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ABSTRACT

Studies and research in modeling and control tools of the biological
wastewater treatment process is very significant to improve the conventional
operation control strategies and eventually giving big positive impact to our own

environment. Hence, the objectives of this work are:

i.  To study wastewater treatment process
ii.  To model and simulate an activated sludge process

iii.  Toapply control strategies on the model

A wastewater treatment plant has been studied and activated sludge process has
become the subject of concern as it is the most widely used technology for biological
treatment in a wastewater treatment plant. The activated sludge plant has been modeled
following the Benchmark Simulation Model No. 1 (BSM1) developed by COST 682
Working Group No. 2 to provide standard process assessment and besides, this model is
accepted internationally. The model is implemented using MATLAB/Simulink Software to
capture the mathematical model describing the process. The control of dissolved oxygen
level in the reactors plays an important role in the operation, thus conventional PI control
strategy had been applied to the model to control the dissolve oxygen (DO) level in the
aerated reactor. To further improvement of the DO control in the system, a new approach of
advance control strategy had been also applied to the system. Model Predictive Control
(MPC) is introduced to the activated sludge plant. The control strategies had been evaluated
and comparison had been made between the conventional Pl controller and the MPC. The
results showed that the system shows control improvement with the MPC implemented to

the plant.

Research study and literature review on the topic will be discussed in Chapter
2 of the report. All resources had been used wisely to obtain the most information
regarding wastewater treatment process and its control strategies. Methodology of
this project is represented in Chapter 3 of this report. Gantt chart is also included to
present the activity conducted throughout the semester which in all, most of them
have been executed successfully. The results of the project are shown in Chapter 4.
Finally in Chapter 5, conclusion of the project is represented with recommendation

for future work.
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CHAPTER 1

INTRODUCTION

1.1  Background Study

Water pollution has been a topic of concern now and most probably to more
years to come in the future. The increase public awareness of the seriousness of this
problem has raised the bar in more stringent effluent regulations. This has
considerably increased the requirements imposed on treatment plants. To comply
with the challenge as well as to contain plant cost, activated sludge process has
always been opted among others to accomplish water treatment economically with
the process of biological oxidation. Activated sludge technology has been used since
the 20™ century as it is cost-effective, it can be adapted to any kind of wastewater,
reliable and has the capacity of producing high quality effluent. For all these reasons,
our interest during this work will focus on studying and implementing further
improvements to this technology. In the activated sludge process, a bacterial biomass

suspension (the activated sludge) is responsible for the removal of pollutant.

Figure 1.1 below is showing the basic layout of the considered wastewater

treatment technology, the activated sludge process.
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Figure 1.1: Basic layout of the activated sludge process.

The activated sludge is using microorganism to oxidize and mineralize
organic component and nitrogen. Its biological process of nitrification-denitrification
allows removal of high nitrogen load in wastewater plant. First the ammonium
presence in the influent is oxidized forming nitrate in the aerated tank (nitrification).
Then the bacteria respire with nitrate into nitrogen gas in the anoxic tank

(denitrification).



The oxygen presence in the aerated zone is very important and has significant
influence in controlling behaviour and activity of the nitrogen removal process.
Sufficient amount of oxygen has to be supplied to the microorganism in the sludge
for degradation of the organic matter. However, an excessive supply of oxygen may
deteriorate the sludge quality, reduce the nitrification efficiency as well as imposing
high cost to the plant for the high airflow rate. Hence, it is of interest to control the

oxygen supply to the system.

1.2 Problem Statement

The application of process control over a wastewater treatment plant has been

encountering difficulties in the past years such as:

I. Studies have shown that even well attended plant fails to meet the
requirement of quality standard.

ii. More stringent effluent regulation has been implemented.

iii. Difficulties in plant modeling to simulate the actual plant due to its vast
process parameters and complexity of dynamics.

iv. Difficulties in controlling the process due to the numerous parameters
influencing the process (for instance influent flow rate, organic and nutrient

load variations, toxicity, temperature).

1.3  Objective and Scope of Study
The objectives of this research are:

I. To study wastewater treatment process
ii. To model and simulate an activated sludge process

ili. To apply control strategies on the model

The whole project will start on wastewater treatment process analysis and the
study about modeling parameters and control tools is focused in the biological

treatment area which is the activated sludge process.



CHAPTER 2
LITERATURE REVIEW

2.1  Modeling Activated Sludge Process

As illustrated in the general layout of an activated sludge process, the system
composes of two main units which are the biological reactors and a settler. To
describe this process, benchmark simulation process has been developed to assist
with the complexity of the process. To keep the simplicity of this research, the
Benchmark Simulation Model 1 has been selected to direct the modeling simulation

process to an accepted standard.

Biological reactor . To river
Wastewater Clarifier Qe' Ze

Qp- Z, Unit 1 Unit 2 Unit 3 Unit 4 Unit 5

m=1

Internal recycle Q.2
u Tu

------------------------------------ ) Qa' Za ‘

Qw' ZW
Q.Z,

Wastage
External recycle

Figure 2.1: Benchmark Simulation Model 1 (BSM1) layout.

The plant consists of a five-compartment activated sludge reactor with two
anoxic tanks followed by three aerobic tanks. The plant thus combines nitrification
with predenitrification in a configuration that is commonly used for achieving
biological nitrogen removal in full-scale plants. The activated sludge reactor is then
followed by a secondary clarifier or a settler to separate the sludge and the treated
water. Two control strategies are implemented in this structure. The first controller is
to control the dissolve oxygen level by manipulating the oxygen transfer coefficient
and the second controller serves the purpose of controlling the nitrate level in the last

anoxic tank by manipulation of the internal recycle flow rate. (Copp, 2002)



There are several models described by International Water Association

(IWA) of the biological process in the activated sludge plant. The models of
Activated Sludge Model (ASM) family (ASM1, ASM2, ASM2d, ASM3) are used in
most of the modeling and simulation studies; additionally, those are considered state-

of-art models of activated sludge processes and are used in most of the commercial

simulation platforms:

i. Activated Sludge Model No. 1 (ASM1)

The aim of Activated Sludge Model 1 was to create a common
platform that could be used for future development of models for
nitrogen removal activated sludge processes; furthermore, the aim
was to develop a model with a minimum of complexity. In ASM1 two
kinds of substrate which are readily and slowly biodegradable COD
(RBCOD and SBCOD) are introduced and a hydrolysis process is
included. In ASML1 it is also assumed that slowly biodegradable
substrate consists fully of particulate substrate (Xs). ASM1 includes
nitrogen and organic matter removal with simultaneous consumption
of oxygen and nitrate as electron acceptors; however, it does not
contain biological phosphorous removal. ASM1 was developed
mainly for municipal activated sludge plants. (Mulas, 2006)

ii. Activated Sludge Model No. 2 (ASM2)

Activated Sludge Model No. 2 (ASM2) was published in 1995, which
include both nitrogen removal and biological phosphorus removal.
The role of denitrification in relation to biological phosphorus
removal was still unclear, and hence the element is not included.
However, the development in research was fast, and denitrifying
PAOs (phosphorus accumulating organisms) were needed for
simulation of many results from research and practice. Because of
this, the ASM2 model was expanded in 1999 into the ASM2d model,
where denitrifying PAOs were included. (Mulas, 2006)

iii. Activated Sludge Model No. 3 (ASM3)

Activated Sludge Model No. 3 (ASM3) describes the same processes
as ASM1; however, ASM3 was introduced to correct the deficiencies
of ASM1. The most important reason for introducing ASM3 was the

