}/(KO2+uk(1)}} * (zk(3)}/(RKNH4+zk(3))) * (SATLKk(1l)/(KALK+SALEKk({1}}}*

{(zk (5)/ (KP+zk({5}}) * [{zk(8)/XPAOk(1))/(KPHA+(zk(8)/XPAOk(1}))) * XPaOk(1l):;

P{13)}= (uk(1}/(ROoz+uk(1}}) * (zk(3)/(XNHa+zk(3))) * (SALKk{1l)/(KALK+SALKk(1l)})*

(zk (5} /(KP+zk (5))) * ((zk(8)/XPAOk{1))/(KPHA+(zk(8)/XPAOk(1))})) * XPAOk(1l) * etaNO3 =*
KO2/uk {1} * (zk(4)/(KNO3+zk{4))};

P{14)= {uk{1)/(RO2+uk(1)}) * (zk(3)/(KNH4+zk(3})})} * (zk(5)/(KP+zk(5))} *

(SALEk (1)} /(RALR+SATEX(1}}) * Xak(1);

XHk{1};

L

Plk = [[P(1) BP(2) pP{3) e 0 0 0 o 0 ¢
0 ] ] 0 1; %%hil) _
fo Q ] P (4) P(5) P(6) P(7) 0 ¢ o
0 h Q o] 1; SMuni{li;
[o 0 ] 0 o 0 0 P(8) ¢ 0
o .0 0 o b7 tgfe(l)
[o 0 v o 0 ) 0 0 p{9) 0
] 0 0 o 1; $gphail}
(o ] 0 0 0 o ) 0 g P{10)}
P11} v ¢ ] 1; scppii;
{0 0 ] 0 0 0 o 0 ] o
0 P{12} P{13} ] 1: fmupao(l;
(o 0 G 0 0 ] 0 0 0 C
0 0 0 P(14)]1 1; %muBut{l} -
% TANE 2

P(15)= {uk(2)/(ROz+uk{2)}) * ((zk(14)/XHk{2))}/(KX+(zk(14) /XHk(2)))} * XHk(2);

P{16)= etaNO3l * (KO2f{R02+uk{2)}} * (zk{12)/(ENG3s+zk(12}}) *

((zk{14) /Xak {2} )/ (ExX+{zk(14) /XHK(2}})) * XHK(2);

P(17)= etafe * (RK02/(KO2+uk(2))) * (ENO3/{(RNO3+zk{12)}) *

{(zk{14) /XHKk(2) )/ (KZ+(zk(14) /XHK(2}]}}) * XEBk(2);

P(18)= (uk{2)/{(KOo2+uk(2}}) * (zk{9}/{KF+zk{9}}) * (zk(9)/(zk(9)+=zk(10)}) *

{zk (11)/ (EWH4+2zk(11))) * (zk(13}/(EP+zk(13)))} * (SALEk(2)/{(KALK+SALKk(2})) * XHk(2);
P{19)= {(uk(2)/(K02+uk(2)}) * {(zk(10)}/(KA+zk(10}})} * (zk{(10}/{zk(3}+zk(10})) *
(zk{11)/ (KNE4+2Xk(11)}) * {(zk(13)/(KP+zk(13})) * (SALKk({2)/(KALK+SALEk(2))) * XHk{2);
P{20)= etaNO3 * (EO2/(KOZ+uk{2}})) * (KNO3/(ENO3+zk(12))) * (zk{9)/(KF+zk(9)}} *
(zK{9)/(zk{9)+zk{10}))) * {(zk{11)/({(xmuH4a+zk(11})) =* (zk{13)/(KP+zk(13}}) =

{SALFKx {2}/ (RALX+5R1LEk(2))) * XEk{2);
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PF{21)= etaNO3 * (K02/(R02+uk{2))} * (EKNO3/(ENO3+zk(12})} * (zk{10)/(Kh:zk{(10})) +*
(zk (10} /{zk(9) +zk(10))} * {(zk(1l)/(RNH4+zKk(11))) * ({zk(13)}/(EP+zk(13))) *
(SATKk(2}/(FALK+SALRK(2))}* (zk(13)/(KP+zk(13})}} * XHk(2);

P(22)= (KO2/{KO2+uk{2))) * (ENO3/{KNO3+zk(12}}} * (zk({9)/(KF+zk(9))) *

{SALEKk (2) / (KALK+SALKk(2) )} * XHK(2);

P(23)= (zk(10)/(KR+zk(10)}) * (SALEKk(2)/(FALE+SATRX{2))} *

{{zk (15} fXPAOK (2)) / (EPP+ (zk(15) /XPACk(2)))} * XPACK(2):

P(24)= (uk{(2) /{KOZ+ul{2})}) * (z2k{13)/(KPS+zk(13))) * (SALKk(2)/(KALEK+SALEX{2}))} =*
({zk({l6) /XPROk(2)) / (KPEA+ {zk (16) /XPAOK (2)))) * ({(RMAX-{zk{15)}/XPa0k(2)))/(KPP+KMAX-
{zk (15) /XPAOk {2)))}) * XPAOk(2);

P(25}= (uk(2)/(KO2+uk(2)})) * (zk{13)/(KPS+zk(13))} * (SALKk{2)/{(KALK+SALRk(2)}) *
{{zk{16) /XPROK(2)) / (KPHA+ (zk (16) /XPAOK (2))) } * ( (EMAX-(zk(15)/XPACk (2)})}/{KPP+KMAX-
{zk (15} /XPACK (2})})) * XPAOk(2)} * etaNO3 * XKO2/uk{2) =* (zk{12)/{EKNO3+zk(12)}};
P(26)= (uk(2)/(KO2+uk(2)}) * -¢zk(11)/(ENH2+zk(11}}) * (SALKk(2)/(KALK+SALKk{2)))}*
(zk(13)/ (KP+zk(13)}} * {(=zk(16)}/XPAOk(2})/(KPHA+({zk(16)/XPA0k({2)})) * XPAOk(2);
P(27)= {uk{2) /{RO2+uk(2))) * {(zk{11)}/(ENE4+zk{11))}) * {(SALKk(2)/{KALEK+SALRk({2})})}*
(zk (13} / (KP+zk (13} }) * ({(zk(16)/ZEPROk(2))}/{(KPHA+(zk(16)/XFAOk(2)))}) * XPAOk(2) * etaNO3
* KO2/uk (2) * (zk(12)/(ENO3+zk(12)});

B(28}= (uk(2)/(F02+uk(2)}} * (zk{11}/(ENHA+zk({11}}} * (zk{(13}/{EKPszk{13})) *

(SALFk (2} /(RALK+SALRk(2))) * XAk(2);

P2k = [[P(15) P{16} P(17) 0 o Q 0 0 0 0
o 0 0 0 1; 2Xhi2)
’ (o - i} 0 p(18} P(19) P{20) P (21) 0 0 0
Q a 4] 4] 1; %MaR{2)
[a 0 o ] 0 0 0 p{22) ] 0
i} 0 0 0 1: %afe(Z}
[0 ] 1} o 0 0 o o P23} 0
0 o} 0 0 1; 3gphaill;
[o o 0 0 0 0 0 0 ] P{24)
P(25)} 0 0 0 1; %cppil}
[o 0 0 0 0 0 0 0 0 0
0 P{26) B(27) o 1; tmupasi2}
{0 0 ¢ o 0 ] 0 ] 4] 0
0 0 o] pP(28)] I; Smulut(2;
% TANK 3

P(29)= (uk{3)/(KO2+uk(3)}) * {({zk(22)/XBR{3})/(KX+(2k(22)/XHk{3}))) * XHk{3):
P(30)= etaNO3 * {K02/(KQ2+uk(3})) * (zk(20}/(KNO3+zk(20})) *

((zk(22) /XHk (3}) F{EX+ (zk(22) /XHk(3)))) * XHX(3);

P{31)= etafe * (K02/{(KO2+uk(3))} * (FKNQ3/({KNO3+zk(20})) *

{((zk(22) /XHEK(3))/(KE+(zk(22) /XAk(3))}}) * XHk(3);

P(32)= {uk{3)/{E02+uk(3))} * (2k{17)/(¥KF+zk(17}))} * (zk(17}/(zk(17)+zk(18))) *
{(zk(19)/ (KNHa+zk(19))} * (zk{(21)/(KP+zk{21}}) * (SALKk({3)/{(KALK+SALKk(3))) * XHkK(3};
P(33)= (uk({3)/(K02+uk(3))}) * (zk(18)/(KR+zk(18))) * (zk{(18)/(zk(17)+zk(18))) *
(zk{19) f (KNH4+zk (19))) * (zk(21)/(¥XP+zk(21)}) * (SALKk(3)}/(KALR+SATLRk(3))) * XHk(3);
Bl{34)= ekaN0l * (KQ2/{(K02+uk(3})}) * (ENO3/(KNQI+zk(20})} * (zk(17}/{(KF+zk(17}}) *
(z(17)/ {zk (17)+2k(18))) * (zk(19)/(KNH4+zk(19))) * (zk{(21)/(XP+zk(21)}} *

{SATEX {3}/ (KALK+SALEk(3))) * XHK(3):

P({35)= etaNQ3 * (KOz2/{KO2+uk(3}))) * (ENO3/(ENO3+zk{20))) * (zk{18)/(Ka+zk({i8)}) =*
(zk(18) /(zk(17)+zk (18)})) * {zk{19)/(KNH4+zk(19))) * (zk(21)/(RKP+zk(21))) *
(SALKK(3) /{KALK+SALEk(3}})* (zk(21}/{KP+zk(21)}) * XHk(3);

B(36)= {KO2/(KO2+ulk(3})) * (ENO3/ (KNQ3+zk(20})}) * (zk(17)/(KF+zk{17})) *

{SALKk(3)/ (FALK+SALEk(3) })* XHk(3};

P{37)= (zk(18)/(KA+zk(18))) * (SALKk(3)}/(KALK+SALKk({3}}) *

({zk(23) /XPAOK (3} )} / (KPP+{zk{23) fXPAOK{3}})) * XPAOK(3)};

P(38)= (uk(3)/(RKO2+uk(3}}) * (zk{21)/(EKPS+zk(21))) * (SALKk{3)/{RKALK+SALEkK({3})}) =
{tzk(24) /XPACK(3) )}/ (KPHA+ (zk (24) /XPAOkK {(3)))) * ((EMAX-(zk{23}/XPROk(3}))/{KPP+KMAX-
{zk{23) /XPAOk (3)}}) * XPACk(3}:

P{39)= {uk(3)/(RO2+uk(3}}) * (zk{21)/(KPS+zk(21})}} * (SALKk(3)/(KALK+SALKk(3)}} *
({zk(24) /XPACk (3)) / (KPER+ (zk {24) /XPAOK (3} )} ) * ({KMAX-(zk(23)/XPACk(3)))/(KPP+RMAX-
(zk{23) /XZPROK {3}}}) * XPROK{3} * etaNO3 * K02 /uk(3) * (zk(20)}/(ENO3+zk(20}});
P{20)= (uk(3)/(ROz+uk{3))) * (zk(19}/(KNH4+zk(19)}) * (SALKKk(3)/(RALK+SALEKk(3}})}*
{zlc {21} / (KP+zk (21}}) * ({zk{24)/XPAOk(3})/ (KPHA+ (zk(24)}/XPA0OK{3}))) * XPAQk(3);
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P(4l)= (uk(3)/(KOz2+uk(3})) * (zk(19)/(KNE4+zk{19)}) * (SALKk(3)/{(KALK+SALEk{3}})*

(zk (21} / (EP+2zk (21} )) * ((zk(24)/XPR0O%(3))/(KPHA+ (zk(24) /XPACKk(3)})}) * XPAOk(3) * etaNO3
* KO2fuk{3) * (zk{20)/(KNO3+zk(20)));

P{22)= (uk(3}/(KO2+uk(3})}} * (zk(19)/{KNH4+zk(13))) * (zk{21}/(KP+zk(21))) =

(SATKK (3)/{KALK+SALEk(3})) * Xak{3);

p3k = [[P(29) B(30) P(31) o 0 0 0 0 e o
0 g 0 0 1; Exmi2)

fo . Q 1] P{32) P(33) P{34) P(35) G Q 0
0 0 o o Y5 FMani2)

[a ¢ o] o 0 0 a P{36) ¢ 0
o 0. 0 o 1; Sgfe{2)

[o ] o ; 0 g o o P{37} 0
0 o 0 0 -} Egphaill

[o 0 0 i} ] 0 0 o} 0 P(38)
P{29) ] ] o 1: %appiZ}

fo 4] ] 0 o] 0 0 a 0 0
o P{40) P{41) 0 1; %Smupaoci{l;

[o a 0 0 0 0 0 0 o Q
0 [¢] a P(£2}] 1; Smulut{2}
% TRENK £

P{43)= (uk(2)/(RKOo2+uk{2}}) * ((zk{(30)/EZHX(4)}/{KX+{zk{30)/XHk{4)))) * XHk{4);
P(44)= etaN03 * (K02/(R02+uk(4)}} * (zk(28)/(KNO3+zk(28))) *

{((zk{(30) /XHk(4))/(KX+({zk(30) /XBk(4))})) * XHk{4);

P(45)= etafe * (K02/(KO2+uk(4)}) * (KNO3/(KNO3+zk(28})) *

({zk(30) /XHk(4)}/ (EX+ (zk{30) /XHk(4)})} * ZHk(4);

P{46)= {uk(4)/(FO2+uk(4))) * (zk(25)/(XF+zk(25))) * (zk{(25)/(zk(25)+zk{26))) *

(zX (27} / (KNH2+2zk(27))) * (zk(29)/ (KP+zk{29})) * (SALKk(4)/(KALK+SALKk{4))) * XHk({4):
p(a7)= {uk(4)/(RO2+uk{2))) * (zk{26)/{KA+zk(26))) * (zk{(26)}/(zk(25)+zk{26))) *
(zk(27) f (KNE4+2zk (27))) * {(zk(29)/ (KP+zk{29)}) * (SALKk(4)/(KALK+SALKk(4))) * XBk({4);
P(48)= etaN0O3 * (K0z/(KO2+uk(2})) * (KNO3/(ENO3+zk{(28)}) * (zk(25)/{KF+zk{25))) *
(zk (25} / (zk(25)+2zk(26))) * (zk{(27)/(KNHa+zk(27)}) * (zk{(29)/(XP+zk{29))} *
{SALKk(4)/(RALRK+SALFk(4)}) * XHk(4);

P{49)= etaNO3 * (K0z2/(KOZ+uk{4})) * (RKNO3/(EKNO3+zk(28}}) * (zk(26)/{Ra+zk(26})) *
(zk(26) / (zk(25)+zk (26} ) ) * (zk(27)/(RNH4+zk(27))) * (zk{29)}/(KP+zk(29))) *

(SALRX% (4} / (KALRK+SALEK(4}) )% (zk(29)/(KP+zk(29))) » xuk(4);

P{50)= (RKO2/({KO2+uk{4}}) * (XMO3/ (KNO3I+zk{28))) * {zk{25)/ (KF+2k(25}}} *

(SALEK{4)/ (KALR+SALKk(4))})* Xxk(4);

P{51)= (zk({26)}/(KA+zk(26))) * (SALE%X(4)}/(FALF+SALKk({4)})}) *

{{zk(31) /XPAOk(4}) / (KPP+(=zk (31} /XPAOKk{4) )} )} * XPAOk(4);

P{52)= {uk(4a)/(KOz+uk(4))}) * {zk(29)/{XPS+zk{29))) * (SALXk(4)/(KALK+SALKk{4})} =
((zk{32) /XPAOK (4}) / (KPHA+ (zk (32} /XPROKk {4} ))} * {({(FMAX-(zk(31) /XPAOk (4)))/(KPP+FMAX-
{zk{31) /XPAOk (4)}}) * XPACk(4);

B(53)= (uk({4}/(RO2+uk{2))} * (zk{29)/({KPS+zk{29))) * (SALEk(4)/(FKALK+SATKk({4)}) *
({zk(32) /XPACKk(4}} / (KPHA+ {zk (32} /XPAOK (4)))) * {(EMAX-(zk(31)/XPACk(4)})/(KPP+KMAX~
(zk(31) /XPACk (4})}}) * XPAOk({4) * etaNO3 * KO2/uk(4) * {(zk(28}/(KNO3+zk(28)));
P(52)= (uk(4)/(FO2+uk{a)}) * (zk(27)/{KNHa+zk(27))) * (SALKk(4)/(KALEK+SALKk(4})})*
(zk {29} / {KP+2k (29)})) * ((zk{32)/XPAOk{4))/(KPHA+ (zk(32)/XPAOk(4))}) * XPAOk{4};
P{55)= (uk{4)/(E02+uk{4}))) * {(zk{27)/{KNH4+zk{27))) * (SALKk(4)/{(KALEK+SATLKk{4}})*
(zk(29) / (KP+zk (29))) * ({zk(32)/XPA0k(4))/(KPHA+(zk(32)/prok(4)))) * XPAOk{4) * etaNO3
* Xoz/uk(s) * (zk(28)/(KNO3+zk{28)});

P(56)= {uk(4)/{(KO2+uk(2})} * (2k(27)/(KENHA+zk(27})}) =* (zk(29)/(Kp+zk(29))) *
{SALRk{4)/(KALK+SALKk(4)})}) * Xak{4};

P2k = [[P(23) P(44) P{45} 0 o v o 0 0 o
0 0 0 0 1: 38hi2;
[a 0 0 P(46) P{47) P(48) P{49) 0 ] 0
4} a 0 o 1;: #Muhi2)}
[o i s} 0 0 0 ] B(50) i) ]
o o 0 0 }; %afe 2}
Io 0 ¢ 0 4] ] o 0 P{51} ¢
i} v} 0 ¢ }: %cgphai{2}
[o o ¢ 0 0 o g ] ] P(52)
P({53} I+ o o T; Tgop(2d
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[o 0 0 a ; a 0 a 0 g
¢ P{54) P{55}) 0 1; *mupaci{2}

{0 0 O o G 0 0 0 o o
0 4] g P(56)] 1; #muluc(2;
% TANK 5

P{57)= (uk(5)/(RO2+uk(5)}) * ({(zk(38)/XHK(5))}/(KX+{zk(38)/XHk(5)})}) * XHk(5);
B(58)= etaN0O3 * (K02/(KO2+uk(5))} * (zk{36)/(KNO3+zk(36)}) *

{(zk(38) /XBk(5))/(KX+ (zk(38) fXHk(5)})))} * XHk(5);

P(59)= etafe * (RKO2/(ROz2+uk(5)}) * (FNO3I/(RNO3+zk(36))} *

{({zk(38) /EHK{5) )/ {KX+{zk(38) /XHK(5)}))} * XEk(S5);

P{60)= (uk(5)/(KOo2+uk(5})) * (zk{(33}/(KF+zk(33))) * {(zk(33)/(zk{33}+zk{34}}) *

{zk (35)/ (KNH4+zk({35))}) * (zk(37}/(RP+zk(37})) * (SALKKk(5}/(KALK+SALKk(5))) * XHK(5};
r{61)= (uk(5)/(KO2+uk{5)}} *-{zk(34)/(Kn+zk{34))) * (zk(34)/(zk(33)+zk(34))) *
(zk{35)/ (KNH4 +zk(35)}} * (zk{37)/(KP+zk(37}})} * (SALKk(5)/(KALK+SALKk(5)})) * XHk(5)};
P(62)= etaNO3 * (K02/(K0Z+uk(5))) * (RKNQ3/{ENO3+zk{36)}) * {(zk(33)/(KF+zk(33})) *
(zk (333 / (zki133)+2k {34))) * (=zk{35)/(ENH2+zk (35))}) * (zk(37)/(XPs+zk(37))} *

(8ALEk (5} / (RALR+SALKK(5))} % XHk(5);

P(63}= etaNO3 * (KO2/(RK02+uk(5))) * (ENO3/(ENO3+zk{36))) * (zk{(34)/{KA+zk({34))}) *
(zk({34)/{zk(33}+zk(34))) * (zk(35)/(KNH2+zk (35})}) * (=zk(37}/(KP+zk(37))) *
(SALKKk(5)/ (RALK+SALEk(S5)))* {zk{(37)/{(KP+zk{37))) * XHk(5);

D(64)= (KOZ/({KO2+uk(5))) * (KNO3/(KNO3:zk(36}}) * (zk(33)/(XKF+zk(33))) *

{SALKk (5)/ (FALR+SAIKk (5)))}* XHK(5);

P{65)= (zk(34)/(KA+zk(34))) * (SALEKk(5)/{KALK+SALEk{5}}} *

{{zk{39) /XPROKk(5)) / (KPDP+ (zk (39) /XPAOK(S5))}}) * XPAOk(5);

P{6a)= (uk(5) f{KO2+uk{5}}) * (=zk(37)/(XKPS+zk{37})) * (SALXk(5)}/(KALK+SALKk{5}})} *
((zk(40) /EPAOK (5} ) / (KPHA+ {zk (40) /XPROk (5)}) ) * ((EMAX-(zk(39}/XPAOk(5)))/(KPP+EMAX-
{(zk (39) /XPACKk (5})} )} * XPAOk(S);

P(67)= (uk(5)/(KO2+uk(5))} * (zk(37}/(EPS+zk{37)}} * (SALKk(5)/(RALK+SALRKk({5))) *
({zk{40) /XPAQk (5)) / (KPHA+ (zk (40} fXPAOk(5})} ) * ({KMAX-{zk(39)/XPAOk(5)})/(KPP+KMAX-
(zk(39) /ZPa0k{5}))) * XPROk({5} * etaNO3 * KO2fuk(5) * (zk{36)/(KNO3+zk(36)));
P(68)= (uk(5)/(RO2+uk(5))) * (zk(35)/(KNH4+zk(35))) * (SALKk(5)}/(RALK+SALEk(5)))*
{(zk (37} / (KP+zk(37})) = ({(zk(40}/XPR0Ok(S))/(XPHA+ (zk(20Q)}/XPAOk(5))}}) * XPAOk(5);
P{69)= {uk(5)/(KO2+uk{5})} * (zk{(35)/(ENH2+zk(35})) * (SALKk(S)/(KALK+SALEk(5)})*
(zk{37)/ {KP+zk (37))) * ({zk(40)/XPACkK(5)}/(EKPHA+ (zk(40}/XPA0k(5))}) * XPACk(S) * etaNO3
* RO2fuk(5) * (zk{36)/(KNO3+zk{36}});

B(76)= f(uk(5}/(RO2+uk{5))) * (zk(35)/(KNH4+zk{35))) * (zk(37)/(RKP+zk(37}}) *

(SATEKk (5) / (FKALE+SALKk(5))) * Xak(5);

psk = [[BP(57) P{58} P(59) 0 0 ] o 0 ¢ 0
o o o T 2Xh{2)

[c ¢ o p{60) P{61) P{62) P(63) o ] 0
i} ] Q 0 1 $Muabh{2)

fo 0 0 ] ] 0 0 P(64) ] o
] ] 0 1] 1; %gfeil)y

{o 0 o 0 o 0 0 0 P(65) Q
¢ 0 o ] 1; tgphai2)

[c a 0 4} 0 0 0 ¢} 0 P{66)
P{67}) a o a 1; *qppi2)

[a ] t] i} o 0 0 0 0 i}
0 P{68}) P(69) 0 1; Zmupaci{2}

{o ] g ] 0 o o 0 Q o
o o i} B(70)] 1; smuiut(Z}

$Matrix Px for the whole process
Pk = [Plk'; P2k'; P3k'; P4k'; DPsk'];

C.4: MATLAB script file - P_BASM2dREm
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% model

% Description of the functica funciion
function Pk =
P_BASM2dRE(zk,uk,XEk, XAk, SALEK, XPACk , kHek, muHek, gfeck, gPHAek, gPPek, muPAQek, muAUTek)

global £SI ¥YH £XI YPO4 YPHA iPBM YAUT iNBM Kh etaNO3 etafe mul gfe bH gPHA gPP
muPA0 bPAC LPP bPHA muAUT bAUT kPRE KRED KO2 KX KNO3 KF KNH4 KALK KA Kfe KPP KPS KP
KPHA RIPP KMAX

% TANKE 1

3 s 3:1 SKNHEZ  SNG3 SPC4 X3 XPP XTHR

P{1)= kHek * (uk(1}/(RO2+uk{1}}} * ((zk(6)/XHk(1})/(KX+(zk(6)/XHk(1))}) * XHk{1);
P{2)= kHek * etaNO3 * (KO2/t¥02+uk(i)}) * {zk{4)/(KNO3+zk{4}}) *

((zk(6) /XHX(1) )/ (KX+(zk(6) /XHk(1)))) * XHk({1l);

P(3)= kHek * etafe * (KO2/(KO2+uk(l})} * (KNC3/(KNO3+zk(4))) *
{{zk(6)/ZBK{1))/(KX+(zk (6} /XHk (1) ))) * XHk(1);

P(4}= muHek * (uk(1)/(KO2+uk{1l)}) * {zk(1}/(EF+zk(1})} * {(zk{1)/{zk(1l)+zk(2))}) =

(zk (3} /(KNH2+zk(3)}) * {(zk(5)}/(KP+zk(5})) * (SALKk(1)}/(FALE+SALEk{1)}} * XEk(1);
P(5})= muHek * (uk(1}/(KO2+uk{1))} * (zk(2)/(FA+zk(2))) * (zk(2)/{zk(1)+zk(2))) =*
{zk{(3)/(ENHa+zk(3)})) * (zk(5)/(KP+zk(5)}) * (SALKk(1l)/{(KALE+SALEKk{1l))} * XHk(1l);
P(6)= muHek * eraN0Q3 * (R02/{K02+uk(1))} * (FNO3/{KNO3+zk{4})}) * {(zk(1)/(KF+zk(1)}) *
(zR({1}/(zk(1) +zk({2})) * (zk(3)/(RNH4+zKk(3))) * (zk({5)/{KP+zk(5)))} *

{SALFKX (1) f{RALK+SALEk{1}}) * XHk{1)};

P(7)= muHek * etaNO3 * (KO2/ (RO2+uk(1))}) * (ENO3/(ENO3+zk({4))) * (=zk(2)/(KRh+zk(2)}) *
(zk {2}/ {(zk(1) +zk(2})}) * (zk{3}/(KNHL+zk({3}}) * (zk(5)/(KP+zk(5))) ¥

(SALKK (1) / (RALX+SATLKk (1)} ) * (zk(5)}/(KP+zk(5}}) * XHk(1);

P{8)= gfeek * (RO2/(KO2+uk(l})} * (ENO3/(KNO3+zk(4))}) * (zk{(1)/ (XF+zk(1})) *
(SALXk({1l)/ (FALX+SALKk(1})))* XHk(1};

P(9)= gPHAek * (zk(2)}/(Ka+zk(2))} * {SALKk(1}/{XKALK+SALKk{1)}) *

{((zk{7) /3PAOK (1) )/ (XPP+ (zk{7) /XPAOKk(1))}) * XPAOKk(1l)};

P{10}= gPPek * {(uk(l)/(KO2+uk(l)})} * {(zk(5)/{(KPS+zk(5)}) * (SALEk(l)/(KALE+SALEk(1))) *
({zk(8) /XPAOKk {1) )/ (KPHA+ (zk (8) /XPAOK(1))})) * ((KMAX-(zk(7)/XPACk(1})}/(KPP+KMAX-

{(zk (7} /XPROk(1))}))} * XPAOk{l):

P{11)= gPPeck * (uk(1l)/(KO2+uk(l))) * (zk(5}/{KPS+zk(5))) * (SALKk(1}/(KALK+SALEk(1))) *
{(zk(8)/XPAOk (1)) / (KPHA+ (zk (8) /XPACK(1)})} * ((KMAX-{(zk(7)/XPAOk(1))})/{KPP+KMAX-~
(zk({7)/XPAOkK(1})}) * XPACK(l)} * etaNO3 * FKO2/uk(l) * {(zk(4)/(RKNO3+zk(4)));

P{12)= muPACek * (uk{l}/(RO2+uk{1i})) * {zk{3}/{XNHa+zk{3))) *

(SALKk{1)/ (RALEK+SALKk (1)) }* (zk(5)/{KP+zk(5))) *

{{zk(8) /XPAOk (1)) / (KPHA+ (zk (8) /XPACK(1))}} * XPAOk(1): )

P{13)= muPACek * {uk{1l}/(KO2+uk(1))}} * (zk(3)/{KNH2+zk(3))) *

(SALKk (1) /{RALK+SALKk(1}))* {zk(5)/(KP+zk(5}}) *
({zk(8)/XPA0Kk {1} )}/ (FPHA+{zk (8) /XPAOK(1])}])} * XPAQk({l) * etaNO3 * KO2/uk{l) *

{zk{e) /{ENO3+2zk (&)} )

P(14)= muAUTek * (uk(l)/{R02+uk(1}}) * {(zk(3}/(XNH4+zk(3)))} * (zk(5)/{KP+zk{5})} *
(SALFk(1} /(KALK+SATLEKk(1)})} * XAk{1l):;

& TRNK 2

P{15)= kHek * (uk{2)/(KO2+uk(2)}}} * ((zk{14)/XHk(2))}/ (EX+(zk(14)/XHKk(2)}}} * XHk{2);
P(16)= kHek * etaNO3 * (KRO2/{(KO2+uk(2}})} * {zk{12)}/(KNO3+zk(12})}) *

((zk(14) /ZHK(2) )}/ (KX+(zk(14) /XHK{2})))} * XHk(2};

P{17)= kHek * etafe * (FKO2/{K02+uk(2))}} * {EKNO3/(RNO3+zk{12))}) *

((zk(14) /XHK(2)) / (KX+{zk (14} /ZEK(2}})} * XHk({2);

P(18)= muHek * {(uk{2)/(Koz2+uk(2}}} * (zk(9)/(KF+zk{9}}} * (zk{(9)/(zk(9)+zk(10))) *
(zk(11) / {KNHA+zk{11})) * {zk({13)/ (KP+zk{13))) * (SALK%{2)/ (RALK+SALKk(2)}}} * XHk(2);
P(19)= muNek * (uk(2)/(KO2+uk(2})) * {(zk{10)/(KR+zk{10)))} * (zk{10}/(zk(9)+zk{10})) =
{zk {11}/ (FNE4+zk(11}))) * (zk{I3}/(KP+zk(13))}) *» (SALKk(2)}/(KALK+SALKk(2)})) * XHK({2);
P(20)= muHek * etaN03 * (RO2/(RKO2+uk{2)}) * (KNO3/(KNO3I+zk(12)}} * (zk{9)/(EF+zk{9))) *
(2 (9} /lzk(9)+zk(10)}) * {zk(11}/(KMHE+zK{11i}}) * {(=zk{13)/(XKP+zk(13))) ~*

(SALKk {2) f (FALK+SATEk (2)}) * XHk(2);

P(21)= muHek * etaNO3 * (E02/(KO2+uk(2)}) * (KNO3/{(ENO3+zk(12})}) * (zk(10}/(KA+zk{10})})
* (zK(10}/ {zk(3)}+zk(10))} * (zk{(11)/(XKNB4+zk(11}]) * (zk{13)/(KP+zk(13))}) *

(SALKk (2} / (RALK+SALEk (2} }1* (zk(13)/(KP+zk(13))} * XEk(2);

B(22)= gfeek * (KO2/{KO2+uk(2))} * (KNO3/(KNO3+zk(12)})}) * (zk(9)/(KF+zk(9})) *
{SATKK(2)/ (RATLK+SATLKK(2) ) )+ XHk(2);
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P(23)= gPHAek * (zk(10)/({XA+zk(10)}) * (SALKk{2}/(KALX+SALKk(2)})} *

((zk{15) /XPROk (2} )}/ (XPD+(zk (15) /XPA0k(2)))}) * XPaAOk(2);

P{24)= gPPek * (uk(2)/(KO2+uk{2)}} * (zk{13)/(KPS+zk(132))} * (SALKRk(2)/{RALK+SATKk(2)})
* {(zk{16)}/ZPAOk(2}))/ (KPHA+{zk(16) /XPAOK(2}))) * ({KMAX-(zk{15)/XPa0k(2)))/(XPP+KMAX-
(zk{185) /XPROk (2)}}) * XPAOk({2);

P(25)= gPPek * (uk(2)}/({KO2+uk{2)}}) * (zk(13})/(EPS+zk(13))) * (SALKk(2)/(KALK+SALRk{2)})
* ({zk(16)/XPACk(2))/{KPHA+ (zk(16)/XPAOK(2)}}) * ((RKMAX-(zk({15}/XPRAOk(2}}}/(KPP+KMAX~
{zk(15) /XPROK (2)})) * XPAOk({2) * etaMNO3 * KO2/uk(2) * (zk(12)/(ENC3+zk{12})):

P(26)= muPAQek * (uk{2)/(Ko2+uk(2))}) * (zk(11}/(KNH4+zk(1l})) *

(SATER (2} /{XALE+S5ALEKk (2) ) )+ (zk{13)/({KP+2k(13})) +

{(zk(16) /ZPAOk(2)) / {(KPHA+ (zk (16} /XPAOk (2)))) * XPACK(2);

P{27)= muPAOek * {uk(2)/(KO2+uk{2))} * (zk(11)/(KNH4+zk(11)}) *

(SALKKk (2) / (FALK+SALEk (2} )} * (zk(13)/{KP+zk(13))) =

({zk(16) /XPAOK(2) )} / {KPHA+ (zk«{16) /XP20k(2))}) * XPAOk(2) * etaNQ3 * KO2/uk(2) *

{zk(12)/ (EMO3+zk{12)}));

P(28)= muAUTek * (uk{2}/(RO2+uk(2))} * {zk{11}/(KNH4+zk(11})} * (zk(13)}/(KP+zk{13}}) =
{(SALEk (2} / (KALK+SALEk(2))) * EAk{2);

% TANK 3

P(29)= kHek * (uk{3)/(KO2+uk(3))) * {{zk(22)/XHk(3))/ KX+ (zk(22)/ZHk(3})}) * XHk{(3);
P({30)= kHek * etaNO3 * (RO2/(EO2+uk(3)))} * (zk(20)/(KNO3+zk(20))) *

{{zk{22) /XHK(3) )/ (FKX+(zk(22) /XHKk(3)})}) * XHk(3);

P(21)= kHek * etafe * {K02/(KO2+uk(3})} * (ENO3/(XNO31+zk{20})}) *

{(zk{22) /XHK(3) )/ (FA+(zk(22) /XEk(3))})) * XHk(3);

P{32)= muHek * (uk{(3)/(RK02+uk{(3))) * (zk{(17)/(EF+zk(17}}) * (zk{17)/(zk(17)+zk{18))) *
{(zk {18}/ (KNH4+2zk (19})) * (zk {21}/ (KP+zk{21}}) #* (SALKk(3)/(KALK+SALKk(3))) * XHk(3);
P{33)= muHek * {uk(3)/(KOoz+uk(3}}) * (zk(18)/{KA+zk(18)}}) * (zk{i8)/ (zk(17)+zk(18))) ¥
(zk(19)/ (ENH2+zk{19)})} * (=2k{21)/(KP+zk{21}}} * (SALKk(3)/(KALK+SALKk(3)})) * XHk(3):
P{34)= muHek * etaNO3 * (KO2/(K02+uk(3})) * (KNO3/(KNO3+zk(20))} * (zk(17}/{KF+zk(17)}})
£ (zk(17)/{zk(17)+zk(18)}) * (zk{19)/(KNH4+zk{19)))} * {(zk(21)/(KP+zk{21))) *

{SALEk (3} / (KALE+SALKK(3)))} * XHK(3);

P(35)= muHek * etaNO3 * (KO2/(KO2+uk(3)})) * (RKNO3/(KNO3+zk(20))} * {zk{18)/(KA+zk{18)))
* (zk{18)/(zk{17)+zk(18))) * (zk{19)}/{KNH4+zk(19))}) * {(zk(21)/(KP+zk{21)}) *
{SALKX{3) / (RALK+SALEk (3)))* (zk(21}/(RP+zk(21))) * XHk(3);

P(36)= gfeek * (FKO2/(KO2+uk{3)}} * (EKNO3/(KNO3+zk(20))) * (zk(17)/(KFs+zk(17})} =

{SALKK (3) /(RALK+SALEk {3} ))* XHk(3);

P{37)= qPHAek * (zk(18)/(Xm+zk(18}}) * (SALKk(3)/({KALK+SALEk({3)}}) *

{{zk (23} FfXPROK (3) ]/ (KPR+{zk {23} /XBPAOK{3))})})} * XPAOK(3);

P(38)= gPPek * (uk(3)/(KO2+uk(3})) * (zk(21)/(KPS+zk({21)))} * (SALRk(3}/(KALK+SALEKk (3}))}
* ((zk(24) /XPACk(3)}/(KPHA+(zk(24) /XPROk(3}))} * ((RMAX-{zk(23)/XPA0k(3)))/(KPP+KMAX-
{zk{23) /XPaCKk (3}))) * XPACk{3);

P(39)= qPPek * (uk{(3)/{RK02+uk{3}}) * (zk(21)/(KPS+zk{21)))} * (SALKk({2)/{KALK+SALKk(3)})
* f(zk(24) /XPACk(3))/ (KPHA+{zk(24) /XPAOK(3)))) * ({KMAX-(zk(23)/XPA0OX{3))}/(RPP+EMAX-
(zk(23)/XPA0K {3}))) * XPACK(3) * etaNO3 * KO2/uk(3) =* (zk(20)/{KNO3+zk(20)}};

P(40)= muPAQek * (uk(3)}/(KOo2+uk{3})) * (zk{19)/(ENH4+zk(19)}) +*
{SATKk(3) / (KATK+SALKk (3} )}* (2k{21)/(KP+zk(21))) »

{(zk{24) /XPROK (2} )} / {(KPHA+ (zk (24) /XPACK (3} )} } * XPAOK(3);

Pl{41)= muPAOek * {uk(3}/{FKO2+uk(3))} * (zk{19)/(KNH4+zk{19})) *

{SALKk (3) / (RATR+SALEk (3) })* (zk{21}/(KP+zk({21})}} *

{ (zk{24) /XPAOk ({3} )}/ (KPHA+(zk (24) /XPAOK(3))}) * XPAOk(3) * etaNO3 * KO2/uk(3) *
(zk(20) / (ENO3+2zk (20} });

P({42)= muAUTek * {(uk(3)/(KO2+uk(3})) * (zk(19}/(KNH4+zk{19)}) * (zk({(21)/{KP+zk{21}}) *
(SALKk (3) / (RALR+SALKk{3))} * Xak(3};

% TANK 4

P{43)= kHek * {uk(4)/Ff{KO2+uk{4}}) * {({zk(30)/2HBk(4})/(EX+{zk(30)/Xrk{4)))}) *» XHk(4);
P(44)= kHek * etaNO3 * (K02/ (KO2+uk(4})} * (zk(28)/(KNO3+zk{28))) *
{{zk(30) /XBk(4))/ (KX+(zk (30} /XHK(4}})) * XHk(4);

P{45)= kHek * etafe * (KO2/(KO2+uk(4})} * (KNO3/(KNO3+zk({28})) =
({zk{30) /XBk{4) )}/ (KX+{zk(30) /XHk{4)))) * XHk(4)};

P(46)= muHek * (uk{2}/{KO2+uk(4)))} * (zk{25}/{KF+zk(25))) * {(zk{25)/(zk(25)+zk{26))} *
(zk (27} / (ENH4A+zk (27))) * (zk{29)/ (KP+zk(28))) * (SATLKk{4)/(KALK+SALKk(4))) * XHk{4);
P(27)= muHek #* {uk{4)/(XO02+uk{4)}) * {zk(26)/{FKA+zk({26})) * (zk(26)/(zk{25)+zk(286)}) =
(zZk(27)/ (ENHL+zk{27})) * (zk {29}/ (KP+zk{29)}) * (SALKk(4)/(KALK+SALEk(2))} * XHk(4);

-
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P(48)= muHek * etaN0O3 * (KOZ/(RO2+uk(4)}) * (KNO3/(KNO3+zk(28))) * (zk{25)/{(KF+zk{25)))
* (zk(25)/{zk(25)+zk(26)}) * (zk(27)}/(KNH4+zk{27})) * {zk{29)/{KP+zk(29)}) =*

(SALFk(4) /(KALR+SALEk{4)})) * Xuk(4);

P(49)= mulHek * etaNO3 * (RO2/(KOzZ+uk(4))})} * (KNO3/(KNQ3I+zk({28))) * (zk{26)/(KA+zk(26}))
* {zk{26)/(zk(25)+zk(26))) * (2k{27)/(EKNH4+zk({27)))} * (zk{(29}/(KP+zk(29))) *
(SALFk{4) / (RALK+SALKk (4) )} * (zk(29)/{KP+zk(29))) * XHk(4);

P({50)= gfeek * (K02/({KO2+uk(4)})) * (KNO3/(ENQ3+zk(28))}) * (zk{25)/(KF+zk(25))) *

(SALKk (4} / (KALK+SALKk{4} )} % Xuk(4);

P({51)= gPHaek * (zk{26)/(KA+zk(26)}) * (SATLEk(4)/(RALK+SALKk(4})}) *

{ (zk{31) /XPROKk(4)) / {EPP+{zk(31) /XPACK{4}))) * XPACK(2);

P(52)= gPPek * (uk(4)/(EKO2+uk(4))) * (zk(29)/(KPS+zk(29))) * (SALKk(2)/{(KALK+SALKk(4)))
* ((2k(32)/XPA0k(4))/(KPHA+(zk{32)}/XPA0Ok(4}))) * ((KMBX-{zk(31)/XPACk(4)))/(RPP+KMAX-
{zk(31)/XPaOk{4}))} * XpPack({4);

P(53)= gPPek * {(uk{4)/(KOz+uk{4)}) * (zk(29)/(KPS+zk(29))}) * (SALKk(4)/(RALK+SALKk(4)))
* {{zk(32)/XPa0k(4) )}/ (KPHA+(zk(32)/XPA0k(4}}})} * ({EMAX-({zk(31)/XPACk(4)))/(XPP+KMAX-
{(zk(31)/XP20Ok (4}}}) * XPAOk(4) * etaNO3 * K02/uk(4} * (zk(28)/(KNO3+zk(28)));

P{54)= muPAOek * (uk(4)/(KO2+uk(4)}) * (zk{27)/(KNH2+zk{27))} *

(SaLFk (4} / (RALK+SALEk(4)})* {(zk(29)/(KP+zk(29)}) =*

((zk(32) /XPAOKk (4} ) / (KPHA+ (zk (32) /XPAack {4}})) * XPAOk{4);

P(55)= muPACek * (uk(4)/(KQ2+uk{4))) * (zk{27)/(KNH2+zk(27})) *
{SALKk(4)/(RALK+SALKk(4)}))* (zk{29)/(KP+zk(29))} *

{{zk(32) /XPAOk(4)) / {KPHA+ {2k (32} /XPACk(4)})} * XPAOk({4) * etaNO3 * KO2/uki{4) *

{zk({28)/ (ENO3+zk(28)));

P(56)= muAUTek * (uk(4}/{RKO2+uk(2)}) * {(zk(27)/(KNH2+zk{27})) * (zk(29)/(EKP+zk{29))}} =*
{(SATRk{4)/ (KALK+SALRk(4})) * X&k(4);

% TANK 5

P{57)= kHek * {uk(5)/(K0O2+uk(5)}) * ((zk(38)/XHk(5))/(KX+(zk(38)}/XHk(5)})) * XHk(5};
P(58)= kHek * etaNO3 * (KO2/ (KO2+uk(5))) * {(zk{36)/(RKNO3+zk(36))}) =*