4



recognition of importance of three rates of oxygen consumption in the
process: the rapid rate of oxygen consumption for degradation of
RBCOD, slow rate associated with degradation of SBCOD, and even
slower endogenous oxygen uptake rate (OUR). In ASML1 there is only
one oxygen consuming process, which makes calibration of the model
very difficult. Calibration of ASM3 should be easier mainly because
of converting the circular growth death growth (death regeneration)

model by endogenous respiration model. (Mulas, 2006)

In this research, ASM1 model is adopted to describe the biological
phenomena taking place in the biological reactor as it is widely use and has been

largely accepted by the international community. (Henze, Grady, Jr., Gujer, Marais,

& Matsuo, 1987)

2.2 State Variables

Organic Matter

Biodegradable COD (Sg Nonbiodegradable Active Biomass (Xgy
and X) COD (S, and X)) and Xgp)
Figure 2.2: Components of organic matter in ASM1.
Table 2.1: ASM1 State Variables.
State Variables Notation Unit

Soluble inert organic matter S gCOD/m’
Readily biodegradable substrate Ss gCoD/m’®
Particulate inert organic matter X gCOD/m’
Slowly biodegradable substrate Xs gCoD/m’®
Active heterotrophic biomass XBH gCOD/m’
Active autotrophic biomass Xga gCoD/m’
Particulate product from biomass decay Xp gCoD/m’
Dissolved Oxygen So gO,/m°
Nitrate and Nitrate Nitrogen Sno gN/m°
Free and lonized Ammonia SNH gN/m’
Soluble biodegradable organic Nitrogen SND gN/m®
Particulate biodegradable organic Nitrogen XND gN/m°
Alkalinity SALK Molar units




Apart from these variables to describe the process, there are also composite
variables to combine them into forms that are measured in reality such as Chemical
Oxygen Demand (COD), Total Suspended Solids (TSS), and Total Nitrogen (TN).

CODZSI+S_§+XI+XS +XBH +XBA +Xp [gCOD/mS]

TSS = 0.75(X; + X5 + Xp) + 0.9 Xy + X54) [gSS/m?]
TN = Syo + Snu + Snp + Xup + ixs Xsy + Xpa) + ixp (Xp + X;) [gN/M°]

2.3  Biological Parameter Values

Corresponding to the temperature of 15°C, the stoichiometric and kinetic

parameters are listed in Table 4.2 and Table 4.3 below.

Table 2.2: Stoichiometric Parameters.

Parameter Unit Value
Ya g cell COD formed (g N oxidized)™ 0.24
Y g cell COD formed (g COD oxidized)™ | 0.67
fp dimensionless 0.08
ixg g N. (g COD)™ in biomass 0.08
ixp g N. (g COD)™ in particulate products | 0.06

Table 2.3: Kinetic Parameters.

Parameter Unit Value
i d’ 4.0
Ks g COD.m" 10.0

Ko g (-COD).m™ 0.2
Kno g NOs-N.m* 0.5
by d* 0.3
Ng dimensionless 0.8
Mh dimensionless 0.8
K g slowly biodegradable COD.(g cell COD.d)™ 3.0
Kx g slowly biodegradable COD.(g cell COD)™ 0.1
LA d* 0.5
Kt g NH3-N.m™ 1.0
ba d’ 0.05
Koa g (-COD).m> 0.4
K m’ (g COD.d)™ 0.05




2.4  Dynamic Model and Processes
2.4.1 Growth of Biomass

Aerobic growth of heterotrophic biomass

The degradation of soluble readily biodegradable substrate under
consumption of oxygen leads to growth of heterotrophic biomass. Ammonia is used
as nitrogen source and incorporated into cell mass. The process is generally the main
contributor to the production of biomass and removal of COD. The process is

described with the monod function (Copp, 1998):

= (i 25) (s
P1 = Uy Ks + S¢) Ko + So BH

Anoxic growth of heterotrophic biomass

In the absence of oxygen the heterotrophic organisms use SS as substrate and
nitrate as their electron acceptor. The result is growth of biomass and production of
nitrogen gas due to denitrification. The process is also described with the monod
function and the kinetic rate expression is multiplied by a factor ng (<1) (Copp,
1998):

- () (o) (s
P2 = B\ 15 ) Ko + So) \Kyg + Syo/ 197 BH

Aerobic growth of autotrophic biomass

Ammonia nitrogen is oxidised to nitrate via nitrification. This results in
growth of autotrophic biomass and a high oxygen demand. Ammonia is also the
nitrogen source for synthesis and incorporated into the cell mass. This process as
well is described with a monod function (COST, 1998):

= () ()
p3 = Ha Ky + Syu/ \Koa + So/) %4




2.4.2 Decay of Biomass
Decay of heterotrophic biomass

The organisms are assumed to die at a certain rate and part of the decay
results in release of slowly biodegradable substrate. The rest is considered non-
biodegradable and adds to the XP fraction. The process is assumed to have the same
rate during aerobic, anoxic and anaerobic conditions and is described by:

Py = byXpy

Decay of autotrophic biomass

This process described in a similar was as the decay heterotrophs

Ps = byXpy

2.4.3 Ammonification of soluble organic nitrogen

Biodegradable soluble organic nitrogen is converted to free and saline ammonia in a
first order process (COST, 1998):

Pe = koSnpXpn

2.4.4 Hydrolyses

Hydrolysis of entrapped organic matter

Slowly biodegradable substrate entrapped in the sludge breaks down
extracellulary. This process produces readily biodegradable substrate that is available
for the organisms for growth. It occurs both under aerobic and anoxic conditions and
is modelled on surface reaction kinetics. Under anoxic conditions the rate is reduced
with a factor n, (<1) (COST, 1998):

— k Xs/Xpn ( So )+ ( Kon )( Sno )]X
p7 "Ky + (Xs/Xpn) I\Koy + S T Ko + So/ \Kyo + Syo/17 "




Hydrolysis of entrapped organic nitrogen

This process of biodegradable particulate organic nitrogen breaking down to
soluble organic nitrogen is described as the rate for the entrapped organics (COST,
1998):

_ Xs/Xpn So Kon Sno XND
ps = ky + 71y Xy —~—
Kx + (Xs/Xpu) L\Kon + So Kou + So/ \Kyo + Sno Xs

25 Model Formulation

The final description of the model is based on the dynamic processes and
builds a set of ordinary differential equations. The first one represents the behaviour
of the heterotrophic biomass concentrations and shows how it is affected by the three

processes; aerobic growth, anoxic growth and decay (Jeppson, 1996):

dt

= P17t P2~ Pa

The second one describes the autotrophic biomass concentration and is

slightly simpler because the autotrophs do not grow in anoxic environment.

dXBA _

The third differential equation describes how the readily biodegradable
substrate behaves. The concentration is reduced by growth of heterotrophic bacteria
and increased by hydrolysis of slowly biodegradable substrate.

dSs
o P (p1 + p2)

The next differential equation is describing how the slowly biodegradable
substrate is increasing by the recycling of dead bacteria and decreasing by the
hydrolysis process.

dXs

Fr (1= fp)(ps+ ps) — p7



The fifth model equation describes how the concentration of inert particulate

products is arising from biomass decay.

dXp
- fr(ps+ ps)

The sixth equation is describing how the concentration of particulate organic

nitrogen behaves similar to the slowly biodegradable substrate.

dt

= (ixg — frixp)(ps + ps) — p7
Soluble organic nitrogen is affected by ammonification and hydrolysis which

shows in the seventh equation.

dt P7 — Pe

Ammonia is used as the nitrogen source in all growth processes of micro-
organisms and the ammonia concentration is affected of all these processes. The fact
that ammonia concentration also is decreased by nitrification and increased by

ammonification leads to a very complex equation.