{(({zk(38) /ZEK(5)}/(KX+(zk{38) /XHk(5)})) * XHk(5);

P(59)= kHek * etafe * (KO2/(RKO2+uk(S}}) * (EKNO3/{ENO3+zk(36}}) *

({zk(38) /XHk(5))/{KZ+(zk{(38) /XHk(5))}}} * XHk(5};

B{60)= muHek * (uk(5)/(RKO2+uki5)}} * (zk(33}/({KF+zk(33))) * (zk(33)/(zk(33)+zk{34))) *
{(zk(35)/ {KNH2+zk(35))) * (zk(37)/{(kP+zk(37))) * (SALKk(S)/(KALK+SALKk(5))) * XHK({5);
P(61)= muHek * (uk(5)/(K02+uk{5)}) * (zk(34)/(KA+zk(34))) * (zk(34)}/(zk(33)+zk(34))) *
{zk(35)/ (RNH4+zk(35)}} * (zk(37)/(KP+zk(37))) * (SALKk(5)/(KALK+SAELEk(5))) * XHk(s);
P(62)= muHek * etaNO3 * (KO2/(KO2+uk(5})}) * (KNO3/(KNO3+zk(36)})) * (zk(33)})/(KF+zk(33))}
* (2k(33)/(zk(33)+2zk(34))) * (zk(35)/{FNH2+zk(35)}) * (zk(37)/(KP+zk(37})} *

{SALEk {5} / {KALK+SALEK{5)}} * XHk(5};

P{63)= muHek * etaN03 * (K02/(K02+uk(5))) * (ENO3/(KNO3+zk({36)}) * (zk(34)/(KrR+zk{34))}
* (zk(34)/(zk(33)+2k(34))) * (zk(35)/(KNH&+zk(35))) * (zk(37)/(RP+zk(37))) *
(SALRKk(5) / (RALR+SALRKk{5)})* (zk(37})/{KP+zk{(37)}) * XHk(5);

P(64)= qfeek * (X02/(KO2+uk(5)}) * (FNO3/(KNO3+zk({36))) * (zk(33)/{(KF+zk(33))) *
(SATRk(5) / (KALK+SALKk(5)))* XHk(5);

P({65)= qPHAsk * (zk(34)/(¥n+zk(34))) * (SALKK(S5)/{KALEK+SALEKk(5))) *

({zk(39) /XPAOk(5)) / (KPP+(zk{39) /XPAOK(5)))) * XPAOk(5);

P(66)= qPPek * {uk(S5)/(X02+uk(5)}} * (zk(37)/(EPS+zk{37}))} * (SALEk(5)/(KALK+SALKk(5)))
= ({zk(40) /XPACk(5))/ (KPHA+(zk{40) /XPACK{5) 1)) * ((KMAX-(zk(39)/XPROk{5}}}/ (KPP+KMAX-
(zk(39) /XPROk (5)) )} * XPack(5);

P(67)= qPDek * {uk(5)/(KO2+uk(5))} * (zk(37)/(KPS+zk(37}}} * (SALKk(5)/{KALK+SALKk (5)))
* {{zk(40)/XPA0Ck(5))/ (KPHA+{zk({40}/XPACk(5)})) * ((KMAX-(zk(39) /XPAOk(5})}/{KPP+KMAX-
(zk (39} /XpROk (5)}}) * XPROk{5) * etaNO3 * EO2/uk(5) * {zk(36}/(KNO3+zk(36)}};

P(68)= muPAQek * (uk(s)/(K02+uk(S})) * (zk(35)/(KNH4+zk{35))) *

{SALXX (5) / (KALK+SALEKk({5) )} * {zk{37)/(KP+zk(37})) =

{ {zk{40) /XPAQK (5)) / (KDPHA+ (zk (40) /XPAOk{5)))) * XPack(5);

P(69)= muPA0ek * (uk(5)/{(KOZ+uk(5))) * (zk(35}/(KNH4+zk(35)}) *
{SALEX(5) / (RALE+SALEk{5))1)* {(2k(37}/(KP+zk(37})}) »*

{(zk(40) /XPACk (5} )/ (KPHA+ (zk (40} /XPACk (5)))) * XPROk(5) * etaNO3 * K02/uk(5) *

{zk (36} /(KNO3+2zk(36}));

P(70)= muAOTek * {uk{5)/{KO2+uk({5)}}) * (=zk(35)/(KNH4+zk{35))) * (zk(37)}/(KP+zk(37})) *
{SATEk {5}/ (KALE+SALEk({5))} * XAk(E);

Pk = [P{1} P(2} P(3) P{4) F(5) P(6} P(7) P(8) B{3) P(10) P(1i1) P(12} P(13} P(14) P(15}
©(16) P({17) P(i8) 2(19) P{(20) P(21) P(22) P{23) P(24) P(25) p(26) 2{27) P(28) P{29)
r{30) P(31) P(32) 2(33) P{34) P(35) P(36) P{(37) P(38) P(33) P(40) P(41) P(42) P(4a3)
Pl{44) P{45) P(a6) F(47) P(48) P(43}) P(50) P{51) P(52) P(53) P(54) P(55) P(56) P(57)
${58) P{59) B(50) B{61) P{62) P(63) P(64) P(e5) P(66) B{(67) P(68) P({53) B(70}]';
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APPENDIX D: DEVELOPED MATLAR CODE FOR OPTIMAL CONTROL OF THE

BENCHMARK PLANT WITH THE ACTIVATED SLUDGE MODEL NO.3 BIO-MODEL

D.1: MATLARB script file - BASM3_Simulation.m

% M-File: BASM3 Simulation.nm

g M-—FIIE DESCRIPTICGH

% This m—file is used for:

% Simelat of the Benchmark plant using full A3M2 model

& Caiculia n of the pzrameters for the raduced ASM3 model

% Simulatiocon of the Besnchmark plant using the redoced AS¥E model
clear all % Clear the workspace

clc % LCiear *the command window

% = PARAMETER DEFINITION

c

% Declaration of the glokal variables
global kH kSTO etaNOX mul bE_02 bH NOX bSTQ 02 bSTO NOX mul bA_02 bA_NOX
glcbal XX KO2 KS KNOX KNH4 KALK KSTO KA_O2 KA NH4 KA ALK KA NOX

Kl = 95969; % ction horizon or invterval
DT = 0.001042; % Serpling time

% Initiglifization of the mcdel parameters, tyrcical valuss at 20 JC
% Stechicmetric parameters

£8T = 0.0;
¥STO 02 = 0.85;
¥YSTO_NOX = 0.80;
YH 02 = 0.63;
¥H NOX = 0.54;
YA = 0.24;
£1 =0.2;
% Kinetic parameters
kH = 3;
kSTO = 5;
eraNoxX = {.6;
muH = 2;

bH 02 = 0.2;
bH_NOX = 0.1;
bSTO 02 = 0.2;
BSTO NOX = 0.1;
WA = 1;
bA_02 0.15;
bA_NOX = 0.05;
% Morcd switching functions
o4 - = 1;
oz = 0.2;
KS = 25
FNoX = 0.5;
FOH4 = 0.01;
KALK =0.1;
KSTQ =1; !
KA 02 = 0.5;
FA NH4 = 1;

KA ALE = 0.5;
EA_NOX 6.5;

3 Tritialization of the Benchmark process data

V1 = 1000; % Tark 1
va = 1000; 3 Tank 2
v3 = 1333; % Tank 3
V4 = 1333; % Tank 4
V5 = 1333; % Tank 5
Qo = 18446; t Influent flow rate

Qa = 55338; % Intecmal recircularticn rats
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Qr = 18446; %
Qw = 385; %
0 = Q0 + Qa + Qr;3
% Ceoeficient for frac

Siudge recycled rate
Wasted slodgs rate
Filow threugh the tanks

tior of flow rates for the particulate materials

LAMBDA = (QO0+Qr)/{Qr+0Qw);

% Oxyger parameters

50sat = 8; % Oxygen saturaticn point

¥Lal = 07 % Cwygen transfer function =

Klaz = 0; % Oxygern transfer function in Tank 2

Fl.al = 240; % Oxygen transfer functior in Tank 3

KLa4 = 240; % Oxygen transfer function i» Tank 4

K135 = B4; % Oxygen transfer function in Tank 5

KL = [KLal KLa2? KLa3 KLad4 KLaS5)l; KLa = diag(KL);

% == = PRCGCESS KODEL =

% Caicuiation of the

% Matrix A repressent factors of the accumulazed state variables

% from different flows towards state variables in each tank as derived

% through mass balance principles, see chapter 3 of the Thesis

IVI = DT/ Vvi; IVIi1 = IVl * Q; A1l = 1 - IV1l;

IV2 = DT/ -V2; Iv22 = IV2 * Q; A22 = 1 - IV22;

IV3 = DT/ V3; IV33 = IV3 * Q; A33 = 1 - IV33;

IVZ = DT/ V4; IV44 = IV4 * Q; Adda = 1 - IV44;

IV5 = DT/ V5; IVS5S IVS * Q; = 1 - IV55;

AlSa = TV1I * {Qa + Qr); % Soluble materials recycled from Tank 5

Al5b = IV1 * (Da + LAMBDA*Qr) ;% Particulate materials recycled from Tank 5

A2l = IV22;

A32 = IV33;

A43 = IV44;

AS54 = IV55;

A1l = All * ones(1l,13); A1l = diag{All);

A22 = A22 * gpes{1l,13); A22 = diag(A22)};

A33 = B33 * opes{i.13); A33 = diag(A33);

A44 = R44 * ones(l,13); Ad4 = diag{nree);

AS5 = BAS5 * ones(1,13); A55 = diag(a55);

Al5 = [Al5a,AlS5a,Al5a,Al5a,Al5a,Al5a,Al5a,A15b,415h,415b,A15h,A15b,415b] ;

Al5 = diag(Al5);

A21 = aA21 * omes(1,13); A21 = diag(a21l};

A32 = A32 * omes(l,13); A32 = diag(a32};

A43 = A43 * ones(1,13); A43 = diag(A43);

AS4 = AS4 * gnes(1,13)}; As4 = diag{as4};

AlQ = zeros{13,13}); = zeros(13,26); A30 = zeros{13,39);

A = [Al11l A30 AlS5; A21 A22 A30; ALQ A32 A33 A20; A20 A43 A44 Al0; A30 AS4 ASS];

4

% Calculation of the MATRIX 3

% Matrix B represent weighting factors of the state variables towards tae

%2 irfluent wastewater composition as derived through mass balance

% principles, see chapter 3 ©f the Thestis

IVO = DT/ Vi*Q0;

Bll = IV0 * ones{1,13}; B1l = diag(Bll);

B = [Bll; zeros({52,13}];:

% Formulatisa of the MHATRIX C

% Matrizx C represeant welghting factors of the state variables towards the

% processes on the ASM1 matrix table

cc = [[o0 fS¥ 1 0.01 o a 0.001 ¢ -190 O @ ~-0.751;
[-¢.15 ¢ -1 0.03 4] 0 g.002 o 0 0 ¥S5TO_02 0 0.511];
[o o -1 06.03 0.07 -~0.07 0.007 o ¢ Q ¥STO NOX O 0.48 1;
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"[-0.60 00 -0.07 0 ] -0.005 0 0 1 -1/YH 02 0 -0.06];
fa ¢ 0-0.07 0.30 -0.30 0.016 ¢ 0 1 -1/YH NOX 0 -0.21];
[-0.80 € 0 0.066 0 0 0.005 fI 0 -1 G 0 -0.751;
[o ¢ 0 0.0686 0.28 -D.28 0.025 fr o -1 O ¢ -0.751;
[-1 0Q¢ i} 0 4] 0 0 0 -1 0 -0.601;
[o 000 0.35 -0.35 0.025 0 0 O -1 0 -0.601;
[-18.04 00 -4.24 0 /Y2 -0.60 0 © O o] 1 0.50 I;
{-0.80 0 0 6.066 0 ¢ 0.005 fI o 0 0 -1 -0.751;
[o 0 0 0.066 0.28 -0.28 0.025 fI 0 0O 0 -1 -0.751]);

C = DT*{CC zeros{12,52); zeros{l12,13) CC zeros(12,3%9};
zeros(12,26) CC zeros(12,26); zeros{l2,39) CC zeros(l2,13);
zeros(12,52) CCl;

* o

%5 SINULATION DATA == ===
% Constant inflow concentrations for steady state simulations

802i = 0.0;8Ii = 30.0;85i = 69.5;SNH41 = 31.56;8N2i = 6.95;SNOXi = 0.0;
SATKi= 7.0;XTi = 51.2;XSi= 202.32;XHi = 28.17;XSTOi=0;XRAi = 0.0;XS5i = 125;

% Ozder of the states

%802 ST 38 SKE4 SN2 SKROX SALK XI X5 Xd HSTO ¥&Aa XSS5

%xi = [S02i*ones(1,Kl); STi*ones(1,K1)/0.1; SSi*cnes(1,Kl); SNH4i*ones{1l,Ki};
SN2i*ones{1l,K1); SNOXi*ones({l,K1};SALKi*ones(1,¥l);XIi*ones(1,K1};
XSi*ones(1,K1l); XHi*ones{l,Kl}; XSTOi*omes(l,Kl);XAi*ones(l,K1};
X88i*ones{1,K1)]}*0.1;

% Values ¢f the initial conditions

% For tank 1

502 1 = 4.2984433e-03; S5I_ 1 = 3.0000000e+01; S5 1 = 2.8082131e+00;
SNH4 1 = 7.9178845e+00; SN2_1 = 1.2166405e+00; SNOX 1 = 5.3693400e+00;
SALK 1 = 4.9277103e+00; XI_1 = 1.1491252e+03; XS 1 = 8.2134908e+01;
XH 1 = 2.5517658e+03; XSTO_1 = 4.4885186e+00; XA 1 = 1.4838943e+02;

X55 1 = 5.2848894e+00;
x10 = {S02_1; ST_1; SS_1; SNH4_1; sSN2_1; SNOX_1; SALK_1; XI_1; XS_1;
XH 1; XSTO 1; XA 1;XSS 1 1+%0.1;

% For tank 2

502_2 6.3131911e-05; SI_2 = 3.0000000e+01; 85 2 = 1.45879%40e+00;
SNHZ 2 = 8.3444148e+00; SN2_2 = 8.8206477e-01; SNOX_2 = 3.6619%672e+00;
S5ALK 2 = 5.0801748e+00; XI_2 = 1.1491252e+03; XS _2 = 7.6386187e+01;
XH 2 = 2.5533851e+03; XSTO_2 = 4.4952273e+00; XA 2 = 1.4830914e+02;

XSS_2 = 5.0290873e+00;
x20 = [SO2_2; SI_2; SS_2; SNH4_2; SN2_2; SNOX_2; SALK 2; XI_2; XS_2;
XH 2; XSTO 2; XA_2;XS8 2 1%0.1;

% For tank 3

802 3 = 1.7183778e+00; SI_3 = 3.0000000e+01; S5_3 = 1.1495418e+00;
SNH4 3 = 5.5479452e+00; SN2_3 = 8.2888682e-01; SNOX_3 = 6.5408820e+00;
SALK 3 = 4.6747902e+00; XI_3 = 1.1431252e+03; XS 3 = 6.4854522e+01;
XH_3 = 2.5571314e+03; XSTO_3 = 4.3924277e+00; XA 3 = 1.4894126e+02;

X855 3 = 4.5041834e+00;
%30 = [S02 3; SY_3; SS_3; SNH& 3; SN2_3; SNOX 3; SALK 3; XI_3; XS_3;
XH_3; XSTO_3; XA_3;XSS 3 ]*0.1r

% For tank 4

802 _4 = 2.4288838e+00; SI_4& = 3.000000%e+01; SS 4 = 9.9532389%e-01;
ENH4 4 = 2.9673854e+00; SN2_4 = 7.6678656e-01; SNOX 4 = 9.2983988e+00;
SALK 2 = 4.2934562e+00; XI_4 = 1.1491252e+03; XS_4 = 5.5683982e+01;
13_4_ = 2.5591826e+03; XSTO_4 = 3.8730101e+00; XA_4 = 1.4952712e+02;

XS5 4 = 4.5131469e+00;
x40 = [SO2_4; ST 4; SS_4; SNH4 4; SN2_4; SNOX &; SALK 4; XI_4; XS_4;
XE_&; XSTO_4; XA_4;XSS_4 1+%0.1;

ot
I fw
o
Y
64}

]

3.000000C0e+01; SS_5 = §.8949280e-01;
6.8828001e-01; SNOX S = 1.0415220e+01;
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SALE 5 4£.1255794e+00; XI_5 = 1.1481252e403; X8 5 = 4.9305586e+01;

XH & = 2.5593436e+03; ASTO_5 3.5271755e+00; XA S 1.4879712e+02;

X588 5 = 4.5221112e+00;

x50 = [SO2_5; SI_5; SS_5; SNH4 5; SN2_5; SNOX_5; SALK &; XI_5; XS_5;
XH_5; XSTQ 5; XA _5;X88_5 ]1*0.1;

*x0 = [x10;x20;x30;x40;x50]; .
x = [%x0 zeros(65,K1}};

% Steady state simulaticn of the model
for k = 1:K1

xk = x{:.k}:

xik = xi(:,k};

Pk = P_BASM3F(xk) ; s .

S0k = [xk(l,1);xk(14,3);xk(27,1):xk(40,1);xk(53,1)1;
xxk = DT*KLa* (SOsat-S0k};

xx1lk =

[xxk(1);zeros(12,1} ;xxk (2) ;zeros (12,1} ;xxk (3) ;zeros (12, 1) ;xxk (4} ;zeros(12,1}) ;xxk(5) ; zer
os(12,1)1; ’

%{:,k+1) = A*x(:,k}) + C'*Pk + B*xi(:,k) + xx1k;
end

oe

frll model response to constant influent concentrations
% Tank 1

figure{1)

subplot({5,3,1);ploc{x(1l,:));title(*S02 1)
subplot(5,3,2);plot(x{2,:} ) ;title(*'SI1")
subplot(5,3,3};plot(x(3,:));titie{'S51")}
subplot(5,3,4);plot(x({4,:))s;eitle('SKH4 1%}
subplot(5,3,5) ;plot(x({5,:}}):title{"SKZ_1")

subplot(5,3,6) ;plot(x(6,:));title ('SNCX1")

subplot(5,3,7) ;plot{x(7,:});title {'SALKL")
subplot(5,3,8) ;ploc{x(s, :});title ("XI1")

subplot (5,3, 9) ;plot(x(3,:} ) ;ticle('X51")

subplot{5,3,10) ;plot{x{10,:}};title( XH1")
subplot(5,3,11);plot{x(11, :1);title{'XSTCL")
xlgbel({'discrete time k*}

subplot(5,3,12) ;plot(x(12,:});title(*XAl"}

xlabel ('discrete Time k')
subplot{5,3,13);plot(x(13,:));ritle('¥381")
xlabel{'dizcrete time k')

set {figure(1l), 'name’,'Tank 1l steady state resuits', 'numbertitle', *cff')

g Tank 2
figure(2}
subplot(5,3,1);plot(x(14,:)) ;title('SC2_2°*)
subplot(5,3,2);plot (x{15,:}) ;title{'SI2")
subplaot(5,3,3) ;plot{x(16,:) ) ;title( 5527)
subplot(s,3,4) ;plot(x{17,:}} ;title(’S¥HL 27)
subplot{s5,3,5) ;plot{x(18,:)) ;title('SH2 27)
subplot{s5,3,6);plot(x(19,:}} ;title(’SKCX2")
subplot{5,3,7);plot(x{20,:)} ;title("SALK2")
subplot(s,3,8) ;plot(x(21,:) )} ;title(TXI2")
subplot (5,3, 9) ;plot (x{22,:));title("X52")
subplot({5,3,10};plot{x{23,:}) ;title("XH2"}
suhplot(S,S,Il};plot(x(24,:));title('KSToz‘)
xlabel {*discrets zime k')
subplot({5,3,12);plot{x{25,:});tirle{"Xa2"}
xlabel{'discre=e time k'} -
" subplot({5,3,13);plot(x(26,:});title{ XS52")
xlabel(’'discrete time k')
set{fiqure(2), *name', 'Tank 2 steady state results', 'numbertizle','cii')

% Tank 3
figure(3}
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subplot(5,3,1);plot(x{(27,:}) ;title('802_3")
subplot(5,3,2);plot(x(28,:));;title{'SI3%)
subplot(5,3,3);plot{x(29,:)});title(*S53")
subplot{5,3,4};plot(x(30,:)} ;title(*'SNH4_3')
subplot(s,3,5) ;plot (x({31,:)) ;title{ SN2 _37)
subplot(5,3,6) ;;plot(x(32,:})) ;title(*SNCX3")
subplot(5,3,7) ;plot(x(33,:}) ;title(’SRLK3"}
subplot(5,3,8);plot{x(34,:}) :title(*XI3")
subplok(5,3,9) ;plot{x(35,:}) ;title("X53%)
subplot{5,3,10}) ;ploti{x{36, ) ) ;title{'XH3")
subplot(5,3,11);plot{x(37,:)};title("X5TC3"}
xlabel(‘discrece time k")

subplot(5,3,12) ;plot{x{38,:});title( XA3")
xlabel{'discrete time k'} *.
subplot(s,3,13);plot{x{39,:));title( X3S53"*)
Xlabel({"discreze time k')

set (figure(3}, 'name’, "Tank 3 steady state resclits', 'mumbertitle’, 'cfZf')

% Tank 4

figure(4)

subplot(5,3,1) ;plot(x(40,:}) ;title('5C2_%")
subplot 5,3, 2) ;plot{x{41,:)};title(*SI4")
subplot(5,3,3) ;plot(x{42,:) ) ;title(’384*)
subplot(5,3,4);plot(x{43,:}) ;title(*SKHL &%)
subplot (5,3,5) ;plot (x(44,:}) ;title(*SN2_4")
subplot{5,3,6);plot(x{45,:}} ;title{'SHCNL’)
subplot{5,3, 7} ;plot(x({46,:)};title(*SALKL")
subplot({5,3,8);plot(x(47,:));title{ 214"}
sprlot(5,3,9);plot(x(48,:));title(’XSé')
subplot{5,3,10};plot(x{49,:) )} ;title( 'XHE")
subplot{5,3,11);plot(x{50,:));title(*XSTC4")
xlabel('discrets time %'}

subplot(5,32,12) ;plot(x{51,:));title('XR4")
xlabel({'digcrete time k')

subplot (5,3,13) ;plot{x(52,:));title('X354")
xlabel('discrete time k¥)

set (figure({4), 'name', 'Tark £ steady state results’, 'numbertitle’,'cff')

% Tank 5

figure(5)
subplot(S,B,l);plot(x(53,:));title('SOZ_S')
subplot{s,3,2);plot(x{54,:)) ;title('SI5")
SUBplctKS,S,S);plot(x(SS,:));title('SSﬁ')
subplot{%,3,4);plot{x(56,:)) ;title('SKHS 5T}
subplot(5,3,5);plot(x(57,:));title(*SH2 37)
subplot(5,3,6) ;plot (x(58,:) ) ;title(TSKOX5"}
subplot{5,3,7};plot (x{59,:)) ;title{ SALKY"}
subplot(5,3,8) ;plot(x(60,:)} ;title(*XI3")
subplot(5,3,9) ;plot(x(61,:}) ;title{’XS5")
subplot(5,3,10) ;plot(x{62,:) ) :title( XH3")
subplot (5,3,11);plot{x(63,:));title('XSTC3")
xlabel{'discrete time k')
subplot(5,3,12);plot(x(64,:));title(‘XAS')
xlabel{'discrete time k")

subplot(5,3,13) ;plot(x{65,:)):ticle('XSS3")

xlabel{*discrate rime k")

set{figqure(s}, *name’, 'Tank 5 steady state results’', 'numbertitle’,’off'})

% Data for dynamic simulations

K = 13436; % Prediction horizon for dynamic simzliations {14 days samplad
DT = 0.C01042;

% Dynamics of the inflow coencentraticns for dry weather file

load dry.tz:c % The order is £, £3 ¥BH XS XI 3¥¥ 3I SND ¥¥D QU

% T2 3 4 5 £ 7 B 9 1ie

% IMUTATION DRUVB




% Constant inflow concentrations for steady state simulations
% S0Z SI S5 SNH4 SE2 SKOY SALK XX X5 XH XSTO YA XSS
t = 1344;

5021 = S02i*zeros{l,t); SIi = dry(1l:t,7)'; 881 = dry(1l:t,2)'; SNH4i = dry(l:t,6)';
SN2i = dry(1:%,8);SNOXI = SNGXi*zeros(l,t); SALKi = SALKi*ones(l,t);

XIt = dry{l:t,5)';XSi = dry(1:t,4)7;XHi = dry(l:t,3)';

XSTO1 = XSTOi*zeras{l,t); XAi = XAi*zeros(l,t}; X98i =X88i+ ones(l,t);

tl = [dry(:,1)'}; €2 = [D:0.001042:22];

8021 = spline(t1,8021i,t2); SIi = spline(tl,S8Ii,t2); S58i = spline(tl,8S8i,t2);
SNH4i = spline(tl, SNH4i,t2); SN2i = spline(tl,sSN2i,t2); SNOXi = spline{tl,SNOXi,t2);
S2LKi- = spline(tl, SALKi,t2¥r . XIi = spline(tl,XTIi,t2):; X8i = splipe(tl,XSi,t2);

XHi = spline(tl,XHi,t2); X8TO0i = spline(tl,XSTOi,t2); XAi = spline(tl,XAi,t2);

Xssi = spline (£1,X85i,t2);

xi = [8021i;8T1;851i;SNH41i;8N2i;SN0Xi;SATKE;;XIi;XSi;XHi;XSTO1i;Xai;;Xs58i]1*0.1;
X = [x{:, (K1+1)} zerc=a(&5,K}1;

% CDyramic simulation cf the model
for k = 1:K
=k =x(:rk)i
xik = xif{:,k);
Pk = P_BASM3F({xk); % Calculation of the process rates

SCk [xk(1,1);xk{14,1) ;xk{27,1);xk(40,1);xk{(53,1)1;

xxk = DT*KLa* (SOsat-50k);

xx1lk =
[xxk(1};zeros (12,1} ;xxk (2} ;zeros(12,1) ;xxk(3) ;zeros{12,1) ;xxk{4) ;zeros(12,1) ;xxk(5) ; zer
os(12,1)1;

X(:,k+1) = A*x(:,k) + C'*Pk + B¥xi(:,k} + xxik;
end

2

Full model response to the dynanic influent concentrations
% Tank 1

figure(s)

subplot{s5,3,1};plot(x{l, )} ;title('SC2_1"}
subplot{5,3,2);plot(x(2,:)};title(*SI1")
subplot(5,3,3};plot(x(3,:));title('S51%)
subplot(5,3,4);plot(x{4,;));title(’SNH4_1')

subplot(5,3,5) ;plot{x(s,:});title (*ER2Z_1")
subplot(5,3,5);Plot(x(5,:));title('SEOXl’)
subplot(5,3,7);plot(x(7,:));title('SéLKl')
subplot(5,3,8);plot(x(8,:});title('XI1")
subplot(5,3,9});plot{x(9,:));title{ 'XS1")
subplot{5,3,10);plot(x{10,:)}};title{'XH1")

subplot{5,3,11) ;plot{x(11,:});title{'X5TO1"}
xlabel('discrete time k')

subplot(5,3,12) ;plot(x(12,:));title('XR1")

xlabel{*discrete Time k'}

subplot(5,3,13) ;plot{x{13,:) ) ;title( X551} ‘-
xlabel{*discrete time k'}

set(figure(6),'name’, 'Tank 1 dynamic results’, 'numbertitle',’off'}

% Tank 2

figure(7) .
subplot(5,3,1);plot(x(14,:)} ;title("SC2_2")
subplot(s,3,2) ;plot{x{i5,:}} ;title(*SI2*)
subplot({5,3,3) ;plot{x(l6,:)} ;title(*3S2"}
Subplot(5,3,4);plot(x(l?,:)):title('SEHéﬁ2’)
subplot(5,3,5) ;plot{x(18,:}) ;title{ SN2 27}
subplot (5,3,6) ;plot (x(19,:});£itle( SK0Ox2"}
subplot(5,3,7) ;plot{x{20,:}) ;title("SALK2")
Subplct{S,B,S);plot(x(ZI,:));title('XIZ‘)
subplot (5,3, 9) ;plot{x(22,:}} ;Eitle(¥52")

255



subplot{5,3,10) ;plot(x(23,:));title{"XH2")

subplot{5,3,11) ;plot(x{24,:)) ;title {*XSTO2")

xlabel ('discrete time k%)

subplot (5,3, 12) ;plot{x(25,:)};title("¥a2"}

xlabel('discreze time k')
subplot(5,3,13);plot{x(26,:})};title( XSS2"}

xlabel{*discrece time k7)

set (Eigure(7), 'name’, "Tank 7 dynamic resulifs', ‘numbertitle’, 'off?)

% Tank 3

figure(s)

subplot (5,3, 1) ;plot{x(27,:));£itle(*30Z_37)
subplot (5,3, 2) ;plot(x(28,:}) ;title('SI3"}
subplot{5,3,3};plot{x(29,:rk;title{*S53")
subplot{s,3,4) ;plot{x(30,:}):;title(’'SNHL 3}
subplot{5,3,5};plot{x(31,:)};title(*SK2_3")
subplot(5,3,6);plot{x(32,:)) ;title{’'SKROX3")
subplot{5,3,7) ;plot(x({33,:)) ;title({'SATK2")
subplot(5,3,8) ;plot (x{34,:)) ;title('XI3")
subplot{5,3,9);plot{x(35,:)};title{ X33}
subplot(5,3,10};plot(x{36,:}) ;title( "XH3"}
subplot(5,3,11};plot(x{37,:));title{ XSTC3")
xlabel('discrete time k')

subplot{5;3,12) ;plot(x(38,:));title{'XA3")
xlabel('discrete tTime k'}

subplot(5,3,13) ;plot(x{39,:));title{'X533")
xlabel('discrete time k')
set(figure(8), 'name’, 'Tank 3 dynamic results','numbertizle','ofl')

% Tank 4

figqure(9)
Subplot{5,3,l);plot(x(éo.:)):title{'SOE_é')
subplot(5,3,2);plot(x(41,:)};title{"ST4")
subplot(5,3,3);plot(x(42,:) ) ;title('S382")
subplot{5,3,4);plot (x(43,:})) ;title("SKH: 2"}
subplot{5,3,5) ;plot(x{44,:)} ;title(*SN2_4°)
subplot(5,3,6) ;plot (x({45,:}) ;title{"SKOX4"}
subplot(5,3,7);plot(x{46,:) ) ;ritle{ SALKL")
Subplot(5,3,8);plot(x(é?,:));title{’XIé'
subplot(5,3,9);plot(x(és.:));title('XSé')
subplot{5,3,10};ploc{x(49,:});title{ 'XH4"}
Sprlot(5,3,11);plot(x{SO,:));title('XSTCé')
xlabel{'discrete time k')
subplot(5,3,12);plot(x{51,:)}:;title{'Xns")
xlabel (*'discrete tirs k')
subplot{5,3,13);plot (x{52,:));title('XS54")
xlabel {"discrete fime k*}
set{figure(9), 'naxe', 'Tank 4 dynamic results',’'numbertitle’, 'ofl”)

% Tank 3

fiqure(10) -

subplot(s,3,1) ;plot(x(53,:)) ;title(*SC2_3") <
subplot{5,3,2);plot(x(54,:)) ;title{*8I3")
subplot(5,3,3);plot(x(55,:)} ;title{"SS5"}
subplot(5,3,4) ;plot (x{56,:)) ;title{"SKHL_57)
subplot(5,3,5) ;ploc{x(57,:}};title("8K2_3")
subplot(5,3,6) ;plot{x({58,:)) ;title(’SNCX5")
subplot(5,3,7) ;plot {x(59,:)) ;title(’SALKSY)
subplot(5,3,8) ;plot{x(60,:}} ;title(XI53%)
subplot(5,3,9);plot(x(&l,:));title(’XSS')
subplot (5,3,10);plot{x{62,:}) ;tictle('XH5")
subplot(5,3,11) ;plot(x(63,:)});:cicle{ "X3TO3"}
xlabel('discrete time k')

subplot (5,3,12);plot (x{64,:));title{"XA5"})
xlabel{'dizscrete fime k')
subplot{s,3,13);plot{x{65,:});title{ XS85"}
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xlabel{'discrete zime k')
get {figure (10}, "name’, *Tank 5 dyvramic results', 'numbertitlet,'cFs')

% REDUCED MODEL FORMULATION

% Form ths wvector of the states {(z} for the reduced model, bassad on ths
% ASHI prediction

$ as, SHHE, SNOX,

zl [x(3,:}; =x(2,:); =(6,:} 1;: E 2 3

z2 = [x(16,:)}; x{17,:); x{19,:)]1; %4 5 &

z3 [x(29,:); x(30,:}; x{32,:}]: 57 g 9

zd = [xf22,:); =x(23,:); x(45,:)]; ERAS 11 iz

z5 = [x{85,:}; x(56,:}; x(58,:11; %13 is 15

z = [zl;z2;23;24;25];

% Formation of the vector of the coatrol wvariakles
ul = x{1,:);
u2 = xl{i2,:);
ui = x(27,:);

ut = x(40,:);
us = x{53,:};
u = [ul; u2; uld; u4; usl;

% Dypamic values of the inflow concentrations fcr dry weather
i =[xi(3,:); xi(4,:); xi{6,:}]1*0.1;

Steady state values for the biomass XH, XA, X5, SALK, XSTIC
XH = [160*ones{1,K); 1l60*cnes(1,K}); 16l*cnes{l,K};

XA

@ N

l62*ones(1,X); 160*ones{1,K)};
{6.5*ones(1,K): 6.6*cnes{1l,K}); &€.7*ones({1,K);
6*ones{1,K); 6.3*ones{1,K)];

X8 = [20*ones{l1,K}); 20*fcnes(l,K); 2l*ones(1,K};
20*ones{l1,K); 21%*ones(i,K}]:;
XSTO = {26%ones(l,K); 26*ones(l,X); 26*ones{l,K);

25%ones(1,K); 25*ones(l,K}1;
SALE = [0.5%cnes(1,K); 0.4*ones{l,X}; 0¢.5%*ones(1,K);
0.4*cnes{1,K); 0.5%*cones{1,K}];

% MATRIX A for the reduced model (AR)

Alir =1 - IV1l; A22r = 1 -~ IV22; AR33r = 1 - IV33;
A44r = 1 - IV44; AS5r = 1 - IVS5;

A1S5r = IVL * (Qa + Qr);

AZ2ly = IV22; A32r = IV33; A43r = IV44; AS4r = IV55;

Allr = Allr * ones{1,3); Allr = diag(Ailr);
A22r = A22r * cmes(1,3); A22r = diag(A22r);
A33r = A33r * ones{l,3); B33r = diag(Al33r};
Ad4r = Ad4r * omes(1,3); A44r = diag(hs4r});
B55r = AGS5T * ones{l,3); AS5r = diag(a55r};

Alsr = [Al5r, AlS5r, AlS5ril;
AlSr = diag(Al5r);

* ones{l,3); A2lr = diag(a2ir}; !
A32r = A32r * ones{l,3); A32r = diag(a32r);
243r = A43r + cnes(l,3); A43r = diag(As43r);
AS4r = AS54r * ones(l,3}; AS4r = diag(A54r);

AZlr = Az2lr

Al0r = zeros({3,3); A20r = zeros(3,6); A30r = zeros(3,9);

AR = [Allr A30r AIST;A21r A22r A3I0r;A10r A32y A33r A20r;R20r A4ldr RAs4ar A1Or;A30r ASAr

[Tve IVo IVO*£];
Blir = diag(Blir};
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BR = [Bllir; zeros{12,3)];

% MATRIX C for the reduced model (CR}
CCR=[{1 0.01 e} 1:

fo -0.07 0 I:

fo -0.07 -0.301;

[o -4.24 1/¥all;:

CR = DT* {CCR zercs(4,12);zeros(4,3) CCR zeros(4,9) ;zeros{4,6) CCR zeros(4,6);
- zeros(4,9) CCR zeros(4,3);zeros(4,12) CCR];

% Parameter estimation
for ¥k = 1:

XSk = X8(:,k);
XS8TCk = XSTO{:.k);
SALKk = SALK{:,k);

zik = zi(:,k);

Pk = P_BASM3R(zk,uk, XHK, XAk, X5k, XSTOk, SALKK) ;
FIk = CR'*Pk;

Y(:,k) = z{:,k+1)-AR*z(:,k)-BR*zi(:,.k);
theta{:,k}=(FIK'*FIk}“(-1)*FIk**Y(:,k)};

end

muHE(1,:) = theta(l,:};
mMUAE{l,:) = thetal(2,:};
KhE(1,:} = theta(3,:);

% Dynamic simulation of the reduced medel with the estimated paramaters

zE = [2{1,1);=2(2,1);2(3,1);z2(2.1);2(5,2);2{(6,1);2{7,1);2(8,1);2(9,1) ;Z(10,1); z(1%,1);
z{12,1);=z{13,1); z(14,1}; =z{(15,1)1;

ERR = z(:,1)-z2E;

% Dynamic simulation of the reduced model with the estimated parameters
for k = 1:K

zEK = zE{:,k};

uk = u{:,k);

zik = zi(:,k};

2

= XH(:,k);
= XAa{:,k);
XSk = X8(:,k);
XSTOk = X8TO{:.k);
SALKk = SALR{:,k);

g

muBEEK = muHE(:,k);
muAE{: K} ;
= KhE(:,k);

:

Pk = P_BASM3RE (zEk, uk, XHk, X8k, XSk, XSTOk, SALEk, muHEk , muAFk , KhEK) ;
ZE(:,k+1) = AR*zE({:,k) + CR'*Pk + BR*zi(:,k);
ERR{: k+i}=z{:,k+1) -2E{:,k+1l};
end
€ Tank 1
S81=z (1, :};SNH4 1=z(2,:);SNOX1=z(3,:);
SSlE:zE(l,:);SNH4_1E=ZE(2,:};SNOXIE:ZE(3,:);
ERRSSI=ERR(1, :) ;ERRSNH4_1=FRR (2, -} ;ERRSNOX1=ERR(3,:):
% Czalcularion of the weighted zsrrors for tarpkl
eS51={ERRSS1*ERRSS1') / (581+551") ;
©SNH4 1-(ERRSNE4 I1+ERRSNH4 1')/(SNH4_1*SNHL 1');
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eSNGOX1=(ERRSNOX1+ERRSNOX1')/ (SNOX1+SNOX1');

¥ Vector of process full, estimated and error variables S8, SKH4, SNQY, Tank 2
S552=2(2, :);8NH4_2=%z(5,: ) ;SNQX2=2(6,:);

SS2E=zE (4, :) ; SNH4_2E=zE (5, :) ;SNOX2E=zE (6, :} ;

ERRSS2=ERR(4, :) ;ERRSNH4 2=ERR(5, :} ;ERRSNOX2=ERR (65, :);

% Calcuolation of the weighted errors for tank 2
eSS2=(ERRSS2*ERRS52"} / (852*552") ;

eSNH4 2= (ERRSNH4 Z*ERRSNE4_2'}/(SNH4_2*SNHZ_2');
eSHOX2= (ERRSNOX2*ERRSNOX2' ) / {SNOX2*SROX2' ) ;

% Vector ¢f process full, estimated and errer variablies §8, SNHS, SNQZ, Tank 3
883=2=(7, z) FSNH4 3=2z(8,:}) ;SNQX3=z(9,:};
SS3E=zE(7,:) ; SNH4_3E=zE (8, %} ;SNOX3E=zE (9, :);

ERRSS3=ERR(7, :} ;FRRSNH4_3=ERR(8, :) ; ERRSNOX3=ERR(9, :};

% Czliculation of the weighted errors for tank 3
e553=(ERRSS3+ERRSS3 ')/ {583*%583") 5

&SNH4 3= (FRRSNH4 3*ERRSNH4 3')/(SNH4_3*SNH4 3'};

eSNOX3= (ERRSNOX3*ERRSNOX3 ') / (SNOX3I*SNOX3');

% Vector of process full, estimated and error variables S3, SKH4, SNCX,
554=z(10,:) ;SNH4_4=2z{(11,:};5NOX4=z(12, :);

854E=zE(10, :) ;SNH4_4E=zE(11, :) ; SNOX4E=7E{12, :};

ERRSS4=ERR (10, :) ;ERRSNH4 4=ERR(11l,:) ;ERRSNOX4=ERR{12, :

% Caiculation of the weighted errors for tark 4
e884={ERRSS4*ERRSS4 ")/ (S54*S54") ;

eSNH4_4= (ERRSNH4_4*ERRSNHZ_4')/(SNH4 _4*SNH4_4');

eSNCX4= ( ERRSNOX4*ERRSNOX4 ') / (SNOX4*SNOX4 '} ;

% Vector of process full, estimated and error variables S§3, SNH4, SHOX, Tank &
$55=2(13,:) ;SNH4_ 5=z(14,:};SNOX5=z(15,:);
SSSE=ZE(13,:);SNH4_SE$ZE(14,:);SNOXSE:ZE(IS,:);
ERRSSS:ERR(13,:);ERRSNH4“5=ERR(14,:);ERRSNOXS:ERR(IS,:);

% Calculation of the weighted errors for tank 3
e555=(ERRSS5*ERRSS5) / (855%SS5"') ;

eSNH4_5= (ERRSNH4 S5*ERRSNH¢ 5'}/(SNH4_S*SNH4_5');

eSNOX5= ( ERRSNOXS*ERRSNOXS5 ") / (SNOX5*SNOX5') ;

k = 1:K;

% Graphs of the estimated paraneters

figure {11}

subplot(3,1,1);plet(k,muHE, "£');title(’ EstLEated muiH') ;ylabel ( "muHE
subplot(3,1,2);plot (k, mudr, 'k');eitle('Estimated nmuA') ;ylabel ( 'muiE’
subplot(2,1,3) ;plot(k,KhE, 'k'};title(’'Estirated Ka');ylabel('KhE'};
set(figure{il), *name’, 'Estimated paramsters', 'numbertitle’, 'off')}
xlabel {'discrste time k')

)i
)i

= 1:K+l1;

Graphs of the reduced model response to the dynamic influent
cencentrations

Tank 1

W g e

figure(12}

subpleot(3,2,1) ;plot{k,851); bold on;plot(k,S8S1E, *k—."};ylabel(*55],5515");
legend('SSi', "SSIE') ;subplot (3,2,2); plot(k,ERRSS1, "k');ylabel (*ERRSS1'};
subplot(3,2,3);plot(k,SNH4 1}; hold on;plot{k,SNH4_1E, "x-.');
legend("-“i" Ty g 14 11:'1} Ylabelflct}}{" 1,8NE4 ""')'

subploc{3,2, 4), plot(k ERRSNH4 1, "x7)};ylabel {"ERRSHNHE :');

subplot(3,2,5) ;plot{k,SNOX1) ; hold on;plot(k,SNOXIE, 'x-.7);

legend("SNOX1Y, 'SNCXIES };vlabel { "SROXI, BNOXIET) ;xlabel ('discrete tire k")
subplot(3,2,6); plot{k, ERRSNOXI, *k*);ylabel ('ERRSNGX1') ;xlabel (*discrere Time k*)
set (Figure(l12), ‘name’, "BASMS Tank : Process variables and estimation

errert, ‘numbertitle’, 'ofit)
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¢ Tank 2

f1gure(13)

subplot(3,2,1);plot(k, ssz), hold on,plot(k SS2E, "k- '),ylabel(’SS2 S822°
legend (*SSZF, 'SS28%) ;subplot(3,2,2); plot(k, ERRSSZ *kx");ylabel {('ERRSS5Z ),

subplot(3,2,3) ;plot(k,SNH4_2); hold on;plot(k,SNH4 2E,':i-.");
legend(‘3§54_2‘ YSKHE 2E Y: ylabel('QhHé 1,88EL _15%);
subplot(3,2,4); plot(k ERRSNH4 2, *k');ylabel ("ERRSNE4 27);

subplot (3,2,5) ;plot{k,SNOX2) ; hold on;plotik,SNOX2E, 'kx--};

legend ("3SNC¥2*, "SNCX2E') ;ylabel { 'SNOX2,SNCXZE') ;xlabel{discrete time x')
subplot(3,2,6); plotlk, ERRSNOX2, k') ;ylabel ("ERRSNQH2"') ;xlabel (*discreie Time k')
set (figqure(12), *name', 'BASM3 Tank 2 Process variables and estimation

erroxT, 'numbertitle’, 'oiEf ).

% Ta.l"k 3

figure{14)

subplot(3,2, 1) iplot{k, SS3). hold on;plot{k,S583E, 'k-.') ;ylabel{*533,5332");
legend (*S53°,'3S30°) ;subplot (3,2,2) ; plot{k,ERRSS3, '’} ;ylabel ("ERRES3');

subplot(3,2,3);Plot(k SNH4_3); hold on;plot(k,SNH4 3E,*k—.');
legend(*33¥x4 2°, 'SkHS _3E});ylabel (*8NH4 3,S¥HL 357);

subplot(3,2,4); plot(k ERRSNH4 3, 'k') ;ylabel('ERRSNH4 3');

subplot(2,2,5) ;plot(k,SN0X3); hold on;plot(k,SNOX3E, "k-.");

legend (*SNOX3', *SNOX3E') ;ylabel { "SNOXL, SKROX1E') ;xlabel ("discrete time k')
subplot(3,2,6); plot(k,ERRSNOX3, "K'} ;ylabel ("ERRSNGK3');

vlabel { "EIRSNOX3') ;xlabel (*discrete time k')

set{figure(l4), *aname’, "BASM3 Tank 3 Process variables and estimaticn
erroxt, ‘numbertitle’, 'offr)

% Tank 4

figure(1s)

subplot({3,2,1});plot(k,554); hold on;plot(k,854E, 'k—.");ylabel('554,554");
legend({'554"%, '554E'} ;subplot{3,2,2); plot{k,ERRSS4, 'x*');ylabel ("ERR3S4');

subplot(2,2,3) ;plot(k,SNH4_4); hold on; plot(k,SNH4 4E, "k~.7);
legend ("SNH4 4', 'SEHE_AE!T Y rylabel {*SKHE 4, 5ME4 4%},
subplot(3,2,4); plot(k, ERRSNHZ 4, 'k'}; Ylabel( ERRSNH4 4');

subplot(3,z,5);plot{k SNox4) ; hold con;plot(k,SNOX4E, 'x—.');

legend {'SNOX4', 'SNCOX4E') ;ylabel ( 'SKCX4, SROX4E") ;x1abel ('discrete time k')
subplot{3,2,6}; plﬂtlk ERRSNOX1, 'k’} ;ylabel ("ERRSNOX4') ;

yviabel ('E3RSNG4A *) ;xlabel ('discrets time k')

set{fiqure(15), 'name’, 'BASM3 Tank 4 Process variables and estimation
errar®, ‘numbertcitle’, Tofs!')

% Tank 8

figqure(1l6)

subplot(3,2,1) ;plot(k,5585); hold on;plot(k,S85E, "x~.'};ylabel('5385,8852");
legend{'SS5*, '5S85E') ;subplot(3.,2,2); plot(k,ERRSS5, *x"};ylabel (*ERRSS5"};

subplot{3,2,3) ;plot(k,SNH4_5); hold on;plot(k,SNE4_5E, 'k-.');
legend('SyzZ4 57, 'SNHL_SE') YlabEl('SﬂﬁéwS,SNHu 5E*');
subplot({3,2, 4). plot(k ERRSNH4 5, 'k'};ylabel(*ERRSN H4 5%);

subplot(3,2,5) ;plot (k,SNOX5} ; hold on;plot({k, SNOXSE, *k—.");

legend {*5NO¥5', "SKCQXEE") ;ylabel ( "SROXS, SROXEE ') ;x1abel ("discrete tirme k')
subplot(3,2,6); plot(k, ERRSNOX3, 'k');

ylabel (*ERESMCXS?) ;xlabel{‘discrete time k')

set (figqure(ls), '‘name’, 'BASH3 Tank 5 Process variabiss and estimation

error?, 'rombertitle’, "oif )

D.2: MATLAB script file — P_BASM3F.m
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M~File: T BASMIF.m

£

%

E M-FILE DESCRIPTIQN === == =
% This m~file is used for:

% Czlcorlarion of the process rates for the f£ill model

function Pk = P_BASM3F {xk)

global kH kSTO etaNOX muH bH_02 bH NOX bSTO_O2 bSTo NOX muA bA_ O2 bA NOX EX KO2 KS KNOX
FNH4 KALK ESTO Ka 02 KA NH4Z KA ALK KA NOX;

% TENK 1

P(1i)= kH*((xk(S}/xk(lG))/(KX+(xk(9)/xk(lﬂ))))* xk{10):

D{2)= kSTO * (xk(1)/(RO2+xk{1}}) * (xk(3}/(RKS+xk(3)})* xk{10);

P(3)= kSTO * etaNOX * (K02/(K02+xk(1}}) * (xk(6)}/(KNOI+xk{6))} * (xkK(3)/(KS+xk(3))})} =
=xk ({10} ; tez

P{4)= muH * (xk(1}/(FO2+xk(1})} * (xk(4)/(KENH2+xk(a)}} * (xk{7)}/(KALK+xk(7))) =
({xk{11) /xk(10)) /{ESTO+ (xk(11)/xk(10}))}) * =k(10);

P(5)= muH * etadOX * (KO2/(K02+xk{1)}) * (xk(6)/(KNOX+xk(6))) * (xk(4)/(KNH4+xk({a)}) *
(2 (7) [ (RALR+xk(7))) * ((xk(11)/xk(10))/(KSTO+(xk{11)/xk(10))})} * xk(10);

P{6)= bH 02 * (xk(1)/{(RO2+xk(1})} * xk({10};

P(7)= bH_NOX * (KO2/(KO2+xk(1)}) * (xk(6}/(FNOX+xk(6))) * xk(10};

P(8)= bSTO 02 * (xk(1)/(R0o2+xk(1})} * xk(11);

P(9)= bSTO_NOX * (KO2/(KO2+xk(1})) * (xk(6)/(FNOX+xk{6})) * xk(1l};

P{10)= muA * (xk(1)/{(RA_O2+xk(1)}) * (xk(4)/(KA NHq:+xk({4})) * (xk(7)/(KA_ALK+xk(7})} *
xk(12}; -

P(1l}= bA 02 * (xk{1)/(RKa_02+xk(1}))) * xk(12);

P{12]= ba NOX * (KA 02/ (Ka_02+xk(1))} * (xk(6}/ (KA NOX+xk(6)}) * xk(12);

% TANK 2
P{13)= kH*{(xk(22)/xk(23))/(EX+(xk(22) /xk(23}}))* xc(23);
P{l4)= kSTO * (xk(14)/{RKO2+xk({14}}) * (xk{(16)}/(KS+xk{16)))* xk(23);
P(15)= kSTO * etaNOX * (K02/ (KO2+xk{14}}) * (xk{19)/ (KNOX+xk(19)})) *
(zk(16) / {RS+xk (16} }) * xk(23);
P{l6)= muH * (xk{14)}/(K0o2+xk{14)}) * (xk(17)/(XNH2+xk(17})} * (xk({20)/(KALK+xk{20}))) *
((xk(28) /xk(23) )}/ (KSTO+ {xk(24) /xk(23)})}) * xk(23};
P({17)= muH * etaNOX * {KOz/({KOZ+xk(14})} * (xk{19)/(KNOX+xk(19)}) *
(X (17} / (ENHa+x%(17}) ) * (xk({20)/(KALRK+xk(20)}) *
((xk(24) /xk(23})/(ESTO+ (xk(24) /xk(23)))) * xk(23);
P{18)= bH 02 * (zk{l4)/ (x02+xk(14}}) * xk{23);
P{19)= bH_NOX * (KO2/(RO2+xk(14})) * (xk(lB)/(KNOK+xk(19))) = xk(23);
P(20}= bSTO 02 * (xk{14)}/(K02+xk(14))) * xk(24);
P(21}= bSTO NOX * (KO2/ (K02+xk(14)}) * (xk({19)/(KNOX+xk(13)})) * xk(24);
P{22)= muA * (xk(14}/(KA 02+xk(14)}) * (xk(17)/(KA NH4+xk(17)})) *
(xk{20)/ (RA_ALK+xk(20))) * xk(25);
P(23)= ba_02 * (xk(14)/ (KA 02+xk(14}}} * =k (25);
P(24)= ba NOX * (KA 02/ (KA O2+xk(14}}} * (xk(19)/(RA_NOX+xk(1$))) * xk(25);

% TANE 3
P(25)= kH* {{xk(35)}/xk(36})/(KX+(xk{35) /xk(36)}}))}* xk(36};

P(26)= kSTO * (xk(27)/(KO2+xk{27}))} * (xk{28)}/(KS+xk(29)))* xk({36);

P{27)= kSTO * etaM0X * (K0Z/(KOZ2+xk(27))) * (xx(32)/ (KNOX+xk{32))} *

(xk {29}/ (RS+xk(29})) * =xk(36};

P{28)= muH * (xk(27)/(K02+xk(27)}) * (xk(30)/(KNH4+xk(30)}i * (xk{33)/{(FALK+xk{33))) =*
{(xk(3T) fxk(36))/(ESTO+ (xk{37)/xk(36})})) * xk(36);

P(29)= mull * etaNOX * (K02/ (KO2+xKk{27})} * (xk(32}/(FNOX+xk(32))) *
(xk{30) / (RNH4 +xk(30) )} * (xk(33)/(FALK+xk(33})) «

((xk{37) /xk(36))/(ESTO+ (xk(37)/xk(36}) )} * xk(36};

P(30)= bE_ 02 * (xk (27} / (KOZ+xk(27})} * xk(36);

P(31}= bH 1  NOX * (R0Z/ (KO2+xk{27)}) * (xk(32)}/(ENOX+xk{32)}) * xk(36);
P(32)= bSTO 02 * (xk(27)/(KOZ+xk{27))) * xk(37},

P{33)= bSTo NOX * (KQ2/ (R02+xk{27))) * {xk(32)/({KNOx+xk(32})) * xk(37);
P{34)= mun * (xk(27)/(KA 02+xk{27)}} * (xk(30)/(KA_NH4+xk(30))) *

(xk {33}/ (Ea ALK+xk(33})) * xk(38);

P({35)= ba 0z * (xk (27) / (KB_02+xk{27))} * xk(38);

P(36)= bA_NOX * (KA _O2/ (K& _02+xk(27))) * (xk(32)/(Ka_NOX+xk(32})} * xk(38);

% TRYE &
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D(37)= kH*((xk(48) /xk(29))/ (EX+{xk(48) /xk{49)}))* xk{49);

P(38)~= kSTO * (xk(40)/{FO2+xk({40))) * (xk(42)/(KS+xk(42})}* xk(49);

P(39)= kKSTO * etaNOX * (K02/(K02+xk(40})) * (xk(45)/(FNOX+xk{45)}) *
(xk(42)/ (FS+xk({42))) * xk(49});

P{40}= muf * (xk(40)/(KO2+xk{40)})) * {xk(43)/(FKNH2+xk(23))) * {xk({46)/(KALE+xk(26))) *
({xk(50) /xk(49))/(ESTO+ {xk (50} /xk {49)}})) * xk(49);

P{41)= muH * etaNOX * (KO2/(K02+xk(40})) * {xk(45)/(RMNOX+xk(45)})} +
(xk(43)/ (RNB4+xk (43})) * (zk{46)/ (KALK+xk({46}}) *

((xk(50) /fxk{49))/(XSTO+ {xk(50) /xk(49)) )} * xk(49);

P{42)= bH_02 * (xk{a0)/ (RO2+xk(40})) * xk{49);

P{43)= bH _NOX * (RK02/(K02+xk(40})) * (xk(45)/(RNOX+xk(45)}) * xk{49);
P(44)= bSTO 02 * (xk{40)/(X02+xk(40}}) * xk(50);

B(45)= hSTO_NOX =* {KO2/ (KO2+xk{40))) * (xk{45)/(ENOX+xk(25)}) * xk(50};
P(46)= mud * (xkc(40) /(KA O2+xk(40))) * (xk(43)/(KA NH4+xk(43)}) =*
(xk(26)/ (KA ATK+xk(46})}) * xk(51);

P{47)= ba 02 * (xk{40)/(KA_02+xk{40))) * xk(51};

P{48)= bA NOX * (KA 02/ (KA_02+xk(40))) * {xk{45)/(KA_NOX+xk{45)}) * xk(51);

3 TANK 5

P{43)= kH*({xk{61) /xk(62}}/ (KX+(xk(61)} /xk(62})})* xk(62);

P(50¢)= kSTO * (xk(53)/(F02+xk(53)}} * (xk(55)/(KS+xk(55)})* xk(62};

P(51)= kSTO * etaNOX * (K0Z/ (RO2+xk(53)}) * {xk(58)/ (KNOX+xk(58})} *
(xk(55)/ (ES+xk (55))) * xk(62};

P{52)= muH * (xk(53)/(K02+xk(53))} * {xk(56)/(KNH4+xk(56))) * (xk(59)/(KALK+xk(59))) *
((xk(63) /xk(62}) / (RSTO+ (xk ({63} /xk{62)})) * xk(62};

P(53)= muH * etaNQOX * (K02/(K02+xk(53}}) * (xk(58)/(KNOX+xk(58})}) *
(xk(56) / (RNE4+xk (56))) * (xk(59)/(RALE+xk(59})} *

((xk(63) /xk{62))/ (KSTO+ {xk (63) /xk (62}))) * xk(62);

P({54)= bH 02 # (xk({53}/(R02+xk(53))) * xk(62);

P(55)= bH_NOX * (KO2/(KO2+xk(53))) * (xk(S8)/(RNOX+xk(58})} * xk(62});
P(56)= bSTO_ 02 * (xk(53)/(KCO2+xk(53}})) * xk(e3);

P(57)= bSTO NOX * (KO2/ (K02+xk(53))) * (xk(58}/(ENOX+xk(58})) * xk(63);
B({58)= muA * {xk(53)/{KA_02+xk(53))) * {(xk(56)/(KA_NH4+xk(56)})}) *

(xk (59} /(KA ALK+xk(59})) * xk(e6&};

P(59)= ba_02 * {xk(53}/(KR_02+xk(53})) * xk(64};

P(60)= bA NOX * (KA 02/ (KA_02+xk(53))) * (xk(58)/ (KA NOX+xk(58))) * xk(64);

Bk = {P{1) B(2) P{3)} B{4) P(5) B(6) P{7) B(8) B{9} P(10) P{11) P(12) P(i3) P{14) P(1s5)
P{16) P(17) P{18) P{18) 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(as) P{45) P{47) P(48} P{29) P(50} P(51) P({52) P(53) P{54) P{55) P(56} P(57)
P(58) P(59) P(60)]1"';

D.3: MATLAB script file — P_BASM3R.m

M-File: P 3ASMIR.m

= M-FILE SESCRIPTICH it

This m-file is used for:
Calculation of the process rates for parameter estimation of the reduced
modal ’

EL i S

function Pk = P BASMIR (zk,uk,XHk, XAk, XSk, XSTOk, SATKk) ;

global kH kSTO etaNOX muH bH_0Z bH_NOX bSTO_02 DSTO_NOX mul bA_02 baA_NOX KX KO2 KS KNOX
KNH4 FALK ESTO KA O2 KA_NH& KA ALK KA NOX;

% TRNEK I

P{1)= ({(XSk(1)/XHKk(1}}/ (KX+{XSk(1})/XHk(1}))}* XHk{1l);

P{2)= (uk(1}/(RO2+uk{1})} * (zk(2)/(FNH4+zk(2))) * (SALKk(1)/(KALK+SALKk(1}}) =*

((XSTOk (1) fXHk (1) )/ (ESTO+{XSTOk{1) /XHk(1})}} * XHk(1);

P(3)= etaNOX #* (RKOZ/(RKO2+uk(1}}) * {(zk{3)/({ENOX+zk(3))) * (zk{(2)/ (KNH4+zk({2})) *

(SALFk (1) / {RALE+SALKk{1}))} * ({(XSTOk(1)/XHk(1)}/(ESTO+(XS5T0k{1l) /XHK(1))}))} * XHk(1l),
P{4}= (uk(1)/ (KA 02+uk(1})) * (2k(2)/(KA NH4+zk{2})} * (SALKk(1}/{KA_ALR+SALKk({1)}) +

XAk (1) ;
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Pik = {P(1)} 0 O; O P(2) 0; O F(3} O0; O 0 P(4}];

% TANK 2

P(5)= {(XSk{2)/XHk{2))/{EX+{XSk(2)}/XHk(2))})}* XHK{2);

Pi{6)= (uk{2)}/(RO2+uk(2))} * (zk(5)/(KNHa+zk(5))) * (SALKk(2)/(KALE+SALEk{2)}} *
({XSTOk({2)/XHK({2) )}/ (KESTO+ (XSTOk (2} /XHk(2}) )} * XHk(2)};

F{7)= etaNOX * (KO02/(KO2+uk(1))} * (zk(6)/(KNOX+zk(6))) * {zk(5)/(KNH2+zk(5))) *
(SALRK(2) /{FALK+SALEk(2))}) * ((XSTOk(2)/XHk(2})/(KSTO+(XSTOk(2) /XHk{2))}) * XHKk(2):;
P(8)= (uk{2}/(FKA_02+uk{2})} * (zk(5)/{KA NH4:zk(5))} * (SALEk(2)}/(FKA_ALK+SATLFk{2})}) *
XRXx(2);

B2k = [P(5) 0 0; 0 P{6) 0; 0 P(7) Gz Q0 0 P(8}];

% TRWK 3

P(9} = ((XSk(3)/XHk(3))/(KE+(XSk(3)/XHk(3))})* XHK(3);

D{10)= (uk(3}/(RKO2+uk{3))) * (zk(8)/(KWH4+zk{8))) * (SALKk(3)/(KALK+SALKk(3)}) *
({XSTOK(3)/XHK(3) )/ (KSTO+(XSTOK(3}/XBK{3))}) * XHK(3);

P({11)= etalNOX * (K02/(KO2+uk(2))}) * {zk{9)/ (FENOX+zk(9})) * {zk(8)/ (KNH&+zk(8))) *
(SALEK{3)/(KALF+SATRK(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)}) *
XBak({3});

P3k = [P{9) O 0; 0 P{10)Y 0; O P(11l) 0; 0 O P(12}];

% TANK 4

P(13)= ({X8k(4)/XHk(4))/(KX+{(XSk{4)/XHk(2)}})* XHK(4);

P(14)= (uk{4a)/(KOz+uk(4})) * {zk{1l1l)/(KNH4+zk(11l}))) * (SALKk(4)/(KALK+SALKk(4)}) *
((XSTOk(4) /XHEK(4) )/ (KSTO+ (XSTOk (4} /%Hk(4}))) * XBkK(4);

P({15)= etaNOX * (K0z/(KQ2+uk(4)))} * {(zk(12)/(KNOX+zk(12)}}) * {(zk{11l)/(KNH4+zk(11))) +
(SALKk(4) / (RALK+SATKk(4)}) * ((XSTOk{4)/XHk(4))/ (KSTO+(XSTOk(4) /XHk(4)))} * XHk(4);
P(16)= (uk({4) /(KA O2+uk(4})) * (zk(11)/(KA NH4+zk(11l})) * (SALKk{4)/(KA ATLK+SALKk(4}})
* XAk (4);

Pak = [P{13) © ©; © P(14) O; 0 P(15) ©; O O P{(16)];

% TEVK 5

P{17)= ((XSk{5)/XHk(5))/ (EX+(XSk(5)/XHk(5))))* XHk(S);

P{18)= (uk(5)/(KO2+uk(5))) * ({(zk(14)/{RNH4+zk{14))) * (SALKk(5)/(KALK+SALEk{5))}) *
((ZSTOK(5) /XHk(5)) / {ESTO+ (XSTOKk(5) /XHk({5)})) * XHk(5);

P(19)= etaNOX * (KO2/(KO2+uk(5)})} * (zk({15)/(ENOX+zk{15))) * (zk{14)/{ENHa+zk(1a)}) *
(SALKk(5) / {(FALEK+SATRk(5} )} * ((XSTOk{5)/XHk(5)})/ (KSTO+(XSTOk(5) /XHk{5)))) * XHk(5);
P(20)= {uk(5)/(KA _O2+uk(5}}) * (zk(14)/(KA_NH4+zk(14}}) * (SALKkx{5)/{KA_ALK+SALKk(5}}}
* Xak(5);

Psk = [P(17) 0 0; O P(18) 0; 0 P(19) 0; 0 O P{20}];

EMatrix Pk for the whole process
Pk = [Plk; P2k; P3k; P4k; PSkl;

D.4: MATLAB script file - P_BASM3RE.m

M-File: P BASM3RE.m

K\ ]

M-FTLE DESCRIPTION ==== e ==
H

% This m-file is used for:
% Calculation of the process rates for parameter estimation of the reduced
% model

% Descripticn of the funcition function
function Pk = P_BASMIRE(zk,uk,XHk,Xak, XSk, X870k, SALKk, muHEk, muAFk, KhEk) ;

global kH kSTO etaNOX muH bH_02 bH_NOX bSTO_02 bSTO_NOX muA bA_02 bA _NOX KX KG2 KS KNOX
KNH4 KALK KSTO KA_02 KA _NH4 KA ALK KA NOX;

5 TANK 1

P{1}= KhEk * ({(XSk(1)/XBk(1))/(KX+{XSk(1)}/XHk(1}}))* Xuk({1l):

P(2)= muBEk * (uk{i}/(KOZ+uk(1))} * (zk(2)/(KNH4+zk(2}}) * (SALKk(1l)/(EALE+SALRk(1)}} *
((XSTOK(1) /XHKk{1)) / (KSTO+ (XSTOk{1) /XHk (1}))} * XHk(1);
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P(3)= muHFEk * etaNOX #* (K02/(RK02+uk{l})}) * {zk(3)/{(RNOX+zk(3}}) * (zk{2)/(KNH2+zk{2)))
* (SATKk (1)}/(KALK+SATEK {1}}} * ((XSTOk(1l)/XHk(1))/(KSTO+(XSTOk(1)/XHkK(1}})) * XHk{1);
P{4)= muAEk * (uk{l}/(KA O2+uk(1})) * (zk(2}/(KA NH4+zk{2)}) *

{SALRk ({1} /(KA ALR+SALRk{1}}} * Xak(1);:

% TENK 2
P(5)= KhEk * {(XSk{2)/XHk(2}}/(KX+(XSk(2)/XHk{2))))* XHK(2);

P({6)= muHEk * (uk{2)/(KO2+uk{2}}} * (zk(5}/(KNH4+zk(5))) * {SALKk({2)/(RALK+SALKk(2})) *
{ (XSTOk(2) /XEk(2)) / (KSTO+ (XSTOkK(2) /XEk (2)))) * XHk(2);

B{7}= wnHEk * etaNOX * (KO2/ {(KO2+uki{l))) * {zk(6)/(XNOX+zk{6}}) * (zk{5)/ (KNH2+zk(5}}}
* (SALKk (2} / (KALE+SALKK (2))) * ((X8TOk({2)/XHk(2))}/{KSTO+(XSTOk(2)/XHK(2)))) * EEk{2);
P{8)= muAFk * (uk(2}/(KA_02+uk(2}}) * (zk{5)/(RA_NHa+zk(5)}) *

{SALEk (2} / (FA_ALK+SALKK (2))) * Xak(2):;

% TRYK 3

P{9} = KhEk * ((XSk(3)}/XHk{3)}/(KZ+(XSk(3)}/XHk{3))})}* XHk(3);

P(10)= muBEk * {(uk(3)/{K02+uk(3}}) * (zk{8)/(KNH2+zk(8))) * (SALEK{3)/(RALK+SATKk{3)))
* ((XSTOk({3)/XHk(3)})/(KSTO+(XSTOk (3} /XHk(3)))) * XHk(3);

P(11)= muHEk * etaNOX * (KO2/{KO2+uk(2})) * (zkK(9)/(ENOX+zk{%)}}} * (zk(8)/(ENH2+zk{8))]}
* (SALKk (3} /(EKALK+SALKk (3))} * ((XSTOk(3)/XHk(3})/(KSTO+(XSTOk(3)}/XHKk(3)))) * Xuk(3};
P{12)= muAEk * (uk(3)/{(KA O2+uk(3)}) * (zk(8)/{(Ka NH¢+zk{8)})) *
(SATKK(3) / (KA_ALK+SATXk {3))) * XAk(3);

% TENK 4 -
P(13)= RKhEk * ((XsSk(4)/XHk(4))}/(KX+(XSk{4}/XHk(4}}))* XHk(4};

P(14)= muHEk * (uk(4}/(KO2+uk(4}}) * (zk{ll)}/(KNHZ+zk{11l))) =

(SALKk (2} / (KALF+SALRk{4})} * ((XSTok(4)/XHk(4))/(RSTO+ (XSTOk({4)/XHk(4)})) * XHk(4);
P(15)= muHEk * etaNOX * (X02/(RO2+uk{4})) * (zk(12)/(ENOX+zk{12)}) *

(zk{(11)/ (ENHA+zk{(11)})} * (SALEk(4)/(KALK+SALKRk(4}}) *

{ (XSTOk{4) /XHKk(4))/ (KSTO+(X&8TOk(4) /XHk (4)))} * Xuk(4);

P(16)= mupEk * (uk{4)/ (KA O2+uk(4)}) * (zk(11)}/(KA_NH4+zk(11))) *
(SaTXk(4) / (KA_ALK+SALKk (4})) * XAk{4};

% TANK 5

P{17)= RhEk * ((X8k(5)/Xuk(5))/(KX+(X5k(5)/XHk(5)}))* XHk(5);

P{18)= muHEk * (uk(5)/{RO2+uk(S)}) * {zk(14)/(RNHa+zk(14})) =+
(SATKk(S) / (RALXK+SALERk(5))}) * ((XSTOk(5)/XHk(5))/(KSTO+(XSTOk(5)/XHk(5)))) * XHk{S5);
P{19)= muHEk * eta¥NOX * {RO2/(ROZ+uk{5}}) * {(zk{15)/{X0Z+zk{15})) *

(zk(14)/ (KNHS+zk(14))) * (SALKKk(5)/{FKALK+SALKk(S})) *

({XSTOX(5) /XHk (5) ) / (RSTO+ (XSTOk (5) /XHK({5}) )} * XHk(5); _

P({20)= muhEk * {uk(5)/(KA_O2+uk(5}}) * (zk({14)/ (KA _NH4+zk(14))}) *

(SALKK (5} / (KA_ALK+SALEk (5)}) * XAk(5);

Pk = [P(1} P{(2) P(3) P(4) P(5) P(8) P{7} B(8) P{9) P{10} P(11) P{12) P(13} P{14) P(15)
B{16) B(17) P{18) P(19) P(20}}";
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APPENDIX E: DEVELOPED MATLAB CCODE FOR OPTIMAL CONTROL OF THE
ATHLONE PLANT WITH THE ACTIVATED SLUDGE MODEL NGC.1 BIO-MODEL

E.1: MATLAB script file - AASM1_Simulation.m

M-File: AASMI Simulation.m

M-FILE DESCRIPTICH ==

":O"'
vthlone plart using full ESMI medel

3
SlmL;&**“; the A
Calculazicn of the paz:meters for the reduced ASMI modsl
Simulation of the Athlicrne.pilant using the reduced AS¥I mcdel

o g0 B0 6P o o
_:]

clear all % Clear the workspace

cle % Clear the command window

2 PARABMETER DEFINITION =
% Declaration of the glcbal variables

global muH bH mul ba etag ka kh etah Ks XKOH ENO KNH KOA KX

% Declazratio=n of the gleb
X1 = 1344; Pre
DT = 0.01042;

izon or intervaZl

o g

% Initialization of the model parameters, typical valuzes at 13 0C

% Stcchicmetrric parameters

YH = 0.67; % Heterotropslc yvielg

Y& = 0.24; % Eutotropn;c vield

fF = 0.08; % Fraction of biomass yielding particulate producis
iXB = 0.08; % COD mass in biomass

iXP = 0.06; % COD mass in products from biomass

-

%t Kinetic parameters
milE = 0.4; % Eeterctrophic maximur specific growth rate

bH = 3; %2 Heterochtrophic decay rate

muA = 0.5; $ Autcbrophic maximum specific growth rate

ba = 0.0S5; % Correction factor for anoxic growth of heterstrophs
etag = 0.8; % Correction factor for ancxic growth of hetercotrophs
ka = 0.05; % Ammonification rate

kh = 3; % Maximum specific hydroclysis rate

o

=i be
etah = 0.8; Correction factor for anozic hydrolysis

% Monod switching functi

Ks = 10.0; % Half sataration coefficient {hsc} for heterotrophs
KCH = 0.2; % Cxygen hsc for heterctrephs

FENO = 0.5; % Nitrate hsec for denitrifying heterotrophs

KNE = 1.0; ¢ ammonia hsc for autofzorhs

RKOA = 0.4; 3 Cxygen ksc for autotrophs

KX ¢.1; 2 Hsc for hydrolysis of slowly biodegradable substrate

% Initialization of the Athlcne process data

Vvl = 1148; % Tank 1 volume ]
V2 = 1148; % Tank 2 volume

V3 = 5273; % Tank 3 volixmne

Q0 = 40003; % Influent

Qa = 39916.8; % chvcﬁed from tanvk 3

Op = 39916.8; E from tank 2

QOr = 40003; % from the setrler
Qw = 38400.0; % i 840}

QL =¢gp + QO; % fioa throogt

Q2 =

Op + Q0 + Qa + Qr; *
Q3 = 02;

2G0 = i8444&; % InTivent flow rate
%Cs = 55338: % Internal rescirculation rate



104 = 18446; % S_,age recycled rate
30w = 335; % Wasted siudge rats

% Coeficient for fraction of flow rates for the particulate materizls
LAMBDA = (Qp+00+Qr-Qw)/(0r);

% Owygen parametsrs

SOsat = 8; % Qzygen satuaration point

ELal = Q; % Ozrvgen transfer function in Tank I
Eiaz = 0; % Ouzycen transfer functiorn 3

KLal = 84; % Quygen transfer function in Tank

FL = [KLal KLa?2 KLa3l; Kha = diag(kL);:

Calcuiation of the MATRIY
Matrix L& represent : factors of the accumulated state variables
from different flows tc"“rdu state variables in each Tfank as derived
through mass balance principles, see chapter 3 of the Thesis
IVl = DT/ ViI; IVil = IVl * QI; A1l = 1 - IV11;
vz * Q2; A22 = 1 - IV22;

1

o oP GR oP ap

Iv2 = prf v2; IV22 =

IV: = DT/ V3; IV33 = IV3 * (O3; A33 = - IV33;
Al2 = IV1 * Qp;

A23a = IV2 * {Qa + Qr);

A23b = IV2 * {(Qa + (LAMBDAYQr));
A21 = IV2*Q1;
A32 = IV3*Q2;

diag(all);
diag(al2);

All = A1l * ones{1,13); All
Al2 = Al2 % ppes(l,13); Al2
Al3 = zeros{13,13);

A21 = A21 * ones(1,13); A21 diag(A21);

AZ22 = A22 * ones{1,13}; A22 diag{a22);

A23 = [A23a,A23a,A23b,A23b,A23b,A23b,A23b,A23a,RA23a,A233,823a,A23b,A232];
B23 = diag{a23);

i

A3l = zeros(13,13);
A32 = A32 * ones(1,13); A32
A33 = A33 * omeg(l,13); A33

diag(A32);
diag(A33};

[A11 AI2 AI3; A21 A22 A23; A31 A32 A33]l;

A=
% Calculaticrn of the MATRIX B

% Matrix B represent weighting factors of the state variables towards the
% influent wastewater compoesiticn as derived through mass balance

% principles, sese chapter 3 of the Thesis

ivo = DT/V1*Q0;

B1l = IVO * ones({i,13}; Bll diag(Bii};

B = [Bil; zeros{28,13)];

% Fermulation of the MATRIX C

% Matrix C represent weighting factors of the state variables towards the
% oroccesses on the ASMl matrix able
cl = -{1/YH);

€2 = (~{1-YH)}}/(¥YH}s

c3 = -({ixXB/14);

c4 = {-(1-YH))}/(2.86*%YH};

c5 = {{1-YH)/{(14*2.86*¥H))-{iXB/14);
c6 = (-4.57/YA)+1;

c7 = {1/Y¥R);

c8 = -iXB-{1/¥a);

¢9 = -{iXBf14)}-{1/(T*YA});
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clo 1 - fp;
€1l = iXB-(ED*iXD);

]

CC=J[[0c1 00 1 0 0 ¢2 0 -i¥XB 0 O c3 I:
[0 ct 00O 1 ¢ 0 0 c4 -iXB O 0O cs I;
[0 0 o0 0 1 0 c6 c?7 cB o 0 c9? I;
{60 gcio -1 0 fPO O Q 0 cll 0 1;
[0 0cloC -1 £P O O Q0 ¢ c¢l11 0 1;
[c o0 00 g 0 0o 0 0 I -1 0 1/141;
fcr ¢0-1 0 C O 0 0O O g o o 1;
foe 0o g 0 ¢ o0 0 0 T -1 0 11;

C = OT*[CC zeros(8,26); zeros(8,13) CC zeros(8,13); zeros(8,26) CCl;

§ === == SIMULATION DATA === =
¢ Average values of the inflow concenirations based on the dry weather file
8Ii = 30.0; 5§Si = 69.5; XIi = 51.2; XSi = 202.32; XBHi = 28.17; XBAi = 0.0;
XPi = 0.0; S0i = 0.0; SNOi = 0.0; SNHi = 31.56; SNDi = §.95; XNDi = 10.59;
SALKI = 7.0;

8 83 ¥I XS X284 XBA XP 30 SNQ SHE 3ND XND SALK;

= [STi*ones(1,K1); SSi*ones{l,Kl); XIi*cnes(1,Kl); XSi*cnes{l,Kl};
XBHi*ones{1,K1); XBAi*cnes{},K1l); XPi*cnes(1,Kl); S0i*ones{l,Kl);
SNOi*ones({1,Rl); SNHi*cnes({1,K1l}; SNDi*ones(l,X1); XNDirones(l,EKl);
SAlLKi*ones{(1,K1}];

% Values of the initial condizions
% For tapnk 1

5I 1 = 3.0000000e+01; S5 1 = 2.8082131e+00; XI 1 = 1.1491252e+03;
X5 1 = 8.2134908e+01; XBH_1 = 2.5517658e+03; XBA 1 = 1.4838943e+02;
XP 1 = 4.24885186e+02; S0 1 = 4.2984433e-03; SNO_ 1 = 5.3699400e+00;

1

SNH 1 = 7.9178845e+00; SND_1 = 1.21664058+00; XND 1 = 5.2848894e+00/4;

SALK 1 = 4.9277103e+00;

x10 = [S8I_1; S5_1; XI_1; XS_1; XBH_ 1; XBA 1; XP_1; SO_1; SNO_1; SNH_1;
SND 1; XND 1; SALK 1 };
X310 = {xI10.+rand(13,1)}/2);

% Tor tank 2

8I_ 2 = 3.0000000e+01; S8_2 = 1.4587940e+00; XI_2 = 1.1491252e+03;
X5 2 = 7.6386187e+01; XBH_2 = 2.5533851e+03; XBA 2 = 1.4830914e+0Q2;
P 2 = 4.4952273e+02; SC 2 = 6.3131911e-05; SNO_2 = 3,6619672e+00;
SNH 2 = 8.3444148e+00; SND_2 = 8.8206477&-01; XND 2 = 5.0290873e+00/4;

SALK 2 = 5.0801748e+00;
x20 = [SI_2; §8 27 XI_2; X8 2; XBH 2; XBA 2; XP_2; 5S0_2; SNO _2; SNH_Z;
SND 2; XIND 2; SALK 2 1;

x20 = (x20.*rand(13,1)/2);

% Fer tark 3
81 3 = 3.0000000e+01; SS_3 = 1.1495418e400; XI_3 = 1.1491252e+03;

Xs 3 = 6.4854922e+01; XBH_ 3 = 2.5571314e+03; XBA 3 = 1.4894126e+02;
P 3 = 4.5041834e+02; S0 3 = 1.7183778e+00; SNO 3 = 6.5408820e+00;
SNH 3 = 5.5479452e+00; SND 3 = 8.2888682e-01; XND 3 = 4.3924277e+00/4;
SALK 3 = 4.6747502e+00;
, %30 = [SI_3; 8S_3; XTI _3; XS_3; XBH_ 3; XBA 3; XP_3; SO_3; SNO_3; SNH_3;
SND_3; XND_3; SALK 3 I;
x30 = {x30.*rand(13,1}/2);

x0 = [x10;x20;x30]*0.0001;
% = [%0 zeros(3%,K1}}l;

te simulsticn c¢f the madel

=xi{:,k};
Pk = P ARSMIF(xk);

£ R

%t Calculation of the grocess rates
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%30k = [xki{34,1}1];

%xxx = DT*KLa*{S50sat-~S0k};

sxxik = [zeros{33,1);xxk{ii;zercs{5,1}i;
Ex{z,k+i} = B¥={:1,k} + C'*2k + B*zi{:,k} + =xik;
S0k = [xk{8,1);xk(21,1);xk(34,1)];

xxk = DT*RKLar* (S0sat-S0k);

xxlk = [zeros(7,1);xxk(l);zeros(12,1) ;xxk(2) ;zeros(12,1);xxk{3);zeros(5,1}1;
x{:,k+1}) = A*x{:,k) + C'*Pk + B*xi(:,k) + xx1k;

end

[

Full meodel response te the steady state inflcent concentrations
% Tank 1 - .-

figure(l}

subplot{5,3,1});plot{x{(1l,:}};title('SI1"}

subplot(5,3,2) ;plot{x(2,:)};title ("8S1"}

subplot (5,3, 3} ;ploc(x(3,:)) stitle (PXI1"}
subplot{5,3,4);plot(x{4,:));title("XSL7)
subplot(5.3,5) ;plot(x(5, :});title (*XBH1"}

subplot(5,3,6) ;plot(x(6,:});title{*X3A1")

subplot(5,3,7) ;plot(x(7,:)};;title (*XP1')
subplot{s5,3,8);plot{x(8,:));title('SCL")

subplot{5,3,9) ;ploc{x(9,:});ticle(*'SNCL")

subplot(5,3,10) ;plot{x{10,:});title( SKAL")
subplot(5,3,11);plot{x{(11,:});title('SKD1"}

xlabhel('discrete time k')
subplot{5,3,12);plot{x{12,:});title(*XND1"}

xlabel{*'discrece time k'}
subplot(5,3,13};plot(x({13,:) ) ;title{*SALK]")

Xlabel({'discrete time K7}

set (figure(l), 'name', 'Tank 1 steady state results', 'numbertitle','cff')

3

2 Tank 2

figure (2}
subplot(5,3,1);plot(x{1l4,:)};title(7312")
subplot{5,3,2};plot(x(15,:}};title{ 832")
subplot(5,3,3);plot(x{16,:)} ;title{"XIZ2"})
subplot{5,3,4);plot{x(17,:});title('XS2"})
subplot{5,3,5) ;plot{x(18,:)) ;title('X2H2")
subplot({5,3,6) ;plot{x(19,:}) ;title( X8A2")
subplet(5,3,7);plot(x{20,:));title("XP2°)
subplot(5,3,8) ;plot{x{21,:});title('S5C2")
subplot(5,3,9);plot({x(22,:});title('SHQ2"}
subplot(5,3,10);plot(x(23,:));title{ 'SKH2"}
subplot(5,3,ll);Plot(x(24,:));title{'SNBZ'}
xlabel{'discreze time k')
subplot(5,3,12);plot(x({25,:});title{ XND2")
xlabel ('discrste time k') i
subplot(5,3,13);plct(x(ZG,:));title('SELKZ')
xIabel{'discrete —ime k'}

set {figure(2}, *name’,'Tank 2 steady state results’', 'numbertitle’,’'cfs*)

% Tank 3

fiqure(3)

subplot{5,3,1);plot(x{27,:)) ;title('SI3")
subplot(5,3,2) ;plot(x{28,:)}:title(*853")
subplot(5,3,3) ;plot(x(29,:)) ;title{ X132}
subplot(5,3,4) ;plot(x(30,:}};title('XE3")
subplot{5,3,5) ;plot{x{31,:});Eitle{ X¥3K3")}
suhplot(S,B,S);plot(x(BZ.:));title('XBAB')
subplot(5,3,7) ;plot (x(33,:)} ;citle{*XP3"}
subplot(5,3,8};plnt(x(34,:)}:title(‘SOB‘)
subplotts,B,S);plot(x(BS,:));title(‘SNOB')
subplot{5,3,10) ;plot(x(36,:}};title(*SKHI")
subplot{5,3,11) ;plot{x(27,:}};title{*8ED3"}
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xlabel{'discrate zime k')
subplot(5,3,12);plot(x(38, :)) ;title (*XWZ3")
xlabel('discrete time k')
subplot(5,3,13};plot{x(39,:));title( "SALK3")
xlabel{‘discrets time k')

set {(figure(3), *name”, 'Tank 3 steady state resclts', 'numbertitle’,

1y

% Daclaration of the glcbal variables
K = 1344; 2 Pred;cv;cﬁ horizon or interva
% Djnazics of rhe inflow concentrations for dry weather file

load dry.tzc
The order is ¢, S§ XBE X5 XI SHA SI SO XND Q0
- i 3

g
2 £r-:55 B 7 8 g 10

40 o

‘ofET)

xi = [dry(1:X,7)'; dry{(1:K,2)'; dry{1:K,5)'; dry{1:K,4}'; dry(1:K,3)';
XBAi*zeros(l,K); XPi*zeros(i,K); StGi*zeros{1,K); SNOi*zeros(l,K);

dry(1:K,6)*; dry(1:K,8}'; dry(1:K,2}?'; SALKi* ones(l,K)];

%2 The crder is SI S8 XTI ¥S5 XBi XB8Ba XP S0 SNC SN SND XND SELK
% i 2 3 4 5 8 7 8 S 135 iz 12 13
®x = [x(:,K1+1) zeros(39,XK)]*0.0000001;
% Dynamic simulation of the medel
for k = 1:K

xk = x(-;k),

ik = xi(:,k);
Pk = P _AASMIF(xK);