1

= —ixg(p1 + p2) +ps — (iXB + ?> P3
A

dt

The concentration of nitrate is increased by nitrification and decreased by
denitrification and this process is described by the ninth equation.

dSyo 1 (1 — YH)
dt YA,03 P2

- 2.86Y;

(The number 2.86 represents the oxygen equivalent for conversion of nitrate nitrogen

to nitrogen gas)

The next model equation describes the oxygen concentration in the

wastewater. The concentration is decreased by aerobic growth of biomass.

ds, 1-Yy, 457 —Y,
- (- (5

dt Yy Y,

10



(The number 4.57 represents the theoretical oxygen consumption for oxidation of

ammonium nitrogen to nitrate nitrogen)

The last model equation describes the dynamics of the alkalinity change. The
inclusion of alkalinity in the model is to detect problems with changes in pH without
including pH in the model (Petersen, 2000).

14.286Yy 14

dSALK= _lX_B +( 1_YH iXB) _( 2 +lx_3) +i
dt 12" P2 = \1ay, T 1a) P2 T 1aP0

In Appendix A the model equations are described in a process matrix.

2.6 Bioreactor Model

The plant consists of 5 microbiological reactors with the first two
compartments, k (k=1 and k=2) are the non-aerated compartments with each volume
of Vas1=Vas2=1000m?. Compartment 3, 4 and 5 are the aerated compartments (fixed
with oxygen transfer coefficient K, a=10h"=240d™") with each volume is defined as
Vas, 3=Vasa= Vas,5:1333m3. At compartment 5, the dissolved oxygen concentration

(So) is controlled at level of 2 g (-COD).m* by manipulating Ka.

2.6.1 Reactor Mass Balance
The general equation for mass balancing:

For k=1 (unit 1)

dZy 1
E = Vl(QaZa +Q,Z, + QoZy + 1V — Q1Z7)
Q1 =0, +0Qr +0Qo
Fork=2to5
dZ 1
dats' = v (Qk_lzas,k + TZ,kVas,k - QkZas,k)
as,

Qr = Q-1

11



For oxygen (So as k),

dSo as i 1 .
=2 = (Qk—lSO,as,k—l + rZ,kVas,k + (KLa)kVas,k (50 - SO,as,k) - QkSO,as,k)
dt Vs k
Where
Sy =08

rzx = appropriate conversion rate, depending upon the state variable considered

2.7  Secondary Settler Model

The biomass transformed need to be discharged from the liquid stream before
streamed to the receiving waters. This is done in the clarifier where the
sedimentation of the biomass particles is achieved by gravity along with the density
differences. Partly, the biomass is purged while the rest of it is recycled back to the

biological reactor to maintain substrate-to-biomass ratio.

Taking the benchmark as reference (U. Jeppson, 2009) The settler is
modelled based on a one dimensional of equally divided 10 layer non-reactive mass
balance model taking the 6" layer as the feed input. The settler has an area, A of
1500m? and the height of each layer m (z) is 0.4m. Therefore the volume is equal to
6000m”,

Solid flux, Js = vs(Xsc) where Xsc is the total sludge concentration. The

velocity function is referred from Takacs et al., 1991 is a double exponential:

vsj = er_rh(xj ~Xmin ) — er_rp (X) —Xmin )[m/d]

0<v; <y
Where
Vo = maximum theoretical settling velocity in [m/d]
Vo = maximum partical settling velocity in [m/d]
1 = the settling parameter characteristic of the hindered settling zone in [m3/d]
7 = the settling parameter characteristic of low solids concentration in [m®/d]
Xmin = fasXp, is the minimum attainable suspended solid concentration in

[gSS/m®], with Xi, is the mixed liquor solids entering the settler and fy is
the non settleable fraction of X

12



Table 2.4: Settling Parameters and its values

Parameter Value

Maximum settling velocity Vo 250.0

Maximum Vesilind settling velocity Vo 474.0
Hindered zone settling parameter T, 0.000576
Flocculant zone settling parameter T, 0.00286
Non-settleable fraction Xy 0.00228

The upward (vyp) and downward (vqn) velocities are calculated as:

Q0 +0Q,
van = AT
0
van =g

Therefore the mass balances for the sludge can be written as:
For the feed layer, m=6:

Q X = 7
dXsc,m _ % +]sc,m+1 - (vup + Van )Xsc,m - mlnif@s,m,]s,m—l)

dt Z

For the intermediate layer below the feed layer (2 < m <5):

dXsc,m _ Van (Xsc,m+1 - Xsc,m) + min(]s,m,]s,m+1) - min{z@s,m,]s,m—l)
dt Zm

For the bottom layer (m=1):

dXsc,l _ Vdn (XSC,Z - Xsc,l) +]s,m+1 _]s,m
dt 2

For the intermediate clarification layers above the feed layer (7 <m <9)

dXsc,m _ vup (Xsc,m—l - Xsc,m) +]sc,m+1 _]sc,m

dt Z

] o {min(vs,jxsc,j'vs,j—IXsc,j—l) if Xsc,j—l > Xt or
sc,j — :
vs,szc,j lf Xsc,j < Xt

13



For the top layer (m=10):

dXsc,lO _ vup (Xsc,9 - Xsc,lO) +]sc,10

] = {mln(vs,loxsc,IO'vs,9Xsc,9) lf Xsc,9 > Xt or
sc,j — .
vs,lOXsc,lo lf Xsc,9 < Xt

The threshold concentration X; = 3000 g.m™

For the soluble components which include dissolved oxygen, it is considered
that each layer is representing completely mix volume and the concentrations of

soluble components are calculated with:

For the feed layer (m=6):

QX
dZsc m _ % - (vup + Van )Zsc,m

dt Z,

For the layers below the feed layer (m < 6):

dZsc,m — Vdn (Zsc,m+1 - Zsc,m)
dt Z,

For the layers above the feed layer (m > 6):

dZsc,m _ vup (Zsc,m—l - Zsc,m)

dt Z

For recycle and wastage flow, the concentrations are equal to the first layer

(bottom layer):
Zy = Zsc,l

For the calculation of the sludge concentration, it is straight forward from the

concentrations in compartment 5 of the bioreactor:

1

Xp=—
f fTcop—ss

(XS,as,S + XP,as,S + XI,as,S + XBH,as,S + XBA,as,S)

Xf = 0-75(X5,a5,5 + XP,as,S + XI,as,S + XBH,as,S + XBA,as,S)

14



Given a COD to SS conversion factor frcop-ss, is equal to 4/3. The same

principle is applied for X, (in the settler underflow) and X, (at the plant exit).

To calculate the distribution of particulate concentrations in the recycle and
wastage flows, their ratios with respect to the total solid concentration are assumed

to remain constant across the secondary clarifier:

XS,as,S — XS,sc,l
Xy X,
It is also applied for Xpc.1,X;sc1, Xusc1, Xpasc1 and Xypseq1. It is
important to understand that this assumption means that the dynamics of the
fractions of particulate concentrations in the inlet of the secondary clarifier will be

directly propagated to the secondary clarifier underflow and overflow, without

taking into account the normal retention time in the secondary clarifier.