80k [xk(34,1}1;

xxk DT+*KLa* (S0sat-S0k) ;

xxlk = [zeros(33,1) ;xxk(1l);zeros(5,1}];

x(:,k+1) = A*x(:,k) + C**Pk + B*xi(:,k) + xxik;
end

-

% Full model response to the dynamic influent concentrations
% Tank 1

figqure (4}

subplot (5,3,1) ;plot(x(1,:}};title (*SI1")
subplot(5,3,2) ;plot{x{2,:}}rtitle(*5381*)
subplot(5,3,3) ;plot{x(3,:));title ("XI1"})
subplot(5,3,4);plot(x{4,:)};citle ("X3S1")
subplot(5,3,5) ;plot{x{5,:}) ;title{'Xa3H1")
subplot(5,3,6);plot{x{6, :)) ;title (' X3R1"}
subplot(5,3,7):;plot{x(7,:));title {"XP1")
subplot(5,3,8) ;plot(x(8,:));ritle('801")
Subplot(5,3,9);plot(x(g.:)):title('SNOl’)
subplot(5,3,10) ;plot{x(14,:)) ;title(*SNHL)
subplot(5,3,11};plot(x{11,:)};ticle("SKDL")
xlabel {*'discrete time k'}
subplot(5,3,12);plot{x{12,:}};title("XND1"}
xlabel{'discrete time k*)
subplot(5,3,13);plct(x(lB,:));title{'SALKl’)
xlabel(*discreie time k')

set (Eiqure{4}, 'name?, 'Tank 1 dynamic results', ‘numberzitle’,’ofI’)

% Tarnk 2

figure (5)

subplot(5,3,1);plot{x(14,:) ) ;title("SI2")
subplot(5,3,2); plot(x(lS,.)},tltle(’Q“Z )
subplot(5,3,3);plot(x(l&;:));title('KIZ')
subplot(5,3,4);plot(x{17,:));title(*X352")
subplot(5,3,5) ;plot(x(18,:)) ;ticle(*XEH2")
subplot{s5,3,6) ;ploc{x(19,:)) ;title{"XBR2")
subplot{s,3,7};plot(x{2a,:}) ;title(*¥P2")
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subplot(5,3,8) ;plot(x(21,:})) ;tiktle{*5C2")
subplot(s,3,9);plot(x(22,:)) ;title(SNC2')
subplot(5,3,10);plot(x(23,:))};title{"SKH2")
subplot{5,3,11);plot{x{(24,:}));title{SKD2")

xlabel {'discrete time k')

subplot(5,3,12) ;plot(x(25,:})};title{ ' XNC2)

xlabel ('discrete time k')

subplot (5,3,13);plot(x{26,:)) ;title('SRLK2")

xlabel {'discrete time k')

set(figure(5), 'naze’, *Tank 2 dyzamic results’,'rcombertitie’,off')

% Tank 3

figure (5)
subplot{5,3,1);plot(x(27,:))k;title{*SI3’)
subplot{5,3,2);plot(x(28,:)) ;title(7533")
subplot{5,3,3) ;plot(x{29,:}) stitle("XI3"}
subplot(5,3,4):;plot(x(30,:)) ;eitle('X53")
subplot(5,3,5) ;plot (x(31,:}) ;eitle(*XEH3")
subplot({5,3,6);plot(x(32,:})) ;title(*¥5a3")
subplot{5,3,7) ;plot{x(33,:));title(*XP3’)
subplot{5,3,8);;plot(x{34,:)) ;title(735C3"}
subplot{5,3,9);;plot(x{35,:)) ;title(*SHO3")
subplot(5,3,10) ;plot{x(36,:)) ;title{ SKH3"}
subplot{5;3,11);plot (x(37,:});citle("'SKD3"}
xlabel('discrete ctime k')

subplot(5,3,12) ;plot{x(38,:}};title{"XKD3")
xlabel ('dizscrete time k°)}
subplot(5,3,13);plot(x(39,:)};title('SALK3")
xlabel({*discrece time k')

set (figure(6}, fname’, "Tank 3 dyramnic results’,'numbervitle’,’off")

3 == REDUCED ¥COroeL FORMULATION ==

% Form the wactor of the states {z) for the reduced model, based eon tke
% A5M1 prediction

% 35, SHO, SNE

zl = [x(2,:y; x(9,:); ==(10,:}]1;

z2 = [x(15,:); x(22,:}; x(23,:}];

z3 = [=x(28,:); ={35,:}; x{36,:}1:

z = [zl;z2;z3];

% Formation of the wector aof the conrrol variables
= x(8,:);

= x(21,:);

x{34,:);

[ut; u2; u3l;

]

FERE

I

Dynamic values of the irnflow concentrations for dry weather
25 SN0 SkH
zi = [dry(1:K,2)'; SNOi+*zeros{l,K); dry({1:K,6)'];

WP

% Steady state values for the biomass XBH, XBA, X3

XBH = [XBH 1*ocnes(1,K}; XBH_2*cnes{1,K); XBH 3*ones(l,K)1;
XBA [XBA 1*cnes(1,EK); XBA 2*ones(1,K}; XBA 3*cnes(1,K)]:
XS = {XS_l*ones{1,K}; XS 2*ones{1,K); XS_3*anes(1,K)I;

it

% MATRIY A for the reduced model {(EBR]
Allr = 1 - IV1l; A22r = 1 - IV22; A33r = 1 - IV3i3;

A12r = IV1 * QOp; A23r = IV2Z * (Qa + Qr);
AZ1r = IV2*Ql; A32r = IV3+%Q2;

Allr = AIlr * ones{l,3); Allr = diag{Allr);
Al2r = Al2r * ones{l,l}; Al2r = diag(allr);
Al3r = zeros(3,3};

B21r = A21r * opnes(l,3}; A2ir = diag(A21lr);
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A22r = A22r * cnes(l,3}; A22r
[A23r,A23r,A23r] ;
= diag{A23r});

diag{A22r) ;

¥y
H H

A3lr = zeros(3,3};
A32r * ones(1,3); A32r
A33r = A33r * ones(1,3); A33r

2
;

diag(A32r);
diag(A33r);

AR = [Allr AlZ2r Al3r; A2lr A22r R23r; A3lr A32r A33r];

for the reduoced modsl{3R)

% BMATRIX B
Ivo = DT / Vi*QO;
F=1.2;

Bllr = {IV0O IVQ*f IV0]; t.
Bllr = diag(Blir);
BR = [Bllr; zeros{6,3)1;

% MATRIX € for the reduced modeX (LR}
cl = -(1/YH);

€2 = -(1-YH) /{2.86*YH) ;

c3 = (1/YA};

ct = -iXB-{1/¥B);
CCR = [[ec1 O i

-iXB ]
[el ¢2 -iXB ]
[0 e3 ca 1
1 o o 11

CR = DT* [CCR zeros(4,6); zeros(4,3) CCR zeros{4,3); zeros{4,6) CCR];

LI VRN TR

% Paramefer estimation
% Calceliation of the estimated coefficients
f

or k = 1:K

zk = z(:,k);

uk = u{:,k);

XBEk = XBH(:,k);

XBAk = XBA(:.k};

Xsk = X5{:,k);

zik = zi(:,k}:

Pk = P_AASMiR({zk, uk, XBHk, XBAk, X5k} ;

Flk = CR'#*Pk;

Y(:,k) = z(:,k+1)-AR*z(:,k}-BR*zi(:,k);

theta(:,k)}=(FIk'*FIk) " (-1}*FIk'*¥(:,k);
end

muEE{1,:) = theta(l,:};
MIRAER{L, =) theta(2,:});
KhE(1,:) theta{3.,:};

it

% Dynamic simulation of the reduced model with the estimated parameters
zE={x(2,1);x(9,1) ;x{10, 1) ;x{15,1) ;x(22,1) ;x (23,1} :;x(28,1) ;x(35,1);x(36,1) };
ERR = z{:,1}-2E; [

for k = 1:K
z = zE{:,k);
uk = uf{:=,k};
. XBHk = XBH{:,k)s
XRak = ¥BA(:,k};
XSk = XS{:,k};:

zik = zi(:,k};

muEEk = muEE(:.k}:
muAEk = muds(:,k};
EhEk = EhE({:,k};7
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Pk = P _AASMIRE (zEk, uk,XBHk, XBAk, XSk, muHEk, muAEk, KhEK) ;
ZE{:,k+1) = AR*zE(:,k}) + CR'*Pk + BR*zi({:,k);
ERR{:,k+1)=z{(:,k+1)-zE(:,k+1);

end

% Vector of process full, estimated and error variables SNH, 3R0,88, Tank 1
881=z(, :) ;SNQ1=2(2, :) ; SNH1=Z{3, :};

SS51E=2zE(1, :} ;SNO1E=zE{(2, :};SNH1E=2E(3,:};
ERRSS1=ERR{1, :) ;ERRSNO1=ERR(2, :} ; ERRSNH1=ERR(3,:);

% Calculation 2f the weighted errors for tankl

e551=(ERRSS1*ERRSS1')}/ (SS1%581") ;

eSNO1={ERRSNO1#*ERRSNOL"' ) / {SNOL*SNQl1'};
eSNH1=(ERRSNH1*ERRSNH1 ") / (SNH1*SNH1');

% Vector of process full, estimated and errer varliabies SKH, SN0, 58, Tark 2
552=z(4, :) ;SNO2==z(5,:) ; SNH2=z(6, :};
S52E=zE{4,:) ; SNOZE=zE({5, :) ; SNH2E=2zE (6, ) ;

EERSS2<=ERR (4, :} ;ERRSNO2=ERR (5, :) ; ERRSNHZ2=ERR({6,:};

% Calcuolation of vhe weighted errors for tarnk 2

e382= (ERRSS2*ERRSS2 ')/ {8S52+582"%) ;

eSNO2= (ERRSNO2*ERRSNO21) / (SNO2+8N02') ;

eSNH2= (ERRSNHZ*ERRSNH2 "'} / (SNH2%SNH2"') ;

% Vector of procsss full, estimated and error variables SKH, SKO,SS, Tank 3
S83=z (7, :};SN03=z(8, :) ;SNH3=2(9,:)};

S53E=zE(7,:) ;SNO3E=2zE{8, :) ;SNH3E=2ZE(9, :};
ERRSS3=ERR{7, =) ; ERRSNO3=ERR(8, : )} ; ERRSNHE3=ERR(9, :};

% Czlcuiation of the weighted errors for tank 3
€SS3=(ERRSS3*ERRES3 ) /(S53*5537) ;

eSNO3={ERRSNQ3*ERRSNO3 '} / (SNO3*SNO3 ') ;
eSNH3i=(ERRSNH3I*ERRSNH3") / (SNH3*SNH3')};

k = 1:X;

% Graphs of the estimated parameters

fiqure{7)

subplot(3,1,1);plot(k,muHE, 'k');title{'Esticatad muk') ;ylabel {'mu¥E'};
subplot(3,1,2);plot (k,muAkE, 'k');title{'Estirated muh*);ylabel( 'rudk');
subplot{3,i,3);plot{k,EKhE, 'k'};title{ 'Estimated ¥h');ylabel{'KhE");
set (figure(7), 'name', 'Estimated paramsters', 'numbertitle','cff’)
xlabel({'digcrete time k')

= 1:K+1;

Graphs of the reduced model response to the dynamic influent
concentrations

Tank 1

figure(8)

subplot{2,2,1};plot(k,551); hold on;plot(k,SS1E, *k~.');ylabel('S81, 55818} ;
legend{'S32",*SS1E*);subplot(3,2,2); plot(k,ERRSS1, 'k');ylabel {('ERRSS1"'};

o Gt o X

subplot(3,2,3);plot(k,SNOL}; hold on;plot(k,SNOIE, 'x-."};
legend (*'SHOL', 'SKCIE") ;
ylabel ('SHNO1,SK013") ;subplot(3,2,4); plot(k,ERRSNOI, *k');ylabel ('ERRSHOL');

subplot(2,2,5);plot(k,SNH1); hold on;plot(k,SNHIE, 'x-.");
legend{'S¥N=Z1", 'SRHIE "} 5

ylabel ('SHNHI,SKI1E") ;xlabel {"discrete time k')

subplot(3,2,6); plot(k, ERRSNHI, 'kx');ylabel {'ERRSNH1');
xlabel('discrete time k')

set(figure(8}), 'name’, 'Tark 1 Process variables and estimation
error', 'numbsrtitle’,'0ff")

%z Tank 2

figure(9)

subplot{3,2,1) ;plot{k,582); hold on;plot(k,SS2E, 'k-.'};ylabel{'S52,552:
legend('SSz', *SS2E') ;subplot(3,2,2}); plot(k,ERRSS2, 'z*f);vlabel ("ERR552"

subplot{3,2,3);plot{k,SNQ2}); hold on;plot(k,SNO2E,'k-.'});
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legend{'SH02Y, *SKO2EY) ;
yiabel ("3N0Z,SKC2E) ;
subplot(3,2,4); plot(k,ERRSNO2,'k');ylabel ("ERRSNO2');

subplot (3,2,5) ;plot(k,SNH2) ; hold on;plot(k,SNH2E, 'k-.%);

legend ('SNHZ ", *SKH2E'") ;

ylabel {'SNZ2,SNH2E") ;xlabel (*discrete time k')

subplot(3,2,6); plot{k,ERRSNH2Z, 'k');ylabel ('ERRSNE2");

xlabel{'discreze time k')

sec(figure (9}, ‘name’, *Tank 2 2rocess varizples and estimatiocn

errert, 'numbertitiet, 'oift}

% Tank 3

figure (10}

subplot(3,2,1) ;plot(k,553}; -hald on;plot(k,SS83E, 'x—."');ylabel(*553,5532");
legend{'SS3', *SS3E') ;subplot{3,2,2); plot(k,ERRSS3, 'k') ;ylabel (TERRSS3') ;

subplo£(3,2,3};plot(k,SNO3};hold on;plot(k,SNO3E, *x~."});
legend {'SNO3', "SNO3EY) ;
yvlabel ('SNC3, SKNC3E') ;subplot(3,2,4) ; plot(k,ERRSNO3, "%’} ;ylabel ('ERRSNO3");

subplot(3,2,5);plot(k,SNH3}; hold on;plot{k,SNH3E, 'x-.');
legend{*SNH3", "SKH3E") ;

vlabel { "SNH3, SNH3E') ;xlabel {'discrete time k')
subpleot{3;2,6); plot(k,ERRSNH3, 'k');

ylabel {"ERRSNH3') ;xlabel('discreze trne k')

set (figqure{iQ), 'nama', *Tark 3 Process varizbles and estimation
error*, 'mumbertitle’, '0fI")
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E.2: MATLAB scriptfile —P_AASMIF.m

% M-File: P _AASMIF.m

% = ¥M-FITE DESCRIPTION =mws===s== ===
% This m—-file iz used fcr:

% Calculation of the process rates for the full modsl

% Description of the functics
function Pk = P _RASMIF {xk)

o

Definiticn of the glchal variables
global muH bH mul b2 etag ka kh etah Ks KOH ENO EKNH FKOA KX;

% TA¥K 1

P(1} = muH* (xk(2) /(Es+xk(2)y)} #*(xk(8) /(KOH+xk(8})) * xk{5);

P(2) = mub*(xk(2} /(Ks+xk(2))}) *(FKOH/(KOH+xk(8)}) * (xk{9} /(EKNO+xk(9)))* etag * xk(5);
P{3) = muA*{xk(10)/(KNH+xk{10}}}*{xk(8) /(KOA+xk(8))) * xk(6);

P{4) = bH*xk(5);

P(5} = bA*xk(6);

P{6) = ka*xk(11)*xk(S);

B(7) = kh*{{xk{4) /(xk(5)}} /(KX + (xk(4) /=k(5)}}) *((xk(8) /(KOH+xk(8}))+ (etah *

(KOH/ (ROH+xk (8)))) *{xk(9) /(FNC+xk(9)}}) *xk(5);
P{8) = P(7} *{xk{12)/xk{4)});

% TANK 2

P{9) = muH*{(xk(15)/{Ks+xk(15))}* (xk(21)/(KOH+xk{21)))* xk(18);

P({10})= muH* (xk{15) / (Ks+xk(15)))* (KOH/ (KOH+xk {21} ) }* ({xk(22)}/(ENO+xk{22)))* etag *
xk{18);

P{11)= mua*{xk(23)/ (KNH+xk(23)))* (xk{21)/ (ROR+xk {21})}* xk{19);

P(12)= bH*xk (18);

P{13)= bA*xk (19);

P{14)= ka*xk (24)*xk(18);

P({15)= kh* ({xk(17) /(xk{(18)}} /(KX + (xk{(17)/xk(18))))* ((xk(21)/(KOH+xk(21)})+ (etah *
(FOH/ (KOH+xk (21)) ) ) * (xk {22) / (KNO+xk (22} )) ) *xk (18} ;

P({16)}= P{15)* {xk (25} /xk{17}));

% TANK 3

P{17)« muH* {xk(28) / (FKs+xk(28)))* (xk(34) /{KOH+xk (34))}* xk(31);

D(18)= muH*{xk(28)/(Ks+xk(28)))* (ROH/ {KOH+xk{32)))* (xk{(35)/(KNO+xk(35)))* etag *
xk{31});

D{19)= mul+*(xk(36) /(KNH+xk(36}} )+ (xk(34)/(KOA+xk (34})})* xk(32);

P(20)= bH*xk(31);

P{21)= ba*xk(32};

P{22)= ka*xk(37)*xk(31);

P(23)= kh*{(xk(30) /{xk{(31}})/(EX + {xk(30)/xk{(31)})))*((xk(34)/(KCH+xk{34))}+ {etah =
(KOH/ (KOH+xk {34))) } * {xk (35) / (KNO+xk (35) )} ) *xk (31} ;

P{24)= P(23)*(xk(38)/xk(30})};

Pk = [P(1) P(2)} P(3) P{4) P(5) P{6) P(7) P(8) P(9) P(10) P{11) P(12) P(13) P(14) P(1S)
Pl{1s) P(17) P({18) P(13) P(20) P{21} P(22) P(23) P(24}1*;

E.3: MATLAB script file — P_AASM1R.m

% M-Fils: P _ARSMIR.mM

% M-FILE DESCRIPTION e = =
% This m-£3 Ie is used for:

% Calculaticn of the process rates for parameter sstimation of the reduced
% model

% Description of the function
function Pk = P_ARSMIR (zk,uk,XBHk, XBAk, XSk}

% Defirition of the glcbhal varizbles
global etag etah Ks KOH KNO ENH KOA KX;
3 TANK 1
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P(l)= {zk(1)/ (FKs+zk(1}))*{uk(1l)/(KOH+uk(1}))}* XBHK(1)}; .
P(2}= (zk{(1)/ (Ks+zk{1}) ) *(KOH/{KOH+uk(1})})* (zk(2)/(KNO+zk(2)}))* etag+ XBHk(1l);
P(3)= (zk(3)/(ENH+zk(3))}*{uk{1)/(EOR+uk(1l))}* XBAk({1l};

P{4}= {{XSk{1)/XBHK({1)) /(KX + (XSk(1}/XBEK{1))}))*{(uk(1)/{(KOH+uk(1)})+etah *
(KOH/ (ECH+uk (1)} ) * (zk {2}/ {KNQO+zk {2} }} }* XBHk(1);

Pik = [P(1) ¢ 0; P(2) 0 @; 0 P{3) 0; 0 0 P{4}];

% TANK 2

B{5)= {zk(a)/ (Es+zk(4)) }* (uk(2)/ (KOH+uk{2}}}* XBHk(2};

B{6)= {zk{4)/f (Es+zk{4}) )~ (KOH/ (RKOos+uk(2}}}* (=zk(5)/(KNO+zk(5)}}* etag* XBHk{2);
P(7)= (zk(6)}/ (KNH+zk(6) }}+ (uk(2)/ (KOA+uk({2)))* XBAk(2};

P{B)= ((XSk(2)}/XBHk(2}}/(REX + (XSk({2)/XBHk(2))))*((uk{2)/(KOH+uk(2}))+etah *
{ROoR/ (ROH+uk {2} } ) * (zk (5} / (KNO+2k (5) } ) ) *XBHk (2} ;

P2k = [P{5) 0 0; P(6) O 0;-0 P{7} 0; 0 0 P{8)}];

% TENK 3

B(9) (zk(7)/ (Ks+zk(7)))*(uk(3}/ (KOH+uk(3} })* XBHk(3);

P(10)= {(zk(7}/(Ks+zk(7)})}* (KOH/ (KOH+uk (3}))* (zk(8)/{ENO+zk(8)}) * etag * XBHk(3);
P(11)= (zk{(9)/(FNH+zk(9))})}*(uk(3) /{(KOA+uk(3)))* XBAK(3};

P(12)= ((XSk{3)/XBHk(3})/(EE + (XSk(3)/XBEE(3)}))* ((uk(3}/(KOH+uk(3}})+ etah *
{KOH/ (ROH+ulc (3} ) )+ (zk{8) / (KNO+zk(8)) )} *XBHk (3} ;

P3k = [P{9) ¢ &; P{10} 0 O0; O P{11) C; 0 0 P{12)};

Matrix Pk for thes whole process
k = [Pik; P2k; P3k];

oo

E.4: MATLAB script file - P_AASM1RE.m

M-File: P BASMIRE.m

M-FY{E DESCRIPTION
This m—file is used for:

Calculation of the process rates for parameter estimation of the reduced
medel

o o o G o

Descriprion of the functicn funciion
unction Pk = P_ARSMIRE(zk, uk,XBHk,XBAK, XSk, muHEk, muAEk, KhEk)

Hy o\

global etag etah Ks KOH KNO KNH KOA EX

% TANK 1

P(1)= muHEk * {zk(1}/(Ks+zk(1)))}+*{uk(1)/(KOH+uk{1}))}* XBHk(1);

P{2)= muHEk * (zk{1}/(Es+zk(1)))* (ROH/ (KOH+uk({1l)}}* (zk{2)/(KNO+zk(2}))* etag *
XBHk (1) ;

P{3)= muAEk * (zk(3)/{(ENH+zk(3)))*{uk(1)/{(KOA+uk(1}))* XBAk(1l);

P{4)= KhFk * {({XSk(1)/XBHk(1}) /(KX + (XSk(1}/XBHkK(1)})}))#{{uk(l)/(RKOR+uk(l)})+ etah *
(ROH/ (EOH+uk (1)) ) * {zk{(2) / (KNO+zk (2} )} }} * XBHK(1);

% TANK 2

P(5)= 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(5)}/(KNO+zk(5)})* etag *
XBHk (2} ;

P{7})= muAEk * {(zk(6)/{ENH+zk{6)}) *({uk{2)/(KOA+uk(2)))* XBAk(2);

P(8)= KhEk*{ (XSk(2)/XBHk(2))/{KX + (XSk(2)/¥BHK(2))))*{({uk(2)/(KOH+uk({2)))+ etah *
(KOH/ (KOH+uk {2)) ) * {zk(5) / (RNQ+zk {5) ) } } *XBEk (2) ;

3% TANK 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{11}= muaFk * (zk(9)/{(KNH+zk(9})}#* (uk{3)/(XOR+uk{3)})}* XBAk(3);

P{12)= Khek+*({XSk(3)/XBEK(3) )}/ (KX + (XSk{3)/XBHk(3))))*({uk(3}/(KOH+uk(3)})+ etah *
(K0HE/ (ROH+uk (3)) ) * (zk(8) / {FNO+zk (8) ) )) *XBHk {3) ;

&¥atrix Fk for the whole trocess
Pk = [P(1) P(2) P(3} P{4) P(5) P{6} P{(7) F(8) P(8) P(10) P(11l) P(12)]':
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APPENDIX F: DEVELOPED MATL.AB 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

M-Flle: ARSMZ Simulation.m

= M-FITE CESCRIPTION
This m—file is used for:

Simclation of the Athlore plant using full ASM2 model

% Calculation of the parameters for the reduced ASMZ model

% Simulation of the Athione piant ugsing the reduced ASMZ model

H6 00 o el

o

‘.
clear ail % Clear the workspace

cle % Clear the command window

% PARAMETER DEFINITION == == S
% Declaration of the glcobal variables

global ISI YH EXI YPO2 YPHA iFBM YA iNBM EKh etaN03 etafe muH gfe bH gPHA
global gPP wmuPAC bPAO bPP bPHA muaUT bAUT kPRE kRED K02 KX KNO3 KF KNH4
global FALX KA Kfe KPP KPS KP KPHA KIPP FMARX

K1 = 11; % Prediction norizon or interval
DT = 0.01042; % Sampling time
% Initizlization of the model parameters, typiczl wvalues at 20 0C
% Stochiometric parameters

£S81 = 0.0;

YH = 0.625;

£XI = 0.10;

EYPAO = 0.025;

YEQ4 = 0.40;

YPHA = 0.20;

iPEM = 0.02;

YA = 0.24;

iNBM = 0.07;

% Kinetic parameters

Kh = 3;

etaNO3 = 0.8;

etafe = 0.40;

muH = 0.6;

gfe = 3;

bH = 0.4;

qFHA = 3;

gpPB = 1.5;

maPAQ = 15

bLPEO = 0.2;

bPP = 0.2;

bran = 0.2;

MuAUT = 1;

baUT = 0.15;

kPRE 1;

kKRED -~ = 0.6;
% Moncd switching functions

KOz = 0.2;
KX = 0.1;
EXNO3 = 0.5;
KF = &;
ENE4 = 04.05;
FALK = 0.1;
KA = 4;
Kfe = 20;
KPP = 0.0%;
EPS = 0.20;
Kp = 0.61;
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Ir

40003;
39916.8;

39914.8;
23003
38400.0;
op + QO0; i fiow
Qp + Q0 + Qa + Qr;
Q2;

(Qp+Q0+Qr-Qw) / (Qr) ;

b
b

h
&
5

&,2233,A238,2234,2235,223a,238,A23a,2234,223b,2230,A230h,A23b,223b,223b,A23b, 4230,

DT/ V1=QQ;
= IVC * ones{l,19);

[Bil; zercsi{38,19)];

I

IVl = DT/ Vi; IVil = IVl * Q1; Ail = 1
IV2 = DT/ V2; IV22 = IV2 * Q2; R22 = 1 -
IV = DT/ V3; IV3i3 = IV3 * Q3; A33 = 1 -
212 = IV1 * Qp;

223a IV * (Qa + Qr);

223b = IV2Z * {Qa + LAMEBDA*Qr);

A21 = IV2*Q1;

A32 IV3I*Q2;

Al = A11 * cones{l,1%); &1l = diag(All);
212 = Al12 * cnes{il,19}; Al2 = diag(al2);
213 zeros (19,15) ;

521 = A21 * ones{l,1%); A2l = diagi{R21});
222 = R22 * ones{l,19); A22 = diag(A2Z);
AZ3 =

[R23

23b,R23bi1;

A23 = diag{a23};

231 = zercs{19,1%);

232 = A32 * ones{l,1%}; 232 = diag(a3z);
233 = R33 * cones{i,18}; A33 = diag(a33);
A = [A11 A12 RA13; A21 A22 A23; A31 A32 I33];
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P

cC = [[0 1 0 0.01 ¢ 0 0 0.001 oo -1
[0 1 O 0.01 00 ¢ 0.001 00 -1
[0 1 00,01 0 0 C¢ 0.001 g 0 -1
[-0.59 -1.59 0 -0.022 0 -0.004 4
ol ;
[-0.59 0 -1.5% -G. 0070 0 -0.02 0 0G.021 0 00 10O 4] o]
0l;
[o -1.5%8 0 -0.022 -0.21 -¢.004 0 0.014 0.21 0 0 1 0 OQ Q 2]
0]1
¢ a0 -1.59 -0.07 -0.21 -0.02 0 0.036 2.21 0 0 1L 0 C O o] 0
al;
fo -1 1 0.03 ¢ 0.01 O 0.012 0 Q0 Q a Q o 0 4] o]
[0 @ Q0 0.031 0 0.0 0O 0.CC2 0 0.10 0.3 -1 0 Q ¢ o] -0.1
01;
[0 o} -1 ) 9 0.4 0 -0.004 G 0 0 0 Q0 -0.4 1 0 -0.69 o]
[-0.2 ¢ 0Q 0 -10 0.048 0 C 0 Q O 1 -0.20 0 3.11 0
[-0.8 0 0 -0.07 g -0.02 0 -0.0002 0 0 0 0 1 o -1.6 0 -0.08
al;
0 0 0 0.031 ¢ 0.0 0 C0.CcC2 0 0.10 0.9 0 -1 g C a -0.15
[0 © 00 ¢ 1 0 ~-0.048 0 0 C 4] o -1 Q Q -3.23 0
[44] 0 1 G 09 Qg -0.001s G Q0 Q Q ¢ g -1 o] -0.6 4]
[-18 d 0 -4.24 &.17 -0.52 0 -0.6 0 0 0 00D Q0O 1 .9 Q
¢ ¢ § 0.031 0 0.0l 0O 4.002 0 0.310 0.9 0o CcaQ -1 -0.15 0
[0 © 00 g -1 0 0 0.048 ¢ 00020 o] 8] 1.42 -3.45 4.871;
[ ¢ G0 g 1 0 -0.048 ¢ ¢ 0 GC QOO0 @ -1.42 3.245 -4.8711;
C = DT#* [CC zeros(1%,38}); zeros(l9,15} CC zeros(l9,1%); zero=s(l19,38) CCl;

30;

2 h . I .
30; SALKI T SN2i = £.95; XTi = 51.2;
28.17; XPAQL = 0.0; XPP1 = 0.0;: XPHAL = 0.0;
180; XMeOHi = 0.0; XMePi = 0.0;
xi = [802i*ones(1,Kl); SFi*ones(l,Kl); SAi*ones(1,Kl}; SNH4i*ones(1l,Xl);

SpQti*ones (1,K1); SI**ones(l,
XIi*ones(l,K1l); XSi*ones(1l,Kl);
XPPi*ones{1,X1); XPHAi*ones(1,

GNQ3iFones(1l,Kl);
SN2i*ones{i,X1l);
XPAQi*ones(1l,KL1);

1} ; SALKirones(1,¥1);
XHi*ones (1,XK1)
);

i
Kl

XTSSi*ones(1,X1); XMeOHi*ones(l,¥1l); XMeli*ones | 13y3;
S02 1 = 2£.2984433e2-03; SF_1 2.8082131e+00; SA 1 = 2.8082131e<00;
SNHE 1 = 7.9178845e+00; SNO3_1 = 5.26994002+00; SPCZ 1 = 3.6;
ST 1 3.0000000e+01; SALK 1 = 4.9277103e+00; SN2_1 = 1.21664056+C0;
XT 1 = 1.1491252e+03; XS 1 = 8.2134908e+0l; XH 1 = 2.35517658e+03;
XPAO 1 = 0.1; ¥XPP 1 = 0.1; XPHA 1 = 0.1; XAUT_1 = 1.48385%43e+02;
XTSS 1 = 180;¥Me0E 1 = 0.1;XMeF 1 = 0.1;
x10 = [S02 1; SF 1; SA 1; SNH4 1; SNO3 1; S§PO4_1; SI 1;  SALX 1; SN2 1;
XT 1; XS 1; X4_1; XPAO_1; XPP_1; XPHA 1; XAUT_1; XTSS_1; XMeOH_1;
XMeP 11;
S02 2 = §.3131%11e-05; SF 2 1.45879402+00; SA 2 1.45875402+00
SNEZ 2 = §.34424148e+00; SNO3_2 = 3.656156722+00; SPO4_2 = 3.6;
SI 2 = 3.0000000e+01; SALK 2 = S5.08017482+00; SN2_2 = 8.82084772-01;
XT 2 = 1.1491252e-03; XS 2 = 7.6386187e+01; XH 2 = 2.5533851&+03;
XPRO 2 = 0.1;¥PP 2 = 0.1; XPHA 2 = 0.1; XAUT 2 = 1.48309122+02;
XTSS 2 -~ 180;XMeOE 2 = 0.1; XMeP_2 = d.1;
x20 = [S02 2; SF 2; SA_2; SNH4_2; SNO3_2; SPO4_2; SI_2;  SALK_2; SN2 _2;

XAUTi*ones(1,K1);



XI_2; X8 _2; XH 2; XPAO_2; XPp 2; ZXEPHA 2; XRUT 2; XTS5_2; EMeQH_2;

XMeP_2];
% For k3
502_3 = 1.7183778e+00; SF_3 = 1.1495418e+00; SA 3 = 1.14%5418e+00;
SNH4 3 = 5.5279%452e+00; SNQ3_3 = 6.5408820e+00; S5P04_3 = 3.6;
SI_3 = 3.000C000e+01; SALK 3 = £.67473502e+00; SN2_3 = 8.28888582e-01;
XI_3 = 1.1491252e+03; XS_3 = 6.4854922e+01; XH 3 = 2.5571314e+03;
XPRO 3 = 0.1; XPP_B = 0.,1; XPHA_B = Q.1; XAUT 3 = 43941268+02;
XTS85_3 = 18B0; XMeOH_B = 0.1; MeP_3 = 0.1;
®30 = [$02_3; SF_3; Sh 3; SNHS 3; SNO3_3; SPO4_3; 51 _3;  SALK_3; SN2 3;
¥I 3; XS 3; ¥H 3; XPRO 3; XPP_3; XPHR 3; XAUT 3; XTSS_3; XMeOH 3;
XMeP 3];
x0 = [x10;x20;x30];
X = [%X0 zeros(57,K1)71;
zte simuniation of ths modsl
1
(:.k);
i{:,k};
P_RASM2F(xk) ;
80k = [xk(3%,1)];
¥xk = DT*KLax (80sat-S0K};
xx1k = [zeros(38,1) ;xxk(1);zeros(18,1)];
x{:,k+1) = B¥x{:,k) + C'*Pkx + B*xi{:, k) + xxlk;

end

,11iplot(x{1,:)};citle
,2)iplot(x(2,:));Eitle
,3)iplot(x(3,:))title
,4)iplot(x{s,:));title
,5);plot(x(5,:))ftitle

¥ ,6) ;plot(x(6,:));title
subplot{s [Ty iploc(x(7,:)):ticle
subplot(5,4,8) ;plot{x(8, )} ;titls
subplot(5,4,5) ;ploc(x{%,:) ) title
subplct (5,4, 10} splot(x(10,:) ) ;tit
subplot(s,4,11) ;plon(x(1i, ) ) ;tit
subpleot{s5,4, 12) jplot(x{12,:});tic
subplot (5, %, 13) splot{x(13,:));tit
subploc(5,4,14) ;plot(x(14, ) ) tit
subplot(5,4,15) iplot{x{15,:));titc
J)itic

subplot (5,4,16) ;plot{x(16,
xlabel({ discretse tims K7
subplort(5,4,17) ;plot(x
xlabel{'discrecs Tims
SLbuToc(S,-,IS) p’o

xlabel{'d rgte Tim
ELDplOt(5,1,19);p ot
xlabel ("dizoret= Tin
set (figure (1},

(x
=

-

G F S s

Tigure(2)

subpleot (5,4,1};plat(x(20,:)) title
subplot{5,4,2);plot(x(21,:)) ;title
subplot{5,4,3);plot(x{22,:])) iticlsa
subplot{5,4,2);plot(x({23,:)):title
subploz{5,4,5) ;plot(x(24,:)) ;jticle
subplot{5,4.6);plet{x{25,:})title
subplot (5,4,7);plot{x(26,:})) ;title
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subplot (5,4, 8)'p1ot(x(2?,-)),title(‘”’
subplot{(5,4,9);plot{x(28,:})};titlae('S

subplet{5,4,10); p1ot(x(29 :})ieitle (¥
subplet{5,4,11) ;ploc{x(30,:});title (X
subplot {5,4,12) ;plot{x{31,:});title(*XH2"}
subplot(5,4,13) ;plot (X (32, :) ) ;title (X }
subplot{5,4,14) ;plot(x{33,:});title (" XPF2")}
Subplot(S,z,_S} jplot (x(34,:)) ;title(’ )
subplot{5,4,16) ;plot(x(35,:) ) ;title( ¥R

xlabel{'disgrstse time k')

subplot{5,4,17) ;plot{x{36, :));title(T¥T382")}
xlabel('discreis tims k')

gubplot(5, 4, lB);plOt(X(B?, ) )yititle ()
xlabel{'discrets tims k')

subplot(5,4,18]) plot{x{38 :})ieitle(fi0
xlabel (*discreis
set {figure(2) .,

RE

YWgLre(3)
subplot(S,_,l),plot(a{BB
subplot(5,4,2) ;plot(x{40,
subploc{5,4,3); D1ot(x(4_,:
subplot (5, 4,4);ploc(x(42,
subplot (5,4 5),ploc(x(43,
subplot(5,4,6) ;ploc({x(44,
subplot(5,4,7)plot (x(45,
subplot(5,4,8);plot(x{46,
subplot(5,4,9) iplot{x(a7,
subplot(5,4,140); pTOP(x(‘S
subploc (5, ,11) iplot (x{49,

llh

IP—-

|Fh lh-

W

subplot(5,4,12); pWQt(x(EO
subplot{5,4,13);plot{x{5L,:
subplot(5,4,14);plot{x{52,
subplot(5,4,15) ;plot{x {53,
subplot(5,4,186); ch*(x(S ;o
xlabel( 'discrete tima ')
subpleot(5,4,17);plo c(¥(55r
xlzbel{'discrece zims X')
subplot(5,4,18) ;plok (x{56,
xlabel('Hdiscrete Time k')

subplot{5,4,19};
xlabel{ 'discrais {ime '}
in PO o 5

set(figure(3),

5 Dad

{u
a'é
=
i
®

xi = [802i%ones(1,X); SFifones(l,X); SAi*oree(l,-)-

: Y
SNO3i*ones(l,K); SPO4i*ones(1,K); dry({l:K,7)': SALKi*ones(1,K);
)

gN2i+ones(1,¥); dry(l:K,5)"'; dry{1:X, £

& )
o2 ;
¥Pa0ixones(l,K); X2Pi*ones(l,K}; XPHAi*ones(l,X}; XAUTi*anes(l,

¥TSSi*ones(1,K); XMeCOHi*ones(l,K}; XM
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it

ok
Hr
w3

=

]

P

k

SOk
o d o
xxlk

x(:

n
&

s}
=
o}

subplokt (5,4,
subplot (5,4,
subplot (s,
subplot (s,
subplot (5,

—

™

r

1]

s k+1

in
[ie]

=

)

subplot (s,
subplot (5,4
subplot (5,4

subploc (5,4,
subplot{5,4,

subplot (5,4
subplot (5,4
subplot (5,4,
subplot (5,4

subpleot (5,

xlabel{*dis
subp;o,(s 4
xlabel{"d
subplot (5,2

xlabel('d:

L

subplot (5,4,1
Xiabel ("
set {figqure/

i Ta:

dis

flgure(S)

subplot {5,4,1);plot(x{20,
subplot{5,4,2) ;plot{x{21, :)
subplot {5,4,3) ;plot{x(22, :} ) ;uicle(’
subplot(5,4,4) ;plot(x(23,

= P ARASMIF (xk) ;

[xk{39,1}];
DT+

FLa* {S0sat-50k)} ;

[zeros{38,1) ;xxk(1) ;zeros{ls,1

) = A¥x{:,k) + C'*%pk + Brxi(.

Yiplob(x(1,:)) stitle (802

,4) ;plet(x{a
15) ;plot(X(Sr
.6) iplot{x{6,

,8);plot(x(8,
,9)splot(x(g,:}
lO);plot(x(lO,
11),p1ot(x(11
,12) iplotix(12,
,13) PlOt {x {13,

14} ; D’ot(x(’d,:

L1585} ;ploc(x{15,

_,16),plot(x{16,.

Crete Tims E-'Z!)
,17)splot(x(17,
Te Time k')
,18)
crets time k)
1%} ;plot({x(19,
«r Tt

-z} ,-‘Z'.

subplot(5,4,5) ;plot(x(24,

subplot(5,4,6) ;plot (x(25,
subplot (5,4,

7);plot(x{26,:

subplot (5,4, 8); p-ot(x(27
subplot(5,4,9) ;plot{x(28,
subplot(5,4£,190) ;plot x{29
subplot (5,4,
subplot(s,%,lz);plot(x(Bl
subplot (5,4,13) ;plot(x (32,

subplot{5,4,14
subplot (5,4,15) ;
subplot{5,4,16) ;plot(x(35,:

xlabel ("4
subplot (5,4
xﬁabel(’“‘screte cims 7}
subplot (5,2

®xlahel('a

subplot (5,4

xlabel(’3
set (figure(5),’

11) ;plot{x(30,

;plot(x (33,
iplob(x (34,

o

L)

e Lims k')

plo E(X(BS

;plot(x {18, :

rlot{x{36,:

18) ;plot(x (37, :

}Yiplot(x(3.,:)):title ('8
;1) ititle{*S
1)) stivle (7S
t})ititle (°¢

1
2)iplot(x(2,:1);title (73
3
4

$});title{'s

);t%t'!

1)

)} );ticle (VK

DN

2}

IR
))

('sm2

t1cle(

ibi

ti
iti

:)) ;ritled(’
title(’

)1

9]

) ;ticle (730
Y;eigle{!

i

+ Xxlk




subplot{5,4,2) ;plot(x{40,
subplot (5,4,3) ;plotix(4l,
subplot(5,4,4) ;plot (x(42,
subploc(5,4,5) ;ploti{x(43,

subplet(5,4,6) ;ploci{x(44,:

subplot(5,4,7) ;plow(x(25,
subplot(5,4,8}) ;ploc(x(46,

) )ieicle:
)Y seiele
1) ;Eitle
));citle( 'Sk
:)) ;eiele (!

1)) ;citle(ts

))seitle('s
1); tit‘e('”*
’;

subploc (5,4,9);plot (x(47,
subplot(5,4,10) ;plot(x{48, :
subplot(5,4,11) ;plot{x{45%, :)
subplot(5,4,12);ploc(x{sc,}
subplot (5,4,13) ;plot{x(51, 1}
subplot(5,4,14} ;plot{x( 52 1)
subplot (5.4,15} ;plot{x (53, :)
subplot(5,4,16};plot(x(54,:)
xlzbel(*digcrete time ')

subplot (5,4,17) ;plot{x (55,
xlabel ('discrate ')

}i
i
yi
Yi
Yi

) )t

rime

LIL

subplot(5,4,18) ;plot(x (56, ) ) ;citle(":MaQE")
xlabel('discrete tims k')
:lyiticis(”

subp?ot{E,z,_S),plcr(x(:T
xlazbel{ di : ;
set (figure(6),’

}, x(id,:); x(15,:)
:}; x(33,:1; =x(3¢,:)
®(29,:);x(52,:); x{53,:)

x(ZU,-),
ui = x{39,:);
u = [ul; u2; ull;
valugs of o (R TY
{SFi*ores(l,A) qu*Oﬂes{l K); SNH4i*ones{l,K); SNOBl*cncs(l K} ;
SPO4i*cnes(l,¥); x51*ones(l,K ; XPPi*ones(1,K); XPHRi*ones(l,X)];
% o3 e valuas Tor the i ¥ , SRLE,
i = [2551.76%*ones{l,X); 2553. 38'0265(1 KY; 2557. 13
2559 .18*ones{1,X}); 255%.3¢*ones(l,K)];
¥AUT = [148.38%*cnes{l,K); 148.309%0nes(l,K); 148.941*cnes{l,K);
149 _527*ones{l1,RK); 149.797*cnes{l,K}];
SATHK = [4.%%comnes(1,K); 148.30%%*cnes(l,K}; 1l48.9&l*cnes(i,¥};
149.527*xgnas(1,K); 14%. 797*ones(1,K)};
XPAO = {0.l*ones(1,K); 76.386%cnes(l K); .855*ones {1,K} ;
55.692%ones(1,K); 43.306%cnes { 1,
IV22; R33r = L - IV33;
A12r = IVl * Qp;
Z23zr = IV2 * (Qz + Qr); R2Z3br = IV2 * {Qa + LEMIDA*Qx);
R21r = IV2*Ql; A32r = IV3I*Q2;
Atlr = Allr * cnes(1,8); Allr = diag{Allr);
Al2r = Al2r * ones(l,8); RI12r = diag(klZr);
213r = zeros(g,8);

E21r * omes(1,8); A21r = diag(hk2lr);

A21r =
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B32x = R22r * ones{1,8); AZ22r = 4
N
A

ag(A22r);
A23r [223ar,R23ar,A23ar,A23&aT, ar

i
23ar, A23br,223br,A23br] ;

A23r = diag(A23r);
A3lr = zercs(8,8);
A32r = A32r * ones(1,8); &32r = diag{A32r);
A33r = A33r * ones(l1,8); A33r = diag{a33r);

AR = [Allr AI2r R13r; A2l1r A22r A23r; A3lr A32r A33r];

Q0;

o
1%*

[SIEY

i3 WPD
.65 0 -0.022 o} al;
-1.59% -0.0070 ] 0 0] ;
[-1.59 0 -0.022 -0.21 -0.004 g a 0% ;
[0 -1.59 -0.07 -0.21 -0.02 o 0 0Q];
[-11 Q.03 c 0.01 0 0 al;
[oc -1 Q 0 0.4 a -0.4 11;
(0 oo o -1 | 1 -0.20]1;
[¢c ¢ -0.07 0 -0.02 0 4} -1.6];

[6 0 -4.24 a,17 -0.02 0 0 011;
CR = DT* [CCR zeros(l2,16); zeros(l2,8) CCR zeros{l2,8); zeros(12,16) CCR];

XHk = XH{:,k};
XAUTk = X2UT(:.X);

XPa0Ok XPAC(:,k);
SATXk = SALK(:,k);

zik = zi{:,k);

Pk = P_ARSM2R{=zk,uk,XEk, XKAUTk, XPAOKk, 8ALKK) ;
FIk = CR'*PK;

Y{:,k} = z(:,k+1}-AR*z(:,k)-BR*zi{:,k};
theta(:,k)={(FIk'*FIk) " (-1}*FIk'*¥(:, k};

ena

k{1, -} = thetall,:);
muHe (1, :) = theta{2,:);
gfee(l,:} = theta{3,:);
gPHae (1, :) = theta{4,:);
qFPed{l, :) = thetai{5, :};
muPAQe (1,:} = thetald,:);
muAUTe (1,:} = thetal(7,:};

zE = [x(2,1);x{3,1);x(4,1
x(23,1); =x{2&,1);x(25,1}; x(3
x(33,1);x{3¢,1)rx(20,1);x{a1,1
EER = z{:,1)-zE;




zk z{:,k);
uk = u(:,k);
zik = zi{:,k};

i}

XHx = XH(:,k)

XAUTk = XAUT(:,k};
XPAQK = XPAO(:,k);
SALRk = SALK{:,k};

kHek = kHe(:,k};
muHek = muHe (:,Kk);
gfeek = gfee(:,k);:
gPHRek = gPBAe(:,k);

gbPek = gPPe (:,k);
muPACek = muPAOe(:,k);
muaUTek = muaUTe{:,k);

Pk =
P_AASMERE(zk,uk,KHk,XAUTk,XPADk,SALKk,kEek,m‘h k,gfeek, gPHRek, gPPek, muPAQek, mulAlTek} ;

zB{:,k+1) = BAR*zE({:,k) + CR'*#Pk + BR¥*zi(:,k);

ERR(:,k+1l)=2{(:,k+1}-zE(:,%+1);

SFl=2z(1,
SFlE=zE(1,
ERRSFI:ERR(¢

):SA

2}

8202 1=z (5,:) ;XSl=2(5,:);X
SPO4 1E=zE({3, :); XSla:vE(G :
ERRSPOZ 1=ERR (5, :) ;ERRXS1= : RREPE ) :) ;ERRYXDPHAI=ERRI(8, : };

eSFlz(ERRSFl* RRSPI'}/ SFl*SFl'},
aSA1=(ERRSAI*ERRSAL'}/ (SALI*SAL')};

eSNH4 1= (ERRSNH4 1+ERRSNH4 1')/(SNHL 1#SNHL 17);
eSNO3_1= (ERRSNO3_1*ERRSNO3_1"' )/(SNO3ﬁ1*SNO3 1) ;
eSPO4 1= (ERRGDO4 1%ERRGPO4_1'}/(SPO4_L1#*5P04_17) ;
€XS1=(ERRXS1*ERRYS1") / (XS1*XS1");
eXPP1l=(ERRXPP1*ERRXPP1' )/ (¥PPL*XPPL"};

€XPHAl= (ERRXDHAI*ERRXDHAL') / {XPHAL*XPHAL') ;

:); Shné z(11,:};8 wos 2=z(12,:);
} SAZm—ZF(lﬁ, ) ;SNH4_2E=zE{11,:) ;SNO3 25=zg{ 1) ;
_EKR(Q,.),ERRSAz ERR(10, :) ;ERRS¥HE4 2=FERR(11,:) ;E&F 03 _2=ERR(12,:};

:) ;XS2=z{12,:) ;XPP2=z2 (15, : } ; XPHAZ=2(16,:} ;
4,:);XBP2E=2E(15, : ) ;XPHEADE=2zE(16, :) ;
;ERRXS2=ERR (14, :) ;ERRXPP2=ERR {15, : ) ; ERRXPHA2=ERR (16, :) ;

eSF2= (ERstz*ERstz')/(svz*SFZ')-
&522=(ERKSA2*ERESAZ} / (SA2*3R2*});

eSNH4 2= (FRRSNH4 2+«ERRSNH4 _2')/(SNHL _Z*gNHL 2');
2SNO3_2= (ZRRGNO3_2%ERR3NO3_2')/(SNO3_2+%SNC3_2');
eSP0O4_2=(ERRSPO4_2*ERRSPCL_2')/(SPO4_2%SF0L_2');
eX52=(ERRXSZ*ERRXS2"') / (XS2Z*X82');

eXPP2= (ERRXPP2*ERRXPP2' )/ (XPPR2*XPP2") ;

eXPHAZ= (ERRYPHAZ*ERRXPHAR ')/ (XPHAZ*XPH22 ') ;

SF3=z{17,:};5A3



figqure ({9}
subplot(4,4,1) ;plot{k,8F2) ;hold on; plot(k,SFIE, 'k—. ") ;ylabel{'37Z, 8

legend({*Sr2', "SF2E') ;subplot(4,4,2); plot(k,ERRSF2, 'k');ylabel ("ER

subplot(4,4,3) splot(k,522) ;hold on; plot(k,SA2E, 'k—. ") ;ylabel ('35
legend (S22, "SRZEY) ;subplot{4,4,4); plot(k,ERRSA2, "k7);ylabel('E

subplot{4,4,5);plot(k,8NHs_2) ;hold on
legend (" 4 _Z','SmHL_ZET) yTabel(‘

Dlot(k SNH= ZE, Tk-.7)
Subplot(4,4,6); plot (k, ERRSNHL_2,

subplot (4,4,7) ;plot{k,SNC3_2) rhold on;
legend{‘: 3 ; 3 _ZET) Vlabel(‘
subplot (4,4, 8), plot {k, ERRSNO3_ 2,

subplot (4 o)
legend( *:

subplat{4,2,10)

subplot{4,4,11) ;plot(k, ¥52) ;hold on; plot (K,XS52E, "k~. ") ;ylabel (']
legend('¥X3Z"', 'H3227 ) ;eubplot(4,4,12); plot (k,ERRXS2, "1') ;ylakel (

Spr1ot{z,4,l3) iplot (k, XPP2) ;hold on; plot(k,XPP2E, ;
legend('FPFZ’, *YPEC2E') ;ylabel{'X2R2Z, XFP2E ) ; X1abel('”1“f ="
s&bp1o*{4,4,lé)- ;

g XPHAZE, *=—.*)
',ﬁ?:“"*') xlabel('discrate tims x7)

legend(!} ! "‘2?’} ylanel(
subplot (4 4 16) i plov(k,ERRXPHAZ,
ylabel{: Y ixlabel {'dis
set {(figure(9), ‘nams=", - D

srror', 'numberti

figure{14d)
subplot (4,4

legend('3F

-.-..’

P

H
arF

loc (k,8F3) ;hold on; plotik, §F3R, "i~, ') ;ylabel ("’
7‘),Sub970t( +4.,2); plot(k,ERRSF3, "') ;ylabel(

S

subplot (4,4, 3),p¢o;(k §a3) ;hold on; plot(k,SA3E, 'k-.7);;ylabel{ *3Z
legend{ SA3", "32337) ;subplot{4,4,4); plot({k,ERRSA3, ':’);ylabel/{

subplot(4,4,5}); n1o+(k SNE2 3);hold or
legend(* 3°, s 1) ylabe7("‘

DlOt(k,SNH4_3E,’5—.')
subplot (4,2, 5), plot(k,ERRSNH4 3, 'Y ylabe1(’5

subplot{4,4,7) ;plot(k,SN03_3);hold on; plot(c SNO3_3m, '¥-.")
legend('3HQIE 3°, "SN03 350 ;ylabel ('2H3E 2 3
subplot{4,4,8); ploc(k,ERRSNO3_3,° %"} ;

subplot{4,4,9);plot(k,8P04_3) ke
legend('Spo4_ 3¢ '3994433‘);y1abe
subplot (4, 4,_0), plot (k,ERRSP04_

pr ot (4
legend ('
subplc;(

subplot (4
legend (X
subplot
yl:be'(’?

8

subplet{4,4,15) ;plot(k, XPER3) ;hold on; plot (k,XPHR3E, "o-. 7}



legend{ ' XDPHz ¥ ZE');ylabel(’:
subplot(4,4,16) ; plet{k,ERRXPHAZ,
yiabel {'EERXPHA
set (fiqure (10},

time k')

functicn P = P_AASMIF (xk)

glohal £8I YH £XI YPCO4 YPHA iPBM Y2 iNBM Th eraM03 etafe muH gfe bH gPHA PP muPRO bPRO
bPE bPHA muAUT bAUT kPRE kRED KQ2Z KX KNO3 KF XNH4 KALK KA Kfe KPP KPS KP KPEA KIPP EMAX

B{i)= Eh * (xk{1}/(XO2+xk(1)})) * ((xk(11}/xk(12))/(FKX+{xk(11}/xk(12}))) * xk(12)};
D{2)= Kh * atsNC3 * (KO2/(RKO2+xk(1))) * (xk(5)/(ENO3+xk{(5}}} *

(Ixke(11) /xk(12) }/ (EX+ (xk {11} /=xk(12)))) * xk(12);

P{3)= Kh * etafe * (KO2/(XKO2+xk{(1))) * (ENO3I/(EKNO3+xk(5))) =*

({xk{1l) /xk(12) )/ (EX+ (xk(11) /xk(12)))) * xk(12);

P{a)= muHE * {xk(1)/(Ko2+xk(2))) * (xk(2)/(RPF+xk{(2))} * {(xk{2)/(xk{2)+xk{3})}) *
(xk(a)/{ENHEZ+xk(4))) * {(xki{6)/(KP+xk(6))) * (xk(8)/(KALE+xk(8))) * xk{12);

P{5)= muH * (xk(1)/(RO2+xk{1))} * (xk(3)/(ER+xk{3))) * (xk(3)/(xk{2)+xk(3))) *
(xk(4)/ (ENH4+xk (4} )) = (x%(6)/(KP+xk(6))) * (xk{8)/(KALR+xk(8))} * xk{12);

P{6)= muH * etaN03l * (K02/(K02+xk(1))) * (xk(2)/{KF+xk{2))) * (xk(2)/(xk(2})+xk(3))) *
{xk(4)/ {ENEa+xk(2))) * (xk(5)/(KNO3+xk{5))) * {(xki{8)/ (KALK+xk(8))) ~ xk(12);

P{7)= muH * etaNO3 * (RKO2/(KO2+xx(1})) * (xk(3)/{(Ka+xk{(3})) * (xk(3)/(zk(2}+xk(3))) *
(xk{4)/ (ENH4+xk (4} )}) * (& (5)/ (KNC3+xk(5))) * (xk(8)/ (KALK+xk(8})}* (xk(6)/{(XP+xk(&)))
* xke(12) ;

P{8)= gqfe * (K0Z/(RKO2+xk(1l)}) * (KNO3/(EWO3+xk{5)})) * (xk{2)/(Kfe+xk(2}}) *

(xk(8)/ (FALK+xk(8) ) )* xk(12};

P{9)= bH * xk{12};

D{10)= gPEA * (xk(3)/{Ka+xk(3)}) * (xk(8)/{KRLK+xk(8))) *

({xk(14) fxk{13})}/(KPP+ (xk{14)/xk{13}))) = xk{13);

P{11)= gPP * {xk(l)/(KOZ+xk(1})) * (xk{6)/(EPS+xk(8))} * {(xk{8)/(KALK+xk({8))} *

((xk (15} /xk{13})/ (XPHR+ (xk(15)/xk(13)))) * ({KMAX-{xk(14)/xk(13)))/{KPP+KMAX-

(xk(12) /xk(13)})) * =k(13);

P{12)= muPRO * (xk(1)/(KO2+xk(1)})) * (x{4)/ {KNH4+xk(4))) * (xk(8)/(XrLF+xk(8)))*

(X (8)/ (EP+xx (6))) * {(xc(15)/xk({13))/ (KPHA+ (xk(15)/xk(13}))) * =xk(13);

P(13)= bPAC * xk(12) * (xk(B)/(FKALE+xk(8))});

D{14)= bPP * xk(1e} * (xx(8)/(KALK+xk(8)));
P(15)= bPEA * xk(15) * (xXk(8)/(XKALK+xk(8))};
D{16)= muATT * (xk{1)/(K02+xk{1))) * (xic{&)/(FNH4+xx(4))) * (xk(8&)/(Kps+xki(s))) *
(xk(8)/ (KALK+xk(8))) * xk(1l&};

D{17)= bAUT * xk(16};

D{18}= kPRE * xk(§) * xk{18};

PI19)= kKRED * xk{13) * (xk(8}/{KALK+xk{8})])};

(20)= Kh * (xk{(20)/(KO2+x(20)3) * ({xx(30)/xK(31))/ (EX»(xk(30)/xk{31)})) * xk(31);
D(21)= EKh * etako3 * (KC2/(RO2+xx{20))) * (xk(24)/(FNO3+xi(24))) *

((xk(30) /=l (31))/{BX+(k{30) /xk(31}})) * xx(31);

P{22)= Kh * etafe * (X02/(KO2+xk{20})) * (XNGO3/(FNO3I+xk{2¢)}) =

({xk(30) /xk (31))/{KE+ (xk{30) /xk(31}})) * xk(31);

D(23)}= muE * (xx({20)/{X02+xk(20})) * (xk(21)/(EF+xk{21))) * (xk(21)/ (xk(21)+xk(22})) *
(x%(23)/ (ENE2+xk{23))) * (xk(25)/(KP+xk(25))) * (xk(27)/(KALE+xk(27)}) * =k{(31};

P{24a)= mul * (xk{20)/(RO2+xk(20}}) * (xk(22}/(K2+xk{(22))) *» (xk(22)/(xkx(21)+xk(22))} *
(xk {23) 7/ (ENHa+xk{23))) * (xk(25)/(EP+xk(25})}) * (xk(27}/(RALE+xk{27}}} » xk{31);

B(25)= muH * etaNO3 » ({K02/( wosz;(z Y1) R (xk(21)/(KF+xk(21))) *
(xk {21}/ (xx(21y+xk(22}))) * (% VA{RNEL+xk (23)) ) ¢ (xR {24}/ {KNO3+xk (24))) *
(xk(27)/(- Texk (27))) * xk(sl)
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P{26)= mud * etaNO3 * {KO2/{KO2+xk{20))) * (xk(22)}/(Xa+xk(22))) *
{xk(22) / (xk{21)+xk{22) )} * (xk{23) /{(EKNHA+xk(23))) * (xk{(24)/ (ENO3I+xk{24})) *

(xk (27)/ (KALK+xk (27)1))* (xk(25)/ (KP+xk (25))} * xk{31);

B(27)= gfe * (KO2/(KO2+xk{20}}} * (ENC3/(FNOI+xk(24})) » {(®k(21}/(Kfe+xk(21)}) *

(xk (27) / (KALE+xk (27)))* xk(31};

P{28}= bH * xk(31);

B(2%)= gPHA * (x1¢(22)/({KA+xk(22))) * (xk(27)/(FRALK+xk(27))) *

{(xk (33} /xk{32})/(KPP+ (=K {33} /xk(32))}) = xk(32);

P(30)= gPP * {xk(20)/{KO2+xk(20))) * (xk(25}/(RKPS+xk(25))) * (xk(27)/(KRLK+xk (27})) *
({xk(34) /xk{32})/(RXPHA+ (xk (34} /xk (32) ) )} * ((EMAX-(xk(33)/%k(32)})/{KPP+KMAX-
(xk(33)/xk{32))}} * xk{32);

B(31)= muBRAO * (xk(20)/(K02+xk(20})) * (xk(23)/{ENH&+xk(23)}} * (xk{27)/ (KALX+xk(27}))*
(xk {25) / (EP+xk(25) )} * ((x¢{34)/xk(32))}/(KPEA+(xk{34) /xk(32)})) * xx{32);

P(32}= bPAC * xk(32) * (xk(27)/(KRLK+xk(27)));

B(33)= bPP * xk(32) * (xk({27}/(KALK+xk(27)));

P(34)= bPEA * xk(34) * (x(27}/{KALX+xk(27)});

P(35)= mulUT * (xk(20)/(K02+xk(20))) * (xk{23)/{ENHL+xk{23))) = (xk(25)/(¥P+xk{25))) =
(s (27) / (KALK+xk(27))) * xk(35);

P(38)= bAUT * xk(35);

P(37}= kDRE * xk(25) * xk(37);

P{38)= kXRED * xk(38) * {xk{(27)/(KALK+xk(27)});

¥ TANE 3

D(39)= Kh * (xk{39)/(K02+xkc(39})) * {(xKk(49)/xx(50))/ (¥X+(xk(49)/xk{50))})) * xk(50);
P{40)= Kh * etaNo3 * (K02/{K02+xk({39))) * (xk(43)/(XNO3+xk(£3)}) *

((xk{49) /xk(50) )/ (Ex+{xk(23) /xKk(50))}) * xk(50);

P(41l)= Kh * etafe * (KO2/(KO02+xk(39))) * (ENO3/{EKNO3I+xk(43))) *
({xk(49)/Xk(SO)}/(KXT(xk(49)/Xﬁ 50)))) * xk(50);
Pi{42)= muH * (xk(39)/(KO2+xk{39)})) * (xk{20)/{EF+xk(40))} * (xk(20)/(xk{4a0)+xk{21))) *
(xk{42)/ (KNHA +xk (£2))) * (xk{a4)/ (KP+xk(24)))} * {(xk(4§)/(KALK+xk{46))) = xk(50);
P{43)= muH * {xk(39)/{KO2+xk(39))) * (xk{(21)/(KA+xk(21)}} * (xk(a1}/(xk(20}+xk{41}}) =*
(xk{22)/ (KNH4+xk (42))) * (xk(44)/ (KP+xk(44))) * (xk{46)/(KALK+xk(46)}) * xk(50);
P(44)= mu¥ * etaN0l * (KO2/(KOZ2+xk(39))) * (xk{40)/(XF+xk(40)}) *

(xk {40)/ (xk{20}+xk (21))} * (xk(42)/(ENH4+xk(42))) * (xk!23)/{ENO3+xk(a3))) *
(xk(46) / (FaLK+xk(46))) * =k(50);
P(45)= mul * etaNO3l » (KO2/(¥02+xk{(39))) * (xk{41)/(Kn+xk(4l))) *
(xk(41)/ (xk {20y +xk(21))) * (xk({22)/(ENH2+xk(42)}) * (xk(23)/(KNO3+xk(43))) =*

(xk (48) / (FALK+xlc(46) ) ) * (xk(44)/{KP+xk(24))) * xk (50} ;
p{46)= gfe * (KO2/(FO2+xk(3%})) * (KNO3/(KN03+xk{43}))} * (xk{40}/{Efe+xk(20}}) *
{xk(46) / {FATK+xk (26)) ) * xk(56};
P{47)= bH * xk{50);
P{48)= gPHA * {(xk(41)/(Ka+xk{(41)}) * (xk(48)/{RALK+xk(46))) *

({xk{52) /xk(51) )}/ (KPB+ (xk{(52)/xX(B1))}} * xk(51);
P(49)= gPP * (xk{39)/{K02+xk(39)}) * (xc(44)/{¥PS+xk(24))) * (xk(46)/(KALK+xk(46))) *
({xk{53) /xk(51) ) / (KPHA+ (xk (53} /xR (31)))) * ({FMAX-{xk(52)/xk{51)})}/(¥PP+KMAX-
{xk(52)/xx(51)))) * xk(51);
P{50)= mMuPAD * (xk(39)/{KO2+xk(39))) * (xk{22)/(KNHg+xk(22))) * (xk{46)/{KALK+xk{28))}*
(xk (44) / (EB+xk(24))) * ((xk(53)/xk{51))/(KPEA+ (xk(53) /xk(51)))) * xk{51);
B(51)= bTa0 * xk(51) * (xk(26)/{KALK+xk{46)));
P(52)= bPP * xki{52) * (xk{46)/{FALEK+xk(26)}};
D(53)= DPHA * =xzk{53) * {(xk(26)/(¥RALR+xk{45}))
D{54)= muAUT * (xk(39)/(KOZ+xx(33))) * (xk(42}/(ENHA+xk{42}]}) * (=k(42)/(KP+xk{44)}) *
(xk{46) / (KALK+xk{46))}) * xk{52};
P{55)= bBAUT * xk(54);
B(56)= kPRE * xk{as) > xk(55);
B(57)}= kRED * xk{57) * (xk{246)/{KALK+xX(48)));

D = [P(1) B(2) EB(3) P{&) P(5} P{6} P(7) P{8) P{9} P(10) B{1i) P{12) P(13} D(14) D{15)
p{i6) P{17) B{18) P(1%) P{20} P{21) P(22} B{23) P(24) p(25) P{26) P{27) 2(28) P{29)
P{30) B(31} B{32) B(33) P{3£) P{35) P(36) P{37) P(38) P(33) P(40} P{41) (a2} (23}
P{4a2) D(45) P{46) p(27) FP{48) P{29) P{50}) 2{51) P{52) B(53) P{54) B{55) DP(56) P{57)1';
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F.3: MATLAD scriptBle - P_AASRKER.m

function Pk = P_ARRSM2R(zk,uk, XBK, ¥AUTk, X020k, SALKK)

global £STI YH XTI YPQ4 YPHA iPBM YA iNBM Kh etaNO3 etafe mud gfe bH gPEA gPP muPAC bPAO

be? b?H@ muAUT bAUT kXPRE kRED KO2 KX KNO3 KF XNH< KALK K2 Xfe KPP KPS KP KPERZ KIPP KM2
(1)— (uk(l)/{KozTuk(l))) * {((zk(8)/XEk(L)) /(KX+{zk(6)/XHk(1}))) * Xuk{l);

D(2)= etaN0O3 * (XC2/(KC2Z+uk{1))) * (zk{2)/(KNO3+zk(4}))) *

((zk(6) /XEK{1) )}/ (KX+{zk (6) /XEk(1)})) * XiIk(1l};

T(3)= etafe * (X02/(KOz+ukil))) * (FNO3/ (KNOC3+zk({4)}) *

((zk!{6) /XEK{1)}/ (RX+(zk(6) /XEK(1)})) * XHk(1);

Pi{g)= (uk(1l)/{KOZ+uk{1}}) * (zk(1}/{KF+zk(1}})) * (zk{1)/(zk{1)+zk{(2)))
(zk {3}/ (FEa+zk(3))) * (zk(5)/(KP+zk{5})) * (SALKk(1}/{KALK+SALEk{1)))

P(5)= {uk(l}/{KC2+uk(1)}) = (zk(2}/{Ka+zk(2))) * (zk{2)/(zk{l)+zk{2}))
(zk {3}/ (ENHa+zk(3))} * ({zk(5)/(RK2+zk(5}}) * (SALEk(1)/(KRLEK+SALEk{1))) * X¥k(l);

P(6)= etaNO3 * (KO2/(KO2+uk(1}}) * {zk(1)/{KF+zk{1)))} * (zk(1)/(zk{l)+zk(2})) *
(zk {3}/ (ENHa+zk(3))) * (zk{4)/(KNO3+zk(2))) * (S2 Kk(*)/’KALKTSALKk(l Yy * XBR({1l);

P(7)= etaN0O3 * (KOo2/(KO2+uk(1})) * (zk(2)/(KB+zk{2))) * (zk(2}/(zk(1l)+zk(2})) *
(zk({3)/ (KNH2a+zk(3)})) * (=zk{a)/(KNO3+zk(4))) * (SALKk(1)/(KALK+SATEK(I)})}=*
(zk{5)/{KP+zk{5))) * XHk(1);

P(8)= ([KO2/{KO2+uk(1))) * (ENO3/(KNO3+zk{4))}) * (zk{1)/(Kfe+zk(1l)})} =

(SALKK(1}/ (FALK+SALKKk({1)))* XHk({1l);

P{9)= (zk(2)/ (KA+zk{2})) * (SALEk(1})/(KALK+SALKk(1))) *

{({zk(7) /XPRQOk (1)) / (KPP+ (zk (T} /XPnOk(-)))) * XDROk (1) ;

B(10}= f(uk(i)}/(KC2+uk(l))}) * (zk{5)/{(XPS+zk{(5))) * (SALEk(1)/(XALK+SRLRk{1))} *
{((zk(8)/XpA0k (1)) / (XPEA4+ {zk ({8} /EPACk{1})))) * ((KMAX-(zk(7)/XPA0k(1)}))/(KPP+KMAX-
(zk (7)/XPa0k(1})))) * XPAROk(1l};

P(11}= (uk(i}/(RO2+uk(1))} * (zk{3)/(KNH4:+zk{3}))} * (SALEX(1}/(KALK+SALEk(L1)))*
(zk (5)/ (KP+zk{5))) * ({zk(8)/XPA0k(1))/(KPHA+(zk(8)/XPACk(1})}}) * XPROk{l);

P{l2}= {uk{1)/(KOoz+uk(1)}} * (zk{3)/(XKNH4+zk(3})) * (zk{5)/(KP+zk(3))) *

(SATXk (1) /{RALK+SALFk(1)})} * XAUTK(1l);

XHk (1} ;

* * A

0

O

Pllk = [[P{1} PF{2) P(3) 0

0 Y 0 g o] 0 1
[o o] Q p{£) P(5} P(6) P{7} C 0 0 Q 0 1;
[0 o] 0 0 0 0 g 2{8) 0 a o] 0 1;
[0 0 0 0 Q0 0 aQ 0 (9} 0O o] 0 1;
[0 0 0 0 0 o g 0 a {10} © 0 1;
[0 0 0 0 0 0 0 0 o] ] P(I1} O 1
] 0 4} e Q 4 0 0 a g ¢ B{12)1];

i

p(13})= (uk(Z)/(K02+uk(2))) * ({zk(14) /XHk(2)}/(¥X+{zk{14) /XHk(2}))) * XBk(2);

D(1a)= ebaNO3 * (RO2/(KC02+uk{2}}) * (zk(12)/(ENO3+zk(12))) *

{(zk{12) /XHK(2)}/{EX+{(=zk (14} /xEk(2)})} * XHK(Z2);

P{15)= etafe * (XKOZ/(K02+uk(2)}) * (KNO3I/{ENO3+zk(12))) *

((zk(14] /¥Ex(2))/ {(EX+ (zk(14)/XEK(2)))) * XHK(2);

P{16)= {uk(2)/(Koz2+uk{2}))) * (zk(9)/(XF+zk{(9))) * (zk(2}/{zk{(9)+zk(1C))) *

(zk (11) / {ENH2+zk(11))) * {(zk(13)/(KP+zk(13))) * (SALKk(2)/(XALK+SALKk(2 ))) * XEx{2};

P(17)= (uk(2)/(RKoz+uk{2))}) * (zk{10)/(EA+zk(10)}) * (7f(10)/(75(9}+z (rey)y o+

(zk{(11)/ {FNHa+zk(11))) * {(zk{12)/(KP+zk(13))) * (SALKk({2)/{XALK+SALRKX(2 )\) * XIE
P{18)= etaNO3 =* (KQz/{ECzZ+uk(2})) * (zk(9)/ (FF+zk(3)} ) * {(zk(9)/(zk{9)+zk(10)}
{zk(11)/ (ENH4+zk(11))) * (zk(12)/(XN03+zk{12)}} * (SALXk(2)/(EALK+SRLEK{2]}) *
P(19)= eraN03 * (KOz2/{K02+uk(2)})) * (zk{10}/{KAa+zk(1C})} * (zk(1 )/\22\9)+2{(1
{zk(11)/ (FNZ4+zk(11))) * (zk{12)/(ENO3+zk(12))) * (SALKx(2}/(KALK+SALKk(2)

{zk (13} / (KPezk(13))}) * XHK(2):

D{20)= (RKOZ/(KO2+uk{2))) * (EKNO3/ (RMO3-zk(12)}} * (zk{9)/(¥fe+zk(5})} =*

(SATXI {2}/ (KALK+SALEKXk (2)) ) * X=x{(2);
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P(21)= {(zk(10)/(XA+zk(10))) * {SALFk(2)/(KALK+SALEk{2})}} *

((XPAQOk (2) /XPROK(2))/ (KPE+ {XPROK {2} /XPAROk(2))}} * XPACKk(2);

D(22)= {uk{2)/{FKO2+uk{2)}) * {zk(13)/(REPS+zk{(13)}) * (SALEk(2)/(XALK+SAIEKk(2))) *
{((zk{18) /XP20k{2)) / (KPHA+ (2k (16} /XPAQK {2))}) * { (EMAX- (XPACK(2)/XPACK(2)))/ (KPR+XMAX-
(XP2OK{2)} /XPEOK(2)})) * XPAOK{2};

D{23)= {uk{2)/{Ko2+uk{2)}) * {(zk(11)/(KNH4:zk(11}))) * (SALEK(2)/(KALEK+SATEk(2}))*

{zk (13)/(EP+zk{13))) * ((zk(16)/XPACk{2))/(XPHA+ (2k(16)/XPACk{2)})) * XPACkK(2};
P{24)= {uk{2)/{Ko2+uk(2})) * {zk{(11)/{(ENH4+zk(11})) * (zk(13)/(KP+zk(13))) *
(SALKXK{2)/(KALK+SALKK(2))) * XAUTKk(2);

P2k = [[P{13) P(1l4} B(15} O 0 0 4] 0 o] 0 g 0i;
[C o} . Q P(16) EBE{17) P(18) P{19} 0 o) 0 ¢ 0l;
[o Q 0 g 0 o} & B{20) O 0 ¢ 0l;
[C a 0 Q 0 Q ¢ ¢ B(21) © ¢ 0l;
[¢ a G 0 0 a a Q Q p(22) ¢ 01;
[c Q 0 o] o4 Q 0 a o a p(23) 0];
[o 0 0 Q o a 0 a o 0 0 P(24)]];

e
FANE 3

P(25)= (uk(3)/(RKO2+uk(3}}) * ({{zk(22)/XHk(3))/(KX+(zk(22)/XHk(3)))) * EHk(3);

P{26)= etaNO3 * (¥02/(K02+uk{3)}) * (zk{(20}/(RENO3+zk(20)})) *

({zk{22) /¥BK{3)} /(KX+(zk(22) /XHKk(3}))) * XHk(3);

B{27)= etafe * (KO2/(K0O2+uk(3))} * (KNO3I/(ENOI+zk(20}))}) *

({zk{22) /XHK{3) }/ (KX+{zk (22} /XHK(3)))) * XHk(3);

p(28)= {uk{3)/{XO2+uk{23}}) * {(zk(17)/{EF+zk(17))) * (zk(17)/(zk{17)+zk(18)}) *
(zx{(19)/ (FH1+zk(19))) = (zk{21)/(KP+zk(21))}) * (SALKk(3)/ (KALK+3SALKK{3))) * XEk(3};
P(29)= {(uk(2)/(ROZ+uk(3})) * (zk(18)/(Ka+zk(18))) * (zk(18)/(zk{17)+2k{18))) *
(zk(19)/ (KNHa+zk(19))}) = (zk(21)/(KP+zk{21))}} * (SALXK(3)/{FALK+SALEKk(3))) * Xuk(3):
D{30)= etaNO3 * (EO2/(KCz+uk{3))) * {(zk(17)/(KF+zk(17))) * (zk{17)/{(zk{17)+zk(18))) =
[zk(16)/ (KNH4+zk(19})) * {zk{20)/(KNO3+zk(20})) * (SALKK{3)/(RALK+SALKK({3)))} * XHk(2);
P(31)= etaNQ3 * (KO2/({KROzZ+uk(3))) * (zk({18)/(KA+zk(18))) * (zk{18)/(zk{17)+zk(18))) *
(zk(19)/ (KNHa+zk(19))) * {(2zk{20)/(ENO3+zk(20}}) * (SALKk(3)/(RALK+SALEk{3)}))*
{zk(21)/ (KP+zk(21)}) * XHk(3);

P{32}= (KO2/(RO2+uk(3))) * (ENO3/(¥N03+zk(20))) * (zk(17)/ (Kfe+zk(17})) *

(SALEk(3)/ (KALK+SALKKk(3)))* XEkK(3);

D(33)= (zk(18)/(Ka+zk{18))) * (SALKk{(3)/(FRLK+SALKk(3))) *

{ (XPECK (3) /XPROK(3))/ {KPP+ (XPA0K(3) /XPAOK(3))})) * XEAQK(3);

Pl3g)= (uk(3)/(KO2+uk{3})) * (zk{21)/(KPS+zk(21)}} * {(SALEK(3)/(KALK+SALXK(3))) *
{({zk{24) /XPAOK (3) ) / {KPHA+ {zk (22) /XPRAOk (3} )) )} * {(KMAX- (XPAOK(3)/XPAOK(3}))}/ (KPP+XMAK-
(XPAOK(3)/XPAOK(3)))) * XPACkK(3);

P(35)= (uk(3)/(KOZ+uk{3))) * (zk(19)/(KNHL+zk{I13)})}) * (SALKk{3)/{KALK+SALKk{3}))=*

{(zk (21) / {EP+zk(21))) * ({zk{24)/XPROk(3})/{¥PHA+ {zk({24}/XDPACK(3))})) * XPAOK{3):
D(36)= (uk{3)/(RKO2+uk(3))) * (zk(13)/{FKH2+zk(19))) * (zk(21)/ (XKP+zk(21)}) *

(SALKkK (3} /(KALK+8ALKK(3))) * XAUTk{3}:

5

B3k = [[P(25} P{26) 2(27) O 0 ¢ 0 0 Q 0 o al;
[o o 0 p(28) P(29) P(30) P(31) ¢ 0 a o ol;
[o o 0 o o 0 0 F{32) 0 0 0 0l;
[0 e 0 0 0 e 0 ] P{33) 0 o ol;
[o o 0 e 0 0 0 ¢ 0 P{34) 0 0Ol;
Lo o 0 0 g 0 o o ¢ 0 P(35) 01;
[o ] o 0 g 0 0 0 0 0 ¢ B(38)11;

F.4: MATLAB scriptiile ~ P_AASLNIREm
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20Tk, XPRCk, SAL¥K, kHek, muHek, gfeek, gPH2ek, gPPek, muPR0ek, mulAUTek)

global £8I YH £XI YDPQ4 YPHA iPBM YA INBM Kh etaN03 etafe muH gfe bH gPHA qPP muPAQ bPAQO
bPP bPHA muAUT HAUT kPRE kRED K02 KX KNO3 KF EXHZ KATLEK KA Kfe XDP XDPS KP KPEA KIPP EMAX
% TENK 1

D(l}= kHek * (uk{1)/(Koz+uk (1}}) * {{zk(6})/XEk(1)}/(EX+{zk{(8)/XHk(1}))) * XHk({1):

P(2}= kHek * ebaN0O3 * (KO2/(XKO2+uk{l)}} * {zk(4)/(ENO3+zk(4)}) *
{(zk(6) /XHX (1)) /(KX+ (zk {6} /XEK(1)})) * XHk{1l);
P{3}= kHek * etafe * (XK02/(KC2+uk(1l))) * (RNO3I/{KNO3+zk{s)})} *
((zk(6) /XHX(1))/{KX+(zk (6} /XEK(1)}))) * XHk(1);
P{¢)= muHek * (uk{i)/(EKO2+uk(1}))} * {zk(1})/(KP+zk{1})) * (zk{(1)/(zk{1)+zk{2)}} *
(zk (3)/ (ENH24+zk{3))) * (zk(5)/(KP+zk(5))) * (SALKk({l)/{KALK+SALKk(1l)}) * XHk(1l);
P(5}= muHek * (uk{l)/(K02:uk (1))} * (zk(2)/(Ea+zk(2))) * (zk{(2)/(=zk(1)+zk{2})}) *
(zk (3)/(ENH4+2zk{3))) * (zk(5}/(EP+zk{5}}) * (SALEk(l)/(KALK+SALEK(1))) * XEk(1};
P(6}= mulek * etaNO3 * (K02/(FKC2+uk{l})) * (zk(1)/{(FF+zk{1})}) * (zk(1l)/(zk(1)+zk{2)})) *
(zk(3)/ (FNH4+zk(3))) * (zk(2)/(ENC3+zk(2)))} * (SALEKk(1)/({ KALK+SALRk( Vo*x XHk(1);
BP(7)= mulek * etaN03 * (F0z2/(Ro2+uk{1}}} * {zk{2)}/(ER+zk(2})) * { (zk{1)+zk{2))) *
(zk (3)/ (ENH2+zk(3))) * (zk{4)/(¥KNQ3+zk(4))) * (SALKk(ly/(KALK+s;r { %
(zk (5) / (¥P+zk (5))) * XHK({1);
P{8)= gfesck * (K02/{KO2+uk(l}))) * (ENO3/(ENO3+zk(4))) * (zk{(1)/ (Kfe+zk{l})) *
(SALKx(1)/(KALK+SALEX (1)) }* XBk{l};
P(9)= gPEAek * (zk(2)/{KA+zk(2})}) * (SALKk{1)/({XALK+SALEk(1})) *
((zk(7)/¥XPAOK (1)) / (EPP+ {zk(7) /XPROk(1}})) * XPROK(1l);
P{10)= gPPek * {uk{i)/(KO2+uk(1l))) * (zk(5)/{EPS+zk(5)}) * (SAULKkK{l)/(KALK+SALKk(1))) *
{(({zk(8)/XPROk (1)) / (KPHA+{zk (8} /XPAOk (1} })) * ((FEMAX-{zk(7)/XPACk(1l)}}/ (XKPP+KMAX-
(zic (7)/XPR0K (1))} * XPAOk(1l);
P(11)= muPAQek * (uk(1l)/{KOoZ+uk(1))) * (zk{3)/(KNHa+zk(3))) *
(SALKK(L)/ (KALEK+SAELEk (1))} * (zk( :)/(KDTZR(S))) *
{{zk(8) /XPACK (1)) / {KPHA+ {zk{8) /XPA0K(1)})) * XPAOk({1l);
P{12)= mulAUTek * (uk(l)/{(RKOZ+uk(1)}} * {(=zk(3)/(KNH4:+zk(3))) * (zk(5)/(KP+zk{5))) *
{SAar¥i(1l)/(KALK+SALKk (1))} * XAUTk(1l};

1))
2)/ ¢
1))

3 TANK 2

P{13)= kHek * {uk(2)}/(K02+uk(2))) * {(zk{14)/XHk(2))/(EX+{zk{12)/XHk(2)))}) * XHK(2):
D(14)= kHek * etaN0O3 *# ({(RK0O2/(XOoz+uk{2))) * (zk(12)/(KNC3+zk{1z})) *

({zk(12) /XBK{(2) )}/ (EX+ (zk(14) f/XHK(2)}))) * XHK(2);
P(15)= kHek * etafe * (K02/(R02+uk(2}}) * (KNO3/ (XC3+zk{12))) =*

({zk(14) /Xuk(2))/ (KX+ (zk(14) /¥Hk(2))})) * XHK(2);
P(16)= muHdek * (uk(2})/{(KO2+uk(2})) * (zk(S)/{KF+zk{g)}) * (zk{(9)/(zk(9)+zk{10}}} =*

(zk (11 / {(ENHa+zk(11}}) * (gk(13)/{KP+zk{(13})) * (SALKk{2)/(KALK+SAL¥k{2)))} * XHk(2);
P{17)= mudek * (uk(2)/(EC2+uk{(2}}) * {(zk{10)/(KR+zk(10))) * (zk{10)/{(zk(9)+zk(10)}) *
(zk (11) / {FMHA+z (11))) = (zk{13)}/{KP+zk{(13))} * (SALKk{2)/ (HALRK+SALXk(2)}]} * XHk{2};
P{18)= muHek * etaNO3 * (RKO2/(KO2+uk(2)})} * (zk(9)/(KF+zk(8))) * (zk{9)/(zk(9)+zk{1C)})
* (zX({11)/{ENHa+zk (11)}) * (zk{12)/(ENO03+zk{12}}) * (SALKk(2)/(EKALK+SALEKk{(2})) *
ZEk(2);
T{19)= muHek * etaNQ3 * (R02/(X02+uk(2))} * (zk(10}/(KA+zk{10))) =*

(zk(10)/ (zk(9)+zk(10) )} * (zk{I1)/(XNH4+zk(11}}) * (zk(12}/(ENC3+zk({12})} =
(SAIKK(2)/(KALK+SATKK(2)Y})* {zk(13}/(KP+zk(13))) * XHk{2};
P(20)= afeeck * (KO2/(KO02+uk(2))) * (FNO3/(ENO3+zk{1l2))) * (zk(9)/(Xfe+zk(s))) *
{SATLEk(2)/{RATK+SALKI(2)})* XHk(2);
P{21)= gPHAsk * (zk(10)/(KA+zk{10})) * (SALKk(2}/(XRLE+SALEX(2})) =

((XPAOK(2) /XPACK(2} )/ (KFD+ (XPACK(2) /XPAOK(2)))) * XDAOK(2);
P(22)= gPPek * (uk(2)/(KO2+uk(2))) * (zk{13)/(EPS+zk(13}}) * (SALKk(2)/{KALK+SATXk(2))]
* {(zk{16)/XPa0k(2))/ (EPEA+ {zk({16) /XPACK(2})})) * ((E¥MAX- (XPROk(2)/XPA0k{2})))/{KPP+KMAX-
(EPROK{2) /XPAOK(2)})) * XPAOK(Z):
P{23)= muPAOek * (uk{2)/(XKO2+uk(2})) * (zk{1ll)/(ENHi+zk(11l))) *

(BALEk{2)/ (KALK+SATRx {2} ) * {zk{13)/{KP+zk(13))) *

((zk (16} /XPROK(2)) / (KPHA+{zk(16) /EPROk(2})))) * XPAOk(2);
D{24)= muRUrek * (uk(2)/(RKOZ+uk(2))) * (zk{11)/(FNZ4+zk(11))} * (zk(13)/({EP+zk{13))) *
(SARLKk(2)/ (RALK+SALEKK{2))}) * XaUTk{2);

ATE O3

v(za)w kHek * {uk(3)/(KO2Z+uk(3})) * ({2k(22)/X5k(3)}/ (K+{zk(22)/x8k{3)})) = XEkI{3);
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P(26)= kHEek * etaNC3 * (KOZ/ (KO2+uk(3))}) * (zk(20)/(ENO3+zk{20))) =*