For steady state situation, the sludge age calculation is based on the total

amount of biomass present in the plant (the reactor and the settler):

crp = TXas + TXsc
¢, t9,

Where,

TXss = total amount of biomass present in the reactor (activated sludge)
TXs = total amount of biomass present in the secondary clarifier

de = loss rate of biomass in the secondary clarifier overflow
¢éw = loss rate of biomass in the wastage flow
k=n
TXas = Z(XBH,as,k + XBA,as,k)-vas,k withn =5
j=1
k=m
TXSC = Z (XBH,SC,j + XBA,SC,j)'Zj'A withm = 10
j=1

¢e = (XBH,sc,m + XBA,sc,m)' Qe

S (Xgr.se1 + Xpase1) Qu

15



In the real plant situation, the sludge age is measured on the total amount of
solids present in the plant:

TSS,s + TSS
SRT,pus = as sc
v, T v,

Where,

TSS,s = total amount of solids present in the reactor (activated sludge)
TSSs. = total amount of solids present in the secondary clarifier

Ve = loss rate of solids in the secondary clarifier overflow
WY = loss rate of solids in the wastage flow
k=n
TSS,s = TSSgs k- Vs Withn = 5
j=1
1
Where TSSas,k = (XS,as,i + XP,as,i + XI,as,i + XBH,as,i + XBA,as,i)

frcop -ss
TSSse = XNZ1" TSSc ;.2 Awithm = 10

1
Where TSSsc,j = (XS,sc,j + XP,sc,j + Xl,sc,j + XBH,sc,j + XBA,sc,j)

frcop —ss

v, = TSSsem- Qe

1

frcop —ss

Where TSSsc,m = (XS,sc,m + XP,sc,m + Xl,sc,m + XBH,sc,m + XBA,sc,m)

Ve = TS5Ssc1-Quw

1
frcop —ss

Where TSSsc,l = (XS,sc,l + XP,sc,l + Xl,sc,l + XBH,sc,l + XBA,sc,l)

2.8 Control Strategies

The dissolve oxygen (DO) in the aerobic zone of an activated sludge plays an
important role in the whole activated sludge system. The oxygen supply must be

sufficient enough for the microorganism to degrade the organic matter and to make

sure that ammonium is converted to nitrate. If DO concentration is not sufficient for

the growth of microorganism, filamentous organism may predominate and the
sedimentation ability and quality of the activated sludge may be poor. On the other
hand, excessive supply of oxygen requires a high air flow which would generates
large energy consumption and may affect the sludge sedimentation. Besides that,
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high DO concentration in the internal recycle flow makes the denitrification process

less efficient (Garcia, Sotomayor, & Park, 2002).

The variation of influent loads with the continuous change in respiration rate
and oxygen transfer rate causing the DO dynamic to be time-varying. This is quite a
challenge to achieve the objective of controlling the DO concentration at a

predetermined set-point.

Several control strategies have been suggested in the literature. As a basic
strategy, a linear Pl controller with feedforward from the respiration rate and the
flow rate was presented by Carlsson & Rehnstrom, 2002. Cadet, Beteau, and Carlos
Hernandez (2004) have developed a multicriteria control strategy with Takagi—
Sugeno fuzzy supervisor system to decrease the total cost although keeping good
performances. Besides that, the control of the dissolved oxygen concentration has
been approached with good results in the control of a non-linear organic substrate

removal process using multimodel techniques (Barbu, Barbu, & Ceanga, 2004).
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CHAPTER 3
METHODOLOGY

3.1  General Project Methodology

After the confirmation of the project title, the first thing that is conducted is
to understand the wastewater treatment process well. Thorough research has been
done to enhance understanding of the project given. This is done through various
methods. All resources were made use to gain additional knowledge about the

project.

The project is then taken to the next step that is to model and simulate the
wastewater treatment plant in which in this case, an activated sludge plant. All the
information gathered from the extensive study is applied to model the plant.
Matlab/Simulink has been chosen to perform this task and the plant is modelled from
the mathematical equation obtained from the literature review. Once completed,
plant validation is conducted by comparing the results obtain with similar work
conducted by another author using different simulating softwares.

The next objective of this project is to implement control strategies to the
plant. First, a basic control strategy, a Pl controller as suggested by many in the
literature is installed in the plant. Finally, an advance control strategy, model

predictive control is to be conducted.
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3.2 Tool/Software

Simulink is an add-on software product to Matlab for modeling, simulating
and analyzing any type of dynamic system. Matlab and Simulink are fully integrated,
meaning that all functionalities of the Matlab toolboxes are available in the Simulink
environment as well. Simulink provides a graphical user interface for building
models as block diagrams and manipulating these blocks dynamically. A large
number of predefined building blocks are included and it is easy to extend the

functionality by customizing blocks or creating new ones.

The capabilities of Simulink may be further extended by using the S-
functions (system functions), which can be written in Matlab language, C++ or
Fortran wusing predefined syntax. Consequently, S-functions can be easily
incorporated and a dynamical system can be described as a mathematical set of

equations instead of using predefined block diagrams.

For this report, MATLAB/Simulink simulation is selected to conduct the
model of activated sludge process
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4.1

CHAPTER 4

RESULTS AND DISCUSSION

Open Loop Modeling

An open loop plant is first developed and run for 100 days of dry weather
condition with constant values of Qi = 55338 m®.d* and K,a(5) = 3.5 h™. The
steady state values are presented in the tables below:

Table 4.1: Biological reactor steady state.

Influent k reacl reac2 reac3 | reac4 | reach Unit
S 30 Siask 30 30 30 30 30 |gcoD/im®
Ss | 695 Ssask 2.81 1.46 1.15 | 0.995 | 0.889 | gCOD/m®
X, | 51.2 Xiask | 1149 1149 | 1149 | 1149 | 1149 | gCOD/m®
Xs | 202.32 | Xsask | 82.1 76.4 649 | 557 | 49.3 | gCcOD/m’
Xgr | 28.17 | Xanask | 2552 2553 | 2557 | 2559 | 2559 | gCOD/m’
Xaa 0 Xeaask | 148.0 | 148.0 | 149.0 | 150.0 | 150.0 | gCOD/m’
Xp 0 Xpask | 449.0 | 450.0 | 450.0 | 451.0 | 452.0 | gCOD/m®
So 0 Soask | 0.00430 [ 0.000631 | 1.72 | 2.43 | 0.491 | gO./m®
Sno 0 Snoask | 5.37 3.66 6.54 | 930 | 104 | gN/m’
Sni | 31.56 | SnHask | 7.92 8.34 555 | 297 | 1.73 | gN/m’
Swo | 6.95 | Snpask | 1.22 0.882 | 0.829 | 0.767 | 0.688 | gN/m’
Xno | 1059 | Xnpask | 5.28 5.03 439 | 388 | 353 | gN/m’
SALK 7 SaLaskk | 4.93 5.08 467 | 429 | 413 | molem?
TSS TSasxS| 3285 3282 | 3278 | 3274 | 3270 | GSS.m®
Q; | 18446 Q« 92230 | 92230 |92230 9223092230 m’d”

Table 4.2: Concentration of solids and soluble components in settler (steady state).