{({zk(22) /XHK(3))/(EKX+{zk (22} /XHK{3))}) * XHk(3);

P(27)= kHek * etafe * (KO2/(K02:uk(3))) * (RKNOQ3/ (KNO3+zk(20))) =

({zk(22) /¥BK(3))/(EX+(zk {22} /XBEK{3)}))) =~ XHK(3);

P(28)= muEek * {uk(3)/(KO2+uk{3})) * {(zk(17)/(EF+zk(17})) * {zk{17)/{zk{(17)+zk(28))) =*
(zk (19} / (KNH4+zk{12))) * (zk{(21}/({EP+zk{21))) * {(SALXk(3}/{FALK+SALEk(3})) * XHk(3);
P(29)= muHek * (uk(3)/(K02+uk(3))) * {zk(18)/(KA+zk(18})) * {(zk(18)/{zk{17)+zk(18))) *
(zk (19) / (BNHL+zk{19))) * (zk{21)/(KP+zk{21)}) * (SALKk(3}/{FALK+SATRk(3}})} * XHk(3);
P(30)= muHek * etalNO3 * {KO2/(K02:+uk{3))} * (zk(17)/{EF+zk{17)})) *

(zk (17} / (zk(17)+zk(18))) * (zk(19)/(KNH4+zk({19))) * {=zk(20)/(KNC3+zk (20)}) =*
(SALEX(3)/ (KALK+SALKk{3))} * ¥XHEK(3);

P(31)= muHBek * etalNC31 * {KO2/(RC2+uk{3})} * (zk(18)/{KR+zk(ig))) *

(zk(18)/ (zk(17)+zk (18))) = (zk(i9}/ (KNH4+zk(19))) * {zk{20)/(KN03+zk(20)}}) =
(SALKK(3)/ (KALK+SALKK(3))}* (zk(21)/(EP+zk(21))}) * XHkX(3);

P(32)= gfesk * (KO2/(KC2+uk(3))}) * (ENO3/(ENO3+zk{(20))) * (zk{17})/(Kfe+zk(17))) *
(SATKK(3)/ (KALK+SALEK(3)))}* XHk(3):

P(33)= gPHAek * {zk(18)/{Kr+zk(18))) * (SALKk{3)/{(KALK+SALKK(3})) *
((XxPA0k({3)/XPA0K(3))/{KPP+ (XPACk(3) /XPAOK(3)})) * XDAOkK{3):

P{34)= gPiesk * (uk (3)/(KO2+uk(3})}) * (zk(21)/(KPS+zk(21))) * (SRALEk(3)/{XALK+SALEK{3)))}
* ((zk(24) /XPACK(3))/(XPEE+ (zk(24) /XPAOK(3))}) * ((FMAX- {XPARCk(3)/XPRCk{(3}))/ (KPP+KMAX-
{(X¥PAOK({3)/XPACK(3)))) * XDAOk(3):

B(35)= muPAOek * (uk(3)/{KO2+uk(3))) * (zk{19)/{ENH4:+zk{19))} *

(SALKI(3)/ (KALX+SATEK(3I} )} * (zk(21)/(KP+zk{21)}) *

{(zk{24) /XPROk(3)) / (KPHA+ (zk (24} /XPROK (3}))) * XPaok(2);

P(36)= mudUTek * (uk(3)/(KO2+uk(3})) * (zk(19)/{(KNHi+zk(19))) * (zk(21)/(Kp+zki{21}))} *
(SALKK(3)/ (KALK+SALRK{3} )} * XaUTk{3);

Pk = [P{1} P(2) P(3) F(4) P{(5) P{6) P(7) P{8} P(9) B(10) P(11)
B{16) P(17) P(18) PB{13} P(20} P(21) P(22) P(23} P{24) P(25) P(28) P(27) P(28)
P(30) P(31) P(32) D(33) P(34} B(35) P(38)]';

P(12) P(13) P{1la) P(15)
(29

hJ
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APPENDIX G: DEVELOPED MATLAB CODE FOR QPTIMAL CONTROL OF THE
ATHLONE PLANT WITH THE ACTIVATED SLUDGE MODEL NO.2d BIO-RMODEL

G4 MIATLAB soript file - A4A5M2d Simuiztionm

. znles

HA iPBM YA iNBM Eh etaWNO3 etafe muH gfe bH gPHA
glebal gPP muPAC bPAC bPP bPHA mMuAUT BAUT kPRE kRED KO2Z KX EKNO3 KF XNHz
globzl EKALE KA Kfe KPP KPS KP KPHA KIPP EMRAX

]

37
etal03 = 0.8;
etafe = 0.20;
miH = 0.6;
qgfe 3;
bH = 0.2;
gPHA = 3;
gPP = 1.5;
muP20 = 1;
bPRO = 0.2;
bep = 0.2;
hOHE = 0.2;
wuRIT = 1;
LAUT = 0.15;
kPRE = 1;
kRE 0
¥ozZ = 0.2;
X = 0.1;
KNO3 = 0.5;
KF = 4;
KNHZ = 0.05;
KALK = 0.1;
XA = &;
Kfe = 20;
P2 0.01;
KPS = 0.20;
o= = 0.01;
KPHA = 0.01;

293



of

Q0 = 40003;

Qa = 39916.8;
Op = 39%1le.8;
Qr = 40003;

Qw = 38400.0;
QL =0Qp + Q0; ;
Q2 =0Qp + Q0 + Qa +
Q3 = Q2;

(QP+Q0+Qr-Qw) / (Qr) ;

[zl

ar e o

[E

e

l a
vz V2; IV22 = IV2 * Q2; A22 = 1 - IV22;
Ivi = V3; IV33 = IV3 * Q3; A33 1

I

Al2 IVl * Qp;
A23a IVz * (Qa + Qr);

A23b = IV2 * {Qa + LAMRBDA*Qr);
221 IV2*Q1;

A32 = IV3I*Q2;

211 = A1l * ones(l,19}); A1l = diag(all);
Al2 = Al12 * ones(1,1%}; ARlZ = diag{a12);
Al13 = zeros(l19,19);

A21 = A21 * ones(i,1%); A2l = diag{(a21);

222 = A22 * ones{l1l,19); A22 diag{az22);

A23 =
[A23a,A2%a,A23a,A23a,RA23a,A23a,A23a,A235,4234,223b,223b,A23b,A23b, A21b,A23b,A21b,A23b, A
23b,A23b];

A23 = diag{A23});

A3l = zeros{l19,1%);
A32 = A32 * ones(1l,19
A33 = 233 * ones(1,19

e
(¥
¥
I

diag(a32);
= diag(a33);

e
o
ool
w
w
I

[A11 AlZ A13; A21 A22 A23; A31 A32 A33];

k]
1

Bl1l = IV0O * ones(1,1%}; Bll diag{Bl1l};

B = [Bll; zeros(38,19)];:
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jaratel : ] te

=[[ 0 a. 00000 -0.75 0 0];
[01000.010000.6010-100900CYO -0.750 0];

[01 9 00.01 0000.0000-100C00C0 -0.750 0Q];

[-0.6 -1.6 0 0 -0.022 0 C -0¢.004 -0.001 0 01000 0 0.9 0 0];
[-0.6 0 -1.6 0 -0.07 0 G -0.02 ¢.021 ¢ 01 000 Q0.9 90 0};

[0 -1.6 00 -0.022 0.21 -0.21 -C.004 ©.014 0 0 1 00 0 0 0.9 0 Gl;
[0 0 -1.6 0 -0.07 0.21 -0.21 -0.02 0.C36 C 01 0 Q0 Q0.9 0 01;
[0 -1100.030C0090.01 -0.014 000000000 0];

[0 0 0 ¢ 0.031 0 ¢ 0.01 0.002 0.1 0.9 -1 0 C G 0 -0.15 0 0];

[0 0-1 00Q0Q0G.40.0080000 -0.4190 -0.6% 0 0];

[-¢.2 0 0QCO0O090-10.0¢ 00001 -0.20¢ 3.1 0 C];

[0 00 CO Q.07 ~0.07 -1 0.021 0 00 01 -0.20 3.11 0 0];
[-c.e 0 00O -C.07CG0 -0.02 -0.004 0 00106-1.860 -0.06 0 0];

fo c0C-0.07 0.21 -0.21L -0.02 0.011 0 0 0 1 C -1.6 0 -0.06 0 0OI;
fc o0 CO0.0310C0.01 5.00290.120.%0-1L0Q00 -0.15 0 01;
fcooo00COO0O1L -0.0160 000 -L090 -3.230 0]

feo1 000090 -0.0160 0000 -10-0.58200];

[-18 0 ¢ 0 -4.24 0 4£.17 -0.02 -G-6 0 ¢ Q 0C 001 Q0.% 0 0];

[0 ccQ090.031000C.010.0020.10.9000¢C-1-0.150 01;
{000 00C0C-10.04800000O0C 0 1.42 -3.45 &¢,873;

[0 CCO0O0OQC1 -C.048 0 00 0 0 © 0 -1.42 3.45 -4¢.87];]

@3
1]

DT* [CC zeres({21,38); zeros{21,19) CC zeros{21,19%9); zeros(21,38) CC];

xi = [SOo2i*ones(l,K1l}; SFi*cnes(l,XKl); SAi*cnes{1,Kl}; SNH4i*ones(l,KL};
SNO3i*ones(1,K1); SPOo4i*ones(l,X1); SIi*cnes(1l,K1l); SALKi*ones{(1l,K1};
SNz2i*ones(1,K1); XIi*ones(l,¥1); XSi*ones{l,Kl); XHi*cnes{1l,X1l);
Xpraoi*ones(l,K1l); XPPi*ones{l,Kl); XPHAi*ones(l,Kl); XAUTi*cnes(l,Kl1l);
XTS8i*ones(l,K1l); XMeOHi*ones(1l,K1); EMePi*ones(1,K1i}];

O
e
th

802 1 = £.2982433e-03; SF_

1 = 2.8082131e+C0; SA 1 = 2.8082131le+00;
SNH2 1 = 7.9178845e+00; SNO3_1 = 5.3699400e+00; SPO£_1 = 3.6;
SI 1 = 3.000000Q0e+01; SALK_1 = £.9277103e+00; SN2_31 = 1.2166405e+00;
XI_ 1 = 1.14%1252e+03; XS_1 = 8.2134908e+01; XH 1 = 2.5517658e+03;
XPAO 1 = 0.1; XPP_1 = 0.1; XPHA 1 = 0.1; XAUT_1 = 1.4838%43e+02;
XTS5 1 = 180;XMe0H_1 = 0.1;XMeP_1 = 0.%;

%10 = [502_1; SF_1; 8A 1; SNH4_1; SNO3_1; SPO4 1; SI_1; SALK 1; SN2_1;
XI_1; XS_1; ¥H 1; XPAO_1; XPP_1; XPHA 1; XAUT_ 1; XTSS_1; XMeOH_1;

XMeP 1];

i For tank 2

S02 2 = 6.3131911e-05; SF_2 = 1.4587540e+00; SA 2 = 1.4587940e+00;

SNH4 2 = 8.3444148e+00; SKO3_2 = 3.66198672e+00; SPO4_2 = 3.6;

SI_2 = 3,0000000e+01; S2LK 2 = 5.0801748e+00; SN2_2 = 8.8206477e-01;

£I_2 = 1.1491252e+03; X5 _2 = 7.6386187e+01; XH_2 = 2.5533851e+03;

XPAQ 2 = 0.1;XKFPP 2 = 0.1; XPHA 2 = C.1; XAUT 2 = 1.4830914e+02;

XTSS 2 = 180;XMeCH 2 = 0.1; XMeP_ 2 = 0.1;

%20 = [802 2; SF_2; SA_2; SNH&_2; SNO3_2; $PO4_2; SI_2; SALK_2; SN2_2;
XI 2; XS 2; ¥H 2; XPARQ_Z; XPP_2; XPHA 2; XAUT 2; XTSS_2; XMeOH 2;
XMeP_2];

% For tank 3

802 3 = 1.7183778e+00; SF 3 = 1.14552182+00; SA 3 = 1.1495418e+00;

SNHZ;B = 5.5479452e+00; SNO3_3 = €.5408820=+00; SP0O4_3 = 3.§;

ST 3 = 3.0000000e+0); SALK 3 = £.6747902e¢+00; SN2_3 = B.2888682e-01;

295



XI_3 = 1.1491252e+03; X5 3 = 6.48
¥PAO_3 = 0.1; XPP_3 = 0.1; XDHA 3

XTSS 3 = 180; XMeOH 3 = 0.1;
x30 = (S02_3; SF_3; SA_3; SNHE_3;
XI_3; XS_3; XH_3; XPAQ 3;

XMeP_31;

x0 = [x10;x20;x301;
x = [x0 zeros(57,K1)];

XMeD_3

54%22e+01; XH 3

= 0.1; XAUT 3
= 0.1;

SNO3_3; SPO4_3;
XPP_3; XPHA 3;

SI_3;
Xa0T 3;

Z(:,k+1) = A*x(:, k) + C'*Pk + B*xi(:,k) + xxlk;

% Steady state simualation of
for k = 1:X1

xk = x{:,K};

xik = xi(:,k)7

Pk = P_AagMadF {xk} ;

S0k = [xk(3%,1)];

xxk = DT*KLa* {80sat-50k};

xxlk = [zeros(38,1);xxk(1l};zeros(18,1}];
end

subplot (5,4,1) ;plot{x(t,:)}
subplot (5,4,2);plot(x({2,:)}
subplot (5,4,23} ;plot(x(3,:))
subplot (5,4,4) ;plot{x(z,:))
subplct (5,4,5) ;plot(x(5,:});
subplet (5,4,6) ;plot{x{6,:});
subplot(5,4,7);plot(x{7,:}1});
subplot (5,4,8) ;plot(x(8,:))
subplot (5,4,9) ;plot (%(9,:)}
subplot (5,4,10) ;plot{x (10,
subplot (5,4,11);plot(x (11,
subplot (5,4,12);plot(x(12,
subplot(5,4,13) ;plot (x (13,
subplot(5,4,14) ;plot(x (14,

subplot (5,4,15) ;plot(x(15,:});title (¥R

subplot{5,4,16);plot (x(16,
xlabel(’'dizcrete time k')
subplot {5,4,17) ;plot{x{17,:
xlabel (‘discrete tims k')
subplet(5,4,18);plet{x (18,
Xlab&l('deurHL: tima ¥')

the steady

;ticle("20

;title (T3FD

jtitle (7
stitle ('
title ('
title(’3
titlie{’
sticle ('ar
;ticle (3%

:})reitie(V
:});eitie( '
) )stitled
) ) titleld
:));ticle( X

))ibitle(t¥

}iititle(?

}rititle(' %

2 1)

¥IrY);
¥

KHL')
4

kY

XT3517)

)

subplot{5,4,19);plot(x{19,:});;title{ '¥cFl")

xlabel(‘discrete time ')
sec{figure (1), i

t Tank 2
figure(2)

subplot (5,4,1) ;plot{x{20,:)
subplot (5,4,2) ;plot{x{21, 1)
subplot (5,4, 3) ;plot(x{22, :)
subplot {5,4,4) ;plot(x(23,:}
subplot(5,4,5) ;plot(x(24,:)

subplot {5,4,6) ;plot(x(25,:}) ;title('SF
subplot(5,4,7) ;plot(x{26,:));title{'S3 D)
)rtitle{ V3R
subplet (5,4,9) ;plot{x({28,:)) ;title('E
:));eitle{
Yi;: t1tle('V

subplot (5,4,8) ;plot(x(27,:)

subplot (5,4,10) ;plot ({25,
subplot(5,4,11);plot (x{30,:

Jititle{'
}ititle('3
yititle(!

}Yititle ('

}YiEitile('S

ST

PRt

subplot{5,4,12);plot(x{31,:});citle('¥HZ")

subplot(5,4,13) ;plot{x(32,
subplot (5,4,14) ;plet {x(33,

J).tlcle(

vZ2 )

2.5571314e4+03;

1.48%4126e+02;

SALK_3; SN2_3;
XTSS_3; XMeCH_3;




subplot (5,4,15) ;plot{x(34, :) ) ;title(’XPHA?"

subplot (5,4,16) ;plot{x(35,:) };title{ ' XAUTZ")

xlabel('discrets time k')

subplot (5,4,17) ;plot {x{36,:) };title( XI352")

xlabel({'discreie Zime k') .

subplot (5,4,18) ;plot{x(37,:));title{ "xxalH2")

xlabel(*discrzis tims k)

subplot (5,4,19) ;plot{x{38,:)};title{*XM=02")

xlabel('discrete fims k')

set (figure(2), 'rame’, 'Tank 2 steady state resultis','numbertifls’, 'off')
% Tank 3

figure(3)

subplot{5,4,1}; plot(x(39,.)) ;title(:

subplot{5,4,2) ;plot({x(40,:)} ;title{’s3
subplet (5,4,3) ;plot(x{41,:)) ;title{*SA
subplot{5,4,4);plot{x(42,:) )} ;title(’*s
subplot(5,4,5) ;plet(x(43,:)); titTE(’“uu3
subplot {5,4,6) ;plob(x(44,:)};title(*S _
subplot (5,4, 7) ;plot{x(45,:})); t1t1e(’ﬂl?’)
subplot (5,4,8) iplot{x{46,:)) ;title (' 3RTK
subplot{5,4,9);plot(x{(47,:)) ;tikle (SN2 3*)
subplot {(5,4,10};plot (x{48,:)) ;title(*¥I
gsubplot{5,4,11};plot(x(49,:) ) ;ticle( '3
subplot(5,4,12};plot(x({50,:));ticle( ¥H
subpiot (5,4,13};plot (x(51,:));ritle (¥
subplot(5,4,14};plot(x(52,:)) ;ticle (' XPF3

subplot (5,4,15);plot(x(53,:)) tltle(’( g
subplot (5,4,16});plot(x(54,:));title(*
xlabel('discrete fTime k')

subplot (5,4,17) ;plot{x{55,:) ) ;ticie{"LI533")

xlabel('discreze tim= k')

subplot (5,4,18) ;plot{x(56, )} ;title("XMaOHI')

LI Ll L
— =

O

J e

3
=
3!

xlabel('discrzis time k')

subplct (5,4,19) ;plot{x(57,:)};title (' XM=F3"}

xlabel('discrete fims k')

set (figure{3), 'name’, 'Tank 3 steady state resultse’, 'numbertitle','cii")

i = [802ivones(1,K); SFi*ones(l,K); SARitones{1,K}; dry(l:K,6)’;
SNO3i*ones(1,¥); SPO4i*ones(l,K); dry(1:X,7)'; SALKi*ones{l,K);
SN2i*omnes(1,K); dry(1:K,5}'; dry(1:K,4)'; dry{1:K,3)';
XPAQOi*ones{l,K); XPPi*ones(1,K); XPHAi*ones(l1,K); XAUTi*ones(1,K);
XTSSi*ones{l,X); XMeOHi*ones(1l,K}; XMePi*ones(l,K)];

= [%(:,K1+1) zeros{57,K}I;

]

namic simulation of T
= 1:K

xk = x{:,k);

xik = xi(:.k)

Pk = P_AASM2dF (xk) ;

o
o]
oot
W

|

S0k = {xk(3%,1)1;

xxk = DT*KLa* (S0sat-SCk};

xxlk = [zeros(38,1);xxk(l};zeros(18,1)];
®x{:,k+1) = BA*x(:,k) + C'*Pk + Brxi(:, k) + xxik;
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figure{a)
subplot{5,4,1);ploc{x(1,:}) ;titie(*S02
subplot{5,4,2);ploc{x(2,:)};title(*5F1

subplot(5,4,3);ploc{x(3,:));title('S2
subplot(5,4,4);plot{x(2,:)};title{’S )
subplot{5,4,5);plot{x(5,:) ) ;title("SNC3 1")
subplot (5,4,6) ;plot{x(5,:)};title (*SP32 1)
subplot(5,4,7) ;plot{x(7,:)); tltle('qll
subplot(5,4,8);plot(x(8,:)) ;title (" SALE
subplot (5,4, 9) ;plot{x(9,:));title {7 SN2
subplot (5,4,10) ;plot(x (10, :));title{’ Xr1’
subplot(5,4,11);;plot{x(11,:)); tltTe{‘VQl')
subplot(5,4,12) ;plot (x(12,:));title{'XHL")
subplot (5,4,13);piot(x(13,:));title("XBACLT)
subplot{5,4,14) ;plot (x(14,:) ) ;title{'¥PR1Y)
subplot(5,4,15) ;plot (x(15,:));;title ('XPHAL")
subplot(5,4,16) ;plot (x(16,:));Eitle("XAUTL?)
xlabel{'discraete time k')
subplot(5,4,17);plot(x{17,:});title(*XTE31")
xlazbel({'discrats time k')
subplot(5,4,18) ;plot (x (18, :});title ('XH=CHL")
xlabel({'discrete Time k')

subplot(5,4,19) plct(x{lS,. }ititle (" 4MaPl')
xlabel('discrets

seb {(figure(4},F’ 1 dynamic rvesults', 'numberticlie’,'0ff")
% Tank 2

tigure{s5}

subplot{5,4,1);ploc{x(20,:}) ;title('3C
subplot(5,4,2);plot{x(21,:));;title(’

subplot (5,4,3) ;plot{x(22,:) ) ;title(’
subplot(5,4,4);plot(x(23,:)) ;title(’

subploet (5,4,5) ;plot(x(24,:));title(’ n
subplot (5,4,6);plot(x(25,:)) ;title('3P04 2
subplot(5,4,7);plot(x(26,:)) ;title('S }
subplot(5,4,8) ;plot{x(27,:)) ;citle (' SALKZ
subplot{5,4¢,%);ploc{x(28,:)) ;tictle('582 2
subploc(5,4,10);plot{x(29,:) ) ;title{"XIZ");
subplot{5,4,11) ;plot{x(30,:)):title{'¥32")
subploc{5,4,12);plot(x(31,:})) ;eitle{'H2")
subplot{5,4,13) ;plot{x (32, $});eitle (FUPROZEY)
subplot{5,4,14);plot(x(33,:));citle{"XFP2"}
subplot{5,4,15) ;plot(x(34,:));title ('] 21y
subplot{5,4,16) ;plot(x (35, :));title ("X2UTZ")
xlabel{'di=zcrete Zime k')

subplot{5,4, 17),plot(x(36 :));eicle("XTSED)
xlabel{'discrets e k1)

subplot(5,4,18); Dlot(x(37,:)) citle(¥M=CHEI"}
xlabel{’'discrete time k')

subplot(5,4,13} plot(x(BS,:)) title(*XM=2FZ'})
xlabel(*discrete time k')

set {figqure (5}, 'nams', "Tank 2 GfEY)

% Tank 3
figure(6}

subplot{5,4,1) ;plot(x(39,:));citle('SCI2
subplot (5,4,2) ;plot (x(4¢, :) ) ;ritle("SF
subplot(5,4,3);plot(x(él,:));title{'
subplot (5,4,4) ;plot(x(42,:));;title ("8
subplot (5,4,5) ;plot (x{43,:)};title{ SKd
subplot (5,4,6) ;plot(x(24,:)} ;title{ 5PC4
subplot(5,4,7);plot(x(45,:)) title('sT 3 Y
subplot(5,4,8);plot{x(46,:)} ;title ("
subplot(5,4,9) ;plot{x(47,:)} ;title (73D

U

g
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subplcot(5,4,10) ;plot{x (48,
subplot{5,4,11) ;plot{x{49,:
subplot{5,4,12) ;plot{x(50,
subplot{5,4,13) ;plot{x(51,:
subplot{5,4,14};plot{x (52,
subplot{5,4,15) ;plot (x{53,
subplot{5,4,16) ;plot{x({54,
xlabel({'discrsts time k')

subplot (5,4,17);plot(x(55, -
xlabel(*discrate Time k')

subplot(5,4,18) ;plot (x (56,
xlakel('discrete time k')

subplot (5,4, 19)-ploc(x(57,:
xlabel('discr
set{figure(6}, "

ot

(A

ey

x(4,:

z1 = [x(2,:); x(3,:};

z2 = [x(21,:);x(22, -} ;x(23,
z3 = [x{(40,:}; x(41,:); x(4
z = [21;z2;z31;

o th

~

ull;

the in

ic valiues
[SFl*oves(l K};

R

zi =
SPQ4i*ones (1,K); XSi
% state valuss for

f2551.76*0ones{1,K};
2559 .18%ones{l,X);

Y y;eitle(f
Y ¥ititle(®
) );ritle(?

) yrtitle ('K 3
1) )ititle{ ' XAl

s})stitle (X

SAl*ones{l K} ;

XI3*);
x531)
ZH3 )
Yrrritle('%

Y):title(®

YY:title{'¥T

}Yi;title(”

3, 3NCZ, £204, 5, XEE,
Vi x(5,2); x{6,:); ®(11,:); x(14,:);
) x{28, 2) ;x{25, :) ;x(30,:); x(33,:);

2,:);%(43,:) :x{44,

+};x (49, ) ;x{52,:);

i*ones{1,¥};

{ Condentr

SNH4

SNO3i*ones{l,K);

*ones(1,K); XPPir*ones{l,K); XPHAi*ones(1l,K)];
che Dicmass XH, X2, ZALK, Y27, XPAC,
2553.38*ones (1,K); 2557.13*cones{1,X);

2559%.34*ones (1,K)1;

X2 = [148.38%*gnes{1,K); 148.30%%cones{1,X); 148.%41*ones{l,K};
149.527*ones(1,K); 14%.7%7*cones(1,K)];

SALK = [4.9%onmes(1,K); 148.309*%ones(1,K); 148.9%41%cnes(l,X);
149 _527*ones(1,K}); 14%2.797%ones{1,K}];

XPP = [0.1l*%cones(1,K); 76.386*onas(1,K}; 64.855%ones (1,K};
55.694%0ones(1,K); 49%.306%*ones (1,K)];

XPAO = [0.i*ones(l,K); 76.386%*cnes({1,K); €64.855*0ones (1,K};
55.694%*cnes(1,K); 49.306%ones (1,K}];

XPHA = [0.l*cnes(1,K); 76.386*ones{1,K); 64.855*ones (1,K);
55.694%*ones{1,K}; 49.306%ones(1,K}1];

% MATRIY & for the raduced medsel (AR

Allr = 1 - IV1l; BR22r = 1 - IV22; RA33r = 1 - IV33;

Al2r = IV1 * Qp;

E23ar = IV2 * {(Qa + Qr); A23ibr = IVZ * (Qa + LAMBDA*Qr);

B21r = IV2*Q1; A32r = IV3I*Q2Z;

AEllr = Allr * ones{l,8); Allir = diag(allr);

R12r = Al2r * ones{l,8); Al2r = diag{Al2r);

Al3ir = zeros(8,8);

AZ1r= A21ir * ones(1,8); Alr = diag{azlr};

A22r = A22r * ocnes(l,8); A22r = diag(RAz2r);

A23r = [A23ar,A23ar,A23ar,A23ar,Rh233r,223br ,A230r,R23bx] ;

A23T = diag{a2ir);
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A3lr zeros(8,8);
A32r A32r * ones{l,8); A3zZr
A33r = A33r * ones{l,8}); A33T

diag{A32r);
diag{A33r);

2R = [Allr Al2r Al3r; A21r A22r A23r; A3lr A32r A33r];

Bilr = [IVO*ones(1,3) IvVQ*f IVO*ones(1,2)1;
Bllr = diag(Bllr}:
BR = [Bllr; zeros({le6,8)];

% MATRIY C for E
% 5% SEB : ¥5 KEP HPHA
CCR={[1 Q 0 -1 0 01;
It 0 Y -1 0 03;
[1 0 0 -1 0 0];
[-1.6 © -0.004 0 0 0% ;
[a -1. -0.02 0 0 0] ;
[-1.6 O -0.004 a 0 c];
fo -1. -0.02 Q ) 0] :;
[-1 1 0.01 0 c 0] ;
fo -1 c.4 0 -0.2 13;
[0 o] -1 0 1 -0.21;
{0 v} -1 a 1 -0.21;
{0 o] ~0.07 Q@ -0.02 4] a -1.6]1;
Io 0 ~0.07 -0.21 -0.02 o 0 -1.86];
[a Q ~4.24 4.17 -0.02 0] 0 011;

9

DT* [CCR zeros(14,16); zeros{l4,8) CCR zercs(1l4,8); zeros{l4,16) CCR];

zk = z{:,k);
uk = u(:,k);

XHk ZE(:.k);
XAk = XAa{:,k);
SALKk = SALX(:,k):;
XPAOk = XPAO(: K);:

zik = zi(:,k);

Pk = P_RASM2dR(zk,uk,XHk, XAk, SALKk,XPAOK) ;
FIk = CR'*Fk;

Y(:,k}) = z(:,k+1)-AR*z{: k) -BR*zi(: k);

theta(:, k) ={FIK'*FIX} * (-1} *FIk'*¥{:, k};
end
ke {1, :) = theta{l,:};
muHe (1, :} = thetal2,:);
gfee(1,:) = theta(3,:}f
gPHAe (1, :) = theta(d,:);
gPPe(l, :) = theta{5,:);
muPAOe(1l,:) = thetal6,:);
muAUTe(1l,:) = theta({7,:);
% Dynamic simulation of the reduced model wit tim 4 parametars
zE = [x(2,1);x(3,1);x{2,1};x(5,1);x{6,1); x(11 1) ;x(14, 1) x(15,1) ;x{21,1) ;x(22,1};

x{23,1}; x(24,1);x({25,1); x(30,1});

x{33,1);x(34,1);x(40,1) ;x(41,1);x(£2,1);x(23,1);x{44,1);x(45,1) ;x{52,1);x(53,1}];
ERR = z({:,1)

-ZE;




uk = u{:,k);
zik = zi(:,k);

XHk = XH(:,k};
Xak = XA(.,k};
SATEk = SALE{:,K);
XPAOk = XPAO({:,K);

kHek = kHe({:,k});
mHek = muHe({:,k);
gfeek = gfee(:,k);

gFERek = gPHAe(:,k); ‘
gkPek = gPPe({:,k);

muPAOek = muPAOe(:,k);
muAUTek = muadTe(:,k);

Pk =

P _AASM2dRE(zk, uk, Xk, XAk, SALKk XPAOK, kHek, muHek, gfeek, gPHAek, gPPek, muPACek, muAUTek} ;
zE(: ,K+1}) = AR*zE(:,k} + CR'*Pk + BR¥zi{:,k};
ERR(:.k+1)=z(:,k+1)—zE{:,k+1);

end

z Ve 3 and errcr vari
% 8F, 52 PF, 7 L, Tank 1
SFi=z(1, :); SA1*7(2 } s SNH4_1=z(3, ) SNO3_1=z(4,:);

SFlE_zE(l,.),SAlE=zE(2,.) SNHZ_ 1E=zE(3,:);SNO3_1E=zE(4,:);
ERRSF1=ERR(1, :) ;ERRSA1=ERR(2, :) ;ERRSNH&_ 1=ERR(3, :} ;ERRSNO3_1=ERR{4,:);

SPO4 1=z (5, :) ;XS1=2{6, :) ;XPP1l=2 (7, :) ;XBHA1=2(8,:);

S8PO4 1E=zE (5, :) ;XS1E=2RE(6,:) ;XPP1E=zE(7,:) ; XPEAIE=zE(8,:);
ERRSPQZ_1=ERR (5, :) ;ERRXS1=ERR(6, : ) ;ERRXPPL=ERR{7, :) ; ERRXPHA1=ERR (8,
% Calculation of ths weighted errors for ftank 1
eSF1={ERRSF1*ERRSF1'}/ (SF1*SF1');

€SAl=(ERRSAI*ERRSAL'}/ (SAL*SAL");

©SNH4 1= {ERRSNH4 1*ERRSNH4_1')/ (SNH4_1+*SNH&_1');

eSNO3 1= (ERRSNO3 1*ERRSNO3_1')/ (SNO3_1*SNO3_1'J;

eSPO4 1= (ERRSPO4 1+*ERRSPGL_1')/(SPC4_1*SPCa_1');
eX51={ERRXS1*ERRXS1')/ (XS1#X51');
eXPP1=({ERRXPP1*ERRXPP1 '}/ (XPP1*XPP1'};
eXPHAL={ERRXPHA1*ERRXFHAL') / (XPHAI*XPHAL') ;

- ;) ;SNH4 2= z(ll,.),SNO3 2=2z{12,:);
SF2E=zE(9, : );SAQE:ZE(lO :) ;SNH4 2E=zE(11, ) FSNO3_2E=2E{12, :};
ERRSFZ—ERR(g,:);ERRSAZ:ERR(lO,:),ERRSNHé_Z:ERR(ll,:);ERRSNOB_Z:ERR(12,:);

SPO4_2=z(13,:);X82=2(14,:) ;XPP2=z (15, :) ;XPHA2=2(16,:) ; %
S§P04_2E=2E(13,:};XS2E=zE(14, :) ;XPP2E=zE(15, :) ;XPHA2E=zE(16,:) ; !
ERRSPO4_ 2=ERR (13, :) ;ERRXS2=ERR(i4, :);ERRXPP2=ERR(15, :) ;ERRXPHAZ=ERR (16, :); i

¢ Calculation of the weighted arrors for ftank 2 ;
eSF2= (ERRSF2*ERRSF2') / (SF2*SF2' ) ;

eSh2=(ERRSAZ*ERRSAZ')/ (SR2*SA2'};

eSNH4 2= (ERRSNH4 2*ERRSNH4_2')/(SNH4_ 2%8NH4 _2');
eSNO3_ 2= (ERRSNO3 2+*ERRSNO3_2')/ {SNO3_2+%3NO3_2');
eSPO4_2= (ERRSPO4 2*ERRSPO4_2')/ (SPO4_2*%SP0O4_2');
€X52= (ERRXS2*ERRXS2’)/ (XS2*X82"');
eXPP2={ERRXPB2*ERRXDD2 ') / {XFP2+XPP2"') ; ;
eXPHAZ= { ERRXPHAZ*ERRXPHAZ '} / (XPHA2Z*XPRAZ') ;

r
) ;SNH4_ 3= z(ig,.) ;SNO3_3=2(20,:);
18, :};SNHE_3E=zE(19,:);SNO3_3E=zE(20,:);
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SF3=xz(17,:};8a3= z(l :
Sr3E=zE(l7,.),SA3a—- {



ERRSF3=ERR(17, :) ; ERRSA3=ERR (18, :) ;ERRSNEZ 3=ERR(1%,:) ;ERRSNQ3_3=ERR(20, :);

SPO4_3=z {21, :) ;X83=2(22,:) ;XPP3=2 (23, :) ;XPHA3=2(24,:} ;
SPO4_3E=zE({21,:);XS3E=zE({22, :} ; XPP3E=zE (23, :) ;XPHA3E=zE{24, :) ;
ERRSPO4_3=ERR {21, :) ;ERRXS3=ERR(22, :) ; ERRXPP3=ERR(23, :) ; ERRXPHA3=ERR {24, :);
% Calculation of ths weighted errors for tank 3
eSF3=(ERRSF3*ERRSF3'}/ (SF3*5F3');

eSA3=(ERRSA3I*ERRSAI'}/ (SA3*SA3');

eSNH4_ 3= (ERRSNHZ 3*ERRSNH4 3')/(SNH4_3+SNHA _37);

eSNU3_3= (ERRSNQ3_3+*ERRSNO3_3')/(SNO3_3+3N03_3');

€SP0O4 3= {ERRSPO4 3+ERRSTQ4_3')/(SP0O¢_3#5P04_3');

eXS3- (ERRXS3*ERRXS3'}/ (XS3*XS3'});

eXPP3= (ERRXPP3I*ERRXPP3 ")/ (XPP3*XPP3"};

eXPHA3= (ERRXPHA3*ERRXPHAI ') / (XPHA3*XDHA3 ') ;

subplot(4,2,1);plot{k, kHe, '¥');title('Estimatsd KE') ;ylabel('kie’);

subplot(4,2,2) ;plot (k,mude, "¥') ;title('Es atsd : Y} iylabel ('muEe'})

subplot{4,2,3);plot(k,gfee, '%');title("Bstimated *) ylabel(‘“’e*‘),

subplot{¢,2,4) ;plot{k,gPHAe, 'k');title ("Estimate e'); i
subplot(4,2,5) ;plot{k,gPPe, "x’);title('Es tad 3

subplot{4,2,6);;plot(k, muPAle, 'k') ;title(’
ylabel(‘mu?ﬁﬁe') ;xlabel ('dizcretse tims k1)
subplot{4 2,7);plot{k, muAUTe, "'} ; tltle('
ylabel{'muAlT=") ;xlabel ('dizscrets Tima
Set(flguIE(7), name’', "Es8 :

k = 1:KE+1

H
hs ©

o0t AT s

figure{8)
subplot{4,4,1);plot(k,8F1) ;hold cn; plet(k,SF1E,"x-.") ;ylabel (5!
legend{'SFi’,'SFIE"'};subplot(4,4,2); plot(k,ERRSFL, 'k’); ylabe1('n~

legend('SAE‘,'““'“') subp1ot{4 4, 4) plot (kx, ERRSAL, "%

—
PR v—

subplot(4,4,5) ;ploc(k,8NH4_1}:;hold on; plet(k, SNh4_lE
legend ("S5¥H4 1, 'SNH4L 1EY) ylabel('".u- 1, E
subplot(4,¢,6); plot({k,ERRSNE4 1, 'x'); ylabel('ﬁ?* HE 17);

subplot{4,4,7);plot{k,SNC3_1);hcld cn; plot(k, SNO3_1E,'k—,') 3
legend ("SN03_1°, "3NMGZ 1E7) ;ylabel ("SNC3 1, 5NC3 :
subplot{(4,4,8); plot(k,ERRSNO3_1,'k');ylabel ('ERKSHC3

subplot{4,4, 9);plot(k,5904 1) ;hold o
legend('SFP04 17, '8F04_1E"); ;ylabel (°F
subplot{4,%, lﬂ), plot(k ERRSPO4 1, x

subplot (4,4, 11) ;plot (k,XS51) sheld on; plot{k,XS1E, '%-.');ylabel {"XS1

legend{'%S1', "XS1E") ;subplot(s,4,12); plot(k,ERRXSI, 'x');ylabel ('F’;
subplot {4,4,13) ;plot(k, XPP1) ;hold on; plot (k,XPPLE, ':i-.*)
legend ('PP1', 'XEP1E") ;ylabel ("XFPL,¥MPPIE") ;xlabel ('discrste time k') i

subplot (4,4, 14)
ylabel (=&

wlot (k,ERRXPPL, "X

subplot(4,4,15) ;plot{k, XPHEAL) ;hold on; plot (k,XPHAIE, 'k-. ")
legend('XFHAL', "XPHAIE'} Y‘abel(':5 1,%PHAIE") ;xlabel('discrets time k')
subplot(4,4,16); pTot(k,ERRXPP

vlabel('ERRYPHAL') ;xlabel( discrate fime k')
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set (fiqure(8),*
errer’, 'numbert

figure(9)
subplot{4,4,1);plot(k,SF2};hold on; plot(k,S8F2E, '5i-."');vlabel ('3FZ, 3FZ]
legend('STZ%, 'SFZ2E') ;subplot(4,4,2); plot(k,ERRSF2,

subplot (4,4, 3) ;plot(k,3A2);hold on; plot(k,SAZE,'k- ‘),ylabel(‘
legend(*SE2', 'SAZE’) ;subplot{4,4,4); plot{k,ERRSA2, '%');ylabel

subplot(4,4,5} ;plot(k,SNH4_ 2] ;hold <n; plot(k,SNH4 2B, 'k-.')
legend('sSnHE4 2','SNHA °”'),ylabel('Sa%L 2,50HE ZE');

subplot(4,4,6); plot(k,ERRSNH4_2, "k') ;ylabel {"&F

a4

subplot(4,4,7) ;plot(k, SNO3_2) ;hold on; plot(k SNO3_2E, L)

legend('SNG3 27, 'SNO3 LE'),ylabel('Qiu, 2
subplot (4,4,8); plot(k, ERRSNO3_2,

subplot (4,4, 9);plot(k SFP04_2) ;hold on; plot(k,SPO4_2E,‘kw.')
legend('3204_2','3F04 Z2E! },ylabel(‘QPuL 2,5804
subplot{4,4, 10), plot (k, ERRSPO4 _2,'% ),ylabel(‘and~~

subplot{4,2,11);plot(k,X82} ;hold on; plot(k,X82E, "k-.'};ylabel (‘¥32,XS25);
(B

legend{'%32', '%352E") ;subplot(4,4,12); plot{k,ERRXS2, "%');ylabel ('ERRXZ2"');
subplot{4,4,13);plot{k,XPP2) ;hold on; pleot{k,XPP2E, "kx-,');

legend{'¥2P2", "XPP2E"') ;ylabel (' )“92 XPR2E*} ;xlabel (‘'discrete time k')
subplat{4,4, 14), plot(k,ERRXPP2, ':');

ylabel {'EXRYPP2Z') ;xlabel('discrete time k')

subplot(4,4,15) nlct(k XPHAZ} ;hold cn; plot(k XPHARE, ":-_"}

legend ("XPHAZ ', ?H?EE‘);ylabel('vP RZ,¥XPHEZ2E") ;xlabel ('discrete tims k')
subplot(4,4,16); plot{k,ERREXPHA2, 'x7);

ylabel {"ERRXFHAZ'); xlabel(’"*scre,e Time k*)

set (figqure(3},'n f,'Tank 2 Process variabies and sstimation

error', 'numbsrtitle’, TofE")

figure{10)
subplot{4,4,1) ;pleot ik, 8F3);hold on; plot{k,SF3E, '¥-."} ;ylabel('S
legend('SF3", '3F3E") ;subplot(4,4,2); plot{k,ERRSF3, 'k} ;ylabel ("

subplet (4,4,3) ;plot(k,SA3} ;hold on; plot(k,SA3E, 'k-.");ylabel ('SA3, 35

SET);

legend('SE3", 'SA3ZE") ;subplot{4,4,4); plot{k,ERRSA3, "k'}; ylabel('FPR A3y ;

subp1ot(474 5);piot(k,SNE4_3);hold on; plot(k,SNE4_3E, 'k-.")
legend('3uz4 37, 'SEH4_3E') ylubel(‘bu“i 3,8NHE X ;
subplot(4,4,68); plot(k ERRSNH4 3, TRy ;ylabel {? E;

subplot (4,4,7) ;plot(k, SNO3_3);hold on; plot (k,SNO3_3E, ‘:-. ")
legend (Y3NO3 37 ,°8SN03 3E7) ;ylabel ('SNC3_3, 5W0Z_

subplot(4,4,8); plot(k,ERRSNO3_3,'%"}; ylabel( ERESNGE

subplot(4,4,9) ;plot{k,SPO4_3);hold on; plot{k,SP04_3E, ':i~.%)
legend (3204 37,3204 3E');ylabel ("SP4 3,3804_32%);
subplot (4,4,10); plot(k,ERRSPO4_3, 'x");ylabel('EKRS:

subplot {4,4,11) ;plot(k, X83) ;hold on; plot(k,X83E, 'k-.7)
legend{ "X53°, 'Z{S‘BE’),-y}.a_bel('(QS,_(f-"2 I
subplot (4,4, 12); plot(k,ERRXS3, 'k');ylabel ("ERRXS3EY);

subplct(4 4,13} plot(k xpp3) hold 31; plot (k,XPP3E,"

Subnlot(4 4 14) plcf(k ERRXPP3, '”'),
yvlabel ('TRRYFP3') ;xlebel{‘discrete time k')

subplot(4,4,15) ;plot {k, XPHAZ) ;hold on; plot (k,XPHA3E, *k-."}
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legend ("XPHEA3T, 'KPHAZE' ) ;ylabel ( "XPHAZ, xBHA3E ") ;xlabel{!discrete tTime k')
subplot(4,4,16); plet{k,ERRXPHAZ, 'k} ;
yiabel ('ERRXPHA3'} ;xlabel{’discrete time
set (fiqure (10}, 'nama*, "Tank 3 Process variables and estimation
arrar’, "numbertitlat, TofEt)

tn

function P = P_AasM2dF (xk)

glebal £8I YH £XI ¥YPO4 YPHA iPEM YAUT iNBM Kh etaN03 etafe muH gfe bH gPHA PP muPAQO
bPAC bPP bLPHA mulUT bAUT KPRE KRED K02 KX KNO3I KF KNH4 KAT.XK KA Kfe KPP KPS KP KPHA XIPP

2 NE 1
P({1)=Fh * (xk(1)/(KOZ2+xk (1))} * ({xk{11)/xk(12))/(KX+(xk(11)/xk(12}))}) * xk{12);
P{2)= ¥Xh * etaNQ3 * (KO2/(KC2+xk{1l))) * (xk(S5)/(ENOI+xk(5})) *

({xk(11) /xk(12) )/ (BX+ {xk{11} /xk{12)))) * xk(12);

P{3}= Fh * etafe * (KO2/({KO2+xk{i)}) * (EKNO3/(KNO3+xk(5)}} *

(Ixk(11) /xR (12) )/ {KX+{xk {11} /=k(12)}))) * =k ({12);

P{a)}= muE * {(xk{l)/(Xoz+xk{1l))} * (xk(2)/{EF+xk{2))) * {xk{2)/(xk(2)+xk(3}}) *
(xk{2)/ (KNHa+xk(4))) * (xk{6)/(KP+xk{6))) * (xk{8)/(KALK+xk{8)}) * xk(12):

P{5)= mul * (xk(1)/(KO2+xk(1))) * (xk(3)/(KA+xk(3))) * {(xk(3)/(xk(2}+xk(3}}) *

(xk (&) / (ENEa+xk{4))) * (xk(6)/(KP+xk(6}}) * (xk{(8)/(KALK+xk(8))) * xk(12);

P{6)= muH * etalNO3l * (K02/{K02+xk{l))}) * (KWO3/(KNO3+xk(5))) * (xk(2)/{EF+xk(2))} *
(xk(2)/(xk(2)Y +xk{3))) * (xk(2)/(KNH4+xk(4))) * (xk(8)/(KP+xk(6))) *

(xk (8) / {FALR+xk{8))) * xk(12};

P{7)= muH * etaNO3 * (K02/(K02+xk(1}}) * (ENO3/(KNO3+xk(5)}) * (xk(3)/(Ka+xk{3))} *
(xk (3} /(xk(2)+xk{3))) * (xk(4)/(KNH4+xk{4))) * (xk(6) /(KP+xk(6))) *

(xk (8)/{KALK+xk (8)))* xk(12);

P(8Y= gfe * (KO2/(R02+xk{1))) * ({(KNO3/(KNO3+xk(5}}) * (xk{2)/(KF+xk(2})) *
(xk(8)/{XALE+xk(8)}))* xk(1l2);

P(9)= bH * xk(12)};

P(10)= gPEA * (xk{3)/{Ka+xk(3)}) * {xk(8)/(KALK+xk(8})) *

{{xk(14) /xK(13)}) /(KPP+{xk(14)/xk(13)))) * xk(13};

P{11)= gPP * (xk{l)/(KO2:xk(1}}} * (xk(6}/(KPS+xk(6))} * (xk(8)/(KALE+xk(8))) *
({xk(15) /xk{13))/ (KPHA+ {xk (15} /xk (13)))) * ({KMAX-(xk({1a)/xk(13))})/(XKPE+KMAX-

(xk (14)/xk(13)))}) * xk(13); _

D{12)= gPP * (xk(1)/{KO2+xk{1))) * (xk(6)/(KPS+xk(6))) * (xk(8)/(KALK+xk(8))} *
({xk({15) /= {13))/{RPEA+ (xk(15)/xk(13)))) * {(EMAX-(xk(14)/xk(13))}/(KPP+KMAX-
(xk(14)/xk(13))}) * xk(13) * etaNO3 * ®Oz/xk(1) * (xk(5)/(RNO3+xk(5)});

P(13)= muPA0 * (xk{1)/(KO2+xk(1l})} * {(xk(2)/(KNH2+xk{4})) * (xk(8)/(KALK+xk(8))})*
(xk {6}/ (KP+xk (6}}) * {{xk{15)/xk{13})/(KPHA+(xk{15)/xk{13}}}) * =xk{13};

P(l4)= muPRO * (xk{1)/(KO2+xk{1l))) * (xk(4)/(ENH2+xk{4))) * (xk(8)/(FALE+xk(8))})*
(2 (6)/ (KD+axlc{8) )} * ((xk{15)/xk(13))/ (KPHA+ (xR (15)/XX(13)))}) * xk(13) * eotaNO3 *
RO2/xk(1} * {xk(5}/(ENO3+xk{5))); :

B(15)= bPAO * xk(13)} * (xk(8)/(KALK+xk{8)));

P(16)= bPP * xk{le} * (xk{8}/(KALK+xk(8))):

P(17)= bPHA * xk(15) * {xk(8)/(FKALE+xk{B)}};

E(18)= muAUT * (xk(1)/(K02+xk{1))) * (xk(4}/(ENELZ+xk(4)}) * {(xk(6)/(KPixk(5})) *
(xk(8)/ (RALE+xk ({8} }) * xk({16);

P{19})= bAUT * xk(16);

P{20)= kKPRE * xk(§) * xk({18);

P{21)= KRED * xk(19) = (xk(8)/(KALK+xk(8)));

3 TANK
p(22)= Kh * {(xk(20)/(KO2+xk{20})}) * ((xk{30)/xk{31))/ (KX+(xk(30)/xk{31}))) *= xk{31);
P{23)= Kh * etaNO3 * (K02/(E02+xk(20)}) * (xk{24)/(KNQ3+xk{24))) *

((x%(30} /x%(31))/ (K+(xk(30)/xk(31}))) * xk{31);

-~
=
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P(24)= Kh * etafe * (KO2/(ROZ2+xk(20))} * (KNO3/{ENO3+xk({24))) *

((x%(30) /xk(31) )/ (KX+{(xk{20)} /xk{31)))) * xk(31});

P(25)= muH * {xk(20)}/{(K02+xk{20)}) * (xk(21)/(KF+xk(21))) * (xk(21)/(xk(21)+xk(22))) *
(xk (23) / (ENHE+xk{23))) * (xk{25)/ (EP+xk{25))} * (xk(27)/(EALK+xk{27)}) * xk(31);
B(26)= muH * (xk{20)/{X02+xk{20))) * {(xk(22)/(XA+xk(22))) * (xk(22}/(xk{21)+xk(22))) =*
(xk (23)/ (FNH2+xk (23))) * (xk{25)/ (RP+xk{25))) * (xk(27)/(KALK+xk(27))) * =xk(31);
P{27)= mulH * ecaMNO3l * (KO2/(K02+xk{20))) * (ENG3/(KNG3I+xk(24))) * (xk{21}/(EF+xk({21)))
* (xk{21)/ (xk (21 +xk{22))) * {xk(23)/{RNH4+xk{23)}) * (xk({25)/(KP+xk{25))) +*

(xk (27)/ (FALR+xk (27))) * xk(31};

P(28)= muH * etaNO3 * ({KO2/(KO2+xk(20})}) * (KNO3/(RKNO3+xk{24))} * (xk(22)/(KA+xk(22)))
* {xE(22}/ (K (21) +xk(22))) * (xk(23)/(RHEH2+xk(23})}) * (xk(25}/(KP+xk(25}})} *

{xx (27)/ (KALK+xk{27))) * xk{31);

P{29)= gfe * (KO2/ (RO2+xk{20)}) * (ENO3/(KNO3+xk(24)})) * (xk(21)/{KF+xk(21))) *
(xk(27) / (KALK+xk{27))1* xk(31);

p{30)= bHE * xk{al);

P{31)= gPEA * (xk(22)/(KA+xk{22))) * (xk({(27)}/(RALK+xk(27)}) *

({xk(33) /xk(32) )/ (KPP+ (xk{33)/xk{32)))) * xk(32);:

P(32)= gPP * (xk{20)/(KO2+xk(20))) * (xK(25)/(KPS+xk(25))) * {xk{27)/(KALK+xk(27)}}}) *
({xk(34) /xk(32))/ (KPHAR+ (xk{34)/xk(32)))) * ((FKMAX-(xk(33)/xk(32)))/ (KPP+KMAX-

(xk (33)/xk(32}))) * =xk(32);

P(33)}= gqPP * (xk{20}/(KO2+xk{20))} * (xk(25}/{KPS+xk(25))) * (xk(27)/{KALK+xk{27))) *
((xdc(34) /xk(32)) /(RPEA+ (xk(34) /xk(32)))) * ({RMAX- (xk(33)/xk(32)))/ (KPP+KMAX-
(xk(33)/xK{32)})) * xk(32) * e£aNO3 * KO2/xk{20} * (xk(2¢)/(KNO3+xk{24)}));

P{34}= muPAC * (xk{20)/{(X02+xk(20})) * (xk{23}/(KNH&+xk(23))) = {xk(27)/(KALXK+xk(27)})*
(xk{25)/ {RP+xk (25} )) * ((xk{32)/xk{(32))/(XPHA+(xk(34) /xk(32)))}) * xk{32);

P{35)= muPAO * (xk(20)/(KO2+xk{20}))) * (=k{(23)/(KNH2+xk(23))) * {xk(27}/(RALK+xk{27}))*
(xk (25)/ (KP+xk (25)}) * ({xk(32)/xk{32))/(KPHA+(xk(32) /xk(32)))) * xk(32) * etaNO3 *
Ko2/xk(20} * (xk{24)/(ENO3+xk{24)});

P(36)= bPA0O * xk{32) * (xk{27)/{KALR+xk{27)));

P(37)= bPP * xk(33) * (xk(27)/(KALK+xk(27))};

P(38)= bPHA * xk(34) * (xx(27)/(KALE+xk(27)});:

B(39)= mud0T * (xk{20)/(K02+xk{20}})} * (xk(23}/(FNHZ+xk(23}}) * (xk(25)/(KP+xk(25))} *
{(xk{27)/ {KALK+xk(27)}) * xk{35)});

P{40}= bAUT * xk(35);

P{41)= KPRE * xk{25) * xk{37);

P({42)= kRED * xk{38) * (xk{(27)/{KALEK+xk{27})};

3l= Kb * {xk{39}/(KO2+xk(39))} * [(xk(49)}/xk{50}}/(KX+{xk{49)/xki{50})))) * xk(50};
D(44)= Kh * etaN0O3 * (KO2/(KOZ2+xk(39))) * (xk(23}/(ENQ3+xk(43))) =*

{({xk {48} /xk(50))/ (FX+ {xk{49) /xk(50)})) * xk(50};

p{45)= Kh * etafe * (KO2/{R02+xk(39))) * (ENO3/(KNQ3+xk(23))) =

((xk(29) /xk(50))/ (RX+{xk(49) /xk(50)))) * xk(50);

P(46)= mut * {xk(39)/(KO2+xk(39))) * (x(40)/(KF+xk(40)})) * (xk{40)/(xk(40}+xk{al))) *
(xk (22} / (FNH4+xk(42))) * {xk(24)/ (KP+xk(24))} * (xk(46)/{KALK+xk(46))) * xk(50);
P(47)= mud * {xk{39)/({XK02+xk{39))) * {xk{(41}/(KA+xk{241))) * (xk{4l)/(xk(4a0)+xk{a1))) *
(xk(a2)/ (ENH2+xk(42))) * (xk(42)/ (KP+xk{44})) * (xk{46)/{KALK+xk(46))) = xk(50};
P(48)= mud * etaN03 * (X02/(K02+xk(39))) * (KNO3/(RKNO3+xk(43))}) + (xk(40)/(Er+xk(40)))
* (wk{aC)/ (XK (40 +xk(41})) * (xk(42)/(KNHa+xk(42}}) * (xk{44)/(XP+xk(44)})) *

{(xk (48)/ (KALK+xk{a8}}) * xk(50);

P(49)= mul * etaNO3 + (KO2/({EO2+xk{39))) * (KNO3/ (XNO3+xk(4£3)}) * (xk(41)/(Kr+xk{4l}))
* (xk(a1)/(xk{a0)+xk(41))) * (xk(42)/{KNH4+xk{42))) * (xk(24)/{KP+xk(44))) *

{xk {46}/ (KATR+xk({46))) * xk{30);

P(50)= gfe * {KC2/(RO2+xk(33))) * (KNO3/(KNO3+xk{43))) * (xk{20)/(KF+xk(40})} *

(xk (46) / (FALK+xk{46)))* xk(50);

P({51)= bH * xk(30);

P(52)= gPHA * (xk(£1)/(KA+xk{41}}} * (xk(46)/(KALK+xk {46))) *

((xk{52) /xk(51})/(KPP+ (xk(52)/xk(51)))} * xk(51);

P(53)= gPP * {xk(39)/(K02+xk(39))) * {(xk(44)/(KPS+xk{44))} * (xk(46)/{RALE+xk(46}))) *
((xk{53} /xk(51))/ {KPRA+ (xk(53) /xk(51)))) * ((EMAX-(xk(52)/xk{51))})/(KPD+KMAX-

(xk(52) /xk{532)))) * xk(51);

B{54)= gPP * (xk(39)/(K02+xk{39))) * (xk{44)/(EPS+xk{44))} * (xk(46)/(KALK+xk(46})}) *
((xk{53) /xk(51) )/ (KPHA+ {xk {53} /xk(51)} )} * {({FMARX-{xk{52)/xk{51)}))/(RPP+EMAX-

(xk (52} /xk{(51)))) * xk{51) * etal03 * RKO2/xk(39) * {(mk(43)/(KNO3+xk(23)});

P(55)= muPA0 * (xk(39)/(R02+xk(33)}) * (xk(42)/{FKNHi+xk{42))) = (xk(46)/(KALRK+xk(46)))*
(xk {42}/ (KP+xk(24))) * ((xk(53)/xk{51) )/ (RPER+{xk (53} /xk(51)})} * xk{(51);
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P(56)= muPRO * (xk(39)/(RO2+xk(39))) * (xk{42)/(KNHZ+xk(42))} * (xk(46)/(FKALK+xk(46)))*
(xk(24)/ (KP+xk{44) )} * ((xk(53)/xk(51))/(KPEA+{xk(53) /xk(51))}) * xk(51) * etaNO3 =*
RKo2/xk(39) * (xk(43)/(KNO3+xk(43)});

P(57)}= bPAO * xk(51} * (xk(26)/(RKALK+xk(46)));

P{58}= bPP * xk(52) * (xk(46)/(KALK+xk (46})};

P(59})= bPHA * xk(53} * (xk({26)/(RKALK+xk(46))});

P(60}= muAUT * (xk{39)/(KO2+xk(39})} * (xk(42)/(KNHi+xk(a2))) * (xk(44)/(Kp+xk{aa))) =
(xk (46) / {(KALK+xk (46} )) = xk(54);

P(61)= bAUT * xk({54};

P(62}= KPRE * xk{44) * xk(56);

P(63)= kRED * xk(57} * {(xk(46}/(KALR+xk(46}}));

P = [P{1) P{2} B{3}) P(4) P(5)} P(6) P(7} P(8) P{38) P{1i0Q) P(11) P{12) ®B{13) P{(i4) P(15)
P(l&) P(17) P(18) B{19) P(20}) P(21) P(22) P{(23) P(24) P(25) P(28) P(27) P{(28) P{29)}
B(30) P(21) P(32) P{33) P(34} P(35) P(36) B(37) P(38) P{(3%) P(40) P({4l) p(a2) P{a3)
F(44) P(45) P(46) P{47) P(48}) P(4%) P(50) E(51) P(52} P{53) P{54) P(55) P(56} P{S7)
P(58) P(5%9) P(60) P(s1} P(A2Z) P(63)]';

G.3: MATLAB script flle - P_AASM2dR.m

the reduced

function Pk = p_ARSMZdR(zk,uk, X8k, XAk, SALKK, XPACK)

global £SI YH £XI YPO4 YPHA iPBM YAUT iNBM Kh etaNO3 etafe muH gfe bH QPHA QPP
muPAO bPRO bPP bPHA muAUT bAUT XFRE kRED K02 XX ENO3 XF KNH4 KALK K& Kfe KBP KPS KP
KPHA KIPP EMAX

& TRNK 1

oE

P(1)= {(uk({1)/(XO2+uk{1))) * ((zk(6)/XHk(1}}/(KX+{(zk(6)/Xuk{1})})) * XHk{1l);
P{2)= etaNO3 * [KQ2/(RKO2+uk(1l)}} * {(zk(4)/{(FKN03+zk(4}))} *

{{zk(6) /XHk(1)}/ (EX+{zk{6) /XEk{(1}))} * XHk(1l);:

B{3}= etafe * (X0z2/(KO2+uk(1l}}) * (KNO3/(KNO3+zk{4}}) =*
({zk(6}/Xak (1)) /(KX+(zk(6) /XHK(L)}})} * XHkK{1);

B{2)= (uk{l})/{KO2+uk(l})) * {(zk{1)/(RKF+zk{1))) * (zk(1)/(zk{1l)+zk{2)))
(zk{3)/ (KENH4+zk(3))) * (zk{5)/(EP+zk({5))) * (SALEKk(1}/(KALK+SALKk{1)))
P(5)= {uk{1)/(KOo2+uk(1))) * {zk{2)/{(Ka+zk(2)}) * (zk(2}/(zk{1)+zk{2)))
(zk{3)/ (ENH4+zk{3)})) * (=zk(5)/(KP+zk(5}}) * (SALKk(1l}/(KALK+SALKk(1))) * XHk(1l);
P{6)= ecaNO3d * (KO2/(RKOzZ+uk(1))})} * [KNO3/(KNO3+zk(4})) * (zk({l)/{XKF+zk(1))) *
(zk{1)/{zk(1)y+zk(2))) * (zk(3)}/(ENH4:zk(3})) * (=2k(5)/(KP+zk(5))) *

(SATEk(1}/ (KALXK+SALKk (1))} * XHk(1);

P{7})= etaNOo3 * (KO2/(KO2+uk(1l})) * (FNO3/(ENO3+zk{4))) * (zk(2)/{KA+zk(2})) *

{zk {2}/ tzk{1)+2ki2})) * {(zk(3)/(KNH2+zk{3})}) * (zk(5)/(EP+zk(5))) *

(SALEk(1)/ (KALK+SALEk(1))) * XHK{l};

P(8)= (KO2/(KO2+uk (1))} * (KNO3/{ENO3+zk(4))) * (zk{l)/(KF+zk(1}))) *

(SALFKk(1)/ {KALK+SALKk (1))} * XHk{Ll);

BP{9)= (2k{2}/ (Kh+zk{2))) * (SALKk{1l)/(ERLEK+SALEX(1})} =~
{{zk(7)/XPaCk (1)) / (¥PP+ (zk{7) /XPAOK {1} }}) * XPa0k(1l};

B{10)= f(uk{1l)/(KO2+uk{1))} * (zk(5)/(KPS+zk(5}}} * (SALKk(1l)/{(KALK+SALKKk (1))} *
{({zk(8)/XPA0k (1)) / (KPEA+{zk({8) /XPACKk(1})}} * ((KMAX-{zk(7)/XPAOK{1)})/(KSP+KMAX-

{zk {7)/XPAOK(1}))}} * XPAOk(1);

P(11)= (uk(l)/(KO2+uk{1)}) * (zk(5)/(KPS+zk(5)}) * (SALKk{1)/(KALK+SALRkK(1l})) *
({zk{8)/XPAOK (1} )/ (KPHA+ (Zk{8) /XPROX(1)))) * {{KMAX-(zk(7)/XPAOk(1}))/(KPP+KMAX-

(zk {7} /XPROK({L1})}}} * XPAOkK(l) * etaNO3 * RKO2/uk(l) * (zk(4)/(KNGC3+zk{4}));

P(12)= (uk{1)/(RKOozZ+uk(1)))} * {(zk{3)/{KNH2:zk(3)}) * (SALRk{l)/(KALK+SALKk{1)))*
(zk{5}/(KP+zk{5}})) = {(zk{8)/XPAOk(1})}/(KPHA+(zk{8)/XPACk(1i}))) * XPAOk(1l);

P(13)= (uk(1)/(XOZ2+uk(1))} * {zk(3}/(KNH4+zk{3}}) * (SALKX(1)/{RALK+SALKk(1))}*

{zk (5) / {EP+zk ({5))) * ({zk(8)/XPACK(1})/(EPHA+ (zk(8)/XPA0k(1)))) * XPACk(1} * etaNQ3 *
EO2/uk(l) * (zk{4)/(XNO3+zk(4}}};

amHi SNG3 SEOS X3 AbP AFHL
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P{14)= (uk(1l)/(EOZ+uk(1l))) * (zk(3)/(ENH2+zk(3}}} * (zk{5}/(KP+zk(5})) *
(SAaLXk(1)/ (KALK+SATRK(1}}) * Xak{l};

Pik = [[P(1} B2} P{3) zeros(1,11)
[zeros (1,3} P(4) B{5) P(6) P{7) zeros(1,7)
[zeros(1,7) P(8} zeros{l, &}
[zeros({1,8) P{9)} zeros{l, 5}

£

[ T S S S P |

— e we e e

‘[zeros(1,%) P{10)} P{11) zeros (1,3)

[zeros(1,11) P{12) P{13) a

[zeros({1,13) P{14) ';
i TANK 2

P{15)= {(uk(2)/(RO2+uk(2}}) * {{zk(14a)/Xak(2)}/(KX+{zk(14)/XBk(2)})}) * XHk(2};
P(l6)= etaN0O3 * (RKOz2/(K0z2+uk{2))) * {zk(12)/(KNO3+zk{(12)}) *

{(zk(12) /XHK{2)}/ (FX+ (zk(14) /Xgk{2)))) * XHk(2);

P{17)= etafe * (K0z2/(Koz2+uk(2))) * (EKNO3/(KNQ3+zk(i2))) *

((zk(14a) /XHK{2)}/ (KZ+ (zk(14) /ZHk(2}))) * XHK(2);

B(18)= {uk(2)/(ROZ+uk(2})) .* {zk(9)/(KF+zk({(9))) * (zk(9)/{zk{(9)+zk(10})}) =*

(zk (11} f (KNH4+zk(11))) * (zk{213)/(KP+zk(13))) * (SALKKk(2)/(KALK+SALKk(2)}) * XHk(2);
P(19)= {uk({2)/(KO2+uk(2}))) * (zk(10}/(KA+zk(10))) * (zk{1io)/{zk(9)+zk(1Q}}} *
(zk{11) / (KNHZ+zk(11))) * {(zk(13)/{KP+zk(13))}) * (SALKk{2)/(RALK+SATIKk(2}}} * XHk(2):;
p(20}= etaN03 * (K0z/(R0o2+uk{2))) * (KNO3I/(KNO3+zk(12})) * (zk{9)}/(KF+zk{9)}) *

(zk (9)/ (zk{9) +zk{1C))) * (zk{11)/ (EWH4+zK{11}}) * (=X (13)/(EP+zk(13))) *

(SATKKk(2) /{FALK+SATKKk(2))} * XHk(2);

P(21)= etaNO3 * (KO2/(KO2+uk{2))}) * (KNO3/(EKNO3+zk{12))) * (zk{10)/(KR+zk{10))) *
(zk (10) / (zk{9}+zk(10))) * (=k(1l)/(ENH&+zk{11))) * {zk(13)/(EKP+zk({(13)})) =

(SATEk(2) /{KALE+SALEK(2))}* XHk(2);

P(22)= (KC2/(KO2+uk(2))) * (RNO3/(KNO3+zk(12})) * {zk(9)/(KF+zk(9))) *
(SATKKk(2)/{KALE+SATKk(2)))* XHk{2);

B(23)= (zk{310)/{(KR+zk{10})) * (SALEk(2)/{FALK+3SALEk{2))) *

((zk(15) /XPACk(2) )/ (RPP+(2k (15) /XPAQKk(2}))) * XPACk(2);

P(24)= {uk(2)/(KOZ+uk{2})) * {2k{13}/(FKPS+zk(13))} * (S5ALKk(2)/(KALK+SALKk(2}}) *
{(zk(18) /XPAOk (2} ) / (KPHA+ (zk (16) /XPACk (2)))) * ({KMAX-{zk (15)/XPACk{2}))/ (KPP+KMAX-
{(zk (15) /XPAOK {2} }}) * XPAOk(2);

B(25)= {uk(2)/(FOz+uk{2})) * {2k(13}/(KPS+zk(13))) * (SRLKk(2)/ (KALK+SALRk(2))) *
{(zk(16) /XPAOK(2}) / (KPHA+ (zk (18) /XPACK{(2)}) )} * ((KMAX-(zk{15)/XPROk(2)}})/ (KPP+FKMAX-
{zk (15} /XPA0k(23}}) * XpaOk(2) * etaNO3 * KOz/uk (2} * (zk(12)}/(ENO3+zk(12)));
D(26)= {uk(2)/(KO2+uk(2})) * (zk(11)/(FKNEL+zk{(11})} * (SALKk(2)/(KALE+SALEk(2)))*
(zk (13)/ (KP+zk{13))) * ((zk(16}/XPACk(2))/(KPHA+ (zk(1&)/XPAOk{2)))} * XPAQK(2):
P{27)= (uk(2)/{KC2+uk({2}}) * {(zk{11}/({ENH4+=zk(11})}) * (SALKKk{2}/{KALK+SATRk(2})}*
(zk {13}/ (RB+zk (13} }) * ((zk(16) /XPROk(2))/ (KPHA+ {zk{le6)/XPAOkK(2}))) * XPAOk(2) * etaNO3
* ROo2/uk (2} * {zk(12)/{KN03+zk{12}});

P{28)= {(uk(2) /{EOZ+uk{2)}) * (zk(11)/(KNHa+zk{11))) * {zk(13)/(KP+zk(13})} =*
(SALEk(2)/ (KALEK+SALKk(2}}) * XAk{2);

D2k = [IP(15) r{la) P{17) zeros(l,11)
{zeros (1,3} p(18) B{19) P{20) P{21) zeros{1l,7)
[zeros(1,7) P(22) zeros (1,6)
[zeros(1,8) P(23) zeros (1,5)
[zeros(1,9) P(24) p(25} zeros(l,3)
[zeros (1,11} P(26) P(27) o
[zeros(1,13) P(28)

~
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oy by wme
~

% TANK 3

P(29)= {uk{3)/{KO2+uk(3))) * ({zk(22)/XHk(3}}/(XKX+(zk (22)/XHK(3)}}) * RHk(3);

P(20)= etaNO3 * (K02/(KOz2+uk(3))) =* {(zk(20)/{KNO3+zk({20})}) *

((zk(22) /XEK (3} )}/ {KX+(zk(22) /XHK(3)))} * XHk(3);:

P(31)= etafe * (KO2/(KO2+uk{3})}) * (ENO3/(KNO3+zk(20}}) *

({zk(22) /XEK{3))/ (RX+ (zk(22) /XHk(3})))) * XEK(3);

P{32}= {(uk(3)/{K02+uk(3}})) * {(zk(17)/{EF+zk(17)}} * (zk(17)/(=zk(17}+zk(18))} *

(zk (19)/ (RNH2+2zk(19))) * (zk(21)}/(EP+zk(21})) * (SALRk(3}/(KALK+SALKk(3))) * XBk(3);
P(33)= (uk(3)/(KO2+uk(3})) * {(2k(18)/(RKA+zk{18))) * (zk(18)/(zk(17)+2zk{(18))) *

(zk (19)/ (ENH4+zk(19))) * (2k(21)/ (Kp+zk(21}))} * (SALKK(3}/{KALK+SALKk(3))) = XHkK(3);
D(34)= etzNO3 * (KC2/(KO2Z+uk(3}}} * (KNO3/(FNO3+zk(20}}) * (zk{17}/{KF+zk(17))) =*
(zk (17) / {zk (17)+zk (18} )} * {zk(19}/(ENHZ+zk(18})) * (zk(21)/{KP+zk(21))) =
(SALKk(3)/ (RALEK+SATEk (3})) * XEk(3);
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B(35)= etaNO3 * (K02/(RC2+uk(3)}) * (ENO3/(FKW0O3+zk(20))) * (zk{18)/(KR+zk{18))) =*
{(zk (28} /(zk(17)+zk (18) )} * (zk(19}/(¥XNH2+zk{19))) * (zk{(21)/{KP+zk(21))) *

{(SALKk (3)/ (KALK+SALEk (3} })* XHk(3);

P{36)= (K02/{RK0O2+uk{3})} * (KNO3I/(XKNO3+zk(20))) * (zk(17)/{KF+zk{17))) =

{SALKKk(3)/ (KALK+SALRK (3}))* Xik(3);

P{37}= (zk(18)/{KA+zk(18))) * (SALEk{3)/{(KALK+SALKk(3))) *

{((zXk(23) /XPAOK(3)) /{KPP+ {2k (23) /XPAOK(3))))} * XPAOkK(3);

P(38)= (uk(3)/(KO2+uk(3})) * (zk{21)/(KPS+zk(21))) * (SALKk(3)/{(KALK+SALKKk{3))} *
((zk(24) /XPA0Qk(3)) / {KPHA+ (zk (24) /XPROk (2}))) * {(KMAX-{zk (23} /XPACkK(3)))/(KPP+KMAX-
(zk{23) /XPa0K{3)))) * XPAOK(3);

P(39)= (uk{3)/{(RKO2+uk(3}}) * (=zk(21)/(XPS+zk(21)}) * (SALEk(3}/(RALK+SATRKK(3})] *
{{zk{(24) /XPROk(3}) / (XKPHA+ (zk (24) /XPACk (3}))} * {((KMAX-(zk(23)/XPROk(3)))/(KPP+KMAX-
(zk(23) /XPRCK (3}})) * XPACk{3) * etaNO3 * KO2/uk(3) * (zk{20)/(XKNO3+zk{(20)));
P(40)= (uk(3)/{KO2+uk{3)}) * {(zk(19)/(XNHL+zk(19))) * (SALEKXK{3)/{KALK+SALKk(3)))*
(zk (21)/ (RP+zk{21))) * ((zk{24}/XPACk(3)}/(KPEA+ (zk{24)/XPAOK(3)}))) * XPAOkK(3);
P{a1)= (uk{3)/{KO2+uk(3))) * {zk(19)/(XKNH4+zk(19})) * (SALKk(3)/(KALK+SALKk(3)})*
(zk (21 / (KP+zk{21))) * ((zk{24)}/XPACKk(3))/(KPHA+ (zk(22)/XPA0k(3)})) * XPAOk(3) * etaNO3
* KOz2/uk(3) * {zk(20)/(KNO3+zk(20}));

P(aZ)= (uk(3)/{(KO2+uk(3)}) * {zk{19)/{KNHZ+zk(19))) * (zk(21}/(EKP+zk{21))}) =
(SATKk({2)/ (KALEK+SALRK(3)}) * Xak(3);

P3k = [[P(28} p(3Mm P(31) zeros(1,11) 1;
[zeros (1,3) P(32) P(33) P{34) B (35} zeros(1l,7)];
fzeros (1,7) P(36} zeros{l,6) 1;
{zerog(1,8) P{(37) zeros(1,5) 1;
[zeros (1,9) P{(38) P(39) zeros(1,3) 1;
[zeros (1,11) P{a0Q)} B(41}) 0 1;
[zeros (1,13) P(42) 117 ;

2Matrix Pk for the whole procsss

Pk = [Pik; P2k; P3k];

G.4: MATLAB script file — P_AASM2dRE.m

ncticon Pk =
 ARSM2dRE (zk, uk, XHk, X2k, SALKk, XPROk, kHek , muHek, gfeek, gPHAek, gPPek, muPAQek, muAUTek)

fu
r

glchal £ST YH £XI YPO4 YPHA 1PFBM YAUT iNBM Fh etaNO3 etafe muH gfe bH qPHA gPP muPAC
bPAO bPP bPHA mulAUT bLAUT XPRE KRED K02 KX KNO3 KF EKNH4 KALRK K& XKfe KPP KPS KP KPHA KIPP

KMAX

: SN0 5PCE G
; {2} zki3y zki{4: zkiZ) =z : 71
P(l)- kHek * {uk(l)/(KC2+uk(1})}) * ((zk(G)/XFk(l)}/(KX+(zk(6)/XHk(1)))) * ¥XHR{1);
D(2)= kEek * etaNO3 * (KO2/(KOZ+uk{l)}) * (zk(4)/(KNO3+zk(a)}) =*

{((zk({6) /XEK(1)) /{XX+(zk (6) /XEkK(1}))) * XHkK(1);

P{1)= kHek * etafe * (KO2Z/{(KOZ+uk(1))) * (KNO3/(KNO3+zk(4})) =+

({zk(6) /XEK(1) )}/ (KX+{zk (68) /XEk(1)})) # XHk(1l};

P{a)= muHek * {uk{(l)/(Koz2+uk(1))) * (zk(1}/(KF+zk(1))) * (zk(1)/(zk{(1l)+zk{2))) *

(zk (3)/ (KNE4+zk(3))) * (zX{(5}/(KP+zk(5))) * (SALKk(1)/(RALK+SALKk{1)}} * XHk(1);
P(S)= muHek * (uk{1l)/(XKO2+uk(1)}) * (zk(2)/(KR+zk(2))) * (zk(2)/(zk(l}+zk(2)}) *

(zk (3)/ (KMH2+2zk({3))) * {zk(5}/(KP+zk(5))} * {SALKk(1l}/(KALR+3ALKk(1))) * Xuk(l);
2(5)= muHek * etaNQ3 * [KO2/ (KO2+uk{i}}) * ({(ENO3/ (XNO3+zk(4))) +* ({(zk{I1)/(XFs+zk{1}}) =*
(zk(1)/ (zk{1)+zk(2})) * (zk(3}/(KNHg¢+zk{3))) * (zk(5)/(RKP+zk(5))) *

(SALFX (1) /{KALK+SATRk{1)}) * XHk(1);

P(7)= muHek * etaNoa * (KO2/ (RO2+uk{1))) * (ENO31/(ENO3+zk(4))) * (zk(2)/(Kh+zk(2}}) *
(zk(2)/ (zk{1) +zk(2)))} * (zk(3)/{EKNE2+zk(3}}} * {(zk{5)/(KD+zk(5))) *

(SALXk (1) / (RALE+SALEk(1})) * XEk(1};

;;«
Lo
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P(8)= gfeek * (RO2/(KO2+uk(l})} * {EKNMO3/(KNO3+zk(4}}) * (zk(l)/ (KF+zk{l))} =*
(SALKk(1)/(KALX+SALKk (1))} * XHk(1l);

P(2)= gPHRek * (zk(2)/(KAs+zk(2)}) * (SALKk(1l}/(XALK+SALEk(1)}}) *

{{zk (7} /XPAOk (1)) / {KPP+ (zk (7} /XPAOK{1) }}} * XPAOk(1l);

P({10}= gPPek * (uk{l)/(Ko2+uk(1)))} * {(zk(5)/(KPS+zk(5}})) * (SALKk{1l}/(KALK+SALKk(1}))} *
{{zk(8) /XPAOk (1)) / (KPEA+ (zk ({8} /XPACK (1)) )] * ((EKMAX-(zk(7)/XPAOk(1)))}/(KPP+EMAX-

(zk (7} /XPAQK(1)})} * XPaoOk(1);

P(11}= gPPek * {uk{1)/(KO2+uk(1))) * {zk(S5)/(EPS+zk{5})} * (SALFKk{l)/(KALK+SALKk{l))) *
((zk(8) /XPROKk (1)) / (KPHA+ (zk (8) /XPAOk (1)) )} * ((RMAX-(zk(7)/XPA0k(1)))/(KEP+RKMAX-

(zk (7)/XpA0k(1)1)}) * XPAOk(1) * etaNQ3 * KOZ/uk({1l} * (zk(4)/(EWO3+zk{4)));

P{12}= muPAQek * (uk(1l}/(ROZ+uk(1}}) * (zk(3)/(ENHL+zk(3})) *

(SALKRk (1) / (KALK+SALEk (1)) )* (zk{5)/{KP+zk(5)}) *
{((zk(8)/XPAOK (1) }/ {KPEA+{zk (8) /XPAOK(1))}} * XPACk(1l);

P{13)= muPACek * (uk{l)/{KO2+uk{l}}) * (zk{3)/(ENH4+zk(3)}) *

{SALKk (1) /({KALK+SALEk (1)) * {zk{5}/{KP+zk(5))) *

{((zk(8) /XPACK (1} }/ {KPHA+ (zk (8) /XPAOk(1}}))} * XPAOk({l) #* etaNO3 * KO2/uk(l) *

{zk (&) / (KNO3+zk(2))};

P(14)= wulUTek * (uk(l)/(K02+uk(l})) * (zk(3)/{ENH4+2zk(3))) * (2k(5)/{RKP+zk(5)}) *
{SALKk({1)/{KALK+SALKk (1))} * XRk{1l);

SO g
[

T

2k {9 zR{Ig) zk{11l) =zk{1l : zk {14} zk{1l%) 4

(15)= kHek * {uk{2)/{Ko2+uk(2)}} * ((Zk(14}/Xﬂk(2))/(KXv(zk(14)/XHk(2)))) * ¥Hk({2};
T(16)= kHek * etaN03 * (KO2/(K02+uk{2))) * (zk(12)/(KNO3:+zk(1l2)}) *

({zk(14) /XHK(2) )/ {KX+{zk{14) /XEX(2)))) * XEk(2);

P(17)= kHek * etafe * (EKO2/{KC2+uk(2})) * {FNO3/ {KNO3+zk(12))) *

((zk(14) /XHK(2))/ {¥X+{zk{14) /XHK(2})}}) * XBk(2);

P{18)= mubek * {uk{2)/(K0oz+uk{2))} * (zk(9)/(EF+zk(9))) * (zk(9)/{(zk{9)+zk(10)}) *

(zk {11}/ (BNHa2+zk{11})) * {zk{13)/(XP+zk(13))) * (SALRk(2)/ (XALK+SALKk(2))) * XHk(2);
B{19)= muHek * {uk(2)}/(KOz+uk{2))} * (zk(10)/(Ka+zk(1a))) * {(zk{(10)/{(zk{S)+=zk(10})) *
(2k {11}/ (KNH4+zk{11))) * (zk{13)/(KP+zk(13})) * (SALKk(2)/(KALK+SALKk{2))) * XHk({2);
2{20}= muHek * etaNO3 * (KO02/(RKO2+uk(2})) * (KNO3/(KNO3+zk{1i2))) * (zk(9)}/(KF+zk{9)})) *
(zk(9)/(zk(9)+zk{10))} * (zk{11)/(ENH4+zk(11))) * (zk{13)/(KP+zk(13))) *

(SATKk(2)/ (KALK+SATKk (2))) * XHk(Z);

P(21)= mulek * etaNO3 * (KO2/{KOZ+uk(2})) * (KNC3/(KNO3+zk(12))) * {zk{(10)/(KA+zk(10))})
* (zk(10)/(zk(9)+zk{(10))} * (zk{11)/(ENH4+zk{11})) * (zk{13}/(EP+zk(12))}) =*
(SATFkK(2) / {(KALK+SALEk(2)}) * XHk({2);

piz2)= qfeek ¥ (KO2/(KO2+uk(2))) * (ENO3/(KNO3+zk(12})) * (zk(2)/(KF+zk{s)}} *
(SAT.KK(2)/ (FALK+SATEk{2)))* XEk{Z);

p(23)= gPHAek * {(zk(10)/(Ka+zk(10))) * (SALEK{2)/{KALE+SALKk(2))})} *

((zk{15) /XPACK (2)) / {KPP+ {zkx {15) /XBAOk (2)))) * XPAOk(2);

B(24)= gbPek * {uk(2)/(K02+uk{2))) * (zk(13)/{KPS+zk{13))} * (SALKK{2)/(KALK+5ALKk(2))]
* ({zk(16)/XPA0Ok(2))/ (KPHA+ (zk {16} /XPACK{2}))) * ((XMAX-(zk(15)/XPACk(2)))/ (KPP+EKMAX-
(zk{15) /XPAOK(2)}}}) * XPACk(2);

P(25)= gPPek * (uk{2)/{(X02+uk{2))) * (zk{13)/(KPS+zk(13))) * (SALKk(2)/(KALK+SALXK(2)}}
* ({zk(16)/XPAOK(2))/ (KPHEA+ (zk{16) /XPACK{2)))) * ((KMAX-(zk(15) /XPAOk(2)))/ (KPP+KMAX-
fzk {15} /XPACk (2} }}) * XPAQk(2) * etaNO3 * RKO2/uk(2) * (zk(12)/(ENO3+zk(1z}));

P(26)}= muPACek * (uk(2)/(KO2+uk(2))) * {(zk(11l)/(XKNH4+zk(11l})) *
{SAT.Kk(2)/{KALK+SALEkK (2} })* (zk{13)/{KP+zk(13)})) *

((zk{16) /XPAOK{2)) / (KPHA+ {zk (16} /XPACK (2))}} * XPAOk({2};

P(27)= mubPaAOek * (uk(2)}/(K0o2+uk(2)}) * (zk{11)/(ENH4+zk(11))) *

(SATEk(2)/ {KALK+SALKk(2)))* (zk(13)/(KP+zk(13))) *

({zk(16) /XPAOk (2)) / (KPEA+ (zk (16) /XPACK {2)))} * XPAOk(2} * ecaNO3 # K02/uk(2) *

(zk (12) / {KNO3+zk (12})) ;

P(28)= muAUTek * (uk(2}/(KO2+uk{2))) * {zk{11)/{KNH&+zk{11))) * {(zk(13)/(KP+zk(13})) *
(SALEK(2)/ (KATK+SATIRk (2})) * Xak(2);

L]

P(zs)— krek * (uk(s)/(KozTuk(31)) * ((vk(zz /xak(3))/(KxT zk(22) /XHk {3)))) * XHK{3);
B(30)= kuek * etaNo3 * (K02/{K02+uk(3))) * (zk(20)/(KN03+zk(20))) =

{(zk({22) /XEK{3) }/ (EX+(zk(22) /XHkK(3))}) * Xdk{3);

P(31)= kHek * etafe * (KO2/{KO2+uk(3})) * (KNQ3/(KNO3+zk(20))}) *

{((zk(22) /XEK(3)}/ (K¥+ (zk(22) /XHK(3)}))} * XHk(3);
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P{32)= muBek * (uk{3)/(KO2+uk(3))) * (zk{17)/(KF+zk(17))} * (zk{17)/(zk{17)+zk(18))) *
(zk (19)/ (KENH4+zk (19))) * {zk{21)/ (KP+zk(21)}} * (SALKKk(3)/(KALK+SALKk(3))}) * XBk(3);
P(33)= muHek * (uk(3)/(XKO2+uk(3))) * (zk(18)/(KA+zk(18))) * {(zk(18)/(zk(17)+zk(18))) *
(zk (19} / (KNH4+2zk (19))} * (zk(21)/ (KP+zk(21))) * (SALKk(3)/(KALK+SALKk(3))) * XHk(3);
P(34)= muHek * etaNO3 * (KOZ/{KO2+uk(3)}) * (ENO3/ (KNO3+zk{(20))) * (zk{17)/(EF+zk{17)))
* {zk(17)/{zk(17)+zk{18))) * {zk{19)/(KNH4+zk{19)))} * (zk{21)/(KP+zk(21))}) *
(SAIXKk({3)/(KALE+SALKk (3))) * XHk(2};

P(35)= muHek * ctaNO3 * (KOz/(KO2+uk(3})) * (FNO3/(ENO3+zk{20))) * (=zk(18)/{KaR+zk(18})}
* (zk(18)/(=zk (17)+zk(18))} * (zk(19)/{(KNE4:+zk(19))}} * (zk(21)/(KP+zk{21))}) *
(SATXk(3)/(KALRK+SALKk(3))} * XHk(3):

P(36}= gfeek * (KO2/(KO2+uk(3))} * (ENO3/(KNO3+zk(20)}} * (zk(17)/{KF+zk(17)}} *
(SALKRk{2)/ (KALK+SATRk {3} ))* XHk(3);

P(37)= gPHAek * (zk(18)/(Ka+zk{18))}) * (SATLKk(3)/(KALK+SALKk(3)}) *

{(zk (23) /XPROK(3)) /(KPE+ (zk (23) /XPROK{3)}}} * XPAOk{3);

P(38)= gPrek * {uk{3)/{(KO2+uk(3}}) * {(zk(21)/(KPS+zk(21))) * (SALKk{2)/(KALE+SALKkK(3}))
* ({zk{24}/XPACk(3))/{KPHA+ (zk{24) /XPA0K(3})}} * ((KMAX- (zk{23) /XPa0Kk{3}))/ (KPP+KMAX-
{zk {23} /XPRCK (3)))} * XPAOK(3);

P(39)= gPPek * (uk({3)/{K02+uk(3}})) * (zk{21)/(KPS+zk(21))}) * (SALKk(3)/({RKALEK+SALKk(3)})}
* ({zk(24) /XPACk(3))/{KPHA+ (zk(24) /XPACK(3))}) * {(KMAX-{zk(23)/XPA0Qk(3)))/{KPP+EMAX-
(zk {23} /XDACK (3)))) * XPAOkK(3) * etaNO3 * X02/uk (3} * (zk(20)}/(KNO3+zk(20)));

P{20)= muPAQek * (uk(3)/(KO2+uk{3)}} * (zk{19)/(ENH4+zk(19))) *

{SALEK(3)/ (RALK+SALEK (3) })* (zk{21)/(KP+zk(21))} *

{({zk{24) /XPAOK{3)) / (KPHA+ (2k (24) /XPAOk {3})) ) * XPAOk(3};

P{41)= muPAOek * (uk(3}/(RKO2+uk(3))) * {zk{19)/(KNHi+zk(19))) *

(SALKk(3)/ (KALE+SALEk(3)))* (zk(21)/(KP+zk(21}}) *

({zk{24) /XPROK(3)} / (KPEA+ {2k (24} /XPAOK(3}}}) * XPAQK (3} * etaNO3 * KOZ/uk(3) =*
(zk{20) / (ENO3 +zk (20})) ;

P(42)= muAUTek * (uk{3)/(KO2+uk(3})) * (zk(19)}/(KNE4+zk(15))} * (zk(21)/{KP+zk(21))} *
(SALFk{3)/ (RALK+SALKk (3))) * XAk(3);

Pk = IP{i) P{2) P(3) P(4) P{5) P(6)} p{7) 2(8) P{8) P(10} P(11} P(12} P(13) P(1l4) P(15)

P{16) P{17) P(I18) B(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(&l) P(&2) 1°';
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APPENDIX H: DEVELOPED MATLAB CODE rFOR OPTIMAL CONTROL OF THE
ATHLONE PLANT WiTH THE ACTIVATED SLUDGE MODEL NO.3 BIO-MODEL

H.1: MATLAB script file - AASM3_Simulation.m

LA )

L=

o
3 g

e

w0
[t%

clear ail

% Declaration of the global v

glokal kH kS5TC etaNOX muH bH_O02 bH_NOX bSTO_C2 bSTO_NOX muld bA 02 bA NOX
global KX KO2 K8 KNOX XNH4 KALK KSTO KA 02 KA NH4 KA ALK KA _NOX

Kl = 1344;

3
5
0.6;
2;
bH Q2 = 0.2;
bH NOX = 0.1;
bsTC_02 = 0.2;
BSTO_NOX = 0.1;
™A = 17
ba 02 0.15;
0.05;
ng funciicons
1.
0.2;
ES = 2;
KNOX 0.5;
KNH2 = 0.01;
KALK = 0.1;
KETO = 1;
K& 02 = 0.5;
KA _NE4 = 1;
EA_ALK = 0.5;
KA NOX = 0.5;

% Ininiziization o
V1 = 1148;
V2 = 1148;
V3 = 5273;

A

Q0 = 40003;
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.