TSSsc,k SIsc,k SSsc,k SOsc,k SNOsc,k SNHsc,k SNDsc,k SALKsc,k
10 12.5 30 0.889 0.491 10.4 1.73 0.688 4.13
9 18.1 30 0.889 0.491 10.4 1.73 0.688 4.13
8 29.5 30 0.889 0.491 10.4 1.73 0.688 4.13
7 69.0 30 0.889 0.491 10.4 1.73 0.688 4.13
6 356.0 30 0.889 0.491 10.4 1.73 0.688 4.13
5 356.0 30 0.889 0.491 10.4 1.73 0.688 4.13
4 356.0 30 0.889 0.491 10.4 1.73 0.688 4.13
3 356.0 30 0.889 0.491 10.4 1.73 0.688 4.13
2 356.0 30 0.889 0.491 10.4 1.73 0.688 4.13
1 | 6394.0 30 0.889 0.491 10.4 1.73 0.688 4.13

21




With this steady state values as initial parameters to the plant, the plant is
simulated for 14 days. The integral calculations are based on the last 7 days.
Therefore, the first data should be the one at time 7.00 day and the last data should
be the one at time 13.99 day. The data at time 14 day should not be included in the

integral since forward Euler approximation is used.
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Figure 4.1: Influent load.
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Figure 4.2: Dissolve oxygen concentration after simulation of steady state for 14

days.
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Table 4.3: Model comparison with similar work using GPS-X and SIMBA software.
(Copp, 2002)

Effluent average Results
concentrations Unit GPS-X SIMBA
generated

based on load
S gCoD/m® 29.9789 30.0000 30.0000
Ss gCoD/m’ 0.9470 0.9694 0.9735
X gCoD/m® 45779 45878 45795
Xs gCoD/m’ 0.3190 0.2250 0.2229
XBH gCOD/m3 10.0892 10.2219 10.2209
XBA gCoD/m’ 0.5458 0.5412 0.5422
Xp gCOD/m3 1.7560 1.7580 1.7572
So gO,/m° 0.7308 0.7978 0.7463
Sno gN/m° 8.8131 8.8464 8.8237
SNH gN/m® 47632 4.8571 4.7590
Snp gN/m° 0.7591 0.7260 0.7290
XD gN/m’® 0.0122 0.0158 0.0157
SALK Molar units 5.3183 n/a 4.4562
TSS gSS/m3 11.5695 13.0004 12.9919

From Table 4.3, the results generated did not vary much with literature. It is safe to
say that the plant model is reliable enough to proceed with control implementation.
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Figure 4.3: Open loop model. (Jeppson, 1996)
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4.2  Close Loop Modeling

Once the steady state model is set up, basic control strategy can be
implemented to the plant. In this research, the control of dissolve oxygen is of
interest for its crucial impact on the plant performance as well as to the financial

effect of the plant as discussed in the literature.

Thus, the aim of this controller is to control dissolved oxygen concentration
in the fifth compartment at a predetermined set point value (2 g(-COD).m™). The
manipulated variable is the oxygen transfer coefficient, Kia. There are also
constraints on oxygen transfer which is 0 to 10 h™. At influent, the value of dissolve
oxygen (SO) is set at 0 g.COD/m*

The performance of the controller is assessed by
e Integral of Absolute Error (IAE)

tr
I4E = jleil.dt
to
e Integral of Squared Error (ISE)
tf
ISE = f e’.dt
to
e maximal deviation from set point
Dev™ = max{e;}

e Variance of manipulated variable (ui) variations.
Var(du;) = buf — (Bu,)?

The evaluation period for each controller spreads over the last seven days of
the simulation. Tuning has been performed for minimizing the ISE criterion and was
achieved by repeated simulations with gain, K value of integral time constant of
0.0023 and as suggested by Copp, 2002. (See Appendix D for simulink model of the

controller)
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Table 4.4: Evaluation performance.

Controller type Pl

Set point 2.000

Integral of absolute error (IAE) 0.0177

Integral of square error (ISE) 0.03

Max abs deviation from setpoint (max e) 0.2251

Variance of error (var e) 0.0629
25 T T T T T
gl _
55 ﬁ
22 -

g |

18- H
17+ -
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Figure 4.4: Dissolve oxygen level with PI controller (setpoint = 2gCOD/m°).
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4.3  Model Predictive Control (MPC)

Model predictive control (MPC) is an advance control algorithm to predict
future plant behaviour by computing a series of manipulated variables adjustments.
The first input in the optimal sequence is then sent into the plant, and the entire
calculation is repeated at subsequent control intervals. (Figure 4.8)

reference
—————————————————————————————————— e "~ w®----e

° L
e projected outputs

° o
manipulated variable

T T i > horizon
k-1 k k+1 k+2 k+p
I
Figure 4.6: Model predictive control.
aeration
energy (AE)
DO
setpoint | DO
controller [P K.a (20 °C)——p> K,a (T) ——P| ASM1
(MPC)
DO «¢
concentration

Figure 4.7: Schematic view of the dissolve oxygen control process.

4.3.1 System ldentification

The first step of MPC is to obtain the process model. This can be achieved
through conducting system identification which is a technique to obtain process
model through testing input-output data. In this process, the concentrations of the
DO at reactor 5 (y;) and reactor 2 (y,) are considered as the plant output and the

manipulated variable is the oxygen mass transfer coefficient (u;) and internal recycle
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flowrate (u,). Internal recycle flow rate influences the supply of nitrate for the

denitrification process but also the DO concentration in the anoxic reactors, since

DO may be also transported from the aerated reactors. First, system identification is

conducted using MATLAB toolbox to obtain the process model.
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Table 4.5;

Process model values.

Transfer function K (h™) Tp (sec)
gl1l -6.3812e-6 5.202
g12 28177 18.898
g21 -1.1849e-005 3.267
g22 -5.5206 19.212

From the result obtain, the gain values are negative which describe the

behaviour as an increase in the controlled variable (output) y requires an increase in

the manipulative variables.

4.3.2 Setpoint Tracking

The smoothness of the process from its nominal values to its output can be
measured by setpoint tracking. One case is studied whereby output y; is stepped up
with the nominal values are as shown in Table 4.6. The response of the control is

presented in Figure 4.10.

Table 4.6: Nominal input and output values.

Index Input (%) Output (g/m°)
1 43 1.4
2 61 0.5
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Figure 4.10: Setpoint tracking in increment of output y; with blue line represent the
PI controller response, green line is the MPC and red line is the setpoint.

Table 4.7: ISE values of different set point.

ISE
Output MPC Pl
Vi 15.43 15.76
Vo 7.02 7.49
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CHAPTER 5
CONCLUSION AND RECOMMENDATION

At the end of this work, the objectives are achieved. An activated sludge
plant is modelled and the open loop datum validated to be in close accuracy against
literature. The activated sludge plant had also been implemented with PI control and
MPC. It is shown in general that MPC is possible to improve PI control with more

precise tuning to increase the efficiency of the MPC control.

Certain complication of the system has been encountered which requires
further analysis to the system. The large complicated model makes the analysis
become harder. For future work, it is recommended to conduct a model reduction
process to reduce its complexity (llse, Jeroen, Ronald, & Jan, 2003). The model can
also be reduced using a singular perturbation method for easier plant analysis
(David, Wouwer, Queinnec, & Vasel, 2009).
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Appendix A - ASM1 process matrix (Henze et. al., 2002)
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Appendix B - C file S function ASM1

/*
* ASM1 is a C-file S-function for AS Model No 1.
*

*/
#define S FUNCTION NAME asml

#include "simstruc.h"
#include <math.h>

#define XINIT ssGetArg (S, 0)
#define PAR ssGetArg(S,1)
#define V ssGetArg (S, 2)
#define SOSAT ssGetArg (S, 3)

/*
* mdlInitializeSizes - initialize the sizes array
*/
static void mdlInitializeSizes (SimStruct *S)
{
ssSetNumContStates ( S, 13); /*13 number of continuous states
*/
ssSetNumDiscStates ( s, 0); /* number of discrete states
*/
ssSetNumInputs ( S, 16); /* number of inputs
*/
ssSetNumOutputs ( S, 15); /* number of outputs
*/
ssSetDirectFeedThrough (S, 1); /* direct feedthrough flag
*/
ssSetNumSampleTimes ( S, 1); /* number of sample times
*/
ssSetNumSFcnParams ( S, 4); /* number of input arguments
*/
ssSetNumRWork ( s, 0); /* number of real work vector
elements */
ssSetNumIWork ( S, 0); /* number of integer work vector
elements*/
ssSetNumPWork ( s, 0); /* number of pointer work vector
elements*/
}
/*
* mdlInitializeSampleTimes - initialize the sample times array
*/

static void mdlInitializeSampleTimes (SimStruct *S)