Qa = 39916.8;
Qp = 39%16.8;
Qr = 40003;
Qw = 38400.0;
Q1 =0p + Q0;
g2z = Qp + Q0 + Qa + Qr;
Q3 = Q2;

o

A a0

e

FUER SRS 5

S0sat =

IVl = DT/ V1; IV1i = IVl * Ql; All

IV2 = DT/ v2; IV22 = IV2 * Q2; A22 = 1 - IV22;
IVl = DT/ v3; IV33 = IV3 * Q3; A33 = 1 - IV33;

AlZ = IV1 * Qp;

= IV2 * (Qa + Qr);:

223b = IV2Z * (Qa + (LAMBDA*Qr));
221 = IVZ*Q1;

A32 = IV3*Q2;

&
o

diag{ally};
diag(ni2);

All = All * cnes(1l,13}; All
Al2 = A12 * ones(l,13); AlZ2

Al3 = zeros{l13,13);

A21 = A21 * ¢nes{1,13); A21 = diag{azl);

A22 = A22 * ones{l,13); A2Z = diag{az2);

A23 = [A23a,A23a,A23b,A23b,RA23b,2230h,A23b,A23a,A23&,A23a,A23a,223b,A23a] ;

A23 = diag(A23);

A3l = zercos(13,13);
A32 A32 * cnes(1,13); A32 = diag(a32};
B33 = A33 * cmes(1,13); A33 = diag{a33);

[211 A2 Al13; A21 A22 A23; A31 A32 A33];

2]
]

DT/V1*Q0;
Bll = IVO * ones{l,13); Bil = diag{Bll);

H
=
o

]

the

L7571

a 0.002 0 ¢ @ ¥YSTC 02 g 0.51%;

0.07 ~0.07 0.007 Q9 Q0 0 YSTC NOX 0 0.48};

4] -0.07 0O g -0.00% 0 c 1 -I/YH_OZ Q -G.08] ;
a -0.07 .30 -0.30 0.016 O o 1 —lfYH_NOX 0 -0.21];
0 GC.066 0 O G.005 £L 0 -1 0O 0 -0.75 1;
a 0.066 0.28 -0.28 ¢.025 £1I Q0 -1 O o -0.75 1;
Q c 0 o] ] o 2 0 -1 ¢ -0.80 1;
a C 0.35 -0.35 (0.025 ¢ 0O ¢ -1 0 -0.60 1;
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[-18.04 0 0 -£.24 O i/ya -0.60 0 O 0 O 1 0.90 1;

[-0.80 G © 0.066 0 9 0.005 fI @ G O -1 -0.75 1;

[o G 0 0.066 9.28 -0.28 0.025 fI G 0 © -1 -0.75 11;:
C = DT*[CC zeros{l2,26); zeros(1l2,13) CC zeros(1l2,13); zeros{l2,26) CCl;

tant inflow concentratic

SIi = 30.0; 85i = 69.5; &

0; SC2i = S0i; SNH4i = SNHi; SN2i = SNDi; SNCXi = 0.0;
XSi - 202.32; XBHi = 28.17; XHi = XBHi; X8T0i = 0;

X551 = 125;

™

ORI

207 33 33 GNH4E  3NZ SNOCK
s

[£2]

I AE xH XSTC XA

i

xi = [802i*ones(l,Kl); SIi*ones(l,Kl); SSi*ones(1,¥1l); SNH2i*ones(l,Kl);
SN2i*ones(1,K1); SNOXi*ones{l,K1}; SALKi*ones(1l,¥l); XIi*ones(l,Xl);
XSitones(1,K1); XEBitones(l,Kl); XSTCi*ones(1,Kl); Xri*cnes(l,K1l);
X8Si*ones({1,K1)];

conditions

_ ST 1 = 3.0000000e+01; S5_1 = 2.8082131e+0Q0;
SNH4 1 = 7.9178845e+00; SN2_1 = 1.2166405e+00; SNOX_1 = 5.3699400e+00;
SALK 1 = 4.9277103e+00; XI_1 = 1.1491252e+03; X5 1 = 8.2132908e+01;
XH 1 = 2.5517658e+03; XSTO_1 = 4.4885186e+00; XA 1 = 1.4838943e+02;
XSS 1 = 5.28488%4e+00;

%10 = [8S02_1; SI_1; $S_1; SKH4_ 1; SN2_1; SNOX_1; SALK 1; XTI 1; XS 1;
XH_1; X8TO_1; XA 1;%S5 1 ];

802 2 = 6.3131911e-05; SI_2 = 3.0000000e+01; SS_2 = 1.4587940e+00;
SNH4 2 = 8.3444148e+00; SN2_2 = 8.8206477e¢-01; SNOX 2 = 3.6619672e+00;
SATLK 2 = 5.0801748e+00; XI_2 = 1.1451252e+03; X5 2 = 7.6386187e+0Q1;
XH 2 = 2.5533851e+03; XSTO_2 = 4.4952273e+00; XA 2 = 1.4830914e+02;

X85 2 = 5.02%0873e+00;
x20 = [802 2; SI_2; 85_2; SNH4_2; SN2 _2; SNOX_2; SRLK 2; XI_2; X5_2;
XH 2; XSTO 2; XA 2;XS8_2 1;

% For tanz 3

802 3 = 1.7183778e+00; SI_3 = 3.0000000e+01; SS5_3 = 1.1495418e+00;
SNH4 3 = 5.5479452e+00; SN2_3 = 8.2888682e-01; SNOX_13 = 6.5408820e+00;
SALK 2 = 4.6747902e+00; XI_3 = 1.1491252e+03; X5_3 = €£.4854%22e+01;
XH 3 = 2.5571314e+03; XSTO_3 = 4.3924277e+00; XA 3 = 1.4894126e+02;

XSS 3 = 4.5041834e+00;
x30 = [S502 3; SI_3; SS_3; SNH4_3; SN2_3; SNOX_3; SALK 3; XI_3; XS_3;
XH_3; XSTO_3; XA _3;X5§_3 1;

x0 = [x10;x%20;:x30];
x = [x0 zeres(39,K1)};
% Stez
for k
xk = x{:,k);
xik = xif(:,k);
ok = D_ARSMIF(xXk};
80k = [(xk{27,1)1;:
xxk = DT*EKLa* (S50sak-5Ck);
xxlk = [zeros (26,1} ;xxk(1);zeros(12,1}];
x(:,k+i) = A¥x{:,k) + C'*Pk + B*xi(:,k) + xxlk;
end

EEYATIr L Y f T Corcentratians

figqure(1)
subplot{S,B,l);plot(x{l,:));title('SCE_E')
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subplot{5,3,2);plot{x{2,:));title('SI1"
subplot (5,3,3) ;plot{x(3,:}) ;title(*58L"
subplet (5,3,4) ;plot{x(4,:});title {"SKH
subplot (5,3,5) ;plot{x(5,:});title{’
subplet (5,3,6) ;plot{x(s, :}) ;title (7
subplot (5,3,7) ;plot{x(7,:});title{*S
subplot(s,3,8) ;ploc{x(8, })tnﬂe(s”‘)
subplot (5,3,9) ;plot{x(S,:});title(*X¥S1")
subplot (5,3,10) ;plot (x(10,:) ) ;title (" XHL'
subplot(5,3,11) ;plot(x{11,:}));title("X8TSL")
xlabel{'discretes time k')

subplet(5,3,12) ;plot(x{12,:));title('xR1")
xlabel{'discretes time k')

subplot (5,3,13);plot (x{13,:}};title(TX5851"
xlabel('discrete time k')

set (figure{l}, 'name’, *Tank 1 steady state resultis

£51)

% Tank 2

figure(2)

subplot{5,3,1) ;plot(x(14,:)) :title('SCE
subplot(5,3,2) ;plot(x(15, :});title{ 512
subplot{5,3,3);ploc(x(16,:});title({'S52
subplot(5,3,4};ploc{x(17,:}));title{' 3H
subplot{5,3,5) ;plot{x(18,:}));title ('3
subplct(5,3,6) ;plot{x (19, :)) ;title (' SKOX
subplet {5,3,7) :plot{x(20,:)) ;title ("SATLKI")
subplot{5,3,8) ;ploc({x(21,:)) ;eitle('XIZ"}
subplet (5,3,9) ;plot{x(22,:)) ;title (*X82"})
subplet (5,3,10) ;plot(x{23,:) ) ;title(*¥H2")
subplot {5,3,11) ;plot(x{24,:));title({ KITC2!
xlabel(’'discrete time k')
subplet(5,3,12) ;plot (x{25,:)),;title(*xa2")
xlzbel('discrete time k'}

subplot{5,3,13) ;plot(x(26,:));title(7XS327)

£

U

xlabel{'discrete times k')

set (fiqure{2), 'name’, 'Tank Z steady state resultsz', "numbsrtitls','offt)
% Tank 3

figure(3}

subplot{5,3,1) ;ploc{x(27,:)) ;title('5302_3")
subplot{5,3,2} ;plot{x(28,:)) ;title (3T
subplot(5,3,3};ploc{x(29,:)) ;title ('3
subplot (5,3,4);plot{x(30,:));title{ S
subplot (5,32,5) ;plot (x(31,:)) ;ritle{ SK2
subplot (5,3,6) ;plot (x(32,:)) ;title('s
subplot {5,3,7) ;plot(x(33,:)) ;title(’s
subplot{5,3,8) ;plot(x(34,:)};title (*4Z ?')
subplot{s,3,9) ;plot{x{35,:)) ;title(*XE3")
subplot{5,3,10);plot{x(36,:});title{"XH3")
subploc{5,3,11) ;plot(x{37,:));:;title{ "¥3T03")
xlabel(‘'discrete fime k')

subplot (5,3,12) ;plet (x({38,:}) ;title{*XA3")

xlabel('discrsete tims k')

subplot {5,3,13);plet{x(39,:)) ;title("X583")

xlabel{ 'discrste Time k')

set (fiqure (3}, 'name’, 'Tank 3 steady stave results', 'numbsrtitle’, 'oil')




xl = [802i*zercs{i,K}; dry(1:K,7)'; dry (1:E,2)"; dry (1:K,8) ';
SN2i*enes(l,K); SNOXi*zeros(1,K); SALKi* ones{l,K); dry(1:K,5)";
dry(i:K,4)'; dry{1:K,3)'; XSTCi*ones(1,K); XAi*cones(1i,K};
XSSi*ones(1,K)];

X = [%{:,K1l+1) zeros{39,K)1;

2 Dynemic simulaticn of ths model
for k = 1:K
xk = x{:,k);
Xik = xi{:,k};
Pk = P _AASM3F{xk); 3
S0k = [xk{27,1)1;
xxk = DT*KLa* {(SOsat-50k);
xx1k = [zeros(26,1);xxk{l);zercs(12,1}];
x(:,k+1} = 2*x{:,k} + C'*Pk + B*xil(:,k) + xxlk;
end
.

subplot(5,3,1);;plot{x(l, :));title (*SCZ_1°%}
subplotb(5,3,2);plot{x{2, )} ;citle ('5I1")
subplot (5,3,3) ;plot{x(3,:));citle (*351")
subplot{5,3,4};plot(x(4,:})ritle ('SHHEL_ 1)
subpleot (5,3, 5) ;plot(x(5, :});title('8R2Z_17)
subplot (5,3,8) ;plot{x(s,:)};title (’SKCX1*}
subplot (5,3, 7} ;plot{x(7,:)};title (*SALEL")
subplot (5,3,8) ;plot{x(8,:));title {"XI1l"}
subplot (5,3,9) ;plot(x{g,:}):;title ("XS1")
subplot(5,3,20) ;plot{x{210,:} ) ;title('XHL")
subplot {5,3,11) ;plot{x{11,:});title('X3TOL")
xlabel ("discrete time k')

subplot (5,3,12) ;plot(x{12,:)) ;titie('¥aLl")
xlabel(*discrete Time k')
subplot(5,3,l3);plot(x(lB,:));title{'KSSl')
xlabel( "discrets Lime k'}

set (figure(4), 'name’, "Tark 1 dynamic resulis', ‘numbertitle’,'off’)

& Mol
E Uank £

figure(5)

subplot (5,3,1} ;plot{x({14,:));title(*SCZ_2")
subplot{5, 3,2} ;plot(x{15,:))ititle('3I2")
subplot {5,3,3) ;plot(x(l6,:)};title('352")

subplotb!5,3,4) ;plot{x(17,:}};Citle("SKHL
subplot{5,3,5) ;plot{x(16,:}));title{’3H
subplot (5,3,6) ;plot{x(19,:)) ;title{'S
subploc (5,3,7) ;plet{x{20,:)) ;title ('SRLKD
subplot (5,32,8) ;plot(x(21,:)) ;title("XIZ7)

}

Subplot(5,3,9};plot(x(22,:));title('XSZ'
subplot{5,3,10) ;plot (x(23, :}};title(TXHZ')
subplot{5,3,11) ;plot{x(24,:});title(T¥STCZT)
xlabel {‘discrete time k')

subplot (5,3,12) ;plot(x{25,:));title('XRZ")
xlabel ('dizcrets time k')

subplot {5,3,13) ;plot(x(26,:} ) ;title(’HXS82")
xlabel {*digcrete time k')
set{figqure(5), 'name’, 'Tank 2

3 Tank 3

figure{&)

subplot (5,3,1);plot{x(27,:)};citle (302 3'
subplot (5, 3,2} ;plot(x(28,:)};title{ SI3%)
subplot(5,3,3);plot(x{ZQ,:});title{*S"S')
subplot (5,3,4) ;plot{x{30,:));title('ENHL 37)



subplot(5,3,5) ;plot{x (31, :}) ;title{?SK2
subpliot(5,3,6) ;plot(x({32,:)) ;title{’S
subplot (5,3,7);plot(x(33,:});ticle (301K
subpict{5,3,8) :;plot(x{34,:}};:;title(’¥T3*
subplot (5,3, S),plot(x(BS,.)),tltle( Xuﬂ

subplot(s 3, 12) plot(x{38,:));title(‘XE3’)
xlabel{'dizscretes Time k')
subpleot(5,3,13) ;plot(x{39,:)) ;title( X583")
xlabel{'discrete time k')

[x(i:}; x(2,:5; x(6,:) 1;

z 3
[x{16,:); ={17,:); ={19,:)1; 5 &
z3 = [x{2%,:); x{30,:); x{32,:)]1; g ]
z = [zl;z2;=23];
% Formation of the vestor of ths control
ul = x(ll~)r
u2 = x(14,:}:
ul = x(27,:};
u = [ul; u2; ui}l;

= s hot
0T "‘_\' WoATNEeY

zi = [ssl*ones{l X} ; SNgiai*ones{l,X); SNOXi*ones{l,K}]1;

% Steady state values x ‘ Xr, XS, SRLE, KETO
XH = [2551.76%ones(1,K};2553. 38*ones(1 K} ;2557 .13*ones{1,K);
2559 .18*%ones(1,K) ;2559 ,.34*cnes{1,K)];

pe: = [148.389*ones(1,%);148.309%0ones(1,K) ;148 . 941l*ones(1,K);
149.527*ones (1,K) ;149.797*ones(1,K)];

X3 = [82.135%*cnes{1,K);76.386*ones{1,K);64.855*ones(1,K);
55.6%4%ones{1,K);49.306*ones{1,K)];

X3TQO = [448.S5%*ones{l,K});76.386*cnes(1,K);64.855*ones (1,K) ;

55.694*cnes(1,K) ;¢%9.306*ones(1,X)];
SALE = [4.9%cnes(1,K};148.30%%cnes(1,K);148.941%cnes(1, K},
149.527*ones(1,K} ;149 .797*ones(1,K}];

Allr = 1 - IV1il; A22r = 1 - IV22; A33r = 1 - IV33;

-

AI2r = IVl * Qp; A23r = IV2Z * {Qa + Qr)
A21r = IV2*Ql; A32r = IV3*Q2;

A11r = RAllr * cmes(1,3); Allr = diag(allr);
Al2r = Al2r * cnes{l,3); Al2r = diag(Allr);
A13r = zeros(3,3);

R21Tr = diag(a2lr);
A22r = diag(A22r);

A21r = AZ2ir * ones(1,3)
A22r = A22r * ones{l,3)
A23r = [A23r,A23r,AR23r};
A23r = diag{Rh23r);

H
K

A31lr = zeros(3,3};
A32r = AI12r * ones(l,3)}; A32r = diag{ald2r);
233r = R33r * ones(l,3); A33r = diag{A33r);

AR = [Allr Al2r Ai3r; AZlr A2Z2r A23r; A3lr A32r A33r];
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for the reduced model (BR}

V1*Q0;

f = 1.2;

Bllr = [IVO IVQ IVG*E];
Bllr = diag(Bllr);

BR = [Bl1ir; zeros(&,3)];

CCR=[[1 0.01 g
[0 -0.07 a I;
[0 -0.07 -0.303;
[o -4.24 1/YA]1;

CR = DT* [CCR zeros{4,6); zeros{4,3) CCR zeros{4,3); zeros(4,6) CCR];

% Parameter estimation
for k = 1:X B
zk = z{:,k);
uk uf(:,k);
XHk = XH(:,k);
Xrk = Xa(:,k);
X8k = X5(:,k});
XISTOk = X8TC(:,Kk);

SELKk = SALK(:.,k

zik = zi(:,k);
Pk P_AASMIR(zk, uk, XKk, X2k, XSk, X§TCk, SALKK) ;
FIk = CR'*pk;
¥{:,k} = z(:,k+1})-AR*z{: ,k}-BR*zi(:,k};
theta(: , k)= {FIk'*FIk}*(-1L)*FIkK'*Y (:,Kk) ;
end

H

muHE (1, ;} = theta(l,:);
muAE(1,:) = theta(2,:);
KhE(1,:} = theta{3,:);

del w

esztimated parameters

simulaticn of ths reduced m

z(:,k};
uk = u{:,k};
zik = =zi{:,k};

XHk = XH({:,k};
X2k = XA{:,k);
X5k = XS5(:,X):
XSTOk = X8TC(:,.k};
SALKk = SALK(:,k):

muHEk = muHE(:,X);
muAEk = muRAE(:,k};
EhEk = EKhE(:,k);

Pk = P_AASM3RE (zk,uk,XEk, XAk, Xsk, XSTOk, SALKk , muHEk, muAFk, KhEk) ;
ZE{:,k+1} = AR*zE{:,k} + CR'*Pk + BR*zi{:,k});
ERR{:,k+1)=z{:,k+1)-2E(:,k+1};

% Yector of process Iw :
SSl=z (1, :);SNH4 1=z(2, ) SNOX1-2(3,.);
851E=zE(1, :)};SNH4_1E=zE(2, :) ;SNOX1E=zE (3, :};

ERRSS1=ERR{L, :}; RSNhA_l_ERR{z,.) ERRSNOX1=ERR(3,:};

1) ;x(4,1);x(6,1);x(26,1) ;x(27,1); X(l9 ) ;x{29,1);x(30,1);x(32,1}]1;




§ Calculation of the weightsd errors Zor tankl
eSSl:(ERRSSl*ERRSSl')/(SSl*SSl'},

eSNH4_ 1= (ERRSNH4_1*ERRSNH4_1')/(SNH4_1*gNH4 1');
eSNOXl:(ERRSNOXI*ERRSNOXI’)/(SNOXI*SNOKI');

% Vector of prﬁce s full, estfimatsd =z
882=z(4, :) ;5NH4 2=z (5, :);5N0X2=2(6,:);
SSZE=ZE(4,:);SNH4_2E—ZE(5,.),SNOXZE zE{6,:);
ERRSSZ=ERR(4,:};ERRSNH4_2=ERR{5,:);ERRSNOX2=ERR(6,:):
% Calculation of the weightsd errors for taenk 2
e552=(ERRSS2*ERRS32") / (552%552") ;

eSNH4 2= (ERRSNH4 2*ERRGNH4 2')/ (SNH4 2+¥SNH4 2');
eSNOX2= (ERRSNOX2*ERRSNGQXZ ') / (SNOX2*SNOX2') ;

% Vector of process full, estimsted and error variables §3, SNH4, SN0,

S83=z (7, :) ;8NHZ 3=7(8,:);SNOX3=2(9,:);

SS3E=zE({7, :) ;SNH4_ 3E=2E(8,:) ;SNOX3E=zE(9,
ERRSS3=ERR(7, :} ;ERRSNH4 3=ERR{3, :) ; ERRSNOX3=ERR{9,:};
% Caliculation of the weighted errors for tank 3
e8S31= (ERRSS3*ERRSS53') / (SS3#553 ') ;

eSNH4 3= (ERRSNH4_ 31*ERRSNH4 3'}/(SNH4_ 3*SNH4_3');
e5NOX3= (ERRENOX3*ERRSNOX3 ")/ (SNCX3*SNCX3 ') ;

1:K;

Graphs of the

k

figure{7)
subplet (3,1,1) ;plot(k, mulE, "k');title(TEst

H') ;ylabeli('n

subplot{3,1,2} ;plot{k,mudE, 'x');ritle{'Estira 2At) ;ylabel{ '
subplot{3,L1,3}; plot{k KhE, 'k');title(Es £ "}Yiylabel ("ERE') ;
set (figqure (7}, 'naxe', 'Estimaied paramste: ‘rumbertitle’,toff?)

xlabel{'discrets ﬁime k')

medel response o th
figure(8)
subplet {3,2,1) ;plot(k,551) ;hold con; ploti{k,SS1E, 'kx- ') ;vlabel ('381, 38157 );
legend('&31', '831E°) ;subplot (3,2,2); plot(k,ERRSSL, 'k') ;ylabel (TEERS3L');

subplot(3,2,3);plot(k,SNH4_1) ;hold on; plot(k,S5NH4_1E, "'&-.°);
legend('SNH4 1',’SNHA_1E’);ylabel ('SWH4_1,SNHE 1E');
subplot(3,2,4}; plot(k,ERRSNHé_l,‘k'};ylabel{'i%n: Ha 1

subplot (3,2,5) ;plot (k, SNOX1) ;hold on;plot (k,SNOX1E, 'k-."};

legend{ "SNOXI', "SNOX1IE) ;ylabel {"5HCOXI, SROLIE") ; xl=be7{‘ﬂ?s crabte Time xY)
subplot(3,2,6); plot{k,ERRSNOXL, 'k') ;ylabel {"ERRINGY1']};

xlabel ('discrete tima k')

set (Eigure(8), and estimation
errart, 'numbertitie’, toff?)

figure(9)

subplot {3,2,1) ;plot(k,8352) ;held on; plot(k,S82E, *k-.");ylabel( ' 33,5
legend('332','S$32E") ;subplot(3,2,2); plot(k, ERRSSZ '%'Yiylabel ("ERRS

subplot{3,2,3) ;plot{k,SNE4_2);hold on;plot(k,SNH4_2E, 'k-.');
legend{ *SNH4 2',‘Q"Hé 2EY); ylabel('“”i 2,“\4: ZE'Y;
subplot(3,2,4); plot(k ERRSNHZ_2, "k'");ylabel ("ERRSNHL 27);

f

subplot (3,2,5) ;plot(k,SN0X2) shold on; plot{k,SNOX2E, 'k-.")

legend ( "SMOX2', TSMUEZET) ;ylabel ( "SNGH2, SNCKZE') ;xlabel ("discrete time k')
subplot (3,2,6); plot{k ERRSNOX2Z, 'k ") ;ylabel {'ERRINOH2') ;

Xlﬂ-bel("" q""'c*e ime

set {figure (9},

erzc:','w"mbar




figure(10)
subplot(3,2,1) ;plot{k,$83) ;hold on; plot(k,S83E, 'k—."});ylabel (553,53
legend('SS3', 'SS3E') ;subplot(3,2,2); plot(k,ERRSS3, 'k');ylabel {'ERES

S38');
53%);
subplot (3,2,3) ;plot (k,SNH4_ 3) ;hold on;plot(k,SNHe 3E,'k-.7);

legend ('SNH4_3', 'SNH4_3E');ylabel ('SNH4_3,SNHL 3E');subplot(3,2,4);

plot (k, ERRSNH4_3, 'k} ;

ylabel ("ERRSNH4 3');

subplot(3,2,5} ;plot (k,SNOX3) ;hold on; plot(k,SNOX3E, 'kx-.")

legeond { '5HOM3Y, "INCXIE ) ;ylabel { PSNOX3, SNCK3E) ;xlabel{tdiscrate tims k')
subplot (3,2,6) ; plot(k, ERRSNCX3, k') ;
vlabel { *ERZINOX3') ;xlabel ('discre! zi
set (fiqure (10), 'nams*, *Tank 3

' -~

- t ] P Tes] g T Fagay
error!, 'numbertitlis’, '0fLY)

Lay
o)
[ f
9]

functicn Pk = P_AASM3F {xk}

global kH kSTO etaNOX muH bE_02 bH_NOX bSTC_C2 bSTO_NOX muA ba 02 bA_NOX KX KO2 KS EKNOX
KNH4 FALK KSTO KA 02 KA NH4 KA ALK KA NOX;

& TANK 1

P(1)= kH* ((xk(9)/xk{10})/ (Kf+(xk(9)/xk(20}})}* xk{10);

P(2)= kSTO * (xk{1)/(RO2+xx{1)}} * (xk(3}/(RKS+xk(3)}}* xk(10);

P(3)= kSTO * etalOX * (K02/(KO2+xk(1)}) * (xk(6)/(KNOX+xk(6})) * (xk(3)/(RS+xk(3))) *
®k{10);

P{4)= muH * {xk(1)/(XO02+xk{1))) * (xk(4)/(ENH4+xk(4))) * (xk(7)/(XKALE+xk(7})) *
({xk{11) /xk(10})/(KSTO+ (xk(11) /xk(10}))) * xk(10);

P{5)= muH * efaNOX * {R02/{K02+xk{l})) * (xk(6)/(KNOX+xk(6)}) * (xk(4)/(RKNH&+xk{4))) *
{(xk{7) /{EALR+xk(7))) * ((xk(11)/xk{10)}/(KSTO+(xk(11l}/xk(10)))) * xk(10);

P{6)= bH 02 * (xk(1)/(KO2+xk{1l}}) * xk(10);

P(7)= bH_NOX * (KO2/(KO2+xk{1}}} * (xk(6}/(KNOX+xk(6)}) * xK(10];

P(8)= bSTO 02 * (xk(1)/(KO2+xk(1}}) * xk(1l};

P{9)= bSTO MOX * (K02/(KO2+xk({l}}) * (xk(6)/(KOX+xk{6))) » xk(1l);

P(10)= mud * (xk(1})/(KA_O2+xk{1))) * (xk{4)/(RA_NH4+xk{4})} * (xk{(7}/(KA_ALR+xk(7))} *
xk{12);

B{il)= bA 02 * (xk(1)/(KA 02+xk(1)}) * =xk(12);

P{12)= bA NOX * (Ka_02/ (KA _02+xk(1))} * (xk(6}/(KA NOX+xk(6))) * xk{12);

% TANX 2

P{13)= kE*{{xk(22)/xk{(23))/(KX+{xk(22) /xk{23))))* xk{23);

P{14)= kSTO * {xk(14)/{KOZ+xk{i4))) * (xk(16)/(KS+xk{1§))})* xk(23);

P(15)= kSTQ * etaNQX * (XK02/{KOZ+xk{14)}) * (xk{19}/ (KNOX+xk(19))) *
(xk(16) / (ES+xk (16} ) * xk{23);

P(16)= mufd * {xk(14)/(RKO2+xk{14))) * (xk(17)/{ENH&+xk(17))) * (xk(20)}/(KALK+xk(20))) *
({xk{24) /xk{23)) f (RSTO+ (xk (24} /xx{23)})) * xk{23);

P{17)= muH * etaNOX * (KO2/{RC2+xk(14))) * {(xk(19)/{KNOX+xk{19))) *
(xk{(17) / (KNE4+xk(17))) * (2k(20)/{FALRK+xk(20}}) *

f{xx{24) /xk(23)) /{XSTO+ {xk(24) /xk (23))})) * xk(23);

P{18)= bH 02 * (xk(14)/(FOZ+xk{l4}}) * xk(23});

P(19)= bH NOX * (KC2/(KO2+xk{14))) * (xk{19)/(KNCX+xk(19)})) * xk{23);

P{20)= bSTO 02 * (xk(14)/(KC2+xk(14))}) * xk(24);

P(21)= hSTO NOX. * (K02/(KO2+xk{14))) * (xk(19)/(ENOX+xk(19)]) * xk(24);

P(22)= mud * {xk(14)/(EA 02+xk{14}))} * ({xk(17)/(KA_NH4+xk(17})) *

(xk (20) / {RA ALK+xk (20))) * xk(23);

P(23)= bA_02 * (xc(14)/ (KA _O2+xk{14))) * xk(25);

P(24)= bz _NOX * (XA 02/ (K& _02+xk{14))) * (xk(19)/(FR_NCX+xk(19)}} * xk(25);
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& TANK 3
P(25)= kH* ({xk{35) /=xk(36)})/(KI+(xk(35) /=xk(36)))}* xk(36);

P{26)= kSTO * (xk(27)/(KO2+xk(27))} * (xk{29)/!KS+xk(29)}}* xk(36);

P{27)= k3TC * etaNOX * (KO2/(KO2+xk(27))) * {(xk(22)/(RNOX+xk(32})) *
{(xk(29) / (ES+xk(29)}) * xk(36);

P{28)= muH * (xk(27)/{K0O2+xk(27}}} * (xk(30)/ (KNH2+xk (30})) * (xk(33)/(KALEK+xk(33))) *
({xk{37} /xk(36})/ (RSTO+ (xk{37) /xk (36)))) * =xk(36};

P{29)= muE * etaNOX * (KO2/(K02+xk(27))) * {(xk(32)/(KNOX+xk(32))) *

{xk{30)/ {KNH4+xk(30))} * (xk(33}/(KALK+xk(33}}) *

{({xx{37} /xk(36))/(ESTO+ (xk{37) /xk(36)}))} * =xk(36);

P{30)= bH 02 * (xk(27)/(KG2+xk{27}}} * xk{36};

P(31)= bH_NOX * (R02/(RO2+xk(27))) * (xk(32)/(ENOX+xk(32})} * xk(36);

P(32)= bSTO 02 * (xk(27)/(K02+xk{27))) * xk(37);

P(33)= bSTO MOX * (RKO2/{K02+xk(27)})} * (xk(32}/(FENOX+=xk({32}))) * xk{37);

P{34)= mud * {xk{27)/(KA O2+xk{27)}}} * (xk(30)/ (KA _NHa+xk(30))}) *

(xk(33)/ (RA_ATK+xk {33)) )} * xk(38);

P{35)= bA 02 * {xk(27)/{KA 02+xk(27))) * xk{3B};

P(36)= bA_NOX * (K& 02/{KA_O2+xk(27))) * (xk(32)/(XA_NOX+xk(32}}) * =zk(38);

Pk = [P{1) PB(2} PB(3) P(4) P{(5) P(&) P{7) P(8} P(39) P({1c) P(11) P{12) P{(13) P{14) P(15)

P16} B{17) P(18) P(138) P20} P(21) P{(22) P(23) P(2¢) P(25} P{26) P(27) 2{28) 2(29)
P(30) P(31) P(32) 2(33) P(34} P{35) P(36)]'";

H.3: MATLAB script file - P_AASMIIR.m

e

e

e

S R0

function Pk = P_AASMIR({zk,uk,Xek, XAk, XSk, XSTOk, SALKX) ;
global KX K02 ENH4 RALK KSTO etaNCX FKNOX KA 02 XA NE4 KA ALK ;

% TRNE 1
P{1)= ({XSk(1l)/XBk(1))}/ (BX+(XSk{1)/Xuk{1)))}* XHk(1);

P(2}= (uk(1}/(RO2+uk (1))} * (=zk{(2)}/(KNH4+zk(2))}) * {SALKk{1l)/(KALK+SALEKk{1)}} *
((X8TOk (1) /XHk (1)) /{KSTO+(XSTOK(1}/XHk(1}}}) * XHk{1);

P(3)= etaNOX * (K02z/(KO2+uk{1)}} * (zk{3}/(ENOX+zk{3))}} * {zk(2)/(KNH4+zk(2})) *
(SALKk {1}/ (RALK+SALRk{1)}) * {(XSTCk(1)/XHk(1})}/ (KSTO+(XSTOk(1) /XEk(1)))) * XHk(1);
P{ey= {uk(1l)/(Ea 02+uk(i})}) * (zk(2)/(XKA NH4+zk(2))) * (SALEk(1)/(KA ALK+SALKk(1}}) *
Xk (1) ;

Blk = [P(1) 0 0; 0 P(2} 0; 0 P(3) 0; C O B(4)];

% TANE 2

P(5)= {({XSk(2)/XHk(2))/ (KX+(Xsk(2)/XHk(2)}))* XHk(2);

P(6)= (uk(2)/(ROZ+uk(2)}} * (zk(5}/(KNH4+zk{5}}) * (SALKk{2)/{KALK+SaLXk(2)))} =*
{(XSTOk (2} /XHk(2)) /{KSTO+ (XSTOk(2} /XHk (2} )}) * XHk{2);

D(7)= etaNOX * (RO2/(KO2+uk{2)}} * (zk(6)/(KNOX+zk(6))) * (zk(53)/(KNH2:+zk(5))) *
(SALKk (2) / {KALK+SATKk(2))) * ((XSTOk(2)/XHk(2))/ (KSTO+(XSTOk(2) /XHk{(2))}) * XHk(2):
D(8)= (uk{2}/ (KA O2+uk(2))) * (zk(5)/ (KA NHa+zk(5))} = (SALKk(2)/(XA ALK+SALKk(2))) *
X2k (2);

B2k = [P(5) 0 0; ¢ P{6} 0; 0 P{7} 0; ¢ 0 P(8)];

% TAME 3

P(9) = ((XSk(23}/XHk(3})/{EX+ (XSk(3)/XHk(3))))* XHk(3);

P(10)}= (uic(3}/(ROZ+uk(3}}) * (zk(8)/{(XNE2+zk{(8)}} * (SALKK{3)/(RALK+SALKkK(3}}) *
{(XSTOk(3) /XHKk(3)) / (RSTO+ (XSTOk (3) /XHk {3)))} * EHk(3);

P(11}l= etaNOX * {(K02/(KO2+uk(3}}} * {zk{9)/(ENOX+zk(9))) * (zk(8)/(RKNHa+zk(8))) *
(SALEk (3} / {KALK+SALKK{3)}) * {(ZSTOK(3}/XHk(3))/ {KSTO+(XST0k (3} /XHk(3}})) * EHkK(3);
P(12)= (uk(3) /(KA 02+uk(3))) * (zk(8)/ (KA NHi+zk(8))) * (SALKk(3)/(KA ATR+3SALKk(3)}) *
X2k (3} ;

Pik = [P(9} 0 0; © P{(10} O; 0 P{11) 0; Q 0 P{12}];

BMotyd-r DL £ the whole mrooes
SHMaEtrix FK ILor Tihe whOoog LI0CesE
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Pk = [Pi1k; P2k; P3k];

H.4: MATLAD script file - P_AASHMIREm

s

LE DESCRIPTION =————mmm===s=ommmmm==n

oy

A

ok

[
3
Q@
[#5
@
F

o

Description of the function funciion

function Pk = P_AASM3RE(zk, uk,XHk, ¥ak, X5k, X8TOk, SATKk, muHEk, muAEk, KhEkK) ;

lobal XX K02 KNH4 KALK KSTO etaMOX EKNOX KA 02 KA NH4 KA ATX ;

ANE 1

(1)= KhEk * ((XSk(1)/XHk(1)}/{(KX+(XSk({1l)/XHk{1))})* XuHk(1);

(2)= muHEk * (uk(i)/(E02+uk(1))) * (zk(2)/(KNB2+zk{2}))} * (SALKk(1l)/(KALK+SALEk(1})} *
((XSTOk (1) /XHK (1)} / (KSTO+ (XSTOK{1} /XHk (1)))) * XHk(1);

P(3}= muHEk * etaNOX * (KOZ/{RO2+uk{l)}) * (zk{3)}/(ENOX+zk(3)}} * {zk{2}/{KNHa+2k(2)))
* (SALKk(1)/ (KALE+SATKI(1)}) * ({(XSTOk(1)/XHk(1))/(KSTO+ (XSTOk(1)/XEk(1}))) * XHk(1l};
P(4)= muAEk * (uk(1)/(KA_02+uk(1}}) * (zk(2)/(KA_NH2+zk(2)}) *

(SALFk (1) /{FA_ATK+SALEk (1))} * XRk(1);

3 OTANE Z

2(5}= EhEk * {(XSk(2)/XHk(2)}/(KX+{XSk(2)/KHk(2})))* xBK(2);

P(6)= muHEk * (uk(2)/(K02+uk(2}})) * (zk(5)/(KNH4+zk(5))} * (SALEKk{2)/(KALK+SALKk(2}}) *
((XSTOk(2) /XHK(2}) /{KSTO+ (X8TOk(2) /XHk (2))) ) * XHk(2};

B(7)= muHEk * etaNOX * (K02/(KO02+uk(1))) * (zk(6)/(XNOX+zk(6)}) * (zk(5)/(KNH4+zk(5)})
* (SALKk(2)/(KALK+SALEk (2})) * ((XSTOk(2)/XHk(2))/(EKSTO+ (XSTOk(2)/XHk(2)})) * XHk(2};
P(8)= mudEk * (uk(2)/(KA c2+uk{2))) * (zk(5)/(KA NH&4+zk(5))) *

(SATKk (2} / (FA_ALK+SALKk(2))}) * XRk(2);

3 TAENK 3

P{9) = KhEk * ((XSk(3)/XHk(3))/{EX+(XSk(3)/XHk(3))))* XHk{3);

P{10)= muHEk * (uk(3)/(Ko2+uk(3)}} * (zk(8)/(KNH&4+zk(8))) * (SALEk(3}/(KALK+SALXkK(3)))
* ((X9TOk{3)/XHk(3})/(ESTO+ (XSTOk {3} /XHX({3)))) * XHk({3);

P{11l)= muHEk * etaNOX * (R02/({K02+uk(3))} * (zk(9)/(KNOX+zk{9))) * (zk(8)/ (KNH4+zk(83)))
* (SALKk (3)/(KALE+SATKk (3})) * ((XSTOk(3)/XHk{3)})/(KSTO+(XSTOK(3)/XHk(3)))) * XHk(3);
P{12)= muAFk * (uk({3}/(Xa_02+uk(3))} * (zk(8)/{KA_NHa+zk(8})) *

{SALKK (3} /{KA_ATR+SALEk(3})) * XAk{3);

Pk = [P(1) P(2) P{3) p{2) P(5) P{6) P(7) P{8) P(3) P(10) P(11) P({12)}]';
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