{
ssSetSampleTime (S, 0, CONTINUOUS SAMPLE TIME);

ssSetOffsetTime (S, 0, 0.0);

/*
* mdlInitializeConditions - initialize the states

*/

static void mdlInitializeConditions (double *x0, SimStruct *S)
{
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for (i = 0; 1 < 13; 1i++) {
x0[1] = mxGetPr (XINIT) [1];
}
}
/*
* mdlOutputs - compute the outputs
*/

static void mdlOutputs (double *y, double *x, double *u, SimStruct
*S, int tid)
{

double X I2TSS, X S2TSS, X BH2TSS, X BA2TSS, X P2TSS;

int 1i;

X I2TSS mxGetPr (PAR) [19];

X S2TSS = mxGetPr ( PAR)[20],

X_BHZTSS = mxGetPr (PAR) [21];
AR) [22];
) [23]1;

X BA2TSS = mxGetPr (P
X P2TSS = mxGetPr (PAR

’

’

for

y[13]1=X_I2TSS*x[2]+X S2TSS*x[3]+X BH2TSS*x[4]+X BA2TSS*x[5]+X_ P2TSS*
x[6];
y[1l41=ull4]; /* x[13] */

/*
* mdlUpdate - perform action at major integration time step

*/

static void mdlUpdate (double *x, double *u, SimStruct *S, int tid)
{
}

/*
* mdlDerivatives - compute the derivatives
*/
static void mdlDerivatives (double *dx, double *x, double *u,
SimStruct *S, int tid)
{

double mu H, K S, K OH, K NO, b H, mu A, K NH, K OA, b A, ny g, k _a,
k h, K X, ny h;

double Y H, Y A, £ P, i XB, i XP;

double procl, proc2, proc3, procd, procb5, proc6, proc7, procs,
proc3x;

double reacl, reac2, reac3, reacd, reachb, reac6, reac7, reacs,
reac9, reacl0, reacll, reacl2, reacl3;

double vol, SO_sat, T;

double xtemp[13];

int i;
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mu_H = mxGetPr (PAR) [0];
K S = mxGetPr (PAR) [1];

K OH = mxGetPr (PAR) [2];
K NO = mxGetPr (PAR) [3];
b H = mxGetPr (PAR) [4];

mu A = mxGetPr (PAR) [5];
K NH = mxGetPr (PAR) [6];
K OA = mxGetPr (PAR) [7];
b A = mxGetPr (PAR) [8];

ny g = mxGetPr (PAR) [9];
k a = mxGetPr (PAR) [10];
k h = mxGetPr (PAR) [11];
K X = mxGetPr (PAR) [12];
ny h = mxGetPr (PAR) [13];
Y H = mxGetPr (PAR) [14];
Y A = mxGetPr (PAR) [15];
f P = mxGetPr (PAR) [16];
i XB = mxGetPr (PAR) [17];
i XP = mxGetPr (PAR) [18];

)
_ )
vol = mxGetPr (V) [0];
SO _sat = mxGetPr (SOSAT) [0];

’

for (1 = 0; 1 < 13; 1i++) {
if (x[1] < 0.0)
xtemp[i] = 0.0;
else
xtemp[i] = x[1];
}
if (uf[l5] < 0.0)
x[7] = fabs(u[l1l5]);

procl =

mu_ H* (xtemp[1]/ (K S+xtemp[l]))* (xtemp[7]/ (K OH+xtemp[7])) *xtemp[4];
procz =

mu_H* (xtemp[1]/ (K _S+xtemp([1]))* (K OH/ (K OH+xtemp[7]))* (xtemp[8]/ (K N
Otxtemp[8])) *ny g*xtemp[4];

proc3 =

mu_A* (xtemp[9]/ (K NH+xtemp[9]))* (xtemp[7]/ (K OA+xtemp[7])) *xtemp[5];
/* in GPS-X they use proc3x instead of proc3 in the oxygen equation
*/

/* proc3x =

mu_A* (xtemp[9]/ (K NH+xtemp[9]))* (xtemp[7]/ (K OH+xtemp[7])) *xtemp[5];
*/

proc4 = b H*xtemp[4];

procb = b A*xtemp[5];

proc6 = k a*xtemp[l0]*xtemp([4];
proc7 =

)))* ((xtemp[7]/ (K _OH

k h* ((xtemp[3]/xtemp[4])/ (K X+ (xtemp[3]/xtemp[4]
)) * (xtemp[8]/ (K NO+xtemp[8])))*

txtemp[7]))+ny h* (K OH/ (K OH+xtemp[7]
xtemp[4];
proc8 = proc7*xtemp[l1l]/xtemp[3];

reacl = 0.0;

reac2 = (-procl-proc2)/Y H+proc7;
reac3 = 0.0;

reac4d = (1.0-f P)*(procéd+procb)-proc7;
reac5 = procl+proc2-procéd;

reac6 = proc3-proc5;

reac’7 = f P*(procéd+proc));
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reac8 = -((1.0-Y H)/Y H)*procl-((4.57-Y A)/Y A)*proc3;

reac9 -((1.0-Y H)/(2.86*Y H))*proc2+proc3/Y A;

reacl0 = -i XB* (procl+proc2)-(i XB+(1.0/Y A))*proc3+procé6t;
reacll -proc6+procs8;

reacl?2 (i XB-f P*i XP)* (procd+procd)-procs8;

reacl3 = -i XB/1l4*procl+((1.0-Y H)/(14.0%2.86*Y H)-

(1 XB/14.0))*proc2-((i XB/14.0)+1.0/(7.0*Y A))*proc3+proc6/14;

dx[0] = 1.0/vol* (u[l1l4]1* (u[0]-x[0]))+reacl;
dx[1] = 1.0/vol* (u[l4]1*(ul[l]l-x[1]))+reac2;
dx[2] = 1.0/vol* (u[ld4]1*(u[2]-x[2]))+reac3;
dx[3] = 1.0/vol* (u[l4]1*(u[3]1-x[3]))+reacsd;
dx[4] = 1.0/vol* (u[ld4]1*(ul[d4]-x[4]))+reach;
dx[5] = 1.0/vol* (u[l4]1* (u[5]1-x[5]))+reaco;
dx[6] = 1.0/vol*(u[ld4]l*(u[6]-x[6]))+reac’;
if (u[l5] < 0.0)
dx[7] = 0.0;
else
dx[7] = l.O/vol*(u[l4]*(u[7]—x[7]))+reac8+u[15]*(SO_sat—x[7]);
dx[8] = 1.0/vol* (u[l4]1*(u[8]-x[8]))+reac9;
dx[9] = 1.0/vol* (u[l4]1*(u[9]-%x[9]))+reaclO;
dx[10] = 1.0/vol* (u[l1l4]1*(u[l0]1-x[10]))+reacll;
dx[11] = 1.0/vol* (u[l1l4]1*(ul[ll]l-x[11]))+reacl2;
dx[12] = 1.0/vol* (u[l4]1*(ul[l2]1-x[12]))+reacl3;
/*dx[13] = (u[l1l4]1-x[13])/T: low pass filter for flow, avoid
algebraic loops */
}
/*
* mdlTerminate - called when the simulation is terminated.
*/

static void mdlTerminate (SimStruct *S)
{
}

#ifdef MATLAB MEX FILE /* Is this file being compiled as a MEX-
file? */

#include "simulink.c" /* MEX-file interface mechanism */

#else

#include "cg sfun.h" /* Code generation registration function
*/

#endif
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Appendix C — Settler model C file S function

/*

* SETTLERID is a C-file S-function for defining a 10 layer settler
model.

* can simulate 0, 1 or 10 layers for the solubles by using
MODELTYPE

*

*/
#define S FUNCTION NAME settlerldv4

#include "simstruc.h"
#include <math.h>

#define XINIT ssGetArg (S, 0)
#define PAR ssGetArg(S,1)

#define DIM ssGetArg(S,2)

#define LAYER ssGetArg (S, 3)
#define MODELTYPE ssGetArg(S,4)

/*
* mdlInitializeSizes - initialize the sizes array
*/
static void mdlInitializeSizes (SimStruct *9)
{
ssSetNumContStates ( S, 80); /* number of continuous states
*/
ssSetNumDiscStates ( S, 0); /* number of discrete states
*/
ssSetNumInputs ( S, 17); /* number of inputs
*/
ssSetNumOutputs ( S, 113); /* number of outputs
*/
ssSetDirectFeedThrough (S, 1); /* direct feedthrough flag
*/
ssSetNumSampleTimes ( S, 1); /* number of sample times
*/
ssSetNumSFcnParams ( S, 5); /* number of input arguments
*/
ssSetNumRWork ( s, 0); /* number of real work vector
elements */
ssSetNumIWork ( S, 0); /* number of integer work vector
elements*/
ssSetNumPWork ( S, 0); /* number of pointer work vector
elements*/
}
/~k
* mdlInitializeSampleTimes - initialize the sample times array
*/

static void mdlInitializeSampleTimes (SimStruct *S)

{
ssSetSampleTime (S, 0, CONTINUOUS SAMPLE TIME);
ssSetOffsetTime (S, 0, 0.0);

/*
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* mdlInitializeConditions - initialize the states

*/
static void mdlInitializeConditions (double *x0, SimStruct *S)
{

int 1i;
for (1 = 0; 1 < 80; i++) {
x0[1] = mxGetPr (XINIT) [1];
}
}
/*
* mdlOutputs - compute the outputs
*/

static void mdlOutputs (double *y, double *x, double *u, SimStruct
*S, int tid)
{

double gamma, gamma eff, modeltype;

int i;

gamma = x[9]/u[13];
gamma_eff = x[0]/ul[l3];

modeltype = mxGetPr (MODELTYPE) [0];

if (modeltype < 0.5) {
/* underflow */
y[0]=x[19];

*gamma;
*gamma;
]; /* use oxygen in return sludge flow */

I
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1; /* Qr */
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/* effluent */
y[16]=x[10];

<

*gamma_eff;
*gamma eff;
*gamma eff;
]1; /* use oxygen in effluent flow */

*gamma eff;
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y[301=ul14]-u[l5]-ull6]l; /* Q e */

/* internal TSS states */

y[31]1=x[0];
yI[32]=x[1];
yI[331=x[2];
y[341=x[3];
y[35]=x[4];
y[36]=x[5];
y[37]=x[6];
y[38]1=x[7];
y[39]=x[8];
y[40]=x[9];

y[41l]=gamma;
y[42]=gamma eff;

for (i = 10; i < 80; i++)

y[1i+33] = x[1i];

else if ((modeltype > 0.5) && (modeltype < 1.5)) {
/* underflow */

y[0]=x[10];

y[11=x[20];

y[2]=ul2] *gamma;
y[3]1=ul3]*gamma;
yl4]1=ul4]*gamma;
y[51=ul5] *gamma;
y[6]=ul[6]*gamma;
y[7]1=x[30]; /* use oxygen in return sludge flow */
y[81=x[40];

y[91=x[50];

y[10]=x[60];
y[11l]=u[ll] *gamma;
y[12]=x[70];
y[131=x[9];
y[14]=u[15]; /* Q r */
y[15]=ull6]; /* Q w */

/* effluent */

y[16]=x[10];

y[17]1=x[20];

y[18]=u[2] *gamma eff;

y[19]=u[3] *gamma eff;
y[20]=u[4]*gamma eff;

y[21]=u[5] *gamma eff;

y[22]=u[6] *gamma eff;

y[23]=x[30]; /* use oxygen in effluent flow */
y[24]=x[40];

y[25]=x[50];

y[26]=x[60];

y[27]=u[ll] *gamma eff;

y[28]=x[70];

y[29]=x[0];
y[30]=u[l4]-u[l5]-ull6]l; /* Q e */

/* internal TSS states */
y[31]=x[0];
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[41]=gamma;
y[42]=gamma eff;

=

for (i = 10; i < 20; i++)
y[i+33] = x[10];

for (i = 20; i < 30; i++)
y[i+33] = x[20];

for (i = 30; i < 40; i++)
y[i+33] = x[30];

for (i = 40; i < 50; i++)
y[i+33] = x[40];

for (i = 50; i < 60; i++)
y[1+33] = x[50];

for (i = 60; i < 70; i++)
y[i+33] = x[60];

for (i = 70; i < 80; i++)
y[i+33] = x[70];

}

else if (modeltype > 1.5) {
/* underflow */

y[0]=ul0];

y[1]l=ull];

y[2]=ul2] *gamma;
y[3]1=ul3]*gamma;
y[4]=ul4] *gamma;
y[5]=ul[5] *gamma;
yl6]=u[6]*gamma;
y[7]1=ul7]; /* use oxygen in return sludge flow */
y[8]=ul8];

y[9]1=ul9];

y[10]=u[10];
y[1l1l]=u[ll]*gamma;
yl12]=ul[l2];
y[13]1=x[9];
y[14]=u[l1l5]; /* Q r */
y[15]=u[l6]; /* Q w */

/* effluent */
y[16]=u[0];

y[17]=ull];

y[18]=u[2] *gamma eff;

y[19]=u[3]*gamma eff;

y[20]=u[4] *gamma eff;

y[21]=u[5] *gamma eff;

y[22]=u[6]*gamma eff;

y[23]=ul[7]; /* use oxygen in effluent flow */
y[24]=u[8];

y[25]=ul9];

yl[26]=ul[l0];
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*gamma_eff;

]-u[15]-u[l6]; /* Q e */

/* internal TSS states */

y[31]1=x[0];

y[32]=x[1];

y[33]1=x[2];

y[34]=x[3];

y[35]1=x[4];

y[36]1=x[5];

y[37]=x[6];

y[38]=x[7];

y[39]=x[8];

y[40]=x[9];

y[41l]=gamma;

yl[42]=gamma eff;

for (i = 10; i < 20; i++)
y[i+33] = ul0];

for (i = 20; i < 30; i++)
y[1i+33] = ull]l;

for (i = 30; i < 40; i++)
y[1i+33] = ul7];

for (i = 40; i < 50; i++)
y[i+33] = ul8];

for (i = 50; i < 60; i++)
y[1i+33] = ul9];

for (i = 60; i < 70; i++)
y[i+33] = ul[1l0];

for (i = 70; i < 80; i++)
y[1i+33] = ull2];

/*
* mdlUpdate - perform action at major integration time step

*/

static void mdlUpdate (double *x, double *u, SimStruct *S, int tid)
{
}

/*
* mdlDerivatives - compute the derivatives
*/
static void mdlDerivatives (double *dx, double *x, double *u,
SimStruct *S, int tid)
{

double v0 max, v0, r h, r p, £ ns, X t, area, h, feedlayer, volume,
modeltype;

double Q f, Q0 e, Q u, v up, v _dn, v_in, eps;

int 1i;

double vs[10];

double Js[11];

double Jstemp[10];

double Jflow[11];
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v0 max = mxGetPr (PAR) [0];
v0 = mxGetPr (PAR) [1];

r h = mxGetPr (PAR) [2];

r p = mxGetPr (PAR) [3];

f ns = mxGetPr (PAR) [4];

X t = mxGetPr (PAR) [5];
area = meetPr(DIM)[O]

h = mxGetPr (DIM) [1]/mxGetPr (LAYER) [1];
feedlayer = meetPr(LAYER)[O];
modeltype = mxGetPr (MODELTYPE) [0];
volume = area*mxGetPr (DIM) [1];

eps = 0.
v_in = u
O f = ul
Qu [
Q e [
v up = Q
0

v _dn =

4] /area;

]

] + ulle];
I - Q u;
/

Il
[l

i
0* (exp (-r h*(x[i]-f ns*u[l3]))-exp(-r p*(x[i]-
)

1 =0;

for (1 = 0; 1 < 10; i++) {
Jstemp[i] = vs[i]l*x[1i];

for (1 = 0; 1 < 11; i++) |
if (i < (feedlayer-eps))

Jflow[i] = v _up*x[i];
else
Jflow[i] = v _dn*x[i-1];
}
Js[0] = 0;
s[10] = 0;
for (i = 0; i < 9; i++) {
if (( < (feedlayer-l-eps)) && (x[1i+1l] <= X t))
s[i+l] = Jstempl[i];
else if (JIstemp[i] < Jstemp[i+1])
s[i+1] = Jstemp[i];
else
Js[i+l] = Jstemp[i+l];

for (1 = 0; 1 < 10; i++) |
if (i < (feedlayer-1l-eps))

dx[i] = (-Jflow[i]+Jflow[i+1]1+JIs[1]1-Js[1i+1]) /h;
else if (i > (feedlayer-eps))
dx[i] = (Jflow[i]-Jflow[i+1]+Js[1]-Js[i+1]) /h;
else
dx[i] = (v_in*u[l3]-Jflow([i]-Jflow[i+1]1+Js[i]-Js[i+1]) /h;
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/* soluble component S I */
if (modeltype < 0.5) {
for (i = 10; 1 < 20; i++) {
if (i < (feedlayer-1+10-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1])/h;
else 1if (i > (feedlayer+10-eps))

dx[i] = (v_dn*x[i-1]-v_dn*x[i])/h;
else

dx [1]

(v_in*u[0]-v_up*x[i]-v_dn*x[i]) /h;
1

}
else 1if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[10] = (Q f*(ul[0]-x[10]))/volume;
for (1 = 11; 1 < 20; 1i++)
dx[i] = 0;
}
else if (modeltype > 1.5) {
for (i = 10; i < 20; i++)
dx[1] = 0;

/* soluble component S S */
if (modeltype < 0.5) {
for (i = 20; i < 30; i++) {
if (i < (feedlayer-1+20-eps))

dx[1i] = (-v_up*x[i]+v_up*x[i+1])/h;
else 1if (i > (feedlayer+20-eps))
dx[i] = (v_dn*x[i-1]-v_dn*x[i])/h;
else
dx[1i] = (v_in*u[l]-v_up*x[i]-v_dn*x[1]) /h;

}
}
else 1if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[20] = (Q f*(ul[l]-x[20]))/volume;
for (i = 21; i < 30; i++)
dx[i] = 0;
}
else 1if (modeltype > 1.5) {
for (i = 20; i < 30; i++)
dx[1i] = 0;

/* soluble component S O */
if (modeltype < 0.5) {
for (i = 30; 1 < 40; i++) {
if (i < (feedlayer-1+30-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1]) /h;
else 1if (i > (feedlayer+30-eps))
dx[1i] = (v _dn*x[i-1]-v dn*x[i]) /h;
else
dx[i] = (v_in*u[7]-v_up*x[i]-v_dn*x[i])/h;

}
}
else 1if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[30] = (Q f*(ul[7]1-x[30]))/volume;
for (i = 31; i < 40; i++)
dx[i] = 0;
}
else 1if (modeltype > 1.5) {
for (i = 30; i < 40; i++)
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/* soluble component S NO */
if (modeltype < 0.5) {
for (i = 40; i < 50; i++) {
if (i < (feedlayer-1+40-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1l]) /h;
else 1if (i > (feedlayer+40-eps))
dx[1i] = (v_dn*x[i-1]-v _dn*x[i]) /h;
else
dx[i] = (v_in*u[8]-v_up*x[i]-v_dn*x[1i])/h;

}
}
else 1if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[40] = (Q f*(ul[8]1-x[40]))/volume;
for (i = 41; i < 50; i++)
dx[1] = 0;
}
else 1if (modeltype > 1.5) {
for (i = 40; i < 50; i++)
[

(
dx[i] = 0;

/* soluble component S NH */
if (modeltype < 0.5) {
for (i = 50; i < 60; i++) {
if (i < (feedlayer-1+50-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1]) /h;
else 1if (i > (feedlayer+50-eps))
dx[1i] = (v_dn*x[i-1]-v _dn*x[i]) /h;
else
dx[i] = (v_in*u[9]-v_up*x[i]-v_dn*x[i]) /h;

}
}
else if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[50] = (Q_f*(u[9]—x[50]))/volume;
for (i = 51; i < 60; i++)
dx[1] = 0;
}
else if (modeltype > 1.5) {
for (i = 50; i < 60; i++)
[

(
dx[1] = 0;

/* soluble component S ND */
if (modeltype < 0.5) {
for (i = 60; 1 < 70; i++) {
if (i < (feedlayer-1+60-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1])/h;
else 1if (i > (feedlayer+60-eps))
dx[i] = (v_dn*x[i-1]-v_dn*x[i])/h;
else
dx[i] = (v_in*u[l0]-v up*x[i]-v _dn*x[i]) /h;

}

}
else 1if ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[60] = (Q £*(ul[l0]-x[60]))/volume;
for (i = 61; i < 70; i++)
dx[i] = 0;
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else 1if (modeltype > 1.5) {
for (i = 60; i < 70; i++)
dx[i] = 0;

/* soluble component S ALK */
if (modeltype < 0.5) {
for (i = 70; 1 < 80; i++) {
if (i < (feedlayer-1+70-eps))

dx[i] = (-v_up*x[i]+v_up*x[i+1])/h;
else 1if (i > (feedlayer+70-eps))
dx[i] = (v_dn*x[i-1]-v_dn*x[1i])/h;
else
dx[i] = (v_in*u[l2]-v_up*x[i]-v_dn*x[i])/h;

}
}
else 1f ((modeltype > 0.5) && (modeltype < 1.5)) {
dx[70] = (Q_f*(u[l2]—x[70]))/volume;
for (i = 71; i < 80; i++)
dx[1] = 0;
}
else 1if (modeltype > 1.5) {

for (i = 70; i < 80; i++)
dx[i] = 0;
}
}
/*
* mdlTerminate - called when the simulation is terminated.
*/

static void mdlTerminate (SimStruct *S)

{
}

#ifdef MATLAB MEX FILE /* Is this file being compiled as a MEX-
file? */

#include "simulink.c" /* MEX-file interface mechanism */

#else

#include "cg sfun.h" /* Code generation registration function
*/

fendif
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Appendix D — Simulink model of DO control
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